bbarapcka akageMusi Ha HAyKHUTe /—\
HucruryT no ¢pusuka Ha
TBbPAOTO THJIO

»Akagemuk I'eopru Hamxakos*

Wopnau T'eopries Mapunos

DJ1eKCOCJIEKTPUYECTBO HA HEMATHYHH

TCIYHOKPUCTAJIHH CUCTEMHU

ABTOPE®EPAT

Ha JAMcepTalus 3a NpUchXkaaHe Ha
Hay4yHaTa CTeMneH ,,JIoKTop Ha HaykuTe*

npodecnoHanHo HanpasiaeHue 4.1 Ouznueckn HaAyKu
cnenuanHocT: Ou3nka Ha KOHJEH3UpaHaTa MaTepus

Penenszentu:
[Ipod. npr Munko IIepBanos IleTpos
[Ipod. npu Henko boprcos MBaHOB
[Ipod. ndu Bepa Mapunora ["'ocnioguHoBa

Codus, 2020



JlanHM 3a qUcepTallMOHHUS TPY:

Hucepranusara ce cseTon OT 252 crpanuny, 142 ¢urypu, 9 Tabnumu
u 316 Opos nuTHUpaHa jureparypa. JlUcepTalMOHHHIT TpyHx ©
HamnucaH BBPXY OCHOBaTa OT 25 Opos OpUTHHAIHH ITyOIMKAILWH.
Hucepranuara chabpka yBon, 6 TNIaBU, U3BOJM, HAYYHU IMPUHOCH,
CIHCBHK Ha aBTOPCKUTE MyONMKAallMM M CIMCHK Ha HW3IOJ3BaHATa
JUTEpaTypA.

JucepranioHHUAT TpyA € OOCHJ€H M HAcO4YeH 3a 3alluTa Ha
OOIIOMHCTUTYTCKH ceMuHap Ha MHctutyra mo ®usnka Ha TBBPAOTO
Tano ,,Akan. T'eoprm HamxakoB” — (M®PTT) xwm bwarapcka
Axanemust Ha Haykwure, cberos ce Ha 07.07.2020r.
http://www.issp.bas.bg

ISSP-BAS-2020-DSci005

BamuraTa Ha guceprauuara mie ce cbcrom Ha 04.11.2020r.
ot 11.00 4. B 3amara 300 aa UncTutyT o ®usnka Ha TBBpmoTo Tso
»~Axan. I'. HamxaxoB” — BAH, Oym. ,Ilapurpamcko moce” 72
IIpeA HAy4YHO KyPH B ChCTaB!
Brrpemnu uneHose:
[Ipod. npr Heaxo bopucos Meanos, UOTT-BAH
[Ipod. n-p Buxropust ButkoBa Butkoa, UDTT-BAH
Hor. n-p FOmus JIrobomuposa ['enosa, UOTT-BAH
BbHIIHY ulieHOBE:!
[Ipod. npr Munko [IvpBanos [lerpoB — neHcnonep
[Ipod. ndu Bepa Mapunosa I'ocionuaoBa — MIOMT-BAH
Axaa. adu Iersp AtanacoB Kpaxuescku — XD - CY
Hou. n-p Kpscranka ['eopruesa Mapunosa — X0 - CY



ABTOpBT € ciyxurten B MHctutyt mo ®usuka Ha TBBpaoro Tsio
»Akan. I'eopru Hamxakos® (bAH). M3cnenanusita B AucepTanusara
ca u3bpmienn B HMODTT - BAH, uacTt oT ekcrnepuMeHTaIHUTE
PE3YJITaTH ca MOJIyYEHU B ChbTPYIHUUYECTBO C:

Department of Physics, University of Patras, Greece;
Dipartimento di Fisica, Universit'a della Calabria, Rende
(CS), ltaly;

CNR-IPCF UoS di Cosenza, Licryl Laboratory, and Centro di
Eccellenza; CEMIF.CAL, Universit'a della Calabria, Rende
(CS), ltaly;

Centre for Nano and Soft Matter Sciences, Jalahalli,
Bengaluru, 560 013, India.

brnaronapHoctute ca 3a HanpasieHue ,,dU3KMKa HA MEKaTa MaTepus‘,
NUDTT- BAH, B HeroBus IIbJIeH ChCTaB.



Pe3rome

B Hacrosmara auceprariys, eKCIEepUMEHTAIHO U TEOPETHIHO
€ Wu3CIeABaHAa BpB3KAaTa MEKAY MOJEKYyJIHATa CTPYKTYpa,
MoauQHIMpaHa C TOMOIITA Ha MpPUMECH, U (PIEKCOETEKTPUIHUTE
CBOMCTBA HAa HEMATUYHM TEYHH KPUCTAIM MOMJIOKCHH Ha
BB3/ICHCTBUETO HAa CNCKTPUYHHU MOJIETa M MPOCTPAHCTBEHU OTPAHH-
yeHus. [IpoBeneHM ca W3CleNBaHHS BBPXY Pa3IMYHU TMPOSIBH Ha
(drnekcoedekra, BKIOYBAIIM  (ICKCOCICKTPO-ONTUYHU  SPEKTH,
(bIIeKCOCTIeKTPUYHN JIOMEHH W Jp., KaKTO W ONTHMHU3UpaHE Ha
(bIIeKCOCTIeKTPUYHUTE KOCPUIIMEHTH B HAaHOCTPYKTYPHUPAHH TEYHO-
KPHCTATHU MaTepUay, MPeTeKaBay (IEKCOCIeKTPUYHH CBOWCTBA.
LenTa Ha Te3u M3CIENBAHMUS € TIOCTUTAHETO Ha MO-IIBITHO pa3dupaHe
Ha MOJIEKYJIHOTO MOJpPEKJaHe, BOJAENIO JI0 CIelHalHuTe (iekco-
ENIEKTPO-ONTUYHN CBOWCTBA HA TEYHUTE KPUCTAIH, IBJDKAIIHA Ce Ha
KOMIUTUIIMPAHOTO B3aMMOJCHCTBHE Ha TAXHATA CJICKTPUYHA W
crepuuHa acumMerpust. CrieluaiHo BHUMaHHUE € OT/IEJICHO Ha eJIMH HOB
edekt: DoTodIEKCOSIEKTPUIESCTBO B CMECH OT THIIA TOCT-JIOMAaKHH.
UzrbkHata e porsita Ha (rekcoeaeKTpuaHus epBEKT 3a Ch31aBaHETO
Ha (QYHKIIMOHATIHY TEYHOKPUCTAJIHH CTPYKTYPH 32 EIEKTPOOIITHKATA.
Bazupaiiku ce Ha TOIy4eHHUTE CHEUPUYHH TO3HAHHS BBHPXY
(IIeKCOeTIEKTPUYECTBOTO, B TIPEICTABEHHUS TPYI ca TOCOYCHH
BB3MOXHOCTUTE 334 Ch3J[aABaHE Ha YHUKAJHW, HACTPOUBaEMU
CBETJIMHHU MOJYJIaTOPH M MPEBKIFOUBATEIH.
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O0eM ¥ CTPYKTYpa Ha JucepTalUsITa

Hucepranusra ce cberon oT YBoA U 6 riaBu. B mbpBa riasa
ca TPEACTaBeHW W3IMOM3BAHUTE MaTepHald U METoAu. Bceska or
OCTaHAJINTE IJIABH ChAbPIKA OPUTHHAIHH PE3YATATH, IPUAPYKEHU OT
JICKYyCHs, U3BOJM U 3aKiroueHusi. Hakpas ca gameHu o0oOIeHUTE
npuHocu. [lyOnukanuute o AMcepTalusTa ca MPEACTaBEeHU B
MPHUIIOKEH CITUCHK.

I'naBa 1 pasriexjga MaTepHaliTe W METOJHWTE H3INON3BAHH B
M3CJICIBAHUATA TI0 JMCEpPTaluaTa. BKIIOYEHH ca NPBUKOBUIAHH U
0OaHAHOBUJHM TEYHM KPUCTAIM C pa3jivyHa JUCIICKTPUYHA
aHm3o0Tponus. M3mon3BaHu ca JTOOABKH OT MOJEKYJIH C H3pa3eHa
acumerpuss Ha (Qopmarta, a30-CheIWHEHHMs 3a WHIyIMpPaHE Ha
KOH(pOpMAIlMK Ha MOJIEKyJIHaTa (opMa, KAaKTO W ME3OTeHHH H
HEME30IMeHHM HAHOYACTUIM (BBIJICPOJHM HAHOTPBHOWYKH, METAIHU
chepr). Ommcanm ca  pa3TUIHA  MHKPOCKOIICKH  METOJIH:
MOJSIPU3AIIOHECH, THMHOIMOJIEBH W  KOoHOckomus. CrenuaiHo
BHUMaHHE € OTHEJICHO Ha MeroJa Ha (IIeKCcoeneKTpruyHaTa
CIIEKTPOCKOITHSI.

I'naBa 2 e mocBeTeHa Ha U3CIEIBAHETO HA ITOBBPXHOCTHATA
IWCHUIIAIM HA €EHEepPruiTa W H3MEPBAHETO Ha MOBBPXHOCTHHS
BUCKO3UTET Ha CI1a003aKOTBEHU XOMEOTPOITHH HEMATUYHH CIIOEBE OT
MBBA «bM wuHTepdeiicH, MposBABAIIA pa3InyHa CTEIeH Ha
necopbums.  M3crmemBaHa € CTPYKTypaTa Ha IPUIIOBBPXHOCTHH
cimoeBe oT jmecopbupad cbpdakraHT (opuentadnTr) or DLPC wu
Chromolan 4pe3 anamu3 Ha (IIEKCOCTEKTPUIHU-BHCKOCTACTUIHH
cnektpu. M3mepenu ca pebenuHaTa u (QrueKCOKoe(HUIIMEHTHTE Ha
MIPUIIOBBPXHOCTHUTE cioeBe. M3cmemBan e oOpatHus (iekco-
eJIeKTpUdYeH e(peKT B HEMaTHYHH TEYHH KpPUCTAIH OT THIA
6ananomnono0Hu (“bent-core”). HampaBeHo e 06001eHHe Ha MOIena
Ha Xendpux OTYMTANIO AaHU3OTPONHSTA HA EIACTHYHHUTE H
¢irekcoenekTpuaHUTE apamerpu. OOOOIIEHUST MOJIEI € MPUIIOKEH
3a m3cneqBaHe Ha (HIEKCOENeKTpHYHM JedopMalii Ha OrbBaHE B
O0aHAHOBHIHW HEMATHIIM, UMAalM IPOTHBOIOJIOXKHA JUEIEKTPHYHA
aHNU30TPOITHSL.



I'naBa 3 e mocBeTeHa Ha MMOTY4YaBaHETO Ha AUCIIEPTUPAHU HEMAaTUIHU
TEUHH KpUCTAIM B TIOIMMEpHa MaTpulla W H3CIEeJBAaHETO  Ha
JUHEHHNS ((IICKCOCTIEKTPUYEH) EIICKTPO-ONTHYEH OTKIMK B THX.
Uscnenpanu ca enextpo-ontuuHute cBoiicTBa Ha PDLC, o6pa3yBanu
OT HEMaTHYHHU KallKd C TpajdeHT Ha pasMepa uM. [IpoBeneHu ca
CTaTUYHU € JUHAMHWYHU U3CJICABAHUA Ha CJIICKTPO-ONTUYHUA OTKIIMK
Ha MOJIMMEPHO-AUCIIEPTUPAHN (PUIMU MOTU(PHUIMPAHU TTOCPEACTBOM
opueHTHpaIy HaHocnoeBe oT Teduion. OObpHATO € BHUMAHHE Ha
BB3MOXKHOCTUTE 3a M3Moi3BaHe Ha noydeHuTe PDLC maTepuanu 3a
(OTOHHU MPHUIIOKEHHUSL.

I'nmaBa 4 e mocBereHa Ha W3CIIENBaHETO Ha (DIEKCOETEKTPUYHUTE
CBOMCTBAa Ha HEMaTHYHH CMECH OT THIA TOCT-IIOMAaKWH U
HAHOKOMIIO3MTH 3a OINpeleNsHe Ha TpUHOCA Ha CTepryYHaTa
acMETpUsl Ha TPUMECUTE KbM  (IICKCOCIIEKTPHYECTBOTO B
HEMaTU4HU cMecu. M3crienBaHu ca TpUMecH OT THIIA: ,,JISICTOBHYA-
omamika“, 3JaTHH HaHocepH, BBIVIEPOJHU HAHOTPHOWYKH, H
CUIMKaTHH HaHocepu. B pesynrar Ha mobaBKuTe, ca TOIyUEHU
epextn Ha ycunBaHe Ha (DIEKCOENEKTPUYECTBOTO B HEMATHYHHTE
cmecu. PasButa € HOBa  MaKpOCKONMYHA  METOJUKA 32
OXapakTepu3MpaHe Ha HAHOCTPYKTYPHUPAHU HEMATHIM H3IION3BaIia
(reKco-ANeNneKTPO-ONTHYHA CIIEKTPOCKOITHSI.

I'maBa 5 ¢ 1mocBeTeHa Ha H3CIEOBAHETO Ha IPAarOBUTE
XapaKTePUCTUKA Ha HAUTHKHUTE (IIEKCOENEKTPUYHN TOMEHH Ha
Buctuna-boouneB-I1uknH B CHIIHO 3aKOTBEHH HEMATHYHHU (DHIIMH TTPH
€THOBPEMEHHO IpUjIaraHe Ha TIOCTOSHHO U IIPOMEHJIMBO eIeKTPUIHN
monera. llpemnmoxen e wmerom 3a ompenensHe Ha ChHINIECTBEHH
MaTepuaTHH KOHCTAaHTH ((IIEKCOENEKTPUYHH W eNacTUYHH) Ha
HEMaTHWKa, W3MOJ3Bal] TO-TOYHO pemeHHe 3a  IparoBUTe
xapaktepucTukd. C TO3M METOJ, MOraT IOMBJIHUTEIHO Na ObJatr
ONTUMU3HPAHH  (U3NYHATE TapaMeTpu Ha  JOMEHHTE IpHU
W3IMOJI3BAaHETO MM B PEXKMM Ha TpeHacTpoliBaeMa AW(paKIMOHHA
pemerka. U3BBpHieHO € cpaBHEHWE Ha TEOPETUYHUTE U
EKCIIEpUMEHTATHUTE PE3YJITaTH IIONydeHH 3a TPHUYKOBHIHU U
0aHAaHOBUIHU HEMATHUIIH.



I'naBa 6 ¢ mocBeTeHa Ha W3CIICIBAHETO HAa (ICKCOCIECKTPUYHH
edeKkTH B HEMATUYHH CMECH OT THIIa TOCT-JIOMaKHH, NPUTEKaBalla
ONTHYHA CTeNeH Ha cBobonma. M3cienBanu ca HOBH (DOTOAKTHBHHU
HEeMaTuuu OoT TUIIa ToCT-JOMaKUuH IIposABABaIIN (I)OTO'
(bIICKCOENEKTPUYECTBO, TIONYYEHH ¢ JO0aBKM OT IOAOpaHU
(boTor30MepU3UpaIIn a30-ChbeIUHCHUS, C U 0€3 HAUTHKHH JTUITOTHA
MomeHTH. [loTBBpIEHAa € TpeIoKeHaTa OT Hac XHIOTe3a 3a
MOJIEKyJIHATa TNpuposa Ha  (OTO(IEKCOSTEKTPUUESCTBOTO B
XOMEOTpOINHU HeMaTHiy. [lonydeHu ca pe3ynratu, KOUTO MOraT Jia
HaMEpAT MPUIJIOKEHNUE B KOHCTPYHPAHCTO HA HOBU OITO-ONTUYHU U
CIICKTPO-OINTUYHU ITPEBKIIOYBATECIIN.
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AKTyaJIHOCT U 3BHAYUMOCT HA HAYyYHaTa npoﬁneMaTnRa

OyHAaMEHTATHUTE W3CICABaHMS B JUCEpPTalMiTa Ca
CBBpP3aHH ChC CH3JaBAHETO HAa HOBU TEUHOKPHUCTATHH KOMIIO3UTHHU
Marepuaiu 3a ©(EKTUBEH CIICKTPO-ONTHYEH KOHTPOJI BBbB
¢oronnkata. MekaTa MaTepusi M TCUHUTE KPUCTAIU Ce
XapaKTepu3upa ¢ Mo-ClIadKu B3aUMOJICHCTBHSI B CPABHECHHUE C TBBPIHUTE
Tena, KOUTO OOYyCHaBAT TIIO-HUCKH TIParoBM HANpPEKCHUS Ha
MPEBKIIOYBAHE B OIITUYHUTEC KOMYHUKAIMOHHNU CUCTEMU U NUCIIIICU.
[Ipe3 mocneqHUTE TOMMHYU Ta3W MPOOJIEMATHKA € CUJITHO 3aCThIIEH B
M3CJIeIBaHUATA ¢ TeUHU KpucTtanu. Cera yCHJIMsITa ¢a HACOUCHU KbM
KOM6I/IHI/IpaHe Ha TCUHOKPUCTAJIHHU cpean C HaHO4YaCTUIIH,
BKITIOUHATENTHO W (DYHKIMOHAIM3UPAHHU, 32 JIOMBJIHHUTEIHO YIpa-
BJICHME Ha CWIMTE Ha B3aUMOJEHCTBHME M Moau(UIUpaHe Ha
ONITHYHUS OTKJIUK. BhIpocuTe mo TeMarukaTa ca Ha mpeaHust GpoHT
Ha HaHO(HU3HUKATa, TPEOOPa3yBaHETO HA CHEPTHS U €JIEKTO-ONTHKATA.
TemaTtukaTta € B CHOTBETCTBHUE C HAaIlMOHAJIHUTE H eBpOHefICKHTe
MPHOPUTETH B 00JIACTTA HA HAYYUTE 3HAHUSA, B YaCTTA 32 Ch37aBaHE
HA HOBW HAYYHU 3HaHUS W BbPXOBH Hay4YHH IMOCTHKEHHs. ToBa ca
HACOYCHU (PYHIAMEHTAIHU H3CIICNBAHUS, KOMTO CHOTBETCTBAT HA
OOIIECTBEHOTO MPEAN3BHKATEIICTBO 32 TIIOBUINABAHE HA KOHKY-
PEHTHOCIIOCOOHOCTTA, Upe3 TIOCTHTaHE Ha HOBH 3HAHUS B 00JIACTTa HA
MaTepHaIo3HAHUETO U TEXHOJIOTUHUTE.
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HeJ'I U 3aJaYi HA JUucepTanuara

Obmara 1en, KOSATO CH TMOCTaBUXME, € pasliupsiBaHe M
3abi0oYaBaHe Ha HAyYHWTE 3HaHHMS B oOnactra Ha (uekco-
SNEKTPUIECTBOTO U Pa3KpUBaHE HA HOBU (DIEKCO-EIEeKTPO-ONTUYHU
MIpodABHU B TCPMOTPOIIHN HEMATUYHU TCUHH KPUCTAJIH, IIOCPCACTBOM
W3Cle/IBaHE HA KOMIUIEKCHU Cpeid C HeMaTHYHa TEYHOKpPHUCTAaIHA
OpraHHu3aIus.

3a WBMBIHEHUETO Ha Ta3W Lel (opMyJIHUpaxMme CIEIHHUTE
3aaun: a) M3cle/BaHE Ha JMHAMUKATa Ha (IEKCOeNeKTPHYHH
OCIMJIAIIMM B M3MpPaBeHH 00pasly, T'eHEepUPaHH OT IMPOMEHIIMBU
CNEKTPUYHM  TojJieTa W ONpeAcisiHe  Ha:  e(eKTHBHUS
(JIeKCOeNEeKTPHUYECH KOS(PHUIIMCHT Ha Or'bBAaHE W IOBBPXHOCTHHS
BUCKO3HUTET; D) W3cieaBaHe HA CMECH OT THIA T'OCT-TOMAaKHH OT
HOBOCHHTE3MpPAaHH ME30r€HHH MOJECKYIM C U3sBEHa (IIeKCO-
SNEeKTPUYHA aHU3O0TPONMS HAa MOJIEKyJIHaTa (OopMa, BKIFOYUTEITHO
“bent-core” (GamaHOBWIHM) Me30TeHM, C) H3CeaBaHE Ha
(IIeKCOeIeKTPHYHOTO TIOBEICHHUE U eIEKTPO-ONTHYHUTE CBOWCTBA HA
HEMAaTUIM TIPU HAJIOXKEHH NPOCTPAHCTBEHH OrPaHUYCHHS B
KOMIIO3UTHA MaTepuand; () ONTHYHO OXapaKTepu3MpaHe Ha
oOpatHus ¢uiekcoeeKTprueH e(QeKT B TEYHH KPUCTAIH IIpU
pa3IMYHM YCJIOBHS Ha TpWJIaraHe Ha YIPaBJISBAIIUTE EICKTPUIHH
MoJieTa; U3ClieBaHe HA KOHKYPEHIIUATA MKy Pa3IMYHHUTE MTOJIEBO
WHOYIUPAaHA HECTaOWIHOCTH, €) KOJW4YecTBeHa OIleHKa Ha
(reKkcoeNeKTpUYHMsSI  OTKIIMK Ha  MaTepHalluTe MOCPEACTBOM
H3MEPBAHETO Ha eheKTUBHUTE (hIIeKCOeNeKTpHIHy KoehunuenTn; f)
W3CNE/IBAHE HA TEMIICPATYpPHUTE 3aBUCHMOCTH Ha e(EKTUBHHTE
(bIIeKCOCTEKTPUYIHN KOSDUIIMEHTH; () M3TOTBSIHE M W3CIICIBaHE Ha
MPEABAPUTENHO HaOessI3aHl  (DIEKCOCTCKTPUYHN TEYHOKPHCTATHU
cucTeMu  (BKIIOYUTENHO (oTo-akTHBHHK); h) wu3cieaBane Ha
(hoTOdIIEeKCOCIEKTPUIECTBO B CMECH TOCT-Xa3suH OT HOBO-
CHUHTE3UpaHu (DOTOAKTUBHU MOJNEKynHn ¢ U 0Oe3 ocBersiBane ¢ UV
CBETIIMHA; 1) H3ClIeNBaHE Ha BB3MOKHOCTUTE HAa HEMATHYHH
KOMITO3UTHHU (PHIIMU 32 IPUIIOKEHHE B SJIEKTPO-ONTHYHHU YCTPOUCTBA,
KaTo MpeHacTPOBaeMH MOYJIATOPH HA Jia3epHa CBETJIMHA.
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YBOJ

OnekcoenexrpuuectBo (PE) e HOB TepMHUH BBB (DUBHUHUS
PEYHHK Ha KOHJICH3UPAHOTO CBhCTOSIHHE HA MaTepusiTa, KOWTO ce
MOsIBSIBA 32 IbPBH BT B kKHUraTa Ha 1ie JKewn [1]. 1o cBosita chuHOCT,
(IIeKCOETeKTPUUECTBOTO € CIOHTaHHA MAaKpOCKOIMYHA TIOJS-
pusanuda, nNposBABalla €€ B TCEUHU KpUCTAJIW IIOMQJIOKEHU Ha
HEXOMOreHHa ejactuuHa jedopmarusa. OT cboOpakeHUs 3a
CHMETpHUS Ce JIOIyCKa, Ue eNEeKTPUYHOTO M0JIe MOXKeE JIa Ce KYIIJIIpa ¢
IpaJueHTHTE Ha TI0JIETO Ha JUPEKTOopa (MMAIIX CHMETPUS Ha TTOJIAPHU
BekTopHr) B Hematnyau TeuyHHu kpuctamu (TK) ako Te numart uspaszena
MOJSIPHOCT Ha QopmMaTta, HampuMep ako ca OaHaHOBHIHH WIIH
KIHHOBUAHY [2]. 3a mbpBH ITHT TOBA € mMOCTyIupano mpe3 1969 [3] 3a
TECUHOKPUCTAJIHM HEMATUIU, CBCTOAIIM CE€ OT KIIMHOBUIHH (I/IHI/I
6aHaHOBI/I)IHI/I) MOJICKYJIU IPUTEKABAIIN CIICKTPUUCH JUITOI, KOUTO B
nehopMUpaHO CBCTOSHHE Ha CKocsBaHe (WM OrbBaHe) ca
OpPHCHTHpAHH HEUEeHTPOCHMEeTpUu4HO. OTOENSI3BaiKi aHAJIOTHSTA C
epekra Ha monsApu3anus HAOJIONABaH B TBBPIWTE KPUCTAIH,
II'bPBOHAYATIHO SIBIICHHETO € HAapedeHO ,,TCYHOKPUCTAIHO IHE30-
eleKTpuuecTBO™. B mociencTtBue o0ade € BB3MPUET IO-TOUYHHUS
TepMUH ¢hrexcoenekmpuuecmeo [1].

Okassa ce, 4e SBJICHUETO (IIEKCOCIEKTPHYECTBO MOXKE JIa ce
MpOosIBSIBA U B PEIMIA JAPYT'M KOHJICH3UPAHU TUETCKTPUYHU CPEIH,
BKITIOUNTENHO B: Kprctanu [4], [5] momumepu [6], 6momemOpanu [7],
[8], xoct [9], Teunu kpucramu [10], momynpoBoanunu [11] u apyru.
OFE cBBp3Ba rpamueHTa Ha AaneHa medopManus U eleKTpHIecKaTa
nomsgpu3arusa.  Korato emwH amenekTpuk Obae  medopMHpaH
HEXOMOT€HHO, 0e3 3HaYeHHE Ha HeroBaTa MbPBOHAYATHA KPUCTATHA
CUMeTpUsi, TpajueHTa Ha aedopManuaTa Nie eIMMHUHUpA WIH IIe
MPOMEHU MPOCTPAHCTBEHATA CUMETPHS HA HHBEPCHS M ChOTBETHO IIIE
HHIyIpa MpoMsiHa B ossipusarusta My [12]-[14]. 3a matepuanure
MposiBsBAIM  ()JICKCOCTEKTPUYHM  CBOWMCTBA, OTHOIICHHETO Ha
MPOMSIHATA B MOJIAPHU3AIUATA CIIPSIMO TpajIieHTa Ha e opManus ce
neduHIpa KaTo (IeKcoeneKTpruieH KoeuIiueHT.

B mppBoHavanauaT monen, @E B HeMaTHIM € CBBP3aHO C
MOJIEKyJTHaTa acuMerpust (crepuuHa U enekrpuyna [15]). Kakro mo-
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KbCHO C€ YCTaHOBSIBA, HAJIMYMETO HA CTEPUYHA M CICKTPUYHA
aCHMETpUS OT ITUIIOJICH THIT HE € 3aIbJDKUTEIHO YCIIOBHE 3a TOsIBaTa
Ha (uekcoenekrpuuectBo [16]. Ksampynmomnata acumerpusi Ha
ME30r€HHUTE MOJICKYJIM ChIIO BOAM A0 (HICKCOMONSAPHU3AIMS MPU
nebopMaliii Ha CKOCSBaHE M OrbBaHe, IIOHEKE ChOTBETHHUTE
rpajiieHTH Ha TEH30pa Ha KBaIPYIOJIHATA IUIBTHOCT ca BeKTopu. ToBa
npaBu (rekcoedekra yHUBEpcaleH 3a TeuHuTe Kpuctanu. [lo To3u
HA4YWH, JOPU U IIPU HEMOJSIPHU MOJEKYJIH, XapeKTepu3upaluy ce ¢
HETIOJISIPHO TOJAPESKAAHE CIPSAMO JIOKAJIHHS JAUPEKTOp, MOXKE [a
BB3HUKHEC CIIOHTaAHHA MOJidpu3alvs B peE3yJITaT Ha CICKTPUYHA
HEXOMOT'€HHOCT B Me30(a3ara, CBbp3aHa ¢ IPOMEHH B OPHECHTALIUSATA
Ha qupekropa. Hemarnunara ¢asza uma cumerpusi Doh 1 CHOTBETHO €
HECbBMECTHMA C HaJIUYUECTO Ha CIIOHTaHHa CIICKTpHUYHAa
monsApu3anysa. Bemnpekn ToBa, mpu Hamuuue Ha aedopmars,
HapylIlaBaiia orjieaaHaTa Win POTAIlMOHHA CUMETPHSI, MOXKE J1a ObJie
Ch3/aJieH AumoneH MoMeHT. CleBaiiku ChoOpaKeHHs 38 CUMETPHS,
oT TpuTe 0a30BU JedopMallii caMO TE€3M Ha CKOCSABaHE W Or'bBaHE
Morart Jia ObJ]aT CBbP3aHU C POCTPAHCTBEHA MOJSPU3ALIHSL.

Honsipuzanusta P, ch3najeHa B HEeMaTHUEH T€UEH KPHUCTAT
ype3 aedopManuy Ha JUPEKTopa N, clie/Ba JIMHEWHATA 3aBUCUMOCT
P=-ey (V.n)n+ e (VXN)XnN, KbACTO €1; U €3¢ MPEACTABIABAT
(rexcoenekTpuuHUTE KOeQUIIMEHTH Ha CKOCSBaHE W OI'bBaHE, U ca
BBHBEJICHU T10 aHAJIOTHS Ha ChOTBETHUTE KOHCTAHTH Ha €NAaCTUYHOCT
ki1 1 Kss. ToBa e ipaBusaT ¢urekcoedext. HeliHuTE KOMITOHEHTH, KAKTO
Ha CKOCSIBAHE TaKa U Ha Or'bBaHe ca O0CITHEHH B €IIHA U ChIIIA [TOCOKA.
[Ipu obpatuusar ¢uekcoedexr (OD) nepopmaruure Ha OrbBaHEe CE
Chb3laBaT MM MOAUGDUIIMPAT Ype3 BBHHINHO EIEKTPHYHO TOJe.
Mexann3mbT Ha OD Moxe na ObAe pa3dpaH JIECHO 3a CIIyJauTe Ha
KIIMHOBUIHU (KPYIIOBUIHHW) WM OaHAHOBUIHH (CHPIIOBUIHM)
MOJICKYJIY ¢ HAJUThKEH WM HAIpEeUueH AUToN, n300pa3eHn Ha durypa
1. Koraro ca Hanmme nedopMmaliiii Ha CKOCSBAaHE WA OT'bBaHe,
noapexaanero Ha TK Monekynu mnapasenHo W HanpeyHO Ha
JUPEKTOpa HE ca CKBUBAJICHTHHW. llopajW TpOsBHUTE Ha
B3aMMOJICUCTBHSI OT ONM3BK TOPSIBK, B OPUCHTAIMUTE Ha
MOJICKYJIUTE MPe00IaiaBaT OHE3H, KOUTO ca ChBMECTHMHU ¢ (popmaTa
Ha mosekysute [17], [18].
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@urypa 1. DiieKcoeNneKTpuyHa NoJsipu3anus (TOJIEMUTE CTPEJIKU) CHOPE
Mozena Ha Maiiep (oumnonen npusoc). Jledopmanmsara Ha orbBaHe (4acTra
OT/ISICHO) TIPEAN3BUKBA XapaKTepHA MOJICKYJHA OPHEHTALUS W HHIYIHPA
CIIOHTAHHA MONIAPU3ANHS TOPAJN HATHYHETO HA CHOTBETHH MOJICKYITHH JTH-
nonu (Mankute crpenku). ChIIoTo Baxu 3a Jedopmanusara Ha CKOCSIBaHE
(4acrTa OTIIABO)

V3mexay MHOXKECTBOTO  OTKPHTH  (DJICKCOCTCKTPHYHU
epexrn B memaruim [2], [19] karo Hali-xapaKTepeH ce OTIMYaBa
(dbnekcoenekTpuuHUs eeKT Ha orpBaHe (WM CKOCSABaHE) B CIIabo
3aKOTBEH HEMATHK I0]] BB3JICHCTBHETO HAa HAMPEYHO CICKTPUYHO
none (durypa 2). Pannure HaOnromeHus Ha JedhopMalnvuTe B
xomeorponHu (uimu ot Hematika MBBA (p-methoxy benzylidene
p’-butyl aniline), mocraBen B HarpeyHO MOCTOSIHHO EIEKTPUIHO IOJIE,
ca u3BbpiIeHn oT Xaac, Anamc u @manbpu [20] u uHTEpHIpETHPAHU
KaTo JBJDKAIIN ce Ha (IeKcoeneKkTpruuecTBoTo or Xendpux [21],
KOWTO 3a bPBH BT JI0Ka3Ba (PJICKCOCIEKTPHUYHATA CHITHOCT HA TOBA
orpBaHe, pa3pabOTBaliKM  TPOCTa  TEOpHs, OCHOBaHA  Ha
MHHAMH3UpaHE  Ha  €JIEKTpUYHATA  EHTAJINHsS  BKIOYBAIA
efacTHYHaTa, (JIEKCOETEKTPUYHATA U IUEIeKTpUYHaTa eHepru. I1o-
kbCcHO, [lImut, Hlaar u Xenadpux [22] mOTBBpHXa EKCIIEPUMEHTATHO
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orpBaHeTo B Hematuka MBBA wu wu3umcimxa croilHocTTa Ha
(brekcoenekTpUUHIs KOSPHUIIMEHT Ha Or'bBaHE €3x (TTOHSKOra 0003HA-

/
v/ !/ e/f/

Odurypa 2. Cxema Ha TEUHOKPHUCTAIHA KJIETKA ChCTOSINA CE OT JIBE CTHKICHU
IUIOYKH TIOCTaBeHu Ha pasdctosHue . M306paseHo e (aekco-eneKTpuaHOTO
Or'bBaHC Ha IMIbPBOHAYAIHO M3MNPABECH HEMATHUYCH CclIol B Halp€4HO
eJIeKTpU9HO mose E.

YaBaH C €3 WIH €33). |e3x] = 1.23 pC/m. BaxxHo e ma oTbGenexnmM, ue
TO3H (ieKcoeieKTpuUeH eheKT MoXKe Ja ObJIe MOIydeH caMmo B ¢j1abo
3aKOTBEH HEMATHK (C MakcUMaliHa (iekcoenekTpuyHa nedopmarus
nposiBsBaina ce npu uHTEepdetica). [Ipyro BaKHO YCIOBHE, KOCTO
TpsiOBa J1a OBJIc OTYETEHO, € MOBHPXHOCTHATA MOJSAPU3AIHs (KOraTo
OOJNIIMHCTBOTO OT HEMATHYHHUTE MOJICKYJIN Ca OPUEHTUPAHU TIOISIPHO
npu rpanuunus uHTepdeiic) [23]. IIbleH aHanmM3 Ha JIMHEHHHUTE
(bnexcoenekTpuaHN e(DEKTH B Ta3W W OIIEC 3 OCHOBHU T'€OMETPUH €
HarpaBeH oT IlerpoB-/lep>kaHCKU-MUTOB  (BKIIIOUHTEIHO: B
TUTAHAPHU, XOMEOTPOITHH, CUMETPHYHO ¥ HECHMETPUYHO 3aKOTBEHH
Hematuiy [24]). MsmepBaHeTo Ha (IICKCOETEKTPUYHUS KOSCHUITHEHT
Ha CKOCsABaHE €1; (0003HAYaBaH CHINO C €1 WM €11) MOXe Ia ObIe
OCBIIECTBEHO C TMOAOOEH METOI, aKO € HaJNWIle CUMETPHYEH Ci1ado-
cmabo 3aKOTBeH JierHaji (WM HaKIOHeH) HematuueH cioil [25]. Cre
ChIaTa METOUKA € U3CIEABAHO U (IICKCOCTEKTPUYHOTO MOBECHUE
Ha CMECH OT JIBa HEMaTHKa C Pa3lIMuyHa MOJIEKYJIHA aHH30TPOIHUS Ha
dopmara [26]-[28].

XPOHOIIOTUYHO, MOCIEABAIINTE SKCIIEPUMEHTAIHU H3CIIE]-
BaHUS Ha SBICHUETO (IICKCOCTICKTPHUUECTBO MHUHABAT MPE3 CISTHUTE
erani: (2) OTKpWBaHe Ha TpaaueHTHHsS (uekcoepekr [29], Ha
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¢bnexcoenekrpuunure ocumnanuu [30], [31] u pasButHero Ha
¢nexcocniekrpockonusra [32] /Coduiickara rpyna/, (b) nerexuus Ha
JHMPEKTHA (PICKCOMONAPHU3ALUS Ype3 HAJSATaHE M TEPMOMMITYIICH, U
HaOMI0J]aBaHe M HWHTEPIPETAlUsl Ha TMEPHOIUYHH (IICKCOTOMEHU
/MockoBckara rpymna/ u (C) pa3paboTBaHe Ha TEXHUKATa, M3I0JI3BaIa
XUOPUIHU KIIETKH.

Enextpoontnunure epextn B TK ca wnm nuHelHM wim
KBaJIPaTUYHH 110 OTHOLICHHE HA MPUJIOKEHOTO BHHIIHO EIEKTPUIHO
none. Hematmunmre TK, konTto Hamwupar mmpoka ymorpeda B
JIMCIUICUTE, TPOSIBSIBAT KBaapaTH4HUS edekT. KOHBEHIMOHAIHO,
TEXHHUTE ONTHYHH CBOWCTBA MOTraT Jia ObJaT MPEBKIIOYBAHH, KaTO Ce
nojiaZic HampexeHue. B ChIIOTO Bpeme, TSIXHATa pelakcanus B
00paTHOTO CHCTOSIHUE - M3KIIOUEH PEKHMM, CTaBa C M3KIIOUBAHE HA
eleKTpUIHOTO mosie. [Tomo0Ha penakcanus € OTHOCHTETHO OaBHA.
TonsiMO MPeMMCTBO Ha (DIEKCOCTEKTPHYHHUTE MaTepUaI, KOUTO ca
YyBCTBUTEIHH KbM TIOJISIPHOCTTA Ha IMOJETO, € BB3MOKHOCTTA
aKTHBHOTO UM ChCTOSIHUE J1a ObJIe YIIpaBiIsiBaHO 0€3 [1a ce pa3dynuTa Ha
mporieca Ha cBoOoaHA penakcarusi. KoraTo nBere chCeTOSHUS (BKI. —
W3KIL.) c€ KOHTPOJHMpAT IIOCPEACTBOM TIpWJIaraHe Ha BBHHIIHO
SNMEKTPUYHO TOJIe BPEMETO 32 OTKIMK HAMaJsBa JIPACTHYHO. B TO3M
KOHTEKCT, HaIIMYUETO Ha (IICKCOCIEKTPUYHHUS TONSPU3aAIHOHEH
edekt e oT ocobeHo 3HaueHHe 3a MPEBKIIOYBAHETO HA YCTPOMCTBA
uMmainy ase cherosuus [33], [34].

IIpe3 mocneqHUTE TOMWHM, B TIPOITEC HA pa3paboTKa ca Habop
or TeuHokpucragau gucmien (TKI), wnpwmaramy — diekco-
eneKTpUIHusA ehekT B xupanuau HemaTuny [35], [36] u nemarnyunn TK
[37], [38], ¢ Bpeme Ha peakmusi mo-Manko ot MuimcekyHma. TKII,
0a3upaHu Ha (IIeKCoeNeKTpUUHN HemMatndnu TK, uMaT moTeHuana
Jia yJIOBOJIETBOPAT CPEAHOCPOUHHUTE U3UCKBAHUS HA MHIYCTPHATA 32
IJIOCKH €KPaHU I10 OTHOIIEHHE Ha PabOTOCIIOCOOHOCT, €PEeKTHBHOCT
Ha TMPOM3BOACTBO W IleHAa. CHOTBETHO, TOYHOTO OMpENeNsHe Ha
CKCIIEPUMEHTAITHUTE  CTOMHOCTH  Ha  (DJICKCOCTEKTPHUYHUTE
KOe(DUITMEHTH ce sBsABa OT OCOOCHO 3HAYECHWE 3a MpakThkata. B
JUTEpaTypara ce ChoOIaBa 3a MNPUIOKEHHETO Ha JUME30TCHHU
(Dimesogenic) TK (cumeTpuuHH AWMEpH) B XUPATHH HEMATHUHU
TEUHO-KPUCTAITHY JUCIUICH, Oa3upaHu Ha (IICKCOCTEKTPUYHUS eeKT
[39]. TMocpencTBoM M3MOI3BAHETO HA OAHAHOBUIHH MOJEKYIISIPHU
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n00aBKH € mocTurHaTto yBenuueHue ¢ 40% Ha QueKcoeneKTpuIHus
ebekt B KoMepcuaiHaTa HemarnuHa cmec E7 wa Mepk [40].
CeplmecTByBaT JoOKa3zaTelcTBa, Y€ M B HeMaTH4yHata ¢asza Ha
OIpe/IeTICHN TeUHU KPUCTAIM B YUCTO ChCTOSIHUE, MMPUTEKABAIIH T10-
KbCa MPBYKOBHIIHA CTPYKTYpa, CE MPOSBSBAT OTHOCHUTEIHO BHUCOKH
(IieKCoeNneKTpUYHN KoeUIIMEHTH TIpH CcTaliHa Temneparypa [41].
CrplecTByBaT peaniia TEOPUH U MOZCITH, KOUTO CE OIMHMTBAT
Jla KOpeIupaT MOJICKyJTHaTa CTPYKTYpa B (PICKCOSIEKTPUUHUS e)EKT
[16]-[18], [42]-[47]. Te Bcuuku, obade, TOCTABAT pa3InYHA BAKHOCT
Ha aHM30TpONUATa HA (opMaTa U Ha JUMOIHUTE U KBAJPYIOITHUTE
epekTn W ce HyXKJasT OT JOMBJIHUTEIHO TOTBBpXKICHUE. Taka
HanpuMmep Xendpux W3MOoN3Ba UIONHUS Monen Ha Maiiep, 3a nma
M3BENIe TCOPETUYHH M3Pa3u 32 (IICKCOCTEKTPUYHUTE KOS(PHUIIUSHTH.
Toit ycTaHOBsIBA, Ye NP OAHAHOBUIHH MONEKYIH e3x o O(b/a)?*y,
KBJIETO |l € HAIIPEUHUS TUMOJICH MOMEHT, & MOJICKYJTHUTE MTapaMeTPH:
IBIDKMHA @, MMpUHa D ¥ brea Ha orbBane O ca neduHupaHu Ha
@urypa 3 [17]. Uscnensanero B [18] e mpoBeneHO HE3aBUCHMO H

Qurypa 3. I'eomerpuueH momen, u3non3BaH oT Xendpux 3a HHACHTH-
¢uimpane Ha opDKMHATA @, mmpuHATa D M Bresa Ha orbBaHe ® Ha
GananoBuaHATa (opma [17].

CAHOBPEMCHHO C TOBA Ha XeJ'I(pr/IX. Baxno e Ja Cc¢ OT6€J’IG)KI/I, q€ TO
HnMa C€JHO CBHIICCTBCHO HCTPHBUAIHO 0606H_IGHI/IG, pasricaaHo B
craTusaTa [48] Ta3u craTus IIOKa3Ba, Y€ HC CaMO KJIIMHOBHJHATa HO U
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OaHaHOBMAHATa AacHUMETpUsl ydacTBaT B JBaTra uH3pasa 3a
¢excokoepunreHTUTe. BCHITHOCT crienuaIHuAT caydai, pasrieqan
ot Xendpux, ¢ BATUICH 32 UICATHO OPUCHTHPAH HeMaTuK (S=1).

Paszbupanero Ha Bpb3KaTa MKy MOJIEKYJSIpHATA CTPYKTYpa
Ha HematmuHute TK u  QuekcoenexkTpuunute KoepHULIUEHTH
MIPEACTaBIIsIBA MHTEPEC, KAKTO 3a HAayKaTa, Taka M 3a MOTEHIUAITHO
BHCOKHS KoMmepcuaieH wuHTepec KkbM TK-mu. VYcunsanero Ha
ONTHYHHUAT KOHTpACT, HabmogaBan orT Xainmaiiep u 3anonu [49]
npe3 1968r., mocTaBy HAYAIOTO HA HOB IMOJAXOJ 3a MOA00psBaHE Ha
CBOMCTBaTa Ha TEYHOKPUCTAIHUTE MaTepUajd TOCPEICTBOM
MpHjaraHe Ha METOJMKa 3a JUCHepTUpaHe Ha TocT-maobaBku. To3u
MeToj Oemie BB3MPHET KAaTO MHOTO TO-JIECEH HAa4YMH Ja OblaT
nonoOpenu croiictBara Ha TK-u, cripsiMo TeHIEHITUsATA 32 CUHTE3 Ha
Hoeu TK wmartepmamu. CucreMaTHyHO, TNpOMEHsHKH QopmaTta u
HarpeyHuss JUIIOJIEH MOMCHT Ha JIO6aBKI/ITe u 1/13yana171K1/1
CBbOTBCTHUTEC NPOMECHU BLB @HeKCOeHeKTpI/IT—IHI/IH e(beKT Ha CMCCHUTCE,
Osxa OTKPUTHU MHOI'O I'OJIEMH BapUalli B HETOBUTEC IIPOSABU )IOGaBKa
C KoHIeHTpanmuss ot camo 10 wt % wMoxe pa ysenmuuu
(dbnekcoenekTpuaHUs ePeKT, CTUMYIUpaH OT JOMakWHa, ¢ 6-7 IBTH
[50]. Berpekn, 4e B maHHHMTE ce HaOIIfOaBa CHIIHO pa3MHHABaHE,
SICHO C€ OuepTaBaT /IB€ OCHOBHHU TeHAEHUMHU. DIeKCOeTeKTPUUHUAT
epexr e OTHOCUTENIHO HEYyBCTBUTEJIEH KbM TIOJIEMMHaTa Ha
IUIIONTHUSL MOMEHT Ha J00aBKara, HO KOpelaupa C MOJIEKyJHaTa
IOBJDKUHA U bI'bjIa HA Or'bBAHE HAa MOJIEKYJIHATa (opma.

[Ipe3 mocnenHUTE HAKOIKO IECETHJIETHS, TUCIIEPIHpPaHUTE
chbcTaBKU BKiIrouBat: monumepu [51], [52], manowacturm [53], [54],
(bepoenexrprunn Hanodactuiw [55], [56], keanroBu Touku [57], [58],
HanotprOuuku [59], [60], kakro u mobaBku Ha Oarpuia [61]-[63].
Wsmexny Tsx, Beriepoaaute HaHoTpbOMuku (BHT), nucneprupanu
B TK, ce oka3zaxa yHuBepcallHa CHCTEMa C MHOIO IIMPOKO
NPUJIO)KEHHE B MOJOOPSBAHETO HA MEXAaHUYHUTE, EIEKTPUYHHUTE U
EIIEKTPOONTUYHUTE CBOMCTBA HA TK-1M, KaKTO U B U3CIEIBAHETO Ha
OpHEHTalMATa  HAa  TEYHOKPUCTAJIHUTE  MOJIEKYJH  BBPXY
nosbpxHocTTa Ha BHT. AHM3orponmsra va dopmata Ha TK u BHT
MOJIeKynd (M JBETe€ HMaT IPBYKOBHAHA CTPYKTypa) TH IpaBU
cbBMecTUMH. ToBa BOOM A0 egHa HOBA, MHTEPECHA 3a HayKata U
MpUTEKABAILA 3HAYUTENEH MMOTEHIINAN 33 IPUWIOKEHNE, aHU30TPOIHA
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KOMIIO3UTHAa CHUCTEMa C MOHoO0peHH (HU3UYHM CBOMCTBA CHIPSIMO
yrctute TK-11, a *MEHHO: ¢ HUCKO pabOTHO HapeKEeHUE U MO-0bP3
enexTpoonTHyeH oTKIMK. OKa3Ba ce, ue JOpH HUCKA KOHLEHTpalus
Ha HaHOTPBOMUKHK B TK, Bomu 10 mogo0psiBaHe Ha €JIEKTPOONITHYHHUTE
ebexktn [64], [65], kakro W g0 mOHOOpsBaHE HA TEXHUTE
JIMENICKTPUYHHA M eJICKTPUYHU cBoiicTBa [66], [67]. Bb3 ocHOBa Ha
BCHMYKO TOBa MOXe Jga ce 3akmour, uye BHT cmomarar 3a
nmonoOpsiBaHEeTO Ha cBoiicTBaTta Ha TK-mu.

[lonacrosiiem,  nMICBAT  W3CNEABaHUS HA  (IIEKCO-
CIICKTPUYHOTO IOBCACHHUE Ha HOI[O6HI/I HaAHOKOMIIO3UTHHU CMECH,
BBIIPEKU Y€ MHOI'O aBTOPHU Ca U3CJICABaIN B3aHMOlIeI710TBPI§ITa MCXKIY
TK, ocuoBro Hematuun, 1 BHT [68], [69], BktounTenHO Mpexoa Ha
®penepukc, eneKTpoxuapojuHamukara u T.H. lIpe3 mnocienHurte
TOAUHU OOJIIIIMHCTBOTO OT H3CJICABAHUATA BHPXY IPUIIOKCHUA Ha
(IIeKCOeNeKTPHUYECTBO CE€ MPOBEKJAT BHB  BenmukoOpuTaHwUsL.
AKTHBHOCTTA € HaCOYEHA KbBM n0)106p$[BaHe Ha HOBUTE TCXHOJOI'NHU
3a guciuren: karo ZBD (Zenithal Bistable Device), PABN (Post
Aligned Bistable Nematics) u ekcoenekTpoonTHIHNA YCTPOHCTRA.
OOpbIla ce BHAUMaHWE U Ha BB3MOXKHOCTHTE 3a TOTCHI[HAIHOTO
NpHIOKeHHe Ha Quiekcoedekra 3a H00MBaHETO Ha eHeprus. [Ipyra
mposiBa  Ha  (PJIEKCOEICKTPUYECTBOTO €  (oTodiekcoeaekTpu-
gyecTBOTO. Kato criernuanHto siBieHue, To € pa3riekIaHo B MOCOKa Ha
ONTHYCH KOHTPOI M MOTU(PHUKAINS Ha (IICKCOCTSKTPUYHHS OTKIIHK.
3HAYMMO TIOCTI)KCHHE € OIMCBAaHETO Ha XHpamHHS (IIeKCo-
eNneKTpuieH edekT, HHTEH3UBHO U3CJeABaH OT IpynaTa B Yanmbpc.

CtpyBa cu 1a CIIOMEHeM, 4Ye Taka HapedeHurte “bent-core”
(orpHaTa  CHpIEBUHA) HEMATUYHH KPUCTAM  JEMOHCTPUPAT
MOTEHIINAT 32 TEXHOJOTWYEH MPOOUB, aKO CE MU3CIIEBAT B MIOCOKA Ha
MEXaHOENEKTPUIHOTO Mpeodpa3yBaHe Ha eHeprus. OuakBaHHATA ca
(IIeKCOeIEKTPUYECTBOTO JIa C€ MPOSBU MO-CHIHO B CHCTEMHTE OT
“bent-core” mosekynu, TMopaad HEroBaTa CHIIHA CHBMECTHMOCT C
MosekynHata (opma. ToBa Oe J0Ka3aHO C OTKPUTHS THUTAHTCKH
(brekcokoeHIIMEHT Ha OrbBaHe B OAHAHOBUIHUTE CUCTEMH, TPOHHO
MO-TOJISIM B CPaBHEHHE ChC CTAHJAPTHUTE MPHUYKOBUIHU HEMATHIIH
[10]. B mocieacTeue To3u pe3yarat Oe MOTBbPIAEH EKCIIEPUMEHTATHO
1 upe3 o0pateH (riekcoeIeKTprUeH eeKT MOCPENCTBOM HHYIIUPAHE
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Ha 3HAUMTENHH JepopMalMd Ha W3KPHUBSBaHE B 00pa3Uu oOT
OananoBuann TK, mocraBeHn Mexy rbBKaBu enextpoau [70].

KbM mpuHOCHTE B M3ClIeBAHETO Ha QuiekcoedekTa, TpsOBa
Ja ce oTOeNnexu U neiHocTTa Ha LleHThpa 3a u3cieqBaHe Ha MeKaTa
Matepus B banranop (Muaus), KOWTO € JONPUHECH CHIIECTBEHO 32
M3y4aBaHETO Ha JM3aiiHa M CHHTE3a HAa HOBH ME30TeHH, eekra Ha
¢doroakTuBHU H00aBKU BHPXY (hazoBoro nmoBeaeHue Ha TK u edexra
Ha CJIICKTPUYHHUTEC MIOJICTAa BbPXY HEMATHUILIN.

[MonacrosiieM, MOXe Ja ce TBBPIAM, Y€ OCHOBHHUTE
cBOiicTBaTa Ha (PICKCOCIEKTPUYECTBOTO BeUe ca pa3OpaHH, KaKTO U
ye MoraT Ja ObJaT W3BEACHU NPUOJUUTEIHU OICHKH Ha
Koe(DUITUEHTUTE €5 U €p 32 OOEKTH Ha MPOTOTHIIN C HJICaTU3UPaHH
q)OpMI/I Ha KOHYCH W OI'bHAaTHU HNPBHYKHA, UMallXd AWUIIOJIHU MOMEHTH,
mapaj€ii W NOEPHCHAUKYIAPHU CIOPAMO OCTa Ha TAXHOTO
noapexaane. OT apyra cTpaHa, MOXe Ja Ce Kaxke, 4e HaTHYHUTE
TEOpUN HE YyCIBaT Ja HANpaBAT TOYHHU MPEABMIKAAHUA OTHOCHO
3HAIUTE Ha QIIEKCOKOCHUITUEHTHUTE, BAXKHH 32 (DIEKCOETEKTPUIHOTO
MOBE/ICHWE HAa peajiHd MojeKynu. [Ipemiarat ce caMo pa3MHTH
CbOOpaXkeHHsI, KOMTO MOraT Jia Ce HW3BIEKAT OT roJeMUHaTa W
MOoCOKaTa Ha JUMOJIHUTE MOMEHTH H OT CXOJICTBOTO MEXIY
CTPYKTYpUT€ ¥ CBOTBETHM TMPOCTH TIEOMETPHYHH  OOCKTH.
Ennnonymme uMa camo OTHOCHO TOpsTbKa Ha (DIIEKCOCTEKTPUYHHUTE
KOe(DUITHEHTH, KOMTO BapupaT oT Hakonko PC/m mo mecerku pC/m.
ToBa M TmTpaBM IICHHM 32 AaHAIU3 HAa CBBP3aHUTE C TIX
CNMEKTPOCTPYKTYPHH U EIEKTPOONTHYHH ePeKTH. JOombIHUTEIeH
WHTEpeC MMa ¥ KbM CIICIIH(DUYHN JIMHEHHU eIeKTPOONITHYHH ePEeKTH,
KOMTO ekcrumoatupatr ¢iuekcoenekrpuaectBoTo [71], [72]. Beuuko
M3II0KEHO J0 TYK, HA HACOYBa KbM HYXKJaTa OT IMO-100po pa3doupaHe
Ha KOpenmamusaTa MeXIy MOJIeKyJIHAaTa CTPyKTypa H  (iekco-
CNMEKTPUYEeCTBOTO. Ta3u Kopenamus BCHIIHOCT € CIOXHA W Ha
HACTOSIIMSL €Tal W3WCKBA BeEYe MPHJIAraHeT0 HA KOMITFOTHPHO
Mmozenupane [73].
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T'naBa 1

Marepuajau 1 METOIH

3a o0exkTuTe Ha H3ClIeBAaHE B HACTOAIIATa AUCEPTAllM ca
M3IMOJI3BaHN MaTepHalli MPOSBABAIIM TEUHOKPUCTAIHU CBOMCTBA
(Me30reHu), KakTO M TaKWBa, KOMTO HE (OpMHUpAT TEYHH
KpucTtanu (Heme3oreHu). Heme3oreHute ca HU3MOM3BaHU KaTo
NO0aBKHM WM KaTO OPUEHTUPAIIM CIIOCBE B TEUHOKPUCTATHUTE

CUCTEMU.

1.1. MaTepna.]m. Me30reHHH M HeMe30TreHHH CHCINHCHUSA.

EKCHepI/lMeHTaJIHa TEXHUKA U YCTAHOBKA.

MpbukoBuanu TK mosnekymm [kbm rinaBu 2 u 5)

W3cnenBann ca HEMaTHYHU CIIOEBE OT TEPMOTPOIHH TECUHH
KpHCTAJIXn C HUCKA IIPOBOJUMOCT, NPUTECKABAIIU CICAHUTC XUMHUYHA
U CTPYKTYpHH (OPMYJIH, KaTO JONBIHUTEIHO ca OTOEIsA3aHUu U
TEMIICPATYPUTEC HA CbOTBETHUTEC TCUHOKPUCTATIHA (1)33OBI/I mnmpexoau:

HGC/O\\/\
W AT N
W o

= —-0.7

r20.9°C 43°C

C N

| ; s

MBBA (Reachim, Russia)
p-methoxy benzylidene p’-butyl aniline

EED—@— x:;;c—@— CaHs
o

0 0
21 CN72 C

Cr I o g, =027

BMAOB (NIOPIC, Russia)
p-n-butyl-p-methoxyazoxybenzene
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H11Cs </ \> </ \‘ h

Cr 24°C 350 ; g, —+11.5
5CB (MERCK)
Pentylcyanoterphenyl
ClSCN36 I : e =101

7CB (MERCK)
n-heptylcyanobiphenyl

@urypa 4. Xumudau GOpMyYITH U TeMIlepaTypy Ha (a30BUTE MPEXOAH Ha
teunure kpucranu: MBBA, BMAOB, 5CB u 7CB.

BaHaHOBHAHM MOJIEKY.JIH [KbM TiaBa 2]

Emno or 6anaHo-momoOHHUTE CheAWHEHUS, HApWYaHH CBHIIO
Taka bent-core (i ¢ orpHaTO AAPO), KOETO O€ M3CIEMBAHO OT Hac: 4-
cyanoresorcinol  bis[4-(4-n-dodecyloxybenzoyloxy)  benzoate],
(CNRbis120BB), e me3oren [74] npurexasall ciiegHaTa XHMHYHA

CTpYKTYpa:

o CN
Vsasaary
o O
H25C120 OCy2H25

®urypa 5. CtpykTypHa popmyia Ha bent-core chenHEHHETO
CNRbis120BB.
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daswute, KOMTO MOKa3Ba ToBa cheanHenue [74] that phase sequence is
Cr 103 °C SmC 109 °C N 129 °C I, ¢ Cr, SmC, N u I ca o3HaueHu
CHOTBETHO (pazure: kpucTal, cMekTHK C, HeMaTHK U H30TparnHa ¢asa.
CNRDis120BB ¢ anu3otpormeH MaTepHal C  OTPHIATEICH
JTUeneKTpuyHa aHu3oTponus. Heromata enactuyHa koHcTaHTa Kasz
Oellie onpereneHa OT JaHHUTE 3a eNEKTPUUHUS rpexon Ha Openepukc
32 XOMEOTPOIMHH o0pa3mu. 3a Te3n HM3MEPBAaHUSI CME M3IOJI3BaJIH
caHJBHY-KJIEeTKA OT cThkiIeHH ITO 1uouku, mokputu che cuiiad. C
moMoIma Ha  KalalUTHBHU  HM3MEPBaHUS €  OmIpejcieHa
JUEIEKTpUYHATAa KOHCTAHTa, YCIIOpPEAHa Ha MOJIEKYIHUS TUPEKTODP &|.
CpoTBeTHaTa  JMENEKTPUYHA  KOHCTAHTA €1,  KOSATO €
MepIeHINKYIIpHa Ha JUpeKTopa, Oe onpezeneHa oT kananutera Cy
CBOTBETCTall Ha Oe3KpaifHa CTOMHOCT Ha TOJIETO uYpe3 MOIXOJIIa
excTpanonanus Ha kpusata C(V 7).

3a wu3MepBaHe Ha JBOWHOTONBYenpeuymnBane (4n) e
M3MONI3BaH o0paserl OT JIETHaJ cloi ¢ mebenwHa 5 [M, 3aTBOpEH
MCXAY IMOKPUTH C MOJIUUMHI W €AHOIIOCOYHO HATPUTH CTHKIICHU
IJIOYKH ¥ KOMIIeHcaTop Ha bepek.

Jpyro TeYHOKPUCTAIHO CheUHEHNE, U3CIIEIBAHO OT HaC, 4-
((3-(4-(4-(decyloxy)benzoyloxy)benzoyloxy) phenylimino)methyl)-
3-hydroxyphenyl 4-(6-(4'-cyanobiphenyl-4-yloxy) hexyloxy)
benzoate (BCCB), cocraBeno or salicyladimine-based bent-core
Me30TeH, KOBaJEHTHO CBBp3aH upe3 hexamethylene spacer KbM
MPBHYKOBUIHA NHAHOOM(EHMIHA dYacT. To3M TEUeH KpHUCTal ¢
MOHOTPOIIEH: TIPH HarpsiBaHe TOM MMa caMO HeMaTH4Ha (asza, a Ipu
OXJIAXKIaHE UMa JIOMTBIHATEIHO JIB€ CMEKTUYHH (ha3u. XuMHU4YecKaTa

MY CTPYKTypa e:

~ Q
NCO—(CHZ)G-OQ)ZO ) oi@\

durypa 6. CtpykTypHa dopmyna Ha bent-core-calamitic cremuuenmero
BCCB.

OCjyoH21
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®asosute npexoau nHa BCCB npu oxnaxkaane ca [75]: to be | 162 °C
Np 135.6 °C SmA;, 119.2°C M 105.5°C Cr, xbzero ¢ |, Np, SmAy, u
Cr ca O3HQYCHW COTBETHO, HW30TPONHA, OMAKCHANCH HEMAaTHK,
OnakcuaneH CMeKTHK W kpuctanHa ¢aza. C M e o3HaueHa
HenHJeHTUGUIMpaHa ¢a3a. M3mepBanusita Osixa WU3BBPIIBAHU TPU
140 °C B Hemarnunata (asa. B HammTe (IIEKCOCTEKTPUYHH
eKcrepuMeHTH, oTHacsu ce 10 N ¢azaTa, He ce HaThKHaAXMe Ha HUTO
elHa XapaKTepUCTHKA, KOATO OM MOrja Ja ce MpUIHIe Ha
npenrnonaragMara  JIByoCHOCT.  XOMEOTPOIIHUTE HpoOH, MpHu
M3KITIOYCHO TI0Jie, BHHArM [OKa3Baxa €IHOOCEH KPBCT B
KOHBEpreHTHa cBemiMHa. [lo TO3M Ha4yWH, HHE TpETHpaxMe
n3cnenBanata N dasa kato TakaBa ¢ €JHOOCHA CUMETPHSI.

B coeaunennero BCCB ¢ dopma Ha chbprl, HAITBKHUSIT
aunon Ha CN mpaBu MaTepuana THEIESKTPHUYHO IOJOKHTEIIEH.
W3mepenata nuesnektpudna anuzorponus Ag e +5.9 (g = 11.7, &, =
5.8) at T = 135 °C [uacTHO chobuenue]. TTo-BakHO 3a H3CIEBAHOTO
SBJICHHE €, Y€ Ha[UIBKHHUS MO BOIM [0 MOBBPXHOCTHA
MOJISIPU3AIS My , KOSTO 3a€THO C TIONSPU3AIMATA, TPETU3BUKAHA OT
KpHUBUHA, BOIU 10 sBHUS (prekcokoedurment, (€s+mp) [2]. Hue
onpenenuxMe (Es+ Mp) mo Merona Ha Xenpux, HU3MOI3BANKH
HHTEpPEPEHIIMOHHO- TomsApu3anroned mukpockon MPI-5 (PZO
Poland) B mudepenimanams pexuM Ha M3MepBaHE Ha pa3iuKaTa B
ONTHYHUS MBT. Pe3ynraTure MNOTBBPKAMXA 32 TMOPSIABK Ha
pemmunHaTa (~ pC m™), ue Toif He ce OTIMUYABA OT KIIACHUECKHS, KAKTO
€ IpH OOMKHOBEHUTE KaJJAMUTHHU MaTepraiy (BIK I1aBa 2).

IIpurorBsine Ha TEYHOKPHCTAIHH KJITKH [KbM riiaBa 2]

Hematnunusar wmartepuan Oemie TOCTaBSH MEXAY IBE
IUTACTUHKH, M3pSA3aHM OT MpeAMETHH cThKina. CThKICHHUTE
MTOBBPXHOCTH O5Xa MpeaBapUTEIHO 00pabOTEeHU 3a OCHTypsiBaHE Ha
xomeorporHa (w3mpaBeHa) opueHTamus Ha TK Momekymu. 3a
OpHEHTAHT Oe¢ M3MO0JI3BaH MOHOCIOH OT MOBBPXHOCTHO-AaKTUBHOTO
CheMHEHHE CTAB (Cetyltrimethylammonium bromide).
Monocnoitan  ¢unmmvu ot CTAB 0sixa camoacemOnmpanu upes
MOTaIsiHE Ha MPEABAPUTEIHO TOYUCTEHH MOJIOKKH BBB BOJCH
pastBop Ha CTAB (Merck, Germany 99 % p.a.) npu KOHIICHTpAIUs
1.6x10°M B mBOiiHO JeCTHIMpaHa Boja 3a mepuoa ot 10 min., cien
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KOETO TUIACTUHKHTE OsfiXa M3TEIJSIHM C MOMOIITa Ha J1abopaTopHO
MPUTOTBEHO YCTPOWCTBO, OCUTYPSIBAIIO JIBE PA3JIUYHH CKOPOCTH OT
0.6 cM/MUH 1 2 cM/MHEH, 32 J]a ObJaT OTYYECHHU TUITBTHO OIIAKOBAH WJIH
peXaBo OIAaKOBaH OPUEHTHpAIH (HIMHU 32 XOMEOTPOITHO 3aKOTBSIHE
Ha MBBA [76]. Cnenmanso BHUMaHue € 00bPHATO TIACTHHKUTE JIa
M3JIM3aT OT MOBBPXHOCTTA Ha PA3TBOPA HAIIBIIHO CYXH.

ChII10 Taka ca M3MOI3BaHU cCaMoaceMOIIMpaHl OPUCHTHPALIN
cnoeBe ot cuHTernueH JsenutuH, Dilauroyl Phosphatidyl Choline
(DLPC), (Fluka, Germany), pastBoper B xjopodopm. Obemuara
KOHIIGHTpaIus Ha Jinuaa oeire ¢pukcupana B uHTepBayia 1-100 uM ¢
orjen aa Obae monOpana jedennHaTta Ha MHOTOCOHUS duim [77].
CTBbKJICHUTE TIOJUIOKKHU 0sXa TOTAIsTHU B pa3TBOP OT XJI0podhopM 3a
20 MUH., CJIeJ] KOETO ca M3CYIIEHN Ha Bb3yX npu Temmeparypa 50 °C.
3a CpaBHHTEJIHM EKCIICPUMEHTH, OsiXa MPUTOTBSIHH  CaMo-
acemOnmupanu cinoese or chromolan (NIOPIK, Bmwk ®wurypa 7)
MOCPEICTBOM TMOTAIsSHE HAa CTHKICHH IUTACTMHKH B Pa3TBOP Ha
chromolan u u3onponuioB ankoxoin ¢ konuentpaims 0.4 wi% 3a 20
min, ciex koero Gsxa m3cymeny Ha BB3ayX pu 120°C 3a 120 min.

(@)
I
C
~
( Ci7H3s - (e} )
2 >~
Cr
e

Cl
durypa 7. Xumuuecka hopmyna va Chromolan.

3a cpaBHEHHe, 0s1Xa U3CIIEABAHU U OMPEXKEHU OPUEHTUPALIH
cioeBe oT cuital, 0.1 06. % wa ODS-E (CHISSO, Japan), koiito Gemie
Pa3TBOPEH B M3OMPOIMIIOB PAa3TBOP OT AJKOXOJ/BOJA B OTHOLICHUE
9:1. CTpKieHUTE TUTACTUHU OsiXa TIOTAISHU B Pa3TBOpa 3a HAKOIKO
yaca TpU HeNpeKbCcHATO pa30bppkBane. Cnem ToBa Te Osixa
W3IUIaKBaHU B JICCTWIIMPaHA BOJA W MOJMMEPU3UPaHU (OMpPEXKBAaHM)
npu 110 °C B npogbmkenne Ha 1 yac. TeYHOKPUCTAIHHUTE KIETKH
0sxa OKOMIUTIEKTOBaHU cbc 100um nebenu pasmenuTeny OT MEIHO
¢donmo, ciyxemu u 3a enekrpoaud. OOpasuute O0sxa QuUKCHpaHU C
nomornra Ha Araldite  (emokcumHo senmiio).  BerpemHoTo
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MEKAYENeKTpOIHO pascTosiuue Oeme 2mm.  Krerkute Osxa
HAITbJIBaHU NP CTaiiHa TeMIlepaTypa MOCPEACTBOM KalHWISIpHU CHJIH
1 OsIxa TOCTaBSHH B TepMOcCTaTHpaina Macuuka moaen Mettler FP82,
3a peryiupane Ha paboTHaTa TeMIeparypa.

XoMeoTpormHaTa  opHeHTamusi Ha  oOpasuute  Oemie
MpoBepsiBaHa TOCPENCTBOM KOHOCKONMWYHM  HaOmojeHus. 3a
npoBexaHe Ha EO (enexkTpo-onTHYHN) H3MEpBaHUS XOMEOTPOITHUTE
HEMaTUYHH KJIETKHM OsXa TOCTaBSHH MEKAY KpPBCTOCAHH
nossipuzatopu. C moMoIira Ha MeTHUTE clieiicepr Oelle mpuiiaraHo
KbM HEMAaTHYHHUS CJIOH  XOPH3OHTAIHO EIEKTPUYHO  IOJIeE,
OpHEHTHpaHO Ha 45° CIpsSIMO KPBCTOCAHUTE MOJSIPU3ATOPH.

PDLC. Marepuaiu u nosxy4aBaHe [KbM riiasa 3]

Wsnoms3Bana e eBTekTMyHa cMec OT nuanobupenmmm E7
(BDH Limited Pool, England) cbcraBena ot 51% n-
pentylcyanobiphenyl (5CB), 25% n-heptylcyanobiphenyl (7CB), 16%
octyloxycyanobiphenyl (80CB) u 8% pentylcyanoterphenyl (5CT).
E7 uma Ttemmeparypa nHa mpexoga N-1, 59-60'C, a 3a mpexona
CMEKTHK-HeMaTHK, T e mox —20 °C.

IMomumepuomucneprupanure  (PDLC)  obpasum  6sxa
MPHUTOTBEHU Ype3 TEXHHKA 3a (GOTO-HMHAyIHpaHa (azoBa cernapanus
(ITNDC). TIpensapurenuo mpurorsenata cmec or NOA65 (Norland
Optical Adhesive 65, Norland Products Inc., New Brunswick, N.J.),
OesuBerer, Teuen Qoromonumep photopolymer u nematuka E7 B
cworHomenue 50:50 wt% Gere 3arpsra g0 60 °C B uzorponHa (dasza
3a TIOCTHTaHEe Ha XOMOT'€HHO CMecBaHe. Pa3MeceHnTe ChCTaBKyM Osixa
[TOCTAaBEHU MEXIY IBE CTHKICHH IUIACTUHKH, ITOKPUTH C MHINEBO-
kamaen okuc (ITO), xaro mebenunata Ha Caos € (DUKCHpaHa C
MTOMOIIITa Ha IMOJIMMEPHHU Pa3AeNuTeNd ¢ qedennHa 25 uM wumm 5 pM.
UV (at the wavelength of 365 nm) mnonumepuszanusita Oemie
M3IBJIHEHA Ype3 XOMOTEHHO OCBETSABaHE Ha IslaTa IUION[ Ha
oOpazema WM dYpe3 HaambxeH rpamueHT Ha UV wuHTEH3WTeTa,
MoNTy4aBaKW 1O TO3M HAYWH TPaJMEHT B pa3Mepa Ha KaIKWTe.
[IpousBonmnata TK opueHTanms B Kam4WIUTE TMPH JMIICA Ha
MIPUJIOKEHO TI0JIE Ch3/1aBa KOHTPACT B TMOKA3aTelNsl Ha MpEdylBaHe,
KOETO BOJIM JO0 HMHTEH3WBHO pasceiiBaHe Ha CBeTiauHara. ToBa
pasceiiBaHe obade ce pemynupa OT €IEKTPUYHOTO II0JIe, & KOraTto

27



MPOMEHJIMBOTO TOJIe € C JOCTaThbUHO HUCKA YECTOTa, TO CHIIO Ce
MOJYJIHpa U BbB BPEMETO (BIK MMO-J0TY).

TK kietkn 06s1xa KOHCTPYHPAHH OT JIBE CTHKICHU TUTACTHHH C
neOenmrHa 1 MM, BCAKO TOKPUTO OTBBTPE C THHBK MPO3paycH
MPOBOAAI citoii oT uHaueB KanaeH okcup (ITO). M3monssan e Mylar
3a pasgenurten ¢ nedenura 6 um. Pasmepst Ha mpobute ¢ 1x1 cm. 3a
na ce Mmomuduiupa MopdoorusaTa Ha oOpa3yBanus cioii, nsere ITO
CTBKBJIIA Osixa MOKpUTH ¢ TeduioH. Hanopasmepen cioit ot Tediion
0c OTJIOKEH M0 MEeTOo/a Ha HAaTpWUBaHE HA MPEABAPUTEIHO 3arpsiTo
CTBKBJIIIE ¢ TIapue Tedion [78].

Mopdonorusita Ha cinos or PDLC kommosutr 0e
XapaKkTepu3hpaHa C ONTHYHA MHKPOCKONHs Ha mpomnyckane (Zeiss
NU-2 Universal Research Microscope). TIpomyckiauBocTTa Ha
CBETJIMHA OT enekTpuiecku ynpasisano PDLC 6e n3cnensana ¢ He-
Ne naszep. 3a wm3cinenBane Ha cratnunuss EO orkiuk wa PDLC
KOMITO3UTHUTE, KbM TAX Oe MIPUIIOKCHO MPOMCEHIIMBO HAIIPEKCHUE C
yecrora 300 Hz, a mazepuust nbu Oe Hakbcan ¢ 4decrora 90 Hz.
YecroTHaTa 3aBUCMMOCT Ha MOJYJNalUsATa HA CBETJIIMHATA
(muuamuuau EO  xapakrepuctuku) Ha PDLC ¢ wusmepBana B
mamazona or 1 Hz gmo 3 kHz. 3a ma ce xapakrepusmpar
nojisapu3aoHHuTe cBorictBa Ha PDLC-taTa, nmpomyckaHero um 0e
W3MEPBAaHO TMIpH TMapajellHd WIA KPHCTOCAHHW  IONSPU3ATOPH
(amanm3aTopa ce mocTaBs 3aa KIeTKaTa, Ipeln (oTomeTeKTopa).
Temmepatypara Ha PDLC, B muama3ona ot 18°C — 45°C ce mopubpxa
or repmocrat Mettler FP82 u ce kortponupa ¢ Touroct ot 0.1°C.

Boraepoanu nanotprouuxku (CNT). EkcnepuMeHnTanHa

npoueaypa: Marepuaiu, TeXHMKAa M H3NbJIHEHHE [KbM
rimaBsa 4]

Hue usnonssaxme HiPco SWCNTS (enHOCTEHHHU BBIJIEPOAHU
HaHotprOuukn) [69]. SWCNT ca cbe cpener auamersp okoo 1 nm
u appkuHa 1 mm. W3non3Banust HemaTuk € E7 ¢ monoxuTenHa
JeneKkTpuyHa ann3oTponusa. HavanHara konnenTpanus Ha SWCNT,
C KOsATO Osixa MpaBeHW W3MepBaHwusTa, Oemre npudauzurenHo 0,01
Tern.%. JIpyru aBTOpH ca M3MON3BaIH KOHIEHTpamuy Mexty 10 to
5.10°wt% [79]-[83]. LC x1eTku ca KOHCTpPYMpPAHHU OT JBE CTHKIEHH
IUTOYH, TTOKPUTH C MAJIKO KOJMuecTBO cuHTerndeH senutu (DLPC)
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3a J]a ce MOCTUTHE XOMEOTPOINHA OpHeHTalusi Ha HemaThka (20 uM
pa3TBOp Ha JEUUTHH B XJ10podopM) u 1Be MenHH (omnua c nedenuHa
75 um, mocTaBeH! BbPXY CTHKICHUTE TIOYH, KOUTO CITy>KaT KaKTo 3a
pasnenuTeny, Taka U 3a enekrpoxd. ONTUYHHTE HAOMIONEHUS U
HU3MCpBaHHUATA 651X3 HU3BLPUHICHU C TMOJAPpU3allMOHCH MHUKPOCKOIL

MPIS.

TeyHOKPUCTAIHM KOMIIO3UTH € 3JIATHU HAHOYACTHUIH

[xbM rnaBa 4]

[Mony4yaBaHeTo Ha W3MON3BAaHHUTE TYK IMOJMMEPHH 3JaTHU
nanouactunn (AUNP) e omucano moapo6buo B [84]. Hemokpurute
AUNP ca cuIHO MOHOAMCIIEPCHH M KBa3aC(EpUYHU ChC CpeleH
JIMaMEeTHP OT oKoio 12 NM. /lnaMeTspbT Ha YACTHIIUTE C TIOJIMMEPHO
nokputure e okoso 25 nm. Cmec ot AUNP ¢ kornertparms 0,5 Tern.%
B TK 5CB e npurorsena, xakro ¢ omucano B [85]. ®opmupanero Ha
nematruHata TK daza 6e u3cieapaHo ¢ MOISIPU3aIMOHEH MUKPOCKOIT
(Zeiss Axioskop polarizing microscope), upe3 HaOmOAaBaHE Ha
IIBOI71HOTO JBYCIIPEYYIIBAHE B PEKUM Ha KPbCTOCAHU IOJIAPU3ATOPH.
3aBHCMMOCTT2 Ha ONTUYHOTO TMpOIyCKaHe Ha Quiamure OT
MPHUIOKEHOTO HANpeXeHue O¢ U3MEepPBaHO C MOMOINTAa Ha JIMHEWHO
monspusupan He-Ne mazep Melles Griot 05-LHP-201 (10 mW)).
EnexrpudueckoTo mojie Oere npuiokeHo BbpXy ase | TO miacTuHkw,
KakTo Oe OMmucaHo MO-rope, T.e. MOCOKaTa Ha eJICKTPUUYECKOTO TOJIe
CBBIIaJia C MMOCOKATa HA Jla3epHus JIb4. [IpeMuHanara cBeTIMHA Mpe3
LC knerku ce peructpupa ot ¢oromuon. [IpomycknmBocTTa Ha
KIETKATE Karo (YHKIHMS CHOTBETHO OT IOCTOSHHOTOKOBO U
MIPOMEHJIMBO HamlpexeHue ce 3amucBa Ha crbikd oT 0,1V 1 0,01V. 3a
M3MEpBaHE Ha BpPEMETO 3a peakluus € U3NOoJI3BaH IU(pPOB
samamersBamg  ocimmockornr  Agilent  Infiniium  54832D  MSO.
ITpoMEeHTNBOTOKOBHUTE U3MEPBAHUs OsXa MPOBEKIAHU 110 ONKCaHATa
no-rope nporenypa ¢ lock-in ycunsaren B auanasona ot 1 Hz mo 30
kHz.

Hanoxomno3utu TK / aepocui [kbM riiaBa 4]

3a MOBCKAAHC Ha MU3CJICABAHHATA IPH HNPOCTPAHCTBCHHU
OrpaHUYCHUA, 0s1Xa U3I0A3BaHU XI/IILpoq)I/IIIHI/I CHJIMKAaTHH 4aCTUIIU OT
Degussa Corporation, Aerosil 300 ¢ quamersp ~ 7 NM 1 crienupryHa
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noewspxHOcT 300 M?/g. TIoBEPXHOCTHTE HA YACTHIIUTE Ca TOKPUTH ChC
CHJIAHOBH TPYIH, KOMTO Ca OTIOBOPHHM 3a KpexKara Mpexa OT
BOJIOPOIHH BpPB3KH, KOATO ce oOpa3yBa OT 4YacTUIMTE MPU
obesracsBane u cyierne npu 300°C 3a okoso 15 4. B uscnensanero e
u3non3BaH teued kpucran 7CB, Thil kaTo TOI MposBsABa HeMaTHYHA
¢asza B IIMPOK TEMIIEPaTYpEH MHTEPBAJ OKOJIO CTaiiHa TeMIieparypa.
Cwmecu ot aeposui B 7CB ce monmyuaBar 1o iBa pa3inyau MeToa, (a)
pocTo (hU3UYECKO cMecBaHe U (0) CTaHIAPTEH METO]T Ha pa3TBapsIHe.
AepocuIHUTEe cMecH OOMKHOBEHO C€ XapaKTepU3UpaT 10 OTHOLICHHE
Ha IUTBTHOCTTA Ha aepoCHiIa, KOATO Ce OMpeess Kato pa = Ma/Vic,
KBJIETO M,y € MacaTa Ha aepocuiia, a Vic e obemMa Ha TEUHUS KPUCTAI
(TBit kaTo mrpTHOCTTA HA TK € ~ 1 ¢ cm® 3a Pa MOXKE JIa CE B3EME
ma/mic). TTpoBeneHy ca M3cienBaHUs Ha cMecH ¢ pa = 0.03g cm®,
KakTo ¥ Ha unct CB.

Excnepumentanna ycranoBka 3a EQ usmepBanus

[xbM rnaBu 2-4, 6]

[MpuniumHa cxemMa Ha eKCIepUMEHTANHaTa YCTaHOBKA,
m3nomBana 3a EO excrepuMenTH, € mokazaHa Ha Owurypa 8.
Jlazepamar mp4 Ha He-Ne mazep e monsgpusupad (JIMHEHHA WIH
KpBIoBa TONSIpU3aNMs), KaTO MHTEH3WTETa Ha IpEeMUHANaTra Ipe3
mpobaTa CBETJIMHA C€ PETHCTpUpa C ToMoira Ha (QOTOMUOJ.
OOMKHOBEHO KpbroBara IIOJSApH3AIldsS CE  HW3MOJI3Ba  IIpH
HaHOHAITBJIHEHUTE o0OO0pas3id, 3a Ja ce IocTurHe e(deKT Ha
OoCpenHsBaHE, TIOPaAd ChHINECTBYBAIIOTO CIYYallHO JIOKAJHO
pasmpernenieHue Ha ONTHYHUTE OCH B KOMIO3WTa. KoMITIOTBpHO
yIpaBisiBaH CelIeKTUBEH (a3oBouyBcTBUTENeH ycunBaten SR830
OCHUTYpsSIBa €IHOBPEMEHHO BBH30yKJaHe Ha IMPOMEHJINB CHUTHAI C
peryjiaupaHe Ha YeCTOTa U PErUCTPUPAHE HA 1-Ba UK 2-pa XapMOHUKA
Ha MOAyJIMpaHaTa IIpeMIHAIIA CBETJIMHA, KAKTO I10 aMIDINTY/Ia, TaKa U
1o ¢aza. YIpaBIsSBaIIOTO EIEKTPUIECKO TTOJIE CE ITOTydaBa OT U3X0Aa
Ha MIMPOKOYECTOTeH IUGPOB BrpajieH (pyHKIIMOHAJICH TEHEpaTop,
KOETO € JIOIMBTHUTETHO YCHUIIEHO C TTIOMOIITa Ha YCHIIBATEIl 32 BUCOKO
Hampexenne. M3xomuTe Ha TeHepaTopa, KakTo U Ha (oToauosa, ca
CBBP3aHH C KOMITIOTHP, KOWTO yIpaBIIsiBa eKCIIEPIMEHTa 1 00padoTBa
pesyntatutre. KOMIIOTBpDHUAT KOHTPOI HAa aMIUTUTyAaTra Ha
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MPOMEHJIMBHS CHTHaJ TMO3BOJISIBA CHIIO Taka W MpHIAraHeTo Ha
HUMIYJCH (BBIHOBU MAKETH C U30paHa YecToTa).

Analyzer \
H ~ D

N\
Sample
v 2 .
Polarizer Photo diode
o/P
Lock-in amplifier

Tempera
Controll Mett )
\ Data Acquisitio

®urypa 8. [IpuHumMIHA cxeMa Ha eKcliepUMEeHTaIHaTa ycTaHoBka 3a EO
U3MEpBaHHUA.

voltage
amplifier

DOoTOAKTHBHHN MATEPUAIH [KbM TiiaBa 6]

Barpunoro D1 (p-nitro-p'-diethylamino-azobenzene) [86],
M3M0JI3BaHO KaTo (hoTom00aBKa, € THPTOBCKH MPOIYKT, TPOU3BEICH
or NIOPIK (Moscow). Ha ®urypa 9 ca moka3zaHdH MOJIEKYJTHHTE
CTPYKTYpH Ha MaTepHajHuTe, W3MOJ3BaHH IIPU H3CIEABAHUATA Ha
dhotodekcoenekTpuaecTBoTo. 3a HemarnuHa TK mMatpuria-gomMakuH
e wusnomsBaHo BemectBoro CM80, Twii kato 10 He ¢ UV
qyBCTBUTENHO.  JIGHCTBUTENIHO  HUKIOXEKCAHOBHUSAT  NPBHCTEH
ocurypsa 3HauntenHa UV crabuwmHoct. Chmio TpsibBa ma ce
oroenexu, ue CM 80 nma oTpuriaTenrHa queneKTpuyHa aHU30TPOITHS,
KOETO € BaxXHO ca (iekcoeneKTpuyHnTe e(eKkTn, ThH KaTo
XOMEOTPOITHUTE CJIOEBE NPH XOPHU3OHTAIHO EIEKTPUYHO I0Je ca
menekTpuuecku cradmiau. Karo doroxpomMHU roct-no0aBku Osxa
M3MO0JI3BaHN a30-0CH3CHOBU CBHEJMHEHUs C pas3liMyHa CTPYKTypa:
EPH, Ul-147 u Ull-34, npurexaBamy HeMaTHYHa Me30dasa.
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HOST
CMED 4-butyl-cyclohexzanecarboxylic acid 4-pentyloxy-phenyl ester
M 65.5°C Is0

[
[ DCSH1 ,

GUESTS
EFH 4-(4'-ethozyphenylazo)phenyl hexanoate
Cr74.4°C N 215°C Iso
N=M
fl—@—mzl—g
CsHuO-CO—@—N
CgHyy0Co 0C;Hs
[ = ]
e 95 pi0e
Ce » 5
* P .‘t i v >
-
Ul-147 4-hexyloxyhenzoloxy-4'-cyanoazobenzene

Cr 92°C Smé 125.3°C N 274.2°C Isa

%H,;o—@—,sz_@j(N-@_cN p‘ Q

sedtettess, o

UII-34 o, 0-bis (4'-x#-butylazobenzene-4-oxy) butane
Cr 128°C Sma 207°C N 215°C Iso

N—< > QC4H,
o N/,‘ b N=MN
N o =
e ety oSS

Qdurypa 9. MonekylHUTE CTPYKTypH M TeMIieparypure Ha (a3oBuTe
MIPEXOAH Ha HEMATOr€Ha-IOMaKHH U Ha TP (POTOAKTHBHH TOCT-ME30T€HH. 3a
orOessi3Bane e, ue B Monekynara Ull-34, nBoiiHata a30-Bpb3Ka € HAIBIHO
CUMeTprYHa 0e3 Ha UThKHA KOMIIOHEHTA Ha JIWUIIOTHUAS MOMEHT.
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doroxpomuute azoben3eHoBu TK chenuHeHus ca u30paHu MpenBUI
Ha TSAXHATa HA/UThKHA MOJIEKYJTHA acuMeTpus. Kakto e oTOensi3ano B
[47], Ta3m xapakTepucTHKa € OT CBHIICCTBEHO 3HAa4YCHHE 3a
(IICKCOCTICKTPUYECKUTE CBOWCTBA HA CHUCTEMUTE TOCT-JIOMaKUH
u3cnenBaHd TyK. M Tpute a3zobeHzeHoBU Oarpuia (TOCTH) UMaxa
J00pa pa3TBOPUMOCT B MaTpuIlata Ha qomakuHa CM80. TpsioBa na ce
OTOCNIeKH, Y€ BCSIKO €HO OT TE3W Oarpuiia € ChII0 TCYSH KPHUCTall,
00CTOSITEIICTBO, KOETO OCHIYpsiBA PaBHOMEPHOTO CMECBaHE Ha
MaTepuanute. KoHlleHTpanmsaTa Ha Te3u CheMHEHHs Oerre n3dpaHa
1% 3a na ce u30erHe BIIOMIABAHETO HA ONTHUYHATA IMPOIYCKIHBOCT,
KaTo B CHIOTO BpEMe € J0CTaThb4Ha 32 OCUTYPSIBaHE HA CBETIIMHHO
MOJIyJIUPaHE Ha OOEMHUTE U MOBbPXHOCTHU CBOMCTBA HA HEMATHUYHUS
CIIOA.

IIpuroTBsine Ha TEYHOKPUCTAIHH KJIETKH [KbM ri1aBa 6]

W3non3BaHuTe B HACTOSIIOTO H3CJACABAHE KIIETKU-THIL
CaH/IBMY Ca IPUTOTBSIHU 10 MAJIKO MOIU(HUIIMPAH HAYMH B CPABHEHUE
¢ To3M, KoiTto e omucaH B [87]. Kierkure 6sxa crimobeHu OT aBe
YCIIOpEeTHN CTHKIEHH TUIACTHHKH ¢ fedenuHa 0,7 MM, OTIeneHH C
pa3IenuTend OT HephXkIaaema cromaHa ¢ jaeoemmaa 100 um, KouTo
CBIIO CTYXaT M KaTO eNEeKTPOH. Pa3cTOSHNETO MEXTy eJIeKTPOIUTE
e 2 mm. Manko KOJIMYECTBO €IOKCHIHO Jenwio Qukcupa
TIOJIOKEHNETO Ha Pa3/IeNUTENINTe W AbP)KH KieTkata cradmmHa. [1o
TO3W HAYMH MO3UIIMOHUPAHUTE €IEKTPOAN TO3BOISIBAT MPHUIIATaHETO
Ha IT0JIe B paBHUHATA Ha Mpodarta, HaMHupaIa ce B KJIeTKaTa. 3a z1a ce
OCHUTYPH XOMEOTPOIHAaTa HEMaTHYHA OpPWEHTAlHs Ha MOJIEKYIHUTE,
BBTpEIIHATA CTPaHa Ha CTHKJICHUTE TUTACTHHKH € CHJIAHU3UPA C BOJCH
pastBop Ha 0,08 ml ODS-E cuman (Aldrich), pasrsoper B 250 ml
necTiiupaHa Bofa. IloyncTeHWTE CTHKIIGHM IUIACTUHKHA —Osfxa
MOTAISIHA B CUJIAHOBHS Pa3TBOP M CieA KOETO OBP30 H3TErJIsSHH.
Bpoar Ha mmximMTe Ha TOTamsHe W BajJieHe Oelle MPOMEHSH B
WHTepBaja oT 1 710 6, KaTo B X0Of[a Ha EKCIIEPUMEHTHTE YCTAHOBHXME,
4ye HeoOXOIMMOTO HUBO 32 cI1a00 3aKperBaHe ce IOCTHTa 3a 6 IUKbIIA.
Taka OTJIOKEHUAT CUIAHOB CIIOW ce CTa0WIHM3Mpa Ype3 U3MNYaHe Ha
cTbKiIeHuTe wioun 3a 3 yaca npu 150 °C. Cnen ToBa KIETKUTE ce
ITBJIHAT ChC CMECH TOCT-JOMakWH B HM30TpOmMHA (haza, cien KOeTo
MPOOHTE ce OXJIAKIAT OaBHO JI0 HeMaTW4Ha ¢a3a, 3a Ja ce IOCTUTHE
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no0pa XOMEOTponmHa opueHTanus. KadecTBOTO Ha moiyueHaTa
OopucHTaluA CC MPOBEPsABA C MOMOLITA Ha MOJIApU3HUPpAI MUKPOCKOIT
(Leica DMRXP).

ExcnepumMeHTANHO 000pyaBaHe [KbM riiaBa 6]

UV ypen, u3non3BaH 3a MHAYIMPaHe Ha ()OTOU30MEpU3alHs,
C€ ChCTOM OT cTabunu3upaH 1mo uHTeH3uTeT UV U3TOYHUK C ONTHYHO
BnakHo (Hamamatsu LC5, Japan, makcumanmna UV momuoct 3.5
W/cm?). 3a n1a ce n3berHe pasrpaxIaHeTo Ha NPOOHTE OT JIBJIGOKOTO
UV-ibueHue, NPUCHCTBAL0 B M3TOYHMKA, mpen mpodara Oeie
moctaBen UG-1 Schott duntep (Newport, ¢ nmukoBa AbDKMHA Ha
BBJIHAaTa 365 NM).

bsixa n3mepenn aOcopOLMOHHUTE CHEKTPU HA HEMaTHYHATa
Me3o(aza Ha CMeCHTe, KaTo IMpoOuTe Osxa MOCTaBSHU MEXIY JBE
KBap1oBH ruiacTuHKU. CriekThpbT Ha yrncT CM80 He mokasza ocezaema
abcopbumst B o0XBaTa Ha ABDKHHUTE HA BBIHUTE OTHACSIIHN CE€ O
WBUINTE Ha a0bcopOlMs Ha TPaHC W IUC KOHPOpMAIUHUTE Ha a30
rpymara, nokaro cmecure ¢ 1% Ul-147 nim 1% EPH ce otnmanxa cbe
CHJICH TTUK Ha abcopOrtus mpu okoiio 360 Nm u pamo mipu okojo 420
nm mpemu ocBersiBaHe ¢ UV, kakTto W ¢ HaMalieHa THKOBa
HHTeH3UBHOCT Iipu 360 NM u mosBa Ha MUK Ha abcopOuus npu 420
nm cnex ocsersiBane ¢ UV. Cpmo Taka 0e HaOm0JaBaHO U
BB3CTAHOBSIBAHC HAa IbPBOHAYAIHHS TMPOPMI HAa aOCOPOIMOHHUS
CIIEKTBp CIIE]l OCBETSBAHE C 0sJla CBETJINHA.

®DoTodhICKCOCIEKTPUIHNTE HW3CICABAaHUSA Ha 00pas3iuTe
BKITIOYBAaxXa WM3MEPBaHWs Ha pa3idKaTta B ONTHYHHUTE IBTHIIA C
ITOMOIITA Ha OITHYEH Moisipu3annonen mukpockor (Leica DMRXP).
XOMEOTPOIMHATE HEMATHYHU O00pasnu O0sXa TOCTABEHH MEXIY
KPBCTOCAHH TIONSAPU3ATOPH U TOJJIOKEHW Ha JICUCTBHETO Ha
XOPM30HTAIHO ENEKTPUYHO TIoe, OpHeHTHpaHo Ha 45° cmpsmo
nomsipuzatopute (Purypa 10). Jlebopmanusta Oeiie u3MepBaHa ¢
MOMOIIITa Ha SA HaKJIaHsAII ce KoMmmeHncarop Ha Berek ot Leica, koiito
€ IPUKpPEIeH KbM MOJIApU3aMOHHHS MUKpocKor. da3oBa pa3nuka ot
0 mo okomo 5L Moxe nga ObJe HACTpOEHA HEMPEKhCHATO uYpe3
HaKJIaHsHE Ha KOMIIEHCHpAIaTa IIaCTHHKA JI0 OKOoJo 32°.
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@urypa 10. EkcnepumeHTanmHa ycTaHOBKa, H3Mon3BaHa 3a doroduie-
KCOCJNEKTPUYHHU W KOHOCKOMMYHM wu3MepBanus: Cra0unusupaH Mo
HHTEH3UBHOCT M3ToyHUK HAa UV ¢ onrmued BwiHoson (Hamamatsu LC5,
Japan, maximum UV power 3.5 W/cm?). Ctbknen ¢uiarsp UG-1 Schott
(Newport, peak wavelength 365 nm). UV wusmepBaTen Ha MOIIHOCT
(Hamamatsu C6080-03). Ilomstpusarrionern onrthdeH mukpockomn (Leica
DMRXP) u mu¢pposa kamepa (Optronics). 5h kommercarop Ha Berek (Leica),
MPUKPENCH KbM MOJSIPU3AIMOHHHS MUKPOCKOIT. XOMEOTPOITHH HEMAaTHIHU
00pasiy, MoCTaBeHH MEXKIy KPhCTOCAHH IMOJSIPHU3ATOPH, U MOAJIOKEHH Ha
XOPU3OHTAIIHO  ENIEKTPUYECKO moie, HacoueHo Ha 45°  copsmo
nonsipuzaropute. [IOCTOSHHO HAMPEKEHHE € OCUTYPEHO OT 3axpaHBaHE
Keithley (momen 6517A).
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Ipu craTruHuTe QICKCOCTESKTPUUHN U3MEPBAHUS, TPUIIOKEHOTO
MOCTOSIHHO HanpeKeHne oT 3axpaHBall] 010K Ha
Keithley (momen 6517A) ch3naBa cratiuna aedopmarvs Ha OrbBaHe
(moNeBo-MHAYIIMPAHO BOMHOIBYCIPEUYIIBAHE), KOATO JOMBJIHU-
tenHo ce Biusie oT UV ocBersiBane. KoHockonmnuHUTE M300paskeHHS
Ha TK a30-6arpuinu cMecH ca 3acHeTH ¢ g posa kamepa Optronics
1, KbJETO € HEOOXO0AUMO, OT U300paKCHHUATA Ca CBAJICHU MPO(HINTE
Ha MHTCH3UBHOCTTA. EKCHCPHMCHTI/ITG ca MPOBCXKAAHU IIPHU cTaiiHa
temnepatypa (25 °C). TlpuHIMIIHA CXeMa Ha EKCIIEPUMEHTAIHATA
YCTaHOBKa 332 KOHOCKOITMYHY M3MEpBaHus e rokazana Ha durypa 10.
3a  (oTo-(IIEKCOCNIEKTPUYHUTE M3MEPBaHUs O  M3IMOJI3BaHA
JIWTUTAJIN3NpaHa BEpCHsl HAa CTaHJApTHA KOHOCKOIIMYHA METOJIUKA.
Konockonmunure m3obOpaxenuss Ha TK a3zo-OarpunHm cMmecu ca
moiy4aenu ¢ mudposa CCD kamepa (Optronics DEI-750D CE Digitial
Output Model S60675 PAL) ¢ pe3omrorus 752 (H) x 582 (V) nmkcena
Ha wu300paxeHuero. CHHUMKHTE Ca HaNpaBeHH C Pa3IMYHO
Hanpexenue B quanazona 20 V - 80 V u uatensut Ha UV cBeTnuHa
or 1,5 mW/cm? no0 2,25 mW/cm? C nomomia Ha rpaduden codryep
(Image Tool for Windows, University of Texas Health Center) 6sxa
TIOJIY9CHH TPOPMINTE HAa WHTCH3UTETa Ha W300pakKeHUsATa B
HaTpaBJIeHHe, MEPIEHIKYISIPHO CIPSIMO MPHUIOKEHOTO EICKTPUIHO
noJe.

1.2. Onruyna MHKPOCKOIHS: MOJISIPU3AIHOHHA,
KOHOCKOMUYHA, ThMHOIOJIEBA.

onsipu3zanMoHHA MUKPOCKOIIHS

[onspuzanmmonnata wukpockornmst ([IM) e werom 3a
BH3yalu3alys, IPU KOHTO ce U3MO0I3Ba NOISIpU3NpaHa cBeTiriHa. T
OOMKHOBEHO C€ HM3M0JI3Ba 3a M300pa3siBaHEe HA ONTHYHO aKTHBHU
MaTepuail W TAaKWBa MPHUTEXKAaBald ABOHHOIbUENPEUYIIBAHE, KAaTO
teunute kpuctain [88]. OOMKHOBEHO OCBETSBAHETO € C JIMHEHHO
MOJISIpU3MpaHa CBETJIMHA, MOJTyYeHa C MOMOLIA Ha ,,II0NspU3aTop”,
KaTo ciiell MpeMUuHaBaHe Mpe3 npodaTa CBETIMHATA IPEeMUHABA IIpe3
Ipyr monspuzatop  (HapedeH ,,aHanu3atop®). OOMKHOBEHO
aHAN3aTOPBT CE€ OPHEHTHpAa NapajelHO WM OPTOrOHAIHO HA
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nomspuzatopa. ExHo mpumMepHo m3o0paxkeHue, moiaydeHo ¢ [IM u
KpbcTocanu mojspuszatopu Ha ®durypa 11, mokasBa TekcTypa Ha
THHBK (DUIIM OT HEMaTHYEH TeueH KpucTaid. KOHTpacThT U BETHT Ha
M300paKeHUETO ca pe3yiTaT oT pa3oBara pasinka MeXIY ABETE MOIH
pasnpocTpaHeHHe Ha CBETJAMHHUTE JIbYH. THMHHTE YYaCTBIUM B
M300paKCHUETO CHOTBETCTBAT HA MeECTaTa, KbICTO JIOKaJHATa
OpHEHTAIIMS Ha ONITHYHATA OC B ITpobaTa ChBIaa C OPUEHTAIMATA Ha
Ha MOJISIPU3aTOpa WK aHaIMu3aTopa. S pKUTe IIBETOBE CE MOIyYaBar B
pe3yaTaT Ha UHTEpQepeHIus, Korato 3abaBsHETO Ha (a3uTe € OT
nopsipka Ha 27. [[BeroBara CTpyKTypa MOXKeE Jia Ce M3I0JI3Ba, 3a Jia
ce OmpemeNnsaT CTOMHOCTHTE Ha  ONTHYHATA  AHWU30TPOIHS,
OpHEeHTAIMsATa Ha ONTHYHATA OC U JebennHaTa Ha duama [89].

@urypa 11. Mukpockorcka CHUMKa Ha TbHBK HematuueH ¢uiM ot E7,
HaInpaBeHa IIpU cTalfHa TeMIiepaTypa 1 KpbCTOCaHH IOIpH3aTopH. Broknar
ce [[BETHH HEMAaTWYHM Kamkd. PasMepbT Ha (oTopamMKaTa ChbOTBETCTBA Ha
260 um.

Konockonus

Onrtuunara konockomusi [90], [91] ce w3mon3Ba kato
HOAXO/SII HMHCTPYMEHT 3a pasrpaHdvaBaHe Ha €IHOOCHATa W
aByocHata — TeyHokpuctamHu — ¢asu  [92].  KoHockomumyHOTO
n300pakeHune, MOTYYeHO C Ta3H ONTHYHA TEXHHKA IPU XOMEOTPOITHA
opueHTalus Ha Me3oazaTa, € U3BECTHO KaTO MAJITHHCKHUS KPBCT, a
pameHeTe Ha KpbcTa ce HapuuaT u3orupu (Purypa). B To3u cinyuqaid,
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KOrarto rnpobara ce BbPTH MEXK/Y KPbCTOCAHH MOJISPU3aTOPH, BH/Ia HA
KOHOCKOIUYHOTO HM300pa)KCHHE HE CE MPOMEHs, KOETO Ce SBsBa
ONTHYECKA XapakTeprcThka Ha ennoocHata N ¢asa [92].

@urypa 12. TlpeacraBuTenTHO KOHOCKONMYHO HM300pa)keHHE, MOJIYYEHO 3a
enHa ot TK HemaTmuHM cMecH mpH cTaiiHa Temmeparypa. Bmkma ce
MaJITUHCKUSI KPBCT, KaKbBTO Ce MpeArnoiara Ja Oblae HaONI0[aBaH IMpH
€IHOOCEH HEMAaTHK.

TbMHOMOJIEBA MUKPOCKONINSA

TwmuomoneBata Mukpockornus (TM) e anrepHarmBa Ha
MUKpockonusTa ¢ ¢a3oB KoHTpacT. KoHTpacTsT u pa3zenurenHaTa
CHOCOOHOCT, MOIY4eH! ¢ 000pyIBaHEe 332 THBMHO IT0JIe MOTaT 1a ObaaT
TIPEeBB3XOMHN. 3a Ja ce HabOmromaBa oOpasell B TBMHO IIOJIE, TIOX
JemiaTa Ha KOH/EH3aTOpa Ce II0CTaBsl HENpo3padeH OMUCK, Taka 4e
caMo CBETJIIMHATA, KOATO Ce pasceiiBa oT 00EKTa Ja MOXKeE Jla TOCTUTHE
1o okoro [93]. Bmecro na mpemute mpe3 obOpaseria, CBETJIHMHATA Ce
oTpaszsBa oT HaOmogaBHata vactuia. C M3KIIOYEHHE Ha LBETA,
BCHYKO OCTaHaJIO C€ BIIKJA, OOMKHOBEHO B SIPKO OsT0 HA ThMEH (PoH.
TM e edexktuBeH MeTOn 3a peruCTpUpaHe Ha pa3celiBaHe OT
equHUYHM HaHouactHi. C Ta3u TeXHHMKa € BB3MOXKHO Ja Ce
HAAXBBPJIM OTPAHUYECHHETO OOMKHOBEHUTE ONTHYHU MHUKPOCKOIH C
pe3omtorus ot 200 nm. Be3MokHO € ¢ Hes na ObaaT HaOroIaBaHU
cyomukponuan yactuim ot 20—200 nm [94], [95].
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1.3 ®aekcoeeKTPUYHO OrbBaHe HA M3NPABEH HeMaTH4eH
cioil. Meroa Ha duieKcoeTeKTPHYHATA CIIEKTPOCKOMHUSI.

®dieKcoeIeKTPUYHO OI'bBaHe HA N3NIPABeH HEMATHYEH CJI0W .
OneKcoenekTpUYHOTO OorbBaHe ¢ edekT, KoHTo ce
Ha0JII0/1aBa, KOraTO XOMEOTPOIICH CIIOW € TIOJIOKEH Ha SJICKTPUIECKO
none E, opueHTHpaHo HaNpeYHO Ha MOJICKYJTHHS TUPEKTOp. 32 TbPBU
BT TO € HabmogaBaHo B xoMeoTporen cioid or MBBA [20], Ho
ocTaBa HEOOSICHEHO 10 pa3paboTBaHETO Ha Teopusi Oa3upaHa Ha
(IIeKCOETIeKTPUYECTBOTO, KOATO yCHEeNIHO ro aHaimm3upa [21].
BrocnenctBue ca npoBeeHH MOAPOOHU €KCIIEPUMEHTH ¢ HEMaTHKa
MBBA [22], noTBbpKIaBalliy MOBEYETO PE3YIATATH, KOUTO TECOPHSATA
npenckasBa. EKCIEpUMEHTAIHUAT pe3yaTar 0bade, KOWTO € MoJIy4eH
B [20] 3a croitHocTTa Ha €3, 38 MBBA, ce pa3inyaBa OT CTOHHOCTTA
namena B [22]. TIo-kbCHO TOBa pa3MHHABaHE € B3€TO IO BHUMaHHE
[23], [24], xaTo e oTueTeH edexTa OT MOBBPXHOCTHATA TIONSIPH3ALIHS
mp. 3a TK Momnekyna ¢ acHMETpHYHHM TPyNHd B JBata CH Kpas
(xuppodpwmina/xuapodhodHa  acumerpus), M, MOXe Ja uUMa
MPOTHBOIMOJIOKEH 3HAK 3a CIydas Ha XOMEOTPOITHO OpHEHTHpAIIN
CTBKJICHH TIOMIOXKKH, KouTo ca xuapoduanu [20] uam xuapododbuu
[22]. TIo-xbcHO € pa3paboTeHa LAIOCTHA TEOPHUSA 3a ETHOMEPHH
JAENEKTPO-(IIeKco-eNeKTpruyHn e OpMaIlii Ha HEMATHYHHU CIIOCBE
[23]. 3akmrouennero Ha Tasu Teopus €, ue (PIEKCOETEKTPUIHOTO
OrpBaHe HE Ce OmpeaeNis camMO W HU3KIIOYHTETHO  OT
(hnexcokoepHUIIeHTa Ha OI'bBAHE €3y, & OT SIBHHS (IIEKCOKOCSHHUITHECHT
€3 = €3 + My,
PerieHnero, KOETO pyTHHHO CE M3I0JI3Ba 32 HHTEPIIPETHPAHE
Ha EKCIIEPUMEHTAJHH [aHHH 32 (DJIEKCOCNEKTPHYHO Or'bBaHE B
XOMEOTPOIIEH CIIoH, € [22] :

N

2 2 3
ne |(déY d . -
Al=n|1--=2| — | — ,with d6/dz =e;, E/K,;,
(0] ne (dz] 24 / 3X / 33

1)
KbIACTO AI € pas3jinkaTta B ONTHYHUTC IIBbTUIIA, de ,Z[GGGJ'H/IHaTa Ha

np06aTa, 6 e OTKIIOHCHHETO Ha JAUPCKTOpa OT IIbpBOHAYAJIHATA MY
OpHUCHTaNuA Z, E e IIPUIIOKCHOTO TII0JIC U K33 € cCllaCTH4YHaTa
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KOHCTaHTa Ha oreBaHe; N and nNe ca OOMKHOBEHHUS U
HCOOMKHOBEHHHSI TMOKa3aTeNnu Ha mpedynBaHe. Korato IBOWHOTO-
apyenpeudynBane An = (Ne - No) € MHOro Masko, y-¢ (1) ce onpoctsisa
1o Al=An (d6/dz)? (d%12). Tosa ypaBHeHue obadye € BaIMIHO MPH
HAMpaBeHO MPE/INOIOKEHUE 32 pasriekKIaHe Ha MaJIKU AeopMaiiii
(MuHEHO MpUOIMKeHue), MpeHeOpexuMa eHeprus Ha 3akoTBsiHe W u
HyJIEBa CTOMHOCT Ha JAMEIEKTpUYHATA aHu3orponusd Ag = g - &1 B
Cllydai ye MOCIIMHUTE JIBE MPEANONIOKEHUs HE Ca U3ITbIIHEHH, MOXKE
Jla ce MOoJI3Ba CIIENBAIOTO NPUOIHU3UTENHO pemieHue [21], B koero Te
ca OTYCTEHHU:

2 3 * 3
Al =an[32) 4 pp| B | g2 & )

dz ) 12 K3 12

KBJIETO
2

Eesz _ E - 1

1+i_AssoE2d2 (3)
2b 12Ky,

kpaero b= Ks /W e nmpDkMHATA Ha eKCTpamojamus, a & €
JMEIeKTPUYHATa KOHCTAHTA Ha BaKyyMa.

Meton Ha diekcoeTeKTPUYHATA CIEKTPOCKOIHSI.

MeronsT Ha QuekcoenekTpuynarta crekrpockorus (PC) ce
CHCTOM B STHOBPEMEHHOTO MPWJIATaHE HA TMIPOMEHIIUBO EICKTPUIHO
moiae E kM xomeorpomeH obOpaserm ¢ mebenuHa d M IIOCTOSHHO
CNEKTPUYHO TIOJIe Ha OTMecTBaHe FEp, KOETO Ch3JaBa CTAaTHYHA
nedbopmanmss Ha  OrbBaHE, OKOJIO KOSATO  TOPOJCHUTE  OT
MOBBPXHOCTHUTE BHPTSAIIA MOMEHTH (IEKCOCTEKTPHYHH OCIIUIAIINH
ce Hacmareat [32], [96]. [TOCTOSIHHOTO €IEKTPUYHO MOJe OTMECTBA
CBCTOSTHHETO HA EJICKTPO-ONTHYHATA CHUCTEMa, ChCTOSINA CE OT JiBa
KPBCTOCAHH TONIIPH3aTOPA U XOMEOTPOIEH CIION, TOCTABEH MEKIY
TSX, 32€IHO C EJICKTPUYHO TIOJIE, KOETO € MPUIIOKEHO Ha 45° cripsiMo
IUIOCKOCTTa HA TMOJSIpU3aIysi, OT CBhCTOSHHE HA MUHHMAIHO
MPOMyCKaHe KbM IMOSBATA HA MbPBA XapMOHHYHA B UHTEH3UTETA Ha
MOJyJIUpaHaTa CBETIHHA. TeopeTHYHO MPOoONeMbT, TPETHpAIl Te3U
OCIIMIAIMH € OIMCaH Hali-001mo B [97].
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MeroabT BKIIOYBA PETUCTPUPAHE HA  HUCKOYECTOTHUSA
CHEKTBP Ha (IIEKCOETIEKTPOONTUYHUTE OCLWIIAMK Ha Jla3epHa
CBEIJIMHA, IIpEMHUHANA IIPpe3 HEMAaTU4YeH TEYHOKPUCTAIEH CIIOH,
[IOCTaBEH MEXKJy IPO3padyHU IPO3PAYHM, IIPOBOISAIIM EIEKTPOIU B
paBHMHATA HA CJI0S1 U KPbCTOCAHU TIOJSIPU3ATOP U aHAIIM3ATOP.

Photodiode
Lock-in G ry
|
Analyzel e
1
1
L
Amplifier : T Sample
1 Hot stage
Polarizet' e
1
Laser :
- ----)

®urypa 13. CxemMaTH4HO NpeCTaBsAHE Ha (IICKCOSNEKTPHYEH CIIEKTPOMETHP.
OOpasen; OT M3NpaBeH HEMAaTHYeH CIOH € IIOCTaBeH MEXAY KPhCTOCAHU
TOJISIPU3ATOPH, KaTO € MPUIOKEHO EJIEKTPUYHO TI0Ne, HacodeHo Ha 45°
CIIPSIMO KPBCTOCAHHU MOJISIPH3ATOPH.

Ocrunaiuure ce Bb30y)Ka OT IPOMEHIIUBO EJICKTPHYHO MOJIE C HUCKA
gectota u noxxoxsma ammutyma (ot 10 mo 100 B). YectoTHaTa
3aBHCHMOCT Ha HHTCH3HUTETa Ha IIPEMHUHAIATA MOJYJIMpaHa CBETIINHA
Ce pEerucTpupa IMOCPEACTBOM (DICKCOETEKTPHYCH CHEKTPOMETHP
(DPurypa 13), chcrosir ce OT YHHBEPCAJIECH MOSIPH3ANHOHEH
mukpockon (NU-2, Zeiss), 1 mw na3epeH auof, U3IbuBalll YepBeHa
CBETJIMHA, CIY)KEl[ 3a M3TOYHHK HAa CBETJIMHA, KOMIIOTBPHO
ynpasisiBan  ycuiaBaren lock-in amplifier model SR830 DSP u
¢doromuon. CkopocTTa Ha H3MEHEHHE M YECTOTHHUsSI O0OXBaT Ha
MO/IaBaHKsI CUTHAJI Ce 33/1aBaT OT KOMIIOTBP C JIOTAPUTMHYHA CTHITKA.
BriocnenctBue curHana € yCWIBaH OT BBHIICH J1abOpaToOpeH
yCHIIBATEN, Clie] KOeTOo ce MmojaBa KbM oOpasena. [TocTOSHHOTO
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OTMECTBAI0 HANpPEeKEHHE CE OCUTypsiBa OT chimus ycuiBaren. C
MOMOIIITA Ha Ta3U CHCTEMa Ca Bb3MOXKHU U3MEPBAHUs Ha TMHAMHKATA
Ha HEMAaTUYHHS TUPEKTOp B HUCKodecToTHHs obxBaT (0.1 Hz — 3000
Hz). EnexTpuyHHAT CHTHAJ MOXE Jia ChAbpKa IbpBa, BTOpPa H T10-
BUCOKHM XapMOHHIIM 110 OTHOIICHHE Ha YeCTOTaTa Ha MPHIOKEHOTO
noje, KaTo (UIEKCOETeKTPHYHUAT e(eKkT e OTroBopeH 3a 1-Barta
XapMOHHMYHA. 3aBHCHMOCTTa Ha IIbpBaTa XapMOHHWYHA CHPSMO
YECTOTHUS CIEKTHP pa3KpHBa Ba)KHa HMHQPOpMAIMs 332 TOBBPX-
HOCTHUTE BUCKOCIACTUYHHU CBONCTBA HAa HEMATHKa.
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I'nasa 2
X0MeOTPONHHU HEMATHYHH (PUJIMU OPUEHTHPAHU € MOMOLITA
HA MOBBLPXHOCTHHU CJIOeBe, NMOPAKAAIM €200 3aKOTBSIHE HA
TeyHuTe Kpucraau. HMsciaensane Ha duiekcoaedopmanuu
HHAYIHPAHU OT BHHIUHU €JeKTPHYHH MOJeTa B OaHaHO-
NMOX00HN HEMATHIIH.

2.1. U3cienBane Ha odpaTHusi (uekcoesieKTpudeH edeKT B
XOMEOTPONHN HEMATHYHU TeYHH KPHUCTAJIM OT THMA
“bent-core” (orbHaTa ChLpUEBHHA) MO MeTOAa HAa
Xeagpux. ExcnepumenTanno Had/a0aeHne Ha (IeKco-
TUEJIEKTPUYHH CTEHH B HeMAaTHYeH CJI0i, mpH
npujaraHe Ha Hanpe4yHo eJEKTPUYHO MoJie KbM CJIOs

[87], [98].

B Tasm wacrt or rnmaBarta ca TpPENCTaBEHH PE3YNTaTH OT
W3CIE/IBAHETO Ha oOpaTHHA (ueKkcoeneKTpruueH edeKkT B JBa
0aHaHONOJOOHW HEMATHYHH TEYHHM KpHUCTala C MPOTHBOIOIOXKHHU
JMENCKTPUYHN  aHW30Tporu. Pesynrature ca 0a3upaHn Ha
CNMEKTPOONTHYHN U3CIICNBAHUS HA EICKTPUYECKU YIPABISBAHH
nehopMaIiy B TUTOCKOCTTA Ha CJIOS 32 XOMEOTPOITHH 00pa3Iiy (METO.I
Ha Xendpux). Te Osxa WHTEPIPETHPAHH C pa3IHpPEHA TEOPUS HA
Xendpux, KOATO OTYHTA JAehOpMAIIMH OT IIO-BHCOK TOPSIBK.
[lomygennte cToiHOCTH Ha (HIEKCOKOSPHUIIMEHTUTE W 32 JBETE
ChbCJMHCHHS ca OT TMOpsAbKA, THIUYEH 3a KaJlAMUTHHTE TCYHU
KpHCTa, KOETO CE pa3inyaBa OT Pe3yNTaTUTE, IIOyYSHH OT O-PaHHO
n3cienBaHe Ha 0aHAHOMOJOOHWTE HEMATHIIHM, KOHTO ChOOIIABAT 3a
TMTAaHTCKA CTOMHOCTH Ha Koeduimenta Ha orbBane [10]. C men
paspeliaBaHe Ha TOBa MPOTUBOPEUUE € PEITI0KEH MOJICKYIICH MOJIET
C HEMOJSPHU KJIACTEPH, JEMOHCTPHpAI KBaJAPYMOTHO (IIEKCO-
enekTpuuecTBo. ToBa u3cneqBaHe, ChIO TaKa, BKIKOUBA H3MEPBAHUS
HAa TIOBBPXHOCTHH TMOJSPHA HECTAOWIIHOCTH B MaTepUald ¢
MOJIOKUTENTHA JIUCNIEKTPUYHA aHW30Tpornus. HaMepeHusAT KaTo
CIIE/ICTBHE Ha TOBa (IIEKCOKOSMUIIMEHT Ha CKOCSBAaHE CHIIO TakKa
MOKa3Ba CTOWHOCTH OT MOPSIbKA HA KOHBEHI[MOHATHHUTE.

Hue onpenenuxme e3+Mp moCpeCTBOM 0000IIEH METOT Ha
Xenopux [87]. O6o6maBaneTo Ha Mojena Ha Xenppux (y-¢ (2)), npu
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KOETO Ca B3eTH IO/l BHHUMaHHE aHU30TPONHATA HA CIACTHYHUTE U
(IIeKCOCTICKTPUYHUTE TapaMETPH, KAKTO H OrPaHHMYCHUETO 32 CI1abu
CJICKTPUYHU T0JIeTa, BOAM JIO BKIIOYBAHETO HA J(BA MAJIKU
Kopurupan wieHa A; u A, B ypaBaenue (2) [87]:

| = an| 8| g2 £[1— ez J? 4
Al =An K ft 75 (A, +A,)EE [* (4)
33
KBJICTO
* 2
1e.e « 2
4y == %42 and 4, - ZAK] S )
4 K2, 3Ky | Kyg ) 1+d/2b

kbaero Al e pasmukara B onruunmTe mhTHINA, d ¢ neGenuHaTa Ha

oOpasera, 0 € OTKIIOHEHHETO Ha JIMPEKTOPa OT HayaIHaTa OPHEHTALNs

z, E e npuioxeHoto none, K33 € eacTuyHaTa KOHCTAHTa Ha Or'bBaHe.
— e * —

An = (Ne - No) € ABOMHOTO JIbUENpedyIBaHE, €3, = €3, + M, €

e eKTUBHUAT (IIEKCOKOCPUIIEHT, €, =€, + &, , Ac = g - &L ¢

nauenekTpuyHata anmzorponusi, b=Kss/W e ammkuHata Ha e
eKCTpaIoNalys, a £ € JUENeKTPUYHATA IPOHHUI[AEMOCT Ha BaKyyMa.

DiexcoesekTpuunu koepunuenTn Ha CNRbis12OBB

(4e = (g - e1) < 0)

OuakBa ce rpadukara Ha H3MEpeHaTa pa3InKa Ha ONTHIHUS
wbT Al cripsMo KBajpaTa Ha IPHIIOKEHOTO eNeKTprudecko mose E? 3a
crnaba eHeprus Ha 3aKOTBsHE Jia ObJie TpaBa JIMHUS, MHHABAINA TIPe3
HAYaJo0TO Ha KoopauHaTtHata cucrema [21], [22]. Hammre
m3mepBanust ¢ CNRbis120BB o6ade He ChHOTBETCTBAT Ha TakaBa
JMUHEHHA 3aBHCHMOCT, CBIICCTBYBA OTKJIOHCHHE Ha EKCIepH-
MEHTAITHUTE TOYKH HAaJ0Ty, KOETO ce 3a0ensi3Ba, 0COOSHO MpH TO-
Bucoku Hampexenus: (Purypa 14). ToBa ce 00sACHsABA TJIaBHO ChC
CTa0MITU3UPAIIOTO JCHCTBHE HA OTpUIATEIHATA JUCICKTPUYHA
annsorporust (de = (g - 1) < 0) Ha MaTepuana, KOETO CE YCHJIBA
MOCPEICTBOM M3pa3a 3a eHeprusrta Ha 3akotssiae [21]. [To To3u HauwmH,
KaTo ce B3eMaT MPEBHJ YYaCTHETO Ha JMEICKTPHYHUS BbPTSII
MOMEHT W €HEpPrusATa Ha 3aKOTBSAHE, € Bh3MOXHO JIa CE TIOIYy4YH T00pO
JMHEHHO npubmkerne Mexay Al u kBaaparta Ha ehEeKTUBHOTO TT0JIe
Eef®, ZaICHO C ypaBuenue (3).
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®urypa 14. Pasnukata B ONTHYHHS [T KaTO (YHKIHMS OT KBaApaT Ha
NPUIIOKEHOTO EIEKTPUYECKO T10JI€, IEMOHCTPHpALIA HENMHHEHHO H3MCHEHHE
mpu CNRbis120BB.

Ourypa 15 moka3Ba rpadhuka Ha (DIESKCOCTEKTPHIHO
WHAyIIHpaHaTa pa3jivka B ONTHYHHUTE MbTUINA Al kaTo QyHKIHUS Ha
E er £ TIPH pasi4Hy NPEAONOKEHHS 32 CToiHOCTTa Ha W, HarpaBeHu
3a cpaBHeHne. Haili-nmoOpa ampokcumarus 6emie nonyuena 3a W = 1.0
i J m? THNMYHA CTOMHOCT 33 CTHKICHM TOIONKKH MOKPHUTH ChC
cumad [99]. Basupaiiku ce Ha Hali-moOpOTO NPUOMKEHHE 32
EKCIIepUMEHTATHUTE TAHHU HHE IMOyduxMe 3a IIeKcoKoeuIreHTa
es* = 3.94 + 0.98 pC m . maiixu IpesBu1 MONEKY/IHATA CHMETPHUS
B nmBata kpasg Ha CNRbis120BB, Haii-BepoATHO MOBBPXHOCTHATa
MOJISIpHU3AIHS € IPeHeOpeKNMa, KOETO 03HAYABA 3™ = €3y.

®duexcoesieKTpUYHU Koepunuentu Ha BCCB
(4e = (g1 - £1) > 0)
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B chemunenmero cbc chprnoBuaHa  (Gopma, BCCB,
HaUTEKHUAT qunon C-N mpaBu Taka, 4e Marepuaia Jia MposBsBa
0 2 4 6 8
I LN B B | I LN B B | I LN B B | I LN B B | L |
30 - T 20
£ 20 B
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10 |-
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@urypa 15. Paznukara B ONTUYHUTE IIBTUILA KaTO (QYHKIMSA Ha KBaApaTa HA
UHTEH3UTETa Ha e(QEKTHBHOTO ENeKTPUYHO IIoJIe 33  Pa3iIM4HH
IpearnonaraeMu CTOMHOCTH Ha eHeprusrta Ha 3akorBiHe W Ha
CNRbis120BB. HenpexbscHaTuTe JIMHAU TPe3 eKCIIEPUMEHTAITHUTE TOUYKH
ca  eKCIepHMMEHTAJIHH AaIpOKCHMAali{, MHUHABalld Mpe3  HyJara.
[IpexbcHaTUTE JMHUM OTrOBapsAT Ha alpOKCHMANUs C HOJHMHOM OT BTOPH
nopsnbk. Jlomnara ckama mo octa X OTroBaps 3a CHHUTE W YEPHHTE
KBaJIpaTdera, TOpHaTa ckaja 1mo X OoTroBaps 3a YepBeHHUTE KBaJpaTdeTa.

TIOJIOXKHUTENIHA JWENeKTPUYHA aHu3oTporus. Hemo mo-BaxkHO 3a
U3CIICBAHOTO SIBIICHUE €, Y€ TO3H AUTIOIN MPEAN3BUKBA IIOBEPXHOCTHA
MOJSPHU3ALHS Mp, KOSATO 3a€JHO C MOSPH3ALMATA, HHAyIHPaHa OT
Or'bBaHETO BOJH 110 ehEeKTUBHUS (DIEKCOKOCPHUIUEHT (€35 + Mp).
Cera Moe JIa pasriename oOnpefeisHero Ha (ekco-
KoeduieHTa €3*. durypa 16 npeacraBs rpaduka Ha Qrekco-
EIEKTPMYHO WHAynupanata Al xato ¢yHkuus Ha Ee?, Eer €
npecmerHaro 3a d =6 um, L= 0.95x10°3m; An = 0.16658, Ac=5.744
(at 1kHz), Ks3 = 3.956 pN, K1 = 12.54 pN (Bcuuku mapamerpu Ha
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matepuana ca wmsmepenu [100] mpu 140° C). Ampokcumupaiiku
eKCIIEpUMCHTAIHUTE JaHHH ¢ ypaBHeHHe (4) 3a croitHocT Ha b = 1,4
um, Hue momydaBame |es*| = (51.56 + 0.63) pC m*, e.== (34.83
£0.39) pC m™?, 3HaK®bT ,,+“ € MEpOIaBEH KOTaTo €3x* € ,,-* ¥ 06paTHO.

200 - =

150 |-

Al nm

0 1 | 1 | 1 | 1 | 1
0 200 400 600 800

2

2 2 -
EefflV mm

®urypa 16. Pasznukara B ONTHYHKS BT CIPAMO €DEKTHBHO EIEKTPHYECKO
monte 3a BCCB (b=1.4 pm (b= 1,4 um e ot ®urypa 27 - BUK TUCEPTALMATA).

Taxka 3a ITOJIOKUTETHO 63)(* NI, CbOTBETHO OTPULATEIIHO €+,
roiTfy4aBaMe CIIeHUTE HabOpH OT CTOHHOCTH:

(IIspBu HAGOp) Mp = +0.83 pC m™?, e = +50.8 pC m™ and ey,
=-85.6 pC m*,
a 3a OTpHUUATECIIHO e3x* WJIN, CbOTBETHO IMOJOXUTEIIHO €+,

(Bropu Habop) m, = —68.8 pC m™, esx = +17.2 pC m™ and
e, =+ 17.6 pC m*

MoskeM n1a pasriename ABETe B3MOXKHU cutyarmu My > 0 u mp <

0. ITppBusAT W360p mpearnonara, ye GparMeHTHT C OTBHATOTO SIIPO
B3aHMO,Z[eI>iCTBa CbC CyGCTpaTa C QJKHMJIHUA CH Kpaﬁ, JOKaToO
KaJlaMUTHHAT (pparMeHT, ChABPIKAI] HAHOTPyNaTa, € OPHEHTHUpPaH
Aajied OT IMOBBbPXHOCTTA, TOBA CHOTBETCTBA Ha XHUIIOTE3aTa B [20], (]
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OMpUIHHTE  HEMAaTHYHH  MOJIGKYJH  B3aMMOJCHCTBAT  ChC
cunaHu3upana (xuapodoOHa) MOBBPXHOCT C TEXHUTE XUAPO(HOOHH
kpauiia. OOpaTHO, OTPUIATETHO Mp CHOTBETCTBA HA KOHTAaKT Ha
UUAaHOTpyNaTra CbC CTBKIOTO, T.€. OW(MWIHUTE MOJEKYIH, Ce
HAMECTBAT B MOJICKYJHHTE BaKaHIMU (IYNKH) Ha CHIIAHOBOTO
MOKPUTHE U Ca OPUCHTHPAHU 110 OTHOLICHHE HAa CTHKIIOTO IO ChHIIUS
HAYWH KaTo OMGWIHNS CHIIaH (aITepHATHBHA XHIIOTE3a, U3IOI3BaHa
B [101]). HdoOpe wu3BeCTHO €, Ye MOJCKYJHHTE BaKaHIU ca
3aJIBJDKUTEITHO YCIOBHUE 32 I00pa XOMeoTpoHa opueHTanus. [LrbTHO
OIAKOBAHUAT MOBBPXHOCTHOAKTHBEH CJIOM H300I0 HE OpHUEHTHpa
Hematuk. Cera MoxkeMm Jia pasrieaMme apryMeHT B MOJI3a Ha 3HAKa
»- 32 My, KoraTto BCHYKHM ITMAHOMWIIONM Ca H3ISIIO HACOYCHH TIO
HOpMaJiaTa KbM CJIOS, MOBBPXHOCTHATA MOJSPH3ALUs, ChOTBET-
cTBaima Ha HampeuHoTo cedeHne Ha BCCB monekynure, ce oka3sa
~170 pC m™. 3a mbpBus HAGOp OT pemenus, My € IPAKTHUECKH HyJa
W U3001110 HE ChBIAJIA C Ta3H OIEHKA, JIOKATO 3a BTOPHS HAOOp TO € B
J0OpO CHOTBETCTBHE C MPOTHO3HATA CTOWHOCT, CHOTBETCTBAIA HA
okoJio 40% emHOOCHA OpUEHTAITHS.

2.2. N3cnenBaHe Ha TOBBbPXHOCTHATA JUCHNALNMS Ha
€HeprusiTa M MNOBbPXHOCTHUSI BHMCKO3UTET Ha CJIado-
3aKOTBEHM XOMEOTPONIHM HeMaTH4HHU cjoeBe or MBBA
Mo MeToaa Ha (MIeKCOoeJeKTPUYHATA CHEKTPOCKOMMS.
Hzcnenane na wuHtepdeiicu or CTAB u DLPC,
NposiBABAIIY AecopOuus B o0ema [96], [102].

MeronbT Ha (IICKCOCNEKTPUIHA CIIEKTPOCKOINUS, OIMHCaH B
rmaBa [IbpBa, MO3BONISIBA CGKCIIEPUMEHTAIHO Ja ObAC OmpenesicH
MOBHPXHOCTHUSI BUCKO3UTET HA HEMAaTHKa. 3HAHUATA 33 TO3U
mapaMeThp MOTaT Jia PasKpUAT BaXKHU ACTHEKTH OT JUHAMHUKATA HA
OPHMCHTAIIMOHHUTE B3aUMOJCHCTBUs TIpu wWHTepdelica HeMaThK-
MOJVTO’KKA Y HA TIOBBPXHOCTHATA JAUCHUMAIKS HA CHEPTHATA, KOUTO Ca
OT 3HAYUTElIHA BAXKHOCT KAaKTO 3a THLHKHUTE CIIOEBE, Taka M 3a
HEMAaTHIIH, TTIOCTAaBEHHU TP orpaHuvaBamy reomerpuu [103], [104].
IToBbpxXHOCTHATA NUCHIIAIMS HA C€HEprusrta ¢ uscnensana B [105].
Hsxon TeopeTMYHM AacmeKTH Ha TOBBPXHOCTHUS BHCKO3WTET H
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HeroBata Bpb3Ka C OOEMHHUS OpPEHTAllMOHEH BHCKO3UTET ca
n3ciaensann B [106], [107]. B Tasu mnoxariaBa € wu3cieABaHa
CHCTEMAaTH4YHO TEMIlepaTypHaTa 3aBUCHMOCT Ha TOBBPXHOCTHUS
Brucko3uter Ha uHTepheiica MBBA/CTAB. UscnenBanu ca ome
XOMEOTpPOITHM HeMaTH4Hu cjoeBe or MBBA, opuentupanu
MOCPEACTBOM  caMoaceMOJupaHu  clioeBe  (BBPXY  CTHKIICHU
nomoxku) or DLPC, CTAB u cunan (ODS-E), xaTo e uznon3Ban
MeronsT Ha (¢asoBo-uyBcTBUTEenHata DC. I[logpobHoctn 3a
Marepuanure ca gajneHu B [Ispsa riasa.

TeopeTnuHo, TpPOOIEMBT 3a OIMUCAHHETO Ha (IEKCO-
SNEKTPUYHUTE OCHWIALMK, TIONYYeHH M0 MeToda Ha (IIeKCO-
eIIEKTpUYHATA CIEKTPOCKONus, ca omucanu B [31], [96], kato e
oTOeNsI3aH0, Y€ BHCOKOYECTOTHATA YacT OT BUCKOCIACTHYHHUTE
CIICKTPU (‘IeCTOTHaTa 3aBUCMMOCT Ha aMIUIMTyJaTa Ha IIbpBaTa
XapMOHHMYHA) [aBa MH(OpMaIKs 3a MOBbPXHOCTHATA AUCHTIAIMS Ha
opueHTanMoHHaTa eHeprus. CienBaiiku o0mara TeOpeTHYHa CXeMa,
OPUTHHAITHOTO PEIICHHE € Pa3IIMPEHO B [96] 3a 4eCTOTHHS CIIEKTHP),
BaymeH 3a m3mepBanuaTa ot 0.1 go 3 kHz) u BrmrouBa mpuHOCca Ha
MOBBPXHOCTHOTO 3akorBsiHe (D), oOemHust Buckosuter (Y;) H
MOBBPXHOCTHHSA BHCKO3UTET (K).

(6)

KBJIETO
*4 343
3K3, 71(1+ d/2b) " Kss71 ¢

e3x = e3x + M, e (QuexcoxoepuuuenTa Ha OrbBaHE ILIIOC
MOBBPXHOCTHATa momspusanusi, Kss € enacTuyHaTa KOHCTaHTa Ha
Or'bBaHe, Y, € POTAL[MOHHHSAT BUCKO3UTET HA HEMATHKa, KOPUTHPAH 3a
ciydast Ha OOpaTHHsSI IOTOK, K € OBBPXHOCTHUAT BHCKo3uTeT, a C e
GHEprusiTa Ha 3aKoTBsiHE. YUpe3 mpuiaraHe Ha arpPOKCHUMHUPALIO

49



npuOJIMKEHHE OT TOPHUS M3pa3 KbM EKCIIEPUMEHTAITHO MOTYYCHUTE
(iiekcoeneKTpUYHH CIIEKTPH HUE MOXKEM JIa MOMy4nM napamerspa D
Y MOBBPXHOCTHUS BUCKO3UTET K, B ciydait 4e Kaz U y; ca u3BeCTHH
[108]. B nmombiHEHUWe, TOBa Mpearionara Bb3MOXKHOCTTA Ja ObIe
HaMepeHa TeMIlepaTypHaTa 3aBUCHMOCT Ha  IOBBPXHOCTHHS
BHUCKO3MTET K.

B ToBa m3cnenBane ca m3mon3BaHu HemaTHueH ¢mwiM or MBBA u
opuentannoHen MoHociaod Ha CTAB. UscnenBanm ca IUTBTHU U
HEIUTbTHO CaM0aceMOIUpaHy OpPUSHTHPAIIM (DUIIMH 32 XOMEOTPOITHO
3akorBsiHe Ha MBBA [76]. W3nomBanu ca miocko napanennu TK
KJIeTKH ¢ aeoenuua 100 MUKpOHa, KaTo 33 Pa3ICIUTEIl € U3IOI3BAHO
MEIHO (POJTHO, CITY)KEIIO SHOBPEMEHHO U 3a enekrpoau. Ha durypa
17 ca mnpencraBeHn (rekcoeleKTpUUHUTE crektpu Ha [IbpBa
xapMoHnyHa 3a MBBA, 3akoTBeH KbM HerrbTeH MoHocol ot CTAB
(oTHacsII ce 0 CKOPOCT Ha M3TeryisiHe 2 ¢cm/Min) mpu pasiudHu
TEeMIIepaTypy B TeMmIleparypHaTa oOnacT Ha HemaTudHaTa (asa.
@dopmara Ha CTIEKTPHUTE cie/1Ba OJIM3KO TEOPETUIHHUTE MTPEIBUKTAHUS
: I HUCKOYECTOTHHS Kpaii I, ¢ @™, u BbB BUCOKOUECTOTHHUS Kpaii
1, & w™ 15, Tosa ce BIKIa MHOTO 100pe OT KPUBATA 32 HAIIPABEHOTO
npuoamwkenue npu 31 °C. B yectorHus odoxsat Hax 1 Hz, B koiiTo €
HANpaBeHO U3CJICIBAHETO, IBaTA WieHa B ypaBHeHuUE (6), ChabpKaIin
mapamMeTbpa B ca mpeHeOpexxuMu. 3atoBa €  HalpaBEHO
IBYyIIapaMeTpUYHO MpuoOImkenue ¢ napamerpu A u D. Bmxna ce, ue
YecToTara, B KOATO KpUBaTa Ce MPedyBa, HaMaJIsiBa C yBEIHYaBaHETO
Ha TemrnepaTypara. [locpencTBoM H3BBpIIIBaAaHE HA APOKCHMAITHS TIO
olcaHaTa MPOIEeAypa, Og4xa MOITydeHn CTOWHOCTUTE Ha MapaMeThpa
D u Oeme mpecMeTHAT MOBLPXHOCTHHS BHCKO3HTET. 3a TazW IIEl
cToiiHOCTUTE 3a ¥, U K333a chOTBeTHHTE Temreparypu Ha MBBA
Osixa wHTepnonupanu ot ¢urypu 9 u 10 B [108]. Ha @urypa 18 ca
MTOKa3aH! MPECMETHATUTE CTOWHOCTH 32 K.

[Ipu mo-manka ckopocT Ha u3TersiHe Ha moIokkute (0.6
cm/min) ce Mmoixy4YaBa CHIIO J0Opa XOMEOTPOITHA OPHEHTAIUs C
MoHocsoese or CTAB. B cpaBHenne ob6aye ¢ HEITBTHO TOKPUTHUTE
MOJUTOXKKH, B CIIEKTPAIIHUTE KpWUBH ce HaONrofaBa IUIaTo B
CPEeIHOYECTOTHHSA JAWana3oH. ToBa IDIaTo HE MoKeme na Objae
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Ourypa 17. YecToTHa 3aBHCHUMOCT Ha IIbpBaTa XapMOHWYHAa Ha
(IIEKCOENEeKTPUYHO MOJYJIMpaHa CBETJMHA HA [pEMHHABaHE Ipe3
XOMEOTpONeH HeMaTuueH cnoii or MBBA mnpu pasnuynu TemmepaTypu.
Crost € OpHeHTHpaH MocpencTBOM HerrbTeH MoHociol ot CTAB (obemHua
koHueHTpamusa 1.6 x 10 ° M, ckopocT Ha u3TerisHe Ha CThKJIEHATa
MOJUTOXKKaA 2 cM/MHH). Biskzia ce TemmepaTypHOTO OTMECTBAHE Ha YECTOTaTa
Ha TOYKaTa Ha NpedynBaHe Ha kpupara. JeOemunara Ha cios ¢ 100 um,
Pa3CTOSHHETO MEXIY €IEKTPOAUTE € 2mm, MPUIOKEHOTO MPOMEHIUBO
HanpesxeHue € 30 Vpp, MOCTOSHHOTO HampekeHue Ha otMecTBane € 30 V. 3a
HO-TOJIIMA MPETJICIHOCT € MPEICTaBeHO CaMO IMPHOIKEHHETO 3a CIIEKThpa
npu 31 °C.

00sICHEHO ¢ HamyHaTa Teopusi. ChIIOTO sBIICHUE Oere HaOIro1aBaHo
TIpH M3MOJI3BaHEe HA OPUEHTHPAIM MHOTOCIONHN GuiaMu oT lecithin,
camoaceMOIIpaHy upe3 MOTaIsIHEe B pa3TBOp Ha xsopodopm (DPurypa
19). Hue npeamnonoxuxme, ue mIaToTo B CPEAHOUECTOTHHS CIICKThP
MOJKE J1a C€ IBJDKK Ha (hOpMUpPAHETO Ha TPaJueHT OT JecopOIus Ha
M3IUIIBK OT TOBFPXHOCTHO aKTHBHO BEIIECTBO OJH30 110 cyOcTparTa.
3a 1a moka)keM ToBa 0s1Xa U3BBPIIEHU EKCIIEPUMEHTH C OpPUEHTHPAIIH
cinoeBe or oMmMpexkeH cunaH ODS-E, kpaero ce mpenmonara, 4e
MTOJTMMEPU3UPAHETO HA MOHOMEPHUTE HA CHUJIaHA O BB3MPEISITCTBAIIO
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@urypa 18. TemneparypHa 3aBUCHMOCT Ha NOBBPXHOCTHHSI BUCKO3HUTET Ha
XOMEOTponeH HeMaTudeH ciod or MBBA 3a ciayuas Ha HemiabTHO
camoacemOnupan guaM or CTAB (o6em Ha xoHuenTpauus 1.6 x 10 5 M,
CKOPOCT Ha M3TEITIAHE Ha CTHKJICHATa MOAJOXKKA 2 CM/MHMH, neOelnHa Ha
TEYHOKPHCTATHUS cioi 100 um).

JecopOrusaTa Ha opueHTaHTa. [lodydeHHTe pe3ynTaTd MOTBBpANXA
tasu uaes (PGurypa 20). dopmaTa Ha CIIEKTHPa € HAITBIHO Pa3jIMyHa,
JUTICBA IUIATO B CPETHOYECTOTHHS CIEKTHp, HAJWIE € JIMHeWHATa
dopma (B ABOWHO JIOTAPUTMHUYCH Maiad), KOSATO € ChC caMO eaHa
YymKa (4ecToTa Ha MpedymBaHe) U € HAIThJIHO 00SICHUMA C TEPMUHHTE
HA MOBBPXHOCTHUS BUCKO3UTET. CHIIUAT THII CIIEKTPH ChC CAMO €IHA
yynmka ca Ownm  HaONOmaBaHW TO-paHO 3a  HMHTEpderica
MBBA/DMOAP [32].

HN3BoaH M 3aKJII0YEeHHS]

3a BPBU WHT € Pa3KpHUTa TeMIepaTypHaTa 3aBHCHMOCT Ha
MTOBBPXHOCTHHS BUCKO3UTET. EKCIIEpUMEHTATHUTE PE3yNTaTH BHPXY
MMOBBPXHOCTHATA JAWCHTIAIMS HA OpHEHTAI[MOHHATa EHEpPrus B
XOMEOTPOITHH HEMAaTHIIM MOKa3BaT J0OpO ChIIacHe C TeopusTa 3a
ClydanTe Ha MHHHMAIHO KOJIIMYECTBO OT OpHEHTHpaIiara
CyOCTaHIIMS BBPXY MOUIOKKHTE, HO JaBaT HECHOTBETCTBUE IPHU
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Ourypa 19. YectoTHa 3aBHCHUMOCT Ha IIbpBaTa XapMOHHWYHAa Ha
(IIeKCOeNeKTPUYHO-MOIy/IUpaHaTa  CBETJIMHA,  IpeMUHaBalia  mpe3
XOMEOTpONeH HeMaTuueH cnoii or MBBA mnpu pasnuynu TemmepaTypu.
XoMeoTpoItHaTa OpHEHTAIs € TOCTHIHATa upe3 camoacemOmupanu DLPC
cinoeBe (obemHa konueHtpauus 0.1 M). [lebenunara Ha cios € 100 um,
Pa3CTOSIHUETO MEXAY €IEKTPOAUTE € 2 mm, NPOMEHIMBOTO HAIPEKCHHUE €
30 Vpp, OTMECTBAIIIOTO MOCTOSIHHO Harpexenue e 15 V. 3a noseue sicHoTa €
NpeCTaBeH caMo €MH ONMUT (HeYCIIeLIeH) 3a alpOKCUMALHs Ha CIEKTHpa C
nomotra Ha teopusra (ypasuenue (6)) mpu remmeparypa 20 °C.

CIIy4auTe Ha M3NIUIIBK OT MOHOMEpH Ha opueHTaHTa. HampaBeno Oe
3aKIIOYEeHHe, Ye HECHhOTBETCTBHETO MOXE Ja C€ JBDKA Ha
necopOnusiTa Ha MOHOMEPHM W o00pa3yBaHeTO Ha TPAJWEHT Ha
cbpdakranTa ONM3KO O TOBBPXHOCTTa. TOBa € TMOTBBPAEHO C
MOCITIeIBAIINTE HW3MEPBAHUS C MOJUMEPU3UPAHH OpPUEHTHPAIIH
CIIOEBE, C KOUTO € MOCTUTHATO OTHOBO CHITIACHE C TEOPHSATA.
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Ourypa 20. YectoTHa 3aBHCHUMOCT Ha IIbpBaTa XapMOHHWYHAa Ha
(IreKCOoeNeKTPUYHO-MO Iy paHaTa, npeMuHaIa CBETJIMHA npe3
XOMEOTpONeH HeMaTuueH cnoii or MBBA mnpu pasnuynu TemmepaTypu.
XOMeoTpoIHaTa OpHEeHTallMsl € MOCTHIHATa 4Ype3 MOKPHUTHE OT OMpEXeH
ODS-E. Jlebenunara na ciost € 100 pm, pa3cTOSIHUETO MEXKY ENEeKTPOANTE
e 2 mm, npoMeHIuBOTO HamnpexxeHue ¢ 20 Vpy, 0OTMECTBAIIOTO IMOCTOSTHHO
Hanpeskenue e 10 V. C men sicHOTa € mpeAcTaBeH caMo eHa apOKCHMAaIIUs
Ha CIIeKThpa npu Temiepatypa 21 °C.

2.3. Possita Ha duIeKCoeIeKTPHYECTBOTO U JAeCOPOIUsTA HA
NOBBPXHOCTHO AKTHBHO BelIECTBO BBPXY MOBbpPX-
HOCTHATA JHCHNANMS HA EHEPrusita B XOMEOTPOIHH
HEMATHYHH CJI0eBe ChC ¢J1a00 3aKkoTBsine [97].

B Ta3u moxarnama ca u3ciegBaHW XOMEOTPOIIHW HEMATUYHU
cioeee or MBBA mo wMeroma Ha (uekcoenexkTpuyHaTa
cnekrpockomnus. CroeBere ca OPHUEHTHPAHH IOCPEICTBOM CaMO-
aceomupanu ¢uiamu ot DLPPC u CTAB. Cnekrpanante KpuBU Ha
NpeMHHajlaTa CBETJIMHA CHOpSAMO Bb30yXzamara dYecToTa Osxa
aHaJM3UpaHu ¢ Teopus [97], KOATO OMMCBA CIIEKTPUTE C TEPMUHUTE
Ha T[POCTPAaHCTBEHAa Bapualys Ha HEMAaTHUYHHTE MapaMeTpu
(emacTuuHa KOHCTaHTA, (IIEKCOENEKTPUYHA KOHCTaHTa, POTALlMOHEH
BHCKO3MTET M IBOHHO Jbyenpeuynsane). [lpunoxken e cinydas Ha
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CTBIIAJIOBHJIHO pa3npeneineHue Ha cbpdakranta. Te3u BUCKO-
CIACTUYHU CIEKTPU ChIbpkKAT WHGOpPMAIMs 32 MOBBPXHOCTHATA
JUCHITAllUS HA  OpPUCHTAllMOHHATA CHEPrus 3a  PasiIu4HU
OpUeHTHpaIX (UIAMH, KOMTO YaCTUYHO Ce Jecopoupar oT
MMOBBPXHOCTTA U CE Pa3TBApAT B HEMATHUKA, 00pa3yBalKu IPaIueHT Ha
cbpdaxranTa. [lomydeHure criekTpu OT TEOPETHYHUTE TPUOTIKCHUS
0sixa  yCIICIIHO  TIOTBBPJACHU  CKCIICPUMEHTAIHO,  JaBalKu
nHdopMarus 3a TrpagueHTa Ha cbpdakraHTa. Te3wm pe3ynraTd
OTKPHBAT HOB TOTJIe] BEPXY (pr3ukara Ha uHTEp(eiica Ha HEMATHYHU
TEUHH KPHUCTAIM H TBBPAM TMOBBPXHOCTH, KbJeTO (rekco-
ENEKTPUIECTBOTO U JIecopOnusTa HrpasT QyHIaMeHTaIHa POJIs.

Kakro Gemie orbenszano B npenumHus naparpad, reopusra
Ha ()IIEKCOeNEKTPUYHATA CIIEKTPOCKOITHUS 33 MOBLPXHOCTEH CJIOH 0e3
necopbrust [31], [96] € B IBJIHO ChIJIaCHE C EKCIIEPUMEHTa 3a
CllydyaWTe Ha W3IMOJI3BaHE HA OMPEKEHU ChpPPAKTaHTH M JIMIICA HA
necopOuusi. Bbhpekn ToBa TS CHINECTBEHO c€ OTKIOHSBA OT
excriepumenta [102] B cinydanTe Ha M3MMINBK Ha ChphAKTaHT B
OpHEHTHpAIIMs CJIOH, KOWTO ce JecopOmpa OT IMOBBPXHOCTTA Ha
romiokkaTa. ETo 3amo Hue anamu3upaxme edekTa oT AecopOrusara
Ha chpdakraHTa C TEOPETHYHO NPHUOIIDKEHHE 32 CTHIIAJOBUIHO
pasnpenenenue [97] W MONyYEHUTE CIHEKTPH OsXa CpPaBHEHH C
CKCIIEPUMEHTAITHATE CIIEKTPH.

M3061mm0 ka3zaHo, gecopOIusaTa Ha ChpQaKkTaHTa U3TISKIa Ha
po0eM, KOWTO TO-CKOpO TpsiOBa aa Obae M30sATBaH, OTKOIKOTO Ja
Objc 00EKT Ha H3cieaBaHe. BhIpeku ToBa B MOBEYETO CHUTYAIUU OT
TIpaKTHKaTa M3TJICK A, e TO3H MpodIeM He MoXe Aa Obe n30erHar.
Jlopu W B cly4auTe Ha MOJMMEPU3UPAHU ChpP(HAKTAHTH, M3BECTCH
MPOIICHT Ha HEMOJIMMEPU3UPAHA MOHOMEPHU MOTaT Jia ce Pa3TBOPST OT
MOBLPXHOCTTA B 0OeMa Ha HemMaTwka. TO3HW MpoIec € OT OIle Mo-
roJIIMa BYKHOCT 32 OOMKHOBEHHUTE ChbP(AKTAHTH, KbJICTO CTEIICHTA HA
JecopOIusl MPOCTO C€ KOHTPOIHMpa OT ToleMuHara Ha abcopO-
IMOHHaTa eHeprus. Hemo moBede, necopOMpaHHUTE MOJICKYIH Ha
cbpdakTaHTa MOraT MO-CKOpPO Ja C€ KOHIEHTPUpAT OIM3KO [0
MOBBPXHOCTTA (3aJBPXKAHW HA TOBAa MSCTO OT TOBBPXHOCTHOTO
EIMEeKTPUYHO TI0JIe), OT KOJKOTO Jla A yHaupar cBoOOIHO B obema,
Ch3/IaBaiiKM MO TO3M HAYMH MPUIIOBBPXHOCTEH HEMATHUCH CJIOH ¢
MOIU(HUIIMPAHU MATEPUAITHH MApPaMETPH BCIEJCTBUE TPUCHCTBUETO
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Ha HexenaHaTa jgo0OaBka. Jla cM NPUIOMHUM, Y€ TOBEUETO OT
CKCIIEPUMEHTUTE BBPXY XOMEOTPOIHU CJIOCBE, M3BBLPIICHH B
MUHAJIOTO, Ca M3MONI3BAIM ChP(AKTaHTH (KATO HATIPUMED JICITUTHH),
KOHTO C€ JecopOupaT OXOTHO OOpaTHO B HeMaTHKa (KOETO ce
M3pa3siBa B YaCTHOCT B PSI3KO MOHMYKaBaHE HA TOUKATa HAa U30UCTPSHE
Ha HEeMAaTHKa BeJHAara cliell aceMOIMpaHeTo Ha KICTKUTE). Bbripeku
TOBa TE3M CKCIICPUMEHTH ca OWIM aHaJW3UpaHu C MOACITH 3a
3aKOTBSIHE, B KOUTO HE € 00pBIIIaHO BHUMaHUE Ha aecopOuusra. Tyk
HUE I[IOKa3BaMe, Y€ TOBAa € BaXXCH HEIOCTAThK M Y€ TaKWBa
EKCIIEPUMEHTH C€ HYXJIAAT OT BHUMATEIHO MPEOCMHUCIISTHE, BOJICIIO
JI0 TIPEOIICHKA Ha ITOBEYETO OT MOJYUYCHUTE MapaMeTPy Ha 3aKOTBSIHE.

W3non3BanuTe MaTepralid M MOJrOTOBKAaTa HA 00pasluTe €
olvcaHa B IbpBa IJaBa. bellle yCTaHOBEHO, Y€ €IUH JIEH ClIel
HaITJIBAHETO Ha KJIETKUTE TOYKaTa Ha m3ouctpsiHe Ha MBBA cmana
10 40 °C: ToBa e JOKa3aTeICTBO 3a JecopOIusTa Ha Chp(haKkTaHTa
DLPC.

CopdakTa"ThT CHABPKA CHITHO ACHMETPUIHHI MOJIEKYJIH: 110
TO3W HAYMH TOH B3WMa yJacTHe B epeKTUBHUTE CBONCTBA (eTaCTHUYHH,
BHCKO3HHU, (DJIEKCOGNEKTPUYHA W ONTHYHH) Ha [ONydYeHara
TeUHOKpHCTanHa (aza. Hue mpuemame, de MaTepuaIHUTE CBOWCTBA
UMaT pPa3IMYHU CTOWHOCTH B IMOBHPXHOCTHHUS CIIOW B 00eMa, KOUTO
obaue ca xoHcTaHTHH. Hue o0o3HayaBame ¢ JOJHU UHJIEKCH S U B
(hM3UIHUTE TapaMeTpy Ha TEUYHUS KPUCTAJ B MOBBPXHOCTHHS CIION U
obema, CcpOoTBeTHO. [BH Karo ce  HWHTEpecyBamMe  OT
(brekcoenekTpUYHUA OTKIMK Ha CHCTeMara, Halata eKclie-
pUMEHTaTHa YCTaHOBKA € YyBCTBHUTEIHA KbM ITbpBaTa XapMOHUYHA.
B kpaiiHa cMmerka, aMIUIMTyJaTa Ha DIbpBaTa XAPMOHMYHA Ha
MHTEH3UTETa Ha CBETIMHATA MOXeE Ja ObJIe 3amucana Taka [97]:

© 1+(1-Po)

()

KbJIETO P;,3 ca MaTepuaaHUTE Napamerpu, AeQUHMPAHH KaKTO
cienBa

R=g1-=|fac,
€ )78
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2
P, _pAns | & kg 1 ks & , (8)
Ang | eg kg | |1+ (1—eg/eg)d/2b )y

Kpaero b = kg/W n

2 4 3
C:l l Ané e_B Eéd4|:l+(l—e5/eB)d/2b:| . (9)
6| 4 ke 1+d/2b

P1, P2 u P3 umar pasmepuoct s?, s*u /S, pecnexruBHO, Thil KaTo
R(w) e 6e3pazMepHa BeTHYUHA.

Ha ®urypa 21 ca npeicraBeHu €KCIIEPUMEHTAIHUTE JTaHHH,
OTHACSAIIM Ce JI0 CIIEKThpa Ha MOJYJAIlysl Ha MIbpBa XapMOHHYHA 32
knerka or MBBA ¢ opuentupam ¢unm or DLPC 3a Tpu paznuyunu
temneparypu (25 °C, 30 °C u 35 °C). Ha ¢urypara ca npencraBeHn
OIl[¢ TPY TTAapaMETPUIHH allPOKCUMAIINH C Haii-700p0 MPpUOIMKEHIE,
orroBapsiM Ha TeopusaTa. Ha ¢ur. 2 e npeacraBeHa (GyHKIHsTA
wR (w) 3a T=25°C (®urypa 22a), T=30°C (Purypa 22b) u T=35°C
(®urypa 22c¢), 3aenH0 ¢ KPUBHTE, AaBally Hai-100p0 IpUOIMKEHHE,
CBIJIACHO TeopusATa 3a JecopOIusATa: TpHUIApaMETpPHYHA ampo-
KcuMars (KpuBa 2) ¥ IeTrapaMeTpiudHa alpokcuMartus (Kpusa 3).

CucreMaTHyHU aNpOKCHMAIIMHA HAa CHEKTPUTE, TONYYEHH C
MBBA/DLPC mpu pa3nuyem Temriepatypu Osxa H3BBPIICHH Ha
0azaTa Ha TpumapamMeTpuuHHs u3pa3, ypaBHenue (7). Purypa 21
JIEMOHCTpUpPA, Y€ almpOKCHMalHWsATa OTYATA CHINECTBEHHUTE ocobe-
HOCTH Ha KpUBHTE. AnpokcuMupaniure napamerpu npu T=25 °C ca
P1=0.159, P,=0.355 u P3=0.041; npu T=30 ° C Tte ca P;=0.194,
P=0.842 u Ps=0.054;, a npu T=35°C Te ca P1=0.283, P,=1.942 u
P3=0.061.
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®durypa 21. Yecrorna 3aBHCMMOCT Ha IbpBaTa XapMoHM4Ha R(w) Ha
(IIeKCcoeNeKTPUYHO MOAYIMPaHaTa IPEMHUHAJIA CBETJIMHA IIPE3 XOMEOTPOIICH
HematudeH cioi or MBBA mpu pasnuynau Temmepatypu. XoMeoTpoIHaTa
OpHEHTAallMsl € MOCTUTHATa upe3 camoaceMOiupan cioii or DLPC (upe3
MOTaIsSIHE Ha TOJUIOKKaTa B pa3tBop Ha xiopodopm or DLPC, obemua
koHuentpauus 0.3mM). JleOenunata Ha cios e 100 pum, pa3cTosHUETO
MEXIy eNeKTpoAuTe € 2 mm, MPOMEHIMBOTO HampexeHue e 40 Vo,
OTMECTBAIIOTO MOCTOSAHHO Hampexenne e 20 V. ExcrnepuMmeHTaIHHTE
pe3yaTaTH M ChOTBETHHUTE alPOKCHMAlWH (IUTbTHA M NPEKbCHATA JIMHHY,
CHOTBETHO) ca npescrasenu 3a T=25°C, T=30° C u T=35°C. CroiiHocTuTe
Ha napamerpute ca 3a T=25°C, P1=0.159, P,=0.355 u P3=0.041; 3a T=30°C,
P1=0.194, P,=0.842 u P3=0.054; T=35°C, P1=0.283, P,=0.942 u P5=0.061.

Heka cpaBHUM Te3u pe3ydaTatH C TONXydeHuTe B [96], koWTO ce
OTHACAT 3a (JICKCOENEKTPUYHUTE CIIEKTPH Ha ITbpBa XapMOHHYHA 3a
MBBA, 3akorBeH BBpXy HemnrbTeH MoHOCHON or CTAB mnpum
pa3IMYHM TeMIIepaTypH B MHTEpBajia Ha HeMaTn4HaTta ¢a3a. Tbil kaTo
Mmosekynute Ha CTAB umar MHOro BHCOKa eHeprusi Ha abcopOLust o
OTHOIICHUE Ha XHUAPO(YUIHUTE CTHKICHU TIIOUIOKKH, SBICHHETO
JecopOIus MpaKTUYeCKH OTChCTBa. B TO3M ciryuait ¢popmara Ha R (w)
IUTBTHO CJIeIBA TEOPETUYHHUTE NpENBIDKAAHUS: B o00JacTra Ha

58



HHUCKHUTE 4YecTOTH R & (1)_1, a B 0o0yacTTa Ha BHCOKHTE YECTOTH

R x w™ 15, ToBa Moxe na 6bae onucaHo ¢ ypaBHenus (7) 3a cirydas
P; =0, xoero o3HayaBa eg = eg (BWK ypaBHeHue (8)) mo chims
Ha4yMH, KaKTO MPH Jurca Ha jaecopOuus. C Apyru QyMH, ypaBHEHHE
(7) ce pemytupa 3a ciydass P; = 0 mo ToBa, u3BeaeHo ot IleTtpos u
chaBTOpH [32] 1 MapuHoB [96], KbAETO SBICHHETO ASCOPOIUS HE ©
B3€TO TI0J BHMUMaHWe. bemie TecTBaHa  CTaOMIHOCTTA |
YyBCTBHTEITHOCTTa Ha Haii-moOpaTa amnpoKCHMHpalla TMpolenypa.
durypa 22, KOATO € IOJydyeHa IOCPEACTBOM pEHOpMalM3alus Ha
CIEKTbpa 110 OTHOIIECHUE HA ENHs HAKIOH @™ 1, ICHO TOKa3Ba, 4e
TpeauInHaTa Teopus (KpuBa 2) € crmocoOHa Ja anpoKCHMHpa camo
obmactra ¢ Hal-BUCOKM HYECTOTH OT CIEKTHbpa, OTYHTAUKU
MOBHPXHOCTHHUSI BUCKO3HMTET, HO TS CHINECTEBHO CE OTKJIOHSBA OT
eKCIIepUMEHTa B IIEHTpaJHaTa U HUCKOYecTOTHa obnact. Ot jmpyra
CTpaHa, paslmMpeHaTa TeopHus (KpuBa TpH) [aBa pPa3syMHO
npHOJIMKEHHE 32 [eNrs YecToTeH 00xBaT. CpaBHEHHETO Ha TECTOBETE
Chi"2 3a TpumapaMeTpu4HUs U TeTIapaMeTpHIHus (PUTOBE IMOKa3Ba
TIPEBB3XOJICTBOTO Ha pasmmpeHara Teopus (toect Chi*2 < 1; Bmx
®durypa 22). ChriaacHO IMOJIYYCHUTE €KCIIEPUMEHTANIHU JaHHH P>0.
Bzemaiiku mpensua mbpBOTO YpaBHEHHE OT CHUCTEMaTa YpaBHEHHUS
(8), ToBa 03HauaBa, ue aBete (1 — eg/ep) > 0 u C > 0 ca U3MBJIHEHH.
CpoTBeTHO, €5 < ep, KOeTO Or MOTJIO0 /1a ce OOSICHH C pa3MHBAHETO Ha
KBaJ[pyMolTHATA C€JICKTPUYHA aHHW30TPOIUS HA HEMaTHKa IMpH
HaJIMIMETO Ha jernuTuH [97].

HN3BoaM U 3aKJII0YEeHUS]

ExcriepuMeHTaiHUTE  pe3yATaTH 32  MOBBPXHOCTHATA
JVICHITALIASA Ha €HEPTHUsATa B XOMEOTPOITHH HEMATHUIN IEMOHCTpHpaxa
ChIJIACHE C ONpOCTEHaTa TEOpHs B CIIy4auTe Ha MHHHMAIHO
KOJIMYECTBO Ha ChpQaKTaHTa WK TIPU OMPEKBaHE HA OpPUEHTHPAIIIHS
CIOM BBPXY CTBKIEHUM NOUIOKKUA. B CBIIOTO Bpeme Te MOKa3axa
HECHOTBETCTBHE 32 CITyJanuTe Ha U3JIHIIHK OT MOHOMEPEH Chp(paKTaHT
(DLPC). bemre recTBana nesiTa, 4e ToBa HEChOTBETCTBUE MOXKE I C€
OBIDKM  Ha JecopOrus Ha MOHOMEpM U 10 Cbh3/laBaHe Ha
MPUITOBBPXHOCTEH TpaJueHT OJM3KO /O CTEHHWTE Ha KIEeTKaTa.
ChIOCTaBAHETO HA TEOPUSITA C EKCIEPUMEHTUTE Pa3KpU Ba)KHOCTTA
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durypa 22(c).

Qurypa 22. Haii-nobpa ampokcumanusi Ha PEHOPMAJIM3UPAHUS CIIEKTHP
wR (w). Durypa 22(a) otrosaps Ha T=25°C, (b) T=30°C u (c) T=35°C. (1)
ExcniepumenTanna KpuBa ¢ HEONPEAETISHOCT OT MOpsAAbKa Ha 5% IbIDKaIna
ce Ha TOYHOCTTa Ha ypena. (2) 3-mapaMeTpryHa anpoKCUMaIys 3a crydasi Ha
rpajiMeHT Ha cbpdakranta (pasmmpeHara Teopus). Haii-noOpure
anpOKCHMUPAIIIY NapaMeTpH ca cbiure kato Ha durypa 21. (3) Haii-nodpa
anpokcuManus (IpeKbCHaTa JIMHUS) Ha pPEHOPMAIM3HPAHHSA CIEKTHD
wR(w), B3uMaiiku mnpenBun 3a R(w) eKCIOHEHIMAHHS MPUHOC Ha

Pyexp(—Ps\/ow

ce M3passaBa ¢ MPOCTHS M3pa3 AN/2ys/ks Haii-noGpure anpoxcUMHpanu
napamerpu ca: @urypa 22(a) 3a T=25°C, P,=1.338, a Ps=0.209; (b) 3a T=30
0 C, P4=6.276, a Ps=0.166; (c) T=35 °C, P4 =11.259, a Ps=0. 061. IIpu
npeanoioxenne  Ys/ks ~yg/ky 3a cboTBeTHaTa  JeOenMHa  Ha
HOBLPXHOCTHHMS CJIoM noydasame: A= 1.4um(25°C), A= 1.3um(30°C) u A=
0.5um(35°C).

J. Pse cnoxna QyHKIMS Ha MaTepuaIHUTE TapaMerpy, a Ps

HMa TO3U I'paIvCHT. O6T>pHaT0 € ClICOMaJIHO BHUMAaHHEC HaA TOBA, 4c
ILCCOp6LII/I$ITa Ha C’Lp(l)aKTaHTI/I € YeCTO CpfllaHa CUTyallud B
IIpaKTHUKaTa Ipu CIIy4auTeC HA U3CJICABAHC Ha XOMCOTPOIIHU CJIIOCBC U
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€ OT HM3K/IIIOYHTCIIHA BAXXHOCT T Ja 6’I>I[C pasricikKaana, Korato ce
THPCAT JOCTOBCPHU CTOMHOCTH Ha MMOBBbPXHOCTHUTE MMapaMCTpH.

2.4. N3cnenBane Ha  TNPUNOBLPXHOCTHH  CJI0eBe  OT
necopoupan cbppaktanTt (opuentant) or DLPC wu
Chromolan upe3 anaiau3 Ha BUCKOEIACTHYHUTE CIIEKTPH
NoJIy4YeHH 10 MeToda Ha  (uIeKcoeleKTPHYHATA
cnekTpockonus. OmnpegensiHe Ha JedeIuHATa HAa
cjoeBeTe U TeXHUS (pieKcoeSeKTpUYeH KoeUIMeHT Ha
orpBane [109], [110].

C meroma Ha ¢a3oBo-4yBCTBUTENHATA (pIeKcoeTeKTpUIHA
CIIEKTPOCKOITUSI Ca W3CIIEBAHU BUCKOCIACTHYHHUTE CIIEKTPU Ha
XOMEOTpPOITHM HeMaTH4Hu cjoeBe or MBBA, opuentupanu
MOCPECTBOM camoaceMOnupand (UIMH C pas3jiMdyHa CTEIEeH Ha
necop6ius: Bucoka (DLPC) u nucka (Xpomosan). OpHeHTaHTUTE Ce
JecopOoupar OT TIOBBPXHOCTTA W C€ pas3TBapsT B HEMaTHKa,
Ch3/laBailki IOBbPXHOCTEH I'PaJIMCHT Ha KOHLIEHTpaLlUsATa Ha HOHUTE
Ha OpueHTaHTa. [IpuoOXKEHO € Pa3MUPEeHOTO TEOPETUYHO
npubmkenne (BIK moAriasa 2.3), ¢ KOETOo ca MOJIyYeHH CIEKTPATHH
kpuBH. CriekTpure 0siXa CpaBHEHHU C €KCIIEPUMEHTAIHO IIOIYy4YEHUTE
KpuBH U Oecme w3BJcdeHAa wWHOpMAIMd 3a TpagucHTa Ha
cbpdaxranTa. [lomydeHnTe pe3ynraTu mo3Boiauxa a Obae paskpura
CTPYKTypaTa Ha JecopOMpaHMs CIOH OT OPHUEHTAHT B XOMEOTPOIIHO
opueHTHpaHuTe HeMaTuly. HampaBeHa e auckycus BbpPXY HSIKOU OT
rmapaMeTpUTe Ha CJIos, Kato nebenmHa w (hieKkcokoeHIMeHTa Ha
orpBaHe. [IpoBeneHO e m3MepBaHe Ha IbpBaTa XapMOHMYHA Ha
(reKkcoeneKTpUYHO-MOAYJINpaHaTa CBETJIMHA, NPEMHHABAIlA IIpe3
XOMEOTpOIIEH HEMaTHU4eH CJIOH, MOoAoXkeH Ha dctac eneKTpHuYHO
110J1e, YCIIOPEAHO Ha MJIOCKOCTTA Ha CJI0sl IPU MOHOTOHHO HapacTBaHe
Ha dectorata. C pgBatra chpdakraHTa Oeme MOIy4eHo ciaabo
XOMEOTpOITHO 3aKoTBsiHE. C (pyieKCOeNeKTpuYHaTa CHEKTPOCKONUS
Osixa momydeHH crekTpanHu kpuBu (Durypa 23), kouto Osixa
anmpoKCUMHUpaHW ¢ 5 Tmapamerspa (BWK moxariaBa 2.3 u
aycepranusra). 3a mo-100poTo pasKprUBaHe Ha XapaKTEPUCTUKUTE Ha
crekTpaiHata ¢GopMa, CIEKTHPBT Oelle HOpPMaJIU3HUpaH CHPSIMO
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06mus HaKIoH @~ !. I'padukuTe SCHO MOKa3BaT, ye paslIMpeHaTa
TeopHus AaBa PasyMHO MPHOIMKEHUE 3a MU YeCTOTEH AUana3oH.

B cpaBuenue ¢ opuentanta DLPC, npu opuentanta chromolan He ce
HaOmoaBa “IiaaTto”, CUTYHpPaHO B CPEJHOYECCTOTHHS HHTEPBAN OT
20Hz nmo 200 Hz. ToBa e u3pazeHo mo-go0pe B CIEKTPUTE NPHU TO-
HUCcKa Temmeparypa, ®Purypa 23a u Durypa 23b cworBeTHO.
[TocpenctBom mapamerwspa Ps (B moarmasa 2.3), HHE MOXKEM Jia
oueHnM naebenuHaTa Ha JecopOupanust cioid. Ha Purypa 24
neOenHaTa Ha JiecopOupaHus CIION € IIpecMeTHaTa KaTo (yHKIIUS Ha
Temreparypara. [Ipu HapacTBaHe Ha TeMmIlepaTrypaTa ce BHUXKJa, 4e
neOenuHata Ha jgecopOupanus cinoit or DLPC mapactBa, mokaTto
neoenHara Ha chromolan e mouty KoHcTanTa. ChHIiIacHO OMTYYEHHUTE
naHHu (tabmuim 2, 3 u 4 ot aucepranusra), P1>0. B To3u ciydaii,
ypaBuenue (8) Hu maBa, ue 06eMHHUs (IEKCOKOESDHUIIMEHT € TO-TOJIAM
oT (hJICKCOKOS(PHUIIMCHTA Ha TIOBBPXHOCTHHS CJIOH; €g>€s . To3u dakr
€ MHOTO Ba)XEH W MOXE 3HAYUTENHO Jla TPOMEHH aKTyaJHUTE
CTOMHOCTH Ha (UIeKCOKOePUIIMEHTUTe Ha OrbBaHE, KOUTO Ca
MONYYeHU C Pa3IMYHU METoAM 0e3 Ja ce OTYMTa IOBBPXHOCTHATA
Jecopomus.

o R(w) /V Hz

n n PRI n n i a gl
1 10 100 1000

Frequency / Hz (a)
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o R(0) / V Hz

O
10 100 1000

Frequency / Hz (b)

Qurypa 23. YecrorHa 3aBUCHMOCT (YMHOXEHa 10 ) Ha I'bpBarta
XapMOHMYHa  Ha  ()JICKCOENEKTPHYHO  MOIYJAMpaHaTa  CBETJIHHA,
IIpeMHUHAaBaIa Ipe3 XOMEeoTpOoNeH HeMaTuueH ciioi or MBBA mipu paznuanun
temmeparypu (log-log mpezacrassine). Jlebenuuata Ha cimos e 100pum,
JHCTaHIUATA MEXY €IEKTPOAUTE € 2mm: a) XOMEOTPOIIHAa OPUEHTALMS ChC
camoacembnmpann cinoese ot DLPC (obemua komrentpamus 0.15 mM),
mocrossHHO Hampeskerne 50Vpp; h)  XomeoTpomHa opHeHTamMs ChC
camoaceMONupaHu clioeBe OT XpomolnaH (0O0eMHa KOHIeHTpaiws 1mM),
nocTossHHO HanpexeHue 30 Vyp [lokazana e anmpokcuManus 3a CieKTbpa IpH
259C (rnaaxu HenpeKbCHATH JIMHHUK).

HN3BoaH M 3aKJII09YEeHHS]

W3non3saHarta OT HAC pa3lIMpeHa TeopHs MO3BOMsABA J1a ObIe
paskpuTa CTPyKTypaTa Ha JecOpOMpaH CJOH OT OpHCHTAHT B
XOMEOTPOITHU HeMaTHIn. JlebenrHaTta Ha TO3M CIIOW 3aBHCH OT THTIA
Ha OpHEHTaHTa U MOXKe Jla HapacTBa ¢ Temrieparypara (DLPC) umm na
ocTaBa I0 ChIecTBO KoHcTaHTa (chromolan). ITonoxuTemHUAT 3HAK
Ha mapaMmerbpa Pi, paskpuBa, ue W 3a JBaTta OpHEHTaHTa (IeKco-
KOC(UIMEHTHT HA MOBBPXHOCTHHUS CJIOH € MO-MalbK OT CTOMHOCTTA
MYy 32 HECMYTEHHUsI 00EMEH HEMAaTHK.
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Qurypa 24. TemrneparypHa 3aBHUCHMOCT Ha JeOeIMHATAa Ha JIeCOpOUpaHHsI
coit 8, hopmupan npu yactuaHo pasteapsine Ha DLPC (a) u chromolan (b)
B XOMeoTporeH cioi or MBBA.
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T'maBa 3
(I).]'IeKC()e.]'IeKTpI/I‘IHI/I )/ | e.]'leKTpO'OHTI/I'-IHH CBOflCTBa Ha

MOJIMMEPHO-TUCIEPruPaHu TEYHOKPHUCTAJIHHU $puamu,
MoJIiydeHH MO0 Meroga Ha GorouHayuupanoro ¢a3oso
pa3neJisiHe.

3.1. N3cnenBaHe Ha JIMHEiHUS €JIEKTPO-ONTHYEH OTKJIMK HA
NMOJUMEPHOIMCIEPTUPAHA TeYHOKPUCTATIHN  (puiammu,
HMalld pa3IM4HO pasnpelelcHHe Ha pa3Mepa Ha
HEMATHYHHUTE KANKH. XapaKTepUCTUYHN MUHUMYMM B
CIEeKTPAJHUTEe KPHUBM HAa  TeMIepaTypHUTe H
aMIINTYIHUTEe 3aBUCMMOCTM Ha 1-Ba u 2-pa
XapMOHHYHA HA eJIEKTPOONTHYHHMTEe crnekTpu [111],
[112].

[Homumeprno nucneprupanute teunn kpuctamau (IIATK wmum
PDLC) ¢wummu, chcTOSIA C€ OT MHKPOpPa3MEpHH KamkKd OT
HEMaTH4YeH TEYeH KPHCTaj, MUCIEPTHpPaHd B CBBP3BaIl ITOJIHUMED,
MOHACTOAIIEM Ca OT OCOOEH WHTEepec 3a MPWIOKEHUS 3a
BHU3yaJH3alysl B TENEBU3UATA, AUPEKTHO HAONIONEHHNE C T'bBKAaBU
IUCIUIEM W TpeBKimouBamy mposopuu [113]. Pasbupanero Ha
MeXaHM3Ma Ha ONTHYHUS OTKIMK Ha TaKMBa MHTEIUTEHTHH ONTHYHU
MaTepuay Py BUCOKH YeCTOTH € BaKHO KaKTO OT (yHIaMeHTaHa,
Taka U OT MPUJIOXKHA TJIEHA TOYKA.

Hematnuanu xamku ot E7 ¢ paznuden pazmep 0sxa TuCHepTHpaHH
BBB (poTonmonumepHa MaTpuiia rmo merona Ha UV ¢ oTo-unAynupaHaTa
(dazoBa cemapamus npum  GoTtomonmMmepusanusa. [locpemcTBom
TIpUJIaTaHe Ha POMEHJIMBY HaIPeKeHNs B 4eCTOTHHSA 00xBat ot 1 Hz
no 3 kHz Osixa Bb30y)KIOaHW NUENEKTPUYHU U (DIEKCOCTEKTPUIHH
OCIIWJIAIINA Ha OpHEHTalHuATa Ha JUPEKTopa B Kamkute. W mBarta
enekTpoonTyHu oTknuka Ha PDLC ¢unvure, nwHEeH U
KBaJIpaTH4eH, 0sixa M3CIeNBaHU C METola Ha (hIeKCoeNneKTpuIHaTa
CHEKTPOCKOIUA 1 AU(paKIs Ha JIa3epHa CBETIMHA. bsixa momyueHu
TeMIiepaTypHaTa U aMILTUTYIHATA 3aBUCIMOCT Ha IIbpBaTa U BTOpaTa
XapMOHHMYHA Ha €JIEKTPOONTHYHUS CHEKThP (aMIUTUTyaaTa U Qaszara
Ha TpeMUHAlIaTa YeCTOTa) W 0Osixa HaMepPeHH CTPOTH IBIOOKU
MUHAMYMH BBB BCHYKH CIEKTpU. Te3d MHHAUMyMH Osixa
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WHTEPIPETUPAHU KAaTO PE3YNTAT Ha MPOCTPAaHCTBEHA (UITparus
(ToecT cenekTUBHA TU(PAKIMA) HA BPEMEBO-MOAYIUPAHUTE KOMIIO-
HEHTH Ha IPEMHHAJaTa CBETJINHA.

Texuukata HU 32 BB30yXKAaHE U 3aIIHC Ha €JIEKTPOONITUIHUS
u ¢nekcoenekrpoontuunus orkauk B PDLC wu3nomsBa duekco-
eJIEKTPUYHUS CIIEKTPOMETHpP, omucaH B [aBara “Marepuanu u
MeToau”. 3alucBaHU ca M'bpBa U BTOpPAa XapMOHHWYHHM Ha BpPEMEBO-
MOJyJIHpaHaTa ja3epHa CBETJIMHA, MPEMHUHABAIla HOPMAHO KbM
TJIOCKOCTTA Ha (uiMa. Br30ykaamoTo HanpexeHue ce npuiiara KbM
ITO enextpoautre Ha HemaTuuHata kierka. C momomna Ha He-Ne
nazep (Mells-Griot) 628 nm 0sixa mony4eHu AuppakIMOHHN KapTHHU
BBPXY UepeH ekpaH. [IpocTpaHCTBEHOTO paslpesieiieHrne Ha IbpBa U
BTOpa XapMOHWYHA Oellle PErHCTPUPAHO MMOCPECTBOM CKaHHUPaHE Ha
EKBATOPUAITHHUS pa3pe3 Ha MUQpaKIMOHHATa KapTHHA C TIOMOIITa Ha
($oTOMO1, MOHTHPAH KbM TPAHCIIMpAIA MACHUKA.

Mukpockorickoto u3zobpaxenue Ha PDLC duim B
HENoJsIpU3NpaHa CBETJINHA € moka3aH Ha durypa 25. Brpagenara B
00eKTHBa cKajia MO3BOJISIBA ONPENEISHETO Ha THIMYHUS pa3Mep Ha
kankute, 10 u 20 pm.

bermie perucrprupana KOMIIOHEHTa Ha II'bpBaTa XapMOHUYHA B
MOIYJIMpaHUs UHTEH3UTET Ha CBETJMHATa, KOETO JI0Ka3Ba
CBIIECTBYBAHETO Ha JIMHEHHA, (IEKCOENEKTPUYHA 3aBHCHMOCT
MEXKIY €JIEKTPUYECKO I0JI€ U HeMaTH4Ha OpHEHTauus. YecTOTHUST
CIIEKTHP Ha aMIUINTyZAaTa U (pa3aTa Ha IbpBa U BTOPA XapPMOHUYHHU HA
BpPEMEBO MOAYJIMpaHaTa NPEMUHABAIlA CBETJIMHA € IIOKa3aH Ha
QGurypa 26 u durypa 27. JluenekTpuyHHTe Ocnmianud (2-pa
XapMOHHMYHA) IIOKA3BaT €UHUYEH IBJIOOK MUHUMYM, KOHTO 3aBUCH
OT aMIUIUTYyaTa Ha yIPaBisSBaIlIOTO HAIIPEKEHNUE U C€ OTMECTBA KbM
MO-HUCKUTE YecToTH OT npubausutenHo 40 Hz no mpubmusurenso 10
Hz, npu yBennuaBane Ha HanpexxeHUeTo oT 15 10 25 Vims. Toi, chiio
Taka, ce€ OTMECTBa M C TemIepaTypara. B Toukata Ha MUHMMyMa
dazara TEprH ckok ¢ moutn 180°.

3a pasnuka oT TAX, (iekcoenekTpuuHuTe ocumaiyu (1-a
XapMOHHMYHA) MOKa3BaT JBa MHHMMyMa B oOsactra Ha 100 u Ha
1000Hz. Te3u MUHMMYMH C€ OTMECTBAT KbM BHCOKHUTE YECTOTH C
yBETMYaBaHE Ha YNPaBISABALIOTO HampexeHue. B Te3nm cimywan
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®urypa 25. Mukpockoricko nzoopaxenne Ha PDLC ¢ Tunu4yHm pazmepu Ha
kankute Mexay 10 u 20 um.

PDLC cell circular polarization 1H 2H

2 2H
0,14 a, 0,1
Siggase menpr

1 10 100 1000
f(Hz)
®urypa 26. YecToTeH CIEeKTHp Ha aMIUTUTYAATa Ha MbPBa (ITJIHA CHMBOJIIH)
1 BTOpa (KyXH CHMBOJIN) XapMOHHYHN Ha KPBrOBOMOJISIPU3NPAHA CBETIINHA,
npemuHaBama npe3 PDLC obpasim npy pa3aundHn MPUIOKEHN HAITPEKEHHS.
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PDLC cell2 circular polarization 1H 2H phase

1H phase (degree)
(o2160p) aseyd Hz

1 10 100 1000
f(Hz)

@urypa 27. UectoreH cnekTbp Ha (ha3ata Ha bpBa (ITBIIHUTE CUMBOJIHU) U
BTOpa (KyXUT€ CUMBOJIN) XapMOHUYHHU HA KPBIOBOMOJISIPU3NPAHA CBETIIHHA,
npemuHaBaiia npe3 PDLC obOpa3zer mpu pa3inyHU NPUIIOKEHU HAITPEKECHHUSI.

cKOKoBeTe Ha (hazaTa 6sxa mo-mankn or 180°H mo-Malko CTPBMHH,
KOraTO MMHUMYMBT € NO-IUIUTBK.

Hsxom mpeactaBuTenHHM AUQPAKIMOHHM KapTHHH —ca
nokazanu Ha @urypa 28. [Ipu HyneBo HanpexeHue a1 QpaKIMOHHATA
KapTHHA II0Ka3Ba caMO eiuH IU(PaKIUOHEH MaKCHUMYyM, AOKAaTO C
YBEIMYAaBaHE Ha HAINPEKEHUETO CTPYKTypaTa ce pa3cTuia A0 IIO-
roJieMl bIIU. B MHOro or cimydaure sSCHO c€ OTKpPOsSBa BTOPH
mudpakroneH Kper (cpaBHU ¢ @urypa 30). [Ipu ome mo-Bucoku
HanpeKeHus: JU(paKIMOHHATa CTPYKTYpa OTHOBO THPIU KOJIAIC JI0
enuHUYeH Kpbr. Tazu BpeMeBo-ocpenHeHa KapTHHA Ha pa3celBaHETO
Oemie OONMBJIHEHA C JETAHIHO HM3CIeJBaHE Ha IMPOCTPAHCTBEHOTO
pasmpeneneHre Ha NIbpBa W Ha BTOpPAa XapMOHMYHM, HAlpaBeHO
HAJIBXKHO Ha AU(QPAKUMOHHATA KapTUHA, M3MOJI3BaWKU (HOTOOHOL,
buKcHupaH BbpXyY TpaHciupaiia Macuuka (durypa 29 u durypa 30).
JIBe mocrnenoBaTenHu M3CIeABaHMS Osxa HalpaBeHH C 25 Vims clen
W3YaKBaHe OT HAKONKO JeHa. Yecrorute, mpu Kouto lock-in
ycunBarens Oerne pukcupaH 0sxa n30paHu Ja ChBIAIAT C MUHIMYMa
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B aMIUIUTYJHHS CIIEKTHp Ha BTOpPAa XapMOHUYHa, ToecT 29.4Hz npu 15
Vims 1 8.8 Hz ipu 25 Vims3a TO31 KOHKpeTeH oOpa3er]. Dopmupanero

Qurypa 28. JudpakiMOHHM KapTUHU IPH Ppa3jIMuHU [PUIOKEHU
HampexeHus, oT JsBO Ha AACHO: 0 Vims 3.4 Vimsu 50 Vi, YIpapisiBamiaTa
yecrora € 75 Hz, nmpu kosTo ce mony4aBa MUHMMyMa Ha ITbpPBa XapMOHWYHA
3a 15 Vrms.

0,1
0.01 —o— 1Harm 15V
’ —A— 1Harm 25V first measurement
1E-3 X —v— 1Harm 25V second measurement
% 1E-4
5 E- .4 XE-~GAVAGA__
T 1E5 &WSK?_O_O\:V ;
1E-6 \o\
1E-7 "
1E-8

0 5 10 1I5 20 25 30

h (mm)
Qurypa 29. IIpoctpaHCTBEeHO pasmpenelieHde Ha audpakiuoHHaTa
CTPYKTypa Ha I'bpBa XapMOHHUYHA, BB30yneHa C 15 Vims, ¥ fmin@harm) = 29.4
Hz, 1 ¢ 25 Vims 11 fminharm) = 8.8 Hz crpsiMo mo3mnmsita Ha TpaHCIALUSA Ha
¢dorommona, h(mm).

Ha CTPYKTypa OT JBa NMPBCTEHA SICHO C€ BIDKAA B IPOCTPAHCTBEHOTO
pasmpenenenue Ha Bropa xapmonndHa (Durypa 30) u He ce BuxKIa 3a
mepBa xapMoHuuHa (Purypa 29). Taka TO3u BHJI W3MEPBaHHS HH
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JaBaT OMTBIHUTEIHA JUHAMUYHA WH(GOpPMAIK 32 HAlllaTa CHCTEMa,
KOSATO € BakHa 3a pa30MpaHero Ha LsUIOCTHATa KapTUHA Ha
pasceiiBaHeTo.

—o—2Harm 15V
Q —aA— 2Harm 25V first measurement
—v— 2Harm 25V second measurement
_1E-3 ,
>
E g
_s A \
e 4 °/§*€ﬁz
v,
A
<
v
1E-5 T v T T T T T T T T T 1

L)
0 5 10 15 20 25 30
h(mm)
®urypa 30. [IpocTpancTBeHO pa3npe/esieHie Ha TUpaKIMOHHATA KapTHHA
Ha BTOpaTa XapMOHHYHA, BB30yzaeHa ¢ 15 u 25 Vims crpsAMo mo3unusaTa Ha
TpaHcnupane Ha oroxuona h.

HammTe kanku ca npeo0iagaBaiio pajadaiHi, KaKTo MOXKe J1a
Ce 3aKIII04M OT IEHTPaNHUA JeeKT, HaON0JaBaH B MHOTO OT TSIX
(Durypa 25). B T0o3u cinydail mopaad IMEICKTPUYHUTE BBPTAIIN
MOMEHTH IIEHTpaJIHATA YacT Ha KallkaTa 3aeMa OpPHUEHTAIUs, KOsTO €
MIPUOJIM3UTEITHO OPTOrOHATHA Ha OcTaHajaTa chepryHa ooBuBKa. 1o
TO3W HaymH ce (opMHpa HOB KOHTpAcT Ha KoedwImieHTa Ha
MpevynBaHe W JBa MBTH MO-MajKa I[EHTpalHa OOJIACT Ie MOPOIH
BTOPY JIBa MBTH TMO-MHPOK audpakiuoHeH MakcuMmyM. Koraro
IsIaTa Kamka ce OPHEHTHpa €IHOOCHO, TO3W BTOPH MAKCHMYyM IIe
M34Ye3Ha BB ChITIacHe ¢ HAmMMTE HaOmoAeHus. ChIIo Taka, BpEeMEBO-
3aBHCHMOTO peleHne Ha nmpodiema Ha @penepukc [10] mokassa, ue
Haj Tmpara Ha Dpeaepukc MalKUTe NEPTypOAMU HAPacTBAT
SKCIIOHECHI[UAIHO, KAaTO B CHIOTO BpeMe BHUOPUpPAT C YABOEHATa
YeCcTOoTa Ha eJIeKTPUYHOTO moJie. [10 To3W Ha4uKH pa3cesHaTa CBETIHHA
nie ObJie BpeMEBO MOJYJIMpaHa OT BHOpHpamara chepa U 1Mo TO3U
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HAuMH 1€ pas3celiBa CBETIMHATA TPH BPBUA M  BTOPHUS
IU(PaKIHOHHA MakCHMyMH. ToBa € B ITBJIHO ChIJIACHE C HAIIETO
nabmonenne (Purypa 30).

H3Boau u 3aKII04eHUS

[TomyueHo € MBPBOTO EKCHEPUMEHTATHO JO0Ka3aTelICTBO 3a
CBILIECTBYBAaHETO Ha JMHEHHa (IekcoeIeKTpruyHa 3aBUCHMOCT B
Hematui, karncynupaau B PDLC. B ToBa u3ciensane Hue 3a MbPBU
BT JIOKJIAJBaME 32 IbJI00K MUHIMYM (r1oBeue oT 10dB) BBB BTOparta
XapMOHHMYHA (IUEeNIEKTPHYUEH CiTydaii), 3aeJHO C HOBOTO HaOJIO/IeHUE,
Ye yecToTaTa Ha MHUHUMYMHUTE 3a JIBET€ XapMOHUYHU 3aBHCH OT
aMIUIMTyJaTa Ha YIPaBIABALIOTO Tone. EnekTpuyecku mpeHa-
CTpoliBaeMU MBUYHHU (QWITPU ca HSIKOW OT Bh3MoxHOcTHTEe Ha TK-Te
PDLC cucremMu, KOMTO MOraT Ja HaMepsAT HSKOM WHTEPECHU
MPIJIOKEHUSI B CHBPEMEHHHTE ONTOENEKTPOHHU YCTPOMCTBA,
paboTen B YECTOTHHS [Uana3oH Ha WH(QPa3BYKOBHTE YECTOTH,
KBJIETO peajn3upaHeTO HA TAKUBA (QUITPH MPENCTABISBA TPYTHOCT
P U3MOI3BaHE HAa CTAHIAPTHU €IIEKTPOHHN KOMIIOHECHTH.

3.2. CTaTHYHM W [UHAMHYHH H3CJIEeBAHUS HAa eJIEKTPO-
ONTUYHUA OTKJIUK HA MOJIMMEPHO-AUcIIeprupanu Gpuammn

MoauduIMpaHn mocpeacTBOM HaHocJoeBe oT Teduion
[114], [115].

OOeKTHT Ha M3CIICABAHUATA HU C (UICKCOCIEKTPUYHA CITEKTPO-
CKOIUS, KOUTO NPENCTaBsIME B TO3M pas3fen, € MHKpOpa3MepeH
komno3uteH cinoid or TK m mommmep, dhopMupan Mexay CTHKICHH
MOJUIOKKH, KOUTO MPEIBAPUTENHO ca TpeTupanu ¢ tedoH. Hamara
men Oe mga wu3cneaBame edekTa OT OTJIOXKEHHWTE Te(PIOHOBU
HAHOCJIOEBE BBPXY MOpQonorusiTa Ha KOMIO3UTHHS CIOH 3a
KoHQurypauuss Ha ycykaHa TK kierka, kKakto u edekra oOT
pasnpeneneHuero kakro Ha TK kamkure, Taka M Ha HEMAaTUYHHUS
nupekTop Bepxy EO oTKIHK Ha cnost.

[Ipurexasaiikn yHukanHa crpykrypa u EO cBoiicTBa, kKouTO
JIaBaT peadia npenuMcTBa, emHopenosute PDLC ¢ummu or TK
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KaIlK{ W TSAXHOTO M3MOJI3BaHE 32 aKTUBEH KOHTPOJ Ha CBETJIMHATA ca
obekT Ha permuna cboOmenus [116], [117]. OcBeH XxoMoOreHocT u
Malka JAWCIepcuss Ha pasmpeaencHue mo pasmep Ha TK kamkw,
MOJICPHHUTE TPHIOKEHUST Ha T€3U MHTEIUTCHTHH, MEKH, XUOPHIHU
MaTepuaal ce HYXAaiT W OT J00pe TOApeNCHUPEACHH H
OpUEHTUPAHH CTPYKTYpH. EHa OT MHOTOTO ChHIIECTBYBAIIM TEXHUKH
3a IMOJy4aBaHE Ha KEJaHO 3aKOTBSHE 3a MOBBPXHOCTTA, KOETO Ja
ocurypsia opuHTanusta Ha TK B kankute Ha PDLC, e tasu Ha
MOBBPXHOCHO-UHAYIMPaHoTo 3akoTBsiHe [118]-[120]. M3BecTHO €, ue
HaHocsioeBe OT TeduioH (nonurerpaduiyoperusieH, PTFE) ca Ounm
M3M0JI3BaHN KaTO HATPUTH MOBBPXHOCTH 3a opueHTHpaHe Ha TK
[121]-125]. 3a na momuduipaMe MOBBPXHOCTHOTO 3aKperBaHe,
HUE M3IMOJI3BaXMe CHIIOTO TPETUPAaHE BBPXY MPO3PAYHH CTHKICHU
wio4yku okpuTH ¢ 1TO, mpu KOETo MOBBPXHOCTUTE Ca HATPUBAHU C
PTFE [78]. PDLC-to OGeme odopmeno B cmoit or TK kamkw,
MOJIPE/ICHN B €1HA PaBHUHA.

Ha ®urypa 31 ca nokazanu mMukpodororpaduu Ha CTPyKTypaTa
Ha 1Tuiockk cinoit ot PDLC-Tta B Tpu Tuma kierku ¢ nebemuna 10 pm.
B P-PDLC (mapanenna KoHGHUIypalusi Ha HATPUTHTE IOIJIOKKHU)
kierkara (Purypa 31(b)) kankure ca moapeneHn B peaose, CIIeABALIH
MIOCOKaTa, 3a/ajicHa OT XpeOeTuTe Ha OPUEHTHPAILIUTE PECHH HA
cinoesere ot PTFE. Mopdonorusta Ha te3u PDLC ce xapakTepusupa
¢ moope odopmenn kankoBuaau TK momenu, momoonm na LC
JIOMEHH, TIOJPE/ICHN B €IHA PaBHUHA, KAaKTO CE MOTBBP)KAAaBa U OT
SEM. Paznukara, HaOnronaBana B PDLC cTpykTypuTe, MOXe Jia ce
00SICHU C TEPMUHHTE HA OPHEHTAIIMOHHOTO OMOKpsiHe [126]. B namms
CIIy4ail TO3U MpoLIeC Ce ONMPEEIisd OT HATPUTUTE MOATI0KKHU. 113BeCTHO
e, ue B m3orponHaTa (paza TK MomexynuTe ca 4aCTUYHO MOAPEACHHU B
pEe3yaTaT OT KOHTAaKTa C MMOJIOKKATA.

WNndopmanus 3a ¢popmaTa Ha KaKATE U MOJUMEPHUTE CIIOEBE,
oOpasyBaHM OIMM30 70 ABaTa WHTEpdeiica, Oemre momydeHa ot SEM.
Muxkpodororpacdunre or durypa 32 (a) u (0) cpaBHsABaT MOp(o-
morusita Ha T-PDLC (ycykana koH(UTypanus Ha HATPUTHTE
nomioxkku) u ITO-PDLC (momokkure He ca TpEeTUPaHU), KaTO U
nsete ca ¢ nedennHa 10 pwm, MPUTOTBEHH NPH WACHTUYHH YCIIOBUSL.
Kakro ce BWkIa, €IMHUYHUTE CIOEBE OT KAllKU Ca PA3MOJIOKEHU B
obnactTa 01130 10 3aJHaTa CTHhKIIEHA MMoUIoKKa. [lopaau rpaamenTta
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B uHTeH3urera Ha UV B pe3yJaTaT HAa NOITBIIAHETO, MOJIUMCPHUAT

H
" o
M e
ey F

b

74



@urypa 31. Mukpodotorpaduu (yBenndenue x 10) Ha eTUHUYHHUTE CIIOEBE
or PDLC c¢ pebGemuna 10 um; KpbCTOCAaHW MONSAPHU3ATOPH; CTaiHa
temrnepatypa: () ITO-PDLC; (b) P-PDLC, natpuBanero ¢ Ha 45° cripsiMo
ocuTte Ha nossipuzatopute; B) T-PDLC.

@urypa 32. SEM wuzobpaxenust na mopdonorusita Ha PDLC tekcrypa, 3a
HarnpeueH cpes Ha (&) T-PDLC; (6) ITO-PDLC, u asere ¢ aebenuaa 10 pum;
B) PDLC (nmebenmuna 25 um) (Haknonen wusriien). CTpeiKUTe MOKa3Bat
nocokara Ha ocBersBane Ha PDLC-to ¢ UV cBeriuHa.

CIIOW TpW MpeAHaTa IUIACTHHKA M3IVIeKIa Mo-meden OT TO3U IpU
3aqHaTa MIacTUHKA.

Hunamuunust EO orknuk Ha T-PDLC ce pasnuuaBa OT OTKIIMKA
Ha apyrute nBe PDLC xnerku. T-PDLC mposiBsBa cnenududaHO
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MOBEJICHUE B HUCKOYECTOTHHSI OOXBAT, KATO MOKa3Ba aMILIUTYIHO-
YecTOTHa Monynaiusi ¢ opmara Ha uBuia. TakaBa ocoOeHOCT Ou
MoOrJa Jila uMa moTeHiuan 3a Hikou EO mpunoxenus. ®urypa 33
noka3zea EO orkmk Ha T-PDLC B noraputMu4Ha cKama MpH
Hanpexenust ¢ ammutyau ot 10 V u 25 V u npu duxcupana
TeMIepatypa, eIHaKBa W 3a JBara ciiydas. Buknaa ce, ye Moxe Ja
ObJlc TOCTUTHAT TOJISAM JMHAMHYCH JUANa30H OT TPU IOPSAbKA U
noseye (~60 dB) 3a ammIMTymHO-yecTOTHAaTa MOIYJIAlUs Ha
MpeMUHaBallaTa CBETJMHA, a YECTOTHHAT HMHTEPBAIl € CEIEKTHBEH
(cTpBMHHM KpUBH).

104

Amplitude of modulation

10_4 Wil B S S i T Tv-rrrey T
1 10 100 1000

Frequency, f[Hz]
@urypa 33. EO orkiuk (aMIUTUTYIHO-4ecTOTHA Momynaiwsi) Ha T-PDLC
(mebemmua 10 um) mpu mHampexernus 10 Vrms (myaktupann) u 25 Vrms B

JorapuTMHUYHa CcKaja. M B mBaTa Ciiydasl TeMmIeparypara ce MOIIbpiKa
¢dukcupana Ha 35 © C; 6e3 nossipuzaropu, A = 633 nm.
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H3Boau U 3aK/I104eHUS

[onyueHo e eeKTUBHO MPEKOHPUTYpUpPaHE Ha HEMATHYHHUSI
nupektop B enHopenosu PDLC ¢unmu ot ronemu TK kanku xato e
n3nomBana cmec or E7/NOAG6S cmec u ITO CThKICHH TUIOYKH C
JOIBITHATEITHO HaHeceH! TeIOHOBU HaHOCIOoeBe. DYHKIIMOHUPAHKU
KaTo CJICKTPOMEXaHUYCH TPaHCIIOCEp, CAUH eaHopenoB cio PDLC
MOXE CENIEKTHBHO Jia TeHepHpa ONTHUYHHU TPENTEHHS, 1a MOIYJIHUpa
ONTHYHY CUTHAJIM WJTU Ja MPOIYCKa YeCTOTHO MOTyJIpaHa CBETIINHA,
MPEUMYIIECTBEHO B YECTOTHHS JUala3oH Ha MH(ppa3Byka. EQekTsT
or cenekruBHara EOQ monymnauus B nuanaszona 0,01Hz - 20Hz 6um
MOI'BJI JIa HAMEPU MPUIIOKEHHE B ONTUYHO-ONTHYHU YCTPOWCTBA 32
BOCHEH, I'€0-aKyCTU4eH ¥ OMOMEIUIIMHCKA MOHUTOPHHT .
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I'maBa 4

Binsinune Ha Me30reHHH H HeMe30reHHH anMecn Bpry
(l)JIeKCOCJIeKTpI/I‘IHI/I n e.]'[eKTpO-OHTI/I'lHI/I e(l)eKTH B TbHKHN
HEMATUYHHU (l)PIJ'IMI/I Ha CMECH OT THUIIa TOCT-AOMAaKHH.
HaHocTpykTypHpaHu  HeMaTHMIH, IOAJOXKEHH Ha
MPOCTPAHCTBEHH OrpaHmvcHusi. HemaTnunmn TCYHO-
KPHUCTAJIHU CHCTEMH OT HHBEPCEeH THII (reJ10noA00HH) ChC
CMYTEHO MOJAPeKIaHe HA MOJIEKYJIHHUS JHPEKTOP.

4.1. M3cnenBane Ha (uiekcoeJeKTPUYHUTE CBOICTBAa Ha
BelllecTBA OT THUMA ,,JIACTOBMYA-0NAIIKA*, pa3TBOPEeHH B
Hematuka BMAOB. IIpuHochT Ha KJIMHOBHIHATA

acuMeTpHusi KbM (PJIEKCOeJIEKTPHYECTBOTO B HEMATHYHH
cmecu [26], [27].

B Ttasu moarnaea e pasrienaHo (JIEKCOENeKTPUYECTBOTO Ha
ACUMETPUYHN CHEJWHEHHS OT TUla “JACTOBMYA Oralka’,
pa3TBOpEHH B HEMaTH4YHA MaTpuia. M3crmenBana e 3aBHCUMOCTTa Ha
Mepuo/ia Ha HAJTBKHATE (PIIEKCOENEKTPUYHH IOMEHH OT JleOennHaTa
Ha cJod B IUIAaHAPHU CJIOEBE€ MNpH BB3OYXKIaHE C IOCTOSHHO
enekTpuaHo moje. OT eKcrepuMeHTaTHUTe JaHHH U TeopusiTa Ha
BobunsoB-Ilukna € monmydeHa CTOMHOCTTa Ha pas3iuKaTa Ha
¢dnexcokoepunmeHTuTe |e*| = |ey, - e3,| karo GyHKIUA Ha
OYaKBaHATa KOHIIEHTPAIUA W Ype3 eKCTpaIloIMpaHe Ta3h pas3inKa e
OLIEHEHA 32 BEIIECTBOTO “JSICTOBMYA OIaImka’.

/COOC7H15
CgH170 @ CH=—=CH—CO0O0 @CH:C
\COOC7H15

49°C

cr > (nssoc)

@urypa 34. TunudeH npeACTaBUTEN HA ME3OTCHUTE “NISCTOBHYA OMAIKa”
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MornekyauTe Ha ME30I'CHUTE ¢ KIIMHOBUIHA CUMETPUS H T10-
CHEIMATHO Me30reHuTe ~nsicToBuya omnamka™ (durypa 34) ca ot
CBILECTBEH MHTEPEC 32 (DICKCOCIEKTPUIECTBOTO OPAJIH TEOPETUIHO
OYaKBAHUTE CUJHH (UICKCOCIICKTPUYHU CBOMCTBAa, CBBP3aHU C
TsXHaTa crepuyHa acumerpus [127]. 3a chxasieHue, Te3u ME30reHH
OOMKHOBEHO Ca BUCOKOTEMIIEPATypHH HEMATHIIM M HE MOTaT Jia ObaaT
JIECHO OPUEHTHUPAHU. 3a Ja C€ MPEOoAOoJesAT TE3U TPYAHOCTH, HHUE
pPa3TBOPUXME MAJIKO KOJIMYECTBO OT “JISICTOBHMYA OMAIlka” B CTaiHO
TeMIepaTypHa HEMaTH4YHa MaTpula. [IpueMaiiku ue eJacTUYHHUTE
KoeuIMeHTH Ha DpaHK HE ce U3MEHST ChIIECTBEHO, HUE MOXKEM Jia
CBBPIKEM (PIICKCOCIICKTPUYHUTE KOSPUIIUCHTA €3, €3, Ha CMECTa C
Te3W HAa HEMAaTMYHATA MATpHUIA, KOMTO ey, , eJ. ¥ Ha 100aBKaTa
“JIACTOBHMYA OMAIIKa” ei,, 3, Taka [27]:

®urypa 35. HaprpkHu JOMEHH B TUIAaHAPEH CJIOM OT CMEC Ha ChEAMHEHUETO
“msacroBuya ornamka” 8 BMAOB (0.54 mole%): npu nparoBoTo HanpexeHne
11.3V. [lomenurte ca mapajieiaHH Ha IIOCOKaTa Ha HaTpuBaHe. Habmronennero
€ B MOSIPH3MpaHa CBETIMHA, AaHAIM3ATOPBT € IIEPIEHIUKYISIPEH Ha
OpHEHTAIUATa Ha JOMEHUTE, MOJNAPU3aTOPBT € cabo pasKpbCTEH.
JebennnaTa Ha cmos € 10um. IlepuogsT Ha qomMernuTe € 7 um. JIbDKuHATa
Ha TsICHaTa CTpaHa Ha pamkara € 180 um.

€1, z(]-_V)e:?z +Ve%z (10)
€3x z(:]-_V)egx +Ve%x ,
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KBACTO V' € KOHIIEHTpalusITa Ha Jo0aBKaTa.

Pasnukara ©Ha (QuekcoenekTpuuHUTE KOeGHUIMEHTH Ha
CKOCSIBAaHE M Or'bBaHe Oelle HM3MeEpBaHa 4Ype3 EKCIePUMEHTaTHO
HAOJIO/ICHHE Ha TOsSBaTa Ha (IIEKCOCNEKTPUYHH JIOMEHH OT BTOPH
mopsiabk B cMecute (Durypa 35). Te3u foMeHH, OTKPUTH OT Bructun
[128] u unTepnpeTHpaH TEOPETHYHO KATO (DIICKCOCIEKTPUIECTBO OT
boounboB-ITukunr [129], morar ma ObaT mo0Ope H3CICABAHU C
nudpakist Ha la3epHa CBETIINHA.

WsmepBaHusTa Ha Teprosa Ha JIOMEHHTE KaTo (YHKIUS Ha
neOenMHaTa Ha KJIeTKaTa 3a pa3jiMYHM KOHIIEHTpAIUK Ha cMecTa ca
nokaszanu Ha ®urypa 36. Usmeppanusta mpu 4.55 mole% Osixa
orpaHudeHn A0 AeOenwHU mox 12 pm, mopamyd TOBa 4ye HaJ Tasu
neOenHa HACTBIIBA TPEXOJl B 3aKOTBSHETO OT TUIAHAPHO KbM

5_
] ¢ 455mole%
04 4 221mole%
% e 1.09 mole%
= x4 v 0.54 mole%
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layer thickness /u m
®urypa 36. [leproapT Ha HAUTEKHUTE JOMEHH OT BTOPH POJI IIPH ParoBOTO
HaIpexeHue kKaTo GyHKuus Ha aeGenuHaTa Ha cnos. T=29°C. JIuneiinure
anpOKCHMAIMM IPEMHHABaT IIPe3 HAadaJIOTO Ha KOOpAWHATHATA CHCTEMA.
HaxmoHBT Ha anpOKCHUMHUpAIINTE KPUBH CIIEABA MOJIApHATa KOHIIEHTPALUS
Ha “msacroBmya onamka” B TK BMAOB.

xomeoTtporHo noxpexaane. Ot @urypa 36 ce Bux/1a, 4e HAKJIOHBT Ha

KpUBUTE pacTe C KOHIIEHTpAlUsATA HA MOJEKYJIHTE ‘JSICTOBHYA
oramka”.
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Ha ®urypa 37 ca TIpe/CcTaBeHH pe3ylATaTHTE 3a € , MONydeHH
cllefl ampoKCHMHUpaHE Ha eKCIIEPUMEHTAJHUTE pe3YyJNTaTH ¢
TeopeTH4HU KpuBH oT Purypa 36. ExcrpamonupaHero Ha JWHUITA,
KOSITO alipoKcuMUpa ToukuTe, 10 100 mole% ot “nscroBruya onamrka”
BOJIM JI0 CTOMHOCTH 32 (IieKcokoeduenTa, Kouto ca 40 mpTH mo-
roleMu OT croifHocTTa 3a umctusi BMAOB, 5.3x10%?C/m. Tosa
HapacTBaHE JIEMOHCTPHUpa pOJNATAa HA CTEpUYHATA acHUMETpUsl Ha
MOJICKYJTUTE “JISICTOBUYA OIalika’.
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Qurypa 37. Paznukara Ha ¢uiekcoeneKTpudHUTe KoeduienTn |e*| xaro
(GyHKIMS Ha KOHIIEHTpalMsATa Ha “JsicroBiumTe onaku” 8 BMAOB.
T =29°C.

H3Boau M 3aK/II04CHHS

Pasnukata Ha (UeKCOCNEKTPUYHUTE KOSHUITUEHTH |e*| 3a
CMeC Ha BelecTBO OT Tuma “msicroBuua omamka” 1 TK BMAOB
MOKa3Ba 3a0eNeKUMO HapacTBaHE IOPU IPU OTHOCHUTETHO MAJIKU
CTOMHOCTM Ha KOHIEHTpalMsTa Ha “JscToBUYara onamika’. ToBa
HapacTBaHE € MPHUIIMCAaHO HAa CUJIHATA CTEpUYHA acUMETpus Ha
MOJIEKYJIUTE “JISICTOBHYA OMallika’.
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4.2. YceuinBane Ha duieKcoeleKTPUYHUA OTKJIMK B CMeC OT
HeMaTu4eH TeyeH kpucrtaax E7 wu eaHocioiinn
BbIVIEPOAHH HAHOTPHLOMYKH. U3mepBane Ha d¢uiekco-
koepunmenture [130].

N3cnenBano ¢  (IIEKCOENEKTPUYESCTBOTO HA CMECH  OT
HEMATHYE€H TEYEH KPUCTal C €IHOCIOWHH BBIVIEPOAHH HAaHO-
TprOuukn. Llenta Ha TOBa M3CieEABaHE € C MOMOIIA HAa METoja Ha
Xendpux [21] ma 6bae momydeH (GIESKCOSTEKTPUIHNSA KOSPHUINEHT
(esx + Mp), KbAETO My € MOBBPXHOCTHATA MOJIAPU3AIMSA, KAKTO U Ja

135 - SWNT/ET?; 0,0005 wt %
le,+ mi=14.7 pCm’
le, +e,J=78,7 pCr’
1054 W=0.78x10%Um’

120 4

80

75 4

60 4 E7

¥ Ieu+ m'l=5,1 pC/m
45 le* enl=15 pC/m
W =04x10°Jim?

Al / nm

30 4

T L T X T X T L T E T

E 1 Vimm®
durypa 38. Ampokcumupali KpuBH 3a croiHoctute Ha Al (pasnukara B
onTudHUTE MHTUINA) crpsMo EZg 3a: a) wner Hematuk E7 (TpUbrbinuIm)
NpU CTOWHOCTH Ha Marepuainure mapamerpu: An=0.20, (d/2b)=0.798,
K33=19.13x10%2 N u b) cmect SWCNT/E7 0.0005 wt% (xpbruera) mpu
cToiiHOCTH Ha  Matepuainute mapamerpu:  An=0.20, (d/2b)=1.5,
K33=19.13x102 N (T=21°C).

olpenenuM cyMara Ha (IEKCOSIeKTPUYHHTE KOoe(QHUIIMEeHTH Ha
CKOCSIBaHE M OI'bBaHE (€1, €3x ) B CMecH OT HeMaTuka E7 m MHOrO
MajKO KOIWYECTBO OT EIHOCTEHHW BBIJIEPOAHH HAHOTPHOMYKH.
M3non3BaHu ca KOHLIEHTpallUU B UHTEpBaja 5. 10 10 5.10°wt%. Hue
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u3MepuxMe mMoayna |esx+ M| = 5.1 pC/m 3a cnoit or HemaTuka E7.
Pasmmpenata Tteopus Ha Xendpux [87], omucpama ¢iekco-
eJICKTPUYHO OI'bBaHE HAa HEMATHYEH CJIOHW, TO3BOJIH J1a O'bJIe U3MEPEH,
CBINO Taka W MOMIYJTa Ha (IIEKCOENEKTPUYHATA CyMa |61, + €3] =
15pC/m. obGaBkata Ha MuHMManHO KomudectBo oT SWCNT c
KoHIeHTpanus mox 10>wt.% Boam 110 HapacTBaHe HAa CTOHHOCTHTE HA
JIBETE BEIMYMHU, ChOTBEeTHO: 14.7 pC/m u 78.7 pC/m.

Ha ®urypa 38 ca npeacraBenn noTydyeHUTE EKCIIEPUMEHTATHI
PEIYIITATU U TCXHUTE allpOKCUMAIHH.

4.3. M3cnenBane Ha  €JIEKTPO-ONTHYHH  CBOWCTBA Ha
HEMATH4YeH TeYHOKPHCTAJEH HAHOKOMIIO3UT, MOJYy4YeH
oT HeMaTuka 5CB ¢ go6aBka Ha 3JJaTHH HAHOYACTHIIH,
MOKPHUTH C MOJIUMeEP.

HanocTpykTypupanuTe Martepuaid ChAbPKAIM  3JaTHU
nanoyactunu (AUNP) mucneprupanu B TK-u mpumoOuBar Bce mo-
rojisiMa BaKHOCT B peauna o0nacTM Ha U3CIEABaHE IOpaxu
YHUKaJHaTa KOMOWHAIMsA OT TEYeH KpUCTAl ¥ HAHOYACTHIHU, H
BB3MOXKHOCTTA J1a ObJaT KOHTPOJIMPAHH C €NEeKTpU4HH noinera [53],
[131]-[137]. To-crmemmanto, TK HAHOKOMIIO3UTH Ha ITOKPUTH C
momumep  AUNP  ca  wm3crmemBaHm 3a  peanu3HpaHe  Ha
CHEeproHe3aBUCHMA NTAMET B €JICKTPOHHHU YCTPONCTBA 3a ChbXpaHEHHE
[84]. Cnenpaiiku Te3u TEHICHIMH, HUE MPOBEIOXME HM3CIICIBAHUS
BBPXY €JIEKTPOONTHYHUTE CBOICTBA Ha CTalHO TEeMIIEPaTYpHUS
mematuk 5CB, xoraro To3sm TK e cMeceH ¢ MalIkO KOIHYECTBO
(~0.5wt.%) ot 3matHu HaHo4acTuiy (AuNPs) mokpuTu ¢ momumep.
AuNPs gactuim ca cbc chepudna Gpopma u TuaMeTsp OKOIo 12 nm,
nebenrHaTa Ha MOJWMEPHOTO TOKPUTHE € ~25nm. 3a pasimka OT
CTaLlMOHAPHHUTE HAUIBKHU JOMEHH, KOUTO MOraT 1a ObJat MOIy4eH!
B IUTAHAPHU CJI0EBE OT YUCT HeMaTUK SCB B MOCTOSHHO €1E€KTPUYHO
mose, npu kommosuta oT 5CB, HaHocTpykTypupan ¢ AuNPs, ce
HaOmoaBaT XUOPHIHM HAIIBKHH CTPYKTYpH, OPHUEHTHPAaHHU IO
HampaBJIeHUEe HAa HATPUBAHETO Ha KJeTKuTe. MHUKpOMOIyIHpaHaTa
nepuoguyHa MopQoorusi oka3Ba BIMSIHUE BBPXY €NEKTPOONTHYHUS
oTkIuK Ha HaHOKommo3uTa AuNPs/5CB. EdexrsT oT HaHO00aBKaTa

83



€ OLICHEH Ype3 JACTAIHO M3CIIeIBaHE HA ONITHYHUTE, CICKTPUYHHUTE U
CJICKTPOONTUYHUTE CBOWCTBa Ha HaHOMarepuaia. [lnaHapHute
KJISTKH, HarbJIHEeH ¢chc AUNPs/5CB mnoka3axa cCHIIHO pefylupaHe Ha
NpeMUHaBaIlaTa KOXCPCHTHA CBETJIMHA TPH MpUiIaraHe Ha ciado
MOCTOSHHO  enekTpuyHo mnone (Durypa 39). B To3m ciyuaii
eJICKTPOONTUYHHUS OTKIMK HA KOMITO3UTHUS (PHiIM Oellie U3ciie/iBaH ¢
JazepeH Jipd (A=632.8nm), yusiTo mosspu3aiys Oelie mapajieiHa Ha
HaTpHUBaHeTO Ha kierkata. Cien mpara 3a popMupaHe Ha JOMEHHTE,
IpH TIOCTOSHHO HampexeHue ot 3.3V, ce HaOmogaBa ps3Ko
HamaJsIBaHe HAa MHTEH3UTETa Ha TpeMHuHaiaTa cBeminHa. Kakro Oere
YCTaHOBEHO, TOBa C€ JB/DKM Ha pa3ceiiBaHe Ha CBETJIMHATA OT
CTAI[MOHAPHHUTE IPOCTPAHCTBEHO—MOIYJIMPAHNA KBAa3H MEPHOJUYHU
HaATEXKHM jgoMenn [85]. To3m mporec Ha pemylMpaHe Ha
NPOIMYCKJIIMBOCTTa HAa CBETJIMHATA C€ JONbJBa C TPOIEC Ha
mudpakms. B pesynarar Ha Te3W MeXaHM3MH HEMATHYHUSAT CIION
AuNPs/ 5CB mposiBsBa xapakrtepucTiuHa V-o0pa3Ha KpuBa Ha
IIPOIMYyCKaHE Ha KOXEPEHTHATAa CBECTJIMHA, KOATO € psA3Ka U TACHA.

5CB]

He-Ne laser beam
transmission
-—b
(=]
1

| AuNPs/5CB—

T T T

0 2 4 6 8
DC voltage, V

-
Q
[N)
1

@urypa 39. CpaBHeHHEe Ha 3aBUCHMOCTTA Ha NpEeMUHANATa CBETJIMHA OT
MIPUJIOKEHOTO MOCTOSHHO HampexeHne 3a HaHokoMmozuta AuNPs/ SCB u
Ta3u 3a yrcrto SCB npu uaeHTHYHY IIaHAPHU KJIeTKH (¢ nebenmmHa 25um).
[Honapuzanusta Ha npemuHasamuss He-Ne nazepeH b4 € mapanenHa Ha
HaTpuBaHeTO Ha Kietkure. T=28°C.

OntryHata MHMKpPOCKONHMS SICHO TIIOKa3Ba pas3jMKaTta B
MOP(OIOrNUTE Ha TEKCTypaTa 3a BaTa HeMaTU4HU Matepuana, SCB
n 5CB c¢ mpumec, mpu mpuiaraHe Ha IOCTOSIHHO HAIpPEXEHHE B
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unTepBaina ot 0 mo 10V, 3a Hanokommno3uta Ha SCB (durypa 40b) ce
BIK/Ia OTCHCTBHETO Ha HIMPOKH (OPMHUPAHU HAUTHKHU TOMEHH,
KOHMTO C€ HaOII0AaBaT MpH IJIAHAPHUTE CIOEBE OT YUCT HemaTtuk SCB
MIPH €IHO M CHIIO TOAAIECHO MIOCTOSIHHO Hampexenne. GopMUpaHUTe
IIUPOKKA JOMEHH TI0 HampaBieHHE Ha HATPHBAHETO HMAaT
(hbIeKCcOoeNeKTpUYHA NIPUPOJIA, TOA00HO Ha HAOIIOAaBaHUTE B JAPYTH
HEMATHUIM TPHU TMpUJaraHe Ha MoCTosHHO Hampexenne[19], [138]-
[141].

Odurypa 40. Tlosipr3anMOHHE MUKPOCKOIICKK CHUMKH Ha uucT SCB (a) u
5CB ¢ npumec Ha AuNPs nanodactuim (b), nebenrHa Ha KIETKUTe 25um.
Mukpodororpaguure ca  HampaBeHH Tpu  c1abo  Pa3sKpbCTEHU
MOJIAPU3AaTOPH, HONAPU3aLNUATa Ha IPEMHUHABAIATA CBETJIMHA € yCIIOpeIHa
Ha HATPUBAHETO Ha KiIeTkuTe. [IpriiokenoTo Hanpexenue e 4.5Vqc, T=29°C.

Ha

Q@urypa 41 ca CpaBHEHH YECTOTHO MOIYJIUPAHUAT
CNIEKTPOONTHYEH OTKIMK (YECTOTHHUST CIEKThp Ha IbpBarta
XapMOHMYHA Ha [pPEMHHAjaTa Ja3epHa CBETJMHA, H3MEPEH ¢
nomotira Ha lock-in ycunBaren) Ha Hematuuure SCB u AUNPS/5CB
MIpU IPUIIOKEHH Pa3nuuHy HanpexeHus. Ot gurypara ce Buxna, ue
KpHBaTa Ha JUHAMHUYHUS OTKJIMK HA HAHOKOMIIO3UTA UMa aHOMAJIHO
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MOBCACHUC IIPU 4V, KOCTO KOopecnoHaupa ¢ MUHUMYMa, Ha6J'IIOI[aBaH

Ha @urypa 39.
1
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Qurypa 41. Ammiurygata Ha IbpBaTa XapMOHHYHA Ha NpeMHHAjIaTa
Mmonyiupana He-Ne s1azepHa cBeTiIMHa cHpsIMO YeCTOTaTa Ha MPUIIOKEHOTO
enektpudHo none 32 AuNPs/ SCB (a) u SCB (b) npu npunarane Ha pa3jindHu
dc HanpexxeHHs KbM KIIETKHTE. AMIUIMTYATa HA ac HAPEXEHUETO € 1 Vims,
MOJIAPU3ALHATA Ha JIa3epHUS JIbY € TTapasiellHa Ha HATPUBAHETO Ha KIIETKHTE,
T=23°C.

H3Boau M 3aK/II04CHHS

UzscHena e ponsta HAa TOKPUTUTE C MOJIMMEP 3J7IaTHH
Hanocthepu (AuNPs), mucmeprupamm B Hematnka S5CB, kouto
yCHUJIBAaT MHOTOKPAaTHO pa3ceiiBaHETO Ha KOXEPEHTHA CBETJIMHA U 110
TO3M HAa4YMH NPOSABABAT CHJICH €eKT Ha peaylrpaHe Ha MHTEH3UTETa
Ha NpeMUHalaTa CBETJIMHA NPH IpHUJIaraHe Ha MAaJKO ITOCTOSHHO
HalpexeHne KbM HemaThueH cioi Ha cMmec oT SCB ¢ 0.5wt.% AuNPs
yactuly. Hammre ekcriepuMeHTaIHU JOKa3aTeICTBa SICHO MOKa3BarT,
4ye AuNPs BHacsT pa30bpkBaHe B HEMaTHUYHOTO noapexaaHe Ha SCB
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U BB3IPENsITCTBAT (HOPMHUPAHETO HA CTAIMOHAPHH (IEKCOAOMEHHU
opajy penylurpaHe Ha HOHHaTa MPOBOJIUMOCT.

4.4, HaHOCTPYKTYPHPAHH TEYHH KPHUCTAIH, ChIbPKALIH
CHJIMKATHH HAHOYACTHIH oT Aerosil. Hosa
MaKpOCKOMUYHA METOAMKA 32 OXapaKTepu3upaHe Ha
HAHOCTPYKTYPHPAHH HEMATHIM, M3MoJ3Bama ¢uieKco-
JAMEJIEKTPO-ONTHYHA ceKTpockonus [142].

EJ'IeKTpI/I‘IHI/ITe CBOMCTBAa Ha HAHOKOMIIO3UTH OT HEMATHUYHH
TCUHU KPpHUCTAIH, CHBABbPXKAIIM HAHOYACTUIMU IIPUBJIMYAT HAYYHUA
uaTepec ome ot 1991r. [143], [144], xorato e AEMOHCTpHUpPAHO, Ye
CMECH, ChIbprKallld MHAaHOOM(EHUIIHU ChCTaBKH, MOraT ja Obaatr
M3IION3BaHM 32 OMCTAOWIIHU ENIEKTPOONTHYHH JUCIUIen Ha Oa3zaTa Ha
pasceliBaHeTO Ha CBETJIMHA 0e3 HEOOXOJMMOCTTa OT TOJNSAPH3ATOPH.
3a mpenu3BuKBaHeTO Ha Oe3mopsiabk B TK mompexmane, Koero ce
peanu3upa TpU TaKWBa CUTYallMd, MOXeE Ja ce Toji3Ba |
JMCTIeprupaHe Ha onpejiesieHr yacTuiy kato aepocui B TK cpena.

B Tasum mnonrnaBa e NpoOBENEHO HU3CIEABAHE C MeETOoAa Ha
(rekco-AUeNneKTPO-ONTUYHATA  CIEKTPOCKONHUSI Ha  HEMaTH4HA
cucTeMa chIabpikama Hematnka 7CB W XuapoQuIHM CHIMKATHH
Hanodactumm (Aerosil 300) mpu HaJIOXKEHH IPOCTPAHCTBEHU
HaHoorpaHuueHus. IlpenuMCcTBOTO Ha aepOCHIIHUTE YACTULM €, e
caMoO C M3MEHEHHE Ha KOHLEHTpalMATa Ha YaCTHLUTE MOXE Ja ce
MIOCTUTHE KOHTPOJI ¥ ()MHA HACTPONKa HA IPOU3BOIHUS O€3MOPSIIBK B
Me3ogazara. Ilpu HammTe n3cnenBanus Osxa MPOBEIECHU U3MEPBAHUS
Ha JIMHEHHHUS (IEKCOENeKTPUYEH M HEIMHEHHHMs OTKIMK Ha
cucreMara IpH NpWIaraHe Ha eIeKTpUYHO 1oje. YecToTHO-
3aBUCHMHTE M3MEpBaHUs 0sixa mpoBeneHu Bbppxy uyuct 7CB u HaHO-
CMyTeH HeMaTh4eH Mek ren oT SCB ¢ nanocdepu ot aerosil.

Ot mnampaBeante DSC wu3mepBanwms, Osixa HaMepeHH JBa
(hazoBu Temmeparypuu npexosa (Tabnuma 1), KouTo HU MOTHBHpaxa
Jla TIPEAIoKUM MOZEN Ha JBEe MOACHUCTEMH 3a Ja MHTEpIpEeTupamMe
EJIEKTPOONTHKATA HA HAITBJIHEHUTE C HAHOYACTHULIM HEMATHUIH, U TOBA
€. CbBMECTHO CBHIIECTBYBaHE Ha OOEMHO-TIOJOOHU JIOMEHH (ChC
cpezeH pasmep ) 1 HAHO-CMYTEHH JIOMEHH (Che cpesieH pazmep dn).

87



Kakro Moxe ma ce mpeanonoxu, XuApoQuiIHHUTE HaHocdepu Ha
aerosil-a ca KOHIIGHTpHpPaHM B HAHO-CMYTCHHTE JOMCHH,
IIPOBOKMPANKH JIOKAJIEH IPAJUEHT HA HEMATUYHUSA JTUPEKTOP, KOUTO
Ce paslmpocTHpa, CHIIO Taka M B oOeMHaTa o00JjacT, mOpaau
KOJICKTHBHUTE CBONCTBA Ha HeMartwka. Pa3MephT Ha oOeMHHTE
JIOMEHHM O MOT'bJ A3 ObJe OllCHEH, 0a3upaliku ce Ha CPaBHUTEICH
aHann3 Ha Tpara Ha PpenepuKe 3a YNCTH U HAHO-HAITBJIHEHN 00pa3Iu
(Durypa 42). Ilpu ycrnoBue, 4e MPEANOIOKUAM, Y€ EITACTHIHUTE
KOHCTaHTH Ha CKOCSBAHE U AUEIEKTPUIHATA aHU30TPOIHS Ha YACTHS
HEMaTUK M Ha OOEMHHUTE JOMEHW Ca €IHAKBH, W DPa3TIeKIanKu
00eMHHTE JOMEHH KaTo clioeBe ¢ jeOenuHa Os, KOUTO TBPIAT
nonoben Ha Freedericksz mpexon mpu mparosoto Hanpexkenue Ug,
HUE OMXMe MOTJIH JIa HAITUIIIEM:

U/ U = d/ds. (11)

3amMecTBaHETO Ha BEJIWYMHUTE C IMOTYYECHUTE CKCIICPUMCHTAJIHN

naHHu gasa ds = 567 nm 3a 29.5 °c. Hemo mosede, maHHuTE OT
Odurypa 42 mokaszBaT, 4e pa3Mepa Ha IOMEHHUTE OBP30 pacTe ¢
npubmmkaBane Ha nmpexona N-1 daza, qocruraiiku ds = 3.4 um.

[lo momobeH HayMH HAMEPEHWTE [BE pPENaKCAIMOHHU
BpeMeHa MpH M3KII0YBAaHE HA TOJETO B HAHO-HAITBJIHEHUTE CIIOCBE,
KOHTO Ca ITOYYCHH OT alpOKCUMAIIMATA HA KPUBHUTE HA 3aTUXBAHE OT
®urypa 43: enHo kbco (0kono 12 ms) u exHo mo-1paro (okono 200
mS) HH TIOATUKHA Ja TPUIHIIEM KbCOTO BpeMe Ha perakcanus Ha
HAHO-CMYTEHHUTE JOMEHH (Tn), @ MO-IBJArOTO BpemMe Ha 00eMHO-

Ta6muna 1. Temnepatypu Ha (a3oB IPeXo/ ¥ TOIUTHHHUS HapaMeThp 3a YHCT
u Ha"o-HanbIHEeH TK 7CB, ompenenenn ¢ DSC.

7CB 7CB + 3% A300
Heating | Cooling | Heating | Cooling
Transition | Main peak | 42.47 42.35 42.05 41.9
temperature | Additional -- -- 41.98 41.84
€°) peak
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AH (J/g) 1.87 1.95 1.61 1.66
for main

peak
1 kHz —=—7CB+ 3% A 300
1004 —*7CB
T, -
\
> L
e)
o
S5 13 o
0.1 T T T

20 25 30 35 40
Temperature / °C

Qurypa 42. CpaBusiBaHe Ha mparoBere Ha Dpenepukc 3a 4YUCTO U HAHO-
HampiHeHo 7CB crpsimo Temmeparypara.
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@urypa 43. IlpexoaHu XapaKTEepUCTHKN Ha ONTHYHATA MPOIYCKIMBOCT Ha
HAHO-HAITBJIHEHW KJIETKM IIPU MpHJIaraHe Ha eJIeKTPUUECKU HMITYJICU
(makeru ¢ yecrora 1kHz) 3a paznuyHu aMIUTUTYM Ha HAlpPEKEHUETO U 3a
pa3IUYHU TeMIepaTypu.

OL00HUTE TOMEHU (rB). Ilo mpuHIMT roieMUHATa Ha BpEMEHaTa Ha
penakcanys Ha TBHKM CJIOeBe € OT Mamaba Ha Ksaapara OT
neoenmuara Ha cios. CiemoBarenHo, TpuU  omie  MO-rpybo
HpPEIIONOKEHHE OT TOpPHOTO, Y€ eacTHYHaTa KOHCTaHTa W
POTAIMOHHUAT BUCKO3HTET Ha JBaTe OOJACTH HE Ce pa3iinyaBar,

MOXEM 1a HAITMIICM .
dy/dg :\/TN/TB (12)

CrotBeTHO, 3a 29.5 °C, Hue OuxMe UManu:
dy =567nm,/9.2ms/110 ms = 164 nm . (13)

HN3Boau U 3aKJII0YEeHHS]

DIIeKCO-TUEIIEKTPO-ONTHYHATA CIIEKTPOCKOIHS Ce MPOSBIBA
KaTO MOIIIEH METOJ 3a OXapaKTepHu3upaHe Ha HaHOMApaMETPUTE Ha
HaITBJIHEHW C HAHOYACTHUIIN HEMATHUYHU CHCTEMH, C MAKPOCKOIMHUYHU
n3MepBaHus. JOMBIHHUTENHO, crcTeMaTa HeMaTHK-aerosil, KosTo e
MOUTOKEHa Ha TMPOCTPAHCTBEHW HAHO-OTPAaHWYEHHS, II0Ka3Ba
WHTEPECHH  EIIEKTPOONTHYHU  CBOWCTBA,  KAaTo  HaIMpHUMeED,
pasumpsBaHe HAa YECTOTHHS TUAITa30H HAa BTOpaTa XapMOHMYHA Ha
MOJIlyJTUpaHaTa CBETINHA.
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T'naBa 5

Ha[[.]'I"IﬁKHI/I (l)JIeKcoeJIeKTpI/I‘lHI/I JOMEHH B JIErHAJI HEMAaTHYCH
CJIOﬁ l'lpl/l eI[HOBpeMeHHO npnnaraﬂe HA MNOCTOAHHO H
MMPOMEHJIUBO BBHIIHN CJICKTPUYIHHU moJiera. EJ'IeKTpO'
OIITUYHO IMOBECACHUC Ha JOMEHUTE n nmparosu
XApaKTCPUCTHKH.

5.1. Hamrbkau (pJieKcOeTeKTPHYHN 0MEHH B HeMATHYHU
cioee oT BMAOB npu eqHoBpeMeHHO mpujiaraHe Ha
NMOCTOSSHHO ¥ NPOMEHJIMBO  €JeKTPUYHM  MOJIeTa.
H3caenBane Ha nparoBure XapaKTepPUCTUKH.
OnTuMu3upane Ha TapaMeTPpUTe HAa [OMEHUTE MPH
U3M0J3BAHETO WM B peKHM HAa  TNPOMEHJIUBA
au¢ppaknnonHa pemerka [145]-[147].

B Ta3u yacT OT Hay4HHS TPYJ Ca MPEACTABCHU PE3yITaTH OT
CKCIICPUMEHTAJIHO MU3CJICABAHC BLPXY IIpara U BbBJIHOBOTO YHMCJIO Ha
(nexcoenekTpuuHuTe HOMeHH Ha Buctun-ITukun-bo6mmes [148],
[129], [149] B cioeBe or BMAOB ¢hbC CHITHO-CHIHO 3aKOTBSIHE IIPH
€HOBPEMEHHOTO JICHCTBHE Ha TMOCTOSHHO W MPOMEHIIHBO
CNEKTPUYHN HanpexeHus. CpaBHSIBAHETO HAa EKCIIEPUMEHTAITHUTE
JAaHHU M TEOPETUYHUTE KPHUBH (32 XOMOTCHHO EIEKTPUYHO TOJe U
M30TPOITHA €JTACTHYHOCT) IMOKa3BaT MHOTO J00pO CHBIAJCHHE 3a
KPHBHTE Ha MPAroBOTO HANPEKEHNE U J0OPO ChBIIAJICHHE 32 KPUBUTE
Ha BBIHOBOTO YHCJIO HA JIOMEHUTE KaTo (DYHKIIMS Ha HATIPEKCHHUETO.
Hue ycraHoBHxMe, 4e Ka4eCTBOTO Ha JU(PPAKIMOHHUTE PEUICTKH,
moiydyeHo Ha 0Oa3zaTa Ha Te3W AOMEHHM MO)XKE 3HAYMTENTHO na Objae
MOJO0PEHO TP SHOBPEMEHHOTO TIpUJIaraHe Ha ac ¥ dc HampeKeHus
C TIOAXOASIIA roJIeMUHA. 3a aTPOKCUMHUPAHE Ha EKCIICPUMEHTAITHUTE
JAHHU Ca W3IMON3BaHM CJCAHUTE peleHus (M30TPOMEH cliydaid) 3a

npara Ha (OpMHpaHE Ha HAIIBKHUTE JOMEHH M TEXHHS IEPHOX
[145]:

2 2 2
2 _[( 7 1 _ €, +8(d ) dE (U
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Ag
KBIETO || = 47[(11 K ) and U, = / [150] u

2

2 2 2

- || e B (4] S AT
Pley,—es ) |14 2K \z) dz 2\ U,

(15)

) elz+e3x[gj2d_E 1(uU_

2k () dz 2\ U,

2 2
KBIETO P = 1+(1—|y|) %(%) (;—S+[Ld—*J ,
0

K e ocpennenaTa emacTidHa KOHCTaHTa (M30TPOIIEH CITy4aid), €1; M €3y
ca (bJICKCOCNEKTPUIHHUTE KOSHUIIMEHTH Ha CKOCSBAaHE U Or'bBaHe, A&
€ CTOMHOCTTA Ha JMENIEKTPUYHATA aHU30TPOIHS, B HANKST CIy4ai -
oTpulaTenHa, E e vHTeH3uTeTa Ha MOCTOSHHOTO ENEKTPUYHOTO TI0JIe
u U- e mpomennuBoro Hampexenue. Ypasuenus (14) and (15)
MOKAa3BaT, 4e TPAJAUCHTHUAT (PIEKCOENEKTPUYUCH WIEH YCIOXKHIBA
3HAYMTENHO MpobieMa, Thit kKaro dE/JZ 3aBucH OT KOHKpeTHATa
croitroct Ha Uc [138]. ETo 3amo Hue npenedperHaxme TO3H 4IEH U
CBEIIOXME CITydasi 10 pa3riiexkIaHe Ha XOMOT'€HHO EIEKTPUIHO IOJIE.

Ha ®urypa 44 ca moka3aHW €KCIIEPUMEHTATHUTE AHHU H
TEOPETUYHNUTE KPUBH ChriacHo ypaBuenue (15). CroitHocTHTE Cca
MOJYYEHH IPH TOCIENOBATENHO ToAaBaHe Ha dc HampexeHue o
¢opmupane Ha (IEKCOCNEKTPHUYHHA JOMEHH C TIOCIEABAIIO
MpHJIaraHe Ha MPOMEHJINBO HAMPEXKEHUE J0 TAXHOTO H3ue3BaHe. Ta3u
MpoIleypa € MOBTOPEHA MOCIIEIOBATEIHO 32 BCHUKH MOKa3aHH TOYKH
Ha Qurypa 44.

Pe:xum Ha MpOMeHJIMBA pelIeTKa

bapuuk ©  CBaBTOpM  ca  WU3BBPUIMIM  IOAPOOHO
eKCIIEPUMEHTAIIHO M3CJIENBAHE HAa HaIbKHHUTE (DIEKCOETEKTPHIHI
nomern [151], [152]. Te3u noMeHH, HM3BECTHH KaTO PEKHM Ha
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0O 10 20 30 40 50 60 70
a.c.(5000 Hz) / vV

@urypa 44. TlparoBoro Hanpexenne Uc Ha (riekcoeleKTpu4HUTE JOMEHH
KaTo (pyHKIHMSI HA ac HANPEKEHUETO 33 CHIIHO-CHITHO 3aKOTBEH HeMaTH4eH
CIIOM mpH cTaiiHa TemnepaTypa. ExciepuMeHTamHUTE TOUKH 32 KpUBHTE | 1
2, OTrOBapsIId Ha ,,+ HMOJSAPHOCT WIH ,,— MOMAPHOCT Ha MoaaaeHOTO dc
HaINpeXeHUe BbPXY FOpHaTa MPOBOIIA CThKICHA IUIACTHHKA, Ca MOITy4eHU
B Ha4yaJIOTO Ha €KCIIEPUMEHTA, KOraTo ChbIIPOTUBJICHUETO HAa TEUHHS KPUCTa
e Bucoko. KpuBure 3 u 4, moiaydeHH UYETHPH ITHH IO-KBCHO, KOTaTo
CBIIPOTUBJICHHMETO HAa KJIETKara ClHajga, [IOKa3BaT HaJIM4YMeTO Ha
HMHKEKIIMOHEH TOK B KJIETKATa.

npomersiBa pemrerka (PIIP), ca m3momsBanm B TK ycrpoiictsa,
CBCTOSITN C€ OT (OTONMPOBOIAMT CIIOW W (MM OT TE€YCH KPHCTAI
[153], [154]. Yecto B PIIP mpuchcTBaT Ae(eKTH, KOUTO BIIOIIABAT
Ka4yecTBOTO Ha u300paxkeHusATa. TyK HHE IpeiaraMe OINpOCTEH
HaunH 3a momoOpsBaHe Ha cTpykrypara Ha PIIP ¢ momoma Ha
€IHOBPEMEHHO IpUJIaraHe Ha OPUEHTHPAIIO BUCOKOYECTOTHO (Hag 5
kHz) npoMeHIrBO HanpexeHune U PICKCOTEKTPUIHO Te(opMUpaio
MOCTOSIHHO HAIpPEXEHHe, KoeTo mopaxkaa noMenure. C momomna Ha
YHUCICHO MPECMETHATH KPUBH C KOMIIOTBD HHUE TOIYyYHUXME
ONTHUMAJIHUTE CTOMHOCTH Ha (U3MYHUTE IapaMerpyd Ha TEUHUS
KpHUCTaj, KOUTO OTroBapsT Ha 3ananeH pexxum Ha PIIP. Ilo To3m
HAauWH MorarT Ja ObJaT NpeUIOKEHH CTOMHOCTH Ha (Qu3HUeHHTE
napaMeTpH, BOAEIIN 10 MoAoOpsiBaHe Ha paboTaTa Ha yCTpolcTBaTa
noi3Bamu PIIP.
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Pasrnexnaiiku ciydas Ha aHU30TPOIHA €IACTHYHOCT, Osixa
M3M0JI3BaHK CIICAHUTE U3pa3u 3a mpara Ha JOpMHUpaHEe Ha JTIOMCHUTE
Uc ¥ TAXHOTO BBJIHOBO 4ucio Qc [146], [147]:

U= ”2K11K22
c = 2
(elz_e3x>
2
U
1+b, ad +L sor || 1+ @y H +LPSQR +
1-byp 1-bu 1-bjp 1-byu Ug
Psor
UV
(L—byu 1+£ acj Tau
KBJIETO Uo (16)
PSQR=
aby
2
2_| 7 H 1
q :(_j [ + PS RJ/
" ©ld) \1-bu 1-bu 2 (17)
u=(|Ag|Kz2)/4n(e12-€3:),
a =t 3Ke 1Ky 1 3Ky 1Ky ;) J4Ky
2 4Ky 4Ky 2 4Ky, 4Ky |Ag]

K11 1 K22 ca enmacTiaHMTE KOHCTAHTH HAa CKOCSBAHE M YCYKBaHE, €1; U
€3x ca (DIIEKCOENEKTPUIHUTE KOEYUIIMEHTH HA CKOCSBAHE U Or'bBaHE,
A& e nueneKTpUYHATa aHU30TpOnus, E € MOCTOSHHO eNeKTPHYHO
none, Eac € OpHeHTHpamoro BHCOKOYECTOTHO EIEKTPUYHO TIOJIE.
NskmouBaiiku Uge ot u3pasute (16) and (17), momy4aBame Bpb3Kata
mexay Ucu qc [146], [147]:

K d)? K
U. - u |4 a) 2| (K
¢ (elz —93x)( +b1[7fj ch K1 o (18)
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CrnenBaiiku Ipolenypara 3a YuciIeHo npecMsarane, Ha Gurypa 45
ca TOKa3aHW, KAaTO MpPHUMEP, W3YHCICHUTE KPUBH Ha (QyHKIUUTE
Uc(Uac), gc(Uac) 1 Uac(Qc), mpu Bapupane Ha nmapamerbpa P2=K;,/K11 B
unTepBana Mmexay 0,34 u 2.

0.34 0.35

80+ 0.4
06
] 0.8
1
60 15
2
> 40-
>
///
P1=0.005
— P2=0.34,0.35,04,0608,1,15,2
1 P3=0.3
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0 5000 10000 15000 20000
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®urypa 45. TIparoBu XapakTepUCTUKH Ha (DIICKCOSTCKTPUIHHUTE JOMEHH MPH
Bapupane Ha croiiHoctute Ha mapamerbpa Koo/Kis @ a) Ug(Uac): P1= Kia/(e1,
- 83x), p2= Kzz/Ku, pP3= W, P4= U,. b) qc(Uac): P1=d s p2= K22/K11, P3= W,
P4= U.,. C) Uc(qc): pP1= K11/(E1z - esx), p2= K22/K11, P3=d. CroiiHocTuTe Ha
K22/K11 ca oTbens3anu Ha KpUBHTE.

H3Boau u 3aK/104eHust

CBBMECTHOTO JeiCTBHE Ha OPHUEHTHPAIO BHCOKOYECTOTHO
HalpekeHne W (QIIEKCOSNEKTpUIHO aeGopMUpaIio ITOCTOSHHO
HaIpexeHne, IPUIOKEHH €THOBPEMEHHO BHPXY IIOCHK HEMAaTHUYECH
CIIOM C OTpUIlaTeNHA AWENEKTPUYHA aHU30TPOIUSA, MOXE [a
YIpaBIIsiBa MOSABATA U N3UE3BAHETO Ha (DJIEKCOSNEKTPUIHUTE TOMEHU
U MOXE J1a TPOMEHsI TParoBUTE CTOMHOCTH Ha HANPEKEHHUETO WU
BBJIHOBOTO YHCJIO B IIMPOK IUama3oH. Bb3 OCHOBa Ha YMCIEHUTE
pe3yaTaTi MoraT fa ObIaT ONpeNeisiHh CTOWHOCTH Ha IapaMerpH,
KOHMTO Ca BaKHU 32 IPAKTUYECKH TTPHIIOKECHUS.
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5.2. MeTox 3a ompeaejiiHe Ha ChIIECTBEHH MATEPHAIHHU
KOHCTAHTH HA HEMATHLM H3MO0J13Balll €IHOBPEMEHHOTO
JeliCTBHE HA NOCTOSIHHO U TNPOMEHJMBO eJeKTPUYHU
MoJieTa MPH OTYMTAHE HA AHU30TPONHA €JACTUYHOCT

[139], [155].

[To3HaBaHeTro Ha MaTEPUATHUTE KOHCTAHTH Ha TEYHUTE
KPHUCTaJIM KaTO €NAaCTUYHH KOHCTAHTH, BHCKO3UTET, (IIEKCO-
CJICKTPUYHN KOC(HUIIMEHTH W Jp., KAKTO M TAXHATA TeMIlepaTypHa
3aBUCHMOCT € Ba)KHO KAaKTO 3a HAay4yHHTE W3CIICIBaHUS, Taka U 3a
pa3paboTBaHETO Ha TEYHOKpHCTANHH ycTpoiictBa [2], [156], [157].
CepliecTByBaT peavia 1o0pe M3BECTHH METOIM 3a M3MepBaHe Ha
napamerpure Ha TK Marepuanmu xaTo Te3M Ha IIpexojla Ha
Freedericksz, tepmuynu kosebaHusi, IpaHUYHN €EKTH U B YACTHOCT
M3MEPBAHETO HA eNacTHYHHWTE KOHCTaHTH B Hemaruiu [158]. B
MOCIICTHO BpeMe Ce TOsIBMXa Pa3inuyHH METOAU 3a CJHOBPEMEHHO
u3MepBaHe Ha MaTepuanHute napamerpu [159]-[161].

B Ta3u wact OT HammMTe W3CIEIBAHUS, HHE MPEICTaBsIME HOB
METO/ 3a ONpPE/ICIIsIHE Ha eITaCTUYHUTE KOHCTAaHTH Ha ckocsiBaHe K11 1
ycykBane Kz, KakTo W Ha MOAyna Ha pasiMKata Ha
(IIeKCOeNEeKTPUYHHUTE KOCPUIIMEHTH Ha CKOCSIBAaHE €1; U OI'bBAHE €3y :
| e, — esx |Hp1/1 3aalecHu CTOMHOCTH 3a Age. MeToIbT ce ChCTOU B
npuiaraieTo Ha teopernanute Gpopmynu (16) u (17), kato TexHHUTE
OpUONIKEHHsT Ca CPaBHEHH C CKCIICPHMEHTATHUTE JaHHH 3a
HeMaTHIu (GopMHUpan HaTbKHA (IICKCOSTEKTPUYHN JoMeHH. [1o
TO3M HAYMH HHE TIOJyYHMXME YHCICHH CTOMHOCTH 3a 4YeTHPHU
napaMerbpa, ChAbPKALIM YeTUPU (HU3UYECKH KOHCTAHTH: MOIYIBT
HAa JMENEeKTPUYHATA aHM30TPOIMs, CTaCTUYHUTE KOHCTAHTH Ha
CKOCSBAaHE M YCyKBaHE MW MOAYIBT Ha pa3iuKata MEXIY
(riekcoeneKTpUUHUTE KOSPUIIMEHTH Ha CKOCSBaHE U Or'bBaHE:

P1=Ku/l e1-esd , P2=Kao/Ki1, P3=p= (|Ag|K2)/4m(e12-€34)°,

47K

11 19

P4=Up=7 |—2L (19)
|4¢]

Toit KaTO AMENEKTPUUHATA AHU3OTPOIHS MOXe Jia ObJie onpeseeHa

MHOTO TOYHO C JAPYI'M METOAM, Ts O¢ mpuera 3a M3BecTHA. ToBa
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HaMalld Opos Ha TBHPCEHHUTE KOHCTAHTH IO TPH, KOETO MOBHUIIH
TOYHOCTTA Ha METO/Ia 3a TAXHOTO OMpE/EIaHE.

MeroabT 3a W3MEpBaHE Ha MATEPHANHUTE IMapaMeTpu ce
0asupa Ha (QUICKCOCTECKTPUYHOTO IOBEACHWE HAa HEMaTHKa IpU
CBbBMECTHO JeHCTBHE Ha MOCTOSHHO W BHcokodectoTHO (5 kHZ)
OPHMEHTHPAIIO HampeXXeHus. B HayamoTro ce mpuiara MOCTOSHHO
HaIpeKeHWe 10 MosBaTa Ha QuekcoeneKTpuuHuTe gomenn. Cren
TOBa TpHJaraMe MPOMEHIHWBO  HAMpEeXKEHHe, IMOMIbPKANKU
MOCTOSTHHOTO HANpeXeHNne KOHCTAHTa, JI0 M3Ue3BaHETO Ha JOMEHHUTE.
Karo crenBaia cThiika, 3ama3Baiikd rojeMHUHATa Ha TIPOMEHIHBOTO
HalpeKEHWe, HHE JOMBIHUTENHO YBEINYaBaAME IOCTOSHHOTO
HaTpEeKEHre 10 TOBTOPHOTO MOSBsBAHE Ha JOMEHHTE. MeToapT Oe
MPUIOKEH Ha MPAaKTHKA BBPXY EKCIIEPUMEHTAIHO TONyYeHH
HaJUIBKHUA  (PIIEKCOEIeKTpUYHM JoMeHu B Hematuka BMAOB.
ATIpPOKCHMHUPAHETO Ha €KCIIEPUMEHTATHUTE JaHHU C TEOPETHUHHUTE
KPHBH TIO3BOJIH OITPEAESTHETO Ha KOHCTAHTHTE Ha CKocsiBaHe K11 1 Ha
ycykBaHe K2, KakTo M MOAyNa |ej, — es,|, 3a ciydas Ha Ag,
M3MEHAIO ce B mHTepBaa Mexay -0.20 u -0.25 (BamumHo 3a

2)-P1=0.0033
651 curve (1) m @
604 | P1=0.0023
554 | P2=038 (5)-P2=0.7
504 P3=0.5668

P4=6.5

M
(4)-P2=09

(3)-P1=0.0013

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
u_iv

@urypa 46. TIparosoro Hanpexenue U Ha mosiBata Ha (pIeKCOSIEKTPUUHH
JIOMEHH KaTo (DYHKIMSI HA ac HaNPEXEHUETO 33 CHIIHO 3aKOTBEH HEMAaTH4eH
cnoit or BMAOB mpu craiina temnepatypa. [lokazaHu ca TeopeTHIHHTE
KPUBH TIpH pAa3IMYHH CTOMHOCTH Ha aNpPOKCHMHUpAIINTE IapaMeTpu
P; = Ko/l e1; — ead , P = Koo/Kia.
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BMAOB).

UyBCTBUTETHOCTTA HAa MPEMIOKEHHS HOB METOI €
mmoctpupana Ha ®urypa 46. Beme ompeneneHa CToiHOCTTa Ha
orHomennero Kzo/Kiu = 0.8, KoATO € B chrilacue ¢ U3MEPEHOTO OT
bnunos [162], [163].

Odurypa 47. DrekcoeNeKTpUYHN JOMEHH IOJY4YeHH IMpH BBb30OYKAaHE C
MIOCTOSIHHO HAIIPEXEHUE B MOJIPU3NPaHa CBETIIMHA, IIPH JIEKO Pa3KpbCTEHH
nonsipuzaropu: Ue = 20 V. Bikaar ce maoro nedexru.

Edexkra or opueHTHpaIIOTO BIMSHUE HAa MPOMEHIUBOTO
€IEKTPUYHO II0J€ BOAM JIO JOONBIHUTETHO IIOAPABHSBAHE Ha
HAJJIBXHATE IOMEHH, OTCTpaHsABaHE HA Je(eKTH W HamallsiBaHe Ha
nepuoza (cpaBHU JoMeHHTE, oka3aHu Ha Purypa 47 u Ourypa 48).
Kaxro ce Bmwxkna, mopu HampexeHue ot 15 Vae € gocTaThuHO, 32 Ja
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MNPpOMCEHU 3HAUUTCIHO IMMOAPABHABAHCTO Ha q)ﬂeKCOGHGKTpI/I‘IHI/ITG
JOMCHH.

Ourypa 48. Cepiure (IEKCOCNEKTPUYHH JOMEHH IPH €JHOBPEMEHHO
JieiicTBre Ha nocTosiHHO HanpexeHne Ue = 20 V 1 MpOMEHIMBO HANpeXeHHe
Uac = 15 V. TloBeuero nedexkru uzuesBar. [lbirara cTpaHa Ha CHHUMKAaTa
cpoTBeTcTBa Ha 1057 pum.

H3Boau M 3aK/II0YeHHS

[Ipeanoxen e HOB MeTON 3a H3MEpPBaHE Ha BaXKHU
MaTepHaJH{ KOHCTAaHTH Ha HEMATUYHU T€UHH KpUCTau, GOopMUpaLIn
HaZIbXKHU (IIEKCOENeKTpUYHN JoMmeHu. l[lomydeH e pexum Ha
MIPOMEHJINBA pelieTka 0e3 neeKTH, KOMTo OM MOTr'bJI /1a ce ION3Ba 3a
EO npunoxenmus.
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5.3. N3cnenBane Ha MNpParoBuTe XapaKkTePUCTHKM HA
HAUTb)KHA  (PJIeKCOETeKTPUYHN TOMEHH B XOMOT€HHO
CJIEKTPUYHO ToJie 32 CJIy4Yas Ha aHWU30TPONHA
eractuyHocT. CpaBHsIBaHe Ha  TEOPETHYHH W
€KCIIEPUMEHTAIHM Pe3yJITATH IOJYYeHH 3a HNPBYKO-
BH/IHU ¥ 6AHAHOBHU/HH HeMaTuuM [164].

WsnonsBaiiku  wu3pasute (16) wu (17), HuHe pasmmpuxme
M3CIICIBAHETO C YHCIICHO MOJICIIMPAHE Ha TNIOCKH HEMaTHYHU CJIOCBE
MOMJIOKEHH Ha JIGHCTBUETO Ha XOMOTEHHO (IICKCOCTICKTPUIHO
nedopMupanio TMOCTOSHHO EIEKTPUYHO Tojle 3a ciydas Ha
aam3otporHa emactuarocT (K11#K22) ¢ pasriexaane Ha oTpUIaTeTHa
Y TIOJIOXKHTEITHA IUENIEKTPHYHA aHK30Tponus. [lonydeHute rpadhudsu
KOpeIaIuy Mo3BoJIsIBaT Jia ObJIaT NOAOHUPAHH CTOMHOCTH Ha (PU3UYHU
napaMeTrpH, KOUTO MOrat Jga momoOpsT paboTata Ha YCTPOMCTBA,
eKCIUTOaTHpaIH (IIEKCOSTCKTPUIECTBO B HEMATHIIH.

WscnenBanm ca mparoBute xapakrepuctuku Uc u (¢, Kato
¢Gyukimu Ha mapamerbpa W U (€1-€3¢). IlomydeHHTE YHCIEHH
pe3ynraTi 0sixa TNPHIOKEHH KbM (IICKCOCIEKTPUYHH JIOMEHH,
oOpa3yBaHu B kajamuTHus Hematuk BMAOB ¢ 1en aa ce onpenenu
MOJYJTBT OT pa3iHukara Ha (IeKcoeTeKTpHUYHUTE KOCHUITMEHTH Ha
CKOCSBaHE M OrbBaHE: |ei€e3|. CpaBHSIBAHETO Ha IOJYUYCHHUTE
CTOMHOCTH OT KpuBuTe 32 UC 1 (C, MoKa3a MHOTO BHCOKA TOYHOCT, a
rojieMUHaTa UM € OJM3Ka J0 cToifHocTHTe momydenu ot Barnik et al.
[151]. TombHUTETHO Ca aHATM3UPAHH (B IPYT'H €KCIIEPUMEHTATHA
pe3yniraTta: 3a KaJllaMUTEH HEMAaTHUK C TOJOXKUTEIHA JHETeKTPHYHA
AQHM30TPOITUS U HEMATHK OT THIa ,,0ent-Core” ¢ roisiMa OTpHIIATEIHA
JMENCKTPUYHA aHU30TPOITHS.

[losiBaTa Ha QuekcoenexkTpuaHUTEe JoMeHH B HeMatnka BMAOB
HacThlBa Tpu TparoBo Hampexenume Uc ~ 12V. Hznmomspana e
KIMHOBU/IHA KJICTKA, a HAOMIOCHUS Ha (PICKCOCTEKTPUYHU IOMEHH
M3BBpIIEHN Tpu aedenuHu mexay 8 u 10 um. ExcriepuMenTamnnTe
naHHM 3a HematHka BMAOB: K1;=6.9x107dyn, K= 5.5x107dyn,
Ae=-0.25 ca B3eru ot [162], [163]. CpaBHsiBaHETO HAa TEOPETHUHHUTE
nparoBu croiiHocTH (TuTbTHaTa KpuBa Ha Purypa 49 3a Ug)) ¢
excriepumentainaute pesynratu ( Uc=12V) ) naBa croiinoct 3a (€1
esx)= 1.75x10™ statC/cm npu nebenmna 8um. ITomydenara cTOHHOCT
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3a (e1-€3x) MoOuTH ChBHama ¢ momydeHara ot Barnik et al. [151]:
1.8x10™* statC/cm. PasnukaTa ce IbJDKH Ha Majkara pasnuka B
AHM30TPOIUATA HA ENACTHYHUTE KOHCTAHTH CIPSIMO CpeaHaTa

croitroct K : 6.5x107dyn [151].

Karo BTopu npumep, 6erie uzcienBad KaJaMUTEH HEMATHK C
MOJIOKUATETHA TUEIEKTpUYHA ann3oTponus (Brwk [151]). M3mon3sana
e cmec or BMAOB ¢ no0aBka Ha HSIKOJKO TETJIOBHH MPOIEHTA OT
CEHBA (p-umanodennn ectep Ha p-XeNTUIOEH30€HA KUCEIHHA C
Ae=+29 at 25°C). Wsnomspaiiku ®urypa 3 or [151], B3exme
croitnoctute Ag=+0.4, d=11.7 um, (1/2)=20.5 um, U;=4.8V, xouto
ca ChIIlECTBEHH 3a cMecTa. Hue mpuemame, ye MaJIKOTO KOJIIMYECTBO
CEHBA ©e Moxe Ja TpOMEHH 3HAYUTENTHO CTOWHOCTTA Ha
SNMACTUYHUTE KOHCTAHTH M (preKcoeneKTpuaHuTe KoehunmeHtn. To
obaue MpoMeHs 3HaKa Ha JIMENEeKTPUYHATA aHU30TpOIus Ag, KOETOo
BOJIU JIO JIpacTUYHA TIPOMsiHA B KpHuBaTa, okazaHa Ha @urypa 49. Tlo

244 — BMAOB

—— BMAOB + CEHBA
20~

16 1

/
IRy
N
L L ! L L
1
|
e b e e m oo o

T T T T T T T T T 1
0.0 2.0x10" 4.0x10™ 6.0x10™ 8.0x10™ 1.0x10°
(e,e,)/statC.cm™

@urypa 49. Onpenensine Ha (€1,-€3x) 32 kanamuTHUTe Hematuiin BMAOB u
BMAOB + CEHBA (Bmwx [151], [162], [163]) upe3 cpaBHsiBaHe Ha
nparooto Hampexkenne U (Us=12V 3a BMAOB u U=4.8V 3a
BMAOB+CEHBA) ¢ TeopeTHYHHTE CTOMHOCTH Ha IPAroBOTO HAIPEKEHHUE,
1300pa3eHu ¢ ITBTHH KPHBHL.
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CBIIIECTBO, CE HAOIIOaBa MajKa MPOMsIHA B CTOWHOCTTA Ha (E1,-€3x)
cien cpaBHsBaHe Ha ganHuTe 3a unct BMAOB u cmecra or BMAOB
u CEHBA.

Karo nmpyra wmmocTpanys Ha Hallus aHalIM3, HUE B3E€XME
JaHHM 32 (opMHpaHe Ha (IICKCOCTIEKTPUYHHU JIOMEHHU B ,,bent-core®
nematuka: CIBbis10BB (Bux B [165] purypa 5a (d =15 um, T =75
°C) u ¢purypa 6a (excrpanonupaxme cpenrara kpusa 3a T = 75°C 1o
Havanoto (f = 0), karo o To3u HaumH Oc u3uucien Uc=11.5V)).
Pesynratute ca nmokazanu Ha ®urypa 50 3a aBe croiiHocTH Ha K=
6x107dyn and K= 4x10dyn and Ky1= 2.23x10”dyn, Ae=-1.65. 3a
Hematrka CIBbis10BB 6e Hamepeno, ye:

3.1x10statC/cm < |e1-€3 < 3.6x10™statC/cm (20)
40
gg 1 —— CIPbis10BB K22=6x10"dyn
34 2 —— CIPbis10BB K22=4x10"dyn

T T T T T T T 1
2.0x10* 4.0x10* 6.0x10" 8.0x10”* 1.0x10°
(e,-e,)/statC.cm’

®urypa 50. OnpenenstHe Ha ToleMuHaTa Ha (€1,-€3x) 3a ,,0ent core Hemarnka“
CIPbis10BB mpu ase croifHoctu Ha Kzp: 6x107dyn and 4x107dyn (sux
[165]). CpaBHeHHM ca eKCIIEpHMEHTAIIHO OTpeeNeHaTa CTOWHOCT Ha
Uc=11.5V 3a dnekcoenexrpuanute nomenn (d=15x10"cm) ¢ reopeTnanure
CTOMHOCTH Ha [IPAroBOTO HATIPEKCHUE, PEICTABCHH Ype3 IUTbTHA KpUBa, 1
= 75°C.
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CpaBHsIBaHETO Ha CpeaHATa CTOMHOCT 3a (€1,-€3) (Brok  (20)) ¢ Tasm,
u3Mepena ot Van Le 1.8x10statC/cm [166] mokassa, ue pa3aukara e
MO-MaJjKa OT JBa IIbTH.

H3Boau u 3aKJII0YeHUs

PasBuTa € HOBa METO/IMKA 3a XapaKTepU3UpaHe Ha HEMATHIIH,
(dhopmupany (HICKCOSIEKTPUYHN TOMEHH. MeTronukara ¢ e)eKTHBHA
KaKTO 3a MPHYKOBUIHHU, Taka U 3a OAHAHOBHMIHU TEYHW KPHUCTAIH B
IIUPOK 00XBAT OT CTOMHOCTH Ha JUEIEKTPHYHATA AHU30TPOITHSL.
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T'aBa 6

DoTOPIIEKCOCTEKTPUIECCTBO HA HEMATHYHH CMECH TIOCT-
JOMAKHWH, XapPaKTePU3HPAIIM Ce ¢ ONTHYHA CTENeH Ha
cBodona. EjekTpo-onTHYHHM CBOWCTBA Ha HAHOCTPYKTY-
pupanu (OTOAKTUBHU HEMATUYHH CJIOEBe.

6.1. ®oTodaekcoenekTpuunu edeKTH B H3NpPaBeH

HEeMATH4YeH CJIOH HAa cMec OT THIIA roCcr-A0OMaKMH
[167].

DneKcoeNneKTHUECTOTO B TEYHNUTE KPUCTAIN CBHP3Ba TEXHUTE
MEXaHWYHU ¥  EJIEeKTPHUYECKM CTeleHu Ha cBoOoja. Bus
(hOTOAKTUBHUTE TEUYHOKPHCTAIHA MaTepHald CHIIECTBYBAa MU TpeTa,
ONTHYHA CTereH Ha cBobona. KomOnHupaHuAaT edeKkT Ha Te3u TpH
CTENeHH Ha CcBOOO/a € JIEMOHCTPUPAaH B HEMATHUK OT THIA TOCT-
nomakuH B [168]. B Hemarnuna cmec Ha Oarpuiio B PEKUM Ha
(IiekcoeneKTpUYHO YCYKBaHEe Ha XUOPUIHO OPHEHTHPAH HEMaTHUYCH
CII0I1 € HaMepeHa 3aBUCHMOCT Ha (pIeKcoeneKTpuIHaTa MOoIsIpHU3aIusl
ot ocersiBanero ¢ UV cBernuna. 1o To3n HadwH O yCTaHOBEHO
BIMSHUETO Ha CBETJIMHATAa BbpPXy OOpaTHHUA (UIEKCOSNEKTPUIEeH
edexr B XuOpUIHU TEUHOKPHUCTAIHU Marepuanu. Pasnukarta mexay
TBMHUS 1 CBETIINSA (IICKCOETEKTPUIEH OTKIIHUK (T.€. AeopManmsaTa Ha
KpHBHHATA, IPEIU3BUKAHA OT IEKTPUYHO I10JI€) B TAKUBA MaTepHUaIN
MI03BOJISIBA TO3U €(DEKT J1a ce pasriiekaa KaTo MPOsiBa HA SIBICHHETO
dboTodekcoenekTpudaecTBo, T.e. Karo oOpateH  ¢oTodiIeKco-
enekTpudeH epekt B TK cucrema ¢ 3 00001meHn crenenn Ha cBoboaa
[47].

Hue wscnenaxme ¢Qorodmexcoenexktpuuer edexr B
XOMEOTPOITHA HEMAaTUYHHU clioeBe oT cMec oT MBBA ¢ a3o-6arpuino
D1 nmpu npunoxeHo XOpU30HTAIHO EIEKTPUYHO I10JI€ U OCBETSIBAHE C
UV cBernuna. Ilomyyeno e 10% obOpatuMo HapacTBaHe Ha
(rekcoeneKTpUYHMsI OTKIHK (T.€. HApacTBAHETO Ha MHTEH3UTETa Ha
MpeMHUHaJIaTa CBETJIMHA IPU KPBCTOCAHU MOISIPU3ATOPH B PE3yTAT
Ha EIEeKTPUYHO I0JIe B IJIOCKOCTTa Ha ciosi). [Ipu epi-ocBeTsiBane ¢
UV, edekrpT nMa BpeMeHa Ha pejakcaluusi OT mopsiibka Ha 15s.
3aBucuMOCTTa Ha (DJIEKCOETIEKTPUYHUS OTKIMK OT IOCTOSHHOTO
HaNpeKEHHe CIIeBa 3aBUCUMOCTTa, IPEICKa3aHa OT TEOpHUsTa, KAaKTO
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3a ciIydas C OCBETsIBaHe, Taka W 3a ciydas Oe3 OCBETsSBaHE.
PerucrpupaHno € chIlo Taka U yCUIBAHE HA aMIUTUTY/AaTa Ha (JICKCO-
ocruanuuTe (Bp30yA€HH C MPOMEHIMBO HAMPEeXEHHE) MpH
ocsetsBaHe ¢ UV cBeriinHa.

B wu3cnenBanero e mpuiokeHa Kiacuuecka  (rekco-
CIICKTPUYHA T€OMETPHS, T.C. OI'bBaHE Ha XOMEOTPOIICH HEMaTHUCH
CITOM Ype3 XOPHU30HTATHO EIEKTPUYHO IOJIe, MOCTOSHHO [22] wiu
npoMeninBo [31]. Pa3tBopeHOTO (OTOXPOMHO Oarpuio B HeMaTuka
HU J1aBa BB3MOXHOCT Jla MOJIeIMpaMe CBETIIMHHO KaKTO OOCMHUTE,
Taka U MOBBPXHOCTHUTE (PIIEKCOENEKTPUYHN CBOWCTBA Ha CIIOCBE.
1%wt cmec Ha MBBA ¢ a3zo-0arpusnoro D1 Oerie u3non3sana, 3a jia
nscaensaMme HoTo-PIICKCOSIEKTPUYHOTO MTOBEICHHUE IPU OCBETSABAHE
¢ UV cBernuHa. AGcopOiusiTa Ha cBeTIMHATa OT a3o-6arpuioro D1
ce IBIDKM Ha a30-Bpb3Ka, NpelcTapisBaia (HOTOUYBCTBHUTEICH
xpomodop. Ilpu UV ocBersBane monekynmute Ha D1 m3omepusupar
OT TpaHC- JI0 IHC-U30MEpH, UMAIM u3pa3eHa OaHaHOBUIHA (opMma.
Ta3u mpomsiHa Ha ¢opmaTa MO NPUHIMI O MOIjia Ja NPOMEHHU
(dieKcoeNneKTpUUHUs KOe(DUIIMEHT Ha OrbBaHe €3 Ha CcMecTa
MBBA/D1, cpmo Taka YW HaIILKHHAT JUIONEH MOMEHT Ha
MTOBBPXHOCTHO ajacopOupanute D1 momexymm, T.e. CTOHHOCTTa Ha
MOBBPXHOCTHATA ToJsipu3anust Mp. ChriacHo Teopusrta [24], [31]]
anreOpuvHaTa CcyMa Ha Te3W JiBa KOe(QUIMECHTa YIpaBJsBa
roJIEeMHHATA Ha ()JIEKCOENEKTPUIHOTO orbBaHe. Helo noeeue, cunara
Ha 3aKOTBSIHE CHIIO OM Moriia Jia ObJie TIOBJIMSIHA OT OCBETSBAHETO C
uv.

3a cratmuyHUTe (IIEKCOETIEKTPUYHN HW3MEPBAHUSA HHE
MpujaraMe IOCTOSIHHO €IEKTPHYHO IO, Ch3/aBallo CTaTUYHA
nedopmanus Ha orbBaHe. MHTEH3WTETa HA TPEMHHANATA CBETIMHA

Mosxe 1a Ob1e npecmernat ot: | =1,sin?(5/2) upes usnonspaue Ha

u3pa3 3a pasjiMKara B ONTHYHUTE IBTUINA & CIIPIMO €JIEKTPHIHOTO
none (y-e (36) B [24]). 3a Manku CTOMHOCTH Ha § MHTEH3UTETA €
NPOIOPIIMOHAJIEH Ha YeTBbpTAaTa CTeleH Ha E, ¥ Ha 4YeTBbpTaTa
cremeH Ha cymaTta (ez + m,):

2\ 4 6
_I_O 27Z'n_0 no e3x +mp 4 d

| — )
41 2 2 n2 Kis ) ° (1+d/2b)

(21)
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KbAeTO lo € WHTEH3WTEeTa Ha TajgaliaTa CBETIMHA C JBDKHHA Ha
BBJIHATA A, No U Ne Ca OOUKHOBCHHMSI U HCOOMKHOBCHHSI KOSHUIIMECHT Ha
mpeuymnBane, Kz € elacTHYHAaTa KOHCTaHTa Ha orbBane, O e
nebenmmnHara Ha cinost, a b = Ka3/Ws e ekcTpanonainonHara JbIKHHA
Ha MOBBPXHOCTHOTO 3aKOTBSIHE.

JunamuuHata mposiBa Ha (OTO(IEKCOETEKTPUUECTBOTO B
cmectra MBBA/D1 Oemie wuscinensana ¢ Meroja Ha  (uiekco-
enekTpuaHaTa criekTpockonus [31]. MI3pas3sT 3a mbpBaTa XapMOHUYHA
Ha MHTEH3WTETA Ha MOJy/IMpaHarta cBeTiuna e [32] (3a b — oo):

2

_lo|2zno[, n2 [ (eg+m,)*d*

[ *
4142 nf 6K

KbIACTO ]/1* € POTAlIMOHHHUAT BUCKO3UTET HA HEMATUKAa KOPUTUPAH 3a
oOpaTeH MOTOK, F1 M @ ca aMIUIUTyJIaTa W brioBaTa 4ecToTa Ha
MPOMEHJIMBOTO TIoNe. [, € MPONOPIIMOHANIeH Ha Tperara CTENeH Ha
OTMECTBAIIIOTO TOCTOSHHO Mojie Eg 1 MOke 1Mo To3u HauuH ja Objae
MHOTOKpaTHO ycrIeH. Tolf OTHOBO 3aBHCH OT 4-TaTa CTereH Ha (e3y, +

m,).

3
B0 Esinat 22)

Ourypa 51 moka3zBa BpemeBaTa  3aBHCHMOCT  Ha
dbotodrekcooTKNMKa TIpH BKJIIOYBAaHE W W3KI0YBaHe Ha UV
cBeTMHATa 3a HanpexenusaTa 20V, 30V u 40V. Perucrpupas e ot 14
10 18% obpaTtumo HapacTBaHE MPHY BKIIOYBAHE U U3KITI0YBaHe HA UV
—TO TI0 OTHOIIIEHWE Ha HUBOTO Ha ThMHO. BpeMeHaTa Ha penmakcarus
ca OT mopsaxpka Ha 15 cexynau. M3mepBaHusiTa Ha (IEKCOOTKIIMKA,
KOraTo ce ¢ HAacHTWI, e mokaszaHo Ha Pwurypa 52 mpean u cien
oceersiBaneTo ¢ UV. HakionuTe Ha KpUBHTE TTOKa3axa siBHA JIMHEHHA
3aBucHMOCT. CTOITHOCTTa Ha HAKJIOHA Ha KPUBUTE KAKTO C OCBETSBAHE
1 0e3 OCBeTsABaHE, TaKa W 3a TSIXHATa pas3lIiKa MOKa3axa CTOMHOCTH,
OJIM3KH 0 TEOPETUYHO OYaKBaHaTa CTOWHOCT 4 (ypaBHenue (21)),
KOETO € JIOKa3aTeNCTBO, Y€ IONy4EeHHUSAT OTKIWK HuMa (iekco-
enektpudeH mnpomsxon. durypa 53 mokasBa 3aBHCHMOCTTa Ha
aMIUTATyaTa Ha (PIIEKCOOCIMIIAINUTE, BH30YIEHU C MHOTO HHCKO
yecToTHO mpoMeHsinBo mone (1.9 Hz, 10Vy,) cnpsiMo mMOCTOSTHHOTO
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frarsmittance £ a.u.
@
T

time / s
@urypa 51. HTEH3UTETHT Ha NMpEMUHANATa CBETIMHA NPE3 XOMEOTPOIIeH
cioii or MBBA/DI1 3a 1%D1, ne6enuna 100pum, npu pa3iinyHu eIeKTpUYHN
nonera B 1utockocrta Ha cnos (E=U/l, xpmero U e mpuiaokeHOTO
HampexeHne, a [ e MEeKAyelneKTPOIHOTO pa3CTOsHHE, 2mm) U Mpu
(dokycupano epi-ocsersiBane ¢cbc UV (140uW). Che cTpenku ca oTOesi3aHu
MOMEHTHUTE Ha BKJIIOYBaHe U n3kmousane Ha UV-To.

Flexoelectric static deformations

1000

100 (light - dark)

transm light/ pVv

0 20 30 40
Uy IV —
durypa 52. ['paduka Ha UHTEH3UTETa HA IPEMHUHANIATa CBETIMHATA CIPIMO
TIOCTOSIHHOTO HaIlpexeHne mpu HempekbcHato UV ocBeTsBaHe (cBeTno) u
6e3 Hero (TPMHO) B JIBOWHONOrapuTMHYeH Mamad. Jpyrure yciaoBus ca
kakto Ha Durypa 51. [locoueHu ca ChIIO0 HAKIOHWTE HA SIBHUTE JIMHCWHU
TIPUOIIKEHUS.
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100 . S
Flexoelectric oscillations

U=DV,,, v=19Hz

(light - dark)

1st harmonic/ vV

0.1

0 20 30
Bias voltage UON —
Qurypa 53. I'paduka Ha amIuMTygaTa Ha HHTEH3UTETa Ha 1-BaTa
XapMOHMYHA Ha MPEMHHANATa CBETIHHA Mpe3 OCIUIHPAIl XOMEOTPOIEH
CITOM CIPSIMO OTMECTBAIIOTO MOCTOSIHHO HAMpPEKCHHE MPH HEMPEKhCHATO
UV oceersiBane (cBeTio) W 0e3 Hero (TbMHO) B JBOWHOIOTapUTMHUYEH
Mamad. [locoueHn ca W HaKIOHWTE HA SBHHUTE JIMHEHHH NPUOIMKEHUS.
dnexcoocumnanuure 0Osixa Bp3Oymenu ¢ 1.9 Hz, 10 Vpp mnpomennnBo
HaNpeXeHUe, ChINO U3IMON3BAHO 3a CHHXpOoHM3anwst Ha lock-in ycumsarens.

royie Ha orMecTBaHe ¢ W 6e3 UV ocBersiBane. M1 B To3m ciydait
CTOWHOCTHTE Ha HAKIIOHHUTE Osixa OJIM3KH 10 TEOPETUYHO OYaKBaHATa
croiiHoct 3 (ypaBuenue (21)). Twit karo momekynute Ha DI ca
OubnIHN, Te pearupaT IO crenududeH HAYMH CHC CTHKIEHATa
MOBBPXHOCT, KOETO BOJIH JIO ITOSIBATA HA IOBBPXHOCTHA ITOJISIPH3ALIHSL.
WNmaliku mpenBu TOBa, TpaHC-IMC M30MepH3alusaTa OM Moria Ja
NPOMEHHN (HaMaJn) HaJUTBKHUS TUIIOJIEH MOMEHT Ha MOBBPXHOCTHO
abcopOupanoro Oarpuio. ToBa HU JaBa BB3MOXKHOCT Aa OOSCHUM
mpous3xoabT Ha oTHocuTenHo cuiHus (~10%) dorodaekcoedekr,
BBIPEKM  HHUCKAaTa KOHLeHTpauus Ha  Oarpwioro  (1%):
MOBBPXHOCTHHUTE CJIOEBE BEPOATHO Ca OOOTaTeHU C WHTEPKAIHPaHH
D1 monekynu 10 MHOTO TO-TOJIsSIMa CTEHEH, OTKOJIKOTO € obema B
pe3yaTar Ha CHJIHATa TeHAEHIMs Ha Oarpwioro na ce aacopOupa
BBPXY CTBKIOTO ((popmupaiiku cmecenn MoHocinoese DI1/CTAB,
KOWTO MMaT 3HauYUTeIHA KOH(OpPMaIOHHa CBOOO/IA).
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HN3BoaM U 3aKJII0YEHUSA

Hamepeno e okomo 10%, oOpatuMo HapacTBaHe Ha
¢ekcooTKIIMKa (T.e. HApacTBaHE HA WHTEH3WTETa Ha MpeMUHaIaTa
CBeTJIMHA TIpe3 KPBCTOCAHW TMONSIPU3ATOPH, IBJDKAIIO C€ Ha
eJICKTPUYHO I0JIC B IUIOCKOCTTA Ha cjosi) pu epi-UV-oceetiienue, ¢
BpeMeHa Ha penakcalus oT mopsiabka Ha 15 S. 3aBUCHMOCTUTE KaKTO
HA TBMHUS, Taka W Ha CBETIHs (IEKCOOTKIMK OT IOCTOSHHOTO
HaIpeXxeHne cliefiBaxa MpeIBUKAaHNATa Ha TEOPHITA.

6.2. KonockonuyHu  wu3cjaenBaHus  NOTBBPKAABALIA
(¢oro-uHaAYyHUpaHUA (UIeKCcOeJeKTPUYEH e(deKT B
XOMEOTPONHN HEMATHYHHU cJIoeBe ¢ 100aBKa Ha a30-
cheIUHeHHus o Bh3aeiicTeue Ha UV cBersimna [169].

Konockonusita e ynoOHa 1 MOII[HA ONITHYHA TEXHHKA 32 IPOBEPKa
Ha XOMEOTPOITHOTO 3aKOTBSIHE W 3a OIpeJessiHE Ha Or'bBaHETO Ha
[I0JIETO Ha JAUpEKTOpa B XxoMmeoTponHu HematuuHu TK crpykrypu.
Hanocnenbk T03u MeTOJ yCHEIIHO CE W3II0I3Ba IIPU M3ydaBaHE Ha
cMecH ot azo- 6arpwma u TK-mm [170, Ch. 4.5], [171], [172]. B To3u
pasgen, HuUE IpeACTaBsIME EKCIEPUMEHTAJIHU pe3yaTaTH 3a
dotodekcoenekTpudeH edekrt, npeauszBukad or UV cBernmHa, B
XOMEOTPOIIEH HEMAaTH4YeH CIIOW, IMOUIOKEH Ha eJNEeKTPUYHO I0JIe
OPTOrOHAJHO Ha AupekTopa. EQexTpT ce nHIyupa oT OCBETSIBaHE C
UV cBermmHa mpu 365 NM u ¢ u3ciIemaBaH dYpe3 KOHOCKOIHS.
W3cneapano e BIMSHUETO KAKTO HAa TOJIEMHHATA HA E€ICKTPUYHOTO
1oj1e, MPUJIOKEHOTO B paBHUHATA HA CJIOS, TAKA M HA MHTEH3UTETa Ha
oompuBaHero ¢ UV cBermuHa BBPXY (HOTO(IEKCOSTEKTPUIHUS
OTKJIMK Ha JIB€ CMECH T'OCT-I0MaKuH. bsixa n3ciensanu aBe cucTeMu
rocT-IOMaKHH, MPUTOTBEHH 4Ype3 CMECBaHE HAa HEMAaTH4EH TE4YEH
kpuctan CM80 u ¢oroxpomuun TK-HU Marepmanu, ChIbpIKaIN
azobenzen: EPH wu Ul-147, xapakrepusupamy ce ¢ HaJThXHA
monekynHa acumerpus. TK CMS80 ce wusmomsBa kaTo MaTpwHIia-
JOMaKHH, Thi KaTo ToBa cheguHeHne He € UV 4yBCTBUTENHO U UMa
OTpULIATE]HA JHENEeKTpUYHa aHu3oTponus. J[Bere ¢doroxpomMHu
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a300€H30JIHU TEYHOKPUCTAIIHH CheAMHEHUsI Os1Xxa n30paHu, B3eMaiku
B MPEJBU/ TSIXHATAa HAIBKHA MOJIEKYJIHA aCUMETPHSI.

%) C
t N /N r
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s |y f v
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= 400 ; ; ;
550 600 650

750
Pixel number

Qurypa 54. KoHockonu4Hu H300pa)ceHus, WIIOCTpUpamy edekra Ha
(bIIeKCOCTEKTPUYHOTO Or'bBaHE B XOMEOTPOIICH CJIOM: (&) 6e3 eIeKTPUIecKo
none; b) ciosT e moanoxeH Ha exexTpuyHO mone E, HacoueHo opToroHanHo
CIPSIMO  TUPEKTOpa; C) mnpodmwIbT HA HHTCH3UTETa, HW3MEPEH II0

MyHKTUpaHaTa JTUHUs oT cHuMKa (D).

[Ipu oprockonn4Ho ocBeTIeHHE (YCIOPEASH CHOI) U KPBCTOCAHU
nossipusatopu P L A, B HAYaITHOTO CHCTOSHUE Ha M3KIIOUEHO IOJIE,
CBETJIMHATA C€ racu IpH BCHYKM BIJIM Ha BbPTEHE Ha IpoOHTE, a
KOHOCKOIUSITa HAa KOHBEPIUpaH ONTHYEH CHON IOKa3Ba ,,eJHOOCEH
KkpbeT (Durypa 54 (a)). Ilpunaraiikn Majiko MOCTOSHHO €JIEKTPHYHO

none E B IUIOCKOCTTa Ha CJIOS,, TOCTaBEH MEXIy JWaroHaIHO
KPBCTOCAHH

nonmsipusatopu  P(45°)/A(135°), ce HabmromaBa
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XOMOT'€HHO JIBOWHO JIbYEpeUyBaHe ¢ MAaKCHMATHO Tpornyckane. B
ChOTBETCTBHE, KOHOCKOmUuHWTe HaOmoacHus (durypa 54 (b))
MOKa3Ba paslienBaHe Ha U30rupuTe (A), KOeTo e MapKa 3a edexra Ha
(brekcoenekTpu4HOTO orbBane. Kato mpumep, Ha ®urypa 54 (¢) e
npeacTaBeHa rpaduka Ha npoduiia Ha UHTEH3UTETa, U3MEPEH B TO3U

168
(5658

‘HEE]
‘HER

@urypa 55. Konockonuunu uzobpaxenus Ha cMecu or CM80 ¢ 1 ternioBen
% EPH (a, b) u CM80 c 1 termoBen % UI-147 (c, d) npu yBenu4yaBane Ha
eNeKTpUYHOTO TIoJIE: (8, C) 6e3 ocBersBare ¢ UV ceetiuna; (b, d) mpu UV
ceernuHa (A = 365 nm) ¢ urTensurer 1,9 mW / cm2.
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®urypa 56. Paznensnero Ha usorupure (A) 3a cmecu or CMS80 ¢ 1 teri.%
EPH (a) u CM80 ¢ 1 tern.% UI-147 (b) xaTo $QyHKIHS HA TPHIOKEHOTO
MOCTOSIHHO HampekeHwue, npu ocsetsisane ¢ UV ceemmmaa (A = 365 nm), 3a
TPHU CTOMHOCTH Ha MHTEH3UTETa HAa CBETIIHHATA.

ciyuaii. ®durypa 55 mokasBa wu300paxkeHHS Ha KOHOCKOIMWYHA
UHTEppEepEeHIIS OT XOMEOTPOIIHM HEMaTHYHH CIIOEBE Ha JIBETE
M3CIICBAHN CMECH, MOMJIOKEHH HA TOCTOSHHO EIEKTPUYHO MOJe H
UV-ocBernenne. Ha cHUMKHTE SICHO ce BWXKIAa pasleNBaHETO Ha
KPBCTOBETE HA TaCEHE B Pe3yiTaT Ha (pJICKCOETEKTPUYHOTO Or'bBaHE
Ha HEMaTHYHUS CJIOH IPH MPUIIOKEHO €IEKTPUIHO IOJIe.

®urypa 56 nokasBa pazaensHero A MKy JBETE U30TUPH 3a
nBete cMecH. To e momy4eHo OT NpopHIINTe Ha HHTEH3UTETa, KOHTO €
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U3MEpeH OT MHUKporpaduuTe, HANpaBeHU  IOCIIEIOBATEIHO,
MPOMEHSHKH TOJIeMUHATA HA TPUIIOKEHOTO EJISKTPUYHO ToJie. Brkia
ce, 4e A HapacTBa (IPOrpecUBHO pa3/eisiHe Ha KpbhCTa Ha raceHe) MpH
yBEJIMYaBaHe Ha HANPEKEHUETO. ToBa € B ChOTBETCTBHE C TEOPHUSATA
3a (uekcoenexTpuunus edekr [24]. Cmopen [21], mpu cmabo
3aKOTBSIHE CE I0JTy4aBa KpUBUHA (ITbpBaTa MPOU3BOIHA HA 3aBUCHMHUS
OT €JIEKTPUYHOTO TOJIE BI'bJ, ) HAa HEMATHYHUS AUPEKTOP CHIPSIMO Z)
Ce OIKCBA OT:

00 (e3+my)E

a Ky

KBJIETO €3x € (IEKCOCNEKTPUUHUS KOe(HUIIMEHT Ha OrbBaHe, Mp €
MMOBBPXHOCTHATA IMOJIApHU3ald U K33 € €llaCTH4YHaTa KOHCTAaHTa Ha
OrbBaHE HA HEMATHWKAa. 3a CIIy4ai, mpu KOWTO WMaMe E€IHAKBO
3aKOTBAHE MpPU IABCTC I'paHUIM HAa HEMATUYHUA C.]'IOI71, TO3U HU3pas3
O3HauaBa, Y€ KpUBUHATA MPEJACTaB/IsIBA €AHOPOAHA JehopMaliis Ha
orbBaHe, IporopiMoHaiHa Ha E. B pe3ynrar Ha ToBa mojlydeHaTa
nedopmaiysi Ha OrbBaHE Ha IOJETO HAa MOJICKYJIHHS JIUPEKTOP
Ch3/1aBa MaKpOCKOIMYHA ONTHYHA OC B OOpa3lMTE MO HAIPaBIICHHE
Ha E. KOIKOTO MO-CHITHO € IOJIETO, TOJIKOBA IMO-M3pa3eHa Ie Obae
ontuyHata oc. [lo To3m HaumH, HamUTe HAONIONEHHWS ca B
CHOTBETCTBHE C aHAJIOTHYHO H3CJIEIBAaHE HA KOHOCKOIMHS B HaOOp OT
HATPYIIaHH IUIACTHHKH OT eaHooceH kpucrtai [173], [174].

Pasrienano B BIVIOBH €AWHUITH, pa3feisHeTo A Ou TpsOBao
na ce mobmmkaBa 1o (1a Obe Mo-MaJIko WIH paBHO HA) pa3auKara Ha
JIBaTa TpaHUYHHU BI'bJIA, T.€. CTOWHOCTTA, MOJyueHa oT ypaBHeHue (23)
YMHOXKEHa 1Mo jaebenwHaTa Ha ciosd. Tasum pasimka € MspKa 3a
WHIYIIUPAHOTO OT TIOJIETO JBOMHONBYENPETyIBaHE HA 0. AKO cH
MIPEJICTABUM CIIOS Pa3JIeNieH Ha JBE XOPU3OHTAIHU YacCTH, KOUTO ca
XOMOTE€HHO HAaKJIOHEHH B Pa3IMYHU ITOCOKH, TOPENocoueHaTa Pa3InKa
€ paBHA Ha BIBbJIA MEXKIY ONTUYHUTE OCH Ha nBere yacth. [lo To3m
Ha4WH, pa3feistHeTO Ha H30THpUTe A OU TpssOBaio Aa Oblie CBBP3aHO
nmuHerHo ¢ E. JlelicTBUTENHO TakoBa MOBEACHHE ce HaOIromaBa 3a
eKCrepuMeHTaTHuTe JaHHu oT @Purypa 56. Cemo Taka aBere
3aBHUCHMOCTHU TPsIOBa Jla BKIFOYBAT W HYyJIEBAaTa TOUYKa (II0-ICHO TOBA
ce Bmka Ha durypa 56 (a)).

, (23)
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Bsemaiikn mpenBua  ypaBHeHue (23), yCHJIBaHETO Ha
KpUBHHaTa Ha (oToMHAyIHMpaHaTa HeMaTHYHa JaedopManus Ha
OorbBaHe MoOXe Ja ObAe CBBP3aHO C H3MEHEHHE WM Ha
(ekcokoepUIIMCeHTa Ha OI'bBAaHE €3y, WIM Ha IOBBPXHOCTHATA
nomsipuzanust My, [pu oceetsiBane ¢ UV cBernuna, ¢poroxpoMHaTa
MOJCUCTEMa B H3CIEABAHUTE CMECH TOCT-IOMAaKHH MPETHPISBA
TpaHchopMmanusi OT TpaHC-KOHPoOpMepu (C TPBHUKOBHIHH (OPMH) B
nuc (GopMH, KOUTO HMMAT SICHO H3pa3eHa OaHaHOBHIHA (opmMa.
Bnaronapenne Ha Ta3u mMpoMmsHA B TEOMETpHUsATA, W CleJBallaTa OT
TOBa MPOMSHA B OpPUEHTAIMATA Ha TOCTYBAIIUTE MOJEKYIH B
Marpuiiata Ha jgomakuHa CM80, duiekcokoeUIIMeHThT Ha Or'bBaHE
€3 Ha CMECHUTE TOCT-JIOMAaKWH ChIIO ce TpoMeHs. Tasu ¢oro-
MoaudHKaNKs ce OTpassiBa MPSKO B KOHOCKOIMUYHUS OTKIMK Ha
obpasrure.

H3Boau M 3aK/II0YEHH S

Pe3y.HTaTI/ITe, IMOJIYYCHHU YpPE3 AUTUTaJIHA OIITUYHA TEXHUKA 3a
KOHOCKOITUS, CBHJIETEICTBAT 3a (iekcoenekTpuueckun edekr
nagynmupan or UV cBermmHa B cMecH, VIPaBIsSIBaHH dUpe3
¢doromzomepuzanus  trans—Cis wa aszobeH3oHoBara 1o0aBKa,
MpHUTEKaBalla  acUMETpUYHa  MOJIEKyJTHa  cTpykrypa. [lpu
HenpekbecHaTo UV 0o0mpuBane ce monmydaBa ¢GOTOM30MEpH3aIis Ha
(OTOXpOMHUTE MOJEKYJIH, KOETO BOJAM JIO YCWIBaHE Ha
(riekcoeneKTpUYHIS OTKITUK B CMECHTE TOCT-IOMaKHH.

6.3. HoBu (oTOAKTHBHM HeMATHIH OT THIA TIOCT-

JOMAKMH NposiBABaiu (orodJieKcoe/IeKTPU1ecTBO
[175], [176].

B To3m pasgmen ca mpencraBeHd HOBU PE3yATaTd  OT
W3CIIEABAHETO HAa HEMAaTHYHH CHUCTEMHM OT THIIA TOCT-IIOMAaKUH,
MPUTEKABAIIM ONTHYHA CTENEH Ha cBoOOJa, Mpou3THYAaIla OT trans-
cis poronsomepuzanus Ha eIMHIYHA WM JBOWHA a30-BPB3KH Ha rOCT
ME30I'€HUTE, 33 KOMTO € XapaKTepHO HAJIW4YMe WM OTChCTBHE Ha
HAJObXKEH JUIOJNIeH MOMEHT. M3crneaBaHm ca XOMEOTPOIHH
HEMaTUYHHU CJIOEBE B XOPU3OHTAIHO EIEKTPUYHO IO, TOATIOKEHU
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Ha ocsersiBane ¢ UV wim Osna cBernmuHa. HamepeHo e 3HAa4UMTENTHO
HapacTBaHE Ha (JIEKCO-eJIEKTPOONTUYHHUS e(EKT, 3a Clydast Ha TOCT
MOJIEKYI C HaJUThKEH AWMOIEH MOMEHT. To3u edeKT € HambIHO
oOpatuM. Paznmukata BBB (IEKCOENEKTPUYHHS OTKIMK (TOECT
CNMEKTPUYECKH  HMHIynupaHata pgedopmanusi) 1npu  (HOTOUYB-
CTBHUTEITHUTE TEUHOKPHCTAIHN MaTepUaH, KOraTo ca U KoraTo He ca
obmpuenn ¢ UV cBeTMHa, HY IO3BOJISIBA JIa PasrIekKaMe TO3H eexT
KaTo Jpyra mposBa Ha (JIEKCOENEKTPHUECTBOTO, T.€. KaTo 0OpaTeH

Tf.*l*,*, ﬁ“”ﬁ
o UV 'n N, nnn Ihl

M I*U

TEATHTHFTIE AT T
<o LILICOEHTTTOIETT]
rere e

no UV 1) LR UL S W
/2 /!/ /E i/? i/?72//2?/751 !//2/ 2/

B0 AT

uv \\\E é\z\é\i \E\E\é\éé é\\f :\i

(dbotodekcoenekTpuieH epekT B TEYHOKPHUCTAHA CHCTEMa C TpH
reHepaaM3upany CTerneHn Ha cBoboma [47].

Qurypa 57. OnexcoenekTpuyHn AehopMai Ha XOMEOTPOIIeH HeMaTHIeH
cinoit (E=0 6e3 UV) npu gelicTBre Ha €IEKTPUYHO IMOJE B IUTOCKOCTTA Ha
ciost ¥ ocersiBaHe ¢ UV. OT6ensa3aHo € U3MEHEHHETO Ha OBBPXHOCTHATA
moJsipu3anus mpu ocBersiBane ¢ UV (depBEHUTE CTPEIKH).

Ha ®urypa 57 e npeacraBeHo orbBaHe Ha XOMEOTPOIIEH CIIOH
IpHU TpwiaraHe Ha dc eNeKTpUYHO Iojie £ MepneHIuKyISIpHO Ha
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HeMmaTu4HUsl aupekrop. Kakrto Oeme orOensizaHo MO-TOpe, TOBa
Or'bBaHe MOpaXkJa pa3irKa B ONTHYHUTE MMBTHILA HA TIpeMUHaBaIIaTa
npe3 cJI0s CBETIIMHA, KaTo A | € mponoplnoHaiHo Ha BTopaTta CTereH
Ha E u Ha BrOpata cremen Ha cymata (€3+mp)/Kss, KbaeTo €3 €
¢drekcokoepunreHTa Ha  OrbBaHe, M, € TOBBPXHOCTHATA
nojdgpusanvsa u K33 cjlaCTU4YHaTa KOHCTaHTa Ha OI'bBAaHE (BI/I)K
ypaBHenue (4)).

HeuyBcrButennara kM UV HemaTnuHa ¢daza na CMS80 Geme
H3I10JI3BaHa KaToO MaTpuia-J0MaKWH. TpI/I pa3indHi Cb€AWHCHHA Ha
Oazata mHa asobemsena, obOoszmauenu EPH, Ul-147 u Ull-34 u
MOposiBSIBAIlM HEMaTW4YHa Me3odasza, O0sXxa H3MOI3BaHU KaTo
¢doroxpomuu roct cucremu @durypa 9. KoHueHTpanmsra Ha roct-
ChEIMHEHUATA C€ TOIIbpiKamie Hucka, 1 Tern.%, 3a ma ce m3derue
HEKEJIaHO TOTIIbIAHEe Ha CBETIIMHA, KaTO B CHINOTO BpeMe TS €
JIOCTaThyHA 32 JIa [MO3BOJIM MOJyJIHpaHe, KAKTO Ha 00EMHHTE, Taka U
Ha IOBBPXHOCTHUTE (i)J'IeKCO@J'IeKTpI/I‘-IHI/I CBOMCTBA Ha HEMaTUYHUS
cioi. DieKkcoeneKTPUYHOTO Or'bBaHe Ha poOuTe Oelle u3cieBaHo
B IIPEMHHAJIa CBETJIMHA Ype3 M3MEpPBaHE Ha pa3liMKaTa B ONTHYHUS
OBT C TOMOIITa Ha IMOJSAPH3ALMOHEH ONTHYEH MHUKPOCKON U SA
KoMmIteHcatop Ha bepek (Brk rmaBa 1).

80

Pure CM80
60 +
1S
£
)
2
& 40T
(]
=
©
=
g 204
no UV
35% UV
0 + } + } + }
0 500 1000 1500
E” (V/Imm)®

117



@urypa 58. 3aBucuMocTTa Ha (IIEKCOCNEKTPHYHO-HHAYIHPAHOTO IBOWHO
JTpYENpedylBaHe OT KBaJpaTa Ha €IEKTPHYHOTO MOJE HE MOKa3Ba pasiihKa
Mexay crydanre ¢ UV u 6e3 UV, 3a nomakuna CM80.

60 4 CMB80 + 1% UI-147

50 -+

40+

NoUV
20%UV
25%UV

Path difference (nm)
8
f

0 —
0 200 400 600 800 1000 1200 1400
E? (Vimm)®

@urypa 59. dnekcoeseKTpUIHO MHAYLUPAHO JABOHHO JTbYelpedyrnBaHe 3a
CM80 +1%UI-147 chnpsiMo KBajpaTta Ha EJIEKTPUYHOTO IIOJE IPH
HapacTBallla MOLIHOCT Ha ocseTsiBaHeTo ¢ UV.

Ha ®wurypa 58 e npezncraBena (iiekcoeneKTpruyHaTa pa3inKa
B ONTUYHWUTE IBTUIIA CIPSIMO KBaJpaTa Ha €JICKTPUYHOTO II0JE 3a
gucto CM 80. BuasT Ha KpUBHUTE ce OTKIIOHSIBA OT IpaBaTa JIHHMS,
CBIVIACHO TeOopuATa 3a OTpHULATEIHA AMUEIEKTPUYHA aHU3OTPOINHUS
(ypaBuenus (2) u (3)). He ce HabmiogaBa HHKAKBO BIHMSHHE OT
oceetsiBaHeTo ¢ UV. @urypa 59 nokas3sa BIUSIHHETO Ha OCBETSIBAHETO
¢ UV BBpxy odorodrekcoedexra mpm HapacTBaila MOIIHOCT Ha
ocersiBane 3a Ul-147. 3a nBere rocT-BemiecTBa ce HaOItogaBa
Hacumane npu okoio 30% UV. doroenekTpuuHUAT epeKT B ABETE
cmecu UI-147 u EPH e cpaBHeH Ha

@urypa 60 u nokaza 40% ¢GOTOMHIYIMPAHO HapacTBaHE
CHpsSMO OTKIIMKa Ha ThMHO 32 34 V/mm. B cpmioro Bpeme, ®@urypa 61
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nmoka3ea MHOro Maibk UV eekT mpu CHMETpUYHOTO CheMHEHHUE C
nBe azo-Bpwe3ku Ull-34. Ilpu UV ocBeTsiBaHE TOCT-MOJEKYIUTE
M30MEpU3HUpaT OT TPAHC B IIMC KOH(OpMEpH, KaTo TOCIICIHHUTE
OTHOBO MMa H3pa3cHa OaHaHOBUIHA (opma. Tasu mpomsiHa BbB
(dhopmaTa Ou MorJia 1a IpoMeHHu (IreKco-

120
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@urypa 60. CpaBHeHune Ha (IEKCOCIEKTPUUHO-UHAYIIMPAHOTO BOMHHO
JThUEHPEYyIBaHe 3a ABE CMECH Ipu eHa u cbia UV MomHoCT.

CNEeKTPUYHUS KOe(UIIMEHT Ha OIbBAaHE €3y HAa CMECTa, KaKTo U
HAJJIBXKHUS TUII0IEH MOMEHT Ha IIOBBPXHOCTHO aJcOp OMpaHUTE TOCT
monekynu (Purypa 9 m ®urypa 57) u Ha CBOH pen na MPOMEHH
CTOMHOCTTAa Ha TMOBBPXHOCTHAaTa moisipusamus M. Kakto 0Oe
0TOENsI3aHO 0-TOpE, ChITIACHO TEOPHATA, AreOprUUHaTa CyMa Ha Te3U
IBa KoeHIMEHTa Ompenesnsi rojeMuHaTa Ha (IIEKCOENEKTPUIHOTO
orpBaHe. 3a ciiyyas Ha cuMeTpuuyHata monekyna UII-34, sicHo ce
BWX/Aa OTChCTBHE Ha IOBBPXHOCTHAa momapu3anusi. Eto 3amo
M3KITFOYUTENTHO Ca0uAT e ekT, KOHTo ce HaOmoaBa Ha durypa 61
MOXe€ J]a ce IbJDKM Ha BapHallli €IMHCTBEHO B o0OeMa.
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[IpoTuBHO Ha TOBa, HAIMYMETO Ha TMOJSPHA-HEMOJISIpHA
acHMeTpHsl TIPH MOJNEKYIHUTE Kpauia, kakto ¢ npu EPH u UI-147,
necHo Ou mpoBokupano moBede oT 1000 mWbTH HapacTBaHe Ha
MOBHPXHOCTHATA KOHILIGHTpAlMsS Ha YHUIOISPHO OPHEHTHPAHH
MOJIeKynu-TocT (B CcpaBHEHHME C TiIXHaTa Manka oOemHa
KOHIIEHTpAaIHsl), TpaBelKH wieHa Mp CpaBHUM C e3,. ETo 3a1o, gaxe
MpH MaJIKO HaMallsiBaHEe Ha HaJUTBKHUS JHION MPU MPEMHHABAHE OT
trans KM cis KoHpopmep[167], To 1ie ObC YCHUIIEHO U IIe Ch3Iale
HaAO0JI0/1aBaHOTO HAapacTBaHE Ha (IIEKCOENEKTPUIHOTO OT'bBaHE, MPH
yCJIOBHME Y€ U JIBaTa WieHa ca C OOpaTHH 3HAIIH.
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Qurypa 61. DnekcoeneKTpUIHO-UHIYIUPAHO IBOMHO JIbUeNpedylBaHe 3a
CM 80 +1% UII-34 chopsimo KBajpaTta Ha EJIEKTPUYHOTO IOJE TPH
HapacTBallla MOIITHOCT Ha ocBeTsiBaHeTo ¢ UV.

H3Boau u 3aKII04eHHS

[MomyyeHuTe pe3ynTaTH HOTBBPXKAABAT EKCHEPHMEHTAIHO
XHIIOTe3aTa 3a MOJIEKyJHaTa mnpupopa Ha ¢doroduiekcoedekra B
XOMEOTPOITHH HEMAaTHIIM, MpeJIokKeHa mo-paHo pasgen 6.1 [167].
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HampaBeHo e 3akirodeHHe 3a pelaBaiiata pojsi Ha MOBBPXHOCTHO
ajcopOMpaHus  CIIOW  OT  TONSAPHH  A30ChCIMHEHHS  3a
(OTOMHIYIIMPAHOTO OOpaTHMO YCWJIBaHE Ha (DICKCOCTEKTPHYHHUS
edekt. Ha 0a3arta Ha Te3un HOBM HEMATHIM OT THIIA T'OCT-IOMAaKUH
Mmorat nga 6’bjlaT KOHCTPYUpPAHU HOBU TUIIOBC OITO-ONTUYHU H
CNIEKTPO-ONTUYHN MPEBKIIOUBATENM, H3MOI3BAIIM  (POTOQIIEKCO-
CNEKTPUYHUS eeKT.

HN3Boau u 3aKiIr0UeHN (110 TUCepTaIUITA)

[MocpencrBom w3ciieiBaHE HA KOMIUIEKCHH Cpei €
HEMaTHYHA TEYHOKPUCTAJIHA OpraHu3anus O0sxa 3aIbJIO0YCHU
3HAHUATA 10 (IIEKCOCTEKTPUYECTBO B TEPMOTPOIHH HEMaTHUHHU
TEYHU KpUCTAIH U OsiXa PasKpUTH HOBU (IIEKCO-ENEKTPO-ONTHIHU
edexTu:

1. ExcrnepuMeHTaJHHWTE pe3ynTaTH 3a IOBBPXHOCTHATA
TVICUITALlAA Ha €HEprHUsiTa B XOMEOTPOITHN HEMATHIU IEMOHCTpHpaxa
ChIJIaCH€ C OINpOCTEeHaTa TEeOpHsl B CIIydauTe Ha MHUHHMAIHO
KOJTMYECTBO Ha Chp(aKTaHTa HIIH IIPU OMPEKBaHE HA OPUCHTUPAIIHSI
CJIOW BBPXY CTBHKIEHU MOJIOKKH. B CBIIOTO BpemMe Te IoKa3axa
HECHOTBETCTBHUE 32 CIIy4anTe Ha U3JIUITEK OT MOHOMEPEH Chp(aKkTaHT
(DLPC). bemre TectBana uesiTa, 4e ToBa HEChOTBETCTBUE MOJKE 1a €€
OBIDKM  Ha JgecopOmuss Ha MOHOMEpM U 10 Cbh3/aBaHe Ha
MIPUIOBBPXHOCTEH TpaJueHT OJM3KO /0 CTeHWTE Ha KIeTKaTa.
Bsemaiiki ipenBu MPOCTPAHCTBEHHS TPATIUEHT HA KOHIIEHTPAIHsITa
Ha chpdakTanTa, Oelmre MpIoKeHa pa3IIupeHa TEOPHs, BKIIOUBAIIa
MIPOCTPAHCTBEHH BapHallM{ HAa MaTEpUATHUTE MapaMeTpu ONH30 10
MOBBPXHOCTTA. CBHIIOCTaBIHETO Ha TEOPUATA C EKCIEPHUMEHTUTE
pPa3Kpu BaKHOCTTa Ha MPHUHOCA, KOMTO MMa TO3W TPAJMEHT, KaKTO U
CHIIECTBYBAaHETO HA €IWH HOB THIl HA 00eMHHS (IIEKCOETEKTPHYECH
BBPTSIII MOMEHT, KOHTO C€ IBJDKY Ha TIPOCTPAHCTBEHATA BapHaIlns Ha
(nekcoenekTpuuHua  Koepuiuent. OOBpPHATO €  CHENHAIHO
BHMMaHHE Ha TOBa, 4e JecopOrusara Ha Chp(haKTaHTH € YEecTO
CpelllaHa CHUTYyalus B MPAKTHKATa IPU CIydYanTe Ha W3CIIeBaHE Ha
XOMEOTPOITHU CJIOEBE M € OT M3KJIIOYMTEIHAa BAXKHOCT TS Aa Obje
pasriexnaHa, KOTaTo c€ TBhPCAT JOCTOBEPHU CTOWHOCTH Ha
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MOBBPXHOCTHUTE MapaMeTpu. M3mon3BaHero Ha paslIupeHa Teopus
Mmo3BoJIsiBa Ja ObJie pa3KpHUTa CTPYKTypaTa Ha AeCOpOMpaH CIOH OT
OpPHCHTAHT B XOMEOTPOIHHM HeMmaThulu. JleGenmmHata Ha TO3H CIOH
3aBHCH OT THIIA HA OPHECHTAHTAa U MOXKE J]a HApacTBa C TeMIlepaTypaTa
(DLPC) wmmmu pma ocraBa mo chlIecTBO KoHcTaHTa (chromolan).
OnexcokoeUIIMEHTHT Ha TOBBPXHOCTHHS CJIOH € MO-MalbK OT
CTOMHOCTTa MY 32 HECMYTEHHUS O0O0EMEH HEMAaTHK 3a HM3CIJeIBAHHUTE
OpPHEHTaHTHU. 3a IBPBHU IIBT € pa3KpUTa TEMIIEpaTypHaTa 3aBUCUMOCT
Ha NOBBPXHOCTHUA BUCKO3UTET.

2. HabmonaBaHo e QIieKCOeNneKTPUIeCTBO BbB BEHIECTBO OT
THma “JascToBHYa omamka”, pastBopeHo B BMAOB. Hsmepena e
pasnukaTa BbB (NICKCOCIEKTPUUYHUTE KOSDUIIMEHTH 10 METO/Aa Ha
dbopMupaHeTo Ha HaIIBXKHU JOMeHH. Pasnukarta |e*| moka3Ba
3a0elIeKUMO HapacTBaHe JOPU MPU OTHOCUTEITHO MaJKH CTOWHOCTH
Ha KOHIIEHTpalusITa Ha “JsCTOBM4Ya omamka’. ToBa HapacTBaHe €
MPHUITUCAHO HA TOJNSIMaTa CTEPUYHA ACHMETPHUS HA MOJICKYJIUTE
“IsicToBHYA OmMamika’.

3. Ananusupan ca gedopMaruute Ha (IEKCOSIEKTPUIHOTO
O'bBaHE HA XOMEOTPOINEH CJIOH B pe3yiaTaT Ha MpHiIaraHe Ha
CNMEKTPUYHO TMOJie B IUIOCKOCTTa HAa CIIOS 3a JiBa OaHaHOBUIHU
HEMAaTHKa C IPOTUBOITOJIOXKEH 3HAK 32 IMENICKTPUIHATA AaHU30TPOITHS.
Upe3 emHOBpPEMEHHO TIpWiaraHe Ha IOCTOSHHO W IPOMEHIIBO
CNEKTPUYHN TIONeTa, € MOCTHTHATO IUETISKTPUYHO IMOTHUCKAHE Ha
(hrekcoeNeKTpUIHOTO OrbBaHe B Me3oreH ¢ Ae < 0 wm raceHe Ha
MTOBBPXHOCTHATA TOJISIpHA HecTabmiHOCT B Me3oreH ¢ Ae > 0; mo
TO3M HA4WH Oellle Moay4YeHa CTOMHOCTTA Ha CHEPrHUsTa Ha 3aKOTBSIHE,
HeoOxXomuMa 3a H3YHCIsIBaHeTO Ha (iekcokoedurmentute. OT
CTpaHa Ha TeopusTa, 3a Ja ObJaT aHAJIWU3UPAHU PE3YNTATUTE OT
nedopmanuuTe, TOTYYCHH MPU 3HAYUTEITHU JUCTICKTPHYHU e)EKTH U
edekTn Ha 3aKOTBsIHE Oellle HAMIPABEHO Pa3lIMpPEHUE HA TEOPHITA Ha
Xenpux, B3uMaiku mpeasu epexra ot aedopMaIui OT MO-BUCOK
nopsibk. ToBa Jazie Bh3MOXKHOCT Ja ObJie ONMPEIeNieH ChIO Taka M
KoeUIMEHTa Ha CKOCABaHE €1, belle HaMepeHo, 4Ye JBeTe
(rekcoeeKTpUYHY KOHCTAHTH HMMAT CTOHHOCTH OT TOpSIbKa Ha
KnacuyeckuTe. Te3n pe3ynTath ca OT BaXKHO 3HAYEHHe, UMalKu
MPEABH]] PE3YITATUTE, CHOOIICHU OT JAPYrM aBTOPH 32 HAJIMYUETO HA
TUTAHTCKO (DJICKCOCNEKTPHYHO OTbBaHE, HAMEPEHO MPH MOTO00CH THI
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bent-core me3orenn. HampaBen e onur na Oble OOSCHEHO TOBa
MPOTUBOpPEUME C TMOMOIITa HAa MOJEN OT HEMOMSPHU KIBCTEPH C
KBaJIPYMOIHO (IIEKCOETEKTPHYECTBO

4. UzsdcHeHa e ponsiTa HA TOKPUTHUTE C TMOJMMEpP 3JIaTHU
Hanocdepu (AuNPs), mucneprupanu B Hematuka S5CB, kouto
YCUJIBAT MHOTOKPATHO Pa3ceiBaHETO Ha KOXCPEHTHA CBETIMHA U IO
TO31 HAaYWH NPOABABAT CUJICH C(i)CKT Ha peayuupaHc Ha UHTCH3UTCTA
Ha IpeéMHHaJlaTa CBCTJIMHA 1IpU HOpHJIaraHe Ha IMOCTOAHHO
Hanpexenne KbM cMmec oT SCB ¢ 0.5wt.% AuNPs wactunu. Hamure
eKCIIepUMEHTAJIHU JI0KAa3aTeICTBa SICHO MoKa3BaT, ye AuNPs BHacsAT
HaHO-CMYII[aBaHE B HEMaTWUYHOTO moapexgane Ha SCB wu
BB3IPENATCTBAT (OPMHPAHETO HA CTAMOHAPHH (IEKCOAOMEHU
nopaau obupaHeTro Ha cBoOomHUTe HoHHW. [locrmemHoTo oTciabBa
(draekcogedopmanuuTe, ¢ KOETO HE MOrar ja ObJaT IOJIy4YeHH
CTallMOHApHU HaaIbXHU ¢uiekcomomenn B AuNPs/SCB  HaHo-
KOMITO3UTA TP TpHIIaraHe Ha MOCTOSTHHO eNIEKTPHUYHO TOJIe.

5. Ilpm emHOBpeMEHHO TIpWJaraHe Ha IOCTOSHHO H
MIPOMEHIIMBO CICKTPUYHH TII0JICTAa BBPXY HAIIBXHU q)HeKCO'
CIIEKTPUYHHU JOMEHH B HemMaTH4HHU ciioese oT BMAOB, 3nauutenHo
ce ToJOoOpsiBa MOIPESKIAHETO Ha JIOMEGHWTE M Ce IpeMaxBar
nebexkrure. CpaBHABAHETO Ha EKCIIEPUMEHTATHHWTE IaHHU C
TEOPETHYHUTE KPWBH, SICHO TOKa3Ba, Y€ KPHUBHUTE 3a IPAaroBOTO
HaIpexeHne KaTo GyHKIHS Ha TPOMEHINBOTO HAMIPEXKEHUE U TEXHIS
reproa Kato (pyHKIMS Ha MOCTOSHHOTO HAIPEXEHHE ca JIMHEHHH,
KOTaTo EJIeKTPUYHOTO TOJIE € XOMOT'eHHO, U ca He JIMHEWHH, KOraTo
TO € HEXOMOT'€HHO.

6. TlpemioxkeH e HOB METOJ 3a HW3MEpBaHE Ha BaKHU
MaTepHuaTHA KOHCTAHTH Ha HEMaTHYHU TEYHU KPUCTAITH, POSBSIBAIIN
HaJUIBKHA ~ (IIEKCOENEeKTPUYHN  JoMeHn Ha BuctuH-Ilukun-
BobunmeoB. OT cpaBHSBaHETO Ha TEOPETUYHHTE W  EKCIIe-
pPUMEHTATHUTE pe3yNTaTH Oelle MoTy4eHo, 9e (Pprekco-eIeKTPUIHUSIT
KOeUITNEHT |e1, — €3y| 3a Teunus kpuctan BMAOB e mo-romsm ot
Jocera rpreMaHus TIPY CTalfHa TeMITepaTypa.

7. PazBur e HOB Meron Ha DIieKCO-IUENEKTPO-ONTHYHATA
CHEKTPOCKOIHSA, KOWTO C€ TPOsIBIBA KATO MOIIHO CPEICTBO 3a
oxapakTepu3upaHe Ha HaHOIIapaMeTPH Ha HAITBJIHEHU C HAHOYACTHIIN
HEMAaTHYHU CUCTEMH Ype3 MaKpOCKOIWYHY M3MepBaHua. Cucremara
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HEMAaTUK-aepOCHJI, KOATO € MOAJIOKEHa Ha MPOCTPAHCTBEHH HAaHO-
OTpaHMYCHHS TOKa3Ba WHTEPECHH ENEKTPOONTUYHH CBOMCTBA, KATO
HampuMep, paslIMpsBaHEe Ha YECTOTHUS [MalNa3oH Ha BTOpaTa
XapMOHHMYHA Ha MOJyJIHpaHaTa CBETJINHA.

8. Ilomydyenm ca pe3yiTaTH, KOUTO EKCIIEPUMEHTAIHO
MOTBBpPXKAABAT  XHUIOTE3aTa 32  MOJIGKYJIHAaTa MpUpojJa Ha
(dotoduiekcoedexra B XoOMeoTponHU Hematuiid. Ha Ga3ata Ha Te3u
HOBHM HEMaTUIIM OT THIIA TIOCT-AOMAKHH MOrar Ja 6’LZ[aT
KOHCTPpYHUpPAHU HOBU THUIIOBC OITO-OINTHYHU W CICKTPO-OIITUYHHU
MPEBKJIIOYBATEIIHN, U3OI3BALTH (POTODICKCOCTEKTPUIHUS e(EKT.

9. Cp3aieHO € HOBO HaIIpaBJieHNE BHB (PU3MKaTa HA TEUHHTE
kpucranu: DotoduiekcoenekrpuuecTBo. Herororo moceramHo u
MOCIEABAIO Pa3BUTHE IIE JaJie Bh3MOXKHOCT 32 IOJYy4aBaHETO Ha
HOBU CQ)CKTI/I U Cb31aBaHCTO HAa HOBU MOJCIU B XCTCPOICHHU U
(hOTOAKTUBHU HAaHOCTPYKTYPHPaHH TEYHOKPHCTANIHU cHcTeMH. ToBa
€ pasmrpyu HAOIMTEC IIO3HAHUA 3a BJIMAHHUETO Ha CHUIIMHCKAaTa
IIOBBPXHOCT HAa HAHOCTPYKTYPUTE BBPXY ONTHYHUTE MU EIEKTPO-
ontnyHuTe cBoiicTBa Ha TK cuctemu. O4akBaHHUTE pe3yaTaTH OT TE3H
W3CTeIBaHMs MOTaT Jja Ob/IaT MMOJIE3HH 32 MPAKTUIECKU TPUII0KEHHUS,
KaTo Marepuasii 3a  (PoTo-eIeKTpo-onTHKara U (HOTOHUKA
(doroxouTpommpyemu EO mpeBKIIIOYBATENN, ATEHIOATOPH U JIp. ).
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Hay4yuu npuHocu

*(uuraTute ca or ,,CIUChK Ha MyOIUKAIMKUTE 110 JUCEPTAUATA )

1.

PazButa € eKcmepuMeHTaqHa METOAMKa Ha  (IeKco-
eNIEeKTPUIHATA CIIEKTPOCKOIHSI 3a U3CIICIBAHE
MOBBPXHOCTHATA AMCHUIIAIMA HAa OPUCHTAIMOHHATa CHEPIrus.
MeroaukaTa ¢ 000CHOBaHa TEOPETUYHO 3a CIy4auTe ¢ U 0e3

MOJIEKYJIHA AeCOPOIHS HA OPUEHTUPALIUTE TPAHIUYHH CIIOCBE
[2,3,6,709]

[ony4yeHo e MHPBOTO EKCIIEPUMEHTAIHO JIOKA3aTEeNCTBO 32
HAJIMYMETO Ha JIMHeeH (DIeKCOeNneKTpUYeH OTKIUK B
OrpaHUYCHN TOJIUMCEPHO-AUCIEPIUPaH HEMATUYHU TCUHU
kpuctamn (PDLC) mnomydenn mno wmeroma Ha (ha3oBOTO
pazmensiHe, 4pe3 ¢oronmonuMepusanus. HaOmromaBano €
BB3HUKBAHETO Ha )I’I)J'I6OKI/I MHHUMYMU B HUHTCH3UTETA Ha
pascesHaTa Hampel CBETJIMHA, KOUTO ca OOSICHEHH C
MTOJIYKOJIMIeCTBEH Mozen [5, 13].

Pa3BuTa ¢ HOBa MeToauKa 3a nonyyaBane Ha PDLC ¢unmu ot
€HOCIIOWHO TO/IpeIeH! HEMAaTUYHH KaIlKU ¢ KOHTPOIHpaHa
CTPYKTYpa W TpaaueHT B pa3Mepa Ha TEYHOKPHCTAITHUTE
KalK¥{, W3M0I3Balla TPaHUYHA OPUEHTHPAIIN TOBBPXHOCTH
or Tednon. HampaBeHo € oxXapakTepusmpaHe Ha
mukpopasmepar PDLC ¢umvu ¢ nuHEeH TpaaueHT, KOUTO
MOTaT /1a HaMepsT MPUIOKEHHE KaTO CeNeKTHBHU (PHITPU HA
nH(ppa3BykoBu yecrorn [21, 22].

W3ydenu ca ekcriepuMeHTaITHO U ca 00OCHOBAHH TEOPETHUIHO
TUETEKTPUIHUTE, (IIEKCOSNEKTPUIHNUTE U TTOBBPXHOCTHUTE
CBOWMCTBA HAa HEMAaTHYHH TEYHOKPUCTAIHA CHUCTEMH C
MOJIEKYITHH aCHMETPHUH OT JBaTa TUIA: ,,JIICTOBAYA OMalika”
1 0aHAHOMOAOOHW, KAKTO W  Ha HAHOCTPYKTYPHpPaHU
HEMATHIK C JO0AaBKM HA HAHOYACTHIH OT BBIVIEPOIHHU
HaHOTPBOWYKY, CHITMKATHY | 371aTHU HaHocdepH [4, 8, 14, 16,
20, 25].

Hpe;momeHa ¢ HOBa MCTOAMKA 3a OIpCACIsIHC Ha
MNOBBPXHOCTHATA CHECPrus Ha 3aKpPClIBAHC HA HCEMAaTUYHU
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TEUYHW KPUCTAIW, Ype3 TMpWiaraHe Ha TPOMEHIMBO
CNEKTPUYHO TIONE€ KBbM CTATHYHH  (DIEKCOCTEKTPHUHHU
nedopmarmu [16].

[Ipennoxkena e HoBa MAaKpOCKONMYHA METOAMKAa 3a
OXapakTepu3sMpaHe Ha HAHOCTPYKTYpUPaHH HEMAaTHULU
usnon3Bama (IeKco-AUeIeKTPO-ONTHYHA CIIEKTPOCKOIHSL.
MeronukaTa TO3BOJNsIBA Ja OBIAT MOMYYEHH XapaKTepHU
HaHOpa3Mepyu Ha CMyTe€HaTa M HeCMyTeHaTa IOJCHUCTEMH,
o0pa3zyBaHM TIOpajy HAJIUYMETO HA HaHoYacTUIM. ToBa
JIOTpUHACAd 3a IMPHJIATaHETO Ha TEYHOKPUCTAJIHU HaHO-
MaTepuajiy B €JIeKTPO-ONTHKATa M CBETIIMHHATA MOIYJalus
[24].

[pennoxeHa e M e pa3BHUTa, EKCIIEPUMEHTAIIHO U TEOPETUIHO,
HOBa METOJIMKA 3a MpecMsTaHe Ha (IIEKCOCIEKTPUIHHTE
KOGq)I/IIII/IeHTI/I N CIIaCTHYHHUTEC KOHCTAHTH Ha HEMAaTHYHU
TEUHH KpHUCTaM, Oa3upaHa Ha peEIICHHUE 3a IPAaroBUTE
mapaMeTpyu Ha HaJJIbXHU (bHeKCOCHeKTpI/IT-IHI/I JOMCHH,
(dbopMHpaHU TPH SIHOBPEMEHHO JISHCTBUE HA TIOCTOSIHHO H
MIPOMEHJINBO eNIeKTpudHu moreta [9, 10, 12, 15, 18].

ExcriepuMeHTanHO ca TONYYEHH TEPUOJUYHU HAJUTHKHU
(dbmexkcomomenn ¢ Oe3med)eKTHA OpPUCHTAIIUS ¥ IIOJICBU
KOHTPOJI Ha MEpUOja UM, TIPU €IHOBPEMEHHO NpMJIaraHe Ha
ITOCTOSIHHO  (medopMHpaIo) ¥ MPOMEHINBO (CTaOwMIIH-
3HMpale) eJIeKTPUYHU ToneTa. Te3n CTPyKTypu MoraT ja
HAMEpST MPUIOKEHUE B U3TOTBSIHETO HA MPEHACTPOHBaEMHU
(hazoBu mudpakamonnu pemerku [9, 10, 12, 15, 18].

HaGmogaBaH e HOB MOBBPXHUHEH €EeKT B THHKM HEMaTHIHU
CIIOeBE “TOCT-IIOMaKHH ¢ J0O0aBKa Ha (POTOM30MEPU3UPAIIO
a30CheIMHEHHE, KOETO Ce CaMO-OpraHu3Mpa 1Mo Gpopmara Ha
a/ICOPOLIMOHHN HAHOCIIOEBE BHPXY I'PAHUYHHTE TIOBEPXHOCTH
Ha crosi. Edekra e HapeueH ,,orodiaekcoenekTpuuecTso”.
[ToTBbpaeHa e mpemioKeHaTa OT HAc XHIOTe3a 3a
MOJIEKYJTHAaTa TPHpoAa Ha (OTO(IEKCOETEKTPUIECTBOTO B
xoMmeotpornHu Hematui [1, 17, 19, 23].
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ABSTRACT

Present dissertation summarizes a study of the flexoelectric properties of nematic
liquid crystals (LC) that can be enhanced in order to be implemented to many applied
activities. Flexoelectricity of LC is a branch of soft matter dealing with a reciprocal relation
between mechanical and electrical degrees of freedom of the LC matter state. The research
include exploration of: flexoelectricity in nanodoped and nanostructured LCs; flexodomains;
optimization of flexoelectric coefficients, the novel phenomenon Photoflexoelectricity when
optical degree of freedom is included in the consideration, etc. The broader understanding of
flexoelectricity will provide new opportunities for interpretation of the processes related to
display technology, energy conversion etc. exploiting such types of mechanical deformations.
The importance of the topic is proved by numerous publications produced on the subject that
cover various aspects of the flexoeffect ranging from expert to applications level. This
dissertation aims at presenting overview on series of author publications, focusing mainly on
basic and fundamental studies as well as possible practical implementations, which could

provoke a new look over the subject.



ACKNOWLEDGMENTS

| would like to express my sincere gratitude to my coleagues and great scientists in
the field of soft matter: Acad. A. G. Petrov, DSc H. P. Hinov, Prof. Dr. G. B. Hadjichristov,
Prof. N. Scaramuzza, Prof. K. S. Krishnamurthy, Prof. S. Krishna Prasad, Dr. I. Maslyanitsyn
and Dr. S. Ponti for giving me an opportunity to share with a lot of valuable knowledge in the
unique field of thermotropic liquid crystals and their flexoelectric properties.

| would like to extend my thanks to Dr. L. Popova and Chem. Eng. M. Dencheva-
Zarkova for the assistance with the experimental work. My thanks are also to Prof. L. Blinov,
Prof. S. Torgova and Dr. C. V. Yelamaggad for synthesizing and providing us with the
compounds needed for the research and Dr. I. Starbova for the help in taking SEM.

My appreciation to all the colleagues at ISSP-BAS for their cooperation.

I thank my family (wife and kids) for the nontrivial support and utmost patience
throughout my research in the soft matter physics focused on the nematic liquid crystals.



TABLE OF CONTENT

Introduction

Chapter 1
Materials and Methods

1.1. Mesogenic and non-mesogenic compounds. Experimental technique and setup.
1.2. Flexoelectric bending in a homeotropic layer. Flexoelectric spectroscopy method.

Chapter 2
Homeotropic nematic films oriented by surface layers providing weak liquid crystal
anchoring. Flexodeformations in banana-like nematics induced by electric field.

2.1. Investigation of converse flexoelectric effect in homeotropic bent-core nematic liquid
crystals by the method of Helfrich. Experimental observations of flexo-dielectric
walls in nematic layers subjected to electric field perpendicular to the film plane.

2.2. Investigation of surface dissipation of energy and surface viscosity in weakly

anchored homeotropic nematic layers of MBBA by the method of flexoelectric

spectroscopy. Study of CTAB and DLPC interface layers that may desorb in the bulk.

2.3. The role of flexoelectricity and surfactant desorption on surface energy dissipation in
weakly anchored homeotropic nematic layers.

2.4. Investigation of desorbed layers of DLPC and Chromolan surfactants by analyzis of
viscoelastic spectra obtained by the method of flexoelectric spectroscopy. Evaluation

of layer thickness and their bent flexoelectric coefficient.

Chapter 3
Flexoelectric and electrooptic properties of polymer dispersed liquid crystal (PDLC) films

obtained by the method of UV photopolymerization-induced phase separation.

3.1. Study of linear electrooptic response of PDLC films having various average nematic
droplet size. Peculiar deep minima in temperature and voltage dependence of 1% and
2" harmonic electro-optic spectra.

3.2. Static and dynamic investigations of electro-optical response of PDLC films modified

13
17

20

22

27

29

30



by nanostructured Teflon nanolayers.

Chapter 4

Influence of mesogenic and nonmesogenic dopants on flexoelectric and electro-optic
effects in thin nematic films of “guest-host” type mixtures. Nanostructured nematics
subjected to spatial constrains. Nematic liquid crystal systems of inverse type (gel-like)

having disordered molecular director.

4.1. Investigation of flexoelectric properties of an asymmetric "swallow-tail" molecules
by dissolving in a BMAOB nematic matrix. Wedge-like asymmetry contribution to
flexoelectricity in nematic mixtures.

4.2. Flexoelectric response enhancement in a mixture of a nematic liquid crystal E7 doped
with carbon single walled nanotubes. Measurement of the flexoelectric
coefficients.

4.3. Electro-optical properties of nematic liquid crystal nanocomposites composed from
5CB nematic and polymer-capped gold nanoparticles.

4.4. Nanostructured nematic liquid crystals containing Aerosil silica nanoparticles. New
microscopic method for characterization of nanostructured nematics using flexo-

dielectro-optical spectroscopy.

Chapter 5

Longitudinal flexoelectric domains in planar nematic layer under joint action of DC and

AC electric fields. Electro-optical behaviour and threshold parameters of the domains.

5.1. Longitudinal flexoelectric domains in BMAOB nematic layer under joint action of
DC and AC electric fields. Investigation of the threshold parameters. Optimization of
the domain performance when operating in variable diffraction grating mode.

5.2. A humble method for obtaining relevant material constants of nematics using joint
action of DC and AC voltages: the case of anisotropic elasticity.

5.3. Investigation of the threshold characteristics of the flexoelectric domains arising in a
homogeneous DC electric field: the case of anisotropic elasticity. Comparison of

theoretical and experimental data obtained for rod-like and banana-like nematics.

34

38

42

43

45

49

53

54



Chapter 6

Photoflexoelectricity in guest-host nematic mixtures exhibiting optical degree of freedom.

Electro-optical properties of nanostructured photoactive nematic layers.

6.1. Photoflexoelectric effects in a homeotropic guest-host nematic.

6.2. Conoscopic evidence of the UV light-induced flexoelectric effect in homeotropic
layers of nematic liquid crystal doped with azobenzene derivatives.

6.3. New photoactive guest-host nematics showing photoflexoelectricity.

List of DSc pubications
References

55

59
61

64
68



INTRODUCTION

Flexoelectricity (FE) is a new term in the physical dictionary of condensed state of
matter, first appeared in the de Gennes‘s book [1]. Inherenty, flexoelectricity is a spontaneous
macroscopic polarization arising in liquid crystals subjected to inhomogeneous elastic
deformation. Due to symmetry reasons, it is assumed that the electric field can be coupled
with the gradients of the director field (possessing symmetry of polar vectors) in nematic
liquid crystals (NLC) if they exhibit strong shape polarity, e.g. banana or wedge-shaped [2].
For the first time it was postulated in 1969 [3] for the case of liquid crystal nematitics formed
of wedge-shaped (or banana-like) molecules having electric dipole, which in a deformed state
of splay (or bend) are oriented non centrosymmetrically. Recognizing the analogy with the
polarization effect occuring in solid crystals, the phenomenon was originally called "liquid
crystal piezoelectricity”. Subsequently however, the more precise term flexoelectricity was
adopted [1].

It appears that the phenomenon of flexoelectricity can also occur in many others
condensed dielectric media, including: crystals [4], [5] polymers [6], biomembranes [7], [8],
bones [9], liquid crystals [10], semiconductors [11] etc. FE couples the strain gradient and the
electric polarization. When a dielectric material is deformed nonuniformly, regardless of its
initial crystalline symmetry, the strain gradient would break or change its spatial inversion
symmetry and consequently induce a change of the polarization [12]-[14]. In materials
showing flexoelectricity,the ratio of the change of polarization to the strain gradient is defined
as the flexoelectric coefficient.

According to originally developed model, FE in nematics is related to the molecular
asymmetry (steric and electric [15]). As later established, the presence of steric and electric
dipole asymmetry is not a necessary requirement for occurrence of flexoelectricity [16]. The
quadrupolar asymmetry of mesogenic molecules also leads to flexopolarization under splay
and bend deformations, since the corresponding gradients of the quadrupolar density tensor
are vectors. This makes the flexoeffect universal for liquid crystals. Thus, even in the case of
nonpolar molecules characterized by nonpolar ordering with respect to the local director,
spontaneous polarization can arise as a consequence of the mesophase inhomogeneity
associated with director distortions. The nematic phase has D., symmetry, and as such it is
incompatible with the presence of spontaneous electric polarization. However, in the presence

of deformation breaking the up-down symmetry, a dipole moment can be developed. For



symmetry reasons, among the three basic elementary deformations, only the splay and bend
ones can be coupled with polarization.

The polarization P generated in a nematic liquid crystal by curvature deformations of
the director n follows the linear relation P = e1; (V. n) n + esx (V X n) x n, with e1; and esx
denoting the splay and bend flexoelectric coefficients, respectively, in analogy with the
corresponding elastic constants, ki1 and kss. This signifies the direct flexoeffect. It has both
the splay and bend contributions adding in the same direction. In the converse flexoeffect
(CF), bending deformations are created or modified by an external electric field. The
mechanism of CF can be easily grasped by considering the model cases of wedge-like (pear-
shaped) and banana-like (crescent-shaped) molecules, respectively, with longitudinal and
transversal dipoles, as sketched in Figure 1. In the presence of splay and bend distortions,
respectively, the alignments parallel and antiparallel to the director are made inequivalent by
short-range interactions, in such a way that the molecular orientations that fit to the molecular
shape are favored [17], [18].

Figure 1. Flexoelectric polarization (big arrows) according to the Meyer model (dipolar
contribution). A curvature strain, a bend deformation (on the left), gives a preferred molecular
orientation and induces a spontaneous polarization because of the associated molecular dipole
(small arrows). The same for a splay strain (on the right).

Among the many flexoelectric effects discovered in nematics [2], [19], a typical
flexoelectric effect is the bending (splaying) of weakly anchored nematic in a transversal
electric field (Figure 2). The early observation of the bending of homeotropic MBBA (p-
methoxy benzylidene p’-butyl aniline) in a transversal DC electric field had been made by

Haas, Adams and Flannery [20]. Helfrich first proved the flexoelectric nature of this bending



by developing a simple theory, based on minimization of the electric enthalpy including the
elastic, flexoelectric and dielectric energies [21]. Later on, Schmidt, Schadt and Helfrich [22]
reconsidered experimentally the bending of the nematic MBBA and estimated the value of
the bend flexoelectric coefficient esx (Sometimes it is noted as es or es3) that amounts |esx| =
1.23 pC/m. It is of importantce to stress that this type of flexoelectric effect can be obtained
only in weakly anchored nematic (with maximum flexoelectric deformation at the interfaces).
The second remark concerns the surface polarization (when a large part of the nematic
molecules are oriented at the interface in a polar manner) [23]. A complete analysis of the
linear flexoelectric effects in this one and 3 other basic geometries was made by Petrov-
Dzerzhanski-Mitov (including: in planar, homeotropic, symmetrically and asymmetrically
anchored nematics [24]). The measurement of the splay flexoelectric coefficient e1, (noted
also ey or e11) can be done with a similar method, but only in weak anchored planar (or tilted)
nematic layer [25]. The flexoelectric behavior of mixtures of two nematics differing in
molecular shape anisotropy have been also studied by the same method [26]-[28].
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Figure 2. Schematic representation of the liquid crystal cell consisting of two glass plates with
distance d between them. The flexoelectric bending of initially homeotroic nematic layer in a
transversal electric field E is shown.

In chronological order, subsequent experimental studies of the flexoelectricity
phenomenon proceeded the following stages: (a) discovery of the gradient flexo effect [29],
flexoelectric oscillations [30], [31] and development of the flexospectroscopy [32] /Sofia
group/, (b) detection of apparent flexopolarization by pressure and thermo-pulses, and
observation and interpretation of periodic flexodomains /Moscow group/ and (c) developing

a technique using hybrid cells.



Electro-optical effects in liquid crystals are either linear or quadratic with respect to
the external electric field. Nematic liquid crystals widely used in the display technology
operate the quadratic effect. Conventionally, they may be switched on by a voltage, but have
to relax back to the off state without an applied field. Such a relaxation is rather slow. A
significant advantage of any polarity sensitive material is the possibility to force it to switch
between the two states and bypass a free-relaxation process. When one controls both the on
and off states by an external electric field, the response time is considerably reduced. In this
context, the presence of the flexoelectric polarization effect is crucial in governing the
switching of a bistable device [33], [34].

A range of sub-millisecond displays based on the flexoelectric effect in chiral nematic
[35], [36] and nematic liquid crystals [37], [38] are in the process of being developed. LC
displays based on flexoelectric nematic liquid crystals have the potential to satisfy the future
requirements over the medium term of the flat panel displays industry in terms of
performance, manufacturability, and cost. Consequently, the correct determination of the
experimental values of the flexoelectric coefficients is very important for practical
applications. Dimesogenic liquid crystals (symmetrical dimers) have been reported for chiral
nematic LCDs using the flexoelectric effect [39]. A banana-shaped molecular dopant was
found to increase by 40% the flexoelectric effect in the commercial nematic mixture E7 from
Merck [40]. The nematic phase of a short liquid crystal with a rodlike shape was reported to

exhibit relatively large flexoelectric coefficients in the pure state at room temperature [41].

-

Figure 3. Geometrical model used by Helfrich to quantify the length a, breadth b, and bend
angle © of the banana shape [17].

There are also a number of theories and models which attempt to correlate molecular
structure to the flexoelectric effect [16]-[18], [42]-[47]. However, they all place a different
emphasis on the importance of shape anisotropy as well as dipolar and quadrupolar effects
and require verification. For example, Helfrich uses Meyer’s dipolar model to establish

theoretical expressions for the flexoelectric coefficients. He found that esx o< ®(b/a)?u for a



banana-shaped molecule, where the molecular parameters, length a, breadth b, and bend angle
O are defined in Figure 3 and p is the transverse dipole moment [17]. The study in [18] was
carried out independently and simultaneously with that of Helfrich. It is important to note that
there is a substantially non-trivial generalization discussed in the article [48]. This article
shows that not only splay but also banana asymmety contributes in both expressions of
flexocoefficients. In fact, the special case considered by Helfrich is valid for a perfectly
oriented nematic (S=1).

Understanding of the relationship between molecular structure of nematic liquid
crystals and the flexoelectric coefficients would be both scientifically interesting and
potentially of significant commercial interest. The improved optical contrast, observed by
Heilmeier and Zanoni [49] in 1968 laid the foundation for the enhancement of properties of
liquid crystalline materials by the dispersion of guest entities. This method has been
established as a much easier way to perk up the properties of liquid crystals than to synthesize
a new liquid crystalline material. By systematically changing the shape and transverse dipole
moment of the dopants and study the resulting changes in the flexoelectric effect of the
mixtures, very large variations are found: a dopant concentration of only 10 wt % can increase
the flexoelectric effect of the host by a factor of 6-7 [50]. Although the data has significant
scatter, two general trends are clearly identified. The flexoelectric effect is relatively
insenstitive to the magnitude of the dipole moment of the dopant but is correlated with
molecular length and bend angle.

In the last few decades the dispersants include polymers [51], [52], nanoparticles [53],
[54], ferroelectric nanoparticles [55], [56], quantum dots [57], [58], and nanotubes [59], [60],
along with dyes [61]-[63]. Among them, carbon nanotubes (CNT) dispersed in LC represents
a very versatile system for the stepping up of mechanical, electrical and electro-optical
properties of LCs and also the orientation of LC molecules on CNT surface. The shape
anisotropy of the molecules of LC and CNTs (both having rod like structure) make them
compatible. This leads to potentially applicable and an interesting anisotropic composite
system with improved physical properties, having low operating voltage and faster electro-
optical response than pristine LC. Even small concentration of nanotubes in LC has shown to
lead to enhancement of electro-optical effects [64], [65], as well as enhancement of dielectric
and electrical properties [66], [67]. It can be concluded that CNTs are cooperative in
enhancing the properties of LCs.

At present, although many authors have examined the interactions between LC,

mainly nematics, and CNTs [68], [69], including research on the Fredericks transition,
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electrohydrodynamics, etc., studies on the flexoelectric behavior of such nanocomposite
mixtures are lacking. Over the past years the majority of studies on the implementation of
flexoelectricity has been taking part in Great Britan. The work is aimed at improving new
display technologies such as: ZBD (Zenithal Bistable Device), PABN (Post Aligned Bistable
Nematics) and flexo-electro-optical devices. Potental application in Energy hatvesting is also
addressed. Photoflexoelectricity as a special phenomenon is reviewed in the aspect of optical
control and modification of flexoelectric response. Another relevant achievement is
description of chilar flexoelectric effect put under intensive consideration by the group in
Chalmare.

It is worth mentioning that so called “bent-core”nematic crystals show a potential of
technological breakthrough if considered in the light of machano electric energy convertion.
Flexoelectricity is likely to be larger in systems of bent-core molecules, because it is highly
compatible with the molecular shape. This was proved by the discovered giant bent
flexocoeficient in banana-like systems, which is higher by three order of magnitude if
compared to standart rod like nematics [10]. Consiquently, this result was confirmed
experimentally through conversed flexoelectrical effect after inducing of significant bend
deformations in samples from banana like liquid crystals placed between flexible electrodes
[70].

Among other LC groups the Centre for Nano and Soft Matter Sciences (CeNS),
Bangalore, India has also a significant contribution in studying flexoelectricity especially with
the molecular design elaboration and synthesis of new mesogens, the effect of photoactive
additives on the phase behavior of LCs, and the influence of electric fields on nematics.

It can be stated that the general features of flexoelectricityare now understood, and
estimates of the es and ey coefficients for prototype objects with the idealized shapes of cones
and bent rods, having dipole moments parallel and perpendicular to the axis of alignment,
respectively, can be obtained. On the other hand, no predictions are provided by the available
theories for the flexoelectric behavior of real molecules, and only rather vague considerations
can be drawn from the magnitude and direction of the dipole moments and from the similarity
between the structures and simple geometrical objects. General agreement only exists about
the order of magnitude of the flexoelectric coefficients, which range from a few to tens of
pC/m. This makes them worth being taken into account in the analysis of electrostructural and
electro-optic effects. Another point of interest in flexoelectricity derives from not long ago
discovered linear electro-optic effects that exploit it [71], [72]. All this points to the need for

a better insight into the correlation between the molecular structure and the flexoelectric
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behavior. In principle, this correlation is complex enough so that at current stage it requires
the use of computer modeling [73].
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Chapter 1
Materials and Methods

1.1. Mesogenic and non-mesogenic compounds. Experimental technique and setup.

Banana-like liquid crystals [used in chapter 2]

One of the banana-like called also bent-core (BC) compounds studied here, 4-
cyanoresorcinol bis[4-(4-n-dodecyloxybenzoyloxy) benzoate], (CNRbis120BB), is a
mesogen first synthesized by Kovalenko et al. [74] and having the chemical structure:

o CN
Y<atea vl
o !
H25C120 OCy2H2s

Figure 4. Structural formula of a bent-core compound CNRbis120BB.

It’s reported [74] that phase sequence is Cr 103 °C (SmCPA” 68 °C SmCPA’ 75 °C SmCPa
94 °C) SmC 109 °C N 129 °C I, with Cr, SmCPa, SmC, N and | denoting respectively the
crystal, antipolar smectic C, smectic C, nematic and isotropic phases. The compound
synthesized by us showed a lower clearing temperature of 125 °C, while its nematic range
remained the same as in ref. [74]. CNRbis120BB is a negative dielectric anisotropy material.
Its bend elastic constant Ks3 was determined from electric Freedericksz transition data on
homeotropic samples. For these measurements, we have used sandwich cells of silane treated
ITO-coated glass plates. An Agilent 4284A precision LCR meter was employed to monitor
the cell capacitance. While the permittivity parallel to the nematic director g;was calculated
from the initial capacitance Cy, that perpendicular to the director €1 was determined from the
capacitance C, corresponding to infinite field, obtained by a suitable extrapolation of the
C(V ) line.

For birefringence (4n) measurements, a 5 um thick planar sample, sandwiched
between polyimide coated and unidirectionally buffed glass plates, was used; the optical
retardation was measured with a Berek compensator.

Other  liquid  crystal compound studied here,  4-((3-(4-(4-(decyloxy)
benzoyloxy)benzoyloxy) phenylimino)methyl)-3-hydroxyphenyl 4-(6-(4'-cyanobiphenyl-4-
yloxy) hexyloxy) benzoate (BCCB), consists of a salicyladimine-based bent-core (BC)
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mesogen covalently linked, through a hexamethylene spacer, to a rod-like cyanobiphenyl
(CB) unit. This liquid crystal is monotropic: upon heating, it has only a nematic phase and

upon cooling it has additionally two smectic phases. Its chemical structure is:

S EP S

Figure 5. Structural formula of a bent-core-calamitic compound BCCB.

OCyoH21

The phase sequence of BCCB on cooling is reported [75] to be | 162 °C Ny 135.6 °C SmA,
119.2 °C M 105.5 °C Cr, with I, Ny, SmAs, and Cr denoting isotropic, biaxial nematic,
biaxial smectic and crystal phases, in that order; M stands for an unidentified layered
structure. Measurements were performed at 140 °C in the nematic phase. In our flexoelectric
experiments concerning the N phase, we did not come across any feature that could be
ascribed to the conjectured biaxiality; and the homeotropic samples, in the field off state,
always displayed a uniaxial cross in converging light. Thus, we treat the N phase examined
as of uniaxial symmetry.

In BCCB, asickle-shaped compound, the longitudinal CN dipole renders the material
dielectrically positive. The dielectric anisotropy Ae was measured to be + 5.9 (g = 11.7,
&, ="5.8) at T = 135 °C [private communication]. More importantly to the phenomenon under
study, it gives rise to a surface polarization mp that, together with curvature induced

polarization, leads to an apparent flexocoefficient, (esx+ mp) [2].

Rod-like (calamitic) LC [used in chapter 2 and 5]
Low conductivity nematic MBBA (p-methoxy benzylidene p’-butyl aniline) (T =

43°C), BMAOB (p-n-butyl-p-methoxyazoxybenzene) obtained from Reachim and NIOPIC,
Russia, pentylcyanoterphenyl (5CB) and n-heptylcyanobiphenyl (7CB) MERCK were
studied (Figure 6).
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Figure 6. The chemical formula and transition temperature of the liquid crystal MBBA,

BMAOB) 5CB and 7CB.
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Setup for EO measurements [used in chapters 2-4, 6]

A schematic diagram of the apparatus used for the EO experiments is shown in Figure
7. The laser beam from a HeNe laser was polarized (linear or circular polarization), and the
intensity transmitted through the sample was collected using a high speed pin diode. Usually,
circular polarization was implemented with nanofilled samples, in order to average effects
due to random local optical axes distribution. A computer-driven SR830 lock-in amplifier
provided simultaneously the AC excitation with variable (sweep) frequency and the
registration of 1st or 2nd harmonic of the modulated transmitted light, both amplitude and
phase. Computer control of the AC amplitude permitted the application of pulses (wave
packets of desired frequency) as well.

Alternatively, the driving electric field was sourced from the oscillator output of a
wide frequency digital built-in function generator (Picoscope 6242) amplified using a high-
fidelity high voltage amplifier (TREK 50). The outputs of the oscillator as well as the
photodiode were acquired through a 16-bit high sampling rate oscilloscope, the digital output
of which was collected on a PC. The high bit resolution and the sampling rate enabled reliable
Fast Fourier Transform operation to be performed on the data and extraction of the harmonic
signals. At low driving frequencies, the FFT (Fast Fourier Transformation) operation

permitted observation of a discernable signal even up to the 6th harmonic.

Analizer
| ~HC
Laser/632.8nm S
S |
ample 7

4
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Temperature
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Figure 7. Schematic diagram of the EO experimental set-up.
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1.2 Flexoelectric bending in a homeotropic layer. Flexoelectric spectroscopy
method.

Flexoelectric Bending in a Homeotropic Layer.

This effect takes place when a homeotropic layer is subjected to an electric field E
orthogonal to the director. Its first observation in homeotropic 4-methoxybenzylidene-4'-n-
butylaniline (MBBA) layer [20] remained unexplained until a theory based on flexoelectricity
was developed for its analysis [21]. Subsequently, detailed experiments were performed with
nematic MBBA [22], confirming most of the theoretical predictions. However, the
experimental results in ref. [20] produced a value of es, for MBBA that differed from the
value in ref. [22]; this discrepancy was later accounted for [23], [24] by considering the effect
of surface polarization mp. With asymmetric end substituents of LC molecule
(hydrophilic/hydrophobic asymmetry), my, may have an opposite sign for homeotropically
orienting glass plates that are hydrophilic [20] or hydrophobic [22]. A complete theory of one-
dimensional dielectric-flexoelectric deformations of nematic layers was subsequently
developed [23]. The conclusion of this theory was that the flexoelectric bending is not
determined exclusively by the bend flexocoefficient esx, but by the apparent flexocoefficient
€3x™ = e3x + mp.

The solution routinely used for interpreting experimental data on flexoelectric bending

in a homeotropic layer reads [22]:

2 2 43
Al = no[l— n_;](%j a@ .
n, )\ldz ) 24 . with d¢9/dz = est/Kss , (1)

where Al is the optical path difference, d the sample thickness, 6 the director deviation from
its initial direction z, E the applied field, and Ks3 the bend elastic constant; no, and ne are the
ordinary and extraordinary refractive indices. When the birefringence An = (ne - no) is very
small, Eq. (1) simplifies to Al=An (d6/dz)? (d3/12). However, this equation holds under the
assumption of small deformations (linear approximation), vanishing anchoring strength W
and zero dielectric anisotropy A¢ = g - 1. Inthe event of the last two assumptions not holding

good, the following approximate solution [21] could account for them:
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with b= Kz3 /W as the extrapolation length and ¢, the free-space permittivity.

Flexoelectric spectroscopy method

Flexoelectric spectroscopy method is based on a device for generation and
amplification of flexoelectrooptic oscillations of light passing through a homeotropic nematic
layer [32], [76]. A horizontal electric field directed at 45° versus crossed polarizers was
applied to the nematic layer by means of the copper spacers. The method essentially consists
in the simultaneous application of an AC field Ecoswt to a homeotropic sample of thickness
d and a DC bias Eo, creating a static bend deformation over which the surface-torque-driven
flexooscillations are superimposed. The DC bias leads to a displacement of the electrooptic
system (consisting of two crossed polarizers with the homeotropic layer between them, and

with electric field applied at 45° to the polarization plane, see Figure 8) from the
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Figure 8. Schematic drowing of the flexoelectric spectrometer.
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minimum transmittance and to the appearance of 1st harmonic in the modulated light
intensity. Theoretically, the problem for the description of these oscillations is described
elsewhere [31]. In particular, we have measured first harmonic of the intensity of
flexoelectrically modulated of normal incidence light, transmitted by a homeotropic nematic
layer between crossed nicols, subjected to a DC+AC electric field parallel to the layer
substrates, following a slow frequency sweep, provided by a computer-interfaced lock-in
amplifier (SR830 Stanford Research Systems). The frequency dependence of 1%t and 2
harmonic of time-modulated He-Ne laser light was registered by a photodiode and fed to a
lock-in amplifier. The lock-in in-built function generator provided a frequency sweep of
variable range and rate. The amplified generator output was applied to the sample by means
of ITO electrodes. The frequency of the sinusoidal voltage applied to the ITO electrodes of
the LC cell was in the range from 1 Hz to 3x10°Hz. The sample was heated by a hot stage
(Mettler FP82). The temperature of the sample in the range 20+40°C was controlled with an
accuracy of 0.1°C. The photodiode detector was placed at a distance of 60 cm from the LC
cell. A sinusoidal voltage from the lock-in in-built function generator was amplified (x 20)
and then applied to the electrodes (ITO glasses) of the LC cell.
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Chapter 2
Homeotropic nematic films oriented by surface layers providing weak liquid crystal

anchoring. Flexodeformations in banana-like nematics induced by electric field.

2.1. Investigation of converse flexoelectric effect in homeotropic bent-core nematic liquid
crystals by the method of Helfrich. Experimental observations of flexo-dielectric
walls in nematic layers subjected to electric field perpendicular to the film plane [77],
[78].

In this subsection we report on the converse flexoelectric effect in two bent-core nematic
liquid crystals with opposite dielectric anisotropies. The results are based on electro-optic
investigations of inplane field driven distortions in homeotropic samples (the Helfrich
method). They are interpreted by an extended Helfrich theory that takes into account the
higher order distortions. The bend flexocoefficient for both the compounds is of the usual
order of magnitude as in calamitics, unlike in a previously investigated bent-core nematic for
which giant values of the bend flexocoefficient are reported. In order to resolve this
discrepancy, we propose a cluster molecular model with nonpolar clusters showing
quadrupolar flexoelectricity. The study also includes measurements on surface polarization
instabilities in the dielectrically positive material; the splay flexocoefficient thereby deduced
is also of the conventional order. For the first time are carried out experimental observations
on the electrooptic behaviour of the bent-core-calamitic BCCB having a positive dielectric
anisotropy in the nematic phase. Various flexo-dielectric domains, such as cross-like domains,
n-walls, longitudinal flexo-dielectric walls, etc. were observed for voltages below 8 V. The
cross-like domains were observed in initially homeotropic nematic regions. The r-walls were
observed in highly tilted nematic regions. Both type of domains at the DC threshold can be
erased by applying an additional high-frequency (5 kHz) voltage of 1-2 Vims. These
flexoelectric domains are considered as arising from the inhomogeneity of the electric field
created by injection of ions from one of the electrodes [77], [78].

According to [79], [80] the first synthesis of banana-shaped liquid crystals happened in
1980. References concerning banana-shaped mesogens having both nematic only or nematic
and smectic phases, synthesized in the period 1993-2002 can be found in the papers published
by Pelzl et al. [81] and Jakli et al. [82]. Recently, a low-molar-mass, monodispersive, bent-
rod dimer BCCB exhibiting biaxial nematic and smectic-A phases was synthesized and

studied by Yelamaggad et al. [75]. Nowadays, there has been increasing interest in the
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flexoelectricity in the banana-shaped nematics [10], [82], where the experiments showed a
much stronger flexoelectricity.

While commonly measured flexocoefficients are in the range of a few pC m for calamitic
nematic LCs, [2] recently a giant bend flexocoefficient esx of the order of tens of nC m™? has
been measured in the bent-core nematic CIPbis10BB, by studying the direct flexoeffect of the
material sandwiched between flexible electrodes [10]. Further, this giant value has been
reconfirmed by the converse flexoeffect: appearance of a substantial electric-field-induced
bending in a bent-core nematic sample confined between the same type of flexible electrodes
[70]. On the other hand, a recent determination of esx by the Helfrich method [21], which
involves electrically-induced bending of a homeotropic nematic layer, provides for the very
same compound a value having just the usual order of magnitude [83]. In view of these
conflicting results, we considered it important to examine the flexoelectric behavior of other
bent-core (BC) nematics so as to arrive at a broader understanding of the experimental
situation. Accordingly, we have measured esy, by the Helfrich method [21], [22], for two BC
mesogens with opposite signs of dielectric anisotropy; we have also determined the total
flexocoefficient (e1,+e3x) of these materials by extending the Helfrich theory to larger electric
fields and by experiments on polar surface instability [84] in the dielectrically positive
material. We find that, for both the compounds, esx is of conventional order. In order to resolve
this discrepancy, we suggest a cluster molecular model, with the clusters exhibiting
quadrupolar flexoelectricity.

In order to take into account the anisotropy of bend and splay flexoelectric coefficients (

e, =e,+ e, #0) and the anisotropy of elastic constants (AK = K- K,; #0) we

+

consider the generalized form of Helfrich model (see Eqg. (2)) that is elaborated in ref. [78].
Two small correction terms A; and 4> are introduced into Eq. (2) [78]. Thus, for e+ = 0 and

AK # 0, in the limit of small E, we have

e;x 2 2 d3 2 2
Al = An K_33 Eeir E[l _(A1 +A2)Eeff] (4)
where
. 2
ee X 2
4, =188 g AZZEAK[%XJ d &
4 K2 and 3K\ Ky ) 1+d/2b
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2.2. Investigation of surface dissipation of energy and surface viscosity in weakly
anchored homeotropic nematic layers of MBBA by the method of flexoelectric
spectroscopy. Study of CTAB and DLPC interface layers that may desorb in the bulk
[76], [86].

In this part temperature dependence of surface viscosity of MBBA/CTAB interface is
systematically investigated. Homeotropic nematic layers with 100 um thickness of MBBA
oriented by self-assembled monolayers (on glass substrates) of CTAB, DLPC and silane
orienting agent (ODS-E) were studied by phase-sensitive flexoelectric spectroscopy method.
Higher frequency part of the viscoelastic spectra provided information about surface
dissipation of orientational energy. Temperature dependence of surface viscosity was
revealed for the first time. Influence of area density of CTAB monolayer was also
investigated. DLPC solutions in chloroform provided multilayers with different thickness on
dipped glass substrates, depending on bulk DLPC concentration. CTAB solutions in water
provided, on the other hand, just monolayers, with surface density depending on pulling speed
of substrates. Finally, ODS-E solutions provided orienting layers that can be cross-linked at
elevated temperatures. The viscoelastic spectra of these layers contained information about
surface dissipation of orientational energy under variable structure of orienting layers that
may, or may not, dissolve partially in the nematic.

First experimental observation of nematic surface viscosity by the method of
flexoelectric spectroscopy was reported in the paper [32]. Knowledge of this parameter can
reveal important dynamic aspects of the orientational interaction nematic-substrate and of the
surface dissipation of energy. This is important for nematic liquid crystals in thin layers, but
also for nematics in confined geometries [87], [88]. Surface dissipation in confined
geometries was investigated recently [89]. Some theoretical aspects of surface viscosity and
its relation to bulk orientational viscosity were also explored [90], [91].

Flexoelectric spectroscopy was carried out by the method and device for generation
and amplification of flexoelectrooptic oscillations of light passing through a homeotropic
nematic layed (see chapter 1) [32]. Experimentally, we measured the 1st harmonic in the
flexoelectrically modulated light intensity, passing through the homeotropic layer subjected
to a horizontal DC+AC electric field following a slow frequency sweep, provided by a
computer-interfaced lock-in amplifier (SR830). Theoretically, the problem for the

description of these oscillations was solved earlier [31], [76]. The 1st harmonic amplitude vs.
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frequency spectrum that is valid in the whole range of frequencies employed (0.1 - 3 kHz)

includes surface anchoring (b), bulk viscosity ( ;/1* ) and surface viscosity (k) contributions:

B
d

-

(6)

*4 343
where A oc 265 E1 g ; 2Kf’3, =K 2 el =®.
3KZ, (1 +d/20)° N\ n | Kssr1 c

Here e, = g, + m,, is the bend flexocoefficient plus surface polarization, Kg; is the bend

elastic constant, 7I is the rotational viscosity of the nematic, corrected for the back-flow, k

is the surface viscosity and C is the anchoring energy. By fitting the above expression to the
experimentally obtained flexoelectric spectra we can find the parameter D, i.e. surface

viscosity «, providing independent data about K53 and yI are available [92]. In the frequency

range under study (above 1 Hz) the effect of terms containing the parameter B are negligible

(including finite extrapolation length b effect in the denominator).

1st harmonic flexoelectric spectra of MBBA

In Figure 9, the 1st harmonic flexoelectric spectra of MBBA anchored on a loose
CTAB monolayer (correspondiig to 2 cm/min pulling velocity) at different temperatures in
the nematic range are displayed. The shape of the spectra closely follows theoretical
predictions: in the lower end Iwocarl and in the higher end | oo -15, This is well seen from
the fit made for the 31.0 °C curve. In the studied frequency range above 1 Hz the two terms
in Eq. (6) containing the parameter B are negligible. Therefore, a two-parametric fit with A
and D as parameters was performed. It is seen that the cross-over fiequency decreases with

increasing the temperature. By means of the described fitting procedure, the values of
parameter D were extracted and surface viscosity was calculated. To this aim data for 7/;;
and K3 for the corresponding relative temperatures of MBBA were interpolated from Figs.

9 and 10 in [92]. The calculated values of k are shown in Figure 10. At still higher velocity
of pulling the substrates (more than 2 cm/min) no homeotropic ordering is achieved. At lower

pulling velocity (0.6 cm/min) good homeotropic orientation is obtained. However, in
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Figure 9. Frequency dependence of the 1st harmonic of flexo- electrically modulated
transmitted light through a homeotropic nematic layer of MBBA at different temperatures.
Homotropic orientation by a loose CTAB monolayer (bulk concentration 1.6x10° M, 2
cm/min pulling velocity of the glass substrate). The temperature shift of the cross-over
frequency is evident. Layer thickness is 100 um electrode distance is 2mm, AC voltage is 30
Vpp DC bias is 30 V. For the sake of clarity only one fit of the spectrum at 31.0 °C is shown
on the graph.

comparison with the loosely covered substrates at higher pulling speeds, a middle frequency
plateau appears on the spectral curve, not explainable by the present theory. This interesting
phenomenon is now observed also with orienting (multi)layers of lecithin, self-assembled by
dipping in chloroform solution (Figure 11):

It was suggested that the middle frequency plateau may be due to the formation of a gradient
of excess desorbed surfactant close to the substrate. In order to prove this, control experiments
with cross-linked ODS-E silane orienting layers were performed, where polymerization of
silane monomers would presumably preclude the desorption of orientants. Results obtained
proved this idea. The shape of spectra is totally different, middle frequency plateau is absent,
and the linear shape (in log-log coordinates) with just one break (cross-over frequency) is
fully explainable in terms of surface viscosity. Same type of spectra with just one break were
observed earlier with MBBA/DMOAP interfaces [32].
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Figure 10. Temperature dependence of surface viscosity of MBBA homeotropic nematic layer
in contact with loose self-organized films of CTAB (bulk concentration 1.6x10° M, 2 cm/min
pulling velocity of the glass substrate, 100 um thickness of LC layer).
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Figure 11. Frequency dependence of the 1st harmonic of flexo-electrically modulated
transmitted light through a homeotropic nematic layer of MBBA at different temperatures.
Homeotropic orientation by self-assembled DLPC layers (bulk concentration 0.1M). Layer
thickness is 100 um, electrode distance is 2mm, ACvoltage is 30 V,, , DC bias is 15 V. For

clarity only one (unsuccessful) attempt to fit the spectrum by the theory (Eq. (6)) at 20°C is
shown on the graph.
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Conclusions

Temperature dependence of surface viscosity was revealed for the first time. The room
temperature value of k = 1.67x10® Jsm? for MBBA/CTAB interface is in a good
correspondence with the value k = 2.6x10% Jsm? for MBBA/DMOAP(polymerized)
interface, reported by [32]. Experimental results on the surface dissipation of orientational
energy in homeotropic nematics demonstrate a good agreement with the theory in the case of
a minor amount of orienting substance on the substrates, but a disagreement in case of excess
monomeric orientant. A conclusion is drawn that the disagreement may be due to the
monomer desorption and built-up of a surfactant gradient near the substrate. This is confirmed
by the subsequent finding that with polymerized orienting layers the agreement is again
fulfilled. To further theoretically corroborate this conclusion a non-trivial extension of the
existing theory by including order parameter gradients near the substrates (caused by the
gradients in orientant concentration) has to be done.
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2.3. The role of flexoelectricity and surfactant desorption on surface energy dissipation in
weakly anchored homeotropic nematic layers [93].

Homeotropic nematic layers of MBBA have been studied by a phase-sensitive
flexoelectric spectroscopy method. They have been oriented by films of dilauroyl
phosphatidyl choline (DLPC) and cetyl trimethyl-ammonium bromide (CTAB),
self-assembled onto the cell glass plates. The transmitted light vs. excitation frequency
spectral shapes were described by using continuum theory [93] derived in terms of space
variation of the nematic parameters (elastic constant, flexoelectric coefficient, rotational
viscosity, birefringence). These viscoelastic spectra contain information about the surface
dissipation of the orientational energy for different aligning films that partially desorb from
the surface and dissolve in the nematic, producing a gradient of the surfactant. A new type of
flexoelectric effect dependent on the space derivative of flexo-coefficients has been identified.
This effect consists in a bulk flexo-torque source that substantially influences the apparent
liquid crystal anchoring. The case for step-like surfactant distribution was considered [93].
Resulting spectra have been successfully compared with the experiment, yielding information
about the surfactant gradient. These results provide new insights on the interfacial physics of
nematic liquid crystals and solid surfaces where flexoelectricity and desorption play a
fundamental role.

The analysis of orientational surface viscosity effect reveals important dynamic
aspects of the interaction between a nematic liquid crystal and a solid surface where
orientational energy dissipation is involved. However, as was noted in [86] that the earlier
theory substantially deviates from the experiment in case of excess surfactant in the aligning
layer which is then able to desorb away from the glass surface. Therefore, the aim of the
present part is to analyse the effect of surfactant desorption and to compare the predicted

spectra with the experimental ones by applying the extended theory [93].

Conclusions

Experimental results on the surface dissipation of orientational energy in homeotropic
nematics demonstrated a good agreement with the simple theory only in the case of a minor
amount of surfactant or a cross-linked orienting layer on the glass plates, but a disagreement
in the case of excess of monomeric surfactant (DLPC). The idea that the disagreement can be
due to the monomer desorption and to the built-up of a surfactant gradient near the cell walls

is tested here. A non-trivial extension of the existing theory by including space variations of
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material parameters close to the surface has been done taking into account the spatial gradients
in the surfactant concentration. A comparison with the experiments reveals the importance of
these gradient contributions and the existence of a new type of bulk flexoelectric torque due
to the special variation of the flexoelectric coefficient. It is stressed that desorption of
surfactants is a common situation in most practical cases of homeotropic layers and it is

indispensable to consider it, if reliable data of surface parameters are looked for.

28



2.4. Investigation of desorbed layers of DLPC and Chromolan surfactants by analyzis of
viscoelastic spectra obtained by the method of flexoelectric spectroscopy. Evaluation

of layer thickness and their bent flexoelectric coefficient [94], [95].

The aim of the next study is to implement the theory of surfactant desorption into
liquid crystal [93] and to compare the predicted spectral shapes to the experimental ones
taking into account space variation of the characterizing the nematic state parameters.
Extended theoretical treatment yields information about the surfactant gradient. Some
parameters of desorbed surface layer as the thickness and the bend flexocoefficient are reviled
and discussed including temperature dependence of the thickness of desorbed subsurface
layer of surfactant. Surface viscosity was also obtained from the theoretical fits of the spectra.
These results are able to give new insights on the physics of nematic liquid crystals-solid
surface interaction where flexoelectricity and surfactant desorption play a fundamental role.

Viscoelastic spectra of homeotropic nematic layers of MBBA and BMAOB oriented
by self-assembled films with different degree of desorbtion: high (dilauroyl phosphatidyl
choline, DLPC) and low (chromolan) deposited by substrate dipping method have been
studied by a generalized theory [93].

Conclusions

The extension of the theory employed here permits us to reveal the existence and the
structure of a desorbed layer of orientant in homeotropic nematics in some details. The
thickness of this layer depends on the type of orientant and may increase with temperature
(DLPC) or remains essentially constant (chromolan). The positive sign of parameter P1 means
that the flexocoefficient of the surface layer is less than that the undisturbed bulk value in the

case of both orientants.
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Chapter 3
Flexoelectric and electrooptic properties of polymer dispersed liquid crystal (PDLC) films

obtained by the method of UV photopolymerization-induced phase separation.

3.1. Study of linear electrooptic response of PDLC films having various average nematic
droplet size. Peculiar deep minima in temperature and voltage dependence of 1% and

2" harmonic electro-optic spectra [96], [97].

This study aimed at systematic investigation of the linear electrooptic response of
polymer dispersed liquid crystals films with various droplet sizes and with various droplet
distributions. Dielectric and flexoelectric oscillation of the director orientation in the droplets
were excited by an AC driving voltage in the range 1Hz to 3 kHz. Both linear and quadratic
electro-optical response of the PDLC films were studied by the flexoelectric spectroscopy
method and by laser light diffraction. Temperature and voltage dependence of 1 and 2"
harmonic electro-optic spectra (amplitude and phase of transmitted light vs frequency) were
obtained and strikingly deep minima in all spectra were found. These minima were interpreted
as resulted from a spatial filtering (i.e. selective diffraction) of the time-modulated
components of transmitted light.

PDLCs have been extensively studied in the last decades [98, p. 200], [99]-[103].
Understanding the optical response of these smart optical materials at higher frequencies is
important from both fundamental and applied point of view.  Such systems consisting of
micrometer-sized liquid crystal droplets dispersed in an optically transparent polymer matrix
can be used in a number of applications such as light shutters, projection television, direct
view flexible displays and switchable windows applications [104] etc. The light scattering
PDLC uses a dielectrically positive nematic liquid crystal with ordinary refractive index
matched to the refractive index of the polymer matrix. In the field off state a PDLC film
strongly scatters light because of the mismatch of the refractive indices of the matrix and the
effective refractive indices of the randomly distributed droplets. Such a device can be
electrically switched between an opaque light scattering and a fully transparent state. Electric
field effects in PDLC have been studied by several authors [105]-[111] paying attention on
the dielectric effect giving a quadratic coupling between the electric field and the nematic
director orientation. On the other hand, flexoelectric effects providing linear coupling are not
systematically investigated. If the nematic molecules are slightly pear shaped and exhibit a

longitudinal permanent dipole (e.g., cyanobiphenyls employed here), an applied field not only
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orients the nematic director along the field direction but also causes a slight fan-like distortion,
a splay of the director field. The most important aspect of this effect, known as flexoelectricity
[3] is that positive and negative voltages cause opposite splays, thus producing first harmonic
electro-optic response. Flexoelectric deformations strongly depend on boundary conditions.
Of great importance are weak anchoring and surface polarization in the few nanometers' range
close to the LC-polymer interface.

The shapes of 1% harmonic amplitude spectra for narrow distribution of LC droplet
size are shown in Figure 12 for several temperatures.

Peculiar double peaks have been observed in the low frequency part of the spectra.
The temperature shift of double peaks is evident. Correlation between position of the peaks
and the LC droplet size was found. Upon increasing the droplet size the double peak shifts to
a higher frequency. Such peaks were never observed in non-confined nematic samples. 1%
harmonic spectra for samples with broad distribution of LC droplet size were also recorded.
Broad distribution smears the double peak shape characteristic for narrow distribution
samples. Close to the N-I phase transition the spectrum changes its shape from a smooth to a

broken curve.
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Figure 12. Frequency dependences of the 1% harmonic of flexoelectricalliy modulated

transmitted LED laser light through a PDLC films (NOAG65:E7; 50:50wt%) at different

temperatures for 5um LC droplets predominating in the film. The film thickness is 25 pum.
The applied voltage across the PDLC film is 15V ms.

The rise in 1% harmonic amplitude at very low frequencies is easily explained by the screening

of electric field inside a droplet due to the mobile charges. This screening becomes ineffective
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above the charge relaxation frequency of a few Hz, thus the appearance of the first peak
becomes clear.

The flexoelectric coupling can occur both at the nematic-polymer droplet interface and
within the deformed director volume inside a droplet. The surface coupling is active at lower
frequencies than the bulk one. This might explain the second peak onset. More detailed

discussion of experimental findings is given below.
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Figure 13. Microscopic picture of a PDLC with a typical droplet size between 10 and 20 pm.

Microscopic appearance of a PDLC film in non-polarized light is shown in Figure 13.
The superimposed objective scale permits to determine a typical droplet size between 10 and
20 um. The frequency spectrum of the amplitude and phase of the 1% and 2" harmonic of
time modulated transmitted light is recorded. The dielectric oscillations (2™ harmonic)
display a single deep minimum which depends on the amplitude of driving voltage and shifts
towards lower frequencies from roughly 40 Hz to roughly 10 Hz by increasing voltage from
15 to 25 Vms. It also shifts with the temperature (not shown in here). At the minima points
the phase jumps by almost 180° In contrast, the flexoelectric oscillations (1% harmonic)
display 2 minima in the vicinity of 100 Hz and 1000 Hz. These minima are shifted towards
higher frequencies by increasing driving voltage. The jumps in phase are less than 180° in this

case and are less steep when the minimum is shallower.
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Conclusions

First experimental evidence for a linear, flexoelectric coupling in confined PDLC
nematics was obtained. Both linear and quadratic electro-optical response of the PDLC films
were studied by the flexoelectric spectroscopy method and by laser light diffraction. Its
correlation to the nematic droplet size was investigated. For samples with narrow distribution
of droplet size, peculiar double peaks in the spectral shape were found characteristic to the
confined nematic system. Moreover in all temperature and voltage dependence of 1% and 2"
harmonic electro-optic spectra strikingly deep minima were found. These minima were
interpreted as resulted from a spatial filtering (i.e. selective diffraction) of the time-modulated
components of transmitted light. The electrically tunable notch filter performance of our
PDLC system could find some interesting applications in modern optoelectronic devices
operating in the infrasound frequency range, where the realization of such filters is notoriously

difficult using standard electronic components.
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3.2. Static and dynamic investigations of electro-optical response of PDLC films modified
by nanostructured Teflon nanolayers [112], [113].

The subject of flexoelectric spectroscopy study presented here is a microscale LC-
polymer composite layer prepared as sandwiched between glass substrates beforehand treated
by Teflon. Our aim is to inspect the effect of the deposited Teflon nanolayers in the twisted
cell configuration on the morphology of the composite layer, as well as the effect of the
distribution of both LC droplets and the nematic director on the flexoelectro-optical response
of the layer.

Sandwiched between two electrically-conductive and optically-transparent substrates,
by applying an external electric field the composite LC-polymer dispersions can be switched
electrically from a light scattering “OFF-state” to a highly transparent “ON-state”. The
electro-optical properties of these smart materials are currently of growing interest for various
new light-control applications [99], [114]-[121]. Having unique structure and EO properties
with a number of advantages, single-layered PDLC films and their use for active light control
have also been reported [121], [122]. Reasonably, besides homogeneous dispersion with a
narrow size distribution of the LC droplets, the advanced applications of these hybrid soft-
solid smart materials need also wellordered and well-aligned structures, as well as a LC
alignment within the LC droplets. Especially, such properties are of paramount importance
for electrically driven PDLC photonics by use of coherent light (including EO diffractive and
nonlinear optical applications).

In recent years, material scientists have devoted substantial efforts to the development
and improvement of the PDLC composites. Among the various surface anchoring techniques
applied to achieve LC alignment within the LC droplets in PDLCs is the substrate-induced
uniform anchoring [123]-[125]. As such, a well-established method for preparation of
oriented LC layers is the use of rubbed surfaces, [126] applied also for LC alignment within
the LC droplets in PDLCs. Nanolayers of teflon (polytetrafluoroethylene, PTFE) were
employed as rubbed orienting surfaces for the LC orientation [127]-[131]. To modify the
surface anchoring, we have used here the same treatment of the transparent ITO-coated glass
plates of the PDLC cell by rubbed PTFE surfaces [132]. The PDLC was formed in a single
layer, with LC droplets arranged in a single plane. For such PDLC, the manipulation with the
polymer rubbed boundaries is very suitable for LC orientation. Furthermore, this technique
has an advantage over the surfactant treatment where the resulting anchoring is not well
defined.
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PDLC composite layers with a thickness of 6 um

Figure 14 shows micrographs of the sample placed between two crossed polarizers.
As observed by optical microscopy, the obtained soft-solid composite material is a fine
dispersion of the nematic E7 LC in an optically-transparent and isotropic solid polymer
matrix. The layer contains LC droplets with spherical (slightly flattened) shapes, with a mean
size of about 14 um. It is also seen that the droplets are dispersed in a 2D layer. It is
noteworthy to mention that the LC-polymer dispersion exhibits homogeneous droplets

distribution.
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Figure 14. Optical polarizing microscopy images of the LC-polymer composite layer prepared
in twisted cell. The pictures are taken when the cell is placed between two crossed polarizers:
(b,d) the direction of the rubbed grooves coincide with one of the optical axes of the
polarizers; (a,c) the cell is rotated at 45°. Applied voltage: 0 V (a,b); 6 V at frequency 25 Hz
(c,d). The temperature of the sample was fixed at 20°C.

The pair (a,b) of the polarizing microscopy images in Figure 14 illustrates a quenching
of the transmitted light. The light quenching is well observable for all LC droplets, thus the
layer is characterized by uniform director along the rubbing direction. Rotating the cell, the

maximum of the light transmission occurs at 45° for all LC droplets in the layer, i.e. a planar
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nematic orientation is evident. Also in Figure 14 one can see that when an electric field with
a sufficient strength is applied to the cell, the director configuration is altered from planar to
homeotropic for all LC droplets. All the droplets are affected by the electric field in a similar
manner, they have almost the same electro-optical behavior, and thereby their electro-optical
response is matched.

Conclusions

An efficient re-configuration of the nematic director is achieved for single-layered
PDLC of large nematic droplets formed by E7/NOAG65 mixture in a usual planar cell
constructed with two parallel ITO-coated glass plates, additionally manipulated by teflon
nanolayers deposited on them. When the LC orientation is induced by cell configuration of
parallel rubbing of both teflon-deposited cell plates, a PDLC single layer having
unidirectionally ordered and aligned LC droplets is formed. In this case, the employed surface
alignment of the cell through linearly rubbed nanostuctured teflon produces droplets
arrangement along the rubbing ridges, as well as a director alignment along the ridges. The
static EO response of such layer is sensitive to the polarization of the light interacting with
the PDLC composite. When the orienting boundaries of the PDLC cell have rubbing
directions orthogonal each other, no ordering and no alignment of the LC droplets take place,
and no pronounced polarization-dependent EO response, respectively. For PDLCs formed in
this way, the structural changes induced by teflon nanolayers can lead to appearance of a
band-like behavioral characteristic for the amplitude-frequency modulation of light,
regardless of the polarization state of the incident light. This feature was attributed to both the
effect of screening of the external electric field driving the PDLC and viscosity damping of
the nematic director oscillations. For such PDLC, temperature changes or variation of the
applied AC electric field produce a shift of the band of amplitude-frequency modulation.
Thus, using AC voltage of 5-40 V or heating to a temperature in the range 18-45°C, by PDLC
single layer with droplet size of about 20 um the band of selective EO modulation can be
continuously tuned within the range 2—60 Hz, or 6-35 Hz, respectively, that may be of interest
for some applications based on PDLC electro-optics.

Working as an electro-mechanical transducer, by PDLC single layer considered here
one can selectively produce optical oscillations, modulate optical signals or pass frequency-
modulated light, exclusively within infrasound frequency range. The region of the
narrowband modulation can be controlled by PDLC cell boundary anchoring conditions

(unidirectional planar or arbitrary planar). The effect of selective EO modulation in the range
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0.01 Hz-20 Hz is certainly interesting from the application point of view, e.g., when utilizing
electrical signals in this frequency range for producing optical oscillations of importance for

fiber-optics based applications for military, geo-acoustic, and biomedical monitoring.
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Chapter 4
Influence of mesogenic and nonmesogenic dopants on flexoelectric and electro-optic
effects in thin nematic films of “guest-host” type mixtures. Nanostructured nematics
subjected to spatial constrains. Nematic liquid crystal systems of inverse type (gel-like)
having disordered molecular director.

4.1. Investigation of flexoelectric properties of an asymmetric "swallow-tail" molecules
by dissolving in a BMAOB nematic matrix. Wedge-like asymmetry contribution to
flexoelectricity in nematic mixtures [26], [27].

Elastic splay and bend flexo-deformations as was described previously are connected
with the appearance of a local polarization density in the liquid crystal. This phenomenon
serves as a macroscopic manifestation of molecular asymmetry [3]. Accordingly, knowledge
of the flexoelectric coefficients reveals important aspects of steric molecular interactions
under external fields. In this respect, molecules of mesogens with wedge-like asymmetry and

especially “swallow-tail” mesogens (Figure 15) are of substantial interest [133].
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Figure 15. Typical representative of “swallow-tailed” mesogens.

We have chosen these molecules because of theoretically predicted strong
flexoelectric properties related to their steric asymmetry. However, such mesogens are usually
high temperature nematics, and not easy to orient. Therefore, asymmetric mesogens was
studied by dissolving them in a well-defined, room temperature nematic matrix. In this
manner problems with relatively narrow and high-temperature nematic range of asymmetric
molecules was overcome, and their unknown mode of surface orientation was circumvented.
For a weak solution, where the molar part of the solute is v << 1 and assuming that the Frank

elastic coefficients do not change substantially in the mixture, we may relate the flexoelectric
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0 .0
coefficients e12, €3x of the mixture to those of the nematic matrix €1z, €3x and of the swallow

11
tail dopant €1z, €3x by means of the simple approximation:

€, = (1_ V)efz + Vellz

€3x ® (1_ V)egx + Vesl’x ,

(7)

where v is the dopant’s concentration.

The "swallow-tail" substance (Figure 15) was obtained from the Halle group. The
nematic BMAOB (obtained from NIOPIC, Russia, Figure 6) was used as the room
temperature, low conductivity nematic matrix showing 2nd order domains. Compared to
Schiff base MBBA, which has the same end substituents but a less stable central bond,
(-CH=N-), BMAOB has an advantage of being more stable because of the azoxy group. As
well as the size of swallow tail molecules is similar to that of matrix molecules. This fact
suggest that swallow tail mesogens should be incorporate well in the matrix.

The asymmetric mezogen has been dissolved in increasing concentration in a well
characterized nematic matrix and the evolution of the flexoelectricity of the mixture as a
function of the concentration (e.g. 1%, 2%, 5% and 10%,by weight) was followed. The mixed
material was placed between two conductive ITO coated glass substrates. Wedge-like cells
(50mm long) with one 25 um thick Mylar spacer were assembled in order to provide a varying
layer thickness of the liquid crystal. The conductive surfaces were treated by rubbing for
strong homogeneous planar anchoring of BMAOB. Diamond paste (DP - Paste, M, Sruers)
was used as rubbing material. The cells were then filled by capillarity. Experiments were
carried out at room temperature, 29°C in the nematic phase. The wedge cell thickness was
calibrated interferometrically before every measurement at zero field by passing a laser beam
through the liquid crystal cell between crossed polarizers directed at 45° to the rubbing
direction. We assume that the refractive indices of the mixture do not differ substantially from
those of the pure BMAOB [134].

As a method of measuring the difference of flexoelectic coefficients of splay end bend,
we studied experimentally flexoelectric effect in planar oriented nematic layers subjected to
DC excitation, consistent in the appearance of 2nd order flexoelectric domains in the
mixtures. The difference of splay-bend flexoelectric coefficients was measured by observing
experimentally the appearance of 2nd order flexoelectric domains in the mixtures in planar
oriented nematic layers subjected to DC excitation. These domains, discovered by Vistin
[135] and interpreted theoretically as due to flexoelectricity by Bobilev-Pikin [136], can be

well studied by laser light diffraction methods. The longitudinal domain formation is a two-
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dimensional flexoelectric instability with respect to director orientations and has no
hydrodynamic nature. The second order longitudinal domains, which are directed parallel to
the initial direction of the director, can be observed in thin films of some low conductivity
liquid crystals. It seems that both small thickness and low conductivity suppress the
hydrodynamic effects. The threshold voltage of the instability is independent of the electric
conductivity and temperature and weakly depends on the thickness of the LC layer [137].

Figure 16. Longitudinal domains in a planar layer of “swallow-tail” compound (0.54 mole%)
in BMAOB mixture; at the threshold voltage, 11.3V. Domains are parallel to the rubbing
direction. Polarized light, analyzer normal to domain direction, polarizer slightly uncrossed.
Layer thickness is 10um. Longitudinal domain period is 7um. Narrow side of the frame is
180um.

According to the Bobilev - Pikin theory developed for the rigid boundary conditions,
small deformations and one-constant approximation, the following solutions hold for the

threshold voltage U and the domain period . at the threshold [136]:

27K Y2
Ue=r70—— (“_f”j (8)
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(9)
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&, is the dielectric anisotropy, &, is the dielectric constant of free space, d is the layer
thickness and K is average elastic modulus. The domain period changes linearly with respect
to the layer thickness. From the above equations we can find &, and the parameter , i.e., e*,

provided that independent data about K are available.

Conclusions

The flexoelectric coefficient difference | e*| of a "swallow-tail" compound dissolved
in BMAOB at room temperature is determined as a function of concentration by quantitative
observations of the 2nd order longitudinal domain formation. The difference | e*| shows some
increase with the concentration even in the relatively small range under investigation related
to the strong steric asymmetry of "swallow tail" molecules. This relatively small increase of
the flexocoefficients’ difference is explained by a theory showing that the strong steric
asymmetry of "swallow-tail" molecules gives a comparable contribution to both

flexocoefficients.
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4.2. Flexoelectric response enhancement in a mixture of a nematic liquid crystal E7
doped with carbon single walled nanotubes. Measurement of the flexoelectric
coefficients [138].

Unique properties of CNTs make them intriguing for flexoelectric studies of nematic
mixtures dopped with carbon nanotubes. The carbon nanotubes occur in two general
morphologies: single-walled (SWCNTs) and multiwalled carbon nanotubes (MWCNTS) [59].
They are normally produced by the techniques of arc-discharge [139], chemical vapor
deposition [140], or laser ablation [141]. The mixtures of liquid crystals and carbon nanotubes
have been examined for the first time by Lynch and Patrick [142]. We could suggest that
according to our knowledge there are no studies on the flexoelectric behavior of such mixtures
although many authors have studied the interactions between the liquid crystals, mainly the
nematics, and the carbon nanotubes (see for instance the review papers [68] and [69]),
including the Freedericksz transition, the electrohydrodynamics, etc. Among LC mixtures the
E7/CNTSs are the most intensively studied. The aim of this study is to obtain the flexoelectric
coefficient (esx + mp) by the well known method of Helfrich, where mp is the surface
polarization, and also to evaluate the sum of the flexoelectric coefficients of splay and bend
(e1z + esx) of a nematic mixture. The mixture contains nematic E7 and a very small quantity
noted as ‘‘trace amounts’ or ‘‘minute amounts’’ of the single-walled carbon nanotubes,

which in our case varies from 5.10*to0 5.10~% wt%.

Conclusions

Our conclusion for the interactions between the nematic and the isolated SWCNT’s is
that the carbon nanotubes follow the orientation of the nematic director. Accepting that the
SWCNTSs also affect the nematic we can conclude that the carbon nanotubes modify the
orientation of the liquid crystal which diminishes its large anchoring energy. This influence
is more pronounced with larger lengths of the carbon nanotubes. In this manner the minute
amounts of the nanotubes enhance the flexoelectric response of the E7/SWCNTSs mixture as

is clearly shown by the experimental results.
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4.3. Electro-optical properties of nematic liquid crystal nanocomposites composed
from 5CB nematic and polymer-capped gold nanoparticles [149].

In the context of scientific and technological interest [150]-[160], the nanoparticle
(NP) doping of LCs has been actively studied for enhancing LC properties for advanced
applications, since this process is easier than other methods and is conventionally applicable.
Nanostructured materials from gold NPs (AuNPs) dispersed in proper LCs have found an
increasingly important area of research because of the unique combination of LCs and NPs
that can be controlled by electric fields [53], [161]-[167]. In particular, LC nanocomposites
with polymer-capped AuNPs have been investigated toward the realization of nonvolatile
memory for electronic storage devices [168]. Very recently, we have reported on the scatter-
based electro-optical (EO) response of thin films composed of room-temperature nematic LC
4-n-pentyl-4’-cyanobiphenyl (5CB) doped with 0.5 wt.% polymer-capped AuNPs [169]. The
electro-optics of AUNPs/5CB nanocomposite in planar cells was linked to the corresponding
electric field-induced textural changes. This study aims to clarify the effect of the AuNPs
dopants, how they actually change the host nematic 5CB resulting in a strong reduction of
coherent light transmittance of initially planar AUNPs/5CB nanocomposite films under low-

voltage static electric field.

He-Ne laser beam
transmission

DC voltage, V

Figure 17. Comparison of the DC voltage-dependent light transmittance of AuNPs/5CB
composite and that of pure 5CB in identical planar cells (25 um-thick). Both transmittance
curves were measured under identical experimental conditions. Far-field laser beam intensity
change was detected. The polarization of the probe He-Ne laser beam was parallel to the
rubbing of the cells. The temperature of the cells was 28°C.
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Conclusions

The role of the polymer-capped gold spherical nanoparticles (AuNPSs) dispersed in the
nematic LC 5CB for the extremely enhanced coherent light scattering and thereby, the strong
reducing effect observed for the DC voltage-dependent laser beam transmittance of 5CB
doped with 0.5 wt.% AuNPs, is clarified. Our experimental evidences clearly indicate that the
AuNPs introduce a nano-disorder in 5CB nematic and prohibit the formation of stationary
flexodomains due to ion depletion. The latter weakens the flexo-deformations, and thereby
stationary flexodomains LDs cannot be developed in AuNPs/5CB nanocomposite planar cells
under static electric field.

The different EO response of identical planar cells with both nematic materials
considered here (5CB and 0.5 wt.% AuNPs/5CB nanocomposite) is based on their different
texture and its electrically-induced change. Thus, regular wide LDs along the rubbing of the
cells are formed in the cells with 5CB above a threshold voltage, whereas in the cells with the
AuUNPs/5CB composite were observed much narrower longitudinal texture stripes that
determine the electro-optics of the LC nanocomposite material. Nano-doped nematics with
hybrid textures like the one observed here (forming a set of two simultaneous diffraction
gratings of wide LDs and narrow longitudinal stripes) can be considered as prospective
materials for electrically-switchable/controllable diffractive and adaptive optics.

Similar electro-optical effects based on NP-doping will allow to adopt the nematic
nanocomposites for various kinds of photonic applications. Reasonably, for the appearance
of strong and electrically-controllable effect (as the EO scattering by AuNPs/5CB nematic
nanocomposites in planar cells considered here) of great importance is the structure and the
properties of the host LC, as well as the complex balance between hydrodynamic, dielectric
and elastic torques. Measurements with other nematic nanocomposites by varying the NP-

doping should be made to search and assess similar efficient scatter-based effects.
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4.4. Nanostructured nematic liquid crystals containing Aerosil silica nanoparticles. New
microscopic method for characterization of nanostructured nematics using flexo-

dielectro-optical spectroscopy [170].

Here we present study of a nanoconfined nematic system of 4-n-heptyl
cyanobiphenyl liquid crystal (7CB) containing hydrophilic silica nanoparticles (Aerosil 300).
The data obtained by the flexo-dielectro-optical spectroscopy method [76] contain
information about liquid crystal disorder induced by the nanoparticles both in the bulk and in
the nanoscale vicinity of each particle or network of paticles. They are interpreted in terms of
two subsystems model, and dimensions of bulk and nanostructured domains evaluated.

Studies on the influence of externally imposed geometrical restrictions on liquid
crystalline properties have been attracting significant attention in recent times [171]. The
geometrical restrictions could be imposed by confining liquid crystals in membranes such as
Anopore, Nuclepore, etc. having a regular matrix or in an irregular network like in the case
of aerogels. The ensuing disorder realized in these situations can also be obtained by
dispersing certain particles like aerosil in the LC medium. The reason for this choice being
that aerosil particles, having ~ 7 nm diameter, have their surfaces decorated to achieve
hydrophilic or hydrophobic interactions. The advantage of these particles is that mere
variation of the particle concentration allows control and fine tuning of the random disorder.
Calorimetric and Xray scattering measurements have been extensively used to investigate LC-
aerosil systems, particularly employing the homologues of the alkyl cyano biphenyl family
[172]-[182], and show that for low concentration or density of aerosil (denoted pa) the system
behaves as a soft gel with sharp phase transitions whereas at higher concentrations the
transitions are smeared out.

Electric properties of nanocomposites of nematic liquid crystals containing
nanoparticles have attracted much interest ever since 1991 [183], [184], when it was
demonstrated by employing mixtures containing cyanobiphenyl compounds that these
systems can provide bistable electrooptical displays based on light scattering and without the
need for polarizers. In this work we look at both the linear flexo and non-linear response of
the system to an applied electric field. The frequency-dependent measurements have been
performed on both pure and the nano (aerosil)-filled heptyl cyanobiphenyl compound, which
was chosen as the host since comparisons can be made with the literature available on this

substance.
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Polarizing and dark field microscopy

Images of nanodoped 7CB in crossed polars are obtained with NU-2 universal
microscope (Zeiss Jena), using pancratic condenser. Dark field images (Figure 18) are
obtained by cardioid oil immersion condenser. Interestingly, dark field images are visible not
only in nematic, but also in isotropic phase. In the last case these are very fine clouds on a
dark background, presumably due to the faint scattered light from the hydrogen bonded

network of nanoparticles.

Figure 18: Dark field images of 25 pum thick nanofilled nematic layer (7CB+ 3%A300); from
left to right: liquid crystal (plate 1) and isotropic (plate 3) phase, plate 2 showing phase
transition between the two. Objective 25x. Size of images is 530 x 400 pm.

Pure 7CB: Freedericksz transition

First electro-optical studies of filled nematics and of hydrogen-bonded aerosil systems
were reported in [183] and [184] by employing cyano based compounds. Our electro-optical
curves of the Freedericksz transition in planar 7CB layers at several temperatures in the
nematic phase are given in Figure 19. The transition was driven by 1 kHz ACvoltage, with
variable amplitude. For convenience, transmitted laser light through the LC cell between
crossed polarizers was chopped at 404 Hz, and its amplitude was recorded from the lock-in
amplifier.

The size of bulk domains could be evaluated based upon comparison of Freedericksz
thresholds in pure and nanofilled samples. Under a provisional assumption that splay elastic
constants and dielectric anisotropy of pure nematic and bulk domains are the same, and
considering bulk domains as layers of thickness dg, undergoing a Freedericksz-like transition
at threshold voltage U2, we could write:

U2/ U = d/ds. (10)

Consequently, at 29.5 °C and d = 25 um, with Ug=0.9 V and U2 = 39.7 V we obtain
ds = 567 nm. Data also tell us that this bulk domain size grows steeply by approaching N-I
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phase transition temperature; e.g. at 40.4 °C, with Ur=0.67 V and U = 4.93 V we obtain ds

=3.4 pm.

Pure 7CB; crossed polars; 1kHz drive; light choped 404 Hz
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Figure 19. Transmittance vs. voltage curves of pure 7CB in the nematic phase, demonstrating
the temperature dependence of the Freedericksz threshold (as shown on Figure 7). AC driving

voltage of 1kHz. Crossed polars.

Similarly, the finding of two field-off relaxation times in nanofilled nematic layers,
inferred from fitting field-off decay curves, one short (about 12 ms) and one longer (about
200 ms), prompted us to ascribe the short relaxation time to nano-disordered domains (tn),
and the longer one to the bulk-like domains (tg). In general, field-off relaxation times of thin
nematic layers scale like square of the layer thickness. Therefore, in even more rough

assumption than above, i.e. that splay elastic constant and rotational viscosity of both regions

dN/dB :\/TN/TB (11)

Consequently, at 29.5 °C, we would have:
d, =567nm,/9.2ms/110 ms =164 nm

do not differ, we could write:

(12)

Incidentally, two frequency ranges of first harmonic spectrum could also be identified:

a lower frequency (/78 = 9 Hz) and higher frequency (//zn = 110 Hz) range. In general, the
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observation of a first harmonic in the nanostructured nematic (unlike in the pure one) can only
be due to a gradient flexoelectric effect induced by gradient in the director orientation [2].
The identification of two ranges in the 1* harmonic amplitude spectrum points to a difference
in the director gradients in the bulk and nanostructured regions. The phase spectrum is very
unstable and noisy in the low frequency range, while becoming stabilized in the high

frequency one.

Conclusions

Nanoconfined nematic/aerosil system displays interesting electrooptical properties,
e.g. broad frequency range of 2" harmonic light modulation. Flexo-dielectro-optical
spectroscopy is demonstrated to be a powerful method to evaluate nanostructural parameters

of filled nematics by macroscopic measurements.
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I'naBa 5
Longitudinal flexoelectric domains in planar nematic layer under joint action of DC and

AC electric fields. Electro-optical behaviour and characterization of the domains.

5.1. Longitudinal flexoelectric domains in BMAOB nematic layer under joint action of
DC and AC electric fields. Investigation of the threshold parameters. Optimization of
the domain performance when operating in variable diffraction grating mode [185]—
[187].

The 6,¢-volume flexoelectric domains were observed by Vistin’ in 1970 [188] and
independently by Greubel and Wolff in 1971 [189]. Bobylev and Pikin [136], [190] have
theoretically explained the flexoelectric nature of the domains discovered by Vistin’ and
displaying both &-polar and ¢-azimuthal volume flexoelectric deformations. These authors
have calculated the period of the domains and the threshold for their appearance; two
important quantities which connect the material parameters of the liquid crystal to the value
of the applied electric field. The aim of the present study is the experimental and theoretical
investigation of longitudinal volume flexoelectric domains under the joint action of d.c and
AC voltages. The solution offers a number of advantages, as follows: first, a comparison of
the experimental points and the theoretical curves can unambiguously show the degree of the
inhomogeneity of the electric field; second, the anisotropy of the elasticity of the liquid crystal
can be found [190], third, the kind of the anchoring, which can be strong or weak can be
established, and so on. Also, comparison of the experimental points and the theoretical curves
can give the range of values of important material parameters characterizing the liquid crystal
under study, such as the dielectric anisotropy, the elastic and flexoelectric coefficients and the
thickness of the liquid crystal layer.

We have experimentally studied the liquid crystal BMAOB placed in a wedge-shaped
cell under the joint action of increasing DC and AC voltages. The glass plates were treated in
such a way as to ensure strong-strong and strong-weak anchoring of the liquid crystal (see the
description in [191], chapter 4.4). The experiment was performed with a liquid crystal film
thickness of d=12 pum, at room temperature.

The problem for periodic flexoelectric deformation under joint action of DC and AC
electric fields was theoretically solved in [185]. Under assumtion that the DC electric field
can be inhomogeneous, the corresponding relations for the threshold wave number gc and

voltage Ucread:

49



2 2 2
, (=) 1 e, +e, d) dE (U
I I T (D | T B B et
<-(5) |”|+\/ +t '“D[ <)l )
where || = |A8|K and U, = / [192] and
4 ( 1z eSx
1( kz Y| 1 dYdE 1(U_ V]|
uz== z (1+P)+M(—j — = | -
Ple,—e, ) ||1-|4 2K \z) dz 2\ U,
2
e, e, [Ej dE |, 1(U. ? (14)
2k \z) dz 2\u,
2 2
where P:\/1+(1|y|)lm(9j d—Ej{U—J ]
K r) dz U,

where K is the mean elastic coefficient (isotropic case), ei; end ez are the flexoelectric

coefficients of splay and bend, A¢ is the value of the dielectric anisotropy, in our case
negative, E is the value of DC electric field and U- is the value of AC voltage .

Equations (13) and (14) clearly show that the gradient flexoelectric term complicates
much the problem, since dE/dz depends on a specific value of U at each point (see the results
obtained in [191]. Consequently, we decided to drop this term and to compare the
experimental and theoretical results for the case of a homogeneous electric field.

The experimental points for the DC/AC case, together with the theoretical curves obtained
according to Eq. (14) are shown in Figure 20. Initially we applied a DC voltage up to the
appearance of the flexoelectric domains. Then we applied an AC voltage, keeping the DC
voltage constant up to the disappearance of the domains. Next, keeping the same value of the
AC voltage, we increased the DC voltage further, just to the re-appearance of the domains.
This procedure was performed for all points shown in Figure 20. During the fitting process,
the following ranges of the important parameters:

0.01 < 1£<0.3;5.107dyne < K < 6.5.10"dyne;

10*dyne'’? < (e1; — esx) < 2.10"*dyne'’?; (15)

SV <Up<6.5V
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were taken into account [190]. The best fits are presented in Figure 20 and fitting parameters
are listed.

(@)

0 10 20 30 40 50 60 70
a.c.(5000 Hz) / VvV

Figure 20. The threshold voltage U (a) of the flexoelectric domains, as a function of AC
voltage in a strong-strong anchored nematic layer at room temperature.

Figure 21. Flexoelectric domains in a BMAOB nematic layer with a thickness of 8um, under
the joint action of 40 V DC and 20 V AC, observed with slightly uncrossed nicols. The long
side of the photograph is 670 um in size.
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Conclusions

The comparison of the experimental points and fitting curves clearly show linear
behaviour when the electric field is homogeneous, and nonlinear when it is nonhomogeneous.
Furthermore, the simultaneous application of low AC voltages (about 10-20 V) and a high
DC voltage (40-50 V) considerably improves the domain arrangement and removes the
defects (see Figure 21).
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5.2. A humble method for obtaining relevant material constants of nematics using joint
action of DC and AC voltages: The case of anisotropic elasticity [193], [194].

Barnik et al. [137], [195], [196] have performed a very precise experimental study on
the flexoelectric domains. They showed the main domain features: that the flexoelectric
domains appear only under the influence of a DC voltage or under a voltage with infra-low
frequency; that there is a cut-off thickness of the liquid crystal layer (20 um) above which the
domains disappear; that the electrical history of the samples is very important, etc. Now it is
well known that these flexoelectric domains appear only in relatively pure nematics with a
low specific conductivity which should be in the range of (1012 — 101) (Qcm) . Further, the
contamination of the liquid crystal with ions or the development of electrochemical effects
can remove the flexoelectric domains replacing them with other electro-hydrodynamic
domains such as the domains of Williams or the injection domains [191].

In this part, we present a simple method for determination of the elastic constants of
splay K11 and twist K22, and the modulus of the flexoelectric coefficients difference of splay
e1, and bend es.: | e1; — esx | for Ae, varying in the range —0.20 and -0.25. The elaborated in
[186], [187], [193] theoretical formulae and their computational fits have been compared with
the experimental data. In this way, we have obtained numerically four parameters, containing
four physical parameters: the modulus of the dielectric anisotropy, the elasic constants of
splay and twist and the modulus of the difference between the flexoelectric coefficients of
splay and bend. Here we chose the dielectric anisotropy as a predefined parameter. In this
way, we have obtained the real values of the other three parameters: the elastic coefficients

of splay K11 and twist Ky, and the flexoelectric coefficient | e1, — es«| .

Conclusions

We have proposed a simple method for measuring important material constants of
nematic liquid crystals displaying longitudinal flexoelectric domains of Vistin’-Pikin-
Bobylev. Comparing elaborated theory (for the more complex case of simultaneous applied
DC and AC voltages under strong anchoring) and experimental results for the nematic
BMAOB we have obtained two times bigger value for the flexocoefficient | e1, —es«| at room
temperature. In addition the temperature dependence of the considered material constants can
be easily obtained in the range of temperature where the flexoelectric domains exist. We
succeeded in demonstrating defect-free variable grating mode (VGM) appropriate for device

applications.
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5.3. Investigation of the threshold characteristics of the flexoelectric domains arising in a
homogeneous DC electric field: the case of anisotropic elasticity. Comparison of
theoretical and experimental data obtained for rod-like and banana-like nematics
[197].

Conclusions.

We performed detailed calculations of threshold quantities: Uc and qc for the
flexoelectric domains arising in homogeneous electric field. Computational calculations for
the most frequently employed material constants were compared with experimental data we
got for the nematic BMAOB. Two other examples of nematics — one calamitic with positive
dielectric anisotropy and other bent-core with large negative dielectric anisotropy,
demonstrate the power of the method for characterization of nematics with either negative or

positive dielectric anisotropy.
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I'naBa 6
Photoflexoelectricity in guest-host nematic mixtures exhibiting optical degree of freedom.

Electro-optical properties of nanostructured photoactive nematic layers.
6.1. Photoflexoelectric effects in a homeotropic guest-host nematic [199].

Flexoelectricity of liquid crystals relates their mechanical and electrical degrees of
freedom. In photoactive liquid crystal materials there exist a third, optical degree of freedom.
The combined effect of these three degrees of freedomwas first registered in liquid crystalline
bilayer lipid membranes containing retinal acetate [200]: a reversible photoinduced
enhancement of the direct flexoelectric response of such a membrane in the regime of
curvature oscillations was found and it was related to the change of the dipole density by
photoisomerization of retinal. This effect was then called photoflexoelectricity. Subsequently,
photoflexoelectric effect was observed in photoactive bilayer lipid membranes containing in-
situ generated CdS nanoparticles, under bangap illumination [47], [201]. Recently, UV-light-
dependent changes of the flexoelectric polarization in a guest-host nematic-dye mixture were
found [202] in the regime of flexoelectric twisting of a hybrid aligned nematic layer. In this
way, the influence of light on the converse flexoelectric effect in bulk liquid crystal materials
was also established. The difference between dark and light flexoresponse (i.e., the electric
field-induced curvature deformation) in such materials permits to consider this effect as
another manifestation of photoflexoelectric phenomenon, i.e. as a converse photoflexoelectric
effect in a LC system with 3 generalized degrees of freedom [cf. [47]].

In the present study we apply a classical flexoelectric geometry, i.e. the bending of a
homeotropic nematic layer by horizontal electric field, either DC [22] or AC [31]. A

photochromic dye dissolved in the nematic permits us to light-modulate both bulk and surface
flexoelectric properties of the layer.

A 1% wt mixture of MBBA with the azo-dye D1, i.e. p-nitro-p'-diethylamino-
azobenzene [203] was used to investigate photoflexoelectric behaviour under UV
illumination. The light absorption of the azo-dye D1 is due to the azo bridge as a
photosensitive chromophore. Under UV illumination D1 molecules isomerize from trans to
cis isomers having a pronounced banana shape. This shape change could, in principle, alter

the bend flexocoefficient e, of MBBA/D1 mixture, and also the longitudinal dipole moment
of the surface-adsorbed D1 molecules, i.e. the value of surface polarization m,, According to

the theory [24], [31] the algebraic sum of these two coefficients governs the amount of the
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flexoelectric bending. Moreover, the anchoring strength could also be influenced by UV (see
below).

The static and dynamic dependence of transmitted light was obtained by a universal
microscope for transmitted and reflected light, and epi-fluorescence, NU2 (Zeiss). The
microscope was equipped with two crossed polarisers and a homeotropic nematic cell was
placed between them. A horizontal electric field directed at 45° versus crossed polarisers was
applied to the nematic layer by means of in-plane brass block electrodes, 2 mm apart from
each other (see [31] and chapter 1 for the nematic cell scheme). Field-induced biaxiality was
measured by a 54 tilting compensator (Zeiss) attached to an Axioskop Pol microscope (Zeiss).

For static flexoelectric measurements we apply a DC electric field E, creating a static

bend deformation. Transmitted light intensity can be calculated from: | = I sin? (5/2),

by using an expression for the optical path difference o vs. electric field (Eqg. (36) of Ref.
[24]). For small ¢ it will be proportional to the 4th power of Eq and to the 4th power of the

sum (eg, +m):

2 4 6
S e S
AL A Kas (1+d/2b)

where 1 is the incident light intensity of wavelength 4, ng and ne are the ordinary and
extraordinary refractive index, K33 is the bend elastic constant, d is the LC layer thickness
and b=K,,/Ws is the extrapolation length of surface anchoring.

Nematic layers were supported by two parallel glass plates separated by 100 pum

Teflon spacers. Both plates were dipped in 2.10" M water solution of N-cetyl-N-N,N-
trimethylammonium bromide (CTAB, Merck, 99% p.a.) and pulled slowly (1 cm/min) to
emerge completely dry. Thus, boundary conditions for homeotropic MBBA anchoring on an
expanded CTAB monolayer were created [204]. An assembled cell (see above concerning
electrodes) was filled with the guest-host mixture in the isotropic phase and then cooled down.
All measurements were performed at room temperature (ca. 20°C). The mixture was found to
exhibit good homeotropic orientation, which was also proved by conoscopic images.

The liquid crystal orientation was studied in transmitted light. Simultaneously, the
liquid crystal cell was epi-illuminated from above through the same objective (25%) with a
filtered UV light from a Hg-lamp (see below). The transmitted light from a 100 W Xe lamp
(XBO 101) had a spectral composition determined by the use an UV-rejecting filter
G241(Zeiss) and an orange filter 0261 (Zeiss) transmitting above 546 nm. After polarizing

56



and before entering LC layer, the measuring beam was chopped at 260 Hz by a SR540 optical
chopper (Stanford Res. Syst., CA), synchronising also the Lock-in amplifier. The
experimental set-up was completed by a phototransistor and a PC-interfaced Lock-in
Amplifier Model SR830 DSP (Stanford Res. Syst., CA). To avoid the influence of some
reflected UV light on the detected signal a second, interference orange filter FI590 (PZO)
(590nm) was placed in front of the photodetector.
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Figure 22. Transmitted light intensity through a 100 um homeotropic MBBA/D1 layer with
1% D1 at various in-plane electric fields (E = U/l , where U is the indicated voltage and I ,
the interelectrode distance, is 2mm) and under UV focused epi-illumination (140 uW) on and
off. Microscope NU2 (Zeiss). Crossed polarisers. Orange transmitted light (590 nm), epi-UV
light (334 nm, nonpolarised). Lock-in registration of transmitted light (SR830 DSP Lock-in
amplifier with SR540 optical chopper at 260 Hz). The moments of UV and voltage switching
on and off are indicated by arrows.

To isomerize the azo bond of D1 the UV light from a 200 W high pressure Hg-lamp (HBO
200) with an U205 (Zeiss) UV filter (transmitting from 312 to 405 nm, with a maximum at
334 nm) was used. The intensity of the focused UV light was measured by a Liconix 35PM
(Mountain View, CA) power meter, calibrated at 325 nm, to be 140 uW at a fully open
diaphragm of the UV illuminator. Heating controls were accomplished by the use of a very
narrow green interference filter F1546 (PZO) providing 335uW, or a red filter R271 (Zeiss),

transmitting above 615 nm and providing a maximum of 5.2 mW in the focus of the epi-beam.
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Figure 22 shows the time dependence of the photoflexo-response under UV switching on and
off, at DC voltages of 20V, 30V and 40V. The moments of DC voltage switching on and off
are also indicated. A 14 to 18% reversible increase at UV on and off, with respect to the dark

level is registered. Relaxation times are of the order of 15 s.

Conclusions

About 10 per cent, reversible increase of the flexoresponse (i.e., the increment of
transmitted light intensity between crossed polarisers due to an in-plane electric field) was
found under epi-UV-illumination, with relaxation times of the order of 15 s. The DC voltage
dependencies of both dark and light flexoresponses followed the predictions of the theory.
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6.2. Conoscopic evidence of the UV light-induced flexoelectric effect in homeotropic
layers of nematic liquid crystal doped with azobenzene derivatives [205].

We studied two guest-host systems prepared by mixing of a nematic liquid crystal
CMB80 and an azobenzene-containing photochromic liquid crystalline materials EPH and Ul-
147 featuring a longitudinal molecular asymmetry. The LC CM80 was used as a host matrix
since the compound is not UV sensitive, and exhibits negative dielectric anisotropy. The two
photochromic azobenzene liquid crystalline compounds were selected considering their
longitudinal molecular asymmetry. As it was discussed already and reported elsewhere [47],
this feature is essential for the flexoelectric properties of the guest-host systems studied here.
Both azobenzene dyes (guests) were well soluble in the CM80 matrix (host). The mixtures
were prepared at a concentration of the azobenzene guest equal to 1 wt.% in the LC CM80.
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Figure 23. Conoscopy images illustrating the effect of flexoelectric bending in a homeotropic
layer: (a) without electric field; (b) the layer is subjected to an electric field E orthogonal to
the director; (c) the intensity profile measured along the dashed line in picture (b).

Conoscopy is essentially an optical method that maps various directions through the

LC layer by corresponding points of the conoscopic image. It employs an observation in
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strongly convergent light of the condenser, by using the microscopic objective lens, and a
short focal length Bertrand lens. The conoscopic figure depends on the LC orientation with
respect to the microscope stage. A Maltese extinction cross is commonly observed for uniaxial
nematics oriented perpendicular to the stage. In such an orientation, a flexoelectric bend
deformation [21] developed in the nematic layer under electric field applied in-plane to the
layer, can induce a second macroscopic optical axis. As a result, a splitting of the extinction
cross into two isogyres takes place. The changes in isogyres’ separation induced by variation
in director field bending owing to DC electric field applied can be measured as a function of
the magnitude E of this electric field.

Conclusions

Homeotropically oriented samples of two guest-host liquid crystilline materials being
mixtures of a small content of photochromic azobenzene dye in a photoinactive nematic were
examined by digital conoscopy upon application of a DC electric field parallel to the layers
in the absence of, and under UV light illumination conditions. The results obtained by this
optical technique give evidence for a UV light-induced flexo-electrical effect in the mixtures
driven by trans—cis photoisomerization of the azobenzene dopant possessing asymmetric
molecular structure. Upon continuous UV irradiation, a photo-isomerization of the
photochromic molecules occurs resulting in an enhanced flexoelectric response of the guest-

host mixtures.
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6.3. New photoactive guest-host nematics showing photoflexoelectricity [209], [210].

Here we present new results on guest-host nematic systems featuring an optical degree of
freedom based on the trans-cis photoizomerization of a single azo-bond or two azo-bonds in guest
mesogens, with or without a longitudinal dipole moment. The relative importance of the bulk and
surface contributions to the photoflexoresponse (light and electric field induced curvature
deformation) is discussed.

Flexoelectric bending of a 100 um thick homeotropic layer is obtained by applying a
DC electric field E normal to the director (Figure 24).

TﬂT{ﬁﬁ |Hﬁﬁ¢T |

E=0 | || |
I \
no UV I I, |||u| TR ﬂ|
H'Ml#' 1 I
/ / /
llflfl /If/rl// (1111111
E+£0 IR IR
(rrruarrrmerrrrertt
no UV |\ SIRY

E¢OMI”””I”””I”I
T T
TV AL R AL AR AR RN

\\:\é \}\ g\\:\g\ ; \:\& ;\\E\ :;\

Figure 24. Flexoelectric deformations of homeotropic nematic layer (no E, no UV) under the
action of an in-plane electric field and UV illumination. The change of surface polarization under
UV is indicated (the red arrows).
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Figure 25. Molecular structures and phase transition temperatures of the host nematogen and the
three guest photoactive mesogens: trans (shown in the left) and cis (in the right) conformers. To
be noted, the molecule UlI-34 is a double azo-bond, fully symmetric compound with no
longitudinal component of the dipole moment.
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Under UV illumination guest molecules isomerize from trans to cis form, the latter having

a pronounced banana shape. This shape change could alter the bend flexocoefficient e, of the

mixture, and also the longitudinal dipole moment of the surface-adsorbed guest molecules

(Figure 25), and in turn the value of surface polarization my. According to the theory above, the

algebraic sum of these two coefficients governs the amount of the flexoelectric bending.

Moreover, the anchoring strength could also be, in principle, influenced by UV [199].

Conclusions and perspectives

Our findings confirm experimentally the hypothesis of the molecular nature of the
photoflexoeffect in homeotropic nematics, advanced in Ch. 6.1 and [199] and a conclusion on
the decisive role of surface adsorbed layer of polar azocompounds is drawn. A marked, reversible
UV increase of the flexoelectrooptic effect (i.e. the electrically driven increment of the polarized
light transmission as due to the modified birefrigence of the flexoelectrically bent nematic
structure) was found in case of guest molecules with a longitudinal dipole moment.

New types of opto-optic and electro-optic switches and displays could be constructed
based on the photoflexoelectricity employing the newly reported guest-host nematics. It was also
demonstrated that the optical transparency and dielectric properties of the mesogen guest-host

mixtures can be controlled by both UV illumination and temperature.
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