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OPTICS AND SPECTROSCOPY
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OAYOPECIIEHTHBIE CBOMNCTBA AHUOHHOTIO
ITPON3BOAHOI'O TNIO®AABUHA T

A. A. MACKEBHY"

DI poonenciuii 2ocydapemeennviii ynusepcumem um. Anxu Kynano,
yi. Oorcewiro, 22, 230023, 2. I poono, benapyce

HccnenyroTcst crieKTpaJIbHBIE CBOWCTBa HOBOTO OCH3THA30JI0BOIO KPAaCHUTENsI — MPOU3BOAHOTO THO(naBuHa T —
3-cynbdonpori-5-meToken-2-[ 3-(3,5-muaTii-2-0en3otrnazonuaeHe ) -  -nmpormenmn |-6erzornazomus (Th-C11). KanToBo-
XIMHAYECKUE PACcUeThl MOKA3aIH, YTO MOJICKYlIa B OCHOBHOM COCTOSTHHH MMEET IUIOCKYIO CTPYKTYpy. B Bo30ykaeHHOM
COCTOSIHMY MOJIEKYJIbl MUHUMYMY SHEPTUH COOTBETCTBYET CKpyUeHHast KOH(OpMaIIHsi, Py KOTOPO# apomarnieckue ¢par-
MEHTBI MOJIEKYJIbI PACIOJIOKEHbI OPTOrOHATBHO. [10CKONBKY CKpYUEHHOE COCTOSIHUE SIBJISETCsl HehIyopecUpyonM, TO
Iepexo]l B Hero (TOPCHOHHAS periakcaius) ecth Tymammuii nporece. Kpacurens Th-C11 nemMoHcTpupyeT cBoiicTBa (iyo-
PECLICHTHOTO MOJICKYJIIPHOTO poTopa. B pe3yibrare aKCepruMEeHTAIBHBIX UCCIICAOBAHMN YCTaHOBICHO, YTO TOPCHOHHAS Pe-
makcanus (pparMeHTOB MOJIEKYJIBI — OCHOBHOM TIPOIIECC, OMPEACTSIOMNN CHIFHYIO0 3aBHCHMOCTE KBAHTOBOTO BBIXOIA
1 JTUTETHHOCTH 3aTyXaHus (IIyOpecleHIINN OT BI3KOCTH PACTBOPHUTENS. XapaKTepHOW 0COOCHHOCTHIO TAHHOTO KpacH-
TeJIsl SIBJISIETCS YYBCTBUTEIBHOCT APAMETPOB (DIIyOPECIEHIIMN — KBAHTOBOTO BBIXO/A, JJIMTEILHOCTH 3aTyXaHHUs U T10-
JIOKEHUSI CTIEKTPa HE TOJIBKO K BSI3KOCTH, HO M K TIOJISIPHOCTH cpefibl. [TokazaHo, YTO MOMOKEHUE CIIEKTPOB MOTIOIIECHUS
1 (OIIyopecUeHIINH, 3aBUCSIIEE OT MOJSIPHOCTH U BSI3KOCTU PACTBOPHUTEIISI, 00YCIOBICHO PE3yIBTATOM MPOSIBICHHUSI IPO-
LIECCOB TOPCHOHHOM U COJNIBBATHOM penakcauid XxpoModopa ¥ MOJICKYII PACTBOPHTEIISL.

Knroueswvie cnosa: nponsBonnsie THO(GIaBUHA T; KBAHTOBO-XMMHYECKHE PacueThl; MOJICKYIIPHbIE POTOPbL; aMUION-
Hble (HUOPHILIIBI.

bnrazooapnocms. Pabota BeIToIHEHA TIPH TToIepskke MuHMCTepCcTBa 00pazoBanus Pecrybnuku benapycs (rocynapet-
BEHHAas TIporpaMMa HaydHBIX HccieqoBaHuil «DOTOHMKA U ANEKTPOHHKA IS MHHOBALWi, 3amanue 1.5). ABTOp BBI-
pakaeT O61arofapHOCTb JIOLEHTY benopycckoro rocyaapcTBeHHOro yHuBepeutera A. A. JIyroBCKOMY 3a CHHTE3 HOBOTO
kpacutesst Th-C11, a rakke noueHty [ponHeHcKoro rocynapcrseHHoro yuusepcutera umenu 5. Kynanst A. B. JlaBpiiny
3a MPOBCACHUC KBAHTOBO-XUMHUYCCKUX paCUCTOB HOBOI'O COCANHCHU .
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OnTHKA U CIEKTPOCKOTHSI
Optics and Spectroscopy

— WYV
FLUORESCENT PROPERTIES ANIONIC
DERIVATIVE OF THIOFLAVIN T

A. A. MASKEVICH?
*Yanka Kupala State University of Grodno, 22 AZeSka Street, Hrodna 230023, Belarus

We have investigated the spectral properties of a new benzothiazole dye — a thioflavin T derivative — 3-sulfopro-
pyl-5-methoxy-2-[3-(3,5-diethyl-2-benzothiazolidene)- 1-propienyl]-benzothiazolium (Th-C11). Based on quantum-chemi-
cal calculations, it is shown that the molecule in the ground state has a flat structure. In an excited state, the minimum
energy corresponds to a twisted conformation, in which the aromatic fragments are arranged orthogonally. Since the twisted
state is non-fluorescent, the transition to this state (torsion relaxation) is a quenching process. Th-C11 dye exhibits the pro-
perties of a fluorescent molecular rotor. As a result of experimental studies, it was found that torsion relaxation of molecular
fragments is the main process that determines the strong dependence of the quantum yield and the duration of fluorescence
decay on the viscosity of the solvent. A characteristic feature of this dye is the sensitivity of the fluorescence parameters —
the quantum yield, the decay duration and the position of the spectrum not only to the viscosity, but also to the polarity
of the medium. The paper also explains the dependence of the position of the absorption and fluorescence spectra on the
polarity and viscosity of the solvent as a result of the manifestation of the processes of torsion and solvation relaxation of
the chromophore and solvent molecules.

Keywords: derivatives of thioflavin T; quantum-chemical calculations; fluorescent molecular rotor; amyloid fibrils.
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BBenenune

OryopecleHTHBIE MOJIEKY/ISIPHBIE 30H/IbI IIMPOKO UCIIONB3YIOTCS B OMOpHU3HUecKuX ucciaenopanusax. On-
HUMH U3 TaKUX 30HJIOB SIBISIOTCS] MOJIEKYIIsipHBIE poTOophl (MP), Y KOTOpBIX MOCIIE MOTTIONICHHUS] KBaHTA CBETa
MPOMCXOANT U3MEHEHHE KOH(POPMAIIMKH MOJEKYJIBI MyTeM IIOBOPOTa OJHOTO (hparMeHTa OTHOCHTENBHO BTO-
pOro, CONMpOBOXKAaeMOE BHYTPUMOJICKY/ISIPHBIM MIEPeHOCOM 3apsina (twisted intramolecular charge transfer,
TICT) [1-3]. BuyTpumosnekynspHoe BpallleHUue B 3HAYUTETLHON Mepe 00ycIoBIeHO pacTBopuTeneM. OcobeH-
HOCTBIO MP sIBIIsieTCsl CHITbHAsI 3aBUCUMOCTD KBAaHTOBOTO BBIXOJIA M JUTUTEILHOCTH 3aTyXaHusl (hryopecreHInH
OT BSI3KOCTH WJIN JKECTKOCTH, @ B HEKOTOPBIX CIIy4asiX U MOJSIPHOCTH MUKpOOKpyskeHus. [1o 310l mpuuune no-
JOOHBIE KPacUTENI CYUTAIOTCS YIOOHBIMU CEHCOPaMH (30HIaMH) 7S OTIpeIesIeHHsI BA3KOCTH pacTBOpOB [4].

MP mmpoko HCHOIb3YIOTCS ATl UCCIIeIOBaHMsI POILIeCcCOB arperanuu OenkoB. M3BecTHO, uTo 00pa3oBa-
HHE U HAKOIUICHHE YMOPSAOUEHHBIX OCIKOBBIX arperaroB, aMWIOHIHBIX (Guopuit (AD), NpuBOAAT K psimy
TSDKKHX 3a00JIEBaHUM, TAKMX KaK HeHpoJIereHepaTBHbIe 3a00eBanus Aublireiimepa u [lapkuHcoHa, kaTtapakTa,
3JI0KQYECTBCHHASI MUEJIOMa, IPUOHHBIE 00JIe3HU U 1Ip. [5].

«30J10TBIMY JJIs1 UcclieoBanust U neTekiun AD ssisiercst goyopecuenTrblit 3011 Tuodaun T (ThT), 00-
pazyrouuii ¢ AD UHTEHCUBHO (ITyOpECHHUPYIOLIHIA KOMILIEKC [6; 7], B 3TOM cllydae KBAaHTOBBIN BBIXOJ €r0 (iIyo-
PECICHIINY YBEIMYMBACTCS MOYTH HA TpH nopsizka [8; 9]. [lpu Hamuuuu B pacTBope OCIIKOB B HATWBHOM HJIH
JICHAaTYpPUPOBAHHOM COCTOSTHHSIX MHTCHCHBHOCTB CBEUCHHS BO3pACTaeT He Ooiee 4eM Ha oiuH nopsiiok [10; 11].
Brarogapst yHukanbHbIM (uryopecteHTHbIM cBoiicTBaM ThT cityKHUT mpeKkpacHbIM CPEICTBOM ISl AUArHOCTUKU
BO3HUKHOBeHUS AD B yCIOBUSIX in Vitro. TeM He MEHee UCTIONb30BaTh KPACUTENb i1 Vivo 3aTpyIHUTEIRHO. [leno
B TOM, YTO CIIEKTPBI HOMJIOLIEHUS ¥ ()ITyOpPECUECHIIMN KPACUTEIIsl PACTIONIOKEHBI B CHHE-3€IeHON 00J1aCTH CIIEeKTpa,
I7ie TIOIOICHHE U paccessHie OMOIOrHUeCKOro Marepuara sBISIOTCS CYILECTBEHHBIMU. B CBSI3M ¢ 3TUM CHHTE3
Y UCCIIEeIOBaHNE HOBBIX KPACHTEJIEH, MPOSBISIONINX CBOWCTBA MOJIEKYIISIPHBIX POTOPOB M (PIIyopeCcUpyIOLIHX
B JUIMHHOBOJTHOBOH (KpacHO#) 00JIacTH CHEKTPa, NPECTABISIOTCS aKTyaIbHBIMU 3aJa4aMH.

K omHOMY M3 Takux KpacwuTeled OTHOCUTCS HOBBIN OSH3THA30JIOBBIM KPAaCHTENIb — MPOU3BOJHOE THO(IIA-
BuHa T — 3-cynbdonponmi-5-merokcu-2-[3-(3,5-1uaTin-2-6eH30Tra3onuaeHe)- | -nporueHu | -0eH30THa30In i
(Th-C11). Panee ObUIM M3y4eHBI CIIEKTPHI MOIIOMICHUS! KPACHTEIISI B PACTBOPUTENSIX PA3IMYHON MOISIPHOC-
TH [12]. YcTaHOBIICHO, YTO B BOJIC yIKE MTPU KOHIICHTpAIK 0oJiee | MKMOJIB/JI UMEET MECTO arperausi MOJICKYIT
C TONy4YeHHEM JTUMEPOB U OoJiee CIIOKHBIX CTPYKTYp. BHeceHne B pacTBOp KaTMOHHOTO TOJHMAIICKTPOIUTA —
NOJMAJUTMIIAMHHA — YCUITUBAET MPOLIECC €T0 arperaluy ¥ crocoOCTBYeT 00pa30BaHHIO Pa3IMYHbIX (JOPM arpera-
ToB. Ha ocHOBaHMM 3TOTO OBLT ClIeTIaH BBIBOA O TOM, YTO AaHHBIH KPACUTEINb, B OTJIMYHE OT APYTUX MPOU3BOAHBIX
tHo¢nasuHa T, mpyu HEHTpaTBHBIX 3HAYCHUSIX pH B BOTHBIX pacTBOpax CyIIECTBYET B BUJIC aHHOHA.

B2Y — cnovemnss wemoprt Jaw/cw
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B Hacrosimieit paboTe wcciuenoBaHbl 0COOCHHOCTH TIOTVIOMICHUST U (DITyOpECIICHIINA HOBOTO KpacHTes
B PacTBOPHUTENSAX Pa3IUYHON MOJSPHOCTH U BA3KOCTH. [loka3zaHo, 4TO OH MPOSIBISIET CBONCTBA COJBBATO-

XPOMHOT'O MOJIEKYJISIPDHOT'O pOTOpa, T. €. €r0 CIIEKTPAJIbHbBIC CBOICTBA 3aBUCST HE TOIBKO OT BA3KOCTH, HO U OT
MOJIAPHOCTHU PACTBOPUTECIIA.

MarepuaJibl 1 METOAbI HCCJIEIOBAHUS

CreKTpsI MOMIOLICHHUS PACTBOPOB PETUCTPHPOBAIIH € TOMOIIbIO ciekTpodoromerpa Specord 200 PC (Carl
Zeiss, l'epmanus), a ciekTpsl (uyopecueHnny 1 Bo30ykaeHus (ryopeclieHIInH — IOCPEICTBOM CIIEKTpodiryo-
pumerpa CM 2203 («Comapy», benapycs). Maremarnueckast 00pab0OTKa TOyUYEHHBIX CIIEKTPOB MPOU3BOIH-
JIach C UCTIOJB30BaHNEM TTakeToB PeakFit 4.12 u Origin 7.5.

M3mepenne MIUTEBHOCTH 3aTyXaH!s CBEUCHUS MPOU3BOIMIN HA HMITYJILCHOM (hiryopometpe [13] ¢ mpu-
MEHEHHEM METOJa BPEMSKOPPEINPOBAHHOTO cueTa ONMHOUHBIX (oToHOB [14]. s Bo3OyxkaeHus diyopec-
LEHLIMHU UCTIONB30BaIH M3ydeHNE UMITYJIbCHOTO J1a3epHoro nuoaa (PicoQuant, 'epmanusi) ¢ JIMHON BOJHBI
467 um, nuTenbHOCThIO0 70 T U yacToTo# crnegoBanus uMiyiabcoB 10 M. CrucreMa perucTpaiuy BKIoUa-
na B ce0st hororpuemublit 6ok PMA-182, a Takike ycTpoicTBO AJisi BpEMSIKOPPEIMPOBAHHOTO CYETa OIMHOY-
HbIX doroHoB TimeHarp 200 (PicoQuant, I'epmanus). BpemeHHOE pa3penieHne NMITyIbCHOTO (GIryopoMeTpa
coctasisieT 60 mic [12]. AHanM3 KMHETUKH 3aTyXaHUS C YY€TOM JUTUTENFHOCTH BO30YKAAIOIINX WMITYIIHCOB
1 QYHKIMH OTKIIMKA CUCTEMBI PETHCTPALUK BBITIOJIHSUIN C TIOMOILBIO0 IPOrpaMMHOIo obecnedyeHus, pazpado-

TaHHOTO B [ poiHEHCKOM rocyaapcTBEHHOM yHUBepcuTeTe nmenu SAuxu Kymaner [15; 16].
t

n —_
o Ti
Oyuknuo f (t), NPEACTABICHHYIO CYMMOH DKCIIOHEHT [ (t) = Zocie , HCTIOJIb30BAJIN JJIsl aHAJIN3a KPH-
i=1
BBIX 3aTyxaHus (uyopecueHund. CpeJHIO0 JJIMTEIbHOCTD 3aTyXaHus (IIyopecleHH ONPEAEIIsUIa HA OCHO-
n

Y ot
i=1

BaHMM COOTHOIIEHHS (T) = ——, I/I¢ O; — IPEJPKCIIOHEHINANIbHBIH MHOXKUTEIb (AMIUTUTY/A); T; — ATHTEIb-
Y ot
i=1

HOCTb i-ii KOMIIOHEHTBI 3aTyXaHus (IyopecLeHINN.

KBanToBo-xummnueckue pacuersl coequrenusi Th-C11 BBINONHSINCE ¢ TPUMEHEHHEM TpeXmapaMeTpuye-
ckoro rudpunHoro ¢pynkuuonana bekke — JIu — Slura — [lappa (B3LYP), ocHoBanHOr0 Ha Teopuu yHKLIHUOHA-
JIa TUIOTHOCTH, ¥ 0a3ucHoro Habopa pynkuunit 6-31G(d, p). Beraucnenus npoBoauiuck i Mosekynbl Th-C11
B ra30Boil (aze. OnTuMuU3anus reOMeTpUH IPOU3BOIIIIACE ISl COSIUHEHNSI B OCHOBHOM (S,)) ¥ BO30yX/eH-
HOM (S,) COCTOSHUSIX.

Ilpenapamei. benstnazonoserii kpacutens Th-C11 cuHTe3npoBaH qo1IeHTOM Kadeaphl Ja3epHO HU3NKH
u cnektpockonuu bI'Y A. A. JIyroBckuM. UucToTa 1 TOMOT€HHOCTH IIpenapara mpoBepsUINCh METOJJOM Macc-
xpomarorpaduu. J{Jsi IpUroTOBICHUSI pACTBOPOB UCIIOJIB30BAUCH pacTBoputenu (Sigma-Aldrich, CILIA) 6e3
JIOTIOJTHUTEJIHON OYUCTKHU.

Awmuionaabie (UOPHILIBI TOTOBHIN M3 MHCY/IMHA Obika (Sigma, CIIIA). Uucynun uakyouposanu B 20 %
ykcycHol kucnote ¢ gobasieruem 100 mmoins/m NaCl (pH 2,0) mpu temrieparype 37 °C 1 MOCTOSTHHOM Tiepe-
MellnBaHuU B TeueHue 24 4. Konnenrpauus Oesika B pacTBOpe COCTABIIsIIA 2 MI/MIL.

Pe3yabTaThl 1 UX 00Cy:KIEeHNE

KBaHTOBO-XHMHUECKHE pacdeThl MOKa3aiH, YTO KOHPOPMAIHsI MOJIEKYJbl B OCHOBHOM OIPEAEIISIETCS TOP-
CHOHHBIM yIJIoM ¢ (puc. 1, a). 3aBUCUMOCTh YHEPTrUU OCHOBHOTO COCTOSIHMSI OT 3HA4YeHHs yria ¢ (puc. 2)
umeer Asa MakcumyMa: @, = 100° u @, = 270°. MuHMMyMy 3HEprUU MOJIEKYJIbl COOTBETCTBYIOT TOPCUOHHBIE
yriel @ = 0° 1 @, = 175°. 310 03Ha4aET, YTO B OCHOBHOM COCTOSIHUU MOJIEKYJIa UMEET NIPAKTUIECKU INIOCKYIO
KOH(pOPMAITHIO.

MuHNUMYMY SHEPTUU MOJIEKYIBI B BO30YKIEHHOM COCTOSTHHH OTBeUaeT KOH(OpMaIysi, IIpu KOTOPOU apo-
Maruyeckre (pparMeHThl PACTIONIOKEHBI B IEPIEHANKYIISIPHBIX INIOCKOCTAX (cM. puc. 1, 6). Ilepexon B Takoe co-
CTOSIHHE COTIPOBOXK/IAeTCs BHY TPUMOJIEKY/ISIPHBIM IIEPEHOCOM 3apsija. B cBsi3u ¢ 3TUM B BO3OYKIEHHOM COCTOS-
HUM (parMeHThl MOJIEKYJIBI KpacuTelnsi OyAyT HCIIBITHIBATh TOPCHOHHBIN TTOBOPOT (TOPCHOHHYIO PETAKCAIHIO),
riepexonst B ckpydenHoe coctosiaue (TICT-coctosaue). Kak m3BecTHO, a1t THodaBuHa T 1 €ro MpON3BOIHBIX
MOZI00HOE COCTOSIHUE sIBIIsieTcss HeduyopecnupytomuM [17—-19]. dnyopecueHIis BO3MOKHA TOIBKO M3 HEpe-
naxcupoBaHHOTO (locally excitation, LE) coctostHus. J{ns Takux coequHEHU riepexo] B Heryopecupyoiiee
TICT-cocTosiHue SIBISIETCSI OCHOBHBIM TYILIAIIMM MPOIIECCOM. B BA3KUX pacTBOpax M Mpu BCTpaUBaHUU B CTPYK-
Typy TOJMMEpa TOPCHOHHOE BpalieHHe (parMeHTOB MOJICKYJIbI B 3HAUMTENILHON CTETIEHH ONOKUPYETCs, YTO
MIPUBOJIUT K BO3PACTaHHIO KBAHTOBOH (DITyopeciieHIINH.

6 T
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ala o/b

, o o

Puc. 1. Konpopmarus Th-C11 B ocHOBHOM ()
¥ BO30YKICHHOM (PpaHK-KOHJIOHOBCKOM (6) COCTOSTHUSAX

Fig. 1. Th-C11 conformation in the ground (@) and excited Franck-Condon (b) states
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Puc. 2. 3aBUCUMOCTb SHEPTUM OCHOBHOI'O
cocrosiaus coepuHenus: Th-Cllot yrma ¢

Fig. 2. Dependence of Th-C11 energies
in the ground state upon ¢ angle

Kak u3BecTHO, KBAHTOBBIN BBIXOJ (PJIyOPECUEHIINY 3aBUCUT OT COOTHOIIICHUSI KOHCTAHThI CKOPOCTHU U3ITY-
4aTeIbHOro (PaJuallMOHHOIO0) Iepexosa k, U CyMMbl KOHCTAHT CKOPOCTEH BCeX OCTaJIbHBIX MPOLECCOB, MPU-

BOAAIINX K O€3bI3Ty4aTesIbHOM 1€3aKTHBAIMN BO30YKICHHOTO COCTOSIHUS Zkim:

k
-5 1
1 kr+ z:kinr ( )

WuTeproMOMHAIMOHHAST KOHBEPCHUS B TPUILJIETHOE COCTOSIHWE YaCTO SBJISIETCS OCHOBHBIM ITyTeM Oe3bI3-
Jy4aTeIbHON J1e3aKTUBAIlMU MOJIEKYJ KpacuTened. OQHaKo MPOBEJACHHbIE HAMHU HCCIIEJOBAHUS HE BBISBIIIN
dochopecuennuu criuptoBbix pactBopoB Th-C11 B 3amMmopoxkeHHBIX pacTBOpax mnpu Temieparype 77 K. B ta-

KOM cCJjiyda€ Mbl MOXEM NPUHATH, YTO, KaK U U APYTUX OCH3THA30JIOBBIX IIPOU3BOAHBIX, zkinr = kq)’ e

k, — KOHCTaHTa CKOPOCTH BHYTPEHHEH KOHBEPCHHU, 00YCIIOBIEHHON MOBOPOTOM apOMATUYECKUX (PArMEHTOB
MOJIEKYJIbI IPYT OTHOCHUTENBHO JIpyra B BO30YKICHHOM COCTOSHHUH.

Panee namu Ob110 moKa3aHo [17; 20], uto ast ThT u ero GeH3THA30I0BBIX IPOU3BOIHBIX BBICOTA Oapbepa
BHYTPCHHETO BPAILCHHS SBISIETCS] HE3HAYUTEIBHOM M KOHCTAHTa CKOPOCTH TOPCHOHHOW perakcaliy orpe-
JENSCTCS BSI3BKOCTHIO PACTBOPHUTENS M I'MAPOJHHAMHUYSCKUMHU CBOMCTBaMH (h)parMEeHTOB MOJICKYIbI. Bpemst
TOPCHOHHOM peJlakcalii B COOTBETCTBUM ¢ cooTHoureHneM Jlebast — Crokca — DHHINTEHHA TPEACTaBICHO
hopmynoit i

Tp=— @)
3ky T

rac a— FI/I,I[pO}_II/IHaMI/IqCCKI/Iﬁ paanyc (bpaI‘MCHTa MOJICKYJIBI; kB — IMOCTOsAHHAas BOJ'ILI_[MaHa; T — BA3KOCTbD, T-
TeMIICparypa pacTtBopa. HOCKOJ’IBKy KOHCTAHTa CKOPOCTH U3JTYyHaTCIbHOI'O NEPLCXO0/a HC 3aBUCUT OT BA3KOCTHU

¥ TeMIIepaTypsl, 10 k, = T uu3 (1) u (2) cnegyer COOTHOLIEHHUE
¢

52('7’ — motemn A MMBZGM Jaw/ca‘
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iy 3)

J1st SKCIIepUMEHTAIbHOM TPOBEPKU MPEAIIOIOKEHHS O TOM, YTO TOPCUOHHAS PEIaKCalys SBJSIETCS IJIaB-
HBIM TYIIAIIUM IPOLECCOM, M3y4YeHa 3aBUCHUMOCTb CIEKTPOB M KBAaHTOBOTO Bbixoza ¢uyopecueHuuu 97 %
[IMLEPUHOBOTO PAacTBOPaA KPAacUTENsI OT TeMIleparypsl (puc. 3).

1 T
Kak BunHO 13 puc. 4, 3aBUCUMOCTh 7 —lor n JUHEeWHas. JTo 03Ha4YaeT, YTO U3MEHEHNE KBAHTOBOTO BbI-

T
X04a B U3YyYCHHOM MHTEPBAJIC TEMIICPATYP OAHO3HAYHO OIPEACTIACTCA COOTHOIICHUEM ﬁ B COOTBETCTBUMU C pac-
CMaTpuBacMbIM MEXAaHU3MOM TYHICHUA (I)HyopecueHuI/m KpacCcuTeJis.

HTEHCUBHOCTD
(ryopecueHIuH, yCi. e.
;

560 600 640 680
JlmmHA BOJTHBL, HM

Puc. 3. Crexrps! dryopecrentmu Th-C11 B 97 % rmmunepune
npu Temneparype pactsopa 15-50 °C (cBepxy BHHU3, uepes 2,5 °C)

Fig. 3. Fluorescence spectra of Th-C11 in 97 % glycerol
at a solution temperature of 15-50 °C (from top to bottom, after 2.5 °C)

— 0
|
> &~
Nl
=
- Il 1 Il 1 Il 1 -
0,00300 0,003 15 0,00330 0,00345
l, K’l
T
1 T _
Puc. 4. 3aBUCUMOCTb BEJTUYHHBI 7 —1or G Puc. 5. 3aBUCUMOCTD BEJTMUHHBI ln(l/qT 1) OT%
aa Th-C11 8 97 % rimuepure s Th-C11 B 97 % rmuuepnte (E, = 2,6 - 10° £ 1,2 - 10> (em 1))
1 T
. 1 Ea 1/g —1
Fig. 4. Dependence of the q Ivs n Fig. 5. Dependence of the ln( qT ) Vs %

for Th-C11 in 97 % glycerol 3 5
for Th-C11 in 97 % glycerol (E,=2.6-10°£1.2- 10 (em™))
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3aBUCHMOCTH BSI3KOCTU PACTBOPUTEIS OT TEMIIEPATypPhl MOXET OBITh MPEICTABICHA CICAYIONTUM BbI-
paxenuem [21]:

E
S| 2 | o
n n, kgT
rae £, — oHeprus akTHBallMM BA3KOro TeueHus pactBoputens. Ha ocroBanuu (3) u (4) MOXKHO 3anucaThb
E l/g —1 E /g -1 1
l—1 ~Texp| —= |, wm In Vg-1 ~| —% |. Kak BumHO u3 puc. 5, 3aBUCHMOCTB In Vg=1 oT —
q kg T T kgT T T

SIBIISICTCSl JTMHEWHOW. DHEpPrus akTHBALWMHU, ONPEACICHHAs M0 YNNIy HaKJIOHAa 3aBUCUMOCTH, COCTABIISET
(2,6 - 10° £ 1,2 - 10%) cM ', 9TO 3HAYMTENHHO MEHBIIE SHEPIUU AKTHBAIMH BS3KOro TeueHus 100 % rimire-
puna (4,7 - 10° M) [22]. Pasnuume momy4eHHBIX ¥ H3BECTHBIX 3HAYCHHMIT E, MoxkeT ObITb BBI3BAHO TEM, UTO
B Hacrosimen padborte mucnombioBaics 97 % rmunepus, a B [22] npuBonarcs nanueie mist 99 % mmnepuna.
[TomyueHHBIN pe3ynbTar CIyKUT TOATBEP)KIEHUEM TOT0, YTO TOPCHOHHAs pestakcalus GparMeHTOB MOJICKYJIbI
Th-C11, a 3Ha4uT, 1 N3MEHEHNE KBAHTOBOTO BBIXOa (DIIyOPECIICHIINN ONPEIEIAIOTCS He SHEPTUEH aKTHBALINU
noBOpoTa (hparMeHTOB, a BSI3KOCTHIO pacTBOpUTElsl. KBAHTOBO-XMMHYECKHE pacyeThl 3aBUCUMOCTH DHEPTUH
LE-cocTosiHUS OT TOPCHOHHOTO YIJIa (9, BHITOJHEHHBIE IS psifa OEH3THA30I0BBIX MPOU3BOIHBIX THO(DIABH-
Ha T, yKa3pIBaIOT Ha OTCYTCTBHE YHEPTETUUECKOTO Oapbepa BHYTPEHHETO BpAIICHHUSI.

CrekrpanbHble cBoiicTBa Th-C11 B pa3iM4HBIX pacTBOPUTEIAX
Spectral properties of Th-C11 in various solvents

Ne /it PacrBopuTerb KBaHTOBBI BBIXOJL, ¢ A > HM A ¥ ¥, HM (t), mc
1 H,0 0,008 555 611 <60
2 DTaHol 0,010 560 613 <60
3 1,4-JTuokcan 0,025 577 594 200
4 Imunepun (98 %) 0,077 562 590 700
5 H,0 + A® (0,1 mr/mmn) 0,150 585 597 1500
MMpumeuyanue. * — nonomenune; ** — duyopecueHuus.

Takum 00pa3zom, Ha OCHOBaHHH MPOBEJICHHBIX UCCIIEIOBAHUI MOXKHO CJIEJIaTh BBIBOJ O TOM, YTO KBAHTOBBI
BeIXo# (hiryopectiennuu Th-C11, kak 1 Ipyrux MpoW3BOAHBIX THO(IaBUHA T, 3aBUCHT OT COOTHOIICHHS KOHC-
TaHT k, U k, B MaoBs3KuX pacTBOpHTEISX k, > k,. KBaHTOBBII BBIXO ()IyOPECLCHINN KPaCHTEs HU3KAM
(cM. TabnuIty). B BSI3KHX pacTBOPUTENSIX M NP BCTPAMBAHUU KPACHTENS B CTPYKTYpY AD MPOUCXOAUT 3HAYH-
TENLHOE WITH MOJIHOE OIPaHUUYCHUE TOPCHOHHOTO BPAIeHHs ()parMEHTOB MOJICKYIIbL. DTO TIPHUBOJHT K YBEIIHIe-
HUIO KBAaHTOBOTO BBIXO/Ia €r0 (PIIyOpEeCIICHIINH.

BiausiHue mosipHOCTH PACTBOPHUTEJISA
Ha cnekTpajbHbie cBoiicTBa Th-C11

Ha puc. 6 mpusenens! ciekTps rornorieHus Th-C11 B pacTBopuTeISIX pa3TuIHON MOIIPHOCTH U ITOKa3a-
HBI CIIEKTPbI TIOTJIOIIEHHSI KPACUTENsI B BOIHBIX pacTBopax npu nodasnennn AD. [Tepexon OT ManonoasipHoro
JIMOKCaHa K TOJIIPHOMY PACTBOPUTEIIO — BOJIC — MPUBOJIUT K THIICOXPOMHOMY CMEIICHUIO JUTMHHOBOJHOBON
TTOJIOCHI, COCTABIISAIONMIEMY TIPUOIM3UTEIIBHO 22 HM.

Kak u3BecTHO, Ha CIIEKTPaIIbHO-(PIYOPECIIEHTHBIC CBOMCTBA MOJIIPHBIX MOJICKYII HanOoJIee CYIeCTBEHHOE
BJIMSIHUE OKAa3bIBAIOT JIUTIONb-IHUIIONbHbBIC (OPHEHTAIIMOHHBIC) B3aUMOJICHCTBUS. JUIONb-TUTIONBHAS pelaK-
calms CBs3aHa C TIOBOPOTOM MOJIEKYJI XpoModopa U pacTBOPUTENst U TpeOyeT HEKOTOPOTro BPEMEHH, 3HAUU-
TEJILHO OOJIBIIETro, YeM BpeMs Mepexojia U3 OCHOBHOTO COCTOSIHUS B BO30y KaeHHOe. [ToaToMy crabuim3anus
OCHOBHOI'O COCTOSIHUS S, B IIOJSIPHOM PacTBOpPUTEIIE SIBISETCS 00jIee 3HAUUTEIbHOM, YeM BO30YXKIEHHOIO S,
(puc. 7, a), 1 3HEPryUsl HIEKTPOHHOIO IIEPEX0/a U3 COCTOSIHUA S B S, YBEIMUUBAETCS, a JAJIMHA BOJIHBI IIEpe-
X0JIa YMEHBINACTCS. DTO MPUBOJMUT K KOPOTKOBOJIHOBOMY CIIBUTY CHIEKTPOB TIOINIOIICHHS B IOJISIPHBIX PACTBO-
pUTENSIX. DHEPIUs CTA0MIN3AINN OCHOBHOTO COCTOSIHUS 3aBHCHUT OT MOJISIPHOCTH, HO HE 3aBUCHT OT BS3KOCTH
PacTBOPUTEIIS, TIO3TOMY CIIEKTPhI TONIOMICHHS KPACHTEIS B IOJISIPHBIX PACTBOPUTEISIX (BO/IA, CIIUPTHI, TITUIIC-
pUH) HMEIOT KOPOTKOBOJTHOBOE TTOJIOKEHUE (CM. pUC. 6 U TaOIHILY).

B ominume ot CrieKTpoB MOMIONICHUS TOJIOKEHHEe MAKCUMYyMa CIIEKTPa UCITYCKaHUS 0Ka3aJl0Ch 3HAYUTEIb-
HO MEHEE YyBCTBUTEIBHBIM K TIOJSIPHOCTH pacTBOpHUTENs. J[elCTBUTENBHO, TIEPEX0/] OT BOJHOTO pacTBOpa
K MaJIOTIOJISIPHOMY JIMOKCAHY COMPOBOXKIAETCSI KOPOTKOBOJIHOBBIM CIIBUTOM CIEKTpa, COCTABIISIONIMM BCETO

EQC'J — cmoemn AL Mw\ofqm Jf,w,w,, 9
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16 HM, B TO BpeMs KaKk CMEIEHHEe CIIeKTpa MOIoeHns paBHsaeTcs 22 HM. [ 00bsICHEHNs 3TOTO PaccMOT-
prM (doTodrzHIeckue mporeccsk B BO30yxkieHHOM cocTtosiHiK MoeKylsl Th-C11. Tocne morornieHust KBaHTa
cera Mojekyinbl Th-C11 mepexonsT B HepaBHOBECHOE (paHK-KOHJJOHOBCKOE COCTOSIHHE, OTKY/Ia IOCIe KoJie-
0aTesbHOM perakcaliy CoBepIlaeTces rnepexoja B HepaBHoBecHOe LE-coctosiHue (cM. puc. 7, a — 6, 0003HaUCHO
Kak S)). BepostHOCTb IOCIIE Y OIIMX IEPEXO0I0B 3aBUCHUT OT BA3KOCTH U IOJISIPHOCTH MUKPOOKPYXKEHHS, B KOTO-
POM Haxo[sTCsl MOJIEKYIIbL. PaccMoTprM Hanbosee BaKHBIE CITydau.

ala o/b

Hopmupoannas
WHTCHCUBHOCTH (DITyOpEeCICHIIUU

Hopmuposannas
ONTHYECKAsI IUIOTHOCTh

0 - 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 -
450 500 550 600 650 600 650 700
Jln1Ha BOJHBI, HM JlnrHa BOJHBI, HM
Boga ----- Oranon - - - - [nuuepun
Juokcan ——— Bomnsrit pactBop + 0,1 mr/mi AD

Puc. 6. HopmupoBaHHBIE CTIEKTpPHI orIomeHus (@) u gayopecueHuuu (0)
Th-C11 ¢ koHrenTpamyeii 5 - 107 Moib/11 B pasinuuHbIX pacTBOPHTEISK

Fig. 6. Normalised absorption (a) and fluorescence (b) spectra
of Th-C11 of concentration 5 - 10~® mol/L in various solvents

H3onuposannsie moneKynvl, HaXOAAIIMECS B BO30YKICHHOM COCTOSHUU S|, HCIBITHIBAIOT OBICTPYIO TOP-
CHOHHYIO pellakcaiuio (cM. puc. 7, a). PagnannoHHoe BpeMs 3aTyXaHus (IyopecleHINH T, MOXKHO OLIEHUTb,
r
<>
3HaveHus ¢ u <T> npuBeaeHb! B Tabmuie. Pacuer nokaseiBaer, 4yro juist Th-C11 Bennunna T, cocrasmser 10 He.
Bpewms TopcuonHON penakcaniuu (parMeHTOB MOJIEKYJbI He TpeBbimaeT 1 mc. B pesynprare TOpCHOHHOTO
BpaIlleHHs MOJIEKYJIa U3 IUIOCKOH KoHpopmaru nepexoauT B ckpyueHHoe cocrostaue S, (TICT), kotopoe siB-
nsieTes HeIIyopecupyomuM. BemeacTBrue 3Toro 0CHOBHOM BKJIA B U3ITy4YeHHE OyIyT CO31aBaTh JUIIH MO-
JICKYJIbI KPACHUTEIs, JUIsi HUX TOPCHOHHBIN yroi () HEMHOTO OTJIHYAETCs OT HyJIs. DHEPreTHIeCKUil YpOBEHb
S ((p’), MOKa3aHHBIN Ha PHC. 7, COOTBETCTBYET HEKOTOPOMY YCPEIHEHHOMY 10 BpEMEHH TOPCHOHHOMY yIiTy ¢
usydaromx Monexkyn Th-C11. Ilockonbky k, > k., TO 1015 (hiyopecuupyomux MOJIEKyI SIBIAETCS OYEHb
HE3HAYUTENBHOW U AJTUTENBHOCTD 3aTyXaHus (IyopecleHInd PaKTHYeCKH PaBHSETCSI BDEMEHU TOPCHOHHON

HCIIOJIb3YyA CBA3b KBAHTOBOI'O BbIXOJAa U cpez[Heﬁ JJIATCIIBHOCTH <T> 3aTyXaHUs (l)ﬂyOpeCL[CHLII/II/I q=

penakcanuu (T= kL’ =T, ). OCHOBHas 4aCTh MOJIEKYJ BCJIE/ICTBHE TOPCHOHHON PeNlaKCalliy MEPEXOIAT B CO-
¢

crostaue S;(TICT). [lonoxkenue criektpa GayopeceHH B 3TOM ciiydae OyneT Haubosee KOpOTKOBOJIHOBEIM,

a KBaHTOBBIN BBIXOJ (PIyOpECLEHIINN — YPE3BBIYAHO HU3KUM.

B nenonapuvix pacmeopumenax, 061a0anuiux HegblcOKOU 6A3Kk0cmulo (Ha puc. 7 cXema He IpeJcTaB-
JIeHa), U3-3a CHJI TPEHHUS CKOPOCTh TOPCHOHHOTO BPAIICHUsI 3HAYUTEIHHO MEHBIIE CKOPOCTH TOPCHOHHOTO
BpAILICHAs MOJIEKYI B Bakyyme. Ho u B Takom ciyuae k,, > k,, 03TOMy ypOBEHb S, (9’) pacnionoxen Bbiue,
YeM aHaJOTHYHBIH YPOBEHB /IS H30JIMPOBAHHBIX MOJIEKYM (cM. puc. 7, a). [1o 3Toit mpuumnne cniektp ¢iryo-
PECLEHIIMM KpacHuTessl B pacTBOPHUTENE MaJoOH BS3KOCTH 00jiee KOPOTKOBOJIHOBBIN, UM CIEKTp ¢uryopec-
LEHIMH U30JIMPOBAHHBIX MOJEKYI. JIUTensHOCTD 3aTyxaHus (GpayopecueHIIMN OyJeT TaKKe IKCTPEMabHO
KOPOTKOIi (T = T,), @ KBAHTOBbIA BBIXOA — HU3KUM.

Ecnu ManoBs3kuii pacTBOPUTEIND ABISETCS ROAAPHBIM (CM. pUC. 7, 6), TO, KpOME TOPCHOHHOM pelaKcalii,
OIIPEJICIICHHBIN BKJIAJI B CMEILICHUE CIICKTPa UCITYCKaHUsI BHOCUT COJIbBATHAS PENIAKCaIlHsl, IMEIOIasi OOJIBIIYIO

10 ey
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Puc. 7. CxeMbl, HOSICHAIOIINE 3aBUCUMOCTb MOJIOXKEHUS CIIEKTpa
(biyopecIeHIHN OT MONSPHOCTH U BI3KOCTH PACTBOPHTEIIS:
@ — U30JTUPOBAHHBIC MOJICKYJIbI (HETIOISPHBIN MaJIOBA3KHI PACTBOPHUTEIIb);
6 — MOJISIPHBII MAJIOBS3KHI PaCTBOPUTEND; 6 — MOJSAPHBIN BA3KHNA PAaCTBOPUTEb.

S, 0603HaUaET OCHOBHOE PABHOBECHOE COCTOSIHUE MOJICKYJIIBL, IIPH KOTOPOM MOJIEKYJIa HMEET IUIOCKYIO CTPYKTYpY;
Sy(¢’) — 0CHOBHOE HEpPaBHOBECHOE COCTOSHNE, XaPAKTEPU3YIOLIEecs TOPCHOHHBIM YIIIOM ¢;
So(TICT) — ocHOBHOE HEPABHOBECHOE COCTOSTHUE, KOTOPOMY COOTBETCTBYET CKpyUYEHHAsk KOH(OPMAIUs MOJIEKYJIbI,
XapaKTepU3yIomAsicst TOPCHOHHBIM yriToM @ = 90°; S, (¢”) — BO30y*K/IeHHOE HEPAaBHOBECHOE,
YaCTHYHO PEIAKCHPOBAHHOE COCTOSHUE, KOTOPOMY COOTBETCTBYET TOPCHOHHBIH yroi ¢
S,(TICT) — B030ykJeHHOE HEPABHOBECHOE COCTOSIHUE, COOTBETCTBYIOIIEE CKPYUEHHOM
KoH(popManuu MoseKysl (¢ = 90°); S, (sol) — Bo30ykIeHHOE HEPABHOBECHOE,

YaCTHYHO PEIIAKCUPOBAHHOE (II0 PACTBOPHTEIIO) COCTOSHHE;

S;(¢’, sol) — yacTuuHO penakcHpOBaHHOE (110 PACTBOPUTEIIIO)

COCTOSIHHE, XapaKTepu3yrolIeecss TOPCHOHHBIM YIIIOM ¢
Fig. 7. Diagrams explaining the dependence of the position
of the fluorescence spectrum on the polarity and viscosity of the solvent:

a — isolated moleculas (non-polar low-viscosity solvent);

b — polar low-viscosity solvent; ¢ — polar viscous solvent.

S, is the ground equilibrium state of the molecule, in which it has a flat structure;

SO((p’) — ground non-equilibrium state characterised by torsion angle ¢’

Sy(TICT) — the ground non-equilibrium state, which corresponds to the twisted conformation
of the molecule, characterised by a torsion angle (¢ = 90°); Sl((p’) — excited non-equilibrium,
partially relaxed state, which corresponds to the torsion angle @”; S;(TICT) — an excited non-equilibrium state
corresponding to the twisted conformation of the molecule (¢ = 90°); S,(sol) — excited non-equilibrium partially
relaxed (by solvent) state; Sl((p’, sol) is a partially relaxed (by solvent) state characterised by a torsion angle ¢’

CKOPOCTb, UEM TOPCHUOHHAs. 9T0 IMPUBOAUT K YMCHBIICHUIO DOHEPTUU B036y)K,JleHHOI‘O COCTOAHUA MOJICKYJIBI,
O/THaKO BEPOATHOCTD U3JTy4YaTCJIBbHOTO IMEPEXoaa IMpu 3TOM HE U3MCHACTCA. HOCKOJIBKy Impu Nepexoi€ B BO3-
Oy>KIICHHOE COCTOSTHUE IUITONBHBIM MOMEHT MoJekyiibl Th-C11 yBennmuuBaeTcst HE3HAUUTEIEHO, TO SHEPTHUS
MOJIEKYJBI BCJIEJICTBHE 3TOTO MPOIECCa M3MEHUTCS HECYIECTBEHHO. TOPCHOHHAS pellakcallysi COMPOBOXK-
JIaeTCs COJILBATHOM peliakcaiueit u Oyzuer eme 0ojiee MEIJICHHON, YeM B Cilydae, IIOKa3aHHOM Ha puc. 7, 6.

j— 1 ’
OnHaxo mocKonbKy k, >k, = 7> TO SHEPIHs COCTOAHUA S;(9’) na puc. 7, 6, Gonbliie SHEPTUU COCTOSHUS

Sl((p’) Ha puc. 7, a. COOTBETCTBEHHO, DHEPTHUs U3IIy4aTeIbHOIO Iepexona S, ((p’) -5, ((p’) CTaHET MEHbLIE,
4YeM B ciydae, IOKa3aHHOM Ha pHc. 7, a. DTO MPUBOIUT K TOMY, 4uTo crekTp nomiomenus ThT B momsipHom
pacTBopHTeIe ABIsIeTCS O0JIee KOPOTKOBOIHOBEIM, a CIIEKTP (DIIyopeciieHIny — Ooliee UTMHHOBOJIHOBBIM, YeM
B HeTOIIpHOM. JTHTENbHOCTD 3aTyXaHus (IyOpecleHINH, KaK U B CIydae HEeTOIIPHOTO MaJIOBA3KOTO pac-
TBOpHTEIIs, Oy/IeT paBHA BPEMEHH TOPCHOHHOMU perakcaru (T = T,). [IpaBUIbHOCTD MOXOOHBIX pacCy K ACHUM
MOATBEPKAAIOT IPUBEICHHBIE HA PHC. 6 CIIEKTPBI ONIOMIEHHS 1 (MIIyOPECIICHIIUH, a TAK)KE ITAHHbIC TaOIUIIbI.
B ea3kom nonapuom pacmeopumene (cM. puc. 7, 8) CKOPOCTb COJIbBATHONW U TOPCHOHHOM penakcanuii co-
[IOCTaBUMa CO CKOPOCTBIO M3JIyyaTebHOTO nepexoaa. TopcuoHHoe BpaleHne GparMeHTOB MOJIEKYJIbl COPO-
BOXKIA€TCS COJBBATHOM pellakcaIiieil, Ho, Kak U B cliy4yae, MOKa3aHHOM Ha pHc. 7, 6, OCHOBHOW BKJIAJ B U3ITY-
YEeHHE BHOCAT YAaCTHYHO PEIAKCHPOBAHHBIC MOJIEKYIIBI, JIJIsl KOTOPBIX TOPCHOHHBIH yroJl (¢)) Maao OTIHYAeTCsI
oT Hyis1. MakcuMyMy criekTpa (uryopecreHnnn cootserctByet nepexon S, (¢’ sol) — S, (¢”). Ipu ysemmue-
HUH TIOJISIPHOCTH pacTBOpUTENs criekTp duryopectieHuy Th-C11 ucnpITeIBaeT ITHHHOBOITHOBBIN caBuUT. [Ipn
9TOM M3MEHEHHE BI3KOCTH PACTBOPUTEINS MAJIO BIMSACT Ha MOJIOKEHNUE CIEKTpa (IIyopeCIeHIINN KPACUTEIS.
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Takum 00pa3oM, KBAHTOBBIH BBIXOJ] M JUIMTEIBHOCTD 3aTyXaHUs (PIyOPECICHIIMN KPACHTENSI ONPEIEIISIFOTCS
[JIaBHBIM 00pa3oM COOTHOIIEHHEM KOHCTAHT CKOPOCTH M3Ty4aTeJIbHOTO Mepexoa M TOPCHOHHOM peraKcali,
KOTOpast 3aBUCHUT OT BA3KOCTH HJIH JKECTKOCTH MHUKPOOKPYKEHHS, €CITH KPaCUTEIb BCTPAUBAETCS B MAKpOMOJIe-
Kynbl. Ha monoskenne criekrpa GprayopecreHIiy, KpoMe YKa3aHHBIX (JaKTOPOB, OKa3bIBAET BIUSIHUE MOJISIPHOCTH
pacTBopuUTENs B OOJbIICH CTETICHH, YeM BSI3KOCTh. [10CKONBbKY (ITyOpeCHeHIHS POUCXOIUT 13 HEPABHOBECHOTO
B030YKICHHOTO COCTOSIHHSI, KOTJIa PEeNaKcalisi OCYIECTBILIETCS JIMIIb YaCTHIHO, MTOJIOKEHUE CIIEKTpa TOTIO-
IIeHHS B OOJBIICH CTETICHN 3aBUCHT OT TTOJISIPHOCTH PACTBOPUTEIISI, UM TIOJIOKEHHE CIIEKTPa (ITyOpECICHIIHH.

Hannas moenb Gotodpusndeckux mnporeccoB B Mosiekysie Th-C11 mo3BosisieT 00bICHUTh HE TOJIBKO 3aBH-
CHUMOCTD CIIEKTPAJIbHBIX CBOMCTB KPACUTEINS OT TOJSIPHOCTH M BSI3KOCTH PAaCTBOPHUTEINS, a TAK)KE 3aKOHOMEP-
HOCTH WX M3MEHEHHUs Npu BcTpanBaHuu B AD n Oenku. J[eHCTBUTENHHO, B 3TOM Clydae MHUKPOOKPYKEHHE
MOJIEKYJI KpacUTellsl JOCTaTOYHO XKECTKOE U PelaKcallusl COCTOSHUM S, U S| ABJsIeTCsl OUYeHb OIPaHUYEHHOM,
TaK 4TO YMEHBIIIEHUE YHEPTUN ITUX COCTOSHHUM OyneT He3HaunTeNbHbIM. [lornomenuio Moekys KpacuTens,
BCTPOECHHOIO B CTPYKTYpY (PUOPHUILL, COOTBETCTBYET Iepexon S, — S, IpeAcTaBleHHbI Ha puc. 7, a. Diyo-
PECLICHIIMY OTBEYaeT mepexon S; — S, MOKa3aHHBIA Ha pUcC. 7, 6, IyHKTHPOM. DTO MPUBOAUT K TOMY, UTO
CHEKTp TOIVIOIICHNS BOJHOTO pacTBOpa B MpucyTcTBUU AD nmeeT 6aTOXPOMHBIN CABHT 110 CPAaBHEHHIO C aHa-
JIOTHYHBIM CIIEKTPOM B MaJIOBSI3KHX PACTBOPHUTENISIX, & CIEKTP (iryopecleHIny — THTICOXPOMHBINH. MIMeHHO
Takue CIEeKTpalbHble 3aKOHOMEPHOCTH HAOMIOMAI0TCs Ha ombiTe: crektp nontomenus Th-C11, BctpoeHHOTO
B AD 13 MHCY/IMHA, UMEET MAKCUMYM Ha 585 HM, criekTp QuryopeciieHIun — Ha 597 HM.

Cootromienue (1) OpUT0 TOTYYEHO TIPH MPEAIOT0KEHUH, YTO TOPCUOHHAS PETIAKCAIHS SBIISICTCS SAUMHCT-
BEHHBIM TyIIamuM mporeccoM. COOTBETCTBEHHO, NMPH OTCYTCTBUH 3TOTO IMPOIECCA, YTO UMEET MECTO MpHu
T — 0 u 1 — oo, KBAHTOBBIM BBHIXOJ AOJDKEH OBITH paBeH enuHuIe. OZHAKO SKCTPANOISALUS 3aBUCUMOCTH

T .
m — 0 nmeeT KBaHTOBBIH BbIX0[ ¢ = 0,10. DTO yKa3bIBaeT HA CYNIECTBOBAHNE HEKOTOPOTO HE 3aBHUCAIIETO OT

TEMIIepaTypbl ¥ BSI3KOCTH TYyIIAIIETo mporecca. Kak yke oTMedanock, mepexo/] B TPUILUIETHOE COCTOSTHHE He
MOYET PacCMaTpUBAThLCS KaK BEpOSTHBIN (hakTop Tymenus. OIHUM U3 TaKUX (aKTOPOB SIBISETCS BHYTPUMO-
JIEKYJISIPHBINA TEPEHOC 3aps/ia, He CBSA3aHHBINA C MOBOPOTOM (parMeHTOB MOJICKYJIBI U MPUBOJSIINH K JIe3aK-
THUBAIUU BO30YXICHHOTO COCTOSIHHS MOJICKYJIbl. McciienoBanuo posiu Takux mporeccos B mosekyie Th-Cl11
OyyT MOCBSIICHBI CJICAYIOIINE HAIIA PA0OTHI.

3aKjaoueHune

W3ydeHbl CLICKTPBI MOTIIOIIECHUS U (NTyOPECIIEHIIMU HOBOTO OeH3THa3ooBoro kpacutelns Th-C11. JlanHbii
KpacHTellb XapaKTepU3yeTcs JUIMHHOBOJIHOBBIM TTOJIOKEHUEM CIIEKTpa rmorouieHus (555 Hm) u gmyopeciieH-
uu (610 HM).

B pesynbrare KBaHTOBO-XUMHYECKHX PACUETOB YCTAHOBJIEHO, YTO B OCHOBHOM COCTOSIHUM MOJIEKYJIa HIMEET
IJIAaHAPHYIO CTPYKTYPY. MUHUMYMY SHEPTUU MOJICKYJIBI B BO30YXKICHHOM COCTOSSHUHM COOTBETCTBYET CKPY-
4yeHHasl KoH(opManusi ¢ OpTOTOHABLHEIM pactonokenneM apomarnueckux konerl (TICT-coctosiaue). TICT-
coctosiuue siBisiercst Hedmyopectupytommum. [lepexon B TICT-cocTosiHre (TOpCHOHHAS pelaKcalys) MpruBoO-
JUT K Oe3bI3JTydaTeIbHOM 1€3aKTUBALIMHU U ABJISETCS TYIIANUM (IIyOPECIEHIIUIO MPOoLeccoM. 3HAYUTEIHHOE
YBEITUUCHIE KBAHTOBOTO BBIXO/IA M JUIUTEIHLHOCTH 3aTyXaHUs (QIIyOPECIICHIINN KPACUTENS B BSI3KHX PACTBOPAX
W 1Y BHECeHHH B pacTBOp AD 00yCIIOBICHO OTpaHIUYCHUEM TOPCHOHHOTO BpalleHUs] ()parMEHTOB MOJICKYJIbI.

Bospacranne nonspHOCTH pacTBOPUTENS MPUBOIUT K KOPOTKOBOJTHOBOMY CIBUTY CIIEKTPOB IOTJIOIIECHUS
Y JUIMHHOBOJIHOBOMY CJABWTY CIEKTpPOB (uryopecueHIy. HaOmonaemple M3MEHEHHS CIIEKTPOB OOBSCHSIOTCS
MPOSIBJICHHUEM TPOIIECCOB TOPCHOHHOW M CONBBATHOM pellakcallyii, MPOTEKAIOINX B CUCTEME XPOMOQOp —
COJIbBaTHasi 000JIOUKA.

[TonmyueHHBIE pe3yabTaThl MOKA3BIBAIOT, UTO HOBBIA KPACUTEINb SIBJSCTCS MEPCIEKTUBHBIM (DIyOpPECIICHT-
HBIM MapKepOM, YYBCTBUTEIHHBIM K TOJIIPHOCTH U BSI3KOCTH MUKPOOKPY)KCHHSI ¥ 00JIaaONTUM JUTHHHOBOJI-
HOBOI1 M0JI0COM TIOTIOIIEHHS U (PITyopecleHIINH.
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TOPCHUOHHBIE COCTOAHNA MOAEKYABI
TUAPOITEPOKCUAA METUAA, PACCAUTAHHBIE C YHETOM
AHT'APMOHHWYECKOU OHEPTUN HYAEBBIX KOAEBAHUUN

I A. IHIIEBHY", A. 3. MAJIEBHY", B. B. T1O3HI[KHH", B. B. CAIIEILIKO?

YBenopycckuii 2ocydapemeennviii ynusepcumem, np. Hezasucumocmu, 4, 220030, 2. Muncxk, Benapyco
D Unnunotickuii yuueepcumem 8 Huxaeo, yn. B. Tatnop, 845, 60607, . Huxaeo, CLLA

2D-10BepXHOCTH MMOTEHINAIBHOI dHEPTUH, KHHEMAaTHIeCKUX KOA(P(UIIMEHTOB 1 KOMITOHEHT JUITOJIBHOTO MOMEHTA,
a TaK)Ke BBICOTHI MOTCHIHAIBHBIX 0apbepOB, SHEPIHH CTAIOHAPHBIX TOPCHOHHBIX COCTOSIHUH M YaCTOTHI TYHHEINPOBA-
HUSI THIPOKCUIIHON ¥ METHJIBHOW TPYIII B MOJIEKYJI€ THAPOIIEPOKCHIa METHIA ObUIM PACCUMTAHBI HA YPOBHSIX TEOPHU
MP2/CBS u CCSD(T)/Aug-cc-pVTZ. JlommomTHATEIHHO BHITIOTHEHBI pacdeTsl 2D-1oBepXHOCTH YHEPTHUH HYJIEBBIX KOJIE-
0aHNi MOJIEKYITBI B TApMOHIYECKOM M aHTaPMOHWYECKOM MPUOIIDKEHUAX Ha ypoBHE Teopunt MP2/Aug-cc-pVTZ. Duep-
TS HyJIEBBIX KoJieOaHWM, BEIYMCICHHAS B IBYX HPUOIMIKEHHSIX, IPOCYMMHPOBAaHA C NOTCHIIMAJIBHOW dHEPTrHeil MOJIeKy-
JIBI TU/IPOTIEPOKCH/IA METHIIA, PACCYMTAHHOW Ha JIBYX YPOBHSX TeOpuH. UeThipe BapuaHTa yTOYHEHHOW MOTEHIIMAIBHON
SHEPTUH HCIIOIB30BAHbI JUIS BEIYUCICHUH SHEPrHid CTAlMOHAPHBIX TOPCHOHHBIX COCTOSIHMH M YacTOT TYHHEJIMPOBAHHUS.
[Mosy4eHHbIe Pe3yNbTaThl COMOCTABIEHBI C MPE/ICTABICHHBIMU B JINTEPATYPE IKCIIEPUMEHTAIBHBIMEI U TEOPETUUECKUMU
JIAHHBIMH B [EJISIX OIIEHKU AP ()EKTHBHOCTH ydyeTa SHEPTrUH HYJEeBbIX KOJEOAHHIA P aHAIN3e BHYTPEHHETO BpPAICHHS
B MOJICKYJIax.
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THE TORSIONAL STATES OF METHYL HYDROPEROXIDE

MOLECULE CALCULATED USING ANHARMONIC
ZERO POINT VIBRATIONAL ENERGY
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The 2D surfaces of potential energy, kinematic coefficients, components of the dipole moment, the heights of potential
barriers, the energies of stationary torsional states, and the tunneling frequencies of hydroxyl and methyl groups in the
methyl hydroperoxide molecule were calculated at MP2/CBS and CCSD(T)/Aug-cc-pVTZ levels of theory. Additionally,
calculations of the 2D surface of zero point vibrational energy of the molecule in the harmonic and anharmonic appro-
ximations were performed at MP2/Aug-cc-pVTZ level of theory. The zero point vibrational energy calculated in two
approximations is summed up with the potential energy of the methyl hydroperoxide molecule, calculated at two levels
of theory, and the resulting four outcomes of the refined potential energy are used to calculate the energies of stationary
torsional states and tunneling frequencies. The results obtained are compared with the experimental and theoretical data
presented in the literature to evaluate the efficiency of taking into account the zero point vibrational energy when exa-
mining the internal rotation in molecules.

Keywords: zero point vibrational energy; internal rotation; torsional vibrations; tunneling frequency; methyl hydro-
peroxide molecule.
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Introduction

The molecule of methyl hydroperoxide (CH;OOH) is the smallest and simplest among organic peroxides
and one of the simplest peroxide molecules, second only to hydrogen peroxide (HOOH) in the latter case.
The main characteristic feature of peroxides is the presence of the (O—O) bond, which is rather weak and is
often unstable even at room temperatures. Wherein the dissociation energy of the peroxide bond in the methyl
hydroperoxide (MHP) molecule — 42.6 kcal/mol [1] is comparable to the dissociation energy of complexes
with the strongest hydrogen bonds — 30 kcal/mol [2]. The methyl hydroxide molecule also attracts the attention
of researchers due to its active participation in atmospheric, tropospheric, and stratospheric processes [3-5],
as well as because it is one of the probable candidates for detection in interstellar space. Studies of the proces-
ses of formation and thermal decomposition of the MHP molecule were initiated a long ago [6—9]. Later, the
attention of researchers was focused on the interaction of MHP molecules with surface water and ice [10; 11],
as well as on the investigation of the properties of MHP molecules in water and in water clusters [12]. Un-
fortunately, we were unable to find literature data on experlmental IR and Raman spectra in the low-frequency
spectral range (10—-500 cm™"). At the same time, the spectral region, in which the overtones of the stretching
vibrations of the hydroxyl group (6000—19 500 cm ') appear, has been studied experimentally and theoreti-
cally in great detail [13—17]. These studies showed the existence of a significant interaction of stretching and
torsional vibrations of the hydroxyl group. These results once again emphasise the importance of analysing
the torsional vibrations of O—H and CH; groups in the MHP molecule. For the ground state of a molecule,
such an analysis was first performed in [18]. In this work, rotational microwave and millimeter spectra of the
molecule were obtained and analysed for the first time. It was found that the tunneling of the hydroxyl group
in the ground state occurs at a frequency of 14.97 cm™, while the corresponding tunneling frequency of the
methyl group was 7.64 - 10° cm™'. Recently [19], a more deep and detailed theoretical study of torsional vi-
brations in the MHP molecule was carried out. 2D potential energy surface (PES) for two torsional coordinates
was calculated at a high level of theory (CCSD(T)/Aug cc-pVTZ). In this case, the computed value of the
tunneling frequency of the hydroxyl group in the ground vibrational state (14.805 cm™") turned out to be very
close to the experimental value. Besides, at the MP2/Aug-cc-pVTZ level of theory, the zero point vibrational
energy ZPVE) of the remaining 13 bending and stretching modes was additionally taken into account in the
harmonic approximation. Although it could be expected that this should improve the representation of the po-
tential energy of torsional Vlbratlons the calculated value of the tunneling frequency, in this case, turned out to
be underestimated (10.978 cm ') compared to the experimental result.
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In this work, an attempt has been made to calculate more accurately the 2D surface of the ZPVE of the MHP
molecule. It is well known that the values of vibrational frequencies calculated in the anharmonic approxima-
tion turn out to be much closer to the experimental values than in the case of using the harmonic approximation.
Due to anharmonic calculations requiring considerably more time they were carried out at the MP2/Aug-cc-
pVTZ level of theory. Calculations of the 2D PES due to the variation of the torsional coordinates were per-
formed at two levels of theory (CCSD(T)/Aug-cc-pVTZ and MP2/CBS). Besides, we paid special attention to
determining the values of the torsional coordinate of the methyl group when constructing the 2D PES.

Calculation details

Determination of the values of the torsional coordinates of the methyl group. We will denote the tor-
sional coordinates of the hydroxyl group o, and the methyl group — 6. The geometry of the molecule corre-
sponding to zero values of these coordinates is presented in fig. 1.

Fig. 1. Configuration of the MHP molecule,
in which the values of the torsional coordinates o
of the hydroxyl group and 6 methyl group are considered to be zero

Infig. 1, atoms H,, C;, O,, O, and H; lie in the same plane, while H5 and H are located symmetrically rela-
tive to this plane. The value of the torsional coordinate o is equal to the value of the dihedral angle ZC,0,0,H,
which is 180° in the configuration presented in fig. 1. Therefore, the coordinate o can always be calculated by
the formula oo = ZC;0,0,H, — 180°. The coordinate 8 determines the rotation of the methyl group around the
C;0, bond. If the values of the dihedral angles ~H,C;0,H;, #H,C,0,H,; and ZH;C;0,H, are fixed and are
not optimised in the process of calculating the potential energy at the given nodes on a two-dimensional grid,
then the value of the angle is uniquely determined by the formula:

6 =(£H,C,0,0, + £HC;0,0, + £H(C,0,0,): 3. (1)

However, it is clear that in those cases when the values of the torsional coordinate o # 0°, ov # 180°, 1. e. H,
appear outside the atomic plane C;0,0,, the local symmetry of the methyl group decreases to C,. Consequently,
only one of the three angles in formula (1) can be left fixed, and the other two are optimised while minimising
energy. In this case, it is clear that the value of the coordinate ceases to be uniquely determined. Therefore, the
method for specifying the coordinate should be described in more detail. In this work, we used two approaches.
In the first case (I), the angle value 0 is considered equal to the value of the dihedral angle £H,C;0,0, taking the
values: 4°, 12°, 20°, 28°, 36°, 44°, 52°, 60°, 68°, 76°, 84°,92°, 100°, 108°, 116°, and when calculating the ener-
gy, these values are fixed, while the values of the other two angles are optimised (£H;C;0,0,, ZH,C;0,0,).
The a coordinate takes the following values: 12°, 36°, 60°, 84°, 108°, 132°, 156°, 180°. Thus, the potential

energy (U (Oc, 6)) is calculated at 120 points and then expands to the full potential surface using the relation

U(a, 0)=U(-a, —0)=U (2; -, 2n— 9). It should be taken into account here that despite the absence of

local symmetry, the potential function still has a period of 120° along the coordinate .. Indeed, for any relative
arrangement of the H,, Hs, and Hy atoms and an arbitrary arrangement of the H, atom, if we rotate the methyl
group so that in place of H, there is Hs, in place of Hj there is Hy and in place of Hy — H,, then the internal
energy of the molecule is certainly will not change, and the value of the angle 6 determined by the formula (1)
will increase exactly by 120°. In the second case (II), already performed calculations are used, but the value of
the angle 0 at each of the 120 points is determined by the formula (1). In this case, the values 0 are somewhat
different from those values in which the potential energy has to be found (Gj —4°,12°,20°, 28°, 36°, 44°, 52°,
60°, 68°, 76°, 84°, 92°, 100°, 108°, 116°). The differences are not comprehensive, but at some points, the devi-
ations exceed 2°. For example, in the case when the value of the torsional coordinate is o. = 84°, the true values
of the torsional coordinate of the methyl group, which we will denote 8; for distinction, were: 6; — 3.986°,
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11.408°, 18.914°, 26.577°, 34.459°, 42.595°, 51.0°, 59.644°, 68.442°, 77.25°, 85.843°, 94.269°, 102.315°,
110.087°, 117.674°. To find the values of the potential energy at the required points, by analogy with [20], we

introduced an analytical function in the form: V(o 0) = 2 (I{;n cosmo, - cos3n6 + 1 sinmot - sin 3n6).
m,n=0

Then, using the Mathematica package', the function V(oc 9) was fitted to find the coefficients 7", and 7,
which satisfy the following condition V(oci, 61’/) = (Oci, 9;), where o, € 12°-180° in steps of 24°, iel-15

while 6]; — true values of the torsional coordinate of the methyl group for a fixed torsional coordinate of the
hydroxyl group ¢, j € 1-8. Then, using the described V(oc, 9) the potential energy at the nodes with the re-

quired values: U (oc, , 6]) (oc, , 6]) of the torsional coordinates was determined. It turned out that the devia-

tions in the values of the potential energy at some points exceeded 100 cm™'. A similar adjustment was made
for the 2D ZPVE surface calculated in harmonic and anharmonic approximations.

Determination of the energies of stationary torsional states of the MHP molecule. The vibrational
Schrodinger equation with reduced dimensionality has the form (2). It was solved numerically and the values
of the energies of the stationary torsional levels were calculated [21-26]:

2 2 2

[—me, 0.~ ot 02 Pl 0) 5

e e Ula, 9)}‘1’(0@ 0)=E¥(a, 0). (2)

The kinematic parameters F,
using formulas [29-31]

v Foos Foo were calculated using the formalism of the Wilson vectors [27; 28]

Fuo =B () # (55 | 852 + B 57
Fau =B (30 (2)" |+ e (2) + 3 (52) + (52 + 52)' ]

F,, =2B, [gg 5845 ] + 2B, (*“ *39)

Here, 5 is the Wilson vector for the coordinate x = {oc, 9}, and for the atom with the number N (the numera-
2

. h .
tion of atoms corresponds to fig. 1, By = Y Y €{H, C, O},  is the Planck’s constant, /=1 A, My, M, M,,
rlo
are the corresponding masses of the hydrogen, carbon, and oxygen atoms).
Equation (2) was solved using the Fourier method [32—-34]. Elements of the Hamiltonian matrix were cal-
culated by the formula [23]

H(m n)(m’n)__szrgam n—n' _9n2Frgem n—n' _3mnFn(1xem n—n' +Um—m',n—n"
where F2%, F2°  F2® U, , were found by fitting coefficients in equation (2) and employing 2D complex
Fourier series using the Mathematica package:
M M
me (OC, e) _ 2 Fn(zo;lel(ma +3n6) Fee a, 9 Z F99 i(mou+ 3n9)’
m,n=—M m,n=—
M A M
Fae ((x, e) = z F”(;t’enez(mu+3ne), (OC, e) _ z Um, nel(moc+3ne)‘
m,n=-M m,n=—M

The wave function is described by a complex two-dimensional Fourier series of the form [34]

2 \P 1m(x+3n6) N> M
2D PES for two torsional coordinates of the MHP molecule calculated at MP2/Aug-cc-pVTZ [35-37]
and MP2/Aug-cc-pVQZ [35; 36; 38] levels of theory at 120 nodes of the above-described grid using quan-
tum-chemical package Gaussian 09 [39]. Then, using the formulas presented in [40; 41], the values of the
kinetic parameters and energies were extrapolated to the complete basis set limit. Besides, 2D PES calcula-
tions were performed at 120 nodes of a similar grid at the CCSD(T)/Aug-cc-pVTZ [37; 42; 43] level of theory.

"Wolfram Mathematica [Electronic resource]. URL: http://www.wolfram.com/mathematica (date of access: 12.11.2020).

18 B2Y — cmovennsz wemoprt ﬁx/w;ow



OnTHKA U CIEKTPOCKOTHSI
Optics and Spectroscopy

— WYYV
2D ZPVE computations were performed in harmonic and anharmonic approximations at 120 nodes of a similar
grid using the [39] package at the MP2/Aug-cc-pVTZ [35; 36; 43] level of theory. When calculating the ener-
gies of stationary torsional states of the MHP molecule, which takes into account the ZPVE for the potential
energy, calculated at one of the two levels of theory, the ZPVE was added at each of 120 points.

Discussion of the results

It is known, the MHP molecule is realised in two equivalent equilibrium gauche configurations, one of
which is shown in fig. 2.

Fig. 2. Equilibrium configuration of the MHP molecule,
calculated at the CCSD(T)/Aug-cc-pVTZ level of theory

The 2D PES of the molecule calculated at the CCSD(T)/Aug-cc-pVTZ level of the theory is shown in fig. 3.

As can be seen from fig. 3, the cis-barrier (6 = 180°) is significantly higher than the trans-barrier (6 = 0°).
On the 2D PES, six equivalent energy minima are formed, which leads to the splitting of each torsional state of
the molecule into six sublevels. Figure 4 shows a 2D surface of the ZPVE calculated at the MP2/Aug-cc-pVTZ
level of the theory.

Figure 5 presents 2D surfaces of the kinetic parameters of the MHP molecule, calculated at the CCSD(T)/
Aug-cc-pVTZ level of the theory.

To classify torsional states, we used the notation: (71 , ngy» X), where Ncy, and 7y are vibrational quantum
numbers of the torsional vibrations of methyl and hydroxyl groups, respectively; sign + and sign — determine the
symmetry or antisymmetry of the torsion state for the plane containing the atoms C;, O,, O, (plane normal to the co-
ordinate plane (oc, 9) and intersecting it along the coordinate o = 0°); X is one of the symmetry species (A, A,, E)
of the group G [44]. The computation results are collected in tables 1 and 2, where the following designations for
various calculation options will be used: for the CCSD(T)/Aug-cc-pVTZ and MP2/CBS levels of theory, at which
the potential energy was calculated — CCSD(T) and MP2, respectively, the first and second methods for determi-
ning the torsional coordinate 0 will be denoted by adding (I) or (II), respectively. Since the energy of zero point
vibrations was calculated only at one level of theory (MP2/Aug-cc-pVTZ), its accounting is denoted as +ZPVE.

Fig. 3. Calculated at CCSD(T)/Aug-cc-pVTZ level Fig. 4. 2D surface of the ZPVE of the MHP molecule
of the theory of 2D PES of the MHP molecule calculated at the MP2/Aug-cc-pVTZ level of theory
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Fig. 5. 2D surfaces of the kinetic coefficients Fyq (@), Fy,q, (D),
and Fy, (¢), calculated at the CCSD(T)/Aug-cc-pVTZ level of theory

Also, the symbols / or a will be used to denote the harmonic or anharmonic approximation when calculating

ZPVE.

of the MHP molecule without taking into account the zero point vibration energy

Table 1

Calculated at the CCSD(T)/Aug-cc-pVTZ and MP2/CBS levels of theory and using two methods
for determining the value of the torsional coordinate of the energy of stationary torsional states

Mo Mgy X Cise ) - Cise an - CCSD(T), cm™' Experim'ent, em’!
’ CCSD(T), cm MP2, cm CCSD(T), cm MP2, cm [19] [18; 19]

1 2 3 4 5 6 7
00"A, 0.000 0.000 0.000 0.000 0.000 0.000
00"E 0.00017 0.000091 0.000122 0.000064 0.001 0.0000745 [18]
00 A, 14.62 22.17 14.47 22.01 14.81 14.97 [18]
00 E 14.62 22.17 14.47 22.01 14.80 14.97 [18]
01"A, 119.19 115.88 118.70 115.25 119.05 130.00 [19]
01'E 119.19 115.88 118.70 115.25 119.05 130.00 [19]
01" A, 202.48 209.11 202.24 208.42 203.52 191.00 [19]
0I'E 202.48 209.11 202.24 208.42 203.52 191.00 [19]

20
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Ending table 1
Mo, Moy X Cise @ - Cillse ) - CCSD(T), cm’™! Experim.ent, em™

’ CCSD(T), cm MP2, cm CCSD(T), cm MP2, cm [19] [18; 19]

1 2 3 4 5 6 7
10 A, 230.43 239.88 248.06 259.21 24321 —
10°E 230.42 239.87 248.06 259.20 24321 —
10 A, 24441 262.88 262.51 282.25 257.48 -
10"E 244.40 262.73 262.50 282.25 257.47 —
02" A, 314.85 322.51 314.11 321.49 316.26 —
02'E 314.85 322.51 314.11 321.49 316.85 -
117A, 347.71 356.09 365.67 375.26 361.84 —
117E 347.71 356.09 365.67 375.26 361.84 —
027 A, 430.16 447.54 435.43 445.85 438.80 -
02°E 430.21 447.54 435.43 445.85 438.82 —
117A, 436.98 449.93 449.03 469.36 445.58 —
11"E 436.98 449.94 449.06 469.37 445.60 -
20" A, 451.85 469.87 476.02 497.06 467.75 —
20'E 451.98 469.96 476.19 497.17 467.76 —
20°A, 463.07 492.53 488.45 520.28 467.76 -
20 E 463.24 492.62 488.63 520.39 479.91 —

Table 2

Calculated at the CCSD(T)/Aug-cc-pVTZ and MP2/CBS levels of the theory,
using two methods for determining the value of the torsional coordinate of the energy
of stationary torsional states of the MHP molecule while taking into account the ZPVE

Case (I) Case (II)
CCSD(T) , .
me oty | CCSD(T) CCSD(T) MP2 CCSD(T) MP2 +ZPVE(h), et | EXPeriment, em
cH,» Mor +ZPVE(hI), | +ZPVE(al), | +ZPVE(al), | +ZPVE(all), | +ZPVE(all), T 9]’ [18;19]
cm! cm™! cm! cm! cm™!

1 2 3 4 5 6 7 8
00"A, 0.000 0.000 0.000 0.000 0.000 0.000 0.000
00"E 0.00018 0.00014 0.000084 | 0.000085 0.000089 0.001 0.0000745 [18]
00 A, 11.24 8.70 15.97 7.21 13.91 10.98 14.97 [18]
00 E 11.24 8.70 15.97 7.21 1391 10.98 14.97 [18]
01"A, 121.24 120.75 111.88 129.99 110.54 121.11 130.00 [19]
01"E 121.24 120.75 111.88 129.99 110.54 121.11 130.00 [19]
01" A, 198.73 190.35 193.27 198.42 191.60 199.36 191.00 [19]
01"E 198.73 190.35 193.27 198.42 191.60 199.36 191.00 [19]
10 A, 233.22 241.29 249.30 256.06 269.12 245.58 -
10°E 233.21 241.29 249.30 256.06 269.12 245.58 -

10" A, 243.86 248.07 263.30 262.29 282.46 255.85 -
10"E 243.85 248.06 263.30 262.29 282.46 255.85 -
02"A, 309.33 303.85 306.74 308.89 310.00 310.24 -
02'E 309.33 303.85 306.74 308.89 310.00 310.24 -
11°A, 352.14 353.36 357.36 384.39 376.79 365.75 -
11T E 352.13 353.36 357.36 384.38 376.79 365.95 -
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Ending table 2

Case (I) Case (1)
CCSD(T) , .
ne nt o x | CCSD(T) CCSD(T) MP2 CCSD(T) MP2 ZPVE(h), om! Experiment, cm
CHj> TOH> +ZPVE(hI), | +ZPVE(al), | +ZPVE(al), | +ZPVE(all), | +ZPVE(all), 0 9]’ [18; 19]
cm’! cm’! cm’! cm’! cm’!

1 2 3 4 5 6 7 8
027A, 429.24 419.73 425.64 425.82 424.17 430.40 -
02 E 429.30 419.73 425.64 425.82 42417 430.40 -
117A, 439.80 421.06 436.63 452.94 454.53 443.93 -
117E 439.80 421.08 436.64 452.95 454.54 44395 —
20° A, 456.93 472.26 488.92 490.63 517.06 472.33 -
20"E 456.94 472.40 489.01 490.77 571.17 472.45 -
20°A, 465.42 475.49 501.28 495.21 529.86 480.61 -
20 E 465.53 475.64 501.36 495.35 529.95 480.75 —

Analysis of the data given in columns 2 and 4 of table 1 indicates excellent agreement in the values of the
calculated energies of torsional states of the hydroxyl group obtained in this work and in [19], despite the dif-
ferent approaches to compiling the vibrational Schrédinger equation and a different number of points, in which
the calculations of the potential energy were carried out. Comparable inferences can be made by analysing the
data in columns 2 and 7 of table 2, where the calculations took into account the ZPVE in the harmonic approxi-
mation at the MP2/Aug-cc-pVTZ level of theory.

If we now compare the results discussed above with experimental data, it is clear that taking into account
ZPVE in the harmonic approximation lowers the accuracy of the calculated tunneling frequency in the ground
vibrational state (10.978 [19] and 11.239 cm™") in comparison with the experimental value (14.97 cm™).
It should be noted that in the case of neglecting the ZPVE, the calculated value of the tunneling frequency
of the hydroxyl group in the ground state (14.805 [19] and 14.621 cm ') is in excellent agreement with the
experimental value. The work [19] also gives the experimental values of the first excited torsional states of
the hydroxyl group 0 17— 130.0 and 0 1" — 191.0 cm ™', but it is not clear from which work these data were
taken since the work [18] does not present the torsion-rotational transitions between states 0 0°, 0 0~ on one
hand and 0 17, 0 1~ on the other hand. The work [18] also provides the experimentally obtained value of the
tunneling frequency of the methyl group in the ground state (7.45 - 10> cm™'). As can be seen from tables 1
and 2, the corresponding calculated values of the tunneling frequencies of the methyl group, presented in the
second columns with and without ZPVE, are respectively equal to 1.8 - 10 *and 1.7 - 10* cm . These values
are much closer to the experimental in comparison with the result obtained in [19] (1 - 107 em ™). Note also
that the computed value of the tunneling frequency of the hydroxyl group in the ground state, obtained at the
MP2/CBS level of theory without taking into account the ZPVE, turns out to be overvalued (22.01 cm™) in
comparison with the experimental one.

Now we turn to the analysis of the results, which take into account the ZPVE in the anharmonic approxi-
mation (see table 2). As can be seen from the data in columns 2, 3, and 5 of table 2, the transition to the an-
harmonic approximation of the ZPVE in combination with the CCSD(T)/Aug-cc-pVTZ level of the theory
leads to a further decrease in the calculated tunneling frequency of the hydroxyl group in the ground state to
8.7 cm ™ and up to 7.21 cm ' in the case of determining the value of the torsional coordinate by the second
method. This leads to a further discrepancy with the experimental data. In this case, the calculated value of the
energy of the 0 17 torsional state (129.99 cm™) fully matches with the experimental value (130.0 cm™). Also,
the computed value of the tunneling frequency of the methyl group (8.5 - 107> cm™) turns out to be very close
to the experimental one. In calculations at the MP2/CBS theory level of theory, the situation is different. As in
the previous case, taking into account ZPVE in the anharmonic approximation and determining the values of
the torsion angle 6 by the second method reduces the tunneling frequency of the hydroxyl group to 15.97 and
13.91 cm™', which suggests that taking the ZPVE into account improves the predictive ability of the approach
at this level theory. Also, according to the data in column 6 of table 2, it can be argued that in the latter case,
excellent agreement is achieved in the calculated value of the 0 1™ energy of the excited torsional state of the

hydroxyl group (191.60 cm™") with the experimental value (191.00 cm ). However, there is a big deviation
in the calculated energy of the torsional state 0 17 (110.54 cm™") from the experimental value (130.00 cm™).
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The computed value of the tunneling frequency of the methyl group (8.9 - 10~° cm™") is also in good agreement
with the experimental one (7.45 - 10 cm ™). In summary, relying on the most assuredly established value of
the tunneling frequency of the hydroxyl group in the ground vibrational state of the MHP molecule, it can be
argued that taking into account the ZPVE, both in the harmonic and, to a greater extent, in the anharmonic
approximation in combination with the CCSD(T)/Aug-cc-pVTZ level of theory worsens the agreement with
the experimental result. However, in the case of taking into account the ZPVE, both in the harmonic and in the
anharmonic approximation in combination with the MP2/CBS level of theory, the opposite is true.

Conclusions

The energies of the torsional states of the hydroxyl and methyl groups in the MHP molecule were calculated
at two levels of theory (CCSD(T)/Aug-cc-pVTZ and MP2/CBS) with and without taking into account the ZPVE,
calculated in both harmonic and anharmonic approximations. Additionally, the values of the torsional coordinate
of the methyl group were determined in two ways. For several variants of the calculation, good agreement was
obtained with the previously performed calculations presented in [19] as well as with the experimentally estab-
lished values of the tunneling frequencies of hydroxyl and methyl groups in the ground vibrational state.

It is shown that taking into account the ZPVE in the harmonic and, to a greater extent, in the anharmonic
approximation leads to a decrease in the calculated frequency of O—H group tunneling in the ground vibra-
tional state of the MHP molecule in calculations at MP2/CBS level of the theory that significantly improves
the agreement with the experimental value.

It was found that in the second method for determining the value of the torsional coordinate of the methyl
group, the calculated values of the energies of the torsional states of the hydroxyl group, as expected, change
insignificantly.

More accurate conclusions in regards to the efficiency of taking into account ZPVE when calculating the
energies of torsional states can be made after registering low-temperature, low-frequency (10-500 cm ) tor-
sion-rotational IR spectra of the MHP molecule in the gas phase.

References

1. Matthews J, Sinha A, Francisco JS. Unimolecular dissociation and thermochemistry of CH;OOH. Journal of Chemical Physics.
2005;122(22):221101. DOI: 10.1063/1.1928228.

2. Pitsevich GA, Kozlovskaya EN, Malevich AE, Doroshenko I'Yu, Satsunkevich VS, Pettersson LGM. Some useful correlations
for H-bonded systems. Molecular Crystals and Liquid Crystals. 2020;696(1):15-28. DOI: 10.1080/15421406.2020.1731090.

3. Morgan RB, Jackson AV. Measurements of gas-phase hydrogen peroxide and methyl hydroperoxide in the coastal environment
during the PARFORCE project. Journal of Geophysical Research. 2002;107(D19):8109. DOI: 10.1029/2000JD000257.

4. Snow JA, Heikes BG, Shen H, O’Sullivan DW, Fried A, Walega J. Hydrogen peroxide, methyl hydroperoxide and formaldehyde
over North America and the North Atlantic. Journal of Geophysical Research. 2007;112(D12):D12S07. DOI: 10.1029/2006JD007746.

5. Zhang X, He SZ, Chen ZM, Zhao Y, Hua W. Methyl hydroperoxide (CH;OOH) in urban, suburban and rural atmosphere: ambient
concentration, budget, and contribution to the atmospheric oxidizing capacity. Atmospheric Chemistry and Physics. 2012;12:8951-8962.
DOI: 10.5194/acp-12-8951-2012.

6. Subbaratnam NR, Calvert JG. The mechanism of methyl hydroperoxide formation in the photodxidation of azomethane at 25°.
Journal of the American Chemical Society. 1961;84(7):1113—-1118. DOI: 10.1021/j200866a010.

7. Kirk AD. The thermal decomposition of methyl hydroperoxide. 1965;43(8):2236-2242. Canadian Journal of Chemistry. DOI:
10.1139/v65-301.

8. DeCorpo JJ, McDowell MV, Sheinson RS, Wyatt JR. Quantitative measurement of methyl hydroperoxide in the acetaldehyde
cool flame. Journal of the Chemical Society, Chemical Communications. 1974;14:533-534. DOI: 10.1039/C39740000533.

9. Davies DM, Deary ME. A convenient preparation of aqueous methyl hydroperoxide and a comparison of its reactivity towards
triacetylethylenediamine with that of other nucleophiles: the mechanism of peroxide bleach activation. Journal of the Chemical Society.
Perkin Transactions 2. 1992;2:559-562.

10. Kamboures MA, Nizkorodov SA, Gerber RB. Ultrafast photochemistry of methyl hydroperoxide on ice particles. Proceedings
of the National Academy of Sciences of the United States of America. 2010;107(15):6600—6604. DOI: 10.1073/pnas.0907922106.

11. Ignatov SK, Gadzhiev OB, Kulikov MYu, Pitrov Al, Razuvaev AG, Gand M, et al. Adsorption of methyl hydroperoxide
(CH;00H) on water ice. Theoretical study with systematic assessment of coordination modes. Journal of Physical Chemistry C. 2011,
115(18):9081-9089. DOT: 10.1021/jp112177x.

12. Epstein SA, Shemesh D, Tran VT, Nizkorodov SA, Gerber RB. Absorption spectra and photolysis of methyl peroxide in liquid
and frozen water. Journal of Physical Chemistry A. 2012;116(24):6068—6077. DOI: 10.1021/jp211304v.

13. Homitsky SC, Dragulin SM, Haynes LM, Hsieh S. O—H stretch overtone excitation in methyl and ethyl hydroperoxides.
Journal of Physical Chemistry A. 2004;108(44):9492-9499. DOI: 10.1021/jp0474551.

14. Haynes LM, Vogelhuber KM, Pippen JL, Hsieh S. Effects of torsion on O—H stretch overtone spectra and direct overtone
photolysis of methyl hydroperoxide. Journal of Chemical Physics. 2005;123(23):234306. DOI: 10.1063/1.2139673.

15. Matthews J, Sinha A, Francisco JS. The importance of weak absorption features in promoting tropospheric radical produc-
tion. Proceedings of the National Academy of Sciences of the United States of America. 2005;102(21):7449-7452. DOI: 10.1073/
pnas.0502687102.

5?['4 — cmoemn AL Mw\ofqm J,,w,w,, 23


https://doi.org/10.1021/jp112177x

ZKypnaa Besopycckoro rocyiapcrseHHOro ynusepcurera. ®usuxa. 2021;2:15-24
Journal of the Belarusian State University. Physics. 2021;2:15-24
YWY —

16. Matthews J, Martinez-Avilés M, Francisco JS, Sinha A. Probing OH stretching overtones of CH;OOH through action spectroscopy:
influence of dipole moment dependence on HOOC torsion. Journal of Chemical Physics. 2008;129(7):074316. DOI: 10.1063/1.2967185.

17. Matthews J, Sinha A. Rotational contour analysis of jet-cooled methyl hydroperoxide action spectra in the region of the 2v(OH)
and 3v(OH) bands. Journal of Physical Chemistry A.2009;113(47):13100—13112. DOI: 10.1021/jp902146z.

18. Tyblewski M, Ha T-K, Meyer R, Bauder A, Blom CE. Microwave and millimeter-wave spectra, electric dipole moment, and
internal rotation effects of methyl hydroperoxide. Journal of Chemical Physics. 1992;97(9):6168—6180. DOI: 10.1063/1.463725.

19. Dalbouha S, Senent ML, Komiha N. Theoretical spectroscopic characterisation at low temperatures of methyl hydroperoxide
and three S-analogs. Journal of Chemical Physics. 2015;142(7):074304. DOI: 10.1063/1.4907941.

20. Senent ML, Puzzarini C, Hochlaf M, Dominguez-Gémez R, Carvajal M. Theoretical spectroscopic characterisation at low
temperatures of S-methyl thioformate and O-methyl thioformate. Journal of Chemical Physics. 2014;141(10):104303. DOI: 10.1063/
1.4894487.

21. Lukka TJ. A simple method for the derivation of exact quantum-mechanical vibration — rotation Hamiltonians in terms of inter-
nal coordinates. Journal of Chemical Physics. 1995;102(10):3945-3955. DOI: 10.1063/1.468571.

22. Makarewicz J, Skalozub A. Exact quantum mechanical kinetic energy operator in valence coordinates for internal motions of
a polyatomic molecule. Chemical Physics Letters. 1999;306(5-6):352-356. DOI: 10.1016/S0009-2614(99)00466-2.

23. Pitsevich GA, Malevich AE. Features of the interaction of hydroxyl and methyl tops in the ethanol molecule: 2D-calculation of
the torsion energy levels. Journal of Applied Spectroscopy. 2015;82(4):540-553. DOI: 10.1007/s10812-015-0143-7.

24. Pitsevich G, Malevich A, Zheutok V, Khrapunova A, Sapeshka U. Torsional vibrations of two thiol groups in the HSOSH,
DSOSH, and DSOSD molecules: 2D PES study in CBS limit. Vibrational Spectroscopy. 2021;113:103208. DOI: 10.1016/j.vib-
spec.2021.103208.

25. Pitsevich GA, Malevich AE, Kisuryna DG, Ostyakov AA, Sapeshka UU. Torsional states and tunneling probability in HOSOH,
DOSOD and DOSOH molecules analyzed at the CBS limit. Journal of Physical Chemistry A. 2020;124(42):8733-8743. DOI: 10.1021/
acs.jpca.0c06411.

26. Pitsevich GA, Malevich AY, Sapeshko VV. The hydroxyl groups internal rotations in a methanediol molecule. Journal of Mo-
lecular Spectroscopy. 2019;360:31-38. DOI: 10.1016/j.jms.2019.04.013.

27. Wilson EBJr, Decius JJC, Cross PC. Molecular vibrations: the theory of infrared and Raman vibrational spectra. New York:
McGraw-Hill; 1955. 388 p.

28. Wilson EBJr. Some mathematical methods for the study of molecular vibrations. Journal of Chemical Physics. 1941;9(1):76—84.
DOI: 10.1063/1.1750829.

29. Pitsevich GA, Malevich AE, Sapeshka UU. The torsional spectrum of the hydrogen trioxide molecule. Chemical Physics. 2020;
530:110633. DOI: 10.1016/j.chemphys.2019.110633.

30. Pitsevich GA, Malevich AE, Markovich FV, Sapeshka UU. Barriers to internal rotation and tunnelling splittings of the torsional
states in the HO(CH,)OH, DO(CH,)OH and DO(CH,)OD molecules. Molecular Physics. 2020;118(17):e1746425. DOI: 10.1080/
00268976.2020.1746425.

31. Pitsevich GA, Malevich AE, Kisuryna DG, Vasilevsky AU, Vasilevich AS, Sapeshka UU, et al. Quantum aspects of torsional
vibrations in the HO;H, DO;H and DO;D molecules. Spectrochimica Acta. Part A: Molecular and Biomolecular Spectroscopy. 2020;
239:118209. DOI: 10.1016/j.saa.2020.118209.

32. Lanczos C. Discourse on Fourier series. Edinburgh: Oliver and Boyd; 1966. 255 p.

33. Pitsevich GA, Malevich AE. Simple method of the formation of the Hamiltonian matrix for some Schrodinger equations de-
scribing the molecules with large amplitude motions. Optics and Photonic Journal. 2012;2(4):332-337. DOI: 10.4236/0pj.2012.24041.

34. Pitsevich GA, Malevich AE. Comparison of the Fourier and discrete-variable-representation methods in the numerical solution
of multidimensional Schrodinger equations. Journal of Applied Spectroscopy. 2016;82(6):893—900. DOI: 10.1007/s10812-016-0200-x.

35. Hetzer G, Pulay P, Werner H-J. Multipole approximation of distant pair energies in local MP2 calculations. Chemical Physics
Letters. 1998;290(1):143-149. DOI: 10.1016/S0009-2614(98)00491-6.

36. Schiitz M, Hetzer G, Werner H-J. Low-order scaling local electron correlation methods. 1. Linear scaling local MP2. Journal of
Chemical Physics. 1999;111(13):5691-5705. DOI: 10.1063/1.479957.

37. Kendall RA, Dunning TH, Harrison RJ. Electron affinities of the first-row atoms revisited. Systematic basis sets and wave
functions. Journal of Chemical Physics. 1992;96(9):6796—6806. DOIL: 10.1063/1.462569.

38. Woon DE, Dunning TH. Gaussian basis sets for use in correlated molecular calculations. III. The atoms aluminum through
argon. Journal of Chemical Physics. 1993;98(2):1358—1371. DOI: 10.1063/1.464303.

39. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA, Cheeseman JR, et al. Gaussian 09, revision A.1. Wallingford:
Gaussian Inc.; 2009.

40. Halkier A, Helgaker T, Jorgensen P, Klopper W, Koch H, Olsen J, et al. Basis-set convergence in correlated calculations on Ne,
N,, and H,O. Chemical Physics Letters. 1998;286(3):243-252. DOI: 10.1016/S0009-2614(98)00111-0.

41. Okoshi M, Atsumi T, Nakai H. Revisiting the extrapolation of correlation energies to complete basis set limit. Journal of Com-
putational Chemistry. 2015;36(14):1075-1082. DOI: 10.1002/jcc.23896.

42. Raghavachari K, Trucks GW, Pople JA, Head-Gordon M. A fifth-order perturbation comparison of electron correlation theories.
Chemical Physics Letters. 1989;157(6):479-483. DOI: 10.1016/S0009-2614(89)87395-6.

43. Scuseria GE. Analytic evaluation of energy gradients for the singles and doubles coupled cluster method including perturbative
triple excitations: theory and applications to FOOF and Cr,. Journal of Chemical Physics. 1991;94(1):442—-447. DOI: 10.1063/1.460359.

44. Bunker PR, Jensen P. Molecular symmetry and spectroscopy. Ottawa: NRC Research Press; 1998. [771 p.].

Received 13.04.2021 / revised 09.05.2021 / accepted 12.05.2021.

E?ﬂ — CmOemH AL u,mo]am ﬁ//w)oa/



q)I/I3I/IKA

KOHAEHCHUPOBAHHOI'O COCTOAHUA

CONDENSED STATE PHYSICS

VIIK 538.91

CTPYKTYPHO-®A30BOE COCTOSAHUE 3A3BTEKTUYECKOI'O
CUAYMHUHOBOIO CIIAABA Al - 20Si ITOCAE BO3AEUCTBUA
KOMITPECCUOHHBIMMU TTAASMEHHBIMU ITOTOKAMMN

B. H. ITHMAHCKHH", A. EBJOKHMOBC",
H. H. YEPEH/[A", B. M. ACTAILIHHCKHH?®, E. A. TETPHKOBA®

YBenopycckuii 2ocydapemeennviii ynusepcumem, np. Hezasucumocmu, 4, 220030, 2. Munck, Benapyce
Hncmumym menno- u maccooomena um. A. B. Jleikoea HAH Benapycu,
ya. I1. Bpoexu, 15, 220072, 2. Munck, benapyco
3)HHcmumym cunbHomounou anexmponuxy, Cubupckoe omoenenue PAH,
np. Akademuueckuii, 2, kopn. 3, 634055, 2. Tomck, Poccus

O0pa3en LUUTHPOBAHUMA:

[Humanckuit BU, EBnoxumosc A, Yepenna HH, Acramun-
ckuit BM, [lerpukoa EA. CtpykTypHO-(ha3zoBoe cocTosHuE
3aIBTEKTUUECKOTO CHIIyMUHOBOTO crutaBa Al — 20Si nocie Bo3-
JEUCTBUSI KOMIIPECCHOHHBIMH TUIa3MEHHBIMH ITOTOKaMU. JKyp-
nan benopyccroeo eocyoapcmeennozo ynusepcumema. Quzuka.
2021;2:25-33 (na anri.).
https://doi.org/10.33581/2520-2243-2021-2-25-33

For citation:

Shymanski VI, Jevdokimovs A, Cherenda NN, Astashynski VM,
Petrikova EA. Structure and phase composition of hypereutec-
tic silumin alloy Al — 20Si after compression plasma flows im-
pact. Journal of the Belarusian State University. Physics. 2021;
2:25-33.

https://doi.org/10.33581/2520-2243-2021-2-25-33

ABTOpBI:

Bumanuiit Hzopesuu Ilumanckuii — xanauaat Gpunko-mare-
MaTHYEeCKHX HayK, TOIIEHT; TOIEeHT Kadenphl pU3NKH TBEPAOTO
Tena GU3MYECcKOro haKyabTeTa.

Anmonc E¢dokumoec — cTyaeHT Gusndeckoro (axyibreTa.
Hayunslii pykosonutens — B. W. [llumanckuid.

Huxonain Huxonaesuu Yepenoa — xanauaar Gpusnko-maTeMa-
THUYECKUX HayK, JOLEHT; JOLEHT Kadeapsl GU3UKH TBEPIOrO
Tena (PU3UIEeCKOro (hakyiIbTeTa.

Banenmun Muponosuu Acmauiunckuii — 4ieH-KOPPECIOHACHT
HAH Benapycu, 1okTop (pU3MKO-MaTeMaTHIECKHX HaykK; 3aMec-
THUTEIb JUPEKTOpa M0 HaydHOH paboTe M MHHOBAIIMOHHOI Jies-
TEITBHOCTH.

Enuzasema Anexceesna Ilempuxosa — Miaiinii Hay4YHbIA CO-
TPYAHHK Ja00paTOPHH IIIa3MEHHOI SMUCCHOHHOMH JIEKTPOHHUKH.

Authors:

Vitali I. Shymanski, PhD (physics and mathematics), docent; as-
sociate professor at the department of solid-state physics, faculty
of physics.

shymanskiv@mail.ru

https:/lorcid.org/0000-0003-2956-3328

Antons Jevdokimovs, student at the faculty of physics.
Jjevdokimovanton@gmail.com
https:/lorcid.org/0000-0002-4577-7230

Nikolai N. Cherenda, PhD (physics and mathematics), docent;
associate professor at the department of solid-state physics, fa-
culty of physics.

cherenda@bsu.by

https:/lorcid.org/0000-0002-2394-5117

Valiantsin M. Astashynski, corresponding member of the Na-
tional Academy of Sciences of Belarus, doctor of science (phy-
sics and mathematics); vice-director on science and innovations.
ast@hmti.ac.by

https:/lorcid.org/0000-0001-5297-602X

Elizaveta A. Petrikova, junior researcher at the laboratory of
plasma-emission electronics.

elizmarkova@yahoo.com
https:/lorcid.org/0000-0002-1959-1459

52('/ — motemn A Mmo]am ﬁ,{/ﬂ,&/&ﬂ/

25



Kypnaa Besopycckoro rocyiapcrseHHOro yuusepcurera. ®usuxa. 2021;2:25-33
Journal of the Belarusian State University. Physics. 2021;2:25-33 OANOA NG
YWYV —

B pabore nipenicTaBieHbl pe3ysibTaThl HCCIACOBAHMUS CTPYKTYPhI M (ha30BOT0 COCTABa 3a9BTEKTUYECKOTO CHITYMUHOBO-
TO cIIjIaBa ¢ cofepxkanueM kpeMHus 20 at. % 1mocie BBICOKOHEPTeTUYECKOTO0 UMITYJIECHOTO BO3ACHCTBHUS KOMIIPECCHOH-
HBIMU TUIA3MCHHBIMH TOTOKaMu. OOHApyKEHO, YTO MPH BO3ICHCTBHU IUIA3MCHHBIMH TIOTOKAMH C PEKHMaMH, 00ecIie-
YUBAIOUIMMH [JIOTHOCTH MOTIIOMaeMoil sHepruu 25—40 Z[)K/CMz, MIPOUCXOTUT MOAM(DHUIINPOBAHKE TIPUITOBEPXHOCTHOTO
cJ0s1 criaBa TOMLKMHON 10 30—32 MKM, B KOTOPOM peau3yloTCs MPOLECCH IJIABIEHUS U MOCIEAYIOLIET0 CKOPOCTHOTO
oxnaxaeHust. C TOMOIIBIO PEHTI€HOCTPYKTYPHOTO aHAJII3a YCTAaHOBJICHO, YTO B MOAN(DUITPOBAHHOM CIIO€ 3a9BTEKTHYEC-
CKOT'O CHJIYMHHOBOTO CIlIaBa (POPMHUPYETCS] METKOKPHUCTAIUTHYCCKAs (ha3a KPEMHUsI, IPUCYTCTBYIOIIAsE B 9BTCKTHUCCKON
cMmecu Al — Si, a Takke KpYIHOKpUCTA/UINYECKast (a3a KPEMHHs, PEICTaBICHHAs TICPBUYHBIMU KpucTaiuiamu. [lomy-
YCHHBIC PE3YJIBTAThl O3BOJISIOT Pa3paboTaTh CIIOCO0 HAHOCTPYKTYPUPOBAHUS KPEMHUS B 3a9BTEKTUYCCKHIX CHIIyMHUHAX
JUTSI TIOBBIILIEHUS] H3HOCOCTOMKOCTH U3TOTOBIISIEMBIX U3ACIUH.

Knrouegvle cnoea: 3a>BTEKTHYECKUI CHITyMHHOBBIN CIUIAB; KPEMHHI; MOAU(DUIIPOBAHNE TOBEPXHOCTH; KOMIIPECCHOH-
HBIE IJIa3MEHHBIE IOTOKH; PEHTT€HOCTPYKTYPHBINA aHaIN3; MUKPOHAIIPSKESHUSL.

bBnrazooapnocme. Pabota BEINONHEHA B paMKaX MEXIYHApPOIHOIO MPOEKTa IpHu (pUHAHCOBOM moaaepkke beropyc-
CKOTO pecryonukaHckoro (GoHaa GyHIaMeHTaNbHBIX HCCIIeoBaHni 1 Poccuiickoro ¢poHaa pyHIaMeHTaIbHBIX HCCIEI0-
BaHuii (mpoexTt Ne TI9PM-091).
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OF HYPEREUTECTIC SILUMIN ALLOY Al - 20Si
AFTER COMPRESSION PLASMA FLOWS IMPACT

V. I. SHYMANSKI®, A. JEVDOKIMOVS®,
N. N. CHERENDA", V. M. ASTASHYNSKI", E. A. PETRIKOVA®

*Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus
°A. V. Luikov Heat and Mass Transfer Institute, National Academy of Sciences of Belarus,
15 P. Brouiki Street, Minsk 220072, Belarus
“Institute of High-Current Electronics, Siberian Branch of the Russian Academy of Sciences,
2 Akademicheskii Avenue, 3 building, Tomsk 634055, Russia

Corresponding author: V. I. Shymanski (shymanskivi@mail.ru)

The results of structure and phase composition investigation in hypereutectic silumin alloy with 20 at. % Si content af-
ter high-energy pulsed compression plasma flows impact are presented in the work. The compression plasma flows impact
with an absorbed energy density 25-40 J/cm? allows to modify the sub-surface layer with a thickness up to 30-32 um
due to its melting and high rate solidification. By means of X-ray diffraction method, it was found the formation of two
silicon phases with different grain sizes. The high-dispersed structure of silicon is presented in the Al — Si eutectic while
the silicon phase with coarse grains exists in the primary crystals. The obtained results are the basis for a new method
development for nanostructuring of the surface layers of hypereutectic silumin alloys increasing its wear resistance.
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Introduction

Aluminum- and silicon-based alloys (silumins) are widespread materials in machining, aviation, household
appliance production. Moreover, silumins are the main materials for pistons of internal combustion engines.
Such wide range of silumins usages is due to low specific weight, high wear resistance and good casting
properties. In dependence on silicon content the silumins are divided in three main groups: i) hypoeutectic al-
loys (Si content is less than 12 at. %), ii) eutectic alloys (Si content is 12—13 at. %) and iii) hypereutectic alloys
(Si content is more than 13 at. %). Though, the hypoeutectic and eutectic alloys have more practical applications,
increase in Si content more than 13 at. %, i. e. transition to the hypereutectic region of the alloys, will allow
to rise wear resistance of the details and decrease its thermal expansion coefficient [1-7]. It makes the hyper-
eutectic Al — Si alloys more promising materials for practical purposes.
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Nevertheless, the usage of the Al — Si alloys with a high Si concentration has some difficulties and limita-
tions connected to presence of coarse particles of primary silicon which are sources of the internal mechanical
stress. The particles of primary silicon result in destroying of the material during exploiting. Besides, alumi-
num and silicon have limited mutual solubility in solid phase that is a reason of pores formation after casting.
When being in liquid phase, donor-acceptor bond arises between aluminum and silicon atoms that results in
growth of strong bonded silicon clusters. The electron density around the silicon atoms rises and prevents from
the penetration other silicon atoms into the clusters. So, the excess in silicon atoms is deleted from the liquid
solution, and the primary silicon crystals grow. Due to different values of the thermal expansion coefficient
of silicon and aluminum-silicon eutectic mixture there is a lot of pores in the solidified structure of silumin
alloy. High porosity degrades the mechanical properties of the Al — Si alloy, which makes it difficult to use.
To solve this problem, the silumins are alloyed with different elements to reduce the heterogeneity of the
structure. For example, Mg is used because of formations of silicide Mg,Si which dissolves during annealing and
the elements forming it diffuse into a solid solution. After aging, dispersed particles are released and provide the
hardening effect.

In this work, it is proposed to use the method of surface treatment with a high-energy compression plasma
flow for a hypereutectic silumin alloy obtained by the traditional casting method. The high-energy pulsed
plasma exposure is known to melt the near-surface layer of the sample for homogenising the elemental com-
position and forming nonequilibrium phases as oversaturated solid solutions and intermetallic compounds
after nonequilibrium crystallisation conditions [8—10]. The described phenomena make it possible to improve
the mechanical characteristics of the modified alloy and increase its wear resistance. The structure state of the
hypereutectic silumin alloy with Si content of 44 at. % (Al — 44Si) was modified that was described in [11].

The main aim of this work was to find the main features of structure changes in a hypereutectic silumin
alloy containing 20 at. % of silicon caused by the action of compression plasma flows with different densities
of absorbed energy.

Experimental

The objects of the study were samples of the hypereutectic silumin alloy with a silicon content of 20 at. %
(Al —20Si) in the form of round plates with a diameter of 30 mm and a thickness of 2 mm. The samples were
made by casting processes [12].

The surface of the plates was subjected to the action of compression plasma flows (CPF) generated in
a magnetoplasma compressor of compact geometry. The treatment was carried out in the residual gas mode
when the previously evacuated vacuum chamber was filled with a plasma-forming gas (nitrogen) to a pres-
sure of 1.3 kPa (10 Torr). By varying the distance (L) between the sample surface and the electrodes from 6
to 14 cm, as well as varying the voltage across the capacitor system from 3.0 to 4.0 kV, the energy density
absorbed by the sample surface layer (Q) was changed. The surface was modified by three successive pulses to
make the influence more uniform. The duration of each pulse was 100 s and the interval between them was
10-15s.

The phase composition of the modified samples was determined using X-ray diffraction analysis on the Ulti-
ma IV diffractometer (Rigaku, Japan) in the Bragg — Brentano geometry (6—20 geometry) using a copper radia-
tion (A = 0.154 178 nm). Registration of the X-ray diffraction patterns was carried out at a detector movement
speed of 2 degrees per minute and the discreteness of the intensity registration was 0.05 degrees. The analysis
of the surface morphology and microstructure of cross-sectional sections of the hypereutectic silumin alloys
after the CPF influence was carried out using optical microscopy on the MI-1 microscope (Belarus).

Results and discussions

The interaction of the compression plasma flow with the surface of a solid can be explained by a liquid
model [13], in which the plasma flow is considered as a continuous medium flowing around the surface of the
sample. In this case, there is a partial transition of the plasma flow energy to the thermal energy of the solid
target. It is the heat energy that provides heating of the near-surface layer of the material and controls the struc-
tural changes in it. To determine the value of the absorbed energy density, calorimetric studies were carried out
on the samples of unalloyed aluminum. The results of calorimetric tests are shown in fig. 1. It can be seen from the
obtained data that the values of the voltage on the capacitors system in the magnetoplasma compressor used in the
experiment as well as the distances L, provide the density of the absorbed energy in the range from 25 to 40 J/cm?,
which are enough for melting the near-surface layer. When the plasma flow moves to the surface of the sample, at
the moment of interaction with a target, the plasma spreads over the surface resulting in mixing of the melted state
due to its tangential velocity. Because of hydrodynamic motion of the melt, the components of the Al — Si alloy,
being in a liquid state, are mixed to each other resulting in homogenisation of the elemental composition. After
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finishing of the plasma pulse, fast crystallisation with a high cooling rate of the molten near-surface layer takes
place due to intense heat transfer towards the unmelted volume. The hydrodynamic mixing of the components

of the hypereutectic silumin alloy and its subsequent fast crystallisation prevent from the silicon localisation in
coarse grains and reduce the size of the primary crystals.
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Fig. 1. Dependence of the absorbed energy density in the surface layer
of aluminum on the distance between the sample and electrode
during the CPF impact (U = 4.0 kV)

The thickness of the melted layer in the silumin alloys after plasma treatment was determined by means of
optical microscopy (fig. 2). The near-surface homogeneous layer with a constant thickness is clearly visible on
the images. This layer was formed after crystallisation and has a thlckness of 30-32 wm for the samples treat-
ed with CPF at U =4.0 kV and L is equal 6 and 10 cm (O = 35-40 J/cm?), and about 25 pm for the samples
treated at U= 4.0 kV and L = 14 cm (Q = 25 J/cm?). A fall in the depth of the melted layer with a decrease
in the absorbed energy density is a result of the lower temperature reached on the surface of the silumin
alloy specimen. It should be noted that there are no any coarse inclusions of primary silicon in the melted
layer. Such inclusions are clearly visible in the structure of the initial state of the alloy (underneath of the
modified layer).

The phase composition of the silumin samples after the CPF treatment was determined by means of X-ray
diffraction (XRD) analysis (fig. 3 and 4). According to the obtained XRD patterns, only two phases (silicon
and aluminum) were revealed in the analysed near-surface layer of the hypereutectic silumin alloy treated by
the CPF at all used regimes.

The depth (H) of the layer analysed by the X-ray diffraction is calculated by the following expression [14]:

K sin(260 — o)sino.
Hs1n(29 o)+ sina’

(M

where K is the constant value (K = 5); W is the linear coefficient of the X-rays absorption; 0 is the diffraction
angle; o is the incident angle. For the silumin alloy as a composite material the linear absorption coeffi-
cient L was calculated as an effective value additively taking into account the contrlbutlon of each element:
pn=0.2ug; + 0.8u,,. After calculation the effective coefficient equals to = 1.34 - 102 um . In the experiments
we used the symmetric mode of the X-ray registration, therefore the condition oo = 6 was satisfied, and the
expression (1) can be written in the following form:

2

Thus, the depth of the analysed layer with X-ray beam ranges from 30 um (at low diffraction angles) to
140 um (at large diffraction angles). From a comparison of the obtained values to the depth of the melted layer
(see fig. 2) it can be seen that the diffraction lines registered at small diffraction angles correspond to crystallo-
graphic reflections in the phases contained mainly in the melted modified layer. However, the diffraction lines
at large diffraction angles are superpositions of the reflections from both the modified near-surface melted layer
and the underlying unmodified layer. In this regard, for further analysis of the CPF effect on the structure of the
silumin alloy we used diffraction lines at small diffraction angles.
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Fig. 2. Optical images of the cross-sections of the samples of Al — 20Si alloy
after CPF impact at U=4.0 kV and L is equal 14 cm (a), 10 cm (b), 6 cm (c).
The primary crystals of silicon are detected on the pictures
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Fig. 3. XRD patterns of the Al — 20Si alloy after the CPF impact at U = 4.0 kV
as-received state (1), and L is equal 14 cm (2), 10 cm (3), 6 cm (4)
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Fig. 4. XRD patterns of the Al — 20Si alloy
after the CPF impact at U= 3.0 kV and L is equal 14 cm (/), 6 cm (2)

A detailed analysis of the diffraction lines of silicon, for example, the lines (111), (220) or (311) of the silumin
alloy samples after the CPF impact allows to notice their broadening which is especially clearly manifested near
the base of the diffraction lines. The mathematical deconvolution of the experimentally obtained diffraction lines
according to Gaussian curves shown that they are a superposition of two diffraction lines, each of them referring
to reflections from the crystallographic planes of silicon, but with different widths at half maximum (fig. 5).
It should be noted that such broadening of diffraction lines is not observed on the X-ray diffraction patterns of the
initial sample that indicates the effect of plasma exposure and is associated with the effect of melting and crystalli-
sation of the near-surface layer. It can be seen from the obtained X-ray diffraction patterns that the surface melting
of the Al — 20Si silumin alloy occurs under all selected modes of the plasma exposure. The detected shape of the
diffraction lines of silicon indicates its presence in two phase states. During the crystallisation of a hypereutectic
silumin alloy, an eutectic mixture containing silicon and aluminum as well as the primary silicon crystallites is
known to be formed. The amount of the primary crystals is determined by the excess of the silicon concentration
in comparison with the eutectic composition: (Al + Si) — (AlSi),, + Si;). Then, it can be assumed that two de-
tected silicon phases are silicon presented in both eutectic Si,, and primary crystallites Si,.
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Fig. 5. Fitting of the (111) Si diffraction line of the Al — 20Si alloy after the CPF impact:
1 — the component of the silicon with coarse grains; 2 — the component of the silicon with dispersed grains;
3 — superposition of two components (the points show the experimental curve)
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The broadening of diffraction lines is known to be mainly caused by two factors: i) the dispersion of the
grain size; ii) the residual mechanical microstresses. Both of these factors introduce the additive contribution to
the total broadening. The Williamson — Hall method can be used to separate these effects [15; 16]. According
to this method, the microdeformation of the crystal lattice € and the size of the coherent scattering blocks D,
the real broadening of the diffraction line 3, as well as the diffraction angle 6 are related to each other by the
following expression:

BcosH = % + 4esin®. (3)

The real broadenings of the diffraction lines were determined as the difference between the full width at half
maximum in the analysed samples and the instrumental line width of 0.08 degree. When plotting the functional

dependence BcosO = f (sine), the sizes of the coherent scattering blocks D as well as the magnitude of the
microstrains in the silicon crystal lattice were calculated. The results are presented in table.

Microstrains and dimensions
of coherent scattering blocks in silicon phases

Mode of the CPF impact Fine-crystalline silicon Coarse-crystalline silicon
U, kV L,cm e, % D, nm e, % D, nm
4.0 14 -0.2 59 0.01 33
4.0 10 -0.5 4.7 0.08 53
4.0 6 -0.7 4.1 —-0.03 24
3.0 14 —1.1 3.7 -0.1 23
3.0 6 -0.5 4.1 0.0002 26

According to the obtained results, one of the silicon phases is characterised by very small sizes of coherent
scattering blocks, which are in the range from 3.7 to 5.9 nm (fine-crystalline silicon), while the sizes in the
second silicon phase reach 53 nm (coarse-crystalline silicon).

The integral intensity of the diffraction line is determined by the volume fraction of the phase and is a product
of a number of factors, including the structural, atomic, temperature factors, as well as the repeatability, absorp-
tion, and Lorentz factors [17]. All of these factors depend on the structure of the analysed phase, the diffraction
angle and the properties of the atoms included in the phase. Two detected silicon phases (eutectic silicon Si,,, and
silicon in the form of primary crystallites Si)) have identical crystal structure and atomic composition, so, when
analysing two diffraction lines located at the same diffraction angles, the ratio between their integral intensities
can show the volume ratio of the phases in the analysed layer. As a result of estimation, the volume content
of silicon with a coherent scattering blocks size of 3.7-5.9 nm is 11-12 % which corresponds to the eutectic
concentration of silicon in the Al — Si alloy. Moreover, it indicates that it is silicon in the eutectic mixture that is
formed in the nanocrystalline structure form (fine-crystalline silicon). The volume fraction of the primary sili-
con crystallites is 89 % and, according to the results presented in table 1, this silicon phase has larger coherent
scattering blocks size. The effect of nanostructuring of silicon was also observed earlier in the silumin alloys of
eutectic composition when exposed to pulsed electron beams [18]. Separation of the silicon crystallites both in
the eutectic mixture and in the primary crystals is most likely associated with the effect of rapid crystallisation
during cooling the melt after plasma exposure. The silicon in the eutectic mixture contacts with the aluminum
which has a higher thermal conductivity compared to the silicon one. As a result, the rate of heat transfer from
silicon crystallites in the eutectic mixture increases in comparable to the heat transfer in the primary silicon
crystals. This effect provides a higher level of the dispersion in the eutectic mixture.

The lattice parameter of aluminum determined from the XRD results is 0.404 nm and does not depend on
the value of the absorbed energy density of the CPF treatment.

However, the lattice parameter of primary silicon crystals Si, is 0.541 nm and is 0.545 nm for silicon in the
eutectic mixture Si, . The standard value of the lattice parameter of silicon is 0.543 nm. The obtained values of
the lattice parameters for silicon phases do not practically depend on the modes of the plasma impact. Thus, the
effect of separation of silicon into two phases is observed, i. e. one phase has a reduced lattice parameter and
the second one has an increased lattice parameter with respect to the standard value. First of all, when exclu-
ding the influence of point defects that can be present in both phases of silicon, we can expect the influence
of aluminum atoms on the crystal structure of the silicon. Indeed, the atomic radius of aluminum is 143 pm,
while it is 132 pm for silicon. Therefore, an increase in the lattice parameter of the fine-crystalline phase may
occur due to the partial penetration of aluminum atoms into the silicon lattice, which are placed directly in the
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eutectic mixture with alternating Si and Al phases. According to the equilibrium binary state diagram [19], the
solubility of aluminum in silicon is extremely low and does not exceed 0.016 at. %, however, the nonequilib-
rium conditions of the crystallisation caused by the CPF action can lead to an increase in the solubility limit.
In primary silicon crystals, the lattice parameter decreases with respect to the standard value that cannot be
explained by the incorporation of larger aluminum atoms, and, therefore, the excess concentration of vacancies
due to rapid quenching from the melt plays the main role.

The analysis of microstrains in each of the detected silicon phases (see table) showed that compressive
deformation of 0.2—1.1 % appears in the fine-crystalline silicon phase, i. e. in silicon of the eutectic mixture.
Their appearance can be associated with an increase in the lattice parameter due to the dissolution of aluminum
atoms. In the coarse-crystalline silicon phase, the dissolution of aluminum does not occur and, as a result, the
level of residual microstresses is significantly reduced.

Conclusions

Thus, the compression plasma flows with an absorbed energy density of 25-40 J/cm? influence on the sur-
face of the hypereutectic silumin alloy Al — 20Si leads to the modification of the near-surface layer due to its
melting on the depth of 32 um and uniform redistribution of silicon and aluminum in it. As a result of rapid
crystallisation and homogenisation of the elemental composition, silicon is separated into two phase compo-
nents: 1) silicon with a fine-crystalline structure (the coherent scattering block size up to 6 nm) presenting in the
eutectic mixture, and ii) the silicon with a coarse-crystalline structure (the coherent scattering block size up to
50 nm) characterising the primary crystals. Due to the dissolution of aluminum atoms in the fine-crystalline
phase of silicon in the eutectic mixture the silicon lattice parameter increases and residual compressive stresses
from 0.2 to 1.1 % appear.
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MECCBAVBP_QBCKI/IE IKCITEPUMEHTBI
BO BPAIITAIOIIEVICSA CUCTEME N ®OV3NYECKAS
MHTEPITPETAIINSA NX PE3YABTATOB

A. JI. XOJIMEIIKHH", T. APMAH?, 0. APMAH>, M. APHK "

1)Ee/lopyccmu? 2ocyoapcmeennblil ynusepcumem, np. Hesasucumocmu, 4, 220030, e. Munck, benapyco
D Cmambynvckuti ynusepcumem Oxana, Akupam, 34959, 2. Cmam6byn, Typyus
3)Cmam6yﬂbcxuﬁ yrusepcumem, bessoim, 34452, e. Cmambyn, Typyus
YBocpopcruii yrusepcumem, Bebex, 34342, 2. Cmambya, Typyus

OO0cyxmatoTCsl pe3yabTaThl COBPEMEHHBIX MECCOAyIPOBCKHUX IKCIICPUMEHTOB BO BPAIIAIOIICHCS CHCTEME, KOTOpPHIC
TOKa3bIBAOT HAJIUMYHC JOMOJHUTECIBHOIO SHCPIETHUYCCKOTO CABUT'a MEKAY UCITYCKACMBbIM U IMOTJIOIIEHHBIM PE30HAHC-
HBIM U3JTy9YCHHEM B JOMOTHEHUE K PENIATHBICTCKOMY CABHTY PE30HAHCHBIX JTUHHUN U3-3a d((dekTa 3aMeNIeHIs] BpeMEHU
JUTSL KICTOYHUKA U MTOTIOTUTEISI C Pa3HBIMU PaJUaIbHBIMU KOOPIMHATAMH. AHAIN3UPYOTCSI IMEIOLUECSI TIOMBITKU 00BsIC-
HUTH TPOUCXOKICHHUE JOMOTHUTEIBHOTO YHEPTeTHIECKOro casura. OHM BKIIIOYAIOT B ce0s 0000IIEHHs CrieraabHON
TEOPUU OTHOCUTEJIBLHOCTH Ha OCHOBE FMIIOTE3bl O CYIIECTBOBAHUU MPEIEIbHOIO YCKOPEHHSI B IPUPOJIE, TUTIOTE3Y O 3a-
BHCsIIEM OT BpeMeHH dddekre Jlomiepa, a Takke 0OIILYI0 TCOPHIO OTHOCHUTEIBHOCTH C YIETOM METPHUCCKUX dPPEKTOB
BO BpAIAIOMICHCs CHCTEME TIPH CHHXPOHU3AITNH YaCOB dTOH CHCTEMEI € JIaOOpaTOPHBEIME YacaMu. B xoze nccnenoBanus
YCTaHABJIMBACTCS, YTO BCE ITH IOIMBITKA OCTAIOTCS OC3YCIEUIHBIME JI0 HACTOSINEr0 BpeMeHH. TakuM o0pa3om, mpejia-
TaroTCs BOMOXKHBIC MTYyTH PEUICHHUS 3TOW MPOOJIEeMBI, OCHOBAHHBIC Ha COUYETAaHUH METpHUeCKUX 3(h()EeKTOB BO BpaIaro-
LIUXCSl CUCTEMAaX C KBAHTOBO-MEXaHMUYECKUM OMUCAHUEM PE30HAHCHBIX SIIEP B KPUCTAJUIMYECKUX STUeHKaX.

Knroueswie crosa: 3pdext Méccbayspa; Bpallaroiasics CHCTEMa; TCOPHUst OTHOCHTEILHOCTH.
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We discuss the results of modern Mossbauer experiments in a rotating system, which show the presence of an extra
energy shift between the emitted and absorbed resonant radiation in addition to the relativistic energy shift of the resonant
lines due to the time dilation effect in the co-rotating source and absorber with different radial coordinates. We analyse
the available attempts to explain the origin of the extra energy shift, which include some extensions of special theory
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of relativity with hypothesis about the existence of limited acceleration in nature, with hypothesis about a so-called
«time-dependent Doppler effect», as well as in the framework of the general theory of relativity under re-analysis of the
metric effects in the rotating system, which is focused to the problem of correct synchronisation of clocks in a rotating
system with a laboratory clock. We show that all such attempts remain unsuccessful until the moment, and we indicate
possible ways of solving this problem, which should combine metric effects in rotating systems with quantum mechanical
description of resonant nuclei confined in crystal cells.

Keywords: Mossbauer effect; rotating system; theory of relativity.

Introduction

As is known, the first series of Mdssbauer experiments in a rotating system has been carried out in the early
1960s soon after the discovery of the Mdssbauer effect (see, e. g., [1-6]). Their common goal was to verify
the relativistic dilation of time in the laboratory conditions, which manifests itself via the relative energy shift
between the resonant lines of a resonant source and a resonant absorber, fixed on the rotor at different distances
from the rotational axis.

A relative energy resolution of resonant y-quanta for iron-57 Mdssbauer spectroscopy has a typical value
107107 (see, e. g., [7]), which ensures a reliable measurement of the time dilation effect for sub-sound
tangential velocities.

For a typical configuration, where the source is located at the origin of the rotating system and the absorber
on the rotor rim (see figure), such a relative energy shift between the emission and absorption resonant lines
in given by the equation

2
E-E, = AE =—k ”_2, (1)
E, E c
where E| is the energy of resonant radiation for the source; E, is the energy of resonant radiation for the absor-

ber; u stands for the tangential velocity of absorber; ¢ is the light velocity in vacuum, and £ is some coefficient,
which is determined experimentally; according to special relativity (SR), it should be equal to 5 (the second

order Doppler shift).
We point out that the sign «minus» on the right site of equation (1) corresponds to the blue shift of the energy
of resonant radiation, where E, > E..

Rotor chamber

Source Beryllium window
[ Detector
Iy T
\:\ Absorber
Balancing mass !
Collimator
Registration
system [

A typical scheme of the Mdssbauer rotor experiment.
The intensity of the resonant radiation passing resonant
absorber is measured by the detector at the time moments,
when the source, the absorber and the detector are aligned into a straight line.
The thin iron-containing film of the resonant absorber is located inside beryllium
shell of thickness of about 1 mm to prevent the absorber deformation due to centrifugal force
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It is worth noticing that all Mdssbauer rotor experiments performed in the 20" century [1-6] actually

1
reported the value k= >’ and at the indicated energy resolution about 107°~107"*, the relative measurement

uncertainty of this coefficient was about 1 %.

By such a way, the results of the experiments [1-6] had been recognised as one more successful and precise
test of SR under laboratory conditions.

Later the relativistic dilation of time had been confirmed with much better precision (10°*-10") in the ex-
periments on ion beams [8; 9]. This result seems deprived physicists on interest to further repetition of the
Massbauer experiments in the rotating systems and until the end of 20™ century, no experiments on this subject
had been carried out.

At the first decade of 21% century, being motivated by the conjecture of Yarman that the coefficient & in

1
equation (1) can be substantially larger than > we decided to reanalyse the available results of the Mdssbauer

rotor experiments, where special attention has been given to the experiment by Kiindig [5] with its ingenious
implementation, involving a linear Doppler modulation to the energy of emitted resonant radiation in the ro-
tating system. For this purpose, Kiindig applied a piezo-oscillation of the source in the radial direction of the
spinning rotor, which allowed to him to measure the shape and the position of resonant line at different angular
velocities of the rotor. Therefore, the random mechanical vibrations in the spinning rotor (which are always
present), only broadened the resonant line, but did not influence the position of this line on the energy scale.
By such a way, Kiindig directly measured the shift of resonant line upon the energy scale as the function of
rotating frequency regardless of the level of vibrations in the rotor system.

In all other experiments [1—4; 6], only the count-rate of resonant gamma-quanta passing through the reso-
nant absorber versus the rotational frequency was measured, which varied not only due to a variation of the
relative energy shift between the emission and absorption lines, but also due to the broadening of the resonant
lines caused by rotor vibrations. Unfortunately, the authors of the mentioned experiments [ 1-4; 6] completely
ignored vibrations in the rotor system, which made their results inconclusive.

Thus, in our reanalysis of the Mdssbauer experiments in a rotating system, we focused on the Kiindig’s
experiment [5], and surprisingly disclosed computational errors in his data processing. After their elimination,
we found that the experiment [5] in fact yields £ near 0.6 [10], and the deviation from the relativistic prediction
k= 0.5 many time exceeded the measurement uncertainty.

Later (see, e. g., [11]), we have found some non-accounting factors (such as the dependence of piezoelectric
constant on the centrifugal acceleration in the rotor system), which indicated that the value of & should be even
larger, than 0.6, i. e.

k= 0.6. 2)

Thus, the obtained inequality (2) should be recognised as the actual result of the experiment by Kiindig.

Our reanalysis of the experiment by Kiindig motivated us to carry out our own experiment on this sub-
ject [12], where we proposed a new methodological approach, which, being much simpler from a technical
viewpoint compared to the linear Doppler modulation of resonant radiation used by Kiindig, also allowed us
to eliminate the influence of vibrations in the rotor system on the measured energy shift of the resonant lines.

For this purpose we measured the absorption curves (the dependence of the detector’s countrate as the func-
tion of rotational frequency) for two resonant absorbers, whose resonant lines are shifted with respect to each
other approximately by their linewidth [12].

Thus, having obtained the absorption curves for each resonant absorber, we compose the system of two
equations with two unknown variables, which could affect the intensity of resonant radiation passing through
the resonant absorber: the resonant absorption of y-radiation, and the broadening of resonant lines due to vi-
brations in the rotor system. Hence, having solved the system of these equations, we separate both effects from

AE
each other, and finally obtain the dependence of the relative energy shift v of the resonant radiation of the

source and the absorber as a function of the tangential velocity u of the resonant absorber. As an outcome, we
obtain the correct value of the coefficient £ regardless of the level of vibrations in the rotor system, though with
a larger measurement uncertainty in comparison with the experiment by Kiindig [5].

The first our experiment has been conducted in Minsk, in 2008, under the contract between Istanbul Okan
University, Savronik company (Istanbul) and Belarusian State University. The result of this experiment [12]

k=0.66+0.03 3)

is in a strong contradiction with the relativistic prediction k& = 0.5, though in full conformity with our reestima-
tion of the Kiindig experiment (2).
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Furthermore, in 2014, in Istanbul University we carried out one more experiment on this subject in the
framework of the contract between Istanbul University and Belarusian State University. In this new experi-

ment, the mechanical characteristics of rotor system had been substantially improved in comparison with out
first experimental setup. The result of this experiment [13]

k=10.68£0.02, 4)

in fact, confirmed the correctness of our re-estimation of the experiment by Kiindig (2), as well as our first
experimental result (3).

Thus, equations (2)—(4) definitely indicate the presence of an extra energy shift between the emitted and
the absorbed resonant radiation in the rotating system, which emerges in addition to the usual second order
Doppler shift due to dilation of time for an orbiting resonant absorber.

Discussions about the origin of such extra energy shift (EES), which we have abbreviated as EES, continue
up to the present day, though no consensus has yet been achieved.

We have to emphasise that the disclosure of the origin of EES obviously goes beyond the scope of SR, so
that we have to apply either the formalism of general relativity (GR), or some reasonable generalisations of
SR, in order to understand the EES.

Here, it is worth to mention the successful explanation of EES in the framework of the novel YARK theory
of gravity, which naturally combines gravity and quantum mechanics [11]. At the same time, it is clear that the
search for an explanation of EES within the framework of standard relativistic presentations remains the most
topical problem.

From this point of view, in section «Proposed explanations of the origin of the EES in Mdssbauer rotor
experiments», we analyse in chronological order the available attempts to explain the origin of EES either via
some extensions of SR [14—16], or in the framework of GR, and show that so far all such attempts remain
unsuccessful.

In section «Conclusion», we discuss new approaches for full understanding of the results of Mossbauer
rotor experiments and draw our conclusions.

Proposed explanations of the origin
of the EES in Mossbauer rotor experiments

In this section we review, in chronological order, various ideas to explain the experimental results (3), (4),
which include:

e generalisation of SR by Caianiello [14] and its application to the analysis of Mdssbauer rotor experiments
by Friedman et al. [15]; performance of new experiments on this topic at the European Synchrotron Radiation
Facilities (ESRF, Grenolbe) and their analysis [17-19];

e the idea of the so-called «time-dependent» Doppler effect [16];

e re-analysis of metric effects in rotating systems [20—24].

We will show below that none of the available explanations of the origin of EES, existing at the moment,
can be recognised satisfactory from the physical and mathematical viewpoints, and new ways for a solution of
this problem are required.

Generalisation of special relativity by Friedman et al. One of the first attempts to explain the origin of
EES, expressed via the inequality (2), was done by Friedman et al. on the basis of their generalisation of SR
(see [15]) with the negation of the clock hypothesis by Einstein. This way Friedman et al. followed to Caiani-
ello [14] and assumed the presence of a limited acceleration in nature a,,. Further on, they suggested to modify
space-time transformation between uniformly accelerated frames in their own way, which is reduced to the
usual relativistic transformation in the limit a,, — oo.

Then, reanalysing the second order Doppler effect in a rotating system in the framework of their approach,
they arrived at the following expression for the relative energy shift between the resonant source (located on
the rotational axis) and the resonant absorber on the rotor rim [15]:

2 2 2 -1/2
=1+ RO RO
a, 6‘2

where E, E stand for the energies of emitted and absorbed radiation, correspondingly; R is the radial coordi-
nate of the absorber, and  is the angular velocity. Based on this equation, these authors derived the relative
energy shift between the emission and absorption resonant lines in the following form:

AE_E,—-E Ro® R’ uz(l czj

— + —_—
E EO a,, 2c2 c2

2 Ra, )
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Thus, comparing equations (1) and (5), we find that in the extended relativity of Friedman et al., the coef-
ficient 2
=iy (6)
2 Ra, '
Addressing now to the original work by Caianiello [14], we point out his own estimation of the limited
acceleration via the light velocity c and the Planck length /, as

2
c

a, =—=55-10"" m/s*. (7
Ip
Thus, substituting equation (7) into equation (6), we obtain
k= 1 + I—P
2 R

Atl,=1.616-10° mand R = 0.1 m, the difference of the coefficient k from 1 in near 10, which repre-
sents quite a negligible value. 2

However, in this situation Friedman et al. assumed [15] that the actual value of the limited acceleration a,,
could be much smaller and be accessible for measurements in the Mdssbauer rotor experiments. In particular,
Friedman et al. pointed out that the rectified result (2) of the experiment by Kiindig can be explained by equa-
tion (6) in the case, where the limited acceleration in nature

a, = 10" m/s’. ®)

This is indeed a huge acceleration from a practical point of view, which exceeds by many orders of mag-
nitude the typical acceleration of particles in accelerators, though it is still accessible for measurements in the
Mossbauer rotor experiments via equation (6).

Concurrently equation (6) indicates that under adoption of the hypothesis by Friedman (8), the coeffi-
cient k£ must depend on the rotor radius R. Therefore, according to Friedman, the value of k£ should be different
in the experiment by Kiindig [5] (where R = 9.3 cm), and in our experiments [12] (R = 30.5 cm) and [13]

(R=16.1 cm). However, all of these experiments yield the comparable values of k near 3

These results are obviously at odds with equation (6), which predicts a strong dependence of the coeffi-
cient k on the rotor radius R under the hypothesis of Friedman (8).

In this situation, Friedman et al. claimed [17] that the result of the experiment by Kiindig as we reana-
lysed (2) is correct, whereas our experimental results (3) and (4) are, in their opinion, wrong, because the
assumption about a random character of rotor vibrations, which was used under the data processing of the ex-
periments [12; 13] is incorrect.

In order to demonstrate the validity of their claim, Friedman et al. mounted their own experimental setup on
ESRF [17] for the measurement of the Mossbauer effect in a rotating resonant absorber with the synchrotron
source of resonant radiation, where they measured the level of vibrations in the rotor with respect to a labora-
tory observer, using a suitable vibration probe. Friedman et al. actually detected some non-random vibration
component, which allegedly was ignored in our measurements [12; 13].

However, in our paper [25] we emphasised the principal difference between the Mdssbauer rotor experi-
ments with the synchrotron radiation and with a point-like resonant source. In the first case, where the source
of resonant radiation is located in a laboratory frame, while the resonant absorber is fixed on the rotor, its mecha-
nical vibrations as the whole affect the shape of measured resonant line. In the second case, where both the source
and the absorber are fixed on the rotor, only relative vibrations between source and absorber affect the shape
of the resonant line. As we have shown [25], for modern rotor systems, the relative rotor vibrations are about
two orders of magnitude smaller than the absolute rotor vibrations, measured by a laboratory observer. Under
this circumstance, the non-random component of absolute rotor vibration estimated by Friedman et al. [17],
becomes about two orders of magnitude smaller for the relative vibrations between co-rotating source and
absorber, which thus can be well neglected in all experiments with usual point-like resonant source fixed on
the rotor [1-6; 12; 13].

This conclusion once again validates the rectified result of the Kiindig experiment (2) as well as our re-
sults (3) and (4).

Further on, Friedman et al. carried out their own experiment in Grenoble for the measurement of the Moss-
bauer effect in rotating resonant absorber, using the synchrotron source of resonant radiation, resting in a labo-
ratory [18]. As the result, they obtained the new estimation for the limited acceleration

a, =107 m/s*, 9)
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which is two orders of magnitude larger than their previous estimation (8) made on the basis of equation (2), which
we obtained in the reanalysis of the experiment by Kiindig.

However, we have indicated in [25] a number of non-accounted systematic errors in their experiment, which
totally invalidate the result (9).

Later, Friedman et al. agreed that their result (9) is indeed incorrect, and suggested the improved technical
realisation of their new experiment on ESRF [19].

In this respect, in our recent paper [26] we have shown that the entire approach by Friedman et al. based on
the application of the synchrotron source of resonant radiation to the measurement of the Mdssbauer in a ro-
tating absorber has a number of principal shortcomings in comparison with the standard approach, where both
a point-like source and compact resonant absorber are fixed on the rotor.

What is more, we have mentioned the recent estimation of the lowest limit of the maximal acceleration [27]

a,>5-10*" m/s® (10)
obtained via the analysis of the temperature dependence of the Méssbauer effect in ©’Zn, which is about two
orders of magnitude more sensitive to the relative energy shifts of resonant lines in comparison with the >’Fe

Maossbauer spectroscopy [7].
Substituting the value (10) into equation (6), we obtain that the extra energy shift, expressed by the term
2

c—, has the order of magnitude 10™* (at R = 0.1 m), which is many times less than the measurement uncer-

a,

tainly of the coefficient £, and can be totally ignored.

Hence, we conclude that the hypothesis by Friedman et al. about a possible influence of the maximal acce-
leration in nature on the measured energy shift between emission and absorption lines in a rotating system, in
totally invalidated by equation (10), as well as by our argumentation presented in references [25; 26].

«Time-dependent» Doppler effect. This idea has been advanced reference [16], and it is based on the as-
sumption that the interaction of resonant y-quanta with resonant nucleus happens during a finite time interval 7,
when the velocity of orbiting absorber has time to rotate at a finite angle and, as the result, its resonant nuclei
can acquire a non-zero velocity component on the direction of propagation of y-radiation. If so, then some con-
tribution of the linear Doppler effect to the measured shift between emission and absorption lines can emerge,
and this effect, according to Benedetto and Feoli [16], is capable to explain the origin of the extra energy shift
between emission and absorption lines.

Indeed, according to this idea, the extra energy shift should be defined by the equation

T [ﬂj =EES,
C

where 7 is the typical interaction time of resonant nucleus with resonant y-quantum.

According to these authors, the interactional time T should be comparable with the lifetime of the excited
resonant nucleus. This assumption, however, already contradicts the common approach, where the interaction
of resonant nucleus with a resonant y-quantum is divided into three different and independent from each other
stages: the absorption of resonant y-quantum, the formation of excited nucleus, and the emission of resonant
v-quantum, where the lifetime of excited nucleus many orders of magnitude exceeds practically instantaneous
moments of the absorption and emission of resonant y-quanta.

In contrast to this commonly adopted representation, the authors of [16] assumed that the interactional

time T is comparable with the lifetime of excited nucleus, and they esimated it via the equation T = T (h being

the Planck constant), where, however, instead of using the natural width of resonant line I', they have used the
width of resonant lines measured by Friedman et al., in their experiment [18], which was more than 10 times
larger than the natural linewidth due to the influnce of various experimental factors, such as rotor vibrations
and others [18]. As the result, instead of the well-known lifetime of resonant line T = 98 ns (see, e. g., [7]),
Benedetto and Feoli obtained T = 5.19 ns [19], which has no actual physical meaning.

Therefore, the entire idea by Benedetto and Feoli about the «time-dependent» Doppler effect not only con-
tradicts the standard representation about the process of interaction of resonant nucleus with resonant y-quan-
tum, but it anyway does not provide the correct numerical value for the EES. Thus it should be resognised
incorrect. For more detailed criticism of their idea, see reference [28].

Reanalysis of metric effects in a rotating system. The first attempt to explain the origin of EES in the frame-
work of GR has been done in reference [20], where the author claimed that, before measuring the intensity of
resonant radiation, passing across a resonant absorber, the clock in the origin of the rotating system and the labo-
ratory clock (attached to the detector of y-quanta) must be synchronised. In order to derive his «synchronisation
effect», Corda used the known expression for the Langevin metric of a rotating frame (see, ¢. g., [29])
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2

2,2
ds® = (1 S chdt’z - 207 d@’dl’ = dr'* — " d@"? — dz" (11)
c

resulting from the transformation of the cylindrical space-time coordinates between the laboratory frame
(t, r, @, z) and the rotating frame (¢/, ', @’, z’)

t=t, (12)
r=r’, (12a)
0=0"+ 0t (12b)
z=7" (12¢)
Further on, considering the expression for the proper time interval d7 in a rotating system, resulting from
equation (11),
2 ’2 ’ 7\2 \2
dt’ = di”? 1—“2—“""—(‘””) —(dc) , (13)
cdt’ ¢ cdt’

where do’*=dr"* + (r’a’(p’)2 + dz’%, Corda claimed that the last two terms on the right site of equation (13)

can be neglected in the case, where the tangential velocity of the detector u is much smaller than the light ve-
locity c. Hence, using the relationship

do’ = wdt’. (14)
Corda simplified equation (13) to the form
r2,..2
dtzdt’(l— - J (15)
c

Then, integrative equation (15) along the path of resonant y-quantum propagating from the origin of coor-
dinates » = 0 to the rotor rim r = R, Corda obtained [20; 21]

2
dtzdt’[l - ”—2] (16)

6¢

According to this author, the relationship (16) additionally contributes the measured energy shift between
resonant lines in the Mssbauer rotor experiments at the value

(ﬁ) __1w
E synch 602’

which, being added to the usual second order Doppler shift,

(ﬁ} __1x
E Doppler 2 Cz ’

(ﬁ) _ 2w
E total 3 Cz ’

seemingly in a perfect agreement with our experimental results (3) and (4).

However, in our subsequent responses [30; 31] we argued that this «synchronisation effect», even it would
exist, is totally immeasurable in the Mdssbauer rotor experiments and thus, it anyway cannot contribute the
measured value of the coefficient & in equation (1).

Further persistence by Corda in advocating his «synchronisation effect» [22] motivates us to look closer at
the procedure of its derivation, and to find two errors in this procedure.

The first error is the use of approximate expression for the proper time (15), with the omission of the terms

yields the total shift

of the second order in % However, this is inadmissible, since the measured energy shift between emission
2
and absorption lines has the order of magnitude (%) . Therefore, instead of the approximate equation for the

proper time (15) used by Corda, one has to use the exact expression (13).
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The second error is committed by Corda in equation (14), where the sign «minus» is missed. Thus, the
correct equation is

do’=-odt’ (17)

(see equation (12b) at @ = 0). Substituting equation (17) into the correct equation for the proper time inter-
val (13), we arrive at the trivial equality
dt=dt' (18)

Thus, in contrast to the claim by Corda, equation (18) shows that the rate of a clock in the origin of a ro-
tating system and the rate of a laboratory clock attached to the detector are identical to each other at any value
of the angular velocity of a rotor. This result is well understandable from a physical viewpoint, because the
point center of the rotor has a zero tangential velocity at any value of the angular velocity. Therefore, both
clocks — on the rotational axis and in the laboratory — remain synchronised at any rotational frequency, so

2
that the alleged «synchronisation effect» by Corda disappears, and the equality & = 3 revealed in our experi-

ments [12; 13] (see equations (3) and (4)) remains unexplained.

Finally, we consider the remaining attempts to explain the origin of the EES in GTR: the «modified syn-
chronisation effect» by Corda [22], «desynchronisation effect» by lovane and Benedetto [23] and «geometric
approach» by Podosenov et al. [24], which have the common feature:

1) the use of the Langevin metric (11);

2) the use of the constraint

¢’ = const (19)
for propagating resonant y-quanta.
Then, combining equations (11), (12) and (19), the authors of [22-24] obtained the expression for the pro-
per time of propagation of y-quanta from the source in the origin and the absorber on the rotor edge, which can
be presented in the general form as

T= § + . (20)

Here, the value 97 is responsible either for the «synchronisation effect» (according to Corda [22]), or «de-
synchronisation effect» [23], or for the frequency change of resonant radiation for resonant absorber [24].

At the same time, the physical meaning of the proper time interval 8t in equation (20) is well understan-
dable, when we realise that the applied constraint (19) means that resonant y-quanta propagate from the source
to absorber along the radial direction of the rotating frame and thus, a laboratory observer sees some curved
path of such y-quanta. Hence, it becomes obvious that in the laboratory frame the propagation time of y-quanta

from point » = 0 to point » = R becomes larger than g at the value d7 on the right site in equation (20).

However, such a curved path for resonant y-quanta is impossible in empty space and thus, we have to realise
that the constraint (19) implies the presence of a very thin optic guide of resonant y-quanta, connecting the
source and the absorber fixed on the rotor.

Now it is worth to emphasise than none of the known Mossbauer rotor experiments used such guides for
resonant y-quanta and, moreover, such guides are not invented yet!

In the absence of such guides, we have to abandon the constraint (19) in the favour of the equality

¢ = const, (21)

corresponding to propagation of y-radiation along a straight line in empty space.

The equality (21) directly yields equation (17), and we have shown above that with this equation any «syn-
chronisation effect» disappears (see also references [32-34]).

Thus, at the moment, the origin of the EES in the framework of GR remains unexplained.

Conclusion

Since the discovery of the EES between emission and absorption resonant lines in the Mossbauer rotor
experiments [12; 13], a possible origin of this effect, emerging in addition to the energy shift due to relativistic
dilation of time, became a subject of intensive discussions; where the explanation of EES either with some
reasonable extension of SR, or within the framework of GR remains the most topical problem up to now.

We have shown that the generalisation of SR by Friedman et al. via introducing a maximal acceleration in na-
ture with an assumed value measurable via the Mdssbauer effect [15] is not supported by modern measurements;
in particular, by using ®’Zn resonance [27]. The latter yielded the lowest limit (10), which anyway cannot explain
the observed value of the EES.
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We have further shown that the recent attempt [16] to understand the origin of the EES under the framework
of usual relativistic concepts, or in the framework of GR with some allegedly missed effects [20—24] are all
mistakable and should be denied.

Thus, further search regarding the possible explanation of the origin of the EES under GR remains to be
a very topical problem. To this end, our idea [11] to involve the quantum mechanical properties of resonant
nuclei confined in crystal cells — which has already been successfully applied to the explanation of the EES un-
der the framework of YARK gravitation theory — could perhaps be extended to a general relativistic treatment
as well. This might engender a promising way, insofar as the principal feature of our idea — viz., the constancy
of the energy of the crystals for both resonant source and resonant absorber under the recoil-free interaction of
the resonant nuclei with Mdssbauer radiation — should also be exercised within the framework of GR. How-
ever, a detailed analysis of this problem, as well as our proposal for indirect verification of this idea [35] lies
outside the scope of the present contribution.
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MUKPOCTPYKTYPA BBICTPO3ATBEPAEBIIEN ®GOABIUA
AOIBTEKTNYECKOTI'O CITAABA Sn —4,4 mac. % Zn

B. I INENEJIEBHY"Y, JI. A. 3BEPHHUI]A”

l)Eefzopyccmul 2ocyoapemeennblil yHusepcumem, np. Hezasucumocmu, 4, 220030, . Munck, Berapyce
2)M03blp61<m7 2ocydapcmeennblil nedazocudeckuu ynusepcumem um. U. I1. [llamaxuna,
yi. Cmyoenueckas, 28, 247760, e. Mosvipw, benapyce

[TpuBeeHbI pe3ysIbTaThl HCCIEA0BaHHUS MHKPOCTPYKTYPBI OBICTpO3aTBepAEBIIeH (OIBIN JOIBTEKTHYECKOrO CIIIaBa
Sn — 4,4 mac. % Zn. YcTaHOBIIEHO, YTO U3y4aeMbli CIUIaB UMEET ABYyX(asHyI0 CTPYKTYpy, KOTOpast COCTOUT U3 TBEP/BIX
pacTBOpOB 0JI0Ba M LIMHKA. JIernpoBaHue 0JI0Ba IUHKOM MPUBOAUT K YMEHBUICHHUIO MapaMeTpa JIeMEHTAPHON SUCHKH.
PazHuna Mex1y mapaMmeTpaMu 2JIEMEHTapHOH sTYeHKH ObICTPO3aTBEPEBIIETrO CIUIaBa U CIUIaBa U3 YUCTOTO 0JI0Ba HMEET
TEHJICHIIMIO K YMEHBIICHUIO MPH BBIAEPKKE, YTO OOYCIIOBICHO CHIIBHBIM MEPEOXJIaX/ICHUEM pacIuiaBa IpH €ro IMoiy-
YEHHHU CO CBEPXBBICOKMMH CKOPOCTSIMH M 00pa30BaHHEM IMEPECHIICHHOTO TBEPIOro PacTBOpa LIMHKA B OJIOBE, KOTOPBIH
B CHJIy BBICOKHX TOMOJIOTHYECKHX TEMIIEpaTyp M, Kak CIEACTBHE, aKTHBHBIX TU((Y3HOHHBIX IPOIECCOB PACTalacTCs
IIPY KOMHATHOU TeMieparype. OnpezesneHo, 9To B Gosbre HecaemyeMoro ciuiaBa GOpMHUPYETCst MUKPOKPHCTAITMYECKast
CTPYKTYpa, B IIONEPEYHOM CEUCHUH KOTOPO HAOIIOAAIOTCS OHOPOAHO PACIIPEAEICHHbIC TEMHbIE PABHOOCHBIE UCIIEPC-
HBIE BBIICJICHHS [IMHKA Ha (DOHE CBETION MaTPHIIBI 0JIOBA, OTCYTCTBHE B (DOJIbIE MJIACTHH IIMHKA CHUKAET CIIOCOOHOCTH
K XpynkoMy paspyuienuro. HeoqnnakoBoe pacrpesienieHne cpeHe Xoppl CIydaiHbIX CEKyIIUX Ha 3epHaX B MOBEPX-
HOCTHBIX CJI0SIX A 00YCIIOBJICHO BBIIEICHUEM TEIUIOThI, IPUBOASILMM K YMEHBLICHHIO TEPEOXIKICHHS TOCICSIYOIIHX
CJIOEB pacIliaBa, ¥ YBEIMYCHHEM pa3Mepa 3epeH 0o Mepe MepeMelieHns] GpOoHTa KPUCTAIUTU3aLH. YCTaHOBICHO, YTO

B rtockoctu (301) Broab HampaBiIeHUs [103] HaOJro1aeTcs IBOMHUKOBAaHKE 0JI0Ba, BO3HUKAIOIIEE 10 IeHiCTBUEM 3a-

KaJIOYHBIX HaIpsHKEHUH MPU BBICOKUX CKOPOCTAX Kpuctamnsanuu. Vceaeayemsiii criaB umeet Teketypy (100) onosa,
(opMupoBaHKEe KOTOPOH CBA3aHO € TEM, YTO TIOCKOCTh (100) siBisieTcst Hanbosee IIOTHOYTAKOBAaHHOM, BCJICICTBHE YETO
POCT 3epeH C TaKoW OPHEHTAIHEH IPOUCXOHUT C HANOONBIICH CKOPOCTHIO.

Kniouegwle cnosa: 6GpIcTpO3aTBEPACBIINHN CIIIaB; OECCBUHIIOBBIC MATEPHUAIIBI, CIUIaB Sn — Zn; JT0IBTEKTHKA; MUKPO-
CTPYKTYpa; 3€pHO; TEKCTypa.

FBnazooapuocms. Pabota BhIIOIHEHA IPH (PHMHAHCOBOH MOJICPIKKE IPAHTa Ha BBITIONHEHHE HAyYHO-HCCIIe0BATEb-
ckoii paboter MuHHCTEpcTBa 00pazoBanus Pecmrybmmku bemapycs (mpoekt 1410rp/2021, Ne roc. peructparm 20211069
or 06.05.2021 ).
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The article presents the results of a study of the microstructure of the rapidly solidified foil of the hypoeutectic alloy
Sn — 4.4 wt. % Zn. It was found that the investigated alloy has a two-phase structure, which consists of solid solutions of
tin and zinc. Doping of tin with zinc leads to a decrease in the unit cell parameter. The difference between the unit cell
parameters of a rapidly solidified alloy in comparison with an alloy of pure tin tends to decrease during holding, which
is due to strong supercooling of the melt during its production at ultrahigh speeds, and the formation of a supersaturated
solid solution of zinc in tin, which, due to high homological temperatures, as a consequence, active diffusion processes,
decomposes at room temperature. It has been established that a microcrystalline structure is formed in the foil of the alloy
under study, in the cross section of which there are uniformly distributed equiaxed dispersed dark zinc precipitates against
the background of a light tin matrix; the absence of zinc plates in the foil reduces the ability to brittle fracture. The unequal
distribution of the average chord of random secants on the grains in the surface layers 4 is caused by the release of heat,
which leads to a decrease in the supercooling of the subsequent layers of the melt, and an increase in the grain size as the
crystallisation front moves. It was found that in the (301) plane along the [103] direction, tin twinning is observed, which
occurs under the action of quenching stresses at high crystallisation rates. The alloy under study has a (100) tin texture, the
formation of which is associated with the fact that the (100) plane is the most densely packed, which promotes the growth
of grains with this orientation at the highest rate.

Keywords: rapidly solidified alloy; lead-free materials; Sn — Zn alloy; hypoeutectics; microstructure; grain; texture.
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BBenenune

OOBSAHHO-ITMHKOBBIE CIUIABHI IIMPOKO MCIOIB3YIOTCS B KaUeCTBE 3aIIUTHBIX MOKPBHITHH 1 mipumoes [1; 2],
YTO UMEET BaXKHOE 3HAUEHHE JISI MHOTUX OTPAaciel TPOMBIIIIIEHHOCTH (a9POKOCMHYECKON, DHEPTETHYECKOM,
ABTOMOOWIIBHOM U JIp.), B KOTOPBIX CYIIECTBYET OCTpasi MOTPpeOHOCTh B 3(PPEKTUBHBIX U Ka4YECTBEHHBIX CO-
€IMHUTENBHBIX MaTepuasiax Mpu cOOpKe 3IEKTPOHHBIX KOMIIOHEHTOB [3—5]. OTCyTCTBHE B HUX CBHHILA CIIO-
COOCTBYET COXPaHEHHUIO OKPY>KaIOIel Cpelbl U CO3IaHHUI0 OE30MACHBIX YCIOBHI TPya.

CBoiicTBa CIIJIaBOB BO MHOTOM 3aBHUCST OT MX XUMHUYECKOTO COCTaBa M YCJIOBUI M3roToBiIeHUs. [ ymyud-
[IeHNS XapaKTePUCTHK IPUTIOEB Pa3padaThIBaIOTCI MHOTOKOMIIOHEHTHBIE CIUTAaBEI. B rmocnennme necarninerns
JUTS TIOJTy9€HUS CTUIABOB aKTUBHO MTPUMEHSETCSI BEICOKOCKOPOCTHOE 3aTBEPAEBaHME, OTHOCSIIEECS K DHEPro-
u pecypcoc6epera}0mI/IM texHonorusM [6—9]. Ilpu 3ToM JTOCTUraeTcsi CKOPOCTh OXJIAXKICHUS paciliaBa He
meree 10° K/c, a cTpykrypa o6pasyromeiics (oIbri CymecTBEHHO OTIMYACTCS OT CTPYKTYPBI CILIABOB, IONY-
YaeMbIX MPH MaJbIX U CPEIHUX CKOPOCTAX OXJaxkaeHus [6—8]. Bricokne cKOpOCTH OXJakACHUS paciijiaBa
NPHUBOIAT K (POPMHUPOBAHUIO HEPABHOBECHBIX CTPYKTYp, 00JIAAtOIIUX PSIOM HHTEPECHBIX 0COOCHHOCTEH,
BBIPQKEHHBIX B U3MEJIBIEHUH (Pa3 v CTPYKTYPhI U OTHOPOTHOM pacipeieieHHH KOMITOHEHTOB B TBEPABIX pac-
TBOpax, 00pa30BaHUH HOBBIX METACTAOWIBHBIX (ha3, YMEHBIIEHHH MUKPOCETPErauii 10 UX IMOJHOTO yCTpa-
HEHMS U T. 1. [6].

3HauUTENbHOE YHCIO paboT MOCBSILEHO MCCICAOBAHUIO CTPYKTYPbI OBICTPO3aTBEpAEBLIINX (DOJIBI IBTEK-
TUKH, coteprkarieit 8,8 mac. % Zn [10; 11], onHaKo U3yUYEHHUIO CUCTEMBI Sn — Zn B 00JIaCTH JI03BTEKTUYCCKUX
COCTaBOB yZEJICHO Maj0 BHUMaHMs. B CBSI3M ¢ 3TUM aKTyalbHOH 3ajaveill SBJSETCS MCCIeTO0BAHNE MUKPO-
CTPYKTYpPBI, 0COOEHHOCTEH pacipenesieHus 3epeH u GOPMHUPOBAHHUSA TEKCTYPHI B (OJBTE JOIBTEKTHUECKOTO
crutaBa Sn — 4,4 mac. % Zn, OITY4YEeHHOTO BRICOKOCKOPOCTHBIM 3aTBEPACBAHUEM U3 )KHIKOTO COCTOSHUSI.

MeTonuka 3KcrnepuMeHTa

Cmnag Sn — 4,4 mac. % Zn (auctora — He MeHee 99,99 %) H3TOTOBJIEH CILIABICHHEM KOMIIOHEHTOB B KBap-
LIEBO# AMITyJIE C MOCTIEIYIOMIHM OXIaKICHHEM CO CKOPOCThio 107 K/c mpu 3ammBKe B rpad)MTOBYIO H3I0XKHHU-
1y [7]. Kycouek crutaBa maccoii =0,2 T MOBTOPHO pacIlIaBIsjICcs U HHKEKTUPOBAJICS Ha BHYTPEHHIOIO TIOJIMPO-
BaHHYIO IOBEPXHOCTH MEJHOTO LIMIHH/PA IHAMETPOM 20 cm (wactoTa BpateHus — okoso 15 m/c). CkopocTb
OXJIAX/ICHHSI pacIliaBa cocTaBlsiia He MeHee 5 - 10° K/c [8]. 3arBepaeumii crutag umen dopmy (Bobr,
JUTIHA KOTOpoi mocTturaina 15 cm, mupuHa — 10 MM, a TommuHa paBHsach 30—80 M.
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HccnenoBanne MUKPOCTPYKTYPBI CIIIaBa BBITOIHEHO € TIOMOIIBIO PACTPOBOTO 3JIEKTPOHHOTO MUKPOCKOTIA
LEO 1455VP (Carl Zeiss, ' epmanust), IMEIOIIETO MTPUCTABKH IS TIPOBEICHUS PEHTT€HOBCKOTO CIIEKTPATbHOTO
Mukpoanaiusa u (hazosoro ananuza HKL Channel 5 (Oxford Instruments, BenukoOpuranusi).

Jia onpeneneHus napaMeTpoB MUKPOCTPYKTYPbI PUMEHIICS cTepeoMeTpuueckuil ananus [12]. OtHo-
CUTEJIbHASI TIOTPEIIHOCTh MPU STOM COCTaBIsLIa 0Kojo 8—12 %. Jlms ompemencHus mapameTpa KpPUCTaILIU-
YEeCKOM PEelIeTKH M TEKCTYpbl ucnonb3oBaics mudpakromerp JPOH-3 ¢ mennbsiM anogom. TekcTypa ¢osbr
U3y4anach ¢ IOMOIIbIO OOPAaTHBIX MOMIOCHBIX (Guryp. [lomrocHast IIOTHOCTD p);; ANGPAKIMOHHBIX JIUHUN Akl
0JIOBa W IIMHKA PACCUUTHIBANIACH MO MeToxy Xappuca [13]. U3mepenus mapamMeTpoB JIEMEHTAPHOU sTICUKH
KPHUCTaJNTMYECKON PEIIETKH MTPOBEICHBI B COOTBETCTBHH C MOJIOKeHHEM audpakunonHo tuann 400 onosa.

Pe3y.]'ll>TaTl>I H UX oﬁcyme}me

Hudpaxrorpamma ¢oibru criaBa Sn — 4,4 mMac. % Zn colepXHUT YeTKre TUPPaKIUOHHBIC JTHHUHU 0JI0BA
(200, 101, 211, 301 u ap.) u cnaboBbIpakeHHbIe TUpPaKIHMOHHBIC JuHUK nuHKa (0002, 1010, 1011, 1012
U JIp.), T. €. ObIcTpO3aTBep/eBInas ¢oibra crasa Sn — 4,4 Mac. % Zn umeet AByX(a3Hyr0 CTPYKTYPY, COCTOSI-
IIYIO M3 TBEPABIX PACTBOPOB OJIOBA U IIMHKA.

[TapameTps! KpUCTAITUUECKON PEIIETKH @ JUII YUCTOTO 0JI0Ba M ciiaBa Sn — 4,4 mac. % Zn onpenensinch
110 TOJNOKEHHIO TUpaKiMonHoi uauK 400. VX 3HaueHus cocTaBwim ag, = 5,830 A n ag, ,, = 5,819 A coor-
BETCTBEHHO. [Ipy 5TOM pasHHIa MEXy TapaMeTpaMH PENIETOK dg, U dg, _ 7, MOHOTOHHO YMEHBILIAETCS IIPH KOM-
HaTHOI Temneparype. OT0 OOBSICHSIECTCS TEM, YTO MPU BBICOKOW CKOPOCTH OXJIAXKICHHS pacIuiaBa MPOUCXOAUT
€ro CHIIbHOE nepeoxnamneﬂne W IIMHK 3aXBaThIBAETCS IPH KpUCTAILTH3AIMHU 0J10Ba. [Ipu 3TOM 00pasyercs repe-

T T womwwx  CBILIEGHHBINA TBEP/bI PACTBOP LIMHKA B OJIOBE, YTO U OOYCJIOBIH-

. BaeT yMEHBIIICHHE MapaMeTpa KpUCTATMIecKol pereTku. Kom-

HaTHasl TEeMIIeparypa SBISIETCS BBICOKOH LISl OJIOBA: MPOMCXOIST

1 dy3nOHHBIE MPOIECCHI, KOTOPhIE MPUBOIAT K ITOCTEIICHHOMY

pacnay epechillieHHOTO TBEPJOTO PacTBOPa, COMPOBOKIAEMOMY

YBEJMYCHUEM €T0 MapaMeTpa KPHCTaJUTMUeCKON PeleTKy, YTo Ha-
OnroaeTcst SKCIIEPUMEHTAIIBHO.

[onepeunoe ceueHue ObICTPO3aTBEPACBIICH (OJIBIH TOIBTEK-
THYECKOro craBa Sn — 4,4 mac. % Zn mpencraBieHo Ha puc. 1.
Ha n3o06pakeHnu BHIHBI OJHOPOIHO pacilpesiesieHHbIe TeMHbIe
PaBHOOCHBIC NUCIIEPCHBIC BLIJICIICHUS Ha q)OHe CBETIION MaTpuibIl.
C moMOIIBI0 PEHTIEHOCTIEKTPATBHOTO MUKPOAHAITH3a YCTaHOBIIC-
HO, YTO TEMHLIC BBIACIICHUS SABJIAIOTCSA TUHKOM, a4 CBCTJIBIC — TBEP-

Puc. 1. MUKpOCTpyKTypa IIOIEPEUHOrO

ceueHns ObICTpO3aTBepAeBIICH (HOTBIH
crutaBa Sn — 4.4 mac. % Zn IBIM PacTBOpOM oJioBa. CTepeoMeTpHUeCKUM aHAJIN30M (METO-

JIOM CJIy4alHBIX CEKYIHMX) OMPEICIICHBI MapaMeTpbl AUCICPCHOM
of a rapidly solidified foil of the Sn — 4.4 wt. % Zn CTPYKTYypbl (Ta0. 1).

Fig. 1. Microstructure of the cross-section

Tabnuma 1

ITapameTpbl MUKPOCTPYKTYPBI
obicTpo3aTBepaeBuiero cmiasa Sn — 4,4 mac. % Zn

Table 1
The parameters of the microstructure
of the rapidly solidified alloy Sn — 4.4 wt. % Zn
[MTapamerpsl 3HaueHue

OObeMHast J0JIs LIMHKA 0,038
Cpennsist xopna CJ'Iy‘IafIEILIX CEeKYIIHUX 0.30

Ha CEUEHUSX BBIJCIICHUH IIUHKA, MKM

VienbHas IOBEPXHOCTh MEK(A3HBIX [PAHHIL, MKM | 0,38
Yucimo yacTHIl B €IUHHIE 00beMa, MKM 1,7
Paccrosinue Mex 1y yacTuiaMu, MKM 0,8

Tak Kak INIOTHOCTH LIMHKA U 0JIOBA HE3HAYUTEJIHLHO OTIIMYAIOTCS, TO 3aHMKEHHbBIE 3HAYEHUsT 00bEMHOM J10JIH
[IMHKA, CBS3aHHBIC C BBIICICHUEM, CBHICTEILCTBYIOT O TOM, YTO YacTh aTOMOB ITWHKA HAXOIATCS B TBEPAOM
pacTBOpe Ha OCHOBE OJIOBA. borbIe 3HaUeHUs YSIbHON MOBEPXHOCTH MEX(Pa3HBIX TPAHULL M YUCIIA YACTHII
B eMHMIE 00BheMa, a TaK)Ke Majible 3HaYCeHHUS CPETHEH XOPbI CIYYalHBIX CEKYIIUX M PACCTOSHHS MEXKIY
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YaCTHUIIAMHU CBUCTEIBCTBYIOT O TUCIICPCHOCTHU BBIICICHHI BTOPO (a3bl B 0JI0BIHHOM MaTpuiie. B donbrax
HCCIIEyeMOTO CIijIaBa He HAOMIOMAeTCsl TUTACTUHYATHIX BBIIEICHNN IMHKA. X OTCYTCTBHE YMEHBINAET CITO-
COOHOCTP (DOITBT K XPYIIKOMY Pa3pylIeHHIO, 9TO UMEET BAXKHOE TPAKTUIECKOE 3HAYCHHE.

HccnenoBanue CTPyKTYphI 3¢peH METOIOM TU(PPAKLIUKI OTPAKEHHBIX JICKTPOHOB JaeT BOBMOXKHOCTD BBISI-
BUTb BBICOKOYTJIOBBIE TPAHUIIBI 3€PEH U Cy03epeHHbIE TPAHUIIBI B OTICIBHBIX 3epHax. M300paxenue 3epeHHON
CTPYKTYpBI ObIcTpo3arBepaeBIneii Gonbru crasa Sn — 4,4 mac. % Zn B ciioe, MPUIIETAIONIEM K KPUCTaIN3a-
Topy (A4), ¥ B c10€e, KOHTAKTHpYIolieM ¢ armMochepoit (B), npuBeaeHo Ha puc. 2. ToJICTIMU YEPHBIMU JIMHUSIMU
JpYT OT Apyra OTAEIICHbI 3¢pHa, TOHKUMHU — MAJIOYITIOBbIE TPAHUIIBI.

MetonoMm cityyailHbIX CEKYIIMX Ha IOBEPXHOCTH CJI0€B A U B onpeesieHbl XOp/ibl Ha CEUEHUSX 3E€PEH 0JI0-
Ba. X pacnpezenenue 1o pazMepHbIM IpynraM MpUBEJEHO Ha pHc. 3.

ala

Puc. 2. 3epennas cTpykrypa OpICTpo3aTBep/eBIIei (honbru:
a — B cJ0e, IPUJICTAIOIIEeM K KpUCTaLTu3aTopy (4); 6 — B cloe, KOHTaKTUPYIoIeM ¢ arMocdepoii (B)
Fig. 2. Grain structure of the rapidly solidified foil:
a — in the layer adjacent to the mold (4); b — in the layer in contact with the atmosphere (B)
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Puc. 3. Pacnpenenenue Xop/ ClIy4alHbIX CEKYIIUX
Ha CEYCHHSX 3epeH cioeB 4 u B ¢onbru cmnasa Sn — 4,4 mac. % Zn

Fig. 3. Distribution of chords of random secants
on the cross-sections of grains of layers 4 and B of the foil of the Sn — 4.4 wt. % Zn

Camoe 60JIbIII0e YUCITIO XOPIL IS CI0St A, KOHTAKTHPYIOIETO ¢ KPUCTAILTH3aTOPOM, IIPHXOANTCS HA HANMEHb-
mryro rpymy (0; 3,4 MKM), UTs 71051 B, pacIioioKEHHOTO Ha IMMPOTHUBOIIOIOKHONW CTOPOHE (hOJBIH, — HA BTOPYIO
pasMepHyto rpynmy (3,4; 6,8 Mkm). 3HaueHust cpeqHux XopA D, CllydaiiHbIX CEKYIIMX Ha 3€pHaX paccMaTpu-
BaeMbIX CJI0EB paBHEI 3,8 1 5,1 MKM cOOTBETCTBEHHO (TalI. 2), T. €. B OBICTpO3aTBEPAEBIICH (OIBIre TOIBTEK-
THUYECKOro cIutaBa Sn — 4,4 mac. % Zn o0pa3yercss MUKPOKPUCTAIUIMYECKasi CTPYKTypa. YIenbHas [IOBEPXHOCTh
BBICOKOYIJIOBBIX 'PAaHHIL S, 3¢peH B closix 4 u B pasHa 0,53 1 0,39 MKM ' COOTBETCTBEHHO. OGPa30BaHIE MUKPO-
KPHCTAJUIMYECKOH CTPYKTYPBI B (hOJIBIE UCCIISAYEMOTO CIIaBa 00YCIIOBICHO 3HAUYUTENLHBIM MIEPEOXIIaKACHIEM
SKUAKOCTH, JIOCTUTAIONTIM HECKOIBKUX JIECATKOB IpaaycoB [7]. B aToM cirydae yBenmueHue CKOpocTH 00pa3oBa-
HUS TIEHTPOB KPUCTAUIN3AINH TIPEBOCXOANT YBEITMICHNE CKOPOCTH MX pocTa [8], ITo CrtocoOCTBYET M3MeEITBIe-
HUIO 3epEHHON CTPYKTYypHI. [Ipu 3aTBep/eBaHNH CITIOS CIUIaBa, MPHUJIETAIOIIET0 K TOBEPXHOCTH KPUCTAJIN3aTO-
pa, BBIIETSIETCS TEMJI0Ta, YTO MPUBOAMUT K YMEHBILCHUIO TIEPEOXIIAKACHHS IOCIEAYIOLINX CI0eB paciuiasa [8],
00yCJIOBIIMBAsl YBEJIMUCHUE 3€PEH MO MEpe MepeMenieHus GpoHTa KPUCTATITH3ALUH.
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Ha cThikax Tpex 3epeH 00pa3yloTcsi IpaHuUIlbl 3€peH, Ha3biBaeMble pedbpamu. Ha nzobpaxkenuu 3epeHHON
CTPYKTYpPBI (OJBI' OHU UMEIOT BUJI TOUEK, U3 KOTOPBIX BBIXOMAT U300paKEHUsI TPEX BHICOKOYITIOBBIX TPAHUII.

CrepeomeTpriecKnM aHanu3oM [12] npoBeaeHbl onpeeneHus IoTHOCTH pedep 3epe L. st cnoes A u B
ona pasHa 1,50 u 0,64 MKM > COOTBETCTBEHHO.

Tab6auma 2

IMapameTpsI 3epeHHOIi CTPYKTYPHI TBEPAOT0 PAcTBOPA 0JI0BA
ObIcTpo3aTBepeBIero cnjaasa Sn — 4,4 mac. % Zn

Table 2

The parameters of the grain structure of the solid solution
of tin of the rapidly solidified alloy Sn — 4.4 wt. % Zn

[ToBepxHOCTB
[Tapamerpst
A B
Dyg,,, MKM 3,8 5,1
Spyrs MKM 0,53 0,39
Ly, Mxu > 1,5 0,64

3epHa B OJIOBSIHHOM Marpuie ObicTpo3arBepeBineii Gponbru cmnasa Sn — 4,4 Mac. % Zn pa3opreHTHpOBa-
HBI APYT OTHOCUTENBHO jpyra. C momornibio npucraBk HKL Channel 5 k pacTpoBoMy 3JI€KTPOHHOMY MHKPO-
CKOITy M3Y4YEeHO paclpe/ielieHHe YIIIOB pa30pUEHTAIIMH COCEAHHUX 3epPeH. YCTAaHOBJIEHO, YTO B 00OUX CIIOSX
¢donpru (mpuieraromeM K KpUCTAIM3aTOPY U KOHTAKTUPYIOLEM ¢ aTMoc(epoii) HalOmonaeTcss MakCHMyM
B pacrpesiesIeHMH pa30pUEeHTHPOBOK COCEIHUX 3€PEH B 3aBUCUMOCTH OT BEJIMUYUHBI yriia (puc. 4) ans Koppe-
JMPOBAaHHBIX 3epeHHBIX TpaHull. OH OTMEUEH B 00J1aCTH yIIIOB OT 56° 10 64°.

B cimygyae HekoppenupoBaHHBIX TpaHHULL (pUC. 5) MaKCUMyM OTCYyTCTBYeT. CyIliecCTBOBaHHE MAaKCUMyMa JJIst
KOPPEJIMPOBAHHBIX TPAHHMI] LIEJIECO00pa3HO CBA3aTh CO CHOCOOHOCTHIO 0JIOBA K ABOMHUKOBAHHIO B IIOCKOC-
0 (301) BIOME HampaBICHUS [103], KOTOPOE TIPOSBIISETCS MO NeHCTBUEM 3aKAJOYHBIX HAIPSHKCHHH, BO3-
HHUKAIOIIUX MIPHU BBICOKOCKOPOCTHOM 3aTBepAeBaHuH [14], yTo Obu10 00HApYKEHO HAMU paHee NP UCCIe0-
BaHMM OBICTPO3aTBEPEBIIEIO IBTEKTHUECKOrO cIutaBa Sn — 8,8 mac. % Zn [15].

Pacuer noxkasai, 4To ABOMHHUKOBAaHHE B JAHHOW CUCTEME MPUBOAUT K PA3TMUUIO OPUEHTALUN KPUCTAIUIIN-
YECKUX PEIIEeTOK MEXTy HCXOTHOW U JIBOMHUKOBOI 001acThIO Ha 63°.

HccnenoBanue TEKCTYpbl MaTPULBI IPOBEICHO 151 TOBEPXHOCTHOT'O CJIOS, MPUJICTAIOLIETO K KPUCTAUIN-
3aToOpy B IpoIecce CBEPXOBICTPOro 3aTBEepAeBaHMsl. 3HAUCHHUE MOJIIOCHBIX TUIOTHOCTEH AN(PAKIMOHHBIX JIU-
HUH 0J0Ba B cjioe (OJIbrH, KOHTAKTUPYIOIIEM C KPUCTAIM3aTOPOM, IIpeAcTaBieHo B Tadin. 3. Hanbomnbias
MOJIOCHAS TFIOTHOCTD NPUHAUIEKUT AndpakunonHon tuaun 200 ooBa, T. €. TBEpAbId pacTBOpP 0JI0Ba, CO-
nepxaiuii nuHK, umeet Tekctypy (100). Ee dopmupoBanue cBsizaHo ¢ TeM, 4To rmiockocTh (100) sBisercs
HaunOoJee MII0THOYIaKOBaHHOH, Oaroaps 4eMy 3epHa ¢ TaKoi OpHeHTalleH XapaKTepU3yIoTcss HanOobIIeH
CKOPOCTBIO POCTa.

Tabnuma 3
IMosrocHble MIOTHOCTH AU(PPAKIHMOHHBIX JIMHHI
obicTpo3arBepaenueii ¢poabru ciiasa Sn — 4,4 mac. % Zn
Table 3
Pole densities of diffraction lines
of rapidly solidified alloy foil Sn — 4.4 wt. % Zn
JupaknoHHbIE JTHHAN 200 101 220 211 301 112
TTonrocHBIE TIOTHOCTH 5,0 0.4 0,1 0,2 0,2 0,1

Takum 00pazom, ObIcTpo3aTBepAeBIINe (HOIBIH T0IBTEKTHYECKOro ciiaBa Sn — 4,4 mac. % Zn, noiay4eH-
HbI€ BBICOKOCKOPOCTHBIM 3aTBEP/I€BAHUEM, COCTOAT U3 JUCIEPCHBIX PAaBHOOCHBIX BBIACIEHUM IIUHKA, OJTHO-
POIHO pacIpeeNeHHbIX B MEPECHILICHHOM TBEPAOM pacTBOpe oioBa. B ¢ombrax oOpa3yloTcsi MUKPOKpHC-
TaJyMyeckas cTpykrypa u Tekcrypa (100) TBepmoro pactBopa onosa. B pacnpeneieHnn KOppennpoBaHHBIX
TpaHML] 3epPEH M0 yIllaM UMEETCsI MAaKCUMYyM, OOYCIIOBIICHHBIH JBOWHUKOBaHUEM B O1oBe. Doibru crjasa He
coJepyKar IJIACTMHYATHIX BBIACICHUH IIMHKA, YTO YMEHBILIACT €r0 CIIOCOOHOCTh K XPYIKOMY Pa3pyLICHHIO
1 UMEeeT Ba)KHOE MPAKTUUECKOE 3HaYCHHE.
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Puc. 4. PazopueHTaIys KOPPEIUPOBAHHBIX IPAHUIL] COCEIHUX 3EPEH B CIIOE,
MIPUJIETAONIEM K KPHUCTAIIN3ATOpPy (a), U B CJI0€, KOHTAKTHPYIOIIeM ¢ atMocdepoii (0)

Fig. 4. Misorientation of correlated boundaries of neighbouring grains
in layer adjacent to the crystalliser (@) and in a layer in contact with the atmosphere (b)
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Puc. 5. PazopueHTalysi HEKOPPEINPOBAHHBIX TPAHUL] COCEIHHUX 3EPEH B CIIOE,
MIPUJIETAIOIIEM K KpUCTAILIH3aTopy (a), U B ClI0e, KOHTaKTHPYIoLIeM ¢ arMocdepoii (6)

Fig. 5. Misorientation of uncorrelated boundaries of neighbouring grains
in layer adjacent to the crystalliser (a) and in a layer in contact with the atmosphere ()
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3akjaueHmne

[To pe3ynbraTaM POBEJCHHOTO HCCIIEIOBAHNS MOXKHO C/IEIATh CICAYIOINE BHIBOJIBI.

1. B cimae Sn — 4,4 mac. % Zn, moiry4eHHOM CBEPXOBICTPBIM OXJIKICHUEM, 00pa3yeTcs epeChIeHHBIN
TBEP/IbIil pACTBOP LIMHKA B OJIOBE, KOTOPBIN BCIIEACTBUE TIpoTeKaHus Tu((y3MOHHBIX MTPOIIECCOB pacIaacTcsl.

2. Beinenenust BTopoit (asbl SIBISIOTCS TUCIIEPCHBIMU, U YaCTh M3 HUX HAXOJASATCS B TBEPIOM PacTBOPE Ha
OCHOBE 0JIOBa.

3. Ha oGenx croponax ¢oibru HAOMIOMAETCS MAKCUMYM B PacHpeleICHHH Pa30pHUEHTHPOBOK COCETHUX
3epeH B 3aBUCHMOCTH OT BEIMUUHBI YIIIa JIJIsl KOPPEIUPOBAHHBIX TPAHUIL 3ePEH, TOTNA KaK JUIS HEKOPPEITHPO-
BaHHBIX TPAHUI] MAKCUMYyMa He HaOJIIonaeTcs.

4. B OpIcTpo3aTBepAeBIIeM JOIBTEKTHIECKOM ciiaBe Sn — 4,4 mac. % Zn hopMupyeTcs MUKPOKPUCTAIITH-
gecKasi CTpyKTypa ¢ Tekctypoit (100) TBepmoro pacTBopa 0JI0Ba, COACPIKAIIETO ITHHK.
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DKCTPAOPAMHAPHBIN U ITAAHAPHBIN
IOOEKTBI XOAAA B TOHKUX ITAEHKAX ITEPMAAAOS

B. H. TOJIOBYYK", M. I. IVKALIEBHY"

l)Eeflopycacuﬁ eocyoapcmeennulil ynusepcumem, np. Hezasucumocmu, 4, 220030, 2. Munck, berapyce

W3y4eHsl meTiau rucrepes3nca XOJIOBCKOTO CONMpPOTUBICHMSI B TOHKUX (d = 80—280 HM) MarHUTOYIOPSIOYEHHBIX
menkax nepmaiios (NiggFey,) npu 7= 300 K, u pasubix ymax (¢ = 0-360°) Mexk1y MIOCKOCTBIO IUICHKH U HAIPaB-
JICHWEM MarHUTHOTO TOJs (3KCTPaOpAMHAPHBIA M OOBIYHBIN A(dexTsl Xomra), M pa3Hex yrmax (0 = 0-90°) mexny
HAaIpaBJIeHMEeM MarHUTHOTO TOJIsl ¥ TIPOTEKAIOIINM TOKOM (IutaHapHbid dpdekt Xoma npu ¢ = 0°) B MarHUTHOM T10J1e
¢ uaayknuet 1o B = 1,25 Tn. [Inenku nomyyeHs! Ha CUTAJUIOBON MOAJIOKKE METOIOM HMOHHO-IY4€BOTO PACIBIICHHUS.
Kaxk B skcTpaopauHapHOM, Tak U IutaHapHoM d¢dekre Xoiuia Mpu nepeMarHiuuBaHUN HAOIOAAI0TCSl PE3KHE MHUKU XOJI-
JIOBCKOTO COTIPOTHUBJICHHSI, 00yCIIOBJICHHbIE H3MEHEHNEM TIPH TIepeMar HIYMBaHUH aHU30TPOIMU CONPOTHBIICHUS] MArHUTO-
YIIOpSIIOUeHHOH cpenpl. B sxcTpaopauaapHoM sddexte Xoruta NoI0KeHNE U IIHPHHA TIHKa Ha TTOTYBBICOTE ONPEEIIOTCS
YIJIOM MEKJy HalpaBICHHEM MAarHUTHOTO MOJIS M IIOCKOCTBIO TUICHKHU. [oKa3aHo, 4To IpH NpUONMKEHNN HAPABICHUS
BHEIITHET'0 MarHUTHOTO I0JIsI K HAlPaBICHUIO CIIOHTAHHOM HaMarHUYEHHOCTH TJIEHKM MarHUTHOE I10J1€ MOJOKEHUs B
U nonymupuHa nuka AB, yBennuuBaroTcsa. B unTepBane ymios ¢ = 0-90° B, u AB,_ n1Ka XOIJIOBCKOTO CONPOTHBIECHUS
H3MEHSIOTCS B Onm3Kux uHTepBanax (AB = 0,2-5,0 mTi). OOHapy»eHa HEeMOHOTOHHAsI 3aBUCHMOCTb XOJIIIOBCKOTO COTIPO-
THUBJICHHS ¥ TTOJIOKEHHMSI €0 MHUKA B IUIaHAPHOM d(dekTe XoJuta OT yIia Me/1y MPOTEKAIOIINM TOKOM M HallpaBiIeHUEM
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MAar"HuTHOTO II0JIA, O6yCJ'lOBJ'lCHHa$I HU3MCHCHHUEM HpO}IOJ’IBHOﬁ n HOHCpe‘IHOﬁ KOMITIOHCHT CONPOTUBJICHUA MarHUTOYIIO-

PSIOYEHHO Cpejibl BHEIIHUM MarHUTHBIM TosieM. OnpejiesieHbl BeIMYUHBI O0BIYHOTO U OKCTPAOpANHAPHOTO Ko3(h(hu-
1uenToB Xomna: Ry =6 - 10 M*/Kin u Ry =32 10" M’/Ku coorsercTBEHHO.

Knroueswie cnosa: mepmaioif; skcTpaopauHapHbiit a(dext Xomra; mmaHapHbii 3gdext Xora; moamoxKKa; MICHKA;
MarHuTHOE yIOpsIJOYCHHE.

EXSTRAORDINARY AND PLANAR HALL
EFFECTS IN THIN PERMALLOY FILMS

V. 1. HALAUCHUK, M. G. LUKASHEVICH®

®Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus
Corresponding author: V. I. Halauchuk (golovchuk@bsu.by)

The Hall resistance hysteresis loops in thin (d = 80-280 nm) magnetically ordered permalloy films (Ni, ¢Fe,,) were
studied at room temperature at different angles between the film plane and the magnetic field direction (¢ = 0-360°) (ex-
traordinary and ordinary Hall effects), at different angles (8 = 0—90°) between the magnetic field direction and the flowing
current (planar Hall effect at ¢ = 0°) in a magnetic field up to B = 1.25 T. The thin films were obtained on sitall dielectric
substrate by ion beam sputtering. Sharp peaks of the Hall resistance were observed in the extraordinary and planar Hall
effects during the magnetisation reversal of the films due to a change of the magnetisation direction with respect to the
sampling current direction. In the extraordinary Hall effect the position and full width at half maximum of a peak is de-
termined by the angle between the magnetic field direction and the film plane. It has been shown that as the direction of
the external magnetic field approaches the spontaneous magnetisation direction, both the peak magnetic field position B,
and the full width at half maximum of the peak A B increase. In the angles range of ¢ = 0—-90° B, and AB, varies in the
magnetic field range from AB = 0.2 to 5.0 mT. A non-monotonic dependence of the planar Hall resistance and its peak
position on the angle between the flowing current and the magnetic field direction was detected. It is related to the change
of the longitudinal and transverse components the resistance of the magnetically ordered solids by an external magnetic
field. The values of the ordinary and extraordinary Hall effects coefficients have been determined: Ry =6 - 10 m*/C and
Ry = 3.2-10°® m?/C, respectively.

Keywords: permalloy; exstraordinary Hall effect; planar Hall effect; substrate; film; magnetic ordering.

Introduction

Finding the correlation between the magnetic and galvanomagnetic characteristics of thin films and multi-
layer structures with different types of magnetic ordering and magnetic anisotropy, alternating magnetic and
non-magnetic layers with different electron transfer mechanisms has been the subject of active experimental
and theoretical investigations due to the promising prospects in the solid-state electronics [1; 2]. The last two
decades have been characterised by a rapid transition from the use of resistance anisotropy effects in magne-
tically ordered solids to the use of giant and tunneling magnetoresistive effects [3—6]. Of a great interest is the
study the influence of domain walls on the magnitude of the resistance and its change during magnetisation
reversals in thin films and multi-layer structures and, in particular, when the layer thicknesses are close to the
characteristic lengths of magnetic interactions or the electron transport [7-9]. The change of the sign of the mag-
netoresistive effect was observed in bilayer superconductor or ferromagnet structures at a change of the type of
the domain structure in a ferromagnet [10], as well as in a thin film permalloy Corbino disk [11] at a magnetisa-
tion reversal in the direction perpendicular to the disk plane. The aim of this work was to study the features of
the extraordinary Hall effect (EHE) and the planar Hall effect (PHE) hysteresis in thin permalloy films and the
transition from the ordinary Hall effect (OHE) and the EHE to the PHE, as well as the dependency of this effect
on the angle between the flowing current and the magnetic field direction.

Experimental methods

The permalloy thin films (Ni, Fe, ,) were obtained by ion-beam sputtering of a target onto a sitall dielectric
substrate in an external magnetic field with the induction of B = 0.01 T. The thickness of the films was varied
in the range of d = 80—280 nm. The surface morphology and the magnetic microstructure of the films were
presented in [11]. The samples in the form of a rectangular parallelepiped were prepared by photolithography
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and etching. In order to avoid the short-circuiting effect of the current contacts on the Hall voltage, the ratio
of the sample length to its width was at least three and varied in the range from 3 to 5. No dependence of the
effects on the film thickness and the length-to-width ratio was observed.

Ohmic contacts were formed by a deposition of low-melting solder on the film surface, to which copper
wires were soldered. The Hall effect was measured at 7 = 300 K in the field of an electromagnet with the in-
duction up to B =1.25 T and a Helmholtz coil with the induction up to 10 mT when scanning the field in posi-
tive and negative directions. The measurements were carried out at different angles (¢) between the magnetic
field direction and sample plane as well as different angles (8) between the sampling current and the external
magnetic field direction when measuring the PHE. Since the processes of magnetisation reversal depend on
the initial magnetic state, all measurements were carried out with a sequential increase in the magnetic field

U
to a maximum value in two scaning directions at least four times. The Hall resistance Ryx = I—y is defined as
X

a ratio of the potential difference measured between the Hall contacts to the sampling current. The magnetic
field induction measurement error did not exceed 1.5 %, and the angle setting error between the magnetic field
and plane of the sample direction did not exceed +1°. The angle setting error between the flowing current and
the magnetic field direction when measuring the PHE did not exceed £3°. The estimation of the current and the
voltage measurement errors showed that they did not exceed 0.008 and 0.1 %, respectively.

Results and discussion

Figure 1 shows the Hall resistance hysteresis loops of the permalloy film at different angles between the mag-
netic field direction and the sample plane. The sample has the form of a rectangular parallelepiped of 2 x 8 mm
and a thickness of d = 120 nm. Despite the fact that at ¢ = 0 the voltage measured between the Hall contacts strict-
ly speaking is not related to the Hall effect, we will use the well-established terms PHE when the magnetic field
is parallel to the film plane and EHE as well as OHE measured at arbitrary angles ¢. As can be seen, an increase
in the field leads to a rather sharp increase in the Hall resistance due to the dominance of the EHE because of the
spontaneous magnetisation of the sample. Upon reaching the magnetisation saturation (B > 0.7 T), the slope of
the Hall resistance is reduced and is determined by the action of the Lorentz force on the moving electrons,
i. e. the OHE. The inset in fig. 1 shows the magnetisation hysteresis loop at @ = 90°. One can see the value of
magnetisation saturation field corresponds the change of the Hall resistance slope.

An increase in the angle ¢ leads to an expected increase in the value of the Hall resistance due to its depen-
dence on the magnetic field component normal to the sample plane, and an increase in the slope in the region
of a weak magnetic field where the EHE dominates. Moreover, one can see the asymmetry in the value of the
Hall resistance when the direction of the magnetic field changes to the opposite. The lack of the Hall resistance
symmetry upon a change of the magnetic field direction is most clearly manifested when measuring the EHE
and the PHE (see fig. 1, curves / and 3, respectively). The asymmetry of the Hall resistance is typical for mag-
netic solids. It is related to the non-symmetric location of the Hall contacts and changes in the longitudinal and
transverse components of the resistance anisotropy [12].
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Fig. 1. The Hall resistance hysteresis loops of the permalloy film
at different angles between the magnetic field direction
and the sample plane ¢: 7 —0°; 2 —45°; 3 —90°.
The inset shows the magnetisation hysteresis loop at ¢ = 90°
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It should be noted, that the value of the Hall resistance depends not only on the normal magnetic field
component, but also on the manifestation of the sample resistance anisotropy induced by the external mag-
netic field and the presence of the resistance anisotropy, i. €. the ordinary or the so-called Lorenz magnetore-
sistance (OMR), or the anisotropic magnetoresistive effect (AMR). It should also be noted, that with a change
in the measurement geometry one can expect the appearance of the size effect contributions. It is well known,
that OMR reaches the maximum value when the ratio of the sample length to its size in the direction perpen-
dicular to the electric and magnetic field is small [13]. It corresponds to the ratio of the length of a sample to
its width @ = 90° and the ratio of the length to its thickness at ¢ = 0°.

In addition one can see a sharp peak of the Hall resistance in the region of a very weak magnetic fields
B < 10 mT, observed with the field increase in both field directions. The low field Hall resistance hysteresis
loops at different ¢ is shown in fig. 2, a — c. The direction of the magnetic field change is shown by arrows.
The peak amplitude weakly depends on the angle, while the peak position and it’s full width at half maximum
(FWHM) depends significantly on the measurement geometry.

The Hall coefficient of diamagnets depends on the charge currier scattering mechanism, characterised
through the Hall factor, which in metals equals to unity [14]. Consequently, the peaks of the EHE resistance
are due to a change in the magnitude and direction of the film magnetisation during the magnetisation reversal
and, as a consequence, due to a change in the longitudinal and transverse components of the AMR.

The dependence of the Hall resistance peak position on the ¢ for two magnetic field directions B, and B_
is shown in fig. 3. It can be seen that an increase in the angle ¢ leads to a peak position shift to the region of
stronger fields. The most significant change is observed at @ > 45°. Maximum value of the magnetic field peak
position B, is reached at ¢ ~ 75°. In the range of angles ¢ = 75-80°, the peak was practically not observed.
A further increase in the angle to @ = 180° leads to a decrease in the peak field position to a value close to its
position at ¢ = 0°. The angular dependence of the peak position in the angle range of 180-360° is similar to
this dependence for the angles ranging in the interval of @ = 0—180°. The absence of this feature in the range
of angles of ¢ = 90—180° indicates that the magnetisation reversal of the film does not occur in the direction of
the heavy axis, but corresponds to a change in the magnetisation direction to the opposite.
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Fig. 2. Hysteresis loops of the Hall resistance of a permalloy film at different angles
between magnetic field direction and the film plane in the region of low field ¢:
1-0°%2-45°%3-90°
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Fig. 3. Angular dependence of the position of the Hall resistance peak
for two magnetic field directions B, (/) and B_(2)

The Hall resistance peak and its angular dependence are caused by the rearrangement of the domain struc-
ture during the magnetisation reversal upon a change of ¢. This indicates that the direction of the spontaneous
magnetisation of the film is close to ¢ = 75-80° with respect to the film plane. This correlates with the stripe
domain structure of the films under study [11].

However, the Hall resistance of magnetic solids can be approximated with a good accuracy by the additive
contribution of the ordinary or extraordinary Hall coefficients by the expression [13; 15]:

R, =Ry Hy + Ry M,

int
where Ry is the ordinary Hall coefficient; Ry is the so-called extraordinary Hall coefficient, which is deter-
mined by the Ry and spontancous (Ry; ) Hall coefficients: Ry = Ry + Ry . H,, is the internal magnetic field

nt
strength in the sample, and M is the magnetisation. Values of the ordinary and extraordinary Hall coefficients
calculated from the experimental data (see fig. 1) are: Ry =6- 10° m?/C and Ry =32 107* m*/C. They are
in a good agreement with the values for the permalloy films of a similar composition [12].

The amplitude of the Hall resistance peak weakly depends on ¢, while its FWHM increases significantly
as the direction of the external magnetic field approaches to ¢ = 75-80°. This dependence is shown in fig. 4.
One can see that it correlates well with the angular dependence of the peak position (see fig. 3 and 4). Such
an angular dependence of the position of the Hall resistance peak and its FWHM is due to the significantly
higher value of the film demagnetising factor in the direction perpendicular to the plane of the film. It leads to
a greater value of the external magnetic field that is required to achieve an irreversible rearrangement of the
sample domain structure and a magnetisation saturation for larger ¢ values.
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Fig. 4. The dependence of the FWHM of the Hall resistance peak
on the angle between magnetic field direction and the film plane
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The PHE in diamagnets is caused by the resistance anisotropy induced by the external magnetic field. It is
determined by the angle between the magnetic field and the sample current directions and has maximum at
0 = 45° [16]. In a magnetically ordered films, the angular dependence of the PHE is determined not only by
the OMR, but also by the AMR. The longitudinal and transverse components of the AMR have different values
and moreover have different slopes in an external magnetic field. Typical for a magnetically ordered solid is
an increase in the longitudinal component of the resistance and a decrease in the transverse one in an external
magnetic field [17]. In this case the electrical field of the PHE is given by the relation [15]:

E,= j(p” - pl)cosesine,

where p and p, are specific resistance of the longitudinal and transverse components; j is the current density,
and 6 is the angle between the magnetic and electric fields. This means that the observed effect is determined
not only by the angle between the current direction and the external magnetic field, but also by the difference
between the magnetic fields influence on the longitudinal and transverse the components of the resistance.
Figure 5 shows the dependence of the resistance of the PHE on the angle between the direction of the magnetic
field and the sample current, when the EHE (B = 0.25 T, curve /) and OHE (B =1 T, curve 2) dominate.

035 —

0 20 40 60 80 100
0, degree

Fig. 5. Dependence of the PHE resistance on the angle
between the magnetic field and the sampling current direction
in a weak and strong magnetic fields: B=0.5T (/); B=1T (2)

An increase of the angle 0 leads to a decrease in the PHE resistance, which reaches a minimum value at
0 = 45°. When 6 > 45° the PHE resistance increases rather sharply. As noted above, the transverse component
of resistance in magnetic solids in a magnetic field decreases. Therefore, the decrease of the PHE resistance in
the angle range of 8 = 0—45° can be due to the rotation of the initial direction of the film magnetisation to the
direction parallel the sampling current. At 6 > 45°, a reverse process is presumably observed, i. e. a rotation of
the magnetisation direction perpendicular to the sampling current. It should be noted, that there is a slight de-
crease in the demagnetising factor of the film in the angle range of 6 = 0—45° and a corresponding increase at
large angles. It correlates with the angular dependence of the PHE. However, the change in the demagnetising
factor in this case is insignificant. In our opinion, it’s related to a change in the longitudinal and transverse
components the resistance of magnetically ordered solids in an external magnetic field. Therefore the change
demagnetising factor this effect is not very important.

When the magnetic field direction is parallel to the film plane, the classical size effect manifestation in the po-
sitive component of the OMR can be excluded, since this effect is minimal due to the low thickness of the
film [13]. However, a possibility of an increase of the positive OMR component cannot be ruled out, since
a change of 0 in the range of 6 = 0-90° leads to a transition from the longitudinal to the transverse OMR effect.
The transverse OMR is greater than the longitudinal one and can contribute to the OMR effect at > 45°. As one
can see, this is especially pronounced in a strong magnetic field (see fig. 5, curve 2).

The Hall resistance peaks were observed also in PHE measurements. The amplitude of the PHE peaks
was somewhat smaller. Since the peak position is determined by the magnetic field due to the rearrangement
of the domain structure, the observed effects depend on the demagnetising factor of the sample. It was of
interest to establish, how the position of the peak changes during the film magnetisation reversal in plane,
i. e. when measuring the PHE as a function of the angle between the magnetic field and the sampling current
direction.
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Fig. 6. The dependence of the planar Hall resistance peak position
on the angle between the magnetic field and sampling current direction

The corresponding dependence is shown in fig. 6. The change of the peak position can be associated with
a change of the demagnetising factor of the rectangular parallelepiped when the magnetic field rotates in plane.
In this case the demagnetising factor decreases when the magnetic field direction approaches the diagonal of
the parallelepiped and increases when the field moves away from it. However, as it was mentioned above, this
change is insignificant, and does not correlate with the observed decrease in the peak position at 8 > 60°, which
may be related to the peculiarity of the in-plane remagnetisation of thin films with a perpendicular magnetic
anisotropy.

Conclusion

The sharp peak in the EHE and PHE resistance was observed in thin permalloy films obtained by means
of ion beam sputtering onto a dielectric substrate. This peak is caused by the domain structure rearrangement
upon the magnetisation reversal of the film. The peak position of the Hall resistance and its FWHM of the
EHE and PHE is determined by the angle between the magnetic field and the film plane direction, as well as
by the angle between the sampling current and the external magnetic field. The position of the Hall resistance
peak and its FWHM in the EHE both change in the range of AB = 0.2-5.0 mT, when the angle between the
film plane and the magnetic field direction changes in the range of @ = 0—90°. The magnitudes of the ordi-
nary and extraordinary Hall coefficients determined from the experimental data are: Ry, =6- 10~ m*/C and

Ry =32 107* m*/C, respectively. Non-monotonic dependences of the planar Hall resistance and its peak
position are related to the change in the longitudinal and transverse components of the anisotropic resistance
in magnetically ordered solids.
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IAEKTPOMATI'HUTHDBIE CBOVICTBA KOMITO3UTHON CPEABI,
OBPA30OBAHHOM HEITOYKAMM TYHHEABHO-CBA3AHHBIX
YIAEPOAHBIX HAHOTPYBOK

A. B. MEJIbHUKOBY, M. B. LIIYFA"-?

Y Unemumym sdepuwix npo6nem BI'Y, yn. Bobpyiickas, 11, 220006, e. Munck, Benapyce
D Tomeruii 2ocyoapemeennblil yhusepcumem, np. Jlenuna, 36, 634050, 2. Tomck, Poccusi

[Ipu co3nanum Moaeny KOMIIO3UTHOM CpeZibl Ha OCHOBE YINIEPOAHBIX HAHOTPYOOK B rMrareplieBoM u cyoOreparepiie-
BOM /IMara3oHax 4acToOT HEOOXOJMMO yUYHMTHIBATh TYHHEJIBHYIO CBSI3b MEXy HaHO4YacTHLIAMH. UTOOBI yHIPOCTHUTH pac-
CMOTpEHHE, MPEICTaBICHa MOJIEIIb KOMIIO3UTHOW CPE/Ibl C BKITFOUCHISIMH U3 OJWHAKOBBIX CIyYailHO OPHEHTUPOBAHHBIX
TIPSIMOJIMHEHHBIX IIETIOYEK, COCTOSIINX U3 MOCIEIOBATEIFHO COSTMHEHHBIX Yepe3 TYHHEIbHBIE KOHTAKTHI COHAIIPABIICH-
HBIX METAJUTHICCKUX OTHOCIOWHBIX YIIEPOIHBIX HAHOTPYOOK. 3aada paccesHus ANEKTPOMAarHUTHOTO M3TyYeHHUs Ha
TaKHUX LEMOYKax pelanach MyTeM MIPUMEHEHUs METOJa HHTeTPAIbHBIX YPAaBHEHUH KIACCHUYECKON IEKTPOINHAMUKI
u popmanusma Jlannayspa — Byrrukepa st kBaHTOBOro Tpancmopra. [lokasaHo, 4To AJIEKTPOHHOE TYHHEIHPOBaHUE
MEKy HAHOTPYOKaMH BEET K ICKTPOMArHUTHBIM pa3MepHBIM 3(h(eKTaM B IIENOYKaX KOHCUHOH TiHBL. [1pu 3TOM B rura-
TepIIEBOM JHANla30HE YaCTOT UMEET MECTO PEXHM, IPH KOTOPOM CPaBHUMBIC 110 BEJIMYUHE JCHCTBUTEIbHAS I MHUMAs
gacTH () (HEKTUBHOHN TUINEKTPUICCKON TPOHUIIAEMOCTH KOMIIO3UTHOHN Cpeabl YOBIBAIOT C YBETUICHUEM YaCTOTHI, YTO
HEpeaKo 0OHapyKUBACTCS B HKCIIEPHMEHTAX. YCTaHOBICHO, YTO pa3MepHBIC dPPEKTH MOTYT MPOSBIATHECSA B MpeAeIax
MaJlbIX Y4acTKOB IIEIIOYKH, OFPAaHUYEHHBIX KOHTAKTaMH HU3KOH MPOBOJMMOCTH. Pe3ysbTarsl paboThl AT ITOHUMaHNE
(pU3MUECKIX MEXaHW3MOB, OTBETCTBEHHBIX 32 YaCTOTHYIO JTUCIICPCHIO AMAIEKTPHUYECKON IIPOHUIIAEMOCTH KOMIIO3UTHBIX
MarepuaioB Ha OCHOBE YIJIEPOJHBIX HAHOTPYOOK.

Knrwouegvie cnoea: yrneponHas HaHOTpyOKa; KOMIIO3UTHAsI Cpelia; TyHHENIbHAs CBSA3b; IUAIEKTPUYECKasl IPOHHUIIAe-
MOCTB; TUTarepIeBbIil THaa30H YacToT.
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When creating a model of a composite medium based on carbon nanotubes in the gigahertz and subterahertz ranges,
it is necessary to take into account the tunnel coupling between nanoparticles. To simplify the consideration, we present
a model of a composite medium consisting of the same randomly oriented linear chains of parallel single walled metallic
carbon nanotubes connected by tunnel contacts. The problem of scattering of electromagnetic radiation by the chains was
solved through the application of the integral equation technique of classical electrodynamics and the Landauer — Butti-
ker formalism for quantum transport. It is shown that electron tunnelling between the nanotubes leads to the electromag-
netic size effects in chains of finite length. In this case, in the gigahertz frequency range, there is a regime in which the
comparable in magnitude real and imaginary parts of the effective permittivity of the composite medium decrease with
increasing frequency that is often observed in experiments. It has been found that size effects can manifest themselves
within small sections of the chain limited by contacts of low conductivity. The obtained results provide an understanding
of the physical mechanisms responsible for the frequency dispersion of the permittivity of composite materials based on
carbon nanotubes.

Keywords: carbon nanotube; composite medium; tunnel coupling; permittivity; gigahertz frequency range.
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BBenenue

Taxwue cBoiicTBa ymepogasix HaHOTPYOOK (YHT), kak OobIioe aclIeKTHOE OTHOIIIEHUE U BBICOKASI DJICKT-
pudeckast MPOBOANMOCTH, 00YCIOBIMNBAIOT MX MCIOJIH30BAHNE B KadeCTBE BHICOKOI()(EKTHBHOTO HAIOIHU-
TeJsl KOMIO3UTHBIX MaTepHaloB IS SKPaHUPOBAHUS AIIEKTPOMArHUTHBIX TTOJIEH B THTarepleBoM JAHana3oHe
gactoT [1; 2]. Ilpn Hn3koit kornenTpannn YHT (eanHUIBI MacCOBBIX MPOIIEHTOB) KOMITO3UTHBIE CPEJIBI JIe-
MOHCTPHUPYIOT 3HAYUTEIHHYIO 3((HEeKTUBHOCTD SKPAaHUPOBAHUSA AIEKTPOMArHUTHBIX TomeX (okojio 30 ab ams
KOMIIO3UTHOW TUTACTHHKH TOIMIIUHON 2 MM Ha wactoTe 12,4 I'T) [3].

Pacmipenenssce B kommo3utHo# cpene, YHT dhopMupyroT mpoBOAIIyIO ceTh [4—7]. DIEKTpOHHBINA TpaHC-
MOPT BOJb MPOBOAAILINX MyTEH peannu3yeTcs MMOCIe0BaTeIFHO 0 CAMUM HAHOTPYOKaM M 4epe3 TyHHEIb-
HbIC KOHTAKThI MEX Iy HUMH. KOHTaKTHasI MMPOBOAMMOCTh MEXAY cornpukacaromumucs Y HT HeBbIicoka (Me-

nee 0,13G, tne G, = ih = 7,75 - 10 Cm [8]) u cpaBHMMA C TIPOBOAMMOCTHI0 HAHOTPYOKH JIMHOI OKONO
e

1 MxM [9]. B cBSI3u ¢ 3TUM KOHTaKTHAs! IPOBOJUMOCTD OKa3bIBACT CYLIECTBEHHOE BIUSHNE HA 3PPEKTUBHYIO
MIPOBOANMOCTH KOMIIO3UTHOM CPEe/Ibl HA HU3KHUX YacTOTax.

Panee 115t pacueTa 3J€KTPOMarHUTHOTO OTKIIMKA KOMITIO3UTHBIX cpe Ha ocHoBe YHT ucnons3osaics nox-
xon Barepmana — Tpyamna [10], B kOTOpoM AM3sIeKTpUYecKas MPOHULAEMOCTb CPEAbl ONpenessiiach 4epes
CYMMY IOJISIpU3yeMOCTeH MHIMBHIyalbHBIX HAHOTPYOOK B eAnHHLE 0ObeMa. B TakoM mpuOnmkeHun mosna-
rajoch, 4YTo TPyOKH HE B3aUMOJAEHCTBYIOT APYT C APYIrOM M TyHHEJIbHAsl CBSI3b MEXIYy HUMH OTCYTCTBYET.
Ota Mozesb MO3BOJIMIIA A0Ka3aTh, YTO HAOIIOOaeMblil MUK B TeparepleBoil 00JacTu CeKTpa MPOBOIAUMOCTH
KOMIIO3UTHOTO Marepuana u3 ogHocnoiubix YHT o0yciioBieH 1oKalIn30BaHHBIM IUIa3MOHHBIM PE30HAHCOM
B HaHOTpYOKax [10; 11]. OgHako 4aCTOTHYIO JUCIIEPCUIO TPOBOAMMOCTH M 3HAUCHMS TAHI'€HCA yIJIa TU3JIEeKT-
pHUECKUX MOTEpb, HAOMIOAaeMble B 00IaCTH HMXKE 3TOrO MHKa, MOJEIb HE B3aUMOJCHCTBYIOLINX MEKIY CO-
00 JacTHIl ONMCHIBaeT HEBEpHO [12].

B nacrosmeit pabote paccMoTpeHa KOMIIO3UTHAsS Cpefia, COCTOosIIast U3 oAuHakoBbIX Hernoyek Y HT, B koTo-
PBIX HAHOTPYOKH MMEIOT TYHHEJIBHYIO CBSI3b IPYT ¢ ApyroM. Ha npumMepe Takoil MOaeIbHOM Cpeibl OKa3aHo,
KakK TyHHEJIbHAs CBS3b HAHOTPYOOK BJIMSICT HA 3JIEKTPOMArHUTHBIC MApaMeTPbl KOMIO3UTHON Cpelbl B TUra-
repleBOM U cyOTepareplieBOM CHEKTPaIbHBIX JUara30oHax.
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I NN
NAAZ
Mogesib KOMIIO3UTHOIO MaTepuaJia
¢ BKJIOYeHUusIMH 13 Henouexk YHT
PaccMoTpuM KOMITO3UTHBIIN MaTepHal ¢ BKIIOYEHHSMH U3 OIMHAKOBBIX CITy4aiiHO OPUEHTHPOBAHHBIX PSIMO-
JMHEWHBIX IIEMOYEK, COCTOAIINX M3 OCIIEI0BATEIFHO COSANHEHHBIX Yepe3 TYHHEIbHbIE KOHTAKThI COHAIIPaB-
NeHHBIX MeTtammmdeckux onHocnoHbix YHT (uenmouex YHT (puc. 1, a)). BHyTpr KOMIO3UTHO# Cpemsl 11e-

IIOYKH HE CONPHUKACAIOTCS IPYT C JAPYTOM.
Henoukn YHT xapakTepusyroTcst KoIuuecTBoM N HaHOTPYOOK ¢ paBHBIMHU panuycamu R u juimHamu L,

a Taxke Ha0OPOM KOHTaKTHBIX IIPOBOAUMOCTEH Mexny TpyOkamu G, i€ [1, N - 1]. Paccrostnue mexnay co-
CETHUMH TpyOKaMH LenodkH paBHO d. O0mas umHa nenoukn YHT L=NL,, + (N - l)d.

d

ala —

Lcn
6/b :———————
; i i

Puc. 1. Cxemarnueckoe u3odpaxenue nenoukn YHT ¢ HenyneBoii (a)
U HYJICBO# (6) TIPOBOIMMOCTBIO TYHHEIIBHBIX KOHTAKTOB MEXIY TPyOKaMu

Fig. 1. Schematic illustration of carbon nanotube chain with non-zero (a)
and zero (b) conductance of intertube junctions

Jst pacuera 3 GEKTUBHON TUIITEKTPUICCKON IIPOHUIIAEMOCTH € ; MOJETIBHOTO KOMITO3UTHOTO MaTepHaa
B TIPUOITM>KEHUH HE B3aUMOJICHCTBYIONINX JAPYT C APYTOM IIEToYeK OyneM UCIoib30BaTh hopMyiry Barepmana —
Tpyamra [10]:

€ =€) + LZ”ocj(Lm, R)n,(L,,, R)dL,,dR,
38 Jj o0

TJIe €, — OTHOCHTEIIbHAS IMAIEKTPUUECKAs TIPOHHIIAEMOCTh KOMIIO3UTHOM MaTpHIbL; €, = 8,85 - 107'% ®/m. Muo-
1 Lo
KHUTENb — BO3HHMKAET Oarofapst ciydaiiHod opuentaunu nenodek YHT B komnosutHoM marepuane. OyHKuus

pacrpezeneHus n; (L R) OIMCHIBAET KOHLEHTPALMIO LIENOYEK C HAHOTPyOKaMu JUIMHOM L, Thna j, a GpyHk-

cn?’
st o (Lcn, R) — noJisipusyeMocTh nenodku. Munexc j nepeunciser nenodyku YHT ¢ pazHbIM KoJIMYeCTBOM
N HaHOTPYOOK M Pa3IMYHBIM PACIPEAEIEHUEM NIPOBOAUMOCTH TYHHEIBHBIX KOHTAKTOB MEKAYy TpyOkamu G,
iel, N-1].

Cremys pabore [13], momsipu3yemMocTh npsMonauHeiHor nenodku YHT Oynem BBIUHCIATH, UCIONB3YS
METOJl MHTETPAITLHBIX YPAaBHEHUH KIIACCUIECKOU DICKTPOAMHAMUKH, 00BEIUHEHHBIN ¢ (hopMamu3MomM JlaH-
nayspa — byrTukepa miis kBaHtoBoro tpancrnopra. I[lycrs nenouka YHT pacnonoxkeHa BO BHEIIHEM T10JI€
IJIOCKOM BOJIHBI C KPYTOBOM YacTOTOH () TakuM 00pa3oM, UTO MPOEKIHs BHEITHETO MOJS Ha OCH HAHOTPY-

0ok Ez(z, t) = Ef (z)exp (—imt). [lenouka HaxonnTCA B Cpeie ¢ OTHOCUTEIBHON AMANEKTPUUECKOH MpOHUIae-
MOCTBIO €. BbIGepeM LMIMHAPUECKYI0 CHCTeMY KOOPAMHAT (P, ¢, Z) ¢ OChIO Z, NapAIeIbHON OCH LICTIOUKH,
TaK 9TO TOCJICTHSS HAXOIUTCS B MHTEPBANIC Z € [O, L]. Ha ocnoBe pabotsr [13] moBepXHOCTHAS TIOTHOCTH
aKCHaJbHOTO ToKa B Lenouke YHT MoxeT ObITh HaliZieHa U3 PEeLLICHNs] HHTETPaJbHOTrO ypaBHEHUs XaJuleHa:
2n

J‘G(R, 0, z—2')do j(z')dz’=¢>(z), (1)

L

1 iklz — z’ Rk
J o G
o 0

21 o(2) 2me €,0

L
il o . »
e @(z)= JEB (2)e' E=7ldz’ + 4™ + Be *2 A v B — HeM3BECTHbIC KOHCTAHTBI, OMPE/ICISIEMbIE U3 TPAHHY-
0

HBIX yCJ'IOBI/If/'I PaBEHCTBA HYJIIO TOKa Ha KOHIIaX IICIIOYKH.

2
exp| ik, |(z - z’)2 + [ZR sin 2)
G(R, 0, z— z’) =

2
(z- z’)2 + [ZR sin (;j
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(O]
e k= ~» ¢ — CKOPOCTb CBETa B BAKyyMe. AKcHaJIbHAsI TOBEPXHOCTHASI IPOBOIUMOCTD LIEMOYKH G(Z) Me-
HsieTcst ckaukamiu. [loBepxaocTHas npoBoaumocTh YHT onuceiBaercs popmymnoit Hpyne [14]:

2ieZDF
m*hR (o + iv)’

TIe Uy = 10° m/c — CKOPOCTB 31€KTPOHOB Ha ypoBHe Pepmu st YHT; v = Tht- BpEMsI ANEKTPOHHOM peak-
cauuu. [loBepxHOCTHAs IPOBOAUMOCTD B 00J1aCTH KOHTAKTOB 3a/1a€TCS BEIPAKCHUEM
o,= 99 e, N-1].
2mR

KonraktHas npoBoaumocTs G, y4actka JUIMHON d = A + 2\, comnacHo dopmanusmy Jlanmayspa — Byt-
THKEpa MOXET OBITh BBIUUCIICHA uepe3 KodP(UIUMEeHThI T TIPOXOXKICHHS 3JICKTPOHOB Yepe3 NOTCHIIUAIbHBIN
0apbep mexxay YHT [13; 15; 16]. 3necs A — mmpuna Gapbepa uist 2eKTpOHOB B Mecte koHTakta YHT; A, —
JuIiHA 3KkpaHupoBanust Tomaca — depmu, KoTOpast IEKUT B MHTEpBasie HecKoIbkuXx paanycoB YHT [17]. dus
OZHOCJIOMHBIX METAITIMYECKUX HAHOTPYOOK Majoro paanyca (R =1 HM) BenmnuuHa d HAXOAUTCS B AUANa30HE
HECKOJIbKUX HaHOMeTpoB [13]. Tak xak ko3¢ (GUIIMEHTHI MPOXOKICHHUS U CKOPOCTH JIEKTPOHOB OJMHAKOBHI
TUTSE 000WX TIPOBOAIINX KaHaIoB MeTaundeckoil YHT, To B mpuOmmkxeHnn HyaeBOW 4aCTOTHI X TEMITEPATYPHI
KOHTaKTHas TIPOBOANMOCTb, OIpeiesisieMasi YeThIPEXTOUEUHBIM METOI0M, 3arrchiBaeTcs B Buje [16]

T
~-T

Crnemys pabdote [13], B paccmaTpuBaeMoM dacToTHOM auarnaszone (oT 10 MI'm mo 10 TI'm) Oyaem cum-
Tarb, YTO MPOBOAUMOCTH KOHTaKTOB Mexay YHT sBisieTcs yucTo NeHCTBUTENBHON U HE 3aBUCUT OT 4acTo-

GYHT(O))

Gya = 2Go

TBI Gl.(OJ) = Gi(O). B obmiem ciydae quHaMUYecKas MPOBOIUMOCTE TYHHEIIBHOTO KOHTAKTa MEXIY TpyOKaMu

Gi(c)) JIOJIKHA OBITh KOMIUIEKCHOH. [Ipy 3TOM B 4acTOTHOM JMana3oHE HIKE HEKOTOPOH YacCTOTHI MPOBO-
JUMOCTb Gi((o) MOJKET OBITh MPEJICTaBICHA KaK MHOTOWICH IMEPBOM CTEIEHW OTHOCHTEIhHO 4acToThl [18]:

G,(w)=G,(0) + iB,®, rne B, — koucranta. YaCTOTHBIii ;MANa30H, T KOTOPOTO BBITOIHAETCS IPUBEIEHHOE
v
BBIIIIC Pa3IOKEHUE, OTIPEICISICTCS YCIIOBHEM KF > d [15; 18]. duis 3HaueHust d = 5 HM 9acToTra JI0JKHa ObITh

Hwke 27 TI'u. B nmpoTuBHOM cityyae Ha y4yacTke JJIMHOH d, BKIIIOYAIOLIEM TyHHEJIBHBIH Oapbep, BOSHUKHYT
MPOCTPAHCTBEHHBIC KOJICOAHHS TNIOTHOCTH TOKA, YTO MOKET MOBIHUATH KaK Ha ACHCTBUTENBHYIO, TAaK U Ha
MHHMYIO 9acTh nposoaumoctu G;(®) [15]. B actosiweit paGote paccmarpusaercs ciyuaii, koraa koopdu-
IIUCHT MPOXOKCHHUS TEKTPOHOB Yepe3 KOHTAKT Mexay TpyOkamu main (7 < 1). DTo cOOTBETCTBYET BbIpa-
xeHuto B, =—C < 0 [15; 19], rne C — eMKOCTb y4acTKa JUIMHOH d, CBA3aHHAsl CO CKOIUICHUEM 3apsI0B C IABYX
CTOPOH OT TYHHEJIBHOTO Oapbepa B Ipeenax JaHHOTO y4acTKa MPH OTPasKeHUH 3JIEKTPOHOB OT Oapbepa. Jlis
JOCTaTOYHO MaJIbIX 3HAYCHWH ¢ BEJTMYMHBI ATHUX 3apsIoB OyIyT 3HAUUTENIbHO MEHbLIE BEJIUYMH 3apsOB,
CKaTUTMBAIOIINXCS Ha TPYOKaxX BONM3M ydacTKa JITUHOW d ¥ YYUTHIBAEMBIX IIPH pelIeHny ypaBHeHus (1), uto
[03BOJIET NOJIOXKUTh B, =—C = 0.

VYpaBuenue (1) ¢ moMoIbI0 KBaapaTypHBIX (HOpMYI MpeodpasyeTcss K MaTpUIHOMY BUY, a 3aTeM IOJy-
YEHHAasl CUCTEMA JIMHEHHBIX YPABHEHUH PEIIAeTCs YUCIEHHO OTHOCUTENIBHO TOKOB, TEKYIUX B nenouke YHT.
OTMeTHM, YTO BBIYMCIHUTENbHAS CIOKHOCTh YHCICHHOTO pelieHus ypaBHeHus (1) 3Ha4UTeNbHO CHUXKACTCS,
€CJIM IPUHSTH, YTO B Ipoluecce Auckpernsanuu nenouku YHT Bce ee aneMeHTsl HIMEIOT OAMHAKOBYIO AJIHHY,
BKJIIOUasi KOHTAKThl MEX Iy TpyOKamu ¢ JuinHamH d. 3Has pacnpeneneHue Toka B nernouke Y HT, moxHo pac-
CUMTATH ee MoJsIpu3yeMocTs [13]:

21UR J

0
Z 0

YucieHHble pe3yJibTaThl U UX 00CYXKIeHUE

Ha puc. 2 npuBeseHbl YaCTOTHBIC 3aBUCUMOCTH JICHCTBUTEIBHBIX ¥ MHUMBIX YacTei d(QEeKTUBHON Ju-
IIEKTPUUECKOU IIPOHULIAEMOCTH € 4 KOMIIO3UTHOTO MaTepHalla ¢ BKItoueHusAMH n3 uenodek YHT, cocrosmmx
u3 4 HaHoTpyOOK ¢ uHaexcamu (12,0) mnmuHoit L, = 1 Mxm u paguycoMm R = 0,47 HM, IpH OIMHAKOBBIX 3HA-
YEHHSX NIPOBOJUMOCTU KOHTAKTOB Mexkay TpyOkamu G, = G, i = 1, 2, 3. Taxxke nonaraem, 4ro 3IEKTPOHHOE
Bpems penakcauuu T= 100 d¢c, €, = 1 u 06peMHas nomns nenoyek B cpene cocrasiuser 0,01.
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Puc. 2. YacToTHBIE 3aBHCUMOCTH AEHCTBUTEILHON (@) 1 MHUMOH (0) yacTeit a3 peKTHBHOIT
JUDIIEKTPUYECKON IIPOHUIIAEMOCTH €, KOMIIO3UTHOM CPEJIBL,
coneprkaieit ogunakosblie nernoukn YHT. Kakgas nernouka BKIroyaeT
4 HaHOTPYOKH, TYHHEIIbHO-CBSI3aHHBIC Yepe3 OIMHAKOBYIO KOHTAKTHYIO IIPOBOAUMOCTb G ;.
Pacuets! mpencrasnens! ans ciay4daes: [ — G, =0; 2 - G,=0,002G,; 3 - G,=0,01G,

Fig. 2. Frequency dependencies of the real (a) and imaginary (b) parts of the effective
permittivity €4 of composite medium comprising identical carbon nanotube chains.
Each chain consist of 4 nanotubes which are coupled through identical conductance G,.
Results are presented for the cases: / — G,=0; 2—- G,=0.002G; 3 - G,=0.01G,

W3 puc. 2, 6, BUIHO, 9TO IIPU OTCYTCTBUH JIEKTPOHHOTO TYHHEIMPOBaHU MeX 1y Tpyokamu (G, = 0) B criekTpe
BEITMYUHBI Im[aeff] Ha vactote 2,45 TI'm HabmromaeTcst XapaKTepHBIN UK, COOTBETCTBYIOIIHH JIOKATH30BAH-

HOMY TIIa3MOHHOMY pe3oHaHcy B Kaxkmpoil YHT [20]. Ilpy Hammuum 371€KTPOHHOTO TYHHEIWPOBAHUS MEXKITY
TpyOKaMu B criekrpe Im [eeff] BO3HHUKAET BTOPOH (HU3KOYACTOTHBIN ) MK B TUrareplieBoM AUara3oHe 4acToT, Ha-
JMYHE KOTOPOTo paHee ObUIO MOKa3aHo ISl CUcTeM M3 2 TyHHenbHO-cBsi3aHHbIX YHT [13; 21]. YacroTta nannoro

KA CHUKAETCs ¢ yMeHblleHueM G, Tora Kak €ro BbICOTa IIPU 3TOM IIPAaKTUYECKU HE U3MEHSAETCS.

IIpn 3Ha4eHUAX npoBogMMOCTH KOHTaKTOB G, = 0,01G,n G,;=0,002G,, 5n1eKTpOHHOE TYHHEIUPOBAHUE MEXK-
oy YHT npakTrdecku He BIMSIET Ha 3HAUCHUE BEJIMUMHBI €4 B 001acTH criekrpa Bbiie yactors! 1 TI'. B oOmac-
i HIke 1 TI' BnusiHue TyHHETMPOBaHHS CTAHOBHUTCS 3aMETHBIM M OOYCIIOBIIMBAET CIIEAYIOIINE OCOOCHHOCTH.

1. Iuccunanys SHEpruy BOIU3U KOHTAKTOB, BOSHUKAIOIIAS TP MPOTEKAHWHU TOKA Yepe3 KOHTAKTHI C BBICO-
KHM COTIPOTUBIIEHNEM, 3HAYUTEIHHO MTPEBOCXOIUT TUCCUIIALINIO SHEPTHUH Ha OJHOPOAHBIX yYacTKaX LEMovYeK
YHT [13; 21] u 00ycioBiIHBaeT BEICOKOE 3HAUEHUE MHUMOM YacTH JUIIEKTPUIECKOM MPOHUIIAEMOCTH.

2. B obmactu HIKe 4acTOThl HU3KOYACTOTHOTO MHKA BHELIHEE T0JIE KOJIEOIETCsl TOCTaTOuHO MeJICHHO,
3apsiz 3a HEPUOJ KoJIeOaH!s BHEILIHETO I10JIs1 yCIIEBAeT OECHPEISITCTBEHHO IEPETEKaTh BHYTPHU LIETIOUKH Yepe3
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KOHTaKThl MEX/1y TpyOKaMH ¢ HU3KOH MPOBOAMMOCTBIO, TIOATOMY JAEUCTBUTENbHAS YacCTh JTUAIEKTPUUECKON
HpOHI/IHaeMOCTI/I KOMITIO3UTHOI'O MaTepHana TakKas XK€, KaK U IJId cnyqaﬂ NUacaJIbHO HpOBOZI}IIHI/IX KOHTAaKTOB,
u pazmepHsbie 3¢ dexTsr onpenenstorest anuHamu 1enodek YHT. C ymeHbleHHeM 4acTOThI 1ENOJSpPU3YIO-
IIee 1MoJIe B HAHOTPYOKaX M B OOJIACTH KOHTAKTOB YBEIIMYMBACTCS, YTO OOYCIOBIMBACT CHUKCHUE BEITMYUHBI
Im[ecff].

3. B obnacru, nexamei Ha BRICOKOYAaCTOTHON CTOPOHE HU3KOYACTOTHOTO TTHKA, KOJIeOaHUs TaJaloIero
TIOJISL IIPOUCXOAT JOCTATOYHO OBICTPO IS TOTO, UTOOBI 3apsij] B MOJIHOM Mepe yCIieBall IePeMeIaThCs 4epe3
koHTaKTHI 1tertouku Y HT. Ocabnenne mepeHoca 3apsiia B IEMoYKe ¢ pOCTOM YaCTOTHI TPUBOIUT K YMEHBIIIC-
HHIO BEJTMYUHBI Re[eeff]. BwMecTte ¢ TeM cHUKaeTCA IEeNOJspU3YIOlIee M10Jie Ha KOHTaKTaX, U AJIEeKTPUYECKUN

Tok B 1ienoyke YHT MoskeT ObITh OIKMCaH Kak TOK, TEKYIIUH 4epe3 MOAKII0YEHHOE K MICTOYHUKY C HaIpsiKe-
nuem U = E)L NIOCIEI0BaTeNbHOE COMHEHHE COPOTHBIICHUIT HAHOTPYGOK M KOHTAKTHBIX COTPOTHBIIEHHUI.
ITpu >ToM Hanpsixenue U nepepacipenenseTcs MeKay OAHOPOAHBIMU Y4aCTKaMU LEMOYEK ¥ KOHTAKTaMH IPO-
HOPUMOHAIILHO X CONPOTUBIICHHUIO.

Janee pacCMOTPHM, KaK CIEKTDP JUAJIEKTPUYECKON IPOHUIAEMOCTH €y 3aBUCHT OT KOJIHMYECTBA N HAHO-
Tpy6ok B nenouke. [Tonoxum G, = G,=0,01G, L., =1 mxm, R = 0,47 um, €, =1 un =0,01. Ha puc. 3 npex-
CTaBIICHBI CIIEKTPhI BEIMYUH Re[eeff] u Im[eeff] JUIS KOMIIO3UTHOM cpeanl u3 uenouek YHT mpu pasnauuy-

HBIX /N, a TaKXKe JJIs1 KOMITO3UTHON CpeJibl U3 THIIOTETHUECKUX HAHOTPYOOK TOil e AJTMHBI L ¥ TOBEpXHOCTHON
(¢}
YHT

OPOBOAUMOCTHU G = . HpI/I 9TOM COIIPOTUBJICHUEC MCIKIAY KOHIIaMU TUIIOTETUYECKOMU HaHOpr6KI/I PaBHO

CONPOTUBIICHUIO Mex Ay KoHIamu nenodkn YHT. Ha puc. 3 noka3zaHo, 4To Ha HU3KUX YaCTOTaX AUAJIEKTPHU-
YECKHUE MPOHULAEMOCTH KomMIo3uTa U3 uenouek YHT U koMIo3uTta U3 rurnoTeTHYeCKUX OJHOPOIHBIX HAHO-
TPYOOK COBIAAAIOT (CP. MITPUXOBYIO JTUHHIO M JIMHUIO U3 TOYEK). DTO 03HAYAET, YTO HA MAJIBIX YACTOTaX M-
ANEKTpHUUECcKas MPOHUIIAEMOCTh CPEIBI OTIPEACIIACTCS THHON IIEeToUYeK U MX 2 (HEKTHBHOMN MTPOBOIUMOCTHIO.

W3 puc. 3, 6, BUAHO, 4TO ¢ yBenumueHueM kommuectBa YHT B 1emouke 4acToTa HU3KOYACTOTHOTO ITHKA

B CIICKTpC Im[eeff] y6BIBaCT, a €ro aMIUIMTYy[la BO3pacTacT. HpI/I OTOM TaKXE HaGJ’IIO,Z[aCTCH POCT 3HAYCHUSA

BEJTUYMHEI Re[eeff(O)]. [Tono6GHOE NOBEAEHUE AUDIEKTPUUECKOH IIPOHUIAEMOCTH € XapAKTEPHO ISl KOM-

MO3UTHOH cpenibl, 0Opa3oBanHOM MHOrocHoiHbIMU YHT, npu yBenuuenun 1ymHbl HaHOTpyOOK [22]. Kak cie-
IyeT u3 puc. 3, npu Bo3pactanuu konnyectBa YHT B nenouke ¢ 4 1o 16 yBennuuBaeTcsl MIUPUHA JUana3oHa
YacTOT, B KOTOPOM MHHMMasl M J€HCTBUTENIbHAS YACTH €4 CMANAIOT C POCTOM 4acToThl. [Tono6Has JacToTHAas
TUCTIEPCHSI TUAICKTPUUYSCKON MPOHUIIAEMOCTH HAOIOIAeTCsl B KOMITO3UTHBIX Marepuaiax [12; 23-25]. Or-
METHM, 9TO TaKas 9acTOTHAs AUCIIepCcHs oOycloBiIeHa pasMepHbIMu dhdexramu. OHa He OymeT HabIromaThCs
Y KOMITO3UTHOW CPEAbl, COCTOSIIEH 3 OECKOHEYHO JUIMHHBIX LIEMOYEK, I7ie TPYOKH CBS3aHBI IPYT C JIPYTOM
OJTMHAKOBBIM KOHTAKTHBIM COTIPOTHBIICHHEM.

Ecin B memnoyke KOHTAKTHI MEXAYy TPyOKaMH UMEIOT pa3HOe CONPOTUBIICHUE, TO pazMepHbIie 3PQeKThI
MOTYT MPOSIBIISITHCS JAJISI YYACTKOB IIETIOYKH, OTPAHMUYCHHBIX KOHTAKTaMU BBICOKOTO CONPOTHUBICHUS. UTOOBI
3TO NMPOAEMOHCTPUPOBATh, HA pPUC. 4 PUBENEM AUIIEKTPUUECKYIO IIPOHUIIAEMOCTh KOMIIO3UTHOM Cpesibl Ha
ocHose 1enouek YHT, B KOTOpBIX IPOBOAUMOCTD KaKA0I0 YETBEPTOIO B LIENIOYKE KOHTAKTa G, MHOI'O MEHb-
1I€ IPOBOJMMOCTH OCTaJIbHBIX KOHTAKTOB MEkAy TpyOokamu G, T. €. G, < Gy lonoxum G, = 0,01G,
u G,,=0,00059G,. Takxke Ha puc. 4 NpUBeAEHBI TApaMETPBI CPEIbl B CIydae, KOra Bce TPYOKH LIEOUKU U30-
aupoBaHsl Apyr ot apyra (G, = G, = 0); KaxIblil 4eTBEPTHIH KOHTAKT sBIIseTCs HenpoBotauM (G, = 0);
BCE KOHTAKThI B IIEMIOYKE UMEIOT OAMHAKOBYIO PoBOAUMOCTb (G, = G4, = 0,002G,).

W3 puc. 4 BuaHO, 94TO B 4acTOTHOM Anana3oHe Beime 10 I'T' BenmnunHa € 4 JUTS Cilydas, KOTa MpOBOAH-
MOCTHU KOHTAaKTOB B HeopHOpoaHoi uenouke YHT cocrasmstor G, =0,01G,u G4, = 0,000 59G,, npaktuuecku
COBIIAJIAET C BEJIMYNHOM € 4 AT CITydas, koraa kopotkue nenodkn YHT u3 4 HaHOTpyOOK H30IMPOBAHEL APYT
or apyra, T. e. G, = 0,01G, u G, = 0. D10 03HAYAET, YTO B JAHHOM YACTOTHOM JIMANIa30HE TYHHEIUPOBA-
HHUE uepe3 KOHTAKTbl ¢ HU3KOH nposoxumoctsio G, = 0,000 59G,, cnabo BiuseT Ha 31€KTPOMAarHUTHBIN OT-
KIIMK KOMIIO3UTHOH Cpeibl, TaK YTO MOCIIEIHIO MOXHO PacCMaTpUBATh KaK CPely, COCTOALIYIO U3 LIENOYeK
c 4 VHT u npoBOAUMOCTBIO KOHTAKTOB Mexkay TpyOokamu G, = 0,01G,,.

Ha gactotax Huxke 3 I'T'1 3apsn ycneBaeT yaCTUYHO NEpeTEKaTh Yyepe3 KOHTAKThl ¢ HU3KOM IPOBOJHU-
MocTbio Gy = 0,000 59G,,. B nanHOM citydyae 3 peKT KOHEUHOM IIHHBI ONpEAeseTCs AIUHON BCeH LeNOoUKu.
[Ipu 3TOM COOTHOLICHNE MEXTY TPOBOAUMOCTSIMH KOHTAKTOB CTAHOBUTCSI HECYILIECTBEHHBIM, ITIOCKOJIBKY OT-
KJIMK LENOYKHA Ha HU3KMX 4acTOTaxX ONpENeNseTCs ee JJIMHOM U MOJIHBIM CONpOTHUBIeHUEeM. [ cpaBHeHUs
ObUI PAaCCMOTPEH KOMIIO3UTHBIN MaTepuall, COAePKALIMNA LETOUYKN TOH e [UIMHBI ¥ TOTO K€ MOJIHOIO COIPO-
THUBJICHUS, HO KOHTaKTHAasi IPOBOJUMOCTb MEXIY TpyOkaMu BbIOMpanachk oguHakoBoit (G, = G, = 0,002G,).
U3 puc. 4 Buano, uto Ha yacrorax Hke 100 MI'11 cpaBHMBaeMble KOMIO3UTHBIE CPEIBI JEMOHCTPUPYIOT
OZMHAKOBYIO IUAJIEKTPUUECKYIO IPOHULAEMOCTb.
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Puc. 3. YacToTHBIE 3aBUCUMOCTH JICHCTBUTEIBHOM (a) 1 MHUMOH (6) dacTeil 23 dhexTuBHOM
JIDIIEKTPUYECKOH IPOHUIIAEMOCTH €4 /—3 — KOMITIO3UTHOM cpenibl, cofepxkamniel nenoukn YHT
¢ pazmuaHbIME TTapamerpamu (I —N=4,G,=0; 2-N=4, G;= G,=0,01Gy; 3-N=16, G,= G,=0,01G);
4 — KOMIIO3UTHOI1 Cpelibl, CoflepKalliell OTHOPOAHBIE THIOTETHIECKUE HAHOTPYOKH

. (¢
JUIMHOM L = 4 MKM U NIPOBOJMMOCTBIO G = —YHT

Fig. 3. Frequency dependencies of the real (a) and imaginary (b) parts
of the effective permittivity €4 /-3 — composite medium comprising carbon nanotube chains
with different parameters (/ —-N=4, G;=0;2-N=4,G,=G,;=0.01G;; 3—-N=16, G;= G,=0.01G);

4 — composite medium comprising uniform hypothetical nanotubes of length L = 4 um and conductivity 6, = —2-

36

Taxum 00pazom, pe3ymnbTarhl, MOTydeHHbIE U KOMITO3UTHBIX cpen u3 nernodek YHT, yka3wsiBaroT Ha cie-
IYIOTIIEe MEXaHU3MBI B3aUMOJICHCTBUS IEKTPOMAarHUTHOTO TIOJIS ¥ KOMIIO3UTHOH cpeapl. Ha HM3kuX gacrto-
Tax TyHHEIbHas CBsI3b 00YCIIOBIMBAET IPOTEKAHNE TOKA IO MPOBOISAIINM ITyTsIM, C(POPMUPOBAHHBIM MHOXKE-
CTBOM OTHOCHUTENILHO KOPOTKUX HAHOTPYOOK M KOHTAKTOB MEKAy HUMH. HaHOTpyOKH B Ka)JI0M MPOBOISILIEM
MYTH B3aUMOCBSI3aHHO (DOPMUPYIOT IMEKTPOMAHUTHBIN OTKIIMK, KOTOPBIA CXOXK C OTKIMKOM JJTMHHOW THITO-
TETUYECKOM HAaHOTPYOKH C CONPOTHUBIEHUEM, IPUMEPHO PABHBIM CyMME COTIPOTHUBIIEHUHN BCEX IIEMEHTOB,
BXOJISIIIIAX B 3TOT MPOBOSAIININ IMyTh (Cp. KpuBbIe 2 1 4 Ha puc. 3 Ha yactorax Hke 10 I'T). [Ipu aTom mist
ciyuas G, =0,01G,u G, =0,00059G,, Ha puc. 4 B 1ByX 4acTOTHBIX HHTEepBanax — oT 20 1o 200 MI'n u ot 10
10 100 I'T'q — umeeT MECTO PEKUM, ITPU KOTOPOM CPABHUMBIE IO BEJIMYUHE NCUCTBUTEIbHAS U MHUMAs YaCcTU
JTUDIEKTPUYECKON MPOHULAEMOCTH KOMIIO3UTHOM Cpellbl YMEHBIIAIOTCA ¢ POCTOM 4acTOThl. Iy MHTepBana
gactoT 20—200 MI'11 Takoii pexxuM 00ycloBJIeH pa3MepHbIMU 3 dexTamu B pamkax Beeid nenouku YHT u He
MOKET OBITh pEaIn30BaH C HCIOJB30BAHUEM IICTIOYEK OCCKOHEUHOW UTMHBI NPU OJMHAKOBOM KOHTAaKTHOM
conportuBnennu Mexay YHT. Ognako takoii pexum peanusyercs B uHTepBasie yactor 10—100 I'T ans mo-
craroyHo juuHHOH nerouku Y HT (moTeHnnanbHo O€CKOHEYHO UTMHHOM ), B KOTOPOH KOHTAKThI MEX/Ty HaHO-
TpyOKaMH UMEIOT pa3IMuyHOE COMPOTHBIICHHUE.
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Puc. 4. YactoTHble 3aBUCUMOCTH 3P ()EKTHBHOH ANIEKTPUUECKON TPOHUIIAEMOCTH €.
KOMITO3UTHOTO Mareprasa, COAEPIKAIEero OMHAKOBbIE 1ernouky u3 64 YHT.
PaccMmoTpeHs! cieayomme ciyJan:
1-G;=G;=0,2-G,=0,01G), G, =0;

3-G, =0,01G,, G;,=0,00059G; 4 - G, =G, =0,002G,

Fig. 4. Frequency dependencies of the effective permittivity € 4 of composite material comprising
identical chains of 64 carbon nanotubes. The following cases were considered:
1-G,=G;,=0;2-G,=0.01G), G, =0;
3-G,=001G,, G5, =0.00059G,; 4 - G, = G4, =0.002G,

WWW —

B KoMITO3UTHOH cpesie KOHTAaKTHOE COMPOTHBIIEHHE MEXIy TPYOKaMH MOKET M3MEHSTHCS MPH Mepexojie
BJI0JIb TPOBOJAIINX ITyTel. Ha BRICOKMX YacTOTax TYHHEINPOBAaHUE Yepe3 KOHTAKTHI C BBICOKMM COTIPOTHUBIIE-
HUEM 0CJIa0eBaeT, U MaJlaloliee ToJie B3auMOICHCTBYET ¢ «0o0iee KOPOTKHMMUY MTPOBOASIIMMYU MYTSIMH, OTpa-
HUYEHHBIMM KOHTAKTaMHU BBICOKOTO COMpPOTHUBIEHUS. [I0CKOIBKY € YBETMUEHHEM 4acTOTHl TOK IMpeKpaliaer
TeUb Yepe3 KOHTAKTHI C BBICOKMM COTPOTHBIICHHEM, TO MOCIEIHUE TIEPECTalOT BHOCUTh BKIJIAA B d((PEKTHB-
HYIO MTPOBOJIMMOCTD KOMIIO3UTHOH cpefpl. DTo 00ycinoBiuBaeT pocT 3G GeKTUBHOI MPOBOIUMOCTH CpPEIbI

C YaCTOTOMH.

3aKjaoueHmne

B MUKpOBOJIIHOBOM M TeparepleBOM Iuana3oHax MPOBEACH aHAJIU3 YaCTOTHOW 3aBHCUMOCTH d(Qex-
TUBHOM JUAJIEKTPUUYECKON NPOHMIAEMOCTH KOMIIO3UTHOM CpEelbl, COCTOSILEH U3 OJUHAKOBBIX LIEMOYEK
TYHHEJIBHO-CBSI3aHHBIX II0CIIEN0BATENbHO pacnoyiokeHHblXx YHT paBHOI minHbl. [Toka3aHo, 4TO B CIEKT-
pe MHUMOI 4acTH TUAICKTPUUYECKON MPOHUIIAEMOCTH KOMIIO3UTHON CpeJbl HAOJIoAat0TCs iBa nuka. [Tuk
Ha BbICOKMX YactoTax (Bbime 1 TI'1), rae TyHHEIMpPOBAaHUEM MEXy HaHOTPYOKaMH MOXXHO IpeHeOpeub,
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00yCITOBJIEH JIOKAJIM30BaHHBIM TIJIa3MOHHBIM pe3oHaHcoM B oThenbHbIXx YHT. Inpokuil MUk Ha HU3KHUX
4acTOTax, Il TYHHEJINPOBAHUE MEXKly HAHOTPYOKaMu CyIeCTBEHHO, CBsI3aH ¢ pa3MepHbIM 3(dexTom B Lie-
noukax YHT.

B nuana3zoHe 4acToT MeXly MUKAMHU UMEET MECTO PEKUM, IIPU KOTOPOM CPaBHUMBIE 10 BEIMYMHE MHUMAs
U ICHCTBUTENbHAS YaCTH AUDIEKTPUUECKON MPOHUIIAEMOCTH YBEJINYUBAIOTCSA C YMEHBIIEHUEM 4acTOThl. Ta-
KO€ IIOBE/IEHHE HKCIIEPUMEHTAIbHO HAOIIOAAETCS B PEAIbHBIX KOMIIO3UTHBIX MaTepuaiax U sBIsIeTCs pe3yilb-
TaTOM TYHHEJBHOM CBSI3U HAHOTPYOOK B Cpeje.

Ha npumepe KOMIMO3UTHOH Cpenbl, B KOTOPOH KOHTAKThl MEKAY TPYOKaMHU IETIOYEK MMEIOT Pa3IHYHYyIO
POBOANMOCTB, TOKa3aHO, YTO HA HU3KUX YaCTOTaX PEalIM3YIOTCs pasMepHbIe 3Q(EKThI, CBSI3aHHBIE C JITHHOM
BCEH LIETIOYKH, a Ha 00JIee BBICOKUX YaCTOTaX HMEIOT MECTO pa3MepHbIe 3 (PEKTHI B OTAEIBHBIX YaACTAX LIEIIOUKH,
PacCIOJIOKEHHBIX MEXKy TYHHEIIbHBIMU KOHTAaKTaMH ¢ HU3KOW IPOBOJUMOCTEIO.
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AAUABATUYECKN BPOYHOBCKUHN MOTOP
CO CTYIIEHYATBIM ITOTEHIIMAAOM, BO3MYIIAEMBIM
ANXOTOMHBIM TAPMOHUYECKHUM CUTHAAOM

H. B. LIAITOYKHHAY, A. Jl. CABHHA", E. M. 3AHIJEBA?,
B. M. PO3EHBAYM®, M. H. HKUM®, A. C. FYTAEB?

YBenopycckuii 2ocydapemeennviii ynusepcumem, np. Hezasucumocmu, 4, 220030, 2. Muncxk, Beiapyco
D Pecny6nuxanckuti uncmumym gvicuieti wikonsi, yi. Mockosckas, 15, 220007, 2. Munck, Berapyco
Uncmumym xumuu nogepxnocmu um. A. A. Qyiiko HAH Ykpaunul,
ya. 'enepana Haymosa, 17, 03164, 2. Kues, Ykpauna
YDeoepanvubiii uccredosamenvckuii yenmp xumuyecroti usuxu um. H. H. Cemenosa PAH,
yn. Kocwieuna, 4, 119991, . Mocksa, Poccus

[Tosy4eHo aHAIMTHYECKOE BBIPAKEHUE ISl CPEIHEH CKOPOCTH ABMKEHHs aMabaTuueckoro OpOyHOBCKOrO MOTOpa
(paTuera), PyHKIMOHUPYIOIIETO 33 CYET MaJbIX JUXOTOMHBIX ITPOCTPAHCTBEHHO-TAPMOHUYECKUX (IyKTyalui CTyNeH-
4aToro MOTCHIUANA. BBISABICHBI CBOMCTBA CHMMETPUU CPEIIHCH CKOPOCTH KaK (PYHKI[HOHAJIA CTAIIMOHAPHON U (IIyKTYH-
PYIOIICH KOMIIOHCHT IMOTCHIIUAIBLHON SHEPTHH HAHOYACTHUIIB M ONPEICICHBI 00IACTH 3HAYCHHUI ITapaMeTPOB CUCTEMEI,
00eCreunBaIOIINX JIBHKEHUE MOTOpPA HAMPaBo M HaieBo. [10ka3aHo, 4TO CPeHssl CKOPOCTh JBHIKCHUSI MOTOPA SIBIISETCS
HEMOHOTOHHOH (DyHKIMEl BBICOTBI CTYNEHYATOro MoTeHIpana. Jist cuHryisipHOro (0eCKOHEYHO BBICOKOTO M OSCKOHEYHO
Y3KOT0) TIOTEHITMAIEHOTO Oaphepa CpeaHssi CKOPOCTh HEMOHOTOHHO 3aBUCUT OT «MOIIIHOCTH» 3TOTO Oapbhepa (mpou3Be-
JICHUSI IIIMPUHBI 0apbepa Ha SKCIIOHEHTY OTHOILEHHUS €r0 BBICOTHI K TEIUIOBOM dHepruu). CTaThst MPOIOKAET Pa3BUTHE
TEOPETUYCCKUX METOOB CHMMETPHUITHOTO aHAJIN3a MPUMCHEHUEM IMPEIUIOKCHHBIX aBTOPAMH OOIIMX TOAXOI0B K KOH-
KPETHBIM MOTOPHBIM CHCTEMaM.

Knrwouesvie cnosa: nuddy3nonnsiit Tpancnopt; nuddy3rnoHHas JMHAMUKA; PITYET-CUCTEMBbI; ajinadarnieckue Opoy-
HOBCKHUE MOTOPLI; CUMMETPUA, CTyHeH'—IaTLIfI MoTeHUOHAJI; TApMOHHUYCCKUEC (I)J'IyKTyaLII/II/I.
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ADIABATIC BROWNIAN MOTOR WITH A STEPWISE POTENTIAL
PERTURBED BY A DICHOTOMOUS HARMONIC SYGNAL
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We obtained an analytical expression for the average motion velocity of an adiabatic Brownian motor (ratchet), which
operates due to small dichotomous spatially harmonic fluctuations of a stepwise potential. The symmetry properties of
the average velocity as a functional of the stationary and fluctuating components of the nanoparticle potential energy
are revealed, and the ranges of values of the system parameters that ensure the rightward and leftward motion of the
motor are determined. We showed that the average motor velocity is a non-monotonic function of the stepwise potential
height. For a singular (infinitely high and narrow) potential barrier, the average velocity depends non-monotonically on
the «power» of this barrier (the barrier width multiplied by the exponent of the ratio of the barrier height to the thermal
energy). The article continues the further development of theoretical methods of symmetry analysis by applying the gene-
ral approaches proposed by the authors to specific motor systems.

Keywords: diffusion transport; diffusional dynamics; ratchet systems; adiabatic Brownian motors; symmetry; step-
wise potential; harmonic fluctuations.
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BBenenue

MoznenupoBaHre aKTUBHOTO TPAHCHOPTa HaHOYACTHL [1; 2], BOSHUKAIOIIETO B OTCYTCTBUE CTALIMOHAPHBIX
CHJI ¥ TPAJIMCHTOB KOHIIEHTpanui (MoTopHOTO 3(hdeKrTa uik paTueT-3QPeKra), B YaCTHOCTH €ro aHAIUTHYE-
CKOE OTNHMCaHME, MPU3BAHHOE BBIICIUTH KIIOYEBbIE MEXaHU3Mbl U 0000LIUTH 3aKOHOMEPHOCTH 3 deKTa, mo-
poii TpeOyeT pa3paOOTKH U MPHUBJICUCHUS CPABHUTEIBHO MIPOCTHIX U HAIVISIIHBIX TEXHUK, KOTOPBIE ObI 10IyC-
KaJIM IOJy4YEeHUE AHAIUTHYECKUX BBIPOKEHUH U1 XapaKTePUCTHUK HAIPaBICHHOTO IBMKCHHMS HAHOYACTHULL.
Taxke OHO TpeOyeT MOCTPOCHHS U UCIIONb30BAHMS PA3JIMIHBIX MPUOIMIKEHUH OTHOCUTENILHO YaCTOTHBIX,
MIPOCTPAHCTBEHHBIX U SHEPIETUUECKUX PEKMMOB BOZHUKHOBEHU ABMKeHU [3]. B yacTHOCTH, 3HaUMTEIBHOE
YIPOLICHNE ONKCAHU HAHOPa3MEPHBIX MOTOPHBIX CHCTEM JIOCTHUIAETCs IPU PACCMOTPEHUH (QYHKIMOHHPO-
BaHMs a1adaTH4ecKoro OpOyHOBCKOTO MOTOpa ¢ KYyCOYHO-TMHEHHOH (OpMOI CTallMOHapHOTO NOTEHLHAIIb-
HOTO MPOQWIIA, AMXOTOMHO BO3MYIIIAEMOTO MPOCTPAHCTBEHHO-TIEPHOANYECKIM CHTHAJIOM TaKXe IMPOCTON
¢dopwmsl [3; 4]. Kak B TeopeTHUECKUX, TaK U IKCIIEPUMEHTAIBHBIX paboTax NIMPOKO PACIPOCTPAHEHO UCTIONb-
30BaHUE MWIO00PA3HOTo MOTEHIINANA KaK CTAlMOHAPHON COCTABIISIONICH TOTEHIMAIBHOTO pelibeda u rapMo-
HUYECKOT0 CUTHajla Kak BO3MYIIEeHuUs [5; 6].

B nanHOl cTaThe B KauecTBE CTALlMOHAPHON KOMIIOHEHTBI PITUET-IIOTEHIIMAIA Mbl pacCMaTpyBaeM pa3Ho-
BUJHOCTH KYCOYHO-JIMHEHHOTO MOTEHIINANA — IIEPHOIUUECKUI CTyIeHYaThIH, (hopMa KOTOPOTO OMHCHIBACTCS
(dyHKIMEH, OTHOCSIIEHCS K KIacCy CHMMETPUYHBIX QyHKIMN (QyHKIMH s-Trma) [7]. Xopolo u3BeCTHO, YTO
B cHCTeMe, 00J1alatoniell 3epKaJIbHOM CUMMETpHUeH, paTueT-3¢eKT cymecTBoBaTh He MOXeT [8; 9]. Oue-
BUJHO, YTO 3Ta CUMMETPHUS MOXKET ObITh HapyILICHA 33 CUET BO3MYILECHHS, aCUMMETPUYHOIO IO IPOCTPAHCT-
By ¥ (min) Bpemenu. B padore [10] Obi10 moKazaHo, 4To pIT4eT-3QPEKT MOXKET BOZHUKATH JlayKe TP MPO-
CTPaHCTBEHHO-CUMMETPHYHOM BO3MYIICHHUH, €CIIM OCh CHMMETPHH ONHUCHIBAIOIIEH ero (pyHKIHUU CABUHYTA
OTHOCHUTEIIBHO OCH CUMMETPUH CTallMOHAPHOM KOMIIOHEHTHI MOTEHIMaa (M CABUT HE PaBEH LEJIOMY YUCITY
MOJTYHEPUOI0B KKIO0Ir0 U3 MOTEHUMAIBHBIX IIpoduieii). Beibop cryneHuaroro noreHuyana B KauecTBe CcTa-
[IMOHAPHON KOMITOHEHTHI U MPOCTPAHCTBEHHO-TAPMOHNYECKOTO CHTHAJIA B KAY€CTBE BO3MYIIIEHUS TIO3BOJISIET
MOJTYYUTH IOCTAaTOYHO MPOCTOE SIBHOE AaHAIUTHYECKOE BBIPAKEHUE /IS CPEAHEN CKOPOCTH JBMKEHUS TAaKOTO
OpOYHOBCKOT'O MOTOpa, & TaK)Ke HAINISHO MPOCIECAUTh YKa3aHHOE M BBISIBUTH HOBBIE CBOMCTBA CUMMETPHH
(B cilenyroleM pasene Mbl IPUBOIUM (U3UUECKUE apIyMEHTHI BBIOOpA TaKUX MOJENEH KOMIOHEHT MOTEH-
nraasHOTO Tpoduist). CTaThsl MPENCTaBIsIeT COOON pa3BUTHE TCOPETHUCCKUX HACH IO MCCIEAOBAHHUIO 00-
IIMX CUMMETPHIHBIX CBOWCTB MOAeNeil OpOyHOBCKMX MOTOPOB [7—11] u cTaBUT cBOEl LIeIbI0 MPUMEHEHNE
WX K aHAJIN3Yy KOHKPETHBIX CHCTEM, a TAaKXKe PacIIUpeHne pe3ybTaToB, IPUBEICHHBIX B HEAaBHEH padore [6].
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OcCHOBHBIE COOTHOLLIEHHUS U CBOICTBA CUMMETPUH

PaccmarprBacMast B HACTOSIIIIEH CTaThe PATUET-CHCTEMA TIPENICTABIIET CO00M aamadaTimaecKku ObIcTphIid [11]
OPOYHOBCKHIA MOTOp, XapaKTepu3yeMsiii nepuomiaeckumu GyHximsamu u (x) u w(x) ¢ nepuogom L (u(x + L) =
=u(x), w(x+ L)=w(x)), 3a5aromymn cTanyoHapHblii NOTCHIMAIBHBI pebed 1 GOpMy ero AMXOTOMHOTO
BO3MYIICHHSI COOTBETCTBEHHO. TeM caMbIM MPOCTPAHCTBEHHO-BPEMEHHAsI 3aBUCUMOCTD MOTCHIMATBHON SHEp-
TMW HAHOYACTHUIIbl YACTUIbl UMEET aJIJINTUBHO-MYJIBTUILIMKATUBHBIA Bua U (x, t) = u(x) + G(t)w(x) ¢ QyHK-
1l BO3MYIICHHS G(t), OITUCHIBAIOIIECH JTUXOTOMHBIN (CTOXACTHUYESCKUN WK JICTCPMUHUCTHICCKUN TIEPUOIN-
YeCKHii) mporece, T. €. QIyKTYHpYeT MEXAy ABYMsl COCTOSHHSIMHU, 337aBacMbIMH G(t) =1, c BpeMeHaMu
JKU3HH, 3HAYUTEIILHO MPEBBIIAIOIIMHA HHbIE XapaKTepHbIC BPEMEHa CHCTEMbI. Takas MoJe)ib BechMa Io-
MyJISIpHA B TEOPUH OPOYHOBCKHX MOTOPOB, IIOCKOJILKY TIO3BOJISIET OMUCHIBATH Pa3HOOOpa3HbIE TEOPETHIECKUE
1 DKCTIEPUMEHTATBHBIC CHCTEMBI B XapaKTepU3yeTCsl HA00OpOM HETPUBHUAILHBIX CBOUCTB [3; 4; 11]. B mpuGn-
KCHHUH MaJbIX (PIyKTyanuii NOTEHIIMAILHOW SHEPTHH (B|w(x)| <1, e B= (kBT)_l, ky — nocrosiuHast bonb1-

MaHa, 7 — abcooTHasl TeMIieparypa) o01iee BRIpaKeHUE JUIsl CPeTHEN CKOPOCTH JIBMKEHHUST pacCMaTpHBaeMO-
T0 OPOYHOBCKOTO MOTOPa MOXKET OBITh MPEACTABIICHO CIIEAYIOMMM 00pazoM (cM. popmyiy (35) B [3]):

v=— 4]}[32 (p{u(x)}, (p{u (x)} :_L_'/.z dxR (x; u(x))_ jf dyR (y; —u(y)),
L/2 ei u(x)

R(x: £u() =p ()| wlx)~ | pu(2)wl2) | pslr) = W
_L/2 J' dxeiﬁu(x)

-L/2
3IIGCB T — Oepruog ITMXOTOMHOTIO Iponecca, CBSI3aHHBEIN B ClIydac CTOXaCTUYCCKOro rmpomecca € €ro O6paTHI)IM

BpeMeHeM Koppelsaiuu [ COOTHOIIeHeM T = T B apnabarnyeckom mpruOIMKeHUH IEPUO]T T ITPEIIoIaraeTcs
2
L

JOCTATOYHO OOJBIINM 110 CPABHEHUIO C XapaKTEPHBIM BpeMeHeM Aupdy3uu T, = ) Ha nepuoje L (D — ko-

s¢dunuent nupdys3un), B CUIIy 4ero MOKHO CYUTATh, YTO (YHKLHUS paclpeaeieHus KOOpAUHATHI Opoy-
HOBCKOM YacTHIIBI OJTM3Ka K PABHOBECHOW OOJBIIMAHOBCKOW (DYHKITMH pactpeesieHus P_ (x) [Ipubmmxenne
MaJIbIX (pIyKTyauuii 000CHOBAHO AJIsl ONMCAHUSI PATYET-CUCTEM, B KOTOPBIX BO3MYLIEHHE UMEET UCKYCCTBEH-
HyIO [IPUPOJLY U MaJIO B CPABHEHHH CO B3aMMOZACHCTBIEM YaCTHULIbI C MOANOKKOM (Tpexom) u (x). [Ipumepamu

NOTpeOHTENICH ATOTO MPHOIMIKEHHS MOTYT BBICTYIIATh YACTHIIBI, IBIKYIMECS B PACTBOPAX, BUXPU B CBEPX-
MIPOBOTHUKAX U TIP. (CM. UTUpyeMbIe B 0030pe [3] padotsl [77-82]). YpaBisromuyM CUTHAIOM TIPA 3TOM MO-
T'YT CIYXKHUTh MPOCTPAHCTBEHHO-TAPMOHNYECKHE BO3MYILICHHS C PA3IMIHBIMA BPEMEHHBIMH 3aBUCHMOCTSIMHU.
Bonpume BenmuarHB BO3MYIIEHHH MPEANONAraloTcsi OOBIYHO TPH OMUCAHUH MOJIEKYISIPHBIX PITYETOB OHO-
JIOTUYECKON MPUPOJIbI.

B Beipaskennu (1) mpu BEIOpaHHOH (popMe BO3MYIIAOIIETO CUTHAIA BETHINHA (p{u (x)} sBJsieTCst (PyHKINO-

HaJIOM CTAllMOHAPHOT'0O IMOTCHUIHUAJIBHOTO HpO(bI/I.HSI u (x) ITokaxxem CIIPAaBCJIMBOCTD CJICAYIOIICTO PABCHCTBA:

o{-u(x)} =—o{u(x)}, 2)

YTBEPIKIAIONIETO, YTO (p{u(x)} — HedeTHblii QyHkuuonan u(x). JUis 5TOro 3aMeHNM MOPATOK CIEA0BAHMS
L2

unTerpanos B Boipakennu it @{u(x)} B (1) u Bocronbsyemes ToxkIECTBOM J. dxR (x; u(x)) =0:

o {u(x)} =_L./[2 dR(y; —u()) L./[zde(x; u(x))=
= —_LJ/'Z dyR (y; —u(y))_ ji dxR (x; u(x)) = —(p{_u (x)} 3)

OTMeTHM, 9TO JTIOKa3aHHOE MOCPEICTBOM (3) CBOWCTBO CUMMETPHH (2) IEMOHCTPUPYET YaCTHBINA CITydait
Oosiee 00IIErO0 CBONCTBA HEYETHOCTH (DYHKIHOHANA CpeIHEH CKOPOCTH TaK Ha3blBaeMbIX aJnabaTHYECKH
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4 N N
NANA
OBICTPBIX OPOYHOBCKHMX MOTOPOB (K KOTOPBIM OTHOCSTCS U PACCMaTPUBAEMbIC MOTOPBI ¢ YUCTO JTUXOTOMHBIM
M3MEHEHUEM TIOTCHIIMATBLHON SHEPTUH CO BPEMEHEM) 110 CTAIMOHAPHON KOMITOHEHTE MOTEHINAIA, JOKa3aH-

HOTO B padote [11] 6e3 NCIoNb30BaHMSI MPUOTMIKEHUS MATBIX (PITYyKTYaInii.
Boigenum ganee CHMMETPUYHYIO (S-THUI) M aHTUCUMMETPUYHYIO (a-THI) cOcTaBismomue QyHKIUU

R(x; u(x)):
R(i X; u(x)) =R, (x; u(x)) TR, (x; u(x))
Toraa myTeM pa3OueHus ABYKPaTHOTO HHTErpaa Ha JBa MHTErpaa, B KaskI0M M3 KOTOPBIX BHEIIHEE MHTe-
TPUPOBAHKE BHIIOTHEHO TI0 MOJOBHHE TIEPHOIA, MOYKHO TIOTYUHTh CIeTyONIee IPEICTaBICHNE UTs (yHKITHO-
nana @{u(x)} (yrosnersopsioniee, kak 1 JOIKHO GbITh, CBOHCTBY (2)):

ofu(@)} =20 {u(x)} - oo {-u(x)}]. )
IJIC BBEJICH BCIIOMOTaTeIbHBIN (YHKIIHOHAT
Li2

(pm{u(x)} = J dxR, (x; u(x)) fdyRa(y; —u(y)). ®)

Janee Oynem cunTarh, YTO CTAIMOHAPHBIA TPOPHITH U (x) OIKCBIBAETCS TPOU3BOIBHON CUMMETPUYHOM MIEPUO-
T4ecKor pyHKImen (u (x - X, ) =u (—x - X, )). Ecnu BbIOparh Havaio KOOPANHAT, COBIIAIAIOIIEE C ITOJIOKEHUEM €€

ocHu CI/IMMeTpI/II/I xs, TO (byHKHI/DI u (x) CTaHET quHOI‘/’L u (—x) =u (x) TOFLIa CI/IMMeTpI/I‘lHaSI u aHTHCHMMeTpHHHaﬂ
cocrapystrone pynxiwn R (x; (x)) GyzLyT ONIpeensTECS MOCPENICTBOM CHMMETPIIHOM W, (x) 1 aHTHCHMMET-
puunoii w, (x) cocraBmsomux (GyHkuuu Bosmymwennst w(x) coorserctserto (w(tx)= w,(x) = w,(x)):

L/2

Rs(x; u(x)) =p, (x)| w(x)-2 f dzp,(z)w,(z) |, R, (x; —u(x)) =p_(x)w,(x). (6)

CoorHotenust (4)—(6) MO3BOJISIIOT PACCUUTATH CPEIHIOI CKOPOCTh PACCMaTPUBaEMOro OPOYHOBCKOTO MO-
topa (1) Hanbomee 3PPEKTUBHBIM CITOCOOOM, C YUETOM CBOHWCTB CHMMETPHH OTIPEACIITIONMNX (QYHKITHH.

CTyneH4aThblii MOTEeHIHAJ,
BO3MYIL[aeMblii TADMOHUYECKHM CHTHAJIOM

Kycouno-nuneitasie popMbl MOTEHIMATIBHBIX IPOQUIEH UTPalOT 0COOYI0 pPOIb B TEOPUH U DKCIIEPHMEH-
TaJIBbHOW pealn3allii PITYCT-CUCTEM. DTO 00YCIOBICHO KaK BO3MOXKHOCTBIO TIONYYCHHUSI aHATUTUICCKUX Pe-
MIEHUH I TaKuX MpoQIIIeH, Tak W CPaBHUTEIHHOW MPOCTOTOM MX peayn3auu (moapoOHee CM. BBeIEHHE
B [12]). B oanoit u3 kinaccuueckux pador P. JI. Actymsina [13] Obuia npe/yiockeHa TUITHYHAS peau3alius Ta-
KOTO ITOTEHITANIa B CXeMe MOJIEKYJISIPHOTO Hacoca JIJIs Cenapaliiy YacTHIl, B KOTOPOM 3apsKEHHBIE YaCTHITBI
JBUTANCH B AJIEKTPUYECKOM I0JI€ 3JIEKTPOAOB YEPEIYIOMINXCS MOISIPHOCTEN M PACCTOSHUN MEXIy HUMU
(cm. Taxoke [14] 1 3KCIIEPUMEHTAIBHYIO peaau3aliio JaHHOH FTeOMETPUH B JUIEKTPOPOPETUISCKOM PITUETE
B pabote [15]). [loTeHIMANBHEIH penbed B paccMaTprUBaEMOM CITydae Ha3bIBae€TCs MUII000pa3HeIM (puc. 1, a).
CryneH4arslii TOTEHIUATBHBIN MPOQUIE MOXKET BOZHUKHYTh KaK MOTU(HKALIUS TaHHOH CXEeMbI TIPH Yepejio-
BaHUU YK€ Iap JIEKTPOIOB (OMUHAKOBBIX MOJISAPHOCTEH BHYTPHU MApPbI, OTIUYHBIX OT MOJSPHOCTEH coceaHen
napel) (cm. puc. 1, 6). Ilpu cTpemieHnn pacCTOSHUI MEXILy JIEKTPOAAMHU C Pa3HOW MOJISPHOCTHIO K HYJIIO
MOTEHIHAJIbHBIN TPO(UIIb CTPEMHUTCS K CTPOro CTyIeHYaroi hopme.

ala

©
Puc. 1. CxeMaTn4eckoe I/1306pa)l(eHI/Ie NOCJIEA0BATCIBHOCTHU SJIEKTPOJ0B,

CITY’KalluX UCTOYHUKOM KYCOYHO-JIMHEHHBIX TIOTEHIIHAIIOB:
a — MUI000Pa3HOT0; § — CTYIEHYATOrO

|
| |
| |
| |
| |
T [l
| I |
A A
| |

Fig. 1. Schematic representation of a sequence of electrodes as a source
of piecewise linear potentials: @ — sawtooth; b — stepwise
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N N
NZANANZ
Taxum obOpazom, onpenenuB B (6) GyHKIHIO u(x) KaK CHMMETPHUYHYIO TICPHOANIECKYIO, BRIOEpEM B Ka-
YECTBEC CTaHHOHapHOﬁ COCTaBJ’IfIIOHlCI‘/'I HOTGHHI/IaHLHOﬁ OHCPIrur HAaHOYAaCTUIbI CTYHCHLIaTI)II\/'I IIOTCHII U AJIb-
Hb1i ipodnts u(x) (puc. 2), 3a1aBaeMblii Ha NIEPHOJE €TO H3MEHEHNS KaK

Uy, O<x<El,

u(x) =

0,l<x<£, (7)
2 2

u(—x) = u(x), u(x + L) = u(x)

Torna durypupyromme B (1) Gynkuun p,(x), SBIAIOMMECS PABHOBECHBIMA (YHKLHMSAMH PacIpeaeIeHHs
B IOTeHUManax Fu(x), 3anuuyres B BuIe

ePuo O<x<—l,
1 2

Pi(x):_
Zel, Loy L )
2 2

Z, = L[l + 0[P - 1)] A= Ll

OTMeTHM, YTO CTYIEHYAThIH MOTEHIMAN TAKXKe MO3BOJISIET MPOCTEHIIUM 00pa3oM BBECTH B PacCMOTPEHHUE
SHEpreTHYecKue Oapbepsl i, KOHKYpPEeHIMS 3HAYCHUH KOTOPBIX C TEIUIOBOM SHEprHel ompenesieT MHOTHE
CBOMCTBA pATYETOB. BrusiHMEe TOHKOW CTPYKTYpPbI MOTCHIMAILHOTO MPOQUIIS, OTIIMIHOTO OT OMHUCHIBAEMOTO
KyCOUYHO-THHEHHBIMU (DYHKITUSIMH, METOTUK U CIIO)KHOCTEH YMCIICHHBIX PACUETOR B 00JIee peaTuCTHYHBIX MO-
Jensix oocyxaanock B padorax [3—5; 16—18].

B nponomxkenue pa3Butusi Mojenei u3 padot [5; 6] B kadecTBe (OPMBbI BOMYIICHUS — (DYyHKITUH w(x) -
BBIOEpEM ITPOCTPAHCTBEHHO-TAPMOHHYECKUH curHai (cM. Takke [10] kak 000cHOBaHHUE BBIOOPA), XapaKTEPH-
3yeMblii (pa30BBIM CHABUIOM A:

w(x) = wycos 21{% - 7»0) . )

Onna u3 peanu3anuii Bo3MyIieHUs (OpMbI (9) — HCIIONB30BaHIE HHTESPPEPEHITHH JIA3EPHBIX ITyYKOB, KOTO-
pBIE CO3MIAIOT MTPOCTPAHCTBEHHO-TIEPUOIMYECKUH MOTEHIINAI, ITUPOKO MPUMEHSIEMBI B OPOYHOBCKMX pITUETaxX
Ha onTryeckux penrerkax [19; 20]. lobasnenue B (9) Oosiee BRICOKMX TAPMOHHK ITOPOKIAET CIOKHBIE MOJIEIH
(petraeMble YUCICHHO) ¢ (QIIyKTyHPYIOLIMM MOTSHIMATBHBIM IPOQUIIEM ¢ IByMs U OoJiee sMaMu, TIO3BOJISTIOIINE
OIMUCHIBaTh Takue YQ(PEeKThI, KaK, HAIpUMEp, TEMIIEpaTypHOe 0OpallleHIe HalpaBIeHHs IBIKeHuUs paTaera [17].
Onnako 311 3 deKTh Ooee BhIPaKEHBI BCE K€ BHE PHUOIMKEHUS MaIbIX (IyKTyalllid MOTSHIIMAIEHON SHep-
MU, KOT/ia n3MeHeHne Gopmbl poduits pu MepekIFOYeHIN COCTOSTHUI OoJee CYIIeCTBEHHO.

1,0

Puc. 2. CryneH4aThlii MOTEHIMAIBHBIH TPOQHIb u(x), BO3MYILACMbIi
JMXOTOMHBIMY [IPOCTPAHCTBEHHO-TAPMOHIYECKUMH (uryKTyanusmu w(x)
Fig. 2. The stepwise potential profile u(x) perturbed
by dichotomous spatially harmonic fluctuations w(x)
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YWY —
Vrax, cummerpranast w, (x) n antucummerpranast w, (x) cocrasstomme ynkim w(x) sammryTes B Buae

w, (x) = wy cos(2mA, ) cos %, w, (x) = wysin(2mh, )sin 2%6 (10)

a

B3asTie uaTerpanos B cootHomeHusx (5) u (6) ¢ momcranoBkoi (8), (10) u ymporenne morydeHHBIX BbI-
pakKeHUH MPUBOJIAT K CICIYIOIIEMY PE3y/IbTaTy:

2.2 -
Lpsin(Emhe) L y)gingam) | (
16n°Z,7_ Z,

Oy fu(x)} =

OyHKIMOHAT @, {u (x)} 3[€Ch XapaKTEPU3YETCsl 3aBUCUMOCTSIMHU OT BBICOTBI CTYIICHUATOTO IOTEHIHANA U,
¥ aMIUTATY/bl TAPMOHHYECKOTO CHTHANA W,. Takxke OH ompeznensiercs (a3oBbIM CABHIOM A, U apaMeTpoM

/
A= Z, XapaKTCPUZYIOIIHUM OTHOCHUTCIIbHYIO IUPUHY «CTYHCHBKH» CTYIICHYATOI'O IMOTCHIIMAJIA. BBIpa)KCHI/Ie

au1st BXozsero B popmyny (4) gynkiuonana @, {—u (x)} JUTSL JaHHOM Mozenu nonyvaercs u3 (11) 3amena-
MU U Ha — 1, (M, COOTBETCTBEHHO, Z, Ha Z_). B cuity sToro mepsoe cnaraemoe B (11) He naeT Bkiaja B pas-

noets @, {u(x)} - @, {~u(x)}. Kpome Toro, nmeer mecro Torxzaectso

.| I e P 3 2sinh Bu,

Z Z

L e
+ -1+ 4%(1—k)sinh2%

(12)

Bropoe cnaraemoe B (11) nmpu y4ere Toxkaectsa (12) npuBeneT K clieAyromeMy OKOHYaTeIbHOMY BBIpaxKe-
HUIO JUI CPEAHE CKOPOCTH JBIKEHUS PACcCMaTPUBAEMOTI0 ainadbaTHYecKoro OpOyHOBCKOIO MOTOpa:

o, sinh (Bu, )sin (27A)sin (47, ) ; =L(BW0)2' (13)

2 > Y 2
{1 + 4)(1-1)sinh? B;’O} T

AHaNUTHYECKOE MPEJICTABICHUE CKOPOCTH OPOYHOBCKOTO MOTOpa (13) SIBISICTCSI OCHOBHBIM PE3yJIbTaTOM
JAHHOW CTaThU U OyIeT aHATU3UPOBATHCS B CICAYIONIEM pa3zclie.

O0cy:kneHne pe3yabTaToOB U BHIBOJbI

Haunewm ¢ aHayin3a CBOWMCTB CUMMETPHH, CIEAYIOMUX U3 cTpykTypbl pyHkiuu (13). OnHa u3 nByx oceit
CUMMETPHUH CTYTIEHYATOTO MOTeHIINAaJa TPOXOANT Yepe3 Hayalio KoopAuHaT. OCh CHMMETPHH BO3MYIIAIOIIETO

rapMoHuuecKoro curnana (9) umeer koopaunary LA,. COMHOKXHUTEIH sin(4nk0) B BhIpakeHuu (13) oOpamraer
nocyeHee B Hynb Ipu Ay = 0 1 A, = %, T. e. Korxa ocu cummerpun Gyskumii u(x) u w(x) comagaror win
CIBUHYTHI Ha monmnepuoaa. CpefHss CKOPOCTh IBHKEHHS TaKxkKe oOpamiaercs B Hylb (paTueT-3dpdekt oTcyT-
CTBYET), €CIIM «CTYIEHBKU» OTCTOAT APYT OT JAPyra Ha pacCTOSHUE, PABHOE UX IIMPHHE: A :Zl = % B atom

cityyae (yHKIHS u(x), KpOMeE TOT0, YTO OHa OTHOCHUTCS K KJIACCY CUMMETPHUYHBIX (YHKLUUH, CTAHOBUTCS
. L o
TaKX€e CBUTOBO-CUMMETPHUUYHOM, u| X + 3 = —u(x). [TockonbKy TaKOMY e CBOMCTBY Y/IOBIETBOPSIET QyHK-

nus w(x) KOOPAMHATHOHN 3aBHCHMOCTH BO3MYILEHHUS, TO MOJHAsI NOTCHIUAIbHAS SHEPTUSl PITUET-YACTHLIBI,
WCIBITHIBAIONIAS TUXOTOMHBIE (PIyKTyanmu BO BpemeHu U (x, t) = u(x) + w(x), XapaKTepu3yeTcs MpoCTpaH-

CTBEHHOM CIBHUTOBOW CUMMETpPHEH M MPUHAMICKUT K CYyNePCUMMETPHUYHBIM MTPOCTPAHCTBEHHO-BPEMEHHBIM
3aBUCUMOCTSIM, JIUIsl KOTOPBIX paTueT-3ddexr orcyrcrByer [8]. Ciyyan A = 0 1 A = 1 03HaYarOT OTCYTCTBHE

CTYIEHYaTOro MOTEHIMANA, 9TO NP y4eTe cBoiicTBa cnummeTpun (2) ¢ u(x)=0 TakKe 03Ha4aeT U OTCYT-
cTBHE paTdeT-3(hPekra. AHATOTUIHBIN pe3ynbTar ciaeAayeT u3 BeipakeHus (13) BBumy oOpamieHus B HYITb
(haxTopa sin(2n7t). Bce nepeunciiennbIe 3716Ch BRIBOIBI HAXOIATCS B COOTBETCTBUU C OOIITUMU PE3yIbTaTaMu
paborsr [10].
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A A

Hanpasnenue 1BHKEHUS paccMaTpUBaeMOro OPOYHOBCKOTO MOTOPA OMPEAEeTCs] 3HaUeHUSIMH TapaMeT-
poB A u A,. Ha puc. 3 mokasansl 001acTy 3HaUYCHUH 3THX BEIMYUH, IPU KOTOPHIX OPOYHOBCKHII MOTOp J(BH-
JKETCsl HalpaBo MM HajeBO. [ OpH30HTaIbHBIC U BEPTHKAJIBHBIC Pa3eIIIIONIUe JMHUN COOTBETCTBYIOT 00-
pAaIllEHUI0 CKOPOCTH B HYJb, T. €. OTOOPaKar0T BOZHUKHOBEHHE TaK HAa3bIBAEMBIX TOUEK OCTAaHOBKH MOTOpA.
ITonoxxeHust TOUEK OCTAHOBKH CIIEAYIOT U3 OTMEUEHHBIX BBILIE CBOMCTB CUMMETPHUM U SBISIOTCS BaXKHBIMU
XapaKkTepUCTUKaMH (PYHKIIMOHUPOBAHUS OPOYHOBCKOTO MOTOpa. BaskHO MOMYEpKHYTH, YTO /IS OTIPEIEICHHUS
TOYEK OCTAHOBKH MpEJCTaBICHHAS 3/IeCh aHAIUTUYECKHU pelraeMasi MoJielib UMEET OOJIbIIINe MPEerMYIIecTBa
nepesl COOTBETCTBYIOIUMH YHCICHHBIMU TPOLIEAYPAMH, KOTOPBIE JUISl PATYETOB, UMEIOIINX CKaukooOpa3Hoe
MOBE/ICHUE B MPOCTPAHCTBEHHBIX 3aBUCHMOCTSX MOTCHIUAIBHBIX MPOQUIICH, BBI3BIBAIOT 3HAYUTEIbHBIC 3a-
TPYAHEHHUSI B UX peann3aluu.

7‘0A
1,00

0,75

0,50

0,25
+ —

0,5 1,0 A

Puc. 3. OGnacty 3HaYCHNH TapamMeTpoB A | A,
COOTBETCTBYIOIIUE JBHKEHUIO OPOYHOBCKOTO MOTOPa HAIIPaBO
(3HaK +, cepolii Gpon) u HaeBO (3HAK —, OeIbIi (OH)

Fig. 3. Ranges of A and A, values
which correspond to the rightward (+ sign, grey colour)
and leftward (- sign, white colour) motion of the Brownian motor

Cxopocts (13) siBisieTcs HeueTHOH (QyHKIMEH napaMeTpa i, YT0 €CTh CIEACTBUE HEUETHOCTH (yHKIHOHAIA

@{u(x)} no u(x) (coornomenue (2)). IponopimonansHocTs Beipakerus (13) Gaxtopy (Bw, )2 OTpakaeT TOT

(akT, 9TO OHO MOTyUYEHO B MPUOIIKEeHNH Mabix Guykryarmii fw, < 1. Eciu ke TOMOTHATEBHO HCTIONB30-
BaTh M BBICOKOTEMITEpaTypHOe npuodmmkerne PBu, < 1, To coorHourerue (13) mpuHUMAET MpoCToil BU:

v= éBSuowg sin (27 )sin (47h ). (14)
't

Otmernm, uto dopmyna (14) Taxxke ciaeayeT U3 MOIyuYeHHOTo B paboTe [5] BICOKOTEMIEpaTypHOTo CO-

. .
otHowmenus (39), eciM B HEM HCIIONB30BaTh BHIPAKEHHE U, = (27) uysin(27A) st BTopoil rapMOHMKH
2Tp
T b
. Tp
crienyromiee u3 Gopmymsl (52) Toif ke paboThl B a1abaTHIeCKOM TPUOIIKEHUN - < 1. [IpuBeneHHbBIE CO-

CTaIlMOHAPHON KOMITOHEHTHI MTOTCHIHMANA (37eCh — cTyneHYaror GyHkmuu (7)) U BEIpaKEHNE ‘}’ =T

MOCTABJICHUS CBUACTEIBCTBYIOT O JJOCTOBEPHOCTH MOIy4YeHHOTO pesyisrara (13).
CpenHsisi CKOPOCTh pacCMaTPUBACMOr0 OPOYHOBCKOI'O MOTOPA SIBJISICTCSI HEMOHOTOHHOM (DYHKIIMEH BBICO-

ThI U, IOTEHIUAJILHOIO 0apbepa CTYNEHYaToro oTeHIHaia u(x) (puc. 4). Ilo mepe ymeHbIIEHUS 3HAYEHU I

. 0
OTHOCHUTCJIbHBIX HIUPUH «CTYIICHBKW) A oT 5 a0 0 MAaKCUMYMBI 3aBUCUMOCTCU U_ OT U CHa4alla BO3pacTaroT,
0

1
IpUYeM BO3HHKas TPYU OJIM3KMX 3HAYCHUSX U,  3aTeM cTpemsTcs K Benuuune 0,785 (A, = —) CHIBUTASACH MIPH
9TOM BIIPABO, T. €. COOTBETCTBYS BCE OONBIINM 3HAYEHUSIM Uy,

v o
UrtoObl 00BsCHUTH HAONIOaeMOE TIOBEJCHHUE CPEIHEH CKOPOCTH MOTOpa oo HaWJeM aCUMIITOTUKY BbI-
0

paxenus (13) mpu Buy > 1 n A < 1. B obnactu cripaBe/UTMBOCTH aHHBIX HEPaBEHCTB sinh (Buo)sin(2nk) =
=~ mhexp(Bu ), 41 (1 - 1)sinh? B% ~ hexp(Bu, ). Torna, BBOAsS HOBy10 nIepeMenHyIo 0 = A exp(Bu, ), momydaem

Lon—2 sin(4mh,). (15)

Yo 1+ oc)2

52('7’ — cmovlemHAL Mmsfqm J,,w,w,, 77



ZKypnaa Besopycckoro rocyrapcrseHHOro ynusepcurera. ®usuxa. 2021;2:71-80
Journal of the Belarusian State University. Physics. 2021;2:71-80

WWW —

1,2

0,8 TN m e
6, 7
v
)
0,4
1 L L
0 4 8 12
Uy
kgT
Puc. 4. 3aBUCUMOCTb CPEIHEH CKOPOCTH aTnabaTHIeCcKoro 5
L(Bw,
OPOYHOBCKOTO MOTOpPA (B €IMHHUIAX PA3MEPHOTO MapaMeTpa v, = M)
nT

1
OT BBICOTBI «CTYICHBKIY U, (B equHuIax kpT) mpu A, = 3 U Pa3iIMYHBIX 3HAYEHHSIX Oe3pa3MepHBIX

HIUPHH «CTYTIEHBKH» A = %: 1-045;2-0,4,3-0,3;4-0,2;5-0,1; 6-0,01; 7—0,001.
[ITpuxoBast IMHHUS IOKA3BIBACT MMOJIOKCHHS MAKCHMYMOB TIpU A —> 0

Fig. 4. Dependence of the average velocity of the adiabatic

2
. - o _ L(Bw)
Brownian motor (in units of the dimensional parameter v, = ————)
nT
on the step height u, (in kT units) at A, = 3 and various values of the dimensionless step widths

A =zl: 1-045;2-04;3-03;4-0.2;5-0.1;6-0.01; 7—0.001.
The dashed line shows the maxima positions at A — 0

o T .
MakcumanipHOE 3HaYeHHUe cpeiHei ckopoctu (15) paBHO Zsm (41t7\,0) (cM. ITyHKTUPHYIO JIMHUIO Ha puc. 3)

. u
¥l COOTBETCTBYET (. = |, T. €. IOCTHTaeTcs MpH aMILIATYJaX CTAIHOHAPHOHN YacTH TOTeHIMana —— = —InA.

B
OmnucaHHOe acMMNTOTHYECKOE (JorapudMuueckoe) nmoBegeHne o0bsCHAET HabIoaaeMble Ha puc. 4 CABUTH
MaKCHMyMOB B 00JIaCTH 3Ha4eHHUil mapameTpoB Motopa Pu, > 1 u A < 1. OTMeTHM, 4TO BBEJCHHBIN 37€Ch
napameTp Ol UMEET CMBICI «MOIITHOCTH» OECKOHEYHO BBICOKOTO U OECKOHEYHO Y3KOT0, TaK Ha3bIBAEMOTO CHH-
T'YIIIPHOTO, MIOTEHIIMAIBHOTO Oapbepa. Takast BemudrHa BBOJMIIACH B paboTax [21-23].

3aKiaoueHune

Paccmorpennas mMonenb annadaTuueckoro OpOyHOBCKOTO MOTOPa, PyHKIIMOHUPYIOLIETO 3a CYET MaJIbIX
JTUXOTOMHBIX MTPOCTPAHCTBEHHO-TAPMOHUYECKUX (DITyKTyaI[lil CTYIIEHYaToro MOTEeHIMaNa, TI03BOIMIA MOy~
YUTh aHAJIMTUUECKOE BBIpAXKEHUE I CpeiHEeN CKOPOCTH JBMKeHHsI MoTopa. C MOMOIIbIO 3TOr0O pe3ysbTara
YIaJI0Ch UCCIIEIOBAaTh CBOWCTBA CHMMETPHU MOJIEIH, 00JIacTH 3HAYECHUH MMapaMeTpoB, OMPEIEISIONINX HalpaB-
JICHWE JIBM)KEHHUS MOTOpPa, U HEMOHOTOHHBIH XapakTep 3aBUCUMOCTH CPEIHE CKOPOCTH OT BBICOTHI CTYTIEHYATO-
ro noreHruana. [lokazano, 4to B ciryyae OECKOHEUHO BBICOKOTO M OECKOHEUHO Y3KOTO CTYIIEHYATOro TOTEeHIA-
J1a (CHHTYJISIPHOTO TTOTEHIIMAILHOTO 0apbepa) CpeHssi CKOPOCTh HEMOHOTOHHO 3aBHUCHUT OT «MOIIHOCTH 3TOTO
Oapbepa (Ipou3BeIeHUs IMPUHBI Oapbepa Ha SKCIIOHEHTY OTHOILEHHUS €ro BBICOTHI K TETUIOBOH SHEPTUH).

bubnauorpadguyeckue cChJIKU

1. Bressloff PC, Newby JM. Stochastic models of intracellular transport. Reviews of Modern Physics. 2013;85(1):135-196. DOI:
10.1103/RevModPhys.85.135.

2. Cubero D, Renzoni F. Brownian ratchets: from statistical physics to bio and nano-motors. Cambridge: Cambridge University
Press; 2016. 200 p.

78 ey


https://www.doi.org/10.1103/RevModPhys.85.135

Teopernueckas ¢puzuka
Theoretical Physics
— YWY

3. Pozenbaym BM, Illanoukuna MB, Tpaxren6epr JIN. Meton ¢ynkuuii ['puHa B Teopun OpOyHOBCKHUX MOTOPOB. Ycnexu gusu-
yeckux nayk. 2019;189(5):529-543. DOI: 10.3367/UFNr.2018.04.038347.

4. T'ynses I0B, Byraes AC, Pozernbaym BM, Tpaxren6epr JIM. Ynpapienue HaHOTPAHCIIOPTOM € TIOMOIIBIO paTHeT-3(dexTa.
Venexu ¢pusuuecrkux nayk. 2020;190(4):337-354. DOI: 10.3367/UFNr.2019.05.038570.

5. Rozenbaum VM, Shapochkina IV, Teranishi Y, Trakhtenberg LI. High-temperature ratchets driven by deterministic and stochas-
tic fluctuations. Physical Review E. 2019;99(1):012103. DOI: 10.1103/PhysRevE.99.012103.

6. lllanoukuna B, Casuna A/, Pozenbaym BM, Kopouxosa TE. CBoiicTBa cummeTpun OpOyHOBCKOTO MOTOPA C MHI000Pa3HBIM
MIOTEHI[HAJIOM, BO3MYIIIaeMbIM FAPMOHUUECKUMU QIyKTyauusaMu. JKypran benopycckozo eocydapcmeennozo ynusepcumema. Pusuxa.
2021;1:41-49. DOI: 10.33581/2520-2243-2021-1-41-49.

7. Posen6aym BM, Illanoukuna UB, Tepanumu E, Tpaxren6epr JIU. CuMMeTpus myThCHPYIOUINX PITYeTOB. [Tuchma 6 Kypuan
aKcnepumeHmanvHol u meopemuyeckou guzuxu. 2018;107(7-8):525-531. DOI: 10.7868/S0370274X18080118.

8. Reimann P. Supersymmetric ratchets. Physical Review Letters. 2001;86(22):4992-4995. DOI: 10.1103/PhysRevLett.86.4992.

9. Denisov S, Flach S, Hianggi P. Tunable transport with broken space — time symmetries. Physics Reports. 2014;538(3):77-120.
DOI: 10.1016/j.physrep.2014.01.003.

10. Rozenbaum VM, Shapochkina IV, Teranishi Y, Trakhtenberg LI. Symmetry of deterministic ratchets. Physical Review E. 2019;
100(2):022115. DOI: 10.1103/PhysRevE.100.022115.

11. Rozenbaum VM, Makhnovskii YuA, Shapochkina IV, Sheu S-Y, Yang D-Y, Lin SH. Adiabatically slow and adiabatically fast
driven ratchets. Physical Review E. 2012;85(4):041116. DOI: 10.1103/PhysRevE.85.041116.

12. Rozenbaum VM, Shapochkina IV, Sheu S-Y, Yang D-Y, Lin SH. High-temperature ratchets with saw-tooth potentials. Physical
Review E. 2016;94(5):052140. DOI: 10.1103/PhysRevE.94.052140.

13. Astumian RD. Thermodynamics and kinetics of a Brownian motor. Science. 1997;276(5314):917-922. DOI: 10.1126/science.
276.5314.917.

14. Lau B, Kedem O, Schwabacher J, Kwasnieski D, Weiss EA. An introduction to ratchets in chemistry and biology. Materials
Horizons. 2017;4(3):310-318. DOT: 10.1039/c7mh00062f.

15. Germs WC, Roeling EM, van IJzendoorn LJ, Smalbrugge B, de Vries T, Geluk EJ, et al. High-efficiency dielectrophoretic
ratchet. Physical Review E. 2012;86(4):041106. DOI: 10.1103/PhysRevE.86.041106.

16. Rozenbaum VM, Makhnovskii YuA, Shapochkina IV, Sheu S-Y, Yang D-Y, Lin SH. Diffusion of a massive particle in a periodic
potential: application to adiabatic ratchets. Physical Review E. 2015;92(6):062132. DOI: 10.1103/PhysRevE.92.062132.

17. lIsex HIO, llanouknna NB, Pozendaym BM. TemmnieparypHoe obparienne ABMKEHHs aanadaTnaeckoro 6poyHOBCKOTO MOTOPA.
Becmuux BI'Y. Cepus 1. @uzuxa. Mamemamuxa. Uugpopmamura. 2014;2:27-32.

18. Beicoukas BA, Illanoukuna VB, Posenbaym BM, Tpaxrten6epr JIU. Jnuddy3us OpOyHOBCKHX HacTHI[ B MPOCTPAHCTBEHHO-
MEPUOINYECKOM MOTECHIHANIE C KOHEYHBIM BPEMEHEM KU3HU. JKypHan benopycckoeo cocyoapcmeennozo ynusepcumema. Quszuxa. 2017;
3:33-40.

19. Faucheux LP, Bourdieu LS, Kaplan PD, Libchaber AJ. Optical thermal ratchet. Physical Review Letters. 1995;74(9):1504—1507.
DOI: 10.1103/physrevlett.74.1504.

20. Robilliard C, Lucas D, Grynberg G. Modelling a ratchet with cold atoms in an optical lattice. Applied Physics A. 2002;75(2):
213-216. DOI: 10.1007/s003390201333.

21. Pozenbaym BM. Mexann3m BO3HUKHOBEHHS BBICOKOH 3 ()EeKTUBHOCTH OPOYHOBCKOTO MOTOpA ¢ (NIYKTYHPYIOIIUM ITOTSHITHA-
noM. [Tucema 6 JKypuan sxcnepumenmanvrou u meopemuyeckoul ghuzuxu. 2004;79(8):475-479.

22. Rozenbaum VM, Korochkova TYe, Liang KK. Conventional and generalized efficiencies of flashing and rocking ratchets: ana-
lytical comparison of high-efficiency limits. Physical Review E. 2007;75(6):061115. DOI: 10.1103/PhysRevE.75.061115.

23. Rozenbaum VM, Makhnovskii YuA, Shapochkina IV, Sheu S-Y, Yang D-Y, Lin SH. Adiabatically driven Brownian pumps.
Physical Review E. 2013;88(1):012104. DOI: 10.1103/PhysRevE.88.012104.

References

1. Bressloff PC, Newby JM. Stochastic models of intracellular transport. Reviews of Modern Physics. 2013;85(1):135-196. DOI:
10.1103/RevModPhys.85.135.

2. Cubero D, Renzoni F. Brownian ratchets: from statistical physics to bio and nano-motors. Cambridge: Cambridge University
Press; 2016. 200 p.

3. Rozenbaum VM, Shapochkina IV, Trakhtenberg LI. Green’s function method in the theory of Brownian motors. Uspekhi fizi-
cheskikh nauk. 2019;189(5):529-543. Russian. DOI: 10.3367/UFNr.2018.04.038347.

4. Gulyaev YuV, Bugaev AS, Rozenbaum VM, Trakhtenberg LI. Nanotransport controlled by the ratchet effect. Uspekhi fizicheskikh
nauk. 2020;190(4):337-354. Russian. DOI: 10.3367/UFNr.2019.05.038570.

5. Rozenbaum VM, Shapochkina IV, Teranishi Y, Trakhtenberg LI. High-temperature ratchets driven by deterministic and stochas-
tic fluctuations. Physical Review E. 2019;99(1):012103. DOI: 10.1103/PhysRevE.99.012103.

6. Shapochkina IV, Savina ND, Rozenbaum VM, Korochkova TYe. Symmetry properties of a Brownian motor with a sawtooth
potential perturbed by harmonic fluctuations. Journal of the Belarusian State University. Physics. 2021;1:41-49. Russian. DOI:
10.33581/2520-2243-2021-1-41-49.

7. Rozenbaum VM, Shapochkina IV, Teranishi Y, Trakhtenberg LI. [Symmetry of pulsating ratchets]. Pis’'ma v Zhurnal eksperi-
mental’noi i teoreticheskoi fiziki. 2018;107(7-8):525-531. Russian. DOI: 10.7868/S0370274X18080118.

8. Reimann P. Supersymmetric ratchets. Physical Review Letters. 2001;86(22):4992—-4995. DOI: 10.1103/PhysRevLett.86.4992.

9. Denisov S, Flach S, Hianggi P. Tunable transport with broken space — time symmetries. Physics Reports. 2014;538(3):77-120.
DOI: 10.1016/j.physrep.2014.01.003.

10. Rozenbaum VM, Shapochkina IV, Teranishi Y, Trakhtenberg LI. Symmetry of deterministic ratchets. Physical Review E. 2019;
100(2):022115. DOTI: 10.1103/PhysRevE.100.022115.

11. Rozenbaum VM, Makhnovskii YuA, Shapochkina IV, Sheu S-Y, Yang D-Y, Lin SH. Adiabatically slow and adiabatically fast
driven ratchets. Physical Review E. 2012;85(4):041116. DOI: 10.1103/PhysRevE.85.041116.

5?['4 — cmoemn AL wow\orm Jf,w,w,, 79


https://www.doi.org/10.3367/UFNr.2018.04.038347
https://www.doi.org/10.3367/UFNr.2019.05.038570
https://doi.org/10.1103/PhysRevE.99.012103
https://www.doi.org/10.33581/2520-2243-2021-1-41-49
https://www.doi.org/10.7868/S0370274X18080118
https://doi.org/10.1103/PhysRevLett.86.4992
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.physrep.2014.01.003&v=cf6384d7
https://doi.org/10.1103/PhysRevE.100.022115
https://www.doi.org/10.1103/PhysRevE.85.041116
http://doi.org/10.1103/PhysRevE.94.052140
https://www.doi.org/10.1126/science.276.5314.917
https://www.doi.org/10.1126/science.276.5314.917
https://www.doi.org/10.1039/c7mh00062f
https://doi.org/10.1103/PhysRevE.86.041106
http://doi.org/10.1103/PhysRevE.92.062132
https://doi.org/10.1103/physrevlett.74.1504
http://doi.org/10.1007/s003390201333
https://www.doi.org/10.1103/PhysRevE.75.061115
https://www.doi.org/10.1103/PhysRevE.88.012104
https://www.doi.org/10.1103/RevModPhys.85.135
https://www.doi.org/10.3367/UFNr.2018.04.038347
https://www.doi.org/10.3367/UFNr.2019.05.038570
https://doi.org/10.1103/PhysRevE.99.012103
https://www.doi.org/10.33581/2520-2243-2021-1-41-49
https://www.doi.org/10.7868/S0370274X18080118
https://doi.org/10.1103/PhysRevLett.86.4992
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.physrep.2014.01.003&v=cf6384d7
https://doi.org/10.1103/PhysRevE.100.022115
https://www.doi.org/10.1103/PhysRevE.85.041116

ZKypnaa Besopycckoro rocyrapcrseHHOro ynusepcurera. ®usuxa. 2021;2:71-80
Journal of the Belarusian State University. Physics. 2021;2:71-80 OANOA NG
YWY —

12. Rozenbaum VM, Shapochkina IV, Sheu S-Y, Yang D-Y, Lin SH. High-temperature ratchets with saw-tooth potentials. Physical
Review E. 2016;94(5):052140. DOIL: 10.1103/PhysRevE.94.052140.

13. Astumian RD. Thermodynamics and kinetics of a Brownian motor. Science. 1997;276(5314):917-922. DOI: 10.1126/science.
276.5314.917.

14. Lau B, Kedem O, Schwabacher J, Kwasnieski D, Weiss EA. An introduction to ratchets in chemistry and biology. Materials
Horizons. 2017;4(3):310-318. DOI: 10.1039/c7mh00062f.

15. Germs WC, Roeling EM, van IJzendoorn LJ, Smalbrugge B, de Vries T, Geluk EJ, et al. High-efficiency dielectrophoretic
ratchet. Physical Review E. 2012;86(4):041106. DOIL: 10.1103/PhysRevE.86.041106.

16. Rozenbaum VM, Makhnovskii YuA, Shapochkina IV, Sheu S-Y, Yang D-Y, Lin SH. Diffusion of a massive particle in a periodic
potential: application to adiabatic ratchets. Physical Review E. 2015;92(6):062132. DOI: 10.1103/PhysRevE.92.062132.

17. Shved NYu, Shapochkina IV, Rozenbaum VM. [ Temperature-induced reversal of the motion direction of an adiabatic Brownian
motor]. Vestnik BGU. Seriya 1. Fizika. Matematika. Informatika. 2014;2:27-32. Russian.

18. Vysotskaya UA, Shapochkina IV, Rozenbaum VM, Trakhtenberg LI. Diffusion of Brownian particles in a spatially periodic
potential with a finite life-time. Journal of the Belarusian State University. Physics. 2017;3:33—40. Russian.

19. Faucheux LP, Bourdieu LS, Kaplan PD, Libchaber AJ. Optical thermal ratchet. Physical Review Letters. 1995;74(9):1504—-1507.
DOI: 10.1103/physrevlett.74.1504.

20. Robilliard C, Lucas D, Grynberg G. Modelling a ratchet with cold atoms in an optical lattice. Applied Physics A. 2002;75(2):
213-216. DOI: 10.1007/s003390201333.

21. Rozenbaum VM. [Mechanism for the appearance of a high-efficiency Brownian motor with fluctuating potential]. Pis'ma v Zhur-
nal eksperimental’noi i teoreticheskoi fiziki. 2004;79(8):475—479. Russian.

22. Rozenbaum VM, Korochkova TYe, Liang KK. Conventional and generalized efficiencies of flashing and rocking ratchets: ana-
lytical comparison of high-efficiency limits. Physical Review E. 2007;75(6):061115. DOI: 10.1103/PhysRevE.75.061115.

23. Rozenbaum VM, Makhnovskii YuA, Shapochkina IV, Sheu S-Y, Yang D-Y, Lin SH. Adiabatically driven Brownian pumps.

Physical Review E. 2013;88(1):012104. DOI: 10.1103/PhysRevE.88.012104.

IHonyuena 18.02.2021 / ucnpaenena 01.03.2021 / npunama 26.03.2021.
Received 18.02.2021 / revised 01.03.2021 / accepted 26.03.2021.

ABTOpBI:

Hpuna Buxkmopoena Lllanoukuna — kanauaaTr GU3NKo-mare-
MaTH4YeCKNX HayK, JOIEHT; JIOLEHT KadeIpbl KOMITBIOTEPHOTO
MOJICTUPOBAHUS (DH3HIECKOTO (QaAKyIIbTEeTa.

Anacmacus JImumpuesna Caguna — cTynenTka GU3n4eckoro
(axynbrera. Hayunsnii pykoBomurens — M. B. lllanouknna.
Enena Muxaitnosna 3aiyeea — xanauaat (GU3NKO-MaTeMaTH-
YECKHUX HayK, JIOLEHT; podeccop Kapeapsl HHHOPMALTUOHHBIX
TEXHOJIOTUI B 00pa30BaHUM.

Bukmop Muxaiinosuu Pozenbaym — noxTop (hu3mKo-mMaremMa-
THUYECKHX HayK, podeccop; 3aBeAyIOUIMI OTAEIOM TeOpeTH-
YEeCKOH U DKCIIePUMEHTAIBHOM (DM3UKU HAHOCHCTEM.

Mapusa Hnvunuuna Hkum — xanmunar GU3NKO-MaTeMaTHye-
CKHX HayK; CTapIIUi HayYHbI COTPYIHHUK JlabopaTopuu (QyHK-
IIMOHAJILHBIX HAHOKOMITO3UTOB OT/ENA KMHETUKH ¥ KaTaJln3a.
Anexcanop Cmenanosuu byzaee — axanemux PAH, nokrop ¢u-
3MKO-MaTeMaTHYeCKUX HayK, IPoQeccop; NIABHBIM Hay4HBbII cO-
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ITPOCTPAHCTBEHHOE PACITPEAEAEHUME ITAOTHOCTHA
NOHHOTIO ITOTOKA B AA3BEPHO-TIAABMEHHOM
NCTOYHUKE AAAd HAHECEHUA HAHOIIOKPBITUUA
HA ITOAAOJXKHW YBEAMYEHHBIX PASMEPOB

B. K. TOHYAPOB", M. B. I1Y3bIPEB",
B. 10. CTYIIAKEBHY?, H. H. LIIY/IbTAH?

Y Unemumym npuxnaonwix gusuuecrkux npoénem um. A. H. Ceguenko BI'Y,
yn. Kypuamosa, 7, 220045, e. Munck, Benapyce
I3 POOHeHCKuUlL 2ocydapcmeeHmblll yHugepcumem um. Anxu Kynanoi,
yi. Ooicewiro, 22, 230023, 2. I poono, Benapyce
3)Ee/zopyca<uﬁ 2ocyoapcmeennblil yuusepcumem, np. Hezasucumocmu, 4, 220030, . Munck, Berapyco

BBITIOITHEHO SKCIIEPUMEHTAIBHOE ONPee]ICHHe PABHOMEPHOCTH INIOTHOCTH HOHHBIX ITOTOKOB Ha MOJIUIOXKKY YBEIH-
qeHHBIX pasMepoB (~200 cM?) B uemssx GOPMUPOBAHMS HAHOCTPYKTYP JTa3ePHO-TUIA3MEHHBIM MeToIoM. OTMEUEHO, UTo
CHCTEMa ISl OCAXKICHUSI HAHOCTPYKTYP COCTOUT M3 SPO3HOHHOTO JIa3ePHOro (hakena MaTepraia MULICHH U ITOAJIOXKKH,
PAacCIIONIOKEHHBIX B BAKYYMHOM KaMepe. Jlis II1aBHOM peryJMpoBKY IapaMeTPOB HAHOCUMBIX Ha IOAJIOKKY YACTUL] MEXKIY
JIa3epHOM MUIIECHBIO M MO/IOKKOM yCTaHOBIICHA CETKA, HAa KOTOPYIO MOAAETCsl OTPUIIATEIbHBIN 110 OTHOLICHHIO K JIa3ep-
HOW MHIIIEHH NOTeHIHal. B pesynbrare nocie ceTku GOpMHUpYETCs MOTOK YAaCTHI, COCTOSIINI MPEUMYIIECTBEHHO U3
HOHOB, SHEPrHeil KOTOPBIX MOXKHO HAJIKHO ¥ IUTABHO YIIPABIATH, ITOJaBas HA CETKY MOJOKUTEIBHBIH 10 OTHOIICHHUIO
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YWY —
K MOMJIOXKKE MOTeHIHMal. [IpoBeieHHbIe SKCIEPUMEHTHI MTOKa3add, YTO OJHOPOAHOCTH TUIOTHOCTH MOHHBIX TTOTOKOB Ha
MOJIOKKY YBETMUIEHHBIX pazmepos (~200 CM2) B JIa3€PHO-TUIa3MEHHOM MCTOYHUKE /11 HAHECEHUS! HAHOMTOKPBITUI MOXKHO
MOBBICHUTD, MO/IaBast Ha MOJIOKKY YCKOPSIOMNN MOTEHIHAI (110 OTHOIICHHIO K CeTKe). MUHUMAalIbHAsT pa3HHIIA MEXTY
MIJIOTHOCTHIO MOHHOTO TMOTOKA B IIEHTPE M HA KParo MHUIIIEHU COCTABIsIET ~ 5 %. B pe3ynbrare TEXHOIOTHYE€CKH BO3ZMOKHO
MIPOU3BOJUTH OUYUCTKY MOBEPXHOCTHU TOJIOKKA HOHAMHU MaTepualia JIa3epHOi MUIICHU (BTOpUYHASI DMUCCHSI ), CO3/1aBaTh
niceBnoanGy3MOHHBIA CION MaTepraia MUIICHH B TPUTIOBEPXHOCTHON 00JaCTH TIOJIOKKH U HAHOCUTH Ha TOJIOKKY
MaTepual jJa3epHod MuineHu. [Ipu 3ToM Bce MepeurciIeHHbIe Onepalii MOKHO BBITIONHSITH TOCIEA0BaTeNIbHO, HE pa3-
TepMETU3UPYS BAKYYMHYIO KaMepy, YTO TTO3BOJIUT TOJTYYUTh HAHOMIOKPBITUS C BHICOKOH aire3vued U Ha MOIOKKaX yBe-
JINYCHHBIX Pa3MEPOB.

Knwuesvie cnosa: Jla3€pHad 1jiadMa; HOHHBIC ITYYKU; HAHOCTPYKTYPbI; BBICOKAd aJArc3usl.

THE SPATIAL DENSITY DISTRIBUTION OF THE ION FLUX
IN THE LASER-PLASMA SOURCE FOR DEPOSITION
OF NANOCOATING ON SUBSTRATES OF INCREASED SIZE

V. K. GONCHAROV?®, M. V. PUZYREV", V. Yu. STUPAKEVICH", N. . SHULHAN®

4. N. Sevchenko Institute of Applied Physical Problems, Belarusian State University,
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‘Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus

Corresponding author: M. V. Puzyrev (puzyrev@bsu.by)

The present work is devoted to the experimental determination of the uniformity of the ion flux density on a substrate
with an increased size (~200 cm?) in order to form nanostructures by the laser-plasma method. The system for deposition
of nanostructures consists of an erosion laser torch of the target material and a substrate located in a vacuum chamber.
For smooth adjustment of the parameters of the deposited particles on the substrate, a grid is located between the laser
target and the substrate, on which a negative potential is applied relative to the laser target. As a result, a particle stream
is formed after the grid, consisting mainly of ions, whose energy can be reliably and smoothly controlled by applying
a positive potential to the grid in relation to the substrate. Experiments have shown that the uniformity of the density of ion
fluxes on a substrate of increased size (~200 cm?) in a laser-plasma source for nanocoating can be increased by applying
an accelerating potential to the substrate in relation to the grid. The minimum difference between the ion flux density in
the center of the target and at its edge can be reduced to ~5 %. As a result, it is technologically possible to clean the surface
of the substrate with ions of the laser target material (secondary emission), create a pseudodiffusion layer of the target
material in the near-surface region of the substrate, and apply the laser target material to the substrate. At the same time,
all these operations can be performed sequentially without depressurising the vacuum chamber. This allows obtaining
coating with good adhesion on substrates of increased size.

Keywords: laser plasma; ion beams; nanostructures; high adhesion.

BBenenue

OnxuM 13 Hanboee NePCIEKTUBHBIX METOAOB (POPMHUPOBAHMSI HAHOCTPYKTYD SIBISIETCS Ja3epHO-TIIa3MEH-
HbI MeTozt. OH oOnagaer psiioM npeuMyiecTs. [Ipeskae Bcero 3To cTepuiibHOCTh, BO3MOXKHOCTD ITOJY4aTh
IUIa3My U3 BEIIECTB, HAXOISIINXCS B JIIOOOM arperaTHoM COCTOSIHUM (B TOM YHCJIE TYTOIUIAaBKUX MaTepHalioB),
9KOJIOTHUECKAs YUCTOTA IpoLecca.

Hanecenure HaHOIIIEHOK Ha Pa3IMYHbIE MaTepUalibl OOBIYHO NPOU3BOANTCA B BaKyyMme. B aTom ciryuae BHYT-
PH BaKyyMHOW KaMepbl Jla3epHasi MULICHb U MOAJIOKKA PACIIOaraloTcs MapajliesIbHO APYT OPYrY, a Jia3epHoe
W3JTyYCHUE HAPaBJIeTCsl Yepe3 OKHO BaKYyMHOI KaMephbl 1071 HEKOTOPBIM YIJIOM K IIOBEPXHOCTH MUILEHHU. DPo-
3MOHHBIH J1a3epHBIN (haKe HCTEKAaeT B MOIYNPOCTPAHCTBO, M YaCTh INPOLYKTOB pa3pyLICHHs J1a3epHON MUILICHU
MOMaJal0T Ha IOBEPXHOCTh MOUIOKKH. B pesynbrare JaHHOIO ITpoLiecca Ha IOBEPXHOCTH MOATIOKKH 00pa3yroTCst
HaHOIUICHKHU MaTepuaa JazepHoil muiuen [ 1-3]. s nony4yeHrs HAHOIUICHOK € pa3JIMYHbIMU IapaMeTpaMu He-
00XOMMO U3MEHSTh PEKUMBI UX HAHECEHHUS. ITO JOCTUTACTCS ITyTEM CMEHBI PEKUMOB 4aCTOTHO-UMITYIbCHOTO
nazepa. 1 ecnu ynpapieHue yacToToM Jla3epa U YMCIOM UMITYJIbCOB JIETKO OOECIEUNTh B aBTOMAaTHUYECKOM pe-
XKHMME, TO OCYLIECTBIISITH PETrYJIIMPOBKY INIOTHOCTH MOILHOCTH JIa3€PHOTO U3JTyUCHHUS HA TOBEPXHOCTH JIa3epHOI
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MHUILIEHH JIOCTATOYHO CJIOKHO. JIMHAMUYEeCKHUI TUara30H M3MEHCHHUS SHEPTHU OT/ICIILHOTO JIA3EPHOTO MMITYJIbCa
B COBPEMEHHBIX YAaCTOTHBIX TEXHOJIOTUUCCKHUX JIa3epax HEBEIUK, & JUIs TIOBBIIICHHUS IJIOTHOCTH MOIITHOCTH BO3-
JICHCTBYIOIIETO HA JIA3EPHYI0 MUILICHb U3IY4YCeHHUS 3a cueT (DOKYCHPOBKH TPEOyeTCsl MPUMEHEHHE JTOCTAaTOUYHO
CJIOYKHBIX ONTHKO-MEXaHUYECKUX CUCTEM, KOTOPbIC, KaK MPaBHIIO, HE 00JIaIat0T OOJIBIION HAJICKHOCTHIO.

Jliis 6ojiee TOYHOrO M3MEHEHHUsS SHEPIMU YaCTHUI[ HAMBUIIEMOrO BEIISCTBA MOYKHO HCIIOJIb30BATh IOAa4y
JIEKTPUYECKOTO MOTEHIMAJIA B IIPOMEXKYTKE MHUILICHB — MOJI0kKKa. OTHAKO MPH PasiieTe IPO3UOHHOIO Jia3ep-
HOro (hakesa B BakyyMe B uia3Me (akena (GopMUpPYeTCs TBOMHOM MEKTPUUCCKHit ciiol. Briepeau neTat Hau-
0oJiee PHEPTUIHBIC JICKTPOHBI, a 328 HUMHU — HOHEI [4]. [lomada JONMOTHUTEIHHOTO IMEKTPHUIESCKOTO TTOTEHITHAA
Ha TPOMEKYTOK MHIIIEHb — IMOJIJIOKKA MPUBOJUT K €r0 B3aUMOICHCTBHUIO C MOJIEM JIBOMHOIO 3JICKTPUYECKOTO
ciosi. [Tpu 3TOM B 11a3M€e 3PO3UOHHOTO J1a3epHOro (akesa GOPMHUPYIOTCS CIOKHBIC KOJICOaHUS U HEYCTONYN-
BBII PEXKUM, UTO 3aTPYJAHSCT yIPaBICHUE SHEPTUEH MIa3MECHHBIX YaCTHIL.

B pabote [5] 6bUT0 TpeasTOKEHO MEX Y JIA3epHON MUIIIEHBIO M TTOITIOKKON TIOMECTUTh CETKY, IIOaB Ha HEe
OTPHIIATEIIBHBIH 110 OTHOIICHHUIO K MUIIICHH MTOTEHIMAI. B 3TOM Cilydae 1mocie CeTKH yaaeTcsl MoJyunuTh MOTOK
3apSKEHHBIX YaCTHI, COCTOSIIUI MTPEUMYIIECTBEHHO U3 MOHOB. [To/aBast Ha MOMJIOKKY OTPHIIATEIILHBIN 110
OTHOILICHUIO K CETKE MOTEHIIMAJ, MOXHO IJIABHO PEryJIMPOBaTh SHEPIHI0 HOHOB M ITPOU3BOIUTH HAHECEHUE
HAHOIOKPBITHI MaTepralia MUIIICHH Ha MOBEPXHOCTh MOJIOKKH 3a CYCT ITOTOKA HOHOB,

bbutn BBITIONHEHBI paOOTHI MO0 M3YYCHUIO PSKUMOB HAHECCHHS HAHOMOKPBITUI Pa3IMYHBIX MaTepHaliOB
JIa3epHOI MUIIIEHN HA TIOBEPXHOCTH MOUIOKEK U3 Pa3HBIX MaTepHaioB [6].

OJHAKO 3TH KCIEPUMEHTHI IPOBOIMIIICH C MCIIOMb30BAHHEM MOIIOKEK MajbIX pa3smMepoB (~10 cm?).
Ha npakTrke 4acTo BO3HHUKAET HEOOXOIUMOCTh B HAHCCEHHHM HAHOMOKPHITHI Ha JOCTATOUYHO OOJIBIIHE IO-
BEPXHOCTH. J[JIsl 3TOT0 HY»KHO HAHUTH PEKUMBI paOOThI JTa3ePHO-IIJIa3MEHHOTO UCTOYHHKA, TIPH KOTOPBIX MOXKHO
MOJIYYUTh PAaBHOMEPHBIC HAHOTIOKPBITHS HA MOJIOKKAX YBEIIMUCHHBIX Pa3MEPOB.

Hacrosiiast paboTa mocBsiiieHa UCCICI0BAaHUIO IPOCTPAHCTBEHHOTO PACIPEACICHUsS IOTHOCTH HOHHOTO
TOTOKA Ha MIOIJIOKKY B (hopMe Kpyra Iiomma o ~200 cm?.

O6opynoBaHne U METOAMKH IKCIIEPUMEHTOB

Ha aIOMHHHEBYIO MHIICHb, PACIIOIOKEHHYIO B BAKYYMHON KaMepe MpH JaBIeHHH 0komo 2,6 - 107 Ila,
BO3eiicTBOBANM M3nydeHneM nazepa Nd** : YAG LS-2137 (Lotis TII, benapycs — SIronust). IIT0THOCTB MOIII-
HOCTH JIA3ePHOTO M3ITydenns coctasmia 3 - 10° Br/cm?. TIpy 5TOM Ha MPOMEKYTKH MHIIIEHb — CETKA M CETKA —
TIOJUTOXKKA MTOJABAIUCH pa3Hble noteHuansl U, u U,. M3MepeHus Npou3BOIMINCE C TOMOIIBIO OcIiyuIorpada
TDS2022B (Tektronix, CIIIA). O01ias cxema SKCIIEpUMEHTa olMcaHa B padore [S]. B3aumHoe pacnoioxeHue
MHUIIICHHU, CETKH, MOJIOKKH M JIA3EPHOI0 JIy4ya 3HAYUTEIILHO 3aBUCUT OT 00beMa U (POpMbI BaKyyMHON KaMepBhl.
B HacTosimmx 3KCrepUMEHTaX paccTOSHUE MHIICHb — MOMJIOKKA COCTABISUIO 12 €M, a ceTKa pacroiiaranach
nmocepeauHe MEXAy HUMU, T. €. HA PACCTOAHUN 6 cM oT TMOBEPXHOCTHU MHUIICHU.

Pe3yJ'[I)TaTI)I H UX 06cyme}me

Tak Kak B HCTIOJIb3yEMOM JIa3ePHO-TIJIa3MEHHOM UCTOUHHKE SPO3UOHHBIH JIa3epHbIii (pakesr oceCUMMETpPHYCH,
TO ¥ MOHHBIN TIOTOK, CPOPMHUPOBAHHBIH MOCIIE CETKH U JIBIKYIIUICS B CTOPOHY MOJIOKKH, TAKIKE OCECUMMET-
puueH. B cBs3u ¢ 3TUM /7151 KOHTPOJIS IPOCTPAHCTBEHHOTO PACIPEAETICHHUS IIIOTHOCTH HOHHOTO TIOTOKA Ha MO/~
JIOKKY JTOCTaTOYHO KOHTPOJIMPOBATh U3MEHEHNE MJIOTHOCTH MOHHOTO TOKA BJIOJIb PAJIIyca MOTOKKH.

JIJIst 5TOrO Mepe/| MOINOXKKOM OBUTH YCTAHOBJICHBI 1BA JOTOTHUTEIBHBIX 30H1a iomaasio 1,0 x 0,5 cm’
Kax/1p1il. OJUH U3 HUX ABJISUICS HETIOJABMIKHBIM U PACIoiarajcs B HEHTPE MOJUIOKKH, JPYyrod NMeT BO3MOXK-
HOCTb NEpeIBIKESHNS BJI0JIb paJiiyca MOUIOKKH OT IIEHTpa K Kpato. OO1ias cxema SKCIepUMEeHTa TpeIcTaB-
JeHa Ha puc. 1.

Tak KaK UCIONB30BaJICs IByXKaHAIBHBIN OCIHILIOrPad, TO KOHTPOIb JIIEKTPUIECKUX TapaMeTPOB dIIEMEH-
TOB CXEMBI (CM. puc. 1) MPOU3BOIMIICS MOCIEAOBATEIHHO IO IBa ITapamMeTpa.

[IpeaBapurenbHO OBUTH MPOKOHTPOIUPOBAHBI TOKH B MMPOMEKYTKAX MHUILEHb — CETKA M CETKa — TMOJIIOKKA
B pexrMe (hOPMHUPOBAHHS ITOTOKOB 3apsHKEHHBIX YaCTHIL ITOCIIE CETKH MTPEUMYIIIECTBEHHO B BUJIe HOHOB. Pe-
3yABTAThl ATUX U3MEPEHUH MPeICTaBIEeHbI Ha pUC. 2.

IIpu 3TOM Ha ceTKy mojaBajcs OTPULIATENIbHBIN 110 OTHOILIEHUIO K MUIIIeHH noTeHImai 20 B, Ha moanmoxky —
OTPUIIATENIBHBIN 110 OTHOIIICHHUIO K ceTke moTeHiuan 20 B. Pe3ynprar 1aHHOTO SKCIIEpUMEHTA MPEACTABICH Ha
puc. 2. Kak BUJIHO U3 puUC. 2, @, KpHBasi TOKa IMEET HECKOJILKO «TOPOOBY». ITO MOKHO OOBSICHUTH CIEAYIOIINM
o0pazom. [losiBIieHHE TUIa3MBI B IPOMEKYTKE MHUILICHD — CETKA MPH OTPUIIATEILHOM 10 OTHOIICHUIO K MUIIIE-
HU noteHnmane cetku 20 B 3acTtaBnsger 0e3 opraHu3anny JIBOMHOTO JIEKTPHUUECKOTO CIIOSI MOHBI IBUTATHCS
K OTpHUIIATETIbHOMY IMOTEHIIMATY CETKH, a AMIEKTPOHBI — K MUIIeHH. OJJHAKO U3-3a SKPAHUPYIOILIETO NEHCTBUS
MOHOB Ha TIOTEHIIMAJ CETKU MPAKTHYECKH DJIEKTPOHBI ABIKYTCS C HEOOJBIION CKOPOCTHIO K MOBEPXHOCTH
MUILEHH. B 3TO BpeMst TOK B LI CETKa — MHUIICHB ONPEJENISIETCSI B OCHOBHOM TOKOM HOHOB (TIEPBBIN «TOPO»).
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Puc. 1. O6mas cxema 3KCIEpUMEHTA:
1 — mazepHOe U3IyueHHe; 2 — aOMUHUEBAsE MUIICHB; 3 — CETKa;
4 — MOAJIOXKKA; 5 — HEMOABKHBIN 30HT; 6 — ITOJIBMKHBIN 30HT;
OCII1 u OCL2 — curnasl, cHuMaemble Ha nepsbii iyd; OCL[3 u OCL4 — curnaiisl,
CHMMaeMble Ha BTOpoi siy4; U, u U, — He3aBUCUMbIC HCTOUHUKH ITUTAHMS;
R,1,R,2, R, 3 u R 4 — Harpy3o4uHble CONMPOTHUBICHHS

Fig. 1. General scheme of the experiment:
1 — laser radiation; 2 — aluminum target; 3 — grid; 4 — substrate;
5 —fixed probe; 6 — mobile probe; OCILI1 and OCILI2 — signals taken on the first beam;
OCII3 and OCII4 — signals taken on the second beam; U, and U, — independent power sources;
R,1,R,2,R 3 and R 4 — load resistance
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Puc. 2. Toxu npu Bo3AeHCTBUU JIA3EPHOTO U3ITY4YEHUS
mwIoTHOCTEIO MomHocTh 3 - 108 Br/em® Ha AIIFOMUHHEBYIO MUIICHB!
a — B IPOMEXKYTKE MHULICHb — CETKA; 6 — B IPOMEKYTKE CETKa — ITOJTOKKA

Fig. 2. Currents at acting laser radiation with a power density of 3 - 10° W/cm? on aluminum target:
a — in the target — grid interval; b — in the grid — substrate interval

Kak ToipK0 0CHOBHOH MOTOK MOHOB MIPOJIETEN CETKY (~4 MKC mocie Hadana BO3IEHCTBHS JTa3€PHOTO U3ITY-
‘IGHI/I?I), moTreHuuall, HOI[&HHBII:I Ha HEC C HCTOYHUKA ITUTAaHUA Ul’ YK€ HC 3a0KpaHUPOBaH HOHAMM, U DJICKTPO-
Hbl HAYMHAIOT ABUI'aTbCA K MUIICHU, PE3KO YBCIIMYMBasd O6paTHBII>'I TOK. PGSYJ'H)TaTOM IIpsAMOT0 TOKa MOHOB
1 00paTHOTO TOKA AIEKTPOHOB HA KPUBOW TOKA B IPOMEKYTKE MUIIIEHb — CETKA SBISIETCSI BTOPOU «TOpO».

Tpetnii «rop6» Ha KpUBOK TOKa B MPOMEKYTKE MHUIIEHb — CETKA OMPEENIeTCS HOHHBIM ITOTOKOM M 00-
paTHBIM TIOTOKOM 3JIEKTPOHOB B KOHIIE pacla/alonierocs JiazepHo-tuia3Mennoro ¢akena. [Ipu aTom nocine
CCTKH (bopMpreTc;I IIOTOK 3apsKCHHBIX YaCTUI] B CTOPOHY IIOJIOXKKH, COCTOS[IlII/If/i MMPEUMYIICCTBEHHO M3
HOHOB (cM. puc. 2, 6). Y 310 00munii TOK MOHOB HA TMOIOKKY YBEIMUEHHBIX pazMepoB. HeoOxoammo sKc-
MIePUMEHTATHHO TPOKOHTPOINPOBATH pacIIpeiesiCHHE TUIOTHOCTH HOHHOTO ITOTOKA BIIOJIb PANYCa TOIOKKH
YBEINYEHHBIX pa3MEPOB.
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PaccMmoTpuM curHAIBI ¢ HETIOABM)KHOTO U MTOJIBIDKHOTO 30HIOB. Koria 30HIbI HAXOASTCS PSAIOM B IICHT-
pe TIONIOKKH, CUTHAJIBI MPAKTUYECKH COBMANAIOT. DTO (PaKTUUECKH KaInOpoBKa KaHanoB (puc. 3, @). OHa
OCYIIECTBIISUIACH PACTIONOKEHUEM CHCTEMbBI KPEIUICHHSI OTHOCHTEIILHO APO3HOHHOTO JIa3epHOTO (hakesna JIByX
30HI0B TaKKM 00Pa30M, 4TOObI CUTHAJIBI C HUX ObUIM OJIMHAKOBBIMH. PaccTosiHUE H3MEPSUIOCh MEXTy IICHT-
pamu 30H10B. C yuyeToM pa3mMepoB 30HA0B (1 cM) HOHHBIA TOK PETHCTPUPOBAJICS HA PACCTOSHUU OT IICHTPA
IIOJUIOYKKHY BIUIOTH 0 & CM.

IIpu ymameHny MOABMYKHOTO 30H/IA OT IIEHTPA MOIOKKH CUTHAJ HA TTOIBIKHOM 30H/IC 3aICPKHUBACTCS BO
BPEMEHU U MOXKET MU3MEHSTHCS 110 aMIUIMTYE. 3a/epKKa OOBSICHICTCS TEM, YTO MPH YBEIMYCHUN PACCTOSHUS
MEXIY HETIOABMKHBIM U TTOABIKHBIM 30HIAMH PACCTOSIHUE, KOTOPOE MPOXOAUT WOHHBINA TTOTOK HA TTOJIBUXK-
HBIH 30H]I, yBEIMIUBACTCS (CM. puc. 3, 6).

Tak Kak B MPOBEACHHBIX IKCIIEPUMEHTAX MCIIOJIb30BAJICS YaCTOTHO-UMITYJIbCHBIN J1a3ep ¢ OOJIbIINM Bpe-
MEHEM HapaOOTKH, TO YPOBEHb SHEPTHH B KAKIOM HMITYJIHCE MOXKET OBITh HECTAOWIBHEIM. J[J1s ycTpaHeHMs
BIIUSTHUS HECTAOMILHOCTH J1a3epa Ha Pe3yIbTaThl SKCTICPUMEHTOB BBITIONHSINCH OTHOCHTEILHBIC N3MEPCHIUS
TOKa ITOJBIDKHOTO 30H/a /, K TOKY HETIOABMKHOTO 30H7a /. I3mepenus /,/, Gbun IPOBEICHBI 110 OTHOLIEHHIO
TIOMIAZCH U 110 OTHOIICHUIO MAKCUMAJIBHBIX aMILTUTYA. Pe3ynbTaTsl oka3amuck o4eHb OMu3KH (puc. 4).

Ha puc. 4, a, npencrasieHa KpuBasi U3MEHEHHsI OTHOIICHUH TOKOB MOABMYKHOTO U HETIOJIBIDKHOTO 30HIOB
BIIOJIb pPaiyca TMOJIOKKHA YBEIUUYCHHBIX pa3MepoB 0e3 Momavn MOTEHITHAIa Ha TMPOMEXKYTOK CEeTKa — M-
JIOXKKA.

W3 pucyHKka BUIHO, 9TO BAOJIH KPUBOI HAOIIOMaeTCS HEKOTOpasi HepaBHOMEPHOCTh. OHA MOXKET 00yCIIOB-
JIUBAThCSl HEPABHOMEPHOCTBIO JIA3EPHOI'0 M3JIYUYCHHS 110 MATHY M3JIYYCHHUS U HEPABHOMEPHOCTHIO (DOPMBI
3PO3UOHHOIO IATHA B 30HE JIa3epHOro uziaydenus. [lo 3Toil nmpuunHe MOHHBIA MOTOK MOCJE CETKU B OTCYT-
CTBHE IEKTPUICCKOTO MOTCHIIMAA B TIPOMEKYTKE CETKA — MOJIOKKA OMPEACIISICTCS TOIHKO KHHETHIECKOM
SHEPrueil HOHOB 3a CYET IJIA3MOJUHAMHYCCKOIO JIABJICHUS B 3PO3MOHHOM JIa3epPHOM (Dakesie B IPOMEKYTKE
MUIIEHL — ceTKa. OTHAKO TaKOH PEKUM B JIA3EPHO-TUIA3MEHHOM MCTOYHHKE HAHECCHUS HAHOIIOKPBITHHA HC-
MOJIb30BATh HEIleJIeco00pasHo.

[Ipu momaue Ha CETKY MOJIOKUTEIILHOTO 110 OTHOIICHHUIO K IMOUIoKKe roreHiuana 20 B (cMm. puc. 4, 6) He-
OTHOPOIHOCTH YMEHBIIIAIOTCS 33 CUET JOMOJHUTEIHHOTO 00Jiee PaBHOMEPHOTO YBEIWYCHUS KHHETHUECKOM
SHEPTHH B AIICKTPUUIECKOM Toie. CIenyeT OTMETUTD, YTO B TAKUX YCIOBUSAX OOBIYHO MPOWCXOANT HAIBUICHUE
MaTepuala JJa3epHONH MUIIICHH Ha MTOIJIOKKY [6].

IIpu yBenmnueHnU MOTEHITMATA B TIPOMEKYTKE CeTKa — moaiokka 10 50 B HaOmromaeTcss HEKOTOpOe BO3-
pactaHre HEOTHOPOJHOCTH IJIOTHOCTH MOHHOTO TTOTOKA BJIOJIb PAaAycCa MOMIOKKH YBEIMUEHHBIX pa3MepOB
(cm. puc. 4, 8). OT0 MOKHO OOBSCHUTH HEOTHOPOAHOCTHIO BTOPUYHON MOHHOM SMUCCHH C TIOBEPXHOCTH TIOJI-
JIOXKKH, CBS3aHHOU C HEOTHOPOIHOCTHIO IMTAPaMETPOB IMMOBEPXHOCTH TOIOKKH YBEITMUEHHBIX PA3MEPOB.

ala o/b
I, MA I, MA |
12 + 12 -
10 - 10 -
8+ gL
6 6L
4r 4+
2r 2k
0r ok
1 1 1 1 1 1 1 1 n f 1 - 1
0 5 10 15 20 25 30 ¢, MKC 0

Puc. 3. Toxu Ha 30H1aX (/ — HETIOABHKHBIN 30H1; 2 — MOABMXKHBIN 30H]T)
IIPU BO3JICHCTBUH HA aJIIOMHHUEBYIO MUIICHB JIA3€PHOTO U3ITyYCHHS
IUIOTHOCTBIO MomHOCTH 3 - 10° Br/eM” TpH moTeHImane
B IIPOMEKYTKaX MHIIEHb — CETKA U CeTKa — Mooxkka 20 B:

a — paccTosiHue MexIy 30H1aMu 0 cM; 6 — pacCTOSTHHE MEXKTY 30HAAMH 6 M

Fig. 3. Currents on the probes (/ — fixed probe; 2 — mobile probe)
at acting laser radiation on the aluminum target with a power density of 3 - 10° W/cm?
at a potential in the target — grid interval and the grid — substrate interval of 20 V:
a — the distance between the probes is 0 cm; b — the distance between the probes is 6 cm
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Puc. 4. OTHOIIEHNE TOKA ITOABMKHOTO 30H/1a K TOKY HEIIOJBHKHOTO 30H/IA ITPH BO3ICHCTBAN
Ha AMIOMHHHEBYIO MHIICHB J1a3ePHOTO H3TydeH s IIOTHOCTHI0 MomrHocTH 3 - 10° Br/em” mpu moTenmmarne
B IIPOMEXYTKE MHUIIEHb — ceTKa 20 B 1 pa3iau4HbIX MOTEHIMANaX B IPOMEXYTKE CETKa — ITOUI0KKA:

a-U,=0B;6-U,=20B;6-U,=50B; - U,=100B

Fig. 4. The ratio of the current of a mobile probe to a current of a stationary probe at acting laser radiation

on the aluminum target with a power density of 3 - 10° W/cm? at a potential in the target — grid interval
of 20 V and at different potentials in the grid — substrate interval:

a-U,=0V;b-U,=20V;c—-U,=50V;d-U,=100V

[Tpu MoSIBICHUU BTOPUYHOM SMUCCUU PETHCTPUPYETCS PEIKUM TPABIICHHS IIOBEPXHOCTH MOIIOKKH [6], 4TO
CTIOCOOCTBYET MOBBIMICHUIO aare3uu. [Ipy nanpHEHIeM yBeTHYCeHUH KHHETUIECKOW YHEPIUH HOHOB 32 CUEeT
JIEKTPUUECKOTO TOJISI B IPOMEXKYTKE CeTKa — MOJIOKKA (CM. pHC. 4, 2) SHEprus HOHOB BO3pPACTaET TaK, YTO €
XBaTaeT JIJIsl UMILIAHTAI[A HOHOB MaTepralia MUIIICHH B IIPUITIOBEPXHOCTHYIO 00JIaCTh MOUTOKKH. [Tpn Takux
napamMeTpax MOHOB IOTOKa CEUeHHE CTOJKHOBEHHSI MOHOB ITOTOKA C MOHAMH IOJUIOKKH yMeHbInaercs. Kak
BUJIHO M3 PUCYHKAa, IIPH STOM HAOIIOAAETCsl MUHUMaJIbHAs HEPAaBHOMEPHOCTD IUIOTHOCTH MOHHOTO ITOTOKA Ha
OIIOKKY (~5 %).

Takoii pexxuM COOTBETCTBYET CO3/IaHUIO TNCeBIOAN(D(Y3MOHHOTO CIIOSI Ha TIOBEPXHOCTHU TOJUIOKKH Mate-
pHana Ja3epHOH MHIIEHH, YTO CIIOCOOCTBYET YBEITMUYCHHUIO aJIT€3HU.

3aKjaoueHune

[IpoBeneHHbIe SKCIIEPUMEHTHI OKA3aJli, YTO OJHOPOAHOCTh TNIOTHOCTH MOHHBIX MOTOKOB Ha MOJIOXKKY
YBEIMYCHHBIX pa3mepoB (~200 CM2) B JIa3€PHO-IJIa3MEHHOM MCTOYHMKE /111 HAHECEHUSI HAHOMIOKPBITUI MOXK-
HO TIOBBICUTB, T10/1aBasi HAa TOMJIOKKY YCKOPSIIOIIMN MOTEHIMAN (110 OTHOLIEHHIO K CeTKe). PazHuia Mexmy
IUIOTHOCTHIO HOHHOTO TIOTOKA B IIEHTPE MOAJIOKKH M Ha PACCTOSIHUM 7 CM OT Hee cocTaBisieT ~5 %. OTo mo-
3BOJISIET IPOU3BOAUTH OYMCTKY MOBEPXHOCTH IMOUIOKKHM MOHAMHU MaTepHalia JJa3epHON MUIIEHH (BTOPUYHAS
OMHCCHSI), CO3/1aBaTh rceBnoArn(dy3MOHHBII ClI0i MaTepraia MUILICHH B IPUIIOBEPXHOCTHON 00NACTH TOJI-
JIOKKHM, HAHOCUTH Ha TIOAJIOKKY MaTepuall JIa3epHOW MUIIEHH, TPUYEM BCE ONEpalii MOKHO OCYIIECTBISTH
MOCIIeI0BaTeIbHO, HE Pa3repMETU3UPYs BAKyyMHYIO Kamepy. DTO 00eCIeuuT MoydeHne HAaHOTIOKPBITHS C BbI-
COKOM ajJre3uel ¥ Ha NOAJIOKKAX YBEJIIMYEHHBIX Pa3MEPOB.
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OIITUYECKUE CBOMCTBA TOHKOI INMAEHKHU CdTe,
IIOAYYEHHOY METOAOM BBICOKOYACTOTHOTO
MATHETPOHHOTO PACIIBIAEHUS

A. H. KAIIYEA", B. B. AHAPHEBCKHH?, I. A. HIIBYYK",
M. ITACENIKHH >, H. B. CEMKHB", P. IO. IETPYCB"

1)ch;uoHaﬂbhzbzﬁ yHusepcumem «JIveosckas nonumexuuxay, yi. banoepul, 12, 79013, 2. JIveos, Yrkpauna
DKowanunckuii mexnono2udeckuii yrusepcumem, yi. Cusaoeyxux, 2, 75-453, e. Kowanun, [lonvua
IYencmoxoscruii ynusepcumem um. Ana Jnyeowa, yn. Apmuu Kpaiiosoti, 13/15, 42-201, 2. Yencmoxosa, Honvuia

Tomkwue rieHKy Temtypuaa kaamus (CdTe) orHocsres k coenurennam A'BY!, ieMOHCTpHPYIOT 10Ty IPOBOIHIKOBEIE
CBOWCTBA M NIPEACTABISAIOT COOON Ba)KHYIO OOJIACTh MCCIEJOBAHUM M3-3a MX IMIMPOKOTO IMPUMEHEHHUS B Pa3IUYIHbBIX
OTITOIEKTPOHHBIX ycTpolicTBax. ConHeuHble sneMeHThl Ha ocHoBe CdTe mpusiekatoT BHMaHue, nockonbky CdTe
XapaKTepU3yeTCs NPSIMOH SHEPreTUIECKON 3alPELICHHON 30HOH E, ¥ BHICOKMM KO3(Q(QUUUEHTOM MOMIOLICHHUS, YTO
nenaer CdTe OTIMYHBIM CBETONOIIONIAIONIMM CJIOEM COJIHEUHBIX 3JIEMEHTOB. VMcrapenue marepuana B Bakyyme Me-
TOJIOM BBICOKOYACTOTHOT'O MarHETPOHHOTO PACITBUICHNS SIBIISIETCS] OTHUM M3 HarOosiee 3(h(EKTHBHBIX METOAOB MOIYIECHHS
OTHOPOIHBIX TUIEHOK. HacTosmas paboTa MOCBsIIeHa HCCISOBAHUI0 ONTHIECKUAX CBOICTB ToHKOH mieHkn CdTe, momy-
YEHHOW Ha KBapIIEBOH MOI0AKKE METO0M BBICOKOUACTOTHOTO MAarHETPOHHOTO pacmblieHus. ONpeneeHbl CIIEKTPhI ONTH-
YECKOT0 MPOITYCKaHMUsI, OTPAKEHHUs U [L-KOMOMHAIIMOHHOTO paccesiHust ToHkoH ek CdTe. JInHeHHOCTB CrieKTpaibHON
3aBHCHMOCTH K03(hHIIMEHTA ONITHIECKOrO MONIOMEHH s ¢ ToHKoit mienku CdTe B koopauuatax (0hv)” vs IV CBHICTETb-
CTBYET O IIPSIMOM XapaKTepe ONTHYECKUX MEePeX0 0B, COOTBETCTBYIONIHMX JIMHHOBOIHOBOMY Kpato (yH/IaMEHTaJIbHOTO
mornonieHns. OnTHYecKas MIMPHHA 3alpenIeHHON 30HbI uccnemryeMoil Torkoi mieHkdn CdTe cocraBmser Eg = 1,53 »B.
TTHKH SKCIIEPHMEHTaTBHBIX CIIEKTPOB KOMOMHAIIMOHHOTO paccesHust cBeta mpu 121; 139; 142; 167 u 331 e ' mpumm-
ceiBaroTCst poHoHam B kpuctaummyeckux CdTe u Te.

Knroueswvie cnosa: nponyckanne; k03OGOUIHMCHT OTPAKCHUS; CIICKTPhl KOMOMHAIIMOHHOTO PACCESHIS;, 3apCICHHAS
30Ha; TOHKas TUICHKA.
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Cadmium telluride (CdTe) thin films relate to A"B"' compounds and show semiconductor behaviour. They present
an important research field because of their wide application in various optoelectronic devices. CdTe-based solar cells
attract attention since CdTe is characterised by the direct energy bandgap E, and high absorbance, which makes it an
excellent light-absorbing layer of solar cells. Material evaporation in vacuum by using the high-frequency magnetron
sputtering method is one of the most advantageous methods for obtaining uniform films. The present work is dedicated to
the investigation of the optical properties of CdTe thin film, which is produced on quarts substrate by the high-frequency
magnetro sputtering method. The optical transmission, reflectivity, and (-Raman spectra of the CdTe thin film have been
determined. Llnearlty of the spectral dependence of the coefficient of optical absorption o of CdTe thin film in the coor-
dinates (ohv)’ vs hv indicates for the direct character of optical transitions corresponding to the long-wavelength edge
of fundamental absorption. The optical bandgap of the studied CdTe thin film is found to be E, = 1.53 eV. The peaks of the
experimental L-Raman spectra at 121; 139; 142; 167 and 331 cm " are attributed to the phonons in crystalline CdTe and Te.

Keywords: transmission; reflectivity; Raman spectra; bandgap; thin film.

Introduction

Cadmium telluride (CdTe) based solar cells is the one of leading technology of solar energy production
because of its significant photovoltaic (PV) conversion efficiency, performance stablhty, low costs of fabrica-
tion and short payback time [1]. The last one was obtained by First Solar (USA)'. In recent years a significant
increase of the PV conversion efficiencies up to 18.6 and 22.1 % of the PV modules and corresponding small
area devices based on CdTe solar cells was taken place [2].

The short-circuit current density of the modern CdTe solar cells has already approached its theoretical
limit [3]. According to the thermodynamic limit of Shockley — Queisser, the optimal band gap of the materials
required for reach the maximum of theoretically calculated efficiency of solar cell for the air mass coefficient
AM1.5 is equal to 1.34 eV [4; 5]. However, the value of band gap of CdTe is slightly larger (1.5 eV in [3]).

The aim of the present work is the investigation of the optical properties of CdTe thin film, which is produced
on the quarts substrate by the high-frequency magnetron sputtering method. In this paper, we present results
of investigation the transmission, reflection and Raman spectra. The bandgap, refractive index, high-frequency
dielectric constant, static dielectric constant, electron effective mass and thickness of thin filmare determined
from the measurements of transmittance spectra.

Experimental details

CdTe films were deposited on quarts substrates with a size of 16.0 x 8.0 x 1.1 mm by the method of high-fre-
quency magnetron sputtering (13.6 MHz) using a VUP-5M vacuum station (Se/mi, Ukraine) [6]. A single
crystal disc of 99.999 % purity with a thickness of 2 mm and a diameter of 40 mm was used as a target. The tar-
get — substrate distance was 75 mm. The deposition time was 1200 s. The start and end of the process were
controlled by means of a movable shutter.

Before the sputtering process, the chamber was evacuated. The gas pressure inside the chamber was
4. 107* Pa. This pressure is achievable with using the Polyphenyl ether (5D4E) diffusion fluid in the vapor oil
vacuum pump, which provides a low partial vapor pressure (9 1077 Pa).

The sputtering was carried out at a pressure of argon (Ar) in the range of 1.0—1.3 Pa. The power of the HF
magnetron was maintained at the level of 50 W and the temperature of the substrate at 489 K. For heating the
substrates, a high-temperature tungsten heater with a power of 300 W was used. The temperature was con-
trolled by means of a proportional — integral — derivative (PID) controller for controlling heating and cooling
rates, as well as for ensuring the temperature conditions of deposition.

IFirst Solar achieves yet another cell conversion efficiency world record [Electronic resource]. 2016. URL: https://investor.firstso-
lar.com/news/press-release-details/2016/First-Solar-Achieves- Yet-Another-Cell-Conversion-Efficiency-World-Record/default.aspx
(date of access: 10.01.2021).
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The spectral dependence of the optical transmittance and reflectivity (Shimadzu UV-3600 (Japan)) of the ob-
tained samples in the visible and near infrared regions (300—1500 nm) was studied at room temperature [6; 7].

Raman spectra were recorded by the micro-Raman (u-Raman) method. The Raman spectra were per-
formed with using a T64000 Jobin Yvon spectrometer (France) at the room temperature. The He — Ne laser
(A =633 nm) and Ar laser (A = 514.532 nm) were used as light excitation. In the measurements performed, the
laser power waschosen between 1 and 250 mW, the exposure time wasregulated between 5 and 120 s, and
the light spot diameter was ~1 pum.

Experimental results

Figures 1 and 2 show the transmission and reflection spectra of CdTe thin films — substrate combinations,
respectively. The transmission and reflection coefficients strongly depend on the film structure, which is deter-
mined by the preparation methods, film thickness and deposition conditions.

T, %\ R, %\
100 |- 40
751 30
50 20
25 10
1 L Il L 1 L 1 - O 1 L 1 L 1 L 1 -
350 700 1050 1400 A, nm 350 700 1050 1400 A, nm
Fig. 1. Transmission spectrum of CdTe thin film Fig. 2. Reflection spectrum of CdTe thin film

The transmission and reflection spectra of the thin film exhibit periodic peaks and minima associated with
interference effects, indicating high structural perfection of the film. The surface roughness destroys the ob-
served interference extremadue to the multiple reflections.

For each film studied the full transmittance and reflectivity spectra were calculated and the corresponding
averaged values were evaluated using the relations (1)

1of = 1
[ran, R=—— [Ran, (1

b-a; b—a;

where T and R are the averaged transmittance and reflectivity in the wavelength range a — b (see fig. 1 and 2).
The obtained values 7 and R of the film in the wavelength range of 300—1500 nm are equal to T = 43.14 %
and R =19.27 %.

Clear interference maxima and minima in the wavelength range from 300 to 1500 nm are presented in fig. 1
and 2, the positions of which are depended by the film thickness.

To calculate the thickness d of the studied film, the following equation has been used,

MM,

dzz@ugg—n@gmy @

T =

where A, and A, are the wavelengths corresponding to the neighbouring extremum points in the transmittance
spectrum. Here, M = 1 for two neighbouring extrema of the one type (max — max, min — min) and M = 0.5 for
two neighbouring extrema of the opposite types (max — min, min — max) [6]. The thickness of CdTe thin film
calculated by equation (2) is equal to d = 717.7 nm.

The bandgap energy E, was determined using different methods. In the first one, the bandgap energy cor-

responds to the wavelength position of the last maximum of the transmittance derivative o (fig. 3). This
method gives satisfactory results, although it tends to underestimate slightly £, value [8]. From the wavelength

T . . . . .
spectrum of (31—}\‘ presented in fig. 3, it can be directly seen that the bandgap energy of CdTe thin films is 1.55 eV.
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Fig. 5. Absorption coefficient o in presentation of ((xh_v)2 as function
of photon energy hv: R* is the coefficient of determination; Eg" is the direct bandgap

In the second method, the bandgap E, is taken as a position of the last maximum of the reflectivity derivative
dR . . . . .
o spectrum (see fig. 4). The obtained values E, = 1.52 ¢V is a bit smaller than that obtained on the basis of

the transmittance spectrum £, = 1.55 eV (see fig. 3).

One more method of the bandgap determination is based on the analysis of the absorption spectrum of
a film at the long-wavelength edge of fundamental absorption [7]. Here, the spectral dependence of the optical
absorption of CdTe thin film in the (othv)® vs hv (o is the absorption coefficient and Av is the photon energy)
coordinates (see fig. 5) is approximated satisfactorily by the straight line. Extrapolation of the linear segment
of the (0thv)® curve until intersection with the axis of photon energyhv permits to obtain the optical bandgap of CdTe
film as £, = 1.53 eV, which is close to the values £, = 1.55 eV and £, = 1.52 ¢V obtained by using the previous
methods.

The observed linear behaviour of the dependence presented in fig. 5 in the range of 1.55-1.67 eV indicates
that here, the direct interband optical transitions form the long-wavelength absorption edge of CdTe film.

Now we proceed to the refractive index, which is a fundamental optical parameter related to the band structure
of optoelectronic materials. A number of empirical relations between therefractive index 7 and the bandgap £, are
known from the literature. The most often used are the relations suggested by Moss [9], Ravindra [10], Herve and
Vandamme [11], and Tripathy [12]. According to these models, the refractive index # of a semiconductor can be
calculated correspondingly as
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A —BE,
nyE,=C, ny=a-bE, nj,_, :1{}5g +B} , nT=n0[1+oce g], 3)
where the normal conditions are assumed, the bandgap units are eV, and the n’s subscripts abbreviate the
authors mentioned above. In equation (3), we have C = 95 eV, a = 4.084 eV, b = 0.62 erl, A=13.6 ¢V,
B=347¢eV,n,=1.73,=1.9017 and 3 = 0.539 eV ' [10-13]. Depending on the material studied, these dif-
ferent empirical relations (3) may be applied to the experimental values 7 and E,, more or less successfully [13].

Using different models given by equation (3), we have calculated the refractive indices n of CdTe thin
film, which correspond to the determined bandgaps £, (table 1).The refractive index n = 2.6820 (A = 600 nm,
T=300 K) was obtained in [14]. Comparing the obtained results (see table 1) with the literature data (n =2.6820,
A =600 nm, 7'=300 K) [14], one may assume that the Moss relation between £, and 7 is the most appropriate
for CdTe film studied.

The high-frequency dielectric constant €_ in table 1 has been calculated on the basis of the refractive in-
dexn,ase_=n".

Table 1
Optical parameters obtained from results
of experimental studies of transmission and reflection spectra
Methods of determination
Parameters 3
d7/dh dR/dA (ahv)” vs hv
Value of bandgap, eV 1.55 1.52 1.53
€ 9.78 9.85 9.85
= 0.18 0.19 0.19
me
Methods Herve
Parameters of bandgap Moss relation | Ravindra relation | and Vandamme | Tripathy relation
determination relation
T
d— 2.8 3.13 2.89 3.16
dA
n
d—R 2.81 3.14 2.90 3.18
dA
(athv)? vs hv 2.81 3.14 2.90 3.17
T
d— 7.83 9.76 8.35 9.98
dA
1S R
d— 7.90 9.86 8.42 10.1
da
(Ochv)2 vs hv 7.89 9.85 8.41 10.09

The static dielectric constant (g,,) of the CdTe thin film has been calculated using thepolynomial expansion
of &, by the bandgap E,, valid for semiconductors (4) [15].

£y=—33.268 76 + 78.618 0SE, — 45.707 9SE2 + 8.324 49E?. )

Comparing the obtained results of €_ and g, (see table 1) with the reference data for CdTe [16] (e, =7.15
and €, = 10.3), one may assume that the Moss relation (3) and the relation (4) reproduce satisfactorily the di-
electric constants €_, and & on the basis of the measured bandgap E,.

The relation (5), which is similar to (4), may be used for expansion of the normalised electron effective

mass mﬂ by the bandgap E, powers [15],
mﬂ =5.170 04 — 7.466 99E, + 3.632 86 E, — 0.575 25E;. (5)
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The values mﬂ for CdTe thin film calculatedby using the relation (5) (see table 1) areapproximately twice

€
larger than the corresponding reference value mﬂ 0.1 [15].

€

The experimental Raman spectra of CdTe thin film are presented in fig. 6 and 7. Here, four phonon modes
may be selected. Laser excitation with the wavelength of 633 nm, which is close to the bandgap of CdTe thin
film, leads to the appearence of TO (Cd — Te), LO, (Cd — Te) and LO2 (Cd - Te) phonon modes at 139; 167 and
331 cm', respectively (table 2). Tellurium modes A (Te —Te) and E (Te — Te) are most clearly observed on the
background of Cd — Te modes when the green laser excitation is realised, which heats the sample studled (see
fig. 7, curve 2). It is known that the crystalline Te shows Raman peaks at the phonon modes 90 cm ™' (E mode),
121 cm ™' (A mode) and 142 cm ™' (E mode), and that the cross section of Raman scattering is about 75 times
larger than that in CdTe [16] at the same excitation conditions. The presence of mode A (Te — Te) is an indicator
of Te inclusions in the CdTe polycrystalline film. The form of these inclusions (in the clusters or thin films) and
their possible location (on the surface or in the volume of CdTe thin films) remain unclear.

Table 2
Characterisation of Raman spectra
Peak position, cm ™' 121 139 142 167 331
Phonon mode A TO E LO, LO,
Compound Te CdTe Te CdTe CdTe
A o
90 - 0
. 25 B
& L o He)
| I @.‘b |
SR
= < T :
= 60 - o '
5 1.
~ ' )
|
L 1 L 1 : L :I: L 1 E L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 >
80 100 120 140 160 180 200 220 240 260 280 300 320

Raman shift, cm™!

Fig. 6. Raman spectra of CdTe thin film: laser excitation wavelength is A = 514.532 nm;

laser power is 1 mW; the exposure time is 60 s
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Fig. 7. Raman spectra of CdTe thin film: laser excitation wavelengths are A = 633 nm (curve /)
and 514.532 nm (curve 2); laser power is 3 mW; the exposure time is 30 s

B2Y — cnovemnss wemoprt Jaw/cw

93



ZKypnaa Besopycckoro rocyrapcrseHHOro yuusepcurera. ®usuxa. 2021;2:88-95
Journal of the Belarusian State University. Physics. 2021;2:88-95

WWW —

Conclusion

CdTe thin films were deposited onto quarts substrate by the HF magnetron sputtering method. The funda-
mental absorption edge position in the transmittance spectrum of studied thin films corresponds to the values
that are typical for CdTe compound. The film thickness of d = 717.7 nm was obtained by optical interference

analysis of the transmittance spectrum 7’ (7») of CdTe films. The value of optical bandgap E|, obtained for CdTe

by different methods was identified to be between 1.52 and 1.55 eV.

Based on the obtained experimental data of the bandgap of CdTe, the refractive index, high-frequency di-
electric constant, static dielectric constant and electron effective mass were calculated. It is established that in
the case of CdTe film the Moss relation allows determining the values of refractive index and high-frequency
dielectric constant most adequately.

Raman spectra show phonon modes at 139; 167 and 331 cm ™, which confirm the formation of CdTe phase.
The phonon peaks observed at 90 and 121 cm™' correspond to the crystalline tellurium.

References

1. Fraunhofer Institute for Solar Energy Systems. Photovoltaics Report. Freiburg: Fraunhofer Institute for Solar Energy Systems
[Internet]; 2016 [cited 10.01.2021]. Available from: https://ecee.colorado.edu/~ecen5009/Resources/Photovoltaics/Fraunhofer2016.pdf.

2. Green MA, Dunlop ED, Levi DH, Hohl-Ebinger J, Yoshita M, Ho-Baillic AWY. Solar cell efficiency tables (version 54). Prog-
ress in Photovoltaics: Research and Applications. 2019;27(7):565-575. DOI: 10.1002/pip.3171.

3. Geisthardt RM, Topi¢ M, Sites JR. Status and potential of CdTe solar-cell efficiency. IEEE Journal of Photovoltaics. 2015,
5(4):1217-1221. DOL: 10.1109/JPHOTOV.2015.2434594.

4. Shockley W, Queisser HJ. Detailed balance limit of efficiency of p — n junction solar cells. Journal of Applied Physics. 1961,
32(3):510-519. DOI: 10.1063/1.1736034.

5. Riihle S. Tabulated values of the Shockley — Queisser limit for single junction solar cells. Solar Energy. 2016;130:139-147.
DOI: 10.1016/j.solener.2016.02.015.

6. Petrus R, Ilchuk H, Kashuba A, Semkiv I, Zmiiovska E. Optical properties of CdTe thin films obtained by the method of
high-frequency magnetron sputtering. Functional Materials. 2020;27(2):342-347. DOI: 10.15407/fm27.02.342.

7. Kashuba Al, Ilchuk HA, Petrus RYu, Andriyevsky B, Semkiv IV, Zmiyovska EO. Growth, crystal structure and theoretical
studies of energy and optical properties of CdTe, _, Se, thin films. Applied Nanoscience. 2021. DOI: 10.1007/s13204-020-01635-0.

8. Cortes A, Gomez H, Marotti RE, Riveros G, Dalchicle EA. Grain size dependence of the bandgap in chemical bath deposited
CdS thin films. Solar Energy Materials and Solar Cells. 2004;82(1-2):21-34. DOI: 10.1016/j.s0lmat.2004.01.002.

9. Moss TS. A relationship between the refractive index and the infra-red threshold of sensitivity for photoconductors. Proceedings
of the Physical Society Section B. 1950;63(3):167-176. DOI: 10.1088/0370-1301/63/3/302/.

10. Ravindra NM, Auluck S, Srivastava VK. On the Penn Gap in Semiconductors. Physica status solidi (b). 1979;93(2):K155-K160.
DOI: 10.1002/pssb.2220930257.

11. Hervé PJL, Vandamme LKJ. Empirical temperature dependence of the refractive index of semiconductors. Journal of Applied
Physics. 1995;77(10):5476-5477. DOI: 10.1063/1.359248.

12. Tripathy SK. Refractive indices of semiconductors from energy gaps. Optical Materials. 2015;46:240-246. DOI: 10.1016/j.
optmat.2015.04.026.

13. Ilchuk HA, Andriyevsky B, Kushnir OS, Kashuba Al, Semkiv IV, Petrus RYu. Electronic band structure of cubic solid-state
CdTe, _Se, solutions. Ukrainian Journal of Physical Optics. 2021;22(2):86—94. DOI: 10.3116/16091833/22/2/101/2021.

14. DeBell AG, Dereniak EL, Harvey J, Nissley J, Palmer J, Selvarajan A, et al. Cryogenic refractive indices and temperature coef-
ficients of cadmium telluride from 6 wm to 22 um. Applied Optics. 1979;18(18):3114-3115. DOI: 10.1364/A0.18.003114.

15. Strauss AJ. The physical properties of cadmium telluride. Revue de Physique Appliquee. 1977;12(2):167-184. DOI: 10.1051/
rphysap:01977001202016700.

16. Morell G, Reynés-Figueroa A, Katiyar RS, Farias MH, Espinoza-Beltran FJ, Zelaya-Angel O, et al. Raman spectroscopy of

oxygenated amorphous CdTe films. Journal of Raman Spectroscopy. 1994;25(3):203-207. DOI: 10.1002/jrs.1250250303.

Received 24.05.2021 / revised 31.05.2021 / accepted 31.05.2021.

ABTOPpBI:

Anopen Heanosuu Kawyoa — xanaugar Gu3nko-mareMaru-
YeCKNX HayK; CTapIIMH Hay9IHBIH COTPYAHUK Kadenpsl oomeit
¢m3ukn MHCTUTyTa MPUKIaJHON MaTeMaTHKU U (DyHJaMEHTalb-
HBIX HayK.

bozoan Buxmoposeuu Anopuegckuii — TOKTOp (HU3NKO-MaTe-
MaTH4ECKUX HayK; mpodeccop Kadeapsl MEeKTPOHUKHU (HaKyib-
TEeTa JIEKTPOHUKU U KOMIIBIOTEPHBIX HayK.

94

Authors:

Andprei 1. Kashuba, PhD (physics and mathematics); senior re-
searcher at the department of general physics, Institute of ap-
plied mathematics and fundamental sciences.
andrii.i.kashuba@lpnu.ua

Bogdan V. Andriyevsky, doctor of science (physics and mathe-
matics); professor at the department of electronics, faculty of
electronics and computer science.
bohdan.andriyevskyy@tu.koszalin.pl

B2Y — cmovennsa wemoput ﬁ/m@i&w



®du3KKa U TEXHUKA NMOJYTPOBOIHUKOB
Semiconductor Physics and Engineering

— YWYV

Tpuzopuii Apxunoseuy Hnvuyk — NOKTOp (PU3UKO-MATEMATH-
4yeckux Hayk; npogeccop kadeapsr obuieit pusuku Mucturyta
TIPUKJIAHOI MaTeMaTHKH U (yHJaMEHTAIbHBIX HayK.

Muxan ITaceykuit — TOKTOp HU3UKO-MATEMATHYECKUX HAYK; TIPO-
(eccop kadeapsl Teopernyeckoit Gpusnky hakyapreTa eCTeCTBeH-
HBIX HayK M TEXHOJIOTHIA.

Hzopb Bnaoumuposuyu Cemkue — KaHAUAAT TEXHUIECKUX HAYK;
CTapIuuii Hay4HbIH COTPYIHUK Kadenps! obuei ¢puznku NucTu-
TyTa NPUKJIAHON MAaTeMaTHKK 1 (QyHIaMEHTAIbHEIX HayK.
Poman IOpvesuu Ilempyce — xanauaaT Gpu3NKo-MaTeMaTHIe-
CKHX HayK; JTOLeHT Kadenpsl oOmei ¢usuku VHcTuTyTa 1pu-
KJIaJJHOW MaTeMaTHKH U (yHIaMEHTaIbHBIX HayK.

Hrigorii A. Ilchuk, doctor of science (physics and mathema-
tics); professor at the department of general physics, Institute of
applied mathematics and fundamental sciences.
hryhorii.a.ilchuk@lpnu.ua

Mikhal Piasecki, doctor of science (physics and mathematics);
professor at the department of theoretical physics, faculty of
natural sciences and technology.

m.piasecki@ajd.czest.pl

Igor’ V. Semkiv, PhD (engineering); senior researcher at the
department of general physics, Institute of applied mathematics
and fundamental sciences.

ithor.v.semkiv@lpnu.ua

Roman Yu. Petrus, PhD (physics and mathematics); associate
professor at the department of general physics, Institute of ap-
plied mathematics and fundamental sciences.
roman.y.petrus@Ilpnu.ua

B2Y — cnovemnss wemoprt Jaw/cw



q)I/IBI/IKA AOPA
N SJIEMEHTAPHBIX YACTUL]

ATOMIC NUCLEUS
AND ELEMENTARY PARTICLE PHYSICS

VIK 539.1.07+539.1.074.3

O IMPEAEAE TOYHOCTU ITOCTAHOBKW BPEMEHHOM METKU
ITPA PETUCTPAIINN AHHUTUAALIMOHHBIX y-KBAHTOB
CIOMHTUAAAIINOHHBIM AETEKTOPOM

M. B. KOPJKUK"

YUnemumym soepuvix npo6nem BI'Y, yn. Bobpyiickas, 11, 220006, e. Munck, Benapyceo

[TpoanaM3upoBaHO BIMSHHUE PA3IMYHBIX MPOLECCOB PEIAKCAIUH IEKTPOHHBIX BO30YXKICHUH, MPUBOAIIIMX K BO3-
HUKHOBEHUIO B KPUCTAIIMUYECKUX COCTUHEHUSAX CLUHTIWIISIMY O/ AEHCTBUEM HOHU3UPYIOLIETO U3IIyUeHHsl. YCTaHOB-
JICHO, YTO BHYTPUIICHTPOBAS pelaKcallysl 3JIEKTPOHHBIX BO30OYKAeHHI GpopMupyeT pu3ndecKuii mpeiest Uit BpeMEHHOTO
pa3pemeHns CHMHTIIIIIHOHHOTO AeTekTopa. IlyTeM MonennpoBaHus ONpe/ieNieH YHCICHHBIH MPEeie BPEMEHHOTO pas3-
pelIeHus], KOTOPBI MOXET ObITh 00ecHedyeH MpU U3MEPEHUHM MOHU3UPYIOUIETO H3IIyYeHUsS! CIUHTHIUIIIMOHHBIMU Jie-
TEKTOpaMHU. BBINIOJHEHO CpaBHEHUE IPEJEIIOB BPEMEHHOIO Pa3pelleHusl JETEKTOPOB MIPU PA3JIMYHBIX IOTPELIHOCTSIX,
BHOCHMBIX JJIEKTPOHHOM 4acThIO IETEKTOpa HOHU3UpYIoIero u3nyuenus. Ilokasano, yTo HeopraHu4ecKkue CUUHTHILISA-
LUOHHBIE MaTepHaJIbl HA OCHOBE MOHOKPHUCTAIJIOB, aKTUBUPOBAHHBIX HOHAMHU 1Iepusl, UIMEIOT Ipefen Ha yposHe 10 mc,
B TO BpeMsl KaK CaMOAKTHBHUPOBAHHbBIE CHMHTWIIISTOPHI, 00JIaJafoNIie MaIbIM BBIXOIOM M KOPOTKOM KHHETHKOW CLIMH-
TSI, — He Xyke 20 mc. JlanpHeiimee yBenndeHne BHIXOAa CIUHTWUISAINNA IPA COXPAHEHWH KOPOTKOW KWHETHKH
B CAMOAKTHBHPOBAHHBIX MAaTEpPHAIaX MOXKET 00ECIIEUUTS JIyUlliee BPEMEHHOE pa3pelieHne Py UCIIONb30BAHUY UX B JIe-
TEKTOpax B CPABHEHUH C TAKOBBIM ITPU MIPUMECHCHUHU Ce-aKTI/IBI/IpOBaHHBIX MaTrepuaos.

Knroueswie cnosa: CIHUHTUIUIATOP; BPEMCHHOC PA3PCIICHUEC; PEIIAKCALIMS; Hepﬂﬁ; BOJ'IB(I)paMaT CBHUHIIA.
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ON THE LIMIT OF THE ACCURACY OF TIME STAMP

AT THE DETECTION OF ANNIHILATION y-QUANTA
WITH A SCINTILLATION DETECTOR

M. V. KORZHIK®

*Institute for Nuclear Problems, Belarusian State University,
11 Babrujskaja Street, Minsk 220006, Belarus

An influence of the various relaxation processes of the electronic excitations causing the scintillation in the crystalline
compounds under ionising radiation is analysed. It was found that the intracenter relaxation of electronic excitations in
the luminescence ion forms a physical limit for the time resolution of the scintillation detector. The limit of the time reso-
lution, which can be provided when measuring the ionising radiation with a scintillation detector, has been established by
simulation. A comparison of the time resolution limits for various errors by the electronic part of the ionising radiation de-
tector is performed. It is shown that inorganic scintillation materials based on single crystals activated by cerium ions have
a limit of 10 ps, while self-activated scintillators with low yield and short scintillation kinetics may show results not worse
than 20 ps. It has been demonstrated that a further increase in the scintillation yield while keeping the short kinetics in
self-activated materials can provide a better time resolution in comparison with Ce-activated materials in future detectors.

Keywords: scintillator; time resolution; relaxation; cerium; lead tungstate.

BBenenue

CUMHTWUISIIMOHHBIE MaTepHallbl ChIIPAId UCKIIOYUTENIBHYIO POJib B (DOPMUPOBAHMM OOJIMKAa COBPEMEH-
HOH (u3nKH, yke 0oiee Beka OHM 00ECIIeuynBaIOT U3MEPEeHNe HOHM3UpYFoIero n3nydenus [1]. CuuHTHmIIS-
LU0 MOJKHO HaOJIOaTh B Pa3jIMYHBIX HEOPTAaHUYECKUX M OPTaHUYECKUX KPUCTAJUIMYECKUX CPeAax, XKH-
KOCTSIX, ra3ax (BKJIIO4as >KUAKHE OaropojiHbIe rasbl), oJuMepax u MetaMmarepuaiax [2]. B nannoii pabore
paccMOTpeHbl HanboJiee UCHONb3yeMble CIIMHTHIUIATOPBI — KPUCTAJUINYECKUE HEOPTaHUYECKHUE MaTepHalIbl.
OHM IPUMEHSIOTCS B LITMPOKOM CIIEKTPE MU3MEPUTEIBLHOI0 000PYA0BaHUS — OT TUTAHTCKUX YCTaHOBOK B 3KC-
MEpUMEHTAaX 10 (PU3UKE YACTHIl U BBICOKUX SHEPTUil 10 PYTUHHBIX MPUOOPOB, 0OECIEUNBAIOIINX paana-
LUOHHYIO 0€30IaCHOCTb U IKOJIOTHUECKUI KOHTPOb. B3anmonelcTBrEe MOHU3UPYIOLIETO U3IY4YEHHUS C He-
OPTraHMYECKUM CHMHTHUIATOPOM HPUBOAXT K LIEMH IPOLECCOB U B PE3yJIbTaTe K BOSHUKHOBEHUIO aHCaMOJIS
BO30YyK/ICHHBIX JIOMUHECIICHTHBIX LEHTPOB. DTH MPOLECCH COCTABIISIOT KHHETHKY CLUUHTUIIISILINN, KOTOpast
B COBOKYITHOCTH C BBIXOAOM CLUUHTWIISIIMU (POPMHUPYET OCHOBHBIC IT0JIb30BATEIBCKUE NTAPAMETPhl CLIUHTHII-
JSIIMOHHBIX JIETEKTOPOB — BHEPreTUYECKOEe U BPEeMEHHOE paspelleHus. Eciau sHepreTuyeckoe paspelieHue
IPU PEruCTPALMM Y-KBAaHTOB 3a cyeT (DOTOMOMIOLICHUS, WK 3apsDKEHHBIX YacTHI[ 3@ CYET HMOJIHOIO IOIIOo-
LIEHKs], WM 00pa30BaHus Map € € C UX JaJbHEHNIeH aHHUTHIISIMEN 11t GONBIIMHCTBA MATEPUATIOB OTHCHI-

Y
aHAJTMTHYECKON BaBI/ICI/IMz)/CTFI/I U 00yCIIOBJIEHO KOMOMHAIMEH Pa3IUYHBIX NMAapaMEeTPOB CUUHTUIUISILIMOHHOTO
UMITYJIbCa U HUCIOJIB3YEMBbIX 3JIEMEHTOB ITPeoOpa30BaHMsl ONTHYECKOTO CUTHAJIA B AJIEKTpUUecKui [3].

[ToTpeOHOCTh B BHICOKOM BPEMEHHOM pa3pelicHHH 0003HAaYMIIaCh B TIOCIIEIHEE JICCSITUIICTHE, KOTa CTajIo
SICHO, YTO OyAyIllee IKCIICPUMEHTAIbHON (DPM3UKH BBICOKUX SHEPIHI CBSI3aHO C YBEJIIMUCHUEM CBETHUMOCTH KOJI-
JIalJIepOB U YaCTOTHI CTOJIKHOBEHHSI HIMITYJIBCOB 3apsKEHHBIX 4acTHLl. OCHOBHBIMH JETEKTOPAMH B TAKUX MHOI'O-
CJIOWHBIX UCCIIE0BATEIbCKUX YCTAHOBKAX SIBIISIOTCS ANICKTPOMArHUTHBIC KAJIOPUMETPBI, TJIe IPOALYKThI B3aUMO-
JIEHCTBYS SIEKTPOMATHUTHOM IPUPOIBI 00pa3yIoT Mapsl € € U Jalee aHHUTUIAIMOHHBIE Y-KBaHTHI (511 k3B).
Takke cTano 04eBUAHO, YTO YAyUIICHHE IIPOCTPAHCTBEHHOIO PA3pELICHHsI H300paKeHNH, OIy4aeMbIX C T0-
MOILBIO TO3UTPOHHO-3MHUCCHOHHON Tomorpaduu (I13T) uenoseka, HanPsIMyIO 3aBUCUT OT BPEMEHHOTO pa3pe-
LIEHHs] COBNAJCHUH aHHUTMIIALIMOHHBIX Y-KBAaHTOB IPOTHUBONOIOKHO CTOSAIIMX JeTeKTopoB B I1DT-ckanepe.
TakuMm 00pa3oM, perucTpauys AaHHUTHSIIMOHHBIX Y-KBAHTOB C BBICOKMM BPEMEHHBIM Pa3peleHUEM CTaHo-
BUTCSI BOCTPEOOBAHHOM, B CBSI3M C YE€M MPOSICHEHHE IPAaHUYHBIX BO3MOKHOCTEH CLHUHTHIUISILIMOHHBIX JICTEK-
TOPOB NP UX PETHCTPALUN SABISIETCSA aKTyaJIbHOM 3a1auei.

BAC€TCsA 3aBUCUMOCTBIO ~ , TIC Y — BoIxOnI CUMHTHUJUIAIMHN, TO BDEMEHHOC pa3spClICHUEC HE NUMECT HpOCTOfI

BpemenHoe pa3penienne CHHHTHILUISIIHOHHOTO I€TEKTOPA

B texnuxe ACTCKTUPOBAHUSA NOHU3UPYIOILICTO U3ITYUYCHHUS 104 BPEMCHHBIM pa3peluICHNUEM, KaK IIpaBUJIo,
IMOHHUMArOT TOYHOCTH IMOCTAaHOBKH BpeMGHHOﬁ MCTKHU IIPpU pETUCTPAIU CANHUYIHOTO CHUHTUIIALIUOHHOT'O
UMITyJibCa. Bce wactu JACTCKTOpAa, Ha4YUHAd C (l)OTOHpI/IeMHI/IKa, y4dacTByrOmue B npe06pa30BaHHH CIIMH-
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TUJUIAUOHHOIO MMITYJIbCA B MJIEKTPUYECKUN CUTHAJ, BHOCAT BKJIAJ BO BPEMEHHOE pa3pelleHue O,, KOTOpoe
MOXHO (hOpMaTM30BaTh KBAIPATUYHONH CYMMOM Pa3IMYHbBIX WICHOB [4]:
Gtzcsc@(sd@oe@cps,

e ,, 0,1 O, — IPOKAHUE TAKTOBOM YaCTOTHI, OIM()POBKHU U HEKTPOHHKU COOTBETCTBEHHO; G, — BKJIAJ| llyMa
(oromarumka npu 3aaHHON Temrieparype. CoBpeMeHHOE COCTOSHUE DIIEKTPOHUKHU U (DOTONATIYMKOB, HATIPH-
Mep KPEMHHUEBBIX (DOTOYMHOXKHTENEH, 00ecreunBaeT J0CTaTOYHO Majble 3Ha4eHus G, O , O,, G (Ha ypoBHE
10-20 nc kaxmoe). He uckiroueHo, 4yTo B Onmkaiinee AecSITUICTHE OHU OyIyT CHIDKEHBI /IO €IWHUI] THKO-
CEKYH/I MJIN JIa)Ke MEHBIIIE.

Jis moCTHKeHHsI BBICOKOTO BPEMEHHOTO pa3penieH s IPUHITUIHAIFHO BaKHOU siBisieTcst (hopma (poHTa
CIMHTHUIAIIMOHHOTO UMIYIIbCa, MOTAIA0IIero Ha OKHO (oTorprueMHrnKa. CBETOBOW UMITYIIBC IO JOCTHKE-
HUS OKHA (DOTOTIPUEMHHKA MTPETEPIIeBACT HCKAYKEHHSI BCIIS/ICTBUE PACTIPEICTICHHS JJIUH MPOOeTa ONTHIECKIX
(hOTOHOB B CIIMHTHIJUISIIUOHHBIX 3JIEMEHTaX KOHEYHBIX pa3MepoB. OOBIYHO MHHUMU3AIUS HCKAKEHHH 33 CUET
cBeTOCOOpa JOCTUTACTCS ITyTEM UCTIONB30BaHUS TOHKHX CJIO€B CIIMHTHILISTOPA WX, HA000POT, JUTMHHBIX JJ1e-
MEHTOB MaJIOTO CEUeHUs (CBETOBOJIOB). B 3TOM cilyuae MIMEHHO CKOPOCTh 3aCEIICHUS H3IIy4aTelIbHOTO COCTOS-
HUSl JIIOMAHECIIEHTHOTO IIeHTpa (opMupyeT (PPOHT CHMHTHUILIAIIUOHHOTO UMITyIbcea (Tadu. 1).

Tab6auma 1
IMocaenoBaTe bHOCTH MPOLECCOB H UX XapaKTepPHbIE NINTEIHLHOCTH
NPH B3aUMO/IEHiCTBUH HEOPTAHHYECKOT0 KPHCTAININYECKOT0
CHUHTHJLIATOPA ¢ y-KBaHTamu 511 k3B
Table 1

The sequence of processes and their characteristic durations
in the interaction of an inorganic crystalline scintillator with 511 keV y-quanta

XapakrepHoe
Ne i/m daza P P Cchuika
BpeEMs, I1C

1 doTornomolieHne Y-KBaHTa, IOTEPH SHEPTUU (POTOIIEKTPOHOM 0.1-1.0 3]
Ha MOHM3ALHIO U TepMaIu3alis HEpaBHOBECHBIX HOCUTEIEH 7

2 Co3nanne ancamOist BO30YKJICHHBIX JIIOMHHECIIEHTHBIX IIEHTPOB 0,1-100,0 [2]

3 BHyTpunieHTpoBas penakcanys U 3aCeIeHUe N3ITy4aTeIbHOTO 05 [5]
COCTOSIHUS JIIOMUHECIIEHTHOTO LIEHTpa ’

ITpomeccsl 1 1 2 cymecTBEHHO 3aBHUCST OT CBOIMCTB Mareprasa 1 MeXaHU3Ma CO3/IaHus aHcaMOmIs BO30y XK IeH-
HBIX TIOMUHCCHCHTHBIX LICHTPOB, X UIMTCJIbHOCTb BAPbHUPYCTCA B HIMPOKUX ITPEACIIax U ABJIACTCA IPEAMETOM
ONITUMHU3AIIUN MaT€puajia I1jid JOCTHKCHNA HaAWTYYINX SKCILUTYaTallMOHHBIX XapaKTECPUCTHUK. BHYTpI/IHeHTpOBaSI
pernakcanusi, 00yCIOBIMBAIOIIAs 3aCEICHIE N3TyJaTeIbHOTO COCTOSHHUS JTIOMHHECIIEHTHOTO IIEHTPA, B CBOIO
odepesib, 00yCIOBICHA IPUPOAOH IIOMUHECLICHTHOTO ieHTpa. {71t Hanbosee pacpocTpaHEHHOTO aKTHBATOP-
noro nona Ce”’ ona cocrapser 0,5 mc [5], 4To 0ObACHAETCS Pa3BUTOCTHIO MEKTPOHHBIX YPOBHEH HOHA, BIOIb
KOTOPBIX MPOMCXOUT pellaKkcallysi 3a CYeT SICKTPOH-(POHOHHOTO B3aUMOIeHCcTBUS. ISl caMOaKTHBUPOBAaHHBIX
CHUHTUIIIATOPOB, I'I€ JIIOMUHCCHCHTHBIMU LHECHTPAMU SABJISIIOTCSA OKCUAHWOHHBIC KOMILICKCHI (KaK, HarpuMep,
B PbWO, [2]), obnanaroriye pa3BUTON CTPYKTYPOI 3JIEKTPOHHBIX COCTOSHUMN, CI€AYET OKUIATh TAKOIO XK€ IO-
PSi/IKa JUTUTENFHOCTH BHYTPHULIEHTPOBOM penakcaryu. TakuM o6pa3om, BHYTPUIICHTPOBAs! PeIaKCaIys SBISETCS
TeM (aKTOPOM, KOTOPBIH (OPMHUPYET Mpeaesl CKOPOCTH 3aCEJICHNS M3ITy4aTelIbHOTO COCTOSIHUS U, CIIEI0Ba-
TEJIBHO, MPEACII TOYHOCTHU IMOCTaHOBKHU BpeMeHHOfI MCTKHU IPU PETUCTpaAU aHHUTUIIAIUOHHBIX 'Y-KBaHTOB
JETEeKTOPOM Ha OCHOBE CLHMHTHJUISIIMOHHOTO MaTepHaa.

I[OCTI/I)KI/IMZIH TOYHOCTDb IMMOCTAHOBKH BpeMeHHOﬁ METKH
AJISl PA3JIHYHBIX TUIIOB HEOPTraHUYECKUX CHUHTUIIJIIATOPOB

Bynem cumrarh, 4TO MapluanbHas OMMOKA, BHOCUMAS 3JICKTPOHHON YacThIO JICTEKTOPA, U MaplyaibHas
omunOKa BCIEACTBHUE TpaH3UTa (POTOHOB K OKHY (HOTOAETEKTOpa MPEeHEOPEeKUMO Malbl (K1 11c), a pa3Mephl
CIMHTHJUISIIMOHHOTO KPHCTAIIIA JIOCTATOYHO MaJIbl, YTO JAeT BOBMOXKHOCTh MMPEHEOpEeYh NapIHaibHON ONIno-
KOM, CBSI3aHHOM ¢ (PIIyKTyalMsMu MOJOKEHHS TOUKH SHEPTOBBIJICICHUS B KpHCTaIie. B KauecTBe CIIMHTHII-
JSIIMOHHBIX KPUCTAIJIOB PACCMOTPHUM TPH THUIA CHUHTHIUIATOPOB C MTapaMeTpaMHM 3aTyXaHUsl KWHETHKHU T,
Y BBIXOA CIUHTIIIIAIINAN, OMIM3KAMHA K peaThbHO MCTIOIB3yeMBIM KpucTaymiaM (Tadm. 2): 1 — marepua, O6am3-
kuii kK kpuctaity (Lu—Y),SiO5:Ce [6], mupoko ucnonszyemomy B npoussonctse I[19T-ckanepos; 2 — He-
JaBHO pa3paboraHHbIi KpucTammuueckuil Marepuan (Gd—Y);Al,Ga;0,,: Ce [7], KOTOpBIH UMEET XOPOLIYIO
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NAAZ
HEePCIEeKTUBY Ul IPUMEHEHHS B LEJIAX PErHCTPALl HEUTPOHOB BBICOKUX 3Hepruii; 3 — PbWO,, sapusto-
HIMHACS TIOCTIeTHe BepCcHel MIMPOKO MCIIONb3yeMOTo B (pU3MKe BHICOKMX DHEPTHH MaTepHualia ¢ YCKOPEHHOM
KUHETUKON cunHTUIIAMiA [2]. [Ipu 3ToM Oyznem cuurarh, 4TO BpeMsi HapacTaHUs T, CUUHTHULILIUN AT Beex
KpPHUCTAJUIOB 00YCIIOBICHO BHYTPHUIICHTPOBOM penakcarueit 0,5 mc.

Tabnuma 2

HapameTpu CHUHTUWIJIAIHOHHBIX
KPHUCTAJJIOB 1J11 MOACITUPOBAHUSA

Table 2
Parameters of scintillation crystals for modelling

IMapameTpsr Marepuaisl
1 o) 3
T,, IIC 0,5 0.5 03
T 1 39,0 53,0 0.8
Y, gor/MaB 30 000 53 000 200

HOpumeuganue. por/MsB — poronos Ha 1 MaB.

(DopMa CBCTOBOI'0 COHMHTHJIAIMOHHOI'O MMITYJIbCa U alliaparypHas (I)OpMa OTKJIMKA SHCKTPOHHOﬁ qyacTu
ACTEKTOpa 6y,[[yT OIIUCHIBATHCS q)yHKHI/IHMI/I

t—1 1—1
exp| — ’Cdo —exp(— p 0

Td_T

/()=

t—1ty),

r

rac fy, — MOMEHT BPEMEHU IIOITIOIIICHMUSA Y-KBAaHTaA, 9 t—1, — HKIOUA XeBﬂcaﬁﬂa.
0 p Y 0 M

dopMa CHMHTHIUIIIHOHHOTO HMITYJIbCA TIOCIE PETUCTPALu CUIHala (OToJeTeKTOPOM B 00pabOTKU aHa-
JM3UPYIOUICH 2JIEKTPOHUKON MOXKET OBITh TOJTyYeHa TPU MIOMOILH CIICTYIOLIETO BBIPaKCHUSI:

s(t):_T F(0)g(t - 1)t =

o7 +2(~t+1y+ A1y
1 2
=——|¢ e 1—erf
2(t,-1,)
ol +2(~t+1y+ 4,1,

2
—e 2% 1—erf

o +(-t+1t,+A,)1,

ot

2
o, + (—t+1, +A,)T,
b
V2o,1,
e A, — cpeiHee BpeMsi 3a€PKKH IEKTPHIECKOTO CUIHAJIA ONTOIEKTPOHHOM YacThio JIETEKTOpa, A, > G,

Ucnone3ys Beipaxkenue (1), MOKHO MONYYUTh TUIOTHOCTh PACTIpENeNICHHsS] BDEMEHHOW METKH PEerucTparuu
COOBITHS C TIOPOTOM JETEKTUPOBAHUS B 1 (OTOH:

pi(t)=(1=N ()8 (1),

t
roe N (t) = IS (‘c)d‘c — MHTETPUPOBAHHBIN CUTHAI; 1) — KBAHTOBast 9P PEKTUBHOCTD QPOTO/IETEKTOPA; ¥ — CBETO-

(1

)
BBIXOJl KpUCTAILIA; K\ — SHEPIUsl Y-KBaHTA.
TO'-IHOCT]) IIOCTAHOBKH BpeMeHHOI\/’I METKH MOXCET 6BITI) paCCT-II/ITaHa KaK KOpeH]) KBaIIpaTHBIﬁ u3 I[I/ICHep-

cu (4 /D[ts ]) CITy4aiiHOM BEJIMUUHEI £, C IIIOTHOCTBIO PACIIPEETICHHS ps(ts ) 3aBUCHMOCTb , /D[ts] OT CBETO-
BBIXOJIa [UIs TpeX MaTtepuaos (cM. Tabin. 1) npu 6,=1nc u 6,= 17 nc un = 50 % npexacrasiieHa Ha PUCYHKE.
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3aBUCHMOCTH D[ts] OT CBETOBBIXO/1a A7 MaTEPUAJIOB C HapaMeTpaMH T,., T,, IPUBEICHHBIMU B Ta0I. 1,
OT BBIXOJIa CUMHTUILIANUH 11pu 6, = 1 1ic (@) u 6,= 17 nic (6) um = 50 %.
Touku Ha KaXXJOU KPUBOU COOTBETCTBYIOT 3HAYCHUIO 4 /D[tx]
JUISL CBETOBBIXOZIA M3 Ta0M. 1 JuIst TaHHOTO KpUCTalIa

Dependence of /D[ts] on the light yield for materials
with the parameters T,, T,, given in table 1, on the scintillation yield
ato,=1ps (a) and 6,= 17 ps (b) and n = 50 %. The dots on each curve indicate

the , /D[tx] value for the light output from table 1 for that crystal

BriBoanl

[TomyueHHble pe3yabTaThl MO3BOJISIIOT CAENATH BBIBOJ O CYILIECTBEHHOM BIIMSIHUM BBIXOIA U KUHETUKH CLIMH-
TWIISILAN Ha MPEeTbHOE BPEMEHHOE pa3pelleHne, oIydyaeMoe ¢ pa3InIHbIMUA TUIIAMH CIMHTHIUIAIIMOHHBIX
MarepuanoB. PaccMoTpuM J1Ba THIA CHUHTWIIISTOPOB, UMEIOIIMX XapaKTepHOE BpeMs 3aTyXaHUs KMHETHUKH,
Oonblliee (JUIMHHASI KWHETUKA) U MEHbIIee (KOPOTKasi KHHETHKA), YeM BPEMEHHOM MHTEPBaJl MEXK/y CTOJIKHOBE-
HUSMHM B KoJLIaiaepe.

AKTHBUPOBAaHHBIE CLUUHTHWILIATOPBI, HECMOTPSI HA OTHOCHUTEBHO JIMHHYIO KHUHETHKY CLHMHTHIULSILNHN, MO-
ryT o0ecneuynBarh BEICOKOE BPEMEHHOE pa3pelleHre — MeHee 15 TIC MpH COBPEMEHHOM YPOBHE SJIEKTPOHUKH.
[Ipu nanpHeleM COBEPIICHCTBOBAHUY MNIEKTPOHHOM 4acTU I€TEKTOPOB U JOBEIEHUU O, 10 ~1 IIC rpaHUYHBIM
3HAUCHHMEM SIBJISIETCSl YPOBEHB 2 TIC MpH BbIXoAe cunHTHILnui He MeHee 100 000 ¢pot/M»aB. Bmecte ¢ Tem
JIOCTUTHYTBIE K HACTOSIEMY BPEMEHU 3HaueHus o, ® G, , rie O, — omndKa, BHOCUMAas CHUHTHILUIATOPOM
B TOYHOCTH MTOCTAHOBKH BpeMeHHOH MeTkd, HeMHoTuM Hike 100 mic [8]. Takum oOpa3zom, MOXKHO yTBEPK-
JlaTh, YTO CO3JaHKME aHCaMOJIsl BO30YK/ICHHBIX JTIOMUHECIIEHTHBIX LIEHTPOB SIBISIETCS OCHOBHBIM IIPOLIECCOM,
OTPaHUYMBAIOLIMM BPEMEHHOE pa3pelIeHUe JEeTEKTOPOB, UCIIOIB3YIOIUX TAKHE MaTepUaIbL.

Jisi caMOaKTUBUPOBAHHBIX CIMHTHIUIATOPOB, HAHOOJIEe YacTO MPUMEHSIEMBIX B 9KCIIEPUMEHTaX Ha KOJI-
naiinepax [9; 10], xapakTepHa KOpOTKasi KUHETUKA C OBICTPHIM BPEMEHEM BBICBEUHMBAHUS CIUHTHIUIALIUAN —
menee 10 He. YkopoueHre BpeMeHN KHHETHKH CIMHTIIIISAINN 10 3Ha4eHUI B CyOHAaHOCEKYHIHOM JIHana3oHe
Jake TIpu HeOOTBIIIOM BEIXoe Ha ypoBHE ~200 ¢ho1/M»dB nemaer mocTmkuMoe BpeMEeHHOE pa3pelIeHne BCETo
JHIIb B 2—3 pasa XysKe, YeM Ul JeTEKTOPOB Ha OCHOBE MAaTepHallOB, NMEIOIINX BBIXOJ Ha 2 TOPSIIKa BHILIE.
B camoakTHBHPOBaHHBIX CUMHTWUIATOPAX CO3aHue aHcamOIsi BO30Y>KACHHBIX JTIOMUHECIEHTHBIX LIEHTPOB
orpezensieTcss BpeMeHeM (OPMUPOBAHUS MOISIPOHHBIX COCTOSIHUH [2], TOKaIM3YIOIMXCS HAa OKCHaHUOHHBIX
rpymmnax, o0pasyronmx KpUcTaul. ITo MOYTH MCKIIoYaeT BKIaA Au(y3nu B 3aTsSTHBaHKE MTpolecca co3a-
HUS aHcaMOms. B okcrieprMeHTax Ha yCKOPUTENAX CYIIECTBEHHBIM SBIISETCS PaaUallOHHBINA (POH, KOTOPBIN
(hopMHpYyEeT MOBBILIEHHBII NOPOT PErUCTPALK CLUUHTHIUIALIMOHHBIX UMITY/IbCOB. 110 3T0# npuunHe cokparie-
HUE KHHETUKHU CLHMHTHIUIALUHI AJIS TAKUX MaTepHUasioB, 00yCIOBIMBAIOLIECE YBETUUECHHE aMIUIUTYIbl HMITYJIbCa
U, KaK CJIEICTBUE, OBICTPOE MPOXOKJICHNE YPOBHS MOPOra, 00eCIeuruT NpueMiieMoe BpEMEHHOE pa3pelieHne
MEPEKPHIBAIOIINXCS COOBITHI B3aMMOACHCTBHS B IyUKaX, CTAIKUBAIOIIUXCS B 00JIACTH KOHEYHOH JUIHHBI.

B 3axitodueHue clienyeT OTMETUTbh, YTO Jaxe HpHU Bbixonae cuuHTILIAIME ~1000 ¢po1/MaB camoakTuBH-
POBaHHBIM CLMHTHIUIATOP U3 ceMeiicTBa Bojb(pamaTa CBUHIIA C BpEMEHEM BBICBEUMBAHU Kopoue 1 HC gaer
Jydlliee BpEMEHHOE pa3pelieHue, YeM JIF00OH U3 CYLIECTBYIOUINX U HOTEHLIMAIbHO BO3MO)KHBIX aKTUBHPOBaH-
HBIX CUUHTHIUIATOPOB. Takoil CUMHTHIIATOP 00eCHeYnT Ha TOAbI BIepe]l HOTPEOHOCTH IKCIIEPUMEHTAIbHON
paboTel Ha Komtaiiaepax cemeiictBa FCC, koTopble IIaHUpyeTCsl BBECTU B dKCIUTyaraluio B EBponeiickoit
opranuzanuu 1o siaepusiM uccnegoanusm (LIEPH) mocne 2040 r.

100 T
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