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AND NANOTECHNOLOGIES

VK 669.25:621.762.24

NCIIOAB3OBAHMUME ITOBEPXHOCTHO-AKTHUBHbBIX BEIIECTB
AASA CUHTE3A KAYECTBEHHbBIX HAHOIIOPOIIIKOB
T'MAPOKCUAHOI'O 1 METAAANYECKOTI'O KOBAABTA

B.M. HT'YEHY, T. X. HTYEH?, C. B. TOPOEUHCKHH>

DTexnonoeuueckuii uncmumym, yn. Kayeone, 3, 100000, 2. Xanoti, Boemuam
I ocyoapcmeenmblll mexHuyeckuil yHueepcumem um. Jle Ky Jloua,
ya. Xoanekyoxevem, 236, 100000, e. Xanoii, Bbemnam
) Hayuonansmoiii ucciedosamenbekuii mexHoio2ueckui yuugepcumem « MUCuCy,
np. Jlenunckuii, 4, 119049, . Mocksa, Poccus

Hanonopomxu (HIT) Co(OH), nomy4ann METO10M XMMHUYECKOTO OCaKIACHHUS U3 BOJHBIX PACTBOPOB HUTpATa KOOAb-
ta Co(NO;), n menoun NaOH (10 mac. %) ¢ nobaBieHneM MoBepXHOCTHO-aKTUBHBIX BellecTs (IIAB) — nogenuncyib-
tara Harpus (ACH) u unermwmupuauaus xiopuna (L{I1X) (0,1 mac. %). He3aBucuMO OT yCIIOBUIT TIONTYYECHUS YaCTHIIBI
Co(OH), umeroT BUJ 4YellyeK HeNpaBUIbHOW (OpMbI U 00IaJaloT pasMepoM B HAHOMETPOBOM AuanasoHe. ITokasaHo,
4yTO HanboJsee Ka4eCTBEHHBIH MpoayKT npencrasisier codoit HIT Co(OH),, cunTe3npoBanHblii ¢ ucrons3oBanueM 0,1 %
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HanomaTepuajibl H HAHOTEXHOJIOTHH
Nanomaterials and Nanotechnologies

JICH, Tak Kak ero JUCIepCHOCTb yBeJIHMUMBaeTCs 0ojiee yeM B 2 pa3a Mo CPaBHEHUIO ¢ 00pa3laMu, OCaKACHHBIMHU B TIPH-
cyrcteun 0,1 % LI1X u 6e3 nobasnenus [TAB. menHo oH ObUT BeIOpaH it cunTe3a HIT MeTamueckoro kobasnsra.
Yeranosneno, uro gt HIT Co, nonyuennoro BogopoausiM BoccranosiaeHueM HIT Co(OH), ¢ 0,1 % JCH npu 280 °C,
MaKCHMYM Ha THCTOTpaMMe pacHpeesIeHHs] YacTHI TI0 pa3MepaM Haxonutcest B uHTepBase 41-50 M. JlanHblil 0Opasen
XapaKTepU3yeTCs Y3KUM paclpeelIeHIeM YacTHUI TI0 pa3MepaM | MPEACTaBsaeT co00i CIeKIHUecs APYT ¢ APYTOM dac-
THUIIBI ChepruIecKort (POPMEI.

Knrwueswvie cnosa: HaHOIIOPOIIOK; KOGaJ’ILT; TUAPOKCU KO6aJ'H)Ta; XUMHUYECKOC OCAKACHUEC; TIOBEPXHOCTHO-AaKTUBHOC
BCIICCTBO.

APPLICATION OF SURFACTANTS
FOR THE SYNTHESIS OF QUALITATIVE HYDROXIDE
AND METALLIC COBALT NANOPOWDERS

V. M. NGUYEN®, T. H. NGUYEN", S. V. GOROBINSKY ¢

nstitute of Technology, 3 Cau Vong Street, Hanoi 100000, Vietnam
°Le Quy Don Technical University, 236 Hoang Quoc Viet Street, Hanoi 100000, Vietnam
National University of Science and Technology «MISiS», 4 Leninsky Avenue, Moscow 119049, Russia

Corresponding author: T. H. Nguyen (htnru7@yandex.ru)

In this work, Co(OH), nanopowders (NP) were obtained by chemical precipitation from aqueous solutions of cobalt
nitrate Co(NOj;), and alkali NaOH (10 wt. %) using surfactants — sodium dodecyl sulfate (SDS) and cetylpyridinium chlo-
ride (CPC) (0.1 wt. %). Regardless of the preparation conditions, the Co(OH), particles have the form of flakes with an
irregular shape and have a size in the nanometer range. It was shown that Co(OH), NP obtained with the addition of 0.1 %
SDS is the best quality product, since its dispersion increases by more than 2 times as compared to the samples obtained
in the presence of 0.1 % CPC and without surfactants. The Co(OH), NP synthesized under the condition of adding 0.1 %
SDS was chosen to obtain metallic cobalt NP. It was found that for the Co NP sample obtained by hydrogen reduction of
Co(OH), NP with 0.1 % SDS at 280 °C, the maximum on the histogram of the particle size distribution is in the range
41-50 nm. The obtained Co NP is characterized by a narrow particle size distribution and represents spherical particles
sintered with each other.

Keywords: nanopowder; cobalt; cobalt hydroxide; chemical precipitation; surfactant.

BBenenue

B nacrosimmee Bpems pacmmpsiercs mpakTuaeckoe npuMeHneHne Hanonopomrkos (HIT) Ha ocHoBe meTaiios,
TIOCKOJIBKY OHU XapaKTEePHU3YIOTCS KOMIUIEKCOM aHOMAJIbHBIX (PU3NKO-XMMHUYECKUX MapaMeTpoB: MeXaHU4Ie-
CKUX, aJICOPOIIMOHHBIX, KATATUTHIECKUX, TEIJIOBBIX, ONTHIECKUX, ANMEKTPOMarHuTHEIX U jap. [1-3]. B gact-
HOCTH, 0COOBII HHTEpec npescTaniset nonydenue HIT meranmmiaeckoro kobanbTa ¢ 3alaHHBIMU CBOHCTBAMH,
KOTOPBIE OIPEENIOTCS MPEeXIe BCero Mop(osiorneii U ANCIIEPCHOCTHIO YaCTHIL, JJISl HCIIONb30BaHMs B Ka-
YECTBE JHCIIEPCHO-YIPOUHSIONIEH CBSI3KM MPH M3TOTOBIEHUHU aJIMa3HOTO MHCTPYMEHTA, HAHOCTPYKTYPHBIX
TTOKPBITHH, IPUCATOK K MAIITMHHBIM MacliaM, JIeTUpYyIomux 100aBok [4—10]. PerynupoBanne TaHHBIX CBOWCTB
MOKET OCYIIECTBIATHCSA MyTeM MPUMEHEHHs TIOBEPXHOCTHO-aKTUBHEIX BemiecTB ([IAB) B xone momyuenus
HII n u3MeHeHns TakuxX mapamMeTpoB CHHTe3a, Kak KOHIIEHTpalus, Temrneparypa u gasienne [11]. Kpome
TOTO, IPUCYTCTBRYIOIHKE B pacTBope [TAB MoryT oka3piBaTh CHIIbHOE BIMSHUE HA MPOLECC KPUCTAITHU3AIIH.
B 3aBucumocTy oT pHUPOABI OHM CHOCOOHBI U3MEHITh CKOPOCTh OOpa30BaHMS M POCTa 3apOJBIIIeH HOBOU
(hassl, pactipenenenne HaHowactull (HY) mo pasmepawm, a Taxxe hopmy kpuctaiios [12; 13].

[Homygyenne HIT Co ocymecTBisieTcsi pa3nuYHBIMHA CIIOCO0AaMU, OONBITNHCTBO M3 KOTOPBIX XapaKTepH-
3YIOTCS PSJIOM HEIOCTATKOB, TAKMX KaK IMOHW)KCHHAss MPOW3BOIAUTEIEHOCTh M BBICOKHE 3aTparhl dHEP-
ruu [14-16]. XUMHUKO-METaIITyprUdecKuii METO, BKIIOYAOIINN B ce€0s 3Tarbl XUMHUECKOTO OCaXKICHUS
KHCIIOPOJICOIEPIKAIINX COSTUHEHNH METAIJIOB W BOIOPOTHOTO BOCCTAHOBIICHUS TIOJTYYEHHBIX COCTUHEHHIA,
TIPEJICTaBIACTCS BEICOKOA(D(DEKTUBHBIM C TOYKH 3PEHUSI YKOHOMUH YHEPTHH, a TAK)KE BO3SMOKHOCTH YTHIIH3A-
MU TIPOMBITINIEHHBIX OTXOJIOB B KQUECTBE UCXOIHOTO CHIPhS M PETYIUPOBKH pa3MEpPHBIX XapakTepucTiuk HY
METAJJIOB B X0fl€ UX nosydenus [15; 17].
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B cBA3u ¢ 3TUM aKTyaJIbHOM 3ajadeil sBIsIeTCs M3ydeHHe BIMsSHUS pazanuHbix [TAB Ha coiictBa HII
Co(OH),, noiayueHHOro METOJOM XUMHYECKOIO OCAXCHUS, B LIEJISIX YMEHBIIEHUS arperalui U JOCTHKEHHs
BBICOKOM JTCIEPCHOCTH U 3a1aHHOI Mopdosorun yactun Co(OH),, 4to no3BonuT BeIOpaTh kauecTBeHHBIH HIT
Co(OH), st cunresa HIT Co BogopoaHbIM BOCCTAHOBIEHUEM U 00ECIIEUUT CHUKEHUE 3aTpaT SHEPIUU U ChIPbL.

MaTepna.m)l U METOAMKH IKCIIEPUMEHTA

Oo6bexramu uccnenosanus Boictynanu HII Ha ocnose kobansra (Co(OH), n Co), momydeHHbIe METOIOM
XMMHYECKOTO OCXKICHUS C MPUMEHEHHEM pa3nuuHbiXx [IAB u mocnenyromum HU3KOTeMIeparypHbIM BOJIO-
POIHBIM BOCCTAHOBJICHUEM.

HcxonupiMu marepuanamu i cunre3a Co(OH), sensiucsh conb Co(NO,), - 6H,0 («u. 1. a.») u 1menoub
NaOH («u. 1. a.»). PactBopuTesnem ciyxuiia JUCTHUTUPOBAHHAS BOJIA, TTOIYYSHHAsI C TOMOIIBIO TUCTUILIATOPA
J12-10 (OO0 «3aBox “OnexrpomenodbopynoBanue’y, Poccus).

Ocaxnenue npexypcopos Co(OH), npoBoaunu U3 BOJHOIO pacTBOpa CONM HUTpaTa KOOAIbTa IEJI0UYbO
O peakinuu

Co(NO;), + 2NaOH = Co(OH), + 2NaNO;.

B kauectse ITAB 6butn BoiOpans! LIIX (C,H;;CIN) u ACH (C,H,sSO,Na), Tak kak oHM HDpUHAAJIE-
KaT K pa3HBIM KJilaccaMm Io Xapaktepy auccormanuu [18]. Mcxons u3 nureparypHbix maHHbIX, [IAB mobas-
JISUIM B UCXOAHBIE PACTBOPHI PEAreHTOB, a TAKXKE B PEAKLIMOHHBIN COCY/ NEPE]] OCAKICHUEM B KOHLICHTPALUU
0,1 mac. % [13; 19; 20]. dnst cpaBaenus Co(OH), Taxske Ob11 momyden 6e3 nobasnenus [1AB.

Ocaxnenue mposoamn B peakrope cuctembl AIIK «Hanoxum» (HUTY «MUCuCy, Poccus) (puc. 1) mpu
KoMHaTHOH Temneparype, pH 9,0 u HenpepbIBHOM NepeMeIBaHuM. PacTBOphI B peakIIMOHHBIN cOCy[l moja-
BaJIM C TMIOMOILBIO 103aTOPOB CO CKOPOCTHIO, 0OecnednBaroleil mocroaucTso pH peakiuonHoii cpeast. Kont-
ponb pH ocymectBismn pH-merpom mapku «3Jkcriept 001» (OO0 «3OxoHnkc-Okcnept», Poccust), morperni-
HOCTb u3MepeHuit cocrasisuia +0,03.

Kommnerorep
| DnekTpuyecKas Memaika
PaCTBop ﬁ PaCTBop
CcOJIn PN IEJI04YX

Ho3zarop 1 JHo3zatop 2

Boponka broxuepa

|

Peaxrop

oo
oo

H,0 + NaNO, pH-wetp

Puc. 1. Cuctema ams cuntesa rugpokcuaoro npexypcopa Co(OH),
Fig. 1. System for the synthesis of a hydroxide precursor Co(OH),

[omyueHHBIE OCaIKN THIPOKCHIOB TIPOMBIBAIN AUCTUINTUPOBAHHON BOJON METOIOM JICKAHTAIIMH JIO TTOJI-
HOW OTMBIBKH HOHOB PacTBOpeHHOM conu. [10THOTY OTMBIBKHM KOHTpOIHpoBaiu o pH pacTBopa Hai 0CaKoOM.
3areM ocaJ K CyLIMIIM IPU KOMHATHOW Temneparype B Teuenue 48 4. Beicymennsiii Co(OH), uamensuanu Ha
MmespHULe-ctynke Pulverisette 2 (Fritsch, I'epmanust). [lomyuennsiit HII Co(OH), ucnons3oBanu aas naib-
HEHUIIero UCCIeI0BaHMS.

@da30BbIil COCTaB U CTPYKTypa 00pa3IloB HCCIEI0BAIUCH METOIOM peHTreHoda3oBoro aHaimsa (PDOA) Ha
mudpakromerpe Judpeii-401 (AO «Hayunsie nmpudopsr», Poccust). Pazmep n hopmy HY uzyganu metomamu
COM wu II9M Ha ycranoBkax JSM-6700F (JEOL, Slnonus) u LEO 912 AB OMEGA (Carl Zeiss, I'epma-
HUS) COOTBETCTBEHHO. BennunHa yneiapbHONH MOBEPXHOCTH 00pasiioB (Syﬂ) onpezensack meronoMm bIOT no
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HU3KOTEMIIEpaTypHO# aacopbuuu azora ¢ nomoinbio ananmmuzaropa NOVA 1200e (Quantachrome Instruments,
CIIA). Cpennuii pasmep yacTui| HOpowkos (D) (B METpax) paccynThiBaim 10 Gopmyre

6
Dcp =—,
pSy,
rac p — IIJIOTHOCTDb MaTepHana, KF/ M3.
Pe3yabTarhl U BX 00CyKIeHUE

Pesynbrarel POA nonyuennsix oopasuos HIT Co(OH), npeacrasnens Ha puc. 1.

e Co(OH),

e
” U U WE A

0 20 40 60 80 100 120
20, rpazg

Puc. 2. Pesynbrarel POA 00pa31oB, MOTYYEHHBIX IPU Pa3INYHBIX YCIOBUAX:
a —6e3 ITAB; 6 — ¢ nobdasnenuem 0,1 % LI1X; ¢ — ¢ nobasnenuem 0,1 % JJCH

Fig. 2. XRD results of the samples obtained in various conditions:
a — without surfactants; b — with 0.1 % CPC; ¢ — with 0.1 % SDS

P®A (cwm. puc. 1, a) BeisiBu, uto uccienyembie HIT siBnstoTcs oHO(Da3HBIME, COMIEPKAT TOIBKO THIAPOKCH/I-
Hyt0 (azy Co(OH), n 06manaroT KpucTaiIMuecKol CTPYKTYPOH. YCTaHOBJICHO, YTO BCE 00pa3Lbl THAPOKCHIHO-
r0 COSIMHEHHs KoOanbTa MPeACTaBIsoT coboit crabunphyo B-popmy Co(OH),.

Ha puc. 3 npusenensr [I19M-mukpodortorpadun HU Co(OH),, ocaxxaeHHbIX ¢ ucnoiab3oBanueM 11AB
B koHIIeHTpauuu 0,1 mac. %.

Kak BuznHO 13 MukpodoTorpaduii Ha puc. 3, He3aBUCUMO OT ycinoBuii nosyuenns yactuisl Co(OH), npen-
CTaBIIAIOT COOOHM YeIryHKu HenmpaBUIbHON (GopMbl cpemneid TommmHaol 30 HM. XapaKTepUCTHKH JHCIIEPC-
HOCTH M3yueHHbIX 00pa3oB Co(OH), B 3aBUCUMOCTH OT YCIOBUH MOTY4YEHUs JaHbI B TAOIHIIE.

ala o/b 6/c

Puc. 3. IIDM-m3o6paxerns HY Co(OH),, momydeHHBIX IpH pa3INIHbIX yCIOBHAX:
a — 6e3 [1AB; 6 — ¢ no6asnennem 0,1 % LIIX; 6 — ¢ nodasieruem 0,1 % JICH

Fig. 3. TEM images of Co(OH), NPs obtained in various conditions:
a — without surfactants; b — with 0.1 % CPC; ¢ — with 0.1 % SDS
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Coiicrea HIT Co(OH),, oca:kaeHHBIX NPH Pa3JIUYHBIX YCIOBUAX
Properties of Co(OH), NP deposited in various conditions

VYenosue nonydyenus D, mo IT9M, um Cpef:;l;oiﬁmla Sy M *Ir Dy, mo S, uM
be3 I[TAB 163 29 13,7 122
C mo6asnenuem 0,1 % LITX 158 31 14,5 115
C no6asiennem 0,1 % JICH 96 25 27,9 60

Cpennmii pazmep gactuny HIT Co(OH),, cuntesupoBannoro 6e3 [IAB, cocrasmnser nopsiaka 163 HM (cM. Tad-
Ty ), CPEAHMHN pa3Mep yacTul oOpasua, nomydeHHoro ¢ podasnenueM 0,1 % LIIX, — oxono 158 HM, a 00-
pasua, ocaxnennoro B npucyrctsuu 0,1 % JACH, — npubnusurensHo 96 HM.

Amnanus pe3ylbTaToB JsMepenus S, nokaseisaet, yro y HII Co(OH),, monyuennoro 6e3 ITAB, nanmbiii
nokazarens paset 13,7 M*/r. Bumo, uto noGasnenue 0,1 % L{ITX Ha CTaTuK OCAXKICHHS HE3HAYHTETHHO TOBbI-
uraet Sy, ocajika, Toraa Kak B ciyvae ocaxaenns Co(OH), B npucyrersun 0,1 % JICH Bennuuna S, Bospac-

TaeT MpUMepHO B 2 pasa. Takum oOpa3zoMm, Haubosee cymecTBeHHOe BiusHue Ha qucnepcHocts HIT Co(OH),

okazaina gobaska 0,1 % JICH.

[To pe3ynbraram 3JIeKTPOHHO-MUKPOCKOITUUECKHUX UCCIICOBAHUEN OBLIM IIOCTPOCHBI THCTOIPAMMBI PacIpe-
nenenus HY o6pasnos Co(OH), mo pazmepam (puc. 4).

ala o/b
A A
25
X 20 X
=1 =
S s 5
& &
5 =
= =
3 10 3
= =
5
MR o 5 -
o) SN VNI Ve » 9 5 A ™
‘365%%(\ N \u ‘\Q/w\ ,»b‘ '\i\ ,,)Q o3 /q)‘o q,‘o b‘q /f\,/‘; ,»q, “ q‘f" \q.}‘) ,5% b(\
A AN N I N A e RIS qi?b SR
Pasmep vactui, Hm Pa3mep uacTui, HM
6/c

JHoist gactw, %

10

0

N
S F D 5’5 Q\ 7

o
Pazmep vacTui, HM

Puc. 4. I'mcrorpammsl pacnpenenerus HY Co(OH),, momyueHHBIX IPU pa3IuIHbIX YCIOBUAX:
a — 0e3 [1AB; 6 — ¢ nobasnenuem 0,1 % LI1X; 6 — ¢ nod6asnenuem 0,1 % JJCH

Fig. 4. Histograms of the distribution of Co(OH), NPs obtained under different conditions:
a — without surfactants; b — with 0.1 % CPC; ¢ — with 0.1 % SDS
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IMoka3aHo, 4TO KpUBBIC pacIpeie]IeH s YaCTUI] IO pa3MepaM st Bcex nomydeHHbIx oopasuos HIT Co(OH),
HMEIOT aCHMMETPUYHYIO (hOPMY CO CMEIIeHHEeM KPUBOH B 00JacTh OONBbIINX BEIUYHH.

Ha puc. 4 BugHO, uTO Bce 00pa3ibl XapaKTepU3YIOTCS JOCTATOYHO IIUPOKUM pacIipeesieHHEM YacTUl] 110
pasmepam. Jlns HIT, nonygennoro 6e3 nodasnenwus [1AB (cwm. puc. 4, a), MakCHMyM Ha TUCTOTpaMMe pactipe-
JIEJIEHUS] COOTBETCTBYET pa3Mepam JacTull B uHTepBasie 118—179 um. Hanbonee y3kum pacnpeneneHueM 00-
nanaet Co(OH),, ocaxnennsii B npucyrceruu 0,1 % LIIIX (cm. puc. 4, 0), Tak KaK y HET0O JOJIs YaCTHLL, JIeXKa-
[IMX B OJIHOM MHTEpPBaJje, BBIIIC, YeM Y OCTaJbLHBIX 00pasloB, U cocTasisieT 24,7 %. HanmeHbIIM CpeiHUM
pa3MepoM 4acTHIl XapaKTepu3yeTcs o0pasell, mojay4ueHHbIH ¢ ucnosib3oanueM 0,1 % JICH (cMm. puc. 4, ). [ns
HEro MakCHMyM Ha THCTOrpaMMe pachpeaeseHust J&KUT B uHTepBasie 105-128 um.

[Ipoananusuposas Bce nanuble uccnenoBanus cBoicTs HII Co(OH),, cuHTe3upOBaHHBIX MTPH Pa3HbBIX ycC-
JIOBHSIX, MOYKHO CJIENIaTh BBIBOJI, UTO IO cpaBHEHHIO ¢ ocaxaeHneM 6e3 [TAB u ¢ 0,1 % LI1X ucrmons3oBanme
0,1 % JICH obecrmieunBaeT noy4eHue HanOosee KaaecTBeHHOTo rmpoaykTa. [Toatomy s cuaresa HIT Co Obit
BeiOpan HIT Co(OH),, ocaxxnennslit npu nobasnenun 0,1 % JICH.

Hanee npuBenens! pesynbratsl uccnenoanus ceoiicts HIT Co (puc. 5), CHHTE3UPOBAaHHOTO BOJOPOIHBIM
BoccranosienueM HII Co(OH), ¢ 0,1 % JICH B tpy6uatoit meun SNOL 0.2/1250 (4B Umega, Jlutpa) npu
280 °C B Teuenue 3 4. Takas TeMneparypa BOCCTaHOBIIEHHS COOTBETCTBYET JIUTEPATypHBIM AAaHHBIM [13].

Co(OH), + H, — Co + 2H,0.
ala o/b
A *Co (200) ' ;
4000 *
(111)
L 4
3000 -
s
E (101)
~ 2000 [ *
(100)
*
1000 - L
O 1 1 1 1 1 >
30 50 70 90 110 130
20, rpag
elc old

Jonst wactwui, %

Pa3Mep YacTHul, HM

Puc. 5. Pentrenorpamma (a), [I1DM- u COM-n3o0paxenus (0, ), a TaKKe THCTOTpaMMa pacipeAeIeHust
o pasmepam (2) HU Co, nonyuennsix Boccranosineruem Co(OH), (¢ 0,1 % JICH) npu 280 °C B Teuenue 3 u

Fig. 5. X-ray pattern (a), TEM and SEM images (b, ¢) and histogram of size distribution ()
of the Co NPs obtained by reduction of Co(OH), (with 0.1 % SDS) at 280 °C for 3 h
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Pesynbrarel POA moka3siBaroT, 4To (ha30BbIii COCTaB BOCCTAHOBJICHHOTO 00pasiia BKIIOYAN TOJBKO (aszy
0-Co (cM. puc. 5, a). Kak BugHo u3 [19M- u COM-mukpodoTorpaduii (cMm. puc. 5, 6 u ), HU Co npencras-
JISIFOT COOOM CIIEKIIMECs APYT € IPYTOM YaCTHUIIBI chepruueckol GopMbl. AHATHM3HUPYSI paciipeielICHuEe YacTHI]
1o pasMepam (CM. puc. 5, 2), MOXKHO CJIeNaTh BBIBOJI, YTO Juis monydeHHoro odpasna HIT Co makcumym Ha
TECTOrpaMMe pacrpeliesieHust HaxonuTcst B uHTepBaie 41-50 um. Takyke MOXKHO BUZETh, YTO MPOIYKT BOC-
CTaHOBIICHHS XapaKTEPU3YETCs Y3KUM pacIpe/IelICHUEM YacTHI] 110 pa3Mepam.

Pasmep HY Co, paccuntanHblii [0 JaHHBIM H3MEPEHHS BEANYNHbI yICIbHOH OBEPXHOCTH (S, = 9,5 M/r),
coctanisieT 70 HM, YTO XOPOIIIO COTIIACYeTCs ¢ pe3ysbTaToM uccienoBanus pazmepa HU Co metogamu COM
u [1OM.

3aKjaoueHne

C ucnonb3oBanueM [TAB metogom xumMuueckoro ocaxaenus 0sutn nosydensl HIT Co(OH), ¢ Gonbiinm
JIMara3oHOM JTUCTIEPCHOCTH. YCTAaHOBJIEHO, YTO Hanbojee Ka4eCTBEHHbIH MPOAYKT npezacTasisieT codoi HIT
Co(OH), ¢ 0,1 % JICH, Tak kak ero IUCIEpCHOCTb yBeINYUBaeTCs Oosee yeM B 2 pa3a [0 CpaBHEHHIO ¢ 00-
pasuamu, ocaxaeHHbIMU B ripucyTcTBun 0,1 % LI1X u 6e3 nodasienus [TAB. [TokazaHo, 4T0 HE3aBUCUMO OT
ycnoBuii nomydenus yactuibl Co(OH), nMeroT B yelryek HelpaBUIbHOM ()OPMBI 1 HAHOMETPOBBIH pazmep
co cpemHeit TonuHoMl 30 HM.

st cuntesa HIT Co 6su1 BeiOpan HIT Co(OH), ¢ 0,1 % JICH. Ycranosneno, uto mis oopasua HII Co,
noiyueHHoro BonopoaHsiM BoccraHosiaeHueM HII Co(OH), npu 280 °C, makcumMyM Ha rucrorpamme pac-
MIpeeNIeH s YaCTHII TI0 pa3Mepam JIexHT B uaTepsatie 41-50 uMm. [IpogykT BoccTaHOBIEHHS XapaKkTepU3yeTcs
Y3KHAM pacrpesielieHueM YacTHll 110 pa3Mepam | IpejcTaBisieT co0ol crnekmmecs Apyr ¢ npyrom HY chepu-
4eCcKor (hOpMBI.
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MATHUTHBIE HAHOYACTHUIIBI AAST KOMITIOHEHTOB
MPT-AMATHOCTUKU U SAEKTPOHHBIX YCTPOVICTB'

A. C. KOPCAKOBA", JI. A. KOTHKOB?, K. C. THBOHOBHY”,
T. I IIYTOBA®, IO. C. TAH/YK?, B. B. IAHbKOB?
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MeTomamMu peHTreH0(pa30BOTO aHANN3a M WH(PPAKPACHOH CIEKTPOCKOIHNH yCTAaHOBJICHO oOpazoBaHWe OmHO(]a3-
HBIX TBEPABIX PACTBOPOB OKCHJA JKeJe3a M OKCHUA MapraHiia co CTpyKTypol mmnuHenu B cucteme Mn Fe, O, (x = 0;
0,3; 0,6; 0,8; 1,0; 1,2; 1,4; 1,8). MakcumaabHass HAMArHUYEHHOCTh HACKHIIICHIS OOHApY)KEHA JIJIs COCTaBa Mno,3Fezﬁ7O4
(M,=68 A - M- kr | pu 300 K u M =85A- M - kr ! mpu 5 K), 9T0 CBSI3aHO ¢ M3MEHEHHEM KATHOHHOTO PACTIPEIeICHIs
10 TETPAIPUUCCKUM U OKTadIPUUECKUM IycToTaM. [lormyueHHble MaTepHuanbl cTaOMIN3UPOBAIN B BHIE KOJUTOHMTHBIX
PacTBOPOB C UCIIOIB30BAHUEM Psifia MONNAIEKTPOIUTOB. YCTAHOBIICHO, UTO JIydIlIee CTAOMIN3UPYIOLIEe IEHCTBHIE OKa3bl-
BT noyu(uauimiaumerwiaMmmonnii ximopun) (PDDA) u3-3a ocoGennocreii ero crpoenust. [Ipeioxken crocob ynpas-
JICHWS] MAarHNTHBIMU CBOICTBAMM MarHEeTHTa MyTeM YaCTHYHOTO 3aMEIICHHUS BXOASIINX B €r0 CTPYKTypy HOHOB JKene3a
MapratiieM. V3aMeHeHne BelnnYrHbl HAMArHUYEHHOCTH M KOAPLMTUBHOM CHJIBI BO3MOXKHO 33 CYET M3MEHEHUs! CTEICHU
3amenieHnsi. CpaBHUTEIBHO BBICOKHE 3HAUCHUS YACIbHOW HAMarHMYEHHOCTH M OJHOPOJHOCTh MAarHUTHBIX YacTHIl IO
pasMepy MOTYT MPE/ICTABISTh PAKTUUECKUI HHTEPEC [Tl M3TOTOBIICHNSI KOHTPACTHBIX areHToB B MPT-nuarnocruke.
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OF MRI DIAGNOSTICS AND ELECTRONIC DEVICES

A. S. KORSAKOVA®, D. A. KOTSIKAU®, K. S. LIVANOVICH,
T. G. SHUTAVAS, Yu. S. HAIDUK®, V. V. PANKOV"®

*Research Institute for Physical Chemical Problems, Belarusian State University,
14 Lieningradskaja Street, Minsk 220006, Belarus
®Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus
“Institute of Chemistry of New Materials, National Academy of Sciences of Belarus,
36 F. Skaryny Street, Minsk 220141, Belarus

Corresponding author: Yu. S. Haiduk (j_hajduk@bk.ru)

The formation of single-phase solid solutions of iron oxide and manganese oxide with a spinel structure in Mn Fe; O,

system (x = 0; 0.3; 0.6; 0.8; 1.0; 1.2; 1.4; 1.8) has been established by methods of X-ray phase analysis and 1nfrared spec—
troscopy. The maximum saturatlon magnetization was found for the composition Mn,, ;Fe, ;O, (M, = 68 A - m’ - kg’
300 K and M, =85 A - m?® - kg " at 5 K), which is associated with a change in the cationic distribution over tetrahedral
and octahedral voids. The materials obtained were stabilized in the form of colloidal solutions using a number of poly-
electrolytes. It was found that poly(diallyldimethylammonium chloride) (PDDA) had the best stabilizing effect due to its
structural features. A method for controlling the magnetic properties of magnetite by partial replacement of iron ions in
the magnetite structure with manganese is proposed. Changing the magnitude of the magnetization and coercive force is
possible by changing the degree of substitution. Relatively high values of specific magnetization, as well as uniformity of
magnetic particles in size, can be of practical interest, for the manufacture of contrast agents in MRI diagnostics.

Keywords: nanoparticles; saturation magnetization; contrast agents; MRI diagnostics.

BBenenue

B mocnennue roxnel cpean HaHOMaTepUaloB OCOOBIM MHTEpPEC MPEACTABISIOT MAarHUTHBIE HAHOYACTH-
sl (MHY) marueruta (Fe;O,4) [1], koTopble HCHIONB3YIOTCA B QIEKTPOHUKE (HAIIpUMED, KaK JUCIIEPCHBIE CHUC-
TeMBI 17151 QYHKIIMOHAIBHBIX MIOKPBITHH [2], MaTepuaibl s paJHONOIIONICHNsS, XpaHeH!s: nHpopmanuu [3])
¥ MarHUTHO-pe3oHaHCcHO# Tomorpaduu (MPT) [4]. lns npumeHerns B qanabix odmactsx MHY nomkHBI 00-
JajaTh KaK MOKHO OOJIbIIell HAMarHWYEHHOCTBIO U 00pa30BbIBaTh YCTOMUMBBIEC CYCIICH3UH B XKHUIKOH (hase.
Teepable pacTBopsl ¢ o0weil popmynoit Me Fe; O, (rne Me — aByx3aps/Hblii KATHOH MeTaJlla), B 3aBHCHU-
MOCTH OT COCTaBa, MOTYT UMETh BBICOKHE 3HaUCHHsI HAMAarHHYEHHOCTH. [y 00pa3oBaHust TBEPLOTO pacTBOpa
3aMeIIeHHs], KOrla MPUMECHBIH HOH 3aHMMAET y3esl KPUCTAIIIMYECKON peleTky, He0OXOAUMO BBINIOJTHEHUE
CJICAYIOIINX YCIIOBUIL:

1) 3apsin 3aMeIaoIUX U 3aMelaeMbIX HOHOB JJOJKEH OBITh OIMHAKOB, YTOOBI MPEJOTBPAaTUTL 00pa3oBa-
HUE TOYEUHBIX Ne(EeKTOB (KATHOHHBIX BAKAHCUN MM KATHOHOB B MEXKY3JI0BOM IIPOCTPAHCTBE);

2) HOHHBIE PAJNYCHl 3aMELIAIOIINX HOHOB 110 BEJIMUYMHE JODKHBI OBITH OJIM3KM K paanycaM HOHOB, 00pa-
3YIOIIUX KPUCTAIMYECKYIO PEIICTKY.

MarseTut UMeeT KyOHYecKyro IrpaHeLeHTPUPOBAHHYIO KPUCTAUIMIECKYIO PELIETKY, KOTOpasi MPEACTaBIsIeT
€000 TUIOTHEHILYIO0 YIIAaKOBKY MOHOB KHCJIOpoza. KaTHOHBI kene3a Mpu 3TOM PAcIoyiaratroTcsi B JBYyX TUIAX
IIyCTOT, 00Pa3yIOLIMXCS IPU YKIJIAJIKE aHHOHOB: A (TeTpasapuyuecKe MMyCTOThl) U B (OKTasAprUyecKue MyCTOThI).
o »TOll NpHYMHE MarHUTHBIE CBOMCTBA TBEPABIX pacTBopoB Me Fe; O, HanpsMyro cBA3aHBI C pacIpesnese-
HHEM KaTMOHOB B KPHUCTAJUTMUECKOH CTPYKType. Tak, MarHUTHbIE MOMEHTBI KaTHOHOB JKeJe3a, pacloiararo-
IUXCsl B A-ITyCTOTaX, HapaBJICHbl AHTUIAPAJIIEIBHO MAaTHUTHBIM MOMEHTAM KaTHOHOB KeJe3a, HaXOASIINXCS
B B-mmycToTax, mosToMy MMeeT MecTo 3((eKT X KoMIeHcauuu. BeaencTBue 3Toro BBeeHne B KpUCTaJInyie-
CKYIO PELIETKY MarHeTUTa KaTHOHOB JPYTHX METAJUIOB MOKET U3MEHATh €0 MAarHUTHBIE XapaKTEPUCTHKH [5].
B nanHo#l paGote paccMmaTpuBaroTCs TBEpIble pacTBOphI 3aMelleHus Mn Fe, O,, KoTOpble IpeaNnonoKHu-
TEJILHO OYIyT UMETb OOJIBILYI0 HAMArHUYEHHOCTh HACKIILCHNS B CPAaBHEHUH C HEJIETUPOBAHHBIM MAarHETUTOM.
Craenyer OTMETHTH, YTO IUMUHEIbHAS CTPYKTYpa MarHeTHTa, JISTHPOBAHHOTO MApraHIeM, MOXKET OBITh Kak
KyOM4ecKoH, TaK U TeTparoHaJIbHON B 3aBUCHMOCTH OT CTEIIEHH 3aMellleHHs. TaK, HeJerHpOBaHHbII MarHeTUT
Fe;0, otHOCHTCS K KyOMUYeCKOl CHUHIOHMH, B TO BpeMs kak Mn;O, — k TerparoHansHol [6]. [Ipu nepexone
ot Fe;0, k Mn;0, Takxke U3MeHsIETCs CTENIeHb 00PAIlleHHOCTH: MAarHETUT — O0pallleHHAas [IITUHENb, TOI/A KakK
Mn;0, — HopMasbHas mnHHeNb. [1o auTepaTypHbIM JaHHBIM, CTPYKTYPHBIN IEpexo/ A1 00pa3LoB, CHHTE3HU-
POBaHHBIX TP KOMHATHOM Temmeparype, Habmronaercs mipu 1,8 <x < 1,9 [7].

13



Kypnaa Besopycckoro rocyrapcTseHHOro yuusepcurera. ®usuxa. 2021;1:12-19
Journal of the Belarusian State University. Physics. 2021;1:12-19

W3zBecTHbI pasHbie criocoOb! nonydenus MHY [1; 7—12]. HauOosee mpoCThIM U yIOOHBIM SIBJISIETCS METOI
coocaxeHus. Ero BbIcOKasi 4yBCTBUTENBHOCTD K Pa3IMYHBIM MapaMeTpaM (XapakTep ocaauTelNs, KOHIeHT-
parys peareHToB, TemIeparypa cuHTe3a, pH peaknnoHHON cpesl U T. [I.) MO3BOJISET BapbUPOBATh pazMmep
" cBoiicTBa HaHouactwil [1; 10; 12].

MaruauTHO-pe30oHaHCHas TOMOTpadusi — OMH U3 CAMBIX YCIEIIHBIX HEMHBA3UBHBIX METOMOB KIMHHYECKO-
IO UCCIIEMOBAHNUS KUBBIX opranm3mMoB [13; 14]. Ucnonp3oBanrne MHY mo3BosseT moBeIcUTh KadecTBO MPT-
1300pakeHnH 3a CUeT HaKOIICHHSI HAHOYACTHI] B KJIETKax ormyxonn. K HefocTaTkaM CymecTBYIOUINX areHTOB
Ha OCHOBE OKCH/Ia XKeJie3a OTHOCSTCSI HX BBICOKAsi CTOMMOCTh, BOHUKHOBEHHE MTOO0YHBIX 2()(DHEKTOB, a TaKkKe
OTCYTCTBHE CEJIeKTHBHOCTH. [103TOMY MOMCK 1 pa3paboTKa HOBBIX CIIEIU(UIHBIX KOHTPACTHBIX areHToB MPT
SBIIIFOTCS AKTYaJIbHOM 3a1a4eil.

Lens HacTodAme pabOThl COCTOUT B MOJIYUYCHUH U UCCIIEOBAHNU OJHO()A3HBIX MarHUTHBIX YaCTHUI] TBEP-
IbIx pactBopoB Mn Fe, O, Ui Ioucka COCTaBOB ¢ HAUOOJIBIIUM 3HAYEHUEM HaMarHUYEHHOCTH.

MaTepI/IaJ'II)I U METOAbI HCCJICAOBAHUSA

Teepasie pactBopsl coctaa Mn Fe, O, (x=0;0,3; 0,6; 0,8; 1,0; 1,2; 1,4; 1,8) cuHTe3upOBaHbEl METOJOM
COOCaKICHUS MPH KOMHATHOW TeMIleparype U3 BOTHBIX PACTBOPOB HEOPraHUYECKHX COJIEH COOTBETCTBYIO-
mux Metaynos. Mcxoansie pearentsl (MnCl, - 4H,0, Fe(NO;), - 9H,0 u FeSO, - 7H,0) Gpanu B cTexnomer-
praeckom cootromennn (Fe' :Fe?™ = 2:1 monb). Jlist 4acTi 06pasIoB CTEXHOMETPHUYECKOE COOTHOLICHHE
xatioHos Fe’" u Fe’" usmennmu Ha 5 % OTHOCHTEIBHO CyMMAapHOI'0 XMUMHUYECKOI'0 KOJIMYECTBA Fe’" u Fe*".
B kauectBe ocagurens ucnonszosaiu pactBop NaOH, B3saThlii ¢ 10 % M30BITKOM IO CPaBHEHUIO CO CTEXHOMET-
pudeckuM KomudecTBoM. M30piTouHOe kosuuectBo NaOH noaOupanu TakuM o0pa3oM, 4ToObI MOCIIE CIIUBaA-
HUS pacTBOpOB 3HadeHne pH peaxiponHoi cmecu cocrasisuio ~11,0.

Hanouactuisr Mn,Fe; O, crabunusupoBanu agcopOuuell Ha MX HOBEPXHOCTH MHOIHIEKTPOIUTOB:
noju(AuaTAMMeTHIaMMOHNH Xopuaa) — PDDA, xutozana 60 x/la — CH60, cononnmepa xuto3ana 60 x/la
n nommatwiieHrukons S k/la (x = 0,15) — CH60-PEG, cononmumepa xuro3ana 60 x/la u nexctpana 6 x/la
(% =0,15) — CH60-DEX, rae y — cTeneHb 3aMenieHnss aMUHOTPYTII XUTO3aHa.

Jln1s HaHeCeHus TIOMAIIEKTPOIIUTHBIX CJIOEB Ha HAHOYACTHIBI cMemmBany 1 mit 3011 Mn ;Fe, ,0, ¢ xon-
neHTpanueit 22,4 mMr/m, 18 M1 TMCTHIUTMPOBAHHOM BOJIBI M 1 MJI BOJTHOTO pacTBOpa HonnaneléTponHTa C KOH-
nentpanueit 10 Mr/mi. HaHO9acTHIIBI, TOKPBITHIE CIIOEM TTOJIUICKTPOINTA, BBIICISIIN U3 pacTBOpa MarHHT-
HOU JIEKaHTaIUEH.

HccnenoBanusi CTpyKTYphI MOTYYSHHBIX 00pa3IoB MPOBOIUIIUCH C TOMOIIBIO PEHTIeHO()A30BOTO aHAIIN3a
na qudppakromerpe JIPOH-3 (HIIIT «BypesectHuk», Poccus) B CoK-uzmyuenuu (1,78897 A), npocseuusaro-
e anekTpoHHoi Mukpockonuu Ha [IDM-mukpockonie LEO 906E (Carl Zeiss, I'epmanus), MK-cniekTpockonun
Ha cnekTpomerpe Nicolet Avatar 330 (Thermo Fisher Scientific, CILIA). Cpenuuii rupoIuHAMUYECKUN q1a-
METp IO CBETOPACCESHUIO (Z,,), CPeAHEUNCI0BOi auameTp (dyyp) 1 unaexe nomuaucnepcHoctu (Pdl) maxo-
YaCTHUIl Opeesuid Ha npubope Zetasizer Nano ZS (Malvern Panalytical, CILIA).

Jist vicceoBaHNs MATHUTHBIX XapaKTePUCTUK MCIIONIb30BaJICS BUOpAlMOHHBIH MaraeToMeTp Cryogen
Free Measurement System (Cryogenic Ltd., Sinonus), Ha KOTOPOM OBLIN 3alTMCaHBI IETIIH THCTEpE3Uca Mpu
5 1 300 K B nmone ¢ makcumanbHoi naaykuueit 8 Ti. CpaBHeHNE MarHUTHBIX CBOWCTB IMOJY4YEHHBIX 00pa3lioB
MIPOBOAMIOCH ITyTEM CONOCTABJICHHSI BEIMYHH MX HAMAarHUYEHHOCTH HACHIIIICHHS.

Pe3y.]'II>TaTI>I H UX oﬁcym)lelme

VYeraHOBIIEHO, YTO BCe CUHTE3UpoBaHHbIe cocTasbl Mn Fe,  O,, Kak U MarHeTuT, UMEIOT CTPYKTYpY Ky-
Ouueckol minmuHEH. PeHTreHorpaMMbl 00pa3iioB mpejcTaBicHbl Ha puc. 1. Hanuuue mupokux pedekcon
T paKIMOHHBIX OTPAKEHUI MOYKET ObITh 00YCIIOBIEHO HAHOPA3MEPHBIM COCTOSHHEM YacTHIl ¥ (MITH) MaJoi
CTEICHBIO KPUCTAUNIMYHOCTH. Ha OCHOBaHMU JTaHHBIX PEHTTEHOCTPYKTYPHOTO aHaju3a (Tadi. 1) ycraHoBie-
HO, YTO C YBEJINYCHUEM CTEIICHN 3aMEellIeHHs JINHEIHO BO3pacTaeT Kak 3HauYeHHe IapamMeTpa KpUCTAIUTMYECKON
PELIETKH @, TaK U 00bEeM DJIEMEHTApHOH sIUCHKH V, MOCKOIBKY MOHHBIN pajnyc Mn** IIPEBBIIIAECT UOHHBIE
pamnycst Fe™ i Fe’™ BHe 3aBHCHMOCTH OT KOOPIMHALIMOHHOTO OKpPykeHHs. CPEIHUI pasMep KPUCTAILTHTOB
(obacTei KOTepeHTHOTO paccesiHus) d ¢ yBeJIMUEHUEM CTEIICHN 3aMElICHUs Bo3pacTaeT HelmHelHo. PasHuna
B pa3Mepax MOKET CBUAETEIILCTBOBATEL O PA3JIMUHON CKOPOCTH IpoTekanus rujaponusa Mn(OH), u Fe(OH),.
[110THOCTP TUCIOKAIMI M KOTUYECTBO MUKPOHAIPSKEHHUH B TBEPIBIX paCTBOPAaX YMEHBIAIOTCS TAaK)Ke HEJH-
HeitHo. M3BeCTHO, YTO MUKPOHAIIPSKEHUS UTPAIOT KIIIOUEBYIO POJIb B pocTe KpucTamuioB. OHU peoTBpalaioT
MPOIIeCC POCTa KPUCTAIJIOB ¥ TEM CaMbIM BIUSIOT Ha pa3Mep 00pa3yroIuXcs YacTHI.

Hannble MK-cniekTpockonuu, mpeacTaBieHHble Ha pUC. 2, TIOATBEPKAAIOT (JopMUpOBaHHE MINMUHETLHON
CTPYKTYpHI Juls Bcex coctaBoB Mn Fe; O, O0 5TOM CBHIETENLCTBYET HAJTMYME I10JIOC MOIVIOIEHUS 425;
591; 624 CMil, CBSI3aHHBIX C BaJeHTHbIMH KoseOanusimu Fe—O wnonos Fe*™ u Fe’' B OKTa3IpUYECKHUX TO-
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SULIMAX 1 HOHOB Fe'' B TETPaYIPUHIECKIX TMOSHIMSX. VYCTaHOBIEHO, YTO XapaKTEPUCTUYECKHUE YacTOTHI V,
(=560 cM ) 1 v, (=430 cm ", oTHOCsIIHECS K BaeHTHBIM KonebammsiM Me—O B TETPadIPHIECKIX 1 OKTa-
SAPHYECKHX TO3HIHAX, CMEIIAIOTCA B 00/1aCTh MEHBIINX YACTOT MPH BBEACHHH KaTHOHOB Mn’'. D10 00y-
CJIOBJICHO HaJIMYUEM KOM6I/IHI/IpOBaHHI;IX MoJioc KojieOaHuil BaJeHTHBIX cBsi3eil Fe— O B OKTa3IpuyecKux 1o-
3UIMsX ¢ HoHaMu Mn”" B GrmkaifieM KOOpAMHAIIMOHHOM OKpyxkeHHH Fe— O—Mn, 9T0 B KOHEYHOM HTOTE
HPUBOIUT K YBEIHMUCHUIO JUIUHBI CBSI3H (lyy, o > lp._ ) U U3MEHEHUIO 3HAYEHUs! CHJIOBOU MTOCTOSHHOM.

* Fe,O,
MWW\NWWJWMNMM x=18

MHTEeHCUBHOCTD, OTH. €]1.
=
I
o
[oe]

* * *
*
2 x=0
1 1 1 1 1 1 1 1 1
80 70 60 50 40 30
20, rpag

Puc. 1. Cnextpst POA nopomkos Mn Fe; O, (0 <x < 1,8).
JIi1s HarJsAIHOCTH CHEKTPBhI CMEIECHbI 110 BEPTUKAIN

Fig. 1. XRD spectra of Mn Fe; O, powders (0 < x < 1.8).
For clarity spectra are displaced vertically

Tabnuma 1

PenTreHocTpykTypHbIe
XapaKTepHCTHKH TBepAbIX pacTeopos Mn, Fe; O,

Table 1
X-ray structural characteristics of Mn Fe; O, solid solutions

x a, A V,mem® | dyam | 8, mmew/em® | d,t/ew’ | - 10°

0 | 8377 588 6 317 523 7,2
0,3 | 8,407 594 8 158 517 5,1
0,6 | 8,424 598 9 137 5,13 4,7
0,8 | 8,430 599 8 156 5,12 5,1
1,0 | 8,443 602 8 152 5,09 5,0
1,2 | 8,439 601 10 105 5,10 4,2
1,4 | 8,461 606 12 71 5,05 3,6

[Ipumeuanue. a — napamerp KyOM4eCcKOH KPUCTAJNTMUECKON PELIETKH;
J — 00beM 211eMeHTapHOH sTueiiky; d — pa3Mep obiacTel KOrepeHTHOIo paccesi-
HUsT; O — IIOTHOCTB AMCIOKAIWHiL; d, — — PEHTIeHOECKAS IIOTHOCTE €— MHUKPOHa-
TIPSUKEHHS KPHCTALTHYECKOM PEIIETKH; UCI/CM — UHCIIO AUcIoKanuii Ha 1 v,

HanouacTHIibl, MoJTy4YeHHBIE METOJIOM COOCAKICHUS TP KOMHATHOM TeMIieparype, UMetoT Ghopmy, On3-
Kyl0 K chpepuyeckoid. Cpennuii pasmep Kpuctamwmros 1t Mny ;Fe, ;0, cocrasisier 9 um, uist Mn, gFe, ,0, —
11 8™, ans MnFe,O, — 15 M. [lomydeHHble pe3yabTaTbl XOPOIIO COMIACYIOTCA CO CPEIHUMHU pa3Mepami,
paccYMTaHHBIMH IO PEHTTEHOTPaMMaM COOTBETCTBYIOIUX 00Pa3IOB.
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Puc. 2. @parments! MK-cniexrpoB TBepabIx pactBopoB Mn Fe; O, (0 <x < 1,8).
JUi1st HamIAAHOCTH CIIEKTPhI CMELIEHBI 110 BEPTHKAIIH

Fig. 2. Fragments of IR spectra of Mn Fe; O, solid solutions (0 < x < 1.8).
For clarity spectra are displaced vertically

Kak Op1710 0TMEuEeHO BbILIE, IS TBEPIABIX PACTBOPOB CO CTPYKTYPOH IITMHENN MAarHUTHbIE MOMEHTBI Ka-
THOHOB, pacIojararmxcs B A-MycToTax, HallpaBJIeHbl aHTUIIAPAJUIETLHO MAarHUTHBIM MOMEHTAM KaTHOHOB,
HaXOAALIMXCS B B-ITycTOTaX, M MEXy HUMH yCTaHAaBIUBAETCS CynepoOMeHHoe B3aumozeiicteue. O0mast sxe
HaMarHMYEHHOCTb MaTepuana M, OyneT onpenessaTbess N30bITOYHBIMU II0 CpaBHeHI/IIO ¢ A-noppemeTkon Ka-
THOHAMHU B B-nojpernierke. BenmnunHa MarHuTHOro MOMEHTA ALA HOHa Mn** (5 ILz) C IATBIO HecrlapeHHbIMH
SIIEKTPOHAMH GoIbIIe, YeM aHATIOrMYHAs BeIHUMHA st noHa Fe? ' (4 p), IO3TOMY IIpH 3aMeHe HOHOB F ¢’ Ha
Mn*" I0IKHO MPOUCXOMUTE yBETHUCHHE M. DkcriepuMeHTaJIbHbIE JaHHbIE 3aBUCUMOCTH HAMarHUYE€HHOCTH
HACBIILIEHNs TBEPAbIX pacTBopoB Mn Fe, xO4 OT CTETEHH 3aMEIICHU NIPUBE/ICHbI Ha PHC. 3. CHmxenue M,
MOYHO OOBSCHHTB TEM, UTO 0 HEKOTOPOTO 3HAYCHHS HOHBI Mn®' MpeHMYIIECTBEHHO PACIIPEILIAIOTCS 110
A-myctoTaM, a py JajbHEHIIeM yBeIUYEHNN UX KOJMYeCTBAa HAYMHAIOT 3aHUMaTh B-IIyCTOTHI, YTO U MPUBO-
JUT K yMEHBILIEHHUIO BeauuuHbl M . OTMETUM, YTO KpPUBbIE HAMArHUYUBAHUSA U pa3MarHUYMBaHUs IIPU KOM-
HaTHOH TemIeparype NMpakTHYeCKH coBMaaaroT. OTCyTCTBHE 3aMETHOTO THCTEPE3Nca U KODPLUUTUBHON CHIIBI
CBUJIETEIBCTBYET O CyNeprnapaMarHiTHOM COCTOSIHUM YacTHII.

[IpuMeHeHne MarHUTHBIX YacTHUIl B BOAHBIX Cpeax OrPaHMueHO UX CTaOMIIBHOCTBIO. 3011 CTaOUIM3HPO-
BaHHBIX TUApOKcHI-MoHaMH MHY ObLIM yCTOHYMBBIME HE3aBHUCHMO OT COCTaBa M HE KOArYJIMPOBAJIH IMPO-
JOoIDKUTENbHOE BpeMst. OpHako Asist npuMeHeHus B Onomenunmuae MHY nomkHb! OBITH yCTOWYHUBEI B (PU3HO-
norudeckom pacteope npu pH 7,0. Ilnst cocraBa Mn ;Fe, ;0, s3ddexTuBHOCTS cTabunusanuu Obia OneHeHa
MyTeM aJcopOIMK Ha TTOBEPXHOCTH YaCTHUI] MOJUDIICKTPOIUTOB C Pa3IMyHON IIIOTHOCTHIO 3apsiaa (PDDA
n CH60), a Taxxe npuBHTHIX conoaumepoB CHO0 ¢ MOAMATUIIEHITIMKOIEM M JEKCTPAHOM CO CTENEHBIO 3a-
Mmemienus y = 0,15.

B Bone npu pH 7,0 wactuusr Mn ;Fe, ;0, npencrapienbl pasiuaHbiMU GpaKIusiME, MOCKOJIBKY MOCIE
yMmeHbIeHus pH panee ctaOuimsnpoBanHble THAPOKCHA-HoHaMu MHY HaunHatoT armomepupoBars. Ha xpu-
BOH pacIipe/iesieHus] YacTull 10 pa3Mepam (puc. 4) UMEIOTCS JIBa MHUKA: Y3KUi Npu 78,8 HM U HECUMMETPHUY-
HBIH MUPOKUN ¢ MakcuMyMoM 227,9 uwm. IlepBblil U3 HUX, TO-BUANMOMY, COOTBETCTBYET I'MIpaTHPOBAHHBIM
MH/IMBUyallbHBIM YacTuiam Mn ;Fe, ;O,, BTopoii — ux arperaram.

Bce ncnonb3yemble MOTUAIEKTPOIUTHL yenemHo ctabunusupyror MHY B Boanbix pactBopax. s mo-
KPBITBHIX MOIMUIEKTPOIUTAMU YACTUL[ CHUXKAIOTCS BeauuuHsl Z,, u Pdl nmo cpaBHeHUIO ¢ UCXOIHBIMU 30-
nsvu (tabn. 2). dus PDDA Ha kpuBoii pachpeneieHus: 0 pasMepaM XapaKTepHO HaJUdue OIHOTO Y3KOTO
nuka (cM. puc. 4). B o6pasuax, crabunmsuposanubix CHO0, mpucyTcTBYeT He3HAYUTENBHOE KOINYECTBO Yac-
THL OONBIIOrO AMAMETPa, YTO NPUBOIUT K BHICOKUM 3HaueHusM Z,, u Pdl. B ciywae wactun, crabunusupo-
BanHbIX CH60-PEG, B pacTBOpe conep:KuUTCs HeOObIIIast IOl arperaTtoB Co CpeIHuM auaMmetpom 141,8 HM,
a CH60-DEX crabunu3upyeT MpeuMyIeCTBEHHO arperarsl ¢ juaMmerpoM 190 HM, cocTosIIMe U3 MaJIOTO Yuciia
HAHOYACTHLI.
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Fig. 3. Dependence of the saturation magnetization
of Mn, Fe;_ O, (0 <x<1.4)at5 and 300 K on the degree of substitution x
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Fig. 4. Particle size distribution
of Mn, ;Fe, ;O, and Mn ;Fe, ,0,/PDDA

Tabnuma 2

CpaBHeHHe rHAPOAMHAMMYECKOr0 JHAMETPA H HHAEKCOB MOJHIHCIIEPCHOCTH
Hanouactun Mn;Fe, ;0,, cTAGUIM3HPOBAHHBIX MOJMJIEKTPOJUTAMI

Table 2

Comparison of the hydrodynamic diameter and polydispersity indices
of Mn ;Fe, ;O, nanoparticles stabilized by polyelectrolytes

Cocras Z,,, HM dyp, HM PdI
78,8 ci1.
Mn, ;Fe, ;0, 400,6 £ 10,7 2279 0,334 £0,081
Mn,;Fe, ;0,/PDDA 86,4+ 0,8 68,1 0,153 £0,021
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OkoHuyaHue Tabm. 2
Ending table 2

CoctaB Z,,, HM dyp, HM PdI
Mn,;Fe, ,0,/CH60 1955+1,3 78,8 0,294 £ 0,032
Mn,;Fe, ,0,/CH60-PEG 220,5+34 14??8’ lcn. 0,241 £ 0,021
Mn,;Fe, ,0,/CH60-DEX 2143+ 1,3 190,1 0,178 £0,033

11 puMedaHHUuC. O06o03HaUYeHNe HHTEHCUBHOCTHU: CJI. — CJ1abas.

Taxum oOpasom, mis crabumusamuu Mny sFe, ;0, nipennourutenshee ucnonb3osars PDDA, nockonbky oH
HO3BOJISIET MOJTYYUTh YACTHIBI C HAUMEHBbIIUMU 3HaYeHusMu Z,, (86,4 um) u Pdl (0,153). IMomu(nuanmuniu-
METWJIAMMOHUI XJIOpU) SIBISIETCS] CHIIBHBIM MOJMAJICKTPOIMTOM C BBICOKOH IIOTHOCTBIO 3apsi/ad, MOJTHOCTBIO
WMOHU3UPOBAHHBIM B IIMPOKOM JHaNa3oHe 3HaueHui pH, a aMMHOrpyNIIbI ¢1a00r0 MOIMAIEKTPOINTa XUTO3aHA
(pK, ~6,0) u ero conomumepos pu pH 7,0 nonusuposasnsl cnado [15]. [Tpu agcopOuuy Ha HOBEPXHOCTH YaCTHUIL
XHWTO3aH WM €T0 COMOJIMMEPB 00pa3yloT MHOTOUMCIICHHBIE TIETIIM U XBOCTBI, HE CBSI3aHHBIC C MMOBEPXHOCTHIO
W3-3a OTCYTCTBUSI HA HUX 3apsi/ia, YTO YBEIMYMBACT BEPOSITHOCTD MX aACcOPOLMU HAa COCEIHHUX YacTHLAX U MpHU-
BOJMT K 00pa30BaHUIO arperaros.

3akiIrouenune

PazpaboTaHbl yclioBHS CUHTE3a, TO3BOJIAIONINE OITydaTh OAHO(a3HbIe HAHOUYACTHULBI MATHETUTA, JISTHPO-
BAaHHOTO MapraHieM Npu KOMHAaTHOM TeMIlepaType u aTMOC(HEpHOM IaBIICHHH, CO CTPYKTYpOH KyOHMuecKon
mnuHenu B quanasone x ot 0 1o 1,4. YcraHoBIeHO, YTO M3MEHEHHE HAMAarHUYEHHOCTH HACBIIIEHHS C YBEIUYe-
HUEM COJEpKaHMsI OKCHJIa MapraHiia B TBEpAOM PacTBOPE HOCUT HEJIMHENWHBIN XapakTep. JTO CBS3aHO C Iepe-
pacrnpeiesieHneM KaTHOHOB MEKTY TETPadIPUHECKNMH 1 OKTayIPUYECKUMH MO3HIMSIMH. MuHNManeHbIN paz-
Mep HaHouacTull (9 HM) XapakTepeH A cocTapa Mn, ;Fe, ;O,, koTOpBIii 06J1auaeT MaKCHUMaJIbHBIM 3HaY€HUEM
HAMArHUYEHHOCTH HACHIIEHHS (68 A - M” - KT " npu 300Ku85A M- kr " npu 5 K). Hauecenue nonuaiex-
TPOJIUTHBIX 00OJIOYEK HA YACTHIIbI TBEPOTO pacTBopa Mn s Fe, ;0, m03BONHUIO MOTyYUTH CTAOUIIBHBIE 30JTH.
Jlyammii crabunmsupytommii 3¢ ekt Hadmonancs npu nokpeitun MHY nonu(auaniunanMeTnaaMMOHUR
XJIOPHUIIOM), IPU 3TOM THAPOANHAMUYECKHNA AuameTp yactul coctasui (86,4 + 0,8) HM.
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PEASITUBUCTCKUM SAEKTPUYECKU TTIOTEHLIVIAA
BBAVI3U HEIIOABVIJKHO ITPSIMOY YTAEPOAHOIN HAHOTPYBKU
KOHEYHOW AAWHBI CO CTALIMOHAPHBIM TOKOM!'

H. A. IOK/IOHCKHH?", H. A. TAJIHMCKHH",
C. A. BBIPKOY, A. T. BIACOB", H. H. XUEY?

YBenopycckuii 2ocydapemeennviii ynusepcumem, np. Hezasucumocmu, 4, 220030, 2. Munck, Benapyco
Uncmumym ucciedoganuil u paspadomox 8bICOKUX MEXHOL02UL,
Yuueepcumem Jiyu Tan, Kyane Tpyne, 03, 550000, 2. /lanane, Bvemuam

Ucxons u3 norenuuanos Jluenapa — Buxepra [ paBHOMEPHO U MPSIMOJIMHENHO JBUKYILErOCs 3JEKTPOHA, UCCIIe-
JIyeTcsl PeISITUBUCTCKOE 3JIEKTPUYECKOe oI BOIM3U TUIOTHO 3aII0JIHEHHOM aTOMaMy Kaslusl OIHOCIIOIHON yIiiepoHon
HaHoTpyOku (K@CNT) co cTanmoHapHbIM AJIEKTPUYECKUM TOKOM BHYTPH Hee. PessITHBHCTCKOE AIIEKTPHUYECKOE MoJie
B TaOOpaTOpHON CHCTEME KOOPIAMHAT BOSHUKAET (BCIEICTBHE Mpeodpa3oBanuii JIopeHIia) TOMBKO Ut HAHOTPYOKH KOHEY-
HOM JUTMHBL. DTO €CTh PE3yJbTaT CyMMHPOBAHMS KYJIOHOBCKHX I10JIEH HETO/BHYKHBIX TOJIOKHUTEILHO 3apSHKEHHBIX HOH-
HBIX OCTOBOB KaJIMsl M PABHOTO UM YHCJIa CO3AAI0IMNX TOK OAITMCTUYECKH ABMKYIUXCS BAJICHTHBIX 3JICKTPOHOB KaJIHs.
[TokazaHo, YTO BETMYMHA OTPUIATEIBHOTO PEJISTHBUCTCKOTO 31eKTpruueckoro noreniuana K@CNT B nepnenankyssip-
HOM HaHOTPYOKe HalpaBlICHUH HE 3aBUCHUT OT HAIPABJICHUsSI IUIOTHOCTH TOKA. YCTaHOBJICHA B3aUMOCBSI3b MEXKLY Paany-
coM K@CNT 1 9ncinoM OTKPBITHIX KaHAIOB OaUTHCTHYECKOTO TIepeHOca AIEKTPOHOB 1o aroMaM Kamus. Mcmonesyercs
¢dopmyna Jlannayspa, CBI3bIBAIONIAst YUCIO OTKPHITHIX KBA3HOJHOMEPHBIX KAaHAJIOB M AJIEKTPHUYECKYIO TPOBOJAMMOCTh Ha
IIOCTOAHHOM TOKE. Bnemee TMOJIY4YCHbI AaHAJTTUTUYCCKUE (I)OpMyJ'H)I JUTA 3aBUCUMOCTHU PEJIATUBUCTCKOI'O MOTCHI M A Ia BOIM3H
K@CNT 0T sneKTprdecKoro HalpspKeHUST MEXKIy KOHIIAMH HaHOTPYOKH W ee paauyca B Tpefelie HyJIeBOH aOCOMFOTHON
Temrneparypsl. PaccMoTpeH ciyuaii, korja pacCToSHUE OT TOUKH PErUCTpaliy PEISTUBHCTCKOIO MOTEHIMANA HaJl LIEHTPOM

'"The materials of the article were presented at the IX International scientific conference «Materials and structures of modern

electronics» (Minsk, 14—16 October 2020).
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HaHOTPYOKM MHOTO MEHbIIE ee JIUHBL. [ HaHOTpyOkH nuamerpoM 2 HM M anuHoi 100 MKM mpu HampsHKeHHOCTH
BHEIITHET0 AJIEKTPUYECKOTO 1MoJist S MB/MKM BennunHa pessiTHBUCTCKOTO MOTEHIMaa cocTasisieT npumepHo 2 MkB. Co-
BPEMEHHBIE METObl U3MEPEHUH MO3BOJISAIOT 3apErUCTPUPOBATh NPEACKA3bIBAEMBINH PEISITUBUCTCKUI MOTEHIUAIL.

Knrouegvie cnoga: yrineponHas HAaHOTPYOKa; MIEITOYHON METAJII; TOCTOSHHBIN TOK; 3IEKTPOHHAsI TPOBOIUMOCTD; pe-
JSITUBUCTCKUH 3JIEKTPUYIECKUI TOTEHIINAI; HU3KUE TEMIIEPaTyphl.
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RELATIVISTIC ELECTRIC POTENTIAL
NEAR A RESTING STRAIGHT CARBON NANOTUBE
OF A FINITE-LENGTH WITH STATIONARY CURRENT
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Based on the Lienard — Wiechert potentials for a uniformly and rectilinearly moving electron, a relativistic electric
field is studied near a densely filled with potassium atoms single-walled carbon nanotube (K@CNT) with a stationary
electric current inside it. The relativistic electric field in the laboratory coordinate system arises (due to the Lorentz trans-
formations) only for a nanotube of a finite length. This field is a result of summation of the Coulomb fields of stationary
positively charged ionic cores of potassium and an equal number of ballistically moving valence electrons of potassium
that create a current. It is shown that the magnitude of the negative relativistic electric potential of K@CNT in the di-
rection perpendicular to the nanotube does not depend on the direction of the current density. The relationship is ob-
tained between the K@CNT radius and the number of open channels of ballistic electron transfer over potassium atoms.
The Landauer formula is used, which relates the number of open quasi-one-dimensional channels and the direct current
electrical conduction. For the first time, analytical formulas are obtained for the dependence of the relativistic potential
near K@CNT on the electric voltage between the ends of the nanotube and on its radius in the limit of zero absolute tem-
perature. The case is considered when the distance from the point of registration of the relativistic potential above the center
of the nanotube is much less than its length. For nanotube with diameter of 2 nm and length of 100 wm, under an external
electric field strength of 5 mV/um, the magnitude of the potential of the relativistic electric field is of about 2 V. Modern
measurement techniques make it possible to register the predicted relativistic potential.

Keywords: carbon nanotube; alkali metal; steady current; electronic conduction; relativistic electric potential; low
temperatures.
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Introduction

One-dimensional metallic and semiconducting nanowires have a number of unique properties (see,
e. g., [1; 2]) and wide areas for real and possible applications [3—5]. However, nanowires are susceptible to
oxidation, which leads to degradation of their operating parameters over time. At the same time, nanowires
formed by filling carbon nanotubes (CNT) with metal atoms [6] are protected from oxidation, since the carbon
frame of a nanotube is chemically inert. It is also worth saying, that it is possible to produce proton conducting
nanowire made of molecular complexes of HF (hydrogen fluoride) inside CNT [7].

The aim of the work is to calculate the relativistic electrostatic potential near a straight resting carbon
nanotube filled with potassium atoms (K@CNT) with a stationary electric current in it in order to evaluate
parameters of its conductive potassium channel.
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Basic equations

Let us consider a straight wire in the form of K@CNT with length L and cross section area S. Let the steady

ballistic electric current be excited in it, then

I=—envs, )
where e is the elementary charge; n is volume concentration of conduction electron; v is the ballistic velocity
of electron; the value and direction of the electron velocity are constant along the carbon nanotube.

The current is led into the wire through two electrodes (ohmic contacts). Further, we assume, that the
transfer of electrons in the wire is ballistic, and in the electrodes it is drift-diffusion [8]. The cross section area
of electrodes is much larger than S. That is why when electron concentrations are approximately equal in the
contacts and in the wire, the drift-diffusion velocity of electrons in the contacts much less than v. We neglect
the manifestation of the acceleration of electrons on one contact of electrode to the wire and deceleration on the
other contact of the wire to the electrode, since these regions are significantly less than the wire length. We also
do not take into account the possibility of a configuration electromotive force [9] appearing on the contacts to the
wire with steady current. Note that the electric field strengths associated with contacts to the wire with a stationary
current are directed along the wire. In addition, equation (1) does not take into account the action of the magnetic
field of the current on the electrons creating this current [10; 11]. Specifically, in the pinch effect, under the action
of an intrinsic magnetic field, the electrons drifting with a velocity v goes to the axis of the conductor until the
action of the magnetic field is balanced by their repulsion. Under the pinch effect the stream of electrons becomes
compressed (pinched) and surface of the conductor acquires a positive charge, the surface density of which does
not depend on the conductor length [10].

In the wire with current there are nSL mobile (free) electrons and their velocity is v. The amount of im-
mobile atomic (ion) cores in the wire equals to the amount of mobile electrons, i. e., nSL. In the laboratory
coordinate system the electric fields produced by electrons E_and ions E, of wire are different. Indeed, the
strength of electrostatic field of uniformly (ballistically) moving electron with the velocity v at a distance r
from the electron [12; 13] is ,

E=-—= 3 =P 3/2° @)
4me €,r (1 - B? sin26)

where €. = 1 is the isotropic relative permittivity of the medium around the wire; €, is the electric constant;

B:g is the ratio of electron velocity v in wire to the speed of light ¢ in vacuum; O is the angle between the

electron velocity v and radius vector r. The strength of electric field created by immobile ions E, is equal in
magnitude and opposite in sign of the strength of electric field created by electrons E_ with zero velocity (equa-
tion (2) at = 0; see discussion of Lorentz transformations for moving objects in [14; 15]).

After summing up the fields from ion cores E, (it is equal —E_ at f = 0) and conduction electrons E_ over
the entire wire one can obtain the relativistic electric field in perpendicular direction to the ballistic flow of
electrons at a distance » from the middle of the wire [16]:

E (r)= 267};5; [(L2 I (B [32))1/2} <0. (3)

It follows from equation (3) that for L — oo the field £, — 0 at » = const (see also [17; 18]). (In the frame
of classical electrodinamics, it was shown [19] that the relativistic electric field around the superconducting
ring with steady current is zero.)

The field £, (r) by equation (3) corresponds to the following electrostatic potential at a distance d from the

center of the wire (approximation is given for 3 =%} <landd <« L):

oo

L+ >+ 4d*(1-p? 2
(pL:JEi(V)dV=— ens In \/ ( ) - _prens (1—%J<0. 4
2mey | J1-p? [L + 2+ 4d2} 4me, L

d

Here it is taken into account that at the point infinitely far from the wire the potential ¢, = 0.
Thus, from equation (4) taking into account equation (1) it follows that

2 2
ol 2d
~———1-— <0, 5
PL 4nenS( I? )
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where 1, = —— is the vacuum permeability. From equation (5) it can be understood, that the value of the

€,C
potential |(p L| is higher, when the concentration » maintaining the current / in the wire is lower. That is why the
[2
=/v.
enS
The calculations of number of subbands N (R) = N 21 for electrons inside K@CNT were presented in [20].

It is shown that the number of subbands N and the Fermi momentum py. of electrons moving along the CNT as
functions of CNT radius R are determined by a system of two equations:

2 2 N-1 2
T hnR 2\ 2mhw 1)\/;’ é)_FZNh‘”’ (©)
m

= + +
PEENINT ) T NN+ Z‘O /
where m is the electron mass (further it is assumed to be equal to the electron mass in vacuum); 7 = LA is the
2 27
2U, 0.967e

potential |(p l| is higher, when the ballistic velocity v of electrons is higher, i. e.,

Planck constant; ®* = > = 5— Is the square of the angular frequency of zero-point oscillations of
mR*  4me,may R )
. . . . e’R . .
electron in parabolic potential well with depth U, = ﬁ; a, = 0.142 nm is the distance between two
€0

nearest carbon atoms in carbon nanotube. The potential well for electrons, which move in a chain of potassium
atoms, is caused by the positively charged potassium ions adjacent to the negatively charged carbon frame of
CNT. (The CNT frame is an acceptor: every 10 carbon atoms capture about one valence electron from potas-
sium atoms. Subbands are due to the discreteness of the energy spectrum for the «transverse» electron motion
inside K@CNT.)

Eliminating the unknown quantity pr from the system of equations (6), we obtain

2
25nR> 2 2mh
[}zft hnR W z j+1) \/_J - 2mNho(R)=0.

(N+1) N(N+1)

(7

j:

From equation (7) the relationship between the radius R and the number of open channels (subbands)
N=N (R) >1 for K@CNT can be found in the form

:[N(N+1)\/N—21§1(j+1)\/;]( e ] (8)

154/3n° gohagn®

Results and discussion

According to Landauer’s theory (see, e. g., [21; 22]), the direct current electrical conductivity G of quasi-
one-dimensional conductor (inner part of K@CNT) in the limit of zero absolute temperature is equal to the
number of open nondissipative channels of ballistic electron transfer multiplied by the conductivity quantum
26> N(R)[N(R)+1]

%. The number of channels of ballistic electron transfer in K@CNT is equal to ,1.e.,to

the number of subbands in which electrons are located, taking into account degeneracy multiplicity of the sub-
band, which is equal to its number N (R). Thus, the conductivity G has the form [20]
2¢* N(R)[N(R) +1]
— 9)
h 2

where N(R) could be found from equation (8). Results of calculation of electrical conductivity G(R) using
equation (9) are shown (figure a).

Let a direct current voltage U be applied to the ends of K@CNT with radius R and length L. So that there is

the electric ballistic current / (R)= G (R)U. (We assume that the electrical conductivity of the carbon frame of
2

CNT is much less, than the conductivity via potassium atoms.) According to equation (5), neglecting N7 <1,

G(R)=

the relativistic electrostatic potential ¢ l(R) does not depend on the potential registration distance d from the
center of K@CNT and has the form
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G*(R
(pl(R) o 4::;6 nlg2 )U2’ (10)

where 7 = 14 nm™ is the concentration of conduction electrons inside K@CNT (here it equals to the electron
concentration in metallic potassium [23] and it does not depend on the radius R of nanotube); S = nR*. The re-

sults of calculations of relativistic electrostatic potential @ (R) using equation (10) are shown in figure b.
It follows from equation (10), that the magnitude of the electrical conductivity G(R) can be determined
from the magnitude of the measured relativistic potential @, (R) for the known nanotube radius R and vol-

tage U (voltage generator mode). With known electric current / (R) = G(R)U (current generator mode) and

nanotube radius R, according to equation (10), it is possible to determine the concentration n of ballistically
moving electrons inside K@CNT.

a b
3 10 -
J_ 8 B
2 -
2 = or
S = A
1_
2 -
0 1 1 0 —l 1 1
0.5 1.0 1.5 0.5 1.0 1.5
R, nm R, nm

Dependence of the direct current electrical conductivity G,
according to equation (9), on the radius of K@CNT (a). Relativistic electrostatic potential ¢,
according to equation (10), at the distance d < L from the center of K@CNT to the registration point

of the potential, as a function of the radius R for L = 100 um at the electric field strength % =5 mV/um (b)

Conclusion

The dependence of relativistic potential ¢ near a potassium-filled straight resting carbon nanotube with
a stationary electric current on nanotube radius R in the limit of zero absolute temperature was studied ana-
lytically and numerically. The potential is calculated at a distance d, from the center of K@CNT, that is much
less than the nanotube length L. At a fixed distance from the center of the nanotube the value of ¢, increases
in a sawtooth manner with the nanotube radius R. The appearance of «teeth» in the dependence of @, on R is
a consequence of two competing factors: 1) the electrical conductivity G(R) changes in a stepwise manner

(increases with the radius R), i. e., it increases with the number of subbands filled with electrons in the dis-
crete energy spectrum of the «transverse» motion of electrons inside K@CNT; ii) when the nanotube radius R

increases until the next jump of conductivity G, the value of the potential ¢ l(R) decreases (since, for fixed
K@CNT conductivity, the potential is inversely proportional to the square of CNT radius). For nanotube with

diameter 2R = 2 nm and length L = 100 um, under an external electric field of strength v_ 5 mV/um, the
magnitude of the potential of the relativistic electric field is of about ¢ | = 2 uV.

It is shown that the value of the electrical conductivity G(R) can be determined from the measured mag-
nitude of relativistic potential @, (R) for known nanotube radius R and applied voltage U. While for known
electric current /(R) = G(R)U and radius R the concentration n of electrons ballistically moving inside K@CNT
can be determined.
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MOAEANUPOBAHUE ITAASMOHHOI'O PEBOHAHCA
B ITEPUOANYECKNUX MHOI'OCAOMHBIX CTPYKTYPAX
HA OCHOBE XPOMA C ITOBEPXHOCTHbBIM OCTPOBKOBBIM CAOEM

H. P. KOUIEJIEB", A. H. MYXAMMAJY, I1. H. TAHJYK"

Y Benopyccruii 2ocyoapemeennwiii ynuee cumem, np. Hezasucumocmu, 4, 220030, 2. Munck, benapyce
Py yoap Yy 74 p Py

MeTo/10M KOHEYHBIX Pa3HOCTEel BO BPEMEHHON OOJIACTH MPOBEICHO MOJICIMPOBAHME ONTHUYECKHX CBOMCTB CTPYKTYP
Cr/Si/Cr u Cr/CrSi,/Cr ¢ neproandecKy pacriolokXeHHBIMI 0CTpOBKaMU Xpoma. OOHapY>KeHO, YTO JUIsl paCCMaTpUBAECMbIX
CTPYKTYp XapaKTepHO SBJICHHE IIIa3MOHHOTO pe3oHaHca. OnpeaesieHbl 3aBUCHMOCTH HHTEHCUBHOCTH M MOJIOKESHHMS TTHKA
IUIA3MOHHOTO ITTOIVIOIICHHUS OT TOJIIMHBI M paJyca OCTPOBKOB. OTMEUYEHO, Y4TO MY yBEIMYCHUH TOJIIMHBI OCTPOBKOB
70 120 HM MHTEHCHMBHOCTH IHKa MOMNIOLIEHHsT Bo3pacTaeT 10 69 % mis crpykrypbl Cr/Si/Cr u no 55 % nmist cTpykTy-
po1 Cr/CrSi,/Cr. YcTaHOBIEHO, YTO MUK IIa3MOHHOTO IONIOMIEHHUS B clieKTpe cTpyKTypbl Cr/Si/Cr HaXOquTCsl Ha MEHb-
el qune Bonusl (8,4 MM aas Cr/Si/Cr, 11,1 mxm ana Cr/CrSi,/Cr), a Taxoke UMeeT OOJbLIYI0 HHTEHCUBHOCTD (1071
MIOIJIOIICHHOTO M3JIy4eHHs: Ha 14 % BbIlIe 10 CPABHEHHUIO C IMUKOM IUTa3MOHHOTO MOIJIOIICHHUS B CIIEKTPE CTPYKTYPBI
Cr/CrSi,/Cr). IlomydeHHble 3aBUICHMOCTH YKa3bIBaIOT HAa BO3MOKHOCTD Hcnonb3oBanus cTpykTyp Cr/Si/Cr u Cr/CrSi,/Cr
B KayecTBe JerekropoB MK-nnanazona.

Knrwuesvie cnoga: nna3sMOHHBIN PE30HAHC; MEPUOANYECKHE OCTPOBKOBBIE CTPYKTYPBI; CIIEKTPHI ONTUYECKOTO IO-

TTIOIICHMUA.
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bnazooapnocms. PabGota BhImonHEHa mpH (UHAHCOBOH mopanepkke bemopycckoro pecmyOmukaHckoro ¢oHaa
(byHnaaMeHTaNBHBIX MccaeqoBanuii 1 Poccuiickoro donna gyHaamMenTanbHbix uccienoanuii (mpoekr Ne T18P-190),
a TaKk)Ke rocy/lapcTBEHHON MPOrpaMMbl Hay4YHBIX HccieqoBaHUi «DOTOHMKA, ONTO- U MUKPOIIEKTPOHUKA» (TIPOEKT
3.2.04, Ne I'P 20190644).

MODELING OF PLASMON RESONANCE IN PERIODIC
MULTILAYER STRUCTURES BASED ON CHROMIUM
WITH A SURFACE ISLAND LAYER

I R. KOSHELEV', A. . MUKHAMMAD', P. I. GAIDUK"

*Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus
Corresponding author: I. R. Koshelev (ikoselev77@gmail.com)

The optical properties of Cr/Si/Cr and Cr/CrSi,/Cr structures with periodically located chromium islands are modeled
using the finite-difference time domain method. These structures are characterized by the phenomenon of plasmon reso-
nance. The dependences of the intensity and position of the plasmon absorption peak on the thickness and radius of the
islands are determined. It was observed that when the island thickness increases to 120 nm, the intensity of the absorption
peak increases to 69 % for the Cr/Si/Cr structure and to 55 % for the Cr/CrSi,/Cr structure. It was found that the peak
of plasmon absorption in the spectrum of the Cr/Si/Cr structure is at a shorter wavelength (8.4 um for Cr/Si/Cr, 11.1 pum
for Cr/CrSi,/Cr), and also has a higher intensity (the share of absorbed radiation is 14 % higher compared to the peak of
plasmon absorption in the spectrum of the Cr/CrSi,/Cr structure). The obtained dependences indicate that the Cr/Si/Cr and
Cr/CrSi,/Cr structures can be used as IR detectors.

Keywords: plasmon resonance; periodic island structures; optical absorption spectra.

Acknowledgements. This work was supported by the Belarusian Republican Foundation for Fundamental Research
and Russian Foundation for Basic Research (project No. T18R-190) and by the state program of scientific research «Pho-
tonics, opto- and microelectronics» (project 3.2.04, No. GR 20190644).

BBenenune

CoBpeMeHHBIE JOCTI)KCHNS MaTepHAIOBEICHNS, TO3BOJIIONINE HAHOCTPYKTYPHPOBATh Pa3INYHbIC MaTe-
puasbl, gy OONBIION TONYOK HOBBIM HCCIICIOBAHHSAM IUIA3MOHHBIX d(dekroB. Takne 3(heKkTs BO3HUKAIOT
13-32 KOJUICKTUBHBIX KOJIEOaHUH 3IIEKTPOHOB MPOBOAUMOCTH (TJIa3MOHOB) OTHOCHUTENBHO KPUCTAITUUECKON
pemetky. [11a3MOHBI 00Ja1aI0T pE30HAHCHOM YacTOTOW M MOTYT OBITH BO3OYKJCHBI Ha STOH 4acTOTE BHEII-
HEll ANIeKTpOMarHuTHON BOJIHOM (TIa3MOHHBIN pe3oHaHc) [1]. SIBneHne mia3MoOHHOTO pe3oHaHca MOXKET Ha-
OmronaThCs, HapUMep, B CTPYKTypax ¢ MEPUOJMUECKHU PACTIONOKEHHBIMI OCTpOBKaMu MeTata [2]. st momo6-
HBIX CTPYKTYp IUIa3MOHHBIN PE30HAHC COMPOBOXKIAETCS YBEINYECHNEM KO (UIMEHTA TTOIIOMEHHS, MAKCHMYM
KOTOPOTO TP 3TOM HAXOAUTCS HAa 4acTOTE IUIa3MOHHOTO pe3oHaHca. OTienbHas UX s4eiika MOXeT ObITh Ha-
CTPOCHA Ha MOIVIOMICHUE U3TYUYCHHUS ONPEACICHHBIX JJIMH BOJIH ITyTeM U3MEHEHHSI Pa3MEPOB COCTABIISIONINX
ee clloeB. DTo o0ecreunBaeT BOZMOKHOCTD HCIIOIBb30BaHMs TAKUX CTPYKTYP B KaU€CTBE UyBCTBUTEIIHHBIX dJie-
MEHTOB JICTEKTOPOB MU3ITydeHUs [3].

B nacrosmeit pabore METoIaMu KOMITBIOTEPHOTO MOJICITUPOBAHUS OBUIO M3YUCHO SBICHHE IUIA3MOHHOTO
pe30HaHca B MHOTOCIONHBIX nepuoandeckux crpykrypax Cr/Si/Cr n Cr/CrSi,/Cr.

MaTepnam,l U METOAbI UCCJICAOBAHUSA

B nanHoii paboTe MOAETMPOBAINCH ONTHYECKHE CBOWCTBA CTPYKTYPBI, OTJACIBHBIN MUKCEN KOTOPOW Hpe-
cTaBJieH Ha puc. 1. Mccnenyemas cTpyKTypa BKIIOYAET TPH CIIOSL:

® XpoMm;

® KpEeMHHUH (IUCHUIIUIN] XpOMa);

® XpoM.

IToBepxHOCTHBIH €101 MpeacTaBiIsgeT co00i MaccuB AMCKOOOPA3HBIX OCTPOBKOB, PACIIOIOKEHHBIX C IIe-
puoznom 1,1 MkM. B KauecTBe MPOMEKYTOUHOIO CJIOSI B3ST HEJIETHPOBAHHBIN KPEMHUH (IMCHIMLINI XpoMa).
Bbin uccnenoBanbl CTPYKTYPBI C Pa3IMYHBIMU [TapaMeTpaMU BEPXHETO CIIOS: PailyC OCTPOBKOB (7)) M3MEHSIICS
ot 300 1o 530 uM, a Tommuua (d) — oT 40 1o 120 aM. [Ipu STOM TONIIMHBI CILIOUTHOTO CIIOSI XpOMa U IIpoMe-
YKYTOYHOTO MOTYMPOBOJIHUKOBOIO HEJIETUPOBAHHOTO CJI0S1 OBUIH OJTMHAKOBBI JIJISl BCEX CTPYKTYP M COCTABIISITA
40 u 80 HM cOOTBeTCTBEHHO. TakuM 006pa3oM, 00IIas TOIIMHA CTPYKTYPHI He TpeBbimana 240 HM.
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N o
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Puc. 1. TIuxcen MOIEIUPYEMOi CTPYKTYPbI
Fig. 1. Pixel of the simulated structure

MopenupoBaH#e TUIA3MOHHBIX CBOMCTB HCCIEAYEMBIX CTPYKTYp MPOBOAMIOCH METOJOM KOHEYHBIX paz-
Hoctell Bo BpeMeHHo# obiactu (FDTD) ¢ momomsio nporpammsl FDTD Solution'. Ha TPaHULIbI, NIEPIICH-
JUKYJISIPHBIC OCH Z, HAKJIQJIBIBAJIUCH YCIIOBUS UJCAIBHO COMIACOBaHHBIX cioeB (PML), koTopbie Mo3BOJISIOT
130eKaTh MOSIBIICHUS TIEPEOTPAKEHHBIX BOJH, 4 Ha TPAHUIIBL, IEPIICHINKYISIPHBIC OCSIM X U ), HAKIIAIbIBAIOCh
YCJIOBHE IEPUOANIHOCTH. TaKkue rpaHnIHBIC YCIOBHS JAIOT BOZMOYKHOCTB HCCIIEA0BATh ONTHIECKHE CBONCTBA
BCEH CTPYKTYPbI, IPOBOJISI MOJICTTUPOBAHNE TPEXCIOWHON SIUEHKHU, cofeprKallle TOIbKO OJIMH OCTPOBOK. Mo-
JIeTMPOBAHUE BBIMIOJHAIOCH B AUana3zone 5—20 MKM C UCIIOJIb30BaHUEM ceTKHU ¢ marom 0,25 HM. 3aBUCUMOCTH
AUAIEKTPUIECKON MPOHULAEMOCTU OT JUIMHBI BosHbI 1111 Cr, Si u CrSi, Oblin B34THI U3 IUTEpPaTyphl [4; 5].
KoadduiimeHT mororieHus onpeaesics: kKak

AM)=1-R(X)-T(}),

e R(?\,) — AOJIAL OTPAXXCHHOI'O U3JTYy4YCHUA, a T(?\,) — A0JIA TpOoMmeAIIero U3J1yUCHUs.

Pe3yabrarbl 1 HX 00Cy:K1eHHE

Ha puc. 2 npuBenensl kpuBbie k03()pQULIHNEHTOB MOMOMEHUSI, OTPAKECHUSI U MPOIYCKaHUSI CTPYKTYPbI
Cr/Si/Cr ¢ nepHoguuecKy pacroiioKeHHBIMH TOBEPXHOCTHBIMHE OCTPOBKaMH XpoMa paanycoM 450 HM U ToJI-
muHO# 80 HM. MOXXHO 3aMETHTb, YTO MAAIOIIEEe U3ITyYCHUE TTOYTH MOIHOCTHIO OTPAYKAETCSI OT CTPYKTYPHI,
3a HCKITIOYEHHEM JHaIa30Ha [UIMH BOJIH 6—11 MKM, B KOTOpOM HaOJIIOIaeTCst JOBOJIILHO CHIIBHOE MOTIIONICHUE
n3nyuenus (oxono 58 %). Koadduuuent npomyckanust 6I130K K HYJIIO IPAKTHYECKH HAa BCEM HCCIIETyEeMOM
WHTEpBaJie, KpoMe HeOombIIoro nuka B guanasone 7,5-10,5 mxm. [Toxoxee moBeneHre KpUBbIX MOTIOLICHUS,
OTPa’KEHUS U IPOIYCKaHUs XapakTepHo u Juis cTpyKTypsl Cr/CrSi,/Cr.
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Puc. 2. CrieKTpBI TOTIONICHHS, OTPAKECHHS U TIPOITYCKaHHs
qutst ctpyktypsl Cr/Si/Cr ¢ TomuuHoi ocTpoBKoB 80 HM

Fig. 2. Absorption, reflection and transmission spectra
for the Cr/Si/Cr structure with an island thickness of 80 nm

Ha puc. 3, a u 6, npusenens! criekrpsl noriomenus ctpykryp Cr/Si/Cr u Cr/CrSi,/Cr ¢ pa3jinuHbIMU pajny-
caMu OCTPOBKOB. CpaBHEHHE CIIEKTPAJIbHBIX KPUBBIX, OJYUYEHHBIX B pe3yabrare uaMeHenus » ot 300 10 530 uwm,
CBHUJIETEIILCTBYET O TOM, YTO PAJIUYC OCTPOBKOB BIMSET HA MakcUMyM Kod(dduimenrta nornormenus. [lo mepe

'Lumerical FDTD Solutions [Electronic resource] / Lumerical Solut. Inc., 2003—2020. URL: http://www.lumerical.com/ (date of
access: 05.04.2020).

28



OnTHKA U CIEKTPOCKOTHSI
Optics and Spectroscopy

yBenmueHus 7 oT 300 1o 450 am B crpykrype Cr/Si/Cr HabmonaeTcss He3HAYUTEIbHOE YBEJIIMYCHUE MTHKA O~
mromenus ¢ 55,7 no 56,9 %, a B crpykrype Cr/CrSi,/Cr — ¢ 42,8 no 43,5 %. daneneimmuii poct 7 ot 450
10 530 HM COnpOBOXKAAETCS HEOOIBIINM MaJeHHeM MaKCHMyMa IMOomIomeHus — ¢ 56,9 1o 55,3 % B cTpykTy-
pe Cr/Si/Cr u ¢ 43,5 no 42,5 % B ctpykrype Cr/CrSi,/Cr. lllupuna Ha nomyBsicote s cTpykrypsl Cr/Si/Cr
n3Mensiercst ot 2,2 MM (7 = 300 am) 10 4,7 Mxm (7 = 530 M), a1 crpykrypsl Cr/CrSi,/Cr — ot 2,8 MKM
(r =300 uM™m) 10 5,9 MxmM (7 = 530 HM). MBI ipearnonaraeM, 4To moo0Hast 3aBUCUMOCTb ITUKA MOTIIOMICHUS OT
pazmyca OCTPOBKOB (CM. puc. 3, 8) 00yCIIOBJICHa BOSHUKHOBEHUEM B TAKUX CTPYKTYpPaXx SBICHUS TUIA3MOHHOTO
pe3onanca. CielyeT OTMETUTD, YTO YBEITHYCHUE paJliyca OCTPOBKOB TP HEM3MEHHOM IIEPHOJIE BENIET K YMEHb-
MMEHUTIO PaCCTOSIHUSA MCXKIY HUMMU. STO, B CBOIO O4YEPC/b, ITIPUBOJIUT K BSaHMOﬂeﬁCTBHIO MEXAY IU1a3MOHaMu,
BO3HUKAIOOIUMH B COCEAHUX OCTPOBKaAX. MosxHO MMPEAIIOJIO0XKNUTh, YTO UMCHHO B PE3YyJIbTaT€ TaAKOIro0 B3anMO-
HeﬁCTBHH IMPOUCXOIUT YMCHBIICHNEC MHTCHCYUBHOCTHU ITHMKa MMOTJIOIICHHUA IJIA CTPYKTYP € paanyCoM OCTPOBKOB
cBeime 450 HM [2; 6]. bormee meranbHO BIUSHNAC B3aMMOACHCTBHS IIA3MOHOB COCETHUX OCTPOBKOB Ha ypO-
BEHB MOMIONIEHHS CTPYKTYPBI OyA€T pacCMOTPEHO B JalbHEHINX paborax. [lomumo 3TOTO, YBEIHUEHHE pa-
JINyCa OCTPOBKOB COITPOBOYKAAETCSA YBEITMUEHNEM JITMHBI BOJIHBI (CM. pHC. 3, 2), Ha KOTOPYIO MPUXOJUTCS MUK
KOA(pPUIMEHTA TOTIOIIEHHS, YTO O3HAYaeT YMEHBIIIEHHE YacTOThI IIa3MOHHOTO pe3oHaHca. Poct » ot 300
110 530 HM BBI3BIBACT CMEIICHHUE MTHKA MTOTJIOICHUS 110 JiJTMHE BOJIHEI ¢ 5,3 Ha 10,5 Mkm m ¢ 7,1 Ha 13,9 MKkM
B ctpykrypax Cr/Si/Cr u Cr/CrSi,/Cr COOTBETCTBEHHO.
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Puc. 3. CnektpanbHble 3aBUCUMOCTH K03 ¢punmenTa noriomenus ctpykryp Cr/Si/Cr (a)
u Cr/CrSi,/Cr (6) ¢ pa3IUYHBIMH PanyCaMU OCTPOBKOB, & TAK)KE 3aBUCUMOCTb BBICOTSI (6)
U HOJIOKeHHs (2) muKa Ko3(hGUIMEeHTa MOTJIOICHHUS OT PaJinyca OCTPOBKOB

Fig. 3. Spectral dependences of the absorption coefficient of Cr/Si/Cr (a)
and Cr/CrSi,/Cr (b) structures with different island radii, dependence
of the absorption coefficient peak height (c¢) and position (d) on the island radius
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Ha puc. 4, a u 6, npuBeicHbI ClIEKTpaJbHbIE 3aBUCUMOCTH KOA(PPUIIMEHTA IMOTIIOMICHUS ISl CTPYKTYP
Cr/Si/Cr u Cr/CrSi,/Cr ¢ pa3nuuHO# TOMIIHUHON OCTPOBKOB XpoMa. Pamguyc ocTpOBKOB B 00€MX CTPYKTypax
ObL1 paBeH 450 HM, TOCKOIIBKY MPEIBIAYIINE PACUETHI TOKA3aJIH, YTO 3TO 3HAYCHNUE COOTBETCTBYET HAMITYYIIIe-
MY TIOTJIOIIEHHIO U3Ty4eHust (cM. puc. 3, a u 0). CorlacHO IPHUBEJICHHBIM KPUBBIM IMUKU KO3 PUITMEHTOB TI0-
IJIOIIEHMSI, COOTBETCTBYIOIIHE, T10 HAIEMY MPEAOI0KEHHIO, TUIA3MOHHOMY PE30HAHCY, HAXOJSTCS Ha OJTHON
anuHe BonHbI — 8,4 Mkm i Cr/Si/Cr, 11,1 mxm s Cr/CrSi,/Cr. I1pu 5ToM 3aKOHOMEPHO YMEHBIIAETCS [N~
puHa Ha noiyBeicore: B cTpykType Cr/Si/Cr — ¢ 4,9 mxwm (d = 40 am) 1o 3,0 MM (d = 120 HM), a B CTpYKType
Cr/CrSi,/Cr — ¢ 5,2 MM (d = 40 uM) 110 3,9 MM (d = 120 aM). [Ipn n3menennu d ot 40 1o 120 HM MakcuMyM
kodddurmenta noromenus B ctpykrype Cr/Si/Cr Bo3pacraer ¢ 48 1o 69 %, B ctpykrype Cr/CrSi,/Cr —c¢ 36
10 55 %. DT 3aBUCHMOCTH HAIJBSIIHO TPECTaBICHBI Ha puc. 4, 6.

Pesynbrarer MopenpoBanus cekTpos nonommeHns cTpykryp Cr/Si/Cr u Cr/CrSi,/Cr moka3sIBaioT, 4TO yBe-
JIMYCHUE TOJIIIMHBI OCTPOBKOB (ITOBEPXHOCTHOTO CJIOS) MCCIIEAYEMOU CTPYKTYPhI 3aKOHOMEPHO BBI3BIBAET POCT
Kkod(duIEeHTa MOOIIeHNs. AHAJIOTUYHBIN pe3ynbrar ObLI MoydeH B padote [2] st cTpyKTypbl Au/Si/Au.
Bonbinee yBenmueHne ypoBHs IOIIONICHHS IPOUCXOUT B 00IACTH TUIA3MOHHOTO ITHKA: B JIMANA30HE JI0 7 MKM
KPHUBBIE BeIyT ceOsl MPaKTUIECKH WACHTHYHO, a rociyie 11 MKM pa3HuUIla B ypOBHE MOIVIOIIEHHS COCTABIISIET He-
CKOJILKO MPOIICHTOB. VICX0/1s1 M3 3TOT0, MOYKHO TPEATOIOKUTD, YTO 33 YBEJIMYCHUE YPOBHS MOIVIOIMICHHS OT-
BEUAIOT IIa3MOHHBIC () ()EKTHI.
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Fig. 4. Spectral dependences of the absorption coefficient of Cr/Si/Cr (a)
and Cr/CrSi,/Cr (b) structures with different island thickness,
dependence of the peak height of the absorption coefficient on the island thickness (¢)
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Crout OTMETHTH CXOXecTh rpaduxoB 3aBucumoctu st crpykryp Cr/Si/Cr u Cr/CrSi,/Cr. Ux otnnune
3aKITF0YaeTCs JIUIIb B BETMUMHE M TIOJIOKEHNH MTUKa KoddduimenTa moromenns. Ha mapamerpsl mia3MoH-
HOTO PE30HaHCa CYNIECTBEHHO BIHSIOT TUICKTPHUYECKUE CBOMCTBA MPOMEXKyTodHOTO ciiost [6]. [Tonoxenue
IJIa3MOHHOTO PE30HAaHCA B CHEeKTpax nortomeHus cTpykrypsl Cr/CrSi,/Cr cMeleHo B HanpaBiaeHUH OOIbIINX
JUIMH BOJIH, YTO O3HAYaeT YMEHbBIIICHNE YaCTOTHI IITA3MOHHOTO PE30HAHCA. DTO MOXKET OBbITh CBS3aHO C TEM,
YTO 10 CBOMM CBOMCTBAM JWCHIIUIIHJ] XpoMa OJIMKE K MPOBOJHUKAM, YeM K TUIICKTPUKaM, B OTIHYHE OT
KPEMHHSsI, KOTOPBIH SIBISICTCS TIOYPOBOHUKOM: IIMPUHA 3apelIeHHOMN 30HbI TUCHIIMITHIA XPOMa COCTABIISIET
oxoo 0,35 5B, a kpemuns — 1,12 3B [5; 7].

Be10 MpoOBeeHO MOAEIMPOBAHUE ONTHYECKUX CBOWUCTB cTpYKTyphl Cr/SiO,/Cr ¢ paamycoM OCTPOBKOB
450 HM ¥ TONIIMHON MOBEPXHOCTHOTO cjosi 80 HM, B KOTOPOH B KauyeCTBE NMPOMEKYTOUHOTO CJIOS B3ST M-
JNEKTPHUK C MIMPOKOH 3arpenieHHoM 30H0H. CreKTp MOmIONIEHHs TAKOH CTPYKTYPhI OKa3ajcs O4eHb MOX0XK Ha
criektpsl cTpykTyp Cr/Si/Cr u Cr/CrSi,/Cr, npuBeneHnsie Bbime (cM. puc. 4, a u 6). OgHAKO MUK B CIIEKTpe
nonomenus crpykrypsl Cr/SiO,/Cr nabmogaercs Ha JuinHe BOJIHBI 4,1 MKM, a €r0 HHTEHCHBHOCTh IIPEBBI-
maeT 90 %. OnpeneneHnpie ¢ MOMOIIBI0 KOMITBIOTEPHOTO MOJICITHPOBAHUS MAKCUMYMBI TIOTJIOIICHUS TMEIOT
cnenyrontue 3HadeHus: 90 % Ha jumHe BoiHBI 4,1 MM, 57 % Ha anuHe BOJHBI 8,4 MKM 1 44 % Ha JUIMHE
BOJIHBI 11,1 MKM AJIS CTPYKTYp € IPOMEKYTOUHBIM citoeM u3 Si0,, Si u CrSi, coorBercTBeHHO. Mcxons u3 no-
JYYEHHBIX PE3YJBTaTOB, MOYXKHO TPEOIOKUTD, YTO YMEHBIIICHHE KOHIICHTPAIUK CBOOOHBIX HOCUTENCH 3a-
psijia B IPOMEKYTOYHOM CIIO€ COMTPOBOXKIACTCS YBEIIMUCHUEM MakcuMyMa Kod(GUIIHMEHTa MOIIOIIEHHS U €TO
CMEIICHUEM B CTOPOHY MEHBIIINX JJTUH BOJTH.

3akjaueHmne

ITyrem FDTD-MmoznenupoBanus paccuuTanbl cekTpsl noromenus crpykryp Cr/Si/Cr u Cr/CrSi,/Cr. Ilo-
Ka3aHOo, YTO JUIsl HUX XapaKTepHO SIBJIICHHE TUIa3MOHHOTO pe3oHaHca. OnpeneneHbl 3aBUCUMOCTH HHTCHCHUB-
HOCTH | TTOJIOKEHHS MUK MIa3MOHHOTO MOIVIOMIEHHsSI OT TOJNIIMHBI U PaJlyca OCTPOBKOB. YCTaHOBJICHO, YTO
IPY YBEIWYCHUH TOJIIUHEI OCTPOBKOB OT 40 10 120 HM MakcuMyM Kod(dHUITMEeHTa TTOTIIOMEHNST U3MEHSIETCSI
ot 48 10 69 % s crpykrypst Cr/Si/Cr u ot 36 10 55 % s crpykrypst Cr/CrSi,/Cr. Ilokazano, 4to yBenu-
YeHHE TOJIIUHBI OCTPOBKOB HE BIUSET HA MTOJOKEHHE MTHKA TIA3MOHHOTO TTOTIIONICHUSI.

Takke 0OHApy)KEHO, YTO YMEHBIICHHE PaJNyca OCTPOBKOB MPHUBOAUT K CMEUICHUIO MHUKA MOTIOUICHUSI.
JlnvHa BOJIHBI, COOTBETCTBYIOIIAsI TUIA3MOHHOMY pe30oHaHcy, st cTpykrypbl Cr/Si/Cr usmensercs ot 10,5
10 5,3 mxm, aist ctpykrypsl Cr/CrSi,/Cr — ot 13,9 1o 7,1 MxMm. Mi3MeHeHne paguyca OCTPOBKOB IIPAKTHUECKH
HE BIMSIET HA HHTCHCHUBHOCTH IMHKA TIA3MOHHOTO TOMIONIEeHUs: pocT paauyca oT 300 no 450 HM BBI3BIBAET
YBEJIMUCHHE JTOJIM MOTIIOIIeHHs Bcero Ha 1-2 %, a poct oT 450 1o 530 HM — yMEHBIIICHUE JTOJIH MOTIOMIECHHUS
Ha Te ke 1-2 % U1 006enx CTPyKTyp.

Cpasrenue crektpos noromenus crpykryp Cr/Si/Cr u Cr/CrSi,/Cr B auana3one 5—20 MKM IOKa3anao
BJIMSIHUE COCTaBa MPOMEKYTOUHOTO CJIOS HA MHTEHCHBHOCTD U MOJIOKEHHE MTUKA TIA3MOHHOTO TTOTIIONICHUSI.
MakcuManbHass HHTEHCUBHOCTb KA MOIVIOIIEHUS CTPYKTYPBI C IIPOMEXYTOYHBIM cioeM CrSi, mpuHUMaeT
MEHbIIINE 3HaUYEHUs, pa3HuIla cocTaBisAeT B cpeaHeM 13—16 %. [lonoxenne nuka nia3MOHHOTO MOTJIOIIEHUS
CTPYKTYPBI C TPOMEKYTOUHBIM CII0EM Si CMEIeHO B 001aCTh MEHBIIUX JJTHMH BOJH (8,4 MKM).

bubiamnorpadguyeckne cCblIKH

1. Knumos BB. Hanonnazmonuxa. Mocksa: @uszmariaut; 2009. 480 c.

2. Kaikai Du, Qiang Li, Weichun Zhang, Yuanqing Yang, Min Qiu. Wavelength and thermal distribution selectable microbolome-
ters based on metamaterial absorbers. IEEE Photonics Journal. 2015;7(3):6800908. DOI: 10.1109/JPHOT.2015.2406763.

3. Cornuxos /1B, Kepnes AB, JI3antues bb. JleTekius MekMONeKyIIpHBIX B3aUMOAEHCTBHIA, OCHOBaHHAs! HAa PETUCTpPAIUH T10-
BEPXHOCTHOTO IUTA3MOHHOTO pe3oHaHca. Yenexu 6uonocuueckou xumuu. 2015;55:391-420.

4. Palik ED, editor. Handbook of optical constants of solids. Volume 3. [S. 1.]: Academic Press; 1998. 999 p.

5. Kpusomeesa AB, Illanouraukos BJI, Kpusomees AE, ®uonos Ab, bopucenko BE. TTonynposoguukossie cBoiictBa CrSi,
¢ ne(opMUPOBAHHOM pemieTkor. Dusuka u mexuuxa noaynposoonuros. 2003;37(4):402—407.

6. Noguez C. Surface plasmons on metal nanoparticles: the influence of shape and physical environment. The Journal of Physical
Chemistry C. 2007;111(10):3806-3819. DOI: 10.1021/jp066539m.

7. Hlamumosa KB. @usuxa nonynposoonuros. Cankr-IlerepOypr: Jlanp; 2010. 390 c.

References
1. Klimov VV. Nanoplazmonika [Nanoplasmonics]. Moscow: Fizmatlit; 2009. 480 p. Russian.

2. Kaikai Du, Qiang Li, Weichun Zhang, Yuanqing Yang, Min Qiu. Wavelength and thermal distribution selectable microbolome-
ters based on metamaterial absorbers. I[EEE Photonics Journal. 2015;7(3):6800908. DOI: 10.1109/JPHOT.2015.2406763.

31



Kypnaa Besopycckoro rocyrapcrseHHOro yuusepcurera. ®usuxa. 2021;1:26-32
Journal of the Belarusian State University. Physics. 2021;1:26-32

3. Sotnikov DV, Zherdev AV, Dzantiev BB. [Detection of intermolecular interactions based on surface plasmon resonance registra-
tion]. Uspekhi biologicheskoi khimii. 2015;55:391-420. Russian.

4. Palik ED, editor. Handbook of optical constants of solids. Volume 3. [S. .]: Academic Press; 1998. 999 p.

5. Krivosheeva AV, Shaposhnikov VL, Krivosheev AE, Filonov AB, Borisenko VE. Semiconducting properties of a CrSi, with the
strained lattice. Fizika i tekhnika poluprovodnikov. 2003;37(4):402—407. Russian.

6. Noguez C. Surface plasmons on metal nanoparticles: the influence of shape and physical environment. The Journal of Physical
Chemistry C. 2007;111(10):3806-3819. DOI: 10.1021/jp066539m.

7. Shalimova KV. Fizika poluprovodnikov [Physics of semiconductors]. Saint Petersburg: Lan’; 2010. 390 p. Russian.

Cmamws nocmynuna 6 peoxonneeuto 31.10.2020.
Received by editorial board 31.10.2020.

32



OnTHKA U CIEKTPOCKOTHSI
Optics and Spectroscopy

VIIK 535.343.2,535.35

MEXAHW3MbI ITEPEHOCA SHEPTUN MEXAY NOHAMMU TYANUSA
B KPUCTAAAAX BOABO®PAMATOB 1 MOAUBAATOB

H. B. 'YCAKOBA", M. I1. JEMEILI",
A. C. ACIOKEBHY", A. A. TABJIIOK?, H. B. KYJIEILIOB"

YBenopyceruii nayuonanvuuviii mexnuyeckuii ynugepcumen,
np. Hezasucumocmu, 65, 220013, 2. Munck, berapyco
2)Hhtcmumym Heopeanuyeckoul xumuu um. A. B. Hukonaesa, Cubupckoe omoenenue PAH,
np. Akademuxa Jlagpenmoesa, 3, 630090, 2. Hosocubupck, Poccus

HccnenoBaHsl porieccs NEPeHoca IHEPTUN MEXIy HOHaMH Tynust B kpuctamwiax Tm:KY(WO,),, Tm: KLu(WO,),
1 Tm:NaBi(Mo0O,),. CriekTpbl NOINIOIIEHHS 1 JIIOMUHECLCHIIUH, 3apETUCTPUPOBAHHBIC IPH KOMHATHOH TeMnepaType HC-
TOJIB30BAJIMCH YISl ONPEIeICHHsI MUKPOIIapaMeTPOB MHUTPALUH SHEPTUH MEXKTY BO30YKIECHHBIMH COCTOSHHAMY *H, u F
noHoB Tynust 1o Teopun depcrepa — Jlekcrepa. B pesynbrare anannza KUHETHK 3aTyXaHWsl JIOMHHECLICHIHH H - F
B PAMKAX IPBIKKOBOI MOJIEIH TOTy4eHbI TApaMeTphl Kpocc-penakcariu “H, + 3H6 3F, +°F, ¢ yuerom MHrpali
SHEprux BO3OYKICHHS MEXKIy HOHAME Ty/us. [lapaMeTphl MUTPAIMK YHEPrUH MEXKIy MOHAMHU TYJIHsS B COCTOSHUHM “H,,
OTIpeieNIeHHBIE TT0 ABYM METOJaM, XOPOIIO COTIacyloTcs MeKIy coboil. [lokazaHo, 9TO paccMaTpuBaeMble MaTepUaIbl
XapakTepu3yTcs 3QGEKTHBHBIM POLECCOM KPOCC-PElIaKCalliK, KOTOPbIH IPOUCXOJHUT B PE3YNIBTATE JUIOIIb-TUII0Ib-
HOTO B3aMMOJICHCTBUS M SIBISIETCS MUTPAIMOHHO-YCKOPEHHBIM IIPU COJIEp)KaHHKM MOHOB Tyaus Oonee ~1,3—1,5 ar. %.
[ony4ennbie 3HaueHus napametpos murpamu Cpn NPEBBINIAIOT 3HAYEHUS MAPAMETPOB Kpocc-penakcauuu Cp,, 4To
MTO3BOJISICT UCTIONIB30BaTh MPBLKKOBYFO MOJICITb TIPU OITMCAHHUHU MpoIlecca MePEeH0Cca SHEPTUU B TaHHBIX KpUCTAILIaX. Dd-
(heKTHBHBII IpoIIecC KPOCC-pertakcaIiii 00yCIOBINBACT CPABHUTEIBEHO BBHICOKHE Y(PPEKTUBHOCTH JTa3epHBIX CHCTEM Ha
OCHOBE HCCIIEIEMEIX KPHCTA/UIOB TIPH HAKA'IKE B obmactu 0,8 MxM. BrIcTpast MUTpamnys SHEPTUH MEKTy MOHAMU TYITUS
B COCTOHHI/II/I F4 JCIACT KPUCTAJJIbI BOJ'IB(I)paMaTOB n MOJ'II/I6I[aTOB IMIPUBJICKATCIbHBIMU CPEIaMU IJIs1 COAKTUBAllU HOHA-
mu Ho’* B nensax monmyuenns renepamun B o6mactu 2,1 M. [TapaMeTphl IepeHOCa IHEPTHH, IIOTYYeHHbIC B HACTOSIIIEH

pa60Te, MOTYyT OBITh MCIIOJIL30BaHbI IIpu MaTeMAaTUYCCKOM MOACITNPOBAHUUN XAPAKTCPUCTUK J1a3€pa.

Knrouegvie cnoga: Tynnii; MUTpaIist SHEPTHN; KPOCC-pesIaKkcalus; Boiab(ppamar; Monuoaar.
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In this work, we investigated mechanisms of the energy transfer in Tm:KY(WO,),, Tm: KLu(WO4)2 and
Tm:NaBi(MoQ,), crystals. Room- -temperature absorptlon and emission spectra were used to determine microparame-
ters of energy migration among thulium ions in the H4 and F4 excited states in the frames of Forster — Dexter theory.
Parameters of cross-relaxation *H, + *H, — °F, + °F, and energy migration were obtained via analysis of luminescence
decay 3H4 —°F , with a hopping model. The parameters describing excitation migration between thulium ions in 3H4 state
obtained by two methods were in good agreement. It has been shown that the dipole-dipole mechanism of interaction is
responsible for the efficient cross-relaxation process in the crystals under study. The results indicate that the energy mi-
gration between *H, enhances the cross-relaxation at thulium content more than ~1.3-1.5 at. % in these laser materials.
The obtained values of the migration parameters Cp, exceed the values of the cross-relaxation parameters Cp,,, and the
energy transfer in these materials can be described with the hopping model. An efficient cross-relaxation process leads
to the relatively high efficiencies of the systems based on these crystals under pumping at 0.8 wm. The dominant process
of energy migration between thulium ions in 3F4 excited state makes tungstate and molybdate crystals good candidates
for the Ho®" co-activation for laser generation at 2.1 um. Parameters obtained in this study can be used for mathematical
modeling of laser characteristics.

Keywords: thulium; energy migration; cross-relaxation; tungstate; molybdate.
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BBenenue

WuTepec k nazepHbIM HCTOUYHUKAM, U3TYYalOUINM B CIIEKTpaibHON obnactu 1,9—-2,0 MkM, 00ycioBIIeH M-
POKHM KPYTOM HX MPAKTHYECKUX MPUMEHEHUH B MEIMIIUHE, TATBHOMETPUH, 00pa0OTKE MaTepUaIoB U CUCTE-
MaX SKOJIOTUYECKOTO MOHUTOpPHHTA. | eHepaluio B JaHHOM CIEKTPAIbHOM JHaria3oHe 00eCIeuBalOT KPUCTA-
JIbl, AKTUBUPOBAHHbIE HOHAMH, TYJHA. Hanwuane MHTEHCHBHBIX TIOJIOC MOTIONMIEHHS Ty ust B oomactu 0,8 MKM,
COOTBETCTBYIOILIUX MEPEXOIY H - H4, MO3BOJISIET UCIOJIB30BATh B KAUECTBE UCTOYHUKOB HAKauyKU AlGaAs
JIa3epHbIE TUOJIBI. HGOCHOPI/IMBIM JOCTOUHCTBOM IIPH 9TOM ABIAETCA TO, 4TO CXEMA BO30YXKJICHHUS HOHOB TY-
JIUST BKJIFOYAET TPOIIECC KPOCC-PeaKkCaIiu H4 + H6 - F4 + F4, Onaromaps KOTOpoMy TPOHCXOANT dhek-
TUBHOE 3acelICHHE BEPXHETO JIa3ePHOT0 YPOBHS F CKopocCTh TIporiecca Kpocc-penakcalii yBeTHInBaeTCs
C POCTOM KOHIICHTpaIuu WOHOB Tynus [1]. B cBoro ouepenp, coznanue BHICOKMX KOHIICHTPAIIU NOHOB-aKTH-
BaTOPOB MPUBOAUT K F(H(HEKTUBHON MHUTPAIIK SHEPTUU B PE3yJIbTaTe JOHOP-I0HOPHBIX (/1J]) B3auMoneiicTBuit
¥ MOKET 00YCJIOBIIMBATL COKPAIEHUE BPEMEHH XKU3HU BO30YKIEHHBIX cocTostuuit *H, u °F, u3-3a Tymenus
JOMHUHECIIEHIINH Ha AeeKTax CTpyKTypbl Kpuctasuia [2; 3]. Takum oOpa3om, orpesesieHre mapaMmeTpoB epe-
HOCa SHEPTUU MEKITy NOHAMH TYIIHS SBJISCTCS HEOOXOMUMBIM ITAIOM TPHU pa3padboTke 2 (HEeKTUBHBIX JTa3ep-
HBIX CPEJl ¥ CO3/IaHUM MATEMaTUYECKOM MOJIENH Jia3epa, BKIIOUAIONICH mapaMeTpbl aKTUBHOU CPEbI.

Wnrepec k kpuctamnam BonsdpamaroB Tm:KX(WO,), (X =Lu, Y, Gd, La, Yb) u mommOnaroB Tm:NaZ(MoO,),
(Z =Bi, La, Gd) o0OycioBneH TeM, 4TO 110 CPAaBHEHUIO C APYTHMHU aKTUBHBIMH CPEIaMi OHU XapaKTepH3YIOTCS
BBICOKUMH 3HAUYEHHSIMU CEUCHUH TIONIONIEHHS B CIIEKTpalIbHON oOnactu (0,8 MKM M CTUMYIIMPOBAHHOTO UCITyC-
kaawst B oonmactu 1,9 mxwm [1; 3; 4]. Kpome Toro, TEXHOJIOTHS pOCTa TaHHBIX MaTePHUAaIOB XOPOIIIO OTpaboTaHa
Y TI03BOJISIET CUHTE3UPOBATh OOJBIINE KPUCTAILIBI C BBICOKUMH KOHIIEHTPAIIUSIMHU PEIKO3EMEIbHBIX 3JIEMEH-
TOB, BOCTPEOOBAaHHBIE TIPH CO3/JTAHMH KOMITAKTHBIX JIa3epHBIX crcTeM. CHEeKTPOCKOITMYECKHE CBOMCTBA KPH-
crauioB Tm:KY(WO,), (nanee — Tm:KYW), Tm:KLu(WO,), (nanee — Tm:KLuW) u Tm:NaBi(MoO,),
(mamee — Tm: NBM) Obuti H3y4deHBI paHee U IpeacTaBiIeHbI B paboTax [1; 3; 4]. Uccnenosanne rhpexTuBHOC-
TH TIpoliecca KPOCC-pelakcald Ha OCHOBAaHUU aHANM3a KMHETHUK 3aTyXaHUs JIOMUHECIICHIIUYA B KPUCTAJLIe
Tm: KLuW mpoBommiiocs B padore [1]. OqHako npu omnpeaeneHn: NapaMeTpoB HE YUUTHIBAIACh MUTPALIUS
SHEPrUM MEeXy HOHAMU Tynus. JlaHHbIe 0 TapaMeTpax nepeHoca YHEPIUy MKy HOHAMHU TYJIUS B KpHUCTaslie
Tm:NBM B nuteparype oOHapyXeHbI HE OBbUIH.

Lenpro HacTosIIEH pabOoTHI SBISETCS OIpe/IeIeHHe JOMUHUPYIOIINX MEXaHI3MOB M TTapaMETPOB MepeHoca
sHepruu Mexay noHamu tyaus B kpucrauiax Tm:KYW, Tm: KLuW u Tm:NBM.
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HUccnenyemsre kpuctamisl Tm (3 at. %) : KLuW, Tm (3.9 at. %) : KYW, Tm (3 at. %) : NBM 0651111 BbIparie-
HBI MeTOIOM Y0XpasbCKOTO B YCIIOBHSIX HU3KUX TpamueHToB TeMieparyp (<1 °C/cm) B HCTHTYTE HEOpPTaHU-
geckoit xumun nMeHn A. B. Hukonaesa (1. HoBocuOupck).

MaccoBoe cojiepkaHie HOHOB TYJIHS B U3ydaeMbIX 00pa3iax orpeesiioch METO0OM YHEPTOINCIIEPCHOH-
HOH PEHTIeHOBCKON CIEKTPOCKOIIUU C MCIOIB30BaHUEM dIIEKTpoHHOTO MuKpockomna Vega II LMU (Zescan,
Uexus) ¢ mukpoanaimsatopoM Inca Energy 350 (Oxford Instruments, BenukoOpuranus). Paccuntanapie KoH-
LCHTpal}H HOHOB TY/IHs B KDHCTAIIAX Tm (3 ar. %) :KLuW, Tm(3.,9 ar. %):KYW u Tm(3 ar. %):NBM co-
crasim 1,95 - 102 2,50 - 10°° 1 2,10 - 10*° em° cootBercTBeHHO.

CrieKTpsI nornomeHH;I KPHCTAIIIOB, COOTBETCTBYIOLIHE TICPEXOAM H,— 3F4 (1550-2200 um) u° H,— 3H4
(760—820 BM), pETHCTPUPOBAINCH B MOJISIPU30BAHHOM CBETE C IMOMOINBIO JIBYJIYyUEBOTO CHEKTpodoToMeTpa
Cary 5000 (Varian, CILIA), mpu 3TOM CIIeKTpajabHas mupuHa menu coctasisuia 1,0 u 0,3 am COOTBETCTBEHHO.

Peructparms criekTpos momuHectieHInA B oomact 1600—2000 HM, COOTBETCTBYIOIIEH TIEPEXOILy F4 - H6,
OCYIIECTBISIACH METOIOM CHHXPOHHOTO JETEKTHPOBAHUS TPH KOMHATHOW TeMIIeparype B HETONSIPH30BaH-
HOM cBeTe. J{ms BO30YKICHHsI IIOMIHECIICHITUN MCTIOIL30BAJICS JIA3ePHBIN AUOM ¢ IIHHOW BOIHBI 802 HM.
MonynmrpoBaHHOE H3TyYCeHUE JTIOMHUHECIICHIINN (DOKYCHPOBAIOCh HA BXOTHOW Ie MOHOXpomaTtopa M/JIP-23
(AO «JIenmHTpanckoe oNTHKO-MeXaHHIeCKoe oObennHeHne», Poccust). Curaan peructpuposaics Gorompu-
eMaukoM G5853 (Hamamatsu Photonics, SITToHWs) W TOmaBajics Ha BXOI CHHXPOHHOTO ycmmmtens SRE30
(Stanford Research Systems, CI11A) BMecTe C OTTOPHBIM CUTHAJIOM MOIYIIATOPA.

[Ipu perucrpanyy KHHETHUK 3aTyXaHHs JIOMHHECICHIINA B Ka9€CTBE MCTOYHHMKA BO3OY)KIIAIOIIETO H3ITY-
YEHUs WCITOJIb30BAJICS MMapaMeTpudeckuii reHeparop cBera LT-2214 (LOTIS TII, benapycwy — Smonwus), Ha-
KaguBaeMbIil TpeThel rapmonnkoir Nd:YAG mazepa LS- 2137 (LOTIS TIl). AmuTensHOCTh BO30YKIAIOIIETO
mnydeHus cocrarmsuia 10 He. M3mydeHne TIOMUHE CIICHITNA F4 - H6 (1,9 Mmxm) u 3H4 3F4 (1,5 mxm) o-
KYCHPOBAJIOCh Ha BXOMHOU mmieiau MoHoxpomaropa MJIP-12 (AO «JIeHUHTpaaCcKOe ONTHKO-MEXaHUIECKOe
00BETMHEHHEY ) U PETHCTPUPOBAIOCH OBICTpoaeHcTBY oMM (hoTonpueMuukom G5853 (Hamamatsu Photonics,
Slnonns), coequHeHHBIM ¢ octmiuiorpad®om TDS3052B (Tektronix, CILIA). B memsax YMCHBIICHHS BINAHUA
TepETIONTOMEHH s H3TyYeHHs IPH HCCIIeI0BAHIH KHHETHKH 3aTyXaHus ToMuaectenmn °F, — *H, B o61acTu
1,9 MKM H3MepeHHsI IPOBOAMIIHNCH ISl CYCIIEH3UH MUKPOITOPOIITKOB KPUCTAIIOB B KHUAKOCTH C OJM3KUM TIO-
KazareneM npeomiienus (n = 1,45).

Pe3y.]'ll)TaTl)I U UX 06cy>lc)1e1me

IMapamMeTpbl MUTPAIUHM YHEPTHU MeKAY MOHAMHU TyJusd. Cxema 4eThIpexX HIKHUX YPOBHEW HOHA Ty-
JUS ¢ yKa3aHWEM MEeXaHM3MOB MepeHoca SHEPTruu H300pakeHa Ha puc. 1.

15+ Tm3+ Tm3+ Tm3+
3 /_\
B H4 \ 4
T 10 g
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— \\ OC\
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- ~— G,
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Puc. I. Duepreruueckas cxema yposueii nona Tm®"
Fig. 1. Energy levels of Tm®"

HapaMeTpH MUI'pallii SHEPTUU BOSGY)KIICHI/ISI MCXKAY MOHAMU TYJIHA, HAXOAAIIUMUCA B COCTOAHUAX 3F4
u H4, MOTYT OBITH OTpeeNicHBl Ha ocHOBaHNH Teopuu Depcrepa — JlekcTepa [5], commacHO KOTOPOi BEposT-
HOCTb JIOHOP-1oHOpHOTO (JI/1) nepenoca suepruu (W) B Cllydae JUIONIb-TUIIONBHOTO B3aUMOJICHCTBHS OII-
penemnsieTcs caemryomuM 00pa3om:
_Su
pavit R6 >

rac Cﬂll — MHKpPOIIapaMeTp NEPEHOCa SHCPIruu; R — CpeaAHEC paCCTOAHUC MCKIAY B3aPIMO}.'[CI71CTByIOI].[PIMH
HOHaMH.
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Muxkponapamerp nepenoca suepruu Cr MOKET ObITh HANIEH Kak
6
C.. = Rllll
PIViga T’
rae T — BpeMs Xu3HH JoHopa (1) B oTcyTcTBHE aKuenropa (A); Ry KpI/ITI/I‘{eCKOC paccTosiHue B3auMOAeH-
CTBHH, KOTopoe MOKET OBITh HAMICHO U3 CIIEKTPOB cedeHuii normomenns [ (G2 ) M CTHMYIMPOBAHHOIO HC-
nyckauus JI (62

110171

ucH )

3ct
RS = >l g jcﬂ o2 dn,

TIor1 = ucI
n gB

e g2, g/' — BRIPOXK/ICHHS BEPXHETO U HUKHETO COCTOAHMIA JT; T3y — U3IIy4aTeIbHOE BPEMs XKU3HU.

[Ipu onpenenenny napaMeTPOB MUTPALIMU HCIIOIB30BAJINCH CIIEKTPBI CEYEHUH MOIVIOLIEHHUS U CTUMYIIHPO-
BaHHOTO Hcnyckanust KpuctauioB Tm: KYW, Tm:KLuW u Tm:NBM, npencrasnennsle Ha puc. 2. Pacuer
CEUeHHiT CTUMY/IMPOBAHHOTO HCITYCKAHUS IIEPexooB °F, — 3H u’H, > 3H (cM. pHc. 2) OCYIIECTBISICS 1O
¢dopmyne DroxrOayspa — JlanenOypra (O — JI) [6] u meTomy COOTBETCTBHA [7] Ha OCHOBaHUU 3apErUCTPUPO-
BaHHBIX B HETIONAPH3OBAHHOM CBETE CTIEKTPOB TIOMHHECLICHIIN F,— H 1 YCPEAHEHHBIX MO0 MOJIAPU3ALUIM
CHEKTPOB MOIVIOIIEHUS H — °H,. [Tpu pacueTe [0 METOLY COOTBETCTBHS HCIIOIb30BAINCH JAHHBIE O CTPYK-
Type ypOBHEH MOHA TYJHs B KpUCTAJUIaX BOJIb(ppaMaTroB U MOIMOAATOB, IpeAcTaBieHHbIe B padoTax [1; 3; 8].

TlonyueHHbIe 3HAYCHHS TAPAMETPOB MUTPAIHH SHEPTHH MEKY BO30YKICHHBIMH COCTOSHUAMH ° Hyu 3F
MOHa TYNH U JWTEPATypHEIC NAHHEIE 1S APYTUX KPHCTAJLIOB MPHBEACHEI B tabn. 1. [Ipu pacuere Bpems
xu3HU [] (T) B BO30YKIEHHBIX COCTOSTHHUSIX H u F OBLIO IPUHSITO PAaBHBIM BPEMEHH KHU3HU JUIs1 KPUCTAILIOB
C HU3KHUM COZAEPKAHUEM HOHOB TYIHS (CM. Ta6n. 1).

Tabnuna 1
ITapamMeTpbl MUTPAMU YHEPTHH B KPUCTAJLIIAX, AKTHBUPOBAHHBIX HOHAMH TYJIUS
Table 1
Energy migration parameters for Tm-doped crystals
*H, °F,
Kpucrann ETR ETR Hcrounuk
T, MKC Ry, oM Coyp 107" em’/c T, MC Ry, oM Coyp 107" em’/c
Tm:NBM 170* 1,45 53 1,03* 2,01 5.4 Jannas pabota
Tm:KLuW 230%* 1,32 2,6 1,23%%%* 1,92 4,3 Jlannas paboTa
Tm:KYW 190 1,36 3.4 1,50 2,10 6,3 Jlannas pabora
Tm:YAG — 1,03 - - 1,60 - [9]
Tm:YAG - - - - 2,50 1,7 [10]
Tm:YLF — 1,196 0,146 - 1,98 0,427 [11]

IIpumeuanue. 3aech U 1ajee MONYKUPHBIM MIPU(TOM BbLIETICHBI 3HAYCHHUS, TOTy4YEHHBIE B HACTOsIIEH paboTe. 3Be310uKaMu
0003Ha4YeHbI JIUTepaTypHbIe JaHHbIe: * — [3]; ** — [1]; ¥** —[2].

W3 npencraBneHHbIX B Tab. 1 maHHBIX BUAHO, 9TO KprucTautel Tm: KLuW, Tm:KYW u Tm: NBM xapak-
Tepu3yroTcst 0onbiiel 3h(HEKTUBHOCTHIO MUTPAIIMN SHEPTHH MEX]Ty HOHAMH TYIIHUS, HAXOJSIMMHUCS B BO30YXK-
JICHHOM COCTOSTHHH H,, 110 CPABHEHHIO C KPUCTAJLIAMHU IPAHATOB U ¢dTOopHII0B. MUTpaIHsl SHEPTUH MEXKTY HOHA-
MU TYIHS B COCTOSIHUU H YBEJIMYMBAET CKOPOCTh MPOIECca KPOCC-PeNlakCaI[iH, MTOCKOIBKY cnoco6CTByeT
JIOCTaBKE BO3OYKIEHUS K A 1, TAKUM 00pazom, o6ecneqMBaeT OBICTpOE OITYCTOIIEHNE YPOBHS H u 3ddek-
THBHOE 3aCEJICHNE BEPXHETO JIa3€PHOTO YPOBHS F ITo »T0¥t MpruMHE MEXaHNU3MbI MUTPALIUU YHEPTHH BO3-
Oy /IeHHsI HeOOXOIMMO YUHUTBIBATh IPH aHAJIH3E 3¢)¢)eKTHBHocm TpoIecca Kpocc-pesakcaliy Ipy coeprka-
run oo Tm®" B kprcramre Tm:NBM capime 1,3 at. %, a B kpucramiax Tm: KYW u Tm: KLuW — Gornee
1,4 u 1,5 at. % COOTBETCTBEHHO.

ITapameTpbl Kpocc-pesnakcanum. Mi3MepeHHble KWHETUKH 3aTyXaHWs JIIOMUHECUEH TN 3 H,— 3 F, xpucran-
moB Tm(3 at. %) : KLuW, Tm(3,9 at. %): KYW u Tm (3 at. %) : NBM HOCHIM HEOKCTIOHCHITHATBHBIN XapaKTep,
410 00YCIIOBICHO MPOLIECCOM Kpocc-penakcalui. B kpucramiax Boiab(paMaroB 1 MOIMOIATOB TIpoIiece Kpoce-
penaKkcanyu SBIsSETCS HEPE30HAHCHBIM, YTO CIIeIyeT U3 CTPYKTYp YPOBHEH, NIpeCcTaBIeHHbIX B padorax [1-3],
U IPOUCXOJNT ¢ ydacTreM (HoHOHOB. [losToMy oxwumaercs, 4to 3GHEKTHBHOCTD TOHOP-aKkIenTopHoro (A)
B3aMMOJICHCTBHS B JaHHBIX Marepuanax OyJeT HuXke, YeM pe3oHaHCHbIH JIJ[-niepeHoc sHepruu. HapaMeTpm
KPOCC-PENTAKCALIHH YHEPTHH OMPE/ICIISITICH HA OCHOBAHUN KHHETHK 3aTyXaHHS TEOMHHECIICHIIH ° H,— F c uc-
MOJIb30BaHMEM TPBIKKOBOM Moenu bypireiina [12].
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Tm:NBM (a, 6), Tm:KYW (6, 2) u Tm:KLuW (0, ¢) B HEnoIsipu30BaHHOM CBETE

Fig. 2. Unpolarized absorption and stimulated emission cross-sections spectra
of Tm:NBM (a, b), Tm:KYW (c, d) and Tm:KLuW (e, f) crystals
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Mopnens BypireiiHa yquThIBaeT MUTPAITAIO SHEPTUH MEKIY NOHAMH TYJHS, HAXOISAIIUMUCS B BO30YKICH-
HOM COCTOSIHMM “Hy, 1 MOXKET ObITh MPUMEHEHa B ciy4ae cuiibHoro JJ1-ssaumonenictsus, korna Cyy > Cpy.
YpaBHEHHUE, ONMCHIBAIOIIEE PACIia)] BO3OYKICHHS C yYETOM MUTPALMU SHEPTHH MKy TOHOpamu (W), umeer
cemyromuit Bux [10]:

3/8
t 3 t
IO}:%em)—E~—F(L—Ejg N — Wi | (1)

rae F(l - E) — ramMma-(QyHKUUs Diiepa Ui AUINOIb-JUIOIBHOrO (S = 6), TUNoJIb-KBaApyHoIbHOTO (S = 8)

Y KBaJpyTIONIb-KBapyHonbHOTO (S = 10) MeXaHN3MOB B3aUMOJICHCTBHS.

B cnyuae korna Wy, =0, ypauenue (1) mpeoGpasyerest B ypaBuenue Muokyru — Xupasma [13] u onuceisaer
nporecc npsimoro JIA-nepenoca snepruu, 6e3 yuera murpanun. [lapamerp g onpenensercst Kak

g= N. Tm
- >
G

rae C, — KpUTHYEeCKasi KOHLIEHTpaLus HOHOB TYJIHS.

Hcnons3ys 3HaYCHNE KPUTHYECKON KOHIIEHTPpAlMK HOHOB Tyins C;, MO)KHO PAaCCUUTATh KPUTHIECKOE pac-
CTOSTHUE B3aMMOJEHCTBUS

3
R\ =3——0o0.
M\ 4nc,
[Tapametp WJIJI JUTSI TUTIONB-TTUTIONIBHOTO B3aMMOJICHCTBUS OIPEISNIIeTCs CISAYOTUM 00pa3zom [9]:

27 32 1/2 1/2
= 2] Ma(ca) (e

e Ny u Ny — koHueHTpauuu A u /I, IpUHSTHIC PaBHBIMK KOHLIEHTPAIMU HOHOB TYJIHs B KPHCTAJLIE.

Hawnnyuias annpokcuManusi KUHETUK 3aTyXaHUs! JTFOMHUHECLIEHLIUU 3 H, — °F, nccienyeMbIX KpHCTAIUIOB
ObLIa Ioy4eHa rmpu S = 6, YTO COOTBETCTBYET AMITOIb-IHUITOIFHOMY B3aUMOICHCTBHIIO. AHAJIOTUYHBIA XapaKTep
B3aUMOJICUCTBHS MEX Ty HOHaMu Tyiusi B kprctawie Tm : KLuW ormeuarics Taxoke B padorte [ 1]. Pesynsrars! ar-
MIPOKCUMAITIH KHHETHK 3aTyXaHUs JTIOMHUHECIICHIINN ypaBHeHHEM (1) mpemcraBieHsl Ha puc. 3. s cpaBHEHUS
MIpUBE/IeHa 3aBUCHMOCTD, TTOJTy4YeHHAas TIPH OIMCaHnu ypaBHeHHeM MHOKyTH — XupasMa 0e3 yuera MUTparun
sHeprud. BunHo, uro Monens MHokyTH — Xupasma XOpoIIo ONKMCHIBAET TOJBKO HayalbHBIA 3Tall KWHETHKH 3a-
TyXaHUs JTIOMUHECIICHITN, COOTBETCTBYIOITHI 00TaCTH CTAaTHYECKH HEYITOPSIOYCHHOTO paciaja.

3HaYCHIUsT MUKPOTIapamMeTpoB repeHoca Cjy W KPUTHIESCKOTO PACCTOSHIS B3AaUMOACHCTBHUS R, TIOTyYCH-
HBIE [Tl HCCIISYEMbIX MaTEePUAIOB, ¥ JINTEPaTyPHBIC JJaHHBIE IS APYTHX KPUCTAIIIOB IIPECTABICHBI B TA0M. 2.

TaGnuma 2

ITapameTpbl Kpocc-pesiaKkcalii SJHEPTUH B TYJIUIiCOEPKALIMX KPHCTAIIAX

Table 2

Cross-relaxation energy transfer parameters for Tm-doped crystals

Kpucrann Ryjp, HM Cha (3H4), 108 emb/c HcTounux
Tm:NBM 1,28 2,6 Hannas pabota
Tm:KYW 0,98 0,5 Hannas pabota
Tm:KLuW 1,07 0,8 Hannas pabota
Tm:YAG 11,4 0,27 [10]
Tm:YLF 0,603 0,002 4 [11]

B pesynprare annpoxcuManuu ypaBHeHueM (1) ObLIH mosydeHbl 3HAYEHUS KPUTHUYECKOTO PACCTOSHUS
J1-B3anmonenictsust (Ry ;) 1t kpucramnoB Tm: KYW, Tm: KLuW u Tm:NBM, koropsie coctasunu 1,04; 1,08
u 1,30 uM cooTBeTcTBeHHO. Hebopinoe oTinyne 3HaueHUI Ry, OTIPE/ICITICHHBIX M3 KUHETUK 3aTyXaHHUsl JIFOMH-
HECIICHITUH, OT HalIeHHBIX 10 Teopun Depcrepa — Jlexcrepa (cM. Tadm. 1) MoxkeT OBITh 00yCIOBIEHO OOpaTHBIM
NEPEHOCOM dHEPrui. CTOUT OTMETHTD, YTO 3HAYCHUE KPUTHYECKOTO paccTostHust JIA-3anmoneicTsus (Ry,)
s kpuctammia Tm (3 at. %) : KLuW ¢ ygeToMm Murpanuu sHepriuy MeX,1y HOHAMH TYJHUS, IOJTy9eHHOE B JaH-
HOM pabote (cM. Tabim. 2), XOpoIIIo coracyeTcs co 3Ha9YeHHEM, OTpeIelIeHHbIM B padote [1] mis kpucrasmia
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Puc. 3. Kunetuku 3aTyxaHus JIOMHUHECUEHIITH 3 H,— 3 F, xpuctamnos Tm (3,9 ar. %) :KYW (),
Tm(3 at. %) :KLuW (6), Tm (3 at. %):NBM (6), 3aperucTpupoBaHHbIE IIPH BO30YKACHAN
B oOmactu 800 HM, M pe3yIbTaThl MATEMATHIECKOTO MOACTHPOBAHHUS

Fig. 3. Luminescence decay kinetics H,— 3 F, for the Tm (3.9 at. %) :KYW (a),
Tm (3 at. %) : KLuW (), Tm(3 at. %) :NBM (c) crystals under 800 nm pumping and fitting curves

C copepkanneM HOHOB Tyius 1 at. % (R, ~ 1,05 HM), onHaKko MeHbIIE 3HAYEHHs, IPUBEACHHOIO B padore [1]
JUIsL KOHUEHTpatuu Tymust 3 at. % (Ry, ~ 1,2 HM). DTO OOBSCHSETCS TEM, YTO NPU COACPIKAHUM Tynus Gosee
1,4 at. % BAMSHME MUTpallM{ SHEPTUU HAa CKOPOCThH OITyCTOILIEHUS YPOBHS 3H4 CTaHOBUTCS CYILIECTBEHHBIM
Y YMEHBIIAeTCs OISl BO30YKIEeHNH, THOHYIIMX Ha CTaTUYECKH HEYNOPSIOYeHHON CTaiH, a YUCIIO BO30YXK-
JEHUH, THOHYIINX C MOCTOSHHOW CKOPOCTBIO, YBEINYMBACTCA. 3aTyXaHUe JTIOMHUHECIICHIIUN B TAKOM CIIydae
SIBJISIETCS MHOTOCTA/IMHHBIM IPOIECCOM, M OTIMCAHKE BCeH KMHETHKU 3aTyXaHUs JIIOMUHECIIEHIINY YPaBHEHHEM
Nuokytn — Xupasma 1aeT 3aBblUICHHbIE 3HAYEHUS Ryj,. B CBOIO 0uepe/ib, IPUMEHEHHE NPBIKKOBOM MOJENH
TO3BOJISIET aJIEKBATHO ONPEACIUTD NapaMeTpsl Ry, U Ry B KpUCTaIIax BOIb(GpaMaroB U MOJIMOAATOB MpH
3HAUEHHSX KOHLEHTPAIMK HOHOB TYJHsI OONbIIE KPUTUYECKUX.

3akiaueHune

B nacrosimieii pabote ¢ HCIIOIB30BaHHEM TEOPUH dbepCTepa I[eKCTepa BIIEPBBIE OIPEICIIEHBI TapaMeTpPhI

MUTPAIANA SHEPTHH MKy BO30YKICHHBIMU COCTOSHHUSIMH F 51 H HWOHOB TYJINSI B KPUCTAJIAX Tm KYW
Tm:KLuW u Tm:NBM. Ha ocHOBaHMM aHa/IM3a KMHETHK 3aTyXaHUs JTIOMHHECICHIIUH Mepexona H4 — F4
YCTaHOBJICHO, YTO JIAaHHBIE MaTepHAIIbI XapaKTePHU3YIOTCs SPPEKTUBHBIM MTPOIIECCOM KPOCC-PENIaKCalii, KOTO-
PBIi IPOUCXOAUT B PE3YAbTATE TUMONb-AUIOIBHOTO B3aUMOJCHCTBUS U SIBISIETCS MUTPAILIMOHHO-YCKOPECHHBIM
TIpH COIEPIKAHNU HOHOB Tynust Gonee ~1,3-1,5 ar. %. Tlony4ennbie 3Ha4enuns napamerpos murpauuu Cpy npe-
BBIIIAIOT 3HAYEHHS [TAPAMETPOB Kpocc-penakcaiu Cy ,, 4TO MO3BOIISIET UCTIONB30BATH IPHLKKOBY O MOAENb Byp-
TeiHa TP OMTMCAHWH TIpoIiecca TIepeHoca SHEPIrHH B pACCMOTPEHHBIX KprucTainiax. Hammune s dexTuBHOTO
Tporiecca Kpocc-peslakcaii 00yCIOBINBAET BRICOKYIO 3(P(PEeKTHBHOCTH JTa3epHBIX CUCTEM, H3TYYAOIIHNX B 00-
nactu 1,9 MKM, Ha OCHOBE KPUCTAILIOB BOJIL(PaMaTOB M MOJIMOIATOB, aKTHBMPOBAHHBIX HOHAMH Tynusl. B T0 ke
BpeMsi d(PPEKTUBHAST MHUTPAIMS SHEPTUU MEKAY HMOHAMHU TYIIUS, HAXOASIIUMHUCS B BO30YXKICHHOM COCTOSI-
Huu “F 4, 10 CpaBHEHHUIO ¢ KpUCTaIIaMU (PTOPUIOB U IPAHATOB JIeNIaeT KPUCTAILIbl BONb(paMaToB U MOIHOJATOB
TPHBIICKATEILHBIME TS COAKTHBALMK HoHaMi Ho® ™ B 1ie/sx momydenus reHepanuu B oomacts 2,1 MKM.
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CBOVICTBA CUMMETPUU BPOYHOBCKOI'O MOTOPA
C IINMAOOBPA3HBIM ITOTEHIIUAAOM, BOSMYIIAEMBIM
TAPMOHUNYECKUMU OAYKTYALIUSIMUA

H. B. HIAIIOYKHHA", A. . CABHHA",
B. M. PO3EHBAYM?®, T. E. KOPOYKOBA®
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MOTEHIIMAIBHBIM MTPOUIIEM, TUXOTOMHO BO3MYIIAEMbIM ITPOCTPAHCTBEHHO-TAPMOHHUYECKUM curHajoM. [lenaetcs 3a-
KJIFOYEHUE OTHOCHUTEILHO BOBMOYKHOCTH BO3HUKHOBEHHS M HANPABICHUsI PITUET-3(PeKTa B 3aBUCUMOCTH OT 3HAYCHHUI
rapameTrpa aCUMMETPHUH ITHI000pa3Horo npouis, (ha3oBbIX CIABUTOB YIPABIISIOIIEH KOMIIOHEHTHI M YaCTOT BPEMEHHBIX
¢mykryanuii. [Ipr 5TOM BBIBOJIBI OCHOBAHbI TOJIBKO JIMIIH HA TIPEOOPAa30BaHUAX CUMMETPHH, YTO IEMOHCTPHUPYET Mpe-
CKa3aTeJIbHYI0 IIEHHOCTh M3JI0KEHHOTO TOX0/1a. Pe3yibraTbl CHMMETPHUIHBIX PACCMOTPEHUH MOATBEP)KICHBI YNCIICH-
HBIM MOJICTTMPOBaHNEM (DYHKIIMOHUPOBAHHS PITUETA C AUXOTOMHBIMU CTOXaCTHUECKUMH IIPOCTPAHCTBEHHO-TIEPHONYE-
CKUMH QIYKTyalusMu po(uiist OTEHIMAILHON SHEPTUH HAHOYACTHIIBI.

Kntouegvie cnosa: muddy3nonnsiii Tpancopt; audy3noHHas AMHAMUKA; PITYET-CUCTEMbI; OPOYHOBCKHE MOTOPBI;
CHUMMETPUSL; III000Pa3HbIH ITOTEHIHA; TApMOHUYECKHE (ITYKTYallHH.

bnrazooapnocme. Pabora BbinosiHeHa NpH nojiepkke benopycckoro pecnyonukanckoro ¢ponaa (GyHaaMeHTalbHbIX
uccnenoBanuii (mpoekt Ne ®20P-032).

SYMMETRY PROPERTIES OF A BROWNIAN MOTOR WITH A SAWTOOTH
POTENTIAL PERTURBED BY HARMONIC FLUCTUATIONS
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We present a study of general symmetry properties of a Brownian motor (ratchet) model. The study is based both on
constructing chains of symmetry transformations reflecting explicit and hidden symmetries of the average ratchet velocity
as a functional of the spatially periodic potential energy of a nanoparticle and on taking into account the symmetry types
of periodic functions that are components of the potential energy of an additive-multiplicative form. A ratchet with a saw-
tooth stationary potential profile, dichotomously perturbed by a spatially harmonic signal, is investigated. Conclusions are
made on both the possibility of occurrence of the ratchet effect and its direction for given values of the asymmetry parame-
ter of the sawtooth profile, phase shifts of the control component and frequencies of temporal fluctuations. These conclusions
have been obtained only on the basis of symmetry transformations; that demonstrates the predictive value of the approach
presented. The results of the symmetry analysis are confirmed by numerical simulation of the functioning of a ratchet with
dichotomous stochastic spatially periodic fluctuations of the nanoparticle potential energy.

Keywords: diffusion transport; diffusional dynamics; ratchet systems; Brownian motors; symmetry; sawtooth poten-
tial; harmonic fluctuations.
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BBenenue

Ha coBpemeHHOM 3Tane TepMuH «OpOYHOBCKHI MOTOP (PITUET)», 6€3yCIOBHO, XOPOIIO U3BECTEH B TEOPUHU
Y 3KCIIEPUMEHTAIBHBIX UCCIIEAOBAHMUAX YIIPABISAEMOro TPaHCIOPTa HaHOYACTHUIl. BriepBrie oH ObLT mpeaso-
KEH, 4TOOBI MPOMUTIOCTPUPOBATH HEBOBMOXKHOCTh CIIOHTAHHOTO BOSHUKHOBEHHSI HAIIPABICHHOTO JIBUKCHUS
13 paBHOBECHBIX (urykTyanuid. OnHako nosxe (Bo Bropoid nmonoruHe XX B.) JaHHBIA TEPMUH ObLT (PaKTHUECKU
aJIalITUPOBAH MM, CKOpee, BBEJICH 3aHOBO, HO YK€ MPU 00CYKICHUH BOZMOKHOCTH U OOBSICHEHUH MEXaHU3-
Ma BO3HHKHOBEHUS HAIIPaBICHHOTO JBIKEHHUS KaK pe3ybTara BHIIPSMIICHUS HECMEIIEHHBIX HEpaBHOBEC-
HBIX (IIYKTyallii B IPUPOJHBIX U UCKYCCTBEHHBIX HAHOCUCTEMax [ 1; 2] mpu HapyIIeHUH IPOCTPAHCTBEHHON
u (W1in) BpeMeHHou cumMmeTpuu [3—7]. B HacTosiIee BpeMsi KOHTPOJIUPYEMbIH paTYeT-3QPEKT YBEPSHHO T10-
TIOJTHSIET PSIJIbI HOBBIX MIEPCIIEKTUBHBIX METO/IOB YIPABICHNU HAHOTPAHCTIOPTOM, KOTOPBIE JTMO0 yXKe yCIICITHO
KOHKypupy!oT [8—11], 1160 OymyT codeTarscsi ¢ TpaAuIIMOHHBIMA METOJJaMU YIIPaBJIeHUs U KoHTpois [12—-15].

Bo3M0OXXHOCTB TOJTy4€HUsI HEHYJIEBOW CKOPOCTH PITUETA TECHO CBA3aHA C CUMMETPUMHBIMU CBOMCTBAMU
MIPOCTPAHCTBEHHO-BPEMEHHBIX 3aBUCUMOCTEN MPOIIECCOB, YIPABISAIOMIUX PITUET-CUCTEMOM, a TaKXkKe C Ieo-
MeTpHel HaHOYACTHUIIBl M TIOAJIOKKH. B3anMOBIHAHUE WM KOHKYPEHIIHUS 3THX CBOHCTB MOPOXKIAET CUMMET-
pHIiHBIE CBOWCTBA TIOTEHIIMATLHOTO POMUIIST MOTOPHOM YaCTHIIBI, KOTOPhIC (PaKTHUECKH OTPECTSIIOT (HE)BO3-
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MOXHOCTB 3 pekTa. B padorax [3; 4] ObUTH 3aJ10KESHBI OCHOBBI TIOCTPOCHHS TCOPHU CHMMETPHU PATYET-CUCTEM,
JaspHelIee pa3BUTHE U PsIJl 3HAUUMBIX PE3yIIbTaTOB KOTOPOI MOKHO HAWTH, HallpuMep, B cTaThsax [5—7]. Hapy-
HIEHUE TMPOCTPAHCTBEHHONW CUMMETPHUHU — OJTHO M3 HEOOXOANMBIX YCIIOBHI BO3HUKHOBEHHS paTUeT-3PdeKTa.
B npocThIX citydasix OHO SIBIAETCS CIECTBHEM I€OMETPHUHU CHCTEMBI, B IPYTUX — PE3YJABTaTOM TOHKOTO U HE-
OYCBHUJIHOTO B3aMMOBIIMSHUS TaK Ha3bIBAEMBIX CKPBIThIX cummeTpuit [6; 7]. [lepedpasupys I1. Peitmana [3],
OTCYTCTBHE HAIIPABJICHHOTO JBM)KEHUS HAHOYACTHUII TPH HAPYIIEHUH TPOCTPAHCTBEHHON CHMMETpPHH etre 60-
Jiee YAMBUTENBLHO, YeM caM paTueT-3Qdekt. [1oaToMy cuMMeTpUITHBIE pe3ylbTaThl B PATYST-MOJIENAX BCErIa
CTaHOBATCS 00BEKTaMU 0COOOT0 BHUMAHHS UCCIIEOBATENCH.

B Teopun OpOyHOBCKHX pITUETOB MUIO0Opa3HbII MOTEHIMAN — Hanboee ynoOHasi MOAETb, B TOM YUCIIe
W A7 y4eTa ¥ ONHCaHUs MPOCTPAHCTBEHHONW aCMMMETPHH CHUCTEMBI, NPUBOASAIICH K paTueT-3ddekry. D10
CBSI3aHO C TPOCTOTOH (D)YHKIIMOHAIBHOTO 33/IaHUsI HAPSTYy C YIOOCTBOM PETYIHPOBAHHUS ACHMMETPHHU ITOTEH-
[[Masia Tepeornpee’eHneM MUpHH ero 3BeHneB [ u L — [ (L — nepuox npoduns) [14]. IlpenensHble ciydan
JAHHOW MOJIENIN MO3BOJISIIOT U3ydaTh TOHKKE d((EKThI, HAMPUMEP CHHTYJISIPHBIC CBOHCTBA XapaKTEPUCTHK
PATUET-CHCTEM, BO3HUKAIOIIUE MPH CKaYKax MOTCHUUAIBLHOTO MPO(UIIsl, 1 KOHKYPEHIIUIO XapaKTePHbIX Bpe-
MeH patyer-cucteM [16; 17]. Bonee Toro, mmmooOpas3HbIA MOTEHIIUATBHBIN POQIITE MOXKET OBITh JIETKO pea-
JTU30BaH IKCIIEPUMEHTAIBHO, CKaXXEM, CO3MIaHHEM JIMIMUIHBIX OWCIIOEB KyCOYHO-THHEHHOW dopmbl [11]
(cMm. Takxke pabdotsl [10; 18]). B kauecTBe nmpocTtoii peanuzanuu QirykTyanuid muiooopazHoro (M He TOIBKO)
MOTEHI[MaJIa MO>KHO MCIOJIb30BaTh MPOCTPAHCTBEHHO-TapMOHNYeckuil curnai. [lociaennuil Toxe nerko pea-
TU3yeTcs, a ero (pa3oBbIi CABUT OTHOCHTEIHHO 3BEHBEB MHIIOOOPA3HOTO MMOTEHIMANA TIO3BOJISET PETYIHPO-
BaTh ACHMMETPHIO PATUET-CUCTEMBI B 1esioM [19]. B cBoro ouepensb, BpeMeHHasT 3aBUCHUMOCTD (PITyKTyaInii
MOXKET 3a]1aBaThCsl, HAPUMEP, CHMMETPHYHBIM JIMXOTOMHBIM TPOLIECCOM WIIM CHHYCOMJAILHON (QyHKINEH,
00J1a/1al0IMMHU YHUBEPCABHBIM TUIIOM CUMMETpUH [7]. B HacTosIel craThe HAa OCHOBE TIOJyUYEHHBIX paHee
pe3yabTaToB [7] HCCIeqyTCS CBOWCTBA CUMMETPUU PITYETOB MOM00HOTO THIa. OTMETHM, YTO TAKOTO poja
MTOCTPOEHHSI MHTEPECHBI M BAYKHBI CBOMM IIPEJICKa3aTeIbHBIM IMOTEHIIMAIOM: OHH TIO3BOJISIOT AeNaTh O0IIne
BBIBOJIB U TIPOTHO3MPOBATH MTOBEIEHUE KaK OTAEIBHBIX PITYETOB, TaK U LEJIBIX KJIACCOB IO HETIOCPEICTBEH-
HOTO (PeCypco3aTpaTHOr0) YHCIOBOTO MOICIUPOBAHMS, OITUPASICh TOJILKO JIMIIB Ha ()YHKIIMOHAILHOE 3aaHIe
(hopMBI MOTEHIMATBHOTO TPO(UIISI U 3aKOHOB €r0 U3MEHEHHS B TIPOCTPAHCTBE U BPEMEHH.

IIpeoOpa3oBanus cMUMMeETPHH
BbInonHuM cUMMETpUIHHBIN aHaIU3 CBOMCTB OPOYHOBCKOTO paTdeTa ¢ (IIyKTYHPYIOLIUM MHI000pa3HbIM I10-
TEHLUAIIOM u,(x), MPOCTPAHCTBEHHAS (2)CUMMETPHUSI KOTOPOTO OIPENENSeTCsl MapaMeTpoM /, a MpOCTPaHCTBEH-
Hasl 3aBUCHMOCTD (ITYKTyarui mpogus u,(x) — IIEpBOM T'APMOHUKOMN w;\o(x), XapakTepu3yeMoi (ha3oBbIM C/IBH-

T'oOM 7\,0 (FCOMCTPI/ISI CHUCTCMBI IPUBC/ICHA HA PHUC. 1) HpOCTpaHCTBeHHO-BpeMCHHa}I 3aBHUCHUMOCTD HOTeHI.[PIaJ'IBHOfI
OHCPIUH PITUCT-HACTUIIbI, TAKUM 06p3,30M, OMpeACIACTCA (bOpMOﬁ, ﬁBHﬂmmeﬁCH YaCTHBIM (HO)I(aJ'nyI, OCHOB-

N
HBIM) CJIy4aeM O0O0OOILICHHOW aJTHTUBHO-MYJIBTHILTMKATUBHON (hopmbl U (x, t) = z f (r)(x)G(r)(t) [7] (omuceI-
r=1
BaIOIIeH 1pu N — oo B TOM YHCIIE M PATUYETHI C OJTYKJAFOIIUM TTOTESHITHAIOM):

U (% 1) =1 (x) + 0 (1) wy, (x). (1

3nech GyHKuuy u, (x) 1 on(x) Ha MepUoe UX U3MEHEHHS L MOTyT OBITh PeICTaBICHBI (IIPH ONpeeicH-
HOM BbIOOpE Havyasia KOOPAWHAT) B BUE

%,0<x<1,

w(x)=ugq @)
u,l<x<L,
L_

w;bo(x)zw0 cos 2n(%—7\.0) . (3)

CornacHo TepMUHONIOTHH, IPUHSATOMN B padoTe [7], mpon3BoibHAs epronuyueckas QyHKuys f (x) =f (x + L)

OTHOCHUTCA K KJIaCCy CUMMETPUYHBLIX, aHTUCUMMETPUYHBIX U CABUTOBO-CUMMETPUYHBIX q)YHKHI/Iﬁ IIpyu BEBI-
IMOJIHEHUU PaBCHCTB

fs(x+xs)=fs(—x+xs), fa(x+xa)=—fa(—x+xa), fsh(x+§)=—fsh(x) 4)
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COOTBETCTBEHHO (X, ¥ X, 33/1a0T [10JIO)KEHHE OCH CUMMETPUU U LIEHTpa CUMMETPUH), a TaK Ha3blBaeMasi yHU-
BepCaJIbHAs CHMMETPHS PEATU3yeTCs TIPH OMHOBPEMEHHOM BEITIOTHEHUH BCEX YCIIOBHH (4). OTMETHM, YTO IS
KOMIIOHEHT TTOTCHIIMAJILHON SHEPTHH CBOWCTBA (4) MOMYyCKAIOT CIBHUTH IO OCH OPIWHAT, MMOCKOJIBKY TOTCH-
[AabHAST DHEPTHUS OMPEACIIICTCS ¢ TOYHOCTHIO JO ITPOU3BOILHON MOCTOSTHHON. JIerko BHIIETh, UTO MPH 3a-

/ /
JIaHHOM BBIOOpE Hauasia KOOpAUHAT Ul (pyHKIMHU (2) ClIpaBeaIMBO PABEHCTBO U, [x + 5= uy—u;| —x + 5 )

O3HAYAIONIEE, UTO ¥, (x) MIPUHAJUICKHT K KIacCy aHTHCUMMETPUIHBIX (PYHKITHH C IEHTPOM CHMMETPHH B TOUKE

x, =—. B cBoro ouepenp, QyHKIMA on(x) Buja (3) obamaeT yHUBEpCATBHONW CHMMETPHUEH, TTOCKOIBKY 3HAK

3aBUCUMOCTH W;LO(X) o6pan1aeTc;1 IIpu CABUIC HaA IOJIIEPUOAA, a IMOJIOKEHUEC €€ OCU U LHCHTpa CUMMETPUHU

1
ompesensieTcsl PaBeHCTBAMU X, = AyL U x, = (7”0 + 1 L cootseTcTBEHHO. ByneM cunrars, 4T0 BpeMeHHas 3a-

BHCHMOCTH G(t) TaK)Ke XapaKTepU3yeTcsl YHUBEPCATbHBIM THIIOM CHMMETPHH, KOTOPBI COOTBETCTBYET CHM-
METPUYHOMY AMXOTOMHOMY IIpoleccy (CTOXacTHYECKOMY MO0 AETEPMHUHUCTHUECKOMY MEPHOIUIECKOMY)
C PaBHBIMH CPEIHUMH JUIMTEIBHOCTIMH 000MX COCTOSHUM [7]. YHMBepcanbHas CUMMETpUs G(t) MO3BOJIUT

HaM B JIalIbHEHIIIEM HCIIOIh30BaTh €€ Pa3INUHbIC MPOSBICHUS KaK YaCTHBIC CITyYan aHATU3UPYEMOH MOJICIIH.
CpenHrioro CKOpOCTh paTdeTa (0003HAYaEMYIO Jajiee CHMBOJIOM U) ¢ (UIYKTYHPYIOIICH MepHOIHIeCKON
TIOTCHIMAIbHOHN dHeprueH ( flashing ratchet) MOXHO paccMaTpHUBaTh Kak (GYHKITHOHAT MTPHIIOKCHHON CHITBI

F, ko(x, t) = ’a—o, JUTS KOTOPOTO B paboTax [5—7] ObIIIM BEIBE/IEHBI CBOMCTBA CHMMETPHH. DTH CBOM-
X
CTBa MOTYT OBITH JIETKO TIepehOpMyTUPOBAHEI B TEpMUHAX (PYHKIIFOHAJA TIOTEHITHAIRHOM sHepruu [20]:
U{U(x, t)}(vjct)—v{U(—x, t)}, U{U(x + Xy, t+ 1 )} (S;ﬂ) Z){U (x, t)}, ®)
o{U(x, 1)} . o{-U(-x, -t)}, (6)

410 OoJiee yIoOHO B psijie paCCMOTPEHHI, B YACTHOCTH IPH aHAITN3€ CHMMETPUIHBIX CBOWCTB DHEPTreTUIECKHX
XapaKTepUCTHK paTyeT-cucteM. CooTHOIIEHHUs (5) OTBe4aloT BEKTOPHOW M CABUTOBOM CHMMETPHUSM, HOCH-
UM OOIIIHi XapakTep (T. €. AeMOHCTPUPYEMBIM KaK HHEPLIUOHHBIMH, TaK U O€3bIHEPIIMOHHBIMU CUCTEMaMH),
TOTa KaK paBeHCTBO (6), CripaBeyINBOE TOIBKO B PEKUME cBepx3aryxaHus (overdamped regime), COOTBET-
CTByeT cKpbITOi cummeTpun Kybepo — Penzonu [5], oTpakaromieil CTpykTypy caMHUX pelIeHH ypaBHEHUI
JMHAMHUKH paTdeT-cucteM. CHMBOIBI B CKOOKAX MOJ 3HAKAMH PAaBEHCTB 0003HAYAIOT XapakTep CUMMETPHUU:
(vect) — BexTopHasi, (shift) — capurosas, (C — R) — cummerpust Kybepo — Per3onun. OHu BBeIeHBI JIJ1s1 OOMbIIICH
HaIISTHOCTH MTOCTPOCHUS JIOKA3aTeIbCTB CHUMMETPUIHBIX CBOMCTB HUKE.

Ecnu BBIOpaTh Hauano KOOp/IMHAT TaK, Kak IIOKa3aHo Ha pUc. 1, TO 3aMeHa X — —X MIPUBOJIUT K CIICAYIOIINM
OYEBHUIHBIM TOX/IECTBAM:

uy (—x)=uy_;(x), Wx()(_x) = Wl—xo(x)a Ul;xo(_xa t)= UL—[;l—xo(xa t). (7

HcnonezoBanue (7) mO3BOJSET JOKa3aTh HECKOJIBKO BayKHBIX CBOMCTB CUMMETPHUHU PacCMaTpUBAEeMOi MO-
JieJId paTYeTa.

[Ipexne Bcero, moCTpOUM LIEMOUKY MTPeoOpa3oBaHui, JOKA3bIBAIOIIYIO BHITIOIHEHHE 0KUIaEMOT0O CBOICTBA!
3amena / — L — [, Ay — 1 — A, IpHBOIHT K 0OpAIICHUIO HAMTPABJICHHUS ABIKCHUS paTueta. OHa BBIISINT CIe-

TYIOIIAM 00pa3oM:
U{UI;KO(X’ t)} = _U{Ul; ko(_x’ t)} = _U{UL—I;I—KO(X’ t)} (8)
(

vect)

BTopoe JI0ka3biBAEMOE CBOHCTBO HCIIONB3YET TOKIECTBO Wy _1/5(X) = —wy (x), BBITEKAIOMmIEE U3 BHOTO

. L
Buta dysximm wy (x), 3amaBaemoro hopmyoii (3), COrACHO KOTOPOMY w;\o(x + 5) =wy, _12(x), a Tawxe

n3 TOro, 4Tro W)\‘O(X ) OTHOCHUTCA K CABUTOBO-CUMMCTPUYIHBIM (byHKLII/ISIM [7] TOI‘Z[a CIipaBCJIMBa LICIIOYKa pa-
BCHCTB

Uiy el )} =0 1) - o0 ()] = o4 o) =014 % o () =

=o{u, (x) + (1) w, ()} = 0{U,,, (x. )}, ©)
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B KOTOPOIf HCTIOJIb30BaHa C/IBUTOBasi CAMMETpPHs GyHKIMHA G(f) C MepronoM T (G(t + %) =—0(t)). O6benn-

Hsis paBeHcTBa (8) 1 (9), uMeeM ZJ{U]; Ao — NES t)} = —ZJ{UL - ko(x, t) }, a TIpU y4eTe 3aMeHbl A, — A + 5
OKOHYATEJIbHO MOTyYaeM

U{Ul;xo(xa Z)}:_U{Usz;l/zfxo(xa ’)} (10)
1,2
“'1‘(_") 0: L, 7[(x) u; (x)
84 |
w (0T () W (1) |
= s Mg -
§ A B ! 1 | 1
o o/ i/ S
1 IS . /! AN
—1,2 1,2

Puc. 1. Teomerpus craumonaproii (u,(x)) u dmyxrymupyromeii (w; (x)) kommonenT
MOTEHLIMAIBHON SHEPTUU HAHOYACTHUIIBI aJIUTHBHO-MYJIBTUIUIUKAaTUBHOM (opmsl (1),
nleMoHCTpHpyIomtas cBoiicTa ) (—x) =y _;(x), wy (—=x) = w; _; (%),

L
() =, ) 1,34 )=, )

Fig. 1. Geometries of the stationary component (;(x)) and fluctuating component (w; (x))
of the nanoparticle potential energy of the additive-multiplicative form (1),
which demonstrate the properties u;(—x)=u; _(x), wy (=x)=w_y (),

L
on-l/z(x) = _on(x) and WAO(X + 5) = on-l/z(x)

U3 cBoiictsa (10), B 4acTHOCTH, CIIEAYET, YTO B Ka4eCTBE 00JIACTH ONPEASICHHS TapaMeTpa A, JOCTaTOYHO
1
HCIIOIL30BaTh 00acTs | 0, 5 )

JIoTOTHUTENFHOE CBOMHCTBO CUMMETPUHU BO3ZHUKACT Y MIPECIbHO ACHMMETPHYHOTO MTUIO00PA3HOTO TI0-
TEHIMANA, U151 KOTOPOTO UIMEET MECTO TOXKAECTBO U, (—x) =uy—u; (x) (cm. puc. 1). U3 siHOTO BUa (DyHKIIUH
wxo(x), 3agaBaeMoit popmyroit (3), cienyer paBeHCTBO on(_x) =—W_ xo(x) (MoJIe3HO CPABHUTH €TO0 C TPH-
BEICHHBIM BBILIC W) _i/ (x)= _on(x))- Hcrnonp3oBaHue 3TUX JIByX PABEHCTB, a TAKKE CUMMETPUYHOCTH
(o, (t + ts) =0, (—t + 1, )) YHUBEPCATHHO CHUMMETPUIHON (DYyHKITUN G(t) TaeT

U{UL;l/z—xo(x’ t)} = U{”L(x) - G(t)wko(_x)} = U{_”L(_x) + (5(—t)wxo(x)}

(C-R)

(smit) U{—“L(_x) + 6 (-~ + fs)on(x)} = v{—uL(—x) + G(Z+ts)wx0(x)}

= U{—uL(—x) + G(l)wxo(x)} = v{uL(x) + G(Z)wxo(x)} = U{UL;KO(x, t)} (11)

(shift)

(sl?ﬁ)

(shift)
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Ob6parum oco0oe BHUMaHHUE, 4TO, B OTIIMYHE OT cBoiicTBa (10), KOTOpoe HOCHT 00Ul XapaKTep U MOXKET
MIPUMEHSITHCS ¥ TIPH yueTe HHEPIIMOHHBIX 3()(HEKTOB, MOydeHHOE 1IeNouKol ipeodpaszoBanuii (11) cBOHCTBO
CUMMETPUHU

o{U, (6 0} =0{UL1 o (3. 1)] (12)

CIIPABEIMBO TOJIBKO B PEXKHUME CBEPX3aTyXaHUs, IOCKOJIbKY MCIIONIB3YeT ONepaliuio 00OpalleHHsl BpeMEHH U aHa-
TU3UpyomTyto ee cumMeTrputo Kybepo — Personu [5].

HaKOHeI_I, npu = 5 aHTHCHMMC’TquHBIﬁ HHJ'IOOGpaSHBIﬁ TOTCHIAJI CTAHOBUTCA OJTHOBPEMEHHO U CJIBUT'OBO-

L . .
CUMMETPUYHBIM (U, ), [x + 7)) —u;,,(x)), T. e. mepexoauT B K1acc QyHKUMIT yHHBEpCATbHON CHMMETPHH,
K KOTOPOMY NpUHAIEKAT QyHKINN on(x) u G(t). OTO 3HAYHT, YTO BO3HUKACT CBOMCTBO U ). xo(x, t+ ts) =
L .
==Upp, | *+ 2 —t+1t, |, KOTOpoe B TEPMUHOJIOTHHU PaboT [1; 3] cOOTBETCTBYET Tak Ha3bIBaeMOil cymnep-

cuMMeTpuuHOM yHKumH. st Takux QyHKOUHA paTueT-3()h(EKT OTCYTCTBYET, YTO JTOKA3bIBACTCS CICILYIOLICH
LETIOYKOH pPaBEHCTB!

U{UL/z;xo(x’ t)} (shift) ¢

L
UL/2;k0(x + > t+ zs) = U{—Uuz;xo(xa -1+ ts)} (S;ﬁ)

{_UL/z;xO(xs_t)} = U{UL/z;xo(_x’ t)} = _U{UL/z;xo(xs Z)} (13)

= 0
(shift) (C-R) (vect)

Hcrnonp3oBanme 3aeck cumMmeTpun Kydepo — PeH30HN Takke 03HAYACT, YTO JAHHOE CBOMCTBO CIIPABEIITHBO
JIMIIb B PEKUME CBEPX3aTyXaHHUs, T. €. B YKa3aHHOU reOMETPUH CUCTEMbI HEHYJIEBAsl CKOPOCTh PATUETA MOXKET
BO3HUKHYTH TOJIBKO 32 CUET U3MEHEHUS MACChl YaCTHUIIbI, BBIBOASIIEIO CUCTEMY U3 3TOTO PEKUMA.

YucaeHHoe MoaeJTUpPOBaHUE

[IpuBeneHHBIE BBIIIE CBOHCTBA CHMMETPUH MTO3BOJIIIIH CJICNaTh PsiJl BEIBOJOB O BOBMOXKHOCTH WJIM HEBO3-
MOKHOCTH BOSHHKHOBEHHS pPITUeT-2(h(heKkTa B BEIOpAaHHON T€OMETPUH JINOO 0OpaIeHus ero HalpaBIeHUS TIPH
3aJJaHUN OTIPEICTICHHBIX 3HAYEHUH MTapaMeTPOB CUCTEMBI. J[JIs ITFoCTparuy TOKa3aHHbIX 3/1eCh CBOMCTB CHM-
METPHUH MOJIE3HO MPUBECTH PE3YJbTAThl YHCICHHBIX PACUETOB CPEJHEH CKOPOCTH CTOXAaCTHYECKOTO pITueTa
C JMXOTOMHBIM U3MECHEHHEM TMOTCHIIMAILHOW SHEPTHH, BHITIOJHEHHBIX HA OCHOBE arapara Qypbe-Ipe/icTaB-
JICHUS! ONPENeIIIOIMX (PYHKIUM U NCKOMBIX BEJIMYMH B PaMKax NPUOIMKEHUs MalbIX (UIyKTyalui (w, < kT,
rae kp — nocrosHHas bonbumana; 7' — abconmoTHas Temmeparypa), pa3BUToro Hamu B padore [14]. B stux
pacyeTax yHHBEPCAJIbHBII THII CAMMETPHU 3aBUCUMOCTH (ITyKTyaluii OT BpeMeHH 00ecTiednBascs BLIOOPOM
CUMMETPHUYHOTO CTOXaCTHYECKOTO JUXOTOMHOTO Ipoliecca ¢ 0OpaTHBIM BpeMeHeM Koppemsiuu 1. JlanHas

o . r
BCJIMYMHA 3a4aCT CPECAHIOI0 HaCTOTY HNEPCKIIFOYCHUN COCTOAHUUN TNXOTOMHOTIO ITpoLecca, paBHYHO Z, u onpene-

2
N . . L
nsieT 6e3pa3MepHbIN YIIpaBIIAIONINHA YacTOTHBIH napametp Y =11, r1e T, = Cu_ — BpeMs CKOJIbXKCHU S YaCTUIIBI
0
¢ ko3(pumrenToM TpeHus { 1Mo MOJI0roMy y4acTKy MpeiesibHO aCHMMETPHYHOTO MHJI000Pa3HOTO MOTEHIHA-
2
w | L

b
Uy Ts

na. Ha puc. 2 npeacraBieHbl 3aBHCUMOCTH CPEIHEH CKOPOCTH, U3MEPSAEMOH B €IMHALAX U =

u o
oT (ha30BOTO C/IBUTa Ay IIPU PA3IMYHBIX OTHOIIEHUSX —, BBIYUCIEHHBIE PU —— =5 1 ¥ = 1. CBoiicTBo (9)
L T
MOJTBEPKIAETCS] COBIAJCHUEM 3aBUCUMOCTEH JIEBOM M MpaBOW MOJOBUH PHUCYHKA, COOTBETCTBYIOIIHNX BBI-

[ N
OpaHHOMY 3HA4YEHUIO MapaMeTpa acummeTpun —. [1o 3Toif ke mpuunHe IS aHajIM3a MOBEACHHUS anee OyneT
! y
JOCTATOYHO, KAaK OTMEYEHO BBIIIIE, 00CYKIaTh TOIBKO A, € | 0, 5| s mpoBepku cBoiicTia (10) cpaBHAM X0

CIUTOIITHBIX ¥ TYHKTHPHBIX KpUBBIX B Tapax (2) u (5), (3) u (4), (1) u (6) (uT0 cOOTBETCTBYET 3a(hMKCHPOBAHHBIM
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/ [
B YHCJICHHOM SKCIIEPUMEHTE ITapam 7 nl- z). Bunno, 9To, B 4aCTHOCTH, v{UL; 04(x, t)} = —U{UO; 01 (xs t)},

U{UO’%;O,IS(X, t)} = _Z’{Uo,u;ms (x, t)}, U{Uo,gL;O,OS (x, t)} = _U{UO,2L;O,45(x7 t)} AHaJOTUYHEIC PE3YJbTAThI

1 /
HUMEIOT MeCTO 11 Jitoboro A, € | 0, S| [To mepe n3mMeHeHUs 7 ot 1 1o 0 MakcUMyMbl (MUHUMYMBI) KPHUBBIX

1 [ 1
NpUOIMKXAIOTCS K LEHTPY (YAANSIOTCS OT LEHTPA) OTpe3ka A, = @ 3HayeHne napaMmeTpa aCHMMETPUHI 7 = 2

CTAIMOHAPHOW KOMITOHEHTHI TIOTEHIMANA, TIPH KOTOPOM OHA MPHOOpPETaeT CBOWCTBAa YHHBEPCAIBHOU CUM-
METPHH, ONPEICIIIET TEOMETPUIO CUCTEMBI, /i€ pPATUYeT-3PPeKT HeBo3MOkeH (cM. (13)), Kak U JTOIKHO OBITh

. L
JUISL CYNIEPCUMMETPUYHBIX CHCTEM, 00OIafaroImx cBoicTBoM U .y (x, t+ ts) ==Upni, (x + > —t+t, |
KpuBbie I 1 6, COOTBETCTBYIOIIME CKOPOCTHU PITYETOB CO CJIab0 (UIYKTYUPYIOUIMM MHPEICIbHO aCHUM-

METPUYHBIM IHI000Pa3HBIM MPOQHIEM, JEMOHCTPUPYIOT CBOWCTBA U{U Likg (x, t)} = v{U 101 /2—x0(x, t)}

u U{Uo;xo (x, t)} = U{Uo;uz—xo (x, t)} (vacTHBIN cayuyaii (12)) a1 11060i mapsl 3HaUEHUH A\ 1 % — Ay, TO-

1
CKOJIBKY KPpHUBBIC CUMMETPHUYHBI OTHOCHUTCIIBHO TOYKHU 7\.0 = Z

0,25

0,15

0,05

—-0,05

-0,15

~0,25

2
W, L

Puc. 2. Cpennsis ckopocTb B €IMHUIAX U = [u—oj [T—J Kak (GyHKIHs (ha30BOrO CIOBHUra A,
0 s

MIPU PA3TMYHBIX OTHOILCHHUAX Zl: 1-1;2-09;3-0,8;4-0,2; 5-0,1; 6-0.
Breruncnenus npoBoauinch npu Mo 5y =1
B

2
o . W, L .
Fig. 2. The average ratchet velocity in units v, = [u_oj (T—J as a function
0 s

of the phase shift A at various values ole: 1-1;2-09;3-08;4-0.2;5-0.1;6-0.

Calculations were performed with ku_OT =5andy=1
B
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3aKjaoueHune

Takum 00pa3om, B HACTOSIICH paboTe MPEMIOKEHO Pa3BUTHE U MPOAESMOHCTpUpOoBaHa d3(PPEKTHBHOCTD
MTOCTPOCHHS LIEMOYEK CHMMETPHIHBIX Tpeo0pa3oBaHuil JIJIsl UCCIEIOBAHNS CBOWCTB OPOYHOBCKHUX MOTOpPOB
B KOHKPETHOI T€OMETPHH MPOCTPAHCTBEHHO-BPEMEHHBIX U3MEHEHHI pITUeT-TIOTeHInana. [ aHanmisa BbI-
OpaHa paTYET-CHCTEMa C MMPOCTPAHCTBEHHO-TIEPHOANYECKUM MUII000Pa3HBIM MOTEHIUATBHBIM TTpodmieM,
BO3MYIIIAEMBIM ITPOCTPAHCTBEHHO-TAPMOHHYECKUM CUTHAIIOM C BPEMEHHOW 3aBUCUMOCTHIO, ONTUCHIBAEMON
CUMMETPUYHBIM JUXOTOMHBIM TiporieccoM. CHMMETpHITHBIE CBOMCTBA CPEeTHEH CKOPOCTH PITUETa KaK (PyHK-
[MOHAJIA MTOTEHIIHAIBHON YHEPTHH HAaHOYACTHUIIHI, a TAK)KE CBOWCTBA CHMMETPHUHU PITUET-TIOTEHITHAIA aIH-
TUBHO-MYJBTUTUTMKATUBHOW (POPMBI C(hOPMYIIMPOBAHBI B TEPMHUHAX TTAPAMETPOB aCHMMETPHUH ITHII000pa3HO-
T0 IPODHIISA ¥ BETMUUHEI (PA30BOTO CIABUTA YITPABIISIIOIICH KOMIIOHEHTHI MOTEHITHAIA. BrIOop mmioodpasHoro
penbeda 00ycIoBIeH OMHO3HAYHOCTHIO U TTPOCTOTON OTpeIeTIeHN MTapaMeTpa aCHMMETPHN I TAKOTO TIPO-
¢ntst, a TakKe MOMYIAPHOCTHIO MOMOOHOTO penbeda B TEOPETHUECKUX M DKCIIEPUMEHTAIBHBIX HCCIEI0Ba-
HuAX. OYeBUIHO, YTO PE3YIbTaThl MOTYT OBITH PacIpOCTPaHEHBI Ha JIFOOYI0 PATUET-CUCTEMY, IS KOTOPOH
MIPOCTPAHCTBEHHAS aCHMMETPH CTAIIMOHAPHOW KOMITOHEHTHI MMOTEHIINAIBHOTO MPO(HIIS HAHOYACTHUIIBI OTIH-
ChIBACTCS aHTHUCHUMMETPUIHON TTEPUOTNICCKON (PYHKITHEH, XapaKTepH3yeMOU TOJIBKO OHHM CTPOTO OIpe-
JIEIEHHBIM TIapaMeTpoOM acUMMeTpuH. [IpoaHanm3mupoBaHO MOBEAEHHE CHCTEMBI IPH PA3TUYHBIX KOMOWHA-
[USAX ee YIPABISIOMUX (B TAaHHOM ClIydae — TeOMETPHUIECKHX ) mapaMeTpoB. CaenaHsl BHIBOIBI OTHOCHTEIHHO
BO3MOYXHOCTH BO3HWKHOBEHUS HAIPABJICHHOTO JABMKEHHUS HAHOYACTHUI[ KaK pATUeT-d(h(heKTa 1 HarmpaBIeHUs
9TOTO JIBWKEHUS B TaKOH CHCTeME MPH 3aJaHHBIX 3HAUYEHUX (IMara3oHax 3Ha4eHWH) MmapaMerpa acCUuMMeT-
pyu THII000pasHoro mpoduiis, ha30BEIX CIBUTAX YITPABIISIONICH KOMIIOHEHTHI M YaCTOTaX BPEMEHHBIX (DITyK-
Tyanuii. [lpu aToM comeprkarerbHbIe BBIBOJBI IMONyYE€HBl HA OCHOBE TOJIBKO JIUIIIb CBOMCTB CHMMETPHUU Tie-
PHOAMYECKUX COCTABIAIONINX aJTMTHBHO-MYJIBTUILTUKATUBHON MOTEHIIMATBHON SHEPTHH, a TaKkKe OOInX
CBOMCTB BEKTOPHOH M CABHUTOBON CHMMETPHN M CKpBITOM cnMMeTpun Kyoepo — Personu. CripaBeInBOCTh
CUMMETPHUITHBIX BBIBOAOB, HE TPEOYIOMINX TS UX TTOTYUYSHHS 3HAHUS TOUYHBIX (DOPMYIT JUTS CpEeAHEN CKOPOCTH
paTdeTa, MOATBEPIKIeHA PE3YIIbTaTaMt BEIYHCIUTEIHLHOTO SKCIIEpUMEHTa Ha TIPUMEPE CTOXAaCTUIECKOTO OpOy-
HOBCKOTO PATUYETA IMyJIbCUPYIOIIETO THIIA.
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We analyse the physical meaning of quantum phase effects for point-like charges and electric (magnetic) dipoles in
an electromagnetic (EM) field. At present, there are known eight effects of such a kind: four of them (the magnetic and
electric Aharonov — Bohm phases for electrons, the Aharonov — Casher phase for a movmg magnetic dipole and the
He — McKellar — Wilkens phase for a moving electric dipole) had been disclosed in 20" century, while four new quantum
phases had recently been found by our team (A. L. Kholmetskii, O. V. Missevitch, T. Yarman). In our analysis of physical
meaning of these phases, we adopt that a quantum phase for a dipole represents a superposition of quantum phases for
each charge, composing the dipole. In this way, we demonstrate the failure of the Schrodinger equation for a charged
particle in an EM field to describe new quantum phase effects, when the standard definition of the momentum operator is
used. We further show that a consistent description of quantum phase effects for moving particles is achieved under appro-
priate re-definition of this operator, where the canonical momentum of particle in EM field is replaced by the interactional
EM field momentum. Some implications of this result are discussed.

Keywords: quantum phase effects; electric dipole; magnetic dipole; Schrodinger equation; operator of momentum.

Introduction

As is well-known, at the middle of 20™ century, Aharonov and Bohm predicted two quantum phase effects
for electrons in an electromagnetic (EM) field [1; 2]: the electric Aharonov — Bohm (AB) effect with the phase

8y=—Jod ()

and the magnetic Aharonov — Bohm (AB) effect with the phase
§,=—2[A4-ds. 2
=] @)

Here ¢, A are respectively scalar and vector potentials, ds = vdt is the path element of a charge e along
a line L, ¢ is the light velocity in vacuum, and 7 is the reduced Planck constant.

Later, in the 1980s, the Aharonov — Casher (AC) phase for a moving magnetic dipole m in the presence of
electric field E had been found [3]:

1
8, = %j(m X E)- ds, 3)

and in the 1990s, the He — McKellar — Wilkens (HMW) phase for a magnetic dipole p, moving in magnetic
field B, had been disclosed, too [4; 5]:

d,p="— (p % B)- ds. 4)

hc

It is important to emphasize that the quantum phase effects (2)—(4) have been confirmed in corresponding
experiments (e. g., [6—8]). The electric AB phase still was not directly observed, because the available attempts
(see, e. g., [9]) were failed to reliably distinguish the electric AB phase (1) from the dynamical effects resulting
due to non-vanishing electric component of the Lorentz force. Nevertheless, there are no doubts with respect
to the reality of the electric AB phase (1), insofar as it directly derived, along with the magnetic AB phase (2),
from the Schrodinger equation for a charged particle in an EM field, where the standard Hamiltonian

R (—th—eA)
A=~ "7

2m

+ e (5)
is used (see, e. g., [10]).
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A validity of this assertion follows from the common definition of quantum phase for charged particle in
the presence of EM field,

1
B:EHH—HUm, (6)

where H|, stands for the Hamiltonian of particle in the absence of EM field. Therefore, combining equations (5)
and (6), we obtain

8:%Je(pdt—%jeA - ds.

Thus, one can see that the first term on the right side describes the electric AB phase, while the second term
corresponds to the magnetic AB phase.

Addressing now to equations (3), (4) for quantum phases for dipoles, we emphasize that both of them had
been derived with some approximate Lagrangian expressions either for magnetic [3], or electric [4; 5] dipoles,
which, in general, leave unanswered question about a possible existence of more quantum phase effects for
moving dipoles.

We addressed the problem of deriving a covariant expression for the Lagrangian of electric/magnetic di-
pole, solving another task: to explore the origin of the high-temperature Kondo effect (the inverse dependence
of the resistivity on the temperature for conducting materials [11]), which we experimentally revealed in
iron-containing high-temperature superconductors [12; 13], and which supposedly could be explained via the
interaction of magnetic dipole moments of conduction electrons with the magnetic dipole moments of impuri-
ties in superconductors [11]. Thus, in order to understand the manifestation of Kondo effects for our samples
under investigation, we needed to use the force law for two interacting magnetic dipoles and, surprisingly, we
did not find an unambiguous solution of this problem in the available literature.

Thus, in our own attempts to solve the problem, we obtained for the first time the relativistically invariant
expression for the Lagrangian of electric (magnetic) dipole, and this result suggested us to look closer not only
at the problem of high-temperature superconductivity, as exposed in references [12; 13], but also at the prob-
lem of quantum phase effects for moving dipoles and to derive the general expression for their total quantum
phase (see section «Force law in material media via covariant Lagrangian and quantum phases for electric
(magnetic) dipoles»).

In section «Physical meaning of quantum phases for electric (magnetic) dipoles and new quantum phases for
point-like charges», we seek the physical meaning of quantum phases for dipoles as the superposition of quantum
phases for electric charges composing the dipoles. In this way, we derive two novel quantum phase effects for
point-like charges, which we named as the complementary magnetic and electric AB phases, correspondingly.

In section «Quantum phase effects for freely moving charges in an EM field and re-definition of the opera-
tor of momentumy, we discuss the physical meaning of quantum phase effects for charges and dipoles, and
show that their consistent description requires to re-define the momentum operator for charged particle via the
sum of mechanical and EM momenta (41), instead of the old definition via the canonical momentum of the par-
ticle (36). In this way, we provide a clear physical interpretation of quantum phase effects for charged particle
which indicates that even at its constant mechanical momentum (no force on the particle), the variation of its
de Broglie wavelength happens entirely due to corresponding variation of interactional field momentum. Other
important implications of the new definition of momentum operator (41) are also discussed.

Force law in material media via covariant Lagrangian
and quantum phases for electric (magnetic) dipoles

During many decades, the problem of determination of a correct force law in material media was definitely
underestimated by many researchers. In fact, it was tacitly supposed that the Lorentz force law, being well
tested for point-like charged particles, can straightforwardly be extended to bound charges in material medium,
which for a unit volume of such a medium takes the form (see, e. g., [14])

J.=PE+jxB, (7
where f is the force density,
p=-V-P (®)
is the charge density, and
oP
j=VXM+— 9
J o )

is the current density; P being the polarization, and M being the magnetization.
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However, equation (7) is, as minimum, incomplete, because it does not include the force density compo-
nents, resulting from the secondary effects in material media, e. g.: its polarization, the emergence of mecha-
nical stresses, etc.

In the second half of 20™ century, it was proposed to describe the contribution of such secondary effects via
introducing the hidden momentum of magnetic dipole (see, . g., [15-17])

thém x E, (10)

and the time variation of the density of hidden momentum (10) yields one more component of force, acting per
unit volume of a magnetized material medium:

1d
=——(M x E).
fi= o (M % E) (11)

Hence, it was adopted that the total force density on a material medium should be defined as the sum of the
Lorentz components (7) and hidden momentum contribution (11).

However, we have shown in references [18; 19] that the sum f; + f, is not Lorentz invariant, that leads to
relativistically non-adequate results with respect to the force on electric (magnetic) dipoles as is seen by dif-
ferent inertial observers.

Thus, in order to find the correct relativistic expression for the force on a dipole, we suggested in referen-
ces [18; 19] to apply an explicitly covariant expression for the Lagrangian density of a polarized or magnetized
medium in an EM field [20] 1

o= M P Fo, (12)

where M is the magnetization-polarization tensor and /' P is the tensor of EM field [14].
Integrating equation (12) over the volume of compact dipole, and introducing the rest mass M of the dipole,

we obtain the total Lagrangian as follows:
2

M
Lz—Tc+p-E+m-B. (13)
Substituting the Lagrangian (13) into the Euler — Lagrange equation at the given fields E and B, i. e.,
L _daL
or dtov’
we arrive at the relativistic expression for the total force on the dipole [18; 19]
Po- E)v
F=9(M0)=V(p-E)+V(m B) + iw ¥
dt dt c

d Y(mon : B)V dl
b ——
dt c? dt €

where the subscript 0 stands for the proper electric and magnetic dipole moments.

dl
(pO X B)—Ez(mo X E),

. . . oL S -
Next, we straightforwardly define the Hamilton function H = — - v — L, which, in the quantum limit, de-
v

termines the Hamiltonian A and the total phase for a dipole in the presence of EM field [18; 19]:
¢~ 1 1
d=—|Hdt=—— -Elv-ds——|y(my - -B)v-ds+
hf hczjy(l’ou ) thJy( o°B)

+ %J-(mo x E)-ds—%_,‘(po X B)- ds—%j(p : E)dt—%.[(m - B)dt. (14)

In what follows, we will consider the quantum phases for moving dipoles only, which allows us to exclude
from further analysis the last two terms on the right side of equation (14), which respectively determine the
Stark phase [21] and Zeeman phase [22], available for resting dipoles.

As is further shown in references [18; 19], in the weak relativistic limit, corresponding to the accuracy of
calculations ¢, the sum of remaining four terms in equation (14) can be written as

1 1 1 1
Sz—%J(pr)-ds—EJ‘(p-E)v~ds—ﬁj(m'3)v'ds+%j(mXE)'dSa (15)

where all quantities are evaluated in a laboratory frame.
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The first and the last terms on the right side of equation (15) stand respectively for the known HMW (4)
and AC (3) phases, while the second and third terms correspond to the quantum phases previously unknown,
which emerge under the motion of electric dipole in electric field

1

SpEZ_? (p-E)v-ds, (16)
and under the motion of magnetic dipole in magnetic field
8,5 = —% (m - B)v - ds. (17)
he

By such a way, we have obtained four quantum phases 6, 8,5, 8,5, 9,5 for moving dipoles, defined by
equations (3), (4), (16) and (17), correspondingly, and the subsequent problem is to disclose their physical
meaning. We will solve this problem in section «Physical meaning of quantum phases for electric (magnetic)
dipoles and new quantum phases for point-like charges» on the basis of a natural assumption that a quantum
phase for a dipole represents a superposition of quantum phases for each charge, composing the dipole.

Physical meaning of quantum phases for electric (magnetic) dipoles
and new quantum phases for point-like charges

In order to explore the relationship between quantum phases for charges and dipoles, we first of all point
out that the fundamental AB phases in equations (1), (2) for point-like charges are defined via the EM field
potentials and hence, we have to express the phases for dipoles (3), (4), (16), (17) through the EM field poten-
tials, too.

Below, we solve this problem subsequently for each quantum phase of dipole. We will analyse the obtained
expressions for the phases 8 5, 6, with the standard model for electric dipole — two point-like charges +e and —e,
connected to each other via a rigid rod of a small distance d. Correspondingly, we will analyse the obtained
expressions for the phases 9,,z, 9,5 using the standard model for magnetic dipole — an electrically neutral small
conducting loop carrying a steady current with the density j.

He — McKellar — Wilkens phase Sp 5 (equation (4)). This phase depends on the magnetic field B, and it can
be expressed via the vector potential 4 in the following way:

d,p = —%J(p X B)-ds=
1 1 1
- _%JJ(P x B) - dsdV = —%JJ(P x (V x A))-dst=%£i[pA-dst. (18)

In the derivation of this equation, we have used the equality V x A = B, the definition p = JPd V (where P

being the polarization, and V is the volume of the dipole), as well as the vector identity [23]

[(4-P)as - [P(4-ds)-[A(P - dS)=

=[Ax(Vx P)aV+[Px(Vx A)dV - [A(V-P)aV - [P(V- A)dV,

further on, we used the fact that the polarization P is vanishing on the surface S of dipole, so that all integrals
on the left side are equal to zero. Finally, we have used equation (8) and the equality V x P =0 in the Coulomb
gauge (V- A4=0).

Thus, applying equation (18) to the model of electric dipole specified above, we obtain

8p3=% $A(r+a) ds—A(r)-ds |, (19)
L, L

where the path of the positive charge of dipole is designated as L_, the path of the negative charge of dipole is
designated as L_, and r is the radial coordinate.

Equation (19) shows that the HMW phase 6, represents an algebraic sum of magnetic AB phases (2) for
each charge, composing the dipole, and this result has already been derived in reference [24] soon after the
discovery of the HMW phase.
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At the same time, on can easily realize that the magnetic AB phase (2) cannot be responsible for other quan-
tum phase effects derived for moving dipoles. What is more, one should notice that the second fundamental
quantum phase for point-like charges — the electric AB phase (2) — does not explicitly contain the velocity of
charge, and cannot be responsible for the origin of the remaining quantum phases 8,,, 8, 8,5, for moving
dipoles.

This circumstance makes rather interesting the problem of determination of their physical meaning, and
next we consider one more quantum phase 8, for a moving electric dipole.

The phase 6, (equation (16)). This phase depends on the electric field E, and we assume that it does not

contain the inductive component (i. ., a— =0). Then, using the equality E = -V @, the definition p = IPdV, as
well as the equation (8), we obtain v

o= [(p- E)s-ds = [ (P Vo). dsay =
4
1 . 1
=EJ§'§V' (Po)v- dsdV - Figﬁpcpv . dsdV = ‘Eﬁ"‘” - dsdV. 0)

In the derivation of this equation, we also have used the vector identity V- (P9)=¢V - P + P - V@, and

have taken into account that the volume integral _[Cj)V -(P@)v - dsdV can be transformed into a surface inte-

4
gral via the Gauss theorem, where the polarisation P is vanishing.
We further see that for the model of the electric dipole adopted above equation (20) takes the form

1 e e
8, = —ﬁigp(pv ~dsdV = —ﬁi';(p(r +d)v-ds + ﬁLJ;(p(r)v - ds.

This equation indicates that the quantum phase 8, for electric dipole represents a superposition of new
quantum phases for point-like charges composing the dipole, which is defined by the equality

8., =———[ov-ds. 21

=259 (21)
One can see that in the weak relativistic limit, the phase (21) is smaller than the electric AB phase (1) by
2

(%}) times, and in references [25; 26] we named it as a complementary electric AB phase, supplying it with

the subscript c.
Aharonov — Casher phase J, . (equation (3)). This phase depends on the electric field E, and we again
assume that it does not contain the inductive component. Then, using the equality E = -V, as well as the de-

finition m = J-Md V, we obtain

8,5 = —i;/”(M X Vo) - dsdV =
1 1 1
:%JJV X (M) - dsdV — %chp(v X M)- dsdV = —%Jgg(p(v x M) dsdV. (22)

Here, we have used the vector identity V x (M@)=¢V X M — M x V¢ and taken into account that the
volume integral HSV X (M@)- dsdV can be transformed into a surface integral, where the magnetisation M

is vanishing.
For further transformation of integral (22), we apply the equality (9) and assume a stationary polarisation,

where %—I; =—(v-V)P. Hence, we derive
1 .
SmE:——hcz I_[(j)(p(] +(v-V)P)'dst. (23)

For the adopted model of magnetic dipole — an electrically neutral current loop with a steady current —
the proper polarisation is equal to zero. Therefore, the polarisation P in equation (23) can emerge for a moving
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M
dipole only, and equal to P =v X TO' Hence, one sees that it is orthogonal to the vector ds, and equation (23)
yields

8m5=—hl7£4‘><pj~ dst=—$;[qS(ppu~dst, (24)

where we have used the equality j = pu.

Thus, the obtained expression (24) for the AC phase via the scalar potential ¢ indicates that this phase rep-
resents the superposition of complementary electric AB phases (21) for all charged, composing the magnetic
dipole.

More specifically, the positive charges of the frame of the loop (which rest in its proper frame), contribute
to the total phase for a moving magnetic dipole at the value

1
(SmE )positive = _Wj.é(pp+v : deVa (25)
v
whereas the negative charged (the carries of current) contribute at the value
1
(8’”5 )negative = _WJ‘¢(W)7 (u + V) -dsdV. (26)
v

Summing up equations (25) and (26) at p, =—p_, we arrive at the phase (24).

Thus, we reveal that the AC phase for a moving magnetic dipole (3) represents the superposition of com-
plementary electric AB phases (21) for all charges of the dipole.

The phase J,; (equation (17)). In order to express this phase via the vector potential 4, we will use the

equality B =V X A along with the definition m = JMdV and the vector identity V - (M X A) =M - (V X A) +
A- (V XM ) Hence, we derive from equation (17):

3,5 = J.Cﬁ VXA v dst——J.Cﬁ MXA))v~dst—
__H> (Vx M)) dst———ng (VX M))v - dsdV, 27

where we have taken into account that the first integral on the right side of equation (27) is vanishing due to
the Gauss theorem. In order to evaluate the remaining integral, we involve the equality (9) and assume again

that the polarisation is stationary, i. e. ap = B_P + (v : V)P =0, and 8_P = —(v . V)P. Hence, combining equa-
dt ot ot
tions (9) and (27), one gets
1
O s=——||(A-j+A-(v-V)P)v-dsdV. 28
=3 J(A 7+ 4 (- V)P) (28)

The second integral in equation (28) can be transformed to the form:
d dA
dsdV = V)PWVdtdV =v* | |—(A- P)dtdV —v* ( -—jdt.
” v g ” (v )) v{-/”dt( ) vjp dt

Therefore, it is vanishing under adoption of the natural conditions A(¢=0)= A(¢=e0)=0. Hence, equa-
tion (28) yields

8, = —%Jj(j - A)v - dsdV = —hl?;”-(pu - A)v - dsdV, (29)

where we have used the equality j = pu.
Applying equation (29) to the adopted model of a magnetic dipole, we can write by analogy with equa-
tions (25) and (26):

(SmE positive = j¢p+ V A - dsdV,

(8, )negaﬁve = —W'[Cf)(pp_((u +v)- A)(u +v)- dsdV.
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These equations show that the phase §,,; for a moving magnetic dipole represents a superposition of new
quantum phases for point-like charges of the dipole, being defined by the equality

e
8, = _h_éj(v - A)v - ds, (30)
which we named as the complementary magnetic AB phase [25; 26]. It is seen that this phase is approximately
2
by (g] times smaller than the magnetic AB phase (2).

Thus, all quantum phases 8z, 8,5, 8,5, 9,5 for an electric or magnetic dipole moving in EM field origi-
nate from three fundamental phases for point-like charges: the magnetic AB phase 9, (2), the complementary
electric AB phase 8, (21), as well as the complementary magnetic AB phase 3, (30). A relationship between
fundamental velocity-dependent quantum phase effects for point-like charges and phase effects for electric
(magnetic) dipoles is shown in figure, which illustrates their physical meaning.

M tic AB Complementa C 1 t
agnehc p v omp . ementaty Fundamental phases
phase d, electric phase 6, magnetic phase J_,
HMW phase 3, AC phase §,, Phase 6, Phase §,, Derivative phases

Relationship between velocity-dependent quantum phases
for charged particles and for moving dipoles

We found above that the ratio of complementary electric AB phase (21) and electric AB phase (1) has the
2
order of (%}) , and the same result is valid with respect to the ratio of complementary magnetic AB phase (30)

and magnetic AB phase (2). This observation led us to assume in reference [25] that the phases 8, 6., could
represent some relativistic extension of the fundamental electric and magnetic AB phases, correspondingly.

However, later we pointed out [26] that the Schrodinger equation for charged particle in an EM field does
already contain the terms of order ¢ *. Nevertheless, it does not include the complementary electric AB phase
8., of the same order. This already signifies that the actual situation with respect to physical interpretation of
the new quantum phases 8, 8., is more complicated, and this problem is analysed in the next section.

Quantum phase effects for freely moving charges
in an EM field and re-definition of the operator of momentum

The results, which we obtained above, indicate that a moving point-like charge in the presence of EM field
is characterised by three quantum phases: the previously known magnetic AB phase (2), as well as the comple-
mentary electric (21) and magnetic (30) AB phases, disclosed via the analysis of quantum phases for moving
dipoles [18; 19; 25; 26]. Therefore, the determination of physical meaning of these phase effects acquires the
fundamental importance.

Analysing this problem, we assume that all quantum phase effects for a moving charge should be directly
related to its wave vector k and de Broglie wavelength A, which can depend not only on the mechanical mo-
mentum of the particle P, but also on the EM momentum P, for a system «charged particle plus external EM
field». This assumption suggests us to generalise the wave vector in the form

P,+ P
P ( M T Ty ), (31)
h
with the corresponding de Broglie wavelength
A= L (32)
|Py + Py,

Hence, the corresponding quantum phase dd along the path ds is equal to
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(P + Py ) ds
e

In order to verify this assumption, we address to reference [26], where we calculated the interaction EM
field momentum for a spinless charged particle in the external E, B fields as the function of scalar ¢ and vector
A potentials:

dd=—k - ds=— (33)

1 1 ed vep ev(A-v)
P.,=—|(EXB)dV+—|(E, XB)dV=—+—+ ————F, 34
= g (B X B4V (B v = M0 34
here E,, B, are the electric and magnetic fields of a moving charge.

Thus, combining equations (33), (34), and integrating over the path s, we obtain the total phase of charged

particle, moving in EM field:
_ _ 1 e e e
6 =—k-ds= _%JPM - ds — %J‘A - ds — gj‘([)v - ds — gJ‘V(A . V) - ds. (35)

The first term on the right side of this equation describes the phase of particle, associated with its mecha-
nical momentum, which exists in the absence of EM field, while the remaining three terms stand for the mag-
netic AB phase (2), the complementary electric AB phase (21) and complementary magnetic AB phase (30),
correspondingly. This result fully validates our assumptions ((31), (32)) with respect to the dependence of the
wave vector k and the de Broglie wavelength A on the scalar and vector potentials.

At the same time, one should notice that in no way the phase (35) can be derived via the Schrodinger equa-
tion with the standard Hamiltonian (5) for charged particle in an EM field. As we have already shown in the
introductory section, the Hamiltonian (5), being substituted into equation (6) for the total phase of particle,
yields only the magnetic AB effect for velocity-dependent phase, leaving non-accounted the complementary
magnetic and electric AB phases.

This contradictory situation, disclosed at the first time in reference [26], suggested us to look closer at the
adopted procedure of transition from the classical to quantum description of charged particles. On this way, we
concluded [26; 27] that the failure of the Hamiltonian (5) to describe the complementary electric and comple-
mentary magnetic AB phases, playing important role in the physical interpretation of a full set of quantum phases
for charges and dipoles, definitely indicates the presence of a fundamental inconsistency in quantum description
of charged particles in an EM field.

According to our analysis [26; 27], such an inconsistency is present in the definition of the momentum
operator for charged particle in EM field, which is commonly associated with its canonical momentum, i. e.,

A4~
P=P,+C 5P =—inV. (36)

Hence, equation (36) straightforwardly yields the Hamiltonian (5).

In fact, the postulate (36) tacitly prescribes the fundamental role to the canonical momentum of charged
particle in quantum mechanics, which, however, looks not so obvious. Thus, one can wonder, why the phy-
sical context of equation (36) was, to the best of our knowledge, not discussed earlier, before our publica-
tions [26; 27].

As is known, the canonical momentum (36) for a charged particle in an EM field emerges as a formal
variable in the Euler — Lagrange equation of classical electrodynamics (see, e. g., [28]), and a question about
a physical meaning of P, even was not discussed.

A
We separately investigated this problem in reference [26] and found that the term eT describes the inter-

action EM field momentum for the system «charged particle in an external electric and magnetic fields» in the
particular case of zero velocity of particle.

Indeed, for a charged particle at rest, its magnetic field is equal to zero, so that the interactional field mo-
mentum takes the form

Py (v= 0):4+CCJ.(E6 X B)dV = %MJ(E x (V x A))dv, 37)
14

where we have used the equality B = (V X A). Further, we involve the vector identity [23]
J.(Ee x (V x A))dV + J(A x (VX E,))dV - _[(Ee(V - A))dv - _[(A(V -E,))dV =0,
v v v

v
which in the Coulomb gauge (V- 4 =0) yields
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eA
J(E,x (VxA)av=-[(Ax(Vx E,))aV + 4r[(p,A)dV = =. (38)
4 v 4
Here we have taken into account that V x E, = 0 for a resting particle, and used the Maxwell equation
V- E,=4np, p,being the charge density of the particle. Hence, using equations (37) and (38), we obtain

eA

Poyy (v=0)=% (39)
Further on, combining equations (36) and (39), we arrive at the equality
P.=P,(v)+ Py, (v=0)— P =—inV, (40)

which shows that the canonical momentum represents the sum of mechanical momentum of moving particle
P,, and the interactional EM field momentum Py, in the situation, where the particle would be at rest in the
frame of observation. Thus, equation (40) indicates that the canonical momentum P, does not have a real phy-
sical meaning.

Under this circumstance, it seems attractive to re-define the momentum operator in such a way, where the
sum of mechanical momentum and interactional EM field momentum are taken at the same velocity v of the
charge, i. e.,

P, (v)+ Py, (v) > P=—inV. (41)
Hence, instead of the Hamiltonian (5), we get

o (—ihV — Puy )2

== 4 e,
2M
or, in the explicit form (see equation (34)),
2
1 eA vep ev(A-v)
H=—|P——-—————21 +e0, 42
ZM( ¢ 2 c ? 42

where all variables are considered as operators.
Presenting in equation (42) P = Mv and assuming the Coulomb gauge, where the operators v and 4 commu-
tate with each other, we derive to the accuracy of calculations ¢ :

n’ ed-v eV’ evz(A . v)
H=——A+ep - - - , 43
2M T c? ¢ +)
2 42
where we neglected the term Ve in comparison with other terms of equation (43), which in any practical
c

situation is quite warranted, and A stands for the Laplacian.
Thus, substituting the Hamiltonian (43) into equation (6), we derive the quantum phase for a moving
charged particle in the presence of EM field as

5=§J.(Pdt_hi;_,‘A'ds_é.[(pv.ds_éjv(/l.v).ds, (44)

where the first two terms on the right side stand for the electric (1) and magnetic (2) AB phases, while the third
and fourth terms describe the complementary electric (21) and magnetic (30) AB phases, corresponsingly,
which we disclosed in references [25; 26].

Thus, the re-definition of the momentum operator (41), which we suggested instead of the customary defini-
tion (36), actually allows describing all quantum phase effects for charged particles in EM field, and to ensure
a full harmony between equations (44) and (15), describing quantum phase effects respectively for charges and
dipoles, with their relationship according to figure.

We add that the negative sign for the velocity-dependent quantum phases in equation (44) reflects the in-
verse dependence of the de Broglie wavelength of charged particle A on the interactional EM field momentum
according to equation (32).

Conclusion

Thus, analysing quantum phase effects for moving dipoles, we have shown that, in addition to the known
Aharonov — Casher and He — McKellar — Wilkens phases (equations (3) and (4), correspondingly), there are
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two novel phases (16), (17), and the entire set of the phases 3,,z, 8,3, 8, 8,,z, correspond to a full set of com-
binations between the pair p, m and the pair E, B.

These results made topical the problem of determination of the physical meaning for quantum phases of
moving dipoles, and in references [25; 26] we suggested to explain their origin via the superposition of funda-
mental quantum phases for point-like charges composing the dipoles.

On this way, we discovered two novel fundamental phase effects with the complementary electric 3, (21)
and complementary magnetic 8, (30) AB phases, correspondingly.

The disclosure of all quantum phase effects for point-like charges allowed us to conclude that the de Broglie
wavelength for a moving charged particle depends not only on its mechanical momentum P,,, but also on the
interactional EM momentum P,, via the modulus of the vector sum of mechanical and EM momenta |PM + Py |
(see equation (32)). The latter equation allows us to understand all quantum phase effects for a moving charge
as a corresponding variation of its de Broglie wavelength with the scalar and vector potentials.

One should further notice that the direct observation of the phases 8., 8, is hardly possible for non-relati-
vistic charges, where the electric (3,) and magnetic (6,) AB phases strongly dominate. However, for electrically
neutral dipoles, the phases 8, 8, are vanishing, that opens the principal possibility to measure, at least indi-
rectly, the complementary phases 8, 0.,

In particular, as we have shown above, the AC phase for a moving magnetic dipole in an electric field rep-
resents the superposition of 3, phases for all charges of the dipole and hence, the experimental observation
of the AC phase [7] does prove the existence of complementary electric AB phase 8, too. This result already
indicates the need to re-define the momentum operator according to equation (41), where it is associated with
the sum of mechanical momentum and EM momentum for a charged particle in an EM field. Then, as we
have shown above, the Schrodinger equation for a charged particle with the momentum operator (41) yields
equation (44) for the total phase of such particle, which contains both the previously known AB electric and
magnetic phases (the first and second terms on the right side), as well as previously unknown complementary
electric and magnetic AB phases (the third and fourth terms on the right side).

Further, we emphasise that the proposed re-definition of the momentum operator (41) must be universal,
and also applicable to the Klein — Gordon equation and the Dirac equation. In this respect we remind that
known fact that the sum of mechanical momentum of particle P, and interactional field momentum Py, repre-
sents the spatial components of the four-vector, whose time component is defined as the sum of the energy of
particle and the energy of interactional EM field. Thus, the proposed re-definition of the operator of momen-
tum (41) keeps the Lorentz invariance of the Klein — Gordon and Dirac equations, and allows us to describe
the fundamental phase effects (44) for freely moving charge, too.

With respect to electrically bound quantum systems, in reference [27] we suggested the corresponding
modification of fundamental equations of atomic physics with the suggested re-definition of the momentum
operator (41), and have shown that this way promises the elimination of the available subtle deviations be-
tween calculated and measured data in precise physics of simple atoms.

However, this problem lies outside the scope of the present paper, and will be analysed elsewhere.
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HEAUHEMHAS AUHAMUKA U3AYUEHUS
CUABHOTOYHBIX ITYYKOB 3APAKEHHBIX YACTUIL]
B ITPOCTPAHCTBEHHO-ITEPUOANYECKHUX CTPYKTYPAX

C. H. CLITOBA"

YUnemumym sdepuwix npo6nem BI'Y, yn. Bobpyiickas, 11, 220006, e. Munck, Benapyce

PaccMoTpeHsl (hu3nueckue mporeccsl, Jexaline B OCHOBE (PyHKIIMOHMPOBAHMUS BAKYYMHBIX AJIEKTPOHHBIX TPUOOPOB,
a IMEHHO HEJIMHEHHBIE MTPOIIECCHI U3ITyUSHHUS CHIILHOTOYHBIX ITyYKOB 3apsDKEHHBIX YaCTHIL ITPH TPOXOKICHUHU ITPOCTPaH-
CTBEHHO-TIEPUOANYECKUX CTPYKTYp (PE30HATOPOB) M B3aMMOACHCTBUY C JICKTPOMAarHUTHBIM 1ojieM. [Ipoananusnposa-
HBI IPUHIUNBI paboThI J1aMn Oerymiell BOJIHBI, JIAaMIT OOpPAaTHOW BOJHBI, MHOTOBOJHOBBIX YEPEHKOBCKHX T€HEPAaTOpOB,
J1a3epoB U Ma3epoB Ha CBOOOAHBIX NIEKTPOHAX W Ap. YKa3zaHHBIC MPHOOPH! (YHKIMOHUPYIOT B IIMPOKOM AHAIa30HE
crekTpa (0T MUKPOBOJIHOBOTO JI0 PEHTI€HOBCKOTO0), MMeI0T Bbicokue KIIJI, mo3BONSIOT MoMyvaTs N3TydeHnEe OOMBIION
MOMIIHOCTHU B Y3KUX CHEKTPAJIbHBIX O6J'IaCT${X. IToBbIIEHNE IMPOU3BOAUTEIILHOCTH U HAACKHOCTU TaKUX yCTpOP’ICTB OCHO-
BaHO Ha COBEPILEHCTBOBAHNH CIIOXKHBIX JIEKTPOMArHUTHBIX CTPYKTYP, COCTABIISIIOIINX pe3oHaropsl. [IpogemMoncTpupo-
BaHO pa3HOOOpa3ye BaKyyMHBIX JIEKTPOHHBIX IPUOOPOB IPH OYEBHUAHONW OOITHOCTH MCIIOIB3YEMBIX B HUX (DU3UUECKUX
npuHOMNOB. PaccMoTpeHa HenmuHEHHas XaoTHYecKas TUHAMHKa uX (QyHKuoHupoBaHus. Ocoboe BHUMAaHHE Y/IEIEHO
MIPUHITUIIAM PaOOTHl OOBEMHBIX JTa3epOB HAa CBOOOMHBIX AMEKTPOHAX, & TAKXKe UX OTIIMYHIO OT JAPYTHX MPHOOPOB.

Kniouessle cnosa: nenvHeliHas AMHAMKKA; CUIILHOTOUHBIE SJIEKTPOHHBIE ITyYKH; BAaKYYMHBIE AJIEKTPOHHbIE PHOOPBI;
00BbEMHBIE JIa3ephbl Ha CBOOOTHBIX JIEKTPOHAX.

NONLINEAR DYNAMICS OF RADIATION
OF HIGH-CURRENT BEAMS OF CHARGED PARTICLES
IN SPATIALLY PERIODIC STRUCTURES

S. N. SYTOVA*

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

Provided a review of physical processes underlying the functioning of vacuum electronic devices, namely, nonlinear
processes of radiation of high-current beams of charged particles during their passage through spatially periodic struc-
tures (resonators) and their interaction with an electromagnetic field. Principles of functioning of travelling wave tubes,
backward wave tubes, multi-wave Cherenkov generators, free electron lasers and free electron masers, volume free elec-
tron lasers are considered. These devices operate in a wide spectrum range from microwave to X-ray, have high efficiency,
and allow obtaining high radiation powers in narrow spectral ranges. Increase the performance and reliability of electronic
vacuum devices is based on improving the complex electromagnetic structures in resonators. The article demonstrates
a variety of such devices with an obvious generality of physical principles used in them. Nonlinear chaotic dynamics of
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their functioning is considered. Particular attention is paid to consideration of principles of operation of volume free elec-
tron lasers as well as their difference from other devices.

Keywords: nonlinear dynamics; high-current beams of charged particles; vacuum electronic devices; volume free
electron lasers.

BBenenune

Haumunas ¢ 1940-x rr. uccrienoBanus B 001aCTH HEIMHEWHBIX MPOIECCOB M3ITyUEHHSI 3apsKEHHBIX YaCTHUIT
MIPA UX MPOXOKJIEHUH MPOCTPAHCTBEHHO-NIEPUOJMUECKUX CTPYKTYp (PE30HATOPOB) M B3aWMOJICHCTBUU TaM
C AIIEKTPOMArHUTHBIM TOJIEM BEIYTCS B PA3IMUHBIX THIIAX BAKYyMHBIX AJIEKTPOHHBIX MPUOOPOB (yCHIUTENEH
¥ TeHepaTopoB), (PyHKIIMOHMPYIONIUX B ITMPOKOM JHATIa30HE CIIEKTPa (0T MUKPOBOJIHOBOTO JI0 PEHTT€HOBCKOTO).
[Ipumenenune Takux yCTPONCTB B BOGHHBIX 1 KOMMEPUECKHX MPHUIIOKEHUSAX TPeOyeT NX HaAeKHOU paboThl mpu
BBICOKMX MOITHOCTH, 9((QEKTUBHOCTH U HI3KOH ctonMocTH [ 1]. [Ipon3BoUTENBEHOCTD U HA/ICXKHOCTD JIAHHBIX
puOOpPOB B HACTOAIIEE BpeMsi 00eCTIeunBalOTCS UCTIOIB30BAHUEM CIOKHBIX AJIEKTPOMATHUTHBIX CTPYKTYP
Ha OCHOBE HOBBIX MaT€pHaJIOB U MEPEIOBBIX TEXHOIOTHH.

CerofHs yCHIINTENN U TeHEPATOPhl BAKYYMHOM AJIEKTPOHUKH MTPUMEHSIOTCS HE TOJIBKO B CHCTEMAax CITyTHU-
KOBOH CBSI3H, T€NEPaTNOBEIIAHIH, PA3TMYHBIX MUKPOBOJIHOBBIX YCTPOHCTBAX HArpeBa sl MPOMBIIIIIEHHOTO
1 OBITOBOTO HCTIOJIb30BaHMS, HO U TIPU MPOBEICHUH HAYYHBIX UCCIIEAOBAHUI B YCKOPUTENSIX YACTHI] BRICOKHX
SHEPTUil, HarpeBe IJIa3Mbl JJIS YIPABISEMOTO TEPMOSIEPHOTO CHHTE3a, a TAK)KE B MEAMIIMHCKUX CHCTEMax
B Ka4eCTBE KOMITAKTHBIX YCKOPUTENIEH IS SAEPHOTO MAarHUTHOTO Pe30HaHca U T. 1. [1-5].

B nanHO# cTaThe MPOAEMOHCTPUPOBAHO MHOTO00pa3ne BaKyyMHBIX 3JIEKTPOHHBIX MTPHOOPOB MPH OUEBU-
HOI OOIIIHOCTH UCITONIB3YyEeMBbIX B HUX (DM3MUYECKUX TPUHITUIIOB, PACCMOTPEHA CIIOKHAS HeJIMHEHHAsI THHAMUKA
ux (pyHKIIMOHNpOBaHus. TeopeTHueckue u SKCTIEPUMEHTAIBHBIE NCCIIEIOBAHMNS KaX/I0TO HOBOTO THIIA TAKUX
prOOPOB UMEIOT OTPOMHOE 3HAYCHHE I HAYKH U MPAKTHKU.

Yeunureu U reHepaTopbl BAKYYMHOM 3JIEKTPOHUKH

PaccMoTpuM BakyyMHBIE 3J1€KTPOHHBIE TPHUOOPHI, UCIIONB3YIOLINE B CBOCH paboTe JOCTATOUHO ONHM3KHE (-
3UYECKHE MPUHITUTIBL: JTaMIbl Oeryiieit Bomabl (JIBB) [6—8], mammer o6parHoit BostHE! (JIOB) — KapcHHOTPOHBI
U KapcuHOTpoIs! [9—12], MHOTOBOJTHOBBIE YepeHKoBckre reHeparopsl (MBUIY) [13], na3zepbt Ha cBOOOAHBIX
anektrponax (JICD) [14-20], rupoTpOHBI, OPOTPOHBI U Ma3ephl Ha CBOOOMHBIX AtekTpoHax (MCD) [21; 22],
pas3TUIHBIC BAPUAHTHI YePEHKOBCKHUX U CMHUT-TIapceuToBCkuX JICD [23; 24], o0beMHBIE JTa3ephl Ha CBOOOTHBIX
anekTponax (OJICD) [25-29].

OyHKIMOHUPOBAHHE JAHHBIX IPUOOPOB OCHOBAHO HA U3JIyYCHUH JIEKTPOHOB, CTPYIITUPOBAHHBIX B CTYCTKH
¥ B3aUMOJICHCTBYIOIINX B PE30HATOPE (3aMEUISIONIEH CHCTEME) C MeIEHHBIMH 3JIEKTPOMarHUTHEIMU BOJTHAMH.

Otnuune JIBB ot JIOB cocTouT B TOM, 4TO B IEPBOM CITydae 3JIEKTPOHBI ITy4Ka B3aUMOJIEHCTBYIOT € «IIPSIMO»
3JIEKTPOMAarHUTHOM BOJIHOM, paciipoCTpaHsIoLIeiics: B HAPaBICHUHN ABHKEHUSI SJIEKTPOHOB, @ BO BTOPOM — C Oery-
IIeH BOJTHOM, PACIPOCTPAHSIONICHCS B 00paTHOM IO OTHOIIIEHUIO K ITyYKy HaIlpaBiIeHNH. TakKe CyIeCTBYIOT pa3-
JIMYHbIE UX KOMOWHALIMH, B KOTOPBIX (POPMUPYIOTCS MpsiMasi 1 0OpaTHas SJICKTPOMarHUTHBIE BOJIHBL B kauecTBe
PE30HATOPOB B BAKyYMHBIX JIEKTPOHHBIX IPUOOpax, HOMUMO PA3IUUHBIX IPOCTPAHCTBEHHO-TIEPHOINIECKUX
CTPYKTYp THIIA CTIHpaJieil, rpeOeHOK, IITHIPEBBIX U IIEJIEBBIX cUcTeM [5; 11], B HacTosIIIee BpeMs HCIIOB3YIOTCS
Tak Ha3biBaeMble poToHHbIe KprcTaiLibl [30; 31]. @akTuuecku paccmarpuBaeMsble B padoTax [5; 11] cTpyKTypbl
001a1ar0T CBOMCTBAMH (POTOHHBIX KprcTamuios [30].

Briepsble TepMiH «(OTOHHBIN KPUCTAIUD» BBEJCH B CTaThe [32] IUIs ONMCaHUs CBOUCTB ()OTOHHON 30HHON
CTPYKTYpBI TPaHELEHTPUPOBAHHON KyOWYeCKOW PELIeTKH, UCIOIb3YEeMOH B MOJTYIPOBOIHUKOBBIX Marepua-
nax. [maBHOH 0COOEHHOCTHIO (POTOHHOTO KpHCTalIa SABJISIETCS] HAJTMYHE BBICOKOTO TIOKA3aTesl IPEIOMIICHN,
a TaKXke TOT (paKT, 4To CTPYKTypa N0JKHA OBITh OOBEMHOI, T. €. HE OJJHOMEPHOM, a IBY- WK TpexMepHo# [33].

B 1970-x rr. 6pun co3mansl JICD [2; 14; 15], ocHOBHOI npuHIMIT PabOThI KOTOPBIX TAKKE 3aKII0YAETCs
B M3JIyYCHHUU JIEKTPOHOB, ABIDKYILIUXCA, KOJEOIIOMIMXCS U U3JTyYaroInX 0/ 1eHICTBUEM BHEILIHETO 3JIEKTPO-
MarautHoro noJs. [lepseie axcniepuMenTanbHble uccienoBanus JICD [16; 17] noareepawiu 3pPeKTUBHOCTh
UCIIOJIb30BAHUS PENIITUBHCTCKOTO AJIEKTPOHHOTO IyYKa B KaUyeCTBE aKTHBHOW CpPEe/bl B CPAaBHEHHU C OObIU-
HBIMH JIa3€paMH CO CBS3aHHBIMH aTOMHBIMH WJIM MOJIEKYJISIPHBIME cocTossHUAMEU. JICD MOXeT reHepupoBaTh
nepecTpanBaeMoe KOrepeHTHOE U3 TydeHHE BBICOKON MOIIHOCTH B IMaNa30Hax OT PEHTI€HOBCKOTO 10 MUJUIH-
MeTrpoBoro [18-20]. Cpean HECKOIbKUX JIECITKOB COBPEMEHHBIX SKCIEPUMEHTAIBHBIX YCTAHOBOK OTMETHUM
EBporeiicknii peHTreHOBCKHI Jiazep Ha CBOOOMHBIX dMekTpoHax (European XFEL) [18], HoBocuOupckuii
na3ep Ha cBOOOIHBIX ekTpoHax [19] u muorue apyrue [20]. Beero B HacTosiee BpeMst B MUPE QYHKIIMOHH-
pyer cBbie 50 JICD u crpoutcs 20 HOBBIX yCTaHOBOK [20].
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B nocnennee necsatunerne nosBuiach pasHoBUAHOCTH JICD — ¢ortonnsie JICD (anm. photonic FEL —
PFEL), nnn na3epbl Ha (OTOHHBIX KpucTamiax [31], a Takke pa3nuyHbIe TepareploBble BaKyyMHBIE JJIEK-
TPOHHBIE TPUOOPHI C POTOHHBIMU CTPYKTYpaMu B HaHOJa3epbl [34]. B HaHomazepax pemeTka pe3oHaropa co-
CTOUT M3 MacCCHBOB METAJUTHYECKIX HAHOIIPOBOJIOYEK, T7I€ MO/ BO3/AICHCTBUEM (PEMTOCEKYHIHOTO U3ITydeHUs
MIPOMCXOANT TeHEpaNXs HIEKTPOHAMH ITyYKa MAKOCEKYHIHBIX HMITYIIbCOB.

B GonpmmHCTBE yKa3aHHBIX BBIIIE YCTPOWCTB MPUMEHSIOTCS JIGHTOYHBIE WIIM KOJIBIIEBBIE (TpyOUaThie)
JJIEKTPOHHBIE ITyYKH, B3aMMOJIEHCTBYIOIINE TOJIBKO C TIOBEPXHOCTHIO pe3oHaropa. [locnennee, B wacTHOCTH,
CBSI3aHO C TeM, 4TO BO Bcex BapuaHTax JIOB, JIBB, oporponax u apyrux mpuOopax, B KOTOPBIX M3ITy4eHHE
BO30YKIaeTCs BCICACTBHE MPOJIETA HIEKTPOHOB HAJ| TUIOCKOH TIEPHOAMIECKON 3aMeJISIONIECH CHCTEMOM, He-
BO3MOYKHO MCTIOJNIB30BaHUE ITUPOKOTO 10 JIByM HAlpaBJICHUSAM (HE JISHTOYHOTO WJIM TPyO9YaToro) 3IEeKTPOH-
HOTO Ty4Ka. To ecTh BO BceX ATHX MpHOOpax MydOK JOJDKEH MPOXOANUTh HA PACCTOSHUU d OT 3aMeUIsIomIen
CUCTEMBI:

A
d < —By,
411:6y

riae A — JUTHHA BOJIHBI, B:% (v — CKOPOCTB IIy4Ka, ¢ — CKOPOCTh CBETA); Y = (1 - Bz) " JIOpeHII-(haKkTop
TydKa.

Ecnu Benmuunsl 3 1y OyayT nopsiika equHuisl, 1o d ~ 0,14, D10 ycaoBre HaKIapIBacT CEPhE3HbIE OTPa-
HUYEHHUS Ha TOJIIMHY ITy9Ka, 9TO, B CBOIO OYEPE/Ib, BEAET K OrPaHUYCHHUSM 0 MOITHOCTH TIpUOOpa U KecT-
KUM TpeOOBaHUAM Ha €T0 (POKYCHPOBKY.

Kak y>xe ObIIT0 OTMEUEHO BEIIIIE, OONBITHHCTBO paccMaTpuBaeMbIx ipubdopos (JIOB, JIBB, JICHO) ucnomns-
3yIOT OHOMEPHYIO T€OMETPHIO pacIpeeieHHOW 00paTHOW CBS3H, B KOTOPOH BOJTHOBBIE BEKTOPHI AJIEKTPO-
MarHATHBIX BOJIH M BEKTOP CKOPOCTH AIIEKTPOHHOTO ITyYKa PACIIONIOKEHBI BIOIb OXHOW mpsaMoil. OgHuM U3
HEMHOTHX BaKyyMHBIX 3JI€KTPOHHBIX MPHOOPOB, NMEIOIINX HEOTHOMEPHYIO TEOMETPHIO, ABISETCS OPOTPOH,
WCITOJIB3YIOMINN OTKPBITHIM PEe30HATOp W MEPHEHANKYISIPHO PACIIONOKEHHYIO OTPaKAONIYIO permeTky [22].
B pabore [21] paccmarpuBaeTcss MCD ¢ nByMEpHOH pacIpenelieHHOW 0OpaTHOW CBS3BIO THIA OPOTPOHA,
a taoke JICD u MCD ¢ ucnoip30BaHAEM JIBYMEPHBIX OP3TTOBCKUX PE30HATOPOB. B 4aCTHOCTH, UCTIONB3YETCS
YEeTHIPEXBOIHOBAS TEOMETPHS, TIPH KOTOPOH B pe3oHaTrope GopMHUPYIOTCS 4 AIEKTPOMArHUTHBIE BOJHBI IO
yriioM 90° mpyr K ApyTy.

Takne mpuOOpPHI 3a9acTyr0 Ha3bIBAIOT cBepxpa3MepHbIMU [13; 20; 21], uTo 03HAYaeT CyIeCTBEHHOE TIpe-
BEIIIIEHHUE TTOTIEPEYHBIX pa3MepOB PE30HATOPA HAJT AJTMHON BOTHBL. HO OCKOIBKY BO B3aUMOZICHCTBUHN ydacT-
BYET TOJIBKO TOHKHH CJIOU KOJBIIEBOTO ITydKa, TO, cornacHo [21], ocHOBHas mpobiiemMa — 3TO CIIOKHOCTE CO3/1a-
Hus 2 HEeKTUBHO paboTaromell CBepXpa3MepHON CHCTEMBI Ha TIpeTaracMbIX TPHHITAIIAX.

Bonbmoii nntepec npeacrasistor peastuBuctckue MBUI [13], B KOTOpBIX MOMy4eHbI MOIIHOCTH HOPSIA-
ka 15 I'Bt B TpexcanTumeTpoBoM auamazone aiauH BoH ¢ KITJ] 50 %. 3mech KoabIieBO# MydoK BO30yKIaeT
MTOBEPXHOCTHBIC BOJHBI B CBEPXpPa3MEPHOM LWIMHIPUYECKOM nuadparMUpOBAaHHOM BOJHOBOZE. B cucteme
paccMarpuBaloOTCs MpsiMasi ¥ 00paTHast CBsi3aHHbBIE AIEKTPOMArHUTHBIE BOJHBI BOJIM3H TPAHUIIBI TIOJIOCHI TIPO-
3padHOCTH, KOTOPHIE B PE3YNIbTaTe B3aMMOACHUCTBUS C TPYOUAThIM DJIEKTPOHHBIM ITyYKOM BO30YXK/IalOT HEKO-
TOpOE KOIMYECTBO MOJ. J([MamMeTp BOITHOBOJA COCTABIISICT HECKOJIBKO JJIMH BOJIH TEHEPUPYEMOTO H3ITyUCHHUSI.
Ho mockoipKy ImydoK SBISIETCS KOJBIIEBHIM M aMITTUTY/BI BOJIH DKCIIOHEHIINATIBHO 3aTyXaloT C YIaJICHUEM OT
BOJIHOBOJIA, TO OITATH )K€ BO3HUKAET HEOOXOMUMOCTh (POKYCHUPOBKH ITy4Ka Ha JOCTATOYHO OJIM3KOM PacCTosi-
HUU OT €0 MOBECPXHOCTH.

B HacTosmiee BpeMst CyIeCTBYIOT TaKyKe pa3iIMyHbIe THITH TEHEPATOPOB H YCHIIUTEIEH AIeKTPOMarHuTHO-
T0 U3JTY4YCHUA Ha OCHOBE JSJICKTPOHHBIX ITYYKOB, MUCHOJIB3YHOIINE pa3Hoo6pa3Hme MEXaHHU3Mbl CIIOHTAHHOI'O
M3IydeHus — Au(pakInoOHHOE H3My4YeHne, mnydenne Cmuta — [lapcerna, depeHKOBCKOE U3TydeHHE U HUHBIE
addextsr [35].

Bce Brimeykazannbie npudopsl (JIOB, JIBB, JICD, MCD, MBUI') o6nanatoT psaoM OOIIUX MPUHIIMIIOR
(OYHKIIMOHMPOBAHHUS U TOCTOMHCTB, B 4aCTHOCTH MMeroT xoporre KIIJI, mo3BoisfoT moirydaTs H3ny4eHne
OOJIBIION MOITHOCTH B Y3KHX CIEKTPajbHbIX auarnazoHax u jap. Hampumep, JIBB obecneunBaior 0osbinyto
MOJIOCY TIPOMYCKaHus ¢ auarma3oHoM padbouux gactoT ot 300 MI'm no 50 I'T. Mx BbIXOmHBIE MOITHOCTH KO-
7eOIIOTCS OT HECKOJIBKUX BaTT J10 HECKOoNbKUX MeraBarT. JIBB cocrasnsioT 6omee 50 % oObema mpogaxk Bcex
BaKyyMHBIX 3JIEKTPOHHBIX MpruOopoB B CBU-muanazone [1].

OpHaKO pacCMOTPEHHBIE BBIIIE YCTPOMCTBA UMEIOT U OOIIME HEJOCTATKH:

1) oMuYeckne Morepy Ha METAIUIMYECKUX MOBEPXHOCTIX PE30HATOPOB HM3-3a MPOTEKAHUSI BEICOKOYACTOT-
HBIX TOKOB U YT'PO3bI ITPOOO0ST BOJTHOBO/IA;

2) nupaKkIMOHHBIE TIOTEPH Ha BBIXOAHBIX OTBEPCTHUSIX;

3) CIIO)KHOCTB CO3/IaHUS CBEPXPA3MEPHBIX CHCTEM;
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4) CIOXHOCTh U3MEHECHHSI YaCTOTHI JIJISI PEISITUBUCTCKUX MYYKOB (ITOCKOJIBKY M3MECHEHHE CTAPTOBOTO Ha-
NPsDKEHUST (CKOPOCTH YaCTHI) B PEJIITUBUCTCKOM CiIydae 00sbioro 3¢ dexra He JaeT);

5) HEBO3MOXKHOCTh TPOJIBMIKECHHUS B CyOMUJUIMMETPOBYIO 00JIACTh BBHUJY TPYAOCMKOCTH HW3TOTOBJICHHUS
BOJIHOBO/IOB.

B kauectBe 001mIeli cuCTeMBl YpaBHEHHI, OMICHIBAIONICH BAaKyyMHBIE DJICKTPOHHBIC TIPUOOPHI, YACTO HC-
nmoJb3yeTcs cuctema [5; 10]

OF oF 17
& o [,
aT aC ﬂ:(-)"e 0 (1)
9%0 o
a—Cz:—Re[Fe ] )
00
e'éiozeo’ a_Cg:OZO’ F|C:L:0’

e 0 onuceiBaeT a3y EKTPOHOB MyUKa, a F €CTh aMILIUTY A 3JICKTPOMarHUTHOM BOJIHBL. B 1aHHOM citydae
CUCTEMa IMPUBEICHA ISl B3aNMOJICHCTBUS AIIEKTPOHHOTO MTyYKa CO BCTPEYHOH (00paTHOM) BOTHOW, COOTBET-
CTBEHHO IPaHUYHBIE YCIIOBUS IS ITy4YKa M BOJHBI TOCTABJIEHBI Ha pa3HbIX rpanuiax cucreMsl ((=0u {=1L),
T. e. ypaBHeHus (1), (2) orseuatot JIOB.

Cucrtema (1), (2) yHuBepcaibHa B TOM CMBICIIE, YTO OHA COXPAHSIET CBOM BUJI ITOCIIE HOPMUPOBKH JIJISI TITH-
pOKOTO Iuana3oHa 3J1eKTpoHHbBIX ycTpoiicTB (JICO, JIOB, JIBB u 1. 11.).

[Ipu onmcanuy reoMeTpHUH C HECKOJILKHMH CBSI3aHHBIMU BOJTHAMH (CM., Harpumep, [21]) cuctema Oynet co-
JIepKaTh COOTBETCTBYIOIIEE KOJIMYECTBO YpaBHeHH THIIA (1) ¢ OTTOTHUTEIFHBIMU YJICHAMH, XapaKTePHU3YHO-
IIMMH CBSI3b M@Ky BOJHAMU. YpaBHeHHE (2) i AMHAMUKH 3JIEKTPOHHOTO ITy4YKa COXPaHSETCs.

O0beMHbBIE J1a3epbl HA CBOOOIHBIX JIEKTPOHAX

OJICD [25-29] MO3BOISIOT TPEOIOIETh MHOTHE W3 YKa3aHHBIX BEINIC MpoOieM. OHH TPENCTaBIISIOT CO-
0011 BaKyyMHBIE 3JIEKTPOHHBIE TIPUOOPHI, paboTaloIIKe Ha U3ITYYSHNH PEISTUBUCTCKHUX 3apsKEHHBIX YaCTHII,
JBUKYIIMXCS TIPU OTIPEAETICHHBIX YCIOBUSAX B TPEXMEPHOH (JIByMEpHOI) MPOCTPaHCTBEHHO-TIEPHOANYECKON
CHCTEME — €CTECTBEHHOM MJIM MCKYCCTBEHHOM (()OTOHHOM) KpHcTasie (pe3oHarope).

[IycTh pensiTuBUCTCKAs YacTUIIA IBUXKETCSI B IPOCTPAHCTBEHHO-TIepuoandeckoii cpene. Torna ¢pusnueckne
IIPOLIECCHI, CONPOBOXKAAIOIINE €€ ABMKCHUE, MOJKHO Pas3lesITh Ha MPOLECCHI, CBSI3aHHBIC C KyJIOHOBCKUM
paccessHMeM 4acTHUIlbl Ha sipax MUIIEHU (KOTEPEHTHOE TOPMO3HOE U3JIyueHHE U M3JIyueHHE NIPU KaHaJIUpo-
BaHUM), 1 HA U3JIy4YCHNE TIPU IBIKEHHUH C TIOCTOSHHOW CKOPOCTHIO (TIEpeXoAHOe H3IydYeHre U n3mydeHune Ba-
BuJIOBa — UepeHkosa). B mocneaneM ciyyae B peHTT€HOBCKOM JMalla30He BO3MOXKHBI JIBAa THUIA U3IYUEHUS —
KBa3MYEPEHKOBCKOE TapaMeTPUUIECKOE PEHTTEHOBCKOE M U3Iy4eHHe, 00pa3oBaHHOE OBICTPO ABHMIKYLIMMCS
B cpeze ocunusiTopoM [4; 36].

XapakTep peIoMIICHHS U TONIOLEHNs (POTOHOB B KpUCTAJUIE KapAHUHAIBHO OTJIMYACTCS OT UX XapakTe-
pa B amopdHoOii cpene. BenencTsue nepuoandeckoro pacoyIoKEeHUs paccenBaTeiell H3JIyuYeHHE UCIIBIThIBAET
mudpakiuio. 3a7ada o TeHepaluy U3JIy9eHUs] pABHOMEPHO JIBUKYIIEeHCs 3apskeHHON YacTHIIeH B Cpeie ¢ T1e-
pHOIMUECKON JUAIEKTpUUEeCcKoll mpoHnaeMocTbio paceMorpena M. JI. Tep-Mukaensuaom [37].

Kak BnepBeie mokazano B padote [36], B OTNIM4KE OT PE30HAHCHOTO M3IYYCHUS], B YCIOBHUSIX JTUHAMUYC-
CKOH An(paKkunu TeHEepUPYEMOro U3JIyYeHHsI B KPUCTAJIJIE BO3MOXKHO PE3KOEC M3MEHEHHE IMOKazaTels Ipe-
JIOMJICHHSI CPEAbL, YTO U1 PEHTI€HOBCKUX KBAaHTOB MPUBOAUT K CYIIECTBEHHOMY H3MEHEHUIO CIIEKTPAIbHBIX
CBOICTB M3JIy4EeHUs 3apsHKCHHBIX yacTull. B yacTHOCTH, [T0Ka3aTelb IPEIIOMIIEHUS /1 MOXKET IIPEBBICUTD €111~
HUILY, W, CJIEJIOBAaTeIbHO, CTAHET BO3MOXKHBIM BBHITIOJHEHHE yciioBusl BasunoBa — Uepenkosa. [lepuonnye-
CKasl CTPYKTypa KpHcTaiia BOJIM3H YCIOBUM AU(PAKINUN IPUBOJUT K M3MEHEHUIO COOCTBEHHBIX COCTOSIHUM
(oToHa M, KaK pe3yibTar, K BO3SMOXXHOCTH HOBOTO THIIAa U3JIy4EHHsI, KOTOPbIH ObUI TEOPETHUECKHU MpeicKa3aH
B Hadaje 1970-x rr. B paborax [36; 38] u mory4ns Ha3BaHHE KBa3WYEPEHKOBCKOTO MMapaMeTPHUECKOTO PEHT-
reHoBckoro m3nydenus (I1P1).

[ToMrMO TOTO YTO KPUCTAIUTMYECKASI MUIIIEHb CO3/Ia€T BOBMOKHOCTh KBA3HUYEPEHKOBCKOTO MEXaHU3Ma U3-
Jy4eHUs, KPUCTAIUT SIBIISICTCS TPEXMEPHBIM PE30HATOPOM C OOBEMHOH pacrpeselieHHOH 00paTHO# CBSI3bIO
(OPOC) [25; 26], Torna kak B JIOB, JIBB u n1pyrux BakyyMHBIX 2JIEKTPOHHBIX IPUOOpaX UMEET MECTO OHO-
MepHasi pactpenesieHHas ooparHas cBsi3b. Heognomepusiii xapakrep OPOC kapanHaibHBIM 00pa3oM H3MEHSET
(YHKIMOHAIBHYIO 3aBUCHMOCTh MHKPEMEHTA HEyCTOHYMBOCTH M IOPOTOB TeHepaluu. J[By- WM TpeXMepHbIE
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T(paKIMOHHBIC PEHICTKH TO3BOJISIOT paclpeeluTh B3auMOJICHCTBHE IO OONbIIOMYy 00bEMYy W CHU3UTH
OTPaHWYCHHS Ha MOIIHOCTh B PE30HATOPE.

[TPU mpencrapnsieT cob00il KBa3WYEPEHKOBCKOE W3IYUYEHHE B PEHTTCHOBCKOM OOJIACTH CIEKTpa BOMU3U
OpATTOBCKUX YIJIOB U OPATTOBCKUX YAaCTOT, ONPEEISIeMOe YCIOBUEM TU(BPAKITMH HA KPUCTAIOrpadrueCcKux
IJIOCKOCTAX [4]

(k +1)° =K 3)

U TeHEepUpYyeMOe ITPHU PAaBHOMEPHOM U MPSMOIMHEHHOM JABMKEHUH 3apsKEHHOM YacTHILIBI B KpUCTAIUIE. 311eCh
K — BOJIHOBOH BEKTOP MPOXOASLICH 3JIEKTPOMArHUTHOW BOJIHBL, T — BEKTOP 0OpaTHOM peIeTKH.

TepMUH «KBa3UYEPEHKOBCKOE TIAPAMETPUIECKOE PEHTIEHOBCKOE H3ITyUeHHE) MOAUEPKUBAET (PU3NIECKYTO
OOIIHOCTH ATOTO SIBIIEHUS C M3IydeHneM BaBmioBa — UepeHKoBa M OTIIMYHE €r0 OT ePeXOJHOTO MU3ITYIEeHNUS,
CBSI3aHHOTO C HaJMYMEM pas3zielia JIByX CPell C Pa3HbIMU JUAICKTPUYECKUMH TIpoHHUIaeMoctsvu [4]. [Tomu-
Mo I[1PU, B nmuTeparype HCHONB3YIOTCS TEPMUHBI «TUHAMHUYECKOE H3IIyUCHHE), «KBa3HUEPECHKOBCKOE HU3ITy4e-
HHUE», «PE30HAHCHOE U3ITyUeHUe», «TMHAMUYECKOE YEPEHKOBCKOE U3ITYUCHUE.

ITPU 6rut0 obHapyxerno B 1985 1. Ha cuaxporporne CUPUYC (Cubupckuil pe30HaHCHBIA UMITYThCHBINA
ycwmtens) corpyaaukamu HUW ALl BI'Y uw HUU sineproit ¢pusukn ToMCKOTO TOTUTEXHIYECKOTO WHCTHTY-
ta [39]. anee corpyauuku HUU AI1 BI'Y nabmroganu [1PU B pesknmMe MHOTOBOJIHOBOH (YETHIpeX- U BOCBMH-
BoTHOBOH) reHepanuu [40]. bombIoii 1uka paboT mo uccneaoBanuio cBoicTB [IPY mpoBoauics Ha MHKPO-
tpone MAMI B Maiinne (I'epmanus) [41].

Taxum oOpa3oMm, ¢ Havama uccnenoBanmii [IPY paccmarpuBanuch oObeMHBIE TPEXMEPHBIE T€OMETPHH,
B KOTOPBIX BEKTOPHI CKOPOCTH YaCTHI] M BOJIHOBBIC BEKTOPHI DJICKTPOMArHUTHBIX BOJH B YCJIOBUSX IWHAMU-
YecKoi Au(dpakiyuy HampaBiIeHbl N0 yIIaMu ApYT K Apyry. IMeHHO HEOIHOMEPHOCTh MPUBOAUT K HOBBIM
s dexram. Bonee TOro, B peHTTEHOBCKOM JIMAITa30HE JITHHA H3JTy4aeMOi BOJHBI YOBJIETBOPSIET HEPABEHCTBY
A < L, tne L — xapakTepHbIe pa3Mephl CHCTEMBL. DTO O3HAYAET CO3IAHME CBEPXPa3MEPHOI CHCTEMEI TIPH Te-
Hepanuu [IPU B nmponecce mpoxoskaeHus 4aCTULBI Yepe3 KpucTaiul. Mien ceepxpasMepHOCTH cucTeM, pabo-
TaIOMIMX Ha KBa3WYEPEHKOBCKOM HM3JTyYEHUH, B TAIIbHEHIIEM OBbUIH YCIEIIHO MEePEHECEHbI U3 PEHTIEHOBCKON
00JIaCTH Ha BCE YaCTOTHBIC TUANIA30HBL.

B paborax [25; 26] ycTaHOBICH M UCCIICOBAH HOBBIN 3aKOH HEYCTOWIMBOCTH JICKTPOHHOTO ITy4YKa, TpO-
XOJIAIIETO Yepe3 MPOCTPAHCTBEHHO-NIEPUOTUIECKYIO CPEy, KOTOPBIH MpeayCcMaTPUBAET CIEAYIONIYIO OIICHKY
CTapTOBOI'O IIOPOIOBOIO TOKA IIyUKa j i, B TOUKAX BBIPOXKIEHHS KOPHEH AUCIEPCHOHHOTO yPaBHEHUS B 3aBU-
CUMOCTH OT YHCJIa § JOTIOJIHATEILHBIX BOJIH, Bo3HUKaomuX B OJICH 6maromaps nudpakiium:

1
(kL) (L)

Jstart ~

0
3nech ky L>1; k= - (0 —yacrota); L — nnnuHa pe3oHaTopa; ), — Ko3(QOHIUEHTBI pa3I0KEeHHs TUIEKTPH-

YeCKOW MPOHMUIIAEMOCTH CPEJIBI B PSIIT IO BEKTOPaM OOpPaTHOM pEIIeTKH.
B npyrux amekTpoHHBIX PHOOpax, pacCMaTPUBABIINXCS BBIIIE, 3Ta OIIEHKA BRITJISIIUT CIIETYFONTIM 00pa3oM:

1

Jstart ( kL)3

B Toukax BbIpOXKIEHUSI KOPHEN AMCIEPCUOHHOTO YPaBHEHUS IPYIIIIOBAsi CKOPOCTh 3JIEKTPOMAarHUTHOU BOJI-
HBI PE3KO YMEHBIIIACTCSI, U U3JIyUCHHE 3aJePKUBACTCS B 3TOM 00JaCTH 32 CUET [IEPEOTPAKECHUS Ha INIOCKOCTAX
pe3onaropa, 6onee 3pPEeKTUBHO B3aMMOJCHCTBYSI C NEKTPOHAMH Iy4Ka. TakuMm 00pa3oM, U3 MPUBEICHHBIX
¢dbopMyn BHIHO, YTO TIpU (UKCUPOBAHHOW IJIMHE pe30HaTopa L CTapTOBBIH TOK MOXKET OBITh CYIIECTBEHHO
YMEHBIIICH 110 CPABHEHHIO C OOBIYHBIMHU CHCTEMaMH. B To ke Bpems mpu (HUKCUPOBAHHOM CTaPTOBOM TOKE
JUIMHA PE30HATOPA TAKXKE MOXKET OBITh 3HAUUTEIbHO YMEHBIIICHA.

B OJICD anst pa3nuyHbIX YaCTOTHBIX AWANAa30HOB BEIONPAOTCS (KOHCTPYHPYIOTCS) pE30HATOPHI C paccTos-
HUSIMH MEXIY TIOCKOCTSIMH, CPAaBHUMBIMH C JIJTMHOM BOJHEI. B Takoil nmepuoamueckoil cpeae BOIM3H BHIOI-
HEHUS OPITTOBCKHX YCIIOBHIA MPOUCXOJUT PACIICIVICHNE JUCTIEPCHOHHON KPUBOM HAa HECKOJIBKO BETBEH, A
KOTOPBIX BO3MOKHO COOJIIOZICHNE YCIIOBUI CUHXPOHH3MA JUISL JJIEKTPOHOB IIy4Ka U, CI€I0BaTeIbHO, HATHUNE
MeXaHu3Ma KBa3W4ePEHKOBCKOTO U3ITyUECHHUS.

Hu B 01HOM U3 pacCMOTPEHHBIX BBILIE U3BECTHBIX AEKTPOHHBIX MPHUOOPOB HE MCIIOIB3YIOTCS IPHHIUIIBI
JUHAMHYECKOH Trudpakiuy (B MOHUMaHUU KPUCTAIIIOONTHKH). HanmpoTHB, MIMPOKO HCTIONB3yeTCs OTPaKeHHE
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Ha TPAHMIIAX PEe30HATOpa OT OPArrOBCKUX 3epKall (pedaekTopoB) (¢ KOAPPHUIIMEHTOM CBSA3H Ol IEPEOTPAKCH-
HBIX BOJH [21] mim kak B opoTpone [22]).

IIpu pazpabotke Teopun OJICH ObIIO MOKa3aHO, YTO, U3MEHSSI (PAKTOp ACHMMETPHUU AUPPAKITAN, MOXK-
HO M3MEHSATH TOOPOTHOCTH 0OBEMHOTO Pe30HaTopa. B WacTHOCTH, B 3aBHCHMOCTH OT TTApaMETPOB CHCTEMBI
(mmrHBI 00JIACTH B3aUMOCWCTBYS, BEIWYMHBI TIOTJIOMICHNS, YaCTOTHI) CYIIECTBYeT ONTHMAaJIbHOE 3HAYEHHE
(hakTOpa acCHMMETpHUH, TIPA KOTOPOM TIOTEPH B 0OBEMHOM PE30HATOPE OYIyT MHHUMAJTLHEI.

B OJIC3 moryT nconb30BaThCs pENSITUBUCTCKAE, ITHPOKHE B TOTIEPEITHOM CEUEHHH, CIUTOMIHBIE SIEKTPOH-
HbIE MyYKHU. boJbIMe monepednbie pa3Mephl TAKUX MYyYKOB 00ECTIEYNBAIOT pacpeaesieHie MX cOOCTBEHHON
MOIIIHOCTH ¥ MOIITHOCTH T€HEPUPYEMOH BOJIHBI TIO OONBIIEMY 00BEMY, TEM CaMBIM CIIOCOOCTBYSI CHHYKEHHUIO
JIOKaJTbHOW HArpy3KW Ha OTAEIbHBIE dIeMeHThl. Kak M3BECTHO, IPH ATOM MPOUCXOANT TeHEpaIHs OOIBIIOTO
KOITMYECTBA HEXeNaTeIbHBIX MOI. B pesynbrare pa3BuBaeTcs NecTpyKTUBHAS MHTEPPEPEHITNs, U U3ITyICHHE
cTtaHoBUTCS HekorepeHTHBIM. OPOC, dhopMupyemMast B CHCTEME, ITO3BOJISIET BBIICIUTE TPeOyeMbIe MOIBI H T10-
JTABUTH HEXelaTeIbHbIE.

Hcnonp3oBanne yka3aHHOH BBIIIIE 3aKOHOMEPHOCTH JIETIIO B OCHOBY CO3/IaHUs PUHITUITHAIFHO HOBBIX Te-
HEpaTopoB AMeKTpoMarHuTHOTO m3nydeHus — OJICH. TlepBoe sKkCIIeprUMEHTAIBHOS HAOTIONCHNE TeHEPAIIUT
OJICH B MuumMeTpOBOM Auara3one 06110 poBeacHo B 2001 1. [27]. IloaTBEpKaeHO, UTO C UCIIOTH30BAHUEM
OPOC moryt padorats He Tosibko OJICD, Ho 1 JIOB, JIBB 1 npyrue THIIBI 37I€KTPOMAarHUTHBIX YCHITATEIICH
u reHeparopoB. B 2004 1. cozmansl JIOB n OJICD ¢ npsMOYTOIBHBIM CETOYHBIM PE30HATOPOM, paboTarone
B CAaHTUMETPOBOM JIHana3oHe UTMH BoJH [28]. B nanpHelimem ObITH MPOBEIEHB! AKCTIEPUMEHTHI C KPYTIIBIMU
CETOYHBIMH U (OJTBTOBBIMHU PE30HATOPAMH — HEOTHOMEPHBIMH ITPOCTPAHCTBEHHO-TIEPHOTNIECKUMH CTPYKTY-
pamu, o0TaaloIIMK BCEMH CBOWCTBaMH (DOTOHHBIX KPHUCTAIIOB [29].

PaccmoTpum mpocTyro MaTeMarndeckyro Momeiah 1ByXBorHOBOTO OJICD. ITycTh AIEKTPOHHBIA MTyYOK CO
CKOPOCTBIO U «TTaJaeT» MO/l HEKOTOPHIM YTIIOM Ha MOTyOeCKOHEYHBIH TPEXMEPHBIA TPOCTPAHCTBEHHO-TIEPHO-
IUYeCKUN pe3oHaTop TommuHol L. Ha pucynke n3obpakeHna ooreMHas cxema aByxBoiHoBoro OJICD B reo-
MeTtpun bparra. B ycnoBusx audpakunu B cucteMe GOpMHUPYIOTCS TPOXOAAIIas BOIHA C BOJTHOBBIM BEKTO-
pom k u nudparuposannas BosiHa ¢ k., =k + T (T — BekTOp 00paTHOH peleTKH pe30HaTopa), KOTOpasi BEIXOAUT
yepes3 33/IHI0I0 CTeHKY pe3oHaropa. OHOBPEMEHHO Ha CHCTEMY MOTYT IaJiaTh BHEITHHUE JIEKTPOMArHUTHBIC
BOJTHBI.

DJEeKTPOHBI IMyYKa B PE30HATOPE HAYMHAIOT TPYIIITUPOBATHCA B M3ITydarollyto a3y M TeHepHpoBaTh KO-
JIEKTUBHOE M3TyYE€HHE C BOITHOBBIM BeKTOPOM K. J[7151 TOTo 4TOOBI 21IeKTPOHBI Hadyalk UCTTYCKaTh KBa3HUEPeH-
KOBCKO€ M3ITydeHHe, HeoOXonuMo HeOOoIbIIoe OTcTaBaHue (a30BOM CKOPOCTH AIIEKTPOMArHUTHON BOJHBI OT
CKOPOCTH AIIEKTPOHHOTO ITyYKa B COOTBETCTBUH C YCIOBHEM CHHXpOHN3Ma (ycinoBrueM BaBunosa — UepeHnkosa)

o ka5, 4)

raec 8 — OTKJIOHCHHUE OT TOYHOI'O BBIIIOJIHCHUA YCIIOBUA Basunosa — qepeHKOBa.

u

DIIEKTPOHHBII Iy YOK

o~

N

/Pesoparop; |

Oo6bemuas cxema OJICD B reomerpun bparra
Volume scheme VFEL in Bragg geometry

[Ipu omHOBpEMEHHOM BHIMIONHEHUU ycIOBUH Audpakimu (3) U cHHXpOHU3MA (4) CIIOHTaHHOE H3ITyde-
HUE TIpeoOpa3yeTcs B KOJUIEKTUBHOE KBa3HUEPEHKOBCKOE M3nydyeHune. CrucreMa ypaBHEHUH IS MPOXOASIIEH
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u qudparupoBaHHOI BOJIH ¢ aMuiuTyaamu E u E, a Taxoke (a3bl JEeKTPOHOB O(7, z, p) MOXKET ObITh 3arucaHa
B 00001IICHHOM BHJIe 0€3 YTOUHEHUS KOA(PPHUIIMSHTOB CeIyOIIUM o0pa3om [42]:

oE oE 27’[ —i z, —-i0(t, z, —
= tae + b, E +b,E = dDJ p( Olzr) g ol P))dp,
OE, oF +b21E+ bynE =0,
ot
3 3
28z p) e(t’zz’p)z\y kz—M Re| E| 1 — =, z | |05 7), ®)
oz 0z u
E(t,0)=0, E(t,L)=0,
Z

t>0, ze [O, L], pE [—2n, 2n].

B (5) nuHaMuKa 35IeKTPOHHOTO MyYKa MOJCTUPYETCs yCPEAHEHUEM 110 (ha3aM BiieTa HIIEKTPOHOB B 00J1aCTh
B3auMoJeicTBUA. DTOT MeTo [3] mupoko npumensiercs mig pacuera JIbBB, JIOB, JIC3 u apyrux snexTpoH-
HBIX IpHOOPOB [5; 10]. Taxke oH xopo1ro paboTaer nMpu MoAeIUpOBaHUH quHaMuKH Tydka B OJICD. Ho B oT-
maue ot cuctemsl (1), (2) (mmm cuctemsr (9—11) B [21]), TAe dIeKTpoHHAS THHAMUKA OMPEACIIIETCS TOIBKO
BPEMEHEM BJIETA DIIEKTPOHA B PE30HATOP, B (5) yUTECHO BIUSHUE MPOCTPAHCTBCHHON TIOTIEPEIHON TOUKH BIIETa
ANIEKTPOHA B 001acTh B3auMoieicTBysI TpH z = 0. iMeHHo Onaronapst yCpeIHEeHHIO 110 IByM (a3zaM — MOMEHTY
U TIONIepeyHON KoopauHare BieTa ekTpoHoB — B OJICD ynanock npoMoaenupoBaTh ToHKKE 3 dekTs! B 00-
JIACTH BBIPOXKIACHUS KOPHEH TUCTIEPCUOHHOTO YPABHEHWUSI U TIPU CUHXPOHU3ME HECKOJIIBKHX MOJ C ITYYKOM.

Jluneitnbrii pexum padotsr OJICD u3ydeH goctarogHo Xopomio [26], HO OH OBICTPO CMEHSETCS HelMHEH-
Ho¥t cramueit. [lonsTHO, 9TO HenmuHelHas cTaaus padoTer OJICD, onrcrIBaeMast MaTeMaTHIECKIMH MOJICTISIMHU
tuna (5), MOXXeT OBITh PACCMOTPEHA TOJIBKO C MCIOIH30BAHNEM YHCIICHHBIX METOJI0B. AHAJIOTMYHOE 3aMeda-
HUE KacaeTcsl M BCEX OCTaJIbHBIX BAKYYMHBIX JIEKTPOHHBIX MTPUOOPOB.

Hast mopenupoanust OJICD pazpaboran komnblotepHblil kog VOLC (Volume Code) [42]. OH BcecTOpoHHE
MIPOTECTHPOBAH, B TOM YHCJIE ITyTEM CPaBHEHUS TONYYCHHBIX YUCICHHBIX PE3yJbTaTOB M U3BECTHBIX aHAJIH-
TUYECKUX PEIIeHUH, U yCIIeNTHO IPUMEHEH IS MOJISTHPOBAaHUS pa3HooOpa3Hbix BapuanToB OJICD, a Takxe
aKcriepuMeHTanbHON yecTaHoBKH OJIC-250 [29]. Pe3ynsraTsl MOIETHPOBAHUS ITOKA3AIA PA3yMHOE COTIIACHE
C TCOPETHUECKUMH M IKCIIEPUMEHTAIBHBIMU (DU3UUECKUMU pe3yiibTaraMu. biarogapst mpoBeeHHOMY MoJie-
JMPOBAaHUIO YHCICHHO MOJTYYEHBI BCe OCHOBHBIE (hn3nueckue 3akoHbl QyHKIMoHupoBanus OJICD, Bkiouas
MOPOTOBBIE YCIIOBHS T€HEPAIHU.

XaoTuyeckasi ITMHAMHKA BAKYYMHBIX 3JIEKTPOHHBIX IPHOOPOB

Cratbu [43; 44] u MHOTHE ApPYTUE MOCBSILECHHBIC UCCIETIOBAHUIO HETMHEHHON JMHAMUKU paccMaTpuBac-
MBIX PUOOPOB pabOTHI 1O MPaBy OTHOCATCS K BO3HUKIIEH B TIOCIIENHUE YETHIPE JCCATUIICTHS HOBOM 00ma-
CTH HayKW, H3BECTHON KaK TEOpHs JMHAMHYECKOTO Xaoca, WIIM HeMnHelHas nuHaMuka [45]. Mccienosarenun
B JIaHHOUM 00JIACTH 3aHMMAIOTCS M3Yy4YeHUEM OCHOBHBIX CBOWMCTB PEIICHUH CHCTEM HEIMHEHHBIX YpaBHEHHH,
OIUCHIBAIOIINX PA3JIUYHbIC (U3NYCCKUE, XUMUYCCKUE, OMOJIOTHYCCKUE, COIUAIbHBIC M WHBIE MPOIECCHI.
31ech caMble MPOCThIE JCTEPMUHUPOBAHHBIC HETMHEWHBIEC CUCTEMbI MOTYT JIEMOHCTPUPOBATH MOBEICHUE, KO-
TOPOE SIBISIETCS CIOKHBIM M BBIISIAUT ClydailHbIM. Takoe moBeaeHue Ha3BaHO XaocoM. C Ipyroi CTOPOHBI,
Xa0THUYECKOE MTOBEIEHUE TOpa3a0 0oIee CI0KHBIX CUCTEM YacTO OAUMHSAETCS TEM JKe TpaBUiIaM, 9TO M Xao-
THYECKOE TIOBEICHUE TIPOCTHIX CUCTEM. Takum 00pa3oM, B Xa0ce MOKET OBITH MTOPSIIOK [5; 45].

HenuHelHOCTD SBIISETCS HEOOXOUMBIM, HO HETOCTATOYHBIM YCIOBHEM JIJIsl (DOPMUPOBAHUS XaOTHUECKOTO
noBesieHus: cucteMbl. OCHOBHOM MPHU3HAK Xaoca — IKCIIOHCHIIMAIbHASI PACXOAUMMOCTh M3HAYAILHO OJIM3KUX
TPACKTOPHIA B HETMHEHHBIX CHCTEMaX. JTO Tak Ha3biBaeMbIi ekt 6abouku (41yBCTBUTEILHOCTD K Hauallh-
HBIM ycnoBusiM) [46]. OTMeTHM HccieoBaHne MPOOIeMbl CHHXPOHU3AINN B XaOTHYECKUX CHCTEMaX U Me-
TOJZIbI KOHTPOJISL Xa0ca, a TAaKyKe MapaMEeTPU3aLHUI0 PAa3IMYHbIX Xa0THUECKUX PEKUMOB TMHAMUYECKOM CUCTe-
MbI [47-49].

B mpomecce TeopeTuuecKX M OKCIIEPUMEHTATIBHBIX HCCIEAOBAHUM XaOTHUYECKON MPUPOIBI PA3THUHBIX
BaKyyMHBIX SJIEKTPOHHBIX MpuOOopoB, Bkitodast JICD [5; 43; 44], nokazaHo, 4YTO B TaKHX CHCTEMax CyIIecT-
BYIOT pa3HOOOpa3HbIe CIICHAPHUH TIepexojia K XaocCy, B TOM UUCIIE YIBOCHHE NEpUo/a, KBa3UIIEPHOAHYHOCTD,
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nepemMekacMocTb. KBazuneprnoanaHoCTh cBsizaHa ¢ oudypranusmu Xorda, KOTOpPbIE BBOJIST HOBYIO YaCTOTY
B cucremy. [lepemeskaeMOCTh BbI3BaHa OMQYPKALUSME CEIIOBBIX TOYEK (T. €. CTOJIKHOBCHHUEM yCTOWYHBOM
Y HEYCTOHYMBOW TOUEK), KOTOPBIC 3aT€M HCUE3al0T, M MOCIIE Xa0Ca MOXKET TOSIBUTHCSI BHOBB PETYIISIPHOE JIBU-
JKeHHe. XaoC B BAKYYMHBIX JIEKTPOHHBIX MPHOOpax 00yCIIOBIIEH 3ara3/bIBAIONINM XapaKTepOM pacrpeiesieH-
HOM 00paTHOii cBs3M [5].

B paborax [42; 50] OJICD wuccrnenoBaH METOJAMH YHUCICHHOTO MOJICITUPOBAHUS C TOUKU 3PEHUS XaOTHU-
yeckoit auHaMukd. [Ipogemonctpuposano, uro OJICD sBiseTcs XaoTHUECKOW TuHaMH4Yeckon cuctemoi. 1o
CPaBHEHHUIO C JPYyrHMHU paccMaTpuBacMbIMU Ipubopamu ucTodHMK Xaoca B OJICD umeer Ooliee CIOKHYHO
MIPUPOJTY U3-32 B3AUMOCHUCTBHSI DJICKTPOHHOTO MTyYKa ¢ IEKTPOMArHUTHBIM T0JIEM B PE30HATOPE B YCIOBHSIX
muHamuyeckor nudpaxun 1 Haamaus OPOC. DTo nprBOaUT K HEPaBHOMEPHOMY PaCTIPEICICHNI0 HHTEHCHB-
HOCTH 3JICKTPOMArHUTHOTO TOJIsl ¥ 3HAYUTEIILHBIM BOBMYIIICHUSIM B JBHXKCHUH 2JIEKTPOHOB, & COOTBETCTBEHHO,
K pasHooOpaszHoit muaamuke OJICO. UncneHHO Moay4eHo OJTHO U3 OCHOBHBIX (usndeckux coiicte OJICD —
MOJIaBIICHNE Tapa3uTHBIX MoJ B cucteme Beiencteue OPOC u auHamuueckoit qudpaxnun. [TokazaHo, 4To
HEOJIHOMEpHAsi TeoMeTpHst IU(paKkiuy TPEICTABISET CIOKHYIO KapTHHY MEPEXOJ0B MEXIy Pa3lTudYHBIMU
Xa0THYECKHMHU JIMHAMHYECKUMH PEKUMAaMHU U TIO3BOJISIET CIIEIMalbHBIM BEIOOPOM MapamMeTpoB TeOMETPUU
MOYYIHUTH OOJIBINNE 3HAUEHHsT aMIUTUTY rmojiei B OJICD 1o cpaBHEHHUIO ¢ OJHOMEPHOI reOMeTpHEH, a TaKKe
MPUHIUITHAAIBHO JPYTOi TUI PELICHUSI.

3akaueHmne

HccenenoBanus HEMHEHHON AMHAMUKN U3JIy4EHUS] CUIBHOTOUYHBIX ITyYKOB 3aps’KEHHBIX YaCTHI] B IIPOCT-
PaHCTBEHHO-NIEPUOIUYECKUX CTPYKTYpaX, @ UMEHHO B PA3JIMYHBIX TUIAX BAKYYMHBIX AIEKTPOHHBIX IPH-
0OpOB, NPE/ICTABISIOT OOJIBIION MHTEpPEC B CBETE IIMPOKOTO MPUMEHEHHsI TaKUX MPHOOPOB B Pa3IUYHBIX
HAy4HBIX, BOGHHBIX M KoMMepueckux 1einsx. Mccnegoanue OJICD BakHO ISl MOHUMAHUS MPUHLUIIOB UX
(YHKIIMOHUPOBaHUS M cO3laHus Oosee d3PPEKTUBHBIX IKCIEPUMEHTAIBLHBIX YCTAHOBOK YCHIIUTEIEH U I'eHe-
PpaToOpoOB NEepeCcTPauBaEMOro KOT€pEHTHOTO U3JIyUYEHHUsI BBICOKOM MOLIHOCTH B JMana3oHax OT MUJUIMMETPOBO-
T0 JJO PEHTT€HOBCKOTO.
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MUIIeHH. B pe3ynsrare mocie ceTku GopMHPYETCsl TOTOK YaCTHUI], COCTOSAIINN MPEUMYIIIECTBEHHO U3 MOHOB, SHEprHUei
KOTOPBIX MOKHO HAJIE’KHO W IUIABHO YIPABIIATH, II01aBasi HA CETKY IOJIOKUTEIbHBIHN MOTEHIUAI 110 OTHOLIEHHIO K IOJ-
JIOKKE. DKCIIEPUMEHTAIEHO 000CHOBAH METO/I HAHECEHHSI HAHOTIOKPBITHH C TIOMOIIbIO HOHOB U3 Ja3epHOM 11a3Msl. [1o-
Ka3aHO, 4TO B JIA3€PHO-TUIA3MEHHOM UCTOYHHKE JJIsl HAHECEHH HAHOCTPYKTYP MOYKHO PEaIN30BaTh Pa3IHYHbIE PEKUMBI
00pabOTKM MMOBEPXHOCTH TOUIOKKH. JJaHHBIN NCTOYHUK TTO3BOJISET MOCIIEA0BATEIBHO, HE PAa3TePMETHU3UPYS BAKYyMHYIO
Kamepy, IPOU3BECTH OYUCTKY ITOBEPXHOCTH MOAJIOKKH, CO3/aTh TceBRoau((y3nOHHBII 0l MaTepraa J1a3epHONd MH-
IIEHU B IPUITIOBEPXHOCTHOM CJIO€ TIOJUTOKKH. DTO 00ECIIEUUT TOydEeHUE BHICOKOAIe3MOHHBIX HAaHOTIOKPBITHI ¢ 3apa-
Hee 3a/laHHbIMU [TapaMeTpaMu.
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The physical processes occurring in a laser-plasma source is used for deposition nanostructures. The laser-plasma
source is an erosion laser plume of the target material and a substrate located in a vacuum chamber. It has been proposed
to place a grid between the laser target and the substrate. A negative potential is applied to the grid relative to the laser
target to smoothly adjust the parameters of the particles deposited on the substrate. As a result, a particles flow is formed
after a grid. This particle flow is predominantly consisting of ions. The energy of the ions can be reliably and smoothly
controlled by applying a positive potential to the grid relative to the substrate. It has been experimentally proved method
for deposition of nanofilms using ion beams from the laser plasma. It has been shown that different regimes of substrate
surface treatment can be implemented in the laser-plasma source for deposition nanostructures. Using this source, you can
sequentially clean the surface of the substrate without depressurizing the vacuum chamber, and create a pseudodiffusion
layer of the laser target material near the surface layer of the substrate. It will allow producing it possible to obtain highly
adhesive nanofilms with predetermined parameters.

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

BBenenue

Mertoz na3zepHO-TIIa3MEHHOTO HAaHECEHUsI HAHOMIOKPHITUH 00JanaeTt psiioM npeumyiects. [Ipexae Bcero
K HAM OTHOCST BO3MOYKHOCTH TOJYYEHHS TJIa3MbI U3 JII000TO BEIIECTBA B JIIOOOM arperarHoM COCTOSHUU
U CTEPUIIBHOCTb.

dusnueckue sIBICHUS, TPOUCXOAAIINE IPU BO3ACHCTBUN MOIHOTO JIA3€PHOTO M3JIy4YCHHUs Ha BELIECTBA
(Harpes, TIaBjlIeHUE, UCTIAPEHUE U TIa3MO00Pa30BaHUE), ONMCAaHbl B MOHOTpadusx [1-3].

J151s HaHeceHns1 HAHOTIOKPBITHH JOCTaTOYHO BO3JEMCTBOBATD JIA3€PHBIM M3ITyYeHHEM Ha MUIIIEHB, U TIPOIYK-
ThI pa3pyLIEHHs B BUAE IJ1a3Mbl, PACIPOCTPAHSAACH NEPIIEHANKYIISIPHO K IOBEPXHOCTH MUIIEHH, JOCTUTAtOT 110-
BEPXHOCTH MOJIIOXKKH, PACIIONIOKEHHON Ha HEKOTOPOM PAacCTOSHUM OT MHILIECHH NapajulesIbHO Mociaeanei [4; 5).

OpHako y 3TOro MeTofia €CTh U HEIOCTaTKH, B YACTHOCTH JIOBOJIBHO CIIOJKHBIE YCTPOMCTBA IUIaBHOM pery-
JIUPOBKU MApaMeTPOB MPH aBTOMATU3AIIUHN PEKMMOB HAHECEHHS HAHOIUICHOK.

B nensx ycrpaneHus ykazaHHOU MPoOIeMbl B paboTe [6] OBLIO MPEenyIoKeHO MOTydaTh U3 JIa3epHOH TuTa3-
MBI IOTOK MOHOB U IUIABHO PEryJMpPOBaTh SHEPTUIO0 MOHOB M IIOTHOCTh MOHHOTO MOTOKA ITyTE€M IUIABHOTO
W3MEHEHUS IOTeHLMAIIA IIEKTPUIECKOTO MO, DJISKTPHUYECKasi CXeMa TaKUX SKCIIEPUMEHTOB MPeACTaBlIeHa
Ha puc. 1.
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OCII1 OCII2

Puc. 1. Dnexrpudeckas cxemMa SKCIIepUMEeHTa:
1 — nazepHoe u3yueHune; 2 — a3epHasi MUIICHb; 3 — 3PO3HOHHBII M1a3MEHHBIN (ake;
4 — cerka; 5 — nomnoxka; OCL[1 u OCL2 — curHainbl, CHUMaeMble Ha MepBbIHd
M BTOPOU KaHAJBI OCIIILIOrpada ¢ conpoTupieHni Harpy3ku 390 Owm;
U, u U, — He3aBUCUMBIE HCTOYHUKH ITUTaHUS

Fig. 1. Electrical scheme of the experiment:
1 — laser radiation; 2 — laser target; 3 — erosive plasma plume;
4 — grid; 5 — substrate; OSC1 and OSC2 — signals taken on the first and second channels
of the oscilloscope with resistances of 390 Q; U, and U, — independent power sources

JKCIepUMEHTAJIbHOE 000PY10BaHME M METOAMKH IKCIIEPUMEHTOB

Mumens noasepraiach Bo3aeiictButo u3nydenus nasepa Nd: YAG LS-2137 (LOTIS TlII, benapycs — Sno-
HUS). M3MepeHuns mpou3BOAMINCE ¢ ToMotbio ocmuiorpadga TDS2022B (Tektronix, CILIA). BosneticTue
JIA3€PHOTO M3IYUYCHHSI PEaM30BhIBAJIOCH MPH PA3INYHBIX TNIOTHOCTSIX MOITHOCTH. [Ipy 3TOM Ha mpoMexyTKH
MHUILEHb — CE€TKA U CETKa — I10JUI0JKKA [10JaBaJIiCh pa3Hble noTeHuuansl U, u U,.

Tak Kak B 9KCIIEPUMEHTaX IPHUCYTCTBYIOT JBa NCTOUHHKA MTUTAHUsI, BAXKHO OMPEACIIUTh, B KAKOH TOUKE ITPON3-
BOZUTS 3a3eMiieHue. [IpeasapurensHo ObUTH IPOBEICHBI IKCIEPUMEHTBI € 3a36MIICHHUEM JIa3epHOM MUILIEHH U MO/
noxku. OKa3anoch, YTO B ITAHHBIX CITy4asx UCTOYHHUKY MUTAHUS Yepe3 BHYTPEHHEE COMPOTHBIICHNE YIaCTKOB MU-
IIEHb — CEeTKa U CeTKa — MOJUIOXKKA BIIMAIOT APYT Ha Apyra. M Toiabko cxema ¢ 3a3eMIIeHHOM ceTkol (cM. puc. 1)
103BOJIsIET UCTOUHKMKaM muTanust U, u U, ocTaBaTbCs HE3aBUCHMBIMU PH JIFOOBIX PEKUMaX SKCIEPUMEHTOB.

Pe3ynbrarhl 1 X 00CyK/ICHHE

B Hacros1iei paboTe B KaueCTBE MUIIICHEH MCIIOIb30BAIUCH ME/Ib, AIIOMUHMIA, cepedpo, rpaduT Hpu pas-
HBIX COUETaHMIX MaTepuaia MOAM0KKH. Tak e Kak U B cTaThe [6] Ul alfOMUHUEBOW MUILIEHH, AJIS1 MULIIEHEH
U3 Menu, cepedpa u rpaduTa TOKOBBIE XapaKTePUCTHKU B MMPOMEXKYTKE MUIIEHb — CETKa UMEIOT HECKOJIBKO
«TOpOOBY», KOTOPBIE OTIMYAIOTCS TOIBKO HHTEHCHBHOCTBIO M JUTUTEHHOCTBIO, UTO CBSI3aHO C Pa3IMYHEM OIITO-
(hu3NUeCcKX XapaKTepPUCTHK MaTepHaIoB MHUIICHHU (pHC. 2).

Kpussie, n3o0pakeHHbIE Ha pHC. 2, MOXKHO OOBSICHUTH CIEAYIOMNM 00pa3zoM. [Ipu MosiBICHUU TIa3Mbl
B IIPOMEXYTKE MUIIICHb — CETKA M0j[a4a Ha CEeTKY MOTEHIIMala ~5 B 1o OTHOIIIEHUIO K MUIIICHH 3aCTaBIsIeT 0e3
OpraHu3aliy JIBOWHOIO CJI0S MOHBI JBUTAThCS K OTPULATEIbHOMY MOTEHIMATY CETKH, a 3JIEKTPOHBI — K MU-
mennd. OJHaKo WU3-3a PKPAHWPOBAHUS MOTEHIIMANA CETKH MOHAMH DJIEKTPOHBI MEUIEHHO JABHUTAIOTCS K CETKE
3a cUeT JMHAMHKH MTPOJYKTOB Pa3pyLICHUS UM COBCEM C HEOOJBIIONH CKOPOCTHIO — K IIOBEPXHOCTH MHIICHH.
B 5T0 Bpemst TOK B 1Ienu CeTKa — MULIECHb OMPEAEISIETCS B OCHOBHOM TOKOM HOHOB (TIEPBBIN «TOpO»).

Kak Tompko 0CHOBHOM MTOTOK HOHOB MPOJIETEN CETKY (~4 MKC TIocie Hadana BO3/ICHCTBUS JTa3€PHOTO U3ITY-
YeHus), IOTEHLUAl, [IOJJAaHHBIN Ha Hee ¢ UCTOYHMKA uTaHus U}, yKe He SKpaHUPOBaH MOHAMU, U JIEKTPOHbI
HAYMHAIOT IBUTATHCSI B CTOPOHY MUILEHH, PE3KO YBETHMYUBAs OOPATHBIM TOK 3JIEKTPOHOB (BTOPOU «TOpO»).

TpeTwii «rop0» Ha KPUBOH TOKa B IPOMEKYTKE MUIIIEHB — CETKA ONPENEISeTCS TPSIMBIM HOHHBIM ITOTOKOM
1 00paTHBIM ITOTOKOM BIIEKTPOHOB B KOHIIE PACTIaaroIIerocs JIa3epHO-TNIa3MEHHOT0 (paKkea ¢ yMEHBIIAIOIIH-
MUCS [TapaMETPAMH.

Kak moxazanu skcriepuMenTsl [6—8], py mojade Ha CEeTKy OTpULIATENFHOTO MoTeHnuata ~5 B mo otHo-
HICHUIO K MHIIIEHH TIOCIIE CETKH (POPMHUPYETCS MTOTOK 3aPsHKESHHBIX YaCTHII, COCTOSIINI MPEUMYIIIECTBEHHO 13
HMOHOB. YIIPABJICHUE YHEPTrUEH HOHOB U IJIOTHOCTBIO UX MTOTOKA JIETKO OCYIIECTBISIETCS OJaYel Ha CETKY I0-
JIOKUTENBHOIO IOTEHLMAJIA [10 OTHOLLIEHHUIO K OJUIOKKE. B pexxrmMe nazepHO-II1a3MEHHOTO HCTOYHUKA HOHOB
C 3a3€MJICHHOM CETKOM ITPOLIECCHI, IPOUCXOASIINE B IPOMEXKYTKE CETKA — ITOJIOKKA, HE BIMUSIOT HA IIPOLECCHI
B IIPOMEXKYTKE MUILIECHb — CETKA.
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Puc. 2. Tox B MpoMeKyTKe MHUIIEHb — CETKa P BO3ACHCTBUM JIa3€PHOTO H3ITyYeHUS
Ha MUIIEHH U3 PA3IMYHBIX MAaTePUAJIOB: ¢ — AIIOMUHHEBAs] MUILICHB; 6 — ME/JHAsI MULICHb;
6 — yITIepOJIHAs] MUIIIECHb; 2 — cepeOpsiHast MUIICHb

Fig. 2. Current in the target — grid interval at acting laser radiation on various materials targets:
a — aluminum target; b — copper target; ¢ — carbon target; d — silver target

PaccmoTpum paznuyHble BapuaHThl PEKUMOB UCTOUHUKA MPU U3MEHEHUH TUIOTHOCTH MOILTHOCTH BO37EH-
CTBYIOLIETO Ha MUIIIEHB JIA3€PHOT0 U3ITyUeHUs], MaTepralla MUILIEHH U MOJIOKKH, a TAK)Ke ITOTEHI[Maa B IPo-
MEXYTKE CeTKa — Mo/UIoKKa. [loTeHnan B mpoMexyTke MUIIEHb — CETKa IPU 3TOM YCTaHaBIMBAIOT TaKUM,
9TOOBI IOCTIE CETKH MOTOK 3apPsDKEHHBIX YACTHUI] COCTOSUT MPEUMYILECTBEHHO U3 HOHOB.

[Ipu Bo3aeiicTBUN Ha MUIIEHB JIA3€pHOTO M3IY4YEHUS C pa3IMYHON MIIOTHOCTHIO MOLTHOCTH B 3PO3MOHHOM
nazepHoM (akerne oOpasyeTcs Ia3Ma ¢ pa3HbIMH TEMIIepaTypoi, JaBICHUEM M, KaK CIeICTBUE, KUHETHYE-
CKOH dHEpruei »MeKTpoHOB U MOHOB. [1o3TOMY naske Oe3 mojavyM MOTEHIMAaNa Ha MOAJIOKKY B MPOMEKYTKE
CeTKa — MOJJI0KKa (POPMHPYETCS IOTOK HOHOB C Pa3IMYHbIMU TIEpPBOHAYAILHON SHEPTHEd U MUIOTHOCTHIO TIO-
Toka. JlanHbIi 3¢hexT 3amMeTeH 1 NpH U3MEHEHUH MOTEHIIMANIA B IPOMEXKYTKE ceTKa — noasoxka. Ha puc. 3
MIpeJCTaB/IEHbl KPUBbIE TOKa MOHOB Ha MOJUIOKKE M3 KpemMHUs Mapku K/IB03 mpu pa3zianuHbIX MIIOTHOCTSIX
MOIIIHOCTH BO3/IEHCTBYIOLIEr0 Ha MEAHYIO MUIIEHb Ja3€pHOTO U3IYyUEHHUs, a TaKKe Pa3HbIX MOTEHIHaIax
JIEKTPUUECKOTO T0JIA B MIPOMEXKYTKE CeTKa — MozsiokKa. IIpu 3ToM Ha mpOMEKyTOK MHUIIEHb — CeTKa Moja-
BaJICsl TIOTEHIUA, TPU KOTOPOM TOCJIE CETKH (POPMHUPOBAIICS TOK, COCTOSLIMNA MPEUMYIIECTBEHHO U3 HOHOB.

Kak BuzHO 13 puc. 3, npu MabIX INIOTHOCTSIX MOIITHOCTH JIa3€PHOTO U3TyYEHHsI Ha MOJUIOKKY MOCTYIaeT
WMOHHBIH MTOTOK, IO (hopMe OIM3KHH K MIa3MEHHOMY MTOTOKY U3 MHIIEHH (CM. puc. 3, kpusast /). [Ipu yBenuye-
HUH TJIOTHOCTH MOIIHOCTH JIA3EPHOTO M3IY4eHUs (CM. puc. 3, KpuBas 2) Ha MOUIOKKY MMOCTYIaeT OONbIINI
1o abCOMIOTHOW MHTEHCHMBHOCTH MOHHBIM MOTOK, OTPAaHMYCHHBIA Ha BEPUIMHE UMITYJIbCA. ITO OOBSICHIETCS
TEM, YTO 32 CYET KMHETHYECKOH SHEepruM IIa3MEHHOTO MOTOKa W JIOTIOIHUTEIBHOTO YCKOPEHHUS dIeKTpUde-
CKHUM I10JIEM DHEPTHUsl HOHOB CTAHOBUTCSI JOCTATOYHOM JUIsl TOTO, YTOOBI Ha TIOJIOKKE CPOPMHUPOBAIICS TOTOK
BTOPUYHBIX HOHOB, JBI)KYIIHUXCS B TPOTHBOIOJIOKHYIO CTOPOHY.
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Puc. 3. Tox Ha xpemuueBoit mojutoxkke K/1b03 mpu pa3nuyHbIX MIOTHOCTAX MOIIHOCTH
BO3EIICTBYIOIIEr0 Ha MEJHYIO MUIICHb JIA36PHOTO M3JIyYCHHs U Pa3HbIX IOTCHI[HAIAX B IIPOMEIKYTKE
ceTKa — MOJUIOXKKA (Ha Y4aCTKE MHUIICHb — CETKa YCTAHOBIICH MOCTOSIHHBIH noreHuuan U, = 30 B):
1-1,5-10° Br/em?, U, =50 B; 21,7 - 10° Br/em?, U, = 50 B;
3-1,8-10° Br/em’, U, = 50 B; 4 — 1,8 - 10° Br/em?, U, = 100 B
Fig. 3. Current on a silicon substrate KDBO3 at acting laser radiation on a copper target
at different power densities and at different potentials in the grid — substrate interval
(the interval target — grid have constant potential U, =30 V): I — 1.5 - 10° W/em?, U,=50V;
2—1.7-10° W/em?, U, =50 V; 3—1.8 - 10° W/em?, U, =50 V; 4 — 1.8 - 10° W/em?, U, = 100 V

[Ipu nanpHelIeM yBETUYEHNH TNIOTHOCTH MOIIHOCTH JIA3€PHOTO W3ITYUYSHHs OTpaHHYeHNE BEPIIUHBI NM-
ITyJiIbCa MOHHOI'O TOKA YCUJIMBACTCA U3-3a YBCIIMUCHU A HepBOHa‘IaHBHOﬁ KHHETUYECKOMN OHEPTHUU NOHOB BCJICI-
CTBHE Ta30JUHAMUYECKOTO YCKOpEHHS (cM. pHc. 3, KpuBas 3).

OpHako JanbHEHIINN POCT KUHETUYECKON SHEPTUU MOHOB 32 CUET JIEKTPHUIECKOTO IMOJS B MPOMEKYTKE
CeTKa — MOJIOKKA MPUBOJMT K TOMY, UTO BpeMeHHast (hopMa UMITyJIbCa HOHHOTO TOKa MOBTOPSIET BPEMEHHYIO
(hopmy TuTa3MeHHOTO (hakena U He MMEeT OIpaHWYCHU Ha BEpIIUHE WMIynbca (cM. puc. 3, kpuBas 4). SB-
JICHHUE CBA3aHO C TEM, UTO KMHCTUYCCKAsA SHEPIHUd NOHOB JOCTUTACT TaKon BCJIMYUHBI, IPA KOTOpOﬁ CCUYCHUC
CTOJIKHOBEHHSI C MOHAMU TOJJIOKKHA YMEHBIIACTCSI, BCIESICTBUE YE€TO YMEHBIIACTCS U BTOPUYHAS SMHUCCHS,
a MOHBI MaTrcpualia na3epH0171 MUIICHU UMINTAHTUPYIOTCSA B MaT€pral MOAJIOXKKH. HpI/I 9TOM MHTCHCHUBHOCTH
HMOHHOTO MOTOKA 3HAYUTEIBHO BO3pacTaeT (CM. pHc. 3, Kpusas 4).

Kak mmoxasanm sKcriepuMeHTHl, TIPH Pa3sHOOOPa3HbIX W3MEHEHHSX YCIOBUH B TIPOMEKYTKE CETKa — MOJIOKKA
IMPOUCXOAAIINE B HEM IIPOLECCHI HE BJIUAIOT Ha IPOLCCCHI B IIPOMEIKYTKE MULICHD — CETKAa BBU1Y TOI'O, YTO MbI UC-
TIOJTE30BAJIM BAPUAHT C 3a3eMJICHHOM CETKOH. Y UHUTBIBas 3TOT (haKT, MOXKHO O0JIee JIETaIbHO HCCIIEIOBATh IPOIIeC-
CBbI B IIPOMEKYTKE CETKA — IMOJIOKKA IIPU ONPEACIICHHBIX ITOCTOAHHBIX YCIIOBHUAX B IIPOMEKYTKE MUIICHD — CETKA.

Kak BuzHO 110 KpuBBIM 2 U 3 Ha pUC. 3, IPU TAKUX yCIOBUSIX BOSHUKAIOT BTOPUYHAS SMUCCHSI HOHOB C TIOJI-
JIOKKH ¥ OTpaHIYeHNe BEPIINHBI HMITYJIhCa TOKa HOHOB B I[N CETKa — MOJIOKKA. B TaHHOM ciydae peann-
3yCTCA PCIKUM TPABJICHHUA MOBCPXHOCTH MOJIOXKKHU MMaJarOlIMM HOHHBIM ITOTOKOM. HOCKOJ'H)Ky 9TOT PCKUM
uMeeT OOJbIIIOe 3HAYCHNE MTPH HAHECEHNH BBICOKOA II€3NOHHBIX MTOKPBITHI, PACCMOTPHM €ro 0oliee mopoOHO.

Ha puc. 4, a, n306paxken 001t BU KPUBO TOKA B IIETIN CETKA — MOJIOKKA B PEXKMME TPABJICHHUS TTOIOK-
KM TIOTOKOM IIePBUYHBIX HOHOB. Ha nepeanem ¢ppoHTE HMITyIIbCa MIMEIOTCS] HECKOJIBKO MTHUKOB, 3aTE€M IPH MOSIB-
JICHWH BTOPUYHON SMHCCHH 32 CUET MPOTUBOIIOJIOKHOTO TIOTOKA BTOPUIHBIX MOHOB HAOIFOIAETCS IOCTATOYHO
IJIOCKas BEPIIMHA, a KOrla BTOPpUYHAA SMUCCUSA IMTPOMNaJgacT, UMITYJIbC MOHHOT'O TOKa B ILICIIU CETKA — MOJIOKKa
T10 HKCTIOHEHTE MaIaeT JI0 HYJIs, CIeays TI0 BpeMeHHo (hopme 3a popmoii m1a3MeHHOTo (hakea B IPOMEKYT-
Ke MUIIIeHb — ceTka. Ha puc. 4, 6—e2, ¢ BBICOKHM BPEMEHHBIM pa3pelieHueM IPEe/ICTaBICHBI MepeHue QPOHTHI
HMITYJIbCa TOKA B IIPOMEKYTKE CETKA — IMOJUIOXKKA MPH PA3TUUHBIX YCIOBHUSX.

ITepBrIit MUK TOKA B TIPOMEXKYTKE CETKA — ITOJIOKKA (CM. prC. 4, 6) 00yCIOBIEH OOPATHBIM TOKOM JJIEKTPO-
HOB C MOMJIOXKKH 32 cueT Gorodddexta npu oOIydeHNH TOBEPXHOCTH MOIOKKH OTPAKEHHOH OT Jla3epHON
MUIIIEHA 9aCThIO0 BO3/ICHCTBYIOIIETO Ja3epHOro m3mydeHus. Yepe3 1,5 MKC MOSBIsIETCS BTOPOW MUK B IETIH
ceTKa — moutokka. Mexonst 3 ckopoctel mia3MeHHoro dakena (~10 kM/c), 1aHHBII pe3yabTar MOKHO 00bsiC-
HUTb 00pa30BaHUEM BTOPUYHOMN IJIa3Mbl U3 MaTepHajia CeTKH 3a CUET BO3/ICHCTBHUS Ha MOCIIEIHIOO JIa3epPHOIO
U3IYYCHU, OTPAXKECHHOT'O OT MUILICHH!, 1 U3JTYYCHUS IJIa3Mbl BOIM3H TTOBEPXHOCTHU MUILICHHU. O]IHaKO 9TH MIPO-
LECChl HE3HAUNTEIHHO BIUSIOT HA OCHOBHOM TOK B LICTIH CETKA — MOAJIOXKKA.

Yepes ~3,8 MKC MOSIBISETCSI OCHOBHOM MUK TOKA B MPOMEXKYTKE CETKAa — MOAJIOKKA. Ero MIUTENbHOCTh
cocraBisieT ~250 HC MO MOJTYBBICOTE, TIOCIE Yero HaOII0AaeTCsl OrpaHUueHIE UMITYJIbCA 338 CYET BTOPUYHOM
amuccuu (cM. puc. 4, 0).
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[Ipu yBennueHnn MoTeHNHA a Ha MPOMEXKYTKE CETKa — MOMJIOKKa (CM. puc. 4, ) MAKCUMYM TIHKA TOSB-
JIIETCS paHbIlIe — uepe3 3,5 MKC, 4YTO TOBOPUT 00 YBEJITUYECHUU CKOPOCTH TMOTOKA 3apPsKEHHBIX YaCTHI] 32 CUCT
YCKOPEHUS IEKTPUIESCKUM ToieM. [lpy yBearnueHNH TIOTHOCTH MOIIHOCTH BO3/ICHCTBYIONIETO0 Ha MUIIICHB
JIA3ePHOTO M3ITyUCHHSI CKOPOCTH MPOIECCOB B MPOMEKYTKE CETKA — MOJJIOKKA PACTET, U MAKCUMYM TIHKa IM0-
SIBJISICTCSI €1IIe PaHbIe — uepes3 3,2 MKC (cM. puc. 4, 2).

HpeILCTaBJ'IeHHI)IC Ha puc. 4 PE3YIBTAThI SKCIICPUMEHTOB, B KOTOPBIX IICPEC/ MOABJICHUECM OI'paHUYCHUS UM-
MyJIbCa TOKA B MIPOMEKYTKE CETKa — IMOJJIOKKA HAOIOMAeTCs KOpOTKUid (Topsiika 250 HC) MON0KUTEITbHBINA
HMITYJIbC TOKA Ha TOUIOKKY, MOXKHO OOBSICHUTh CIIEIyoIUM o0pazoM. B camoM Havase mpoiiecca mocTyrie-
HUSI 3apsHKEHHBIX YaCTHIT Ha MOJIOKKY TIOTIaJIal0T HarnOoliee ObICTPhIe HOHBI, SHEPTUH KOTOPBIX XBATACT JUIS UX
HMMIUIAHTAIMKM B MaTeprai noaiokku. C TedeHHEM BPEeMEHH Ha TOJJIOKKY MOCTYIAIOT BCe Ooyiee MEIJICHHBIC
WOHBI, ¥ HACTYIIAeT MOMEHT, KOTJIa MEXaHW3M MMIUTAHTAIIMU MEHSIETCSl HA MEXaHU3M TPABJICHUS, T. €. BTOPUUHOU
SMHCCUH HOHOB. OTHAKO TIPU UMILTAHTAIIMU B IIPUITIOBEPXHOCTHOM CIIO€ TIOJIOKKH M3-3a HAJTMYHsI HOHOB (Op-
MUpyeTcs (HaKaruTMBaeTCsl) MOJIOKUTENBHBIN 3apsi. [ ero KoMIeHcalny B ey CeTKa — TOJUI0KKA 33 CUET
uctouHrka U, nosiBisieTcss oOpaTHbIA TOK JIEKTPOHOB, KOTOPBIHA JOJDKEH UMETh HAa OCLIMILIOrPAMME MOJI0KHU-
TEJNBHBIA UMITYIIBC. YaCTHYHO UMITYIIEC DIIEKTPOHOB KOMITIEHCHPYET 3apsiji, CO3/IaHHbI BHEAPSCHHBIMUA NOHAMH,
a JIaJibllie BOZHUKAST BTOPUYHAS IMUCCHS, KOTOPAs BCICACTBHE MAKCUMATILHOTO 3HAYCHUSI BTOPHYHOTO HOHHOTO
TOKa B 9TO BPEMA ABIIACTCA Hpeo6naaa}0nn/IM IIpoueCCoOM, 1 B UMITYJILCE TOKA Ha IMMOAJIOKKY IOSABJISACTCA OTrpaHu-
YEeHUE B BUJIC TIOJIKH PA3IMYHOMN JUTUTSILHOCTH B 3aBUCHMOCTH OT YCIIOBUH SKCIICPUMEHTA.
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Puc. 4. O6umit UMITYJIBC TOKA U €r0 TepeAHui PPOHT B MPOMENKYTKE CETKa — MOATIOKKA B PEIKIME
BTOPHYHOW HOHHOI YMUCCUH TIPH PA3JINIHBIX YCIOBHIX BO3AEHCTBYS JIA3EPHOTO H3ITyUCHUS
Ha MCJIHYI0 MHUIICHB (Ha y4acTKe MHIICHb — CETKa YCTaHOBICH MOCTOSIHHBIN noTeHiman U, = 30 B):
a, 6 — INIOTHOCTh MOIIHOCTH JIa3€PHOT0 M3JIyUeHHUs 5 - 10% BT/CMZ, U,=30B;
6 — IUTOTHOCTH MOILHOCTH JIa3epHOro m3nyuenns 5 - 10° Br/em?, U,=50B;
2 — TUIOTHOCTh MOIIIHOCTH JIa3€PHOTO U3My4YeHHs | - 10° Br/em?, U,=50B
Fig. 4. Total current pulse and its leading edge in the grid — substrate interval in the regime secondary
ion emission at the different conditions of the acting laser radiation on a copper target
(the interval target — grid have constant potential U, =30 V): a, b — laser power density 5 - 10 W/em?, U,=30V;
¢ — laser power density 5 - 10° W/cm?, U, =50 V; d —laser power density 1 - 10° W/em?, U,=50V
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st moaTBepKIeHNs peKuMa TPABICHUS MOAIOKKH (BTOPUYHON MOHHOM AMHUCCUH) OBLIH MOCTABICHBI
IKCIIEPUMEHTHI ¢ MMOTOKaMHU Pa3NMNIHBIX HOHOB (Al, Ag, Cu) Ha TommoXKH U3 pa3HbIx MarepuanoB (K/b03,
KB2d20, 08X18H10T) ¢ mocTossHHBIME IMOTEHIIMATaMH B IIPOMEKYTKaX MHUIIIEHb — ceTka (20 B) u ceTka — moa-
noxka (50 B). Pesynbrarsl SKkCIepuMEHTOB IPUBECHBI HAa pHC. S.

ala o/b
1A} LA\
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0,15} 3 0,15 3
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Puc. 5. Tox Ha OJUI0KKE TIPX BO3/IEHCTBUH JIA3€PHOTO U3IYUYEHHSI C TUIOTHOCTHIO
MomHoctH 1,8 - 10° Br/em® Ha pa3InYHble MUIIEHH C TIOCTOSIHHBIMU [TOTEHIIUAIAMU
B IIPOMEXYTKax MUIIeHb — ceTka (20 B) u cetka — noyyroxka (50 B):
a—Al; 6 — Ag; 6 — Cu. Marepuanbl TOATIOXKH:

1 —KJB03; 2 — KD®d20; 3 - 08X18H10T

Fig. 5. Current on the at acting laser radiation with a power density
of 1.8 - 10° W/cm? on various targets with constant potentials
in the intervals target — grid (20 V) and grid — substrate (50 V).
a—Al; b—Ag; ¢ — Cu. Substrate materials: / — KDBO03; 2 — KEF20; 3 — 08H18N10T

Kak BumHO Ha pric. 5, BO Bcex ciydasx HabIromaeTcst KOpoTKui muyok (250 HC) Ha UMITIIbCe TOKa B TIPO-
MEXYTKE CeTKa — MOAJIOKKA 3a CUET 00PAaTHOTO TOKA 3JIEKTPOHOB, KOMIICHCHPYIOILETO 3apsi/] HMILIAHTUPOBAH-
HBIX B IPUIIOBEPXHOCTHYIO 001aCTh MOJIOKKH HOHOB, C TIOMOILBIO HCTOYHUKA U,.

Kpome Toro, pe3ynbrarsl 3TUX SKCIIEPUMEHTOB MOKa3bIBAIOT (CM. PUC. 5), UTO 3HAUEHHS TOKA B TIPOMEXKYTKE
CeTKa — TOTOXKKA 3aBUCAT KaK OT MaTepraia Ja3epHON MUIIEHH, TaK U OT MaTepraa MOJIOKKH.

W3-3a TOT0, 4TO MaTEpUAIIBl MUILIEHH UMEIOT Pa3HbIi KO3()(HULINEHT NONIOLIEHNSI HA JJTMHE BOJIHBI JIA3€PHOTO
n3nydenus (1,06 MkM), B IPOMEKYTKE MHILIEHb — CETKa 00pa3yeTrcs mia3Ma ¢ pa3ludHbIMU IapamMeTpaMu
(Temneparypa, AaBJICHUE, KOHLIEHTPALUS 3apsSHKEHHBIX YaCTHL, JUTUTEIHOCTh CYILIECTBOBAHNSA).

W3 ncnonb3yeMbIX B SKCIIEPUMEHTaX MaTepUaioB MUHUMAaIbHBIM KO (QHUIMEHTOM MOIIOICHUS 00nagaet
Mellb, Y cepedpa kod(hUIMEHT MOMIOMEHHS HECKOIBKO BBIIIE, MAKCUMAIIbHBIN ke K0d(D(MHUIIMEeHT Torole-
HUS UMEET aMIOMUHUN. DTUM U 0OBSACHSETCS pa3HHIA B BEIMYMHAX TOKA M JUTUTEIFHOCTH MMITYJIbCa B TPO-
MEXYTKE CeTKa — IMOIJIOKKa (CM. pHC. 5).

Jnist BBISICHEHUS BIMSIHMSL MaTepHalia MOUIOKKY Ha (GOpMy MMITYJIbCa TOKA B IPOMEKYTKE CETKa — IO/~
JIO’KKa OBUTH B3ATHI HanOOJIee NCIOIb3yeMbIE B HAIIMX HKCIIEPUMEHTAX MaTepHalibl MOAJIOKEK, YIOOHBIC IS
HCCIIEIOBaHUS Ha AEKTPOHHOM MUKPOCKOIIE U OTIIMYAIOIIHEecs MO MPOBOJUMOCTH U aTOMHOMY BECY.

79



ZKypnaa Besopycckoro rocyiapcrseHHOro yuusepeurera. ®usuxa. 2021;1:73-81
Journal of the Belarusian State University. Physics. 2021;1:73-81

Kak BunHO 13 puc. 5, a, KOMTUYECTBEHHOE 3HAYCHHE TOKAa B MPOMEKYTKE CETKa — IMOJUIOKKA 3aBUCUT OT
MaTepuana MnoaAnoKku. Haumensinas aMrianTyna MMIynbca TOKa OTMEUEHa Yy MOMJIOKKH U3 KPEMHUsSI Map-
ku KJI503. B nanHoM ciy4ae nepBUYHbIE HOHBI alIOMUHUS Oojiee (D (EKTUBHO BHIOMBAIOT U3 MOBEPXHOCTH
MOJIOKKH HOHBI 00pa, M BTOPUYHBINA TOK HOHOB MAaKCUMAaJIbHO KOMIIEHCUPYET II€PBUYHbIM HOHHBIN TOK. I1o-
3TOMY aMIUTUTYJa UMITYJIbCa B IPOMEKYTKe MUHUMabHA. [ moanmoxku n3 kpemuans Mmapku KO®D20 u3-3a
YMEHBILIEHHS COOTHOIICHHUSI aTOMHBIX BECOB aTIOMUHUS U (pocopa Mo CPaBHEHHIO C COOTHOIICHHUEM aTOMOB
IIOMUHHS 1 0Opa MPOUCXOANUT YMEHBILICHHE TOKa BTOPHYHON SMHUCCHH. BeaeacTBre 3TOro yBeIMUnBaOTCS
pasHMLA MEXy HepBUYHBIM M BTOPUYHBIM TOKAMU MOHOB M MMITYJIbC OOILIETO TOKa B IMPOMEXYTKE CETKA —
MOJUTOKKA (CM. pHc. 5, a, KpuBble [ U 2).

[Ipu ncnonbp30BaHUU TIOAIOKKH U3 HepikaBeromed craau Mapku 08X 18H10T addexr ycunupaercs, Tak
KaK aTOMHBIH Bec XpoMa (caMblii JIETKHI 110 aTOMHOMY Becy aneMeHT ciutaa 08X 18H10T) Gosnbiie aroMHOTO
Beca aJIOMHMHUS. BTOopuyHas sMuccus B JaHHOM ciydae elle MeHblle. BenencTsue 3Toro umMmynsc o0Imero
TOKa B IIPOMEXKYTKE CETKa — MOJIOKKA (CM. puc. 5, @, Kpusas 3) CyILIECTBEHHO YBEJINYMBACT CBOE 3HAYCHUE
(mpumepHo B 1,5 paza).

[Tpu ucnonb3oBaHuM cepeOPSIHON MUIIEHH M3-32 OOJIBIIEH MacChl IEPBUYHBIX HOHOB cepedpa BTOpUYHAs
SMHUCCHS C IOBEPXHOCTH MOAJTIOKEK YBEITMUMBACTCS, YMEHBILIASI IPH 3TOM BEJIMUMHY OOILET0 TOKA B LI CETKa —
MTOITIOXKKA (CM. pHC. 5, 0).

KauecTBeHHO KapTHHA MOBTOPSIETCA W B OKCIEPUMEHTaX ¢ MEAHON MUIIeHbI0. OHAKO 3HAYCHHS TOKOB
B 9TOM CJIy4yae ONpeAessIOTCS He TOJIbKO COOTHOIIIEHUEM aTOMHBIX MacC MEPBUYHBIX U BTOPUYHBIX HOHOB, HO
U CYILIECTBEHHBIM BIUSHHEM KO3(h()UIHEHTA MOMIOLICHHUS J1a3€pHOT0 M3TyYeHUsI MaTepraloM MULICHH.

W3 Bcex paccMaTpuBaeMbIX B HACTOSIEH paboTe MaTepraoB Ja3epHOi MUILICHU MeAb 00J1aJaeT HAUMEHb-
UM K03(h(pHUIIMeHTOM MOTIIOImEHUs Ha JJTMHE BOJIHBI Ja3zepHoro uznydyeHus (1,06 mxm). [Toatomy adexrns-
HOCTH B3aMMOJICHCTBHS J1a3€pHOT0 U3ITYUEHUS C METHOM MUIIIEHBIO CYIIIECTBEHHO HUXKE, YEM C aJTFOMUHUEBON
u cepeOpsiHol MumieHs M. Tak Kak (opma JIa3epHOro UMIYJIbCa MPEACTABIAET OO0 aCHMMETPUYHBIN KO-
JIOKOJI, TO M BpeMsl I1a3MO00Pa30BaHMsl YMEHBIIACTCS, U MTapaMeTphl IU1a3Mbl (TeMIIepaTypa, KOHLIEHTPALUs
3apsDKEHHBIX YaCTHUL]) IOHMKAIOTCS. 3@ CUET 3TOr0 KOJMUECTBEHHBIE 3HAUEHHUS HMITYJIbCA TOKA B IIPOMEKYTKE
CeTKa — IMOJUI0XKKA HIKE, YeM TIPU UCTIONIb30BaHUH CepeOPSIHOI MUIIIEHH, KPOME TOTO, YMEHBIIASTCS JUTHTEIb-
HOCTh UMITYJIbCA.

3aKiaoueHue

Takum 00pa3oM, JUIsl JTa3epHO-TIA3MEHHOTO UCTOUYHUKA HAIBIJICHHUSI HAHOMIOKPBITHI Ha OCHOBE KCIIEPH-
MEHTAJILHOTO U3YUYCHUS SIBICHUN B IPOMEKYTKAaX MUILICHb — CETKA M CETKA — MOJJIOKKA AJIsl Pa3IMYHBIX MaTe-
pHAIOB MUIIICHHU U TTOJIJIOKKH 00BSICHEHBI TIPOIIECCHI, TPOUCXOIAIINE PH YIPABICHUN YIEKTPUICCKIM TIOJIeM
JIa3epHOH M1a3Mbl B BaKyyMe.

OKCTIepUMEHTAILHO YCTAaHOBJICHO, YTO MPH 3a3€MJICHHON CETKE MCTOYHUKU MUTAHUS MPOMEKYTKOB MH-
IIICHb — CETKA U CETKA — MOJIIOKKA HE3aBUCHUMBI JIPYT OT JIpyra MPH JIFOOBIX PEKUMaX IKCIICPUMEHTA.

[TyTem ucnonb3oBaHus pa3IMUHbIX MATEPUATIOB MUILICHU U TIOAJIOAKKN U U3MEHEHUSI YCIOBUM SKCIEPUMEHTA
MIPOAAEMOHCTPUPOBAHO, YTO MPOLECCHI, MPOUCXOISAIINE B IPOMEKYTKE CETKAa — IMOUIOKKA, MPHU 3a3eMJICHHON
CETKE HE BIHSIOT Ha MPOIIECCHI B MPOMEKYTKE MUIICHD — CETKA.

OO0mbsicHeHa (hopMa TOKa B IIPOMEKYTKE CeTKa — MOJUIoKKa. [lokazaHo, 4yTO BiIUsHIE (POTOMOHHU3AIMH U BTO-
PUYHOM I1a3Mbl MaTE€pHaia CETKH HE3HAUUTEIBHO.

OTMeu€eHO, UTO NP TPABICHUHU HOHHBIMH ITOTOKAMHU ITOBEPXHOCTHU MOJIOKKHU MOSIBICHUE KOPOTKOTO ITUKA
TOKa Tepe]] HadajioM BTOPUIHONW MOHHON SMUCCHHU TMPAKTHUECKH HE CKA3bIBACTCS HA MEPEHOCE MACCHI MaTe-
pHuaJia MUIIICHU U MOJIOKKH, TaK KaK OH BO3HUKAET 32 CUET 0OPATHOI'O TOKA 3JICKTPOHOB, KOMIICHCUPYIOIIETO
TMIOJIOKUTETBHBIN 3apsii MOHOB, UMIIAHTUPOBAHHBIX B MOBEPXHOCTh MOTOKKH.

DKCHEPUMEHTAJIBHO MTOKA3aHO, YTO Ha MPOLECCHI TPABJICHUS BIUSAIOT XapaKTEPUCTUKH KaK MaTepuaa ja-
3€pHOI MMILIEHH, TaK U MaTeprajia MOI0KKH.

B Hacrosiielt pabore pacCMOTPEHBI PEKUMbI TPABJICHUS TIOBEPXHOCTH MOJIOKKH, UMILIAHTAIIMA UOHOB
MaTepualia JJa3epHOI MUIIICHHU B IPUTIOBEPXHOCTHYIO 00JIaCTh MOIJIOKKU U HAHECEHUS MaTepralia MUIIICHU Ha
TTOJITOKKY TTOCIIEIOBATENILHO O€3 pa3repMeTH3aluy BaKyyMHON KaMephl. DTO MTO3BOJIUT C TTIOMOIIBIO JIA3epHO-
[JIa3MEHHOTO METO/IA MOJIy4aTh BBICOKOAAT€3UOHHbBIC HAHOIIOKPBITHS.
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N3MEHEHUWE HAIIPSAJKEHHOI'O COCTOSAHUA
IAEKTPOAUTUYECKOI'O HUKEAS{ ITP BOSAEMCTBUUA ITAA3MBI
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ya. Kynpesuua, 10, 220141, 2. Munck, benapyco

HccnenoBano BIusHUE XOJ0JHON IIa3Mbl BO3yXa Ha KaTOAHbIN Hukenb Mapku H-1. [Ipoananu3upoBaHo u3MeHeHue
MHKPOCTPYKTYPBI, MAKpPO- 1 MUKPOHAIPSKEHNH, a TAK)KE CTATHYECKUX CMEIICHUH aTOMOB M3 MOJOKEHUH PaBHOBECHSI.
MertozioM MpHULenbHOI MeTaiorpaduu nokazaHo, 4To Mpy BO3ACHCTBUH IIa3Mbl MUKPOCTPYKTYpa Marepuala 0CTaeTcs
HEM3MEHHOW. B Xo0jie peHTreHOCTPYKTYpHBIX MCCIIEAOBAHUI YCTaHOBJIEHO, YTO TUIa3MEHHAasi 00paboTka He BIMSET Ha
YpOBEHb MUKpOHaMnpsikeHuil. [TokazaHo CHUKEHUE BETMUMHBI MAKPOHANPSKEHUH U CTATUYECKUX CMEIIEHUI aTOMOB U3
TIOJIOKCHU I PaBHOBECHS TIPH BO3JCHCTBHY TuT1a3Mbl B TeueHue 5 n 10 muH. I1pr 5TOM MakpoHaNpsHKEHNST H3MEHSIOTCSI OT
HaNpsDKEHUH PacTSHKEHUSI B ICXOAHOM COCTOSIHUHM JI0 HANpPsDKEHUH CKaTus 1mociie 00paboTKy MIIa3MOoM.
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CHANGE OF TENSION STATE OF ELECTROLYTIC
NICKEL UNDER EXPOSURE TO PLASMA

A. G. ANISOVICH*®

*Physical-Technical Institute, National Academy of Sciences of Belarus,
10 Kuprevica Street, Minsk 220141, Belarus

A study of the effect of cold air plasma on cathode nickel grade N-1 has been carried out. The changes in the micro-
structure, macro- and microstresses, as well as static displacements of atoms from equilibrium positions are investigated.
By the method of aim metallography it was shown that the microstructure does not change under plasma exposure. X-ray
structural studies have established that the level of microstresses does not change when exposed to plasma. A decrease in
the magnitude of macrostresses is shown when exposed to plasma for 5 and 10 min. Macrostresses in this case vary from
tensile stresses in the initial state to compressive stresses after exposure to plasma. The change in the static displacements
of atoms from the equilibrium positions and their decrease when exposed to plasma have been established.

Keywords: low-energy plasma; microstructure; electrolytic nickel; static displacements of atoms.
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BBenenune

HuskoremmnepaTypHas riazma npeicTaBisieT HHTepec IS ucciieoBaternei B ity 3(p(heKTHBHOCTH €€ BO3-
JIEHCTBUS Ha HEKOTOPHIC CBOMCTBA MaTepUaioB. YCTAHOBJICHO M3MEHEeHHE anresuu [1], mepoxoBaroctu [2]
u ruapooOHBIX CBOKCTB [3; 4] moBepxHOcTeil MarepuanoB. [lokazaHo cyliecTBEeHHOE W3MEHEHUE MEXaHHU-
YECKUX CBOMCTB [5; 6], TBEpAOCTH U M3HOCOCTOMKOCTH rajbBaHMYECKUX MOKPBITHH Xpoma [7]. YBenndeHue
M3HOCOCTOMKOCTH MPH BO3JCHCTBHUHM IJIa3Mbl CBSI3aHO ¢ M3MeHeHneM Mopdonoruu nosepxuoct [8]. [Tocre
ra3opaspsiHoi 00paOOTKH aFOMUHHS U €r0 CIUIaBOB C MarHMeM HU3KOAHEPTeTHYECKUMH HOHAMHM Telisl Ha-
OJrofanock yny4iieHue MmiacTHIeCKUX CBOMCTB, 00YCIOBIEHHOE MOBBIIIEHHEM OTHOPOIHOCTH TIACTHYECKOH
nedopmaryu [9].

HccnenoBanus u3MeHEHHs! CTPYKTYpPhl METAJJIOB M CIIJIaBOB T10J1 BO3AEHCTBUEM XOJOAHON IIa3Mbl BO3-
JyXa HEeMHOTOYHCIICHHBL. [IpHYMHOM TOMY SIBJISIOTCS TPOOIEMBI B UHTEPIIPETALMH TTOJTyYaeMbIX PEe3yJIbTaTOB:
MHUKPOCTPYKTYpHBIE 3PPEKThI BO3ICHCTBUS HE3HAYNTEIBHBI WIIM HAXOASTCSl Ha TPAaHU YyBCTBUTEIBHOCTH Me-
Tona. EcTb ocHOBaHuMe monararb, 4TO M3MEHEHHE CBOMCTB METAJIIOB U CIUIABOB MpU 00paboTke mia3moii o0y-
CJIOBJIEHO TIpOLIeCCaMu, MPOUCXOAIIMMHU Ha YPOBHE KpHcTauindeckoi peretku [10].

Bo3MOXHOCTH MPaKTHUECKOTO MPUMEHEHHS] HU3KOTEMIIEpaTyPHOH MJ1a3MBbl IS MOBBIIIEHHS KOMILIEKca
CBOIMCTB MaTepHaioB MOATBEpKAeHa nareHTamu [11-13].

B nannoii paboTe nccie0BaHo BIMSHIE HU3KOTEMIIEPATYPHOM M1a3Mbl BO3yXa Ha H3MEHEHUE HAIIPSKCH-
HOTO COCTOSIHMSI U MUKPOCTPYKTYpBI KaTOAHOT0 HUKens Mapku H-1.

Marepuajibl 1 METOIHKH IKCIIEPUMEHTA

PeHnTreHoCTpyKTypHbIE HCCIIE€I0BaHUs IPOBEAEHBI B U3irydyeHnd Cuk, Ha peHTITeHOBCKOM qU(paKkToMeTpe
JPOH-3 (HIIII «bypeBectauk», Poccus), OCHAIIEHHOM amnmapaTHO-IIPOrPaMMHBIM KOMITJIEKCOM JUIS YIIPaB-
JIeHHst IpHOOPOM 1 00pPaOOTKH PE3yIIbTAaTOB U3MEPEHHIA.

OrneHKa MUKPOHAIPSHKCHUH MPON3BOAMIIACE TT0 METOAMKE, ONMCAHHOHN B padote [14]. MakpoHanpsbKeHUS
onpeaessuy 1o Gopmysie

c=— E ctgbA0,
u

rie £ u L —moxyis FOura u ko3 duiment [lyaccona cCOOTBETCTBEHHO; O — MOJIOKESHUE MAKCUMYMa JIMHUHU dTa-

noHa; A — cMeleHre MakCUMyMa HHTep(epeHIIMOHHOM TMHUKI 00pa3ia OTHOCUTENLHO 3TaoHa (0 — 6

3nadenue Monyins FOHra Hukens npuHuManock paBabiM 196 ['Tla, koaddunmenta [Tyaccona — 0,28.
Crarnyeckue CMCUICHHA aTOMOB U3 IMOJIOKEHUA PaBHOBECH A BBIYHCIIAIN 110 COOTHOUICHHUIO

06pa3ua) .

3612 In I3T2U'I0Ha

=2 _ I obpasua
Uey

- an? (W + K2+ 17)

83



ZKypnaa Besopycckoro rocyrapcrseHHOro yuusepcurera. ®usuxa. 2021;1:82-89
Journal of the Belarusian State University. Physics. 2021;1:82-89

1€ 1 a0ma B Logpasa — WHTETPAIBHASL HHTEHCHBHOCTB JIMHUI 9TaJIOHA M HCCIIElyeMOro 00pasiia COOTBETCTBEHHO;
h, k, | —uanexcel Muiepa; a — napameTp KpUCTaJUIMYEeCKON PelIeTKH oopasia.

HccnenoBanue MUKPOCTPYKTYPBI OCYIIECTBISUIOCH C UCIIOIb30BAHUEM METAUIOrpah)uuecKoro KOMILIEKCa
Ha 0Oaze onTHYecKoro mHBepTHpoBaHHOTO MUKpockona MU-1 (OO0 «OnTosneKkTpoHHbIE CHCTEMbDY, bena-
pych) ipu 1000-kpaTHOM YBETWYICHUH W OCBEIICHUN 10 MEeTOAy cBetioro 1o [15]. Ilnmuder m3rorasnmmsa-
JMCH 10 001enpuHATOl MeToauke. TpaBineHue npou3BoauIocs peaktuBoM cocrasa 50 % HNO; + 50 % HF.
B nccnenoBannu npuMeHssICcs METOA NMPHULEIbHON MeTayuiorpaduu, KOTOphIi 3akiouaeTcs B ¢poTorpadupo-
BaHWU OJHOTO U TOI'O K€ y4JaCTKa CTPYKTYPhI 10 U MOCJIC BO3}1€I>1CTBPI$[.

OObpaboTka 00pa3LOB HUKENsT HHU3KOTEMIIEPaTypHOW HEPaBHOBECHOHM INIa3MOM HM3KOTO JaBJICHHS
(P ~ 133 Ila), B0o30Oy»)maeMoii B arTMoc(hepe BO3ayxa BEBICOKOYACTOTHBIM EMKOCTHBIM Pa3psoM, TPOBEJeHA Ha
IKCIIEPUMEHTAIILHOM CTEHJIe Ha OCHOBE T'eHepaTropa BBICOKOYACTOTHOTO (/= 5,28 MI'm) Toka (puc. 1). Creng
OCHAIIIEH KOMIUIEKCOM M3MEPUTENIbHON anmaparypsl, 00eCIeUnBaoe KOHTPOJIb PEKUMOB 00pabOTKH.

10

Puc. 1. [lpuHuunuanbHas cxema SKCIIepUMEHTAILHOTO CTeH !
1 — BBICOKOYACTOTHBIN TeHepaTop; 2 — paspsnHas kamepa (PK);
3 1 3’ — BBICOKOBOJIBTHBI 1 3a3eMJICHHBII 31ekTposl PK; 4 — kBaprieBoe okHO PK;
5 — MHAYKIMOHHAS KaTYIIKa; 6 — KAJIOBOJIBTMETP; 7/ — KOHJICHCATOP;
8 — mosic Porosckoro; 9 — 00bekTHB; /() — CIEKTPOMETP

Fig. 1. Schematic diagram of the experimental stand:
1 — high-frequency generator; 2 — discharge chamber (DC);
3 and 3’ — high-voltage and grounded DC electrodes; 4 — DC quartz window;
5 —induction coil; 6 —kilovoltmeter; 7 — capacitor; 8§ — Rogowski coil; 9 — objective; 10 — spectrometer

OO0pa3iisl pacrioyiaranuch B paspsanoit kamepe (PK) Ha oxiaxkiaeMoM mpOTOYHOM BOJOW 3a36MJICHHOM
anekrpone 3. PaccrosiHue Mexty anekrponamu L coctaisiio 20 MM. YienbHbIH SHEPTrOBKIIAI B pa3psia ObLT
nopsiaka 1 Br/em® , BpeMsI ¢ BO3IEHCTBHSI Ha 00pasIbl 3a1aBajloCh paBHBIM 5 1 10 MHH.

CrieKTposHEPreTUYECKNE XapaKTEPUCTUKH TUIa3Mbl KOHTPOJIMPOBAJIUCH ¢ TOMOIIBIO criekTpomeTpa SL100
(cm. puc. 1, 10), OCHAIIEHHOTO PETUCTPHUPYIOIICH M3TydeHue mia3Mel apymMepHoi [13C-MaTpuieit pasmepom
256 x 256 nk. B nuanaszone miuH BoaH AL = 200—1000 HM SMHCCHOHHBIE CIIEKTPHI BO30YKAaeMOH TLIIa3Mbl
TIPEICTABIICHBI MOJICKYIIIPHBIMHE TTOJIOCAMHU BTOPOH IMTOJIOXKHUTEIBEHOH (2+) U ITepBoii oJToKuTeIpHOMU (14) crc-
TEM a30Ta, @ TAKIKE MEPBOI OTPULIATENBHOM (1) CUCTEMBI MONIEKYIISIPHOTO HOHA a30Ta NJ. AHa/Im3 IPOCTpaH-
CTBEHHBIX pactipeneneHnii maHTeHcuBHOCTel / (0 < / < L) cBedeHHs Tu1a3Mbl TTOKa3all, 4TO BO30YKIaeMbIil
pas3ps SIBISIETCS. HEOHOPOIHBIM BJIOTb MEKAIEKTPOHOTO MPOMEKYTKA L ¥ UMEET MPHUCYIIHE st O-(hOpPMBI
BBICOKOYACTOTHOTO Pa3psiia MPUAJIEKTPOAHBIE 30HbI HECKOMIIEHCHPOBAHHOTO MPOCTPAHCTBEHHOTO 3apsija.
Bun pacnipenenennii / (0 </ < L) HOCHT 3KCTpeMabHBIN XapaKTep ¢ OAHUM MaKCHMyMOM B IEHTPaJLHON 30HE
MEXDJIEKTPOTHOTO TIPOMEKYTKA.

['a30KHHETHYECKYIO TeMIeparypy miasMbl 7, ONPEEIISOLIYIO TEIUIOBbIC IOTOKH Ha IIOMEIAeMBblii B pa3-
psin oOpabaTeiBaeMblid 0Opasel, u 3G HEeKTHBHOCTH ero 60MOapANPOBKY 3apsHKEHHBIMH YaCTHLIAMH KOHTPOJIH-
POBAIIH C HCIIOJIB30BAHIEM METO/Ia SMICCHOHHOM CIIEKTpOCKONHN. 3HaueHus T, yCTaHABIIHBAIIM 110 PacIIpe/ie-
JICHUIO MHTEHCUBHOCTHU M3JTy4eHUs [ (7\.) AIIEKTPOHHO-KOIE0ATENBHBIX MOJIOC CUCTEMBI 2+ a30Ta B CHEKTpax
C HEpa3peLICHHOM BPALIATEIbHON CTPYKTYpOid. Benmunta Temieparypsl 7, B IIpejiesiaX HOrPEHOCTH ee U3-

MEpPEHUH MPaKTUYECKU HE U3MEHSIACh BOJb MEKUIEKTPOIHOIO MpoMexyTka U coctapisia =300 K. Takum
00pa3oM, MO)KHO CHHTATh, YTO PACIoJIaraBIIfecs Ha HIDKHEM 2JIEKTPOJie 00pasIibl JOMOIHUTEIEHOMY TePMHU-
YeCKOMY HarpeBy B IJIa3Me HE MOBEPTaNCh.
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Pe3yabTarsl U BX 00CyKIAeHUE

B mporiecce Bo3meHCTBUS I1a3MBbI HAOMIOMACTCS CYIIECTBCHHOE H3MEHEHNE BUIa PEHTICHOTPaMMEI (pHC. 2).
[Tpu BU3yaIbHOM CpaBHEHHHM 3aMETHO IepepacipeieieHie HHTCHCUBHOCTH JIMHUH (HanOoliee 3HAYUTEITbHOE —
y muamiA (220) u (311)). I3MeHeHne OTHOCUTENFHOW HMHTEHCUBHOCTH HHTEP(PEPEHITMOHHBIX JTMHUHA TPEICTaB-
neHo B Taom. 1.

Tabnunpa 1

H3meHeHue HHTEHCUBHOCTH HHTep¢epPeHIINOHHBIX JUHMIT HUKes, Yo

Table 1
Change in the intensity of the interference lines of nickel, %
Bpewmst 06paboTky, MUH NHTEeHCHBHOCTD
hkl 0 5 10 TabnnuHas
(111) 100 97,86 96,41 100
(200) 48,83 49,35 43,76 49
(220) 8,75 100 100 98
(311) 13,77 32,87 33,46 33
(222) 2,9 2,38 4,21 2

M3Mmenenne MHTEHCUBHOCTH MHTEP(EPEHIIMOHHBIX JIMHUN PEHTI€HOTPAaMM METaJUIMYECKUX MaTephasioB
00yCJIOBIHMBAIOT CIIEAYIONINE (GaKTOPHI: N3MEHEHHNE YPOBHS MUKPOHANPSKEHUH 1 pa3MepoB OJIOKOB KOTE€PEHT-
HOTO paccestHus, 00pa3oBaHue Je(EeKTOB YIAKOBKH, a TaKKe TeKcTypa [14]. MukpoHanpspKkeHus, Kak MpaBH-
JI0, BIUSIOT HA TTapaMeTp KPUCTAJUINYECKON PEIIeTKN M yIIUPEeHne HHTePPEPEHITMOHHBIX JTMHUNA PEHTIeHO-
rpaMMBbI.

[TapameTp KpHrCTaUIMYECKON PEIIETKH HE N3MEHSETCS B IIpoIiecce Bo3AeHCTByS m1a3mel (Tabm. 2). [lomy-
mprHa TuHIH (311) cHMKaeTcs, HO JaHHOE H3MEHEHNEe He3HaYNTenbHO. Tak kak nmomymupuna quauu (311)
TanoHa cocrapiser 5,68 - 107 pax, mpoBecTH pacder GU3MUECKOTO YIIMPEHHS JTHHUM HE MPEICTABISIETCS
BO3MOXHBIM. TakuM 00pazoM, MOKHO CUMTATh, YTO M3MEHEHNE YPOBHS JAC30PUEHTUPOBAHHBIX MUKPOHATIPS-
JKEHUH B IIPOLIECCE BO3ACHCTBUS HU3KOTEMIIEPATYPHOH TUIa3Mbl HECYILIECTBEHHO.

Kax Oputo mokazano B pabote [16], BenmndyrHa OIOKOB KOT€PEHTHOTO PACCESTHHS 3JIEKTPOIUTHUECKOTO
HUKEJA He MPeTepreBaeT CyIIeCTBEeHHBIX N3MEHEHUH U TIO9TOMY Tak)Ke He BHOCHUT BKJIaJ B M3MEHEHHE WH-
TEHCUBHOCTH JUHHUNA. OTCYTCTBHE N3MEHEHHUH YPOBHS MUKPOHAIPSKEHUH TOATBEPIKIAIOT U PE3YIIBTAThI FC-
CIIEZIOBaHUSI MUKPOCTPYKTYpHl. Ha puc. 3 BUAHO, YTO MUKPOCTPYKTYpa HUKEIS TPEACTaBIeHa JBOWHUKAMHU
Pa3JIn4YHON OpPUEHTALMH, PACHONArAIOIMMHUCS BHYTPHU 3€PEH, U B IIpoliecce 00paboTKU IU1a3MON B TEUEHUE

5 u 10 MUH HEe U3MeHseTCs. s
sin 65

Jliist 0OpasioB, 00pabOTaHHBIX TUIa3MOM, COOTHOIICHHE —————
sin 6(1 )
TOBOPHT O TOM, YTO MO/ BO3JICHCTBUEM HU3KOTEMIIEPAaTypHOH TI1a3Mbl 1e()EKThl YIAaKOBKH HE 00pa3yIoTCsl.

W3MeHeHne HHTEHCUBHOCTH JIMHUH HAa PEHTITCHOTpaMMax MpHU KIacCHYeCKUX crocodax o0paboTKu CBs-
3BIBAIOT B MIEPBYIO OUYEPEb C HATMYMEM TEKCTYphl. MccienoBanne BO3MOXHON TpaHCPOPMALIUU TEKCTYPBI
IpH BO3JIEHCTBUU IIa3Mbl poBeeHO B pabote [16]. bpulto mokazaHo MoBBIIIEHHE HHTEHCUBHOCTH OpPHEH-
THpoBKH (220), YTO 03HAYAET CYUIECTBEHHOE YCHJIEHHE TEKCTYPBI MIEKTPOJIUTHYECKOro ocaxkaenus. [Ipn
TaKOM YPOBHE U3MEHEHHSI OPHEHTHPOBOK TEKCTYPBI CIIEI0BAIIO ObI OKUIaTh 3HAUUTEITBHOTO M3MEHEHHU ST MUKPO-
CTPYKTYpBI. YCHIIEHHE TEKCTYPBI AJIEKTPOIUTHYECKOTO OCAKICHUSI HE MOXKET OBITh CBA3aHO M C TIPOLIECCAMU
YIPOYHEHUS] MM Pa3ylpPOYHEHHS 3a CYET U3MEHEHHS JIUCIOKAIIMOHHON CTPYKTYPBI, MOCKOJIBKY 9TO TaKKe
OTPa3mIOCh ObI B MI3MEHEHHUH BEJIMUMHBI MUKPOHANPsDKCHUH. BHOCHMBIE TI1a3MOH H3MEHEHHST KOHIICHTPUPY-
IOTCSl Ha MacIITaOHOM ypOBHE, HAMHOTO MEHBIIIEM, YeM pa3Mep OJIOKOB KOI'€pEHTHOTo paccesHus [16].

W3 naHHBIX, IPEACTaBICHHBIX B TA0M. 2, BUIHO, YTO CYIIECTBEHHO U3MEHSIFOTCSI MAKPOHAIIPSHKEHHMSI, & TAKKE
CTaTHMYECKHE CMEIICHHSI aTOMOB U3 MOJIOKCHUI paBHOBecHs. MakpoHarpsHKeHHs B TIporiecce 00paboTKH CHU-
JKAIOTCsI IO a0CONTIOTHOW BENMWYMHE. B HCXOTHOM COCTOSTHIY B HUKEJIEC TIPUCYTCTBYIOT HATIPSDKEHUS PACTSKEHHS,
a IIPpY BO3/ICHCTBHH TIJTa3Mbl (POPMHUPYIOTCSI HAIIPSKCHUSI CHKATHSL.

Crarnveckne CMEIICHHUSI aTOMOB M3 TTOJIOXKEHUSI pAaBHOBECHSI TAK)KE CHUXKAIOTCSI B pe3ysibrate 00paboTKHy,
YTO TOBOPHUT O COBEPIICHCTBOBAHMH KPUCTAJUINYECKON PElIeTKH HUKeNs (cM. Tabm. 2). Mi3MeHenue crarnde-
CKUX CMEUICHUH 10]] BO3ICHCTBHEM HU3KOTEMIIEPATYPHOH T1a3Mbl HAOMIONANOCH B JaTyHu U Meau [17; 18].

TaKXe 0CTaeTCsl HeM3MeHHbIM [16]. D10
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THKOB obmas

Puc. 2. PeHTTeHOTpaMMBbl 00pa3IoB IMOce 00PadOTKH IITa3MOM:

a — UCXOJIHOE COCTOsIHUE; O, 6 — 00padoTKa ma3Moil B TeueHne 5 u 10 MUH COOTBETCTBEHHO
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Fig. 2. X-ray diffraction patterns of samples after plasma treatment:
a — initial state; b, ¢ — plasma treatment for 5 and 10 min, respectively
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Tabonuma 2

V3MeHeHHe MapaMeTpa KPHCTAIHYECKOli pelieTKH, NOJYIIMPUHBI HHTepdepeHHOHH O
JIMHUHU M HATPSIZKEHHOT'0 COCTOSIHUS 3JIEKTPOJUTHYECKOT0 HUKeJIS 10c/Ie BO3AeHCTBUS MIa3Mbl

Table 2
Changes in the crystal lattice parameter, the half width of the interference line
and the stress state of electrolytic nickel after exposure to plasma

Bpems [Tapamerp HOJIyHII/IpI/IHéi.SJ'II/IHI/II/I Maxponanpsienne, TTla Crarugeckoe
00pabOoTKH, MUH pEIeTKH, HM (311)y;, 10~ pan CMEIICHUE, HM

0 0,3520 7,26 0,47 0,009 94

5 0,3522 4,42 -0,1103 0,006 62

10 0,3522 4,50 -0,1103 0,003 74

Puc. 3. CtpykTypa 00pasiia B HICXOHOM COCTOSIHUH (@) B TIOCiIe 00pabOTKU TUIa3Moit
B TeueHue 5 MuH (6) u 10 muH (8) (mpunenabHas Metaiorpadus)

Fig. 3. The structure of the sample in the initial state (a) and after plasma treatment
for 5 min (b) and 10 min (c) (sighting metallography)

Cornacho [19] Ha HCKa)KEHUS KPUCTATUITMUECKON PEIIETKU IPUXOAUTCS OCHOBHAS YACTh DPHEPTUH OCTATOU-
HBIX HanpspkeHuit (98—99 %), ToKaTM30BaHHBIX OKOJIO IPaHHUIl (HanpshkeHust 3-ro poaa). O0macTh KOHIIEHTpA-
[[UU TAKUX HAIPSDKEHUH JIOCTUTAET HECKOIBKUX JIECATHIX OT MEKATOMHOTO PACCTOSIHUS. VICKaXKeHHs perier-
K{, B OTJIMYME OT TEIUIOBBIX KOJICOAHU, KOTOPBIC SBIISTFOTCS IMHAMUYECKHUMH, OCTAIOTCSI HSU3MEHHBIMU, T. €.
CTaTUYCCKUMHU.

CwMerieHns aTOMOB U3 MOJIOKEHHS paBHOBECHS! (MJIM HAPSKEHUsI 3-TO POAA) BBI3BIBAIOT YMEHBIIIEHHUE OT-

. . . 0
HOCUTCJIbHOU MHTCHCUBHOCTHU JIMHUU PCHTTCHOI' DAMMBI, 0co0eHHO Inpu OOJIBIINX 3HAYCHUSIX Sll’lx (7\. — AJIn-

Ha BOJIHBI PCHTTCHOBCKOI'O I/I3J'IylleHI/I$I). Hx BausHME HAa MHTCHCUBHOCTH AQHAJIOTHYHO BIMSHHIO TCILUIOBBIX
koseOanuii. Ho ecim TemnoBwle KojieOaHUsI aTOMOB YCPEAHAIOTCSA BO BPEMCHHU, TO CTATUYCCKUC CMCUICHUA
aTOMOB — IO BCEM SYCHKaM KpucTtajjia. CraTuyeckue MCKaKCHUS KpI/ICTaJ'IJ'II/I‘-IeCKOI\/'I PCUICTKU OKAa3bIBAOT
CYHI€CTBCHHOC BJIMSAHNUEC HAa HCKOTOPLIC (1)I/I3I/IquKI/Ie 1 XUMHYECKHE CBOMCTBA MaTepuaos.

O)IHI/IM nus3 HaHpaBJ'IeHI/Iﬁ z(am)Heﬁme I/ICCJ'ICI[OBaHI/Iﬁ MOXET OBITh YCTAHOBJICHUEC CBA3U MCKIY YPOBHEM
MaKpOHaHpH)KeHI/Iﬁ U BEIMYUHOMN CTAaTUUECKUX CMeHleHI/Iﬁ npu BO3I[CI710TBHI/I HI/ISKOTeMHepaTypHOﬁ IJIa3MbI.
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3aKjaoueHune

1o pesynbraTam MpOBEAEHHOTO UCCIEA0BAHUS MOXKHO CJIEIATh CIEAYIOIINE BEIBOABI.

1. IIpu BO3IEHCTBUN HU3KOTEMIIEPATYPHON HEPAaBHOBECHOM BO3AYLIHON MJIa3Mbl OTMEUYAETCS CYLIECTBEH-
HOE IepepacipeesieHue UHTEHCUBHOCTH JIMHUWA PEHTIEHOTPAMMBI.

2. Habnronaemple Ha pEHTIEHOIPpaMMax W3MEHEHHUS HE CBSI3aHbl C U3MEHEHNUEM YPOBHS MUKPOHAIPSHKCHUH.

3. BHOCHMBIE TI1a3MO¥ M3MEHEHHs 00YCIIOBIICHBI N3MEHEHHEM YPOBHS HANPSDKEHUH 3-10 poma (cTaTude-
CKUX CMEIICHUH aTOMOB U3 MOJIOKEHHs PABHOBECHS).
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TPAHCITOPTHEIE CBOMCTBA PEHIETOYHOI'O ®AIOUAA
C SALR-ITOTEHIIMUAAOM HA ITAOCKOU KBAAPATHOU PEIIETKE

A.TI. TPOJAY, P. H. JACOBCKHH"

YBenopyccruii 2ocydapemeennuiii mexnonocuyeckuii ynusepcumen,
yi. Ceeponosa, 13a, 2200006, e. Munck, Berapyco

HccnenoBanbl TPAHCIIOPTHBIE CBOWCTBA PELIETOUHOrO (JIFOH/a ¢ MPUTSDKEHUEM ONIMKAMIIIMX COCeel U OTTAIKUBA-
HHUEM TPEThUX COCE/ICH Ha KBaJPATHOMN peleTke. BhIMOIHEHO KOMITbIOTEpHOE MojiearpoBanue Tuddy3noHHOTO mpolecca
B YKa3zaHHOU cucteme 1o Metony MonTte-Kapio. BersiBnens! koaddurmentsr kunerndeckoit auddysmm u camoanddy-
3un. M3yueHa 3aBUCUMOCTb K03 dHLneHTOB Tu(dy3un 0T KOHIIEHTPALMK TPUMECHBIX YaCTHI U TapaMeTpa B3auMoJIei-
ctBHs MojienH. OnperniesieHa SHeprusl akTuBanuy KuHerndeckoi quddysun n camonuddysnu. [Tokazana BO3MOXKHOCTh
oleHKH Kod(durmenTa kuneTnaeckoi A y3un pemeToyHoro (uronaa ¢ KOHKYpPHPYIOIUMH B3aUMOICHCTBUSIMY C I10-
MoIIbi0 cooTHOMIeHUs JK1aHOBa Ha OCHOBe HH(OPMAIMK O PABHOBECHBIX CBOWCTBAX CHCTEMbI M Kod(durmenre aud-
(by3un IEHrMIOPOBCKOTO (HEB3aMMO/ICUCTBYIOIIET0) PEIIETOYHOrO ra3a. B nanpHeneM mpe/nonaraeTcsi HCIoib30BaTh
MOJTyYeHHBIC PE3YJIbTaThl ISl UCCIIEIOBAHHS TPAHCIIOPTHBIX MPOLIECCOB B MPOCTPAHCTBEHHBIX PEIIETOYHBIX CHCTEMaX,
MIPUTOIHBIX ISl OMIMCAHMsI TIEPEHOCA MACChI MK 3apsijia B 00beMax TBEp/IbIX Tell.

Kniouessle cnosa: pemetounslii (Giions; KBaspaTHas pelieTka; KOHKypupyomue B3anmoneicteus; SALR-moreniman;
anroput™ Monte-Kapio; koadpdurmenT muddys3un; sSHeprus akTHBAIHH.

Brazooapnocme. 1lyGnukaiius COREPKUT pe3yJIbTaThl HCCIECAOBAHUM, BHITIOIHEHHBIX TIPH IPAHTOBOM MOJICPKKE HAY-
HoH nporpammel EBpocorosa «l'opuzont-2020» (mpoext Ne 734276) u Munucrepcra odpasoBanust Pecryonuku benapyce.

TRANSPORT PROPERTIES OF LATTICE FLUID
WITH SALR-POTENTIAL ON A SIMPLE SQUARE LATTICE
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*Belarusian State Technological University, 13a Sviardlova Street, Minsk 220006, Belarus
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The transport properties of the lattice fluid with the attraction interaction between the nearest and repulsion interac-
tion between the next-next-nearest neighbours on the square lattice are investigated. Computer simulation by the Monte
Carlo method of the diffusion process in the specified system has been realised. The jump and tracer diffusion coefficients
were determined. The dependence of the diffusion coefficients versus the concentration of adparticles and the interaction
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parameter of the model is investigated. The activation energy of jump and tracer diffusion determined. The possibility of
estimating the jump diffusion coefficient of the lattice fluid with competing interactions using the Zhdanov’s relation on
the base of information on the equilibrium properties of the system and the diffusion coefficient of a Langmuir (non-inter-
acting) lattice gas is shown. In the future, it is planned to use the obtained results to study transport processes in 3D lattice
systems which is suitable for describing the processes of mass or charge transfer in the volumes of solids.

Keywords: lattice fluid; square lattice; competing interaction; SALR-potential; Monte Carlo simulation; diffusion coef-
ficient; activation energy.
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BBenenune

Juddysust — onuH U3 BaXHEHIIINX MEXaHU3MOB MacCONepeHOCca B TBEPJIBIX TENaX U Ha WX MOBEPXHOCTSIX.
Bo MHOrUX citydasx 3JeKTpOIIPOBOJAHOCTD TAKKE MOXKET OBITh H3yUeHa Ha OCHOBE TpescTaBieHnii o auddy-
3uM 3apsokeHHbIX gacTull [ 1]. Takum oOpazom, koaddurmenTs! qudGy3un IBISIOTCS BaXKHEHIIIMU HEpaBHO-
BECHBIMH XapaKTEPUCTHKAMHU CHCTEM.

Omnwmcanue nporecca MaccolepeHoca B paMKax MOJICIH PEIIETOYHOTO (iIrfoua CTAaHOBUTCS BO3MOXHBIM
IIPY BHITTOJTHEHNH JIBYX ycIOBUH. [IepBoe U3 HUX COCTOWT B CYIIIECTBOBAHHU B CHCTEME JIBYX XapaKTeprCTHYe-
CKHX BPEMEH /, U t,, ONIPEICIIIONINX MEPHOJ] OCEUION KU3HH YaCTUIIBI B HEKOTOPOM ITOJIOKCHUH, B TAJIbHEH-
1IeM Ha3bIBAEMOM PEUICTOYHBIM y3JIOM, M YaCTOTY KOJIeOaHWH YaCTHIIBI B ATOM TOJOKEHUH COOTBETCTBEHHO.
ITpu 3TOM /TS yKa3aHHBIX BpEMEH 00s13aHO BBITIOJTHATHCS YCIOBUE ¢, >> £,. Bropoe ycioBue 3akiodaercs B Tpe-
0OOBaHUH MAJIOCTH BO3JICHCTBHS MUTPUPYIOIIMX YACTHIl HA YaCTHIIbI, (POPMHUPYIOIINE PEIICTOUHYIO CTPYKTYPY.
DakTHYECKH POJb MOCIEAHUX COCTOUT TOIBKO B 00Pa30BaHUU 3TOH CTPYKTYPBI, T. €. MPO(UIIS TOTEHIMAIBHOMH
9HEPIUH, M0 KOTOPOH MOTYT IBUTATHCS IPyTHE YACTHUIIBI, YACTO Ha3bIBAEMbIE TIPUMECHBIMU (adparticles).

KoadhdpurmenTs! muddy3un B3anMoaeHCTBYIOINX CITIMHOB B Mojienu Mi3nHTa paccMoTpeHs! B pabortax [2—-5].
B nanpreiniem [6; 7] Ha ocHOBE TOTY()DEHOMEHOIOTHYECKOTO TT0IX0/1a OblTa BBEJCHA CPEIHSSI BEPOATHOCTH
MePECKOKa YaCTHIIHI B COCCTHHUH Y3 1 MOIYUCHO aHATUTHIECKOE BRIpakeHHE s Koddhunmenta auddy3nu
B3aMMOJICHCTBYIOIIETO PELIETOYHOTO (IIIOH/IA.

[Ipumenenne KBa3uMpaBHOBECHON (DYHKIIMM pacrpepeseHHsl HETTOCPEICTBEHHO ISl PEIICHUs] OCHOBHOTO
KHHETHYECKOTO YPaBHEHHSI PEIIETOYHOTO (IIFOM/Ia TTO3BOJIMIIO BEIBECTH MPOCTOE BEIPAKEHUE IS CPEIHEH
YaCcTOTHI IIEPECKOKA YACTHII, COIEPIKAIIEee TOIBKO PABHOBECHBIE XapaKTEPUCTHKH PEIIETOUHOTO (ITIOW/Ia U Be-
POSITHOCTP TIEPECKOKa B Tpenelie MajJblX KOHIeHTpanui [8]. B mampHEHIIEM TOMyIeHHBIN pe3ynbTaT ObLI
000011eH Ha cirydail TyHHENbHOH muddy3un [9] n muddy3nun ¢ yaeTom mepexomoB 9acTUIl MEXIY Y3JIaMu, He
SIBIISTFOIIMMIECST Omrkadumu cocemsmu [10; 11].

Nzyuenne muddy3nOHHBIX CBOMCTB PEMIeTOYHOTO (pIrouaa Ha KBaJpaTHON pEIIeTKe MPH Pa3INnIHBIX TH-
Tax B3aUMOACUCTBHUS OMDKANIIINX coceiel OBIIIO BEITIONHEHO B IMUKIIE padoT [12] ¢ MOMOIIBI0 KOMIIBIOTEPHOTO
MOJETTUPOBAHNS YKa3aHHBIX cHCcTeM 110 MeToxy Monte-Kapio (MK-monenupoBanue).

Bospocmmii mHTEpEC K H3y4EHUIO MPOIECCOB CAMOOPTAHU3AIMN H CaMOCOOPKH B HAHOPA3MEPHBIX CHUCTE-
Max ¥ BO3MOKHOCTh MIX OITMCAHUS B paMKaX MOJIENIN PEIIETOUHBIX (PIIOUA0B C KOHKYPUPYIOIINMHU OTEHITHA-
JaMHU MEKJIaCTHYHBIX B3amMmoaecTBuil (momenut SRLA (short range repulsion long range attraction) m SALR
(short range attraction long range repulsion)) [13—20] nemaroT akTyaJIbHBIM HCCIIEAOBAHUE UX TPAHCTIOPTHBIX
XapaKTEepUCTHK. B 4aCTHOCTH, OT/IENBHBIN HHTEPEC MPEACTABISIET N3yYeHNE BO3SMOYKHOCTH OIIPEIENeHHUS KO-
s punmentoB nuddy3un pemeTodHsx cucteM ¢ SALR-oTeHIIHAaIOM ¢ TTOMOIIBIO COOTHOIIEHUS JKmanoBa
Ha OCHOBaHWHU WH(POPMAIINN O PABHOBECHBIX XapaKTEPUCTHKAX TAKUX CHCTEM. YCTAHOBIIEHHE ITHX XapaKTe-
PHUCTHK JIOITYCKAeTCsI B paMKaxX MPENIOKEHHOTO aBTOpaMH paboThl KBA3UXMMHYECKOTO TPUOIMKEHHUS.

Mogeab pemieTo4HOro uironga
U METO/IbI €€ TEOPETHYECKOT0 HCCJIeTOBAHNS

Aaroputm MoaeaupoBanus 1@ Py3noHHOro npouecca B peuierodnoM ¢uironne. PaccmarpuBaemasi Mo-
JIENb TIPEIICTABIIET COOON PEIIECTOUHBIN (DIFOMI, COCTOSIIINN M3 7 YaCTHI] Ha TUTOCKON KBaJpaTHOHN peIeTKe,
conepraien N pereTouHbix y3m0B. Kaxibli U3 TaHHBIX PEHIETOYHBIX Y3JI0B MOXKET HAXOJAUTHCS B OJHOM M3
JIBYX COCTOSTHHH — OBITh 3aHATHIM YaCTHIICH JINOO OBITH BAaKAaHTHBIM. 3aHATHE PEIICTOTHOTO y3Jia OoJiee ueM
OJTHOM YacTULEH CUUTAETCS HEBO3MOKHBIM.

[TockonpKy B HacTOsIIEH paboTe pacCMaTpUBAIOTCS TPAHCIIOPTHBIE TPOIIECCHI, IPOUCXOIAIINE B PEIISTOY-
HOM (TrorIe, a IMEHHO TIporiecchl nuddy3nn u camonudy3nn B HeM, YaCTHIIBI, 3aHUMAIOIITHE PEIICTOTHBIC
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Y3761, MOTYT COBEpIIaTh TEPMOAKTHUBUPOBAHHBIE TIEPEXO/IBI U3 3aHATOTO y3JIa B OJIMH M3 BAKAHTHBIX Y3JIOB-
cocesieil B paMKax MepBOil KOOpAMHAIIMOHHOHN cdeprl. bonee manekue mepexoasl YaCTHIl CIUTAIOTCS HEBO3-
MOKHBIMHU.

Hapsay ¢ Temneparypoil BEpoSITHOCTh COBEPIICHHS YaCTULIEH Mepexo/ia MEeKy PelIeTOYHBIMU y3lIaMu
3aBHCHT OT SHEPTUHU B3aUMOJCHCTBHS MEXK/Ty YaCTHIIAMHU.

PaccmoTrpum cuctemy, B KOTOPOI YaCTHUIIBI, 3aHUMAIOIINE ONVKANIINE PEIIeTOYHBIE Y3IIbI M Y3JIbl, SBIISIO-
LIMECS. COCEASIMU TPETHErO IOPSIKA, B3AUMOICHCTBYIOT JPYT C IPYyroM. DHEPruM B3aUMOACHCTBUN PaBHBI J,
u J; coorsercTBeHHO. IIpn 5TOM Mosnoxum, uro J; < 0, a J; > 0, 4To 03HauaeT NpUTHKEHHE ONMKaNIINX CO-
ceneit 1 oTTankuBanue TpeThux (SALR-Momens).

[To ananoruu c padoroii [18], B koTopoii ObLIM U3yUEHBI pABHOBECHBIE CBOMCTBA ONMMCAHHONW MOJAEIH, TPU-
Mem, uto J; =—JuJy;=J"J, tne J = 3. [Ipu 5TOM B CUJTy T€OMETPHH PACCMATPHBAEMOM CHCTEMBI Z; = z3 = 4,
e z;, — k-e KOOpAMHALIMOHHOE YUCIIO, T. €. YUCIIO Y3JIOB-COCEIEH A-I0 MOpsi/iKa K KaKAOMY PELIETOYHOMY Y3IIy.

KomribroTepHoe MOETMPOBaHUE TPAHCIIOPTHBIX MPOIIECCOB B UCCIEAYEMOM PEIIeTOYHON CUCTEME 10 Me-
Toxy MonTe-Kapiio MojkeT ObITh BBITTOJIHEHO B paMKax CTaHAAPTHOTO anroputma Metpomnonuca [21], mpume-
HEHHUE KOTOPOI'0 K MOJICIIH PEHICTOUHOr0 (MoK AeTalibHO omrcaHo B padore [12]. HeoOXoauMo oTMETHTS,
9TO, B OTJIMYHME OT MOJICITMPOBAHNS PABHOBECHBIX CBOICTB penreTogHoro ¢gmronaa [ 18], MogenupoBaHwe mporecca
muddy3un B HEM BeZleTc B KAHOHUYECKOM aHcaMoOi1e, T. €. IpH (PUKCHPOBAHHOM YHCIIe YaCTHIl B CHCTEME.

[IpuMeHuTENBHO K paccMaTpuBaEMOil PELIETOYHOM CUCTEME BBIUMCIUTENBHBIN aJTOPUTM MPEACTABISIET
co00ii crenyroniee: MepBOHaYaIbHO N3yYaeTCsl IPOU3BOJILHOE paclpesiesieHne HEKOTOPOTO YHCiIa YacTHIL 10
peuieTke, conepxkaeid N = L y3710B (L — TMHEHHBIN pa3Mep pemeTKH, d — pa3MepHOCTh MMPOCTPAHCTBa, d = 2
B CJTydae MIOCKOM KBaJpaTHOH pemeTkn). [Ipu mporeaype MoneanpoBaHus CIIyIaifHBIM 00pa3oM BEIOUpaAETCs
y3ell 7, 3aHAThIA yactulei. Ilocie 3Toro Takxke ciaydaiiHO ONpEAeIIsIeTCs HAPABICHUE BO3MOKHOIO IIPBIXKKA
YaCTUIBI B OJIUH U3 OV KaluX y3moB j. Eciy BTOpo#t BEIOpaHHBIN y3€I1 3aHAT YaCcTHIICH, TO TIepeXxo] YacTH-
IIbI B HETO, OYEBUHO, HE OCYIIECTBUM. TeM He MeHee MOIBITKAa TaKOTO Mepexoia yunTeiBaercs. Ecin xe on
cBOOO/IEH, TO MEPEXO]] YACTHUIIHI B HETO BBIMTOJIHSAETCS C BEPOSATHOCTHIO

_ p-1
B, =Ry exp(BJ[3s; - 5,]); (1)
rae £y — HOpMHUPOBOUHBIH KOA((UIIMEHT, CMBICIT KOTOPOTO 3aKII0YaeTCs B TOM, YTO BEPOATHOCTh IS Hau-

. -1
OoJiee IHEPrETUIECKH BBITOIHOTO MEPEX0jia YacTUIbl TPUHUMAETCS paBHOM 1; B = (kBT ) , kg — moctosin-

Has bonbimana, 7' — Temmeparypa; s; U §; — YUCIO ONMKalIMX cocelei U coceel TpeThero nopsaka Amis
YacTHIIbl, HaXO[slIelicd B HauyalbHOM y3JIe, COOTBETCTBEHHO. OUEBHHO, YTO B pacCMaTpHUBAEMOM CiIydae

= exp(z3BJ J ) = exp(lZBJ ) [locnennee BbIpaskeHHE OTpaXkaeT (PU3MUECKYIO0 CUTYAIUIO, TPH KOTOPOH 3aHs-

ThII YaCTHIIEH y3ell He UMEET OJIMKaNIINX COCeIeH, a Y3IIbI-COCEIU TPETHETO TOPSIIKA ITOJTHOCTHIO 3aIIOJTHEHBI.

BeraucieHHas CONTACHO COOTHOLICHHUIO (1) BEPOSTHOCTH F; COMOCTABIISIETCS CO CITyYaiiHbIM YUCIOM b, U3
nuarasona [0; 1]. ITpu stom ecnu B, < F;, T0 IIepexoji CYUTACTCs NPOU3OLICAIINM, B IPOTHBHOM CllyYae U3-
MEHEHUS COCTOSIHUSI MOZICTIUPYEMOM CHCTEMbI He TpoucxoauT. [loBTopeHue naHHoi poueaypsl 7 pa3 GopMu-
pyeT oauH mar anroputma Monre-Kapio (MKII).

OnpenensgeMbIMU Ha KaJIOM I1are alropuTMa BeTMYUHAMU SBJISIFOTCS KBaJIpaT CMEIEHHUs LIEHTpa Macc CHC-
TeMbl IPUMECHBIX YaCTHUI] U CPETHUH KBaJpaT CMEIIEHUs OTAEIbHOM YacTHIIbI.

B npencrapnenHoii pabote i1 MOIeNIUpoBaHus TUQQy3UOHHBIX MPOLECCOB MPUMEHSIIACH PelIeTKa, Co-
nepxamas 32° = 2'° permerounsix y3mos. 1 yMEHbIICHNS BIMSHUS Pa3MEPOB MOICIHPYEMOil CHCTEMBI HA
MoJTy4aeMble pe3ynbTaThl ObUTH HCIIOIb30BaHbI IEPHOIUYECKUE rpaHuuHbIe yeinoBus. [Ipu aToM cama npote-
nypa mojenupoBanus cocrosuia uz 80 000 MKII, u3 kotopsix nepsbie 20 000 MKII oTBOAMINCH HA SKBHITHO-
pU3alLHIO CHCTEMBI, T. €. Ha €€ NePeXo/] U3 MPOU3BOJILHO 33/1aHHOT0 HAYaJIbHOTO COCTOSIHUS B COCTOSTHUE TEPMO-
JTUHAMHWYECKOTO PAaBHOBECHS, U HE YUUTHIBAJIUCH MPH JJaIbHENIIIEM aHaIN3€ Pe3yIbTaTOB MOAEITUPOBAHMS.

VYepennenue o 1000 moryueHHBIX OMTMCAHHBIM BbILIE 00pa30M TPACKTOPHH BOIIOLUHI CHCTEMBI [TO3BOJIU-
JIO M3YyYHTh 3aBUCUMOCTb CPETHEro KBaJipaTa CMEIeHHs [IEHTpa MacC CUCTEMBI YaCTHILl U CPEIHETo KBajpara
CMEIICHHS OTACIBbHON YacTUIIbI OT BpeMeHH, n3mepennoro 8 MKIII.

AHanu3 xoza M pe3yinbTaToB MOAETUPOBAHMS MTOKa3al, 4To JUIl YCKOPEHUs Mepexofa CUCTEMBbI B paBHO-
BECHOE COCTOSIHHE MOXKET PacCMaTpPUBATHCS aIrOPUTM MOJECITUPOBAHUS, JOYCKAIOIIUI Ha dTare SKBHIHNOpH-
3alll1 CUCTEMBI ITEPEXO0 bl YACTHIL B CKOJIb YTOJHO AAJIEKHE PEIIETOYHbIE Y3IIbI.

AHajquTHyecKas oueHKa Kod(pPuuuenTa kuneTndeckoii 1udppy3uu pemerounoro gparonaa. Panee
B pabore [22] mpe/yiokeHa 0011asi TeOpHUsi TPAHCIIOPTHBIX MTPOIECCOB B PEIICTOYHBIX CUCTeMax. B uactHOCTH,
YCT@HOBJICHO, YTO IIPU PACCMOTPEHUH MOJIEITH PEIIETOYHOTO (MIItona, B KOTOPOM pa3pelieHbl epexo/ibl yac-
THUI] TOJILKO B MpejesiaX MepBoi KOOPIAUHAMOHHOHN cephl, U MpeHeOpeKEHNH BIUsSHIEM d(PPEKTOB TaMsITH
JUISL OLICHKH KOA(PQHUINEHTa KHHETUIECKON TU(PYy3ur MOXKET HCIOIb30BaThcsl cooTHOIeHue JKaHosa [8].
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C ero nomonibio ko3(pureHT knHeTHIecKoi quddy3un uccienyeMoii cucteMsl D, onpeaensercs uepes3 Kodg-
¢uent quddy3un HeB3aNMOACHCTBYIOIIETO (JISHTMIOPOBCKOTO) PEIIETOYHOTO ra3za D 1 paBHOBECHbIE Xapak-
TEPUCTUKH MOJIEITH:

D, =D,

%[B“]F(o; 0), @)

Iac I.,L, cHu F(O, 0) — PaBHOBCCHBIC 3HAYCHUA XUMHNYCCKOI'O IMOTCHIMAJIa, KOHICHTPALKU YaCTUIL] U BEPOATHOCTHU
JIBYM OJIMKAaWTIINM PEIICTOYHBIM y3J1aM ObITh BAKAHTHBIMH COOTBETCTBEHHO.

B cBoto ouepenp, korddunment nud@y3un JISHTMIOPOBCKOTO PEIIECTOYHOTO T'a3a HE 3aBUCUT OT KOHIICHT-
paIiy YacTHUIl U OMPEACIIIETCS MPOCTBIM COOTHOIICHHEM [23 ]

zwa’
2d

IJ€ z; — YUCJIO OMMKAMIINX COCETHHUX Y3JIOB (z; = 4 A IUIOCKOM KBaJpaTHOW PEIIETKH); W — BEPOSATHOCTh
MIPBDKKA YaCTHULBI B CBOOOTHBIN COCETHUI Y3€J; ¢ — PAacCTOSHUE MEXKAY Y3JdaMU PEIIeTKH (AJHMHA HPbDKKa
4acTullbl); d — pa3MEpHOCTb NpocTpaHcTBa (d = 2 115l IVIOCKUX PELIETOK).

Bxonsiue B cootHomenue (2) paBHOBECHBIE XapaKTEPUCTUKHU MOJEIN MOTYT OBITh ONpe/iesieHbl, Hallpu-
Mep, B paMKkax kBazuxumudeckoro npudmmxenus (KXIT) [18; 24; 25]. B pamkax 1aHHOTO TOAXO0AA ¢ y4€TOM
BO3HHKHOBEHHSI B CHCTEME IPU HU3KHX TEMIIEparypax YHOPSIOYEHHBIX COCTOSHUM [18] pasauyHbIX THIIOB
CBOOO/IHAS SHEPTHs CUCTEMbI IPUHUMAET BHU]L

F(c, ) 2 ( (f—scz)—zzlln)(,.)—

D, =

5

—k7Tz3(an”Zv+cln§§ )+k—6 21 G +§c z31n2—" : 3)
i=0 v

e kg — nocrosiHaast bosbimana; T — temieparypa; ¢, ¢, i O¢ — KOHIEHTPAIUK JaCcTHI], BAKAHCHI U rapa-
METp TOPSIJIKa CUCTEMbI COOTBETCTBEHHO. Bee MHbIE BETMUMHBI, BXOAAIINE B COOTHOIIEHNE (3), Ipe/ICTaBIeHbI
ypaBHeHusIMH (4)—(8)

c=c,c=1-c (4)
W =exp A , Q=exp _ , (5)

kgT kgT

2
) ) Sl Sl

= =+ —W, X =.|C +_, X = X 5 6
n 2, 2, ) 0 (U 1= N4y (6)

2
¢ :_cl—coi2950+ ¢ — ¢y £ 2Qdc +cli6cQ )

p(v) 2((:0 ¥ 50) 2(00 ¥ 50) ¢y F Oc ’

¢ £ &c
ZyZP =cy F 8+ L——.

(8)
‘t’p(V)

OTMeueHHBI# BBIIIE TapaMeTp MopsiaKa Oc¢, ONPEASTISIONIHIA TOIPEIIETOYHY0 CTPYKTYPY MOJIEIH P HU3-
KUX Temreparypax [18], MokeT ObITh HalIeH U3 YCIOBHSI SKCTPEMAIbHOCTH CBOOOIHON SHEPTUH

oF
ddc¢
WJIM SKBUBAJIEHTHOTO €MY YCIIOBHS paBEHCTBA XMMHUYECKHUX IMOTEHIIMAJIOB Ha MOJpEIeTKaX.

[ocne onpenenennst cBOOOAHON SHEPTUH PELICTOUHON CHCTEMBI MOTYT OBITh BBIYMCIICHBI JTIOOBIE €€ PaBHO-
BECHBIC XapaKTEPUCTUKU. B yacTHOCTH, IpeCTABIAIOIINE HHTEPEC B TaHHOH paboTe XUMUYECKHIA MOTEHIIHAT
pemeToyHoro (UIonaa U BEpOITHOCTD OMMKANIINM PELIECTOYHBIM Y371aM ObITh BAKAHTHBIMH PACCUUTHIBAIOTCS
1o ¢popmyiaam

J(BF 1 oF
Bu = 9(BF) , F(0;0)=1-2c+=| —
dc ). 2\ dJ; ),
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Takum 00pazoM, coueTanue cooTHomeHUs JKIaHOBA U KBa3UXUMHUECKOTO MPUOIFIKEHHUS 1aeT BO3MOXK-
HOCTh OLCHUTH K0d(UIMEeHT KuHeTndeckoi aupdys3un. B nanpHeleM mogydeHHbIe ¢ €ro TOMOIIBIO pe-
3yJBTaThl OYIyT COMOCTABIICHBI C JAHHBIMU MIPSIMOTO MOJETUPOBaHus 1] (y3HOHHBIX TPOLECCOB B PEIICTOY-
HBIX CHCTEMaXx.

Pe3yabTarhl U MX 00CyXKIeHUE

Koappunuent kunernueckoid nuppy3uu. Ha puc. 1 npencrabiieHbl 3aBUCUMOCTH OT BPEMEHH, U3Me-
pennoro B MKILI, u cpenHero kBajpara cMeIIeHHs IEHTPa Macc aHCaMOJIsI IPUMECHBIX YaCTHUIL, OJTyYeHHbIE
[PH Pa3INYHbIX BEIHYHHAX MAapaMeTpa B3auMOICUCTBUs 3J M KOHIIEHTPAIMU IPUMECHBIX YaCTHIL ¢. AHAITU3
9TUX 3aBUCUMOCTEH MO3BOJISIET C/IENIaTh BBIBOJ O TOM, YTO IPH JIIOOBIX 3HAYCHHUAX MTapaMeTpa B3auMOIEHCTBUS
Y KOHIIEHTPALUU MPUMECHBIX YaCTHUI pacCMaTpuBaeMasl 3aBUCUMOCTD SIBJISIETCSL C BBICOKOW CTENEHBIO TOY-
HOCTH NMHEHOH. CieroBaTeNbHO, €€ ammpOKCHMAIIHS TIO3BOJISIET ONPEAeTUTh KOd(D(MOUITMEHT KHHETHYECKON
¢ dy3un CUCTEMBI.

Ha puc. 2 npu pa3ianvHbIX 3HAYEHUSAX Mapamerpa B3auMoaencTsus [J (TeMmeparypbl) MOKa3aHa 3aBUCH-
MOCTB ITOJYYEHHOT'O OMMCAHHBIM BbIIIE CIOCOO0OM K03 duienTa KuHeTnIeckor quddy3nn OT KOHIIEHTpa-
LMY IPUMECHBIX YacTull. Ha 3TOM e puCyHKe MPOBOJUTCS CPAaBHEHHUE JAHHBIX MPAMOT0 KOMIIBIOTEPHOIO
MojenpoBanus audQy3noHHOTO TIpoliecca ¢ pe3yabraTaMy HCIIONb30BaHMs COOTHOIIeHHs JKnaHoBa B co-
YeTaHWU C KBa3UXUMUYECKUM MPUOIIKEHUEM.

[IpoBeneHHOE comoCcTaBIeHNE PE3YIETATOB AHATMTHYECKUX PACUETOB M TAHHBIX MOAEIMPOBAHHS ITOKA3aJI0,
4T0 cooTHOUEeHHE JKIaHOBa B COYETAHMH C KBa3MXUMHUYECKHM MPUOIMIKCHUEM IO3BOJISIET MONTy4Yarh aJieK-
BaTHBIC OLECHKH U1l KodduiinenTa KuHeTuueckor muddysun. C ero moMoIbio BEpHO BOCIPOU3BOISTCS BCE
OCHOBHBIE Ka4eCTBEHHbIE OCOOCHHOCTH 3aBUCUMOCTH Kod(pduuneHTa 1uddy3un oT konueHrpauuu. C xonu-
YeCTBEHHOU TOYKH 3PEHUS pa3IMyue pe3yabTaToB JIBYX MOJAXOA0B HAOIIONAETCS JIUIH B 001aCTH CYIIECTBO-
BaHUS B CHCTEME YIOPAIOYCHHON (ha3bl.

Hamnune pacxoxaenuii B pe3yasrarax JAByX MOIXOJO0B B YKa3aHHOH 001acTH OOBSACHSETCS B MEPBYIO OYe-
pelb CUIIBHBIM BIMSTHHEM (G (PEKTOB NAMSITH B YIIOPSIOYCHHOM COCTOSIHMH CHCTEMBI Ha MOABMKHOCTh YaCTHII.
B sToM ciydae mociie nepexojia 4acTHIbI B BAKAHTHBIN y3€J1 HanOoJjiee BEpOSTHBIM OKa3bIBAETCS €e 00paTHBIN
TMIEPEXOJI, YTO B [IEJIOM CHMKAET OOIIYIO MOABIKHOCTh YaCTHII H, COOTBETCTBEHHO, KO (MUIIMEHT KHHETUIECKON
nmuddy3un paccMaTpUBaeMO MOJIEIH.

3aBUCUMOCTh KMHETHYECKOTO Kodddunmenta muddy3nn oT oOpaTHOW TeMIlepaTyphl IpeacTaBiIcHa Ha
puc. 3.

700 T T T T T T T

600 - .

500 - —

400 - -

300 - b

200 | —

CpenHuii KBaJpar CMELICHHs LIEHTPa
Macc CHCTEMbI ITPUMECHBIX YaCTHUI]

100 3

O 1 1 1 | 1 1 1 =
50 000 100 000

Bpewms 8 MKII

Puc. 1. 3aBUCHMOCTb CpPEIHEr0 KBajpaTa CMEIIEHHUS LIEHTPa Macc
CHCTEMBI IPUMECHBIX YaCTHI[ OT BpeMeHH, u3mepenroro B MKIII,
npu ¢ = 0,8, BJ=0,81875 (kpusas I); c=0,5, BJ=0,54583 (2);
¢=0,3, BJ=0,62381 (3) u pe3ysabTarhl €€ JIUHEHHOMN aANMPOKCHMAIINH
Fig. 1. The mean square displacement the center of mass of the systems of adparticles
versus time (in MC steps) at ¢ = 0.8, BJ=0.81875 (line 1); ¢ = 0.5, BJ=0.54583 (2);
¢=0.3, BJ=0.62381 (3) and results of its linear approximation
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KOHL[CHTpaL[I/IH HNPUMECHBIX 4aCTUL, ¢

Puc. 2. 3aBucumoctb K03 pHuLHeHTa KHHETHIeCKor Tuddy3nu
pereTouHoro (GIrouIa OT KOHIEHTPAIUH IIPUMECHBIX YaCTHUII
npu BJ = 0,81875 (xpusas /); 0,68947 (2); 0,623 81 (3); 0,54583 (4) u 0,327 5 (9).
Toukamu npexcrasiensl nanaeie MK-MoznenupoBanus,
CIUTIOLIHBIMY JIMHUSIMH — PE3YJIbTaThl aHATUTHYCCKUX PACUETOB
B COOTBETCTBHHU C cooTHOeHHeM (2) B couetannu ¢ KXI1

Fig. 2. The jump diffusion coefficient of lattice fluid versus
concentration of adparticles at fJ=0.81875 (line 7);
0.68947 (2); 0.623 81 (3); 0.545 83 (4) and 0.3275 (5). Solid points
are represents MC simulation data, solid line — results of analytical
calculation in accordance with expression (2) together with the quasi-chemical
approximation for calculating equilibrium properties
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Puc. 3. 3aBucuMocTs Jorapudma kodpunuenTa KHHeTHIecKor 1uddy3nun pemeroqHoro Gprronaa
oT oOparHoii Temneparypsl pu ¢ = 0,2 (xpuBas /); 0,4 (2); 0,6 (3) u 0,8 (4).
Toukamu npezcrasiensl pesynsrarsl MK-Moznenuposanus,
IYHKTHPHBIMH JIMHUSMH — PE3YJIBTAThl HX JIHHEHHOW alpOKCHMAIINH

Fig. 3. The logarithm of jump diffusion coefficient of lattice fluid versus
inverse temperature at ¢ = 0.2 (line 7); 0.4 (2); 0.6 (3) and 0.8 (4).
Solid circles are represents MC simulation data, dash line — results of their linear approximation
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B 1ienoM MOXXHO yTBEp»K/IaTh, YTO 3aBUCHMOCTH KOd(pUIMEeHTa KHHeTHYecKol auddy3un oT oOpaTHOH
TEMIIEPaTyphl ABISACTCS JIMHEHHOM. DTO 00CTOSTENBECTBO CBUICTEIBCTBYET O TAK HA3bIBAEMOM apPEHIYCOBCKOM
XapakTepe yKa3aHHOro npouecca. [Ipu 3ToM sHeprus akTuBauuy KUHETHUeCKon 1uddy3un

_dlnD,
9P
MOXeT ObITh OLPE/IENeHa [y TeM JTHHEIHOM aIpOKCHUMAIUK JaHHON 3aBHCHMOCTH.

HonyquHaﬂ ONUCAHHBIM BBIIIE CLIOCOOOM 3aBUCUMOCTD SHCPIrur aKTUBAIIUH KHHETHYECKOM ,Z[I/I(i)(i)YSI/II/I oT
KOHLCHTpPAU IMTPUMECHBIX YaCTHII IIPEACTaBJICHAa Ha pHUC. 4,

UJ=
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KonueHTpauus npuMecHbIX YacTHLL, ¢

Puc. 4. 3aBUCUMOCTb HEPrUU aKTUBALUU KUHETUYECKON
T dy3un OT KOHIEHTPALUH TPUMECHBIX YaCTHUI]

Fig. 4. The activation energy
of the jump diffusion versus concentration of adparticles

MOXHO OTMETHTB, YTO SHEPrHsl AKTUBALIMK UMEET SIPKO BBIPAKEHHBI MaKCHMYM B 00JIaCTH CyIIECTBOBa-
HUS B cUCTEMe yrnopsanodeHHoH (a3pl. K mogoObHOMy pesysbTaTy NpHBEIO CHUKEHHE MOABMKHOCTH YacTHUI]
CHCTEMBI B YIIOPSJOUEHHOH (a3ze.

Jnist 0ObSCHEHUS! OTPULIATENBHBIX 3HAYCHUI HEPIHH aKTUBALMU HEOOXOANMO 0003HAYNTh, YTO Ha pHcC. 4
IIPEACTaBIICHA TOJIBKO YaCTh SHEPIUU AKTUBALMHU, O0OYCIIOBICHHAsI MEKYAaCTUIHBIMU B3aumozeiicrBusimu. 1lo-
3TOMY OTpHLIATENbHbIE 3HAYCHNS SHEPTUN aKTHBAIIUU CBUCTEIHCTBYIOT TOIBKO O CHIKEHHH 3TOM SHEPIUH,
BBI3BAHHOM B3aUMOZEHCTBUAMHU MEX Y IPUMECHBIMH YacTuliamMu. [1oHast s3Hepryusa akTUBaLUK COEPIKUT J0-
[OJTHUTEIIbHBII BHELIHUHN Y3JI0BOM NMOTEHIMAN, A0COIOTHASL BEJINYUHA KOTOPOIO CYIIECTBEHHO IIPEBOCXOAUT
SHEPIrHI0 MEKYACTUUHOTO B3aUMOJIEHCTBHSL.

Kosdppuuuent camonnddysuu. Kak ormeuanocs Bbliie, Hapsay ¢ KBapaToOM CPEIHETO CMELEHUS LIEHTPa
Macc CHCTEMBI MPUMECHBIX YaCcTHIl B X0Jle MOAeTupoBaHus nnuhdy3noHHOTO Mporecca mo Metoay MoHTe-
Kapio MokeT ObITh OTIpe/ieNieH U CpeJHHI KBaIpaT CMEIEHHUs OTeIbHON YacTUIlbl. MoJenupoBaHue moKasa-
JI0, UTO JJaHHAs 3aBUCUMOCTb TaK)Xe SIBJISCTCS IUHEHHON C BBICOKOW CTEIIEHbIO TOYHOCTH IIPH JIOOBIX 3HA4e-
HUSX TTapaMeTPOB B3aUMOACHUCTBHUS U KOHIICHTPAIMH MIPUMECHBIX dacTull (puc. 5). Kak u npu nccienoBanun
koa(dureHTa KuneTndeckor 1uddy3nu, ee aHaIU3 TO3BOISET ONPEACTUTh COOTBETCTBYIOUINN KOI(PPHLIUESHT
camomuddysuu (tracer diffusion coefficient).

bonee mankuil BUJ NpUBEIEHHON 3aBUCUMOCTH, 110 CPABHEHHUIO C 3aBUCUMOCTBIO CPEAHEr0 KBaJpara
CMEILEHUS LIEHTPa Macc Bcel CUCTEMBI, 00YCIIOBJICH TEM, YTO B paCCMaTPUBAEMOM Cllydae Hapsay ¢ yCpea-
HEHHEM I10 TPAEKTOPHUSIM MOAEIUPOBAHUS IIPOUCXOAUT JOMOJHUTEIBHOE YCPEAHEHNE IO BCEM YacTHULAM
CUCTEMBI.

Ha puc. 6—8 npezacraBieHsl 3aBUCHMOCTH yKa3aHHOTo Koddduimenta auddy3nn oT KOHIESHTPALUH MpHU-
MECHBIX YaCTHIl ¥ TEMIIEPATypPbl X YHEPTUsI aKTUBALIMHM COOTBETCTBEHHO. B I1e7I0M MOXXHO OTMETHTBh, UTO BCE
MIpUBEICHHBIE 3aBUCIMOCTH HE UMEIOT HUKAKMX KadyeCTBEHHBIX 0COOCHHOCTEH M0 CPaBHEHHUIO C PAaCCMOTPEH-
HBIMH B TIPE/IBIIYLIEM pa3esic aHaJIOrMYHbBIMU 3aBUCUMOCTSIMH, OTHOCSAIIUMUCS K KO3PPULIUEHTY KHHETHYC-
ckoit mudy3mm.
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BwmecTe ¢ TeM UMEIOT MECTO 3aMETHBIC KOJUYECTBEHHBIC PA3IUUUs MEKIY KOAPPHUIIMCHTaAMU KUHETHYEC-
ckoit muddysun u camomuddysun. Jist 00bSICHEHHS 3TUX PA3TUUUI HEOOXOUMO OTMETHTD, U4TO KO3 (HUITMEHT
camMou(Py3un onpenessieTcs MOIBUKHOCTHIO OTJCIbHOM YaCTHIIbI, TOT/A KaK KO3()(UIIMECHT KHHETUYCCKON
mudGy3un OTHOCHUTCS KO Beel cucteMe uacTuil. O0a 3tux ko3 GuiineHTa CBA3aHbl APYT C APYTOM COOTHOIIIE-
HUEeM Buja [26]

D J =f m D
e f,, — MHOrO4aCTUYHBII KOPPEIALHOHHBIN (DaKTOpP, YUUTHIBAIOIIUI KOPPENIAUU B IBHKEHUH IIPUMECHBIX
YaCTHIL.

>
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CpenHuii KBagpaT CMEIIeHUs
OTJIEJIbHON YaCTHIIBI
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0 50 000 100 000
Bpemsa 8 MKIII

Puc. 5. 3aBUCUMOCTb CpeIHEeTO KBaJpaTa CMELICHUS OTEIbHOM YacTHIIbI OT BPEMEHH,
mmepenroro B MK, npu ¢ = 0,5, BJ = 0,545 83 (kpusas 1); ¢ = 0,7, BJ=0,81875 (2);
¢=0,3,3J=0,62381 (3) 1 pe3ysbrarsl €¢ JIMHEHHOM! aNMPOKCUMAIUH
Fig. 5. The mean square displacement the single adparticle
versus time (in MC steps) at ¢ = 0.5, BJ = 0.54583 (line 1); ¢=0.7, BJ=0.81875 (2);
¢=0.3, BJ=0.62381 (3) and results of its linear approximation
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pereTouHoro (Groua OT KOHIEHTPAUH IPUMECHBIX YaCTHUIL
npu BJ = 0,81875 (xpusas 1); 0,68947 (2); 0,623 81 (3); 0,54583 (4) 10,3275 (5).
Toukamu npencrasiensl qanubie MK-MonenupoBanus
Fig. 6. The tracer diffusion coefficient of lattice fluid versus concentration of adparticles
at BJ=0.81875 (line 7); 0.68947 (2); 0.623 81 (3); 0.54583 (4) and 0.3275 (3).
Solid points are represents MC simulation data
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Fig. 7. The logarithm of tracer diffusion coefficient of lattice fluid versus
inverse temperature at ¢ = 0.2 (line 7); 0.4 (2); 0.6 (3) and 0.8 (4).
Solid circles are represents MC simulation data, dash line — results of their linear approximation
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Fig. 8. The activation energy
of the tracer diffusion versus concentration of adparticles

JUi1st pacKpbITHS (PU3NUECKOTO CMBICIIA MHOTOUAaCTUYHOTO KOPPEIISIIMOHHOTO (haKkTopa f,, MOXKHO OTMETUTb,
910 KO3QPHUIIMEHTHI KHHEeTHUECKOH uddy3un u camoandy3un pacCuuTHIBAIOTCS C TOMOIIBIO COOTHOIICHU T
I'puna — Ky6o Buna [27]
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1€ BEKTOp Ar; IOKa3bIBaeT CMEIIEHUE i-if yacTuilbl 3a Bpems ¢. HeTpynHo BUIETh, uTO cooTHOLIEHHE (9) 0T-
nryaercs oT (10) HequaroHaIbHBIME WICHAMH, HOCALIMMU JIBYX4aCTHUHBIN XapakTep, T. €. HEOCPEACTBEHHO
YUUTBIBAIOIIUMH KOPPEISIUH MEKAY YaCTULIAMH.

OrtHouienne ko3ppuIrenTa KuHeTHIecKoi 1uddys3un u kosdpdunmenra camogudhysun, HaliJCHHBIX B X0O/€
MK-monennpoBaHusi, MO3BOJSAET OHNPENEINTh MHOIOYACTHYHBINA KOPPEIALMOHHBINA (akTop f,. 3aBHCUMOCTD
JaHHOTO (haKTOpa OT KOHLIEHTPALUH IPUMECHBIX YacTHIL IPEACTaBIeHa Ha puc. 9.

B 1esioM MOXXHO OTMETHTB, YTO C POCTOM KOHLEHTPALIMHU YaCTUL] KOPPEISLUU MEXKYy UX JBHKCHUEM BO3-
pacTaroT IpH JIOOBIX 3HAYCHUSX TTapaMeTpa B3auMoIeHCTBHA. B To ke BpeMsi HaOIroaeTcs HEKOTOpoe CHH-
JKEHHE POJIM MEKIACTHIHBIX KOPPEISIMI B 00JIaCTH CPEHUX KOHIIEHTPANUI IPH TeMIIepaTypax HUXKe KpH-
THYECKOH, T. €. B 00JIACTH CYILIECTBOBAHHS B CUCTEME YIOPSJOUYCHHOTO COCTOSHUSI.

LA L B L L B B L B L L~ S B A B
250 . 'll 4
< .lv’,—.-“‘v"i;'v'. |
= 8 :'.__41' v
g2 2 201 v .
T = i
== ;
T :
x vi
£ 2 1,5F iy
=3 Ry
& L S S |
] y..m m
Lof  e¥ 1 -
-10 (I Y Y T T T N T T T Ty A
0,0 0,2 0,4 0,6 0,8 1,0

KOHHGHTpaHI/IH MPUMECHBIX YacTul, ¢

Puc. 9. 3aBHCUMOCTH MHOTOYACTHYHOTO KOPPEISHOHHOTO (haKTopa
penreTogHoro Quronsa OT KOHIEHTPALMH IIPUMECHBIX YaCTHII
npu BJ =0,81875 (xpusas /); 0,68947 (2) u 0,545 83 (4)

Fig. 9. The multiparticle correlation factor of the lattice fluid versus
concentration of adparticles at f.J=0.81875 (line 7); 0.68947 (2) and 0.54583 (4)

Takum 00pazoM, HaM4KE KOPPEISLHIA IPUBOAUT K BO3PACTaHHUIO K0P PHUIIMEHTa KHHETHIeCKoH Tuddy-
3WH 0 CPABHEHUIO ¢ KOA(DPHUITUEHTOM caMoIu(Py3nu.

3akJaroueHune

BbinonHeHHOE MOJIETMPOBAaHKE TIOKA3bIBACT, YTO TPAHCIIOPTHBIC CBOMCTBA pererouHoro ¢uronaa ¢ SALR-
MOTEHIIMAIIOM MEKYaCTUYHOTO B3aUMOJICHCTBUSI B IIEJIOM COOTBETCTBYIOT CBOMCTBAM PEIICTOMHOTO (uronia
C OTTaJIKMBaHWEM OMmKalimx coceneil. Hanbolee xapakTepHO X OCOOCHHOCTBIO SIBJISICTCSI PE3KOE IMaJICHUC
omHouacTHYHOTO (Koddumment camonuddysnn) 1 MHOro4acTHIHOTO (KOd(POUIMEHT KnHeTHYecKor Truddy3mn)
ko3 duIreHToB MU Py3un PU TEMIIEPATypax HIKE KPUTUIESCKOH B 00JIACTH CPEIHUX KOHIICHTPALIHA, T. €. B TOH
00J1aCTH TEPMOIMHAMUYECKHX TTApaMETPOB, T7Ie CUCTEMa HaXOMUTCsI B MAKPOCKOITMYECKH YTIOPSI0OUESHHOH (ase.

B nanHO# ynopsioueHHOH (aze mpu KOHIEHTpauuu Hike 0,5 4acTUIbI TPEUMYIIECTBEHHO 3alI0OTHEHHBIX
MOAPEIIETOK (PaKTUYEeCKH HE UMEIOT COCE/ei TPETHEero MOpsIKa, HO UMEIOT 10 JIBa OMIKAWIINX cocela KaxkK-
Jasi. XapakTep MEKYaCTUYHBIX B3aUMOJICHCTBHI MTPUBOIUT K TOMY, UTO MIPH ATOM PACIIOIOKEHUH YACTHII MO-
TEHIMAJIbHBIN Oapbep, KOTOPBIN JOKHA TPEOJI0IeTh YaCTUIIA, SIBJISETCS MAKCUMAILHO BEICOKHM, YTO U ITPH-
BOJIUT K CHIKCHHIO KO3(PUIIEeHTOB Tuddy3uu.

BwmecTe ¢ 3TuM HEOOXOIMMO YYUTHIBATh, YTO MOCIIE MPHDKKA YaCTHIIA U3 IPSUMYIIECTBEHHO 3aIIOJTHEHHOM 101
PELIETKH MOTajaeT B IPEUMYILECTBEHHO BaKaHTHYIO, TJie IPHOOpETaET YeThIpe cocenia TpeThero nopsiaka. Benen-
CTBHE OTTAJIKMBAHMs MKy YaCTULAMH-COCEISIMH TPEThero nopsiaka (J; > 0) oHa B Te4eHHE KOPOTKOIO BPEMEHH
BO3BpalllaeTCs Ha CBOE MPEIBITYIIIEE MECTO, U B PE3yIIbTare HUKAKOTo Mepepacipe/ie/ieHus ITIOTHOCTH He TIPOUCXO-
mut. Ho mHOTIa paccMaTpuBaeMast 4acTHIIa TOCIIe IEPBOTO MPBDKKA BCE YK BBIHYKIAET COBEPIIUTD MPHDKOK OTHY
W3 COCEIHUX YaCTHII, KOTOPBIN U MPUBOAUT K AU Py3HOHHOMY TIporieccy. Takum o0pa3om, pe3yabTaTHBHBIHN MTPbI-
YKOK OKa3bIBAETCs 00YCIIOBJICHHBIM MPEABICTOPHUE, 1 3((PEKThI TAMSATH IPOSIBISAIOTCS B TU((y3MOHHOM MpoIiecce.

Nwmenno BriusHuE >PPEKTOB MaMaATH HA TUPPY3MOHHBIN MPOIECC W MPUBOAUT K TOMY, YTO COOTHOIIIE-
Hue XKnaHosa (2) 1eMOHCTPUPYET OTKIOHEHHE OT TaHHBIX MOJISIIUPOBAHUS TIPH OTIpeieTIeHnH KodpdUIenTa
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KuHeTH4YecKo nuddysuu. Panee Obuto mokazano [22], 4To JTaHHOE COOTHOIICHHUE MOXKET OBITH MOIYYCHO
B [IPUBEIEHHOM BUJIE IIPU [IPEHEOPEKEHNH BIUSHUEM Kak 3()(DeKTOB aMATH, TaK U IPOCTPAHCTBEHHON AMC-
MEPCUM Ha MUTPaLMIO YacTull. TakuM o0pa3oM, YKa3aHHbIC PACXOXKICHUS BBI3BAHBI B IIEPBYIO OYepelb Mpu-
OJIMKEHHBIM XapaKTepOM CaMOro COOTHoLIeHUS JK1aHoBa, a He MOTrPELIHOCTAMHU KBa3UXUMUYECKOTO TPHOIH-
YKEHUS1, UCTIOJI30BAHHOTO JUIS ONIPEENICHHsI PABHOBECHBIX MIAPaMETPOB PELIETOYHOTO (BIIIOUAA.

B npaxTuyeckoM miiaHe MoxydeHHbIE pe3ysIbTaThl MOTYT PUMEHSTHCS TIPU CO3JaHUH 3JIEMEHTOB HAaHO- 1 OHO-
AMEKTPOHUKH, HAIIpUMEp OMOCEHCOPHBIX MaTpHIl ¥ OronHTEp(heicoB, TPEOYIOIIMX N3TOTOBICHNS MAaKPOCKOITHYe-
CKHX TIO pa3MepaM PeryisIpHBIX CTPYKTYP ¢ HAHOMETPOBOM TOYHOCTBIO PACTIONIOKECHHS IIEMEHTOB B HUX [28; 29].
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M3oTomnHbIi cocTaB MpUPOJHOTO KPEMHUS (*%Si (92,23 %), ’Si (4,68 %) u 39Si (3,09 %)) oka3bIBacT 3aMETHOE BIIHSI-
nue Ha ¢opmy nonoc MK-normomenns, o0ycIOBIEHHBIX MTPUMECHBIMU aTOMaMH Kuciopona. OnpeneneHo monoxeHne
NOKaTbHBIX KosebarenbHbix Mo (JIKM), cBsi3aHHbIX ¢ KBasuMoseKymamu ~ Si — °Og — Si u 2*Si — '°0 — *’Si (Og —
aToM KHCIIOPOZA B y3JIe PELIeTKH), A CHEKTPOB MOoIieHus, n3mMepeHssix npu 7 = 20 K u komHaTHOH Temmeparype
(T = 300 K). Onenka H30TONMYECKUX CIABUTOB COOTBETCTBYIOUIMX MOJ| MPOBEJEHA MYTEM HOATOHKH (DOPMBI MOJIOCHI
TIOTVIONICHHUST KOMIUIEKCA BaKaHCHsI — KHCJIOPOJ (A-IIEHTP) B 00My4eHHbIX Kpuctamiax Si. M3otonnueckne casuru JIKM
npu 7= 300 K pasasr (2,22 +0,25) e st 2°Si — 16OS —Siu (4,19 £0,80) cm ' st 2Si — 16OS— 39Si o orHOMmIEHHIO
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K HanbolIee HHTEHCHBHOI MO0CE ¢ MaKcHMyYMOoM Y (830,29 + 0,09) cM ', cBsi3aHHOIA ¢ KonebaHmsIME ~°Si — 1605 - s,
a TIOMYIMPHHA [TOJI0C MTOTIOMEH s A-1leHTpa coctasset (5,30 +0,26) cm . IIpu T'= 20 K 3HaueHns COOTBETCTBYIOMINX
BeIMYMH OblTH ompeaeneHsl kak (1,51 + 0,13); (2,92 £+ 0,20); (835,78 £0,01) u (2,34 + 0,03) em L. Ob6cyxaeHa MOIeh
JUIsL pacyeTa M30TOIMYECKUX CJIBUTOB B paccMarpuBaeMoM cirydae. Ha OCHOBaHMM aHaln3a U30TONUYECKUX CABHIOB
MOJTy4YeHBI JJAHHBIE O CTPYKTYPE KOMIUIEKCA BaKaHCHs — KUCIopoyl B kKpeMuuH nipu 7' = 20 K 1 KoMHaTHO# Temreparype.

Knroueswie cnosa: noxanpHBIC KonebaTenbHbIe MOMBL, kKpemHni; MK-mornomnenne; n30TONMYecKuii COBUT; H30TOI-
HBIA COCTaB.

bnazooaprocme. Pabora BhITIONHEHA TIPU YaCTHYHOW (PMHAHCOBOM MOAIEpKKe benmopycckoro pecmyonnkaHCKoro
(dhorma GpyHIaMeHTaIbHBIX HccaeqoBanuil (mpoekT Ne ©20-111).

INFLUENCE OF ISOTOPIC COMPOSITION
OF SILICON ON LOCAL VIBRATIONAL MODES
OF VACANCY-OXYGEN COMPLEX

E. A. TOLKACHEVA", V. P MARKEVICH", [L. I. MURIN®

“Scientific and Practical Center of the National Academy of Sciences
of Belarus for Materials Science, 19 P. Brouiki Street, Minsk 220072, Belarus
°The University of Manchester, Oxford Road, Manchester M13 9PL, United Kingdom

Corresponding author: E. A. Tolkacheva (talkachova@physics.by)

Isotopic composition of natural silicon (**Si (92.23 %), 2°Si (4.68 %) and *"Si (3.09 %)) affects noticeably the shape of
infrared absorption bands related to the oxygen impurity atoms. The positions of local vibrational modes (LVMs), related
to quasimolecules **Si — 1605 — 2Sj and **Si — 1608 - 3%8i (Og — substitutional oxygen atom) have been determined for
the absorption spectra measured at 7' = 20 K and at room temperature (7 = 300 K). An estimation of the isotopic shifts
of corresponding modes in a semi empirical way has been done by the fitting the shape of the experimentally measured
absorption band related to the vacancy-oxygen center in irradiated Si crystals. The LVM isotope shifts at 7= 300 K are
found to be (2.22 + 0.25) cm™' for **Si — '®0g — *’Si and (4.19 + 0.80) cm ™' for **Si — %O — *°Si in relation to the most
intense band with its maximum at (830.29 + 0.09) cm ' due to the vibrations of **Si — '®Og — **Si, and the full width at
half maximum of the A-center absorption bands is (5.30 + 0.26) cm . At T'= 20 K the corresponding values have been
determined as (1.51 +£0.13); (2.92 £ 0.20); (835.78 £ 0.01) and (2.34 £ 0.03) cm'. A model for the calculation of isotopic
shifts in the considered case has been discussed. From an analysis of the observed isotopic shifts some information about
the structure of the vacancy-oxygen complex in silicon at 7= 20 K and at room temperature has been obtained.

Keywords: local vibrational modes; silicon; infrared absorption; isotopic shift; isotopic composition.
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BBenenne

Kucnopos — BaykHast TEXHOJIOTHYECKAs IPUMECH B KPUCTAITMIECKOM KPEMHHUH, BBIPAIIIEHHOM 110 METOAY
Yoxpansckoro (Cz-Si) u ciry)kameM 0CHOBHBIM MaTepHaIOM TSI TIPOU3BOICTBA COBPEMEHHBIX AMEKTPOHHBIX
1 OTITORJIEKTPOHHBIX MPUOOPOB. B BRIpANIEHHBIX KPUCTAIIAX KPEMHHS aTOMBI KHCIOPO/Ia PacIioiaraloTcs
B IIEHTPE CBS3HM MEXKIY aTOMaMH PEIISTKH W B 3TOM MOJOKEHUHU SBISIFOTCS IEKTPUYECKH HEUTPaTbHBIMH,
T. €. HE BHOCST ypOBHEH DHEPrUH B 3allperieHayto 30Hy Si [1]. OgHako BEICOKOTEMIIepaTypHbIe 00paboTKH,
a TaKke 00MydeHre BEICOKOIHEPTeTHIECKUMH YaCTHIIAMHU KHCIOPOCOAEPIKAIINX KPUCTAIIOB Si ¥ UX MOCIIe-
YNNI OTKUT MTPUBOMAAT K 0OPA30BAHMIO PA3INYHOTO POAA MIIEKTPHUECKN M ONITHYECKH aKTUBHBIX IIEHTPOB,
BKJTIOYAIOIIUX B CBOW COCTaB MIPUMECHBIE aTOMBI Kuciopoaa [1—4]. 3BecTHO, 4TO KUCIOPOI B KPEMHHUH SIB-
JISIeTCST OMHUM 13 HamOosee 3G (HEeKTUBHBIX CTOKOB JIUIS BakaHCHH [ 1]. BakaHCHOHHO-KUCIIOPOAHBIC KOMILICKCHI
MIPECTABISAIOT 3HAYUTEIHHBIN HHTEPEC I TEXHOIOTHIA TIPOM3BO/ICTBA U DKCILTyaTalliy MPUOOPOB Ha OCHOBE
KpeMHUs. braromapst HaTu4uro rTyOOKHX YPOBHEH 1 BBICOKOW TEPMHUECKOH CTaOMILHOCTH TaKHEe KOMIUTCKCHI
MOTYT CITy’KUTh 3((HEKTUBHBIMA IIEHTPaMH PEKOMOWHAIIMH HEOCHOBHBIX HOCHTEJEH 3apsiia M MPUMEHATHCS
B paWaIliOHHON TEXHOJIOTHH M3TOTOBJICHIS KPEMHHUEBBIX OBICTpOIeHCTBYIOMIX TprdopoB [5]. Kpome Toro,
YCTAHOBIICHO [4], 9TO HEKOTOPHIE M3 ATUX KOMILIEKCOB SIBISIFOTCS IIEHTPAMHU 3apOKICHHUS KHUCIOPOIHBIX
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MPENUITUTATOB, (HOPMUPOBAHKE KOTOPHIX B 0a30BBIX 00JaCTSX KPEMHHEBBIX MPUOOPOB M WHTETPabHBIX
MHUKPOCXEM HCIIONB3YETCs IS TeTTePUPOBAHMS HeKeIaTeIbHbBIX AEKTPUUeCKH akTUBHBIX rpumeceit (Cu, Fe
U T. A.). B cBs3M ¢ 3TUM MexaHU3MBbl 00pa30BaHUs U CBOMCTBAa BaKaHCHOHHO-KHCIIOPOJAHBIX IIEHTPOB B KPEM-
HUU UHTEHCUBHO M3y4alOTCs B TEUCHUE PAJIa JIET.

CriekTpoCcKONHS JIOKAIBHBIX KonebarenbHbIX Mo (JIKM) — onna u3 Hanbosee yCcrenrHo MpUMEHS FOLITIXCS
METOJIMK UCCIICIOBAHMS KHCIOPOACOAECP AKX IEHTPOB B KpeMuuu [ 1-4; 6—10]. B wactHocTH, MmeTogom K-
nortonieHust Obutn uaeHTUuIEpoBanbl JIKM KHCIOpPOAHBIX AMMEPOB U Psiia BAKAHCHOHHO-KHCIOPOIHBIX
komiuiekcoB VO, (n = 1) [1-3]. B To xe Bpems umeronuecs B aureparype naHusle o JIKM Tak HasbiBae-
MBIX MYJIBTUBAKaHCHOHHBIX KUCIIOpOAcoAepKaux koMiuiekcos V,0,, (n = 2, m = 1) BecbMa HEOIHO3HAU-
HEI [3; 6; §; 10]. B nepByro ouepesib 3TO CBA3aHO C TEM, 4TO KoMILIeKehl V,0,, ConepKar TaKylo e CTPyKTyp-
Hyto eauauiy Si— O — Si, Kak 1 KomIuieke Bakancus — kuciopo (VO, uimi A-IIeHTp), ¥ 4acTOThI BAICHTHBIX
KoJie0aHuil KUCIOpoAa OYeHb OJMU3KH ISl BCeX IIEHTPOB, UMEIOMIMX TMOAOOHYIO CTPYKTYPHYIO €IUHUILY.
Ha sxcniepumenTe 3TO MpOSBIISIETCS B TOM, YTO JIaXKe B CIIEKTPax, M3MEPEHHbIX MpH HHU3KoH Temrieparype (HT),
MMEET MECTO MEPEKPHITHE TOJIOC MOMIOMICHNs, 00yCIOBIEHHBIX pa3HbIMU KomIuiekcamu [6]. Ilpu atom mo-
Jloca TOMIONIeHus, cBs3anHas ¢ VO, Kak mpaBHiIo, JOMUHHUPYET B CIIEKTPax MOMIOMIEHHS KPUCTAIOB KPEM-
HUsI, 00TyYCHHBIX BRICOKOYHEPTETHICCKUMHU JacTUIlaMu Tipu komHaTHOU Temmeparype (KT). Tompko Tmia-
TENBHBIA aHaIN3 (HOPMBI T0JI0C, 00yCIOBICHHBIX KoMIulekcamMu V,0 u V50, ¢ y4eToM H30TOIHOTO COCTaBa
KPHCTaIIOB Si (MPUPOIHBIA KPEMHHMI COCTOMT M3 H30TOMOB - Si (92,23 %), °Si (4,68 %) 1 *°Si (3,09 %) [7])
TTO3BOJTEUT TIpOBeCTH UAcHTH(UKAIN0 JIKM COOTBETCTBYIOMUX IIEHTPOB B HU3KOTemIepaTypHbIX (7' < 20 K)
cniektpax MK-mormmomenws kprctamioB Cz-Si, MOABEpTHYTHIX OOIYICHHUIO U OTKUTY B HHTEpPBaJie TeMITepa-
Typ 250-300 °C [6; 10].

Curyanus sBisieTcsi eme 0ojee CIOKHOM NMpU WHTEPIPETAlUN CIEKTPOB TOTJIOMEHUS, N3MEPEHHBIX
mpu KT. B aToM ciydae momymuprHBI 1oJ0C, 00yCIOBIEHHBIX aTOMaMH KHCIIOPOa, HaXOMAIINMHCS B Ba-
KaHCHH (IMBaKaHCUH, TPUBAKAHCHH), B HECKOJIBKO pa3 MPEBBIIIAIOT KaK aHAJIOTHYHbIe BenuanHbl 1 HT,
TaK M 3HAYECHUS] U30TONMYECKUX CIBUIOB I0OJIOC KOMILIEKCOB V,0O,,, KOIa OAMH U3 aTOMOB Si B crpyKTy-
pe Si — O — Si 3amMeHeH aroMamMu 2Si wmm *°Si (1mGo 06a aroma 2°Si 3amerens! n3oronamu). Kax ciencraue,
B CIIEKTpax MOMIONIeHUs, n3MepeHHbIX pu KT, nMeeT MecTo Oombliiee mepekphITHE OIM3KO PACIIONOKEHHBIX
MIOJIOC TIOTJIOMICHUS, YTO, B CBOIO OY€pelb, MOXKET CHHU3HUTH JOCTOBEPHOCTh M OJHO3HAYHOCTH PE3YIHTATOB
aHaym3a (TIOATOHKH) COOTBETCTBYIOIINX CIIEKTPOB.

HecMmotps Ha oueBUIHBIE TPEUMYINECTBA AaHATTN3a I HMHTEPITPETAIINU KOJIeOATENBHBIX CIIEKTPOB, N3MEPEH-
HbIX ipu HT, B psje ciydyaeB MONYYUTh HYXXKHYIO WHOOPMAIMIO U3 TaKUX U3MEPEHUH He TPE/CTaBIAETCS
BO3MOXKHBIM. B mepByto odepens 3To OTHOCHTCS K 00pasiaM Si, B HU3KOTEMIEPaTYPHBIX CIIEKTPaxX KOTOPHIX
HaOIIroaeTCsl CUIIbHOE TTOTIIONIeHHe, 00yCIOBICHHOE 3JIEKTPOHHBIMH MePEX0jaMi Ha BOJIOPOIO- U TEIHO-
moo0HBIX 1eHTpax [9]. Kpome Toro, mHOT/IA y MCclienoBareneil mpocTo OTCyTCTBYeT 000pyI0BaHNe, HE00-
XOIIMMOE TS TIPOBE/ICHUST HU3KOTeMIIepaTypHbIX u3MepeHuit criektpoB MK-normomienns. B cBsizu ¢ BbItie-
W3TI0KEHHBIM 3HAYUTENFHBIA WHTEPEC MPEJICTaBISAET pa3padOTKa METOAWKH JIETAIBHOTO aHaln3a CIEKTPOB
UK-normomenust, m3mepeHHbIx nmpu KT, 11t 00ydeHHBIX B OTOXOKEHHBIX KPUCTAIIIOB KpeMHuUsA. O4eBHTHO,
YTO JIJISl aHAJIN3a CIIOKHBIX CIIEKTPOB, 00yCIIOBIeHHBIX cynepro3uiineil JIKM BakaHCMOHHO-KHACIOPOTHBIX
KOMITJIEKCOB B TIPUPOJHOM KPEMHHUH, TPEeOyeTCsl 3HAHNE BEIIMYNMH KPEMHUEBBIX NU30TOMUYECKUX CIBUTOB IS
BaJIeHTHOTO Koyebanus komruiekca VO (A-tiertpa) npu KT. Onpenenenne 3Ha4eHU TaKUX CIBUTOB U OBLIO
OJTHOM M3 TIeNIel HacToAIIeH paboThI.

MarepuaJjbl 1 METOAbI UCCJIEIOBAHUS

OObeKTOM HCCIeA0BaHMs SBISIINCH KPUCTAJLIbl KPEMHUS 1-TUIIA, TIOJIy4E€HHbIE METOA0M HO0XpaabCKOro
(Cz-Si). Konuentpauun aromos kuciopoza (O,) u yrepona 3amemierus (C,) onpeaesuiuch 1o pesylibTra-
TaM HM3MEPEHUN MHTEHCUBHOCTH XOPOIIO M3BECTHHBIX Mosoc nornomieHus 1107 u 605 CM ' ¢ HCIIONB30Ba-
HHEM KaInOpoBOUHbIX kodhdumuertos 3,14 - 10" 1 0,94 - 10" cM? s kucIOpona  yriepoga cooTBeT-
CTBEHHO [2].

OO0pa3Lpl TOTUPOBAINCH 0 MOJIYUYEHUS 3€PKAJIbLHOM MTOBEPXHOCTH C 00X CTOPOH M MMEJIH pa3Mepsl
10 x 6 x 3w 10 x 6 X 5 mMm°. OO6nyuyeHne BBICOKODHEpPTEeTHIEeCKIMH TpoToHaMu (E = 24 ['3B), OpicTphiMu
anektpoHamu (E =2 MaB u £ = 10 MaB) u melitponamu npoBonuiock npu temreparype <350 K gozamu
or 10" 10 10" em 2. [lepen nzmepenusimu 00pasipl 00b19HO XpaHmwiuch pu KT B TeueHne HeCKONBKUX He-
nenb. HexkoTopele w3 HUX ObUTH MOABEPTHYTHI 30-MUHYTHOMY OT)XHTY Tipu TeMmeparype 100 wmu 150 °C ans
yaaneHus Je(eKTOB C HU3KOM TEPMUUECKON yCTOHYMBOCTBIO U CTAOMIIM3ALIUH T10JIOC TOTIOLICHNS, CBSI3aHHBIX
C BaKaHCHOHHO-KHCIOpOonHbIMU LeHTpamu. Criextpsl UK-niommomenns namepsice Ha Qypbe-CIIEeKTPOMETpe
IFS 113v (Bruker, Tepmanns) npu KT u T'= 20 K. CnekrpansHoe paspemenue coctasisuio 1,0 m 0,5 cm ™' co-
OTBETCTBEHHO.
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Pe3yabTarsl U BX 00CyKIAeHUE

B nannoii pabote npoBesieHa OlleHKa H30TOMMYECKUX CABUTOB KOJIeOaTeIbHBIX MO/ IIOTYIMITUPHUYECKHUM ITy-
TEeM, T. €. IOCPEACTBOM MOATOHKH (hOPMBI TIOJIOCHI MToryionieHus komriekca VO ¢ ucrionb3oBanueM pyakmmu Jlo-
peHIa ¢ GUKCHPOBAHHBIMH COOTHOILICHUSIMH aMILUTUTYJI, COOTBETCTBYIOIIUMU OTHOCHUTEIIBHBIM KOHIICHTPAIHSM
Pa3IMYHBIX U30TOMTHBIX KOMOMHAINH CTPYKTYphI Si— O — Si B IPUPOIHOM KPEeMHUU. [{eTai Takoro aHammsa Juist
HU3KOTEMITEpaTypHBIX CIIEKTPOB M3JI0KEHBI B padote [7]. Ilpn ornieHke H30TOMUYECKUX CABUTOB MOJT TTOTYIMITH-
PHMUECKHM IyTeM OTHOCHTE/IbHAS HHTEHCHBHOCTH OCHOBHOM TIOIOCHI MONIOMIEH s ~°Si — '°O g — **Si npunnma-
Jach paBHOM 1, cyMMapHasi MHTEHCUBHOCTD ITOJIOC TIOTJIONICHHUS U30TOMHBIX MOAU(pHUKAIAN - 1605 ~si
u?Si- 0 o — »Si cocrasuna 0,069 6, a UHTEHCUBHOCTD IOJIOCHI ITOIVIOIICHHS 85— 16057 »Si Gbuia 0,1015[7].
[loaroHoYHBIMHU MapamMeTpaMH SBISUTUCH ToNokeHnst JIKM 1 3Ha4eHus TONYIIHPHUH COOTBETCTBYIOMIMX MOJIOC,
KOTOpBIE 33[aBAJIMCh OIIMHAKOBBIMHE JJIsI BCEX M30TOIMHBIX KOMOWHAIMNA. BBIjIo mpoanamu3upoBaHo OoIbIIOe
KOJIMYECTBO HKCIIEPUMEHTAILHO H3MEPEHHBIX CIIEKTPOB MOIVIOMICHHs 00pa3IoB KpeMHHS, TIOBEPTHYTHIX 00-
JYYSHHIO Pa3IMYHBIMUA BEICOKODHEPTETHYECKUMH YacTUIIaMH. B KauecTBe mpumMepoB Ha puc. | 1 2 moka3aHbl
CTIeKTpHI ITOrommeHus B nuTepsane 810—850 cv ', m3mepennsie npu KT u 7= 20 K, u paccunTaHHbIe CIIEKT-
PBI, TIOJTY4YEHHBIE TyTEM aHaJIM3a C yYETOM M30TOMHBIX COCTaBIISIONINX, IS OJHOTO M3 OOyYeHHBIX 00pa3-
1oB. [Ipu cpaBHeHNN prc. 1 1 2 3aMeTHO CMEEHHUE MAaKCHMYMa IT0JIOCHI TTOTIIOICHHS 0CHOBHOW KOMOWHAIINN
25 — 16OS — 28i pu KT B 0611acTh Gosee HU3KHUX YacTOT OT CBOETO MONOKeHws v 835,8 v | mpu HT. Takoke
SIBHO BBIPA)KEHO YIIUPEHHUE OCHOBHOM IMOJIOCHI MOIVIOLIEHMS], YTO MOATBEPKIAETCS pe3yiIbTraTaMH MOATOHKH
¢ ucrionb3oBanueM (ynakmun Jloperna. IlomydeHHbIe 3HaUCHUS TONOKEHUS OCHOBHOW TOJOCHI A-TIeHTpa
(xoMGuHamwst *°Si — 16OS — 28Sj), a TaKKe H30TOMMYECKHX CABUIOB ¥ MONYIINPHHBI JAHHON MOI0CH mpu KT
npezcTaBieHsbl B Ta0. 1. {ist cpaBHeHHs B Ta01. 2 IPUBEACHBI T€ K€ MapaMeTPhl, YTO U B TAOIM. 1, TOIBKO ISt
CIIEKTPOB TNOIJIONIeHNs, n3MepeHHBIX pu HT.

[Homyuennsie cpennue 3HadeHus n3oronndeckux capuros JIKM xommekca VO npu KT okazanmch pas-
HeIMH (2,22 t 0,25) em ! s BSi — 1f’OS ~Siu (4,19 £ 0,80) em ! s Si — 1605 — 30Si, YTO 3aMETHO
IpeBbImaeT coorBercTByromue Bemnanabl ((1,51 +0,13) 1 (2,92 + 0,20) cM '), onpe/eseHHbIe IPH aHAIH3e
HHU3KOTEMIIEpaTypHBIX CIIEKTpoB. ClieyeT OTMETUTh, YTO MAaKCUMYM TIOIJIONICHHS U1 OCHOBHON KOMOWHALIUH
25 — 1605 — 38i npu KT pacronoxen y (830,29 + 0,09) cM ', T. e. cMemmeH Ha 5,5 cM | B 06acTh Gonee Hu3-
KHX 9aCcTOT OT CBOEro moJioxkeHus y (835,78 £ 0,01) cM ! npu HT. TIpu 3TOM nosymimpuHa COOTBETCTBYIOIIEN
0JIOCHI BIpocia ot (2,34 + 0,03) em ! [7] mpu HT no (5,30 + 0,26) cM ! npu KT. Cneuru kone0arenbHbIX
TTOJIOC TIOTYIONIEHHSI B HU3KOYAaCTOTHYIO OOJIACTh M MX YIIMPEHHE C BO3pACTaHUEM TeMIepaTypbl N3MEpPEHUN
SIBIISIFOTCA XapakTepHbIMU Ui JIKM BakaHCHMOHHO-KHUCIOPOJHBIX KoMmIuiekcoB [1—4; 6—8; 10]. O 3aBucumocTu
n3otonHbIX cABUros JIKM ot TeMmeparypsl H3MEpeHni paHee He COO0IIaIOCh.
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2-828,1 cm!
3-8302cum!
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[} w
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0
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Puc. 1. DparMeHT CIIeKTpa MOMIOICHHUSI, U3MEPSHHOTO [IPH KOMHATHOW TeMIIeparype,
st obpasua Cz-Si ([0,]=8,3 - 107, [C,]=7- 10", [P]=1- 10" cm™), 06yuennoro
Heiitporamu (F = 7,5 - 10" em™?), mocsie omkura npu Temmeparype 100 °C B Teuenue 30 MUH.
CruIolIHbIe JIMHUY — MOATOHKA C UCTIOIb30BaHueM (yHKInY JlopeHna rnocie KoppeKuny 6a30BoH JIMHUH

Fig. 1. Fragment of the absorption spectrum measured at room temperature
for a Cz-Si sample ([0;]=8.3 - 10", [C,] =7 - 10'°, [P]= 1 - 10" cm ) irradiated
with neutrons (F = 7.5 - 10'® cm ?) after annealing at a temperature 100 °C for 30 min.
Solid lines — Lorentz fit after baseline correction
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Puc. 2. ®parMeHT criekTpa MomniomeHus, U3MEPEHHOTO
IIpY HU3KOM TeMneparype, st obpasua Cz-Si ([O,] = 8,3 - 10", [C]=7- 106,
[P]=1-10" cm?), obmyuennoro neitrponamu (F = 7,5 - 10" em %),
nocine orxura mpu remneparype 100 °C B reuenne 30 MuH.
CIutonIHble JMHUU — MOATOHKA C HCIOb30BaHueM (yHKimu JlopeHia
TocIIe KOppeKnuy 6a30BOH JIMHUH

Fig. 2. Fragment of the absorption spectrum measured

at low temperature for a Cz-Si sample ([O,] = 8.3 - 10", [Cl=7- 106,
[P]=1- 10" cm™) irradiated with neutrons (F = 7.5 - 10'® cm™)
after annealing at a temperature 100 °C for 30 min.
Solid lines — Lorentz fit after baseline correction

Monens 11l aHanu3a W30TONMHBIX ¢aABUTOB JIKM KoMIUIEKCa BaKaHCHUS — KUCIOPOA B KPEMHUU 00CYXK-
nanachk B padorte [7]. [lomobHO TOMY Kak 310 ObUTO crmenaHo st nedekxra VO B repmannu [11], oTHOmIEHHE
4acTOT BajeHTHOro koneOanus B, [3; 12] ans nByx kBazumonexyn Si— Og— Si ¢ pa3nuYHbIM U30TONHBIM CO-
CTaBOM OITMCHIBACTCS CIICAYIOIINM BhIpakeHueM [11]:

vi(¥81,'0) [ Mgmq (m, + M, sin’ ) 1
v4(Si,0) - M, _my, (mO—FMSi sinzoc)’ H

rae mg u Mg; — maccel atoma O u cocelHMX atoMoB Si; k u [ — nHAeKcsl n30TonoB Si M O COOTBETCTBEHHO;
200 — BHYTpeHHHUI yron coenunenns "Si — 'Og — "Si (m, n = 28, 29, 30; [ = 16, 17, 18). IIpu s31om Mg; — 3-
(exTMBHAS Macca, KOTOpas BKIIIOYAET TaK HA3BIBAEMYIO MacCy B3aMMOJIEHCTBHS m” (TTOCKOJIBKY KBa3HMMOJIE-
KyJla BXOJUT B KPHUCTaJUI, HEOOXOIMMO YUYHTHIBATh €€ B3aWMOJICHCTBHE C PEIIETKOI) W aTOMHYIO Maccy Si,
T. €. Mg; = mg; + m*. IIpu aHanu3e U30TOMHBIX CABUIOB COIVIACHO ypaBHeHHU!O (1) mpenmonaraercs, 4To U CH-
JIOBas TMIOCTOSTHHAS, W YTOJ WACHTHUYHBI JIJISl Pa3MYHbIX M30TOMHBIX KoMOnHarwmii. Kpome Toro, cumraercs,
qro JIKM acHMMeTpHYHOMN KBasuMOIeKyisl *'Si — O G — M:Si mpaxriaecku coBmagaor ¢ JIKM CHMMETpUYHOI
KBA3HMOJIEKYIThI *3Si — Og— M3Si, rae M, — cpennee apudpmerudeckoe M, u M, [3; 11]. To ectp xomMno3unuu
#8i — %0, — Si u ¥Si — '°0 — *’Si umeroT oxuHAKOBYIO YacTOTY Komebanuii B,. Takum 06pa3zoM, eciu u3-
BECTHBI YaCTOTHI KoJieOaHUH 10 KpaifHeH Mepe Ui TpeX PasInIHBIX M30TOMHBIX KOMOMHAIIMH, TO BO3MOXKHO
OTIPENIEINTD BEIMIUHEI /1™ 1 O, peliasi CHCTeMY W3 IByX ypaBHEeHHUH (1), 1 anee paccunTarb H30TOMHBIE CIBH-
TH KOJICOATEIIbHBIX ITOJIOC IS BCEX KOMOWHANMNA W30TOMOB. B pabote [7] Takoi aHanm3 ObUT IPOBEICH IS
JIKM kommiekca VO, onpeieICHHBIX 110 H3MEPEHHBIM CTIIEKTpaMm rorioreHus mpu Hu3kux (7' < 20 K) reme-
patypax. 3uanue TouHBIX 3HaueHui JIKM st kommosurmii 2°Si — 160S — 831 (835,8 em ), 2*Si — 1805 — si
(799,9 cm ') 1 *°Si — 16OS— 3087 (829,8 em ') [3; 12; 13] mo3BomIIo HaliTH Maccy B3aumopuericteus (m* =4,035)
1 BHyTpeHHui yrou (o0 = 62°) g komriekca VO npu 7'< 20 K 1 paccuntarh 4acTOThI KOJICOaHUH TSl APYTHX
M30TOINHBIX KOMIIO3UIMHA. PacyeTHbIe 3HAYCHUS OKa3aJIMCh OYeHb OJM3KHUMHU K 3HAYCHUSIM, ONIPECICHHBIM Ha
OCHOBE aHaJIM3a SKCIEPUMEHTAILHO U3MEPEHHBIX CIICKTPOB MOMVIOMIECHUS [7].

B nacrosieii pabore Takoii xe anains nposeaeH 1uist JIKM kommexca VO npu KT. s pacuera ncnons3oBa-

JIUCH TOYHBIE 3HAYEHHUS YaCTOT KOMEOAHMM JUIs KOMITO3HIHI 2o Si — 16OS — 286 (830,3 CMfl) u 28Si— ISOS ~ 285
(794,6 CMil) [3; 12], a Takke 3HaueHHE YaCTOTHI KojeOaHus B, ams xomnosuuuu 28gj — 16OS —3%Si wm
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»si — ISOS — 2Si (826,1 cm "), ompenencHHOE B JaHHOMN paGoTe. BUI0 0GHAPYKEHO, YTO ¢ BBIIICIPHBEICH-
HBIMHU 3HAYCHUSMH YacTOT KOJIeOAHUH pellieHne CHCTeMbI ypaBHeHHH (1) laeT BeWYMHBI MacChl B3aUMOJICH-
ctBusg m* = 0 u yra oo = 71°. [lomydeHHOE Ha OCHOBE aHaJIN3a 3HAUYCHNE BHYTPEHHETO YIIa KBA3UMOJICKYITBI
"Si — IOS —"Si (2ot = 142°) 6nM3KO K BeJMYMHAM, HAHJICHHBIM B TEOPETHYECKHUX PAcyeTax CTPYKTYPhI KOM-
IJIEKCa BaKaHCHSI — KUCTIOPOIT B HEHTpaIbHOM 3apsimoBoM coctosiauu (138° [14], 148° [15], 150° [16]).

XapaKTepUCTHKH K0J1€0aTeJIbHBIX M0JI0C H30TONMYeCKHX MOAUPUKANMIA

KBasuMoJiekyJibl Si— Og — Si aust nentpa VO, onpesejieHHbIe
nyTeM MOATOHKH JOPeHIIHAaHAMH (KOMHATHBIE TeMIepaTyphl)

Characteristics of vibrational bands of isotopic modifications
of the quasimolecule Si— Og — Si for the VO center, determined

by fitting by Lorentzians (room temperatures)

Tabnuma 1

Table 1

B -1
WL - 830,29 2,30 4,53 5,27
150 830,29 2,27 4,48 5,30
3-J4 — 830,34 1,99 3,83 5,50
- 830,29 2,09 4,17 5,33
Val-2-1 100 830,31 2,23 4,34 5,30
150 830,30 2,35 4,59 5,36
— 830,22 2,23 4,25 5,31
Val-1-1 100 830,20 2,10 4,10 5,36
150 830,25 2,10 4,20 5,38
W-44 - 830,32 2,40 4,32 5,26
w027 - 830,30 2,07 4,05 5,18
1-14 — 830,35 2,47 3,39 5,04
Cpennee 3Ha4eHMe 830,29 2,22 4,19 5,30
TabGauma 2
XapaKTepHuCTHKH K0/1e0aTeJIbHBIX M0J10C H30TONMHYeCKIX Moau(uKanuii
KBa3uMoJieKy.abl Si— Og — Si 1as nenrpa VO, onpeseneHHbie
MyTeM NMOATOHKH JIOPEHIIHAHAMH (HU3KHeE TeMIIepaTyphbl)
Table 2

Characteristics of vibrational bands of isotopic modifications
of the quasimolecule Si — Og — Si for the VO center, determined

by fitting by Lorentzians (low temperatures)

-1
Marepuan Orxur, °C (ZHSOSI;O—ﬁ?C{)ie—, g@“sll) g 1 605 - 29CS ?BHF’ CNZIBSi 1 6OS g [onymmpuna, oM !
- 835,78 1,50 2,92 2,34
WL-6
150 835,77 1,48 2,94 2,36
3-J4 — 835,78 1,56 2,92 2,34
— 835,77 1,51 2,90 2,34
Val-2-1 100 835,77 1,50 2,92 2,34
150 835,77 1,57 2,93 2,33
— 835,78 1,51 2,92 2,34
Val-1-1 100 835,78 1,50 2,89 2,37
150 835,78 1,51 2,87 2,36
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OkoHuyaHue Tabm. 2
Ending table 2

_ -1
Marepuain Orxur, °C (1;[808.1;07)1?2}81267, SQ‘S:) g, 1 GOS - ZQCS/?BHF’ CNZISSi I 603 g [onymmpuna, oM
W-44 - 835,78 1,54 2,93 2,35
w027 - 835,77 1,41 3,03 2,32
1-14 - 835,77 1,38 2,72 2,31
Cpennee 3HaYeHHE 835,78 1,50 291 2,34

Pa3paborannas metoauka o0pabdotku criektpoB JIKM, uzmepennsix npu KT, Obuta ucnonb3oBana st
aHaJIM3a CIIEKTPOB MOMIONIEHHUS KpucTamioB Cz-Si, MOABeprHy THIX OOIYUYEHHIO U OTXKUTY B MHTEPBAJIC TEMITEpa-
Typ 250-300 °C. Ha puc. 3 mokasan ¢pparmMeHT criekrpa, usmeperroro npu KT, 1yis Toro xe o0pasiia, CrieKTpbI
KOTOpOTO TIpHBe/ieHbI Ha prc. 1 u 2, mocne omkura nipu 275 °C B teuenne 30 muH. Takas oOpaboTKa mpuBena
K CUJIBHOMY yMeHbIIEeHUI0 (90 %) HHTEHCUBHOCTH [10JI0CHI IIOIVIOLIEHU, 00YCIIOBIEHHOH V, U pacroiIoKeHHOI
y 2767 cM ' (aHHBIE B3ATHI U3 HAIEH PaGOTHI [6]), I K TIOSBICHUIO CI0KHON CTPYKTYPEI BOKPYT OCHOBHO ITO-
socel VO. Jlnst ananm3a 3To# CI0KHONW CTPYKTYPBI HCIIONIB30BasIach MPOIIEAypa MOITOHKH JIOPEHIIMaHAMHU.

0,9

0.8 7 821,7cm!

07l 2-8258cm!
3-830.2 cm!

0,6 4-8342 cm!

5-839,2 cm!

0,5
0,4
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0,2

Koadduuunent nornorueHus, cm!

0,1

0
810 815 820 825 830 835 840 845 850
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Puc. 3. ®parMeHT CrieKTpa MOMIOIIEHNUS, H3MEPEHHOT'0 TIPH KOMHATHOW TeMIieparype,
ams obpasua Cz-Si ([0,]=8,3 - 10", [Cl=7- 10, [P]=1-10" CM’3), 00ITy4eHHOTO
ueiirponamu (F =7,5 - 10'® em™?), mocie omkura mpu Temmeparype 275 °C B Tedenne 30 MHH.
CIuIoLIHBIE JIMHUM — HOJATOHKA ¢ UCcHoNb3oBaHueM (yHKImH JlopeHna

Fig. 3. Fragment of the absorption spectrum measured at room temperature
for a Cz-Si sample ([0,]=8.3 - 10", [C,]=7-10'%, [P]=1-10"* cm™) irradiated
with neutrons (F = 7.5 - 10'® cn™) after annealing at a temperature 275 °C for 30 min.
Solid lines — Lorentz fit after baseline correction

B JI0IOTHEHHE K OCHOBHOM MOIOCE MOMIOMeHHs, cBsi3anHoil ¢ VO (830,3 cM '), B CHeKTpax MOSBHIINCEH
JIBE OTHOCHTENHHO HHTEHCHBHBIE MONOCHI ¢ MAKCHMyMAaMH, PAacIIOIOKEHHBIME y 825,8 u 839,2 cM . pu
MIOJTOHKE JUIS KayKA0H HaOMIoqaeMoil MoIoCkl MPUHUMAJIOCh BO BHUMAaHNE IPUCYTCTBHE BCEX TPEX M30TOMOB
KpEMHHUS, T. €. B pacueTax y4WTBIBAJICS BKJIAJ TpeX M30TONHbIX cocrasisirommx JIKM. s HamsaHocTH Ha
pHC. 3 HOKa3aHBI TOJIBKO TTOATOHOYHBIE KPUBBIE /—3, COOTBETCTBYIOLIHE CTPYKTYpE ~>Si — 1605 — 288, onHako
CyMMapHasi KprBasi TIOATOHKH YYUTHIBAET BKJIAIbl BCEX M30TOMHBIX KOMIOHEHT. ConocTaBlieHHe MPOBEICHHOTO
aHaJM3a C aHAIM30M HU3KOTEMIIEPATYPHBIX CIIEKTPOB MorIomeHust 0opas3noB Cz-Si, moaBeprayThix o0myue-
HUIO ¥ OTXKUTY B uHTepBane temneparyp 250-300 °C [10], no3BonsieT uaeHTUGUIUPOBATh HAOMIOMaeMble
nonockl y 825,8 1 839,2 cm ' kak JIKM xommrekcos V,0 1 V;0 COOTBETCTBEHHO.

3akJIroueHune

Ha ocnoBanmu anammza ciektpoB MK-mormomenns, usmepenusix npu KT u 7' = 20 K, ompeneneno mo-
noxxenue JIKM, o0ycioBIeHHBIX BaJCHTHBIMU KOJIEOAHUSMH Y3JIOBBIX aTOMOB KHCIOPOAA B TPHUPOTHOM
KpEMHHH, CO/IepKaIleM U30TOIIbI 881, 2Si u *°Si. Jlnst ocHOBHO# Mozbl A-mieHTpa (*°Si — 1603 — 288j) JIKM
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HaxoxuTes y 830,3 ¢M ', a MOJTyIIMpHHA M0I0CH! IOTIONIeH s cocTaiser (5,30 +0,26) cm . U3oTommueckue
casuru JIKM passsr (2,22 +0,25) em ' st 2*Si — '°0¢ — 2°Si u (4,19 + 0,80) em ' s 2Si — %04 — *%Si no
OTHOIIEHHIO K monoce ~°Si — '°0, — 2*Si.

C ucnonp3oBaHUEM pa3pabOTaHHOIO METO/A MOJAIOHKH CIIEKTPOB MOIIOUICHUS JOPEHIMAHAMU C Y4€TOM
M30TOMHBIX KOMITOHEHT B CIleKTpax, u3mepeHHbIX npu KT, mia o6pasmos Cz-Si, 001y4eHHBIX HEHTpOHAMU
Y TOBEPTHYTHIX oTx)ury mpu 275 °C B Teuenne 30 MuH, 0OHApYKEHBI JBE HOBBIE MTOJIOCHI ¢ MAKCUMyMaMHU
MHTEHCHBHOCTH y 825,8 1 839,2 cM . DTH MONOCH HACHTHPHUIMPOBAHbI Kak JIKM KOMIIIEKCOB V,0 u V;0
COOTBETCTBEHHO.
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