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IIpuBeTcTBHE

Hopozue uumamenu!

MpblI 04eHb pajibl, YTO BBIXOAUT BbIMYCK >KypHana «BectHuk PO®V», mocBAlIeHHbIN 25-T1€THEMY
1001/Ie10 TTAPTHEPCKMX OTHOLIeHMIT Mexy Poccuiickum ¢oHmoM (yHIaMEHTaTbHBIX UCCIeTOBAHMIT
(POOU) n Hemenxum Hay4HO-uCcnenoBaTenbckum coobmectsoM (Deutsche Forschungsgemeinschatft,
DFG). Mbl BelpaykaeM Ipu3HaTeTbHOCTb PODI] 3a cOTpyaHNYECTBO B TeUeHVE HECKONIbKIX AeCATHIe-
T U 671arOlapyIM y4YeHBIX, KOTOPbIe YYaCTBYIOT B HAIIMIX COBMECTHBIX IPAHTOBBIX IPOIPaMMaXx.

ITOT 106MIeIl He TONBbKO OTpaXkaeT PeKpacHbIe OTHOIICHNS MEX/Y HAlllMMY OPTaHMU3ALUAMY, HO
U ABJIAETCSA BAXXHOI BEXOJ B ICTOPUY HAy4YHOTO cCOTpyaHMYecTBa lepmannm n Poccun. C nognucanmem
Cornamennus B 1995 rony 6b11 BBefieH HOBBIVI IIPMHIUII TTIOAEP>KKI UCC/IETOBAHMIT HALLIMMY CTPaHaAMMI,
aVIMEHHO pacupefeneHe GpIHAHCOBBIX CPECTB 10 3asBKaM Ha KOHKYPCHOJ OCHOBe 6e3 TeMaTU4eCcKIX
orpanmdeHnit. B Tom xe rogy mbl momyunmm 6onee 700 COBMECTHBIX 3asiBOK U3 JBYX CTPaH B paMKax
IIepBOro KOHKYypca.

3a Bechb 1epuoy 6bUIO MOJAEePXKAHO O0JIee THICAYM MEKAYHAPOJHBIX IPOEKTOB 1 HECKOJIBKO THICSIY
3ale/ICTBOBAHHBIX B HIX y4Y€HBIX. BriedaT/A0muM JOKYMEHTaJIbHBIM CBUETEILCTBOM COTPYLHMYE-
CTBa SBIAIOTCS PasHOOOpasHble MMPMMEPbI NCCIEOBATENbCKUX MHNUIMATIB, BBIITOTHEHHBIX IIPY TIOf-
nepxxke DFG u PO®V], koTopble IpeficTaBIeHbl Ha CTPAHUIIAX 3TOT0 )KypHasa. B 4ucie sTux npoexkTos,
Haps/ly CO MHO>KeCTBOM VIHMI[MATUBHBIX I'PAHTOB B 00/71acTM (yHJaMEHTAa/IbHBIX HAayK, €CTb U HAIIN
COBMECTHBIE ITPOrPaMMBbI II0 IMIOAEP>KKE MOJIOABIX YYEHBIX — TaK Ha3blBa€Mble aCIIMPAHTCKNE IIKOJIBIL.

B 2020 ropy B DFG ormerunu 100-meTHnit 100uIelt co THS OCHOBAaHUS OpraHMU3alUy-TIpesiie-
crBeHHuKa. Hayunblit o6meH ¢ Poccueit ¢ camoro Havyasna urpan ocobyio ponb. C 2003 roga DFG nop-
Iep>KMBaeT pasBUTIE MEXJYHAPOLHOTO COTPYAHMYECTBA C IOMOIIbBI0O COOCTBEHHOTO MPECTaBUTEb-
cTBa B Mockse. brnarogapsa npopomkurenbnomy npucyrcrsuto DFG B Poccun n yctoitunBomy ananory
¢ POOU n gpyrumy poccuiicKuMy IapTHEpaMy HaM YIAeTCsl YKPEIUIATh B3aIMHOE JIOBEpUeE U CUCTe-
MaTHYeCKM pacHIMPATHb KOOIEPaLNIoO.

3HayeHye MHCTUTYIMOHATILHOTO COTPYAHNYIECTBA HEBO3SMOXKHO IIePeOLIeHUTb, 0COOEHHO B YCIIO-
BMAX KPU3UCHONM CUTYalIM ¥ OCTIOKHUBIINXCS paMOYHBIX yc1oBuii. Hayka momoraeT cTpouTh MOCTBI
MEX/y HalllMM 001IeCTBaMy — Bejb 9TO 1 eCTh ee 3ajiayal B TeueHne 25 jieT coBMeCTHbIE IIPOrPaMMBbI
HOZIAEPKKM ObIIVL OTKPBITBI J/Is YYEHBIX HALVX CTPaH. MBI ¢ yBepEHHOCTBIO 11 ONTVMMU3MOM CMOTPUM
BIIepef] B HaJieXK/le Ha MHOTME TOfibl YCIIEHNIHOTO COTPYAHNYECTBA C POCCUIICKMMM ITapTHepamn!

IIpe3udernm Hemeyxo20 Hay*HO-UCCIE008AMNENLCKO20
coobusecmea npogeccop Kams bekkep
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Liebe Leserinnen und Leser,

es ist uns eine grofe Freude, dass das 25-jdhrige Jubildum der Partnerschaft zwischen der Russian
Foundation For Basic Research (RFBR) und der Deutschen Forschungsgemeinschaft (DFG) Thema der
vorliegenden Ausgabe des RFBR-Journals ist. Unser herzlicher Dank geht an RFBR fiir die jahrzehntelange
Zusammenarbeit, aber natiirlich auch an alle Wissenschaftlerinnen und Wissenschatftler, die an unseren
gemeinsamen Forderprogrammen teilnehmen.

Dieses Jubildum ist nicht nur Ausdruck der hervorragenden Beziehungen unserer beiden
Partnerorganisationen, sondern auch ein wichtiger Meilenstein in der Forschungszusammenarbeit
zwischen Deutschland und Russland. Mit unserem 1995 unterzeichneten Abkommen wurde ein
neues Forderprinzip zwischen unseren Léndern eingefithrt: Die Mittelvergabe auf Antragsbasis im
freien Wettbewerb ohne thematische Vorgaben. So erreichten uns bei unserer ersten gemeinsamen
Ausschreibung noch im gleichen Jahr tiber 700 Kooperationsantrage aus beiden Landern.

Seitdem konnten bis heute viele Tausende Wissenschaftlerinnen und Wissenschaftler in iiber 1.000
Forschungsprojekten gemeinsam iiber unsere Landergrenzen hinweg gefordert werden. Das vorliegende
»Journal® dokumentiert an ausgewihlten Beispielen die eindrucksvolle Fiille der von DFG und RFFI
finanzierten Forschungsaktivititen. Dazu zahlen neben vielen Einzelprojekten aus der Spitzenforschung
auch unsere gemeinsamen Nachwuchsprogramme wie die Internationalen Graduiertenkollegs zwischen
Deutschland und Russland.

Die DFG begeht in diesem Jahr 2020 das 100-jahrige Bestehen seit Griindung ihrer
Vorgangerorganisation. Dabei spielte der wissenschaftliche Austausch mit Russland von Anfang an eine
ganz besondere Rolle. Seit 2003 unterstiitzt die DFG die Entwicklung der bilateralen Zusammenarbeit
zudem durch eine eigene Représentanz in Moskau. Durch die dauerhafte Prasenz der DFG vor Ort und
den stindigen Dialog mit RFBR und unseren russischen Partnern ist es gelungen, gegenseitiges Vertrauen
aufzubauen und die Kooperation systematisch auszubauen.

Unsere exzellente institutionelle Zusammenarbeit kann angesichts der krisenhaften Zeiten und
erschwerten Rahmenbedingungen nicht hoch genug bewertet werden. Die Wissenschaft baut Briicken
zwischen unseren Gesellschaften — und sie soll es auch! Unsere gemeinsamen Forderprogramme stehen
seit nun 25 Jahren allen Wissenschaftlerinnen und Wissenschaftlern unserer Linder offen. Und so
schauen wir mit Zuversicht und Vorfreude auf viele weitere Jahre erfolgreiche Zusammenarbeit mit
unserem russischen Partnern!

Prisidentin der Deutschen Forschungsgemeinschaft
Frau Prof. Dr. Katja Becker

N 1-2 (109-110) January—June 2021 7
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IIpemucnosue

Jl‘ ﬁ .
N

Poccua u Iepmanusa MHOIMe rofibl YCIEIIHO Pa3BMBAIOT HayYHO-TEXHUYECKOE COTPYSHUYECTBO.
Poccniickaa ®epepanysa paccMaTpUBaET 3TO COTPYAHUYECTBO B KAYECTBE OJHOIO M3 BaXKHEWIINX VH-
CTPYMEHTOB MHTETPALMY CTPaHbl B MUPOBOE HayYHO-TEXHNYECKOE IIPOCTPAHCTBO U Pa3BUTHSA OTeve-
CTBEHHOJ Hay4YHO-TEXHONIOIMYECKOI Kobl. HayuyHo-TexHudeckoe corpyaumndectso Poccuiickoi Pe-
nepauun u PepeparnbHoil Pecny6mky [epManuy onmpaeTcs Ha HayYHO-MCC/IEOBATEIbCKIE IIEHTPBI,
VHCTUTYTBI U YHUBEPCUTETHL. [1py 9TOM BCE Oonblliee 3HaUeHNE IPUOOPETAI0T pabOThI Ha YyCTaHOBKAX
KOJIZIEKTMBHOTO TI0/Tb30BaHMA KJIacca «MeracaieHc» — TaKMX, HapuMep, KaK MCTOYHUKY CUHXPOTPOH-
Horo usnydenns B DESY, BESSY, nasep Ha cBo6opubIx anekrponax XFEL, peakrop ITVK.

OCHOBBI POCCUIICKO-T€PMaHCKOTO HayYHO-TEXHNYECKOTO COTPYJHMYECTBA 3a/I0)KEHDI B PAJE IBY-
CTOPOHHYX IOKYMEHTOB, OHIM 13 KOTOPBIX cTano Cornamenne Mexay Poccnitckum dporpom yHza-
MeHTanbHBIX Hayk (POOU) n Deutsche Forschungsgemeinschaft (DFG, Hemenkoe Hay4HO-1CcCIeoBa-
Te/IbCKOe COO001IeCTBO), MOANMCaHHOe B 1995 rony.

ITOT BBINTYCK XypHana «BectHuk Poccmitckoro ¢ponHaa pyHaMeHTaIbHBIX MCCIEOBAHMIT» TOCBSA-
1jeH o6meo — 25-neTuto corpysandectsa PODY co crapeiimmm eBpomneiicKM HayYHbIM (OHIOM —
Hemenxum HayIHO-MCCIEZOBATeIbCKMM cO00mecTBOM, oTMeTUBIIMM B 2020 rofy cTo/neTye co THS
OCHOBaHMA. PasButue cBA3eil C FepMaHCKVMMM HAyYHbIMM OPraHM3alUAMM 3aHMMAET IPUOPUTETHOE
MecCTO B MexXayHaponHoil geAatenbHoCcT POV, CorpynHnuectso ¢ DFG, ogHMM 13 mepBbIX HaIIMX
3apy0eXHbIX NApTHEPOB, COM3MEPUMO 110 BpeMeHu ¢ Bo3pactoM PO®DI. Bce atu rogsl poccmiickme
Y TepMaHCK/€e y4eHble U3 BelyIINX YHUBEPCUTETOB Y HAYYHO-MCCIE0OBATEIbCKUX LIEHTPOB IIPOBOMAT
VICCTIENOBAHNA 110 BCEM HAyYHbBIM HaIlpaBJIEHMAM, C/Ty>Kalljyie IIOBBIIIEHNI0 HAyYHO-TEXHNIECKOTO I10-
TeHIIMajla HallMX CTPaH ¥ YCKOPEHMUIO MHHOBAI[MOHHBIX IIPOIeccoB. TONBKO C pOCCUIICKOI CTOPOHBI
oko71o 10 000 yyeHbIX npuHAMM yyacTie B 1 050 cOBMeCTHBIX pOCCUIICKO-TepMaHCKMX IPOEKTaX. 3a 9Tu
TOZIbI BBIPOCIIO HOBOE IIOKOJIEHNE MOJIOABIX YYEHBIX, U Terepb mouty 60% MCIIOMHNTEIEN IPOEKTOB CO-
CTaBJIAIOT MOJIOIbIE UICCTIE[OBATENMN.

CraTbu npepcrapnAeMoro Bbinycka «Bectauka PODV» ApKo feMOHCTPUPYIOT 3HAYUTETbHOE Pas-
HOOOPpasne poCCUCKO-repMaHCKIX VICCIeloBaHu, puHaHCKHpyeMbIX coBMecTHO PODI u DFG.

TecHOe MHCTUTYLIMOHATBHOE COTPYSHIYECTBO I BHICOKASI CTEIIeHb JOBEPNs CIIOCOOCTBYIOT CTOIb
IUIOZIOTBOPHOMY Vi UHT€HCUBHOMY OOMEHY MEX/y y4eHBbIMY HaluX cTpaH. HayuHble cBA3U BBICTpanBa-
I0T MCCIeOBATENbCKIE MOCTBI MEXX/y HAIMIMM CTPAHAMU U CIy>KaT Pa3BUTUIO HAYYHO OUIIOMAaTHUMN.

IIpedcedamenv Cosema Poccutickozo gponoa
PyHOameHmManvHvX UCCIE008aAHUL, aKAOEMUK,
enasHolii pedakmop xypHana «Becmnux PODN»
B.A. Ilanuenxo
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Foreword

Russia and Germany have been successfully developing scientific and technical cooperation for
many years. The Russian Federation views this cooperation as one of the most important tools for the
country integration into the global scientific and technological space and the domestic scientific and
technological school development. Scientific and technical cooperation between the Russian Federation
and the Federal Republic of Germany is based on research centers, institutes and universities. At the same
time, work on collective-use installations of the "megascience" class, such as, for example, the sources of
synchrotron radiation at DESY, BESSY, the XFEL free electron laser, and the PIK reactor, are acquiring
more and more importance.

The basis of Russian-German scientific and technical cooperation are laid down in a number of
bilateral documents, one of which was the Agreement between the Russian Foundation for Basic Research
(RFBR) and Deutsche Forschungsgemeinschaft (DFG, German Research Foundation), signed in 1995.

This issue of the Russian Foundation for Basic Research Journal is dedicated to the 25" anniversary
of the RFBR's cooperation with the oldest European scientific foundation — the German Research
Foundation, which in 2020 celebrated the centenary since its establishment. The development of relations
with German scientific organizations is a priority in the international activities of the RFBR. Cooperation
with DFG, one of our first foreign partners, is commensurate in time with the age of the RFBR. All
these years, Russian and German scientists from leading universities and research centers have been
conducting research in all scientific areas, serving to increase the scientific and technical potential of our
countries and accelerate innovation processes. On the Russian side alone, about 10,000 scientists took
part in 1,050 joint Russian-German projects. Over the years, a new generation of young scientists has
grown, and now almost 60% of project executors are young researchers.

The articles of this issue of the RFBR Journal clearly demonstrate a significant variety of Russian-
German studies funded jointly by RFBR and DFG.

Close institutional cooperation and a high degree of trust contribute to such a fruitful and intensive
exchange between scientists from our countries. Scientific relations build "research bridges" between our
countries and serve the development of scientific diplomacy.

Vladislav Ya. Panchenko

Academician, Chairman of the Board

of the Russian Foundation for Basic Research,
Editor-in-Chief of “RFBR Journal”
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PO DU - DFG: 1o6uneitHplii 3Tan COTpyIHUYIECTBA

A.H. lapos

CTaThbsi NOCBSALLEHA UCTOPUI Pa3BUTUS COTPYAHMYECTBA Poccuiickoro poHaa pyHAaMeHTanbHbIX UCCRea0Ba-
HUI N HemeLKOro Hay4Ho-uccnenoBatenbekoro coobulectsa (Deutsche Forschungsgemeinschaft, cokp. DFG unu
HHIO). MokasaHo BNMUAHME YCNOBWIA U NPOLEAYPbl NPOBEAEHNUS COBMECTHBIX POCCUNCKO-repMaHCKNX KOHKYPCOB
(byHOaMeHTalIbHbIX HaY4YHbIX UCCNeA0BaTeSIbCKUX NMPOEKTOB, 06bEMOB (DUHAHCUPOBAHUS U YXKECTOYEHMS Tpebo-
BaHWIA K NMoJjaBaemMbIM Ha KOHKYPC 3asiBKaM Ha POCT YMCna POCCUIACKNX YHaCTHUKOB KOHKYpCa. AHanuaupyTcs
MonynApHOCTb PA3NIMYHbIX TEMATUHECKIUX HaNpPaBNeHUA KOHKYpCca; NPodecCMoHanbHbIi, reorpacpuyeckunii n Bos-
PacTHOW COCTaB Y4aCTHWKOB MPOEKTOB, (PUHAHCUPYEMbIX COBMECTHO PO®U n DFG. Moka3aHbl BO3MOXHbIE NYTH
JalibHENLLero pacwnpeHns n yrnybnesns coTpyaHUYecTBa POCCUIACKOr0 U HEMELKOro (ooHA0B.

Kntoyesble cnosa: POOU, DFG, KOHKYPC, NPOeKTbl (hyHAAMEHTANbHbIX HAay4YHbIX UCCNE0BaHNIA, MeXayHa-

POJHOE COTPYAHUYECTBO.

2020 rop cTasm 3SHaMeHATEIbHbBIM B UCTOPUM COTPY/I-
HdecTBa Poccmiickoro gponza GpyHaMeHTaIbHBIX JC-
cnenoBaHMii c HemMelkM HayqHO-MCCTIEIOBATENbCKUM
coobmectBom (Deutsche Forschungsgemeinschaft,
DFG): 25-netue 3TOrO B3aMMOJENCTBMs TPUIIIOCH
Ha 100-7eTHMII 106M/Iell NeATeTbHOCTY TepMaHCKOTO
napTHepa.

Y poccuiickoro oHzia ecTb OCHOBAaHMA TOPAUTD-
ca TakuM napTtHepctBoM. DFG - Hambornee msBect-
Hasd ¥ OfHA M3 CaMbIX aBTOPUTETHBIX OPraHU3ALMIL
TepmaHnu ¢ TofoBBIM OIOKETOM HOYTK B 3.5 MIpH,
€BPO, OCYIIeCTB/IAONMAsA (PUHAHCHPOBaHMEe HAyYHBIX
VICCTIETIOBAHMIT, IPOBOAVMBIX Ha 6a3e YHUBEPCUTETOB
U TOCYIapCTBEHHBIX Hay4HO-UCCIEOBATENbCKUX VH-
CTUTYTOB 3TOM cTpanbl. OpHoBpeMenHOo DFG urpaer
KJII04eBYIO portb B obecniedenym ydactus OPI' B mex-
JIyHAPOJHOM HAyYHOM COTPYHZHUYECTBe, (DPMHAHCU-
pys paboTy repMaHCKIX Y4YEHBIX B MEKIyHApOJHBIX
UICCTIETIOBATENIbCKUX IPOEKTaX, MX MEXIYHApPOAHYIO
MOOWIBHOCTD, HAay4HbIe CBS3Y HAIVIOHAJIBHBIX YHU-
BEPCUTETOB 32 PyOEKOM.

B 70-e ropbl MpOLIZIOTO CTONETUA [IEATENIbHOCTDb
DFG pacnpoctpanwtach Ha 6Bt CCCP, a 3atem
Ha coBpeMeHHYI0 Poccmio u mocTcoBeTckoe Ipo-
CTPaHCTBO, CTaBIlle€ PETMOHAJIBHON 30HOM OTBET-
CTBEHHOCTU OTKpbIBLIErocs B 2003 I. IpefcTaBUTeNb-
cTBa B MOCKBe HapAay C TaKVMU YKe OTIOPHBIMU ITyHK-
tamy, kotopele DFG umeer B CIIIA, Kurae, Vnannu,
SAnonmn u bpasumm. B EBpone DFG ommpaercsa na
PasBUTYIO CUCTEMY OBYCTOPOHHUX CBs3€ll CO BCeMM

LAPOB

Anekcanpap Hukonaesuy
Poccuncknit dhoHg
dJyH,[l,aMeHTaﬂbelX Mccne,qosaﬂmﬁ
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xopgamyMu B EC 1 acconmmpoBaHHbIMM CTpaHaMI, a
TaKOKe aKTMBHO MOJIb3yeTCA MHOTOCTOPOHHUM MeXa-
HI3MOM PaMOYHBIX ITporpaMM EBpomerickoro nccre-
TOBATETbCKOTO TPOCTPAHCTBA. B 11e7ioM cornamenns
0 IBycTOpoHHeM coTpyfHmndecTBe DFG nmeeT c Hay4-
HO-00pa3oBaTeNIbHbIMM OpPraHM3aIMAMHI B 60jIee YeM
60 cTpaHax.

B Poccum nocrosanubiMu maptHepamu DFG mo-
vumo POON spicTymaror MockoBckuit 1 CaHKT-
I[TeTep6yprckuii rocylapCTBEeHHBIE YHUBEPCUTETHI, a
TaKOKe ¢ HeflaBHUX Hop Poccuiickmit Hay4HbI (OH,
CotpynandectBo ¢ PODV Hocnt Hanbonee maciurabd-
HBI I YCTOMYMBDIN XapaKTep, KOTOPBIV IPUJAET EMY
IPEXJie BCETO €r0 4eTBEPTbBEKOBAsA IPOJIO/DKUTE/Ib-
HOCTb, KaK U TO, YTO 32 3TOT IIEPUOJ, CTOPOHBI 00ecre-
YJ/TIY B3aIMOJIEJICTBIE JeCATKOB ThICAY YYEHBIX JBYX
CTpaH.

YcroitunBocth corpygamdectsa POOIN - DFG
BBITEKAET U3 TOTO, YTO B PAMKaX COBMECTHBIX MCCTIe-
TOBaTebCKMX MPOEKTOB YYEHBIX IBYX CTpaH MEXTIY
HUMJ YCTaHAB/IMBAIOTCA JJOITOBPEMEHHBIE B3aMMO-
BBITOJHbIE CBA3Y, KaK IIPABMIO, POJO/KAIOLIEC 1
TIOCTIE UCTEYEHNs CPOKA JIEVICTBUSA ITPOEKTA.

MacurrabHocts napraepctBy POON — DFG npupa-
€T TaKke TOT (aKT, YTO OHO OPTaHNYHO TeperrIeTaeT-
¢ ¢ apyrumu GpopMaMyl HayYHO-TEXHNYECKIX CBA3el
IBYX CTPaH Ha MEXTOCYJAPCTBEHHOM YPOBHE — TeMa-
TMKa MHOTUX TOJJep)KMBAaeMbIX VMU POCCUIICKO-Tep-
MaHCKUX JCCTeOBaHUII OTBEYaeT INPMOPUTETHBIM
HAIIpaB/IeHMAM COTPYHIHUYECTBA, IPeSyCMOTPEHHBIM
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TEeJICTBYIOIVIM MEXIIPaBUTENbCTBEHHBIM COIVIALIEHN-
€M O Hay4HO-TEXHIYECKOM COTpyaHu4decTBe oT 2009 r;
YTBEP>KJIEHHOII B IOTIONMHEHNME K HeMy B 2018 T. Jlopox-
HOJT KapTOJl COTPYIHIYECTBA B 00/1acTN 00pa3oBaHms,
HayKM, Hay49HBIX MCC/IENOBAHMIT ¥ IHHOBALMIL; @ TAKOKe
TeMaTHKe JPYIUX HEJICTBYIOLMX MEXBETOMCTBEHHBIX
cormamreHnit (B TaKMxX OO/MACTAX, KaK KOCMUYECKUE,
a3epHble, OMOMOrMIecKie, MOPCKIE 1 HOJISIPHBIE JIC-
CIIeOBaHMsL, C VCIIO/Ib30BAHMEM VIMEIOIXCSI B 00erx
CTpaHaX YCTaHOBOK KJIacca MeTacarieHc).

[1aBHOI YepTOit HAOTIOABIIETICS IOCTIEHNE TISTh
net sBotoryy mapraepcrsa POOYI ¢ DFG 6p110 mIpe-
OJIO7IeHNE U3BECTHOTO KPU3UCA, KOTOPDIl HAMETUICA
B HEM B CBA3M C PE3KUM COKpAIlleHMEM y4aCTHMKOB
©XKEroflHO IPOBOIVMOIO KOHKypCa IBYCTOPOHHUX
VICCTIEIOBATENbCKMX PAOOT — 70 15 3asBOK, IOCTY-
muBmmx B 2013 1. Ilo nanmmatuee POOU ¢ 2014 .
YAAI0Ch M3MEHNUTD NOPANOK IPOBENEHNA 9TOrO KOH-
Kypca, YCTaHOBUB €TO OIpefie/IeHHble KajeH/apHbIe
PaMKM — CPOKM Hadajia ¥ KOHIa IIpyeMa MOCTYIar0-
LIVX Ha HETO 3aBOK. ITO II03BO/IMJIO YeTue OPraHu3o0-
BaTh CBA3aHHbIE C KOHKYPCOM IPOLERYpPbI — IIpMEM I
9KCIIEPTU3Y 3asABOK, IOGHATH MHTEPEC K HEMY IIPEXTe
BCETO POCCUICKUX YYaCTHUKOB, MHOTVE M3 KOTOPBIX
NpeIoYNTaIN PaHblIe IPOCTO IMPUCOEOVHATHCA K
KOMaHJIaM MCCIefoBaTernelt, nomyunsimx rpanT DFG.

OcCHOBHOJI TPMYMHONM BBIXOfA TAaKMX POCCUICKUX
UCCTIefloBaTeNNell U3 TeHM UX FepMaHCKMX KOJUIET CTa-
m npuHATble POOV] Mepsl, B pesynbTaTe KOTOPBIX
YHIATIOCh CYILIECTBEHHO HAPACTUTh aOCOMIOTHbIE 1 OT-
HOCHTe/TbHBIE MaCIITa0bI HOJIEP>KKI OTeYeCTBEHHBIX
YYaCTHUKOB IBYCTOPOHHUX MCCTIEIOBAHNIA, TOATAHYB
€ro K YPOBHIO, KOTOPBIII 06ecredrBaeT CBOUM y4acT-
HIKAaM TepMaHCKas CTOpPOHa.

3a mocnegume math aeT (2016-2020) exkeromHbIin
o6beM GUHAHCUPOBAHMS — POCCUIICKO-TEPMAHCKIX
(byHEaMeHTaTbHBIX MCCTeTOBaHMI O CTOpOoHBI POV
yBenuuuics 6osee 4eM B 6 pas — ¢ 80 1o 495 MitH py6-
neit. B pesynbrare cpegamit pasmep rpanta POV no
TaKUM IIpoeKTaM cocTaBw1 B 2020 T. 4.2 MiH py6reit
I10 CPaBHEHMIO C 2.6 MJIH [IBYMS rOflaMyl paHee.

B mrore ykasaHHBIX Mep YNMC/IO ITIOffaBaéMbIX Ha
KOHKYPC 3asABOK CTa/I0 CTPEMUTENBHO pactut — ¢ 20 B
cpegaeM B 2013-2017 rT. 1o 200 3aABOK B CpefHEM B
2019-2021 rr.

3a mocrnenHMe MATD JIeT B iBa pasa (¢ 29 1o 60) BbI-
POCTIO YNCTIO HOBBIX IIPOEKTOB, OTOMPAEMBIX 10 Pe3Y/ib-
TaTaM COBMECTHO ITPOBOMIVIMBIX €5KETOHBIX KOHKYPCOB,
u B 1.5 pasa (c 80 o 120) — umcno exerogHo duHaH-
CHpYeMBIX IEeJICTBYIOIMX MpOeKToB. IIpn sToM pedn
UZIET He O BO3POCHIEN JOCTYIHOCTH TpaHToB PO -
Ha000pOT, UX HOTyYeHMe COIPSHKEHO C BOPOCIIMMI
TpeOOBaHMAMY K IIOCTYIIAIOMINM Ha KOHKYPC 3asIBKaM,
IpeX[e BCETO KaCAIOUMXCA IEPCIEKTVB IOMyYeHUA
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Hay4HBIX Pe3y/bTaTOB 3alIPAIVBAEMbIX MICCTIETOBaHNIA.
Ecym B 2016 1. K09 GUIVEHT YCIIEITHOTO IPOXOXK/EHIA
TAKMX 3aABOK Ha KOHKypc POOU - DFG cocrasman
41%, To B 2020 I. y>Ke TONbKO 28%!

Temaruka xonkypca POO®V - DFG npopomxkaer
OCTaBaTbCsl JIOCTATOYHO CBOOOMHOM ¥ OXBAaThIBAaTb
MIPAKTUYECKN BCE OCHOBHbBIE HAIIPaBJ/IEHNsI €CTECTBEH-
HOHAY4HbIX MCCIenoBanuii, a ¢ 2017 1. u conmoryma-
HUTApHBIX MccnefoBanmil. OfHAKO €ro pe3ynbTaThl
HEM3MEHHO IIOKa3bIBAlOT, 4YTO YYAaCTHUKM OTHAIOT
IIpENNIOYTEHNE JATIEKO He BCEM U3 HUX B paBHOI Mepe.
OKO710 TTONIOBMHBI MOCTYTAOINX 3aABOK IPUXOINUTCS
BCETro Ha JiBa Hayubosiee MOMy/LIPHbIX HAIIPaB/IeHUS —
«DusyKa 1 acTpOHOMUA» U «XUMUA U HAYKN O MaTe-
puanax». Jopasno MeHbIIel IONY/IAPHOCTBIO MO/Tb3Y-
I0TCS1 OCTa/IbHBIE HAIIPABJIEHNs, @ OCOOEHHO COLMO-
TyMaHUTapHble MCCIENOBaHNsA, MO JMHUM KOTOPBIX
ObL1M OTOOpaHBI BCero AiBa mmpoekTa B 2020 . n3 6oree
70 3a4BOK, nmoctynuumx B 2017-2020 rr.

CocTaB NOMy4YMBIIVX TPaHTBI YYaCTHNMKOB ITPOEKTOB,
noppep>xuBaembix POOU u DEG, ompefenser 0CHOB-
HO€ MeCTO VX 3aHATOCTH — YIPEKIEHIA aKaleMIT4ecKOi
HayK!l, YHUBEPCUTETbI ¥ BeJOMCTBEHHO-OTpAC/IeBble
Hay4Hble yIpexeHns. B mocnemume roper (2018-2020)
pacripeyieieHne IPOEKTOB 110 MECTy pabOThI MX PYKO-
BOJMTeIEll YKa3bIBAIO Ha Ipeob/afiaHe IpecTaByTe-
7elt yHUBepcUTeToB (53% € POCCUIICKON CTOPOHBI 1 60-
nee 80% C HEMELIKOJ CTOPOHBI), iajiee TI0 YMCIEHHOCTU
YYaCTHMKOB OBUIO IIpeiCTaB/IeHa aKaJeMuyecKas HayKa
(36% w3 nucTHTyTOB PAH 1 15% 113 4MIc/Ia COTPYAHMKOB
CVICTEMBI MHCTUTYTOB MIMEHM le/IbMrosIbLia 1 JIp. — € Tep-
MAHCKOJI CTOpOHBI). HanMeHee IpencTaBieHsl mpyrue
TUIIbI HAYYHBIX YIPeKeHn obeyx crpad — 11% u 5%
COOTBETCTBEHHO. YHMBEPCUTETCKasA HayKa lepmanym
HpeJcTaB/IeHa BTpOe OOMIBIINM 4YKCIOM 1 Oo7Tee MIpo-
KOI1 Teorpacuiell By30B 3TOil CTPAHBIL, YeM CO CTOPOHBI
Poccny, e TpagMIoHHO JOMVHUPYIOT By3bl MOCKBBI
u Cankr-Iletep6ypra, B yactHocTi, MI'Y n CII6I'Y.

[ToHnMaHMI0 OCOOEHHOCTM COCTaBa YYaCTHUKOB
nopgepxuBaeMbix POOV n DFG  pgBycTOpoHHMX
MCCTIENOBATEIbCKUX IIPOEKTOB IIOMOTaeT TaKad UX
XapaKTEepUCTIKA, KaK IpeobIajjaHNe Cpefu HUX MO-
JIOABIX YYEHBIX: B KOHKYpce 2016 I. UX y[enbHbIl BeC
Cpeny pOCCUIICKVIX Y9aCTHMKOB (B Bo3pacTe Jjo 35 1eT)
cocraBnAn 52%, a B 2020 1. - 64%. Ectb ocHOBaHME
HOJIaraTh, YTO aHAJOTMYHAA KAPTUHA HAOMIONAeTCA 1
cpeny y9acTHMKOB 13 lepmanum. K sTomy cremyet fio-
0aBUTD, YTO B VX YUC/Ie 3aMETHO IIPUCYTCTBYE IIPei-
CTaBUTE/IENl TaK HA3bIBAEMOM POCCUIICKOM Hay4HON
mmacnopsl (Berxopwes m3 Poccun). B wactHOCTH, cpenn
COPYKOBOJUTENIEN IPOEKTOB C T€pMaHCKOV CTOPOHBI,
OTOOPAHHBIX II0 UTOTaM IIOC/IEHUX TPeX KOHKYPCOB
(2018-2020), moutu naTas yacTb (19%) 61U BOCIIN-
TaHHMKaMJ Hay4HBIX IIKon Poccum.
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CotpypandectBo PO®J ¢ DFG Ha coBpeMeHHOM
JTale MPaKTUIeCKN He BBIXOIMT 3a IpeJebl JBYCTO-
POHHUX CBsA3ell. MHOTOCTOpOHHMIT (hOpMAT IPAKTH-
KyeTcsl JIMIIb 110 IMHUK y4acTus B [1o6anpHOM mc-
CTIEIOBATEIHCKOM COBETE U €T0 PYKOBOZAIIEM OPTaHe,
I/ie IIpefCTaBUTeNM 00eVX OpraHM3aLNil TeCHO B3au-
MopeiicTByIoT ¢ 2011 1., Koraa 6bU1 CO3aH 3TOT PopyM
Be[yIIVX HAIL[MOHA/IbHBIX HAYYHBIX (POHTOB MMpA.
VIx perynAapHbIe TMYHBIE KOHTAKTHI, IIPEXK/ie BCETO Ha
YpOBHE IEPBBIX /NI, TTOMOTAIOT ONEPaTUBHO M KOH-
CTPYKTMBHO peIlIaTb KaK TeKyIIy e BOIPOCHI B3aVMO-
HEVICTBIA, TaK ¥ 0OCYXXJATh ITyTH Ja/IbHEIIIero ABU-
JKEHIA BIIEpe], UCTIONIb30BAHNA BCEX IMEIOIIVXCS 1A
3TOro BO3MOXKHOCTel. K HuM oTHOCATCA:

1. Bonee mmpokuit 0XBaT 06/1acTel ¥ HaIpaB/IeHNI
€CTeCTBEHHOHAYUYHBIX (PyH[AMEHTA/IbHBIX ~ VICCIETO-
BaHMIL, a TakKe (M OCOOEHHO) COLMOIyMaHWUTAPHBIX,
HOTEHIMa/T KOTOPBIX B 00€UX CTpaHax OOJIbIION, Cyfist
IO YJCTy 3aHVMAIOIIVXCA VIMI Hay4YHBIX YIpeXXIeHI
¥ LIEHTPOB ¥ paboTamyX B HIUX cOTpysHuKoB. (DFG
TpefyIaraeT IporpaMMy KOOIIpaluy ¢ 3apyOesKHbIMI
MIapTHEpaMI MO co3faHMio «LIeHTpOB MepefoBbIX VC-
C/IelIOBaHMII B TYMaHUTAPHBIX 11 COL[VIA/IBHBIX HAYKaX»).

2. CoBMecTHaA NMOAJeP’KKa MEXAVCIUITIHAPHBIX
IIPOEKTOB B paMKaX Iapa/UIe/IbHO CO3[aBaeMbIX IS
3TOr0 B 00€VX CTpaHaX CIelMaTM3VPOBAHHbIX IjeH-
TPOB II€PEOBBIX HayYHbBIX MCCIENOBAHNIA.

3. JJoroBOpE€HHOCTb O B3aMMOJENICTBUI B paMKax
HEJICTBYIOINX M 3aIlyCKaeMbIX ¢ ydacTreM POOU u
DFG MeXyHapOIHBIX MHOTOCTOPOHHMX ITPOEKTOB 1
IIPOTPaMM.

Englishimmmmmnmmmnmm

DFG Deutsche
Forschungsgemeinschaft

RUSSIAN FOUNDATION
FOR BASIC RESEARCH

4. Kooppmuanusa ¢ POV corpygumdectsa DFG ¢
APYTUMM POCCUIICKUMM IapTHepaMy (ITyTeM MO3Tall-
HOJT TOAJIep>KKY Hambosee MepCreKTUBHBIX POCCUIL-
CKO-TePMaHCKUX IIPOEKTOB, 3aIIyLIEHHBIX COBMECTHO
¢ POV u npopomkeHHBIX B coTpygHM4ecTBe ¢ PHD;
nyTeM nopaep>xku copmecto ¢ PAH, MI'Y u CII6I'Y
y4acTyA MOTIOAIBIX YYEHBIX IBYX CTPaH B TEMATHYECKN
CIlenaM3nPOBAHHBIX UCCIENOBATENbCKIX IPYIIIAX —
TaK Ha3bIBAEMbIX aCTIMPAHTCKYX IIKO/IAX).

5. COTpynHMYIECTBO B IOMY/IAPU3ALUY OIIbITA U
saddexTuBHOrO yyacTusa HaydHbIX Gon/0B, PODI n
DFG B 9acTHOCTH, B HAyYHO JUIJIOMATHIL.

25-netue corpypHmdectsa PODN ¢ DFG - xopo-
IIMIA TIOBOJL, OLIEHUTD TOT BKJIaJl, KOTOPBII OHO BHECTIO
B PasBUTHE POCCUIICKO-TEPMAHCKMX HAYYHbBIX CBA3EIL
JlocTurHyTO€e K HaCTOAIEMY BPEMEHM YMCTIO TOAJEp-
JKaHHBIX B €70 PaMKaX MCC/IENIOBATETbCKIX IIPOEKTOB, B
K&XJIOM U3 KOTOPBIX YYaCTBYIOT 0 10 yUeHBIX ¢ 06enx
CTOPOH, JJaeT IPeJCTaB/IeH)e 0 MacIITabax M PO/ VX
COTPYIHMYECTBA B PaMKaX STUX CBA3EIL. 3a STU TOMIBI
ObUI0 peami3oBaHO Goree 1050 TakuX MPOEKTOB U
IIPOBENIEHO CBbIlle 50 OBYCTOPOHHMUX HAy4YHbIX MEpPO-
npyATHiA. Pacxofibl Ha HMX TONIBKO €O CTOpOHBI PO
COCTaBWIM OKOTO 1.5 MyIpp pyOreit. Oty mokasarenmu
YHUKaJIbHBI B O0IIIell KapTIHe HayYHBIX cBs3eil Poccum
C OT/IE/TbHBIMY CTPaHAMM TaK Ha3bIBAEMOTO «/IaJIbHETO
3apy6exbs». st PODV DFG taxoke 6bUT U OCTaeTcst
OJJHMM M3 IIABHBIX 3apyOeKHBIX IapTHepoB. I1o mro-
ram 2019 1. OH BXOWI B MX IIEPBYIO IIATEPKY I10 YHCTY
COBMECTHBIX IIPOEKTOB 11 OBbUT Ha IIePBOM MeCTe 10 pac-
xonaM PO OV Ha MeXTyHapOIHbIE IPOEKTHI.

RFBR - DFG: Anniversary Stage of Cooperation

Abstract

Aleksandr N. Sharov

Russian Foundation for Basic Research

32A Leninskiy Ave., B-334, GSP-1, Moscow, 119334, Russia
a.sharov@rfbr.ru

The paper deals with the latest five years long piece of the history of cooperation between the Russian

Foundation for Basic Research and the German Research Community (Deutsche Forschungsgemeinschaft, abbr.
DFG). It shows changes in the conditions and procedure for holding joint Russian-German competition held to select
bilateral fundamental research projects, in the amount of their funding and the impact tightening requirements
for applications submitted to the contest have on the number of Russian participants. The popularity of various
thematic areas of the contests is analyzed, as well as professional, geographic and age distribution of the projects
participants, co-financed by RFBR and DFG. Possible ways of further expansion and deepening of cooperation
between Russian and German foundations are proposed.
Keywords: RFBR, DFG, science contest, fundamental research projects, international cooperation.
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VIsy4yeHme M3MEeHEHNIT AaTOMHO-KPUCTAI/INYeCKOM
CTPYKTYpPbI (PYHKIIMOHATbHBIX MaTE€pPUAIOB IOJ, AeliCTBUEM
AKyCTMYEeCKUX BOTH ¥ 3I€KTPUIECKUX IOIEN

A.E. bnaeos, H.B. Mapuenxos, A.I. Kynuxos, M. >Kopnax, E.H. Osuunnuxosa

MpoekTt Ne19-52-12029, MHULMMPOBAHHLIA B paMKax COTPYLHWYeCcTBa Poccniickoro hoHaa oyHaaMeHTanb-
HbIX ncenegosannii (PO®N) n Hemelkoro Hay4HO-MccnefoBaTenbeKoro coobuectsa (DFG), HanpaseH Ha n3y4e-
HWe BNUAHWNA BHELUHUX BO3AECTBUI HA aTOMHO-KPUCTANNIMYECKYIO CTPYKTYPY (PYHKLMOHANbHBIX MaTepuanos. B
COBMECTHbIX paboTax POCCUIACKON 1 HEMELKOW HAy4YHbIX rpynn nokasaHo, 4to ynpasneHne feekramu B nbe3o-
3NEKTPUKAX MOXKET ObITb UCMOMb30BAHO B KA4€CTBE NYTW A CO3A4aHUSA HOBbIX YCTPOMUCTB MUKPO3NEKTPOHUKK. B
aKCnepuMeHTax no uccneoBaHnio TpaHcdopmaLmu peLleTkn napatennyputa («-Te0,) noa aencTenem anexkTpu-
4ecKoro noss 61110 06HapyXeHo 06pa3oBaHne NPUMNOBEPXHOCTHOMO COA C N3MEHEHHBIMU CTPYKTYPHLIMU XapaK-
TepuUCTKamMu BCNEACTBIE MUTPALMN KUCIOPOLHbIX BAKAHCUIA M MasbIX CMeLLeHnit atoMoB. PacyeTbl meTogom DFT
nokasanu BO3MOXHOCTb MOHVKEHNA CUMMETPUI B Pe3ysbTaTe aTOMHbIX CMELLEHNIA, BO3HUKAOLLMX NPK 0JHOPOA-
HOil filechopmauym. MNapatensiyput ncnonb3oBancs B Ka4ecTse MOLENbHOM0 00bEKTa 419 UCCefoBaHNii METOLOM
PE30HAHCHON ANMPAKLMN PEHTTEHOBCKMX JTy4eil HA UCTOYHUKAX CUHXPOTPOHHOMO M3MTy4eHUs C ANEKTPUYECKUM
nonem 1 akyCTU4ECKUMI BONIHAMU. JHEPTETUHECKIE CNEKTPbI 3anpeLlieHHbIX oTpaxeHui B TeO, BGNN3K L -kpast
nornoweHus Te 66K yCnewHo u3mepersl Ha cTaHunn «®A3A» Kyp4aToBCKOro UCTOYHUKA CUHXPOTPOHHOIO 13-

NyYeHUs 1 Ha cTaHuum P23 HemeLkoro cuHxpoTtpoHa PETRA Il
Kntouesble coBa: nbe303neKTpukm, Suddy3na BakaHCUin, PEHTIeHOBCKaA AUdpaKLMs, CUHXPOTPOHHOE 13-

Jly4eHune.

* Paboma evinonnera npu (punancosoti noooepixcke POOU — DFG (npoexm Ne 19-52-12019).

B Hacrosmee BpeMsa 3HauMTeNbHasA 00TACTDb JC-
CIe[OBaHMII B 0OIaCTY MaTepyaoBefieHNsA KacaeT-
¢ pa3pabOTKU MeXaHM3MOB YIIPaBJIeHMS CBOJICTBA-
MU MaTepuanoB I CO3JaHMsA HOBEMIIMX CUCTEM
XpaHeHusA MHGOPMALM, HAKOIUIEHUS SHEpPIuu u
opyrux npuMmeHeHuit. OGHUM U3 HaIllpaBJIeHUI! AB-
NA€TCA KOHTPO/MpPyeMOe M3MeHeHMe [edeKTHO
CTPYKTYPbL ¥ aTOMHbBIX CMELEHUII TI0J, AeiCTBUEM
BHEIIHMX I1071eil. B 4yacTHOCTH, Takme CMeleHns Ur-
paIoOT CyIIeCTBEHHYIO PO/Ib B 00pa3oBaHMM MarHM-
TO9/IEKTPUYECKUX U IIbe3037IeKTPUYECKUX CBOJCTB
MarepuanoB. MoTuBanueil s OObeIVHEHNs B

¢dynpamenTanpubix uccnegoBanuit (PODN) u He-
MEIIKOTO Hay4YHO-UCC/IESOBATENIbCKOIO CO001IecTBa
(nem. Deutsche Forschungsgemeinschaft - DFG) sB-
JIAETCA TO, YTO YYACTBYIOIYE B HACTOAIIEM ITPOEK-
Te TPYIIIBI POCCUIICKVX VM HEMELIKMX YYeHbIX JaBHO
paboTaroT Haj BO3SMOXKHOCTBIO yIpaBieHus gedek-
TaMU JyiA pa3pabOTKM HOBBIX IIbe303IEKTPUYECKIX
MaTepuaios.

CosmectHbiil poekT PODN u DEG (Ne19-52-
12019) - mccnenoBaHUs POCCUICKUX M HEMELKMX
Y4YeHBIX B OO/IaCTV MCCIeOBAHUA BIUAHUSA S7IEK-
TPUYECKUX TIOJIeil M aKyCTUYeCKMX KojeGaHMil Ha

paMKax COBMeCTHOro mpoekta Poccuiickoro ¢ponga  cBoiicTBa (QYHKI[MOHAJIBHBIX MaTepuagoB — ObUI
BJIAr0B MAPYEHKOB KY/TIUKOB
Anekcanpap EBreHbeBuy Hukuta Bnagumuposuy AHTOH l'eHHaibeBNY

HULL «KypyaToBckuit
| VHCTUTYT»

XOPHAK Mattnac
TexHn4ecknit YHusepcutet
[opHas Akagemus

r. ®panbepra,

NHetutyt
3KCMepuMeHTanbHon
husmnkm
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nopzep>kaH B 2019 1. C poccuiickoit CTOpPOHBI B IIPO-
exte npuHMMaT ydactue: HUII «Kyp4arosckuin
unctutyt», OHUII «Kpucramnorpagpusa u ¢oro-
Huka» PAH, ¢usnueckuit ¢pakynsrer MI'Y nmenn
M.B. JlomonocoBa. C HemelKOll cTopoHbl: VIHCTU-
TYT 9KCIepuMeHTanbHON ¢usnky TexHMueckoro
yanBepcutera lopHoit akagmemym T. Dpaitbepra.
HedopManbHbIM YY4aCTHMKOM IIPOEKTa SABJIAETCA
LEHTP CUMHXPOTPOHHBIX uccnepoBanuii DESY (Fam-
Oypr, Tepmanns). Bce y4acTHMKM IpOeKTa MMEIOT
o01I11e HayYHbIe IHTEPECHl U 3HAYUTETbHBII OIIBIT B
06/1aCTV MCCIeNOBAHMIT CTPYKTYPhI U CBOVICTB KOH-
IEeHCHPOBAaHHBIX Cpefi, METO[JOB C MCIIO/Ib30BAHNEM
PEHTTeHOBCKOTO M3Ty4eHNs, 2 TAK)Ke B IPOBEfleHNN
KOMITBIOTEPHOTO MOJIe/IIPOBAHIA.

Hayynpie rpynner nus HUI «Kypyarosckuit uH-
cruryt» nu @HUIL «Kpucramnorpagpusa n potonn-
ka» PAH umeror 60rarelit OIbIT B 00/1aCTH yIIpaB-
neHNs AedeKTHON CTPYKTYpOil KPUCTA/IOB C IIO-
MOIIBIO S7IEKTPUIECKUX IOJIeHl ¥ aKyCTUYeCKUX KO-
nebanmit. HecMoTpst Ha 60/IbIIIOE TEXHOIOTMYECKOE
3HaUeHJe IIbe3037IeKTPUYeCTBa, CYILIEeCTBYeT JUIIb
OYeHb OIPaHMYEHHBIII HAOOP OOLIEOCTYIIHBIX Ibe-
309/IEKTpUYeCKNX MarepuanoB. OFHAKO BHEIIHUE
BO3JIEIICTBUA MOTYT BbI3BIBATh pa3jIMUHbIE MCKa-
JKeHMsI CTPYKTYpBI, BIMsASA Ha CBOJICTBA MaTepua-
ma. Tak, 1ox BO3JeNCTBUEM 37IEKTPUYECKOTO IIOJLA
B KPHUCTA/UIaX MOXXeT IIPOMCXOANUTb CTPYKTYpHAs
HepecTpolika, 00YC/IOBIeHHAsT MUTpALUeil U CKOII-
JIeHIeM HocuTernelt 3apsaga. B paborax poccmiickmx
yUeHBIX B TeUeHMe psAfa JIeT NPOBOAMUIOCH M3yde-
HIle TIOBEJIeHMsI PeaIbHOI CTPYKTYPbI KPUCTAJIIOB
maparemmypura (a-TeO,) [1] u Terpabopara nutusa
Li,B,O, [2] nmox pmeiicTBMEM 57I€KTPUYECKOTO MO 1
YIbTPa3BYKOBBIX HArpysok [3] ¢ mcmonb3oBaHMeM
BBICOKOUYBCTBUTE/IbHBIX ~ PEHTIeHOAUPPAKIVOH-
HBIX MeTOfMK. Taxke ObUta paspaboTaHa U BIIEp-
Bble peann30BaHa PeHTTEHOBCKAsA METO/IMKA KapTU-
poBaHMsI OOPAaTHOrO NPOCTPAHCTBA B TPEXOCEBOIL
reomeTpun AUQpPaKIMU C BpEMEHHBIM paspelieH-
eM Ha /1ab0paTOpPHOM NCTOYHUKe M3TydeHus [4].
Bpemspaspematomye — peHTreHOAMN(PaKIVIOHHbIE
METOJVIKY MO3BOJIAIOT M3Y4aTh IPOTEKAIOIINe B 00-
paslie IOoj BINMAHNEM BHEUIHNX BO3[EMICTBUI IIPO-
11eCChI, BbI3BIBAOIYE 0OpaTMble feOpMaIn ero
KPUCTA/UINYECKO) pelIeTKY, pasTPaHN4YNBATD ITU
IIPOLIECCHI II0 KMHETHKE, & TAKXKe Pa3e/iATh pasHble
BUJIbI MTHAYLVPOBAHHBIX leOpMaLnit.

Ipynmnoit HeMeIKMX V4Y€HBIX, NPUHIMAIOMINX
ydacTue B BBIIOTTHEHNY HACTOSIIETO IPOEKTa, OblIa
U3y4eHa BO3MOXKHOCTb OOpasoBaHMs IIPUIIOBEpPX-
HOCTHBIX CTPYKTYp B TuTaHare crponnus (SrTiO,)
(STO) [5-7]. ABTOPSBI COOOIMIN O GOPMUPOBAHUN
B neHTpocummerpudanom SrTiO, mbesoanmekTpuye-
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CKJl aKTVBHOTO IIPUIIOBEPXHOCTHOTO CTI0S, MOAVIPI-
LMPOBAHHOIO MUTpalyell KUCIOPOSHbBIX BAKAHCUI,
VMHIyUVPOBAaHHON 3/IEKTPUYECKNM IIOJIeM. OTOT
CTIOJ MOYKHO CO371aTh, rmomenias STO B craTnmyeckoe
97IEKTPIYECKOe T10JIe Ha HeCKO/IbKO YacOB, B Pe3y/Ib-
TaTe 4ero IMPOUCXOAUT IepepaclpeneieHne KICIo-
POMHBIX BaKaHCMII IO HAIIPaB/IEHNIO K OHON CTO-
pPOHe MOHOKPMCTA/IIA. DTO TOKA3bIBAET, YTO MUTPA-
s fe¢eKToB ABsAeTcsA 9P PEeKTUBHBIM M MOLTHBIM
MHCTPYMEHTOM KOHTPOJIA CYIECTBYIOLINX CBOJCTB
MaTepyrajoB, ¥ MOXXHO CO3JaTh COBEPIIEHHO HOBbIE
IIbe309/IeKTPUKN Ha OCHOBE MAaTepUA/IOB, CUMMeT-
pMsl KOTOPBIX B OTCYTCTBME Je(eKTOB 3aIperiaeT
cymecTBoBaHue a¢pdexrta. Benmnunna oOHapyskeH-
HOTO IIbe303/IeKTpudeckoro s¢ddekra cpaBHUMA
C BEMMYMHON OOBEMHOTO IIbe303TIeKTPUIECKOTO
addexTa B KOMMEPUECKUX CETHETOINEKTPUIECKIX
Marepuanax. Takoe VMCKycCTBeHHO c(hOpMUPOBaH-
HOe JleeKTaMy Mbe3037IEKTPUYECTBO MOXKET OBbITDH
Ba)XHBIM KaK a/IbTePHATUBHBIN ITYTh /151 KOHCTPYM-
POBaHNA UHTE/UIEKTYa/IbHBIX MaTepyraaoB. Bo3HuK-
HOBEHIe MHAYIVPOBAHHOTO MUTpamyeil nedexkToB
[Ibe303/IEKTPUYECTBA, CTAOV/IN3UPOBAHHOTO 3JIEK-
TPUYECKUM IIOJIeM, OTKpBbIBAaeT OecIipeliefileHTHbIE
BO3MOXXHOCTH JI3aliHa U KOHTPOJIA CBOVCTB (PyHK-
I[IOHA/IbHBIX MaTepUasIOB.

ViMest 60MbIIOI HAyYHBI 3aje/l, POCCUIICKAs U
HeMel[Kasi Hay4YHble IPYIIIbI 00 beVHNIIN CBOU YCU-
M B PaMKaX HACTOSAIIETO MPOeKTa JJIA IpoBefie-
HIISA Ja/IbHENIINX COBMECTHBIX MICC/IeTOBaHMIL B VH-
Tepecyoleil 06/IacTy U Pa3BUTYS HOBBIX METOAVIK,
MO3BO/IAOIIVX U3y4YaTh BIVAHUE BHEIIHUX BO3Jel-
CTBMIT Ha HedeKTHYI CTPYKTYpPy KpuUCTa/IoB. B
IpoIecce peannsanuy IPOeKTa ero yJacTHUKaMMI
YCIIELIHO IPOBEfIEHO OOIbIIOoe YNCIO VCCIeoBa-
HIIT, KOTOPbIe OTPaXKEeHBI B Psifie HAYYHbIX Iy0/IIKa-
LMif, B TOM 4MC/Ie COBMECTHBIX (paboThl IpefcTaB-
JIEHBI B CIIVCKE JIUTEPATYPBI).

B kadecTBe OHOrO M3 O0OBEKTOB MCCIIEOBAHMUIA
B paMKaX HACTOSILIEr0 MpoeKTa ObUI BBIOpaH Imapa-
teluryput. Kpucramiel maparerypura o071amaioT
PANOM YHMKA/IbHBIX (PM3MYECKUX CBOJICTB, OIpefie-
JIAOINX MX PacIpOCTPAaHEHHOCTb B COBPEMEHHOI
MUKpO9/IeKTpoHNKe. OHY VCIIONb3YIOTCA U B BOCH-
HO-TIPOMBIIIIEHHBIX TeXHOJIOTVIAX, VI TIPY CO3TaHNUMN
COBpEMEHHBIX HAayYHBIX IHCTPYMEHTOB — HAIIpUMep,
KaK 4acTOTHbIe (QV/IBTPBI I/LA Te/lecKonoB. braromaps
MIMPOKON PaCIPOCTPAHEHHOCTY NAHHBIX KPUCTANI-
JIOB ¥ TIOJTy4eHHBIM SKCIIEPYMEHTA/IbHBIM HapaboT-
KaM, OHU SIB/ISIFOTCS] XOPOLINM MOJIe/IbHBIM 00'beKTOM
¥ /11 pa3pabOTKM HOBBIX METOAUK MCC/IEOBAHNSA, U
UL CO3AaHMsI KOMOVHVPOBAHHBIX PeIleHNil, Halpy-
Mep, 00BEeANHAIOIINX MATHUTOSIEKTPIYECKIE I ITbe-
3097IEKTpUYECKIe CBOJCTBA. B pamkax Hacrosilero
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IIpoeKTa ObIIO TPOJO/DKEHO U3ydeHNe BIVAHNSA BHe-
LIHUX aKYCTUYECKMX U INIEKTPUIECKMX BO3JEICTBIUIN
Ha KpucTamibl TeO, Ha MUKPOCKONIMIECKOM YPOBHE.
ITokazaHo, 4TO TOJ, BO3HEICTBUEM 3/IEKTPUIECKOTO
HOJIS1 B KPUCTA/UIAX BOMU3U 97EKTPOJOB MOTYT 00-
pas3oBaTbCcst 06/1aCTy, MO CBOUM (PUBUYECKUM CBOIL-
CTBaM OTIMYAIOMINECA OT CBOJMCTB MCXOHOIO Mare-
puama. O6pasoBaHMe MOJOOHBIX KBa3U[IBYMEPHBIX
CTPYKTYP — TOHKUX 3aPsDKEHHBIX CJIOEB Y IOBEPXHO-
CTVI MOHOKPUCTA/IIa IIOf, BO3/IeJICTBYIEM BHEIIHETO
97IEKTPUYECKOTO IO/ — ABJAETCS IMPUHIVIINAIBHO
HOBBIM IIOJIXOZJOM K YIIPaB/I1eMOMY KOHTPOIIO (13-
YeCKIX CBOICTB. B paboTax poccuiickoit IpyIbl yue-
HBIX M3y4a/Iach AMHAMIKA IIpoecca GopMUpOBaHUA
U XapaKTepUCTUKU IIPUIOBEPXHOCTHBIX CTPYKTYP
B IapaTe/UIypuUTe C UCIIONIb30BAHUEM M Sifu MeTofa
PEHTT€HOBCKOI ANUPPAKTOMETPUN U 3MEKTPOPU3N-
JeCKNX M3MepeHuiL. leoMeTpus sKcriepuMeHTa Ipey-
cTaBjeHa Ha puc. 1. IIpoBeneHbl MCCIefOBaHNA 9BO-
oLy GOPMBI, ITOIOKEHNS MMKOB U MHTETPAIbHO
VHTEHCUBHOCTY KPUBBIX AM(PPAKIMOHHOTO OTpaske-
Hus (KJJO) B mpotiecce ycTaHOB/IEHNS PAaBHOBECHOTO
COCTOSIHIIS IIPY IIOfiaue 3/IeKTPUYeCKOTo MO/ HaIlps-
YKEHHOCTBIO 70 1.8 kB/MM (puc. 2) [8].

YcraHoBneHo, uto HabOmomaemble 3¢ ¢eKTs 3a-
BUCAT OT HO/IPHOCTYM I BBI3BAHDBI YBE/INMYEHNEM
KOHI[EHTPallM/I MOHOB KUCTIOPOfia M KMUC/IOPOIHBIX
BaKaHCUII B IPUIIOBEPXHOCTHBIX OOACTAX CO CTO-
POHBI aHOJIA 11 KaTofa 06pasija COOTBETCTBEHHO. []1s
BBIABIEHVSI aHU30TPONMM HabmomaeMbix 3G ¢eKkToB
U3MepeHIs IPOBeeHbI Ha cepuu 00pasIioB CO cpesa-
mu 100, 110 1 001 u pasnmuaHbIMK AViPAKLIVOHHBIMI
pedrrexcamu. B paMkax HacTOAIIETO IPOEKTa Ipen-
JIOXKEH U peann30BaH PeHTTeHOANUPPAKIVIOHHBII Me-
Tof, onpeneneHys 3¢ eKTMBHOI TOMIVHLI HOpMM-
PyeMOro BHELIHVM I0/IeM IIPUIIOBEPXHOCTHOTO C/IOA
C MOBBIIIEHHOV KOHLIEHTPALMEN HOCUTENIEN 3apsfoB
10 M3MepPeHNIO JU(PPAKIVOHHON KapTUHBI OT KpaT-
HBIX IIOPAJKOB OTPXKEHNA.

OudbpakumonHsin — [hkl]

ny4oK

Mapatowmin
ny4yoK

Ag/Cr KaTton

Puc.1. Cxema  penmeeHOOUPPAKUUOHHOZO
6030elicmeuL d7IeKMPUHeckozo NomsL Ha 06pasey.
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Puc.2. a - Pesynomamvl USMePeHUs KUHEMUKU NPOBOOUMOCIIU.
Wsmepenus nposoounuce 6donv Hanpasnenuti 100, 110 u 001 6 meuenue
1200 ¢ nocne 6KmOUEHUS U NOCNE BLIK/IOUEHUS SNEKMPUUECKO20 NOTL
Hanpscennocmoto 295 B/m. b — Junamuxa yuupenus Oudpaxyuonnozo
nuka. T, u T, - Xapakmepucmuueckue 6peMeHa NPoyeccos HACoUEHUS
U penaxcauuy d1eKmponposooHOCU U NOLYWUPUHDL OUPPAKUUOHHBIX
NUKOS.
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ITo skcrepyMeHTa/TbHBIM JAHHBIM IIPOVI3BEIEHbI
OIIEHKV TOJIIVHBI 37IEKTPMYECKOTO C/IOS 3apAfIOB Y
HOBEPXHOCTY, KOTOPbIe XOPOLIO COBIAJAIOT C pac-
YeTHBIMM 3HAYEHMAMM 1e0aeBCKON J/IMHBI SKPaHU-
POBaHMA U COCTAB/IAIOT 3HAYEHNA NOPATKA HECKOJIb-
KIX MMKPOH. [Iy1 onmcanus npodurielt KpUBBIX A1-
(paKIMOHHOTO OTPaXeHMA MCIIONb30BaHA MOZETIb,
B KOTOpPOIl KPMCTa/UI IIPeACTaB/AETCA KaK Habop
TOHKVIX CJIO€B MJI€a/IbHOM CTPYKTYPBI C pas/INIHbIMIA
aMmmTygamu fedopmarym B cnosx. Ha puc. 3 mpu-
BefleHbl ITPOQWIN TpeX KPUBBIX AM(PPaKIVOHHOTO
OTpaXXEHMsI B CPABHEHUN C Pe3y/IbTaTaMy MaTeMaTl-
9eCKOTO MOJIe/TMPOBAHMA.

- JKCNEepUMEHT
0,30 20
220 —Teopus

OTH. MHTEHCUBHOCTb

-60 -40 -20 0 20 40 60
w, Y. C.

Puc. 3. CpasHenuie sKCnepumMeHmanvHolx 0AHHbLX 07 0MpaxceHuti
220, 440 u 200 6 napamennypume ¢ pe3ynrvmamamu MOOeAUPOBAHUS
6 NPUOKUNEHUU MHO20C/IOUHOL  CMPYKMYpol, €  PASTUMHOL
amMnaumyooil  UHOYUUPOBAHHBIX 0ePOPMAUULl  KPUCMAIUHECKOLL
peuwemKuy 6 croax.

Onpenenenne CTPyYKTyPHOTO IPOVMCXOXKIEHUA
3TUX ABJEHUN TpebyeT M3MepeHUNl in situ Mu-
KPOCKONMYECKOTO CTPYKTYPHOTO OTKIMKa IIOJ
BO3JeJICTBMEM BHENIHNUX Moseil. IIockonbKy oXxu-
TaeTcsA, 4YTO CMeIlleHNMsA aTOMOB O4eHb Masbl, UX
HeoOXOMMO M3MePSTb C BBICOKOI TOYHOCTBIO, U
TaKue BO3MOXXHOCTHU JAaIOT METOJ[bI C MCIOJIb30-
BaHMEM CHHXPOTPOHHOTO M3TydeHMA. B pamkax
HACTOAIIEr0 NMPOEKTa BIEPBBIE JJI TAKOTO POfia
UCCTefOBAHNII TPYMEHEH MeTOJ 3alpelleHHbIX
OTpPa)KeHMII, BO3HMKAKOIIMX INPM ISHEPIUAX Ia-
JlAIOIIero M3y4eHMs BOMU3M KpaeB HOITOLIeHN
aTOMOB BelllecTBa. bbImm mnpoBeieHBI M3Mepe-
HIA 3allpelljeHHBIX OTPakeH!I B MapaTeIypure
B JIBYX 9KCIIEPMMEHTaX C SHepruaAMM (POTOHOB,
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OMU3KMMM K L -Kparo IOTITIOMEHNSA aTOMOB TeJITy-
pa (E=4 938 3B). OKcnepuMeHTHl NPOBOJAUIICD
Ha nuHun P23 cunaxporpona PETRA III B nen-
Tpe cuHXpoTpoHHoro usnydenns DESY (TamoOypr,
Tepmanns) n Ha cranuu «PA3A» KypuaToBckoro
MCTOYHMKA CMHXPOTpOHHOrO m3nydyenua B HUI]
«KypyaToBCcKuii MHCTUTYT». bBbimm usMepeHsI
a3MMyTajbHasA 3aBUCUMOCTb (@-CKaHMPOBAHIE)
n sHepreTmdyeckmit cuextp (E-ckaHupoBaHUe)
(puc. 4) orpaxennit 100 1 002, KOTOpble BO3ZHMKA-
10T TOJIbKO IIPY 9HEPIUAX IaJIAI0I[eTO M3TydeHNs
BOMM3M L -Kpas MOI/IOIEeHNs TeTypa, HO OTCYT-
CTBYIOT IIpU JPYTUX SHEPIUAX.

—e— 002, 0V KypuatoBckuii |
ucrouHuk CH .

—=— 002, 0V PETRA III

—u=—100, 0V PETRA III

04 |

A

0.0 . 1
4920 4930 4940

Oueprus oroHos, 3B

HHTEFP&J’[]:H&S( HHTEHCHBHOCTB, OTH. €]1.

1
4950 4960 4970

Puc.4. Duepzemuueckue cnekmpuvl 3anpeuteHHvix ompaxcenuit 002 u
100, usmepennvie na cmanyuu P23 cunxpompona PETRA III u cmanyuu
«DPA3A» Kypuamosckozo ucmouHuxa CUHXpOmMpOHHO20 USTTYHEHUS.

AsumyTanbpHasg 3aBUCUMOCTDb pedexca 002
0OHapy>KMIa XOPOLIO BBIPAXEHHYIO CUMMETPUIO,
COOTBETCTBYIOLIYI0 OCY YeTBEPTOTO NOpsAKa. ITO
II03BOJINJIO ONIPEMleNINTh 3HAYE€HME a3MYTaTbHOTO
yI7a, IpM KOTOPOM MHTE€HCUBHOCTb OTPa’KEHUA
MaKCUMaJIbHa, ¥ HAWTU 006/1acTh, CBOOOJHYIO OT
MHOTOBOTTHOBBIX oTpakeHuit Pennunrepa. Taxxe
ObII M3MEpEeH 9HEepreTUYeCK!il CIHeKTp OTpaxke-
HuA 100. TeopeTrndeckoe paccMOTpeHMEe MOKa3bl-
BaeT, 4To oTpaxeHue 002 Bo3HuKaeT O1aromaps
JUIIONb-AUIIONIBHOMY PE€30HAaHCHOMY pacCesHUI0
CUHXPOTPOHHOIO M3JIy4YeHNA, KOTOPOE ONNCHIBA-
€TCA CUMMETPUYHBIM TEH30pOM BTOPOTO PaHTIa,
IIpUYeM CHeKTpanbHasA 3aBUCUMOCTb 3TOTO OT-
pakeHMs1 006YCIOB/IeHa TONBKO OJHON TEH3O0PHOII
KOMITOHEHTO fxy [11]. JImaroHambHbIe KOMIIO-
HEHTBI 3TOTO TEH30pa B JIOKAJIBHBIX OCAX KOOp-
OVIHAT OTPa)kaloT pacLieneHue p-d71eKTPOHHBIX
COCTOSIHUI Te/lypa B KPUCTAIINYECKOM IIOJIE.
KoMIIOHeHTbl HeMaroHAa/JIbHOIO TEH30pa 3aBMU-
CAT OT YITIOB Jiifiepa MeXJY OCAMM JIOKa/JTbHOM
AaHM3OTPONNMHU U KPUCTA/IMYecKoi ocpio. Criek-
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TpasibHas 3aBUCUMOCTD oTpaxkeHus 100 06ycmoB-
7eHa OBYyMs TEH3OPHBIMJ KOMIIOHEHTaMMU fxy uf .
OpHaKo 3KCIepUMEHTDI II0Ka3any, 4YTO 9HEePreTn-
JecKue CHeKTPbl 060MX OTpa)KeHMIT aHaTIOTMYHBI
(puc. 4). AHanU3UPys MHTETPANbHYIO MHTEHCHB-
HOCTb oTpaxeHusa 100 pm1a pasnuMYHBIX asUMy-
TaJIbHBIX YI/IOB, OIPE/Ie/IEHO COOTHOLIEHNE MEXTY
KOMIIOHEHTaMI CTPYKTYPHOTO TeH3opa ¢akropa
F_/F | (puc.5).

2
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Puc.5. Onepeemuueckue 3a6UCUMOCIU  KOMNOHEHM — MeEH30PHO20
AMOMHO20 (pakmopa Mennypa npu  IHepeUU  ULYHEHUS  07U3U
L -xpas noenowenus, nomyueHHvie u3 AHAIU3A IKCHEPUMEHMATLHBIX
pesynvmamos.

B paboTax y4acTHMKOB IpoeKTa OBIIO IOKa-
3aHO, YTO SHEPTeTUUeCKIe CIIEKTPhI 3alpelieH-
HBIX OTPaXeHMIT YYBCTBUTEAbHBI K ONIVKHEMY
OKPY)XEHII0 PE30HAHCHBIX aTOMOB M MX MaJjIbIM
(mopsizka aMIIMTYAbl TEIIOBBIX KomeOaHMIL)
cMmenieHUsAM [9], TO eCTb MOTYT MEHATbCS HpHU
BHEIIHNX BO3[EMCTBUAX, NPUBOMIIUX K MI-
rpaguy BaKaHCUIl M JIOKATbHBIM MCKaXKEeHUSM
CTPYKTYPBI. B paMKax HacTosiero npoexkra pas-

{

o RFBR JOURNAL

pabotaHel u ampobupoBaHbl Ha cTaHium P23
cunxporpoHa PETRA III merommkm wusmepe-
HUs OPIITOBCKUX OTPAKEHMUIT IPY MPUTOKEHUN
9/IeKTpUdecKoro mons. Vicxons us ocobeHHOCTEI
[Ibe3037MEKTPUYECKNX MOAYNeN B apaTeaypure
pna namepenna orpaxenui 002 u 100 ucmonb-
30BaHbl [B€ CX€Mbl HAIIbIIEHUA 37€KTPOROB. B
HepPBOIl 97IeKTPO/bl HAIIBI/IAIICH Ha 6OKOBBIE 110-
BepxHOCcTK 100 ob6pasma, nMerouiero ¢opmy ma-
pannenenniena pasMepom 2x2x3 MM, BO BTOPOI —
Ha JIMI[eBble MOBEPXHOCTM 0Opasiia, MMeEIoLIero
¢dbopmy mmactuHkM cpesa 100, ¢ KOTOPBIX CHUMA-
JIMCbh COOTBETCTBYMOIINME CHMMETpPUYHBIE Opar-
TOBCKME OTPaKeHMs. INeKTPOAbl IO[COeANHs-
JINCh K BBICOKOBOJIBTHOMY MCTOYHUKY HaIlpsKe-
HMA, IO3BOJIAIOLIETO NIOAABATh oA 10 2 KB/MM.
OKCIepUMeHTa/IbHbIe M3MEPeHUsI OCTOXKHANNCDH
BO3HUKHOBeHueM (oroTtoka BemencTsue ¢o-
TO9JIEKTPOHHOM OMUCCUM TIPY CKaHMPOBaHUU
obpasiia CUHXPOTPOHHBIM IIYYKOM, 4TO Tpebo-
BaJl0 YMEHbIIEHUA WMHTEHCUBHOCTY WU3Ny4EeHUS
U3-3a ONACHOCTU 3JIEKTPUYECKOTo Ipobos. Pas-
paboTaHHasg MeTOAMKAa IO3BONMMIA WU3MEPUTDH
a3MMyTa/lbHblEe M 9HEPTreTUYeCKue 3aBMCUMOCTHU
IBYX YKa3aHHBIX 3allpellleHHbIX OTPaXeHUN I
HaOMO#aTh UX TpaHCHOPMALNIO HPY MPUTOXKe-
HUU 97IeKTpMYeCcKoro mond. Hemenkue mapTHe-
pbl IPUMHMMAaNM aKTUMBHOE y4YacTue B IIPOBeJe-
HIUM 3KcrepuMeHTa Ha cuHXxporpoHe PETRA III
(puc. 6-8). IlpepBapuTenbHO UMU OBUIN BBIIOT-
HEHBI pacyeTsl ¢ ucnonb3oBaHneM DFT-mopgxona
(MeTon GpyHKIVMOHAMA 37IEKTPOHHOI IJIOTHOCTN),
KOTOpBbIE IOKa3aay, 4YTO C MOMOILbI0O BHEIIHUX
BO3/Ie/ICTBUII, IPUIO>KEHHBIX OIIpefie/IeHHBIM 006-
pa3oM, MOXXHO OCYLIeCTBUTHb (Pa3oBBIil Iepexof
u3 «- B y-¢dasy B KpHUCTaIe MapaTe/uIypuTa.

Puc. 6. Yuacmuuku poccuiickoii u Hemeyxoii Hayunvix zpynn no epems Puc.7. A.Il Kynuxos u M. XKoprak obcyxoarom x00 sKchepumeHma Ha

aKCnepumeHma 8
(Tambype, Tepmanus).
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PETRA III.

B pamkax HacToAlero NpoekTa TakXXe 3aljlaHN-
POBAaHO M3y4YeHME BIMAHNA aKyCTUYECKNX HATPY30K
Ha CBOJICTBAa (PyHKIMOHA/JIBHBIX MaTepuanoB, 1, B
KavyecTBe MOJIEbHOTO 00heKTa, Ha KPUCTAJUT Tapa-
Te/yIyputa. B paboTax rpynmsl aBTOpOB, KOTOpBIe
ABJIAIOTCS YYaCTHUKAMM JJAHHOTO IIPOEKTa, ObLIO
II0Ka3aHO, 4YTO IIPY BO3JENCTBUM MHTEHCUBHOTO
Y/IbTpa3ByKa PE30HAHCHONM YacTOThl Ha KPUCTaI-
pE€30HATOP B IOCAENHEM BO3HUKAET CTOAYAA aKy-
cTUYecKas MPOJ0/IbHAsA BOTHA, KOTOPas IIO3BOJIAET
KOHTPONMPYEMO WM3MEHATH IIApaMeTp €ro Kpuc-
TAJZIMYECKOV peUIeTKM. BbUM JOCTUTHYTBI OTHO-
CHUTeTIbHbIe M3MeHeHMs IapamMeTpa pemeTku Ad/d
BIUIOTH 70 1.5-10*. B akcrepumeHTax, BBIIIOTHEH-
HBIX Ha TaOOPATOPHOM UCTOYHIUKE PEHTTeHOBCKOTO
U3JTy4eHus, OBUIO IPOJIEMOHCTPUPOBAHO, YTO IS
KPUCTaJI/Ia-PE30HATOPA MTApaTE/TypUTA XapaKTePeH
CJIOKHDBII MHOTOCTAIMJIHBIN IPOLleCC M3MEHEHUA
HedeKTHO CTPYKTYpBl IpM BO3JEVICTBUM VHTEH-
CUBHBIM Y/IbTPA3BYKOM IIOCTOSHHONM aMIUIATY/BI,
XapaKTepPU3yeMblil CTYIIEHYaTbIM yBEINYEHNEM OT-
HOCUTE/IbHON fedopManyy O 3HAYEHWIT MOpsfKa
1.6:10* mpu ammuryge curiana 90 B/mm [12]. Tak-
)K€ TI0Ka3aHO, YTO IIPY IIOCTENIEHHOM YBEIUMYEHNUN
aMIUIMTY[bl CUTHa/JIa M3MEHEHMe IIapaMeTpa pe-
LIETKY IIPOMCXOUT CHavajia JIMHENHO, a 3aTeM, [IpU
TOCTVDKEHUY aMIUIUTYAbl B 60 B/MM, HabmomaeTcs
HEJIMHEVHBIN YYacTOK, IPEeJUIECTBYIOLINI IOTHOMY
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Study of Changes in the Atomic-Crystal Structure
of Functional Materials under the Influence
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Abstract
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The German-Russian program on controlled tuning of atomic structure in functional materials by acoustic

waves and electric fields was initiated through the DFG and RFBR project (N19-52-12019). In a joint research
cooperation of the applicants group it is shown that defect engineering could be used as a route to design new
piezoelectrics. German and Russian scientific groups investigate the effects of electric fields and ultrasonic
excitation on the atomic structure of crystals. In the experiments of the lattice transformation in paratellurite TeO,
under the influence of electric fields the formation of the near-surface layer induced by oxygen vacancies migration
and small atomic displacements was discovered. DFT calculations, done to estimate atomic displacements in
paratellurite TeO,, have shown the possibility of the symmetry reduction as a result of a weak displacements
under homogeneous deformation. Paratellurite TeO, was used as a model object to test the setup for the study of
resonant X-ray diffraction with electric field and acoustic waves at the synchrotron beamlines. This method is very
sensitive to small atomic displacements and defects. Two energy spectra of forbidden reflections in TeO, were
successfully measured in the vicinity of L absorption edge of Te at the Kurchatov synchrotron radiation source and
P23 beamline of PETRA IlI.
Keywords: piezoelectrics, vacancies diffusion, X-ray diffraction, synchrotron radiation.

* The work was financially supported by RFBR and DFG (project 19-52-12019).
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Fig. 1. The scheme of X-ray diffraction experiment with a sample under the electric field influence.
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Fig. 2. a - The study of conductivity kinetics. The results of measurements along the directions 100, 110 and 001 within 1200 s after the electric field of 295
V/mm was switched on and off. b - Dynamics of the diffraction peaks broadening. T, and t, are the typical times describing the saturation and relaxation

of conductivity and width of the diffraction peaks.
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Fig.3. A comparison of the experimental data for 220, 440 and 200
reflections in paratellurite with the results of simulations in approximation
of multilayer structure with different amplitudes of induced strains of the
g crystal lattice in the layers.
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Fig. 4. Energy spectra of the forbidden reflections 002 and 100 measured at the P23 beamline of the synchrotron PETRA III and station “FAZA” of the
Kurchatov synchrotron radiation source.
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Fig. 5. Energy dependencies of the tensor atomic factor components close to the L, absorption edge of tellurium obtained from the analysis of experimental
data.
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Fig. 6. Participants of the Russian and German scientific groups during the
experiment at the DESY synchrotron research center (Hamburg, Germany).

Fig. 8. A.G. Kulikov during the measurements at the beamline P23 of the

synchrotron PETRA II1.
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Henpsamo3oHHbIE T€eTEPOCTPYKTYPBI:
peKOMOMHAIVIA M CHMHOBAA JMTHAMNUKA S9KCUTOHOB

T.C. Ulamupsaes

PaccmarprBaeTcs noBe/eHNe SKCMTOHOB B reTepOCTPYKTYpax C HeNpsiMO30HHLIMW KBAHTOBbIMIA IMaMm 11 KBAaHTOBbIMU
TO4KaMU, U3y4eHHOe NpK oHaHCOBOM noanepxke PO®U n DFG. MponemMoHCTPMpOBaHbl BOSMOXXHOCTY: YNPaB/isieMoro 13-
MEHEHS! BPEMEHW 1311y4aTeNibHOM PEKOMOWHALIAN SKCUTOHA B Anana3oHe OT HECKOSbKIX AECATKOB HAHOCEKYHA, [0 AECATKOB
MUKPOCEKYH; SKCNEPUMEHTASTbHOMO UCCNEA0BaHNS CIMHOBOW AMHAMUKI AONTOXUBYLLIMX JIOKANNU30BaHHbIX 3KCUTOHOB; MC-
MONb30BaHIIS KBA3UPE30HAHCHBIX OMTUYECKIX METO0B ANs BO36YAEHNS HENPSAMO30HHbIX SKCUTOHHBIX COCTOSHUIA. Mccne-
[I0BaHO MEKTPOH-AAIEPHOE B3aUMO/EACTBIE B HEMPSAMO30HHHbIX KBAHTOBbIX To4Kax (In,AlAs/AIAS. OnpefeneHbl 3Ha4eHMs
KOHCTaHT CBEPXTOHKOrO B3aWMOJEACTBIS NOKANIN30BAHHOO B X~A0NMHE 30HbI MPOBOAMMOCTI JNEKTPOHA ¢ sapamm As, In
11 Al. BbISIBNIEH HOBbIA MEXaHU3M OPUEHTALMM CMIMHA NIOKANN30BAHHbIX 3IEKTPOHOB: AMHAMIYECKAs CMIMHOBAs NONApU3aLms
3MeKTPOHOB, 06ecneymBaeMas (PnyKTyaLmsmm CriHa Saep Y4epes CBEPXTOHKOE B3aMOABNCTBIE B CNaboM MarHUTHOM Mone.

Kntouesble cnosa: nonynpoBOAHNKOBLIE KBAHTOBbIE TOYKM, CMWH, KOrepeHTHas JMHAMWKA 3KCUTOHOB, Mar-
HUTOONTIKA HAHOCTPYKTYP.

* Paboma gvinonnena npu ¢hunancogoil noooepoicke POOU — DFG (npoexm NeNe 10-02-00240, 13-02-00073,
15-52-12012, 16-02-00242, 19-02-00098, 19-52-12001, 19-52-12043, 409810106, ICRC TRR160,
YA 65/14-1u YA 65/19-1).

Mpamas Henpsimas
BBenel-me = 3anpelleHHaa 30Ha  3anpelleHHas 30Ha
- a L L
S r
DHepreTn4ecKoe CTPOeHNe HU3KOPa3MEePHBIX Te- E| Ear X
TEPOCTPYKTYP OIpefie/isieT paclpese/ieHyie HOCUTe-
et 3apspja: k: . N .
1. B mpocTpaHCcTBe KBa3UMMITY/IbCOB, Ii€ MOTYT T—
. MAyNbC
peann3oBaThCs JBa BapyaHTa: cTpyKTypa | poga
— IPSIMO3OHHBIE CTPYKTYPBI, KOIfa 571eKTPOH I ¢ i
IbIPKa PacIIOIOXKEHbI B OJTHOV M TOM K€ TOYKE 30HBI ]
bpunniosna, u XorlL XorL
— HeNPSIMO30HHBIE CTPYKTYPBI, 0Opasymomuecs, IZEI r i
KOTIa HOCHTENMM 3apsAfa MMEIOT pa3Hoe 3HadyeHIe hh hh
KBasUMMIIY/IbCa; cTpykTypa Il pona
2. B peanpHOM IPOCTpPaHCTBe, IZie TaKXKe BO3- st e xorl f
MO>KHO /IBa BapuaHTa: g r
3
™

L_J

— CTPYKTYpBI IIEPBOTO POfa, B KOTOPHIX 06a HO-
cutens 3apsa (M 9MeKTPOH, U JbIpKa) TOKaIU30Ba- éﬂ
Hbl B OfIHOM M3 COCTAaBIAKIMX CTPYKTYpy IIO/IY- hh

IIPpOBOJHMKOB, "
Puc.1. 3onnvie Ouazpammvl ecemepocmpykmyp. B npocmpancmee
— CTPYKTYpbl BTOPOIrO pOJid, B KOTOPBIX 3/7I€KTPO- KBA3UUMNYTILCOB: 4 — NPAMO3OHHbIe U b — Henpsamo3oHHbie. B peanvrom

HbI VI ABIPKN Pa3feNATCA B p€a/IbHOM ITPOCTPAHCTBE npocmpancmee: ¢ — NPAMO30OHHbIE NePB020 pood, d — HenpamMo30HHbie
MEKTY CTTOSIMI PA3TIIHBIX TOTYTIPOBOHIKOB. nepeozo poda, e — NPAMO3OHHDIE 8MOPO20 Po0d, f — HenpamMO30HHble
6mopozo  poda. Cmpenkamu 0003Ha4eHvl OnmMuueckue nepexoovl

Takum O6pa3OM, B 061em CIydae CYIECTBYIOT Y€~ sxcumonos 6 ocHosHoe cocmostiie.
ThIp€ Pa3/IMIHbIX TUIIA IHEPTETMIECKOrO CIIEKTpa HU3- B HENIPSAAMO3OHHBIX CTPYKTypax MOXHO MC-

KOpasMEepHbBIX TeTePOCTPYKTYP, IIOKA3aHHbIX HA puc. 1. cienoBath (GU3MYECKVe IPOLeCChl, M3YyUeHue KO-

=

LUAMWUP3AEB

Tumyp CesrupoBuy

VIHCTUTYT hranku nonynpoBoaHUKOB
um. A.B. PxxaHosa CO PAH
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TOPBIX B IIPSAMO3OHHBIX CTPYKTypaX 3aTPYHSHEHO.
XapaKTepHBIM IIPYIMEPOM TAKOTO IPOLiecca ABJIAETCA
CIIMTHOBAA JVHaAMMKa JIOKAa/IMI30OBAaHHBIX 9KCMTOHOB.

Kak sT0 6BUIO IOKAa3aHO B MHOTOYVC/IEHHBIX
TEOPEeTUYECKNX paboTax, JIOKAM3AIMA IIPUBORUT
K TOJAB/IEHNMI0  MEXaHNM3MOB,  OHpeIe/IAIONINX
IepeBOPOT  CIMHA  CBOOOJHO  JIBUTAIOLIVXCS
IJIEKTPOHHDBIX BOS6Y)K,I[€HI/H7I, TaKX KaK MEXaHM3MBbI
Ommora - fAdera n [Ipsaxonosa — Ilepens, a Bpemsa
JKU3HM  CIIMHOBBIX  COCTOSIHMII  JTOKaJIM30BAaHHbBIX
9KCUTOHOB MOXKeT HocTurath MmmcekyHp [1]. ITo-
9TOMY HEIIPSIMO30HHBIE T€TEPOCTPYKTYPBI, B KOTOPHIX
BpEMEHA JKU3HM SKCUTOHOB CpaBHMMbI CO BpEMEHaAMU
VX CIIMHOBOM pemakcanum, ABIATCA OUY€HDb y,[[O6HbIM
00BEKTOM 11 9KCHIEPMIMEHTA/IBHOIO M3Y4Y€HNs CHU-
HOBOII JVTHAMVKN JIOKQ/IMI3OBAHHBIX S9KCUTOHOB.

Hama coBmectnast pabora ¢ Texumueckum YHu-
BepcuteToM [lOpTMYyHZA IO M3YYEHUIO HOMYIPOBOJ-
HIKOBBIX T€TEPOCTPYKTYP C HETPAMOI 3aIlpeleHHON
30HOI1 Havasmach B 2009 I. 1 Ipofo/KaeTcs MOHbIHE. B
HacTosillee BpeMs paboTa IOfiep)KaHa COBMECTHBIM
rpanToM PODI - DFG Ne19-52-120001. Hixe mpu-
BENE€Hbl OCHOBHbIE PE3Y/IbTaTbl, IIOTY4€HHbIE B IIPO-
Ijecce COBMECTHOI paboTsl mpy nopiziepxke PO,

HeKOI‘epeHTHa}I AMHAMHUKa peKOMﬁI/IHaHI/II/I
9KCUTOHOB B HENIPAMO3OHHBIX T€TEPOCTPYKTYpax

OCHOBHBIMY MeXaHV3MaMI M3/Ty4aTelbHOI PEKOM-
OVMHALMM 9KCUTOHOB B HEIPSIMO3OHHBIX I'€TePOCTPYK-
Typax sIB/IAIOTCS OHOBPEMEHHOe MCIycKaHue (HOToHa
" (OHOHA WM CMelIMBaHe 9/IEKTPOHHbBIX COCTOSTHMI
Pa3IUYHBIX O/IVH 30HBI IPOBOJVIMOCTI Ha TeTeporpa-
HIIIe, OTBETCTBEHHOE 32 TOSIB/IEHNE B CIIEKTpax (HOTo-
momyHecteHym (OJI) mHnit 6ecOHOHHOI peKkoM-
6uHany. B HenpsIMO30HHBIX KBaHTOBBIX Toukax (KT)
[IEpPBOTO POJa OCHOBHBIM KaHA/IOM M3/TydaTe/IbHbIX
TIepeXOJIOB 9KCUTOHOB ABJIsIETCS OechOHOHHAS PEeKOM-
6unaumsa (puc. 2a) [2]. CremoBarenbHO, BEPOATHOCTD
pexomOuHanmu skcurona B takux KT ompenensercs
cTpykTypoit rereporparnupl KT/marpuiia, kotopast u
onpeyesieT AMHAMYKY VX PeKOMOVHALVIN.

JIuHamyKa peKoMOMHAIMY 9KCUTOHOB B aHCaMOe
(In,Al)As/AlAs KT mocrie nMITy/IbCHOTO BO30Y>KIeH
VI TeTePOCTPYKTYpP IO U HOC/e OTKUTA COIEP>KUT
7IBa XapaKTepHbIX y4acTKa (puc. 2c): y4aCTOK OTHOCH-
Te/IbHO caboro 3aryxanus OJI HeroCpeaCcTBEeHHO II0-
CJle MIMITy/Ibca BO3OY>KZIeHNs], CMEHSIOLIMIICS 3aTyXa-
HIIEM, OIVIChIBAEMBIM CTEIIEHHBIM 3aKOHOM I(t) ~ (1/t).
HeaxkcrmoneHambHOCTD IMHAMUKY 9KCUTOHHO OJI B
ancaMO/six KT 06ycoBieHa BK/IaJioM 9KCUTOHOB, 13-
JTyJaIoIIVX Ha OHOI JIVIHE BOJIHBI, HO JIOKA/IM30BaH-
HbIX B KT ¢ pasHbIMM BpeMeHaMM U3/TyJaTe/IbHOI pe-
KOMOVHALIMI T, ¥ MO>KET OBbITh OIJCaHa BBIPaKEHUEM:

t

1(t)= j(;”c(r)e’?dr
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Omnpenenennas B padote [3] pynkius pacnpene-
JIEHVAA BPEMEH JKU3HU SKCUTOHOB

L0

G(T):%e -
T

(rme C - KOHCTaHTa, y=a+1, & — HAKJIOH KPUBOII 3aTy-
XaHMs, & T, XapaKTepusyeT Hanboree BEPOATHOE BpeMsI
JKU3HU 9KcuTOHOB B aHcambrie KT) mosBosiser onmchl-
BaTb AVHAMMKY DPEKOMOVHAI[MY SKCUTOHOB B ILNPO-
KOM [JMHAMIYeCKOM JyanasoHe. VI3MEHNTb aTOMHYIO
CTPYKTYpy TreTeporpanmipl KT/marpuiia MOXHO Ipu
HIOC/IEPOCTOBOM BBICOKOTEMIIEPATYPHOM OT)KITE 3a CYeT
mdysun Matepuaa, 13 Koroporo cocrout KT, B okpy-
KAty Marpuiy. OTKNAT IPUBOAUT K YBEMYEHUIO
pasmepoB KT (puc. 2b) 3a cuet 06pa3oBaHyst pa3MbITOrO
cnost TBepyioro pacteopa In Al As repemeHHOro cocta-
Ba (ot InAlAs, cootetctBytoero cocrasy KT, mo urcro-
ro AlAs) Ha reteporpanuiie KT/marpura. TormmpHa ato-
TO C7I0S1 OIPEMETIAETCS TEMIIEPATYPOIL M JTUTENIBHOCTBIO
omxura. [TapameTpbl QyHKUMM pacTipeieNieHyst 3aBUCAT
OT YC/IOBUIT OTKITA, KaK 9TO MOKA3aHO Ha puc. 2d, v paB-
bl (y=2.55; 7,=0.13 Mxc) un (y=3.40; 7,=5.2 MKc), 7y,
COOTBETCTBEHHO, HEOTOXKKEHHOI 1 OTOMOKEHHOI Mpu
temrieparype 850°C retepoctpykryp. Takum o6pasom,
OTXXWT TIPUBOJUT K CYIIECTBEHHOMY YBE/IMYEHUIO Xa-
PaKTepPHOTO BpeMeHM XKI3HY 9KCUTOHOB B ancambrie KT,
KOTOPOE MOXKeT M3MEHSATBCS OT IeCATKOB HAHOCEKYH/] 10
JIECATKOB 1 Ji)Ke COTEH MUKPOCEKYHI.

10.5I0b' ——T

KonuyectBo

0 5 101520 25 30
Nuametp KT, Hm

WutencusHocTe ®J1, nponss. en.  MHTeHcusHocTb PJ1, npouss. en.

0° 10°F 1
0° 10" .
o 1072 .
= 103k 4
o 5104
0 10 1
o'f I()ecl/T” 10°} 1
o 1 '2 '3 7 's 10-6-‘-9 '-a = l-5 ‘6 t.-..
o' 10° 10° 10" 10 10° 10° 107 10° 10° 10
Bpewms, He T,C

Puc.2. a - Huskomemnepamypuuvie (5 K) cnexmpor ®JI cmpyxmyp
¢ KT, omosxeHHbIX 8 meueHuu 00HOL MUHymvl 6 nomoke 6000poda
npu memnepamypax: 1 - neomoxowennas, 2 - 700°C, 3 - 850°C.
b - Tucmoepammor pacnpedenenus ouamempos KT 6 cmpykmypax
do (1) u nocne (3) ommuea npu memnepamype 850°C. ¢
Junamuxa  sxcumonnoi D/ (kpywouxu) 6 KT, usmepennas
npu memnepamype T=5 K 6 wmaxcumyme nonocot ®J oo (1) u
nocne (3) omycuea npu memnepamype 850°C.  IImpuxosvimu
JUHUAMU — OMMeUeHbl  KUMemuueckue — Kpuevle,  pAcCUumanmvle
¢ ucnonvsosanuem @ynxuuu pacnpedenenus G(t) ¢ napamempamu,
npusedennvimu 6 mexcme. d — Hopmuposannvie pacnpedenenus G(t) 6
ancambne KT 0o (1) u nocne (3) omacuea npu memnepamype 850°C.
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CnuHoBas JMHAMIKA 9KCUTOHOB
B HENIPSIMO30OHHBIX FeTePOCTPYKTypax
B MarHUTHBIX MOJIAX

JIMHaMuKa peKOMOVHALVIN U CIIMHOBAs AMHAMMKA
9KCUTOHOB B MAarHUTHBIX IOJISIX Pas3/MYHON HAmpsi-
YKEHHOCTH ¥ OPMEHTALNM U3y4anach B TeTePOCTPYK-
Typax ¢ HeIIPAMO3OHHBIMI MOHOC/IOVHBIMY KBaHTO-
Boivu savamut (KSI) GaAs/AlAs. B aroit ciicreme Hamu
HIOJTyYeHbI CTIeAYIOLye Ba)KHbIE Pe3y/IbTaThL.

1. ITpu Humskoit temneparype 2 K obnapyxeno
HeOoObIYHOE TIIOBeleHNe HeNoJIPU30BaHHON ¢o-
TOJIIOMVHECLIEHIIVN 9KCUTOHOB: C POCTOM MAarHUT-
Horo mosisi B reoMerpuy Papages (mpomonbHOe
11071e) TIPOVICXOANT YMeHbIIeHNe ee MHTEHCUBHOCTI
(puc. 3a) m ogHOBpeMeHHOe yBelIM4eHMe BpeMeHU
peKoMOMHAIUY SKCUTOHOB (puc. 3b). DPdekT ncue-
3aeT IpM MOBBIIIEHNN TeMIiepatypsl (puc. 3d) u/vmm
pu nepexope k reometrpun Poxra (puc. 3c).

Bri10 mokasaHo, yTo Hab/oHaeMblit 3¢ ekt 00y-
C/IOBJIEH CIIMHOBOJ pejlaKcalyeil 9KCUTOHOB B TEM-
HOe COCTOsIHME — B OO/IBIINX MarHUTHBIX HOJIAX 9TO
COCTOsIHME CTQHOBUTCSI OCHOBHBIM ¥ IIPOVICXOIMUT
BO3pacTaHMe €ro 3ace/IeHHOCTU. AHa/Iu3 9KCIIepu-
MEHT/IbHBIX JJAHHBIX [JIA 9TUX CTPYKTYP IO3BOINI
HaM OIIpele/NTh BpeMeHa M3/y4aTe/IbHON pPeKOM-
OMHALMY CBET/IOTO0 9KCUTOHA 1 Oe3bI3/ydaTeIbHOM
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MarnutHoe none, Tn TeM_nepaTypa, K

Puc.3. a - Cnexmpor ®JI GaAs/AlAs KA & npodonvHvix MazHUmHblx
nonsix 0, 5 u 10 Tn 6 eeomempuu Dapades, cmpenkamu noKa3aHvi
nonoxenusi 6ecporonHoil nonocvt NP u ee poHonHbix nosmoperuii. b -
Junamuxa OJI GaAs/AlAs KA 6 npodonvrvix maenummoix nonsx 0, 4 u
10 Tn 6 2zeomempuu Papades. Ha scmaske ounamuxa /1 GaAs/AlAs KA
6 nonsx 0 Tn (wmpuxosas nunus) u 10 Tn (vepras nunus — zeomempus
Dapades, cepas — Poxma). ¢ - Ionesvle 3a8UCUMOCTNU UHIMEZPATLHOTI
unmencuenocmu /1 GaAs/AlAs KA npu pasnuunvix yenax mexioy
HANPAGIEHUEM MO U BONIHOBLIM BEKIMOPOM USNYHAEMbIX POmOH06. d
- Temnepamyphas sasucumocmo uHmezpanvroil unmencusHocmu PJI
GaAs/AlAs KA 6 2eomempuu Papades 6 none 9 Tr.
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PEeKOMOMHALIMY TEMHOTO SKCUTOHA, PaBHBIE, COOT-
BETCTBEHHO, 0.34 mc u 8.5 mc [4].

2. Ilpu msy4eHMM HaBeeHHOV MarHUTHBIM IIO-
neM nupKynsapHoit nonspusauyu OJI (p) Taroke
ObIIO OOHAPYXKEHO HEOObIYHOE IIOBEfieHNe: B Ieo-
meTpun Papapes ¢ pocTOM HANPSKEHHOCTY IIOJLA
CTelleHb HaBEEHHOM LMPKYIAPHON MOAAPU3ALAN
B MasbIX HO/MAX BospacrtaeT (mo 0.6 mpu 4.5 Tn), a
B OONIBIINX IO/MAX HAauMHAeT yMeHbUIaTbcA (mo 0.4
npu 10 Tn) (puc. 4a). B To >xe BpeMs Ipu OTKIIOHe-
HIU HaIpapjieHus nons oT reomerpun Papages Ha
30-60 rpasycoB cTenieHb HaBeJeHHO I10JIeEM LIMPKY-
nsapHoii nonsapusauyy ®JI MOHOTOHHO BO3pacTaeT
BBIXOAWT Ha Hackimenue Ha 0.72 mpu 10 T (puc. 4c).
TemmneparypHas 3aBUCHMMOCTb aOCOIIOTHOTO 3HaYe-
HUS CTeleH) HaBemeHHO MarHUTHBIM mmojeM 10 T
nonApusanuu |p | HemoHoronsa (puc. 4b). Ona yse-
numauBaerca ot 0.4 mo 0.6 ¢ pocToM TeMmIlepaTypbl
oT 2 0 4 K ¥ HauMHaeT MOHOTOHHO YMEHBIIAThCS
npu 6oree BBICOKNMX TeMIlepaTypax. B mpemmosken-
HOIT HaMu Mogiennt 9P PeKThI 0OBACHAIOTCS TeM, YTO
OCHOBHOE COCTOSIHNE 9KCUTOHA B IIPOJOTBHOM Mar-
HUTHOM II0JIe SIB/IACTCS «TeMHBIM» (puc. 4d).

B manpix maranTHbIX nonax @JI, korma 3eeMaHOB-
CKO€ paclleIIeHe SKCUTOHHBIX COCTOSHMIT HEBENNKO,
cTeneHb NUPKy/sApHol nonsapusauyy OJI Bospacraer
13-32 YBE/IMYEHN C POCTOM IO/ Pa3HOCTH 3aCeNeH-
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Yron 6, rpap. MaruutHoe none

Puc.4. Cmenenv HAaBeOeHHOI NPOOOILHLIM ~MAZHUMHLIM  NOTEM
yupkynaprnoii  nonspusayuu DI GaAs/AlAs KA: a - nonesas
3asucumocmv npu memnepamypax, K: 1.8,4.2, 7, 10; b— memnepamypHas
3asucumocmv 6 npodomvHom none 9 Tn; ¢ - 3asucumocmv om
opuenmauuu mazuumuozo nong 10 Tn npu memnepamype 1.8 K.
d - Touxas cmpykmypa IKCUMOHHbIX COCMOSHULL 6 NPOOOTLHOM
maznumuom none. Ljuppamu noxasanv. npoexyuu y2n08020 momeHma
cocmosHuil. BepmukanvHoimu cmpenkamu  00603HaueHvl  nepexoovt
U3 onmMu4ecKu HeakmueHoz0 COCMOAHUS 6 ONMU4ecKu aKmueHole,
Heobxo0umvle O UBNYHAMENLHOU PEKOMOUHAUUU 6  CUTbHDIX
MAZHUMHDBLX NOTAX.
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HOCTM OITMYECKM AKTVBHBIX COCTOSHMII SKCUTOHA
(mpoexmsa MomeHTa Ha ocb oA +1). C pocTom Ha-
IPsDKEHHOCTY MAarHUTHOTO TIO/IA BO3PACTAET JOTA 9K-
CUTOHOB, PETAKCUPYIOIVX 3a CYeT IIepeBOpOTa CIMHA
97IEKTPOHA WM ABIPKM B ONTUMYECKM HEAKTUBHOE CO-
cTosiHMe (IPOeKIA MOMEHTA Ha OCh IO/ PaBHA -2).
bonpinas pasHOCTh BO BpeMeHaX CIMHOBOJ pelaKca-
LUV 37IEKTPOHOB M [IBIPOK IPUBOIUT K YMEHBILEHNIO
PasHOCTM B 3aCEIEHHOCTM ONTMYECKM aKTUBHBIX CO-
CTOSHMII U, KaK CJEfCTBME, K YMEHDBIIEHNIO CTETIEHN
uypKynapHoi nonAapusanyy OJI. B HakIOHHOM Mar-
HUTHOM IIOJI€ CMEIIVBaHNe ONTUYECKM AKTUBHBIX U
HEAKTVBHBIX COCTOSAHUI IIONEPEYHON KOMIIOHEHTOI
MaTHUTHOTO IO/ BBIpaBHMBAET CKOPOCTH CIITHOBOII
penaKcanyy 3MeKTPOHOB M [IBIPOK, YTO IMPUBOIUT K
MIOBBILIEHNIO CTENeHN MNOIAPU3aly B CUIbHBIX IIO-
nax. OrmpefeneHbl BpeMeHa CIMHOBOM peTaKcalyi
COCTABJIAIOLIVX SKCUTOH /IEKTPOHA U IBIPKI, PaBHbIE,
COOTBETCTBEHHO, 33 MKC 1 3 MKC U g-paKTOP TSDKENIOi
IBIPKY paBHbIA +3.5 [5].

3. JIuneiinaa nonapusanua OJI KBaHTOBBIX AM
GaAs/AlAs B momepeyHOM MarHUTHOM HoO/Ie 00-
ycnoBneHa AByM:A Bkaafamu. OMH M3 HMX CIIEK-
TpaabHO 3aBMCHM, HO He 3aBYICUT OT TeMIIEPaTyphl
U3MepeHusA ¥ HaIpPsSHKEHHOCTM MarHUTHOTO IIOJIA.
ITOT BKJIaJ, ONpefeNAeTCs HeCMMMETPUYHOCTBIO
aTOMHOII cTpyKTypbI KA. Bropoit BKaf cieKTpaib-
HO HE€3aBNCUM, PE3KO YMEHDBIIAETCA C POCTOM TEM-
IIepaTyphl ¥ CBA3aH C NepeMeNIBaHNEM COCTOSHUI
TSDKEJIBIX U JIETKMX JBIPOK ITOIIepeYHbIM MarHMTHBIM
nonieM. OTIpeneneHbl CTeNeHb aHM30TPOIINN U BEIN-
4iHbI ¢-¢akTopa AbIpok B mrockocty KA. Tlokasa-
HO,4TO g =-¢ = 0.25 [6].

KBaSI/IpeBOHaHCHOC BOSGY)KI(CHI/IC
HENMPAMO3OHHBIX IKCUTOHHBIX COCTOAHUI

Craboe sKCUTOH-(DOTOHHOE B3aMMOJEICTBHUE, 00-
YC/IOBIEHHOE COXPaHEeHMeM KBasMMMITY/IbCa, CO3IAeT
HPETATCTBIA sl IPUMEHEeHVsI Pe30HAHCHBIX METOIOB
BO30OY>K/IeHNSI 9TIeKTPOHHBIX COCTOSIHUII B HETPsIMO-
30HHBIX T€TEePOCTPYKTypax. TeM He MeHee, CYIIleCTBYeT
TOJIK/IACC HETPSIMO30HHBIX TeTePOCHCTEM, 0COOEHHO-
CTM 9HEPTeTUYECKOTO CTPOEHMS KOTOPBIX JOIYCKAIOT
PE30HAHCHOE OITHYECKOe BO3OYXKJeHNe HEelpsIMbIX B
IPOCTPAHCTBE KBA3UVMITY/IbCOB SKCUTOHOB. OpHUM
U3 pefiCTaBUTeNeNl TaKUX CUCTEM SIB/IIIOTCS KBAaHTO-
BbIe TOUKM, CPOPMIUPOBAHHbIE B TeTepocucteMe InAs/
AlAs. B ancam6msx kBaHTOBBIX To4uekK (In,Al)As/AlAs ¢
[UCriepCcuert pasMepoB MOTYT COCYIIECTBOBATh TOYUKI
C HIDKHVIM 97IEKTPOHHBIM COCTOSIHMEM, TIPYHAIIeKa-
UM Kak [, TaK 1 X-MUHMMYMY 30HbI IIPOBOAVIMOCTI
[7]. B KT 6ormbiroro pasmepa HVDKHMII 97IeKTPOHHBII
YPOBeHb HMPUHAIOKUT ["MIHIMYMY 30HBI IIPOBOJM-
moctu (puc. Ic). C ymenbiuennem pasmepa KT cocros-
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HIfe 97IEKTPOHA B [-MIHUMYyMe 30HbBI IIPOBOIVIMOCTY
CMeIIAeTCS 3HAYNTEIbHO CI/IbHEe, 4eM COCTOSTHIIE JTTeK-
TpoHa B X-MyHUMYyMe (puc. 5a). ITO IPUBOLUT K TOMY,
uto mpy HekotopoM pasmepe KT, sHaueHne xoroporo
3aBUCUT OT cOocTaBa TBepporo pactsopa (In,Al)As [7],
YPOBHU 37IEKTPOHOB, NpMHAaIeXamye [- n X-MyHu-
MyMaM 30HbI IIPOBOAVIMOCTH, IIEPECEKAIOTCS (B TOUKe,
0003HaYeHHOI! Ha puc. 5a), U COCTOsIHME X-MUHMMyMa
CTAaHOBUTCA HVDKHUM (puc. 1d), a cocrosnue I' - Bo30y-
JKJIeHHbIM 971eKTpOHHBIM cocTosiaueM B KT [2, 8]. Mo-
IVQUKAIA SHEPreTNYeCKOTO CIIEKTPa PV I3BMEHeHVIN
pasmepa KT oT4eT/MBO MposAB/IAETCA B CIEKTPaIbHOI
3aBMCUMOCTY BpeMeHM 3aTyXaHyA 9KCUTOHHON DI, 13-
MepeHHOI1 B paboTe [8] Ipu Hepe3oHaHCHOM BO30YXK/e-
HIU V1 TIOKa3aHHOIT Ha puc. 5b.

a b
Z . ]
1% - R 1ot
& . ]
Inametp KT _/({.\ 55 " . ‘103“;
B _—" X 24107 &
gg ] “102|=
%E- 2 I 1
= 107 Lk 110
= L 8 L s L
16 1.7 18 19
3Hepr@g,3B

Puc. 5. a - 3onnas ouazpamma (In,Al)As/AlAs KT pasnuurozo pasmepa;
VB - nonosenue nomonka éanenmmoti 30xvt, CB - 0na 301 nposodumocmu.
Pasnuua 6 sHepeusx meucoy >neKMPOHHbIMU cOCMOAHUIMU 6 I- u
X-munumymax 3onvt nposodumocmu o60snavera kax AE, . Onepeus E .,
coomeemcmeyem nepeceueHur0 ypoeHeii aneKmporos 6 I- u X-munumymax
30HbL NPOBOOUMOCINU NPU  Hekomopom xapaxmeprom pasmepe KT.
b - Cnexmp @JI-ancambna KT npu HepesonaHcHom 6030yx#oeHuu
(hw = 3.49 3B) 6 Hynesom mazHumrnom nozne npu memnepamype 1.8 K
(cnnowiHas TuHUs) U CheKMPAnbHAS 3a6UCUMOCING BPEMEHY 3AIYXAHUS
axcumonnoii OJI (3anonuennvie Kpy#Ku). Bepmuxanvnas nyHKmupHas
NUHUS omMmedaem cnekmpanvroe nonoxenue sxcumonnoti OJI 6 KT ¢
C06NA0ANULUMU IHEPRUAMYU COCIOAHULL dnekmpornos 6 I~ u X-Oonumnax
30HbL HPOBOOUMOCIIUL.

B Hm3KO3HepreTmyeckoimr 0OMaCTH  CIIEKTpa
(hw<1.6 3B), cooTBeTCTBYyIOIIE pPeKOMOMHAILN
MPSIMO30OHHBIX 9KCUTOHOB B «bonmpimx» KT, Bpems
saryxaHusa O®JI cocTaBngeT efUMHUILI HAHOCEKYHI.
B TO ke BpeMs B BBICOKOIHEPreTUYeCKol obmacTu
criextpa (hw>1.7 3B), cooTBeTCTBYyIOMIEN PeKOMOM-
HaI[ HENPSMO30HHBIX 9KCUTOHOB B «MaJI€HBKIX»
KT, rakoe >xe 3aryxanue OJI miuTcs fecATK U faxe
cotHy MukpocekyHz. [Togancam6mb KT ¢ 6musknmu
3HAYEHVSAMMU SHEPIUii 3MeKTPOHOB B [- u X-MUHU-
MyMax 30HBI IIPOBOAVMMOCTY M3/Iy4aeT B 0OmacTu
sHepruit 1.6 9B < hiw < 1.7 9B.

OnTuyeckas OpUE€HTA VA HENMPAMO3OHHBIX
9KCUTOHOB

[Ipm ceneKTMBHOM BO3OYXXHeHUM aHCaMOA
(In,Al)As/AlAs KT B mpuBefieHHBIX Ha puc. 6a CIIeK-
tpax OJI nmosiBiIAeTCA Cepus MOJIOC C IMPUHOI MHO-
TO MEHbIIIe, YeM IIMPIHA I0/IOCH TPV Hepe30HaHC-
HOM BO30Y>X/JeH!M, TOKa3aHHasA Ha puc. 5b.
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Puc.6. a - Cnexmpor @JI ancamons (In,Al)As/AlAs KT, usmepentuvie 6
pedxcume cenekmuerozo 6030ysxdenus, npu T=5 K. Suepeuu pomonos
8030Y#0AI0U4E20 TIA3EPHO20 USNYHeHUS 0003HAUEHVl BePMUKATLHOIMU
cmpenxamu. Cnexmpor @J1 (In,Al)As/AlAs u nonspusavus DJI npu
CeneKmueHoOM n1a3epHoM B8030YIOeHuu: b — nunetiHo nongpU306aHHbIM
ceemom ¢ anepeuil pomonos 1.62 3B, ¢ — YUPKYIAPHO NONAPUI0EAHHBIM
ceemom ¢ sHepeuii pomonos 1.76 3B 6 npamo3oHHOL U HeNPIMOIOHHOL
wacmu ancambns KT coomeemcmeenno. CnekmpanvHvle 3a6UCUMOCU
cmenenu nonapusavyuu OJI nokasanvl Ha NPABHLX OCAX PUCYHKOS.

[Tonoca ®JI Ha puc. 6b B HUSKOIHEPreTUIECKOI
obmacTy crekTpa 06yC/IOBIIeHa Pe3OHAHCHBIM BO3-
oyxaennem npsamo3oHHbIx KT. Cepus monoc B crex-
Tpe ®JI npy Bo36y>KIeHNN B HETIPAMO30HHOI YacTH
aHcaMO/1A puc. 6¢ 00yC/IOB/IeHa TeM, 4TO (POTOHBI
C OJHOII M TOVI >Ke& SHEPruei MOIyT IIOI/IOIAThCA B
TOYKAX Pas3AMYHOrO pasMepa C PasHbIM SHEPreTu-
4ecKuM 3a30poM AE, MeXy BO3OYKI€HHBIM 1 OC-
HOBHBIM cocTOosiHMeM. Kaxk/as monoca cooTBeTcTBy-
eT peKOMOMHaIMK 9KCUTOHOB B mopaHcambie KT ¢
O/MU3KOIl dHepreTMdecKoil cTpykrypoit. IIpu peso-
HAaHCHOM B030yxjeHun npsaMo3oHHbx KT nupky-
TAPHO MONIApKU30BaHHBIM cBeToM DJI He monApu30-
BaHa. OpHako npy Bo36yxaeHym a1nx KT muaeitHo
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HOJIIPU30BAHHBIM CBETOM HAO/MIONAeTCs TMHENHAsA
HO/IApU3anusa U3TydeHus (Tak HasbIBaeMoe OITMH-
Jeckoe BbICTpamBaHme, puc. 6b), oOycnoBaeHHas
XOpOILIO M3BECTHBIM 3((PEKTOM CMEMMBAHUA 9K-
CUTOHHBIX COCTOSHMII QHU3UTOPOIIHBIM BKJIA/JOM
B 0OMEHHOe B3aMMOJEIICTBUE MEXAY 37IeKTPOHOM
n peipkoit B KT, ¢opma KOTOpBIX OTKIOHAETCA OT
cepnueckoit. B nHempsamosonnbix KT, ormmyaro-
IMXCS OT IPSAMO30HHBIX TOJIBKO pasMepoM, HO He
¢dopmoit (), HAIPOTUB, TP TMHEITHO MONAPU30BAH-
HOM KBa3MPe30HAHCHOM BO30Y>KIE€HNUN ONTUIECKOe
BBICTPAaMBaHNE OTCYTCTBYeT, a NPV BO30YXAeHNN
LUPKY/APHO NOJAPM30BAaHHBIM CBETOM M3JTydeHNe
LUPKY/APHO NOIAPU30BaHO (puc. 6¢). OnTmdyeckas
opueHTtauysa B HenpsaMo3oHHbIX KT cBsA3ana ¢ mo-
flaB/IeHNeM OOMEHHOTO B3aVMOJECTBUS MEX[Y
9NIEKTPOHOM I ABIPKOI, IOKAIM30BAaHHBIMI B Pa3-
HBIX TOYKaX 30HbI bpmimosHa. Mbl mokasamy, 4T0
aHM30TPOIIHOe OOMEHHOe paclieljieHe 3KCUTOH-
HBIX cocTossHMIT B HerpsiMo3oHHBIX KT (In,Al)As/
AlAs mepBoro popma He mpesbimraeT 4x107° 3B [9].
ITogaBnenre 0OMEHHOTO B3aMMOJEICTBUSA TIPY IIO-
CTIelI0OBaTeIbHOM Iepexofie OT IMPAMO3OHHBIX K He-
IpAMO3OHHBIM cocTosgHMAM B KT, sakcuToHHBIE CO-
CTOSIHMSA KOTOPBIX (POPMUPYIOTCA U3 37IEKTPOHHBIX
cocTtostHUI ¢ [-X-cMemmBaHueM, ObITIO TaKXe po-
[IeMOHCTpUpPOBaHO B pabore [10].

CBCPXTOHKOC BSaI/IMOIleiICTBI/Ie JJIEKTPOHA B
X-IIOJII/IHC 30HBI IPOBOAVMOCTH

ITocko/mbKy Tpy IOfABIEHNN MEXAHV3MOB CIIVHO-
BOJl pe/IaKCAIVI, CBSI3AHHBIX C IBVDKEHMEM KBasWda-
CTULI, BAKHYIO POJIb HAYMHAET UTPATh B3aVIMOJIEIICTBYIE
CIIVHA 7IeKTPOHA C SZIEPHBIMI CIIMHAMI, CBEPXTOHKOE
B3aVIMOJIEIICTBIIE AKTUBHO M3YYa/IoCh [/IS1 SKCUTOHOB
U HOCUTeTIEN 3apAfa, IOKA/IM30BaHHbBIX B CTPYKTYPax C
npsamo3oHHbiMM KT [11]. Mbl n3Meprmm CBEpXTOHKOE
B3aVIMOJIEIICTBIE [UI1 7IEKTPOHOB B HETPSMBIX MIHU-
MYMaX 3alIpelleHHOl 30Hbl bpiymosHa, e BOTHOBbIE
(YHKIMM He ABJIAIOTCA YNCTO S-TUHOM. [[1s skcriepu-
MEHT/ILHOTO OIpefe/IeHNs 3/IeKTPOH-SIIEPHOTO B3au-
MOJEIICTBIA U3MepsUIach LMPKY/LAPHAs IOJLIPU3ALA
doromomunectueniyn (In,Al)As/AlAs KT B momnepeu-
HOM (addexTt Xanye) 1 mpoponbHOM (3ddeKT BoccTa-
HOBJIeHVIsI IMPKYy/sIpHON norsapusatym PRC) maranT-
HbIX TO/IIX. (DOTOMIOMMHECHEHIVIS HEeIPSAMO30HHbBIX
KT Bo30yxaamach KBasMpe3OHAHCHO, 4epe3 B0O30y-
JKJIEHHbIe COCTOSIHMA 9/IeKTPOHA, IIPMHAJIeKAIIVe
I'-pomse 30HBI IPOBOAVMOCTY LMPKY/IAPHO-TIOTSIPH-
30BaHBIM M3/Tyd4eHNeM. leopeTHdyecKmii CUMMeTpud-
HBI/l aHA/IN3 9/EKTPOHHBIX OJIOXOBCKUX aMIUIUTYT,
B X-TomMHe U MMKPOCKOIIMYECKUII pacdeT MeTOHOM
DFT mnokasbIBaIoT, YTO CBEPXTOHKOE B3aMMOJIEIICTBIIE
B X-Io/MHe, BO-TIPBLIX, MOJAB/IEHO II0 CPAaBHEHUIO C
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I-monuHOI, 1, BO-BTOPBIX, aHM30TPOITHO. BpIIo moka-
3aHO, YTO KOHCTAHTBI CBEPXTOHKOTO B3aMMOJIEHICTBIA
97IeKTPOHOB B X-JI0/IVHE 30HBI IPOBOJVIMOCTYI C SIPAMIL
aroMoB In u Al 3amMeTHO MeHblIIIe, YeM JjaKe I IIPOK
B I-ponmHe. BiepBble ompefeieHbl 3HA4€HA KOHCTaHT
CBEpPXTOHKOTO B3aMMOJIEVICTBIA JIOKA/IM30BAaHHOTO B
X-nomHe 30HBI MPOBOAVIMOCTY 3IEKTPOHA C AIpaMI
As, In n Al [12]. HeoxXnpaHHBIM pe3y/IbTaToM, MOTY-
YeHHBIM B 9TOI1 paboTe, ObUIO 6OJIee TOYHOE OIVICaHNe
9KCTIEPUIMEHTAIBHBIX 3aBUCHMOCTEN TeOPETITIeCKIIMIL
KPUBBIMY, PACCUNTAHHBIMU JUISL STIEKTPOHOB B X -TIO-
JIHE 30HBI IIPOBOAVIMOCTY, B TO BpeMs KaK OCHOBHBI-
MM 37eKTpOHHBIM cocTostHuAMU B o KT apmmorca
COCTOSTHUS Xxy-,uom/m 30HbI poBopumocTy AllnAs [2].

HI/IHaMI/I‘IeCKaH CIIMHOBAA MOIAPU3ANNA
JTOKA/IN30BAHHBIX IIEKTPOHOB

OO6Hapy>keH HOBBII MeXaHM3M CIIMHOBOI OpU-
eHTAIlVM JIOKa/JM30BaHHBIX 3/€KTPOHOB: NVMHAMM-
JyecKas CHMHOBAs IONAPMU3ALNA 3EKTPOHOB IIPK
B3aUMOJEVICTBUM C (PIYKTyalVsIMU AePHOTO CIIVHA
B crabom maruutHOM morte [13]. ITocTpoeHa Teopws,
MIOKa3bIBAKOIAsA, YTO CTEHEeHDb IOMAPM3AINN 3TIeK-
TPOHOB (P ) OIMCHIBAETCS BRIPAXKEHMEM:

P = _ZBZBexch

e 2 2 2
Bexch +4 2+BZ ,

(1)

rie B, — Halps>KeHHOCTb TPOJIONIBHOTO MarHUTHOTO
ale)s: Bmh — 0bMeHHOe I107Ie B3aMMOJENICTBIS S/IEK-
TpoHa 1 Jiplpky 1 A — pucniepcusa nons OBepxaysepa,
06yc/IoB/IeHHOTO QIYKTYaIsIMI CIIMHOB sifiep. BupHo,
YTO IIPY YMEHBIUEHM) AVICIEPCUU CTelleHb IIOMApHU-
saiym crpemurcs K 1.0. Teoperndeckue pacyeTsl NOfi-
TBEP>KHAIOTCs 9KcIepuMenTamu. Obpasel; BO30y>Kua-
Cs MMITY/IbCaMIl HETIOJLAPU30BAHHOTO CBETA, KOTOPbII
HAIIPSIMYIO He IOJLApMU3YeT HU AApa, HU 3/1€KTPOHBI, C
IJIUTENbHOCTDIO 1 HC 1 yacToTo mosTopenys 1 kIt

JIMHaMMKa CTelleHy UVMPKY/AAPHON IOIApU3aLyn
@JI B npopronbHOM MarHUTHOM Tofie 17 Mt mokasana
Ha puc. 7a. BuiHO, 4TO NOIApU3aLA NOAB/IAETCA C 3a-
JIepXKKOI B 15 MKC IOC/Ie OKOHYaHVIsI VIMITy/Ibca BO30Y-
XKpeHus (TO eCTh IOC/Ie PEKOMOVHAIINY CBET/IBIX SKCH-
TOHOB, B TIOJIHOM COOTBETCTBIY C IIPEICKa3aHNAMY TEO-
puu) 1 Hacelaetcs Ha ypoHe 0.3 yepe3 100 Mxc. 3aBu-
CUMOCTb CTeIleH) MOJIAPU3ALMy OT MAarHUTHOTO I107L,
IIPOMHTErPUPOBAHHASA J/IA1 JBYX BPEMEHHbIX OKOH, II0-
Kas3aHa Ha puc. 76. CTelleHb YBe/IM4MBAETCs B C/TAOBIX I10-
75X, octuraeT Makcumyma B 0.3 ipu B, mopsinka 17 M,
a 3aTeM MOHOTOHHO YMEHbIIAETCA, CTPEMACH K HY/IIO B
CIWIBHBIX HOJIAX. AIIIPOKCUMALA 3TOi 3aBUCUMOCTH
no ¢opmyne (1) HO3BOJSIET OIPENENTb HapaMeTpPh
A=28mTnuB,_,=55mDn
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Puc.7. a - Junamuxa cmenenu kpyzo6oil nonsapusavuu OJI, usmepennas
npu B, =17 mTnu T=2K, epems unmezpuposarus 5 mxc. Bepmuxanvrovie
TUHUY NOKA3I6AIOM OKHA UHIMEZPUPOBAHUS N0 BpeMeHi O naHesnu
(b). Ha ecmaske nokasama 3onnas ouazpamma KT (In,Al)As/AlAs.
b - 3asucumocmu cmenenu nonspusavuu PJI om mazHumHozo nous,
usmepenvie npu: 0.7 mxc (3enervie 36e30vt) u 70 mxc (KpacHvle KpyscKiL)
¢ okHamu unmezpuposanus 1 mxc u 100 mxc coomeemcmeento. Cunas

nunus annpoxcumayus no gopmyne (1) npu A=28 mTnu B, ,=5.5mTn.

3akiaroueHne

TakuM 06pa3oM, HECMOTPSI Ha OrpaHMYeHMNs, Ha-
K/IaJibIBaeMble B HEIPAMO3OHHBIX I'eTePOCTPYKTypax
3aKOHOM COXpaHEHNS KBasMMMITYJIbCa Ha OfVH M3
dyHIaMeHTaTbHEIINX [TapaMeTPOB 9KCUTOHA — Bpe-
M1 peKOMOVHAIINY, CYI[eCTBYeT BO3MOXKHOCTD YIIPaB-
JIATb BpeMeHaMI >KU3HU 9KCUTOHA B IIVIPOKMX IIpefie-
JIaX, OT IECATKOB HAHOCEKYH]L IO COTEH MUKPOCEKYHJ.
YBe/mr4ueHe BpeMeHN JKMU3HM 9KCUTOHA B KBaHTOBBIX
sMax U KBAaHTOBBIX TOYKAX C TAKUM SHEPreTUYeCKUM
CIIEKTPOM BO3MO>KHO 3a CYET M3MEHEHMA CTPYKTYPbI
reTeporpaHnIibl mpu ee «aud@dysHOM» pasMbIBaHIN
B IIpoLiecce IOCTIePOCTOBOTO BBICOKOTEMIIEPATypPHO-
TO OTXKWUTA, YMEHBIIAIOI[EM CMeIIVBaHIe BOTHOBBIX
GYHKIMIT 9/IEKTPOHHBIX COCTOSIHUIL, IIpUHAJJIeXKa-
VX Pa3/MYHbIM MVHVMYMaM 30HBI IIPOBOAVMOCTIL
JlviTenbHble BpeMeHa peKOMOVHAIINY JIeTIAI0T Helpsi-
MO3OHHBIE TeTePOCTPYKTYPBI YEOOHBIMU OObEKTaMMu
IUIA U3YYeHV CIMHOBOJL ITHAMVIKI JIOKQ/IM30BaHHbIX
SKCUTOHOB, JyIs1 KOTOPBIX IIOfIaB/IeHIIe OCHOBHBIX Me-
XaHU3MOB, OIPENE/AIOINX epPeBOPOT CIIMHA CBO-
OOffHO J[IBUTAIOLIMXCS 3TIEKTPOHHBIX BO3OYXK/ICHMII,
IpaMaTI4ecKy 3aMefjIsieT BpeMeHa CIIMHOBOM pefak-
cauy. TTokazaHo, YTO CBEPXTOHKOE B3aUMOJIEIICTBIE
9IeKTPOHOB B X-[IOIMIHE, BO-TIEPBBIX, HMOJABIEHO IO
CpaBHEHMIO C [-JOJIVHOIA, ¥, BO-BTOPBIX, aHU30TPOII-
HO. OmnpeyesieHbl 3Ha4eHUs KOHCTAQHT CBEPXTOHKOTO
B3aJMOJIEICTBIA JIOKA/I30BaHHOTO B X-IO/IMHE 30HBI
IIPOBOAMMOCTH 97IeKTpoHa ¢ sippamu As, In u Al TTo-
Ka3aHa BO3MOXKHOCTb AVHAMIYECKON IIOJIApU3aLn
JIOKQ/IM30BaHHBIX 9/IEKTPOHOB 4Yepe3 CBEPXTOHKOE
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B3aMMOJIEVICTBIE C QIYKTYaIMAMM CIIMHA A7ep B C/1a-
60M MarHUTHOM IIOJIE.

JlaHHBIe pe3y/IbTaThl IOMyYeHbl Omarofapsa uHaH-
cooii opgepskke PODI B pamkax mpoektoB NeNe10-
02-00240, 13-02-00073, 15-52-12012, 16-02-00242, 19-
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Indirect Band Gap Heterostructures:
Exciton Recombination and Spin Dynamics

Abstract

Timur S. Shamirzaev

Rzhanov Institute of Semiconductor Physics, RAS
13 Lavrentiev Ave., Novosibirsk, 630090, Russia
tim@isp.nsc.ru

The behavior of excitons in heterostructures with indirect band gap quantum wells and quantum dots is considered

with the financial support of the RFBR and DFG. The following possibilities have been demonstrated: controlled variation
of the exciton radiative recombination time in the range from several tens of nanoseconds up to tens of microseconds;
experimental study of the spin dynamics for long-lived localized excitons; the use of quasi-resonant optical methods for the
excitation of indirect exciton states. The electron-nuclear interaction in indirect band gap quantum dots has been studied. The
constants of hyperfine interaction for electron localized in the X-valley of the conduction band with As, In and Al nuclear are
determined. A new mechanism of spin orientation for localized electrons is revealed: dynamic spin polarization of electrons,
provided by fluctuations of the nuclear spin through hyperfine interaction in a weak magnetic field.

Keywords: semiconductor quantum dots, spin, coherent exciton dynamics, magneto-optics of nanostructures.

* The work was financially supported by REBR and DFG (projects 10-02-00240, 13-02-00073, 15-52-12012,
16-02-00242, 19-02-00098, 19-52-12001, 19-52-12043, 409810106, ICRC TRR160, YA 65/14-1 and YA 65/19-1).
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Fig. 1. Band diagrams of the heterostructures. In the momentum space: a -
direct band gap and b - indirect band gap. In the real space: ¢ - type I, direct
band gap; d - type I indirect band gap; e - type II direct band gap; and
f- type Il indirect band gap. Arrows show the optical transitions of excitons
to the ground state.
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Fig. 3. a - PL spectra of the GaAs/AlAs QWs in longitudinal magnetic fields
of 0, 5, and 10 T in the Faraday geometry; arrows show the positions of
the NP no-phonon band and its phonon replicas. b - PL dynamics of the
GaAs/AlAs QWs in longitudinal magnetic fields of 0, 4, and 10 T in the
Faraday geometry. Inset: PL dynamics of the GaAs/AlAs QWs in fields of
0 T (dashed line) and 10 T (the black line is the Faraday geometry and the
gray line is the Voigt geometry). ¢ - Field dependences of the PL integrated
intensity for the GaAs/AlAs QWs at different angles between the field
directions and the wave vector of the emitted photons. d - Temperature
dependence of the integral PL intensity of GaAs/AlAs QWs in the Faraday
geometry in a field of 9 T.
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Fig.2. a - Low-temperature (5 K) PL spectra of structures with QDs (1)
unannealed and annealed for a minute in the hydrogen flow at temperatures
of (2) 700 and (3) 850°C. b - Histograms of QD diameter distribution in
the structures before (1) and after (3) annealing at a temperature of 850 °C.
¢ - Exciton PL dynamics in the QD (circles) measured at T=5 K at the
IQD band maximum before (1) and after (3) annealing at a temperature
of 850°C. Dashed lines show the kinetic curves calculated using the G(t)
distribution function determined by Eq. (2) with the parameters given in
the text. d - Normalized G(t) distributions in the QD ensemble before (1)
and after (3) annealing at 850 °C.
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field of 9 T; and c - dependence on the orientation of a magnetic field of
10 T at a temperature of 1.8 K. d — Fine structure of the exciton states
in a longitudinal magnetic field. Numerals show the projections of the
angular momentum of the states. Vertical arrows show the transitions
from the optically inactive to optically active states required for radiative
recombination in strong magnetic fields.
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Spectral dependences of the degree of PL polarization are shown on the right-hand axes.
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Poccniicko-HeMenKye UCCIef0OBAHNA TEHU YEPHBIX AbIP

I'.C. bucnosamuuii-Koean, O.10. Lynko

B aT0i1 cTaTbe KpaTKo pacckasblBAeTCH UCTOPUS COTPYAHUYECTBA POCCUIACKUX U HEMELIKMX Y4eHbIX N0 1cche-
N0BAHNSAM TEHEN YepHbIX AbIp. B VIHCTUTYTE KOCMUYeCKMX uccnenosaHuit PAH MHOMo neT npoBoAsTcsa Uccnenosa-
HUA B Pa3HO06Pa3HbIX 0651aCTAX PENATUBUCTCKON acTPOUINKIA U TpaBuUTaLm, B TOM YUCIIE YHEHbIe 3aHMA0TCA
BOMpPOCAMM TPABUTALMOHHOIO NINH3NPOBAHMS: NPOGMIeMaMit, CBA3aHHbIMW C OTKIIOHEHWEM CBeTa rpaBuTaLueit.
ViccnenoBaHus aBTOPOB CTaTb MOCBALLEHbI N3YHEHWIO BIMAHWA MasMbl HAa 9DMEKTbI rPaBUTALMOHHOIO NNH3U-
POBaHUA, BKItO4As HabNoaaTesIbHble 0COOEHHOCTU TEHEI YePHbIX AbIp.

KntoueBble cioBa: TeHb YepHOII [bIpbl, N1a3Ma, OTKMOHEHWE CBETa, rPaBMTaLOHHOE JIMH3NPOBAHNE.

* Paboma évinoanena npu punancosoil nooodepcke POOU — DFG (npoexm Ne 20-52-12053).

B mamteit rpymnme B VIHCTUTyTe KOCMMYECKMUX
uccnegopanuit PAH y>xe MHoro ner mpoBogATcsa
UCCIeIOBaHNA B PasHOOOpasHbIX 0OMacTAX pe-
JSATUBUCTCKOM acTpodusmkyu u rpaBuranuu. B
KOHIIe HYJIEeBBIX T'OJOB MBI Hayajy 3aHMMAaTbCsA
BOIIPOCaM)l TPABUTALMOHHOTO JIMH3UPOBAHUSA:
npo6neMamy, CBS3aHHBIMU C OTKJIOHEHUEM CBe-
ta rpaBuranueil. OOHON U3 MHTEPECOBABIINX
Hac 3ajiady CTaj0 BIMSAHUE IUIa3Mbl Ha 3(QeKTh
TPaBUTALVIOHHOTO NMH3UpoBaHuA. Jlyunm cBera B
KOCMMYECKOM IIPOCTPAHCTBE PacIpOCTPAHAIOTCI
Jyepes IIa3My, KpOMe TOTO, I/Ia3Ma CKOHIIEHTPU-
poBaHa BOKPYT KOCMUYECKUX 0OBEKTOB, TIO3TOMY
ObIO MHTEpPeCHO HMOHATb, KaK HajaM4yue IIa3Mbl
M3MEHUT 3Ty KapTUHY.

HecMmoTpss Ha Hammyme HECKONIBKUX [OCTa-
TOYHO CTapbIX pabOT IO CXOMHOV TeMaTuKe, I10O-
Ipo6HO 9Ta TEMaTUKa B TO BpeMs IIOYTY HUKEM He
paspabarbiBanack. HaMm yzjamoch Homy4uTh HOBBIE
pe3y/bTaThl, B YaCTHOCTY, MBI ITIOKa3a/IM, 4TO I'pa-
BUTALMOHHBI IO/l OTKJIOHEHNS JlaXKe B OHOPOJ-
HOJI I1a3Me OyleT OT/IMYaTbCA OT BAaKYYMHOTO I
3aBUCETh OT 4acTOThl poroHa. Takmm obpasom,
TPaBUTALMOHHAA INH3A, IOTPY>)KeHHAas B I/Ia3MYy,
packiajbiBaeT CBET B CIEKTP IOROOHO IpusMe
(puc. 1). OtoT 3¢ dexT MBI Ha3BaNIM «IPABUTALN-
OHHBIM PafiOCHEKTPOMETPOM» U AKTUBHO pac-
CKa3bIBa/IM O HEM Ha Pa3/IMYHBIX KOH(pEpeHINAX.
Mp!I ony61MKOBanM HECKONIBKO CTaTeil, BKIOYas
CTaTbM B BBICOKOPENTUHTOBBIX XypHanax Monthly
Notices of Royal Astronomical Society n Physical
Review D [1-3].

BUCHOBATBIA-KOrAH
TeHHaguii CemeHoBHY
"-;a F" L |/|HCTI/ITyT KOCMUYECKNX

| N §' nccneaoBannii PAH
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Puc. 1. Omknonenue niyueil céema zpasumupyouium meuom 6 6axyyme
(a) u 6 oonopoonoti nnasme (b). Ecnu nyu céema nponemaem 0kono
maccusHozo mena (Hanpumep, wepHoil Ovipvl), OH OMKIOHAEMCA
100 €20 2pasumauuoHHbIM 6030eiicmeuem. B eaxyyme omknonenue
c6ema axpomMamu4Ho: Jy4u C6ema PA3HbIX 4ACHION OMKIOHAIOMCS
HA 00uH u mom e yeon. B mawiux pabomax mvl nokasanu, 4mo
ecni OKPYyWUMb 2pasumupyiouiee mesno 00OHOPOOHOL NAA3IMOLL, 1Mo
2PABUMAUUOHHDLIL Y207 OMKNOHEHUS USMEHUMCSA. Y207 OMKIOHEHUS
6 00HOPOOHOII nzaasme Oydem OMAUMAMGCA OM  6AKYYMHO020, a
makxce 3asucemv om wacmomvt gomona. Baxrno noduepxuymo, umo
amom apdexm umeem mecmo Oaxce 8 00HOpoOHoU cpede. IToamomy
€20 credyem OmMAU4AMb Om 0pY2020 XOPOULO U3BECINHO20 U He
C6A3AHHO20 ¢ epasumanuetl sddexma npeOMIEHUS — OMKIIOHEHUS
ceema 3a cuem HeoOHopooHocmeti cpedvl. (Puc. O.F0. Iynxo).

ITocre HECKONMBKMX JIET MCCTeNOBAHNII MBI OOHa-
PY>XWIM B OFHOI M3 IOCTIEIHMX KHNT [10 IPaBUTALINN
[4] T1aBY, TOCBAILIEHHYIO UCCTIENOBAHNIO OYeHb IT0XO-
XKMX BOIIPOCOB — PacIpPOCTPAHEHMIO Jy4Yell CBeTa B
I/1a3Me B IPUCYTCTBUM TPaBUTALMN. DTO ObLIa KHM-
ra HeMmernkoro Teopernka @onbkepa Ilepmka (Volker
Perlick), paboraromero B ynusepcurere . bpemeHa.

Lynko

Oner HOpbeBuy
V|HCTI/ITyT KOCMUYeCKNX
nccnenosanunii PAH
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MBpl ocmany eMy Hally HeIaBHIOIO CTATblO, a Ha
koH¢pepenym B Bapmase B 2013 1. Oner Llynko mo-
3HAKOMIJICSL C HUM JINYHO.

Tax ObL10 HavyaTO Hallle COTPYAHUYECTBO, OKa-
3aBlIeecs O4YEeHb YCIEHNIHbIM. 33 HECKOJIbKO JIeT
MBIl ONyONIMKOBAaNIM TPY COBMECTHBIX CTAaTbU B
npecTIbKHOM XypHane Physical Review D. Boino
OPraHM30BAHO HECKOJIbKO BU3UTOB JPYI K IPYIY.
B ToM umcime MBI MONMy4YMIM TOAJEPXKY (oHAa
«[IlnHacTMA» Ha KpaTKOCPOYHbIN BU3UT DObKe-
pa Ilepnmuka B MockBy, a Omner Ilynko momyumn
crunenauio Hemerkoro pouga DAAD (Hemerkas
cryx6a akajeMmyeckux ob6menos - Deutscher
Akademischer Austauschdienst) nHa momyTopa-
MeCAYHYI0 CTaXupoBky B lepmanmmu. Opmn us
crypnenToB npogeccopa I.C. Bucnosaroro-Kora-
Ha, I[TaBen E¢dpemoB, mocme momyueHus cTemneHn
Mmarnuctpa 8 MV®V 611 IpUHAT B acOUpaHTYpy
B YHUBepCUTeT I. bpemeHa, B Hay4YHyI TpyIIy
@. Ilepnuka, ¥ yCIEIHO 3aIUTUI TaM GUCCEPTa-
VIO Ha Iony4eHue crerneny PhD.

B navane nmamero corpygHmuectBa ®. Ilepnmk
pacckasaj HaM O 3afiade MCCIeSOBAHNA TeHU dep-
HOIt AbIppl. CumTaercs, YTO B ILeHTpe OOJNbIINH-
CTBA ra/JlaKTUK HAXOJWUTCS CBePXMACCUBHAS YePHas
JbIpa C OTPOMHOI MAaCCOJ — MUJIZIMOHBI VIIM JjaXKe
munapabl Macc Connua. Cama yepHas fblpa He-
BUJIMMA, HO OHA MOXKET OBITD «BU/jMa» KaK TEMHO€
IATHO Ha (OHe APYIMX APKUX UCTOYHMKOB. Takoe
IATHO HAa3bIBaeTCA TEHbIO YepHOI AbIpnl — black
hole shadow, puc. 2. Kak ecrecTBeHHOE ITpOmOIKe-
HMe HalluX U ero uccineposanuii, ®. Ilepnux npen-
JIOKWJI HaM M3Y4YUTD, KaK I/Ia3Ma MOXKeT IOBJIUATD
Ha 9Ty TeHb.

YINOBOH PAZMED TEHKM

Puc. 2. Tenv ueproii Ovipor. Ecnu npedcmasumo, umo Habnwodameny
He NpuHUMAem Ay4u, 4 UCHYCKAEM UX, Mo 6Ce UCHyujeHHble Ty4qil
MOXCHO pa3denumv Ha 064 MUNA: 4acmo siydeti Oyoem omKIOHAMbCSA
uepHoll Obipoll U HANPABUMCA 6 OeCKOHeUHOCMb, Opy2ds HACMb
nyueii 6ydem 3axeéaueHa uepHoil Ovipoil. Ipanuuneim cryuaem
Mexn0y smumu 08YMS KAACCaMu yueii AGATIOMCSA NyUlU, KOMopvie
nonadaiom Ha POMOHHYIO cdepy, 3anONHEHHYI0 HeYCHOU1UBbIMU
Kkpyzosvimu opOumamu pomonos. Ecnu menepv npedcmagumo, 4mo
HA600ameny NPUHUMAEM Ky U 60KPy2 PACNONONEHDL UCHOYHUKLL
ceema (kpome obnacmu mexdy uepHoil Ovlpoii u Habm00amesnem), mo
YKA3aHHBLL HA PUCYHKe KOHYC 6ydem 0cmasamovcs 0a Habnooamens
nycmoim. 9mom  nycmoii KOHyc npedcmasngem co0o0ii  meHb
uepHoil Ovipol. Yen060il pasmep menu onpedensemcs GHomonamu,
NPUXOOTUUMU K HAOTI00AMENI0 0 no8epxXHOCMU POMOHHOTL chepbl.
(Puc. O.10. Ilynko).
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B Haueit mepBoit coBMecTHOII pabore, ony6/u-
KOBAHHOII B XypHazne Physical Review D B 2015 T.
[5], MBI uccrenoBanmy, KaK IiasMa BIMAET Ha pas-
Mep 1 GOpPMY TeHU LIBAPIIINIBIOBCKON YePHOII
ABIPBI. MBI TOKa3a/In, 4TO eC/IU YepHas AbIpa OKpPY-
KeHa I/Ia3MOJi, TO ee TeHb MMeeT Pas3HbIil pa3Mep
Ipy HaOMIOfIeHNAX Ha pa3HbIX 4acToTax (puc. 3). B
YaCTHOCTHM, IS JaleKOro Habmofarend Haamdue
HEOJHOPOJIHON IUIa3Mbl C IpOduIeM IIOTHOCTH,
HaJalol M HapyXXy, IPUBOAUT K YMEHBIIEHUIO yT-
nosoro pasmepa teHn. Ilogo6uore a¢exTsr MOryT
OBITD BaXXHBI IIPM HAOMIOEHUAX B PayOfManaso-
He.
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Puc. 3. Yenoeoti pasmep meru ueproii Obipbl, OKPysiceHHOL HeOOHOPOOHOLL
NAA3MOLL CO cnadalouieli om YyeHmpa naomHoOCMbI0, K0204 OCHOBHbIM
appexmom BAUAHUSL NAA3MbL ABALEMC npenomaeHue ny4eti. Pasmep
meHu Oydem pA3HbIM NpU  HAOMOOEHUAX HA PA3HLIX UACHOMAX.
Msmenenue usema usobpajceHuss 0m KpacHo20 K CUHEMY COOMBemcmasyem
yeenudenuio uacmomot (ymeHouileHU0 ONUHbL BOMHLL) HAONIOOAEMbIX
pomoros. dpdexm npenomnerus 8 niazme co cnadaruieil NIOMHoOCMoIO
npuBoOOUM K ymeHbUleHU0 BUOUMO20 PA3MePA MeHu Mo CPABHEHUI0 C
BaKYYMOM U YCUNUBACTCS C POCHOM ONIUHDbL 60IHbL. Bausiue 00HopoOHOT:
naAa3Mul, HA060POM, NPUBOOUIM K YBENUHEHUI0 BUOUMO20 pa3mepa
MeHU N0 CPABHEHUIO C BAKYYMOM, U MAKie YCUNUBACIC C POCIOM
Onunvl onHoL (cm. puc.1). Oba apdexma mozym umemv 3HaueHue O
Habmodenutl 8 paduoduanasone. (Puc. O.I0. Llynko).

B cnepyromeit pabote 2017 1. [6] MBI MccenoBa-
TV, KaK I/Ia3Ma B/IMsAeT Ha TeHb KeppoBcKoil 4epHOIt
ABIPbL. DTa paboTa CTajIa TOTMYHBIM IIPOJO/DKEHNEM
JICCIEJOBAHMII TE€HEl BPAIAIOIIMXCA YE€PHBIX JBIP,
Koropble ®omnpkep Ilepnmk ocyuecTBrAn paHee c
HeMeLKVMM coaBTopamn [7, 8].

B manpHelimemM MBI TaK)Ke CTaau COBMECTHO pa-
60TaTb HaJl UCCIETOBAHNAMM TE€HU YEPHBIX JIBIP Ha
KocMmonornyeckux paccrosauax. I.C. bucHoBaTblit-
KoraH BBIIBMHYT UZI€I0 O pacdeTe YIIOBOIO pas3Me-
pa TeHM C y4yeToM paciumpenus Bcenennoni. Pasmep
TEHV OIpENENAETCA [BVDKEHMEM JIydeil CBeTa, I B
JAHHOM Cjyd4ae 3aJjada BBIYNMCIEHMA CTaHOBUTCS
0COOEHHO CIOXKHOI: HY)KHO YYMTBIBAaTb KaK I'PaBM-
TalJIO YE€PHOMN ABIPBI, TaK U BIVAHNE PaclIMPEHNA
Bcenennoit na nmy4yu csera. Yaactue @. Ilepnuka B
3TUX MCCIEIOBAHMAX OKa3aJoCh OYEHb BaKHBIM,
IOCKOJIBKY Y HETO y»e ObUI OIIBIT MCCIIeOBaHMI
PasIMYHBIX MAaTEMAaTNYECKUX ACIIEKTOB TEOPUM OT-
HOCHUTEIbHOCTH.

B Hameit coBmecTHO padore B 2018 1. [9] MbI
AHANIMTIYECKN MICCTIE[0BAIN BV AHME PaCIINPEeHNA
BcenenHoIT Ha TeHb YepHOII AbIpbL. MBI paccMoTpe-
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MU ChydYall, KOrja paclIMpeHye BBI3BAHO TOJBKO
KOCMOJIOTMYECKON TIOCTOAHHOM. bbin BhIYMCIEeH
YITIOBOIl pajuyc TeHM MJs1 HAaOJIOfaTeNs, COIyT-
CTBYIOLETO KOCMOJIOTMYECKOMY pacIIMpeHnIo. Mbl
[I0KA3aJIy, YTO MPM ABVOKEHMUN HAOJIIOATeNs Aajlb-
1ie U Jlajibllie OT YEPHOI ABIPbI €€ BUAMMBIN YITIO-
BOI1 pa3Mep He YMEHBIIAeTCs 10 HYJIs, KaK ObII0 Obl
B IIJIOCKOM IIPOCTPaHCTBE-BPEMEHN, a CTPEMUTCA K
KOHCTAHTe.

B pasButnme nocnenHert paboThl, MbI UCCIE[OBA-
mu 6oree o6mMIt CIy4ail: TeHb BO BcemeHHoI ¢ co-
BpPEeMEHHbIM HaOOPOM KOCMOJIOTMYECKVX Iapame-
TpoB. MbI ony6nukoBanmu cTatbio B Physical Review
D [10], roe momyumnmm aHaIUTUYECKOE BBIpaXKeHUe
I YITIOBOTO pasMepa T€HM OT CBEPXMACCUBHBIX
YepHBIX JIBIP B JA/IEKMX TaJIaKTUKAX, HAOMTIOaeMbIX
npy GO/MBIINX KPAcHBIX CMeleHusx z = 10, B pac-
mupsonlericss BceneHHOI, ¢ y4eToM Hab/MI0gaeMbIX
TEeMHOJ MaTepuy ¥ TeMHOJ sHeprum. [Ina manekux
00BEKTOB 3TOT pasMep MOHOTOHHO BO3PacTaeT ¢
pocToM z (puc. 4).

10007

:

>
;

10" M,

YITIOBOM PAfiMyC TEHHM B MUKDOCEKYHAX
=
i

0.01 T T T T 1
0.002 0.01 0.1 1 10 30
KPacHoe CMeleHHe

Puc.4. Osxudaemviil y2noeoii pasmep meHu 4epHOil Oblpbl C yuemom
6MUAHUS  pacuiupenus Bcenenwnotl 6 3asucumocmu 0om  KPAcHozo
cmeujeHust. YepHviMU  CHAOUHLIMU TUHUAMU NOKA3AHL KPUBble O
mpex pasHoix macc. Kpusvie eviuucnenvt 0ns cospemennozo Habopa
Kocmonozuueckux napamempos. Budno, umo Ha 6onvbuiux KpacHvlx
CMEUWeHUSIX Y2/I08011 pasmep meHu HAYUHAem Y8eudUsampcs u Moxem
docmuzamy pazmepos menu 6 zanaxmuxe M87 (noxasan 05 cpasHeHus
kpactvim kpysckom). (Puc. O.I0. Iynko).

OcHoBHas npo6neMa B HaOMIONEHNN TEHU — ee
KpaliHe MaJblil yIIoBoit pasmep. Iloatomy s Ha-
O/MI0fleHNsA YepHOIl ABIPBl HY>KHO ObIIO JOCTUYb
O4eHb BBICOKOTO YINIOBOro pasperrenus. Kak yxe
OINCAHO BBIIlle, B HALIMX COBMECTHBIX paboTax II0
3TOJ TeMaTMKe MBI 3y4aeM TeHV YePHBIX JIbIP, Ha-
XOJAIMXCS Ha OYEHDb JlalleKUX, KOCMOIOTMYeCKIX
paccrosHusax. Kasamocp Obl, TeHM TaKMX YepPHBIX
JIBIP HOJ/DKHBI OBITH OYE€Hb MaJIbl B CUTY OO/IBILIOTO
paccTosiHMA. B MoBcejHEBHOIT )KM3HY MBI IIPUBBIK-
JIM K TOMY, YTO 4YeM JIa/Iblile HaXOUTCA 00BEKT, TeM
MEHbIIIe ero YIJIOBOI pasmep s Hac. OfHaKo Ha
KOCMOJIOTMYECKUX PACCTOSHYUAX HAYMHAET CKa3bl-
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BaTbCA BIAMAHME pacliMpeHNs BceneHHOl Ha pac-
MIpOCTpPaHEHME CBETA, @ MMEHHO — Ha PaclpoCTpa-
HeHUe JIyd4ell, UAYIIUX U3 OKPECTHOCTU YEPHOM
OBIpEl K HaM. PacmmpeHnme BceneHHoOV NpuMBOAUT
K TOMY, YTO Ha OO/IBIINX PAacCTOSHUAX Habmonae-
MBII YITIOBOJI pasMep 00'beKTa HauMHaeT He YMeHb-
IIaThCH, @ YBEIMYMBATHCA C POCTOM KPAaCHOTO CMe-
HieHNA. ITO NPUBOAUT K TOMY, YTO TEHU OT OY€Hb
TaleKUX YEepHBIX [bIP MOTYT MMETb JOCTAaTOYHO
OosbIlINe YITIOBble pasMepbl, 4TOOBI OBITH HAOIIIO-
TaeMbIMM Ha CIe[yIOLIX MOKOIEHUAX TeNeCKOIIOB
(puc. 4).

B To Bpemsa, HECKONBKO /€T Haszal, MCCIENO-
BaHNS TEHV YEPHBIX AbIPp ObUIM TOpasfo MeHee
U3BECTHBI, 4eM celidac. HecmoTps Ha cyiecTBo-
BaHNe OO/NbIINX MEXKIYHAPOLHBIX NPOEKTOB [
Oynyuiero HaOMIOZEHNS TeHM CBEPXMACCUBHBIX
YepHBIX ABIP, 9Ta 00/IaCTh CYUTANACH HOCTATOYHO
9K30TUYeCKOI. He Bce ydeHble Bepuim, 4TO Kak
¢dusndeckye ycaoBus BOKPYT YepPHBIX ABIP, TaK U
paspabarbiBaeMble TEXHONOTMM IO3BOJIAT TAKYIO
T€Hb JIeVICTBUTENbHO YBULETh. MBI CTaTKMBaINCh C
HOf0OOHBIM OTHOLIEHVEM KaK B OT3bIBAX PeljeH3eH-
TOB, TaK I B INYHBIX OecefjaX C II0AbMI, 3aHUMAI0-
IMMICS HAOTIO[eHUAMI.

Curyanusa B KOpHe USMEHMIACh B anperne 2019 1.
Yuensie u3 npoekrta Event Horizon Telescope npep-
cTaBw «poTorpaduio» YepHON ABIPHI — Pe3y/b-
TaThl HAOMIONEHNIT TEHN CBEPXMACCUBHOI YePHOII
IbIpHI B rajmakTke M87. ITocre sToro sta TeMaTuka
CTaja OJHOI M3 CaMbIX MONY/IAPHBIX B TPaBUTALM-
OHHOJ «IIOBeCTKe OHA». OJHAKO Mbl Hadyaay 3aHMU-
MaTbCsl 9TUM Ha HECKOJIBKO JIET paHblIe, IO TOTO,
KaK 9TO CTajI0 «MOJIHBIM».

3a mpolefmne rofpl, BKIOYasd HECKOIbKO JIET
POCCHMIICKO-HEMELIKOTO COTPYSHUYECTBA, HaM yHa-
JIOCh HIMPOKO MONYIAPU30BaTh MCCIENOBAHUA O
BIVAHNMY IITIa3MBl B I'PAaBUTALIOHHOM JIMH3MPOBa-
HUM. MHOTHMe TPYIIBI B Pa3HBIX CTPaHaX 3aHANNChH
BOIIPOCAMM BIMAHVA IIa3Mbl KaK Ha YI7IbI OTK/IOHE-
HIA CBETa, TaK I Ha pa3Mep 1 (GOpMy TeHU YepHOII
mbIpbl. TpymHO BCHOMHUTD METPUKY IIPOCTPAHCTBA-
BpeMeHM, IJIA KOTOpOJ BIMAHME IUIasMBbl elle He
OBbITO OB KEM-TO PACCMOTPEHO 1 u3ydeHo. Cymmap-
HOe INMTUPOBaHNe HAllMX paboT IO 9TOI TeMaTHKe,
BKJ/IIOYasi COBMECTHbIE POCCUIICKO-HeMelK1e pabo-
TBI, COCTaBJIAE€T y>Xe HEeCKONbKO coTeH. HemaBHme
paboThI 10 MCCIEOBAHNAM TEHY B PAaCIIMPSIOLIeli-
Csl BCEJIEHHOI TaK>Ke BBI3BANIM MHTEPEC ¥ aKTUBHO
IUTUPYIOTCA.

Haurra coBmectHast pabota npopiovkaercst. HemaBHo
Mbl Bbiirpamy rpanT POV Ha BhINOMHEHME TPOEKTA
Ne20-52-12053 «PacripocTpaHeHe CBETOBbIX CUTHAJ/IOB
BO/IV3Y YePHOII IBIPbI, OKPY>KEHHOI I/Ia3MOI».
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Abstract

This article briefly describes the history of cooperation between Russian and German scientists in the study
of black hole shadows. For many years, the Space Research Institute of the Russian Academy of Sciences has been
conducting research in various fields of relativistic astrophysics and gravity. Scientists study inter alia the issues of
gravitational lensing — problems associated with the deflection of light by gravity. The authors' investigation deals with
the influence of plasma on the effects of gravitational lensing, including observational features of black holes shadows.

Keywords: black hole shadow, plasma, light deflection, gravitational lensing.

* The work was financially supported by RFBR and DFG (project 20-52-12053).
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vacuum

Fig. 1. The deflection of light rays by a gravitating body in a vacuum (a)
and in a homogeneous plasma (b). If a light ray flies near a massive body
(for example, a black hole), it is deflected under gravitational influence
of this body. In a vacuum, the deflection of light is achromatic: light rays
of different frequencies are deflected by the same angle. In our works,
b we have shown that if gravitating body is surrounded by homogeneous
homogeneous plasma, then the gravitational deflection angle will change. The deflection
plasma angle in homogeneous plasma will differ from the vacuum one, and also
depend on the photon frequency. It is important to emphasize that this
effect takes place even in homogeneous media. Therefore, it should be
distinguished from another, well-known and unrelated to gravity, effect of
refraction - the deflection of light due to medium inhomogeneities. (Figure
by O.Yu. Tsupko).
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* Fig. 2. Black hole shadow. If we imagine that an observer does not receive
the rays, but emits them, then all the emitted rays can be divided into two
classes: some of the rays will be deflected by the black hole and fly away
to infinity, the other part of the rays will be captured by the black hole.
The boundary case between these two classes of rays is rays that goes to

the photon sphere filled with unstable circular orbits of photons. If now
we imagine that the observer receives the rays and there are light sources

*  around (except for the region between the black hole and the observer),
then the cone indicated in the figure will remain empty for the observer.
This empty cone is the shadow of black hole. The angular size of the shadow
is determined by the photons coming to the observer from the surface of the
photon sphere. (Figure by O.Yu. Tsupko).

*
angular size of the shadow

Fig. 3. The angular size of the shadow of black hole surrounded by an
inhomogeneous plasma with a density decreasing from the center, when the
main effect of the plasma influence is the refraction of rays. The size of the
shadow will be different when observed at different frequencies. The color
of the image from red to blue corresponds to an increase in the frequency
(decrease in the wavelength) of the observed photons. The refractive effect
in a plasma with decreasing density leads to a decrease in the apparent size
of the shadow compared to vacuum, and becomes stronger with increasing
wavelength. The effect of a homogeneous plasma, on the contrary, leads
to an increase in the apparent size of the shadow in comparison with a
vacuum, and also becomes stronger with increasing wavelength (see Fig. 1).
Both effects can be significant for radio observations. (Figure by O.Yu.
Tsupko).

1000+

1004

angular size of the shadow, microseconds

0.01 T T r T ]
0.002 0.01 0.1 1 10 30
redshift

Fig. 4. The expected angular size of the black hole shadow, taking into account the influence of the expansion of the Universe, depending on the redshift. The
black solid lines show the curves for three different masses. The curves are calculated for modern values of cosmological parameters. It can be seen from the
figure that at large redshifts, the angular size of the shadow begins to increase and can reach the size of the shadow in the galaxy M87 (shown for comparison
by a red circle). (Figure by O.Yu. Tsupko).
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Blatter-type organic radicals (BTRs) draw increasing attention in different fields of chemistry due to their
outstanding stability. Various BTRs were intensively investigated using continuous wave electron paramagnetic
resonance (CW EPR), a routine method to obtain basic electronic properties of organic radicals. However, more
advanced pulse EPR techniques were not applied to study spin dynamics and relaxation of BTRs until our recent
work. In this paper we report experimental observations and insights aiding in correct acquiring and interpretation
of pulse EPR data in BTRs of different local concentration, which can be useful for future investigations of solutions

and solid-state assemblies of such radicals.

Keywords: EPR spectroscopy, Blatter radical, pulse EPR.

* The work was financially supported by RFBR and DFG (projects 20-53-12005 and FR 1372/26-1).

Introduction

Stable organic radicals find numerous applications
in modern science, including chemistry, physics,
biology and medicine [1]. Among others, such
radicals are extremely useful as spectroscopic probes
allowing one to obtain useful information on the
surroundings of such probes. The method of choice
for detection of radicals is electron paramagnetic
resonance (EPR), which has an outstanding
sensitivity and selectively observes paramagnetic
species in the studied sample [2, 3]. For instance, a
very broad application of radicals nowadays refers to
spin labeling, where a properly modified stable radical
is attached to the biomolecule in desired position and
then probed by EPR [3, 4]. Attaching pairs of spin
labels allows application of so-called pulsed dipolar
EPR spectroscopy, which measures spin-spin dipolar
interaction between two labels and thus provides
precise measurement of spin-spin distances on the
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nanometer scale [5, 6]. This becomes especially
useful to resolve the local structure of biopolymers
which cannot be crystallized and therefore need to
be studied in disordered form and often in small
concentrations of a few pM. In materials science,
stable organic radicals can be added or doped without
a covalent or supramolecular attachment into
diamagnetic compounds. In this case, for instance,
EPR study allows obtaining vital information on
physical properties of materials such as polarity,
viscosity, local porosity etc. [7-9]. In biomedicine
stable organic radicals can be used, for instance, to
measure local concentration of oxygen and the pH
value in living tissues [3, 10, 11], which reflect on the
carcinogenic processes, and also in EPR tomography
to spatially localize such processes [11, 12].

In the above studies, continuous wave (CW)
and pulse EPR are usefully applied. Most often
nitroxide radicals are implemented as spin

probes and spin labels, and both CW and pulse
No 1-2 (109-110) aHBapb—utoHb 2021 T.
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EPR spectroscopy of these radicals are nowadays
understood in great details [4]. Recently, another
type of radicals — triarylmethyl (or trityl) radicals
(TAMs) - is emerging as an alternative to
nitroxides [13, 14]. Because the EPR spectrum of
TAM radicals consists of a single narrow line, the
basics of EPR spectroscopy for these radicals are
also clear. In case of BTRs, significant research
was accomplished already using CW EPR [15-
18], but, to the best of our knowledge, the first
application of pulse EPR was reported only in our
recent work [19]. In that work we investigated a
series of materials based on mesoporous silica
decorated with BTRs and paid attention to the
electron spin decoherence (or phase memory)
time of BTRs. In the present work we focus more
on the basic trends in the shapes of pulse EPR
spectra obtained for such radicals and possible
artifacts due to instantaneous diffusion that
should be taken into account when studying BTRs
by these methods.

Experimental section

In this work we study basic features of pulse
EPR on BTRs using the same samples as in [10],
namely, mesoporous SBA-15 material (Santa Barbara
Amorphous type material) that was modified
by attaching BTRs to the surface of SBA-15 (see
structure of radical moiety in Fig. 1). Samples with
four different concentrations of radicals were studied,
where the relative ratio of radicals was approximately
1:5:10:20, and such samples are referred here as R ,
R,, R, and R,. All samples were polycrystalline
powders placed into quartz tubes and sealed off at

a

ta2=12ns

1

1 L L 1 1

o RFBR JOURNAL

vacuum. EPR measurements were performed at
X-band (9.7 GHz) using commercial Bruker Elexsys
E580 X/Q-band EPR spectrometer equipped with
temperature control system at 7=10 K.

Results

Figure 1 shows the structure of the studied BTR and
echo-detected (ED) EPR spectra of samples R, R, R |
and R, at 10 K obtained under different conditions.

In all cases we used Hahn echo sequence
[n/2 - T - m - 7 - echo], but the lengths of the pulses
varied from 12 to 200 ns for 71/2 and, correspondingly,
from 24 to 400 ns for n-pulse. The variation of pulse
lengths allowed us to vary the selectivity of microwave
(mw) excitation and the efficiency of such relaxation
pathways as instantaneous diffusion. For uniformity,
we always kept 7-delay constant and equal to 1 us,
which was suitable for the whole set of pulse lengths.

Obviously, the spectral shape drastically depends on
the pulse length, which is a signature of instantaneous
diffusion (vide infra) [20, 21]. We notice that for
the long pulse delays 200/400 ns (for n/2 and m) all
samples show very close shapes of the ED EPR spectra.
At the same time, the use of short mw pulses leads to
distortions in the central part of the spectrum, which
is most evident for most concentrated sample R, , and
is negligible for least concentrated sample R..

Figure 2 shows the complete data set of ED EPR
spectra for R - R, where the spectra are arranged vs.
pulselength (indicated for 71/2) for each particular sample.
A clear trend is observed that the distortion in the central
part of the spectrum progressively vanishes as the pulse
length (selectivity of the mw excitation) is increased.

b

ta2 = 200 ns

Rao

L 1 1 1 1 I 1

338 342 346 350

354 338

342 346 350 354

Magnetic field, mT

Fig. 1. X-band ED EPR spectra of R -R,, samples (indicated) obtained using short mw pulses 12/24 ns (a) and long mw pulses 200/400 ns (b). The structure
of BTR, which is attached to SBA-15 via additional linkers (sketched by dotted lines), is shown on top. All spectra are normalized; T=10 K.
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Fig. 2. The dependence of ED EPR spectral shape on the pulse length for R, (a), R, (b), R, (c) and R, (d) samples. Pulse length tn/zfor 71/2-pulse is indicated.

All spectra are normalized. T=10 K.

Discussion

The trends shown in Figures 1 and 2 are
characteristic of so-called instantaneous diffusion
processes [11].Insolidsand frozen solutions neighboring
paramagnetic species interact via dipole-dipole
interaction; therefore the spin flip of one of the coupled
spins can induce perturbation and relaxation of the
other spin, and vice-versa. In principle, such stochastic
processes are always present in equilibrium conditions,
and simultaneous change of spin projections in a pair
of spins (“flip-flop transitions”) is called spin diffusion.
However, when an mw pulse is applied to a sample, a
number of resonant spins is perturbed leading to similar
effects called “instantaneous diffusion” Depending on
the concentration of spins in the sample, average spin-
spin distance can be higher or lower, resulting in stronger
or weaker dipolar interaction and, consequently, larger
or smaller contribution of instantaneous diffusion.
Therefore, one of the parameters determining the
efficiency of the instantaneous diftusion is the local spin
concentration in the sample.

Another parameter is the number of excited spins.
In pulse EPR, as a rule (though not always) we excite
only a fraction of the spectrum, i.e. only those spins
having a certain orientation towards the magnetic field.
Obviously, the larger the fraction of the excited spins
is, the higher is the concentration of paramagnetic
species, whose spins were flipped by the mw pulse. The
short mw pulses excite a broader range of frequencies
(due to the Heisenberg uncertainty principle) and thus
a larger fraction of spins than the long mw pulses; that
is why the short pulses are called non-selective and
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the long pulses selective. Thus, by modifying the pulse
length ¢ we can also influence the excited fraction of
spins and the efficiency of instantaneous diffusion.

Finally, the powder EPR spectrum itself is a
distribution of resonance fields due to either isotropic
or anisotropic interactions. In our case, the EPR spectral
shape of BTR radicals is governed by anisotropic
hyperfine interaction (HFI) between the unpaired
electron and nuclear spins of three nitrogen atoms
(major HFIs), as well as by smaller HFIs with a number
of protons [19]. Thus, the intensity of the spectrum vs.
the strength of the magnetic field essentially reflects the
portion of the excited spins. In other words, by applying
a mw pulse in the spectral maximum we create the
largest local concentration of flipped spins and shortest
average distance between such spins, whereas at the
spectrum shoulder the spin concentration in similar
conditions should be smaller.

All three trends for the instantaneous diffusion are
perfectly observed in experiments shown in Figures 1
and 2. First, we observe noticeably stronger distortions
for the most spin-concentrated sample R, and such
distortions gradually decrease as the spin concentration
gets smaller in the series R, to R. Second, the
distortions induced by short mw pulses are obvious,
whereas lengthening of the pulses leads to a gradual
disappearance of distortions. Third, the distortions
are observed at magnetic fields around the spectral
maximum, where more spins are excited by mw pulses.

It is noteworthy how strong the distortions induced
by instantaneous diffusion can be in BTR samples. The
“hole” (or “dip”) in the center of short-pulse ED EPR

No 1-2 (109-110) aHBapb—utoHb 2021 T.
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spectrum of the R, sample has an amplitude comparable
to the amplitude of the spectrum itself. The manifestations
of instantaneous diffusion in nitroxide radicals are
known, and, as a rule, they lead to relative suppression
of the central peak (M,=0) intensity compared to the
intensities of the left and right peaks (M, =+ 1, where M,
is the projection of N nuclear spin) [22]. To the best of
our knowledge, such pronounced distortions as those
shown in Figures 1 and 2 are rarely (if ever) observed for
nitroxides. In case of BTRs, this is probably caused by the
spectral shape itself, which stems from the underlying
anisotropic HFIs with nitrogen atoms and protons.

We also would like to notice that the shape of ED EPR
spectra with strong distortion (e.g. that of R, with 12/24 ns
pulses) is very deceptive. Such spectral shape very much
resembles the Pake pattern characteristic of S=1 triplet
states with rhombically-distorted zero-field splitting (ZFS),
and it even can be nicely simulated in this model with ZFS
on the order of 130 MHz. However, as we have seen in this
and previous work [19], a central “dip” at short mw pulses
is an artifact of instantaneous diffusion, whereas the side
shoulders owe to the anisotropic HFIs with three nitrogen
nuclei. Therefore, avoiding instantaneous diffusion during
pulse EPR studies of BTRs is a point to take care of.

Conclusion

In this work we considered some specifics of pulse
EPR application to the solids containing Blatter-type
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VIsyueHne opraHm4ecKnx pagnkanoB 61aTTepoBCKOro TUma
METOJLOM VMIMITY/IbCHOTO 37IEKTPOHHOTO ApaMarHUTHOTO
pe30HaHCa IpM HU3KUX TeMIlepaTypax

A.C. Ilopvisaes, 3. Iicysu, [I.M. ITontoxos, . Xoppmann, M. Opéba, M.B. Peoun

OpraHuyeckme pagukans! 6nattepoBckoro Tuna (bP) npusnekatoT BCE 60MbLLee BHUMaHUE B Pa3nnyHbIX 0671aCTAX
XUMUK 6narofaps CBOeN UCKIOYUTENbHON CTabuIbHOCTW. Pa3nnyHble BP WHTEHCUBHO MUCCedoBannuch paHee ¢ nomMo-
LLIbtO CTALMOHAPHOIO 3/IEKTPOHHOMO NapamarHUTHOro pesoHaxca (3P), 0AHOr0 U3 KITH04YeBbIX METOL0B U3Y4eHMs reK-
TPOHHbIX CBOWCTB OpraHNyecKux paaukanos. OnHako 40 HeAaBHEro BPeMeHU 60see NepeaoBble MeTobl UMMYNbCHOrO
AMNP He NPUMEHANUCH K M3Y4EHMIO CMIMHOBO AUHAMWUKM 1 penakcauuu bP. B faHHOM cTaTbe Mbl 06CYKAaeM 3KCnepu-
MeHTanbHbIe HabJt0aeHNs 11 3aKOHOMEPHOCTK, NOMOTatoLLmMe B KOPPEKTHOM MOJSTYHEeHUN U UHTePNpPeTaLmn pesynsraToB
UMNynbCcHOro AP 6naTTepoBCKUX PAANKANIOB NPU PA3NNYHbIX KOHLIEHTPALWAX, YTO MOXXET ObITb BOCTPEO0BAHO B Oy/y-
LLMX MUCCref0BaHMAX pacTBOPOB W TBEPAOTENbHbIX 06pa3L0B, COAePXaALLMX TOT TUMN paanKanos.

Kniouyesbie cnosa: 3P cnektpockonus, pagukan bnarrepa, uMnynscHblii 3MP.

* Paboma evinonnera npu ¢hurarcosot noooepoicke PODOU — DFG (npoexmuvt No20-53-12005 u FR 1372/26-1).
M3o06pa>kenns n TabmmmbI

a | [;j b

tr2=12ns N‘N tri2 = 200 ns

" L L L n

338 342 350 354 338 342 346 350 354
MarnutHoe none, mTn

Puc. 1. 9xo-demexmupyemvie cnexmpot IIIP X-Ouanasona o6pasyos R -R, (ykasano wa pucymke), nomyuernvie ¢ UCHONIb30BAHUEM KOPOMKUX
MUKPOBOIHOBYIX UMNYTIbC06 12/24 1e (@) U ONUHHBIX MUKPOBONHOBIX UmMnYnbcos 200/400 te (b). Ceepxy: cmpykmypa paduxana (BTR), npucoedunenmozo
k& SBA-15 uepe3 dononnumenvHole numkepol (noxazano nynkmupom). Bee cnexmpuor nopmuposanvy; T=10 K.

NMOPbIBAEB MKY3U 3ha ' M0NHOX0B

Aptem CepreeBuny VHCTUTYT HeopraHuyeckom Nanvun MakcumoBuy
MexxayHapoaHbIii 1 NPUKNagHON XMmMuu, MexxayHapoaHbIii
TOMOrpadnyecKiit VHusepcuTet famoypra, " TOMOrpachuyecKmil

LeHTp CO PAH lepmanusa ~ ueHTp CO PAH
X0PDPMAHH dpank ®PEBA Muxaanb OEANH

VIHCTUTYT HeopraHuyeckoi % VIHCTUTYT HeopraHun4yeckoin Marsei BnagumupoBuy
1 NPUKNIAZHON XM, : 1 NPUKSTAZHON XMWY, MeXyHapoHbIii
YHuepcuteT Fambypra, . YHuepcutet Faméypra, lep- TOMOrpadn4ecKmit
[epmanus MaHus LieHTp CO PAH

42 DOI: 10.22204/2410-4639-2021-109-110-01-02-38-43  Ne 1-2 (109-110) aHBapb—utoHb 2021 T.



Deutsche
Forschungsgemeinschaft

DFG RFBR JOURNAL

RUSSIAN FOUNDATION
FOR BASIC RESEARCH '

50
100
L 1 L 1 1 1 1 1 I200
338 342 346 350 354 338 342 346 350 354
[ d
R1o R2o
tn2 =
12
24
50
100
- . . T/ 200, -
338 342 346 350 354 338 342 346 350 354

MarnutHoe none, mTn

Puc. 2. 3asucumocmov gopmol axo-0emexmuposantozo cnekmpa IIIP om onunvl umnyavca ons o6pasyos R, (a), R, (b), R, (c) u R, (d). JnunoL
uMnynbCos t,, 018 T/2-umnynvca ykasamvl na pucynie. Bee cnexmpol nopmuposanst. T=10 K.

JIuteparypa

1. Stable Radicals: Fundamentals and Applied Aspects of Odd-Electron
Compounds, Ed. R. Hicks, Germany, John Wiley & Sons, Ltd.,
2010, 606 pp.

DOI: 10.1002/9780470666975.

2. F. Gerson, W. Huber
Electron Spin Resonance Spectroscopy of Organic Radicals,
Germany, Weinheim. Wiley-VCH Verlag GmbH & Co. KGaA,
2003, 479 pp. DOI: 10.1002/3527601627.

3. T.I. Smirnova, M.A. Voinov, A.I. Smirnov
Spin Probes and Spin Labels, in Encyclopedia of Analytical
Chemistry, Germany, John Wiley & Sons, Ltd., 2009.

DOI: 10.1002/9780470027318.29049.

4. E. Bordignon

eMagRes, 2017, 6, 235. DOI: 10.1002/9780470034590.emrstm1513.

5. G. Jeschke

eMagRes, 2016, 5, 1459.

DOI: 10.1002/9780470034590.emrstm1518.
6. O. Schiemann, T.F. Prisner

Quart. Rev. Biophys., 2007, 40, 1.

DOI: 10.1017/S003358350700460X.
7. Z. Veksli, M. Andpreis, B. Rakvin

Prog. Pol. Sci., 2000, 25, 949. DOI: 10.1016/S0079-6700(00)00025-3.

8. S.A. Dzuba
Spectrochim. Acta A, 2000, 56, 227.
DOI: 10.1016/S1386-1425(99)00234-6.
9. M.Yu. Ivanov, M.V. Fedin
Mendeleev Commun., 2018, 28, 565.
DOI: 10.1016/j.mencom.2018.11.001.
10. A.A. Bobko, I. Dhimitruka, T.D. Eubank, C.B. Marsh,
J.L. Zweier, V.V. Khramtsov
Free Rad. Biol. Med., 2009, 47, 654.
DOI: 10.1016/j.freeradbiomed.2009.06.007.
11. M. Tseitlin, J.R. Biller, H. Elajaili, V.V. Khramtsov,
I. Dhimitruka, G.R. Eaton, S.S. Eaton
J. Magn. Reson., 2014, 245, 150. DOI: 10.1016/j.jmr.2014.05.013.

N 1-2 (109-110) January—June 2021

13.

14.

15.

16.
17.
18.

19.

20.

21.

22,

DOI: 10.22204/2410-4639-2021-109-110-01-02-38-43

. B. Epel, H.J. Halpern

eMagRes, 2017, 6, 149. DOI: 10.1002/9780470034590.emrstm1512.
O. Krumkacheva, E. Bagryanskaya

B Electron Paramagnetic Resonance, Vol. 25, Eds. V. Chechik,
D.M. Murphy, Publ. The Royal Society of Chemistry, 2017, 25,
pp. 35-60.

DOI: 10.1039/9781782629436-00035.

G.Yu. Shevelev, O.A. Krumkacheva, A.A. Kuzhelev, A.A. Lomzov,
0.Yu. Rogozhnikova, D.V. Trukhin, T.I. Troitskaya,

V.M. Tormyshev, M.V. Fedin, D.V. Pyshnyi, E.G. Bagryanskaya
J. Amer. Chem. Soc., 2014, 136, 9874. DOI: 10.1021/ja505122n.
C.P. Constantinides, P.A. Koutentis, H. Krassos, J].M. Rawson,
A.]. Tasiopoulos

J. Org. Chem., 2011, 76, 2798. DOI: 10.1021/j0200210s.

Y. Ji, L. Long, Y. Zheng

Mater. Chem. Front., 2020, 4, 3433. DOI 10.1039/d0qm00122h.

P. Bartos, B. Anand, A. Pietrzak, P. Kaszyriski

Org. Lett., 2020, 22, 180. DOI: 10.1021/acs.orglett.9b04130.

N.M. Gallagher, ].]J. Bauer, M. Pink, S. Rajca, A. Rajca

J. Am. Chem. Soc., 2016, 138, 9377. DOI: 10.1021/jacs.6b05080.
A.S. Poryvaev, E. Gjuzi, D.M. Polyukhov, F. Hoffmann,

M. Froba, M.V. Fedin

Angew. Chem. Int. Ed., 2021, 60. DOI: 10.1002/anie.202015058.
A. Schweiger, G. Jeschke

Principles of Pulse Electron Paramagnetic Resonance, US, NY, New
York, Oxford University Press, 2001, 604 pp.
S.A. Dzuba, A. Kawamori

Concepts Magn. Reson., 1996, 8, 49.

DOI: 10.1002/(SICI)1099-0534(1996)8:1<49:: AID-CMR4>3.3.CO;2-8.
D.A. Erilov, R. Bartucci, R. Guzzi, D. Marsh, S.A. Dzuba,

L. Sportelli

J. Phys. Chem. B, 2004, 108, 4501. DOI: 10.1021/jp037249y.

43



BECTHHK Pl L

RUSSIAN FOUNDATION
FOR BASIC RESEARCH

Long-Lived Hyperpolarized Molecules
for Magnetic Resonance Produced with Parahydrogen

Kirill V. Kovtunov

International Tomography Center, SB RAS
3A Institutskaya Str., Novosibirsk, 630090, Russia
kovtunov@tomo.nsc.ru

DFG Deutsche
Forschungsgemeinschaft

Igor V. Koptyug

International Tomography Center, SB RAS

3A Institutskaya Str., Novosibirsk, 630090, Russia
koptyug@tomo.nsc.ru

Jan-Bernd Hovener

Section Biomedical Imaging and MOIN CC,

Emmy Noether Group: Molecular and Metabolic MRI - M3
Am Botanischen Garten 14, D-24118 Kiel, Germany
jan.hoevener@rad.uni-kiel.de

Andrey N. Pravdivtsev

Section Biomedical Imaging, MOIN CC, University of Kiel
Am Botanischen Garten 14, D-24118 Kiel, Germany
andrey.pravdivtsev@rad.uni-kiel.de

Abstract

Achieving significant signal enhancement in NMR and MRI is one of the priorities of contemporary science.
Parahydrogen-based methods, such as parahydrogen-induced polarization (PHIP), reversible hydrogen-complex-
ligand exchange (SABRE), ligand-to-substrate polarization transfer by hydrogen exchange (SABRE-RELAY),
compare favorably with more expensive methods of creating nuclear spin hyperpolarization such as dynamic
nuclear polarization and optical pumping of noble gases. However, parahydrogen primarily yields hyperpolarization
of 'H nuclei, which has a relatively short lifetime. Research conducted by the Russian and German teams within
the framework of a joint RFBR — DFG project aims to develop new and unique methods for achieving long-lived
hyperpolarization of important amino acids (alanine, aspartic acid, glutamic acid, glycine, phenylalanine, valine).
The transfer of hyperpolarization to heteronuclei (**C, N) and the use of long-lived spin states can significantly
increase the polarization lifetime, which is essential for MRI of biologically active compounds and their enzymatic

transformations.

Keywords: MRI, spin hyperpolarization, parahydrogen, long-lived spin states, amino acids.

* The work was financially supported by RFBR and DFG (projects 19-53-12013 and HO 4604/3-1).

The goals of the global concept of sustainable
development of society include, inter alia, the health
and well-being for people, and highly efficient, safe,
and clean chemical production as the key elements.
Without doubt, the future of human civilization will
be largely dependent on both the green and efficient
industrial production of a wide range of chemicals
and materials, and the quality of affordable medicine
including medical diagnostics.

It would not be an exaggeration to say that
catalysis makes the world abetter place [1].Indeed,
catalysis is a major cornerstone of the modern
chemical industry: over 80% of all manufactured
products rely on catalytic processes at some
stage of their processing, and ca. 30% of the
gross domestic product in European economies
requires catalysis. Moreover, the role of catalysis
in achieving the sustainable future is enormous,
ranging from automotive exhaust purification
and wastewater remediation to clean energy and
sustainable food production, advanced medical
care, and more.
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In modern medicine, magnetic resonance
imaging (MRI) is one of the leading technologies
in routine diagnostic practice to detect a wide
range of diseases and pathologies. Every day,
countless clinics around the world carry out
numerous MRI procedures to examine human
organs and tissues and to identify various kinds of
health problems. In addition, magnetic resonance
spectroscopy (MRS) is being increasingly used
to monitor reporter molecules after they are
injected into the body, or to detect a number
of metabolites in organs and tissues in vivo. In
fact, over the past 15 years magnetic resonance
is rapidly entering a new era of "molecular and
cellular imaging", defined as the visualization
and quantitative assessment of processes at the
cellular and sub-cellular level in living organisms.
This development opens up new possibilities
for detecting various pathologies as well as the
response to their controlled treatment at the very
early stages, well before morphological changes
become apparent.
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The joint research efforts of the Russian and
German teams (Figure 1) are directed toward
combining modern catalysis and magnetic
resonance for solving the sensitivity problems of
modern magnetic resonance and advancing its
novel applications. In particular, the NMR-based
techniques such as MRI and MRS are limited by their
low sensitivity due to a weak interaction of nuclear
spins with a magnetic field, making them quite
reluctant to achieve an oriented state. As a result,
nuclear magnetization of a sample (e.g, human
body in MRI) is weak even in the strong magnetic
fields of a few Tesla of modern imaging instruments,
so that the signal intensities and thus the signal-to-
noise (SNR) and contrast-to-noise (CTN) ratios in
MRI are relatively low. This poses a major obstacle
for developing advanced techniques of medical
diagnostics.

Fig. 1. Cooperation between the research teams from Novosibirsk and Kiel
on the development of parahydrogen-based signal enhancement techniques
for NMR and MRI. (Collage by A.I. Svyatova).

Numerous  technical improvements have
been proposed to address this challenge since
the introduction of MRI in everyday medical
practice. In particular, higher magnetic fields
have been successfully implemented, along with
the development and utilization of more efficient
methods of NMR signal detection such as parallel
imaging, compressed sensing, etc. However, most
of these advances make the equipment even more
expensive, while the achieved signal enhancements
are in the range of single digits.

There is, however, a way of providing a
dramatically higher signal enhancement in NMR
and MRI. The central idea is to force the nuclear
spins in a sample under study to orient temporarily
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in the same direction. This way, depending on
the nucleus addressed, the applied magnetic field,
and other experimental parameters, the sensitivity
enhancements of 10,000- to 100,000-fold and even
more have been achieved.

This possibility has been recognized early in the
history of the development of magnetic resonance,
but gained significant attention [2, 3] in recent years
once its potential in biomedical MRI and MRS has
been established. Today, these techniques are known
collectively as spin hyperpolarization. Currently, the
interest in the application of hyperpolarized contrast
agents in magnetic resonance (MR) is growing at
an accelerating pace. Two general strategies may be
distinguished: one involves the use of gaseous agents,
e.g. for inhalation and lung imaging, while another
utilizes small molecules in solution for injection. For
the latter, there are two general ways for their use in
vivo. The first one relies on the use of hyperpolarized
compounds that are retained in the bloodstream for
a relatively long time (minutes or more). They are
used, in particular, to study tissue perfusion and
accumulation upon inflammation as well as to rapidly
acquire angiographic images of blood vessels with
high spatial resolution after intravenous injection of a
hyperpolarized solution [4]. The second one is based
on the hyperpolarization of compounds that occur
naturally in a living organism and are metabolized
on the time scale of tens of seconds, i.e., within the
lifetime of hyperpolarization. When a molecule
is metabolized, its hyperpolarization is inherited
by the newly formed metabolic products [5]. This
makes it possible to map metabolic conversions
in a living organism with temporal and spatial
resolution in an organ- or tissue-specific manner.
Thus, a real-time monitoring of important dynamic
metabolic processes in vivo and a quantitative study
of their kinetics can be performed in a non-invasive
manner. These possibilities have been demonstrated
both under normal conditions and for various
pathologies. The importance of such measurements
relies on the fact that normal cellular metabolism
is perturbed in essentially all abnormal states of
tissues and organs. Usually, the associated specific
alteration of metabolism can be used as a marker
for detecting a pathology or disease at a very early
stage of development before the onset of macroscopic
morphological changes and for establishing their
nature. Equally important is the early detection of the
response to therapy. All this provides a major driving
force for modern research in this area.

The leading hyperpolarization technique,
dynamic nuclear polarization (DNP), has been
already used to demonstrate the production of about
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40 hyperpolarized metabolites potentially suitable
for in vivo applications. Polarization levels of 10-
60% were achieved for *C, N and *'P nuclei, which
translates to SNR enhancements of 4-5 orders of
magnitude. Most of the published studies are aimed
at gaining insight into the metabolic transformation
pathways of pyruvate using C-detected MRI/MRS
[5]. This hyperpolarized compound is already used
in clinical trials in patients with prostate cancer [6]
and other pathologies. After intravenous injection,
BC-labeled pyruvate is rapidly distributed in the
body and is actively transported to the cells of most
organs, where it is rapidly metabolized with the
inclusion of a hyperpolarized *C label in the products
of its metabolic conversion. In the cytosol of a living
cell, pyruvate is converted to lactate by the enzyme
lactate dehydrogenase (LDH) and transaminated
to L-alanine by alanine aminotransferase (ALT).
In mitochondria, pyruvate is converted to CO, and
acetyl-coenzyme A (acetyl-CoA), the latter being
one of the access points to the tricarboxylic acid
cycle. Dynamic spectra and maps of the distribution
of hyperpolarized pyruvate and its main metabolites
(alanine, lactate, and bicarbonate) in organs and
tissues of humans as well as laboratory animals were
obtained in in vivo studies [5, 6]. In the vast majority
of studies performed, an increased lactate/pyruvate
ratio was consistently observed in tumors compared
with normal tissues. In addition, the lactate signal
was found to respond much earlier to treatment than
common indicators such as tumor size [7]. Examples
of metabolic studies using other hyperpolarized
substrates [5] include alanine, glutamate, lactate,
acetate, fructose, fumarate and ascorbic acid.

The above examples highlight the potential of
hyperpolarized contrast agents in combination with
in vivo MRI/MRS for developing novel tools for
the medical diagnostics of tomorrow. At the same
time, despite the significant advances achieved
with the DNP technique, the latter has some major
disadvantages as well. In particular, the DNP
technique is technically rather sophisticated, requires
expensive  instrumentation  (superconducting
magnets, microwave sources, cryopumps), and
often involves high operational costs, as well as low
throughput in terms of the production times and
delivered amounts of the hyperpolarized samples.

A much faster progress toward much wider
clinical trials and subsequent introduction into
routine medical practice await the development
of alternative hyperpolarization techniques. Such
techniques would preferably be much less expensive
and more efficientin the production ofhyperpolarized
contrast agents. One such alternative technique [8]
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is based on the use of parahydrogen, one of the two
modifications of H, with zero combined nuclear
spin of its two H atoms. Hydrogenation of a suitable
precursor molecule with parahydrogen results in the
hyperpolarization of the product molecule at the
levels comparable to those obtained with DNP. At the
same time, the parahydrogen-induced polarization
(PHIP) technique is drastically simpler and less
expensive than DNP.

This is where catalysis chimes in. Since
parahydrogen has no nuclear spin, it is useless in
magnetic resonance unless and until it is activated.
As H, is a rather unreactive molecule, efficient
catalysts are required for breaking the H-H bond.
Catalytic hydrogenation reactions are important
transformations for both petrochemical and fine
chemical industries. It is estimated that 25% of
all chemical transformations include at least one
hydrogenation step [9]. In particular, polymer-grade
alkenes such as ethylene, propylene and butene [10]
are produced by cracking of larger hydrocarbons from
a variety of oil feedstocks, with subsequent removal
of minute amounts of alkynes and dienes by their
selective catalytic semihydrogenation. Molecular
hydrogen activation is also a key ingredient in
hydroprocessing of oil fractions used in oil refining,
in the industrial-scale synthesis of ammonia by
the Haber-Bosch process, in the Fischer-Tropsch
synthesis of liquid hydrocarbons from syngas, in
methanation, production of methanol and formic
acid, and more.

Catalysis is thus a key ingredient of the PHIP
technique. An unsaturated substrate with a double
or triple carbon-carbon bond is hydrogenated
with parahydrogen over a transition-metal-based
catalyst, which yields a reaction product with a
dramatically enhanced NMR signal (Figure 2).
With an appropriate choice of substrates, this
may be suitable for biomedical applications of
MRI/MRS. One limitation of this approach for
producing biocompatible hyperpolarized contrast
agents is the requirement of the availability of an
unsaturated precursor which, upon hydrogenation,
would give the desired hyperpolarized substance.
Such compounds are not always available, or can
be unstable. For instance, pyruvate, which can be
readily hyperpolarized by DNP and which currently
dominates in the in vivo studies, is impossible to
produce by a single-step hydrogenation process.
A practical solution was introduced by Aime et al.
for the hyperpolarization of *C nuclei of carboxylic
acids and is known as side-arm hydrogenation [11,
12]. In this case, a homogeneous hydrogenation of
an unsaturated ester (e.g., propargyl pyruvate) with
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parahydrogen is carried out, then hyperpolarization
is transferred from 'H to "C nuclei of the carboxyl
group, after which the ester group is hydrolyzed with
an aqueous alkali solution. As a result, a solution
of sodium pyruvate with hyperpolarized *C nuclei
is obtained. It was also shown that hyperpolarized
pyruvate can be separated from a homogeneous
catalyst by extraction via phase separation.
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Fig. 2. The reaction scheme of 1,3-butadiene hydrogenation to butenes
and butane over Pd/TiO, catalyst and the 'H NMR spectra obtained with
parahydrogen (top) and normal hydrogen (bottom) exhibiting pronounced
signal enhancements for all reaction products. The bottom spectrum was
scaled up by 8-fold for a better presentation.

Another possibility to expand the range
of molecules that can be hyperpolarized with
parahydrogen was disclosed by Duckett et al. [13]. The
method is based on the transfer of polarization from
parahydrogen activated on a catalytically active center
to a ligand coordinated to the same metal complex
under conditions of continuous ligand exchange. As
such, this process does not involve an incorporation
of hydrogen into a polarized product, ie., the
substrate is not chemically modified as a result of this
hyperpolarization scheme. This method was dubbed
SABRE (Signal Amplification by Reversible Exchange).
The first observation of SABRE hyperpolarization
was reported for the protons of pyridine through the
interaction of a cationic iridium metal complex with
hydrogen. It is believed that the spontaneous transfer
of polarization from the coordinated para-H, to the
ligand occurs due to the coherent redistribution of the
spin polarization, which is effective in weak magnetic
fields. However, other methods of polarization
transfer have recently been proposed in the SABRE
experiments in strong magnetic fields [14] (Figure 3),
which indicates a more complex and versatile nature
of the SABRE effect. The most recent extension
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of the SABRE technique, SABRE-RELAY, makes
the range of molecules that can be hyperpolarized
with parahydrogen even larger. It uses SABRE to
hyperpolarize an exchanging ligand which possesses
exchangeable hydrogen atoms in its structure (e.g.,
an amine). Subsequent hydrogen exchange of this
hyperpolarized molecule with the suitable target
molecule transfers polarized hydrogen atoms to the
latter. This approach is deemed particularly promising
for hyperpolarizing amino acids.

O._NH, 2
free 2
"JL “N-NA| ()
15
" N bound
g A,
300 290 280 270 260

Fig. 3. "N NMR spectrum of “N-nicotinamide in CD,OD hyperpolarized at
high magnetic field (9.4 T) with the use of parahydrogen. The NMR signals
of free and catalyst-bound "N-NA are enhanced 834-fold compared to their
normal intensity. The inset shows the "N MR image of this sample in a glass
tube. The signal void (circle) in the image corresponds to the capillary that
supplies parahydrogen to the sample to achieve the signal enhancement.
(Adapted from ref. [14] with permission of WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim).

As hyperpolarization is not a thermal equilibrium
state of nuclear spins, it has a limited lifetime. In
particular, the use of parahydrogen provides primary
hyperpolarization on 'H nuclei, which for most
molecules in solution have typical relaxation times of
the order of 3-10 s. This significantly limits the lifetime
of spin hyperpolarization and is obviously insufficient
for in vivo studies as hyperpolarization would disappear
before the delivery and metabolic transformation
of a hyperpolarized contrast agent can take place.
Therefore, the development of approaches to increase
the lifetime of hyperpolarization for MR applications is
a fundamentally important and urgent task.

Compared to hydrogen atoms, heteronuclei such
as C, ®N, #Si and some other nuclei usually have
significantly longer nuclear spin relaxation times.
For instance, relaxation times of *C nuclei are of the
order of tens of seconds even under in vivo conditions.
Therefore, the transfer of hyperpolarization to
heteronuclei can be used to increase hyperpolarization
lifetime and provide the sufficient time window for
the preparation, characterization, administration
and transport of a hyperpolarized sample to the cells
where its metabolic transformation can be monitored.
The transfer of parahydrogen-induced polarization
to heteronuclei also provides a significant increase
in sensitivity and contrast for the detection of these
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metabolites in a background-free manner. In certain
cases, the transfer of hyperpolarization to heteronuclei
can occur spontaneously, but the efficiency of such
transfer is usually low and uncontrollable. Targeted and
controlled transfer of hyperpolarization from protons
to heteronuclei can be performed using various radio-
frequency pulse sequences. A large library of pulse
sequences for 'H-to-heteronuciel hyperpolarization
transfer is currently known. However, further work
in this direction is required to achieve optimized
hyperpolarization transfer for a broad range of
experimental conditions and metabolites.

Anotherapproachtothetransfer ofhyperpolarization
to heteronuclei is to place a molecule in an ultralow
magnetic field (~1 uT or lower), with a subsequent
adiabatic increase in the magnetic field to Earth’s field.
Technically, this can be done by placing the sample in
a magnetic mu-metal shield and then relatively slowly
extracting it into the Earth's magnetic field, or by
slowly increasing the magnetic field in the shield using
additional electromagnetic coils. With this approach,
hyperpolarization of *C nuclei of up to 25% has been
achieved. It was also shown that this approach is suitable
for the transfer of 'H polarization to other heteronuclei,
for example, “F and N. While polarization transfer
with pulse trains can be more efficient, the undoubted
advantage of the approach with magnetic field variation
is its technical simplicity and scalability.

Yet another possibility to significantly prolong
the hyperpolarization lifetime is the utilization of the
so-called long-lived spin states (LLSS). For a long time,
a common perception in magnetic resonance was that a
non-equilibrium spin state cannot have a characteristic
lifetime longer than nuclear spin relaxation time (T,)
of the nuclei under study. So it came as a complete
surprise to many that the lifetime of certain spin states
can be significantly longer. The most dramatic example
of LLSS is that of parahydrogen, the singlet state of the
two nuclear spins which survives for months under
normal conditions, while the T, time of H, is in the
millisecond range (!). In PHIP and SABRE, the singlet
spin order of para-H, can be transferred to other nuclei
of the product or substrate where it can be transformed
into a LLSS. Storing hyperpolarization in such states
with a subsequent recovery at a later time allows one
to increase the effective lifetime of hyperpolarization
by at least an order of magnitude [15], which is very
important for in vivo applications. Another advantage
of this approach is that it works well for protons which
can be interrogated on any medical imaging instrument,
while heteronuclear capability is seldom available in the
clinical practice.

Another major issue that needs to be solved in
this field is associated with the requirement to utilize
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organometallic complexes to perform hydrogenation
or exchange processes with parahydrogen. PHIP and
SABRE methods use different organometallic complexes
with Ru, Rh, Ir metal atoms which are considered toxic
and carcinogenic. Therefore, developing methods
for removing organometallic complexes from the
hyperpolarized solution is required. Importantly, in
2008, the Russian team demonstrated the fundamental
possibility to observe the PHIP effects in the gas-phase
hydrogenation of propylene to propane over a supported
metal heterogeneous catalyst Pt/ALO, [16]. A large
number of studies followed, which demonstrated
the possibility to use a broad range of heterogeneous
catalysts for producing hyperpolarized substances in
hydrogenation reactions with parahydrogen [17]. This,
among other things, can be used to create highly sensitive
methods for the detection of reactive intermediates
of the corresponding chemical transformations and
establishing the detailed mechanisms of the processes
occurring at the molecular level. This, in turn, is essential
to achieve an increased efficiency of large-scale industrial
processes, to reduce their cost and, ultimately, to transfer
these processes to the rails of green chemistry.

The efforts of the Russian and German groups
participating in the joint REBR-DFG project are directed
toward the development of parahydrogen-based signal
enhancement in MR. A more specific goal of the
project is to identify, optimize and apply new classes of
hyperpolarized molecular agents for MRI. It is expected
that as a result of these joint efforts, new hyperpolarized
agents will become available for molecular imaging
at a much lower cost than available today with more
sophisticated and expensive techniques. Both German
and Russian research teams have more than 10 years of
experience in this research field, reflected by a total of
>80 articles on this topic, three of which were published
jointly [12, 14, 18]. Each team provides unique and
complementary expertise that is necessary for this
strongly interdisciplinary project. The Russian team
(Figure 4) is focused more on the chemical aspects
of the involved processes, including the synthesis
of new substrates and catalysts, and the analysis of
hydrogenation reaction pathways. The German team
(Figure 5) tends to focus on the important physical
aspects, including the theoretical description of
hyperpolarization phenomena, the polarizer hardware
as well as the development of pulse sequences for
polarization transfer and in vivo applications. A strong
synergy effect expected from the cooperation between
the Russian and the German teams provides a strong
basis for advancing the field of parahydrogen-based
hyperpolarization significantly, bringing it closer to
the goal of fast, low-cost and reliable metabolic and
molecular MRI in vivo.
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Fig. 4. The Russian team, Laboratory of Magnetic Resonance Microimaging, International Tomography Center, Siberian Branch of the Russian Academy
of Sciences (left to right): Dr. Ivan V. Skovpin, Elisaveta S. Kononenko, Dr. Kirill V. Kovtunov, Dudari B. Burueva, Prof. Igor V. Koptyug, Ekaterina V.
Pokochueva, Dr. Nikita V. Chukanov, Alexandra I. Svyatova, and Dr. Oleg G. Salnikov.

ZUKUNFTSprogrammm R
Winschaft ,

Fig.5. The German team, Section Biomedical Imaging, Molecular Imaging North Competence Center (MOIN CC), Department of Radiology and
Neuroradiology, University Medical Center Kiel, Kiel University, Kiel, Germany (left to right): Frowin Ellermann, Dr. Kolja Them, Prof. Jan-Bernd Hovener,

and Dr. Andrey N. Pravdivtsev.

In this joint project, we specificallyaddress the
SABRE parahydrogen-based hyperpolarization
method mentioned above, including its new
variant SABRE-RELAY, which enables the
hyperpolarization of a new class of biomolecules
in their native state that was not possible before,
including amino acids.

So far, the range of molecules appropriate
for SABRE was largely limited to heterocyclic
organic compounds that can be coordinated to
Ir metal center via a nitrogen atom. Therefore,
it was not possible to polarize many biologically
relevant compounds. Recently, it was shown that
with SABRE-RELAY ammonia can be used to
transfer hyperpolarization to other molecules
(e.g. amines, amides, carboxylic acids) via proton
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exchange at a low magnetic field (~5 mT). An
efficient use of SABRE approach requires a
detailed understanding of the underlying physical
and chemical mechanisms and a theoretical
description of the entire process. Work is
currently in progress to refine and improve the
mathematical model of the process and to verify
it by comparing with experimental observations.

Several amino acids (L-alanine, L-aspartic

acid, L-glutamic acid, glycine, L-valine,
L-phenylalanine) are considered for their
use as target molecules. Importantly, the

synthesis of these amino acids labeled with
the N isotope is essential for the analysis of
the polarization transfer efficiency and their
subsequent utilization as MRI agents. In terms
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of experimental advances, the goal is to develop
the version of the technique where the entire
polarization process, including polarization
transfer from protons to heteronuclei, can be
achieved entirely at the high magnetic field of
an NMR or MRI instrument. At the same time,
polarization transfer at ultralow (e.g., microtesla
and below) magnetic fields may be advantageous
and may enable heteronuclear polarization of
an important class of molecules such as amino
acids in their native form.

As mentioned above, one particularly
important direction of this research is the
prolongation of hyperpolarization lifetime. In
this joint project, we explore the possibility
to use the CH, groups of amino acids to store
polarization in the long-lived spin states. Indeed,
the lifetime of such states of protons in a CH,
group of amino acids can be significantly (ca. 45-
fold) longer than their longitudinal relaxation
times. Synthetic procedures and experimental
schemes for creating and manipulating such LLSS
are being developed in the project. Recent studies
of the German team demonstrated that LLSS and
zero-quantum coherences can be used as quantum
filters to boost contrast for 'H metabolomics, for
example, with N-acetyl aspartate [19] (Figure 6).

One key aspect of this activity on the way to in
vivo applications is the toxicity of the commonly
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used catalysts comprising  organometallic
compounds dissolved in the reaction medium.
Therefore, developing methods for removing
organometallic complexes from the hyperpolarized
solution is an essential part of the research that is
being conducted. There are several approaches
that can be implemented, including the use of
heterogeneous catalysts or filtering organometallic
catalysts out of the HP solution. It is believed that
all these developments will make it possible to
achieve the main goal - the in vivo application of
novel hyperpolarized contrast agents.

Apart from an interesting and promising science,
this cooperation promotes a closer international
interaction between the researchers of the two
countries. The links between the two groups go back
many years. Unfortunately, the travel restrictions
introduced in 2020 have so far prevented the
implementation of the intended mutual visits.
Nevertheless, the joint work continues and will
hopefully enjoy further exchange visits in the near
future.

The authors thank RFBR (No. 19-53-12013)
and DFG (No. HO 4604/3-1) for the continuing
financial support of this research, A.I. Svyatova
for preparing the collage artwork, and all
members of the two teams for their valuable
contributions to these exciting and important
studies.
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Fig.6. 'H NMR spectra of N-acetyl-L-aspartic acid (NAA) in H,0: a - a conventional spectrum with the signals of metabolite largely distorted by the
presence of a dramatically stronger signal of water in the spectrum; b — a spectrum filtered based on the unique properties of the long-lived spin states of
the CH, group of the target molecule, with the signal of H,O significantly suppressed while preserving the signal of interest. (Adapted from ref. [19]; use

permitted under the Creative Commons Attribution License CC BY 4.0).
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HOJII‘O)KI/IBYI].[I/IC I'NIIEpHOIAPN30OBAHHDbIC MOJIEKY/IbI /I
MAaraMiTHOIoO p€30HaHCa Ha OCHOB€ MCITO/Ib30OBaHVA ITIAPABOAOPOIA

, M.B. Konmioe, A.H. IIpasousuyes, A.-B. XoseHep

Pa3BuTie MeTO/0B, NO3BONSAKLLIMX 3HAYUTENLHO YeunueaTb curHanel B AMP u MPT, aBnaetcs ogHUM 13 nepe-
[0BbIX HanpasJieHWin MUPOBOIA HayKw. llcnosnb3oBaHne MeTOAO0B Ha OCHOBE NapaBOA0POAA, TaKMX Kak MHAYLMPOBaHHAS
napasogopogom nonspusaumns sgep (WMM§), obpatumoe B3anMofeincTBre «Bofopof—Komnnekc—nuraHg» (SABRE),
NepeHoc NoNApu3aLmumn ¢ raHaa Ha cyocTpar 3a cHet BofopoHoro oomeHa (SABRE-RELAY), BbIroaHO 0TnM4aeTcs ot
6oree JoOpOrMx MeTOL0B CO3LaHNsA rnnepnonsapu3aLmmn aaepHbIX CNMHOB, TaKMX Kak AMHAMUYECKas nonsapusaumns aaep
11 ONTUYECKas Hakayka 61aropoAHbIX razos. OLHAKO UCMOMb30BaHMe NapaBogopo/a B NEPBYHO 04epeb BeAeT K 06paso-
BaHWIO NONApU3aLMn Ha sapax 'H, 4To CyLLECTBEHHO OrpaH14MBaEeT BPEMS XW3HW runepnonsapusauni. Viccneaosanus
y4eHbIX ux Poccum u fepmaHun B pamkax COBMeCTHOro npoekta PO®W u HHIO HanpaeneHbl Ha pa3BuTUe HOBOIO
YHWUKANIbHOrO METOfa runepnosiapu3aumn BKHENLLX aMUHOKICNOT (anaHnH, acnapruHosas KucnoTa, rytamMmuHoBas
KICNOTA, MNLWH, deHMNanaHny u BannH). MNepeHoc runepnonspusauun Ha reteposgpa (*C, N) u ncnonb3osaque
CBOJCTB A0/ITOXMBYLLUMX CMIMHOBLIX COCTOSAHWIA MO3BOUT 3HAYMTESIbHO YBEIMYUTL BPEMS XKUSHW MOnspusaumun ang
MPT Bu3ayanuaauun 61010rn4eckn akTUBHbIX COEANHEHMIA U MPOLIECCOB UX (DEPMEHTATUBHBIX NMPEeBpaLLeHNil.

Kntouessbie cnosa: MPT, runepnonsipnaaums CnvMHOB, NapaBoaopo, JONTr0XMBYLLIME CMIMHOBbLIE COCTOSHMA,
aMWUHOKNCNOTbI.

* Paboma evinoninena npu ¢hurancosou noooepocke POOU — DFG (npoexmuvl No 19-53-12013 u HO 4604/3-1).

KOBTYHOB KonTor

Kupunn BuktopoBuy Wropb BaneHTnHOBMY
MexxayHapoaHbIii MexxmyHapoaHbIii
TOMOrpacnyecknit TOMOrpacmnyeckuit
ueHtp CO PAH ueHtp GO PAH
NPABAVBLIEB XOBEHEP flu-bepHp

Cekuuns 6UOMeANLIMHCKOI ToMOrpadum,
LleHTp MonekynspHon Tomorpaduu,
Kunbckuit yHusepcnTeT, lepmanns

Auppei Hukonaesuy
Cekums 6romefnLUMHCKONR
Tomorpacuu, LieHtp
MONEKYNSPHON TOMOrpa-
thum, Knnbckuin
yHuBepcuTeT, lepMaHus
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Puc. 3. Cnexmp AMP “N-nuxomunamuoa 6 CD 0D, eunepnonapusosantozo 6 cunvrom mazrumrom nosne (9.4 Tn) ¢ ucnonvsosanuem napasodopooa.
Cuznanvt IMP c60600HbIX U c8a3aHHbIX ¢ Kamanusamopom monekyn "N-NA ycunenvt 6 834 pasa no cpasHeHuro ¢ UX HOPMAnLHOL UHIMEHCUBHOCTNDIO.
Ha scmasxe noxkasano MPT usobpascenue no siopam N amozo obpasuya 6 cmeknsgunoti mpybxe. Obnacmo ¢ omcymcmeuem cueHana (Kpysiok) Ha
U300pasiceHuy coomeemcmeyem Kanunnsapy, Komopuiii nodaem napasodopod 6 obpasey, 0 0OCMUNEHUS YCuneHUs cuenand. (Adanmuposamo us
cmamvu [14] ¢ paspewernus WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

Puc. 4. Poccuiickas epynna - 1a60pamopusi MazHumHo-pe3oHancHoi mukpomomozpagduu, Mexoynapoonoviii momozpaduueckuii yenmp Cubupckozo
omoenenus Poccutickoii akademuu HayK (cnesa Hanpaso): k. x. H. Viean Bnaoumuposuy Ckosnun, Enusasema Cepzeesna Kononenxo, 0. x. H. Kupunn
Buxmoposuu Kosemynos, [Jydapu Bauposua Bypyesa, npod., 0. x. n. Meopv Banenmunosuu Konmioe, Examepuna Bacunvesna Ilokouyesa, k. x. H.
Huxuma Bnadumuposuy yxarnos, Anexcanopa Heopesna Cesimosa, K. X. H. Onez Teopeuesuu CanvHukos.

52 DOI: 10.22204/2410-4639-2021-109-110-01-02-44-53  Ne 1-2 (109-110) aHBapb—uoHb 2021 r.



oF

Deuts(he RUSSIAN FOUNDATION
FOR BASIC RESEARCH

Forschungsgemeinschaft

German Research Foundation RFBR

- ZUKUNFTSProgramim
Winschaft

i Hhre Zatkunft

o RFBR JOURNAL

-
-
- -y
— A bai
— ) Y
] wes
=

Puc.5. Hemeukas epynna - cekyus Ouomeouyunckoti suzyanusauuu, CesepHulil yeHmp KomnemeHuuu 6 o01acmu MONeKynspHot 8U3Yanu3auuu
(MOIN CC), omoenenue paduonozuu u Hetipopaduonozuu, ynueepcumemckuti meouyuncxkuti yenmp Kuns, Kunvckuii ynusepcumem, Kunv, Tepmanus
(cnesa nanpaso): Ppoyun Innepmann, dokmop Konst Tem, npogp. An-bepno Xosenep, doxmop Anopeii Huxonaesuu IIpasousuyes.
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Puc. 6. Cnekmpot AMP 'H N-ayemun-L-acnapazurosoti kucnomvt (NAA) 6 H,0: a — 06biumblii cnekmp ¢ cueHanamu memabonuma, 6 SHa4umernvHoii crmenemu
UCKAMEHHDIMU NPUCYMCINBUEM 6 CHEKIPe 3HAYUMENbHO 607iee CUbHO20 CUeHAna 800bl; b — cnekmp, om@unvmposanHblii HA 0CHOBe YHUKATILHLIX CB0TICING
doneosicusyugux cnuroebix cocmosnuti epynnvt CH, yenesoti monexynvl, npu smom cueran H,O sHauumensHo nodaszen npu coxpanenuu npedcmasnsioueeo
unmepec cuerana. (Adanmuposaro us crmamvu [19]; ucnonvsosarue paspeuiero 6 coomsemcmeuu ¢ nuvensueti Creative Commons Attribution License CC BY 4.0).
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KorepenTHoe ynipasieHne B3anMoaeicTBYOLIMMNI
CHIHOBBIMU BO30Y)KIeHNAMN B MOTYIPOBOTHUKOBBIX
reTepoOCTPYKTypax

M. Baiiep, M.M. I'nasos, A.B. Kasoxun, I0.I. Kycpaes

B cTatbe onucaHbl OCHOBHbIE JOCTUXKEHMS POCCUNCKO-HEMELIKOTO Hay4HOTO LieHTPa «KorepeHTHOe ynpasne-
HWe B3aWMOLENCTBYIOLUMI CUHOBLIMI BO3OY>KAEHUAMUW B NOSYNPOBOAHUKOBLIX reTePOCTPYKTYpax», napTHepa-
MW KOTOPOro saBnatoTcs CaHkT-IeTepOyprekunii rocyaapCTBeHHbIA YHBEPCUTET, DUSUKO-TEXHUHECKNIA UHCTUTYT
um. A.®. Moddhe Poccuniickon akagemun Hayk u TexHu4ecknii yHmsepcutet JoptmyHaa (lfepmanuns). 3a ndtb net
aKTUBHOW Hay4HO-MCCIIeA0BaTeNbCKoi paboThl LeHTpa npu nogaepxke POOU n OO nonyyeHbl NPOPbIBHbIE pPe-

3ynbTathl B 06/1aCTW CNUHOBOA PU3NKMN.

Kntoyesble cnoBa: CnuvH, CNH-0POMTaNbHOE B3aUMOENCTBIUE, CBEPXTOHKOE B3aUMOeNCTBIUE, ONTUYECKas
OpVeHTaLns, CMHOBbIE (PNYKTYyauum, CNIMHOBLIA PE30HAHC.

* Paboma evinonnena npu gurarcosoti noooepxcke POOU — DFG (npoexmoi NoNe 08-02-91960, 15-52-
12011, 15-52-12012, 19-52-12032, 19-52-12034, 19-52-12038, 19-52-12043, 19-52-12046, 19-52-12054,
19-52-12057, 19-52-12058, 19-52-12059, 19-52-12063, 19-52-12064, 19-52-12065 u 19-52-12060).

BBenmenue

[lepBble mecATMIETUS [ABA[UATH [IEPBOTO BeKa
IPOXOAAT IIOf, 3HAMeHeM OypHOTO pasBUTHSA
KBAaHTOBBIX TexHOnoTmii. Ilonck, nccnegopanme u
paspaboTKa HEKITaCCUYECKUX METOIOB XpaHEeHMs,
obpaboTku u mepemauyu MHGOPMALUYU BXOAAT B
9ICIIO K/TIOUEBBIX 3a/1a4, CTOALINX MEePEJ] UCCIEN0-
BaTesIMU BO BCEM Mupe. Cpeayu BCEBO3MOXKHBIX
CHUCTeM, KOTOpble MOT/IM Obl COCTABUTH aibTep-
HATUBY KJIaCCUYECKON enauHuie MHGOpManum —
OUTY, CIMH 9/T€KTPOHA 3aHMMaeT 0coboe MecTo.
ITo BceMy Mupy BemyTCs MacuITaOHble KCIIEpu-
MEHTaJIbHblE U TeOpeTUYECKUe UCCAeTOBAHNSA
CIIMHOBBIX SIBJIEHMI B IIMPOKOM Kpyre MaTepu-
QJIPHBIX CHUCTEM, B TOM YNC/Ie B IIOMYIPOBOXHM-
Kax I IO/MYIIPOBOSHNKOBBIX HAHOCTPYKTYpPaXx, KO-
TOpBIE ABAIOTCA MHTEPECHBIMU C TOYKU 3PEHUs
byHaMeHTaMbHON (UMK ¥ IIE€PCIeKTVBHBIMMI
11t TpubGOPHBIX IpUMeHeHMIT. B aTuX nccnegosa-

e BAVEP Manchpen
TeXHNYECKNI YHUBEPCUTET
[NoptmyHaa, fepmanus

KABOKWUH
\ | Anekceil Butanbesny
| CankT-MeTepbyprekuin
| TOCYAAPCTBEHHbIN

. YHMBEpCUTET
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DUNKO-TEXHUYECKIIA NHCTUTYT
umenn A.®. Nochce PAH
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HJAX 3aMETHYI0 POJIb UTPAIOT Hay4YHbIE KOJIIEKTH-
BBl Poccun n Tepmanum.

[l mopepXKu M KOOPAMHALMY COBMECTHBIX
VICCTIeOBaHMiT B 00/1acTy CIMHOBON (u3nMkm B
IIO/TyIIPOBOJHMKOBBIX HAHOCUCTeMax OblTa paspa-
6otana u ¢ 2015 r. mpuHATa K (PUHAHCUPOBAHUIO
UCCTIefloBATeNNbCKast IIporpaMmMa MeXXJyHapOgHOTO
Hay4qHOTO IjeHTpa «KorepeHTHOe ynpaBieHue B3an-
MOJICJICTBYIOIIMMY  CHVHOBBIMU  BO30OYXK/eHUA-
MU B IIOJYIPOBOJAHUKOBBIX Te€TEPOCTPYKTYpax»
(International Collaborative Research Center ICRC
TRR 160 “Coherent manipulation of interacting
spin excitations in tailored semiconductors”, ma-
nee — MHIJ, Llentp). MHII BkI04aeT B cebs yde-
HBIX 13 JABYX POCCHMIICKUX opraHusaruit: ®usuko-
texHn4yeckoro nHCTUTyTa (PTU) um. A.®. VModde
Poccwmiickoit akagemun Hayk (Cankr-IletepOypr) u
CaskT-IleTepOyprckoro rocygapcTBEHHOTO YHU-
Bepcurera (CII6I'Y) u Hemenkoro maptHepa — Tex-

KYCPAEB

HOpui leopruesmny
DUINKO-TEXHUYECKII NHCTUTYT
umenn A.®. Nochce PAH
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Hudeckoro yumsepcutera Joprmynma (TY Hopt-
MYHZIa) Ipu Hopmepskke Pypckoro yHuBepcurera
B boxyme (Iepmanusa). Pykosogmrenem MHII ¢
HEeMeIIKOJI CTOpoHBI BbIcTymaeT MaHndpen baitep
(Manfred Bayer, pextop TeXHI4YeCKOTO YHUBEPCH-
teta [loprmyHpa). Jlaboparopun M. Baitepa mpu-
HAIJISKNUT psf IIMPOKO M3BECTHBIX MMOHEPCKUX
pes3y/IbTaToB B 00/1aCTU CIMHOBOJ IMHAMUKH 37I€K-
TPOHOB U sAfep U PU3UKYU PULAOEPTOBCKUX IKCUTO-
HOB B NONTyNpOBOAHMKAX. C pOCCUIICKON CTOPOHBI
copykoBoputenamu MHI asnarworca IOpuit Teop-
rueBnd Kycpaes (pykoBogutens orpenennsa 8 TH
um. A.®. Modde), kpynHblit crenuamuct B oba-
CTU CIVHOBBIX SBJIEHMII B IOJYHIPOBOTHMUKAX, U
Anexkceit Buranbesnd KaBokns (pykoBogurens Jla-
6oparopun ontuku cnunaa B CII6TY), dusuk-reo-
PeTNK C MUPOBBIM VIMEHEM B 00/IaCTU ONTUYECKNX
U CIMHOBBIX SIBJICHUIL.

VicTopusi mnofoOTBOPHBIX HAYYHBIX KOHTaKTOB
MeXJy OpTraHM3aLUAMN-IIAPTHEPAMI HACUUTHIBAET
6oree BYX fecATKOB jeT. OCHOBBI YCIIEIIHOTO Ha-
YYHOTO COTPYAHMYECTBA TUX OpraHM3aLuil ObLIN
3ayoXKeHbl B 90-e TOfbI MIPOLUIOrO BeKa Omaropaps
koHTakTaM JIntmapa ®Opemnxa (TY Hoprtmynpa) n
PB. ITucapesa (OTU um. A.®. Modde) B obmactu
HEJIMHEIHOM ONTHKM CUCTEM C CUIBHBIMU KOppe-
nanuAMin. JIBa MOCTOSHHBIX COTPYZHMKA TPYIIIIBI
Baitepa ([.P. fIxoBneB un VM.A. AKMMOB) SBIAIOTCA
Bbixopuamu 13 OTU um. A.®. Vodde; oHu akTUBHO
COTPYIHMYAIOT C VICTIONTHUTEIAMY JAaHHOTO ITPOEKTa
¢ 1990-x ropoB, Korga B X0jle COBMECTHBIX MCCTIENO-
Bauuii E.JI. ViBuenko u [I.P. SIkoB/IeBbIM OBLIO 00-
Hapy>KeHO IIOfjaBJIeHle CIIMHOBO peTaKCcally CBO-
OOIHBIX 7IEKTPOHOB MAaTHUTHBIM II0JIEM B IIOJTYIIPO-
BOJIHMKOBBIX [IByMEPHBIX CUCTEMAaX, MCC/IEJOBAHBI
MarHMTOONTIYeCKNe 3P PEeKThl B CIMHOBBIX CBEPX-
penleTKax, M3y4eH Pe3OHAHCHBIN ONTUYECKUI OT-
K/IMK CTPYKTYP C KBAHTOBBIMY SIMAMU 11 OOHApY’>KeHa
CKpBITasl aHM30TPONNA NHTEPPECOB TeTepPOCTPYK-
Typ. B Te >xe 1990-e rogsl B pe3ynbTaTe aKTUBHBIX
COBMECTHBIX T€OPETIUYIECKUX I SKCIIePYMEHTaTbHBIX
MCCTIEfOBaHNUI 9TIEKTPOH-ABIPOYHBIX KOMIIJIEKCOB B
kBaHTOBbBIX AMax P.A. Cypuc u [I.P. fIkoBneB oTKpbI-
M KOMOVMHUPOBAHHBIN 9KCUTOH-L[VK/IOTPOHHBII
pesonanc. C Havana 2000-X TOfOB MCCIeROBaTENN
u3 CII6I'Y akTMBHO COTPyEHMYAIOT C TeXHMYeCKMM
yHuBepcuteroM JopTMyHza B 0671acTy M3y4eHUs
CIIMHOBOV [JUHAMMKU sfiep KPUCTa/UIMYeCcKOl pe-
meTkn. Takum 06pasom, BEIOOP OpraHM3aLnit mapT-
Hepos a1t MHIT 6611 HeCTy4afHBIM: OH OIMpPAICSA
Ha 3HAYUTE/IbHBII ONBIT HAYYHOTO COTPYAHMYECTBA
¥ HAKOIIJICHHDIIT 6arak 3HaHMIL.

Vccnepoanma MHII ¢unaHCHpYIOTCA Ha KOH-
KypcHoIl ocHOBe Poccumiickum ¢onpgom PyHmamen-
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TabHBIX uccnefoBanmit (PODI) B pamkax cepyn
VHUIVATYBHBIX IIPOeKTOB ¥ HeMenxkuM Hay4qHO-MC-
cnegoBarenbckuM obmectsom (HHMO - DFG). Pa-
6ota LlenTpa craproBana B 2015 ., m B 2018 I. — mocre
YCIEIMIHOTO IIPOXOXKICHNS MEeXIYHAPOJHON JKCIIep-
TI3bI — ObUIa MpOJjIeHa ellle Ha YeThbipe ropa. K Ha-
crosiiieMy BpemeHn B pabory MHI] Bonedeno 6oree
100 y4eHbIX, KOTOpbIE Ha CETOHAIIHMIL JeHb OCYIlle-
ctBwm 6oee 400 06MeHHBIX BUSUTOB. BbII oy4yeH
6071111011 06'beM HOBBIX HayYHBIX Pe3y/IbTaTOB, O YeM
CBUJETENbCTBYIOT Oomee 200 cTareil, OIy6/IMKOBaH-
HBIX B Be[[YLVX MEXYHAPOIHBIX KypHa/ax. PaboTel
LlenTpa 6bUIN IIpeACTaB/IeHbI B (OpMe «IPUIJIALIeH-
HBIX foknagoB» (invited talks) Ha MHOrOYMCIEHHBIX
MEXIYHAPOAHbBIX KOH(epeHINAX U OTMEeYeHbl Hayd-
HbIMU nipemusaMi. Tak, B 2020 r. MHII 6511 oTMedeH
IIpeMMeNt 3a JTy4IInii MpoeKT B KOHKypce «Poccua n
TepmaHus: Hay4HO-0O6pa3oOBaTeIbHbIE MOCTBI» B PaM-
KaX IIepeKpPecTHOTO TOfla HayYHOIO COTPYyZHMYECTBA
HAINX CTPaH.

OcHOBHBIE PpEe3ynbTaThl

OKCcIepuMeHTa/lbHbIE ¥ TeOpeTHYecKye Jccie-
nosanyst MHII HanpaB/ieHb! Ha pelileH1e Hauboee
aKTya/IbHBIX IIPO0/IeM CIMHOBOT (PU3NKM MOTYTIPO-
BOJIHMKOB ¥ HONTYIPOBOJHMKOBBIX HAHOCUCTEM.
OHu pasfeneHpl Ha TPY B3aMIMOCBS3aHHDIE IPYTIIIbL:

A. VI3yueHne crnimHOBBIX 9 PeKTOB U yIpase-
HIe CIIMHAMU B HY/IbMEPHBIX CUCTEMAX;

B. Pa3pab6oTka HOBBIX METOLOB PabOTHI CO CINU-
HaMI B IIPOTSDKEHHBIX (JBYMEPHBIX 11 TPeXMEPHBDIX)
CHUCTeMaX;

C. ITouck 1 uccnegoBaHme HOBbIX CUCTEM (BKITIO-
yasg TUOpPMAHbIE) IS ONTUYECKOTO YIIpaBIeHUA
CIIVHOBBIMM CTETIEHSAMY CBOOOJIBL.

OcraHoBuMCA noipoOHee Ha KITI0YEBBIX Pe3yb-
TaTax, MOIy4eHHbIX B [leHTpe.

1.Iloocmpoiika uacmomovr 3neKmpoHHOU cnu-
HOBOIl npeueccuu 3a cHem C6ePXMOHKO20 63AUMO-
Oeticmeust cnunoe nexmponos u siep (M.A. Hzo-
6a — CII6T'Y; B.J1. Kopenes - OTU um. A.D. Uogde;
A. Ipeiinux, /I.P. Slxoenes, M. baiiep — TY Jlopmmyn-
oa).

OpHOIT U3 aKTyaIbHBIX IPOO/IeM B CIMHOBON (pu-
3UKe HAHOCTPYKTYp SIB/IETCS pa3paboTKa MeTOOB
YMEHbIICHNA Ppomn HEOTHOPOTHOCTI aHC&M6T[H KBaH-
TOBBIX TOYEK: 3a CYeT HeM30eXKHOro pasdpoca reome-
TPpUYIECKNX IApaMETPOB TOYEK, COCTaBa UM HaININA
cnyqaﬁme MarHUTHBIX HOH€I7[, I/[H}.'[yIH/IPOBaHHbIX
ANEPHbIMI CIIMHAMM, BO3HUMKAET CyIlIeCTBeHHbe/I Ppas3-
60p YacCTOT IIpeHeCcCcrm I1EKTPOHHDIX CITMTHOB B MarHUT-
HOM TI07Ie, YTO MIPUBOIMUT K uX fedasupoBke. B pamkax
POCCUIICKO-HEMEILIKOTO COTPYAHNMYECTBA 10 IIPOEKTY
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19-52-12059 HHVO_a «YnpapneHne KOrepeHTHOCTBIO
C/IO>KHBIX CIVMHOBBIX aHCaMOJIeil B IOTYIIPOBOHIKO-
BBIX HAHOCTPYKTYpax» OBbUIM MCC/IEHOBAHBI PEKUMBI
CTabM/IM3AIMY 9IEKTPOHHOM CIIMHOBON CHUCTEMBI IIO-
JSIPM30BaHHBIMU SIIEPHBIMM CIVMHAMM B JIETVPOBAH-
HBIX CTPYKTypax ZnSe 11 B aHCaMOb/ie KBAHTOBBIX TOUEK
(In,Ga)As/GaAs. ViccnemoBaHus IOKasay, YTO BIIUS-
HIIe SA7IEPHOTO HOJIA Ha 9/IeKTPOHHYIO CIIMHOBYIO HOJIA-
PU3aLNIO IPUBOANT K AVICKPETH3AINY JACTOT IIpelec-
cun crimHa 9nekTpona [1]. CubHast obpaTHast CBsI3b B
JIEKTPOHHO-AMICPHOI CIIMHOBOM CUCTEME IIO3BOJIAET
HOACTPaVBaTh YaCTOTBI IIPELECCHI  /IEKTPOHHOTO
CIIHA TaKUM 00pasoM, YTOOBI OHM COOTBETCTBOBAIN
Ie/IOMY WM TIO/TYLIEJIOMY YVCTY YacTOT ITOBTOPEHN
JTa3ePHOTO MMITY/IbCA. AHA/IN3 TIOKA3aJI, YTO 3P PeKTIB-
HOe fifiepHOe TI07Ie CY/IBHO 3aBVICUT OT OTCTPOIIKY 9HEp-
TV BO3OY)XXJIEHNS OT SHEPIMy ONTIYECKOro Iepexofa
B KBAaHTOBOII cucTeMe. DPPeKT AVCKpeTU3aL YaCTOT
CIIMHOBOI! IpeLieccyy IIPUBOAUT K 0OPa30BAHMIO IVIATO
B 3aBVICVIMOCTY YaCTOTBI IIPELIeCCHI OT BHEIITHETO Mar-
HITHOTO TIOJIA U peaIM3aliuyl OfHOMOJOBOTO PeXIIMa
CIMHOBOIE npenieccni (puc. 1).

-
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Puc.1. Tlonesas 3asucumocmv 4acmomovl CNUHOBOU npeyeccuu 6
snumaxcuanvHom cnoe ZnSe npu 6vicokoti (a) u HU3KOU MOULHOCHU
6030ymoenus (b). Touku - sxcnepumermanvHovle OaHHbvle U3 padomvt
[1]; cnnownvle uepHvle Kpusvle — pe3ynLMAIM  MeEOPEMUUECKO20
MOOenUPOBAHUS.

2. Kunemuueckas meopus s10epHoz0 cnHuH06020
noAPOHA 6 NONMYNPOoBOOHUKOBLIX HAHOCUCTEMAX
(M.M. I'nazoe - PTU um. A.D. Vloppe; 1. Knsiin-
Hoxan, A. duwep, ®. Andepc - TY Jlopmmynda).

OpHuM 13 Ba)KHENUINX MPOSBIEHWUN CBEpX-
TOHKOTO B3aMMOJIEICTBUS MEX/Y 3/MeKTPOHHBI-
MU ¥ SIIePHBIMM CIVHAMY B IOTYHPOBOZHMKAX
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ABJIAETCA BO3MOXHOCTb (OpMMpPOBAHUA KOppe-
TMPOBAHHOTO COCTOAHUA — AJEPHOTO MATHUT-
HOTO TIO/APOHA, BO3HMKAIOUIETO, KOIJa CIIVMHBI
Aflep OCHOBHO peleTKN OpUEeHTUPYIOTCA 110 OT-
HOILIEHNIO K CIMHY HOCUTeE/IA 3apsafa TakK, YTOOBI
MUHUMM3VPOBATh 9HEPIUIO CBEPXTOHKOIO B3alu-
MoJelicTBMA (CM. BepXHIO HmaHenb puc. 2). K Ha-
Jany paboT OTCYTCTBOBAajaa TEOPUA 3TOTO ABJIE-
HUS, BBIXOAAIASA 32 PAMKU NPUOIVDKEHNS Cpef-
HEero IMojA M IO3BOJAKIIAsA ONNCAThb KMHETUKY
dbopMupOBaHNA ANEPHOTO CIMHOBOTO IOIAPO-
Ha. B paMkax cOBMeCTHBIX pabOT IO IPOEKTY
19-52-12038 HHMO_a «Teopus cnmHOBOI AU-
HaMIUKU, QAYKTyanuit ¥ ynpaBieHNs CONHAMU B
IIO/TYIIPOBOJHMKOBBIX HAHOCKCTEMAaX» TaKasd Teo-
pus 6bra paspaboraHa 6rmarofapsi COYeTaHUIO
BO3MOXXHOCTEI HeMeLKIX IapTHEePOB 110 YNCIeH-
HOII [MaTOHA/IN3aN MM TAMIIbTOHNAHA CBEPXTOH-
KOIO B3aMMOJIe/ICTBMS B MOJe/NM LIeHTPAIbHOTO
CIIMIHA M OIIbITA POCCUIICKON TPYIIIbl B PEIIEHUN
3ajiad CIMHOBOI KMHeTUKM. Ha puc. 2 nmpencras-
JIeHa pacCYMTaHHas B Halllell COBMeCTHOIT paboTe
[2] pyHkua pacupeneneHus AfepHBIX CIVHOB B
3aBUCUMOCTU OT OOPATHOI SAEepPHOI CIMHOBOII
TeMIepaTypel. budypxanusa B pyHKum pacmpe-
llelIeHnsA COOTBETCTBYeT (OPMUPOBAHUIO CKOP-
pPeNMpPOBAHHOTO COCTOAHUA — ANEPHOTO CIMUHO-
BOTO MONIAPOHA.
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Puc.2. Bepxuss nawemv: UAMOCMPAUUS HEYNOPSOOUEHHO20 COCHOSHUS
AOePHLIX CNUHOB (COOMBEMCMBYen BbICOKUM MeMNepanypam, HOAPOH
He opmupyemcs, cnea) u ynopsidouenHoe pacnpedenenue (HusKue
memnepamypol, nozApoH copmuposancs, cnpasa). Ha Huxcrer: namenu
npusedena paccuumannas 6 padome [5] dyHxuus pacnpedenenus S0epHbLx
cnunos g(I,) - npu pasnuuHbLx 00pAMHLIX Memnepamypax A0epHozo
CnuUH06020 pesepsyapa 3, w, ~ NApamemp C6epXMOHK020 63aUMOOICINBUAL.

3. Pexoponoe onmuueckoe oxnaxicoeHue cucme-
Mol A0epHbLX chuHo6 6 nonynposoonukax (K.B. Ka-
6okut, B.M. J/lumesx - CII6I'Y; M. Komyp,
H.0. Tormaues, /I. 3ymep, /I.P. flxoenes, M. baii-
ep - TY [lopmmynoa).

AnepHy0o CHMHOBYIO CUCTeMY IIOMYIIPOBOIHMKA
MOXKHO OXJIQUTb IO TEeMIIepaTyp B MIJUIMOHBI pa3
HIDKE TeMIIEPaTypbl KPUCTA/UINIECKON PelIeTKI. JTO

No 1-2 (109-110) aHBapb—utoHb 2021 T.
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JIOCTUIAETCsT ONTUYECKIM METOIOM AMHAMITIECKOI 110~
JIAPU3ALIY CIIVHOB SI/iep 3a CYeT CBEPXTOHKOTO B3aVIMO-
JeTICTBYSI CO CIIVIH-OPMEHTVPOBAHHBIMI 97TEKTPOHAMIL.

IIpy 3TOM MOTYT OBITH pea30BaHbI KaK IOJIO-
JKUTENbHBIE, TAK U OTPUIATE/IbHBIE CIIVHOBbIE TEM-
neparypsl. [lo HeaBHErO BpeMeHV ObUIM TOCTUTHY-
TBI TEMIIEPATYPbl B HECKOTIbKO MUKPOKE/IbBUHOB [3].
IIpoHVKHOBeHME B Cy0-MIKPOKE/IbBIHHBII JYANa30H
SIEPHBIX CIIVHOBBIX TEMIIEPATYP MO3BOIUT PEan30-
Barb (pa30BbII [IEPEXO], B COCTOSTHISA C SIEPHBIM Mar-
HITHBIM [IOPSIIKOM I, B YaCTHOCT, PeaI30BaTh siiep-
HbIiI CIIVHOBBII IO/SIPOH B TIO/YIIPOBOJHIKOBBIX Ha-
HOCTPYKTYpax. IlepBblii AT K 9TOJI Lie/ CheTaH B CO-
BMecTHOI pabore TY Joprmynzma n CII6I'Y (M. Kotur,
D.O. Tolmachev, V.M. Litvyak, K.V. Kavokin, D. Suter,
D.R. Yakovlev, and M. Bayer, “Deep Optical Cooling of
Coupled Nuclear Spin-Spin and Quadrupole Reservoirs
in a GaAs/(ALGa)As Quantum Well”; B meyaru), BbI-
IIOJTHEHHOJ B paMKax npoekTa 19-52-12043 HHMO_a
«BospiericTBIe OXTXK/IeHVISI STIEPHBIX CIIHOB HA CIIN-
HOBYIO KOT€PEHTHOCTb HOCHUTeNel». Peamn3oBaHO
CEeEKTVBHOE OXJIXK/JEHNE CIIVHOB SIiep MBILIbSIKA B
kBaHTOBOM siMe GaAs/(Al,Ga)As myTeM ONnTHYecKoi
HAKa4Ky U aiuabaTideckoro pasMmarundyBanus. O6-
patuMoe n3MeHeHe sIfePHOI HaMarHIeHHOCTY TIPU
CKaHVPOBAHVI MOIEP)KMBAIOLIET0 MAaTHITHOTO IO/
C TIPOXOXKZIEHNEeM HY/IsI OBUIO 3aperiCTPUpPOBAHO OIl-
TUYECKY C HOMOLIbIO IHaMIdecKoro adgdexra Xaure.
BbUn JOCTUTHYTBI PEKOPFHO HM3KVE IUIS IIOMYIIPO-
BOJJHVMKOBBIX CTPYKTYp CIIVIHOBBIE TEMIIEPATypbl B
+0.54 1 -0.57 MuKpokenbBrHa (puc. 3).
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Puc. 3. 3asucumocmv nons Osepxaysepa, Oelicrieyiou4ezo co crmopoHbl
NONAPUI0BAHHBIX AOEPHBIX CNUHOB HA INIEKMPOHDL 6 KBAHIMOB0I [AMe
(nesas wikana), u cnuHosoli memnepamypvl sdep (npasas wikana) om
11000epHUBAIOULe20 MAZHUIMHO20 NOTIA.

4. Cnun-3asucumoe HomonHnoe 3xXo OmMKpPvLIO
603MOMCHOCHb UCCTIE006AMb NPLIKKOEYI0 OUHA-
MUKY 371eKIPOHO8 HA MUKPOCKONUYECKOM ypo6He
(/L.E. Iony6, M.M. I'na3oe, A.H. Kocapes, H.B. Ko-
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svipes — TV um. A.D. Hogppe; C.B. Ilonmasues -
CII6ry; U.A. Axumos, /I.P. fIkoenes - TY [Jopm-
MyHOa).

B pamkax nmpoekros 19-52-12038 HHIMO_a «Teo-
PV CIIMHOBOY AVHAMUKY, (IYKTYaLuil U yIIpaBiie-
HIS CIIMHAMU B IIOTYIPOBOINHUKOBBIX HAaHOCUCTe-
Max» 1 19-52-12046 HHMO_a «/JuHaMuKa 4eTbIpex-
BOJTHOBOTO CMEILEHVIS C YY9aCTVEeM CIITHOB» TeOPeTH-
YeCKI VM 9KCIIepYIMEHTaIbHO MCCTIe[OBA/IACh IMHAMM-
Ka CIITHOB Pe3U/ICHTHBIX 97IeKTPOHOB M CIVH-VHAY-
LMPOBaHHbI 9¢PeKT POTOHHOrO 3Xa B CTPYKTypax
C KBaHTOBBIMIU SIMaMI, Ifie BO3MOXKEH ITPbDKKOBBII
TPaHCIIOPT HOCUTeJIelt 3apsifia. boima passura oburas
MOJie/Ib, ONMCHIBAIOIAs KaK OPMUpPOBAHNE CIIHO-
BOTO CUTHA/Ia K@PPOBCKOTO BpallleHN s, TaK U CUTHA/IA
TPeXMMITYIbcHOTO (poToHHOrO 9xa. ITokasano, 4ro
BpeMs 3aTyXaHMs CIMHOBBIX OMEHMII B 9TUX CUTHA-
JIaX OIpefe/AeTcss pasHbIMI MeXaHM3MaMI: CUTHAT
KepPOBCKOTO BpAI[eHN YyBCTBUTETEH K CIIMTHOBOII
AVHAMUKe aHCaMOJIs, IOITOMY IIPBDKKMU 97IEKTPO-
HOB IO JIOKQ/IM30BAHHBIM COCTOSIHMAM HPUBOJAT K
3aMeJJIeHNI0 CIIHOBO JiepasnpoBKy n3-3a addek-
Ta AVHAMITIECKOro Cy>keHmsa (motional narrowing).
Curran ¢OTOHHOTO 3Xa OHIpefeNAeTCs CIMHOBOI
NOJIApU3alyell B JAHHON TOYKe PEaJbHOTO U SHEpre-
TIYECKOTO IPOCTPAHCTBA VM YYBCTBUTEJIEH K BpeMeHN
IPBDKKA 37IEKTPOHA MEX/y LIeHTPaMU JIOKa/IM3aLNIL.
ITO NPUBOJUT K TPOTUBOIOTIOKHOIN TEMIIEPAaTypPHOI
3aBUCUMOCTY BpeMeH JiedasupoBkyu cumHoB T, U3-
B/ICYEHHBIX I3 9KCIIEPUMEHTOB II0 METO/ly «HaKauKa—
30HAVMpPOBaHMe» M 1O (OTOHHOMY 9Xy. PasBuras
TEOpMsl OINCBIBAET SKCIIePYMEHTA/IbHbIe TAaHHbIE I
MO3BOJIAIET OIpPEHe/NTb BpeMsA IpPbDKKA 3/eKTPOHA
MEX[y IJeHTpaMI JIOKa/IM3aLVIM, YTO OTKPbIBAeT BO3-
MO>KHOCTbD VICCTIEIOBaHMA TPAHCIIOPTHBIX 3P eKToB
ONTUYECKUMM MeTomaMu [4].

5.Tubpuonvie cucmemvt Peppomaznemux/nomny-
npoeooHUK U danvHoOelicmaytouiee 63aumooeticmeue
mencdy cnunosevimu cucmemamu (J.B. Kanumyxo,
B.JI. Kopenes, B.®D. Caneza - ®TU um. A.D. Hopgpe;
N.A. Axumos, M. Baiiep, /I.P. Slkoenee — TY Jopm-
MmyHoa).

C TOYKM 3peHusA IpUMEHEHMII OCOOBIMM IIep-
CIIeKTMBaMM OONafaloT TUOPUAHbIE CTPYKTYPBI,
coyeTamwume CBOIICTBA MarHUTHBIX MaTepmaaoB "
HO/TyIIPOBOJHMKOB. B rubpuaHoit ctpykrype ¢ep-
pOMaI‘HeTMK/HOJIYHPOBOJIHI/IKOBaﬂ KBAaHTOBaA AMa
(mpoext 19-52-12034 HHMO_a «®eppomarHut-
HBII 9 deKT 6MM30CcTU B TMOPUAHON CTPYKType
(beppoMarHeTHK-IONTYyIIPOBOJHNUK») OOHAPY>KEHO
HOBOE JaJIbHOJEIICTBYOIee OOMEHHOe B3auMO-
mericteue (puc. 4). B ornmmume or Kmaccmdeckux
MEXAaHN3MOB O6MeHHOFO B33]/[MO,I[€I7ICTBI/IH, OHO
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He CBfA3aHO C IepeKPBITHEM BOTHOBBIX (PYHKIUI
HOCHUTeTIell 3aps/ja B KBAaHTOBOIl siMe 1 B ¢eppo-
MarHeTuke. Kak mokasana TeopeTMUeCKUil aHaau3
U JIONOJTHUTETbHbIE 3KCIIEPUMEHTHI, B3aUMOJEI-
CTBIE OCYILIECTB/IAETCA C IOMOLIBIO JINITUIECKN
HOJIAPU30BAHHBIX aKyCTIYecKuX (poHOHOB. ObOHa-
py)XeHHOe siBleHMe obecreunBaeT 3¢QeKTUBHOE
B3aMMO/IeIICTBIE CIITHOBBIX MOCCTEM eppomar-
HEeTNUKA U KBAHTOBOII MBI I II03BOJIAET YIIPABILATD
HAMaTrHMYEHHOCTbIO IOMYIPOBOJIHNKA, COXpaHA
ero ONTHYeCKVe U TPAHCIIOPTHBIE CBONCTBa [5].
[IponeMOHCTPUPOBAHO 3/IeKTpUYECKOe YIIpaBiIe-
HIle OOMEHHOI! CBSI3bI0 B CTPYKTYpe, COCTOSILIei
u3 ¢deppomaruutoro cmos Co ¥ NOTYIPOBOJ-
HMKOBOJ KBAaHTOBOJ MBI, Pa3[eJIeHHON TOHKNUM
6apbepom [6]. [lanpHOAeiCTBYIOIee OOMEHHOE
B3aMIMOJIE/ICTB)E OTKPBIBAET IIYyTb K YCIEIIHO
MHTeTpaly MarHeTu3Ma B IIOIYIPOBOJZHUKOBYIO
3/IEKTPOHUKY.

6. Cnunoevie A671eHUS 6 KONNOUOHDIX HAHO-
kpucmannax (A.B. Poouna, A.A. Ionosametxo,
N.B. Kanumyxo, E.JI. Heuenxo, B.®. Caneza - PTHU
um. A.®. Hogde; /I. buadana, E.B. lllopruxosa,
I. Kyonacux, [I.P. Axoenes, M. Baiiep - TY Jopm-
MmMyHOa).

HOHYHPOBOI[HI/IKOBbIe KO/1IOMHbIE HAHOKpPU-
CTaJUIBI C XapaKTEPHbIMI pasMepaMiu B HECKOTHKO

RUSSIAN FOUNDATION DEUTS(he
FOR BASIC RESEARCH DF
Forschungsgemeinschaft

HAHOMETPOB — BA)XKHbIII MOJIE/IbHBIN OODEKT IS
UCCTIeOBaHYs (PUBNYECKUX MIPOLIECCOB B YCIOBUAX
CUJIBHOTO Pa3MepPHOTO KBAaHTOBAHUA 37IEKTPOHHBIX
COCTOSTHUIL U MIX B3aMMOZENCTBYA C IIOBEPXHOCTDIO.
B cuny MHOroo6pasus ¢Gopmbl, pasMepa, XuMmdIec-
KOTO COCTaBa, CBOJCTB MOBEPXHOCTM OHM HAXOJAT
IIpYMEHEeHNEe B ONTO3TIEKTPOHMKE, (HOTOBOIBTANKE,
ononoruu n meguuyne. CHMH-3aBUCUMbIe TIPOLIEC-
Cbl MOTYT CUJIbHO MEHATb OITHMYECKMe ¥ MAarHUTO-
OIITIYECKNE CBOJVCTBA KOJJIOMITHBIX HAaHOKPUCTAI-
JIOB ¥ OTKPBIBATh HOBBIE OOTACTI IJIS1 UX IPUMeHe-
Hus [7].

Hamm skcnepuMeHTaNbHbIE M TeOpeTNdecKue
JCCIeIOBaHNsA, BBIIIOTHEHHbIE B paMKaX IIPOEKTa
19-52-12064 HHMO_a «BsammopeiicTBie CIIMHOB
9KCUTOHOB, HOCUTEIEN 1 0O0PBaHHBIX CBSI3€ B KO-
JIOM/IHBIX HAHOCTPYKTYpPax», IPOfIeMOHCTPUPOBATIN
HIMPOKO€e pa3HOOOpase CMH-3aBUCKMBIX SIBIEHMIT
1 3¢ eKTOB B KO/UIOMAHBIX HAaHOKpUCTaUIax. K He-
OOBIYHBIM ¥ MAJIOVICC/IENOBAHHBIM MOKHO OTHECTHU
abdeKThI, CBsI3aHHBIE CO CIIMHAMU, JIOKA/IM30BaH-
HBIMM Ha IIOBEPXHOCTVM HAHOKPUCTA/IOB. Mar-
HUTHBIE CBOJICTBA, MHAYLVPOBaHHbIE OOMEHHBIMMU
B3aVMOJIEVICTBUAMM 3KCUTOHOB C IIOBEPXHOCTBIO,
MIPEAIONIOKUTENBHO CO COMHAMU O0OOPBAHHBIX XI-
MUYECKVX CBsI3ell, ObUIM OOHAPY>KEHbI ONTUYECKIN-
MU MeTOfIaMy Kak Jyisi cepudecKux HaHOKPUCTAI-
noB CdSe guameTpom 2.8 HaHOMETPOB [8], Tak M s
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Puc.4. a - Cmpyxmypa u cxema skcnepumenma; b — Habniodaemas 6 sKcnepumenme eueaHMcKas MOOYIAUUS UUPKYTAPHOLL NOTAPUSAUUU USTLYHEHUS
K8aHMOB01L AmbL 3a cuem Hamazrnuuusanus Co (npasas wWKana); ¢ - 3a6UCUMOCHDb BenUUUHbL ddexma om monusunsl 6apvepa; d — unmocmpavus
Mexanusma sgdexma, 06ycnosn1eHH020 INTUNMUUECKU NOAAPUI0EAHHLIMU POHOHAMU.
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IIByMepHBIX HAaHOIUIACTMHOK (HaHOoIIaTeneTos, HIT)
CdSe Ttommmuon 4 monocnost [9]. Mer mokasaim,
4TO IpK TeMIepaTypax xuakoro remus (4.2 K) 06-
MeHHOE B3aMIMOJIeJICTBJe 9KCUTOHOB C ITaPAMAarHUT-
HBIMU IleHTpaMy Ha nosepxHocTu HII ompenensaer
3HAK LVPKYIAPHOI IOnApusauuu (OTOMOMUHEC-
LeHIIVY, HABEeJeHHOJ BHELTHIM MaTHUTHBIM IIOJIEM.
ITpn 3TOM XapakTep B3aMMOMAENCTBUS 3aBUCUT OT
yCIOBMII CMHTe3a: B ciydae cuHTe3a HII B atmo-
cdepe MHepTHOTrO raza 0OMeHHOEe B3aUMOJEIICTBIUE
yCUIMBAET TONIAPU3ALNI0 9KCUTOHOB BO BHEILIHEM
MarHUTHOM IIOJIe, B TO BpeMs KaK B CIy4ae CUHTe3a
HII Ha Bo3fyxe oOMeHHOE B3aMMOJIelICTBIIE YMEeHb-
HIaeT NOMAPU3ALNIO U IPUBOJUT K CIIMH-3aBUCHMOI]
peKOMOMHALMY S9KCUTOHOB [9].

JpyruM Ba>kHBIM U APKMM Pe3y/IbTaTOM CTalIo
ob6Hapy>XeHIe 0OMEHHOTO B3aMMOJEVICTBYS 9KCU-
TOHOB C Pe3UAEHTHbIMU 3/IeKTPOHAMY B HAHOILIA-
teerax CdSe MeTOOM Heympyroro paccesHus
cseta ¢ nepesoporoM cinuHa (PCIIC) [10] (puc. 5).
ITpu npunoXXeHUy MarHUTHOTO IO B CIIEKTPAX
PCIIC nabnromaloTcs MMHUM, COABUHYTHIE HA elN-
HUYHYI0 ¥ YOBOEHHYIO 3€eMAaHOBCKYI SHEPTUIO
anekTpoHa. OHM OOYC/IOB/IEHBI B3aMMOJEICTBUEM
9KCUTOHOB C OJHUM M [BYMs JIOKa/JIM30BAHHBIMIU
Pe3UIEHTHBIMY 3/IEKTPOHAMU B (POTO3aPSIKEHHBIX
HII. IsykparHoe PCIIC BrepBble HabIoOfaeTcst B
HaHOCTPyKTypax. Hamu mocTpoeHa MuUKpocKommu-
yecKas Teopusl OJHO- U OBYKPAaTHOTO pacCesHMNS,
IpefcKa3bIBaoIast 3aBUCUMOCTY 3P HEKTUBHOCTI
paccesHMA OT HOJAPU3ALNM CBETAa U IeOMEeTpUU
9KCIEePUMEHTA, YTO, B YaCTHOCTH, IIO3BOJISIET Clie-
nath BeIBOABI 06 opmenTauun HII Ha mogmoxke, a
taxxe 06 anmsorponuu camux HIT u o mokannsa-
LMK pe3sumeHTHbIX 9nekTpoHoB B HII [11]. Merogx
PCIIC nosBonseT mccnenoBarb CIMHOBYIO CTPYK-
TYpPy YpPOBHel, U3MepATb g-(HaKTOPbl HOCUTeENIei
3aps/a ¥ X AaHM3O0TPOINIO, M3y4YaThb CIIMH-3aBUCH-
Mble sABeHUA U 9 deKTel GOTO3aPAAKN B KOJIIO-
UIHBIX HAHOCTPYKTYpax.
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7. Ceepxbvicmpas maznumoaxycmuxa (A.C. Ca-
nactok, A.H. IIoooyénviii - @TH um. A.D. Uod-
¢e; A.B. Illep6akxos — T um. A.D. Vopge u TY
Hopmmynoa; [I.P. Sxoenes, M. Baiiep - TY Jopm-
myHnoa; A.B. Akumoe - Ynusepcumem Hommutnze-
ma, Benu;co6pumauu;1; - Uncmumym
¢usuxu nonynpoeoonuxoé um. B.E. /lawxapesa,
Kues, Yxpauna).

Becbma mepcHeKTMBHBIMU C TOYKM 3pPEHUSA
HpUMeHeHN B 06/1aCTU CHMHOBOI GU3MKY SBIS-
I0TCA MCCIelOBAHMS YIIPaBAeHMsI HaMaTHNW4YEH-
HOCTDBIO IIpY IMOMOIM 3BYKOBBIX BOIH. VcTopus
COBMECTHDBIX MCCIE€JOBAHUI TaKUX ABJIEHUIN Ha-
CUNTBIBAET y>Ke flecATuIeTHe. B paMKax coBMecT-
Horo uccnegosanysa OTU nm. A.®. Mlopde n TY
HoptmyHnpa (mpoekt Ne(08-02-91960, ¢uuaHCH-
posanne POO®V - HHMO) B 2010 1. 65611 BBITION-
HeH 9KCIepuMeHT [12], B KOTOpOM BO3OYXHeH-
HBIJT (PEeMTOCEKYHIHBIM /1a3epPHBIM VIMITYIbCOM U
MHXXEKTHPOBAHHBII B HAHOMETPOBBIIT c/1oil dep-
POMAarHUTHOTO IIOYIPOBONHMKA IMKOCEKYHJ-
HBII MMITynbC pedopManyy (BOMTHOBON ITakKeT
KOTePEHTHBIX aKyCTU4YeCKMX (OHOHOB) BO30Y-
JKJA MpeLeccuIo HaMarHM4eHHOCTU. AMIIUTY-
fla mpereccuy OblIa JOCTATOYHON A IPSIMOTO
NeTeKTVPOBAHNSA C BPEMEHHBIM pas3pelleHNeM,
a yactoTra mocTturana ~ 10 I'T, To ecTh cooTBeT-
CTBOBAJIa HEJOCTYIIHOMY B KJIAaCCMYECKMX Mar-
HUTOAKYCTMUECKNX SKCIIEpMMEHTaX BbICOKOYa-
CTOTHOMY AMAINa3OHy. DTOT 3KCIEPUMEHT CTajl
HayajIoM HOBOTO HAIpaBJIeHNA B (U3UKe Mar-
HeTU3Ma — CBePXOBICTPOII MarHUTOAKYCTUKM, B
paMKax KOTOPOTO BeJeTCs IMOUCK ObICTPBIX 1 3¢-
(eKTUBHBIX METO[IOB YIpaB/IeHUs KOTePEeHTHBI-
MU CHUHOBBIMU BO30OYXHEHMSAMU B HAHOCTPYK-
typax. C 2015 I. 3TO HaIpaB/IeHNMe CTAI0 YaCThIO
pab6ot, BomonHaeMmbix B MHII: mpoektsr DFG
B6 «CBepxObIcTpast aKyCTMKa s MOAYIALUA
HaMarHM4YeHHOCTM» u 19-52-12065 HHIMO_a
«YrpasjeHue HAMarHMYeHHOCTBIO B HAHOCTPYK-

pacceaHue

t B, marHuTHOE none

AKCHUTOH ‘ ‘ 3KCHUTOH i

Puc. 5. a - Cnexmp PCIIC 6 HII CdSe. /Tunuu, 0603HauenHbie «le» u «2e», cOOMBemcmeyom nepesopomy chuHa 00H020 U 0B8YX 37eKIMPOHOB.
b - Cxema npouecca nepesopoma cnumoe anexmporos 6 HIT CdSe (nauanvroe u koneuroe cocmosmus). OOUHOUHbIMU CIMPENKAMU 0603HAEHbI CHUHDI

371eKMPOHOB, 0BOTIHLIMU — ObIPKI.
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TYPUPOBAHHBIX M IBYMEPHBIX MarHUTHBIX Cpefiax
Ha OCHOBE CBePXOBICTPBIX ONTUYECKUX U aKYCTU-
YeCKUX METOLOB».

B BemmonmaeHHbIX € 2010 110 2020 I. McCIemoBaHMIX
MO>KHO BBIJIe/TUTh TPU OCHOBHBIX 3Tana. Ha nepsom
UCCIIeOBaINCh HAHOCTPYKTYpbI Ha ocHOBe (Ga,Mn)
As, mocTynHble 61arofapsi COTPYAHUYECTBY C YHU-
BepcutetroM Hotp-Iam (CIIA). HamaranmueHHOCTb
3TOr0 (PeppOMATHUTHOTO MOTYIIPOBOAHIKA OCOOEH-
HO YYBCTBUTE/IbHA K AedopMamym, 4To M03BOINIO
BCECTOPOHHE UCC/IEOBATh €e OTKIMK Ha CBEpPXObI-
CTpoe aKycTudeckoe Bo3byxenne. [lepexon x dep-
POMarHUTHBIM MeTasUIaM (CIUIaBY >Kejle3a ¥ TajlIns,
M3BECTHOTO KaK TajdeHos), OCYIeCTBIeHHbI Ha
BTOPOM 3Talle UCCIeNOBAaHNWII B COTPYSHNYIECTBE C
Yuusepcurerom Horrunrema (BenmkoOpuranus),
clielaml BOSMOXKHBIMUM 9KCIEPUMEHTBI HpPU  KOM-
HATHBIX TeMIIepaTypax ¥ 3HAYMTEIbHO PACIIVPII
VICCIIElyEMDbIl YaCTOTHBIN JMAlla30H — BIUIOTH [0
coren [Ty [13]. Ha tperbeM arame 6bUta mpepio-
JKeHa HOBasi KOHLIEIIVS 9KCIIEPUMEHTa: OCHOBHBIM
MHCTPYMEHTOM BO3/IeVICTBUA Ha HAMAarHMYeHHOCTDb
cram cob6cTBeHHbIe (OHOHHBIE pPe30HAHCHI (dep-
POMarHUTHBIX HAHOCTPYKTYP, W1 GOPMMUPOBAHNA
KOTOPBIX VICIIONb30BA/INCh  ITOTYIPOBOIHUKOBbIE
CBepXpelIeTKY, BBIIOMHAILINE PONb OPIITOBCKUX
3epkasn A 3Byka [14], ¥ mpocTpaHCTBEHHOE IIpO-
¢unmpoBanne ¢eppomarautHoro cmost [15, 16],
npuBopsiee K (GpOpMUPOBAHUIO JTOKATMU30BAHHBIX
MOBEPXHOCTHBIX (OHOHHBIX MOJ. OTO BbBI3bIBAET
CYIeCTBEHHOE M3MEHEeHMe OTK/IMKA HaMarHN4YeH-
HOCTH Ha IIPsIMO€ ONTHYEeCKOe BO3OY>K/eHe 3a CUeT
KOHTPO/IMPYeMOTO MarHUTHBIM II0JIEM Pe30HAHCHO-
IO B3aMMOJeIICTBUS MOHOXPOMATU4YeCKNX (POHOHOB
VI CIIVTHOBOJ IIOJIAPU3aLIIL

SApxum utorom 10-71eTHETO LUKIIA MICCIELOBAHUIA
crano HabmopneHne apdexra CUIBHOI MaTHUTOAKY-
CTUYECKO CBSI3U B IIPOCTPAHCTBEHHO-TIPOdUINpo-
BaHHOIT IieHKe randeHona [16]. MsrorosnenHas Ha
MOBEPXHOCTHU (PepPOMArHUTHOTO CI0SI OFHOMepPHast
HaHOpeleTka (pOpMUpPYeT BBICOKOZOOPOTHYIO IO-
BEPXHOCTHYIO (POHOHHYIO MO, a TaK>Ke pasfenser
Ha IPOCTPAHCTBEHHbIE MOJbI IIVPOKIII MarHOHHBI
CIIeKTp (CIeKTp MAarHUTHON mpeneccun). B pesynb-
TaTe CEJeKTUBHOTO B3aMMOJEVICTBUS IPOCTPaH-
CTBE€HHO-COBIIAIAOIINX (1)0H0HH0171 M MarHOHHOI
Mop;, popMupyeTcst KONIEKTUBHOE BO30YXKIeHMe —
MAarHOHHBII HOJSIPOH. DKCIIEPUMEHTAIbHBIM II0[-
TBep)X/IeHNeM 3TOTro 3 deKTa, Ka3aBIIerocs JO/Iroe
BpeMsi HEIOCTVKUMBIM B (heppOMarHUTHBIX MeTajl-
Nax, sIBJISIETCSl aHTUIIEpecedeHne B 00IacTU pes3o-
HaHCa (1)0H0HH0171 VI MarHOHHOJ MO, IIP€CTaBJI€H-
HOe Ha puc. 6. ITOT pe3y/IbTaT OTKPbIBAeT IIMPOKIEe
HePCIeKTUBBI JyIA CBEpXOBICTPOII MarHUTOAKYCTH-
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KI: CTAHOBATCA BO3MOXXHBIMM II€pefjadya CBA3aHHOTO
C AKyCTUYECKOJ BOJIHOJ KOT€PEeHTHOTO MarHUTHOTO
BO30Y)X/IeHNs Ha 3HAYMTE/IbHbIe PACCTOSHNUA U KOH-
TPOJIb HAHOMEXaHNYECKNX PE3OHAHCOB MAarHUTHBIM
II0JIEM.

DFG Deutsche
Forschungsgemeinschaft

serman Research Foundatic

CefAsaHHoe so3bBymaeHune
(mazHoHHbIT nonapoH)

7

= =
o w
o w

YacroTa, My,
o
wn
1

12.0
60 80 100 120 140 160

MarHuTtHoe none, MTn

Puc. 6. dppexm cunvHoil MAZHUMOAKYCMUYECKOLL CBA3U 8 HAHOPeUlenmKe
eanperona (Fe,Ga). Llsemnuas dsymepHasi kapma nokasvléaem cnexmp
onmuuecku 8030yiH0eHHOL NPeyeccult HAMAZHUMEHHOCH 8 3A8UCUMOCIU
0M 8eNUMUHDI BHEUIHE20 MAZHUMHO20 NOJIS, NPUTIOHEHHO20 8 NIIOCKOCHU
Hanopewiemky, CIOM-uszo0panxceHue Komopoil HOKA3AHO 6 7e80M
sepxHem yeny. B cnexmpe npeueccuu 8vi0ensiomcs 06a xapakmepHbix
nuka: He 3a8UCAUGUTI OM BHeUiHe20 MAZHUMMO20 NOA (POHOHHbIIL
Pe30HAHC U MAZHOHHAS M00d, 4ACMOMA KOMOPOLl Y8enuuusaemcs
C ysenuueHueM 6HeuiHez0 MAZHUMMHO20 nons. B o6nacmu pesonanca
(110 mTn) Habnwdaemcs anmunepecederue POHOHHOU U MAZHOHHOL
MO0, noomeepucoarosee Pexcum CUMbHOL CBA3U U B03HUKHOBEHUE
KOTLEKINUBHO20 8030YHOCHUS

8. /lazepno-undyyuposannvie npeueccus Ha-
MAZHUUEHHOCMU U MAZHUMoOCcmamuuecKue 60HbL
6 cmpyxkmypax na ocroee (Fe,Ga)/GaAs (/1. A. Ille-
nyxun, H.E. Xoxnos, I1.J1. Iepesenxos, B.H. Kau,
A.B. Asosues, H.A. Ilepues, A.M. Kanawnuxoea -
DOTH um. A.D. Hopgpe; A.B. Illepbaxos, [.P. xos-
nee, M. baiiep - TY,ZIopmmyuba; M. Bawnz, A.B. Paw-
¢opm, A.B. Akumos - Ynusepcumem Hommunze-
ma, Benuxo6pumanus; T.JI. Tunnux - Uncmumym
Pusuxu nonynpoeoonuxos um. B.E. /lawxapesa,
Kues, Yxpauna).

CnuHOBBIE BOJIHBI, W/IM MarHOHBI — IepPCIIeK-
TUBHBIE KaHAUJATHI JiIsi 00pabOTKM M Iepemadn
MHPOPMALIUY B IOTMYECKUX YCTPOCTBAX C HUSKM-
MU TEIUVIOBBIMM IOTEPSIMU U PACIIMpPEeHHON (PyHK-
LIMOHANIbHOCTBIO. AKTYa/IbHOM 3ajjadeil sABIAETCSA
oucK 3¢ eKTUBHBIX METO/[OB TeHepa[uy CIMHO-
BBIX BOJIH C PAa3IMYHBIMM BOJTHOBBIMM BEKTOpa-
MU, YIOpaB/lIeHUs UX IapaMeTpaMy ¥ CUMTbIBAHUA
nHpOpMaLUY, NEPEeHOCHMOI CIVHOBOI BOJHOIL.
@deMTOCEKYHIHbIE Ta3epHblE MMIIYIbChl IIO3BOJLA-
10T TeHepUpPOBaTb CIIMHOBbIE BO30OYK/EHNA, U3Me-
HATb MaTHUTHBIE CBOJICTBA Cpef U JIeTeKTUPOBATh
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MarHUTHYI0 [AMHAMUKY Ha CYO-IMKOCEKYH[HBIX
BpeMeHHbIX Macwitabax [17]. Iloatomy cosmame
CBEPXOBICTPOIl  ONTOMAarHOHUKY, MCIIO/Ib3YIOLIeit
B3aMMOJeliCTBYEe (PEeMTOCEKYH/IHBIX JIa3ePHBIX VM-
IIyZIbCOB CO CNIMTHOBBIMY BOJTHAMU, SIBNIAETCS OJHUM
13 MEepCHeKTYBHBIX HallpaBIeHUI Pa3BUTUS COBpe-
MEHHOV CIIMHTPOHUKI.

B pamkax pa6orer MHI] npu ¢punancosoit nop-
nepxke PODU (mpoexr HHMO_a 19-52-12065
«Yrpas/ieHreé HaMaTHUYEHHOCTBIO B HAHOCTPYKTY-
PUPOBAHHBIX M IBYMEPHBIX MAarHUTHBIX CpeflaX Ha
OCHOBE CBEPXOBICTPBIX ONTUYECKMX U aKyCTHde-
CKIX MeTOfIoB») yueHble 13 OTV um. A.D. Vopde n
TY DoptmyHpa 1 uxX Koyteru u3 Benmuko6purannm n
YKpauHbl NOMY4IMIN PAJL HOBBIX PE3YIbTATOB B 9TOM
ob6nmactu. OO0 beKTaMy UCCIESOBAHMA CTaIM TOHKUE
IVIeHKY (PeppOMarHMTHOTO MeTa/ula TandeHosna,
BbIpallleHHble Ha MOAIOXKax GaAs. QnuTakcuaib-
uble wieHkn (Fe,Ga)/GaAs 06magaoT BbIpaXKeHHOI
MAaTHUTOKPUCTA/UINYECKON aHN3O0TPOINEN, YTO II0-
3BOJIsIET BO30OY>KHATbh B HUX IIPelleCCUI0 HaMarHu-
YEeHHOCTY 3a CYeT CBEpXOBICTPOrO J1a3€pPHOTrO Ha-
rpeBa U MHAYLMPOBAHHOTO UM M3MeHeHuA OamaHca
BHEIIHET0 MaTHUTHOTO IIOJIA ¥ MO7IeVl aHU30TPOIUN
[18]. Iupoxuit ;uanasoH HAPaBIEHNIT M BETUINH

o RFBR JOURNAL

[13], mpMBOAUT K PeXXNMY CHIBHON AVMCCUTIATUBHON
cBA3u. B pesynbrare mpeneccupymoyue HaMarHu-
YeHHOCTN (POPMUPYIOT /IBE CBA3AHHBIE MOJIBI C OM-
HAKOBOW YaCTOTONM, HO 3HAUYUTENbHO OT/IMYAIOIIN-
MICSI BpeMeHaMU 3aTyXaHUsA — aHTUCUMMETPUYHYIO
KOPOTKOXXMBYIIYIO U CUMMETPUYHYIO JOITOXUBY-
myo mopbl [19]. Vicnonp3oBaHue CBepXOBICTPOrO
OIITMYECKOTO BO30Y)X/JeHNs IIO3BONU/IO BIIEpPBbIE
BO30yAUTh ¥ HaOMOfaTh 0Oe CBsI3aHHbIE MOJABIL, a
TaKKe YIPAB/IATb ITapaMeTpaMM CBA3M (eppomar-
HUTHBIX CJIO€B 3a CYET BbIOOpA OPMEHTALINN 1 BeJIN-
YIHBI BHEIIHETO MATHUTHOIO TIOJISA.

CBepXObICTpOe Ta3epHO-NHAYLMPOBAHHOE U3-
MeHeHVe MarHUTHON aHU30TPOINY OBIIO MCIIOTb-
30BAHO I /151 BO3OY>K/JeHV A MarHUTOCTaTUYe CKUX
MOBEPXHOCTHBIX BOJH B HAaHOMETPOBBIX CJIOSIX
(Fe,Ga)/GaAs [20]. IIpomemMoHCTpMpOBaHHOE
pacrmpocTpaHeHMe TaKUX BOTH C BBIPa)KEHHON
NPOCTPAHCTBEHHOM aHM30TpONIMell Ha pac-
crosHne o 10 MmkpoH (puc. 7), ABnsAmOIeecs
3HAYUTENbHBIM PACCTOSIHMEM J/II MarHUTHBIX
METAJI/IOB, MMO3BOJISIET BKIIOYUTH SMUTAKCUATD-
Hble IIJIeHKU rajadeHosa B OTpaHNYeHHOe CeMeli-
CTBO MaTepuanoB, NOAXOMIIINX JI/IsI MaTHOHHBIX
YCTPOICTB.
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Puc.7. Cxema skcnepumenma no zenepauuu u demexmuposanuro maznumocmamudeckux éont 6 (Fe,Ga)/GaAs u nonyuennas & sxcnepumenime
NPOCMPAHCINEEHHO-BPEMEHHAS KAPMa, HOKA3bI8AIOW,AS PACHPOCIPAHEHUE NAKem A MAZHUMOCIMAMU1ECKUX 60H HA paccrmosHue 00 10 mxm [20].

BHEIIIHETO MAarHUTHOTO IIOJIA, JOCTYIIHBIN IpU Ta-
KOM MeTofie BO30Y)X/JeHNs, MO3BO/MAET JOCTUTATb
TpeOyeMOro OTK/IMKa HaMarHudeHHoctu [13, 18],
4TO OBIIO MICHOMB30BAHO ISl 9KCIIEPUMEHTATIbHOI
peanusanuy ABYX NEPCIEKTMBHBIX UJel ONTOMAr-
HOHVKIA.

B cnmnoBom 3arBope (Fe,Ga)/Cu/(Fe,Ga)/GaAs
OBIIO BIEPBBIE OIKCIIEPUMEHTAIBHO pPeann30BaHO
OIITNYeCKOe BO30OY)K/eHNe KO/UIEKTUBHOI Ipelec-
CUY HAMAarHMYeHHOCTH ABYX (peppOMAarHUTHBIX CJIO-
€B, CBAI3aHHBIX 9(P(PeKTOM CIMHOBOI HaKauKy (spin
pumping) [19]. 3aTyxaHme mpereccun 3a c4eT Iepe-
[a4dyl SHePTUM MeX/y GpeppOMarHUTHBIMU CIOSMHU,
peBOCXOfsllee c1aboe COOCTBEHHOE 3aTyXaHue
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9.9KCUMOHHAA ~ CHeKMPOCKONUS — NOTynpoeoo-
HUKOB MemoooM 2eHepauuu Onmu4eckKux 2apMOHUK
(B.B. Ilasnos, P.B. Ilucapes, A.B. Poouna, M.A. Cemu-
Ha, M.M. Ina3oe, E.JI. Useuetxo - DT um. A.D. Hop-
¢e; /1.P. SIxoenes, M. Baiiep, V. Mynd, B. Bapxenmun,
A. Qapen6pyx, [I. Openux - TY Jopmmynoa).

leHeparusi ONTUYECKMX TapPMOHMUK, BTOPOI
(I'BT), tpetpeit (I'TT) u 607ee BBICOKUX, B TBEPIOM
Te/le XOPOIIO M3BECTHA M MIMPOKO MCIIONb3yeTCs B
Jla3epHOI TeXHUKe. B mpruMeHeHUN K IMOTYIPOBOJ-
HukaM, BT’ u I'TT mosBossoT mony4uts 60raryo
uHdopmanuio 06 MEKTPOHHON CTPYKType B LIK-
POKOM CIIEKTPATbHOM J1ana3oHe 1, B YaCTHOCTH, O
CIIMHOBBIX CTereHs1X cBo6ozpr [21]. TIpomomkuTens-
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HO€ BpeM: IT0CTIe OTKPBITHS TFeHepaLi OITIYeCKUX
rapMOHMK 9KCIIepMMeHTa/IbHbIe VICC/IeSOBAHMS 9TUX
SIBJIEHNI B IIONMYIPOBOJHIKAX OIPAaHNYMBAIUCD W3-
MepeHMAMN Ha (UKCUPOBAHHBIX JIa3epHBIX JIMHM-
AX, KOIjja 9Hepruu (POTOHOB HAKAYKM U IeHepupye-
MOTO M3/Iy4eHNsA MOMNaJaayu B 30HY IPO3PAaYHOCTHU
Kpucramia. Mbl pacluMpuny 9TV UCCEJOBaHNUA Ha
CIIEKTPa/IbHYI0 00/1aCTh SKCUTOHHBIX pPE30HAHCOB
Y pa3sBUIM 9KCUTOHHYIO CIIEKTPOCKOINIO METOLOM
reHepanuy ONTUYeCKUX FTAPMOHMK C MICIOIb30BaHN-
€M MaTrHUTHBIX 1 37IeKTPUYEeCKIX II0/IeH 1 BBICOKOTO
CIIEKTPAIbHOTO paspemenus [22]. B Hammx mccre-
JOBaHMAX OCYIIECTBIIANACH IIEPECTPOIIKA JTa3ePHON
HaKauKM Ha 9acTOTe w TaKMM 0Opa3oM, 4TOOBI 4a-
CTOTBI 2w WM 3w ONTUYECKMUX IAPMOHMK HaXOIU-
JIChb B PE30HAHCE C SKCUTOHHBIMM COCTOSIHUAMI,
YTO CONPOBOXKMAAIOCh PE30HAHCHBIM YCHUIEHMEM
TeHEPUPYEMOTO W3/Iy4eHUsA. DbImM mccraemoBaHbl
HECKO/IbKO TPYII OODBEMHBIX IOTyNPOBOAHUKOB
(Takux, kak auamarauTHbie GaAs, CdTe, ZnO, Cu,0
[22-25], pas6asnennsle maramtHble (Cd,Mn)Te,
maranutHele EuTe, EuSe) n mpoBenens! nepsble nc-
C/IeNOBAaHNUA METOZIOM T'€Hepaluy ONTUYeCKUX rap-
MOHMK KBa3W/IByMEPHbIX 3KCUTOHOB B CTPYKTypax
ZnSe/BeTe ¢ xBanToBbIMK simamu [26]. Tlokasano,
4TO MOAM(UKAIVA SKCUTOHHBIX COCTOSTHIIL BO BHe-
IIHEM 9/IeKTPIYeCKOM VI/VJI MarHUTHOM IOJISIX Jie-
7aeT UX akTUBHBIMYU 1A [BI' 1 MOXKeT cylecTBeHHO
ycumutb ux BKnaj B ['TT. O6Hapy»XeHbI HOBbIE Me-

RUSSIAN FOUNDATION Deutsche
FOR BASIC RESEARCH DFG
Forschungsgememschaﬁ
RFBR carch Foundati

XaHM3MBI TeHepaluy ONTMYECKMX TApMOHUK, CIIe-
UIYHbIE IMEHHO I 9KCUTOHHBIX COCTOSHUI, 1
IPOBEJEHO MUKPOCKOIIMYIECKOE PACCMOTPEHME ITUX
MeXaHM3MOB.

Ha puc. 8 mpommmoctpyuposao ¢opMupoBaHye
BBICIIIX TapMOHMK HAa SKCUTOHHBIX IIO/LIPUTOHAX B
00BeMHBIX KpUCTa/IaX. B pamkax mpoekrta 19-52-12063
HHNMO_a «CrnivH-mHgyLMpoBaHHas reHepanyis ONTirge-
CKVIX FApMOHVIK B IIOTyIIPOBOJHIKAX 11 HU3KOPa3MepPHbIX
CTPYKTypax» IPOBEIEHO SKCIEPUMEHTAIbHOE U Teope-
Tideckoe mccnenoBanye I'TT Ha SKCUTOH-TIONAPUTOH-
HBIX PE30HAHCAX B IOTYIPOBOJHMKAX C KPUCTasUIde-
CKOJI CTPYKTYPpOJi THIIa IMHKOBO 06MaHky GaAs, CdTe
1 ZnSe 1Ipy BO3[EVICTBII BHEIITHETO MATHUTHOTO NOJIL. B
3TVX MOTYTIPOBOJHMKAX KPUCTA/UTOrPadpiIecKuii BKIaj,
I'TT paspeliieH B 97IeKTPORUIIONBHOM IIPUOTIVDKEHII, TI0-
3TOMY OXKIJJAJIOCh, YTO BHEIIIHee MarHUTHOE ToJIe OyfieT
UTpaTh He3HAYNTETBbHYIO poyib. OHAKO OBUTIO OOHApY>Ke-
HO TuranTckoe ycunenye I'TT Bo BHeIIHEM MarHUTHOM
norte. Habmopianochb cylecTBeHHOE yBe/T4eHye IHTeH-
cusHocty I'TT" — mopsaxa 50 pas it 1s SKCUTOH-TIOJA-
putoHa B GaAs Ipy M3MeHEHIY MarHUTHOTO o7 oT 0
mo 10 T (puc. 8). B ormrare ot GaAs, COOTBETCTBYyIOLEE
ysermmraenvie I'TT aBmsmmocs BecbMa ymepennev B CdTe
¥ TIOYTH OTCYTCTBOBAJIO B ZnSe. YT0oOBI OOBACHUTD 3TN
9KCIIepUMEHTa/IbHbIe HabmofieHnst, 6bUta paspaboraHa
MMKPOCKOIIITYECKast TeOPYLs FeHepaLiy OITIIeCKIIX rap-
MOHUK Ha 9KCUTOH-TIO/LIPUTOHAX B OTYIIPOBOJHIKAX C
KPUCTa/UIMYeCKOJ CTPYKTYPOIT TUITa IMHKOBOI OOMaH-

- 10T A
10 ZnSe (111) T=7K 504  reomerpus doiixta  GaAS
[ E°LB
= L 40 - 30 | go
= - E™| E
Z 0.8 - 30 }
= L
58 OrpaxeHue 20 L
= — r
S 06 210 g%
- T'BT pesonanc IS
= L ’ £ 0 m«m&«@ﬁ%@ @&é 2@)
é 2 2.805 E 5 ;
= 04 g N 4 . 40 b reometpus doiixra 10T ]
E £-2.800 |- pe3oHaHC OTpaKeHus / E | o
5 | ] / 5 4 E°IIB
- B 3
= o2l 27r /{'lajepnw LPB b | E™| E® 8T
= 0.
2.790 A . . . =20
o 1 2 3 4 5 s I'BT g |
k-Bektop, 10" M 8
(0. e ————r | n m'IO— 0T2T
276 2.77 2.78 2.79 2.80 2.81 282 & r ﬂ
S 0 e
Oneprus, 3B 5 . I .
Z o5
Puc. 8. Jlesas nauenv: cnexmpor ompaxcenus céema (Ompaxenue, cunuii) u = L C reomerpus Dapajiest
cenepayuu 6mopoii eapmonuku (I'BI, KpacHvil) HA SKCUMOH-NOAAPUMOHAX 20 - E*| E® 8T
6 kpucmanne ZnSe. Ha ecmaske cxemamuuecku NOKA3aH CHeKMPAanbHoill r
coeuz Mexn0y Pe3OHAHCAMU 6 OMPANCeHUU U 2eHePAUUl 8MOPOLl 2APMOHUKU. 15
Toukotil ommeueHo nepeceuerue OUCHEPCUOHHOTE 3ABUCUMOCU NW NA3EPHOL 10 B
Hakauku c eepxHell nonsgpumontoii eemsevio (UPB), LPB - Oucnepcus L
HusicHell nonspumonnoil eemeu, EL — npodonvnas semsv. Ienepayuu 6mopoil 5
20PMOHUKU B030YHOANACH CHEKMPATILHO WUPOKUMY NAEPHOIMU UMNYTbCAMU
onumenvrocmoio 150 ¢c u uacmomoti nosmopenust 30 kIy ¢ makcumymom npu 0 F@C@@%

auepeuu 1.404 3B [21]. Cnpasa: cnexmpol eeHepayuu mpemvetl 2apMOHUKU 0715
Is axcumon-nonapumona 6 GaAs 6 maznumnoix nonsax 0-10 Tn ons zeomempuii

Doema (a, b) u Papades (c) [23].
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KI ¥ TIPOaHA/II3MPOBAHbI BO3MOYKHBIE MeXaHu3Mbl ['TT
3a CYeT BHEIIHer0 MarHUTHOTO IoIs1. PacyeTs! oKasbIBa-
10T, YTO HAMOOMBIINI 3(PPEKT Ha VI3MEHEeHe MHTEeHCHB-
Hoctyt I'TT B MarHMTHOM IIO/Ie OKa3bIBaeT yBe/MdeHNe
CWIBI OCLWUIATOpA 1S 9KCUTOHA IPU YBE/MMYEHMM Ha-
HPSDKEHHOCTY MATHUTHOTO TIO7IST, YTO OCOOEHHO CHIBHO
B GaAs. Cra6oe yemraenne nntencusHocti I'TT B CdTe
u oTcyTCcTBUE 9 dekTa B ZnSe 00BsCHsETCs OOIBIIIMIU
SHEPIVSIMU CBSI3U SKCUTOHOB B 9THX HOTYIIPOBOJHNUKAX,
YTO HMPUBOAUT K 3HAYNTEIBHO MEHbIIIelt MOIVUKAIN
CYJIBI OCLIVJIIAITOPA 1S 9KCUTOHA B MATHUTHOM IIOJIE.

n Research Foundatior

10. Tonzoxcusywasn cnunoeas cnupanv 6 nomuy-
npoeooHuKosvix keanmosvix amax (A.B. Iowa-
xunckuii, C.A. Tapacenxo - ®TU um. A.D. Voppe;
@. Ilaccmann, C. Anxen, K. Pynnepm, M. bemuy, -
TY Hopmmynoa).

Peanusanusa JonroXnsyluiell CIMHOBONM MaMATI
BO3MOXKHA He TO/IIbKO B CTPYKTYpax C JIOKa/NIM30-
BaHHBIMU HOCHUTEIAMM 3apsfa, HO U B KBAHTOBBIX
AMax, TjJe BKIafIbl CTPYKTYPHOU M 00BEMHOII MH-
BEPCUOHHOI aCYMMeTPUN B CIMHOBOE paclierie-
Hye O1M3KY 10 Benu4mHe. B Takux cucremax aud-
¢bysust npuBoAUT K GOPMUPOBAHUIO TaK Ha3bIBae-

o RFBR JOURNAL

MOJ1 OJITOXKUBYIIIeil CIIMHOBOM crpariu (persistent
spin helix) - ocuumtupymomero B mpocTpaHCTBe
pacrpeieNieHus CIMHOBON HoisApusanuu. B pam-
Kax pabor mo mpoekram 15-52-12012 HHMO_a
«Teopus cnMHOBOI KOT@PEHTHOCTY B IIOTYIIPOBOJI-
Hykax» n 19-52-12038 HHIMO_a «Teopusa crnmuo-
BOJ IVMHAMMKY, QIYKTyalnit M yIpaBIeHUA CIIN-
HaMM B ITOJTyIIPOBO/JHNKOBBIX HAHOCHCTEMAaX» OIIN-
CaHO pacIpOCTpaHeHNe CIIMHOBBIX QIYKTyaLuil u
¢dbopMupoBaHMe CIMHOBOI CIMPAIN B CTPYKTYpax
C KBaHTOBBIMU siMaM. PazpaboTaHHOe TeopeTnye-
CKOe€ OIVICaHMe IIPUMEHEHO K 9KCIIepUMEHTaM, BbI-
MIOJTHEHHBIM Ha CTPYKTYpaxX C KBAHTOBBIMM SAMaMI
GaAs u CdTe B TY Hoprmynpa. ComocTapieHne
TEOPUM U SKCIIEPUMEHTOB (puc. 9) IO3BOINIIO OIIpe-
leTUTh OCHOBHBIE ITapaMeTpbl CIMH-OPOUTANIbHO-
r0 B3aMMOJENCTBUSA ¥ KO3(QQUIVEHT CINHOBO
nnddysun. JKcrepuMeHTaTOpaMy ObIIO U3YIEeHO
B/IMSIHNE BHENIHNUX 3/IeKTPUYECKOTO ¥ MarHUTHO-
TO IIOJIell Ha 9BOJIONNIO CIIMHOBON criMpann. Tak-
e OblTa OOHapyXeHa 1 OOBsICHEHA 3aBMCUMOCTD
IpPOCTPAHCTBEHHOTO MEepUOfa M BPeMEHNU >XU3HIU
CIIMHOBOJ CHVPAIN OT MHTEHCUBHOCTY VMIMITY/IbCa
Hakayku [27, 28].

a IKCNepUMeHT b Mogenb c
12 12
S, (au) |
sIN'’ 8+
ardl, 4r 1
2 : | 108
£ of £ of - - 5
< < r
ol al ; / x [110] \
-8 500 ps -8
Upp=-14V » y [110]
-12 1 1 L 1 1 -12 1 1 1 L L z [001]
12 8 -4 0 4 8 12 12 -8 -4 0 4 8 12
(B,=0wmTn) Y, MKM (B,=0mTn) Y, MKM'
SKCnepuMeHT Mogenb -
d 1 e 12 f 1ioy,
AT
8 [ sl [010] [100]
4 4t
s Of 2 0f Ky
= - = E z
3 4| I3 4k [110_
-8 |- 500 ps 8
12 I UEG l=.‘I '4Y L 1 L I
12 8 -4 0 4 8 12 "%12 8 4 0 4 8 12 BIA/SIA=0.45 Bsor=(kyk,)
(By = 57mTn) Y, MKM (By = 57mTn) Y, MKM

Puc.9. Vszmepennvle u paccuumanmvie npocmpancmeenHvle pacnpedesieHuss CnUHOB0L NOAAPUIAUUL 8 npotecce OUPPYIUOHHO20 PACHPOCIPAHEHUS
anekmporos (a, b — 6e3 mazHummuozo nosns, d, e — npu HanU4UU BHeUIHE20 MAZHUMHO20 nons). ¢ — Cxema 06pasua; f - apdexmueroe mazHumHoe nore,

deticmeytouiee Ha SNEKMPOHDL.
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11. Acummempuunoe paccesnue 3neKmpoHo8 HA
KupanvHoix cnutosvix mexcmypax (K.C. [enucos,
H.C. Agepxues - PTH um. A.D. Hogpde).

QopmmpoBaHNe B MaTHUTHOJ Cpefieé KMpalbHbIX
CIIMHOBBIX TEKCTYP, TAKMX, KAK MAaTHUTHbIE CKIPMIIOHBI,
OKa3bIBaeT CYILIeCTBEHHOE B/IVIAHIIE Ha KNHETKY HOCH-
Terteit 3apsana. OOMeHHOe B3aMMOJEIICTBIE MeXTY IO-
ABVDKHBIMI HOCUTEIIAMM M JIOKQ/II30BAHHBIMI 37IEKTPO-
HaMV MarHUTHBIX IIEHTPOB, 00pa3yIolMX KIUPATbHYIO
TEKCTYPY, NIPUBOANT K aCUMMETPIYHOMY PaCcCesHIUIO
U JJOTIO/THUTEIbHOMY BKJIQ[[y B XOJUIOBCKOE COTIPOTYB-
nenve. [lo HeaBHETO BpeMEHN OTCYTCTBOBAJIA TEOPILA
3TOTO ABJICHN, AKTY/IbHAS I TIOTYTIPOBOIHNKOBBIX
CHUCTEM 1 YINTDbIBAIOLIAA TOYHbIM 06pa30M KaK Be/In4n-
Hy OOMEHHOTO B3aVIMOJIEIICTBYSL, TaK U CTPYKTYpPY KU-
PaJIbHOTO CIITHOBOTO paccenBarerl. B pamkax mpoexra
19-52-12066 HHIMO_a «CnuHOBbIE B3aMMOJIENCTBIS
MEXAY HOCUTEILAMI M MarHUTHbIMIM MOHaMI» 6bUIa
paspaboTaHa IIOCTIEIOBATe/IbHAS TEOPUS PacCesHIsA
IJIEKTPOHOB Ha KMPAJIbHbIX CIIMHOBBIX TEKCTYpPaX IIPO-
U3BO/IBHOI (OPMBI, YIMTBIBAIOLAs TaKKe Ha/lidue
TOIOJTHUTENTBHOTO 9/IeKTPOCTATIYeCKOTO ITOTEHIIVaIa
npumecu [29]. Ha puc. 10 mpencraBieHa paccamMTaH-
Had [MarpaMMa HAIpaB/IeHHOCTM paccesHMA B JBYX
HpefieIbHBIX CIy4asix C1aboro M CUIbHOrO 0OMEHHOTO
B3aMMOfeNicTBYA. PaccesHne HOCUT acMMMETpPUYHbBIN
XapakTep, IIpUYeM B PeXIMe CIIbHOM CBA3U peaym-
3yeTcsi CIMHOBBIN 3¢ dekt Xowta, a B pexnme cmaboit
CBA3Y, HAITPOTUB, aACUMMETPIA pacCeEAHNA MMEET CIIVH-
HE3aBJICVMBbII XapaKTep. OKCIEePYMEHTDI, HAIIPAB/IeH-
Hble Ha IIPOBEPKY TEOPETMYeCKNX IpeiCKa3aHMmIi, 3a-
IUTAaHVPOBAHbI HAIIVIMM HEMELIKVIMY TTapTHEPaMI.

210 \ /330 /30

i " f
240 T 0 300

Puc. 10. BepxHss nanenv: uamocmpayusi acumMmMempuuHozo paccesHus
I7IEKMPOHA HA KUPATLHOLL CNUHOBOIL MeKcmype 6 pexcume c1adoil (cresa)
u cunvnoii (cnpasa) ceéasu. Huxwnss nanenv: paccuumanmvie 8 [29]
Ouazpammvl HANPAGIEHHOCMU PACCESHUS, COOMBEMCMBYIoujUe 08YM
npedenvHbIM PeNUMAM.

12. Maznumnoe ynpaenenue pacnpocmpate-
HueM céema 6 2UGPUOHVIX NIASMOHHVIX HAHO-
cmpykmypax (A.H. I1o00y6nvuii, B.®. Caneza -
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OTU um. A.D. Vopge; D. IlInuuep, 1.A. Axumos,
IL.P. Ixoenes, M. Baiiep — TY [Jopmmynoa).
OpHNMM 13 TIepCIIeKTVBHBIX HAIIPABICHMI CIVHO-
BOJ (USMKY SIBJIAIOTCS MCCIENOBAHMS B3aMMOCBSI3N
MEXJy CIVIHOM HOCHTeJIe 3apsijia U YIIOBBIM MOMEH-
TOM cBeTa. [Iporiecchbl onTIYeckol OpueHTaIVN J7eK-
TPOHOB, cIMHOBBIe 3¢ dexTnl Papanes n Keppa aktus-
HO VICTIOTIb3YIOTCS I M3Y4YeHVsI CIIMHOBOJ TVMHAMVIKIA
HOCHUTe/Iell TOKA B IIOTYIPOBOISHVKAX U IIOTYIPOBOJ-
HMKOBBIX HAHOCTPYKTYpax. OcoOeHHBII1 MHTepec Ipef-
CTaBJIIOT IMOPU/IHBIE CYICTEMBI, TTie M3/Ty4eHye KBaHTO-
BOJI SIMBI VIV MaCCVBA KBAHTOBBIX TOYEK IMPOVICXORUT
B PE30HAHCHYIO IJTA3MOHHYIO MOZY, (POPMUPYIOLIYIOCS
Ha MHTepderice «MeTaII-TIONyIPOBOTHNK». B coBmecT-
HBIX 9KCIIEPUMEHTA/IbHO-TEOPETUIECKIX paboTax, BbI-
TIO/IHEHHBIX B XOJI€ peanm3aLyy IpoeKToB 15-52-12011
HHIO_a «TpexmepHO-CTPyKTypUpOBaHHbIE MATHNUT-
Hble MaTepyaipb 1 19-52-2038 HHVO_a «Teopws crm-
HOBOJ JIMHAMYIKY, ITYKTyaIii 1 YIIpaB/IeHNs CIMHA-
MI B IIOJTyIIPOBOTHMKOBBIX HAHOCHCTEMAX», ObIIa IIPO-
IIEMOHCTPYPOBAaHa BO3MOXKHOCTDb YIPAB/IATb HAIIPaB-
JIeHVIeM PacIpOCTpaHeHNs IUIa3MOHA ITyTeM M3MeHe-
HIIA IMPKY/LIPHON IoApusatym usydarer (puc. 11).
B 3aBmcuMocTy OT 3HaKa UMPKY/IAPHON MTOIAPU3ALI
U3JTydaTesis, KOTOpas B SKCIepUMeHTe KOHTPOIMPOBa-
J1aCh BHEIIHVM MArHUTHBIM II07IeM, HaIlpaBJIeHNe pac-
IPOCTPAHEHVIA CBETa M3MEHS/IOCh Ha MPOTVBOIOIOX-
Hoe. D(PeKT 3HAUNTENBHO YCUIMBAJICA B CTPYKTYpaX,
I7e BOMM3M KBaHTOBOI AMbI OblIa HAHECEHa MeTaJlIu-
JecKas peleTKa, MOfiep>KUBAoIas PacIpoCTpaHeHe
MIOBEPXHOCTHOTO ITa3MOHa. HarpaBieHHOCTD U3myde-
HuA gocturana 6omee 60% B MarauTHOM 11o71e 5 Tit [30].

a ZI KBaHTOBas siMa b
X y

By

O6paszern 2

OKCIIEPUMEHT OKCIIEPUMEHT

c d
1.68 f
a A
- 167 o
g £
£.1.66 =
2 T
5 o)
M 1,65
MOJIC/Ib MOJICIIb
0.1
5
1.68
2 0.05 a
- 1.67 3 o
g o = E 0 .
£.1.66 s g s
= 0.05 E
M 165

L o 04

-20 0 20
Yron u3inydeHuss, rpamychl

Yron u3ny4eHus s, rpagycsl
Puc.11. a, b - Mexanusmvl ynpaeneHusi pacnpocmpaHeHuem usnyueHus 6

cmpykmype ¢ K6armosot smotl (a) u ¢ nnasmonroii pewiemxoti (b). Vsmepertole
(¢) u paccuumarnvie (d) pacnpedenerus Hanpasnernocmu usnyyeHus [30].
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13. Onmuuecku Oemexmupyemvlii CHUHOGBLI
pe3oHanc 6 WUPOKO30OHHBIX NOTYNPOBOOHUKAX
(SiC, anma3) (A.H. Anucumos, II.I. Bapanos,
PA. Babyny - OTHU um. A.D. Hodde; [I. 3ymep,
X. Cunex - TY Jopmmynoa).

VccnenoBanne CIVHOBBIX LIEHTPOB B IIVMPOKO-
30HHBIX HOYIIPOBOJHMKAX METOHAMIU MAarHUTHOTO
pe3OHaHCca MO3BO/IAET MOMYINUTh (PyHIAMEHTAIbHYIO
nHGOPMALNIO 00 3/MEKTPOHHBIX U SIEPHBIX CIIVHAX
HOJTYTIPOBOJTHMKOBOY CUCTEMBI 11, B YaCTHOCTH, MICCTTe-
IOBAaThb IIPOLIECCHI CIVHOBON ANHAMUKIY, ITPOVCXOMA-
IIye B BAKAHCHMOHHBIX [JeHTpax B anmMase (NV-1eHTp)
U KapOupge KpeMHMs ([UBaKaHCYsI CO CIMHOM S=1,
KpeMHUeBas BaKaHCUA CO CIIMHOM S=3/2) mpu KoM-
HATHOU Temrreparype. [IpoTekaromue mpormecchl Xa-
PaKTEepU3YIOTCS JUIMHHBIMM BpeMeHaMI CIIMHOBOII
peaKcarym, 9To BO3MOXKHO MCIIOIb30BATb /I CO3/Ia-
HIS KyOUTOB, PaOOTAIOLIVX IIPY KOMHATHBIX TeMIIepa-
Typax. OTO yHAeTCst CAenaTh 61arofapsi yHUKaIbHOMY
3¢ dexTy ONTHIECKOrO BHICTPaMBAHMs CIIMHOBON CH-
CTeMBI ITpY KOMHATHOII TeMIiepaType. B pamkax gByx-
CTOPOHHETO COTpymHMYecTBa (mpoekT 19-52-12058
HHMO_a «Cnnnosbiii pesonanc: IIP-AIMP ¢ onrtu-
YeCKVM JIeTeKTUPOBaHMEM») ObUIM CO3JJaHbI M30TOII-
HO-MopuduipoBannsle kpucramsl 6H-SIC u us-
y4eHBI CIIMHOBO-IMHAMIYECKIe ITPOLIeCChl BaKaHCUM
KpeMHUA co crHoM 3/2 [31] (puc. 12). Mbl mpogon-
JKaeM aKTMBHO M3y4arTb 3(eKThl BIMAHMA U30TOI-
HOIT MopmduKanuy Kpuctaos SiC Ha CIMHOBYIO [iV-
HAaMIKy BaKaHCHOHHBIX IIeHTpoB B SiC, mepcriekTyB-
HBIX /IS IPYIMEHEHNS B CEHCOPUKE C CyOMUKPOHHBIM
IIPOCTPAHCTBEHHBIM paspelleHreM [32] u KBaHTOBOIA
nH(pOPMATHKE.

ch Foundatior
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B HacTosIelt cTaThbe HEBO3MOXKHO CKOJIBKO-HMOY/Ib
HOZIPOOHO OXBATUTH BCE HAYYHbIE PAOOTHI, IIPOBOVIMBIE
B pamkax MHII. Kparko ynoMsaHeM IJIODOTBOPHOE CO-
TpygHIIecTBO M. AccmvanHa 1 A. KaBokiHa B pamMKax
mpoekTa 19-52-12032 HHMO_a «bo30HHbI CIIMHOBBIN
TPAHCIIOPT B IIO/LIPUTOHHBIX KOHJIHCATax» B 0071acTn
VICCTIENIOBAHNA pe3epByapa TeMHBIX 9KCUTOHOB [33] n
ONTNYECKOro CIMHOBOro a¢dekra Xomwra [34] B nony-
HPOBOIHMKOBBIX MVKPOPE3OHATOpax. Taroke BemyTCs
MaciTabHble paboOThI IO M3YYEHMIO CIIMHOBBIX (IyK-
Tyalpiil B IOJyIPOBOJHMKOBBIX HAHOCUCTeMax (pabo-
ta rpymmbl B.C. 3amacckoro B CIIOI'Y Hap mpoextoM
19-52-12054 HHVO_a «®PyHjamMeHTa/IbHble TIPOGIEMbI
(hopMmpoBaHMA CUTHA/IA CIHOBOTO IyMa» 1 A. Ipeii-
muxa B TY JlopTMyH/Ia IpU TeOpeTIYecKON MOAfIepyKKe
11.C. CmmproBa 1 M.M. ItasoBa B TV mm. A.D. Vod-
te); nccnenoBanust addexra CIMHOBOI MHEPLN (TEo-
pust: [1.C. CvmproB — OTU um. A.D. Vode, axcrepu-
MeHT: E.A. JKyxoB, A. Ipeimx — TY lopr™mynpa) n pup-
OeproBCKIX SKCUTOHOB B 3aKVCY MEIY M [APYTUX HONIYy-
HpoBOIHIKAX (9KcriepyMeHTbL: M. baitep, [I. ©pemx - TY
Hoprmynpa u rpymma VI.B. VirnareeBa — CITOL'Y, Teoprs:
M.A. Cemnra, M.M. tazoB - TV um. A.@. Vlodde); mc-
cneposanys rpymst FO.IL Kycpaesa (DT nm. A.@. Vod-
¢e) ¢ xomreramn u3 JIOpTMyHzA 1O CIIMHOBOI JVHA-
MUKEe B MOTYMarHWTHBIX HAHOCTPYKTypax (IIPOeKT
19-52-12066 HHMO_a «CrimHOBbIE  B3amMMOJEN-
CTBUS MEXJ[y HOCUTEIMU Y1 MAarHUTHBIMM VIOHAMII»)
U coBMecTHbIe pabotbl rpymmsl A.A. Toporosa (TN
M. A.®. Vodde) ¢ 3apybexHbIMM ITapTHepamy IO
V3YYEHIIO CIIVHOBON AVHAMMKM B HUTPUAAX (IIPOEKT
19-52-12057 HHIMO_a «CrmH-3aBUCHMbIE CBOVICTBA

III-N-HaHOTeTepOCTPYKTyp») 1  MHOTME  JIpyTHe.
b c
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Puc. 12. a - Vnmocmpayus mexaHu3ma Onmu4eckozo 8vlCrpauéanus CniuHos 8aKaHCUOHHbIX ueHmpos ¢ S=3/2 6 kapbude KpemMHUA NPU KOMHAMHOIL
memnepamype. b, ¢ - Cxema 3eeMaHo6CKUX ypoGHeil 0715 Mpex munos cnuroevix uenmpos ¢ $=3/2: V\/V_ (b) u V, (c) 60 enewinem maznumHom nosne
B ons opuenmavuu mazHummozo nons 600 ocu ¢ (B//c). d, e — Ixcnepumenm (d) u cumynsuyus (e) nonoxerus u unmercusnocmu cuenanos OIJMP
V/V,uV, cnunosvix ueHmpos 6 MazHumH=om nose npu KoOMHamHot memnepamype 6 opuenmayuu B//c.
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PesynbraThl mccnenoBaHMIA CIOMHOBBIX CUCTEM IIOMY-
IPOBOIHMKOBBIX CTPYKTYp 3a4acTylo IpuoOpetamm
6ortee mpOKuMit GU3MIECKIIT CMBICT, BBIXOTIS 32 PAMKI
YKa3aHHOTO Kpyra 00 beKTOB. B kadecTBe mprmepa MOX-
HO TIPMBECTY COBMECTHBIE MCCTIENOBaHVA YIYEHbIMU U3
CII6I'Y u TV oprMmyHza MexaHusMa GOpMUpPOBaHI
CUTHa/Ia CIIMHOBOTO LIIyMa B aHCAMOJIe TTOMTYTIPOBOIHI-
KOBbIX KBAaHTOBbIX TOUEK. Pa3BuTyie 3TVX 1ccIefoBaHmii
HI03BO/ITIO BIIEPBbIe HAO/IONATh MATHUTHBI PE30OHAHC
B IM3NIEKTPIIECKIIX KPMCTAJIIAX METOIOM CIIEKTPOCKO-
NNV CIIVHOBBIX IIYMOB [35]. OTa mmoHepckas paboTa
peanusyeT KOHLENTYaIbHO HOBBI IOAXOf, K Pajyo-
CTIEKTPOCKONMM TBEPHbIX MapamMarHeTnkos. Ha puc. 13
IIpefCTaBeHa OffHa M3 IEPBBIX 3aIliCeli HIyMOBOTO
CIIeKTpa MAaTHUTHOTO pe30HaHCa KpUCTauIa (PIIoopuTa,
aKTVBMPOBAaHHOTO TPEXBA/IECHTHBIM HEO[VIMOM.

3akmroueHne

IToMMMO HECOMHEHHBIX HAy4HBIX JOCTIDKe-
HUIT — Pe3y/NIbTaThl MICCAeROBaHMIi og srunot MHIT
onyO/nuKoBaHbI B 60/ee 4eM JBYX COTHSIX CTareil
B pelleH3MPYeMbIX HAyYHBIX >XYPHa/laX, BKIIOYas
Hambosnee mpectiokuble (Nature, Physical Review
u Physical Review Letters), — Llentp «KorepentHoe

a A =862.69 Hm

Marnaurtsoe noine, M1

200 400 600

Yacrora, MI'g

800 1000

DFG Deutsche
Forschungsgemeinschaft

serman Research Foundation

RUSSIAN FOUNDATION
FOR BASIC RESEARCH
RFBR

yIpaB/ieHue B3aMMOJIEVICTBYIONIVIMYU  CIIMHOBBIMMU
BO30Y>KIEHUAMU B IIOTYIPOBOJHUKOBBIX T€TEpPO-
CTPYKTYpax» JOCTUT 3HAUYNTEbHBIX YCIIEXOB B BOC-
IOUTAHUM MOJIOABIX MCCIIEIOBATeNell M acIMPAHTOB.
Vner HempepbIBHBII OOMEH acIMpaHTaMU MEX[Y
opranmsanuamu — yyactaukamu MHII, mposogaTca
Hay4HbIe CEMIHAPBI /I MOJIOMIbIX y4eHbIX. Perymap-
HO OpraHusyroTcs obiye BcTpeun B pamkax MHII,
KOTOPBIe BK/IIOYAIOT B ce6 MNPOKYIO HAYIHYIO IIPO-
rpaMMy: HOK/Ia/bl IPUITIANIEHHBIX YIeHbIX C MUPO-
BBIM IMEHEM, OTYETHbIE JOK/Ta/Ibl yYacTHUKOB IleH-
Tpa, a TaKKe HehopMaIbHble 00CYX/IEHNS HAYIHBIX
3amay (puc. 14). Henb3s He yIOMAHYTD M Iy T/IVBbIE
HayJHbIe MCCIEJOBAHNA, HATIPUMED, SKCIIePUMEHTBI
0 M3y4eHMIo 3¢ (eKTa ONTIYECKOV OpMeHTAUN B
KpacHOM 1 6etoM BuHe (1 00CyX/jeHue, Ha OCHOBE
HOJTyYeHHBIX JAHHBIX, 3HAYMMOI PasHUIBI MEXMIY
3TUMM HANMUTKAMU), @ TaKKe «BHEHAYUHYIO» Jies-
TEIbHOCTD, BK/II0YasA COBMECTHbIE CIIOPTMBHbIE CO-
CTA3aHNA, TOCeIeHNe CIOPTUBHBIX MaTyell, B TOM
qyicrie Gy TOONTBHON INTY YeMIIVIOHOB, OPTaHN3ALII0
dorospicTaBku «CBet» B TY JlopT™MyHJa, mOCaaKy
iepeBbeB, TpUIb U co3faHue rpadpuTn-sMoO1eMpl
MHII (puc. 14).

b
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Puc.13. a - Cnexkmput nI0MHOCMU CNUHOBbIX WYyMOB (ULYMOB 6PAULEHUS NAOCKOCMU NONAPU3AUUU npobrozo nyuka) 6 kpucmanne CaF :Nd** xax
PyHKUUA MaZHUMHO20 oA (0MI0KEeHO o ocu opounam). b — O0Ha u3 3anuceil 6 PukcUposaHHOM MazHUMHoOM nose (ceveHue sepxHezo pucyrxa) [35].

Puc. 14. 3acedanue mex0yHapoOOHO20 HAYHHO20 UeHMPA U 00CYHOeHUS Y4ACMHUKOS npoexmos. Buusy - epaddumu, HanecenHoe Ha CimeHovl
nabopamopuii TY JJopmmyHoa u cumsonusupyouiee compyoruuecmeo mexoy Canxm-Ilemepbypzom u [Jopmmynoom e pamxax MHI] «Koeepenmroe
ynpaenenue 63aumo0etiCmey ouUMI CHUHOBbIMU 6030YHOeHUAMU 6 NOLYNPOBOOHUKOBbIX 26MePOCMPYKINYPaX».
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Fig. 1. Field dependence of the spin precession frequency in the epitaxial
ZnSe layer at the high (a) and low (b) excitation power. Points show the
experimental data from [1]; solid black curves show the result of theoretical
modelling.
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Fig. 2. Top panel: illustration of disordered nuclear spin state (corresponds
to high temperatures, no polaron formation, left) and ordered distribution
(low temperatures, polaron has formed, right). At the lower panel the
distribution function g(I,) calculated in [5] for different reciprocal
temperatures of the nuclear spin reservoir 3, w, is the hyperfine interaction
parameter.
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Fig.7. Scheme of the experiment on generation and detection of magnetostatic waves in (Fe,Ga)/GaAs and experimentally measured space-time map

showing the propagation of the magnetostatic wave packet by 10 microns.
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Fig.8. Left panel: reflection spectra (blue) and second harmonic generation
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spectral shift between the resonances in the reflectivity and second harmonic
generation. Dot shows the intersection of the dispersion dependence of nw of the
laser pump with the upper polariton branch (UPB), LPB is the lower polariton
branch dispersion, EL is the longitudinal branch. Second harmonic was excited by
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the peak energy of 1.404 eV [28]. Right: spectra of the third harmonic generation
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(a,b) and Faraday geometry (c) [30].
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Fig. 10. Top panel: illustration of the asymmetric scattering of electrons by

a chiral spin texture in the weak (left) and strong (right) coupling regimes.
Lower panel: scattering diagrams in the two limits calculated in [29].

N 1-2 (109-110) January-June 2021

DOI: 10.22204/2410-4639-2021-109-110-01-02-54-73

Sample 2

a z bare QW b
S

B,

d Experiment

Simulation

0.1
5
1.68 005 E ] |
= }
167 e oM { o
oL B i [
1.66 =g <
0.05 w |
1.65 L {
[ 4 o | i i 5
20 0 20 0

Simulation

aV

Energy

-20

20
Emission angle 6, degrees

Emission angle #, deqrees

Fig.11. a, b - Mechanisms of the light routing control in quantum well
structure (a) and in the structure with plasmonic grating (b). Measured (c)
and calculated (d) distributions of the directionality of light propagation
[30].

71




serman Researc bundation

RUSSIAN FOUNDATION Deutsche
BE[:“I“K PN!H . FOR BASIC RESEARCH DF Forschungsgemeinschaft
RFBR s oun

—— Vi/Vs Vs
a = — b Vi/Vs ¢ Vs

5_%7 400
:$ |0> | + %>9 | + %>g T3/2) 400 13/2)
3)—Y 1) £33 [£3) § 200 g § 200 .
3 1 1/2) vy 1/2
|2> |I‘I?>e |i§>e o 0 - —1/2) o Ofvo o
.Y 2 o0 % o0 —1/2
|3> |:t 2>€ |:|: 2)6 2_200 ) ?g -200
Excited state 2D -28 MHz 128 MHz 5| L g o
2) 00— & 400556 %
Magnetic field, mT Magnetic field, mT
k31 k d e
34 Simulation
k24
N
jan)
k2o 14) =
Shelving state N
=
1 ka &
) V'S =
k4o
Ground state 2D . T, y A
2 4 6 8 2 6 8
\O>—.!(— Magnetic field, mT Magnetic field, mT

Fig. 12. a - Illustration of the optical alignment mechanism of spins of vacancy centers with S=3/2 in SiC at room temperature. b, c — Scheme of the Zeeman
levels for three types of spin centers with S=3/2: V /V_ (b) and V, (c) in the external magnetic field B//c. d, e - Experiment (d) and simulation (e) of the
position and intencity of the ODMR signals of the V /V and V, spin centers in magnetic field at the room temperature with B//c.

a L= 862.69 nm b
; } B=12mT (8. '}
254 Rosk
25 L5fP=1mW %%0'5
E 201 N . N A
) 2 5 Gaussian fit "
ﬁlS' 15% 1 N /E NZO S S O
2 B e : = S 10 13,6+ 08 MHz
210+ ) =
£ 1 »n 0 1 | !
= & 0.5F _ 001 0.1 1
o N M
0 1 1 1
0 200 400 600 800 1000 0 200 40 600 800 1000
Frequency, MHz Frequency , MHz
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Fig. 14. Meeting of the international research collaborative center and the project participants discussions. Bottom panel shows graffiti on the walls of the labs at
TU-Dortmund which symbolizes collaboration between St. Petersburg and Dortmund in the frame of the International Collaborative Research Center.
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Poccniicko-HeMenKoe COTPYFHINYECTBO B 00/IacTH Ta3epHOI
MIOBEPXHOCTHOI 00pabOTKI MeTaIOB

O.M. Opewxun, JI. Kpatinecm, JI.B. Ilanos, B.A. Xnononun, JI.B. Ywaxos

CTtatbs NOCBSLLEHA COBMECTHOW paboTe COTPYAHUKOB PelHCKO-BecTdhanbcKoro TeXHOMOrM4eckoro YHBep-
cuteta (AaxeH, [epmaHms) n HaunoHanbHOro 1cceo0BaTensbCeKoro saepHoro yHnsepeutetra MA®W (Mocksa, Poc-
cus) B 06nacTy nas3epHoI NMOBEPXHOCTHON 00paboTKKU MeTanoB. PackpbiBaeTCca NMPUHLMN N1a3ePHOr0 TEKCTYpPU-
POBaHUS MOAYNMPOBAHHbLIM NIa3epHbIM U3Ny4eHneM. MoKasaHbl pesynbTaTbl PaboT N0 CO3AAHNI0 U YMEHbLLIEHMIO
CTPYKTYP Ha NMOBEPXHOCTM MeTannoB. Moa4epKUBaeTCs BAXKHOCTb COBMECTHON PaboTbl HEMELKMX U POCCUIACKMX
KONner Ans BbIMOMHEHWUS NOCTABMEHHbIX B MCCNE0BaHUM 3aay.

KntoueBble cnoBa: TeKCTYpMPOBaHWe, aMniuTyaHas MOAYNsLNA Na3epHOro U3Ny4eHUs, yMEHbLLEHWE BOMHN-

CTOCTU, N1a3epHas 06paboTka, 06paboTKa NOBEPXHOCTU.

* Paboma evinoanena npu ounancosoii noooepocke POOU — DFG (npoexm Ne 19-58-12006).

CoTpynHMYECTBO HEMEUKUX M POCCUICKUX MC-
cefoBarenelt B 00/1aCTy /1a3€PHOII ITIOBEPXHOCTHOM
06paboTKy MeTanIoB Hadanoch B 2013 . BaxkHoit
Bexoil coTpysHudectsa B 2019 . ABMIOCH Hadaslo
COBMECTHOI1 paboTsl mo npoekry POPN - DFG
«CTpyKTypupOBaHue TEeKCTYPbl MeTa/UIN4eCKUX
IIOBEPXHOCTEN IyTeM IIepeIjIaBleHNsA C OMOIbIO
JTa3ePHOTO M3TYYeHUA IJI YMEHbLIEHMA 160 Co-
3[JaHMA BOJTHUCTOCTI».

Poccuiickyto cTOpoHy IpeficTaB/sieT KONIEKTUB
nasepHoro nenTpa HVAY MOV, pykosogutenem
npoekTa Apnfgercs K. T. H. Opemknun Oner Muxaii-
noBud. HeMenkyro cTOpoHY IpeficTaBiAeT KOJIEK-
B PeiiHcko-BecTdanbckoro TexHomormyeckoro
yuusepcutera (RWTH Aachen) mox pykoBogcTBom
npodeccopa VMoxauneca lnsiibpenbayma, sapeyio-
mwero kadenpoit uuppoBOro agAUTUBHOTO IIPOU3-
BogctBa RWTH.

VlHuumartuBa COBMECTHOTO IIPOEKTa MCXOAM-
nma oT poccutickoil cropoHel. RWTH coBmecTHO ¢
®payHropepoBCKMM MHCTUTYTOM JIa3epHON Tex-
Hukn (Fraunhofer ILT), Taxxe pacnonoxeHHOM B
AaxeHe, sAB/IAETCA OJHMM U3 BeJyLUMX MMPOBBIX
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Oner Muxannosuy
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UCCIefloBaTeNIell Jla3epHoil 06paboTKM Marepua-
JIOB, B YaCTHOCTM B 06macTy 3D-mevatn MeTaios
(SLM - Selective Laser Melting, DMD - Direct
Metal Deposition). Y4yeHble 13 AaxeHa ABIANTCA
OCHOBOIIOJIO>KHUKAMV T€XHOJIOTUY JIa3€PHOTO TeK-
CTypupoBaHuA IneperiasierneM [1]. B cBoro ouve-
pefib, pOCCUIICKasA CTOPOHA IPUBHEC/TA B IPOEKT
KOMIIETEHIIMM 110 pa3paboTKe CUCTEMBI M3MepeHN
MOPQOIOruM NOBEPXHOCTH, @ TAKXKE OIBIT II0 00-
paboTKe Ta3epoM IMOBEPXHOCTU TUTAHOBBIX CIIIa-
BOB 1 OKPBITHII [2, 3].

OCHOBHBIMM LIeTIIMM HACTOALIETO IPOEKTa fAB-
JIAIOTCA:

1. Pemenne o6paTHOII 3ajjayyM TeKCTypupoOBa-
HJA: TIOBEPXHOCTb, MOPQOIOTUA KOTOPOW U3-
BeCTHa, 00paboTaTh 1a3epHBIM TYYOM TaK, YTOOBI
YMEHBIIUTb CTPYKTYPbl Ha IOBEPXHOCTU Mare-
puarna.

2. PacumpeHnye rpaHuIl Ipolecca TeKCTYpUpo-
BaHMA IepelIaB/leHneM, TeKCTYpUpPOBaHNe TpexX-
MEpPHBIX TOBEPXHOCTEIL.

DusyyecKnii NPUHLMI JTa3€PHOTO TEKCTYpH-
pOBaHMA IIepeIIaBlIeHNeM MOXKHO OIUCaTh Clle-

KPAMHECT Jlaypa
PeiiHcko-BecTdhanbckuin
TexHonornyeckuit
YHuBepcuteT, fepmanus

YLIAKOB

Denuc Bnagucnasosuy
HaLlVIOHaanbIIZ ncenenoBaTenbCKuii
AAEPHbINA YHUBEPCUTET
«MOCKOBCKMII MHXXEHEPHO-
PU3NYECKNIA UHCTUTYT»
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pytoumm obpaszom. Ilox BospeiicTBUEM Ta3epHOTO
U3/TydeHNsI Ha IOBEPXHOCTM (POPMMPYETCs BaHHA
pacrraBa. Eciu MOIIHOCTD M3/Ty4eHNs HOCTOSHHA,
TO IIPK ABVDKEHMM BaHHBI paciyiaBa GpoOHT 3aTBep-
fieBaHUsA OyAeT ABUTAaTbCs BIOJb IMHNUMU, 00pasyo-
meit popmy mnosepxHoctu. Ecmm cxe amimmryna
MOII[HOCT JIa3€PHOTO M3Ty4eHUs] MOAYIMPOBAHa,
TO pasMep BaHHBI PACIUIaBa TAK)Ke V3MEHSIETCs [IPO-
IIOpLMOHA/IbHO M3MEHEHNIO MOITHOCTI U3TyIE€HNA.
IIpn m3MeHeHMy pasMepa BaHHBI paciyiaBa GpoHT
3aTBEpAEBaHNSA NBVDKETCA 110 OTHOIIEHUN K IVMHUN,
obpasyromieit GopMy MOBEPXHOCTH, IIOJ HEKUM YTI-
10M, GOpMUPYs Ha IOBEPXHOCTY CTPYKTYPbI, COOT-
BETCTBYIOLYE 3aKOHY MOAY/IALIUN JIa3€PHOTO U3IIY-
vyeHus (puc. 1).

JlasepHoe cTpyKTypupoBaHue

"‘ Vs:an
|

| mopynupoBakHos
1

06paboTaHHas WCX0AHAA NOBEPXHOCTL

N0BEPXHOCTb

BaHHa pacnnasa

Puc.1.  Cxemamuueckoe

npedcmasnenue
MeKCmypupoBaHUs nepensiasieHuem.

npovecca 71a3epHo2o

B pesynbrare Takoit 06pabOTKM Ha HOBEPXHOCTU
MeTal/Ia MOXKHO (pOpMIPOBATh IIPOU3BOJIbHbBIE CTPYK-
TYPbI BBICOTOI OT 1 710 500 MKM € j1aTepaibHO JJIMHON
BortHbI 0T 0.03 0 10 MM B 3aBUCHMMOCTH OT PeXXyMa 00-
paboTku. [Tpymepbl OMTy4aeMbIX TEKCTYP [OKa3aHbI Ha
puc. 2. TlonpobHee ¢ METOIOM TeKCTYPUPOBAHMA TIepe-
IUTaB/IEHNEM MO>KHO O3HAKOMUTbBCS B padoTax [4, 5].

YMeHbIlleH/e BOTTHUCTOCTH SIBJISIETCS PasHOBUJ-
HOCTBIO ITpoliecca TEKCTYPUPOBaHNA ITOBEPXHOCTET],
B KOTOPOII pemaeTcs oOpaTHas 3ajiada: Py M3BECT-
HOJ1 ICXOIHOU Tororpaduy MHOBEpXHOCTY HeOOXOM-

o RFBR JOURNAL

MO 3ajlaTh MOJY/IALUIO MOIJHOCT! JIa3ePHOTO JIyda
TaKUM 00pasoM, YTO y>Ke UMEIOLecs: Ha ITIOBEPXHO-
CTY TEKCTYPBI, ONpee/IAIole BOTHICTOCTD, TIOCTIe
HepervIaBieHns OyAyT yMeHbIIaTbCs (puc. 3).

JlasepHoe yMEHbLIEHWE BOSIHUCTOCTH

oBpafioTaHHan NOBEPXHOCTL '\‘

MoAynupoBaHHoe
n

y ‘ nCXoaHan NoBepxHoCTL
BaHHa \
pacnnaga

Puc. 3. Cxemamuueckoe npebcmamelme npouecca 71a3epHo20 aKmueHozo
YMeHbUIEHUS 80TTHUCIOCIU.

Hamm nccnenoBanmsa nokasany, YTO B pe3y/ibTa-
Te J1a3epHOI 0OpabOTKM MORYIMPOBAHHBIM W3-
YeHJeM BOJHVCTOCTb IIOBEPXHOCTV MOXKHO YMEHb-
mnth Ha 80-90% (puc. 4) [6].

Hammy Hay4YHbIe KONIEKTUBDL, KaK B Poccun, Tak
u B lepMaHuy, IpoBofgAT paboThI IO HECKOTBKIM
HaIlpaB/IeHNAM:

- MaTeMaTM4yecKoe MOJeNMpoBaHue Ipolecca
TEKCTYPUPOBAHNA IIOBEPXHOCTHOTO CJIOS TIePeIlIaB-
JIeHVeM;

- MWCCIefOBaHUA TepMOPU3NYECKMX IapaMe-
TPOB, BIUAIOIINX Ha TeHEPaINIo TeKCTYPhI IOBEPX-
HOCTH, B YaCTHOCTY, BIVMIsTHUE TeMIIEPATyPHOTO pac-
mMpeHns Ha MOP(OIOTMI0 MOBEPXHOCTH, a TaKXKe
VICCTIe[OBaHMe OTK/IOHEHM TeKCTYPbl OT 3a/laHHOI
dbopmbr;

- paspaboTKa CUCTeMbl M3MEpPeHUs BOTHNUCTO-
CTU U BKJIIOYEHME U3MepeHMs MOP(OIOryi IIoBepx-
HOCTY B TeXHOJIOTMYECKUIL IIVIK/I 0OpabOoTKIL.

B paMkax mpoekTa MCCIERYIOTCA OTK/IOHEHMSA
TEKCTYPBl OT 3alaHHON (OPMBI M IpeIaraloTcsa
CIIOCOOBI /I KOPPEKLUMU MOAY/IALMA J1a3ePHOTO

Puc. 2. [TpumepoL cmpyKkmyp, HOLY4EHHDIX IA3EPHDIM MEKCIYPUPOBAHUEM NePeniaseHUeM.

N 1-2 (109-110) January-June 2021

DOI: 10.22204/2410-4639-2021-109-110-01-02-74-81

75




BECTHHK Pl

60-
40

Z, MKM

-40-
=60

RUSSIAN FOUNDATION
FOR BASIC RESEARCH

RFBR

Deutsche
Forschungsgemeinschaft

tion

———— UICXOfIHast CTPYKTYpa
— — nasepHoe NonMpoBaHue
e -~ AKTUBHOE YMEHbLLIEHNE BOSHUCTOCTH

e

1

0

X, MM

Puc. 4. a - 3D-monozpamma y4acmka mexcmypul, n006ep2uiec0Cs 1a3ePHOMY yMEHbUEHUIO BONHUCMOCMU; b — npodunu nosepxrocmeil: UcX0OHOU
(cunas nunus), nocne 1a3epHo20 NOAUPOSAHUS (KPACHAS TUHUS), NOCTE JIA3ePHO20 YMEHbUACHUS BOTHUCINOCTU (3eNIeHAS TUHUS).

U3TydeHNs. B mpepIfyIux mccaefoBaHNsAX IIOKa-
3aHO, YTO, €C/IM MOAY/ISLMS Ta3ePHOTO M3TyUeHNUs
3aJlaeTCsl CMMMETPUYHBIM CUTHAlOM (Hampumep,
CUHYCOUMIA/IbHBIMM KOMeOaHMAMU MOILIHOCTH W3-
JydeHMsI), CTPYKTYPBI B 001eM CIydae IOIy4aioT-
Cs1 aCMMMeTpUYHbIe: PPOHT HApACTAHUA CTPYKTY-
pBl monyvaercs 6osee monorum 6o 6onee Kpy-
TBIM, 4YeM 3afHuil QpoHT. B Xope mccmemoBaHms
HaMy OOHapy>KeHO B/IUSHME M3MEHeHUs [yuaMme-
Tpa BaHHBI pacilaBa Ha CMMMETPUIO ITOTy4aeMbIX
CTPYKTYP, a TaK>Ke pa3paboTaH CIOCOO MOMydeHNs
CUMMeTPUYHBIX CTPYKTYpP. OH 3aK/II09aeTCs B TOM,
4TOOBI 3aJaBaeMblll CUTHA/I MOIJHOCTU CJe/aThb
acCMMMETPUYHBIM IyTeM 3afjaHMs yI/a acuMMe-
Tpun 6 O KOMIIeHCaumy HeCUMMeTPUYHOCTI
CTPyKTYp (puc. 5).

B pamkax paboT 10 yMEHbIIEHNIO BOTHUCTOCTH
BIIepBbIe ObUIV IIPOBEEHbI PAOOTBI I10 MCCTIeTOBAHNIO
PEXVMOB /it TUTAaHOBBIX (BT6) 1 skene30HMKeIeBbIX
(nHKOHETb-718) critaBoB. [IprMep yMeHbIIeH s BOJI-
HJCTOCTH TIOKa3aH Ha puc. 6. Iy 06pas1jos us cruia-
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Ba BT6 ymanoch yMeHbIINTD VICXOHYIO BOTHUCTOCTD
CTPYKTYP C IPOCTPAHCTBEHHOI JIIVTHON BOJIHBI 2 MM
Ha 8.7% (cpepHee apudMeTIyeckoe OTKIOHeHNe IIPo-
duna R MCcXOfHOI CTPYKTYPbI coCcTaBnsAeT 15.8 MKM,
IIOC/Ie YMEHbIIEeHV BOTHUCTOCTY — 1.62 MkMm). [Ipn
06paboTke HEMOIYIMPOBAHHBIM JIA3€PHBIM M3/Ty4e-
HIE€M BOJIHMCTOCTb YMEHbUIMIACh TONbKO Ha 4.3%
(mo R =152 MKkM). AHanOrmyHO 1 06pasioB u3
CII/TaBa MHKOHENb-718 ymanoch yMEHbUIUTDh MCXOJ-
HYI0 BOJHMCTOCTb CTPYKTYP C IPOCTPaHCTBEHHOIA
JITHOM BOJIHBI 2 MM Ha 77.5%.

[lna yMeHbIIEHUA BONHUCTOCTU HEOOXOAMMO
3HAThb paclpefie/ieHne CTPYKTYp 110 IOBEPXHOCTU
peramu. IIpudemM odeHb BaXHO M3MePATb MOpdoO-
JIOTUIO TIOBEPXHOCTY HEINOCPENCTBEHHO Ha yCTa-
HOBKe I /1a3epHOIl 006paboTKy mepexn o6pabot-
KOJ1: TaK PE3KO YMEHbILAETCA BpeMs Ha U3MepeHue
fleTamy U YBEINMYMBAETCA TOYHOCTb 00pabOTKM —
Bellb €€ He HYXXHO JIOIOTHUTEIbHO HMO3UILMOHU-
poBaTh Ha YCTaHOBKE IIOC/I€ M3MEPEHMA — paclipe-
IeNeHne CTPYKTYp Y>Ke M3BECTHO B KOOpPJMHAaTax
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Puc. 5. a - Cuenan moOynsiuuu 1a3epHo20 usmyenus: ucxooHwviit (8=0.0°) u acummempuunoiii (6= 0.6°); b - cmpyxmypvtL Ha nOBEPXHOCMU U3 CHIABA
BT6: acummempuunas ucxoouas (0 = 0.0°) u cummempuuHas npu UCnonb306anu acummempu4rozo cuzrana (6=0.6°).
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Puc. 6. Vicxoonas metccmypa, naszepuas o6pa6om1<a 6e3 Moby/mu,uu MOUWHOCMU U aKmueHoe ia3epHoe YMmeHvuieHue 80NHUCMocmu Ha nogepxHocmu

demanu u3 cnnasos BT6 (a) u unkonenv-718 (b).

ycTaHOBKM. [I/151 pelieHNA 3a/iauy 11O OIpefielIeHIIO
BOJIHMCTOCTY pa3paboTaHa 6eCKOHTAKTHas CUCTe-
Ma M3MepeH!s Ha OCHOBE OITMYECKOTO IIOBTOPU-
Tes: BUJjeOKaMepa (UKCUPYeT OTK/IOHEHUsA Ja-
3€pHOrO JIydya OT HOPMAJIbHOTO IO/NIOXeHUA U3-3a
BOJIHUCTOCTU MNOBepxHOCTU. CucTemMa IO3BOJAET
IPOBOJIUTD M3MepeHMsI Ha OO/NbIIOM yHaJeHUN OT
MIOBEPXHOCTY HaJ] Ta303alllUTHOI KaMepoil Ha pac-
crostHnu o 200 MM ot mertanu (puc. 7, 8).
[lmo6anpHOI 3amadell HAIlETO UCC/IENOBAHMA SB-
JISIeTCSL M3YYeHMe BIVAHUA BO3MYIJAIOMINX (HaKTO-
POB IIpU TEKCTYPUPOBAHUM NOBEPXHOCTHU C 1I€/IbI0
olpefieieHNs BO3MOXKHBIX OTpaHMUYEHUII Ipoljecca
CTpyKTypupoBaHusd. Jlydilee moHMMaHMe Ipoliec-
COB, IIPOUCXOAALIMX B BaHHE pacIIaBa IpU jla3ep-
HOM TEeKCTYPUPOBAHUM U YMEHbIIEHUN BOTHUCTO-
CTU, IPUOMM3UT HAC K CO3[JAHMIO CTPYKTYP, KOTO-

Puc.7.

Pobomusuposannas
NOBEPXHOCMU C PASMEUSeHHOU HA Hell ONbiMHbIM 00pA30M CUCHeMbl
usmepenus sonHucmocmu (Jlasepruotii yenmp HVUAY MUDN).

ycmanoska — nasepHoti  o6pabomku
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Puc.8. a - Bud cuzHana, nonmy4aemozo 6u0eoKkamepotl Cucmemvl USMEPEHUS; b — npumep npoPuns 0THUCIOCIU, Pe2UCIPUPYEMO20 CUCHIEMOTE

usmepeHus.
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pble MOXXHO CO3/laBaTh B TOM 4YMC/Ie ¥ Ha IOBEpX-
HOCTAX CTIOXKHOJ (DOPMBI, TAKMX KaK ITOBEPXHOCTH
mTamioB. JlasepHOe TEKCTypMpOBaHNE ITOBEPXHO-
CTM MOXKeT 3aHATb HUIIY IeHepauuy mmbo Cokpa-
IeHVA TeKCTYP OOIbIION JIVHBI BOTHBI, HAIIPYMEP,
IpU M3TOTOBJEHUM Ipecc-GpopM WM (PUHUIIHON
06paboTKM fieTaseil, BBIPAIIEHHBIX C IIOMOIIbIO
3D-neyvarn.

BolmeykasaHHbIe pe3ynbTaThl YAAmoOCh IO-
Ty4uTh 671arofapsA TECHON COBMeCTHON paboTe
corpysHuxkos HMAY MUO®U u RWTH Aachen.
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KpeHHIOI0 IpusHaTenbHOCTh poumam POOU n
DFG, 6marogapst KOTOPBIM CTaI0 BO3MOXHO CO-
TPYGHUYECTBO HEMEIIKMX M POCCUIICKUX YYEHBIX
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The project “Structuring by laser remelting for removing waviness or generation of structures on metallic surfaces” has
been funded in 2019 both by RFBR in Russia and DFG in Germany.

The project has two overarching objectives:

1) Solving the “inverse problem of structuring by laser remelting” for metallic materials in order to create predetermined
desired structures or to eliminate existing undesirable structures by “destructive interference”, and

2) Gaining an extended process understanding and extension of the process limits of structuring by laser remelting with
regard to structures that can be generated, and 3D surfaces structuring.
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Our studies in MEPHI, Moscow, as well as in RWTH, Aachen, are directed to fundamental development of laser
structuring by remelting.

The first results achieved within the project:

—Waviness measurement system has been developed and built which can be implemented in the waviness destruction
process;

— For the first time, the destructuring on Ti-6Al-4V and Inconel alloys has been shown;

— A method for reducing the asymmetry of structures is proposed.

We hope that this collaborative work helps to understand the process limits of structuring by remelting and brings us
closer to better management of surface morphology.

Keywords: texturing, amplitude modulation of laser radiation, waviness reduction, laser processing, surface processing.

* The work was financially supported by RFBR and DFG (project 19-58-12006).
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Fig. 1. Schematic representation of the laser structuring by remelting.

Fig. 2. Examples of structures, obtained by the laser structuring by remelting.

Laser waviness removal
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Fig. 3. Schematic representation of the laser waviness removal.
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Fig. 4. a - 3D-topogram of the surface area processed by laser waviness removal; b - surface profiles: original (blue line), after laser polishing (red line), after
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Pemenne o6paTHoii 3agaun GOpMUPOBAHNS CTEHKH
NPV BBIPAIIVIBAHUY BHEBAKYYMHBIM 37I€KTPOHHBIM Ty40M
C UCIIO/Ib30BAaHMEM IPOBOIOKN

I'A. Typuuun, T. Xaccenv, JI.B. Mykun, C.JI. Cmankesuu, E.A. Banoatiyesa,
I'T. Knumos, C.A. llanvnosa, O.I. Knumosa-Kopcmux

YpoBeHb Pa3BUTMA TEXHONOWIA afANTUBHOIO NPOM3BOLCTBA YXKE NMO3BOJNAET UCMONb30BATh UX B PA3SINYHbBIX
0Tpacnsax NPOMbILLIEHHOCTK, TaKKUX, KaK aBUAaKOCMN4ECKasA NPOMbILLIEHHOCTb, CyAOCTPOEHNE U ABUTATENECTPOE-
Hue. [Ing n3roToBieHNs N34eNnunii U3 Mean U MedHbIX CMyiaBoB Hanbosiee NepernekTMBHbIMN ABAAOTCSA BHEBAKYYM-
Hbl€ 3JTIEKTPOHHO-NYYEBbIE UCTOYHUKM TENNA, NOCKOSIbKY OHW He 06/1aAatoT He4oCcTaTKaMu, NPUCYLLUMI NazepHomy
U3NY4eHUI0, a TaKKe He TPebyIoT CO34aHNs Bakyyma B OT/IMYUE OT TPAAMLMNOHHbIX 3/1IEKTPOHHO-/TY4EeBbIX TEXHO-
norui. BaxkHbIM 3TanomM Ans NOHUMaHKUSA TEXHONOrMYeCKUX NMpOLECcCoB ABNAGTCA UX MaTeMaTti4yeckoe Moaenupo-
BaHWe, pe3ynbraTbl KOTOPOro NO3BONAKT ONpeaenTb ONTUMalibHble NApPaMeTPbl TEXHONOMMYECKUX PEXMMOB ”
[0CTUYb CTABUNBLHOCTW NpoOLecca aaanTBHOMO NPOU3BOACTBA.

B naHHoi paboTe NpemsioxKeH anropuTM onpeaesieHns TeXHOI0rn4ecknx napameTpoB npoLecca Bbipallusa-
HUS BbICOKOTOYHbIX 3ar0TOBOK C UCMOMb30BAHNEM BHEBAKYYMHOM 3/1IEKTPOHHO-JTY4eBOI HaMMaBK1 NMpucago4Hoil
MpOBOJSIOKOW, 06ecneYnBatoLLiA NOyYeHe 3afaHHbIX FTeOMETPUYECKUX Pa3MEePOB BbIPALLEHHbIX CTEHOK, LUAPUHbI
11 BbICOTbI HANMABNAEMOro ¢10s. [JaHHbIA anropyuTM OCHOBAH HA METO/e PeLLeHMs 06PATHOM 3aa4u 1 MOXXET ObiTb
CMONb30BaH AN NpeaBapuTeNbHOro BbI6opa 3Ha4eHNI TEXHOMOTMYECKIX NapamMeTpoB NPOoLecca BbipaLlnBaHus.

Kntouesble cnosa: npsiMoe BHEBAKYYMHOE 3JIEKTPOHHO-/y4eBOE BblpallBaHue, agauTUBHbIE TEXHOMOTUN,
TemnepatypHble UMKIbl, MeAHbIE ClJl1aBbl.

* Paboma evinonnera npu ¢hunancosoti noooepoicke PODU — DFG (npoexmuvt Ne 19-51-12010 u HA 5843/15-1).

Beegenne paborax [1]. VI3 Hanbonee nmpousBOAUTENbHBIX U
MePCIEeKTUBHBIX C/IeAyeT BbIENTb IIPOLECChl BbI-

Ha faHHBII MOMEHT afUTHBHbIE TE€XHOJOIMM  PallMBaHMUA JeTajeil IOCPeCTBOM NIPsAMOro BBOfia
y>Ke UCIIOTIb3YIOTCSI B COBPEMEHHOM IIPOM3BOJICTBE  9HEpPIMyM M Marepuana B pabouyio 3ony (DED -
KaK B aBMaKOCMMYECKON U CyHocTpouTenbHoit oT-  direct energy deposition). CormacHo craHpapTy
pacisax, Tak M B peMOHTHO-BoccTaHOBMTenbHBIX  ASTM F2792-12A, DED mnpencraBisieT co60it Tex-
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HOJIOTVIV VIV ITPOLIeCC COeIMHEHNA MaTepuasa, Ipu
KOTOPOM IIPOMCXOAMT IIOC/IOHOE CO3fjaHye 00Db-
eKTa I10 3a/IaHHOI UPPOBOI TPeXMEPHOI MOIe/IN
[2]. Hampasnenne DED o6benuHsieT HECKOTBKO
TeXHOJIOT M, I/IABHBIM OT/INYMEeM KOTOPbIX SABJIAET-
Csl ICTOYHMK HarpeBa 1 GopM-(aKTOp MOJIeIBHOTO
MaTepuana. B kauecTBe NCTOYHMKA S9HEPTUN MOXKET
JCIIONIb30BATbCA 9/EKTpUYecKas yra, IaasMa, ja-
3€PHBIN U 57IEKTPOHHBIN J1yY, a IPUCAJOYHbIN Ma-
Tepuaj, KaK PaBUIO, MeeT BUJ, MeTa//IN4eCKOTO
IIOPOIIKA MM IIPOBOJIOKM, B KauecTBe MaTepua-
JIOB KOTOPBIX MOXKET OBITb MCIIO/Ib30BAH LIMPOKIMIL
CIIEKTpP CIUIABOB: CTa/lM, ATIOMMHMEBBIX, TUTAHO-
BBIX, MEIHBIX I HUKEIEBBIX CIIAaBOB [1, 3-6].

Kaxxgaa mn3 texnomornit DED umeer xak cBom
IpeMMYIeCcTBa, TaK M HEJOCTaTKM. Tak, Impu u3-
TOTOBJICHUN M3Je/NNil U3 MeIJ U ee CIUIABOB IIpef-
MOYTHUTE/IbHEEe MCIO/NIb30BATh TEXHOJOIMM BHEBA-
KYYMHOTO 3JIEKTPOHHO-/Iy4eBOIO BBbIPAIIMBAHMS C
UCIIO/Ib30BAHMEM IIPOBOJIOKN. BHeBaKyyMHas aJieK-
TPOHHO-/Iy4eBas TEXHOJIOTVS JICIOIb3yeT IPaKTH-
4ecKM TO ke 000pymoBaHNe, YTO U BaKyyMHasd, 3a
UCK/TIOYEHNEM TOTO, YTO 3/IeKTPOHHAs ITYIIKA MIMeeT
B CBOEJl KOHCTPYKIMM CHUCTEMY Ta30[MHAMIYeCKIX
OKOH, 00€eCIe4nBaoIIyI0 eil BO3MOXXHOCTb paboThI
B atMoc(epe [7-9]. CrexmyeT OTMETUTD, UTO ITIEK-
TPOHHBIN /Ty4 MMeeT Oobumit K09dduieHT mo-
7Ie3HOTro neficTBus, nopspaka 70-80%, B cpaBHeHUN,
HaIpuMep, C JIA3€PHBIM M3/Ty4eHMeM C [IMHHOI
BOJHBI 1 MKM 11 6071b1ite. COOTBETCTBYIOMIMIT TAKUM
JUTMHAaM BOJIH KO3 PUIMEHT HOIIOeH S JTa3ePHO-
IO U3y4eHNA AL MeIV U ee CIUIABOB COCTABJLAET
nopsapka 3-5% s TBeporo cocrossHuA u 8-13%
I sxupKoro cocrtossuus [10, 11], uro kpariHe Head-
(beKTMBHO IIpM VICIIONb30BAHNN IAaHHBIX CIVIABOB B
Ka4decTBe IIPMCaJOYHOrO MaTepuaia.

MaremaTugeckoe MOaEINpOBaHME ITpoLecca
BbIpalllUBaHU A

MatemaTnuyeckoe MOJeNMpPOBaHME Ipolecca
BBIpalllVBaHNA, B YaCTHOCTY BHEBAKYYMHOTO 3JI€K-
TPOHHO-/Ty4€BOTO BBIPALIVBAHNA, HEOOXOAVIMO I
TIOTHOTO ITOHVMAaHMs OTHOIIEHUN U 3aBUCUMOCTEN
MEXJly CIIOXKHBIMM (PU3MYECKMMU IPOLeCccaMi,
OTIpeNeNAIIMMU Pe3y/IbTaThl MpoIlecca BbIpal-
BaHMA. B pesynbrare Takoro MofenpOBaHNsA MOAB-
71€TCA BO3MOXXHOCTD TEOPETUYECKOT0 OIIpefe/IeHI S
BAVMSIHUS TApaMeTPOB peXXyMa Ha GopMUpOBaHNUe
HaIUIaBJIEHHBIX C/I0€B, YTO MO3BO/IAET MPOrHO3UPO-
BaTh Pe3y/IbTaT M3TOTOBIEHNA U3ENUA.

B mpotiecce mpsAMOro BbIpall[iBaHNA B pe3y/IbTa-
Te IeJICTBYA JBIDKYILETOCs MCTOYHUKA TeIIa o6pa-
3yeTcs KUAKasA BaHHA PacIllaBa, KOTOpas JBIDKETCS
BMeCTe C MCTOYHUKOM TeIrta. Ilom Bo3mericTBMEM
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UCTOYHMKA Tella HabmiomgaeTcss OBICTPBIN Harpes,
IUIaB/IeHNe U 3aTBepeBaHne Matepuana. [lpu atom
110 M€pe€ HAIJIaBJIEHN HOBBIX C/IOE€B MaTe€pual MHO-
FOKPAaTHO IOJBEPraeTcs MPOLecCy «HarpeB—OX/Iax-
JieHUe», YTO CYLIeCTBEHHBIM 00pa3oM BIIMsIET Ha €TO
JIOKaJIbHYI0 MUKPOCTPYKTYPY U CBOJICTBA, OCTaTO4-
Hble HaIIpsDKEHNA 1 JepopMaruim.

C #pyroit CTOpOHBI, B IIpOLiecce IPsIMOTO BbIpa-
IMBAaHNA C VICIIOZIb3OBaAHMEM IIPOBOJIOKYM Ha Kadec-
TBO KOHC€YHOIO M3acanA TaKyKe BIANACT MEXaHU3M
mepeHoca KMJKOTO MeTaslIa MPUCAZOYHOI IIPOBO-
JIOKY B BaHHY paciiaBa. B paborax [12, 13] 6bu10
II0Ka3aHO, YTO IIPU CTPYITHOM XapaKTepe MepeHoca
MeTa/yla IPUCAJOYHOIl IPOBONOKY B BaHHY pac-
wiaBa npouecc GOPMUPOBAHUS CTEHKU W3[EINUs
6oree yCTONYMB IO CPAaBHEHUIO C KaIleJIbHBIM IIe-
PEHOCOM.

[MoppepkaHue CTaOMIBHBIX TEMIIEPATyPHI U pas-
MEPOB BaHHbI pacIlylaBa ABJIAETCA K/IIOYE€BbIM CPEN-
CTBOM YIIpaB/IeHNs CTaOMIbHOCTBIO Iporiecca. B me-
JIOM KayeCTBO BbIpallleHHOro uspenus (bopma, pas-
Mep HAIlIaBIeHHOTO CJIOSl ¥ €T0 MUKPOCTPYKTYpa)
O4Y€HDb ‘IyBCTBI/ITe}IbHO K YCHOBI/IHM " TmapaMeTpam
IpOIiecca, TAKMM KaK CKOPOCTh HAIUTABKM, CKOPOCTD
Imogaun Hp]/[C&,I[O‘-IHO]?I IIPOBOJIOKM 1 €€ ITO3ULIMOHM -
pOBaHMe, MOILIHOCTDb 9MeKTPOHHOTO /Ty4a U Xapak-
Tep ee paclpese/IeH s

B xayecTBe OHOrO U3 CIIOCOOOB KOHTPOJISI pas-
MepOB BaHHbI PACIIaBa MOKET OBITH MCIIOTb30BAHO
MOJIe/IMPOBaHMe TIPOLecca HECTAL[MOHAPHOTO Tell-
JIoTIepeHOCca B TpexXMepHOM mpocTpaHcTBe. OmHAKO
MOJIe/IMPOBAHME TPEXMEPHOTO HECTAIVIOHAPHOTO
TeMIIepaTypHOTro Mo/ TpebyeT 6OMbIIOro ob6bema
BBIUVIC/IEHNIT M3-3a CJIOKHBIX COIMYTCTBYIOIIUX (M-
3UYECKUX IPOLIECCOB, TPOUCXOIALMX IIPY BbIPALIN-
BaHUM: TUOPpOAVMHAMIKA BaHHbI pacIljlaBa, TEIIO-
MaccooOMeH MeX[y XXUIKOI 1 TBepfoit (hazamu Ha
rpaHnIle pacIyIaBa, KpUcTaumaanus, pasoBble mmpe-
BpallieHus 1 T. Ji. BciencTBre CloKHOCTU COBMECT-
HOTO pellleHNs TaKVX 3a/ja4 Yallle BCero UCIOMb3YIOT
Ppa3nM4YHbI€ YMCJIEHHbIE METOAbI, OJHAKO, IIPUHAB
HEKOTOpbIe JONYILIeHNs, O KOTOPBIX OyfieT CKa3aHO
HIDKE, MOXKHO CBECTM TPEXMEPHOe HeCTAlMIOHAPHOE
He/IHeITHOe ypaBHEeHNe TeIIONPOBOAHOCTH K TPeX-
MepHOMY HI/IHef/lHOMY KBaBI/ICTaLU/IOHaPHOMY BUAYy "
VICIIO/Ib30BATh aHAIUTUYECKII TIOLX0L, KOTOPBI 1
ObL1 peann3oBaH B padote [14].

Takum 06pas3oMm, co3faHne MaTeMaTIIeCKO MO-
e TO3BOJIAT IMyOXKe M3YYUTh VCIONb3yeMYI0
TE€XHOJIOTMIO, BBIABUTDH BIMAHNE OCHOBHBIX TEXHO-
JIOTMYECKMX TTAPAMETPOB IPOL[ECCa, TAKUX, KaK CKO-
POCTb HAIUIaBKM, CKOPOCTDb IIOAAYM IIPOBOJIOKN U
MOIIIHOCTD 9/IEKTPOHHOTO /Ty4a, Ha GOPMIUPOBAHNUE U
I[I/IHaMI/IKy TeMHepaTypHOI‘O I10/11 B BbIpallilIBa€MOM
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U3JE/INIY, YTO B KOHEUHOM CUeTe OIIpefeseT ero Ireo-
MeTpUYecKMe XapaKTepUCTUKN. PemneHue 3agaum B
TaKOJI IIOCTAHOBKe OyfieT IMEeTh He TO/IbKO Hay4HOe,
HO I IIPAaKTH4eCKOe MIHKeHepHOe 3HaueHe.

CoBpeMeHHBIII YPOBEHb PAa3BUTHUA KOMIIBIOTEp-
HOJ TEXHMKU U TEXHOJIOTUI II0O3BOJIAET CYIeCTBEH-
HO PacIIMPUTh KIACC pelllaeMbIX IMPMK/IANHBIX 3a-
mad. OfHOI U3 TaKuUX 3afiay ABJIsIeTCA IpobIeMa 1o-
MCKa pelieHnit 06paTHOI 3aa4n, C IOMOIIBI0 KOTO-
PBIX MO>XKHO, B YaCTHOCTH, OIPEfe/INTD IapaMeTpbI
peXNUMa BBIPAIIVBAHNA IO TpeOyeMBIM TeOMeTpH-
YeCcKMM pas3MepaM CTeHKU. Takas 3afada sABAETCS
HanbojIee BaXKHOI C TOYKY 3PEHIS ee IPAKTUIeCKO-
rO NIPYIMEHEeHMSL.

Jlist peanmM3anyyl aIropuTMa pelleHyst 0OpaTHOI
3aja4n CIeaeM criefyromye (GpusdecKe TOMyIeHVI:

— ¢usmIecKe CBOVCTBA IOIOKKI ¥ MaTepyaa
IPUCAJOYHOI IPOBONIOKY (yZIe/IbHASA TEITIOEMKOCTD
¢, INIOTHOCTD p, TEIUIOIPOBOFHOCTD A, K03 uum-
eHT TeMIIepaTypOIPOBOJHOCTN d, KodpduiumeHnt
MIOTHOJ TIOBEPXHOCTHOM TEIUIOOTHAYM () He 3aBUCAT
OT Temneparypsl 1;

— KpaeBble 9 PeKThI B HaYajIe U B KOHIIE HAI/IaB-
JISIEMOTO CJI0s1 He YYUTBhIBAIOTCS;

— IIepeHOC MeTajUla IPOBOJIOKY B KUAKYIO BAHHY
OCYIL[ECTB/IACTCS B CTPYITHOM PEXIMe;

— Harpes M3Je/Ns 3/IeKTPOHHBIM JTy4OM B aTMO-
cdepe onucpiBaeTCsA Kak JIefICTBYE IIOBEPXHOCTHOTO
HOPMAaJIbHO pacIIpefie/IeHHOrO S/IMITIYeCKOro 1C-
TOYHMKA;

— CKOpPOCTD IIOfIauyl IIPOBOJIOKM W IIOCTOSIHHA.

J1s1 mosry4yeHns TeMIlepaTypHOTO IO/ B BbIpa-
I[MBAEMOII CT€HKe HEOOXOIVMO PELIUTDb TMHETHOe
KBa3UCTALMOHAPHOE YpaBHEHIE TeIUIONPOBOIHO-
CTH! B IeKapTOBOII CHCTeMe KOOPANHAT (X, ), 2):

aTZO

A(0°T &*T o°T ,oT
ox

co\ox* oy o7
e A — Ko3((UIMEHT TeIIONPOBOJHOCTY; C —
yHeNbHas TEIVIOEMKOCTh; p — IIOTHOCTD; V — CKO-
POCTB IpoIjecca HalTaBKN.
[paHNYHOE yCTIOBME Ha JIUIIEBOI IOBEPXHOCTH
pacueTHOI 06acTN:

oT
—A—=4,(x,y)
aﬂ 5

rae q,(x, y) — IIOTHOCTb TEMJIOBOTO TIOTOKA MCTOY-
HIIKA TeIlIa.

HarpeB wm3fenusi BHEBaKyyMHBIM 3/IEKTPOH-
HBIM JIy9OM OIMCBHIBAETCS KaK Pe3y/IbTaT [eiiCTBIUSA
HOBEPXHOCTHOTO S/UIMITUYIECKOTO MCTOYHMKA C
TJIOTHOCTBIO MOITHOCTH ¢ (%, y). B mmockoctu (x, y)
pacrpepiesieHIte MIOTHOCTY MOIHOCTY OMMCBHIBAIOT
¢bynkimeit laycca (HopManbHBIM 3aKOHOM):
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s N2, 2
. +

772 siny-exp _—(x Smyz) Y
7-Rg Ry >

g.(x,y)=

rie Q — MOIIHOCTD /IEKTPOHHOTO JIy4a; /] — TEIUIO-
Boit KIIJI ucrounnka renma; R, — apdexTnsHbIii pa-
IVYC 37IEKTPOHHOTO JIy4a; Y — YrOJl HAaK/IOHA JIy4a K
OCH X.

PemreHye ypaBHeHMs TEIUIONPOBOJHOCTU B Ta-
KOV IIOCTAaHOBKE XOPOIIO M3BECTHO U OIMCAaHO B
[15]. Tornma, BOCIONb30BAaBIINCh HAAHHBIM (yH[A-
MEHTA/IbHBIM peIleHNeM, IHOMy4YMM IpupaljeHue
TemIreparypsl d1' B TOUKe C KoopaMHaTamu (X, y, z)
B pesy/ibrare JeNCTBUA UCTOYHMKA, JEVICTBYIOLIETO
110 6eckoHeuHO Masnoit obmactu dF = dxs - dys B Touke

(xs, ys):
2q,(xs, ys)dxsdys
X

dT(x,y,z,xs,ys)=
(e.y ») 47AR(X, y,2,X3, Ys)

x eXP(— ZL(R(x, V52, XS, ys)+x—xs)j
a B

rae q,(xs, ys) — MOIHOCTb TEI/IOBOTO MCTOYHNUKA B
TOYKe ¢ KoopamHaramu (xs, ys); A — koaurment
TEIUIONPOBOHOCTY MaTepuana; R — paccrosiHue oT
JICTOYHMKA TEIIZIOTbI OO0 paCCManI/IBaeMOﬁ TOYKIN
Te/a; v — CKOPOCTDb JABVDKEHUS MCTOYHMKA; d — KO-
3¢ GULMEHT TeMIepaTypOIPOBOSHOCTY MaTepuaa,
paBHBIL a=A/(c -p); ¢ — TEIJIOEMKOCTb MaTepuaa;
p — IIOTHOCTb MaTepuaa.

TemmneparypHoe 11071e, 00yC/IOBIEHHOE HOPMa/lb-
HO paclnpeneneHHbIM I/UINITUYECKUM NCTOYHNKOM
Tenna ¢ (X, y), MOXeT ObITh HalJIeHO ITyTeM MHTe-
TpUpOBaHMA BCEX 6eCKOH€‘-IHO MaJIbIX MCTOYHUKOB
Ha HOBEPXHOCTY PAacyeTHOI 06/1acTy, MOJBEpPrHy-
Toil HarpeBy. IlonHast cxema pacyera TeMIepaTyp-
HBIX IIOJIe}l B IpolLiecce BBIPAIIMBAHMA HOLPOOHO
u3JIoKeHa B pabore [14].

ITocTraHoBKa 06PaTHO]7[ 3agauyl MOAECNTNPOBAHUA

Ins pemenust o6paTHOI 3agauyM HEOOXOAUMO
OIIpeNieIUTb BXOJHbIE U BBIXO[HbIE MapameTpsl. B
C/Ty4ae TIPSIMOTO BbIPAILIMBAHNUSA B Ka4eCTBE BXOIHBIX
[IapaMeTpoB 11e/1eCO0OPA3HO BBHIOpPATh reoMeTpude-
CKIie TIapaMeTpbl CTEHKH, TaKue, KaK [IMPUHA CTEHKN
B u BpicoTa cnost H, (puc. 1). [Tomumo reomeTpuye-
CKMX ITIapaMeTpoOB, B HAcTOslell paboTe CKOPOCTb
IOffavM TPOBOIOKM W (M/MMH) TaK)Ke paccMaTpuBa-
eTCsl KaK BXOJHOII mapaMeTp. BkiodeHre ckopocTu
HOjauyl IIPOBOJIOKM BO BXOJHBIE ITapaMeTpbl 3a/jaum
II03BOJISIET, BO-TIEPBbIX, CYIECTBEHHO OO/IErYnTh ee
pellieH1e, BO-BTOPBIX, OIPENeNTb IIPOU3BOANUTEb-
HOCTD TIPOIjeCca BbIPANMBaHNUsA. BpIxomHbIMY TTapa-
MeTpaMy SIBJISTIOTCS. MOLTHOCTD VICTOYHMKA TeIvia Q
U CKOpOCTb HartaBku v. OTHeceM aHHBIE Iapame-
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TPBI K apryMeHTaM QYHKIUM OIpefie/IeHNs TeMIlepa-
TYPHOTO TIOTIAA CTeHKM Tw, TOrza momy4nm QyHKINIO
Tw(x, y, z, B, X, Q v), UMeIOIIyI0 CeMb HeM3BEeCTHBIX,
7€ X, ), Z — KOOPAVMHATBI TOYKY CT€HK!; B — mmpuHa
cTeHKM; X' — TapaMeTp MePeKPhITUA YacTU MCTOY-
HIIKA TeIUIa IPYCA/OYHON MpoBOIOKoi (puc. 2); Q —
MOII[HOCTb MCTOYHMKA TEI/Id; V — CKOPOCTh HAIUIaB-
KIL.

CKOPOCTI) HAIDUIaBKNM M MOIIHOCTb MCTOYHMU-
Ka OHPGI[CHHIOT H_U/[pI/IHy CTEHKIL. O‘IeBI/I,I[HO, 4qTo
HIMPVHA CTEHKU B coBIagaeT ¢ TOYKOM MMHUMYMa
dynkuun Tw(x, y, z, B, X, Q% v*), a Taxke coBma-
JlaeT C TOYKOI MaKCUMA/IbHOTO YAaTeHNsI M30TePMBI
TeMIeparypsl miasnenns T, ot ocu x (em. puc. 2),
uMeromeit KoopauHary (x , ¥, ). Takum o6pasom, mo-
JTy4MM IIepBOe YpaBHEHUe:

B
"Tll‘q =TW(xm ’EIO’B’X;Q’V) .

Puc.1. Cxema Hanoxenus cnoes npu evipauwjueéanuu (B - wupuna
cmenxu; H, - evicoma cnos; H, - evicoma eanuxa; F, - naoua0b,

Hannaensemas 3a 0dun npoxod; F, - nnouadv, nepennaensiemas npu
HaHeceHUU 04epedH020 C105).

CT?KB
Vi

Banna
pacnnasa

MpoBonoka

< > i

Puc.2. Cxema onpedenenuss napamempos 8aHHvl PAcniasa 6 npouecce
6LIPAUSUBAHUS C UCNONb30BAHUEM NPosonoku (B — wupuna cmenxu; (X, ,
y,) — MouKa MAKCUMAanbHozo yOaneHus u3omepmbl T, om ocu x; X~
K0OPOUHAMA MOPUA NPOBONOKU NO OCU X).

[Inomanp HaNIaBAEHHOTO B EQVHUIY BpeMe-
HU TIPUCAJJOYHOro MeTajuia F, paccunThiBaeTcs u3
YCII0BYA PaBEHCTBA KOMMYECTBA PACIIaBJIEHHOTO U
HAIUIABJIEHHOTO IPKCAJOYHOrO MeTaJjlla:

2 W
F0:7Z'.RW._
vV,
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rne w — CKOpOCTb I1ofa4M NIpOBOJIOKN; V' — CKOPOCTb
IIponecca HaIllJIaBKMU. Taxoke us paBE€HCTBA KO/INYE-
CTBa pacCIVIaB/IEHHOI'O ) HAIVIAaBJIEHHOT'O MaTepuraia
O4YE€BMHO COOTHOIICHME:

HL=F°(V’W) )
B .
BBegem nepeMeHHYI0, PaBHYI0 OTHOLIEHNIO CKO-
pocTeii Mofiauy MPOBOIOKM U HanjlaBku W =w/v, To-
I7a JIETKO TOMY4NTh

H,-B

W:
7Z'-R5, .

Ortcrofa ciefyer, YTO MOYXHO OJHO3HAYHO OIIpe-
IeNNTh OTHOIIEeHVe CKOPOCTel, TeM CaMbIM OIIpefie-
JIMB CKOPOCTD HAIIJIABKI V.

Jna ompeneneHus MOIIHOCTY MCTOYHMKA TeTIa
He0oOXO/[VIMO PEeIINTD C/Iefyiolee TPAaHCIeH/JEHTHOe
ypaBHeHue:

B P W
T}iq =TW(xm )E;O)B)X)Q ’W) . (2)

Kooppunarta TOUKM X, ABJAETCA HEU3BECTHOM
BeM4YMHOM. VIcxomsa m3 BBINIECKAa3aHHOTO, IS ee
HAaXOXXJeHNs HeOOXOAVMMO PelInThb 3aaqy ONTUMM-
3aluy, KOTOpas CBOAMUTCS K ONpeNe/IeHNI0 TOYKMU
(x,, y,) MOKa/lbHOTO MUHMMYMa IeIeBOi QyHKIMN
Tw(x, y, z, B, X, Q, v) iput orpaHu4eHNn

TW(xm,ym)O)B)X')Q’V)|y _>§:’I‘llq
m 2 .

MaremaTn4ecK JAHHYIO 3ajady MOXXHO IIpef-
CTaBUTD B BUJE CUCTEMBI

LW
Tw(x,, ¥ 0,8, X',Q ’W)

. LW
, =minTw(x,y,0,B,X',Q ,W)

Im™>>
2
©)
_>§ =Tliq
Y=

LW
TW(Xm,ym,O,B,X ’Q )W)

ITapamerp X’ sABndeTcas TaKXKe HEM3BECTHDIM,
HIOCKO/IbKY HEM3BECTHBIMY ABJIAIOTCSA MOILIHOCTD U
CKOPOCTb TIOfIa4yl IIPOBOMIOKM. [IJIs ompeyeneHns Ima-
paMeTpa IEepeKpbITUA UCTOYHMKA X' BOCIIONIb3yeMCs
pellleHneM, ONpefie/IAIOIMM TeMIIepaTypHOe IIoe B
IPYICaJIOYHOII IIPOBOJIOKE, TOTyYeHHBIM B padote [16)].

[lns onpenenenus Tpebyemort MomHocT Q° Oy-
ieM MCIIONIb30BaTh AJITOPUTM IIOC/IeOBaTeTbHBIX
NpUOTIDKEHNI, CXOAAIIMXCA K PElIeHNI0 CUCTeMBI
ypaBHeHuit (3). Brmok-cxema ajaroputma pacdera
MOIITHOCTY MCTOYHMKA TeIUla NOKasaHa Ha puc. 3.
IIpu pacyeTe MOXXET BO3HUKHYTb CUTyalus, KOIZA
X’ mpumeTt 607bIIO€E TT0 AOCOIOTHON BeTNYMHE OT-
puLaTenbHOe 3Ha4YeHye. JTO NpUBENET K TOMY, 4TO
IPOBOJIOKA IIEPEKPOET TAKyI0 YaCTh ICTOYHNKA, YTO
Ha IIOBEPXHOCTY CTE€HKM He OymeT popMupoBaThcs
BaHHa paciiasa. [l pelieHns JaHHO 0COOEHHO-
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CTH TIOC/Ie[IOBATeIbHO YMEHbBIINM II0 aOCOMIOTHOI
BermurHe X' ¢ HEKOTOPBIM IaroM dX’, moka He 6y-
ieT 06pa3oBbIBAThCA BaHHA PACIlIaBa.

Beog H,, B, w.
BBopg ceoncTs matepuana.
BBoga nepBbIx NpubnmkeHwnit
o x, X
r * \
OI'Ipe,EI,GHEHVIe CKOPOCTU Hannasky v
YpasHeHue (1)

¥

OnpepeneHne MoLHoCTM O*
YpasHeHue (2)

v

PacueT nepekpbITns ucTodHMKa X’
, v ,
OnpeaenexHne To4kK (X,,,Y,,) U LUMPUHBLI CTEHKN B*
YpasHeHue (3)

\ J

A

(X Y,) HAMOEHA?
BaHHas CyLlecTByeT?)

Otnunyaetcst nu ha
pacyeTHas lWMpUHa CTeHkn B*

o1 Tpebyemoit B?

BbiBog O* v, X,,

Puc.3. bnok-cxema aneopumma  noucka MOWHOCMU U CKOPOCHmb
Hannasxku.

IKcnepuMeHTaIbHAsA MPOBeEpPKa

151 KanMOPOBKY MaTeMaTITIeCKOoil MOZIe/y ObUT BbI-
THIOJTHEH 9KCIIEPUMEHT 10 CO3IAHMIO 0OPA3LIOB C Lie/IbI0
M3MepeHNA pacIpeie/ieHyst TeMIIepaTyPHbIX ITOIeTL.

OKCIlepuMeHTa/IbHOe MCCIElOBaHMe IIpoljecca
BBIPALVBaHMs CTEHKU C MCIIO/Ib30BaHMEM IPOBO-
JIOKM TIpoBofuioch Ha ycraHoBke PTR NV-EBW
25-175 TU (PTR Prazisionstechnik GmbH,
Germany) ¢ TepMOS/IEKTPOHHOI 3MUCCHeN I

PaGouuii cTon

Puc. 4. Pomo pabouezo uHcmpymenma u crmona.
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37IEKTPOHHO-Ty4eBOI CBapKu B arMocdepe (puc. 4)
Ha 6ase [aHHOBepCKOro YHMBepcuTeTa uMeHn J1eit6-
Hu1a B lepMannm.

JJaHHas yCTaHOBKA MMeeT Clefylollye XapaKTe-
PUCTUKI:

— MaKCMMaJjbHas MOLIHOCTD /1y4a — 24.5 KBT;

— MaKCUMaJIbHBIN TOK Ty4a — 140 MA;

- ycKopApolljee HanpsbKeHue — 175 kB.

YcTaHOBKA OCHallleHa CUCTEMO YIC/I0OBOTO IIPO-
IPaMMHOIO YIIPaBJeHMs, KOTOpas II03BOJIAET BbI-
IIO/IHATD JIMHENHbIE IIepeMElIeHNA YCTAaHOBKOM U
ITO/IBVYDKHBIM CTO/TOM. CaM MCTOYHUK 37IeKTPOHHOTO
Jy4a MOXXeT IlepeMeIIaTbCsl TOJIbKO BJOTb BEpTH-
KaJIBHOM OCH Z CO CKOPOCThIO f1o 10 M/MuH. [I1a me-
peMelleHNs 110 0CAM X U y oOpabarbiBaeMast ieTalb
(momoXkKa/CTeHKa) PacIioaraeTCs Moj BHIITYCKHBIM
oTBepcTHEM (COTIOM) 37IEKTPOHHO-Ty4eBON IMYIIKI
Ha JIBVDKYIIEMCS CTOJIe, KOTOPBIIl MOXET JBUTATHCS
CO CKOPOCTBIO 10 20 M/MMH.

OKCIIePUMEHT 3aK/II0YaJICS B M3MEPEeHNN TeMIIe-
paTypbl B IIOJ/IOKKe IIPY HAIJIABKE CTEHK BBICOTOI!
3 cm ipoBookoii u3 crraBa CuSi, tnameTpom 1.2 Mm
Ha CTAa/IbHYIO IJIACTUHY TommuHoli 8 MM. Ha puc. 5
IIpefCTaBeHA CXeMa pacIOJIOXKEHUsA TEepMOIap ¢
pasMepamu obpasna nomroxku. ITapamerpsl mpo-
1ecca c/Iefyolye: MOIJHOCTb 3JeKTPOHHOTO JIyda
Q=2600 BT, ckopocTb Han/maBku v =3 M/MIH, CKO-
pocTh mopaum mpoBonmokum w=2300 m/mMuH. 4
perucTpanuy TeMIIepaTypbl JMCIOIb30BAINCh Tep-
momapsl tuna k (NiCr-Ni), npuxpenjeHHble K 110-
BEPXHOCTY TIOZIOKKM C TIOMOIIbI0 KOHTaKTHOI
TOYEYHOI CBapKy, a IIONyYeHMe AAHHBIX OCylle-
CTBNIANOCh C 4vacroroi 5 Im. Pesymbrathl cpas-
HEHNUsA OSKCIEePUMEHTAa/NbHBIX ¥ PacYeTHBIX Tep-
MMYECKMX ULMKJIOB IIpeJCTaB/leHbl Ha puc. 6-9.
PacueTpl TepMmYeckuMx LMK/IOB He IIPOM3BOMU-
JUCh B TOYKaX 1 m 3 BBUAY CUMMETPUM IIpoliecca
(cM. puc. 5). Kak BUIHO U3 PUCYHKOB, COBIIAfIeHIE
KPUBBIX BIIOJIHE Y/JOB/IETBOPUTE/IbHOE.

BHesakyymHas
3NEeKTPOHHO-NyYeBan
nyLwka
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Puc. 5. Cxema pacnonosxcenus mepmonap.
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Puc. 6. Tepmuueckue yukavl npu svipauusanuu cmenxu u3 50 cnoes ons mepmonap 1 u 2.
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Puc. 7. Tepmuueckue yukmvt npu evipaususanuu cmenku us 50 cnoes 0ns mepmonap 3 u 4.

N 1-2 (109-110) January—June 2021  DOI: 10.22204/2410-4639-2021-109-110-01-02-82-94 87



BECTHHK Pl L

Deutsche
Forschungsgemeinschaft

serman Researc bundation

RUSSIAN FOUNDATION
FOR BASIC RESEARCH DF
RFBR

(&)

o

©

Qo

2

1]

Q.

[

[ =

s

(0]

= —5 (aKkcnepuMeHT)

50 —5 (pacuer) ]
0 | | | | | | | | | |
0 50 100 150 200 250 300 350 400 450 500 550
Bpewmsi, ¢

Puc. 8. Tepmuneckue yuxvL npu 8vlpausUBaHUL crmeHku u3 50 cnoes 071 mepmonapul 5.
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Puc. 9. Tepmuueckue yuknvt npu evipauueanuu cmenxu us 50 cnoes 0ns mepmonapot 6.

Taxoke /11 IPOBEPKM NPEIOKEHHOTO a/ITOPUT-
Ma pelleHNs oOpaTHOI 3afauyl CPaBHMUM IIOJTy4YeH-
Hble 3HAUEHNSA MOIJHOCTU MCTOYHMKA U CKOPOCTU
HAIUIaBKM C 9KCIIePYMEHTA/IbHbIMU JaHHBIMMU, VIC-
HOJIb3YyeMBIMM B IIPOIlecce BBIPAIIVBAHNA OfNHOY-
HBIX CTEHOK C JICIIOTIb30BaHMEeM 3/IeKTPOHHOTO JTy4a
¥ TPOBOIOKM n3 MenHbIx crraBoB CuSi, n CuSn,
IyaMeTpoM Takxke 1.2 Mm.

B xope npenBapuTeIbHBIX MCIIBITAHUIT ObIIN BBI-
OpaHbl peXXMMBI BbIpAIMBaHNs, 00ecreunBaonie
cTabunbHOe (pOpMMpOBaHNe HAIIAB/ISIEMOTO CTIOS

C HEIpepbIBHONM CTPYVIHO MOAadyel IpucafilogHoro
MaTepuaja MpOBOJOKU B BaHHY pacilaBa. Pe>xxyuMel
BbIPAIIVMBAHNA OJVHOYHBIX CT€HOK IPeJCTABJIEHDI
B mabnuye 1. Yckopsmolljee HalpsHKeHNe STeKTPOH-
HO-/Iy4eBOl ycTaHOBKM cocTasnseT 175 kB. I1puca-
JO4YHas IPOBOJIOKA II0JaBAJIACh IIOJ, YITIOM Gfee ,=20°.
IuameTp mpoBonoku cocrasnsier 1.2 MM. Pabouee
paccrosgHMe paBHANOCHh 10 MM. OfMHOYHAA CTEHKa
HaIUIABJIA/Iach Ha CTa/lbHYI0 NOmIOKKY. Ha puc. 7
HOKa3aH MUMQ MONEePeYHOro CeYeHNs CTEHKMU, I10-
JTTy9eHHOI 13 TIpoBooku CuSn, Ha pexxume Ne4.

Tabnuuya 1. Pexcumvl 6bipausu6anus 0OUHOUHBLX CTHEHOK

Pexum Ne
Mapametp

Matepuan CuSi, CuSi, CuSi, CuSn, CuSn,
LLnpuHa cTeHku, Mm 2.94 3.64 2.54 2.28 1.88
BeicoTa cnog, Mm 0.62 0.60 0.57 0.84 0.80
CKOpOCTb NOAA4M NPOBOJIOKM, M/MUH 4.0 2.8 3.7 2.8 2.3
MowyHocTb nyya, BT 3300 3150 2 600 2100 2000
PacyeTHas MoLLHOCTb Nyya, BT 2 920 2 926 2 747 1853 2184
OTHOCKUTENbHOE OTKNOHEHME MOLLHOCTU, % 12 7 -3 11 -9
CKOpoCTb HannaBKu, M/MUH 2.50 1.50 3.00 1.50 1.70
Pac4yeTtHas ckopocTb Hannasku, M/MUH 2.48 1.45 2.90 1.62 1.69
OTHOCKTENBHOE OTKITOHEHNE CKOPOCTH, % 3 3 -8 1
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Puc. 10. IInu¢g nonepeurozo cevernus obpaszya Ned, uzeomoenenHozo u3
cnnasa CuSn,.

Ha puc. 10 nabmioaetcsi yBenuueHme MIMPUHBI
CTEeHKM B 1o Mepe yBenmyeHMs] KOMUYECTBA CIOEB.
ITO mpex/ie BCero CBS3aHO C PasHBIMM YCIOBUSAMMU
TENI0O0TBOJA, BI3BAHHBIMIY HAKOIUIEHMEM TeIlIa B
cTeHKe (M MOJJIOKKe) B HAYa/IbHBIN HEPUOJ, BbIpa-
IMBaHNUsA, U IIOBBILIIEHNEM TeMIIepaTypbl CTEHKM.
[Tocne [OCTVOKEHMS YCTAHOBUBILETOCS COCTOSIHVS
Ipoliecca BbIpAIBAHNs TeMIlepaTrypa CTeHKU (u
HOZITIOXKKM) TepecTaeT pacTu (cM. puc. 6-9) u, Kak
CJIEfICTBIE, IIepecTaeT pacTy LIMPUHA CTEHKA B.

CpaBHMBasl 9KCIEPMMEHTA/TbHbIE U pacyeTHBIE
3HAYeHNsI, MOXKHO YCTaHOBUTb, YTO HPEJIO>KEHHBII
QJITOPUTM pelleHrsi 0OpaTHOI 3a/1auyl C YOB/IETBO-
PUTENIBHOM TOYHOCTBIO OITIpefessieT 3HAYeHUS TeX-
HOJIOTMYECKUX MTapaMeTPOB Ipoliecca 3/IeKTPOHHO-
JIy4eBOTO BBbIPAIMBAHNSA C JMCIONb30BaHNMEM IIPO-
BO/IOKM B arMocdepe. COIIacHO NpecTaBlIeHHbIM
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JAHHBIM OTHOCUTE/IbHASA IOTPEIIHOCTh pacYeTHBIX
TaHHBIX He mpesbimaeT 12%. Takum 06pa30M, IaH-
HBIIl QITOPUTM pelIeHNuss 0OpaTHOI 3aa4M MOXKeT
OBITH MCIIONIb30BAH /IS IIPEIBAPUTENIBHOTO BBIGOPa
3HAYEHMII TeXHOIOIMYECKNX IIapaMeTPOB Ipoliecca
BbIpaLIBaHNA.

BriBogb1

B xoze paboTs! ObIIM IPOBEfEHBI IKCIEPUMEH-
TBI IO BBIPAIlMBaHUIO TEKTPOHHBIM JTYy4OM B aT-
Mocdepe OfVMHOYHBIX CTEHOK C NCIIOTb30BAaHUEM
MPOBOJIOKM M3 ME[HBIX CIIABOB, a TaKXXe CHATUIO
TEPMUYECKUX LIMKIIOB, OTPAXKAIOLIMX IIPOLIECC «Ha-
TpeB — OXJIAXKJEeHMe» CTEHKM PV BBIPALIVBAHNIA.
PacdeTHble 3HaUeHMA TEPMIUYECKUX IIMK/IOB ITOKa3a-
71 TIpMeMTIEMO€E COBIafieHNe C 9KCIePYIMEHTaTbHbI-
MU JaHHBIMI.
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Abstract

Additive manufacturing technologies are already used in various industries, such as aerospace and marine
industries. For manufacturing products of pure copper and copper alloys the non-vacuum electron-beam heat
sources seem to be the most promising solution. Non-vacuum electron-beams do not have the disadvantages
inherent in laser radiation, and do not require the creation of a vacuum in contrast to traditional electron-beam
technologies. An important stage for understanding the technological processes is their mathematical modeling,
the results of which help to determine the optimal technological parameters of the regime, and in general to predict
process stability.

In this article, we propose an algorithm for theoretical determination of technological parameters of the
additive process using filler wire, which provides the build-up walls with the specified geometric dimensions,
such as the width and height of the deposited layer. This algorithm for solving the inverse problem can be used for
preliminary selection of values of technological parameters of the deposition process.

Keywords: direct none vacuum electron beam deposition, additive manufacturing, thermal cycles, copper
alloys.

* The work was financially supported by RFBR and DFG (projects 19-51-12010 and HA 5843/15-1).
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Fig. 1. Scheme of layers (B - wall width; H, - layer height; H, - bead height; F, - deposited area in one pass; F, - remelted area when applying the next layer).
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Fig. 5. Scheme of the thermocouples position.
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Fig. 6. Thermal cycles obtained during the deposition of a wall of 50 layers for thermocouples 1 and 2.
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Fig.9. Thermal cycles obtained during the deposition of a wall of 50 layers for thermocouple 6.

Fig. 10. Sample Ne 4 (CuSn_ alloy) in cross-section direction.

Table 1. Deposition modes for walls

Parameter
Material CuSi, CuSi, CuSi, CuSn, CuSn,
Wall width, mm 2.94 3.64 2.54 2.28 1.88
Layer height, mm 0.62 0.60 0.57 0.84 0.80
Wire feeding, m/min 4.0 2.8 3.7 2.8 2.3
Beam power, W 3300 3150 2600 2100 2000
Calculated beam power, W 2920 2 926 2747 1853 2184
Deviation of power, % 12 7 -3 11 -9
Cladding speed, m/min 2.50 1.50 3.00 1.50 1.70
Calculated cladding speed, m/min 2.48 1.45 2.90 1.62 1.69
Deviation of speed, % 1 3 3 -8 1
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Pacuer TEPMOAVMMHAMNYICCKNX CBOJICTB MaTe€pnaaoB N3 IIEPBBIX
IMIPpUHINIIOB C IOMOIIBI0O MAIIMHHOTO OﬁyquI/I}I

T.C. Kocmiouenxo, M.C. Hosuxkos, E.B. Iloopsbunkun, E.A. ITuimbanos,
K.B. I'y6aes, 3.M. Maxkapos, A.B. Illanees

Mpu yCneLHoM COTPYAHUYECTBE POCCUIACKOrO 11 HEMELIKOTO KOMNEKTUBOB Gblfia pa3paboTaHa MeTO0/10rUs UC-
CNeaoBaHus MaTepuanos co CIOXHOM CTPYKTYPOIl 13 NepBbIX NpuHLMNoB. MeToaonorns 0CHOBaHa Ha NPUMEHEHNN
annpoKCUMNPYHOLLIMX MALLIMHOO06YYaeMbIX NOTEHLMAMNOB, KOTOPbIE NO3BONAKOT 3HAYUTENBHO YCKOPUTL KBAHTOBO-Me-
XaHu4eckue pacyeTbl. OHa NO3BONSET UCCNEN0BaTb Pa30BOE NPOCTPAHCTBO MATEPMaNoB 1 Ha OCHOBE pacyeTta CBO-
OO0/IHOW 3HEPriK OLIEHUTb YCTOMYUBOCTL U pacCHUTaTb UX TEPMOAMHAMUYECKIUE CBOICTBA. [peacTaBneHHble MaLln-
HOOGY4aeMble NOTEHLWManbI NO3BONSAIT Y4UTbIBATL KONEOATENbHbIE I MArHUTHbIE CTEMNEHW CBOOO/bI.

Ha npumepe xene3a ¢ 06bEMHO-LIEHTPMPOBAHHO KPUCTANINYECKOIA PELLETKON 6biNo NPOBEIEHO UCCnemo-
BaHWe (DOHOHHbIX CMEKTPOB A napaMarHUTHOMO U (DepPOMArHUTHOIO COCTOSHUIA U MOMNEKYASPHO-AUHAMUYECKOe
MOJENMpoBaHMe ¢ y4eToM (IYKTyaLMin MarHUTHbIX MOMEHTOB. bblno nNpoBeAeHO UCCNea0BaHNe YCTONYUBOCTY 1
6nKHero nopsaka B akeuatomHom cnnase VCoNi. MokasaHo, 4To nNpeanoXxeHHast MoJieNb BOCNPONU3BOANT aHrap-
MOHWYecKue apeKTbl ANs [BYMEPHbIX MaTepuanos, a Takxke paspaboTaHa MeTO0M0rUs NOCTPOEHNS (Da30BbIX
AnarpaMm OKCUIO0B Nepexo/iHbIX MeTasos.

Bce pesynbrathl, NONY4eHHbIE HA OCHOBE NPEMN0XEHHO! METO0MI0rMI, COTNACYOTCA C AKCNEPUMEHTaNbHbI-
MW aHHbIMU, YTO CBUAETENIbCTBYET O TOM, YTO OHA MOXET C/TYXWUTb TOYHBIM UHCTPYMEHTOM [Ns NAaHMPOBAHNA 1
NOMOJSTHEHNS AKCNEPUMEHTa.

KntoueBble cnosa: MallnHO06y4aeMble NOTEHLMANbI, KBAHTOBO-MEXaHWYECKIe PacyeTbl, BbICOKOIHTPOMMIA-
Hble CMNaBbl, CBOOOHAS 3HEPIUS, MArHUTHBIA MOMEHT.

* Paboma evinonnena npu punancosoti noodepoicke PODOU — DFG (npoexm Ne 20-53-12012).

COBMeCTHOE POCCUIICKO-TepMaHCKOe COTPYAHU-
4ecTBO Hayanoch B 2017 I. C 37IEKTPOHHOTO IICbMa
®puna Kepmana (Fritz Kdrmann), pyxoBopurens
nmaboparopun B VIHCTUTYTe MCCIenoBaHMs Kenesa
O6mecrBa Maxkca ITnmanka (Max-Planck-Institut fiir
Eisenforschung GmbH, Institute for Iron Research
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ruit (Skoltech, Cxontex), cTaBmIeMy pykoBomuTe-
JIEeM POCCUIICKOTO KOJUIEKTMBa IIpoeKTa. B mmcpme
®. KepmaH MHTepecoBaJICs, MOXKHO /I IPUMEHUTD
paspaborannslii HemaBHO A.B. IllameeBbiM MeTOf K
VICCTIEJOBAHMIO YCTOMYMBOCTH BbICOKOIHTPOIMITHBIX
crtaBoB. Takas IOCTaHOBKAa BOIPOCA, COOCTBEHHO,
U TIOCTY>KI/Ia OCHOBOJ cOTpymHMYecTBa. Hemenkas
koMaHza Bo rmase ¢ Opunem Kepmanom u braxe
Ipabosckn (mpodeccop, yuusepcurer Ilryrrapra,
University of Stuttgart), cocrosimas raBHbBIM 06pa-
30M 113 GM3MKOB ¥ MaTepUaIOBENOB, IMeeT YHUKA/Ib-
HBIJI OIBIT 3KCIEPTU3bl B KBAHTOBO-MEXaHNYECKOM
(IepBONPMHLINITHOM) MOJEINPOBAHNN YCTOIINBOC-
T U TEPMOAVMHAMUYECKUX CBOJVICTB MaTe€pHasIOB, a
poccuiickast CTOpoHa BoO IMlaBe ¢ AsekcaHapowm Illa-
HeeBbIM YCIIENTHO pa3pabaTbIBaeT METOABI YCKOpe-
HIA KBAaHTOBO-MEXaHNYECKNUX PACYETOB C IMTOMOILBIO
MaIIMHOOOyYaeMbIX MOTeHInaaoB. COBpeMeHHbIMI
KBaHTOBO-M€XaHMYECKNMY METOflaMi  HECTOKHO
PacCUNTBHIBATD HEPTUI0 KPUCTA/UINYECKUX (a3 Ma-
TEepUAJIOB, OHAKO I pacyeTa SHTPOIMY TpedyeTcs
MHOTO BBIYVC/IEHMI C LJ€/IbI0 OIIEHKM BK/IaJa TEPMM-
4eCcKOro OecropsiiKa B CBOIICTBA MaTepuaa. VIMeHHO
IUIs yCKOPEHVSI TAKUX PacueToB U He0OXO[MMa MeTO-
mororus, paspabarsiBaemast B CKomTexe.

YCTOMYMBOCTD PAa3MMYHBIX COCTOSHMI BeIeCTBa
(bas) ompenernsieTcs: CBOOOIHON SHEPTIElT — YeM HIDKE
cBOOOJHAs SHEPIYsl IIPY 3a/JAHHOI TeMIlepaType, TeM
Oor1ee yCTOIIMBOIL sIB/IsIeTCA HaHHas ¢asa. [Ipu Bbico-
KUX TeMIIepaTypax cBOOOJHAsS SHEPIUs OIpeNeeTcs
IOBYM:A KOHKYPMPYIOUIMMM BKIaJaMU — BHYTPEHHEI
sHepryeil (Ui IMPOCTOTBI M3/IOXKEHMA MBI UTHOPU-
pyeM pasjiuye MEXAy SHTa/IbIMell M BHYTPEHHeN
aHeprueit) u suTponmeil. Hanprmep, npu KOMHaTHOI
TeMIIepaType OOMBIIMHCTBO CIUIABOB MIMEIOT KPUCTATI-
JIMYECKYI0 CTPYKTYPY, B KOTOPOJ HIDKE BHYTPEHHAA
SHEprusi, OfIHAKO IIPY BBICOKOJI TeMIlepaType Mbl Ha0-
JIIOflaéM PacIlIaB, TaK KaK y HEro BbIIIE SHTPOINA
(a 3sHAYMT — HIDKe CBOOOJHAST S9HEPIHAA).

Lenp npoekTa COCTOUT B MCCIENOBaHUN CBOJVICTB
Pa3IMYHBIX MaTEPUAIOB CO CIIOXKHOI CTPYKTYPOI IIpU
OOJIBIIINX TeMIIepaTypax U OIpefie/IeHN BK/IaJ0B pa3-
JIYHBIX BUJOB 9HTPOINM B 9TV CBOJICTBA C IIOMOLIBIO
MalMHOOOy4aeMbIX —ITOTEHIMA/IOB  MeXaTOMHOTO
B3aVMOZENCTBIA. B 4acTHOCTH, IITaHUPYeTCA PacCun-
TaTb CBOOOJHYIO SHEPIUIO PA3/IMIHBIX MaTepUajIoB C
Y4eTOM pas3/MYHbIX MEXaHN3MOB BO30Y>K/IEHsI, COOT-
BETCTBYIOIVX BUOPALMOHHOI, KOH(UIYPALVIOHHO
M MAarHUTHO BUflaM 3HTpoIu. TOYHBIN pacyeT CBO-
OOZ{HOII 9HEpIUM II03BOJISIET ONPENENATh Psfi TaKMX
BOKHBIX TEPMOJMHAMUYECKUX CBOVCTB U SABJIEHUII B
MaTepyaax, KaK TeMIlepaTypa IUIaB/IeHNs, $a3oBble
HIePeXOfbl, YCTOIIMBOCTD (Pas, TEI/IOEMKOCTD ¥ KO3 (-
¢unuenT TerwtoBoro pacumpenns. CrefyeT OTMETUTD,
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YTO pas3/MYHble MEXaHU3MBbI BO30Y>KIEHNsI B Pas/ind-
HOJI Mepe B/VIAAIOT Ha Te VIV VHBbIe TepMOAVHAMITIe-
CKUe CBOJVICTBA, @ TAKXKe MOTYT OBITh CBSA3AHBI MEX/Y
co6oit. [ToaToMy B fja/pHeiiIIeM IUIAHUPYETCS UCCTIe-
JIOBATh B3aIMHOE BIIVISTHVIE 9TUX MEXaHI3MOB BO30YX-
IeHNS1 Ha BBILICYIIOMAHYTbIE CBOVICTBA MaTepHaJIOB,
YTO IO3BOJIAT JTy4llle IOHUMATh 00/IACTh IPUMEHVIMO-
CTU 9TVIX MaTePUAJIOB I IIEPCIIEKTUBBI VX MCIIONTb30Ba-
HIISA B HayKe VI TeXHIIKe.

[l pemieHNs 3ajad ONMCAHNUA CBOJICTB MaTepya-
JIOB CO CJIOXKHOM CTPYKTYPOI1 B TIOC/IEiHEE BpeMS BCE
Jaiie mpuberaoT K Tak Ha3bIBaeMbIM MAIINMHOOOY-
JaeMbIM ITOTEHIIVa/IaM. DTO MOJIe/IN allIIPOKCYMALINI,
IIOCTPOEHHBIE IIPY TOMOIIY AJITOPUTMOB, KOTOPbIE Ha
OCHOBE TOYHBIX KBAHTOBO-MEXaHNIYECKNX PacyeTOB
(Taxoke Ha3bIBAEMBIX IEPBONPUHINITHBIMI) [/ ATOM-
HBIX CUCTEM MOAOMPAIOT IapaMeTpsl TOVl MOMENN.
To4HOCTD pacyeToB ¢ NMpUMeHeHVeM O0YYEeHHBIX I10-
TEHIIVAJIOB JIO/DKHA IIPAKTUYEeCKY COBIIAJATh C TOYHO-
CTBIO KBAHTOBO-MEXaHIYECKVX PAcyeToB (B YaCTHOC-
TI, TOYHOCTb pacyeTa CBOOOJHOI 3HEPIUU JO/DKHA
OBITb TOPSIIKA OHOTO IV HECKONbKUX MaB/aTom,
1 M3B=1.602 176 634-1072' [I>x). JlocTmrkeHme 3asiB-
JICHHOJ TOYHOCTMU 32 pasyMHOE BpeMs HEeBO3MOXKHO
6e3 pa3pabOTKVM HOBBIX METOAMK M MHCTPYMEHTOB,
HI09TOMY B XOfie IIPOeKTa OyAyT pa3paboTaHbl/pasBu-
TBL:

— MeTOf;, pacyeTa CBOOOIHOI SHEPIUU C YIETOM
KOH(QUTYPaLMOHHO 3HTPONNN HAa OCHOBE KaHO-
HIYeCKOTro MeTofia MoHTe-Kapio 1 MaopaHTOBbIX
notenuanos (Low-Rank Potentials, LRP) «na (kpu-
CTQJUTNMYECKOIL) PelIeTKe»;

- HOBBII THUI MamHoo6yyaemoro MTP-mo-
teHnuana (magnetic Moment Tensor Potentials
(mMTP)), koTOpBIIl BKIIOYaeT B ceOs MarHUTHbIE
MOMEHTBl B KauecTBe JIONOTHNUTEIbHBIX CTeIeHeil
cBOOO/IBI, HAPAMY C MO3ULVAMY aTOMOB (YTO ITO3BO-
JINT PacCYNTHIBATD MATHUTHYIO SHTPOIINIO);

— MeTOJ pacdeTa CBOOOJHOV SHEpPIM1 Ha OCHOBE
MeTofla TEPMOAVHAMITYECKOTO MHTErpUpOBaHmA (two-
stage upsampled thermodynamic integration using
Langevin dynamics — TU-TILD) n mammua006y4aeMbIx
MTP-noTeHIManoB, 9YT0 MO3BOMIUT PACCINTHIBATD CBO-
OOJHYIO SHEPIUIO C YYeTOM BUOPAL[VIOHHOI SHTPOINN
TPV KOHEYHOII TeMIlepaType ¢ TOYHOCTBIO KBAaHTOBO-
MEXaHIIeCKIIX BBIUVICTIEHWIT 32 pa3yMHOE BPEM:L

Ha ocHoBe pa3paboTaHHBIX aJrOPUTMOB OyzmeT
UCC/IEOBAHO B/IVSAHNE Pa3TNIHbIX MEXaHU3MOB
BO30YX/IeH!s Ha CBOOOJHYIO S9HEPTUI0 U TePMOJM-
HaMIYecKye CBOJICTBA MaTepyajIoB.

Eme no Havaa peanmsanny aBTOpaMy COBMECT-
HOTO POCCUIICKO-HEMELIKOTO MpOeKTa ObUIN OIry6-
JINKOBaHBI [iBe CTaTby, OOOCHOBBIBAIOLIVE IIPYH-
IUINATIBHYI0 PeaTN3yeMOCTb NAHHOTO IpoekTa. B
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HepBOIt OBIIO IOKA3aHO, YTO C IOMOIIBIO PEIIeTOq-
HbIX NoTeHnuanos LRP nmpuHIMOuaabHO BO3MOX-
HO YCKOpeHIe KBaHTOBO-MEXaHNYEeCKNX PacueToB,
IOCTATOYHOE J/I OLIeHK! KOH(UTYPaLNOHHOI 3H-
TPONIMM B MHOTOKOMIIOHEHTHBIX MaTepuanax [1].
Bo BTOpOII cTaTbe, B CBOIO OYepefib, ObIIO IIOKAa3aHO,
YTO BO3MOYKHO aHAJIOTMYHOE YCKOpeHMe i o dek-
TUBHOTO pacyeTa BUOPALMOHHO SHTPOINM C TIOMO-
mplo moteHnanos MTP [2]. K MoMmeHTy Hanmcanus
TAHHOI CTAaTby IIPOLIET OfVIH FOf] C HayasIa peajn3a-
LMY IIPOEKTa POCCUIICKON CTOPOHOI M BCEro Iapa
MecsIIleB — C MOME@HTA Hauasia paboThl HaJl IPOEKTOM
HeMelKoll cropoHbl: no npaswiam HHMO paroir
Havyajla peajM3anuy IpoeKTa CYNTAeTCs faTa Hail-
Ma IIepBOTO COTPYAHMKA Ha OIO/KeTHbIE CPefCTBa
IIPOEKTA, a 3aJjep)KKa HailMa OblIa CBsI3aHa C Orpa-
HUYeHNAMM Ha ¢poHe nangemun Bupyca COVID-19.
[pynmosas ¢oTorpadusa poccuiickoro u HeMeIKoro
KOJIIEKTMBOB IIpe[ICTaBJIeHa Ha puc. 1.

B 2020 r. MasopaHTroBbIe MOTEHIIMAIBI ObIIN ITPU-
MEHeHbI B Ka4eCTBe MOJIE/IV MeKaTOMHOTO B3alIMO-
JEICTBUA IS VICCIENOBAHUA YCTOMYMBOCTY 3KBU-
aromMHOro cmiaBa VCoNi ¢ rpaHeneHTpupOBaHHOI
kybudeckort (I'LIK) pemerkoit. Beimm monmydeHsr
TeMIIepaTypsl (pa3oBOTro Iepexofia «IOPsAoK — bec-
HOPSAJOK», OMM3KMe K 9KCIIepMMEHTa/NbHbIM. Tak-
e ObIa MCCIeflOBaHa CTPYKTypa, oOpasyrouasics
BCIeiCTBME (DA30BOrO Iepexofia, e OfHA U3 de-
ThIpeX HoppemeToK cTpyKTypbl ¢ I'LIK-pemrerkoir
IIOJTHOCTDIO OKKyNMpoBaHa BaHapueM. llocmemumii
Pe3y/IbTaT TaK)Ke COITIACYETCS C SKCIePUMEHTOM [4].
B 2021 r. nmanupyerca npumMeHnTb LRP 11 nsydge-
HUA BIMAHNMA KOHQUTYPALMOHHON 3SHTPOINM Ha
¢$asoByI0 CTaOMIBHOCTD, YAETbHYIO TEIIOEMKOCTDb
U OMOKHUIL HOPAJOK B O9KBUMATOMHBIX CIUIABaxX
AINbBTiIV ¢ OIIK-pemeTkoit.

o RFBR JOURNAL

HakoHer, B OT4eTHOM TOfy OBIIO IOKa3aHO,
yTo MTP (6€3 yyeTa MarHUTHBIX CTeIleHell CBO0OO-
JibI) CIIOCOOEH XOpOILIO BOCIPOM3BOAUTH aHTap-
MoHndeckue 3¢pdexTs (Ha mpuMmepe McCIeLOBa-
HUS @aHOMa/JIbHO HU3KOTO K09 duumenrta repmu-
yeckoro pacummpenus (invar-adpdexr) u cmaboit
TeMHepaTypHOﬁ[ 3aBUCUMOCTI IIOCTOSAHHBIX YII-
pyroctu (elinvar-a¢¢dekT) npu BbICOKOI TeMIIepa-
tType ¢aspr Tutana ¢ OIK-pemerkoit) [5], ¢ ero
IOMOIIIBI0 BO3MOXXHO PaCCYUTHIBATD TAPMOHMYEC-
KM€ M aHTapMOHWUYECKNE CUJIOBbIE ITOCTOAHHDBIE
UL IByMEPHBIX MaTepuanos Kmacca MSi N, rme
M=Mo, W, V, Nb, Ta, Ti, Zr, Hf, Cr, kotopsbie, B
CBOIO O4epefib, ObIIN MCIIONb30BAHBI JIsI pacyeTa
TeIIONPOBOZHOCTY 3TUX MaTepuasoB [6], a TakKe
Ha ocHoBe MTP 6bi1a pa3paborana MeTOLOIOTS
noctpoeHus ¢$asoBBIX AuarpaMM OKCUIOB Iepe-
XOJHBIX META/IZIOB U IPpMMEHEHA K MCCIENOBAHNIO
cocymecTBoBaHus (a3 B cucreme (CoMn, )0,
[7] n mpepckasaHUIO NpeNeoB PacTBOPUMOCTU
[8]. B wacTHOCTH, ObLIA TPOBEjeHa KOMMIECTBEH-
Hasg OLleHKa poiu KO/Ie06aTe/IbHO M MAarHUTHOI
SHTPOIMNIL.

B cnepyromeM rogy peanusanuy mnpoekra 0y-
met paspaboran amroputm TU-TILD +MTP pns
pacdera cBob6ogHOI aHeprun. [Ins oueHku addex-
TUBHOCTI JAHHOTO aJITOPUTMa OYAYT HpPOBEJEHBI
pacdeTsl /I psifia CIUIAaBOB: OT OHOKOMIIOHEHT-
HBIX N0 MNATUKOMIIOHEHTHBIX TYTOIIJIABKMX BbICO-
KOSHTPONMITHBIX CHCTeM Ha ocHoBe Nb-Mo-Ta-
W-V, a Taxke MalIMHOOOy4YaeMblil HOTeHIMAN Oy-
ieT UCIOJIb30BAH B MOJIEKY/ISIPHO-AMHAMMYECKUX
pacdeTax ad M3Yy4€HUA IMOCTOAHHBIX YIIPYTOCTU
MHOTOKOMIIOHEHTHBIX CIIZTaBOB HAa OCHOBE€ TUTaHaA
I "X B3aMIMOCBA3U CO CTa6I/I)'II)HOCTI)IO CTPYKTYPbl
OLK-daser TuTaHA.

n

Puc. 1. Ipynnosas domozpadus poccutickozo u HemeyKo20 HAy*HblX KONAeKmue60s. V3-3a oepanuuenuil, céasantvix ¢ nandemueii supyca COVID-19,

8ce coseu,anusl Konnekmusos npoxobunu 8 npozpamme Zoom.
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Abstract

The Russian and German teams jointly developed a methodology for studying materials with a complex

structure from first principles. The proposed methodology is based on the use of machine-learning potentials,
which can significantly speed up quantum-mechanical calculations. It allows one to investigate the phase space
of materials and estimate the stability and thermodynamic properties. The presented machine-learning potentials
allow us taking into account vibrational and magnetic degrees of freedom.

We studied the phonon spectra for the paramagnetic and ferromagnetic states on the example of iron with a
body-centered crystal lattice. We showed the importance of taking into account fluctuations of magnetic moments
in molecular dynamic modeling. The stability and short-range order were studied in the equiatomic VCoNi alloy.
The proposed model reproduces anharmonic effects for two-dimensional materials, and the methodology for
constructing phase diagrams of transition metal oxides was developed.

All the results obtained with our methodology are in agreement with experiments, it indicates that it can serve
as an accurate tool for planning and complementing the experiment.

Keywords: machine-learning potentials, quantum-mechanical calculations, high-entropy alloys, free energy,
magnetic moment.
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Fig. 1. Group photo of Russian and German research teams. Due to the limitations of the COVID-19 pandemic, all team meetings were held in the form of

the Zoom conference.
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Abstract

All branches of science and engineering face the challenge of creating and applying digital models of objects
and processes. Our research addresses problems that have been encountered in the transition from static two-
dimensional line drawings of models on paper to operational three-dimensional models in digital devices, such as
collisions and gaps during assembly of model components, restricted code-dependent specification of topology
and geometry, inability to model unbounded space and inefficiency in navigation. We replace component assembly
by partitioning of space. Our model is constructed by adding, splitting and merging edges, faces and cells in simple
work steps. The model platform automatically constructs an associated core model with highly efficient geometric

and topological methods based on novel concepts and theories.
Keywords: partition, polyhedron, topology, geometry, unbounded, split, multiply-connected.

* The work was financially supported by RFBR and DFG (project 20-57-12006).

Polyhedra have fascinated humanity since ancient
times. The Egyptian pharaohs chose to be buried in
pyramids. Greek thinkers discovered the five convex
regular polyhedra in Figure 1 that are named after the
philosopher Platon. The flat polygonal faces of a regular
polyhedron are congruent. Kepler and Poinsot discovered
the four non-convex regular polyhedra. Sets of polyhedra
have played a significant role in theories of chemistry and
crystallography. Polyhedral elements became a popular
feature of modern architecture such as the new entrance
to the Louvre Museum. The historic development raises
the question “Which role can theories and applications of
polyhedra play in our time?”

v

Tetrahedron

Cube

_a i -

Octohedron

Many of the artifacts that we create today are complex
polyhedra. Typical examples are everyday buildings with
interior and exterior surfaces that are flat and bounded by
polygons. Curved surfaces are readily approximated by
polyhedral surfaces using triangulation. The polyhedra
which scientists, architects and engineers treat in our
time are much more complex than the traditional
polyhedra, for which a highly developed literature exists.
The topology and geometry of a polyhedral building,
such as a high rise office building, is described with
many thousands of nodes, edges and faces which define
a multitude of cells. The faces and cells are frequently not
convex and not simply-connected. A domain is simply-

Dodecahedron Icosahedron

Convex solid regular polyhedra

x @

Small stellated dodecahedron

Great dodecahedron  Great stellated dodecahedron

* ¥

Great icosahedron

Non-convex solid regular polyhedra

Fig. 1. The complete set of regular solid polyhedra (source: https://en.wikipedia.org/wiki/Regular_polyhedron; last visited 2021-04-11).
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connected if every closed curve in the domain can be
contracted continuously to a point. New theories and the
capacity of digital environments are necessary to treat
such complexity efficiently and reliably.

It is amazing that traditionally architects and
engineers have not used the polyhedral nature of objects
significantly when presenting the shape and topology
of their projects in planning, design and construction.
Since the middle ages, the topology and geometry
of buildings have mainly been described with two-
dimensional plans, elevations and sections. In rare cases,
the projects have been illustrated with perspectives. Only
part of the data required for complete three-dimensional
models are contained explicitly in the drawings. Because
many attributes are missing in the drawings, implicit
information must be added to the explicit information
by the person “reading” the drawing. The union of
the explicit and the implicit information permits the
mental construction of a complete model, and thus an
understanding of the project. The reliability of the implicit
information and of the reading facility depends on the
background, knowledge and experience of the reader.
The traditional drawings are static: automated processing
of the data contained in these drawings is not possible.

When computers were spread throughout the
world, drawing with pencil on paper was replaced
by computer-aided design on graphic displays. The
models became operational: some of the information
in the drawings could now be transformed and
communicated with automated procedures. While
the drawing tool changed, the intrinsic nature of the
method of modelling the topology and the geometry of
the objects did not change. The information continued
to consist of line drawings of plane sections. Implicit
information and reading skills remained a potential
source of error.

Significant advances were achieved later on with the
object-oriented method of programming. An object
contains data in the form of attributes and procedural
code in the form of methods. The originals of built
facilities can conveniently be mapped to such objects in
computer models. Object-oriented modelling has been
applied extensively in building information modelling
by defining Industry Foundation Classes. An instance
of an industry foundation class not only describes the
topology and geometry of an original such as a stair case
or a window, but also defines material, functional and
other properties. By mapping components of constructed
facilities to instances of Industry Foundation Classes,
the software platforms which are currently in use have
made some of the information explicit which before was
implicit. This has greatly contributed to their success.

The original hope, that the Industry Foundation
Classes would make the software products of the various
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vendors compatible, has unfortunately not materialized.
This great draw-back can partly be attributed to the fact
that a general theory for efficient and reliable treatment
of the topology and geometry of complex polyhedral
objects and their relationships in constructed facilities
was not created. Instead, the description of the topology
and geometry of classes of constructed objects became
the subject of very extensive standardization efforts
which are still ongoing. The theories and methods of
topology and geometry which are employed in the
Industry Foundation Classes are traditional.

Modelsbased on the Industry Foundation Classes are
constructed by step-wise assembly of their components.
The first component is constructed and positioned in
an initially empty space. In each subsequent step of
construction, another component is created and added
to the model, or an existing component is modified, or
a component is removed from the model. Inadequate
knowledge of the original, inaccuracies in the model
construction methods and tools as well as human
error can lead to collision of a new component with
existing components of the model and to unintended
gaps between components. In order to ensure that a
new component does not intersect with any existing
component or form an unintentional gap with it, its
location relative to each of the existing components of
the model must be determined. Various methods have
been devised to reduce the effort for this voluminous
task, but the basic problem persists.

Conventional models as a rule are not images of
unbounded space. Instead a compact box is defined
in space which contains all components of the
original that are to be modelled. Only the box and
its contents are mapped to the model. This approach
avoids unbounded model components, but requires
special theories and methods at the boundary of the
box. Physical phenomena such as damping of sound
and vibration depend on modelling of unbounded
space. Our model is unbounded.

The aim of the research project funded by the
Russian Foundation for Basic Research and the German
Research Foundation is the development of a general
theory that permits the complete description of the
topology and geometry of highly complex polyhedral
objects using only the explicit information contained
in the models. Such a theory will make it possible
to complete the transition from the historic two-
dimensional static drawings described above to entirely
operational and explicit three-dimensional models
including unbounded space and utilizing the full
potential of their digital environment. The uncertainties
associated with implicit information are removed.

In order to avoid the annoying problem of
collisions and unintended gaps, the models that are
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based on the novel theory are not constructed as
assemblies of components. Instead, the models are
defined by splitting the three-dimensional Euclidean
space stepwise into cells without gaps. These models
are called polyhedral partitions of space and are
implemented on the PPSpace platform. Some of the
cells of a partition will necessarily be unbounded. The
split operations are designed such that the tests for
collisions and gaps can be restricted to the component
of the partition that is being split. Two neighboring
components can be merged to form a single
component. The topological and geometric tests in the
merge operation are restricted to the two components
that are being merged.

The concept of our novel approach to polyhedral
partitions of space is illustrated in Figure 2. A
partition model consists of a user model and an
associated core model. The user model treats the
geometry of the partition model in the conventional
manner. Two neighboring cells have a common face
fwhich is part of the surface of both cells. They also
have common edges e, to e, as well as common nodes
n, to n,. The geometry of the model is determined
by the coordinates of the nodes. The elements of the
user model are not topologically oriented. The user
of a PPSpace platform interacts exclusively with the
user model and need not be aware of the core model
or the properties of its components.

cellc. ™ calle, yozel 5, ¥ Yo wneaix,

dERf el i o i e vk

Fig. 2. Cells of the user model and their child voxels in the core model.

The core model derived from the user model treats
the topology of the partition model in a novel manner. In
order to distinguish explicitly between the two models,
the point sets which are denoted as node, edge, face and

RUSSIAN FOUNDATION Deutsche
FOR BASIC RESEARCH DFG
Forschungsgemeinschaft
RFBR S

cell in the user model are denoted as vertex, arrow, facet
and voxel in the core model. An element y of the core
model whose point set equals that of an element x of
the user model is called a child of x. Element x is called
the parent of y. In Figure 2 cells ¢, and ¢, are mapped to
voxels x, and x,, face fis mapped to twin facets ¢, and ¢,
edge e,_is mapped to twin arrows g, and b, and nodes n,
to 1, are mapped to vertices v, to v,.

Neighboring voxels share vertices. In contrast
with a cell (which shares each of its faces with
another cell of the user model) a voxel does not
share any of its facets with any other voxel of the core
model. Each facet belongs to a specific voxel. The
normal vectors of twin facets with the same parent
face point in opposite directions. By definition the
normal vector of a facet points to the outside of the
voxel to which it belongs. The facet is oriented by its
normal vector.

In contrast with a face (which shares each of its
edges with at least one other face of the user model)
a facet does not share any of its arrows with any
other facet of the core model. Each arrow belongs to
a specific facet. The two arrows of twin facets with
a common parent edge point in opposite directions.
The direction of the normal vector of a facet
determines the positive direction of the arrows in its
boundary. If m faces meet at an edge of a partition,
the mapping of the edge to the core model creates
two arrow bundles containing m arrows each. The
bundles point in opposite directions. Each arrow
of a bundle belongs to a specific facet. The facets
associated with the arrows of a bundle form a facet
bundle.

The shape of a facet is defined by the shape of its
boundary. Multiply-connected facets are defined by
the boundary illustrated in Figure 3. The boundary
consists of exactly one outer closed polygonal curve
and an arbitrary number of inner closed polygonal
curves which do not intersect. The interior of the
outer polygon is bounded. The interior of each
inner polygon is unbounded. The intersection of
the interiors of the polygons is the interior of the
multiply-connected facet.

m Ll
| Mn =
LT m
oule pokigan rner podygo 1 ST by 3 facal

Fig. 3. Definition of a multiply-connected face.
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Fig. 4. Definition of a multiply-connected voxel.

The shape of a voxel is defined by the shape of
its surface. The most general surface of a voxel in
a polyhedral partition is illustrated in Figure 4. It
consists of exactly one outer closed polyhedral surface
and an arbitrary number of inner closed polyhedral
surfaces which do not intersect. The interior of the
outer polyhedron is bounded. The interior of each
inner polyhedron is unbounded. The intersection of
the interiors of the polyhedra is the interior of the
multiply-connected voxel.

The treatment of unbounded edges, faces and cells
of partition models in unbounded space is a special
challenge in polyhedral theory. How can we model
an unbounded edge that does not have a node at each
end? For the geometry, it is sufficient to describe the
unbounded edge with one node and a direction vector.
To describe the topology of a partition in such a manner
that the theory and algorithms apply to both bounded
and unbounded components, it is, however, necessary to
retain all nodes, edges and faces as model components.

R2

wrboundad face L dnbgdinched el ©

Fig. 5. Unbounded face and unbounded cell with imaginary components.

The problem has been solved in our research by
defining imaginary nodes, edges and faces as shown
in Figure 5. Contrary to the real nodes, edges and
faces, the imaginary components do not have a
point set as attribute. Therefore, they do not have a
fixed geometric location or a shape. Their location
and shape in the figure have been chosen arbitrarily.
Their topological attributes relate them to other
components of the partition. Every imaginary node
lies on exactly one unbounded edge. If a second
edge were to pass through the node, the point of
intersection of the two edges would by definition of
partitions be a real node.
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In Figure 5 the imaginary node n, of face f, “is
part of” the unbounded edge e,. The imaginary edge
e, “connects” the imaginary nodes n, and n,. The
imaginary face f, “is part of” the unbounded cell c,
and is “bounded” by the imaginary edges e, to e,.

Once the novel concepts had been discovered in
the research project, they were applied to describe
the geometric and the topological structure of the
polyhedral partition. The methods of the model use
the attributes of both the real and the imaginary
components to operate on the partition model as
required. The partition is defined completely by its
explicit attributes.

The coordinates of the nodes are the only essential
geometric attributes of the partition model. The
normal vector of a facet can be derived by constructing
a vector normal to the facet geometrically and using
the direction of the vectors of the outer arrow polygon
of the facet to determine the direction of the normal
vector of the facet. Because the normal vectors are
used frequently in the algorithms, it may be decided
to compute them only once and to store them in the
core model as auxiliary variables.

The topological structure of the core model is
described with twins, polygons and dihedral cycles.
Closed arrow polygons describe the boundaries of
the facets. A dihedral cycle at an edge describes the
sequence in which facets of the partition at the edge
are encountered if a line is rotated about the edge.
There are two dihedral cycles at each edge as shown
in Figure 6, each containing the arrows of one arrow
bundle. The associated facets are sorted in a cyclic list
with increasing angle of rotation about the edge. The
arrows of the bundle form a corresponding list. The
twins, polygons and dihedral cycles form an explicit
description of the complete topology of a three-
dimensional partition.

The user defines the model stepwise with simple
split and merge operations on edges, faces and cells
in the user model. When a new model is defined, its
unbounded space is automatically subdivided by the
PPSpace platform into a reference system consisting
of eight unbounded cells corresponding to the
octants of the global coordinate system.
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The sequence of the work steps in model construction
is systematized by ranking the model components. The
rank of a component equals its dimension before it is
embedded in three-dimensional space. Thus the rank of
nodes, edges, faces and cells is 0, 1, 2 and 3 respectively.
The concept of rank greatly simplifies the specification
of the input commands for the user.

Exactly one component is split in a work step. If
the split of a component A of rank r requires splits
of some of its components, these all have rank less
than r and are split before A is split. At least one
component of rank -1 is added to the interior of A
to complete the split. In Figure 7, edges e, and e, of
face f, are split with nodes n, and n, before node n,
as well as edges e, and e, are added to the interior of

DFG Deutsche
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face f, to split that face into the concave face f,and
the convex face f,.

A simply-connected component of rank r can be
added to the interior of a component of rank r to spilt
it into a multiply-connected and a simply-connected
component. Addition of edges e, to e, and nodes n,
to n, to the interior of face f, in Figure 8 splits the
face into a multiply-connected face f, and a simply-
connected face f..

Splits of three-dimensional voxels are performed in
a similar manner. Figure 9 shows the split of a cell ¢,
into cells c,and c,. In work steps 1 to 3 edges e, to e, are
split by adding nodes 7, to .. In work steps 4 to 6 faces
f, to f, are split by adding edges e, to e ,. In work step
7 the addition of face f,, splits cell ¢, into cells ¢, and c,.

ok Fars shoep 1

Fig. 7. Work steps for a face split.

R?

Fig. 8. Construction of a multiply-connected face by a face split.

slep 1

Fig. 9. Work steps for a cell split.
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Fig. 10. Split of facet t, into facets t, and t .

At run time the PPSpace platform interprets and
checks the user commands. The new objects and the
created objects are added to the user model and split
objects are removed. Added nodes are mapped to new
vertices in the core model, added faces to new facets
and edges of added faces to new arrows. The pointers
of the twins, polygons and dihedral cycles describing
the topological structure are updated. At the end of a
work step, both the user model and the core model are
in a proper current state. Figure 10 illustrates the split
of a facet ¢, into facets ¢, and ¢, by addition of vertices
v, and V,, arrows a, to a, and arrows b1 to b3.

The geometric tests which verify the input data
are not treated in this publication. The PPSpace

split facet added varices and arows

o RFBR JOURNAL
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wilded new lacats

platform is at present being implemented and
tested systematically. The topological functionality
is treated before the geometric functionality. A
graphical analysis tool that is essential for full scale
testing of the platform and of its components is being
implemented.

The partition model can be extended to a large variety
of models for particular fields of application, each with its
own semantics. Materials and functions can be attributed
to the components of the model and the required
methods can be added. The explicit information and
methods contained in the particular models of the field
define their functionality and their benefit. The topology
and the geometry of all models remain unified.

HoBbliT TOgX0[ K MOMN3EPATbHBIM Pa3OueHnaM
IPOCTPaHCTBA

B.B. I'mnuwnukosa, B. Xynm, I1.A. Ilano

leped BCEMU OTPACNAMM HAyKW WM TEXHUKW CTOUT 3aJad4a CO3AaHMUsA W NPUMEHEHMS LUMPOBbLIX Moaenei
06bEKTOB 11 NPOLECCOB. B HacTosALEM MCCnefoBaHNUK paccMaTpuBatoTCs Npo6semMbl, BOSHUKLLIME NPW Nepexome
OT CTaTUYECKNX ABYMEPHbIX NINHEIHbIX YepTexKei Moaeneid Ha ymare K onepaTtuBHbIM TPEXMEPHbIM MOJENsAM B
LMJOPOBLIX YCTPOMCTBAX, TAKNE KAK CTOSIKHOBEHUS W Pa3pbiBbl NPU COOPKE KOMMOHEHTOB MOJENN, OrpaHnyeHHas
KoJ03aBucumMas cneuudukauus Tonoaoruu U reoMeTpun, HeBO3MOXHOCTb MOJENUPOBAHUA HEOrPaHUYeHHOro
NPOCTPAHCTBA U HEA(DEKTUBHOCTb HaBUraLMn. ABTOPbI 3aMEHAIOT COOPKY KOMMOHEHTOB pa3bueHnem npocTpaH-
ctBa. Mogenb cTpoutcs nyTem no6aBrieHNs, pa3oneHns n cnnaHua pebep, rpaHen 1 f4eek B NPOCTbIX Paboymnx
warax. [1pu aTom Bbl4UCIUTENbHASA NaTdhopmMa aBTOMATUYECKN CO3JaeT COOTBETCTBYHOLLYIO 6a30BYt0 MOJENb C
MOMOLLbI BbICOKOIMMEKTUBHBIX FeOMETPUYECKIX 1 TOMNOSOMMYECKNX METOL0B, OCHOBAHHbIX HA HOBbIX KOHLIEN-
LMAX N TeOpUsX.

Knwouesbie cnosa: pa3dueHne, MHOrOrpaHHWK, TOMOMOTUS, reoMeTpus, HeorpaHWYeHHbI, pacLuensieHue,
MHOTOCBSA3HbINA.

* Paboma evinonnena npu (punancosot noodepicke POOU — DFG (npoexm Ne 20-57-12006).

TAJINLLUHWKOBA

Bepa BnagumupoBHa
Poccuniticknit yHuBepcuteT
LpY>XObl HAPOL0B

NAIb

Metep fAH

| BepaHCKI TeXHNHeCcKMiA
| yHuBepcuTeT, fepmaHus

XYHT Bonbthranr
bepnuHcKnii TexH4ecKui
yHUBepcuTeT, fepmanus
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(ucm.: https://en.wikipedia.org/wiki/Regular_polyhedron).
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BopopacTBopuMble MONIEKyIsApHbIE IETKN
KaK NepCleKTBHbIe KOHTEHEePHI 1A apeCcHON
MOCTaBKI I€KapCTB

P.A. I'ymepos, V.M. ITomemxun

MonekynsipHble LLETKN ABASIOTCA KNACCOM Pa3BeTBMEHHbIX MONNMEPOB C BbICOKOI NNOTHOCTLIO BETBGHNS.
OCOGEHHOCTb MOJIBKYNIAPHON apXUTEKTYPbl 06ECNEYMBAET UM HECCHEPUYECKYIO (hOpMYy B PacTBOPUTENE W YCTOI-
YUBOCTb K arperavyit, a BOSMOXHOCTb LUNPOKOIA BapuaLn UX XMMUYECKOr0 COCTaBa N0o3BOMSET NOay4aTh Makpo-
MOJIEKYSIbl HA OCHOBE BOAOPACTBOPUMbIX U GIOCOBMECTUMbIX MONNMEPOB, KOTOPbIE B TOM YUCIE MOTYT GbITh BOC-
NPUAMYMBbI K BHELLIHM BO3AENCTBUSIM. [JaHHbIe 0COGEHHOCTW NO3BOMSIOT paccCMaTpKUBaTh MONEKYNSAPHbBIE LETKN
KaK BbICOKOMONEKYNSIPHbIE COeNHEHUS, 0ONaAatoLLNe BbICOKUM NOTEHLUANIOM NPUMEHEHUS B HaHOMenLnHe. B
pamKax [aHHOW CTaTbi NPOBEJEH KpaTKuii 0630p YCNEXoB B UCMONb30BAHUM PA3BETBMEHHbIX MONNMEPOB B Kave-
CTBE MOJIEKYNSAPHBIX KOHTEAHEPOB ANs aPECHO JOCTaBKM NIEKapCTB.

KntoyeBble cnoBa: MONeKynsapHble LETKI, BOLOPACTBOPUMOCTb, GMOCOBMECTUMOCTb, BOCIPUUMYMBOCTb, Ha-

HOMeOnUnHa, 00CTaBKa J1IEKaPCTB.

* Paboma evinonnena npu gpurarcosoti noooepricke POOU — DFG (npoexm Ne 20-53-12023).

BBenenne

CoBpeMeHHbIe METOAbI CHMHTe3a BBICOKOMOJIE-
KY/ISAPHBIX COEJVIHEHMII IIO3BOJIAIOT IIO/Ty4YaTb BCE
6o/iee CIIOKHBIE CYICTEMBI C YHUKAIbHBIMY XMMMYe-
ckymu 1 pusndeckumu cporictamu. K Hum, B gact-
HOCTH, OTHOCSITCS MOJIEKY/LSIPHBIE LIeTKY — MOfIBUJ
rpe6He0OpasHbIX MOMMMEPOB (MaKpOMOJIEKYII, CO-
CTOALIMX M3 IIeMM-0CTOBA U OOKOBBIX Iieleil MeHb-
1IeTT JJIMHBI) ¢ BBICOKOJ INTOTHOCTHIO IPUIINBKY 60-
KOBBIX Liemelt, KoTopas MoxeT gocturarb 100% [1].
OTm4nTeNbHOM 0COOEHHOCTBIO TaKUX IOMMEPOB
ABJIAETCA yBe/MNYeHHasA (HaBelleHHasA) IMepPCUCTEHT-
Hasg JUIMHA B XOPOIIEM pPacTBOPUTEJIe BCIIEHCTBUE
CTepUYECKOTO OTTATKMBAHNUA MeX/[y O0KOBBIMI Iie-
ILIMM, 9TO 0OecIednBaeT MaKpOMOJIeKy/IaM IVI/IVH-
fipudeckyo popMy Ipy HeOONBIION JIMHE OCTOBA
VIV 5Ke YepBeoOpasHyo GOpMy B OCTA/IbHBIX CITyda-
ax [2, 3]. BokoBble Lenu 1 0CHOBHAA Liellb 0OBIYHO
OT/IMYHBI IPYT OT APYTa 110 XMMUYECKOMY COCTaBY I
MOTYT XapaKTep130BaThCs Pa3/IMYHON pacCTBOPUMO-
CTbIO 1 (He)COBMECTMMOCTBIO IPYT C ApyroM. bomee
TOTO, CaMyl OOKOBBIE IIeTIN MOTYT OBITh IBYX U 6orTee
COPTOB, ¥ TAKMM 00Pa30M, aHAIOTMIHO aMpUPUIb-
HBIM 0JIOK-COIIOIMIMepaM, Py OIpefie/IeHHBIX YCIIO-
BUSIX MOJIEKY/ISIPHBIE IIETKM MOTYT CaMOOPTraHM30-

T'YMEPOB

Pyctam AHpuKoBMY

MOCKOBCKUI rocyLapCTBEHHbIN
yHusepcutet um. M.B. JlomoHocoBa
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BBIBATbCSI B MULIE/UIBI VIV BE3VIKY/IbI B CE/IEKTUBHOM
pactBopurerne. BMecte ¢ TeM B cocTaB MakpoMorie-
Ky/I MOYKHO BKJ/IIOYATb TAKO>Ke pasnyHble QYHKINO-
HaJIbHBIE TPYIIIBI, YTO MO3BOJISAET HANEMATD LIETKA
BOCIPUMMYMBOCTBIO K Pa3IMIHOTO POfia BHELTHUM
BO3flelicTBUAM (TeMIiepatype, pH, ceery n T. 1. [4])
U TeM CaMbIM M3MEHATh UX KOHpOpMAIUu M3BHe.
JlaHHOE CBOIICTBO MOKET OBITH MCIIONTB30BAHO B Pas-
WYHBIX MPUTOXKEHNSIX U, B YaCTHOCTH, B afIPECHOIA
JOCTaBKe JIeKapcTs [5]. B pamkax maHHOI cTaTby Oy-
IeT IIpOBefieH KPAaTKuil 0030p MOC/IeIHNX YCIIEX0B B
paspaboTKe 1 IPUMEHEHUY MOJIEKY/IAPHBIX I[ETOK B
KavyeCcTBe HAHOKOHTEHEPOB Il Pa3lIMYHOTO poja
NIeKapCTBEHHBIX CPEJICTB.

bunocosmecTuMoCTh

[1aBHBIM TpebOBaHMEM, BBIIBUIA€MBbIM K IOJN-
MepHBIM HAHOKOHTEIHepaM, sIB/ISIETCS UX BCTpau-
BaeMOCTb B OpPTaHM3M IallieHTa ¥ Pa3jiaraeMocThb B
HeM ISl MMHUMM3AIuy 10609HbIX 9 dekToB oT Te-
pamun [6]. B cirydae Mo/IeKynApHBIX e TOK, I7ie IIeTb-
OCTOB SIB/ISIETCSI OOBIYHO TUAPOdOOHOI, a 6OKOBbIE
ey — rufgpodUIbHBIMM, Hanborree pacpoCTpaHe -
HBIMU SIBJIIIOTCSL COTIOIVIMEPHBIE IETKY Ha OCHOBE
nomnaktuga (IVIA) n monmuatunenrnukons (IT9T)

MOTEMKUH

Wropb MBanoBuy

MoCKOBCKWIA rocyfapCTBeHHbIN
yHusepcutet um. M.B. JlomoHocoBa
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[7-10]. B mocenHee BpeMs HayYHBIII MHTEPEC BbI3bI-
BAaIOT pa3BeTBJICHHBIE COMOJIMIMEPBI HA OCHOBE IOMN-
OKCa30/IMHOB — K/1acca MOIMMePOB, 00/TaIaloInX Mc-
K/TIOUUTETIbHONM OMOCOBMECTUMOCTBIO BCIENCTBIE UX
XMMIYECKOTO Mofo6ust 6enkam, u pacTBOPUMOCTD B
BOJIe KOTOPBIX MOXKET PerylInpoBaThCs MyTeM BbIOO-
pa MOHOMeEPa C 33/JaHHO¥ QYHKIIMOHATBHOM TPYIIIOi
[11-14]. B yacTHOCTH, IIETKM C OOKOBBIMU LIEMIAMU
u3 nonu-2-srtunokcasomua (II190) 6ynyt obmagats
HIVDKHEN KPUTUYECKON TEMIIEpaTypoOil pacTBOPEHMS
(HKTP), npumepno pasnoit 70°C, B To BpeMs Kak
3TO 3HayeHue OyneT B fjBa pasza MeHbUIMM (~35°C)
IS IeTOK Ha OCHOBe m3onpommaokcasonua (I110)
[12], a HKTP wmerox ¢ octoBoM n3 IO u 60KOBbI-
M teramu u3 [190 6ymeT nMeTh MPOMEXYTOYHOE
sHavenne (~40°C) [14]. Takum 06pa3om, BO3SMOXKEH
crHTe3 aM(UPWIBHBIX U BOCIPUNMMYMBBIX MOJIEKY-
JIAPHBIX LETOK, COCTOSIINX, IO CYTH, U3 COeHEHNII
OIHOTO TOMOJIOTMYECKOTO Psfa.

MCTOIH)I 3arpys3kKmn

ITo criocoby 3arpysku eKapcTB KOHTEHephbl Ha
OCHOBe MOJIEKY/ISIPHBIX IL[ETOK MOTYT OBITb pasfie-
JIeHbl Ha fIBa TUIA — (pusMUecKue U Xummdeckue. B
HEepBOM C/Iy4ae MOJIEKY/IbI JIEKAPCTBA, SABJIAIOLINECS
B GOJIBIINHCTBE CTy4aeB HEPACTBOPUMBIMY B BOJJHOII
cpefie, KOHLIEHTPUPYIOTCS B KOHTeHepe 3a CYeT I -
podOOHBIX B3aMMOJENCTBIIL. 37eCh BaKHYIO POJIb
UTpaeT apXUTEKTypa pa3BeTB/ICHHbIX MAKPOMOJIEKYTL,
IIOCKOJIBKY OHa OyfIeT OIpefeIATh KaK BMECTMMOCTD
KOHTeJHepa, TaK U er0 YCTONYMBOCTb B KPOBOTOKE
(cm. Hmke) [2, 15-17]. Bo BTOpoM ciy4yae mponcxo-
IOUT KOBAJICHTHOE CBS3bIBAaHUE MOJIEKY/ JIeKapCTB
C KOHTelTHepoM (Kak IIpaBIWIO, C OCTOBOM) HOCpeN-
CTBOM KOHBIOTAIIVN, ¥ aMPuIIbHOCTD KOHTeTHepa
He OyfieT SIB/IATbCS HeOOXOVIMOI YC/IOBYEM /IS CBsI-
3bIBaHMA. [Ipy 5TOM 4MC/IO TeKApCTBEHHBIX CPEfICTB
MOXKeT OBITb 6o7blne ogHoro. HanmpuMep, B HeaBHeit
pabore [10] 6bUTa MPOAEMOHCTPUPOBAHA BO3MOX-
HOCTh OJIHOBPEMEHHOI 3arpysku meTok IIIA-TI9T
MOJIEKy/IaMI TUAPOPOOHOr0 IMAKIMTAKCena M IUA-
podunbHOrO reMitabyHa i KOMOMHMPOBAHHO
IIPOTUBOOIIYXOJIEBOII Tepanui, 3¢(HeKTNBHOCTb KO-
TOpOIT OBUIA TIPOIXEMOHCTPUPOBaHa in vivo. Tem He
MeHee, [IMANa30H [OCTaB/sIeMbIX TaKuUM 00pasoM
JIEKapCTB SIB/ISIETCS OTPaHNYeHHBbIM. B KadecTBe ajb-
TepHATVBBI BO3MOXXEH CMEIIAHHBIN METOJ, JOCTABKI
[8], rie e TKYM C IPUBUTHIMYU MOJIEKY/IAMU OffHOTO Be-
IIIeCTBA MIOITIONAI0T MOJIEKY/Ibl BTOPOTO ¥ TeM CaMbIM
CaMOOPTaHU3YIOTCA B Be3UKY/Iy-KOHTEIIHEP.

Bnusaune APXUTEKTYPbI HA CAMOOPTaHU3 AL N0

OcHoBHBIE BB apXUTEKTYP MOJIEKY/IAPHBIX 1€~
TOK C IMHEMHBIM OCTOBOM, ITPYIMEHSAEMbIE B anpeCHoﬁ
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TOCTaBKe JIEKapCTB, IpMBefeHbl Ha puc. 1. Ilepsblit
BUJ| TTOIIMEPOB, I7ie TUAPOGUIbHbIE TOMOIIONINMED-
HbI€ L|eVl IPUBUTDI K OCTOBY C IIPOM3BOJILHOI BOJIO-
pacTBOpUMOCTBIO (puc. la), IPUMEHAETCSI B OCHOB-
HOM IIpM XVIMMYECKOIT 3arpyske. B 3aBucumoctu ot
IVIOTHOCTY TIPUIIMBKY M JUIMHBI OCTOBA 3arpy’KeH-
Hble LIeTKM OyAyT mpeTepreBath /MO0 arperanyio
[8, 10], m160 cymjecTBOBAaTh B BMJIe OAMHOYHBIX Ma-
KpoMoriekyn [16]. B mocnenHeM cmydae yBenmmueHne
JUIMHBI OCTOBA MU €T0 KECTKOCTH (11, KaK CIIefiCTBIE,
yBenmueHne acepudHoctu) OyaeT NPUBOAUTH K
YMEHbBIICHNIO BpeMeH! LMPKY/IALUYM KOHTeliHepa B
KPOBOTOKe U 6071ee OBICTPYIO PEaKIUI0 CCTEeMBI MO-
HOHYK/IeapHbIX (paroruros [16]. Taxxe Bo3MOXKHa
u ¢usuyeckas 3arpyska TOMOIOTVMEPHBIX ILETOK
PV MajIoil IVIOTHOCTY CIIVBKY, OFHAKO MOCKOJIBKY
00beMHas1 JO/Is1 OCTOBA BCErfia 3HAYNTE/IbHO MEHbIIIe
IO/ OOKOBBIX LIEIel, TO 001Ias BMECTUMOCTD TaKO-
ro KOHTelHepa OyeT MeHbllle, 4eM B CTydae COIOJIN-
MepHBIX 1eToK (puc. 1b-d).

b
T

Puc. 1. Budvt apxumexmyp eomo- (a) u cononumeprvix (b-d) monexynapHuix
wemox. Kpacrvim usemom nokasarvl 2udpodobuie 6oxosvie uenu (6710ku),
CUHUM — 2UOPOPUTLHDLE.

b
T

JI7151 pa3BeTB/ICHHBIX COIIONMMEPOB, COfEPIKAIINX
ruppodubHble U rUpodoOHbIe HOKOBBIE LIET, ar-
peranyoHHas ClIOCOOHOCTD OYeT B IIepBYIO O4epenb
3aBJCETb OT PACIONOXKEHUA TUAPO(OOHBIX IPYIIL
Il 6mounoit apxutekTypsl (puc. 1d) 6ymeT xapak-
TepHO (opMupoBaHye cHeprIecKuX MUILENT, IpK-
4eM UX YCTONYMBOCTb OymeT 6ojee BBICOKOII, 4eM
JUIA IMHEHBIX JYOTOK-CONONMMMEepPOB aHAIOTIYHO
kommosuiyn [7]. B cBoro odepenb, A IETOK C Ye-
penytoummucs 6okoBbiMu nensmu (puc. 1b) [9, 17]
VLY C LIeTSIMM B BUfie IUO/IOK-cononmumepos (puc. Ic)
[15, 18] BO3MOXKHO Cy11leCTBOBaHVEe MOHOMOJIEKYILAP-
HBIX MUIE/UT Hecepudeckoir GopMbl, A1 KOTOPBIX
arperaiyoHHas ClIoCOOHOCTD OyIeT MOfaB/IeHa laXKe
nocie GU3NIecKolt 3arpysKu IEKapCTB, YTO JOCTUTA-
eTCs IIpy OO/IBIINX J/IVHAX OCTOBA Y TUAPOMIIBHBIX
6710KOB, a TaK>Ke IPY IVIOTHOCTY IPYIINBKY, CTPeMsA-
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meiics k 100%. Mo>XHO yTBep>KAaTh, 4To 9 dexTns-
HOCTD JOCTaBKI KOHTeIfHepaMy TaKoi GopMslI OymeT
GOJIbILIEl IO CPABHEHNIO CO CePIIeCKIMI arperara-
MI 3a cueT 6orlee HAIPaBJIEHHOTO [ABVDKEHUS B KPO-
BOTOKE VI YCTOIUMBOCTY CTPYKTYPBI [1].

qYBCTBI/ITeJIbHOCTI) K BHCIITHUM BOSI{C]?'ICTBI/IHM

Croco6bl  BBICBOOOXKHEHMS]  JIEKapPCTBEHHBIX
CPefCTB M3 HAHOKOHTENHEPOB TaKKe MOApasfe-
NAI0TCA Ha QU3MdecKue U XxuMmdeckne. B mocnen-
HeM CjIy4ae KOHTeHep pas/laraeTcs IMOCPefCTBOM
rupponusa win GepMeHTanuy, 4TO ABIACTCA pe-
aKIuell Ha M3MeHEHMe CBOWICTB Cpefbl (TeMIiepa-
TYpbl WIN YpoBHA pH) mnm Ha BHelIHee BO3feil-
cTBue (Hampumep, ceetoM) [8]. IIpu atom ¢usm-
YecKoe BBICBOOOXKZEHME OyAeT OCYIIeCTBIATbCS
3a cueT Anddysunm Monekyn mekapcTB U3 obbema
KOHTeIHepa, U IIPY HaJIMYNU IYBCTBUTETTBHOCTY K
BHEIITHUM CTMMY/JIaM CKOPOCTb AUQQPy3um MoxXeT
KOHTPOJIMPOBATbCS M3BHE IyTeM M3MEHEHUs KOH-
¢dbopMaruy MONEeKyIAPHBIX 1eToK [15, 18]. 1o mo-
3BO/IUT YMEHBUINTD MOOOYHBIE 3 (PEKTHI U MOBBI-
CUTb TOYHOCTb aJpecHoil moctaBku. Kpome Toro,
IpVMMeHeHe BOCIIPUUMYMBBIX Pa3BeTBICHHBIX M0-
JIMIMEPOB JiellaeT BO3MOXKHBIM (PU3NUIECKYIO 3aTPy3-
Ky JIeKapCTB IOCPEACTBOM HernipopoOHBIX B3am-
moperictBuil. Hanpumep, B HefaBHeil pabore [18]
Obl/1a IMOKa3aHa BO3MOXKHOCTD IOI/IOIeHNs (poTo-
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tepmudeckoro arenta IR780 merkamu ¢ 60KOBBIMMI
LemnsMu U3 An6I0K-Ccomommmepa MOMMaAKPUIOBOI
Kucnotsl — nmonmuatuaeHrnnkons (ITA-IT9T) sa cyer
9NIEKTPOCTATNYECKOTO HMPUTKEHMS, a MOCTIeRYIo-
Iee BBICBOOOXK/EHNUE areHTa IPOU3BOAMIOCH IIy-
TeM HeWlTpanM3anuy 3apsDKeHHBIX TPYII IpU IHO-
BBILIEHVY YPOBH:A pH BOIN3YU OIyX0/IeBOI K/IETKIL.

3akmroueHme

MOXKHO OKMJIaTh, YTO MCCTENOBAHUA CUCTEM Ha
OCHOBE MOJIEKY/LIPHBIX I[ETOK /IS a/fPeCHON I0CTaB-
KV JIEKapCTB Oy YT aKTMBHO IPOBOAUTHCA B O/IVDKai-
e mecatunetus. Ha ceromquamHmit ieHb OCHOBHOI
YIIOp MCCIeNOBaHMII TO-TIPeKHEMY 3aKII0YaeTcs B
paspaboTKe OMOCOBMECTMMBIX U OMOpasiaraeMbix
HO/IVIMEPHBIX APXUTEKTYP, OOTANAIONUINX CUIbHBIM
OTK/IMKOM Ha BHEIIHIE BO3ECTBUA. B JaHHOM 06-
30pe ObUIM PACCMOTPEHBI I[ETKM HA OCHOBE CUHTETH-
"4ecKux mommMepoB. [ToMrnmo aToro, B oc/eHee Bpe-
MsI UJIeT aKTUBHOE Pa3BUTIE CUCTEM MOJIEKY/ISIPHBIX
LIeTOK Ha OCHOBe OMomnonumMepos [19], 4To mo3BOMUT
CYIIeCTBEHHO PaCUIMPUTh AUAIIA30H HOCTAB/IIEMBIX
JIEKAPCTBEHHBIX CPENCTB. MOXKHO HalesAThCs, 9TO (o-
KYC MCCTIEIlOBaHNIT B Ta/IbHelIIeM Oy/ieT CMelaThCst
B CTOPOHY in Vitro W in vivo 9KCIIEPUMEHTOB, YTO B
CKOPOM BpeMeHN INIpUBeeT K YCIEUIHbIM KIMHIYe-
CKVM WCIIBITAaHMSAM MOJIEKY/LSIPHBIX KOHTEIIHEPOB U
VX BHE[IPEHWIO B MEVILINHCKYIO IPAKTUKY.
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Water-Soluble Molecular Brushes as Promising
Containers for Targeted Drug Delivery
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Abstract

Molecular brushes are the class of branched polymers with high branching density. The peculiarity of the
molecular architecture provides them with a non-spherical shape in a solvent and the resistance to aggregation,
and the possibility of a wide variation of their chemical composition makes it possible to obtain macromolecules
based on water-soluble and biocompatible polymers, which, infer alia, can be sensitive to external stimuli. These
features allow to consider the molecular brushes as high-molecular compounds with high potential for application
in nanomedicine. Within the scope of this article, we give a quick review on the advances in the use of branched
polymers as molecular containers for targeted drug delivery.

Keywords: molecular brushes, water solubility, biocompatibility, susceptibility, nanomedicine, drug delivery.

* The work was financially supported by RFBR and DFG (project 20-53-12023).

Images & Tables

Fig. 1. Types of architectures of homo- (a) and copolymer (b-d) molecular
brushes. Hydrophilic side chains are shown in blue while the hydrophobic
ones are shown in red.
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IIpo6nemblI co3maHNs HelpOMBIIIeYHOTO NHTepdelica
Ha OCHOBe 371eKTpoMuorpadgum u usmMepeHunii 3MeKTpuIecKoro
MMIIeJaHCa I YIIPaB/IeHNA CHIIOMOMEHTHBIMHU ITapaMeTpaMu
peadMIUTalIOHHBIX METUIITMHCKUX YCTPOVICTB

C.J. U]yxun, FO.B. I'ynses, A.B. Kobenes, A.H. Bpuxo, .H. /lunuy,

A. Xwonvkenbepe, Y. Heo, 1II. Jleonxapom

B pa6oTte npeacTaBneHbl pe3ynbTaTbl UCCNEA0BAHUIA, HaNPaBMNeHHbIX HA Ka4eCTBEHHOE U KONMYECTBEHHOE
OnucaHne NpoLecCcoB M NapameTPOB, BANAIOLNX HA aMNANTYAHbIE U BDEMEHHbIE XapaKTePUCTUKIA aneKTpoumne-
AAHCHOI MuorpamMmbl. OnpeaeneHbl NPOLECChl N3MEHEHIUS TOMLLMH U hOpM BUONOrMYECKMX TKAHEH KOHEYHOCTH
MPN MbILLEYHOM COKpaLLieHu. NMokasaHo, YTO NPW NpUXaTM dNEKTPOAHOIA CUCTEMbI CHaYana YTOHbLLABTCS KOX-
HO->XWUPOBOIA CNOIA, 3aTeM MbILLIEYHblE TKAHW; NOMYy4eHbl 3aBUCUMOCTY 3NEKTPUYECKOro MMNejaHca B NOKOe 1 npu
MbILLIEYHOM COKPALLIEHWN OT JaBNeHus npukatus. MpueeaeHbl peynbTaTbl NANOTHLIX in-Vivo UCCNEA0BaHWIA BENU-
YWHBI 11 CTENEHN aHU30TPONUK 3NEKTPUYECKOA NPOBOANMOCTM MbilliL, B MOKOE 11 NP BbIPXKEHHOM COKpaLLEHuMN.
Moka3aHo HeCyLLLeCTBEHHOE BIIMSIHWE AbIXaHWs U NyNbCOBOTO KPOBEHAMONHEHUS Ha NPOBOANMOCTb MOKOSALLENCS

MbILULbI. YTOYHEHbI 3341 NOCeAYOLWMX NCCef0BaHWIA.

Knro4eBble coBa: afieKTpUYeCcKnii UMNeSaHc, 3fIeKTpOMIUOrpaMmma, HeMPOMBILLEYHbIA HTEPdeiC.

* Paboma evinonnena npu ghunancosoti noooepoicke PODU — DFG (npoexmut NeNe20-58-12006 u LE 817/41-1).

BBenmenne

CeropHsa o6lLeNpU3HAHO, YTO B O/mpKaitimeM Oy-
mymeM OymeT BO3pacTaTb AeUINT MEIUIVMHCKOTO
IIepPCOHa/Ia, OCYLIECTB/IAIIIET0 YXOf, 3a JIIOAbMU C
busnyeckuMM HeJOCTaTKaMy, pUYeM OCOOEHHO B
poMamHux ycnoBusax [1]. Croco6HOCTH denoBeka
IOBUTAThCA HEOOXOMMA /I BHIIIOJIHEHVS OCHOBHBIX
HIOBCE[IHEBHBIX 3a/jad, II0O9TOMY PacCTpPOVICTBA JBM-
JKEHUI 3HAYUTEIbHO CHIDKAIOT Ka4eCTBO XK13Hu. Pac-
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CTPOJCTBA IBVDKEHMII BEPXHUX KOHEYHOCTEN OCO-
OEHHO OIpaHNYMBAIOT HE3aBUCHMOCTD VM CAMOOOCITy-
xnBaHye. KomudecTBO MalMeHTOB, HYX/AIOMIMXCA
B (uU3MUeCKOI peabunnTanmy BepxHeit KOHeYHOCTH,
HOCTOSIHHO pacTeT. B cirydae HEBPOTOIMYECKMX pac-
CTPOJICTB HOJIOKUTE/IbHBI Pe3y/bTaT (HU3MIECcKOi
peabumuTanyy B 3HAYUTETBHON CTEIEHU 3aBMCUT
OT MIPOJO/DKUTENBHOCTY, MHTEHCUBHOCTI 1 II€/IeHa-
IpaBeHHOCTN 00y4yeHus [1, 2], a Takxke OT COCTOsA-
HIIA 3[I0pOBbA NAIVMEHTa, BHUMAHNA 1 ycumii [3].
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[To 9KOHOMUYECKMM NPUYMHAM TPOIOIKMU-
Te/IbHOCTD MEPBUYHOI peabUINTa Ny CTAHOBUT-
ca Bcé Kopode [4]. DT mpobneMsl ycyryoaTca B
OynymeM ¢ pOCTOM HPOJO/KUTETbHOCTY KIU3HH,
KOTOpasi COMPOBOXK/JAETCS PacnpoCTpaHeHNMeM
KaK YMEpeHHBIX, TaK ¥ TSDKEJIBIX [JBUTaTeTbHBIX
HapyUIeHNI Cpefy MOXXWIOTO HAaceleHMA M, Kak
C/Ie[ICTBYE, yBeNINYeHNeM NOTpeOHOCTN B pusn-
YeCKOW ITOMOIIN.

IIns peumenust 3tTux npobneMm paspaboTaHbI
HOAXO/BL U YCTPOIICTBA PU3UIECKON peabunnTa-
UM, TaKMe KaK OpTe3bl, PYHKIMOHA/IbHAA 9TIeK-
TpocTUMYNANUA 1 pusnoTepanud. B kinmHMIec-
KOJl NpaKTUKe UCIONIb3YITCA POOOTU3MPOBAH-
Hble YCTPOJCTBA C BO3MOXKHOCTHIO BBIIIOTHEHNA
noBTopsoIuxcsa 3agad. OfHaKo QYHKI[MOHAIb-
Hble BO3MOXXHOCTY 3TUX YCTPOVICTB OTpaHUYEHBI
Ipefie/TbHBIMY BO3MOXKHOCTAMU CYIeCTBYIOIUX
CerofHs CHOCOOOB OMOHMYECKOTO YIIpPaBICHNS
[5].

[Tpn paspaboTke 610- MM HeilpoyHpasise-
MBIX OMOTEXHIYECKIX CUCTEM BaXKHO OIIPEIEeTNUTD
crioco6sl u 6no¢pusNYecKre IPUHLNIIBI TONTyYe-
HMSA MHPOpPMALMU O COBepIIaeMOM JIBUIKEHUU,
KOTOpBbIe JJOJ>KHBI IIO3BOJISATh YMUCTIEHHO OLleHUTD
CUJIOMOMEHTHbIE XapaKTePUCTUKU IBVOKEHUS
[6]. B 9TOM cMBIC/IE aKTyaIbHOI IPOOIEMOIt SB-
NSIeTCA MCCIefloBaHMe HOBBIX IIyTell ¥ MeTOMOB
aHTPOIIOMOP(HOTO OMOHMYECKOTO YIIpPaBICHNS
peabMINTalMOHHBIMY MeJUIVHCKNMY YCTPOI-
CTBaMN.

Cerogaa B mnpo¢eccHOHaTbHOM HAyYHOM
cooburecTBe CIOXMUIOCH O0OOCHOBAHHOE IMOHM-
MaHHe, YTO MICKJIIOYUTETbHO HAaKOXKHBIMU 3JI€K-
TpoMuorpadmuuecKuMy M3MEepPEeHUsIMU [OCTUYb
Ka4yeCTBEHHOTO HOBOTO YPOBHA OLIEHK!U CUIOMO-
MEHTHBIX XapaKTepPUCTUK ABVKEHUs, K COXaje-
HIIO, IOKA He yHaeTcs, I03TOMY, B JOIIOTHEHIE
K 97IeKTpOMUOTpaduu U caMOCTOSATENbHO, UCCIIe-
AYIOTCA MHBIEe (PU3MYIECKUe METOAbl M3MepeHMUIl
MBIIIEYHO aKTUBHOCTU. K TaKOBBIM ceromHs B
IepBYI0 OYepefib OTHOCATCA: MeXaHOMMOrpadus;
akcenepomuorpadus; onTudecKas, yIbTpa3ByKo-
Basl M 9JIEKTPOUMIIeaHCHass Muorpadus.

MeTomoM, KOTOPBIl MOTEHIManbHO Oosee
YCTOMYNB K MIMPOKOMY CIEKTPYy IIOMeX, BKJIIO-
YAMMX BO3MYIIEHNS INPUINTEKTPOLHBIX 0O6ma-
CTeN, SBJISAETCA METON 3NeKTPOVMIIELAaHCHOM
muorpaduu (SVIM). Mertonguka HpUMeEHEHUS
OCHOBaHAa Ha M3MEPEHMU INEKTPUYECKOTO UM-
IeflaHca MBILIL, KOTOPble IPOUCXOIAT BO BpeMs
MBIIIEYHBIX COKPAI[eHNII, COBMECTHO C CUTHATIOM
anekTpomuorpamMmsl (9MI). IIpu aTom Hay4uHBIE
M Hay4HO-TEXHUYECKMe OCHOBBI MeTofa IVIM
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KaK IIpy OOHOKaHa/JIbHbBIX, TaK M IIpM MHOIOKa-
Ha/TbHBIX M3MEPEHNUAX MMIIefaHca pa3paboTaHbl
crmabo.

Ilenpo coBMecTHBIX ucciaemoBanuin MITY
nmenn H.D. baymana n PeiHcko-Bectdanbcko-
ro texHmyeckoro yHusepcurera Axena (RWTH
Aachen University, Germany) B paMKax IpOeK-
ToB POV - DFG NeNe 20-58-12006 u LE 817/41-
1 aBnsieTCs pa3paboTKa HAYYHBIX OCHOB U MCCIe-
NOBaHME KIKOYEBbIX XapPpaKTEPUCTUK TEXHOJIOTUN
MHOTOKAaHA/IbHOI 3/I€KTPOMMIIEJaHCHO MIO-
rpa¢pun [ aHTPONOMOP(PHOTO OGMOHUYECKOTO
YIIpaBJI€HNA.

B maHHOII cTaTbe NMpUBEEHBl pe3yIbTAThI MC-
C/I€JOBAaHNII IIEPBOTO IOfia TPEX/JIETHETO POCCUII-
CKO-TEePMAHCKOTO IPOEKTa, OIpefe/eHbl ITaHBI
IIOC/IE YOI UX UCCIe0OBaHMIA.

MaTepmaan " METOIbI

Memo0 snexmpoumnedancHoii muozpaduu

Ousndeckast CyMIHOCTb MeTOHA 3/IeKTPOVMIIe-
IaHCHON Muorpaduu COCTOUT B TOM, YTO Ha IOBEPX-
HOCTb 00/IaCTY MCCTIeIOBAHNSA YCTaHABIMBACTCS CH-
CTeMa TOKOBBIX U I3MEPUTENbHBIX 3/IeKTPO/I0B. Me-
KTy TOKOBBIMU 3/IeKTPOFAMI IIPOIYCKAIOT BBICOKO-
YaCTOTHDBIV 30HAMPYIOLIUI TOK HU3KOM MHTEHCHB-
HOCTH U, TIOJTy4asi CUTHAJI OT M3MEePUTETbHBIX 37IeK-
TPOLOB, PErMCTPUPYIOT BO3HUKAILIYIO Pa3HOCTD
9NIeKTPUYECKNX ITOTeHIANoB (puc. 1). VIsmepsemble
3HAUEHNA 3JeKTPUYECKOT0 MMIeJaHCa HeCyT WH-
dbopmanmio 06 snekTpodusnIECcKnX, 6roMexaHmde-
CKUX U VHBIX MPOLIECCaX, CBSI3aHHBIX C MbIIIEYHBIM
COKpallleHNeM U JIBVDKEeHMEM KOHEYHOCTH.

Hsmepsemoe
HanpskeHie

SOHMMPYIOMIHIT TOK

Puc. 1. Konuenyus usmepenusi nekmpuueckozo umneoarca [7].

[IpoBemeHHBle paHee WUCCAELOBAaHUS IIOKa-
3a/lM BO3MOXXHOCTb IOTy4YeHUs MHPoOpManun
O CTeNeHY COKpallleHUs MbIINbl [8] u mpume-
HeHMsI [JaHHOTO MeTOja IIpYU peuleHMy 3amad
O6noHnyeckoro ympasiaerusa [7-11]. OcHOBHBIM
HpeVMYyILIeCTBOM ABAAETCA TOT (PAaKT, 4YTO CHUT-
HaJI 97eKTPUYeCKOT0 MMIIeJaHCa MOJYINPOBAH
4acTOTON 30HAMPYIOLIETO TOKa, ropasgo Oonee
BBICOKOJI IO CPABHEHMUIO C 3JIEKTPOMArHUTHBIMHI
HaBOJIKaM!, YTO YIpoIlaeT ero Beigenenue [11]

(puc. 2).
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Puc. 2. [Tpunyun pezucmpavuu cuenana SVIM [8].

Hccneoosanue mexanusmos @opmuposanus
CUZHATI06 3TeKMPOUMNeOaHcHoti Mmuozpaduu

Buonormdeckyie TKaH/ KOHEYHOCTET! IIPEICTaB/IeHbI:
KO>KHO-)XVIPOBBIM C/I0€M; MBIIIIIAMYI C CYXO>KWIVAMMU U
daciysIMy; MATKMMY, B OCHOBHOM COEVIHUTE/TbHBIMI,
TKAHAM; KPOBEHOCHBIMM COCYIaMV; KOCTHBIMY TKaHSI-
MIf; KOCTHBIM MO3TOM. DTV TKaH! VIMEIOT CYII|eCTBEHHO
Ppas/IyaroLyiecs yieIbHble COPOTHBIIEHNSA B MAIIa30-
He 4acTOT 30H/JVPYIOIIETo TOKa, KaK IPaBWIo, OT 50 /10
100 xIi1. B mpoliecce MBILIIEYHOTO COKpAIlleHNA IPONC-
XOZIUT yBe/TVYeHNe MOIePeYHOr0 CeYeHVIs MbIIIIBI, U3-
MeHsIeTCs TyOMHa VI TTOJIOXKeHYie IPOEKIVI MBIIIIIbI Ha
TIOBEPXHOCTb KOXXHBIX IIOKPOBOB, IZie PacIOJIaraloTcs
97IeKTPOJIHBIE CUCTEMBI JIS1 M3MePEHNs SIEKTPIIeCKO-
TO VIMIIE[JAHCA, VIBMEHSETCS B3aVIMOIIO/IOKEHE MBIIII-
bl U OKpY>Karoux 6moTkaHeil. Kpome Toro, ckenmer-
HbIe MBIIIIIbI 00/1a/Ial0T aHN30TPOIVET! HIEKTPUIECKON
IPOBOAYIMOCTH B TIOKOE 11 IIPYI COKPAIIIeHVIN.

KoxHo-K1poBOit
caoit (1)

Msrkas TKasb (2)

[T} ®

TR ]

ws w

[ w0

BennumHa 37€KTPMYECKOTO MMIIE[IAHCA, M3Me-
PAEMOT0 C IOMOIIBIO TETPATIO/APHBIX 7IEKTPOIHBIX
CUCTEM, paco/araeéMbIX Ha MOBEPXHOCTU KOXKHBIX
HOKPOBOB B 00/1aCTV TPOEKIVY MBIIIL], ¥ €TO M3-
MeHeHNe TPV COKpalleHNM/paccaabimeHny MbIIIIbI
3aBMUCAT OT BCeX BbILIENEepPeuNCIeHHbIX IIpoliec-
COB M3MEHEHMS B3aVIMHOTO PAaCIONIOKEHMS «3JIeK-
TPOJ, — MBIIIIIa», a TaKKe OT (GOPMBI, pa3MepoB I
YAETbHOTO 37IEKTPUYECKOTO CONPOTUBIEHUSA OKpY-
JKAOIIVX TKaHel M KOXKHO-XMPOBOTo crnoA (puc. 3).
Kpome Toro, yromieHne Tefa MbIIIIIBI TPUBOJUT K
YTOHBUIEHUIO CYXOXXWINI, YTO TaK>Ke IMPUBOAUT K
MI3MEHEHMIO pacIpefieNieHNsl INIOTHOCTU TOKa B 00-
TacTH 30HAVpoBaHNA. Pazobparbcs B 3TUX Ipoliec-
cax BO3MOXKHO, MCIIO/Ib3Ysl MHOTOKAaHa/IbHbIE M3Me-
peHusA aneKTpuueckoro uminesnanca u OMI, a taxke
MeTofibl yIbTpasBYKoBbIX (Y3V) mccnemoBanmit un
MarHuTOpe3oHaHCHyI0 Tomorpaduio (MPT).

/
P 2 a

d

Puc. 3. Mexanusmvt gopmuposanus cuenanos IVIM: usmenenue yoenvHozo conpomueneHus moiuy, (a), mopdonozuu msexoit mxanu (b), monujunot

KONHO-2HUPOB020 €705 (C), CUMLL NPUNCAMUS I/IeKMPOOHOIL cucmembl (d).
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ITpoBenennsle Hamu MPT-uccnegoBanms moxa-
3am (puc. 4), 9TO COKpallleHue MBI IPUBOJNUT
K CYIIeCTBEHHBIM M3MEHEHVSAM M300pa>keHui Kak
COOCTBEHHO MBIIIIL], TAK U CEYeHsI CeTMEHTa KOHeY-
HOCT B I1€7I0M, KOHTYP CTAaHOBMJICS 60Iee /UIUIICO-
upHbIM. C MCIONTb30BaHMEM CPefcTB rpaduyeckoii
OLIEHKM KOHTYPHBIX [IapaMeTPOB I10 N300 paKeHNsIM
BepXHeEI TpeTHU NPeAIIeYbs ONpeNeNeH0 yTOHYEeHNe
KO>KHO->XVPOBOTO /104 IO BCell IUIOWAA IIPU fel-
CTBMAX B cpefHeM npumepHo 20%.

Huuamuyeckue Y3V nokasanu, 4TO NpYU BBIION-
HEHNM JEJICTBUII IPOMCXOOUT KOMIUIEKCHOE W3-
MeHeHNe (pOpMBI KOHTYpa TPYIIIbI MBI (puc. 5).

a

o RFBR JOURNAL

AHanu3 1oBeyieHN A TOBEPXHOCTHBIX MBI (puc. 6a)
JIOITyCKaeT BO3MOXKHOCTD IIPYIMEHEHNSI TOPU3OHTA/Ib-
HO-CTIOUCTBIX Mofesneil GopMUpOBaHUS 3TIEKTPOUM-
MeJaHCHBIX CUTHAMOB (IIpyM HeOONbIIMX pasMepax
INMEKTPOJHBIX CUCTEM IO CPABHEHUIO C XapaKTePHBIM
pasMepoM Mpenryiedbsi) MO0 CIOUCTBIX LVTMH/PU-
YeCKUX MOJIeTIelt, TPeICTaBIeHHBIX KO>KHO-KIPOBBIM
croeM 1 MArKuMK TKaHsamu. Kpome rtoro, mccneno-
BaHUs IIOKA3a/IM, YTO MPY ONPeeIeHNN PacIIoNoXKe-
HVA 37IEKTPOJHON CHICTEMBI OTHOCUTEILHO aKTMBHOI
MBIIIIBI HEOOXOAMMO YUYMUTBIBATh IPOROIbLHOE CMe-
LIeHJe LIeHTpa Te/la MBIIIIBI OTHOCUTEIbHO 9JIeK-
TPOZHOII CHCTEMBI IIpU coKpateHnu (puc. 6b).

b

Puc. 4. Msmenenue mopdonozuu cpe3a sepxmeti mpemu npeonnevvs: Puonermosvlii KOHMYyp — O/ COCHOTHUS NOKOS, KPACHBLLL KOHMYP — npu Oeticmeuu

(a - ceubanue, b - paseubanue).

Paszrubanne

Mseimmia Xup Koxka

b

CTﬂI[]lH MBIHICYHOI'O
COKpalNICeHHA

Teno - :

MBbINIIBI

Cyxoxnanne

IIpoexknns neHTpa
Tejla MBINNLI

Puc. 6. ITpodonvHoe cmeujerie yeHmpa mena Moluiy-paseubamerneti npu evinonHeHuu 0eticmeus 001acmvio 6epxHeil mpemu npeonneHvs.
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Ha ocHOBe IIpOBe/IeHHBIX MICC/IEOBAHIAI, CBA3AHHBIX
C OLIEHKOI MOP(OIOrMYeCKIX M3MeHeHNMIl IPeIUIedbs
nocpencTBoM auHammdeckux Y3V n MPT-nso6paxe-
HIIL, YCTAHOBJICHO, YTO TO/IIITHA KOKHO-XKIPOBOTO C/I0ST
YMEHDIIIAeTCsl B MPOLIeCCe COKpallieHnst Mpimipl. Eire
OJIHOI IIPUYMHOI YTOHBIIEHNS KOKHO-)KIPOBOTO C/I0S
AB/LAIOTCA flepOpMaLV  TKAHel, BO3HMKAIOLIVE IpH
uKcaLyy 37MeKTPOIHOI CUCTEMBI Ha KOXKe M COKpalLje-
sy M. C e/Iblo MCCTIETOBaHIS STUX IIPOLIECCOB B
HpoeKTe ObUI pa3pabOTaH CrielyaIbHbI CTeHf (puc. 7).

B pesynbrarte ynpTpasByKOBBIX MCCIEIOBAHUIL C
IpVBJIeYeHEM OOPOBO/IDbIIEB YCTAHOBIEHO, YTO C

a

OnTireckuii JHK0Iep
nepesMemennii
(o ocn Z)
Jlarsnkn civisl
(mo ocn Z)

Baok ynpasienna
MArOBLIMH JBHTATETAMH

Kpenex crcreMs
JaTHHEOB

Deutsche
Forschungsgemeinschaft

UFG

RUSSIAN FOUNDATION
FOR BASIC RESEARCH

IPIDKATUEM YTOHYAETCs KOXXHO->KMPOBOI C/IOi U
U3MEHSIOTC MOP(OIOrMdYecKie apaMeTpbl MbIIIIL]
KaK B [IOKO€, TaK U 1pu cokpamennn (puc. 8). [Ipn-
Mepbl 9KCIIepUMMEHTA/NbHBIX JJaHHBIX M3MEHEeHMUs
TOJIYH KO)XHO-XXIPOBOTO U MBIIIEYHOTO C/IO€B MC-
IBITYEeMOTO IIPEICTaB/IeHbI Ha puc. 9.
OKCIepUMeHTAIbHO YCTAHOBJIEHO, YTO IIPU peasin-
3alMy TIPYDKATHA CHAaYajIa YTOHYAETCsl KOKHO-XKIPO-
BOJI CJIOM, IIPMYEM Ha4dyHasA C OIPEJE/IEeHHOTO 3Hade-
HMsL CUJIbI/[JAB/IEHNs TIPVDKATHSL STIEKTPOIHOI CHUCTe-
MbI YTOHYEHe BBIXOAMT Ha IIATO, II0CTIE Yero HauyHa-
0T YyTOHYAThCS IIPEVMYIIIECTBEHHO MbIIICYHbIE TKAHIL.

Puc. 7. Cmeno npuxcamus (a), ycmpoiicmeo npeobpazosanust cuenana (b), snexmpooHas cucmema 015 pe2ucmpanuil S1eKmpuvecKozo umnedanca u

IMI ¢ mexcanexmpoovim paccmosiiuem 10 mm (c).

anpdocg e
: .

~0.0MM

A= 2.5MM

Puc.8. IIpumep pesynvmarmos Y3V na cmende npusicarmus: 6e3 npuscamust 6 nokoe (a), 6e3 npuscamust npu paseubaruu (b), ¢ npedenvrvim npusicamuem 6 nokoe (c).

a
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Tr
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5 10 15 20
IMepemerenne Y3-natuuka no ocH Z, MM

Chna npikarns Y3-narunka, gaH

o
=i
|
o
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Puc. 9. 3asucumocmo usmeHeHust MONULUH KOHHO-IKUPOBO20 U MbIULEHHO20 C/10€6 NpU npudcamuu damuuxa ([1) U 3a8UCUMOCMb CUTTbL NPUNAMUS O

nepemeuyerus (b).
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Puc. 10. 3asucumocmo sneKmpu1ecKo20 UmMnedanca om NPUNAMUS 71K mpoOHOL CUCmeMmbl.

=}
1

[puxarue,
MM
-

<
S 8=
= % S 1F
o s X
= 0
= 0 5
200
c s C:xaTHe 3CIaHIepa
o ke / (HKHHH KaHAI)
50 | ‘_'\_‘J'\-\_,.‘Jx . |
0 5 10 15 20 25 320
Bpewms, ¢

Puc. 11. dxcnepumenmanvhvie 0anHble UCCTIE008AHUSL BTUSHUL NPUNAIMUS ITIEKMPOOHOLL CUCMeEMbL HA CUeHANIbL IeKmpueckozo umnedarca (V) npu
UUKTUHECKOM CHAMUY KUCTNEeB020 ICNAHOepa. DNeKMPoOHAs CUCIEMA «HUNCHE20 KAHANA» PACNONAANIACy Y JIOKIMS 8 NPOEKUUIX Mbludy, — czubamerneti

Kucmu.

AHanus pe3yabTaTOB I10Ka3aJjl, YTO ONTYMA/IbHAA
C TOYKM 3PEHMA HAJEXHOCTU U BOCIPOM3BONMMO-
CTU 3/IEKTPOMMIIEAHCHBIX CUTHAIOB CU/IA IIPVKa-
TUs, KaK IIPaBIUJIO, HAXOAUTCA B fuamnasoHe oT 0.2 1o
0.4 maH, 4TO COOTBETCTBOBANIO YPOBHAM JlaB/IEHNA
1071 371eKTpOoRHON cuctemoit ot 20 mo 40 MM pT. CT.
(puc. 10, 11). VI3aMeHeHUe 9/IeKTPUIECKOTO VIMIIEIaH-
ca IIpY BBIIOIHEHMM JEVICTBUA MOXKET MEHATh CBOE
HaIlpaBJIeHMe B 3aBUCUMOCTM OT CHJ/IbI IPYOKATUA
3NIEKTPOAHON cucTeMbl. [Ipy ypesMepHOM IprKa-
TU KOXXHO-XKMPOBOJ CJION IPEKPALIAET YTOHYATh-
csA BO BpeMsA [ENCTBUSA, T€M CaMbIM IlepecTaBas
OKa3bIBaThb Ipeob/Iaaoliee BAMAHNE Ha U3MEHEHVe
3JIEKTPUYECKOro MMIleflaHca. B aToM cinydae mocrnep-
Hee MOXKeT OBbITb CBA3aHO CO BTOPBIM (PaKTOPOM —
VI3MEHEHUEM YIeIbHOIO COIPOTMB/IEHNA MbIIIL],

VccnemoBannsa xapakTepa M3MEHEHMA IIPOJIO/b-
HOTO YZE/IbHOTO CONPOTUB/IEHN MBILIIbI B IIPOLEC-
ce ee COKpallleHMA ITOKasalu, 4TO MHTepIpeTanusa
pe3y/IbTaToB OT/IMYAETCS B 3aBMCHMOCTH OT 00/1acTH
PacIIoNOXeHMs MEKTPONHBIX cucTeM. Vismepenus B
IIPOEKLMM LIEHTPA Tea MBILIIbI ITOKa3bIBaIOT, YTO
YHENbHOE CONPOTUBJIEH)E MBIIIIbI B IIPOJOIBHOM
HaIpaBJIeHN! YBEIMIMBAETCA Ha BEIMYMHY ITOPASKa
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0.03 Om-m. OfHAKO yTO/MIIIeHNe Tela MBIIIIBI TPUBO-
IVUT K YTOHBIIEHNIO CYXOXXWJINIA, IEPEMELIEHNIO BHe-
KJIETOYHOJ >KUIKOCTI ¥ KPOBM B 00/IACTY C MEHBIIVIM
TKAHEBBIM JIaBJIEHNEM, YTO IIPOABIAETCA KaK YMEHb-
IIeHNe Y/eNbHOTO COIPOTUB/IEHNS B 9TUX O0/IacTAX
Ha BEJIMYMHBI TOTO K€ MOPAIKa.

VsmepenHoe in-vivo IpOJo0NbHOE 3JIEKTPUYECKOe
CONIpOTMBJIeHNE MblieuyHOV TKanu (1.40-1.53 Om-M)
0Ka3aJI0Chb CPaBHMMO C JJAHHBIMMU JIUTEPATYPHI, I10-
JTyYEHHBIMI Ha BBIJIEJIEHHBIX TKaHAX (o1 1.7 mo 2.5
Owm-M [12]). VI3MeHeHMS yHETBHOTO COIPOTUBIIEHNS
MBIIIEYHONM TKAaHM B OOJIACTM Tejla MBILIIBI U [IVC-
TaIbHOM/IIPOKCYMA/IBHOM KOHIIAX OTINYA/INUCh II0
3HaKy, IpyyYeM B O0JIACTY Tela MBILIIBI YelbHOE
CONPOTUBJIEHNE, KaK M OXXWUJATIO0Ch, YBE/INYNBAET-
4, a B AUCTAJIbHOM/IIPOKCYMAa/IbHOM — YMEHbIITaeT-
cA. OKCIIepMMEHThI MOKa3ajIu, 4TO He3aBUCUMO OT
pacnonoXeHusa 3NeKTPOJHBIX CUCTEM IIPOJOIbHOE
yIe/NIbHOE CONPOTHBIIEHNME [0 MOAYII MEHAETCA
oMHaKoBO (Ha Benm4yuHy nopsajka 0.03 Owm:-M), 4TO,
BEPOATHO, CBA3aHO MIMEHHO C MbIIIEYHbIM COKpalle-
HIUEM.

B o6macTy aucTanpHBIX U NMPOKCUMATbHBIX OT-
JEZI0B MBILILBI IPOJOTIbHOE M IOIEPEYHOE YHENb-
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HOE CONPOTHB/IEHME YMEHBUIAETCSA, IIPU ITOM CTe-
IIEHb AaHN3O0TPOINN I10 IOCTOSAHHOV COCTAB/IAIOIIEN
YIEIbHOTO COTPOTYUBIEHN COCTABIIAET
P33T oy,
p 149
a TI0 TepeMeHHO COCTaB/IAONLIe ¥ IPY MHTEHCUB-
HOM MBIILIEYHOM COKpallleHUN
22 957 19y,
ap, 0.03
Taxoe pasnnuye B aHM30TPONMM B IIOKOE€ U IIPU
COKpAIL[eHUV MOYXKeT OBITh CBSI3aHO C B/IMAHVEM KOXXI
U TIOJKOXKHO-)KMPOBOII K/IeTYaTKU. B aHa/mormyHbIx
VICCTIeNIOBAHMAX in-Vivo KOAQPUIMEHT aHN30TPOINI
B rmoKoe He mipesbitian 2.0 [12]. OgHako mpu uccneno-
BaHMM BBIJE/ICHHON MBIIIIBI KO(QPUIMEHT aHU30-
Tpormu BospacTtai o 15.3 [13]. B namem cnyvae s
MIepeMEHHOJ COCTABJIAOIIEN YIeMbHOIO CONPOTUB-
nenysa oH coctaBw1 19.0. Takum o6paszom, koxa 1
MOJKOYKHO-KIPOBas KJeTyaTKa He OKa3bIBalOT BIINA-
HIIS Ha Pe3y/IbTaT M3MepeHus Koo uIyeHTa aHu3o-
TpONMM IPOBOSVIMOCTY COKPAIIAOILENICS MBIIIIIBL.
VhembHOe CONPOTMB/IEHME MBbIIIEYHbIX TKaHE U
KOXKHO-XKIMPOBOTO CJIOS TAKOKe 3aBUCUT OT X KPOBOOO-
pallleHNs, KOTOpOe CBA3aHO € IIapaMeTpaMI JbIXaH. B
pesy/ibTate IpOBeIeHHBIX UCC/IENOBAHNI OBIIO YCTAaHOB-
JIEHO, YTO M3MEHEHN YHETbHOTO COIPOTUB/IEHNS KOX-
HO-)KMPOBOTO CIOS ¥ MBIIIIBI B CBA3M C MI3MEHEHVAMI
KPOBEHAIO/THEHNA cocTaB/IAIoT nopsaka 0.001 OmM, B
CBA3M C JipIxaHyeM — okorno 0.010 Om:M (puc. 12).

O6cyxpmeHne

HOTIY‘ICHHI)IC PE3Yy/IbTaTbl OLEHKN B/IVIAAHNA KOXKI U
HO,[LKO)KHO-)K]/IPOBOﬁ KJIE€TYaTKNM Ha ITapaMETPbl 3JI€K-
TPOUMMIIENAHCHDBIX CUTHAJIOB KaK B IIOKO€, TaK U IIpN
COKpalllEeHVM MBbIIIIT ITO3BOJIAI0OT COBEPIIEHHO II0-HO-
BOMY pacCMaTpuBaTb I.H]/IpOKI/IﬁI CIIEKTPp HEMHBA3VBHbBIX
U 6GECKOHTAKTHBIX SHCKTPO(i)I/ISI/I‘{eCKI/[X MSMepeHI/Iﬁ.
B YaCTHOCTH, €C/IM paHee YKOPEHW/IOCh MHEHNE, 9TO
KO)KHO—S}ICKTPOHHBII?I VIMIIETAHC MOJKET CYIIECTBEHHO

DFG Deutsche
Forschungsgemeinschaft

RUSSIAN FOUNDATION
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MEHATBCA MIPU MIPYDKATUM 7IEKTPOJOB U 3TO, B OCHOB-
HOM, OIMCBHIBAZIOCh B TEPMIMHAX M3MEHEHMA VIOHHO
arMoc(epbl B KOXe, TO Tellepb MOKHO YTBEP)KIATb,
4TO MMEIOTCA M ApYyTue, IpudeM He 37leKTpodusmdec-
Kie, a OuoMexaHydeckue ¥ (UIMOIOrMYecKre Ipo-
LIECCHI, POTIb KOTOPBIX CYLIECTBEHHA, HO PaHee He aHa-
TM3VPOBasach. K TakoBbIM, Ha HaIll B3IJIAL, OTHOCATCA
crenyromye mnpoueccel. IIpy mpiokatum snekTpopa
IIPOMCXOIUT YTOHBLIEHNE C/IOS1 TIOTKOXKHO-KMPOBOI
KJIETYATKYL, IPUYeM IIpY CAAB/IMBAHUY OHA IIPU HEOO/Ib-
LIMX JaBJIEHVSX BelleT ce0si Kak TreneoOpasHoe Tero,
He cosflaBasd MEXaHMYECKUX HAIpsDKEHMIT: IIPU STOM
COOCTBEHHO KOXKa PacTAIMBAETCS ¥, HAYMHASL C OIIpe-
JIe/IEHHBIX YPOBHEN IedopMaiyi, CO3TaeT MeXaHIde-
CKMe HaIpsDKeHV:, MPVBOIALNME K BO3HMKHOBEHMIO
CVIBI TIPOTMBOJENCTBYA NPYDKVMAIOILEMY STIEKTPORY.
Kpaitae nnTepeceH 1 TOT (axT, YTO NOTyIeHHBII [ya-
NIA30H ONTMMAJIbHBIX JaB/IeHMin npyokatua or 20 mo
40 MM PT. CT. 6/IM30K K YPOBHSIM JJaB/IeHVIsI B BEHY/IaX 1
apTeproax, OFHAKO €C/IY apTepPHOTIbl OKPY>KEHBI ITIajl-
KOMBIIIIEYHOV 000/I0OYKOI 1 SABIIIIOTCS O0/Iee KeCTKU-
MU KOHCTPYKIVAAMM, 9€M BEHYTIbI, TO MOCTIEHHME JIETKO
MEHSIOT CBOJ 00beM, YTO IPUBOAUT K BBIJAB/IBAHNIO
BEHO3HOII KPOBH, /IMM(BI U BHEKJIETOYHOI >KUKOCTI
Y3 OKATBIX 00/TaCTel! B IIOJIKOXKHO-KMPOBYIO K/IETYATKY.
Ecnmu mpyt sTOM y4IMTBIBaTh pasBUTYIO CETb apTepyab-
HBIX /1 BEHO3HBIX COCY/IOB I TOT (DAKT, YTO 06'beM KPOBI
B BEHO3HOM pycrie B 7-10 pa3 mpeBblllIaeT aHaIorny-
HBIL /I apTepUaIbHbIX COCYZIOB, TO CTAHOBUTCA OYe-
BUJJHBIM, YTO VI3MEHEHNe COCTaBa OVOTIOTIYeCKIX Cpeft
IIpM KOHTAKTE «397IEKTPOT, — KOXKa» He OTPaHNYMBAETCSA
upesaMu (popMIPOBAHIIA JBOIHOTO /1051, KaK B TEOPYIN
PaBHOBECHBIX CBOVICTB 971eKTponToB [lebas — XiokKe-
ns1 [14]. Kpome Toro, dncieHHas orjeHKa BIIVISTHUS JIbl-
XaHVA U ITy/IbCOBOTO KPOBEHATIOTHEHNIA TKaHell KOHeY-
HOCTY Ha yfIeTbHOE CONPOTHB/ICHNE MBIIIIIBI II0Ka3arIa,
YTO BKJIaJ, 9TUX IIPOLIECCOB He CYILECTBEHEH VM MHOTHE
TEOPETU3NPOBAHHbBIE PACCY>KIEHNA Ha 3Ty TeMy 9KCIIe-
PUMEHTa/IbHO He 0O0CHOBAHBI.

6118 ma'm p [8 x 24 mm]
6 116 m'm
6 114 m2'm
6112 m'm

6110 mQ'm =,

Mynecosele konebaHuA

25 mmfc

6 108 ma'm / \ /
[bixaTensHan sonHa

106 mg
/
6 104 m'm

6102 mQ'm

A

6 100 m&'m

Puc. 12. VsmeneHue yaemmozo CONpoOmusneHust yuacmka npebnne%ﬂ 8 C843U C KDOBeHANONHeHUeM U ObLxaHueM.
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Puc. 14. IIpoyecc napamempusayuu KOHeUHO-37IEMEHIMHOLL MOOE/IU MbIUEUHO20 COKPAULEHUL.

3akiaroueHne

IToryueHHBIe pe3y/IbTaThl OLIEHKI M3MEeHEHNS IIPO-
BOZIVIMOCTY MBIIIEYHbIX TKaHEl IIPU UX COKpallleHN
B YCTIOBMAX >KMBOTO OpraHmsMa (in-vivo) moka Tpya-
HO Ha3BaTh HA/I©KHBIMY, OJHAKO CTAJI0 IIOHATHO,
Ha Kak1e 0COOEHHOCTU M3MepeHNiT Halo 06paTuThb
BHMMaHNe B nocnegyomeM. Kpome Ttoro, 4mcnen-
HbIe OLICHKY YIe/IbHOTO /IEKTPUYECKOTO COMPOTIB-
neHys (IpeuMYIeCTBEHHO IPOOIbHOTO) >KUBBIX
MBIIII] [OKa3bIBAIOT, YTO CYILIECTBEHHOI HOJIe JIN-
TepPaTYPHBIX JAaHHBIX, OTHOCSIIVXCA K IPOBOAVIMO-
CTM MaTepyasa MBILIIEYHBIX TKaHell — VIMEHHO TaK
KOPPEKTHO Has3bIBaTh JaHHbIE /IS BBIJETIEHHBIX U
[ICHepBUPOBAHHBIX OMOTIOTMYECKUX TKaHel — J0-
BepATh IPU MOJENMPOBAHMY IIPOLIECCOB B SKMBOII
MBIIIIIIe He TIPUXOAUTCA.

B nepByio odepesb 9TM HalpaBIeHUA UCCIETO-
BaHMII IUIAHUPYETCs YITTYyOUTDb, PaCIIMPUTD U CU-
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The paper presents the results of studies aimed at the qualitative and quantitative description of the processes

and parameters that affect the amplitude and time characteristics of the electrical impedance myogram. The
processes of changes in the thickness and shape of biological tissues of the limb during muscle contraction have
been determined. It is shown that when the electrode system is pressed, the skin-fat layer is first thinned, then the
muscle tissues; the dependences of the electrical impedance at rest and during muscle contraction on the pressing
pressure are obtained. The results of in-vivo pilot studies of the magnitude and degree of anisotropy of the electrical
conductivity of muscles at rest and with pronounced contraction are presented. An insignificant effect of respiration
and pulse blood filling on the conductivity of the resting muscle was shown. The tasks of further research have
been clarified.
Keywords: electric impedance, SEMG, neuromuscular interface.
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Fig. 1. Electrical impedance measurement [7].
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Fig. 2. The principle of registration of the EIM signal [8].
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Fig. 3. EIM signal formation mechanisms: changes in muscle resistivity (a), soft tissue morphology (b), thickness of the skin-fat layer (c), pressing force of
the electrode system (d).

Soft tissue (2)

ta il

N 1-2 (109-110) January—June 2021  DOI: 10.22204/2410-4639-2021-109-110-01-02-112-125 121




BECTHHK Pl L

RUSSIAN FOUNDATION Deutsche
FOR BASIC RESEARCH D G
I Forschungsgemeinschaft
RFBR e

Fig. 4. Change in the morphology of the upper third of the forearm: purple contour — for the state of rest, red contour — during action (a - flexion,
b - extension).
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Fig. 5. Transverse ultrasound of the upper third of the forearm of the extensor muscles during relaxation (a) and extension (b).
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Fig. 6. Longitudinal displacement of the center of the body of the extensor muscles when performing the action of the upper third of the forearm.
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Fig. 7. Pressing stand (a), signal conversion device (b), electrode system for recording electrical impedance and EMG with an interelectrode distance of 10

mm (c).
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Fig. 8. An example of the results of ultrasound studies on the pressing bench: without pressing at rest (a), without pressing during extension (b), with extreme

pressing at rest (c).
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Fig. 11. Experimental data of the study of the effect of pressing the electrode system on the electrical impedance signals during cyclic compression of the wrist
expander. The electrode system of the “lower channel” was located at the elbow in the projections of the flexor muscles of the hand.
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Fig. 12. Change in the resistivity of the forearm area due to blood filling and respiration.

124

DOI: 10.22204/2410-4639-2021-109-110-01-02-112-125

Forschungsgemeinschaft

No 1-2 (109-110) aHBapb—utoHb 2021 T.



oF

Deutsche RUSSIAN FOUNDATION
FOR BASIC RESEARCH

Forschungsgemeinschaft

German Research Foundation R FBR

Graphical user

o RFBR JOURNAL

interface
Torque
dSpace . Load sensor Angle
[ Signal 1/O sensor
|
4 &
4 7z
— // //
y
IPANEMA
. BSN
Computer
\ Foot
support

Fig. 13. Diagram of the MedIT research facility (RWTH, Aachen, Germany) for studies of the combined use of a combined neuromuscular interface.
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Fig. 14. The process of parametrization of the finite-element model of muscle contraction.
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TpaexkTopun HayuHOII Ko/Tabopanmmn:
OT MyO/IMYHOI IEKIUN K MEXTYHAPOTHOMY IPOEKTY

H.B. Pocmucnasnesa, A. bayspkemnep

B cTaTbe paccmaTpuBalOTCs 3apOX[eHWEe U PasBUTUE HAYYHOrO COTPYAHWYeCTBA POCCUMCKO-repMaHCKOro
y4ebHO-HayyHoro ueHtpa PITY u WHctutyta @puapnxa MaiitHeke (Freie Universitat Berlin). ABTopbl nogpo6Ho
OCBELLAIOT CTAHOBMEHNE U peann3aLnio COBMECTHOMO Hay4HOro npoekTa «be3onacHoCTb U rpaXkaHCcKoe 06Lie-
cTBO B Poccuu n Fepmanui B roapl MepBoii MUpoBOIi BOWHLI. GOOTHOLLIEHIE NPOLLECCOB MHTEPHMPOBAHNSA B Poccui
u Fepmanum B 1914-1917 rr.», koTopblid 6611 noanepxxaH PO®U u HHNG (DFG). MpoekT HaleneH Ha n3yyeHue
HEMLEB, BKJIH0YasA PYCCKMX HEMLEB, B LIAPCKOM PoccUM M poccuiicKmux noaaanHbix B fepmanum 8 1914-1917 rr.
Oco6oe BHUMaHUeE yaenseTcs npobneme 060KAHOr0 BOCNPUATIAS U OTBETHbIX PEaKLWiA Ha NOAUTUKY WHTEPHUPO-
BaHWA 1 NPOTUBOCTOSHUIO penpeccusm. CB06OAA — BaXXHEMLIAA COCTABNALIAN IPaXAAHCKOro 06LIecTBa — Npu
9TOM Oblfla CePbe3HO OrpaHiyeHa uan ynpasaHeHa. HuBenupoBaTh Takyto CUTYaLU0 NOMOranm HalunoHaNbHbIe U
MEeXAYHapOHble r'yMaHUTapHble OPraHnu3aLmnn, KOTOpble 0KasbiBani NoAAePXKY «BPaXAeOHbIM WHOCTPaHLaM»
06emnx cTpaH. GeHOMEH MHTEPHUPOBAHNSA B KOHTEKCTE KOMMJIEKCA OTHOLLEHWIA NONUTIKI 6€30NaCHOCTI W 3NIEMEH-
TOB rpaxJaHcKoro obuiectsa B Poccuu 1 fepmaHum — 0CHOBHO (POKYC NPOeKTa.

KnioveBble cnoBa: Hay4Hoe COTPYAHWUYeCTBO, [lepBas MupoBas BoiiHa, Poccus, FepmaHus, nonmtuka 6e3o-
NacHOCTW, rpaXKaaHCKoe 06LLeCTBO, UHTEPHUPOBAHMUE.

* Paboma evinoanena npu ounancosoii noooepocke POOU — DFG (npoexm Ne 19-59-12006).

JTrobas Hay4yHas Koomlepauysa TpebyeT Bpeme-
HM /IS TOTO, YTOOBI CTaTh ycnemHoit. He aBnaerca
UCK/IIOYEHMEM I Hallle cOTpyjgHudecTBO. JImuHoe
3HaKOMCTBO PYKOBOAMTEJNEil IpoeKTa mpodeccopa
H.B. Poctucnasnesoit n npodeccopa A.bayspkem-
nepa cocrosanocb B 2008 r., ogHAaKO cCOTpypgHMYe-
cTBO Havanoch B 2010 r. Becnoit 2011 r. mpodeccop
Mucturyra Opunpuxa Maitneke A. bayapkemmep
BoicTynan B PITY ¢ nexknueii «Ilonmutuka rocymap-
CTBeHHOI 6e3omacHocTy B XX B.» (puc. 1). Victopuk
IIOKa3aj, 4TO OIBIT B3aMMOCBSA3YM M B3aMIMO3aBU-
cuMOCTU CBOOOABI M 6E30IIaCHOCTY BO3HUK yXKe B
XIX B., Kora Ha 3amafe Iiej Mpoljecc CTaHOBIEHNA
IPaXXJAHCKOTO 00IeCcTBa, OCHOBOIIOJIATAIOIIEI I10-
TPeOHOCTBIO KOTOPOTO OBUIN «IIOKOJ M MOPSAMOK».
OpHako MHTEpec K mpobnaemMaM 6e30IacHOCTH INd-
HOCTH, KaK OBUIO IIOKa3aHO B JIEKLIMY, BO3POC JIMIIb
B KoHLe XIX B., ¥ 3TO IPUBE/IO K pacClIVPEHNIO I10-
HMMaHMA 6e30IIaCHOCT, 0CO3HAHNIO PUCKOB 11 (op-
MUPOBAHUIO CTPATeTMy HPEBEHTUBHON IOUTUKIN.
A. bayspkemnep BbIJieTMI Pa3/IM4Hble MOAXOMbI B
HOHVIMAaHUY IOHATUI «CBOOOIa» U «0€30MaCHOCTDY,
KOTOPbIE, 10 €T0 MHEHMIO, 3aBUCENN OT XPOHOJIOTU-

POCTUCJIABJIEBA

Hatanbs BacunbeBHa
Poccunitcko-repmaHcknin y4e6H0-Hay4HbIN
LieHTp Poccuinckoro rocyaapcTBEHHOT0
ryMaHWUTapHOr0 YHUBEPCUTETA
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YeCKUX INEPUOMJOB ¥ MOIUTNYECKO KOHBIOHKTYPbI
B EBpore, nopyepkHyB IIpy 3TOM POJIb CYIIECTBYIO-
IMX OOLIeCTBEHHBIX ¥ HOMUTUYECKNX Tpagnuuuii [1,
2]. JIekuus BhI3Baja 6OJIbILIOIN VHTEpEC, COCTOANACH
OXMB/IeHHasA auckyccusa. OHa mokasasa He TOJIBKO
aKTya/IbHOCTb TeMbl, HO U1 ee OO/IbLION MOTeHIIMa
IJ14 Ja/bHeIIero U3yyeHms.

Puc.1. Bowcmynnenue A. bayspkemnepa c nexyueti «llonumuxa
2ocydapcmeennoii 6esonactocmu 6 XX sexer, 2011 e.

BAYIPKEMIEP Apxpa
CBOGOAHbIN YHUBEPCUTET
bepnuHa, lepmanus
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HoBbIM 9TamoM B COTPYJHUYECTBE CTANO IpPO-
BeJleHIe COBMECTHBIX HAyYHBIX Meponpusaruit. B
2012 r. mpu ¢uHaHCOBOI mopmepkke Hemenkoro
HAy4YHO-UCCTIefoBaTe/Ibckoro coobuectsa (DFG)
COCTOsIaCh MeXAyHaponHas koHpepenuus «Kyb-
Typbl 6esomacHocTy B kKoHle XIX - Hauanme XX BB.
B lepmanun n Poccun/CCCP: cpaBHMTenbHOE 13-
MmepeHne» (puc. 2, 3). B reopeTndeckoM IraHe mpo-
671eMa KynbTypbl 6e30IacHOCTY OblTa mpopaboTaHa
X. laase, KOTOPBIN BUJEN €€ MPOABJIEHNE B IPOTH-
BOpeuNy MeX[y OOIIeCTBEHHOI IOTPeOHOCThIO B
0€30IIaCHOCTU ¥ CHOCOOHOCTBIO TOCYHAAPCTBEHHBIX
U MEXAYHAPOJHBIX aKTOPOB 9Ty HOTPEOHOCTD YHO-
B/IeTBOPATDH [3]. Matepuasnbl KoH(pepeHIM OblIN

o RFBR JOURNAL

onyO1mKoBaHbI Ipy (UHAHCOBOI moagepx ke lep-
MaHCKOTO JjoMa HAayKu U WMHHOBanuii B Mockse
(DWIH). B usparensctBe «Ferdinand Schoéningh»
(ITagep6opH, Tepmanms) BbIMIET POCCUIICKO-Tep-
MaHCKMit cOopHMk crareit «Kymprypsr 6e3omac-
HOCTU: CpaBHUTETbHOE W3MepeHMe. lepManus u
Poccuss/CCCP B konne XIX - navame XXI BB.»
[4]. On 6b11 mpe3entoBaH B Mapte 2015 . B PITY,
a ceHTs16pe 2015 . — B [epmMaHO-poccuiickoM mysee
«bepmuu — Kapncxoper». Kak B Tepmanum, tak u B
Poccun Ha 9TOT COOPHUK OBLIO HATIMCAHO MHOTO pe-
IIeH3UI1, B KOTOPBIX OTMeYasach CBOEBPEMEHHOCTD
oOpalleHNs K HayYHOMY CPaBHEHUIO KY/IbTyp 6e30-
nacHocty B [epmanuu u Poccun [5-8].

Puc. 2. Mex0yHapooHas HayuHas koHgpeperuus «Kynomypot 6esonacnocmu 6 koHue XIX - nauane XX1 66. 6 Iepmaruu u Poccuu/CCCP: cpasHumenvHoe

usmeperue», 2012 a.

|

Puc. 3. Mex0ynapooHas HayuHas koHgpeperyus «Kynomypot 6esonacnocmu 6 konue XIX - nauane XX1 66. 6 Iepmaruu u Poccuu/CCCP: cpasnumenvHoe

usmeperue», 2012 a.
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JlanpHeilee COTPYIHMYECTBO OBbIIO HAllelIeHO
Ha BbIABJ/IEHJE€ HOBBIX aCIIeKTOB M3Y4€HNA KY/IbTYPbl
6esomacHoCcTH. B mmporecce 06Cy K aeHNsA TpaeKTOPMit
BIIVIAAHVIA TPKIAHCKOTO 00IecTBa Ha 6€30I1aCHOCTD
HOSIBWIACh MJesI PacCMOTPETb M IIYyOOKO M3YYUTD
TaHHBI paKypc B paMKax IlepBoli MUpOBOJi BOIHBI.
ITpodeccop H. Katuep, B TO BpeMs ABIABLINIACS -
pexTopoM IepMaHCKOro MCTOPMYECKOTO MHCTUTYTA
B MockBe, 0Opariy Hallle BHUMaHME Ha JTOBOJIBHO
MaJIO YICCTIEIOBAaHHYIO IIPOO/IEMY T'YMaHHOCTY B TOJIBI
ITepBoit MypoBoit BorHbL B mapte 2017 1. mpn ¢pu-
HAHCOBOJ Mopajep>kKKe [epMaHCKOro MCTOPMYECKO-
ro uHctuTyTa B Mockse (DHI Moskau) coctosmach
MeXayHapogHasd KoHpepeHumsa «besomacHoCTs n
npo6eMpl ryMaHHOCTH B Poccuu u TepmaHuu B rogibt
ITepBoit MupoBOII BOMHBD (puc. 4, 5).

Puc.4. Mexoynapoonass Hayumas koupepenyusi «BesonacHocmv u
npobnemut eymannocmu 6 Poccuu u Iepmanuu 6 200vt Ilepsoii muposoii
80uHbLY, 2017 2.

Puc.5. Mexoynapoonas nayumas koupepenyusi «besonacHocmv u
npobnemvt eymannocmu 6 Poccuu u Iepmanuu 6 200v Ilepsoii muposoii
60tinbl», 2017 e.

KondepeHunsa okasamachb OdYeHb IIpeACTaBU-
TenbHOI. C POCCUIICKOII CTOPOHBI B Hell NMpUHMMA-
mm y4yactue npodeccop, wieH-KoppecnonseHT PAH
B.C. Xpucropopos (PITY), m. n. H., mpodeccop
E.IO. Ceprees (JIBI PAH), n. n. u. I'A. llaroxuna
(MBMPAH), x. n. 1. 1.K. Boromonos (MHVOH PAH),
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. u. H., npodeccop AJO. baxtypuna (PITY), x. . 1,
poueHT A.b. Acramos (PITY), x. u. H., mpodeccop
H.B. PoctucnasineBa, ¢ rTepMaHCKOM CTOPOHBL — IIPO-
deccop H. Katuep (TepmaHckmit ucToprdyecKuit nH-
ctutyT B Mockse), mpodeccop A. bayspkemrep (Freie
Universitdt Berlin), mpodeccop T. Mayep ([értunren-
ckmit yauBepcuret), mpogeccop C.O. Mromrep (yHn-
BepcuteT TroOuHrena). B xozme ntoroBoit guckyccun,
KoTopyto 6rectsie mopepuposan H. Katuep (puc. 4),
OBIIO TIPU3HAHO, YTO OTPEOHOCTD B 6€30IIACHOCTI —
3TO He TO/IbKO TOCYIAPCTBEHHAs, HO 11 KOJUIEKTVBHAS,
U MHAVMBU/ya/IbHas IIPO6/IeMa, a [yMaHHOCTD BBICTY-
IIaeT B Ka4eCTBe YHUBEPCATbHON KaTeroOpyiL, KOTOpas
MMeEeT pervoHajIbHble U Hal[MOHAJIbHblE OYePTaHMU.
OmpeneneHHOe HANpsDKEHNME B MCCIETOBATETbCKUI
IVICKYPC BHECTIa MCTOPYS AMOLMIL, 6e3 KOTOPBIX Ya-
CTO HEBO3MOXXHO OBUIO OOBACHUTDH NOBeJEHYECKue
peakmyy akTopoB. JycKyccnm Ha 3Toi KOH(pepeHIm
HIOMOL/IN OTIpefenTh PoKyc OyAyIero COBMECTHOTO
IIPOEKTA U BHEC/I CYI[eCTBEHHbIE JOIIOJTHEHNA B €TO
METOJIOTIOTHIO.

B 2017 r. mexxpy PITY n MucturyTom ®@puppuxa
Maiineke (Freie Universitdt Berlin) 6bi1 mopmucan
«MemopaHnyM o B3amMomnoHuMaHum» (Memoran-
dum of Understanding), koTopslit mpegycMarpuBaer
HIO/ITOTOBKY COBMECTHBIX IIPOEKTOB, KOH(DEpeHIINIL,
KPYIJIBIX CTOJIOB, JIETHUX IIKOJI, 0OMEH M3[JaHUAMIA.
[Togmmcanme 3TOrO0 JOKyMEHTa — Ba)KHas BeXa B
PasBUTHM COTPY/IHNYECTBA.

C 2017 r. Havyamach IIOJTOTOBKAa COBMECTHOTO
mpoekTa «be30macHOCTb 1 TpakAaHCKOe 00IecTBO
B Poccun n Iepmanmm B ropsl Ilepsoit MupoBoit
BolHBL. COOTHOIIEHME IIPOLIECCOB MHTEPHMPOBA-
HIS TPaKIAHCKOTO HACeJeHNA BOIOIOLINX TOCY-
mapctB B 1914-1917 rr». O6palueHne K [JaHHOI
TeMe OBbITIO CBSI3aHO He TO/BKO C HajM4MeM XOpo-
IIeTO 3aie/la, HO M C ee HeBEePOATHON aKTya/lbHO-
CTbIO, TIOCKOJIbKY VIMEHHO B 9TOil BOIIHE TOCyAap-
CTBa BIIEpBbIe MPUOETIN K >KECTKOMY KOHTPOJIIO 32
«BHYTPEHHMMU BparaMim», B [1100a/IbHbI1 KOHQIUKT
ObUIM BTAHYTHI TpaxkaHckue muia. OeHoMeH MH-
TEepHUPOBaHMs — 3TO MHHOBauus llepBoit Mupo-
BOJI BOJHBL. CTpeMsCh 00eCIe4nTh HAIIVIOHATBHYIO
6€30IIacHOCTDb ¥ CIUIOTUTh HAIVio, cpopMUpOBaB
HaNpaBjIeHHOe Ha BOJHY OOIIeCTBEHHOE MHEHIE,
TOCYZApCTBO IIPOBOAVIO IONUTUKY OTpaHNYEHNA
TPKIAHCKUX IPaB U CBOOOJ B BOIIOLINX CTPAHAX,
MIOfIBEPTajIo TPAX/JAHCKOe HacCe/lIeHMe rOCyAapCcTBa-
MPOTMBHMKA KOHPMHMPOBAHUIO ¥ WHTEPHUPOBA-
Huio [9; 10, c. 31-46, 199]. 3necp nmpocaexxuBaeTcs
oIpefie/ieHHasl PELMIIPOKHOCTb: MHTEPHUPOBaHNUE
IIOMOTA/I0 TOCYHApCTBY HOOMBATHCA JIOSTBHOCTU
COOCTBEHHBIX I'PaK/IaH B CUTYaLNy TOTAIbHO BOJI-
HBI ¥ OTPaHMYEHNSI UX [IPaB 1 CBOOOJ, TaK KaK rpa-
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XKJIaHaM Jierde ObI/I0 CMUPUTBCS C STUM, UMesI Iiepeft
I7la3aM/l MHOTOYMC/IEHHBIE JfarepsA TIPaKJaHCKUX
IVIEHHBIX U fenopraunn. ITockonbky gebars: 2014 .
nokasasnu [11-13], 4To mporeccsl MHTEPHUPOBAHNUA
B ropbl [lepBoit MUpOBOJL BOVHBI O CUX IIOp HE U3-
y4eHbI TO/DKHBIM 00pa3oM 1 He HOMTY4M/IN UCCTIeRO0-
BaTe/IbCKYIO OLIEHKY, TO HEOOXOVIMOCTh COBMECTHO-
ro yIy6/IeHHOTO U3y4deH1s peHOMeHa IPaskIaHCKO-
IO TIJIEHA AB/IAETCA HaCTOATENbHOI.

OpurnHanbHOCTD HACTOSAILETO MPOEKTA 3aK/II0-
YaeTcs M B TOM, YTO KOHIeNINs 6e30I1acCHOCTY BbI-
CTyHaeT B Ka4eCTBE METOHOOTMYECKOTO IPUHIU-
ma. B reopeTnyeckom nmaHe IPOEKT ONMpPaETCA Ha
KOHI[enuuio 6e3onmacHocTy KomeHrareHckoil 1mko-
7Bl U3Y4eHUA MEXITYHApONHBIX OoTHoIIeHmiZ. OHa
JCIIONIb3yeTCA Ji/IA Hay4dHBIX MCCIEeNOBAaHUI Ha4du-
Has ¢ HoBoro BpeMenn. CornacHo JaHHOI CHUCTe-
Me B3IJIAJOB, IOMUTHKA 0€30MaCHOCTU SBACTCSA
pesy/nIbTaToM (CMMMETPUYHBIX ¥ ACMMMETPUYHBIX)
TOTOBOPHBIX IIPOLECCOB, ITe 3HAYMMYIO POJIb UTpa-
IOT OTA€NbHBIE INI}A, OTCTaMBAIOLIVE CBOM KOHIIEI-
1y 6ezomacHocTu. OTHOLIEHYE MeXY TOTPeOHO-
cTsaMM 0€30MaCHOCTI ¥ TPKIAHCKMM 00I[eCTBOM
paccmarpuBaeTcss b0 Kak HOMONHsoIIee, 1160
KaK B3aMMOMCKIIoUapllee. B mIaHupoBaHum u
peanmMsauyuy MONUTUKU 0E30IMaCHOCTY C KOHIA
XIX B. BO3pOC/IO 3HAY€HME HETOCYJapPCTBEHHBIX
CTPYKTYp U 0611ecTBeHHBIX fesTeneit. Konuemnys
KomeHrareHckoii HIKO/BI JOBOIBHO XOPOLIO HMpH-
MeHIMa K n3y4eHuto Ileppoit MupoBoIil BOJIHBI, TaK
KaK IrpakflaHe BpaXIeOHOTO rocyapcTBa — enemy
aliens - ABIAIOTCA SK3MCTEHLUMATBHON YIpO30i
TO/IBKO TIPY OIIpeJeIeHHbIX OOCTOATEIbCTBAX, TO
€CTh IIpU HACTYIUIEHUM BOJHBIL. VIMEHHO IO3TOMY
MIPOMCXOIUT IMPOLECC «CEKbIOPUTU3ALUN», TO €CTh
mepeBOfi OOBIIEHHBIX COLMAIbHO-TOMUTUYECKUX
SBJICHNII B paspsf yrpos 6esomacHoctu [10, c. 31,
46, 199; 14, c. 17]. MHcTpyMeHTaIbHBIN XapaKTep
I NAaHHOTO MPOEKTa MMEIT METO[bl KOMIIapa-
TUBHOTO M MMAaTOJIOTMYeCKOTO aHaau3a, a TaKxKe
IIp1eMbl TpaHCdepa.

PaboTa Haj MOATOTOBKON 3asBKM OblIa IIOHO-
TBOPHOJI, OHa IIOKa3ajga He TONbKO BO3MOXKHOCTD
MHTerpanun Nofxonos ucropukos Poccun u Iepma-
HIM, HO U MTO3BOJIMJIA YK€ BBIABUTD ONPEMNETEeHHYI0
criennuKy mpoleccoB MHTepHMpoBaHuA B Poccun
u lepMaHmm.

ITpoext momyunn nopaepxxky POOU n HHMC
B KoHIle fmekabps 2018 r. Ero peanmsarius Hava-
mach ToT4yac. bbI1 OKOHYaTenbHO COpMMpOBaH
Hay4HBIII KOJUIEKTUB, KOTOPBII BK/IIOYas B ceOs He
TOJIBKO TIPM3HAaHHBIX Y4eHbIX — A. Bayspkemiepa,
A.JO. baxrypuny, H.B. Poctucnasnesy, I. Bypue-
pa — HO U MonoAbIX uccnenosarenein — X. boka u

N 1-2 (109-110) January—June 2021

DOI: 10.22204/2410-4639-2021-109-110-01-02-126-136

o RFBR JOURNAL

E.B. KuxreBy. Jlonrocpo4nas Lielb IPOEKTa — IOJ-
TOTOBKa KOJ/UIEKTMBHOV MoHorpadun «locymap-
CTBeHHas1 6€30IaCHOCTD U TPAXKJAHCKOE 00IIeCTBO
B Poccunm n Tepmanum B ropbr IlepBoit MupoBoit
BOJHBL: 0OpalleHne C MUPHBIM HaceJIeHNeM HeMell-
KOTO M PyCCKOro nmpoucxoxpenus, 1914-1918 rr.»
(«Staatliche Sicherheit und Zivilgesellschaft in Rus-
sland und Deutschland im ersten Weltkrieg. Der Um-
gang mit Zivilisten deutscher und russischer Abstam-
mung, 1914-1918»). VccnenoBaTenbcKuil KoJIIeK-
TUB ObUI €VIH BO MHEHWM, YTO, IIPeXJe YeM IIpHu-
HIUMATbCA 32 IIOATOTOBKY CTONb PyH/IaMeHTa/IbHO
paboThI, HEOOXOAMMO BBIHECTI Ba>KHeIIINe MO/IO0-
JKeHNS Ha 006Cy>K/IeH1e HayqHOll 00IeCTBEHHOCT.
BeICTpO 6BIIO MOATOTOBIEHO U OMYOIMKOBAHO Ha
noprane H-Soz-Kult, Ha caiite mpoekra n caiite
[epMaHCKOTO MCTOPMYECKOTO MHCTUTYTa MHEOP-
mannonoe mcbMmo (Call for Papers) o cemmuape
(workshop) «VIHTepHMpOBaHMe U HemopTanuu
rpaxianckoro Hacenenusa Poccum u IepmaHum B
rogs! [lepsoit MupoBoit BorHbI (1914-1917)». On
cocrosnca B okTA6pe 2019 1. B 3acemanmax xpyr-
JIOTO CTOJA NPUMHS/IN y4acTHe BCe WIEHBI JCCIIe-
JI0BAaTe/IbCKOTO KOJIEKTMBA, @ TAKXKe MCTOPUKI
us PITY, UHVOH PAH, BU PAH, TepmaHckoro
UCTOPUYECKOTro MHCTUTYTA (puc. 6, 7, 8). C mpuseT-
CTBMEM K YYaCTHUKaM OOpPaTWINCh 3aMeCTUTENb
HavYa/IbHIKA MEXJIYHapOJHOTO OBYCTOPOHHETO CO-
tpysandectsa POOV C.A. llleBepeBa 1 COTPYyRHUK
Mocxkosckoro opuca HHVIC (DFG) 0. Vnbuna,
KOTOpble IOJYEpKHYIN OCOOYI0 3HAYMMOCTD JaH-
HOTO IpPOeKTa I VMCCIeNOBAaHNA I'yMaHUTapHBIX
aCIIeKTOB MCTOPUM MEX/YHAPOJHBIX OTHOLIEHMI. B
(oxyce nccIenoBaTeIbCKOTO BHIMAHNUA OKa3a/IVCh
B3aMIMOOTHOIIIEHMs BJIACTU U TPAXKAAHCKOTO 0011je-
CTBa, KOTOPbIE II0-Pa3sHOMY OTHOCIM/INCD K IIpOILiec-
CY MHT€PHUPOBAHNUA U leTIopTanuAM. [pakganckoe
obuectBo Poccun n Tepmanum 6b110 06pedeHo Ha
y4acTue B IPAKTUKe MHTEPHMPOBAHMNA, MOCKOJIb-
Ky OHO /100 NMPOTUBOAEIICTBOBAIO eMy, 1nOO0 3TO
HIPONMCXOAVIIO IIPY €r0 MOTYATINBOM COITACUM VN
nopziep>xke. bputa mopHsATa mpo6reMa IoOpcyYeTa
VMHTEPHVPOBAHHBIX ¥ KOH(PMHUPOBAHHBIX /NI B
Poccym n TepmaHum, 3aTpoHYT BONIPOC O pasIndumn
CTaTyca MHTEPHUPOBAHHBIX U KOH(UHMPOBAHHBIX
rpakganckux nun. [ocmexyromme mccmegoBaHusa
MOKa3aau, 4YTO CTAaTyChl «KOH(MHMPOBAHHBIN» I
«MHTepHUPOBAHHBII» CyllecTBOBamu B lepMaHun
[10, c. 31, 46, 199], HO 3TO fieneH1e He OOHAPYXMBa-
ercs B Poccuiickort umnepun, MockonbKy B Poccun
He ObI/IO 1arepeit MHTEPHUPOBAHHBIX, A IIOJ MHTEP-
HIPOBaHIEM IOHNMAJIACh TeNOPTALA TepMaHCKIX
MOAJAHHBIX, BK/IIOYAsA PYCCKMX HEMIIEB, M3 CTONI]
U IPUQPPOHTOBBIX paiioHOB [15].
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Puc. 6. MexcoynapooHwiil kpyenviii cmon «VumepHuposanue u denopmanuu epaioarckozo Hacenenus Poccuu u Tepmanuu 6 200vt Ilepsoii muposoii

sotinbL (1914-1917)», 2019 2.

cmon

Puc.7. MesxoyHapooHuviii
denopmavuu 2panoanckozo Hacenenus Poccuu u Iepmanuu 6 200vt
Ilepsoii muposoti eotitv (1914-1917)», 2019 2.

Kpyanvlil «MnmepHuposarue U

K oTKpBITHIO KPYIJIOTO CTOJIA BBILUIA U3 II€YaTH
KojIeKTMBHasi MoHorpadus «Poccus n lepmanus B
ronb! [TepBoit MUPOBOII BOHBL: MeXy 0€30IacHo-
CTBIO VI TYMaHHOCTBIO» [16], B KOTOpPYIO BOIIIN OT-
Ie/bHbIe I/IaBbl, OCBAIEHHbIE TeMATHKe IPOEKTa.
Mouorpa¢us 6b1a onyOIMKOBaHA B U3IATENbCTBE
PITY, 6onbluyio mOAmep)KKy B ee MyOnMKanmum oka-
3/l PYKOBOJICTBO YHMBEpPCUTETA U IIEPBBIN IIPO-
peKTop — mpopeKTop 1o HayuHou pabote O.B. ITaB-
nenko. IlpeseHTanus faHHON MOHOrpadum cTana
YacThIO IIPOTPaMMbl KPYITIOTO CTO/IA ¥ IPOJEMOH-
CTpUpOBaja NepCIeKTUBHbIE BOSMOKHOCTH science
diplomacy. /IMeHHO B paMKaX CeKIIMOHHBIX AMCKYC-
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DOI: 10.22204/2410-4639-2021-109-110-01-02-126-136

Kpyenviii  cmon  «VIHmepHuposanue u

Cnit ¥ 0CO6EHHO MTOTOBOTO OOCYXKJEHUSA Pe3yib-
TaTOB KPYIJIOTO CTOJIA BBIABMIACH HACTOSTENbHAA
HeoOXO[[IMOCTD IIPOBECTH €llje OfVIH KPYTJIbIil CTOJL,
HOCBAIEHHbII TPO6IeMe r'yMaHUTapHbBIX OpPraHM3a-
LM M TYMaHUTApHON MoMoluy B rogul Ilepsoit Mu-
POBOII BOJIHBI.

HayuHble KOMaHIMPOBKM HEMEIKUX MCCIefo-
Bareneil B Poccuro u poccuiickux B IepmaHuo u
JIaTBUIO TO3BONMM/IM CEPbE3HO PACHIMPUTD CIIEKTP
SMIIMPUYECKOTO MaTepuaa, elle pa3 oOCyuTb Me-
TOJ[O/IOTYeCKIe TIPOO/IEMBI U PEIINTD BOIPOCHI OP-
TaHM3ALMM CIIEAYIOLEro KPyIloro crona. B ceasu
C HavyaJIOM HaHAeMuy oOlIeHMe IPOfOIKAIOCh IO
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HepemycKe 1 BCTpedax B pexxume oHnaiiH. Koneuno,
HEBO3MOXKHOCTD JIMYHOTO OOLIEeHS, TOCEIeHNs 3a-
PyOEXHBIX apXMBOB 1 OMOIMOTEK — 9TO Cepbe3HBbIl
BBI3OB [T peanyusauny mpoekra. Ho Bce ydyacTHm-
KI KOJUIEKTVBA B TOJ WIN VHON Mepe IIOCTAPAINCh
a[JalITPOBATbCS K HOBOJI PeasibHOCTI U OKa3bIBaTh
APYT APYry HOCUIBbHYIO IOMOIIb B CBA3K C 3aKpPbI-
TieM rpanuil. Eme rop Hasam TpymHO Oblno cebe
IPefCTaBUTh, KaK MOXXET OCYLIECTB/IATbCA Hayd-
Hasg KOMMYHUKauus 6e3 ¢ecTuBaIM3alny HayKu,
6e3 NPOAYKTUBHBIX BCTped U OOMeHa MHEHVSMIL
B 9T0it CBA3K XOYeTCs BCIIOMHUTH HAyYHYIO PEBO-
monyio XVII B., KoTopast mpoTeKana B TUIIN Kabn-
HETOB J PasBMBA/IAch B OCHOBHOM IO IlepemnucKe.
VIMeHHO B TO BpeMs ObUIM CHeTTaHBI BBIAIOIINECS
otkpbitust V1. HeiotoHa, P. [lekapra, [.B. JleitOuuma,
KOTOpbIe 00peu U3BeCTHOCTb He TOIbKO B 00/1acTu
€CTeCTBEHHBIX HayK, HO ¥ OHI 00pallaInch K rymMa-
HUTAPHOMY 3HaHMIO — ICTOPUY U TEOTIOTHN.
KoMMyHuKaTBHBIE TPYHZHOCTM He IpUBENN K
IpeKpalleHnio paboTbl Haj INPOeKTOM. Bompexn
BceMy, ceMyuHap «[yMaHuTapHas1 HOMOIIb ¥ T'YMaHM-
TapHble opranusanuy B Poccun u lepmanuu B ropbl
ITepBoit MMPOBOII BOVHBI» ObUT IIPOBEeH B HOsIOpe
2020 r. B cmenraHHOM dopmare (puc. 9). Bee nHemen-
KVie YIaCTHUKY ¥ HEKOTOPbIe POCCUIICKIE YIaCTHUKI
HOJK/TIOYA/INCh K BUACOKOH(EPeHIUN TTOCPeCTBOM
cepB1Cca Zoom, 4TO ObIIO COIPSDKEHO C Cepbe3HbIMU
TeXHNYECKVMU NTPOo6/IeMaMit TPV OPraHU3ALUN CUH-
XpoHHOro mepesopa. Ho, kak 3amernn mpodeccop
Bayapkemriep, pa3MbIIULAsA HaJl pe3y/lIbTaTaMu KpyT-
noro crona: «IIpu HaHHBIX OOCTOATENBCTBAX — ITO
e[IMHCTBEHHAs: BO3MO>KHOCTb IIPOBECTU MEpPOIPUs-

TI€, KOTOPOE B COfleP)KaTe/IbHOM II/IaHe MPOIIIO Ha
BBICOKOM HAay4YHOM ypoBHe» (puc. 10).

Puc.9. Mexoynapoonouii kpyenvui cmon «IymanumapHas nomousp u
eymanumapnvle opeanusauuu 6 Poccuu u Iepmanuu 6 2000t Ilepeoii
Muposoti 80tiHbL», 2020 2.

IlepBoIit mpopekTop — npopexTop 1o Hayke O.B. ITas-

TIEHKO, PYKOBOJJTEIb IENTapTaMEHTa SKOHOMV K 1 HAyKI
M. ®yuiep, 3aMeCTUTENTb Ha4YaIbHIKA MEXXTYHaPOIHOTO
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mBycTopoHHero coTpypHmdectBa PO@I C.A. [lesepe-
Ba, IMPEKTOp [epMaHCKOro MCTOPMYECKOTO MIHCTUTYTA B
Mockse poktop C. [lasibke, pyKOBOIUTEIb KOHTAKTHOTO
oc¢uca Freie Universitit Berlin 8 Mockse T. Crromemanu
00paTWwIiCh K YYaCTHMKAM KPYITIOTO CTOJIA C IIPUBET-
CTBUEM U HOJYEPKHY/IN aKTYaIbHOCTD TeMbI, ee CIabyI0
U3YYEHHOCTD ¥ BaKHOCTD UL POCCUIICKO-TEPMaHCKOTO
HAy4HOTO COTPYHITIECTBA.

C poxmagamMy BBICTYIWIM TIOYTM BCE YJaCTHU-
KII Hay9HOTO KO/UIEKTMBA, a TakXe ydeHble u3 MI'Y,
PITY, KpacHOAPCKOro rocygapCTBEHHOTO arpapHO-
rO yHUBepCUTeTa. B MTOTrOBOM AMCKYCCUM, KOTOPYIO
npodeccroHabHO Mogepuposai npodeccop A. bay-
9pKeMIIeP, TOMUMO OCHOBHBIX HOK/IA[YMKOB BBICTY-
mwmm pokrop C. Hambke, npodeccop P. Haxrurars,
E.B. Kuxresa. IloguepknBanoch, 4To B [yMaHUTapHO
MIOMOIIY IPOSB/AIOTCA HE TONBKO IOPBIBBI aIbTPY-
M3Ma, HO YTWIMTApHbIe U IparMaTN4ecKue MOTVIBBI,
KOTOPBIE IPECTIENYIOT ¥ TIOTUTUYECKHE LIETIN, TOITOMY
BaKHAA JIMHIA UCCIETOBAaHNA — CBA3b TyMaHUTapHON
IIOMOIIM C HAIVOHA/IbHOM IpomnaraHzoi. Borotomue
rOCyIapCTBa NOAEP>KMBAIOT TYMaHUTapHYIO IOMOIIIb,
¢dopmupyst TakuM 00pasoM UMUK T'yMaHUTapHO
Hary. JIMCKyCCuIo BBI3BA/IO TaKOe MOHATHE KaK «Ha-
LVIOHA/IbHASI KY/IBTYPa BOVIHBI», KOTOpasi BO MHOIOM
OIpefIe/s/Iach MEHTa/IbHBIMI BbI30BAMI U Teorpagu-
YeCKVMI TPaHUIIAMI, B KOTOPBIX Bemach BoitHa. O6-
CY>K[la/lach JeATeIbHOCTb HEMTpalbHBIX TOCYapCTB,
Iep>KaB-TIOKPOBUTENIbHNLL ¥ TYMaHUTaPHBIX aKTOPOB;
OTMEYAJIOCh, YTO OLIEHKN TeX, KTO OCYILIECTB/IAN TyMa-
HUTAPHYIO TIOMOILb 1 TeX, KTO IIPMHMMAJI €€, 4acTO He
coBnafam. OT/ieNbHO IOFHMMAICH BOIIPOCHI O CYZb-
0ax cemeil MHTEPHMPOBAHHBIX B Poccuiickoit mmre-
Py, O TIOMOIIY PYCCKUX HEMIEB IHTEPHMPOBAHHBIM
TPaKIAHCKUM /MIaM 13 lepmaHcKoit nmnepun n AB-
CTpo-BeHrpuy, 0 HeOOXOAMMOCTH YIITYO/IEHHOTO 13-
Y4YEeHVA MEeXTYHapOTHO-TIPaBOBbIX aCIIEKTOB JIEATE/Tb-
HOCTM MEX/YHAapOJHOTO M HallYIOHATbHBIX KOMUTETOB
Kpacnoro Kpecra, o rymanutapHoit GyHKIMN HOYTO-
BOJI OTKPBITKI BOEHHOTO BPEMEHN. YHMBEPCATbHOCTD
TyMaHUTapHOTO TOAXOfJa IO3BOJIAET CHENaTh BBIBOT,
YTO IyMAaHUTAPM3M — 3TO (peHOMEH TPKTAHCKOTO 00-
IIeCTBa.

Marepuanel KpyIJIBIX CTONOB «VIHTepHUpOBa-
HIE U [eNOpTaluM TPpaKHaHCKOTO HaceleHuA B
Poccyun u Iepmannu B rogst IlepBoit MupoBoIt BOJI-
Hb» 1 «lyMaHUTapHadA NMOMOIIb M TyMaHUTapHbIE
opranmsauyy B Poccun u I'epmanum B roppl Ilep-
BOJIl MUPOBOJI BOJHBI» y>Ke OIYO/INKOBAHBI B 37IK-
TPOHHOM cOOpHMKe «/I[HTepHUpPOBaHIe U AeOPTa-
LMY IpaXkKJaHCcKoro HaceneHus Poccun u lepmanum
B rofbl [lepBOii MMPOBOJI BOMHBI: MOTUTUYECKIE,
coIMa/bHbIe I TYMaHUTAapHbIE acIeKThl» [17], 4TO
ABJIAETCSA XOPOUINM 3aJ€JIOM [/ HOJATOTOBKY KOJI-
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NeKTUBHON MoHorpadum. B mamnol my6nmkauym
IIOKa3aHO, KaK IIpOIlecC MHTEPHUPOBAHUA Tpa-
K/JAHCKOTO HACeJIeHNs PErynMpoBajICA BOIOIOLIN-
MU TOCYAapCTBaMU ¥ KaK €Tr0 BOCIPUHUMAN OC-
HOBHBIE aKTOPBI IpakaHCKoro obmectsa Poccun
u [epmannm, kakoe BIMAHUE OKa3bIBAIM MO
Ha IPOLeCChl MHTePHMPOBAHNA U (GOPMUPOBAHNA
obpasa Bpara. bosbInas 4acTb cTaTel HaIlMCaHa Ha
OCHOBE ApXMBHBIX JJOKYMEHTOB, MHOTHE U3 KOTO-
PBIX BIlepBble BBOAATCS B HAay4HBIT 060poT. Takxe
cepbe3HOe BHUMAaHNE y/Ie/IeHO PacIMPEeHNIo KPyra

RUSSIAN FOUNDATION Deutsche
FOR BASIC RESEARCH DFG
Forschungsgemeinschaft
RFBR Serman Research Foundation

JMICTOYHMKOB, IIPEX/e BCEro MCTOYHMKOB JIMIHOTO
NIPOUCXOXKIEHUs, KOTOPbIe WMIIIIOCTPUPYIOT BOC-
IpUATUE VMHTEPHUPOBAHHBIMM ¥ KOH(QUHMPOBAH-
HBIMM JIMLIAMY PA3/IMYHBIX aCIIEKTOB TPaXK/JaHCKO-
ro mwieHa. OcMbIC/IeHNe HOBBIX JOKYMEHTOB 1 HO-
BBIX ACIIEKTOB T€MbI B KOHTEKCTE MEX/YHapOIHOTO
COTPYIHMYECTBA IIPOMIO/DKAETCs, TaK KaK Cylle-
CTBYIOT OT/IMYMA POCCUIICKON U F€pMaHCKOI MCTO-
pudecknx mkon. OTHAKO yXKe eCTh OIpefeNeHHasd
YBEPEHHOCTD, YTO YJACTCA peanns3oBaTb IPOEKT
KaK 1[e/IOCTHOE UCCIeOBaHNE.
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Puc. 10. MexcoyrapooHuiii Kpyenviii cmon «[yMaHumapHas nomousb u eymanumapHovle opearnusavyuu 6 Poccuu u Iepmanuu 6 200vt Ilepsoii muposot

8otiHbL», 2020 2.
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Abstract

The article deals with the genesis and development of scientific cooperation between the Russian-German
Center for Study and Research of the RSUH and the Friedrich Meinecke Institut Freie Universitat Berlin. In particular,
it traces the emergence and development of the joint research project “Security and Civil Society in Russia and
Germany during the First World War. The Internment of Civilian “Enemy Aliens” in the Bilateral Relationship, 1914-
1917”. This project has been supported by RFBR and DFG. It aims to investigate the Germans, including the Russian
Germans, in Russia and Russian citizens in Germany from 1914 to 1917. Apart from comparison, we have paid
attention to the mutual perceptions of and responses to the internment policy as well as to opposition against
repressions. Givil liberties as an important component of civil society were largely restricted or even abolished. Yet
national and international humanitarian organizations supported the civilian “enemy aliens” in the two countries.
The main focus of project is on internment in the context of the complex relationship between security policy and
elements of civil society.

Keywords: scientific collaboration, First World War, Russia, Germany, security policy, civil society, internment.

* The work was financially supported by RFBR and DFG (project 19-59-12006).
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Fig. 1. Prof. Bauerkimper lecture “Security Politics in the 20" Century”, 2011.
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Fig. 2. International scientific conference “Cultures of Security since the Late 19" Century. Germany and Russia / USSR in Comparison”, 2012.
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Fig.4. International scientific conference “Security and Humanity in Fig.5. International scientific conference “Security and Humanity in
Russia and Germany in the First World War”, 2017. Russia and Germany in the First World War”, 2017.

134 DOI: 10.22204/2410-4639-2021-109-110-01-02-126-136  Ne 1-2 (109-110) ansapb—utonb 2021 1.



Deuts(he RUSSIAN FOUNDATION
DFG Forschungsgemeinschaft FORBASIC RESEARCH ' Ilfllll .IIIIIHI\IM
G RFBR

German Research Foundatior

ALEXANDRA
BAKHTURIN

Fig. 7. International workshop “Internment and Deportations of Civilians  Fig. 8. International workshop “Internment and Deportations of Civilians
in Russia and Germany during the First World War (1914-1917)", 2019.  in Russia and Germany during the First World War (1914-1917)”, 2019.

Fig. 9. International workshop “Humanitarian Supplies and Humanitarian Organisations in Russia and Germany during the First World War”, 2020.
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Fig. 10. International workshop “Humanitarian Supplies and Humanitarian Organisations in Russia and Germany during the First World War”, 2020.
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Kynbrypa Hbpro-sigxa 8 CCCP u mocrcoBerckoit Poccun

B. Menuenv, A.A. Ilanuenxo

CtaTtbs NOCBSLLEHA OCHOBHbLIM MCCNEf0BaTeNIbCKUM HAX0AKam, NoJsiy4eHHbIM B X0[e paboTbl HaJ COBMECT-
HbIM POCCUACKO-HEMELIKMM NPOEKTOM «HOBbIE hOpMbI PENUrino3Hoi KynbTypbl B no3aHem CCGP 1 nocTcoBeTCKOM
Poccun: ngeonorus, oopmbl COLMANbHOW OpraHn3auumn, AUCKypcbl». Pe3ynsraTbl HaWWUX UCCNeA0BaHNIA NM03BO-
NAKOT YTBEPXKATb, YTO KYNbTYpPa HbiO-3NIKa (DOPMUPYET HOBYIO PESTUTMO3HYI0 OHTOJSIOMNIO, FAe Ha MecTO 60roB,
AHrenoB 1 1IeMOHOB NMPUXOAAT MHOMMAHETAHE, «AYXOBHbIE YYUTENS», «PENIUKTOBbIE FTOMUHOWIbI» U MONTEPrencTbI.
JTa OHTONOrMS CBA3aHA C XOIMCTUYECKON KOHUENUuen MUpo3aanns 1 IMYHOCTW, Tae CTUPAOTCS NPUBbIYHbIE 1A
HOBOEBPOMENCKO KynbTYpbl FPaHnLbl MeXay MaTepuanbHbIM U IyXOBHbIM, UHANBUAYANbHBIM U KONNEKTUBHbIM,

4enoBev4ecKnmM Tenom 1 OKpy>KaroLwmum MUPOM.

KntoueBble CNOBa: HbIO-3MAXK, PENUrMO3HAA OHTONOrMSA, CTUrMaTU3upoBaHHoe 3HaHue, CCCP, nocTcoBeT-

ckasa Poccus.

* Paboma eévinonnena npu purancosoi noodepicke POOU — DFG (npoexm Ne 18-509-12017).

B aTOll cTaTbe MBI pacckakeM 00 OCHOBHBIX
UCCTIeNloBATeIbCKMX HAXOKaX M pesy/nbTarax, Io-
JIy4eHHBIX B XOfie PabOTBl HaJl COBMECTHBIM pPOC-
cmiicko-HeMelIkuM npoektoM «Hosble gopmbl pe-
nuruosHoi Kynerypsl B nosgaem CCCP n nocrco-
BeTckoit Poccum: upeonorus, GopMel coumanbHO
opraHmsauuyu, AUCKypchbl». bonee mompobHo o Ha-
IIeM IIPOeKTe MOXKHO Y3HATDb He TOIBbKO 13 aKaZeMu-
YeCKMX IMyOIMKaLMil ero Y4aCTHUKOB, HO U NIPUCO-
eIVHUBIINCH K HaIlleMy MCC/Ie0BAaTeIbCKOMY OJ10Ty
«New Age in Russia: Ideologies, Networks, Discourses»
(https://newageru.hypotheses.org/).

IIpoekT mocpslleH colManbHO-aHTPONOIOTNYe-
CKOMY M3Y4eHVIO HOBBIX (POPM PEIUTUO3HON Ky/Ib-
TYpPBI, NOTY4YUBIINX ITI06QIbHOE PacIpOCTpaHeHNe
B KoHIle XX — Hayasne XXI BB. 1 0603Ha4YaeMbIX B CO-
BPEMEHHOJ Hay4YHOI NUTEPAType TEPMUHOM «HbIO-
anmx». HecMOTps Ha KaXKyITylocs pa3HOPOTHOCTD I
TaXke IPOTUBOPEUNBOCTD UIeH, BEPOBAHNUIL U IIpaK-
TYK HbIO-9J1/IKa, OHVM MOTYT OBITb MCCTIE[IOBAHBI KaK
YacTU efIMHON «330TepUdecKoil» KyIbTyphl, 00/ma-
farollell BHyTPEHHEN JIOTMKON U TPSAMO 00yC/IoB-
JICHHOJI T7I00a/IbHBIMY COL[MIA/IbHBIMY ITPOIIECCaMIL.
BHuMaHMe 1cceoBaTenbCKOro KoumeKTuBa cocpe-
JIOTOYEHO Ha MCTOPUY ¥ COLMA/IBHBIX 0COOEHHOCTAX
KynbTypbl HbI0-371/Ka B CCCP 1960-x - 1980-X IT. 1
IOCTCOBETCKOI Poccuu. MbI IbITaeMcsl OTBETUTD Ha
BOIIPOC, KAKVIMJ IMEHHO (paKTOpaMy OIpefesIiCh
TeHe3VC U 3BOMIONNA Uiell M MPaKTUK HbIO-31/IKa B

| MEHLENb buprur

L MaitHucKmit yHuBepeuTeT
. M. WoraHHa lyTeH6epra,
[epmanus
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coBeTCKOI KynbType. IIpoekT Taxxe nmoppasyMeBa-
€T VCCIelOBaHME KY/IbTYPbI HbI0-311/1)Ka B KOHTEKCTE
COLMAJIbHO-UJEO0/IOIMYECKON IIPEEMCTBEHHOCTY Me-
K1y TIO3THEVI COBETCKOI U IIOCTCOBETCKOM 31T0XaMU,
a TaxoKe OOIeCTBEHHON QYHKIUY Ujell ¥ IMPaKTUK
HbI0-311/[)Ka B cOBpeMeHHoI1 Poccun.

HoBas oHTOMOrMA 11 HOBasI aTeHTHOCTH

B xayecTBe caMOHa3BaHMA (TO €CTh «IMUIECKOI»
KaTeropuu) cnoBocoderanye New Age BOCXOIUT K
acTpoIornyeckoMy 0o603HaueHMI0 «3pbl Bopomes»
(the Age of Aquarius), CBA3aHHOMY C OXXUQHUAMMU
HOBOJI MCTOPUYECKOI 3MOXM, KOT/Ia Pe3KO M3MEeHs-
I0TCSl IICUXMYecKye U (PU3NOTIOTMYecKyie BO3MOXK-
HOCTU 4enioBeKa. [eHe3uc 3TOil KynbTyphbl IPUHATO
IPOC/IeXNBATh 0 KpaiiHell Mepe ¢ pybexxa XIX u
XX BB. (B YaCTHOCTH, B CBAI3M C 9BOJIIOLVEI CIIUPK-
TU3Ma, Teocoduu, aHTpornocodum 1 psfa APyrux
MJCTUKO-330T€PUYECKUX yYEHUI UM IPAKTUK), Of-
HaKo ee I7I06a/IbHOE ¥ MacCOBOE PacIpOCTpaHeHNe
OTHOCUTCS K TIOC/IEMHUM JeCATIIeTUsIM XX B.

B y3koM cMBIC/Ie TTOJ] HBIO-31/[KeM OOBIYHO I10-
HUMAIOT BepOBaHUA U NPAKTUKM XMINACTIYECKOTO
Y 3CXaTO/IOTMYECKOTO XapaKTepa, CpOpMUpPOBaAB-
1Iyecs B «KOHTPKYIbTYPHOII» cpefie 3anagHoil EB-
pomnsl n CHIA B 1960-e rr. [1, c. 96-97]. Bonee mmu-
pOKOe IOHMMaHMe KyJIbTYPbl HbI0-3i1/[)Ka BK/II0Ya-
eT pa3HOOOpa3HBIl HAOOP BEepOBAHMIT U NPAKTUK,
OpPMEHTMPOBAHHBIX Ha paciiypeHue QU3NOIOTN-

MAHYEHKO

Anekcanap AnekcaHapoBuy
WHCTMTYT pycckoi nuTepaTypb!
(MywknHckmi gom) PAH,
EBponeiicknii yHnBepcuTeT

B CaHkT-leTepbypre
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YeCKUX BO3MOXKHOCTE UM CBOETO POfia TEXHOJIO-
IM3aLMI0 YeTOBEeYeCKOro Tela (9KCTpAaCeHCOPHOe
BOCIpUATHUE, Te/leNaTUs U TeleKUHe3, ajbTepHa-
TUBHAsA MeNMLVHA ¥ «IYXOBHOE LIeMUTEIbCTBO»),
LYXOBHYIO 1 9TUYECKYI0 TPaHCPOPMALUIO YeToBe-
Ka ¥ 0011eCcTBa, B3aNMOIEICTBIE C BOOOpaXKaeMbl-
MU CBEPXYe/IOBEUEeCKMMM areHTaMu U TpaHCIep-
COHA/ILHBIMI CUJIaMM (MHOIUTAHETSHE, «/[yXOBHBIE
YUIUTENA», «TATAKTUIECKOe CO3SHAHME», «IHEPIreTH-
YeCKue MMoJIs» 1 T. [.) TIPU IOMOIIN 0COOBIX MCUXO-
bu3nIeCKMX TEXHMK, IJIABHBIM 00pa3oM — TakK Ha-
3BIBAEMOTO «9eHHeNnuHra» [1, c. 23-41; 2]. B nenom
UIeOTIOTUsI HBIO-3I/Ka ObIIa OpMEHTMpPOBAHA Ha
CYLJHOCTHOE MOPa/JIbHOE NIEPEPOXKIEHIE YeTIOBEYE-
CKOJl MHAVBUJYa/TbHOCTH IIyT€M CaMOCOBEpPIIEH-
CTBOBAaHUSA U MAOCTVOKEHME HPUHIUIMNAIBHO HO-
BBIX — TAPMOHUYECKUX — COLIMA/IbHBIX OTHOIIEHMUIA.
K 4mcny xapaKTepHBIX MUPOBO33PEHUYECKMX OCO-
OeHHOCTeNl KYJIbTYypbl HbBIO-9I/[)Ka OTHOCUTCS TaK
Ha3bIBAEMBIIl «XOMMCTUYECKUII IPUHLINID», IOApa-
3YMEBAOLINIL IIeTOCTHOCTh BCEIEHHOI, B3aMIMHYIO
00YCIOB/IEHHOCTD BCeX NMPOUCXOAAIINX B Hell IIpo-
IIeCCOB, a TaK)Ke HEPa3phIBHYIO CBA3b MEXAY MU-
KPOKOCMOM I MaKPOKOCMOM, TO €CTb YeJIOBEKOM I
MUPO3[IaHMEM, ONNMCBHIBAEMYI0 B KOHBEHIIVIOHAJIb-
HBIX «eCT€CTBEHHOHAyYHBIX» TEPMMHAX, B YacT-
HOCTM — KakK JIe/ICTBYe BOOOpa>KaeMbIX SHEPTUil u
noneit. KpoMe Toro, ofHUM U3 KI0YEBBIX aCIIEKTOB
SMUCTEMOJIOTUM HbIO-3M[Ka SABSAETCA «CIMEH-
tusm» [3, ¢. 201-330] - ucmonb3oBaHMe COIMATb-
HOro 06pasa HayKy ¥ paljOHa/IbHOTO 3HAHMUA B Iie-
JIOM, a TaK)Ke Hay4YHBIX M ITapaHay4YHBIX AMCKYPCOB
I KOHCTPYMPOBAHNUA PEIUTMO3HBIX MeTadop,
HappaTUBHBIX MOJe/eil U MPaKTUK.

ToBopst 0 HbIO-37i>Ke KaK O PEIUTUO3HON
KYIbType, CIefyeT MMEeTb B BULY, YTO B IOCTIE[-
HIe TOAbl TEPMUH «PEeNIUINA» BOCIPUHNMMAET-
Cs1 MHOTMMMU MCCIeOBAaTe/IsIMU KaK He CIAMIIKOM
«ygoOHBI» MM onepannoHanbHbI. CoBpeMeH-
Hble AHTPOIIOJIOTY HEPENKO CUUTAIOT €ro «eBpo-
NOLLEeHTPUYHbIM», Te€HeajOTM4eCK! CBA3aHHBIM
C UCTOpUEN XPUCTUAHCTBA U KynbTypoit Hosoro
BpeMeHH. Vcnonb3oBaHue ONMO3ULMU «Pen-
TMO3HOe» / «CeKy/IApHOe» IPUMEHUTEe/IbHO K He
XPUCTMAHCKVM U He €BPONENICKUM KyNbTypaM 3a-
YaCcTyl0 JIMIIb MellaeT HMOHATb UX OCOOEHHOCTU
[4]. Ideno, BpodyeM, He TONBKO B OTKa3e OT 3C-
CEHIIMANINCTCKOTO ¥ BHEUCTOPUYECKOTO MOHUMA-
HJA PeIUTUN, HO U B T€X CMBIC/IAX, KOTOPbIe MBI
BKJIaJIbIBaeM B 3TOT TepMMH. «OHTOIOrMYECKUIL
IIOBOPOT» U KOTHUTUBHBIE MICC/IEJOBAHNA B COBpe-
MEHHOJI aHTPOIOJIOTUY PEeIUTUY IIePEeHeCIN BHU-
MaHUe UCCIefoBareneit Ha 0COGEHHOCTI He- UK
CBEPXUETOBEUYECKNX AT€HTOB, C KOTOPBIMU B3aM-
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MOJIEJICTBYIOT JIIOAY, IPUHAJIeXAl[e K pasHbIM
obujecTBaM U Ky/IbTypaM. B aToM cMbic/ie HbIO-
MK CTPOUT HOBYIO PEIUTVMO3HYI OHTOJIOTHIO,
I7le Ha MeCTO OOTOB, AHTE/IOB I [EMOHOB IIPUXO/AT
VHOIUIAaHEeTSHE, «IYXOBHbBIE YUNUTENIA», «PeIUKTO-
Bble TOMMHOWBI» M TONTeprericTol. Crennduky
9TOJ OHTOJIOTUM ellle MPEefCTOUT OIMUCATh UCCIIe-
TOBATE/IsIM, O[JHAKO Ba)XXHO, YTO OHA CBs3aHa C
BBIIIEYIIOMAHYTOM XONMMUCTUYECKOM KOHIUENMen
MUPO3JIaHUsA U JTUYHOCTY, The CTUPAIOTCSA HpU-
BbIYHbIE [IJII HOBOEBPOIIENCKON KyNbTypbl Ipa-
HUIBI MEXAY MaTepuanbHBIM U IYXOBHBIM, UH-
AVBUAYa/TbHBIM U KOJUIEKTVBHBIM, Ye/IOBEYeCKNM
TEJIOM ¥ OKpYXamoumuM MupoMm. lleHTpamabHOe
MeCTO B 9TOJ OHTOJIOTMM 3aHMMaeT IpefCTaBie-
HMe O «XOMUCTUYECKO TUYHOCTU», Pe3KO pac-
mypsollee OXMjaeMble BO3MOXKHOCTU JI060TO
YyeJlOBEKAa BHE 3aBUCUMMOCTU OT €ro IOIOXKEHUS
B o6IiiecTBe, 00pa3oBaTENbHOTO ¥ IKOHOMUUE-
CKOro craryca u T. I. K umciy Hpo-3limKepcKux
KOHLEMLIMII TaKOTO pojia OTHOCUTCS U[EOIOTUs
«4e/I0BEYeCKOT0 IOTEeHIMANa», NeK/IapUpyloas
3aiayy MepPCOHANbHOTO POCTA U CKPBITHIX 9KCTpa-
opArHapHBIX criocobHocTeit. Ha mpakTuke 9TOT
CIIBUT ONMCBIBAETCS B TEPMUHAX «IapaHOPMaslb-
HBIX» CIIOCOOHOCTENl K 9KCTPACEHCOPHOMY BOC-
OPUATUIO, TETEeNaTUN U TeleKNHe3y, YeHHEeIMHTY
U DYXOBHOMY LieMNUTeNbCTBY. Hbo-aiK, Takum
06pasoM, popMupyeT He TOTHKO HOBOE MUPOBO3-
3peHNe, HO ¥ HOBbIe PUTYajIbHbIE, IIOBEIeHIeCKIe
U coluajabHble TpaKkTuKuU. HakoHel, JOCTaTOYHO
BAXHYI0 pOJIb B KYIbType HBIO-dJJ)Ka WUTPaioT
9KOJIOTMYECKM OPMEHTMPOBAHHbIE WJIeU, TaKXKe
OCHOBaHHbIE Ha XOMUCTUYECKOM MUPOBO33PEHNN,
OTKa3bIBAIOIIEMCsI OT HAPOYMTOTO AHTPOIOLEH-
TpU3Ma U OIATH-TAKU CTUPAIOIIeM IPaHULBI Me-
KTy 4eJI0OBEKOM U IIPUPOJHBIM MUPOM.

Brpouem, HOBU3HA, O KOTOPOII MBI TOBOPUM, KO-
HEYHO, HECKOJIbKO OTHOCUTENbHA. TaK, CKaXeM, UC-
TOpUM O TIOXWILEHNN TTIOfielt MHOIUTaHeTsiHamu (alien
abduction narratives), COCTaB/IABIIE 3aMETHYIO YaCTb
Ky/IBTYPBI HbIO-31Ka 1 Ha 3anaze, u B CCCP, Mox-
HO aHA/IM3UPOBATb, KaK 9TO HEKOTZIA JIelayl aMepyKaH-
ckmit uccnenosarenb Jaun Xabdopp [5], B koHTeKCTe
IICMXOCOMATUYECKOrO OIbITa «COHHOTO Iapannya» 1
COMOCTABJIAITh C JOBOIBHO IIMPOKMM CIEKTPOM Be-
POBaHMIT I HAPPATUBOB, M3BECTHBIX B CAMbIX PasHbIX
KY/IBTYpaX — OT PAacCKa30B O JOMOBOM, «[yIIVBIIEM»
BO CHE PYCCKUX KPECTbsH, JIO MCTOpUiT 00 MHKy0ax n
CykKybOax B «Morore BepbM» [6]. OfHAaKO eVHCTBO
YeI0OBEYECKOTO OIBITA U TUIOIOTMIECKOE CXOfICTBO
€ro Ky/IbTYPHBIX PelIpe3eHTalul He OTMEHSAIOT IIOsB-
JIEHVsI HOBBIX COI[MA/IbHBIX U KOTHUTMBHBIX MOJIEJIENT,
Ha KOTOPBIX OCHOBBIBAETCSI HBIO-9M/IK.
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«IIcn-BOITHBI», <HAPOAHAA AUIIOMATI», HOBbIE
penurnosHble ABVOKEHIS I MacCOBas KY/IbTypa

Ha 3amage mpo-simk 1960-x — 1970-x T. 6611
¢dbOopMOIl COIMANTBHOTO M KYIBTYPHOTO IPOTECTa U
BMeCTe C TeM CBOEOOpPA3HBIM 3CXaTOTOIMYECKUM
IBIDKeHMeM. B cTpaHax coBeTckoro 6710ka OH ckopee
BBII/IAZIENT KaK TeXHOKpAaTUYeCKas MIN «TeXHOTHOC-
TUYeCKas» YTOIMA, HO BMECTe C TeM TOXe ObLI CBO-
€ro pojia IMPOTECTHON MAEO/NOTHell, IPOTUBOCTOS-
wieit opunnosy. Jlro6oneiTHO mpu 3T0M, uTo B CCCP
STUMM UAESAMM YBJIEKAINCh He TOJIBKO «MHXEHEPHO-
TeXHUYECKNe PabOTHUKM», HO M MHOTUE IIPENCTa-
BUTE/IV YHMBEPCUTETCKON 1 aKaIleMIUIeCKOl S/IUTBHI,
XY/IOXKHUKH, TIMCATENN U MY3bIKaHTbL. OcobyIo porb
B 3BOJIIOL[UY COBETCKOTO HBIO-9II/[Ka, Ifie, KaK 1 Ha
3amazie, ObUIM OCOOEHHO 3HAYMMBI OPUEHTANTNCT-
CKMe MJIeV ¥ MHTEePEeChI, UTPpaj MpogeccroHaIbHbIe
BOCTOKOBeJIbI. JIHOTa O COBETCKOM HbIO-3MKe T -
IIYT KaK O CBOEr0 Pojia KyJIbTYPHOM VMMIIOPTE, TO
€CTh IPOCTOM KOIVPOBAHWM 3aIlaIHbIX MAEl, KOH-
menuuii u npaktuk. Ham, ofHako, nmpepcrapiseT-
CsA, YTO peyb JO/DKHA UATY CKOpee O MapalleIbHOM
PasBUTUM ¥ B3aVIMHOM BJIMAHUM STOM Ky/IbTYpBI
B CHIA, CCCP n EBpome. O B3auMHOM HUHTepe-
ce ¥ BIVISHUU CBUJICTE/IbCTBYET, HAIIpUMep, KHNUIa
aMmepuKaHCKMxX >xypHammcTok Ileitner Octpanpep
n Jlunn Hlpenep «Ilcuxmdeckue OTKPBITUA 3a XKe-
JIe3HBIM 3aHaBeCOM» [7], MOCTY>KUBILIAs CTUMY/IOM
K KOHTaKTaM U COTPYJHNYECTBY MEX/Y aMepyKaH-
CKVMMMY ¥ COBETCKVMMIU IapaIrCUXOIOraMu U 3KCTpa-
ceHcaMu. ITO COTPYAHUYECTBO, B KOTOPOM 3aMeT-
HYI0 ponb urpaa VIHCTUTYT DcajleH — OfHA U3 aMe-
PUKAHCKUX HbIO-3M/IKePCKUX OpPTraHU3alnil, — 6bUI0
OIHOJT M3 HepBBIX GOPM «HAPOSHON AUITIOMATUI»
MeX[ly 3amajioM 1 BocTokoMm Ha usnete XOnOgHOI
BOMHBL. [Ipy 9TOM «IapaHOPMAanbHBIMU CIIOCOO-
HOCTSIMV» MHTEPECOBA/IICh Y aMepPUKAHCKIe, U CO-
BETCKJe CIIeIIC/TY>KObI, TaK YTO 06e CTOPOHBI COOM-
PaINCh UCIONB30BATh SKCTPACEHCOPUKY JlaJIeKO He
TOJIbKO B MVPHBIX LIeJISIX Y NBITA/IVICh BECTY CBOETO
poza «Icu-BoiiHb». B Poccun 3ToT «60€BOIT HbIO-
SIIK» Boxkun go snoxu b.H. Enpuuna [8].

OpnHa M3 NepBBIX COLMOTOTMYECKUX MOJeIei
HBIO-31/Ka OblTa mpepiokeHa B 1972 r. 6putaH-
ckuM uccinepoBareieM Kommuom Kammnbemnom B
pabote «KynbT, KynbroBas cpefa M CeKylIsapusa-
1ysi» [9]. Peub 31ech 11a 0 «Ky/nbTOBOIL cpefe» (the
cultic milieu) KaK O COLMIAIBHBIX CETAX, CTY>KAIUX
CpefcTBOM KY/IBTYPHOI MHHOBaumu u uddysnn
a/IbTEPHATUBHBIX PEIUTMO3HBIX NPAKTUK M IIapa-
Hay4yHbIX HOKTpuH. Ilo Habmiomenuto Kommnbenna,
3TU CETM He TATOTEeIN K 00Pa30BAHNUIO YCTONYMBBIX
CTPYKTYp ¥ MHCTUTYLUIL U 6bUIM 0ObeyiHEHBI 00-
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1ieil MIe0NIoTnell «JyXOBHOTO IOMCKa» U MeIMalb-
HBIM KOHTEKCTOM (XKYpHaIbl, TaM(IeThl, TeKIVM,
HedopmanbHble cobpanus u T. 1.). He ocranaBmm-
BasCh MOAPOOHO Ha BOIPOCAX TeHe3Nca «KYIbTO-
BOJI cpefibl», KaMnbenn moguepkuBat ee ajbrepHa-
TUBHBIN ¥ OTYaCTV CTUTMaTU3VPOBaHHBIN CTaTyC B
COBpeMEHHOM 3aIajiHOM OOIIeCTBe ¥ BMeCTe C TeM
«aJalITUBHBIN MOTEHIIMAT» B KOHTEKCTe CMEHBI I
SBOMIOLMY COLMATIbHO-UJIEOIOTUYECKUX TMAPAJUTM
XX B.

Xora B CCCP 1970-x - Hauana 1980-x IT. HblO-
9I/PKEPCKIe coobIiecTBa TPECTaBIsIN  COOOIt
(dbopMy KyIbTypHOTO aHAerpayHAa M He TaK YK 4a-
CTO MOIJIY 3asIBUTD O CBOVX MIESIX M IIPAKTYUKAX Iy0-
JIMYHO, CUTYaluA 3[ech B 1}e/IOM HaIllOMMHaJIa OIM-
cannywo Kamnbennom. OpHako k KoHIy 1980-x IT. B
Coserckom Coro3e IponsolIeNT B3pbIBOOOPasHBIN
pOCT NONYNAPHOCTH HBIO-3MJKA, 3aXBAaTUBILNUI U
3HAUNUTENIbHYIO YacTh 1990-x IT. B pesynbTare B ObIB-
IINX COBETCKUX PeCIyOIMKax MOsSBUINCH acCOLya-
LIMM, MHCTUTYTBI U JlaXKe aKaJeMUM «MCCIefloBaTe-
7Iell TTapaHOPMAaJIbHOTO», aKTMBHO [IeJICTBOBABIIINE
BHYTPU CBOMX CTPaH U COTPYAHMUYABIIINE C I7I06a/b-
HBIMM HbIO-3JPKePCKUMIU CETSIMU; pa3nndHble Gpop-
MBI KOMMEPUYECKOT0O MCIOIb30BaHNS MarnuecKnx u
MaHTUYECKUX MPAaKTUK (aCTpOIOrus, TafaHus, Le-
JIUTENIBCTBO U T. II.); HOBBIE CaKpasibHble TaHamad-
THI («MeCTa CHUJIBbI», «<aHOMaJIbHbIE 30HBI»); a TAKXKe
ABTOXTOHHbIE HOBbIE PeIUTMO3Hble ABIDKeHMA. [lep-
BO€ IOKOJIEHME PEIUTMO3HBbIX JBVDKEHUII, BBIPOC-
IIee 13 HbIO-3iIKepcKux Ki1y6os nospaero CCCP
(ckaxem, «Bemukoe Benoe bparcreo JOCMAJIOC»
wn «LlepkoBb ITocrenHero 3aBerar), ObIIO OCHOBA-
HO HAa XapM3MaTU4YeCKOM JIUJEPCTBE U OTINYATIOCH
BBIPQKEHHDBIMI 3CXATONMOIMYECKUMI OXUTAHUAMI,
4TO, BEPOSTHO, CTOUT OOBSACHATD OOIUM KPU3UCOM
«COBETCKOJ CUMBOIMYECKON BCeJIeHHOW». B manb-
HelillleM, OfIHAaKO, IBVDKEHUsI TaKoro popa (Hampu-
Mep, «aHAaCTACHUEeBI[bl») BEPHY/INCD K «CeTeBOI» (op-
Me COLIMa/TIbHOM OpraHu3aluy U AUMIVINCDH alloKa-
ymunrideckoro nagoca. K Hauany HoBoro cronerns
HbBIO-9J[K 1 Ha 3amajie, U B IOCTCOBETCKMX CTPAaHax
CTaJl YacThI0O MaCCOBOM KY/IBTYPbI, OTYaCT! PACTBO-
PUBIINCH B MHOTOOOPa3HbIX (OpPMax «alIbTepHATHB-
HOTO 3HAHMA».

MaccoBblit MHTepecC K UM U PAKTUKAM HbIO-
alifKa B mocnenHue rogsl cymecrsosanua CCCP u
B IIepPBO€ IIOCTCOBETCKOE [IeCATUIETIIE OBIT YaCThIO
obmiero «pemurnosHoro 6Oyma» KoHma 1980-x -
1990-x IT., THE «MCCIefOBaHMA TaPAHOPMAIbHOTO»
TNOBOJIDHO JIETKO COYETANIUCh C «BO3POXIEHUEM»
IpaBOC/IABMs, UCTAMa, UyAausMa 1 OyAausMa, aK-
TUBHOI ¥ YCIIEIIHOI IIPOIIOBEbIO 3allafHbIX €BaH-
re/IM4eCcKUX MUCCUIL U T. 1. DTU MPOLECChI HAJIOXKU -
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BECTHHK Pl L

7V OTIEYATOK M Ha MACCOBYI0 PEIUIMO3HYIO KYJIb-
Typy coBpeMeHHOI Poccun, rae, Hampumep, Ipaso-
C/IaBHAs UAEHTUYHOCTD 3a4aCTyI0 He IPerATCTBYeT
YBIIEUEHNIO UAEAMN U IPAaKTUKAaMI HbIo-31Ka. Ha
3amajie BCE 06CTOATO HECKOIBKO MHAYe, TOCKOIbKY
UEO0JIOTMs HbIO-3J/IKa TaM C CAMOT0O Hadaja JMCXO-
IWIa U3 OTKa3a OT «TPAaAVIIMIOHHBIX» (B YaCTHOCTH,
IPOTECTAHTCKIX) Pe/TUTMO3HBIX UJell I HOPM.

HepeHHI/IaJII/ISM, PECEHTUMEHT U KOHCIIMPOIOINA

OpHa M3 3HauMMBIX COCTABIAKIINX HBIO-
IMKEPCKOIT UCTOprOcopum — 3TO mepeHHUanusM,
TO €CTb IIPefCTaB/IeHNsI 00 yTpadeHHOI JIIOfbMMU
VCTUHE, TOJMHHOM 3HaHMM, KOTOPBIM KOTZTa-TO
BNIafle MpefKM OfHOTO Hapoja MM BCETO Yeso-
BedyecTBa. CTpeM/leHMe TeM WIM MHBIM CIIOCOOOM
BEPHYTb WM 0OPeCT! «IPEBHIOI0 MyAPOCTb» — OffHA
U3 XapaKTepHBIX 4YepT MHOIUX HbIO-3M/IKEPCKUX
Y4eHUIl ¥ IPAKTUK. ITO, BIPOYEM, TOTbKO OIVIH U3
BapMaHTOB 60s1ee 061Iell MeOMOI NN «a/IbTePHATHB-
HOTO 3HaHM:», MIMPOKO IOMY/IAPHON B COBPEMEH-
HOM ob6miecTBe. Hpro-9i1>k B 9TOM KOHTEKCTe B3am-
MOJIETICTBYeT C PasHOOOPasHBIMM IapaHAyYHBIMM
TOKTPVMHAMM — OT «a/IbTEpHATVBHOM TMHIBUCTUKI»
IO «KPUIITO300TOTUN».

IlonATh NMpUBIEKaTETBHOCTb 3TONM WUIEONOTUN
IIOMOTaeT KOHIENIMA «CTUTMATU3VPOBAHHOTO
3HaHMUA», NPEI0KeHHAasA aMEepUKaHCKMUM IIOINTO-
noroM MarikioM bapkyHoM: 3TO, KaK OH IMILET,
«IIpeTeH3MM Ha MCTUHY, KOTOpble IPEeTeHIEHTbI
CUNTAIOT 0OOCHOBAHHBIMM, HECMOTpPS Ha Mapriu-
HaJM3alMi0 CO CTOPOHBI MHCTUTYLMII, KOHBEH-
IMOHAJIbHO OTBEYAMINMX 3a pasjandeHye 3HAHUI
U OLIOOK, — YHUBEPCUTETOB, HAYYHBIX COOOIECTB
U ToMy nofo6ubIx» [10, c. 26]. VHbiMK croBamu,
LEHHOCTDb IPUIMCHIBAETCA NPEUMYIEeCTBEHHO MIN
UCK/TIOYNTEIBHO OQUIVATIbBHO OTBEpraeMoMy U
Ipec/ie[yeMOMY 3HaHUIO: BOXHOCTD U OOIeCTBeH-
Hasg 3HAYMMOCTD MAieil ¥ MPaKTUK B JJAHHOM CIIy-
Yae KaK Obl IPOIIOPIIOHAIBHA TOMY COIIVIA/IBHOMY
«J1aBJIEHUIO», KOTOPO€ OKa3bIBaeTCs Ha HUX CO CTO-
POHBI OQUIMANTbHBIX MHCTUTYTOB. Mopenb cTur-
MaTU3MPOBAHHOTO 3HAHWS IpeAcTaBiseT coboit
OJVH U3 TUIMYHBIX BapMaHTOB KOHCIIMPOJIOTMYE-
CKOJI THOCEOJIOTUM, XapaKTEPHON /il COBPEMEH-
HOJ MacCOBOJ Ky/IbTypbl. Peub nzer He mpocto 06
OCIapMBaHMM K/IaCCOBOJ, COCIOBHOI VTN MHCTHU-
TYLMOHAJIbHOJ MOHOIIONNY Ha PalliOHa/IbHOCTD U
Hay4YHOCTb. OOpa3 3HaHUA ¥ TEXHOJIOTMIT B 3TOM
KOHTEKCTe MCIIONb3yeTCA KaK 3HAYMMOe CPeICTBO
COIMaNbHOI 60PBOBI 11 IPOTECTa U OFHOBPEMEHHO
KaK HeOTbeM/IeMas YacTb MHVBULYaIbHON areHT-
HOCTH, HE OIIOCPENYyeMOli COLMaTbHbIMY MHCTUTY-
TaMM ¥ IOTUTUYECKUMU CUCTEMaMMU.

140

DOI: 10.22204/2410-4639-2021-109-110-01-02-137-141

DFG Deutsche
Forschungsgemeinschaft

RUSSIAN FOUNDATION
FOR BASIC RESEARCH

MHorne NOCTCOBETCKME HbBIO-3MIPKEPCKIE TOK-
TPMHBI ¥ OBVDKEHUA OCHOBBIBAIOTCA HAa MJEAX CTUI-
MaTM3MPOBAaHHOrO 3HaHMA. K HuM, Hampumep, OT-
HOCUTCA y4eHMe O TaK Ha3bIBAEMOM «BCEACBETHON
rpaMOTe» — BBIMBIIUIEHHOM JpeBHeM ayndasure,
obmajarommeM MMUCTUYECKMMY CBOJICTBAMU — M He
TONBKO MH(POPMALMOHHBIMI, HO U IICUXO(DU3MOTIO-
TUYEeCKMMY 0COOeHHOCTsIMMU. Takme JOKTPUHBI, KaK
NIPaBUJIO, XapaKTEPU3YIOTCA He TOJbKO IIepeHHMa-
JIMCTCKMM, HO U KOHCIMPOJIOTMYECKUM I1adoCcoM:
NIPEIIONIaTaeTCsA, YTO yTpaTa APEBHMUX SHAHWII IIPO-
M30LIa 110 BOJIE MOTYIIECTBEHHBIX 3arOBOPIIMKOB,
KeTIAIOIINX 371 PYCCKOMY Hapofy, BOOOpakaeMbIM
«apusAM» WM BceMy dYenoBedecTBy. COBpeMEHHBIN
HOCTCOBETCKMIT HbIO-3J/[K BOOOIIe B CYIeCTBEHHOI
CTENeHM OPMEHTVPOBAH Ha KOHCEPBATUBHBIN HaIVIO-
Ha/IM3M, VMMIIEPCKUIT PECEHTUMEHT ¥ KOHCIMPOJIO-
ruto. [TokasarenpHO, CKaXkeM, YTO B (POPMMPOBAHNN
VI 9BOJIIOLIMY 3aIIaZJHOTO HbIO-3V/PKa CYLIECTBEHHYIO
porb urpan ¢peMuHusM, Torga Kak B Poccun, Hao60-
POT, HOIYAPHBI UJEN TeHAEPHOTO HEPaBHONPABHS,
BO3BOJAIIVE ITONYMHEHHYIO POJIb KEHIIVHBI B PaHT
OJJHOI U3 «TPafMLVIOHHbBIX LIEHHOCTEN».

Bcé 9T0 MOXXHO OODBACHATH TeM, YTO COBPEMEH-
HBIVI HBIO-3MK BO MHOTMX OTHOLIEHMAX CIIENyeT
OOLIMM TEHJIEHI[MAM MacCOBOJl KYIBTYPbI, B TOM
YUCIIe M B KOHTEKCTE KOIJIEKTUBHOIO IOIUTIYECKO-
ro BooOpakeHNs, a OHO B Poccum nmeer oTueT/m-
BBl HALIMOHA/IMCTUYECKNI ¥ KOHCIIVIPOIOTMY€eCKII
OTTeHOK. Bcé, offHaKo, MOXKeT OBITb He TaK IIPOCTO.
CnusiHMe HBIO-3Mi/Ka, KOHCIMPONOTUN ¥ IIPaBOTO
KOHCepBaTm3Ma Habmomgaercs n B 3amagHoit EBpo-
e, u B CIITA, Tak uro B 2011 . 6puTaHCKYE yIeHbIe
MIapmoTrTa Yopm m oBup Boac pmaxke mpupymanu
CIlenVa/IbHBIN TepMUH — conspirituality (<koHcIMpO-
JIOTMYeCKas JYXOBHOCTDb») — JU/ISI ONMCAHUA UJIE0IIO0-
I'MYEeCKMX MPOLeccoB Takoro popa [11]. demo 3xecs,
CYZ4 110 BCEMY, B TOM, YTO HbIO-3M/IK B Ka4eCTBE HO-
BOVI PEUTMO3HON OHTONOIUY HYXXIAETCA B A3bIKE,
uiesIX ¥ HappaTUBaXx Ul OMMCAHUA U 00CY>KIeHUs
po6IeMBl 3713, I IMEHHO T€OPUY 3aTOBOpaA IPefo-
CTaBJIAIOT /I 9TOTO IVPOKME BO3MOXKXHOCTH.

HInpokoe pacnpocTpaHeHMe HBIO-3M/)Ka B CO-
BPEMEHHOI MAacCOBOIl KY/IbType OIATb-TAKU IIO-
3BOJIAET 3aK/IIOYNTh, YTO OH OKa3ajCs WMHTEJIEK-
TyaJIbHO M IICMXOJOTMYECKM IIPUBJIEKATENbHON
OHTOJIOTMENI, YCIIENIHO KOHKypupymoouei ¢ 6omee
IPUBBIYHBIMY JI/ISI 3alIa/HOTO 00IecTBa MUPOBO3-
3peHdYecKuMY GOpMaMU U AUCKYPCAMU — XPUCTUAH-
CTBOM U JPYTVIMM MUPOBBIMY PETUTUAMMY, a TAKKe
PaLMOHANIMCTUYECKON MO3UTUBUCTCKOM KapTUHON
Mupa. B aToM cMbIclie COLMANBHYI0 U KyIbTYPHYIO
3HAYMMOCTb HBIO-9JiJKa I MOCTCOBETCKUX 00-
LIECTB C/I0KHO IIEPEOLIEHNUTD.
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