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A.E., Canumeapees /[./1., FOxcaxosa A.A.

JJJOMUWHECIHEHTHBIE T'MBPUJIHBIE MATEPUAJIBI HA OCHOBE
METAJIJIOOPTAHMYECKUX JIIOMHWHO®OPOB B
OKCUDPTOPUAHBIX CTEKJIAX 1 OKCUIHBIX 1 ®TOPUAHBIX
INTOJIMKPUCTAJIJIAX Asemucos . X., Asemucos P.U., Masxosa M.H.,
Ilemposa O.b., Pynuna K.U., Cmpexanos I1.B.

CTPYVKTYPA U JIIOMUHECLHEHTHBIE CBOMCTBA TBEPJIBIX
PACTBOPOB B CUCTEME PbF; — ErF;

Masxosa M .H., Ilemposa O.b., Pynuna K.U., Cuupnos B.A.
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16.
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18.

19.

20.

21.

JIIOMUHECIHEHTHBIE CBOMCTBA Eu/Gd-COAKTUBHUPOBAHHBIX
CBHUHIIOBBIX ®TOPOBOPATHbBIX CTEKJIOKPUCTAJIJIMYECKUX
MATEPHUAJIOB

Benuuxuna J[.A., Ilemposa O.b5., Pynuna K.U.

AITIKOBEPCHMOHHBIE ITOJIMMEPHBIE MATEPUAJIBI JIJIS1
[TOBBILIEHUS DODPEKTUBHOCTU COJIHEYHBIX BATAPEU
byonos M. K., I'vwun C.B., Epmaxos A.C., Kysueyoe C.B., Kyzomun A.M.,
Jlanun A.A., Paboukuna I1.A., Yeprnos M.B.

JIOKAJIbHBIM PEHTTEHOBCKHWH JTU®PAKIIMOHHBIN AHAJIN3
IICEBO o—TUTAHOBOI'O CIIJTABA IIT3B,
JNE®OPMUPOBAHHOI'O METOJIOM POTAILIMOHHON KOBKU
Anopees I1.B., I'yosw J[.A., Cmemanuna K.E.

OJIEKTPOHHBIE COCTOAHUA MEJIKUX JOHOPOB B KPEMHUWUA
U TEPMAHUM: VUET KOPOTKOJIEMCTBYIOILIEIO IOTEHLIMAJIA
Konaxos A.A., Muxatvinosa A.M., Pesun A.A.

BBIPAIIIMBAHUWE MOHOKPUCTAJIJIOB AgBr - Agl 1
UCCJIEJJOBAHUE X ®A30BOUV TIUATPAMMBI

JKyvkoesa JI.B., Kopcaxos A.C., Kopcaxos M.C., JIveos A.E., Canumeapees
/L., Hloxuna FO.B., FOoxcakosa A.A.

UCJUJIEJJOBAHUE ®A30BOU JIMATPAMMBI AeBr — Agl

FEeoposa K.A., ’Kykoesa JI.B., Kopcakos A.C., JIbeos A.E., [lecmepesa I1.B.,
Canumeapees J1.J1., FOxcakosa A.A.

CIEKTPAJIbHBIE CBOMCTBA BUCMYTIEPMAHATHBIX
CTEKOJI, JIETMPOBAHHBIX OKCHUJIOM HEPUA Ilemposa O.B.,
Casenko JI.M., Cepxuna K.C., Cmenanosa H.B.

BJIMAHUE TEPMOOBPABOTKHN HA BO3YXE U B BAKYYME HA
MEXAHUYECKUE CBOMCTBA KPUCTAJUIOB YACTUYHO
CTABMJIN3MPOBAHHOI'O JMOKCHUIOA ITMPKOHHMSA 2Y-0.8RSZ(R-
Ce, Nd, Tb, Er, Yb) bopux M.A., Kyrebsaxun A.B., Jlomonosa E.E.,
Munosuu @.0., Mvizuna B.A., Pabouxuna I1.A., Cuooposa H.B.,
Tabauxosa H.IO.

BJIMSIHUE HECTEXUOMETPUU ILINUXThHI U VCJIOBUN CUHTE3A
HA KPUCTAJUIM3ALIMIO CETHETORJEKTPUUYECKOU ®A3BI
Bi,GeOs Adsemucos UX., ['veaucmos M.U., 3vikoea M.I1., Ilemposa O.b.,
Pynuna KU., Cmenanosa U.B.

METOAUKA ®YHKIIMOHAJIM3AILIMM MHOI'OCTEHHBIX
VYIJIEPOJHBIX HAHOTPYBOK KAPBOKCUJIMPOBAHUEM
byzaesa M.B., Edpumos M.C., Maxaposa M. A., Cepecees B.A., Pponos U.B.
BJIMSHUE TEPMOOBPABOTKHU HA CTPYKTYPY U
MEXAHUYECKUE CBOMCTBA KPUCTAJUIOB JIMOKCUIA
[MUPKOHUMA, HACTUYHO CTABMJIN3MPOBAHHBIX OKCHUIOM
T'AJOJIMHU A

bopux M. A., Kyneosxkun A.B., Jlomonosa E.E., Munosuy @.0., Mvizuna
B.A., Tabauxosa H.FO., Yucnos A.C.




22,

23.

24,

25.

26.

217,

28.

29.

30.

31.

32.

KPUCTAJLJIBI I'PVIITIBI FOPATOB JIJISI TEHEPALIMU TT'1]
WN3JIYYEHWS Anopees FOM., I'peuun C.1 ., Jlanckuu I.B., Mampawes
A.A., Huxonaes H.A., Huxonaes I1.11.

NCCJIIEJOBAHME OJJHOPOJHOCTHU ®A30BOI'O COCTABA
TBEPJBIX CINTABOB HA OCHOBE KAPEMJIA BOJIbOPAMA U
KOFAJIbTA

Anopees I1.B., Jlanyes E.A., Cmemanuna K.E.

PA3BABJIEHHBINM MATHUTHBIN TOJYIIPOBOJIHUK GaMnAs,
CO®OPMUPOBAHHBIM METOJIOM UMITYJILCHOIL'O JIASEPHOI'O
OCAXJIEHWA Janunos IO.A., 36onkos b.H., 3yokos C.IO., Kpoxos P.H.,

Huxonuues J[.E.

CBETOU3JIYYAIOIIAS TEKCAT'OHAJIbHA S ®A3A 9R-Si

benos A.U., Konaxos A.A., Kopones JI.C., Mapwiues M.O., Muxatinos A.H.,
Mypmaszun P.U., Huxonvckasn A.A., [lasnos [ A., Temenvbaym J[.H.
KPACHBIE JJIOMHNHOPOPEI HA OCHOBE
OTOPXJIOPIIMPKOHATHBIX CTEKOJI, JJET TIPOBAHHBIX
MOHAMU MAPI"AHIIA

bamuwicos C.X., bpexosckux M .H., I nyuukosa B.B., Mouceesa JI.B.
JJOMUHECIIMPYIOIIAS CTEKJIOKEPAMUKA B CUCTEME
(Li,Na)go-(Ga,Al)gO§-GEOg-SiOg

Tonyoes H.B., 3uamounosa M.3., Henamvesa E.C., Koznosa E.QO.,
Jlonamuna E.B., Maypyc A.A., Cucaes B.H.

OOPMHUPOBAHUE ABYJIVUEIPEJIOMJIAIOIMX CTPYKTVYP B
HATPUEBOBOPATHBIX CTEKJIAX JIASEPHBIM ITYYKOM
Jlunamves A.C., Jlomapes C.B., Cucaes B.H., @eoomos C.C.
JJASBEPHAJS 3AITMCH KAHAJIBHOI'O BOJITHOBOJIA B CUTAJIJIE C
OKOJIOHVYJIEBBIM KOSOPUITMEHTOM TEITJIOBOI'O
PACIOUPEHWS Jlunamwves A.C., Jlomapes C.B., Casunkos B.H.,

Cueaes B.H., @eoomos C.C., llaxeunvosnu I FO.

I[TPO3PAYHBLIE JIMTUEBOAJIIOMOCHUJIIMKATHBIE CUTAJIJIBI C
PEI'VJIMPYEMBIM TEPMUWYECKUM KOOODOUITMEHTOM
JIMHEMHOT' O PACHIMPEHUS B OBJIACTU HYJIEBBIX 3HAUEHUM
Jlonamuna E.B., Jlomapes C.B., Haymos A.C., Casunkos B.H.,

Cuecaes B.H., Illaxeunvosn I 1O.

[TPO3PAYHBIN JIMTUEBO-AJTIOMOCUJIMKATHBIN CUTAJLIL,
AKTUBUPOBAHHBIN MOHAMU HEOJIMMA, C TKJIP,
CTABMJIN3MPOBAHHBIM BBJIM3U HYJIEBOI'O 3HAYEHUM S
Jlomapes C.B., Haymoes A.C., Casunxos B.1., Cucaes B.H.
[TPO3PAYHBIE CTEKJIOKPUCTAJUJIMYECKHUE MATEPUAJIbI
[TOBBILIEHHOW TBEPJIOCTU HA OCHOBE CUCTEMBI MgO-ZnO-
Al;O3-Si0,

Casunxos B.U., Cucaes B.H., Illaxeunvosin A.FO., Hlaxeunwosan 1 FO.




33.

34.

35.

36.

®OPMUPOBAHUE AHNU30TPOITHBIX MUKPOIIOJIOCTEN B
OBBbEME HAHOITIOPUCTOI'O CTEKJIA IO JEUCTBUEM
OEMTOCEKYHAHBIX UMITYJIBCOB Jlunamwves A.C., Jlomapes C.B.,
Oxpumuyk A1, Ilpecnaxos M.IO., Cueaes B.H., @eoomos C.C.,
Hlaxeunvosan I 1O.

UCCJIEJJIOBAHUE BJIMSHUS TIAPAMETPOB JIASEPHOM 3AIIUCHU
HA CTPYKTYPY BOJIHOBOJOB B Ag,0-Zn0O-P,0s CTEKJIE
Jlunamves A.C., Jlomapes C.B., Cucaes B.H., @eoomos C.C.,
Hlaxeunvosan I 1O.

BJIMAHUE YIJIEPOJHBIX HAHOTPYBOK HA
DJIEKTPOITPOBOAHOCTSG ITOJIMMEPHOI'O KOMITIO3UTA

3ro3un A.M., Kapnees A.A., Haymxun B.B., Anuen H.B.
KPUCTAJUIMYHECKHUE ®A3bI B YVI'JIEPOACOIAEPXAIIIEM
[NOJIMUMEPHOM KOMIIO3UTE

Sro3un A.M., Kapnees A.A., Haymxun B.B., Anyen H.B.

NEW FUNCTIONAL MATERIALS

1.

OPTICAL SPECTROSCOPY OF THE HYBRID PEROVSKITE
CH3NH3Pbl; — A PROMISING MATERIAL OF OPTOELECTRONICS
Anikeeva V.E., Boldyrev K.N., Popova M.N., Semenova O.l.
SYNCHROTRON RADIATION AND LUMINESCENCE
SPECTROSCOPY OF NOVEL MATERIALS

Pankratov V.

STRUCTURE, PHASE COMPOSITION AND MECHANICAL
PROPERTIES OF SOLID SOLUTIONS OF PARTIALLY STABILIZED
ZIRCONIUM DIOXIDE Zr0O,-2.5mol.%Y-(0.5, 0.7, 1.2)mol.%RSZ (R —
Ce, Nd, Er, Yb) Borik M.A., Lomonova E.E., Milovich F.O., Myzina V.A.,
Ryabochkina P.A., Sidorova N.V., Schuchkina A.V., TabachkovaN.Yu.
FEATURES OF PHASE TRANSITIONS IN ZrO,-Yb,03 CRYSTALS
AFTER HEAT TREATMENT IN AIR

Borik M.A., Kulebyakin A.V., Lomonova E.E., Milovich F.O., Myzina V.A.,
Ryabochkina P.A., TabachkovaN.Yu., Volkova T.V.

STRUCTURE AND PHASE COMPOSITION OF SILICON NITRIDE
CERAMICS AND POWDERS PLATED WITH YTTRIUM-ALUMINUM
GARNET Alekseeva L.S., Andreev P.V., Balabanov S.S., Boldin M.S.,
Drozhilkin P.D., Karazanov K.O., Smetanina K.E.

PHASE TRANSFORMATIONS IN ZrO,-Sc,03-R;03 (R =Y, Yb, Ce)
SOLID SOLUTIONS Borik M.A., Gerasimov M.V., Kulebyakin A.V.,
Larina N.A., Lomonova E.E., Myzina V.A., Ryabochkina P.A.,

Sidorova N.V., TabachkovaN.Yu.

PREPARATION OF HIGH-PURITY ISOTOPICALLY ENRICHED
SILICON DIOXIDE-28 BY SOL-GEL METHOD

Ignatova K.F., Komshina M.E., Kuzhelev I.A., TroshinO.Yu.
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11.

12.

13.

14,

15.

16.

17.

18.

19.

STUDY OF REFLECTION AND TRANSMISSION SPECTRA OF
SILVER HALIDE POLYCRYSTALS IN THE TERAHERTZ
FREQUENCY RANGE Korsakov A.S., Lvov A.E., Salimgareev D.D.,
Yuzhakova A.A., Zhukova L.V.

LUMINESCENT HYBRID MATERIALS BASED ON METAL-
ORGANIC PHOSPHORS IN OXYFLUORID GLASSES AND OXIDES
AND FLUORIDES POLYCRYSTALS

Avetisov |.Ch., Avetisov R.l., Mayakova M.N., Petrova O.B., Runina K.1.,
Strekalov P.V.

STRUCTURE AND LUMINESCENT PROPERTIES OF SOLID
SOLUTIONS IN THE PbF,—ErF; SYSTEM

Mayakova M.N., Petrova O.B., Runina K.l., Smirnov V.A.
LUMINESCENT PROPERTIES OF Eu/Gd-CO-DOPED LEAD
FLUOROBORATE GLASS-CERAMICS Velichkina D.A., Petrova O.B.,
Runina K.I.

UPCONVERSION POLYMER MATERIALS TO INCREASE
EFFICIENCY OF SOLAR CELLS Bubnow M.K., Chernov M.V., Ermakov
A.S., Gushchin S.V., Kuzmin A.M., Kuznetsov S.V., Lyapin A.A.,
Ryabochkina P.A4.

LOCAL XRD ANALYSIS OF THE NEAR o-TITANIUM ALLOY PT3V
PREPARED BY ROTARY SWAGING

Andreev P.V., Gudz D.A., Smetanina K.E.

ELECTRONIC STATES SHALLOW DONORS IN SILICON AND
GERMANIUM: ACCOUNTING FOR SHORT-RANGE POTENTIAL
Konakov A.A., Mikhaylova A.M., Revin A.A.

GROWING AgBr — Agl SINGLE CRYSTALS AND INVESTIGATION
OF THEIR PHASE DIAGRAM Korsakov A.S., Korsakov M.S., Lvov A.E.,
Salimgareev D.D., Shokhina Y.V., Yuzhakova A.A., Zhukova L.V.
RESEARCH OF AgBg — Agl PHASE DIAGRAM

Egorova K.A., Korsakov A.S., Lvov A.E., Pestereva P.V., Salimgareev
D.D., Yuzhakova A.A., Zhukova L.V.

SPECTRAL PROPERTIES OF BISMUTH GERMANATE GLASSES
DOPED WITH CERIUM OXIDE

Petrova O.B., Savenko L.M., Serkina K.S., Stepanova I.V.

HEAT TREATMENTS EFFECTS IN AIR AND IN VACUUM ON THE
MECHANICAL PROPERTIES OF PARTIAL STABILIZED
ZIRCONIUM CRYSTALS 2Y-0.8RSZ (R —Ce, Nd, Th, Er, Yb)

Borik M.A., Kulebyakin A.V., Lomonova E.E., Milovich F.O., Myzina V.A.,
Ryabochkina P.A., Sidorova N.V., TabachkovaN.Yu.

INFLUENCE OF BATCH NON-STOCHIOMETRY AND SYNTHESIS
CONDITIONS ON FERROELECTRIC PHASE Bi,GeOs
CRYSTALLIZATION

Avetisov |.Ch., Guslistov M.1., Petrova O.B., Runina K.I., Stepanova |.V.,

Zykova M.P.
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27,
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29.

30.

31.

32.

INFLUENCE OF HEAT TREATMENT ON THE STRUCTURE AND
MECHANICAL PROPERTIES OF ZIRCONIA CRYSTALS
PARTIALLY STABILIZED WITH GADOLINIA

Borik M.A., Chislov A.S., Kulebyakin A.V., Lomonova E.E., Milovich F.O.,
Myzina V.A., TabachkovaN.Yu.

BORATE CRYSTALS FOR THZ WAVE GENERATION

Andreev Yu.M., Grechin S.G., Lanskii G.V., Mamrashev A.A., Nikolaev
N.A., Nikolaev P.P.

STUDY OF PHASE COMPOSITION HOMOGENEITY OF HARD
ALLOYS BASED ON TUNGSTEN CARBIDE AND COBALT
Andreev P.V., Lantsev E.A., Smetanina K.E.

LIGHT-EMITTING HEXAGONAL 9R-Si PHASE

Belov A.l., Konakov A.A., Korolev D.S., Marychev M.O., Mikhaylov A.N.,
Murtazin R.I., Nikolskaya A.A., Pavlov D.A., Tetelbaum D.]I.
LUMINESCENT GLASS-CERAMICS IN THE SYSTEM (Li,Na),O-
(Ga,Al),05-Ge0,-Si0, Golubev N.V., Ignat’eva E.S., Kozlova E.O.,
Lopatina E.V., Maurus A.A., Sigaev V.N., Ziyatdinova M.Z.
FORMATION OF BIREFRINGENT STRUCTURES IN SODIUM
BORATE GLASSES BY LASER BEAM Lipatiev A.S., Lotarev S.V.,
Sigaev V.N., Fedotov S.S.

LASER WRITING OF CHANNEL WAVEGUIDE IN ULTRA-LOW
EXPANSION GLASS-CERAMICS

Lipatiev A.S., Lotarev S.V., Savinkov V.l., ShakhgildyanG.Yu., Sigaev V.N.,
Fedotov S.S.

LITHIUM ALUMOSILICATE TRANSPARENT GLASS-CERAMICS
WITH ADJUSTABLE THERMAL COEFFICIENT OF LINEAR
EXPANSION IN THE AREA OF ZERO VALUES

Lopatina E.V., Lotarev S.V., Naumov A.S., Savinkov V.1.,
ShakhgildyanG.Yu., Sigaev V.N.

TRANSPARENT LITHIUM ALUMINOSILICATE GLASS-CERAMICS
ACTIVATED BY NEODYMIUM IONS WITH CTE STABILIZED
NEAR ZERO Lotarev S.V., Naumov A.S., Savinkov V.I., Sigaev V.N.
TRANSPARENT GLASS-CERAMICS MATERIALS WITH
INCREASED HARDNESS IN THE MgO-ZnO-Al;05-Si0, SYSTEM
Savinkov V.l., Sigaev V.N., ShakhgildyanA.Yu., ShakhgildyanG.Yu.
FORMATION OF ANISOTROPIC MICROVOIDS IN THE VOLUME
OF NANOPOROQOUS GLASS BY FEMTOSECOND LASER PULSES
Fedotov S.S., Lipatiev A.S., Lotarev S.V., Okhrimchuk A.G.,
PresniakovM.Yu., ShakhgildyanG.Yu., Sigaev V.N.

INFLUENCE OF LASER WRITING PARAMETERS ON THE
WAVEGUIDES STRUCTURE IN Ag,0-Zn0O-P,0s GLASS

Fedotov S.S., Lipatiev A.S., Lotarev S.V., ShakhgildyanG.Yu., Sigaev V.N.
CRYSTALLINE PHASES IN A CARBON-CONTAINING POLYMER
COMPOSITE

Karpeev A.A., Naumkin V.V., Yantsen N.V., Zyuzin A.M




JJEKTPOHHBIE ABJEHUA B HAHOCTPYKTYPAX

1.

2.

3.

UHTEP®ENUCHBIE DODPEKTHI B HAHOCTPYKTYPAX

Heuenko E.JI.

ODOOEKTEI XOJIJIA B IBYMEPHBIX CUCTEMAX

Tapacenko C.A.

YTO TAKOE CMJIBHBIE DJIEKTPOHHBIE KOPPEJISIIIMUA (HA
[TPUMEPE TEKCABOPUJA CAMAPHUS)?

I nywkos B.B.

SJIEKTPOHHBIN TPAHCIIOPT B CUCTEMAX C MATHUTHBIMU
CKHUPMHUOHAMMU

Jlenucos K.C.

UHTEP®ENCHBIE COCTOSHNS B IBYMEPHBIX
I'ETEPOIIEPEXOIOAX CO CITMH-OPEUTAJIbBHBIM
B3ANMOJIEMCTBUEM OBILETO BUJIA

Saunacymounos A.P., Tenesxcrnuxos A.B.

JTMHAMUKA KPAEBBIX COCTOSIHUM 1 BOJIHOBBIX ITAKETOB
HA ITOBEPXHOCTU TOIIOJIOTMYECKUX U30JISTOPOB B
I[TPUCYTCTBHMHU FAPLEPOB

Kynakos J/[.A., Xomuyxuu /1.B.

VYET KOPOTKOJENCTBYIOIIEN YACTHU IOTEHLIUAJIA [IPU
PACYETE OCHOBHOI'O COCTOAHUA MEJIKUX ITPUMECHBIX
IHEHTPOB B ITOJIVITPOBOJHHNKAX

Konaxos A.A., Muxavinosa A.M., Pesun A.A.

ELECTRONIC PHENOMENA IN NANOSTRUCTURES

1.

2.

HALL EFFECTS IN TWO-DIMENSIONAL SYSTEMS

Tarasenko S.A.

INTERFACE STATES IN TWO-DIMENSIONAL HETEROJUNCTIONS
WITH A SPIN-ORBIT INTERACTION OF A GENERAL TYPE
Telezhnikov A.V., Zaynagutdinov A.R.

DYNAMICS OF EDGE STATES AND WAVE PACKETS ON THE
SURFACE OF TOPOLOGICAL INSULATORS IN THE PRESENCE OF
BARRIERS

Khomitsky D.V., Kulakov D.A.

CALCULATION OF THE GROUND STATE OF SHALLOW
IMPURITY CENTERS IN SEMICONDUCTORS TAKING INTO
ACCOUNT THE SHORT-RANGE POTENTIAL

Konakov A.A., Mikhaylova A.M., Revin A.A.




NHAYCTPHUAJIBHAA ®OTOHUKA

1. IPUMEHEHUE I'PAJIMEHTHOM OIITUKU B KAHAJIE BOJIC JUIS
OPTAHU3ALIMU [EPEJJAYU TEJIEMETPUYECKOU
MHOOPMAILIMHM OT TMPOCTABMJIN3MPOBAHHBIX JTATUMKOB,
PACIIOJIOJKEHHBIX HA KAYHAIOIMIEMCA OCHOBAHMM
byuwimarxun U .M., Kowenes A.B., @amwvsanos C.B.
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Poccuinckun c¢oHa cdyHaameHTanbHbix uccnepgosaHun (PO®U) cosgaH
Ykasom [pesngeHta Poccuinckon depepaumm Ne 426 ot 27 anpena 1992 roga.
P®®dUN — camoynpaBnsiemasa rocygapCTBeHHas HeKOMMepudeckasi opraHu3auus B
dopme penepanbHOro yypexzaeHus, Haxopgsueroca B BefeHuwn [lpaButenbcrsa
Poccurickon ®epnepaunu.

OcHoBHble HanpaBneHus gearenibHocTn POOU:

— KOHKYPCHbI OTOOpP Ny4YlWMX Hay4YHbIX MPOEKTOB W nocrneayoulee
opraHusaunoHHo-MHaHcoBoe obecneveHre nogaepXaHHbIX NPOEKTOB;

— 0606LeHne pe3ynbTaToB 3aBepLUEHHbIX NpoekToB POOU;

— MOHWUTOPUHI HayKM — MHOroOacnekTHbI aHanuM3 COCTOSHUS U TeHAEeHUU
pasBuUTMA KOMMIEKCa POCCUMUCKOM HaykM Ha OCHOBE OpUrMHanbHOW CUCTEMBbI
KOHKYPCHbIX WHOWKATOPOB, 3KCNEPTHbIX W APYrMX LaHHbIX O Xo4e BbINOSIHEHUS
NPOEKTOB;

— [JoBefeHne pesynbTaToB WccneaoBaHuKr, noadepXaHHblx PoHOooMm, [0
noTeHUManbHbIX NONb30BaTENew;

— nporpamMmbl 06LLEro Ha3Ha4YeHUs.

XypHan «®OTOHUKA»(PHOTONICS RUSSIA)-rny6okoe u nogpobHoe
OCBELLEHNe BOMPOCOB, CBA3AHHbLIX C (POTOHHLIMM M ONTUYECKUMWU TEXHOMOTUSAMM,
ONTUYECKMMWU MaTepuanamMmm W 3reMeHTamK, WUCNONb3yeMbIMM B  ONTUYECKUX
cucTemax, 0bopyaoBaHMM U CTaHKax.



BOJIOKOHHAA OMNTUKA

BOJIOKOHHBIE I'A30BBIE JIASEPDBI

N.A. byderos
Hncmumym oowett gpuzuxu um. A.M. I[Ipoxoposea PAH, Mockesa
Hayunwiii yenmp 6onokonunou onmuxu um. E.M. [luanosa, Mockea
E-mail: iabuf@fo.gpi.ru

BoJsIOKOHHBIE CBETOBOABI C TBEPAOTEIBHOM CEPALICBUHOW W3 CTEKOJ
Pa3IUYHOTO COCTaBa MMEIOT HEKOTOPhIC HEH30EKHBIC OTPAHUUYCHUS C TOUYKH
3peHHs] IIHUPUHBI U TMOJOXKEHUS CHEKTPaJbHOM OO0JacCTh MPO3PAvYHOCTH,
ONTUYECKON MPOYHOCTH, YCTOMUMBOCTH K TEIUIOBBIM HArpy3kam M BIJIaKHOCTH.
JlanHbie 00CTOSATENLCTBA SABJSIOTCS CEPHE3HBIM OTPAHUYECHUEM IS pa3paboTKU
JIa3€pOB HA TAKUX CBETOBOJIAX.

Coznanue BOJIOKOHHBIX CBeTOBOAOB ¢ mojoil cepaneBunoit (BCIIC) [1]
MO3BOJIWIIO 3HAYUTENIBHO PACIIMPUTH BO3MOXKHOCTU Pa3pabOTKU BOJIOKOHHBIX
JIa3€pHBIX UCTOYHUKOB U3IIYYEHUs, IIPEXKIIE BCETO 32 CUET UCIIOIb30BAHUS ra30B
B KQUECTBE aKTUBHBIX cpell. Tak, ObLIIM CO3/JaHbl Ta30BbIe BOJIOKOHHBIE JIa3€Phl B
cpeniemM WK nuanazone Ha mepexoJax MOJEKYJIbl aleTWieHa B IOJIOM
CBETOBOJIEC U3 KBapIeBoro crekia ([2], AyiMHa BOJHBI HaKauyku 1.53 MKM, IiMHa
BOJIHBI TreHepauuu 3.1 MKM, cpeaHssl BBIXOAHAs MOIIHOCTh Oojiee BarTra B
HEMPEPHIBHOM pexkume). Mcronb3oBaHUE HEJIMHEHHBIX CBONCTB pPa3iWYHBIX
ra3oB TMO3BOJIWJIO TMOJYYUTh B TIOJIOM CBETOBOJE TEHEPALMIO HW3ITYYEHUS
CYNEpKOHTHUHYyMa B HEJOCTYIIHBIX paHee CIEeKTPalbHBIX auarna3oHax (cMm.,
Harp., [3], rae noaydeHo u3nyyeHue B auanazone ot 1.2 MM 10 0.126 Mkm).

Pa3BuTre MUKPOCTPYKTYPUPOBAHHBIX OINTHUYECKUX BOJIOKOH C TMOJION
CEpALIEBUHONM MO3BOJIWJIO TAaKK€ CO3JaTh PaMAaHOBCKHE BOJOKOHHBIE JIA3€pPbl
(PBJI) ¢ razom B KadecTBE pPaMaHOBCKOW cpeabl yCWICHHS. BaxHbIM
npenumyiiecTBom Takux PBJI sBiseTcs BO3MOXKHOCTD MCIIOJIB30BAHUS MOJIEKYII
JIETKUX Ta30B C BBICOKOW JHEpPrueil KojeOaTenbHbIX KBAaHTOB. PaMaHOBCKHE
CIBUTH B TakuX raszax pocturaror 4155 cm! (merxmii Bogopon), 2987 cmt
(neitrepuit), 2917 cm! (meran). Bce 5T 3HAYEHHMS HAMHOIO IIPEBBILIAIOT
MaKCUMaJbHbI PaMAaHOBCKUM CIBUT B CBETOBOJAX M3 KBApLEBOrO CTEKJa
(1330 cm?t). Hanpumep, oguHokackanubiii PBJI Ha ocHOBe KoIeGaTelbHOrO
nepexoza B Molekynax ‘Hy Moxker oGecneunts peoOpa3oBaHue IIMHBI BOJIHEL
1.06 — 1.9 mxm. Hauumnas ¢ 1.56 MKM, OJHOKAacKaJHO€ pPaMaHOBCKOE
npeo0pa3oBaHre TO3BOJISIET HAMPSMYIO TOJy4aTh JIA3€pHOE H3Iy4YEHUE Ha
niauHe BoOJIHBL 4.4MkM. [lo3TOMy 3HAYUTENBHBIA MPOrPECC B PaMaHOBCKUX
na3epax cpemanero MK nuamasona MokeT OBbITh JOCTUTHYT C MCIOJIH30BAHHEM
XOpOIIIO 3apEeKOMEHIOBABIIMX Ce0si BOJIOKOHHBIX Ja3zepoB OmmxHero WK
JIMara3oHa B KAUeCTBE HAKAYKH.

Bnepeoie PBJI na BCIIC ¢ (pOTOHHO-KPHUCTAIITUYECKON CTPYKTYpOit
orpaxaromeii o6omouku cBeroBoma (PKC) Ha konebarenmbHOM mMepexone B
monekyne ‘H, (komBepcus 535HM— 683HM) OBII IPOJAEMOHCTPHPOBAH B
2002 rony [4]. Hanenue Bomopona B cepaueBune ®KC cocrapisuio 17 Gap.
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PBJI nakauuBancs 6HC MMIYJbCHbIM H3inydeHueM. Bomopoansie PBJI Taxxke
MOTYT HMCIIOJIb30BaTh BPAIATEIbHBIE TIEPEXOALI MOJIEKYIBI tHy. B sTOM ciryuae
PAaMaHOBCKMH CIIBHT 4acTOTHI cocTasisgeT 587cmt [5].

DddexTrBHAs paMaHOBCKas reHepanus ObLa TaKxe
POJIEMOHCTPpUPOBaHa B 3amoyiHeHHbIX BoaoponoM BCIIC ¢ Hakaukoil OKOJO
Imxm [6,7]. B atux paborax Oblia gocTurayta 3¢(PEeKTUBHOCTH KBAHTOBOI'O
npeoOpaszoBanus 10 80% [6] u 60% [7]m1s1 pamaHOBCKO# reHepaIuy Ha JUTHHAX
BoiH 1.8 MM u 1.9MmkmMm, coorBercTBeHHO. C HCIOJb30BaHHEM 1.56MKM
U3Jy4eHHE HAKA4YK{, HEAABHO ObUI pealn30BaH PaMaHOBCKHM BOJIOKOHHBIM
na3ep Ha anuHe BosHbl 4.4 MxM. OtoT PBJI paboTtan mo aHalnoru4Hon cxeme c
MOJIEKYJJaMH CaMOro JIETKOrO H30Toma Bojgopoaa ‘H, (mportmii) B KadecTse
aKTUBHOM cpensl [8].

[Tonwsie cepaleBUHBI ONTHYECKUX BOJOKOH B HACTOSIIEE BpeMs
U3TOTABIMBAIOTCS, TJaBHBIM OOpa3oM, U3 KBapIEBOrO CTEKJa H3-3a €ro
MIPEBOCXOAHBIX TEXHOJOTUYECKUX CBOMCTB. BKiaj cOOCTBEHHOTO ONTUYECKOTO
MOTJIONIEHUs KBapieBoro crtekja B ontuueckue notepu BCIIC 3aBucut ot
MeXaHU3Ma JIOKaJIN3allii CBETa BOJIOKHA.

Er-doped L1
Fiber Laser Q
A =1558 nm D

(=

t=3.4ns;
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Puc. 1. Cxema sxcniepumenTtaibsHoro PBJI Ha peBosIbBEpHOM CBETOBOJIE.

L1 u L2 — achepuueckue MH3BI U3 KBapLeBoro crekna; RF — peBoiabBepHBbIit CBETOBO;
Al;03 — candupoBbie OKHa Ha Ta30BBIX BAaKyyMHBIX siueiikax Ha koHiax BCIIC;
ZnSe — KoJUTMMHUpYIOLIas JUH3a U3 cesleHu1a IuHKa; Ge- MoJmpoBaHHask IUIACTUHKA
W3 TepMaHUs TOJIMHON 2 MM.

Cnenyer OTMETUTh, 4YTO BOJHOBOAHBIN Mexanusm OKC c¢ mnomoit
CEepALIEBUHOM OCHOBAaH Ha 3HAYUTEIBHOM IPOHUKHOBEHUU WU3JIYYEHUS B
MUKPOCTPYKTYPUPOBAHHYIO OTPAKAIONIYI0O 000704YKy (Kak MHHHMYM Ha
HECKOJIBKO TepUoAOB CTPYKTYphl o6onouku). Ilostomy ®KC Ha ocHOBe
KBaplIeBOr0 CTEKJa TEPAIOT CBOM MPEBOCXOJHBIE CBONCTBAa B 00JIACTU JUIMH
BOJIH A > 3 MKM. 3HAUUTEJIbHOE YBEIMYEHHE ONTUYECKOIO MOTJIOMICHHUS
KBapleBOr0 CTEKJIa B 3TOM 00JACTH MPUBOAUT K YBEIMYEHUIO ONTHYECKUX
norepp B DOKC [9]. IlosTomy mns BONOKOHHBIX Jja3zepoB cpeanHero WK
nvara3oHa cieayetr ucrnosb3zoBath Apyrov tun BCIIC. Xopommum BbeIOOpOM
apiusierca BCIIC, B KOTOpOM peanu3yeTcs aHTHUPE30HAHCHBIA MEXaHU3M
OTpaKECHHS M3JIyYEHHUs Ha TpaHMIle cepareBuHa — o0oouka [10] u, kpome Toro,
rpaHuIla MEXAYy TOJOM CepALeBHHOW W OTpa)karouie OO0O0JOYKOH HuMeEeT



OoTpUIaTENbHYI0 KpuBU3HY [11]. B yacTHOCTH, Tak Ha3bIBaEMbIE PEBOJILBEPHBIC
BOJIOKHA C TIOJIOM CEepJIICBHHOM,yIOBICTBOPIIOT 000MM 3TuUM yciioBusaM[9].
PBJI Ha oOCHOBE pEBOJLBEPHBIX BOJOKOH TMO3BOJWIM TE€HEPUPOBATH
OJIHOMOJIOBO€ H3JIy4eHHE Ha [JIMHE BOJHBI 4.4 MKM C KBaHTOBOM
abdextuBHoCcTRIO Oonee 50% [12]. B oatoii pabore PBJI HakaumBancs
UMITYJIbCHBIM (HAHOCEKYHIHBIM) 3pOUEBBIM BOJOKOHHBIM JIa3€pOM CO CpEAHEH
BBIXOJTHOM MOMIHOCTHIO 0K0JIo 10 BT 1 renepupoBain uznydenue B cpeanem UK
JMara3oHe co CpeHeH MOIIHOCTRIO Ooee 1.5 BT (cm. puc. 1-2).
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Puc. 2. (a) — bororpadus ckona peBOIBBEPHOrO BOJIOKOHHOTO CBETOBOIA, TIOJTyICHHAS
C MOMOIIHIO CKAHUPYIOIIETO 3JIEKTPOHHOI0 MUKPOCKOIA(AHaMeTp MOJION Cep/IIIeBUHbBI
cocraisieT 75 Mkm);(b) — 3aBucHMOCTB cpeaHelt MontHOCTH Ha Beixoae PBJI ot cpenneit
BEJIMYMHBI MOIITHOCTH HaKa4YKH, BBEJACHHOM B MOJIYIO CEPAIIEBUHY (KPACHBIE TOUKH —
HerpeoOpa30BaHHOE U3TydCHNUE HAKAYKH, YePHBIC KBAJIPATHI — U3yUeHUE KOJIeOATeIbHOTO
cTokca Ha A =4.42 um; CMHUE TPEYrOJIbHUKH — U3JydeHHE BPAIaTeIbHONH CTOKCOBOM
KOMITOHEHTHI ¢ A = 1.72 um).

PamanoBckue nazeppl Ha OCHOBE Ta30HANOJIHEHHBIX PEBOJIBBEPHBIX
CBETOBOJIOB MOTYT CTaTh YHUBEpPCAJbHBIM WHCTPYMEHTOM JJisi T€HEpaluu Ha
HOBBIX JMHAX BosH B cpeaHemM WK guanazone, MOCKOIBKY MOTYT OBITH
WCITOJIb30BAaHbl Pa3UYHBIC KOMOWHAITMOHHO-aKTHBHBIC Ta3bl W HMX CMECH.
Hamnpumep, MoJieKyJbl Apyroro u3oTomna Boaoposa, aeurepus (D2), MOTYyT OBITH
WCIIOJIB30BaHbl ISl JIOCTMKEHHUS] PaMaHOBCKOM TeHepanuu okosio 3 MkMm. Ha
pucyHke 3 mokaszaH BbIXOAHOW criekTp PBJI Ha peBOIbBEPHOM BOJOKOHHOM
CBETOBOJIE, 3aMOJHEHHOM cMechio *H, 1 D,. Ero cxema aHanornusa cxeme Ha
pucyHke |, HO pEBOJBBEPHBIA CBETOBOJ MMEET HECKOJBKO IPYTHE pa3Mepbl
MOTIEPEYHOTO CEUYCHHUSI, YTO MPUBOJUT K HEOOXOAMMOMY PACTIOJIOKEHUIO MOJI0C
MPO3PAYHOCTH PEBOJIBBEPHOTO BOJIOKOHHOTO CBETOBOJA B OOJACTH JUTMH BOJH
1.55 u 3 mxm (puc. 3 (a)). M3aydyeHne Ha BBIXOJE j1a3epa COACPIKUT CTOKCOBBI
KOMITOHEHTBI, BO3HUKAIONIME B pe3yJbTaTe€ pPAMAHOBCKOW TeHEpaluu Ha
KoJIeOaTeIbHBIX U BpAIaTeIbHBIX Mepexoaax oooux ra3os (puc. 3 (b)).
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Puc. 3. (a) — pacyeTHBIN CIIEKTP ONTUYECKUX TOTEPh B PEBOJIHBEPHOM BOJIOKOHHOM
ceetoBojie st PBJI, renepupytoiiero B ciekrpaibHoM fuarna3zone 2.9-3.5 mkwm; (b) — criektp
usnydeHus Ha Boixoqe PBJI. [InkoBoe 3HaueHHE MOIIIHOCTH UMITYJIbCHOTO M3TYy4ECHHUS
HaKayKu Ha JUTMHEe BOIHBI 1.56 MkM cocTtaBisiio 1.4 kBt. B kauecTBe akTUBHOM cpeibl
HCIIONb30BANACh CMECHh MOJIEKYIISPHBIX Ia30B “Hz 1 D, ¢ mapiuanbHbBIMU 1aBIeHUAMHE 2
u 28 aT™M, COOTBETCTBCHHO.
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NCCIELJOBAHUME BJIMAHUA KOJIMYECTBA BCTABOK
HA IIEPEJAYY UK U3JIVUEHUA @OTOHHBIMU CBETOBOJAMU

JI.B. Kyxosa, A.E. JIeBoB, [I./1. Canumrapees, A.A. IOxakoBa
Ypanvckuii gpedepanvusiii ynusepcumem um. nepgoeo llpesudenma Poccuu
b.H. Envyuna, Examepunbype
E-mail: Lv.zhukova@urfu.ru

@DOTOHHBIE CTPYKTYpPhl B ONTHYECKUX MaTepHallax BOCTPEOOBAHBI
pPa3IMYHBIMUA OOJIACTAMHU HAYKU U TE€XHUKH, MMOCKOJBKY TMO3BOJSIOT YIPaBIATh
MPOXOJSIIMM  M3JIy4YEeHUEM, TMepeaaBaTh HSHEPrUM BBICOKOW MOIIHOCTH,
BBITIOJTHSATH CEJICKIMIO 0 JJIMHE BOJIHGI [ 1]. B cBsI3U ¢ 3TUM B HacTosIIIee BpeMs
aKTUBHO paspabatrbiBatoTcsi (oTOHHO-KpUcTanyeckue cetoBoabl (OKC) mms
ONTUYECKOTO Auana3oHa crnekrpa. s cpeanero u ganeaero MK nuama3zoHoB B
VYpansckoMm (eneparbHOM YHUBEPCUTETE HA OCHOBE TaJlOTEHUJIOB cepedpa u
OJIHOBAJICHTHOTO Tajutusi paszpabateiBatorcss DKC, oOnagaromue ITUPOKUM
JIMAra30HOM TIPONyCKaHus 2—25 MKM 0€3 OKOH IOTJIONICHHS, ONTHYCCKUMHU
notepsmu 710 0.5 1b/M, THOKOCTBIO M BBICOKOH MEXaHWYECKOW MPOYHOCTHIO [2].

B nannoit pabore Oplmum paccMorpeHbl @KC ¢ pa3HBIM KOJIMYECTBOM
BCTABOK C MaJjbIM IIOKAa3aTeJeM IPEIOMJICHHS M aKTUBHOW CEPJIICBUHON C
OOJIBIIIMM TIOKa3aTesieM IMPEeJOMIICHHUS B JAMamna3oHe JJMH BoJH 5—20 MkMm. Bee
AJEMEHTBl CTPYKTYpPhl HM3TOTOBJICHBI Ha OCHOBE KPHUCTA/UIOB CHCTEMBI
AgBr — TIBrossloss [2]. IIpu cpaBHEHHH CTPYKTYp C pa3HbIM KOJHUYECTBOM
BCTaBOK OBLIO BBISABJICHO, YTO C YBEJIWYEHUEM YHUCJIA BKIIOUCHHUN MPOUCXOIUT
YMEHBIIIEHUE KOJIMUECTBA MO/ BIUIOTh JI0 OJTHOMOJIOBOTO pexkuma padbotsl GKC
(puc.1), a Takke MOHOTOHHOE CHWXeHHE IP(PEKTUBHOTO TMOKa3aTels
MPEJIOMIICHUS] BO BCEM CIIEKTPAJIbHOM JIhara3oHe.
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Puc. 1. Pacnpenenenue sHepruu B nonepedHoM ceueHuu ogHoMoaoBoro ®KC na pymne
BOJIHBI 10.6 MKM.

HccnenoBanue BBIMOIHEHO 3a cueT rpanta Poccuiickoro HayyHoro ¢poHaa
(mpoext Ne 18-73-10063).

D. Broeng, Opt. Fiber Technol. 5, 305 (1999).
L

1.
2. L.V. Zhukovaetal., Opt. and Spectroscopy 125(6), 933 (2018).
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O INOBBITEHNM CTABJIbBHOCTH PAGOTBI MHTEI PAJIbHO-OITTUYECKOI'O
MOIYJIATOPA HA OCHOBE KPUCTAJUIA HUOGATA JIMTUA

A.B. Boasiniies, P.C. [Tonomapes, A.B. CocyHoB
Tepmckuti 2ocyoapcmeettbitl HayUOHAbHBILL UCCTIe008amebekull yHueepcumem, Ilepmo
E-mail: alexeisosunov@gmail.com

WNurerpanpHo-ontruueckue MoxayisTopel (MOM) Ha ocHOBe KpucTaia
HuoOata nutus (HJI) moapoOHO omucanel B HaydyHOW JIMTEpaType Kak
3¢ (EeKTUBHBIE MIMPOKOIMOJIIOCHBIE YCTPOWCTBA MJI YNPABICHHUS ONTHYECKUM
curHajgoM. OpHaKo OHM OOJAAAIOT PSAAOM OCOOCHHOCTEH, TakUX Kak Jperd
paboueit Touku MOM 1 HETMHEHHOCTHIO MepeJaTOUHON XapaKTEPUCTUKH, U3-32a
4ero i KOPPEKIUU HX pabOThl HEBO3MOXXHO MPHUMEHSTh IIUPOKO
pacrpoctpaneHHble crannaptabeie [I1/I-konTpoiuepsl. B HaydHOU JMTeparype
Ta mnpobiieMa 3aTparuBajiacb HEOJHOKpaTtHO [1,2], oaHaKO 10 CHUX IIOp
VICUEPIIBIBAIOLIIECE PELICHUE HE IIPEIIOKEHO.

Ilokazarens mnpemomnenus HJI  3aBucur oT  TeMmmeparypel W
IPUIIOKEHHOTO  3JIEKTpUYECKOTO moist. OObEeIUHSIOIUM  MaTepUaIbHbIM
¢dakropom sBiserca cam kpucrtaulr HJIL, cTpykTypa u cBolicTBa €ro
IPUIOBEPXHOCTHOTO CJIOA, B KOTOPOM (OPMHPYIOTCI HPOTOHOOOMEHHBIE
BOJIHOBOJbI M 3JeKTponabl. Panee Mbl mokasanm [3], 4TO mIpeIBapUTEIbHBIN
oTKUT TwIacTUH HJI MpUBOAWT K BOCCTAHOBJIEHUIO €r0 CTPYKTYPbl M CHSTHIO
BHYTPEHHUX HamnpsbkeHuid. Ha OCHOBaHMM TMOJIyYEHHBIX PE3YJNbTATOB OBLIH
U3TOTOBJIEHBI JKCIIEpUMEHTaIbHble 00pa3ubl NOM ¢ 1enpio ucciaenoBaHust ux
ONTUYECKUX XaPAKTEPUCTUK U CTAOMILHOCTH paboyeil TOUKH.

OkcnepuMeHTabHbie  0o0pa3nel MOM,  u3roraBiuMBaivuch  MpHU
UJCHTUYHBIX TEXHOJOTMYECKUX IapaMeTpax, MPU 3TOM IMOJIOBHHA 00Opa3IloB
Oblma monydeHa Ha momioxkkax HJI ¢ BoccranoBnenHoit ctpykrypoi. s
UCcCcleIoBaHusl Tpoliecca apeiida padodeil TOUYKU MBI MOJABAIA Ha DJIEKTPO/IbI
NOM mnocrosiHHOE dekTpuueckoe Hampspkenue (=8 B ¢ marom 0.5 B) ot
MaJIOIIyMSIIIIETO0 HMCTOYHUKA. XapaKTEepUCTHKON Tmporecca apeiida pabdodeit
touku MOM sBnsieTcs Bpemsi, B TEUEHHUE KOTOPOr0 CTAOMIM3UPYETCSl BBIXOAHAS
onThyeckas MOIHOCTb. Pabouast Touka IOM ¢ BOCCTaHOBIIEHHOUN CTPYKTypOu
HOJIIOKKU TpeOyeT Uil mepexoaa B paBHOBECHOE COCTOSIHUE B CPETHEM BTPOE
MEHbIIIE BPEMEHHU.

B pe3synbrare npoBeAEeHHBIX MCCIEIOBAHUN yAAIOCh CHU3UTH IMOTOHHbBIE
notepu B kpuctamie ¢ 0.15 go 0.1 J16/cMm, cpeanue onTudeckue morepu ¢ 8.5 10
5.5 n1b B UOM 1 MHOTOKpaTHO yMEHBUIUTH 3(PPEKTUBHOE BpeMs perakcaluuu
paboueit Touku NOM.

JlanHast paboTa BBINIOJIHEHA B paMKax MpOrpaMMbl TOCYIapCTBEHHOU
MOJJICPYKKU PA3BUTHUS KOOTIEPAIIUU POCCUICKUX BBICIITUX YUCOHBIX 3aBEJICHUN U
OpraHW3alliid, pPEATM3YIOMNUX KOMIUICKCHBIE TPOEKTBHI IO  CO3JaHUIO0
BBICOKOTEXHOJIOTUYHOTO MPOU3BOCTBA, moroBop Ne 13.G25.31.0004.

1. J.P. Salvestrini et al., J. Lightwave Technol. 29, 1522 (2011).
2. L.R. Hofer et al., IEEE Trans. Contr. Syst. Technol. 25, 1890 (2017).
3. A. Sosunov et al.,Optical Materials. 88, 176 (2019).
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CPABHEHMUE TIOJIAPU3ALIMOHHBIX XAPAKTEPUCTUK
CKPYUYEHHbIX BOJIOKOH HECTAHJAPTHbLIX TUIIOB

O.B. UBanos'??, M.M. Habuymun’
LVivanoeckuii cocyoapcmeennvlii ynueepcumem, YioaHo6ck
2 Vvanosckutl punuan Mucmumyma paouomexuuxy u 31eKmpoHuKu
um. B.A. Komenvnuxosa PAH, Yivsanoeck
3 Vavanoseckuil 20cydapcmeennbiil mexHuyecKuii yuusepcumem, YiavsSHo8CK
Email: mans73@yandex.ru

[Tonsipu3alinoHHbIC SIBJICHUS, BO3HUKAIOUIME B CKPYUYCHHBIX ONTHUYECKU
BOJIOKHAaX u3BEeCTHHI AaBHO [l]. CkpyuunBaHuE BOJIOKOH HCIHOJIB3YETCSA JJIs
KOHTPOJISL MOJSPU3aLNUNA MOJI, PaCpOCTPAHSIIOMIMXCA B ONTUYECKUX BOJOKHAX,
HAaCTPOWKHM paboueld JUIMHBI BOJIHBI B BOJIOKOHHBIX PEIIETKaX, KOMIIEHCALMH
JIBOMHOTO JIy4eNPEIOMIICHHSI B BOJIOKHE, & TAK)KE YIPABICHUEM JIUCIIEPCUEN.

Pacnpoctpanstommecss B CKPYYEHHOM BOJOKHE MOJbI, HUCIBITBIBAIOT
HUPKYJSIpHOE AByIyuernpenomieHue. [lomspuzanus pacnpoCTpaHSIOMINUXCA B
BOJIOKHE MOJI Bpalla€TCs Ha BEJIMUMHY, IPOMOPLUOHANBHYIO YIIIy CKPYUYUBAHUS
BOJIOKHA [2]. Kosdpdurment  mpomnoprmoHanbHOCTA — ONPEAENsIeTCs
GboTOynIpYyruMu KOHCTAaHTAMU MaTEpUAJIOB, COCTABIIAIONIMX BOJIOKHO. MHTepec
MPEACTABISIET M3YUYECHHE BPAIICHUS MOJIIPU3ALMNA B HECTAHIAPTHBIX BOJIOKHAX
CO CHEIMAJIbHBIM JIETUPOBAHUEM, C BO3AYIIIHOW CEPALEBUHON, U JIp.

B pabote mpoBOOUTCS 3KCIEPUMEHTATBHOE MCCIEAOBAHUE U CPABHEHUE
MOJISIPU3ANMOHHBIX XaPAKTEPUCTUK MOJI, PACIPOCTPAHSIIONINXCS B CKPYYEHHBIX
BOJIOKHAX pa3JIMYHBIX THIIOB, TakuxX Kak Fujikura, Corning, u HECKOJIBKUX BH/IOB
BOJIOKHA Fibercore, B Tom 4uciie ¢ BRICOKMM COJICpKAHUEM TepPMaHUsI.

KOHTpOILIED ¢ukcarop Bpamnrarens
| I I | TIOIAPH3ALE BOJIOKHA BOTOKHA

HOTAPHMETP

1550 mm

it [ (@=-C

Puc.1. Cxema 3kcniepuMeHTaIbHON yCTaHOBKHU.

DKClepUMEHTalbHAsl YCTAaHOBKA BKJIIOYAET B €0l MCTOYHUK JIA3€PHOTO
uanydeHus (1550 HM), BOJOKOHHBIM KOHTPOJUIEp TMOJSPU3AIUU, OTPE30K
BOJIOKHa, (UKCAaTOp BOJIOKHA, Bpaliatelib BOJOKHA H  TOJAPUMETP
(KeysightN7781B). /lnuna BosiokHa BapsupyeTcs oT 5 710 30 cM.

N3MepeHo wH3MEHEHuEe MOJISIpU3alMd MO, PACIPOCTPAHSIOMINXCS B
Pa3JIMUHBIX TUIAX BOJIOKOH MPH PA3IUYHBIX YyIiaX CKpyYMBaHUS BOJOKHA, U JIJIS
Pa3JIMYHBIX OTPE3KOB BOJIOKHA.

Pa6ota BeinoaHeHa npu nozaaepkke PODU (mpoekt Ne 16-47-730738).

1. R. Ulrich, A. Simon, Appl. Opt. 18, 2241 (1979).
2. O.V. Ivanov, J. Opt. Soc. Am. A 22, 716 (2005).



BJIMAHUE ITAPAMETPOB HACBIIIAIOIIET'OCA ITOT'JIOTUTEJIA
N JUIMHBI PEBOHATOPA BOJIOKOHHOTI O JIA3BEPA HA ITMKOBVYIO
MOIIIHOCTDb UMITVYIJIbCA

A.A. Mactun?, T1.A. Ps6oukuHa®
Texnonapx-Mopoosus, Capanck
2Hayuonanvuwlii uccredosamenvekuti Mopoosckuil 20¢y0apcmeeHnHbiil
yuusepcumem um. H.I1. Ocapésa, Capanck
E-mail: mastinaa@mail.ru

B pabGore nHa ocHoBe pemenus ypaBHeHus Illpemunrepa [1]
MOJZIEJIMPOBAIACh MMITYJIbCHAs JIa3epHasi IeHepauus B TYJIHEBOM BOJOKOHHOM
KOJIBLIEBOM JIa3epe B PEKUME MACCUBHON CHHXPOHU3AIMU MOJI P aHOMAJILHON
JUCIIEPCUU PE30HATOPA.

B pesynbrare MOAEnMpoOBaHUs BBIABICHO BIMSHUE JUIMHBI pE30HATOpA
Ja3epa, a Takke IapaMeTpPOB HEJIMHEHHOTO HACBIIIAIOLIErOcs NOTJIOTUTENS Ha
CPBIB OJHOUMITYJIbCHOTO pekuMa resepanuu. Ha puc. 1 nmokazaHsl 3aBUCUMOCTH
IIMKOBOM MOIIHOCTH HMITYJIbCAa OT YCHJICHUS aKTHUBHOIO BOJIOKHA IIpH
pa3IMYHBIX JUIMHAX I[IaCCHBHOIO BOJIOKHA pE30HAaTOpa M HapaMmeTpax
HACBIIIAIOIIETOC  MMOMIOTUTENsl. MapkepaMu Ha 3aBUCHMOCTSX — YKa3aHBI
MaKCUMaJIbHbIE 3HAYEHUS NMKOBOM MOIIHOCTH, NPHU KOTOPOH COXpaHAETCs
OJIHOMMITYJIbCHBIN PEKHUM I'€HEpaIiu.

5000 -
4500 .
4000 L=1m )
3500 Vs yd
3000 Va /
2500

£
7
'
&

/ —m— Pa=30 Br, ta=0
®  Pa=50 3, =5 ne

A Py=5 Br, ta=0
—w¥— Pa-3BT1,ta-10nc

2000
1500

Ilnkosas mowHocts, Br

1000
500
0

20 25 30 35

VYewtenne g0, Lim

0

Puc. 1. 3aBucMMOCTH MHUKOBOM MOITHOCTH UMITYJIbCA OT YCUJIEHUS JUISl Pa3JIMYHBIX JTUH
[IaCCUBHOI0 BOJIOKHA B PE30HATOPE J1a3epa.

B pa60Te IMOKa3aHO, YTO MAKCHUMaAJIbHAsl SHCPrud U IMUKOBasA MOIIHOCTb
HMITyJIbCa JOCTHUIar0OTCsA B Ja3epe C IMOTIIOTHUTCIIEM C MaKCUMaJIbHOM
MOIIHOCTBIO HACBIIICHUA 1 MUHUMAJIbHBIM BPCMCHCM PCIIaKCAlIWH ITOTCPD.

YBenuuenue JAJIIMHBI pPE30HaTOpa IIPpUBOAUT K IIOsABJICHHUIO
HHU3KOMHTCHCHUBHOI'O IIbCACCTAJIa Ha HpO(l)I/IJ'Ie HHTCHCUBHOCTU HMIIYJIbCA,
MNPUBOAAIICTO K OI'PAHUYCHHIO POCTA MUKOBOM MOIIHOCTHU UMITYJIbCA.

PaGora BeimonHeHa mnpu mommepxkke rpanta PDODU, rpanT
Ne 18-42-130001.

1. O.G. Okhotnikov,Fiber Lasers, Weinheim, Germany: Wiley, 2012,
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CUHXPOHU3ALIMA MO B TYJIMEBOM BOJIOKOHHOM JIA3EPE
C IIOMOUIBIO YTJIEPOJHBIX ITOTJIOTUTEJIEN

H.P. Apyrionsnt, B.A. Kamemnn?, A.A. Mactur?, E.JI. O6pastosal, ILA. Pa6ouxuna’
Ynemumym obweri pusuxu um. A.M. IIpoxopoea PAH, Mocksa
2Texnonapk-Mopoosus, Capanck
SHayuonanvuwiii uccredosamensekuti Mopoosckuil 20Cy0apcmeeHHblil
yuusepcumem um. H.I1. Ocapésa, Capanck
E-mail: mastinaa@mail.ru

[lenbto pabOTHI SIBISIOCH MCCIIEIOBAHUE BIUSHUS TITyOUHBI MOJYJISIIIUN
VIJIEPOAHBIX TOIVIOTUTENICH HA YCJIOBHUS T'E€HEpallUd TYJIMEBOrO BOJIOKOHHOTO
Ja3epa B peKUME CUHXPOHU3ALIUUA MO/,

NHTepec K  HUCHOJIB30BAHUIO  YIVIEPOAHBIX  MOIMVIOTUTENCH ISt
CUHXPOHM3allMM MOJ[ JIa3€pOB  BbI3BAH BO3MOKHOCTSMH  BapbUPOBaHUS
MapaMeTpoOB YTJIEPOAHBIX MOTJIOTUTENEH B LIMPOKOM JHANA30HE, a TaKXKe
OTHOCHUTEJIbHOM MPOCTOTOM X M3roTOBJIEHUS [1].

Jlazep BBINIOJHEH B JIMHEMHOM CXE€ME€ C KOJIBIIEBBIMH BOJOKOHHBIMU
3epKajaMy. YTIIEPOAHBbIE TMOTJIOTUTENHN BBINOJHEHBI B BHIE IOJIUMEPHBIX
IJICHOK Ha OCHOBE MPOU3BOJIHBIX IEJUTIONO3bI C IUCTIEPTUPOBAHHBIMU B 00bEME
yraepoaHbIMU HaHOTpyOkamu [1]. Jlns ucmonb3oBaHusT B COCTaBe Jiazepa
IUICHKUA 32KUMAJIUCh MEX]y BOJOKOHHBIMM KOHHEKTOpaMu. Takum oOpazom,
ObUTM TMOJy4EHBI YTJAEPOJHBIC TOTJIOTUTEIN C BOJIOKOHHBIMH BXOJOM U
BBIX0JIOM, KOTOPBIE B Pe30HATOPE padOTaIu HA MPOMYCKAHUE.

Jns  xapaktepuzauMu  HEJIMHEMHOM  ONTHYECKOW  XapaKTEPUCTHKU
MPOIMYCKAHUSI BOJIOKOHHBIX TOTJIOTUTENEH MCIOIb30BAIACH cXxeMa [2], B
KOTOPOM MPOBOJUIIOCH CPABHEHHME SHEPrUU UMITYJIbCAa CUTHAJa MPOIIEIIIEro
yepes MOrJIOTUTEIh U SHEPTUU Pe(EPEHTHOTO UMITYJIbCA.

B pabote mokazaHo, 4TO yBETUYCHHUE TOJIIUHBI TUICHKU C YTICPOIHBIMU
HAHOTPYOKaMU TPHUBOJAUT K  YBEJIUYEHUIO TIIYOMHBI MOAYJSIUU |
WHTEHCUBHOCTU HACBIIIEHUS OTJIOTUTES.

VYBenuuenue  TAyOMHBI ~ MOMYJSIIIUM  TIOTJIOTUTENSE  MPUBOJAUT K
MOBBIIMICHUIO HEOOXOAMMOM HaKauku [UIs 3alycka HMMITYJbCHOTO PEeXHMa
reHepaluy, a TakKe K TMOBBIIMICHUI0O MAaKCUMAJIBHO JOCTUTAaEMON JHEPruu
HUMITYJIbCA.

PaGora BhimonHeHa mnpu nopaepxkke rpanta PODU, rpanT
Ne 18-42-130001.

1. A.B. Taycenes u ap., KBanrosas anexkrponnka3?(3), 205 (2007).
2. G. Sobonet al., Sci. Rep.7, 45491 (2017).
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CO3JAHMUE INIEPETAXXEK HA BOJIOKOHHBIX BCTABKAX
JULA VITPABJIEHUA KOOOOUITMEHTOM ITPEOGPA30OBAHMA
B OBOJIOYEYHBIE MO/IbI

JIJ1. Bakypos'?, O.B. Bano'?
YVavanoeckuii punuan Mncmumyma paouomexnuxu u 91eKmpoHUKu
um. B.A. Komenvnuxosa PAH, Yivsanoeck
2 VIbAHOBCKULL 20CY0aPCMEEHHbII MEXHUYEeCKUTl YHUeepcumen, YivsaHoeck
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NHTepec K  uWCCAEAOBaHHWSAM  BOJIOKOHHBIX  BCTaBOK  OOYCIIOBIICH
BO3MOYKHOCTBIO BO30YXICHHUS C HMX IMOMOIIBIO O0OJOYEYHBIX MOJ, KOTOPHIC
MOTYT HCIIOJIb30BaThCS B BOJIOKOHHO-ONTHYECKUX nartumkax [1]. M3Mmenenwme
kod(duireHTa npeodpazoBanusi B 000J0UEUHBIC MObI IPU BKIIOUYEHUH B HETO
BCTaBKH CHEIMAIBHOTO BOJIOKHA TPOUCXOIUT B pe3yJbTaTe TOTO, YTO YacTh
WHTEHCUBHOCTU M3 MOJIbI CEpP/IIEBUHBI MEPEXOJIUT HE B CEP/IIIEBUHY BCTaBKH, a
B ec¢ 000510uKy [2]. KoaddumumeHT npeodpa3zoBaHus 3aBUCUT OT JIJTUHBI BCTaBKH,
MO3TOMY €0 MOKHO KOHTPOJIUPOBATH ITyTEM U3MEHEHUS ITOU JJIUHBI.

B paGore peamusyercsi cmnoco0 KOPPEKTUPOBKH JJIMHBI BCTaBKHU C
MOMOIIbIO HarpeBa M BBITATMBAHMS B armapare JJig CBapUBaHUS ONTHYECKUX
BOJIOKOH. BctaBka cnernumansHoro BosiokHa (SM450, SM600) pazorpeBaercs
KOPOTKUMU pazpsiaamu dnekrpudeckoit ayru (1=180...220 Mc) u BBITATUBAETCS
MOJBEIICHHBIM K BOJIOKHY Tpy30oM. bbUTO mpoBeaeHO Hccle0oBaHUE
3aBUCUMOCTH M3MEHEHUS paanyca 000J0YKH BOJOKHA OT KOJMYECTBA Pa3psIOB
U BpEeMEHU paspsna. Pe3yiabTaThl W3MEpPEHUH TOKa3ad, YTO ONTHUMAaJbHOE
BpeMsi paspsaa cocraBisieT O0kojmo 200mc. CrekTpsl NPOMYCKaHHsS B
3aBHCUMOCTH OT YHCJIa Pa3ps0B N300paKeHbI HA PUCYHKE.
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Puc. 1. 3aBucumocts ko3(uirieHTa NponycKkaHust OT KOJIMYECTBA Pa3psiI0B.
N3 nonydeHHbIX 3aBUCUMOCTEN MPOMYCKAHUS OT YKCIA Pa3psAIoB BUIHO,

yTo npu BpeMeHu paszpsaa 180mc npocratouno 10-15 pa3psgoB, 4TOOBI
MOJIYYUTh HEOOX0AMMOe 3HaueHue ko3 puimenta npomnyckanust 0kojao 30%.

PabGorta BbimonHeHa npu (uHaHCOBOM mnojaepxkke POOU (mpoekt
Ne 16-47-730738).

1. Y. Kongetal., IEEE Sens. J. 18, 8747 (2018).
2. O.B. lBanos, PamnorexH. u anektpon. 63,1041 (2018).
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FIBER OPTICS

FIBER GAS LASERS
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Solid-core fibers made of soft glasses of various compositions have some
inevitable restrictions in terms of spectral position and width of transparency
region, optical strength, resistance to thermal loads and humidity. This fact is a
serious limitation for development of glass fiber lasers.

The creation of hollow core fiber waveguides [1] has significantly
expanded the possibilities of fiber laser sources development, primarily through
the use of gases as active media. So, gas fiber lasers were created in the mid-IR
range using transitions of an acetylene molecule in a hollow silica glass fiber
([2], pump wavelength of 1.53 um, generation wavelength of 3.1 um, an average
output power of more than a watt in a continuous mode). Using the nonlinear
properties of various gases allowed one to obtain supercontinuum emission in a
hollow fiber in the previously inaccessible spectral range (see, e.g., [3], where
radiation was obtained in the range from 1.2 pm to 0.126 um).

The development of hollow core microstructured optical fibers paved also
the way to Raman fiber lasers (RFL) with gas as a Raman gain medium. An
important advantage of such fibers is a possibility to use molecules of light
gases with high energy of vibrational quanta. Raman shifts in such gases are as
high as 4155 cm™ (light hydrogen), 2987 cm™ (deuterium), 2917 cm
(methane). All these values are much higher than the maximal Raman shift in
glass fibers
(1330 cm! for phosphosilicate fibers). For example, one cascaded RFL based on
vibrational transition in *H, molecules can provide a wavelength conversion
1.06 — 1.9 um. Starting with 1.56 pm one cascaded Raman conversion allows
obtaining directly a laser generation at 4.4 um. Therefore, a significant progress
in mid-IR range Raman lasers can be achieved with the use of well-established
near-IR fiber lasers as pump units.

For the first time RFL based on hollow-core (HC) photonic crystal fibers
(PCF) with the use of a vibrational transition in *H, molecule (conversion 535
nm — 683 nm) was demonstrated in 2002 [4]. The hydrogen pressure in HC-
PCF was 17 bar. RFL was pumped by a 6 ns pulse radiation. Hydrogen RFL can
also use rotational transitions of the molecule. In this case Raman frequency
shift is
587 cm [5].

Efficient stimulated Raman scattering was also demonstrated in hydrogen-
filled HC fibers pumped around 1 um [6,7]. In those works quantum conversion
efficiency as high as 80% [6] and 60%]7] was achieved for Raman generation at
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1.8 um and 1.9 um, respectively. Using 1.56 pm pump radiation, 4.4 pm Raman
fiber laser has been recently realized in similar scheme with molecules of the
lightest hydrogen isotope H, (protium) as an active medium [8].

Hollow core optical fibers are mainly made of silica due to its excellent
technological properties. The contribution of own optical absorption of silica to
the optical losses of the hollow core fiber depends on a light localization
mechanism of the fiber.

Note that the waveguiding mechanism of HC-PCF is based on a
considerable penetration of radiation into the microstructured reflecting cladding
on several periods of cladding structure. Thus, silica based HC-PCF lose their
excellent properties in the wavelength region A > 3 um. A substantial increase of
silica optical absorption in this region results in an increase of optical losses in
HC-PCF [9]. Therefore, another type of HCF should be used for lasers in mid-
IR. A good choice is HC fiber which use antiresonant waveguiding mechanism
[10] and, additionally, have core cladding boundary with negative curvature
[11]. In particular, hollow core revolver fibers meet these conditions well[9].
RFL based on revolver fibers enabled one to generate a single-mode radiation at
the wavelength 4.4 um with quantum efficiency more than 50% [12]. This RFL
was pumped by the ns pulse erbium fiber laser with average output power of
~ 10 W. Its scheme is shown in fig. 1.

Er-doped L1 L2
Fiber Laser ﬂ
A =1558 nm D q
t=3.4ns; 4
Rep. Rate = 25 kHz Al,03; window
RF
Powermeter
Ge H, /D,
plate ZnSe
Optical Spectrum \ E /
Analyzer N q
(OSA 207) \ L AL,O; window

Fig. 1. Scheme of the experimental setup. L1 and L2 — aspheric fused silica lenses;
RF — revolver fiber; Al,Oz — sapphire windows of the gas cells at the HCF ends;
ZnSe — collimating lens made of zinc selenide; Ge — 2-mm-thick germanium plate.

A cross-section of the revolver fiber and the dependence of the average
output power on the pump power are shown in fig. 2.

Raman lasers based on gas-filled revolver fibers can become a versatile
tool for generation at new wavelengths in mid-IR, because various Raman-
active gases and their mixtures can be implemented. For example, another
hydrogen isotope, deuterium D,, can be used to achieve Raman generation
around 3 um. Fig. 3 (b) shows an output spectrum of a RFL based on revolver
fiber filled with a mixture of *H, and D,. Its scheme is similar to the one in
fig. 1, but the revolver fiber has a slightly different size of the cross-section, that
results in proper positions of transparency bands of the revolver fiber for 1.55
and 3 um radiation (fig. 3 (a)). The radiation at the output of the laser contains



the Stokes components that arise as a result of Raman generation on the
vibrational and rotational transitions of both gases (fig. 3 (b)).
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Fig. 2. (a) — SEM picture of the revolver fiber cross-section. The hollow core diameter
IS 75 um. (b) — the average power at the RFL output vs. pump power launched into the hollow
core; red dots — non-converted pump A = 1.56 um; black squares — vibrational Stokes
radiation A = 4.42 pum; blue triangles — rotational Stokes radiation A = 1.72 um.
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Fig. 3. (a) — calculated spectrum of optical losses for revolver fiber that was developed
to realize RFL for 2.9-3.5 um spectral region; (b) —output spectrum of the gas RFL. Peak
pump power at A=1.56 pm coupled into the revolver fiber core was 14 kW. A mixture of *H,
and D- at partial pressures of 2 and 28 atm, respectively, was used as an active medium.
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COMPARISON OF POLARIZATION CHARACTERISTICS
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Polarization phenomena in twisted optical fiber have been known for a
long time [1]. Fiber twisting is used to monitor polarization of modes
propagating in optical fiber, to adjust fiber grating operating wavelength, to
compensate fiber birefringence and to control polarization mode dispersion.

The modes propagating in twisted fiber are under the effect of circular
birefringence. Rotation of polarization of modes propagating in the fiber is
proportional to the twisting fiber angle [2]. The proportionality coefficient is
determined by the photo-elastic constants of the optical fiber material. It is of
particular interest to study polarization rotation in non-standard fibers, such as
fibers with special doping, an air core, etc.

This paper presents an experimental investigation and comparison of the
polarization characteristics of the modes propagating in various types of twisted
fibers such as Fujikura, Corning, and several types of optical fiber from
Fibercore, including ones with high germanium concentration.

polarization fiber fiber
1 1 1 1 controller clamp rotator

polarization

laser I ] CXD ( @:p [ analyzer

1550 nm

1T 11
Fig. 1. Experimental setup.

The experimental setup consists of laser (wavelength 1550 nm),
polarization controller, fiber clamp, fiber rotator and polarization analyzer
(Keysight N7781B). The fiber length was varied from 5 to 30 cm.

We measured the change in polarization of modes propagating in various
types of twisted fibers as a function of twisting angle and for different fiber
lengths.

The work was supported by Russian Foundation of Basic Research
(project Ne 16-47-730738).
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THE PASSIVELY MODE LOCKED FIBER LASER RESONATOR LENGTH
AND SATURABLE ABSORBER PARAMETERS INFLUENCE ON PULSE
PEAK INTENSITY AS GAIN INCREASED
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We simulated passively mode locked pulsing in fiber laser ring cavity
with anomalous dispersion. Thulium active fiber as amplification medium was
considered. The work is aimed to find how the saturable absorber and cavity
length effects the highest achievable pulse peak intensity and energy as gain
increased. To find this we simulated pulse dynamics in Shrodinger model [1] for
fiber lasers with different cavity length, saturation intensity and relaxation time

absorbers.

The fig. 1 shows pulse peak intensity for considered cases as gain

increased.
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Fig. 1. The pulse peak intensity dependences as gain increased. The lines are found for
different cavity length and absorber saturation intensity and relaxation time. The markers
depict the pulse highest achievable peak intensity while single pulse regime per cavity round

trip exists.

We found that for any cavity length highest pulse peak intensity
corresponds to laser with highest absorber saturation intensity and shortest
relation time. As cavity length increased on pulse profile low intensity pedestal
appears which restricts pulse peak intensity growth as gain increased.

1. O.G. Okhotnikov, Fiber Lasers, Weinheim, Germany: Wiley, 2012.
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The work is aimed to determine the influence of carbon nanotube based
saturable absorber modulation depth on mode lock pulsing of thulium doped
fiber laser.

The interest to carbon nanotube based absorbers is explained by
availability to tune its parameters in wide range and by relatively low cost of it
production [1].

The fiber laser is made in linear scheme that is closed by fiber ring-like
mirrors. Carbon absorber is manufactured by dispersion of carbon nabotubes in
cellulose film [1]. The film was set between fiber optic connectors and in such a
way was used in a transmission in the cavity.

To characterize the nonlinear transmission properties of saturable
absorbers we used fiber optic scheme [2] in which we compare the energy of
picosecond laser pulse that passed through absorber and energy of referent
pulse.

As a result, we show that absorber film width increasing led to increase of
absorber modulation depth and saturation intensity.

Also we show that laser with absorber that have more deep modulation
depth have more higher mode lock start pump level and its pulse energy can
have more higher energy.

1. A.V. Tausenevet al., Quantum Electronics 37(3), 205 (2007).
2. G. Sobonet al., Sci. Rep.7, 45491 (2017).
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The interest in the investigation of optical fiber insertions is due to the
possibility of excitation of cladding modes that can be used in fiber optical
sensors [1]. The change in the coupling coefficient into cladding modes when a
special fiber insertion is made occurs as a result of the fact that some part of the
intensity from the core mode is not guided by the core of the insertion, but goes
to its cladding [2]. The coupling coefficient depends on the length of the
insertion; therefore it can be controlled by changing its length.

In this paper, we implement a method for adjusting the length of the
insertion by heating and drawing it in an optical fiber splicer. The insertion of a
special fiber (SM450, SM600) is heated by short discharges of electric arc
(t =180...220 ms) and is pulled by a load suspended at the fiber end. We studied
the dependence of the change in the cladding radius on the number of discharges
and the discharge time. The measurement results showed that the optimal
discharge time is about 200 ms. The transmission through the insertion as
function of the number of discharges is shown in the following figures.

Insertion SM-4 .3 mm, t=200 m
Insertion SM-600, 0.160mm 0.4 sertion S 5003 =200 ms
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Fig. 1. Dependence of transmittance on the number of discharges.

From the obtained dependences of the transmittance on the number of
discharges, it can be seen that 10-15 discharges are sufficient to obtain the
necessary transmittance of about 30% for discharge time of 180 ms.

This work was supported by the Russian Foundation for Basic Research
(project Ne 16-47-730738).

1. Y. Kong et al., IEEE Sens. J. 18, 8747 (2018).
2. 0.V. lvanov, Radioengineering and electronics 63, 1041 (2018).
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[Iporpecc B TE€XHOJOTMYECKHX METOJIaX BbIPAIIMBAHUSA M JUATHOCTUKHU
HAHOCTPYKTYp Ppa3JMYHOIO THWIA, JOCTUTHYTBIM B IIOCIEHEE BpeMs,
IpoJoJDKaeT OyKBAJIbHO HAa HAIIMX Ija3ax MpeoOpaxaTh HWH()OPMaMOHHBIN
MHUp U TOBCEJHEBHYIO >XH3Hb 4eloBeka. DyHIAMEHTAIbHbIE W TPUKIIATHBIE
UCCIICIOBAHASI ~ METOJOB  CO3JAaHHWA W CBOMCTB  HAHOCTPYKTYp B
KOHJICHCUPOBAHHBIX CpPEeJaxX [MPUHATO OOBEOUHATH OOMMM TEPMUHOM
«HAaHOMAaTepuaiabl W HAHOTEXHOJOTMU». B HEKOTOpOM CMBbICIE TMOHATHE
HAaHOTEXHOJOTMM JaXe UIMpe TPaJULIUOHHOIO [MOJApa3JesieHuss o00acTeit
3HaHUW — QU3MKHU, XUMHH, OHOJOTUM M JPYTUX JTUCLUIUINH, IOCKOJBbKY
YIPABJIICHUE CBOMCTBAMU CHCTEMBI HAa aTOMapHOM YPOBHE CTUPACT PA3IUYHUS
MeXay 0O0beKTamMH wucciiefoBaHus. [loaynpoBOJHUKOBBIE TE€TEPOCTPYKTYPHI,
BIIEpBbIE CHUHTE3WpoBaHHBIE B 1960-X romax, ObICTpPO HAILIM MPUMEHEHHE B
ONTOAJIEKTPOHHBIX YCTPONUCTBAX M BBICOKOCKOpOCTHOM CBY »iekTpoHHKE.
3atreM ObUIM CO37aHbl HAHOCTPYKTYPbl C OJAHOMEPHBIM (KBAHTOBBIE SIMBbI),
JNBYMEPHBIM (KBAHTOBBIE MPOBOJIOKA) MU TPEXMEPHBIM (KBAHTOBBIE TOYKH)
OTpaHUYECHHEM HOCUTENIEeH 3apsia, MPUBOISIIMM K KBAaHTOBAHUIO CIIEKTpa
HPHEPreTUYECKUX COCTOSHHUNA. YHUKAJIbHBIE TPAHCIIOPTHBIE, AIIEKTPUUECKHE,
ONTUYECKHE, aJCOPOLIMOHHBIE W  HMHBIE  XapaKTEPUCTHKU  aHcamOJis
HAHOCTPYKTYp ONPEACNSIIoTCS uX pa3MmepoM u  Mopdosorueid. Hanuuwue
HETPUBUAIBHOU CBSI3W MEXAY (PU3MUECKUMHU XapaKTEPUCTUKAMHU YACTHIl U UX
reOMETpUEN JIeJlaeT aKTyaJlbHOM 3aJady KOHTPOJMPYEMOIO BBIPAIMBAHHUS
HAHOCTPYTYP C 3aJaHHBIM Pa3MepPOM, IJIOTHOCTHIO U (POPMOH.

B nexmuu paccmarpuBaioTcs pyHIaMEHTaIbHbIE U MPUKJIAJHbIE ACTIEKThI
CUHTE3a, CBOMCTB W NPWIOKEHU OJHOMEPHBIX MOJIYNPOBOJHUKOBBIX
HAaHOCTPYKTYp,  IEpPIEHAUKYISPHBIX  IMOBEPXHOCTHM  MOJIOKKHA.  Takue
HaHOCTPYKTYpPbI Ha3bIBaIOTCA HUTEBUIHbIMU HaHOKpucTauiamu (HHK), nnaue —
HaHoBuckepamu. IlomynpoBoanukoBeie HHK o00buHO BbIpammBaroTcs Ha
MpPEeIBAPUTENILHO TMOATOTOBJICHHBIX IMOBEPXHOCTAX. B OONBIIMHCTBE Cly4yaes
UCIIOJIB3YETCSl  aKTHUBAIMSl TMOBEPXHOCTU  METAUIMYECKUMHU  KaIULSIMH — —
KaTanuzaTtopaMu pocta. MccienoBanusi pocToBbix mporeccoB u cBoiicte HHK
IpOLIECCOB B HACTOAIEE BpeMsl TMPUBIEKAIOT OONbIION HHTEpec. ITO
OOBSICHSETCS, B MEPBYIO ouepeib, MepcrneKTUBHbBIMU npuMmenenussmu HHK B
pa3IMYHBIX 00JIACTSIX MUKPOAJIEKTPOHHUKH, ONITO3IEKTPOHUKH, HAHOMEXaHUKH U
HaHOOMoTexHoJoruu. Ha  ocHOBe  MOXKHO  CO3/4aBaTh  MOJIEBBIE |



reTepoOuUIoNIApHbIE  TPAH3UCTOPBI,  CBETOM3IYYAIOUIME  yCTPOMCTBA  CO
CBEPXHU3KHM SHEPronoTpeOIeHNEM, pa3iIUdHbIE TUIBI CEHCOPOB, 30HMBI IS
aTOMHO-CUJIOBBIX MHKPOCKOIIOB, AaBTOSMHCCHOHHBIE KaTOZbl, TYHHEJIBbHBIC
JUOJIbl, OJHORJIEKTPOHHBIE TPAH3UCTOPBL, OJHOPOTOHHBIC H3Iy4yaTelu U T.[.
UpesBblyaitHo 3¢ (eKTUBHAsI penakcalus YIpyrux HalpsDKeHUd Ha OOKOBOM
IOBEPXHOCTU I03BOJISIET BbIpamuBaTh Oe3auciokanuonHslie HHK B cuibHO
pPacCOracOBaHHBIX TI'E€TEPOINUTAKCUAIBHBIX CUCTEMAX, 4YTO HEBO3MOXHO B
JNBYMEPHBIX IUIEHKax. AnHcamOmu  noaynpoBoaHukoBeix HHK  Taxke
MPEJICTaBISIIOT COO0M YHUKANBHBIM OOBEKT AJIs MPOBeIeHUs (PyHAaMEHTaIbHBIX
MCCIICOBAHUM ITPOLIECCOB POCTa M CBOWCTB OJHOMEPHBIX HAHOCTPYKTyp. K
HanOoJiee WMHTEPECHBIM (yHIAMEHTAIBHBIM BOMIpPOCAM OTHOCATCS: (pu3nka
HYyKJI€al[ui B CUCTEMaxX MOHMKEHHOM Pa3MEpHOCTH, MOAH(UKALNSI CBOOOIHOM
HHEPI'UH 32 CUET MOBEPXHOCTHBIX 3P(HEKTOB, KpUCTALIOTpauieckasi CTpyKTypa
HHK, onnomepHbIil TpancniopT Hocutenel, 3 peKkTsl pa3MEpHOT0 KBAaHTOBAHMUS,
OOJbIlIME OTHOIICHUS IUIOUIAJM MOBEPXHOCTH oObeMa K 00beMy ILIOLIAIH
IIOBEPXHOCTH, BBICOKasl UYYBCTBUTEIBHOCTH IIPOBOAUMOCTH K YIIPABJICHUIO
1oJieM U K MOJu(UKalUu MOBEPXHOCTU Kpucramia. OQHOMEPHOCTh OOBEKTOB,
COCYILIECTBOBAaHUE HECKOJIBKUX (a3 BELECTBa MPU UX (OPMUPOBAHUU, HATUYHUE
HETPUBHMAJIBHBIX  pa3MepHbIX A(Q(EKTOB  JenaeT  aKkTyaJllbHOM  3agady
MOJIEJIMPOBaHUs MpolieccoB pocta U pusnueckux croiicts HHK.

HecmoTtpst Ha 3HaYMTENBHBIA TEXHOJOTUYECKANA NPOTPECC, TOCTUTHYTHIN
B IOCJIe/IHEE BpeMsi B OOJACTH CHUHTE3a M JUATHOCTHKU MOJyIPOBOJHUKOBBIX
HHK, ¢wusuka nomynpoBonnukoBsix HHK siBisiercs pasBuBaroieiics, a He
3aBEPILIECHHON 001acThbl0 HAaHOTEXHOJNOTMHU. [103TOMY 1LENbI0 JEKUUU SBIAETCA
HE TOJBKO ONHCAHWE JOCTUTHYTBIX pE3yJbTaTOB, HO W aHaIU3 Haubosee
aKTyalbHBIX TpoOneM. B 1menoMm pa3BuTHe HCCIEIOBaHUNA B 00J1acTU
nonynpoBogHukoBeIX HHK HeoOXomumo njis pemieHus] BakHEHIEH 3aadu:
CO3JIaHHsI HOBBIX MAaT€pPUAIOB C KOHTPOJHUPYEMBIMU CBOMCTBAMU U IIUPOKOU
007acTbl0 TNPUMEHEHUS Ha OCHOBE HEIUIaHAPHBIXHAHOOOBEKTOB. Cremyer
nomuepkuyth, uro HHK dopmupyroTcs He B pesynpTare MpoOIECCOB
CaMOOpPraHM3allMM, KaK MHOTHE Jpyrue HAHOCTPYKTYpbl, a 3a C4YeT
IIPEABAPUTEIBHON TOATOTOBKU IIOBEPXHOCTU. BO3MOKHOCTBH INPELU3NOHHOIO
KOHTPOJISI AUAMETPa, BBICOTHI, (POPMBI, TNIOTHOCTH, CTPYKTYphI U coctaBa HHK
ABJISIETCA, HA Hall B3IJISAJ, [JIABHBIM MPEUMYIIECTBOM, IO3BOJISIOIINM
CYLIECTBEHHO YJYUYIIUTh CBOWCTBA MaTepuana W CO34aTh HOBOE IOKOJICHHE
(YHKUIHMOHAJIBHBIX HAHOYCTPOMCTB C KAYECTBEHHO HOBBIMU XapaKTEPUCTUKAMHU.
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Jlexuusi moCBsIEHA CTPYKTYpHBIM (ha30BBIM MEpexXojiaM B JABYMEPHBIX
CUCTEMaX, a HMEHHO, B MOHOCJOWHBIX IIJICHKAaX, aJCOpOMPOBAHHBIX Ha
MOHOKPHCTAITINYECKUE TOBEPXHOCTH METAIIJIOB.

BaxxHocTh uccienoBaHUS CTPYKTYpPHBIX — (Da30BBIX  IEPEXOJ0B B
a7IcOpOMPOBAHHBIX CIOSIX OOYyCIOBJIEHA TEM, YTO M MHOTHUX IPOLIECCOB,
NPUBOJAIIMX K  BO3HUKHOBEHUIO  HAHOCTPYKTYp  Ha  IOBEPXHOCTH
(camoopranusanusi, SNOUTAKCHAIBHBIA POCT), OMNPEAEIAIOIUM (PaKTOpOM
ABJIIETCSI aTOMHasi CTPYKTypa IMEpBOro cios ajacopdara (MoHocinos). B atoit
CBA3M KpAallHE AaKTyaJbHOW CTAHOBUTCS METOJAMKA CO3JAaHHS MOHOCIIOEB C
3aIaHHON CTPYKTYpOH M YMEHUE KOHTPOJUPOBATH MPEBPAIICHUS MEXKIY
Pa3IMYHBIMU IOBEPXHOCTHBIMU (ha3aMu Ha YPOBHE aTOMHBIX MEPEMEILICHUN.

B ob6mem ciydae cTpykTypa MOHOCIOS OINpEAEseTcss KOHKYpEHLMEH
MEXKJy JIaTepaJIbHbIM  B3aWUMOJICMICTBUEM AaTOMOB Ha TIOBEPXHOCTH H
MOTEHIUAJIOM TOJJIOKKH, a Takxke Ttemmneparypod [1]. B 3aBucumoctu ot
TEeMIIepaTypbl TMOBEPXHOCTH W/WJIM CTENEHU TMOKPBHITUS Ha OJIHOM U TOM ke
MOBEPXHOCTU MOTYT HaOmrofaThcsi AByMepHble (2D) ras, kuakocTe, a Takxe
TBEpAbIE yHOpsAAOoYeHHbIE (a3bl. [l0 OTHOLIEHHMIO K pelmeTKe MOIJI0KKU
HaOmogaemMbie Pa3bl MOKHO Pa3JeUTh HA COPa3MEpPHbIE, HECOPA3MEPHBIE WM
YaCTUYHO copa3MepHble. M3MeHeHue Temmeparypbl WM CTENEHH MOKPBITHS
MOXET MPUBOAUTHL K CTPYKTYpPHBIM IepexoJaM MeEXAy OdTUMU (Da3zamu.
OcHOBHBIMHM  (DaKTOpaMH, ONPENEIAIONIMMHU XapaKTep TaKuX MEepexoioB,
SIBJISIETCSL COOTHOILIEHUE MOTEHLUAIBHOTO peibeda MOIJIOKKUA U JIaATePaIbHOTO
B3aUMOJICUCTBUS MEXKIY aJCOpOMpPOBAHHBIMU aTOMaMH, pPacCOTIACOBAHHE
[IapaMEeTPOB PELIETOK IBYMEPHOTO CJIOS M MIOJJIOKKH, a TAK)XKE TEMIIEpaTypa.

TpamgunoHHo wuccnenoBaHusl (Pa30BBIX IEPEXOJOB Ha IMOBEPXHOCTU
MIPOBOJIMIINCH B IJIEHKAX ra3oB, (pU3copOMpPOBaHHBIX HA METAJIaX WU rpadure,
C MCTIOJIb30BAaHUEM PA3IMYHBIX TU(PAKIIMOHHBIX METOIOB.

Jlanubiii moaxon ObUT CBA3aH C TEM, YTO JJIs JAHHBIX CHCTEM
B3aMMOJICHCTBHE ajicopOaTta ¢ MOJJI0KKON MOTJIO ObI OBITH ONMKUCAHO I0CTATOYHO
poCTO (HarpuMep, ¢ UCHOJIb30BaHUeM noTeHuana Jlennapaa-/{xonca), 4ro u
MO3BOJISIIO CTPOUTH TEOPETUUECKHE MOJIEIHN (Pa30BbIX NMEPEXO/IOB.

OpHUM U3 caMbIX aKTUBHBIX HCCIIEYEMbIX (DA30BBIX MEPEXOJI0B ABIISIICA,
TaK Ha3bIBA€MbIH, EPEX0J U3 COpa3MEpHOIl B HecopazMepHyto dazy [2—4]. [Tpu
TOM 00JIacTU C copa3MepHOi (a30l OKa3bIBAIOTCS Pa3/ICNEHHBIMHU MOJOCAMHU
WJIM TeKCaroHaJbHOUW CETKON Hecopa3MepHOu (pa3bl («JOMEHHBIMU CTCHKAMU))
C IJIOTHOCTHIO ATOMOB BBIIIIE WJIM HUXKE, YEM B COpa3MepHOn obnacTu. J[aHHBIN
ahdexT 3ToT ObUT OTKPHIT B pabore Dpenkens u KoHTOpoBoW B KOHIIE
TPUILATHIX TOJOB, B KOTOPBIM OBUIO MOKa3aHO, YTO €CJIM Bbl OyAeTe CKUMATh
COPa3MEpPHYIO pELIETKY HaxXO[AIIMHCA Ha KakOM-TO NOTEHLHAIE 3TO
OKa3bIBA€TCA YTO PAaBHOMEPHOIO C)KaTHE€ PpEIIETKH HE MPOUCXOAUT a
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MPOUCXOJUT BO3HUKHOBEHUE JIOMEHHBIX CTEHOK (WJIM COJMTOHOB), KOTOpPBIE
paszensitor 00JacTU ¢ copazMepHoi cTpykTypoil. Ha pucynke 1 mpencraBieH
MOJICJIbHBIN PUCYHOK JIOMEHHBIX CTEHOK, KOTOPbIe MOTYT PEaM30BBIBATHCS Ha
reKCaroHaJIbHOM TMOJITIOKKE.

‘ )\ : { Y L

\ )/ XX >/ ( // ‘0; <"
\\ é\ \\‘w ; :
'«‘@.w *NA’»‘A ﬂ' nu"ﬁﬁ»

o A
0585056
g._“ %w '0\ f< Y=

\ ."( )( /"Qv‘
vg/. A VAWA,»
/n\\ // »\AVA'A
"'-., 2 7 ‘. . 'Q'(

A Vg'/ ('AVA\VA"@VQ AVAVA'/ YAVAQ

st crpykTyp (V3xV3)R30°.

Oxa3pIBaeTCsl, UTO JIOMEHHBIE CTEHKU MOTYT WJIU MOBTOPSITH CUMMETPHIO
MOJ/IJIOXKKH, TO €CTh ObITh T€KCArOHAJILHBIMU, TaK U ObITh JIMHEHHBbIMU. [lepBbie
HKCIIEPUMEHTAJIbHBIE CBHUJIETENILCTBA CYIIECTBOBAHUS JIOMEHHBIX CTEHOK OBLIH
nosydeHsl i cienyromux cucteMm: Kr/Graphite, Xe/Pt (111), H,./Graphite. Ho
OKa3aJoch YTO AU(PPAKIMOHHBIX METOJAOB HEIOCTATOYHO [Isl IOJIHOTO
omucanus (a3oBBIX MEPEXOJOB HAa aTOMHOM YpPOBHE, WU, O€3yCIOBHO, HYXKHO
NPUMEHEHNE CKaHUPYIOMIEH TYHHEIbHOW MHUKpOCKOMUU. OgHAKO IS CIIydacB
¢buzcopOupoBaHHbIX Ta3oB jaxe npuMeHenne CTM He gano OYeHb SIPKHUX
pE3yNbTaTOB B BUIY TOTO, UYTO AK€ MPHU TEIUEBBIX TEMIIEpaTypax MOJICKYJbI
raza OCTaBaJMCh JOCTATOYHO cNab0 CBS3aHHBIMH C TMOBEPXHOCTHIO. B 3TOM
CBSI3M MOYKHO PacCMOTPETh JAPYTYI0 CUCTEMY, TAKYIO KaK CHCTEMa IajloreHbl Ha
METaJUIaX, KOTOpas MOXKET SBIATHCA AJIBTEPHATUBHOW MOJEIBHOW CUCTEMOU
JUISL CCiieIoBaHUs (pa30BBIX MEPEXOJIOB.

VYxke K KOHI[y BOCBMUIECATBIX TOJOB MPOLUIOTO BeKa ObLIO
OMyOJIMKOBAHO JOCTATOYHO OOJIBIIIOE KOJUYECTBO PA3IUYHBIX PabOT, B KOTOPHIX
UCCIIeI0BAJIach aJICOPOIMs TaJIOTEHOB Ha METaUIMYECKHWE IOBEPXHOCTH. B
OCHOBHOM BCE€ OTH paboThl OBUTM  CTHUMYJHUPOBAHBI  BO3MOKHBIMH
KaTAIUTUYECKUMH  TpuioxkeHusiMd. B o003ope  PobGepra  JIkoHca,
ony0nrkoBaHHOM B 1988 roay [5], Ob1I0 OTMEUEHO, YTO TajlOT€Hbl (POPMUPYIOT
00JBIIIOE KOJIMYECTBO YIMOPSIOUCHHBIX afcOpOMpPOBaHHBIX (a3 B 3aBUCUMOCTH
OT CTEMEHU MOKPBITUS U TeMIlepaTyphl. TeM caMbIM OBLIO MOKa3aHO, YTO OHH
SBJISFOTCS.  TTOTCHITMAIBHBIMA ~ YAOOHBIMH  MOJICTBHBIMH ~ CHUCTEMaMHU  JISI
uccienoBaHus (Pa3oBbIX MEPEXOI0B.

JIOTIOIHUTENBHO OKa3aj0Ch, YTO MHOTHE JTU(GPAKIUOHHbIE KapTHHBI,
KOTOpbI€ HaOJIONAI0TCA IS MHOTHX Map rajoreH-MeTajul, OKa3bIBalOTCS BO
MHOTOM CXOXHMH C TUGPAKIIMOHHBIMU KapTUHAMU, HAOTIOJAEMbIMU B TUICHKAX
¢bu3copOMpOBaHHBIX Ta30B Ha TMOBEPXHOCTH METAIOB M Tpadurta. ITO
CBUJCTEIBCTBYET O BO3MOXKHOM OMM30CTH (Da30BBIX TMEpexoJax B ITUX
CHUCTEMaX.



JIOCTOMHCTBOM CHCTEM BBIOOpa CHUCTEMBI TaJOT€Hbl Ha MeTajiax
SBJIIETCS BO3MOXKHOCTh HaOmoAaTh MHOrue (ha3oBble TMEpexXoibl IpH
KOMHAaTHOM Temmeparype. XOTsS Ha MOMEHT Hayaja HCCJIEIOBaHMMA
OOJBIIMHCTBO CUCTEM TalIOreH/MeTal ObUIM YK€ H3Y4YeHbl MHTETpalbHBIMU
METOJAMH, U JUISl KaXJOW U3 HUX ObUIM MPEIOKEHBI CBOU CTPYKTYpHBIE
MOJIeNIM, MMOHUMAHUS CTPYKTYPHBIX IMPEBpAIICHUN Ha MOBEPXHOCTU METAJJIOB
MOJI BO3JIEUCTBUEM TaJOT€HOB JOCTUTHYTO HE ObUIO, BBUIY MPaKTUYECKU
MOJTHOTO OTCYTCTBHSI PaOOT BBIMIOJHEHHBIX B pPEaJbHOM MPOCTPAHCTBE C
MCIIOJIb30BaHNEM CKaHHUPYIOIIEW TYHHEIIBHOU MUKPOCKOIIHH.

[lenbio paboOTHI ABISIOCH U3YUYEHHE MEXaHU3Ma CTPYKTYPHBIX (ha30BBIX
NEPEXO0JI0B B aJCOPOMPOBAHHBIX CJOAX TAJIOICHOB HAa MOBEPXHOCTU T.ILK.
METAJIJIOB MPH UX JIATEPAIIbHOM C)KaTHUU B YCIOBHSIX CBEPXBBICOKOTO BaKyyMa.

OObeKkTaMu UCCIIEIOBAHMUS SIBISUTUCH MOHOKPUCTAJUTMUECKHUE TPAHU MENIH,
cepeOpa u 3050T1a. PaccmarpuBanuce Bce rpanu (111), (100) u (110), xoTopsie,
COOTBETCTBEHHO, IPEACTABISUIM IOBEPXHOCTh TI'E€KCAarOHaJbHBIH CHUMMETPHH,
CUMMETpUH 4-mopsiika U NpsIMOYTOJIbHBIN pemieTkoil. B kauectBe agcopOaToB
paccMaTpuBaINCh TajoreHsl: XJop U 1Woa. Takol BbIOOp OOBEKTOB IMO3BOJIMI
BapbUPOBATh PAcCOIIACOBaHHE MapaMeTPOB PEIIETOK rajoreHa M MOJJIOKKU B
MaKCHMaJbHO HIMPOKUX TMpejiesiaX, TaK KaK IOCTOSHHAas pelIeTKH cepedpa
(2.89 A) maxcumanbha, a Memu (2.56 A) MuHMManbHa cpeau psaga T.ILK.
MeTaiioB. C Ipyroi CTOPOHBI, XJ0op U Hoj (0e3 ydera (propa) MpeacTaBisioT
MUHUMAJIbHBII 1 MaKCHMaJbHBIA pa3Mep aroMa rajoreHa: guameTrpsl Ban-mep-
Baannbca paBubl 3.6 A u 4.0-4.3 A, cooTseTcTBEHHO.

OCHOBHBIM METOJIOM HCCIICOBAHNUS SIBIISIACH CKAaHUPYIOIas TyHHEIbHAs
MUKpoOcKomnus. Bce mccienoBaHusl MPOBOIMINCH B YCIOBHUSX CBEPXBBICOKOTO
BakyyMa npH pgaBneHuu nyume, dem 10°Topp. ITommmo 3Toro, KoHewHO,
UCIOJNIb30Bajach JJEKTPOHHAsl  CIEKTPOCKONHUsA, AU(pakuus MeAJICHHBIX
AIIEKTPOHOB, TEpPMOAECOPOLIMOHHAS MaccC-CIEKTPOMETPUS. Bcee
HKCIIEPUMEHTAIbHbBIE METO/bl JOMOJHSAJIUCh pacyeTaMd B paMKax TEOpUHU
dbyHKIIMOHATAa TUIOTHOCTH C HCHojb3oBaHueM makera VASP Ha 06aze
BBIUUCIUTENBHBIX Ki1acTepoB PAH, MOTHU, MI'Y, NOD PAH.

B nekuuu mnpencTtaBieHbl pe3yibTaThl HCCIEAOBAHUN, MPOBOAUMBIX B
OTIIeJIe TEXHOJOTUH W u3MepeHuit atomHoro macmraba MODPAH [6]. Bcee
pe3ynbTaThl MOTYT OBITH pa3felieHbl Ha YEeThIPE TPYMIbI, OTPaKaIoIINe
pa3IUYHbIC TUIIBI CTPYKTYPHBIX (Pa30BBIX MEPEXOA0B Ha TIOBEPXHOCTH:

1. Tlepexon GecriopsIOK-TIOPSAIOK, T.€. YIOPSI0UYCHUE HA CYOMOHOCIONHBIX

MOKPBITHSX.

2. Tlepexon u3 copa3MepHOi B HecOpazMepHyto (asy.
3. PeKkoHCTpyKIMOHHBIE (Pa30BbIE EPEXOIBI.
4. ®opmMHpOBaHUE MOBEPXHOCTHBIX TAJOTCHUIHBIX (a3.

Ha nepBom 3Tame ucciieIoBaHUSI Mbl PacCMOTPENIH CYOMOHOCIOHHYIO
CTAAMI0 AJCOPOIMM TaJIOTeHOB Ha TOBEPXHOCTh TI.I.K. METauioB. bbuI1o
YCTaHOBJIEHO, YTO HA HAYaJbHOM CcTaguu ajacopOuuu xjopa Ha rpansax (111)
r.iu.k. merauioB (Ag, Cu, Au) npoucxoaut GpopmMupoBaHHEe KBa3HOTHOMEPHBIX
HENOYEYHbIX M HAHOIMOPUCTBIX CTPYKTYP C PACCTOSHUSIMU MEXAY aTOMaMH



XJIOpa MEHBIINMH, 4eM B IByMepHOH crpykrype (V3xV3)R30°, umeromeii
OO0JBIIYIO MIOTHOCTH (pUC. 2). ATOMHBIE CTPYKTYpBI, pOopMHUpYyeMbIe aTOMaMu
raJoreHOB Ha IMOBEPXHOCTHU T.II.K. METAIJIOB HAa CYOMOHOCIOHHOW CcTaauu
ancopOuuu, OOYCIOBJICHbI HEMPSIMBIMH  O3JEKTPOHHBIM W/WIM  YIPYTUM
B3aUMOJICHCTBUSMUA MEXIY aroMaMH TaJOreHOB uepe3 MOIJIOKKY. B
JanbHEHIIEM TpU YBEIMYEHUU CTEIEeHHM TMOKPBHITUS OSTH HAHOIOPHCTHIC
CTPYKTYpbI IOCTENIEHHO MpEeBpaIaTcs K 1/3 MOHOCIOS B MPOCTYIO CTPYKTYPY

(N3x\3)R30°.

ClAu(111) 0.12 MC 20.15 MC

S

(a) 5 (0) By (B) efesede s 2Rt 1
Puc. 2. CTM-n306paxenns (200x200 A2, 5 K) HaHOMOPHCTBIX CTPYKTYpP U3 aTOMOB XJIOpa,
dopmupyembix Ha rpansx Au(111) (a), Cu(111) (6) m Ag(111) (B) B cyOMOHOCTONHHON
00J1aCTH TOKPBITHHA.

B xome w3yueHus (a3oBoro Tmepexoja U3  COpa3MepHoOii B
Hecopa3MmepHyIo ¢a3y OyayT MOydeHBI OTBETHI Ha BOMPOCHI: Kak mpoucxoaut
cKaTHe Ccopa3MepHOW pemieTku? SIBiseTcss Jd C)KaThe W30TPOMHBIM U
omHoponHbIM? Kak 3aBUCHT XapakTep IMepexoja OT CHMMETPUU PEIICTKH
MTOUIOKKHU?

B gactHocTH, Ha mpuMepe aacopOLuu Xjopa Ha moBepxHocTh AQ(111)
YCTAHOBJICHO, YTO MEXaHW3M CXaThs copasMmepHoil pemretkn (V3x\3)R30°
(mepexonm copa3MmepHass — Hecopa3MepHas (asza) BKJIIOYaeT B ceOs
dbopMupoBaHUE KpayauoHOB (puc. 3) M HMX KOHJSHCAIIMIO B CBEPXIUIOTHBIC
JUHENHbIe JOMEHHbIE CTeHKH. [loka3aHo, 4TO MOJOOHBIM MEXaHHU3M MOXKET
OBITH OOIIMM M ONpeAessTh (a30BbI€ MEPEXO/bl B CJIOE TaJIOTEHOB Ha TPaHSIX
(111) r.u.x. MeTaIoB.

Monenbs JIUMHEHHBIX JOMEHHBIX CTCHOK OITMCHIBACT IIPOIECC CIKATHS
pemieTku TamoreHoB Ha rpaHu (110) rark. mMeTasioB B TOM ciy4ae, €CIu
MPEAMOYTUTEIIBHBIM MECTOM aICOPOIIMH TaJIOTeHA SBIISICTCS TOJIOKCHUE MEKITY
yetbipbMsi  aromamu noiokku  (1/Cu(110), 1/Ag(110)). Ecnmu nambomee
BBITOJTHBIM MECTOM aJICOPOITUU SBIISIETCSI KOPOTKOE MOCTHKOBOE TIOJIOKEHHE, TO
C)KaTHe PENICTKH TaJoreHa MPOUCXOIUT B PE3YJIbTaTe PEKOHCTPYKIIMOHHBIX

nepexoaos (Cl/Cu(110)).
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Puc. 3. (a) - CTM-u3o6paxenue (330x330 A% 5 K), nonydenHoe /s CTEHeHH MOKPBITHS
xsopom 0.34 MC. Ha BcraBke npuBenieH ¢pypre-o6pas; (0) — CTM-u3o0pakeHre ¢ BBICOKUM
pa3pelIeHueM PEIETKU XJI0pa ¢ HAJIOKEHHOW CETKOM, y3JIbl KOTOPOM COOTBETCTBYIOT
pemetke Ag(111). ledekt BHeapeHUS B pEIIETKY (V3% V3)R30°-Cl (ZOIIOMHATEIBHBIN aTOM
XJIOpa) MOKa3aH 3eJICHBIM KPY)KKOM, a aTOMBI, (JOPMHUPYIOIINE KPAyIHOH, TOKA3aHbI
(UOJIETOBBIMU KPY)KKAMH.

Ha rpanum (100) r.arx. MeTajuioB CKaTUE€ COPAa3MEPHOM PpEIIETKH
raJIOTEHOB PEeaIN3yeTCsl TOJIbKO MPU 3HAUYUTEIHHOM MPEBBIIEHUN PACCTOSHUS
raJIOreH-rajoreH B MCXOJHOM COpa3sMEpHOM CTPYKType Haj auamerpom Ban-
nep-Baanbca ramorena (cimygait 1/Cu(100)). YcraHOBIIEHO, YTO B 3TOM Cliydac
C)KaTHe MPOUCXOAUT 3a CUET cepuM (PAa30BBIX MEPEXOJO0B MEPBOTO U BTOPOTO
pona, Bkirovas 2D muraBienue.

TperbuM 2TamoM  HWCCIHEAOBAHWM  SBISUTUCh  PEKOHCTPYKIIMOHHBIC
(azoBble mepexoabl, KOTOPbIE UHAYLIUPOBAHbBI aJcOpOIIME TaioreHoB. B aToM
ciydyae OblUia clenaHa TOMNbITKAa pacliuppoBaTh JAETAIBHYIO ATOMHYIO
CTPYKTYPY PEKOHCTPYKIIMOHHBIX (a3 W yCTAaHOBHUTH YCIOBHS (OPMHUPOBAHUS
PEKOHCTPYKLUH.

Ha pucyHke 4 moka3aH mpumep, 3TO OISTh XK€ Xjop Ha cepedpe (111), B
KOTOpPOM Tociie (pOPMHUPOBAHUS TOMEHHBIX CTEHOK BO3HHKAET JIEHCTBUTEIIHHO
CIIO’KHAsI KapTUHA AU(pakiuy MEJIEHHBIX JIEKTPOHOB, KOTOPasi TOXKE BXOAWT B
CEMEUCTBO «NXN» U COAEPKUT TPYIIIbl MATEH BOKPYT mojiokeHud 3x3. Ha
netanbHoM CTM-m3o0paxkeHuu BUAHO, YTO CHOPMUPOBAIUCH  OYCHBb
HHTEPECHBIC O0BEKTHI ¢ TAKUMH ABIPOYKAMH — 3TO OCTPOBKH pazmepom 15-30
A, noxanpHasg HepHOAMYHOCTH KOTOPHIX 3%3. TO €CTh PAaCCTOSHHE MEKIY
JBIPKaMU — 3TO YTPOEHHOE PACCTOSHUE MEXKAY aTOMaMHu MOJUI0KKU. OCTPOBKHU
anTu(a3Hbl IpYyT OPYTY, U, IIOITOMY, 3Ty CUCTEMY MOXHO pacCMaTpUBaTh Kak
CUCTEeMY aHTH(]a3HBIX IOMEHOB C JIOKaJbHOU CTPYKTypo# 3X%3, 4TO, COIrJIacHO
Teopur AUGPAKIUKA, TPUBOJUT K PACHICIUICHHIO IISITEH B  00paTHOM
npocTtpancTBe. M MBI, JEHCTBUTENHHO, BUAUM Ha IU(DPAKIMOHHBIX KapTHHAX
pacuieneHue BOKPYT MOJIOKEHUN msATeH 3%3. Tak Kak JTOMEHBI PacIioj0KEHbI
Xa0TUYHO, TO BETMYMHA PACHICTNICHUS] HE TIOAaeTCs TOYHOU oreHke. [Toatomy
B 00IlEM CiIy4ae CTPYKTYpPY MOKHO OIUCATh TOJIBKO KaK «PacCIIEIICHHYIO»
3x3.



Puc. 4. (a) — CTM-u3o6paxenue (330x330 A2, 5 K), monydeHHOE ISl CTETIEHH MOKPHITHS
xsiopom 0.34 MC. Ha Bcraske npusejieH pypbe-06pa3; (6) — CTM-n3o06paxxeHue ¢ BBICOKUM
pa3pelIeHuEM PEIETKU XJI0pa ¢ HAJIOKEHHOW CETKOM, y3JIbl KOTOPOM COOTBETCTBYIOT
pemetrke Ag(111). ledekt BHeapeHUS B PEIIETKY (V3% V3)R30°-Cl (ZOTIOMHATEIBHBIN aTOM
XJIOpa) MOKa3aH 3eJIEHBIM KPY)KKOM, 8 aTOMBI, JOPMHPYIOIIHE KPayIHOH, TOKa3aHbI
(h1ONIETOBBIMU KPY>KKAMH.

Ham Takxke yJanoch YCTaHOBHTb, KaK YCTPO€Ha M caMa 3Ta
pekoHcTpykius. Toxke JocTaroyHo uHTepecHo. Okazanoch, 4YTO 37ECh
MOJIHOCTBIO MEHSETCs KOH(urypamuss aroMoB. B pamkax sueiiku 3%3 u3
MOJIJIOKKU BbIOPACHIBAIOTCS JIMIIHUE aTOMbl. OCTal0TCA TOJIBKO IIECTh aTOMOB,
TPU — B MOJIOKEHUSX T.IL.K. U TPU — B MOJOXKEHUSIX I.1.y. OHH QOpMUPYIOT
TPEYTOJIbHUKU. MeXy COCETHUMH TaKUMU STYeHKaMu (POPMUPYIOTCS MeCTa ISt
azcopOLMu aTOMOB XJIOpa, HO YK€ C CUMMETpUel MpUMEpHO 4 nopsaKa. ATOMBI
XJIOpa 3aIlOJIHAIOT 3TH MecTa U (GOpMUPYIOT Takyto (3%3) CTpyKTypy. ATOMBI
XJIOpa B IAaHHOM CJIy4ae€ PacloJOKEHbl UyTh HUXKE, UEM B JPYTUX CTPYKTYypax.
[ToaToMy BHJIHO, YTO 3TH JOMEHBI KaK Obl HEMHOKKO YTOIUICHBI 10 OTHOIIEHUIO
K HEpPEKOHCTPYHPOBAHHOM YacTH MOMJOXKKHU. DTa MOJAENs Obula MOAPOOHO
paccuuTaHa C MCMOJIb30BAHUEM TEOPUM (PYHKIMOHANA IMJIOTHOCTH, U MOKHO
OONBIION  BEPOSITHOCTHIO ~ CUMTATh  CYIIECTBOBAHUE  HMMEHHO  TaKoOM
PEKOHCTPYKIIMU JIOKa3aHHOU. B 3TOM CBSI3M MBI CUMTAEM, YTO M OOJIBIIMHCTBO
JIPYTUX CTPYKTYp TUMA «NXNy, HaOmogaeMbix Ha (111) rpaHsx r.10.K. METaIoB
TaKk€ OOYCIIOBJIEHbl PEKOHCTPYKIMEH MOBEPXHOCTH, & HE OJHOPOIHBIM
CKaTHEM CJIOS TaJIOreHa.

OueHbp HMHTEpecHas cepusi PEKOHCTPYKIHMOHHBIX (PA30BBIX MNEPEXOI0B
HaOmomaercst B cucreme xJjiop Ha meau (110), moTomy 4TO UMEHHO ISl 3TOTO
Cllydasi MPeNNOYTUTEIbHBIM MECTOM afCOpOLUU XJIopa SBISETCS MOJIO0XKEHUE
KOPOTKOr0O MOCTHKa. B 3TOM cilydae mnpocToe cKaTue pEelIeTKH, KaK MBI



TOBOPHJIM, HEBO3MOXKHO, M MO3TOMY 3/IeCh Cpa3y HauWHAEeTCs cepusi (Pa3oBBIX
nepexofoB. Ha HavanmpHON cTamuu aacopOIMM HayuHAIOT (HOPMHUPOBATHCS
cnenupuyecKre MojaoChl, KOTOPhIE BBIMISIASAT Kak JOMEHHbIE CTeHKU. OmHaKo
Ipy YBEJIMYEHUHM CTENEHU MOKPBITUS OHM HE COOUpaloTCid Kak B cllydae
IPOCTOTO Tepexofa M3 COpa3MEpHOM B HecopasMepHylo ¢asy, a, HaoOOpoT,
pazOeratorcsa. Okazanoch, 4YTO B IEHTPE KaXIOH JIOMEHHON CTEHKHU
MPUCYTCTBYET NIOMOJIHUTEIBHBIA pAx aToMoB Meau. [lo mepe yBennueHHs
CTENEHU TMOKPBITHS PsAbl HCYE3AIOT, M, B KOHIIE KOHLOB, IpPHU CTEIEHU
nokpeitus 0.5 MC dbopmupyeTcs mpocTtast pemeTka ¢(2%2), HO IpU 3TOM aTOMBI
HaXOJATCA B MOJOKEHUU U KOPOTKOTO MOCTHKA.

HNHTEepecHO, 4YTO CKaTUE YK€ TaKOW PEIIETKH HE MPOUCXOAUT 10
MEXaHU3MY JIOMEHHBIX CTEHOK, a TOX€ MPOUCXOJAUT IO MEXaHU3MY
PEKOHCTPYKIIMU. BmecTo TOro 4roObl MNPOCTO CXUMATh CIOH CHCTEMA,
HAao0OpOT, HapalIUBaeT JOMOJHUTEIbHBIE MbEIECTANbl W3 aTOMOB MEAH
(moka3aHbl OpaHKEBBIMU KpyraMu) U MOMEIIAET JOMOJIHUTEIbHBIE aTOMBI XJI0pa
Ha 3TH NbeJlecTalbl. B pe3ynbTaTe uero xjop kak Obl OCTa€TCsl pa3HECEHHBIM Ha
JIBa ATa)ka: Ha HWKHEM JTa)K€ IMPUCYTCTBYET CTPYKTypa C(2%2), & Ha BepXHEM
JTake aTOMBI XJIOpa HAXOIATCA Ha 3THUX Ibenectanax. [lo mepe yBennueHUs
CTETIEHU MOKPBITUS YHUCIO TaKUX OOBEKTOB PaCTET, pacTET, pacTeT, U, B KOHIIE
KOHIIOB, OHU CMBIKAIOTCS, M1 00pa3yeTrcs y>ke Hecopa3MepHas pelieTka Xjaopa Ha
yke crutomHou nosepxuoctu meau (110). Ho Ha sToM ne1o He 3akaHYuBaeTCs —
B KOHIIE KOHIIOB — BCSI CUCTEMA HauMHAET (haceTupoBaThCs. BMeCTO MmiIockocTH
(110) BO3HHKaOT IUIOCKOCTH C opueHTanue (210), Ha KOTOPBIX TaKkKe
pacmnoJiaraercsi XJaop. EMKOCTh y TakoW JIECTHHUIIBI, JIEXKAIIEH HA TTOBEPXHOCTH,
OoJpIIE YeM y MPOCTOM IUIOCKOM MOBEPXHOCTU. BeposTHO, 3TO sBIsETCA
NPUYUHON TOTO, YTO TaKoe (haceTUpOBAHUE CTAHOBUTCS BHITOAHOW. U, B KOHIIE
KOHIIOB, BCS IOBEPXHOCTD 3apacTaeT BOT TAKUMH (paceTKaMH.

Takum oOpa3om, 4TO eciu HamOOojiee BBITOJHBIM MECTOM aJCOPOIU
rajoreHa siBJsieTcsl KOPOTKOE€ MOCTUKOBOE TOJIOKEHHE, TO XapakTep (Pa3oBbIX
NIEPEXOJ0B OYEHB CIIOKHBIN, U OH BCEI/1a JOJDKEH BKIIFOYATh PEKOHCTPYKLUIO.

N derBepro€ HaNpaBIECHHE HCCIEAOBAHMM — 3TO IMOBEPXHOCTHBIE
rajoreHuanbie ¢paspl, CTPyKTypa U CBOMCTBA KOTOPBIX OTJIMYAKOTCS OT CBOMCTB
O00BEMHBIX KpUCTAIOB. [leficTBUTENbHO, OBLJIO TOMYyYEHO, YTO MPU HEKOTOPHIX
YCIIOBUSIX TOJIYHatOTC OOBEKTHI, KOTOPBHIE IO CBOMM CBOWMCTBAM YXE HE
ABJIAIOTCS. XeMOCOpPOHMpOBaHHBIMU (a3zaMu, B TO >K€ BpEMs, OHHU e€UIe He
SBJISIOTCSL APYTHUMH TaJOT€HUIHBIMU MOTHOLIEHHBIMU (ha3amu. CyllecTBOBaHHE
TAKOTO BHJA CTPYKTYp nokaszano st psaa cucrem: ClI/Au(111), CI/Ag(111),
I/Cu(111), I/Ag(111), I/Ag(100).

Ha pucynke 5 npuBeneH Takoil mpumep sl nmoBepxHoctu 3o0yi0Ta (111)
nociie B3aUMOJICHCTBUSL C MOJIEKYJISIpHBIM xjopoM. [locie dopmupoBanus
pemerkr (V3xV3)R30°, B omimume oT cepebpa, 34eCh HE MPOMCXOIUT CKATHS
pelIeTKd, BMECTO 3TOTO0 BO3HHUKAIOT HOBBIE OOBEKTHI BBITSHyTOW (opmbl. B
pe3ynabTaTe pacyeToB MeTOA0M (YHKIMOHAJa IUIOTHOCTH HaM HX YJAloCh
MHTEPIPETHPOBATh KaK MOJIEKYJbI, Kak KBa3uModekyiaslAUCl,. Tlo mepe
YBEJIMYEHHS] CTENEHU MOKPBITUS BCS MOBEPXHOCTH 3alOJHAETCA BOT TaKHUMHU



MOJIEKYJIaMH, ¥, B KOHIIE€ KOHIIOB, OHH (DOPMHUPYIOT YMOPSIOUYCHHYIO TaKYIO
PELIETKY, IMOX0XKYI Ha PELIETKY MYEIUHBIX COT, ONPEACIISIEMYH TOCTATOYHO
CJIOKHOM JJIEMEHTapHOM sYerkou. 1 B mpenenax 3ToW dJIEMEHTApHOU SYEUKU
II0 KpPYry pacIOjOXKEHbl MOJIEKYJIbl, a B LEHTpe IPUCYTCTBYIOT JBa
a7IcOpOMPOBAHHBIX aTOMA XJIOPA B MOJOKEHUSIX T.II.K. U T.IL.Y.

(\"3><\"3)R30°

-4

Puc. 5. (a), (6) — CTM-u3o6paxenns (120x120 A?; T = 5 K) xnopuposasrHoii mpu 130 K
noBepxHocTh Au(111), nemoHcTpHpyOIIKE CXKaTHE CI0S XJIOpa B CTPYKTYpY THIIA
«ITYETTHHBIX COTY; (B) — cocymectBoBanne (assl (V3xV3)R30° 1 1enoueuHoi CTPYKTYPEI;
(r) — ncuesnosenne pazsi (V3xV3)R30° n opMUPOBAHHE CTPYKTYPHI THITA (ITICITHHBIX COTY.

Taxum 00pazom, B JeKIUHU ObLI IPEACTaBIEH 0030p pabOT MOCBSILIEHHBIX
CTPYKTYpPHBIM ()a30BbIM IE€PEX0JaM B MOHOCIOSIX T'aJIOTEHOB Ha MOBEPXHOCTH
MerauioB. CorjacHo HamemMy aHaiuzy, IJs psga CUCTEM KapTHHA
B3aMMOJICHCTBUSL TAJON€HOB C IMOBEPXHOCTSMHM METAUIOB  Jlajieka OT
3aBepuieHus.  JleMcTBUTENbHO, 111  OOJIBIIMHCTBA  CHUCTEM,  HEIaBHO
MEepeCMOTPEHHBIX C ucnoJib3oBaHueM CTM B codetanun ¢ TOII pacueramu,
ObLIM TOJIy4eHbl HOBbIE NaHHbIE. Clie0BaTEIbHO, €CTh OCHOBAHUS OXHUAATh,
YTO JANBHEWININNA TEPEeCMOTp cHCTeM, H3y4eHHBIX B 1970-80-x rT., MOXer
MPEI0CTaBUTh MHOTO HOBOM MHTEpEeCHON HHPOpMaluu O (pa3oBbIX MEepexoiax B
JIBYMEpHBIX IUJICHKaX. B nmampHeimelt pabore ciemyeT AenaTh akIEHT Ha
Hu3kotemneparypasie CTM-uccienoBanus, KOTOpbIE JamOT BO3MOXHOCTb
U3ydaTh CTPYKTYpPY M B3aUMOJICHCTBHS Ha IOBEPXHOCTH HA aTOMAapHOM YPOBHE.

3HaHUA O CTPYKTypax, (OpMHUPYEMBIX TajJoreHaMH Ha MOBEPXHOCTH
METaJIJIOB, BaXXHbl JIi MOHUMAaHHSA KOaJCOPOLMOHHBIX CTPYKTYp TIaJlOreH-
KHCJIOPOJl, BO3HUKAIOIIHNX HA MOBEPXHOCTH METAJUIMYECKOr0 KaTalu3aTopa IpH
OKUCJICHUU OJIepUHOB. B YacTHOCTH, B peakIMM YaCTHYHOIO OKHUCIICHHUS



THJIEHA Ha CcepeOpsSHOM KaTajiu3aTope MpH Y4YacTHH XJopa B KayecTBE
IpOMOYTEDA.
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KBAHTOBAA OIITUYECKAA CBA3b
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B nexkmuu Oyner gaH KpaTKuii 0030p COBPEMEHHBIX KBaHTOBBIX
TEXHOJIOTUH, B TMEPBYIO OYEpe/lb, KBAHTOBBIX BBIYMCICHUNH U KBAHTOBBIX
KOMMyHHKaIuii. bomee moapoOHO OymyT paccMOTpEHBI 3aJaud KBAHTOBOM
CBS3M M KBAHTOBOW Kpumnrorpaduu: HayuHAs OT TEPBBIX NPHUHIMIIOB U
3aKaH4YMBasi OCOOCHHOCTSIMU peaIM3allUi KaK ONTOBOJIOKOHHBIX KaHAJIOB, TaK U
KaHaJIOB CBA3U MO OTKPBITOMY MTPOCTPAHCTRY.

Pa3BuTHE COBpPEMEHHBIX KBAHTOBBIX TEXHOJOTHHA TECHO CBSI3aHO C TakK
Ha3bIBAEMOM BTOPOU KBAHTOBOM PEBOJIIOLMEN, T.€. ITAIIOM PA3BUTHUS HAYKH, HA
KOTOPOM YYEHBIC HAYUUIIUCH YIIPABISATh OTIACIbHBIMU KBAHTOBBIMU OOBEKTAMH,
a HE TOJHKO OOJBIIMMHU aHCAMOJISIMU YacTHIl, MPOSIBISIONIUMU KBAaHTOBBIC
CBOMCTBa, Kak ATO ObUIO paHee. B pe3ynbrare MmosBMIIach BO3MOXKHOCTH
MCIIOJIb30BaTh 3TU HEKJIACCHYECKUE CBOMCTBA JJIS PEIICHUS PA3JIMYHBIX 3a/1a4:
JUISL BBIYMCJICHUHM, 11 OOMEHa CEKpPETHBIMHU KJIIOYaMu, IS peau3aiuu
Pa3IMYHBIX CEHCOPOB M JAp. Psii BhIIaOMMUXCA TEOPETUUECKUX PabOT MmoKasa,
YTO KBAHTOBBIE CBOWCTBA MO3BOJSIOT PEIIATh 3TU 33/layd HA NPUHUUIIHAIBHO
HEJIOCTUKUMOM  KJIACCUYECKHMM IyTeM ypoBHe. Hampumep, KBaHTOBBIC
KOMIBIOTEPHl MO3BOJSIOT A(OPEKTUBHO peliath psaj 3amad, sl KOTOPBIX
3 PEeKTUBHBIN KJIACCUYECKUM aJrOpUTM HEU3BecTeH (MO-BUAMMOMY, HE
cymectByeT). KBanToBasi kpumnrtorpadus TMO3BOJSIET OpraHu3oBaTh OOMEH
CEKPETHBIMH KJIIOUaMH C TapaHTUSIMU CEKPETHOCTH, OCHOBAaHHBIMH HE Ha
NPEANOJIOKEHUSIX O BO3MOXKHOCTSIX  3JIOYMBIIIUICHHUKOB, a Ha
dbyHIaMEHTAIbHBIX 3aKoHax (u3uku. B Hacrosiee BpemMs OrpoMHOE
KOJIMYECTBO HCCIEJOBAHUM TOCBSIIEHbI MPAKTUYECKOW peaau3aluu 3THX
TEOPETUUYECKHUX MPEJCKa3aHUi M BO MHOTHX OOJACTSAX YK€ OBLIU JIOCTUTHYTHI
oonpme ycrexu. Hambosee pa3BUTONH B 3TOM CMBICIE OOJACTBIO SIBIISICTCS
HaIpaBJeHUE KBAHTOBBIX KOMMYHHUKAIIMA, KOTOPOMY W OyJeT TMOCBSIIEeHA
OCHOBHAs YaCTh HACTOSIIICH JICKIIUH.



OAHOPOTOHHBIE NCTOYHUKN HA OCHOBE KBAHTOBBIX TOYEK

I'.B. Knumko, M.B. Paxnun, 11.B. Cenosa, C.B. Copokun, A.A. Toponos
Quszurko-mexuuveckui uncmumym um. A.@. Hopgpe PAH, Cankm-Ilemepoype
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MHuoroo0Opasue TEeXHOJOTUYECKHU AOCTYMHBIX CHUCTEM KBAaHTOBBIX TOYEK
(KT) mno3Boisisier W3roTaBIuBaTh OJAHO(DOTOHHBIE H3JIyYaTed B HIUPOKOM
CHEKTPAIbHOM JIMAMA30HE OT CPEIHETO YIbTPa()HUOIETOBOTO 10 MHPPAKPaCHOTO
nuamna3zoHa. OcoOblil MHTEpeC MPENICTABISET 3€JICHO-KPACHBIM HUana3oH JJIUH
BOJIH, KOTOPBIA COOTBETCTBYET OOJACTH HAWOOIBIIEH YyBCTBUTEIHLHOCTH
COBPEMEHHBIX OTHO(POTOHHBIX JaBUHHBIX (oTommomoB [1]. Kommepueckue
YCTPOWCTBA JAHHOI'O THUIA HA OCHOBE INONYNpoBOAHUKOBBIX KT B Hacrosee
BpeMsl HEJOCTYIIHBl M3-3a OTCYTCTBHSI BOCIPOU3BOJUMOM  TEXHOJIOTHUH
W3TOTOBJICHUS OJTHO(POTOHHBIX HMCTOYHUKOB c HEO0O0XOIUMBIMU
xapaktepuctukamu (mwiotHocth KT, uucrtotra U ApKOCTh 0JHOGMOTOHHOIO
usnydenusi). B nmanHoit paboTe Mbl MPEACTABISIEM HCCIEIOBAHUS OMTHYECKUX
CBOMCTB HCTOYHUKOB OJIMHOYHBIX (OTOHOB BHUJIHUMOIO CHEKTPAIHHOTO
nuanasona Ha ocHoBe KT InAs/AlGaAs u CdSe/ZnSe.

Omunounbie KT CdSe/ZnSe mnpeacrtaBisioT 0cCOOBIi HHTEpPEC H3-3a
BO3MOXKHOCTH  TOJY4YeHUS  OJHO(GOTOHHOTO  M3JIy4YeHHUS B  3€JICHOM
CIEKTPAJIbHOM JIMAMa30HE BIUIOTh JO KOMHATHOM Temmeparypsl [2]. Tem He
MEHEee HEpEIIeHHOW MpoOJeMOil SBISETCS BOCIPOU3BOAUMBIA POCT CTPYKTYp C
JIOCTAaTOYHO MaJjioil moBepxHOCTHOW IMioTHOCThI0 KT. Hamum pazpaboransbl
PEXKUMBI POCTa, B pe3yJibTaTe KOTOpPhIX oOpaszyercs eaunbiii cioi KT ¢
noBepxHocTHOM mmIoTHOCTBIO KT wmenee 10'° cm? IIpemmymecrtsa KT
INAS/AlGaAs 3akimo4aroTCs B BO3MOXKHOCTH JOCTHXKCHHS OIHO(OTOHHOTO
U3JIy4eHUs B KPACHOM CIEKTPAJbHOM JHMana3oHe C HMCMHOJIb30BAHUEM XOPOIIIO
pa3paboTaHHBIX SMHUTaKCHANbHBIX MeTo/I0B pocta KT [3]. IloreHmumanbHBIM
HeJI0CTaTKOM paHee ucciaeaoBaHHbIX oAuHOYHBIX KT InAs/AlGaAs sBisercs
yBenudeHHoe cojepkanue Al B oguHounoit KT, npuBogsiiee Kk 3HAUUTETILHOMY
(mo 1 M3B) ycuneHnto aHM30TPOITHOTO OOMEHHOTO PACIIEIIIICHUSI SKCUTOHA, YTO
MPEMNSTCTBYET I'eHepaIliy 3aMyTaHHbIX 10 ToJisipu3aui GOoTOHHBIX map [4]. Msr
WCCJIEIOBAIIM BIIMSTHUE TOHKOW Tpocioiku GaAs MeXAay HIKHUM OapbepHBIM
cioeM AlGaAs u KT InAs, 4yTo mMO3BONMIO CYIIECTBEHHO YMEHBUIUTD
pacileryieHue TOHKOM CTPYKTypbl JkcuToHa. Jlns o6oux tumoB KT,
MTOMEIIEHHBIX B AJTMHIPUYECKUE dboTOHHBIC HAHOAHTCHHBI,
MPOJIEMOHCTPUPOBAHO OAHO(GOTOHHOE M3JIYyUYEHHE C BBICOKOM CKOPOCTHIO
reHepaluu.

ABTOpBI Onaromapar 3a (uHaHCOBYIO mnojaepkKy Poccuiickuit ®oHa
dynnamentanbabix MccnenoBanuii (mpoekt Ne 18-02-01212).
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Ckanupyromas 30HA0Bas Mukpockonusi (C3M) — »3To cemMelcTBO
METOJOB, OCHOBAaHHBIX Ha B3aUMOJCHUCTBUU MEXKIYy NOBEPXHOCTBIO H
HaHOpa3MepHOl wuriod (3oH7a). @DyHKUMOHANM3AIMA 30HAA IO3BOJISAET
KaptupoBaTh Tonorpaguto [l], snexkrpuyeckue [2] U MarHuTHbIE oA [3],
ANEKTPUYECKYI0 MPOBOAUMOCTH [4], MexaHWueckue CcBoHcTBa [5] W
MHTEHCUBHOCTh ONTHUYECKOTO u3iydeHus [6]. IlomMumMo MHOromMomoBOi
nuarHoctuku, C3M mo3BOJIsieT BBINOJIHATh HAHOIUTOTpaduio [7] ¢ MOMOIIBIO
JIOKaJIbHOTO AHOJHOTO OKUCJICHHSI MJIM HAaHOIAPATIaHHUS.

Joxman coaepxut 0030p paznuynbix C3M MeTo/l0B, a TakkKe HeJaBHUE
npuMepbl C3M auarnoctuku I11-V monynpoBOgHUKOBBIX HAHOIPOBOJIOB U BaH-
nep-BaanbcoBbix  rerpoctpyktyp (rpadeH, MoSer). GaAsHaHOmpOBOAA
UCCIIEOBAIUCh  METOJIOM MPOBOASUIEH aTOMHO-CHUJIOBOM  MHUKPOCKOIINH,
KOTOpasi TMO3BOJIWJIA BBISIBUTh BIIMSIHUE [IACCUBALIMM  IOBEPXHOCTH HA
MOBEPXHOCTHBIE JJIEKTPOHHBIE COCTOSHUSI M MPOBOAUMOCTH [8]. Taxke ObLIO
HCCJIEIOBAHO BIUSIHUE MEXAaHUYECKOM JepopMallii Ha 3JIEKTPOHHBIE CBOMCTBA
I11-AsnanonpoBonoB  [9,10].  [Ins  KOJIMYECTBEHHOM  XapaKTepU3allH
ANIEKTpOMEXaHNYeCKUX 3(PEPEKTOB, MEXaHWYECKHUE CBOMCTBAa HAHOMPOBOJIOB
opuTn Takke ompenesneHsl C3M Meronamu [11]. Beuin onpeneneHsl BKiIaabl B
POBOJMMOCTh TEH30PE3UCTUBHOIO U MTbE303JEKTPUUECKOT0 3PPEKTOB.

s BaH-Aep-BaanbcoBbIxX TETEPOCTPYKTYP OBLIO MOKAa3aHo
¢dopmupoBanue 20 HmHaHoJIeHTHI M 10 HMHaHO3a30pa B rpadene u MoSe;
METOJIOM JIOKQJIbHOTO AHOJHOTO OKHucJeHHus [12]. DnekTpoHHbIE CBOMCTBA
MoSe; Ha rpadeHe ObLIM U3yUEHBI JJIs pa3HOTO KoJruecTBa cioeB MoSe; [13].

PaGota mognepskana rpantom npesugaeHta MK-1543.2020.2.
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LCanxm-ITemepbypeckuii Axademuueckuti ynusepcumem um K.M. Angpeposa
PAH, Canxm-Ilemepoype
2Vuusepcumem UTMO, Canxm-Ilemepbype
3Canxm-Ilemep6ypackuii Honumexnuueckuti ynusepcumem Ilempa Benukozo,
Canxm-Ilemepoype
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HureBunupie  HaHokpuctaiiel  (nHade HHK,  HanompoBonokw,
HAaHONPOBOAA) — CTPYKTYPhl YHUKAJIBHOM KBa3WOAHOMEPHON TI€OMETpHH,
BBICOKOT'O aCIIEKTHOTO COOTHOILIEHUS: pannycoM nopsaka 100HM v gnuHOM 10
HECKOJIBKAX JI€CATKOB MHUKpPOH. COBpPEMEHHBIE POCTOBBIE JSIHUTAKCHAIBHBIC
TEXHOJIOTUU II03BOJISIIOT OTHOCUTENIBHO IMPOCTBIMU METOJAaMU CHHTE3UPOBATH
HHK 1o MexaHu3My nap-KHAKOCTb-KPUCTAIT Pa3IMYHbIX MOTYIPOBOIHUKOBBIX
coenunenuii (Si, Ge, I[I1I-V u II-VI), a Takkxe rerepocTpyKTypbl Ha WX OCHOBE.
Cpenn Bcex Owunapubix coemunHeHud III-V  dochua rammms Bbepaensercs
HAaMMEHBIIUM PAaCCOIVIACOBAHUEM II0 ITOCTOSIHHOM PELIETKH ¢ KPEMHHUEM, 4YTO
JIeJIaeT 3TOT MaTepuall KpalHe MPUBJIEKATEIbHBIM C TOUKU 3PEHUs UHTErPallUU
ctpykryp III-V na kpemuueBoii minardopme. Kpome toro, reomerpus HHK
TaK)Xe CHOCOOCTBYET 3(PPEKTUBHOW peslakcalliy YIOPYTHMX HaIpsSKEHUH J1axe
IIPU CHUHTE3€ HA PACCOIIACOBAHHBIX IOJJIOKKAX, YTO JEJTAET ATOT MOAXON
MEPCHEKTUBHBIM ISl TPUKIAAHBIX pemeHnid. [loMrMMO yKa3aHHBIX BBIIIE
npeumymiects, GaP o0namaer HU3KUM KO3(DPUIMEHTOM MOIJIOUIEHUS B
HIMPOKOM CIIEKTPE, BKJIOYAas BHAMMBIM JMANa3oH, 4YTO JENAeT TaKue
HAHOCTPYKTYpbl ~MEPCHEKTUBHBIMH  3JIEMEHTaMHU (POTOHHBIX CXEM IIpH
UCIIOJIb30BaHUN UX B KaYECTBE MUKPOCKOIIMYECKUX BOJIHOBOAOB. HecMoTps Ha
HEMPSIMO30HHYIO CTPYKTYpy, GaP moskeT ObITh pa30aBiieH MBIIIBIKOM H/WIH
a30TOM, YTO J€JaeT 3TOT MaTepHuas IPSIMO30HHBIM U MO3BOJISAET PEAIM30BbIBATD
aKTUBHBIC DJIEMEHTBI ONTODJIEKTPOHMKM Ha HX OCHOBE. B Kkyme ¢
pesonaropubiMu cBoiictBamMu HHK, mocnennee obecrnieunBaeT BO3MOXKHOCTH
CO37aHMsl JIOKAJIBHBIX JIA3€PHBIX HCTOYHUKOB JUIsI TPUMEHEHHUs B 00J1acTu
00paboOTKM U Mepeadn JTaHHBIX.

B aT1oi#i pabote MBI pacCcKa)keM O COBPEMEHHBIX JIOCTHXKEHUSIX B 00JIacTH
cunte3a ¢Gochuaupix HHK mMeTomom MoOnekynsipHO-ITy4KOBOM SIUTAKCHH,
BKJIIOYAs METOJbl CO3JaHUS MACCHUBOB YHOPSAIOYEHHBIX HAHOCTPYKTYpP, O
BO3MOXKHOCTSIX pPEANIM3aLUM HAHOTETEPOCTPYKTYP HAa HMX OCHOBE, a TaKKE O
BO3MOKHOCTSX HUCIIOJIb30BaHUS HHK I CO3JaHUs puoopoB
ONTOXJIEKTPOHUKHU.

PaGora  Bemomnena mnpu  moanepxkke  Poccuiickoro  donma
byHIaMeHTaNbHBIX HccaenoBanuii (rpant Ne 20-32-70200).



CHUHTE3 KOJUIONJAHBIX PACTBOPOB KPEMHUNEBBIX KBAHTOBBIX
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B nocnegnue  gecsaTwieTds  3HAYUTENBHBIM  HMHTEPEC  BBI3bIBAET
UCIIOJIb30BaHUE TOTYNPOBOJHUKOBBIX U METAJIMYECKUX KBAHTOBBIX TOYEK B
Pa3JIMYHBIX 00JIACTSIX OMOMEIUIIMHBL: MEAUIIMHCKON AUArHOCTUKE, B YACTHOCTH,
pakoBbIX 3a00JEBaHWN, JOCTABKE JIEKAPCTB, ONTHYECKOM OWOWMHIKUHTE,
TepaHOCTUKE. B OCHOBHOM MCIOJIB3YIOTCSI ONITUYECKUE CBOMCTBA TAKUX YaCTHIL.
B TO xe Bpemsi TUNHYHBIC KOJUIOMIHBIE KBAHTOBBIE TOYKU CEJICHHJIA KaIMUS
WM METAIMYECKUX HAHOYACTUI[, B TOM 4YHUCJIE U 30JI0Ta, SBIISIIOTCS,
TOKCUYHBIMM [UJII OpraHuM3Ma 4elioBeKa. PacmupeHue BO3MOKHOCTEM
ONTUYECKUX  METOAMK B  OuoMemuiuHe  TpeOyeT  TMOMCKAa  HOBBIX
CBETOM3IYYAIOIIUX  HAHOOOBEKTOB,  0O€30MacHbIX JUIi  OMOJIOTHUYECKHUX
opranu3moB. Pemiennem Morio Obl CTaTh HCIOJB30BAaHHUE PACTBOPOB
KPEMHUEBBIX HAHOKPUCTAIIJIOB, MIOKPHITHIX OPTraHUYECKUMU JIUTaHIaMU.

Hamu paspabaTbiBaeTcsi HOBasi METOJAMKA TMOJYYEHHUS KOJUTOUIHBIX
pacTBOPOB KPEMHHEBBIX KBAHTOBBIX TOYEK C OPraHUYECKUM IOKPBITUEM Ha
OCHOBE HOHHO-CHHTE3UPOBAHHBIX HAHOKPHUCTAVIOB KPEMHHSI B OKCHIHBIX
Matpuiax. Moaudukanys MacCUBUPOBAHHOW MOBEPXHOCTH HAHOKPHUCTAIIOB
KpPEMHUSI TPOU3BOJAUTCS B XoJe (HOTOXMMUYECKOW peakiuu. Peaxuus
OKCUJIMPOBAHHOW TIOBEPXHOCTH HAHOKPUCTAUIOB KPEMHHUSI CO CMEChIO
aKJIMIIOEH30JI0B (M30MEPOB KCHUJI0JIA, ITHIOCH30/1a, U30MPONMMIOEH301a U T.1.)
MPOXOJUT MPU KOMHATHOW TEMIIEpaType U OOJIYyUYECHHH PEaKIMOHHON CMECHU B
Y® puanaszone. IIpoaykToM peakuuu SBISIETCA  KOJUIOMAHBIA  PAacTBOP
HAHOKPHUCTAJUIOB KPEMHHUS ¢ MOAU(MUIIMPOBAHHON YTIIEBOIOPOIHBIMU TPYIIIIAMH
MTOBEPXHOCTBIO.

PaGota BbITioNIHEHA TIpu (QuHAHCOBOW Toanepxkke Poccuiickoro donma
byHIamMeHTaIbHBIX HccnenoBanuit (mpoekt Ne 19-53-45056 UH/I a).
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[MOJIYUYEHUE TBEPJJOI'O PACTBOPA Cd;«PbyFxMETOIOM
MEXAHOCHHTE3A

N.N. Byunnckas, H.A. IBaHoBCcKasg
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E-mail: buchinskayaii@gmail.com

MexanocuaTe3  sBhsieTcsi  d(Q(PEKTHBHBIM  CIIOCOOOM  TOTyYeHUs
HaHOpa3MEpHBIX YacTull. HaHokpuctammueckue GTOpUABI — OJHU U3
MEPCIEKTUBHBIX (YHKIIMOHATBHBIX MAaTEPUATIOB MJis1 (DOTOHUKA W HOHUKH
TBepaoro tena [l]. B HacTosdmeld paboTe mM3yyeHa BO3MOKHOCTH MOJYyYEHHS
HaHOKpHCTAUTHIeCKoro TBepAoro pactBopaPbiCdiF2 (X~0.33) myrem momora
CMECH KPHUCTAUIMYECKUX HCXOAHBIX KommnoHeHToB PbF, u CdF, B
BBICOKOOHEPIeTHUECKOW IIIapoBOM IuTaHeTapHOW MenbHHIIE Retsch PM-200
(Muapos/Meemeersa = 100r/5T) B 3ammTHOM armMocdepe Ar B TedeHue 15 dacoB ¢
IPOMEKYTOUHBIM 0TOOpPOM Mpo0 aJis peHTrenodaszooro ananuza (POA). POA
nokazan (puc. 1(a)), yTo HaA HayaldbHOW CTaJAUM TIOMOJIa OOpa3zyercs
pomOuyeckass ¢a3za Ha ocHoBe PbF,, 3areM mOCTENEHHO NPOUCXOAUT
00pa30BaHKe HOBOM KyOHuecKkoii (asbl ¢ mapaMeTpoM pemeTku a = 5.76(8) A,
YTO OYCHb OJIM3KO K IMapaMeTpy pemreTku coctaBa PbggrCdossFz. 3a 15 wacos
CUHTE3 TPOUCXOJUT TNPAKTHUYECKU TMOJHOCThI0 (PDA He oOHapyXuBaer
MIPUMECH MCXOJIHBIX KOMIOHEHTOB). CKaHHUPYIOIas 3JEKTPOHHAS MUKPOCKOITHS
(COM) mnokazana OONbIIYI0O HEOJHOPOAHOCTh yacTul 1o pasmepy: 10—100uM
(puc. 1(0)).

YiumpeHnue  peHTreHOBCKOro  Mpoduis  MOJYYEHHOTO0  MPOAYKTa
MPOUCXOMUT B PE3yibTaTe W3MEIbYCHHUS YaCTUIl W, BO3MOXHO, U3-3a
YACTUYHOTO «MEXaHOTHUAPOITH3a.
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Puc. 1. (a) — tunamuka uzMeHeHus cnekTpos POA noun(a BO BpEMS ITOMOJIA;
(6) — COM-u306pakenus yactuir PbixCdxF2 (x = 0.33).

1. C.B. Ky3nenos, B.B. Ocuko, E.A. Tkauenko, IL.II. ®enopos, Ycnexu
xumun 75, 1193 (2006).
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[TonumepHble KOMMO3UTHI € yriiepoAHsiMU HaHOTpyOkamu (YHT)
00Jaat0T PSJAOM YHUKAQJIBHBIX JJIEKTPO(U3NYECKUX U (U3UKO-MEXaHUUYECKUX
CBOMCTB, ITO3BOJIIIOIIMX KaK CO3/1aBaTh HOBBIE DJIEMEHTBHI JIEKTPOHUKH, TaK U
YJIy4IlIaTh XapaKTEPUCTUKHU CyIIecTBYOMHUX [ 1]. I3BECTHO, 4TO CBOWMCTBA TAKUX
HAaHOKOMIIO3UTOB OIIPENEIAIOTCA Kak cBorctBaMu YHT, Tak M XapakTepoMm X
pacupeneneHust 1 OpUEHTALIMEN B TOJIMMEPHOU MaTpuue [2].

Jns  ynpaBnennss opueHtanmern YHT B monumepHoW — marpuie
IIPUMEHSETCA Pl METOAOB: JIeHrMIopa-biomkerT, BO3ACHCTBUS IIEKTPUYECKUM
WIH/M MarHUTHBIM TOJIEM M Jp. B KauecTBe OJHOTO M3 TaKUX METOJIOB MOXKET
MCITOJIB30BAThCA ANEKTPOCIMHHUHT. CyTh 3TOTO METOJA COCTOUT B IOJYyYECHUH
TOHKHMX BOJIOKOH HAHOKOMIIO3UTA B PE3yJbTaTe AECUCTBUSA IJIEKTPOCTATUYECKUX
CHUJ Ha DJIEKTPUYECKH 3apsLKEHHYI0 CTPYH0 pacTBOpa WIM paciulaBa. IJTHUM
METOJIOM MOXHO MOJIy4aTh BOJOKHaA auameTpom OoT 5 10 800 um [3]. Takue
BOJIOKHA C OpUEHTUPOBAaHHbIMH YHT MOXHO HCIIONB30BaTh NPU CO3HAHUS
MJIOCKUX U 0OBEMHBIX CTPYKTYP B MOJUMEPHOU IEKTPOHHUKE.

Hamu Obuta cipoekTrpoBaHa U cOOpaHa yCTaHOBKA, pealn3yronias MeToa
anekTpocniuaunra. [lpumep Bosjokon mnonuBuHmiIoBoro crupra (I[IBC) ¢
nobGasieHueM 1%  MHOTOCTEHHBIX  YTIEpOJIHbIX HaHOTpyOok (MVYHT),
MTOJIYYEHHBIX C ITOMOIIBIO JAHHOM YCTaHOBKH, ITOKAa3aHbl HA pucyHke 1. Bugno,
YTO JAAHHBIM METOJIOM BO3MOXHO ITOJIyYUTh MAaCCHUB BOJIOKOH HAHOKOMIIO3UTA,
OPUEHTUPOBAHHBIX B OJTHOM IIJIOCKOCTH.

b

Puc. 1. U306paxxenust BomokoH [1BC, momydeHHbIe ¢ TOMOIIBI0 ONTHYECKOT0 MUKPOCKOTTA
(a—TIBC ¢ no6asnenuem 1% MWCNT, b — 10-kpaTHOE yBennyeHue n3o0paxeHus (a))

PaGota BhIMOTHEHA B paMKax TOCYAAPCTBEHHOTO 3aJaHUs TIPH
¢bunancoBoit  mommepxkke  Poccumiickoro  ¢QoHma  QpyHIAMEHTAIbHBIX
HUCCIIe0BaHUN u IlpaBurenbcTtBa  YIIBSIHOBCKOM o0JiacTu, MPOEKT
Ne 19-42-730011.

1. C.B. Bacun, M.C. Edpumos, B.A. Ceprees, [IDKT® 46, 26 (2020).
2. N.G. Sahoo et al., Prog. Polym. Sci. 35, 837 (2010).
3. N. Bhardwaj, S.C. Kundu, Biotechnol. Adv. 28, 325 (2010).
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NCCIELJOBAHUME I'MbPUAHBIX MATEPHUAJIOB HA OCHOBE
MHOTI'OCTEHHbLIX YI'JIEPOJAHBIX HAHOTPYBOK
N HAHOCTPYKTYPUPOBAHHbBIX ®OPM KAPBUJIA TUTAHA

N.B. Bunkos, C.1O. KetkoB, A.M. O0beaK0B
Hnemumym memannoopeanuveckou xumuu um. I.A. Pasysaesa PAH,
Huoicnui Hoeeopoo
E-mail: mr.vilkof@yandex.ru

['ubpuanbie MaTepuanbl Ha OCHOBE MHOTOCTCHHBIX  YTJICPOIHBIX
HaHOTPpYOOK (MVYHT), mOBEpXHOCTh KOTOPBIX JI€KOPUPOBAHA HAHONOKPBITUAMHU
KapOuga TUTaHA pPa3TUIHOW MOP()OIOTUHU, SBISIOTCS TEPCIECKTHBHBIMU
MartepuasiaMi Il CO3JaHUs HOBBIX  KOMIO3WILMOHHBIX  MaTEpHUAasoB,
KATAJIMTUYECKUX CUCTEM M CEHCOPOB.

Panee meromom MOCVD ¢ mnpuMeHEeHHMEM TUTAHOILICH UXJIOpUIA
(Cp.TiCl,) B xauecTBe mpekypcopa HaMU OBLT MOJYYCH THOPHUIHBIA MaTepHall,
npeacrapisgonmii  cobor MYHT, mnoBEpXHOCTh KOTOPBIX JIEKOPUPOBaHA
CILTOLIHBIM HaHoaucHepcHbIM ciioeM TIC [1]. MBI poIOJIKIIN KCCIICTIOBAHNE
npoiiecca oCaxACHUs MOKPBITUi TIC, He MEHss TeMIIepaTypy OCaXICHHS, HO
u3MeHss cooTHolnenue npekypcopoB (Cp2TiCl:MYHT) B auanazone ot 1:1 10
1:10. IMomyuenHsle Marepuanabl ObUIM OXapakTepu3oBaHbl MeTogamu COM,
[1OM, TIDMBP u P®A. VYcraHoBi€HO, YTO MOJIy4YEHHbIE HAaMU THOPUHBIC
MaTepuanbl  coiep:kar  aBe  Kpucraumueckue — ¢azp:  MYHT n
CTEXMOMETPUYECKYIO (ha3y kapOuaa TUTaHa.

bbll0  yCTaHOBNEHO, YTO HW3MEHEHHE MAacCOBOIO  COOTHOLUEHUS
npekypcopoB (Cp,TiCl,:MYHT) mnpuBoamiio K HM3MCHCHHIO HAOIIOJAaEMBIX
mMopdonoruueckux ¢popMm TiC. Tak, Mpr COOTHOIICHHUSIX MPEKYPCOPOB MEHBIIINX
3:1 nadmoganmuce MYHT, nokpbIThie TOHKMMH IICHKaMU T1C TOJMIIMHON 110
10 uM. YBenuueHnue cooTHoIeHus 70 4:1 mpuBeno Kk 00pa30BaHUIO HAHOYACTHIL
TiC Ha mnoBepxHocTH aekopupoBaHHbix MVYHT. Ilpu cooTHomrenun 5:1
HaOJr01a710¢h (hopMuUpoBaHKue HaHOACHAPUTOBTIC ¢ TOMIIMHOM BeTBEH MOPsIIKa
50 HM ¥ HaHOBUCKEPOB ¢ ToimmHamMu ~ 200 HM u JymmHOU Oosee 5 Mxm. [lpu
COOTHOIIICHUH TIPEKYpcOpoB 6:1 m OoJiee MPOUCXOIUIIO pa3pacTaHhue OOKOBBIX
BETBEH C TMOBEPXHOCTH HAHOBUCKEPOB, YTO BMOCIEACTBUM MPHUBOAWIO K

00pa30BaHUIO TPEXMEPHBIX HAHOCTPYKTYPUPOBAHHBIX (GOpM — KyOHMUECKHX
me3okpucTauioBTIC pasmepamu mopsiaka 10 MkM, 00JadaroIUX KyOHYECKUM
rabuTyCcoM.

PabGora Oblna BhIMOJHEHA C ucnojib3oBaHueM obopynoBanus LKII
«Du3nKa ¥ TEXHOJOTHSI MHUKPO- B HAHOCTPYKTYPY.

1. K.B. Kpewmuiies u np., [Tucema B XKTD 42, 40 (2016).
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[NTOJIYYEHME OJJHOMEPHbBIX GaAs HUTEBUIHBIX HAHO-
KPUCTAJIJIOB C ITOMOIIBIO CBEPXMAJIBIX HAHOYACTUL 30JIOTA

A.J1. Bypasnes!, U.B. Unpkus'?, I'.D. Ipipnunt
LCanxm-ITemepbypeckuii Axademuueckuti ynusepcumem um .M. Angpeposa
PAH, Canxm-Ilemepbype
2Cankm-Ilemepbypackuii 2ocyoapcmeennviii yuusepcumem, Cankm-Ilemepbype
E-mail:fiskerr@ymail.com

HureBunueie nanokpucramisl (HHK) na ocHoBe A3B5 coenunennii
00Jaat0T PSIIOM YHHKAJIbHBIX CBOMCTB, BCIEACTBUE HYETO0 TAKUE CTPYKTYpPHI
MMEIOT IIMPOKHUE NEPCHEKTHBBI MPUMEHEHHUS ISl CO3/IaHHsl Ha HMX OCHOBE
pPa3IUYHBIX YCTPOWCTB ONTO- M HAHOAJIEKTPOHUKH, & TAKXKE NPUHLHUIHAAIBHO
HOBBIX MPUOOPOB, MPUHIUI JEHCTBUS KOTOPHIX OCHOBAaH Ha MCHOJIb30BAaHUU
KBaHTOBO-pa3MepHbIX 3(ddexToB. OUeBUIHO, YTO IS CO3JaHUs OOJIBLIMHCTBA
TaKUX MpUOOPOB TPEOYIOTCSI MACCUBBl HUTEBHUJHBIX HAHOKPUCTAJUIOB C
3aJlaHHBIMU TIapaMeTpaMH TaKUMH, KaK JuaMeTp U JiuHa. Takum o0paszowm,
pa3paboTka METOJOB MOJIY4YEHHUs] OJHOPOJIHBIX, B TOM YHCJE YJIbTPATOHKHUX,
MaccuBoB onuHakoBbix HHK ¢ MuHHManbHbIM pa3OpocoM reoMeTpHYecKuX
IIapaMETPOB SABJISETCS AKTyAJIbHOW HAYYHOU 3a1a4eil.

Ilenp naHHOM pabOTBl coOCTOsIAa B MCCIEAOBAHUU BO3MOXKHOCTH
IIOJIyYEHHsI MacCuBOB MONynpoBoaHUKOBbIX GaAs HHK ¢ wmcnons3oBannem
KOJUIOMJHBIX HAHOYACTUI[ 30JI0Ta B KayecTBE KaTajlu3aropoB pocra. B
DKCIIEPUMEHTAX HCIOJIb30BAIMCh KOMMEPYECKHM JOCTYIIHBIE KOJUIOUJHBIE
pacTBOPBI HAHOYACTHI] 30JI0TA C pazMepamu oT 2 1o 60 uM. HenocpenctBeHHbIM
cunte3 GaAs HHK ocymectBisiics METOAOM  MOJIEKYJISIPHO-ITYYKOBOM
snuTtakcuu Ha ycraHoBke Compact 21TM ¢upmsl Riber.

B nmanHoii pabore BHepBble ObUIO TOKa3aHO, YTO KOJUJIOMJIHBIE
HAHOYACTHIIBI 30JI0Ta MOTYT OBITh MCIOJIb30BaHbl B Kaue€CTBE KaTalu3aTOPOB
osi pocta maccuBoB onHopoaHbix GaAs HHK meTomom MolseKyJsipHO-
IIyYKOBOM DJMNUTAKCUU. DbBIIO YCTaHOBIEHO, YTO W3-32 HAIWYUA  CIIOS
ectecTBeHHOro okucina Ha Si(111) noanoxkkax TpeOyeTcss NpoBeleHUE
JOTIOJTHUTENBHBIX ~ TEXHOJOTMYECKUX  ONEpalMid IO  IPEeABApPUTEIIEHOMY
BBICOKOTEMIIEPATYPHOMY OTXKUTY TIOJJIOKEK C LEJIbI0 YBEJIMYEHHS 4YHUCIa
BeptukaidbHbix HHK. Kpome Toro, Obli0 0O0HapykeHO, uTo nuameTpbl GaAs
HHK namnOro 0Gosbliie pasMepoB HAaHOYACTHII, MCTOJIB30BAHHBIX JJISI POCTA.
YCTaHOBIEHO, YTO C YMEHBLIEHHWEM pa3Mepa 30JI0ThIX Kaleidb MOXKET
YCWJIMBAThCS MX KaTaJlUTHYecKass aKTUBHOCTh. [loka3aHo, 4TO yBeInyeHUe
nuamerpoB HHK moskeT ObITh B3aMMOCBSI3aHO C YBEJIMYECHHEM OOBheMa Kareb
KaTaJn3aTOPOB BCJEACTBUE aJCOPOIMM aTOMOB KPEMHHSI U3 TOJIOXKKH.
[IpoIeMOHCTPUPOBAHO, YTO OSTOT TMPOLECC MOXKET KOHTPOJIUPOBATHCA C
MOMOIIbIO U3MEHEHHUS JITUTENBHOCTH MPEABAPUTEIILHOIO OTKUra. Takke ObLIo
YCTaHOBJIEHO, 4YTO BO BpeMs OXJaXIEHUS OOpas3loB IOCiIe MPOBEICHUS
NpPEeABAPUTENLHOTO  OTXKHMIa  MOXET  IPOUCXOAUTh  KPUCTAILIU3ALIMS
HAKOIUJIEHHBIX  KaTaJUTHYECKOM Karmed aromMoB Si, mOpuUBOAAIAs K
dbopMHUpOBaHUIO Si TBEAECTANIOB MO KAIJICH.

Uccnenosanue BeIMOJIHEHO Npu nojaepkke rpanta PH® Ne 18-72 10047.



OCAXJIEHME HAHOYACTHL] CaF, 1 CeO, HA CKOJIbI
MOHOKPHUCTAJIJIOB ®JIIOOPUTA

A.E. BapquHKOBl, P.B. FaﬁHyTI[I/IHOB2, B.K. UBanos?, I'.A. Komanaun?®,
C.B. Ky3nenos®, M.H. Maskosa®, .A. Houkos®, H.IO. Tabaukosa®,
M.A. Temnonorosal, ILI1. ®enopos®
YUnemumym obweii u neopeanuueckoti xumuu um. H.C. Kypnaxoea PAH, Mockea
2HUL] «Kpucmannozpagpus u pomonuxa» PAH, Mockea
SUncmumym obweri pusuxu um. A.M. Ilpoxopoea PAH, Mockesa
E-mail: ppfedorov@yandex.ru

[lenpto maHHOW pabOTHI SIBISETCA IMOBTOPEHUE KIACCUYECKOrO OIbITA
OPUEHTUPOBAHHOTO OCAXJACHUS MaJIbIX KPUCTAUIOB KBACIIOB Ha TIpaHu
OOJIBIIIOTO KpucCTalia, omybinukoBaHHoro B 1933 roxy M. Illackonbckoit u
A.B. IllyOnukoBeiM [l], u wucciaegoBaHUWE BO3MOXKHOCTEH TMOIYYCHUS
(GYHKIMOHATBHBIX TOKPBHITUNA HAa TOBEPXHOCTH MOHOKPUCTAILIOB (PIIroOpHUTA.

Hanowactuinpl  uirooputa, 4YHCTBIE U JIETUPOBAHHBIE HEOJAMMOM,
CUHTE3UPOBAIM METOJIOM OCaXJeHUs (TOPOBOAOPOJHON KHUCIOTOM U3
HUTPATHBIX pacTBOpoB. IlmactuHy MoHOKpuUCcTaia (GTOpHUa  KaJbIUs
opueHtaiuu (111) pacnonaranu ropu3oHTaJbHO M MOJHOCTHIO MOTPYKAIA B
KOJUIOMJHBIM pacTBOp (MAaTOYHBIM pacTBOpP WJIM MPOMBIBHBIE BOJBI C
OCaXJICHHBIM MPOAYKTOM peakiuu). BapbupoBanu Bpems U TeMIepaTypy
ocaxkaeHus. [lomydeHHble 00pa3lbl MCCIEIOBAIM METOJIaMH aTOMHO-CHUJIOBOM
Mukpockonuu, POM, TIOM wu ontuueckoro mnpomyckanusi. HaOmromarorcs
HEOJHOPOJTHOE  TOKPHITUE  TMOBEPXHOCTH  MOJJIOKKH  CYOMUKPOHHBIMU
yacTUllaMu. B CKOIJIEHUSIX YacTWIl TPOCMATPUBAIOTCS arjoMEpUpOBaHUE B
TpEyrojbHble  00pa30BaHMs,  KOTOPbIE  COOTBETCTBYIOT  CHUMMETPHUH
nomnoxkku.Jlauaeie [IOM  CBUAETENBCTBYIOT O KOIEPEHTHOM HApacTaHUU
qacTHl] (IFOOPUTA, CEBIIMX HAa MOHOKPHUCTATMYECKYIO MOMJOXKKY. CHexTp
ONTUYECKOT0 TMPOMYyCKaHUsi O0O0pasloB JEMOHCTPUPYET HaIu4ue JUHUN
rujpokcuna. TepmMooOpaboTKa MOMIOKKHA C OCAXACHHBIM CIIOEM HAaHOYACTHII
dbarooputa NPUBOAUT K (HOPMHUPOBAHUIO TIOPUCTHIX CIOEB CJIOXKHOM TOMOJIOTHH
C SIPKO BBIPAXKEHHOW OCTPOBHOM CUMMETPUEHN TPETHETO MOPSIKA.

Jlnokcuy 1mepust U30CTPYKTYpeH (DIIIoOpuTy, pasznudue B TapaMmeTpax
sueiiku HeBennko. Hanouactuier CeO; pazmepom 10 10 HM, CHHTE3UpPOBAHHbBIE
pa3IMYHBIMM ~ MeTOAaMu  (TUAPOJIM3, TEPMOTHIAPOJIN3, THUAPOTEpMabHas
o0paboTka W T.1I.), OCAXIAJIUCh HA TMPOTDHKEHUH 15 CyTOK Ha CKOJIBI
MoHokpuctaiioB CaF,. HanodacTuisl mpeuMyIIeCTBEHHO OCaXKIAIWMCh BIOJIb
CTylneHeu ckoyia. HaGmoganock TpaBieHue MOJI0KKH 1IETOYHBIMU PACTBOPAMU
C BBISIBJICHHEM BBIXOJ1a TUCIOKAIMI HA TOBEPXHOCTh MOHOKpHCTAJLIA.

Pabota BeinosnHeHa B pamkax rpanta POOU Ne 18-29-12050-mxk.

1. B.K. UBanos, ILII. ®enopos, A.E. bapanunko, B.B. Ocuxko, Ycnexu
xumun 83, 1204 (2014).



InGaAs ®OTOJIMObI HA JIMATIA3OH 1.02-1.31 MKM
C METAMOP®HbBIM BY®EPHBIM CJIOEM, BHIPAII[EHHBIE
HA TIOJUUTOKKAX GaAs

b.H. 3BonkoB, C.M. Hekopkun, U.B. Camapiie
Hayuonanvnoiii uccneoosamenvcruii Husxceecopoockuii 2ocyoapcmeenHbiil
yuusepcumem um. H.U. Jlobauescrkozo, Huscnuit Hoseopoo
E-mail: woterbox@mail.ru

doTtoanoasl Ha aAuana3oH JIUH BojaH 1.3-1.5 mxMm, Ha nmomgiokkax GaAs
NPEACTABIAIOT MHTEPEC MJid 3aMEHbl HCIOJIb3yeMbIX celdac Jyisi 3TOro
nuanasoHa MpuOopoB, CPOPMUPOBAHHBIX Ha TomiIokkax InP. Omgaum w3
HAIpaBJICHUH SIBJISIETCS HCIIONIb30BaHKE MeTaMOp(HBIX OydepHbIx cioes [1-3].

B nHacrosimielt paboTe mpencTaBi€HBl PE3yJbTaThl  HMCCIIECIOBAHUS
CTPYKTYpBHI p-i-n jguoma Ha awama3oH 1.02-1.31 MkM ¢ MeraMop(HBIM
Oydepupim  crmoem InGaAs co cTymeH4YaThiM H3MEHEHHUEM  COCTaBa.
@OoTOIUOAHBIE CTPYKTYphI NosrydeHbl MeTogoM MOI'®D Ha nomnnoxke GaAs ¢
OTKJIOHEHUEM 2°.

Hccnemyemple  CTpYKTypbl modiydeHbl merogoM  MOC-ruapuiHon
AMUTAKCUM TpU aTMochepHOM mAaBieHUU. MeramopdHbiii OydepHbIi croii
BbIpanuBajica B JBa dTana. CHauana Ha nomioxke GaAs mpu Temmeparype
700 °C pactuiics cioit InGaAs, cocrosdmmil U3 MATHAAIATH MEPEXOIHBIX CIOCB
CO CTyHEeHYaThbIM H3MEHEHHEM cocTaBa oOmiedt TommmHor 1000 HM. 3artewm,
MPOU3BOIMIIOCH oxJaxzaeHue a0 560 °C u BbeIpammBaHue OypepHOTO Cios
InGaAs, cocrosmero w3 14 cmoeB ob6mielt TommmHOM 960 HM. [lamee
dbopmupoBanack p-i-n ctpykrypa InGaAs ¢ conepikanueM uHaus 0kosio 50%.

Ha ocHOBe noJTy4eHHON reTepoCTpyKTypbl U3roToBIeHbl (hoToauoasl. Co
CTOPOHBI CTPYKTYPhI M TOIJIOKKE OBbUIM HaHECEHbI AU OMHYECKHE KOHTAKThI
METO/JIOM TEPMHUYECKOTO HCHapeHHs B BaKyyMme, 3aTeM Oblla BBITPaBJICHA
Me3acTpykrypa auamerpoMm 0.8 mMm. Crnextp ¢$OTOTOKa MMEET MAaKCUMYM Ha
JJIMHE BOJIHBI 1.22 MKM, mupuHa criektpa coctapiset 0.29 mxm. UccnenoBanus
OOpaTHBIX BOJIBT-aMIIEPHBIX XapaKTEPUCTUK (POTOAUOIOB TIPH KOMHATHOU
TeMIlepaType IMoKa3ajau, YTO 3HAUYEHUS TEMHOBBIX TOKOB COCTaBJSAIOT 10 MKA
IIPY BEJIMUMHE 00paTHOTO HampspkeHus S B.

Takum oOpazoM, MpeayioKeHa TEXHOJOTHS ABYXTEMIIEPATypHOTO pOCTa
Metamopdubix cioeB InGaAs, ©Ha mnomioxkkax GaAs. [lanpHeiimme
uccieoBaHusl OyayT HampaBJieHbl HAa W3Y4YEHUE MPUPOAbl TEMHOBBIX TOKOB C
eI WX MHUHUMM3ALUM, a Takxke OyJeT TMpou3BeJeHa ONTUMHU3AIUS
KOHCTpYKIIMU  MmeTamopdHoro  OydepHoro  ciosg il YJIy4dIICHHUS
KPUCTALTUYECKOTO KaueCTBa Te€TEPOCTPYKTYP.

1. H.-L. Wang et al., Chin. Phys. Lett. 26, 014214 (2009).
2. D. Wu et al., Electronics Letters 44, (2008).
3. N.B. Camapres u ap., ®TIT 12, (2018).
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O®OPMHUPOBAHUME U CTPYKTYPHBIE UCCJIEJJOBAHUSA Ge/Si CJIOEB
HA Si/SiO,/Si (100)

A.T'. Tarapun!, C.A. lenncos?, M.H. Munees?, JI.A. ITasnos?, A.A. Cymkos?,
B.IO. Yankos?, B.I'. lllearypos?

Wearceeoomemesermwiii Llenmp meepoomenvioni muxpoanexmporuxu, Huowcrui Hoseopoo
2Hayuonanvuwlii uccredosamenvckutl Huswce2opoockuii 20cyoapcmeenmulil
yuusepcumem um. H.U. Jlobauescrkozo, Husxcnuii Hoezopoo
E-mail: sushkovartem@gmail.com

ChopmupoBansl u ucciaemaoBanbl ciion Ge/Si Ha mommoxkkax Si/SiO,/Si
(100) (KHW) mipu pa3ubix Temmeparypax pocrta. Cioi Si BeIpallieH ¢ TTOMOIIBIO
MOJICKYJISIPHO-TTYYKOBOW SMUTAKCUU, a cioil (G€ MOJydeH METOAOM «Tropsuei
npoBOJIOKK».  CTpYyKTypHbIE  HCCIIEOBAaHUS NPOBEAECHBI C  IMOMOIIBIO
BBICOKOPA3PEUIAIONIEH MPOCBEYMBAIOIMIEH 3JEKTPOHHOM MUKPOCKOIHMM HA
mukpockorie JEOLJEM-2100F (200xB). IlepcnexktuBa co3naHus MMOJ00HBIX
CTPYKTYp CBOJUTCS K HApallMBAaHUIO Ha HUX BBICOKOTO KadyecTBa JIa3€pPHbBIX
CTPYKTYp, KOTOpbI€ OyIyT COBMECTUMBI C KPEMHHUEBOMN paaualiMOHHO-CTOMKON
KMOII-TexHonoruei.

N306paxenus nonepeyHoro cpesa rerepoctpykryp KHU, nomyuennsie ¢
IIOMOILBIO BBICOKOpAa3peIIaroIe IPOCBEUYNBAIOIICH AIIEKTPOHHOM
mukpockornuu (IIOM), neMoHCTpUPYIOT OJM3KYI0 K aTOMapHO-TJIaJKON
noBepxHOCTh TpubopHOro cios Si. Ha [IDM-uzo0pakeHUsIX MOMepeyHOro
cpe3a rerepoctpyktyp KHU He Obu10 0OHapyXe€HO KOHTpAcTa, CBSI3AHHOTO C
nedexramu. MccnenoBaHus momepevyHoro cpesa rerepoctpykrypGe/Si/KHU
nokasajio, 4yto omkur noanoxku KHU mpu temnepatype 900 °C He mONTHOCTHIO
ycrpansier ¢ nosepxHoctn KHU nuokcnna kpeMHHUs, HO IPHU 3TOM COXPAHSAET
ckpbIThiii B KHU cnoit Si0,. Ocrapmmiics mocie otxura Ha nosepxuoctu KHU
JTMOKCH] KPEMHHS CIIOCOOCTBYET HAPYIIICHUIO CIUIOIIHOCTH OydepHoro cios Si,
Boipamennoro Ha KHUW mnpu Ttemmeparype pocra 800 °C. YwmenslineHue
Temmeparypsl pocta Oydepuoro cmoss Si ¢ 800 mo 600 °C mpuBeno x
dbopmupoBaHHIO CIUTOMIHOTO OydepHoro cios Si. Pemakcamus ynpyrux
HAaIpPsDKEHUH B MPOIECcCe MUTAKCHATBHOTO pocTta ciost Ge Ha Si mpoucxouia ¢
o0pa3oBaHMEM MPEUMYILECTBEHHO TaKUX J1e()EKTOB, KaK JUCIOKALMU, KOTOpPbIE
popacTaii K MOBEPXHOCTH.

HecMmoTpss Ha TO, uTo B JaHHOM paboTe ynamoch MOA0OpaTh TaKue
temnepatypbl omkura KHU wm pocra OydepHoro cmoss Si, mpu KOTOPBIX
coxpansiercs ckpbiThii B KHU cnoii SiO; u opmupyrotest crutoniabie Ge/Si
OydepHbie ciiou, TeM He MeEHee TpeOyITCsS AalbHEHINE HUCCIEIOBaHUS, C
IEJIBI0 YMCHBIIUTD YMCIIO AUCIOKAINH, 3apOoUBIINXCS Ha rereporpanuneGe/Si
Y MPOpaCTaIOIIMX K TOBepXHOCTH CTpYKTYypbl Ge/SI/KHU.

PaboTa BeImoniHEeHA npu puHAHCOBOM MoepkKke Poccuiickoro HayuyHOTO
donma (mpoekt Ne 18-72-10061).
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CIIEKTPAJIBHO-JIOMMHECHEHTHBIE XAPAKTEPUCTHUKHN
HAHOITIOPOIIKOB TBEPIbIX PACTBOPOB
Lal-XRexGao_5Sb1,506, Bil-xReXGeo,5Sb1_506 (Re = Pr, EU, Dy, Tb)

O.M. Taiitko?, C.B. Tononyxuna®, A.B. Eropeimesal, IT.A. Psa6oukuna?,
A.J1. Tapateinosa?, . A. I0pnos?, C.A. Xpymanuna?
YUnemumym obweii u neopeanuueckoti xumuu um. H.C. Kypnaxoea PAH, Mockea
2Hayuonanwvuulii uccredosamensekuti Mopoosckuil 20Cy0apcmeeHHblil
yuugeepcumem um. H.I1. Ocapésa, Capanck
E-mail: anabel-2005@yandex.ru

B mHacrosmeidl paboTe NpeACTAaBIEHBI PE3YNbTAThl  HMCCIEIOBAHHS
CIIEKTPAIBbHO-TFOMUHECLIEHTHBIX CBOMCTB TBEPJBIX PacTBOPOB
Lal-xRexGao,58b1,506 u Bil-xRexGEO,ssbl,sos (X = 0.05-0.5) co CprKTypOﬁ
po3ManTa, IerupoBaHHbIX noHamu Pré*, Eu®*, Dy*", Th®*. Coenunenusa nannoro
THIA SBISIOTCS MAJOM3YYEHHBIMH UM XapaKTEPHU3YIOTCI OTHOCHTEILHO
OOJNBIIMMHU ~ PACCTOSHUSAMH MEXIy P3-HOHamMM, KOTOpBIE OOYCIIOBJIEHEI
OCOOEHHOCTAMH UX CIIOMCTOM CTPYKTYpHI [1]. DTOT dpakT GymeT croco6eTBOBATL
YMEHBIIEHUIO KOHIIEHTPAIMOHHOTO TYIICHUS W BJIMATH HAa KBAHTOBBIM BBIXOJ
JIOMUHECLEHUMH  P3-MOHOB, 4TO  JenaeT  BBIOPAaHHBIE  MAaTepPHAbI
TIEPCIEKTUBHBIMM JUIS pa3pabOTKH CBETOAUOIOB.

Jlns BO3OyXkIeHHMs IIOMUHecueHuuu uonos Pr3*, Eu®*, Dy*, Tb®
MCIIOJIB30BAJIOCh JIA3€PHOE UBJIyYEHUE C IJMHAMHU BOJIH A = 457 unu 351 HwM,
KOTOPOE COOTBETCTBYET IOJOCAM MOIJIOMEHUS JAaHHBIX HOHOB. CpaBHEHUE
NONYYEHHBIX CIEKTPOB JIIOMHHECUECHIUM BBIBUJIO DA OTIMYMM s
JTAHTAHOBBIX M BHMCMYTOBBIX CEpHUH, IIPH 3TOM HamOoJjee SpKUe Ppa3Iuuus
HaOJII0NAINCh B CIIEKTpax noHoB Pr¥* u EU* (puc. 1). Jlns TBepAbIX pacTBOPOB
La;xPr«GagsSh1 506 u Bii«PriGeosShi s0s oru 00ycinoBiaeHb! 3¢ (HEKTHBHOCTHIO
nporeccoB kpocc-penakcammn (1D—1Gs) — (CHi—=3Fi) m (CPo—3%Hi) —
(®*Hs—'D2) u cBa3anbl ¢ pasmu4HOi 4acToTOM (POHOHOB. Pazmuums B crekTpax
aroMuHecHeHn cepuii LagxEuxGagsSh1sOs u Bii-xEUxGeosSbh:sOs BrI3BaHEI
M3MEHEHUEM  CUMMETPMH  JIOKaIbHOTO  OKpYXKeHHMss  P3-HOHOB W
CBUJIETEILCTBYIOT O TOM, YTO MOH EU®" B BUCMYTOBBIX COEIMHEHUSIX HAXOMUTCS
B MTO3ULIUU € 00JIee BEICOKON CUMMETPHEH, YEM B JTAHTAHOBBIX.
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(Aexc. = 457 um), 6) Lao.gsEUo.15Ga05Sb1506 1 Bio.gsEU0.15G€05Sb1.506(Aexc. = 351 HM).
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B nusnekTpuuecKkux HAHOYACTHUIAX, JISTUPOBAHHBIX PEIKO3EMEIbHBIMU
noHamu (P3), mpum wux BO30YXIAEHUU Ja3epHBIM H3IYYEHHUEM C BBICOKOM
IJIOTHOCTBIO MOIIHOCTHM B TIOJIOCHI TOTJIOMICHUSI 3TUX HWOHOB, Hapsay C
JFOMUHECIICHIIMECH BO3HUKAET IMPOKOIIOJIOCHOE «Oentoe» uaaydeHue [1-5].

K HacTtosimiemy BpeMEHH y aBTOPOB pPa3iUYHBIX pabOT HET €AUHOTO
MHEHUS O TpUpoJie JaHHOro u3inydyeHus. [lomMHeHWIO psiga  aBTOPOB
IIMPOKOIIOJIOCHOE «0Oesioey» U3IyuyeHHe, BO3HHUKAIOIIEe TMPH BO30YKICHUU
JTUAJIEKTPUUECKUX  HAaHOpa3MEpHBIX dacTtull ¢ P3  woHamMu  Ja3epHbIM
U3ITyYEHHEM C BBICOKOM TUIOTHOCTBHIO MOIIHOCTH, SIBJISIETCS TETIJIOBBIM.

B paborax [3,4] Hamu Takxke OblIa BBIABICHO, YTO IIHPOKOIOJIOCHOE
Oemoe M3MydyeHHE, BO3ZHUKAIONIME TP  BO3OYXKICHUU M3IYyYEHUEM C
M= 970HM Hanouactunr YPO4Yb ¢ xonnenrparueii monoB Yb Beimie
20 ar.%, sBISIETCS TEIUJIOBBIM, a TaKXke ObUI MPEIJIOKEH MEXaHU3M €ro
BO3HHKHOBEHHUSI.

B paGore [5] Hamu wu3y4eHbl OCOOCHHOCTHM BO3HUKHOBEHUS U
3aKOHOMEPHOCTH IIHPOKOIOJIOCHOTO «OEoroy» W3JIy4eHUs B HAHOYACTHUIAX
YVO,:Er npu Bo30y>xaeHIH JTa3epHBIM U3TYUEHUEM C Aysy= 1532 HM.

B wnacrosimielt paboTe METOJOM  COOCOXKJCHHSI  CHHTE3UPOBAHBI
HaHOpPa3MEPHBIC JUAICKTPUUECKUE YaCTUIIBI TBEPABIX pacTBOpoB ZrO2-Er,Oz u
YVO4-ErVO, ¢ paznuunbiMu cpeqaumMu pazmepamu. 3ydeHbl 3aKOHOMEPHOCTH
BO3HUKHOBEHUS B HUX arTKOHBEPCUOHHOM JFOMUHECIICHITNH u
IIMPOKOIIOJIOCHOTO  «0eJoro» U3y4eHHsi Mpu BO30YKICHUU U3ITyUYCHHEM
Chs=1532 HM.

PaGora BemmonHeHa mipu ¢GUHAHCOBOM Tomnepkke Trpanta PODU
Ne 19-32-90135.

. S.M. Redmond, S.C. Rand, S.L. Oliveira, Appl. Phys. Lett. 85, 5517 (2004).
. W. Strek et al., Opt. Express 19, 14083 (2011).

. S.A. Khrushchalina et al., JETP Lett. 103 (5), 302 (2016).

. P.A. Ryabochkina et al., JETP Lett. 103 (12), 743 (2016).

. S.A. Khrushchalina et al., J. of Lum. 205, 560 (2019).
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MOJIEJIMPOBAHUE MATHUTHOI'O HALIEJIMBAHMSI HOCUTEJIEM
JIEKAPCTBEHHBLIX ITPEITAPATOB B CUCTEME KPOBOOGPAIIIEHM A

M.B. I'epacumoB, M.H. XKXapkos, M.A. IIstaes, H.A. IIstaes, I.C. Coky1ies,
1.3. Axobcon
Hayuonanvnoiii uccneoosamenvcruii Mopoosckuti 20cyoapcmeeHHbilil
yuusepcumem um. H.I1. Ocapésa, Capanck
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B HacTosiiiee BpeMs aKTMBHO Pa3BUBAIOTCS METOJbI I[EJIEBOM JOCTAaBKHU
JIEKapCTB, OCHOBAaHHbIC Ha KOHIIEHTPAllMMd MAarHUTHBIX YacCTHUIl B 3aJlaHHOM
MECTE C MOMOIIBI0 MOCTOSTHHOT'O MAarHUTHOTO TOJisl. J{Jis MpaBHIIBHOTO BBIOOpA
MapaMeTpOB MAarHUTHBIX HOCHUTEJEH, TaKUX KaK pa3Mep YacTull, COJICpKaAHUE
MarHdTHOTO MaTepuayia, TpaJAUeHT MarHUTHOTO TOJsI U T.J., HEOOXOJIUMO
MOHMMAaHUE MEXaHHW3Ma OCAXKJCHUSI 4acTull B Kamwuigpax. CerogHs umeercs
JOCTaTOYHO MHOro paboT [1-3], TOCBSIIEHHBIX W3YYEHUIO JBWKCHUS
MAarHATHBIX YacTHI] HAa OCHOBE aHaldu3a ACHCTBYIOIIMX Ha HUX CHI. MbI
0000IUIN ATOT MOAXO0A C ydeToM Iud@Py3HOHHOro mpolecca W MOIYUHIId
muddepeHnnanbHOe ypaBHEHHME B YACTHBIX MPOU3BOJHBIX JIJIi  pacyeTa
KOHIICHTPAIlMM MAarHUTHBIX MHKPOKAICYJ B Kamwuiape. Takke Ha OCHOBAaHHUH
HaIllell TEOpUU MBI OMPENETIIIN MapaMeTphl HOCUTENEH, HEOOX0IUMbIE TSI UX
MAarHUuTHOTO OCAKJICHHSI.

Pe3ynbTaThl MaTEMaTUYECKOTO pacdyeTa CPaBHUBAIHUCH C IKCIIEPUMEHTOM
invitro, BHIMIOJIHEHHBIM Ha MOJIENIM KPOBEHOCHOTO cocyla. B kadecTBe mojnenu
KaluJuIsipa UCTOIB30BaIM MOJUATUIICHOBYIO TPYOKY ¢ BHYTPEHHHUM JIUAMETPOM
1 mm u gouHoi 10 cm. Kamwmsip pacnonaraiics psajaoM ¢ 00p-HEOAUMOBBIM
MOCTOSTHHBIM MarHUTOM LWJIMHAPUYECKOU (hOPMBI ¢ MAaKCUMaJIbHON UHAYKIIUEH
0.47 Tn y ero ocHoBaHus. J1Jis SKCIiepuMeHTa INVItro BCmoib30BaIn CYCIEH3HIO
MOJIMMEPHBIX CYOMUKpPOHHBIX KarlCyJ, COJEp)KAIlMX HAHOYACTHUIIBI OKCHJA
xene3a FesO,. Karmcynbl Obuin cuHTe3uMpoBaHbl MeTonoM «Layerbylayer» wa
chepuueckux sapax CaCQOsz, KoTOopble OBUIM MOKPBITHI MOJUMEPHBIMU
000JI0YKaMH, YEPETYIONTUMHUCS CO CIOSIMU HaHoudacTull MarHeTuTa. CycreH3us
KarcyJj MpoKauMBaiach 4epe3 Kamuwuisip ¢ MOMOIIbI0 MHGY3MOHHOTO Hacoca,
YTO MO3BOJISIJIO TOUHO KOHTPOJIUPOBATh CKOPOCTh MOTOKA. [Tocie mpokauynBanus
BCEr0 00bEeMa KHUIAKOCTH MOTOK OCTaHABIMBAIHU, KAMWUIAP 3aMOPaKUBAIIA H
3aTeM paspe3a Ha Kycouyku juHou 5 MMm. CojaepikaHue xejeza B KakIoM
Kycouke ompeaeysuii  (HOTOKOJIOPUMETPUUECKUM  METOJO0M. Pe3ynbTaThl
AKCIEPUMEHTAILHOTO  M3MEPEHHUs]  MPOCTPAHCTBEHHOTO  paclpeiesIeHUs
OCaXJCHHBIX KarlcyJl B MarHuTHOM II0Jieé B JIOCTaTOYHOM  CTENEeHU
COOTBETCTBOBAJIM TEOPETUUECKH MTPEACKA3aHHBIM.

PabGora BbmonHeHa npu (QuHaHcoBol mnoaaepxkke PDODOU (rpant
Ne 18-415-130007).
1. A.E. David et al., J. Controll. Release 152, 67 (2011).
2. S.Sharmaet al., J. Magn. Magn. Mater. 379, 102 (2015).
3. L. Agiotis et al., J. Magn. Magn. Mater. 401, 956 (2016).



CPABHUTEJIBHOE UCCIIEJOBAHUNE OU3NKO-XUMNYECKNX

11 BUOJIOTMYECKNX CBOMCTB HAHOYACTUI] MATHETHTA,
TTOKPBITBHIX OJIEMHOBOW KMCJIOTOM 1 AMUHOCHJIAHOM,
JUII MATHUTHOM TUITEPTEPMUU Y MPT-BU3Y AJIU3ALIUM
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B HacTtosiee BpeMs aKTUBHO Pa3BUBAIOTCA TAKUE METOJbI JUATHOCTUKH
W JICYCHHS KAaK MAarHUTHO-PE30HAHCHas ToMorpaduss ¥  MarHUTHas
runeprepmus. O0a ITUX METOAAa TPENANoiaraloT BBEJACHHE B OpPraHU3M
MaIleHTa MarHUTHBIX MUKPO- WJIM HAHOYACTHI] KaK KOHTPACTHBIX areHTOB WJIH
reHeparopoB Termia [1]. BOJBIIMHCTBO HMCCIEAOBAHHM COCPEIOTOYEHO Ha
YacTUIAX OKCHJA XeJe3a [2], MOCKOJbKY OHM SIBIIAIOTCS ONTUMAJIBHBIMU C
TOYKHU 3pEHUsI OMOCOBMECTUMOCTH W 00JaJat0T HEOOXOJAUMBIMA MarHUTHBIMU
CBOMCTBaMH.

B nmanHOlt paGoTe MBI NPOBOAWIM CPAaBHUTEIHHOE UCCIIEIOBAHUE
HEKOTOPBIX OWOJIOTHYECKHX H (U3HKO-XUMHUYECKHX CBOWCTB HAHOYACTHII
MarHeTuTa, MTOKPBITHIX OJIEMHOBOM KHUCIIOTOM/01eaToM HaATpUsI
(NPsFe;04,—~>0A) u amunocunanoMm (NPsFe;04—SiO,-NH;). HanouacTuirsr
OBLITM TIOJTYYCHBI METOJIOM COOCXKICHUS C TMOCICAYIOMECH THAPOTEPMaIbHOM,
yJIBTPA3BYKOBOM 00pabOTKOM 1 cTaOMIHM3aIMell COOTBETCTBYIOIINM BEIIECTBOM.
PesynbraTel  mccnegoBaHWs — METOAOM  IIPOCBEUYMBAIOLIECH — DJIEKTPOHHOM
MHUKPOCKOIIUHU MPOJIEMOHCTPUPOBAIIH, YTO YaCTHULIbI Fe;s0,—0A
XapaKTEPU3YIOTCS MEHBIIIUM pa3MepoM (8 = 3 HM) U CTENEHBIO arJIoMepaIuu Mo
cpaBHeHH0 ¢ uvactunamu Fe3O,;—SiO-NH; (72 + 17 um). HccnenoBanue

MarHUTHBIX CBOICTB MOKa3ao, 4TO YaCTHIIbI SBJISIFOTCS
CylepriapaMarHUTHbIMH, OJHAKO IIOKPBITHE U3 AMHHOCHJIAHA HECKOJIBKO
yMEHbIIAeT  HaMarHuueHHocTh  HacbimieHus  NPS Fe3Os. YV ienbHbIH

kodddumment nornomeHuss (SAR) sHepruu mepeMeHHOr0 MarHUTHOTO TIOJIS
(Ho = 100 D, f = 100 xI'm) cocraBun 11.23 Br/r Fe u 10 Bt/r Fe

miiNPsFe;0,—0A u NPsFe;04—Si0,-NH; cootBerctBerno. NPsFe;O,—>0A
oOnamaroT Oojiee BBICOKOW CTAaOMJIBHOCTBIO W COXPaHSIOT CBOM (DU3HKO-
XUMHYECKHe cBoiictBa Ooisee oxHoro roxa, a NPsFe;0;—SiO-NH, —
HECKOJIbKO MecsieB. Pe3ynbraThl OHOJOTMUYECKUX HCCIEIOBaHUN  INVIVO
no3Boyisitor  oTHecTH  NPSFes0,—>SiO0,-NH,;  (LDsy = 544.6 wmr/kr) wu
NPsFe30;—>0A (LDsp = 652.3 MI/Kr) K MaJIOTOKCHYHBIM COCIUHCHHSIM IIPH
BHYTPHOPIOIIMHHOM M TPAKTUYECKH HETOKCUYHBIM TIPH BHYTPHMBIIICYHOM
BBEJICHUM.

PabGora BbmmonHeHa npu (QuHaHcoBoW mnoaaepxkke PDODOU (rpant
Ne 19-29-10013).
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B HacTosiiiee Bpemsi [Jisl IeYEHUS] HEKOTOPBIX THUIIOB OIYyXOJIed METOJ0M
MarHUTHOW THUNIEPTEPMUU TPUMEHSIOTCSI MAarHUTHBIE HAHOYACTHUIIHI Ha OCHOBE
okcuja >xene3a [1], MOCKOJbKY OHU 00Jagal0T HEOOXOJUMBIMHU (DU3UKO-
XUMHUYECKUMUA UM OHOJIOTMYECKUMHU XapakTepucTukamu. JIjis JOCTHKEeHUS
TpeOyeMoit  TepameBTUYeckoM  Temmeparypbl  (43-45°C)  HeoOXoauMo
UCIIOJIb30BaTh MHUHHMMAJIBHO BO3MOKHOE KOJMYECTBO MArHUTHBIX YacCTHII,
4TOOBI N30€KaTh HEXKENATSIBHBIX TOKCHYECKUX Y PeKToB [2].

B  wHactosmelt pabore MBI TpemjiaraéM  IOJIMAJICKTPOJUTHBIC
MUKpPOKAIICYJbl, COJEpKallli€ HAHOYACTHUIIBI MAarHeTUTa, [JIs JIOKaJIbHOU
MarHuTHOM Tepanuu. Karcynsl ObUTM TOJTy4eHBI 1Mo MeTony «Layerbylayery
MyTEM MOOYEPEAHOTO HAHECEHUS TTOJTUAJIEKTPOIUTOB (MOJMAPTUHUH, TEKCTpaHa
cynedar) u mHanouactui Fes04 Ha chepuueckue sapa CaCOs. MbI ipoBOIMIH
AKCIEPUMEHT Ha KyJIbType KiIeTok (pudpodmacTtoB mbimu L-929, kotopswie
oOpabaThIBalii CyCHEH3UEH TOJYYEHHBIX MHKpOKancyil (U3 pacuera 5
10 xamcyn Ha kietky). Ilocne 24-yacoBoil MHKyOalMM KJIETKH OTMBIBAIA OT
HEUHTEPHAJIM30BAHHBIX KAallCyJl M TMOJBEprajiud BO3JACHCTBUIO MEPEMEHHOIO
MAarHMTHOTO TMOJIs ¢ aMIIuTyAou HanpskeHHocTH 200 D u yacrotoit 100 kI’ ¢
skcniozurent 0.5, 1, 2, 5, 10 u 15 munyT. Takke NpoBOJWIICS SKCIEPUMEHT Ha
KJIeTKaX ¢  KOJUIOMAHBIMH  dYacTuramu  FesOs B KOHIIEHTpanusx,
COOTBETCTBYIOIIMX COAEPKAHUIO MAarHeTUTa B HKCIEPUMEHTE C KaIlCyJaMH.
Uepes 24 yaca nociie 00pabOTKH MOJIEM OIIEHUBAIH KU3HECTIOCOOHOCThH KJIETOK
¢ mnomombro MTT-recra. PesynpraThl HCCHEAOBaHUA IIOKA3aJd, YTO
MUKPOKAICYJIbl TIPU BO3JCHCTBUU MEPEMEHHBIM MATrHUTHBIM TOJEM YTHETAIOT
YKU3HECTIOCOOHOCTH KJIeTOK A0 76 u 30% miis koHnentpanuit 5 u 10 kancyn Ha
KJIETKY COOTBETCTBEHHO. Bpemsi sKcCmosuiuu, mpu KOTOPOM HE HaOI0JaeTcs
JAJbHEUIIIETO YMEHBIICHUSI >KU3HECTIOCOOHBIX KJIETOK, COCTaBUJIO S5 MHUH.
Komnouaneie uactuiel Fe3O4, Kak W MarHuTHOE IM0J€ B KOHTPOJIBHOM
AKCTIIEPUMEHTE, HE BIUSIA Ha KU3HECIIOCOOHOCTh KJIETOK Ha BCEX BPEMEHHBIX
HWHTEpBAJIaX BO3JCHUCTBUSI MAarHUTHBIM TIOJIEM.

PaGora BbemonHena mnpu QuHaHCOBOW moaaepxkke PDODU (rpant
Ne 19-29-10013).
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2. Kheireddine EI-Boubbou, Nanomedicine. Rev. 223, (2018).
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NANOMATERIALS AND NANOTECHNOLOGY

PHASE TRANSITIONS IN TWO-DIMENSIONAL SYSTEMS

B.V. Andryushechkin
Prokhorov General Physics Institute of RAS, Moscow, Russia
E-mail: andrush@kapella.gpi.ru

The lecture is devoted to structural phase transitions in two-dimensional
systems, namely, in monolayer films adsorbed on single-crystal surfaces of
metals.

The importance of studying structural phase transitions in adsorbed layers
iIs due to the fact that for many processes leading to the appearance of
nanostructures on the surface (self-organization, epitaxial growth), the atomic
structure of the first adsorbate layer (monolayer) is a determining factor. In this
regard, the methodology for creating monolayers with a given structure and the
ability to control transformations between different surface phases at the level of
atomic displacements become extremely urgent.

In the general case, the structure of a monolayer is determined by
competition between the lateral interaction of atoms on the surface and the
substrate potential, as well as temperature [1]. Depending on the surface
temperature and/or degree of coverage, two-dimensional (2D) gas, liquid, and
also ordered ordered phases can be observed on the same surface. With respect
to the substrate lattice, the observed phases can be divided into proportional,
disproportionate or partially proportional. A change in temperature or degree of
coating can lead to structural transitions between these phases. The main factors
determining the nature of such transitions are the ratio of the potential relief of
the substrate and the lateral interaction between the adsorbed atoms, the
mismatch of the lattice parameters of the two-dimensional layer and the
substrate, as well as the temperature.

Traditionally, studies of phase transitions on the surface were carried out
in gas films adsorbed on metals or graphite using various diffraction methods.
This approach was due to the fact that for these systems the interaction of the
adsorbate with the substrate could be described quite simply (for example, using
the Lennard-Jones potential), which allowed us to build theoretical models of
phase transitions.

One of the most active phase transitions under study was the so-called
transition from a commensurate to a disproportionate phase [2—4]. In this case,
regions with a commensurate phase turn out to be separated by striped or a
hexagonal network of an incommensurate phase («domain walls») with an
atomic density higher or lower than in the commensurate region. This effect was
discovered in the work of Frenkel and Kontorova at the end of the thirties, in
which it was shown that if you compress a commensurate lattice located at some
potential, it turns out that uniform compression of the lattice does not occur, but
domain walls (or solitons) appear that share areas with a commensurate
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structure. Figure 1 shows a model drawing of domain walls that can be realized
on a hexagonal substrate
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Fig. 1. Hexagonal and I|near domaln walls onahexagonal substrate for structures
(V3x\3)R30°.

It turns out that domain walls can either repeat the symmetry of the
substrate, that is, be hexagonal and linear. The first experimental evidence for
the existence of domain walls was obtained for the following systems:
Kr/Graphite, Xe/Pt (111), H,/Graphite. But it turned out that diffraction methods
are not enough for a complete description of phase transitions at the atomic
level, and, of course, scanning tunneling microscopy is needed. However, for the
cases of physically absorbed gases, even the use of STMs did not give very
bright results, since even at helium temperatures the gas molecules remained
rather weakly bound to the surface. In this regard, we can consider another
system, such as a system of halogens on metals, which can be an alternative
model system for studying phase transitions.

By the end of the eighties of the last century, a rather large number of
various works were published in which the adsorption of halogens on metal
surfaces was studied. Basically, all of this work was stimulated by possible
catalytic applications. In a review by Robert Jones published in 1988 [5], it was
noted that halogens form a large number of ordered adsorbed phases depending
on the degree of coverage and temperature. Thus, it was shown that they are
potential convenient model systems for studying phase transitions.

In addition, it turned out that many diffraction patterns observed for many
halogen-metal pairs turn out to be in many respects similar to the diffraction
patterns observed in films of absorbed gases on the surfaces of metals and
graphite. This indicates the possible proximity of phase transitions in these
systems.

An advantage of halogen systems on metals is the ability to observe many
phase transitions at room temperature. Although at the time of the start of
research, most halogen/metal systems were already studied by integral methods,
and structural models were proposed for each of them, understanding of
structural transformations on the surface of metals under the influence of
halogens was not achieved, due to the almost complete absence of work
performed in real space with using scanning tunneling microscopy.



The aim of the work was to study the mechanism of structural phase
transitions in adsorbed halogen layers on the surface of the city center metals
during their lateral compression under ultrahigh vacuum.

The objects of study were single-crystal faces of copper, silver and gold.
All faces (111), (100) and (110) were considered, which, respectively,
represented a hexagonal surface of symmetry, 4-order symmetry and a
rectangular lattice. Halogens: chlorine and iodine were considered as adsorbates.
Such a choice of objects made it possible to vary the mismatch of the parameters
of the halogen and substrate lattices to the widest possible extent, since the silver
lattice constant (2.89 A) is maximum, and copper (2.56 A) is minimal among a
number of fcc metals. On the other hand, chlorine and iodine (excluding
fluorine) represent the minimum and maximum sizes of the halogen atom: the
van der Waals diameters are 3.6 A and 4.0-4.3 A, respectively.

The main research method was scanning tunneling microscopy. All
studies were carried out under ultrahigh vacuum at a pressure better than 101
Torr. In addition, of course, electron spectroscopy, diffraction of slow electrons,
and thermal desorption mass spectrometry were used. All experimental methods
were supplemented by calculations within the framework of the density
functional theory using the VASP package based on computing clusters of the
Russian Academy of Sciences, Moscow Institute of Physics and Technology,
Moscow State University, and GPl RAS.

The lecture presents the results of studies conducted in the Department of
Technology and Measurement of Atomic Scale GPI [6]. All results can be
divided into four groups, reflecting various types of structural phase transitions
on the surface:

1. The disorder-order transition, i.e. ordering at submonolayer coverages;
2. The transition from proportional to disproportionate phase;

3. Reconstructive phase transitions;

4. The formation of surface halide phases.

At the first stage of the study, we examined the submonolayer stage of
halogen adsorption on the surface of the city center metals. It was found that at
the initial stage of chlorine adsorption on the (111) faces of fcc of metals (Ag,
Cu, Au), quasi-one-dimensional chain and nanoporous structures are formed
with distances between chlorine atoms less than in a two-dimensional structure
(V3xV3)R30° having a higher density (Fig. 2). Atomic structures formed by
halogen atoms on the surface of the city center metals at the submonolayer
adsorption stage are due to indirect electronic and/or elastic interactions between
halogen atoms through the substrate. Subsequently, with an increase in the
degree of coverage, these nanoporous structures gradually turn to 1/3 of the
monolayer into a simple structure (\/3><\/3)R30°.

In the study of the phase transition from a commensurate to a
disproportionate phase, answers to the questions will be received: How does the
commensurate lattice compress? Is compression isotropic and uniform? How
does the nature of the transition depend on the symmetry of the substrate lattice?



Cl/Au(111)' 0.12 MC

the (a) Cu (111), (b) Cu (111) and (c) Cu (111) faces at submonolayer coverages.

In particular, using chlorine adsorption on an Ag (111) surface as an
example, it was established that the compression mechanism of a commensurate
lattice (V3xV3)R30° (the transition is commensurate — disproportionate phase)
includes the formation of crowdions (Fig. 3) and their condensation into
superdense linear domain walls. It is shown that a similar mechanism can be
general and determine phase transitions in the halogen layer on the (111) faces
of the fcc metals.

The linear domain wall model describes the process of compression of a
halogen lattice on the (110) face of an fcc metals in the case where the preferred
site of halogen adsorption is the position between the four atoms of the substrate
(I/Cu (110), I/Ag (110)). If the most advantageous adsorption site is a short
bridging position, then the compression of the halogen lattice occurs as a result
of reconstruction transitions (CI/Cu (110)).
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Fig. 3. (@) — STM image (330x330 A25 K) obtained for a degree of chlorine coverage
of 0.34 ML. The inset shows the Fourier image; (b) - high resolution STM image of a chlorine
lattice with an overlay grid, the nodes of which correspond to the Ag (111) lattice. The defect
of incorporation into the lattice (V3xV3)R30°-Cl (an additional chlorine atom) is shown
by a green circle, and the atoms forming the crowdion are shown by purple circles.

On the (100) face of fcc metals, compression of a commensurate halogen
lattice is realized only when the halogen-halogen distance in the initial
commensurate structure significantly exceeds the Van der Waals halogen
diameter (case I/Cu (100)). It was found that in this case the compression occurs



due to a series of phase transitions of the first and second kind, including 2D
melting.

The third stage of the research was reconstruction phase transitions, which
are induced by halogen adsorption. In this case, an attempt was made to
decipher the detailed atomic structure of the reconstruction phases and establish
the conditions for the formation of reconstructions.

An example is shown in Fig. 4, this is again chlorine on silver (111), in
which, after the formation of the domain walls, a really complex picture of the
diffraction of slow electrons arises, which also belongs to the “nxn” family and
contains groups of spots around the 3x3 positions. The detailed STM image
shows that very interesting objects with such holes have formed - these are
islands of size 15-30 A, the local periodicity of which is 3x3. That is, the
distance between the holes is the triple distance between the atoms of the
substrate. The islands are antiphase to each other, and therefore, this system can
be considered as a system of antiphase domains with a local 3%3 structure,
which, according to the diffraction theory, leads to splitting of spots in
reciprocal space. And we, indeed, see splitting around the positions of 3x3 spots
in the diffraction patterns. Since the domains are randomly located, the
magnitude of the splitting cannot be accurately estimated. Therefore, in the
general case, the structure can only be described as «split» 3x3.
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Fig. 4. () — STM image (330x330 A?, 5 K) obtained for a degree of chlorine coverage
of 0.34 ML. The inset shows the Fourier image; (b) - high resolution STM image of a chlorine
lattice with an overlay grid, the nodes of which correspond to the Ag (111) lattice. The defect
of incorporation into the lattice (V3x\3) of R30°-ClI (an additional chlorine atom) is shown
by a green circle, and the atoms forming the crowdion are shown by purple circles.



We also managed to establish how this reconstruction itself is arranged. It
turned out that here the configuration of atoms is completely changing. In a 3x3
cell, extra atoms are ejected from the substrate. Only six atoms remain three — in
the positions of the city center and three in the provisions of They form
triangles. Between adjacent such cells, sites are formed for adsorption of
chlorine atoms, but with symmetry of about 4 orders of magnitude. Chlorine
atoms fill these places and form such a (3x3) structure. The chlorine atoms in
this case are located slightly lower than in other structures. Therefore, it can be
seen that these domains are, as it were, slightly recessed with respect to the
unreconstructed part of the substrate. This model was calculated in detail using
the density functional theory, and the existence of just such a reconstruction can
be considered highly probable. In this regard, we believe that most of the other
nxn structures observed on the (111) faces of the city center metals are also due
to surface reconstruction, rather than uniform compression of the halogen layer.

A very interesting series of reconstruction phase transitions is observed in
the chlorine system on copper (110), because it is for this case that the position
of the short bridge is the preferred site for the adsorption of chlorine. In this
case, a simple compression of the lattice, as we said, is impossible, and therefore
a series of phase transitions immediately begins here. At the initial stage of
adsorption, specific bands begin to form, which look like domain walls.
However, with an increase in the degree of coverage, they are not collected as in
the case of a simple transition from a proportional to a disproportionate phase,
but, on the contrary, scatter. It turned out that in the center of each domain wall
there is an additional row of copper atoms. As the degree of coverage increases,
the rows disappear, and finally, with a degree of coverage of 0.5 ML, a simple
lattice with (2x2) is formed, but the atoms are also in the position of the short
bridge.

Interestingly, the compression of such a lattice does not occur according
to the mechanism of domain walls, but also occurs according to the
reconstruction mechanism. Instead of just compressing the layer, the system, on
the contrary, builds up additional pedestals from copper atoms (shown in orange
circles) and places additional chlorine atoms on these pedestals. As a result,
chlorine, as it were, remains spaced into two floors: on the lower floor there is a
structure ¢(2x2), and on the upper floor the chlorine atoms are on these
pedestals. As the degree of coverage increases, the number of such objects
grows, grows, grows, and, in the end, they come together, and an already
disproportionate lattice of chlorine forms on an already continuous copper
surface (110). But this does not end there - in the end — the whole system begins
to be faceted. Instead of the (110) plane, planes with the (210) orientation
appear, on which chlorine is also located. The capacity of such a ladder lying on
the surface is greater than that of a simple flat surface. This is probably the
reason why such a facet becomes profitable. And, in the end, the whole surface
IS overgrown with such facets.



Thus, if the short bridging position is the most advantageous place for
halogen adsorption, then the nature of the phase transitions is very complex, and
it should always include reconstruction.

And the fourth area of the research is surface halide phases, the structure
and properties of which differ from those of bulk crystals. Indeed, it was found
that under certain conditions, objects are obtained which, by their properties, are
no longer chemisorbed phases, at the same time; they are not yet other complete
halide phases. The existence of this type of structure is proved for a number of
systems: CI/Au(111), CI/Ag(111), I/Cu(111), I/Ag(111), I/Ag(100).

Figure 5 shows such an example for a gold (111) surface after interaction
with molecular chlorine. After the formation of the lattice (V3xV3)R30°, unlike
silver, there is no compression of the lattice; instead, new elongated objects
appear. As a result of calculations by the density functional method, we were
able to interpret them as molecules, as AuCl,quasimolecules. As the degree of
coverage increases, the entire surface is filled with such molecules, and, in the
end, they form an ordered lattice similar to a honeycomb lattice, determined by a
rather complex unit cell. And within this unit cell there are molecules in a circle,
and in the center there are two adsorbed chlorine atoms in the positions of fcc
and hcp.

/ F/ et "t
' N N P R = Au
W (V3x13)R30°| p’ - S

Fig. 5. (a, b) — STM images (120x120 A% T =5 K) of Au (111) surface chlorinated at 130 K,
showing the compression of the chlorine layer into a “honeycomb” type structure;
(c) — coexistence of the (V3xV3)R30° phase and chain structure; (d) — the disappearance of the
phase (V3xV3)R30° and the formation of a structure of the “honeycomb” type.

Thus, the lecture presented a review of works devoted to structural phase
transitions in monolayers of halogens on the surface of metals. According to our



analysis, for a number of systems the picture of the interaction of halogens with
metal surfaces is far from complete. Indeed, for most systems recently revised
using STM in combination with DFT calculations, new data were obtained.
Therefore, there is reason to expect that a further revision of the systems studied
in the 1970-80s can provide a lot of new interesting information on phase
transitions in two-dimensional films. In further work, emphasis should be placed
on low-temperature STM studies, which make it possible to study the structure
and interactions on the surface at the atomic level.

Knowledge of the structures formed by halogens on the surface of metals
Is important for understanding the co-adsorption halogen-oxygen structures that
arise on the surface of a metal catalyst during the oxidation of olefins. In
particular, this situation is realized in the reaction of partial oxidation of
ethylene on a silver catalyst with the participation of chlorine as a promoter.

This work was supported by the Russian Foundation for Basic Research
in the framework of grants No. 08-02-01456-a, No. 08-02-01396-a, No. 10-02-
90476-Ukr_a, No. 15-02-99542-a and No. 20-02-00767-a.
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SINGLE PHOTON SOURCES BASED ON QUANTUM DOTS

G.V. Klimko, M.V. Rakhlin, I.S. Sedova, S.V. Sorokin, A.A. Toropov
loffe Institute of RAS, Saint-Petersburg, Russia
E-mail: maximrakhlin@mail.ru

The sources of single-photon emission and entangled photon pairs, based
on epitaxial semiconductor quantum dots (QDs) emitting in the visible spectral
range, which corresponds both to the region of the highest sensitivity of modern
single-photon avalanche diodes and the region of air transparency, are most
suitable for the development of protected lines of atmospheric and space optical
communication [1]. Devices of this type are currently absent due to both
technological complexity of reproducible fabrication of the samples with the
isolated single QDs and material constraints limiting possibility to distinguish
single excitonic lines at elevated device operation temperatures. In this work, we
present comparative optical studies of the single photon sources based on
different QD heterostructures: InAs/AlGaAs and CdSe/ZnSe, which emission
spectrum jointly covers extremely wide spectral range between 500 and 1000
nm.

Single QDs based on a wide band gap 11-VI compound CdSe are of
particular interest due to the possibility to obtain single photon emission in green
spectral ranges up to room temperature [2]. Yet unsolved problem has been the
reproducible growth of the structures with small enough QD surface density. We
have developed molecular beam epitaxial growth regimes resulting in the
formation of a single sheet of QDs with the QD surface density less than
10%° cm. Advantages of the InAs/AlGaAs QDs consist in possibility to achieve
single photon emission in the red spectral range using well-developed epitaxial
techniques for the growth of the required QD heterostructures [3]. A potential
disadvantage of previously studied single InAs/AlGaAs QDs is the enlarged
content of Al resulting in a significant (up to 1 meV) enhancement of the
anisotropic exchange splitting of a single-QD exciton that hampers generation of
polarization entangled photons during a cascade recombination of biexcitons [4].
We have investigated the impact of inserting an ultrathin GaAs interlayer
between the bottom AlGaAs barrier and InAs QDs that allowed us to reduce
essentially the exciton fine structure splitting. Realization of intensive fluxes of
pure single-photon emission is demonstrated for cylindrical nanoantennas
containing QDs of both types.

We acknowledge financial support by the Russian Foundation for Basic
Research (project Ne 18-02-01212).
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PROBE METHODS OF SURFACE DIAGNOSTICS

P.A. Alekseev
loffe Institute of RAS, Saint-Petersburg, Russia
E-mail: npoxep@gmail.com

Scanning probe microscopy (SPM) is a family of methods based on the
interaction of the sharp nanosized probe mounted on the cantilever with studied
surface. Functionalization of the probe allows to map a topography [1], electric
[2] and magnetic fields [3], conductivity [4], mechanical properties [5] and
intensity of the light radiation [6]. Besides of the multimode diagnostics SPM is
a convenient tool for nanolithography [7] by local anodic oxidation or
nanoscratching technique.

Report will contain a brief review of SPM methods and recent examples
of SPM diagnostics of IlI-V semiconductor nanowires and van-der-Waals
(vdW) heterostructures (graphene, MoSe;). GaAs nanowires were studied by
conductive atomic force microscopy which reveal the impact of the surface
passivation on the electronic surface state density and conductivity [8].
Moreover, influence of a mechanical deformation on the electronic properties of
the 1lI-As nanowires also was studied [9,10]. To quantitively analyze
electromechanical effects, mechanical properties of the nanowires were
determined by SPM [11]. Then contributions from piezopotential and
piezoresistance on the electronic properties were obtained.

For the vdW heterostructures it was shown a formation of the 20 nm wide
graphene and MoSe; nanoribbon and 10 nm nanoconstriction by local anodic
oxidation [12]. Electronic properties of the MoSe, on graphene in dependence of
the number of monolayers also were studied [13].
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SYNTHESIS OF COLLOIDAL SOLUTIONS OF SILICON QUANTUM
DOTS WITH ORGANIC LIGANDS

A.V. Knyazev, A.A. Konakov, E.V. Syrov
Lobachevsky State University of Nizhny Novgorod, Nizhny Novgorod, Russia
E-mail: knyazevav@gmail.com

In recent decades, the use of semiconductor and metal quantum dots in
various fields of biomedicine has attracted considerable interest: medical
diagnostics, in particular cancer, drug delivery, optical bioimaging, and
theranostics. The optical properties of such particles are mainly used. At the
same time, typical colloidal quantum dots of cadmium selenide or metal
nanoparticles, including gold, are toxic to the human body. Expanding the
capabilities of optical techniques in biomedicine requires the search for new
light-emitting nano-objects that are safe for biological organisms. The solution
could be the use of solutions of silicon nanocrystals coated with organic ligands.

We are developing a new method for producing colloidal solutions of
silicon quantum dots with an organic coating based on ion-synthesized silicon
nanocrystals in oxide matrices. The passivated surface of silicon nanocrystals is
modified during the photochemical reaction. The reaction of the oxidized
surface of silicon nanocrystals with a mixture of acylbenzenes (isomers of
xylene, ethylbenzene, isopropylbenzene, etc.) takes place at room temperature
and irradiates the reaction mixture in the UV range. The reaction product is a
colloidal solution of silicon nanocrystals with a surface modified with
hydrocarbon groups.

The work was performed with the financial support of the Russian
Foundation of Basic Research (Project Number 19-53-45056 MH/]I_a).
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OBTAINING OF A SOLID SOLUTION Cd1xPbxF>
BY THE MECHANOSYNTHESIS

I.I. Buchinskaya, N.A. Ivanovskaya
Federal Scientific Research Centre «Crystallography and Photonics»
of RAS, Moscow, Russia
E-mail: buchinskayaii@gmail.com

Mechanosynthesis is an effective way to obtain nanosized particles.
Nanocrystalline fluorides are one of the promising functional materials for
photonics and solid state ionics [1]. In this work, we studied the possibility of
obtaining a nanocrystalline Pb;«CdsF, (x~0.33)solid solution by grinding a
mixture of crystalline components of PbF, and CdF, in a high-energy ball
planetary mill Retsch PM-200 (Mpa/Msubstance= 100g/5g) in a protective
atmosphere of Ar for 15 hours with intermediate sampling for X-ray diffraction
analysis (XRD). XRD showed (fig. 1(a)) that at the initial stage of grinding, a
rhombic phase based on PbF; is formed, then, gradually, a new cubic phase with
the lattice parameter a = 5.76(8) A forms. It is very close to the lattice parameter
of the composition Pbgg7Cdo33F2. Within 15 hours, the synthesis occurs almost
completely (XRD does not detect impurities of the initial components).
Scanning electron microscopy (SEM) showed a large inhomogeneity of particles
in size: 10-100 nm (fig. 1(b)).

The broadening of the X-ray profile of the resulting product occurs as a
result of particle grinding and, possibly, due to partial «mechanical hydrolysis».
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Fig. 1. (a) — The dynamics of changes in the XRD sp riiig;
(b) — SEM-images of Pb_xCdxF2 (x = 0.33) particles (b).
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NANOCOMPOSITE FIBERS OF POLYVINYL ALCOHOL
WITH MULTI-WALLED CARBON NANOTUBES PRODUCED
BY ELECTROSPINNING

A.M. Nizametdinov!, V.A. Sergeev!?, S.V. Vasin*
Kotel'nikov Institute of Radio Engineering and Electronics of RAS, Ulyanovsk, Russia
2Ulyanovsk State Technical University, Ulyanovsk, Russia
E-mail: svasin@ulireran.ru

Polymer composites with carbon nanotubes (CNT) have a wide range of
unique electrophysical and physical-mechanical properties that allow both creating
new electronics elements and improving the characteristics of existing ones [1]. It
is known that the properties of such nanocomposites are determined both by the
properties of CNT and by the nature of their distribution and orientation in the
polymer matrix [2].

To control the orientation of CNT in the polymer matrix a number of
methods are used: Langmuir-Blodgett, electric or/and magnetic field impact, etc.
As one of such methods may be used electrospinning. This method consists of
obtaining thin nanocomposite fibers as a result of the action of electrostatic forces
on an electrically charged stream of solution or melt. Using this method, it is
possible to produce fibers with a diameter from 5 to 800 nm [3]. Such fibers with
aligned CNT can be used to create planar and bulk structures in polymer
electronics.

We have designed and assembled an installation that implements the
electrospinning method. An example of polyvinyl alcohol (PVA) fibers with a 1%
fraction of multi-wall carbon nanotubes (MWCNT) obtained using this installation
is shown in fig. 1 (a) and (b). It can be seen that using this method it is possible to
obtain an array of nanocomposite fibers oriented in the one plane.

|

b

Fig.1. Optical microscope images of PVA fibers (a — PVA with 1% MWCNT,
b — 10x zoomed image a).

The present work was performed as part of a state assignment with
financial support from the Russian Foundation for Basic Research and the
Government of Ulyanovsk Region, Project No. 19-42-730011.
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SPIN LIGHT-EMITTING DIODES WITH (A3,Fe)B5 INJECTORS

M.V. Dorokhin, V.P. Lesnikov, M.V. Ved, A.V. Zdoroveyshchev
Lobachevsky State University of Nizhny Novgorod, Nizhny Novgorod, Russia
E-mail: mikhail28ved@gmail.com

Diluted magnetic semiconductors (DMS) are materials, which combine
magnetic and semiconductor properties [1]. DMS (A3,Fe)B5 are considered to
be the most promising, since the Curie temperature in such materials exceeds
300K [2]. In this work the introduction of (Ga,Fe)Sb, (In,Fe)Sb and (Ga,Fe)As
layers as functional elements of a spin light-emitting diode (SLED) were made.

The samples are semiconductor heterostructures with quantum well
InGaAs/GaAs on p-GaAs (for SLED with (In,Fe)Sb and (Ga,Fe)As injectors)
and n-GaAs (for SLED with (Ga,Fe)Sb injector) substrates.

When structures are introduced into a magnetic field, the
electroluminescence becomes partially circularly polarized. The degree of
circular polarization of EL is calculated by the formula

Py =(l,—1,)/(1, +1,)x100%, (1)
where 11(l,) is the relative EL intensity for left (right) polarized light.

The maximum values of the degree of circular polarization (Pg.) was
found at 10 K. For SLED with (Ga,Fe)As injector Pg. = 1%, with (In,Fe)Sb
PeL= 0.7%, and with (Ga,Fe)Sb PgL = 0.2%. When studying the magnetic field
dependences of Pg_ for structure without a ferromagnetic injector (A3,Fe)B5,
PeLdid not exceed the level of measurement error. It indicates that the circular
polarization of EL is associated with the spin injection of carriers from a DMS.

The degree of circular polarization is determined by the efficiency of spin
injection, as well as spin relaxation during scattering of charge carriers. In the
SLED with the (Ga,Fe)Sh, injection of spin-polarized holes is realized, while for
the structures with (In,Fe)Sb and (Ga,Fe)As, electron injection is realized. This
explains the relatively low value of the degree of circular polarization for SLED
with (Ga,Fe)Sb, since the spin diffusion length for holes is shorter than for
electrons.

With an increase of the measurement temperature, the EL intensity and
PeL decrease monotonically. For SLED with (Ga,Fe)As at temperatures above
200 K, the EL intensity becomes comparable with the noise level, which does
not allow reliable measurements of Pg, . For the structure with (Ga,Fe)Sh, it was
not possible to measure Pg_ at temperatures above 50 K due to the low degree of
polarization. Only in an SLED with an (In,Fe)Sb injector it was possible to
achieve circular polarization in the temperature range of 10-300K.

This work was supported by the Russian Science Foundation project
No 18-79-10088 (structure’s fabrication and polarization measurements) and the
Grant of the President of Russian Federation, project Ne MD-1708.2019.2
(GaAs-based spin light-emitting diode structure development).
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THE RESEARCH OF HYBRID MATERIALS BASED ON MULTI-WALL
CARBON NANOTUBES AND NANOSTRUCTURED FORMS
OF TITANIUM CARBIDE

S.Yu. Ketkov, A.M. Obyedkov, L.V. Vilkov
Razuvaev Institute of Metalorganic Chemistry of RAS, Nizhniy Novgorod, Russia
E-mail: mr.vilkof@yandex.ru

Hybrid materials based on multi-walled carbon nanotubes (MWCNTS),
the surface of which is decorated with nanocoatings of titanium carbide of
various morphologies, are promising materials for the creation of new composite
materials, catalytic systems, and sensors.

Previously, we obtained a hybrid material consisting of MWCNTs whose
surface is decorated with a continuous nanodispersedTiC layer by the MOCVD
method using titanocene dichloride (Cp,TiCl,) as a precursor [1]. We continued
to study the deposition process of TiC coatings, without changing the deposition
temperature, but changing the mass ratio of precursors (Cp,TiCl,: MWCNTS) in
the range from 1: 1 to 1:10. The resulting materials were characterized by SEM,
TEM, HRTEM and XRD. It is determined that the hybrid material we obtained
contains of two crystalline phases: MWCNTSs and the stoichiometric phase of
titanium carbide.

It was found that the change in the mass ratio of precursors
(Cp,TiCl,:MWCNTS) led to a change in the observed morphological forms of
TiC. With ratios of precursors less than 3:1, MWCNTSs coated with thin films of
TiC up to 10 nm thick were observed. An increase in the ratio to 4:1 led to the
formation of TiC nanoparticles on the surface of decorated MWNTSs. With a
ratio of 5:1, the formation of TiCnanodendrites with a branch thickness of about
50 nm and nanowhiskers with a thickness of ~ 200 nm and a length of more than
5 um was observed. With 6:1 or more precursor ratio it was observed that lateral
branches are growing from the surface of nanowhiskers that subsequently led to
the formation of three-dimensional nanostructured forms — cubic
TiCmesocrystals with dimensions about 10 um with cubic habit.

The work was performed using the equipment of Common Research
Center «Physics and technology of micro- and nanostructures.

1. K.\V. Kremlev et al., Technical Physics Letters 42, 40 (2016).



InGaAs PHOTODIODES IN THE RANGE 1.02-1.31 pm
WITH A METAMORPHIC BUFFER LAYER GROWN
ON GaAs SUBSTRATES

S.M. Nekorkin, 1.V. Samartsev, B.N. Zvonkov
Lobachevsky State University of Nizhny Novgorod, Nizhny Novgorod, Russia
E-mail: woterbox@mail.ru

Photodiodes for the wavelength range 1.3-1.5 pum grown on GaAs
substrates are perspective for replacing the devices used now for this range
grown on InP substrates. One of the ways is the using of metamorphic buffer
layers [1-3].

This paper presents the results of the study of the p-i-n diode structure for
the range 1.02—1.31 um with a metamorphic InGaAs buffer layer with stepwise
composition change. Photodiode structures were grown by the MOCVD method
on GaAs substrate with a 2° deviation.

The structures under study were grown by the MOCVD method at
atmospheric pressure. The metamorphic buffer layer was grown in two stages.
First, the InGaAs layer consisting of fifteen transition layers with stepwise
composition change was grown on a GaAs substrate at a temperature of 700 °C
(total thickness of 1000 nm). Then, cooling to 560 °C and growing of the
InGaAs buffer layer consisting of 14 layers were performed (total thickness of
960 nm). Then, the p-i-n structure of InGaAs was grown with indium content
about 50%.

Based on the obtained heterostructure photodiodes are made. On the side
of the structure and the substrate Au ohmic contacts were deposited by thermal
evaporation in vacuum, and then a mesastructure 0.8 mm in diameter was
etched. The spectrum of the photocurrent has the maximum at a wavelength of
1.22 pm, the width of the spectrum is 0.29 um. Investigation of the reverse
current-voltage characteristics of photodiodes at room temperature showed that
the values of dark currents are 10 pA with a reverse voltage of 5 V.

Thus, the technology of two-temperature growth of metamorphic InGaAs
layers on GaAs substrates has been proposed. Further research will be aimed at
studying the nature of dark currents in order to minimize them, and the design of
a metamorphic buffer layer will be optimized to improve the crystal quality of
heterostructures.

1. H.-L. Wang et al., Chin. Phys. Lett. 26, 014214 (2009).
2. D. Wu et al., Electronics Letters 44. (2008).
3. 1.V. Samartsev et al., FTP 12, (2018).
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FORMATION AND STRUCTURAL INVESTIGATIONS OF Ge/Si LAYERS
ON Si/SiO,/Si (100)

V.Yu. Chalkov!, S.A. Denisov?, A.G. Gagarin?, M.N. Mineyev?, D.A. Pavlov?,
V.G. Shengurov?, A.A. Sushkov!

L obachevsky State University of Nizhny Novgorod, Nizhny Novgorod, Russia

2Interagency center of solid-state microelectronics, Nizhny Novgorod, Russia
E-mail: sushkovartem@gmail.com

Ge/Si buffer layers grown at different temperatures on Si/SiO,/Si (100)
(SOI) substrates have been fabricated and studied. The Si buffer was grown via
molecular beam epitaxy. The Ge layer was produced in a single stage via hot
wire chemical vapor deposition process. The cross section of the structure was
analyzed by a high-resolution transmission electron microscope (HRTEM)
(JEOL JEM-2100F microscope operated at 200 kV). Such structures can be used
in the future as a substrate for growth of high qualities laser structures with
radiation resistance.

HRTEM investigations demonstrate a close to atomic smooth surface of
SOI substrates. Regions with defects weren’t found via HRTEM. Studies of the
cross section of heterostructures Ge/Si/SOI showed that the annealing of SOI
substrates at 900 °C does not completely remove silicon dioxide from the
surface of SOI, but at the same time retains a hidden layer of SiO; in SOI. The
silicon dioxide remaining after annealing on the SOI surface contributes to
disruption of continuity of the Si buffer grown on SOI at 800 °C. A decrease in
the growth temperature of the Si buffer from 800 °C to 600 °C resulted in the
formation of a continuous Si buffer. Relaxation of elastic stresses in the process
of epitaxial growth of Ge layer on Si occurred with the formation of mainly such
defects as dislocations.

In this paper we have selected such temperatures of annealing of SOI and
growth of Si buffer, at which the SiO2 layer hidden in SOI is preserved and
Ge/Si buffer layers with uniform thickness are formed, nevertheless. Further
research is required in order to reduce the number of dislocations originating at
the Ge/Si heterogeneous boundary.

The work was supported financially by the Russian Science Foundation
(Project No. 18-72-10061).
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SPECTRAL AND LUMINESCENT CHARACTERISTICS
OF Lal-xReXGao,5Sb1,506, Bil-XReXGeo_5Sb1,506 (Re = Pr, EU, Dy, Tb)
NANOPOWDERS OF SOLID SOLUTIONS

A.V. Egorysheva?l, O.M. Gajtko!, S.V. Golodukhina?, S.A. Khrushchalina?,
P.A. Ryabochkina?, A.D. Taratynova?, I.A. Yurlov?
IKurnakov Institute of General and Inorganic Chemistry of RAS, Moscow, Russia
2National Research Ogarev Mordovia State University, Saransk, Russia
E-mail: anabel-2005@yandex.ru

This paper presents the results of a study of the spectral and luminescent
properties of La;xRexGapsSh;s0s and BiixRexGepsShis06 (X = 0.05-0.5) solid
solutions with the rosiaite structure doped with Pr3*, Eu3*, Dy**, Tb*" ions.
Compounds of this type are poorly studied and are characterized by relatively
large distances between RE ions, which are caused by the features of their
layered structure [1]. This fact will contribute to a decrease in concentration
quenching and affect the quantum yield of RE ions luminescence, which makes
the selected materials promising for the development of LED:s.

To excite the luminescence of Pr*, Eu®*, Dy**, Tb®" ions, we used laser
radiation with wavelengths A = 457 or 351 nm, which corresponds to the
absorption bands of these ions. Comparison of the obtained luminescence
spectra revealed a number of differences for the lanthanum and bismuth series,
and the most striking differences were observed in the spectra of Pr¥* and Eu®*
ions
(Fig. 1). For LaixPr«GagsSh; 506 and Bii«PriGegsSh; 506 solid solutions they are
due to the efficiency of the cross-relaxation processes (*D,—'Gs) —(CHs—3Fy)
and (*Po—3Hs) —(PHs—!D;) and are related with different phonon frequencies.
Differences in the luminescence spectra of the LaixEuxGagsSbis0¢ and Bi;-
«EUxGeosSh; 506 series are caused by a change in the symmetry of the local
environment of rare-earth ions and indicate that the Eu** ion in bismuth
compounds is in a position with higher symmetry than in lanthanum.
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Fig. 1. Luminescence spectra a) Lao.aPro.1GaosSb150s and Bio.oPro.1Geo.sSh1506
(Aexc. = 457 nm), b) Lao.ssEuU0.15Ga0.5Sb1.506 and Bio.ssEug 15Geo5Sb1506(Aexc. = 351 nm).

This research was supported by the Russian Foundation for Basic
Research (Grant No. 18-29-12009).
1. A.V. Egorysheva et al., Ceram. Int. 42, 13976 (2016).


mailto:anabel-2005@yandex.ru

SPECTRAL-LUMINESCENT PROPERTIES OF ZrO,-Er,03
NANOPARTICLES

A.V. Egorysheva?, S.A. Khrushchalina?, P.A. Ryabochkina?, V.O. Veselova?,
lLA. Yurlov?
IKurnakov Institute of General and Inorganic Chemistry of RAS, Moscow, Russia
2National Research Ogarev Mordovia State University, Saransk, Russia
E-mail: ivanuyrlov@mail.ru

In dielectric nanoparticles doped with rare-earth ions (RE) a broadband
«whitey» radiation appears along with luminescence [1-5] under laser excitation
with a high power density into the absorption bands of these ions.

To date, the authors of various works have no consensus on the nature of
this radiation. In the opinion of a number of authors, the broadband «white
radiation mentioned above is thermal.

In [3, 4], we also observed broadband «white» radiation from YPO,YDb
nanoparticles with a concentration of Yb ions above 20 at.% excited by radiation
With dexc. = 970 nm, confirmed its thermal nature and proposed a mechanism for
its occurrence.

In [5], we studied the features of the appearance and regularities of
broadband «white» radiation in YVO4: Er nanoparticles upon excitation by laser
radiation with Aexc. = 1532 nm.

In the present work, dielectric nanoparticles of ZrO,-Er,03; and YVO,-
ErvVO, solid solutions with different average sizes were synthesized by the
coprecipitation method. The regularities of the occurrence of upconversion
luminescence and broadband «white» radiation in these compositions upon
excitation by radiation with Aexc, = 1532 nm were studied.

The work was supported by the RFBR grant No. 19-32-90135.

S.M. Redmond, S.C. Rand, S.L. Oliveira, Appl. Phys. Lett. 85, 5517 (2004).
W. Strek et al., Opt. Express 19, 14083(2011).

S.A. Khrushchalina et al., JETP Lett. 103 (5), 302 (2016).

P.A. Ryabochkina et al., JETP Lett. 103 (12), 743 (2016).

S.A. Khrushchalina et al., J. of Lum. 205, 560 (2019).
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MODELING OF MAGNETIC TARGETING OF DRUG CARRIERS
IN THE BLOOD CIRCULATORY SYSTEM

M.V. Gerasimov, M.A. Pyataev, N.A. Pyataev, D.S. Sokushev, D.E. Yakobson,
M.N. Zharkov
National Research Ogarev Mordovia State University, Saransk, Russia
E-mail: ykbsn@mail.ru

The methods of targeted drug delivery based on the concentration of
magnetic particles in a given location using a constant magnetic field are
actively developing currently. An understanding of the mechanism of particle
precipitation in capillaries is necessary for the correct choice of the parameters
of magnetic carriers, such as particle size, magnetic material content, magnetic
field gradient, etc. There are many papers [1-3] devoted to the study of
magnetic particle movement and based on the analysis of forces acting on them.
We have generalized this approach taking the diffusion process into account and
obtained a partial differential equation for calculation of the concentration of
magnetic microcapsules in the capillary. Based on our theory, we have also
determined the parameters of carriers necessary for their magnetic precipitation.

The results of the theoretical calculation were compared with an in vitro
experiment performed on a model of a blood vessel. A polyethylene tube with
an inner diameter of 1 mm and a length of 10 cm was used as a model of the
capillary. The capillary was located next to a boron-neodymium permanent
magnet of a cylindrical shape with a maximum induction of 0.47 T at its base. A
suspension of polymer submicron capsules containing iron oxide Fes;O4
nanoparticles was used for an in vitro experiment. Capsules were synthesized by
the «Layer by layer» method on spherical CaCOj3 nuclei, which were coated
with polymer shells alternating with layers of magnetite nanoparticles. The
suspension of the capsules was pumped through the capillary using an infusion
pump allowing precise control of the flow rate. After pumping of the whole
liquid volume, the flow was stopped; the capillary was frozen and then cut in
pieces of 5 mm length. The iron content in each piece was determined by the
photocolorimetric method. The results of experimental measurements for the
spatial distribution of precipitated capsules in the magnetic field are in
agreement with the theoretical predictions.

The work has been supported by the RFBR (grant Ne 18-415-130007).

1. A.E. David et al., J. Controll. Release 152, 67 (2011).
2. S. Sharma et al., J. Magn. Magn. Mater. 379, 102 (2015).
3. L. Agiotis et al., J. Magn. Magn. Mater. 401, 956 (2016).



COMPARATIVE STUDY OF PHYSICAL-CHEMICAL AND BIOLOGICAL
PROPERTIES OF MAGNETITE NANOPARTICLES COATED WITH OLEIC
ACID AND AMINOSILANE FOR MAGNETIC HYPERTHERMIA
AND MRI-VISUALISATION

E.l. Egorova, E.V. Gromova, N.A. Pyataev, V.I. Shlyapkina, D.E. Yakobson,
M.N. Zharkov
National Research Ogarev Mordovia State University, Saransk, Russia
E-mail: katha98@mail.ru

Nowadays such diagnostic and treatment methods as magnetic resonance
imaging and magnetic hyperthermia are actively developed. Both of these
methods realize via the administration into the patient’s body of magnetic
micro- or nanoparticles as contrast agents or heat generators [1]. Many studies
focused on iron oxide particles [2], since they are biocompatible and have the
necessary magnetic properties.

In this work we performed a comparative study of some biological and
physicochemical properties of magnetite nanoparticles coated with oleic acid /
sodium oleate (NPs Fe3O,—OA) and aminosilane (NPs Fe;0,—SiO,-NHy). The
nanoparticles were obtained by coprecipitation then got the hydrothermal and
ultrasonic treatment and stabilized with an appropriate substance. The
transmission electron microscopy demonstrated that the FesO,—>OA particles
are characterized by a smaller size (8 + 3 nm) and a lower degree of
agglomeration compared to the Fe3O,—SiO,-NH; particles (72 £ 17 nm). The
study of magnetic properties showed that all particles are superparamagnetic;
however, an aminosilane coating partly reduces the saturation magnetization of
NPs Fe3;O4. The specific absorption rate (SAR) of the energy of an alternating
magnetic field (Ho = 100 Oe, f = 100 kHz) was 11.23 W/g Fe and 10 W/g Fe for
NPs Fe;0,—0A and NPs Fe3O;—SiO,-NH,, respectively. NPs Fe;O,—~>0A
have higher stability and retain their physicochemical properties for more than
one year, whereas NPs Fe3O0,—Si0,-NH, for several months. The results of in
vivo studies allow us to classify NPs Fe;0,@SiO,-NH; (LDsy = 544.6 mg/Kkg)
and NPs Fe;0,—>0A (LDsy = 652.3 mg/kg) as low-toxic substances with
intraperitoneal and almost non-toxic with intramuscular administration.

The work has been supported by the RFBR (grant Ne 19-29-10013).

1. Kheireddine EI-Boubbou, Nanomedicine. Rev. 223, (2018).
2. A.M. Tishin et al., R. Patents on Anti-Cancer Drug Disc. Rev. 11, (2016).
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CYTOTOXIC EFFECT OF MAGNETIC HYPERTHERMIA
ON L-929 CELLS WITH POLYMERIC MICROCAPSULES CONTAINING
MAGNETITE NANOPARTICLES

E.P. Brodovskaya?, E.V. Gromova?, N.A. Pyataev!, G.B. Sukhorukov?,
AM. Tishin® M.N. Zharkov*

!National Research Ogarev Mordovia State University, Saransk, Russia
2Queen Mary University of London, London, United Kingdom
3LLomonosov Moscow State University, Moscow, Russia
E-mail: mikhail.zharkov.92@mail.ru

Currently, the magnetic nanoparticles based on iron oxide are actively
used for the treatment of certain types of tumors by magnetic hyperthermia [1],
since this particles have the necessary physicochemical and biological
characteristics. It is necessary to use the minimum possible amount of magnetic
particles to rich of required therapeutic temperature (43—45 °C) in order to avoid
unwanted toxic effects [2].

We offered in present work the polyelectrolyte microcapsules containing
magnetite nanoparticles for local magnetic therapy. The capsules were obtained
by the «Layer by layer» method by alternate coating of polyelectrolytes
(polyarginine, dextran sulfate) and Fe;O, nanoparticles on CaCOs spherical
cores. To investigate the suitability of magnetic capsules for hyperthermia we
estimated their cytotoxic effect on L-929 mouse fibroblast cell culture after
treatment with alternating magnetic field. Cells were incubated for 24-hour with
obtained microcapsules (at concentration of 5 and 10 capsules per cell). After
treatment, the cells were washed from non-internalized capsules and exposed to
an alternating magnetic field with strength amplitude of 200 Oe and a frequency
of 100 kHz. Exposure times were 0.5, 1, 2, 5, 10 and 15 minutes. The similar
experiment was performed on cells with colloidal particles of Fe;O, with
concentrations corresponding to the magnetite content in the experiment with
capsules. The cell viability was assessed using an MTT-test the 24 hours after
magnetic field treatment.

The results of the study showed that exposure with alternating magnetic
field suppress viability cell treated with microcapsules up to 76% and 30% for
concentrations of 5 and 10 capsules per cell, respectively. The maximum of
cytotoxicity effect was reached to 5 minutes of exposure and after that we do not
found the decrease in the cell viability. Treatment with the colloidal particles of
FesO, and the magnetic field in the control experiment did not affect cell
viability at all exposure time.

The work has been supported by the RFBR (grant Ne 19-29-10013).

1. Keon Mahmoudi et al., In. J. of Hyperthermia. Rev. 34, (2018).
2. Kheireddine EI-Boubbou, Nanomedicine. Rev. 223, (2018).
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NA3EPHbIE MATEPUATNbI U TEXHONOINM

MOIIHBIE KBAHTOBO-KACKA/IHBIE JIA3EPBI
CPEJHEI'O UHO®PAKPACHOI'O JUAITA3OHA

I'.C. Coko0I0BCKH
Quzuxo-mexuuyeckuil uncmumym um. A.@. Hogge PAH, Cankm-Ilemepodype
E-mail: gs@mail.ioffe.ru

KBanToBo-kackanubeie nazepsl (KKJI) ¢ mMomeHTa mepBod myOnuMKanuu
1971 rona, onmuchIBaOIICH TPUHIUITBI X PaboThl [1], © B 0COOGHHOCTH TOCTe
MX NIEPBOM MpakTUUeCcKon peanuzanuu B 1994 rony [2], mpuBieKkatoT OrpoOMHOE
BHUMAaHHE HAy4YHOTO COOOIIECTBA: MO ATOM TEMaTUKE OBLUIO OMyOJIMKOBAHO
Oonee 8.5 ThIC. paboT, Ha KoTOphIe, o maHHBIM WebofScience, caemano okolto
150 TeIC. ccpuok. Co3mannble K Hacrosmemy BpemeHu KKJI uzmydaror B
CpeaHeM MH(PPaKPACHOM U TeparepiioBOM CIEKTpaibHOM Auanazone. OCHOBHOM
XapaKTePUCTUKON, KOTOpasi OTIMYAET UX OT «JIA3€PHBIX JAUOJIOBY, SIBISETCS TO,
yTto KKJI yHMDOJIApHBI, T.€. UCIOIB3YIOT TOJIBKO OJWH THUI HOCHUTEIEH — C
u3jydyeHrueM (poToHa MpH Mepexojie JIEKTPOHA B 30HE MPOBOJUMOCTU C OJTHOTO
YPOBHSI pa3MEPHOro KBaHTOBaHMS Ha Jpyrou. K coxanennto, ctpykrypsl KKIJI
YpE3BbIYAMHO CJIOXKHBI JJIsi MPAKTUYECKON pean3aiii, 4To OOBSCHAETCS Kak
KOJMYECTBOM CJIO€B, Ha JiBa TOpsjKa OOJIBIIUM, YE€M B «OOBIYHOM)
MOJIYTPOBOJHUKOBOM ~ Jlazepe, TaK W  HEOOXOJUMOCTBHIO  MOJACpKaHUS
OJIHOPOJHOCTH CJIOEB (T.€. MACHTUYHOCTHM KBAHTOBBIX KAaCKaJOB) B TEUEHUE
JUTUTEIIBHOTO AMUTaKCUANbHOTO pocTa. OOBIACHSIEMOE STUM 3HAYUTEIHHOE
OTCTaBaHWE OTEYECTBEHHBIX Y4YeHbIX B co3manuu KKJI ynanocs 3aMeTHO
COKpaTUTh B T€UYEHHE MocieaHux jeT. [loMumo 0630pa cocTosiHUs pa3pabOTKu
U HCCICIOBAaHMN  MOIIHBIX  KBAaHTOBO-KACKAJHBIX  JIA3€pOB  CPEIHErO
MH(paKpacHOro Juana3oHa WHOCTPAHHBIMU HCCIEIOBATENIMH, B JIOKJIAJE
oOcyxnaroTcsi pesyiabTarel  uccienoBanus KKJI, Bce TexHoJIOrH4eckue
omepaluu IO CO3JaHUI0 KOTOPBHIX BBHIMOJHEHBI B Hamiedt ctpane. Cpenu
MOJYYEHHBIX PE3YJIbTATOB CJIEAYEeT OTMETUTh JEMOHCTPALUIO BBIXOJIHOM
MOIITHOCTHU Jla3epHOM reHepanuu Oosiee 10 Bt Ha anuue BomHbI B 06nactu 4.6
MKM [3], a TaKKe PEKOPAHYIO, MPEBbIIIANIYI0 13 BT MOITHOCTh, TOCTUTHYTYIO
B KKJI cnekrpansHoro nmuanazona 8 wmkm [4]. Ilomumo »atoro, Oymer
o0CYy)XaThbCcsl JIEMOHCTpAIMsl JIA3€pHOM TeHepalud TMpU  TOBBIIICHHBIX
TeMIrepaTrypax (o
+65°C) [5], a Takke JOCTHXKEHHE OJHOYACTOTHOM IeHepalluy ¢ IOJaBJICHUEM
ooxoBbIx Moj 6osiee 25 1b B KKJI ¢ U-06pa3ubiM pe3onatopom [6].

ABTOp OnarogapuT MuUHOOpHAYKM 3a MOMJACPKKY HCCIEA0BaHUN
(yHukanbHbiii uaentugukarop npoekra: RFMEFI60719X0318)

1. P. ®. Kazapunos, P.A. Cypuc, ®TII 5, 797 (1971).
2. J. Faist et al., Science 264, 553(1994).
3. B.B. dioxaenes u ap., KBantopas anekrponuka 50, (2020).
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TBEPJOTEJIbHBIE ®EMTOCEKYH/IHbBIE JIASEPBI C JIMOJTHOM
HAKAYKOUN 1 NUX ITPUMEHEHW A

C.I1. Hukutun
000 «DemmoBuoicny, Mockea
I'pynna komnanuii « Poccutickoeo Keanmoegoeo Llenmpay, Mockea
E-mail:s.nikitin@rgc.ru

CoBpeMEeHHYI0 HayKy ¥ TEXHHKY HEBO3MOXXHO IMPEACTaBUThH O€3 J1a3epoB
CBEPXKOpPOTKUX JazepHbix umnyibcoB (CKU) [1], mom kOTOpbIMU OOBIYHO
NOHUMAIOT HMITYJIbChl C JJIMTEIIBHOCTBIO MEHEE HECKOJIBKUX MHKOCEKYH].
Kopotkas mmmrensHocTs CKUM 1o3BOMSET HMCHONB30BaTh HMX JUISI M3YyYEHHUS
OBICTPONPOTEKAIOIINX IPOLIECCOB, @ BBICOKASI MUKOBAas MHTEHCUBHOCTb — JJIS
HEJIMHEHHO-ONTUYECKON  CIIEKTPOCKOIIMU, TEHEpaluu  3JIEKTPOMAarHUTHBIX
UMITYJIbCOB OT TEPareploBOro 1O PEHTTEHOBCKOrO Auana3oHa U pEelIeHUs
TEXHUYECKUX 3aJad CBS3aHHBIX € MeTposiorne u pamuodotonuxoir. CKU
IIUPOKO TPUMEHSIOTCSI B COBPEMEHHOW OQTaIbMOJIOTHM, a TakXke JUIs
HAHOCTPYKTYPUPOBAHUSI M1 MUKPOOOPAOOTKH CaMbIX PA3JIMYHBIX MATEPHAIOB U
cpen.

[Ipumenenus  (PEeMTOCEKYHAHBIX J1a3epoB B  MHUKPOXUPYPIHH U
MUKpOOOpaOOTKE OCHOBaHbI Ha TOM, YTO YXE€ IMPU DHEPIHUsIX TMOpsIKa
HECKOJbKHUX coTeH HaHokoyielt CKU, chokycupoBaHHbIe B MSATHO pazMepoM
HECKOJIbKO MHKPOMETPOB, NPHUBOJIAT K HOHM3alUKM Marepuaia oOpaslua B
pexxruMe MHOro()OTOHHOTO TMOTIJIOIMIEHHUsT H3Iy4yeHus BemecTBoM. [Iporecc
MOHU3alMU U (POPMUPOBAHUS JIA3MbI B JIA3EPHOM ISATHE MPU 3TOM IMPOUCXOJUT
ObICTpee, YeM MEepeHOC Tella B OKpYyKaromuil o0beM. OTCyTCTBHE HarpeBa
Matepuajiia oOpas3lia BHE Jia3epHOro TMsATHa Tmpu ucnoiab3oBanuu CKU
obecrieunBaeT CyOMUKPOHHYIO TOYHOCTh TakoW Ja3epHOM 0OpabOTKH.
HNutepecHo, uyto mno 3To ke mnpuunHe mnpuMenenne CKUW mno3Bomsier
OCYILECTBIATh JIA3€PHYI0O MHUKPOOOPaOOTKY JIETKOBOCIUIAMEHSIOLIUXCA U
B3pbIBUATHIX BemiecTB. MHorodotoHHsI pexum noriomenus CKU npuBoaut
TOMY, YTO ONTHYECKHUN CHEKTp TMOIJIONICHUs o00pa3ia CTaHOBUTCS HE
CYIIECTBEHHBIM. JTO mO03BoJsieT 3¢dekTuBHO ucnonbzoBate CKU  mnsa
MOBEPXHOCTHOW OOPaOOTKHM TAaKMX PA3HBIX MO CBOMM ONTHYECKUM CBOMCTBAM
MaTepUaioB KaK MPO3pAuyHbIe AMDJIEKTPUKH, CTEKJA, MOJYIMPOBOIHUKH,
IJIaCTMAacChl, KEpaMHUKH M MeTaibl. J{OMOJHUTENBHBIM MPEUMYIIECTBOM
MHOTO(OTOHHOTO TOTJIOIIEHUS SIBJISIETCS €ro HEJMHEWHas 3aBUCUMOCTh OT
WHTEHCHUBHOCTH, YTO IIO3BOJISIET JOCTHYbL INIA3MEHHOM a0ianuu U3 o0J1acTH
MEHBIIIEH, UeM TU(PPAKIIMOHHBIA pa3Mep JIa3epHOTO TSATHA.

B mpo3paunsix cpenax Bo3moxkHa (okycupoBka CKU B 06beM oOpasiia.
@okycupys CKUM B o00beM mnpo3payHOil cpeabl MOXKHO MPELU3UOHHO
dbopMHpOBAaTh TPEXMEPHBIE ONTUYECKHE CTPYKTYpPhl: OOBEMHBIC PEIICTKH
bparra ¢ npou3BOIBHBIMU MTPOCTPAHCTBEHHBIMH XaPAKTEPUCTUKAMHU, DJIEMEHTHI
ONTUYECKUX CEHCOPOB M YCTPOWCTBA MHTErpalibHOM onThKUA. Kpome Toro,
TaKUM CIIOCOOOM ObLTa MPOJAEMOHCTPUPOBAHA BO3MOXKHOCTH CBEPXIIOTHOMN
00BEMHON ONTUYECKOM 3amucu uGpoBoi HH(GOPMAIIUU B CTEKIIE.



Hpyrum BaxHbIM mHpuMeHeHueM ja3zepoB CKU daBisiercst renepanus
«YaCTOTHBIX TPEOEHOK», TMO3BOJIAIONIMX a0CONIOTHYIO MPUBSI3KY YacTOThl U
UCIIOJIb3YEMBIX B COBPEMEHHOM MeTposioruu [2]. 3a paOoThl B 3TOM 001acTu
T. Xenm 6s11 yaoctoeH B 2005 rony HoGeneBckoit mpemuu 1o Gusuke.

N3ob6perenne MeToa yCUICHUS YMPIUPOBAHBIX UMITYJIBCOB [3] XK. Mypy
u JI. Ctupkienn, craBmumu Jjaypeatamu HoOeneBckoil npemuu 1mo (Qusuke
2018 r., OTKpPBUIO BO3MOXXHOCTh H3Yy4YeHUs (PHU3UKH B3aMMOJCHUCTBUS
AIIEKTPOMArHUTHOTO U3IYyYEHUS C BEHIECTBOM TMPHU «ACTPOPUIUUECKUX)
IJIOTHOCTSIX SHEPrUHU, HE JOCTHKUMBIMU Ha CETOJHSIIHEH JIeHb HUKAKUMHU
JIPYTUM TEXHUYECKUMHU CPEJICTBAMU.

OcHoBHBIM Ha ceroaHst cmnocooom reHeparuu CKU  sBisiercs
UCTIOJIb30BaHKE pekuMa CHHXpoHm3anuu Mo (CM), uzoOperennoro eme B 1960-x
rojax Ha 3ape JiazepHout snoxu [4, 5]. C Tex nop ja3epHble TEXHOJIOTUH YIIUIA
JajeKko BHOepen Mo mnyTu ymeHblieHus mnurenbHocth CKU, ymeHblieHus
pa3MepoB, MOBBIMICHUS HaAeKHOCTH W yiyumieHus KIIJ[ renepupyrommx wux
na3zepoB. MHOrna MOKHO BCTpeTuTh cienyromee aenenue Jyazepos CKM nHa
YETHIPE MOKOJICHHS], OTPAXKAIOIIEE UCTOPUUECKUE ATAIIbl PA3BUTHUS TEXHOJIOTHUHU.

1. TsepmoTenbHbIE Jla3epbl C JAMIIOBOM HAKaukoW (C aKTUBHOW WIIU C
naccuBHoit CM).
2. Jlazepsl Ha KpacUTENIAX C Ja3epHON Hakaykod (OOBIYHO C MACCHUBHOM

CM);

3. Jlazepsl Ha BUOPOHHBIX KPUCTAJIAX C Ja3epPHON HAKAYKOW M KEPPOBCKOM

CM.

4. Jlazepsl ¢ mpsAMOI TUOJHOM HaKa4YKOU (BOJIOKOHHBIE).

bospirast 4acTe COBpEMEHHBIX MPAKTUYECKUX 3a/1a4 PEIIAeTCs Ja3epaMu
TPETHETO U YETBEPTOI'O MOKOJICHHM.

DeMTOCEKYHIHBIE JIa3€Phl C MPSAMOU TUOJIHOW HAKAYKOM, OTHOCSIIMECS K
YeTBEpTOMY IIOKOJIEHMIO, B  HacTosliee BpeMms HauOoyiee  IIUPOKO
pacrpoCTpaHEHbl B MEAMIIMHE U MPOMBIIUICHHOCTH, MOCKOJIBKY TaKue Jia3ephl
XapaKTEepU3YIOTCSl  HAJEKHOCTBIO, KOMIIAKTHOCTBIO W BbICOKMUM  KII/I,
JOCTUTHYTBIM  Ojarofaps TNPUMEHEHHUIO JUOAHOW  Hakauku. OmHaKo
nnutenbHocTh CKM Ha BbIXOJE TakuxX Ja3epoB OrpaHHYE€Ha CBOMCTBAMU
ONTUYECKOTO BOJOKHA ¥ OOBIYHO TI0 TOPSAKY BEIMYUHBI COCTaBIISCT
100 pemtocexkynn. Ilo 3Tol mpuurHe Ja3epbl TPETHETO MOKOJIEHHS, K KOTOPbIM
OTHOCATCA B YACTHOCTH XpOM-(OPCTEPUTOBBIE U TUTAH-CAN(PUPOBBIE JTa3epbl HA
KEpPOBCKOM CHHXPOHM3AllMM MOJI, OCTalOTCS HE3aMEHUMbBIMU TaMm, Te
BOCTpeOOBaHbI 00JIe€ KOPOTKHUE TJIUTEIBHOCTH.

PexopaubeiM no anmutenbHocTH noiydaeMbix CKU o cux mop ocrarorcs
TUTaH-can@UpPOBbIE Ja3epbl, aKTUBHON CpEoil B KOTOPBIX SIBISETCS camndup
(Al,O3) ¢ mpumecsro nonos turtana (Ti%"). CriekTphl HCIyCKaHUS U MOTTIOMEHHS
ATOM J1a3epHOI Cpe/ibl MOKa3aHbl Ha puc. 1.
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Puc. 1. Criektp renepanuu u noryiomieHus TuTaH-carngupa.

Kak BHIHO, IMpHUHA CIIEKTpa UCIYCKaHUS MO3BOJISIET JIa3epaM Ha OCHOBE
ATON Cpelapl HE TOJIbKO T'€HEPUPOBATh HMMITYJIbChl JJIMTEIBHOCTBIO MEHEE
10 ¢pemTOCEKYHI, HO M OCYHIECTBIATH nepectpoiiky cnekrpa CKW B nuamazone
HECKOJIbKUX COTE€H HaHOMeTpoB B OnmxHeMm MK nuamazone. Bee aTo aenaer ux
KpallHE TPUBJICKATEIBHBIMA JUII CaMbIX pAa3JW4YHbIX NOpuMeHeHund. K
COXKQJICHUIO, BHE HAy4YHBIX J1abOpaTOpuil UCIIOIb30BaHUE TaKUX Ja3epoB
CAEPKUBACTCS HEOOXOJUMOCTHIO ONTUYECKON HAKAYKHU C IMOMOIIBIO BHEITHETO
nasepa. [Iuk moI0CH mornomenus Hakauky y nonoB Ti%* B canpupe Haxomurcs
BOJIM3HU
500 HM, MOATOMY MJIS ONTUYECKON HAKa4YKW B HACTOsIIee BpeMsi OOBIYHO
UCIIOJB3YIOTCSL TBEPAOTEIbHBIE JIa3€pbl C BHYTPUPE30HATOPHOM TeHepauuen
BTOpOW rapMOHUKHU JIHOO (Ha Ooyiee paHHEM JTarme) erie 0ojiee TPOMO3JIKUE U
MeHee yI00HBIE B OKCIUTyaTallii MOHHBIE apTOHOBBIE JIa3epHhI.

DTy CHUTyallMI0 U3MEHWJIO TMOSBJICHUE MOIIHBIX Ja3€pHBIX JTUOAOB C
JUTMHOM BOJIHBI M3JIyUYCHHS JIeKAllle B CHHE-3€JICHON 00JacTH ONTHYECKOTO
cnektpa [6], 3a pa3paboTky kotopbix McamaAkacaku, Xupocu AmMaHO H
CromsnHakamypa 6bumn yaoctoeHnsl HoGeneBckoit npemun mo ¢usuke B 2014
roay. Mcnonb30BaHue TakuX JIa3epHBIX JAMOJIOB MO3BOJISIET, 0 KpaliHel mepe, B
MIPUHIUATIEPEATU30BATh NMPSIMYIO TUOAHYIO HaKayKy TUTaH-can@upoBOro Jiazepa.
Takoil TBepIOTEILHBIN JiIa3ep Ha BUOPOHHOM KpHUCTAILJIE C MPSAMOU JTUOTHOM
HaKa4yKoM He OyAeT yCTynaTh BOJOKOHHBIM Jia3epaM YE€TBEPTOrO MOKOJICHUS MO
HeprodPGheKTUBHOCTH, a MO HAJIEKHOCTH M KOMITAKTHOCTH OyIET BIIOJHE C
HUMH comocTtaBuM. [lpu d3ToM Takod Jaszep TMO3BOJIM  peanM30BaTh
MPEUMYIIECTBA TUTaH-can(upa Kak IMIHPOKOIMOJIOCHOM JIa3epHON CpEeNbl, UTO
CO37aCT yCJIOBUS JUISI IITUPOKOTO MPUMEHEHUSI THUTaH-Car(UPOBBIX JIA3€POB HE
TOJIBKO B HAYYHBIX JAOOPATOPHUAX, HO U B MEUITMHE U TIPOMBIIIJICHHOCTH.

MexaHn3M NacCUBHOW CHMHXPOHU3AIMU MOJI B TAKUX Jla3epaX OCHOBAH Ha
dbopMHpOBaHUN B aKTMBHOM J3JIEMEHTE Jiazepa HETUHEHHO-ONTUYECKON JIMH3BI
Keppa, o0ycrioBneHHON HEMMHEWHBIM U3MEHEHUEM TTOKA3aTeNsl PETOMIICHHS, 1
BO3HUKalOIIEH Kornaa uepe3 cpeny pacnpoctpansercs CKU ¢ BpIcOKOM MUKOBOI
MHTEHCUBHOCTHIO. [lapaMeTpsl J1a3epHOro pe3oHaTopa Mpu 3TOM MOAOUPAIOTCS



Tak, 4TOObl BO3HUKHOBEHUE KEPPOBCKOM JIMH3BI YMEHBINANO AU(GPAKIIMOHHEIC
MOTEPH, YTO U MPUBOJUT K IMACCUBHOW CHHXPOHMU3ALMM MO B ja3epe. Takou
MexaHu3M 3P GEeKTUBEH TOJBKO MpHU BbICOKON nHTeHcuBHOCTU CKU B akTHBHOM
AJIEMEHTe, JUIsl 4Yero Moja pe3oHaTopa KEeCTKO (DOKycHpyeTcsl B aKTHUBHBIM
AIEMEHT. XapakTEepHbIA pa3Mep MOJbl B AKTUBHOM JJIEMEHTE IpPU 3TOM
COCTAaBJISIET HECKOJIBKO JIECITKOB MUKPOMETPOB. D(PpeKkTrBHAS HAKAUKA B 3TOM
cillydae TakXe BO3MOXXHA TOJBKO MpPU KECTKOH (HOKYCUPOBKE B TISITHO,
COIIOCTABUMOE I10 pa3MepaM C pasMepOM MOJBI.

OObIYHO, 3allyCK PEKUMa CUHXPOHHU3AIMU MOJ B TaKOM Jiazepe TpeOyer
MEXaHUYECKOM BCTPSCKH OJTHOTO M3 3€pKaJl, YTO MEPEBOJUT Ja3ep U3 OOBIYHOIO
HEIPEPBIBHOTO pexuMa B pexxuM renepuuupemrocekynguoro CKU. Onnako,
NepBble TUTaH-can(UpoOBBIE JIA3€pbl C JTUOAHONW HAKAYKOM JUIsl JOCTHKEHUS
CUHXPOHU3ALNH MOJ JOTIOJIHUTEIIBHO TpeboBanu pa3MeneHus
BCIIOMOTaTEIbHOI'O HACKIIIAKOMIET0CS MOTJIOTUTENS B PE30HATOPE, & YBEINUCHHE
MOITHOCTH HAaKauKH 32 CYET MCMOJIb30BAHUSI HECKOIBKUX THUOAOB HE YIy4IlIajo
CUTYallMI0, MTOCKOJIbKY MOJSPU3ALMOHHOE HEKOT€PEHTHOE CJIOKEHHE MYYKOB B
ciyvae TUTaH-candupa HE s dexTuBHO, a r€OMETPUUECKOE
MYJIbTUILIEKCUPOBAHHUE MTyYKOB OT HECKOJIbKUX JHOJIOB €I1le OOJIbIIe YXYIIIaeT
napameTp GOKyCHpyeMOCTH Hakadyku [6—9].

Tem He Menee B pabore [10] keppoBCkas CHHXpOHM3AIMs MO Oblia
JIOCTUTHYTa TPU BBIXOAHOW MoIHOCTH Bcero 30 mMBT m wucnons3oBaHnun
JIBYXCTOPOHHEW HaKauky UOJaMU MOIIMHOCThIO 1.2 BT xaxnawiii, a B [11] Obun
MPOAEMOHCTPUPOBAH ypOBEeHb MomHOCTH 450 MBT mnpu Hakauke ABymsA
auodamMu, winydaromumu 1.5 BT  kaxnapid, 4TO OJHAKO MOTpPeOOBaso
MOBBIIICHUS TOKA HAKAYKH JI0 2.5 A 10 CPaBHEHUIO C HOMUHAJIbHBIM 3HAYCHUEM
1.5 A.

JIoCTUTHYTasi B HACTOSIIEE BPEMS MOLIHOCTb CHUHE-3E€JIE€HBIX J1a3€pPHBIX
JTMOJIOB MPUOIM3WIACH K YPOBHIO 3 BT, 4TO TO3BOMISET MOMYyYUTh CTAOWIIBHBIM
pEXKUM CHUHXPOHM3allMM MOJI Ha KEPPOBCKONW HEJIMHEHHOCTH B THUTaH-
candupoBbIx Jazepax [12, 13], Tem He MeHee mTpobiieMa YBETHMYCHHUS MOIITHOCTH
JAOJHOW HAKAYKA OCTAETCAd AaKTyaJlbHOM Ui JaJbHEMIIEro YJIyYIIEHUS
apaMeTpoOB TaKUX JIa3€POB.

Jlnst pemieHuss 3ToW MpoOJSeMbl HaMu pa3pabOTaH METOJ CBEICHUS
JA3€pHBIX IIYYKOB HAa OCHOBE CIIEKTPaJIbHO-CEJIEKTUBHOTO W3MEHEHMS
MOJIIPU3ALIAU [14]. Jns  3TOll uenuM  HUCHOdB3YIOTCA  HAOOpHI
JBYJIYYEIPEIOMIISIIONIMX [JACTUHBI € HU3KUMU mnotepsamu. llomspuzanms
W3JIy4YEHUs Ha BBIXOJE TAKOIO MYJBTHUILUIEKCOPA OCTAE€TCA MPAKTUYECKU
JIMHEMHON, a moTepu 3Heprur He npeBblaroT 10%. BaxHbIM 1OCTOMHCTBOM
NPEJIOKEHHOW ONTHYECKOM CXEMbl SIBJISETCS COXpPAHEHUE SIPKOCTH ITYyYKOB
OTIIETBHBIX AMOJIOB. Bhicokas sHepreTndeckas 3()PEeKTUBHOCTh TAKOTO MOYJIS
cBsizana ¢ teM, uyto KIIJ[ ucnonme3yembix B HeM auonoB mpesbiinaer 20%.
Bricokue SIpKOCTHBIE U MOIIHOCTHBIE MapaMeTPhbl TAKUX YCTPOMCTB JIENAI0T UX
MPUBJICKATEILHBIMU U JIJISI CO3JJaHUSI CUCTEM HAKAaYKH JIPYTUX JIa3€PHBIX CPe C
HIMPOKUM CHEeKTpoMm mornomeHusi. Ha puc. 2 mnpuegena dotorpadus
YCTPOWMCTBA TMOJHON HAKAaYKH, UCIIOJIB3YIOIIETO JaHHBIM MEeTOA. Takue momynu



B 3aBHCHMOCTH OT KOHQUTYpallid TUINA W YHCJIA HCIOJIb3YEeMbIX B HHUX
JIA3ePHBIX JUOJOB MOTYT 00ECIIEUYNBATh BBIXOJIHYIO MOIIIHOCTh, ITPEBHIIAIOIIYIO
10 Barr ¢ mmHoM BoiHbl B auama3zoHe 440470 um. Taxke BO3MOXKHO
HCIOJIb30BaHUE JIA3€PHBIX AUOJA0B U3JIYUYAIOIIMX B IPYTUX AUANa30Hax.

Puc. 2. Moaynb 1noaHOM HaKa4YKH, COCTOSIIUN U3 TPEX TUOAHBIX JIA3EPOB.

DKcnepuMeHTaIbHAS IEMOHCTpalvs CTA0UILHON CHHXPOHU3AIMHA MOJI B
TUTaH-can(UpPOBOM JIazepe C HCIOJIb30BAHUEM pa3pabOTaAHHOW CXEMBbI
MPOJIOJIBHON MYJIBTUIMOJHOM HAaKa4Ku Obla YCIEUTHO MPOBEJEHA C TTOMOIIBIO
komiutekTa «TiF-Kit-20», mnpomssomumoro OOO «Asecta-IIpoext» [15].
OnTuyeckas cxema 3TOTO KOMIUIEKTa Oblila HE3HAYMTENIbHO MOIu(UIIMpOBaHa
JUISL peanu3aliuy JBYXCTOPOHHEW HAaKaukd M KOMIIEHCAlluM acTUrMaTu3Mma
JUOJHOM HaKayKd C TMOMOINIBI0 IUJIWHIPUYECKUX TeyecKomnoB. [lomyyeHHbie
HaMU MPU CUHXPOHM3ALMU MOJI B TAKOM Jlazepe 3HaueHus jiurenbHoctedl CKU
(~30 ¢c) mpu KMCMOABL30BaHUU TUOJHON HAKAYKHU MPAKTUUECKU HE OTINYAIUCH
OT 3HAYEHUW NpPH HAKAYKEe HEOJAUMOBBIM JIa3€POM C BHYTPUPE30HATOPHOM
reHepamuend BTOpOM rapMOHUKH. [Ipr MOIIHOCTH JUOJHOW HAKayKHW TMOPSIKa
7 BT cpenHss BBIXOJHAs MOIIHOCTh (DeMTOCEKYHIHOTO Jia3epa HaXOIWJIach B
npeaenax 100-300 mBT (B 3aBUCMMOCTH OT FOCTUPOBKH).

JIns onTHMU3AIMU ONTHYECKON CXEeMbl HAaKayKd HaMH ObLIa CO3/1aHa
yucnaeHHas Mojenb Jazepa CKU ¢ mpoioabHON HaKayKoM, ¢ TOMOIIBIO KOTOPOi
OblJla paccyMTaHa 3aBUCHMOCTh pa3Mepa MObI JIA3€PHOTO pEe30HATOopa OT
mmutenbHoctd CKU. Ha ocHoBe »Toit Momenu Oblia TPOBEIEHA OIEHKA
BIUSHUS d(PPEKTOB acTUTMaTH3Ma U PACXOAUMOCTH MPOJAOTHLHON HAKaYKH Ha €€
HSHEPreTUYECKYIO 3¢ (HEKTUBHOCTD. IToka3zaHno, 4TO YMEHBIIICHUE
HEpreTnyeckord 3(PQPEeKTUBHOCTH AMOJHON HAaKaukd HE MNPUBOAMT K
MOAABJIEHUIO KEPPOBCKOT0 MEXaHMU3Ma ACCUBHON CUHXPOHU3ALUNA MO/,

B 3aknroyeHue B JAaHHOM JOKJIAJE M3JI0XKEHBI PE3yJbTaThbl pa3padOTKu
TUTaH-caniUpPOBOrO  Jiazepa C  MOIIHOM  MYJBTHUAMOJAHOM  HAKa4yKOM.
OKCINEpUMEHTAIBHO TIIOKa3aHO, YTO TMOBBIIIEHHAs pPAacXOJWMOCTh IIy4Ka
JMOTHOM HAaKayKd HE TMPEMsATCTBYET CTAOUJIBHOMY PEXKUMY KEPPOBCKOM



CUHXPOHM3allMM MOJ B Takux Jazepax. lIpemsioxkeHa 4yuciaeHHas MOJEIb,
HAXOJIAIIAsACA B COTJIACUU C DKCIEPUMEHTAIbHBIMU pe3yJbTaTaMU U MPUTOIHAS
JUISL ONITUMHU3AIMU DHEPreTHYeckor A(PPEeKTUBHOCTH TPOJOJIBHON JAHOTHOM
Hakauku. [lonydyeHHble pe3ysbTaThl JAEMOHCTPUPYET BO3MOXKHOCTb CO3JIaHMS
KOMITAaKTHBIX U 9HEProd(EeKTUBHBIX TBEPAOTEIbHBIX (PEMTOCEKYHIHBIX
Ja3epoB HOBOTO MoKoyieHUs. OOCYKIeHbI IPUMEHEHHUS TaKUX JIa3epOB B HaYKe,
MPOMBIIIVIEHHOCTH U MEJIUIINHE.
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TBEPJIOTEJIbHBIE BKP JIA3EPHI B BUIUMOM CIIEKTPAJIBHOM
JUAITA3OHE. ITPOBJIEMbI U ITIEPCIIEKTHBbI

ILT". 3BepeB
Hncmumym obweti gouzuxu um. A.M. I[Ipoxoposa PAH, Mockea

E-mail; zverev@Ist.qgpi.ru

HenpepbiBHbIE, HMMMYJIbCHBIE W KBa3UHENPEPBIBHBIC TBEPAOTEIbHBIC
Ja3epel, paboTaIIUe B BUAMNMOM CIEKTPAIbHOM JUana3oHe, MpPE/ICTaBISIOT
OOMBIION HMHTEpeC i MPAKTUYECKOTO HCIOJIh30BAaHUS B HAayKe, TEXHHKE,
MEIUIIMHE, TaK KaK OHU MOTYT OBITh KOMMAKTHBIMH, 3((EKTUBHBEIMU U
HAJCKHBIMU. B 3aBHCUMOCTHM OT TNPWIOKEHHH JUama3oH TpeOyeMbIX
MOIIIHOCTEH TaKHX Ja3epHBIX CHCTEM IPOCTUPAETCA OT JACCATKOB BaTT [0
HECKOJIbKMX MWJUIMBATT. B wacTHOCTH, [N CO3AaHMS HMCKYCCTBEHHOM
HATPUEBOM 3BE3bl IS pPEIICHHs 3a/1ad aJanTHUBHONW aCTPOHOMHH TpeOyeTcs
Y3KOIOJOCHBI MCTOYHUK H3JIy4YeHUs Ha JUIMHE BOJHBI 589 HM co cpemHeit
momHocThi0  10-20 Br. Jlnga  yiaydmieHws 1BETONepenadyd  Jia3epHbIX
MIPOCKITMOHHBIX JUCIUIEEB OOJIBIIOTO pa3Mepa Mpejjiaraercs yBEJIMYUTh YHUCIIO
OoCHOBHBIX 11BeTOB ¢ Tpex (RGB cucrema) no mstu-cemu, st 4ero TpeOyroTcs
TBEPJOTEIbHBIE Ja3epbl MOITHOCTHIO 10 10 BT, paboTatoiue Ha onpeaeieHHbIX
JUTMHAX BOJIH OT CHHETO JI0 KPacHOTO.

Bunumbie TBepIOTENbHBIE Ja3epbl C BBIXOJAHOW MOIIHOCTBIO OT
HECKOJIbKMX MUJUTUBATT /10 HECKOJBKUX BATT HCHOJB3YIOTCS B OMOMEIHUIIMHE,
BKIItOUasi (PIIyOPECHEHTHYIO BU3YAIM3AIHI0 U KOH(POKAIBHYI0 MHKPOCKOIHIO,
opranbmonoruto, ananmu3 JIHK. WHTepecHble mNpuMEHEHHsI CBA3aHBI C
JIepMaToJIOTHEH, TaK Kak, BbIOWpas ja3ep C ONpPEeICHHON IMHON BOJHBI
U3ITy4YEHUS, MOKHO CENIEKTHBHO BO37CHCTBOBATh HAa TOT WJIM WHOW KOMITOHEHT
KOXH. B "9acTHOCTH, KenTo-3eeH0e Ja3epHOe M3IYYCHHE MOXKET CENEKTHBHO
BO3/ICIICTBOBATh HA JI€30KCUTE€MOIJIOOMH, TOCKOJbKY €ro IOIJIONICHUE B
obnmactu 560 HM BbIIIE, ¥, TAKUM O0pa3oM, JICYUTh aHOMAJHLHOE PACIIMPEHUE
COCy/10B 0€3 MOBPEXK/ICHUSI BEPXHUX CIIOEB KOXKHU.

B BUAMMOM CHEKTpaIbHOM JUana3oHe JAOCTYMHO OOJbIIOE KOJIUYECTBO
CTaHJAPTHBIX KOMMEPUYECKUX TBEPOTEIbHBIX JIA3€POB, UCTIOIB3YIOIIUX BTOPYIO
U TPEThIO TAPMOHUKH HEOJMMOBBIX JIa3€pOB, pabOTAIONIMX Ha JIJIMHAX BOJH B
obomactu 0.94 um, 1.04 + 1.12 um, 1.3 + 1.35 um, reHeparuio ux CyMMapHBIX
qacTOT. Bbicokas d>(QQPEeKTUBHOCTP M  KOMIAKTHOCTh TaKUX JIa3epOB
00ecrieunBaeTCs HCIONh30BAHHEM COBPEMEHHBIX AHOIHBIX CHUCTEM HAaKaYKH.
CyIecTByIOT — an-KOHBEPCHOHHBIC JIa3ephbl, paloTalomue Ha BEPXHUX
SHEPreTHYECKMX YPOBHSAX B peaKo3eMelbHbIX MoHax Pré*, Er¥*, Tm®*". Onxmako
HA0Op JIJTMH BOJTH, MOTYYaeMbIX B TBEPOTEIBHBIX JIa3epax ¢ PEAKO3EMEIbHBIMU
WOHAMHU U TIPe0Opa30BaHNUEM YaCTOTHI, OTPAHUYCH.

['enepanusi CTOKCOBBIX KOMIIOHEHT TPU BBIHYKICHHOM KOMOWHAIIMOHHOM
paccesuuun (BKP) B kpucramnax MO3BOJISIET 3HAYUTEIbHO PACIIMPUTH
JOCTYITHBIE JJIMHBI BOJH TBEPAOTEIBHBIX Ja3epHbIX cucteM. BKP-akTuBHBIE
KPUCTAJJIBl 00JIAZat0T BBICOKOM KOHIEHTpAllMell pacCcerBaIOIIMX IEHTPOB, a
cienoBatenbHo, W OonbmuM  kKodpdunmentom BKP-ycunenus, mmpokoit
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00JIaCTBI0 TPO3PAYHOCTH, XOPOIIUMH TETIIOPU3NUECKIMH XaPAKTEPUCTHUKAMHU.
OHu TO3BOJSIIOT  CO3/aBaTh  KOMITAKTHbIE A(PQEKTUBHBIC, CTAOUJIbHBIC
HMCTOYHUKM JazepHoro u3nydeHust [1]. B mocnennee Bpems nns BKP Gbuin
NPEMJIOKEHBl  JIECSITKM HOBBIX KPUCTAJIOB: HUTPATOB, BOJIb(ppamMaTos,
MOJIMOJJATOB, BAaHAJIATOB, HCKYCCTBEHHBIM anma3, 00JIaJalolIUX BBICOKUMHU
CCUCHUSAMH KOMOHMHaIMOHHOTO paccesHus i1 BKP-aktuBHBIX Mom [2].
[upokuii HAOOpP KPUCTAIIIOB TMO3BOJIAET MOJy4YaTh pa3JIMYHBIE CTOKCOBBI
CIBUTH OT COTEH IO THICSY CM o. [Ipennmoxensl cotHu cxem BKP nasepos,
paboTaromux ot ommkHero Y® no cpeanero MK crnexkTpaibHBIX Juara3oHOB.
Haubonee sddexTuBHBIMU SBISAIOTCA Ja3epbl ¢ BHyTpupe3oHaTopHbiM BKP-
npeobpazoBanneM u BKP-camonpeobpazoBanueM, Tak Kak B 3TOM CiIy4ae BcCe
OCHOBHOE U3JTy4eHHE NpeoOpazyercs B CTOKCOBO.

[Ipn ucnonp30BaHUM B KA4€CTBE OCHOBHOIO M3YyYEHHE CTaHIAPTHOTO
HEOAMMOBOIO Jla3epa ¢ JJIMHOW BOJIHBI 1.06 MKM BO3MOHBI JIBa MOAXOJa IO
BKP npeoOpazoBanuio A MOTYYEHUs M3IIYYCHHUS B BUJIMMOM CHEKTPaIbHOM
obnactu. B mepBom ciydae chHaudana mnoaydaroTr BKP mpeoGpazoBanue B
TpeOyeMyI0 CTOKCOBY KOMIIOHEHTY, & MOTOM HCHOJb3YIOT YABOCHUE YaCTOTHI
WU TEHEPAIMI0O CYMMapHOM YacTOThl OCHOBHOTO M CTOKCOBA W3JIy4YCHHS.
Hpyras Bo3moxkHocts — BKP nmpeoOpa3zoBanue nznyueHus BTOPON WM TPEThE
rapMOHHUK CTaHIAPTHBIX HEOJMMOBBIX Jia3epoB. B mocienHem ciyyae cucrema
noyy4yaercst 0osee nmpocTasi ¥ npejackazyemasi.

N3BecTtHO, uTto KO3(pPuuument BKP ycuiienus pacteT ¢ yBEeITUUEHHEM
4acTtoThl JiazepHoro wu3nydeHus [3]. Ilepexox B BUIMMBIN CHEKTPAIBHBIN
JIMANa30H MOXET 3HAYUTEIBHO MOBBICUTH 3(PPEKTUBHOCTh U HaAeKkHOCTh BKP
npeobpazoBareneil. Bmecte ¢ Tem mpomyckaHue B OmmkHed Y@ oOnactu B
KpUCTaJJIaX OTPaHUYCHO (PyHIaMeHTaIbHbIM norjioiieHueM. [Ipu Bo30ykaeHuu
BKP B BHUIMMOM CHEKTpaJbHOM JHANa30HE BO3HUKAIOT COIYTCTBYIOIIHE
HEJIMHEHHBIC SBJICHUS: JBYX(OTOHHOTO MOTJIONICHUS, HEIMHEWHON pedpakiiumy,
caMO(OKyCHUPOBKH, HABEJACHHOTO MOTJIOIICHUSI.

B nokmame o00CyXJaroTcs CXEMHBIE pEHIeHHS ¢ MPEeJCTaBICHBI
nmapameTpel  co3aaHHbIX TBephorenpbHblx BKP  nazepoB B Buaumom
criektpaibHOM auanaszoHe. [Iposenen ananmn3 BKP-akTUBHBIX KpHUCTaIOB C
TOYKHU 3PEHUS MIMPUHBI 3aMPEIICHHON 30HBI U Kod(dduimenTa AByx(HOTOHHOTO
MTOTJIONICHHUA. Y CTAHOBJICHO, YTO KanbuT 1 BaWO, obagaror MakcHManbHOMN
cpeny BKP-akTHBHBIX KpHCTAJUIOB IIMPUHON 3anpenieHHON 30HbI 5.9 u 5.8 OB,
COOTBETCTBEHHO, YTO MPUBOJUT K MUHUMAJIbHBIM 3HAYCHUSM JIBYX()OTOHHOIO
MOTJIOIIEHUS B ATHUX KPHUCTAIaX U CBUJICTEIIbCTBYET 00 MX TMEPCIEKTUBHOCTH
11 BKP nazepoB B BUAMMOM CIIEKTPaIbHOM JUAIa3oHe.

PaboTa BhIMOJHSANACh NpU YACTUUYHOW (DUHAHCOBOM monnepxke POOU,
mpoekT Ne 19-02-00723.

1. T.T. bacues, B.B. Ocuko, Ycnexu xumuu 75 (10), 939 (2006).
2. T.T. Basiev et al., Optical Materials 11, 307 (1999).
3. V.A. Lisinetskii et al., Laser Phys. Lett. 2, 396 (2005).



OYHKIMOHAJIbHBIE BO3SMOXHOCTU ITPEOBPA30OBAHUSA
YACTOTHI B HEJIMHEMHBIX KPUCTAJUIAX — KPUTHUYHBIE
N HEKPUTUYHBIE ITPOLIECCHI

C.I'. I'peunn?, ILI1. Hukonaes?, B.B. Tymopun®
YUucemumym obweri pusuxu um. A.M. Ilpoxoposa PAH, Mockeéa
2000 «Heogomonuxay, Canxkm-Ilemepbype
E-mail: S.G.Grechin@mail.ru

B pabote mpeacTaBieHbl pe3ynbTaThl aHAIA3a PEATH3AIIUN HEKPUTHYHBIX
IIPOLIECCOB 10 yTilaM, JUIMHE BOJIHBI, U TEMIIEPATypPE B JUAIIA30HE MPO3PAYHOCTH
KpuctamwioB. PaccmarpuBaeTcss (OpMHUpOBaHHWE W3IyYEHUS TPU TEHEPAIUH
FapMOHHMK, CYMMAapHbIX YacTOT M T€HEpAlMd PA3HOCTHBIX  YacTOT,
MapaMETPUUYECKON TeHepaluu W yCWJieHHs OoT Buaumoro no Tl guamazona
JUIMH BOJIH. AHaJIM3 OCHOBAH Ha MPEIJIOKEHHOM B [1, 2] MeTtome omnmcaHus
JHACTIEPCUOHHOU 3aBUCUMOCTH OCHOBHOTO rnapamerpa KpucTasia

FOMQ(?\,L 7\,2) = (deﬁ)Z/n1n2n3. /f&

IToxazaHo, 4TO 0COOEHHOCTBIO /‘w\
HEKOTOPBIX JIBYXOCHBIX KPHCTAJUIOB SIBIISETCS ' ! s \
TO, YTO MaKCHUMaJIbHas BEJIMYMHA

kodpdunrenta >PPEeKTUBHON HETUHEUHOCTH
MMEET MECTO HE€ B TJIABHBIX IUIOCKOCTSIX

kpuctamia  (puc.l). 10  HE0OXOAMMO

YUUTHIBATh TIPHU PEIICHUU 3a7a4 ONMTHUMH3AIUU _

npeodpa3oBaTeNnei. Puc.1. I'BI" na 1.064 mxm B BiBO.
Ha mnpumepe pacnpenenenuii FOM;(Ay, s ——

A2) TIOKa3aHO, YTO W30JMHUU paclpeeeHUs 35528‘% - W I

XapakTepu3yloT 3amaHHoe 3HaueHme FOM,, s

KOTOpOMY TOYHO COOTBETCTBYECT yroj 2.5J",‘ 25 "°

\

CUHXPOHM3Ma. B OOJBIIMHCTBE KPHCTAJIOB Ha Zl*---,.,% ) 15
JanbHell TpaHMIEe JMana3oHa IPO3PadyHOCTH | '
M30JIMHUH MOTYT OBITh KacaTelbHBIMM K JINHUAM |

(Ra)= (M)+(A2)Y Dro nokaseBaer, uro | N
0.5/ — —— 05
BO3MOXHO  IIapaMe€Tpuiyeckoe€¢ ycuwjai€spe w71 | -
T T S 0
TCHEpalnus MUPOKOIIOJIOCHOI'O U3JTYYCHUS % 10 200 300 400 500 600

[IpuBeneHsl pe3ysbTaThl PaCIpEneIICHUN
FOMa(A1, A2) mma  dopmupoBanus Tl
u3NydyeHust (puc.2), U3 KOTOpBIX CJIEAYeT, UTO
CYILIECTBYIOT ONTHMAaJbHbIE KOMOWHAIUMU JJIMH
BOJIH BXOJHOTO W3JIy4€HHUsS, C KOTOPBIMU
BO3MOYKHO MOJIy4YeHUE MaKCUMaIbHOU BeTUUHHBI KO3 duurenTa 3¢ HeKTUBHON
HEJIMHEWHOCTH.

Pabora mogyiep:xana rpantoM PODU Ne19-02-00294.
1. FO.M. Aunapees u np., KBantoas snekrponukad6, 33 (2016).
2. FO.M. Annpees u ap., Kaarosas snexrponnkad6, 995 (2016).

Puc.2. Pactipenenenne FOM:>
s sfs tuna B kpucramie BiBO
npu popmupoBanuu TT'ng
M3ITydeHUSI.
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[NEPEKJIIIOYEHUE HAMATHMYEHHOCTU OITTUYECKMMUA
NMITYJIbCAMU

A.M. KananmHukoBa
Duszurko-mexuuveckuil uncmumym um. A.@. Hopgpe PAH, Cankm-Ilemepoype
Yuusepcumem UTMO, Cankm-Ilemepoype
E-mail: kalashnikova@mail.ioffe.ru

B 1996 romy B pabore [1] ObLIO SKCHEPUMEHTAIBHO ITOKAa3aHO, YTO
BO3JICHCTBHE (PEMTOCEKYH/IHBIX JIA3€PHBIX HMMIYJILCOB Ha (heppOMarHUTHBIN
MeTaut Ni MPUBOAUT K CBEPXOBICTPOMY pa3MarHWYMBAHUIO, T.€. Pa3pyIICHUIO
HAMarHWYEHHOCTH 3a BpeMsi MeHee | MHKOCEKYHIbl. DTO HaOII0JeHHE Halio
TOJTYOK K 3apOXKIEHUI0O W OypHOMY pa3BUTHIO HOBOM 00JacTu B (u3uKe
KOHJIEHCUPOBAHHOTO COCTOSHUS — (peMToMaruetTusmy [2,3], B paMKax KOTOpPOro
U3y4yaercsl JMHAMUKAa HAMarHMYEHHOCTH Ha TMHUKO- M CYONHUKOCEKYHJIHBIX
BpEMEHaxX U pa3padaThIBAIOTCs, HAI[PUMEP, HOBBIC IMMYTH peaan3aluu ObICTPON U
sHeprod3pheKTUBHONM MarHUTHOM 3amnucu [4,5].

B pamkax sekuuu MBI 00CYyIMM  CBEpXOBICTpBIE  MPOIIECCHI,
MPOUCXOAIINE B MAarHUTHBIX METAJUIaX M JAUDJIEKTPUKAX TMOJ JICUCTBUEM
(GEeMTOCEeKYHIHBIX  JIa3€PHBIX HMITYJIbCOB. MBI  pacCMOTPUM OCHOBHBIC
dbeMTOMarHuTHbIC SIBJICHUS B MeETalaXx W JHUAJEKTPUKAX, TaKUE Kak YxKe
yIOMHHABIIEECS  CBEpPXOBICTpOE  pa3MarHUYMBaHHE [1], oOpaTHbIe
MarHutoontuyeckue 3pPexTol [6], ”3BMEHEHHe MarHUTHON aHuzoTponuu [7,8],
1 o0cynuM Ha 0a30BOM YpOBHE OCHOBHBIE TEOPETHYECKHE MPEICTABICHUS 00
ATUX SIBIICHUSIX.

B 3axntoueHne Mbpl pacCCMOTPHUM IMOJHOCTBEO ONTHYECKOE NEPEKITIOUEHUE
HAMAarHUYEHHOCTH B (eppUMarHeTuke OJUHOYHBIMH (PEMTOCEKYHIHBIMU
JIa3epHBIMU UMITYJIbCaMU 0€3 MPUJIOAKEHHOT'0 MAarHUTHOTO ToJIst [4].

Psan pe3ynbpTaToB, MpeCTaBICHHBIX B JICKIIUHU, TTOJYYSH TIPU MOJICPIKKE
rpanToB PO®OU Ne 18-02-00824, Ne 19-52-12065 u PHD No 16-12-10485.

1. E. Beaurepaire, J.-C. Merle, A. Daunois, J.-Y. Bigot, Phys. Rev. Lett. 76,
4250 (1996).

A. Kirilyuk, A.V. Kimel, Th. Rasing, Rev. Mod. Phys. 82, 2731 (2010).
A.V. Kimel et al., Phys. Rep. 852, 1 (2020).

K. Vahaplar et al., Phys. Rev. Lett. 103, 117201 (2009).

A. Stupakiewicz et al., Nature 542, 71 (2017).

A .M. Kanamaukosa, A.B. Kumens, P.B. ITucapes, YOH 58, 969 (2015).
L.A. Shelukhin et al., Phys. Rev. B. 97, 014422 (2018).

N.E. Khokhlov et al., Phys. Rev. Appl. 12, 044044 (2019).
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KPUCTAJIJIBI BGS M BGSE J1J151 HEJIMHEMHO-OIITUYECKOI'O
I[TPEOBPA3OBAHNA YACTOTDI

C.I'. I'peunn?, J1.T'. Kounes?, IL.I1. Hukonaes?, B.B. Tymopun®
Yucmumym obweri pusuxu um. A.M. Ilpoxoposa PAH, Mockea
2000 «Heogomonuxay, Canxkm-Ilemepbype
E-mail: S.G.Grechin@mail.ru

[IpencraBiensl pe3ynbTaThl aHalu3a (YHKIMOHAIBHBIX BO3MOMXHOCTEH
HOBBIX TEPCHEKTUBHBIX JBYXOCHBIX MOJYNPOBOJHUKOBBIX KpHcTauioB BGS
(BaGasSy) n BGSe (BaGasSey) st pa3muyHbIX 3a/1a9 HETUHCHHO-ONTHYECKOTO
npeoOpa30BaHUS YACTOTHI.

Kpucramisl ©MeIOT AMamna3oH Mpo3pavyHOCTH OT BHAMMOIO JI0 CPEIHEro
WK pwmama3oHOB, W TIEpBBIE TMPOBEACHHBIC HCCICIOBAHUS ONTHYECKUX H
HEJIMHEWHBIX CBOMCTB KPHUCTAUIOB TOKa3ajdW OOJBIINE TMOTEHI[HAIbHBIC
BO3MOXKHOCTH HX JUISl pEIIeHUs 3anad IpeoOpa3oBaHusi 4acToThl. llepBble
IPOBEJCHHBIE  HSKCIEPUMEHTAJbHbIE  HCCIEIOBAaHUS  HapaMeTPUUECKUX
reHepaTopoB Ipu Hakauke B OmmwkHem WK nuanmazoHe npuHIMOMAIBHO
HOJITBEPAUIIN 3TY BO3MOKHOCTb. HO 3TH pe3ynpTaThl MOJIyYEHBI 1151 HEKOTOPBIX
YacTHBIX ciiy4yaeB. HeoOXxonuM MmoJiHbli aHaIu3 BO3MOKHOCTENW KPUCTAIIJIOB.

B »aroil pabGoTte mnpencTaBieHbl pe3yibTaTbl KOMILJIEKCHOTO aHalu3a
(GYHKIIMOHATBHBIX BO3MOXHOCTEeH KpuctaiuioB BGS (BaGasS;) u BGSe
(BaGasSe7) mns Bcex 3amau npeoOpa3oBaHMs YaCTOTHI — TEHEPAIIUU TAPMOHUK U
CYMMapHBIX YacTOT, PAa3HOCTHBIX YacTOT, IMapaMEeTPUUYECKOW TeHeparuu |
ycuieHus. AHanu3 Oasupyercs Ha MeTojae, mpemyioxkeHHoMm B [1, 2].
Omnpenenenbl KOMOMHAIIMKM JUIMH BOJIH, C KOTOPBIMH MOTYT OBITH TMOJyYEHBI
MakcuMaibHble 3P(HEKTUBHOCTH MPeoOpa30BaHUs; HEKPUTUYHBIE MO yriaM H
JUIMHE BOJIHBI CHHXPOHU3MBI, ONTHMAJIbHBIE YIJIBl Cpe3a KPUCTAIOB st
NOJlyYE€HUSI MaKCHUMaJbHOTO Juana3oHa MEpPecTPOMKU mHapaMeTpUYeCcKUx
I€HEepaToOpOB; JJIMHBI BOJH, C KOTOPBIMU MOXET OBITh IMOJYYEHO YCUJICHHUE
[IMPOKOIIOJIOCHOTO JIA3€PHOTO U3ITyUEHHUSI.

[ToxazaHa BO3MOKHOCTb F'€HEpAllUi CYMMapHbIX U Pa3HOCTHBIX YacCTOT C
kpucraiom BGSe msnydenus naszepa na ZnSe:Fe** ¢ mepecTpoiikoii mo aumHe
BOJIHBI. [loKa3aHO, YTO MPH PA3NUYHBIX YIIIaX Cpe3a MOKET OBITh MOIYYEHO KaK
Y3KOIOJIOCHOE, TaK W LIMPOKONOJOCHOE U3IyYeHUE CHUTHAJIbHOW BOJHBI.
MaxkcuMmanbHasi MUAPUHA CIIEKTPa MOXKET OBITh TMOJIydeHa B JIJTMHHOBOJHOBOM
obmactu crnektpa. OmpeneneH Iuana3oH TMEPECTPOMKKM TO JUIMHE BOJIHBI C
MHWHUMAJIBHON YTIJIOBOW IIEPECTPOUKOM IPU MUCIIOIB30BAHUHU 3TOrO JIA3EPHOIO
UCTOYHHKA.

Pabora nognepsxana rpantom PODU Ne19-02-00294.

1. FO.M. Auapees u np., KBantopas snexkrponuka 46, 33 (2016).
2. KO.M. Aunpees u 1p., KBanrosas snekrponrnka 46, 995 (2016).
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BJIMSIHUSI BUHHOM KUCJIOTHI HA POCT KPUCTAJIJIOB KDP

B.B. I'pubko, A.I1. IIpoxopos
Hnemumym npuxnaonou guzuxu PAH, Huowcnuii Hoseopoo

E-mail: gribko@ipfran.ru

Kpuctamner rpynnet KDP (DKDP, ADP) mupoko HCHOIB3YIOTCS B
JA36pHOM TEXHUKE B KAUECTBE AJIEKTPOONTHYECKUX 3JIEMEHTOB. CyliecTByeT
MHOTO paboT O BIUSHMM NPUMECEH Ha POCT KpucTaioB. M3BecTHO, 4TO
OopraHuyeckue npuMecu B kpuctaiuiax rpynnsl KDP npuBoasT K yMEHBIICHUIO
ux JazepHoro mpobosi. Opgnako B pabote [1] mnpuBeneHbl pe3ynbTaThl
MOJIOKHUTEIIBHOTO ~ BIUSHUSA TIPUMEce KapOOHOBBIX KHCIOT (Hampumep,
MypaBbUHOM KHCIIOTHI) HA HEJIWHEWMHO-ONTUYECKUE U JAUDJICKTPUUYECKUE
cBoiicTBa kpuctaiuioB KDP.

B cBsi3u ¢ 3THM HaMu ObUIA MPOBECHBI UCCIEAOBAHUS BJIUSHUS BUHHOMN
KHCIIOTBI Ha HOpMallbHyl0 ckopocTh pocta (R) rpaneir mpusmsl (100) B
pactBopax KDP.

N3mepenne HopmainbHOM ckopocTH pocta rpanu (100) kpuctaimos KDP
MPOBOJMIIOCH HAa MOJSPU3ALUOHHO-UHTEP(PEPEHIIMOHHON  ycTaHOBKe [2].
JlaHHass ycTaHOBKa IO3BOJIIET M3MEPSITh CKOPOCTh pOCTAa KPHUCTAIOB C
JBYJIYUYETIPEIIOMIIEHUEM, ONPEACNIATh TEMIIEPATYPY HACBIIIEHUS U «MEPTBYIO
30HY» (Tq4) pactBopoB. IlorpeniHocTh U3MEpPEHUsT OTKIOHEHHSI CKOPOCTU POCTa
rpanei kpuctramuia KDP cocrasnsier ~ 0.02 MkM.

HccnemyeMble pacTBOpPHl TOTOBWIM U3 JIEMOHU3WPOBAHHOW BOJBI C
conpotusieHuem 21.2 MOwm, crexuomerpudeckoit conu KDP ¢pupmbl ProChem
u BUHHOW kucinoTel (Peaxum). Ilocie mpuroToBieHHS CTEXHOMETPUUYECKOTO
pactBopa KDP ¢ temneparypoit Haceimienuss T = 50 °C ero ¢uiasTpoBasu.
[anee pactBop menwicd Ha NOpUHMM. B mepByr0 mopuuio BHHHAs KHUCJIOTa HE
no0aBysiIack, BTopas U Tpeths comepxkanu 0.25 u 0.5 mac. % BUHHOM KHCIIOTHI.
Jns roMoreHu3anuu pacTBOpoB uX mnepememuBanuch npu 60 °C B TeueHue
8 yacos.

[Io SKCIepUMEHTAIbHBIM 3aBUCHUMOCTSIM CKOPOCTH pPOCTa MOKHO
FOBOPUTb O CTEIEHU BIWSAHUA BUHHOW KHUCIOTBI Ha pactBopel KDP.
[Tomy4yeHHBIC MaHHBIE TIOKA3bIBAIOT, YTO J100ABJICHHE BWHHOW KHCIOTHI B
pacTBOp NPUBOAUT K YBEJIMYEHUIO MEPTBOU 30HBI, YTO SIBJISIETCS HETATUBHBIM
dbaxTopoM jiis1 pocta kpuctaioB KDP. YcranoBneno, uto 1o6aBieHre BUHHON
kucioTel B pactBopax KDP 6Gosnee 0.5 mac.% npuBOAUT K HENPUTOAHOCTH
pacTBopa JjIsl BhIpaIMBaHUs B HEM KPUCTAJJIOB.

1. M. Anisetal., Phys. B. 449, 61 (2014).
2. V.l1. Bespalov et al., Int. Col. of crystal Growth 17, 150 (1988).



UK JIIOMUHECLEHLIUS HOHOB Er** u Tm3 BO ®TOP-
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C.X. Bareiros!, M.H. Bpexosckux?, JI.B. Mouceesa!, A.B. ITonos!
Yucmumym obweri pusuxu um. A.M. Ilpoxoposa PAH, Mockea
2Uncmumym obweti u neopeanuyeckoti xumuu um. H.C. Kypnaxosa PAH, Mockeéa
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W3BecTHO, 4TO MHOTO(OHOHHBIC ToTepu B MK nuamasoHe Bo pTOpHIHBIX
CTEKJIaX MPUMEPHO HA MOPSAIOK MEHBIIE, YeM B KBapIIEBOM CTEKJIC, HEKOTOPHIC
U3TydaTellbHbIe TepeXxoisl P3 HOHOB, HE MPOSBISIONIMECS B OKCHIHBIX
MaTpHIIaX, peaTn3ytoTcs Bo GTopuaHbIx cTekinax. C meabio CO3MaHusI aKTUBHBIX
ONITHYECKUX cpen uisi ja3epoB cpeanero MK nmuamasonHa CHHTE3MpOBaHBI U
uccienoBanbl propradHatHeie crekia B cucteme HfF,-BaF,-LaFs-AlFs-NaF

(HBLAN) ¢ yacTHYHBIM 3aMeIICeHUEM aHUOHOB (PTOpa XJIOPOM, JISTHPOBAHHBIX
Erd*t u Tm3*,

JTloMnHecUeHUus, OTH. ea.

.
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26 27 28 29 34 36 38 40 42
[nvHa BONHLI, MKM
Puc. 1. CriekTpbUIIOMUHECIICHITNH Er¥*u Tm®s 59HfF4-20BaF2-2LaF3-2AlF3-17NaF (D)
u 59HfF4-15BaCly-5BaF2-2LaF3-2 AlF3-17NaF (2, 3).

CriexTpsl JrOMUHECHeHIMHA noHoB Er®* B obmactu 2.6-2.9 Mxm (puc. 1,
cnekTppl 1 u 2) moayyeHbl Kak Uil (PTOpUAHOrO CTEKJIa, Tak W s
(GTOPUAXIOPUAHOTO CTEKNa NpH BO30OYKIEHMHM Ha ypoBeHb ‘lop. [l
(GTOPUAXIOPUAHOTO CTEKJIa yAAJIOCh 3apEruCTPUPOBATH CIIEKTP
momuHecteHmu nonos Tm®t na nepexone *Hs—°F4 B cnekrpanbHoil 061acTu
3540 Mxkm npu Bo3OykaecHMH B ypoBeHb °Hy (puc. 1, cmektp 3).
JIroMHUHECLIEHIIMS Ha 3TOM MEepexo/ie AJIsi AHAIOTMYHOTO (PTOPUIHOTO CTEKJIa HE
HaOmoanack. B nmydmux o6pasnax GTopuaXIOPUIHBIX CTEKOJ, JETHPOBAHHBIX
0.5 u 1.0 a1.% Er®*, koHueHTpalmonHoe Tymenue ¢ ypoBHs *li1, mpakTuyecku
HE3aMETHO, a BpeMsl )KU3HU 3TOT0 YPOBHS BO (propuaxiopuaHom crekie Ha 30%
BBIIIIE, YeM B aHAJTOTUYHOM (PTOpuIHOM cTekie. OMHaKO CIeTyeT 3aMETHTh, YTO
BOCITPOU3BOJAMMOCTD CHEKTPOCKOMUYECKUX MapaMeTpoB BO (PTOPUIXIIOPHUIHBIX
CTEKJIaX XYK€, 4eM BO (DTOPHUIHBIX CTEKJIaX, YTO, CKOpEH BCEro, CBS3aHO C
HEJIOCTATOYHO COBEPUICHHOW METOJAMKON UX CUHTE3A.

Pabora BeImosiHEHa B paMkax rocynapcrBeHHoro 3aganus MOD PAH u

NOHX PAH B o6nactu pyHIamMeHTaIbHBIX HAYYHBIX MCCIIEJIOBAaHUN M TpaHTa
PODOU Ne 18-03-00149.
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BJIMSHUE ITPUMECH Y3 HA CIIEKTPOCKOITMYECKME CBOMCTBA
OIITUYECKMX LIEHTPOB Ho** B KPUCTAJIJIE CaF;,

O.K. Anumos, M.E. [Jopomenko, A.B. Hexopommx, A.I'. [TanamBsuimy,
K.A. IIuproust
Hncemumym obweti gouzuxu um. A.M. I[Ipoxoposa PAH, Mockea
E-mail: kmartynoval9@gmail.com

Kpucramibel  GTOpHmOB,  JETMPOBAHHBIX  TOJIBMHEM,  SIBJISIOTCS
MEPCIEKTUBHBIMU ISl MCIOJB30BaHUSA MX B KAyeCTBE Ja3epHON AaKTHUBHOMU
cpensl B obnactu 2 MkM [1-3]. OxHoM U3 KIIOYEBBIX 0COOEHHOCTEH (PTOPHIOB,
JIETUPOBAHHBIX PEAKO3EMEIbHBIMU HWOHAMH, SIBIAETCS (POPMHUpPOBAHUE B HUX
ONTUYECKUX IIEHTPOB C PA3JIMYHOM CHUMMETPUEH JIOKAJIIBHOTO OKPY>KCHUS.
[{eHTpOBOM COCTaB KpHCTaaa OINPEACISIET €ro CHEKTPOCKONMYECKUE U
reHepanuoHHbie cBoiicTBa. [losToMy wuccienoBaHHE CHEKTPaIbHBIX CBOWCTB
OTJICJIbHBIX IIEHTPOB TOJIbMHS, OCOOEHHO Ha JIA3€pHOM JIBYXMHUKPOHHOM
IEPEXO0Ie 1;—°%lg, sABHSETCS  BaXKHOM HAay4yHOM 3amaded. HemaBHue
uccaenoBanus  kpucramios  CaF:H0%'(0.1%) mossomunm — BeIIEIUTH Ha
nepexoze °l;—°lg Tpu TUIIAa ONTUYECKUX LIEHTPOB ¢ BpeMeHaMu xu3uu 10.7 Mc,
18 mMc u 26 mc.

Hpyroii 3amauveid SBISIETCS HCCIECAOBAHHE BO3MOXHOCTH YNPABJICHUS
LHEHTPOBBIM COCTaBOM, [JIi 4YE€r0 B PSAAE CIy4acB MCIOJB3YIOT ITPUMECH
ONTHYECKM HEAKTHBHBIX PEIKO3EMEIbHBIX HOHOB, Hampumep Y3'. Takoe
aerupoBanue B ciaydae ¢ CaF.Y, Nd [4] u CaF. Y, Tm [5] moxeT urpath
MOJIOKUTENIBHYIO POJib, YMEHBINIAsI BEPOSITHOCTh TYIIAIIUX MPOIECCOB, TaAKUX
KaKk Kpocc-penakcanus. [loaTomy 1enbl0 JaHHOM  pabOThl  SBISIIOCH
MCCIIEI0BAHNE BIMSHUS COAKTUBALIMU MOHAMK Y ' Ha Ipouecchl 00pa3oBaHus U
CIIEKTPOCKOIIMYECKUE CBOMCTBA PA3IMYHBIX ONTHYECKUX IIEHTPOB HoHOB Ho®* B
kpuctaax CaF, ma mepexome °l;—°lg U cpaBHEHHME MX C KpHCTalIaMH, He
coAepKalMMHU UTTpU. MeTtolaMmu HU3KOTEMIIEPATYPHOU BpEeMsl pa3pelICHHON
CEJICKTUBHOM JIa3epHOM CHEKTPOCKONUU ObLIM HcciieoBaHbl kKpuctamibl CaFo-
YF; (0.1 u 1%), neruposannsie nonamu Ho%** (0.1%). Beulo BhIIENEHO Kak
MUHMUMYM JBa TUNA ONTHYECKUX ILEHTPOB. bblIO mOKa3aHO, dYTO
KJIACTEpU30BAHHBIA IIEHTP HMOHOB TOJIbMUSI C BpemeHeM xu3Hu 10.7 wMc
dbopmupyeTcst BO Bcex o0pasiiax, TeTparoHalbHBIN IIEHTP HE HAOII0JaeTCs Jaxe
npu ManbiX KoHueHTpamusx urrpust (0.1 mMon.%), a Bpems >KHU3HM CaMoro
JIOJITOKUBYIIETO IIeHTpa (26 MC) ¢ yBeIM4YeHUEM KOHIICHTpauu UTTpust 10 1%
YBEIIMYUBAETCA 110 32 MC.

1. X. Duan et al., Infrared Phys. Technol. 103, 103071 (2019).
2. X.M. Duan et al., Laser Phys. Lett. 15, 09582 (2018).

3. M. Nemec et al., Opt. Lett. 42 (9), 1852 (2017).

4. S.Pang et al., Laser Phys. Lett. 15, 055802 (2018).

5. J. Dingetal., Int. J. Opt. 2018, 8592359 (2018).
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JIBYXBOJIHOBOM III'C HA KPUCTAJIJIE KTP JJJI1 CPEJJHEI'O UK
CIIEKTPAJIBHOI'O TUAITA30OHA

ILT. 3Bepes?, A.A. Cuporkun?, U.B. CmupHOB'?
Mockosckuii snepeemuueckuti uncmumym, Mockea
2Uncmumym obweti pusuxu um. A.M. Ilpoxopoea PAH, Mockesa
E-mail: logri@yandex.ru

JIByXBOJIHOBBIEC JIa3e€pbl C MOCJIEAYIOUIEH TIEeHEepaler pa3HOCTHON
YacTOThI B HEJIMHEHHOM KPHUCTAJUIE MPEACTABISIOT OOJBIION MHTEPEC C LEIbIO
co3ganusi  3G(EKTUBHBIX, HAASKHBIX W  KOMIAKTHBIX  HCTOYHUKOB
TeparepiioBoro u gainbHero MK cnektpanbHoro auamnasona [1]. B Hacrosmeit
paboTe WucCCleNnoBaH TNEpPECTpauBAEMblii JBYXBOJHOBOM Jla3ep Ha OCHOBE
KoJuTMHeapHo# mapamerpudeckoi renepanuu ceta (I1I'C) B kpucramie KTP,
tunn Il (eoe), renepupytomuii wmsznydenue B cpegHeM WK cnekrpanbHOM
JIMAIa30He C B3aMMHO OPTOIOHAJIBHOM MOJIIPU3ALMEH.

B kauecTBe MCTOYHMKA HAKAYKU PACCMATPUBAIIMCH JIa3€pbl HA KPUCTAILIE
YVO,4:Nd* ¢ nuomHoit Hakaukoii, paGoTaromue B peKMME MOLYJIUPOBAHHON
no0poTHocTH Ha jynHax BoH 1064 u 1342 M. B atom ciywae moimydaercs
JNBYXBOJIHOBasg reHepamuss B obmactu 1.9-2.4 wmMxkm u 2.3-3.0 MKm
COOTBETCTBEHHO (puc. 1). BumHo, 4TO BO BTOpPOM cilydae IeHepauus J1axe B
cinydae BeipoxaeHHoro III'C momydaercs B obnactu 2.69 MKM, YTO MO3BOJIAET
NOBBICUTh  JHEPreTUYECKYI0 A(P(PEKTUBHOCTh MOJYYEHUS TEParepuoBOro
U3JIy4eHHUs] TIyTEM TEeHepaluy pPa3HOCTHOM dYacToThl. B  skcnepumeHTax
ucnonbs3oBaics kpucrami KTP pazmepom 6x6x15 MM, BbIpe3aHHbIN MO YIIIOM
51.5° x ocu Z B mnockoctu XZ. Mcnosb3oBanack BHYTPUPE3OHATOPHAS CXEMa
Hakauku [II'C reneparopa. IlepecTpoiika IJIMHBI T€HEPAMU U PA3HOCTU YaCTOT
MEXJy TE€HEpUPYEMBIMH KOMIIOHEHTAMU  OCYIIECTBISUIUCH  [TOBOPOTOM
kpuctaiia KTP. CrnekTpanbHas IUPUHA OTAEIBHBIX CIIEKTPATbHBIX KOMIIOHEHT
coctapisia 0.7 Hm. CymMapHasi MakCUMajlbHasi SHEPrUsi B CUTHAIBHOU H
xoJiocToii BosiHe jgocturana 1.2 mJx mpu Hakauke 1064 M. OOcCyxmatoTcs

MyTH MOBBIIIEHUS 3((HEKTUBHOCTH TAHHOTO Jla3epa.
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Puc. 1. Ilepectpoeunsie kpusbie [1I'C nHa kpucramie KTP npu konnuaeapaom
B3aMMOJICHCTBUY NPU HaKauKe U3jlyueHueM c JIMHoU BosHbI 1064 uMm (1) u 1342 um (2).

PaGoTta BBINMONHIIACH TIPU YaCTUUHON (uHAHCOBOU mojepkke PODU,
npoekT Nel7-02-00518.

1. V. Petrov, Progr. Quantum Electron 42, 1 (2015).
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MOJIEJIMPOBAHHWE OIITUYECKWX U3IEJINN HA OCHOBE
I'AJIOTEHN 0B CEPEGPA U TAJUINA JUIA JIASEPHOU TEXHUKUN

JI.B. XKyxoBa, A.C. Kopcakos, A.E. JIsBoB, [[./I. Canumrapees, A.A. FOxxakoBa
Ypanvckuii pedepanvuwiii ynusepcumem um. nepsozo Ilpezuoenma Poccuu
b.H. Envyuna, Examepunbype
E-mail: Lv.zhukova@urfu.ru

Cpenn M3BECTHBIX ONTHYECKHX MATEpPUAJIOB I CPEAHETO M JAJIBHETO
uHPaAKpPACHOTO JAMara3oHa rajoreHHu]bl cepedbpa W OJHOBAJICHTHOTO TaJUIHS
BBIICIISIFOTCSI CBOMM IITMPOKHUM JrarazoHoM mpomyckaaus 0.4—60.0 Mxm u 6o7ee
(mms kpuctamio), 2.0-25.0 MM (st CBETOBOJIOB) 0€3 OKOH IOTJIONICHMSI,
MaJIbIMA ONTHUYECKUMH TMOTEPSMH, TJIACTUYHOCTHIO, HETUTPOCKOMUYHOCTHIO,
$boTO- U paUalIMOHHON CTOMKOCTBHIO, BHICOKON ONTHYECKOW U MEXaHUYECKOU
IIPOYHOCTHIO [1]. B ¢BfA3M ¢ 3TUM NpUMEHEHNE ONTUYECKUX U3/IEIINA HA OCHOBE
raJIOTeHUI0B cepedpa M Tajuivs MEePCIEKTUBHO JIS JIa3EPHBIX TEXHOJIOTHA.

B nanHoit paGoTe BriepBbie OBLIO BBIMOJIHEHO MOJACIUPOBAHUE JIMH3BI HA
ocHOBe Kpuctauia coctraBa 6 moa. % TIBrossloss B AgBr, ycranoBneHHOM
BHYTPH JIa3€pHOr0 pe3oHaTopa, s paboTel Ha JumHE BOJHBI 10.6 MKM.
MonenvupoBanue ObLTO HANpaBIEHO HA KMCCIENOBAHUE CTAOUIBHOCTH PabOTHI
pe3oHaTopa MpU Pa3JIMYHBIX PACCTOSIHUSAX JHUH3bI OT 3€pKain. Pe3ynbTaThl
MOJEIUPOBAHUSI CPABHUBAJIUCH C MATEMaTUYECKUM METOJOM MATPHI] MEPEHOCA
m3nydennst (ABCD-meton), kak mokazaHo Ha puc. |. PaccormacoBanmue
pELICHUI CBS3aHO C OTPAaHUYEHHBIM YUCJIOM OTPAKEHUM U3ITyYEHHUs B MOJIENH,
B To Bpemsi kak ABCD-meton pemaer 3amady s OECKOHEYHO OONBIIOTO
KOJIMYeCcTBa OTpaxkeHUuH. TemM He MeHee ONTUMAaJbHbIE PACCTOSHUS MEXKITY
3epKajaMy W JUH30M ObUIM mosiydeHbl U cocTaBuian 0.3—0.4 M, 9TO sIBIsieTCS
JIOCTATOYHBIM JIJIs1 JIA3€PHON TEXHUKHU.

Laser cavity stability analysis

Stability

) (=] (o] (<) © (<] o) Q
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11 1.2
Mirror-lens distance ()

Puc. 1. CpaBHeHI/IC PE3YJIbTATOB MOJCIUPOBAHHUA U pacyCTa CTaOUIIBHOCTH pe30HaTopa.

HccnenoBanuie BBIMOIHEHO 3a cueT rpanta Poccuiickoro HayyHoro ¢poHaa
(mpoekT Nel8-73-10063).

1. A.S. Korsakov et al., J. of Opt. Tech. 84, 12 (2017).
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BJIATOCTOMKUE BU3Y AJIM3ATOPHI U151 HACTPOMKY MHOPAKPACHBIX
JIAZEPHBIX CUCTEM C BOJIBILION ATIEPTYPOU ITYUKA

C.B. I'ymun'?, A.M. Kyspmun!, A.A. JIamun'?, I1.A. Pa6ouknna’, M.B. YepHos'?
Hayuonanvnvii uccneoosamenvcruti Mopoosckuti 20cyoapcmeentbiil
yuugeepcumem um. H.I1. Ocapésa, Capanck
2000 «Domonnwvie Texnonocuueckue Cucmemly, Capanck
E-mail: chernov_maxim@inbox.ru

B mnacrosimee Bpemsi mazepsl uH(pakpacHoro (MK) cmekrpanbHOro
JMana3oHa JJIMH BOJH HAIIM IIMPOKOE NPUMEHEHHE B JIMJapax, JalbHOMEepax
U CIEUUaJbHOM TeXHUKe. 711 FOCTHPOBKM M HACTOWKM AITHX INPUOOPOB B
MOJIEBBIX  YCIOBUAX MOXHO HCIOJb30BATh  BU3YaJIM3aTOpPbl  JA3€pHOrO
U3IIy4YEeHHs CIOCOOHBIE TPE0OPa30BhIBATh HEBUANMOE JIJIsl YEJIOBEUECKOTO TJia3a
MH(paKpacHOE U3ITyUYECHHUE B JIIOMUHECHEHIMIO BUAUMOTO IMANa30Ha IJIMH BOJIH
(puc. 1). CymecTByomue KOMMEpUecKrue oOpasilbl BH3yaIU3aTOPbl HUMEIOT
AaKTUBHYIO 30HY JIETEKTHpPOBaHMsSI HEOONBIIMX pa3MepoB (MakcUMaibHas
mwiomans 500 cM?) ¥ B OCHOBHOM pabOTAaIOT TOJIBKO B IA00PATOPHBIX YCIOBHSAX.

P~ 3

N\ ¢
!

TEXHUKE B MMOJICBBIX YCIOBUIX.

B mnactosmieli paboTe TMOMy4YeHBI BIArOCTOMKHE JIFOMUHECIICHTHBIE
IOJIMMEPHBIE MaTE€pUaNbl, U3 KOTOPBIX M3TOTOBJIEHBl Bu3yanuszatopel WK
M3IIydeHHs IIOManbso 1 M?, 00eCIeunBaroIMe BU3YaIU3aUI0 3TOI0 U3IyYeHUs
B Pa3IMYHBIX TMOTOJHBIX YCJIOBHSX. M3ydeHbl CTPYKTypHBIE, (U3HUECKHE,
MEXAHUYECKUE M  CIEKTPAIbHO-JIIOMUHECIICHTHBIE  CBOWCTBA  JIAHHBIX
MaTepuaoB. Taxxe OTIPENIEIICHBI CIEqYIOIINE XapaKTEPUCTUKH
BU3yaJIN3aTOPOB: CHEKTPAJbHBIA JHana3oH paldOThl, KPUBas CIEKTPAIbHOM
YyBCTBUTEJIBHOCTH B IAHHOM JIMAMNA30HE, OPOT Pa3pyILICHUS.

[IpoBeneHbl MCHBITAaHUS pa3paOOTAaHHBIX BHU3YyadU3aTOPOB B IOJIEBBIX
YCIOBUSIX TIPU PA3IMYHBIX MOTOJHBIX yCIOBHsX. [IpoBeneHHOE HCCIen0BaHUE
MOKa3aJio, 4YTO pa3pabOoTaHHBIE BIATOCTOMKHE BU3YyalU3aTOPhl MOTYT OBITH
WCITOJI30BAHBI IS HACTPOUKH U FOCTUPOBKHU JIA3€PHBIX MPUOOPOB C OOJBIION
arepTypou My4Ka B MOJIEBBIX YCIOBHUSIX.
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MO/JEJIMPOBAHUE ITPOLUECCA 9BJIK C UCIIOJIb3OBAHMEM
JABYXMUKPOHHOI'O JIASEPHOI'O U3JIYUHEHUA

C.A. Apremos, A.H. benses, O.C. bymykuna, C.B. Koctun, A.A. Jlsnus,
IT1.A. Ps6oukuna, A.JI. TapateinoBa, C.A. XpymaauHa
Hayuonanvnoiii uccneoosamenvcruii Mopoosckuti 20cyoapcmeeHHbilil
yuusepcumem um. H.I1. Ocapésa, Capanck
E-mail: alina.taratynova@mail.ru

Bapuko3Hoe pacmmupeHne BeH BXOAMT B yuciao 10 cambix
pacnpocTpaHeHHBIX 3a0o0JieBaHWT B MHpe. B Hacrosiee BpeMsi MOSBIIHCH
MaJIOMHBA3WBHBIE  METOJbI  JICUCHHUS, OJHUM M3 KOTOPBIX  SIBJISIETCA
AHJ0BA3aIbHAs Jla3epHasi Koarynisuus. J[aHHbII METOJ OCHOBaH Ha TEIJIOBOM
s dekTe, BO3HUKAIONIEM BCJICACTBUE M30UPATEIIBHOTO MOTJIOMICHUS U3JTyYEHUS
Pa3JIMUHBIX JJIMH BOJIH OMOJIOTUYECKOMN TKaHbl0. I3BeCTHBIC HA TAHHBIM MOMEHT
ammaparbl paboTaroT ¢ ucnoib3oBaHueM iauH BomH 0.81; 0.98 mkwMm, 4TO
COOTBETCTBYET IMOJIOCE TOTJIONIEHUs TeMorioouHa. Takke UCIob3yeTcs JAJIMHA
BOJHBI 1.55 MKM, COOTBETCTByIOIIAs CHEKTPY IMOIJIOLIEHUS BOAbL. Bbicokue
3HAYEHHUS MOIIHOCTH JIa3€PHOTO M3Iy4YeHHUs yCcTaHOBOK — 15-20 u 10-12 Bt
COOTBETCTBEHHO, NPHUBOAAT K OCJIOKHEHHUSIM, CBSI3aHHBIM C ITOBPEXKICHUEM
OKOJIOBEHO3HBIX TKaHeW. OJIHaKO B HACTOSIIEE BpeMs BBIMOJHEHBI PaOOTHI,
nocesieHHble peanuzanuu OBJIK ¢ npuMeHeHrneM Ja3epoB, TE€HEPHUPYIOIINX
U3JIyYeHUE B JBYXMHUKPOHHOU OOJACTU CHEKTPA, KOTOPhIE CBUACTEILCTBYIOT O
(hakTe CHUYKEHUS] MOIIIHOCTH, TPeOyeMOH sl OCYIIECTBICHUS KOATYJISIIIUN BEH.

B naHHBII MOMEHT aKkTyaJlbHOM 3ajmaueid sBIsieTCs pa3padboTka
KOMILJIEKCHOTO TOJIX0J1a, TO3BOJIAIOMIETO CHU3UTh MOIIHOCTh JIa3€PHOIO
M3JIy4eHUs, ucnoiab3dyemMoro s mnpoenenuss OBJIK wu, kak cneacrtsue,
MUHUMU3UPOBAThH MOBPEKICHUE TIEPUBEHO3HBIX TKaHel. Takoil crocod MoxeT
3aKJII0YaTh B ce0e MeTOAbl KOMITbIOTEPHOTO MoieaupoBanus nporecca IBJIK u
COTIOCTABJIEHUE MOJTYUYECHHBIX PE3YJIHTATOB C IKCIEPUMEHTATHBIMU JTAHHBIMH.

B cooTBeTcTBUM C 3TUMB HACTOSIIEH pabOTe BHIMIOIHEHO MOJICTUPOBAHHE
HarpeBaHMsi CTEHOK BEHbI M IEPUBEHO3HBIX TKaHed B mpouecce IOBJIK c
UCIIOJIb30BAaHUEM JIBYXMUKPOHHOTO M3JIyY€HUSI W CPABHEHHUE TOJYYEHHBIX
JAHHBIX C pe3yibTaTaMU DJKCIEPHUMEHTOB IN-Vivo Ha OBIAX SIUIH0ACBCKOMN
MOPOJIbI, OCYIIECTBICHHBIX paHee mocpeacTBoM m3nydeHus: LiYF,: Tm nazepa c
nnuHou BOJTHBI 1.910 MkM 1 momHOCTsiMu 1.5 Bt, 3 Bru 4 Br [1].

MogaenupoBanue mnpouecca IBJIK ocyiiecTBisuioch B MPOrpaMMHOM
nakete COMSOL  Multiphysics 5.5 ¢  HCHOJBb30BaHHEM  MOJIYJIS
«Tennonepenada». IlomydyeHHbIE pe3yJbTAaTbl KOPPEIUPYIOT C JIaHHBIMU
AKCTIEPUMEHTOB in-vivo 1o DBJIK.

Pabota BbImonHeHa mnpu (uHaHcoBoil moaaepxkke rpaHta POOU MK
Ne18-29-20039.

1. S.A. Artemov et al., Lasers Med Sci. 35, 867 (2020).
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BJIIMSIHUE TEGEKTOB CTPYKTYPbBI KPUCTAJLIOB
Zr02-Y205-Ho,03 HA XAPAKTEPUCTUKH IBY XMHNKPOHHOU
JIASEPHOU I'EHEPALINN
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C.A. Apremos’, E.A. Apremos?, B.I1. Boiinunxuii?, E.E. JlJoMmoHOBa?,
I1.A. PsGoukuna’
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yuusepcumem um. H.I1. Ocapésa, Capanck
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E-mail: sergey560113@gmail.com

B pabotax [1-4] MBI coo01Ianu 0 AByXMHUKPOHHOM Jla3epHON TeHEepaIiu
Ha mnepexoge °l;—°lg wmomo H0* kpucrammos  ZrO,-Y,03-Ho,Oszmnpu
PE30HAHCHOM HAKayKe Ha ypOBEHb °l; JTUX HOHOB HempepbiBHBIM [1,2],
UMIYJIbCHBIM [3] m3myueHueM sa3epa Ha kpuctawie LIYF4.Tm u TymmmeBsiM
BOJIOKOHHBIM Ji1a3epom [4].

OpnHako Npu NPOBEACHUM TI'E€HEPALMOHHBIX JKCIIEPUMEHTOB BBISBIICHO,
YTO IPU YBEIMYEHHHM IUIOTHOCTH MOIIHOCTH HAKa4KM M COOTBETCTBEHHO
Ja3epHOM TEeHepaluyd Kak B HEIPEPBIBHOM, TaK M HUMIIYJIbCHOM pEXUMAX,
HAOJII0JaeTCsl MPOTOPAHUE AKTHBHBIX 3JIEMEHTOB U3 KpUCTALIOB ZrO,-Y,0s-
H0203.

B xone uccnenoBaHuii, BBIOJIHEHHBIX B HacToslled paboTe, MOKa3aHo,
YTO TOPIBl AKTUBHBIX AJIEMEHTOB M3 KpucTamuioB ZrO;-Y;03-Ho,03, koTOphIE
MOABEPrajich MEXaHOXUMHUUEeCKOMY TpaBiiennto (MXT), mporopaiu mpu 6osee
BBICOKMX 3HAYEHUSAX I[JIOTHOCTH MOIIHOCTH HAaKayku U 0ojee BBICOKUX
3HAYEHHUAX MOIIHOCTH HEMPEPHIBHOW U UMIYJbCHON I'€HEpaluu N0 CPABHEHUIO
C aHAJOTMYHBIMU 3HAYECHMSIMU JJISI AKTUBHBIX 3JIEMEHTOB U3 3TUX KpPUCTAJUIOB,
TOPILBI KOTOPBIX HE noasepraimcs MXT.

Taxxke B pokiage oOcyxkmaeTcss mpupoga AedeKTOB, SBISIOIIUXCS
IPUYMHON IPOTOPAHMSI TOPLOB AKTUBHBIX 3JEMEHTOB W3 KpUCTALIOB ZrO»-
Y203-Ho,03 mpu yBenWyeHUM IUIOTHOCTH MOIITHOCTH HAKa4YKd W JIa3epHOU
TEHEPALINH.

PaGora BbimonHena mnpu (GuHaHcoBoM moaaepxkke PDODU, rpanT
Ne18-29-20039.

1. M.A. Borik et al., Quantum Electronics 43, 838 (2013).
2. P.A. Ryabochkina et al., Laser Phys. Lett. 14, 055807 (2017).

3. TI.A. Ps6oukuna u np., KBantopas anekrponuka 50, 8 (2020).
4. A.N. Chabushkin et al., Laser Physics 28, 3 (2018).
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HIGH-POWER MID-INFRARED QUANTUM-CASCADE LASERS
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Quantum-cascade lasers (QCL) attract great attention of the research
community since the first publication proposing the principle in 1971 [1], and
especially since the first realization in 1994 [2]. This attention results in more
than 8.5 thousand publications with about 150 thousand citations according to
Web of Science. To date, the spectral coverage of QCLs is extremely wide
ranging from mid-infrared to terahertz. The main QCL feature distinguishing
them from the conventional semiconductor lasers is their unipolarity resulting in
the photon emission in the transition of an electron in the conduction band from
one quantum level to another instead of recombination of an electron-hole pair.
Unfortunately, QCL structures are extremely complicated for practical
implementation. The complication comes both from the number of layers that is
two orders of magnitude larger than that in a «conventional» semiconductor
laser and from the need to maintain the layer homogeneity (i.e., identity of
quantum cascades) during long-time epitaxial growth. This complication was the
reason for significant lag of Russian science in research and development of
QCLs, which has been significantly reduced in recent years. In addition to a
review of the state of the art in high-power mid-infrared quantum cascade lasers,
this report will discuss the results of studies of QCL, all the technological
operations for the creation of which were performed in our country. Among
these results, one should note demonstration of the output laser power in excess
of 10 W at a wavelength in
4.6 um region [3], as well as a record-high output power exceeding 13 W
achieved in the QCL of the spectral range of 8 um [4]. In addition, we will
discuss the demonstration of laser generation at elevated temperatures (up to
+65°C) [5], as well as single-frequency generation with side modes suppression
of more than
25 dB in a QCL with U-shaped resonator [6].

This research is supported by the Russian Ministry of science and education
(project ID: RFMEF160719X0318).
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SOLIS STATE RAMAN LASERS IN VISIBLE SPECTRAL REGION.
PROBLEMS AND PERSPECTIVES

P.G. Zverev
Prokhorov General Physics Institute of RAS, Moscow, Russia
E-mail: zverev@Ist.gpi.ru

Continuous-wave, pulsed, and quasi-continuous solid-state lasers
operating in the visible spectral range are of great interest for practical use in
science, technology, and medicine, as they can be compact, efficient, and
reliable. Depending on the application, the range of required power of such laser
systems ranges from tens of watts to several milliwatts. In particular, creating an
artificial sodium star for adaptive astronomy requires a narrow-band radiation
source at a wavelength of 589 nm with an average power of 10-20 W. To
improve the color rendering of large-size laser projection displays, it is proposed
to increase the number of primary colors from three (RGB system) to five or
seven, which requires solid-state lasers with a power of up to 10 W, operating at
certain wavelengths from blue to red.

Visible solid-state lasers with output power from several milliwatts to
several watts are used in biomedicine, including fluorescent imaging and
confocal microscopy, ophthalmology, and DNA analysis. Interesting
applications are related to dermatology, since choosing a laser with a certain
wavelength of radiation, you can selectively affect a particular component of the
skin. In particular, yellow-green laser radiation can selectively affect
deoxyhemoglobin, since its absorption in the region of 560 nm is higher, and
thus treat abnormal vasodilation without damaging the upper layers of the skin.

In the visible spectral range, a large number of standard commercial solid-
state lasers are available, which use the second and third harmonics of
neodymium lasers operating at wavelengths in the range of 0.94 pm, 1.04 ~ 1.12
um, 1.3 + 1.35 um, as well as their sum frequency generation. High efficiency
and compactness of such lasers is provided by the use of modern diode pumping
systems. There are up-conversion lasers operating at the upper energy levels in
the rare earth ions Dy®*, Er®*, and Tm3*. However, the set of wavelengths
obtained in solid-state lasers with rare-earth ions and their frequency conversion
is limited.

The generation of Stokes components under stimulated Raman scattering
(SRS) in crystals allows us to significantly expand the available wavelengths of
solid-state laser systems. SRS-active crystals have a high concentration of
scattering centers, and, consequently, large values of the Raman-gain
coefficient, wide areas of transparency, and good thermal characteristics. They
make it possible to create compact, efficient, stable sources of laser radiation
[1]. Recently, dozens of new crystals have been proposed for SRS: nitrates,
tungstates, molybdates, vanadates, and artificial diamond with high Raman
cross-sections for SRS-active modes [2]. A wide set of crystals allows you to
obtain various Stokes shifts from hundreds to thousands of cm™. Hundreds of
schemes of Raman lasers operating from near-UV to mid-IR spectral ranges
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were proposed. The most efficient are lasers with intra-cavity Raman and self-
Raman conversion, since in this case all the fundamental radiation is converted
to Stokes radiation.

When using the radiation of a standard neodymium laser with a
wavelength of 1.06 um as a fundamental, two approaches for Raman conversion
are possible to obtain radiation in the visible spectral region. In the first case,
one obtains the Raman conversion to the required Stokes component, and then
use frequency doubling or generating sum frequency of the fundamental and
Stokes radiation. Another possibility is Raman conversion of the second or third
harmonics of standard neodymium lasers. In the latter case, the system is
simpler and more predictable.

It is known that the value of the Raman gain increases with increasing
frequency of laser radiation [3]. Switching to the visible spectral range can
significantly improve the efficiency and reliability of Raman converters.
However, optical transmission in the near-UV spectral region in crystals is
limited by fundamental absorption. When the SRS is excited in the visible
spectral range, accompanying nonlinear phenomena occur: two-photon
absorption, nonlinear refraction, self-focusing, and photo-induced absorption.

The report discusses optical scheme solutions and presents the parameters
of the developed solid-state Raman lasers in the visible spectral range. The
analysis of SRS-active crystals in terms of the band gap and the two-photon
absorption coefficient was performed. It was found that calcite and BaWwQO, have
the maximum value of the band gap of 5.9 and 5.8 eV among SRS-active
crystals, respectively, which leads to minimal values of two-photon absorption
in these crystals and indicates their prospects for Raman lasers in the visible
spectral range.

This work was performed with partial financial support from the RFBR,
project number 19-02-00723.
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FUNCTIONAL CAPABILITIES OF FREQUENCY CONVERSION
IN NONLINEAR CRYSTALS - CRITICAL AND NON-CRITICAL
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The paper presents the results of an analysis of the realization of angular,
wavelength, and temperature non-critical processes in the transparency range of
crystals. The formation of radiation is considered for the generation of

harmonics,

sum and difference frequencies,

parametric generation and

amplification from the visible to THz wavelength range. The analysis is based
on the method proposed in [1, 2] for describing the dispersion dependence of the
main crystal parameter FOM,(A1, A2) = (desr)?/N1N2N3.

It has been shown that a feature of some
biaxial crystals is that the maximum effective
nonlinearity coefficient does not occur in the
principal planes of the crystal (fig. 1). This must
be taken into account when solving frequency
conversion optimization.

On the example of distributions FOM (A4,
A2) it is shown that the isolines of the distribution
characterize a fixed value FOM,, which exactly
corresponds to the angle of phase matching. In
most crystals, at the far boundary of the
transparency range, the contours can be tangent
to the lines (A3)* = (M) + (A2) L. This shows
that parametric amplification and generation of
broadband radiation is possible in this area.

From the presented results for the FOM,
distributions (A1, A2) for the generation of THz
radiation (fig. 2) shows that there are not large
area of optimal combinations of input radiation
wavelengths with which the maximum value of
the effective nonlinearity coefficient can be
obtained.

This work was supported by RFBR grant
No. 19-02-00294.
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Fig. 1. SHG at 1.064 um in BiBO.
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Fig. 2. FOM: distribution for sfs
type in a BiBO crystal for the THz
radiation formation.
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2. Yu.M. Andreev et al., Quantum Electronics46, 995 (2016).


mailto:S.G.Grechin@mail.ru

BGS AND BGSE CRYSTALS FOR NONLINEAR OPTICAL FREQUENCY
CONVERSION
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The results of the analysis of the functional capabilities for new mid-IR
biaxial semiconductor crystals BGS (BaGa;S;) and BGSe (BaGasSe;) for
different nonlinear optical frequency conversion processes are presented.

The crystals have a transparency range from visible up to 18 microns, and
the first studies of the optical and nonlinear properties of crystals showed great
potential for solution of frequency conversion tasks. The first experimental
studies of parametric oscillators pumped in the near-IR range principally
confirmed this possibility. But these results were obtained for some special
cases. A complete analysis of the capabilities of crystals is needed.

This paper presents the results of a complex analysis of the functional
capabilities for BGS (BaGa;S;) and BGSe (BaGaySe;) crystals for all frequency
conversion tasks — generation of harmonics and sum frequencies, difference
frequencies, parametric generation and amplification. The analysis is based on
the method proposed in [1, 2]. The obtained results determine the combinations
of wavelengths at which:the maximum conversion efficiency and maximal gain
for parametric amplification can be obtained; angular and wavelength
noncritical phase matching is possible; optimal cut angles of crystals for
obtaining the maximum tuning range of parametric generators; wavelengths
with which amplification of broadband laser radiation can be obtained.

The possibility of generating the sum and difference frequencies with a
BGSe crystal from a ZnSe:Fe?* laser with wavelength tuning is shown. It is
shown that at different cutting both narrow-band and broad-band radiation of the
signal wave can be obtained. The maximum spectral width can be obtained in
the long wavelength region of the spectrum. The tuning range of wavelength
with minimal angular tuning using this laser source is determined.

This work was supported by RFBR grant No. 19-02-00294.
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THE EFFECTS OF TARTARIC ACID ON KDP CRYSTAL GROWTH

V.V. Gribko, A.P. Prokhorov
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Crystals of group KDP (DKDP, ADP) are widely used in laser technology
as electro-optical elements: gates, modulators. Currently, there are many works
on the effect of impurities on crystal growth. Usually, organic impurities in
crystals lead to a decrease in their laser breakdown. However, in papers [1]
shows the results of the positive effects of impurities of carboxylic acids on the
nonlinear optical properties and dielectric crystals KDP.

In this connection, we performed studies of the effect of tartaric acid on
the normal growth rate (R) of the prism faces in KDP solutions.

The measurement of the normal growth rate of the (100) face of KDP
crystals was carried out on a polarization-interference setup [2]. This installation
allows to measure the growth rate of birefringent crystals, determine the
saturation temperature and the «dead zone» (Tq) of solutions. The measurement
error of the growth deviation of KDP crystal faces is ~ 0.02 pm.

The studied solutions were prepared from deionized water with a
resistance of 21.2 MOm, stoichiometric salt of KDP firm ProChem, and tartaric
acid (REACHIM).

After preparation of a stoichiometric KDP solution with a saturation
temperature of Ts = 50 °C, it was filtered using two polymer filters with a PTFE
Membrane, and a pore size of 0.1 pum. Next, the solution was divided into
portions. In the first portion, tartaric acid was not added, the second and third
contained 0.25 and 0.5 wt. % of tartaric acid. For homogenize the solutions, they
were stirred at 60 °C for 8 hours.

According to the experimental dependences of the growth rate, we can
speak about the degree of influence of tartaric acid on KDP solutions. It is
shown that the addition of tartaric acid to the solution leads to an increase in the
dead zone, which is a negative factor for the growth of KDP crystals. It is
established that the addition of tartaric acid in KDP solutions of more than 0.5
wt. % leads to the unsuitability of the solution for growing crystals in it.

1. M. Anisetal., Phys. B. 449, 61 (2014).
2. V.l1. Bespalov et al., Int. Col. of crystal Growth 17, 150 (1988).



INFLUENCE OF Y** IMPURITY ON SPECTROSCOPIC PROPERTIES
OF Ho®* OPTICAL CENTERS IN CaF, CRYSTALS

O.K. Alimov, M.E. Doroshenko, A.V. Nekhoroshikh, A.G. Papashvili,
K.A. Pierpoint
Prokhorov General Physics Institute of RAS, Moscow, Russia
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Holmium doped fluoride crystals are promising laser active media for
2 um lasers [1-3]. One of the key features of rare-earth doped fluorides is the
formation a number of optical centers with different local environment
symmetries. The centers composition of a crystal determines its spectroscopic
and lasing properties. Therefore, the study of the individual holmium centers
spectral properties, especially at the °1;—°lg laser two-micron transition, is an
important scientific problem. In recent studies of CaF,:Ho®*" (0.1%) crystals
three types of optical centers with lifetimes of 10.7 ms, 18 ms, and 26 ms were
separated at the °I,—"°lg transition.

Another task is to study the possibility of the centers composition
controlling, for which, in some cases, optically inactive rare earth ions such as
Y3+ are used. Such doping in the case of CaF,:Y, Nd [4] and CaF,:Y, Tm [5] can
play a positive role, reducing the probability of quenching processes, such as
cross-relaxation. Therefore, the aim of this work was to study the effect of Y3*
co-activation on the various Ho®" optical centers formation processes and their
spectroscopic properties in CaF, crystals at the °I,—°lg transition by comparing
the results with yttrium-free crystals. Using low-temperature time-resolved
selective laser spectroscopy, CaF,-YF; (0.1 and 1%) crystals doped with
Ho®* (0.1%) were studied. At least two types of optical centers were identified.
It was shown that the holmium ions clustered center with 10.7 ms lifetime is
formed in all the samples, the tetragonal center is not observed even at low
yttrium concentrations (0.1 mol.%), and the lifetime of the long-living center (26
ms) increases to 32 ms with an increase in yttrium concentration to 1%.

1. X. Duan et al., Infrared Phys. Technol. 103, 103071 (2019).
2. X.M. Duan et al., Laser Phys. Lett. 15, 09582 (2018).

3. M. Nemec et al., Opt. Lett. 42 (9), 1852 (2017).

4. S.Pang etal., Laser Phys. Lett. 15, 055802 (2018).
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TWO-WAVELENGTH OPO BASED ON KTP CRYSTAL FOR MID-IR
SPECTRAL REGION
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Two-wavelength laser with subsequent generation of the difference
frequency in a nonlinear crystal are of great interest in order to create efficient,
reliable and compact sources of terahertz and far-IR spectral regions [1]. In this
report, a tunable two-wavelength laser based on collinear optical parametric
oscillator (OPO) in a KTP crystal, type Il (eoe), generating radiation in the mid-
IR spectral region with mutually orthogonal polarization, is studied.

The diode-pumped YVO,:Nd®** lasers operating in the Q-switched mode
at the wavelengths of 1064 nm and 1342 nm was considered as the pumping
source. In this case, two-wavelength generation was obtained in the spectral
range of 1.9-2.4 microns and 2.3-3.0 microns, respectively (fig. 1). It can be
seen that in the second case, even in the case of a degenerate OPO, the
oscillation is obtained in the region of 2.69 microns, which allows increasing the
energy efficiency of obtaining terahertz radiation by a difference frequency
generation.

The experiments used a 6x6x15 mm KTP crystal sample cut at an angle
of 51.5° to the Z axis in the XZ plane. The intra-cavity pumping scheme of the
OPO was used. The tuning of oscillation wavelengths and the frequency
difference between them was performed by turning the KTP crystal. The
spectral width of individual wavelength components was 0.7 nm. The total
maximum energy in the signal and idle waves reached 1.2 mJ when pumping
with 1064 nm. Possible ways to improve the efficiency of this laser are
discussed in report.
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Fig.1. Tunable curves of OPO based on KTP crystal with collinear interaction under pumping
with the radiation with the wavelength of 1064 nm (1) and 1342 nm (2).

This work was partly financially supported by Russian Foundation for
Basic Research, project Nel7-02-00518.
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MODELING OF OPTICAL PRODUCTS BASED ON SILVER
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Among the known optical materials for the mid- and far infrared ranges,
silver and monovalent thallium halides are highlihgted for their wide
transmission range of 0.4-60.0 um and more (for crystals), 2.0-25.0 um (for
optical fibers) without absorption windows , low optical losses, flexibility, non-
hygroscopicity, photo and radiation resistance, high optical and mechanical
strength [1]. In this regard, the use of optical products based on silver and
thallium halides is promising for laser technologies.

In this work, for the first time, a lens based on a crystal with a
composition of 6 mol.% TIBro4slossin AgBr mounted inside a laser cavity was
simulated for operation at a wavelength of 10.6 um. The simulation was aimed
at studying the resonator stability at various distances between the lens and the
mirrors. The simulation results were compared with the mathematical method -
Ray transfer matrix analysis (ABCD method), as shown in figure 1. The
mismatch of solutions is associated with a limited number of radiation
reflections in the model, while the ABCD method solves the problem for an
infinitely large reflections number. Nevertheless, the optimal distances between
the mirrors and the lens were obtained and amounted to 0.3-0.4 m, which is
sufficient for laser technology.

Laser cavity stability analysis

Stability

© o o o © o o o
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Mirror-lens distance (m)

Fig. 1. Comparison of the simulation results and the resonator stability calculation.

This work was supported by the Russian Science Foundation under grant
No. 18-73-10063.
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MOISTURE-RESISTANT VISUALIZERS FOR SETTINGSINFRARED
LASER SYSTEMS WITH A LARGE BEAM APERTURE
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!National Research Ogarev Mordovia State University, Saransk, Russia
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Currently, infrared (IR) lasers are widely used in lidars, rangefinders and
special equipment. Laser beam visualizers can be used to settings these devices
in the field. They are used to convert invisible for the human eye infrared
radiation to the luminescence of the visible spectral range (fig. 1). Existing
commercial samples of visualizers have a small active region (maximum area
500 cm?) and can work only in laboratory conditions.

| 3
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Fig. 1. Visualizrs for setings laser lidars, rangeflndefs and spelal equipment in the field.

In present paper moisture-resistant polymer visualizers an area of 1 m?
were obtained. Infrared visualizers can work in various weather conditions.
Their structural, physical, mechanical and spectral-luminescence properties were
studied.

Spectral range, sensitivity and fracture threshold of visualizers were
determined.

Tests of the developed visualizers were also carried out at various ambient
temperatures and various precipitations in the field.

The investigation showed that the developed moisture-resistant visualizers
can be used to settings laser systems with a large beam aperture in the field.
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MODELING OF THE EVLC PROCESS USING LASER RADIATION
OF THE TWO-MICRON SPECTRAL REGION

S.A. Artemov, A.N. Belyaev, O.S. Bushukina, S.A. Khrushchalina, S.V. Kostin,
A.A. Lyapin, P.A. Ryabochkina, A.D. Taratynova
National Research Ogarev Mordovia State University, Saransk, Russia
E-mail: alina.taratynova@mail.ru

Varicose veins are included at the list of the 10 most common diseases in
the world.At present there are minimally invasive methods in treatment, one of
which is endovenous laser coagulation. Choosing of radiation wavelength was
based on selective absorption by chromophores of biological tissue. Currently
known lasers operate at wavelengths of 810, 980 nm and target hemoglobin.
Lasers with emission wavelengths of 1550 nm corresponding to water
absorption are also used. High values of laser radiation power are 15-20 W and
10-12 W, correspondingly that lead to postoperative complications caused by
injury to perivenous tissue. However, recently, scientific papers have appeared
that indicate the implementation of EVLC using laser emitting in the two-
micron spectral region and due to this fact the radiation power required for vein
coagulation can be reduced.

At the moment the actual task is to develop complex approach to reduce
the power of laser radiation used for EVLC and to minimize damage to the
perivenous tissues. This method may include computer simulation of the EVLC
and comparison of obtained results with experiments findings.

In the course of present work, we carried out modeling of heating vein
wall and perivenous tissues during the EVLC process using laser radiation of the
two-micron spectral region and comparison obtained results with ones of in-vivo
experiments on sheep of Edilbay breed using radiation from a solid-state
LiYF,:Tm crystal laser with a wavelength of 1910 nm and power of 1.5 W, 3 W
ndW.

Simulation of the EVLC process was carried out in the COMSOL
Multiphysics 5.5 software package using the «Heat Transfer» module. The
obtained results correlate with findings of in-vivo experiments of the EVLC.

This research was supported by the Russian Foundation for Basic
Research (Grant No. 18-29-20039).
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HOBbIE ®YHKLUMNOHAJIbHbIE MATEPUAIJIbI

OIITUYECKAA CIIEKTPOCKOIIMA T'MBPUIHOI'O ITEPOBCKUTA
CH3NH3Pbl; — TTIEPCITIEKTUBHOI'O MATEPUAJIA OIITO3JIEKTPOHUKU

B.E. Anukeepal?, KH. bongsipes’?, M.H. TTonosa'?,0.1U. Ceménona®
Ynemumym cnexmpockonuu PAH, Tpouyx
2Mockosckuti (pusuxo-mexnuueckuii uncmumym, Jon2onpyouuiil
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['uOpuaHbie OpraHO-HEOPTraHWYECKUE COCAUHEHUSI CO CTPYKTYpOu
MEPOBCKUTA WHTEHCUBHO HCCIEIYIOTCS B TIOCIEIHEE BPEMS B CBA3U C HX
(yHKIHMOHAJIBHBIMHU CBOMCTBaAMHU. B 4aCTHOCTH, METUJIAMMOHUN-HOAMT CBUHIIA
CHsNHsPbl; (MAPbDI3) paccmatpuBaercs kak HawOoyiee IEpPCIEKTHBHBIN
0a30BbIi MaTepuay [Jis COJHEYHBIX 3JIEMEHTOB HOBOTO IOKOJEHUS. ITO
COEJIMHEHHE UCTIOIb3YETCS TAKXKE B IETEKTOPaX PEHTI€HOBCKUX M FaMMa JIydeu,
B Jla3epax U CBETOAMOAaX. B nuTeparype MOXHO HaWTH OOJIBIIOE KOJUYECTBO
paboT, MOCBSIIEHHBIX HccaeaoBaHnio MAPbI; pa3nuuHbIMU METOJaMHU, B TOM
yucie ontudeckuMu. OHako OOJBIIMHCTBO 3TUX pPaldOT BBINOIHEHO JJIS
TOHKUX TUIeHOK. B MHcTtutyTe dmsuku nomynpoBogHukoB um. A.B. PxkaHoBa
CO PAH B HoBocubupcke ObLTM BbIpamieHbl MOHOKpUCTaibl MAPDI;
XOpOIIIeT0 KauecTBa ¢ pasMmepamu okosio cantumerpa [1,2]. Tam xe Obuia
BBITNIOJIHEHA XapaKTepu3alus 00pa3lioB pEHTTEHOBCKUMHU METOJaMH, IPOBEICHbI
n3mepenus ¢otonpoBoguMmoct. B HMHcTHTyTe crnekTpockonuu PAH Obin
BBITIOJTHEH KOMIUIEKC ONTHYECKHX HMCCIIeIOBaHUN MOHOKpHcTamoB MAPDI; B
HIMPOKHUX JUANa30HaX 4acToT (OT TepareproBOro 10 BUAUMOI0) U TEMIIEpATyp
(5-350 K).

B nekuuu Oyaer naH KpaTkKuil 0030p CBOWCTB TMOPUAHOIO MEPOBCKUTA
MAPDI3, B ocHOBHOM onTu4eckux, U OyIyT MPEACTABICHBI PE3YJIbTAaThl HAIIUX
HEJJaBHUX MCCIIEJOBAaHUN MOHOKPHUCTAJUIOB 3TOT0 COeIuMHEHud. TepareproBbie
CHEKTPBI OTPAXKEHUS AT HOBYIO MH(QOpPMALMIO O HU3KOUYACTOTHBIX (DOHOHAX,
CYLIECTBEHHYIO JJII TOHUMAaHUSl TEIUIOBBIX CBONCTB COEOUHEHUS W
OCOOEHHOCTEW  IJEKTPOH-(POHOHHOTO  B3aWMOJEHCTBUA. TemmepaTypHoe
MOBEJICHUE CIIEKTPOB TMpomyckaHusi B cpennerd u OmmxHedr MK oOmactsx,
COOTBETCTBYIOIIMX MHOTO(OHOHHOMY TMOTJIOLIEHUIO, OTPa)KaeT H3MEHEHHE
JWHAMUKA OPraHUYEeCKOro KaTuoHa. ONTHUYECKHE CIEKTPhl MPOMYCKAHUS
MOKa3bIBAIOT M3MEHEHUE IIMPHUHBI 3aIPEIICHHON 30HBI C TemIieparypou. Bo
BCEX CIEKTpax HaOJIIOAAMCh BBIPAXKEHHbIE OCOOCHHOCTH IMPH TEMIIEpaTypax
($a30BbIX IEPEXOI0B U3 KyOMUeckoil B TeTparoHanbHyto ¢a3zy (~ 320 K) u nganee
B pomOudeckyto (~ 160 K).

PocT KpuUCTaIJIOB BBIOJHEH B paMKax TOCYJAapCTBEHHOTO 3aJaHUs
Ne AAAA-A18-118020190098-5. CekTpocKONUYECKUE U3MEPEHHSI IPOBEICHBI
npu puHaHcoBoi nogaepxke PODU, rpant Nel8-32-20142.
1. O.1. Semenova et al., J. Cryst. Growth462, 45 (2017).
2. E.S. Yudanova et al., J. Struct. Chem. 58, 1567 (2017).
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TepMoniniekTpuyeckue npeoOpa3zoBaTesid YHEPTUH (MU TEPMOIICKTPUKH) —
3TO 00lllee Ha3BaHUE MATEPUANIOB, MPEOOPA3YIOMIUX TEIUIOBYIO JHEPTHUIO B
JNeKTpudeckytro. B ocHoBe  paboThl  OOJBIIMHCTBA  COBPEMEHHBIX
TEPMOAJIEKTPUKOB JIeKHUT dPdekT 3eebeka — TeHeparus TEPMOIAC IO
JEHCTBUEM TpaJlieHTa TeMIepaTyp, chopMUpoBaHHOTO B oOpasiie. [lomooHbIit
MPUHIUI MO3BOJISIET UCIOJIB30BaTh «OPOCOBOE)» TEIJI0, KOTOPOE BBIJIEISAETCS B
MHOTOYMCIIEHHBIX COBPEMEHHBIX TEXHOJIOTHYECKHUX, XUMHUYECKUX,
OMOJIOTMYECKUX M OBITOBBIX THpoleccax /s TEHEpaluHu 3JIEKTPUUYECKOU
DHEPruu. ITO IO3BOJMUT cyuiecTBeHHO mOBbIcUTh KIIJ[ Bcex yka3aHHBIX
IIPOLIECCOB, a CJIE0BATEIbHO, CHU3UTh UX CE0ECTOUMOCTb.

AKTHUBHBIE  pa3padOTKM U HUCCIEJOBAHMS  TEPMOIIEKTPUUYECKUX
MaTepuajoB Hauyalduch C cepeauHbl XX CTOJeTHs M NPOAODKAIOTCS B
Hactosiiee Bpems [1, 2]. OcHOBHOM 3ajjaueil TEXHOJOTUHU SIBIISIETCS pa3paboTKa
npeobdpazoBarenet, 1 koropbix KIIJ[ Opi1 OBl JOCTATOYHO BBICOK AJIS TOTO,
9TOOBI KOHKYPHUPOBATh C JAPYTUMHU QIbTEPHATHUBHBIMU HCTOYHMKAMH SHEPTHUU.
TpanuuMoOHHO Takas 3ajada pellajach MeToJaMH Moadopa 0co0oro cocraBa
MaTepHalioB U yNPABICHUS UX CBOMCTBAMHU (CO3/1aHUE MOJUKPUCTATUIMUECKUX U
aMOopHBIX MaTepuajoB, YIpaBJICHUE KOHIEHTpALMECl HOcuUTeNIed 3apsga u
conpoTuBieHuem). K  HacrosdmeMy BpeMEHH YXKE€ HU3BECTEH Halop
TEPMOIJIEKTPUUYECKUX TpeoOpa3zoBaTenell ¢ MpUPOJIHO-BBICOKUMU 3HAUYCHHUSIMU
3¢ ()EKTUBHOCTH, a HUCIIOJIB30BAHUWE TOTO0 WM HMHOTO Marepuaia u3 Habopa
ONPENENSIETCS YCIOBUSMH 3KCIUTyaTallld, B NEPBYI0 OYEpElb, TEMIEPATYPOM.
TenneHuuen MocieTHUX JET SBJSETCS CO3JaHHE€ HAHOCTPYKTYPHPOBAHHBIX
MaTepUaJIOB U TETEPOCTPYKTYP, ISl KOTOPBIX HPOTHO3UPYETCS BO3MOXKHOCTH
NOBBIIICHUS 3()(PEKTUBHOCTH B HECKOJIBKO Pa3 MO CPABHEHHUIO C OJHOPOIHBIMU
00BeMHBIMU TepMoOdJIeKTpuKamMu. Ceiuac ¢ pa3BUTHUEM 3KCIIEPUMEHTAIBHOM
0a3pl U TEXHOJIOTUH, MO3BOJISIIOIICH CO3/1aBaTh YHUKaJbHbIE HAHOCTPYKTYPHI,
OTMEUYaeTCsd  TOBBIIEHWE  HAYYHOTO  HMHTEpeca K  MpoOJeMaTUKe
TEPMOIJIEKTPUUECKUX MpeoOdpaszoBaTenet suepruu |1, 2].

B nactosimem 0030pe paccMmarpuBaeTcs OAMH W3 0a30BbIX MPHUHIIUIIOB
MOJIYYEHUS] TEPMOAIEKTPUUECKUX MATEPUAIOB MOBBIIIEHHOW 3()(PEeKTUBHOCTH —
HAaHOCTPYKTYpUpOBaHWE — HA  OpUMepe  MPUMEHEHUS  TEXHOJIOTHH
AIEKTPOUMITYJILCHOIO TUIa3MEHHOTO CcrHekaHus. PaccmaTpuBaroTCS OCHOBHBIE
0COOCHHOCTH (POPMUPOBAHUS CTPYKTYP MPHU UCHOIB30BAaHUU JAHHOTO METO/a, a
Tak)Ke PE3yJbTaThl IKCHEPUMEHTATBHOIO HCCIIEIOBAHUS TEPMOIICKTPUUECKUX
MaTepUaJIOB Ha OCHOBE TBEPIOrO pacTBOPa repMaHUN-KPEMHHUM.

K nacrosimiemy MOMEHTy moka3aHo, 4To 3((eKT reHepanui HanpsLKeHUs
MO>KET BO3HMKAaTh B OJHOPOJHOM MaTepualle B TOM CIIy4ae, €CIU €ro KOHLBI
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HaxOmATCA MPHU PAa3HBIX TeMIleparypax. PaccMoTpum BKpaTtme MeEXaHW3M
reHepanuu TEpMOI/IC.
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Puc. 1. Cxemarnueckoe n3zodpaxenue puznueckoro mexanusma s dekra 3eedeka:
(a) —oran 1 — popmMupoBaHHE TOTOKA CBOOOIHBIX HOCUTEJICH 3apsijia IPU CO3aHHH
rpaaueHTa temneparyp; (6) — atamn 2 — GopMupOBaHHE IEKTPHUECKOTO MO,
MPETSATCTBYIOIIETO OTOKY CBOOOTHBIX HOCHTENICH 3apsizia.

[TomynpOBOJHUKOBBIE MaTepHaibl COAECPKAT MOJBMXKHBIE HOCHUTENIN
3apsa, KOTOpbIE CIOCOOHBI MepeMelarbca Mo o0beMy wmaTtepuana (Kak
IpaBUJIO, 3TO ANEKTPOHBI). [lpu yBennueHun teMrepaTypbl OIHOTO M3 KOHIIOB
MaTepuaia yBEIMYMUBAECTCS KOJMYECTBO IMOABMKHBIX HOCHUTENEH, a TaKkKe X
KHMHEeTHYecKass »dHepruss. Hocurenu HauumHaOT JBUTAThCA  ObICTpEE B
HaIpaBJICHUU OT TOPSYEro KOoHIA K xosiogHomy (puc. 1 (a)). B pesynbrare Ha
«XOJIOTHOM» KOHIIE (hopMUpYeTCs H3OBITOYHBIA OTPUIATEIBHBIA 3apsij, a Ha
«ropstueM» — U30BITOYHBIN MOJIOKUTENbHBIN (711 CXEeMBbI, TTOKa3aHHOW Ha pUC.
1). Co3maetcsi ayeKTpuuecKoe 1moje, B KOTOPOM Ha HOCUTENH ACHCTBYET CHIIA,
3aCTaBIAIONIAs UX MEPEMEIIAThCs OOPATHO — OT rOpsAYEero KOHUA K XOJOJHOMY.
JloctaToyHO OBICTPO MEXKIY TEIUIOBBIM MOTOKOM HOCUTENEW U AJIEKTPUUYECKUM
TOKOM, MHAYIIMPOBAaHHBIM mojieM E, ycranoButcs paBHoBecue (puc.l (0)), mpu
ATOM MEXKIy KOHIamMu Marepuana Bo3HHKaeT JJIC, koTopas KOMIIEHCUPYET
TETJIOBOM MTOTOK — TEPMOIJ/IC.

Bemnunna 3/]C 3aBUCUT OT rpaueHTa TEMIIEPATYP, a TAKKE BEIIMYHHBI,
KOTOPYIO Ha3bIBalOT Kod(hduimentom 3eeOeka. 3aBUCUMOCTh TEPMODJC OT
kod(pdunrenTa 3eedbeka 1 rpaJreHTa TeEMIIEpaTyp BbIpakaeTcs: HopMyioi

U=a*AT, (1)
rae U— Benumuumna tepMmodiac, AT — rpaaueHT Temmeparyp, o — KO3 UIIMEHT
3eeOeka, ompeenseMblil Kak BEJIMYMHA TEPMODJIC MPHU PA3HOCTH TEMIIEpaTyp
Mexay konmamu mateprana B 1 K. Bennunna koadduiinenrta 3eedbeka sBiseTcs
XapaKTEPUCTUYECKUM CBOMCTBOM MaTepualla M 3aBUCHT OT KOJIMYECTBA
HNOJIBKHBIX  3aps/I0B, AIEKTPUYECKOTO CONPOTHUBIICHU, CBOICTB
KPHUCTAIZIMYECKOM PEIIETKH, CTEIEHHU e coBepieHcTna [1-3].

Ha pucyHke 2 moka3zaHa 53KBHBAJIECHTHAs »JJEKTPUYECKas CXeMa
BKJIFOUEHHUS] TEPMOZJIEMEHTA B AJIEKTPUUYECKYIO LENb B KA4e€CTBE HCTOYHHUKA
NUTaHus. 3/ech NHUTaeMass MCTOYHHUKOM DBJEKTpUYECKas IeNb 3aMEHEHa Ha
HKBUBAJIEHTHOE CONMPOTHUBIIEHUE Ry
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Puc. 2. DxBuBajIeHTHAs AJIEKTpUUECKAs CXeMa TEPMOIIICKTPUUECKOT0 TeHepaTopa,
MOJKJIFOYEHHOTO K BHEIIHEHN JJIEKTPUUYECKOU LIEMH.

[Ipocreitmmii aHaIM3 CXEMbI, NPEIACTABICHHOW Ha pHUC. 2, METOJAAMHU
TEOPUU DJIEKTPUYECKUX IIeNeld MOKa3bIBACT, 4YTO TNAJ€HHWE HAIPSHKEHUS Ha
Harpy304HOM COMPOTHUBICHUU R, CBSI3aHO ¢ HaOpsHKEHUEM TEPMODJIC H
BHYTPEHHHUM CONPOTUBICHUEM UCTOYHUKA COOTHOIIIEHHUEM

U(R,)=U,*R, (R, +T1,) (2)
rne Urp — HampshkeHHWE HUCTOYHUKA, I — CONPOTHBJICHUE HCTOYHUKA, T.C.
CONPOTHUBJIEHUE TEPMOIIEKTPUUECKOTO MaTEpHUaia.

UeM MEHbIIE COMPOTHUBIECHUE TEPMOAJIEKTPUKA, TEM BBIIIE HAIPSKECHHUE,
KOTOpO€ MOXET OBITh BBIIECNEHO B IIeMb OT MCTOuHHKA. C Ipyroit CTOPOHHI,
U3BECTHO, YTO B HHU3KOOMHBIX MaTepuajiax (B MeTajlaX) BETUYMHA TEPMODJIC
ouenb Mana [1-3]. Ilpocreiimee o00BsICHEHHE TOAOOHONH 3aKOHOMEPHOCTH
MOXHO C(OPMYIUPOBATh HUCXOHsl W3 PHUC. 2: YEeM HHWXKE CONPOTUBIICHUE
Marepuaia, TeM MEHbIIE TPeOyeTCs SJIEKTPUYECKOE MOJie JI TOTO, YTOOBI
KOMIIEHCUPOBATH TEIUIOBOM MMOTOK HOCHUTEIIEH 3apsia.

TakuMm 00pa3oM, CYIIECTBYEeT ONTUMYM CONPOTUBIICHHUSI, s KOTOPOTO
XapaKTepHbl BBICOKOE HAMPSKEHUE TEPMODJIC U OJJHOBPEMEHHO BO3MOKHOCTH
OTBEJICHUSI HTOTO CONPOTHUBJIECHUS BO BHEMIHIOW 1enb. Dusznueckumu
BEJINYUHAMU, XapaKTepU3yrIIMH MOITHOCTS, OTBOJAUMYIO oT
TepMOodJIeKTpruueckoro ucrounuka, u KIIJ[ atoro ncrounuka, sisitotrcst paxkTop
MOIIMHOCTA W ¥ KOI(PPUIMEHT TEepMOIJICKTpUUECKo aoopoTtHocTH ZT,
COOTBETCTBEHHO. DAKTOP MOIIHOCTH IO OMPEICIICHUIO 3aMUChIBACTCS KaK

w=a’lp, (3)
rjae a— ko3 uireHT 3eedeka, p — yAeIbHOE COMPOTHUBIICHUE.

KoadduumeHT TepmMoaieKTprudecKkoi J0OpOTHOCTH OMPEAeIIIeTCS KaK

ZT =(a® pr)*T, (4)
rae Kk — Ko3(pPUIMEHT TeIIONPOBOJHOCTH, | — CpeAHssl TeMIeparypa MEXITy
«TOPSTYUM» U «XOJIOJHBIMY KOHIIAMU 00pasIia.

OtmetuM, uyTo Kod(hduiment ZT sBisercs Oe3pa3MEepHBIM, HHOT/IA
BMECTO HEro HCHoib3yloT kod(pduuuent Z. PasmepHocts Z — oOparHas
temneparypa. ®opmyna (4) nokaseiBaet, uro Haubosbimmil KITJ mMoxer OBITH
MOJIy4eH B Marepuajie ¢ HauOOJIBIIMM 3HauyeHHEM (aKTopa MOIIHOCTH H
HU3KUM KOA(D(UIIMEHTOM TEIIONPOBOJHOCTH, MOCJIEIHEE MO3BOJISIET JIETKO
MOAACPKUBATh PA3HOCTh TEMIIEPATYp B MaTEpHUaJe.



CunTaerca OOLIEIPUHATHIM, YTO KO3(DPHUIMEHTHI, BXOAAIIUE B (HOPMYILY
(4), pyHKIIMOHANIBHO B3aUMOCBS3aHbl MEXly cO00W. CHMYKEHUE CONTPOTUBIICHMUSI
MaTepuanga HpHUBENET K CHIKEHMIO Kod(¢uuueHTa 3ee0eka M NOBBILICHUIO
ko3 duLeHTa TEMIOMPOBOIHOCTH [4].
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Puc. 3. (a) — 3aBucuMocTs ko3 duimenTa o, pakropa MOIUTHOCTH, KO3 dUIIEHTA
TETUIOTIPOBOAHOCTH, SJIEKTPOIPOBOAHOCTH OT KOHIIEHTPAIIMH HOCUTENEH 3apsaa
B Matepuase [4]. Makcumym ko3 duirienta ZT cOOTBETCTBYET KOHIIEHTPALIUK HOCUTENEH
CUJIBHOJIETUPOBAHHOTO MOJIYIPOBOAHMKA; (0) — TeMnepaTypHas 3aBUCUMOCTh
koaddurmenta ZT 115 pa3IMIHBIX MaTepUaIOB, MpUBEAEHHAS B [S].

Ecnu n1st ogHOro M TOro k€ MaTepuajla BapbUpOBaTh KOHIIEHTPALIUIO
HOcUTENeH (Hampumep, 3a CYeT JIETUPOBAHUA), MOXKHO JOCTUTHYTH
ONTUMAJIBHOTO 3HaueHus kodpduuuenta ZT, HO TOBBICUTH €ro CBEpX
ONTUMAJIBHOTO 3HaUY€HHUs 0€3 MPUMEHEHHUS CTIEIMAIbHBIX METOJ0B HEBO3MOXKHO.
Ha puc. 3 (0) nokazanbl MakCUMaJlbHbIE BO3MOKHbIE 3HAYEHUSI KOAP(DULIMEHTA
TEPMODJIEKTPUYECKONH JTOOPOTHOCTH B 3aBUCUMOCTHM OT TEMIIEpaTypbl JUIs
pPa3ITUYHBIX MAaTEPUAIIOB.

HaHocTpyKTypUpOBaHMEe KAaK MeTOA IOBBILICHUS KOI(pPuiuueHra
TePMOJIEKTPUYECKOH JOOPOTHOCTH.

O0630p [2] omuChIBa€T HECKOJIHKO METOJOB MOBBIMICHHS KO3 (UIIMEHTA
ZT B mpejenax OJHOTO M TOTO e MaTepuana. B ocHOBe 3THX METOJOB JiexkaT
MONBITKA ONITUMHU3UPOBATH OJIMH M3 ITApaMETPOB, BXOIAIMIUX B popmyiy (4), 6e3
CYILIECTBEHHOI'0 M3MEHEHMs OCTaJIbHbIX. Hampumep, BBeleHHE CHELUAIbHON
PUMECH B MOJYIPOBOJHUKOBBIE MaTepUalbl MO3BOJSET MOBBICUTH MIOTHOCTD
cocTosiHui Ha ypoBHe depmu, YTO BENIET K MOBBINIEHHUIO Koddduirenra a [6,7].

B pamkax kparkoro 0030pa pacCMOTPUM CTPATErHI0, CBSI3AHHYIO C
CO3JaHMEM HAHOCTPYKTYPUPOBAHHBIX MarepuanoB. CyllecTByeT JBa BapuUaHTa
CTpaTeruy HaHOCTPYKTypupoBaHus. [IepBblii ObLT PAaCCMOTPEH B TEOPETUUECKOM
pabote [8] Ha mpuMepe CBEpPXpEIIETOK Ha OCHOBE TeJUlypuja BucMyTa. B
yKa3aHHOM paboTe paccMOTpeHa CBepXpelieTKa M3 JABYX UeperyrOIIMXCs
MATEPUAJIOB, Pa3IMYAOIIMXCS  [IMPUHOW  3ampelieHHoW  30HbL.  llpum
YMEHBIIICHUU TOJIIMH MaTepHalOB HUKE KBAHTOBOI'O MpPEAENa AJIEKTPUUECKUE
XapaKTEPUCTHKA HAYMHAIOT 3aBUCETh HE TOJIBKO OT CBOMCTB MaTepualia, HO U OT
NEPUOAOB CBepXpereTku. Takum 00pa3oM, NEPUO CBEPXPELIETKH BHICTYIIAET B
Ka4yeCTBE JOMOJHUTENIBHOMN CTETIeHH CBOOOIbI ISl ONTUMU3aluu apamerpa ZT.



Bapeupyst mepuos CBEpXpemieTKH MOXKHO HW3MEHSTh COMPOTUBIICHHE 0€3
CYIIICCTBEHHOT'O BJIUSIHUS HA OCTaJbHBIC TTapaMeTpbl. MeHssl KOHIIEHTPAIUIO —
MO>KHO U3MEHHUTh Kod(hduimenT 3eedbeka. Takum o6pa3zom, B paboTe mokazaHo,
4TO TPU ONTHUMHU3MPOBAHHOM BBIOOpPE YKa3aHHBIX BBIIIE JBYX MapaMeTpoOB
BO3MOXXHO TmoOBbIIeHHE Koddduimenta ZT B 10 pa3 mo CpaBHEHUIO C
OJTHOPOTHBIMHU MaTepHAIAMHU.
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Puc. 4. Cxema 30HHOI 1UarpaMMBbl TEPMOIJICKTPHUUECKOM CBEPXPEIIETKH (CIIeBa)
U paccUMTaHHbIe 3HauUeHus Koddunuenta ZT B 3aBUCUMOCTH OT MEPUOJIa CBEPXPEIIETKU
(ctipaBa), o JaHHBIM padoTh [8].

Btopoii BapuaHT cCTpaTermM HAHOCTPYKTYpHpPOBaHUSI CBSI3aH C
HapylIeHUEM KPUCTAIUIMYECKOW pemeTkn Marepuana. Kak  HM3BECTHO,
KO3 (PUIIMEHT TEIIONPOBOAHOCTA MOKET OBITh NPEJICTABICH B BHUJAE CYMMBI
JIByX COCTaBJISIIOLIUX: CBS3aHHOM C IEPEHOCOM TeIla 3JeKTpoHamu (k,) U
(dboHOHAMU (K o).

K=Ky +Kg 5)

@DOHOHHAs KOMIIOHEHTa CYIIECTBEHHO 3aBHCHT OT KPHUCTAJLUIMYECKOIO
COCTOSIHUSI MaTepHayia. B MONMKPUCTAIIIMYECKOM MaTepuale kKo HUKE, YEM B
MOHOKPHUCTAJJTINYECKOM 3a CUeT paccesHus (OHOHOB HA IpaHUIAX 3epeH. B
Cllyyae MOJIMKPUCTAJUIMYECKOTO0 Marepualia ¢ HAHOMETPOBBIM Pa3MepOM 3€pHa
(GhOHOHBI TIpEeTEePHEBaOT MHOTOYHUCIICHHBIE aKThl PACCESIHUS HAa TPAHUIIAX 3€PEH,
YTO CYIIECTBEHHbIM 00pa30oM TMOHWXAeT (POHOHHYIO  COCTaBIISIOLIYIO
ko3 duieHTa TemonpoBoHOCTH. TakuM 00pa3oM, HAHOCTPYKTYPHPOBAHUE
aBysgeTcs: 3PPEeKTUBHBIM METOAOM MOBBIMIEHUS Koddduiuenta ZT. IlonobHas
cTpaTerus Obljia YCIEIIHO peajar30BaHa Ha IeJIOM psijie MaTepuanos [9—12].

Opnum 13 HauboJliee aKTyaJIbHBIX TEXHOJOTUYECKUX METOJ0B MOTYUYEHUS
MAaTEpPUaJIOB C HAHOPA3MEPHOU ITOIUKPUCTAIIIMYECKON CTPYKTYPOU SIBISETCSA
METOJl DJIEKTPOUMITYJIbCHOTO IuIa3MeHHoro crekanus (QUIIC) [13, 14].
VYKka3aHHBIH METOJA 3aKJIOYaeTcsi B CHHTE3€ OOBEMHBIX MaTepualoB U3
MIOPOIIIKOB, KOTOPhIE MOTYT OBITH IMOJYYCHBI Pa3IMYHbIMH MeTomamu [9-14],
IpUYEeM TIapaMeTpPbl TEXHOJIOTMH TIOJYYCHHS MOTYT OOCCHEYHTh CpEeaHUi
pa3Mep 4acTHll MOpOIIKa MOPSAKa HECKOIbKMX HaHOMETpoB. Ilpu crnexanuu
HNOPOILIKH pa3MEIaloTcsl B cClenuajgbHble mpecc-(GopMbl M IMOABEPraroTCs
OJTHOBPEMEHHOMY  BO3JCHCTBUIO  BBICOKOW  TemmepaTypbl (Onu3koll K
TeMIlepaType MJIaBJIeHUs] MaTepralia) U JaBICHUIO, KOTOPOE MOXKET U3MEHSAThCS
B IIUPOKOM Juana3zoHe — oT nopsiaka 300 MIla u Beime (puc. 5). B pesynbrare



MPOUCXOMUT  COCMIWHEHHWE dYacThll W (QOpMUpPOBAaHUE  OJHOPOITHOTO
MOJIMKPUCTAJUIMYECKOTO MaTepuana, pa3sMep 3€pHa B KOTOPOM 3aJaeTcs
pa3MepoM YacTHI] UCXOJAHOTO MOPOIIKA.
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Puc. 5. Cxemarnueckoe n300paxxeHue mpouecca 3JIeKTPOUMITYJIbCHOTO MJIA3MEHHOTO
criekanus [15].

Takum 00pa3oM, METOJl SJIEKTPOUMITYJIbCHOTO IJIa3MEHHOTO CIEKAHUS
ABJISIETCS YHUKAJIbHOM TEXHOJIOTHMEN JMJIsI CHHTE3a MOJUKPHUCTAINIMYECKUX
MarepuanioB.  KoHTponupyemoe  ympaBiieHHE€  OOJBIIMM  KOJUYECTBOM
napaMeTpoB IMpolecca CIEeKaHWs JaeT IIUPOKUE BO3MOXKHOCTH  JJIS
MOAU(UKAIIMKA CTPYKTYphl MaTepuala, B YaCTHOCTU 3E€PEHHON CTPYKTYpHI, a
TaKXKe ISl U3MEHEHUSI CTPYKTYpbl U 00bema 1mop B Marepuaie. [lomumo storo,
MOXHO OTMETUTh BO3MOXHOCTH Il BBEACHUA B MaTepualibl IpUMeceu
pa3IMYHOrO pPOJiIa, B TOM 4YHUCIe, Jerupyromux paodaBok [16]. B cuny
BbIIIEN3JIOKEHHOTO Meton OJUIIC cTaHOBUTCS OJHUM U3 OCHOBHBIX IJIA
MOJYYEHUs] HAHOCTPYKTYPUPOBAHHBIX TEPMOAJICKTPUUECKUX MATEPUATIOB C
YIIYUYIIEHHBIMU XapaKTePUCTUKAMH TOOPOTHOCTH.

Cucrema Ge-Si kak TepMOIEKTPHMK B CpeHEM HaNa3oHe
Temneparyp. Ilosiyyenne MeToaOM 3JI€KTPOMMIIYJIHLCHOIO IJIA3MEHHOTO
CIeKaHMSI.

PaccmoTpuMm mpuMep THPUMEHEHUST METOJla  DJIEKTPOUMITYJbCHOTO
IJIA3MEHHOTO CIEKAaHUsI [JI TOJY4YEHHs] TBEPJbIX PAacTBOPOB 3aMELICHUS
repmaHuii-kpeMHni (Si;xGex). YKa3zaHHBINH BHJ TBEPIBIX PACTBOPOB 3aHHMACT
ocoboe MmecTo cpemau TepModaekTpukoB [1-3]. Ero BeICOKas xumudeckas H
MEXaHU4eCcKass CTaOWIBLHOCTh TIPU TMOBBLIIMICHHBIX TEMIIEpaTypax SBISACTCS
BKHBIM MPEUMYIIECTBOM TIPU CO3/IaHUM TTPUOOPOB JIJIsi UCTIOJIL30BaHMS, KaK B
BakyyMme, Tak M Ha Bo3ayxe Oe3 wu3meHeHud KIIJ. K napyrum BakHbIM
npeumMyiinectBaM Si;xG€x MOMXHO OTHECTH HHU3KYH) TOKCHYHOCTb, @ TaK¥Ke
BBICOKYIO CTEIICHh OTPAO0OTKU TEXHOJIOTUYECKHX TporieccoB it Ge u Si.

OCOOEHHOCTBIO ~ HACTOAIIMX  AKCHEPUMEHTANbHBIX  MCCIEIOBAHUN
SIBJISICTCS MCIIOJIb30BaHUe TipuMecH S st monmydenust N-SipxGey, B OTIMYME OT
OOJILIIMHCTBA PadoT, IJe UCMOJb3yeTcs Npumech pocdopa. Ilpenmymecrramu



CYpBMBI, IO CpaBHEHUIO ¢ P miamn AS, SBISIIOTCS HU3Kasi TOKCUYHOCTb, @ TAKXKe
BO3MOXKHOCTh HOBOM TEXHOJOTMYECKON OMIMU JUIsl CO3JaHusi marepuaina N-
tuna. Jus  uccrnenoBaHust ObUIa UW3rOTOBJIIEHA cepusi U3 5 00pasios
HAHOCTPYKTYPHUPOBAHHOTO Sige5Ge€0 35505, Pazmep dacTuil HCXOAHOTO MOPOIIKA
(50-500 HM) ompenenscs PeXUMOM €ro pa3moia u nepemennBanus. Cocrtas
MaTepuana 3aJaBalicsi IMyTEeM B3BEIIMBAHUS HMCXOJAHBIX KOMIIOHEHTOB H
MOCJIEIYIONIET0 TIepecueTa BECOBBIX IMPOIIEHTOB B aTOMHbIE. BapbupyembiMu
napaMeTrpamMu sBISUIMCH coxepkanne Sb (0.5-0.9 ar.%) m makcummanmbHas
temriepatypa crnekaaus (Ts = 1080-1180 °C). OctanbHble TapameTpbl
(maBnenne mpecca 70 MPa, ckopocts HarpeBa 50 °C/MuH) TOIIEPKUBATHCH
NOCTOSHHBIMU. Temmeparypa CHEKaHHs ONpelessgach MHPOMETPOM Ha
BHEIIIHEN CTEHKE Mpecc-(POpMbI C MOPOLIKOM C JAJTBbHEUIIUM IEepecYETOM Ha
TemriepaTtypy BHyTpu npecc-¢popmbl  [17].  CdopmupoBaHHBIE  CIUTKH
SioesGeo3sShs  paspesannch Ha IUIACTUHKH, HA KOTOPBIX — BBIMOJHSIIACH
uccienoBanus ()a30BOr0 COCTaBa € MOMOIBIO PEHTTEHOCTPYKTYPHOTO aHaJIMN3a,
a TaKkKe H3MEpPEHUs TepMOodJeKTpuueckux Koapduuuento. Koapoummenrt
3ee0eka pacCUUTHIBANICS IO pe3ybTaTaM U3MEPEHUN TEMIIEPATyphl U TEPMOS/IC
C INPUMEHEHUWEM TEPMONAp  XPOMENb-AIIOMENb.  DJIEKTPOIPOBOAHOCTH
U3MEpSNIach CTAaHJAPTHBIM  YETBHIPEX30HAOBBIM  MeToaoM. Koadduuuent
TEIJIONPOBOJAHOCTA HM3MEPSJICS METOJOM CTalMOHAPHOTO TEIUIOBOIO ITOTOKA
[18]. U3mepenus nmpoBoauivch B uHTepBaie T = 50—-450 °C.

Tabnuua 1. TepmoanekTpudeckue IapaMeTpbl
HAHOCTPYKTYPHPOBAHHOTOSI)65G€0 35. 3HAUCHHS MMapaMEeTPOB TMPHBEACHBI IS
TEMIIEPATYPHI U3MEPEHUS
450 °C.

Ne TexHoJ0rHYeCKHEe 3HAYEHUS o oC p-104, a, K, 7T
oOpa3ua KOHIeHTpamuu Sh, & ' Om'm puB/K | Br/mK

1 0.005 1080 40 410 2.5 0.03

2 0.005 1180 7 690 3.5 0.14

3 0.007 1150 11 644 3.2 0.09

4 0.007 1180 2.0 490 3.75 0.30

5 0.009 1180 1,2 490 2.73 0.54

Ha puc. 6 npencraBieHbl peHTreHOAU(DPAKIIMOHHBIE CIIEKTPHI HCXOHOTO
nopomka (1) m obOpasuoB (1, 3, 5), chopMHpPOBAHHBIX NpPHU PATUYHBIX
temneparypax. Ha nudpakrorpamme mcxoaHoro mopoiika (1) BUAHBI JIMHUH,
cooTBeTCTBYIOMME HenepeMmemanHbiMGe u Si. Crnekanue npu 75 = 1080-1180
°C NpUBOIUT K B3aUMOJIECUCTBUIO KOMIIOHEHTOB M TOSBIICHUIO Ha CIIEKTpax
JIMHHHA, COOTBETCTBYIOIIHNX TBEpAOMY pacTBopy Sii-«Geyx (puc. 6, ciektpsr 1,3,5).
[Ipu 3TOM nuHUM, oTHOcsAuMecs K Ge, mponagaroT, a UHTEHCUBHOCTH JIMHUM
KPEMHUSI TIpU TOBBIIEHUHM s MOHOTOHHO YMEHBIIAIOTCS  BCIEICTBHE
YBEIIMUYEHHUSI CTENEHHU MepEeMEIINBAHUS MaTepuaa.
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Puc. 6. PentrenoaudpakiimoHHbIC CIIEKTPHI, K3MEPEHHBIC JIsl 00pa3moB 1, 3 u 5, a Takxke
Uit ucxotHoro noporika (Powder). 3naukamu oTMEUeHBI MOTOXKEHHS MUKOB a7 Si, Ge
u TBepAoro pactBopa GeSi HEKOTOPOTo COCTaBa.

Ha puc. 7 wuzoOpaxeHbl TeMmmepaTypHble 3aBUCUMOCTU YICIHHOTO
conpoTuBieHus. Bce 00pasiibl UMEIOT N-TUI MPOBOAUMOCTH.
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Puc. 7. TemneparypHbie 3aBUCUMOCTH YIIEITBHOTO CONPOTHUBIICHHS, U3MEPECHHBIE
JUTst 00pa3IoB, MpeacTaBiIeHHbIX B Tabauie 1. HoMep kpuBoOii COOTBETCTBYET HOMEPY
oOpa3sna.

Hns obpasuna 1, mosydyeHHoro mnpu Haumenblied Ts = 1080 °C,
3aBUCUMOCTh HOCUT MOJIYIPOBOJHUKOBBIM XapaKTep, a BEJIMYMHA YACIBHOIO
CONMPOTHUBJICHUS! TPUHUMAET HauOOJbIIee 3HAYCHHE CpPEOu MCCIEI0BAHHBIX
crpykryp. 3aBucumoctd p(Tm) crpyktyp 2-5, chopMHUpPOBaHHBIX TIpU
MOBBIIICHHBIX TEMIIEpaTypax, BeIyT ce0si OJMHAKOBBIM 00pa3oM: BEIMYMHA
YACIBHOTO COMPOTHUBIICHUS cllabo MeHsieTcs B auanazone 30450 °C, a mpu
MOBBIIICHUH TEMIEPATYPbl 3HAUEHHUE p TMPOXOIUT Yyepe3 MUHUMYM BOJM3U 200—
300 °C. IIpu paBHOI KOHIIEHTPALIUX IPUMECU MEHBIIIEE 3HAUCHHUE P XAPAKTEPHO
s Oosee BBICOKOTEMIIEpaTypHBIX oOpas3noB. Ilpu 3Tom, Kak M cienoBalio
OKMJaTh, C YBEJIWYEHUEM KOHILIEHTPALMU JIOHOPHOM IPUMECU 3HAYECHHE P
yMeHbIlaeTcs. BennumHa koapduimeHTa TerionpoBOAHOCTH (Tabmuua 1),
IPUMEPHO OJMHAKOBAs JJIsl BCEX HAHOCTPYKTYD, U cocTaBisieT 2.5-3.75 Br/m-K.
Kospoumuent 3eebeka HEMOHOTOHHO MEHSETCS MpPU  BapbHUPOBAHHUH



napamMeTpoB CTPyKTyp (Tabmmma 1), 9TO OOYCIOBJIEHO B3aWMOCBS3BIO O U
yAEIbHOro conpoTuBieHus. [locneaHee 3aBUCUT HE TOJBKO OT KOHILIEHTpAIUH,
HO U OT OJTHOPOJHOCTH 00pa3iia no (ha3oBOMY COCTaBY.

[IpuBeneHHbIe pe3yabTaThl MOKHO OOBSICHUTH C TOUKHU 3peHUsS (a30BOr0O
cocTaBa 00pa3loB U CTENEHU BCTPAUBAHUS MIPUMECH B IMOJIOKEHUE 3aMEILECHUS
Ge u Si. HemocratouHo BbICOKash Temmepatypa (OPMUPOBAHHS MPUBOJUT K
ManodhdekTuBHOMY mepemernuBanuio Ge u  Si, YTO  COIMPOBOXKIACTCS
coxpaHeHueM (asbl KpeMHHUsI (3TO BUTHO U3 PEHTTEHOBCKUX NU(paKTOrpamMM Ha
puc. 6). Bo3HuKaromas mpu 3ToM HEOTHOPOTHOCTh cocTaBa SiixGey MPUBOIUT K
MOJYJIALIMY IIUPUHBI 3allPEIICHHON 30HBI, BBI3bIBas TEM CaMbIM HEKOTOPOE
MOBBINICHUE COMpPOTHBICHUS (Tabn. 1 obOpasmpl 2 w 3 ¢ OJWHAKOBOU
KOHIIGHTpanue Sb, HO pa3HOW TeMmIeparypoil CIeKaHus). YBEINYCHUE
CONPOTHUBJIEHUS U 00YCIIOBIMBAET CHUKEHUE BeanuuHbl ZT. [lomumo 3Toro, ot
TEMIEPATypbl CHEKaHUsl CYIIECTBEHHBIM 00pa3oM 3aBHCUT BCTpauBaHUE
OpUMECH 3aMellleHusT B TBEpPAbId pacTBOp. Mbl IojlaraeéM, YTO BBICOKHE
3HAYEHUs] CONPOTHUBIICHUS HU3KOTEMIIEpaTypHOro obpasma 1 oO0yciaoBiieHBI
NeiicTBUEM 000MX YyKa3aHHbIX Bbllle (akrtopoB. [lpum crnekanun odOpasma c
HanOOJIbIIEH
(0.9 ar. %) xoHmenTpaimedr Sb um mpu Oomee BBICOKOH Temmeparype
dbopmupyeTcst MaTepuall ¢ HauboJIbITUM 3HaueHueM ZT (oOpazerr 5, Tab. 1).

CoBpeMEHHOE pa3BUTHE TEPMOAJIEKTPUUECKHX MaTepuajoB CBA3aHO C
NPUMEHEHHEM HOBBIX TEXHOJOTHYECKUX TOIXOJ0B, MAIOMIUX YHHUKAJIbHBIC
BO3MOXXHOCTH JUIsi  yIOpPaBIEHUS CTPYKTypoil W  (a30BBIM  COCTaBOM.
Moaudukanmus  KPpUCTAIUTMUECKOH  CTPYKTYpbl  TO3BOJISIET  TOBBICHTH
KO3 PUIIMEHT  TEpPMO3JEKTPUYECKOH  JOOPOTHOCTH IO  CPAaBHEHUIO C
OJTHOPOJIHO-JIETHPOBAHHBIMA MOHOKPHCTAJUIMYECKUMU MaTepuaniaMu. Merton
AJIEKTPOUMITYJIbCHOTO TUIa3MEHHOI'O CIeKaHHs, 0€3yCIOBHO, BXOJUT B YHCIIO
NEPCIIEKTUBHBIX TEXHOJOTUYECKMX METOAUK. Ero BO3MOKHOCTH MO3BOJISIFOT
dbopMHpoBaTH MaTepHalibl C YHUKAJIBHON CTPYKTYpOW M «HACTpamBaTb» HX
CBOMCTBA TakuM O00pa3oM, 4YTOOBl TOJMYYUTH YJIy4IIEHHBIE 3HAYCHUS
KO3 duULeHTa TEPMOIIICKTPUIECKOM JOOPOTHOCTH.

PaGoTa BrimonHeHa npu nomuepxke rpanta PH® Nol17-79-20173.
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CTPYKTYPA, ®A30BBIII COCTAB U MEXAHUYECKUE CBOICTBA
TBEPIbIX PACTBOPOB UACTNYHO CTABUJIM3MMPOBAHHOI'O
JNOKCHUAA HUPKOHUA ZrO,-2.5mM01.%Y-(0.5, 0.7, 1.2)M01.%RSZ

(R —Ce, Nd, Er, Yb)

M.A. bopux!, E.E. Jlomonosa!, ®.0. Munosuu?, B.A. MeI3unal,
I1.A. Ps6ouxuna®, H.B. Cunoposa®, H.IO. Ta6auxopal?, A.B. Illyukuna®
Ynemumym obweri puzuxu um. A.M. IIpoxoposea PAH, Mocksa
2 Hayuonanbuwvlii Uccie0o6amensCKutl mexHon02uYecKull YHueepcumenn
«MUCuC», Mockea
SHayuonanvuwiii uccredosamenvckuti Mopoosckuil 20¢y0apcmeeHnHbiil
yuusepcumem um. H.I1. Ocapésa, Capanck
E-mail: ya.natalka2112@yandex.ru

OmHUM W3 aKTyaJIbHBIX HAMpaBJIICHWA COBPEMEHHOTO MaTepHUATIOBEIACHUS
SBJIIETCSI TIOMCK ¥  COBEPIICHCTBOBAHHE BBICOKOIPOYHBIX MaTEpHUAJIOB,
YCTOMYMBBIX K arpeCCHUBHBIM CpeJlaM U BO3JCHCTBHUIO BBICOKUX TemriepaTyp. K
TaKUM MaTrepuajgaM OTHOCATCS KPUCTAUIBI U KepaMuKa Ha OCHOBE JIMOKCHIA
nupKoHusi. Kpucramibl 4acTUYHO CTaOWIM3UPOBAHHOTO JMOKCHIA ITHMPKOHUS
(UCII) 6nmaromapsi coueTaHui0 0COOBIX (PU3NKO-MEXAaHUYECKUX CBOMCTB IIUPOKO
MPUMEHSIOTCSI B Ka4e€CTBE KOHCTPYKIIMOHHBIX MAaTEpHaJIOB, TEIUIO3AIIUTHBIX
MOKPBITUIA, METUITUHCKOTO PEXKYIIEro UHCTPYMEHTA, MPOTE30B U UMILIAHTOB.

MHorouncieHHbIE UCCIICIOBAHUS TBEPIBIX PACTBOPOB Ha OCHOBE JTUOKCH/IA
ITUPKOHUS, CTAOWIM3UPOBAHHBIX OKCHJIOM HWTTPHUS, TO3BOJIMIN  OMPEACITUTh
COCTaBbI C ONTHMAIBHBIMU MPOYHOCTHBIMU XapakTepucTukamu [ 1-3].

B 1o xe BpeMms, HapsAy C OKCHAOM HTTPHUS B OOpa30BaHWU TBEPABIX
pacTBOpoB Ha ocHOBE ZIO,, MOTYT OBITH HCIOJIB30BaHbI OKCHIBI P3 371eMeHTOBR.
Momudurupyss BUI HW  KOHIEHTPAIMIO  COJETHPYIONIUX  OKCHIOB B
TPEXKOMIIOHEHTHOM TBEPJIOM pPACTBOpPE, MOXKHO TOJYyYHUTh MaTepuaibl C
YIIYYIIEHHBIMA MEXaHUYECKUMH CBOWCTBAMH.

B cooTBeTcTBHE C ATUM 1IENBIO HACTOSIIEH pabOTHI SBISUIOCH W3YUYUTH
BIIUSIHUE COOTHOIIICHUS COJICTUPYIOIIUX OKCHJIOB Ha OCOOEHHOCTH CTPYKTYPHI,
dazoBoro cocraBa M MEXaHMYECKHX  CBOWCTB  (MHKPOTBEPIOCTH,
TPENTMHOCTOMKOCTH) TBepabIX pactBopoB 2.5Y-0.5RSZ, 2.5Y-0.7RSZ, 2Y-
1.2RSZ (R- Ce, Nd, Tb, Er, Yb). IlpoBeneHHBI! CpaBHUTEIbHBIN aHATH3
MPOYHOCTHBIX XapakTepucTuk KpuctamwioB YCL[ mno3Boiumi oOnpeaenuThb
B3aMMOCBSI3b MEXKIY XHMHYECKUM COCTaBOM, CTPYKTypOH W CBOHCTBAMH
UCCICAYEMbIX KPUCTAUIOB M BBIABHUTH COCTaBBl C HamOOJee BBICOKHMH
3HAYCHUSMH TPEITMHOCTONKOCTH.

Pabota BeinosHeHa npu puHancoBoi noanepxke rpanra PH® Neol8-00-397.

1. M. Riihle, N. Claussen, A.H. Heuer, J. Am. Ceram. Soc. 12, 352 (1984).
2. N. Gupta, P. Mallik, B. Basu, J. Alloys Compd. 379, 228 (2004).
3. M.A. Borik et al., J. Alloys Compd. 586, 231 (2014).
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YUnemumym obweri pusuxu um. A.M. Ipoxopoea PAH, Mockesa
2Hayuonanvuwiii uccredosamensckuti Mopooeckutl 20¢y0apcmeeHnHbiil
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Kpucrammnueckne Marepuansl Ha ocHOBe Zr(O; XapakTepu3yrTcs
HaJIM4YMEM [IBYX MOJIUMOP(MHBIX MEpPEXOJ0B, B pe3yJbTaTe KOTOPBIX IpH
KOMHATHOM TeMmieparype CTaOMJIbHOM SIBJISIETCSA MOHOKJIMHHAs MOAM(UKALIMS.
OpHako BBEJCHHE B IPOLECCE CHUHTE3a OKCUIOB PENKO3EMEIBHBIX WIN
LICJIOYHO3EMENBHBIX ~ 3JIEMEHTOB  TMO3BOJISIET  CYIIECTBEHHO  CHU3UTh
TEMIEPATypy  TETParoHaJIbHO-MOHOKJIMHHOIO  (ha3oBOro  mepexona U
CTa0MIIN3UPOBAThH BBICOKOTEMIIEpaTypHble Moaupukamuu ZrO; [1].

BenenctBue Hanmuyus CBOOOJHBIX KHUCJIOPOJHBIX BAaKAHCHM KPUCTAJLIBI
CTaOMJIM3UPOBAHHOIO JHOKCHAA LUPKOHUS O0JaJar0T KHUCIOPOJ-HOHHOM
IIPOBOJMMOCTBIO TPU MOBBIIIEHHOW TEMIEPAType, YTO I03BOJIAET IPUMEHSTH
JAHHbIE MaTepHalbl B KAaue€CTBE TBEPJBIX JJIEKTPOJIUTOB B PA3IMYHBIX
IEKTPOXUMHUYECKHUX YCTpoKcTBax. B Hacrosmee BpeMs MEpCHEKTHBHBIM
HaIlpaBJICHUEM SBIISIETCSl pa3padOTKa KHUCIOPOI-IPOBOALIIMX MeMOpaH Jyis
TBEPJOOKCUIHBIX  TOIUIMBHBIX  JJIEMEHTOB Ha  OCHOBE  KpPHUCTAJUIOB
CTaOMJIM3UPOBAHHOTO TUOKCUA [IUPKOHMSL.

B pab6orax [2, 3] moka3aHo, 4TO PacIOJIOKCHHE BaKaHCHH KHCIOpOJa B
KPUCTAIIMYECKON CTPYKTYpE CTaOMIM3UPOBAHHOIO OKCUAOM UTTPHUS TUOKCUIA
[IUPKOHUS, a Takke (Da30BBIM COCTAB CYIIECTBEHHO BIUSIOT Ha TPAHCIIOPTHBIC
CBOWMCTBA JaHHBIX MarepuanoB. OIHAKO AaKTyallbHbIM OCTA€TCS BOMPOC
ONTUMM3ALMN XMMHYECKOT0 COCTaBa IMyTeM MOA0Opa BUIAa M KOHILIEHTpALUU
OKCHUa-CTaOUIIN3aTopa, a TaKKe MCCIEe0OBaHNE W3MEHEHUH (Da30BOro cocrana,
MPOUCXOJAIINX B KHCJIOPOJAHOW TMOAPEIICTKE JAaHHBIX MAaTEpUANIOB MPH
MOBBIIICHUHA TEMIEpaTypsl (B Auama3zoHe pabdouyux TemIiepaTyp TBEpAOro
anektponuta — ot 500 o 1000 °C).

B nacrosimeit pabote ¢ ucnons3oBanuem metonoB KPC u ontudeckoi
CHEKTPOCKONMH BBISABICHBI OCOOCHHOCTHU (Da30BBIX MEPEXOJIOB B KyOMUECKUX
TBepabIX pactBopax ZrO;-(8—12 mMon.%) Yb,03-0.1 Moi1.% Eu,03, mosrydeHHbIX
METOJOM HAIPaBJIICHHOW KPUCTAJUIM3allMM paciiiaBa C HCIOJIb30BaHUEM
IPSIMOTO BBICOKOYACTOTHOTO HArpeBa B XOJOJHOM KOHTEHHEpE, IO M IOCIe
Tepmudeckoit oopadotku Ha Bozayxe (T = 1000 °C, t =400 u).

Pabota BeinosiHeHa ipu rHAHCOBOM MojAepkke Poccuiickoro HayqdHOTO
dbonna, rpant Nel6-13-00056.

1. 10.C. Ky3smunoB, E.E. Jlomonoa, B.B. Ocuxo, Tyeonnasxue
mamepuanvl uz xonoonoz2o muans, M.: Hayka, 2004.

2. H. Yugami, A. Koike, M. Ishigame, Phys. Rev. 44, 9214 (1991).

3. M.A. Borik etal., J. Alloys and Compounds 770, 320 (2019).



CTPYKTYPA U ®A30BbIII COCTAB KEPAMUK 1 ITOPOIIIKOB
HUTPUIA KPEMHUA, INTAKNPOBAHHOI'O UTTPUU-
AJTIOMMHUEBBIM 'PAHATOM

JI.C. Anexceenal, I1.B. Auapeest?, C.C. banabanos?, M.C. Bonaun?,
I1.J. Jpoxunkun®, K.O. Kapazanos?!, K.E. Cmeranunal
Hayuonanvnuii uccneoosamensvcruti Husce2opoockuii 20cyoapcmeennbviil
yuusepcumem um. H.U. Jlobauescrkozo, Huscnuit Hosecopoo
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Huoienuu Hoeeopoo
E-mail: pddrozhilkin@yandex.ru

OnuH U3 COBPEMEHHBIX METOJOB CO3JaHMS TYTOIUIAaBKUX KEPaMUYECKUX
HAaHOKOMITO3UTOB Ha OCHOBE SizNi 3akimrouacTcss B HAHECEHHH YJIBTPATOHKUX
MOKPBITUM OKCHUJOB Ha YaCTHUIIBI TOPOIIKAa HUTPUIA KPEMHHUS pPa3IndHOM
JUCHEPCHOCTH U MOCIEAYIOIEM  HUX  KOMIAKTUPOBAHHU  METOJIOM
3JIEKTPOUMITYJIbCHOTO Tu1a3MeHHoro cnekanus (QUIIC).

Pa3paboTka TEXHOJOTMH IJIAKUPOBAHUS HAHOMOPOIIKOB YIbTPATOHKUMU
CIIOSIMU OKCHJOB TpeOyeT ONTHUMM3AIMKU PEXUMOB OCAKACHUS, B TOM UHUCIE U
peleHust MPo0JIeMbI IPEBAPUTEIILHON Ae-arioMepanun SizNy.

[TopomikoBbie KOMITO3UIIMM OBUIM TOJY4YeHBl Tpems crocodbamu: (1)
MeroaoM [leunnu (¢ moGaBieHHMEM JIMMOHHOM KHUCJIOTHI) U (2) OCaKI€HHEM B
KEJIaTUHOBOW MaTpuie, a Takke (3) METOAOM pachbUICHHs B BaKyyMe.
[TomyuenHnsie B pe3yabTaTe CHUHTE30B MPOMEKYTOUHBIE TPOAYKTHI OBLIH
OTOXOKEHBI MOCTAAUNHO B TeueHue 2—8 4 npu temneparypax 300, 500, 800,
1000 °Cc aucnieprupoBaHHEM B araTOBOM CTYIIKE MEXKIY CTaTUSIMHU.

Otoxokennble 1o 1000 °C  oOpas3upl MOPOIIKOB, a TaKXKe HUX
MPOMEXKYTOUHBIE TPOAYKTHI, OTOXOKEHbIE B TEUEHHE TPEX YacoB IpH
temneparype 300 °C, KOMOAaKTHPOBAIUCH METOAOM SJIEKTPOUMITYIBLCHOIO
IUIa3MEHHOTO CIIEKaHUS.

Cnekanue ocymiecTBisuioch Ha yctaHoBke «Dr. Sintermodel SPS-625»
(SPS Syntex, SImoHus) B BakyyMe B rpauTOBOM mpecc-PpopMe ¢ BHYTPEHHUM
muamerpom 12 M. Ckopocte HarpeBa 50 °C/mun, naBnenue 70 Mlla,
TeMIlepaTypa criekaHus BapbupoBasiack B npeaenax 1200-1680 °C.

Kontpons (a3oBoro cocraBa MOJTYYEHHBIX MOPOIIKOB U KEPaMHUK
pOBOJWICSA Ha mopoikoBoM audpakromerpe «ShimadzuXRD-7000» (CuKa,
A = 1.54 A). U3yuenne MUKPOCTPYKTYpHI MOJNYYEHHBIX MOPOIIKOB U KEPAMUK
IPOBOMIIOCH METOJIOM PAcCTPOBOW DJIEKTPOHHON MHUKPOCKONHH HAa PacTPOBOM
anekTpoHHOM Mukpockone JEOLIJSM-6490.

PabGoTta BblmonHeHa npu (uHancoBol mnoanepxkke PODOU B pamkax
rpadTa Nel19-33-60084.



®A30BBIE ITPEBPAIIIEHNA B TBEPIbIX PACTBOPAX
Zr0,-5¢,03-R,03 (R = Y, Yb, Ce)
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E.E. JlomonoBa!, B.A. Me3unal, IT.A. Ps6oukuna?, H.B. Cunoposa?,
H.1O. Ta6aukosa’

Yncemumym obweri pusuxu um. A.M. Ipoxoposa PAH, Mockea
2Hayuonanwvuulii uccredosamensekuti Mopoosckuil 20Cy0apcmeeHHblil
yuusepcumem um. H.I1. Ocapesa, Capanck
E-mail:saharova.1996 @mail.ru

TBepapie pacTBOPHI HA OCHOBE JUOKCH/IA IIUPKOHUS, CTAOMIM3UPOBAHHbIC
OKCHUJIOM CKaHAusl, NPEACTABIAIOT 3HAUYUTENbHBIM HWHTEPEC B KadyeCTBE
MaTepUaJIOB ICKTPOJUTHUYECKUX MEMOpaH JJisi TBEPAOOKCHUIHBIX TOTUIMBHBIX
anemMeHTOB (TOTD) u3-3a Ux BBICOKOI MOHHOW MPOBOAMMOCTH MO CPABHEHUIO C
JPYTUMU DJICKTPOJIMTAMM HA OCHOBE JMOKCHAa ITMpKOHUA [1].

Kak w3BecTHO, (ha30BBIM COCTaB H JIOKaJdbHAsg KpHUCTAJUTMYECKas
CTPYKTYpa, KOTOpBIC ONPEACTSIOTCA BUJIOM U KOHIIEHTpaluen
CTAOMIM3UPYIOIMIUX OKCHUJIOB [2—3], SIBISIOTCS OCHOBHBIMU (DaKTOpamu, OT
KOTOPBIX 3aBUCHUT BEJIWYMHA HOHHOW MPOBOAMMOCTH JAHHBIX MaTEpUAJIOB.
[TosTomy ny1st BhIsiBIICHHS 3((EKTHUBHOTO COCTaBa Marepuajia 3JICKTPOJIUTAa Ha
ocHoBe Zr0,-SCy03-R,03, koropsiii OyaeT 005anaTh BBICOKOM HOHHOM
MPOBOJANUMOCTBIO U TOBBIIIEHHON CTaOUJIBHOCTHIO, HEOOXOAUMO MPOBEJICHUE
JeTaIbHBIX KCCJICIOBAHUN CTPYKTYpbl W (A30BBIX MpPEBpaIlCHUNA B HITUX
COCIMHCHUSX.

B mnHacrosimeit paboTre ¢ HCHOJIB30BAaHMEM METOJa PEHTICHOBCKOU
TUGpaKuK  KccleaoBaH (a3oBbId  cocTaB TBEpABIX pacTBOPOB (Zr07)1x-
y(SC2O3)X(R203)y(EU203)0,001, rae R = Y, Yb, Ce nu x = 0.10, y = 001,
MOJYYEHHBIX ~ METOJAOM  XOJIOAHOTO  KOHTEHHEpa TMpU  HamNpaBJICHHOU
KpUCTaJUIU3alli1d U3 pacIliaBa.

MeToioM  ONTHMYECKOM  MHUKPOCKOIUM  BBIMOJHEHBI  MCCIICIOBAHUS
MHUKPOCTPYKTYPBl JTaHHBIX TBEPJIbIX PACTBOPOB U TNPU HUCIOJIH30BAHUU
CIIEKTPOCKOTIMM KOMOWHAITMOHHOTO PACCESHHUS CBETAa BBISBICHO JIOKAIBHOEC
pactipenencHue a3 A objacTed  KpHUCTala  C  ONPEACICHHOM
MHUKPOCTPYKTYypoil. C TOMOIIBI0O METO/a ONTUYECKOM CHEKTPOCKOMHH C
HCIIONb30BaHKEM MOHOB Eu®" B KauecTBe CHEKTPOCKONMYECKOTO 30HJA
BBISIBJICHBl HM3MEHEHHUS JIOKAIHHOTO OKPY)KEHUS, CBs3aHHbIE C (Pa3oBBIMU
MPEBpAIEHUSIMU B TBEPJIBIX PACTBOPAX.

PaGora BbIoNHEHa Tpu (QUHAHCOBOM mojanuepxkke rpaHta PHO
Nel16-13-00056.

1. S.P.S. Badwalet al., Solid State lonics 136-137, 91 (2000).
2. C.R.A. Catlow, Solid State lonics 12, 67 (1984).
3. B.I'. 3aBonunckuii, ®TT 46, 441 (2004).
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[TOJIYYEHUE BBICOKOYUCTOI'O U30TOITHO-OBOI'AIIEHHOI'O
JMUOKCHUJA KPEMHUA-28 30JIb-I'EJIb METOJIOM

K.®. Urnarosa'?, M.E. Kommmunal, U.A. Kyxenes?, O.10. Tpommun?
Yemumym xumuu svicoxouucmoix eewpecms um. I'.T. Jleesmuix PAH,
Huoicenui Hoeeopoo
2Hayuonanvuwlii uccredosamenscekutl Huoice2opoOckuii 20cy0apcmeentblil
yuusepcumem um. H.U. Jlobauescrkozo, Huscnuit Hosecopoo
E-mail: m.komshina@yandex.ru

N3otonmHo-MOoubUIIMpOBaHHOE KBapIEBOE CTEKJIO SIBIISICTCS
MEPCIEKTUBHBIM MaTEPHAIIOM IS W3TOTOBJICHHUS CBETOBOJIOB C Pa3IMYHBIM
M30TOMHBIM cocTaBoM obomoukn (?8Si%0,) u cepauesunnr (¥Sit0,), uro
oOecrnieunBaeT TpeOyeMyl0 pa3HOCTh IOKa3zaTeled TmpesioMmiieHus  0e3
MCIIOJIB30BaHUs JIETUPYIOIUX J00aBoK [1-2]. OnHaKo CBeIEHHS O TIOJIyYEHUU U
CBOMCTBAaX TaKUX CTEKOJI B JUTEPATYPE BEChbMa OTPAHUYCHBI.

OgHuM H3 TEPCIEKTUBHBIX CIOCOOOB TMOJYYEHHs] KBapIIEBOTO CTEKja
SBJIIETCSI 30J1b-T€JIb METOJI, TOCTOMHCTBAMH KOTOPOTO SIBJISIOTCS OJIHOPOTHOCTD
MOJIy4aeMbIX 00pa3iioB, OTHOCUTEILHO HEBBICOKAs TEMIIEpaTypa 00kKHUTa CTeKIa
U TPUMEHEHHE MAaJIbIX KOJUYECTB JCPHUIMTHBIX U JOPOTOCTOAIIUX H30TOIHO-
00OTaIllEeHHBIX BEIIECTB.

B kadecTBe MCXOJHOTO COEAMHEHHS KPEMHHS HCIOJIB30BAIM U30TOMHO-
oboramennbiii 28SiF,. KomBepcmio TerpadTopupa KpeMHHS B TETPaxJIOpHI
npoBOAWIM ¢ ucnoyib3oBanueMm xjopuna amtoMuaus(lll) [3]. [nsa nmomyuenus
28Si0, nmposoauu cunte3 28Si(0OC,Hs)4 3 28SiCly (crenens oboramenus no 28Si
99.99 ar.%) M OCYLIEHHOTrO THJIOBOIO CIUPTa, 3aTeM ruapoins 28Si(OC,Hs),
BOJHO-CIIUPTOBEIM pacTBopoM (28Si(OC,Hs),:CoHsOH:H,O = 1:4:4 mon.) [4].
Hanee pactBop mnomemain B (GOPMbI U BBIICPKUBAIM J10 0Opa3oBaHUS
KCeporesisi, KOTOPbIA 3aTeM OCyIIMBaduM W TpokanmmBanud. s yckopeHus
mpoiiecca reneoOpazoBaHuss U (HOPMHUPOBAHUS MOHOJUTHBIX OOpa3IoB OBLIO
NpOBEICHO HccieaoBanue nmo moxoopy kartamusaropa (HF, HCI, HNOs;) wu
TEMIIEpaTypHOTO pexuMa ocymku. OrnpenesieHne MPUMECHOTO M HM30TOITHOTO
cocTaBa 00pa3IOB MPOBOJUIN METOJOM MAaCC-CIIEKTPOMETPUH C WHAYKTHUBHO
CBs3aHHOW TuTazMoil. [lomydeHsl mpo3padHble 00pasibl KBapIEBOTO CTEKIIA
28Si0; (cBeronpomyckanue > 90% B BUAUMON 001acTH) ¢ cogepxkanneM 2Si Ha
ypoBHe 99.99at. %. CornacHo JaHHBIM PEHTTeHO(a30BOro aHayiKM3a, 00pa3Ilbl
SIBJITFOTCST aMOP(HBIMH U HE COJIEpKAT KPUCTAILNTHICCKHAEC BKITFOUCHHUS.

B.I'. [TnexanoB, Ycnexu ¢pusnueckux Hayk 108 (11), 1245 (2000).
D.C. Allan, J.T. Brown, Patent USA Ne 0022562 (03.02.2005).
M.®. Yypb6anos u ap., [Tarent P® Ne 2618265 (03.05.2017).
M.®. YUypb6anos u np., [Tarert PO Ne 2692310 (24.06.2019).
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NCCIEJOBAHUME CIIEKTPOB OTPAXEHMA U ITPOITY CKAHUA
I[TOJIMKPUCTAJIJIOB I'AJIOTEH1IOB CEPEBPA B TEPAT'EPLIOBOM
CIIEKTPAJIbBHOM JIMAITA3OHE

JI.B. XKyxoBa, A.C. Kopcakos, A.E. JIsBoB, /I./I. Canumrapees, A.A. FOxxakoBa
Vpanvckuii ¢pedepanvrwiii ynusepcumem um. nepsozo Ilpezuoenma Poccuu
b.H. Envyuna, Examepunbype
E-mail: L.v.zhukova@urfu.ru

Ha cerogusmuuii geHb OBICTPO pa3BUBaeTcss ucnoib3oBanue 11
BOJIOKOHHBIX CHCTEM B peaJbHOM BpPEMEHH B TaKuX O00JacTIX, Kak
Bu3yanu3anus [1], crmektpockomnus [2]. PazpaGoTaHO MHOKECTBO pPa3IHMYHBIX
MaTepHaoB U CTPYKTYp, HapHUMeEp, MPOBOJIOYHBIE BOJOKHA [3], camdupoBbie
BOJIOKHA [4], METaJUIMYECKUE/CTEKISTHHbIE BOJOKHAa C TOJIOW CeplEBUHOM
[2, 5], poToHHO-KpUCTAILINUECKUE BOJIOKHA, B TOM 4yucie 3D-medarHsie [6],
KQKJIbIM 13 KOTOPHIX UMEET CBOM HAOOp MPEUMYIIECTB U HEJJOCTATKOB.

["anmorennnibl cepedpa UMEIOT Psiji MPEUMYIIECTB, MOCKOJIBKY UX pabodas
TeMreparypa oxBaThiBaeT 06sactb oT —150 mo +400 °C, oHHM yCTOMYMBBEI K
MOHU3UPYIOIIEMY U3JIY4YeHHIO, THOKUE. MBI MpOBENIM HCCIEIOBaHUE CIIEKTPOB
MPOMYCKaHUSI W OTPaKEHUSA TOJUKPUCTAIUIOB TrajoreHuja cepebpa Ha
TeparepioBbix yactoTax. OOpas3ilbl KPUCTAUIOB TaJloreHuaa cepedpa ObLIu
U3rOTOBJICHBl W3 MOHOKPHUCTAUIMYECKHX  3aroToBOK  AgBrogsCloos 1o
TEXHOJIOTUM  rops4yero  mnpeccoBaHus. IlomydeHHele  oOpasupl  ObuIH
MOJMKPUCTAIINYECKUMU, ToamuHoM 0.4—0.5 MM u auamerpom okoso 15 mwm.
[lnactuHbl 00JIalaii  BBHICOKOW CTEMEHbIO Mapaiienu3Ma. CreKkTpalibHbIe
U3MEPEHUs  MPOBOAWINCH C  HCMHOJb30BAHUEM  CYOMUJIJTUMETPOBOIO
CIIEKTpOMETpa «ITNCUIIOH». BbUIM MOJIydeHHBbIE CIEAYIONIUEe JaHHbBIE: 4acToTa
dboHOHOB cocTaBisina 77.5 cM L, BKIag (OHOH-AUAIIEKTPUKA COCTaBIsLI 6.2,
KOO(QQUIMEHT OHKCTHHKIMU cocTapiusn 18 cm?, a xonebanus ObuH
AHTapMOHUYECKUMHU.

JlnanazoHn miepegadyd B CpeIHEM HH(PPAKPACHOM JIUAMAa30HE HMEET
1aT000pa3Hblid NMpoPuiib, a Kpald TMepenadyd B JUIMHHOBOJHOBOM JIMAIla30HE
cocTaBisieT 0kono 260 cMm ! (4ro cormacyercsa ¢ monydeHHbIMH paHee [7]). B
TEeparepiioBOM JMara3oHe MOXXHO HAONIOJaTh MHUKOOOpPA3HBIE  IMOJIOCHI
MPOIYCKaHHSI.

1. H. Guerboukha, K. Nallappan, M. Skorobogatiy, Adv. in Opt. and
Photonic 10 (4), 843 (2018).

2. T. Katagiri, T. Suzuki, Y. Matsuura, Opt. Eng. 57 (5), 054104 (2018).

3. K. Wang, D.M. Mittleman, Nature 432 (7015), 376 (2004).

4. G.M. Katyba et al., Proc. SPIE Millimetre Wave and Terahertz Sensors
and Technology XI1, 111640G (2019).

5. R. Wallis et al., Opt. Express 24 (26), 30002 (2016).

6. J. Yang et al., Opt. Express 24(20), 22454 (2016).

7. A.S. Korsakov et al., App. Opt. 54 (26), 8004 (2015).



JIIOMMHECHEHTHBIE ' MBPUJIHBIE MATEPUAJIBI HA OCHOBE
METAJUIOOPI'TAHUYECKNX JITIOMMHO®OPOB B OKCU®TOPUAHBIX
CTEKJIAX 1 OKCUIHbIX 1 ®TOPUJIHBIX ITOJIMKPUCTAJIJIAX

N.X. Aserucos?, P.1. Asetucos!, M.H. Maskosa?, O.B. Iletposa’,
K.W. Pynunal, I1.B. Crpekanos?
LPoccutickui xumuro-mexronoauueckuii ynusepcumem um. .M. Menoeneesa, Mockea
2Uncmumym obweti pusuxu um. A.M. Ilpoxopoea PAH, Mockesa
E-mail: runinakristina@mail.ru

['ubpunusie wmatepuansl (I'M) MIMPOKO HCHONB3YIOTCA B  HOBBIX
ycTpoicTBax onTUku W QotoHuku [1-3]. JlromunecuentHeie ['M Ha ocHOBe
OpraHu4eckux JOMHUHO(OpoB 8-okcuxuHoyATOB MetauioB I, II u III rpynm
Tabnuupsl MenneneeBa [2] U -IUKETOHATOB PEIKO3EMENbHBIX JIEMEHTOB [3],
NOJIyYeHHbIE B pe3ysbTaTe 0OMEHHbIX peakuuid B PbF,-comepxamux matpuiax,
UMEIOT IIUPOKUH TNajgkuii criekTp Goromomunectuenuu (PJI), oxBaThIBAIOIIHIA
IPAKTUYECKU BECh BUAUMBIN JUaNa3oH ¢ KOOPAWHATAMHU LIBETHOCTH, OJIU3KUMHU
K OesioMy, 4TO O3BOJISIET pacCMaTpUBATh UX KaK MEPCIEKTUBHBIA MaTepua s
VCTOYHHUKOB CBETA C BBICOKOW LBETOIIEPENAUEH.

HoBeie I'M ObuIM cHHTE3UpPOBaHBl KaK BBICOKOTEMIIEpATYpPHBIMU
METOJAMM: PACIUIABHBIM METOJOM C JIETKOIUIABKMMM CTEKJITHHBIMUA MaTPHULIAMU
B cucteMax PbF,-B,03; u PbF2-B,03-Si02-Zn0O [2] u TBeproda3HbIM CHHTE30M C
PbF,, CaF; u ZnO; Tak W HHU3KOTEMIEPATYPHBIMH METOJAMHU: COBMECTHOE
ocaxxaenue PbF,, CaF; u3 BogHbIX pacTBOPOB (YTOPOBOIOPOAHON KUCIOTON [3]
u  (QropuaoM aMMOHHA. B KauecTBe OpPraHMYECKUX KOMIIOHEHTOB MBI
UCIIOJIb30BAIM  BBICOKOA(D(PEKTUBHBIE TIOMUHO(DOPBI:  §-OKCUXUHOJMUHOBBIE
komIutekcel Li, Zn, Al (Liq, Zng, AlQs).

Cnexktppl ®@JI mokasbIBarOT, 4TO NPHU BBICOKOTEMIEPATYPHOM CHHTE3€
00pa3yloTcsl Te € H3JIydarollue LEHTPbl, YTO M MPH HU3KOTEMIIEPATYPHOM.
OOpa3oBaHue IIEHTPOB CBS3aHO C OOMEHHOM peakiuel, NPUBOAAIICH K
CO3JIaHUI0 HOBBIX KOMIUIEKCOB. [Ipu coocaxnennn HF npoucxoaut yacTryHbIN
3aXBaT MOJIEKYJ OKCHUXHUHOJSTOB, M OKOHYaTEJIbHO OOMEHHas peakuus
MPOUCXOIUT TPU HEOOJBIIOM Harpese, a mpu coocaxaeHun NH4F oOmenHas
peaxius MpoTeKaeT cpa3zy nojgHocThio. OOMeHHas peakuusi NMpu TBepAo(ha3HOM
cunte3e HaumHaercs A0 100 °C, a mpu 300 °C npoxoauT NPaKTHUYECKU
MOJIHOCTBIO.

Pabota BeimosiHeHa ipu prUHAHCOBOM MOJepkKe Poccuiickoro HayuyHOTo
dbonna, rpant Nel19-79-10003.

1. B. Lebeaua, P. Innocenzi, Chem. Soc. Rev. 40, 886 (2011).

2. M.O. Anurova et al., Phys. Chem. Glasses: Eur. J. Glass Sci. Technol. B
60(4), 140 (2019).

3. O.B. Petrova et al., Opt. Mat. 88, 378 (2019).
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CTPYKTYPA U JIOMUHECLIEHTHBIE CBOMCTBA TBEP/IbIX
PACTBOPOB B CUCTEME PbF; — ErF;

M.H. Masxkoga?!, O.B. Iletposa?, K. Pynuna?, B.A. CMupHOB?
Yucmumym obweri pusuxu um. A.M. Ilpoxoposa PAH, Mockea
2PoccuticKuti Xumuko-mexuonozudeckuti yuusepcumem um. J. 1. Menoeneesa, Mockea
E-mail:vladsmirnorts4@mail.ru

dTopuaHbIe COCMHEHUS U TBepJble pacTBOpbl B cucteMax MFo-REF;
(RE = peaxo3eMenbHbIN 31€MEHT) MPEICTaBIISIOT UHTEPEC AT UCCIEeIOBAaHUS B
KayecTBe (POTOHHBIX MATEPHAIIOB, JIIOMUHO(OPOB, B TOM YHCII€ aHTUCTOKCOBBIX.
JIJis 3TUX CHCTEM CYIIECTBYET IIHUPOKask 00JIaCTh KPUCTAJUIM3AINHA KyOHUeCKOi
da3el Tuma ¢urooputa (Beime 20 Mon.% mpu 650—700 °C) [1-2], HO da3oBbIe
yarpaMMbl M 00JacTH cyliecTBOBaHUs (a3 Mpu HU3KOW TeMmriepatype (Huxe
650 °C) ne uccnenoBansl. B ganHo# paboTe Obula McclieqOBaHAa MPAKTUUECKU
BaKHas JIoMUHecHeHTHas cuctema PbF,-ErF;. OOpasupl ObuUTH MoTy4YeHBI BO
BCEM JMana3oHe KOHIeHTpanuil. TBepible pacTBOpbl CHUHTE3UPOBAIU KaK
TBepaodazubiM MeTojoM (u3 PbF, u ErFs) mpu temneparypax 450-600 °C, tak
¥ COOCAXICHUEM W3 BOJHBIX PAacTBOPOB (W3 pacTBOpoB HuTpatoB Er m Pb
IIaBUKOBOM  KkucyioToi) [3]. YUToObl mpemnoTBpaTUTh MNUPOTHAPOIH3 TIPU
TBepA0(Aa3HOM CHUHTE3€, CO3Jalu (QTOPUPYIOLLYyI0 aTMochepy € NOMOIIbIO
PacXoHbIX (PTOPOIIIACTOBBIX MIACTHH.

[Ipy HU3KMX KOHLEHTpauusax HpOusg oOpasyrorcs ABe (a3l
HU3KOTeMIleparypHas momudukarms PbF, (Pnma) u tBepmplii pactBop Ha
OCHOBE BBICOKOTeMIlepaTypHor Momaudukanuu PbF, (Fm3m). Oo6nacts
KpUCTaJUIM3aUuU OJHO(A3HBIX MOPOMIKOB cocTaBiisiia ~ 12—42 mon.% ErFs, a
MapameTp STYEWKH MOHOTOHHO YMEHbIIAETCs [ 1], mpu 3TOM peanbHbIA COCTAaB B
TOM 00nacTu ONMM30K K HOMHHAJIbHOMY. [IpyW yBEIMYEHHH OTHOCHTEIBHOIO
coJiepkaHus HpOusi B UCXOTHOM pacTBope cBbliie 50 M01.% mnosBisieTcs BTOpast
¢daza — TBepbI pacTBOpP HA OCHOBE (TOpUIa APOUS CO CTPYKTYPOMl THCOHUTA
EriyPbyFsy (P3cl). Hambomee WHTEHCHBHBIMH IIOJIOCAMH Ha CIIEKTpax
JmoMUHECHEeHIMU Er¥* BIISIOTCS MOJIOCH B CHHEH M 3€IE€HOM 4acTsaX CIIEKTpa,
coorsercTByromue nepexogam “Hop—?lisp 1 4Szp+2Hiyp—?lisp. B obpasnax,
MOJIYYCHHBIX  TBepAOa3HBIM  CHHTE30M, HaOmomaeTcs  dddexTuBHAS
aHTHCTOKCOBas JIoMuHecueHnus (B obiacth 650 HM, *Fop—*lisp). O6pasipl,
MOJTy4YEHHBIE COOCAXKICHNEM, aHTUCTOKCOBOW JTFOMUHECIICHIINY HE TIPOSBIISUIH.

PaGora BbeimonHeHa 1ipu (UHAHCOBOM Tmoajaepkke Poccuiickoro
Hayunoro ®@onpa, rpant Nel19-79-10003.

1. L1. Buchinskaya, P.P. Fedorov, Rus. Chemical Rev. 73 (4), 371 (2004).
2. A.K. Tyagi etal., J. Solid State Chem. 177, 1746 (2004).
3. M.N. Mayakova et al., J. Fluorine Chem. 187, 33 (2016).
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JIIOMMHECIEHTHBIE CBOMCTBA Eu/Gd-COAKTUBHMPOBAHHBIX
CBHHIOBBLIX ®TOPOBOPATHBIX CTEKJIOKPUCTAJIVIMYECKUX
MATEPHAIJIOB

J.A. Bennukuna, O.b. IletpoBa, K.W1. Pynuna
Poccutickuii xumuro-mexnonoeuueckuti ynusepcumem um. /1.1. Menoeneesa, Mockea
E-mail: dvelichkina@yandex.ru

Oxcudropuansie crekiokpucramueckue marepuaisl (CKM) coueraer
B ce0e JTydIue CBOMCTBA KPUCTALTUICCKUAX (DTOPHUIOB U OKCHIHBIX CTEKOJI, YTO
JieaeT uX MEePCIeKTUBHBIMU TSl JIETUPOBaHUS peako3eMenbHbIMU (P3) nonamu
U CO3/aHusl HOBBIX Ja3epHbIX MarepuanoB [1]. Boicokas >¢dexTuBHOCTS
momuHeceHn okcudropuaapix CKM cBsizana ¢ TeM, uto P3-aktmBaTop
HaXOMUTCSA BO (PTOPUIHOM OKPYKCHHMH C HHU3KOW »JHeprueid (HOHOHOB
KPUCTAJUTMYECKOW PEIIeTKH, YTO TIOJABIsACT O€3bI3TydaTeIbHYI0 pPelaKCaIiio
[2]. Bo3MmoxHa reTepoBajJeHTHas CTa0WIM3allMs BBICOKOTEMIIEpATypHOM
Kyomnueckoii ¢asel B-PbF, TpexBaneHTHBIMU peako3eMeabHbIMU HOHaMu [1, 3],
KOTOpbIE TAaKXKE BBOJSTCS B KaueCTBE AaKTUBATOPOB B Ja3epHbIC MaTEpHAIIbI.
VYcnenrnoe npuMeHeHne 3Toro nojaxona st coaktuBupoBanusiNd/La u Nd/Lu,
ObLIO TOKa3aHo B [1], B HacTosmel paboTe MCCleOBaHbl KpUCTAIUIM3ALUA U
moMuHectieHTHbIe cBoiicTBa CKM, coaktuBrupoBanHbix Eu/Gd.

OOpa31pl CTEKOJ W TMOJUKPUCTAIUIMYECKUX CIIOKHBIX (TOPUIOB OBLIN
cuHte3upoBanbl u3 B,0s3, PbF,;, GdF; m EuFs. CuntesupoBaHbl CTEKiIa B
cucteme (70-X-y)PbF,-30B,0s-xEuF;-yGdF; (x = 0.1, 0.5, 1.0, 1.5, 3.0; y = 0,
1.5, 2.5, 2.9). CKM nonyyanau myTeM KOHTPOJIUPYEMOU KPUCTAIITM3AINNA CTEKOJ
B Pa3UYHBIX TEMIEPATYPHO-BPEMEHHBIX yciaoBusax. OOmas koHuentpauus RE
B KyOMYeCKOW KpucTauimdeckod ¢aze BapbupoBasiach ot 11 mo 12 ar.%
(Pb1xGd/EuxF24x). OOBeMHas 1ot KyOudeckor kpuctammnaeckoit passr 8 CKM
cocrtaBiisina 6onee 25%, uro Obu1o HamMHOrO OOJbmIe, yeM B CKM Ha ocHOBe
UCXOMHBIX CTEKOJ, akTuBHpoBaHHBIX 1 Mom.% EuFs; (8-10 00.%). Ilocme
YaCTUYHOW KPUCTATU3AIMH CTEKJIa HAOI01aJI0Ch YBEIMUYEHUE OTHOCUTEIHLHOM
uHTeHCUBHOCTU nepexona *Do—'F; (~ 580 HM) B cHekTpe JIIOMHMHECLIEHIHH,
npudeM B coakTuBHpoBaHHBIX Eu/Gd CKM 3T0 COOTHOIIICHHE YBEIIMUYUBASTCS HA
20-50% Oompme, yem B CKM aktuBupoBaHHbIX 1 Mom.% EuFs. Takum
o0pa3oM, aKTHUBHBIC IEHTPHI B coakTuBUpoBaHHBIX CKM o6manmaroT Oosbimei
CUMMETpHUEH.

PaGora BbemonHeHa 1ipu (UHAHCOBOM Tmojajaepkke Poccuiickoro
Hayunoro ®@onpa, rpant Nel19-79-10003.

1. O.B. Petrova et al., J. Non-Cryst. Sol. 531, 119858 (2020).
2. P.A. Loiko et al., Opt. and Spectr. 118(2), 235 (2015).
3. T.S. Sevostjanova et al., Opt. and Spect. 123(5), 733 (2017).
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AITIKOBEPCHUOHHBIE ITOJIMMEPHBIE MATEPUAJIBI
JUA TTOBBIITEHN A OOPEKTUBHOCTU COJIHEYHBIX BATAPEN

M.K. By6nos!, C.B. I'ymun!, A.C. Epmakos!, C.B. Kysuenon?, A.M. Kyzpmun?,
A.A. Jlanun!, I1.A. Pa6ouxunal, M.B. Uepnos!
Hayuonanvnvni uccneoosamensckuti Mopoosckuii 20cydapcmeennbiil
yuugeepcumem um. H.I1. Ocapesa, Capanck
2Uncmumym obweti pusuxu um. A.M. Ilpoxopoea PAH, Mockesa
E-mail: sasha41450@gmail.com

B HacTtosiiiee BpeMsi MHOXKECTBO HAy4YHBIX TPYMI MPOBOJSAT AKTHUBHBIE
UCCJICIOBAHMSI AIIKOHBEPCHOHHBIX MAaTE€pUAJOB I HX MPUMEHEHUs B
(dhoTOBOJIETANKE [1-2]. ConHeuHbIe 3JIEMEHTBI 00ecIeunBaroT
($OTORNIEKTpUYECKOE MPeoOpa3oBaHUE TOJBKO TOJ JCWCTBHEM U3IIy4YCHUS
OTPaHUYECHHOI'O CIEKTPAJIbHOIO Juara3oHa. Hampumep, mans sueldku U3
KpUCTAUIMYECKOro KpemHus oOH coctaBimsier 380-1100 wvm. Pacmmputs
CIIEKTPAJIbHBIN Jana3oH W3JTy4YEHUS TUTSt (OTORIEKTPUUECKOTO
npeoOpa3oBaHus MOKHO TIPU  HCIOJIb30BAaHUM KOMOWHHPOBAHHOM sSUYEHKH,
BKJIIOYAIONIEH  CJIOW  amKoOHBepCcMOHHOro Marepuana (puc. 1). Ilpu
MCIIOJIB30BaHUN TAKOTO MaTepuaia Kij (OTOAIEKTPUUECKOro MpeoOpa3oBaHUs
YBEJIMYMBACTCS 3a CYET MpeoOpa3oBaHus UM WHGPAKPACHOTO U3ITyUYECHUS,
MIPEBBINIAIONIETO CIEKTPAIbHBINA paboumii uamna3on aTapeu.

JNlyumn conHua

[1BYXCTOPOHHSAA CONHEYHas
Mornouwaemoe Avelika Si, GaAs n ap.
AYenKom o S
usNydeHne £

ANKOHBEPCUOHHbIM

E2t
nofnmep ¢ noHamu Er3*

Otpaxatesnb \\ﬂpeo6pa3OBaHHoe nsnyyeHune
M3nyueHue npolweaLiee Yyepes CONHEYHYIO AYENKY
Puc. 1. Monenb 1ByXCTOPOHHEHN CONHEUHON SYEHKHU C alIKOHBEPCUOHHBIM MOJIMMEPOM,
nerupoBaHHEIM HoHamu Er®* Ha 3azmeii cTopone sueiiku.

B  nHacrosmeit pabote uCCiedOBaHbI XapaKTEPUCTUKH  Ipoliecca
(hOTORIEKTPUIECKOTO0 MpeoOpa3oBaHusl Ja3epHOro M ImmupokonojocHoro MK
U3JIydeHUSS B KOMOMHUPOBAHHOW sUeHKe, COCTOSAIICH U3 KPEMHHUEBOU
TeTEPOCTPYKTYPHI U MOJUMEPHOMN TIJICHKH, MOJYYEHHON U3 OKCUCYJIb(PUIHBIX U
(GTOPUAHBIX TMOPOIIKOB, JIETUPOBAHHBIX PEAKO3EMEIbHBIMU HOHAMH. JlaHHBIE
MJICHKU OBLIM M3TOTOBJIEHBI METOJAMH JKCTPY3UH U TOPSYETO MPECCOBAHUS.
[TomydyeHHbIE PE3YIABTATHI CBUAECTEIBCTBYIOT O MEPCIHEKTUBHOM MNPUMEHEHUU
aITKOHBEPCHOHHBIX MaTEPHAIIOB B (DOTOBOJIbTAUKE.

HccnenoBanre BBIMONTHEHO 3a cueT TrpaHTa Poccuiickoro ¢onma
byHIaMEeHTaNIbHBIX MccaeaoBannii (mpoekt Nel8-42-130011).

1. T. Trupke et al., Sol. Energy Mater. Sol. Cells 90, 3327 (2006).
2. J.C. Goldschmidt, S. Fischer, Adv. Optical Materials 3,510 (2015).
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JIOKAJIBHBIM PEHTTEHOBCKUI JU®PAKIIMOHHBIN AHAJIN3
TICEBJIO a-TUTAHOBOT'O CIUIABA MT3B, JE®@OPMHUPOBAHHOI'O
METOJIOM POTAL[MOHHOM KOBKU

I1.B. Anzpees?, JILA. I'ynisp?, K.E. Cmeranuna®
Ynemumym xumuu svicoxouucmoix eewpecms um. I'.T. Jleesamuix PAH,
Huoicnui Hoeeopoo
2Hayuonanvuwlii uccredosamensckutl Huswce2opoockuii 20cyoapcmeentblil
yuusepcumem um. H.U. Jlobauesckozo, Huowcnuii Hogeopoo
E-mail: andreev@phys.unn.ru

PorarmonHass KoOBKa SBISETCS OJHMM W3 BHJIOB HWHTCHCHUBHOUN
IJIACTHYECKOW  AedopManuu, TpUMEHsSeMor s ¢GopmupoBanus YM3
cTpyKTypHl [ 1]. Kak noka3piBaroT HEKOTOPHIE UCCIIEIOBaHMS, JaHHAst 00paboTKa
MaTepurajga HaHOCHT CBOM OCOOEHHOCTH B MHKPOCTPYKTYpPY H (ha30BbIi COCTaB.
K yucny Takux OTHOCSITCS, HApUMep, HEOJHOPOAHOCTb MHUKPOCTPYKTYPHI B
MOTIEPEYHOM CEUYeHHH 00pasiia U opMUpoBaHUE MeTacTabmIbHbIX (a3 [1, 2].

B cBsi3u ¢ HEOTHOPOAHOCTHIO MUKPOCTPYKTYPHI (IpaIueHT pa3Mepa 3epHa
B TOMEPEYHOM CEUEHHHM KOBAHOIO MPYyTKa MOCIE OTKUTa) HCCIEAOBAHHE Ha
da3zoBblii  cocTaB  TpeOyeT  JIOKaJIbHOCTH. T[pajUIlMOHHBIE  METOIUKHU
UCCJICIOBAHUS TOJUKPUCTAIUNIOB — METOJl PEHTTeHOBCKOW Judpakiud B
reometpuu bparra-bpentano He MOTYT yI0BIETBOPUTH 3TOMY TPEOOBAHUIO.

Od4eBUIHO, YTO yYACTKH C PA3IMYHBIM XapaKTEPHBIM pa3MepoM 3epHa
MOTYT OTJMYaThCs 1O (Da30BOMY COCTaBy — KaK Ka4eCTBEHHO, TaK W
KOJMYECTBEHHO, a 3HAYAT ¥ UWMETh pa3JIMYHbIC OKCIUTyaTallHOHHBIE U
KOPPO3UIHBIE CBOWCTBA.

Pemmute  mpoOiieMy — JOKaJbHOTO  aHalmM3a  MPENANoyiaraeTcs  C
WCITOJIb30BAHUEM PEHTTEHOBCKOW TEXHUKH C Y3KHM TEPBUYHBIM ITyYKOM.
OgHuM W3 BapUAHTOB  SIBIISETCA  NPUMEHEHHE  MOHOKPHUCTAIBHOTO
nudpakromerpaOxfordDiffraction, ocHaiieHHOrO pPEHTTEHOBCKOH TPYOKO# ¢
MEIHBIM  aHOJOM, TPa(PUTOBBIM MOHOXPOMATOPOM H  KOJUIMMATOPOM,
reHepUPYIONIMM NepBUYHBIN TTydok quamerpom 0.3 mm u CCD nerexktopom.

Pa6ota BeinoaHeHa npu noaaepkke PHO (rpant Ne19-73-00295).

1. V.N. Chuvildeev et al, J. of Alloys and Compounds 790, 347 (2019).
2. Y. Cao et al, Materials Science and Engineering 133, 1 (2018).
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SJIEKTPOHHBIE COCTOAHMSA MEJIKMX JOHOPOB B KPEMHIN
N T'EPMAHNN: YUET KOPOTKOAEMCTBYIOIIEI'O IIOTEHIMAIJIA

A.A. Konakos, A.M. MuxaiinoBa, A.A. PeBun
Hayuonanvnoiii uccneoosamenvcrkuiit Huscecopoockuii 2ocyoapcmeenmbiil
yuusepcumem um. H.U. Jlobauescrkozo, Huscnuit Hosecopoo
E-mail: revinalexandre@yandex.ru

TeopeTnueckoe W HSKCIEPUMEHTAIBHOE HCCIEAOBAHUE DIIEKTPOHHBIX
CBOMCTB MPUMECHBIX IEHTPOB B HEMPSIMO30HHBIX MOJIYIIPOBOJIHUKAX (B MEPBYIO
odepeab KPEeMHUM M TepMaHMM) BeneTrcs ¢ 50-X IT. MpOnuIoro Beka. OTH
OOBEKTHI BBI3BIBAIOT 3HAYUTENLHBIN HHTEPEC U CEHYac B CBS3U C BOSMOXHBIM UX
NPUJIOKEHUEM B 00JacTH TMOCTPOEHUS HUCTOYHUKOB KorepeHTtHoro TI'm
m3nydyeHuss [l] W kBaHTOBBIX KommbioTepoB [2]. Ha osranme ananusa
HKCIIEPUMEHTAJIBbHBIX JAHHBIX WM IUIAHUPOBAHUS  SKCHEPUMEHTAIBHBIX
VCCJIEIOBAHUM HECTAalMOHAPHBIX IIPOLIECCOB, CBA3AHHBIX C 3JIEKTPOHHBIMU
nepexogaMu  MEXAY  COCTOSHMSMM  MEJIKHX  IPUMECHBIX  LIEHTpPOB,
CYLIECTBEHHON sBJsieTCsl MH(OpMalUs O CHEKTpaX M BOJHOBBIX (YHKIUSAX
JIOKQJIN30BaHHBIX HOCUTENEH, B T.4. UX BO30YKJIEHHBIX COCTOSIHUM.

B nameit paGote B pamkax Merona 3(p¢GEeKTHBHON Macchl peIanoch
ypaBHEHUE Ui orudaroieil GyHKIUHN 3JIEKTPOHA, JTOKAJIM30BAaHHOTO Ha MEJIKOM
JIOHOPE 3aMEIICHUs B KPEMHUH U TepMaHuK. Bo30yXAeHHbIE COCTOSTHUS P-TUIIA
OMUCHIBATUCh MPOOHBIMU (YHKIUAMH, MNpPEHJIOKEHHBIMU B padore [4]. B
OCHOBHOM COCTOSIHUM PEIIAJIOCh MHOTOAOJMHHOE ypaBHEHHE [S5] ¢ yyeTom
KOPOTKOJIEHCTBYIOIIEro noTeHuuana. OCHOBHOE U BO30YKJEHHBIE S-COCTOSHHUS
MOJEJIUPOBAIMCH  BOJHOBBIMU ~ (PYHKIMSIMH € JIBYMs  3(PQPEKTUBHBIMU
OOpDOBCKMMH  paJdycaMH, VYUYHUTHIBAIOIIMMH KAaK  JaJdbHOJEHCTBYIOIIUN
BOJOPOJOINOAO0OHBIM, TaK W KOPOTKOACWUCTBYIOIIMA TMOTEHLHAT JOHOpA.
Monudukanuss (GyHKIMA OCHOBHOTO COCTOSIHUS, 10 CPaBHEHUIO C
BOJIOPOJIOTNIOIO0HOM, HeoOxomuma nisi ydyeta 3¢h(dEKTOB paclieIuieHus Hu
XUMHUYECKOTO CABUTa, OOYCIOBICHHBIX KOPOTKOAEHUCTBYIOIIMM MOTEHIUAIOM
npUMecH. DHEpPruu Bo30YXKICHHBIX S-COCTOSHUN MaJlo MEHSIIOTCSI B CPAaBHEHUU
C BOJOPOJIOINOA00HON MOJENbI0 B CUJIIY TOTO, YTO 3JIEKTPOHHAs IJIOTHOCTh Ha
Spe B OTUX COCTOSIHMSIX Majia, OJJHAKO CBOMCTBO MOJHOTHI Oa3uChl TpeOyeT
COXPaHEHHUSI OPTOTOHAILHOCTU OTHOAONINX (QYHKIIUN pa3IuYHBIX COCTOSHUM.

Pe3ynbTaThl TEOPETUUECKUX PACUETOB COMOCTABIISAIOTCS C UMEIOIIMMHUCS B
JUTEpaType SKCIIEPUMEHTANbHBIMU JaHHBIMU [3, 6].

Pabota nogaepsxana rpantom PH® 19-72-20163.

S.G. Pavlov et al., Phys. Rev. Lett. 84, 5220 (2000).

J.J. Plaet al., Nature 489, 541 (2012).

A.K. Ramdas, S. Rodriguez, Rep. Prog. Phys. 44, 1297 (1981).
R.A. Faulkner, Phys. Rev. 184, 713 (1969).

S.T. Pantelides, C.T. Sah, Phys. Rev. 10, 621 (1974).

B.B. Lpimutenkos, B.H. [lactun, ®TII 52, 1469 (2018).
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BbIPAIIIMBAHNE MOHOKPUCTAJUIOB AgBr-Agl
N NCCIIEJOBAHUE NX ®A30BOU IMAT'PAMMUBI

JI.B. XKyxkoBa, A.C. Kopcakos, M.C. Kopcakos, A.E. JIsBoB, [1./[l. Canumrapees,
I0.B. Illoxuna, A.A. IOxakoBa
Ypanvckuii pedepanvusiii ynusepcumem um. nepsozo Ilpezuoenma Poccuu
b.H. Envyuna, Exkamepunoype
E-mail: L.v.zhukova@urfu.ru

JIns pa3sBUTHS BOJIOKOHHO-ONTHYECKUX JJIEMEHTOB 1 cpenHen MK
ob0nactd HeoOXOoAuMBbl (OTOCTOWKHE, THOKHE MaTepuaibl, MpPO3pavyHbIC B
IIMPOKOM CHEKTPAIbHOM JHana3zoHe. TBepable pacTBOPHI TAJIOTEHUIOB cepedpa
SBISAIOTCA Hauboyiee MOAXOASIIEH KPHUCTAUIMYECKOM Cpemol maiisg 3THUxX
uenei. TBepabie pactBopsl cuctembl AgCl-AgBr, npospaunsie ot 0.4 no 30.0
MKM, Ha TEKyIIMHd MOMEHT ObUIM €IWHCTBEHHBIMU HETOKCHUYHBIMH,
HETUTPOCKONMUYHBIMU W IUIACTUYHBIMU KPUCTAJJIAMH, MPEIHA3HAYEHHBIMU B
OCHOBHOM ISl TOJIy4eHUs nojdukpuctauinueckux MK BoIOKOH.

Ha ocHOBaHMM nUTEpaTypHBIX JAHHBIX U peE3yJibTaTax HCCIEIOBAHUI
dazoBoii nmuarpammbl  AgBr-Agl ObpuTM  MONy4YeHBI HOBBIE OINTHYECKUE
MOHOKPHCTAIIJIBI TBEPABIX PACTBOPOB B Auarnas3oHe coctaBoB oT 0 1o 33 mac.%
Agl B AgBr, u3 KOTOpBIX METOJIOM TOPSYETr0 MPECCOBAHUS MOKHO MOJIy4aTh
pa3MyYHbIE ONTHUYECKUE W3MENHs, B TOM uHcie noidukpuctaumueckue UK
BOJIOKHA.

Monokpuctamibsl cuctembl AgBr—Agl Obuiv BbIpallieHbl NpU MOMOIIH
BEPTUKAJILHOTO METOJ| bpukKMeHa 13 MIUXThI, MOTYYEHHOW THIPOXUMHUYECKUM
MmetongoM T3KC. Meton T3KC gBnsiercst 0a30BBIM M MO3BOIAET CTAOMIILHO
MOJIy4aTh ChIPhE BBICOKOM cTerneHu YUCTOTHl (10 99.99999 wmac.%) B BHIE
MNOJIMKPUCTAJUIMYECKUX ~ TBEPABIX  PacTBOPOB  33JaBa€MOro  COCTaBa,
MpeAHa3HAYEHHBIX ISl BBIPAIIMBAHHS KPUCTAIIIOB.

OCHOBHOW XapaKTEPUCTUKON HOBBIX KPHUCTAJUIOB SBISETCS UANa3oH
ONITHYECKOM MPO3PAYHOCTH. UccnenoBanus MIPOBOJINIIUCH Ha
MOJUKPUCTAIIMYECKUX U MOHOKPUCTAJUIMYECKUX MIACTUHKAX TommuHon 0.35 —
3.00 mm B amanazonax aiauH BoiH 0.19-1.10 mxm (Y@ crekrpodoToMeTp
Shimadzu UV-1800), 1.28-41.60 mxm (MK ®ypwe cniekrpomerp IRPrestige-21
Shimadzu), 14.7-60.6 wmxm (Vertex 80, Bruker ¢ pacmmupenasim MWK
JIMana3oHoM). BbUlO yCTaHOBJIEHO, YTO B 3aBUCUMOCTH OT COJEp)KaHHUS B
KpUCTaJUIaxX TsDKEJIOro Mo MOJIEKYJIIpHOM Macce iojga B cucteme AgBr-Agl
JMAna3oH MPOMYCKaHUsl Il KOPOTKOBOJHOBOTO U JIJIMHHOBOJIHOBOTO Kpas
MOTJIOIIEHUS CMEILAeTCd B CTOPOHY YBEJNIMYEHHUs JIMHBI BOJHBEI (0T 0.465 no
0.480 mxm u ot 46.0 1o 50.0 mxmM, cooTBeTcTBeHHO). [Ipu 3TOM HabMIOHAETCS
CWIbHOE  yBeIMYeHHEe  (OTOCTOMKOCTH  MaTepuayia,  KOTOpoe, IO
MpPEABAPUTEILHBIM  JAHHBIM, TIPEBBINIACT Jaxe (HOTOCTOUKOCTh TBEPABIX
pactBopoB cuctembl AgBr— TIBrgsslos4 [1].

1. A.S. Korsakov et al., Chinese Opt. Latt. 14 (2), 020603 (2016).



VICJUIEJJOBAHUE ®A30BOMIMATPAMMBI AgBr—Ag|

K.A. Eropoga, JI.B. Xyxkosa, A.C. Kopcakos, A.E. JIeBoB, I1.B. IlecTepesa,
JI.J. Canumrapees, A.A. FOxxakoBa
Ypanockuii peoepanvuviii ynueepcumem um. nepgozo Ilpesuoenma Poccuu
b.H. Envyuna, Examepunbype
E-mail: L.v.zhukova@urfu.ru

B HacTosimiee BpeMsi BOJIOKOHHO-ONTHUYECKAas MPOAYKIUS HAa OCHOBE
rajiorenuzicepeOpsanbix cBeTtoBofoB cuctembl AgCl-AgBr nns pasnuunbix
oOnacted HAyKM W TEXHUKHA, B TOM UHUCIE Ui OMOTEXHOJOTHH W Jia3epHOM
MEAMIIMHBI, aKTUBHO pealln3yeTcsl pa3nuuHbiMu upmamu. HemoctatkoM 3Toit
CHUCTEMBbI TBEPJABIX PACTBOPOB SIBIAECTCA 3(PPEKT CcTapeHus, CBSI3aHHBIA C
BBICOKOM (POTOUYBCTBUTEIBHOCTHIO. TeM He MeHee, TBEpPJIbIE PaCTBOPHI
cuctembl AgCl — AgBr, npospaunbie or 0.4 g0 30.0 MkM, SBISIIOTCA
€AVMHCTBEHHBIMM HETOKCHUYHBIMH, HETUIPOCKOIIMYHBIMU M  IJJACTUYHBIMU
KpUCTAJUIAMM,  INpPEJHA3HAYEHHbBIMM B OCHOBHOM  JUIsl  TIOJyYEHHS
nonukpuctamdecknx MK  Bomokon [1]. HeoOxoaumocTs pacmpeHus
paboyero creKkTpaIbHOro Auana3oHa cBeToBooB oT ommxHe UK obmactu(0.8—
2.0 MKM), TJ€ IPUMEHSIIOTCSI KBaplieBbl€ BOJIOKHA, 10 CPEAHEN U Jake JajbHel
UK ob6nactu (mo 100.0 MxMm), OOOCHOBBIBAET IMOWMCK HOBBIX ONTHYECKUX
MaTepuasoB, pa3pabOTKy TEXHOJOIMM WX CHHTE3a, UCCIEJOBAHHUE CTPYKTYpHI,
CBOMCTB U obmacteil npumeHeHus. l[loaToMy akTyanbHOW 3amadeil sBIseTCA
pa3paboTKa pagualMOHHO-CTOMKHUX, HETUTPOCKOMUYHBIX M  IJJACTUYHBIX
KPUCTAJUIOB JUIsl U3TOTOBJIEHUS! ONTHYECKUX JI€TaeH.

B cBsI3u C 3TUM NPEACTaBISIO MHTEPEC HMCCIEN0BAaTh KBa3WOMHAPHYIO
cuctremy AgBr—Agl. JlanHbiii BeIOOp ObLI OOOCHOBaH, BO-TEPBBIX, CXOXKUMHU
(U3UKO-XMMUYECKUMHU CBOMCTBAMH MaTEpUaNIOB, KOTOPBIE XOPOILIO 00pa3yroT
TBEp/bIE PACTBOPHI 3aMEIIECHNUS, TUIaBSIIUXCS MpU Oojiee HU3KOW TeMIeparype,
YeM MCXOJIHble KOMIIOHEHThl. Bo-BTOpbIX, Oojiee TSKEIbIM HOHOM Hoja,
BBEJICHHE KOTOPOT'O JIOJDKHO MOBBIIIATH JUAIA30H NponyckaHus B naneHeM WK
¥ YMEHbIIaTh (POTOUYBCTBUTEILHOCTh MaTEpHaa.

Nzyuenue dazoBoit muarpammel AgBr—Agl npoBoausioch MeTomamu
g depeHINaTbHO-TEPMUUECKOTO U PEHTICHOCTPYKTypHOTro aHanu3oB (TA,
P®A). DxcieprMeHThI IPOBOJIUIIM B 3aMassHHBIX aMITyJaX U3 CTEKJa «IIHPEKC
crenuaibHOM OpMBbI, P FOMOreHU3aluKu 00pa3oB B TeueHue 20 yacoB npu
temneparype 550 °C. CxopocTs HarpeBa u oxjaxacHus cocrtapisiia 2 u S °C B
MUHYTY. M3ydeHne ¢a3oBoM auarpaMmbl MOKa3ajgo BO3MOKHOCTb MOJYYEHUS
0J1HO(ha3HOTO TOMOT€HHOT0 MaTepuaia B aiuamna3zone cocraBoB oT 0 10 33 mac.%
Agl B AgBr u BO3MOXHOCTH BBIPAIMBAHMS M3 HErO0 ONTUYECKUX
MOHOKPHUCTAIIJIOB.

PaGoTa BeIMOTHEHA TpH mojajepkke Poccuiickoro HaydHoro (oHaa B
pamkax rpanta Nel8-73-10063.

1. A.S. Korsakov et al., App. Opt. 54 (26), 8004 (2015).



CIEKTPAJIBHBIE CBOMCTBA BUCMYTI'EPMAHATHBIX CTEKOJI,
JJEITMPOBAHHbBIX OKCHUAOM LIEPUA

O.b. Iletposa, JI.M. Casenko, K.C. Cepkuna, 11.B. Crenanosa
Poccutickuii xumuro-mexnonoeuueckuti ynusepcumem um. /1.1. Menoeneesa, Mockea
E-mail: ivstepanova@muctr.ru

BucmyTtrepmanaTHele CTEKJa SIBISIIOTCA  TIEPCIEKTUBHOM  aKTUBHOM
Cpelloit i 1a3epoB ¢ epecTpanBaemMoil yactoTon nanyuenus B UK nuamazone,
Omaromapsi HAIMYUIO y HHUX IIHPOKOIOJIOCHOW JIFOMHUHECIICHIIMU B O0JacTH
1100-1500 HM, cBsi3aHHOUW C BHCMYTOBBIMHU akTWBHBIMH mieHTpamu (BAILL) [1].
KomnuectBo BAIL] MOXHO peryivpoBaTh, M3MEHSsSl YCJIOBHS CHHTE3a WIH
OT)KHUra CTekida [2], Wik BBOAS B CTEKJIO MOHBI-OKUCIUTENU [3], B TOM 4HCIE
nonsl Ce®* u Ce**,He mMerome cOOCTBEHHBIX MOJIOC MOTJIONICHUS B BUANMON U
ommxHen UK obnactu cnekrtpa. JlaHHas paboTa MOCBSIIEHA HCCIEIOBAHUIO
BIIUSIHUS UOHOB 1Iepusl Ha KoHIeHTpanuio BALL B crexmax.

beut mpoBeneH cuHTe3 crekosn B cucteme XBiO; — (100-x)GeO, —
yCeO,,rnex = 10, 15, 20, 25 mon.%; y = 0; 0.01; 0.05; 0.1; 1 mo0n1.%. Cmech
okcusioB mnaBwid mpu t = 1100 °C B teuenue 30 MUHYT, 3aT€M OTJIMBAIU
paciiaB Ha METaUIMYECKyIo MOJUI0KKY. CHEeKTphl MOTJIOMIEHHUs 00pa3iioB
caumanu Ha cnekrpodoromerpe UNICO 2800 (UV/VIS) B nuanazone 190—
1100 aM™.

CuHTe3MpOBaHHBIE BUCMYTI€pMaHATHBIE CTEKJIa 0€3 OKcHaa Lepus
UMEIOT KPAaCHYIO OKpacKy. VX CHEeKTphl MOTJIOMICHUS COJIEPIKAT XapaKTEPHYIO
HIMPOKYIO0 MoJiocy nornouieHus: B obnactu 500 HM, MHTEHCHBHOCTH KOTOPOM
3aBUCHUT OT KonmuectBa BAIL [2].

JHlo6aBnenne CeO, npWBOAMT K yMEHBIIECHUIO KojaudectBa BAIL
BCJICJICTBUE OKHCIICHHS] HOHOB BUCMYTa, BXOASIMX B CTpYKTypy BALI. CTenens
Brusinug CeO, Ha CBOMCTBA CTEKOJI 3aBUCUT OT KOHIICHTPAIIUU B CTEKJIE, Kak
OKCHJIa Liepus, TaK U OKcHJIa BUCMyTa. B cepusix ctekon, coxepxamux 10 u
15 mon.% BiyO3, 00pasipl MOJHOCTHIO 00ECIBEYMBAIOTCSA TMPH J100aBICHUN
0.05 momn.% CeO,, a mnpu nanmpHEWIIEM YBEITWYECHUU KOJUYECTBA IIEpUS
npruoOpeTaroT KeaThli 11BeT. ObeciBeurnBaHue CBs3aHo ¢ pa3pymeHueM BALIL, a
MOSIBJICHUE YKEJITON OKPAaCKU 00YCIIOBIIEHO CMEIIEHUEM KOPOTKOBOJHOBOTO Kpast
MOTJIONMICHUSI B JUIMHHOBOJHOBYIO  OOJACTh  BCJICJACTBHE  YMCHBIIICHUS
sHepreTuyeckor menu crekon mnon BiusHueM CeO;. B cepusix crekod,
coapepkanmx 20 u 25 moa.% Bi,Os, npu Toit xe xonrenrpamuun CeO; (0.05
M0:1.%), HHTEHCUBHOCTD morJjoiieHust B odjgactu 500 uM cHmxkaetcs, Ho BAILL
HE UCYE3al0T MOJTHOCTHIO, U3-32 OKUCIEHUS TOJIBKO YACTH MOHOB BUCMYTA.

1. E.M. Jluanos, KanToBas snexkrponuka 40 (4), 283 (2010).

2. U.B. CrenanoBa, K.C. Cepkuna, O.b. IlerpoBa, Onrmka wu
CIIEKTPOCKONUSI KOHAEHCUPOBAHHBIX cpell: MaTepuaiibl XXV MexayHap.
Hay4. KoH(}. KpacHomap: Kybanckwuii roc. yH-T, 95(2019).

3. A. Winterstein et al., Optical Materials Express 2 (10), 1320 (2012).
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BJIMAHUE TEPMOOBPABOTKHN HA BO3AYXE 11 B BAKYYME
HA MEXAHUYECKUE CBOMCTBA KPUCTAJIJIOB YACTUYHO
CTABMJIM3MPOBAHHOI'O ITUOKCHUIA ITMPKOHMA
2Y-0.8RSZ (R- Ce, Nd, Tb, Er, Yb)

M.A. bopux!, A.B. Kyne6akun?, E.E. Jlomononal, ®.0. Munosnu?,
B.A. Mezunal, [1.A. Ps6oukuna®, H.B. Cunoposa®, H.IO. Ta6aukosal?
Yncemumym obweri pusuxu um. A.M. Ilpoxoposa PAH, Mockea
2Hayuonanbuwvlii Uccie0o6amenseKull mexHoI02UYecKuti YHUEepCcumen
«MUCuC», Mocksa
SHayuonanvuwiii uccredosamensckuti Mopoosckutl 20¢y0apcmeeHnHbiil
yuusepcumem um. H.I1. Ocapesa, Capanck
E-mail: ya.natalka2112@yandex.ru

Bricokas npOYHOCTB, N3HOCOCTOMKOCTbD, BI3KOCTh Pa3pyLICHUS] U HU3KHAU
KO3 PUIIMEHT TpEeHHs] KPUCTAUIOB YaCTHUYHO CTAOWIM3UPOBAHHOTO JIUOKCHIA
nupkonust (UCL]) oOycnaBiauBaroT OOIBIINE MEPCHEKTUBBI UX HUCIOIB30BAHUS B
KaueCcTBEe KOHCTPYKIIMOHHBIX MAaTepUAJIOB, 3JIEMEHTOB TPUOOTEXHUKHU, PEXKYIITUX
MEJUIIUHCKUX HWHCTPYMEHTOB U T.A. OJHUM U3 KIIOYEBBIX MPEUMYIIECTB
MaTEepUaJioB Ha OCHOBE JHOKCHAA IIUPKOHHS SBISETCS HX CIHOCOOHOCTH
COXpaHsTh MPOYHOCTHBIE CBOWCTBA TMPHU BO3JIECUCTBUHM BBICOKHX TEMIIEpPaATYp.
Opnako kpucramibl YCL[ saBISIOTCS MeTacTaOWIbHBIMU, MOATOMY BaXKHBIM
aCIeKTOM WX TMPAKTHYECKOTO0 TPUMEHCHHS, IMO3BOJISIONIUM YCTaHOBUTH
TEeMITepaTypHbIE WHTEPBAIbl DKCIUTyaTaIldH, SBIISICTCS HCCIICIOBAHUC BIIMSHUS
TEPMUUYECKOTO OT>KUTa Ha ()a30BYI0 CTAOUIIBLHOCTb.

Panee nmpoBeicHHBIC WCCIAEAOBAHHWS  TOKa3ajld, YTO  BapHarus
COJISTHPYIOMNX M00aBOK B TBEPABIX PACTBOPAX Ha OCHOBE JUOKCHIA IIUPKOHUS
MOKET 00ECIIeYUTh MOTYYCHUE MATCPUAIOB C YJIYYIICHHBIMA MEXaHHYECCKUMHU
xapakrepuctukamu [1]. Taxke B pabore [1] OBUIO MPOAESMOHCTPUPOBAHO
BIIUSIHAE BHJA COJIETHPYIONIEH MPUMECH Ha TPEIIMHOCTOMKOCTh KPHCTAJUIOB
2Y-0.8RSZ (R —Ce, Nd, Y, Er, Yb) u ycraHoBieH cocTaB ¢ HauOoyee
BBICOKMMU 3HAUYCHUSIMHU KOI(P(UIIUEHTA TPEIIIUHOCTONKOCTH.

B nacTosmelt pabore ObLT MPOBEICH aHAIM3 YBOJIIONNH (Ha30BOTO COCTaBa
W 3HaYeHHUH Koddduimenta tpeumaocToiikoctn kpuctamioB 2Y-0.8RSZ (R —
Ce, Nd, Tb, Er, Yb) npu tepmooOpaboTke Ha BO3IyXe M B BaKyyMme, C IEJIbIO
BBISIBJICHHUST ~ COCTaBOB, OOJIAJAlOMIUX  ONTHMAIBHBIMA  MEXaHUYECKUMH
XapaKTEPUCTHKAMH, TIPH padOTe B IIUPOKOM JIMAITa30HE TEMIIEPATYDP.

PaGora BbIoNHEHa Tpu (QUHAHCOBOM mojanuepxkke rpaHta PHO
Ne18-00-397.

1. M.A. Borik et al., Materials Chemistry and Physics 232, 28 (2019).



BJIMAHUE HECTEXMOMETPUN IINXThI 1 YCHOBUHfI CHUHTE3A
HA KPUCTAJUIN3ALWIO CETHETO2JIEKTPUYECKOU ®A3bI Bi,GeOs

N.X. Asetucos, M.W. I'ycincroB, M.II. 3sikoBa, O.b. IleTpoBa, K.H.
Pynuna,1.B. CtenanoBa
Poccutickuii xumuro-mexnonoeuueckuti ynusepcumem um. /1.1. Menoeneesa, Mockea
E-mail: ivstepanova@muctr.ru

Kpucramnnueckas ¢aza Bi,GeOs 10 HEKOTOPBIM CErHETOIIEKTPUICCKUM
XapaKTepUCTHKaM sBisieTcss aHajgorom kepamuku BaTiO; [1]. Tlo mHeHuto
OONBIIMHCTBA aBTOPOB, 3Ta (ha3a SBIACTCA METAaCTAOWIILHOW, YTO Tpedyer
ONPEICJICHHBIX TEMMEPATYPHBIX yCIOBUH Jyisi ee cuHTe3a [2]. C Haiiell Touku
3peHus, MaHHyl (a3y MOKHO paccMaTpuBaTh KaK HECTEXHOMETPHUYECKYIO,
obpasyromytocsi B cucteme Bi-Ge-O mnpu nedunure kxuciaopoga (M30BITKE
BrUCcMyTa). B maHHO# paboTe MCCIeOBaHO BIWSHUE HECTEXHOMETPUU IIUXTHI H
TeMIIepaTypbl paciuiaBa Ha (hazooOpazoBanue B cucteme Bi-Ge-O.

Jns  cuuTesa rotoBwiaM mmxTy cocraBa  S0[(1-x)Bi.Os— 2xBi]-
50Ge0;(mon1.%), tne X = 0; 0.05; 0.1; 0.2; 0.3; 0.4; 0.5. Takoe MoybHOE
COOTHOIIIEHHE OKCUI0B BucMyTa U repmanus (50:50) cooTBercTBYET (hopmyiie
coequuenus Bi,GeOs, a 3amemnienne yactu Bi,O3 Ha metammnueckuii Bi co3maer
HEO0OXOIMMYIO HECTEXHOMETPHUIO 0 Kuciiopoay. CuHTe3 Kpuctaumueckux a3z
MPOBOJIMIIM  OXJIAKJECHUEM pacilaBa HCXOJHOM IIUXThI, MPEIBAPUTEIHHO
BBIJICPKaHHOTO B TedeHue 15 mMuHyT npu temneparypax 1020 wm 1100 °C.
Ctpyktypy  ¢da3  aHAIM3UPOBAIM  C  TOMOIIBID  PEHTTEHOBCKOTO
nudpaxromerpalnel Equinox-2000 (CuK,, A = 1.54056 A) B unrepsasne yrios
20 =10-80°.

[Ipu oxyaxkaeHWW pacruiaBa, ITOTYYEHHOTO W3 CTEXHOMETPUYECKOMN
mmxThl (X = 0) mpu 1020 °C, conepkanue uckomoit haszer BioGeOs B koHeUHOM
npoaykre He mpesbiinaer 33%. 3amemnieane Bi,O3; Ha Bi npu Tex ke ycnoBusx
CHHTe3a yBenuunBaeT 100 ¢as3sl Bi,GeOs,mnots 10 100% mpu X = 0.4. Hago
OTMETHUTh, YTO CTPYKTypa M KOJUYECTBO BTOPWUYHBIX KPUCTAJUIMUECKUX (a3
U3MEHSIOTCS B 3aBUCHMOCTH OT KOJIMYeCTBa BBeIeHHOTO Bi.

[Tpu oxnaxnaenun pacmiaa ¢ t = 1100 °C conepxanue ¢asnl BioGeOs B
KOHEUYHOM mpoaykre npu X =0 nmoxomut no 87%, a yxe mpu X = (0.1 ona
CTAaHOBUTCSl €IMHCTBEHHOW KpucTaumyeckod ¢azoi. [lomaraem, moBbimeHue
TEMITepaTyphbl paciuiaBa MPHBOJUT K BOCCTAHOBJICHHUIO HOHOB BHCMYTa, YTO
CIIOCOOCTBYET BO3HHMKHOBEHHIO HEIOCTaTKa KHCIIOpOJa U, Kak CIEICTBHE,
NPUBOJUT K NPEHMYIIECTBEHHOMY oOpa3zoBanuio (a3el Bi,GeOs. Takum
o0pa3oM, yBEIMUYEHHWE HECTEXHOMETPHUM HCXOJHOW INMHMXTHI, TaK K€, Kak W
MOBBIIICHWE  TEMIIEPAaTypbl  paciulaBa  CIOCOOCTBYIOT  KPHUCTAJLTH3AIMH
enuHcTBeHHOM (pas3wl Bi,GeO:s.

1. K. Pengpat, D. Holland, J. of the Europ. Ceram. Soc. 23, 1599 (2003).
2. V.P. Zhereb, V.M. Skorikov, Inorg. Mat. 39, 2, S121 (2003).
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METOIMKA ®YHKIINOHAJIM3ALIMM MHOI"'OCTEHHBIX
YI'JIEPOJHBIX HAHOTPYBOK KAPEOKCUJIIMPOBAHWUEM

M.B. Bysaesal, M.C. Epumos!, 1.A. Makaposa!, B.A. Ceprees'?, U.B. ®ponos’?
LVivanosckuii 2ocyoapcmeennviii mexnuueckutl yHueepcumen, YibsaHo6ck
2Vvanosckutl punuan Uncmumyma paouomexsuku u 21eKmpoHuxu
um. B.A. Komenvnuxosa PAH, Yivsanoeck
E-mail: m.buzaeva

ITpu xap6okcunupoBanun YHT B cMecH KOHIIGHTPHUPOBAHHBIX CEPHOU U
azotHO kucnotr npu 90 °C [1] KOIMYECTBO MNPUBUTHIX TPYIHI JOXOAUT [0
4.0 mac. %. Hemocrarok cmocoba — oOpa3zoBanue amopdHoro yriepoma. B
pa3paboTaHHOMH HaMU METOJUKE KapOOKCHIIMPOBAHUSMHOT OCTEHHBIX
yraepoaubix HaHoTpyOok (MYHT) B cmecu mepokcuaa BOJIOpOJa, CEpHOM U
a30THOU KUCIOT npu Temrieparype He Boiiie 70 °C B Teuenue 120 MUH CHH)KEHUE
TEMIIEpaTypbl TMO3BOJWIO H30€kKaTh OOpa3oBaHUs aMOpP(HOro yriepoaa u
MOBBICUTH COJIEPKaHne KapOOKCUIIBHBIX Tpyt a0 5.5 mac.% [2] (puc. 1).

015
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Puc. 1. Conepxanue kapOokcunbHbix rpynn  Puc. 2. UK cnextp o6paszna MYHT-COOH
B MYHT ot BpeMeHM (QyHKIIMOHAIN3ALUY: B KBr. Cnekrpomerp IRAffinity-1.
1 — cmecbro H2SO4/HNO3 mpu 90 °C;
2 — cmechio H202/H2S04/HNO3 ipu 70 °C.

Ha moBepxnoctu dyuknuonanusupoBanieix MYHT (MYHT-COOH)
KpoMe KapOOKCHIIBHBIX HAXOMSITCS KapOOHUIIBHBIC M TUAPOKCHIBHBIE TPYTITIHL.

B UK cnextpax MYHT-COOH (puc. 2) HabmogaeTcs mupoKas mnojaoca
nornomienus B obmactu 3000-3800 cm! (komebamms OH rpymm). Ilosmockr
norsomeans 2851 u 2921 cm ! otHOcaTes k konebanusm C—H rpymni, MoJjoca
1559 cm ! xapakrepna mis cBsasu C=C yruepomnoro ckenera YHT. ITomocsr
1653, 1700, 1734 cm! coorBercTByrOT KOneOanusam cesasu C=O. INomyueHnble
pe3ybTaThl HAXOMATCA B COOTBETCTBUM C HW3BECTHBIMH JaHHBIMH, [3].
JIunentvyatsiii Bun MK cnekrpa obycnosinen ancopOuuein Ha MYHT monekyn
raza u3 Bosayxa. [Tomocer 23002400 cm ! 0OTHOCATCS K YIJIEKHCIOMY Ta3y.

PaGora  BemomHeHa  mpu  momuepxkke — Poccumiickoro  ¢onma
byHIaMeHTAIBHBIX HcchenaoBanuii u [lpaBuTenscTBa YIIBSIHOBCKOW 00sacTu

(mpoexkt PODU Ne 19-42-730011).

1. M.H. Kupuxkosa: aucc. kana. xuM. Hayk. Mocksa, 2009, 150 c.
2. U.A. MakapoBa: qucc. KaHJ. XUM. HayK. YJIbstHOBCK, 2018, 122 c.
3. B.A. Eropos: nucc. kaua. xum. Hayk. H. HoBropon, 2012, 163 c.



BJIIMSIHUE TEPMOOBPABOTKU HA CTPYKTYPY 1 MEXAHUYECKUE
CBOUCTBA KPUCTAJIJIOB JUOKCHUJA HMPKOHMA, HACTUYHO
CTABUJIM3MPOBAHHBIX OKCHUAOM I'AJJIOJINMHUA

M.A. bopux!, A.B. Kyne6axun?, E.E. Jlomonosal, ®.0. Munosuu?,
B.A. Mezunal, H.YO. Ta6auxoBal?, A.C. Uncnos!?
Yncemumym obweri pusuxu um. A.M. Ipoxoposa PAH, Mockea
2 HayuonanbHbulil UccIe006amenseKull MmexHoI02UYeCKUli YHUSEpCUmen
«MUCuCp», Mocksa
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TBepable pacTBOppl Ha OCHOBE JUOKCUIA UUPKOHUS  SIBIISIOTCS
NEPCIIEKTUBHBIMU TYTOIJIABKUMU MaTepHUajaMu, KOTOpbIe CIOCOOHBI paboTaTh B
arpecCUBHBIX OKHUCIUTEIBHBIX CpelAax NpH MOBBILIEHHBIX TeMIEpaTypax.
TBepable pacTBOPbl HAa OCHOBE JAMOKCHAA LHUPKOHHUA C KyOMYECKON H
TETpParoHaJIbHOU CTPYKTYPOH SIBIISIIOTCS TEPMOAMHAMUYECKUA METACTAOUIILHBIMU
Py KOMHATHOM TeMIepaType U B YCIOBUAX SKCIUTyaTalldu MPHU MOBBIIICHHBIX
TeMIIepaTypax MOTYT IMpeTepreBaTh CTPYKTYPHBIE MPEBPAIECHUS, TPUBOISIINE
K CYIIECTBEHHOM Jierpaialiui UX GyHKIIMOHATBHBIX XapaKTEPUCTHUK.

B nanHoilt paboTe MpUBOJATCS pE3yJIbTaThl UCCIEIOBAHUS MEXaHUUECKHUX
CBOWCTB, CTPYKTYpPBI U (ha30BOM YCTOWIMBOCTH TBEPABIX pacTBOpoB Zr0,-Gd,04
nocye orxkura rpu temreparype 1600 °C Ha BO31yXe U B BAKyyME.

Kpucramnsl BbepammBanyi METOAOM HAIPABIEHHOW KPUCTAJUIM3ALAN
pacruiaBa B XOJIOAHOM KOHTeWHepe. Omnpenenenue (¢$a3oBOro cocraBa
KPUCTAJUIOB  MPOBOAMJIA  METOJOM  PEHTTEHOBCKOM  IU(PAKTOMETPHUHU.
MUKpOTBEpAOCTh W TPEIIMHOCTOMKOCTh KPHUCTAJIOB M3MEPSUIM  METOJOM
WH/ICHTUPOBAHU.

HccnepoBanue (Ha30BOro cocraBa M MEXAHUYECKHUX XapAKTEPUCTHK
KPUCTAJIJIOB Ha OCHOBE TUOKCHAA LIMPKOHMS B 3aBUCUMOCTH OT KOHIIEHTpaIUH
CTaOMIM3UPYIONIETO OKCUA TOKa3ajo, 4yTo yBenudeHue kourentpamuu Gd,O3 B
kpuctamax ot 2.8 10 4.0 moi.% MNPUBOAUT K YMEHBIIEHUIO COJIEPHKAHUS
TpaHC(HOPMHUPYEMON TETpPAaroHaJbHOM (a3l M YMEHBIICHUIO CTENEHU €€
TETParoHaJbHOCTU. DTU (PAKTOPHl B KOHEYHOM UTOTEe MPUBOJAT K YMEHBIICHUIO
TPEUIMHOCTONKOCTH KPUCTAIIIOB ¢ yBeanueHreM KoHieHTpauu Gd,0s.

[Toka3aHO YTO OTIKUT TETPArOHAIBHBIX TBEPIBIX pacTBOpoB Zr0O,-Gd,03
NPUBOJUT K YBEITMUEHUIO 3HAUCHUI TPEIIMHOCTOMKOCTH JJI BCEX UCCIEAYEMbIX
COCTAaBOB, 34 CUET CHATUSA MUKPOHANPSHKEHUN B KpucTtauiax. Pa3oBbli aHaAIU3
MoKa3aj, yTo nocie omxkura npu remneparype 1600 °C Ha BO3ayxe KOJIMYECTBO
HETpaHCHOPMHUPYEMOU TETparoHaAIbHON (a3bl yBEIMUYMIIOCH ISl BCEX 00pa3IioB
0  CPaBHEHUI0O C  POCTOBBIMU  KpHUCTAJUIAaMH M KpPUCTaJUIAMH
TepMOOoOpaboTaHHBIMU Ha Bo3ayxe. [Ipu oTxkure Ha BO3AyXe 3HAYEHUS
TPEIIMHOCTOMKOCTH BBIIlIE, YEM IPU OTKUTE B BaKyyMme, TaK KaK KOJIUYECTBO
HeTpaHchopMUpYEeMOH (a3bl IPU OTXKUIE Ha BO31yXE HE YBEITUUUBACTCH.

Pa6ota BeimonHena mpu noanepsxke rpanta PH® Nel6-13-00397.



KPUCTAJIJIBI I'PVIIIIBI BOPATOB U1 TEHEPAILIMA TT'L] U3JIYUEHNW A

IO.M. Augapees!, C.I'. I'peunn?, I'.B. Jlanckuii®, A.A. Mamparues?,
H.A. Hukomnaes®, I1.I1. Hukonaes*

Winemumym monumopunza kmumamuueckux u sxonoeuseckux cucmem CO PAH, Tomck
2Uncmumym obweri pusuxu um. A.M. Ilpoxopoea PAH, Mockea
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Bnepsrie IIPEJICTABJICHEI pe3yJIbTaThl T10 reHEepaIuu
cyoreparepmoBoro(0.3-0.1 TI'm wm 1-3 MM) H3JIydeHUS B HEIHMHECHHBIX
KpUCTaJUIaX ceMeicTBa OOpaToB C HEOOJBIIONW BEIMYMHOW HEITMHEHMHOCTH
BTOPOTO TOpsiiKa: ogHOoocHOM Kpuctamie [3-BaB,O, (BBO) Toueunoit rpymmb
cumMmerpu (TT'C) 3m ¢ snemeHTapHOM sSUehKONW W3 42 aTOMOB, HWMEIOIIMM
HEJIMHEHHBIN KodhHUIUEeHT
dy = 2.3 nm/B; aByxocubix kpuctamiax LiB;Os (LBO,TT'C -mm2, 36 atomos,
ds; = 0.85 mm/B) u B-BiB3O¢ (BIBO, TI'C — 2, 20 aromos, Oy = 3.48 mwm/B).
OCOOCHHOCTRIO ATHUX KPHCTAJIIOB SBIISICTCS CJIOXKHAs CTPYKTypa AJIEMEHTapHOM
STUCHKH, BBICOKHM IIOPOT ONTHYSCKOrO pa3pylICHHS, OOIBIION KO3 HUIIUEHT
MOTJIOLIEHUS I HEMoJIsapu30BaHHoro n3nydeHus Boiie 0.5 TI'n [1-3]. boasmme
KHCIIOPOJIOCOIepKAIlIMe KOMIUIEKCHI B HHMX ITO3BOJISIIOT IMOJYYHUTh HEOOJIBIIOMN
KO2(PHUITMEHT MOTJIOMIEHNS B HU3KOYaCTOTHON YacTH cneKTpa

Kpucrann LBO B Gmmxaem UK 70—
Mana3zoHe UMEET HU3KUN KOdPPUIUEHT 60
noryomienuss Mmenee  10° oML
KoadduuueHt noriomeHus Kpucramia
BIBO wna mmae Bomael 1064 ©M
OKazajicsi B 2 pa3a MEHbIlIe, 4YeM s

50

40

a, cm”

30

BBICOKOKauecTBeHHOTO kpuctamuia BBO. 20

OnTtuueckue CBONMCTBA 10
KPUCTAJUIOB B TeparepioBoil obnactu
cnekrpa a0 2.4 TI'i Obun nccienoBaHbl R R R -y
¢ nomompo Tl cnexkrpomerpa c¢ v THz
paspelicHieM BO BpemeHu TeraPulse Puc. 1. CrieKTpasbHbIe 3aBHCHMOCTH
4000 (TeraView,AHrus), CHA0OXKEHHBIM K03 )HIMEHTOB MOTJIOMEHHs KPUCTAILIOB
IPOrpaMMHBIM obecrieyeHreM LBO, BBO, BiBO.

coOcTtBeHHOM pas3pabotku. Ha pwuc.l BumHOo, uyro kpucramn BIBO wumeer
MUHUMAIBHBIA ~ KOO(PPUIIMEHT TMOTJIOMIEHUE HapsAy C  MaKCUMaJIbHBIM
HelMHEeMHBIM K03 uinentoMm B TI'1 o6aactu. [loaTtomy oH siBsieTcs Hanbosee
MEPCHEKTUBHBIM KpUCTAJUIOM Juisi reHepanuu TI'n wsnydenus. C  npyroit
CTOPOHBI, OH OTHOCHUTCS K TOYEYHOWU Tpymre CUMMETpUM 2 U HUMEET OYCHD
cnenuduuHbie (U3NYECKUE CBOMCTBA, YTO JeEJIaeT KOHTPOJb €ro BBIXOJIHBIX
napaMeTpoB CIOKHOM 3aiaueit. Pe3ynbTaTsl 10 npotieccy npeoOpa3oBaHus OyayT
JIOJIO’KEHBI Ha KOH(EPESHITHH.

1. D.M. Lubenko et al., Proc. SPIE 11322, 274351 (2019).
2. N.A. Nikolaev et al., J. of Physics: Conference Series 951, 012005 (2018).
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3. Y. Leeetal., Results in Physics 19, 102815 (2019).



NCCIELJOBAHUME OJHOPOAHOCTHU ®A30BOI'O COCTABA TBEPJbIX
CIUIABOB HA OCHOBE KAPBUJIA BOJIbOPAMA U KOBAJIBTA

I1.B. Auapees, E.A. Jlanues, K.E. CmeTannHa
Hayuonanvnoiii uccneoosamenvcruiit Husicecopoockuii 2ocyoapcmeenmbiil
yuusepcumem um. H.U. Jlobauescrkozo, Huowcnuii Hogeopoo
E-mail: smetanina-ksenia@mail.ru

Tepabie cmnaBel Ha ocHoBe WC — CO XxapakTepusyrloTcs BBICOKOM
MPOYHOCTHIO U U3HOCOCTOMKOCTHIO, YTO TIO3BOJISICT MCIOIB30BaTh UX B KAYECTBE
METaJUIOPEXKYIIET0 HHCTpYMeHTa. [1oBbIllIeHnE MEXaHUYECKUX CBOMCTB JIaHHBIX
MaTepHaJioB CBSI3aHO C 3a7a4eil 00 OJJHOPOJAHOCTU UX (Pa30BOTr0 COCTABA.

[lepcniekTUBHBIM METOJIOM MOJTyYeHUs CILJIABOB SBIISICTCS
3JIEKTPOUMITYJIbCHOE IUIa3MEHHOE CIEKaHusl MOpOoIIKoB. [loBEpXHOCTh yacTHIl
nopomka WOC Bcerja OKHCIIEHa, H3-3a YEro B CIEKAeMOM OO0bEeME IpHu
HarpeBaHUU MOXET BO3HHUKHYTH JACPUIMT yriepojaa BCICACTBUE O0Opa30OBaHMUS
CO u CO,. Hapymenne CTEXMOMETPUHU MPOBOLUPYET OOpa3OBaHUE XPYIKUX
n-ga3z (CoxW,C,) [1]. Auddys3us yriepona ¢ rpapurtoBoil mpecc-Gpopmsl, B
KOTOPYIO 3aChllla€TCs IOPOILIOK, IO3BOJSET YMEHBIIUTH 3TOT 3(PQEKT:
MOBEPXHOCTHBIN cJIoN oOpasia He OyAeT cojepxaTh 1-(}a3bl, HO HA HEKOTOPOM
PacCTOSIHUU OT MOBEPXHOCTHU 3TH (Pa3bl MOTYT CYILIECTBOBATb.

B kadecTtBe 0OOBEKTOB HCCIENOBAaHUS BBICTYNAIW 3 TBEPIOCILIABHBIX
oOpasma, crmedeHHble H3 IutasMoxumudeckoro mopomka WC u kobambTa
(10% wmacc.), HaHeceHHOro Ha moBepxHOCTh yacTul WC METOoI0M OCaKICHHMS.
Cnekanue ocymecTBisiiioch Ha ycraHoBke «Dr. Sintermodel SPS-625» B
Bakyyme (V = 50 °C/mun, P = 70 MIla) mpu 1050 °C, 2 obOpa3ua — c
nerazaimonHoil Beiaepxkkod npu 850 °C B Teuenue 10 muH. IToBepxHOCTH
oOpa3IioB  mocleaoBaTelbHO  HUiMdoBanach  aqiMa3HbIMU ~ JHCKaMH U
MOJIMpOBAJIACh aJiIMa3HOM TacTod. BeicoTa o00pa3ioB KOHTPOJIMPOBAIACH
MUKPOMETPOM.

Pentrenonudpakimonnbie HKCIIEPUMEHTHI MIPOBOIUITUCH Ha
nudpaxromerpe «Shimadzu XRD-7000» (CuKa, A = 1.54 A). Jlng onpenenenus
rnyounsl quddy3un yriiepoaa ObUTH MOCTPOCHBI 3aBUCUMOCTH Lysi1y/lweiny OT
CyMMapHOW BEJIMYMUHBI yJanieHHoro ciosi (puc. 1). TonuHa MOBEPXHOCTHOTO
ciost o0pasioB, He conepxaiias N-hazy (CosWsC), e npessimaer 100 MxMm.

|10/ we 1) ._--;‘_' _____ u
—®—0e3 BBIACPKKH o~ ____o--="T0T
--- - C BBIJICPIKKON AT e
==& =-C BBI[CPKKOH " -
o -~ d, MM
0 50 100 150 200 250

Puc. 1. Pacnpenenenue Iysi1y/lwciy) mo rmyoune o0pasnos, cinedeHHbix mpu 1050 °C.

PaGora BbioNHEHa Tpu (QUHAHCOBOW mojanuepxkke rpanta PHO
Nel8-73-10177.

1. A.C. Kypnos, A.W. T'yceB, Quzuxa u xumus kapouoos goarvghpama, M.:
OU3MATIINT, 2013.
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PA3BABJIEHHBI MATHUTHbIIA TIOJIYIIPOBOJHUK GaMnAs,
COOPMHPOBAHHBIN METOJIOM UMITYJILCHOT'O JIA3EPHOT'O
OCAXEHUS

10.A. Jlanunos?, b.H. 3sonxkos!, C.1O. 3y6kos?, P.H. Kprokos!,
J.E. Huxonuues?
YHayuno-uccneoosamenvcruii pusuxo-mexnuuecxkuti uncmumym HHI'Y
um. H.U. Jlobauesckozo, Huscnuii Hosecopoo
2Hayuonanvuwlii uccredosamensckuti Huswce2opoockuii 20cyoapcmeenmulil
yuusepcumem um. H.U. Jlobauesckozo, Huowcnuii Hogeopoo
E-mail: kriukov.ruslan@yandex.ru

[loTpeOHOCT, B  Kaue€CTBEHHO HOBBIX Marepuajgax TMpuBeiIa K
HEOOXOJIMMOCTH CO3JaHUsI CUCTEM, KOTOPBIC Obl MPOSIBIISIA PEPPOMATHUTHBIC U
NOJIyIPOBOJHUKOBbIE CBOMcTBAa. Hambonee mnoaxoasimumMu Ha 3Ty poOJib
SBJIIOTCSI pa30aBlieHHbIE MarHUTHBIE ToynpoBoAHuKkU (PMII) B o6mem u Ga-
xMn,As B wyactHocTH. Takoro poja MaTepuainbl SBJIAIOTCS  KpaiiHe
OPUXOTJIMBBIMH K TEXHOJIOTMM WX TMojiydeHusa. [loaToMy mapamiensHo ¢
ontuMuzanuenn  Gu3NKo-xumMuueckux cBodctB  PMII  Bemyrcs  moucku
MPOU3BOJUTEIILHBIX ~ TEXHOJOTUW TOJMYy4YeHHUs, KOTOpble OBl MO3BOJIIIA
co3naBath kadecTBeHHble ciiom PMIIL. CeromHs myisg 3TOW 1LEAW HNPUMEHSIOT
HU3KOTEMIIEPATYPHYIO MOJEKYISIPHO-IIYYEBYIO AIUTAKCHIO, MOHHOE
JerUpoBaHUE M UMIyJIbcHOE JazepHoe ocaxzaeHue (MJIO). Bo3moxHOCTH
koMOuHupoBanuss WJIO ¢ JgpyruMu  TEXHOJOTHSIMH pOCTa B E€AUHOM
TEXHOJIOTUYECKOM LIHMKJIE JENaeT ero Haubojee NepCIeKTUBHBIM ISl CO3AaHUs
Gay.xMn,As.

B xone uccnenoBanuii ObUTM U3y4YeHBl 00pa3libl, MPEACTABISIONIUE CO00
cion GaixMnyAs, BeIpameHHsle Ha mominoxkke n-GaAs (001) meromom
MMITYJIbCHOTO JIa3€pHOI0 PACHBUICHHEM MHIIEHU W3 MeTaluinyeckoro Mn wu
GaAs [1] mpu Ttemmepatype 250-350 °C. HccnemoBanus merogom PDOIC
MPOBOJIMINCH Ha KomIuiekce Multiprobe RM (OmicronNanotechnologyGmbH,
['epmanust) ¢ mpumeHenueM SFR-MeTonuku asis crieKTpaibHOTO aHanm3a [2].

B xone pabotel BbisiBieHo, uto PMII GaMnAs mnpencraBiser coOoit
MHOTOKOMIIOHEHTYK) MAarHUTHYIO CHCTEMY: 1) KoMIuiekc Kiactepos a-MnAS;
2) oomactu GaAs, rie aroMbl Ga MOJHOCTHIO 3aMEICHBI aTOMaMH MapraHIia;
3) XaOTUYHO pACMOJOKEHHBIE H30JIMPOBAHHBIE aTOMbI Mn, BCTPOCHHBIC B
pemietky GaAs; 4) nsneMeHTHBIA Maprasel; 5) OKcHIHbIEe (a3bl Maprasua.
VYcTaHOBIEHO, YTO KOJUYECTBO apCHMHA B PEAKTOpPE B MPOLIECCE MMITYJIHCHOTO
JIA3€PHOT0 OCAXIECHUS NMpU TemrepaTrype nomioxku 250-350 °C perynupyer
COCTaB M KOHIICHTPAIIMIO XUMHUYECKUX coeuHEeHUM B ciosx GaMnAs.

PaboTa BrinonHeHa B pamkax peanuzanuu npoekra PH® Nel19-19-00545.

1. B.N. Zvonkov et al., J. Opt. Technol. 75, 389 (2008).
2. A.V.Boryakov etal., J. Elec. Spectr. and Related Phen. 50(11), 1443 (2018).
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CBETOU3IIYYAIOIIASA TEKCATOHAJIBHA S ®A3A 9R-Si

A.N. benos, A.A. Konakos, [[.C. Kopones, M.O. Mapsrues, A.H. Muxaiinos,
P.1. Myptasun, A.A. Hukonbckas, /[.A. [1aBnos, /I.U. Terens6aym
Hayuonanvnoiii uccneoosamenvcruii Huscecopoockuii 2ocyoapcmeenHbiii
yuusepcumem um. H.U. Jlobauescrkozo, Huscnuit Hosecopoo
E-mail: nikolskaya@nifti.unn.ru

JInst  TOBBINIEHUST ~ CKOPOCTHM  MepeJayd  CUTHAJIOB  BHYTPH
CYNEPKOMIBIOTEPHBIX KOMIUJIEKCOB ObUIa BBIABHHYTA HJAES HCIIOJIb30BAHUS
CBETOBOI'0 CHTHAJIa BMECTO JJIEKTPUUECKOTro. HOo KpemMHUU — TpaJuIMOHHBIN
MaTepuag MUKPODJIEKTPOHUKH — HE MOXET OBITh HCIOJb30BAaH B KayeCTBE
U3y4yaTells CBeTa M3-32 OCOOCHHOCTEH 30HHOM CTPYKTYpPHl B €ro OOBIYHOMN
KyOuueckoil ¢aze. [loaToMy akTyaneH MOUCK METOJI0B MOAU(DUKAIIUN KPEMHUS
JUTSL TIOBBIMICHUS €TO JIIOMUHECIIEHTHBIX CBOMCTB.

Panee namu Obu10 0OHapyxeHo [l, 2], 4TO mpu OOJYYECHUH CHUCTEMBI
SiO(160 u 140 um)/Si nonamu Kr* ¢ mocieayrommM OTXKHIOM B KPEMHHH Ha
I'paHUIIE C IIEHKON 00pa3yrloTcs BKIOYEHHS T€KCaroHaJbHOTO KpeMHUs — (ha3bl
9R-Si. Cpenuuii nmpoerpoBanHbli mpoder (Rp) HOHOB KpHUIITOHA OBLT MEHbBIIIE
TOMUIMHBL  MAEHKKM. g fJaHHBIX — 00pa3loB  OOHapyK€Ha  JIMHUS
dotomomunecteHmu (OJI) npu ~ 1235 HM, KOoTOpas OblIa OTHECEHA HAMH K
uanyueHuto  daser  9R-Si.  [lng  wu3ydeHuss wMexaHuzMa  (HOPMHUPOBAHHS
rekcaroHaigbHOl (a3el 9R-Si mpu moHHOM o0O0myueHMn cucteMbl SiOy/Si B
HacTosimie pabore ™erogom @DJI u  mpocBeUYMBAIOIIEH  BJIEKTPOHHOM
MUKPOCKOIIMHA HCCIENOBAIMCh Tpu THma oOpas3moB: 1 — cucrema SiO,(140
HM)/SI, oomyuyennas nonamu Kr* (Rp ~ 50 um), 2 — Si, o6myuenssrit Kr, 3 — Si,
oOyuennsiii nonamu Kr* u O*. DHeprus u 103a nonoB Kr* s o6pasios 2 u 3
TUNa ObUTH TOA0OpaHBI TaK, YTOOBI MPO(UITH BaKaHCHN Si B KpEeMHUH 110 (hopMme
u Bbicote (cormacHo SRIM [3]) Obut OnmM30Kk K TakoBOMYy B oOpasie 1 Tuma.
Oueprust U go3a uoHoB O moaOupamuch Tak, YTOOBI KOJIMYECTBO aTOMOB
KHUCJIOpOJia Ha €IMHUIY IUIOUIaJXd COBMIAAANO0 C KOJIMYECTBOM aTOMOB OTAAYU
KHUCIIOpOJia, 00pa30oBaBIIMXCS MpH o0iMydeHun obpasma 1 tuma. Bece oOpasiis
ObUIM TOJBEPrHYTHl MOCTHUMIUIAHTALIMOHHOMY OTXHry. B oOpasue 1 Tuma
obHapyxeHbl (aza IR-Si u guans ®JI npu ~ 1235 HM; B oOpasie 3 Tuna —
Takas e JUHUS U Te(eKThl TBOMHUKOBaHUs, B oOpasiie 2 tuna OJI mpu ~ 1235
HM HE€ BBISBJICHO. Pe3ynbTarhl 00CYXIAlOTCA C y4eTOM POJM MEXaHHMYECKUX
HaNpSsOKEHUH, pPaguallMoHHBIX Je(eKTOB U KHUCIopoAa B (HOpMHpOBaHHUH
rekcaroHanbHO# (a3el 9R-Si B kpemHUU.

Pa6ora nogaepxana PODU (rpanter Ne§-32-20168 u Nel19-53-45056).

1. A.A. Nikolskaya et al., Appl. Phys. Lett. 113,182103 (2018).

2. A.A. Nikolskaya et al., Surf. Coat. Technol. 386, 125496 (2020).

3. J.F. Ziegler, M.D. Ziegler, J.P. Biersack, Nucl. Instrum. Methods Phys.
Res. B 268, 1818 (2010).
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KPACHBIE TTOMNHO®OPBI HA OCHOBE ®TOPXJIOPLIMPKOHATHBIX
CTEKOJIL, JIETUPOBAHHbBIX NTOHAMUN MAPI"AHILIA

C.X. bareiros?, M.H. bpexosckux?, B.B. I'mymkosa?, J1.B. Mouceesa®
Yucmumym obweri pusuxu um. A.M. Ilpoxoposa PAH, Mockea
2Uncmumym obweti u neopeanuyeckoti xumuu um. H.C. Kypuaxosa PAH, Mocksa
E-mail: Imois@Ist.gpi.ru

B nocnennee BpeMsi TPOBOJSATCS HCCIENOBaHUSA MO pa3paboTKe
CBETOJIMOTHBIX MUCTOUYHUKOB «TETUIOTO» 0enoro cBeT. OMHUM W3 PelIeHUN ITOH
3aJaud  ABIAETCA  Ao0aBieHHE KpacHOro JtoMuHOpopa, IPPEKTUBHO
BO30yx1aemMoro Y® uWIM CHUHUM CBETOAMOJOM, K HCXOJHOMY JKEITOMY
ToMUHO(DOPY Ha OCHOBE TpaHara. B CBsI3M ¢ 3THM 3HAYNTEIHHBIC TIEPCTICKTUBEI
UMEIOT  JTIOMHHO(MOPHI, JICTHPOBAaHHBIC HWOHAMH MapraHila pa3IndHOU
BaJICHTHOCTH, KOTOPBIC B 3aBUCUMOCTH OT MATPHUIIBI MOTYT H3JIy4aTh KPACHBIH
cBeT. B Hacrosmeit pabote uccienoBain BIMSHHUE 3aMelleHus Gropa XJIOpoM
Ha ONTUYECKUE CBOMCTBA JIETMPOBAHHBIX MapraHiieM (PTOpPIUPKOHATHBIX CTEKO
cOoCTaBa 56ZrF,-14BaF,-6LaF3-4AlF3-20NaF (ZBLAN).
dropxmoprupkoHatabieZBLAN(CI) crexia momyyaid 4acTUYHOM WM TOJTHOM
3ameHori BaF, na BaCl, B ucxomnoii mmxte. MapraHer, BBOJIWIN B IIMXTY B
Buge Mn* ¢ MnO; unu B Buge Mn?* ¢ MnF, B xonnentparuu ot 0.2 g0 1
M01.%. Y® Bo30OyxkaeHue (365 HM) CTEKOJ BBI3BIBACT JIIOMHUHECIICHIIHIO,
CIIEKTp KOTOpPOM 3aBHUCUT OT cocraBa crtekna. B ZBLAN:Mn cnekrp
JIOMHUHECLIEHIIMM COCTOUT U3 IIMPOKOH MOJOCHl ¢ MAaKCUMYMOM B objyactu 550
HM, oOycnoBneHHol mepexonoM ‘T;—P°A; B mome Mn?' [1]. JlroMuHecueHIus
Mn?* mabmiomaeTcss BO BCeX CTEKJIax, BHE 3aBUCHMOCTH OT TOTO B KaKoOi
BAJICHTHOCTH MapraHel] BBOAWICS B IIUXTY, U ONPEIEISETCS CKOPEe YCIOBUIMHU
cunte3a. 3ameHa BaF, na BaCl, B mmxTe BBbI3BIBaCT JIJIMHHOBOJIHOBOE
CMEIIEHUE TOJIOC IOIJIOLICHUS W JIIOMHUHECUCHIMU. Y P Kpal NpOMyCKAHUs
ZBLAN:Mn pacnonoxen npu 270 uM, a B ZBLAN(CI):Mn kpaii cmernieH 1o
330 um. B cnekrpax npomyckanus Mn?* maer ciaOble MOJIOCHI HOIJIOLIEHHS,
0OyCJIOBJIEHHBIE 3aMpenieHHBIMU 0 CIUHY TepexofamMu. MakCUMyM TOJIOCHI
JIOMUHECIICHIINH JIJIsl cTeKia ¢ mosHoi 3amenor BaF, na BaCl, pacnonoxen B
paiione 610 HM, 9TO OYeHB OJM3KO K ONTUMAJILHOW JIJTMHE BOJHBI IS KPACHOTO
moMuHO(DOpa, HCIONB3yeMOTo B Oenbix cBetoguonax. CMelieHue Moo
MOTJIONICHUST W JIFOMUHECIIEHIIMA B CTOPOHY OOJBIIMX JUIMH BOJH B
ZBLAN(CI):Mn  BrI3BaHOHe(enokceTHuecKuM  3(PPEeKTOM, CBSI3aHHBIM  C
OOJbIIe KOBAJIEHTHOCTHIO CBSI3e MOHOB MapraHila ¢ HMOHamMu XJjopa IO
CPaBHEHHMIO C UX CBSI3IMH C HOHaMU (Topa.

Takum 00pa3oMm, CHHTE3UPOBAH HOBBIM KPacHBIN JIIOMUHO(DOP HA OCHOBE
(GTOPXJIOPIIUPKOHATHOTO CTEKJIA, JISTHPOBAHHOIO MOHAMHM MapraHiia, KOTOPbIH
MMeeT NEePCTIIEKTUBBI TPUMEHEHUS B CBETOANOIHBIX HCTOYHHKAX OEJIoro CBeTa.
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Pabota BeimonHeHa npu (uHaHcoBod moanepkke rpanta PH® Nel8-13-
00407, nu B pamkax rocyaapctBeHHoro 3aganus MO® PAH n MOHX PAH B
00nacTi GyHIaMEHTAJIbHBIX HAYYHBIX UCCIIEIOBAHUN.

1. M.A. Bunuel, R. Alcala, R. Cases, J. Phys. Condens. Matter. 10, 9343 (1998).



JJIIOMUHECLHHUPYIOIIAA CTEKJIOKEPAMUWKA B CUCTEME
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Poccuiickuii xumuro-mexnonoeuueckuil ynusepcumem um. J{.1U. Menoeneesa, Mockea
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Ha ocnoBe crekon cuctemsl Me,0-Ga,03-GeO,-SiO,; (Me = Li, Na)
IIOJIy4€H IPO3pavYHbIN CTEKJIOKPUCTAININYECKU I Marepuai Cc
HaHokpucraamMuy-Ga;0Os [1-3]. Huskoe cBeropaccesHre W JIIOMHHECIICHITUS
npu BO30YXIeHuu TONpKO wu3nydeHuemM Y®-C nuamazoHa [genaeT ero
MEPCIEKTUBHBIM I Pa3pabOTKH COJIHEYHO-CIICTIBIX KOHBEpTOpOB. OmHAKO
dbopmupoBaHU0 HaHOKpPUCTALIOBY-Ga;O3 B CTEKIaX YKa3aHHOW CHCTEMBI
npeamecTByeT (azoBoe paszieNieHHe SKUIKOCTHOTO THIA, MPUBOSAIIEEC K
00pa30BaHUIO B UCXOAHBIX 0Opaslax o0JacTeil HEOJHOPOAHOCTH JUAMETPOM ~
8 uM [4]. B pesynbTaTe cpeqHui pazMep BBLICISIOMUXCS HAHOKPUCTAIOB B
MPO3PAYHOI CTEKJIIOKEpAMHUKE, TMOJYYEHHOW MO OJHOCTYIIEHYATOMY PEKUMY,
cCOoCcTaBisieT He MeHee ~ 6 HM. OTHOCUTENBbHO OOJBIIME pa3Mephl
HAHOKPHUCTAJUIOB CHIDKAIOT BEPOATHOCTh H3Iy4yaTEIbHOM pEKOMOMHAIUU, a
nByx(QaszHas OpUpoJa  HCXOJHOTO  CTEeKJIa  OOyCIaBIMBAaeT  IIUPOKOE
pacrpejiesieHre HaHOYaCTHII 0 pa3Mepy. Bce 310 orpaHM4MBaeT NOTEHIIMAIBHO
JTOCTIDKAMBIC ~ CBETONPOIYCKAHWE W HWHTETPAIBHYI0O  MHTCHCHBHOCTH
($hOTOIIOMUHECIIEHIIUU JAHHOU CTeKJIOKepaMuKku. JlanbpHellee uX MOBBIIICHUE
BO3MOKHO TOJIBKO TTOCJIE MOAaBIECHUS (Ha30BOTO pa3/ieieHHs )KUIKOCTHOTO THUIIA
B MCXOJAHBIX cTekiax. C MCIOIBb30BaHUEM METOOB «JI00aBOK» M «3aMEIICHUS»
B Hacrosied pabore m3ydyeHo BimsiHue Al,O; Ha ¢a3oBoe pasneneHue u
3 PeKTUBHOCTH JIFOMUHECUEHIUN
MaJIOIIEIOYHBIXTa/NIMeBOTEPMAHOCUIIMKATHBIX  cTekol. [loka3zano, 4to mpH
BBegeHun Al,O3; uHTerpagbHasi HHTCHCHUBHOCTD OJIOCH (DOTOIIOMUHECIEHIIUN
pacTer, a pasmep BBIJICIISTFOIINXCSI HAaHOKPHUCTAJIOB
v-Ga;O3 ymenblmaercs. BBISBIEHB B3aMMOCBSI3HM MEXKIY COCTAaBOM CTEKOI,
pa3MepaMy HAaHOKPHUCTAJIJIOB U COJIEP’KaHUEM KPUCTAIUIMYECKON (a3bl, C OJHOM
CTOPOHBI, U (POTOTFOMHHECIICHITUEH CTEKIOKEPAMUKH, C IPYTOH.

PaboTa BmImonHeHa mpu ¢GuHAHCOBOW mojjepkke Poccuiickoro ¢onma
byHaamMeHTalIbHbIX HcclieqoBanui, rpanT Ne20-03-00809.

1. V.N. Sigaev et al., Nanoscale 6, 1763 (2014).

2. N.V. Golubev et al., Journal of Materials Chemistry 3, 4380 (2015).
3. A. Paleari et al., Chem. Phys. Chem. 18, 662 (2017).

4. V.N. Sigaev et al., Nanoscale 5, 299 (2013).
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OOPMUPOBAHME JIBYJIYYUEITPEJIOMJIAIOINX CTPYKTYP
B HATPUEBOBOPATHbLIX CTEKJIAX JIASEPHBIM ITYYKOM

A.C. Jlunatwes, C.B. Jlotapes, B.H. Curaes, C.C. ®enotoB
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E-mail: lipatievas@yandex.ru

Pa3paboTka HOBBIX MHMKPOONTHYECKHUX DJIEMEHTOB U HWHTETPAJIbHBIX
ONTUYECKUX CXEM CTHUMYJIMPYET MCCIEAOBAaHUS B O0JACTU MPSIMOTO JIA3€PHOTO
HAaHO- U1 MUKPOCTPYKTYPHPOBAaHUS MPO3PAYHBIX JUAIEKTPUKOB. OOHApyKEHHBIE
OpU BO3ACUCTBUM (PEMTOCEKYHIHBIX JA3€pPHBIX HMITYJIBCOB Ha KBapIEBOE
CTEKJIO HAHOPEUIETKH O0JIalal0T JBYJIY4YENPEIOMICHUEM, XapaKTEPUCTHUKU
KOTOPOTr0 MOKHO PEryJIMpOBaTh MYTEM BapbUPOBAHUS MapaMeTPOB JIA3EPHOIO
nydyka. OJTa OCOOEHHOCTh OTKPBIBAET HOBBIE BO3MOXHOCTH B pa3paboTKe
CBEPXCTAOMJILHON ONTUYECKON MaMmsTH Ha OCHOBe crekna [1] um ¢a3oBbIxX
NIEMEHTOB  [2]. DBONBIIMHCTBO TEOPETUYECKUX M  OKCHEPHUMEHTAIBHBIX
UCCJIEJOBaHHUM, TOCBAILEHHBIX MPSMON JIa3epHOM 3amyucy HAHOPELIETOK, ObLIH
BBIIIOJIHEHBI Ha KBAapLUEBOM CTeKie. Mexay TeM UCCIENOBAaHMS 110
(OpMHUPOBAHNIO HAHOPEIIETOK B JBYXKOMIIOHEHTHBIX CTEKJIaX MHPEICTaBIISIIOT
(dbyHIaMeHTalIbHbII uHTEpec [3] U1 MOTYT OMOYb IIyOK€ MOHSATh MEXaHU3MBI
B3aUMOJICHCTBHS JIa3€pa C BEIIECTBOM.

B nanHo#l paboTe wucciaenoBaHO Ja3epHOE MOAUPUIMPOBAHHE CTEKOJI
cuctembl NayO-B,03 ¢ comepkannem okcuaa HaTtpus ot 14 mo 28 mon.%. Jns
Ja3epHOT0 MOAM(PUIIMPOBAHMS UCIOJIb30BANICS (peMTOCEeKyHAHbINA nazep Pharos
SP, wu3nydeHue KoToporo (OKyCHpOBaJIOCH B 00BbEM OO0Opa3LoB CTEKIa Ha
riyorHy 150 MKM ¢ OMOIIIBbIO 00BEKTHBA MUKPOCKOIIA C YUCIOBOW anepTypoit
0.45. Ilns HaTpueBOOOpPATHBIX CTEKOJ BIEpPBBIE ObLIa MPOAEMOHCTPUPOBAHA
BO3MOKHOCTh BO3HUKHOBEHUS MOJIIPU3AIMOHHO-3aBUCUMOTO
JBYJTyYEIpeIOMIICHHUS IO JeHCTBHEM (PEMTOCEKYHIHBIX Ja3E€PHBIX UMITYJIbCOB.
OmnpenencHsl  YCIOBUS JIa3epHOM 00pabOTKH, OOECIEeYHBAIONINE JBOWHOE
JY4YENpeNoOMIIEHUE € MEIJIEHHOM OChIO, MEPHNEHAUKYJISIPHONH IJIOCKOCTH
NOJISIPU3AIMHY 3aIIMCHIBAIOIIEIO Ja3€pHOro My4Ka. Y CTAHOBJIEHBI 3aBUCUMOCTH
($a30BOro cABUra B MPOXOASILEM Yepe3 ABYIyUenpeoMIIIonne 00JacTH CBETE
OT COJIEpX aHUs OKCUZAa HATpUs B COCTABE CTEKJIA, KOJWUYECTBA, YaCTOTHI
CJIEIOBAHMSI, SHEPTUH U JUTUTEILHOCTH UMITYJIbCOB.

PaboTa BeinoaHEeHa npyu (pUHAHCOBOM Mojep:kke MUHUCTEpCTBA HAYKU U
BhIciero oopasosanus Poccun (FSSM-2020-0003).

1. J. Zhang et al., Phys. Rev. Lett. 112, 033901 (2014).
2. M. Beresna, M. Gecevicius, P.G. Kazansky, Opt. Mater. Express 1, 783 (2011).
3. S. Lotarev et al., J. Non-Cryst. Solids 479, 49 (2018).



JIASEPHAA 3AIIMCH KAHAJIBHOI'O BOJIHOBOJIA B CUTAJIIE
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I'.1O. laxruiapasaH
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[Ipo3paunbie cuUTaIbl ¢ OJU3KUM K HYJIIO KO3(PGUIMEHTOM TEIIOBOIO
pacuiupenus (KTP) uMeroT B OCHOBE JIMTHEBOATIOMOCHIMKATHOE CTEKJIO, B
KOTOPOM  TepMOOOpPAOOTKOW  BBIACISIOTCS  HAHOPA3MEPHBIC  KPUCTAJUIBI
CHOIyMEHA, B-BKPUIITUTA WM [3-2BKPUNITUTOMOJOOHBIX TBEPIBIX PACTBOPOB C
orpuniatenbHbiM KTP. 3a mocnennue necsITUIETHs CUTAIUIBI HAIUIA IIAPOKOE
MPUMEHEHUE B TEXHUKE OT 3€pKal TEJIECKONMOB J0 KOPIIYCOB KOJIbLIEBBIX
Ja3€pHBIX THPOCKONOB. MUHUMHU3UPOBAHHOE TEIJIOBOE PACIIUPEHHE JIENAET UX
MPUBJICKATEILHBIM MaTePUATIOM IS Pa3pa00TKH WHTETPaIbHBIX ONTHYECKUX
KOMITOHEHTOB U CXEM JJI MPELU3UOHHBIX YCTPOUCTB, TPEOYIOIINX MOCTOSHCTBA
FeOMETPUYECKUX PA3MEPOB B JUAIa30HE pad0YUX TeMIIEpaTyp.

UccnenoBanusi peMTOCEKYHHOTO JIa3€pHOTO MOJAUDUIIMPOBAHUS TaKUX
cutaiyioB [1, 2] mokas3amu, 4TO BO3ACHCTBUE (PEMTOCEKYHAHBIX JIA3€PHBIX
UMITYJIbCOB  BBI3BIBACT 3aMETHOE JIOKAJIbHOE TMOHIKEHUE  IOKa3aTels
MPEJIOMIICHUS, CBSI3aHHOE C YaCTMYHOW amop(u3alnneiiHaHOKpUCTALIOB [2].
O1oT 3ddexT maer BO3ZMOKHOCTH (OPMUPOBAHUS B CUTAUIE KaHAJIBHBIX
BOJTHOBOJIOB ITyTEM JIa3€pHON 3alicu OOOJIOYKU C MOHUKEHHBIM IOKa3aTeIeM
MPEJIOMIICHHS.

B nmanHoii pabote cdopMupoBaH HaOOp KaHAJbHBIX BOJHOBOJOB C
TAaMETPOM CepAIeBHHBI OT 9 10 24 MKM W O0OOJIOYKOH B BHJE CEpUH
napajyieIbHBIX TPEKOB, 3alUCaHHBIX B 00beMe cTeksa C(HOKYCHPOBAHHBIM
(beMTOCeKyHHBIM  JIa3epHBIM Ty4YkoM ¢ januHOM  BomHbl 1030  HM,
JUTUTEILHOCTRIO M YacTOTOM ciemoBaHus wummyinbcoB 180 dc m 10 kI,
nepeMeIarMMcs BIO0JIb MOBEPXHOCTHU IUIACTUHBI CUTAIa CO CKOPOCTHhI0(.2
MM/C.

VYcraHoBieHa BO3MOXHOCTH (DOPMUPOBAHMS B CHUTAIE OJHOMOJOBBIX
BOJIHOBOJIOB. [IpoBENEHHBIM C MOMOIIBKD ITy4yKa HENPEPHIBHOTO Ja3epa C
InMHOW BOJIHBI 1064 HM aHanmu3 mNokKa3al, 4YTO MOJIYYECHHBIE OJIHOMOJIOBBIE
BOJTHOBOJbI MMEIOT IOTEPU Ha PACHpPOCTpAHEHUE CBETa HE BhIIe 2.4 WIH
2.7 Jl6/cM B 3aBUCUMOCTH OT OpHEHTAIlUU IIJIOCKOCTH TOJISIPU3AINH
KaHAJIU3UPOBAHHOTO B BOJHOBOJE CBETA.

PaGoTa BeImosHEeHa TP PUHAHCOBOM MOIEpKKe MUHHCTEPCTBA HAYKH U
BhIcIIeTro oopa3zoBanus Poccun, FSSM-2020-0003.

1. V.R. Bhardwaj et al., J. Appl. Phys. 97, 083102 (2005).
2. V.N. Sigaevet al., Glass Ceram. 76, 370 (2020).
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I[TPO3PAYHBIE JIMTUEBOATIOMOCHUJINKATHBIE CUTAJIJIbI
C PEI'YJINPYEMbIM TEPMUYECKHUM KOSODPUIUEHTOM
JIMHEMHOI'O PACIHMPEHN A B OBJIACTU HYJIEBBIX 3HAUYEHNN

E.B. Jlonatuna, C.B. Jlorapes, A.C. Haymos, B.1. CaBunkos, B.H. Curaes,
I'.1O. laxruiapasax
Poccuiickuii xumuxo-mexnonoeuueckuil ynusepcumem um. J{.1. Menoeneesea, Mockea
E-mail: andreynaum13@mail.ru

bnarogaps BO3MOXXHOCTH JOCTHXXEHHUS TEPMHUYECKOro KoddduiueHTa
muneriHoro pacuupenus (TKJIP), Onu3koro K HyJEBBIM 3HAYCHHUSIM,
IPO3pAYHbIE  CTEKJIOKPUCTAUNIMYECKHE MaTepHasibl  (CHUTaIbl)  JUTHEBO-
amomocwmkatHo  (JIAC) cucTeMbl 3aHMMAarOT 0CO0O€ MECTO  Cpead
ontuyeckux marepuanoB [1]. OCHOBHOE BHHMaHHE B pa3pabOTKax MOCIEIHHUX
JET YHOENAEeTCS YIYYIIEHWIO BapOYHBIX CBOMCTB CHUTAUIOBBIX CTEKON M
JOCTH>KEHHUIO CTAaOMIIBHBIX U MPEIU3UOHHO n3MeHseMbix 3HaueHui TKIIP.

Hacrosimass paboTta mocCBsIleHA YCTAaHOBJICHHIO B3aUMOCBSI3EH MEXKITy
ycioBusimu Tepmoodpadotku JIAC crekna u 3HaueHusimu TKIIP momyuaembix
CUTAUIOB i Tpenu3noHHoro perynupoBanusi TKJIP cutamnoB B oOxacTtu
HYJEBbIX 3HadeHHH. OOBEKTOM HCCIEAOBAaHUS CIY>KUJIO CTEKJIO Ha OCHOBE
cuctembl Li,O-Al,03-Si0; (JIAC), 0cOOCHHOCTH COCTaBa M TEXHOJIOTHU CHHTE3a
KOTOPOTO MOJAPOOHO OMHUCAHBI B MaTteHte [2].

C npusneuennem meronoB POA, /ITA u nmpocBeunBaromen 3JIeKTPOHHON
mukpockonuu (ThermoFisherScientificTitan 80-300 TEM c¢ yckopstonmm
HanpspkeHrueM 300 kB B pexxuMe TEMHOTO 10JIs1) U3Y4YE€HbI TPOLIECCHI BBIACICHUS
u pocta B JIAC crekie HaHOKPUCTALIOBB-3BKPUITUTONOAOOHBIX TBEPABIX
pPacTBOPOB M OIPEAEIICHBI UX pa3Mepbl, (pPopMa U KOJTUYECTBO B 3aBUCUMOCTH OT
peXUMOB  TepMooOpaboTkH. [lomydeHHblEe  JaHHBIE  COMOCTaBIIEHBI  C
JTUTATOMETPUYECKUMU KPUBBIMH, YTO MO3BOJIMIIO OMPEAEIIUTh PEKUMbI TOHKOM
perynupoBku TKJIP BOMM3uM HyneBbIX 3HAYEHUH. YCTaHOBJIEHBI OCOOEHHOCTH
BO3HUKHOBEHHUS WU Pa3BUTHsS HAHOHEOJHOpPOAHOU cTpykTyphel B JIAC crekie,
KOTOpbIE OTKPBIBAIOT BO3MOXXHOCTH CO3/IaHUS MPO3PAUYHBIX TEPMOCTAOMIIbHBIX
CUTAJUIOB, oOOnamarommx ciaabo Hu3MEHsommuMcs okoyionyineBbiM TKJIP B
HEOOBIYaTHO MUPOKOM Juamnazone temrepatyp: oT —80 mo +400 °C.

PaboTa BbImoONHEHA MpU PUHAHCOBOM MOEp)kKe Poccuiickoro HaydHOTO
donaa (cornamenue Nel19-19-00613) u Poccuiickoro ¢hoHaa GpyH1aMeHTaIbHbBIX
uccienoanuii (rpant Nel19-03-00684).

1. E.D. Zanotto, American Ceramics Society Bulletin 89, 19 (2010).
2. B.H. Curaes u ap., [Tatent P® 2569703 C1 MIIK C03C 10/12.
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TTPO3PAYHLIN HI/ITI/IEBQ-AHIOMOCI/IJH/IKATHI)H\/JI CUTAIJUL,
AKTHUBUPOBAHHbBIM MIOHAMUN HEOJJUMA C TKIJIP,
CTABMJIM3MPOBAHHBIM BBJIM31 HYJIEBOI'O 3HAYEHIM A

C.B. Jlorapes, A.C. Haymos, B.1. CaBunkos, B.H. Curaes

Poccuiickuii xumuro-mexnonoeuueckuil ynusepcumem um. J{.1. Menoeneesa, Mockea
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[Ipo3paunbie cutamwibl JuTHEBO-amtoMocwinkaTHol (JIAC) cucremsl
3aHMMAIOT 0C000€ MECTO CpelIM ONTHYECKHX MATepUajioB, BBICTYIAIOIINX B
Ka4eCTBE MATPUYHOW Cpenbl Il BBEJACHHUS AKTUBATOPOB JIFOMHHECLICHIIUH
(MOHOB ~ peIKO3eMENbHBIX AJIEeMEHTOB). HMHTepec K OSTUM Marepuaiam
OOBSCHAETCSI BO3MOXHOCTHIO COBMEIIATh CIEKTPaIbHO-IIFOMUHECIICHTHBIC
XapaKkTepUCTUKU C BBICOKOM TEPMOCTOMKOCTHIO, KOTOpas oOecredruBaeTcs
yIBTPAHU3KUMH 3HAYEHUSIMU TeMIIepaTypHOro Kod(hPuIiMeHTa JITUHEHHOTrO
pacmupenust (TKJIP). B obmem ciydae 3naduenuss TKJIP cutamioB umeroT
HEJIMHEVMHYIO TEMIIEpAaTypPHYIO 3aBHUCMMOCTb M TOHKas HACTpOWKa 3HAYCHUU
TKJIP Bo3MOXHa IyTeM ONTHMH3alMK (Ha30BOr0 COCTaBa W YCTaHOBJICHUS
MPEIU3UOHHBIX COOTHOIICHUNH MEXIy OOBEMHBIMU IOJSIMH aMOphHOU W
Kpuctauinueckux ¢a3. PanHee ObUIO MOKa3aHO, YTO OCOOCHHOCTH
BO3HUKHOBEHHUSI U Pa3BUTHUS HAHOHEOJHOPOAHOM CTPYKTYphl B crekiax JIAC
CUCTEMBI JIAlOT BO3MOXHOCTH MpeHu3noHHOTro peryaupoBanus TKIJIP
dbopMUpyeMOTO TPO3PAYHOTO CHUTaJUIa, OTKphIBasg IMyTh K JajdbHEUIIEMY
COBEPIICHCTBOBAHUIO ATOTO BAXHOTO JJII ONTHUYECKOrO0 MPUOOPOCTPOCHUS
Marepuana. OmHAKO BBEACHHE 3aMETHOTO KOJIMYECTBA PEIKO3EMEIBHOTO
AKTUBATOpA JIFOMUHECUEHIIMA MOXET CYUIECTBEHHO IIOBJIMATH Ha XapakTep
KPUCTAJUTU3alliH CTEKIIA, YTO U3YUYEHO SIBHO HEJOCTATOYHO.

B npencrasieHHoit paboTe uccie0BaHbl MPOIECCHl KaTalu3UPOBAHHOMN
KPUCTAJLIM3AIIMA TBEPJIbIX PAacTBOPOB [B-KBapIiia ¢ Jo0aBKaMH MOHOB HEOJHUMa
JUISl TIONyYEHUST TePMOCTAOMIIbHBIX CBETOM3Iydaronmx cpen B Ommwknennr UK
obmactu. McciemoBanbl CIEKTPATbHO-IFOMUHECIICHTHBIE CBOHCTBA CTEKON H
cutauioB JIAC cucrempl ¢ JIETHPYIOIIMMH J00aBKaMHW B 3aBUCHMOCTH OT
yciaoBuil cuHTe3a. KoianuecTBO OKculia Heoauma BapbupoBaiock ot 0.1 1o
3 mon.% (Nd,O3 BBogmicst cBepx 100% coctaBa martpuiiel). TemmeparypHas
00paboTKa CHMHTE3UPOBAHHBIX CTEKOJ JUIMTEIHHOCTHIO 10 48 4 M3MEHsUIach Ha
BTOpOU cTyneHu cutayum3anuu ot 710 mo 760 °C.

Ha nmannowm stamne ycranosieHo, uto B JIAC cutamie ¢ TKJIP, 61u3kum
HYJICBOMY  3HAQY€HHUIO, MOTYT OBITh  BOCIIPOM3BEACHBI  CIEKTPaIbHO-
JIIOMHUHECIIEHTHEIE cBoMcTBA ncxoauoro JIAC crekia.

Paborta BoinosHeHa Tpu (PUHAHCOBOM Moiep)Kke Poccuiickoro Hay4HOTro
donnaa (cornamenne Nel9-19-00613) u Poccuiickoro ponaa ¢pyHaaMeHTATbHBIX
uccnenoBanuii (rpant Nel9-03-00684).
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[TIPO3PAYHBIE CTEKJIOKPUCTAJUIMYECKHUE MATEPUAJIbI
ITOBBIINEHHOM TBEPJOCTH HA OCHOBE CUCTEMBbI
MgO-ZnO-Al,05-SiO;
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Hu3skas TBep0CTh MaTepuaioB, UCMONb3YEMBIX IS 3aIIUTHl CEHCOPHBIX
9KpaHOB, SABIAETCS OJHON W3 TJIAaBHBIX MPOOJEM, C KOTOPOHM CTaIKHUBAIOTCS
POU3BOJAUTENN MOOUJIBHBIX YCTPOHMCTB. B OCHOBHOM MJis 3allUTHI SKPAaHOB
UCTIONB3YIOTCS. MOHHOYINpO4YHeHHble crekna Tuma GorillaGlass, ognako mo
CBOMM (DM3MUECKUM XapaKTEPUCTUKAM OHH YK€ HE OTBEYAIOT BO3PACTAIOIIMM
TpeOOBAHMSAM PBIHKA MOOWJIBHBIX YCTpOMCTB. HempoaomKUTENbHBIA KOHTAKT
CTEKJIa C TBEPJbIMHU YaCTHUIAMHU MPUBOJUT K 0O0pa3oBaHUIO Ae(EKTOB, 3a
KOTOPBIMH CJIEYET €r0 pa3pyLIEHUE IPHU YAAPHOM BO3JICHCTBUH.

Ota npobiiema MOKET OBITH peuieHa IIEPEXO00M K
CTEKJIOKPUCTAIIIMYECKUM TEXHOJIOTUSAM M CO3JaHMEM IPO3PAuyHbIX CUTAJUIOB C
pPaBHOMEpPHBIM  pacHpelelieHneM B oO0beMe  amMoppHOM  MaTpHIlbl
HAaHOKPHUCTAJUIOB C BBICOKOW TBEPAOCTHIO.

B nanHoii paboTe M3y4eHO BJIMSHUE YCIOBHI TepMooOpaboTkH (T/0) Ha
mukporBepaocte (MT) mpo3paunbix cuTaioB. McxogHoe cTekso cocTaBa
mac.%: 8 MgO; 15 Al,O3; 42 SiO; u 35 (NayO, ZnO, TiO,, ZrO,, As;03) O0bu10
CUHTE3UPOBAHO METOJOM BapKd W3 IIHUXThl B KOPYHIOBOM THUIJIE B
anekTpuuecko meun mpu Temmeparype 1620 °C. OOpasupl crekina ObuiH
oOpaboTaHnbl Mo AByxcTyneH4atomy pexumy (680 °C — 4 1 u 750, 780, 800,
820, 830 u 845 °C c Boiaepxkkoit 10 unum 30 u).

®da30BbIil COCTaB MOJYYEHHBIX CUTAJUIOB BKIIIOUAET CMECh candupuHa U
raHWTa, KPUCTAUIMYECKUX CTPYKTYp BBICOKOW TBepaocTH. Okaszanoch, 4TO
3nauenusd MT ucxomnoro crekia yxe npesbimaoT MT crekna GorillaGlass. T/o
ucxogHoro crekna mpu 640 °C B TeueHue 4 4 MPUBOAUT K HEOOJIBIIOMY
camwkeHnto MT, 4To MOXeT ObITh CBsi3aHO C (HOPMHUPOBAHHEM MAJIOTO
KOJIMYECTBO TBepAou (a3bl, cHipkarome oomyro MT marepuana [1]. T/o mo
JIBYXCTYIIEHYaTOMYy pPEXUMYy Bener K pocty MT Bmiore 10 3Ha4YeHUH,
npesblimatommx 1050 HV npu coxpanenuun npospaunoctu. [Ipu nanpHeliniem
YBEJIMYECHUHN TeMIlepaTypbl BTOpoill craguu 1/0 MT HauMHaeT CHUXaThCS.
[IpensioxkeHsl Moaean, OOBACHSIONIME IMOBEJECHUE MEXaHWYECKUX CBOWMCTB B
3aBUCUMOCTH OT CTPYKTYPHBIX U3MEHEHHI CUTAJLIA.

[Tonyyennsie 3Hauenuss MT can@upUHOBBIX CHUTAIOB NPEBBIIIAIOT
MUKpPOTBEPAOCTh BCEX H3BECTHBIX MPO3PAYHBIX CTEKIOKPUCTAIUTMYECKUX
MaTepHanoB, U MOTYT ObITh HCIOJIb30BaHbl B KAaYE€CTBE 3AllIUTHBIX 3KPAHOB
HIMPOKO KJIacca MpUuOOpPOB U YCTPOMCTB.

PaGoTa BeimosHEeHa Tip PUHAHCOBOM MO IEpKKe MUHHCTEPCTBA HAYKH U
BbIciiero oopazoBanus Poccun, FSSM-2020-0003.

1. A.J.Stryjak, P.W. McMillan, J.Mat.Sci. 13(8), 1794 (1978).
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Hanonopucteie crexna (HIIC) npuBnekaroT BHUMaHUE HCCIIEIOBaTENEH
Oylaroyiapsi CBOE€M YHUKAJIBHOW CTPYKTYpE, COCTOSIEH W3 HaHOPa3MEpPHBIX
KAaHAJIOB, COJIEpPKAIIMUX TJIOOYJIbl BTOPUYHOTO KPEMHE3EMA, a TAKKE XOpOIIeH
ONTUYECKOM MPO3PAYHOCTH, MEXAHUYECKOM M TEMIIEPATYPHOM YCTOMYMBOCTH.
Panee ObLI0 MOKa3aHO, YTO BO3/EHUCTBHE HAa TAaKHE CTEKJIa (PEMTOCEKYHIHBIMU
Ja3epHbIMM  HMITyJIbCAMM  MOXKET  INPUBOJUTH K  BO3HUKHOBEHHIO
JBYJIY4ETIPEIOMIICHHS], MeJUICHHAs 0Ch KOTOPOTO HalpasJcHa
NEPHEHANKYJIIPHO MOJSIPU3ALUH JIMHEHHO-TIOJIIPU30BAHHOIO JIA3EPHOTO ITy4Ka,
YTO TO3BOJISIET HCIIOJIB30BaTh JAaHHBIE CTPYKTYPBl JJII MHOTOYPOBHEBOIO
KojupoBanus uHbopmaimu |1, 2].

B naHHOM uccieoBaHMM HAaHOIIOPUCTOE CTEKIO ObUIO MOAU(PUIIMPOBAHO
(heMTOCEKYHHBIMU JIa3€pPHBIMH UMITYJIbCAMHM C 4YacTOTOM ciepoBanHus 1MI,
nnutenbHOCThI0 180 dc u sneprueit 50 v/lx. KonnuectBo MMIyJbCOB B TOUKY
BappupoBasiock oT 1 g0 3. Merogom COM O0bIO OOHAPYXKEHO, YTO
JBYJIYYEPEIOMIISIONIAsl CTPYKTypa SBISETCA MOJIOCTBIO C AJUIMITHYECKUM
CEYEHHEM B IUJIOCKOCTH MEPHNEHIUKYISPHOU JIa3€pHOMY IYUKY, OKpYXEHHas
CJIOEM YIUIOTHEHHOI'O BOJOHENpOHUIaeMoro crekia. Ilpu 3Tom Oonbiias och
IUIMIICA TIEPHNEHAUKYJSIPHA MOJApU3aluy Ja3epHoro mydka. lMccnemoBanue
JUHAMHUKU (OPMUPOBAHMSI MOJOCTU MOKa3aja, YTO IOCJE MEPBOTO UMIIYyJIbca
MOJIOCTh UMEET KPYIJIOe CEeUeHUe U He 00aaaeT ABynydenpenomienueM. [lociue
BTOPOIO W TPETHETO HMIIYJIbCOB IIOJOCTh BBITATMBACTCS B HANPABICHHUH
NEPHEHANKYIJIIPHOM HOJIIPU3ALMHU JIA3EPHOTO U3ITyYEHHUS.

PaGota BrITlONIHEHA TIpu (PuHAHCOBOU Toanepkke Poccuiickoro donma
byHIaMeHTaNnbHbIX HccaenoBanuii (rpant Nel9-03-00684).

1. AS. Lipatiev et al., Appl. Opt. 57, 978 (2018).
2. S.S. Fedotov et al., Opt. Lett. 43,851(2018).
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VICCJIEJOBAHME BJIMSIHUS TIAPAMETPOB JIASEPHOM 3ATIMCH
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HenuHeltnplii  XxapakTep  MOTJIOMIEHUS  CBEPXKOPOTKHUX  JIA3€PHBIX
UMITYJIbCOB ~ MarepuajioM  oOecleuynMBaeT  BO3MOXHOCTh  YIPABJICHHUS
MIPOCTPAHCTBEHHBIM TOJIOKEHUEM MOIU(DHUITMPOBAHHBIX 00JacTelt B oObeMe, H
co37aBaTh HOBBIC THIBI HWHTETPATBHBIX yCTPOHUCTB Juisi  (hOTOHUKH,
ONTOAIEKTPOHUKHU U XpaHeHus1 nHpopmanuu. OcoOblil HHTEpEC MPEA0CTaBIISAET
BO3MOXXHOCTh CO3J]aHUS HEJIIMHEMHO-ONTHUYECKUX BOJIHOBOJOB B 00BEME
OKCHUJIHBIX CTEKOJI, UTO MO3BOJIUT YIIPABIATH Nepeaadeii nHhopMalluu Ha YHUIIe.

B nmannoli paboTe B oOBeMe crekna cocraBa (Moi.%) 8Ag,0; 53Zn0;
39P,05 3ammcaHbl BOJTHOBOABI cedYeHHMEM 3.5%14 Mm% umHOW 25 MM,
COCTOSIIIIME M3 HAHOYACTUIl M KIJIacTepoB cepedpa. JlazepHo-MHAYLIHPOBAHHOE
dbopMHpOBaHKE HAHOYACTHI] MOJTBEPIKAACTCS XapaKTEPHOM JKEITOM OKpaCKOU U
KOH(OKAJIbHBIMU ~ CIIEKTpAMH  TIOTJIONIEHUS, 3aliCaHHbIMM B  OOJACTSX,
coliepKaluX BOJHOBOABI. CHEKTPhl AEMOHCTPUPYIOT MOJIOCHI IMOTJIOLICHUS C
MakcumymoM Tipu 450 HM, yTo coorBercTByeT I[IIIP Hanouactuir cepedpa.
3anucaHHbIE BOJIHOBOJBI TakXKe O00JIaIal0T JIOMUHECIICHIIMEH B BUIUMOI
00JacTH, BbI3BaHHON (opMUpoBaHUEM KiacTepoB cepedpa. Ilokazano, uro npu
MOBBIIIIEHUHA CKOPOCTH 3alMCU BOJHOBOJOB OT 2 JI0 5 MKM/C MNPOUCXOAUT
ymenblienne An ot 4.8 1o 2.3:10-3, cHmkeHre MHTEHCUBHOCTH 110J10¢k! ITTIP 1
YBEJIMYEHUE WHTCHCUBHOCTH  JIIOMUHECLICHI[MH, TI0 BCE BEPOSTHOCTH,
BCJICJICTBUE CHIDKCHUS YMCIIa TUIa3MOHHBIX HAHOUYACTHUI] cepedpa U pocTa uuciia
KJIacTepoB. BOJHOBOJHBIE CBOWMCTBAa MPOJEMOHCTPUPOBAHBI IS JIA3€PHBIX
nydoB ¢ gnuHod BoaHbl 1030 um 1550 nm. IloTepu, omnpeaeacHHbIC
uHTEepPEPEHIITMOHHBIM METOJOM Ha JiuHe BOMHBI 1550 HM, coctaBmstor 1.08
nb/cm.

BnepBble mnokazaHa BO3MOXHOCTh T€HEpaluMyd CYNEPKOHTHHYyMa B
BOJTHOBOJIAX, COJIEP)KAIIUX HAHOYACTHIIBI cepedpa: MpH MPOXOXKJICHUU MO HUM
(heMTOCEKYHHOTO JIA3€PHOTO M3IYUYEHHUs €Tr0 CHEKTP YIIHPSICS Oojiee yeM Ha
60 HM, CBUIETENbCTBYS O HAJIUYMM HEJIUHEHHBIX CBOWCTB Yy 3alHMCaHHBIX
BOJTHOBOJOB. 3MeHeHHe CKOpOCTHM 3aluCH BOJHOBOJOB BIHUAET Ha (hopmy
CIIEKTPOB CYMNEPKOHTHHYyMa M XapaKTep ONTHYECKOTO MpoOOs BOJIHOBOIOB.
[Ipy OONBIIOM COJEpPKAHUM TIJIA3MOHHBIX HAHOYACTUI[ B  BOJHOBOJC
Ha001aeTcsl caMO(OKYCHPOBKA, W ONTHYECKUM MPOOON JIOKaIU3yeTcs Ha
riryouHne 60 MKM, Torjia Kak CHIDKCHHE KOJIMYECTBAa HAaHOYACTHIl cepedpa BeleT
K ONTUYECKOMY MpO0O0I0 Ha MOBEpXHOCTH oOpasma. [lomydeHHBbIE pe3yibTaThl
OTKPBIBAIOT HOBBIE BO3MOXHOCTH [IJIS CO3JaHUsI MHTErPAJIbHBIX HEJIWHENHO-
OTITUYECKUX AJIEMEHTOB (POTOHHBIX YUIIOB.

Pabora BeimonHeHa mpu GpuHAHCOBOM moanepkke rpanta Nel9-32-80032
Poccutickoro honna GhyHmaMeHTATBHBIX UCCIICIOBAHUH.
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BJIMAHUE YI'JIEPOJHBIX HAHOTPYBEOK
HA SJIEKTPOITPOBO/JJHOCTD ITIOJIMMEPHOI'O KOMIIO3UTA

A.M. 3103uH, A.A. Kapnees, B.B. Haymxun, H.B. JH1ien
Hayuonanvnoiii uccneoosamenvcrkuii Mopoosckuii 2ocyoapcmeeHHblll
yuusepcumem um. H.I1. Ocapesa, Capanck
E-mail: nkyancen@yandex.ru

[IpeacraBnensl pE3yNbTAThI UCCIIeI0BAHUM TeMIIepaTypPHBIX
3aBUCUMOCTEH yJIeTbHOTO 00ObEMHOIO CONMPOTUBIICHHS TEPOKCUAHOCITNBAEMOTO
AIIEKTPOIPOBOISAILIETO KOMIIO3UTA, MaTpuLen KOTOPOTO SBJISLICS

TWICHBUHWIALIETAT. B KadecTBe  3JIEKTPONPOBOASIIMX  HAMOJHUTENEH
UCIIOJIb30BAMKUCH TexHuuecku yriaepon (TY) u OAHOCTEHHBIE YTIEPOIHBIC
HaHOTpyOKHU (YHT).

beutu uccnenoBanbl qBe cepuu 00pasioB, nepBbie coaepxkanu 35% TV,
BTOpeie — 10% TVY u 0.1-0.2% VYHT. IlonyyeHne KOMIIO3UTHOTO MaTepuaia
IIPOU3BOIMIIN IyTEM CMEIIECHUS B PAacIUIaBe MOJUMEPHON MaTpullbl. U3mepenue
yaenbHOro  0o0bemHOro compotuBieHus (YOC) oOpa3ioB  KOMIIO3UTa
MPOBOAWIIM  YETHIPEX30HAOBBIM  METOJIOM B  HarpeBaTelbHON  Kamepe,
MO3BOJISIFOLIEN PETYIMPOBATh TeMIleparypy B nuamnasone ot 20 °C go 150 °C.

Kak Buano w3 puc. 1. temneparypusie 3aBucumoctd YOC o00pa3noB
NEPBOM M BTOPOM cepuil UMEIOT CXOXKHM XapakTep, HO 00pasiibl EpBOil cepuu
oOnagatoT Oosee BBHICOKMM 3HAUYEHHEM TEMIIEpaTypHOTro KO3 (dUIHEeHTa
CONPOTUBJICHUSI, TIpUYeM Kak B OOJIACTH TMOJOXHUTEIbHBIX, TaK H
OTPUIIATEIBHBIX 3HAYCHHM. YCTAHOBIIEHO, YTO J00aBJICHHE K KOMIIO3HUTaM,
coaepxanum 10% TV, Bcero 0.1-0.2% YHT mo3BoJisio 1O0CTHUYBL TaKOTO K€
3HaueHud Y OC nipu koMHaTHOM Temneparype (po = 7 OM-cM) Kak 1 B oOpa3iax,
comepxkamux 35% TY. Kpome TOro, mnpucyTcTBUE HE3HAYUTEIHLHOIO
konuuectBa YHT mo3BossieT oGecreunTs 060Jee BHICOKYI0 TEPMOCTAOUILHOCTD
AIEKTPOINPOBOIHOCTH MOJUMEPHBIX KOMITO3UTOB.

150 [

100

a)

p/Po

50 -

p/Po
S

0\\||
20 40 60 80 100 120 140

T, °C
Puc. 1. TemneparypHasi 3aBUCHMOCTb OTHOCUTEIBHOTO YJIEIBHOTO CONPOTUBIICHUSA:
(a) — obpazen mepBoii cepun; (6) — oOpazer] BTOPOid Cepum.

Pabora BeimonHeHna mnpu (puHaHCcOBOM momuepxkke PDOOU wu
[IpaButensctBa PecnyOmuku MopaoBus B paMKax Hay4yHOIO MpPOEKTa

Ne18-48-130015p_a.
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KPUCTAJUIMYECKUE ®A3bBI B YI'JIEPOJCOAEPXAIIEM
[NOJIMMEPHOM KOMIIO3UTE

A.M. 3103uH, A.A. Kapnees, B.B. Haymkun, H.B. SIa1ien
Hayuonanvnoiii uccneoosamenvcrkuii Mopoosckuii 2ocyoapcmeeHHblll
yuugeepcumem um. H.I1. Ocapesa, Capanck
E-mail: karpeian@yandex.ru

UccnenoBano BausiHue texuuyeckoro yriepoaa (TY) u HaceieHus
NEPOKCUAOM Ha (a30oBblil COCTAaB KOMIIO3WLIMOHHOTO MaTepuaja Ha OCHOBE
stuinenBuHmWiIanerara. Ha puc. 1 npencrasnensl kpusble JICK nis mcxoaHbIx
o0paslioB ¢ pa3HBIM cojaepkanueM 1Y, a Takxke 00pasloB, HACHIIEHHBIX
nepokcuaoM. JIBa SIpKO BBIpaKEHHBIX MHMKAa Ha KPUBOM it oOpasma c
conepxkanrieM TY 35% (puc. 1 (a)) CBUIIETENBCTBYIOT O HAJIMYUU B UCXOJHOM
KOMITIO3UTE JIBYX KpUCTaUIMUECKuX (a3: — «1» u 6osiee BBICOKOTEMITEpaTypHOU —
«2». YCTaHOBIIEHO, YTO JI0JI BTOPOl (ha3bl MPAKTUUECKH JIMHEHMHO BO3PACTAET C
conepkanuem TVY. Jlng oOpa3lioB KOMIO3UTA, HACBIIMIEHHOTO IEPOKCUIOM,
kpuBble JICK nmeror oaun nuk (puc. 1 (D)), CBUACTEIBCTBYS O HAJUYUH JIUIIIb
OJIHOM KpucCTauTMuecKo ¢a3pl. SIpKo BbIpaKEHHAs 3aBUCUMOCTH JOJIU
KpUcTaumueckon ¢asbl «2» oT conepkaHuss TY MO3BOJSIET CAENaTh BBHIBOJ O
TOM, 4TO (POPMHPOBAHKE TOUW (pa3bl HHUIMUPOBAHO YACTUIIAMU TEXHHUYECKOTO
yIaepojia, KOTOpbIE SBISIOTCS IEHTpaMu O0pa3oBaHUSl KPUCTALTUYECKUX
(dparMeHTOB, O00pa3yeMbIX MAaKpOMOJEKyJIamMH  MaTpuipl.  OTCyTCTBHE
KPUCTALTNYECKOU (ha3bl B KOMITO3UTE, HACKIIIICHHOM MEPOKCUAOM, OOBSICHSIETCS
CIIMBKOM MaKpOMOJEKYJ TOJIMMEPHOM MaTpullbl, KOTOpas TMOJaBJseT
KPUCTAJUIM3ALUI0, MHULUAPYEMYIO YaCTULIAMH TEXHUYECKOTO YIiIepoa.

5%

AP, mW
\l
)
|
| w
w0
&=

20 60 100 140

AP, mW

20 60 100 140
T,°C

Puc. 1. Kpussie JICK st 06pa3ioB KOMIO3HUTA.

PaGora BemonHeHa mnpu (uHAHCOBOM  momnepxkke PDODOU  wu

[IpaButenscTtBa PecnyOnuku MopaoBuss B paMKax HAay4dyHOrO IIPOEKTa
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NEW FUNCTIONAL MATERIALS

OPTICAL SPECTROSCOPY OF THE HYBRID PEROVSKITE CH3NH3Pbls—
A PROMISING MATERIAL OF OPTOELECTRONICS

V.E. Anikeeval?, K.N. Boldyrev!?, M.N. Popova'?, O.1. Semenova®
Institute of Spectroscopy of RAS, Troitsk, Russia
2Moscow Institute of Physics and Technology, Dolgoprudny, Russia
3Rzhanov Institute of Semiconductor Physics, SB of RAS, Novosibirsk, Russia
E-mail: popova@isan.troitsk.ru

Hybrid organo-inorganic compounds with perovskite structure are
intensively studied in connection with their functional properties. In particular,
methylammonium lead iodide CH3NH3Pbls (MAPDI3) is considered as the most
promising base material for new generation solar cells. This compound is also
used in X-ray and gamma-ray detectors, in lasers and LEDs. In the literature one
can find a large number of works devoted to the study of MAPbI; by various
methods, including optical ones. However, most of these works were performed
for thin films. In the A.V. Rzhanov Institute of Semiconductor Physics in
Novosibirsk good quality MAPDI; single crystals were grown with sizes of
about a centimeter [1, 2]. In the same Institute, the samples were characterized
by X-ray methods, and photoconductivity was measured. A complex of optical
studies of MAPDI; single crystals was performed in the Institute of Spectroscopy
in a wide range of frequencies (from terahertz to visible) and temperatures (5 —
350 K).

The lecture will give a brief overview of the properties of the hybrid
perovskite MAPDbI3;, mainly optical ones, and the results of our recent studies of
single crystals of this compound will be presented. The terahertz reflection
spectra provided new information on low-frequency phonons, essential for
understanding the thermal properties of the compound and the peculiarities of
the electron-phonon interaction. The temperature behavior of the transmission
spectra in the mid- and near-IR regions corresponding to multiphonon
absorption reflects a change in the dynamics of the organic cation. Optical
transmission spectra show a change in the band gap with temperature. In all the
spectra, pronounced features were observed at phase transition temperatures
from the cubic to tetragonal phase (~ 320 K) and then to the rhombic phase (~
160 K).

Crystal growth was performed in the frame of State Assignment
No. AAAA-A18-118020190098-5. Spectroscopic measurements were carried
out with financial support from the RFBR, grant No. 18-32-20142.

1. O.l. Semenova et al., J. Cryst. Growth462, 45 (2017).
2. E.S. Yudanova et al., J. Struct. Chem. 58, 1567 (2017).
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SYNCHROTRON RADIATION AND LUMINESCENCE SPECTROSCOPY
OF NOVEL MATERIALS

V. Pankratov
Institute of Solid State Physics, University of Latvia, Riga, Latvia
E-mail: vpank@latnet.lv;vladimirs.pankratovs@cfi.lu.lv

After its discovery in 1946/47, it took about 15 years until synchrotron
radiation (SR) was systematically used for spectroscopy. From that time many
spectroscopic methods under SR excitations have been developed. However, the
tuneability of SR and its inherent well-defined time structure makes it
particularly well suited for time-resolved luminescence studies. Nevertheless,
the first pioneering work was published only in 1970 reporting the luminescence
spectroscopy experiments under SR excitations. The measurements were
performed at TANTALUS storage ring (Wisconsin, USA). Afterwards,
luminescence activities at other synchrotron centers around the world started.
Since 1970 luminescence spectroscopy experiments have been carried out for
instance at Tokyo synchrotron (Japan), at synchrotron center of Lebedev
Physical Institute (Moscow, USSR), at ACO storage ring (Orsay, France),
MAXLAB (Lund, Sweden), UVSOR (Okazaki, Japan) and others. However, the
most successful and significant luminescence experiments under SR were
performed at SUPERLUMI setup. The SUPERLUMI end station was
constructed and developed as a user facility in 1981 at DORIS 111 storage ring of
HASYLAB at DESY (Hamburg, Germany) and it was a flagship experiment for
three decades [1, 2].

In the present lecture, after brief introduction about SR the pioneering
luminescence experiments are illustrated. The exciting development is
demonstrated presenting highlights for the whole period from the beginning to
the present day. The highlights are taken from fields like exciton self-trapping,
inelastic electron-electron scattering, cross luminescence, or probing of
nanocluster properties with luminescence spectroscopic methods. More
technological aspects play a role in present day’s experiments, like quantum
cutting in rare-earth-doped insulators.

Finally, a few ideas concerning the future development of luminescence
spectroscopy with SR will be sketched. The main attention will be paid to the
new luminescence setup — FINESTLUMI [3] that was installed in 2019 on the
Finnish-Estonian beamline (FinEstBeAMS) [4] of the 1.5 GeV storage ring at
MAX IV Laboratory (Lund, Sweden). The first experiments as well as the first
results [5, 6] obtained at FINESTLUMI for novel luminescence materials
(including nanophosphors) and prospective scintillators will be demonstrated
and discussed. Special attention will be paid on the analysis of excitation spectra
in vacuum ultraviolet and soft X-rays spectral range where multiplication of
electronic excitation processes occur. The role of these processes in the
luminescence efficiency as well as in radiation resistance of novel materials will
be elucidated.
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. G. Zimmerer, Rad. Measur. 42, 859 (2007)

. V. Pankratov, A. Kotlov, Nucl. Inst. Meth. Phys. Res. B 474, 35 (2020).
. V. Pankratov et al., Radiation Measurements121, 91 (2019).

. R. Pérna et al., Nucl. Inst. Meth. A 859, 83 (2017).

. A.P. Kozlova et al., Results in Physics 16, 103002 (2020).

. A. Shalaev et al., Nucl. Inst. Meth. Phys. Res. B 467, 17 (2020).



STRUCTURE, PHASE COMPOSITION AND MECHANICAL PROPERTIES
OF SOLID SOLUTIONS OF PARTIALLY STABILIZED ZIRCONIUM
DIOXIDE ZrO,-2.5mol.%Y-(0.5, 0.7, 1.2)mol.%RSZ (R — Ce, Nd, Er, Yb)

M.A. Borik?, E.E. Lomonoval, F.O. Milovich?, V.A. Myzina!,

P.A. Ryabochkina®, N.V. Sidorova®, A.V. Schuchkina® N.Yu. Tabachkova!?
'Prokhorov General Physics Institute of RAS, Moscow, Russia
2National University of Science and Technology « MISIS», Moscow, Russia
SNational Research Ogarev Mordovia State University, Saransk, Russia
E-mail: ya.natalka2112@yandex.ru

One of the current trends in modern materials science is the search and
improvement of high-strength materials that are resistant to inimical
environments and high temperatures. Such materials include crystals and
ceramics based on zirconium dioxide. Partially stabilized zirconia (PSZ)
crystals, due to a combination of special physical and mechanical properties, are
widely used as structural materials, thermal barrier coatings, medical cutting
tools, prostheses and implants.

Thanks to numerous studies of solid solutions based on zirconia stabilized
with yttrium oxide, compositions with optimal strength characteristics were
determined [1-3].

At the same time, along with yttrium oxide in the formation of solid
solutions based on ZrO, can be used oxides of rare earth elements. By
modifying the type and concentration of co-doping oxides in a ternary solid
solution, materials with improved mechanical properties can be obtained.
Accordingly, the aim of this work was to study the effect of the ratio of co-
doping oxides on the structural features, phase composition, and mechanical
properties (microhardness, fracture toughness) of solid solutions 2.5Y-0.5RSZ,
2.5Y-0.7RSZ, 2Y-1.2RSZ
(R—Ce, Nd, Th, Er, Yb).

A comparative analysis of the strength characteristics of PSZ crystals
made it possible to determine the relationship between the chemical
composition, structure, and properties of crystals and to detect the compositions
with the highest values of crack resistance.

This work was financially supported by the Russian Science Foundation
grant No. 18-00-397.

1. M. Riihle, N. Claussen, A.H. Heuer, J. Am. Ceram. Soc. 12, 352 (1984).
2. N. Gupta, P. Mallik, B. Basu, J. Alloys Compd. 379, 228 (2004).
3. M.A. Borik et al., J. Alloys Compd. 586, 231 (2014).



FEATURES OF PHASE TRANSITIONS IN ZrO,-Yb,0; CRYSTALS
AFTER HEAT TREATMENT IN AIR

M.A. Borik?, A.V. Kulebyakin?, E.E. Lomonova?, F.O. Milovich?,
V.A. Myzinal, P.A. Ryabochkina®, N.Yu. Tabachkova?, T.V. Volkova®
'Prokhorov General Physics Institute of RAS, Moscow, Russia
2National University of Science and Technology « MISIS», Moscow, Russia
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E-mail: sendboxvw@mail.ru

Crystalline materials based on ZrO, are characterized by the presence of
two polymorphic transitions, as a result of which the monoclinic modification is
stable at room temperature. However, the introduction of rare-earth or alkaline-
earth elements during the synthesis of oxides makes it possible to significantly
reduce the temperature of the tetragonal-monoclinic phase transition and
stabilize high-temperature modifications of ZrO; [1].

Due to the presence of free oxygen vacancies, crystals of stabilized
zirconia have oxygen-ionic conductivity at elevated temperatures, which allows
the use of these materials as solid electrolytes in various electrochemical
devices. Currently, a promising direction is the development of oxygen-
conducting membranes for solid oxide fuel cells based on crystals of stabilized
zirconia.

It was shown in [2, 3] that the location of oxygen vacancies in the crystal
structure of yttrium oxide stabilized zirconia, as well as the phase composition,
significantly affect the transport properties of these materials. However, the
issue of optimizing the chemical composition by selecting the type and
concentration of stabilizing oxide, as well as studying the phase composition
changes that occur in the oxygen sublattice of these materials with increasing
temperature (in the range of operating temperatures of solid electrolyte from 500
to 1000°C), remains relevant.

In the present work, the features of the phase transitions in ZrO,-(8-
12 mol.%) YDb,03-0.1 mol.% Eu,Os; cubic solid solutions, obtained by
directional melt crystallization with direct high-frequency heating in a cold
container, are revealed using Raman spectroscopy and optical spectroscopy
methods, before and after heat treatment in air (T = 1000 °C, t = 400 h).

This work was supported by the Russian Science Foundation (grant
No. 16-13-00056).

1. Yu.S. Kuz’minov, E.E. Lomonova, V.V. Osiko, Refractory materials
from a cold crucible, M.: Nauka, 2004.

2. H. Yugami, A. Koike, M. Ishigame, Phys. Rev. 44, 9214 (1991).

3. M.A. Borik et al., J. Alloys and Compounds 770, 320 (2019).



STRUCTURE AND PHASE COMPOSITION OF SILICON NITRIDE
CERAMICS AND POWDERS PLATED WITH YTTRIUM-ALUMINUM
GARNET

L.S. Alekseeval, P.V. Andreev'?, S.S. Balabanov?, M.S. Boldin?,
P.D. Drozhilkin?, K.O. Karazanov!, K.E. Smetanina?

L obachevsky State University of Nizhny Novgorod, Nizhny Novgorod, Russia
2Devyatykh Institute of Chemistry of High-Purity Substances of RAS,
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E-mail: pddrozhilkin@yandex.ru

One of the modern methods of creating refractory ceramic
nanocomposites based on SisN, is application of ultra-thin coatings of oxides on
silicon nitride powder particles of various dispersity and their subsequent
compaction by spark plasma sintering (SPS) method.

The development of the plating technology of nanopowders with ultra-
thin layers of oxides requires optimization of deposition modes, including the
solution of the SizN4 pre-agglomeration problem.

Powder compositions were obtained in three ways: (1) Pechini method
(with the addition of citric acid) and (2) deposition in gelatin matrix, and also (3)
the vacuum dispersal method. The intermediate products obtained from the
syntheses were annealed in stages for 2-8 hours at 300, 500, 800, 1000 °C with
grinding in the agate mortar between stages.

Powder samples annealed to 1000 °C and their intermediates, which
annealed for 3 hours at 300 °C, were compacted by spark plasma sintering
method.

Sintering was carried out on the «Dr. Sinter model SPS-625» (SPS
Syntex, Japan) in vacuum in a graphite mold with an inner diameter of 12 mm.
The heating speed was 50 °C /min, pressure was 70 MPa, the sintering
temperature varied between 1200-1680 °C.

Control of phase composition of powders and ceramics was carried out on
X-ray diffractometer «Shimadzu XRD-7000» (CuKa, A = 1.54 A). The
microstructure of the powders and ceramics was studied by scanning electron
microscopy technique on the JEOL JSM-6490.

The reported study was funded by RFBR, project number Ne19-33-60084.
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PHASE TRANSFORMATIONS IN ZrO;-Sc;03-R.03 (R =Y, YD, Ce)
SOLID SOLUTIONS

M.A. Borik!, M.V. Gerasimov?, A.V. Kulebyakin!, N.A. Larina?,
E.E. Lomonova?, V.A. Myzinal, P.A. Ryabochkina?, N.V. Sidorova?,
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Solid solutions based on zirconia stabilized by scandium oxide are of
considerable interest as materials for electrolytic membranes for solid oxide fuel
cells (SOFCs) because of their high ionic conductivity compared to other
electrolytes based on zirconia [1].

As is known, the phase composition and local crystal structure, which are
determined by the type and concentration of stabilizing oxides [2-3], are the
main factors on which the ionic conductivity of these materials depends.
Therefore, to identify the effective composition of the electrolyte material based
on Zr0O,-Sc,03-R,03, which will have high ionic conductivity and increased
stability, detailed studies of the structure and phase transformations in these
compounds are necessary.

In this work, using the X-ray diffraction method, we studied the phase
composition of (Zr02)1x-y(Sc203)x(R203)y(EU203)0.001 Solid solutions, where R =
Y, Yb, Ce, and x = 0.10, y = 0.01 grown by the cold crucible method with
directional crystallization from the melt.

The microstructure of these solid solutions was studied by optical
microscopy and, using Raman spectroscopy, a local phase distribution was
found for regions of the crystal with a specific microstructure. Using the method
of optical spectroscopy with Eu®* ion probe, changes in the local environment
associated with phase transformations in solid solutions are revealed.

This research was financially supported by the Russian Scientific
Foundation (grant number Ne16-13-00056).

1. S.P.S. Badwal et al., Solid State lonics 136-137, 91 (2000).
2. C.R.A. Catlow, Solid State lonics 12, 67 (1984).
3. V.G. Zavodinsky, FTT 46, 441 (2004).
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PREPARATION OF HIGH-PURITY ISOTOPICALLY ENRICHED SILICON
DIOXIDE-28 BY SOL-GEL METHOD

K.F. Ignatova®?, M.E. Komshina?, I.A. Kuzhelev?, O.Yu. Troshin!
Devyatykh Institute of Chemistry of High-Purity Substances of RAS,
Nizhny Novgorod, Russia
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Isotopically modified quartz glass is promising for the production of quartz
fiber with different isotopic composition of the cladding (%Si'®0,) and core
(3°Si80,), that provides a difference in refractive indices without using doping
additives [1-2]. However, information about the preparation and properties of
such glasses in the literature is very limited.

A promising approach for producing quartz glass is the sol-gel method. Its
advantages are the uniformity of the samples obtained, the relatively low
sintering temperature and the use of small amounts of scarce and expensive
isotopically enriched substances.

Isotopically enriched 26SiF, was used as the initial silicon compound.
Conversion of silicon tetrafluoride to tetrachloride was carried out using
aluminum chloride (111) [3]. In order to obtain %Si0,, 2Si(OC,Hs); was
synthesized from 2SiCl, (the degree of enrichment according to 28Si 99.99
at.%)and dried ethanol, then hydrolysis of 28Si(OC,Hs)s by ethanol-water
mixture (8Si(OC;Hs)4:CoHsOH:H,0 = 1:4:4 mol.) [4]. Further, the solution was
cast into forms and kept until the formation of xerogel. The resulting xerogel
was dried by heating to obtain glassy SiO,. For acceleration of the gelation
process and formation of monolithic samples, the investigation on the selection
of catalysts (HF, HCIl, HNO3) and the temperature treatment of drying was
carried out. The impurity and isotopic elemental composition of samples was
determined by inductively coupled plasma mass spectrometry. Transparent
samples of quartz glass 28SiO, (light transmission > 90% in the visible region)
with an isotope content of 28Si 99.85 at. % was obtained. According to X-ray
phase analysis, the samples of glass are amorphous and do not contain
crystalline inclusions.
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STUDY OF REFLECTION AND TRANSMISSION SPECTRA OF SILVER
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Today, the use of THz fiber systems in real time is rapidly developing in
areas such as imaging [1], spectroscopy [2]. A great deal of different materials
and structures have been developed, for example, wire fibers [3], sapphire fibers
[4], metal/glass fibers with a hollow core [2, 5], photonic crystal fibers,
including 3D-printed [6], each of which has its own set of advantages and
disadvantages.

Silver halides have several benefits, since their operating temperature
covers the range from —150 to +400 °C, they are resistant to ionizing radiation,
and flexible. We studied the transmission and reflection spectra of silver halide
polycrystals at terahertz frequencies. Samples of silver halide crystals were
made from single-crystal of AgBrogssClogs billets using hot embossing
technology. The resulting samples were polycrystalline with a thickness of 0.4—
0.5 mm and a diameter about 15 mm. The plates had a high parallelism degree.
Spectral measurements were carried out using the Epsilon submillimeter
spectrometer. The following data were obtained: the phonon frequency was 77.5
cm2, the contribution of the phonon-dielectric was 6.2, the extinction coefficient
was
18 cm?, and the oscillations were anharmonic.

The transmission range in the mid-infrared has a plateau profile, and the
transmission edge in the long-wavelength range is about 260 cm= (which is
consistent with previously obtained data [7]). In the terahertz range, peak-like
bandwidths can be observed.

1. H. Guerboukha, K. Nallappan, M. Skorobogatiy, Adv. in Opt. and
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LUMINESCENT HYBRID MATERIALS BASED ON METAL-ORGANIC
PHOSPHORS IN OXYFLUORID GLASSES AND OXIDES
AND FLUORIDES POLYCRYSTALS
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P.V. Strekalov!
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Hybrid materials (HM) are widely used in new devices of optics and
photonics [1-3]. Luminescent HM based on organic phosphors the
8-hydroxyquinolates of metals of groups I, Il and Ill of the Periodic Table [2]
and P-diketonates of rare-earth metals [3], obtained as a result of a high-
temperature exchange reaction in PbF,-consist fluoroborate glass melt, have a
wide smooth photoluminescence (PL) spectrum covering almost the entire
visible range chromaticity coordinates close to white, allows us to consider them
as a promising material for the manufacture of light sources with high color
reproduction.

New HM’s were synthesized by high temperature methods: glass-melt
technique with low-melting glass matrices in PbF,-B,03; and PbF;-B;03-Si0O,-
Zn0O systems [2] and by solid-phase synthesis with PbF,, CaF, and ZnO; and by
low temperature methods: co-precipitation with PbF,, CaF, from aqueous
solutions by hydrofluoric acid [3] and ammonium fluoride. As organic
constituents, we used highly efficient phosphors: 8-hydroxyquinoline complexes
Li, Zn, Al (Lig, Zngy, Algs).

The PL photoluminescence spectra show that, at high-temperature
synthesis, the same emitting centers are formed as at low-temperature. The
formation of centers is associated with an exchange reaction leading to the
creation of new complexes. When HF is co-precipitated, partial capture of Lig
molecules occurs, and when NH4F is co-precipitated, the exchange reaction
proceeds almost completely. When solid phase synthesis begins with the
exchange reaction temperature to 100 and at 300 °C it passes almost completely.

The research was financially supported by Russian Science Foundation by
the grant Ne19-79-10003.
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STRUCTURE AND LUMINESCENT PROPERTIES OF SOLID SOLUTIONS
IN THE PbF—ErF; SYSTEM
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Fluoride compounds and solid solutions in MF,-REF; (RE = rare earth
element) systems with the general formula MixRxF2+x are of interest for
investigation as photonics materials, phosphors, including anti-Stokes ones. For
PbF,-REF; systems there exists a wide region of crystallization of the fluorite-
type cubic phase (above 20 mol.% at 650—700 °C) [1-2], but the phase diagrams
and regions of existence phases in the low temperature (below 650 °C) was not
described. Practically important Iluminescent systems PbF,-ErF; were
investigated in this work. Samples were obtained by solid phase synthesis and
co-precipitation from aqueous solutions at room temperature over the entire
concentration range in the systems. We synthesized solid solutions both by the
solid-phase method (using PbF; and ErFs) within the temperature at 450-600 °C
and by co-precipitation from aqueous solutions (solutions Er and Pb nitrates,
hydrofluoric acid) [3]. To prevent pyrohydrolysis in solid-phase method we
formed a fluorinating atmosphere inside the furnace by placing in it expendable
fluoroplastic (PTFE) plates.

At low erbium concentrations, two phases are formed: a low-temperature
modification of PbF, (Pnma) and a solid solution based on a high-temperature
modification of PbF, (Fm3m). The crystallization region of single-phase
powders was ~ 12-42 mol.% ErF;, and the cell parameter decreases
monotonically [1], so the real composition in this region is close to rated. With
an increase in the relative erbium content in the initial solution over 50 mol. %
two-phase samples precipitate, the second phase in which is a solid solution
based on erbium fluoride with the tysonite structural type Eri.yPbyFs., (P3cl).
The most intense bands on the Er¥* PL spectra are those in the blue and green
parts of the spectrum, corresponding to the 2Hop—*l1s/2 and *Szp+2Hi1—*l1sp
transitions. In samples obtained by solid-phase synthesis, effective anti-Stokes
luminescence (in the region of 650 nm, *Fgp—*lis, transitions). Samples
obtained by co-precipitation of anti-Stokes luminescence do not appear.

The research was financially supported by Russian Science Foundation by
the grant Ne19-79-10003.
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LUMINESCENT PROPERTIES OF Eu/Gd-CO-DOPED LEAD
FLUOROBORATE GLASS-CERAMICS

D.A. Velichkina, O.B. Petrova, K.I. Runina
Mendeleev University of Chemical Technology of Russia, Moscow, Russia
E-mail: dvelichkina@yandex.ru

Oxyfluoride glass-ceramics (GC’s) combine the best properties of
crystalline fluorides and oxide glasses, which make them promising for doping
with rare-earth (RE) ions and creating novel laser materials [1]. The high
luminescence efficiency of oxyfluoride GC's is associated with the fact that the
RE activator is mainly located in a crystalline fluoride environment with a low
phonon energy of the crystal lattice, which suppresses nonradiative relaxation
[2]. Heterovalent stabilization of the high-temperature cubic phase of B-PbF;, by
trivalent rare-earth ions [1, 3], which are also introduced as activators into laser
materials, is possible. The successful application of this approach for Nd/La and
Nd/Lu pairs, shown in [1], in this study, the crystallization and luminescent
properties of glass with Eu/Gd co-actives were investigated.

Samples of glasses and polycrystalline complex fluorides were
synthesized from B,03, PbF,, GdF; and EuF; of at least high purity grade. The
glasses in (70-x-y)PbF,-30B,03-XEuF;-yGdF; system (x = 0.1, 0.5, 1.0, 1.5, 3.0;
y =0, 1.5, 2.5, 2.9) have been synthesized. GCs received by the controlled
crystallization of glasses in a variety of temperature-time conditions. The total
RE concentration in the cubic crystalline phase varied from 11-12 at.% (forPb;.-
xGd/EuxF,.x). The volume fraction of the cubic crystalline phase in the GC was
more than 25%, which was much larger than in the GC based on the initial
glasses doped with
1 mol.% EuF; (8-10 vol.%). After the partial crystallization of the glass we
observed the increase in the relative intensity of the transition °Dy—'F;
(~ 580 nm) in PL spectrum, moreover, in co-activated Eu/Gd GC'’s it increases
by 20-50% more than in GC activated 1 mol.% EuF;. Co-activated GC’s exhibit
greater symmetry of the crystalline phase.

The research was financially supported by Russian Science Foundation by
the grant Ne19-79-10003.
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Currently, many scientific groups are actively researching upconversion
materials for their use in photovoltaic [1-2]. Solar cells provide photoelectric
conversion only under the influence of radiation of a limited spectral range. For
example, the sensitivity of a crystalline silicon cell is 380-1100 nm. To expand
the spectral range of the photoelectric conversion radiation, a combination cell
with a layer of upconversion material can used (fig. 1). Upon using such a
material, the photoelectric conversion efficiency is increased due to the
conversion of infrared radiation exceeding the spectral operating range of the
panel.

Solar light

Bifacial solar cell
> ] <
l 2

// ]

Upconverter | Er3*
Wavelenght [nm]
Reflection layer Usable radiation

Sub-bandgap losses
Fig. 1. Model of a bifacial solar cell with an upconversion polymer doped Er®* ions on the
back side of the cell.

In this work, we studied the characteristics of the photoelectric conversion
process for laser and broadband infrared radiation in a combined cell. This cell
consisted of a silicon heterostructure and a polymer film. These films were
obtained from oxysulfide and fluoride powders doped with rare-earth ions and
were manufactured by extrusion and hot pressing. The results indicate the
promising application of these upconversion materials in photovoltaics.

The study was supported by a grant from the Russian Foundation for
Basic Research (project No. 18-42-130011).
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LOCAL XRD ANALYSIS OF THE NEAR a-TITANIUM ALLOY PT3V
PREPARED BY ROTARY SWAGING

P.V. Andreev!?, D.A. Gudz?, K.E. Smetanina?
Devyatykh Institute of Chemistry of High-Purity Substances of RAS,
Nizhny Novgorod, Russia
2L obachevsky State University of Nizhny Novgorod, Nizhny Novgorod, Russia
E-mail: andreev@phys.unn.ru

Rotary swaging is one of the types of intense plastic deformation used to
form ultra-fine grained structure [1]. A number of studies have shown that such
material treatment applies its features to the microstructure and phase
composition. These include, for example, the microstructure heterogeneity in the
cross section of the sample and the formation of metastable phases [1, 2].

Phase composition study requires locality due to the microstructure
heterogeneity (the grain size gradient in the cross section of the swaged rod after
annealing). Traditional polycrystal research methods — the method of X-ray
diffraction in Bragg-Brentano geometry cannot meet this requirement.

Obviously, areas with different grain sizes can differ in phase composition
both qualitatively and quantitatively, and therefore have different operational
and corrosive properties.

It is supposed to solve the problem of local analysis using X-ray
technology with a narrow primary beam technigue. One option is to use an
Oxford Diffraction single crystal diffractometer equipped with an X-ray tube
with a copper anode, a graphite monochromator and collimator that generates a
primary beam with a diameter of 0.3 mm and a CCD detector.

This work was supported by the Russian Science Foundation (grant
Ne19-73-00295).
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ELECTRONIC STATES SHALLOW DONORS IN SILICON
AND GERMANIUM: ACCOUNTING FOR SHORT-RANGE POTENTIAL
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Theoretical and experimental research of electronic properties of impurity
centers in indirect-gap semiconductors (primarily silicon and germanium) has
been conducted since the 50s of the last century. These objects are still of
considerable interest due to their possible application in the field of constructing
coherent THz radiation sources [1] and quantum computers [2]. At the stage of
analyzing experimental data or planning experimental studies of non-stationary
processes associated with electronic transitions between States of small impurity
centers, information about the spectra and wave functions of localized carriers,
including their excited States, is essential.

In our work, solves the effective mass equation for the envelope function
of an electron localized on a shallow donor in silicon and Germany. The p-type
excited States were described by the test functions proposed in [4]. In the ground
state, the multi-doline equation [5] was solved taking into account the short-
acting potential. The ground and excited s-states were modeled by wave
functions with two effective Bohr radii, taking into account both the long-range
hydrogen-like and short-range potential of the donor. Modification of the ground
state function in comparison with the hydrogen-like one is necessary to account
for the effects of splitting and chemical shift caused by the short-acting potential
of the impurity. The energies of the excited s-states do not change much in
comparison with the hydrogen-like model due to the fact that the electron
density on the core in these States is small, but the completeness property of the
basis requires preserving the orthogonality of the envelope functions of different
States.

The results of theoretical calculations are compared with experimental
data available in the literature [3, 6].
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GROWING AgBr-Agl SINGLE CRYSTALS AND INVESTIGATION
OF THEIR PHASE DIAGRAM
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For the fiber optic elements development in the mid-IR region,
photostable, flexible materials that are transparent in a wide spectral range are
needed. Silver halide solid solutions are the most suitable crystalline medium for
this purpose. Solid solutions of the AgCl — AgBr system, transparent from 0.4 to
30.0 um, were currently the only non-toxic, non-hygroscopic and plastic crystals
intended mainly for the production of polycrystalline IR fibers.

Based on the literature data and the results of the AgBr - Agl phase
diagram studies, new optical single crystals of solid solutions were obtained in
the composition range from 0 to 33 wt. % of Agl in AgBr, from which various
optical products, including polycrystalline IR fibers, can be obtained by hot
embossing.

Single crystals of the AgBr - Agl system were grown using the vertical
Bridgman method, from a mixture obtained by the hydrochemical method of
thermo-zone cristallization-synthesis (TZCS). The TZCS method is the basic
one and allows stably obtaining a high degree of purity raw materials (up to
99.99999 wt. %) in the form of polycrystalline solid solutions of a given
composition intended for crystal growth.

The main characteristic of the new crystals is the optical transparency
range. The studies were carried out on polycrystalline and single crystal samples
0.35-3.00 mm thick in the wavelength ranges 0.19-1.10 um (Shimadzu UV-
1800 UV spectrophotometer), 1.28-41.60 pum (IRPrestige-21 Shimadzu IR
Fourier spectrometer), 14.7-60.6 pm (Vertex 80, Bruker with extended IR
range). It was found that, depending on the content of I, which has heavy
molecular mass, in the AgBr—Agl system in the crystals, the transmission range
for the short-wave and long-wave absorption edges shifts toward an increase in
wavelength (from 0.465 to 0.480 pm and from 46.0 to 50.0 um, respectively). In
this case, a strong increase in the material photostability is observed, which,
according to preliminary data, even exceeds the photostability of the AgBr—
TIBro.4slos4 Solid solutions system [1].
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Currently, fiber-optic products based on silver halide optical fibers of the
AgCl —AgBr system for various science and technology fields, including for
biotechnology and laser medicine, are actively sold by various companies. The
disadvantage of this solid solutions system is the aging effect associated with
high photosensitivity. Nevertheless, solid solutions of the AgCl —AgBr system,
transparent from 0.4 to 30.0 um, are the only non-toxic, non-hygroscopic, and
flexible crystals intended primarily for the production of polycrystalline IR
fibers [1]. The need to expand the operational spectral range of optical fibers
from the near IR region (0.8-2.0 um), where quartz fibers are used, to the
middle and even far IR region (up to 100.0 um), justifies the search for new
optical materials, the development of technologies for their synthesis, the
structure, properties and applications study. Therefore, an urgent task is the
development of radiation-resistant, non-hygroscopic and plastic crystals for the
manufacture of optical products.

In this regard, it was of interest to study the quasibinaryAgBr—Agl
system. This choice was explained, firstly, by the similar physicochemical
materials properties that well form substitutional solid solutions melting at a
lower temperature than the starting components, and secondly, by a heavier
iodine ion, the introduction of which should increase the transmission range to
the far IR and reduce the photosensitivity of the material.

The AgBr—-Agl phase diagram was studied by using differential thermal
and X-ray diffraction analysis (DTA, XRD). The experiments were carried out
in sealed ampoules made of a special form Pyrex glass, with homogenization of
the samples for 20 hours at a temperature of 550 °C. The heating and cooling
rates were 2 and 5 °C per minute. The study of the phase diagram showed the
possibility of obtaining a single-phase homogeneous material in the composition
range from 0 to 33 wt. % of Agl in AgBr and the growing possibility optical
single crystals from it.

This work was supported by the Russian Science Foundation under grant
No. 18-73-10063.
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SPECTRAL PROPERTIES OF BISMUTH GERMANATE GLASSES DOPED
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Bismuth germanate glasses are a promising active medium for lasers with
a tunable radiation frequency in the infrared range due to the presence of
broadband luminescence in the 1100-1500 nm region associated with bismuth
active centers (BACs) [1]. The amount of BACs can be controlled by changing
the glass synthesis or annealing conditions [2], or by introducing oxidizing ions
into the glass [3], including Ce** and Ce** ions which do not have intrinsic
absorption bands in the visible and near infrared spectral regions. This paper is
about research of the cerium ions effect on the BACs concentration in glasses.

The synthesis of glasses with general composition formula xBi,O; —
(100-x)GeO, — yCeO,,where x = 10, 15, 20, 25 mol.%; y = 0; 0.01; 0.05; 0.1;
1 mol.% was carried out. The oxide mixture was melted at t = 1100 °C for 30
min, then the melt was quenched onto a metal substrate. The absorption spectra
were fixed using an UNICO 2800 (UV/VIS) spectrophotometer (190 — 1100
nm).

The synthesized bismuth germanate glasses without cerium oxide have
red color. Their absorption spectra contain a characteristic wide absorption band
in the region of 500 nm, the intensity of which depends on the amount of BACs
[2].

The addition of CeO, leads to BACs amount decreasing due to the
oxidation of bismuth ions included in the BACs structure. The degree of
influence of CeO, on the glasses properties depends on the concentration of both
cerium oxide and bismuth oxide in the glasses. In series containing 10 and15
mol.% Bi,O3, glass samples are completely discolored with the addition of 0.05
mol.% CeO,, and they turn yellow with a further increase in the amount of
cerium. Discoloration is associated with the destruction of the BACs, and the
appearance of a yellow color is related to a shift in the short-wavelength
absorption edge to the long-wavelength region due to a decrease in the energy
gap of glasses under the influence of CeO,. In glass series containing 20 and 25
mol.% Bi,0s, at the same CeO; concentration (0.05 mol.%), the absorption
intensity at the 500 nm decreases, but the BACs do not completely disappear
due to the oxidation of only part of bismuth ions.

1. E.M. Dianov, Quantum Electronics 40 (4), 283 (2010).
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High strength, wear resistance, fracture toughness and low coefficient of
friction of crystals of partially stabilized zirconia (PSZ) give great prospects for
their use as structural materials, tribotechnical elements, cutting medical
instruments, etc. One of the key advantages of zirconia-based materials is their
ability to save strength properties when to high temperatures exposed. However,
PSC crystals are metastable, therefore, an important aspect of their practical
application, which allows us to establish the temperature ranges of operation, is
the study of the effect of thermal annealing on phase stability.

Previous studies have shown that the variation of co-doping additives in
solid solutions based on zirconium dioxide can provide materials with improved
mechanical characteristics [1]. Also in [1], the influence of the type of impurity
on the fracture toughness of 2Y-0.8RSZ crystals (R — Ce, Nd, Y, Er, Yb) was
demonstrated and the composition with the highest values of the fracture
toughness coefficient was detect.

In this work, we analyzed the evolution of the phase composition and
values of the fracture toughness of 2Y-0.8RSZ crystals (R — Ce, Nd, Th, Er, Yb)
during heat treatment in air and in vacuum, to identifying compositions with
optimal mechanical characteristics for use in wide temperature range.

This work was financially supported by the Russian Science Foundation
grant No. 18-00-397.
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The Bi,GeOs crystalline phase is an analog of BaTiO3 ceramics according
to some ferroelectric characteristics [1]. According to most authors, this phase is
metastable, which requires certain temperature conditions for its synthesis [2].
From our point of view, this phase can be considered as non-stoichiometric,
which crystallize when oxygen deficiency (bismuth excess) takes place in the
Bi-Ge-O system. In this paper, we have studied the effect of batch non-
stoichiometry and melt temperature on phase formation in the Bi-Ge-O system.

For the synthesis, a mixture of the composition 50 [(1-x)Bi,0s;—2xBi] —
50Ge0; (mol.%), where x = 0; 0.05; 0.1; 0.2; 0.3; 0.4; 0.5. Such a molar ratio of
bismuth and germanium oxides (50:50) corresponds to the formula of the
Bi,GeOs compound, and the substitution of a part of Bi,O3; with metallic Bi
creates the necessary oxygen non-stoichiometry. The synthesis of crystalline
phases was carried out by cooling of the initial batch, previously melted for 15
minutes at temperatures of 1020 °C or 1100 °C. The phase structure was
analyzed using an Inel Equinox-2000 X-ray diffractometer (CuKa, A = 1.54056
A) in the range of angles 20 = 10-80°.

When cooling the melt obtained from the stoichiometric batch (x = 0) at
1020 °C, the content of the desired Bi,GeOs phase in the final product does not
exceed 33%. Substitution of Bi,O3 for Bi under the same synthesis conditions
increases the fraction of the Bi,GeOs phase, up to 100% at x = 0.4. It should be
noted that the structure and amount of secondary crystalline phases vary
depending on the amount of introduced Bi.

When the melt is cooled from t = 1100 °C, the content of the Bi,GeOs
phase in the final product at x = O reaches 87%, and already at x = 0.1 it
becomes the only crystalline phase. We suppose that the melt temperature
increasing leads to the reduction of bismuth ions, which contributes to the
oxygen deficiency and, as a result, leads to the predominant formation of the
Bi,GeOs phase. Thus, an increase in the non-stoichiometry of the initial batch,
as well as an increase in the melt temperature, contributes to the crystallization
of a single Bi,GeOs phase.

1. K. Pengpat, D. Holland, J. of the Europ. Ceram. Soc. 23, 1599 (2003).
2. V.P. Zhereb, V.M. Skorikov, Inorg. Mat. 39, 2, S121 (2003).
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INFLUENCE OF HEAT TREATMENT ON THE STRUCTURE
AND MECHANICAL PROPERTIES OF ZIRCONIA CRYSTALS
PARTIALLY STABILIZED WITH GADOLINIA

M.A. Borik?, A.S. Chislov?, A.V. Kulebyakin!, E.E. Lomonova?,
F.O. Milovich?, V.A. Myzina!, N.Yu. Tabachkoval?
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Solid solutions based on zirconium dioxide are promising refractory
materials that can work in aggressive oxidizing environments at elevated
temperatures, which significantly expands the scope of their application. The
high mechanical characteristics of these materials are mainly due to the
transformational hardening mechanism. The mechanism is implemented by
means of the transition of the tetragonal phase of zirconia to monoclinic, and the
stresses caused by the phase transformation compensate for the stresses of the
propagating crack. However, solid solutions based on ZrO, with a tetragonal
structure are thermodynamically metastable at room temperature, and high-
temperature exposure can lead to an undesirable transformation of the tetragonal
phase into a monoclinic phase in the bulk of the material.

This paper presents the results of investigation of mechanical properties,
structure and phase stability of solid solutions of ZrO,-Gd,O3 after annealing at
1600 °C in air and in vacuum.

The crystals have been grown using the directional melt crystallization in
a cold crucible. The phase composition of crystals was determined by x-ray
diffractometry. The microhardness and fracture toughness of the crystals have
been measured by indentation.

The study of the phase composition and mechanical characteristics of
crystals based on zirconia, depending on the concentration of stabilizing oxide,
showed that the increase in the concentration of Gd,O; in crystals from 2.8 to
4.0 mol.% leads to a decrease in the content of the transformed tetragonal t-
phase, a decrease in its degree. Eventually, these factors lead to a decrease in the
fracture toughness of crystals with an increase in the concentration of Gd,Os.

It is shown that annealing of tetragonal solid solutions of ZrO,-Gd,Os
leads to an increase in the values of fracture toughness for all the studied
compositions, due to the removal of micro-stresses in the crystals. Phase
analysis showed that after annealing at 1600 °C in air, the amount of
nontransformable tetragonal phase increased for all samples in comparison with
growth crystals and crystals heat-treated in air. When annealing in air, the values
of fracture toughness are higher than when annealing in vacuum, since the
amount of nontransformable phase does not increase during annealing in air.

The work is supported by RSF (project No. 16-13-00397).
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BORATE CRYSTALS FOR THZ WAVE GENERATION
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We present for the first time results on subterahertz (0.3-0.1 THz or
1-3 mm) wave generation in nonlinear borate crystals with low second order
nonlinearity: uniaxial p-BaB,0O, (further BBO) of point symmetry group 3m
with 42 atoms in elementary cell and maximal nonlinear coefficient dy, = 2.3
pm/V; biaxial LiB3Os or LBO (mm2, 36 atoms, ds; = 0.85 pm/V) and B-BiB3Os
or BIBO (group 2, 20 atoms, dys = 3.48 pm/V pm/V). Specific feature of these
crystals is complicated structure, high damage threshold and well-known large
absorption coefficient for nonpolarized at frequencies over 0.5 THz.

Optical properties in the THz 70
range were studied with time-domain
spectrometer TeraPulse 4000
(TeraView, UK) supplied with own
design software. The observed linear
absorption coefficient of the BIBO
crystal at 1064 nm is 2 times lower to 20f
that of high quality BBO. LBO
possesses extreme low absorption
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In fig. 1 it is seen that BIBO Fig. 1. Spectra of highest absorption
crystal possesses minimal absorption coefficients of the crystals

coefficient in line with the maximal

nonlinear coefficient in the THz range. So that it is the most prospective crystal
for THz wave generation. On other hand it belongs to the point group 2 and
possessing very complicated physical properties that render control of output
parameters quite complicated. Other results will be delivered.

1. D.M. Lubenkoet al., Proc. SPIE11322,274351 (2019).
2. N.A. Nikolaev et al.,J. of Physics: Conference Series951, 012005 (2018).
3. Y. Leeetal., Results in Physics 19, 102815 (2019).
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STUDY OF PHASE COMPOSITION HOMOGENEITY OF HARD ALLOYS
BASED ON TUNGSTEN CARBIDE AND COBALT
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Hard alloys based on WC — Co are characterized by high resilience and
wear resistance, which allows them to be used as metal cutting tool. Increase in
the mechanical properties of these materials is associated with the problem of
their phase composition homogeneity.

Spark plasma sintering (SPS) is promising method of hard alloys
manufacturing. The surface of the WC powder particles is always oxidized, so
that carbon deficiency can occur in the sintering volume at heating due to CO
and CO, formation. Violation of stoichiometry leads to the formation of brittle
n-phases (CoxW,C,) [1]. Carbon diffusion from the graphite mold in which the
powder is poured reduces this effect: the surface layer of the sample will not
contain n-phases, but at some distance from the surface these phases may exist.

The objects of this study were 3 hard alloy samples sintered from plasma
chemical WC powder and cobalt (10% wt.) applied to the surface of WC
particles by deposition method. SPS of powder compositions was performed at
«Dr. Sinter model SPS-625» in a vacuum (heating speed was 50 °C/min,
pressure was
70 MPa, sintering temperature was 1050 °C). Degassing exposure at 850°C for
10 minutes was conducted during the sintering process of two samples. The
surface of the samples was subjected to consecutive mechanical grinding with
diamond discs and mechanical polishing with diamond paste. The sample height
was controlled by a micrometer.

X-ray diffraction experiments were performed on a powder diffractometer
«XRD-7000» (CuKa, A = 1.54 A). The dependencies Iys11y/lwcqiry on the total
value of the remote layer were constructed to determine the carbon diffusion
depth (fig. 1). Surface layer thickness of samples not containing m-phase
(Co3WS5C) does not exceed 100 um.
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Fig. 1. Distribution of ratio Iys11)/lwc11) by depth of the samples sintered at 1050 °C

The work was financial supported by Russian Science Foundation, grant
Nel18-73-10177.
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FIZMATLIT, 2013.
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LIGHT-EMITTING HEXAGONAL 9R-Si PHASE
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The idea of using optical signal instead of electrical one was offered in
order to increase the rate of signal transmission inside high-power computing
systems. But silicon, being a traditional material of microelectronics, cannot be
used as light emitter due to the peculiarities of band structure in its conventional
cubic phase. Therefore, there is a demand in the silicon processing methods
which would allow improving its optical properties.

Previously [1, 2], it was found by us that inclusions of hexagonal silicon
of the 9R-Si phase were formed in silicon substrate at the interface with the film
upon irradiation of the SiO, (160 and 140 nm)/Si system by Kr* ions followed
by annealing. The average projected range (Rp) of Kr* ions was less than the
film thickness. For such samples, a photoluminescence (PL) band was detected
at ~ 1235 nm, which was assigned to the emission of the 9R-Si phase. To study
the mechanism of a 9R-Si hexagonal phase formation upon ion irradiation of the
Si0,/Si system, three types of experimental samples have been investigated by
PL spectroscopy and transmission electron microscopy: 1 — SiO,(140 nm)/Si
system irradiated by Kr* ions (Rp ~ 50 nm), 2 — Si irradiated by Kr* ions, 3 — Si
irradiated by Kr* and O" ions. For the samples of the 2nd and 3rd types, the
values of energy and dose of Kr* ions were chosen so that the displacements
profile was close in shape and height to that in silicon substrate for the first type
sample (according to the SRIM code [3]). The values of energy and dose of O*
ions were chosen so that the number of oxygen atoms implanted per unit area
was approximately equal to the number of oxygen recoil atoms when the SiO,/Si
system was irradiated by Kr* ions (for the first type sample). All the samples
were annealed after irradiation. The first type sample shows the presence of the
9R-Si phase and PL band at ~ 1235 nm; the third type sample shows the same
PL band and twinning defects; for the second type sample, the PL at ~ 1235 nm
is not detected. The results are discussed taking into account the role of
mechanical stresses, radiation defects and oxygen in the formation of the
hexagonal phase.

The work was supported by Russian Foundation for Basic Research
(Grants N0.18-32-20168 and 19-53-45056).

1. A.A. Nikolskaya et al., Appl. Phys. Lett. 113,182103 (2018).

2. A.A. Nikolskaya et al., Surf. Coat. Technol. 386, 125496 (2020).

3. J.F. Ziegler, M.D. Ziegler, J.P. Biersack, Nucl. Instrum. Methods Phys.
Res. B 268, 1818 (2010).
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LUMINESCENT GLASS-CERAMICS IN THE SYSTEM
(Li,N&)zO-(G&,Al)zOg-GeOQ-Si02
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V.N. Sigaev, M.Z. Ziyatdinova
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On the basis of glasses in the Me,0-Ga,03-GeO,-SiO, (Me = Li, Na)
system, we have obtained a transparent glass-ceramics with y-Ga,O3
nanocrystals [1-3]. Low light scattering and luminescence when excited only by
UV-C radiation makes it promising for the development of solar-blind
converters. However, the formation of y-Ga,O3; nanocrystals in glasses of this
system is preceded by liquid-liquid phase separation, which leads to the
formation of inhomogeneity regions with a diameter of ~ 8 nm in the initial
samples [4]. As a result, the average size of the precipitated nanocrystals in
transparent glass-ceramics obtained by the one-stage regime is no less than
~ 6 nm. The relatively large sizes of nanocrystals reduce the probability of
radiative recombination, and the two-phase nature of the initial glass determines
a wide distribution of nanoparticles in size. All this limits the potentially
achievable light transmission and integrated photoluminescence intensity of this
glass-ceramic. Their further increase is possible only after suppressing the phase
separation of the liquid type in the initial glasses. Using the methods of
«additions» and «substitution» in this work, we studied the effect of Al,O3z on
the phase separation and luminescence efficiency of low-alkali gallium
germanosilicate glasses. The addition of Al,O3 is shown to enhance the
integrated photoluminescence intensity and to decrease the size of precipitated
v-Ga,03 nanocrystals. The correlations between glass composition, nanocrystals
size and crystallized phase content, on the one hand, and the photoluminescence
of glass-ceramics, on the other, have been revealed.

This work was supported by the Russian Foundation for Basic Research,
grant Ne20-03-00809.

1. V.N. Sigaev et al., Nanoscale 6, 1763 (2014).

2. N.V. Golubev et al., Journal of Materials Chemistry 3, 4380 (2015).
3. A. Paleari et al., Chem. Phys. Chem. 18, 662 (2017).
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FORMATION OF BIREFRINGENT STRUCTURES IN SODIUM BORATE
GLASSES BY LASER BEAM
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The development of new micro-optical elements and integrated optical
circuits stimulates research in the field of direct laser nano- and microstructuring
of transparent dielectrics. The nanogratings discovered upon exposure of silica
glass to femtosecond laser pulses exhibit birefringence, whose characteristics
can be tuned by varying the parameters of the laser beam. This feature opens a
new way in the development of ultrastable optical memory [1] and phase
elements [2] based on glass. Most of the theoretical and experimental studies
devoted to direct laser writing of nanogratings were performed on silica glass.
Meanwhile, studies on the formation of nanogratings in two-component glasses
are also of fundamental interest [3] and can help to better understand the
mechanisms of interaction of a laser radiation with a matter.

In this work, we studied laser modification of glasses of the Na,O-B,03
system with sodium oxide content from 14 to 28 mol.%. Pharos SP femtosecond
laser was used for laser modification of glasses. Its radiation was focused into
the bulk of glass samples to a depth of 150 um using a microscope objective
with a numerical aperture of 0.45. The possibility of the appearance of
polarization-dependent birefringence under the femtosecond laser pulses was
demonstrated for the first time for sodium borate glasses. The conditions of laser
exposure providing birefringence with a slow axis perpendicular to the
polarization plane of the writing laser beam are determined. The dependences of
the phase shift of the laser-written birefringent structures on the content of
sodium oxide in the glass composition, the number of pulses, pulse repetition
rate, pulse energy and pulse duration are revealed.

This work was financially supported by the Ministry of Science and
Higher Education of Russia (FSSM-2020-0003).
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LASER WRITING OF CHANNEL WAVEGUIDE IN ULTRA-LOW
EXPANSION GLASS-CERAMICS
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Transparent glass ceramics with ultra-low coefficient of thermal
expansion (CTE) are based on lithium aluminosilicate glass in which nanosized
crystals of spodumene, B-eucryptite, or [-eucryptite-like solid solutions
possessing negative CTE precipitated under heat treatment. In the recent
decades, ultra-low expansion glass-ceramics has found wide application in
engineering from telescope mirrors to housings of ring laser gyroscopes. The
minimized thermal expansion makes it an attractive material for the
development of integrated optical components and circuits for precision devices
requiring constant geometric dimensions in the operational temperature range.

Studies of femtosecond laser modification of glass-ceramics of this kind
[1, 2] have shown that the exposure to femtosecond laser pulses gives rise to a
noticeable local decrease in the refractive index related to partial amorphization
of nanocrystals [2]. This effect makes it possible to fabricate depressed-cladding
channel waveguides inside a piece of glass-ceramics by direct laser writing of
cladding with reduced refractive index.

In this study, we fabricated a set of channel waveguides with a core
diameter from 9 to 24 um and cladding formed by a series of parallel tracks
written in a glass volume by a focused femtosecond laser beam with 180 fs pulse
duration and 10 kHz pulse repetition rate at 1030 nm wavelength moving along
the surface of the glass-ceramic plate at 0.2 mm/s speed. Some of the laser-
written waveguides were found to be single-mode. The analysis carried out
using a 1064 nm cw laser beam showed that the obtained single-mode
waveguides manifest light propagation losses not higher than 2.4 or 2.7 dB/cm,
depending on the orientation of the polarization plane of the light channeled in
the waveguide.

The study was financially supported by the Ministry of Science and
Higher Education of Russia, FSSM-2020-2003.
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IN THE AREA OF ZERO VALUES
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V.N. Sigaev
Mendeleev University of Chemical Technology of Russia, Moscow, Russia
E-mail: andreynaum13@mail.ru

Due to the possibility of achieving a thermal coefficient of linear
expansion (CTE) close to zero values, transparent glass-ceramics of the lithium
alumosilicate (LAS) system occupy a special place among optical materials [1].
The main focus of recent studies is on improving the cooking properties of LAS
glasses and achieving stable and precision-variable values of CTE.

This work is devoted to establishing relationships between processing
conditions of LAS glass and the CTE values of the obtained glass-ceramics for
precision regulation of the CTE of glass-ceramics in the area of zero values. The
object of the study was glass based on the Li,O-Al,03-SiO, (LAS) system. The
features of its composition and synthesis technology are described in detail in
the patent [2].

Using the methods of X-ray diffraction, DTA and Transmission Electron
Microscopy (Thermo Fisher Scientific Titan 80-300 TEM with an accelerating
voltage of 300 kV in the dark field mode), the processes of nucleation and
growth of B-eucryptite-like solid solutions in LAS glass were studied and their
size, shape and quantity were determined depending on the heat treatment
modes. The obtained data were compared with dilatometric curves, which
allowed us to determine the modes of fine adjustment of the CTE near zero
values. The features of the appearance and development of a
nanoinhomogeneous structure in LAS glass were clarifies, which open the
possibility of creating transparent thermally stable glass-ceramics with a weakly
varying near-zero CTE in an unusually wide temperature range: from —80 to
+400 °C.

This work was supported by the Russian Science Foundation (Agreement
No. 19-19-00613) and the Russian Foundation for Basic Research (grant
Ne19-03-00684).
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Transparent glass-ceramics of the lithium aluminosilicate (LAS) system
occupy a special place among optical materials that act as a matrix medium for
the introduction of luminescence activators (rare earth element ions). Interest in
these materials is explained by the ability to combine spectral-luminescent
characteristics with high thermal stability, which is provided by ultra-low values
of the temperature coefficient of linear expansion (CTE). In general, the CTEr
values of glass-ceramics have nonlinear temperature dependence and fine-tuning
of the CTE values is possible by optimizing the phase composition and
establishing precise ratios between the volume fractions of the amorphous and
crystalline phases. It was shown earlier that the features of the formation of the
nanoinhomogeneous structure in LAS system glasses make it possible to
precisely regulate the CTE of the formed transparent glass-ceramics, opening
the way to further improvement of this important material for optical
instrumentation. However, the introduction of a noticeable amount of rare-earth
luminescence activator can significantly affect the nature of glass crystallization,
which is clearly insufficiently studied.

In this work, the processes of catalyzed crystallization of B-quartz solid
solutions with additions of neodymium ions for obtaining thermally stable light-
emitting media in the near-IR region are studied. The spectral-luminescent
properties of LAS glass and glass-ceramics with rare earths additives were
investigated depending on the synthesis conditions. The amount of neodymium
oxide varied from 0.1 to 3 mol.% (Nd,O3; was introduced in excess of 100% of
the matrix composition). The temperature treatment of synthesized glasses with
a duration of up to 48 hours changed from 710 to 760 °C.

At this stage, it is established that the spectral-luminescent properties of
the original LAS glass can be reproduced in a LAS glass-ceramics
characterizing with a CTE values close to zero.

This study was supported by the Russian Science Foundation (agreement
No. 19-19-00613) and the Russian Foundation for Basic Research (grant
No. 19-03-00684).
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TRANSPARENT GLASS-CERAMICS MATERIALS WITH INCREASED
HARDNESS IN THE MgO-Zn0O-Al,03-SiO; SYSTEM
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The low hardness of the materials used to protect touch screens is one of
the main problems faced by mobile device manufacturers. To a greater extent,
ion-strengthened glass is used to protect screens, but its physical characteristics
no longer meet the growing requirements of the mobile device market. Short-
term contact of glass with solid particles leads to the formation of defects,
followed by its destruction under impact.

This problem can be solved by the creation of new materials — transparent
glass-ceramics, which represent a heterogeneous material based on amorphous
matrix and crystalline nanophases. Precipitation of the phase with high hardness
while maintaining the transparency of the glass-ceramics will provide a material
that is promising for applications as screen protection.

For this purpose, the influence of heat treatment conditions (h/t) on the
values of microhardness (MH) of transparent glass-ceramucs was studied in this
work. The initial glass composition wt.%: 8 MgO; 15 Al,0s; 42 SiO, and 35
(Naz0, Zn0O, TiO,, ZrO,, As,O3) was synthesized by melting from a batch in a
corundum crucible in an electric furnace at a temperature of 1620 °C. Glass
samples were h/t in a two-stage mode (680 °C — 4 h and 750, 780, 800, 820, 830
and 845 °C with an exposure time of 10 or 30 hours).

The phase composition of the obtained samples includes a mixture of
sapphirine and gahnite characterizing with a high hardness. It turned out that the
MT values of the original glass already exceed the MT of Gorilla Glass. H/t of
the original glass at 640 °C for 4 hours leads to a slight decrease in MT, which
may be due to the formation of a small amount of solid phase, which reduces the
total MT of the material [1]. H/t in two-stage mode leads to an increase in MT
up to values exceeding 1050 HV while maintaining transparency. Further
increase in the temperature of the second stage of H/t leads to a decrease in MH.
Models are proposed that explain the behavior of mechanical properties
depending on the structural changes of the glass-ceramics.

The obtained values of MT of sapphirine glass-ceramics exceed the
microhardness of all known transparent glass-crystal materials, and can be used
as protective screens for a wide class of devices.

The work was carried out with the financial support of the Ministry of
Science and Higher Education of Russia, FSSM-2020-0003.
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Nanoporous glasses (NPG) attract the attention of researchers due to their
unique structure, consisting of nanoscale channels containing secondary silica
globules, as well as good optical transparency, mechanical and temperature
stability. It was previously shown that exposure of such glasses under
femtosecond laser pulses can lead to birefringence, with the slow axis oriented
perpendicular to the polarization of a linearly polarized laser beam, which makes
it possible to use these structures for multilevel information coding [1, 2].

In this study, nanoporous glass was modified by femtosecond laser pulses
with a repetition rate 1 MHz, pulse duration 180 fs, and pulse energy 50 nJ. The
number of pulses per point varied from 1 to 3. It was found by the SEM method
that the birefringent structure is a cavity with an elliptical cross-section in the
plane perpendicular to the laser beam, surrounded by a layer of compacted
waterproof glass. The major axis of the ellipse is perpendicular to the
polarization of the laser beam. The study of the dynamics of the formation of the
cavity showed that after the first pulse the cavity has a circular cross-section and
Is not birefringent. After the second and third pulses, the cavity is extended in
the direction perpendicular to the polarization of the laser radiation.

This work was supported by the Russian Foundation for Basic Research
(grant Ne19-03-00684).
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The nonlinear nature of the absorption of ultrashort laser pulses by the
material makes it possible to control the spatial position of modified regions in
the volume and create new types of integrated devices for photonics,
optoelectronics and information storage. Of particular interest is the possibility
of creating nonlinear optical waveguides in the volume of oxide glasses, which
will allow controlling the data transfer on the chip.

In this work, waveguides with a cross section of 3.5x14 mm? and a length
of 25 mm consisting of nanoparticles and silver clusters were recorded in the
volume of glass composition (mol.%) 8Ag,0O; 53Zn0O; 39P,0s. The laser-
induced formation of nanoparticles is confirmed by the characteristic yellow
color and confocal absorption spectra recorded in regions containing
waveguides. The spectra show absorption bands with a maximum at 450 nm,
which corresponds to the SPR of silver nanoparticles. Written waveguides also
have luminescence in the visible region caused by the formation of silver
clusters. It is shown that when the writing speed of waveguides increases from 2
to 5 microns/s, the intensity of the SPR band decreases and the luminescence
intensity increases, which indicates a decrease in the number of silver plasmon
nanoparticles and an increase in the number of clusters.

It is also shown that an increase in the writing speed from 2 to 5 microns/s
leads to a decrease in An from 4.8 to 2.3:103. Waveguide properties are
demonstrated when a laser beam with a wavelength of 1030 and 1550 nm is
inserted. The loss at 1550 nm, determined by the interference method, is
1.08 dB/cm.

So, for the first time the possibility of generating a supercontinuum in the
written waveguides containing silver nanoparticles — the spectrum of
femtosecond laser beam after passing through the waveguides widens by more
than 60 nm, which indicates the nonlinear properties of the written waveguides.
Changes in the waveguide writing speed affect the shape of the supercontinuum
spectra and the optical breakdown of waveguides. It is shown that with a higher
content of plasmon nanoparticles in the waveguide, self-focusing is observed
and an optical breakdown occurs at a distance of 60 microns from the sample
border, while a decrease in the number of silver nanoparticles leads to an optical
breakdown on the sample surface. The obtained results open up new possibilities
for creating integrated nonlinear optical elements of photonic chips.

This work was supported by grant No. 19-32-80032 of the Russian
Foundation for Basic Research.
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CRYSTALLINE PHASES IN A CARBON-CONTAINING POLYMER
COMPOSITE

A.A. Karpeev, V.V. Naumkin, N.V. Yantsen, A.M Zyuzin
National Research Ogarev Mordovia State University, Saransk, Russia
E-mail: karpeian@yandex.ru

The effect of carbon black (TU) and peroxide saturation on the phase
composition of a composite material based on ethylene vinyl acetate was
studied. In fig. 1 DSC curves are presented for the initial samples with different
TU contents, as well as for samples saturated with peroxide. Two pronounced
peaks in the curve for a sample with a TU content of 35% (fig. 1 (a)) indicate the
presence of two crystalline phases in the initial composite: — «1» and a higher
temperature — «2». It was found that the proportion of the second phase
increases almost linearly with the content of TU. For samples saturated with
peroxide, the DSC curves have one peak (fig. 1 (b)), indicating the presence of
only one crystalline phase. The pronounced dependence of the fraction of the
crystalline phase «2» on the content of TU allows us to conclude that the
formation of this phase is initiated by carbon black particles, which are the
centers of formation of crystalline fragments formed by matrix macromolecules.
The absence of a crystalline phase in a peroxide-saturated composite is
explained by crosslinking of the macromolecules of the polymer matrix, which
suppresses crystallization initiated by carbon black particles.
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Fig. 1. DSC curves for composite samples.
This work was supported by the Russian Foundation for Basic Research
and the Government of the Republic of Mordovia, project
No. 18-48-130015r_a.



SJIEKTPOHHbIE ABJNNIEHUA B
HAHOCTPYKTYPAX

MHTEP®ENCHBIE DOPEKTHI B HAHOCTPYKTYPAX

E.JI. UBueHKO
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Canxm-Ilemepoypeckuti Axaoemuueckuii ynusepcumem um . U. Angpeposa
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[TaBHBIM ~ 3J€MEHTOM JIIOOBIX IOJYHPOBOJHUKOBBIX HAHOCTPYKTYD
(KBAaHTOBBIX IM, KBAHTOBBIX HUTEW, KBAHTOBBIX TOUEK) SIBISETCS UHTEp(eiic: Oe3
rpaHul] pasjena He ObIBaeT M HAaHOCTPYKTYp, a KpOME TOro, BIHMSHHUE
uHTEp(ENcoB pacTeT MO Mepe yMEHbIIEHUs pa3mepHocTH. HecoBepiieHcTBa
uHTEepQelica OrpaHUYMBAIOT MHOTHE Ba)KHEHIIME HapaMmeTpbl HAaHOCTPYKTYD,
Takue, Halpumep, KakK MOABUKHOCTh CBOOOAHBIX HOCHUTEIEH M KBAaHTOBBIM
BBIXOJl JIIOMUHECHEHIMU. lloMMMO HECOBEpHUIEHCTB Ha TpaHMIaX pasiena,
KOTOpbIE B MPUHIMIE YCTPAHUMBI, OOJBIIOE BIUSHUE Ha M[apaMETpPhI
HAaHOCHUCTEM MOXKET OKa3blBaTh M CaMa aTOMapHas CTPYKTypa HJIEaJbHbIX
uHTEeppercoB. JIeKus TMOCBsIIEHA MPOSABICHHUIO ASTOM MPUHUMUIIUAIBHO
HEYCTPAHUMOM MHKPOCTPYKTYpbl HHTepdelica, MNOHWKAIIEH CUMMETPHUIO
HaHOOOBeKTa. [1naH nekuun u ee KpaTrkoe cojep:kaHne MPUBEICHbI HUXKE.

1. 3oHHas cTpyKkTypa OOBEMHBIX MOJIYIPOBOJAHUKOB C PEHIETKON HUHKOBOMN
oomanku (GaAs, AlAs, InP, ZnSe, BeTe, CdTe, HgTe u MHorme npyrue
coenuHenus AszBs um AyBg). Banentnas 3oma I's, ramuiabTOHHaH
JlarTunxepa.

2. CranpapTHble TpaHUuHble ycioBusi bactappa. OOmuil BuA IpaHUYHBIX
YCJOBUH JJIs1 BOJTHOBOUM (DYHKIIUU DJIEKTPOHA B MPOCTOM 30HE.

3. I'pannunbie yCIOBUS B Cllydae CIOKHOW BasieHTHOM 30HHI ['g. [IposiBnenue
AHU3O0TPONIUM XUMHUYECKUX CBsi3e Ha UHTepdeiice — cMmemunBaHue
COCTOSIHUM TSIXKEJIOW U JIerKoil nbIipku Ha uHTepdeiice (001).

4. Dddekrsl UHTEP(DENCHOTO CMEIIMBAHUS COCTOSIHUM TSXKEJIOW M JIETKON
JIBIPKH.

e DOkcutoHbl B cBepxpemeTkeGaAs/AlAs tuna II. ToHkas cTpykTypa
DKCUTOHOB, HAJM4YME€ B OJHOW M TOU XK€ TETEPOCTPYKTYpE IBYX
DKCUTOHHBIX  COCTOSHHA €  paBHBIMH [0  MOIYJIIO,  HO
IPOTUBOIOJIOKHBIMA 110  3HAKYy 3HAYEHUSIMH  AHU30TPOITHOIO
O0OMEHHOTO pacIIeIICHUS.

e [erepocTpykTypbl 0e3 oOumx katuoHa u anuona tumna I (InGaAs/InP)
u tuna I (ZnSe/BeTe, INAs/AISh, InAs/GaSh). I'nrantckas JnHelHas
NOJIAPU3ALIMS U3JIYyYeHHS SKCUTOHOB B cTpykTypax tuna Il (mo 80% u
BBIILIE): B CTPYKTypax C HEA3KBUBAJICHTHBIMU HOPMAaJbHBIM U
WHBEPTUPOBAHHBIM UHTEep(delicaMu 3Ta ONTHYECKass aHU30TPOIUS
HabmonaeTcst 6€3 MPUIOKEHU BHEUTHUX CHUJI, @ TPU SKBUBAJICHTHBIX



uHTep(dericax OHa HABOAUTCSA DIEKTPUUECKUM I0JIeM (TUTaHTCKHIA
KBaHTOBO-pa3MepHbIil addekT [Tokkennca).

WNuTtepdelicHblil BKIaJg B CIMHOBOE PACIICIIICHUE SJIEKTPOHHBIX U
JOBIPOYHBIX JIUCIIEPCHOHHBIX BETBEHM B CTPYKTypax C KBAaHTOBBIMH
amamu. B rerepoctpykTypeSi/SiGe 3T0 paciieryieHue UMEET YHCTO
uHTepelicHyIo IIPUPOLY. Onucanue CIOUH-OPOUTAIBHOIO
pacIICIUIEHNs AbIPOYHBIX IHEPreTUYECKUX BETBEH B MHOTO30HHOM
MOJIETIH.

OHEepreTUYecKnii CHeKTp CBOOOJHBIX HOCHUTENIEH B CTPYKTypax cC
kBaHToBOM simoit HgTe/CdHgTe. Ilpu onpenenenHol (KpUTHUECKON)
TonmHe dc ClIos KBAHTOBOW sSIMBbI 3arpellleHHas 30Ha B CTPYKType
MCYE3aeT, @ 3aBUCHUMOCTh SHEPIHH OT KBa3MMMIIYJIbCa B OKPECTHOCTH
Toukd K = 0 craHoBuTCs JuHeWHOW. B mpocroit KIIp momenu
COCTOSIHAS B 3TOM JIMPAKOBCKOM KOHYCE JBYKPATHO BBIPOKICHBI
(IByMEpHBIH ~ NUPAKOBCKUM  MaTepuai). YYeT  aHU30TPOIHHU
UHTEP(PENCHBIX XUMHUYECKUX CBSI3ed NPUBOAUT K CHSATHUIO DSTOTO
BBIPOXK/ICHHS M PA3JIBOCHUIO IUPAKOBCKOTO KOHYCA.

Hapenennast untrepeiicnas ontuueckas aHU30TPOIIHS.



OOPEKTBI XOJIUIA B IBYMEPHBLIX CUCTEMAX
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OneuH Xomn. B wucropum ¢uzukd He ObUIO, MNOXAIYH, IPYyroro
UCCJIeIoBaTeNs, KOTOPBINA ObI Jal CBOE UM TaKOMY OOJbIIOMY psny 3G (dEKTOoB.
Opdexr Xomna, anomanbHbld 3Pdext Xoiuta, ETOYUCICHHBIA U APOOHBIN
kBaHTOBBIC 3 dekThl XO0Juta, CIUHOBBIA, OOpPaTHBIA CHUHOBBIA M KBAaHTOBBIM
CIMHOBBIN 3P PexTrl Xoia, Tonojgoruueckuit 3pPext Xosmia — BOT JalleKO HeE
MOJIHBIA CIHCOK SIBIICHUH, OTHOCSIIMXCS K TPAHCIIOPTY HOCHUTENEH 3apsia B
TBEPJOM TeJie. A eCTh €llle MHOKECTBO ONTHYECKUX U aKyCTHUECKHX aHaJIOTOB
ITUX 3JEKTPOHHBIX 3(PPEKTOB.

B noxnane mpencraBiieH 0030p COBPEMEHHOTO COCTOSIHUS JI€7T B 00JacTH
3p¢pexkroB Xomia B JBYMEPHBIX 3JEKTPOHHBIX CHUCTEMaX, OOCYXAArOTCS
MUKPOCKOIIUYECKUE MEXAHU3MBbI ATUX SIBJICHU.

Oco6oe BHUMaHue OyJeT yAeIeHO KBAHTOBOMY, KBAHTOBOMY CIIMHOBOMY
U KBaHTOBOMY aHoMmalibHOMY 3¢dektam Xoiuta. B stux sddexrax nepeHoc
3apsiia U CIMHA OCYIIECTBIISIETCS MO OJHOMEPHBIM KaHajaM, BO3ZHUKAIOIIUM Ha
Kpasix JBYMEpPHOW CTPYKTypbl KOHEYHOIO pa3Mepa H3-3a HETPUBUAIBHON
TOMOJIOTHH 3JEKTPOHHBIX COCTOSIHMM B 0ObeMe CTpyKTyphwl [1]. B kBaHTOBOM
apdexTe Xoia KpaeBble COCTOSIHUS UMEIOT KHPAJIbHYIO CTPYKTYPY U CBS3aHBI
c ¢opmupoBaHueM ypoBHel JlaHmay B MarHuTHOM Tiojie. B KBaHTOBOM
cnuHOBOM 3¢ dekte Xoiuia KpaeBble COCTOSHUS BO3HUKAIOT 32 CUET WHBEPCHUU
30H B TOJYNMPOBOJHUKAX C CHIBHBIM CIWH-OPOUTAIBLHBIM B3aUMOJICHCTBHEM
[1, 2]. B aTOM cityyae cOCTOAHMS UMEIOT TOMOJIOTHYECKYIO 3AIIUTY, CBA3aHHYIO
C KpaMepCOBBIM BBIpOXKICHHEM. [IpuioskeHne BHEIIHETO0 MarHUTHOTO TOJIS
CHUMAeT TOMNOJIOTHYECKYIO 3aIIUTy M OTKPHIBAET WIENIb B CIEKTPE KpPaeBbIX
COCTOSIHMM, TPUBOAS K aHJAEPCOHOBCKOM JIOKAIM3allMM JJIEKTPOHOB U
NOJIABJICHUIO AJIEKTPOHHOIO TpaHcmopTra. B  JABYMEpHBIX TOIMOJIOTHYECKUX
U30JIITOPaX HAa OCHOBE IOJYIPOBOJHUKOB C PEUIETKOM IIMHKOBOM OOMAaHKH
HIeJb B CHEKTPE KPAeBbIX COCTOSIHMM SIBJSETCS CUJIBHO aHM30TPOITHOM
GyHKIIME MarHUTHOTO TIOJNSI W JIOCTUTaeT HauOOJbIIEro 3HA4YCHHUsS B
NEepHeHIUKYyJIspHOM MarHuTHoM tone [3]. IlomaBienwe TpaHcmopra MO
KpacBbIM KaHaJlaM B TEPICHIUKYIIPHOM MAarHUTHOM TII0Ji€ HaOII0AalOCh
HEJIAaBHO B TOMOJIOTMUYECKUX H30JIATOpaX Ha OCHOBE TEILTYypUaa PTYTH [4].

Pa6ora nogaeprxana rpantom PH® (mmpoext Nel7-12-01265).
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YTO TAKOE CWIBHBIE 2JIEKTPOHHBIE KOPPEJIALIMA
(HA TIPUMEPE 'EKCABOPUJJA CAMAPHUA)?

B.B. I'nymikos
HUncmumym obweti gouzuxu um. A.M. [Ipoxoposa PAH, Mockea
E-mail: glushkov@It.gpi.ru

['excabopuy camapusi SIBISIETCS KIIACCUYECKUM TPUMEPOM CHUCTEM C
CWIbHBIMU 3JIEKTPOHHBIMU KOPpETSUsiMU. B 3TOM coeqMHEHUU COCTOSHUS
MOHOB camapus ¢ pasHbiM uncioM 4f-snextponos (4f" u 4f ") okaswiBaroTcs
BbIpOXKAeHHbIMH [1,2]. Ilepexoabpl MexIy pa3au4yHbIMA 3JIEKTPOHHBIMU
KOHQUTYpalMsIMU TPUBOJAT K HELEJIOYHCICHHOW BaJCHTHOCTH MOHA CaMapus
(mms SmBg: v~ 2.6 [3]) U, Kak CIEACTBUE, K YaCTHYHOHN Aciokanu3anuu 4f-
COCTOSIHUA W CWJIBHBIM (UIYKTyallusiM MarHMTHOTO MOMEHTa. B pexwume
CHJILHOT'O B3aMMOJCHUCTBUS JIOKATH30BaHHBIX 4f- W 30HHBIX 50-371€KTPOHOB B
30HHOM cHeKTpe SMBg OTKpbIBaeTCs rMOpUAN3allMOHHAsA IIeb (e~ 19 mdB
[4]), 4TO MO3BOJSET OTHECTH 3TO COEAUMHEHUE C KyOMUYECKOW CTPYKTYpOll K
KJIAaCCy CHUJIBHO KOPPEIMPOBAHHBIX  Y3KO30HHBIX  IOJYIMPOBOAHHKOB C
aHOMAaJIbHO BBICOKMMHU 3HAYCHUSAMU () (PEKTUBHBIX MaCC JIEKTPOHOB (~ 30mMp) u
TbIpok (~ 1500mg) [5, 6].

CunbHbIE AJIEKTPOHHBIE KOPPENALMH ONPEACISIIOT W Pl aHOMAaJHi
TPaHCIIOPTHBIX CBOMCTB Tekcabopuaa camapus, OJlHa M3 KOTOPBIX CBS3aHA C
«HACBIIIIEHUEM»  yaenabHoro compoTuBieHuss (p ~ 10+100 Owm-cm),
HaOmomaommmes  npu - 1< 5 K mi1g  BceX  HCCIEOOBAaHHBIX
MOHOKpHUCTAIITNYECKHX 00pasnoB. [Ipu 6osee BRICOKUX TeMIepaTrypax Hajandne
JBYX aKTUBAallMOHHBIX YYACTKOB C DHEPTHUSIMU aKTUBALMU ~ 3-6 MaB u ~ 20 M2B
Ha TEMIEPATYPHBIX 3aBHUCHUMOCTSIX TPAHCHOPTHBIX CBOWCTB TMO3BOJISIET YETKO
UACHTU(DULIMPOBATh CMEHY PEKUMOB 3aps0BOIO TPAHCIIOPTA C MEPEXOAOM OT
COOCTBEHHOMU
(T> 15 K) k npumecnoii (T< 15 K) npoBogumoctu [6]. UHTEpecHO, UTO «Majas»
sHeprusa aktuBauu (Eex 3.5+6 MdB), onpenenstomnias noBeneHne napameTpon
3apsiioBoro TpaHcmopta mpu 1< 15 K, 3aBucuT OT HampaBieHUS TOKa
OTHOCHTENFHO KpHUCTaJUTMUecKkol pemetkn SMBg [7]. OOHapyxeHHas
aHW30TPONHS TPAHCIIOPTHBIX CBOMCTB COIJIACyeTCSI C MPOCTPAHCTBEHHOM
HAIPaBJICHHOCTHIO AKCUTOH-TIOJISIPOHHBIX KOMIUIEKCOB, (DOPMHUPYIOIIUXCS B
peKUME OBICTPHIX 3apsSIOBBIX (UIYKTyalldii B OKPECTHOCTH HOHOB Sm [8].
DKCUTOH-TIOJISIPOHHAST MOJIETTh 3apsioBbIX (GuykTyannii B SMBg [8] mo3BossieT
pa3lenTh BKIAAbl B SHEPTUIO CBSI3UM MHOTOYACTHUYHBIX (IKCUTOH-TIOJIIPOHHBIX )
COCTOSIHUM OT W30TPONMHON 5JKCUTOHHOW KOMIOHEHThl (Eexx 3 M3B) w
aHU30TPONMHOro mnojsipoHHoro noreHumana (Ep= 0.5+3 MdB), Bennuuna
KOTOPOTO 3aBUCUT OT KpucTauiorpaduueckoro HampasiaeHus. [Ipu aTom ananmms
COBOKYITHOCTH JIaHHBIX U3MEPEHUN TPAHCIOPTHHIX, ONTHUYECKUX M MarHUTHBIX
ceoiictB SmBg npu T<T™ ~ 5 K [5-7, 9] mo3BonseT cuenaTh BBIBOL 00
AJNIEKTPOHHOM (ha30BOM TMEpPEX0Jie B KOTEPEHTHOE COCTOSIHUE 3JIEKTPOHHO-
JOBIPOYHOM  JKMJIKOCTH,  OINHKCHIBAEMOM  SKCUTOH-TIOJSIPOHHON  MOJENbIO
3apsiIOBBIX (DIIyKTyanuit [8].



OpnHako, SKCUTOH-TIOJSIPOHHBIM MeXaHu3M (HOPMHUPOBAHHSI OCHOBHOTO
cocrostHust SMBg  [6-9] ocmapuBaeTcs  JaHHBIMH  (DOTOAIMHUCCHOHHOM
CIIEKTPOCKONMU C YIJI0BbIM paspemenueMm [10—11], ykaspiBarommmu Ha
NOSIBJICHUE B 3alpelieHHON 30HEe Tekcabopuja caMapus COCTOSHUN C
JBYMEPHBIM JHPAKOBCKUM CHEKTPOM. COTJIaCHO MOJIEN KOPPEIUPOBAHHOTO
tonosiornyeckoro uzosaropa (KTH) [12] 3TH MOBEPXHOCTHBIE COCTOSHUS
BO3HMKAIOT M3-32 HETPUBUAIBHOM TOMOJOTUU 30HHOM CTPYKTYphl rekcabopuaa
camapus (COOTBETCTBYIOIMK Z; mHBapuaHT st SMBg pasen (1;111) [12]). B
OTJINYME OT DSKCUTOH-TIONSpOoHHOro mnonaxoaa [8] xonuenuus KTU [12]
CBA3BIBAET HE3aBUCALIEE OT TEMIIEPATypbl VYAEJIBHOE CONPOTHBICHHE B
OCHOBHOM COCTOSIHUM SMBg ¢ mepexoaoM OT 00BEMHOW MPOBOAMMOCTH C
30HHBIMHM HOCHUTEJISIMU 3apsijia K AJIEKTPOHHOMY TPAHCIOPTY MO MOBEPXHOCTHBIM
COCTOSIHUSAIM, OMNPENEISAIOINM BO3HUKHOBEHHE JIBYMEPHOTO METAJNIMYECKOIO
ciost Ha rpanuie marepuana [12—13]. JKecTkas cBsA3p MeXAYy MNOJISIpU3ALUCH
CIIMHA Y HAaNpaBJIECHUEM HMITYJIbCa AJIEKTPOHA, ONMpeesieMasl CUIIbHBIM CITHH-
OpOUTANBHBIM B3aUMOJICUCTBHEM, OOECIEUMBACT COXpPAHEHHWE OpHUEHTAIUU
cruHa W OEe3/IMCCUIIATUBHBIA TMEPEHOC 3apsfa H3-3a IMOJABJICHUS IMPOIIECCOB
paccessHUST  DJIEKTPOHOB HAa HEMArHUTHBIX JePeKTax U  HEPOBHOCTAX
noBepxHOoCcTH [14]. KupaJbHOCTBAMPAKOBCKUX HJIEKTPOHOB MOATBEPKAAIOT
HAOJIOACHUSI MArHUTHOTO KPYrOBOTO JUXpOM3Ma, OOHApPYKEHHOro IS
coctostHui B Toukax X u [ 30Hbl BpuintosHa nmo aHanoruud ¢ JaHHBIMH IS
KJIACCHUYECKOI0 TOIOJIOTHYECKOro u3oiisitopa BiyTes [15]. Ha momuHMpyromnmii
BKJIaJl TIOBEPXHOCTHBIX COCTOSIHMI B IPOILIECCHI MEPEHOCA 3apsiia MPU HU3KHUX
TeMIiepaTypax yKa3biBalOT #  J(PGEKTbl HEJIOKaTbHON  IMPOBOJIUMOCTH,
MPOSIBIISIFONINECS TPU U3MEHEHUN T€OMETPUM TOKOBBIX ITyTEH MPHU MEPEXOAE OT
TPEXMEPHOTO K IBYMEPHOMY PEXKUMY AJIEKTPOHHOTO TpaHcnopTa [ 14, 16].

B noknage obcyxnaercss COBpEMEHHOE COCTOSIHME MCCIEIOBAaHUM 3TOrO
YAUBUTEIIBHOTO COCIMHEHUSI C MPOMEKYTOUYHOM BAJIECHTHOCTHIO, PACCMOTPEHBI
MPOTUBOPEYMS B MOJAXOJaX W MOJENSX, NpeasiaraeMblX [Jisi OObSICHEHUS
OCOOEHHOCTEM HSJIEKTPOHHBIX CBOWCTB SmBg. B wacTHOCTH, mnapameTpsl
nByMepHou moBepxHoctd Depmu, ompeneneHHbIe MO JaHHBIM KBaHTOBBIX
OCLWJUIALIMN HaMarHnyeHHocTu [17], He cormacyrorces ¢ pesyiapratamu [18] m
JAHHBIMA HM3MEPEHUM CHEKTPOB PEHTIEHOBCKOW (DOTOIMHUCCHU C YIJIOBBIM
paspemrenneM (ARPES) [19-21]. Bomee Toro, HecMOTpss Ha BBICOKYIO
MOABUKHOCTh TOBEPXHOCTHBIX HOCHUTENEH 3apsijia, KBAaHTOBBbIE OCHMWIISLIHUH
MPOBOJMMOCTH HE HAONMIOMAIOTCSI BO BCEM HCCICOBAHHOM JIMAMa30He
temneparyp (mo 20 MK) wm wmarmutHbIXx momedr (mo 15 Tm) [20-23].
KoHueHTpayss MmoBepXHOCTHBIX coctossHui 1.1-10®° cM?, oneHeHHas wu3
XOJUTOBCKUX M3MEpEeHHM 00pa3ioB pa3Hol TommuHbel [13], oka3biBaercs
aHOMaJIbHO  BBICOKOM  JJIi  JMpakoBckoro  cmektpa.  OOcyxnaercs
anbTepHaTUBHBIA monxon kK aHanuzy ARPES cnektpos [24], B koTOpoM
MarHUTHBIM KPYrOBOM HUXPOU3M OOBSICHSETCS TMUraHTCKUM 3 dexrtom PamiOsl
0e3 TpHBICUCHUS TOMOJOTHYECKMX Mojeneld. B  mokmame moapoOHO
PacCMOTPEHBI Pe3yJIbTaThl MarHHTOPE30HAHCHBIX HcciemnoBanuii SmBg [25],
COTJIACHO KOTOPBIM MOSIBJIEHUE TEMIIEPATypPHO-UHAYIIMPOBAHHBIX MarHUTHBIX



MOMEHTOB B MPUIOBEPXHOCTHOM CJIO€ IMpPU TEIUEBBIX TEMIIEpaTypax He
MPUBOJUT K BUAUMBIM U3MEHEHUSIM MOBEPXHOCTHOM MPOoBOIUMOCTH. U3Mepenust
MarHUTHOTO  pE30HaHCa TMOKa3ald, 4YTO TeMIepaTypHasi 3aBUCHUMOCTb
WHTErPaIbHOM HMHTEHCUBHOCTH JIEMOHCTPUPYET AaHOMAJIbHOE KPUTHYECKOE
MOBEJICHUE I(T) ~ (T°-T)« c XapaKTepHOI TeMIepaTypoi
T" = 5.34 K u nokaszaresneMm crenenn o~ 0.38 [25]. HeoObuHOE HOBEICHUE
napamMeTpoB MarHUTHOTO PE30HAHCA YKa3blBAET HA BO3MOKHBI MarHUTHBIM
dazoBbiii mepexon Ha mosepxHocTH (110) SmBs, uTO He cormacyercs c
TEeMIIEpaTypHO HE3aBUCUMBIMU XapaKTEePUCTHUKAMU MOBEPXHOCTHBIX
AJNIEKTPOHHBIX ~ COCTOSIHMM,  MpPEACKa3blBAEMbIMH B paMKax  MOJEIH
KoppenupoBaHHbix TU [12].

PaGota mogneprxana rpantom PODOU Ne 17-02-00127.
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BJIEKTPOHHBIN TPAHCIIOPT B CUCTEMAX C MATHUTHBIMU
CKNPMHOHAMMU

K.C. Jlenucos
Quzuxo-mexuuyeckuil uncmumym um. A.@. Hogghe PAH, Cankxm-Ilemepoype
Canxm-Ilemepoypeckuii Axademuyeckui ynueepcumem um K.U. Angpeposa
PAH, Canxm-Ilemepoype
E-mail: denisokonstantin@gmail.com

[Torck HOBBIX (UBNYECKUX SIBICHHUN, CBA3aHHBIX CO CIHWHOBBIMU
CTENEHSMU CBOOOIbI HOCUTEINIEH 3apsiia B Pa3IMYHbIX MAaTEPHAIBHBIX CUCTEMAX,
3aHMMaeT BaXXHOE MECTO B (DYHJAMEHTAJIbHBIX U MPHUKIATIHBIX HUCCIICIOBAHUIX.
Cpenu Hambonee SPKUX HANPABICHUM IOCIETHETO NECATUIIETUS BBIIEISACTCS
M3YYeHUE MarHUTHBIX CUCTEM, B KOTOPBIX CIIUH- OpOUTAIBbHOE B3aUMOICCTBHE
OPUBOJUT K (POPMUPOBAHUIO CIOXKHOTO MPOCTPAHCTBEHHO-YIOPSIOYEHHOTO
pacrpenesieHuss HaMarHUY€HHOCTH. BaykHEeWINii puMep UCCIEN0BAHUNM B 3TOM
HAIpaBJICHUU CBSA3aH C M3yuyeHUEM (U3MKUA MArHUTHBIX CKHUPMHUOHOB B
(beppOMarHUTHBIX IUICHKAX ¥ MArHUTHBIX FeTepocTpyKTypax [1-3]. MarHuTHbIi
CKUPMHOH  MpPEJACTaBIsieT  COOOW  KHpAJIbHOECOJUTOHHOE  COCTOSIHHE
HAMarHM4eHHOCTH, XapaKTEpPU3YIOLIEeCs HETPUBHAIBHOM TONOJOTHEH H
KOMITaKTHBIM pazMepom. CrnoxHas TOIOJIOTHSI pacrpeneneHus
HAaMarHWYEHHOCTU BHYTPU CKUPMHOHA 00ECIIEYUBAET €r0 TEPMOJINHAMUYECKYIO
CTaOMJIBHOCTB, KOTOpPasi B HEKOTOPBIX CIy4astX MOXKET ObITh COXpaHEHa BIUIOTh
0 KOMHATHBIX TeMmiepaTyp. boiiee TOro, cuctembl, JOIMYCKAIOIIUE
GbopMHpOBaHWE WHIMBHUIYAIbHBIX MArHUTHBIX CKHUPMHUOHOB, B TIOCJIEIHEE
BpeMs NpHOOpend OcoOblil MHTEpeC B CBA3M C UX OONBIIMM MPUKIATHBIM
NOTEHIIMAJIOM W BO3MOKHOCTBIO TPUMEHEHHSI B JIOTMYECKUX YCTPOMCTBaX
HOBOro mokojieHus [3]. B wacTHocTH, B CTpyKTypax Ha ocHOBe race-track
ApPXUTEKTYpPhl MOXHO JIOOUTbCA OBICTPOrO MEpPEMEIICHUsS CKUPMHUOHOB C
MTOMOIIBIO JIEKTPUUYECKOTO TOKA [4]. 3HAYMTEIBHBIN MPOTPECC, MPOU3OIIE AN
B HEJAaBHEE BpeMs, CBsA3aH C [PUMEHEHHEM METOJOB BHU3YaJIU3aLHNH
NIOBEPXHOCTU MArHUTHBIX CpEI, YTO IPUBEIO K OTKPBITUIO PA3IUYHBIX
MaTepuajgbHBIX  IIaTGOpM,  AOMYyCKAIOMIMX  OOpa30BaHHWE  MarHUTHBIX
CKUPMHOHOB HAHOMETPOBOTO Maciitabda [5—7].

@opMUpPOBAaHME MAarHUTHBIX CKUPMHOHOB B CHCTEME CYILECTBEHHBIM
0o0pa3oM CKa3bIBaeTCS Ha €€ JIJIEKTpUUYECKuX cBoicTBax. Ilpu uccienoBanuu
ANEKTPOCONPOTUBIIEHUS KHUPAIbHBIX CIIMHOBBIX CHUCTEM OOHAPYKUBAETCS
JOTIOJTHUTENBHOE MaJeHUE HaNpsDKeHWsT Ha  [ONEPEYHbIX KOHTaKTax —
tonosiornueckuit  3pdekr Xomna (TIX). Jlauuwii 3PdexkT BO3HUKAET B
pe3yibTaTe AaCUMMETPUM JIBXKEHUS OJJIGKTPOHA TMPU €ro  OOMEHHOTO
B3aMMOJICHCTBUM C IIOJIEM HAMAarHMYeHHOCTH BHYTPU CKHUPMHOHOB [8].
Tomonornueckuii >Pdekt Xoima HUMEEeT BaXHOE NPHUKIAJHOE 3HAYCHHE,
MIOCKOJIBKY ~TTO3BOJISIET JETEKTUPOBAaTh KUPAJIBHBIE CIIMHOBBIE TEKCTYPbI
HAMarHM4eHHOCTH YHCTO 3JIEKTPUYECKHMMH METOJaMU. OKCIIEPUMEHTAJIbHOE
HaOmoaeHne TOX ObUTO YCTAaHOBJICHO B PA3UYHBIX MAaTEPUAIBHBIX CHCTEMax
[5, 6]. B ngokmage Oynmer mpeAcTaBieHa MHUKPOCKOMWYECKas KapTHHA



dbopMHUpOBaHUS JTAHHOTO SIBJICHUS, PACCMOTPEHBI paA3IMYHBIC PEKUMBI U
crenu@uyeckre OCOOCHHOCTH, OTJIHWYarIIue cBoiicTBa TOX oOT mNpodux
MEXaHU3MOB TIOTIEPEYHOT0 JJEKTPOHHOIO OTKJIWKA, a TaKXe OCBEIICHO
COBPEMEHHOE OSKCIEPUMEHTAIBHOE COCTOSHUE MCCIICIOBAaHUN TPaHCIIOPTHBIX
SIBJICHUH B CHCTEMaX ¢ MarHUTHBIMU CKUPMHOHAMU.

Jlannas paboTa BBINOJIHEHA TIpU  MOJJACpKKe rpaHta POOU
Ne17-12-01182.
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MHTEP®ENCHBIE COCTOSIHUS B ABYMEPHBIX 'ETEPOIIEPEXOIAX
CO CIITMH-OPBUTAJIbBHBIM B3AUMOIAENMCTBHUEM OBIIET'O BUJA

A.P. 3aiinaryrannos, A.B. Tene:xHuKoB
Hayuonanvnoiii uccneoosamenvcruii Huscecopoockuii 2ocyoapcmeenHbiii
yuusepcumem um. H.U. Jlobauescrkozo, Huscnuit Hosecopoo
E-mail: zoyal066@mail.ru

B nonynpoBOIHUKOBBIX CTPYKTYpax CyIIECTBEHHOE 3HAUCHHE HA CIIEKTP
HOCHTEJICH MOXKET OKa3bIBaTh CIIMH-0pOuTanbHoe B3anmoeicteue (COB). Tak,
B TOJYNPOBOAHMKAX Oe3 IIeHTpa WHBEPCHH B psAe 3a7ad LeJIecooOpa3zHo
yautbiBath COB Jlpeccenbxaysa, a B 2D 31mekTpoHHOM Trase, chOpMHPOBAHHOM
B acUMMETpUYHOM KBaHTOBOW sime, — COB Pamb6sl. HWccnenoBanue
O0COOEHHOCTEH CIEKTpa HOCHUTENIEH, B TOM YHCIIE OOCYXIECHHE BO3MOXKHOCTH
CyIlIeCTBOBaHMs UHTEpPEHCHBIX cocTOsIHUM, B reTeponepexonax ¢ COB PamoOn
u COB /[lpeccenbxay3a BBIIOJIHEHO, HAIIpUMep, B [1].

B Hacrosimeit pabote paccmatpuBaetcsi rereponepexon ¢ COB o6miero
BUJla (YTO COOTBETCTBYET CHUTyallMd, KOTJla KBaHTOBas sMa BbIpalllecHa B
MIPOU3BOJIBHOM  KpHCTaUIorpadMyeckoM HarpaBieHuu). B »sTtom ciydae
ramuiabToHHMaH COB oka3bIBaeTCs MO-NPEKHEMY JUHEWHBIM IO BOJIHOBOMY
BEKTOpY K:

H, = (aXXO'X +a,0,+a,0, )kX + (OtxyO'X +a, 6, + azyaz)ky (2)
Ha npsmonmneiiHol TpaHuIe, pasaensmomneil miockue obnactu ¢ 2D-
AJIEKTPOHHBIM Ta30M ¢ pa3auuHbiMM KoHcTaHtamu COB ¢« , «cuaut»

kn >
0-00pa3HpIi TOTEHIHAT (KOTOPBIM IIMPOKO WCHOIB3YETCS JUIsl OINMCAHUS
TaMMOITOIO0OHBIX TOBEPXHOCTHBIX COCTOSIHUM y TpaHWIBl pa3ziena). AHamm3
JUCTIEPCUOHHOTO YPaBHEHUS MOKa3all, YTO MOMUMO OOBEMHBIX COCTOSHUUN TIPH
OTIpENICTICHHBIX TapaMeTpax CHUCTEMbl CIEKTP COJCPKUT UHTEpGEeHCHBIC
COCTOSIHUSA, TIpUBEICHHbIC Ha BcTaBke puc.l (a). [loBegeHnue kBaapara mMomayss
BOJTHOBOW (DYHKIIMH, COOTBETCTBYIOIIEH OJTHOMY M3 TAKUX COCTOSIHUM, TTOKa3aHO
Ha puc.l (0). Taxke B paboTe MpoBeAEH aHAIN3 3aBUCUMOCTH YHEPTETUYECKOTO
CIIEKTpa OT PA3TUYHBIX MAPAMETPOB CUCTEMBI.

E ¢'¢

a) 6)

Puc. 1. (a) — mpumep sHepreTuyeckoro crnekrpa rerepornepexoaa ¢ COB obmero Buga. Ha
BCTaBKE — BETBH UHTEP(EHCHBIX COCTOSAHUM; (0) — KBaipaT MOIYJIsl BOJTHOBOM (DYHKIIMH.

1. A.A. Sukhanov, V.A. Sablikov, J. Phys.: Condens. Matter 23, 395601 (2011).


mailto:zoya1066@mail.ru

JIMHAMMKA KPAEBBIX COCTOSHWI 1 BOJTHOBBIX ITAKETOB
HA ITOBEPXHOCTH TOIIOJIOTYECKHUX N30JIAATOPOB
B ITIPUCYTCTBHHM BAPLEPOB

J.A. Kynakog, JI.B. Xomunxuit
Hayuonanvnoiii uccneoosamenvcruii Husxceecopoockuii 2ocyoapcmeenHbiil
yuusepcumem um. H.U. Jlobauescrkozo, Huxcnuii Hoeeopoo
E-mail: deniskulakov@mail.ru

B nocnegHue roapl BO3pOC MHTEPEC K MU3YUEHUIO CBOMCTB JBYMEPHBIX U
TpEXMEpHBIX Tonojoruueckux u3oysitopoB (TH). Ilociennee mpuBoauT K TOMY,
YTO MOJISIPU30BAHHBIC 110 CIOUHY 3JIEKTPOHBI MPAKTUYECKH HE PACCEUBAIOTCS Ha
nedexktax U HEPOBHOCTAX TIOBEPXHOCTH JUAJIEKTPHUKA. OTO CBOMCTBO
NpEACTaBIAeT OONBIION HMHTEpPEC B MPAKTUYECKOM IUIAHE JUISl CO3JaHHS
YCTPOMCTB CIIMHTPOHUKHU Ha 0a3e TaHHbIX MaTepualioB. BeieacTeue yero Meroa
YIOPABJIICHUS JBW)KCHUEM U CIUHOM BOJIHOBOI'O IIaKeTa SBJISETCA Ba)KHOMU
UCCIIEI0BATEIBbCKOM 3a1aueH.

B nanHO#l paboTe McciaenoBaHO YMCICHHOE MOJEIMPOBAHUE JAMHAMUKH
BOJIHOBBIX ITAKETOB HAa IIOBEPXHOCTH TONOJOTMYECKUX H30JsITOpoB [1] B
OPUCYTCTBUM OJHOPOJHOTO (MO OAHOM U3 KOOPAMHAT) HPSIMOYTOJBHOTO
NOTEHUUAIBHOIO Oapbepa € pa3IMYHON HAMarHMYEHHOCTHIO. AHAIUTHYECKU
3a/laya pelaeTcs, UCIOJb3ysl CTaTUYECKOE PA3JIOKEHUE BOJHOBOIO IMAKETa Ha
IUIOCKUE BOJIHBI. Pelnaercss 3agadya o paccesHMM IUIOCKMX BOJH B JAHHOU
cucteMe [2] W TMOJY4YEHHBId pe3yapTaT o000Iaerca JUisl JIBYMEPHBIX
ANIEKTPOHHBIX COCTOSIHUM, OMUCHIBAEMBIX BOJIHOBBIMHU MakeTamu. MccienoBan
3 (}eKT KIeHHOBCKOTO TyHHENUpOBaHus [3].

HccnegoBana  JuHaMUKa  BOJHOBBIX — IMAKETOB HA  MOBEPXHOCTH
TpexmepHbiX TH. YCTaHOBIEHO BIMSHHE DHEPIMM BOJHOBOIO IIAKETa, YIJa
NaJICHUS. Ha MPOXO0XKJICHHUE Yepe3 JIaHHbIE CTPYKTYpHL. McciienoBaHa quHaMUKa
CIMHOBOM  IUIOTHOCTH, OOHapy>K€HO BO3HMKHOBEHHE JOIOJIHUTEIbHBIX
CIMHOBBIX IIOTHOCTEH. Iloka3aHO, 4TO Uil ABYMEPHOIO BOJHOBOIO IAKETa
b (EKT KIESHHOBCKOTO TYHHEIMPOBAHUE MOKET OBITh MOJIaBJICH.

1. X.-L. Qi, S.-Ch. Zhang, Rev. Mod. Phys. 83, 1057 (2011).
2. J. Milton Pereira et al., Phys. Rev. B 74, 045424 (2006).
3. C. Yesilyurt et al., Sci. Rep. 6, 38862 (2016).
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YUET KOPOTKOJAEMCTBVIOIIEN YACTU IIOTEHLIMAJTIA
[IP PACUETE OCHOBHOI'O COCTOSHI S MEJIKUX
[IPUMECHBIX IEHTPOB B ITOJIYIIPOBOJJHNKAX

A.A. Konakos, A.M. MuxaiisioBa, A.A. PeBun
Hayuonanvnoiii uccneoosamenvcruii Husxceecopoockuii 2ocyoapcmeenHbiil
yuusepcumem um. H.U. Jlobauescrkozo, Huscnuit Hoseopoo
E-mail: annmihailoval998@mail.ru

Baxnoit 3amadeil (GU3MKM  TMOJYNPOBOJHUKOB  SIBJSIETCS  pacueT
AIIEKTPOHHBIX COCTOSIHUW YEJUHEHHBIX IPUMECHBIX IEHTPOB — JOHOPOB M
akuentopoB. COCTOSHUSL HOCHUTENS, JIOKAJIM30BAHHOTO HAa MEJIKOM IPUMECHOM
[EHTPE, MOTYT OBITH OMHUCAHBI B paMKaX MPUOIMKEHHUSI OTHOAroIel (PyHKIHH C
3¢ ()EKTUBHBIM TraMUJIBTOHMAHOM, IIOTEHUMAJIbHAsl dSHEPIUs B KOTOPOM
BKJIIOYAET JaTbHOIEUCTBY O (BOIOPOAOTIOIOOHBIN) u
KOPOTKOAECUCTBYIOUINI (THUIAa SKPAaHUPOBAHHOTO KYJIOHOBCKOI'O IOTEHIIMAJIA)
BKiabl [1]. ITocmennuil 3aTpyqHs€T pacyeT KBAHTOBBIX COCTOSIHUM, IIOCKOJIBKY
paccMaTpuBacMoO€ YpPAaBHEHUE MIPEAMHIEPOBCKOIO THUIIA HE HMEET TOYHOIO
aHanuTU4eckoro pemeHus. OCOOCHHO BaXEH y4eT KOpPOTKOAEWCTBYIOIIETO
NOTEHIMAJIA JUIsl JJOHOPHBIX COCTOSIHUM B HEINPSMO30HHBIX IOJYIIPOBOJHUKAX
TUIIa KPEMHHUS U T€PMaHUs BBUIY PE30HAHCHOTO MEXKIOJIMHHOIO CMEIIMBAHMS,
WHIYLIMPOBAHHOTO KOPOTKOAEHCTBYIOINM ITOTEHIUAIOM [2].

B pamkax npubnrxkenust orudaronieil GyHKIUA HaMH pa3padOTaH MOIX0
K pacyeTy SHEPrud M BOJHOBBIX (YHKUHUHA OCHOBHOTO COCTOSIHHSI MEJKHUX
JIOHOPHBIX LIEHTPOB B MPSAMO30HHBIX M HEMPSIMO30HHBIX IMOIYMPOBOJHUKAX C
YYETOM KOPOTKOAEHUCTBYIOIIEH YacTU MOTEHUUAIA. PenmieHne ypaBHEHUMS ISt
orubaroeil MpoBOAWIOCH BapHallMOHHBIM MeTonoM Putna. CnepBa 3aaaua
ObLIa penieHa B ciiydae U30TponHoi 3ddextuBHON Macchl. [IpoOHbIe pyHKINN
BBIOMPAIMCH JIBYX BUJIOB: BOJOPO0TI0100Has ¢ 3¢ deKTUBHBIM paauycoMm bopa
B KauecTBE  BapHAIlMOHHOIO  [apamMerpa M  CylepHno3uuus  JBYX
BOJIOPOJIONIOAO0HBIX, T/I€ OJIHA YUYUTHIBaJa OTKIMK Ha JalbHOAEHCTBYIOLIYIO
4acTh MOTEHLMana, a BTOpas — Ha KOPOTKOAECHUCTBYMOWIYH. Hawnmyummin
pe3yiapTaT JOCTUTaeTcs MpH HCIOJb30BAaHUM (PYHKIIMM BTOPOrO THIIA,
coaepKalled TpU BAapHALMOHHBIX mnapaMeTrpa. [l CpaBHEHMS TaKke
UCIIOJNIb30BaJICSl MEepPTypOaTUBHBIN MOAXOA K PEIICHUIO 3aJaud, OJHAKO €ro
TOYHOCTh OKa3anach HUXKE.

[lonyyennass Ha mOpeaplAylIeM 3Tane BOJHOBas (QyHKUuA Obuia
npeoOpa3oBaHa B  YEThIpEXMapaMETPUUYECKYIO JJisi pacyeTa CTPYKTYpHI
OCHOBHOT'O COCTOSIHMSI JIOHOPOB B TMOJYIPOBOJHUKAX C aAHU30TPOIHOMU
s dexTuBHON Maccou. Haiinensl mapamerpbl BOJHOBBIX (PYHKIUH, Haubosee
0JIN3KO OTBEUAIOIIUE UMEIOIITUMCS SKCIIEPUMEHTAIBHBIM JTaHHBIM [3].

PaboTa nognepsxkana rpantom PODOU Nel19-53-45056.
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ELECTRONIC PHENOMENA
IN NANOSTRUCTURES

HALL EFFECTS IN TWO-DIMENSIONAL SYSTEMS

S.A. Tarasenko
loffe Institute of RAS, Saint-Petersburg, Russia
E-mail: tarasenko@coherent.ioffe.ru

Edwin Hall. There was perhaps no other researcher in the history of
physics who would give his name to such a large number of phenomena. Hall
effect, anomalous Hall effect, integer and fractional quantum Hall effects, spin,
inverse spin, and quantum spin Hall effects, topological Hall effect — this is not a
complete list of phenomena related to transport of charge carriers in solids. And
there are many more optical and acoustic analogues of these electronic effects.

In the talk, | will provide an overview of the current research in the field
of Hall effects in two-dimensional electronic systems and discuss the
microscopic mechanisms of these phenomena.

Particular attention will be paid to the quantum, quantum spin, and
quantum anomalous Hall effects. In these effects, charge and spin transport
occurs along one-dimensional channels arising at the edges of a two-
dimensional structure of finite size due to the non-trivial topology of electronic
states in the bulk of the structure [1]. In the quantum Hall effect, the edge states
are chiral and associated with the formation of the Landau levels in a magnetic
field. In the quantum spin Hall effect, the edge states arise due to band inversion
in semiconductors with strong spin-orbit interaction [1, 2]. In this case, the edge
states have a topological protection associated with the Kramers degeneracy.
Application of an external magnetic field removes the topological protection and
opens a gap in the spectrum of the edge states, leading to the Anderson
localization of electrons and the suppression of electron transport. In two-
dimensional topological insulators based on semiconductors with a zinc blende
structure, the gap in the spectrum of the edge states is an anisotropic function of
the magnetic field and reaches its maximum in a perpendicular magnetic field
[3]. Such a suppression of electron transport along the edge channels by a
perpendicular magnetic field has been recently observed in topological
insulators based on mercury telluride [4].

This work was supported by the Russian Science Foundation (project
Nel17-12-01265).
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INTERFACE STATES IN TWO-DIMENSIONAL HETEROJUNCTIONS
WITH A SPIN-ORBIT INTERACTION OF A GENERAL TYPE

A.V. Telezhnikov, A.R. Zaynagutdinov
Lobachevsky State University of Nizhny Novgorod, Nizhny Novgorod, Russia
E-mail: zoyal066@mail.ru

In semiconductor structures spin-orbit interaction (SOI) can have a
significant effect on the carrier spectrum. So, in semiconductors without an
inversion center in a number of problems it is advisable to take into account the
Dresselhaus SOI, and the Rashba SOI in a 2D electron gas formed in an
asymmetric quantum well. A study of the characteristics of the carrier spectrum,
including a discussion of the possibility of the existence of interface states, in
heterojunctions from the Rashba SOI and the Dresselhaus SOI was performed,
for example, in [1].

In this paper, we consider a heterojunction with a SOI of a general type
(which corresponds to the situation when a quantum well is grown in an
arbitrary crystallographic direction). In this case, the SOl Hamiltonian is still
linear in the wave vector k:

H,, = (axxé'x +a,6,+a,d, )IZX + (axyc%X +a,6, +a,c, )lzy 1)
At the rectilinear boundary dividing planar regions with a 2D electron gas
with various SOI constants, there i1s a «d-shaped» potential (which is widely
used to describe tamme-like surface states at the interface). The analysis of the
dispersion equation showed that in addition to volumetric states for certain
system parameters the spectrum contains interface states shown in the inset in
fig.1 (a). The behavior of the squared modulus of the wave function
corresponding to one of these states is shown in fig.1 (b). The paper also
analyzes the dependence of the energy spectrum on various system parameters.
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Fig. 1. (@) — an example of the energy spectrum of a heterojunction with a SOI of a general
type. The inset — branches of interface states; (b) — the square of the modulus of the wave
function.

1. A.A. Sukhanov, V.A. Sablikov, J. Phys.: Condens. Matter 23, 395601 (2011).
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DYNAMICS OF EDGE STATES AND WAVE PACKETS
ON THE SURFACE OF TOPOLOGICAL INSULATORS IN THE PRESENCE
OF BARRIERS

D.V. Khomitsky, D.A. Kulakov
Lobachevsky State University of Nizhny Novgorod, Nizhny Novgorod, Russia
E-mail: deniskulakov@mail.ru

In recent years, there has been an increased interest in studying the
properties of two-dimensional and three-dimensional topological insulators (T1).
The latter leads to the fact that spin-polarized electrons are practically not
scattered on defects and irregularities of the dielectric surface. This property is
of great interest in practical terms for creating spintronics devices based on
materials data. As a result, the method of controlling the motion and spin of the
wave packet is an important research task.

In this paper, numerical research of the dynamics of wave packets on the
surface of topological insulators [1] in the presence of a homogeneous (one of
the coordinates) rectangular potential barrier with different magnetization is
studied. Analytically, the problem is solved using static decomposition of the
wave packet into plane waves. The problem of plane wave scattering in this
system is solved [2] and the result is generalized for two-dimensional electronic
States described by wave packets. The effect of Klein tunneling is studied [3].

The dynamics of wave packets on the surface of three-dimensional Tl is
studied. The influence of the energy of the wave packet and the angle of
incidence on the passage through these structures is established. The dynamics
of spin density is investigated, and the occurrence of additional spin densities is
found. It is shown that for a two-dimensional wave packet, the Klein tunneling
effect can be suppressed.
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One of the important problems in the semiconductor physics is the
calculation of the electronic states of isolated impurity centers — donors and
acceptors. The states of a carrier localized at a shallow impurity center can be
described wusing the envelope function approximation with an effective
Hamiltonian with potential energy includes 2 contributions: long-range
(hydrogen-like) and short-range (such as a screened Coulomb potential) [1]. The
latter introduces certain difficulties in the calculation of quantum states, since
the considered Schrodinger-like equation does not have an exact analytical
solution. It is especially important to take into account the short-range potential
for donor states in indirect-gap semiconductors such as silicon and germanium
due to the resonant intervalley mixing induced by the short-range potential [2].

Within the framework of the envelope function approximation, an
approach has been developed to calculate the energy and wave functions of the
ground state of shallow donor centers in direct-gap and indirect-gap
semiconductors, taking into account the short-range part of the potential. The
equation for the envelope was solved using the Ritz variational method. First,
the problem was solved for the case of an isotropic effective mass. Two types of
trial wave functions were selected: hydrogen-like with an effective Bohr radius
as a variational parameter and a superposition of two hydrogen-like functions,
where the first one takes into account the response to the long-range part of the
potential, and the second one is determined mostly by the short-range potential.
The best result is achieved using a function of the second type containing three
variational parameters. For comparison, a perturbative approach to solving the
problem was also used, but its accuracy turned out to be lower.

The wave function obtained at the previous stage was converted into a
four-parameter one for calculating the structure of the donor ground state in
indirect-gap semiconductors (Si and Ge) with an anisotropic effective mass. We
found the parameters of the wave functions that most closely correspond to the
available experimental data [3].

The work was supported by RFBR (grant Ne19-53-45056).

1. W. Kohn, J.M. Luttinger, Phys. Rev. 98, 915 (1955).
2. S.T. Pantelides, C.T. Sah, Phys. Rev. B 10, 621 (1974).
3. A.K. Ramdas, S. Rodriguez, Rep. Prog. Phys. 44, 1297 (1981).



MHOYCTPUAJIbBHAA ®OTOHUKA

[IPUMEHEHUE I'PAJJUEHTHOM OITTUKHN B KAHAJIE BOJIC
JIJ1S1 OPT AHU3ALINU ITEPEJJAYU TEJIEMETPUUECKOU
NHOOPMAILIMU OT T'MPOCTABMIIN3NPOBAHHBIX TATUHUKOB,
PACIIOJIOXXEHHBIX HA KAYAIOIIEMCA OCHOBAHNUN
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AO T10 «¥Ypanvckuii onmuxo-mexarnuyeckuti 3a600 um. J.C. Anamosay,
Examepunoype
E-mail: kancelyariya@uomz.com

[Ipaktuka MCIIOJIb30BaHUS TUPOCTAOMIIU3UPOBAHHBIX OITHKO-
annekTpoHHbIX cucteM (ODC) B HacTosIee BpeMs BCE Yallle COMpPSIKEHa C
pelIeHreM 3a7a4 Nepeladyd 3HAaYuTeNbHOro o0bemMa MH(POPMAalUU B PEXKHUME
peanbHOro BpemeHHU. [IpuMeHeHne BOJOKOHHO-ONTUYECKUX JUHUN CBSI3U IS
nepeavn TeIeMeTpUIeCKO HHPOPMALIMK Yepe3 MOJBUKHBIE Y3JIbl COUWICHEHHUS
KOHCTPYKTUBHBIX cocTaBisiommx O3C Bieuer 3a co0Oil  U3MEHEHHE
TpeOOBaHUM K DJIEMEHTHON 0a3e¢ BOJOKOHHO-ONTHYECKOW TEXHUKH B 4YacTH
NOBBIIICHHS II0KA3aTENE HAIEKHOCTH B JKCIUTyaTallUM U TEXHOJOTHUYHOCTH
IIPU U3TOTOBJICHUM CEPUIHBIX 00pa3LIOB.

KomnexktuB koHCTpYKTOpOoB AO 110 «YOM3» um. 2.C. fnamoBa B cBoei
IIPaKTUKE MPOAODKUTEIIBHOE BpEMS UCIIONB3YET pasiuuHble 35ieMeHTsl BOJIC u
BeJeT paboOTy 1O M3rOTOBJIICHUIO BpAIIAIOIIErOCSd  COCIUHUTENS IS
BOJIOKOHHBIX CBETOBOJOB, B COCTAaB KOTOPOrO BBEAECHBI KOHCTPYKTHBHBIE
AJIIEMEHTBI TPATUEHTHOMN ONTHUKHU.

[Ipy mpoeKTUpOBaHMHU BPAIIAIOLIETOCS COeMUHUTENS crienranuctamu AO
[1O «YOM3» yuuThIBAIUCH (PAKTOPHI PACCOTIIACOBAHUS JIEMEHTOB ONTHYECKOM
cucteMbl. K TakoBbIM OBLIM OTHECEHBl BEIMYMHBI: 3a30p MEXIYy TOpLAMHU
COCJIMHAEMBIX TPYIMI 3JEMEHTOB, CMEIICHHE MPOAOJbHBIX OCEH TIpymnm
AJIEMEHTOB B MEPIEHIUKYJISIPHOU IIOCKOCTH, YIJIOBOE CMEUIEHUE MPOJOJIbHBIX
OCel BJIEMEHTOB, HEMApaUIEIbHOCTh COEIUHAEMBIX TPYMNI  JJIEMEHTOB,
[IEPOXOBATOCTh HA TOPIAX M MOBEPXHOCTIX ONTHYECKUX AJIEMEHTOB. Takum
o0Opa3oM, 3ajgadya MPOEKTUPOBAHMS BPAIIAIOIIETOCS COEIUHUTENSI COCTOsAIA B
ONpENEICHUH JOMYCKOB HA paccOrlaCOBAaHUWE COEIUHSAEMBIX TI'PAJIUECHTHBIX
AJIEMEHTOB I10 33JIaHHON BEJIMYUHE BHOCHUMBIX ONTUYECKHUX NOTEPb.

OTnMUUTEeNTFHONM OCOOCHHOCTHIO TMPUMEHEHHOW ONTUYECKOW CXEMBbI
SBIISIETCSL TO, YTO MOBEPXHOCTh cpeprudeckoil GopMbl TPAJUEHTHOTO 3JIEMEHTA
YMEHBIIAET MOKa3aTellb 0OPAaTHBIX MOTEPh, YTO AAET BO3MOKHOCTb NMPUMEHSTh
pa3paboTaHHBIA MEPEXO] B ONTUYECKUX JIMHUAX IIMPOKOMOJIOCHOW HU(poBOit
nepeaayr, IMPOKOMOJIOCHOW aHaloroBOM Mepelayd WA B MaruCTpalibHbBIX
JUHUSAX C OOJIBILIUM YUCJIOM PAa3bEMHBIX COCAMHEHUM.

BriBogel: Ilpumenenne AO I10 «YOM3» rpaaueHTHBIX ONTHYECKUX
JIEMEHTOB B BOJIOKOHHO-ONTHYECKMX  BPAILAIOIIMXCA  COCIUHUTEIAX
BCJIEACTBUE TOBBIIIEHUS TEXHOJOTMYHOCTH M  BBICOKMX  IIOKa3aTeseu



HAJIKHOCTH B COCTaBE MPOEKTUPYEMBIX MPUOOPOB TMO3BOJUT CO3/1aBATh
CUCTEMBl C PACHIMPEHHBIM CIEKTPOM (YHKUUA ¢ BBICOKOM CTENEHBIO
aBTOMaTHU3aIIUU.



