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Foreword

Georgian Technical University has initiated the organization of the 2nd International
Conference “Nanotechnologies” (Nano — 2012). And since, in the same period — the fall of 2012 —
the International Scientific Conference “Basic Paradigm in Science and Technology Development
for the 21st Century” (Tbilisi, Georgia, September 19 — 21, 2012) dedicated to the 90th Anniversary
of the Georgian Technical University was planned to be hold, it was decided to conduct
Nano — 2012 in frames of this multi-disciplinary conference, as one of its sessions.

In present Collection, the contents of Nano — 2012’s presentations are published in forms of
full-papers or abstracts in accordance to the author’s submissions. Here are the contents of 42
presentations made by 117 authors from 30 research centers of 8 countries. Their field is very
broad covering almost all major issues of nanotechnologies and nanosciences such as: the theory
and modeling of nanostructures morphology and nanoscale physical phenomena; producing the
nanopowdered metals, alloys and ceramics including oxide ones; the growth of nanoclusters;
nanocatalysts, nanochemistry processes and methods; nanometrology, nanobiotechnology and
nanopreparations usages in medicine, etc.

The Program Committee of the 2nd International Conference “Nanotechnologies” expresses
its deep gratitude to Rector of the Georgian Technical University Professor Archil Prangishvili,
Rector’s Office, Administrations of the Faculty of Informatics and Control Systems and the
Department of Physics — the interest shown by them and their effective support have made it
possible the holding Nano — 2012, as well as the publication of this volume.

Alex Gerasimov
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ITpepucnoBue

Opranusanuio 2-oii Mexaynaponuoit xoHdepennuu ‘Hanorexuonorun” (Hamo — 2012)
B35UI Ha ceOs I'py3sMHCKMI TeXHW4YeCKMH yHUBepCHUTeT. M IMOCKOIBKY B TOT JKe IepUOJ, — OCEHBIO
2012 roma — mraHmpoBamack MexzayHaposHas HayuHas KoHdepeHius ‘OCHOBHbIE IIapaJUTrMBI
pasBuTuia Hayku u TexHosnoruit 21-ro Beka” (T6mmmcm, I'pysus, 19 — 21 cenrabpa 2012 roga),
nocBAmeHHoR 90-ymetuio I'pysMHCKOrO TeXHMYECKOTO yHHBEPCUTETa, OBLIO pellleHO IIpOBefeHUe
Hano — 2012 B paMkax 5TO# MyJIbTUAUCHIUIMHAPHON KOH(pepeHINH, KaK OTHON U3 ee CeKIIMIL.

Copepxanms mnpencraBmeHHbix Ha Hano — 2012 goxrazoB B HacrosmeM COOpHUKE
myGINKYIOTCA B BUJle CTaThel MJIM Te3MCOB, KAXABIH — B TOH (opMe, B KOTOPOI OBUI IIOZAH HAM
aBTOpaMH. 371eCh IIpeICTaBIeHsI comep:kanud 42 moknazos 117 aBropos u3 30 HayYHBIX IIeHTPOB 8
crpad. TemMaTukKa JOKJIaZiloOB BechbMa IIMPOKa — OHAa OXBAaThIBAaeT IIPAKTUYeCKU BCe OCHOBHBIE
HaIpaBJIeHUsA HAHOTEXHOJOTUH UM HAHOHAYK, TAKHMe KaK — TeOPUS U MOJeJIUpOBaHHe MOP(OIOTUU
HAaHOCTPYKTYp Y HAHOMACIITaOHBIX (GU3NYECKHX ABJIEHWH; IOJIy4eHHe HaHOAUCIEPCHBIX
IIOPOLIKOB METAJIJIOB, CIIJIABOB M KepPaMUK, B TOM 4YMCJIe — OKCHJAHBIX; POCT HAHOKJIACTEPOB;
HaHOKaTaJI13aTOPEI, HaHOXMMUYeCcKue IIPOIIeCCHI u MeTOJIbI; HaHOMETPOJIOTHUS;
HAaHOOHMOTEXHOJIOTUH U IPIMEeHeH! HaHOIIPeIlapaToB B MeAUIIHE; U T.J.

ITporpamMusiii komuTer 2-0ffi MexzayHapoauoit koHdepennuu “Hanorexnomoruum”
BBIp@)KaeT CBOIO IIyOKYIO O6JIarOZapHOCTh PeKTOPY I'Py3HMHCKOrO TeXHHYeCKOrO yHHBEpCUTeTa
npodeccopy Apumny Ilpanrumsuin, pextopaTy B IenoM, pykoBozcrBam —Qaxyisrera
MHGOPMATHKKU U CHUCTeM ylpaBieHus u JlemaprameHnra dusuku — 0e3 MHTepeca, IIPOABIEHHOTO
UMU, U OKa3aHHOOH IefCTBEHHOI IoMouru GbII0 GBI HEBO3MOXKHO IpoBegeHue Hamo — 2012 u
M3JaHue HACTOAILIEro COOpHUKA.

Arrexce#t I'epacumos
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d9Lodegdgao  0db6gds  MmMsbobdol yzgws gog3gmoo  bsffoemol  smgabs [5]. Mboo
3936086mm, GM®I gl 636Md0M3M30BHIM0 MIGOME doeBg F9d30MJOIMO OJOLIM30L
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56 046905, 565990 LOYWOOE Sboer gegdgbEWe dsBsBY d9Jdboro bsbmdomzMa3om@gmo.
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00MEMA0MH0  9egdgb@gdol s9mygbads sMH5MMYIBMEn Bsloegdmb gMMo. sdobsmzol 3o
265 58993530l MOHP6IOL S BIMORBMEMB FgBOOL Fgdbmermaos 30d3G0Wo
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3005605, MHMI  sbogr  3080M0EME  bgwbsfymgdbg 99Jdboer  bgwlisfiymgdls  3Jmboqgls
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0539380609005 500530560l sHOMZbgdOL og30LgdMYdILSE [6].

X9O 300093 boel dmOO 53dMdES: “0ToLMZOL MMI 509335GM© F93036Mm™ M09
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0bgds, 90539  9MOoL  dMbBgds, MMIgoi  dobsfgmdos  Jombgzgdol obdolb  Bzgbo
9900mOoLYM30L” [8]. 53O0y, 3MmAboE0MGmo d93bogMgdol 99900 9@T0sBL Lodregdsls

dolgaL sboero 30060 bgebsfymgdo s FMH3mL bgemgbm@mo 0bdgwgd@oom.

A99bmmyogdol  sbgm  dgedfigdsls 3. 3. 3mzsebm30  MHmgdL  dgbogPgdoms o
A996mmy0990L 363960963058 (R99M056935, MMHP0xMmIg0Hg3s) s 306390 sMgdoL
dobgz00m 3Jdbols sdM9395¢ Mol Bd03L, Lowsz b 60dbogl LmEoswrwe s 33sbo@sG e
3936096939dL, MMIgdoE 9030560l Ji3935L 39bs3oM™MdgdL [9]. dobo sBGOm, BdoIL-Ob
Lodwoegd0m dg0degds B3960 303000BEG00L 2osMBYbs, BoyEed 59 49035¢olobgd o oM
560 5530560L 09O dOL BodEHmMo.

33090905 2930bLgbMmm  353MdMOMOOL,  399b0b  sfyqgdero, Aoty
299M(300q0s, MHMI 50530560  05GBEL, MHMIgwos  Aob3mm3bowos dolo  bmgGmadols
9539005 MH0  306MHMBJOOL  golvvdxMmdglgdws, 094gbgdl dmyzolol  golioboymEMgdws.
LoYM39MNME (36MBOE0S, BHMT MHMYMOE Yy39ws dgsml 5J3l dgmeg dbsg, 1939 Y39
sboew 936090, 09 G9gdbmemyon® FoeHazel od3l msgzobo  sMymgzgomo dbscnqodo,
GH0Iwgdog 990degds 259mygbgdme 0dbsli 580560l LoBosbm. 3s30bLgbm dmadfsdwrsgo
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0050l, x9gM 588-05 @5 9999y MMLgmds ggdbgl o QodMbBOEIL 39399FMMHO  dMTdO,
MOmdgeog 8904dbs  Bsbm@Hgdbmenmaogdol gsdmygbgdom. 5396Mm039wqdol doge 89Jdbognds
0mddds  ™o30L0  TBYMY39o  LOAAWSZMO®  SEHMIME  BMIBLSE  dX MO,  SToEMI
5096039gdds sl LoY3z5M¥0m “©YEs dMId0” L9MJ39L. MdYbodg M30L OY30569000
9d0L J0gH 2odmEEoerds dMIdTs 539M039w9dOLSL SX MBS s BYlgdTs sl “Bods dMIdO”
g, B3gbo sBOOm, 995B) OO LsM3oBIoL Togoomol dmdgdbs doewdg dbgaros,
9mfigmdomdsl, MMIgEoE 5980560l FoLsbsYMMgdErs©  9®Ol  Jd9ddboro, Y3z9wsby

330603550 LEbgEgd — S S 535 MfmM.
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doqdme bbgolb ygzgurs 06M3dsbgdsl [4].

B9 »J8m0sb 3bsos, ™A d93bogMgdol s 9dbmermyogdol gsbEsliEozm®
0009390 Fgodargds  dmyzglb  sLY3g  BIBGHLGHOIMOO  LETOIOMIdS  39EMOMOMBOL
396500 Mgd0Ls. Mo gBs SOBLYOIMOL 98 BoGIWIMO FJOIROL 5300  SLOEFOWGdES©?
dbMEMmE 9OHM0 — 353MOOO0MIOL L0 gMHo ST gds! MHMYMOE 535L A35LFo3w ol »MHdoboglio
@5 9693oMgbo  LOME0s©E  LoJoMMNZgML 39O 0ZMU-3oBHM0sMJo, owos Il “mgl
39G006MH0Mds 08ghs IMEos dofiogco s FoBHM0sMHO 3MMdEGINO0m, MHMA LryEogeo
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OBLIOYTo” [10].
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BOH, 3000609 dobo 093900l LYo IMHo ASsBOMYds. “LomEberol IMb3mdOL bydodMMYdS
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33090905 Bd03L-0l  ogdoBmlb  3o3MdMOMdOL  Lvyrogmo  sdowegds, g9.0. B3zgbo
30300B5300L 45MBIBOLIMZ0L s FoMM JdgEgosl 3Jmbrgls sdMH0305GVIMS BBdOLLS!

5939 9965 500603bMl, HMT 6d03L3LO-I gobbm®dEogwgds dslido Fgdsgowo Fow3gmeEo

A996mwmy09d0L  b3gEoseolEgdol gemMdog0o 8dsmdom 396 BmbyMbgds, MoYsb
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3999303900 5¢93060L5956 BbMg3sBMMO
5¢dobob (IIT) mgdbogol gbgzboeol domgds

0. 39396009, 0. sGB5dY’, 3. 35896057, b. x5¢58599?, ®. F9005!

0. 393999L Lmbwmdol BobBogs-3H9gdbozol obLEBHOEGMEGHO
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d9LHogeoos 390 3bolhyom 24999303900 5¢9doboliogob dobo
mdubm3omOmdlogdol  BsbmgsbmMo  gbgzbowgdol  domgdol  JglodergdMds OB
A993905GHMsbg  (20-90 °C). ©@sYgbowos, @I  39MEberobiiyeol (I, II)  bsgHomgdols
(Jm60900, 60EM9GH900, LYWRIBHIOO0) 236Do39dMw0 blbsMgdom serdobol FoMmROEJdOL
58998539008 8999 ol Bgs30mHBY 0bBMEYds Al2Os - n H20-0b dm3F3mgdo. dsmo Dol
LoRJodg  ©9M300os  39M3bEoliYyeol  bogMmols  3bgdaty:  gz9wsbg  dowowo
593H03m0ds  259Modx0369 HgCl2-ol 13wdqgbg dowgdwends Lol@gdgdds. M9b@Hygbmasbmmo
boEobol s BdL3sboMgdgwo  gagdBHmmbmmo  dozmmbzm3onwo  dgomgdom
©53)bowos, ®md ALO3 - nH20-0l 3m3F3mgdo 990905 boforszgdoliogeb, ®mdgams
©o0s993®o 10 — 30 63-U s0hg3L. MgMIMEo  bsEroBol dgompom (TG — DTG - DSC)
d9LHogaromos gbgbowgdol gsBMO gowsligerol 3Mmiglgdo (20 — 1200 °C).

5¢0mdoboll mJLoEO BWIMMME  Q9TM0Ygbgds  FgBHo Mo  se)dobol, 396M5d03900U,
3EbWEsdderg,  B¥GMsHBomwo  Foboergdol  HoMImgdsdo,  Jodomm M3 mdsdo
39G5w0BsGMMOs©, 9500 LBoMRMWgds© s sELMMOdY6EHJdS©. dolo  IMbMIGOLEIWGdO
3990ygbgdmmos  WwsHgOHM  3H9dbozsdo, m3G03sdo s  Lsowzgmotm  Logddosbmdsdo.
Lbgoolibgs  dm@ogozsgool sermdobobmdboo (M-, y-, 6-, 0- @ a-gm®ds) doowgds
5¢0mdoboll  3MH030MHMJlLoEIdol s mJuo3oEOHMJLoEIYdOL (AO0dLBOEO, d509MGH0, dgdoF0,
©ool3MEO s Ubg.) 2obmMgdom 180 — 1200 °C-dg [1-3]. AlLO3 doMHomss© doowgds
0mgloE9gd0oL, 6989w 0bgdol, s¢bo@gdol s bbg. 2903 d5390000: [o®dMgdol Tm(3wIMdS
Doofodo ©58gbodg 09 dowomb Gmbsl smfiagl.

5055050  QQOEO  YMoMgds  gmdmds  BbmzMolGoMo  serydobol  mgdlogols
13b360gd0l Jomgdsl s omysb B3gE0s MmO BB MEGBOL b53900MdYOOL TBHYDS.
3bMdow0s MEEH®o0L3gOLMEo ALOz-0l Jomgdol IMs35¢0 FgmMmEOo, dso JmMol bme—
39W-3MmEqLo,  ©sgd3ol, JodoMMo  sTol,  IWwsBImJodow®o, gwgddHdmdodonmo,
90360m9dMbo©o,  30OMMIOINWO,  sYOHMDBMEMEO,  JnOHMbowwo,  3MEodge-
369379OLMOYOo s Ubg. [4 - 12].
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BoboBo 1. I9Boeco semdobol BoMR0GIBY Foedmgdbowo
Al20s - 1 H20-0b 303309006 30360m8MEMY055300.

$0bs8gdsmg B5dOM™Ido b5bMBsBMEMmO sermdobols mJlool Bbzbowol dobomgds
399myggbgd e 0dbs 39Mbeolfiyeom 95dGH0390mewo s¢doboll BoMBOEIOOL 3MOHMbBoOl
8900mo. (36Mmdowo0s, GMI 535¢ysd0MYdM 0 FYBIWMs BYI30M900 359HDY 5WOI0WO©
03196390056 99L5050L0 MmJloYdOL 56 MmJum3oMHmJlogdol Foedmddbom. 3gMEberobfiywom
39993039090 89@owgdo bdoMo godmoygbgds mMAsbme Lobmgbgddo. TgLfagzarowos
5¢dobologob  6sbmgsbm@mo  mgdlool  g3bzbowgdol dowgdol  FlodwgdMds OB
39939M5G by (20-90 °C). sygbowos, ®md  39MHberobiiyols (L, II)  bsg@ogdol
(Jm60y00, 60EM9GHJ00, LYWRIEHIOO0) 236Dog9dME0o blbsMgdom serdobol GoMmROEJdOL
©58998539008 89909y ol Bgs3ohbg 0bBMEIds  AlOs - n H20-0b  dm3F3mgdo. dsmo
Do63mddbols LoBJo0g @sdM300qdME0s 39MEbOLYYwOl Boghmol dmbgdsBy: YzgwsBy
o0 5JBH03mds  godmodsmsgbgl HgCl-ol 8wdg®g dowgdwands Lol@gdgdds. 7 —22 930
©05393HM0L dMmF3mL DOl LoBdsmg 0.1 — 0.5 33 / for-b s©fg3L (bob. 1). 5 -20 33 Lodswerol
0330900 0HBOIYdS BOOROGHOL  39MH3JI6OZMMOMESE ©d 039Ol  4d559dEH0390E0
5¢030bol Bg30MOL BMMTSL. dcmF3Mb 300boL BMEOL 3O ME3gLO s0TBOMIOMPS M3EH03IMO
d03OHml3m3om.  mgMIMNo  sbsewobol  dgomeoom (TG —-DTG -DSC)  dgbfagerowos
13b360w 900l BsBMEMmO gooligerols 3MmiEglgdo (20 — 1200 °C).

MmO 3 65b. 2-0ob BsbL, mmsbols (Hgddgmo@emsbyg gosd@0390wwo serdoboloysb
dooegds s8mOHBMwo  gbgbowro, GMIgwog dgodg Msmgbmdoom FgoEsgl  IgEHowIHO
5@dobl (< 2 3sb. %) (1). 9 gbzbowgdologsb I3MOLEIWMOO BSBYdOL Fomdmddbs ofygds
500 °C-sb  (2,3). Bomo 8gdymdo  asbmMgdoo (1100 °C-dg) dooegds  o-AlLOs-ol
dmF3mgd0 (4).
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bgbofymby Setsys Evolution (Setaram Tag 24).

30000090900

V. Saraswati, G. V. N. Rao, G. V. Rama Rao. Structural evolution in alumina gel. /. Mater.

Sci., 1987, 22,7, 2529-2535.

S.J. Wilson. The dehydration of boehmite, y-AIOOH, to y-AL:Os. /. Solid State Chem., 1979,

30, 2, 247-252.

25




10.

11.

12.

A.Jawaorek, A.T.Sobczyk Electrospraying route to nanotechnology: An overview. /.
Electrostatic, 2008, 60, 197-203.

H. Hou, Y. Xie, Q. Yang, Q. Guo, C. Tan. Perapration and characterization of y-AIOOH
nanotubes and nanorods. Nanotechnology, 2005, 16, 6, 714-721.

Y. Xia, Y.Yang, P.Sun, Y.Wu, B.Mayers, A.Gates, Y.Yin, F.Kim, H.Yan. One-
dimensional nanostructures: Synthesis, characterization, and applications. Adv. Mater.,
2003, 15, 5, 353-357.

G.L.Teoh, K.Y.Liew, W.A. K. Mahmood. Synthesis and characterization of sol - gel
alumina nanofibers. /. So/ — Gel Sci. Technol., 2007, 44, 3, 177-180.

M. G. Ma, J. F. Zhu. A facile solvothermal route to synthesis of y-alumina with bundle-like
and flower-like morphologies. Mater. Lett., 2009, 63, 881-885.

J. Wang, Y. Wang, M. Qiao, S. Xie, K. Fan. A novel sol — gel synthetic route to alumina
nanofibers via aluminum nitrate and hexamethylenetetramine. Mater. Lett., 2007, 61, 28,
5074-5079.

Q. Yang, Y. Deng, W. Hu. Synthesis of alumina nanofibers by a mercury-mediated method.
Cer. Int., 2009, 35, 1, 531-537.

E. Elaloui, A. C. Pierre, G. M. Pajonk. Influence of the sol — gel processing method on the
structure and the porous texture of nondoped aluminas. /. Catal, 1997, 166, 2, 340-345.

J. Chandradass, D. S. Bae, M. Balasubramanian. Synthesis and characterization of sol — gel
alumina fiber by seeding a-alumina through extended ball milling. Mater. Manuf. Proc.,
2008, 23, 8, 786-790.

G. Zhihong, N. Guilin, L. Yuan, C. Yu. Heat-induced transformation between nanospheres
and nanofibers of boehmite. Proc. 1st [EEE — NEMS, 2006, Art. No 4135091, 886-889.

26



0950030 m®o 339006 Mo bsbmMolEswy®o
A0B9bob 35Mdoob (o®dmddbsdo

9. 0dobmdz0¢m0

Lodomrmzgmb ¢9dbozmemo mbogzgdliodg@o
030obo, bodoOmzgEm

mimino@gtu.ge

Bsbm3M0LE MO0 BHo@bob JoMBdoEOL Fobomgds Ro@o®mgdmwo 33wg39000 [1]
596005, MMI Mgog9b@do Ti— O 330l 53MHOMMO sOBYdMBdS bgerols gddwgwo 306HMS
05 Egd39GMoGHMEMgobg 0gMHIMwo 53353980 0G0l  39MBOEOL  dolorgds. 3
AbyBOYO0D  259mIE0bscy  MgMImJodoMo  LobmgBobmzol  (b. 3. xowsdsdg o
6. 3. 390000) 259mygbgdmem 0465 (NH4)2[TiFs] 0o m6m@®m30b0logsb (Ur = CsHi2Ns) dowgdwero
35%do.

Bo@BoM9gdmmo  30MH©a30Mo s mgMdmdodon®o  Lobmgboo  ©osA0bos,  O™I
(NH4)2[TiFe]-bo @5 “96m@GHOH™3060Ls396 800gdmo 30930 GHo@obol 350dol o6 0dwg3s,
bogm 36H3dbg 603900l 96 3mdswEHol Jarm®mool ©ads@gdolsl TiC (omdmoddbgds. 6o
3965300090l dogde 35BIBY 3MdseGHol b Bo3geol Jermmool sds@gdom TiC-ob
Do63mddbsl s Mmyme Fgodewgds dogommom TiC 3mdse@ol 96 bozgeol Jarm®ool
2980yggbgdol 2569897 50 Lo3omMbgdoL AoloM33935® LboFoMm Bsgmgzgsrgm dga39LHogws s
3923005690065 LoLGYAol  Fgdsgbgwro  3mA3MbYbEBHYooL s  Fowgdwo  Bog®omob
50bogmds [2].

9009do bsghmo 80939536905 GH030bmem Lobymbosl, bogMiomo xawmao P-1,
99996GHXMWo R GgEolL 356599390 a=8.7220(5), b=9.1004(5), c=17.533(1) A;
a=75.074(1), pB=88530(1), y=62.558(1)°% V=1186.35(12) A%; T=153(2)3, Z=2;
Dgam. = 1.756 9 / b33, u(CuKot) = 1.228 331, R=0.0351.

F&

BobsBo 1. 5B™IgO0L 2obsfowgdol Ldqds s BmdgMseios LEGHmYIEwOmE ghmgmEdo.
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NiTiFs(Ur)2 - 7H20  bosgBoo 80930369085  0mbaye  3¢B6dmwobgdmdo  Godol
BAOMIBHMOJOL, LOWIE, OMYMOF 35000Mbo (59353083¢gdL0), 1939 sbombo — 33w gduMos.
LAHOIHMOM  9OHMYJMYWdo 9056  MMOEIBEGHMS-LodgBHMmowo [Ni(OH2)s]*  3smombo
(60ggwol 0mbgdo 39gMdm 9@dsegMmdsdos), [TiFe]>~ sbombo, Ur s H20 dmerg3megdo.
Bog®mols LEGHOMIEGHOMEo FmEOTMEss [Ni(OHz2)s][TiFs](Ur)2H20 (bsb. 1).

LAHOMJBHMOsdo  99Rbgmewo  OH..N, OH..F, OH..O &odol, 6mamOag
d0odM939©o, 81939  IME93)sMETMMOLM,  bHFYBEBMIogdosbo  gobsfowgdol
Dgomdsmemo 839d0. {igoedsmO 339008 5OLYIMOOL sToILEMMGOgo bsBmzsbo s
39ObNM0 35615993HM9d0 IM39d0s 3bMHodo 1.

3600 1. §45¢dsmo 6dol JgLsdsdolo 356589E¢Md0.

D-H..A d(D-H)/A | dH..A)/A | dD..A)/A | 3myobg(DHA)/°
O(1) - H(11) ... NGA)! 0.836(16) 1.93(1) 2.762(1) 174.0(17)
O(1) - H(12) ... F(4)? 0.836(16) 1.90(1) 2.723(1) 170.0(14)
0(2) - H(21) ... F3) 0.836(16) 1.850(6) 2.675(1) 168.7(18)
0(2) - H(22) ... N(1A) 0.836(16) 1.91(1) 2.738(1) 174.0(18)
O(@3) - H(31) ... N(5B) 0.836(16) 2.22(1) 3.020(1) 161.9(15)
O(3)-H(32) ... N3A)3 0,836(16) 2.03(2) 2.850(1) 168.0(14)
O(4) - H(41) ... N(3B) 0.836(16) 2.02(1) 2.859(1) 175.8(15)
O(4) - H(42) ... F(5) 0.836(16) 1.91(1) 2.728(1) 164.4(17)
O(5) - H(51) ... N(1B) 0.836(16) 1.92(1) 2.749(1) 172.8(16)
0(5) - H(52) ... F(6) 0.836(16) 1.80(1) 2.628(1) 176.4(17)
O(6) — H(61) ... N(7B)5 0.836(16) 1.96(2) 2.778(1) 165.7(14)
0(6) — H(62) ... F(1) 0.836(16) 1.79(1) 2.618(1) 172.0(18)
O(1W) - H(IW) ... N(7A)* |  0.836(17) 2.05(1) 2.861(2) 164(2)
O(1W) —HQ2W) ... O(5) 0.836(17) 2.14(2) 2.974(2) 176(2)

l-x-y+2,-z’x+ L,y z%x-y+1,-z*x-1,y+1,2z°x-1, 3,z x, y—-1, z

OmamO3 3HOOoEsb 3bgsgm, boghmdo sOLYdMwo Fywol yzgws Imerg3oens
dmbofloemgmdl  fyseds®o  3dgdol  [oMdmddbsdo,  OHmameE  OMEGHOM™3060L

993 gdmab, 5939 — BGHMOM0MbYOIMB. {godsmEmo 08dgdol 0bEHblomG™Mds 0f393L
LOOUIOVOIWo g IPPGHIBOL  FgMIIOHOOYwo  FMOIJOOL  gd¥OIZIIWO  EMbOm
©IBMOT5300L,  dogowoms, [TiFs]* sbombdo Ti—-F 83900sb ma®dglo Fgqlodsdgds
Ti—F(1)-b, 6mdgwos Y39wsdg dwogho  godsnmo  330mss 9353060900
0(6)-30mMH0boMgdMmo  fymol  gsbgds0l  sEHmImsb: O(6) — H(62) ... F(1), H(62) ... F(1)
1.79(1) A, O(6) ... F(1) 2.618(1) A, O(6)H(62)F(1) 172.0(18°). mdm3dergbo 3o 999gLodsdgds
Ti—F(2)-b, ©mIgog Lsghoom 96  ©gdmdl  dmbsfoergmdsl  fgswdsmmo  ddob
Ho60mddbsdo.

39033900 MBom  ©IRMOT>305  Fgodhbg3zs  MOHMGHOM30boL  dmeg3Mesdog.
WoBIMSGHMO  Imbo3999800b Fgsdgdom  C—-N 3dolb Loa®dggdoo goblibgoggdryanos:
1.462 A — Ur 0s30bvy530e0 dmang3oyesdo [3]; 1.4469(17) — 1.5149(14) A — UrCl 6sgéools Ur
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3500630 [4]; 1.4719(17) — 1.4797(16) A o5 1.4684(17) — 1,4814(17) A — [M(OH2)s]Cl2(Ur): - 4H20
(M(II) = Ni, Co) [5,6] @ goblsboergzgwo bsgHomol Ur dmergzoergddo (8gbs0580Ls), M3
3963063900 Mbs 0ymb FYswdsMo 33900l obsfiorgdols 4oblbgsgzgdmwo bdgdoom s
0b6@G9bLboOHMmdom. gl 9935653690 SLsbmemos Ur® — Ur(UrCl) — Ur%([Ni(OH2)s][TiFs](Ur)2
- H20) 080 LodgE©ool ©og3000090530.

LAHOMIGHMOMWo  Bowobom  FoMIdMEo  F9Iagd0  BodMoEgdsls  335deg3L
3983mg350 dmbsBOYds BHOoGBoL 39MHd0OL Fo@dmgdbols gladerm dgdsbobdol BmyoghO o
Logombdy: (NH4)2[TiFe]-0bs @5 «am@H®OH™m30bologob domgdmer 359300 [TiFs]> sbombls o
2OOGHOM306L Mol 56 bgds §Ysedswmo 3dgd0L Foedmddbs s s8o@md mgmdmjodom®mo
BobgBOL  fYxds9g F0dEObIMYMIL  MYOMGHOM30boL  5HMEgds, Mol dsdmi TiC-ol
§o63mddbs 39006 bogds. Lofigol 36BIBY 3MmdsEEHOL 96 6030l JarmEmool ©sds@gdom,
MOOGOM3060 06EIbLoMEO  Fyswdsmo 3dgdom Bs0FoMGOs  JMdIEHOL 96 bozgewol
59353839 dLgdom, o3 BOHOL Jobo sdMHMEgdol 3H9ga3gMo@IML s 0ddbgds 30MHMdYdO
09MHdmdodonmo  Lobogboom TiC-ob  Bsdmyserodgdolosmgol.  3mdosw@Eol 6 bozgerols
Jm6H0Eol ©sds@gdol 3o09dg TiC-ob dormgds, sedsm, dgladergdgeros (NH4)2[TiFs] bog®ordo
(NH4)* ombols ¢96Hm@G®mm30bol 3smomboom Bsbsgiwgdom b obgmo memysbmwmo @oysbools
398myggb9gdom, HMIgelsg 996905 LMD figodsw®o 339d0L Homdmddbol wbsmo.

domomydgdo
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993 GHMM300M53¢034900 9x89JGHOL gsdmygbgds Lsdgoobm
56086900l Fswogrolidgmbovyeo 353bo@wMmo bsbmliombols dolomgds

3- Joggarsdroero, x. OsGbrem0s, 8. 3935UH0S, 6. 05056503000

Lodommzgmb ¢9dbozmemo Mmboggdliodg@o
3. Fo33960dol 3009MbgE030L 0bLEHOEHWEO
000obo, bodoOmzgEm
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15390(306M 258mygbgdol Jogbod Mo Lombols Jogdolsl, MMIgeog FoMdmowygbls
3M®oEO  ©oL3gOLosl  bsfowszms  dmamemdomo  3OME9b@Gwo  fowom 25 %,
3M3090II0 290FMH0w 0gbsL M53gbodyg sdmEsbs: xgH 9OHMO, 30w YdI0s 0300M™
93069 (8 —1560-0l) Dmdols BoabgEHozol bsfows3gdo s 93E0EgdJ0s EOL3IOLOMEO
735Bol Boffoszms sxnsM3s LEBOEOBIGHMMOL IME 3O ggbom, MHmIgwos bgwl
»bs MIwogl bsHowszgdol MMmm0gHmTgfgdqdsl s s1939 Mbws MBEOWYBl9WYMmBEIL
BoMbHY-25059(3H96do OL3YOLOMYOMEO JMEMTY60s60 Boabod o boffows3gdol dyMswo
30000 LobGgdol  FoMdmddbsl. @Il  sOLYRWWO  OL3YMHR0MJdOL  TgoMIdO,
MOMYMMHGO0350  MEGHMdPIN0MO 3353905 5 (396GO0RMA0Mds  bsfowmdmog
MBOHMB39wYmBg6  ©oL3YMHROMdOL  Bsdowm  bsobl, Moz  39dmobsGgds  Lombgdo
90(9090o  bsfoszgdol  aob3ow39390sdo,  Fo®sd  bmyoghHmo  boflorszol 339
Bodmygo0d9gd o oo Bmdol (Msg 20-80 B3 DmIol MHogolss) 9gd306M9ds MM™MEO
36MHMm39L0S S BoFOMMS Foso 9bgMP0s Bomo 35380MH0L LT GWsE. F9IMMS35HYOOs
Jodonco  dgmmom  doegdgwo  FesOs  Bobmboffomszgdool 8993390 bobmbombol
999G 30O 53e039M0 d900M©Om 58998539001 3005G LMD ©939009L0
©oL3gM0Mgdol s  3mImygbmMo  Dmdgdol  FolLowgds  (396GHOORMA0MIOOL o
M GHM0QIO000 539353980l FgOMGIMSE  F0TommMgdsdo. o3  dgomEol  sMLo
9 MdsMgmdL IBMOHM b ©os FoMFgwdo FmmogzLgder Lombgdo gsbgzsbmMogermom
396399335 B39E0sw Mo 0d3Mwbol  dJmby  gugdBHOMwo IMbGom, Mol  FJIYIWS
3963mbBH30L BMmbol 0Myzog Fo@dmoddbgds Bgdowswo 30M3w03MMmo (6935, GMIgeros
OOl LolaGMYGOdEM d9dsb03E bsdmdoml, B39b T9dmbgg3580, 39456036 WOIMETEIOS.
69BMbsBLwo 3MMEgLYdO s FAWZMI0 0RO~ O MWEHEBRIOO0MO MHY39d0 T5EHJO0
5Q0L39gMQ0M90L s ol O sboEgdl, sMM393L 00 Bofows3gdol LmGmdE0ME s Jodome
393006)90L, GMmIgerog 9ol d9omdol G905 9bwrmdsdo.

dgLogowo

656mEgdbmermyool gobgomstmgds d93bogMgdl, 0bmobcmgdls s 9dodgol Lodwgsgdsls

2dergab  Ladgaboghe  g3wgggdo  Hfjs0dnmb  gxOIEIE @ dneiYer®  ©mbyby,
360036936 56353 9090L dosmfiomb X sbs33oLs s LYdbgdoLidgEygzgarm dg3b0gMmgdgddo.

65603sBIEHS0MMH0 Mmd09JEHJOO obLO3MMNMGOM 06EIMGLL 0f393L, BB domEMmaome ©s
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R0D03NO  9Mgdmbo  dMszswo  BggMEm  99dsboBdgdo  m3gMmomgdl 0.1 - 100 63-ob
913 E5090d0. 656mMBMIME IYMIoMJMdSd0 45130l bgds bogmogMgdol dmgero Moyo
2bsdgbGH Mo 301909008  33w0gds.  Sbgmo  LobEgdgdo  Fomdo  go3MEILIOSWOO
909dBHO™badol,  gmbmbgdol 96 gJloGMbldoL  ©I-0mMOwOol  Bowrmol  Loy®mdggdol
0565DMPo0s. 58 FoLIBHodg0do  Foloengdo 53505369096  QoBLOZMPMYIME  BODBOIMG
Jodome  ®m30L9d90L, 53  ©939300MYPPMos 9.5 “3396¢HWO0  Bmdol  9x39dEgdolL”
39803 gbsliomsb [1, 2].

BsbsBo 1. Foabo@®mo bsbmbomby dsgbo@ol Bgdmddgwogdol J3q0.

dmwm  smfjemgmerdo 656m3mI3MBo@GMOHT>  Foboengdds  Joodgcmm  Bogm3gEmHs™
49165000905 5 PILSE 065MBMBgOL 5dBvomdsl. bsbmbsfowszgdo, MHMAwgdLsE gooBbosm
392B0@MMmH0 30190900, o 0bFHIMILL 0393l Fg3bogMgdol Lbgsslbgs oMmyado, M3
39803990 Lo3MmMmog dosmo s oo boxmdzguHg 93900 3MBLEMWJE09d0L 569
35260@MMm0 3900l ImEYd0m  ©OLEHBEOWEMO FsMM30L  FgbsdErgdermdom.  dsybod Mo
Bobmboffoerszgdol 99di3gero  dsabodMo  Lombggdo (Bsb. 1)  Fo®dmoagbl  dsybodmMo
dsbogdol  (BgMMIsboBHgool —  BsabgBodo, BIO0GHJO0) 3OO  EOL3YOLOYOL,
Bofoogms  BmBom  5-@sb  ©s0gbodg  smgmew  Bobmdg@®edyg,  ®MmIwgdos
L3000 DB0MHYIM0s 3w MM (gowo, L30ME0) s 3MI3MW M (BobToMfysedsgdo,
Loo3mbgdo) 2o6Mm9dmdo B9gEI30MH™MEE 9dBH0MMO B03m0gM9Yd900L (LYMHRSJEHBGHIdOL) 96
3m0d9gMgdol d9d39mdom  (bsb. 2). olobo 0bsMBMbgdgb EYMIEMOIL MmEO-bmo ol
396053wmdsdo o 985D QooBbosm 3960 ©IBsMBdS s 8330000  FoTMbIEIO
353b0GHmO  ™30L9099%0, SFoGHMI o0 MM MO0,  LoMOMOO S M3GH0IMNGO
9obslinsmgdgdol JserMN35 Ggladergdgaros 3509 353boGMMo g3geom. dsabo@rmo Lombggdol
b 0930LgdMEYds,  MmIgwos  3bmdoe  dMbgdmogz0  ToLoergdolomzol s SMOL
©535bsllosmgdgwo,  0dgglzs  doewbg o  dglodergdemdgdl  olgomo  Bgdbozmeo
9fymdomdgdol dgboddbgers, MMAMmMgdoEss 0bgMmOIs300l Bsblmgz®mmdol  Lboldgdgdo,
b0 GHodol 399©dog0 3sabo@gdo, dsgbo@Mo bgbbmGom 3MbGHOMwoMgdso dgdsbozmemo
3960900, 03MsdM0@JYd0, Lodmbo Fsbogrs, Fywolb 6530Md3OMEMJEHJd0L BoBgbgdologsb
39900960  LsdMowgdgdo. obobo dgoEobsdo  sdmoygbgds, GmymeE  dombgbl,mMgdo,
3MBGHMLEGHMo 93963900 ©IBGHRIBMLIM30500, Lodbogbgms  FIMMZIO MO0
30390009300l LodMogdgdo,  9903599bGHMBMEMmO LB Megdgdol  JoBbMdMO30
900fM 90 gd0, 296MmgMH3001w0 5396G9d0 s 5.9. [3 - 5].
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dopbo@mo bobmbaloms jgdo mbggoro ds@adgdgemo

‘bﬂ;go.?nﬁ‘aﬂ?ﬁl? ﬂd[‘_’)”‘rflﬁ'" —
JR— Bnamnﬂﬁ{l?}ﬁ -

BobsBo 2. ogbo@mo LomMbggdol 5390 gdoL 3M0b(303E0 bdgds. sgbo@weo
Bsfos3900 RO LM% EsbEsbEH0m. bsbsBo Tgglisdsdnds bofowrszgdol
5959603 90MmdoL 9MHNEMIGH0s6 IAMT>MIYMBSL (50b0TBME0s OlMGdOm).

95260@MO Lombggddo  BEBIBOWIOMDS AOB30MMBYO0s  3MWMOEWIE bsfows3gdls
dmm0ob JoboMEmdol 9bgeyool (3spbodmemo MOHMogMmJdggds 3l 356 @M ool
MOH00YOHNJI9gds)  Boffoszms  Lomdme  gbgMosbmsb  (dGMmMbolgmwo  gobBbogs)
GMMBOm, OG0 5303396L0MYOL MO303)9(305L (ogd30l LoBdsg dg@o 56 wbws ogmls
06MHMbols ImdMomdoL  LoBJoMgbg), 530EHM™MI bobmbofowszgdo (GMIgEms M IEMdOMO
360396 Mo Howo gosd@eb Lombgdo m3gmal 99dmbggzsdo 25 %-0s) blbs®do dgfimboey
8M35MmgMdsdos [6]. 3sabode 65§ows39dlL JmEol ©O3ME—-Eo3mEwOo doBoE™dOL
300396L5300Lm30L o0 B965396 TGO OBOMYdYE0 Bgbom, 39MHdME, BYI30MHIWS©
59Bomeo bogmoggdgdom (Bsb) [7].  bsffoszgdol 9x39d@IM0 bGHOB00BsE00L 30MMBss
95260@MMH0 BsBOL, BEBHIBOWODIBHMOOLS S OLZYIOLOMWO MOl Mo3LYdMDS, 5Tl
b599399LM  BEGBOWODsGHMOMYd0 ol  bo3zm0gMgdgdos,  MMIWgdoE  J9Mys©  oblbydosb
ob3gOlLomw sG9d0.

15990E0bM gsdmyYgbgdols JsgbodMo Lombol JoMgdOLOL 59930 GIJG0S YOO FOHO
0gb5L ©53gb0dg sdIMmEsbs: XM 9ghH™o, LsFoMms dogommo dsgbodwemo d3oMg Bmdol
(10 — 30 63-0b) bsfoars3gdo s 530w gdI0s OL3YOLOWWO BsHBOL Bofowszms sRBIMZs
UBOBOWODIGHMOOL IMg3MHo Bgbom, OHMIgeog bgwl Mbos Mol bofoszgdol
©OH009MHNTY[gd905L o 5Fobsb ol sbgzg Mbos MHBOMBIlgEYMBOIL Lomby-350sdEH6T0
©ob3gOLoMGdMEo  9MmmE™Igbosbo  ogbo@dmo  bsfowszgdol Moo  3MEMOEYIMHO
LoLEGYIOL Fo@dmdabsbs.

952B0@MO0  Bsboggdol  Bobmbsfiorszgdol  doegdols  msbsdgdmgg  dgoMm©Ydo
390d@gds @©H0YML MmO XyMBs© — 900M©Yd0, MHMIGoE IxRdbgdwos 3md3sgdEIeo
9oL gd0b  BobMmboffos3zgdol  Bomgdsby  (Babo@Mmo  Bsbmbofowrs3zgdol  @oxd3s,
59993053999, WSBIOIWO 5BE05305) S Fob LESOMOL30MM TgmMEYOd0, Mg oi 953vdbgds
5G™Igd0LOAD, 0MmbgdOLLY6 96 I3 gd0LOYE BBMBsFos 3900l SHgmdsl [8, 9].
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Lbobomgbo

LobmgBol  3ModBHozmwo  Jgomozs by  oymb  JgsMgdom  FsMEGH030,
565d3005M0MGIM0 s 3oBBIL  33¢9350HoMTMgdOL  Tglodergdermds.  “d399msb”
3PYmdol  3mb39BE0sL  goskbos M@ Fg@o  FgLodEgdMdId0 O I30MSEJLIMOYOO
656mbsfoens3900L Bmdol, gmMTol, 99050396wmdoL, LEOMIEGHIOMOL, M30mMOYBOBsEGoOL
363909008 s BoHBO3WOO M30190900L JMBEHMMEOL MZseL BOHOLOm. sbgmo domdols
bm®Edgbbdols Imbobg®bgdge  0blEHMMIBEHL  Fomdmoygbl bsbmbsfos3zgdol Lobmgbol
Jodomeo dgommegdo [10].

Bobmbsfoers3900l Mbozs® 1M30L9d9dL dmMol goblsdmm®mgdom LoobEgMglms dsmo
35260@MOmH0  ™M30L99900, M3 OILEOIMIOM GsMmm JguHogeol Logsbls FoMdmoygbl.
Boh3969005, MHMI  ©35360FJIMYWMds (9B gMEo  sGH™IoL dobgzom) s dsabodmo
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5039039 BHMools s  sbwm  MBdsbdo  0bg®Msfomgwo  13gdBHEMLim3ool  (near-infrared
spectroscopy — NIRS) dgom@gdom. d9b@ol 80sdmemg3oem)®o goo@sbol (inter-valence
charge transfer — IVCT) Bm@gdol 3s0sdg@mgdo (LobdoMyg, 9Ju@EobdEos, bobgge®dlioysby)
bo®o L3goLgMHom 35380090 oblblzs39dwo OB MdOL bomolbols djmbg
39BO0ol M6 5GHMAL ImEmol dbEHol gEm3sobsizool bomolbol dgxslgdol bodwowgdsls
0dgzs [12]. 3wsbBgMgddo 1 s 2 ggddembyo 3m3mbozsgos @osygbowos o
dmEgdmwos dGMmIgodo [8,9]. 3 o 4 3wslBggdol NIR b3gd@BH®o goswgdwo o0dbs
Jm®mdgmowgbols ©s ©O0gmOowol gmgMol  blibstgddo. bgo@dMswmeMo  3md3egdlgdols
blbotgddo 96 dgobodbgds Bmwgdo sbwm 0bg®msfomgu Mdsbdo, bmem 3md3mgdlol 3
63060 5@G™Bol 596235 0§393L L39dEHMTo do0sb 0bEgblomMo BsGmm Bmeob, 9.f. IVCT
§o63mgabsl (bob. 4).
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BoboBo 3. Res(AuPPhs)(ps-C2)(3-C2Fc)(NCMe)(CO)13 3¢00b¢3H960b dmeng399a6o bgomddmeo.

i ' . . 1 v . ' 1 . . ' 1
14000 12000 10000 8000
Wavenumbers (cm-1)

BobsBo 4. Lofiyolo (395 B39JEHM0) WS sbYMo (Bgws B39JGHMO)
Re2(AuPPhs)(CO)s(u-CsFc) 3083¢9duol NIR U3gd¢®o CHaCl).
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57960 M3060L  SEGHM™IolL  F99;339c0  3m33egdbo  FodMos  BgodMswmeo
3033w9db 3 94300mMo  Gomgbmdol [FcAc]BArfs (Arf =3.5-(CF3)2CsHz) 5953)90000.

©53)b0w0s, O®MI o796 M30boL  SEHMIoL Fgd39gee 3mA3wgdldo 9ol Lo3dom
d09gMo  gargdBHOHmMbmmo MOHD0gHmJIggds 3060l sEHMALS s Re(2) 5GHmAL ImEob.
900900 3565893900 d99Lsd539g0s Y39ws 3O0GHIMHOMAL, MOmMs by Mo 3mI3egduo 11
G030l B3 E  253@MgOL  F0353m3bmm.  3mA3ergduolsmgol  Res(AuPPhs)(ps-Co-
Fc)2(CO)12 99096935 m®o 89393900 Mgomdu-30m3glo 25b6Lbgs390mwo 0.099 3-om, 6o
90mmomgdL  9egdGHOMbo  336035300L  9OLYOMOIBY MG RIOMEFIbONE MMl
dmO0b.  59Mm3969993339c0  Mgbomdol  3md3egdlgdol  Rea(AuPPhs)(u-CaFc)(CO)s-0bs o
Res(AuPPhs)(us-C2)(p3-C2Fc)(NCMe)(CO)13-0l 3006035060 9e09dGembmeo  3m@gbioswmgdo,
d9L505d0ls, 0.21 s 0.27 3-0b GHMEos. g 3396305 gd0 Fob3oMHMdYGOMWos 3Md3gdlgdols
39OM396wo MmEgdol (dBoMmgz9d0L) 99393500 le ogsby30m. Re2(AuPPhs)(ps-CaFc)(CO)s
3M33wgdbol  Rea(AuPPhs)(p-CsFc)(CO)s-0o0  3o000b3eolbols 96y 6sbdoMdsol  bowob
293039 gdolol  C-ob Cs-0Y, 99300 gdE0s  BIOM(39b0MMO  XYMBOL 756335
0.28 3-0m (9950059 3mBHJb305wgdo 0.49 s 0.21 3). 3wsbGHYMHOL 4 (Mmdgewoi d9o3o3L
596 ©3060L 5GHMAL) sberm Mdbol 0bgmsfoomgwr L3gdBH®To o6 Fgobodbgds IVCT
D900, HmEE BBL, 13goLYMOL 56 SOBYOMBOL godm (bsb. 5).
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9L B3ogdBHo 50bLbYds dobo LGB OHom (bsb. 3): MYEHYIEMLEGHOMIEMOO sbsgrobom
50396005, ®MI JslEge 4-ob dmeng3lmes dg03o3L Re(l), Re(2) o Re(3) s¢mdgdoligsb
39960 BHMoMgbomdols BmbRbL. dsbdowrgdo Re(1)-Re(2) s Re(1)-Re(3), 9gbodsdolso,
2.9823(5) > 2.8917(5) A-05 @5 FoMBmoagb9b 5953538069093 (MBOHM ©FMOIBYEO
5@™dgdo Re(1)-Re(2) ©5353806900os bomMo Au(PPhs)-ol g6sad9b@osb); dsbdoero
Re(2)...Re(3) (3.5909(5) A) o6 560 5953538069090, 85306 Mg  JLsLBHIH0
Res(AuPPhs)2(p-C2Fc)2(CO)12 mmbogg 09b0dol s@mdo  §o00moygbl 353538060930 qdl
(8, 9]. Res(AuPPhs)(uu-C2)(1s-C2Fc)(NCMe)(CO)13 3™d39dbols ps-CaFe ogobols
RIOM3EIB0WNH0  BoOM30L 796308 3mBgbgoswo  (0.27 3), ©s8gbsdg  5FoMDHOL
Res(AuPPhs)a2(u-CoFc)2(CO)iz - 3m83¢gdlbol  goom-geomo  pus-CoFe sewzobowio  xawmagol
3063950 3969308 3m@GHgbgoswl — 0.156 3. 3md3wgduo 3 0596905 MBROM SZ0MS,
300009 Tgbodsdolo  3md3wgdbo 1 (AE?=0.283). 3wsbdHgMo 4 ©ogob635 6599bocdg
39369 qdmEos 3 99smgdom (AL =0.06 3). om0 ©o596330L 3m@gb3oswgdol 30690
296Ubg9398o 3603369 mdgd0  Jop35603690L sberm  gargdBH@mbaer bod3zzmogzgbg Fc-
536533963l FmMob  MmM0gzg  3wslEgMdo. 4 3WwsbGgmdo  opsbol  w-n'nxin2-CoFc
13960™3960L X3MBoL 96835 J08E0bsMgMdL 0.27 3-BY, 9.0. M389bsIg »MRM® dbgws,
300009 5069 dglfagrowo 3wslBge 2-0b 3oM3zgwo w-niminz-CFe xamMxol ©ogoby3s
(0.156 3) [9]. @i5g9b6yemo M30b0L 993390 3md3wgdlo B0MgdEos ByoEMIWWE 3esliEge
4 94300mOHo M5MmEbmdOL [FcAc]BArfs-ob (Arf = 3.5-(CF3)2CsHs) ©0595¢39d00m.

domomydgdo
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Role of formation of metal nanoclusters in electrode reactions
T. Agladze, M. Gabrichidze

Georgian Technical University,
Thilisi, Georgia
tamazagladze@emd.ge

Electrochemical phase transformation processes are of great importance in number
industrial technologies such as metal recovery and plating, electrocatalysis and corrosion. Reactions
of electrodeposition of metal atoms from the solution and their back dissolution involve the
formation of metal nuclei, which in most cases represent surface clusters (M) consisting of a few
metal atoms:

Ms > M7+ + Ze, (1)
Ms4++ Ze Mc, (2)
Mb <> Mc, (3)

where MsZ+is a solvated metal ion. The overall electrode reaction is transference of one mole balk
metal (Mb) into nanocluster form.

Electrochemical cluster formation is driven by a potential drop across metal — solution
interface (overvoltage). Since the formation of equilibrium surface crystal requires overcoming of
energy barrier, a low probability of nuclei formation for transition metals with complex stable
crystal structure (e.g. a-modification of manganese, which represents body centered cubic unit cell
containing 58 atoms) under equilibrium and low overvoltage conditions are expected. Here we
show that owing to high chemical reactivity of surface atoms of nanoclusters the methastable y-
modification of Mn can be formed via interaction with hydrogen atoms, which are adsorbed at the
cathode in reaction parallel to reactions (1, 2):

(nMc) e + HsO* <> n M—H + H20. (4)
Kinetic and structural data indicate that the rate of the overall electrode reaction is limited by the
rate of recombination of hydrogen atoms resulting in the formation of hydrogen molecule and
unstable metal crystal which at high cathode overvoltage transfers into stable a-modification [1]:

nM-H + n M-H — H2 + m Mn, (5)
where m is close to 1.6. Recent study of interaction of Mn clusters and H: in gas phase reveals that
clusters smaller than Mnis were unreactive toward hydrogen, while Mnis and larger clusters readily
form hydrides [2]. It follows from the present study that in a condensed systems reactivity of
manganese nanoclusters increases in comparison with gas phase clusters.
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Photo-activated DNA-dependent conformational
transitions in silver nanoparticles
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Application of 1 — 2 nm silver nano-particles (AgNPs) in photo-chemo and photo-thermo
therapy of dermal diseases is motivated by their strong light absorption at A =430 nm.

The goal of the present investigation is to study the interaction of AgNPs with thymus DNA
by traditional and original spectra-photometric and thermo-dynamic methods and approaches in
darkness and under photo-irradiation.

1. At the interaction of DNA with nano-particles hypsochromic shift of 6 nm and
hypochromic effect of 20 % of AgNPs absorption band are observed.

2. At photo-irradiation (A = 436 nm or full spectrum of visible band) of AgNPs — DNA
complexes absorption spectra band width is changed from 140 to 360 nm at half-height.
Besides, isosbestic point is observed.

3. Kinetic study of photo-diffusion has made it possible to determine desorption rate constant
and desorption reaction activation energy that are equal respectively to k4=9-105s7,
Fq=80kJ/mol Ag’, for AgNPs bound with DNA.

It is shown that AgNPs represent liquid drops which moisture the DNA surface at
interaction. At photo-irradiation of AgNPs — DNA complex DNA dependant conformational
transition takes place due to fast and intensive heating.

Introduction

One of interesting tendencies in nano-technology is the application of metal nanoparticles
in cancer photo-chemo and photo-thermotherapy. For the purpose it is important to choose
materials and sizes of nanoparticles that are capable for: 1) conformational changes; 2) diffusion
and 3) chemical transformations in the presence of DNA, light, temperature, ionic strength, redox
agents and agents changing environment polarity. A fine example of such material can serve silver
nanoparticles (AgNPs) having the size not more than 10 nm [1].

It is hard to overstate the role of metal ions, especially transition ones, in vital activity of
organisms. Particular interest causes the interaction of metal ions such as Pt(II), Ag(I), Cu(I) with
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DNA because metal induced point defects in DNA [2 — 4] can lead to point mutations and can
participate in formation of cross-links between the chains of DNA. One of the interesting examples
is the application of cis-diamine-dichlorine-platinium and so-called photo-cis-platinium for tumor
treating. More and more articles have been published lately where the usage of metal nanoparticles
particularly gold [5—9] and carbon [10, 11] ones for tumor photo-thermo-therapy is discussed.
Silver nanoparticles are considerably rarely used for the purpose because one of their substantial
properties is stability in solutions.

The goal of the present investigation is to study the interaction of AgNPs (1 —2 nm) with
thymus DNA by spectroscopic and thermodynamic methods in darkness and under photo-

irradiation.
Materials and Methods
o Colloidal silver suspension in distilled water was prepared of AgNPs of 1 — 2 nm size (DDS

Inc., D/B/A/, Amino Acid & Botanical Supply).

J Calf thymus DNA produced by Sigma was dissolved in 0.01 M NaNOs solution -
background electrolyte, pH ~ 6.0. DNA concentration was evaluated by UV absorption
spectrophotometer. Molecular extinction factor £= 6600 cm™ M (P), A =260 nm.

o Registration of absorption spectra was carried out by optical fiber spectrometer AvaSpec
ULS 2048 — USB 2.
J Photo-irradiation was carried out in reactor with the fixed light beam in 1 cm rectangular

fluorescent quartz cell. In the same cell with the interval of 5 min absorption spectra of
irradiated solutions were registered by Avantes spectrometer. Before each absorption
registration the cell was shut with a shutter that protected the solution from photo
irradiation. Registration time was 8 msec. As a source of radiation xenon arch discharge
lamp with rating of 35 W in glass balloon was used. At solution irradiation water filter and
light filter with light wave transmission A = 436 nm were used. Radiation power in the cell
was 300 mW for water filter and 15 mW for water filter matched with light filter
(1=436 nm).

Results and Discussion

Fig. 1 shows the spectra of AgNPs, AgNPs — DNA complexes.

The analysis of spectra given in Fig.1 demonstrates that DNA at interaction with AgNPs
causes hypsochromic shift of absorption band on 6 nm and 20 % hypochromic effect. Blue shift
points out that a kind of disintegration (loosening), i.e. attenuation of interactions between silver
atoms has taken place. And the decay of intensity means partial corrosion of AgNPs [1].

Kinetics of AgNPs photoirradiation has been studied. Figs.2 and 3 show superposed
absorption spectra of AgNPs and AgNPs in complex with DNA before and after irradiation using
water filter.
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Figure 1. Absorbtion spectra of AgNPs and AgNPs — DNAcomplexes.
[AgNPs] - 0.72 - 10 mol (Ag®), [DNA] - 1.6 - 10 mol (P), [NaNOs] — 10-2 mol.
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Figure 2. Absorbtion spectra of AgNPs before and after irradiation
(5 min interval). [AgNPs] —1.94 - 10~ mol (Ag®), [NaNOs] — 102 mol.
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Figure 3. Absorbtion spectra of AgNPs — DNA before and after irradiation (5 min
interval). AgNPs] —1.94 - 10~ mol (Ag®), [DNA] - 1.6 - 10* mol (P), [NaNOs] — 10-2 mol.

The analysis of the spectra on Figs. 2 and 3 demonstrates that only the irradiated complexes
AgNPs — DNA have distinctly expressed isosbestic point. The test with the free AgNPs shows that
as a result of photoirradiation desorption of silver atoms and their oxidation to Ag* ions takes place.
The presence of isosbestic points in the absorption spectra of irradiated AgNPs — DNA complexes
proves that the system has two states, i.e. AgNPs — DNA complex has two forms of existence joint
by structural photodiffusive transition from one form, e.g. spherical one, to extended long and
probably one-dimensional form along DNA double helix. The analysis of the spectra really shows
with good correlation <5 % that space under the spectra is preserved which means that there are
no changes in chromophore electron structure. Besides, half width of absorption spectra Adi. is
changed from 140 to 360 mn. Red shift and widening of AgNPs band points out to the typical for
molecular systems increase of electron conjugation (linear and cyclic conjugated systems [12]).

The company nanoComposix [13, 14] gives sample absorption spectra for spherical AgNPs
with particle sizes of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 nm at the same mass concentration
0.02 mg / ml. The given data show that with the increase of the size of the particles widening of the
red shift of absorption band can be observed. It is notable that despite the growth of the particle
size, i.e. decrease of their total number in the solution, the intensity of absorption bands for
nanoparticles with the sizes from 10 to 40 nm is not practically changed, only a small shift of
absorption band maximums can be observed. The above explicitly points out that chromophore
units are silver atoms and not nanoparticles. Thus, we can draw a conclusion that silver atoms in
AgNPs are sufficiently isolated and bound together by dispersion interaction (induced dipole-
induced dipole). As these interactions are performed in water surrounding they should be
considerably amplified at the expense of so called hydrophobic effect [15], that means compaction
and then minimization of the surface (decrease of the system entropy).
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We especially point out that in nanoparticle, which consists of one kind of atoms, along
with the mentioned dispersial interaction, the so-called resonance interaction should take place
[16]. Such types of interactions are typical for molecular crystals and they usually lead to exiton
splitting of the principal absorption band. Inevitable condition for exiton splitting is the presence
of a system consisting of identical groups and having hard structure [17]. The absence of splitting
can mean that AgNPs (1 — 2 nm) under investigation (Fig.1) have liquid structure resembling a
drop which under definite conditions (such as temperature, photo-irradiation, variations in
dielectric constant of the environment) should be characterized by conformational transitions. So,
once again analyzing absorption spectra presented in Fig. 1 we can make this conclusion — hypso-
chromic shift shows not only loosening of AgNPs but moreover the transfer of the drop into a
spherical segment (wetting angle 8<7/ 2). It means that DNA surface is moistened by silver nano-
particles. First of all it is connected with great affinity of soft ions (Cu*, Ag*, Hg**, etc.) and metal
ions M? with DNA double helix [4]. Photo-diffusion of AgNPs (see Fig. 3) on DNA double helix
resembles flesh-desorption phenomena — fast heating of AgNPs by photons, then desorption of
silver ions with their following adsorption by DNA double helix, including creation of cross-links
between silver atoms and DNA chains.

We have also carried out evaluation of energy needed for heating of AgNPs (1 — 2 nm).
Under the condition when atomic (specific) heat capacity of liquid silver is equal to
30.5] / g atom - grad; single photon energy (A= 430 nm) is 46.2 - 10?°]. It is possible to heat a single
silver nano-particle (size 1 nm) consisting of 30 silver atoms up to 610 K; in case when a silver
nano-particle has a size of 2 nm, i.e. consists of 240 atoms, it will be heated up to 340 K. It means
that photo-irradiation (A = 430 nm) is absolutely able to cause the photo-diffusion of AgNPs,
especially of those whose size is about 1nm. To check the concept we have carried out
thermodynamic kinetic analysis of absorption spectra of AgNPs — DNA complexes (see Fig. 3).
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Figure 4 Kinetic curve of photo-desorption in M./ M.
and 72 coordinates for AgNPs bound with DNA.
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Let’s consider the changes in absorption spectra for photo-irradiated AgNPs — DNA
complexes given in Fig. 3 versus the duration of irradiation in M./ Me and ¢'? (see Fig. 4).
Me=A:i-0— Ac-es00 is the number of silver atoms in nanoparticles at the beginning (absorption A4
when A =430 nm at t=0 ), M:=A:o0- A.is molar quantity of silver atoms desorbed by the time
moment ¢ (difference between absorption A:-0— A:at A =430 nm). As it can be seen the curves in
Fig. 4 have S-shape form both for photo desorption kinetics of silver atoms from the surface of free
AgNPs and AgNPs — DNA complexes. S-shape appearance of the curves denotes that photo-
induced desorption of atoms is a complex and multiphase process [18]; it is diffusion of silver atoms
from the inner part of a nanoparticle to its surface, conformational changes in the particles
especially in those ones that are adsorbed on DNA surface. Next we consider the results given in
Figs.2and 3 in In [M./ (M.— M1)] and ¢ coordinates, which are given in Fig. 5.
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Figure 5. Kinetic curve of photo-desorption in In [Me/ (Me— M.)]
and ¢ coordinates for AgNPs bound with DNA.

The analysis of the curve shows that only initial stage of the given curves of desorption
kinetics obey linear law of first-order equation In [Me/(Me— M) =kt The constant of
desorption rate of silver atoms from the surface of AgNPs has been evaluated from the slopes of the
curves and the data is: for AgNPs bound with DNA ks=9 - 10 s7l. The value allow us to evaluate
desorption reaction activation energy £'¢ using the equation k¢= voexp (— £4/ R T'), where vo is
pre-exponential factor assumed as vo = 10'° s7! (reciprocal quantity to silver atom oscillation time in
nanoparticles). In this case we have got the following value for £« at 7=300K and
Ea=80kJ / mol Ag® for AgNPs bound with DNA. As EFi= Ea + Qa, where Ea and Q. are activation
energies for starting activation and heating of nanoparticles, so Q.=80k]J/mol Ag’ under the
condition that formation of nanoparticles is not an activated value. The values of heat are specific
for cluster nanostructures [19, 20].

Next we give evaluation of life time for Ag® complex with DNA. As far as in 1996 one of the
authors [21] proposed a thermodynamic model of interaction between small ligands and DNA.
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Based on the example of interaction between the ions of transition metals and DNA it was
shown that the life time of the complexes 7is connected to equilibrium characteristic by stability
constant K and equation 7= 7o K, where 7o is the duration of the fluctuation excitation of the
adsorbing ligands or molecules interacting with a solid surface and it lyes between 10! and 10-0s.
Silver atom photo-desorption from the surface of nanoparticles, which are in DNA complex, has
desorption activation energy of 80 k] / mol Ag® and, consequently, we can assume that photo-
induced diffusion of AgNPs on DNA double helix takes place along with activation of silver atoms
desorption energy equal to 80 k] / mol - Ag® and thus we can state that the energy of Ag’interaction
with DNA double helix is not less than 80kJ/mol Ag’. In accordance with the equation
A G=- R Tln K and with the application of the evaluated energy 80 k] / mol Ag® we assume that
the stability constant of the complex is not less than 10* and, consequently, life time of the
complexes is equal to 10*s. Life-times of 1 s order and more are characteristic for inter-strand
interactions with the participation of transition metal ions, so called cross-links [20]. As far as in
1969 Wilhelm and Daune [22] showed that Ag*ions form cross-links between DNA chains thus
releasing protons bound with Ni guanine and Ns thymine into the solution. We have estimated
stability constants of Cu* and Ag* ions with DNA which are equal to p K=10.8 for Ag* and
p K=14.9 for Cu*. Thereafter the change of free energy for Ag* is 63 k] / mol and 86 k] / mol for
Cu* and lifetimes are 0.63 s for Ag*and 8.6 - 103 s for Cu~ [4].

Conclusions

Using spectrophotometry and thermodynamic approaches we have shown that 1) at
interaction with DNA — AgNPs are adsorbed on it and only partial corrosion of nanoparticles at the
level of Ag* ions is observed; 2) at photo-irradiation (A = 436 nm or full spectrum of visible band)
desorption of silver atoms from the surface of AgNPs takes place. The atoms are first adsorbed on
the surface of DNA and then penetrate inside the double helix (cross links between complementary
DNA base pairs) making prolate stretched structure (AgNPs absorption spectrum width is changed
from 140 to 360 nm at half-height); 3) Kinetic study of photo-desorption has made it possible to
determine desorption rate constant k< and adsorption heat Q. that are equal to k4=9-105s7;
Q2280 kJ / mol Ag® for AgNPs bound with DNA. 4) It is shown that AgNPs represent liquid drops
which moisture the DNA surface at interaction. At photo-irradiation of AgNPs — DNA complex
DNA dependant conformational transition takes place due to fast and intensive heating.
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In the paper, the results of investigations of the shock wave induced reactions in Ti — Al - B
system are presented. Shock wave induced extreme conditions were formed by explosive loadings
in the cylindrical scheme. Theoretically were calculated the energetic characteristics and stress
tensor components in Ti — Al — B powders containing steel container. The phase constitution of
obtained samples, microstructure and mechanisms of bulk intermetallics formation are investigated
depending on the initial ratio of components and particles sizes in the reaction mixture. Welding
zone of intermetallics and cylindrical surface of steel ampoule were studied and the micro-hardness
distribution in the structure was determined.

Introduction

Alloys obtained in Ti — Al binary and Ti — Al — B ternary systems and technologies of their
fabrication are the subject of continuous intensive investigations due their practical applications.
Intermetallic compounds obtained in Ti — Al system are attractive materials for aerospace, machine
and chemical applications [1 — 3]. They have high specific strength under tensile and compression
conditions. At the same time they have good high temperature corrosion, oxidation, wear resistant
properties and are widely used in chemical technologies. There are known several conventional
methods of preparing alloys in Ti— Al system: mechanical alloying, self-propagating high
temperature synthesis (SHS), laser engineered net shaping, etc.

Each method has advantages and disadvantages. Main problems of all above-mentioned
technologies are connected with control of phase formation and fabrication of materials with
desired homogenous structure. The significant extension of application area of the intermetallics,
prepared in bulk form, is expected if they will be fabricated with nanostructure. The next main
problem is limitation in shape and sizes of processed materials. Preparation of layered
multifunctional materials 7z situ is limited as well.

The shock wave compaction technology (SC) has advantages, which becomes attractive in
combination with SHS for common application. During the last years, numbers of investigations by
a group of Prof. N. Thadani were carried out for understanding of mechanisms of SHS processes in
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shock loaded reaction mixtures. The main purpose of investigations was the establishment whether
the SHS is assisted or induced by shock waves. But on the base of author’s conclusions can be said
that the researches in this direction are not completed yet, especially for multi component systems.
This method is very attractive, because of the simplicity and low cost of technology and good
potential for obtaining different dimensional materials. The following mechanical treatment may
be used for obtaining materials in ultrafine grained structure and different shapes. But in spite of
above mentioned very important advantages, this method is too difficult to control, because of the
rapidly propagated very high strain rate conditions, formed under shock wave. Initiation of shock
waves using explosives is dangerous as well, if using sensitive and powerful explosive materials,
which generate necessary high pressure on the shock wave front. Accordingly, the correct
modeling of the shock wave induced reaction in Ti — Al — X system, experimental testing and
determination of optimal technological characteristics is very actual for prediction of results and
controlling of phase compositions of intermetallics.

In this research, it has been made the preliminary theoretical calculations of stress tensor
components, estimation of energetic conditions using the classical and empiric relations and
experimental adiabatic conditions of Ti and Al / B under the shock wave loadings. The calculated
results were tested experimentally, correlated and confirmed. The hardness distribution and
structure of compacted Ti/ Al / B intermetallic in different zone was investigated.

Theoretical investigations

Stress components in the Ti, Al and B under explosive loadings, were calculated using the
solutions of a dynamic model [4]. It was taking into account that the powder blend is situated into
the steel ampoule. Pressure impulses generated by explosives (and propagated along the treated
surface at the boundary explosive material-ampoule with the constant rate V= Viewnaion) Were
estimated using the shock adiabatic. It is clear that stresses will be determined in multitude of real
numbers if the conditions V< C, where Cis the longitudinal sound speed in material.

Some characteristics of explosives, used for calculations are presented in Tab. 1.
Distribution of normal stresses ¢y=f(y;, x, t), in loaded assembly of cylindrical geometry are
presented in Figs. 1 and 2.

Table 1. Composition and detonation characteristics of explosive materials [4, 5].

Explosive Density, Detonation rate Pressure,
material p- 103 kg / m3 V,m/s P-10° N/ m?
79 % NH4NO:s + 1.0-1.2 3600 — 4800 10
21 % CsH2(NO2)sCHs
95 % NH4NOs+ 1.00 1700 5
5 % CsH2(NO2)3CH3
C3HsOsNe 1.0 6050 20
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Figure 1. Distribution of normal stresses in the shock loaded Ti/ Al composition.
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Figure 2. Distribution of normal stresses in shock loaded B.

Taking into account the above presented calculations and Ti — Al and Ti — B phase diagrams,
we can determine the desired stress-deformed state of composition for obtaining optimal results
during explosive loadings.

Experimental procedure

Starting elemental powders used for experiments were: nanostructured Al (99.0 % purity)
and Ti (99.0 % purity), and amorphous B (of purity 99.6 %, containing: C — 0.13 %, Cl — 0.05 %,
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metallic impurity totals — 0.5 %; specific surface — 14 m?/ g). Three initial compositions consisting
of Ti/ Al and Ti / Al / B elemental molar ratios of 1.38 : 1.25, 0.5:0.5:2.0 and 0.2 :7.0: 0.2 were
prepared for compaction under shock wave, generated by chemical explosions.
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Figure 3. Scheme of EC / SHS setup: (1) electrical detonator,
(2) explosive’s container, (3) explosive, (4) steel tube, (5) reaction mixture,
(6) steel plugs, (7) base table, (8) central rod, (9) detonator seizer.

The ratio of Ti, Al and B were selected according phase diagrams and focused on formation
of intermetallics TiAlz and TiB2 phases. The precursors were processed in ball mill for activation of
surfaces before compaction. Particle size was in range of 40 — 80 um. For powder compaction the
axial-symmetric experimental set-up of cylindrical geometry was chosen. Scheme of shock wave
loading of assembly is shown in Fig. 3. A cylindrical steel rod (4), 8mm in diameter, was placed
along the powder container — tube axis. The powder was packed in a low carbon steel (St. 3) tube
around the central steel rod and pre-densification up to 50% of theoretical mass density. The
powder container closed in top and bottom sides by steel plugs. The length of powder container
was 120 mm, diameter — 22 mm, wall thickness — 4 mm. The assembly was placed in cardboard
pipe (explosive container), 44 mm in diameter and 164 mm in length and surrounded with
powdered explosive materials. The ammonite, 50 wt. % ammonite — 50 wt. % ammonium nitride
and hexogen were used as a explosives.

On the top side of explosive container placed the drilled disk — detonator seizer and after
charging the set-up were detonated electrically. Pressure and high temperature on the front of
shock wave configuration, in the Al — Ti system induce combustion syntheses and realized the in
situ process of shock compaction + SHS (EC / SHS).
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Results and discussions

Compacts of cylindrical geometry were obtained after EC/SHS consolidation and some of
them followed by rolling 50 % deformation at 750 °C. The photographs of the compacts, cut from
the long dimensional cylinders and rolled one of ellipse form are shown on Fig. 4.

Figure 4. Photograph of SC / SHS compacted Ti/ Al/ B samples of different shape.

It must be mentioned, that the central rods (4 on Fig. 3) prevents and decreases Mach
stream effect influence in assembly, loaded by shock wave, induced ammonium nitride containing
explosives. At the same time, in such conditions is formed special configuration of induced /
reflected / unloading waves in ampoule preservation and increase impact time (as result, increase in
the workability of explosive energy). Using more powerful explosive-hexogen, gives destructive
effects in the bottom of the assembly.
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Figure 5. Hardness versus position from the line of indents on ellipse shape, obtained
after 50 % rolling of compacted sample obtained by SC / SHS from Ti/ Al / B composition.

Following SC / SHS, the compacts were recovered in different shapes and prepared for
investigations. The density of specimens were determined (cut from different part of samples), by
the Archimedean method. Investigations on hardness distributions along the diameters were
performed on samples 1 and 2 using a diamond Berkovich indenter probe. The line ran along the
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radius from the edge to the center across the diameters (long and short in case of ellipse shape).
Spacing of the indents was decreased near the interfaces of the intermetallics and steel. The loading
function consisted of a five-second linear loading segment to a peak load of 10 mN. Character of
microhardness distribution along the diameters of ellipse shape cross section of SC / SHS + 50 %
rolled Ti / Al / B compact is shown on Fig. 5. As we can see the curve of distribution of above
properties (between intermetallics and steel surfaces in the welding zones) is close to periodic
function shape, the change is quite smooth, which is very important for stability and reliability of
functioning in extreme conditions. The distribution of Al. Ti and B in the structure as well as type
and sizes of pores in compacts were determined. The pore sizes are in range of (25 — 75) pm and
total porosity of compacted samples is up to 2.25 % (Fig. 6).
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Figure 6. Distribution of Ti, Al and Bin 0.5 Ti/ 0.5 Al /2 B compact.
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Figure 7. SEM images of bulk Al-Ti-B sample.
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The recovered SW/SHS compacts were investigated using scanning electron microscopy
(SEM) SEM-800. The formation of nanostructured bulk samples by shock induced / assisted SHS
reaction SEM images was confirmed (Fig. 7).

Conclusions

The Investigations were carried out to explain formation of titanium aluminade
intermetallics via reaction under shock wave compaction. Ti-Al-B powders of three different
compositions were explosively loaded in cylindrical mode and successfully realized shock-wave
induced SHS reactions. The stress components, generated by pressure impulse, propagated along
the surface by constant rate velocity have been theoretically calculated. The calculated results were
compared with experimental result and were confirmed. Microhardness distribution along the
diameter was determined of synthesized samples. The SEM analyses were carried out for
investigation of microstructure and phase composition. The porosity was estimated using the
optical microscope and possibility of obtaining high dense nanostructured compacts was
confirmed.
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Theoretical and experimental Investigations of shock wave consolidation processes of
Ti— Al nano sized and ultra-disperse powder compositions are discussed. For theoretical
calculations of the shock wave loaded materials were used the hydrodynamic theory and
experimental adiabatics of Ti and Al. The normal and tangential stresses in the cylindrical steel
tube (containers of Ti— Al reaction mixtures) were estimated using the partial solutions of
elasticity theory.

The mixtures of ultra-disperse Ti and nano sized (max < 50 nm) Al powder compositions
were consolidated to full or near-full density by explosive-compaction technology. The ammonium
nitride based industrial explosives were used for generation of shock waves. To form ultra-fine
grained bulk TiAl intermetallides with different compositions, ultra-disperse Ti particles were
mixed with nano-crystalline Al. Each reaction mixture was placed in a sealed container and
explosively compacted using a normal and cylindrical detonation set-up. Explosive compaction
experiments were performed in range of pressure impulse (5 — 20 GPa) at elevated temperatures.

Structural investigations (SEM) and micro-hardness measurements were used to
characterize the intermetallics structure composition and mechanical properties. The results of
analysis revealing the effects of the compacting conditions and precursor particles sizes, affecting
the consolidation and the properties of this new ultra high performance alloys are discussed.

Introduction

Properties of nanostructured materials, formed from nanopowders show that they are
fundamentally differing in comparable of large grained materials, exhibit significantly increased
wear and corrosion resistant properties, have ideal compatibility of strength and elasticity and
characterized by super-plasticity. If the grain’s sizes are less / or close with the visible light’s wave-
length than the materials have specific optic, thermal, electric and magnetic properties.

Composites obtained in Ti — Al systems and technologies of their fabrication are the subject
of continuous intensive investigations due their practical applications. They are attractive materials
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for aerospace, machine and chemical applications [1 —5]. They have high specific strength under
tensile and compression conditions, good high temperature corrosion, oxidation and wear resistant
properties and widely used in chemical technologies. Improvement of above mentioned unique
properties are expected if they will be prepared in nanostrucured form.

There are several known methods for obtaining nanostructured materials, including: hot
isostatic pressing (HIP), spark plasma syntheses (SPS), mechanical alloying (MA), laser engineered
(LE) net shaping and etc., but they have limitations in shape and sizes, areas of applications and are
low effective for production. Methods to produce dimensional and large quantities of
nanostructured composites, applicable in practice are reduced. An attractive from them is a)
method of controlled devitrification of amorphous solids (CDA) [1] and b) Self propagating high
temperature syntheses (SHS) in thermal explosion mode (TE) [2]. The CDA requires the generation
of the amorphous precursor and MA combined with appropriate consolidation techniques. SHS in
TE modes needs to combine preheating, combustion syntheses and densification equipment and
too difficult for controlling of structure formation and obtaining stable results.

The shock wave loading of high exothermic reactants allows generate in situ process of
shock wave activated SHS + shock consolidation (SHS SC). It does not require additional power
supply from outside sources. Because the dynamic compression is accompanied with adiabatic
expansion the high rate cooling conditions is guaranteed and the high pressure structures are
preserved.

The most simple and cheap technique for generation of high intensity shock waves (high
pressure / energy) is blasting of condensed explosions. SHS SC technology became an attractive for
obtaining of materials with metastable, amorphous and nanostructures, because above mentioned
advantages. It is known [3] that the mode, mechanism and dynamic of SHS reactions strongly
depended on the characteristics of reactants: particle sizes / free surface, green density, melting
point end etc. The aluminum nanoparticles that have small grain size, high surface areas, high
stored-energies and low melting point may significantly change the conditions of phase formation
in intermetallides.

The aim of research was investigation of composites obtained from mnanocrytalline
aluminium and ultrafine titanium powders produced under shock wave compression.

Theoretical investigations

Stress components in the Ti and Al under shock wave loadings, were calculated using the
solutions of a dynamic model [6]. It was taking into account that the powder blend is situated into
the ampoule, produced from low carbon steel. Pressure impulses generated by explosives (and
propagated along the treated surface at the boundary explosive material-ampoule with the constant
rate V= Vdewnaion) Were estimated using the shock adiabatic. It is clear, that stresses will be
determined in multitude of real numbers if the conditions V< C; where, C7is the longitudinal
sound speed in material.

Some characteristics of explosives, used for calculations are presented in Tab. 1.
Distribution of normal stresses oy = f(y; X, 0), in loaded Fe (Ti / Al) assembly of cylindrical
geometry are presented in Fig. 1.
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Table 1. Composition and detonation characteristics of explosive materials [7].

Explosive Material Density, Detonation rate Pressure on St. 3,
p- 1023 kg / m? V,m/s P-10° N/ m?
79 % NH4NO:s + 1.0-1.2 3600 — 4800 10
21 % CesH2(NO2)3CHs
95 % NH4NOs+ 1.00 1700 5
5 % CsH2(NO2)sCH3s
CsHesOsHs 1.0 6050 20
= | |
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Figure 1. Distribution of normal stresses in the shock loaded Fe (Ti/ Al) composition.

Taking into account the above presented calculations and phase diagrams of Ti-Al, we can
determine the desired stress-deformed condition of Fe-ampoule and thermodynamic of Ti/Al
composition for obtaining optimal results during explosive loadings.

Experiment procedure

Starting elemental powders used were coarse Ti (99.0 % purity) and nanocrytalline Al (of
purity 99 %; APS: 18 nm, max < 50 nm; SSA: 40 — 60 m? / g; morphology: spherical; bulk density:
0.08 —0.20 g / cm?; true density: 2.70 g/ cm3) produced by MTI corporation, Richmond, USA.
Initial compositions of reaction mixture consisting of Ti: Al elemental molar ratios of 1.00 : 1.00
(64 wt. % Ti : 36 wt. % Al) were prepared. In order to obtain ultrafine structure from Ti-coarse
particles and activate surfaces of both type of particles as well as to reach homogenous distribution
of components, the precursors were processed in ball mill before compaction. The treatment was
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carried out in a high energy ball mill during 2 hours, in cemented carbide grinding media and ball
to powder ratio 15: 1. Shock wave compaction of the Ti—Al blend was performed in the axial-
symmetric experimental set-up of cylindrical geometry. For shock wave generation the 100 %
ammonite, mixture of 50 wt. % ammonite / 50 wt. % ammonium nitride and 100 % hexogen were
used as explosives. Scheme of shock wave loading of assembly is shown in Fig. 2.

Figure 2. Scheme of EC / SHS setup: (1) electrical detonator, (2) explosive’s container, (3) explosive,
(4) steel tube, (5) reaction mixture, (6) steel plugs, (7) base table, (9) detonator seizer.

The powder was packed in a low carbon steel (St. 3) tube and pre-dandified up to 50 % of
theoretical density. The powder container closed in top and bottom sides by steel plugs. The length
of powder container was 120 mm, diameter — 22 mm, wall thickness — 4 mm. The assembly was
placed in cardboard pipe (explosive container), 44 mm in diameter and 164 mm in length and
surrounded with powdered explosive materials. On the top side of explosive container placed the
drilled disk — detonator seizer and after charging the set-up were detonated electrically. Pressure
and high temperature on the front of shock wave configuration, in the Al-Ti system induce
combustion syntheses and realized the in situ process of shock compaction + SHS (SC / SHS).

Results and discussion

Compacts of cylindrical geometry were obtained after EC / SHS consolidation. Photographs
of the container and compacts, cut from the long dimensional cylinders are shown on Fig. 3.

Figure 3. Photograph of loaded ampoule-container (b) and compacted samples (a, c).
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Table 2. Some characteristics of SC / SHS compacts.

Density, g / cm? 3.02
Specific thermal conductivity, W / cm - °C 3.6 - 102
Specific electrical resistivity, Q - cm (67 —94) -10°3
Average microhardness of gray phase /v, kg / mm? 204
Average microhardness of white phase A, kg / mm? 145

High pressure (up to 10 GPa, developed by detonation of ammonium nitride based
explosives, with detonation velocity < 5000 m / s) generate the configuration of induced / reflected
/ unloading waves in ampoule preservation, initiate the SHS and simultaneously consolidate the
formed phase composition. Using the more powerful explosive-hexogen gives destructive effects in
the bottom side of the assembly. Following SC / SHS, the compacts were recovered in different
shapes (Figs. 3a and c) and prepared for investigations. The density of specimens were determined
(cut from different part of samples), by the Archimedean method. Investigations on hardness
distributions along the diameters were performed under the loading 20 g. Spacing of the indents
was decreased near the interfaces of the intermetalides and steel. The microstructure was
investigated by microscope MIM-7. Besides the coefficient of thermal transition and specific
electrical resistivity were measured for SC / SHS compacts. The results of measurements are
presented in the Tab. 2 and microstructure on Fig. 4.

Figure 5. SEM micrographs: a) ball milled nano Al — Ti
mixture; b) shock wave compacted bulk sample.

Besides the optical microscope, precursors and SC SHS compacts were investigated by SEM.
The full cladding of Ti particles by Al during the milling is confirmed. SEM of the SEM micrograph
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of sample, which was obtained in the in situ process (explosively induced SHS and shock wave
compacting technology), show multi-phase structure, consisting from Ti, TiAl and TizAl

Conclusions

The Investigations of intermetallides obtained in explosively induced reaction of nanosized
Al and coarse Ti powder were carried out. Powders of 64 wt. % Ti : 36 wt. % Al compositions were
explosively loaded in cylindrical mode and successfully realized shock-wave induced SHS
reactions. The stress components, generated by pressure impulse, propagated along the surface by
constant rate velocity have been theoretically calculated. The calculated results were compared
with experimental result and were confirmed. Density, specific thermal conductivity, specific
electrical resistivity and microhardness of different phases of synthesized samples were measured.
The X-ray, optical microscope and SEM analyses were used for investigation of microstructure and
phase composition. The formation of bulk intermetallides near theoretical density, with critically
low specific thermal conductivity was confirmed.
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Using nanotubular boron in nanotechnology has an advantage over that of nanotubular
carbon because of possibility to control the chirality mainly determining physical properties of the
nanotubular material. There is available a number of technological applications for all-boron
nanotubes — metallic wiring in nanoelectronics, protection against neutron irradiation and
accompanying gamma-irradiation, etc.

The analytic geometric model previously developed for boron nanotubes with perfectly 6-
coordinated chemical bonds, are extended to degenerate forms with reduced numbers of bonds
between neighboring boron atoms. Based on this model, geometric parameters of some ultra-small-
diameter nanotubes are estimated. Degenerated forms of all-boron nanotubes together can form
ultra-nanoscale fibers, in which lacking bonds are restored. Besides, such a degenerate structure
can serve as the core of a multi-walled boron nanotube.

Introduction

In three-dimensional structures of elemental boron and boron-rich solid-state compounds,
boron atoms occupy sites with different coordination numbers. But, most of them have 6 nearest
neighbors (see, e.g., [1]). For this reason, the average coordination number of boron atoms in such
materials is always close to 6. Based on this fact and first principles calculations, Ihsan Boustani has
predicted the existence of stable two-dimensional structures of boron — fragments of flat or convex
sheets, surfaces of cylindrical nanotubes and spherical cage-molecules — in which all of atoms again
are 6-coordinated being placed not only at the vertexes, but also in the centers of atomic rings in
form of flat or broken regular hexagons [2 - 5].

Currently, there is available a number of theoretical and experimental evidences for the
stability of boron, two-dimensional nanosystems as well as suggestions for their technological
applications — metallic wiring in nanoelectronics, protection against neutron irradiation and
accompanying gamma-irradiation, etc. (see references in the Review [6]).

For nanotechnology, it is especially important to control at the atomic level the structure of
the material used. Due to a significant anisotropy in mechanical properties of all-boron sheet
fragments which can be wrapped into cylinders, bundle of boron nanotubes is among materials
allowing such control [7]. Thus, nanotubular boron has an important advantage over nanotubular
carbon, the mostly used nanomaterial, for which it is difficult to control the chirality determining
electrical conductance property.
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In this paper, the geometric model previously developed for boron nanotubular structures
with perfectly 6-coordinated chemical bonds, we extend to degenerate forms with reduced
numbers of bonds between neighboring boron atoms.

Geometric models for boron nanotubes

An important step in structural identification of boron nanotubes, like any nanosystem, is
construction the adequate geometrical model and its analysis.

Geometric characteristics such as the one-dimensional crystal lattice constant, the diameter
of the cylindrical surface of atomic sites, the number of atoms in the unit cell, etc. can be found
analytically in frames of the conventional model initially adapted for boron nanotubes [8]. Let
emphasize that in the cited work two different types of achiral boron nanotubes were classified as
zigzag and armchair tubes, according to the rule opposing the standard one adopted for carbon
nanotubes and used by us for boron nanotubes as well here and in our previous studies.

Conventional model considers tubular structure as a result of the sheet fragment folding
(Fig. 1). But, such “rolling up” model is not suitable for ultra-small-diameter nanotubes, for which
the difference between real — faceted polyhedral and ideal — cylindrically curved shapes is quite

sensible.
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Figure 1. Rolling up geometric model for all-boron nanotubes.

Recently, based on the assumption that in boron nanotubes all the bonds are fully
equivalent it was proposed so-called idealized polyhedral model [9, 10] leading to a system of
explicit relations between above listed geometric parameters, on the one hand, and bonds lengths
and tubular indices, on the other hand. However, these are the set of transcendental equations and
their solution needs numerical calculations.

At the same time, we have introduced different version of the polyhedral model for boron
nanotubes of achiral, i.e., zigzag and armchair, geometries [11-13]. Such model utilizing cylindrical
symmetry demonstrates the possibility of the analytic representation of one-dimensional lattice
constants L, , and L,, , and diameters D, and D, , by bonds lengths d,, and 4, , and

indices n=1,2,3,...:
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Here, the Kronecker symbol J,, is introduced for the removal of divergences at n=1.
In these cases, numbers of atoms per unit cell N, and N, are equal:
N,o =2n, 3"
N, =2n. (3"

For achiral boron nanotubes, atomic sites coordinates and interatomic distances also can be
calculated in analytical form. For this reason our model we call the analytic polyhedral model.

To preserve the analyticity of expressions for geometrical parameters in the case of chiral
boron nanotubes too, from above relations we have constructed interpolation formulas:

2
L(n,m) ~ l_ﬂ 1_ 3_(1_5n1) (lm)
d n 2 T ’
(nm) cos” —
2n
2
D(n,m) ~ 1 3_ ﬂ 3— (1 - 5n1) (2,")
um) 2sin£ n cos’ z
2n 2n

where L, is the one-dimensional lattice constant, D,,,, is the nanotube diameter, d,,, is the
bonds length of the achiral boron nanotube, and 0<m<n is the structural index measuring
chirality of a tube.

One can easily see that interpolation formulas coincide with exact limits for both
corresponding cases m=0 and m=n.
It is clear that the number of atoms per unit cell of the boron nanotube of any chirality
does not depend on the index m , but is fully determined by the index n:

N, =2n. (3")

N,

(n,m)

Degenerated forms of boron nanotubes

For some of all-boron “nanotubes” with ultra-small diameters, the coordination number
(C.N.) of atoms is less than 6. This fact contradicts the main assumption of any geometric model.
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Actually, zigzag “nanotube” (1,0) is a flat zigzag atomic chain in which kink angles are
exactly equal to 7 /3. Because of this, each atom in addition to 2 bonds with its neighbors possesses
2 parallel bonds directed along the tube axis. Consequently, the coordination number of atoms of
this structure is 4. Essentially, it is a ribbon consisting of the close-packed pair of linear atomic
chains.

The armchair “nanotube” (1,1) also can be imagined as the flat zigzag atomic chain,
however, with kink angles exceeded x/3. In this case 2 additional bonds are not formed and,
therefore, the coordination number of atoms remains 2. It is not hard to guess that the most stable
state corresponds to the simple linear chain, i.e., with the limiting kink angle of z.

The armchair “nanotube” (2,2) is represented as a linear chain of regular tetrahedra with
boron atoms at the vertices joined to each other with edges perpendicular to the tube cylindrical
axis. The coordination number of atoms constituting this structure equals to 5.

Atoms of all other boron nanotubes are characterized by the right coordination number, i.e., 6.

Table 1. Geometric parameters of ultra-small-diameter all-boron nanotubes.

C.N. n m N L, A D, A D,y +dims A
2 1 1 2 3.08 0 1.78
4 1 0 2 1.78 1.54 3.32
5 2 2 4 1.78 1.78 3.56
6 2 1 4 2.52 1.99 3.77
6 2 0 4 1.78 2.18 3.96

Despite the fact that the coordination is reduced, above formulas “work” for degenerate all-
boron nanotubes as well.

Using these formulas and equilibrium interatomic distance 1.78 A, according to the quasi-
classical boron-boron pair interaction potential [14], for all d bond lengths we have estimated

(n,m)
geometric parameters of some ultra-small-diameter all-boron nanotubes. Results of calculations are
shown in the Tab. 1.

The formula for D determines the diameter of the cylindrical surface, where are placed

(n,m)
nuclei of constituent boron atoms. In the calculation of complex geometries of nanotubular boron,
one should keep in mind that the outer diameter of the nanotube is more on boron atomic
diameter byd

. This is reason why the table presents the sum D, +d,,,, as well.

(n,m) (n,m)

Conclusions

Degenerate forms of all-boron nanotubes cannot be realized in isolated forms because of
reduced numbers of bonds. But, together they can form ultra-nanoscale fibers, in which lacking
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bonds will be restored. Besides, a degenerate structure can serve as the core of a multi-walled

boron nanotube.
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There is suggested a morphology model for nano-powdered hexagonal boron nitride h-BN
that can serve as an effective solid-additive to liquid lubricant materials. The model allows the
estimating surface specific area, the hard-to-measure morphology parameter, based on powder
particles average size.

Hexagonal boron nitride as a solid lubricant additive

Lubricants are extensively used by industry to control friction and wear in a large variety of
mechanical and tribological applications because without lubricants most moving parts of machines
and engines fail or wear out and become useless. Most lubricants come in a liquid- or grease-
consistency. But, liquid lubricants alone cannot meet the increasingly more stringent application
conditions under very high and low temperatures, ultra-high vacuum, radiation, extreme contact
pressure, very low and high sliding speeds, etc. It is a reason why the idea of combined uses of solid
and liquid lubricants is becoming more popular. Solid additives in current liquid lubricants
containing heavy metals, sulfur and phosphorus bearing substances, etc. are environmentally
harmful and cause pollutions. They can be displaced by light boron-based nano-scale powders in
oils and greases providing much better tribological performance.

The most part of boron compounds are the superhard materials. But, some of them stand
out as very effective solid lubricants. In particular, boron compounds with layered structures
possess high potential to provide various surfaces with low friction and wear under both dry and
lubricated sliding conditions [1]. Among them powdered hexagonal boron nitride h-BN has a
capacity to significantly reduce friction and wear when mixed at low concentrations (as little as
~ 1 wt. %) with liquid lubricants — oils, greasers, and fuels. Previously tribological interest in h-BN
was limited to lubrication for metalworking processes where lubrication at high temperatures and /
or cleanliness of working environments is of critical concern. However, later it was reevaluated as
a “clean” lubricant which can be an alternative to above mentioned “dirty” ones (e.g., carbon C in
graphite-structure or molybdenum disulfide MoS:2) in more general applications as a solid lubricant.

Hexagonal BN has a lamellar crystalline structure, in which the bonding between molecules
within each layer is strong covalent, while the binding between layers is almost entirely by means
of weak van der Waals forces. This structure is similar to that of graphite and MoSz, which are
highly successful solid lubricants too, and the mechanism behind their effective lubricating
performance is understood to be owing to easy shearing along the basal plane of the hexagonal
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crystalline structures. BN captured attention as a potential solid lubricant for general use because of
this similarity. However, a number of results showed that, as a solid lubricant, BN was inferior to
graphite and MoS:. From the fundamental investigations of h-BN lubricant properties performed in
[2], h-BN in general was found less effective than other solid lubricants except for high-
temperature applications. However, a series of sliding experiments showed somewhat curious
behavior of BN when added into lubricating oil, e.g., in the case of sliding of bearing steel versus
itself. BN slightly increased the coefficient of friction, but drastically decreased wear. In sliding of
steel bearing, boron is present in small cavities on wear scars (Fig. 1). Not all boron is present there
as h-BN, but in other forms too. Although boron nitride is known to have high thermal stability,
the observation of the wear scars had shown coexistence of boron and oxygen at the same
locations, evidence which suggests oxidation during sliding. BN introduced to the actually rubbing
parts strongly adhered to steel surfaces, and works to decrease wear.

Figure 1. Distribution of B on wear scars (a) steel ring
/ steel roller and (b) steel ring / cast iron roller [2].
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Figure 2. Cross section micrograph of the surface-
treated (electrochemically borided) steel sample [3].

Different approach to modification of sliding surface by h-BN lubricant recently has been
suggested for gears. Gears and other mechanical assemblies are some of the key components for
conversion of wind energy to electrical energy in wind turbines, but their durability and efficiency
are severely impaired by some tribological issues like micropitting, wear, scuffing, and spalling. To
address these issues, in [3] a combinational approach was proposed to incorporate surface treatment
in coordination with the use of nanocolloidal lubricant additives. In particular, boron nitride based
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solid lubricants were manufactured and flat gear steel samples were borided using an
electrochemical boriding process. The borided surfaces (Fig.2.) enhanced the mechanical properties
of the surface layer, leading to improved wear resistance. As for the boron nitride itself, it was
observed to be stayed well dispersed within the oil and formed a stable tribofilm which was
important to achieve improved tribological performance.

It looks that h-BN particles interact with sliding surfaces and form low-friction boundary
films protecting these surfaces against wear and providing low friction due to their low shear.
Correspondingly, there was found a preferential orientation of h-BN nanocrystalline sheets of
hexagonal boron nitride (formed from the tribochemical reaction between a borated additive and a
nitrogenous compound using mineral oil containing a little amount of synthetic base as the base-
oil) parallel to the sliding direction [4]. It was evidenced the formation of a lamellar solid from the
tribochemical reaction of a borated additive and a succinimide additive. The result is the formation
of h-BN in the tribofilm. The tribofilm was mainly composed of an amorphous borate matrix
containing highly-dispersed h-BN nanoparticles in the form of sheets 10 nm wide and 5 nm thick.
Thus, when present at sliding interface the atomic layers of hexagonal BN, the self-lubricated solid,
align themselves parallel to the direction of sliding motion and then shear with relative ease to
provide the levels of low friction.

V::orous metal
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crystalographic structure)
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Figure 3. Schematic representation of the
lamellar lubrication in journal bearing [5].

Such orientation of nanosheets (Fig. 3) has a favorable effect on friction — this statement was
proved by the combination phospholipid molecules with h-BN. Phospholipid in vivo and
hexagonal boron nitride in vitro are good examples of frictionless lubricants. Phospholipid
molecules and BN have the ability to form multibilayer or layered structures similar to lamellate
solid. It has been confirmed experimentally that phospholipid molecules as lamellar lubricants
protect the surface of joints against wear while acting as frictionless lubricant. The experiment
strongly suggested [5] that h-BN has the ability to lubricate under load with very low friction
coefficient comparable to phospholipids. Relatively low surface energy and low adhesion between
the crystallites are giving the additives low friction coefficient. The results of the experimental
studies showed that h-BN as an additive in vaseline possesses friction reducing properties, and
excellent antiwear properties.
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It should be noted that hexagonal BN is a versatile ceramic material, with unique properties
and a wide application area in industry. Because of complex of important properties — resistance to
oxidation up to high temperatures, lubricity, high corrosion resistance, high thermal conductivity
and high electrical resistivity — it is used mostly as a high temperature lubricant material. However,
powdered h-BN when added into plastics not only reduces friction coefficient, but also increases
their thermal conductivity, decreases thermal expansion and increases use temperatures. There are
number of suggestions on practical utilizing BN-based lubricants useful for metallic, ceramic,
polymer, etc. interfaces.

Although aluminum is one of the most prominent metals in the fabrication of metal matrix
composites, frequently the oxidation of aluminum prevents the precisely measuring the wetting of
ceramics. In [6], an improved sessile drop method was devised to prevent the oxidation of the
aluminum. Using this method, the contact angle between h-BN and molten Al was measured in a
purified He + H2 atmosphere and in a very high vacuum at high-temperature. It was confirmed that
AIN was produced at the solid / liquid interface and caused the contact angle to decrease to 0 °. AIN
had good structural properties, whereas h-BN did not. Accordingly, it was suggested that h-BN
particles, which have good wetting, be inserted into the Al-melt. This causes the surface of the
h-BN to be converted into AIN which has good structural properties. Using this process, a metal
matrix composite, which has good structural properties, should be produced. In particular, since
h-BN is lubricous, a material should be produced which has high wear resistance.

Results of friction force in small-size bearings lubricated with the amount of oil contained
boron nitride additives were presented in [7]. The investigated bearings were porous journal
bearing and thrust bearing of the type sphere-on-plane operating with low velocity under spinning
friction regime. The comparison of the results obtained for oil with boron nitride additives with
one without such additives, magnetically active lubricant and oil with other than BN additives
showed a significant reduction of the friction coefficient and contact temperature.

The antiwear capacity of a borate containing nitrogen was evaluated in [8]. Rubbing surface
analyses revealed that there were borate and boron nitride under high load in comparison to only
borate found under low load. Therefore, it can be considered that, under mild conditions, the
borate ester is absorbed physically and chemically on the rubbing surface providing antiwear
function at low load, and under severe conditions some of absorbed borate films degrade and form
boron nitride tribochemically developing antiwear performance at high load.

In [9], the modified borate powder also was synthesized as an oil additive. The results of
studying its tribological properties showed that it had good extreme pressure, antiwear and friction
reduction properties. The viscosity of base-oil and the water content in the modified borate had
great effect on the wear resistance with extreme pressure. It can form a tribological mixed
reaction-film on friction surface. Boron mainly existed in the form of BN on friction surface, while
nitrogen content was higher than sodium content.

Thus, borate esters possess friction-reducing, antiwear, and antioxidant characteristics when
blended in lubricating oils. However, they are susceptible to hydrolysis. The formation of a stable
five-member ring structure in the ester molecules, involving coordination of nitrogen with boron,
contributes substantially to the resistance to hydrolysis of borate esters. The susceptibility of
borates to hydrolysis can be reduced by introducing N,N-dialkylaminoethyl groups with alkyl
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radicals containing more than three carbon atoms [10]. It was revealed that the borate ester can be
adsorbed on the rubbing surface, and some of the adsorbed borate film degrades and forms boron
nitride. Wear tests indicated that the combination of oil-soluble metals (copper, tin, and cadmium)
compounds with organoborates gives better antiwear properties than the components separately.
An antiwear synergistic mechanism can be postulated, in which borates with electron-deficient
boron p-orbitals catalyze the triboreduction of the metal compounds on the rubbing surfaces,
producing elemental metals.

AISI — 1045 steel was duplex surface modified by deposition of a Si — B — N composite film
and a MoS:-based film [11]. It was found that composite film was composed of h-BN and c-BN
which had much larger hardness than the steel substrate and were able to form interfacial
transition layer with the steel substrate, and hence the tribological behavior of the steel was greatly
improved. Moreover, the friction and wear behavior of the Si — B — N film was further significantly
improved by the introduction of the Mo.

The tribological performance of grease lubricant plus h-BN micro-particles additive was
studied on steel / steel tribopair under vibrating fretting and sliding fretting conditions [12]. The
grease compounded with boron nitride was found to be the best for industrial applications.

In [13], it was performed a comparative study on the tribological behavior of hexagonal
boron nitride as lubricating microparticles — an additive in porous sliding bearings for a car clutch.
The main effect of h-BN microparticles lamellar lubricant plus oil in comparison to a standard
Mobil-lubricant appears to be that the impregnation of h-BN microparticles in Cu—Fe porous
bearings persists for a long period of time and the microparticles are gradually released, being
supplied to the contact surfaces. In the bench test, porous bearings have demonstrated that such
impregnation will satisfy up to ~ 10° h of clutch operation in a real engine.

Ni-based alloy / nano-hexagonal boron nitride (nano-h-BN) self-lubricating composite
coatings were successfully produced on medium carbon steel substrate by means of Nd : YAG laser
cladding [14]. A novel high energy ball milling method was adopted to clad nano-Ni onto nano-
h-BN with an aim to enhance the compatibility between the h-BN and the metal matrix during
laser cladding process. It was found that nano-h-BN was hardly to be composed into Ni 45 matrix
coating even if increasing the weight percentage of h-BN from 5 to 10 wt. % with a conventional
mechanical mixing. The high energy ball milling of nano-Ni onto nano-h-BN significantly
improved the interfacial compatibility between h-BN and Ni 60 matrix. The friction coefficient of
the laser clad Ni 60 / nano-Ni-clad h-BN coating was reduced obviously.

The results of the recent experimental studies have demonstrated [15] the high potential of
h-BN as an additive for preventing fretting sliding, and can very useful for application in grease-
based compound lubrication of a steel surface in industrial equipment.

Cubic, amorphous and hexagonal boron nitride films were deposited onto a silicon substrate
and a reciprocating tribometer was used to examine friction and wear properties for these three BN
films [16]. The c-BN film showed the highest wear and peeling resistance of the tested films. The
lubricating performance of the c-BN film proved significant with a long lubricating life and low
friction. In contrast, the a-BN and h-BN films showed short lubricating endurance lives and large
friction changes in spite of the fact that they are good, in general, as solid lubricants. These
unexpected results were speculated to reflect the premature debonding of the h-BN and a-BN films
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during sliding and the subsequent discharge of their flakes out of the nip between the substrate and
the ball indenter, owing to their lower adhesion to the substrate.

The high-temperature friction and wear characteristics of ceramic matrix composites
incorporated with various solid lubricants including hexagonal BN have been investigated from
room temperature up to ~ 1000 °C [17]. On the basis of general design considerations relevant to
solid lubrication proposed for friction and wear data of self-lubricating composites, such optimized
composites appear to be promising candidates for long-duration, extreme environment applications
with low friction and small wear rate.

The results of investigation of the tribological behavior of SisNs—h-BN composites with
different hexagonal boron nitride volume fractions under distilled water lubrication showed [18]
that the addition of h-BN into SisNs matrix significantly decreased the friction coefficient for SisNs
against SisNs pair under titrimetric water lubrication. The morphological analysis and chemical
characterization of the worn surfaces via scanning reveal that under titrimetric water lubrication,
the h-BN in SisNs — h-BN spalled off during the wearing tests and the spalled pits formed on the
wearing surface of SisN4 — h-BN, and then the debris dropped into the pits to react with water, thus
a tribochemical film formed on the wearing surface. It facilitated smoothing the surfaces of
SisNs — h-BN and SisNs to create a fine lubrication environment.

The recent ring compression tests of the interfacial friction and flow behavior of an Al:Os-
based ceramic composite have indicated [19] that boron nitride lubricant can be used effectively at
elevated temperature range of 1400 — 1600 °C.

It is known that the processability of polymers by extrusion is related to the interface
between the polymer melt and the die wall because the wall surface energy affects the flow of
polymer melts in extrusion die. On the other hand, BN powders acting as a solid lubricant lower
the surface energy. It is reason why the effects of BN powders on the rheological properties and the
extrusion processability of metallocene-catalyzed low-density polyethylene were investigated [20].
Small crystal size and uniform size distribution were found to be more effective. Also, the
influence of a hot-pressed BN die on the instability of capillary flow was found to be quite effective
in delaying surface and sharkskin defects and postponing gross melt fracture. A synergistic effect of
processability improvement could be obtained when both BN powder and die are used together.

During the die flow of metallocene polyethylenes, flow instabilities may occur. Namely,
wall slip, “sharkskin”, and stick-slip (pressure oscillations) and gross fracture may be obtained
depending on the volume flow rate and die geometry. Fluoroelastomers and boron nitride powders
with hexagonal crystal structure can be used as suitable processing aids in melt extrusion processes.
Fluoroelastomers at low concentrations act as die lubricants and may eliminate flow instabilities
such as surface and stick-slip melt fracture. On the other hand, specific BN powders may not only
eliminate surface and stick-slip melt fracture, but also postpone gross melt fracture to higher
volume flow rates. In [21], it was shown a way for quantitative differentiation of the influence of
polymer processing additives on rheological behavior.

Boron nitride as a solid lubricant was tested [22] as an additive to the lubricants used in the
polytetrafluoroethylene paste extrusion in order to identify enhanced processing aids. It was found
that the addition of boron nitride not only increases the extrusion pressure but at the same time
improves the final mechanical properties of the final extrudates. This offers possibilities for
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controlling these properties by controlling the degree of fibrillation, i.e., by adding a small amount
of solid BN lubricant to adjust pressure, fibrillation, and thus the final mechanical properties.

Calcined petroleum coke and hexagonal boron nitride were used as the friction modifiers to
improve the friction and wear properties of phenolic resin-based friction composites too [23]. It
was found that the hybrid of the two friction modifiers was effective to significantly decrease the
wear rate and stabilize the friction coefficient of the friction composites at various temperatures by
forming a uniform lubricating and / or transferred film on the rubbing surfaces. The uniform and
durable transfer films were also able to effectively diminish the direct contact between the friction
composite and the cast iron counterpart and hence prevent severe wear of the latter as well. The
effectiveness of the hybrid of calcined petroleum coke and h-BN in improving the friction and
wear behavior of the phenolic resin-based friction modifiers could be attributed to the
complementary action of the “low temperature” lubricity of calcined petroleum coke and the “high
temperature” lubricity of h-BN. The optimum ratio of these two friction modifiers in the friction
composites was suggested to be 1:1, and the corresponding friction composite showed the best
friction-reducing and antiwear abilities.

Summarizing above brief overview on powdered h-BN lubricity, one should emphasize that
in general the larger grain size and higher crystallinity lead to better lubricating properties and
high temperature-stability of h-BN. However, there is a problem of sedimentation: micro-scale
powders added into lubricating oil and other liquid materials may settle out unless very effective
surfactants or dispersing agents are added too. In case of nano-scale particles, mainly because of
their very large surface-to-volume ratio, as well as light weight (due to BN low specific gravity),
these powders may stay in dispersion for a long time without the use of additional surfactants.
Fortunately, boron nitride can be produced in nano-powders and, therefore, is easy to incorporate
within liquid lubricants.

Particles morphology characteristics

There are two most important parameters characterizing powdered materials morphology —
average particles size r (or sizes for non-globular particles) and surface specific area o.

Microstructural parameters can be estimated by X-ray diffraction line profile analysis
(XRDLPA) using different model-based approaches like Scherer analysis, integral breadth method,
Williamson—Hall and modified Rietveld techniques. Concerning XRD, it should be noted that these
traditional methods are popular because they are relatively straight forward. In particular, the
crystallite size can be calculated as well known Debye—Scherer ratio KA/ Bcos 6, where B
describes the structural broadening, which is the difference in integral profile width between a
standard and experimental samples: B (size) = Bobs — Bsa. In the range of 0—500 A, the average
h-BN crystals’ thickness L in the c-axis direction (defined as the mean height of a pack of parallel
and crystallographically connected hexagonal layers) calculated by the Scherer formula has to be
considered as relatively crude value. In this calculation, full width at half maximum (FWHM)
values of the peaks originating from (002) planes of h-BN (26=26.7 °) presented on the XRD
patterns can be utilized. Average grain radius r of particles can be measured on scanning electron
microscope (SEM). Such determination means the averaging at least tens of grains in the SEM
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micrographs. The procedure provides radii of particles, large feces of which are in the observation
direction in the micrographs. Consequently, this value may not reflect the average size of the
whole product and should be regarded as approximate.

As for the specific surface area of powdered materials, it usually is determined by too
complicated Brunauer-Emmet-Teller (BET) analysis. In addition, because the size and forms of
particles affect the performance in powder’s usage before the BET measurements the
agglomerations in BN powders should be grounded. Usually, h-BN powders are subjected to
ultrasonic vibrations in water-bath in order to break up these relatively soft self-agglomerates.

Surface specific area is the most important characteristic of powdered materials because it
largely determines their physical and chemical properties. As it has been mentioned, measuring the
o values is a too complicated procedure, which in addition requires a prior breaking up the
agglomerates. However, the specific surface is correlated with another basic geometric
characteristic of the powder r, the average size of particles: the smaller the particles, the greater
their total surface area per unit mass (or decrease in the specific surface area indicates larger
particle size of the powder). However, the measuring of ris much easier. So it makes sense to build
a morphology model of the particles, which will allow recalculating the specific surface from the
experimental average radius. This problem, we decided to solve for nano-powdered hexagonal BN.

Morphology model

For the lubrication purpose, it is desirable to produce tailored h-BN particles which are
having thin platelet morphology, but also somewhat higher surface area. A change in the particle
size such as cutting the particle in half across the basal plane does not effectively change the
specific surface area of the particles produced. A powder having thin platelets may be achieved,
e.g., by dry milling. In such instances, a slight reduction in the particle diameter results in an
increased surface area thereby increasing reactivity and improving the performance of powders.

Our model proposed for such h-BN powders is based on following assumptions:

1. Particles are of disk-shape, the bases of which are parallel to the layers of this lamellar
crystal, i.e., the aspect ratio 17 = r/ A, where A is the height of the disk of radius r, is much
greater than one, 77 << 1;

2. Aspect ratio is almost independent of the dispersity of powdered h-BN samples;

3. Particles are too small to be textured and hence their density p well coincides with the
value of 2.28 g / cm? measured in single-crystalline h-BN.

In spite of the fact that disk-shape seems evident for h-BN particles, let cite some recent
experimental data supporting this key assumption of the morphology model proposed. Particles of
the BN sample studied in [2] had generally flat plate-like shapes, and the ratio of the thickness to
the average diameter was around 0.07. Different investigations indicated [24] that, in the early
stage of ball milling, the thick layers of h-BN are sliced into many thinner sheets because of
cleavage along the basal planes. In the final stage of milling, the fiber-like tightly bonded sheets are
broken and refined further, until a nanocrystalline mixture is formed. Grains of h-BN grown
carbothermally from boron carbide also showed plate lamellar shapes with sizes about um [25].
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Figure 4. Boron nitride powder particles of platelet
morphology synthesized from a borate precursor [26].

The thermal decomposition of guanidinium tetraborate, pentaborate, and nonaborate was
characterized under ammonia atmospheres and defined for bulk powder transformations of these
precursors to boron nitride. It was found [26] that the bulk pyrolyses under high-temperature
ammonia produce micrometer- and sub-micrometer-sized platelet morphology particles (Fig. 4)
with high oxygen contents; however, subsequent pyrolysis of these powders at 1600 °C under NHs
reduces the oxygen contents to < 1 wt. %.

Microstructural parameters like crystallite size and the morphology and particle size of the
boron nitride powders milled in a high-energy vibrational ball mill before and after ball milling
were, evaluated, respectively from the XRD data and observed in a field emission scanning electron
microscope (FESEM) [27]. According to FESEM observations each crystal of the unmilled BN
powder has thin plate-like morphology (Fig.5) having the particle diameter of the order of
400 — 600 nm. The ball-milled BN powders were not deformed uniformly and having different
sizes and shapes. Morphology of BN powders was changed into much thinner plates having particle
diameter range from ~ 90 to 200 nm after ball milling whereas the average crystallite size measured
by XRD was 7.7 and 5.2 nm, respectively. In initial stage of milling, thick layers are sliced into
several thinner sheets due to cleavage. Due to slip of basal planes, defects are introduced in the BN
grains and after long time milling the thin sheets are broken and refined. It has been observed from
FESEM a reduction in the platelet diameter and thickness which results in BN particle fracture.

Figure 5. FESEM image obtained from an original, i.e. unmilled BN sample [27].
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Figure 6. FESEM micrographs of h-BN powders obtained in from
(a) plain mixture, and mixtures containing (b) MgO, (c) CaO and (d) BaO [28].

In [28], the effect of MgO, CaO and BaO on carbothermic formation of hexagonal BN from
B203 — C mixtures containing alkaline earth oxide additives reacting at high temperature in
nitrogen atmosphere was investigated. Particle size and shape of h-BN powder formed with
additives appear to be similar. The plate-like morphology of h-BN particles can be clearly seen in
their micrographs (Fig. 6). The average particle size of h-BN powder obtained from plain mixture
was 149 nm; and those obtained from MgO, CaO and BaO containing mixtures were 297, 367 and
429 nm, respectively. BET specific surface area measurements were performed on samples obtained
from plain and CaO containing mixtures, where it was found that h-BN powder formed from plain
mixes had a specific surface area of 31.7 m?/ g, while that of the h-BN produced by CaO addition
was 21 m? / g, confirming the increase in the grain size.

There was also studied [29] the effect of copper Cu (in form of cupric nitride) and calcium
Ca (in form of calcium oxide CaO) on carbothermic formation of BN from the mixture of boron
oxide B20s3 with a C-containing precursor. Such reactions yield plate-like particles, large faces of
which can be characterized by the diameter. The plate-like h-BN particles are found to have more
pronounced effect on the thermal conductivity of the polymer composits [30]. Raw boron nitride
produced in [31] by nitriding of boron oxide was composed of plates which form agglomerates.
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Model parameters

The model described in previous section leads to the relation o=2 (1 + 77) / p r. There are
available experimental data, which should help us in estimating the aspect ratio 7 for nano-
powdered boron nitride.

The description of some procedures and results of a laboratory-scale production of boron
nitride powder using carbothermic method in the tube furnace was given in [32]. Specific surface
area of graphite-like BN in powder form used in Pt /BN catalyst in a steady-state-flow reactor for
conducted the deep oxidation of methanol was 49 m? /g [33]. Boron nitride powders can be also
produced by reaction of boric acid with ammonia at high temperatures [34]. In [35],
characterization of raw boron nitride produced by reaction of boron oxide with ammonia and heat-
treated at high-temperatures was conducted using specific area BET measurements and crystalline
size calculations on the basis of Debye—Scherer equation and SEM data. Effect of CaCOs on
formation of hexagonal boron nitride was investigated [36] by holding CaCOs free and CaCO:s
added activated carbon-boric oxide mixtures under nitrogen atmosphere at high temperatures.
Products were characterized by BET specific surface area analysis. It was observed that calcium
carbonate addition led to an increase in the amount and the grain size of hexagonal boron nitride.
Addition of CaCOs into the starting mixture yielded h-BN powder with high crystallinity and low
specific surface area. Average crystal thickness Zc values of h-BN formed from plain and CaCOs
added mixtures were 22.02 and 23.85 nm, respectively. On the other hand, from the SEM
micrographs average grain diameter of h-BN formed from plain mixtures was found to be
0.36 + 0.08 pm and addition of CaCOs increased the grain diameter to 0.70 +0.14 pum. The results of
the BET specific surface area measurements were in accord with the observations made on the
SEM micrographs. The specific surface area of the h-BN powder formed in the experiments
conducted with plain mixtures was determined as 31.7 m?/ g; whereas that of the h-BN powder
obtained in the same experimental conditions with CaCOs added mixture was 21 m? / g.

In our calculations we rely on data presented [29] for the powder carbothermally formed
from the mixture of boron oxide and a C-containing precursor without any catalytic additives:
r=0.175pum u 0=31.7m?/g. These data provide an empirical evaluation of the aspect ratio,
n=5.32, which is close to the square of the ratio 5.31 of inter- (3.3306 A) and intralayer (1.4457 A)
bonds lengths measured in h-BN crystals and practically coincides with the theoretical value
9 (3+2V2)/ x2=5.32, which follows from the geometric model [37] for boron nitride layered
nanosystems. This coincidence seems not to be accidental since, according to the Harrison’s well-
known interpolation scheme [38], in crystals any energy-parameter has to be inversely
proportional to the square of the corresponding length-parameter. So, the aspect ratio for h-BN
nanoparticles equals to the ratio of inter- and intralayer binding energies of this layered crystal.

Assuming that 7=5.32, we finally have: o[m?/g] =5.54 / r[um]. The minimal size of the
h-BN particles chemically produced by us [39] was r= 0.05 um. From this formula, it corresponds
to the specific surface area o= 110 m?/ g, i.e., significantly exceeds that for globular model. Thus,
according to the proposed morphology model, the deviation of the particle shape from the sphere
substantially increases surface specific area of nano-powdered hexagonal boron nitride.
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Removal of gold and silver ions from aqueous solution using Spirulina platensis for neutral
pH was studied at simultaneous application dialysis and atomic absorption analysis. The
biosorption constants, nature of interaction and biosorption capacity for Ag(l) — Spirulina platensis
and Au(Ill) — Spirulina platensis were determined. The biosorption constants for Ag(l) — Spirulina
platensis and Au(Ill) — Spirulina platensis equal to 13.0 - 10~ and 2.1 - 10, respectively.

Introduction

Nanotechnology is one of the most exciting areas of recent years that involves the
interaction between inorganic materials and biological structures [1]. One of the major
developments in nanotechnology is the production and application of nanoparticles in biology.
Concerning the biological application of nanoparticles it has been emphasized that those are
methods of synthesis through biological systems, such as microorganisms including bacteria. Gold
and silver nanoparticles have significant role in nanotechnology due to their potential utilization in
nanoelectronics, DNA labeling and development of biosensors [2]. In [3], biosorption of gold were
investigated using various microorganisms. Shawanella algae, a Fe(Ill)-reducing bacterium,
produces gold nanoparticles in anaerobic conditions [4]. Ureibacillus thermosphaericus showed
high potential for silver nanoparticle biosynthesis with extracellular mechanism and selective for
the biosynthesis optimization [5]. Interaction of single-cell protein of Spirulina platensis with
aqueous AgNOs and HAuCls was investigated for the synthesis of Ag, Au and Au core — Ag shell
nanoparticles [6].The form, when metal partition from aqueous solution onto the mineral surface, a
process generally referred to as sorption when the details of the adsorption mechanism are not
fully known. However, there is little information on which kind of microorganisms has a high gold
and silver adsorbing ability.

In this paper biosorption of gold and silver ions with cyanobacteria Spirulina platensis were
studied using equilibrium dialysis and atomic-absorption analysis.

Materials and methods

Analytical grade reagents were used in all experiments: AgNOs and HAuCls hydrogen
tetrachloroaurate (III). The study of biosorption of Ag(I)- and Au(lll)-Spirulina platensis was
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carried out by the methods of dialysis and atomic absorption analysis. Spirulina platensis was
dissolved in phosphate buffer, pH 7. The experiments of dialysis were carried out in 5 ml
cylindrical vessels made of organic glass. A cellophane membrane of 30 pm width (type — “Visking”
manufacturer — “serva”) was used as a partition. The duration of dialysis was 72 hours. The
experiments were carried out at temperature 23 °C.

In all mentioned cases, the concentration of Spirulina platensis was 400 mg / 100 ml. The
metal concentration ranged from 103 to 10°. The metal concentration after the dialysis was
measured by atom-absorption analysis at the wavelength of Aag=328.1 nm and Aau=242.8 nm.
Each value was determined as an average of three independent estimated values + the standard
deviation. Several models for the apparent Ag and Au dissociation constant were fit to the observed
binding isotherm. The best fit was obtained for binding of silver and gold to Spirulina platensis by
using Freundlich [7] and for cooperative binding Hill [8] models.

Data analysis

The isotherm data were characterized by the Freundlich equation C» = K'C:!/%, where C»is
metal concentration adsorbed on dried cells of Spirulina platensis in mgg™! dry weight. C:is the
equilibrium concentration of metal (mgl™!) in the solution. K'is an empirical constant that provides
an indication log C» as a function of log C': of the adsorption of dry cells, 1/z is an empirical
constant that provides an indication of the intensity of adsorption. The adsorption isotherms were
obtained by plotting log C'» as a function of log C'

The linear form of the Hill equation is Log Y/ (1 - Y)=Log K+ (1/ nx) Log m, where
Y= Cs/ n, where n, the number of active centers (capacity), is determined as the maximum value
of Cs and m is the concentration of free metal ions. K (biosorption constant) and nx (Hill
coefficient) are empirical constants and have been calculated from intercept and slope of the plots.

Table 1. Biosorption characteristics for gold- and silver-Spirulina platensis at 23 °C.

Biosorption | Biosorption Hill Standard Correlation
constant K | capacity n | coefficient n# | deviation (SD) coefficient R

Ag(I)-Spirulina 13.0-10* 5.27 4.34 0.045 0.97
platensis, pH 7.0

Au(Ill)-Spirulina | 2.1-10* 1.39 - 0.04 0.97
platensis, pH 7.1
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Results and discussions

Fig. 1 shows the biosorption isotherms by using the fitted Freundlich model. Each dot is the
average of three independent values, and the standard deviation < 10 % of average value. The
coefficient of determination (&) is greater than 0.9. By means of Freundlich isotherms the
biosorption constants (X) and the capacity (1) were determined for Au(Ill)-Spirulina platensis. The
results are presented in Tab. 1. They are equal to K=2.1 - 10 and n=1.39.

Au(lll)-Spirulina
platensis _

(&)
()]
(o]
4.3 .4 -
_3,6_
o2 04 06 0.8
Logctotal

Figure 1. The linearized Freundlich adsorption
isotherm for gold(IIl)-Spirulina platensis.

Fig. 2 shows the biosorption isotherm for Ag(I)-Spirulina platensis in the case, when the
cyanobacteria is dissolved in phosphate buffer pH7.0. The dots on the figure show the
experimental data, and the solid line, (A) case, is the hypothetical theoretical curve chosen by y?
criterion (¥%<0.002, R>0.97) in Y= Cs/ n vs log m coordinates. The type of Y versus Log m
dependence is nonlinear — S-shape, means that there exists positive cooperation of interaction of
metal ions bound with Spirulina platensis, i.e. binding of the first metal ion increases affinity of the
site for the second one.

For more argumentation, as an additional criterion of cooperativity, the Hill plot
(dependence Log Y/ (1 - Y') vs Log m) was used, the line deviation of which is the Hill coefficient
(nn). Taking this into account, the same data are presented in Hill coordinates in Fig. 2(B), where
the parameters are the same, as in previous case, in Fig. 2(A). By using Hill equality, the following
values of K and nxz (Tab. 1) were obtained: K'=12.0-10* and nz=4.34, i.e. nz> 1 denoting that
the binding of silver with Spirulina platensis is cooperative process. As it can be seen from the
Tab. 1, nz/ n <1 showing the incomplete cooperativity of the interaction between the silver ions
and Sprrulina platensis.
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Figure 2. Biosorption isotherms for Ag(I)-Spirulina platensis for neutral pH.
(A) shows the hypothetical theoretical curve chosen by y? criterion (2 < 0.002).
(B) shows the same parameters in Hill coordinates.
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In all cases, the correlation between the experimental and the theoretical data is obvious (R
is more than 0.9).

From experimental results and from table 1 it is clear, that significant difference between
the biosorption constants for Au(Ill)-Spirulina platensis and Ag(l)-Spirulina platensis are observed.
Biosorption of silver ions is cooperative process and more effective than for gold ions.

The cell wall consists of variety of polysaccharides and proteins and hence offers a number
of active sites capable to bind metal ions. Difference in the cell wall composition of different groups
of microorganisms causes significant difference in the type and amount of metal ion binding to
them. In our case if one takes into account, that gold(III) exists as a negatively charged complex
and silver(I) exists as a positively charged complex ions in solution, it is clear that cyanobacteria
Spirulina platensis are potential enough to remove high amount as gold, as silver from the solution.
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Metals and industrial minerals were used since ancient times. In modern times nano-
scientists introduced a new concept for materials that permitted the production of novel products.
Such nano-materials have enhanced our civilization. Main stages of the mineral processing, such as
crushing, grinding, and beneficiation play an important role in preparing the optimum particle size
of the ore concentrate that will be suitable for further processing. Ore processing is conveniently
divided into three sectors: pyrometallurgy, the most ancient technology, deals with high
temperature processes, hydrometallurgy deals with aqueous methods, and electrometallurgy the
most recent technology, is devoted to the use of electric current to effect a chemical reaction. A
short outline of these technologies is given below.

Introduction

Nano-scientists produce extremely fine materials having special properties and therefore are
used for special applications. The raw material obtained from the Earth’s crust must undergo many
steps of processing before the nano-scientist can do his work. Up to the Middle Ages, seven metals
were only known and used. These were gold, silver, copper, iron, lead, tin, and mercury. Then the
metalloids arsenic, antimony, and bismuth were isolated as well as zinc that was imported from the
East. In the 18th century mineral specimens were continuously supplied and analyzed, which
resulted in the discovery of about a dozen new metals.

With the discovery of electric current at the beginning of the 19th century the alkali metals
were isolated and these were responsible for the isolation of new metals that were not possible to
isolate before, such as aluminum, zirconium, titanium, etc. Once aluminum became available it was
used to liberate other metals from their compounds. The industrial revolution in England
introduced the Age of Steel while the discovery of X-rays towards the end of the century resulted
in many more discoveries that changed our world in the 20th century.

Shortly after the discovery of uranium fission in 1939, the possibility of harnessing atomic
energy was realized. Since no rich deposits of the metal were known at that time, only poor ores
had to be processed. This introduced the large scale application of ion exchange and solvent
extraction in metallurgy. Also, the need for metals having special properties for their use in nuclear
reactors resulted in the sudden interest in previously rarely used metals such as beryllium,
zirconium, cadmium, sodium, potassium, thorium, and the rare earths. Thus, novel methods of
extraction were devised and applied on a large scale, for example, chlorination, fluorination, and
fused-salt electrolysis.
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The improvement in the design of the jet engine, and the suitability of titanium and its
alloys to meet the strains imposed by ultra-high speed flight, resulted in the fast development of
the commercial production of titanium. The discovery of the semi-conductive properties of
germanium led not only to commercial production of this metal but also to the preparation of
related metals such as silicon, selenium, and tellurium on a commercial scale.

Further, the use of such metals for the electronic industry, called for very high purity, not
known before. This resulted in the invention of new methods for metal refining like zone refining.
If high purity had to be achieved, laboratory methods for determination of impurities, at such
previously unknown low levels had to be devised. Polarography, activation analysis, atomic
absorption spectroscopy, etc., were therefore either improved or invented to cope with the
situation. The competition in sending men to the moon was a strong reason to develop new alloys,
new rocket fuels, and new materials of construction.

Mineral processing

Mineral processing involves the treatment of ores to get metals (Fig. 1). It involves two
distinct operations: the first is physical called beneficiation the second is chemical called extractive
metallurgy. Both operations are overlapping since, in some cases, a physical method of separating
the components of the material processed is inserted in the scheme of metal extraction. In few
cases the mineral raw material is directly subjected to chemical treatment without being
beneficiated.

Extractive

Beneficiation Metallurgy —~Metal

(physical)

(chemical)

Industrial Minerals

Figure 1. Mineral processing: metals from ores.
Mineral beneficiation

Beneficiation is concerned with the enrichment of ores and separation of unwanted gangue
minerals so that the subsequent treatment to get the metals by the extractive metallurgist is more
efficient. The beneficiation engineer uses only mechanical, physical, and physico-chemical
methods for conducting his operations which are all done at normal temperature and pressure.
These operations can be divided into two distinct steps:

o Liberation. In this operation the rock is broken down by mechanical means so that the
individual mineral components become independent of each other, i.e., each is detached or
liberated.
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o Separation. In this operation the valuable minerals are separated from the rest by means of
physical and physico-chemical methods making use of differences in specific gravity,
magnetic properties, etc.

Liberation of minerals by comminution is an expensive operation; the cost increases
proportionally with decreased particle size of the product. On the other hand, the cost of any
subsequent metallurgical operation, e.g., heating, leaching, etc., decreases with decreased particle
size of the solid treated because of the increased surface area. Therefore, there must be a
compromise between the cost of grinding and the ideal particle size required for a subsequent
process. A relation between particle size and surface area is given in Fig. 2. Excessive grinding may
also be undesirable since it may cause problems in a subsequent step, e.g., during filtration if the
ore or concentrate is treated by hydrometallurgical methods. Comminution of ores is usually done
in machines as shown in Figs. 3 and 4.

Surface area/unir weight

Parricle size

Figure 2. A relation between particle size and surface area.

Figure 3. Jaw crusher. Figure 4. Ball mill.
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Separation of minerals is based on differences in their physical or physico-chemical
properties. Among the physical properties that are extensively exploited are the specific gravity,
magnetic and electrostatic properties, and radioactivity. Physico-chemical methods are based on
the surface properties of the minerals. These methods are not very effective, but they are cheap and
rapid.

Separation based on the surface properties of minerals is the basis of the flotation process
which is now the most important concentration method; more ores are treated by this method
than by any other. The process depends upon the ability to selectively render some minerals un-
wetted by water while others remain wetted. The un-wetted particles adhere to air bubbles which
float to the surface and are removed as a concentrate in the froth (20 — 40 % solids) as shown in
Fig. 5, while the wetted particles do not adhere to the air bubbles and remain behind. The particles
in the froth (Fig. 6) are then subjected to filtration to get a “flotation concentrate” . The specific
gravity of the minerals is not the determining factor, for the minerals floated are usually heavier
than the minerals which are not floated.

Figure 5. Photomicrograph
of fine mineral particles
floated by tiny air bubbles.

Figure 6. Foam from a flotation cell containing
a mineral concentrate. Tiny mineral particles,
about 40 um, are adhering to air bubbles.
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Figure 7. Optimum particle size for separating minerals.
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For each property on which a separation process is based there is an optimum particle size
of the feed at which the process functions most effectively. Fig. 7 gives the optimum range of
particle size for various methods. For example, flotation can be most effectively conducted when
the mineral particles are 1 to 0.01 mm; particles larger than 1 mm will be too heavy to be lifted by
the air bubble and all particles smaller than 0.01 mm will be floated because at this small size loose
agglomeration takes place. Usually, more than one process is used to effect a separation. In
magnetic methods, both low and high magnetic fields are used.

Extractive metallurgy

While the beneficiation engineer uses only mechanical, physical, and physico-chemical
methods, the extractive metallurgist uses chemical methods. Another difference is that while all
beneficiation operations are conducted at normal temperature and pressure, extractive
metallurgical processes are usually conducted at high temperature, and sometimes also at high
pressure. In its modern form extractive metallurgy is broadly divided into three areas: pyro-,
hydro-, and electrometallurgy.

o Pyrometallurgy. This is the oldest sector of extractive metallurgy and involves dry methods
usually conducted in furnaces at high temperature, such as oxidation, reduction,
chlorination, melting, slagging, etc., and often involving the melting of the minerals and the
separation of the valuable components in the liquid state. Typical ores treated by this
technology are those of iron, copper, and lead. The blast furnace (Fig. 8) is a typical reactor
for reducing iron oxides to metallic iron.

/W // /I /
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Figure 8. A blast furnace Figure 9. Mechanically-agitated
for iron production. tank for a leaching process
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o Hydrometallurgy. This is a relatively new sector of extractive metallurgy and involves the
wet methods, usually conducted in agitated tanks (Fig. 9). It includes the leaching of ores or
the precipitation of a metal or its compounds from aqueous solutions, as well as methods of
isolation and purification such as ion exchange and solvent extraction. Typical ores treated
by this technology are those of gold, uranium, and aluminum.

o Electrometallurgy. This is the newest domain of extractive metallurgy and involves
processes based on the use of electric current for metal recovery or refining either in
aqueous solution or in a fused salt. Typical metals produced by this technology are
aluminum, copper, and zinc. Fig. 10 shows a plant for the electrowinning of zinc from leach
solution.

Figure 10. Zinc electrowinning plant.

These areas, however, cannot be considered isolated one from the other, because a
combination of these processes is generally used in the production of a single metal.

Pyro- versus hydrometallurgy

Pyrometallurgy was most successful when high grade massive ores were treated in a blast
furnace, because such a furnace has maximum heat economy being itself a heat exchanger: the cold
charge descending from the top is preheated by the hot gases ascending in the furnace. Dust
problems were also minimum because the ore was in the form of lumps. With the exhaustion of
such raw material, metallurgists turned their attention towards the treatment of low-grade ores.
This necessitated extensive grinding and flotation, which resulted in finely divided concentrates.
These, naturally, could not be charged to a blast furnace because if charged they will block the
movement of the ascending gases hence the introduction of the agglomeration process for
transforming finely divided concentrated into pellets (Fig. 11) suitable for charging in the blast
furnace.
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Figure 11. Rotating disc pelletizing machine.

Treatment of sulfide ores. Pyrometallurgical treatment of sulfide ore is plagued by the
problem of sulfur dioxide generation. If it is in high enough concentration, it must be used for
making acid and a nearby market for this acid must be found. If the sulfur dioxide concentration is
too low for making acid, disposal methods must be found. These are available but expensive. As a
result, in many cases, sulfur dioxide is simply emitted to the atmosphere. On the other hand,
sulfides can be treated by hydrometallurgical methods without generating sulfur dioxide thus
eliminating the need to manufacture sulfuric acid. The sulfur can be recovered in the elemental
form which can be easily stock-piled, or transported at low cost.

Material handling. In pyrometallurgical processes, the metallurgist is forced to transfer
molten slags and matte from one furnace to the other in large, heavy, refractory-lined ladles.
Besides the inconvenience and the cost of handling these materials, there is also the inevitable gas
emission from them because they are usually saturated with sulfur dioxide and during transfer they
cool down a little, resulting in decreased gas solubility and emission, hence the inconvenient
working condition. In hydrometallurgical plants, solutions and slurries are transferred by pipelines
without any problem.

Energy. Because of the high temperature involved in pyrometallurgical processes, usually
around 1500 °C, the reaction rates are high but much fuel is needed. To make a process economical,
heat recovery systems are essential. Heat can be readily recovered from hot gases, but rarely from
molten material like slag or metal. Thus, a great deal of energy is lost. Further, the equipment
needed for heat economy is bulky and expensive. Further, in a horizontal furnace heat is mainly
transferred from the ceiling of the furnace by radiation and has to penetrate a thick layer of slag
which has a low thermal conductivity; that is why it is inefficient. In hydrometallurgical processes,
on the other hand, less fuel is needed because of the low temperature involved (usually below
100 °C). Heat economy is usually no problem.

Dust. Combustion of fossil fuels in a horizontal furnace results in the formation of a large
volume of gases that carry over large amounts of dust. This must be recovered to abate pollution
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and because the dust itself is also a valuable material. The technology of dust recovery is well
established but the equipment is bulky and expensive. In hydrometallurgical processes this is no
problem because wet material is usually handled.

Treatment of complex ores. Treatment of complex ores by pyrometallurgical method is
unsuitable because separation is difficult; complex ores can be treated more conveniently by
hydrometallurgy.

Treatment of low-grade ores. Treatment of low-grade ores by pyrometallurgy is unsuitable
because of the large amount of energy required to melt the gangue minerals. On the other hand it
is especially suitable to use hydrometallurgy since a selective leaching agent that can solubilize the
valuable minerals, and not the gangue, is usually available.

Economics. The economics of a pyrometallurgical process is usually suitable for large scale
operations and this requires a large capital investment. On the other hand, hydrometallurgical
processes are suitable for small scale operations and low capital investment. The hydrometallurgical
units can be increased in number when the need arises without any economic disadvantage.

Residues. Many residues of pyrometallurgical processes are coarse and harmless. For
example, slags which are a silicate phase can be stored in piles exposed to air and rain without the
danger of dissolution and contaminating the streams. They are just unacceptable from the aesthetic
point of view. On the other hand most residues of hydrometallurgical processes are finely divided
solids. If they are dry, they create dust problems when the wind blows and when wet they will
gradually release metal ions in solution which will contaminate the environment. Hence well
prepared storage sites must be created.

Pyro- versus electrometallurgy

The competition between pyro- and electrometallurgy is mainly between metallothermic
reduction processes for producing metals, i.e., liberating a metal from its compounds by heating
with another more reactive metal, and the electrolysis of fused salts. While both routes require
using pure materials and their handling under strict anhydrous conditions, the metallothermic
reduction usually involves more handling steps than the electrolytic route. On the other hand,
electrolytic processes require cheap electric power.

The first metallic aluminum produced commercially was prepared by a pyrometallurgical
route, namely, by the reduction of aluminum chloride with metallic sodium. The process, however,
gave way when the electrolytic reduction of Al20s process was invented. While the choice
between pyro- and electrometallurgy has been settled for the aluminum industry long time ago,
this is not the case for other metals like beryllium and magnesium. For these two metals, both
routes are used. On the other hand, the production of titanium by metallothermic reduction is still
unchallenged by the electrometallurgical route.

Progress and problems in mineral processing

The present tendency in mineral processing is focused towards solving the following
problems:
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Processing of low-grade ores

It is evident that rich ores will first be exploited. These have been practically exhausted and
the metallurgist is now faced with deposits containing low metal content from which the metal has
to be recovered by economical means.

Processing of complex ores

Extractive metallurgists are also faced with ores containing numerous valuable metals thus
making difficult their separation and recovery. For example, pyrite-containing disseminated lead,
zinc, and copper sulfides, or pyrrhotite containing nickel, cobalt, and copper sulfides. These ores
also contain gold, silver, and platinum group metals.

Preparation of high-purity metals

At one time a metal 99.9 % pure was sufficient for many applications. Today to meet the
demands of the more specialized industry such as the electronic or the nuclear industry, the
extractive metallurgist is now preparing metals 99.999 % pure. New techniques have to be
developed and new methods of chemical analysis have to be devised. Electrolytic methods, for
example, are used to prepare the common metals copper, nickel, zinc, gold, and silver, in a pure
form. High purity nickel is produced on large scale by the carbonyl process while zirconium and
hafnium are usually purified by the iodide process.

To produce a reactor-grade uranium, the yellow cake (sodium or ammonium uranate)
produced at the mine has to be dissolved in nitric acid and purified by organic solvents until a very
pure uranyl nitrate is obtained which can then be processed further to metal. To prepare
germanium for the electronic industry, germanium tetrachloride is thoroughly purified by
fractional distillation before reduction to metal and the preparation of single crystals of
germanium. Zone melting is used to purify low melting point metals while electron beam melting
is used for high melting point metals. Polarography, spectrophotometry, and emission
spectography were at one time the most sensitive methods for analysing impurities in metals. Now,
atomic absorption and neutron activation methods have taken over.

Increased demand for metals

As a result of the growing population, there is an increased demand for metals, hence the
necessity for increased production. This requires the design of larger reactors of unprecedented size
capable of satisfying the increased demand. Today a blast furnace produces 10 000 t/d iron. To
produce this amount of iron, about 17 000 tons of ore, 5000 tons of coke, 2500 tons of limestone,
20 000 tons of air, 3000 tons of slag, 500 tons of dust, and 30 000 tons of blast furnace gas must be
handled daily. The engineering problems associated with handling this material are no doubt
enormous. In 1960, the production of aluminum exceeded that of copper for the first time.
Aluminum is now the first nonferrous metal in terms of tonnage produced which exceeds 20
million tons / year.

Conservation of mineral resources

Natural resources are limited and it is necessary to conserve them. This can be only
achieved by:

Utilization of scrap metal. Processing of scrap metal not only conserves the metal but
utilizes much less energy. Production of steel from scrap consumes only 25 % of the energy that
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would be used to produce the same steel from an iron ore. In the case of aluminum the energy
consumed is even much less (about 4 %).

Recovery of metals that would be otherwise lost during processing. For example phosphate
rock contains on the average 100 ppm uranium. During processing the rock for the production of
fertilizers, the major part of uranium goes into the phosphoric acid produced as an intermediate
product. Since about 100 x 10° tons of rock are processed every year, about 10000 tons of uranium
would therefore be lost in the fertilizers. Some plants are recovering this uranium from the acid
before manufacturing the fertilizers. This is usually done by extraction with organic solvents.

Converting mineral waste into useful products. The metallurgical industry produces large
amounts of tailings, slags, and residues which accumulate through the years. While some tailings
are returned to the mine as a filling in case of underground exploitation, in case of open pit mining
the tailings is usually piled in the neighbourhood. For example, in the asbestos producing areas in
Quebec about 20 million tons are rejected every year. These tailings are mainly magnesium
silicates. At present, there are about 600 million tons of tailings that have already accumulated and
is a source of pollution when the wind blows. Efforts are under way to recover magnesium from
this source, however, the problems have not yet been solved.

Metallurgical slags may be used in road construction, and in cement manufacture. However,
much slag piles are still accumulating around metallurgical plants for a variety of economical,
technological, or transportation reasons. Some slags may be radioactive if the ore contains uranium
or thorium. For example, niobium ores usually contain some uranium and thorium; in the
production of ferroniobium the slag contains the radioactive metals.

In the production of alumina from bauxite a red mud is produced which contains
principally Fe20s, SiO2, and TiO2. For every ton Al2Os produced about one ton of red mud is
produced. A small amount is used for making refractory bricks but the great part is usually piled
occupying large areas of land. While this residue may be relatively harmless, other residues, for
example those from zinc or uranium ore treatment may contain traces of metals that may be
solubilized by the combined action of air and rain causing contamination of surface waters.

Pollution abatement

At one time the metallurgical industry cared less about emitting its waste products in rivers
and lakes or in the atmosphere. Now, with increased government regulations, it is no longer
acceptable to dump waste solutions in rivers or lakes, or emit sulfur dioxide or fluorine-containing
gases in the atmosphere. The extractive metallurgist is now trying to cope with this problem by
adding new equipment in existing plants that would abate pollution. He is even forced in some
cases to develop new costly processes but less polluting than the conventional processes.

Decreasing expenditure of energy

Fuel, heat, and electricity are costly items in a metallurgical process and should be used
with great efficiency to decrease production costs. To this end, the recent trend is focused towards
the following goals:

An increased use of heat recovery systems

Heat from an exhaust fluid is to be used for preheating the entering fluid. For example,
exhaust hot gases from a furnace can be used to preheat the air and/or the fuel (gas or liquid) used
in the furnace, or to generate steam in a waste heat boiler. This steam can be used in the plant for
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various purposes or for generating electricity. Recently, gases leaving a steelmaking converter have
been collected to recover their calorific value. A 200 tons steel converter contains about 8.4 tons of
carbon which are oxidized during oxygen blowing to CO. At one time this gas was left to burn to
CO2 at the mouth of the converter. Introducing air-tight hoods prevents this combustion, and CO
can now be cleaned of its dust content and directed to a gas holder, from which it can be used on
demand as a fuel.

An increased use of oxygen instead of air

It has been realized that the cost of separating oxygen from the air is less than the cost of
using large equipment utilizing air either in hydro- or in pyrometallurgy. Air contains only 21 %
oxygen and the rest is nitrogen which plays no useful role in metallurgical processes; on the
opposite, nitrogen must be heated before entering the reactor and then as much as possible of this
heat must be recovered when it gets out of the reactor. The increased use of oxygen resulted in a
tremendous decrease in its price. It also resulted in a parallel increase in production of argon which
is present in air to the extent of 1 %. New applications for argon were thus created, for example, in
the refining of steel.

Improved equipment design

Electric heating is more efficient than heating by burning carbonaceous material. There is
no flue gases to worry about recovering there sensible heat or remove their dust content. That is
why more electric furnaces are being used in extractive metallurgy. Improved furnace design may
also be achieved by using direct instead of indirect heating. For example, zinc and magnesium were
once produced by the reduction of their oxides in retort furnaces where heat was supplied to the
charge in the retort from the outside. Naturally this is not an efficient way of heating because of
the slow rate of heat transfer and the rapid deterioration of the retorts. These processes were later
abandoned in favour of direct heating, i.e., heat is generated directly inside the charge, for
example, by electric heating or by burning the carbonaceous fuel in direct contact with the charge.

Improved process design

Copper, lead, and nickel sulfides concentrates are common in one respect: the molten
sulfide can be treated by air to produce the metal in a single step; the process is exothermic.
However, until recently these metals were produced by a multi-step process, including one that is
endothermic. It was therefore thought that if all the operations were conducted in one reactor
instead of two or three then there will be great saving in energy. For the production of copper this
concept was applied, using reactors in which one region is a strongly oxidizing atmosphere to
permit partial oxidation and melting of the sulfide, slagging of the iron, and converting the copper
sulfide, and another region where the slag is tapped is a reducing atmosphere to permit decreasing
the copper content in the slag. The same principle is applied to lead sulfide. For nickel sulfide the
situation was slightly different but it was possible to solve the standing problems.

Improved methods of operation

Operating a vertical furnace is usually susceptible to channelling, i.e., the ascending gases
penetrate unequally through the bed due to the presence of channels. This causes inefficient
operation because certain parts of the bed undergo reaction while others, where the gas does not
penetrate, descend without reaction. The main reason of channelling is the unequal particle size of
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the charge. Agglomeration of the charge and sieving to a narrow range results in preventing
channelling. This has been demonstrated and applied in iron blast furnace.

Efficient process control

Metal production suffered from the difficulty of controlling the quality of the product
because of fluctuations in raw material processed. Nowadays, with the advent of computer systems
and physical methods of chemical analysis, it became possible to improve the quality and to control
its composition. For example, steel samples are taken and transported pneumatically to the
laboratory where X-ray fluorescence analysis or emission spectrographic analysis is conducted for a
large number of elements, results of which are conveyed in a printed form via a computer to the
operator within minutes.

In electrolytic plants it is essential to make sure that the designed anode—cathode distance is
respected otherwise the voltage will change and will result in excess energy consumption and/or
electrodeposition of undesirable impurities. In aluminum reduction cells sensors have been
introduced to automatically control this variable. In copper and zinc electrolytic plants this was
formerly checked by workers using a voltmeter. Nowadays, scanning infrared cameras are used to
photograph the cells from the top. Any hot zones due to a narrow anode—cathode distance will be
revealed and at once corrected.

Minimum utilization of manpower

Many metallurgical processes are conducted batchwise. This needs a large number of
operators. To decrease the manpower operating a plant, the process should be conducted on
continuous basis. This proved sometimes to be not only a saving in manpower but also a saving in
energy. For example, steel was at one time cast in ingots and when solidified it was removed and
put in a furnace to be heated to a certain temperature before transporting it to the rolling mills.
Naturally, this meant many times handling a batch as well as loss of heat during the cooling step.
Introducing continuous casting where the molten metal is directly cast solved this problem. Few
years later the same technique was introduced in the nonferrous industries. The production of
copper was for many years a batch process: the sulfide concentrate was melted in a furnace to
separate the gangue then the matte is transferred to another reactor to remove the iron, and to get
the copper. In recent years a Japanese process was introduced in which the molten material is
continuously transferred from one furnace to the other by gravity, thus saving manpower.

Summary

In the past centuries pyrometallurgy was the only route to extract metals from ores and this
required a large capital investment many countries could not afford to raise. This situation
encouraged marketing of concentrates.

Today, metallurgists have the option to use the hydrometallurgical route to process ores and
concentrates at a reasonable capital investment. This opened the way to the possibility of
processing ores locally. When need arises to increase production new units can be added
economically. This is not possible with pyrometallurgical processes because one large furnace is
more economical than a number of small furnaces with the same capacity due to heat radiation
losses.
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In summary, mineral processing has made great progress in the past decades but there are
still some standing problems that need to be solved.
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Spiropyrans are an important class of organic photochromic, bistable compounds. Bistable
molecules and molecule ensembles can exist in two thermodynamic stable states divided by a
certain energy barrier. Switching from one state to another occurs via external stimulation (light,
heat, mechanical stress, electric and magnetic fields, etc.). An uncolored spiropyran molecule with
a bulky structure by the influence of ultraviolet light (UV) is transformed into a coplanar, colored
merocyanine form with a high dipole moment. Such bipolar molecules under certain
circumstances easily selforganize, i.e. create nanoparticles. The merocyanine, coplanar, bipolar
molecules originated at inducing the spiropyran molecules with UV rays, in case of presence of a
long alkyl radical at nitrogen atom may be considered as a diphyl particle, with a head with a high
dipole moment and a long alkyl radical tail.

Such a molecule with its structure is similar to the surfactant molecules with micelle-
originating capability what makes us suppose that a merocyanine form of a spiropyran when placed
in the matrix with a certain order, e.g. in a liquid crystal, may be structured as micelle. A trigger of
micelle or nanoreactors origination in this case is the UV light (1 = 365 nm). At the given
temperature, prior to irradiation, the solution is made up of the matrix and spiropyran and
merocyanine-form molecules, which are in thermodynamic equilibrium with spiropyran. The
constant of thermo-dynamic equilibrium K7 is less than the constant of photo-chemical
equilibrium Krz (K7 < Krh). In case of exposition with the UV light, the thermo-dynamic
equilibrium of the composition is violated and inclines to the merocyanine-form molecules, and
the solution gets colored. The processes of photoinduction and micelle formation are noninertial,
i.e. they are initiated as soon as the trigger is started. There is one more pseudophase — the micelle
originated at the microlevel in the base solution. In the process of micelle formation, the base
solution is depleted with merocyanine molecules and the spiropyran molecules start to transform
to the merocyanine ones to restore the thermodynamic equilibrium. The merocyanine molecules,
which are originated in a photochemical manner, are added by the merocyanine form molecules
originated to restore the thermodynamic equilibrium. The given process increases the number of
absorbing centers in the composition what in the final account increases the effective
photosensitivity of the system.
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The morphology of NWs strongly depends on the growth methods, process parameters and
substrates. The purpose of this work was to study the shape and tapering of nitride NWs grown by
vapor-liquid-solid (VLS) mechanism on Ge, Si and glass substrates, located in different zones of the
pyrolytic reactor tube.

The single-crystalline germanium nitride (x-GesNs) nanowires were chosen as model
material. They were grown directly on the surface of a crystalline Ge source, together with glass
and Si substrates located at 200 — 500 um above it. During the first 15 min the temperature of Ge
source was raised up to 500 — 585 °C and then stabilized, while the temperature of substrates above
was kept by 100 — 150 °C lower. The nitration was carried out in the hydrazine (N:H4) vapor
containing 3 mol. % of water. The mass transfer was performed by volatile GeO molecules formed
by the interaction of Ge source and water. The nitration of GeO ensured the growth of GesNs
nanowires.

The VLS growth mechanism of GesNs nanowires was confirmed by the presence of Ge
catalyst droplets at their tips. The decomposition of two GeO molecules into GeO: and Ge together
with their reduction in hydrogen were the main reactions which caused the formation of catalyst
droplet at the initial stage and then supplied the growing NW with Ge atoms.

However, the types of tapering, catalyst droplet sizes and diameters were different for
nanowires formed at the surface of Ge source and substrates above it. For nanowires grown on Ge
the typical lengths were several micrometers and the diameters were shrinking along the growth
axes from hundred nanometers down to several nanometers. The Ge catalyst droplet diameters
were rather small (10 — 20 nm). Contrary to these results the opposite type of tapering was
observed for NWs grown on glass and Si. They have higher catalyst droplet sizes (1 — 2 pm) and
diameters enlarging along the growth direction from ~ 100 nm up to micrometers.

The differences were explained by temperature and time dependences of GeO flaxes which
were different for the Ge surface placed in the “hot” zone and glass and Si substrates located in the
“cold” one. After cooling down the catalyst droplets were crystallized forming Ge nanoparticles
with unusual tetragonal structure.
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Boron isotopes doped germanium and silicon
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Concern over the consequences of harsh environmental pollution rise to an increasing
demand for suitable means of monitoring a number of radioactive sources: radioactive pollutants
generated directly or indirectly, as a result of nuclear waste influence on different substances
working in nuclear power stations (water, gases, metals, etc.) or existing nearby radioactive
materials places. The development of new range of sensor materials has provided devices with
enhanced selectivity and sensitivity for both gamma and neutron electrical radiating by number of
substances of harsh sites.

The best sensor material for gamma radiation sensors were, and still are, the ultra pure Ge
and Si or Ge and Si nanostructures doped by Ga impurities with acceptor concentration up to
10 cm3. Using Boron — 11 which is transparent for neutron radiation as acceptor impurity for Ge
and Si is giving the possibility for preparation nanosensors more effective than Ge(Ga) and Si(Ga)
gamma radiation sensors.

Nanostructured films of Germanium and Silicon contained Boron isotope B — 10 are
naturally the best materials for novel high effective and sustainable neutron radiation sensors
preparation. Boron, originally shallow acceptor for Germanium and Silicon changes their charge
because of n,a nuclear reaction on Boron — 10 stimulated by neutron irradiation bears Lithium,
which is a shallow donor for Germanium and Silicon. Charge carrier concentration changes
(1 neutron reverses 1 charge) are easy to fix by electrical measuring instrument very precisely.
These give us opportunity to measure neutron fluence up to neutrons very high density.

Novel sensors should rely on one or more sensing mechanisms and produce a signal that
indicates the nuclear / ionizing radiation value. For them it is also convenient to operate by so
called smart or intelligent sensory systems.

Publications

1. IT. Keppanumsunu, I'.T'aBpumos. I'epmanuii mjada JeKTOpOB AJepHBIX M3ITydeHHI
DOCTIDKeHUs U 1pobiemsl. Joxr Bcecoros. koH@. “HoBsie @usmueckne NPHHIHIIEI B
araruyeckom npruoopocrpoerun”, 1980, Mocksa.

2. I1. Kepanumsunu, III. MlaBemamsuau. [IpuHIuUn perucrpanuyu HeHTPOHOB IIPU ITOMOIIN
YYBCTBUTEJIBHBIX 3JIEMEHTOB Ha OCHOBe 6opa. Aromuas sueprus, 1987, 62,5,. 17-25.

120



P. Kervalishvili, G. Karumidze. Semiconductor sensor for neutrons. Sensors & Actuators A,
1993, 36, 43-45.

Yu. A. Bykovskii, P. Kervalishvili, I. N. Nikolaev. Neutron Fluence Sensors. Tech. Phys.
Lett., 1993, 19, 7, 457-458.
P. Kervalishvili. Some neutron absorbing elements and devices for fast nuclear reactors

regulation systems. Nucl Power & Energy Sec., NATO Sci. Ser. B: Phys. & BioPhys., 2010,
147, 147-155.

121



Competitive nano- and microtechnologies for fabrication
of piezoengineering devices, photomasks and
powder-like particles using the electroless metallization

T. Khoperia’?, R. Gakhokidze?

! Georgian Technical University
Thilisi, Georgia
teimurazkhoperia@yahoo.com
2]. Javakhishvili Thbilisi State University
E. Andronikashvili Institute of Physics
Thilisi, Georgia
31. Javakhishvili Tbilisi State University
Thilisi, Georgia

The paper contains new data on nanotechnologies for fabrication of fine-grained particles,
films, bulk materials, nanocomposites, nanochips and photocatalysts. In the result of application of
the developed technology, Au, Ag and Pd were adequately replaced with non-precious metal
alloys. For development of the optimum technology, we improved the entire cycle of the
electroless metallization: the preliminary treatment of various substrates (sensitization and
activation), the composition of solutions and the parameters of electroless deposition, the
parameters of heat treatment after deposition, the conditions of photolithography and selective
etching. The developed methods of metallization of various materials have been widely used at the
enterprises for production of quartz resonators and filters, monolithic piezoquartz filters,
photomasks, piezoceramic devices for hydroacoustics (several hundreds million devices were
produced), casings of integrated circuits, ceramic microplates, precise microwire and film resistors,
capacitors, catalysts etc.

Results and discussion

The proposed technology for the first time provides high adhesion of Ni deposited by the
electroless method to polished nonmetallic substrates and high ductility, deposition of thick films
on polished piezoquartz being the most important for obtaining the monolithic quartz filters, in
which the effect of energy capturing is necessary.

As a result of usage of the developed technology, Au, Ag and Pd were adequately replaced
with non-precious metal alloys, the time for production of piezoquartz and piezoceramic devices
was reduced by a factor of 4 (in the case of fabrication of piezoquartz devices) and by a factor of 20
in the case of fabrication of piezoceramic devices [1 — 22].

A method of electroless nickel deposition on polished quartz, glass and other nonmetallic
polished materials was developed [1 — 6]. The optimal conditions of metallization were established.
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This technology for the first time provided high adhesion of Ni deposited by the electroless method

to polished nonmetallic substrates and high ductility.

Electrical characteristics of quartz resonators with the deposited Ni—P coating are better

than when gold and silver were used as electrode layers. It is owing to the fact that:

1)

2)

3)

For assembling the quartz oscillator at Ni—P plating, preliminary fusing of the silver
sublayer (made from paste), causing undesirable changes in piezoquartz physical properties,
is not necessary.

The improvement in the frequency characteristics of piezoquartz resonators is owing to the
fact that the specific weight of the Ni— P alloy (7.8) is less than that of Ag (10.5) and Au
(19.3). Therefore, the Ni — P electrode film does not deteriorate the oscillation properties of
the piezoelement.

Adhesion between Ni— P electrode and piezosubstrate is higher than that between Ag or
Au and the piezosubstrate. This decreases the electrical resistance between the electrode
and the piezosubstrate and consequently the quality of the resonator increases.

The basic advantages and innovations of the developed technologies in the field of

electroless nickel deposition on piezoquartz, lithium niobate and glass as compared to silver and
gold plating are the following [1 — 20]:

1.

10.
11.

12.

The frequency stability of piezoquartz devices increased 1.8 times (the change in the
piezoelectric resonator frequency decreased from 15-10¢ for the silvered piezoquartz
element to 8 - 10-¢ for the nickel-coated one for the first year of operation).

The absolute value of dynamic resistance of piezoquartz resonators decreased by 30%, and
the resistance scattering decreased by about 40 — 50 % as compared to the resonators with
silver-plated piezoelements.

Good quality and long-term stability of piezoquartz devices increased.

Reduction of dynamic capacity of piezoquartz devices provides better conditions for the
formation of radio circuits. Owing to the abovementioned improvements, the process of
radio circuit optimization was simplified, and narrower-band quartz resonators were
obtained.

Amplitude-frequency characteristics (spectral characteristics) were improved.

Labor intensity and energy consumption decreased sharply, hazardous chemicals and
expensive materials being excluded.

The output of final products increased.

High adhesion reliability (2 times higher than that of silver films deposited by vacuum
sputtering).

High mechanical reliability of resonators with piezoelements manufactured by the proposed
methods.

The time of the metallization process of piezoquartz reduced by a factor of 4.

The production volume per square meter of the production increased 8 times as compared
to metallization by fusing the silver paste.

The articles metallized by this method are blanched by means of acid-free fluxes with lead-
free solders by the group method and can be subjected to thermocompression and
microwelding.
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At adding HCI (1 milliliter of concentrated acid per gram of PdCl: - 2H20), chloropalladic
acid is formed according to the reaction:

2HCl + PdClz = H2PdCls (1)
which affects favorably the activation process. The mechanism of sensitization and activation was
established, involving the concept of an equilibrium shift towards formation of complex palladium
anions and predominance of the number of palladium ions over tin ions on the surface.

It was established that part of palladium ions were not reduced by sensitization-activation:

Sn(Il) + Pd(II) = Sn(IV) + Pd (2)
can be partially reduced at subsequent interaction with hypophosphite in the solution of electroless
deposition according to the reaction (3)

PdCls* + H2PO2 +H20 = Pd + H2POs™ + 2H* + 4C- (3)

The investigation results showed for the first time that, when the aqueous-alcoholic
solution was used as a solvent for tin chloride at the sensitization, at subsequent activation the
amount of adsorbed palladium ions increased as compared with the application of the aqueous
solvent for tin chloride. This could be referred to the fact that the addition of the organic
compound to water changes the solvent configuration and the solvation degree of dissolved
substances. Under these conditions, dissolvation of Sn ions is simplified, because the ion-solvent
(dipole) interaction is stronger in a water solvent than in a water—spirit solvent. Besides, it is more
difficult for ethyl alcohol molecules, than for water molecules, to displace the tin ions at the
interface. The small size of water molecules makes their presence at the interface energetically
favorable.

A new mechanism of sensitization and activation in the mixed solvent, the effect of the
solvent and the possibility of obtaining the nanometer-scale pore-free films can be explained by
the interpretation with consideration of the reduction in the ionic strength in the mixed solvent
and the increase in the ionic-activity coefficient.

Industrial applications of electroless Ni for fabrication
of two-layer photomasks with semitransparent edges of
masking elements in the lower layer of the photomasks

It should be noted that the well-known methods of fabrication of metalized photomasks
cannot guarantee completely a faultless structure of the pattern because of at least the defects of
photolithography. In this connection, there was stated the problem of the possibility of fabrication
of practically faultless and, at the same time, wear-resistant photomasks meeting the up-to-date
requirements due to semitransparency of masking elements in the visible region and opacity in the
UV region of spectrum.

A method of production and a new design of defect-free two-layer (57-/Vi) photomasks with
semitransparent edges of the S7 masking elements in the lower layer of the pattern based on single
conventional optical UV photolithography is proposed.

This photomask has a number of advantages over the existing ones:

1) much less porosity; higher optical density; less thickness and higher wear resistance of the
masking elements; and
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2) semitransparence of the masking elements, which simplifies and enhances the alignment
precision.

The proposed invention provides visual observation of the alignment both of the IC pattern
on the substrate and the photomask (prior exsprosure). It also provides the increase in the
alignment accuracy and packing density due to transparency of the edges of photomask element
in the visible region.

These photomasks were widely introduced in the microelectronic industry with a large
economic effect. The abovementioned goal was achieved by using the double-layer coating from
silicon and nickel.

As a result of overlapping of nickel and silicon layers healing the defects, virtually defect-
free photomasks were obtained. Hence, the product yield of ICs raised in comparison with the
application of single-layer photomasks. The two-layer photomask is shown in Fig. 1.
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Figure 1. Two-layer photomask metallized by the electroless method:
1 — glass substrate; 2 — selectively semitransparent Si layer; 3 — opaque
masking layer of Ni — P alloy deposited by the electroless method..

At application of such a photomask, there is excluded the friction of selectively
semitransparent pattern edges, which determines the precision of reproduction of the specified
copy on the exposed surface of IC substrate. This provides high wear resistance of the photomask.

Fabrication of the photomasks with nano-sized semitransparent
elements on the basis of single conventional optical photolithography

The proposed patentable nanomethod for fabrication of photomasks with nano- sized
elements using UV optical photolithography is much more advantageous and simpler than other
expensive and complicated methods such as e-beam and X-ray lithography or fabrication of nano-
sized elements by a light phase shift photomasks. The proposed method allows us to eliminate
surface treatment by e-beam. It can save about $4 000 000 (the price of e-beam exposure
equipment). It also eliminates the application of X-ray masks with gold masking elements [7, 17].
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Fabrication of nano-sized magnetic particles

The competitive electroless method of fabrication of thermo-absorbing micro- and nano-
sized magnetic particles was developed. Applications of high-dispersive magnetic particles could
include information storage systems, biomedical fields, targeted delivery of drugs for cancer
treatment, sensors, etc. In the magnetic field with specific frequency, the magnetic nanoparticles
can absorb energy. As a result, an increase in the local temperature around the high-dispersive
powder-like particles takes place. This effect could be applied for selective destruction of cancer
tumors at 42°C by means of irradiation (their selective heating) with infrared light or with an
alternating magnetic field, while leaving nearby tissues unharmed.

The possibility of electroless deposition of metals on nonmetallic, high-dispersive dielectric
and semiconductor particles without their preliminarily activation by palladium chloride was
developed.

By means of selective local electroless deposition of nanocrystals having specified properties
on high-dispersive powder-like semiconductor photocatalysts, many problems of solar energy
applications and photocatalytic splitting of water can be overcome or mitigated:

L. Recombination of the photoexcited electrons and holes.

II. Simultaneous course of oxidation and reduction reactions at the same sites of
photoelectrodes.

IITI.  The possibility of using the low-energetic visible-light irradiation.

IV.  Low quantum efficiency of energy conversion.

V. Difficulty in deposition of nano-sized clusters on nano-sized particles.

The developed a local electroless method of deposition of amorphous and crystalline
quantum dots, nanocrystals on powder like nanoparticles. The method provides both low and high
degree of covering of nanoparticle surfaces. The high-dispersive particles with low surface covering
with nanocrystals are characterized by high catalytic activity.

It was established for the first time that the irradiation with y-rays increased sharply the
light absorption ability of semiconductor powders [8].

It was demonstrated that the selection of optimal sizes of powder particles could also
enhance the optical absorption over the specified wavelength range.

By using purposefully the abovementioned factors, it is possible to shift the optical
absorption spectra of high-dispersion NiB / TiO2 (anatase) powders to the visible light region, i.e. to
the wavelength range of 400 — 800 nm. It is worth noting that the visible spectral region makes up
47 % of the sunlight, while high-energy UV waves, which are usually used in photocatalysis, make
up only 4 % of the sunlight. This allows bringing the optical properties of NiB / TiO2 powders
closer to the requirements of photocatalytic reaction, which will promote the production of
hydrogen and oxygen from water by using the light energy, the conversion of light energy into
electric power, the destruction of undesirable bacteria, cancer treatment, etc.

The photocatalysts having the peak of optical absorption spectra 3 times higher than that of
ordinary TiO: photocatalysts (St-01 and P-25) were obtained.
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Competitive ductility tester

The principle of operation of ductility tester is based on the detection of cracks formed in

the sample because of bending.

1)

2)

3)

4)

5)

a)

b)

The developed ductility tester by bending automatically makes possible:

To observe the appearance of cracks and their development during bending, from start to
finish, with the help of the microscope.

To observe (to photograph) the shape of cracks, their density and geometry, to measure the
crack length and width, and to detect the moment of formation of a continuous crack grid
(merging of cracks).

To observe in-situ the cracks initiation, their growth and propagation rate at different rates
of specimen deformation (bending).

The suggested ductility tester enables us to determine in-situ the ductility at different
temperatures, i.e. in-situ investigation of temperature dependence of ductility. The working
drawings of the tester can be presented. The above-mentioned peculiarities of the suggested
device for determination of ductility by bending automatically can help to overcome several
cracking problems and particularly some problems of micro-mechanics as well as flip-chip
technology [6, 11].

The devices manufactured using the developed methods were installed on artificial
satellites, aircraft, used in the equipment for Navy fleet and special communication,

» o«

installed on space systems “Luna”, “Mars”, “Venus” and etc.
Conclusion

A new method of production of precise piezoelectric quartz resonators and monolithic
piezoquartz filters with electrodes made of electroless Ni-P and Ni-B alloys for spacecraft,
hydroacoustics and communication devices was developed. Unique metallized piezosensors
for gas analysis were developed.

As a result of usage of the developed technology, Au and Ag were adequately replaced with
non-precious metal alloys. Electrical characteristics of quartz resonators with the deposited
Ni-P coating are better than when gold and silver were used as electrode layers.

A method of production and a new design of defect-free two-layer (Si — Ni) photomasks
with selectively semitransparent edges of the Si masking elements in the lower layer of the
pattern based on single conventional optical UV photolithography is proposed. This
photomask has a number of advantages over the existing ones:

much less porosity; higher optical density; less thickness and higher wear resistance of the
masking elements and

selective semitransparence of the masking elements, which simplifies and enhances the
alignment precision. These photomasks were widely introduced in the microelectronic
industry with a large economic effect.
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10.

11.

12.

13.

14.

The proposed patentable nanomethods for the first time allow one to produce nano-sized
adjacent elements of different thickness made of various materials (particularly of Si) by
single optical UV photolithography.

The devices manufactured using the developed methods were installed on artificial
satellites, aircraft, used in the equipment for Navy fleet and special communication,

» o«

installed on space systems “Luna”, “Mars” and “Venus” etc.
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The use of various pharmaceutical nanocarriers has become one of the most important areas
of nanomedicine. Polymeric micelles demonstrate a series of attractive properties as drug carriers,
such as reasonable stability both in vitro and in vivo, and can be successfully used for the
solubilization of various poorly soluble pharmaceuticals.

These micelles can also be used as targeted drug delivery systems. It is also desirable to have
nano-carriers that can be cleared from the body after their function is fulfilled.

The present paper deals with the synthesis of a new class of biodegradable micelle-forming
polymers, namely ABA triblock-copolymer in which A-blocks represent poly(ethylene glycol)
(PEG) and B-block is biodegradable amino acid-based poly(ester amide). The copolymer forms
stable micelles of 5 nm size in water at a concentration 2 mg / mL.

Introduction

Polymeric micelles (micelles formed by amphiphilic block-copolymers) are gaining an
increasing popularity as pharmaceutical carriers for poorly soluble drugs [1]. Although, quite a few
amphiphilic block-copolymers are described capable of forming stable micelles with good
solubilization properties, the search for new micelle-forming polymers is still topical. While the
poly(ethylene glycol) (PEG) still represents the most popular biocompatible hydrophilic block,
various hydrophobic blocks (polymers) can be attached to it. Among these hydrophobic blocks the
most promising are nontoxic and biodegradable ones. The biodegradation of the block-copolymers
is highly desirable to provide the clearance of nano-carriers from the body after their function is
fulfilled.

In the present paper we report the preliminary data on the successful synthesis of a new
class of biodegradable micelle-forming block-copolymers composed of PEG, amino acids and other
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nontoxic building blocks like fatty diols and dicarboxylic acids. For constructing this new class of
biodegradable block-copolymers, we decided to use amino acid-based biodegradable poly(ester
amide)s (PEAs) as hydrophobic blocks since these polymers showed reasonable biodegradation
rates and excellent biocompatibility [2,3]. In the present study, the hydrophobic PEA block
composed of adipic acid, L-leucine and 1,4-butanediol was exploited.

Materials and methods

The starting monomers — activated di-N-oxysuccinimide adipate, SIA [5] and di-p-
toluenesulfonic acid salt of bis-(L-leucine)-1,4-butylene diester, Leu-4 (See Ref. [2] and Refs. cited
therein) were obtained as reported previously. Amino-PEG-2000 was purchased from Laysan Bio,
Inc. and used as received. DMSO and triethylamine (TEA), both from Aldrich, were purified using
standard procedures. Micelles size was determined using the nanosizer Nano ZS ZEN3600, Malvern
Instruments, Malvern, UK, equiped with “red” laser (633 nm).

Results and discussion

Our synthetic strategy is based on the preparation of oligomeric PEAs, terminated with
activated ester groups as an intermediate electrophilic building block for constructing block-
copolymers, with subsequent covalent attachment of hydrophilic PEG-block via the amide bond
using amino-PEGs. A high stability of the activated ester groups in polar aprotic solvents [4] is
considered as a guarantee of the successful synthesis of electrophile-terminated oligomers (“living
oligomers”) and manipulation with them in solution without substantial complications.

Among various schemes, we have examined for the synthesis of micelle-forming block-
copolymers, the best was found to be the two-step method comprising the synthesis of
intermediate oligomeric PEA with two activated N-oxysuccinimidyl ester terminal groups (Step 1
in Fig. 1 below) with subsequent interaction with 2 moles of amino-PEG-2000 (Step 2 in Fig. 1)
that results in ABA tribloc-copolymer. The intermediate oligomeric PEA was prepared by solution
polycondensation of di-p-toluenesulfonic acid salt of bis-(L-leucine)-1,4-butylene diester, Leu-4,
with the excess of di-N-oxysuccinimide adipate, SIA. The mole ratio Leu-4/SIA = 6/7 was selected
to obtain ologomeric PEA with an average MW of 4245.8 Da close to the molecular weight of 2
moles of amino-PEG-2000.

The polycondensation (Step 1) was carried out in DMSO at room temperature (r.t.) for 18 h
using TEA as a p-toluenesulfonic acid acceptor. An aliquot was removed from the resulting
solution and poured into water, in which the oligomer precipitated. Afterwards (Step 2), 2 moles of
amino-PEG-2000 was added to the resulting reaction solution at r.t. and stirred for additional 24 h.
The “aliquot-in-water” test showed no precipitate formation, i.e. the final product was water
soluble that indicated the successful conjugation of amino-PEG-2000 to the intermediate
functional oligomer. The anticipated ABA triblock-copolymer was separated by precipitation in
diethyl ether, filtered off, washed with diethyl ether and dried in a dessicator at r.t. A hydrophilic
paste-like product was obtained.
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Figure 1. Schematic representation of the synthesis of micelle-forming block-copolymer.
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Figure 2. Schematic representation of the micelle formed by folded molecules.
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This ABA triblock-copolymer was tested for the micelle-forming property. For this, 20 mg
of the polymer was dissolved in 10 mL of distilled water and analyzed using DLS. According to this
preliminary study the micelles size at the given concentration was 5 nm. We assume that the
micelles are formed by the folded molecules as shown in the Fig. 2 above.

A systematic study (that includes the measurements of CMCs and zeta-potentials) of the
micelle-forming properties of the new block-copolymer depending on the size of the hydrophobic
PEA block is in progress now.

Conclusion

A new biodegradable micelle-forming amino acid-based ABA triblock-copolymer, having a
potential for biomedical applications as drug delivering nanocarriers, is obtained.
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Langmuir-Blodgett (LB) films and their composites with nanoparticles of a different
chemical composition belong to the most interesting 2D objects that are widely used for creating
the range of the new functional materials such as biosensors, magnetic films, coatings of surfaces.

26 nm

.
(b)

Figure 1. The spinel ferrite aggregates in the arachidic acid in chloroform
solution: a — cobalt ferric spinel ferrite, b — zinc ferric spinel ferrite.
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The obtaining of LB films containing different nanoparticles in their structure can be
realized due to the non-epitaxial nanoparticle growth in the bottom of the LB layer,
electrochemical growth of the complicate LB-films and spreading SAS stabilized nanoparticles on
the film surface.

The aim of the present work is to obtain a few kinds of spinel ferrite nanoparticles on the
steel surface in the open-air system and their chemical processing for including the nanoparticles
into LB films.

The formation of the spinel ferrite nanoparticles on the steel surface in the open-air system
is based on the electrochemical processes of the anodic dissolution of the iron compound from steel
and catholic oxygen depolarization. The products of such red-ox reaction (ferric and ferrous ions,
hydroxyl, oxygen, carbonates) react with each other and form a thin green rust layer on the steel
surface. The contact of green rust phase with the water solution containing the salts of the divalent
metals (zinc, cuprum, cobalt) leads to forming spinel ferrite nanoparticles on the steel. The mineral
nanoparticles are homogenous; the average particle size is 10 — 12 nm.

The spinel ferrite nanoparticles were removed from the steel surface for their future
hydrofobization. The processing of the nanoparticles included a few stages, i.e. their treatment in
NH4OH water solution, in lauric acid ethanolic solution, in chloroform and hexane. We used the
arachidic acid in chloroform as an organic phase for the LB films. According to TEM images, in
such solution spinel ferrite nanoparticles form small aggregates of average size ~ 100 nm (Fig. 1).

The preliminary investigation of the spinel ferrite nanoparticles formed on the steel surface
when they contact with air oxygen and water solution shows the possibility of their usage for
inclusion into LB films.
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Theoretical investigations of adsorption processes on the walls of the channels of zeolites
are conducted. Purpose of theoretical investigations is development of models for description of
researched processes. Models for particle’s motion process in channel of zeolites are developed.
Theoretical models for processes of physical and chemical adsorption on the walls of the channel of
zeolites are developed. Models allow consideration of effects of frequency and spatial dispersion of
zeolites and liquid in channel.

1. Introduction

Natural and synthetic zeolites have wide application in the gas separation installations, gas
generators, purification plants, for creation of ionistors, super-condensers, accumulators. Their
wide application is connected with specific structure of zeolites, form of their nanopores provide
unique sorption properties. Surface of zeolites is very active with that, so they are fine catalysts for
many processes. Size, form and properties of the surface of nano-size materials may be adapted and
optimized for special application. Placing different ions in the pores of natural and synthetic
zeolites we obtain modified materials, which have unique properties. For determination of
realization possibility of the process with participation of zeolites, first of all, must be conducted
transfer processes in capillaries.

2. Motion of the particles along the channels in amorphous solid

Transfer processes in channels of zeoliteare similar to transfer processes in capillaries. Such
processes were studied in detail and results of investigations are presented in the form of numerous
articles and monographs [1, 2]. Transfer processes in capillaries are considered in frames of
different concrete models as a rule. So, for example, processes of diffusion, filtration, convection,
impregnation, displacement, etc. were studied. Most substantial specificity, at description of
particle’s motion in inhomogeneous medium (channel of amorphous solid with liquid, is possible
consideration of electrical condition (distributed charge) of the system. Conditions of
electroneutrality are observed usually for particle’s motion along the channel in volume of liquid.

However, special attention must be devoted to thin layers close to interface, where
condition of electroneutrality is strongly disturbed. In theory of diluted solutions this problem may
be solved by introduction of electrostatic potential, which ensures ordered motion (migration) of
charged particles. Detailed systematical statement of theoretic models for transfer processes in
capillaries in solid is too much volumetric solution. Results of model calculations, which allow
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consideration of influence of distributed charges in channels of zeolitewith liquid on the process of
particle’s motionare adduced below. Two model are considered: 1. Motion of the particle in viscous
medium under the influence of electrochemical potential; 2. Motion of the particle in viscous
medium under the influence of quasi-static field.

In first model equation of motion of particle has the form (one-dimensional case is
considered for simplicity):

m@ =q o _ kv,
where m is particle’s mass, ¢ is its charge, v is rate of motion, ¢ is time, x is coordinate, y is
electrochemical potential, under influence of which motion takes place. k is friction coefficient,
which may be expressed through characteristic Debye time of viscous liquid 7:

T=mD/kT ,
where D is diffusion coefficient. Taking into account connection of diffusion coefficient with
friction coefficient of liquid we have:

k=m/t.

Solution of motion equation leads to result:

e
V(1) = —9X (1 —exp(—1/7)).
m

Subsequent calculations may be carried out for concrete systems.

In frames of the second model motion equation may be written as:

ma—v = qE —kv.

ot

It is assumed, that potential acting upon particle, in general form may consist of two
components. First one describes static field, and second component describes variable (depending
on time) field. Consideration of static field only leads to first case, therefore simultaneous action of
both fields is considered.

Analytic calculations for rate of particle’s motion and its coordinates is possible to adduce in
few models only. Let’s consider particle’s motion in the field, strength of which has the form:

E (x)=E (x)+E,(x)cos(ax),

E,=E, =0.
Solution for the rate of particle’s motion has the form:

v, = q((k/m)D,(x)(1—exp(—(k/m)t)) + D,(x)(m/k)*((k/m)cos(ax) — wsin(ax) — (k/ m)exp(—(k /m)t))) ,

v, =v, =0.
Here D(x) is induction of field in liquid in capillary. Naturally connection of induction with
electric field strength in condensed medium has non-trivial character. Most general solution of this
question is possible with the help of Green’s functions [3]. However, it must be taken into account,
that on atomic scales generally accepted correlation ratios between strength and induction through
dielectric permeability are not correct as a rule. If as initial conditions for particle’s coordinates will
be taken,at =0, x=x,, y=1y,, 2= 2,, then solution of motion equations leads to result:

x =X, +q(D,(x)((k / m)t +exp(—(k / m)t) —1) + D, (x)(m/ k)* (k| me) sin(ax) + cos(ax) + exp(—(k / m)1))).
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If static field is absent, i.e. E, =0, then expressions for coordinates and rate of particle’s motion
have the form:

v, = gD, (x)(m/k)*((k/m)cos(ax) — wsin(ax) — (k / m)exp(—(k /m)t)),

x=Xx,+¢gD, (x)(m/ k) ((k / mo)sin(ax) + cos(ax) +exp(—(k /m)t)) .

It is natural, that obtained expressions concern to defined forms of particle’s motion.
Depending on real process of motion in capillary, obtained expressions must be supplemented with
corresponding analytic results and numerical calculations.

3. Adsorption of the particles in the channels of zeolites

Modelling of processes connected with the problem of water purification from radiation
impurities considerably depends on materials, with the help of which purification is carried out.
Structure of material and pores in this material must be specified first of all. It is assumed, that
material of filter is amorphous material. As for shape of pores, it will be assumed, that pores have
shape of cylindrical channels, inside of which may be electrostatic field of charges distributed on
walls of the channel. Diameter of the cylinder (characteristic size of pore) may be different, as
quite small, slightly more than diameter of particles, which move along channels, so big enough,
with radius much bigger than diameter of particles.

4. Model Hamiltonian

Problem of adsorption for polyatomic charged particle is of interest theoretically. System’s
Hamiltonian in initial state can be written in form:
_ i i i int int int
H = Hm + Hsul +Hp + Hm,p + Hp,sul +Hm,sul’

where H! is Hamiltonian of medium (liquid), where is located adsorbed particle; H ;, -

Hamiltonian of this particle; H'

sol

— Hamiltonian of zeolite; H,', — interaction of particle with

int

posol — interaction Hamiltonian of

— interaction of particle with zeolite; H™

liquid medium; H msol
liquid medium with of zeolites. Hamiltonian in final state has the form:

H=H)+H. +H,' .

In frames of this model, the particle is adsorbed on channel’s wall of amorphous solid in
final state. Amorphous solid can be characterized by additional intramolecular vibration (one or

several) appeared as a result of adsorption in final state.
5. Physical adsorption on the channel’s surface of zeolites

First of all let’s consider the process of physical adsorption of the particle on the channel’s
surface of zeolitefrom liquid. It will be assumed at that, that additional vibrating degree of freedom
doesn’t appear in the system in adsorption state. It is assumed that number of vibrating degrees of
freedom in the beginning and at the end of the process is equal. Even at this assumption general
expression for rate constant has rather bulky character. For simplicity we’ll be restricted with the
case when intramolecular oscillations may be considered as classical.
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Rate constant of adsorption process can be expressed as:

_

a
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s o-we L Lo
BYE., 0@ 16 (@) egln«on @)~ 6 1n{1+/5;<6k(1e W)+

a, wf a)’) +0' (@ )

Z[Gk@*,w*) + %@(R*m}(ﬂe* ~ F(6)2E,06"(@/ )*[1-6") @] +

k=1 k
" 3/2
o' 2]}
where 1/ |y/;9| is width of integral over &, and point of inflection " may be found from equation:

oF"(R"y"0) | 0(1-0)a 28
00 aazﬁ " (1-0) ) + 6w )’ H ’
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In these formulas V, is resonance integral of interaction of adsorbing particle with the

BAF +

surface (with some particle or group of particles) of zeolites. Matrix element is calculated with use
of wave functions in frames of concrete model for amorphous solid. Resonance integral V can be
considered as some phenomenological parameter. Arguments of this resonance integral
characterize geometric characteristics of the process, distance to surface, spatial orientation of the
particle at adsorption. Function ®(R*,y") is distribution function of adsorbing particles. Model
function may be selected as this function. If geometric dimension of the channel is big enough for
motion of the particles along the channel, distribution of particles will be approximately uniform.
If channel dimension doesn’t allow free passing of particles, then distribution will be determined
by mechanism of transfer of particles along the channel (see above previous part). ¥"(R",y";0) is
function of medium reorganization. It includes reorganization of two subsystems: zeolite
(amorphous solid), on wall of which takes place adsorption, and liquid, where is placed adsorbing
particle. Its formal expression is:

sinh(fBax1—6)/2)sinh(Swb/ 2)

@ sinh(Bw/?2)

For charge transfer processes medium reorganization energy is determined by formula:

¥Ry.0) :if didFAE,(F, R Y AE, (7, R y") [dolm gf (7,7 )
T

—oo

E"(Ry)= —% [drdF AE, (7 Ry )g £ (. F: 0= OAE, (75 R,

Here AE, (F;R,l//) is change of system’s electrostatic field strength during transfer process and
Green’s function g“ is temporal function of polarization fluctuations operators of amorphous solid

and liquid at finite temperature. In factorization approximation for function g* we have:
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g (7.7 ,0) = g (F.7:0=0) f ().
Reorganization function of medium can be expressed as:
mo B m2 T sinh 1-6)/2)sinh(Bwl/2
VR 0= Er 2 [daf (@M POUZ O 2Suh(fwb]2)
I @’ sinh(Bw/2)

At taking of integrals over 7 and 7’ it is necessary to consider geometry of channel and that
circumstance, that as effects of spatial dispersion of medium (function g(7,7")), so effects of

frequency dispersion (function F(w)) must be described by different model functions for
amorphous solid and liquid.
E  is reorganization energy of nth intramolecular degree of freedom of adsorbing particle

m

[4], and is correspondingly frequency of intramolecular vibration in the beginning and at the end
of the process.

Reorganization functions G and G are defined from the formulas:
G(R.y)= —%Id?d?’g—g(ﬁﬁ,l//)gfz(?, Fi0=0)AE, (F;R.p),

oE, _, -
R,w).
30 (F5R,y)

Q is normal coordinate of intramolecular vibration of the system.

G(Ry)= —% [ didAE, (7: Ry g 7.7 0= 0)

Everything that is concerned to medium reorganization must be considered at their
calculation. Functions adduced in [4] were used as model functions for description of effects of
frequency and spatial dispersion of medium. As conducted calculations have shown, carrying out of
analytical calculations to the end is impossible, and it is necessary to conduct numerical
integration. Activation energy of the process is determined by formula:

N
E,=0(-6)EaFe + Y E,6 (1-0)ajof[1-6ka)) +6 (@ ] +

k=1

+ kT’ ln{nﬁi(@ + (e 164G, )}(ZE,kw;;)“(w[)l +6' S Ine 1)),

k=1 k=1
Expression of rate constant will be considerably simplified, if we’ll neglect interaction of
intramolecular vibrations of the particle with fluctuations of medium polarization:
N
E,=0(1-0)E"-AF6" +Y E,0'(1-0)d o/ [1- 6k + 6" (@ Y]
k=1
Equation for determination of 8" correspondingly will have the form:
m * * N _ i f
= A=) +0(w,)

06 06
If intramolecular reorganization of particle may be also neglected, or if the particle is
monoatomic, then:
E =0"(1-0")E" - AFO"
and for determination of # we have equation:
IY"(R".y":0)

=0.
20

PAF +
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6. Chemical adsorption on the surface of the channel of zeolites

The following functional equation is obtained for rate constant of the process:
2

x - V(R
|l//;9|
*N(R,y";0;0,).

Functions W' (Ié*,yl*;é’) and W™ (R*,y";6) have rather complex form and are reorganization

(R y yexpl BOAF —y" (R .y :0) = W' (R'.y":0)— 9" (R .y":6) }

functions of vibration subsystem. Electron resonance integral ‘Vﬂ (R y" )‘ is calculated as non-

diagonal matrix element of interaction of adsorbed particle by electron wave-functions of initial
and final states of the system. Function N (ﬁ*,l//*;ﬁ; ®,) is calculated for concrete processes with

consideration of geometry of channel and particles.
7. Conclusion

In the Laboratory of Quantum Chemistry (Joint Inst. Catalysis, SBRASb, 2002) was
suggested cluster model of zeolite fragment ZSM-5 with two Al ions in zeolite lattice. It was
shown, that bivalent cation in such structure (calculations were carried out for Zn?*) has
heightened adsorptive capability, manifestative in big shifts of vibrational bands H2 and CHs during
adsorption. Such cation has high chemical activity, which brings to dissociation of H2 and CHs at
increase of temperature. Such effects are of interest at realization of photolysis.

During photolysis, substance subject to decomposition is irradiated by light of specified
wave length, which must correspond or be near to maximum of light absorption by the substance.
Under influence of such irradiation vibration of atoms in molecule become stronger, stimulating
bond breakage between them. For example, for molecule of hydrogen sulfide such wave lengths
are in the interval of wave lengths of mercury lamp emission spectrum (250 — 600 nm), at that,
most intensive line in this spectrum (254 nm) has wave length near to vibration frequency of
hydrogen atoms in molecule HS. Selection of corresponding modified zeolite will allow realization
of hydrogen sulfide, methane, etc.photolysis process more economically.
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Research and development of ultra fine atomic clusters, nano-scale, and nanostructured
materials is a fast growing discipline of basic and applied sciences. Tremendous opportunities for
many advanced technologies are anticipated to introduce many new high technology products that
could activate the economy, revitalize existing industries, create entirely new businesses in
materials, photonics, bioengineering, medicine and pharmacy, reduce the cost of national defence,
accelerate the future exploration of deep sea and deep space, reduce significantly the energy
consumption and therefore solve major social problems.

Nuclear and atomic clusters, nanostructured and nano-crystalline materials compose a new
promising class of disordered solids. The study of alpha clustering has a long history in nuclear
physics and will not be described in this lecture. A group of a few of atoms bound together by
interatomic forces is called an atomic cluster. Atomic cluster of assembled materials constitute a
new class of solids with unique nanostructured morphology and related properties. The properties
of atomic clusters are in general quite different from the corresponding bulk states. This is mainly
due to the fact that with decreasing number of atoms a relative increase of the numbers of surface
atoms is accompanied; in the case of nano-clusters the structure and dynamics is already dominated
by the surface atoms. These cluster-effects are essentially influenced by anharmonicities, which are
distinctly larger at the surface than in the bulk: The surface particles are, in general, less bonded
than the bulk particles and, therefore, the mean-square amplitudes of the particles at the surface
are significantly larger than in the bulk, a fact leading to enhanced anharmonicities. Therefore the
phonon density of states in nano-clusters has been studied theoretically using molecular dynamics;
in this way anharmonic effects could be fully considered.

The world of atomic clusters, are in fact loosely bound arrangements of atoms ranging from
a few atoms to up to several ten thousands of them. These objects are characterized by many
surprising properties that are not yet all of them understood. For instance, the chemical reactivity
of a cluster can change by several orders of magnitude when just one single atom is added or
removed. Clusters are promising candidates for novel applications, from catalysts to magnetic
storage devices and optoelectronic circuits. Clusters often show strongly size dependent physical
and chemical properties. These size-dependent properties are not only of fundamental interest but
also of practical relevance to heterogeneous catalysis and to nanotechnology.
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Many characteristics of a metal cluster are determined by its geometric structure, making
structure determination an important step in understanding cluster properties; in particular,
equilibrium structures commonly deviate significantly from simple segments of the bulk lattice.
Even before the discovery of Ceo and C fullerenes, predictions and indirect experimental
inferences of high-symmetry closed-shell structures for specific metal cluster sizes have fuelled
efforts to develop size-specific experimental structure determination methods for free mass-
selected clusters. Nanostructured Silicon (n-Si) and its oxides and nitrides are novel photo
luminescent materials for applications such as optoelectronics and next generation photovoltaic
cells.

Ultra fine grained and nanostructured W and B«C as advanced engineering materials are
also suggested as protective armours against neutrons and alpha-particle radiation on the plasma-
facing first wall of future D — T fusion power plants.

In this lecture we review the synthesis of atomic clusters, ultra fine grained particles and
nanostructured materials preparation by high energy repeated deformation processing of alloys,
transition and actinides metal compounds, nano-W, nano-Graphite, and ultra fine grained B«C and
their morphological and structural characterization by optical metallography, XRD, DSC and
HRTEM.

The understanding of nanoscale interactions of nuclear materials under extreme conditions
such as in deep space applications or also in common nuclear reactors applications help to
mastering the complex behaviour of actinides and of fission products, the chemical interactions,
the activation of new phase transitions trigged by the grain size with atomic length scale, swelling,
the dominate role of the thermal conductivity, the precipitations and solutions behaviour under
extreme conditions of high radiation, pressure and temperature, and also the interfacial behaviour
of fuel cladding under such extreme environmental conditions.

We conclude that, micro-chemical interactions and large scale production save control at
nano-scale and characterization of ultra fine grained and nanostructured nuclear fuels,
photovoltaic and nanostructured advanced engineering materials are disciplines of nanotechnology
witch will surmount the existing social, scientific and technical barriers for large scale advanced
energy applications in the future.
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Surface modification of initial h-BN powders was made by KOH, HCl, H2SOs, acetone and
alcohol to obtain new structures of boron nitride under concentrated light in an optical furnace. It
was demonstrated that KOH, HCl, H2SOs4 purify h-BN from oxygen impurity, acetone and alcohol
do not effect at all. SEM and TEM investigations have shown preferential formation of two
dimentional BN nanostructures along with equiaxed or plate nanostructures due to presence of
H2O after heating. “Gaseous theory” developed for nanotubes formation based on evolution of the
bubble was confirmed by fullerene-like structures growth directly on the surface of samples and
stepwise transformation of these fullerene-like structures into threads by their pulling.

Introduction

It is known that graphite boron nitride (h-BN) powders is inert to acids and alkali solutions
at the boiling temperatures and can oxidize with atmospheric oxygen or react with chlorine at a
temperature of 750 — 800 °C. BN also reacts with fluorine (giving BFs and N2) and with HF
(forming NHiBFs). Hot solutions of alkalis decomposeit, yielding NHs. h-BN is stable to
decomposition in temperatures up to 1000 °C. Moreover, the chemical stability of h-BN treated at
high temperatures increases as compared to the chemical stability of untreated powders due to a
decrease in the reactive surface and more perfect crystal structure. The chemical stability of h-BN
to corrosive media substantionally depends on the surface impurities formed during the synthesis
and the structure of the compound. The degree of decomposition of h-BN upon interaction with
acids and alkali solutions increases with decrease in the size of sample grains.

Experimental

The compacted platelet fine-grained powders of boron nitride (Chempur, CH070802 ) have
been used as a initial sample of material (Fig. 1a). The origin powders are graphite-like h-BN
textured on 002 with impurity of B2Os (Fig. 1b). The mean size of h-BN platelets is about ~ 0.3 pm,
their thickness ~ 0.01 pm.

A quartz chamber was used for the process of sublimation and evaporation of h-BN. Heating
of the surface of the initial powders was done in high power optical furnace with xenon sources of
exposure in the flow of nitrogen. The compacted sample of initial h-BN powders was tablets
(diameter 50 mm and height 20 mm). The last was placed on a copper water-cooling screen of the
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quartz chamber. The chamber was positioned in the centre of focal zone of three xenon emitters.
Sublimation and evaporation of h-BN was carried out at the low density of energy in focal zone of
set-up ~ 0.7 - 10* kW / m% Time of experiment was 30 min.
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(b)
Figure 1. Initial powders of h-BN: a — SEM image; b — phase composition.
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The chamber was flowed by purified and dried nitrogen under pressure ~ 1.2 atmospheres.
The nitrogen was purified from oxygen by copper chips at 500 °C. Pellets of KOH made drying of
nitrogen from water. Produced BN powders precipitated on a copper screens and on a quartz
surface of the chamber.

Structures of produced BN powders were examined by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM).

Results and discussion

One of the conditions for formation of nanotubes and fibers from the initial graphite-like
h-BN under concentrated light (CL) is a presence of a liquid phase in the process of synthesis [1].

An appearance of a liquid phase in h-BN at extremely high temperatures is a complicated
task because of the installation has to work at the maximum capacity. Thus, decreasing of the
temperature for formation of the liquid phase was proposed by means of modification of the
surface by the following reagents: KOH, HCl, H2SOs, acetone and alcohol. Contrary to generally
accepted ideas studies have demonstrated that surface of initial h-BN powders actively reacts with
sulfuric and hydrochloric acids, and a little bit les with KOH even before the exposure of CL. It can
be explained by presence of impurity of B20s (Fig. 1b) and because h-BN powders are fine-grained.

(a) (b)

Figure 2. Optical microscopy of structures formed on the

surface of a sample of the initial compacted h-BN powders
modified by KOH (a) and H2SOs4 (b) after heating by concentrated light.

As a result, next reactions (1 — 3) might take place:

B20s + 3 HaSO4 = B2(SO4)s + 3 H20, (1)
B20s3 + 6 HCl = 2 BCI13 + 3 H20, (2)
B20s + 6 KOH = 2 H3BOs + 3 K20. (3)

Being evaporated at low temperatures, an acetone and alcohol have not demonstrated their
influence on the process of h-BN structures transformation at all.
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Heating of the initial compacted powders of h-BN in an optical furnace at low temperatures
and presence of KOH on the surface result in formation of two-dimensional (2D) structures on the
surface of the initial powders in the purified nitrogen flow (Fig. 2a).

An effect of sulfuric and hydrochloric acids on the surface of the initial samples was
approximately the same because of their reaction with B2Osand H 20 formation (1, 2). Being heated
by CL, a surface of the sample treated with H2SOs has demonstrated an appearance of new
structures. Fullerene-like structures have grown directly from the surface of the sample around the
crater (Fig. 2b). Such effect of surface modification with sulfuric acid once more has confirmed the
“gaseous model” proposed in [1] for the formation of nanotubes and threads based on bable
evolution.

o , . b
Figure 3. SEM (a) and TEM (b) images of structures formed after heating the sample of
initial compacted h-BN powders modified by KOH, H2SO4, HCI on the surface of quartz chamber:
a — two-dimensional and equiaxed or plate nanostructures; b — two-dimensional structures.

2D graphene-like structures and equiaxed or plate nanostructures were precipitated on the
surface of a quartz chamber after heating of initial compacted powders of h-BN modified with
KOH, HCI, H2S04because of H:0 formation (1, 2) and presence of HsBOs and K20 (3) (Fig. 3).

Some separate thick (about 6 — 8 pm) and long threads (Fig. 4a) have been found on the
surface of the initial samples after heating. Higher magnification demonstrated the formation of
threads due to stepwise evolution of the bubble (Fig. 4b). These threads are not transparent,
because of alteration of gaseous and liquid phase composition which was formed during heating.
Since obtained threadlike structures are different from previous one presented in [1], which were
formed without surface modification using just seeding at elevated temperatures, it is logical to
assume that the presence of water (1,2) or HsBOs promote the fabrication of two-dimensional
structures and influence negatively on the formation threadlike structures in large scale.
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10 um

(b)
Figure 4. Separate threat-like structures formed on the surface of a sample
of initial compacted h-BN powders modified by H2SOsunder concentrated

light at different magnification: a — optical microscopy; b - SEM image.
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Figure 5. Chemical analyses of structures formed after heating concentrated
light a sample of initial compacted h-BN powders modified by H2SOa.

The resulting material obtained due to sulfuric acid modification was contaminated
withsulfur, zinc and silicon (Fig. 5). These impurities may arise from the sulfuric acid, since the

initial h-BN powders are high purity according to (Fig. 1b).
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Conclusion

Surface modification of h-BN initial powders by KOH, HCI, H2SOs4, results in formation BN
two-dimensional structures along with equiaxed or plate nanostructures on the surface quartz
chamber after heating. Presence of water decreases probability of nanotubes and threads formation.
Formation of fullerene-like structures grown directly on the surface and formation of threads due
to stepwise evolution of the bubble confirm once more “gaseous theory” developed for nanotubes
formation.
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The study of E.coli and Staphylococcus aureus
bacteriophages using dynamic light scattering (DLS) method
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The sizes and zeta-potentials of the serial E-coli and Staphylococcus bacteriophages
preparations were determined using dynamic light scattering (DLS) method. It was found that both
the sizes and zeta-potentials of the viruses depend on the solution concentration — on dilution of
the initial liquid preparations (with phages concentrations 108 PFU) the sizes of bacteriophage were
decreased and negative zeta-potentials increased, whereas polydispersity (% PD) virtually did not
change and is high enough (see Tab. 1 below). The measurements were performed using nanosizer
Nano ZS ZEN3600, Malvern Instruments, Malvern, UK, equiped with “red” laser (633 nm).

Table 1. Size, % PD and zeta-potential of bacteriophages Staphylococcus and E.coli.

Bacteriophage pH Dilution with Size, % PD Zeta-
distilled water (v : v) nm potential, mV

Initial Solution 300.7 65 -10.9

1:1 260.7 67 -15.2

E.coli 7.7 1:2 232.6 64 -18.9

1:5 219.5 63 -195

1:10 196.5 63 -30.7

Initial Solution 180.9 65 -16.7

1:1 150.0 69 -195

Staphylococcus 7.5 1:2 146.3 59 -235

1:5 142.0 70 -28.9

1:10 139.8 65 -31,2

The increase of negative zeta-potential of bacteriophages on dilution could be ascribed to
the dissociation of bacteriophages clusters. This changes are more pronounced for £.co/i phage that
could mean they are more inclined to form clusters. The residual broth proteins and
bacteriophages’ lysis products can participate in the clusters formation. Therefore we assume, that
given parameters for the purified bacteriophages will be less dependent on the solution
concentration; it is also anticipitated that polydispersity of the purified phages will be lower. The
study of these issues is in progress now.
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Some new aspects of degenerate Fermi gas and nanoscience
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In this lecture, we give an explanation on some questions, which arise in quantum plasmas.

We start from the Schrodinger equation for a single particle and demonstrate how the
Wigner-Moyal equation can be derived. We then show that the Wigner-Moyal type of equation
also exists in classical field theory. As an example, from Maxwell’s equations we obtain the
Wigner-Moyal equation for a dense photon gas, which is classical. Therefore, our conclusion is
that we can derive the Wigner-Moyal type of equation for any waves, describing classical or
quantum objects.

Next we talk about a new type of quantum kinetic equations, which we have derived
recently.

These novel kinetic equations allow us to obtain a set of quantum hydrodynamic equations,
which is impossible to derive by the Wigner—-Moyal equation. We then discuss the propagation of
small perturbations and instabilities of these perturbations, presenting new modes of quantum
plasma waves. It should be also noted that in the case of low frequency oscillations with ions, a
new Bogolyubov’s type of spectrum is excited.

These investigations may play an essential role for the description of complex phenomena
in modern technology, metallic and semiconductor nanostructures.

Publications

1. N. L. Tsintsadze, L. N. Tsintsadze. Novel quantum kinetic equations of Fermi particles.
EuroPhys. Lett., 2009, 88, 35001.

2. N. L. Tsintsadze, L. N. Tsintsdze. New kinetic equations and Bogolubov energy spectrum in

a Fermi quantum plasma. From Leonardo to ITER: Nonlinear and Coherent Aspects (Ed.
J. Weiland), AIP Proc. No CP1177, 2009, New York: AIP, 18. — e-print arXiw
Physics/0903.5368v1, 2009.

3. L. N. Tsintsadze, N. L. Tsintsadze. Exitation of longtudinal waves in degenerate isotropic
quantum plasma. /. Plasma Phys., 2010, 76, 403.

4. A. Rashid, G. Murtaza, N.L. Tsintsadze. Nonlinear structures of ionacoustic waves in
completly degenerate electron—positron and ion plasma. Phys. Rev. E, 2010, 82, 016403.

5. N. L. Tsintsadze. Some new aspects of degenerate quantum plasma. Proc. 2010 ICTP Int.

Adv. Workshop Frontiers Plasma Phys. (Eds. B. Eliasson, P. K. Shukla) — A/P Conf. Proc.,
2010, 1306, 75.

152



10.

11.

L. N. Tsintsadze. Quantization of longitudinal electric waves in plasmas. Proc. 2010 ICTP
Int. Adv. Workshop Frontiers Plasma Phys. (Eds. B. Eliasson, P. K. Shukla) — A/P Conf.
Proc., 2010, 1306, 89.

H. A. Shah, M. N. S. Qureshi, N. L. Tsintsadze. Effect of trapping in degenerate quantum
plasmas. Phys. Plasmas, 2010, 17, 032312.

A. Rashid, N.L. Tsintsadze, G.Murtaza. Ion-acoustic solitary waves in ultra-relativistic
degenerate pair-ion plasmas. Phys. Plasmas, 2011, 18, 112701.

H. A. Shah, W. Masood, M. N. S. Qureshi, N. L. Tsintsadze. Effects of trapping and finite
temperature in a relativistic degenerate plasma. Phys. Plasmas, 2011, 18, 102306.

N. L. Tsintsadze, L. N. Tsintsadze. Collective modes in quantum Fermi liquid. Low Temp.
Phys., 2011, 37, 982.

N. L. Tsintsadze, L. N. Tsintsadze, A.Hussain, G. Murtaza. New longitudinal waves in
electron—positron—ion quantum plasmas. EurPhys. J. D, 2011, 64, 447.

153



The journey from macro to nano
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This study covers information about our previous investigations starting from the
production of ceramic powders, to the synthesis of thin films from sintered ceramic targets,
summarizing the production of advanced ceramics powders, high-temperature synthesis (SHS)
processes, sol—gel production method, sintering processes, and thin film deposition by magnetron
sputtering physical vapor deposition (PVD) systems carried out in our laboratories over 20 years.

Boron containing advanced ceramic powders (Bs«C, TiB2, ZrB2, WBy) were synthesized via
SHS method using a mixture of B20s and reducing Mg powders with C, TiO2, ZrO2 or CaWOx
powders followed by acid leaching micron and sub-micron sized boron and other compounds
without requiring any industrial milling processes, were produced starting from different initial
SHS compositions, and with different leaching parameters.

Nano-powders were also synthesized by sol-gel method by using an autoclave furnace. In
this process, different amounts of additives, effects of synthesis parameters (agents, molar ratios,
aging durations, etc.) were examined and thermal analysis, chemical analysis and particle size
analysis of the products were investigated.

Thus obtained advanced ceramic powders were consolidated by using spark plasma
sintering (SPS) which is a recent and powerful technique mainly used for obtaining compacts
within very short times compared to other sintering techniques. In SPS technique, powders which
are in micron or nano size form sintered bodies without causing grain growth which will lead to
high mechanical and physical properties. With that process, ceramic target materials such as
WC - Co cermet, B«C, ZrB>, SiC based ceramics, transparent Al2O3 and AION having high purity,
high density, high hardness and toughness were produced to be used in PVD systems for ceramic
thin film deposition.

Magnetron sputtering PVD system was used to deposit advanced ceramics in thin film form
such as B«C and WC consolidated by SPS technique. Ceramic thin film coatings would enhance
surface properties of any type of substrate materials including tribological, optical chemical and
electronic properties. Optical, tribological, mechanical and chemical properties of the films were
discussed in this study.
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Hccnemoanue KHU cTpykTyp, HMIIaHTHPOBaHHBIX noHamu Ar+ u He*
A. II. bubmwramsuiru’?, 3. H. /pxkubyru’?, H. /. Joangsze??

' Téumucckuii rocyzapcTBeHHbIN yHUBepcuTeT uM. M. /xaBaxumsuim
Tounucu, I'pysus
2Toémnucckuit rocyzapcTBeHHbIN yHUBepcuTeT uM. V. JlxaBaxumrsuim
VHCTUTYT MUKPO- 1 HAHODJIEKTPOHUKU
Tounucu, I'pysus
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Tounucu, I'pysus
nugzardolidze@gmail.com

B pabore wmccremyioTcs HaHOCTPYKTYphI THHa “KpeMmHuii Ha msonsrope’ (KHM) mocre
VMMIIJIAaHTAIUKM PasjIuYHBIMU Jo3amu uoHoB ‘He* u “*Ar*. MccremoBaHMSA IPOBOIUINCH ITyTEM
M3MEepPeHH CIIEKTPOB ONITUYECKOTO OTPAKEHUS U BeJIMYMHBI pabOTHI BBIX0OZA IeKTpoHa. [lokasaHo,
yro wuonbl “Ar* B KHM HaHOCTpyKTypax, oOecreyuBas BbBICOKYIO 3(h(}eKTHUBHOCTb
TeTTEPUPYIOLIETO  BO3JAEHCTBUSA, BBOAAT HeHTpaabHblE [JUBAKAHCUM, OTBETCTBEHHBIE 34
HaOIIOZAaeMbIii MUHHMYM B cHekTpax orpaxkeHusa B oGmactu 0.73 — 0.75 3B. B pesymnsrate
6oMmGapaupoBku noHamu ‘He* rereprpoBaHue He IIPOMCXOIUT U BBeIeHHBIE Ne(EKThI SBIAIOTCS
IMBaKaHCUAMHU C OJHOKPATHBIM OTPULIATENBHBIM 3apsAZOM, OTBETCTBEHHBIE 32 HAGIIO[aeMBbIH
MaKCHUMYM B crekrpax orpaxeHus B obmactu 0.73 — 0.75 3B. IlonyyHHbIe pe3yIbTaThl YKa3bIBAaIOT
Ha BO3MOXHOCTH IlejleHampapiaeHHOH Mopubukanmu KHW HaHOCTPYKTYp A8 yrydmleHMsS HX
ONTUYECKUX XapaKTEPUCTHK.

ITepexozn coBpeMeHHOI! IIOIYIIPOBOAHUKOBOM 3I€KTPOHUKH Ha HAHOpPa3MepHl, IpUBeALINe K
KBAaHTOBOPa3MEPHBIM OTPaHUYEHUAM, BBISBUI B TPAJUIMOHHBIX MaTepHajaxX HOBble (UHMUECKUE
CBOJICTBA, OTKPBIBAIOLINE ITUPOKUE MTEPCIEKTUBSL A1 JaHHOH oTpaciu. ‘Kpemuwuii Ha nszonarope”
(KHU) pgns coBpeMeHHOM MHKpPO- X HAaHOIEKTPOHUKHM SBJIAETCA OAHUM U3 Hauboee
IePCIEeKTUBHBIX MATEPHUAJIOB, YTO U OIPEJENUIO e€r0 BbIOOP OOBEKTOM HCCIeNOBAHUM AAHHOM
paboTsI.

B mocienHee BpeMms cepbe3sHble YCHJINSA HAlpaBleHBl HAa pa3pabOTKy TeXHOJIOTUH
M3TOTOBJIEHUSA U H3y4YeHHS ONTUYECKUX CBOMCTB, TaK Ha3bIBaeMbIX (oTOHHBIX KpucTawios (OK).
OpHo¥ U3 CyIeCTBeHHBIX IIPUYKH, 00BACHAOm e 6oburoil nuTepec K PK 3akitiodaercs B TOM, 4TO
Ha Gaze OK moryr ObITH CO3ZaHBI 3JI€MEHTHI OOpPAaGOTKHM SIeKTPOMAarHUTHBIX CHTHAJIOB
PEHTTEeHOBCKOTO ONTHUYECKOrO ¥ MUKPOBOJHOBOTO IHMAIla30HOB, BBIIOTHSIIOUIME Te K& (YHKIUH,
KOTOpbIe MUKPOJIEKTPOHHbIE KOMIIOHEHTHI PeaTu3yIioT IJIA DJIeKTPUIECKUX CUTHAJIOB (CI0XKeHMUe,
pasioxeHue, ¢uibTpanus, ycunenue u zap.). IIpu stom oueBuzno, uro OK smementsr Gyzmyt
IIPEBOCXOJUTh MHUKPODJIEKTPOHHBIE AQHAJIOTH II0 OBICTPOAEHCTBUIO, M TAaKUM IIOKa3aTesAiM
HAIEXXKHOCTH, KaK yCTOWYMBOCTD K pafUaIluy, pabGoOTOCIIOCOGHOCTh IIPU  IIOBBIIIEHHBIX
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TEMIIEpPaTypax, COOCTBEHHOMY TEIJIOBBIJEIEHUIO, YCTOMYMBOCTA K II€PEKPECTHBIM IIOMeXaM
u ap. [1].

IIpu cymecTByomeil TeHZEHUWN MUHUATIOPU3ALMH OJIEKTPOHHOM amIapaTypsl U
coxpaHeHus Ha Ompkaiimue 20 yeT KpeMHHUA, KaK IIpeo6IIajaioliero MaTepuala HaHO3IeKTPOHUKH,
I[e71ecO00pasHoO CO3JaHKEe COOTBETCTBYIOIIUX 3JIEMEHTOB ONTHYecKoro pauamasoHa (or Y@ o
6mmwxaero VIK). Beicokas 3HAYMMOCTh KPeMHMEBBIX HAHOCTPYKTYP /[ejIaeT BeChbMa aKTyaJlbHbIM
pa3paboTKy M HCCIeZiloBaHME MeTO[OB MX co3zaHus u Mmoxubuxanuu. Ha ceropHsmuwil neHb
MCCIIeIOBAaHUs HAIpaBIeHbl Ha Pa3pabOTKy HAay4YHBIX OCHOB TEXHOJIOTUU U3TOTOBIEHHSI MUKPO- U
HAaHOPa3MepPHBIX 3JIEMEHTOB, OO0ECIIeYMBAIOIUX TEeHEPalUi0 CBETOBOTO U3JIYYeHUS U €ero
pacipocrpaHeHue. B kagecTBe 06BeKTa [IsI U3TOTOBJIEHHS TAKHX JIEMEHTOB OYyT HMCIIOIh30BAHBI
XapakTepHble JIi COBPEMEHHOH HAaHODJEKTPOHUKH MHOTOCIONHBIE CTPYKTYpPHI Ha OCHOBE
KpeMHHUs, a B KayeCTBe MeTOJa WX H3TOTOBJIEHWS HOHHBIM CHUHTE3 IIONyIPOBOJHUKOBBIX U
IUDIeKTPUYeCKUX (a3 B KOMIIOHEHTaX YIIOMSHYTBIX MHOTOCIONHBIX cucTeM. IIpu sTOM, B KadecTBe
0a30BBIX CJIOMCTBIX CTPYKTYp OYAYT KCIIOJNB30BAHBI CTPYKTYPHl «KPEMHHUN Ha H30JATOPE»,
IIOCKOJIBKY MMeEIOIuecs B HUX KpPeMHUEBble U [AUDJIeKTPUYeCKHe KOMIIOHEHTHI O0O0JIerdaioT
BO3MOXHOCTh CO3ZIaHUsI CBeTOBOZOB miast YD, Bupumoro u GamxHero MK usmydenwus, a noHHas
MMIIJIAHTAIYS TO3BOJISIET CHHTE3UPOBATh 00IACTH PA3IMYHOrO XUMUIECKOTO COCTABA, YTO SBJISETCS
HeOOXOLUMBIM YCJIOBHEM CO3JaHHs CBETOBOJIOB, HAHOpa3MepHBIX cBeromsiydareneii Ha QK
snmeMeHTax [2].

OzHako, KaK M3BECTHO, IPY MOHHOM MUMIUIAHTAIIUN HEXXEJIATeJTbHBIM (PaKTOPOM SIBIISIFOTCS
paguanuoHHble AedeKThl, OT KOTOPBIX M30aBIAIOTCS PA3IUYHBIMU CTHMYJUIMPYIOUMMY METOJAMU
(oTxur B meuyu IpU BBICOKMX Temieparypax [3], omkur ummyascamu ¢ororos (MPO) mpu Goree
HU3KUX TeMIleparypax (4] u T.z.).

B manHoit paGore wcciaemoBasoCh BiusHUE GOMOAPIUPOBKM MOHAMM WHEPTHBIX ra30B Ha
KHW crpyxrypsr, nmonydenusie c¢ momompbio SMARTCUT texmomormu [5] (pumc.1l). B armx
CTPYKTYPax CKPBITBIM IUIEKTPUKOM ABIgeTcA coi SiO2.

Si, d= 500nm

Si0; .,
d=400nm

n-THII Si, d=0.5 mm

Pucynox 1. KHY crpykrypa, morydernnas ¢ nomompio SMARTCUT rexmonorum.

Crpyxrypst KHM mozsepranuck o6GnydeHHIO MOHAMU TaKMM OOpa3oM, YTO B pe3yJsbTaTe
OBUTH IIOJTy4YeHbI 3 IapTuu oOpasuoB: a) obiayuenHble reineM (‘He*), smeprum 40 xoB (moss
D=1.10" - 1.10' cm?) npu Temneparype I = 22 °C; 6) ob6xydeHHsle aproHoMm (*°Ar*) sHeprum
400 k3B (mozer D = 1.10¥ — 1.10"* cm?) npu Temneparype 7 = 22 °C u B) 00IydeHHble apTOHOM
(*Ar+) oumeprum 400 xoB (mossr D = 1.10® — 1.10® cm?) mpu Temmeparype 7 = 220 °C.
O6ryyatomye NOHBI, SHEPTUU U [03bI TOAOUPAIUCh TAKMM 00pa3oM, YTOOH! IepejaBaeMas HOHAMU
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SHEeprusA IPUXONUJIACh IIPEUMYILIECTBEHHO Ha TOHKHII IIOBEPXHOCTHBIN CJIOW KpeMHUA BIUIOTH O
TPaHUIIBI CO CKPBITHIM JAUIEKTPHUKOM.

HccnenoBaHusa IpOBOAUINCH C IIOMOLIBIO M3MEPeHHUs CIIEKTPOB ONTUYECKOTO OTPaKeHU U
BeJIMYMHBI PAaOOTHI BRIXO/A DJIEKTPOHA IIPY KOMHATHOM TeMIleparype.

Ha puc. 2 moxkasans! cuexrpsl orpaxxerus KHHU crpykryp o6yueHHBIX HOHaMU aproHa u
rexnua. Kak BumHO u3 pucyHka, Ha cuekrpeorpaxenus KHU crpykryp (1), o6rydeHHBIX HOHaMU
aproHa (7Zosx = 22 °C, D = 3.10"® uon / cm?) HabGIIOAAIOTCS [Ba SPKO BBIPOXKEHHBIX MHHUMYyMa B
o6actu crekrpa 0.73 — 0.75 B u okomno xpas 3anmpemenHoit 30H5I — 1.04 5B, B To BpeMa kak Ha
cuextpe KHU crpyxryp (2), o6ayuennsrx nonamu aprosa (Zesx = 220 °C, D = 3.10" uon / cm?) B
o6mactu 0.73 — 0.75 5B, He TOJIBKO OTCYTCTBYET MUHHMYM, a HA000POT — HAGII0OAAeTCA yBeIUYeHHE
3HAYeHHUsA OTpakeHUsd. KauecTBeHHO Takas >Xe KapTHMHA HaOJII0JaeTcs NpU OOIyYeHUH HOHAMU
resutust (Zosx= 22 °C, D= 10" mon / cm?) (xkpusas 3).
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Pucynoxk 2. Cnextps! orpakenus oomydennsrx KHUY crpyxryp: (1) — nonamu
*He* (maprus a), (2) — monamu “* Ar* (maptus 6) u (3) —uonamu “ Ar* (maprus B);

Ha puc. 3 mokasaHa 3aBHCHMOCTB pabOTHI BBIXOZA d5ieKTpoHa (¢) ¢ moBepxnoctu KHU
CTPYKTYp OT [J03bI MOHOB aprosa mapruu 6) u B). Kak BUJHO U3 pHCyHKa, HaYaJbHbIE JO3bI NOHOB
aproHa IOZABJIfAeT BeJIMYMHY pabOTHI BBIXOZA DJIEKTPOHA, TOTZA KaK yBeJMYeHHe [O3bI HOHOB
IPUBOJUT K YBEJIMUYEHUIO ee BeIUUNHEL.

MzsectHo [3], 4TO MMITaHTaIMA HOHOB aproHa B KPeMHHUU OOeCIleYHBaeT BBICOKYIO
3¢ PeKTUBHOCTh TeTTEPUPYIOUET0 BO3ZENCTBUA, NPU O5TOM 5(PGeKTUBHOCTh TeTTepHUpPOBAHUAL
yBEeJIUYMBAeTCA C yBeJMYeHHeM /03 MMILIAHTALMH /JJId YBeJIM4YeHHS CBeTOM3IY4YaloIIUX CBOMCTB
KHMW nanoctpykryp. Ha skcneprumMeHTe 5TO BEIpaKaeTCs B YBeJIMYeHUY BeJIMYUHBI PAaOOTHI BBIXOZA
3JIGKTPOHA C yBeJIW4YeHUEM J03 UMIUIAHTaIuu aproHa B KpemHuu (puc.3). Habmromaemoe Ha
9KCIepUMeHTe YMeHbIIeH/e BeJIMYUHBI ¢ IIPU HAYATBHBIX J03aX MMIUIAHTAIINU, II0 CPABHEHHIO C
HUCXONHBIM OOpa3loM, BBI3BAH TeM, YTO IPM MAaJBIX J03aX CO3JaHUE PafMALMOHHBIX JedeKTOB
npeBasupyeT Haj 5((dEeKTOM reTTepUpoBadsd, YTO IIPUBOJUT K HAOIIOJaeMOMY YMEHBIIEHHIO
BeJIMYUHBI .
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Pucynoxk 3. 3aBucuMOCTs pabOTHI BEIXOJA 3JIEKTPOHA C IOBEPXHOCTHU
KHMW cTpyxTyp OT 03I MOHOB aproHa: (1) — maprus 6; (2) — mapTus 3.

Yro xacaerca KHWM cTpykTyp serupoBaHHBIX TeiueM, TO B 3TOM ciaydae 3S(dekr
reTTEPUPOBAHUS BOBCe He Habimiojaercs [3], HO IPU 3TOM CO3JAIOTCS pajUallMOHHBIE AedeKTHl,
BBI3BIBAIOIIME IIOZIABJIEHME PAabOTHI BBIXOJA 3JIEKTPOHA HACTOIBKO, YTO OHA He M3MepseTcs Ha
9KCIIePUMEHTE.

Kax wu3BectHO [3,6], OCHOBHBIMU paAHAIMOHHBIMU JAedeKTaMH CO3/aBaeMBIMU MOHHOM
VMMIIJIaHTaliel B KpeMHHUU IIPU KOMHATHOH OTeMIleparype, ABJIAIOTCA A-LIeHTPSHI, JUBAKAHCUU U
TeTPaBaKaHCUM B PA3JIMYHBIX 3aPANOBBIX COCTOSHHUAX: IIPH OOMOApIUpOBKE MOHAMU TeJIUS —
OVBAKAHCUU C OJHOKPAaTHBIM OTPUIATETBHBIM 3apsifoM, a HOHAMU aproHa — HeHTpaJbHbIe
nuBakaHcuu. OTCIOZa M pas3inyuue B CIEKTPaX ONTUYECKOTO OTPaXKEHHUsA, 4TO COOTBETCTBYET
WM3BECTHON W3 JHUTepaTypsl [7,8] IaHHBIX IO ONTUYECKOMY IIOTJIONIEHUIO — HeWTpaJbHbIE
OVBAKAHCHU B KPEMHHUM IIOTJIOMIAIOT KBaHTHI ¢ sHeprueil ~ 0.73 aB (~ 1.7 Mxm), a JuBakaHCHUU C
OTpHIATeIbHBIM 3apAL0M — B 0o0acTu 6osee Huskux sHepruu 0.32 — 0.38 5B.

ITpu BBICOKMX TeMIlepaTypax HMIITAHTAIIUM HEOOXOZMMBI CYILIeCTBEHHO OOJIBIINE O3B
06Iy4eHuUs AA 00pa3soBaHUsA TaKOTO JKe KOJIM4ecTBa AedeKToB, Kak IIpU KOMHATHOI TeMIlepaType
[3]. Dro cCBf3aHO C OTXXUIOM HApyUIEeHWIl B IIpollecce MMIUIAHTALMK, Ojarozaps OOIbIION
HMOJBMXKHOCTH Je(eKTOB. DTO COOOpakeHHe IOJTBEPXKAAeTCs Ha DKCIIEPUMEHTaX II0 M3MepEeHHUIO
paboTsI BRIXOa 3y1eKTPoHa (puc. 3).

BMmecTe ¢ TeM BBICOKHE TeMIlepaTypbl MMIUIAHTAIIUM YBEJIUYMUBAIOT BEPOATHOCTh CO3JaHUA
KOMIUIEKCOB Ze(eKT-IIPUMECHBINl aTOM B pPa3JIMYHBIX 3apSAJOBBIX COCTOSHUAX, HAIpUMeD,
KOMIUIEKCOB: E-IIeHTp, BaKaHCHA C IBYMA COCEJHHMH 3aMeIleHHBIMH aTOMAaMH, OTPHIATEIBHO
3apspKeHHas BAKAHCHA C ITOJIOKUTEIBHO 3apsHKeHHBIMY aTOMaMU UMILIAaHTaHTa [3].

Takum 00pa3oM, CTAaHOBUTHCS IOHATHBIM Ka4eCTBEHHOE OTJIMYKE B CIIEKTPAaX ONTHYECKOIO
orpaxenus B obOpasumax KHW, mmmnrantupoBanHbIX moHamMu “Ar* mpu pasHBIX TeMIepaTypax,
CBsI3aHHOE C 00pa3oBaHUEM Pa3TUYHBIX KOMIUIEKCOB J1e(heKTOB.

15 ycTaHOB/IEHUA CBA3M MEXIy IPUPOJOH, CBOMCTBAMU M MeXaHM3MaMU (OPMUPOBAHUSIL
nedpextoB B KHM crpykTypax M ponu [gudjIeKTpuKa B STOM Ipolecce OyAyT IIpOBeIeHBI
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JanbHeHIINe UCCIeJOBaHUA CIIeKTPOB ONTHUYECKOTO IIOTJIOLIeHUA C IpUMeHeHHeM TepMUYecKOTro
u H®PO. IlonyueHHsle pe3yiabTaThl JafyT BO3MOXKHOCTh IIPOBEJEHUS IlejieHalpaBIeHHOM
mogudukanyu KHY HaHOCTPYKTYp A yIydlIeHHS HX ONTUYeCKUX XapaKTePUCTHUK.
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Hpe,D;JIO)KEHO HOBOE€ TIIpeAcCTaBI€HUE 00 M3MEHEeHHM MeCTOIOJIOXKEeHUA aToMa B
KOHZAEHCHUPOBAaHHBIX CpeJax, OG'BHCHHIOH.[EC, B OTIMYHUU OT MOJIeKy.TIf{PHO-KI/IHeTI/I‘-IeCKOI‘/’I Teopuu,
BCe HaGJIIO,Z[aeMBIe OKCIIEpPMMEHTA/IbHbIE ¢)aKTBI. HPI/IBO,ZI;HTCH OKCIIEpUMMEHTAJIbHbBIE [TdHHBIE
IIOTBEPpKAAome IIpaBUJIBHOCTD HOBBIX IIPEACTABIIEHU .

B mHacrosimee Bpems [isi OOBSICHEHHsA (PUSUYECKUX SIBIEHUM, CBA3AHHBIX C M3MEHEHHEM
MECTOIIOJIOKEHHSI aTOMOB B KOHJEHCHPOBAHHBIX cpeziax (¢asoBble Iepexonsl IEPBOrO Poja,
nuddysus, peKpUCTa/UIU3AIUS U T.J.), UCIOIB3YIOTCS IIPeCTaBIeHNUs, Pa3BUTHIE B MOJIEKYJIIPHO-
KUHETUYeCKOI TeOpHH, B COOTBETCTBHUU C KOTOPOW MAJIA TOTO, YTOOBI aToM (MOJIEKysa) M3MEeHMI
CBOe MeCTOIIOJIOXeHHe, HeoOXoquMo o06pa3oBaHUME OKOJIO JAaHHOTO aToMa (IIOKTyaluu
KMHeTUYeCKOH SHEPTUH /I IPEoIoIeHus dHepreTudeckoro 6aprepa [1] (puc. 1).

=W -1

Pucynox 1. 1) CorracHO MOIeKyIApHO-KIMHETUYeCKOH TeOPHUH, [ IlepeBILKeHUS aTOMa
B TBEPJIOM TeJle HYXHO, YTOOBI OH, B pe3yJbTaTe (IyKTyalllH, IOy Y1 KHHETHIeCKYIO
SHEePIUIO TaKOH BeJIMYUHEI, KOTOpasd Oy[eT JOCTaTOYHA JJIA IPeOJ0IeHUA IOTeHI[NaTbHOTO
6apeepa U. BepoATHOCTB TaKOTO IIpOIlecca ONMUCHIBAETCS BhIIIe IIPUBEIeHHOM 3aBUCHMOCTBIO,
rae W — BepoATHOCTB IIPOUCXOXAeHU (QIIyKTyalluy y JAHHOTO aToMa, 7 — abCoIIOTHAS
TeMIIepaTypa, kK — mocTosAHHasA boxpiMana (BbicoTa 6apsepa U cunTaeTcs IIOCTOSHHOM /111
ZaHHOTO BemlecTBa). 2) COracHO HOBBIM IIPe/ICTAaBIeHUAM, JIJIS IIepeBIDKeHHS aTOMa
HYXXHO KaKUM-TH0O0 aTepMUYECKHM CIIOCOO0M Pa3opBaTh XUMUYECKHe CBA3H, UTO
O3HAYaeT yMeHbIIeHNe Me>KaTOMHO¥ ITOTeHITUaIbHOM dHeprun 1o MuauMyMa: U — 0.

Opnako 3a mociennue 40 JleT HAaKOIMJIOCh OTPOMHOE KOJIMYECTBO OSKCIIEPUMEHTAIBHBIX
dakroB (0cOOeHHO, HAOIIOZAEMBIX IIPU HU3KUX TeMIIepaTypax), KOTOpble AaXKe KadeCTBEHHO He
MOTyT OBITH OOBSCHEHBI JaHHBIMU IIpefCTaBIeHuIMU. Hamu mpezaioxeHs! HOBbIE IIpe/ICTaBIEHUS
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00 W3MeHEeHWH MeCTONOJIOKEHHUsS aToMa B KOHAEHCHPOBAaHHBIX CpeZiaX, OOBACHAIONIME BCe
Ha00jaeMble dKCIepUMeHTanbHble (GakTsl. B COOTBETCTBHU C OTUMU IIPEJCTaBIEHUSIMHU OKOJIO
DAHHOTO aTroMa HeOOXOZWMO IIOsSBIeHVe (PIIOKTyalluy IIOTEHIIMAJIbHOM ODHEPruu, KOoTopas
yMEHBUIAeT DSHEPrHI0 XUMUYECKOH CBA3M, YTO COOTBETCTBYET YMEHBIIEHUIO BBICOTBHI
IOTeHIIMaIbHOrO O6apsepa (puc. 1), KOTOpBIH JOJDKEeH IpeosoIeTs aToM (Mosekysa) [2]. M3menenue
OHEPTUM XUMHYECKOH CBS3M IIPOMCXOJUT 32 CYeT AHTUCBA3bIBAIOmMX KBasmuactun (AKY) —
CBOOOZHBIX DJIEKTPOHOB U IBIPOK, ITOSBI€HNE KOTOPBIX OKOJIO JAHHOTO aTOMa YMeHbIIAeT SHEPTHUIo
XUMUYECKOM CBSA3M.

AHTUCEBAIVIOLWAA 30HA

JHeprua

CBAZYIOWAR 30HA

Er

NMeTannbl

77 7

MoaynpoBoAHUKDI

Pucynok 2. BosukHOBeHHe rubpHAN3HPOBAHHBIX OPOUTAIeH, UX pacllelIeHre Ha CBA3YIONTe 1
aHTHUCBA3YIOIe OPOUTATIH U IPH COIIKeHUY aTOMOB BOSHUKHOBEHE U3 HUX, COOTBETCTBEHHO,
CBA3YIOUIeH U AaHTUCBA3YIONIeH 30H. £y — IIMPIHA 3aIIpelleHHOM MK IICeB03alpelleHHO 30Ha.

B coorBercTBUM C Teopueill MOJIEKYJIAPHBIX OpOMTaNell XMMHUYECKOH  CBA3W,
PacIIpOCTpaHEHHOH Ha TBepAble Tejla M SKUAKOCTU [3], DHepreTHMYeCKHil CIEKTpP 3JIEKTPOHOB
COCTOUT M3 CBA3BIBAIOIIUX M AHTHCBA3BIBAIOWIMX 30H (pHC.2). B moxympoBogHMKax 5TH 30HEI
pasfie/leHBl 3allpelléHHOHM 30HOH B MeTa/laXx OHM IlepeKpUTHl. HaxoxzeHue djIeKTpoHa B
CBA3BIBAIONIEHl 30HE yBEeJIUYHBAET, a €r0 OTCYTCTBUE (ABIPKA) YMEHbIIAeT XMMUYECKYIo CBA3b. Cria
XVMUYEeCKOH CBA3M JAaHHOTO aroMa (MOJIEKYJBI) C COCEJHHMBI OIpeZenieTcs Pa3HOCTBIO
CBA3BIBAIOIIUX U AHTUCBA3BIBAIOIIMX 3JIIEKTPOHOB HAXOAAIIMXCA OKOJIO Hero. UeM MeHbIIe S5Ta
Pa3HOCTh TeM MeHbIlle XUMHUYecKas CBA3b, a IIPU PaBEHCTBE PA3HOCTU HYJIIO XMMHUYECKYIO CBA3b
ucyesaer (CyOsuManus, UCIIapeHue, KUIIeHHe). TakuM 06pa3oM, IIepeBo/, 5JIeKTPOHA U3 CBA3YIOIei
30HBI B @HTUCBA3YIOIIYIO 30HY (B MeTa/l/IaX IIepeXObl OCYLIeCTBAIAIOTCE MeXay ypoBHeM Qepmu u
THOM  QHTHCBA3BIBAIONEH  30HBI — 9TO  DHEPreTUYeCKOe  PpAacCTOAHHME  Ha3bIBAeTCS
IICeBIO3alNpelleHHOM 30HOM), O3HAaYaeT yMeHbIIeHue XMMHYeCKOH CBA3M JAHHOTO BellecTBa (T.e.
ecIu 3TO TBepJoe TeJo, OHO [O/DKHO cTaTth Oosee MmaArkuMm). IlepeBoz, 571eKTPOHOB MOXHO
OCYIIeCTBUTH PAa3HbIMH CIIOcO0aMu — puc. 3.
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Pucynox 3. Eciu cBeToM, maBieHyeM, HHXeKI[UeH, TeMIIepaTypoil ITepeBOJUTD 3TeKTPOHBI
U3 CBA3YIOIIE B aHTHCBA3YIOUIYIO 30HY, TO XMMHYeCKUe CBA3U B BellleCTBe OCIA0HYT.

B mob6om cirydae mepexBrbKeHHMe aToMa OyzeT obOserdeHo. IIpum cBoem xaoTmueckoM
IOBIDKEHUU DJIEKTPOH M IBIPKA MOTYT OKa3aThCSA OKOJIO OIPesieJIEeHHOTO aTOMa C BEPOSTHOCTHIO
n/ N: (n — xounentpanus AKY, NV, — KOHIIeHTpanus aTOMOB BeIleCTBAa) B Pa3HOM [ KOJIHUYECTBe
(dbirokTyauus HOTeHUMAIbHONH SHEPruM) C BeposTHOCTBIO (12/ N:)# u mO-pasHOMY OCIaGHUTH
XUMUYECKYIO CBA3b.

Yem Gonpme O6ymer xoHumenrpauus AKY mpu pganHOil TeMmmeparype, TeM  GoJblie
BEPOATHOCTh IIE€PEJBIDKEHUs aTOMOB U TeM WHTEHCHBHee OyzeT INPOTeKaTh HaGI0aeMbIi
mpouecc [2].
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PucyHoxk 4. 3aBECHMOCTB TBEPOCTH Si OT BeIMYMHBI HATPY3KU IPUIOKEHHOM
K HUHJIEHTOPY, POCT HAarPy3KK O3HAYaeT yBeJIUUeHHEe TIyOHHBI IIOTPYKeHUI HHAEHTOPA:
1 — B remHOTe; 2 — IpU OCBeleHuY J1azepoM (AvV 2 Ey), korga xoHuenTpanus AKY
CO37IaeTCSI TOJIBKO B IIOBEPXHOCHOM CJIO€; 3 — IIPU OCBelleHUH OeIBIM CBEeTOM
npoxozsamuM vepe3 punastp Si (Av < F), korma AKY cosmarorces Bo BceM 00beMe;
4 — IpY OCBeIeHUH JIa3ePOM BBICOKOM WHTEHCHUBHOCTH, T.€. IIPH OOJIBIION
xouuentpanuu AYK, 3HaueHre TBepZOCTH Ha IIOBEPXHOCTHU MEHbIIlE, YeM B 00beMe.
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HenocpezncrBenHbIM fokazaTenscTBoM cymecrBoBanusa AKY saBiagercsa doromexaHuueckuit
spdexr (OPMD) — ymeHbIIeHHE MHKPOTBEPAOCTH B pe3ysIbTaTe OCBEI[eHHS IIOBEPXHOCTH
ncciaemyemoro obpasua [4]. [Ipu ocBemennu Temieparypa IOBbIIIANTAcCh He Oosiee, 4YeM Ha OZUH
Tpafyc, a yMeHbUIEHNEe TBEPAOCTUA COOTBETCTBOBAJIO HArepeBy HECKOJBKMM COTHSAM IPafyCoB B
3aBUCHMOCTH OT MHTEHCHBHOCTH OCBellleHH.YMeHblIeHNe TBepAOCTH Ipoucxonut 3a cuer AKY
00Opa30BaHHBIX CBETOM HA TOH TIJIyOMHe Ha KOTOpYylo IpoHuKaerT cBer (puc.4). Heobxommumo
OTMETHUTh, 4TO yMeHbIIeHHe TBePJOCTH, JAake IPH HArpeBaHWM, B OCHOBHOM OIIpeZesfeTcs
koHneHTpanueir AKY, o6pasoBaHHEIX B pe3ysbraTe Harpesa. JlefiCTBUTENIBHO, U3 PUC. 5 BUAHO, YTO
B TOH obyacTu Temieparyp, rie KoHueHrpanus AKY, o6pasoBaHHBIX TeMIlepaTypoil 117, MEHbIIe,
yem KoHIeHTpanus AKY, o00pa3oBaHHBIX OCBelleHUEM Iks, TeMIIepaTypa He BIUAET Ha
MHKPOTBEPAOCTb. A B TOWH 06JIaCTH, IJje MMeeTCs OOpaTHOe COOTHOIIeHHe, Ha MHKPOTBEPJOCTb
BJIMSAET TOJBKO TeMIlepaTypa [5].
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Pucynok 5. TemneparypHas 3aBUCMOCTh MUKPOTBEPAOCTH KpeMHuUsA B TeMHOTe (1)
u nipu ocBemenuii (2, 3). Murencusnocru ocsemenus /1 (2) u 72 (3), /1 < [2. ne—
xounenrpanus AKY, cosmannas cseroMm, 11 7— KoHueHTpanusa AKY, cosgannas remmnepaTypoii.

Ecnu cBeT yMeHbIIaeT 5HEPTUIO XMMHYECKOH CBA3HM, TO MCXOJA M3 XOPOIIO M3BECTHOTO B
XMMHM, IIpaBHJa — YyMEHbIIEHHE OHEePruM XMMHUYECKOH CBA3M AaBTOMAaTUYECKHMH BeJeT K
YBEIMYEHUIO JIMHB XMMUYECKON CBA3M — MOXKHO 3aKJIIOYMTH, YTO OCBEIIeHKe TBEPJAOro Teja IIPU
HEM3MEeHHOIl TeMIlepaType AOJDKHO IPUBOAUTH K ero pacmupeHuio. Hamu wmcciemoBanus [6]
IOTBEPAMIN OSTO 3aKIIOUYeHHe, UTO SBIAETCA ellle OZHHUM IIOT/ABepXJIeHHeM pacCag0JIgoIiero
neiicrBua AKY Ha XuMHU4YeCKyIO CBA3b.

Kak u3BecTHO, MOJIEKYIIPHO-KHMHETHYeCKasA TeOPHUA He CMOIJIA CO3/aTh MEXaHU3M (pa30BBIX
IepexosoB IepBoro poja. «Ha mepBsIff B3T/Aj, IpocCTble IS NMOHMMAHUA fABJIEHUS 3aTOHAIOT
Y4YeHBIX B TYNHUK, TaK KaK /0 HaCTOAINIETO BPEMEHM He CyIIeCTBYeT UX YZO0BJI€TBOPUTEIHFHOIO
OOBACHEHHUA HAa MUKPOCKOIIMYECKOM YPOBHE» — U3BECTHBIIN aHrnuiickuil yuensrii JI. I'yacraitu [7].

MoseKynapHO-TIOTeHIIMaIbHAS TEOPUA JJaeT BO3MOXKHOCTh CO3/IJaHMUA TAKOTO MexaHu3Ma [8].
ITpu Harpese TBepzoro BemecTsa (puc. 6) KpoMe TOTO, YTO IPOMCXOAUT yBeIHUYeHNe KHHeTHIeCKON

163



SHepruu aTroMoB (MOJIEKYJ), IIPOMCXOJUT II€PEeBOJ, 3JIEKTPOHOB CO CBA3YIOWIMX 30H B
AHTUCBA3YIOI[ME, YTO OCYLIECTBIAETCS IBYMsS MeXaHW3MaMmu: 1) oGpasoBaHMeM, 32 CYeT aTOM—
aTOMHBIX CTOJIKHOBEHUU, (IIOKTyallud KUHETUYEeCKOH OSHEPruu, AOCTaTOYHON i1 IIepeBoja
9JIEKTPOHA; 2) 3a CYeT yAAPHOTO MeXaHW3Ma, KOTZa HeKUU CBOOOAHBIM 3JIEKTPOH, IIPU CBOEM
XaOTHYeCKOM JBIDKEHHHU (IIIOKTyalueil mpuoOpeTas SHEPTUIO, IOCTATOYHYIO [JIi II€peBOja
CBSI3aHHOTO 3JIEKTPOHA IIPU COYJAPEHHUU C HUM, IIEPEBOAUT €T0 B AaHTHUCBI3BIBAOILYIO 30HY U IIPU
9TOM CaM OCTaeTCs B AHTHCBS3BIBAIOIIEN 30HE, yBeIWYMBas TeM caMbiM KoHueHTpanuio AKY
(puc. 7). EcTecTBeHHO, MHTEHCHBHOCTh JTOTO IIPOLECCA YBEIMIMBAETCSI C POCTOM KOHIIEHTPALMH
AKY u uX CKOpOCTH, YTO IPOMCXOAUT IIPYU yBeJIMYEHUM TeMIeparypsl. Ha mepBsix crazusax
HarpeBa IIepBBIM MeXaHW3M IpeobjazaeT HaJ, BTOPHIM, HO IIpU HPUOIIKEHUU K TeMIIEpaType
IIaBJIeHWss WX WHTEHCHBHOCTHM CpPaBHHUBAIOTCS, HACTyNaeT, TaK HasblBaeMas, KpUTHUYecKas
KOHI[EHTPAI[UsI Ik, d TP Inx BTOPOM MEXaHU3M Ipeo0JafiaeT HaZ, MEPBBIM, M BCE IME€peJaBaeMoe
BellleCTBy TeILIO uAeT Ha obGpasoBanue HOBbIX AKY, mostomy mpekpamaercs pocT TeMIepaTypsl
(o6macts AB — puc. 6).

-

E E
0 Q

PHCYHOK 6. 3aBHCHUMOCTD TEMIIEPATYPBI BEIECTBA OT KOJIHMYIECTBA II€PE€NdHHOIO TeIljId.

(1) 71exTpOR nOTy AR QIOKTYAmMeH
O\ JEEPHM fhﬂ.‘l‘l:tl’}'l& HEM Eg

Pucynoxk 7. Cxema mmepeBosia 97IeKTPOHA YAAPHBIM MeXaHH3MOM: 1) 3JIeKTPOH ¢ dHepruei,
Gonbmeit £y 2) npIpKa U 3JIeKTPOH, 00pa30BaHHbBIE B pe3y/IbTaTe yIaPHOIO MeXaHHU3MA.
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Pacyers! mokazanu, YTO KpUTHUYeCKas KOHIeHTpanus obecneunsaer nossiaenre AKY oxoso
Ka)XIOTO aToMa B MHTepBaje BpeMeHM, PaBHOM IlepHOAy KosiebaHus atoma, u 3abupanus AKY
KMHeTUYeCKOH JHepruu, IlepejaBaeMoif aToMaM u3BHe. PacyeTsl JaoT 19 KpPUTHYeCKOH
KOHIIEHTPAIMY BBIPAXKEHUE Ik = No\Nm* | M, (1), rme N: — KOHIIEHTpaLVsg aTOMOB BeleCTBa, m* —
3¢ deKTUBHOrO Macca KBa3HCBOOOAHOTO 3IeKTpoHaA, M. — Macca aToMa (MOJIEKyJIsI) BemecTsa [8).
Konmenrpanuu, pacuuranssie mo (1) m m3MepeHHBIe Ha DKCIIEpUMEHTe BOJIM3H TeMIIEPaTypBI
naaBiaeHus 7 (TO4ka A Ha puc. 6) IIg pasHBIX BEIIECTB XOPOIIO COBIAAAIOT M MMEIOT 3HAYeHUd
107 - 10¥ cm3. M3 (1) BumHO, 9TO Nk He 3aBUCUT OT TeMIIEPATyphl, a 5TO 3HAYUT, YTO €CJIH IIPU
T< Twn xakuM-11060 CIOCOGOM CTHMYJIMPOBAaHMA CO3JATh KPUTHYECKYIO KOHIIEHTPAIUIO, TO
IIJIaBJieHVe HavyHeTCs NpU 9ToW Hu3Koil Temmeparype (puc. 6 KE-mmHus), 4ro mozxrBepkjaercs
sKcnepuMeHTanbHO. Hampumep, nop meiicTBreM Gesoro cBeTa oIpefie/IeHHOM WHTEHCHBHOCTU /i
Al 6511a cHwkena Ha 300 rpazycos. B xoHue miaBnenus (Touka B Ha puc. 6) xonnenrpanun AKY
y BCeX BellleCTB ITIOYTH OJWHAKOBBL, mopazka 107! ey [8].

To, 4To mepexBrKeHMe aToMa (MOJIEKYJIBI) IIPH HarpeBe OINpefenieTcs KOHIIeHTpauuei
AKY, o6pa3oBaHHBIX IIpU JAHHOI TeMIepaType, ZOKa3bIBaeTCA U ABIeHUeM Auddysuu. MspecTHo
[1] xmaccmyeckoe BBIpOXKEHHE TEMIIEPATypPHOH 3aBUCHMOCTHM  BeJWYMHBI Kod(hduiueHTa
tepmuueckoit guddysun D= Doexp (- U/ k T) (2) (rme Do — cnabo 3aBUCAIINI OT TeMIIepaTypsl
TIpegSKCIOHeHIJHAIEHEIH MHOXUTeNb, U/ — sHeprus aktupanuu, / — abCOIIOTHAA TeMIepaTypa, K —
mOCTOAHHAA bospliMaHa), KOTOpas HEIIOXO OIIMCHIBAeT TeMIIEPAaTypHYIO 3aBHUCHUMOCTb IIpU
Beicokux (Ha 200 —300 ° meHblIe TeMIlepaTypsl ILIABJIE€HUS) TeMIepaTypax, HO KaK OTMedYaeT
M3BeCTHEIH nccaenoBaTens gudpdysuu b. M. BonTakc: «.. caemyeT oTMeTUTh, YTO B 3TOH TeOpUH He
YAaJIOCh IIOJHOCTBIO PACKPBITh (pU3udecKuil cMbICT Aup(y3HOHHBIX IIapaMeTPOB. OTO OTHOCHUTCA
IpeXZe BCero K IPeJIKCIOHEHIIMAJIBHOMY MHOXUTeno [o, KOTOPHII B paMKaX STOW TeOopuu
JIUIIeH KaKoro-1n60 ¢pU3ndecKoro cMbIcia. UTo jXe KacauTCs SHEPruy aKTHBALIMHU, TO II0 CBOEMY
CMBICJTy OHA JIOJDKHA OBITH CBS3aHA C MEXKAaTOMHBIMHU CHJIaMU Kpucrasuia. [Ipsamoii Teoperudeckuit
pacueT SHEPruy aKTUBAIIUY YPe3BUYAIHO 3aTpyguTeIeH» [9].

Kpome sToro, He0OXOAMMO OTMETHUTH, YTO OTH NPEeACTaBIeHUS aOCOMIOTHO GeCCUIBHBI IIPU
ONMCAaHWY HU3KOTEMIIePATypPHBIX CTUMYJIMPOBAaHHBIX ITporeccoB auddysuu. Hamu (2, 8,9, 10] ana
koadpdunuenta aubdysun Os110 morydeHo Beipakenue D=A(n/N.)? (3), rme A — cmabo
3aBUCALINI OT TeMIlepaTypsl MHOXHUTeNb, 11 — KoHueHTpanus AKY, N; — KoHIleHTpauus aToMOB
(moneky) B BemectBe, f — unciao AKY okono manHOro aroma, Heo6XomUMOe IJIS yMeHBUIEHUS
6aprepa o HyI1. Kak BusHO u3 (3), D He 3aBUCHUT OT TeMIIEpPATypHl, @ TOIBKO OT KOHIEHTPAIUU
AKY, o6pa3oBaHHBIX BHEIIHWM BO3JeHCTBHEM (TeMIlepaTypa, HIXKEKIWs, [JaBeleHUe, CBeT). B
CIIyuae TEPMUYECKOTo BO3ZeiicTBus 11 onpegenserca dopmynoit 1=\ Ne No exp (- Eg/2 k T) (4),
€CJIN 9TO BBIPAKEHUeE IOACTABUTH B (3), TO MONIYIUTCA cXOHOe (2) BBIpaKeHHUeE, T.e. KIaCCUIeCKoe
BBIpaKeHUe A TepMudeckord auddysuu. Orciosa BUAHO, YTO TepMUYecKasd Aubdys3us ABIIeTca
YaCTHBIM CjIy4yaeM Hameil Teopunm juddysun, KoTopas TaKKe XOpPOUIO  OIIMCHIBAeT
HU3KOTeMIIepaTypHble CTUMYJINpPOBaHHbIe Auddy3noHHbIe nmpoueccsl, rae AKY co3marorcsa cBeToM,
IaBeleHHeM Wi HHXekuueil. Mimenno Gonpmoil xonuenrpanueii AKY, o6pasoBaHHBIX CBETOM,
ob6psacHaIOTCT [11] OGonpurme BenmuuHBL KoddduimeHntoB guddysum npumeceil  npu
HU3KOTeMIIepaTypHOil (oTocTMMynIMpOBaHHOH audQy3suM IO CpaBHEHUIO C TepMUYecKOH
mudoysueit (Tab. 1).
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Tabmuma 1.

Koadpunument
JuTens-

MourzocTs HOCTE dorocTuMy- Koaddumnuenr TemmepaTypa
Ne [ wusmyuenu S JIMPOBAaHHOMU TepMHuiecKkoil suddysun nuddysun

P, Bt/ cm? }:{c muboysun Al Al D(T),cm?/ ¢ T, °C

’ D, cm?/ ¢

1 87 1 8.4-107° 6.0 - 10~ BeruecieHHBIH 37
2 87 6 2.7-1010 1.5 - 10-3 BeruecIeHHBIH 255
3 87 10 3.3-10" 1.3 - 10-?® BeruecIeHHbIH 380
4 122 1 4410710 6.4 - 10 BrIuecI€HHBII 120
5 122 6 1.0- 10 1.9 - 10- u3mepenHsbIH 780

OTOT peHOMEH He MOXKET OBITH ONMCAH MOJIEKYIAPHO-KUHETUYECKOH Teopueil, IIOCKOIbKY
koaddunuentsr quddysuu, paccuuraHusle GopMyIoi (2), matoT Mu3epHsle 3HaYeHHU (Tab. 1).

D cm?/c
1 B ugKom
el | \, COCTOAHUM
0" I
- - Xﬁ
1 i
|- Sl Si 1 1 \*‘I
1 1 { | I
L | s ! Bl |
1 g i i Te | i
10 * ] | I :
1 1 I .
‘ ! ! I B TBEpAOM
LU 1 1
% | : : COCTOAHUM
i | 1 |
10" ]
10 "
10"
107" ' } + 4 ' } ! ! ! ! 3 i } }
o 1.0 = 10 L/ TK -

Pucynoxk 8. TemneparypHsie 3aBucuMocT KodabduieHTa
camoznddy3un 51eMeHTOB B TBEPJOM U XKUJKOM COCTOTHUH.

Kpome »sTOro, m3BecTHO, 4TO KO3(PPUIMEHTHI CaMOAU(Y3UM Pa3TUIHBIX XUMUYECKUX
3JIEMEHTOB B TBEPAOM COCTOSHUU (OKOJIO 7Tnn) CHIUIBHO (Ha MHOTO IIOPSAZIKOB) OTIMYAIOTCS APYT OT
IpyTa IO BeIUYMHE U TeMIEePaTypHOH 3aBUCHMOCTH, HO B JKUJKOM COCTOSHHU (IyTb Goibine 7ix)
Pasbpoc uX BeJIMYWH TOJIBKO B IIpefiesiax ogHOro nopazaka (Tab. 2), a reMmepaTypHsle 3aBHCUMOCTH
3HauuTeIBHO caabee (puc. §).
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Tabnuma 2.

Koedpduuuent camoguddysuii

Ne DIeMeHT Fenmepatypa B tBepmom B xupxom
1IaBieHus, 1 . .

COCTOAHUH COCTOSTHUM
1 Li 454 9.4-108 6.6-10°
2 Na 371 24-107 3.6-10°
3 Cu 1356 54-108 26-10°
4 Ag 1234 5.2-107° 24-10°
5 Au 1336 54-107° 2.1-105
6 Mg 923 2.6-10° 6.0- 103
7 Al 933 1.6 - 107 7.2-10°
8 Cd 594 6.0-10° 1.8-10°
9 Tl 577 1.2-107° 1.6-10°
10 Sn 505 3.4-101 6.3 - 103
11 In 430 9.5-101° 1.6-10°
12 Pb 600 3.6 -101° 46-10°
13 Si 1683 56-101" 1.9-10*
14 Ge 1210 1.1-1012 1.7 -10*
15 Sb 904 1.9-101 3.8-10°
16 Te 723 6.0-1012 3.1-10°
17 Fe 1803 2.0-107 2.7-10°
18 Co 1765 1.4-10° 40-10°

OTO HEBO3MOXHO OOBACHUTH KJIACCUYECKUMH IIPeZCTaBIeHUAMH, IIOCKOJIbKY TeMIlepaTypa
YBEJIIMYMBAETCA BCErO0 HAa HECKOJIBKO I'PaZyCoOB B XKHUIKOM COCTOSHUM IIO CPAaBHEHUIO C TBEPbIM
COCTOSHMEM, a BeJIM4MHa KosduiueHnra camoiuddysuy yMeHbUIAeTCA Ha MHOTO IIOPAJKOB.
MoxxHO OBLIO OBI CKa3aTh, YTO B KMAKOM COCTOSHHM YMEHBIIMIACh SHEPrHA aKTUBAIUU, HO
IIoYeMy y BCeX 3JIeMeHTOB B XKHJKOM COCTOSHUM BeJM4KnHA KoabdunuenTa camoauddysuu modru
OIMHAKOBA, HUKAK He OOBICHUTH. A 110 Hallell KOHIEIIIUHN 3TO JeTKO HOHATh [12]. [lemo B ToM, 4TO
nocste mwiaBireHus KoHneHTpauusa AKY, kak 3To GBIII0 OTMEYeHO BhIIIe, IIOYTH OMHAKOBA, IOPAAKA
10?! cm3. TloaToMy mozcTaBKa 5TOH BeJIMYUHBI B (3) ¢ yueToM, 4TO /V: TOXKEe Majio OTJIMYAeTCA AJIs
PasHBIX XMMHUYECKHX 3JIeMeHTOB, BeIMYNHBI KodpPuineHToB Aubdysuu ToKe IMOYTH OAMHAKOBBI
IS BCeX XMMUUYeCKUX deMeHTOB. [Ipu moBsimeHny TeMIepaTypsl TBepZOro Teja KOHIeHTpalus
AKY pesko Bo3pacraeT (Ha MHOTO IIOPSAJKOB), @ B XXUIKOM COCTOSHUM — MeJJIEHHO, BCEr0 Ha
nopanok (ot 10%! o 5 - 102 ¢ 3), 4TO U ompezeIeT TeMIlepaTypHbIe 3aBUCUMOCTU Ko3bduueHTa
camonudPysumn.

MosekynapHO-TIOTeHIINAIbHAA TEOPUS JIETKO OOBACHAET HEKOTOpBIe DKCIIepHMEHTaIbHbIe
JaHHBIE, ITIapa/floOKCaJbHble C TOYKM 3peHusd Kjaaccudeckoii Teopuu. Hampumep, ABieHue, 1o
CMBICITy, OOpaTHOe cyOnumanuu (puc.9) — Iepexoj HarpeToro BellleCTBA M3 Ia3000pasHOTO
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COCTOsHHSA B TBEPAOE B PE3YJIbTATE OCBEIIECHMA. C BBIKJIIOYEHMEM CBeTa BEIIeCTBO BO3BPAIld€TCI B
I‘33006p33H06 COCTOsIHHE, T.€. BEIECTBY II€pefdeTcCsa MAOIIOITHUTE/JIbHAA SHEprud, U BMECTO TOrO,
4106 YBEJIMYMNJIACh KHHETHYECKadA OHEPrusa dTOMOB TId3d, BEIECTBO IIEPEXOAUT B TBEPAOE
COCTOSHHE. DTO IIPUHIOUIINAJIBHO HEBO3MOXXHO OOBICHUTD MOHCKYHHPHO-KHHETHHGCKOﬁ TCOPHEfI.

HabnwoaeHKe

3aNaRHHAR
HHIBETA McCnenyemoe

EELLEeCTED
nedb

. /.

77 7 AN 67 7 BRG]
C - D,
//////F%%%%ﬂhcﬂﬁ
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Pucynok 9. YcranoBka mia oTBepAieHHA ra3000pa3HOTO BeleCTBa .CBeTOM.
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Pucynox 10. DrepreTrueckoe mosoxXeHune CBA3BIBAIOMINX U AHTHCBA3BIBAIONINX
30H C TJIaBHBIMU KBAaHTOBBIMU YHCIaMu 11 = 1 u n = 2. Ilepexonsl 371eKTPOHOB:
a) C IOBBIIIEHUEM TEMIIEPATYPhl 3JIEKTPOHBI IIEPEXOAAT CO CBA3BIBAIOIIEH 30HBI
B aHTHCBA3BIBAIOILYIO U IIPOUCXOAUT cyOsnManud. b) IIpu ocBeme MY 3/1€KTPOHEL
IIepexo/AT C AaHTUCBA3BIBAIONIEl ¢ 7= 1 B CBA3BIBAIOLIYIO C 71 = 2 U BEI[ECTBO TBEP/ieeT.

MoseKynsipHO-TIOTEHIINANIBHOM Teopruel 3TO OOBACHIETCA TeM, YTO B 30HHON KapTHHE
9JIEKTPOHHBIX COCTOSHMI CBS3BIBAIOLIME U aHTUCBS3bIBAIOI[ME 30HBI O00pas3yloTcsi U Jis
BO30YXZEeHHBIX COCTOSHMI C TJaBHBIMH KBAaHTOBbIM umciaamu 11> 1 (puc. 10). B rasoobpasmom
COCTOSSHUY IIOJIOBHHA 3JIEKTPOHOB, YYaCTBYIOIIMX B CO3JAHUU XUMUYECKOH CBA3M, HAXOAUTCI B
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AQHTHCBA3BIBAIONIEN 30He, WJM BepHee HAa AaHTHUCBSI3bIBAIOIIUX OPOUTANAX (dHEPreTUIeCKUX
YPOBHSX), KOTOpble 00pa3yloTCs IIpU IPUOTIDKEHUH WM CTOJIKHOBEHHHU [BYX M 0Ojee aTOMOB
(puc. 10a). Ilpm ocBemeHWH CBeT IEPeBOAUT 3JIEKTPOHBI C AHTUCBA3BIBAOIIUX OpOUTaNTed C
KBaHTOBBIM YHCJIOM 721=1 Ha cBsspiBaomue opburtanu ¢ n=2 (puc. 10b), xumuueckas cBA3b
yBeJIMYUBAETCA U BEll[eCTBO TBEpZeeT.

W3 Bblmle DpUBEIEHHOTO MaTepHasd, MOJIEKYJSPHO-TIOTEHIMANbHAsA TEOpHUA JaeT
BO3MOXXHOCTh CJeJIaTh O4YeHb BAKHBIM BBIBOJ: IIPOIIECCHI CBA3aHHBIE C IlepeMelleHHeM aTOMOB
(Momexyn1) B KOHJECHPOBAaHHBIX CpeJjaX, KOTOpble OOBIYHO IPOBOAATCS IIPU  BBICOKHX
TeMIIepaTypax, MOXXHO OCYIIECTBJIATh IIPU HU3KUX TeMIIepaTypax C IIOMOIIBI0 COOTBETCBYIOILIETO
aTepMUYecKoro crmocoba oOpasoBaHus ompeneneHHoN Koumerpauuu AKY. B 3axrouenun
OTMETMETHM, YTO OCHOBBIBAsSCh Ha OTOM BBIBOJle, HAIIMM KOJEKTUBOM ObLTIM pa3paboTaHbI
HU3KOTEMIIepaTypHbIe TeXHOJOTHYeCKHe IIPOLLeCChl CO3/aHUs IIOTYIIPOBOJHUKOBBIX IIPUOOPOB Ha

ocuose Si, GaAs, SiC u GaN.
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HanounzentupoBaHue  fABJIfeTs OJHUM U3 3HAYUTEIBHBIX METOJOB MCCJIEJOBAaHUA
MeXaHWYeCKUX CBOHCTB TBEPJBIX TeJ U TOHKMX IUIEHOK B CYOMHUKDOHHBIX OOJIACTAX W
IPUIOBEPXHOCTHBIX CI0fAX. IIpomecc HAHOMHAEHTHUPOBAHHA COCTOMT U3 YIPYroro u
YIIPYTOILIaCTHYECKOTO ZedOpMUpPOBaHUMA. B aTOM mpollecce oueHb BaKHBIM MOMEHTOM SBJIAETCH
Iepexoj, ympyroro zaeOpMHpPOBaHUA B YIPYTOIJIACTHYECKYIO, KOTOPBIH YacTO ITPOMCXOIHT
CKayKooOpasHO (puc.1) — OBICTPUM IIOTPy’KeHHeM WHJEHTOpa B MaTepual IIoJ [eiiCTBueM
Heu3MeHHOI Harpysku [1]. OTHOCHTeIBPHO NPHPOABI 3TOTO CKAaYKOOOPA3HOTO IIepexofa HMMeeTCs
HEeCKOJIBKO TUIIOTe3, U3 KOTOPBIX BAXKHEUIIMMHM ABJIAIOTCA TOMOT€HHOE 3apOXK/eHHe AMCIOKAIIVU
OJ, MHJAEHTOpPOM [2—5] M MexaHu3M IUIACTHYHOCTH, peanusylomuiica depe3 Aub@y3HOHHYIO
ITO/IBIDKHOCTH HEPAaBHOBECHBIX TOYeUHBIX e dexTos [6 — 9].
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Pucynox 1. [luarpamma P— A (P— Harpyska Ha UHJEHTOD, a /1 — r1yOuHa
€ro IPOHUKHOBeHHU). MOHOKpHCTaInYeCcKoe 30JI0TO: 1 — aTOMHO-TIafKas

IIOBEPXHOCTB, 2 — IOBEPXHOCTH C CTYHeHbKaMu B 2 nm [1].

“Hecmorps Ha O6ONBIION MacCHB OKCIIEDUMEHTAJBHBIX [AHHBIX, HAKOIUIEHHBIX K
HACTOAIIEMY BpeMeHH, IIOJHON ACHOCTH B MeXaHU3MaX ITOTE€PH yIIPYTOH YCTONYMBOCTU B YCIOBHAX
HAaHOKOHTAaKTHOTO JedOpMHUPOBaHHUA IIOKa moburca He ygarocs [1]. Kpome storo, mnpm
HAaHOMH/IEHTUPOBAHUY KaK M IIPU MUKPOWH/EHTHPOBAaHUU HAOIIONAeTCsA yBeIWdYeHHe TBePZOCTU
MaTepHaja C yMeHbIIeHWeM IJTyOMHBI IPOHUKHOBEHUS WHJAEHTOpa B MaTepuan (puc.2), 4To
IPOMCXOAUT IIpU yMeHblleHnu Harpysku [1]. Ilpupoza sToif 3aBHCHMMOCTH JO CHX IIOp TOXe He
sicua [1].
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Pucynoxk 2. 3aBuCHMOCTE TBEPZOCTH OT ITyOMHBI IPOHMKHOBEHUA HH/eHTopa [1].

Pucynoxk 3. 1) CorracHO MOIeKyIApHO-KIMHETUYeCKOH TeOPHUH, I IlePeBILKeHUS aTOMa
B TBEPZOM TeJle HY)KHO, YTOGHI OH, B pe3ysbraTe GQIyKTYaliu, TOIy YU KHHETHIECKYIO
SHEPrHUIO TaKOH BeIMYNHEI, KOTOpast OyZeT ZOCTATOYHA [ IPEO0IeH s IIOTeHIIaIbHOTO
6apnepa U. BeposTHOCTH TaKOTO IpOLieCcca OMUCHIBAETCS BBILIE IIPUBEIEHHOM 3aBUCHMOCTBIO,
rae W — BeposTHOCTD IIPOUCXOXKAEeHUS DIYKTyaluu y ZaHHOTO aToMa, / — aGCoMIOTHAS
TeMIIepaTypa, kK — mocrosiHHas Boxsumana (BbicoTa Gaprepa U cunTaeTcs IOCTOSHHOM /It
IDaHHOTO BemlecTBa). 2) COrylacHO HOBBIM IIPEJICTaBIEHUAM, [JI1 IePEeIBIDKEHUA aTOMa
HY>XHO KaKUM-T100 aTepPMUYECKIM CIIOCOO0M Pa3opBaTh XUMUYIECKUe CBSI3H, ITO
O3HavyaeT yMeHbIIeHe MeXXaTOMHOM TOTeHIaIbHOM sHeprun 1o munumyma: U — 0.

B pmamHO# paboTe mpezaraloTCsi HOBble MEXAaHWM3MbI BBIIIE OIBICAHHBIX SIBIEHUH. ODTH
MeXaHU3MBI OCHOBAHBI Ha HOBBIX NPEICTABIEHUIX O POJIU XUMHUYECKHUX CBsI3eil B IepeBIDKEHUN
aToMOB (MOJIeKyJ) B KOHAecHpoBaHHBIX cpesax [10,11], ommcaHHBIX B MOJIEKYJIIPHO-
OoTeHI[MaabHON Teopuu [12]. B oTnunu oT MOIEKyIsIpHO-KMHETUYECKOH TeOPUH, B COOTBETCTBUU
¢ xoropoit [13] mas Toro, uroGsl aToM (MOJeKysa) WM3MEHMJ CBOE MECTOIIOJIOKEHHE B
KOHJIECUPOBaHHBIX CpeJiaX, HeoOXO0AMMO OOpa3oBaHME OKOJIO JAHHOTO aroMa (IIIOKTyaluu
KMHETUYeCKOH OSHepruy /i IpeofaleHus IIOTeHIMaJIbHOTO Oapbepa (puc.3), COTIacHO
MOJIEKYJISPHO-TIOTEHIIMATbHON Teopueil [12] OKOIO [AaHHOTO aroMa HeOOXOAMMO IIOSBIEHUE
GbIIOKTyauy IOTEHIIMATbHOM SHEPTUU, KOTOpas yMeHBIIaeT DHEPrUi0 XUMHUYECKOH CBA3M, UTO
COOTBETCTBYeT YMEHBUIEHWIO BBICOTHI IIOTEHIIMAJIBHOrO Oapbepa (puc.l), KOTOpBIH IOJKeH
npeogoners atoM (Mosekyina) [10 —12]. VuuTsiBasd, yTO B KOHAECHPOBAHHBIX CPeAaX 3JIEKTPOHBI,
y4acTBYIOI[UE B CO3/JaHUU XMMHUYECKON CBA3M, MOTYT HAaXOLUTHCA B ABYX KBAHTOBBIX COCTOSHUSIX.
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Haxopsck B OHOM OHU YBeJIMYHMBAIOT SHEPTUIO XUMHUYECKOM CBA3M (CBA3BIBAIONIVE COCTOSHUSA), B
IPyrOM — yMEHBUIAIOT (QaHTHUCBS3BIBAIONINE COCTOSHUA) [14]. YMeHbIIeHe SHEPIUU XUMHYECKOMH
CBA3M IIPOMCXOJUT 3a CYeT IIOABJIEHHUS OKOJIO JAAHHOTO aTOMAa AHTHCBA3BIBAIOMIMX KBA3MYACTHIL
(AKY) — cBOOOZHBIX DIE€KTPOHOB U IBIPOK. B COOTBETCTBUY C Teopuell MOJIEKYJIIPHBIX opOuTaeit
XUMWYeCKOH CBS3M, PAaCIPOCTPAaHEHHON HA TBepAble Tejla U XUIKOCTU [14], sHeprermueckuit
CIIEKTP O3JIEKTPOHOB COCTOMT M3 CBA3BIBAIONIMX ¥ AaHTUCBA3BIBAIOWMX 30H (puc.4). B
IIOJyIIPOBOAHUKAX STH 30HBI pasfieJieHbl 3alpelleHHOH 30HOH, B MeTallaX OHHU IIePeKPHITHI.
HaxoxzneHne sy1eKTpOHA B CBA3BIBAIONIEH 30HE YBEJIMYUBAET, @ €T0 OTCYTCTBHE (IBIPKA) YMEHBIIAeT
XUMHUYeCKylo cBA3b. CHia XMMHUYECKOH CBfA3M [JAaHHOTO aTroMa (MOJIEKYJIBI) C COCeZHBIMU
OllpeZieNIfAeTCs PasHOCTHIO CBA3BIBAIONIMX M AQHTUCBI3BIBAIONIUX DJIEKTPOHOB, HAXOAAIUIUXCA OKOJIO
Hero. Yem MeHbIe 5Ta pasHOCTh TeM cjabee XMMUYECKas CBA3b, a IIPU PaBEHCTBE Pa3HOCTU HYJIIO
XUMMYeCKas CBA3b McuesaeT (cyOaumanus, ucnapenue, kunenue) [10 —12].
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Pucynoxk 4. BosaukHOBeHMe THOPUIU3NPOBaHHEIX OpOUTAIel, UX paclleleHne Ha CBA3yoIye 1
AHTUCBA3YyIOLIE OP6I/ITEUII/I u 1npu COMMXeHNH aTOMOB BO3HHUKHOBEHME U3 HHUX, COOTBETCTBEHHO,
CBA3YIOUIeH ¥ AaHTUCBA3YIONIeH 30H. £y — IIMPIHA 3aIIpelleHHOH MK IICeB03alpelleHHO 30Ha.

Taxum o6pasom, IepeBoj; 3/IeKTPOHA M3 CBA3YIOIeH 30HBI B aHTHCBA3YIOIIYIO 30HY (B
MeTaI/IaX IIepeXOJbl OCYIIEeCTBIAIOTCA MeX Ly ypoBHeM PepMu 1 AHOM aHTUCBS3BIBAIOIIEI 30HBI —
3TO BHepreTHYecKoe pacCTOSHUE Ha3bIBAeTCHA IICEeBZO3aIpelleHHON 30HOM) (puc.4) o3Havaer
yMeHbLIeHHe XUMUYEeCKOH CBA3M JAHHOTO BellecTBa (T.e. eCIM 9TO TBEPAOE TeJIO, OHO JOJDKHO
craTh 6osee MATKuM). IlepeBoj; 371eKTPOHOB MOXKHO OCYIECTBUTh PasHBIMHU criocobamu (puc. 5). B
JMI000M Ciydae IepenBuKeHHe aroma Oyzer obierdeHo. IIpm cBoeM XaoTHuYeCKOM JBMKEHUU
3JIEKTPOH M ABIPKAa MOTYT OKa3aThCsA OKOJIO OIIPeJeJIEeHHOTO aToMa C BePOATHOCTBIO 71/ Na (1 —
konuenrtpanus AKY, a N: — KOHIleHTpanus aTOMOB BelecTBa) B pasHOM f KOJIHYecTBe
(pmrokTyanusa IOTeHIMANbPHOM SHEPTHU) C BepOATHOCTBIO (12/ N:;)# M TO-pasHOMY OCIAOUTH
XUMHWYECKyIo cBsi3b. UeMm Oosbue Oyzer konueHtpauus AKY mpu naHHON TeMmmepaType, TeM
60JIbllIe BEPOATHOCTH IIepeBIDKEHNA aTOMOB U TeM WHTeHCHBHee OyZeT MpoTeKaTh HAOJII0JaeMblit
Iponecc, a IHpU JOCTIKEHHH KpuTH4eckoii kommentpauuu AKY me= NoNm'*/ M. (m* -
a¢dexTuBHAA Macca KBasMCBOOOZHOTO 3JeKTpoHa, /M. — Macca aToMa (MOJIEKYJIBI) BellecTBa)
HaYMHAeTCS IPOIiecC IIaBIeHMs, He3aBUCUMO OT TOTO KakuM crrocobom cozzanst AKY [10 — 12].
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Pucynox 5. Eciu cBeToM, maBieHyeM, HHXeKIuel, TeMIIepaTypoil epeBoUTh 371eKTPOHBI
U3 CBA3YIOUeH B aHTHCBA3YIONYIO 30HY, TO XMMHYeCKHe CBA3U B BellleCTBe OCIA0HYT.

MonekynapHO-TIOTeHIIMAJIbHAA TeOpUA Jaja BO3MOXHOCTh OOACHUTH BCe ABJIEHUSA
HaOmofaembele B 3¢deKTax H3MEHEHHS TBEPAOCTH IO BIHUSHUEM: cBeTa ((HOTOMEeXaHWYeCKuiH
spdexr — OMD), 31eKTPUUYECKOTO TOKA WU MO (dIeKTpoMexaHudeckuii sadpdexr — DMD),
TeMIIepaTypsl (TepMoMexaHndecKuil adpdexr — TMD), MarHUTHOrO MOJIA (MarHUTOMEeXaHUYeCKUN
abdext — MMD) [10, 12], T.e. ©X 3aBUCHMOCTH OT MHTEHCHUBHOCTH ¥ CIEKTPAJIBHOTO COCTaBa
CBeTa, TeMepaTypshl, TUIIAa U KOHIIEHTPALUK IpUMecei U T.J.

il

th

T T

PHCYHOK 6. CxemaTuueckoe I/I306p6)KeHI/Ie JIOKAJIPHOTO YMEHBIIECHU I SHEPTETUIECKOI'O PACCTOAHNA

MeXAy CBH3BIB&IO]J];€I>1 n aHTHCBHSBIBaIOHlefI 30HaMU IIOJ BIIMAHNEM JaBJIE€HNA NUHAEHTOPA.

IIpy KOHTaKTe HAHOMHIEHTOpPA C IIOBEPXHOCTBIO HCCIEZyeMOro o6pasija BO3HHMKAIOT
IaBJIeHUs JOCTATOYHO BBHICOKUX 3HAUEHHH, KOTOPbIe MEHSIIOT SHEPTeTUYeCKU CIeKTP JIeKTPOHOB
y4acTBOBABIIUX B CO3JAHUK XMMHUYECKUX CBA3€ll, YTO BBIPAKAETCSA B M3MEHEHUU DHEPreTUYEeCKOTO
B3aHMOPACIOJIOXKEeHUs JHepreTudeckux 30H [15-17]. B pasHeIx KpucranzorpadguyecKkux
HaIpaBJIeHUAX 30HBI CABUTAIOTCA IIO-PasHOMY, HO B KAaKOM-TO HAllpaBJI€HUM CBS3BIBAIONIAS U
AHTUCBA3BIBAIONIAsA 30HBI BCETZa IPUOMIDKAIOTCA APYr K Apyry u KounenTtpauus AKY mpu
HEM3MEHOH TeMIlepaType BO3pacTaeT. B o6yacTu KOHTaKTa HMHJEHTOpa C OOpasIiOM IIPOMCXOJUT
JIOKaJIbHOEe yMEeHBIUIEHHe PAacCTOSHUSI MeXAy 3oHamu [15] u yBenudeHue kouueHrtpanus AKY
(puc. 6), 4To BHayase objerdyaer IepeiBIIKEHHE aTOMOB (MOJIEKYJ), T.e. 0Opa3oBaHME TOYEYHBIX
nebdexToB, a mpuU JOCTIDKeHUU Kpurtudeckoit kouueHtpanuu AKY mpoucxozut moxanbpHOe
IIIaBJIeHNe, YTO BeJleT K CKAaYKOOOpAa3sHOMY YBEIMYEHUIO ITyOWHBI BHEAPEHUS MHAEHTOPA, IOZ
IeficTBeM HeW3MEHHOH HarpysKd. ODTO, eCTeCTBEHHO, yBeJIWYMBAeT KOHTAKTHYIO IUIONAZb, B
pe3yJibTaTe yMeHBUIAIOTCA fAaBiaeHue, KoHneHTpanus AKY u mpouecc IiaBieHus IpeKpaljaercs.
IlosToMy pns pmanbHeNIIETO yBeIHMYEeHWS I[JIyOUMHBI BHEApPEHHS HHIEHTOPA HEOOXOZBIM POCT
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Harpysku (puc. 1). IIpu manpHeiimeM pocTe Harpyskd MOXKeT OCYIIECTBUTBCA BBIIIE OINMCAHHAA
CUTyallls ¥ IIPOMU30HH HOBOE CKa4YKOOOpasHOe YBeJIWYEHHUIO IIyOMHBI BHeJpeHHS HHIEHTOpa
(puc. 1) u T.1.

50 T T

40

T

Pt(100) =

w
=)
T
<

P, mN

20 F

-
Q Ve,

200°C

h, nm
Pucynok 7. TemneparypHas 3aBuCHMOCTS fuarpaMmmsl P— A (P— Harpyska
Ha UHJEHTOP, a /1 — TTy6uHa ero IPOHUKHOBEHH) AJIA ITATUHEI [1].

flcHO, 4YTO BeIWYMHBI HArpPy3KH, IIPH KOTOPBIX OCYIIECTBJIIOTCA CKauyKOOOpa3HbIe
yBeJIUYeHUs TIJIyOMHBI BHeIPeHWsI HHJIEHTOpa, OyAyT 3aBUCETh OT IPUPOABI U 0OpPabOTKU
Marepuaja, TeOMeTPUM HAaKOHEYHHKAa WHJEHTOPa, CKOPOCTH HArpyXXeHHS U TeMIepaTypsl
IIPOBeJIeHHs OIbITA, KOTOpble OyAyT BauATh Ha mpomecc obpasoBanmsa AKY. C mossimeHuem
TeMIIepaTypbl B JOCTM)KEHHUM KpUTHYecKOH KkoHmeHTpaumu AKY BHecyT cBOii BKIajg u
TepMUYeCKUe Iepexo sl 571eKTpoHoB. [losToMy ckaukooOpasHOe yBeIHMdeHHe ITyOuHbI BHePeHU
MHJeHTOpa OyJeT IpOMCXOAUTH IIPU MEHBIIMX HArpyskax (puc.7), 4To M HabIOjaeTcs Ha
skcepuMmenTe [9]. Ilpm yBenwueHMM CKOPOCTM HArpy>KeHUS He YCIeBaeT YCTaHOBUTHCSA
paBHOBecHas KpuThueckas KoHueHtpanus AKY, gma pocTmkeHmsa KOTOpoil yxe TpeGyercs
yBeJIHYeHHe HAarpy3KH, YTO U Habxrogaercsa Ha ombiTe [1]. Bmomssy MexaHmM3Ma CKauKoOOpasHOTO
yBeJIH4YeHUs IIyOMHBI BHEJpeHHS WHAEHTOpA IIOZ, [eficTBMeM HeM3MEeHHOH HAarpysKu 3a CueT
JIOKQJIBHOTO ILIABJIEHUA TOBOPAT SKCIEPHMEHTAJIbHBIE JAHHBIE O TPUKCOTPOIHOM 3Sddexre —
HOABJIEHNE B BelleCTBe HA IPaHMIlE BHeJpPeHHSI MHAEHTOpPAa OyropkKoB aMOpGHOTO BellecTBa, IIO
CBOEI CTPYKType OueHb IIOXOXKero Ha 3acCThIBIIee II0CIe IIaBIeHus BemecTso [7, 18, 19].

PI/ICYHOK 8. Cxemaruueckoe I/I306pa}KEHI/Ie paciipeaenaeHnsa U3JIUIIHEHN IIJIOTHOCTU
OTPpULATEJIBHOI'O 3apAa Ha XMMUYECKNE CBA3U dTOMOB, PaCIIOJIOXKEHHBIX BI‘JIYGB IIOBEPXHOCTH.
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Pucynoxk 9. 3aBucuMOCTE TBepAOCTH Si OT BeITMYMHBI HATPY3KU IPUJIOKEHHOMN
K UH/IEHTOPY, POCT Harpy3KH O3HAYaeT yBeJUYeHNe TIIyOWHBI IIOTPY>KeHUS UHAEHTOpa:
1 — B remHOTe; 2 — IIpU OCBeleHUY J1azepoM (AvV 2 Ey), korga koHuenTpanus AKY
CO3ZIaeTCsI TOJIBKO B IIOBEPXHOCHOM CJIO€; 3 — IIPU OCBeIIeHUU GesIbIM CBETOM
npoxozamuM uepe3 punastp Si (AvV < Fg), korma AKY cosmarorces Bo BceM 00beMe;
4 — Ipy OCBelLeHUHU JIa3€POM BBICOKOI MHTEHCHUBHOCTH, T.€. IPX OOJIBIIOH
xouuentpanuu AYK, 3HaueHMe TBepZOCTH Ha IIOBEPXHOCTHU MEHbIIlE, YeM B 00beMe.

s 0ObACHEHNS 3aBUCHMOCTH TBEPAOCTU OT IIyOWHBI MHIEHTHPOBAHUA PAaCCMOTPUM Kak
MEHSeTCsA CHJIa XMMUYEeCKUX CBs3eil B HAallpaBJIeHUHU OT IIOBEPXHOCTH B 00beM. Kpaiinbie aTomsl Ha
IIOBEPXHOCTY WMeIOT HeHACHIIIeHHble XUMUYECKHe CBSI3M — JIUIIHBIE D3JIEKTPOHBI, KOTOpBIE
3aMBIKAIOTCS Ha COcefHUEe OOKOBBIE aTOMBI, IIPOMCXOAUT sBlIeHMe Tuna aumepusanuu [20]. dta
W3JIMIIHAS IUIOTHOCTh OTPHIIATEIBHOTO 3apfAfa IlepeTeKaeT HA XWMHMYEeCKUe CBSI3M aTOMOB
PACIIOJIOKEHHBIX BIJIyOb OT IIOBEePXHOCTH (pHC. 8), yMeHbIIasich C TIyOHMHOM TeM GbICTpee, 4eM
MeHbllle [AWSJIeKTpUYecKas IOCTOSHHAasA Bemecrsa [21]. Takum o6pasom, yBelImdyeHHEe K
IIOBEPXHOCTU IIOTHOCTH OTPUIIATEIBHOTO 3apsfia YBEJIMYMBAET CHJIy XUMHYeCKHe CBI3U W,
CJlelOBAaTeNIbHO, TBEPAOCTH (pUC. 2), 4TO ¥ HabmiofaeTcs Ha sKcuepumenTe (9] . B mokasaTtenscTBo
3TOr0 MeXaHU3Ma, YTO €C/IM Ha IIOBEPXHOCTH KAaKUM-JIHOO CIIOCOOOM YBEIWYWUTH KOHIIEHTPAIUIO
AKY u TeM caMBIM YMEHBUIUTh CHJIY XUMHUYECKUX CBs3eil, TaK YTO Ha ITIOBEPXHOCTU OOpasia
kouuenTpanus AKY 6su1a 651 MaKCUMaTBHOM M OHA CIafana-0sl Brry6s oOpasiia, TO TBEpAOCTh Ha
IIOBEPXHOCTU [JOJDKHA OBITH MeHbIIe, 4eM BriIyOuHe. Hamu ObLI IIpOBeseH TaKOiH OKCIIEPUMEHT
[22], pe3ybTaThl KOTOPOrO IpuBeAeHkI Ha puc. 9. [loBepxHocTh HcciemyemMoro obpasma B Ipolece
WHJEeHTUPOBAHUA OCBEIIAJach B  OJHOM CJIydYae CHJIBHOIOIJIOIMAEMBIM MOHOXPOMAaTHYECKUM
CBETOM a B JPyroM — OeJIbIM CBETOM, IIPOHMKAIOIIMM Ha 3HAYWUTEIbHYIO I1youHy. Kak BuaHO u3
PUCYHKa, B IIEpBOM CJIy4Yae TBEPAOCTh Ha IIOBepXHOCTH, rie KoHneHTpanus AKY makcumarnsHa,
MeHbule yeM Ha riyouHe, rge AKY He reHepupylorcs cBeTOM. 3aBHCHUMOCTH YBeTHYEHUA
TBEPJOCTH BIIyOb OT TIOBEPXHOCTH COBIIQZiaeT C YyMeHblleHHeM KoHIeHTpanuu AKY,
TeHepHUpYeMBIX CBeTOM. Bo BTOpOM ciiydae cCBeT, IIPOHMKas Ha BCIO HCCIELYIOMYIO TIJIyOWHY
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O6p33].];3, AOCTATOYHO OAHOPOAHO T€HEpUpyeT AKY u YMEHBIIEHNE TBEPAOCTH IIPOMCXOOUT

OJMHAKOBO Ha4 BCIO HCCIEAYIOMYIO I‘JIY6I/IHY 061)33].(3. T AdaHHBIE, IIO HalleMy MHEHUIO,

OJHO3HAaYHO AOKAa3bIBAIOT IIPABOTY NIPEAJIOKEHHOIO MEXaHM3Md.
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KBanTOBBIN KOMITBIOTEP, KaK (pU3HMIECKad MOAEb
CO3HAHUA U NICUXUYECKHUX IIPOLIeCCOB

C. A. JlagyaamBuin

I'pysunckuii Texaudeckuii YHUBepcUTeT
T6unucu, I'pysus

PaccmorpeHs! 5KCIIepHMEHTSI, TOATBEPKAAIONINEe PeaJbHOCTh KBAaHTOBOH 3aIlyTaHHOCTH W,
COOTBETCTBEHHO, HeJIOKaJAbHONH Ipupoxsl ¢usndeckoii PeanpHocTu. IlokazaHa BO3MOXXHOCTH
IIpUMEeHeHHA HOBBIX KBAHTOBBIX 3((PeKTOB /1 KBAaHTOBBIX BBIUMCIEHUI U CO3JaHUA KBAaHTOBOTO
KOMIIbIOTepa. PaspaboTaHa Mojenb CO3HAaHMA M ICHXUYECKUX IIPOILECCOB C HCIIOJIb30BaHHEM
KBaHTOBOY (peHOMEHOJIOTHUH.

1. Beegenue. KBanTOBO-MexaHWYeCKOe OnucaHue GU3MIECKOH peaTbHOCTH

Krnaccuueckas ¢usuka OCHOBBIBAeTCS HA IPUHIUINAX [JeTE€PMUHM3MA M Ha TPAaKTOBKE
Pe3yIbTaTOB U3MePEHUs C TOUKY 3PeHUS M30IMPOBAHHOTO HAaOIIOAATENST .

KBanroBas  ¢usmka  ommpaeTcs ~Ha ~ NPUHIUNWATGHO  HeJETePMUHUPOBAHHBIN
(cTaTECcTHMYeCKUil) XapaKTep KBaHTOBBIX SIBJIEHUMI U HeyCTPaHUMBIH 3(deKT BAUsIHUA H3MepeHus
Ha CaAMO COCTOSIHHE OOBEKTA.

OHNHINTeHH, KPUTUKYsS OCHOBBI KBAaHTOBOH MEXaHHMKHU, PacCMATpUBAI CJIeLyIOUIYIO
MBICJIEHHYIO ~ MOZeNb  CO3JAHHYIO s [JeMOHCTPAallUM  IIPOTHBOPEYHIl  IPUHIIUIA
Heompegenéunoct [eiisenbepra. [Ipy HamuYMK IBYyX YaCTHI, UMEIOMIUX 0OlIee IPOUCXOXKIEHUE,
MOXXHO H3MEPHUTh COCTOSHHE OFHOM YacTHLBI M II0 HeMy IIpefiCcKa3aTh COCTOSHHE APYTO#, Haf
KOTOpOY H3MepeHMe ellle He IPOM3BOAUIOCh. OTO IIPeANIONIOKeHue ObI0  Ha3BaHO
OIIP-nmapazokcoM, a MOJOOHYIO CBA3b MEX/Y PacCMAaTPUBA€MBIMU YaCTHUIAMM JHHINTEIH HA3bIBAJ
«©KYTKHM JanbHOZEHCTBUEM». B  pmanpHeiimem okasanocs, 4uro OIIP-mapagoxc BbI3BaH
KJIACCUYeCKUM IIOHMMaHHeM CyTH ‘Habiiozaresns’ B KBaHTOBOH (usuKe.

ITogmo6usie paccmarpuBaembiM B OIIP-mapazokce, TeopeTHYecKH B3aMMO3aBHCHMBIE
vyactuust, lpesunrep Haspan “samyranusiMu’. Crexyer ormeruts, uTo cam lllpexuurep cumran
YaCTHUIBI 3aIlyTaHHBIMU TOJIBKO IIOKA OHM IIOTEHIMAJIbHO MOIJIM B3aUMOJEICTBOBATH JAPYT C
npyrom. Ilpy yzaneHuu ux 3a Ipeiesibl BOSMOXKHBIX B3aMMOJAEHCTBUM 3aIIyTaHHOCTh Mcye3ana. 1o
ecTh 3HaYeHUe TepmuHa y lllpesnHTepa OTIHMYaETCA OT COBPEMEHHOTO.

B HacTosmee BpeMs KBaHTOBas 3allyTaHHOCTh IIOHMMAEeTCA KaK KBAHTOBO-MEXaHUYECKOE
sIBJIEHVe, I[P KOTOPOM KBAaHTOBBIE COCTOSHUS ABYX WU OOJIBIIErO YKCIa OOBEKTOB OKA3bIBAIOTCS
B3aMMO3aBUCHMbIMU. TaKas B3aMMO3aBUCHMOCTD COXPAHIETCS, JaKe €C/IM STU OOBEKTHI pa3sHEeCEHbI
B IIPOCTPAHCTBE 32 IIpeiesbl JTIOOBIX M3BECTHBIX B3aMMOJAEHCTBUM, YTO HAXOZUTCSA B JIOTUIECKOM
IIPOTUBOPEYNH C IPUHIUIIOM JIOKAIBHOCTH.

Hanpuwmep, MOXXHO monyunuTs mapy (HOTOHOB, HaXOAAIIMXCS B 3aI[yTAHHOM COCTOSIHHH, U
TOT/]A €CJIU IIPY M3MepEeHHH CIIMHA IIePBOM YaCTHIIBI CIIMPATbHOCTS OKa3bIBAETCS ITOJIOXKHUTEIHHOMA,
TO CIIMPAIBFHOCTH BTOPOY BCET/Ia OKA3bIBAETCS OTPUIIATENIBHON, M HA0OOPOT.
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“3amyTaHHOCTD M OKYTKHe [JAJIBHOAEWCTBUA OCTABAJIUCh TEOPETHYECKUMM MOJEIAMU
noutu 30 ser, moka mmMu He 3auHTepecoBaacsa ¢usuk JxoH Bemn. bemr mpomomxmn anamms
OIIP-napagokca mu B pesyiabTaTe CcHOPMYJIHPOBAT HEPAaBEHCTBA, KOTOpBIE  IIO3BOJIAIU
UIeHTU(QUINPOBATh JiBe OJHO3HAYHO pAacClO3HABaeMble CUTYallUd IIPU CTATHCTHYECKUX
U3MEpPEHUAX COCTOSHUI 3aIlyTaHHBIX 4YaCTHI. ECIM COCTOSHMSA [BYX 3allyTaHHBIX YaCTHIL
olpezeneHbl B MOMEHT pa3fieIeHHd, TO JOJDKHO BBINIOJHATCA OJHO HepaBeHCTBO besra. Ecim
COCTOSHHS JBYX 3aITyTaHHBIX YaCTHUI] HEOIIpe/ieIeHHbI 10 U3MEPEeHUs COCTOAHUSA OJHOM U3 HUX, TO
IOJDKHO BBITIOJHATBECS APYTOe HepaBeHCTBO [1].

HepaBencrBa besuta mpejmocTaBuIM TeopeTHYecKylo 06a3y AJf BO3MOXHBIX (DU3MUECKUX
9KCIIEpUMEHTOB. B KiaccmyeckoM dKcrepuMeHTe AcCHS OBIIM IIOATBEPXAEHBI U BBIYUCIIEHEI
HepaBeHCTBa Bessa. B coBpeMeHHBIX BepcHAX SKCIepUMeHTa ACIID MCTOYHUKH JaCTHUIL HAXOZATCA
Ha TaKOM PAaCCTOSHUU, YTOOBI PETHUCTPAlMsA ABYX IIOTOKOB 3aIlyTAHHBIX (DOTOHOB IIPOMCXOJUJIA B
3aBeIOMO He CBS3aHHBIX U3BECTHBIMU B3aMMOZEIHCTBUAMY O0JIACTAX IPOCTPAHCTBA-BpeMeHU [2].

PesynbraTel, mosy4eHHbIe B ONBITAX ACID, YeTKO TOBOPUJIM B IIOAB3Y OTCYTCTBHUA
SMHIITEHHOBCKOTO JIOKAJIBHOTO peanusMa. JKyTKOe [JalbHOAEWCTBHE U3  MBICJIEHHOTO
SKCIepPUMeHTa OKOHYATEeJBHO ITOATBEPAUIOCH (pusmdecKoll peanbHOCTHIO. Ilocmemuuit ymap mo
JIOKaJTBHOCTH OBLI HaHeCeH TeOpHel MHOTOCBA3HBIX cocrosHuil ['punGeprepa—XopHa—
Haiinuurepa, 3aJOXHBUIMMHU 0a3uC KBaHTOBOH Tenemopramuu [3]. Tak mpopBuramace cepus
BO3PACTAIOLINX II0 CJIOXHOCTU IIPOBEPOK Pa3JIMYHBIX BepCUl HepaBeHCTB besta ¢ ncmonb3oBaHueM
3aITyTaHHBIX KBAHTOBBIX COCTOSHMIA.

Kpome oTMeueHHBIX OSKCIIEPUMEHTOB, OBUIM IIPOM3BENE€HBI BpEMEHHbIE W3MEPEHHUS C
HeJIOCTIDKMMOM paHee TOYHOCTBIO. B pesyibraTe GBUIO YCTAHOBJIEHO, UTO €CJIM HEKOe CKPBITOe
B3aMMOJI/ICTBE M IIPOUCXOJUT, TO CKOPOCTh €ro pacIpOCTPaHeHMs JJO/DKHA BO MHOTO pa3s
IIpeBBIIIATh CKOPOCTh CBeTa B BakyyMe. [Ipu MeHbIIe#l CKOPOCTH BpeMeHHBIEe 3aZep>KKH OBLIN ObI
3amedveHsI [4]. OTcioza ce10Baso OTCYTCTBHE TAKOTO B3aMMOZEHCTBHA.

B GonpmnHCTBE 5KCIIEPUMEHTOB C 3allyTAHHBIMU YaCTHIIAMU KCIOIB3YIOTCSA (POTOHBL. DTO
OOBACHAETCA OTHOCHUTEIBHOHM IIPOCTOTOH IIONy4eHWs 3allyTaHHBIX (OTOHOB M MX Ilepeflayd B
IeTEeKTOphl, a TakKe OWHAPHOM IPUPOROIl HU3MEpPAEMOTO COCTOSHUA (IIOJOXKUTENbHAS HIN
OTpHIaTeabHAsA CIUPaNbHOCTh). OZHAKO fABJIeHMEe KBAHTOBOH 3aIlyTAHHOCTH IIPOBEPSIMCH U JJIA
OPYTUX YacTUI, U HX cocTosHuil. Hampumep, ObuIM TONyYeHBI M KCCIEZOBAHBI 3aIlyTaHHBIE
KBAaHTOBbIe COCTOSHUA 3JIEKTPOHOB, TO €CTh YaCTHI] C MAcCOH, B TBepJOM CBEPXIIPOBOJHUKE W3
YTJIEpOJHBIX HAHOTPYOOK. YJajJoCch CO3JaTh COCTOSHUE KBAaHTOBOM 3allyTAHHOCTU MEXIy
OTZEIBHBIM aTOMOM pyOuzusa um KoHAeHcaroM bose-DiiHIITeiiHa, pa3sHEeCEHHBIMH Ha OOJIbIIOE
paccTogHMe U JIp.

B pesymbpraTe Bcex STHX M /[PYTHX OKCIEPUMEHTOB OBUIO IIOATBEpXKJeHa peaTbHOCTh
KBaHTOBOH 3aIlyTaHHOCTH U, COOTBETCTBEHHO, HeJIOKAIbHAA IPUPoAa dusndeckoil PeanprocTn.

2. KBanToBsie 3¢ peKTs! 1 KBAHTOBBIH KOMIIBIOTEP
B panpHeiinieM aHajiu3e TEPMUHOJIOTHYECKH OyAyT pa3IHYaThCA: a) CAMO COCTOSHUE

00BEKTOB — 3aIlyTAHHOCTb U 6) Habmiomaemble 3P(eKTbI B 3TOM COCTOSHHUU, HAIPUMeEp KyTKOe
manpHOmelicTBre”.
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PaccmorpuM  dWacTo TNIpUBOAMMBIM KBAaHTOBBIM 3(h(eKT C COBpeMeHHBIX IIO3ULHH.
ITpencraBuM pa3HeceHHBIX B INIPOCTpaHCTBe HabOmiogareneii A u B, y KOTOPBIX HMMeeTCS IIO
9K3eMILIAIPY KBAaHTOBO-3aIlyTAHHBIX AMUKOB ¢ ‘koramu lllpeaunrepa”, HaxXxoOAIUMHCST B
cymepmosunuu kuB — MepTB’. Ecnu B MomeHT f1 HaGmogarens A OTKpBIBaeT SIUK, TO ero KOT
PABHOBEPOATHO OKAa3bIBAETCHA JIMOO >XUBBIM, JIHOO MEPTBBIM. ECIM >XMBBIM, TO B MOMEHT [2
Habozarerb 5 OTKpBIBaeT CBOM AIIMK M HAXOZUT TaM MeprBoro kota. [Ipobmema B TOM, 4TO 7O
HMCXOZHOTO M3MEepeHHsA HeT BO3MOXXHOCTH IIpPe[CKa3aTh, Y KOO MMEHHO YTO OKaXeTcsd, a Ilocie
M3MEepeHHs OIMH KOT XXHUB, IPYyTOi MepTB, M HAa3aJ, CUTyal[HI0 He IIOBEPHYThb. JTa MOZEJb
6azupyercs Ha 3aKOHaX KBAaHTOBOH (M3MKU M B IIepBOH ouepesd, HA HeOOPaTHMOCTH KOJLIAICa
BOJIHOBOH (PYHKIHH.

O6xop, xIaccuueckux orpaHuyeHui Opur HalizeH Koporkoseim u [IxopmaHom [5] 3a cuer
C1abbIX KBAaHTOBBIX M3MepeHui. IIpomoykas aHAJIOTHIO, OKa3aJoCh, YTO MOXKHO He pacCIaxuBaTh
AIIYK, & IUIIb YyTh-IyTh IPUIOAHATH €TO KPBIIIKY U IIOACMOTPETh B WeKy. Ecru cocrosHue KoTa
HEY/IOBJIETBOPUTEIBHO, TO KPBIUIKY MOXKHO Cpa3y 3aXJIOIHYTh M IIOIpoOoBaTh eme pas. [pyras
TpymIma ucciaenoBareneii o0baBuiaa [6] 00 yCHeUHOW SKCIEPUMEHTAJIBHON IIPOBEpKe ITAHHOMN
teopuu. ‘Peunkapuanus® “xora llpeguurepa” crama BosmoxHoit. Habmozarens A Temeps MOXeT
IPUOTKPBIBATh M 3aKpPhIBaTh KPBINIKY ALIMKA, IIOKa He ybOeguTcs, 4TO y Habmogareni B KOT
OKaXXeTCA B HY>KHOM COCTOSHUH.

OTkpsIiTHEe U YCIENIHOe TeCTHPOBaHHE OOpaTHMBIX CHIa0BIX KBAHTOBBIX H3MEPeHHUI,
HOSIBJIEHWE BO3MOXXHOCTH OOpAaTHOTO KOJIAIca’, BO MHOTOM IIepeBEPHYJIO IIPeJCTaBIE€HUS O
6a30BBIX NPUHIIMIIAX KBAHTOBON (usuku. Temepb Hemp3s CKa3aTh, YTO HU3MepeHUA (POPMUPYIOT
peasbHOCTBH, BeJ[b MOXXHO 3JIMMUHUPOBATH 3 (PeKThI 3aMepoB 1 HAaYaTh BCe 3aHOBO.

B o6macTu KBaHTOBOH KOMMYHHUKAIlUM BO3HUKJIA HJes He IIPOCTO Il€peJayd ITIOTOKOB
3aIlyTaHHBIX YAaCTHI, B pasHeCeHHEIe B IIPOCTPAHCTBe IPMEMHUKH, HO M XpaHeHHA TaKUX YaCTHUI]
HeoIIpe/leJIeHHO JOJroe BpeMs B IIPUeMHUKAaX B COCTOSHUM CYIEPIO3HIIUM [JIA IIOC/IeLyIOIero
HCIIOIB30BaHUs. TeopeTHueckoil 06a30if TakuX pabOT IIOCHYXHJIM TaKWe paccioeHus Xomda,
KOTOpBle MOTJIM OBITh TOIIOJIOTMYECKMMHU peLIeHHsAMHU ypaBHeHHil MakcBeuta. B mepeBoze Ha
OOBIYHBIH A3BIK DTO O3HAYAJIO, YTO MAaTEMAaTUYECKH MOTYT CYyLIeCTBOBATh CHUTYAI[UU, IIPU KOTOPBIX
Iy490K (POTOHOB WM OTHENbHBIH (GOTOH OyzZeT OGeCKOHEYHO IMPKYJIHPOBaTh IO 3aMKHYTOMH
TPaeKTOPUH, BBIIIUCHIBASA TOP B IpocTpaHCcTBe. Jlo HemaBHero BpeMeHH 3TO OCTaBaJIOCh IIPOCTO ellle
OZHOM MareMaTH4eckoil abcrpakumeii. [locie TOro kKak wHccienoBaTeNM 3aHMINCH AHATU30M
IIOJTy9aeMBbIX PacCIOeHUN U X BO3MOXKHOM QU3MUeCcKoil peanusanyeil ObLIM HalIeHbI CTaOUJIbHbIE
pelleHusa U TeXHHUYeCKHe CIOCOOBI, TO3BOJIAIONIME peann30BaTh Takue peureHusa. OKaszanaock, YTo
IIy4OK CBeTa AeWCTBUTEIBHO MOXHO CBEPHYTH B 3aMKHYTHIH TOPOMZIAIBHBIH y3esl U “IIOJIOKUThH Ha
MeCTO”, ¥ TaKOe COCTOSTHUE OCTaHeTCs CTAOMIBHBIM U CaMOIIOA, 1€ P>KUBAIOIMC.

Eme omuu xBaHTOBBIH 5ddekT, oT0 KBaHTOBas Tenemnopranus. OHa OCHOBBIBaeTCS Ha
3aIlyTAaHHBIX KBAHTOBBIX COCTOSTHUAX M HCIIOIB3YeTCA B TAKMX MHTEHCUBHO HCC/IelyeMbIX 00I1acTAX,
KaK KBAaHTOBBIe BBIYMCJIEHUS M KBAaHTOBAfA KPHUNITOrpadusa. AJITOPUTM TeelIOPTALIMU pealusyer
TOYHBIH IIepeHOC COCTOSHUA OFHOrO KybuTa (KBaHTOBOrO OWTa) Ha ApYroi. B mpocreiimeii cxeme
HCIONMB3YIOTCA 3 KyOHTa: TeJelOpTUPYeMBI KyOWT M 3aIlyTaHHAfA I1apa, OZMH KyOHT KOTOPOI
HAXOAWUTCA Ha Apyroi cropoHe. OTMeTHM, YTO B pe3ysbTaTe pabOTHI AJITOPUTMA IT€PBOHAYAIBHOE
COCTOSIHME HCTOYHHKA PaspyLIMTCSA, STO IPUMEpP AeHCTBUA OOLIero IPHUHIIUIA HEBO3MOXXHOCTHU
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KJIOHWPOBAHMSI — HEBO3MOXKHO CO3/aTh TOYHYIO KONMIO KBAaHTOBOTO COCTOSHUS, HE pPaspyLIUB
opurnHai. He momyuuTcs CKOIUPOBATh ZPOH3BOIBHOE COCTOSIHUE, ¥ TeJIeOPTaliyis — 3aMeHa 9TOMH
omepauuu. Tejemopranus [O3BOJSET IepefaBaTh KBAHTOBOE COCTOSHHME CHUCTEMBI C IIOMOIIBIO
OOBIYHBIX KJIIACCHUYECKUX KAHAJOB CBSI3H. TakuM 0OpasoM, MOXXKHO, B YaCTHOCTH, IIOJIY4HUTb
CBSI3aHHOE COCTOSIHVIE CHCTEMBI, COCTOSIIEeH U3 IIOACUCTEM, YIATeHHBIX Ha OOJIBIIOe PAaCCTOSHUE.

Yro xacaeTcs KBAHTOBBIX BBIYMCIEHUN, TO B HACTOAIIEee BPeMsA KBAHTOBBIM KOMIIBIOTED YK€
He SBJIAETCA TUIIOTETUYECKUM YCTPOMCTBOM, IIOCTPOEHHE KOTOPOTO CB3aHO CO MHOTMMHU
BOIIPOCAMY KBAHTOBOY TEOPUU U C pelreHreM IpobieMsl gexorepeHunu. HeGospiie KBaHTOBbIE
KOMITBIOTEPHI I[IPOBOZSAIME BBIYMCAEHUSA 110 KBAHTOBOMY QITOPUTMY YK€ CO3JAlOTCA B
nmabopaTopusx.

KBanrossiit xommnsiorep (KK) — BbrumciamrensHOe yCTpOMCTBO, paboTaroliee Ha OCHOBE
3aKOHOMEPHOCTe! KBAaHTOBO ¢usuku. KBaHTOBBIM KOMIIbIOTEp IPUHUMIHMAIBHO OTINYAETCS OT
KJIACCUYECKUX KOMITHIOTEPOB, paboTalOIMX HA OCHOBE KJIACCHYECKUX 3aKoHOMepHocrei. Cama
BO3MOYXHOCTB ITOCTPOEHHUsI KBAHTOBOTO KOMIIBIOTEPA CBSI3aHA C CEPbe3HBIM Pa3BUTHEM KBAaHTOBOM
TEOPHUH B O0JIACTH HCCIeIOBAHMUSA MHOTHX YaCTUI[ ¥ COOTBETCTBEHHBIX CIOXHBIX DKCIIEPUMEHTOB.
OrpaHuueHHBIe KBAHTOBbIE KOMITBIOTEPHI IIOCTPOEHBI HA yXKe CYIIECTBYIOLIel 3IeMeHTHOU 6aze u
MOTYT IPUMEHATHCS AJIs IMOBBIIIeHUA () (HeKTHBHOCTH BBIYUCIEHUH.

Heo6xomyMocTs B KBaHTOBOM KOMITBIOTEDE BO3HHKAeT TOTJA, KOTZa aKTyaJabHOM crasa
3a/laya  HCCHeZOBaHUsS  MeTogaMu  (GU3MKKA  CIOXKHBIX  MHOTOJIEMEHTHBIX,  HAampuMep
O6uosornyeckux, cucreM. I[IpoCTPaHCTBO KBAHTOBBIX COCTOSHMM TaKMX CHCTEM pacTeT Kak
SKCIIOHEHTa OT YKCJA 11 COCTaBJISIONUX WX PEAJbHBIX JJIEMEHTOB, YTO [ejaeT HEeBO3MOXXHBIM
MOZeIMPOBaHKe UX ITOBeJeHNUsA Ha KJIACCUIeCKUX KOMITbioTepax yxxe Ay 11 = 10.

KBaHTOBBIII KOMIIBIOTED WCIOJIB3YyeT IJis BBIYMUCIEHUS He OOBIYHBIE (KJIAaCCHYEeCcKue)
QITOPUTMBI, a IIPOIeCCHl KBAaHTOBOM IIPUPOABI, TaK HasblBaeMble KBAaHTOBBIE aJITOPUTMBI,
ucnons3yomue 3¢dexTsr KBaHTOBOM (PU3MKYM, TaKie KaK KBAHTOBBIM Mapajiesn3M M KBaHTOBAas
3aIlyTaHHOCTh. EC/iIM KjlacCHyecKHil IpOLeccOp B KKl MOMEHT MOXeT HAXOZUTHCI POBHO B
OJJHOM W3 COCTOSIHHI, TO KBAaHTOBBIY IIPOLECCOP B KK/l MOMEHT HAXOAUTCSI OZHOBPEMEHHO BO
BCeX 3TUX Oa3HMCHBIX COCTOSHHUAX, IPU STOM B KaXKJOM COCTOSHUM — CO CBO€H KOMILIEKCHOH
aMIUTUTYZOH. ODTO KBAaHTOBOE COCTOSHUE HA3bIBAETCA < KBAaHTOBOH CyIepIIO3UIIMel” JaHHBIX
KJIACCUYEeCKUX COCTOSHUU. KBaHTOBOe COCTOSHKE MOXET WU3MEHATHCA BO BpEMEHU JABYMs
IPUHIIUTINAIBHO PA3INIHBIMU Ty TIMU:

1. B pesynpraTe yHUTapHO# KBaHTOBOM Ollepauy (KBAHTOBBIN BEHTHUII);
2. B pesynbraTe n3MepeHus (HabmogeHue).

Ecnu xmaccuyeckue COCTOSHUS €CTh IPOCTPAHCTBEHHbIE II0JI0XKEHUS IPYIIIIBI DJIEKTPOHOB B
KBaHTOBBIX TOYKAaX, YIPAaBAIeMbIX BHEIIHUM IIOJIEM, TO YHHUTApHAas OIepalys eCTh pelleHUe
ypaBuenus lllpenunrepa A1 5TOro IOTEHIHAA.

Vsmepenue ects ciydaiiHas BeJWYMHA, NPUHUMAIONMAS 3HAYEHUS C OIpeZeeHHBIMU
BEPOSATHOCTSMH. B 3TOM COCTOMT KBaHTOBO-MexaHHYecKoe IpaBuio bopua. Mamepenue ectsb
eIVHCTBEHHAs BO3MOXKHOCTH IIOJMyYeHUs WHQPOPMAIMM O KBAHTOBOM COCTOSHHH, OJHAKO OHO
HeoOparumo. Ilpy u3MepeHMM IPOMCXOAUT TaK HA3bIBaeMbIN KOJIIAIIC BOJIHOBOM (YHKIWH,
busnyeckas Ipupoza KOTOPOTO O KOHIIA He sICHA.
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KBanTroBOe  BBIUMCIIEHHME eCTh  KOHTPOJUpYyeMas  KJIACCHUYECKUM  YIPaBIAIONIAM
KOMITBIOTEPOM IIOCJIe/IOBAaTeIbHOCTh YHUTAPHBIX OIl€pallUii MPOCTOrO BUja. B KOHIIe BBIYMCIEHUS
COCTOSIHHE KBaHTOBOTO ITPOII€CCOPA U3MEPAETCH, YTO U AAaeT UCKOMBIHA pe3y/IbTaT BEIYMCICHHUS.

CozepkaHue TMOHATHA ‘KBAHTOBBIM IIApaylIeIn3M B KBAaHTOBBIX BBIYKUCIEHUSIX COCTOUT B
TOM, YTO KBAaHTOBasf CHCTeMa M3 L [BYXypPOBHEBBIX KBAaHTOBBIX 3JIEMEHTOB (KyOWTOB) mmeeT 2%
JIMHEeWHO He3aBUCUMBIX COCTOSHUM, a 3HA4HT, BCJIEACTBHE IIPUHIMIA KBAaHTOBOHM CYIEpPIIO3UIIUH,
IIPOCTPAHCTBOM COCTOSHHI TaKOTO KBAaHTOBOTO PpeTHCTpa sABIAeTcA 2/-MepHOoe ruab0epTOBO
mpoctpaHcTBO. Onepanusa B KBAHTOBBIX BBIYHUCIEHUAX COOTBETCTBYeT ITIOBOPOTY BEKTOPA COCTOSHUSA
perucrpa B OTOM IIPOCTPAaHCTBe. TakumM 06pa3oM, KBaHTOBOE BBIYHCIUTEIBHOE YCTPOWCTBO
pasmepoM [ KyOWUT GaKTHUeCKU 3a[eiiCTByeT OJHOBpeMeHHO 2/ KJIacCHYeCKuX COCTOSHHIA.
QusnyeckuMu CUCTEMaMHU, peaTu3yIOIUMHU KyOUTHI, MOTYT OBITh JII00bIe OOBEKTHI, UMEIONIHe B
KBAaHTOBBIX COCTOSHHUA: IIOJAPU3AIIIOHHBIE COCTOSHHMA (DOTOHOB, OSIEKTPOHHBIE COCTOSHUSA
M30JIMPOBAaHHBIX aTOMOB MJIX MOHOB, CIIMHOBBIE COCTOSHUA fAZIep aTOMOB, U T. .

3. YenmoBeveckuii yMm u (peHOMEH CO3HAHUSA

OcHoBbIBasiCh Ha BBIIIE M3JIOKEHHOM, OyZeM IIOCTYJIHpOBaTh, 4TO PeanbHOCTH — 3TO
Epunsiit u EAyHCTBeHHBIH 1)1 BCETO CYIeCTBOBAaHMA HCTOYHUK.

ExmHOoCTP MCTOYHUKA OIpeZensieT €ro HeTOKAIBHOCTh. B IeJOCTHOCTH CyIIeCTBOBAaHUSA
IPUPOABI HEJIOKAJIBHOCTh NCTOYHUKA He paspyllaeTcsa. B mpupoze Bce KoppenupoBaHHO ExuHbIM
ABJIAIOUIMMCS 3aKOHOM €€ CyIeCTBOBAHHUA.

ExuHcTBeHHOCTS WCTOYHUKA OIpefieNiseT €ro BCcesHaHHe. Bce3sHaHWe He 3aBUCHMO OT
POXKIEHUA U CMEPTH HHU OAHOU 13 GOpM IIPUPOABI M €CTh BeUHOEe CYILIeCTBOBAaHME BCeX (GOpM
npupons! B cebe. B dhopmax mpupozsl BcesHaHUe IPOABIAETCA KaK YHCTOe (IIPIMOE) OCO3HAHHe
KOTOpOe CIyXXaT OCHOBAHWEM OCO3HABAHHIO, Hanboyee SPKO IIPOABIAIOMIEMCSI B 4YeIOBEKe.
OcosHaBarmne, KaK CIOCOOHOCTS ITO3HABATH TIPEJICTABIAET CyTh dYesoBeKa. Ilo3HaBad, deoBeK
BBIBOAUT CeOs M3 HEJIOKAJIBHOCTH IIpHpoAsl M IOIajaeT B [JBOMCTBEHHOCTh II03HABAEMOTO U
Ho3Hamwero. B ciescTBue 3TOTO, BCe3HAHME M OCO3HAHME Pas/eIfioTCA.

OcosHaparme ciydaeTrca B yMe. YM 3TO HHCTPYMEHT TZie IIPOMCXOJUT IIO3HABaHHUE.
Oco3HaHue He HOABJIAETCA B IIpOllecce IIO3HABAaHUA M He MCYe3aeT BMECTe C HHUM, a CIYXXUT
OCHOBaHHEM BCAKOTO 3HaHUA. QOyHKIUA OCO3HAHUSA NPOABILETCI B yMe, 61arofaps OCO3HAHUIO B
yMe opMupyeTcs MBIC/IB, KOTOpas ITpeBpaliaeT To3HaBaeMoe B 3HaHUe. Bce mmo3HaHHOE YeI0BeKOM
CTAHOBUTCA COTEPXKHUMBIM yMa. YesoBek He CBOOOZAEH OT yMa, €r0 COAEPXKHMOIO, YeIOBEK eCTh
TOJIBKO B yMe, OOJIBIIIe eTO HEeT HUTJE.

B PeanpHOCTH, B OLHOBPEMEHHOCTH CyLIECTBOBAHUS BCETO Be3fie U BO BCEM, yMa HeT M HeT
murrosuw. [lpuposa — 310 ToTampHaA 6eCcCO3HATENIBHOCTD, U060 eCTh JIUIIb YHCTellee UCIOTHEeHNe
Peanmsroctu. IIpouecc mosHaBaHus B YesOBeKe MOXKET OBITh HAIlpaBieH KaK Ha IPUPOAY, TAK U Ha
camoro cebsa (cm. puc. 1). Eciu nmo3HaBaHue dYesioBeKa HAIIpaBJIeHHO Ha IPUPOZY, TO B €T0 yMe
MBICJIb IIpEBpallaeT IIO3HABaeMOe B 3HAHWE, KOTOPOe XPAHHUTCA B NaMATH. Ecau IIo3HaBaHUE
HAIIpaBJIeHHO Ha CaMoro ce6s, TO YM eCTh caMOOCO3HaHUe. JesIoBeK, eCTh (QYyHKIUA U Pe3ysIbTaT
mosHaBan#rg. B 3aBUCMMOCTH OT THUIIA IIO3HABAHH, BO3MOXKHO IIOABJI€HMNE ABYX THIIOB YE€JIOBEKA:
nepssiii (H1) mosBisercs B pesyipTaTe caMooco3HaHus, Bropoii (H2) — B cosnanuu yMma.

181



Ecnu yenoBex cBsa3bIBaeT ceOs ¢ MBICIBIO, OCO3HAHHE OCTAeTCA [JIA HEro He JOCTYIHBIM,
IIOCKOJIBKY OH IIeJMKOM IIOTJIOIIAeNbC MBICABIO, U COOTBETCTBEHHO 3HaHUeM. YesoBeK
CTaHOBHUTCA YMOM, KOTOPBIH IIpeJiCTaeT JIUIIb YCIOBHOCTBIO, OTPAXKEHUEM PeaTbHOCTH, ee 00pa3oM,
Hpe,Z[CTaBJIEHI/IEM, HOTOMY 9YTO MBICJIU HE Pea)IBHBI. OTP&)KEHI/Ie PeaJIBHOCTI/I B YMe, B CO3HAaHUU, 3TO
HJLTFO3HA I CaMOM 3TOM PealbHOCTBIO He ABJISEeTCH.

H2 COZHAaHUE E

MIPAPOJIA L : HANIATE !
(HeIIOKAIBHOCTE. Y™ | (smanue) :
BCe3HaHHEe) i
TEJIO ‘ !

1

|

1

|

h

|

1

H1 YFEJTOBEK
(ocosnanue) !
CAMOOCO3HAHHE
PEAJTIBHOCTSH

PHCYHOK 1. Brok-cxema ,D;BOI‘/JICTBEHHOCTI/I IIO3HABAEMOTI'O M ITO3HAIOLIETO.

ITockonpKy yM — 3TO cuTyanus, coopITre, HaKT, KOTOPBIH CIydaeTcs B KOHKPETHOM MeCTe U
BpeMeHU, desoBeK (H2) BeIHYX/IleH OBITH B KaXKIBIii MOMEHT B OIIpeZieIeHHOM MecTe. To ecTs, Bce,
YTO IIO3HAET 4YeJIOBEK, OH IO3HAET B IIPOCTPAHCTBEHHO-BPEMEHHOM KOHTHHyyMe yma. [losTomy Bce
BOCIIPHHHMAaeMOe 4YeJIOBeKOM HaXOAWUTCA B yMe, OoJbllle STOrO HeT HUTZAe. BHe mpocrpaHcTBa U
BpeMeHHU yMa HeT.

Hu opnHa mpuposHas cucreMa, OOBEKT WM IIPOILECC B pe3ysIbTaTe WX IIO3HAHUA He
paszmensIoTCs B YAaCTHU CBOeil B IIpeZiesiax IIO3HABaeMOTO B HUX. Pa3zmessercs nuinp IO3HAIOMMHI
HabJIIozare b, ITIOCKOJIBbKY IIO3HAHUE eCcTh aTpulOyT ero yma. HabmozareneM B HeM »Xe HapylIaeTcs
IIeJIOCTHOCTh OCO3HaHHWs, KOTOPHIM IIPOHM3aHO BCe CYIIEeCTBOBaHMe IIpupozsl. Habiaomarenem
IIeJIOCTHOCTh IIPUPOABI pasfessdercs (JeKOTepupyeTcs) Ha BUAMMBIE WM YacTH, OOBEKTHI U
3JIEMEHTHI, B Pe3yJIbTaTe Yero IIPephIBAeTCA UX CBSA3aHHOCTH C I[€JIOCTHOCTHIO, KaK eIMHCTBEHHAsA
HMCTUHHAA UX CBA3aHHOCTH BCETO CYIIEeCTBOBAHUA U 5TO Pa3pylLIeHHe CIy4aeTCsa TOIBKO B yMe!

B pa3gBOoeHHOCTH, YyM MOXXET INPUHMMATh pa3JIW4YHble IIO3UIUK IIO OTHOWIEHWIO K
nmo3HaBaeMoMy. V3-3a paspyureHmus memocTHOCTH PeaapHOCTH B yMe, delOBeK He IIOCIEBAeT 3a
OHOBPEMEHHOCTBIO, TOUHee OJHOMOMEHTHOCTBIO HEIIPEePBIBHOCTHU CYILIeCTBOBAHHA BCETO Be3ze U
BO BceM. He mocmeBaet 1o nmpudmHe BOCIPUATHA PeasbHOCTY OTZE@IBHOM OT ce0s, IOTIOeHHOCTH
3HAHHMEM O Hel CyTh KOTOPOTO B IIPOILJIOM, TO €CTh B JIOKAQJIbHOI G€CCO3HATETHPHOCTY B HACTOSIIEM
K cebe. B mociemoBaTeIpHOCTH “MOMEHTOB’ CO3HAaHUA B yMe HET HEIPEPBIBHOTO ILeIbHOTO
YeJIoBeKa KaK ‘IIO3HAIoLIero HabmonaTens .

4. udopmarusa ¥ HITIO30PHAA PeaybHOCTh

Jlr060e 3amoMMHaHWE IPOUCXOAAILIErO, (PUKcAIUs ero B IaMATH, TYT K€ JeKOTepupyeT
peanbHOCTS. /lekorepeHIius Ipe/oiaraeT BOSHUKHOBeHIe CMeCH ITI03HaBaeMOro B yMe, U Halu4due
CIIOCOOHOCTM yMa B HeH CyIIecTBOBaTh. OTO IIPOMCXOJMUT B OTJeIbHBIE MOMEHTHI, JeJas
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COOTBETCTBYIOIlee fBJIeHHEe MepTBBIM IIPOLLIBIM, TO ecTh HHbopmauueii. [lamaTs peanbHOCTB
pa3phIBaeT, IIpeBpallas ee B CMeCh B yMe, TAKMM 0Opa3oM HaOJIofaTelhb CO3/laeT HCKYCCTBEHHYIO
HeJIOKaJIbHOCTH — IICeBIOHEeTOKaNbHOCTD. COo3HaHHe — 3T0 heHOMeH IICeB/JOHeI0KATbHOCTH.

Yro HaxomMTCA 3a IpefenaMu yMa, desoBeka? B mpupoge, Bce mogunHeHO 3aKOHY eIIHCTBA
CYILleCTBOBaHMA BCETO, YTO B Hell eCTb OT MOMEHTa K MOMEHTy, IJe HeT MecTa JAjad yMa, [
CyIepIIO3UIMOHHOM 3aIlyTAaHHOCTH, TO €CTh MCKYCCTBeHHO CO3JaHHOM HeJloKaabHOCTU. B mpupoze,
B HEIIPephIBHOCTH M HEPa3pBIBHOCTU CylllecTBOBaHUA GopM, MHPOPMAIIMIO O HUX YeJOBeKy He
moyyuuTh. Bce 4TO yesoBek IosydaeT, OH IONy4aeT, KaK CMeCh, Kak HH(OPMAaIUIO B OTKPBITOH, B
pasopBaHHOI cucreMe. MHpopManusa ecTp TOMBPKO A 4YejgoBeKa, MO0 C HUM IOABIAETCA B
MHTepecax 00bACHEeHH, OMCAHNA, MOJIeINPOBAHIS IIPUPO/BL, ¥ C HUM e HCYe3aerT.

ITycroit ym otpaxkas PeasbHOCTh He OCMBICIHBAaeT ee, a IlepeXXHBaeT BCe TOTAJIbHO
Gecco3HaTeJIFHO TO €CTh TaK, YTO DTO HeIb3d Ha3BaTh MH(MOpPMAaIMell, IOCKOJIbKY STUM Heb3s
BOCIIOJIb30BaThCA. [l coseprarrg He CyllecTByeT IaMATH, KaK HallpuMep, He CYIIECTByeT ee B
3epkajse. OTO IIPOCTO MTHOBeHHas, 0e3 3aIlOMHHAHMA, KOTepeHTHad (UKcanus B MOMEHTe
CYILleCTBOBAaHMA BCETo, YTO NMPOUCXOAUT. Bce, UTo ecTh OT MOMeHTa K MOMEHTY, B HeJIOKaJIbHOCTHU
He HHPOPMAI[MOHHO.

IIPUPOIA
(eourcmeo)

ITAMATH
(emecs)

CO3HAF e
"
1 YETOBEK !
U 1
CAMOOCO3HAHHFE

Pucynok 2. biok-cxema IBOMCTBEHHOCTH yMa.

Ms1cp, KOTOpas IIpeBpaliaeT IIO3HaBaeMOe B 3HAHMe — He YHUBEPCAaJIbHA U HHU B YeM He
COZIepXXUTCA, pa3Be, YTO CaMa COAEP>KUT BCe, YTO MAJA YelOBeKa eCTh, KaK PeaJbHOCTb, T.e.
BOCIIpUHHMaeTca WM. /[Ijga denoBeka, HO He peaJbHO, IIOTOMY 4YTO MBICIb 3TO BCEro JIMIIb
OTpaKeHHue PeaJbHOCTH. YM IIOXOX Ha 3epKaso (1, cM. puc. 2), B KOTOpOM BCe IIPOCTO OTPAKAeTCH.
Msicnp (2) oTpakaeT Bce B TOM BHJeE, KaK €il 3TO yZaercs, T.e. YHUKAJIbHO, B 3aBUCHMOCTU OT
MIO3UIIUYM YMa, B KOTOPOM IIPOMCXOAUT 3TO OTpakeHMe. MEIC/Ib yeJoBeKa, BCé OCMBICIMBAET, a YM
COXpaHfAeT Pe3yJIbTaThl B IIAMATH.

OtpaxeHue sABifeTcs MHPOPMALMOHHBIM B3aUMOJEHCTBHEM, €CJIM OHO OCTaBifeT O cebe
aMATh B ApyroMm obbekre. Pusmyeckuil yHUBepCaIbHBIN HOCUTENb NH(POPMAIIUY 3/I€Ch €CTh — STO
HeMpOHHOe II0jIe eCTeCTBEHHOTO HJIM MCKYCCTBEHHOTO MO3Ta, HO caMa wHpopManusd He GU3HIHA,
IOTOMY 4YTO HMHGOpMAIUi — 3TO IIPOCTO YCIOBHOCTH, KO, AOTOBOPEHHOCTH, BHPTYaJIbHOCTH,
KOTOpas II03BOJIAET KAK-TO MAaHUITYIHPOBATh C 00beKTaMu Ipupozsl. Ho Bcero smurs ¢ 06peKTaMu.
U 570 ompaBmaHoO, IOCKOIBKY B OTHOLIEHUAX C OObeKTaMU, HY>KHBI O HUX 3HAHUA.
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CaMm uesIOBeK-CMeCh eCTh HEYTO MEPTBOE, JUCKpPETHOe, HH(POPMAILUA, KaK COAEep>KUMOe yMa,
TO ecTh Ipolioe / Gynyllee, YTO M €CTh OCHOBA JJI €r0 TBOPYECTBA. JDTO PEKOTepHpOBaHHAsA B
IIpesieIaX yMa CMeCh, TO eCTh UCKyCCTBEHHO CO3/JaHHAs 4eJI0BeKOM peayibHOCTb. PexoreprpoBaHHas
CMecCh 3TO MepTBOPOXAeHHOe, He PeasbHOCTD, He JKHBOe. DTO IICeBIOIeIOCTHOCTD, IOCKOIBKY B ee
OCHOBe JIEXKHT yM. B cymHOCTH, 5TO M eCTh JIOKaJbHasg OecCO3HATeIBHOCTh I cebsf yMma
OTHOCUTEJIBFHO cebs JKe yMa.

W B xj1accryeckoM, ¥ B KBAHTOBOM CJIydae, 4eJIOBeK CMOTPHT, HabJII0]aeT, OCO3HAET, TBOPUT
He ce0s, a BHelIHee JIa ce0s, TO eCTh, OCTABasACh BBIBEJIEHHBIM M3 CHCTeMBI. B obenx ciayuasax
HHUYEro He MEHSETCs, B CYLIHOCTH, CHCTEMa OCTAeTCs Pa3OpBAaHHON M3-3a YeNOBEeKa, TeM, 4TO OH
npocro nogymait. [Tomyman, u mosBUIack cMech, LIeJIOCTHOCTh PeanpHOCTH TYT ke pyxHYyZIa, 16O
BCerzia, IIO3HABas, 4YeJIOBEK BBIBOAUT cebsA M3 IEeJOCTHOCTH, OyAb TO U3MEpeHHOe WU
IpPUAYMaHHOE.

Bce, 4ro He HabmOmaeMo, He JOKaIu3yeMo, HHMOpMalueil He ABIgeTcA. Y HMHPOpPMANUU
HeT CBO¥iCTBa HesloKanbHOCTH. VIHpOpMaIus, Kak cMech, KaK IIO3HAHHOE IIOABJIAETCS U HCYe3aerT,
IPUTOM, 4TO caM ee HCTOYHMK (PeaapHOCTB) OT 3TOro HHMKyzZa He neBaercs. [IposBieHHbIe B
PeansrOCTH WacTH, TO ecTh POpMEI heHOMEHATBHOMN IIPUPOABL, IIOTOMY U CYLIECTBYIOT, YTO OHU He
paszieeHsl C IeJIOCTHOCTBIO M OTZAEIBHO OT cebs HUYero He OILyuiaioT. Bece, uyTo “BUAuMTCA” UMY,
IIepeXuBaeTcs KaK COCTOSHUS caMoil ¢opmsel. Bce, uTo B mpupose He COOTBETCTBYeT pPeasbHOCTH,
SBOJIIOIVA YHHYTOXKAeT, B TOYHOCTH, KaK M YHHMYTOXKAeTCA BCAKad mormburas dopma, Oymyuu
OTKJIIOYeHHO# oT EnUHOTrOo 1711 BCero CyuiecTBOBaHUS UCTOYHUKA.

B ornnume oT Bcero JKMBOTO M HEXHMBOIO B Ipupoge, denoBek-cmech (H2) ects He B
peaspHOCTH, a B yMe, B CMeCH, KaK caMa 9Ta CMeCh. JeJIOBeK BHAMUT BCe OTJEIBHO OT cebs,
6sarozaps uHpopmanuu. Ho rae npoucxonut pasgenenue? B yme, u Tonpko B yme. udopmamus —
3TO MepTBas CMeCh, KOTOpas IOABUJIACH BMECTE C YeJIOBEKOM JJIA HYXXJ yMa. YM (pyHKIIMOHHUPYeET B
IIPOILJIOM, TIO9TOMY OH MCIIOJIb3yeT NHPOPMAIIUIO B MHTepecax II03HAaBaHUsA, B MHTepecax CO3HAHUA
CBOETO 3HAHHA, T.e. HHGOOPMHPOBAHHOCTH. B yMe HeJIOKaJIbHOCTh MEPTBAafA, IIOTOMY YTO
MEepPTBOPOXX/IEHHAss YeJIOBEKOM, YMOM, TeOpHel SBJIAIOUEHCS COZepXUMBIM yMa, CMecCH,
IIpeACTaBIIAIONe OO0 MepTBOe 3HAHME: CBOMCTBA, XapaKTePUCTUKY, JaHHbIE, IPYTUMHU CIOBAMY,
MepTBYIO HH(OPMAIHIO.

B ITpupope HeT HUKakoro pasgenenusd. Bca Ilpupona memoctHa n camozmocraTouHa B cebe,
IIOTOMY YTO HHU JJA OZHOM u3 ee ¢oOpM, HUYTO M3 BOCIPUHUMAEMOTO WMH, He SABIAETCHA
nHpoOpMalyel, a JUIIb YUCTHIM II€PEXKUBAaHUEM, TO e€CTh IposBieHHeM camoil PeampHocTH. B
peaspHBIX (QopMax IIPUPOABI HEJIOKAJIBHOCTh JKHUBasA, OHA  ABIIINAT , COTJACHO 3aKOHY
CymecrBoBanus [Ipupopsr.

5. Ilepexop B HenokanbHOE cocTosHUe PeanpsHOCTH

B uyenoBedeckoM cylecTBe eCcTh IIOTeHIIMAJ, KOTOPBIH OCTaeTCs HepasBUTBHIM M3-3a yMa. M
3TOT IIOTEHLHAJ CKPBIT JIOKAJIBHOW OecCcO3HAaTeIbHOCTBIO UeJOBeKAa B OTHOIIEHWM ce0sd, Kak
MHPOPMAIIMOHHOI  CHCTeMbl TIpeJiCTaBidouleil a4 Hero eJUHCTBEHHYIO pPeajbHOCTb.
OcCO3HaHHOCTD XK€, C TOYKHM 3peHHusd 4YelOBeKa, KaK WMH(POPMAIHMOHHOH CHCTEMBI, ITOAMEHEeHa
MHGOPMUPOBAaHHOCTBIO, YeM OHA, B CYIIHOCTH, He fABJIAETCA, KaK M OCO3HAHUEe He ABIAeTCA
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nHpopmarnueii [7, 8]. YenmoBek, To ecTh yM IIBITaeTCA IIOAMEHUTHh TEPMUHAMHU CyTh, KOTOpas BCETa
OJHA: OH — O0CO3HAaHHOCTh. CyTh He B HAUMEHOBAHUH Y He B MOHMMAHUU, a3 B OCO3HAHHOCTH cebs
Oco3Hammero, 160 Bce 37eCh OT YeI0OBeKa U Kak mHpopmanusa u Kak PeamsHocTs. Bompoc sums B
TOM, KTO OH! MHbopmaunmsa, meprBoe 3HaHHe, Mau — XuBad PeampHocTs. MHbOpMamusa — sro
yeJI0BeK-CMeCh, ee HOCHUTeIb. ECIM eCcTh HAaOIIOJATeNb, TO €CTh 4YeJOBeK-CMeCh, HET 4JelOBeKa-
peasbHOCTH, IpUTOM, uTO PeambHocTh ecTs! ExmHcTBeHHOe, 4TO €CThb B HAJIMYMU Y yMa — 3TO
3HAHHUA O PeaJbHOCTH, TO eCThb cMech. UeloBeK-cMech Ge3 OCO3HAHHOCTU ABJIAETCA CJIEIIIOM.
[TosTOMy OH CTPOUT ILTaHBI, KaK IIpeoOpa3oBaTh MUP WIH KaK 33/leCTBOBATh YM, IIpUYeM He CBOM.
YesoBek, 0fiepXKUMBIH ueell 110001 11eHO# BEDKUTD, 3aJiefICTByeT YM, U yM paboraer.

B npupoze ym paboTaeT B CHUIy eCTeCTBEHHOH HeOOXOZMMOCTH, a He IIOf, PyKOBOJCTBOM
yejioBeKa, 4To B yMme. YesmoBek B yMme, 4TO BUpYyC B cucTeMe Ipupopsl. bes PeanpnocTH, yma He
6b1BaeT, 60 PeasbHOCTH eCTh MpUYMHA ero mosBieHuA. Kak ym Moxer ympasiare PeaxsHOCTEIO,
KaK TeHb MOXKeT YIIPaBJIATh CBeTOM? Pa3Be 4TO TOH peasbHOCTBIO, YTO OH CaM M IPHUAyMAaJl.

ITosnaBaTh, yNpaBiATh IICeBAOHEIOKAIBHOCTBIO MOXHO, HO TaKMMH MeTOJaMHU IIO3HATh
PeansHOCTD Henp3d. JIf 5TOrO HYXXHO HCYE3HYTh B KaueCTBe IIO3HAIONIETO, HA 4TO, COOCTBEHHO
TOBOps U TTOKa3bIBaeT KBAaHTOBasA Gu3HuKa. YesoBek e 1Uc4e3aTh He X04eT, I03HAeT U yIIpaB/Iger.

CyTp B ToM, uTO HeT HUKaKoi PeanpHocTn ornmnynoit or PeampnHoctu. Her mna denmopexa
PeanprocTu, eciu yesnosek — He PeanbHOCTh. YesoBek ke, TO €CTh yM, B CUITy CBOeH MIITIO30pHOM
CYIWIHOCTH NIPUHUMaeT PeaapHOCTH, KaK HEUTO OTZeNbHOe OT cebd. B 3ToM cyTh mBoiicTBeHHOCTH,
cyTs pasgenéaHoctu yma. Ho PeanpHOoCTb — 9TO He mrrrosnsg yenoBeka. OHa ee OTCYTCTBHE.

VNmenno Oyay4yum oOTzeneHHBIM OT PeampHOCTH, OyAydu JMIIb B IIPOILIOM, B
IIpeJiCTaBIeHUAX M IIPOEKTaX, yM, Oiarojaps HIIO3HH, TBITAETCA CO3/aBaTh CBOIO COOCTBEHHYIO
peajpHOCTh, He OCO3HaBad, YTO ITOTO JejaTh He IPUJETCA, KOrZJa, caM yM, KaK IpUyMaHHas
peanpHOCTD HcuesHeT. OcTaHeTCA TOIBKO TO, YTO €CTh KaK peasbHasd PeanrbHOCTS,

ITpocBernenue — mOHATHe, O3HAyalolllee BHE3AaIIHO OXBaTHBIIee YeJOBeKa COCTOSHUeE
ACHOCTH CO3HAHUA, OCO3HAHHOCTH, IIOJHOe IIOHMMaHHe CUTyallud M BBIXOJA M3 COCTOSHHUSI
CyOBeKTHO-00BEKTHOH AUXOTOMUH. JTO CKaYKOOOpasHOe M3MeHeHUe COCTOSHMSA, 3HaMeHYIollee
coboii Iepexos, K OTIMYHOMY OT [IyaabHBIX (POPM BOCIPUATHA U MBIIIJIEHUA, COCTOSHUIO
epuHeHua. Korjga wmcdesHeT oulylleHWe BBIZEIEHHON W HHIWBUAYAJIBHO (UKCHPOBAHHON
CYIIHOCTH, KOTZa MCYe3HeT ‘s, TOJIBKO TOrZa HACTyIaeT ImpocBeTyieHue. [lomHOe mpocBeTIeHNe —
3TO COCTOSHUE peanusauuu (0T realization — oco3HaHUe), B KOTOPOH YHHYTOXEHBI CaMble TOHKHUE
cylefpl HeBeJleHMsA OTHOCHTENbHO INpupoisl PeanapHOocTH. DTO BRICHIAfg TOYKA CaMOpeaTH3allyuu
yesioBeKa.

Peanpnaa PeanpHOCTS /719 YesoBeKa He IOABUTCH, IIOKA €CTh YM, TO eCTh YesloBeK, KOTOPBIH,
KaK eMy Ka)KeTcCd, MOXKeT IIOTPYXaThCsA B peajbHOCTh. HepeasbHOCTh He MOXXeT IIOIPyKaThCA B
Peansrocts. [Torpysurscsa B PearpHOCTS HEepeaIbHOCTH MOXHO JIM60 B MJUIIO3UH, HO 5TO He OyzeT
UCTUHHBIM IIOTPY’KeHHeM, J160 depe3 pacTBOpeHHe B PeanbHOCTH, TO eCcTh uepe3 HCYe3HOBEHUE
WJITIO30PHOTO YMa, U 9TO Ha CaMOM JieJle e IUHCTBeHHBIN ITyTh MT03HATh PeasbHOCTS.

PactBopsieTcs He MHAMBHIYaIBHOCTh, a YeJIOBEK-CMeCh, a MHIWBHUAYAJIbHOCTb, UeJIOBEK-
peasibHOCTh KaK pa3 BO3pOXKJaeTcsa B KadecTBe cBHZeresnd. BoT B KauecTBe desoBeKa-cMeCH B
3aIlyTaHHOCTH CBOeH BO BCeM, MHIUBHUAYalTbHOCTh AEHCTBUTENBHO TepseTcs, IOTOMY 4YTO OHA
CTAHOBUIIBCA KaK BCe, TO eCTh azentoM obmectsa. [Ilepexos B HesokanpHOe cocTosHUe PeampHOCTH
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— IIPOCBETJIEHUE, 3TO U €CTh ITOJIHOe HCUe3HOBeHHe ceOs-cMecu 6e3 CBOero HOBOTO BOSHUKHOBEHHU .
PeansHOCTH (MCTHHA), 5TO HE TeJIO, HE YM, I03TOMY HEKOMY U HeYeM YIIPaBJIATb.

Bce, uro kacaercs ¢opM B IpUpPOZE, TO OHH pPabOTAIOT B COOTBETCTBHUU C >XUBBIMU
IIpOrpaMMaMy, KOTOpble He TepSiOT CBiI3b ¢ EQUHOM MX CyThIO, C IIEPBOMCTOKOM, TO €CTh C
Peanproctsio. IloTepss oTOit CBfA3M, B KOHIle KOHIOB, PazpylIaeT KaXIyI0 POXAEHHYIO GopMmy,
IIOCKOJIBKY BCe POXKJeHHOe 0013aTeIbHO YMUpaeT.

YesioBeK, TO eCTb OOYCIOBJIEHHBIH yM, OTpakaeT Bce JajeKo He oO0bekTHBHO. Korza ym
YHCT, TO €CTh, KOTZA B HEM HeT Yel0BeKa, HeT HUYero, YTO AEPXKalo Obl ero B 00yCIOBIEHHOCTH,
IIOCKOJIPKY 4eJOBeKa B yMe HeT, OH HcYe3, MeTadhOpHYeCKH PAaCTBOPHJICA, OCTAETCI TOJIBKO
6uopo6ot, npupoxnsrii KK, co cBoumu npucymumu emy GyHKIMAME, KOTOpble B YHCTOTE yMa,
CTQHOBSATCS €CTeCTBEHHBIMU, TO €CTh UCIIOJIb3yeMble IT0 HeOOXOAMMOCTH PeaJbHON KU3HU (POPMBL.
buopo6oT, BRIMOJIHUT CBOM yTHJIWTapHbIe QYHKIUU, IIOKA TEJIO KUBO, B MHTEpecax He YeIoBeKa-
cMecH, 4TO OBLT B yMe (peKorepupys U JeKOTepHpys CMech), a B PeambHocTH (HeIOKaapHO, MO0
CHCTeMa 3aMKHYTa, HeT 4eJOBeKa HUIZe, KpOMe KaK B PeasbHOCTH), MOXXHO CKa3aTb TOT4/JIBHO
beccosHaTeIsHO U TI0 HEOOXOAMMOCTH CaMo¥i Ipuposl. ToIpKO B cBOOOZE OT YeI0BEKa, YM CMOXET
HMCTHUHHO Peain30BaThCs.

Korzma demoBek ¢ukcupyercs Ha IIO3HAHHOM, TO €CTh 32 KOHKPETHOM 3HAaHWUM, 4YTO
CJIydaeTcs B yMe, KaK MBIC/Ib, KaK ITaMATh, OH yIIyCKaeT cebs ocosHaHue. UeoBeK yIyckaeT ce6s,
KaK BCe3HaHWe, KOTOpPOe CTOWT 3a BCeM, YTOOBI OH He II03HaBaj, KOTOpoe OBLIO, ecTh U Oyzer
Bcerza. OHO OBLIO ellle O TOTO, KaK YeJIOBeK POJUIICI U OyZeT Iociie ero yxoza, nbo He 3aBUCHMO
OT pOXZeHHS U cMepTH. UTOOBI yzAep)kaTh BCe3HAHWe, OOYCIOBJIEHHOCTh C MBICIBIO JOJDKHA
WCYe3HYTh, MBIC/Ib JOJDKHA IIepecTaTh OBITh XO3IMHOM 4desoBeka. Ho, 4TO dYeroBeK MOXeT
IPeAIPUHATH 110 OTHOIIEHUIO K XO3AHMHY, €CIU OH IIOJTHOCTBIO B €r0 BJIACTH, €CIH OH 0Oe3 Hero
HUYTO, IIyCTOE MECTO.

C MBbICIAMU Heb3sd OOPOTHCS, UX HYXKHO 0€3MOJIBHO cOo3epuarh. To ecTh, Hy>KHO IIepecTaTh
nymate MbICTB. Ilo Mepe yriyOnmeHus co3eplaHusA, MBICAU, TO €CTh CMeChb OyZeT uCde3arb, B
TOYHOCTH, KaK KCYe3aeT HeJOKaJIbHOCTh IIeJIOCTHOCTU CYIIEeCTBOBAHHA IIPUPOABI B IIpolecce eé
mo3HaHus. Takoe, cebs TO3HaHME, €CTh IyTh K BCE3HAHWIO. B MCYE3HOBEHWM MBICTIEH,
peKorepupyeTcsi IEeTOCTHOCTH 9YeJOBEKa, B pe3yjIbTaTe UYero BMECTO MbIC/IEeH, BBI3BIBAIOIIUX
Iepe)XUBaHUsA JHIIb B TeJle, BOSHUKAET IIepeXXUBaHUe He Teja, He YMa, a OCO3HAHU, BCE3HAHUS.
XoTs 1 #eliCTBUe WIX IepeXUBaHUe, IIOPOXKAEHHOE MBICIBIO PeaTbHO, IIOCKOIBKY BKIIOYAET TETO
U ero CEeHCOPUKY, CaMa >Xe MBICJIb He peanbHa. MBICIU CHelaHbl M3 TOTO XK€ MaTepuasa, 4To U
cHOBUeHUs. MBICIN — 5TO TPe3bI HasABY.

A 4geoBeK, XOTh U KUBET B CO3HAHHUU B MJLIIO3UH, IPEPBaB B yMe CBA3b ¢ PeasbHOCTHIO, TeM
He MeHee, IIOKa TeJIO XXUBO, PeaJbHO, KaK 3€PHO, OH OCTaeTcs B PeasbHOCTH, XOTA U JIOKATIBHO
6eccosHaTenbHO it cebs1. V3aMeHeHHOe COCTOSHUE CO3HAHWS BO3MOXKHO MMEHHO IIOTOMY, 4YTO B
I1eJIOCTHOCTH CYIEeCTBOBAHUA HEJIOKAJIBHOCTh He paspylIaeTcs, BCe KOPPeJInpOBaHHO EnuHbIM Ay
BCero 3aKOHOM, YTOOBI IS 3TOTO He IpeAIPUHUMAJ YeIoBeK, TO ecTb yM. Ho ¢ ymom mpupercs
BCe-TaKU PACTOXKZECTBJISATHCSA, B MHOM C/ydae 3€PHO OCO3HAHHOCTH B UeJOBeKe IIPOCTO CIHUET.
[Tporexypa pacToX[eCTBIeHHSA 3aKIOYaeTcs B OOpalieHWH dYenoBeKa K cebe, K COOCTBEHHOM
JIOKaJIbHO# 6ecCcO3HaTeIhHOCTH.
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M3-3a GeccozHATeIBHOCTH YeNOBEK XXHBET B TOTAJIPHOW WMJUIIO3WM, OH He BeJaeT 4YTO OH
tBOpUT. IlyTh Bemanma — obpamenue k ce6e. CaMmoocosHaHMe - 3TO IpeXbABIeHHe cebs cebe xe B
ocosrarHOcrH. Ho Koro ce6a? He Tena, He sMomuii, He JeHCTBUM M IIOCTYNIKOB, a MBICJIH, TaM
yeJIoBeK, B IOMBICIAaX cBouX. V60, 4TO AyMaeT 4eoBeK, TO OH M eCTh. Bce, cirefryeT 3a MBICIAMH,
MBICJIN TOPAT: ,Z[eflCTBPIH, IIepeXXnuBaHuA, SMOIIMU — 3TO BCET'O JHUIIb ABIM OT HUX. Mgician TopAaT B
Orne Co3HaHuA (FeKorepeHIUsI—peKOTepeHIN). Y M IIPOCTO IIeYKa, I'le BCE OTO IIPOUCXOAUT.

MeICIM — UCTOYHUK BCEMY, YTO C YeJOBeKOM ciaydaercsa. Ho MMeHHO 5TO 4eOBEKOM U He
oco3Haercs. YesoBek MOXeT 00 3TOM 3HATh, TO €CTh ObITh MHGOOPMUPOBAHHBIM, HO 3TO He 3HAYHT,
4TO 5TO OyZeT MM Teleph OCO3HaBaThcA. Korza desoBeKOM BiafieeT Ta WIM WHAs MBICHIb, Ja elle
IpPU COIPOBOXIEHWH ee OOJBIIMM KOJHMYEeCTBOM OSMOLMI, OTCIeJIUTh ee HeT HHUKAKOU
BO3MOXXHOCTH. XOTs IMEHHO OHA U €CTh IIPUYMHA BCEMY.

YeoBek cOBepIIeHHO He HaydeH oOpaljaTh BHMMaHHe Ha cebd, TO eCThb Ha TO, UTO
IIPOMCXOJUT B €T0 XKe yMe, KaKhe TaM MBICIU. 10 eCcTh, IMEHHO K 3TOMY 4eJOBeK M OCTaeTCs
JIOKaJTBHO Oecco3HaTenbHBIM. Il05TOMY ueslOBeK JIeTKO BOBJIEKAaeTCA BO BCe, YTO MOXET OBITH
poxzeHo ero ¢anrasmeir. A yM, KpoMe KakK (paHTa3sHpoBaTh HHUYero OOJbIIe He yMeeT.
®danTazuposars — 3T0 ero pabora. He BaXXHO, YTO CIY)KUT TOTYKOM K (aHTA3UPOBAHUIO, TO €CTh K
MBIIUIEHHUIO, PasMbIILIEHUIO. JTO MOXET OBITh KAaKOH-TO (aKT MM CHUTyanud. BakHo, 4TO Y
yeJIoBeKa, B CBA3U C 3TUM, BO3HMKAIOT HA STOT CUeT COOCTBeHHBIe (DaHTA3MH, ACCOIIUAIIUY, MHEHUS,
NCTOYHUK BO3HHKHOBEHUA KOTOPBIX, OH HE OCO3HAET. A sTo 3HAYHUT, YTO OH HAXOJHTCA B TIOJTHOM
3aBUCHMOCTH OT cBoux MbIcieii. OTciofa melcTBUA, SMOLMH, IepeXUBaHHUA, HA KOTOPble OHHU
(MBICIIH) €r0 TOJIKAIOT.

6. 3axmouyeHue

ITyts x peanpHOI xu3HHU B PeaspHOCTH, 3TO IIpocBeTIeHue. [IpocBeTieHre COBEpIIEHHO He
MMeeT HU K YeMy\KoMy oTHourenue. Besa IIpupoza mpocBeTiieHa, XOTA U TOTAIBHO OECCO3HATETPHA.
ITpocBeTeHne — COCTOSIHUME ITOJHOW OCO3HAHHOCTH (BBIXOZ 32 IIpefiesibl LyaabHOTO yMa), IpH
KOTOPOM IIPOMCXOJUT pPacTBOpPeHHe OTO U HCYe3aeT OllylieHue ce0s HCIIONHUTENIEM, TO eCTh
MCYe3aeT MJLIIO3US BOJEU3BIBIEHNUA, Oarofaps 4eMy IPUHUMAETCA (L0 5TOro 3a6I0KMpOBaHHAS)
CIIOHTAHHOCTh YMCTBEHHOH JeATEIBHOCTH, B Pe3yJIbTaTe STOTO IIPOUCXOIUT Pa3TOXFECTBIEHHE
CO3HAHHA CO CBOMM TeJIOM M yMOM. TakuM 06pasoM CO3HaHWE OCBOOOXKJAETCS OT WJLTIO3MH U
CTAaHOBUTCS YWCTBIM CBHZETEIECTBOBAHHEM. DTO TPUBOLUT K COCTOSHUIO EJHHEHHA CO BCEM
OKPY KarOUIVM.

YesnoBek, Onaromaps CcrmocoO6HOCTH TIO3HaBaTh (OCO3HABATh) IIONAN B COOCTBEHHYIO
0eCCO3HATENIBHOCTb. JTU TOTAIBHAA H JIOKATBHAA OeCCO3HATEIpPHOCTH pasHble. Ilpupona B cBOei
Gecco3HaTeIBHOCTH IIPOCBETIEHA, YeloBeK — HeT. [Touemy? IloToMy 4TO YesroBeK, POXKIEHUEM Teja
(yma) yxe Bpumesr H3 IpHpOZBL, TONY4YWB IIOTHYIO CBOOOZLY OT Kakoil Obl TO HH ObLIO
3aIIpOrpaMMUPOBAHHOCTH, OT 3aIIPOrPaMMUPOBAHHOCTU IIPUPOZOIl BCETO CYILIETO, COCTOSAILIETO U3
¢dop™ B Buze GpuznuecKux 1 GHOIOTHYECKUX POOOTOB.

Bce cymecTBa B mpupoe yKe eCTb KTO-TO MM YTO-TO. UeIOBeK pOXAaeTcs KaK HUKTO, HO
9Ta JaHHasA 4YeJOBEYECKOMY CYIIECTBY CBOOOZA He KMMeeT HHUKAKOTO IpefHAa3HAUYeHWs, a, CTAJIO
OBITh, OHA U He IIPeJHA3HAYEHA JJIS TOTO, YTOOBI CcoZepkarth nake tesno. Camo ke Teo, KpoMe ero
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BHYTpeHHUX GYHKIMII HM Ha 4TO Jpyroe He 3alporpaMMMPOBaHO, KaK 3alpOrpaMMUPOBAHO,
HaIpUMep, TeJO JTI00OTO JKMBOTHOTO WJIM PacTeHHsA B IIPUPOJE Ha KOHKPETHYIO B IIPUPOJeE
CYIIHOCTH C ee QYHKI[USIMY BbDKUBAHUS.
YeoBeK MOXXET BCe, OZHAKO €My HYXHO UM CTaTh, YTO BO3MOXHO TOJIBKO OLHUM CIIOCO60M
— LIeHO¥ NOTepu JAHHOMH eMy OT poXxAeHusA cBoboxbpl. CBoGOABI cBOOOZHOTO yMa. YesnoBek Tepser
cBOOOZYy, mepebUpasach B yM, B 3HAHUA, B IIPOTPaMMBI, U 3a6b1BaeT 00 3ToM. Hampous 3a6sIBaer u
CTaHOBUTCSA JIOKAJIBHO O€CCO3HATETBHBIM.
ITpuposa yemoBeka faeT ABe aTbTepPHATHBEIL:
- OBITH ecTeCTBeHHBIM uesioBekoM (6uopoborom H1) B PeansHocTu, He B yme, HO ObiTh Ee
3€pPHOM, ITOT€HIIMAJIOM PAaCKPBITUA YeIOBeKa B OCO3HAHHOCTH cebst, UIu
- OBITH 4eJI0OBEeKOM-CMECHIO, B yMe, B 3aIIpOrPaMMHUPOBAaHHOCTH cebs Ha desoBeKa (61opoboTa
H2) ¢ BnonHe omnpeneneHHbIMU HABA3AHHBIMH YE€JIOBEKY 00LjecTBOM (QyHKUUAMHU yMa U
TeJia, HalIPABJIeHHbIMY Ha HX )XKe BBDKUBAHUE.
3azada yesoBeKa, HAYYUTHCA OTO OTIMYATh, TO €CTh HAYYUTHCSI OTIMYATh, B Y€l OH B TOT
WM WHOM MOMEHT 3aBUCHMOCTU. HayduTbcs OTIHYATh, YTOOBI OLIyTUTH, IOHATH, OCO3HATH, UTO
CaMo 3TO OCO3HaBaHMe, KaK CBOOOZA BBIOOpa B UeOBEKE eCTh CIOCO0 MOAYMHEHUS TOH MIM WHOMN
3aBHCHMOCTH B ceGe:
- 7n60 3aIPOrpaMMUPOBAHHOCTU Ce0sA, TO eCTh CO3TAHHON YeJOBEKOM H OOIecTBOM B cebe
HCKYCCTBEHHOH PeaybHOCTH,
- anb0 KUBOWM eCTeCTBEHHOH mpupoge, PeampHocTH, 4TO Tak e ecTh B cebe, Kak
3aIIPOTPaMMHUPOBAHHOCTS ceOst PearpHOCTHIO.
A 5TO TOBOPHUT O 32JIOKEHHOM B YeJIOBeKe ITOTEHIIMale Peajn30BbIBaThCA B KaUecTBe CaMoil
aroii cBobomsr (HO), xak OT COOCTBeHHOI  3aIpOrpaMMHUPOBAaHHOCTH, TaK U  OT
3aIIPOrPaMMHUPOBAaHHOCTH PeasbHOCTHIO.
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IIpepmoxeH HOBBIM MeTOJ, MPAaKTUYECKON peaju3alyy OIpe/ie/IeHUs eIVHUIIBI JJIMHBI U
M3MepeHUil JIMHeWHBIX pasMepoB, OCHOBAHHBIN Ha BpeMA-4aCTOTHBIX M3MepeHUAX. PaccmoTpeHa
BO3MOXXHAsf CXeMa, peajlusylollas OSTOT MeTOZ, C IpUMeHeHHeM BOJIOKOHHO-ONTHYeCKUX
KOMITIOHeHTOB. Okmpjaemas paspelIaomas CIOCOOHOCTh JHHEHHBIX HU3MepeHHil — IOopsAKa
0.0005 am. IIpemnoxeHHBIH MeTOZ, M YCTPOHCTBO MOTYT HANTH IIpUMeHEHHe B METPOJIOTHH,
TeXHHKe (PU3NIECKOTO HKCIEPUMEHTA, B TPaBUTALIMOHHBIX aHTeHHAaX ¥ Ap. IIpemiaraeMsrii MeToz
OTBeYaeT Ue0JIOruy peOpMUPYEMOIi CUCTEMBI eTUHUIL u3MepeHus Sl.

B mociemHue mecATnIeTHs HaYaJICa HOBBIH OTall B 00J1aCTH METOZOB U TEXHUKH U3MEPEHUN:
a) OTKPBITUA KBaHTOBBIX oddekToB [Ixozedcona u Xosra ompezmenuiy CyLUleCTBEHHO HOBBIH

IOAXO0Z, K IPeIM3OHHBIM DJIeKTPHUYeCKUM U3MepeHUIM;

b) yCIlexy B JIa3epPHOM CIIEKTPOCKONIMH BBICOKOI paspellarolieii CIIOCOOHOCTH ITO3BOJIMIIM
CO37]aTh YHUMKaJIbHBIE METOABl IJYOOKOTO JIa3epHOTO OXJIAXAEHWs, a TakKkKe HOBbIE
yHUKaJIbHBIe CTaHAAPTHl YacCTOTHI (B IEPBYIO Ouepenb BBICOKOCTAOMIIBPHBIE CTAHAAPTEHI
ONITUYECKUX YACTOT) ¥ HOBBIE METO/bI IIPELI3MOHHBIX U3MEPEHUI STUX YaCTOT;

c) CO3/laHMe CKAaHUPYIOUIUX TYHHEJbHBIX, aTOMHO-CHJIOBBIX M JAPYTHMX MHMKPOCKOIIOB U
YCTPOMCTB IIO3BOJIMJIO HAayaTh MCCIEJOBAaHMA B HAHOAMAIIa30HE M II€PEOCMBICIUTL MHOTHE
dbusmyeckre ABI€HUA, IIPOUCXOAAIINE HA HAHOPACCTOAHUAX.

Bce 5T0 BBI3BaJIIO HEOOXOZMMOCTH II€PECMOTPA OIIpeJeIeHUIl eINHUL, U3MEPEeHHI, a TaKxKe
pedopmsr cuctemsr emuuun SI [1]. B HOBo#l cucreme OyzeT Bcero ofHa OCHOBHAs eNUHULIA —
efuHUIA BpeMeHM ceKyHpa. OcranpHble eZWUHULBI OYAYT IIe€peoIpefiesleHbl dYepe3 eNUHUILY
BpeMeHHU (MM 4epe3 YacTOTy) U HECKOJIBKO (PyHJaMEHTaTbHBIX (PU3MIECKUX KOHCTAHT: CKOPOCTb
cBeTa B BaKyyMe ¢, KOoTopas yTBepkieHa B 1983 romy, xak TouHas; moctosHHyio llitanka 7;
3JIeMEHTApHBIH 3JIeKTPUYeCKUH 3apaf € MOoCTOSHHYI0 bonpumana & uwmcino ABorazpo Na m gp.
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[lepeonpeseienue enuHUI, M3MEpeHUI BiIedeT 3a COOOH BaXXHYIO IPOOIEMy — BO3MOXHOCTB
IIPaKTUYeCKOH peanu3allid HOBBIX OIpe/le/IeHUH STHX eJMHUI, BMeCTO BOCIIPOM3BEJeHUA STUX
eIMHMUII COTJIACHO KaKMM-THOO MeXTyHapOAHBIM JOTOBOPaM (KaK 5TO OBLIO CZeslaHO, HallpuMep,
g epuHUB AurHBI). COTIACHO ONpefiesleHUIO, eUHUIA JJIUHBI — METP — eCTh pacCTOAHME,
KOTOpOe IIPOXOJMT CBeT B BaKyyMe 3a BpeMd 1/c (rze ¢ —3HauyeHMe CKOPOCTH CBeTa B BaKyyMe).
ITpakTiyeckoil peanwsaly 3TOTO OIpefie/ieHHS MeTpa A0 Hacrogumiero BpeMmeHu HeT. OcHOBHafA
BO3HUKAIOIasgs IIPH 3TOM IHpobseMa CBfA3aHA ¢ (uKcanyuell HAaYaJbHOW M KOHEYHOH TOYeK
M3MepsAeMOro (MIM BOCIPOM3BOLUMOrO) IIPOCTPAHCTBEHHOTO MHTEPBAIa C TpeOyeMOil TOYHOCTBIO.
ITosToMy MeTp BOCHPOM3BOJUTCA He IO BpeMeHHU IIPOXOXAEHHS CBETOM IIPOCTPAaHCTBEHHOTO
MHTepBaJa, a MeTojaMH JasepHoil uHTepdepomerpuu nepememenuit (JIWII), ¢ mpumenenuem
CTaOMJIM3MPOBAaHHBIX IO YacToTe yasepoB. Hawmrydmas touHocTs, mocturHyTas meromamu JIMII,
oIpeesnsercs paspemraronieil crmocobroctsio nopaaka 0.02 um. /lnga pa3BuUTHA HaHOTEXHOJIOTHH, B
OCOGEHHOCTH B 3JIEKTPOHHOM ITPOMBINLIEHHOCTH, y>Ke BOCTpeOOBaHBI Ooyiee BBICOKHE TOYHOCTH.
Huxe mzoskeHs! HalIK ITPeJIOKEHUA 10 BO3MOXKHOCTH PellleHUs 3TOH IIPOOIeMBI.

Hamu mpepjoxeH HOBBIM MeTOZ, JTHMHeWHBIX M3MepeHHH, a Takke IIPaKTHYeCKOH peajusaluu
onpezeNeHUs eNUHUNBI [JIMHBI U ee BOCIPOH3BeJeHHd, OCHOBAHHBIM HAa BPeMA-YaCTOTHBIX
usMepenusx. Ha meroz momyuen marent ['pysun [2] u mpeioskeHsI HEKOTOpPBIE CXeMBI yCTPOHCTB,
KOTOpBle MOTYT peaju30BaTh 3TOT MeToh. OCHOBHBIM D5JI€MEHTOM STHUX YCTPOHCTB SBJIAETCA
MIOJIHOCTBIO ONTHYECKUI MYJIBTUBHOPATOP — PeIaKCAllHOHHBIM IeHepaTOp ONTHYECKOrOo MeaHJpa
(I'OM), mocTpoeHHBIH Ha 3aMKHYTOM KOHType peTyJIupyeMOil BOJOKOHHO-ONTHYeCKOH 3aJepsKKH, C
npepsiBaHueM cBeTa cBeroM. Cxemarnyecku ['OM omucan B [3, 4]. 3aABKM Ha ITaTeHTHl HA BCE STU
yCTpoiicTBa HaxXomATCA B Ipomecce paccmorpeHus. OxujaeMas paspeliarouias CIIOCOOHOCTSH
JMHeWHBIX M3MepeHUH STUMM YCTPOMICTBAaMH IIpM M3MepeHHAX B HaHOJMAala3oHe, II0 Halei
ouenke — nopazaka 0.0005 M (Ipu co6II0i€HUY COOTBETCTBYIOIUX BHEITHUX yCJIOBUIA).

CymHocTs npesyIoKeHHOTO MeTOIa OACHUM YTIPOIeHHOM CTPYKTYPHO#H cxeMoli ycTpoiicTBa
M3MepeHUs JIMHeHHBIX IepeMellleHUi, IpuBefeHHOH Ha puc. 1. B manHOM ycTpoiicTBe ONMOpPHBIM
ABJIAETCSA CTAaHZAPT YaCTOTHI, @ U3MEPUTEIBHBIN KaHau mpegcraBageT coboir I'OM, mocTpoeHHBIiH
Ha KOHTYype 3aMKHYTOH perynupyeMmoii onrudeckoil 3azepsxku (O3). MsnrydeHne HeIpepsIBHOTO
nasepa LS BBogutca B KOoHTYp O3 uepe3 BXoz a mpepsIBaTesa cBera cBeroM Br. IlpepsiBarens Br
IIPOITyCKaeT M3JTydeHHe Ja3epa, KOorja OTCyTCTByeT U3TydeHHe Ha eTo yIpaBJgiouieM Bxoge b, u He
IIPOITyCKaeT, eC/IM Ha BXoJ, b mamydyeHue nocrymnaer. Msrygenue sasepa, mpome/inee IpepeIBaTess,
memutca cBerogenutesneM SP Ha gBa sryda. OguH u3 HUX (OTPaKeHHBIH JIyd), Yepe3 YCUIUTEeNb
onrudeckoil MomHOcTH (OA, HampaBifeTcs Ha OTpakaTenb K (yCJIOBHO IIOKa3aHHBIH B BHUe
nogBwkHOM mpuamsl). C BeIXoma orpaxartens K JIyd Jasepa, IpOHAA [OIMOMHUTENbHYIO
perymupyemyio O3 AD, nocrymaer Ha Bxon b mpepsBatens Br. Ilpu HempepeIBHOM H3JITy4YeHHUH
nmaszepa LS B Takoil cucreMe [JO/DKHA (GOPMHMPOBATHCA HeENPephIBHAA IIOCIeJ0BAaTeNIbHOCTD
IPAMOYTOJIBHBIX KMITYyJIbCOB CBeTa C JJINTeNBHOCTBIO 1,=L/c ¥ Tay3oif MexAy COCeTHUMU

umnynbcamu 1p, mpudem T, =L/c =T, rae L=n | — onThyeckas AJWHA 3aMKHYTOTO KOHTYpa
O3, / — reomerpuyecKas IJIMHA STOTO KOHTYPA, & N, — CPEHUI MIOKa3aTeNlb IPEIOMICHHS CPeibl

KOHTYPa, B KOTOPOH PacIpOCTpaHAeTCA CBeT. TakuM 00pa3oM, B OIIMCAHHON CHUCTeMe TeHepUpyeTCs
ONTUYeCKHUH MeaH]p, BpeMeHHble XapaKTepPHUCTHKU KOTOPOTO OIpefefAloTCsS pa3MepaMu KOHTYpa
O3. llockoneky T, =T,, 9acrora f IOBTOPEHUs UMITyJIbCOB CBETA MEAHZIpPa NMEeeT BUJ
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Cucmema cnuyenuii yacmom umnynvcoe F'OM ¢
4acmomamu CUZHaN068 CMAHOAPMA 4aACHONbL

Cmanoapm |
yacmomol
FS FC

Pucynox 1. Cxema, noscHsIonas mnpejjaraeMslii METOZI,.

Ha puc.1 wusmepsemsiii o6bekr ob6osHaueH MO. Otpaxarens R >KeCTKO CBA3aH C
YCTPOHCTBOM HaBeJleHHA Ha u3MepseMsiii 00bekT (YH), koTopoe Ha puc. 1 o6o3nageno uepes P. B
kKagectBe YH MOXHO KCIOIB30BaTh, HAIpUMeEDP, 30HZ, CKAHUPYIOUETO MUKPOCKOIIA, IOJIOXEHUS
KOTOPOTO OIIpeZie/III0T HAYaJAbHYIO X KOHEYHYIO TOYKM BOCIIPOM3BOAMMOrO (MJIM H3MEpSIeMOro)
IIPOCTPAaHCTBEHHOro MHTepBana. [Ipu m3MeHeHUM IONOXKeHHA OTpaxarent K, m3Mepsemas (Miu
BOCITPOHM3BOAMMAsA) AauHAa A/ MOXeT OBITH OIpefieleHa II0 M3MEHEHHIO YacTOThl HMITYJIbCOB,
reHepupyemsix B 'OM. Vcnonpsys BeipaxkeHue (1), jerko moxasaTh, YTO HMCKOMOe 3HaueHue A/
PacCTOSHUA MeXAy [ABYMs IOJIOKEHHAMU oTpaxarens R (mpu HaBesenuun YH P Ha Toukwy,
orpaHuYHBaioLIMe u3MepseMsiii 06bekT M), onpesenseTcs BhIpaKeHHEeM:

Al==(1,-T) == L 1| cth=1fH) )

an Tl f, £) anff,

rae i u £ — 3HaYeHUs 4aCTOT MMITYJIbCOB, reHepupyeMsix B 'OM, cooTBeTcTByIONUMIE HAYAIBHOMY
1 KOHeYHOMY IIOJIOKeHUIo oTpaxkarensd K, 7i u 72 — mepuojpl IOBTOPeHHUA 3TUX UMITYJIbCOB, 11 —
3HaYeHUe IIOKasaTessd NPeJIOMJIeHUSI Cpefbl, B KOTOPOil mepeMenraeTcs oTpaxarens K. IIpu stom,
MHTepBaJI BpeMeHU Af, B TedeHHe KOTOPOTO CBET IIPOXOAUT MEXAY STUMH TOYKAMHU, pPaBeH
Ar=Al/c.

B npesoikeHHOH cxeMe IO U3MEHEHUAM YacTOTHI IIOBTOPEHU UMITYJIbCOB, TeHePUPYeMbIX
B CHUCTeME€ MOXXHO HU3MepATh HM3MeHeHHe IJIMHBI KOHTypa 3aMkHyToii O3 (uiam wu3MeHeHUe
VMHTepBajJa BPeMEeHU IIPOXOXKZEHHUSA CBETOM ee 3aMKHYTOTO KOHTypa). Takum o6Gpa3oM, dacToTa
CTaHOBUTCA BeIWYMHOM, CBA3bIBaiomed anuHy KoHTypa O3 m BpeMa 3aZlepKKU. JTY YacTOTy
MOXXHO CJIMYaTh C YaCTOTAMM CUTHAJIOB dTAJ0HA YacTOTHL. JIJIg 3TOro BTOPOM JIyd, BEIXOIANIUM M3
cBerozenuTens SP, Hampasnserca Ha (oTonpuéMHUK PAR, ¢ BBIXOJAa KOTOPOTO CHUTHal (yXe B
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3JIEKTpUYeCcKOi (popme) mOCTymaeT Ha CHCTEMY CIMYeHMs 4acToT FC, Ha BTOPOH BXOJ KOTOPOIt
IIOCTyIIaeT CUTHAJ dTajoHa 4acToTsl FS. Ilo mameperHbIM ¢ momombio FC U3MeHEeHUAM YacTOTHI,
HCIIONB3Yys BBIpaKeHUe (2), MOXXHO OIIpeJie/IUTh 3HaUYeHUe BOCIIPOM3BOZMMOIO MU H3MepAeMOro
IIPOCTPAHCTBEHHOTO WHTEPBAaJIa.

B xavecTBe cHCTeMBI CIMYE€HUS YaCTOT MOXKHO HCIIONIB30BaTh (Pa30-4aCTOTHBIN KOMIIAPATOP.
YuuTeIBasA, YTO M3MEHEHHE YaCTOThl MMIIYJIbCOB Af = f, — f, ompegendercs M3MeHeHHEM JJIHHBI
koHTypa O3 (T.e. M3MepsAeMBIM WJIU 33a/aBaeMbIM IlepeMelnieHueM YH), a xoMmmaparop usamepser
OTHOCHUTEJIBHYIO PpasHOCTh 4acToT Af/f;, Al MOXHO BBIYMCINUTH W3 BBIpaXeHHUA (2), KOTOpoe

HCPE]’[I/IH_IGM B BHUJeE:
el 1A e AfIf)
an\ f, f,) Anfi(fi+Af) An f[1-(=Af/£)]

Ecnu AJIA OIIpe,D;EJIéHHOCTI/I CYUTATh, 9TO IIPHU HABELEHUU YH Ha KOHE€YHYIO TOYKY M3MEpAEMOIO

Al

3)

o6bekTa AnuHa KoHTypa O3 yBenmduBaeTcs, TO B 3TOM Ciydae dacrora f, < f, u 3HadeHume Af
orputarenasHo, Af<O0.

ITpomecc Bocmpou3BefeHUA eNWHULBI IJWHBI (MJIM WM3MEpPeHHA JIHUHEHHBIX pPa3MepoB
00BeKTa) IIpe/IOKEHHBIM METOJOM pasfiesifeTca Ha /JBa OSrama. llepBeIii 3Tam — yCTaHOBKA
HAaYaJbHOM TOYKM, OTHOCHUTEJBHO KOTOPOH /[JOJDKHA  OBITH  BBIIOJIHEHA  IIPOIeAypa
BOCIIPOM3BeJIeHUsA MIM H3MepeHud. [Ijga sTOro orpakarenb KR ycTaHaBIMBaeTCcs B HadaabHOe
moyioKeHue, Ipu KotopoM YH P HaBesieHO Ha HAaYaJIbHYIO TOYKY BOCIIPOM3BOZMMOIO MHTepBaa
(wnmu namepsemoro oosvexra MO). B 3TOM mosokeHUH, M3MeHEeHNEeM JIMHBI BcroMorarteasHoi O3
(mepememras orpaxarens AD nononaurtensHoi O3) ycraHaBauBaeTcsa TpebyeMoe 3HaYeHME JaCTOTHI
reHepUpyeMbIX UMITyIbCOB Ai. KearepHO yCTaHOBUTH 3HAaYeHHUE YACTOTHI fl, paBHOE OJHOMY U3
IPUHATHIX B 00JIaCTH M3MepPeHUH BpeMeH! U YaCTOTHI 3HAYeHU I CTAaHJAPTHHIX YaCTOT — HAI[pUMep
5 MI'm mau 10 MI'n (#na DpUBA3SKM K OZHOW M3 CTAaOMJIBHBIX PellepPHBIX TOYeK IPHU CINYeHUU
vgactoT umIryabcoB 'OM ¢ wacToTO# curHANIOB 3Tas0HA YacTOTH). /I onpesereHHOCTH, BeIGepeM
3HaveHue 4actoTsl f,=5MIn. DTo 3HaYeHMe YACTOTHI MOXeT OBITH 3a/JaHO (CHHTE3MPOBAHO) OT

STaJIOHa dYacTOThl FS W mojaercs Ha OLWH M3 BXo#oB Kommaparopa FC. Ha Bropoii Bxof,
KOMIIapaTopa IIOJaloTCs UMITYIbCHI, reHepupyeMbie B I'OM. [lepememenue orpakarens AD npu
TAHHOU yCTAaHOBKe HAYaJIbHON YaCTOTHI IPOU3BOAUTCA O COBIAZEHHA YacToTsl uMiryrbcoB 'OM c
YCTaHOBJIEHHOH 4YacTOTOH CHMTHanoB dTajoHa dacToTel f,=5MIT. Ilpu nmpuHATOM 3HadeHUH

c = 299792458 wm/c 310 03HadaeT, 4TO, corsacHo (1), ycraHOBIeHa ONTHYeCKasd IJIMHA 3aMKHYTOTO
KoHTypa 3azepxku ['OM, paBHas La = 29.9792458 M (c mOrpenrHOCTHIO yCTAHOBKY 9aCTOTHI £). DTO
IOJIOKeHUe oOTpaxarend 8 QuKcupyeTcs, YeM U 3aKaHYMBAETCA IEepBBIN 3Tam. PesympraTom
ABNIAeTCS (PUKCAlMA HAYaIbHOTO IOJIOXKEHMS OTpaxkarens K, TOuHee — Ha4yaJbHON TOYKHU MJIA
peanu3anuy eJUHULBI AJIUHbBI WK U3MEPeHU TnHeiiHoro pasmepa oosexta MO.

ITpu Bocmpou3BeseHUN eZMHUIIBI JJIMHBI, Ha BTOPOM JTalle IIPOM3BOAUTCS IlepeMelleHue
orpaxaressa K Ha 3aflaHHOe paccrosHue (Hampumep, Al=1m). [l IpOCTOTHI MPEAIIOI0XKUM, YTO B
IIPOCTPAHCTBE, Ie IepeMellaeTcss OTpakaTeab K, CBeT pacIpocTpaHsAeTcsa B Bakyyme. Ilostomy B
pacuérax MOXXHO KCIIOJIB30BaTh 3HAUYE€HHE CKOPDOCTH CBETa B BaKyyMe, TeM CaMbIM HCKJIIOYHUB
IOTPeIIHOCTh, CBA3AHHYIO C ITOKa3aTesIeM IIpPeJIOMJIEHHA BO3LyXa. Y UYTeM TaKXKe, YTO IepeMelleHre
orpakarens KR Ha paccTosHue A/ BbI30BeT M3MeHeHUe ONTHYecKo# aauusl KoHTypa O3 Ha 2A7
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[ToaTomy npu nepememenuu orpaxkarens K Ha paccTosHue Al =1M onTuyeckas JjIMHa 3aMKHYTOTO
KoHTypa 3azepxxku 'OM nu6o ymeHnsmurcs fo 3HaueHUs La = 27.9792458 M (aTo cooTBeTCTBYyeT
HOBOM uactore £ = 5357407.775445 T'n), nubo yBenuunrcsa no 3HaveHus Lo = 31.9792458 m (aro
COOTBETCTBYeT HOBOM uacrore f; = 4687298.754244 I'n).

AHaJOTMYHO TOMY, KaK 4acrora Al 3aZiaBajach Ha IIepBOM 3Talle, IPU BOCIPOHU3BEeJEeHUH
eIVHUIBI JJIMHBL yacToTa £ (wam £) MoxkeT OBITH 33laHa (CHHTE3WPOBaHA) OT BHEIIHETO 9TAJIOHA
yactoTel. Ilepememenmem orpaxarens K ycTaHAaBIMBaeTCA HOBAsg 4YAaCTOTA TeHEPUPYEMBIX
HMITYJIBCOB, KOTOpasg Ha BTOPOM STalle IOJDKHA OBITh paBHA £ (nnu £). Ilepememenue orpaxkarens
R mpexpamraercs, Korja dacrora reHepupyeMsix uMnyascoB 'OM coBmazer ¢ 3ajlaHHO# 4acTOTOH
£ (mnm £) CUTHAJIOB 3TaJOHA YaCTOTHI (C MAaKCHMAaJIbHO BO3MOXKHOM paspelraronieii ClioCOGHOCTHIO
kommaparopa FC). HoBoe mosnoxeHue oTpakaTens R JODKHO COOTBETCTBOBAThH IlepeMeEIleHUI0 Ha
3asaBaeMoe paccrosiue (Al/=1m). Ha sTOM 3akaHuMBaeTCs BTOPOIi 9Tal, pe3yJIbTaTOM KOTOPOTO
ABNIAETCA (GUKCAIUA BTOPOTO IIOJIOXXEHHA OTpaxKaresa K, HaXOAAIerocs OTHOCUTEIPHO HaYaIbHOH
TOYKM Ha PAaCCTOSHUM, PaBHOM pa3Mepy eIMHULBI JAJUHBI (IIPH ee BOCIpOu3BeleHHHU). T.e.
pelraercs 3a7a4a GUKCALIMY 33JaHHBIX ABYX TOYEK IIPOCTPAHCTBA, OTPAHMYMBAIOIINX 3a[aBaeMBbIH
IIPOCTPAHCTBEHHbIN MHTEPBAJ, Yepe3 KOTOPBIH PaCIpOCTPaHAETCA CBET (IPU4YEM, B OTIMYHE OT
merozoB JIWII, B craTuyeckom pexxume). B ciydyae m3aMepeHUs JTUHEWHBIX Pa3MepoOB OOBEKTA,
IEepBBIMl STAll OCTAeTCA HEM3MEeHHBIM; Ha BTOPOM STalle IIpOollecca M3MepeHMs OTpaxarenb K
yCTaHaBJIMBAaeTCA HAa KOHeUHYI0 TOuKy oOvekra MO. B 3TOoM ciy4ae dYacToTa IOBTOpEHUSA
MMITYJIBCOB CBETa CTAHOBUTCA PaBHOII fi. VI3 BeIpaskeHU (2), B KOTOPOM BMECTO £ CjefyeT IPUHATh
3HA4YeHHe fI, MOXHO OIIpeJle/IuTh JINHY usMepseMoro o6wvekra MO (TOYHOCTD M3MepeHHs Oyzer
OTIpeIeIATHCSA TOYHOCTHIO U3MepeHuit yactot A u fi).

ITpu ucciremoBaHMAX M aHa/IKW3e BO3MOXKHOCTH IIPAKTHYECKOH peaTH3aluy IIpeI0XKeHHBIX
HaMH YaCTOTHOTO METOJia U YCTpO#CTBa TpeOyeTcs pelleHHe HEKOTOPhIX TEXHUUYECKUX IIPobieM,
HaIpUMep, pellleHHe IPAaKTUYeCKOH peaju3alliMl CXeMblI IIpephIBAaTeIs CBETA CBETOM, KOTOPBIi
BKIIOYeH B KOHTYp 3aMKHyToi O3. B [4] m HeKOTOpBIX Ipyrux HalIMX IyOIHMKAIIUAX TaKOH
IpepbIBaTeNb  INIPEeAJArajloch  BBIIOJHWUTH C  HCIONAB30BaHMEM 3ddeKra  ONTUYECKOTO
MOJAPU3AIMOHHOTO TalleHWd, OCHOBAaHHOTO HAa M3BECTHBIX CBOMCTBAX IIOJIAPU30BAHHOTO
KOTepeHTHOTO MOHOXpoMaruueckoro cBera [5]. Kax um3BecTHO, ecin COBMeCTUTH [Ba CBETOBBIX
IIOTOKA C IIPOTUBOIIOJIOKHBIMU KPYTOBBIMM IIOJIIPU3ALMAMY, IIPU PABHBIX HMHTEHCHUBHOCTAX
COBMeI[aeMbIX IIOTOKOB CyMMapHBIH CBETOBOI ITOTOK CTAHOBUTCS JIMHEHHO ITOJIAPU30BAHHBIM. DTOT
CYMMapHBIl CBETOBOI IIOTOK MOXXHO IIOTAaCHTh, €CIH II0 XOZYy €r0 PacIpOCTPaHEHHSI YCTaHOBUTH
JIMHEWHBIH IOJNAPU3ATOpP, IUIOCKOCTh IIOJAPHU3AIMU KOTOPOTO CKpellleHa  C IIOCKOCTBIO
MOJIAPU3AIUK JAaHHOTO NoToKa. CKasaHHOe IIpeACcTaBiaeHO Ha puc. 2. [lns paboTel JaHHOMH CXeMBI
HeOOXOJUMO, YTOOBI BXOJHbBIE CBETOBbIe IIOTOKM /i M f ObUIM JIWHEHHO IIONApU30BaHbL. Jjsa
IIOJlyYeHUs IIOTOKOB C IIPOTHBOIIOJIOKHOM IMPKYAAPHON IIOAApU3aliedl II0 XOAy JIMHEWHO
HOJIIPU30BaHHBIX JTydeit 1 u 2’ ycraHOBieHbI KpyroBsle mosspusatopsl WA u WPF (BomHOBbIe
(dasoBele IUIACTMHKH, OZHA M3 KOTOPBIX Y4-BOJHOBAf, a BTOpas Y4+-BOJHOBAfg). Perymupyemsre
arreHtoaTopsl Af u Af yCTaHOBIEHBI I BBHIPABHUBAHWA HHTEHCUBHOCTEH IIOTOKOB,
MOCTYTAOIUX Ha cyMMaTop M (Hampumep, IOIYIIpo3pavyHOe 3epkano). B pesysnbrare, Ha BEIXOZE
cymmaropa M moxydaeM JMHEHHO mHOnApu3oBaHbIi cBeT. Ilocie cymmaropa M mo xomy myda
yCTaHOBJIEH “TacAMui~ JTUHEHHbIN nosapusatop LF (aHain3aTop).
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Cymmamop

Bxoo 2

LP, (Ananuzamop)

Bbixoo

Puc. 2. Cxema npepbIBaHUs CBE€Ta CBETOM

LP — jnumnelinble nOaaApu3amopsl
WP — gonnogsle hazoevie NIAGCMUHKU (YUPKYIAPHbIE NONAPUZANOPbL)
At — pezynupyemoie onmuuecKue ammeHOamopbsl

Pucynox 2. Cxema IIpeprIBaHuA CBETa CBETOM.

B-0 konnumamop- Onmuyeckuit
e goxycep ycunumens
3epkano

RM

Yempoiicmeo \
VH HaeedeHus Ha O

usmepaemolii

obvexm Atlzav

Hsmepaemviii
06vexm

PC,

Polarizatior: Controllers

Puc.3. YnpoueHHas cxeMa U3MEpUTEJbHOI0 YCTPUIiCTBA ¢ npuMeHeHuem BO KOMIIOHEHTOB

Cmanoapm
uyacmomat

OGo3HayeHns Ha cxeme:
OSC - optical splitter/ combiner (8on0konHO-
onmuyeckull pazeemeumens —CyMmamop)
PRA — Polarization Rotator/Analyzer (8or0xonno-
onmuyecKuli 8pawamenb U AHAIU3amop
nAOCKOCMU NOAAPUZAYUL)
P - nunetinviii nonspuzamop
At — 80710KOHHO-ONMUYECK UL AMMEHIOAMOP
RM- removable mirror (nodsusicnoe 32pkano)

[ /2, 2/4 — B-O gonnogvie pazogvle niacmunku
PC - Polarization Controller (B-O ynpasnsiemvii
KOHMpOInep 3a0anHOl NONAPU3AYUL)
FL| «— FL- Fiber Lightguide (ompe3sox B-O ceemosooa,
e KOMOPUbLU 6KI0YACMCSL 8 3AMKHYMbLI KOHMY]D
onmuyeckou 3a0epcku I'OM, umobw
YCMAHOBUMb ONMUMATLHYIO ONUHY KOHMYPQ)
PR — Photoreceiver (ghomonpuémmnux)
F - Selektive filter (usbupamenshuiii punomp)
® M — Mixer (cmecumens)
PR
% ‘
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0S¢, 2
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g
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Pucynoxk 3. YnpomenHas cxema U3MepHTEIbHOTO

ycrpoiicTBa ¢ mpuMeHeHneM BO xoMmoHeHTOB.
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C ydyeToM Takoro pelleHHs CXeMbI IIpephIBaTesisi CBeTa CBETOM, Ha PHUC. 3 NpeACTaBIeH
BapHaHT YIPOIIEHHOH CTPYKTYpHOI CXeMbI YCTPOMCTBA, PeajM3YIOIero ONMCAHHBIM YaCTOTHBIMN
METOZ, C BO3MOXHBIM IIPHMEHEHHEM BOJOKOHHO-ONTHYECKUX KOMIIOHEHTOB (B TOM 4YHCIEe U
HMOJAPU3AIMOHHBIX), HAa OCHOBE KOTOPOM MOXHO CO37aTh OoJjlee IIPOCTOe IO KOHCTPYKIUHU
YCTPOHCTBO, C COXpaHEHHEM OXXUJ]AeMbIX TOYHOCTHBIX U JPYTUX XapaKTePHUCTHUK.

OpHoit u3 mpobieM, CBA3aHHOM C NPAKTUYECKOHM peaynu3anyiell OMMCAaHHOIO YaCTOTHOTO
MeTOZa U3MepeHUs JUHEeHHbIX pa3MepoB, ABIAeTCI TpeOyeMas peryanpoBKa AauHbI KoHTypa O3
IpU IpUBeleHUH 4YacToTel Ai mmmynascoB cBeta ['OM, cooTBeTCTByIOmIeil HA4yaJbBHOI TOYKe
M3MepseMoro oOBeKTa, K CTaHAAPTHOH 4dYacToTe fi: 9TajoHa dacToTel. Jlnsa sroro B [2, 4]
npepsaranock B KOHTYp O3 BBeCTH [JONIOTHUTENBHYIO PETyJIHPyeMYIO OINTHYECKYIO 3a/epXKKYy.
Pazymeercs, sta [JONONHUTENbHAsA ONTHKO-MEXaHWYECKas CHCTEMa YCJIOXHAET KOHCTPYKLIHIO U
BO3MOXHOCTH YaCTOTHOTO M3MepuTesnd. B Hacrosmeil paGore Hamu mnpepyaraercs B KoHTyp O3
IOIOJHUTeNbHYI0 peryaupyemyo O3 He BBomuTh. Bmecro sTOro, mocie HaBemenusa YH Ha
HaYaJbHYIO TOYKY U3MepsAeMOro oObeKTa, IJIg IPUBEJeHHU YacTOThl A TeHepUPYeMbIX NMITYJIbCOB
ceera 'OM x craHZapTHOI YacTOTe fir MOXKHO KCIIOJIB30BaTh BO3MOXXHOCTU T'eT€pPOJUHUPOBAHUA.
ITpu srom, anuna KoHTYpa O3 MOXKeT OBITH YCTAHOBJIEHA B OIIpefie/IEHHBIX IIpeJiesIaX ONTUMATbHON
n 6e3 )XECTKUX TPeGOBaHMUI K ee BeJINYUHE.

OrcryTcTBHEe NOABMXKHBIX 37MeMeHTOB B KOHType O3 (3a HCKIIOYeHHEM IIOJABMXHOTO
sepkayna KM — cM. puc. 3) mo3BosgeT 3aMKHYTHIH KOHTYp O3 M BCIO ONTUYECKYIO YacTh yCTPOHCTBA
BBITIOJIHUTH Ha BOJIOKOHHO-ONITUYECKUX KOMIIOHEHTaX. JTO CYIIeCTBEHHO 06jierdaeT KOHCTPYKIUIO
YACTOTHOTO HU3MEpPHUTeNA JMHEHHBIX pa3MepoB, YIIPOLIEHHAasd CTPYKTypHasd CXeMa KOTOPOTO
IpHuBesieHa Ha puC. 3 (TaM Xe NpHBeJeHBI NOSCHEHUs KO BceM OOO3HaveHHAM Ha cxeMe). Kak
BUJHO W3 PHUC.3, H3IydeHUEe HEIPEPHIBHOTO Ja3epa [ (MMeEIOIero BBIXOZ B OJHOMOJOBBIH
CBETOBOZ), 4Yepe3 peryJupyeMblii BOJIOKOHHO-ONTHUYECKUH aTTeHoaTop Afi M BOJIOKOHHO-
ONTHYECKUH IOJIAPU3ALUOHHBINA KOHTposutep PCi, BBOZUTCA B 3aMKHYTBIM KOHTYP ONTHYECKOMH
sagepxku cxembl ['OM, mocTpoeHHO# Ha BOJOKOHHO-ONTHUYECKUX KOMIIOHEHTaX. Y Ka3aHHBIN
3aMKHYTBIIl KOHTYp Ha pHC. 2 06pa30oBaH 3jJeMeHTaM¥, BKIIOYEHHBIMU IIOC/IEZIOBATEIBHO IO XOZY
pacrpocTpaHeHus ja3epHOro usnydeHus B kourype: OSCi, PRA, OSG, FL, OA, OSC; (B mpsmoM
HaIIpaBJIeHNH), BOJIOKOHHO-OITHYeCKHH KoyuuMaTtop-¢pokycep CF' (B IpAMOM HaIpaBIeHHUU),
MOABMXKHOe 3epKano RN (B mpamoMm u obpatHoM HampaBienuu), CF u OSC: (06a B o6paTHOM
HaIIpaBJIeHNHU), BOJOKOHHO-ONTUYECKUH aTTeHI0ATOp Af M BOJOKOHHO-ONTHYECKHUH IIOJIAPU3a-
IIMOHHBIH KoHTposnep PCi, u panee, depe3 BTopoil Bxox (OSCi, 3aMbIKaeTCsi Ha BOJIOKOHHO-
OIITUYeCKOM pasBeTBHTese-cyMMarope OSCi. Cxemy npepsiBaTesis Ha 3ddeKTe MOIApHU3aLTOHHOTO
rameHus o6pasyioT amemeHTsl Af, PGl 1 BoJoKOHHO-ontudeckuil cymmarop OSCi (mepBslii BXO[,
cxemsl) u An, PC: n BolOKOHHO-onTHYeckuii cymmarop OSCi (BTOpOit BXOJ, CXeMbI), U3 KOTOPBIX
yxe coBMeménHoe B OSCi TMHENHO-TIOIIPU30BAaHHOE H3JTydeHUe BBOAUTCA B aHAMU3aTOp LP:
®opmupyembie B pesyibrare 3ddexra MOMAPU3ALUOHHOIO TalleHUs IPSIMOYTOJbHbBIE HUMITYIbCHI
cBera BeiBOZATCA u3 KoHTypa 'OM uepes passerBurens OSC: Ha ¢poronpuemuuk PhR. Yepes Hero
5T MMITYJIBCHI C YaCTOTOM NOBTOpeHUA f (9acTOTHl A MM £ B BeIpaxeHuAX (2) u (3)) mocTymaor B
cxXeMy IIpeOoOpa3sOBaHUA YaCTOTHI, B KOTOPOIl B KadeCTBe reHepaTopa TeTepOJUHA HCIIOIb3yeTCs
CHHTe3aTOp YacTOTHl FS, CHHXPOHU3UPOBAaHHBIN OT 3TAaJOHA YaCTOTHL. JacToTa f; CUTHAJIOB
CHHTe3aTopa 4YacToT FS yCTaHAaBIMBAeTCA TAKOM, YTOOBI YacTOTa NPeoOpa3sOBAaHHBIX BBIXOAHBIX
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CUTHaJIOB (Pa3HOCTHAsA YaCTOTA) PAaBHAIACH BRIOPAaHHOM CTaHAApTHOW wacrore f, — f, = f.,,, Toe fi—

CTAaHZAPTHAs YaCTOTa, KOTOPYIO IIeJleCO00pPa3HO IPUMEHHUTHh B JaCTOTHOM M3MepHTese JTHHeHHBIX
pasmepoB. MOXXHO JIerKO IIOKa3aTh, YTO B CIy4ae, eCIH BBINOJNHAETCA ycioBue, f, > f, > f,, npu
IIpeo6pa30OBaHUH YaCTOT 3HAUYeHMe Pa3HOCTH YacCTOT MMIIYIbcoB cBeta Af= f, — f, (1o xoTopomy
usMepseTcsa nepeMenieHre YH) He u3MeHseTcsa IO BeJU4YMHe, HO 3HAaK Af IIpu IpeoOpa3soBaHUU
MeHsAeTcs Ha o6paTHsIi. [Ipu stom, Ana usmepenus npememenus Y H, ucmons3ys mpenu3snoOHHBIN
daso-uacrorHerii kommaparop (Hampumep, VCH-314, KOTOpBIH C BBICOKOH TOYHOCTBIO H3MepseT
3HaveHua Af/ f,,) IpuMeHUMO IpUBeIEHHOE BBIIIe BhIpakeHue (3).

B paccmaTpuBaeMOM yCTpOHCTBe CYIIECTBYeT ellle OflHAa TeXHUYecKas Ipobiema, CBA3aHHaA
C CHUHXpOHM3amue#d a3 ONTHYECKUX WH3ITy4YeHHH, CcyMMHpyeMbIx B cymmarope OSCi mnpu
IlepeMeleHUH IOABIDKHOTO 3epKaja 3aMKHyToro KoHTypa I'OM, mig mopgmepkaHUsS yCTOWYUBOTO
onTuyeckoro raumenud. Hamu HalizeHO pemeHue 3TOi IpoOjaeMsl, HO HA PHUC. 3 3TO pellleHUe He
IIOKa3aHO. 3asgBKa Ha IIATeHT Ha 3TO pellleHHe HaXOAUTCA B CTaJUH PaCCMOTPEHUA.

B saxmtioyeHme OTMeTHM, YTO B OIMCAaHHOM BbINIe IIpeJJIOKeHWM, Ha Hall B3TJAZ,
BOCIIPOM3BeZleHHEe eAWHUIBI JJUHBI COOTBETCTBYeT HIEeOJOrHu pedopMHUpyeMoOil cucreMsr S
(Bocmmpou3BeieHHe Yepe3 CKOPOCTh CBETAa M 4YACTOTY), IIPU OXHAAeMOM IIOBBIUIEHWYN TOYHOCTH U
paspelmraroneil CIOCOOHOCTH, II0 CPAaBHEHHIO C CYIIECTBYIOUIMMH H3BECTHBIMU IIPEI3MOHHBIMU
merozamu JIMII. IlpakTudyeckas peanusanus IIpeJjIaraeéMoOro 4YacTOTHOTO H3MepUTeNd JIMH U
JUHeWHBIX IlepeMelleHUi MOXeT IIO3BOJUTH CO3/aTh cepbe3Hylo anbrepHatuBy Metogam JIMII u,
IIOMHMO HAaHOTEXHOJIOTUI, CMOXKeT HalTH NpUMeHeHUsA B TeXHHKe (PU3NIECKOTO dKCIIepUMEHTa, B
M3MepeHUIX B reopusnke, B acTpopusuke U Ip.
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I'Témnucckuii yuuBepcureT uM. CB. Angpes IlepBozBaHHOTO
T6unucu, I'pysus
2Tounucckuit 'ocynapcrBennsiit yauuBepcutetr um. V. JxaBaxumsuim
Tounucu, I'pysus
alkali@yahoo.com

OTKpbITHE OKCHIHBIX MaTepUAIOB, KOTOpPbIe IIPU TeMIepaType KUIMEHUS >KUIKOTO a30Ta
CTQHOBATCA CBEPXIIPOBOJHUKAMY [1, 2] mpuBeso k OYpHOMY Pa3BUTHIO HCCIeJOBAHUI UX HU3UKO-
XUMHWYeCKUX CBOHCTB. CylecTByeT MHEHUeE, YTO CBEPXIIPOBOJHUKYU SABJIAIOTCI TEPMOJUHAMUYECKU
HeycToiiuuBbiMu cuctemamu [3]. IlosToMy 3HauWTeNbHBIH HHTepeC IIPeACTaBIIET U3ydYeHUE
COCTOSIHHUS M MeCT JIOKAJIU3al[M{ ITapaMarHUTHBIX KAaTHOHOB, UTPAIOIIUX CYIIECTBEHHYIO POJb B
OKHUC/IUTEIFHOM KaTan3e, a TAK)Ke MUTPAIIUN U U3MEHEeHUs UX JTUTaHJHOTO OKPY)XeHHA B MaTpHUIle
kymnparoB. OgHuM U3 HanboJlee MEPCIEKTUBHBIX ¥ MHGOPMALMOHHBIX METOJIOB JJIs JUATHOCTUKHU
KOMIUIEKCA HMOHOB, B OCOOEHHOCTH MOHOB MeZAM, HUX OKPYXeHHUS U B3aUMOJAEHUCTBUA C
6Iu3IeXalUMU MOHAMU, a C/I€Z0BATEIBHO, IJIS OIMCAHUSA aZCOPOLIMOHHBIX U KAaTATUTHIECKUX
IIEHTPOB U PeaJbHOI CTPYKTYPbI KPUCTAJIIOB ABIsgeTcs MeTon JIIP.

C camoro wmavama wuHrepmperanus OlIP-curnmamos mezu B BTCII HocuT Bechma
IIPOTUBOpeYUBEIH XapakTep. OfHM NpUNuUCHBaIKM HAOMIOZaeMbIil B 3Tux cucremax JDIIP-curnan
CBepXIIpoBOAAlIell dase, ApPyrue — IIpUMeciM, oOpasyoomuMcs B Ipoiecce (GpopMUpOBaHUS U
manpHeimelr o6paborku ¢assl. V3BecTHO, uTo coemunenus ¢ popmynoir RBa:CusOr-s(rme R=Y u
npyrue P3D sieMeHTHI) IIpeACTaBIAIOT COOOH oOpTOpoMOMuecKyio ¢asy, KOrja cofiepsKaHue
Kucmopoza 6:1m3Ko K 7, B crydae 0= 1 ¢asa nepexogut B rerparonansuyoo. OpropomGrueckas dasa
CBEpXIIPOBOJAIIASA, COOTBECTBYIOIASA TeTparoHaJbHasA HeCBepXIpoBozAmas, modroMy RBa:CusOr-s
¢ 0 =1 antudeppomarueruk u He gaer DIIP-curnama. Tak Kaxk MccIeLOBaHUS MPOBOAUIIKCH HA
MOHOKPHUCTaJUIaX, OSTOT CUTHAJI OTHOCWIM K H30JMpOBaHHBIM wuoHaM Cu%*, umelomum
aHU3OTPOIIHBII opTopoMbudeckuil g-dakrop [4]. Bo MHOrMX cily4asx U3MeHeHHe WHTeHCHBHOCTHU
CUTHaja CBfA3aHO C KPUTUYECKOH TeMmieparypoil 7c M TakuM OOpasoM IIPHUIIMCHIBAETCS
HeIIOCPeICTBEHHO CBEPXIIPOBOAMMOCTH [5].

BriBog, B mors3y mpucyrcrBus DIIP-curnana nonos Cu? ciesnan B pabore [6], re mokasaHo,
4TO OOJIydYeHHe HEHTPOHAMU BbHI3BIBAET C)XKATHE DJIEMEHTAPHON SYeHKH M yCHIeHue OOMEeHHOTO
B3auMoOZeiicTBuA Mexay moHamu Cu? ¢ IOCIeAYIOIUM yIydlUIeHHeM CBEPXIIPOBOZAIINX CBOMCTB
(moBsImeHMe 7c) ¥ PE3KO yCHUIMBAeT MHTeHCUBHOCTS DIIP-curnana.

Cpenu pasnuyHbIX acconuupoBaHHBIX (a3 cucreM RBCO HambGosee m3y4yeHHOH SABIsgeTCA
¢dasa R:BaCuOs, B KOTOpoii 5 MOHOB Meznu CBs3aHBI C KHCJIOPOJOM, OOpasys HCKaKeHHYIO
TeTParoHaJIbHYIO IHpaMUAY. Tak KaK CIUTAEeTCs, ITO MOHBI MeIY HAXOAATCA GIMU3KO APYT OT APYTa,
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IIO9TOMY JOIIyCTHMO CYIIeCTBOBaHMe oOMeHHBIX map Mexay Cu?'. CpaBHeHHe WHTEHCHBHOCTEH
PE30HAHCHBIX CUTHAJIOB POJICTBEHHBIX HECBEPXIIPOBOASALINX CTPYKTYP B pabore [7], comepKalux B
cBoeMm cocraBe Menp Y2BaCuOs m BaCuO: ¢ YBa:CuszOz-s mokasanmo, 94TO CHTHAJ IOCTYIIAeT OT
IPUMeCHHIX ¢as3, cofepxKaHue KOToprrx cocrasiger He 6osee 0.1 %. Orcioma ciemyer BBIBOJ, YTO
OIIP-curnan wuzmer oOT IIpuMeceil, KOTOpble 0OOpasyioTcsas JgubO IIpU CHHTe3e, IMOO IIpU
mocyeyIoleeil XUMUYECKOH U TePMUYeCKOH 0O0paboTKe, T.e., YMCTAas CBEPXIpoBoAfuas dasa He
IaeT CUrHaJI oT noHoB Cu?.

Pamnee [8, 9] 65110 ycranosieno, uro BTCII-marepuanbsr mMeOT ecTeCTBeHHBIE 30HBL B BHIE
Huskomnosesoro curHana (HIIC) m woma Cu”*. Hanmyme Takux 30HAOB IIO3BOJISET CYJUTH O
KayeCcTBe CBEPXIIPOBOJAIINX MaTepPUAIOB, IOIb3YSICh IJII UX UCCIefoBaHua MeTogoM JIIP.

s nonyyenus 6osee mMOMHON MHPOPMAIIUK O COCTOAHUYU KePaMUK, (a30BBIX U3MEHEHUAX
¥ BaJEHTHOM M KOOPAWHALIMOHHOM COCTOSSHUM MeAM B OKCHJAHBIX CBEPXIIPOBOZHHUKAX IIOCIIE
OKHUCJIMTeIbHOM KOHBEPCHH MeTaHOIa u3y4anock Merogom JIIP mpu 298 u 77 K.

Crmextper OIIP perucrtpupoBanu Ha cuekrpomerpe TSN -—254 ¢upmer Thomson,
pabotatomem Ha yacrore 9.25 MI'1 ¢ wacroroit mozyauuu 6 KI'm mpu 298 K. Curnan noHos Meznu
Cu* B cmekrpax OJIIP cuHTe3upoBaHHBIX 00pasumoB Y123, npunuchBaeMbId IIPUMECHOH
HecBepxtpoBogsameil ¢ase Y2BaCuOs [10] HaGiromancs Bo BceM H3yYeHHOM JAMana3oHe BOIU3U
3300 I'c. HTeHCHBHOCTH HU3KOIIOJIEBOTO CUTHAJA [unc 06Pa3nioB Y123, oTpabOTaHHBIX B KOHBEPCUU
MeTaHOJIa B TedeHHe 3 4 B ob6mactu 473 — 723 K, ymensmranacs (puc. 1).

Lo

I(Cu®)

Pucynoxk 1. Cnexrpsr OIIP Y123: 1, 2 — func 1
3,4 —1(Cu*) mo (1, 3) u mocine (2, 4) peaxuumu.

C moBsImeHueM TeMIrepaTypsl peakunuu 10 773 K B TeueHue TOro ke BpeMeHM HAa4MHAJIOCh
yMeHblIeHHe fme myia Bi2212, Ho mHTeHCMBHOCTH curHanma or Cu?* ocraBajach HEM3MEHHOM.
[TameHve MHTEHCHUBHOCTU [mc HOCHUT HEOOPAaTHUMBIM XapaKTep IPHU IIOBBINIEHUU TeMIIEPaTypsl
ormxwura BiaoTs g0 573 K, Ho o6paborka Y123 npu 1023 K nmpuBoguT K IMOJTHOMY BOCCTAHOBIEHUIO
Irme. Tlapenue Ilme CONPOBOXJAeTCsA BO3pacTaHMEM WHTeHCHBHOCTH curHama Cu?, T.e. pocTroMm
KOHIIEHTPAallU¥ IapaMarHUTHbIX KMOHOB Cu’, KOTOpBIH CBfA3aH C (a30BBIMU IIepexojJaMH, B
YACTHOCTH C BO3HUKHOBeHHeM HeobOpatumoit ¢assr Y2BaCuOs. Tepmoobpaborka mpu 773 K B cpeze
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Kuciaoposa Bbi3biBaeT maseHue / (Cu?) mouTM [0 MCXOZHOTO 3HAYeHMA. TakuMm obOpasoMm, B
IIpoljecce KaTaJIMTUYECKOTO IIpeBpalleHus Heoopatumoro paspymenus CII-¢ass! e mpoucxomur.

Coracuo [11] ucuesHoBeHue Luc CBA3aHO C yIaTeHUeM C1ab0CBA3aHHOTO KHUCIOPOJA, T.€.
C HapylIeHueM IIOJ, BO3/IleHCTBHEM PeaKIMOHHOH Cpelbl CTeXHOMETPHUHU II0 KHCJIOPOLY, HaIUdue
koToporo oOycnoBnmuBaer CII-coiicTBa kepamuku. MHade roBops, yJajleHHe KHUCIOPOZA B
pesyJIbTaTe B3aMMOJAEHMCTBUA KAaK C METAaHOJIOM, TaK M oOpasyomwmmuca ampgerugom u CO
BhI3bIBaeT Iepexon, opropom6uyeckoir ClIl-¢asst B TeTparoHanpHyio, He 00JaJAIONIYIO
CBEpPXIIPOBOAUMOCTBIO. ABTOPSHI [12] CBA3BIBAIOT yMeHBIIEHNE U IOCIeAyIoNlee HCYe3HOBeHHEe fuc C
CHUJIBHBIM  JHUIIOJIb-ZUIIOIBHBIM B3aMMOJIE/ICTBUEM MeXJy HeCIapeHHBIMU 3JIEKTPOHAMU
cocezcTBytomux noHoB Cu?'. Bospacranue /cw2+ ¢ TOBBIIIEHHEM TeMIIepaTypsl peakiuu Boiure 573 K,
II0 BCe#l BUAMMOCTH, CBA3aHO C YYacTHeM B peaKkIiuu Kucaopoja pemeTku [13].

ITonyueHHbBIe pe3y/nbTaThl IIO3BOJAIOT 3aKJIIOYUThH, YTO MMeIOIIHMecs M oOpasyiolmuecs Ha
noBepxHocTu (aspr “123” HekoTOpble IpuMecHbIe (assl He TONIBKO BIUAIOT HA KATAIUTUYECKUE
CBOMCTBA 3TOH CHUCTEMBI, HO U IIPEJOXPAHAIOT ee OT paspylIeHUs, BBIIIOJHSIA POJIb CBOeOOPa3HBIX
IIPOTEKTOPOB, TaK KaK caMo coeguHeHue Y123 B OTCyTCTBHe IpHMeCHBIX (a3 II0oJ, BO3LEeHCTBHEM
PEaKIMOHHOW Cpefbl IPAKTHYeCKH IIOMHOCTBIO [eTpafiupyeT B pe3yiabTaTe BBIXOZA B
IIPUIIOBEPXHOCTHBIE CJIOU OapHs € IOC/IeLyIOUM 00pa3oBaHHEM COOTBETCTBYIOIIEro KapOoHaTa.
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TepMocTaGUIBHOCTh HAHOPa3MEPHbBIX METAIJIONIOAOOHbBIX BKIIOUEHU
B KPHCTaJUIaX N-Si, 06Iy4eHHBIX BEICOKOOHEPTeTHYeCKMMHU IIPOTOHAMHU

T. A. Ilaraa, M. I bepnzse, JI. C. YxaprumBrim,
H. Ill. Xapurrazse, H. H. Maricypazse

I'pySHHCKUH TeXHUYECKHI YHUBEPCUTET
T6unucu, I'pysus

tpagava@gtu.ge

BeImonHeHBI SKCIIepUMEHTAaJIbHBIE HCCIefoBaHHA dddekra Xomwma B  OOJIyIeHHBIX
IPOTOHAMH MOHOKPHUCTa/ZIaX N-Si € MCXOAHOH KOHIEHTpAalueill 3IeKTPOHOB IIPOBOJAUMOCTHU
6 - 10 cm3.

IToxasana, uTO IpU OGIy4eHHU IIPOTOHAMHU C dHepruei 25 MasB Habmomaercs aHOMaIbHOE
yBeJIW4YeHUe TIOABMKHOCTH DJIEKTPOHOB, YTO OOBIACHAETCA O00OpasoBaHMEM B KpHUCTaJUIe
HAaHOPa3MepHBIX MeTa/IONIOAOOHBIX BKIIOYEeHNN C OMUYeCKUMU IIepeX0aMy Ha TPaHUIaX paszesa
C IOJIYIIPOBOZHUKOBOY MaTPUIIOM.

B mpormecce M30XpPOHHOTO OTXXKHMra BOKPYI MeETA/UIONOAOOHBIX BKJIIOUEHUN 06pasyioTcs
HeIIpO3payHble JJIi 3JIEKTPOHOB IIPOBOAMMOCTH OOOJIOYKM W3 OTPHUIATENBHO 3apsDKEHHBIX
aKLEeNTOPHBIX PafHAIllMOHHBIX AedeKTOB, YTO IPUBOJUT K Pe3KOMY YMEHBIIEHUIO ITOABILKHOCTHU
HOCHUTeJIeH 3apAza.

Ob6napyeHHas OCHMWUIALMOHHAA 3aBUCHUMOCTH IIOABIDKHOCTH OT TEMIIEPAaTyphl OTXKUTA
OOBACHAETCA UM3MeHeHUEeM CTelleHN SKPaHWPOBAaHUA MeTaUIONONOOHBIX BKIIOUEHUH TaKUMU
060I0YKaAMU. Hanopasmepnsie CKOILTIeHUS MeXXy3eJIbHbIX aTOMOB, ob6Jazaromye
MeTaIJIONON00HBIMY cBO¥icTBamMu, oTkuratorcs mpu 400 °C.
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KaTanuyeckue cBoiicTBa KapOou0B MOIHOAEHA,
MMMOOHMIM30BaHHEIX B eoauTe Tiuiia BOTA

1]. Payumsrrn’, B. [{ugumsurn’, P. Yegusa!, I [[epiazgze?

V'Ténnucckuii ['ocymapcTBenHsril yuuBepcuret uM. M. /lxaBaxumsuin
IT. MenukumBuau MHCTUTYT Qusuyeckoil 1 oOpraHUYecKol XMMUHI
I'pysus, Tounucu
rtsiuri@mail.ru
2I'pysuHCKU TeXHUYeCKUH YHUBePCUTET
Pecrry6ukaHCKuil IeHTP CTPYKTYPHBIX UCCIeTOBAaHUH
Tounucu, I'pysus

WccnenoBaHbl KaTaJuTHYeCKHWe aKTUBHOCTM Kapbuja ¥ OKcHKapOuza MonubieHa,
IIOJly9eHHBIX U3 Pa3IHUYHBIX IIPEKypCOPOB U CTaOMIM3MPOBAaHHBIX B HaHOpeakKTope-lieonuTe BEA
(Zeolyst International, SiO2 / AOs = 38), B OKHCINTETBHOM KAaTAJIUTHYECKOM [eTHIPUPOBAHUU
6ata-¢enmnarunosoro cnupra (B-PIC) c menpio monydyenus ¢enunaneransgerunza (PA). Ha
IIOJly9eHHOM U3 reKcakapOoHMIa MOIuOieHa HaHOAKCIIepcHOM Kapouse monubzaena (20 — 40 um),
nmmobuausoBanHoM B H-BEA, npu 523 K gocrurnyra cemexrusHocTh 1m0 PA, pasnas 60 % mpu
kouBepcuu B-PIC 50 %.

1. Begmenwue

KaTanusaTopamu OKuCIeHHA OPraHMYeCKHX BelecTB ABAOTCA MeTasutsl VIII rpymmsr,
HaHeCeHHbIe Ha OKCHJHBIE IOJJIOXKHU C Pa3BUTON IOBepXHOCTHIO. ONHAKO NMpUMeHeHWe TaKUX
KaTaJTUTUYECKUX CHCTeM OTPAaHMYEHO BBICOKON CTOMMOCTHIO OJIaTOPOJHBIX METAJIOB, IIPU
BBICOKOH TeMIIepaType — JeTy4eCThIO 3TUX OKCHUIOB U TeHeHIHel K ClIeKaHNIO0 HaHeCeHHON (pa3kl.

ApTEpHATHBOM STUM  KAaTWIMTHUYECKMM CHCTEMaM MOTYT OBITh  KOMIIO3UTHBIE
KaTaJau3aToOpsl, MOJIydalolluecs T.H. MEeTOJOM MAaTPUYHON H30JAIMK HaHOpPasMEPHBIX aKTHUBHBIX
KOMIIOHEHTOB B KaHajIaX Y ITOJIOCTAX MUKPO- ¥ Me30IIOPUCTHIX MaTPHUIL, UCKIIOYAIOIUX aIrPerauio
HaHovyactuuu [1]. Cyrs Meroza 3akiioyaercs B CHHTe3€ in Situ T.e. HENOCPeACTBEHHO Ha
IIOBEPXHOCTY MAaTPHUIIBI; IIOCE IIPeJBapUTENBHOTO BBEJEHUSI COeNUHEHUI-IIpPelleCTBEeHHUKOB
(mpexypcopoB) B HAHOPEAaKTOp — B MHEPTHOE, IIOPUCTOe TBEpJi0e TeJIO, IPOBOJAT UX NOCIeAyllee
XUMU4Yeckoe M TepMHYecKoe IIpeBpallleHHe C IIOJydeHHeM B IIOpaXx MaTpPUIIBI IfeJIeBBIX
HaHOpa3MepPHBIX IPOAYKTOB (METasyIOB, OKCHUJOB, KapOWUAOB, CyabGUIOB U Ap.); MU3-32 BBICOKOMH
IIOBEPXHOCHOI JHEPTUHM OHH O0JIafjaloT HaMHOro Oosbireill 5¢@(eKTUBHOCTHIO B KaTanause, 4eM
o6bemMuBIe Tea [2].

3aMeHUTeNAMH KaTaJIu3aTOPOB HAa OCHOBE JOPOTOCTOAIIUX MeTaJIIOB IIATMHOBOM IPYIIIIBI
paccMaTpuBaioTCa Kapoumsl MonubaeHa U Bombdpama [3—7]; MX IPUMEHAIOT B KadecTBe
KaTaJIMu3aTOPOB KaK B CBOOOJHOM BHJe, TAK U B HaHeCceHHO# Ha pasnuuHsie Hocutenu (Al2Os, ZrOs,
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II€OJIUTHI, YIJIePOAHbIe HAHOTPYOKHU) (opMe; OHM O0O0JIafAIOT KAaTaJIUTUYECKOH aKTUBHOCTHIO B
OCHOBHOM, B PeaKIUIX TUPUPOBaHUSI-AETUIPUPOBAHUS, U30MepHU3al Uy U apoMaTusanuu [8 — 16].

Vx mpenMymiecTBo — AelIeBU3HA, CTOMKOCTh K BBICOKOM TeMIlepaType U K COeIUHEHHIM,
cogepxamuM cepy u asor. OpHako, AnA HMX IONXydeHUsA TpeOyeTcA BBICOKAs TeMIlepaTypa
(700 — 900 °C) 1 onwm HeycroituuBhl B okucauTenbHoi cpeze cabiure 400 °C, Taxxe OCIOXHEHA UX
pereHepanys Ipu KapOOHM3AIUY UX TOBEPXHOCTH.

B mpencraBieHHO# paboTe ObLiIa IOCTaBIeHa 3aia4da OTyYeHUs HAaHOAUCIIEPCHOTO Kapouzia
MonubJeHa, CTabMIM3UpOBAaHHOTO B Iopax Ieosuta tunma BEA, w wucnositaHus ero B
OKHCJIUTENFHOM KaTaJIHTUYECKOM [JeTuApupoBaHuu 6aTa-denunatmnosoro cuupra (B-O3C) c
nenpio notydenus Qenwnaneranpaeruna (PA).

B mapdromeproit npomsimaensoctr PA cay)KUT MCXOLHBIM CHIPBEM MJI CHHTE3a IPYTHUX
IyIHUCTHIX BeliecTB. B mpomsinurenHoct PA 1OTywaroT KaTaaUTHYECKOW IIeperpylIupOBKON B
ra3oBoi (pase OKKMCH CTHPOJIA WJIU TJIUKOJISA CTUPOJIA B IIPUCYTCTBUHY IIEOTUTHBIX KaTaIU3aTOPOB
(B-, Fe-, Al-menracumos, MFI, MOR, spuonura / mabasura u zap.); npu 473 —573 K xousepcus
IIOJIHAS ¥ CeJIEKTUBHOCTH BhicoKas (> 90 %) [17, 18].

QA raxke monyvaloT KaranuTudeckuM okuciaeHueM [B-OOC Ha romoreHHBIX (XpoMoBas
kuciora) u rereporenHsix (Cu, Ag, Zn u ux okcujsl) Karanusaropax [19]; Ha xaramusarope ZnO /
mem3a Berxof, @A mpu 703 K cocrasiser sumsb 50 %. Ho Ha xpucraniax cepebpa, ¢ pazmepamu
vgactun, 0.1 — 2.5 MM, mpu oxucnaurensHoM gerugprupoBanuu $-OOC B mIpUCYTCTBUU BO3ZyXa KK
KHCJIOpO/ia KOHBepcus Bbiire u cocrasiuser 78 %, a Berxom ®A — 67 % [20]. [lepuog, »xusHU 9TOTO
KaTajnu3aTropa OOJBIION, HO BO3HHUKAIOT IIPOOJIEeMbI pasfieleHus IPOAYKTOB U3-32 HU3KOH
CeJIEKTUBHOCTH IIPOIiecca.

Oxucinurensuoe geruzapupoBanue B-OIC B QA wmccmenoBaiocs Takke Ha KaTajiu3aTropax,
comepxamux 8.2 —10.2% V20s, HaHeCeHHBIX Ha BBICOKOJEANTIOMUHUpPOBaHHbIe IeonuTsl MFI,
BEA, FAU(Y) u me3omopucroe MosexyiaspHoe cuto MCM(Si)-41 [21]. Bsino mokasaHo, 4TO
kouBepcus B-POC xopperupeyer ¢ conepXKaHHEM [JOCTYIHBIX OKUCIUTENIBHBIX IEHTPOB
KaTa/Jn3aTopa, a HauOoJIbIIas CeJIeKTUBHOCTh UMeeTC s Ha IMPOKOIOPUCTHIX HocuTesax; mpu 603 K

Haubospmve 3HavYeHus KoHBepcuu (68 %) wu  cemextuBHOcTH (70 %) momydeHs! Ha
V205 / MCM(Si)-41 [21].

2. Meropuea SKCIIepUMEHTa
2.1. IToryueHue xapouza MonuGAeHa, HAHECEHHOTO Ha I[e0JIMT THIa 63Ta

McxomHoit MaTpUIIOH KCIOIB30BATM CHUHTeTHdYecKwil meonut tuna BEA B amMoHmeBoOit
¢dopme — NH4sBEA (Zeolyst International, bath CP 814C, SiO: / ALOs = 38, Na2O — 0.05 %,
yaenpHas moBepxHocTs S = 710 m? / r). HBEA-¢dopmy nonyuanu u3 NH«BEA mporpesom B TOKe
CYyXOr0 M OYHIIEHHOTO Bo3fyxa B pexume: or 298 mo 773 K ckopocreio 2.5K - mun!, 3atem
BBIepxuBanu obpaser mpu 773 K B Teuenne 6 gacos.

Mo-cogepxamuit HBEA-mmpexypcop mony4anu gByMs IyTAMHU.

1. W3 rexcakap6onHnIa MoaubAeHa o MeToy, onmucanHoMy 3ortunbsiM B [22]; HBEA-dopmy B
ammyste BakyymupoBaau mpu 673 K B TeyeHme 4 4, 3aTeM ee IIlepeKphIBalH M IIOCIe
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OXJIKJEeHUs oOpasen, 6e3 COIPUKOCHOBEHUS C BO3JYyXOM TIIATETBHO II€pPeMEIINBAIH B

aTMocdepe aprona c HeoboxozumbiM KomudectBoM  Mo(CO)s (98 %, Aldrich). Cwmecs

nepeHocmt B cocyz, lllnenka, BakyyMupoBajM IIpM KOMHATHOM TeMIIlepaType C IeJIbO
yzaneHus GU3NIeCKH HeancopOMpOBAaHHOrO KapOOHMIa MoaubAeHa, 3ateM cocyz lllrenka

nepexpsIBanu u nporpesanu npu 343 K B revenue 16 4.

2. W3 remnramonubmara ammoHus (NHa)s{Mo7O2) - 4H2O  meromom  “mpomutku 1o
BJIATOEMKOCTH : KOJIMYECTBO TelTaMoIubJaTa aMMOHHA, HeOOXOAUMOe I TIONTydYeHHUd
33ZIAaHHOTO COJeP’KaHMUA MOINOeHa B 00pa3slie, pacTBOPIN Ha yamrke Ilerpu B aMmMuavHOM
BOJHOM pacTBOpe B KOJUYECTBe, KOTOpOe IIOJIHOCTBhIO abcopbuposanocs obpasiom HBEA;
OCTaBJIANU B 3aKPBITOM BHJE IIPU KOMHATHOW TeMieparype Ha 12 4, 3areM, IIOC/Ie CyLIKU
oGpasia Ha Bo3zyxe, ero rpeau npu 723 K B Teuenue 4 4 ¢ 1esIpio ONTy4eHUA IPeKypcopa
MoOs / HBEA [9, 14].

LleneBoit oOpasen, — kapbun wmonubzena / HBEA momywamu xap6bupmsanmein Mo-
cogepxamero HBEA-mpekypcopa ¢ ImpuMeHeHuMeM B KadeCTBe MCTOYHMKOB KapOMgu3anuu a)
cmecu H> / 5-nenran u 6) cmecu Ha / 5-6yTan, MeTaH.

Cmecrio H:/m-mentan (monbHOe coorHomenue 11/1, ob6mas ckopocTs mOja4ymM
20 M / MuH) npoBosuau Kap6uausauuio Mo-cogepxamero HBEA-npexypcopa, momyuyeHHOTo u3
reKcakapOOHMIa MOIuOeHa; Ipu 3ToM TeMmmeparypy Mo-cozepxamero HBEA-mpexypcopa
nozuumanu ot 300 zo 843 K co ckopoctsio 3 K - Mun!, BhIep:XKUBaIH €r0 IIPU ITOH TeMIlepaTrype
15 MuH, 3aTeM CHM)XAJIU TeMIIepaTypy 4o KoMHaTHOIi. [Ipu saTom nmonyyanu obpaser 1, Ta6i. 1.

Cwmecsio Ha / H-OyTan (MmonbpHOe cooTHOmenue 11 /1, o6mas ckopocts nogauu 20 Mt / MUH)
kapbupgmsanuio Mo-comepxkamux HBEA-mpexkypcopoB, IOony4eHHBIX U3 TreKcakapOOHMIIA
MoIu6O/eHa U renTamMoInbgaTa aMMOHUA, IIPOBOJYIIN II0 METOAMKe, onucaHHoi B [14]. B moToke
cvecu H»/H-Gyran temmneparypy Mo-cozepxxamux HBEA-mpekypcopos moguumanu or 300 mo
623 K co ckopoctsio 15 K - mun™!, nmpu 623 K BeigepxuBanu 24 4, 3aTeM IOJHUMAIU TeMIIEPaTypy
no 823 K cxopocreio 5 K-mun' u no mocrwxenuu 823 K rasoByio cmech 3aMeHSAIM Ha MeTaH
(10 M/ MuH ), nogauManu temmeparypy Ao 923 K ckopocreio 5 K- muu'!, B 3TUX ycaoBuAX
obpaszel] BBIZEP>KHBAIU 15 MUH, 3aTeM CHIDKATIN TEMIIEPATypy [0 KOMHATHOH. IIpu aToM moryvanu
o6pasusr 2 1 3 COOTBETCTBEHHO M3 reKCcaKapOOoHWIa MoaubJeHa M TenraMonubrara aMMOHHS,
tabx. 1. Ilo sroit Meromuke aBropsl paboTer [14] mony4yamu KMMeHHO O-MOAMGUKALMIO Kapouza
MoaubaeHa, HaHeceHHYI0 Ha IeonuT HZSM-5 (a-MoCi-x/ HZSM-5 ), KoTOpbIil IpOsABIII GOIBUIYIO
aKTUBHOCTH B HEOKHC/IUTENbHOM apoMaTusanuu Metana, yem -Mo2C / HZSM-5.

ITonyueHnHble HaMu KapOHAHBIE KAaTaJTH3aTOPhl OBUIM YEPHOTO IBeTa M3-3a COZEP)KaHUI B
HUX YIJIA-TIPOAYKTa IOOOYHOH peakuu KapOuAW3aLuy; Ilepe], MPUMeHEeHWeM ero YacTUIHO
YAQJIATH IIPOTPEBOM KaTaJIM3aTOPOB B TOKE KUCIOPOZA.

2.2. Pusuko-xuMHUYeCKHe UCCIeJOBaHUA
Cogepxanue MOIuOmeHA B KaTaau3aTOpax OIpeJessii Ha JIOKAIBHOM 30HZOBOM
PeHTTreHOBCKOM MuKpoaHanusaTope Cameca (Tabi. 1).

Pentrenodasossrit ananus nposoawin Ha audpakromerpe Ipox —3M B ordpunrsTpoBaHHOM
CuKa-usmryuenun B o6mactu yriaos 26= 10 — 50 rpag.
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DJIeKTPOHHO-MUKPOCKOIIMYeCKOe  HCCJIeJIoBaHMe IIPOBOAMJIM HAa  IIPOCBeYHBAIOLIEM
anekrpoHHoM Mukpockome JEOLSX —100 (Japan) c¢ yckopsiomum HanpsokeHuem 80— 100 xB.
Cwemka [IOM-usobpaxenuit mpoBogmiacsk npu 120 000 kpaTHOM yBeInYeHUH.

Kuzpxue mpomyKThI peaKIMy aHAIW3UPOBATH METOAOM Ta30-XXHAKOCTHOHM XpoMarorpaduu
Ha xpomatorpade JIXM — 8M/] c mraMeHHO-MOHU3ALMOHHBIM JeTeKTOPOM M HaOMBHOM KOJIOHKOH
mmuaor 3M ¢ Carbowax20M na xpomatrome HMDS mpu 128 °C, ras-mocurens — renuii.
Omnpenenenue cofepxaHuA IIeJeBOro IPoAyKTa — (peHMIalleTaablerusia IpoBOAMIOCh MeTOOM
a0COIIOTHON KaTUOPOBKHU.

Taoke cHumamu MK cnexTpsl IpOAyKTOB KaTaJIUTUTUYECKOTO IIpeBpalleHMs  Ha
cnextpomerpe UR-20 u anpmermgHyio TpyIIy KadyeCTBEHHO OIpefiefiiud IO  II0JIOCe
1720 - 1730 cm™.

Ta6muna 1. OxuciurenbHOe fAerugpupoBanue B-GpeHnIaTUIOBaro
cIupTa Ha Karanusaropax rapouz monubaena / HBEA (WHSV = 1.1 gac™,
v/ v ®3C/ Bo3pyx = 0.8, mpoJODKUTEIBHOCTD OIIBITA 3 4).

Ne Karamu- | Comepxxanue | Temmepa- | Komsepcus Brixop, CeexTus-
06pasioB 3aTOPBI Mo, mac.% typa, K B-®3C, % DA, % Hocts DA, %

MoO:Cy 523 30.7 12.6 41.0
1 / HBEA 10.3 573 40.1 14.0 34.9
623 60.4 8.5 14.1
o-MoCi-x 523 50.3 30.2 60.0
2 / HBEA 6.8 573 60.6 33.2 54.8
623 80.2 27.1 33.8
a-MoCi- 523 32.1 13.7 42.7
3 / HBEA 6.1 573 42.5 15.0 35.3
623 55.3 14.2 25.7

2.3. UccnegoBanne KaTaIUTUIECKAX CBOMCTB

KaTtamutuyeckoe OKHCIMTENBHOE JeTHAPHUPOBaHME [-(EeHUIITUIOBOTO CIHpPTa B
deHuIaNeTAIBAETH], U3yYAIX B IIPOTOYHOM MHMKPOPEAKTOpe M3 CTeKJa KBapl B HWHTEpBase
temneparyp 523 — 623 K. HaBecka xaTtanuzaTtopa 6su1a 1.1 r. Katanuruueckre onbITsI IPOBOAYIINCE
B TeueHre 3 4. MaccoBas ckopocts (WHSV) momaun cmecu ®OC u Boszyxa 6buta paBHa 1.1r/ 4,
MosbHOe cooTHomeHne POC / Bozmyx — 0.8. B KaTaauTHYecKMX ONBITAX MCIONB30BAIN O3Ta-
dennmaTIIIOBEIH crupt (Sigma—Aldrich) > 99 % (GC) uucrotsr.

3. Pe3ynsTaTsl 1 X 00CyX/IeHHE

Penrrenorpaduyecky ycraHOBIeHa COXPaHHOCTh KPHUCTAJLIMYECKOM CTPYKTYypbl 06pasIioB
reonuta HBEA mocie mnx xap6uzuzanuu [23]. Ha gudpakrorpamme obpasia 1 (aBTopsl mpuHOCAT
6imaromapHOCTh KaHg,. ¢us.-mar. Hayk H. /xamabazze 3a cusatue pudpaxrorpammsr obpasma 1)
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Habmomaemsrii peduiekc npu 26 = 385 rpax. oTHeceH K okcukapouzy monubzena (MoOsxCy)
cormacHo [14]; a pgna ob6pasmoB 2 u 3 (tabn. 1) Ha gudpakTOorpaMMax OTCYTCTBYIOT ITHKH,
XapaKTepHbIe I ABYX Pa3sIUYHBIX MomuduKaunuii kapbuma monmubgena — a-MoCi-x (260 = 36.5 u
42) u B-Mo2C (20=34.7, 37.8, 39.7) [14].

Pucynox 1. [IDM-Mukporpadpudeckas KapTuHa
JJI1 KaTasusaropa kapouy monubaena / HBEA.

B 5T0if CBA3M, B COOTBETCTBUU C JAHHBIMH pabor [24, 25], MOXHO IIpeJIIOI0XUTH, YTO B
nopax neonuta HBEA xapbuz monubaena Haxogurcs B 6ojiee  BBICOKOAMCAMCIIEPCHOM COCTOSHUU
U, IPU MaJOM COZEp>KaHWH ero B obpasiuax 2 u 3, OH peHTreHorpadpudecku He pUKCHUpyeTCs; Ha
cymecrBoBanue B 1eonute HBEA HanokiacTepoB kapOupa MonubreHa, ¢ JuaMeTpoM IpHOIU3U-
tenbHO 25 — 40 HM, ykassiBaeT MuUKpodoTOorpadus, mosydeHHas ¢ IOMOIIBI0 TPAHCMUCCUOHHOM
3JIEKTPOHHOM MUKpPOCKONMU s obpasua 2, puc. 1. Hanodasa xapbupa monubaeHa, BEpOATHO,
HaXOAWTCA Ha BHemHel nmoBepxuoctu nop HBEA; sto mpenmonoxenue corimacyercs ¢ hakToM, 4TO
ovameTp OOJIBIINX ITOJIOCTEH IeonnTa THIA 03Ta cocTaBiseT npubausuTenasHo 1.2 HM [26].

B nmpoxmykrax kaTtamurumdeckoir peaknuum cogepxkamucyk CO, CO:2 (xauecTBeHHO
olpezendeMBIX Ha XpoMarorpade ¢ KaTapoMeTpOM), TOJXYOJ, HeU3BeCTHOe COeJUHEeHWe,
benunmaneranperuz, 6eH30iMHAST KUCIOTA, HEIIPeBpalleHHbIN 63Ta-(eHUIITUIOBBII CIIUPT.

JlaHHbIe TTO KaTaTUTUYECKON aKTWBHOCTU IpHBeneHbI B Tabi. 1. Bugxo, yto mpu mouru
OJMHAKOBOM COJiepXXaHUM MOIuOAeHa B oOpasmax 2 M 3, CHHTE3UPOBAHHBIX M3 Pa3IHIHBIX
IIPeKypCOpPOB — TeKcaKapOOHMmIa MOAMOZeHa M TremraMonubiara aMMOHHUA, B IIE€PBOM BBIIIE
kouBepcus B-PIC (50 — 80 % mpu 523 — 623 K), Brixom PA (30 — 27 %) u cenextuBHOCTH 10 PA
mpu 523-573K (60-34%), urto MOXHO OOBACHUTH BIUIHHEM MHOTHUX (aKTOpOB Ha
KaTaJIUTUTYECKYIO aKTUBHOCTh, B TOM YHCJIe U PA3JIMYHBIX Pa3MepPOB KapOWAHBIX 0Opa3oBaHUIl B
nmopax neonura HBEA B o6pasmax 2 u 3. bim3ku 1o akTUBHOCTH OOpaslbl, COZAeplKallue
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nmmo6unu3oBanHble B HBEA oxcukap6uzm m  xapOupj monuGpeHa (IpeKypcop — remramonubmar

aMMOHI/I}I); IIPU CpaBHEHHNU KdTAJIUTUIECKUX aKTUBHOCTEU HCCIeNOBAHHBIX HAMHU KaTaJINW3dTOPOB

HeJb3s He YYUTHIBATh U BINAHUA YIJIEOTIOXEeHHWH, Ha YTO TakKkKe yKasbIBaeTcsa U B pabore [9].

[Tpu6nusurensuo npu oxuHakoBoi KoHBepcuu B-OIC (50 %) cenexruHOCTs IO QA TakKe BbIlIe

Ha oOpasie 2 u cocrasugeT 60 % mpu noBoIBHO HU3KOH TeMmepaType (523 K).

10.

11.

12.

13.

14.
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O cTpykType MeTaIMYeCKUX HAaHOYACTHI]
ZlI. B. Xarrazse

Wucrutyt MeTaurypruu u Matepuaiosegenus um. ©. H. TaBazaze
Tounucu, I'pysus

ITpomecc mucneprupoBaHUA MaTepHaia, T.e. [eJIeHWH ero oObeMa Ha MeJIKHMe YaCTHUIIH,
IPUBOAUT K YBEJIMYEHUIO JUCIEPCHOCTH — OTHOIIEHUA YHCJA ITOBEPXHOCTHBIX aTOMOB K 0OOIIeMy
YHCJIy aTOMOB B IUCIIEPIrHPOBaHHON uactuie. [7y6okoe mucrieprupoBaHHe MOXKET IPUBECTU K
TAKOMY yBEJIUYEHHUIO YZeJIbHOH CBOOOJHOM IIOBEPXHOCTH, KOIIa BIMAHNE IIOBEPXHOCTHBIX aTOMOB
ZOMHHUPYeT HaJ, OObeMHBIMU U MaTepHaJl IepeXOQUT B HAHOCOCTOSHUE.

1 MeTasmnyeckux OOBEKTOB HAHOIEPEXOJ, HA4YMHAETCA ¢ MOMEHTA, Korja dusndecKue
cBoiicTBa  (TEIUIOEMKOCTB, TeMIlepaTypa ILIABIEHUHA, 3JIeKTPOIPOBOAHOCTh, ONTHUYECKHE
XapaKTepUCTUKY U JIp.) CTAHOBATCA 3aBUCAIIMMHU OT pasMepa obbekra [1]. /lo HaHOIepexoza, CKOJIb
MaJI0O MaCCHBHBIM He ObLI ObI OOBEKT, 5TU CBOMCTBA IIOCTOSHHBI, IIOCJIE IepexoZia HaUMHAeTCA UX
IUTaBHOEe M3MeHeHUe II0 Mepe yMeHblIeHus pasMepa o6bekTa. [Tockonbky pasmepHsie apdeKTsr He
XapaKTepU3yeTcs CKAYKOM, TO IPUHATO CYUTATh, YTO IIePeXo]; B HAHOCOCTOSHUE He SBJIAeTCA
(a30BBIM IIEpexoZoM IIePBOTO POJA.

IIpu mnepexome B HAHOCOCTOSHUE W3MEHAETCA CTPYKTypa MJIM IIPOCTPAHCTBEHHOE
PAacIIOIOKeHNe YaCTHUI], YTO IPUBOIUT K CTPYKTYPHOH HEHJAEHTUYHOCTU MaTepHala B MACCUBHOM U
HaHOCOCTOSHHAX.

Mogzenrb MacCHBHOTO KPHCTaJUIa IIOKA3bIBAE€T IIPABHJIO IIPOCTPAHCTBEHHOTO pPa3MeleHUs
IEHTPOB aTOMOB, 33a/laeT PACCTOAHHME MeXAy IIeHTPaMH M OIlpefessgeT 00beM, IPUYUC/IIeMBIH
KaXJ0oMy aroMy B Buje sdeiiku Burnepa-3eiitma. Kosddunmenr mmorHocTn ymakoBku K
OJHO3HAYHO OIIpefie/ifieT THUII U COOTBETCTBEHHO IIPAaBHJIO T'€OMETPUYECKOTO IIOCTPOEHHUS
CTPYKTyphl ~Kpucrajna. Hamnpumep, xoaddumuenty ymakoBku K=0.68 coorBeTcTByer
eIMHCTBEeHHBI!, 00beMHO-1IIeHTPUPOBAHHBIN CIIOCOO pa3MellleHUs aTOMOB B ITpocTpaHcTse, K = (.74
— mwiotHelomemy pasmemenuio (I'TIK u I'TTY), K= 0.52 cBoiicTBeHeH npocToMy KyOy u T.J,.

Yro moHMMaeTcs IIOJ CTPYKTYypOH HAaHOYACTHI], KaK OXapaKTepHU30BaTh ee BHYTPEHHIOIO
KoHurypauui? [Ina Mamoro oObeKTa, COZep)Kallero KOHeYHOe YMCA0 dactun (mopsazka 107
aTOMOB) peryJfgpHas pellleTKa KpUCTa/uIla He obecrmedynBaeT YCTOHYMBOCTh. (OCHOBHEBIE
CTPYKTYpPHBIE MOTHBBl HAHOCOCTOSHHSA MOXXHO BBIBECTH W3 DHEPreTHYeCKOrO PacCMOTPeHU:d
ONMMDKHErO OKpYXeHHs aToMOB. EcinM KpuTepueM SHepPreTHMYeCKOW YCTOMYMBOCTH aTOMHBIX
KOHQUTypaluil NMPUHATh KOJIUYECTBO CB3eH, OIpeZieldeMbIX YMCIOM KacaloIUXCSI aTOMOB C
COCeIMU M OXapaKTepU30BaTh IIPOYHOCTH STUX KOH(DUTYpaUMil YMCIOM CBSA3eH, IPUXOAAIINX Ha
aToOM, TO IOJTYYHM CJIeYIOIIyI0 KapTuHy [2].

Paccmorpum mpomecc oObesuHEeHHSA aTOMOB B HaHOKiIAacrep. [lIa AByX dYacTui MMeeTcs
eIMHCTBeHHAsA KOHOUrypamus — ranresb. C poCcTOM 4YHCJIa YaCTHI, KOJIUYECTBO KOHMUTrypammii
CHJIBHO BO3pACTaeT, OJHAKO WCXOJA U3 BBINIENIPUBEIEHHOTO KpUTepusd, KoHpuTrypamus c
a0COMIOTHBIM MHUHHMYMOM SHEPIUU pealnu3yeTcsa B BUje TeTpaszpa (obmee uucio cBaseit N=12,
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cpeznHee 4HCIIO CBA3eil Ha aroM 11 = 3). IIATEI aTOM PaBHOBEPOATHO MOXKET Pa3MECTUTHCA B JIIOO0M
u3 yriyOjneHuR Ha rpaHAX TeTpasgpa (puc.l), obpasys CcABOeHHBIH TeTpasAp — Haubosee
KOMIIAKTHYIO YIaKOBKy u3 IaTu aroMoB (N=18 u n=3.6). [Ipu strom o6pazoBaHHe CZBOEHHOTO
TeTpas[pa y>Ke HCKIIOYaeT [ajbHelilllee pa3BUTHE TPYIIBI B KPHCTA/IOTpadUUeCKHe YIIaKOBKH.
lecras cdepa mpucoesuHAeTCA KO BTOPOI I'paHu TeTpasgpa (N=24 u n=4), cegpMas — K TpeTbei
(N=32 u n=4.55), 06pasys 5TUM IeHTaroHAJIbHYIO Ounupamuny. Pasmenienuem eme maTu aToMoOB
B TPeyTOJIBHBIX YIMyOJIeHHAX IIOJNydYaeTCs BTOPOe IIEHTAaTOHAJIBHOE KOJIBI0O U ellle OJHO
yray6yieHue [jIs TPUHAAIIATOTO aTOMA.

Pucynoxk 1. DBomonns o6be [uHEeHNA aTOMOB B MKOCaszpe 110 [3].

B pesynpraTe KOMOMHAIIUK ABAAIATH TETPA3APOB IOIydaeTcsa ukocasgp (N= 84 u n= 6.46),
OCHOBHOH 2JIeMEHT HeperyJipHO# CTpyKTypsl bepnana [4]. IIpu 3TOM Bech Ipoiecc IOCTpOMKHU
COIIPOBOXZAETCS IIOCTOSHHBIM POCTOM IIPOYHOCTH CBA3bIBaHMA. OJHOBpEMEHHO, Ha JTI000M 3Tare
IIOCTPOMKM HMKOCAd[pa IIPOYHOCTH CBA3BIBAHMA BCETJA IIPEBOCXOJUT IIPOYHOCTH CBS3BIBAHTHA B
KPUCTAITMYECKUX sYeiKaX, BKIIOYAIOUMX TaKoe e KOJIHu4ecTBO aroMoB. Hampumep, mpma 13
aTOMOB IIPOYHOCTh CBA3M [JI1 IUIOTHeHIIeH YIakoBKH jocturaer n=5.54, mporuB 6.64 pns
nkocasgpa. s xom6uHanuu u3s 21 atoMoB N u 11 B 000UX CTPYKTypax BbIpaBHuBaiorcsa (N=132 u
n=6.28). Opgpnaxko panbHeimee oOpacTaHWe HEPETYJAPHOTO KJacTepa COIPOBOXKZAETCS
PasphIXJIEHHeM CTPYKTYpPhl U YMEHBIIEHHUEM 71, TOTJa KaK IIPU IIOCTPOMKe PeryIspHO#l CTPYyKTYyphI
IIPOYHOCTH CBA3BIBAHUA IIOCTOSHHO pacreT (Tabir. 1).

B ornmmune ot mwrorHednmmx I'TTK u I'TIY xpucrammnyeckux s4eek, B KOTOPHIX Bce 12 wacrtui
KOHTaKTHPYIOT MeXAY CO0Oi, B Cily4ae HKOCAdJPUYECKOTO CTpOoeHHs 12 HapyXXHBIX UIapOB
KOHTAKTHPYIOT C IIeHTPaJIbHBIM, HO MOTYT OBITH CJI€TKa CABUHYTHI IPYI OTHOCHUTEIBHO JAPYTa.
Taxas crenmeHb CBOOOZBI JOCTUTAETCA IIOTOMY, YTO IJIMHA pebpa, BIMCAaHHOTO B OZMHOYHYIO chepy

(c pagmycom R = 1) mpaBuIBHOTO MKOCAdpa, paBHa V4 —csc’36° =1.0515, uro Gombure guameTpa
vactuisl (2r=1).
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Ta6mauua 1. Yucno xontakToB (/V) 1 “OpoYHOCTD
CBSI3U (17) IJIs PETYJIAPHBIX U HEPeTryIAPHBIX KOJTOHUH.

Y0 ATOMOB Heperynapras cTpykrypa ITnoTHasa KpUCTa/UIMYeCcKas yIIaKoBKa
B IpyTIIe O6ee yncio Cpenuee uncio N .
cBaseit, NV CBA3el Ha aToM, 11
2 2 1.00 2 1.00
3 6 2.00 6 2.00
4 12 3.00 12 3.00
5 18 3.60 16 3.20
6 24 4.00 22 3.67
7 32 4.55 28 4.00
8 38 4.75 34 4.25
9 46 5.11 40 4.44
10 54 5.40 48 4.50
11 62 5.66 54 491
12 72 6.00 62 5.17
13 84 6.46 72 5.54
15 96 6.40 88 5.73
17 108 6.35 102 6.00
19 120 6.31 116 6.10
21 132 6.28 132 6.28
25 156 6.24 170 6.80
27 168 6.72 184 6.81
29 180 6.20 198 6.83

Arperart, UMeIONU TaKyl0 KOHPUIYpaluio, ©MeeT Ooee BHICOKYIO JIOKAJIBHYIO INIOTHOCTh
YIIaKOBKH, TaK KaK COJIEPKUT TOJIBKO TeTPasApuyuecKre IyCTOTHI.

Omnncannsle HekpucTasaorpapruyeckve KOH(GUTYpAIUU, COCTOSIIVE U3 OIPAaHUYEHHOTO
YHCIa aTOMOB, C DHEPTeTHYeCKOH TOYKM 3peHus 0ojiee IIpefIIOYTHUTENbHbI, YeM pelIeTOYHbIe
CTPYKTYPBI, HEOOXOZMMBIM 3JIeMEHTOM KOTOPBIX IIOMUMO TeTPasipa, ABJISAETCA U OKTadp.

Ecnu aTomsl paccMaTpuBaTh He KaK JKECTKHMe LIAphl, @ KaK B3aMMOJEHCTBYIOUINE MEXIY
co6oifi mo morennuany Jlemnapma—/l)koHca YacTHMIIBI, TO 32 CYeT HEKOTOPOil Aedopmanuu
BHYTPEHHEI YacCTHUIbI BCA CHCTeMa H3 13 aTOMOB CTAQHOBUTCA WCKJIIOUUTENBHO BBITOJHOI.
CremoBaTesIbHO, IIPH OPraHHU3AIIMM ATOMOB B IIOZOOHBIE TPYIIEI (A7pa), B HEKOTOPHIX OOIACTIAX
IIOJIyYMM 3aMETHBIN BBIMTPHILI B SHEPTUHU. SIIpa XapaKTepHU3yIOTCs U 3aMEeTHO OOJIBIIOH JIOKaTbHOMN
nnoTHOCTHI0. OIHAKO, IIOCKOJIBKY OHM HE MOTYT ITOJIHOCTBIO 3aIIOJIHUTH IIPOCTPAHCTBO, TO JTI000M
BBIUTPHIII B OOBeMe M DHEPrUM B IIpefesaX KjIacTepa KOMIIEHCHDPYeTCA IIOTepeil SHEPTUH U
IIJIOTHOCTH B “PBIXJIBIX y4aCTKaX — B MECTaX UX COIPSDKEHHUS.

CremeHp 3amoOJHEHHS TPOCTPAHCTBA OECKOHEYHBIM YHCJIOM YaCTHL, OI[€HUBAETCS
KO3(QUIIMEHTOM IUIOTHOCTH YNAaKOBKM KaK OTHOLIEHHWEe CyMMbI 00BeMOB V. dYacTun 1 K
3aHMMaeMOMYy UMHU IIOJTHOMY 00beMy V-
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11 perymdpHOro pacHoJIOKeHHsA COoNpUKacammuxca chep PyHAaMeHTalTpHOe oIlpeneneHue K
IOZpa3yMeBaeT HaJau4yue GECKOHEYHOH pelleTKU C UIeHTHYHBIMU S4eiiKaMu, KaKJasd U3 KOTOPBIX
CO,D;EP)KI/IT OJMHAKOBOE€ KOJIMNYECTBO YdCTHII. CJIe,ZLOBaTeJIBHO, K MOXHO Ol'Ipe,ZLEJII/ITB AJIA O,ILHOfI

aueriku. Hanmpumep, mna nnorreimeit ['IIK ymakoBkm, sdeifke ¢ mapaMeTpoM pelIeTKH a =+27

IIpUHAJJIeXaT yeTsIpe cheprr u K = 7216 = 0.7405 .

B cnayyae mIOTHOYNAaKOBaHHOHM HEPETyISpHOM CHCTEMBI PAacCTOSHHUE MEXIY IeHTpaMu
Gmrxaiumx chep HeMCKpeTHas BEIUYHMHA UM HOCHUT CTOXAaCTHYECKO-BEPOATHOCTHBIM XapaKTep.
[Tosromy ompenenenue K mpaBoMepHO JMING Ay OeckoHeuHOro wyucia dactui,. Koapdunuent X
HEeperyJApHOM CHUCTeMBI XapaKTepU3yeT CTelleHb 3aIl0JHEHUs IIPOCTPAHCTBA B II€JIOM M PaBHO
~0.64. OpHako B OpraHM3aLMM OJIIDKHETO YIOPALOYEHUs NPUHMMAeT y4acTHe OTpaHUYeHHOe
KOJIM4uecTBO cdep, U, ClreJ0BaTeTbHO, B MUKPOOOJIACTH TaKoe onpeenenre K TepseT CTPOTOCTb.

Kak oTmeueHO BbIlle, HeperyIsIpHbBIN aHCAaMOIb U3 SKBUBAIEHTHHIX Cep CTpOUTCA mMyTeM
IIOCJIeIOBATEIPHOTO Pa3MeIleHHWs HOBBIX YaCTHUI[ Ha IIOBEPXHOCTH HEPETYJIPHOTO 3apojbIlia
(rerpasgpa) TakuM oOpa3oM, 4YTOOBI KaXZas u3 [0OABISEeMBIX YaCTHUI[ Kacajach TpeX Yxe
cymecTBylomux cdep. Takoe IIOCTpoeHHe HEYNOPAAOYEHHOH CTPYKTYpPHl COIPOBOXKJAETCS
HOSIBJIEHWEM HCKJIIOYUTEIBHO TeTPadApUUecKuX IycToT. [Ipu sToM MaKCHMMaJIbHO YIIJIOTHEHHBIH
arperaT u3 HECKOJIBKHUX ThICAY chep umeer kKoapduuuent ymakoBku K=0.63, 6mm3kuii X
onpezneneHHOMY dKcrnepuMeHTanbHO (K=0.64), ecau IOCTpoeHHe BBIOJTHEHO IIPU YCIOBUU
“rmobansaoro” kputepus [5]. IlocnemHuil mozpasymeBaeT pacIIONOKeHWE HOBOHM J00aBIseMOi
YaCTHIBI B TETPAdAPUUECKYIO AMY, OIMDKAMIIYIO OT LIeHTpa 3apoZblila, MOAEINPYyeT BBIOOP MecTa C
MUHHUMAJIBHON JHEprueil i [JaJTbHOZEHCTBYIOUIEro IIOTEHIIMajaa M II09TOMY oO0OecleduBaeT
MaKCHMaJIbHYIO IIJIOTHOCTD YIIAKOBKY HEPETYJIIPHOTO arperara.

K 1.0 l

0.4F

0.2+

L 1 s

; 2 3 4

Pucynox 2. KoadpdunuenT mrornoctu
YIIaKOBKY HeperyIspHON CTPYKTYPBIIO
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Bocmonp3oBaBimucs ¢yukiueit paguansHoro pacnpegenenus (PPP) takoit neperysapHoit
CTPYKTYPHI [5] B paboTe [6] BhIuMCIeHa 3aBUCHUMOCTh KO3 QUIIMEeHTa IJIOTHOCTH YNaKOBKU K OT
pasMepa Kjacrepa B Macurtabe guamerpa yactuust 27 (puc. 2). B pesynbrare dTHMX BBIUKCIEHUH
IIOKa3aHO, 4YTO AnA I < 2.5 xoadpdunument K= f(r) aBragercsa cI0oXHONH (yHKIMEH pacCTOSHUSA, a
npu r>2.5 craHoBuTCca mocrogHHOW BermuymHOU (K= 0.63), xapakTepusyoueil HeperyJIAIpHYIO
cucremy u3 6eckoHevHOro uncia vacrtur. OTcrozma, B YaCTHOCTH, CIeAyeT, YTO 00JIacTh OIMKHeH
YIOPAZOYEeHHOCT! OTPAaHHYMBAETCA PACCTOAHMEM IIPUMEpHO B 2.5 [guamerpa dYacTHI, U B
OpraHM3allUM HeperyJIpHOTO KJacTepa IPUHHUMAeT ydacTHe ZiNl. =100 wactum. OTa oOleHKa

coryjacyercs C JAaHHBIMH paboTel [7], B KOTOPOH /A BBIYMCIEHUA KOJIHMYECTBA aTOMOB
y4YacTBYIOIIUX B 00pa30BaHIY HePeTYyJIIPHOTO KJIacTepa JaeTcs BhIpaXeHHe:

N =103k +@2n+1), )

rge k — MOpsALKOBBIM HOMEP aTOMHOTO CJIOSI, @ 11 — YUCJIO ATOMHBIX CJIOEB.

BKCHEPI/IMCHTEUIBHBIM IIOATBEPXKAEHUEM PaCCMaTPPIBaeMOfI MOZEIN MOKET IIOCTYXHUTH
HeJlaBHee cooOuleHue [8], COrIacHO KOTOPOMY IIOZ 3JIEKTPOHHBIM MUKPOCKOIIOM HaOIIomamu
9BOJIIOIIMIO POCTa KJIacTepa 30JI0Ta OT TeTPaspa L0 UKOCaAdAPa.
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ITomudpyHK1IOHANIBHEIE TOKPHITUA HAHOCTPYKTYPHOTO
HUTPU/A TUTAaHA HECTEXMOMETPHUYECKOTO COCTaBa

B. M. lllynaes

HanmonaneHbIit HayYHBIH IEHTP
“XapbKOBCKUH (PUBMKO-TEXHUYECKUI UHCTUTYT
XapbKoB, YKpauHa
v.shulayev@kipt.kharkov.ua

Ha ceropnamuuii feHs nccaeoBaHUA NMOMHUQYHKIIMOHATBHBIX MOKPRITUN HUTPHJA TUTAaHA
HEeCTeXMOMETPUYECKOrO COCTaBa ABJAIOTCA OJHMM M3 MMPOBBIX JIMJEPOB CpeJHu BCeX BHUJOB
YIPOYHAIOIUX, SPO3UOHHO- U KOPPO3MOHHOCTOMKHUX, NeKOPAaTHBHBIX NMOKPHITUH. TexHomoruu u
obopyZoBaHMe UX CHHTe3a XOpOIIO OCBOEHBI IIPOMBINIIEHHOCTBIO. IIpomeccsr cuHTe3a
HaHOCTPYKTYPHBIX IIOKPHITUM HUTPHA TUTAHA DKOJOTHYECKH YMCTHI.

Hurpup turana — 6MHapHOe XMMHYeCKOe CoeIMHeHMe TUTaHa C a30ToM cocTaBa TiNy 1-y (rze
y — copepxanue asora, y=0.38+1.00 mpu 7'>1080°C, - crpykrypHas BakaHcusd, 1-y —
KOHIIEHTPallUsd CTPYKTYPHBIX BaKaHCHII B IIOZpelIeTKe a3oTa). JTO COeJUHEHUEe IIpeZCTaBiieT
coboii Tyromtaskyio ¢asy Bueapenus (TOB) ¢ mupoxoit 06;1aCThI0 TOMOTEHHOCTH.

Crnenuduka HUTPHUAA TUTAHA, KaK U Apyrux T®B Ha ocHOBe ABOMHBIX U TPOMHBIX HUTPUIOB
U KapOUIOB IepexOmHbIX MeTasutoB IV u V rpymnn nmepuogudeckoi TaGIUIBI 51eMEHTOB, COCTOUT B
TOM, 4YTO O0JAcTh TOMOTE@HHOCTH He COBIAZaeT CO CTeXHMOMeTpPHYecKHM cocTaBoM. Jlpyras
0coGeHHOCTH Bcex KpucTauindeckux TOB cBsg3aHa ¢ TeM, YTO TOYHBII CTEXMOMETPUYECKHII COCTaB
ABJIAETCSA CKOpee UCKIIOUeHueM, YeM IpaBmioM. IIpu cuHTe3e HUTpUAA THTaHA TIOOBIM HM3BECTHBIM
CII0cOoO0M HaGII0AIOTCA 3HAUUTeTbHbIe OTKJIOHEHHUS OT CTEeXHOMETPH.

HauGonpuryro mHOmyJApHOCTP MOMYYMIM IIOKPBITHS U IJIEHKM HUTPHUJA THUTaHA C
006s3aTeIbHBIM eUIIUTOM 10 a30Ty. Ilo n3yueHMIo oco6eHHOCTel CHHTe3a U CBOWCTB, MMOKPHITHS
HUTPUJA THTaHA ABJIAIOTCA MUPOBBIM JHZEPOM IIO YHCIy IyOGIMKAUWH Cpefy TYTOIUIaBKHUX (a3
BHeZpeHnsa. CaMBIM IIpUBJIEKAaTeIBPHBIM CBOMCTBOM HHUTPUZA THUTaHA SBJIAETCA €ro BBICOKad
TBepZocTh. Ho KpoMe 5TOro HUTpHZ, TUTAHA ABIAETCA CPEOTOYNEM YHUKATBHBIX CBOHCTB.

[ToxpsITHA HUTPUA TUTAHA UMEIOT OYEeHb CHJIBHYIO a/IT€3UI0 K Pa3IMYHBIM MeTa/THYeCKAM
nognoxkaM. [lo 3Toil mpuYnHe HMOKPHITHA He NOABEP)KEHHBI BCIyYMBAHUIO, XJIOIbeOOPa30OBAaHUIO
nau mwenymeHuio. OHM KMMeIOT PaBHOMEPHYIO TOJIIMHY, KOTOpas BOCIPOM3BOAUT IIPOMUIb
IIOBEPXHOCTH IIOJJIOXKKU. BO3MOXXHO IOTydYeHHe IOKPBITUH B IIMPOKOM /JMala3oHe TOJIINH,
CTPYKTYpa M CBOMCTBA KOTOPHIX O4YeHb CTAaOMJIBHBI BO BpeMeHH. IIOKphITHA 061aaloT HU3KOMH
CKJIOHHOCTBIO K YCTaJIOCTH, BBIIEPKUBAIOT OY€Hb BBICOKME CXKMMAIOIUe HalpsoKeHudA. Biarogaps
BBICOKOH TBepZOCTH, IIOKPHITHSA OKa3bIBAIOT OOJIBIIOE COIIPOTUBIIEHHE SPO3UU.

TpuborexHUyecKre XapaKTePUCTHKU IIOKPHITMH HUTpUJA THUTaHA U3-32 HU3KOTO
kooddunrenra TpeHus (aHTUQPHUKIMOHHBIE CBOMCTBA) OBLIM BBIZENEHBI B OCOOBIH Kiacc.
IToKpbITHA TOBBIIAIOT M3HOCOCTOMKOCTb, CHIIKAIOT KOPPO3MOHHOE HCTHPAHUe, INPEeIATCTBYIOT
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MHKPOCBapKe M CXBAaTBIBAHHUIO TPYUIUXCA IIap, CHIDKAIOT aJTre3MOHHBIH HM3HOC, obecliedyurBaeT
IUIaBHYIO paboTy Iap TPeHMU.

Ilo mpuynHe HETOKCHMYHOCTH U OMOJIOTUYECKOH COBMECTHMMOCTH IIOKPBITUSA HUTPHUZA
TUTAHA UCIIOIB3YIOTCA B MeJAUIIMHCKUX XUPYPTHUIECKUX NHCTPYMEHTaX U 00OPYZOBaHUHU ITHINEBOM
IPOMBIIIIEHHOCTH.

Takme HOKPBITHA MOTYT SKCILIyaTHpOBAaThCA Ha Bo3gyxe g0 Temmeparyp Hmxe 450 °C.
IToxpsITHA 5]I€KTPO- M TEIUIONPOBOAHBL. HWTpuz THTaHa IpU HU3KUX TeMIIEPaTypaX MOXeT
IIPOSABJIATH CBOMCTBA CBEPXIIPOBOJHHKA MJIM CBEPXHU30JIATOPA.

IIBeT MOBEPXHOCTHU MOKPHITUH — 30JI0TUCTHIN, YTO 00ECIIeYNIIO UM IINPOKOe TPHMeHeHYe B
KayecTBe JeKOPAaTHBHBIX IIOKPBITHI.
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JedeKTsI pocTa B CBepXTBEePABIX HUTPUAHBIX TOKPBITUAX, IIOTyYaeMbIX
BaKyyMHO-ZyTOBBIM METO/IOM U3 He(UIbTPOBAaHHOM IIJIa3MBI TUTaHA

B. M. Illlyraes

HanmonaneHbIit HayYHBIH IEHTP
“XapbKOBCKUH (PUBMKO-TEXHUYECKUI UHCTUTYT
XapbKoB, YKpauHa
v.shulayev@kipt.kharkov.ua

[l1a BaKyyMHO-JIyTOBOTO CHHTe3a IIOKPBITHM HUTPHJA THTAaHA XapaKTepeH CyIeCTBeHHBIH
HeJIOCTaTOK — SMHUCCHsA KamenbHOHM aspl M3 MaTepuasa Katoga. Hamo- m MuxpoyacTuirs
coocakjlaeMble Ha IOJJIOKKY COBMECTHO C IIOTOKOM Ia30MeTa//IMYecKOM ILIa3Mbl 3aXBaThIBAIOTCS
pacTymeil moBepXHOCTHIO MOKPHITHA. OHM BIHAIOT Ha IIEPOXOBATOCTh ITOBEPXHOCTU IOKPBITUA U
yXyZUIaloOT MeXaHWYeCKue CBOMCTBA IOKpBITHI. BiumdHue 3THMX 4YacTHIl Ha IIPOIECCHI pOCTa U
dbopmupoBanusa CTPYKTyphl ToOkpeITuii TiN Ha ceroguamHuR JeHb HauMeHee H3y4YeHHas
mpobema.

[ns TomydyeHWsA HUTPUIHBIX IIOKPBITMH HCIONIB30BaTach yCTAHOBKA byar —67.
Wcnapaemsrii matepuan — tutad Mapku BT1-0. Tox gmyru cocrasman 85 A. [laBmeHue asora B
Kamepe BapsupoBasock B amamazoHe 10 ...102Topp. Paccrosume or wucnapurens 1o
HeIoABIKHOM moamoxku — 250 mm. B mpormecce cuHTe3a Ha NOAJIOKKY IOJABaaU IOCTOSHHBIN
OTpHULIATEIBHBIH IOTeHIMAI cMeleHus, BenuunHoi 230 B.

11 uccienoBaHuil B paCTPOBOM 3JIEKTPOHHOM MHUKPOCKOIIE IIOKPBITUS TOMIIMHOMN 2.5 MKM
HAaHOCHJIMCh Ha MeJHYIO INOMJIOXKY. Mukpodpakrorpabus H3IOMOB IOKPBITHI H3ydasach Ha
pacTpoBoM 5ieKTpoHHOM Mukpockomne Zeiss Ultra55. PacTpoBsrii MHUKpOCKOI OBILT OCHAIIEH
CUCTEMOI SHeproACIepCHOHHOr0 peHTreHoBCcKoro Mukpoanantusa INCA — 350.

Pucynox 1. Xpynkuii u370M NOKPBITUA HUTPHAA TUTAHA.

215



Ha puc.1 mpescraBmeH XpynKuif H3JI0M IOKPHITMA HUTpHAa TuraHa. Crpermkal —
HAaHOYACTHUIIBI THUTaHA «3aMypOBaHHbIe» B OOBEM HUTPUAHOTO TOKphITHA. Crpenka?2 -—
MHUKPOYACTHIIA TUTAHA, COIIOCTaBUMAs C TOIUMHON HUTPUIHOTO MOKPBITHUA.

Ha pucyske xopomo BuIHBI XapaKTepHble MAarUCTpajJbHbIE TpeIIUHBI. IloKpsITHA
paspyLIaloTCs HA OTJelbHBIe (ParMeHTHI, KOTOpble YZAEep>KHBAIOTCA CHJIAMH aJre3uu Ha
IIacTU4YeCKu AeOopMHUpPOBAaHHOM MeAHOH IOZJIOXKe. 3aTBepieBiue chepornomoOHbIe MUKPO- U
HAHOBKJIIOUEHHU pacIipe/ie/leHbl KaK Ha TOBEPXHOCTH QpParMeHTOB, TaK U B UX 0ObeMe, BBIABIIAACH
HA M3JI0MaX.

JloxanpHBIH XMMHYECKUH aHAJIM3 COCTaBa MHKPO- M HAHOBKIIOYEHHUH IIOKasajl, YTO OHHU
IIOJTHOCTBIO COOTBETCTBYIOT MaTepuaay TUTAHOBOTO KaToja, a (GparMeHTHl NOKPBITHA ABIAIOTCA
HEeCTeXMOMEeTPUYeCKUM KyOHM4eCKUM HUTPHAOM THUTaHA. TakuM 06pa3oM, MOKPHITHA, IOy YeHHbIe
BaKyyMHO-/IyTOBBIM OCa)k/leHreM U3 He(dUIbTPOBAaHHOM IIJIa3Mbl THTAHA, ABJAIOTCA ABYX(hasHBIMMU.
IlepBas ¢aza — HecTexmOMeTpHUYECKUH KyOWdYeCKWH HAHOCTPYKTYPHBIH HuUTpuf TuraHa TiNy 1y
(rme y — comepkanue asora, y=0.38 +1.00 mpu 7'>1080 °C, - cTrpykrypHas BakaHcusd, l-y —
KOHIIeHTPAllUA CTPYKTYPHBIX BAKAaHCUI B ITOZpelIeTKe a30Ta). Bropas ¢asza — MUKpO- ¥ HAaHOKAILIU
MeTaJUIN9eCKOTO TUTAHA.

3axBaT MaKpO4aCTHUI] TUTaHA GPOHTOM OCaXKJeHUsA pacTyurero mokpsitusd TiNy 1-y, mpuBoguT
K (OopMHPOBaHMUIO HOBOTO CIenudUYecKOro gedeKTa CTPYKTYphl B TBepAOM Teje — IIOpa,
cofiepKalas MeTATHYeCKYIO YaCTHUILY.
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ITonmyuyeHue BEICOKOTBEPABIX HAHOCTPYKTYPHBIX
TIOKPBITUI HUTPHUAA MoaubaeHa coctaBa Mo:N

B. M. lllynaes

HanmonaneHbIit HayYHBIH IEHTP
“XapbKOBCKUH (PUBMKO-TEXHUYECKUI UHCTUTYT
XapbKoB, YKpauHa
v.shulayev@kipt.kharkov.ua

ITomy4yensr  BBICOKOTBepAble  BaKyyMHO-AYTOBble  IIOKphITHA cocrtaBa Mo:N B
HaHOCTPYKTYPHOM coCTOsHHU. Iloka3aHO, YTO TBepZOCTh HOKpPHITHH MoOXeT gmocrurars 62 I'Tla.
HamGonee BepoATHBINI MexaHH3M (OPMHPOBAHHMA HAHOCTPYKTYPHOIO COCTOSHHSA OOYCJIOBJIEH
$a3oBBIM  IepexoJioM IIepBOrO  poja M3 BhICOKOTeMmeparypHoi  dassl  y-MoN
HusKoreMmneparypHoii f-MoN ¢asze noz geiictBuem 60MGapAMpPOBKY MOHAMHU MOIuOAeHa ppoHTa
OCaXKeHUA TTOKPhITHA.

IToxperTusa HUTpHa MonaubAeHa cocrtaBa Mo:N monydanu MeTOZOM IJIa3MEHHONH HMOHHOM
MMIUIAHTAIlUY ¥ OCAKAEHUA U3 He(pUIBTPOBAaHHON MeTa/UIMYeCKOH IIa3Mbl B MPUCYTCTBHUU a30Ta
Ha BaKyyMHOH ycTaHOBKe Byimar—6”. Mcmapsewmsiii MaTepuan — MOJIMOAEH BBICOKOH YHCTOTHI
mapku (MYBII). ITapamerpsr ocaxzgenus: Tok gyru 105 u 160 A, norennuan nognoxku —40 u
— 200 B, maBnenue asora B npouecce ocaxgenus 0.14 ... 0.18 Ia, ckopocTs ocaxieHus coCTaBiAIa
3.5 u 7 mxm / 4. [IokpsITHA TOTyYanu Ha MOIUPOBAHHEIE MOMIOKKY ¢ pasMepamu 20 X 20 X 3 MM u
nmosiocku MenHo# Qoxeru tommumuoi (0.2 MM. MaTepuan NOJJIOXKKH — Hep)KaBeloUas CTalb
12X18HIT.

PenTtreHocTpykTypHBIE HCCIeOBaHUA IpoBOAWINCh Ha aAudpakromerpe [IPOH -3 B
Cu-Ki-usnygenuu. Bee uccirejoBaHHbIe TOKPBITUSA UMENIH CTPYKTYPY CO CTEIIeHBIO AUCIEPCHOCTHU
o6acTeil KOrepeHTHOTO paccemMBaHus B AuamnasoHe oT 9 mo 15 M. OZHOPOZHOCTH BHYTPEHHETO
CTPOEHUS ITOKPBITUH HCC/IeZ0Basach MeToLoM u3noMOB. PpaKkTorpaMMbl HM3JIOMOB CHUMAJINCH B
pactpoBoM siekTpoHHOM MuKpockorme JEOL JSM —840. TBepmocTs HOKpBITHIT HCCIemOBasach
HaHOTecTepoM “MukpoH — 'aMmma” MeTOZOM aBTOMaTUY€CKOTO MHAEHTUPOBAHNUA.

N3yuyenne ¢pakTorpaMM XpYIKHUX H3JIOMOB TEeKCTYPHPOBAHBIX IOKPBITHUH IIOKAa3auo, 4TO
IpU BCeX 3HAYEHUAX [aBJIEHUA a30Ta HCCIeOBAHHBIX B paboTe, CKOPOCTeH OCAKIEHUA U
MOTEHIIMAJIOB CMelleHUus (GOPMHUPYIOTCA OeCIOpPUCTble IIIOTHBIE IIOKPBITUA C BOJOKHUCTOMN
CTPYKTYPOH.

AHanu3 pe3yJIbTaTOB PEHTTEHOCTPYKTYPHBIX HCCIEIOBAHUN CBUAETEIBCTBYET O TOM, YTO B
ucclesyeMbIXx o0Opaslax M3MeHeHHe ITOJIOKeHUs, GOPMBI U IIMPHHBI AU(PPAKIUOHHBIX KPUBBIX
MOXXeT OBITh CBSI3aHO TOJIBKO C (pa30BBIMU IIPEBpAlLeHUAMH B IIpefiesiaX 00J1acTi TOMOTeHHOCTH TIpU
cocraBax cooTBeTCTByIOmUX ¢popmyne Mo:N. B HOKpHITHAX OZHOBpeMEHHO COCYILIECTBYIOT JBe
¢azp1. Beicokoremneparypras y-Mo:N u Huskoremmneparypsas f-Mo:N. IIpu Hu3KOM TOCTOSHHOM
orpunarensHoM mnoTeHunuane cmemenus (—40B), mpeoGramaer BbicOKOTeMmeparypHast ¢asa
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y-Mo:N. Ilpm mnosemmenHom mnoreHnuane cmemenus (—200B) pacrer cozepxaHue
HU3KOTeMIlepaTypHOIi B-Mo:N ¢a3sr.

ITpomecc HaHOCTPYKTypHPOBaHUA IIO-BHAMMOMY, OOYCJIOBJIEH IIpeBpallleHueM C (ha30BbIM
IIepPex00M IIepBOTO POZA OT BeIcOKOTeMIepaTypHoit y-Mo:N k Huskoremneparypaoii f-Mo:N dasze
mos  JeiictBueM OoMOapAMpOBKM HOHAaMM MoiaubzeHa GPOHTAa OCAXKIEHUS IOKPBITHS
Hanoxpucrannsr HuskoremneparypHoil -Mo:N ¢assr 3apoxAaoTcsa M3 MHOXKECTBA LIEHTPOB Ha
(bpoHTe ocaXIeHUA B MaTpUIle CHHTE3UPYeMOH BBICOKOTeMITepaTypHOH ¢assl y-Mo2N.

TBepmocTh CHHTe3HpyeMBIX TIIOKPBITMH Ha TIIOJJIOXKKAaX U3 Hep)KaBeomeld crajiu B

3daBUCHMOCTH OT IIdpaMe€TpPOB OCaAXAEHUA BII€EPBbI€ BAPbHPOBaJIACh B [AHAIId30HE 3HAYeHUN
50 - 62 I'Tla.
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