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OGroBOPIOIOTHCS HEPO3B’A3aHi MpobaeMu i 0COOIMBOCTI HAHOCHCTEM, HAHOMA-
TepisaniB i HaHOTexHOoJOriH. CrcTeMaT30BaHO OCHOBHI (hidMKO-XeMiuHi Xapak-
TEPUCTUKY PO3MipPHO-iHAYKOBAHOI IOBENiHKN HAHOCTPYKTYPHUX MATEPisiiB i
maHo BimmoBimui (ismumi moscHeHHsA. IToOymoBaHO TepMOAMHAMIUHUE MOZAETH
TOILJIEHHA OiHapHOI HaHOYACTUHKU, IO CTBOPEHA ifealbHUM PO3UYMHOM, AKUI
TIOSICHIOE 3aJIEXKHICTh TeMIIEpATYPH TOIJIEHHS Bix pagitoca uactTuaku. HaBeneno
eKCIIePUMEeHTAJIbHI MeTOAY ONepP:;KaHHA AMCIEePCHUX CHUCTEM i rayrysi sacTocy-
BaHHSA HAHOTEXHOJIOTi¥. 3alpOIIOHOBAHO KOMILIEKC 3aXO/iB JJIsI CTBOPEHHS i
POBBUTKY BiTUM3HAHOI HAHOIHAYCTpPii.

The unsolved problems and peculiarities of nanosystems, nanomaterials and
nanotechnologies are discussed. The basic physical and chemical features of
size-inducible behaviour of nanostructural materials are systematized, and the
corresponding explanations are given. Thermodynamic description of a binary-
nanoparticle melting is constructed on the basis of the ideal solution model,
which explains the melting-temperature dependence on the particle radius.
Experimental methods for disperse systems fabrication and the fields of prac-
tical application of nanotechnologies are presented. The package covering pro-
cedures for creation and development of domestic nanoindustry is proposed.

O6cy:kmatoTcsA HepellleHHble MPo0JIeMbl I 0COOEHHOCTY HAaHOCHUCTEeM, HaHOMAaTe-
puanoB m HaHoTexHOJOrmil. CrcTeMaTU3NPOBaHbLI OCHOBHBIE (DU3MKO-XHMUYE-
CKMe XapaKTEePUCTUKU PasMEPHO-UHIYIIMPYEMOro IOBENeHUSA HAHOCTPYKTYP-
HBIX MATEPUAJIOB M [OaHBLI COOTBETCTBYyIOIMe (usuueckue obbscHeHus. Ilo-
CTPOEHO TePMOAMHAMMUYECKOEe OIIMCAHNE ILJIaBJIeHNsI OMHAPHOM HAHOUACTHUIIHI HA
OCHOBE MOJIeJIN UAEAJTLHOTO PACTBOPA, KOTOPOe O0bACHSAET 3aBUCUMOCTH TeMIIe-
paTypsl ILJIaBJIEHUSA OT pajuyca dacTuilbl. IIprBeleHbl SKCIIEPUMEHTAJIbLHBIE
METOMBI IIOJYUYeHN JUCIEPCHBIX CUCTEM U 00JIaCTH IPUMEHEHU HAHOTEXHOJIO-
ruii. I[IpeniioskeH KOMILJIEKC MEPOIPUATUIN JIA CO3AAHUA U PA3BUTHUA OTEUYECT-
BEeHHOM HAHOUHIYCTPUU.

KarouoBi ciaoBa: HaHOCHCTeMU, HAaHOMATEPiAIM, HAHOTEXHOJIOTIl, TepMOAUHA-
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MiKa, po3mipHuii edexT, pas3osi giarpamu, gudysis B HAaHOMATepiaIax, 3aCTO-
CYBaHHJ i Ipo6JieMy HAHOTEXHOJIOTiH, IIJIAXY CTBOPEHHA HAHOIHAYCTPii.

(Ompumano 3 zpydous 2009 p.)

1. BCTYII

Haii6inpmri gocArHeHHS B OCTaHHI AecATUIITTA y raaysi ¢pisuuHoro mMa-
TepissosHaBcTBa i (PisMKM TBEPAOrO Tija IOB’sA3aHi 31 CTBOpPEeHHAM Ta
BUKOpPUCTAaHHAM HaHOocucTeM [1-6]. 3a mporaosamMu TpaHCIOPTYBaHHSA
TOBapiB, KOCMOC, CIIOPTUBHI i xemiuHi BupoOu, ika, TeXHOJOTil 3anucy
indopmarii Ha HoOCii, TpaHCILIAHTATH Y MeIUINHI, 3aXVCHI MOKPUTTS
IJIs BUCOKOI MiItHOCTH BUPOOIB i Bim OKMCHEHHA — Iie pax 6aratoodi-
IAYNX rajays3eil 18 BUKOPUCTAHHSI HaHOMAaTepisaiB.

HaHocucremMu € mpeacTaBHUKAMU TaK 3BaHUX AUCIIEPCHUX CHUCTEM,
AKi pO3TIIAZAIOTHCA Y MaTePisiIoO3SHABCTBIL IK TeTepPOreHHi cucTeMu, To0-
TO TaKi, IO CKJIafaoTheA 3 KiabKoX (as. Ili cucTemu 3ycrpiuarorsca B
0araThbox eKCIepUMEeHTAJIbHUX CUTYyaIliax (reTeporeHHa KaTaJisa, yTBO-
PEHHSA HAaHOMIOPOIIKiB, HAHOEJEeKTPOHIKA, IINJ Y IIOBiTPi, BUPOOHUIITBO
HAHOKPHUCTAJNIB i TOHKWX TJIiBOK, KBAaHTOBI TOYKMN, HAHOKOMIIO3UTH,
copbeHTH, eMyJibcii, KomoinHi posunHU, aeposoii). BogHouac HaHOCHUC-
TeMHU ABJAIOTH CO00I0 IIiKaBi 00’ eKTU A4 pyHIaMEeHTaJIbHOI HAyKH, 00 €
IPOCTOPOBO OOMeEKeHUMU cepemoBuiiamMmu. 1o nucnepcuux (yJabTpaauc-
nepcHux abo ApiOHOAWCIIEPCHUX) CepPemoBUI] HaJeKaThb BCi cucTeMu
(OC), aximo y Hux xoua 6 B omHOMY BuMipi icaye menmie 100 HM gucmep-
cHa ckJiamoBa [2—5]. Tobro me miiBKu, amopdHi MeTasu, IOPOIIKU,
YTBOPEHHS B MOPUCTUX CTEKJAaX, MaJli MeTajeBi YaCcTUHKU, KJacTepu,
KOMIIOSUTHI MOKPUTTSA i T.1.

Konu KinbKicTh aToMiB y HAHOCHCTEMi CKJajgae MPUOIU3HO TUCAUY
a00 JecATKiB THCAY, BJIACTHUBOCTI 3MiHIOIOTHCS IOCTYIIOBO BiJl MOJIEKY-
JAPHUX 0 BiaacTuBocTei Tina. Ha :Kaiib, piBeHb HAIIIOTO PO3YMiHHSA OC-
HOBHUX SBUII TAKUX CHUCTEM 3aJIUIITAE€ThCSI HeJOCTATHIM AJIA OAHO3HAY-
HUX Bimmosigei#t i BUKopucTaHHA. AKTYaJbHUM € CUCTeMaTU3aIlisg OCHO-
BHUX (PiSHKO-XeMiUHMX XapaKTepPUCTUK PO3MipHO-iHIYKOBAHOI ITOBEIi-
HKM HAHOCTPYKTYPHUX MATEPisjiB 3 METOI0 y3araJibHEHHS i HayKOBO-
00T'PYHTOBaHUX BUCHOBKiB.

B nromy mocrmimskenHi chopMyIbOBAaHO OCHOBHI MUTAHHS i KPUTHUUYHO
OIVITHYTO Hpo0bJieMu, AKi MOTPeOyIOThL PO3B’A3aHHA 3 O0KY HOCIiTHUKIB
(6uokpemaeno 6 mexcmi Kypcugom). ¥ Apyromy posziji BUKOHAHO IIO-
SICHEHHS 0COOJIMBOCTEH MOBEeIiHKM HAaHOCHCTEM Ha OCHOBi hyHIaMeHTa-
JbHUX IPUNYINEeHDb, HOBUX ifel i rimores miomo po3MipHOI 3aje:XHOCTHU
(isvuHUX BeJIWUYUH y HAHOCUCTEMAaX 1 BiATIOBigHOI po3MipHO-iHIYKOBA-
"ol moBexmianku IIC y mpoiecax (as3oBUX IIEPETBOPEHH MEPIIOTO POXY.
Bigmaioun mepesary oryisay nuTaub (pisvKyu HAHOCUCTEM, aBTOPHU 3HAY-
HOIO Mipoio onmupasncsa Ha BJIACHI OpUT'iHAJNBHI JOCTiMKeHHA, BUKOHAaHI
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IIPOTSATOM OCTaHHIX poKiB. OCHOBHY yBary mpHUIiJIeHO TBEPAUM AUCIIEPC-
HUM CTPYKTypaM. B ocTaHHI# yacTMHI JOCIiI3KEHO rary3i 3acTocyBaHHA
i maiioyTHe HaHOoTexHoJori#. IIpoananizoBaHi mpobaeMu HAHOTEXHOJIO-
rifi i 3aIIPOIIOHOBAHO KOMILJIEKC 3aXOHiB IJIsI CTBOPEHHA i PO3BUTKY BiT-
YN3HAHOI HAHOIHAYCTPii.

2. TEOPETHYHI OCHOBH POSMIPHO-ITHAYKOBAHUX ED®EKTIB
B HAHOCHUCTEMAX

2.1. Beryn

B ymoBax mpocTopoBO 0O0MeKeHOTO cepeloBUIla BiIOyBaeThCA CYyTTEBA
3MiHa i moABa HOBUX, CBOEPiAHUX (PiBMKO-XeMiUHUX BJIACTUBOCTEMH. Ba-
rato (PiBMKO-XeMiUYHHX BJACTUBOCTEH TaKMUX JUCIEPCHUX CHUCTEM 3aJie-
sKaTh BiJl IXHBOTO PO3Mipy i MarmTh 3arajbHuUil xapakTep. Bimomo, Ha-
OpUKJIaL, M0 IIPW 3MEHINIeHHI pPo3MipiB HAHOUACTUHOK PO3UYUHHICTH
eJeMeHTiB 30ilbITyeThCcA. SMEHIIIeHHS PO3MipiB cumcTeMU MOXKe MIpH-
3BOJUTHU TAKOK IO 3MiHU KpUcCTaJiuHNX MonudikaIii, amopdisamii, g0
3MiHU TeMIIepaTypHu TOIJIEHHS, IOBEePXHEBOI'0 HATATY, HEPiBHOCTHU TE€M-
mepaTyp TOILIEHHS i KpucTasisalrii, migBuIeHol 34aTHOCTY YTBOPIOBA-
TU iHTEepMeTaJIiuHi CIIOJIYKYW, 3MiHM IPOBiTHOCTY ¥ ONTUUYHUX BJIACTU-
BocTel [2—26]. BukopucTanHsa HaHO00 €KTiB y MPaAKTUUYHUX IPUCTPOSIX
TaKkoK OOYMOBJIIOE IIEBHi YMOBU [0 €HEPTeTHYHOI0 CIEeKTPYy HOCiiB
cTpyMy. 3a TaKuX yMOB me DBpoiiseBa JOB:KMHA XBUJi HOCIiB 3apamy
cTae IMpUOJIM3HO PiBHOIO po3Mipy cucrteMu. lle Tpu3BOAUTL IO OCITUJISA-
MifHUX 3aJIe’KHOCTe!l OCHOBHMX XapaKTEepUCTUK IIPUCTPOIB Bix 3MiH
YMOB eKcILTyaTalrii. ¥3araJbHIOIOUM JaHi Pi3SHUX aBTOPiB MOKHA HaBeC-
TU 3arajibHi XapaKTePUCTUKM PO3MipHO-iHAYKOBAaHOI ITOBEIiHKY HAHOC-
TPYKTYPHUX MaTepiaais (Taba. 1).

Ha migcrasi pesyabTaTiB mociaigikeHHs cTaOiIBLHOCTH HAaHOCHCTEM

MO’KHA BUAIJIUTU YOMUPU 20108HI HAYKOEL npodiemu:

1) 8naius posmiprozo epexmy Ha eracmusocmi J[C;

2) enaue degpexmie na snympiwni cmpyxmypu J1C;

3) esonrouyia JIC (ocobIMBO HA TTOYATKOBIH cTa/ii CHHTE3W HaHOMATEPiA-
1y);

4) cmabinvbHicms HaHOMAMeEPiANi6 Mi BILJINBOM 30BHIIIIHIX YMOB i 30B-
HINTHIX ToJiB.

IIi opobGiemu Hapasi € HeBUPIIIEHUMH SIK TEOPETUYHO, TaK i eKCcIepu-
MEHTAJBLHO.

Cunresa HaHOPO3MipPHUX MaTepPisdjiB cTae BaKJIMBOIO CKJIAIOBOIO TO-
CHimKeHHs i BUKopucTaHHA B Hayri i TexHimni. [IC omep:kyoTs abo 3a
ITOIOMOroio )a30BUX MEePETBOPEHD, IO CYIPOBOMKYIOTHCA XeMiUHUMU
peakIiiamMu (3a JOIIOMOTOI0 KaTalisaToOpPiB, TEPMiUHOTO PO3KJIALY, €JIeK-
TPOXEeMiUHOI CMHTE3M i reTePOreHHUX Ta TBepAo(asHUX pPeakKIliil B 30HI
KOHTaKTy), a00 IIpH BiZICyTHOCTI ocTaHHiX (HauacTillle MeTogaM’ KOH-
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TABJINAIIA 1. OcHoBHI hisuKo-xeMiuHi XapaKTepUCTUKU PO3MipHO-iHAYKOBA-
HOI IOBeNiHKM HAHOCTPYKTYPHUX MaTepiaxie [2—26].

BuacruBocti | Xapaxrepuctuku [IC y mopiBHAHHI 3 MAaKpOCUCTEMaMU

ITigBuIeHa pO3UYNMHHICTE XeMiUHMX €JIEMEHTiB AK ycepe-
Xemiuni JIVHI HAHOCUCTEM, TaK ¥ HaBKOJIO JUCIIEPCHUX BKJIIOYEHb

y MakpoMaTpuii

3MiHa mapaMeTpa KPHCTAJIUHOI I'pATHUII; 3CyB, 3MiHa
Pizuuni ¢opmu i posmrenaeHHsa JdiHil ha3oBol piBHOBaru Ha AiAr-

pamax cTaHy; 3MiHa KpucTaliunux Mmogudikaii

3HUKeHHA TeMIlepaTypu hasoBUX IMepexoiB (HalpuKJIami
Tepmiuni TEeMIEePATyPU TOILJIEHHS a00 eBTEeKTUKN); 3MiHA YMOB TepP-
MOAWHAMIYHOI piBHOBAru CIiBicHyOUNX HaHO(MAa3
30inbIIeHHA PYXJUBOCTU aTOMiB, KoedilieHTiB nudysii
aToMmiB
3MeHIIIeHa TeIJIONPOBiIHICTh IPY IEBHOMY KPUTUYHOMY
Po3Mipi 3epeH HAHOAUCIIEPCHOT'O MaTePiAIy
3MiHa eIeKTPOIPOBIAHOCTY i AieTeKTPUYHOI MIPOHUKHO-
ctu: 30iTBIIIEHHA OIOPY AJIA MEeTaJiB, 3BMEHIIIeHHA OIIOPY
I OieJIeKTPUKiB, 3pOCTAHHS NMPOHUKHOCTHU IJA CerHe-
TOEJIEKTPUKIB
CynepriapaMarHeTusM i cynmepMarseTHa IOBeAiHKa (hepo-
MarueTHi MarHeTHKiB, PiCT KOEPIUTUBHOI CUJIN IPiOHO3€PHUCTOTO
MaTepiany, cyneprapaeaeKTPUUYHICTS (DePOEIEKTPUKIB
ITigBuinenssa i 3cyB BOMpPHOI 3maTHOCTH B yJabTpadioe-
TOBi#l YACTHUHI CIIEKTDPY, 3CYB CIEKTPY JIOMiHeCIeHIIil Ta
OCIIUIANIMHUN XapaKTep BOMPaHHA eJIeKTPOMarHeTHOTO
BUNIPOMiHIOBaHHA
ITigBuIeHa TBePAiCTh Ta MIiITHICTh MeTaJIiB i KepaMiuHUX
MaTepianaiB, HAAIJIAaCTUYHICTH, IIiABUINEHA B’ A3KiCThb
pyHHYBaHHA, 3HOCOCTiMKiCTh Ta BUCOKA IpaIles3gaTHiCTh
P MUKJIIYHUX HaBaHTAXKEHHIX

Kinmeruuni

Tepmiuno-rimeTnuHi

Enexrpuuni

OnruuHi

Mexanmiunmi

IeHcalrii).
CyTTeBUMU € TaKi acIeKTH ofeprKaHHa HaHoMaTepiamis [25]:
1) migroroBka MmaTepiaay 3 MeToio ofepskansa [IC meBHOro posmipy;
2) omepsKaHHA XapaKTEePHOr0 PO3Mipy i MeBHOTO PO3KUAY 3a po3MipaMu
omep:xauux J1C;
3) TouHicTh BU3HAUEHHS OfepsKaHUX 3HAUYeHb i cTabilbHicTh HeobXif-
HuX xapakrtepuctuk I[C;
4) 3acobu nporuxaii okcuparii JIC (HaHOIOPOIIKiB, MIiBOK).

Bianssko 35 pokis ToMmy BUPOOHUIITBO KJIACTEPiB iHepTHUX rasis i me-
TaJleBUX KJACTEePiB CTAJIO0 MOKJIMBUM 1 JOCTYIHUM 3aBIAKN CTBOPEHHIO
IIOTOKiB aToMiB, IO KOHIEHCYIOTHCS, Bim BiabHUX mxepern [27, 28].
OninuMo uac, HeOOXimHUII AJA BUPOOHUIITBA OSHOTO HAHOPO3MipHOTO
KJacTtepa po3mipoMm L = 1 HM 3a tumu metonamu [29]. Tumosa TeMmmepa-
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Typa MeTaJyieBoi mapu T B TaKUX YCTaHOBKAaX cKJamae 0am3bko 1500 K i
THUCK p mopiBuioe mpudbausuo 500 I1a. [[asa Takoi BuCOKOI TeMIIepaTypu i
HUBBKOTO THCKY MOKHA CKOPHUCTATHCA KiHETHMYHOIO Teopiio rasis i
3HAUTHU cepenHiii moTikK II aToMiB MeTaJsy, IO IIaJa€ Ha IIOBEPXHIO HAa-
HOKJacTepa. OT:Ke, KiTbKiCcThL aTOMiB MeTasy, 1110 00MOapaAyIOTh IIOBEP-
XHIO HaHOKJIacTepa 3a ceKyHay, — I1 = L’p/{mkT}"?, ne m — maca arto-
Ma B IOToIli, £ — BoabiMmanHoBa cTaJia. IIpocTa anredpa mpusBOAUTE 40
sHaueHHA II=10"cex ' i Bigmosigzmoro macmraby uacy: t=IT '=10"
cex = 100 manocekyua. Ile osHauae, 1110 JIJIs TOTO, 11100 CTBOPUTHU THUCS-
Y0ATOMOBUM KJIACTEP HEOOXiTHO OJIN3HKO JeCATH MiKPOCEKYHI.

Cepen maiimomupenimmux meton oxep:kanusa [[C meraniB i cromis,
CIIOJIYK, OKCHIIB i KOMIIOBUTHINX HAHOMATEPisAIiB MOKHA HaBECTU €KC-
mepuMeHTaJbHiI MeToau i TexHoJsorii (Taba. 2), 110 BUKOPUCTOBYIOTHCS
TaKkoK y HayKOBUX JlabopaTopiax Ykpaiuu [2—5, 24—37]. 3acTocyBaHHA
Ha3BaHUX METOJ HaIaJI0 MOKJINBICTH, YKpalHi oepKaTH TeXHOJIOTii,
BU3HAHHSA y CBiTi, po3poduTy MaTepiaau aasd 6ioJorii, pamioejgeKTpoHi-
KU, QisMKHU HU3BKHUX TEMIIEPaTyp, y rajlysi eJleKTpo3BapIOBaHH, TeJIe-
KOMYHIKAaI[i#l Ta 3B’ A3KY, BiliCbKOBOI TeXHiKH’.

Cepen HOBUX ITiKaBUX MeTon omepskanHsa JIC B ocTaHHI pOKM MOKHA
Ha3BaTH BUKOPUCTAHHA TaK 3BAHUX «MacoK» (HaluacTillie ayrfoMiHitio-
BOI «MacCKM») AJIiA HAaIOPOIIIeHH Ha IMiIKJIaAKy MaTepidlIiB 3 MeTOIo ofie-
peKaHHA MalyKe MOHOIUCIIEPCHOT'O PO3IIOAiIy HaHOUACTUHOK [38—39].

2.2, ®i3uKo-xeMiuHi OCHOBH PO3MipHUX e(deKTiB HaHOUCIEePCHUX
MaTepifaxiB

2.2.1. Tepmogunamika HaHocHCTeM. SIKIMO 3BMUAiiHA TepMOAMHAMiKa
He ImOoTpedye COPOINEeHNX MOMEJNIiB AOCIIMKYBAHUX ABUII, TEPMOIMHA-
MiKa HAHOCHUCTEM BUMYIIIeHa KOPUCTYBATHUCI MOAEJIIMHU SABUII, 00 OIe-
py€ IOCUTHh MAJINMMN HEMAKPOCKOIIIUHMMM cucTeMaMu abo migcucreMa-
MU TAKUX CUCTEM.

TepmogmHaMika HaHOCHUCTEM IIOKU IIIO € JOCUTh HEPO3BUHEHOIO HAY-
Koio. B ocranHi poku ii TaKOK HasmBaIOTh HaHOTepMOAMHAMIKO0 [40]
OmgHak, 3po3yMijio, ITO TOJIOBHUM HOBUM 3MiHHUM HapaMeTPOM CTae€
PO3Mip AocIig:KyBaHOI cucTeMH. BiH cTae Takom K XapaKTepPUCTUKOIO,
AK 1 TemImepaTypa, KOHIIEHTpAaIlid, TUCK. 3 I[iel TOUKM 30py MOYKHA PO3-
BUHYTH i IIepeBipUTHU rinmoTesdy PO MOHCAUBICMb 3MIHU NEBHOL 8ACMU-
eocmu mamepiany npu 3MiHi po3mipy, a came, yu icHYye cmpuboK Y noge-
OJiHyi nesHol earacmueocmu mamepiany 018 Ne6H020 PO3MIPY HAHOCUC-
memu?

Posmip mamocucTeMm MOKe CTaTH IapaMeTPOM, IO XapaKTepuaye
daszoBuii mepexing mepiroro abo Apyroro poxy. AKimo, HaupukKJaam, Iepe-
XiT MO HAHOPO3MIpiB CYIPOBOIKYEThCA HAABHICTIO €HEPreTUYHOT'O
0ap’epy IIEePEeTBOPEHHSA i CTPMOKOM BJIACTHBOCTEH, TO TaKUH IIepexin
MOJKHa Oyme BBaKaTH (pa30BUM IIePEX0I0M IIEPIIIOTO POIY.
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TABJINAIIA 2. OcHOBHI eKcllepuMeHTAJIbHI MeToau i cyuacHi TexHosorii ozep-
sxkauuda [IC[2-5, 24-3T].

ExcnepumeHTaNnbHI METOOM OfePIKAHHA

Ne | Has3Ba, MOSACHEHH
1 HaasByROBg rasomnHaMiuHe XOJIOMHe HAIOPOINeHHS — MPOTiKaHHSA Ta-
3y, Iapu KPisb COILJIO Y BAKYYM
9 CywmicHe ocaJsKeHHA iHEPTHOTO ragy i mapu AOCIiIKyBaHOl PeYOBMHU Ha
xoaonHe (T <10 K) migmoxxa
3 B;L,Z[HOBJIeHHﬁ BOZIHEM a6o GoToxeMiUHOIO peaKIlielo 3aXOIJIEHUX KaTio-
HiB MeTajy ycepeaunHi Iop MOJIEKYJISAPHOTO CUTA
Opmep:KaHHsa PiBHOBAYKHOT'O PO3IIOLIY KJIACTEPIB IILJISIXOM ITOBiJIBHOTO II0-
4 TOKy rasiB y MOJIEKYJISPHOMY KMYTi, III0 BUXOOUTh Uepe3 MaJii oTBOpHU
(KuyzaceunoBa e(pyasis)
5 Honneggauiﬂ Ha ByIJeleBiit miiBii mapu Mmerauy (a00 peYOBUHN) B cEpe-
IOBUIIli iHEPTHOTO rasy
6 BunaposyBanus MeTany B armocdepi iHepTHOro rasy 3a yMOB MaJiOro
TUCKY
HeToHnarlitfine HamOPOIIEeHHSA — JIUCOIIAIiA MeTaJeBOro 3’eTHAHHS i
7 yTBOpPEHHS IepecUUeHOol Tapu MeTaly, I10 KOHAeHCYEThCA B 00’ eMi iHep-
THOT'O Ta3y, MEeTO/I0I0 yIapHOi XBUJIi (B pypi)
8 Tepmiunwuii poskaaz coseil, HeOPraHiYHUX i OPraHivYHUX CIIOJIYK
9 OcamKeHHS B POSUMHAX, €JIEKTPOJIITUYHE 0CAMKEeHH
10 EnaexTpoayrose Jier'yBaHHS IIOBEPXHi
11 MexaHoakTHUBAaIliliHe 00POOJICHHA; MeXaHiuHe AUCIEePIYBAaHHSA ¥ BUCOKO
€HepPreTUYHMNX, YIbTPA3BYKOBUX MJIMHAX
12 VonHOIIa3MOBe HATIOPOLIEHHS
CyuacHi TexHoJoTii ogep:xkanusa [[C
Ne HasBa TexHoorii | Ne | Hassa TexHosorii
1 Tazodasua cuaTe3a 8 FKoMmmaxTyBaHHSA HaHOIIOPOIIKiB
9 Tep%vﬂt.IHe poszpineHHsa 9 AxTuania .
i BigHOBIEHHSA i HAHOCTPYKTYPYBaHHS IIOBEPXHi
3 Mexanocuuresa 10 Wonna iMmnanranis
4 Ilmasmoxemiuna cuHTE3a 11 EmiTakcisa TOoHKUX ILIiBOK
5 KepoBana kpucrasisaiisa 12 Qpa,ameHHH
3 aMOpP(HOTr0 CTaHY B KOJIOITHUX PO3UMHAX
6 IaTencuBHa TIACTHYHA 13 ,[[e'I:OHauiﬁHa cuHTe3a
medopmaria i emeKTpoBUOYX
7 BI/ICOKO.IHBI/ILII-C.i'CHI/II'/)I rapr 14 Camo3s6epeskHa
3 pigunHOI hasu BHUCOKOTEMIIepaTypHa CHHTe3a

ITikaBo TaKOXK IEepeBipUTHU, YU BUKOHYIWOMbCA OCHOBHI 3AKOHU mep-
modunamixu 8 HaHomepmoduHamiyi. TobTo icHye HeoOXimHiCTD y Tepe-
Bip1ti um (hopMyIIOBaHHI OCHOBHUX HOBUX 3aKOHIB i IIOCTyJIaTiB HAHOTE-
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pMOAMHaAMIKY 3 TOUYKU 30py 3MiHHOT'O po3Mipy cuctemu. BuHUKAaOTH
HOBI IIiKaBi MUTaHHS, AKi TOTPeOYIOTH BiAIOBii: YU MOMNHA cmEopumu
«i0eanvruil po3mipruil pywiil», axuil iozo podmipruil yuka i KKJ[, axa
PO3MIpHA 3aaedcHicmb mensomicmKocmu HaHocucmemu i 6araTo iH-
IIUX 3aIUTAHbD.

IlepiiumM, XTO 3BepHYB yBary Ha mpo0JeMy PO3MipHOI 3a/IeKHOCTH
BJIACTHUBOCTH (pasu, MoxHa BBaskaTu J. [i66ca, B 8B’ A3KY 8 THM, 1[0 BiH
3aIIPOIIOHYBAB KOHIIENITiI0 PO3iJI0BOI MOBEPXHI MiK (pasaMm, IO Mae
HATAT i BiAMiTHB, 1110 ITOBEPXHEBUI HATAT CTAE 3AJIEXKHUM BiJi KDUBUHU
moBepxHi (asu [40, 41]. Tomy MoKHA BBasKaTH, IO 3all0OUaTKyBaB Ha-
HoTepMoAnHaMiKy came 166¢c. OgHAK po3poOIeHNT HIM TepMOAXHAMI-
YHUH amapaT OpaIfioe JUIle AJd BiIKPUTHUX CHUCTEM, B TOil uac AK y 0a-
raThOX BHUIIAJKaX HAHOCHUCTEMH MOMKYTH OYTH i30JIbOBAHMMM, OTIKE 3a-
KpuTuMHu cucteMaMmu. [30ab0BaHicTh peanbHux JIC Moxke OyTy 06yMOB-
JleHa TaKOK HMOBLILHUME IIporecaMu Au@ysii B 00’eMHUX MaTepisgaax.
B 3B’a3Ky 3 UM suHUK.IA HeoOxiOHicmb modupirysamu maxi gynoa-
MEeHMAaAbHI 018 MepMOOUHAMIKU NPABULA AK npasuia a3 Toiro [42].

3acTocyBaHHSA TEePMOAWHAMIUHOTO HAOJIMKEHHS Ma€ CeHC, KOJIH Ki-
JBKiCTh aTOMiB B JOCHiAKyBaHiN cucTeMmi € «BeauKum». Ilamo Bifgmo-
Biflb, UM MOKHA BBasKaTU HAHOCUCTEMY «BEJIUKOIO» AJA BUKOPUCTAHHS
TepMmoauHaMiku? HeoO0XifHO TaKOXK ITOAUBUTHCSA Ha BUSHAUEHHS «TeM-
nepatypu» T. BinbmiicTs pobiT 3a TeMOIO «HAHOTEPMOAMHAMIKA» IIPU-
IIyCKAaIoTh, III0 TEMIIEPATYPA € YiTKO BUBHAUEHOIO B MEXKaX, HAIIPUKJIA,
HaAHOYACTUHKYU abo iHImoi HaHocucteMu. TaKke IPUIYIEHHA € CIIiPHUM.
TemmepaTypa 00’€KTy OJHO3HAYHO BU3HAYAETLCA YV BUIAAKY MaKpoO-
cKomiyHuX cucteM. KBanToBa (hisuKa CTBEepIKYyE, IO He MOKHA BU3HA-
YUTH OJHO3HAUHO TeMIIepaTypy iHAWBimyaabHOTO aToMa abo IIPoCTOi
mosiekyai. ToMy 6uHUKAE NUMAHHA PO 260MEeMPUYHY MeHCY MIHC MeM-
nepamypHumu 30HaAMU, 6 AKUX MeMnepamypa «8UHALAEMbCA» i «He
su3navaemuvca» . ICHyOTh ABa 3aTaJbHOIPUHAHATI TigX0au OO Iiel mpo-
0JieMU: 3 IMO3UITiMi IPOCTOPOBUX TeMIIEpPATypPHUX (DJIIOKTyalliii i 3 mosu-
il BUBHAUYEHHA JJOKAJbHOI TeMIlepaTypu. Posrasauemo Ii ABa migxonu.
IIpo6nrema mennosux ¢garorxmyayii. TepmoamHaMiKa fa€e MaKpOCKO-
OiYHUH OIIMC MaTePifANy B CTaHiI TepMoaMHaAMiuHOI piBHOBarm, BusHaue-
HOMY B 00’eMi, Je TemJoBi KOJIMBAHHS € «MaJIUMMH». Po3riIsgsHeMo Ky0
(06’em akoro mopiBmioe L?), mo micTuTh n aToMiB B oZMHHUIL 06’€MYy.
BigHocHa TeMmIepaTypHa QJIOKTyallis B MeKaxXx TaKoro Kyba —
ST/T =~ (nL? /2 a6o L ~ (8T /T) **n"*/? [43]. IIpumycTumo, 110 TeMIIepa-
Typa BCepeanHi TaKol CUCTEMHU € MOCTilHOIO0 i OMHAKOBOIO, SKIIO BOHA
KOJIMBAETHCA B MeXKax ofHOro Bimcorka — 1072T. ¥V TBepaux Tinax i pi-
ouHax n ~ 10%° m®; Tomy Jerko omepixaru ominky L ~ 5 HM.

IIpo6rema 6u3naienna 10KanbHOL memnepamypu. Y TepMoguHaMini
TeMIIepaTypa € OCHOBHUM IapaMeTpPoOM, IO XapaKTepu3ye CTAH PiBHO-
Baru CHUCTEMU. 3a KJACHUUYHOI (Pi3MKOI0 B MaKpPOCUCTEMi JIEeTKO BU3HA-
YUTH TeMIlepaTypy. BogHouac posmip obsactu, ne Moske OyTu BU3HAUe-
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Ha JIOKaJIbHA TeMIlepaTypa, IOBUHEH OyTH MOCUThL TOUYHHM. BuUHHKae
MUTAaHHA AKOT0 caMe POo3Mipy Taka 006JiacThb, BOHA HAHOMETPUUYHOI TOB-
JKUHU 41 € Oinpiro? PoarasHeMo Iie IUTAHHA V PaMKax PO3MipHUX
TepMaabHUX PYyXiB[44].

Os3HaveHHA JIOKAJIBHOI TeMIIEpaTypHU OB’ A3aHO 3 CEPETHBOI0 eHepTi-
€I0 CCTeMHU aTOMiB a00 MOJIEKYJIb cucTeMi. MoKHA BUAIINTH TaKi oc-
HOBHIi O3HAUEHHS JIOKAJbHOI TeMIepaTypH.

Ilepiie o3HaYeHHA BUKOPUCTOBYETHCA Y MOJIEKYJAAPHIN auHamimni. B
il MeToi po3PaxoBYIOTHCA IMOJIOMKEHHA Ta IMBUIKOCTI KOXKHOT0O aToMa
B KOXKHHU uyacoBuil mepion. IloriMm BusHauvaeThCcs cepegHsa KiHeTWUHA
eHepria <E,> 3a M uacoBux KpokiB. M Mae OyTH JOCTATHIM IJA TOTO,
1100 CTATHCTUYHO Pe3yJbTaT OyB JOCTOBIipHUM, CepeaHE IO aHCaMOJIIO
CIIiBIaaJio 3 cepefHiM Imo uacy. Taki po3paxyHKHU € KJIAaCUUYHUMMU i He
BPaxoBYIOTh KBAHTOBi acmeKkTu. TeMIlepaTypa BUBHAUUTHLCS 3i CIIiBBiz-
HomeHHA <E,>=<mv,>>/2=38kT/2; TyT m — Maca aToMa; U, — IIIBUJ-
KicTb i-ro aToma. 3HaiileHa TAaKNM YMHOM TeMIepaTypa € JIOKAJIbHOI0, Ha
OIVH aTOM.

Hpyre Habam:xkeHHs 0asyeThbcA Ha KBAHTOBil MexaHimi. KomexkTus-
HUI PyX aTOMiB ONHCYETHCA 3a AJOIIOMOIr0X0 (DOHOHHOT'O MOeai0. POHO-
HU XapaKTepU3yIThCI KOJIUBAHHAMMU, IIT0 3aJIeKaTh Bil moJapuaartii i
XBUJIBOBUX BeKTOPiB. Ilicisa mpomenypu ycepegHeHHS 3a BCiMa XBUJIbO-
BUMHY BEKTOPAMU i 3a MOJAPUSAIIAMU, MOKHA OJEPKATU CEPEeTHIO eHe-
prifo KOJIMBaHHSA i 3HANUTH CePeIHIO KiHeTUUHY eHepriio Ha aToM i BifIo-
BiIHY TeMIIepaTypy.

3a BUCOKUX 3HaueHb 1 (Buire 3a xapaxrepuctuuny /le6aiioBy Temie-
paTypy), KJacuuyHe i KBAHTOBe PiBHAHHSA JAIOTh OJHAKOBI pe3yJIbTaTH.
3a Temmeparyp, HHKUYNX abo piBHUX [lebaiioBiti Temmeparypi (1o ais
IesIKUX CHUCTEM € HemaJeKuIo Bil KiMHaTHOI TeMIlepaTypu), oOmaBa
O3HAUEeHHA, HA JKaJb, JAIOTh Pi3Hi 3HAUYEeHHSA JIOKAJIBbHOI TeMIIepaTypu
T, ocKinbKU cepeiHi KiHeTHYHI eHeprii pyxy aToMiB BiApi3HAOTHCS.

Cepen ux 03HaUEHb KOPEKTHE O3HAUEHHS 3aJIE)KUTh BijJl po3mMipy 00-
JacTu, Je BU3HAUeHa TeMmeparypa. KiacuuHe o3HAYeHHSA € MOBHICTIO
JOKaJBbHUM. 3TiTHO HBOT'O TeMIepaTypa MoKe OyTH BU3Ha4YeHa I KO-
JKHOTO aToMa. 3 KBAHTOBO-MEXaHiYHOTO O3HAUEHHS MAcCIITad JOBKUHUI
BU3HAYAETHCA 34 JOIMOMOTOIO0 JOBXKWHU BiIbHOTO IPOOiry hoHOHA, TU-
(bysifiny n0BKHHY l;. SIKII0 mpocTOopoBa 00JaCTh XapaKTepPU3yEThCA
pisHMMU TeMIIepaTypaMii, TO PO3IOAia (POHOHIB Oyae pisHUM (0mHa 00-
JaCTh BUBHAYAETLCA OTHUM poadnoaisom pouHoHiB). OT:Ke, XapaKTepHUN
PO3Mip JIOKAJIBbHOI 00JIacTH 3a ITeBHOI (hikcoBaHOI TeMIlepaTypHu IOBUHEH
OyTu 6inbIuM 3a AUPY3iiHY DOBKUHY (poHOHA. BogHOUAC I JOBXKUHA
€ (pyHKIieo yactoru (poHOHA. POHOHU 3 MAJIEHBKOIO YaCTOTOI MAalOTh
BeJINKi JOBKUHU BiJIBLHOTO IPOOiry, (hOHOHHN 3 BEJIMKOI UACTOTOIO Ma-
IOTh MEHIII JOBXKMHU BiJIBHOTO HMpobiry. 3 1iei, KBAHTOBOI TOUKHU 30PY
TeMIepaTypa He MOKe BU3HAUYATHUCS AJIA OJHOTO aToMa. Bora mosxxe 0y-
TH BU3HAYEHA JIUIIE AJA JOKAJIbHUX IIPOCTOPOBUX 0OJACTEHN C HOBXKU-
Hamu, Oinpmumu 3a [,. JIaa BeIUKUX TeMIlepaTyp AOBXKHHA BiIbHOTO



AKTYAJIBHI IIPOBJIEMU HAHOMATEPISIJIIB I HAHOTEXHOJIOTTHI 231

npo0iry [/, 00yMoBIeHa TaK 3BAHUMU «IIPOIleCaMU IIepeHoCY». Y TAKOMY
BUIIAJKY [, € 00epHEHO MPOMOPIIIfiHOI [0 TeMIepaTypu: [, oc T. Ona
OaraTbOX MaTepiANiB 3a KiMHaTHOI TeMIepaTypu 3HA4eHHA [, 3HaXo-
OUTHCA B HAHOMeTpUYHUX Mexax [45]. Hanpuknan, ana NaCl [,~ 2,3
HM, JJd KBapny l, ~ 4,0 HM.

ITuranua posMipiB € BaKJIUBUM JJA CTATUCTUUYHOI Teopii 3iTKHEHb

[43,45]. OcTaHHS PO3TIANAETLCA AJA PO3MipiB cucTreMu, GiIBLITUX 3a
xXapakTepHui#l posmip D,, 3a yMOB, Koau nmapamerep m =exp(-l,/D,,) €
manuM. k1o o6paTu Aaa oninku 1 = 1072, To TakKit KpUTepiit BUKOHY-
erbcda, Konu D, = 5l,. Bisememo nna oninku l, ~ 3 EM. 3Bifcu mMaemo
D, =15 um. IHITUMU CJIOBAMU CUCMEMA, U0 MAE XAPAKMEPUCMUYHI
posmipu, menwi 3a 1-10 Hm, moixce po3ensadamucs AK cucmema Yy He
mepmoOUHAMIYHOMY PeHcUMi, KOAU NOLUHAIOMb cymmego diamu Kea-
HMOB0-MeXAHIYHI 81ACMUBOCMI.
IIpo6nema ¢pa3oeozo nepexody nepwozo pody. Ilonidoni mipkyBanHS
MOJKHa 3acTocyBaTu 10 (pasoBux IepexojiB. I[ificHo, 3s6uuailHe noHam-
ms (pa306020 nepexody empaiae ciil ceHc a8 HAHOCUCMeM, MOMY W0
nepwi noxioni 6id aminu Ii66co60i enepzii 3minIOI0OMbCA HenepepeHo,
0e3 cmpubkig. 3oKkpeMa, y pasi ¢ha30BOro IIepeTBOPEHHS IEePIIOTro POAY B
HaHocepemoBUIIAaX (cucTeMaxX MajJuX pPo3MipiB L), HasgBHiCTh TeMIiepa-
TypHOI (PIIOKTyaIlii o3Hauae, II[0 IMepPeTBOPEHH BimOyBaeThCcAa He IpHU
meBHil (ikcoBaHill TeMIepaTypi, a B TeMiepaTypHomMy intepsaii 67
Haranmaemo, 110 B Teopii (pazoBux mepexoniB y MaKkpoMaTepisiax TeM-
mepaTypa 3aB:KIU PO3TIANAETHCA AK TeMIIEpaTypa TelJIoBOI BaHHU, dKa
€ (pixcoBaHOI0. SIK HACTiZOK HAABHOCTHU (PIIOKTyaIlili, MU IIPUXOIUMO
IO BUCHOBKY, IIT0 MOHATTS (Da30BOTO IEePEXOay IIEePIIOro POAY 3HUKAE Y
HaHOCBITI.

Takum umHOM, JOKAJBHI (pIIOKTyaIlil TeMOoepaTypu i «HeBmajga» 3a-
raJbHONPUNHATA KOHIIEIIid (ha30BUX MepexoAiB Yy HAaHOTEPMOAMHAMIIIL
— JIBa HACJHIAKM OAHiel IPMUMHU: OOMEXKeHOro o0’eMy HAHOCHUCTEMH i
o0MerxeHOol KiTbKOCTH aTOMIB y HaHOcHUCTeMi. IKIIfo HaHOoCcHuCTeMa 3Ha-
XOAUTHCA Y TePMiuHill BaHHI 3 IOTaHUM TEINJIOBiABeIeHHAM, BUHUKHE
mpobJieMa 3 TeMIIepaTypoio: TeMIepaTypa B:Ke He Oyle TeMIIepaTypoIio
TepMaJIbHOI BaHHU, K TO € y KJIacuuHill TepmoauHamiili. Hapasi e mae
coco0y BUPIIIIeHHA i€l BaMKJIMBOI ITPO0IeMU.

B mamriit HacTynuHit aHasisi mpunyckaeTbed, 110 KOHIIEII[il0 TeMIIe-
paTypu MOJKHAa 3aCTOCOBYBATH, KOJU PO3MIipH CHUCTEM, IO PO3TJISATATH-
MYyThCs, OyAyTh OinbimuMu 3a 5 aM. OcTanHa mudpa o3Havae, o Kijab-
KicTh aTOMiB y KOHZ€HCOBaHilM HaHocucTeMi Mae 0yTu 6iybIimoro 3a 1000.
2.2.2. KBaHTOBO-MeXxaHiuHi OIiHKN onTHuHUX BiaactuBoctei /1C. B ymo-
Bax [IC BimOyBaeThcA 3HMIKEHHA e(peKTUBHOI PO3MipHOCTU CUCTEMH, i K
HACJIIIOK I[hOT'0 Bi0yBaeThCcA 3HAUHA 3MiHA 3aKOHIB JucCIepcii KBasmuua-
CTUHOK y TaKHX CHUCTeMaxX. B eKcmepuMeHTaX CIIOCTEPIiracThbCs BeJIHNKa
pyxausictb y [IC-reTepocTpyKTypax, KBAaHTYBaHHA IIPoBigHOCTH 3a I'0JI-
JIOM TOIIIO.
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Cran eseKTpoHa abo iHIIIOTO TOUKOBOro 3apsany B JC-cepemoBuiiii mo-
sKe XapakTepusyBaTuCsa JUCKPeTHUMU uncaaMu. KinbKicHuii KBAaHTOBO-
MeXaHIYHIUHA PO3PaxyHOK €eHepPreTUYHOI0 CIIEKTPY i XBUIILOBUX (hYHKITIH
B IIC € yckaaguenum. OCHOBHI TpyAHOII[l ITOB’sA3aHi 3i CKIAIHUM Xapak-
TEPOM I'PDAHUYHUX YMOB i HEBU3HAUEHICTIO CAMOY3TOIKEHOT'0 TIOTEeHITiA-
JY B HAHOCUCTEMi, SKUII Mae HUIKYY CUMETPilo, HijK Yy MACUBHOMY 3pas-
Ky. Bogaouac oomerkeHicTh pyxy emexTpoHa B JIC mpusBOAUTE 40 0COO-
JVBOCTEN €JIEKTPOHHUX CTaHIB He3aJIe’KHO BiJi KOHKPETHUX YMOB Ha Me-
skax JIC Ta Bumy MoTeHIiAJIbHOI eHeprii Bsaemoxii Becepenuui [1C.

Chepuuna cucremMa, TOOTO HAHOUYACTHUHKA 34 PO3MipPOM MOPAAKY HM, €
TUIIOBUM IIPUKJIAAOM 00MeKeHOoro cepenoBuiia. Tak, HAIPUKJIAT, MOMK-
Ha TOBOPUTU OPO HifTHATTA MiHIiMyMy eHeprii eJIeKTPOHIiB y YaCTHHIIL ¥
HOPiBHAHHI 3 MiHIMyMOM y MacUBHOMY KPHCTAJi HA BEJINUYUHY TOPAIKY
h?/6mR?, me /i e IlnaEKOBOIO CTAJIOI0, M € e(DeKTUBHOIO MACOIO eJIeKTPOHA
(ToukoBoro 3apany); R — panitoc HaHOUacTuHKY. Ile BunanBae 3 mpuH-
muny I'aiizen6eprosoi HEBU3HAUEHOCTHU JJIA IIPOEKIil iMIIyJIbLCy Ha Bich
x: Ap.Ax~h abo Ap,~#h/R. 3a hopmyJioi0 3B’ A3KY eHeprii pyxy, IIo Ipu-
majiae Ha Bich X, Ta IPOEKIIi€I0 iMITyIbCY Ha IO 3 Bick, — E,=p,%/2m,
— OJlep:KyeEMO OIHKY masa Mimimymy eneprii: E,~#h?/2mR?. Ilna
R=5uMm E,~0,02eB.

Iamum npuraagom chepuuno-cumerpuunoi [IC € KkBaHTOBa TOUuKa [,
33], AKa MoKe PO3TIAJaTHCA AK M030aBJIeHUIT Aapa IITYYHUN aToM, II10
OIUCYETHCS MOTEHIIIAIBLHOIO AMOIO i 00MeXKy€e pyX eJeKTPOHIiB 3a BciMa
IIPOCTOPOBUMU HampAMaMu. EJIEKTPOHN KBaHTOBOI TOUKU 30MPAOTh He-
raTUBHUM 3apsAJ i HA0YyBaIOTh BJIACTHUBOCTI CTOAYOI XBuUJIi ge Bpoiias.

OgHuM 3 OpAMUX I HANOLIBINI OUEBMIHUX HACJHIAKIB CKiHUeHHOCTH
HasBauux I[C € 3cyB B onTuYHOMY BOMpaHHi (po3ciaHHi) i BUmpominenHi
cBiTia. Kpim Toro, nuckpeTHU a60 KBa3UINCKPETHUN XapaKTep CHeK-
TPy NPUBOIUTH A0 PidHMX PE30HAHCHUX ABUII IIifi Yac IMPOXOMKEHHS
cBiTia uepes IC (taba. 1). PosriasueMo Iie Ha MPUKJIALI HAIiBOPOBiI-
HUKiB (puc. 1).

3 pucysKy 1 6aumnmo, 1110 B 00’€MHOMY CepPeIOBHIIli BUILE IIEBHOI'O II0-

! L] I L
Eq1 mopir  hy 0 €q2 hy
a 0

Puc. 1. fIxicua sajexuicTsb KoedilienTa BOMPaHHSA 0. CBiT/Ia B iHTeHCMBHOCTH
aJal0490ro BUIIPOMiHEeHHd (&,; # £,3): @ — JJII MACUBHOTO FOMOT€HHOTO 3Da3Ka;
6 — na IIC (g,; < g49)-
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POTOBOTO 3HAUYEHHSA eHeprii € 00JIacTh CUJIBHOI'O BOMpPAHHSA, ITiCJIA SIKOI
BOMpaHHSa 3MeHITyeTbcsa. [[o TMX mip IIOKM YacToTa CBiTJIa BigmoBimae
YMOBi v <¢,/h (me g, € MUPUHOI 3a00POHEHOI 30HM), BOMPAaHHA BifCyT-
He. AJle KOJIM 9acTOTa IaJadoro (DOTOHA € BeJIHKOIO, V = &, /h, BOupaH-
H IITBUAKO 3POCTAE HA MEeKiIbKa MOPAIKIB, 1110 OB’ A3aHO B IIEPIITY UePry
3 TUM, 1110 (POTOH IIepesac BIACHY eHepriio eJJeKTPOHAM BaJIeHTHOI 30HU,
IIepeBOAAYN OCTAHHI 10 30HU IPOBigHOCTH (MiK30HHE BOMpPaHHA CBiTJIA 3
YTBOPEHHSIM Hapu eJeKTpoH—aipka). Teopisa miksoHHOr0 BOMpaHHsa eJie-
KTpOMAarseTHOI XBUJIi B 00’€MHOMY CE€PEeIOBUII BU3HAUYAE €HePTeTUUHUH
CHEKTP eJeKTpoHa Y IepioAMYHOMY IOJIi KpHCTANy 3a IOIOMOTOIO
posB’asky IllpeguHI'epoBOro piBHAHHSA 1 JOCHUTH MOBHO OIIMCYE OIMTHUHI
BJIacTUBOCTI MaTepiaxiB. Boguouac y IIC crocTepiraeThes 3cyB OCHOBHO-
ro MaKCUMyMy BOMpPAHHS CBiTJIa i HaABHICTL JOAATKOBUX IIiKiB, IO IIO-
SICHIOETBCA He HAaABHICTIO IIPOCTOPOBUX HeomHopimmoctedt B IIC, a muc-
KPeTHUMHU IIepeXolaMI eJIEKTPOHIB 3 OCHOBHOI'O BAJIEHTHOTO PiBHS IO
30yI»KeHUX CTaHiB i HasdgBHiICTIO MOHOPiB y HaHOocepemoBuiii [46—48]. B
pesyabraTi B JIC i, 30KpemMa, B HAHOUYACTHHIII 3aJIe:KHICTL KoedilieHTa
BOMpPAHHSI MOKe CTaBaTH HEMOHOTOHHOIO, OCITMJIAIifiHOIO (puc. 1, 6).

JJisa AKicHOTO MOACHEHHA TAKOl OINTHUYHOI BJIACTUBOCTH CKOPMCTAE-
MOCBH PO3B’SIBKOM BiZoMoi 3 KBAaHTOBOI MeXaHiKM 3aJaui 3HAXOMKeHHS
eJIEKTPOHA Y HECKiHUeHiNl moTeHIiAnbHiN ami [49, 50]. [na noacHeHHA
HOBEIiHKM eJeKTPOHA i JipKM B HAHOKPUCTAJI PO3IJIAHEMO KBAaHTOBO-
MeXaHiuHy 3aJauy 3HAXOMKEeHHA TOYKOBOTO 3apaAay Macoio m y cepu-
YHO-CUMETPHUYHIN MOTEHIIiAJbHIA AMi, Ae IIOTeHI[isAJIbHA eHeprisa B3ae-
Mozii BcepequHi Kpucraay gopiBHioe nyo U(r) = 0 gia r < R, a Ha Mesxi
naa r=R U =oc. MoXHa OIPUOYCTUATH, 1[0 BHYTPIIIHA YaCTUHA HAHOK-
pHCTANy € CYIIiJIbHUM cepemoBUINeM (He Ma€ iHIINX IIap eJIeKTPOH—
IipKa) i moBepXHSI HAHOKPHUCTANY € (DAKTUYHO CTiHKOI0, TaK IO eJIeKT-
POH i mipKa 3aJIMIMaOThCA BCePeINHI KpucTaly.

IlincranoBka Takmx ymMoOB nmo crarjioHapuoro IllpeamHr'epoBOro pis-
HaHHA Ia€ AJId XBUJIb0BOI GyHKINIT VW BigmoBigumii BUpas:

D"+ KD =0, ¥ =0/r, k=21(2mE)"2/h.

Po03B’s130K 1[OI'0 PiBHAHHSA 3 BpaXyBaHHAM CKiHueHHOCTH PYyHKIII V¥ B
HYJi i Me:KOBUX YMOB y TOUIli = R gae aHAJNITUYHUN BUpPAa3 IOJIS XBU-
apoBO1 pyHKIT VW i eHepreTuuHOoro criekTpy E y s-cranax (Koau opdOiTa-
JbHe KBaHTOBe uucJio [ = 0):

E,=h*n?/(8mR?), ¥ = (2rnR) V3sin(nnr/R)/r, n=1,2,3, .... (1)

Opep:xaunit po3s’sa30kK (1) sKicHO XxapaKTepu3ye OINTUUYHI BJIACTUBOCTI
HaHOUYACTUHKM. TakK, SKIIMO PO3Mip HAHOKPHCTAJIY 3POCTa€E, eHeprid
BOupanHusa AE, 3MeHIIIYEThCA; IIO-APyre, MOMKHA 0aUUTH OTUCKPETHICTH
piBHiB eHeprii, xBuaboBuUii MPodiasb po3s’A3Ky 1 pyHKIii V. OcTanusa
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0CO0JIMBiCTH IPUBOJZE [0 MOACHEHHA HOBOI BaacTuBoctu J[C — ocruiis-
HiAHUH XapakTep KoedillieHnTa BOMpPAHHA o, IKUH 3HAXOAUTHCA KBaH-
TOBO-MeXaHIUHUM ycepenHeHHAM 3a QyHKIiamu ctany Y (puc. 1, 6).
Binbim Touna aHajsiza moTpedye BpaxXyBaHHA eHepriii 30yA:KeHnX eKCHU-
TOHHUX CTaHiB, eHEPTilo IMoJiApMU3allili YaCTUHKY TOYKOBUM 3apajom. B
HAYKOBIiii JiTepaTypi posriamaioTbcsa OiJbII CKIaIHI MOIesi KBaHTOBO-
MexaHiuHUX BiaactuBocteii [[C[33].

OTixe, aKMyarvHuM € NUMAHHA NPO HOBL HEOYiKYBAHI KBAHMOS8I

sanacmusocmi [[C, ocobueo 3a kimnamuoi memnepamypu. Hampurnazm,
y HaHO(OTOHIIi iHTeHCMBHO BUBUAIOTLCA HamouacTmHKu ArGa, Ga,
CdSe, aKi posriAamaoTbCsa K CUCTEeMHU JJId MaiOyTHiIX iHopMaiinmx
TEeXHOJIOTiH (AJA rHYyYKUX i IJIacKUX TejeBi3opiB i MOHiTOpiB) 3aBAAKHU
MaJioi eHeprii akTuBaIii mporeciB (pa3oBUX IIEPETBOPEHD 1 YHIKAJIBHUM
orntuuHuUM BiaactuBocTaM IC[50-55].
2.2.3. TepMoguHaAMiUHi OIiHKM aHOMAJBHUX CTPYKTYp i ¢das3 y AC.
OcranuiMu poKaMu BeJMKe HAyKOBe i TeXHOJIOTiUuHe 3HaUeHHsI MAa€ IIH-
TaHHA IPO YTBOPEHHA HOBOI (hasdy B HAHOCUCTEMAaX — 3apPOJKYyBaHHA B
IPOCTOPOBO OOMEKEHOMY cepemoBuIlli. EjexkTpoHorpadiume mocJi-
mxenuda miaiBok Ta, Nb, W, Mo mokasye I'lIK-cTpyKTypy 3 cepemHim
posmipom 5—10 um 3amicTh 3BuuHOi OLIK-cTpyKTypH [55—57]. B mais-
kax Re, W, Mo, Cr sHaiifeHi meracTabinbHi (hasu i3 CTPYKTYpPOIO TUITY
B-W [58]. Tonki mapu W, Mo, Ta yrBoprotors amopdhuy hasy [55, 59].
Awmopdua ¢asa crocrepiranacsa Takoxk y manux uactuuakax Fe, Cr[19],
AKi B 3BMUAMHUX yMOBaxX B MacuMBHUX 3paskax maioTbh OIIK- i T'IIK-
cTpykTypHu. IlosgcHeHHa TakuX aHoOMaJdbHUX (ha3 0a3yeThcsa HA PO3Mip-
HOMY e(PeKTi.

Hamy nomanpiny anasisy 0ye 3acHOBAHO Ha IIPOCTUX ifesax, AKi He-
00XiTHO BpaxXyBaTU B TePMOAMHAMIIlI i1 KiHeTHIIi IIepeTBOPeHb HaHOCHC-
TeM. A mpurIagy MU PO3TIAHEMO BUMNAJOK HAHOYACTHHOK. Ilo-
mepiie, MosABa «aHOMAJLHUX» MeTacTabilbHuX (a3 y MaIux cUCTeMax
moB’sI3aHa 3i 3MiHOI0 YMOB (pa3oBoi piBHOBaru — poamipuuii eperr. B
00’eMHOMY MaTepiami crabinbHa Gasa (ckaskimo, ¢asa 1) me Ta, y AKOi
MEHIIIA eHeprisa (fi66ciB TIOTEHITiA HA ONUHUITIO 00’ eMY) &: 8, < &,. IHze-
Kcu 1 i 2 BigHOCATHCA m0 (pasu 1 i pasu 2 BigmosigHo. B HanouacTuHITI
HeoOXimHO BpaxXyBaTH HASABHICTL MOBEPXOHD i MOBEPXHEBUX eHePTiii a3
(Ha OZMHMUIIO ILIOI) G, i 6,. Bupas a1 I'i66coBOro MoTeHIi ATy HaHOCH-
CTeMMU BaIUIIeThCA HACTYIIHUM yuHOM: G, = 4nR%g, /3 + 4nc,R? nna dasu
1i G,=4nR%g,/3 + 416,R® gna dasu 2 (puc. 2). TyT YacTUHKHU BBasKa-
I0ThCA chepUUHIME. 3a PAXYHOK PilKHUIL BHECKY BiJl MOBepXHEBOi eHe-
prii manodas piBHOBaKHi YMOBM MOKYThH OyTH 3MiHEHi Tak, IO MeTa-
crabisbua (i3 3BUYHOI TOUKHM 30PY) aza 2 cTae cTabiIbHOIO 3 €HepreTHY-
HUX MipKyBaHb — G; > G,: g, + 36,/R > g, + 36,/R. ®aza 2 crae eHepre-
TUYHO BUTiHOIO A po3MipiB R < R = 3(c; — 6,)/(g» — £1), IpudoMmy:

g1+301/R*=g2+362/R*. (2)
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4
G(R) G,(R)
G (R)

daza 1
daza 2

Puc. 2. fIkicHa nemoHcTpaIia posMipHOTO eheKTy HA 3MiHY YMOB piBHOBAru i
crabimpHOCTH has. R° — KpuTHYHUH posMip, KoIu MeTacTabijbHa (dasa 2 crae
cTabiIbHOIO 32 YMOB 3MEHIIIEHHS PO3MipiB cucTeMHu.

Tyt Beruuuna R° — KpuTuuHUii po3Mip Beiei cucTemu, 110 mepeTBOPIO-
eTbes 3 hasu 1y dasy 2 it HaBnaku. OTiKe, 3MEHUWEHHA PO3MIPY cucme-
Mu modce npuzgodumu 00 cumyauil, Koau gas3a 3 MeHUW UM NOGePXHEBUM
Hamszom cmae 8ipozidniwoio i cmabiavrotw. Tomy, o6mesxcenns po3mipy
cucmemu € 20Jl06H0I0 NPULUHOIO KORKYPeHYil i ymeopernHa memacmaoi-
JbHOL pa3u 3amicmsb cmaobiabHOL.

ITpukaamom po3mMipHOro epeKTy MOKYTh CAYTYBATH IJIiBKHU TIMKKO-
ronkux Mo, W, aki B MmacuBHuUX 3paskax MaioTb OLIK-ctpykTypy. Ilpnu
mMasnnx posmipax 50—100 A B miBkax nux merainis 3’apasgerbca I'TIK-
daza [55—59]. ExexTponorpadiuHi MeToau 103BOJIAIOTE CTBEPIKYBATH,
mo IIC pigkicuosemenpuux meraniB Y, Gd, Tb, Ho, Tm maiors I'ITK-
cTpyKTypy 3amicTs I'IIIY (AK To Aasa MacuBHUX Kpucrtaiir) [19].

Hpyruit aprymeHT, AKuil cTae BaKJIUBUM [IJd HAHOCHCTEM, ajie 3a-
3BUYAl He PO3IJIALAEThCA, HOB’A3aHUI 3 YTBOPEHHAM 3apoAKa HOBOI
(dasu ycepenuHi iHmoi ¢asu (HyKJealis abo sapoaryBaHHs). OcTaHHI
IocATHeHHA audepeHnianibHOl cKaHyBaJabHOI Kajsopumerpii [60, 61]
TO3BOJIAIOTE V AeTANAX IPOCIiIUTH 3a IIOYATKOBUMHU CTaAiAMU (pasoBUX
IepeTBOPEeHb y TBEPAUX MaTepisiax, y TOMY YHCJIi 3a YTBOPEHHAM i
3pocTaHHAM 3apoaKiB. IIpu (haszoyTBOpeHHI po3Mipu KPUTUUYHUX 3apo-
IKiB HOBOYTBOpPeHUX (a3 MaIOTh TOM JKe IOPSANOK BeJIMUYMHU, IO 1 cami
vyacTuHKU. llei akT Mae icTOTHO 3BMiHUTU TepMOAMHAMIKY po3nany y
HaHOCHCTeMaXx. 3apOAKYBaHHA MPU3BOAUTE I0 IOSABY HOBOI IIOBEPXHIi i
BimOBimHOI IMOBEepXHEBOI eHeprii 6., (013 # Gy, O3 # Oy). KOHKypeHITisa
MiK 00’eMHOI0 PYIIiHHOIO CHJIOI0 i IIOBEePXHEBOIO eHeprieio sapoaka i
Bciel HaHOCHCTeMU IPU3BOAUTE N0 HAABHOCTH Makcumymy AG™ B 3aie-
JKHOCTi 3MiHU eHeprii cucteMu Bifm posmipy 3apomka (bap’ep 3apoaxy-
BaHHA). [Ipu 11boMy PO3Mip KPUTUYHOTO 3apOoAKa He CIIiBIIagae 3 Kpu-
TUYHHUM po3MipoM Bciei cuctemu (puc. 1). Ikmo snauenna AG™ € gy:xe
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BeJIMKUM Y IOPiBHSAHHI 3 eHeprieio TemmoBux QuiokTtyaiiit kT, To ¢aso-
Be IIePeTBOPEHHS CTA€ HEMOKJIMBIIM.

Egexm sucnaxicenna. Posriaaemo Temnep Tpetiii paxTop — edeKT BuU-
CHa'KeHHs, MUTaHHA cTexioMmeTpii HOBOI i 6aTbKiBCchbKOI (as. [lis mpu-
KJIany edpeKTy BUCHAMKEHHS, OI[iHMMO KpuTuunuii posmip IAC mgia Toi-
JIeHH, KpucTaaisallii abo iHmoro ¢a3oBoro mepexoay mepIioro poay Ha
mizcTaBi 3axK0oHy 30epesKeHHA PEUYOBUHU. 3ayBaKNMO 3HOBY, 110 KPUTHU-
YHUI PO3Mip CHCTEeMHU He CIIiBHaace 3 KPUTUYHUM PO3MipoM HOBOI (hasu
[62—64].

PosrisanemMo JBOKOMIIOHEHTHY i30/IbOBaHY HAHOUACTUHKY: Hexai Cy —
MOJIbHA YacTKa KOMIIOHeHTa B (KOHIIEHTpAI[is) B YACTUHIIL 0 3aPOAKY-
Bauuda; C, — cTrexioMeTpisa abo KOHIIeHTpAallid KoMIOHeHTa B y HOBii1 (a-
3i. IIpumycrtumo, 1o crexiomMerpida HOBOI (pa3u Mae BiAPIKHATHCSI Bif
ckJany mouaTkoBoi dasu (C, # C,). Hamani mouaTkoBy a3y OyaemMo Ha-
3WBATU TaK0K 6AaThKiBCHKOI0 400 MaTepuHCHKOIO (pazoro. Hexait Ni N, —
YMCJI0O aTOMIB Y IIOYATKOBil i HOBil (pasax sBimmoBigHo. MiHiMaabHMI
06’em N™ Takoi cucreMu, B AKil MosKe 3’ ABUTHCS OJUH 3apOJOK HOBOI (a-
31 KPUTHYHOTO po3Mipy N, Moxke OyTu obumcieHuii i3 3aKoHy 30epe-
wenHnda peuoBurn: C,N' = C,N',. SIKIII0 yTBOPIOETLCA 3apPOLOK HOBOI (hasu,
TO BUHHKAE HeoOXimHicTh «3ibpaTu» aTomu copTy B i3 cepenunu odbaacTu
MOYaTKOBOI (hasu, IO OTOUYE caM 3apOJoK. B chepuyHOMY BUIIAIKY
OCTaHHS YMOBA JIa€ OIiHKY IJIs 3HaXOMKeHHsA KiJIbKocTu atoMiB N i pa-
nmiroca Ruactuuku. 3HayenHsa N i posmip R He MaoTh OyTU MEHIIIi 3a

(nC,)

(nC,)

BizmoBiguo. Tyt n i n; — aTomMoBi rycTuHu (Ha OZMHUIO 00’€MY) B II0-
4YaTKOBIH i HOBil (pasax BiAIIOBIAHO; Iy, — PaJilOC KPUTUYHOTO 3aPOJKa
HOBOI (pasu. Hykiealris i haszoBuii mepexia cTaioTh HEMOMKJIUBUMU IJI5
poaMipiB uacTurKu R < R T1a/abo N < N”.

Tomy 8 6a2amMOKOMNOHeHMHUX cucmemax epexmom 30i0HeHHs (abo

BUCHAJCEHHS ) NoYamKo080il (a3u nid uwac HyKLeayii ma pocmy 6 HAHO-
00’emax He MOIHA Hexmyeamu. 3BUYANHO, BUIIleHaBeIeHI MipKyBaH-
HA He € CTPOTUMU, OCKiJIbKY 3aJI€KHIiCTh KPUTUYHOTO PO3Mipy Bix pos-
mipy [IC He BpaxoBaHa.
Bnaue posmipy JC na memnepamypy ¢pa3o6020 nepexody. Yacrto mix
Yac AOCIIAMKEeHHA CTPYKTYPHU IIiBOK BUABJIAITHCA BUCOKOTEMIIEDATY-
pHi (hasu HaBiTH 3a KiMHaTHOI Temmneparypu. Hanpukiaan, y miaiBKax
Oepmirito cmocTepiraeTbcsa BuCcOKoTeMIepaTypHa [-dasza Be, y mimiBkax
KobanbeTy — PB-¢asa Co (I'IK-cTpykTypa)[19, 65].

B pobori [66] Oyso mocaimxkeHo aminy Temmepatypu ToimseHHA T,
3aJIeKHO Bif posMipy yacTuHOK. ITapu OmcMyTy i MMHN KOHAEHCYBAJIM-
cs Ha CKJAHIN IJIACTHHI Yy BAKYYMi Tak, 1100 TOBIIMHA KOHIEHCATY 3Mi-
HIOBaJslacd cximyacTto. Haji cTBOproBaBcsA I'pPaJieHT TeMIlepaTypHu, i Ha

1/3

N'=NC,/C,, R = T (3)
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KOMKHIN cXomamHII (PiKcyBajsacsa MeKa PO3TOIJIEHH:, IKa peecTpyBaJia-
cA Mo cTpUOKy omTuuHOI ryctuHu. OmepsKkaHa eKCIIepUMEeHTAJIbHO 3a-
aexHicts T, 114 Bi Ta Sn BuaBuiacsa o6epHeHO IPOHOPITiMHOIO cepe-
HBOMY po3Mipy R 4YaCcTUHOK:

TTOH = TTOH,OO{l - Bl/(zR)}7 (4)

ae T, - — TeMIlepaTypa TOILIeHHA MacUBHOI'O MeTally, iHfekc i = Bi, Sn
Bigmosinae enementy (Bg; =4,73-107/ T, 05 Bsw = 2,610/ Ty ), BEH-
uypHA R BuMipioersca B [A]. Ik Mu mobaummo fami samesxuicts T, Bix
po3Mipy Moxe OyTHU ofepskama TeopeTuuHo. IlounHaoun 3 TEOPETHUHOL
pobotu ITasmosa 1909 poky, 6yJI0 CTBOPEHO PisHi MofeJIi I Toro, 1100
OIlMCcAaT! 3MiHY TeMIepaTypH TOILJIEHHA 3 pajifocoM YacTuHKU [67—T73].
Opuak, OiIBITiCTh Ha3BAHUX MOJEJIB TiAXOAATE OJIsd UNCTUX PEUOBUH.
Omep:KyeMo 3aJIesKHICTD (4) OJId HaHOUYACTUHOK 3a JTOIIOMOTOI0 I00Y-
IOBU TEPMOAMHAMIUHOTO MOJEJIO0 TOIIJIeHHs OimapHOl HaHOUYACTUHKM,
IIT0 CTBOPEHA ieaIbHUM PO3UMHOM [ 74].
Tepmodunamiunuii modenv monnienns 6iHAPHOL HAHOLACTMUHKU, W0
cmeopena ideanvHum po3iurnom. OcHOBHI MipKyBaHHA OyayTH 100Y-
moBaHi Ha OOYHCIeHHI 8MiHEM TeMmeparypu Aus izo6apuoi Ii66coBoi
eneprii (Ii66ciB morenmian Ha oxun atom) g(T) A1a das, L0 IePETBO-
piotorbesa. Hexait N — KinbKicTh aToMiB y 6iHapHiit HaHouacTuHIi. [Ipu
craniii Temneparypi T moBry Ii66Cc0oBy eHeprito uacturKu 3 N aToMiB
MOJKHa 3HAUTU AK:

Ng=Ng, +nN¥3c, (5)

Jle | — FreOMeTPUYHUHN MHOMKHUK, 110 3aJIEKUTD Bifl GOpMU YaCTUHKY, G
— IIOBepxXHeBa eHeprid, 1o IPUIajac Ha OAUH aToM. Benmuuna nN?/3
ITOPiBHIOE UMCJYy IOBEePXHEBUX aToMiB. /g OinbIIOCTM HeOpraHiuHUX
MaTepisjiB, ¢ 3aJHUINAETLCA CTAJI0I0, KON TeMiepaTypa 1T 3MiHIOEThLCA
[75]. g i g, — ewmeprii, 110 IpuUIagaOTh Ha OOUH aTOM y YaCTHUHIIL Ta B
MacHUBHOMY MaTePisIi BigmoBigHO.

3actocyeMmo piBHicTb () mo GimapuHux cywmimieii. Emepria 6imapHoi
MeXaHiuHOI cyMiIri BusHavaeThed AK [74, 76]

8an=Cihy + Cohy — T(Cy8; + Cy8,), (6)

ne C, — aTOMOBi KOHIIEHTpAIIil eJJeMeHTiB; k; i s; — BiAmOBimHI eHTaAND-
mia i earponisa (iggexcu i = 1, i = 2 BKa3yOTh Ha COPTHU aTOMiB). 3Mimry-
BaHHSA BUKJINKAE 301IbIIeHHA €HTPOIil uepe3d KoH(pIrypaliiiny eHTpo-
mifo smimryBauusAa As,,: As,, = —k(CInC; + C,InC,).

I'yctuHa eneprii g, ifeaIbHOrO PO3UNHY 3aJA€THCA AK

gi/:[ = gsM - TAS3M’ gi,l[ = Cl“’l + CZHZ‘
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XeMiuHi TOTEHIIiAJIM KOMIIOHEHTIB ; MOXKYTh OyTu mpeacTaBiaeHi ¢hop-
mymoro: W, =h;,— Ts;,— kTInC,.

SIKII0 BBasKaTH, IITO HEMAaE cerperaiiii Ha HTOBepPxXHi, I'ycTHHA BiJIbHOIL
I'i66coBoi eHeprii 6iHapHOI HAHOUACTUHKY 3aJA€ThCA Yepes IyCTUHY Ii-
60COBOT0 IOTEHIIIANY &, 1 &0, BCEPEANH] i Ha MOBEPXHI YACTUHKU BiA-
HOBigHO:

gt{ac'r = gi,u + gﬂOB = gi,u + Clgnos,l + C2gn013,2' (7)

3anuIneMo OCTaHHIN BUPas Yepes XeMiuHi HOTeHITiAIM KOMIIOHEeHTiB:

gqac’r = Cl“qac’r,l + C2Mqac’r,2’ (8)
ancw,i = Mi + gnon,i' (9)

Hexati C, =CiC,=(1-C). Toxi popmynu (5)—(9) nepenunryTbCcs Tak:

N8y = C(Npy + WN*P0y) + (1 - C)(Npy + MN* o)) (10)

abo
Ngyoex = Ngiy + \N*°5(C), (11)
0(C)=Co; + (1 - C)o,. (12)

3 dopmyau (11) moxkHa O6auuTH, IO €HEPris Ha aTOM y HAHOUYACTHHII
3aBiKau OisbITTa 3a BimmoBigHy eHepriio B 00’eMmuHoMy MaTepidari (o(C) > 0).

Posrinanemo dasoBuii mepexin pimnHa—TBepae Tiso. BBegemo mosHa-
4yeHHA JJ1a eHeprii pinkoi ¢asu g,,(T) Ta eHeprii kpucramiunoi dasu
8.:(T) (puc. 3). Ingexcu «pig» i «TB» MOCHJIAIOTHLCA HA TBepAy i PiAKy
¢aszu BiAIIOBiTHO.

ITo6nusy Temnepatypu Tomnenns T, 1110 HabaraTo Buile /le6aiioBoi
TeMIIepaTypu TBEPIOTrO Tija, MTUTOMA TEIJIOMICTKIiCTh € mpubJIu3HO II0-
critinoro. ly1s 06’eMHEUX MaTepiamiB maemo [77]:

(gpi,u_gTB)OO:D_KT’ (13)

NoYaTKOBHA
oaHodhasHuin
cTaH

NepeTBOPEHHS

R ¢aza 2

chaza 1
a 0

Puc. 3. 3o00pakeHHA HAHOYACTUHKY M0 TOILIEeHHA (a) i Tiel »K YaCTMHKH mic-
Jaa TomseHHA (0).
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ne Di K — craji nnsa mamoro Mmarepisany. Iagexc co BKasye, 1o MU MaeMO
CIIPaBy 3 AYy:Ke BeJUKUMU MaTepisimamu, TooTo 3 R, HabaraTo OijbImmM,
Hik MimkaTomoBa Bimmanb. B piBHocTi (13) BigHomienua D/K € 06’eMHOIO
TeMIepaTypoo TOILJIeHHA i D — muToMa TemyoTa TollleHHA. Bepyun 1o
yBaru poJib TBepaoi i pigxoi ¢as y piBHOCTI (11), omep:xyeMo 3sMiHY Bijib-
Hoi I'i66coBoi ereprii (6) aua 6iHapHOi yacTUHKY 3 N aTOMiB Ha BUIIAJOK
TOIJIEHHS:

N(gqac'r,'rs - gqac’r,pi/:[) = N(gi;[,'m - gi;(,pi/:[) + nN2/3(GTB(C) - Gpi;{(c))‘ (14)
ITizcraBuBmu Bupas (13) B popmyay (14), ogep:xyemo:

N(gqaCT,pin _gqaCT,TB) :N{C(Dl _KIT) + (1 - C)(DZ _KZT)} +
nNz/g{C(Gl,pin - GI,TB) + (1 - C)(GZ,piI[ - GZ,TB)}’ (15)

abo

N(gqacq‘,pi;[ - gqac’r,TB) = CN(gqaCT,pin - gqaCT,TB)l + (1 - C)N(gqaryr,pi/:[ - gqac’r,TB)Z' (16)

Touka TOIJIeHHA BU3HAYAETHCA 3 KPUTEPilo TOILJIeHHSA, KOJIU eHepril
PiBHUX CTaHiB CTAIOTh EKBiBAJIEHTHUMMU

N(gqaryr,pi/:[ - gqac’r,TB) = O' (17)

Ia mornoaTomoBoi peuoBuHu C = 0 a6o C = 1. 3a yM0OBU TeMIIepaTyp-
Hoi 3amexxuocTH (13) i KpuTepito TomnenHs (17) omep:ryeMo 3 hopMyIu
(16) ab6o (15) Bupas mas remuepaTypu TorieHsHa T, .:

TTOI‘I: TTOH,OO - n(GTB - Gpin)/(KNl/g) = TTOH,OO{l - B/(zR)}7 (18)

ge T, — 00’eMHa TeMIlepaTypa TOILIeHHA MaTepiany. Beanumna
(n/N'?) e npomopIifiHOIO0 0 CHiBBifHONIEHHS MOBEPXHEBUX ATOMIB 0
aToMmiB ycepenuHi peuoBuHU. {14 HeopraHiunmx marepidaiB § € gogart-
miM. OniHKY garoTh 3HaueHHA 3 B Mexkax Big 0,4 no 3,3 Hm [70]. fx Oa-
yuMo TeopeTuuHa popmy.ia (18) 3a mozmeseM aBTOPiB BimmoBizae ekcie-
PUMEHTAJbHO OePKaHnM 3aJIeKHOCTAM (4).

I30nv06ani HAHOWACMUHKU | MOHKL niiéku. I30/1b0OBaHI HAHOUACTUHKMY i
TOHKI IIIBKY € HAHOLIBIIINMY KJIacaMMU HAHOOO €KTiB, II[0 AaHAII3YIOThCA
byHIaMEHTAJIBLHOIO HAYKOIO i € HeoOXiZHMMY 1 BaXKJIMBUMMU JIS TIOTPEO
baraTbox raJyyseii BupoOHuIITBA. HaHOUaCTMHKY He 3aBiKIN € OTHOPII-
HUMH. ¥ 6araThboxX BUMNAAKAX BOHU CKJIAJAIOTLCS 3 OAHiel ocHOBHOI (hasu,
IIT0 OTOYeHA iHITToI0 as30i0, 000JIOHKOI0 YACTUHKY (HAITPUKJIIAT, OKCHUIOM
[78] abo y BursAmi meTrasieBoTo sapa B iHIMiiT MeTaJsieBiit o0osoHIIi [79]).
Taxko:x moMiueHo, 1110 AeaAKi MeTacTabiiIbHi a3y € CTIHKUMM, KOJIU BOHU
oroueHi immioro o6osonkoio [80]. Ilpu meaxkmx obcTaBUHAX, CTPYKTYPHU
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TUIY AAPO—000JIOHKA 3’ ABIAIOThLCA Oe3mocepequno [79], y iHIIMxX BUIaa-
KaX BOHU 3’ IBJISIOTHCS ITiJT yac mepemimnryBanusa [81].

B pobori [82] BuBUeHO 3MiHY TeMIepaTypy TOILIEHHSA YACTUHOK Y IITH-
POKOMY iHTEepBaJIi PO3MipiB i 3HOB OfEeP;KAHO aHAJOTIUHUI pPe3yJbTaT —
SBHIKEHHS TeMIIepaTyPU TOILIEHHS ITMHY i3 3MeHIIeHHAM PO3Mipy YacTu-
HoK. Takuit epext OyB sHalimeHni TakoK y uactTuHKax Au [83]. B ekcme-
puUMeHTaJbHi#T poboTi [84] omepskaHo, 110 i3 3MEHIIIeHHAM PO3Mipy Te-
MIlepaTypa moJiiMmopdHOTO mepeTBOpeHHA o-hasu 3ajnisa B -dasy 3me-
HIITYE€THCS 13 BMEHIIIeHHAM PO3Mipy YaCTHUHOK .

Bceranosieno, m1o, SKIO YacTUHKA He € chepuuHOO (ITomi6HO Mera-
JlaM, 3aHypeHuM y moJriMepu abo iHIIi MaTepisian), ToO 3HUMKEHHA TOUKHI
TOILIEHHA MOKe OyTH MeHIII0o0 abo 0iJIbIIOI0, HisK AJd chepuduHOi uac-
TUHKU, 3aJeKHO Bix ii (popMU i HABKOJUIITHLOTO XeMiYHOTO CepeIoBH-
mia vacTuHKu [ 79, 85].

SHMKEHHA TeMIepaTypH TOIJIeHHS i3 3MeHIIIeHHAM TOBIIWHU CIIO-

cTepiraeTbes i IJid CyIiJIBHUX IJIIBOK (AUB. IIOCUJIAHHA B MOHOT'padiax
[10, 86]).
2.2.4. IIpo6aema omucy, MOOYAOBH i €KCIIEPUMEHTAIHHOTO O/IePSKAHHSA
HaHo(a30BHUX AiArpamM OiHaApPHUX cHUCTeM. B OCHOBHOMY eKCIIepUMeHTa-
JbHE 1 TeoOpeTUuYHe AOCJiAKeHHA BIJINBY PO3Mipy Ha ismKy IPOIEeciB y
JC BUKOHAHO AJA YMCTUX MaTepiaxiB. Curyallis 3aJuINaeThbCcA HEBU-
pimeHoio aya Bunagky crouiB i cymimeit [IC. 3oKkpema, He BUCBiTJIIO-
IOThCS MUTAHHSI PO3YMHHOCTY KOMIIOHEHTIB i BiAIIOBiAHUX misgrpam cra-
HY HAaHOUYACTUHOK. JIuIlle B OCTaHHi POKU 3’ ABUJINCA €KCIIEPUMEHTATbHI
i TeopeTuuHi poOOTH, IPUCBAUEHI JeTaJbHiN aHai3i giarpam cramy JIC
OiHApHUX CTOIIIB.

Y Bumagxky KOMHOO3UTHUX HaHOCHCTEM (hasoBa miArpama Mo:Ke Bimpi-
JKHATHUCA BiJ BigmoBigHOI 00’ eMHOTO MaTepisany [7, 87]. ¥V 3B’ A3Ky 3 TUM,
10 (hiBUKO-XeMiUHi BJIaCTMBOCTI HAHOCUCTEM 3aJIeXKaTh TaKOMK BiJl CKJa-
Iy PEeUYOBUHU, IIiABUINYETLCS iHTEepec M0 aHadisdm (PasoBUX AisdrpaM Ha-
HOMAaTepiauiB i, 30Kpema, 6araTOKOMIOHEHTHUX HAHOYACTHUHOK i IJIiBOK.

CyuacHi MOKJIMBOCTI 3 CHHTE31 HAHOYACTUHOK 1 HAHOILJIiBOK € Taki,
III0 CTA€ MOJYKJIMBUM JIOCJiMMKyBaTH iX (PidmuHi Ta XeMiuHi BIacTHBOCTL
[88]. Ane, HEe3BaKaOUM Ha TaKUH iHTEpEC, Pa308i diszpamu HAHOCMPY-
Kmyp ma ix 0co6Au80Cmi 3aIUULANMbCA 0aneKUMU 8i0 NOBHO20 PO3Y-
MIHHA.

B pobori [ 7] aBTOpU BUKOPUCTOBYIOTH METOAY I'eOMETPUUHOI TePMOI-
HaAMiKM JIJIs OIKMCY €BOJIIOII AisirpaM cTaHy JBOKOMIIOHEHTHUX CTOIIiB.
A npuriaan 6yau obpami cromu Bi—Sn (eBrekTuunHa misirpama) i Bi—Pb
(EBTEKTHKA 3 MEPUTEKTUKOI0), AKi KOHAEHCYBAJIUCA y BUIJIAMLIL ILIiBOK.
Koumnenrpailis mriBku 6es3lepepBHO 3MiHIOETHCA BiJ TOUKH IO TOUYKHU i
BU3HAYAETHCA KIJBKICTIO KOMIOHEHTIB i reoMeTpicio po3TanryBaHHS
Ioxepedt i migmosxorsa [89]. 1Ii mocurimkeHH TOKa3au, 110 IPX TOBUTUHI
miriBok cromiB Bi—Pb 32, 20 i 10 HM IOHMMXEHHSA eBTeKTHUYHOI TeMIepa-
Typu ckaagae 5, 10i 18 K BigmoBigno. HesBakarouu Ha AesaKi mpoTupiu-
U MidK IIPe3eHTOBAHUMU PUCYHKaAMU AJd (as3oBux giarpam (puc. 4, a) i
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Puc. 4. ExcriepuMeHTaAJIbHO Ofiep:KaHa (pas3oBa AiArpaMa HaHOILIIBKY GiHapHOI
cucremu Bi—Sn [7, 16, 89] (a); ekcriepuMeHTANbHI TOUKY €BTEKTUYHOI TEMIIEe-
parypu T, HaHOILIiBKU cucTeMu Bi—Sn (mosHaueHo cuMBOJIOM ) ¥ IOPiBHAHHIL
3 eBTeKTUYHOI0 TeMIlepaTypoi T, HeCKiHUeHOTro cTomy (MIyHKTHUPHA TOPU30H-
TajabHa JiHia) [7, 16, 89] (6); pesyabTaTy iHIMINX eKCIEPUMEHTAIbLHUX TOCJIi-
JI:KeHb A HaHouacTuHOK cucteMu Bi—Sn [90] (8).

IJIS 3MIIITeHHSA TOYOK eBTeKTUKM OJHOIO i Toro K cromy (puc. 4, 6), MOXK-
Ha CTBepI:KyBaTHu, IO AJIA TOBIIMHYU MeHIoi Hixk 50 HM crocTepirauocs
S3HIKEHHA TeMIIepaTyp eBTeKTUKH, JiKBigycy i comimycy, ToOTO 3CyB mis-
rpaMu y O0ik OibIll HU3LKUX TeMIiepaTyp (puc. 4).

B pob6orax [91, 92] BuBuanuca 55—1000-aTomMoBi KjacTepu MeTaJiB
MEeTOJ0I0 MOJIEKYJAApHOI auHamMiku. HudepeHiiitopanuAM Jisrpam 3a-
JIe;KHOCTHY IIOBHOI eHeprii KjacTepa Big Temuepatypu 1' MOKHA OJlepsKa-
T 3aJIe;KHICTh TeIJIOMiCTKOCTH Binm Temmeparypu. OmepskaHa TakuM
YUHOM 3aJIe}KHIiCTh TEIJIOMiCTKOCTH BiJ TeMIlepaTypu Ma€e MaKCUMYyMH,
3MileHi Mo BiTHOIIIEHHIO 0 MACUBHOT'O KpHUCTay (IpuOJIM3HO B ABa pa-
3mu) y 6iK MEHIIINX TeMIepaTryp. Kpim Toro, cmocrepiraerscs 6icTabiin-
HIiCTBH CTPYKTYP IIOA0 TBEPAOI UM PiAKOI (asm IjIsd HaHOYACTUHOK 3 Ki-
JbKicTIO aToMiB, MeHIIIO0 3a 850 aToMiB.

Amnajoriuni pesyabraTtu 6yau ofep:KaHi B TeopeTuyHUX podborax [70,
87], me amanisyBasacs asoBa mgisrpama: JiKBigyc—cosinyc ajsa 6imap-
HOI cucTeMu 3 IMOBHOI PO3YMHHICTIO KOMIOHeHTiB. [[o0pe Bimoma Jrin-
somomiOHa (opma gmisarpamm («curapar») Ha ILJIOIIMHI: TeMmIepaTypa—
KOHIIeHTpAIlid oOIycKaJiaca BHUS [0 MEHIIUX TeMmIieparyp. Ha kanb Ha-
3BaHi aBTOPU OJIEPIKAU IIeH pe3yabTaT (POpMaJbHOI 3aMiHOIO B TEPMO-
OUHAMIYHIM MOJIeJIi TeMIIepaTypu TOILJIEHHS Ha TeMIIepaTypy TOILJIEH-
Hs, II10 3aJIeKUTD Big poamipy (14).

Buxongsaum 3 BuilleHaBeJeHUX PE3yJbTATiB Pi3HMX aBTOPiB MOKHA
3po0UTH BUCHOBOK IIPO Te, IO MeMnepamypa monJjenns He oyxice ma-
AUX 4ACMUHOK ax¢ 0o po3mipie 100 nm He cymmeao 6i0pixiHAEMbCA 8i0
memnepamypu monJjeHHs MaCU68H020 KPUCmadJy.
3cye zpanuydb pos3wunnocmu 6 JJC. B pobori [93] npoBeneno excuepu-
MeHTaJIbHe MOCTiMIKeHHA PO3UMHHOCTH B TOHKUX IIIBKaX PO3UUHY 3a-
mimmenHsa eaemeHTiB 3 ['IIK-cTpykrypamu Ha npukaani Ag—Cu (g4 sa-
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mobiramua mosriMmopgHoOro meperBopeHHsA). Ag i Cu BumapoByBaimesd i
ocamxyBaanuch y Bakyymi (102—107* ITa) Ha ByriemneBy migkiaagxky. B
eJeKTpoHOorpadiuvHUX AOCIIMKEeHHAX IIiBOK cTomiB Ag—Cu 6yJjo oxep-
JKaHO, IO IJIS ILJIIBOK TOBIMMHOIO 27 HM IpaHMYHA PO3UMHHICTE Mifmi
criaazana 6 ar.%, a AaA IIiBOK TOBIMHOIO 7 HM BoHa Oyjaa 15-17
at.% . JIjda MacMBHHUX CTOIIB 3HAUeHHS rpaHMYHOI posumHHOCTA Cu B
Ag crananae 0,35 at.% [92].

Hasenenuit Buiiie posamipHuil e)eKT 3CyBY I'DAHUITL POSUYMHHOCTU CIIO-
crepirascs i guia cromiB Al-Cu, Ag—Ga, In—Au, Fe-Cu[16, 19, 94-95].

Taxkum unHOM, ITpodIeMa ha30BUX IIepeTBOpPeHsb i moBeminka [IC € ak-
TYaJbHUMH i TOTPeb6yIoTh OiIbINT AeTaabHOI TEOPETUUYHOI aHAi3! 3 Me-
TOIO0 BIPOBAIKEHHA y3araJbHEHOTO OOMcy (pasoBUX II€PETBOPEHD i IT0-
PiBHAHHA 3 OCTAHHIMU eKCIIEPUMEeHTaJbHUMH pesyJbTaTaMu. B ocTaH-
HiX pobGoTax aBTOPiB OYJIO 3aIIPOIIOHOBAHO OMMC BUIMEHA3BAHUX OCHOB-
HUX Qi3MUYHUX BJIACTUBOCTEMH, 1110 6a3yeThCA Ha TePMOAUHAMIYHOMY Ha-
ommkenHi. 3okpeMa, OyJIO MOKas3aHo, IO MJsd OMUCY (Pa3s0BUX IIEPETBO-
peHb y obMme:kenux GaraToxommoHeHTHUX I[C HeoOXimHO BpaxXxoByBATH
eeKTUBHY «00JIacTh mocTauaHHs peuoBuHu» [20-21, 63]. Bigmosiz-
HUH Oigxijg n1o40 BUBUYEHHSA IIPOIleCciB (pa30yTBOPEHHS B TBEPAUX HAHO-
crucTeMax JO3BOJIMB ONMCATH OCHOBHI BigMiHHOCTI MiK (pa3oBUMU Iisdr-
paMaMu AJis 00’eMHUX 1 HaHOMATEpPiAJiB, OB’ SA3aHUX 3 IEPEPO3IIOLi-
JIOM KOMIIOHEHTiB y 6ararokommonenTHux I[C.

PosrasgaemMo ocHOBHI pe3yJIbTaTH TAKOTO IIiAX0AY 1100 (Da30BUX Jisd-

rpaM HAHOCHUCTEM.
Dajzosa diazpama—odisazpama pO3HUHHOCMU: 6 YOMY PidcHUUA 0N
Hanocucmem? 3rifHoO 3 KJIACUYHOIO CTATUCTUUYHOIO (GismKoio, (asosi
mepexoau MOKYTh OYTH TOYHO i CTPOTO OMMCAHI TEPMOAUHAMIUHO IJIs
HecKimueHHOI cucremMu. B HaHmocucTeMi 3arajpHa KiJbKiCTh OZHOTO 3
KOMIIOHEHTiB MOKe OyTH HAATO MAJIOIO AJIA YTBOPEHHS HOBOI (pasu. Ak
HACJIIIOK OCTaHHBOI'O, BUABJIAETHCA, 110 36UYAliHA MO08a meopii (ha3o-
sux nepexodie € Henpudamnoio 0nsa eunadxky ckinuenux cucmem [96].
IlosacHimo 11€.

TepmoguHaMiuHa aHaJiza IMIOKAa3ye, IO IIiCJs IIePeTBOPeHHA 6ararTo-
KommoHeHTHuUX [IC MU 3aB:KIM MaeMO TPHU XapaKkTepHi Touku (AKi Bix-
HOBiZaIOTh OAHIN KOHOMI) OIS KPUTEPito (pazoBOro mepeTBOpeHH:A: 1) mo-
yaTKOBa KoHIeHTpaIia C, IK rpaHNYHA POSUYUHHICTH OJHOTO KOMIIOHEH-
Ta B iHmomy; 2) KoumneHrpania C, 30igHeHOI 0TOYyI0U0iI 0aTHKiBCHKOI
(hasu micasa aszoBoro mepeTBOpeHHA; 3) KoHIeHTpaIlia C, HoBoi (hasu AK
pe3yabTaT (pazoBoro mepexoxay. Ili KoHIleHTpaIlil € pisHUMU BHACJIIIOK
edexTy 30igHeHHA i cKiHueHoro poamipy cucremu. Tomy, komnu I[C pos-
magaeThcsa Ha ABi pisHi (asu, ab0 Koau pifka HAHOUYACTHHKA KPHUCTATI-
3yeThcs, ab0 KOJIM TBEpPa HAHOCHCTEMAa TONUTLCS, PiBHOBaXKHA (a306a
diszpama [IC cmae He miavKu 3MiUeHo0, a 1L PO3ULenJieH0I0 8 NOPiBHAH-
Hi 3 pa308010 disizpamoro 0as 06’ emHux mamepianie [22, 74, 96—98].

SAricHo sMmimernHsa (a3oBol HigrpaMu Iepexoay pigmHa—TBepae Tijo i
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Puc. 5. [Tlisrpama (asoBoro nmepexony pigmHa—rBepze TijTo B 06’€MHOMY MaTe-
pianai (R, = ). IIpeacraBaenna giarpamu T—C gna JC opu cramomy sHaueHHi
R, < R, (KpBY PO3UYMHHOCTH IIOKAa3aHO I JikBigycy). Touka P; BKasye moya-
TKOBU cKaan C, 10 YTBOpeHHs HOBOI )a3u, TouKa P, XxapaKkTepusye piBHOBA-
wHUHA cKaag C, micna mepexony, P; MoKasye aTOMOBY MOJIbHY YacTKy B HOBill
¢dasi C,. Koroga o’ asye tourku P,, P, i P;, 10 BifnmoBigaroTh cTaHaM 3 OHA-
KOBUM 3HaueHHsM I 166c0Boi BipbHOI eHeprii i mpaBuiy Baskess AJIA IIOYATKO-
BOi (hasu i HOBOI ABOdasHOI KoHDiryparrii (TBepae Timo—pigmua) [96—98].

e(eKT BUCHAKEHHS MOKas3aHo (IJ14 IPOCTOTH TiIbKU IJIs JiKBigyCcy) Ha
puc. 5 i BUNAAKY TOIJIEHHA 130/Ib0BAHOI HAHOYACTUHKH.

Hocmignmo pucyHsok 5 (Bunagok R, < R,). Tyt Mmu nounHaemo Biz piz-
Koi HAHOYACTUHKHY ITIpu BUCOKil T, a motim ameHIyemo T mmpu (hikcoBa-
HuX pafgitoci R i mouaTkoBomy ckJami C,. OcKkinbKu pagiioc HaHOUACTHU-
HKU MaJIU#, TO JiHiA JiKBigycy 3mimieHa B TOPiBHAHHI 3 aHAJOTiIYHOIO B
00’emuoMy Bumanaky. lle mocaruayto B Touni P,(C,,T), Koau ycepenuui
HAHOYACTUHKM (hOPMYETHCSA TBEPAUWII 3apogoK HOBOI (hasu. B 3Buuaii-
HUX MeTomax (asoBuUxX misarpam, 3a pixkcoanoi T, pigka i TBepma dasu
3a1aI0ThCS KPUBUMU JIiKBigyca i comigyca. IIpoTe KiTbKicTh peUOBUHHU B
HAHOYACTHUHII € oOmerkeHoro. OTiKe, BifIoBigHA cTexioMeTpisa TBepaOTO
3apOoAKY He MOKe 6yTu mocarHyra. O6unciaenns [i66coBoi BiibHOIL eHe-
prii mokasymoTh, IO cTexioMeTpis HOBOHapomAKeHOi TBepmoi ¢asu C,
BU3HAYAETLCA TOUKOIO P; BimmoBigHol KoHOOU (puc. 5). Bogunouac pigka
yacTUHA Tiel :K HaHOUYAaCTUHKY (TO0TO, BUCHAMKEHA IMoUYaTKoBa (pasa mic-
115 (pa3oBOro mepexoxny) matume ckyaaf C,, 110 BUSHAYAETHCA 3a JOIIOMO-
roio BigmoBigHOI TOouKu P, KpuBoi piBHOBaru (puc. 5). IHImuMu caoBa-
Mu, JiHia piBHoBaru P,P; He Mae KiHIliB Ha JiHiAX JiKBigycy i comigycy,
a sequuunu C,, C,, C, BigpisHATHCA.

Axmio Temmeparypa T 3MeHINYETbCA i faji, TO OgepP:KYEThCA HeTJae-
momiOHuil po3ABOEHUN ILIAX (maji mpocto Ak meTJs) (puc. 6). Jlerxo
mobaunTH, 110 JiHil JikBigyca i cosigyca BKasyoTh JUIle HA IIOYATOK i
KiHeIlb TONJEHHS 1 KpHcTasisallii, aje He Ha IPOMiKHI cTaHU a1BO(A3-
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Puc. 6. IIpencraBiaenHs mpoliecy KpUCTadisallii pigkoi maHouactTuuku (a) i To-
ILJIeHHA TBephoi HaHouacTHMHKY (6) 3a dikcoBanux R i C;. PparmMeHT KPUBUX
coiigyc i mikBigyc oxuiei Hanmouactueky (a,6). Ilersi Tonnmenua i kpucranisza-
Iii Mis cosizyc i MKBiAyC IOKa3yI0Th €BOIONII0 PiBHOBaMKHUX cKIanis C,1iC,
BiATIOBiZHUX TBepAMX i PiAKMX YACTHMH B MEepPeTBOPEeHHI HaHOUYacTUHKU [96].
Konona 3’exgnye Touku P,', Py i P, 110 BiAmoBigatoTh IpaBuIy BasKesas AJs
30epe’KeHHA PEYOBUHU.

HOi piBHOBaru. Ili mpomisKHi cTaHM MOKas3aHi meTJIAMM Ha PUCYHKY 6 i
ONHCYIOTh HLIAX eBoJonii cknanis Cy, C, i C, 31 3MiHOIO TeMIIepaTypH.
Mu mobGynmyBanu JiHii cmiBicHyBamHA (KOHOAM) IIPU AKOMYCH ITPOMIiK-
Homy T MixK TeMIepaTypaMu TOIJIEHHS i KpucTaiisarii aiga Toro, 1moo
IIOKAa3aTu, IO NPABUJL0 8axceas 0as 30epexceHHs peuo8uHU He die 01
Kpusux aikeidyc i conidyc, ane 60HO NPAYIOE 0N MOYOK HA NEMALX:
Plr’ PZ"P3"

IIpencraBieHi pesyabTaTy Teopii MaioTh yHiBepcaJbHUU XapakKTep.
Tomy 6yj0 0 IiKaBO JOCHIAUTH AeAKi cuenmu@iuHi BUIaAKK CHUCTEM, IO
MaTUMYTh eKcllepuMeHTaJdbHUi iHTepec. MosKHa ouiKkyBaTu ajleKBarT-
HICTH TEOPETHUYHUX PEe3yJbTATiB eKclepuMeHTAIbHUM y Bumaaky IC,
BJIACTHUBOCTI SKMX CYTTEBO 3ajieKaTh BijJ cKJany i posmipy. B mbpomy
BiHOIIIEHHI, i30/IbOBaHI HaHOUaCTUHKHU cToIriB Pb—Bi maroTs merirrosa-
Ty PO3ABOEHY AiATrpaMy i posMipHO-iHAYKOBaHYy HMOBENiHKY TOILJIEHHA,
IO CIOCTEepPirajiocs 3a AOIIOMOTOIO0 IIPOCBITHOTO €JIEKTPOHHOI'O0 MiKPO-
ckomna [99]. Iletsi, moxi6Hi 1o MpeAcTaBIeHNX, MAIOTh MiCIle JIJIsT PO3IIa-
Iy TBepmoi maHouacTuHKU [22]. ¥ poboti [100] aBTOpamu 3mificHeHo
BigmoBigHy amaJidy masa HanouacTuHOK ctomiB Cu—Ni, me Bu3HAUEHO
TOUKHM IIOUATKY IPOIIECiB TOIJEHHA i KpucTaJsisarii.

3 momepenHixX MipKyBaHb BUILINBAIOTH AEedKi TPYAHOII, IO 3’ dB-
JSI0ThCA IpU MosAcHeHHi miarpam cramy [IC, a TaK0OK TaKUX HOHATH AK
«(asoBa miarpama», «pPO3UMHHICTL». PosumHHIicTL (ab0 rpaHUIli pPo3-
YMHHOCTH) i piBHOBasKHi KoHIleHTparii micasa ¢asoBoro mepexony B
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00’emHOMY MaTepisaii cmiBnagaoTs [101-103]; Tomy HasBaHa mpobyema
He € oueBHAHOK. Hanpukiaan, a4 BUIAAKy TOIIEHHS i KpucTaJjaisaiii
BOHU 3aJaI0ThCS JIHIAMY coimyc i JikBigyc. B HaHOCHCTEMI IIe He TaK:
icHye pisKHUIIA Mi’K I'PaHWUYHOIO PO3UYMHHICTIO OJHOTO KOMIIOHEHTA B
iHIITOMY i OIITMMAJILHOIO KOHIIEHTPAIliclo 30iJHeHO0l 0aThKiBChKOI (hasu
micasa ¢asoBoro mepeTBopeHHA. JIiHil PO3UMHHOCTH ITOKa3YIOTh JIUIIIE
mo4aToK (hpa30BOTO IIEPETBOPEHHS B HAHOCHCTEMi i He BiAIIOBimamTh
IPaBUIy BayKeJiB AJA 3aKO0HY 30epekenusa peuoBunu. OTiKe, IIPUXOIHU-
MO IO BHUCHOBKY, IO 6 CYRACHIilIl HAYKOEill Jimepamypi, npuceéaienol
Odocaidncennio disepam JIC, icHYe HemoOuHiCMb, POZMUMICMb | 6U3HA-
YeHHi 0CHOBHUX nonamyv. Hemounicmo, wo ckranaca y 6u3Haverti no-
HAMb N08’A3aHA 3 HeoOXiOHicmI0 8PAXYEAHHA CKIHYEHUX PO3MIPi8 cu-
cmemu, wo nepemaopioemscs. Tomy, Ha HAITy OYMKY, GUHUKAE He0O-
xiOHicmb nepezaady nonamsv 048 00CAi0HCeHHA HaAHocucmeMm i adanma-
uis 0o sunadkis gpazosux nepemsopenv y JIC.

2.2.5. Po3mipHo-iHmyKoBaHa ricTepesa (pa30BOro mepexoay IepiIoro
pomy. ¥ b6araThbox BUIIaAKaX OCOOJMBO aKTYaJbHUMHU € 3aBIAHHSA Bil-
TBOPEHH (IOBTOPIOBAHOCTH) Pe3yJIbTAaTiB MUKIiYHOCTY (Tig yac sMiHu
TeMIepaTypu abo THUCKY), HAIPUKJIAL, O 3a0e3meueHusa PYyHKIIOHY-
BaHHJA eJIEMEeHTiB eJleKTpoHHOI mam’arTi [2, 104, 105]. B octanHix ocHO-
BHUM eJIEMEHTOM € 3aJIid0, a ABUIIEM, IIT0 3aCTOCOBYEThLCA, € MarLeTHa
ricrepesa. Iicrepesa € mpuTaMaHHOIO OaraTboM (iSMUYHUM CHCTEMaM
[106]. Cepen [IC, 1110 1eMOHCTPYIOTH IicTepes3Hi ABUINA, ITOPOIITKY MeTa-
JeBUX HAaHOYACTHMHOK MAalOTh 0COOJIMBE 3HAUEHHS BHACJITOK IITMPOKOTO
MPaKTUYHOTO 3aCTOCYBaHHA.

A inmuit npukIan gasoBoro Iepexoay IepiiIoro IopagKy, Ae Biaoy-
Ba€eThCS PO3MipHO-iHAYKOBaHe ABUINE TicTepesuw, MOKHA 3raJaTU TaK
3BaHy Kaminapuy KoumeHcalrio [107-109]. KaminapHa KoHgeHcaIisa —
e (pasoBe IMepPeTBOPEHHS B Imopax abo Kamijaapax, AKi MaloTh BayKJIUBe
3HAUEHHS JIJIS PO3YMiHHS BJIACTHUBOCTEH IIOPUCTUX MaTepidaiB. BoHo €
(¢da30BUM mEepeTBOPEHHAM OOYMOBJIEHHMM BJIACTHBOCTSAMU IIOBEPXHI Ma-
TepifAaiB, AKe CYIPOBOIKYETHCA 3MIIITEeHHAM IIOJIOKEeHb KPUBUX (paso-
BOT'O CHiBiCHYBaHHA.

AKTyanbHicTh mocaigsKeHHsa GaszoBux meperBopensb B [[C, 1110 3HAXO-
IATHCS B YMOBaX 3MiHHOI TeMIepaTypu abo THCKY, OOYMOBJIIOETLCS He
TLIBKY 3 MO3UIIiN (PyHIaMEHTAJbHUX AOCiIKeHb 3 (pi3MYHOro MaTepi-
SJIOBHABCTBA, a 3 TOUKMU 30py reodismku 3emiai, a came, HeOOXigHICTIO
aHaJIi3y KiHeTMUYHUX IIPOIECiB YTBOPEHHSA TipChbKUX IIOPiH, IO BimOy-
BaIOThCA MLIBHOHU POKiB y 3eMHill KOpi, TEKTOHIUHOMY IIapi Ta mijg uac
zemyerpycie[110, 111].

B nromy BigHOIIIEHHI MOKHA 3rafaTy HeJaBHI eKCIIepPUMeHTaJIbHI pe-
3yJbTAaTH aMEePUKAHCBhKOI IPyIU IIiJ KepiBHUIITBOM mpodecopa Ilaymaa
Auisisaroca (P. Alivizatos), me cmocrepiranacs metJia ricrepesu mJs
CTPYKTYPHOTO IIEPETBOPEHHA B HaHOKpucTaldiuHiii cucremi CdSe [54].
ABTOpU ofepIKaIu acCUMeTPUUHY QOPMY IeTJIi ricTepesu Ta moKasau,
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Puc. 7. Sane:xHicTh IMTUPUHY TETJIi ricTepesy Bif IIBUAKOCTHU peJiaKkcallii HaHo-
nucaepcuoi cuctemu CdSe i mpuKIageHnX A0 Hel 30BHIITHIX THCKIB (a); 3aiex-
HiCTh IIMPUHU IIeTJIi ricTepe3u Bij po3MipiB 3a KiMHATHOL TeMIlepaTypu i Ipu-
0JIM3HO OTHAKOBUX Yacax pejlakcamii (IIBUAKOCTAX 3Minu TeMuepatyp) (6) [54].

1110 3 POCTOM IMIBUAKOCTH IIUKJIYBaHHA edeKTUBHA IIIUPUHA IETJIi ricTe-
pesu 36inbmryeTbes (puc. 7).

¥ poborax [112—-115] posriauyTo mpoilec IMUKJIiUHOI TepMiuyHOI 00-
POOKM, AKOMY HigaeThCA MeTaJeBUil HAHOIOPOIIOK, Koau B IC yTBo-
proeThes HOBa (hasa CKJaay, BIAMiHHOIO BiJ CKJIaAy ITOYATKOBUX YaCTHU-
HOK. BUKOpHCTaHHSA CTATUCTUYHOIO IIiAX0AY i HecTalioHapHOl (PYHKITiT
poBmoiay 3apoaKiB 3a poaMipaMu MJO3BOJUJIO IPOBECTU KiHETHUHY
aHaJisy meperBopenHusA (1110 6a3yeThCcAa HA PO3B’A3aHHI KiHEeTHUHOTO pi-
BHAHHA TUIIY ‘master equation’, mogiGHOTO 10 HellepepBHOI'0 piBHAHHS
dorkkepa—Ilianka) Ta omep:;KaTu PO3MipHO-iHAYKOBaHY TeMIIepaTypPHY
ricrepesy. Iluki 3a Tremneparypoo 900 K—1350 K—900 K npusBoguts
IIo meTJii ricrepesu 06’emuoi yactku p — 0123450 (puc. 8, a).

SIKIIT0 TO3HAUNTHY TeMIIePaTypy IPAMOTOo IIepeTBOpeHHd AK Tk, a TeM-
mepaTypy 3BOPOTHBLOTO IIePeTBOPEHHS AK T, To piskHunsa A =Tx - T, €
e(PeKTUBHOIO IITUPUHOIO MeTJIi TricTepe3u. BennuuHa A 3ajIe:KUTD Bi pos-
Mipy YaCTMHOK ITOPOINKY, IIIBUAKOCTH 3MiHU TeMIepaTypu, MexaHi3MiB
(¢asoBoro mepeTBopeHH (puc. 8, 6). 3a JOCTATHLO BEJINKUX IITBUIKOCTEHN
3MiHM TeMOepaTypu, HINPUHA IeTJi ricrepe3u € OiJIbINo0 AJIA OiIbIITIX
3a po3MipaMu HAHOIIOPOIIIMHOK i MaJIOIO JJIs MAJINX YACTUHOK i HABIIAKU.

CrartucTuuHe y3araJbHEHHS OJeP:KaHUX Pe3yabTaTiB (1[0 0asyBaIncsa
Ha IIPUKJIALi MOHOAMCIIEPCHOTO HAHOIIOPOINIKY Fe) m03B0JII0 BBECTH II0-
HATTS «KPUTUYHOTO IIEPErpiBy» i «KPUTUYHOTO IMEPEOXOJIOMKEHHI» Ta
3aIpPOIIOHYBATU BIiAOOBiIAHI AampoKcuUMAIliliHI CHiBBiZHOIIIEHHSA, IIT0
3B’SI3YIOTh Y HeizoTepMiuHill IIOCTAHOBIL PO3Mip HAHOIIOPOIIKY, IIIBI-
KicTh IIUKJIYBAHHS, IapaMeTPU CUCTEMHU i MIMPUHY i ()OPMY PO3MipHO-
iHAyKOBaHOI KiHeTHUYHOI ricrepesu 06’eMHOI uacTKu HOBOI (hasu [116].
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Puc. 8. Ilernsa posmMipHO-iHAYKOBaHOI TeMIIepaTypHOI ricTepe3u IIepeTBOPEeHH
IIOPOIIKY 34 IIOCTifHOI IIBIAKOCTY IUKJIyBAHHA TeMIeparypu v = 8:107* K /cex
i dpikcoBaHoi KinbrocTH aToMiB B mopommuHIli N, = 1000 (a); 3anexHiCTh IMIIupH-
HU meTyi TemreparypHoi ricrepesu A = (Tp — T';) Bix po3mipiB HAHOYACTUHOK
TOPOIIIKY JJIA PisHUX MIBUAKOCTeH MuKJIyBanusg (6) [116].

OkpecieHa mpobJjeMa € TOKAa30BOIO Ife ¥ TOMYy, IO A03BOJAE Ha
CIIPOIIeHiM MO/IesIi0 IepeTBOPEeHHA HAHOIIOPOIIIKY 3aji3a ofep:KaTu, II1o
B JIC Mo:kJIMBe icHYBaHHS IeTJi ricrepesu, 00yMOBJIEHOr0 BiAMiHHICTIO
HaMOiIbIT iMOBipHiICHMX MeXaHidMiB (a30BOTO IIEPETBOPEHHS AJIA IIP-
MOTO i 3BOPOTHBOTO HepeTBOpeHHdA. TaKy ricrepesdy HasBaHO TEPMOIU-
"HamiuHoIo [115]. TepmoauHamiuHa ricrepesa He 3BHUKA€E IIPU 3MEHIIIEHHI
MIBUAKOCTU ITMKJIYBAHHA TEMIIEPATYPH [0 HYJIbOBUX 3HAUEHD i BUHUKAE
B 3B’A3KY 3 KiHETUUHUMY OOMEKEeHHAMY Ha BUKOHAHHA €ProJgUYHOIL Ti-
noresu B [IC, KOs MIJIAXY IPAMOTO i 3BOPOTHHOTO IIEPETBOPEHD HAHOCH -
CTeMHU II0 BiJHOIIIEHHIO 0 II0OYaTKOBOT'O CTaHy € HeCUMETPUUYHUMU Ta ic-
HY€ 3aJIe;KHIiCTh (Da30BOT0 IIEPETBOPEHHS BiJl TOMiHYIOUOro MexaHisMy
yTBOpPeHHA HOBOI dasu. Omep:kaHUU pe3yJbTaT s (aszoBUX IIEPETBO-
peHb mepirroro poay B JIC npusBoAUTE 10 HeoOxiOHocmu po3pisHamu Ki-
HemuuHy zicmepesy, no8’A3aHy 3i wWeudKicmio 3MiHU CMAHY HAHOCUC-
memu nid diero 3MiH 306HIULHIX napamempis, 8i0 mepmoOUHAMIYHOL 2ic-
mepe3y, no6’A3aHol 3 HAABHICMI0O ONMUMANLLHUX CMAHIB | WAAXIE ne-
PemeoperHs HarHocucmemu 3a Qikcosanux 306Hiwnix ymos. OgepsraHo,
110 MOKYTh iCHYBATH CHUTYyaIllil, KOJ1 BifOyBaeThca HaKJIAJaHHI PO3Mi-
pHO-iHAYKOBaHOI KiHeTMYHOI ricTepe3u Ha PO3MipHO-iHAYKOBaHY Tep-
MOAMHAMIUHY ricrepesy, AKe HPU3BOAUTH OO TOrO, IO MIMPUHA IIETJi
ricrepesu cTae MaiiKe He3aJIeXKHOIO BiJl pO3MipiB HAHOCHCTEMH B IITHPO-
KoMy iHTepBaJIi po3dmipiB (cepenHi Touku Ha puc. 8, 6 i puc. 7, 6).

T'oBopsaum npo HaHOPIBUKY, HE MOKHA IAJHUIIUTH 1103a YBarow IIpo-
O0sieMy BusHaUYeHHA moBepxHeBoi eHeprii [[C.



248 A. C. IIIIPIHSAH, B. A. MAKAPA

2.2.6. Poamipna 3asaesxHicTh moBepxHeBoi eHeprii IC. B Harocucremax
po3Mip 00’€KTiB € CyMipHUM 3 PagiloCOM CHJI MisKMOJIEKYJIAPHOI B3ae-
MoOZii, TOMy MOBEepPXHEBa €HePTrisd HAHOCHUCTEM CTAa€ TaKOXK PO3MIipHO 3a-
JexxkHO0. HesBarkamouu Ha PO3YMiHHS HASIBHOCTH TAaKOl 3aJI€KHOCTH
excnepumMenmanabvhi OUiHKU, 0c00UB0 08 meeplux peuosuH, He 00380-
asoms o0epacamu 0as nosepxrnesoi enepeii /[C docmogipri dani it 00HO-
3HayHi 3anaexcHocmi. Ile numanHa 3AIUUWAEMBCSA HEBUDIUWEHUM Oas
maeepdux min AK w000 PO3MIPHOL 3aneHHOCMU, MAK | U000 memnepa-
MYPHOL 3aaexnHocmu abo 3aieHHOCmuU 6i0 MUCKY.

Ilepmri TeopeTnuHi OIIHKY Ta eKCIIepUMEHTAJNbHI JOCIiIKEeHHA PO3-
MipHOI 3aJ7I€KHOCTU AJIA METAJiB Aal0Th TAKUU BUCHOBOK IMOJO 3aJI€MK-
HOCTH ITOBEPXHEeBOi eHeprii [16, 117]:

6=0,{1-04/d+0y/d%. (19)

151 HaHOUYacTUHOK 3 AigsMeTpoM d B inTepBaii 30 um > d > 2 HM KoediIri-
enTH o, ~ 0,3 HM, 0, ~ 1072 5m?. JI/1 HAHOILIIBOK 3 TOBIIIHOIO d B iHTepBa-
ai 30 M > d > 2 HM KoedimienTu a, ~ 0,1 HM, o, = 107 EM?.

B po6Gori [118] omep:kaHi ocriuaAIifiHI pO3MipHi 3aJIe;KHOCTI MOBEpPX-
HEBOl1 eHeprii KpucTaly 3 MiHiMyMaMu B TOUKaX, III0 BiAMIOBiZAaOTH Ta-
Kill KiJIbKOCTi aTOMiB HaHOCHUCTEeMH, 3 AKOI MOKHA MOOyaAyBaTH Oesje-
heKTHUIH KYO.

YucenbHiI po3paxyHKU MeTOIaMU KOMI IOTEPHOI CUMYJIAIil AIa Ha-
HOYACTUHOK JalOTh y IepIIoMy HabJIMKeHHi BiAmoBigui posmipHi 3ame-
skHOCTI THIy [119]

6 =0.{1 —azN '3}, (20)

ne N — KiJBbKicTh aTOMiB B HAHOCHCTEMi, KOHCTAHTA O3 KOJMBAETHCA
Bix 1 mo 2 i 3ay1e:xuTh Big hopMu.

ITosicuuTu posmipHy 3aye:KHicTh ToBepxHeBoi eHeprii (19) abo (20) za
PaxXyHOK BpaxyBaHHA KPUBUHU IIOBEPXHI AJIS CYHiJIbHUX ILIiBOK HE MO-
skJmBo. Ile o3HAaUae, 1110 TaKa po3MipHa 3aJIeKHICTD € HACJIiTKOM BILJIUBY
He CTiJIbKU KPUBUHU IIOBEPXHi, CKIJIbBKY PO3MipHO iHIYKOBaHOIO 3MiHOIO
e(peKTUBHOI IapHOi eHeprii Baaemojil aToMiB HaHOMAaTepidxy. SIKMIO
YABUTYU HMOTEHITisAT B3aeMogii aTomiB Tuny Jlemnapa-I:xonca, Mopae a6o
iHIIIOTO THIY, TO MOXKHA 3POOUTH BUCHOBOK ITPO HASABHICTEL B3aeMOIil MiK
aToMaMu Ha Bigmaisax O0iibImmux ado piBHUX po3Mipy HaHocuctemu. Tomy
3MEHIIIeHHSA PO3MipiB HOBUHHO IIPU3BOIUTH OO TOTO, IO Y chepi B3aeMo-
Iil KOXKHOT0 aToMa 3MEHIYEThCA KiJIbKICTh aTOMIB, IIT0 MOYK€e IIPU3BO/IH-
TH 10 3MeHIIeHHA abo 30i/bITeHHA TUTOMOI eHeprii (Ha aTom) B3aemMomii
aToMiB, a BiIOBiAHO O 3MeHIIeHHA a00 30iJIbIITeHHA INTOMOI IIOBEPX-
HeBOI eHeprii HaHOCHCTEMH MMOPiBHAHO 3 TAKOIO y MaKpocucreMax. ¥y Oi-
JBIIIOCTi BUIIAAKIB aBTOPY KOHCTATYIOTH 3MEHIIIEHHS ITOBEPXHEBOI eHep-
Tii 3i 3MeHINIEHHAM PO3Mipy cucTeMu. STiJHO 3 MOJEKYJIAPHO-TUHAMIU-
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HOIO aHAaJIi3010 KiJIbKicTh MeTacTabiILHUX CTaHiB KaTacTpodiuHo 3pocTae
(npubausHo 3a 3akoroM 10%) i3 36iIbIIeHHAM PO3Mipy HAHOCHCTEMH, ITI0
YCKJIAMHIOE TOCJIiIKeHHsS PO3MiPHOI 3aJIeKHOCTH IOBEPXHEBOI eHeprii
HamocucteM [29].

B ymoBax 3miHHOI TeMIlepaTypu UHUKAE NUMAHHS NPO 3AJLEHCHICMb
noeepxHesoi eumepzii HaHocucmem 6i0 3MiHU memnepamypu i MUCKY.
Ao aasa piguH e TUTaHHA PO3B’A3YETHCA, TO OJISI TBEPAUX TiJI, 0CO0-
JIUBO [IJIST METAJiB, BOHO 3aJUINAEThLCA IIpobaeMaTuuHuM. ExciiepuMeH-
TaJbHi POOOTH i TEOPETHYHI OIiHKM JAIOTh CIIAAHY (PYHKIIIIO TeMIIepaTy-
pu IJid TIOBEePXHEBOI eHeprii MeTajeBUX HAaHOMATEPiAJNiB, AKa € MaiiiKe
He3MiHHOIO 32 HUBBKUX TEMIIEPATYP i CTae CyTTEBO HENiHiNTHOIO CIIaTHOTO
dyuKITicio B 00gacTi mepeaTomaeHHsa. OIMiHKY JesIKUX aBTOPiB JaIOTh, IO
3MEeHIITeHHS PO3MipiB TOBUHHO IPU3BOIUTHU A0 30i/IbITTEHHA 3aJI€KHOCTHU
IIOBEPXHEBOI eHeprii Bif TeMIilepaTypu, TOOTO O 3POCTaHHSA BEJIUUUHU
do/dT [16, 118]. BinmiuaeTbca Takok, 1110 A Beaukux N > 1000, pyH-
KIIidg IOBEPXHEBOI eHeprii KpHCcTaly cTae eKBiBaJeHTHOIO 10 (PYHKITiI mo-
BEPXHEBOI'0 HATATY HaHOKpHCcTaNy. Taka ImoBemgiHKa JO3BOJISAE BUKOPIC-
TOBYBATH MOCTiliHe 3HAUEHHA B PO3paxyHKaxX JJIA ITUTOMOI ITIOBEPXHEBOI
eHeprii HaHOCHCTEeMH B 00JIACTi JaJeKUX BiJ TeMIIepaTypu TOILIEHHS Ha-
HOMaTepiany i Bemukux sHadeHb N > 1000.

Omixe, 3a1UUWLANOMbCA HEBUDIULCHUMU NUMAHHS NPO 8ACMUBOCMI
nosepxHegux wlapie amomis i nosepxnesozo posdiay J[C i wum 6onu 8i0-
pisnaomosca 6i0 6i0n06i0HUX Y MAKPOCKONIYHUX 3PA3KAX.

Y 3B’A3KY 3 TUM, IO OKPecJieHe MUTAHHSA 3aJUIIAEThCA Hepo3pobe-

HUM, OiJbIIiCTL aBTOPiB BUKOPUCTOBYIOTH IOCTiiHI 3HAUEHHA NJIS IIH-
ToMoi moBepxHeBoi eHeprii [IC. Boagmouac MoKHa HagaTU MPOCTi AKicHI
MipKyBaHHSA, AKi JOBOAATHL HEOOXiMHIiCTL YTOUHEHHS €HePreTUYHNX 3a-
JIeJKHOCTEe! Y HAaHOTEePMOAMHAMIIII.
2.2.7. Po3mipHa 3anexHicTs 00’emHOi eHeprii [C. 3rizHo riacwuHOI
TEPMOAMHAMIKY KOKHa (pasa IOBUHHA MaTH 00’ €MHi i moBepxHeBi aTomu,
TOMY BiZIOBiZHO TaKi aToMu JaiOTh 00’€MHUI i ITOBepXHEBUI BHECOK Y
3araJibHy eHepriro cucremu. Ile mIpusBOaAUTS 10 oNTUMIi3aIlil po3paxyHKiB
ITOA0 3HAUeHb BiJHOINEHHSA MOBEPXHEBUX aToMiB A0 0o6’emHUX. Ili1a Ha-
HO(dAas, 0cobJMBO AJA TBEPAUX HAHOMETAJIB HeOOXiJHO BpaXOByBaTH Ta-
KOXX HaABHICTH aTOMIiB, IIT0 3BHAXOAATLCA B I'paHaX, Kpaiikax, pedpax, Be-
pIIuHax i TomMy, Bupas A 3araabuoi eHeprii [IC 6yne inmum (puc. 9). ¥
meprioMy HabJam:KeHHi (KoM KiJIbKiCTh aTOMiB y BepIIMHAX € MAJIOHO)
MOXKHA 3amucaTu eHeprito cucremu [120]:

G=A,R’s + A,oR? + AR, (21)

me cTam A;, A,, A; xapaKkTepusyoTh popMy HaHodasu; g — rycruna Ii6-
O0coBoro moOTeHITisAaAy (eKBiBajeHTa M0 edeKTUBHOI eHeprii Bsaemomii
aToMiB B 00’eMi HaHOYACTHMHKM); G — IIHUTOMA IIOBEpXHEeBa eHepria pe-
yoBUHY (€KBiBajJieHTa [0 cepeIHbLOI eHeprii B3daeMoaii aToMiB Ha mOBep-
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Puc. 9. [[poBumipHUii mepepia TBepmodasHol HAHOUYACTUHKM Ta il chepuyuHo-
CUMETPUYHOTO MOJEJII0 cepeaHboro paniroca R (xona). Kimacuuna Tepmonmua-
MiKa He posridgae KOHKYPEHTHOI'oO BILIUBY IpaHeil, BepiuH (Touku A, B) i pe-
0ep (minAHKa aToMmiB Ha JiHii AB) Ha 3araJbHUI BUpas eHeprii cucremu i Bpa-
XOBY€ JIWINle TPaHi, II[0 AO3BOJIAE OITUMi3yBaTH €HEPTiI0 IOJ0 BiIHOIIEHHS
KiTbKOCTU MOBEPXHEBUX aTOMiB /10 06’ emumx [120].

XHi HAHOYACTUHKY B3JOBYK TpaHeil); Y — IMUTOMAa €Heprisg aToMis, IO
3HAXOAATHCA Ha pebpax HaHOUYaCTUHKHU.

3acayroBsye Ha yBary Toul (paxT, IO OJIsI aHCcaMOJI0 Me30CKOMiuHUX
cuctem y 60-x porax Tepenom Ximom (T. Hill) [121, 122] 6yi0 3ampo-
IIOHOBAHO y3araJbHEHHS TePMOAWHAMiKU, e BBOAUTLCSA TaK 3BaHUM
moTeHIifAg posgisenusa (subdivision potential), axwii € moxioHUM 10
HOHATTA XeMiYHOTO MOTeHIiANy, 1o 6yB 3ampomonoBanuii . Ii66com y
1861. IloTenumiam posmieHHA BpaXOBYBaB MUCIEPCHICTH cucTeMu (aH-
caMO0JII0 YaCTUHOK) 1 Y BUMIAAKY BEJIMKUX CUCTEM IIPSIMYBAaB 10 HYJIA.

OcTanHi goCaimKeHHs aBTOPiB MOKAa3yIOTh AK 3 MiKPOCKOIIIUHNX Mi-
PKYBaHb i MOJIEKYJAAPHO-INHAMIUHIX PO3PaxXyHKiB, Tak i 3 (peHOMEHO-
JIOTiYHOTO OTINCY, 110 He TiabKu Bupas aAasa eHeprii [C (21) crae inmum,
a i epeKTUBHI ITOTEHITi AN B3aeMOail aToMiB B 06’eMi i Ha moBepxHi [IC
CTaIOTh PO3MipHO i KoHIleHTpaIifino 3ane:xauMu [120]. [logiouy nymMKy
MO0 PO3MipHOI 3aJIeXKHOCTH TaK0XK OyJI0 BHCJIOBJIECHO B HeJaBHiIX pPo6o-
TaxX iHIMNX aBTOPIB IOA0 B3a€MOZii HYKJIOHIB ycepeauHi sapa aToOMiB
[123, 124]. OT:xe, aBTOPAaMU TPOIOHYETHCA 2inomes3a NpPo iCHY8AHHA
Kopeasyii misc posmipom [JC i naprumu eHepziamu 63aemodii amomie
ycepeduni maxkux cmpyxmyp. MeTomo0 MOJIEKYJIAPHOI CTATUKH i TOTe-
HIigay Mopse 3mifiCHEHO MOAeJIOBAHHSA TBEPANX HAHOILJIiIBOK MOHO-
aTomoBuX MeTasieBux cucteM 3 I'IIK-cTpyKTypoio 3 MeToro ampobarii
OKPEeCJIEHOI TilmoTe3m i ofepKaH0 3HAUEHHS i 3aJIeKHOCTI e(peKTuBHUX
HapHUX IIOTEHIIisAJiB B3aEMOil aToMiB y TakuX HaHoMarepidaax. Bixg-
HOBiJTHI po3paxyHKM AJIA T'YCTUHU IOTEHIiAJIbHOI eHeprii g JaoTh Ha-
ABHICTH PO3MIipHOI 3aJIE:KHOCTH BiJf TOBIIMUHU IIJIiBKH A i IMigTBEpIKY-
10Tk rinoresy (puc. 10).

Takwuii pesyabTaT MOKas3ye, 110 048 mepmodunamivnozo onucy JIC
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Puc. 10. BigHocHa 3MiHa I'yCTUHY MOTEHIiAIbHOI eHeprii Ag = g — g, AK QYHK-
1is ToBIMHY A HaHOILTiBKY BuOpanux 'I[K-meraniB. g, — rycTUHA TOTEHITiA-
JIbHOI eHeprii aToMiB B 00’eMHOMY MaTepiai.

nompibHe YmouHeHHA eHepeMmUUHUX 3aJjexcHocmell. 3o0KpeMa, IIpu
BUKOpPUCTaHHI MoeriB (imeaTbHOT0, PEr'yJISpHOro abo cyoperyasapHoro)
posuuHiB B TepmoguHamili [IC, moTeHmiaam mapHoi MiKaToMOBOI B3ae-
Moxii i samesxHOCTL A1 ryctrHE I106COBOTO MOTEHLiANY MAOTH 6yTH
mMoam(iKkoBaHi i PyHKIIiOHAJBHO 3aJIeXKHIMU BiJl pO3MipiB BiAIIOBi{HMX
JC. Taki poamipHO-3aie;KHi TapHi MOTEHITiAIN MOMXKYTh OyTHU 3HaMIeH]
3 eKcnepuMeHTanbHUX miAarpam cramy IC. Oxep:xamHi pesyabTaTu s
HaHomiBok I'IlIK-meTasiB moKasyioTh, 1110 HAABHICTH po3MipHOTO ede-
KTy Ha I'yCTHHY IIOTEHIIISIJIBHOI eHeprii B3aemMoil aToMa MO3HAYAETHCA
IJISI IIJIIBOK HEBEJIMKOI TOBIIUHYU — J0 TPHOX JIECATKIB HAHOMETPIB.

Y mepiiomy HaOIMKEeHHI MOKHA 3alMcaTH HMOTEHI[IAIN MapHOi B3ae-
mopii aromis B [IC (uepes KOPeAIliio MisK PO3MipOM i OITUMAIBEHUM PO3-
ramryBaHHAM aToMiB y [[C) y Bursiazni possunerHsA B Teitopis panx [120]:

@&h)=d.{1 - A,/R).

Tyr @, — TOTEHIiAJ MiskaToOMOBOI B3aeMoxii B 00’eMHiN (dasi, axmit
BimmoBizmae misrpami craHy MacuBHOTO MaTepisany. Beanuuna A, > 0 3a-
JIeKUTD BiJf TUIIY CTPYKTYpPH, copTy aromiB. Taka rimoresa crama 6aso-
BOIO JIJIS1 MOSICHEeHH i moOymoBu (pasoBux miarpam 6imapaux IIC i mama
MOJKJIMBICTH 3aCTOCYBAaHHSA HOBOI METOMOJIOTII mo0ymoBu (ha30BUX misr-
pam, 110 6a3yeThCsA Ha IPUOYINEHHI IPo HAIBHICTD 3aJI€KHOCTI TapHUX
MIOTEHIIiAJIiB B3aeMoil aToMiB Bif podmipy Hanocuctremu [120].

2.2.8. Po3mipHo-ingykoBana nudysia. He supiweHum 3anruuiaemuvcs
nuUMaHHA npo 8enuduny Koeiyiecuma dugysii amomie y [JC. Ilepi Te-
OpPeTUYHi PO3PaXyHKM 1 eKCIepMMeHTaJbHiI POOOTH JeMOHCTPYIOTH
eeKT migBUIeHHS 1u(ysii B HaHo06’ eMax.
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PyxsuBicTh aToMiB B po3umMHax CTOMIB MOsKe OyTHU OIliHEeHA 3a IIBU/I-
KicTio pocTy KJacTepis HOBOI (hasm, 1m0 HapOIKYIOThCA: R ~ (D yt)"/?, e
R — posmip abo cepenHiii pamiroc KiacTepa HOBoOI HaHodasu. Bigmosigmi
eKCIIepUMEHTAJbHI JOCIiI:KeHHA IPU TeMIlepaTypax OJM3bKUX I0 KiM-
HATHUX IIOKAa3ajy 3aBUINEHI Ha MOPAIKYU 3HaUYeHHS edeKTHUBHOrO Koe-
dimienTa nudysil a9 HaHOPO3MipHUX YacTMHOK HOBOI ¢asu. Hampu-
KJIAJ, PLKHAIE y PyXJIHUBOCTi A1d Mixi ckiaagana 10'°. YacTkoBe mosc-
HEHHA TaKUX aHOMAaJbHUX 3HAUeHb Koe(imieHTIB nudysii mig uac Big-
majgy Mo)ke OyTH JaHe Y IPUOYINeHI HaCMUYeHHSA BaKaHCiAMU cTOIly, AKi
IIOTiM BHMKAIOTh Ha cToKax [125].

ExconepuMenTasbHI HOCTiMKEeHHsS CTOIIB, IO IIePETBOPIOIOTHCA a00
posnazalThCi, IIOKA3YI0Th TaKOMK CYTTEBY 3aJIesKHICTh Au(ysiliHol py-
XJIMBOCTH BiJ CTPYKTYPHOI CKJIaJIOBOI i1 uacy Bigmaisy. Tak, HampuKJaazm,
y cTonax Ha ocHoBi KobasbTy Co—Ta, Co—Nb crocrepiraerses mosasa au-
CIEPCHUX YACTUHOK HOBOI [} mMoxumdikamii 3a OLHOYACHUM CYTTEBUM
3MEHIIeHHAM e()eKTUBHOTO Koedinienra nudysii D,, B iHTepBaJi yacis
24 roguun nupu 680°C i 75 rogun npu 580°C, a moTim ax g0 450 roguu
Bifmmasry crocTepiraeTbcsa MOHOTOHHMI picT Au(pysiiiHOl pyXJIMBOCTH.
Amnajioriuna mosesinka crocrepiraygacsa Takosk y cromax Co—Ti, Ni—Al
oig vac gudysiiiHoro Bigmaay, B AKUX BigOyBaloThCA (Pa3oBi mepeTBo-
pennsa [126, 127].

C mpaxTHUUYHOI TOUKM 30PY BaAXKJINBIiCTL NUTAHHA 3MiHeHHA Koedilrie-
HTa gudysii mig uac Bigmaay moB’A3ama HacaMiepes 3 HOACHEeHHIM CTa-
OiMIBHOCTH i "KapPOMII[HOCTH CTOIiB, KOJU 3MEHIIIeHHI e()eKTUBHOTO KO-
eimiernra mmupysii npu TpUBAJIHX BiAmmajiax IIOKpPAIIye JKapOMIiITHiCTh
Takux cromiB [128].

Or:xe, HaBeneHI paxmu 003680a410Mb 3pOOUMU BUCHOB0K NPO iCHY-

6QHHA 3aJeHHOCMU KiHemuuHux kKoepiuienmise 6id posmipy JC. He
BUKJNKA€E CYMHiBiB aBTOPiB HeOOXigHiCTL BpaxyBaHHA TaKoi po3MipHOI
sayieskHOCTU Koepimienra sudysii B [[C. B mamomy mocraimxeHHi Mu
cupobyemMo gaTu aKicHi MipKyBaHHS 1 QyHKIIiOHANbHI 3aJI€;KHOCTI IJIs
KimeTnuHmMX KoedimienTiB Bix posmipy HC.
Denomenonoziuni mipryeanna. Hagamo cnodaTky npocti peHOMEHO-
JIOTiuHi MipKyBaHHSA, AKi IOACHIOIOTE 301JILITTEHHA PYXJIUBOCTH ATOMIB i
OPU3BOAATH A0 HEOOXiZJHOCTH BpaxXyBaHHS PO3MipPHOI 3a/I€KHOCTH KOe-
dimienra gudysii 8 [IC. daa mporo posrasHeMo nudysito B cucTeMi 3
MMO3UIIiN eHepTroaK TUBOBaHOTO Iporecy [129, 130]:

D = Dyexp(—-Q/kT). (22)

Tyt D, — mepedeKCIOHEeHIIiHHNI YacTOTHUMN paKkTop; ¢ — eHepria ak-
TuBaIii nmpomecy nudysii. Illepenekcrnonenniiauii paxrop D, BUsHaua-
€ThCA YaCTOTOIO KOJUBAHHSA ATOMiB, KA 3aJIe}KUTh BijJ TeMIIepaTypu i
He CYTTEBO 3aJIe}KUTh BiJi posMipiB HaHocucTemMu. BogHouac HeBesJUKa
3MiHa B eHeprii akTuBarii @ Oyae CyTTEBO BILIMBATU Ha 3HAYEHHS Koe-
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dimienra qudyaii (22).

PosmipHa 3anexuicTs eHeprii akTuBaiii gaudysii Mmoske 0yTu omineHa
IOCTATHBO IIPOCTO, AKIIO 3rafaTy Tou (GhaKT, IIT0 B HAHOCUCTEMAX eKCIIe-
pUMeHTaJBbHO CIIOCTepiraeThecA 3MiHa TemiepaTypu TorjieHHA T, 1 Te-
mepatyp (asoBux neperBopenb peuoBuH (14,18). 3 immoro 60Ky, cra-
TUCTUYHI PO3PaAXyHKU MJIsI XeMiUYHUX eJIeMeHTiB i TeopeTwuHi HaOIu-
JKeHHSA IMIOKAa3YyI0Th KOPeJaAllilo MisK eHepriero akTusaIllii audysii @, Te-
IJIOTOIO TOILJIEHHA 1 TeMIepaTypolo TOILJIEHHS MaTepidny, AKYy MOKHA
3amucaTH Y BUTJIAAI TpocToi ominku [129]:

Q= 18kT,,,. (23)

BpaxosByroui Toi (paKT, 1[0 3MEHINIeHe 3HAUEHHSA TeMIIepaTypu TOI-
neuns T, sanuinaerbeda Oimbimum 3a [lebaiioBy TeMIlepaTypy, TO I
OIINCY PO3MipHOI 3aJIe;KHOCTH KoedilieHTa qudysii MoKHA He BPaxoBY-
BaTH KBaHTOBO-MeXxaHiuHi edexTu. OTike, 3MEHIIIEHHS TeMIIepaTypu
(¢azoBoro mepexoay ImpHU3Beje OO0 3MEHIIIeHHS eHeprii akTusailii @, 1Mo
Iae BeJIMKUH KoeitieHT nudysii D.

IligcraBnauua ¢gopmyau (23) B popmyny (22) mae peHOMEHOJIOTIUHY
OIIiHKY PO3MipHOI 3ajIe:KHOCTH KoedimiernTa nugyasii:

D = Doexp(-18T 1o,{1 - B/(2R)}/T). (24)

IIa sanmexHiCTh € MOHOTOHHO CcHagHOIO (GYHKIIi€I0 00’eMy MaTepisaay i
IS BeauKuX R mpamye mo 3HaveHHA Koedilienra nudysii B 06’eMHOMY
mMaTepiai.

Y saraibHOMY BUNAJAKYy HEOOXiZHO BpaxXyBaTH PO3MIipHY 3aJeKHIiCTH
AK BeauumHU D, Tak i eHeprii akTuBaiii @, 110 MOKe IIPU3BOAUTH 0
0ibII cCKIaAHNX (DYHKITIOHAJIBHUX 3aJIe’KHOCTel HidK opmyna (24).
Mixpocrxoniuni mipryéanna. PisuuHy IPUUNHY iCHYBaHHA PO3MipHOI
3aJIeKHOCTH KiHeTHYHMX Koe(iI[ieHTiB y HaHOMATEepidAJaX MOMKHA 3PO-
3yMiTH TaKOK 3 HACTYIHNX MiKPOCKOIIIYHNX MipKyBaHb i eKClIepuMeH-
TaJbHUX CIIOCTEPE)KEeHb, AKi MalOTh Miclle Yy PisHHX rajys3dax (Pisuxu
HaHoMmarepiamis (Tabu. 1).

ITo-miepite, pict HOBUX HaHO(MhA3 y MeTaJIeBUX CHCTEMAX CYIIPOBOIIKY-
€ThCSA MOABOIO 3epeH. 3’ ABIAECTHCA B3BAEMHA KOPEJIAIisa MisK 06’eMOM HO-
Boi (hasu, poamipaMu 3epeH HOBOI (pasu, AWCIIEPCHICTIO, JedeKTHICTIO
rpaHuIilb HOBOI (pasu i koedimiearom mudyasii. Ilix uac pocty Hanodpas
MexaHisM qudysii 3MiHIOEThCS BiJ ITOBEPXHEBOTr0 A0 00’€MHOI0, a IOTiM
Big o6’emHOr0 1o 3epHOoMeskoBoro Becepenuui [IC. Mo:xHa omiHuTu B Ta-
KoMy pasi epeKTuBHHUN KoedimieHT gudysii (HampukiIam, Ha BeIUKUX
Jacax Bignany) sa opmyiioro: D= D, + D ,6/R, ne d € cepeJHbOIO IINPU-
HOIO KaHaJy 3epHOMEK0BOi Au(y3ii (ToBIIIMHA TOBEPXHEBOTO IIPOIIAPKY
mixk 3epHamu das [1C). KoedimienT sepromerxoBoi anudysii D,, € Habara-
TO OinbIINM 32 KoedinieHT 06’emuoOl gudysii D, [2, 17].
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TABJIAIA 3. Pisui MmoKauBOCTi 1151 PO3MipHO-IHIYKOBAHOI 3aJI€KHOCTH Ki-
HeTHUHUX KoedinieHTiB mpuKkIani Koedimiernra nudysii 8 [[C[130, 133].

Dopwmyaa gusa [IC | Ilosacuennsa
D, — roepinieHT 3epHOMEKOBOI qudy3ii,

D, — xoedinienT 06’emHol 1udysii,

D,..,~D,+D /R §— cepenusa mupuHa KaHALY 3ePHOMEeXK0BOI Audysii,
TOBII[MHA IIOBEPXHEBOIr'0 MPOIIapKy MiK 3epHamu (a-
s3u JIC
D,,, — koedinient gudysii B amophHOMY CepeqoBUILi,

D,..~(1-p)D,, +pD,, D, — xoebinient sudysii B Kpucrai,

p=p(R) — o6’emHa yacTKa KprcTariuHoi ¢haszu

D,,; — xoepinienT gudysii gaa ogHOl KpucTamivHol

moaupikarii,

D, ,, — KoedinienTt qudysii guaa apyroi KpucraaidyHol

P2 mopuikamii,

p = p(R) — 00’eMHa yacTKa APYyTroi KPUCTAJIiYHOI MO-

nudikarii B [IC

C., = C.(R) — posuunnicts B [IC, piBHOBaXKHa KOHIIe-

HTpaIia koMmnoHeHTa Bcepeauni IIC,

D,.,~Dy1+C,/C,"} C.,~ — posuumHHIiCTH B 06’€MHOMY CE€PeJOBHIIIi,
D, — piBHoBarkHU eheKTUBHUN KoedinieHT nudysii
JLIs1 00’ €MHOTO cepeIoBUIIA

Dnewz(l _p)DKp1+pDK

ITo-mpyre, uacTo BigOyBaeThCcsa 3MiHa KpUcTaTivHuX Moaudikarii ai
3MiHOI0 Po3Mipy HaHoMaTepisaay abo B IIpolieci pocTy HOBOI HaHohasu
amopdHa (dasa crae Kpucraaiunomw [19, 55, 60, 61, 66, 131, 132]. Taxa
CTPYKTYpHA 3aJIe}KHICTh Au@ysii mpusBeme M0 PO3MipPHOI 3aI€KHOCTH
Koedimieunra qudysii. Kpim Toro, icHye aHi3oTpomHiCThL 3HAUCHD Koedi-
mienta fu@ysii B KpucTadiyHMX Tijgax — pisHi 3HaUEHHA y PiSHUX KpU-
crajorpadiyHMX HATPAMKAX HaBiTh AJs oxHiel rpaTauIi [129].

ITo-TpeTe, B 6araToOKOMIIOHEHTHNX HAHOCUCTEMAX MAa€ MicIle KOHIIEH-
Tpalifina sajie;KHicTh KoeditienTa nudysii, AKa IpuU3BOAUTHL A0 IIPOC-
TOPOBOI 3aJIE?KHOCTH, a caMe, 3aJeKHOCTU Bix poamipy Hanodasu. Ileit
(haxTOp MOCUTIOETHCSA BMII[EeHHAM KOHIIEHTPAIiMHNX I'PAHUIh PO3UMH-
HOCTM Ta YMOB PiBHOBaru ciiBicHyBaHHA HaHO(Aa3 y IMIOPiBHAHHI 3 MaK-
pockomiunuMu Matepiamramu [55, 95].

OT:xe, 3 MiKPOCKOIIiUHOI TOUKM 30PY TEK BUABISIETHCA, 110 AUPY3ia

B IIC cTae posMipHO-iHAYKOBAHOIO, a KiHeTUYHI KoedillieHTH cTaOThH
dyHuKIioHATLHO 3ade:XHUMHY Bix posmipy IC (Tabdi. 3).
2.3. BucuoBku. TakuM UMHOM, PisHOMAHITHICTL PO3MipHO-iHIAyKOBa-
Hux BaactuBocTeil JIC morpebye IIIMPOKOro CHeKTPY HAIPAMKIB ZOCTIi-
MUKEHDb y Tanysi QisuKo-xeMiuHuX SBUIN y HaHOCUCTeMaX. bararTo mika-
BUX (QisUMKO-XeMiuHUX MPo0JIeM MaTepPisaI03HABCTBA HAHOCBITY ITOKH II10
€ HEBUPIIIIeHUMH i TOTPeOYIOTh PETEeJIBHOTO AOCTiJsKeHHA.
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3. HAHOHAYEKA TA TEXHIKA, ITPOBJIEMHI IITNTAHHSA
HAHOTEXHOJIOT'TH TA CYCIIJIBCTBA

3.1. Beryn

HanorexHoJorii € pyIiriiiHoo0 CHMJIOI HOBOI iHIyCTpiaJabHOI PEBOJIIOIIII.
CraemudiuHa ocobOJUBICT, HAHOTEXHOJIOTiH IMOJATAE y MiyKraJay3eBoOMY
XapakTepi: ofHe i Te K ABUIIe MOKe OyTH BUKOPUCTAHO B Pi3HUX Tay-
3ax. MixcoucuyunainapHuil xapaxmep HAHOMeEXHOL02iil, Pi3Ha mepMmi-
HONOZis Y 00CAiIONEHHAX, MEXHONL02IAX | BUMIPIOBANLHUX Memodax
npu3600amuv 00 neéHoi po3’edHanocmu, YCKAAOHEHHS YCNiulH020 00Mi-
HY MexXHiYHOW0 iH(opMayicio, M0 TAKOXK MOTPedye BUPIIIIeHHA.

Paszom 3 06roBopeHHAM BEJIMUE3HOTO TEXHOJOTIYHOTO i EKOHOMiUHOTO
HOTEHIiAJY HaHOTEXHOJOTil, BUHUKAIOTh IPO0JeMH MO0 HOBUX CIIe-
muivyHuX, 0B’ A3aHUX 3 HUMHK pu3uKiB. HaHoTexHoJOriI IIpegcTaBias-
IOTh HOBHU IIOTEHI[IMHUUA KJAac PU3UKIB AJISI HABKOJMUIITHLOTO CEPemo-
BUIIla 1 JIOACBKOrO 3H0poB’s. Ileprmi emigemiosoriumi gociimsKeHHS
apioumx i yaprpanpiouux [C, omep:kaHUX B pPe3yJabTaTi MIPOMUCIOBUX
mporieciB i Bif TpaHCIIOPTHUX 3ac00iB, MOKA3YIOTh 3B’ 30K MisK KOHITEH-
Tpalielo HAaHOYACTUHOK B aTMocdepi i KoedirieaTom cmepTHOCTH. [l0-
CHiIKeHHS ITPOMUCJIOBUX HAHOUACTHHOK IOKAa3aJid, IO BOHU MOMKYTh
MaTHU TOKCHUUYHIi BjacTuBOCTi. Brius yabTpaapiOHMX YaCTUHOK Ha 370-
poB’dA, a caMe Ha IUXAJNbHY i CepIieBO-CYAUHHY CHUCTEMHU, IiTKPEeCcIIoe
HeoOXimHicTh JOoCHiAKeHHS HaHOYACTUHOK He TiJIbKU 3 MO3UIil (isuu-
HOT'O MaTepisaJo3HaBCTBA, a 1 3 MO3UIilT MEIUITMHY i YMHHUKIB IIOTEeH-
MiAHUX PUBUKIB.

IIpobnemni numaHHs HAHOMEXHONO02Zill € HOBUMU He MIiAbKU 014
Yrpainu, ane it 0ns arodcmea 6 yinomy, i momy Haykos8i 0ocnidxienHs 6
2anY3i HAHOMEeXHONL02ill € He 00 KiHUs PO3POOACHUMU | HeNOBHUMU. AK-
TYaJbHICTh IHNTAaHb BU3HAUAETHCA HE TiJIbKM HEOOXiZHICTIO BUKOpPIUIC-
TAHHS, a I 3HAXOAKeHHAM CIIOCO0iB BUSABJICHHS, YIPABJIIiHHA PU3HUKA-
MU HAHOTEXHOJIOTi i yOesmeueHHs.

Binbmricte po3BuHEHMX KpalH CBiTY BiKe iHimiroBasM HaIioHAJIBHI
mporpamMm y ranaysi HamorexmoJioriit [37, 134]. YKpaiHa TeXHOJOTIYHO
BificTae Bif pO3BUHEHNX CBITOBMX HaHOTeXHOJOriuHuX Jigepis — CIIIA,
fAmonii, kpain EBpocoio3y 3a BUPOOHUIITBOM i BUKOPUCTAHHAM HAHOCHC-
TeM. ChOTOHi B OCHOBHOMY BCi HMOTY:KHi JOCTiIKeHHA B Taays3i TOUHHX
HayK OiATpUMYIOTbCcs iHosemHuMEu HaykoBuMu Gougamu (CRDF, NATO,
FP7, DFG, DAAD). BinpIricTh BiTYUM3HAHUX CIEIiAIi30BaHUX KoH(be-
PeHIIili i BUCTAaBOK Mae€ JIOKAJbHUM XapaKTep, BiJICyTHA YacTKa YKpaiH-
CBKOTIO IIPEICTABHUIITBA Ha 3apyOiLKHIX KOH(MPEPEeHIiaX i BUCTaBKAax.

3acayroBye yBaru Toi akxT, II[0 IHTOMA Bara HOBUX 3HAaHb, SIKi BTi-
JIOIOThCSA B TOBapax, TEXHOJIOTiAX, OCBiTi, opraHisarmii BUpOOHUIITBA B
PO3BHMHEHUX KpaiHax cBiTy, cramoBuTh Big 70 1o 85% ixunoro BBII[1].
Ha BiTumsHaHOMYy pUHKY 1A Iud)pa KOJIUBAETLCS JIUIIE B MeKaxX Bix 1
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mo 2% BBII. Taxkuii cman cnpas 8 YikpaiHi ii HeKepoB8aHUll PO38UMOK
MONHCYMb npuseecmu 00 3anenady HAYK0B0-MeXHiuH020 NOMEeHYIALY ma
HAYKO0B0-MEXHON02IYHOL 0a3U CeKmopié HAYKU, 3HUNCEHHSA AKOCMU
ocgimu, nidsuuwenns pecypcomicmrocmu Kinyesol npodykuil, eidcym-
Hocmu npedcmasHUyMEa HA CE8imMosUX PUHKAX, 4 6 KIHYe60MY PAXYH-
KY, — 00 8mpamu eKOHOMILHOL He3ALeHHOCU.

3.2. CrorogeHHs i Mait0yTHE HAHOTEXHOJIOTiN: KOPOTKUM OTJIA

B mamomy 1mogeHHOMY KUTTI MI OTOUYEHI HAHOUACTHHKAMU. 3BUUAHA
kimMHaTa Moske MicTuTu 6;1M3bK0 20000 HAHOYACTHHOK y ¢M°, a Ha MiCh-
KHUX BYJHIAX Id nudpa Mmoxke gocaratu 100000 HaHOUaCTHHOK y cM®.
JlroachKe BoJoccsA 3aBHIMPIIKK AopiBHIoOE npubausao 50000 uM, Moe-
Kyaa JHK — 2 um, Bipyc — 100 HM, a MOJeKyJId BOAU — IIPUOJIUZHO
TIOJIOBUHI HaHOMeTpa. 3 MOTJIAAY HOXOMKEeHHA MOMKHA KiIacudikyBaTu
HAHOCUCTEMY 1 HAHOUYACTUHKY 3a ABoMa Kareropiamu (puc. 11).

Hanomayka — 11e rajysb JOCJIiIMKEHDb MOBEIIHKY PEUOBUH HA aTOMO-
BOMY, OOTHOMOJIEKYJIAPHOMY i 6araToMojeKyJAPHOMY PiBHAX, IO BU-
KOHYIOTBLCS 3 Ti€l0 MeTOI0, 11100 3PpO3yMiTH i CKOpHCTATHC iX BIAaCTHUBO-
ctamu. HamorexHojorii — 1ie CyKyOHiICTHL MeTOa 0OpoOJIeHHsI, BUPOO-
HUIITBA i 3acTOCYBaHHA HAHOCTPYKTYP 1 HAHOIIPUCTPOIB i cucTeM 3a 10-
IIOMOT'0I0 KOHTPOJII0 hopMu, po3Mipy i BaactuBocteit [IC 3 MeTOI0 BUKO-
pHUCTaHHA y Tili uM iHNIi# raaysi rocmomapcTBa.

3 icTopii Bimomo, 1110 B faBHUHY (AeB’sATe CTOIITTA) apabchbKi roHuapi

BUKOPUCTOBYBAJIM HAHOYACTHHKM 30JI0TA B CBOIiX JlaKaX, Tak IO IIpe-
MEeTH IepPeJUBAJINCSI PiBHUMU KOJbOPaMM, AKINO JUBUTHCI Ha HUX 3 Pi-
3HUX cTopiH. IlouaTKoM cydyacHOro eTairy MacIITaOHOTO OCBOEHHS HAHO-
MaTepiariB moxxHa BBaXKaTu 1991 pik, komu B CIITA zampaiioBaja mepiia
HaHOTexXHoJIoriuHa mporpama HairiomamsrHOro HaykoBoro ¢gouagy, i 1997
PiK, Koau y EBporri Ha Aep:KaBHOMY PiBHI Imouajiacd TiATPUMKA TaKUX J0-
craimxensb [135].
Cvoz00ennsn. Bixe choTogHI MOKHa Has3BAaTH OCHOBHI raaysi sacTocy-
BauHa [[C (Tabu. 4). B Toi xe yac HeoOXiTHO 3a3HAYUTH, 1[0 00ePHCAHI
pe3yavmamu i 00CA2HEHHA NOKU WO € 8elbMU P03’ €E0HAHUMU i HeCuc-
memamu308aHUMU.

J1C, HaHOCHCTEMH, HAHOYACTUHKHU

IIpupongi Iryyni
(BY/IKAHIYHi BUBCDIKCHELL, (o orpuMaHi y BUPOGHHIITBI,
JTCOB1 MOXexi, BOTHAINa) HayKOBMX JIabopaTopisx)

Puc. 11. Knacudikarmia HaHOYACTUHOK 3a IOXOMKEHHAM. ¥ IIPOIEHTHOMY
CIIiBBiTHOIIIEHH] MITYYHUX HAHOUYACTUHOK 3HAYHO MEHIIEe, Hi’K IPUPOJHIX.
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Hapasi craroTh akTyaJlbHUMH TeXHOJIOTII OJep:KaHHs aTOMapHUX
KOHCTPYKTOPIB i IIporpaMmyBaJIbHOL MaTepii, AKi YMOBHO IIOAiISIOTHCA Ha
IBa Higxonu: «3Bepxy—BHHU3» (Up-down), 10 6a3yOTLCA B OCHOBHOMY Ha

TABJINIIA 4. OcHoBHIi ranysi BuKopucranusa HaHouacTuHOK i [IC [135-137].

Tamysi

| ITosicuenusa. [Ipuknanu

HamnisnpoBigauku
i obuncrroBaIbLHA
TeXHiKa

Mepunuua

BynpiBuumnreo,
aBTOMOOiIBLHA
IPOMUCJIOBIiCTH

Hasxoaumiae
cepeoBuUIIe
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CIIOPAAYKEHHS

O6uunciroBaibHa TexHiKa Komnauii Samsung, AMD, Intel, Ap-
ple, Hewlett-Packard B:ke mpaifioe o HaHOIIKAJIi (B OCHOBHOMY
40-90 uMm). Ona sanucy indopmaiiii BUKOPHUCTOBYETbCA e(deKT
TriraHTCHKOTI'0 MarHeTOOIIOPY B IeTEePOCTPYKTYpPax (CIiHTpoHiKa).
HamomopoIiku BUKOPUCTOBYEThCA MJs moJsipyBaHHs DVD-
muckiB. Komnania Carbon Nanotechnologies mpomae HanOpypKuU
ByTJIeIo 3a inoo 6ausbko 500 mosapis 3a 1 rpam, 3a 100y BoHa
oJepiKye 0M3bKO 1 KI' HAHOPYPOK.

HanorexHoutorii a1 BiZiHOBIEHHS BTpayeHOro 30py i cayxy. Ilix-
IIKipHI Yuu AJIA MipsaHHS IIYJIbCY, TEMIIEPATYPHU i PiBHA IIYKPY B
KPOBi, ONTHUYHI CeHCOPH, iMIIaHTOBaHi mif mKipy a6o riubire, B
TKAHWUHU OpPraHiaMy, MJIs KOHTPOJIO ITMPKYJIAIil KPOBi B TKaHU-
Hax Iricjda omepariii, piBHA ceplieBoi akTuBHOCTHU. IlocTaBiasaHHA
JIKapChbKUX IIPerapaTiB [0 MOMIKOIKeHOol JiIaHKr. P0oToTepMOoJTti-
3a — MiATHOCTUKA i IIKyBaHHA PaKy 3a JOIIOMOT0I0 HAHO30JIOTA.
CkJ10 1Jid BiKOH, BKpUTE HAHOIIAPOM OKHUCY TUTAHY, IPU KOHTAa-
KTi 3 COHAYHUM CBiTJIOM cIIpuse po3IelieHHo 6pyxay. IIpu mo-
HaJaHHi Ha CKJIO BOAY, BOHA PiBHOMipHO PO3IOBCIOMKYETHCA 110
MOBepXHi, He (OpMYyOUM Kpalesb, i IIBUAKO CTiKa€, 3aXOILIIO0-
vy 3a c00010 Opy.

HonaBaHHS y BOAY CHEL[iAJHHUX BAKIWH, IO MiCTATH HaHOYAC-
TUHKY, [O3BOJIAE NOCATHYTH TOrO, II00 TAKUM YMHOM BOHU IIO-
TPaIJIAINA B OPraHisMu puo.

ITecTunmugu, 1o MicTATHCSA B HaHOKAaIceaaX abo 3pobJieHi 3 Ha-
HOYACTHUHOK JIETIIIe 3aCBOIOIOTHCA POCIMHAMM. 1X Mo MoxcHA Ta-
KOJK 3aIIpOrpaMyBaTH Ha AKUICH Yac.

HoBi «iHTepaxkTuBHi» Hamoi, HAHOMATEPiAJN IPOJAOBIKYIOTH TEP-
MiH 30epiraHHsa MPOAYKTIB XapuyBaHHA i MiHAIOTH KOJIip, SAKIIO
npoayKT 3incyBascea (kommnanii BASF, Kraft). ITamreru i mopo-
3WBO 3 eMYJIbCi€I0 3 HAHOYACTUHOK 3MiHIOIOTH TEKCTYPY (KoMIa-
Hii YHinsoBep, Hectie).

BucokoedekTnBHE HAHOMACTHWJIO IJIA JUMK. TeHicHI pakeTKu 3
BYIJIEIIEBUMHU HAHODPYpPKaMu i 30iJIbIIEeHOI0 CTifKicTIO O KpY-
yeHHA i 3ruHaHHA. CeplieBUHA TEHiCHUX M’fAYiB, IOKPUTHUX IIO-
JiIMEPHUMY HAaHOKOMIIO3UTAMHU TJIMHM, MA€ B ABa pasu OLIbIInil
TEePMiH IPUTATHOCTHU.

HanmouacTuHKY 3 JioOKCUAY THUTAHY 3aXHUINAIOTh Bif yabTpadioe-

CoHIe3aXMCHI KpeMU TOBOTO OIIPOMiHEHHS i He 3aJMIIAIOThL Heba'kaHOro obijleHHA. Y

i KocmeTuKa

TekcTunbua
IPOMUCJIOBiCTh

KpeMax BiJi 3MOPIIIOK BUKOPUCTOBYIOTHCSA ITOJiMEPHI HaHOKAaIICceJi
JIJIsI TPAHCIIOPTYBAaHHA aKTUBHUX PEUOBUH TaKUX, AK BiTaMiHU.
Opar, axkuil He MOXKe 3a0pYIHUTUCA i M ATHCA 1 3aJIUIIAETHCS
cBixkuM (TexHoJOTiT nanocare i nanofresh). IIo6 mouaTu mporec
OUUINEeHHS, MTOTPiOHO BUTPUMATUA OJAT IiJ COHAYHUM ab0 YJIBT-
padioseToBUM CBiTIOM.
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(ismunmnx meromax i «3Hm3y—BBepx» (bottom-up), 1o GinbImoio yacTu-
HOIO OIIEePYIOTh XeMiuHuMu MeTonamu. Hesupiweni numanus nos’a3ani,
no-nepuie, 3 eHepzemuiHo0 npodaemoio idpusy amomy 6i0 00Hoi KoOHQi-
rypauii i cmeopenHs H0801, no-0pyze, 3 adexeamuicmio 83aemolii i nepe-
Hocy iHpopmayii 8i0 K8AHMOB0-MEeXAHIUHOI AMOMAPHOL cucmemu 00 me-
30cKoNniuHOol ab0 MAKPOCKONILHOL cCuCmeMu, no-mpeme, 3 npobaemor Ou-
@y3ii i OpOYHiIBCHK020 PYXY 8 HABKOJUULHbOMY cepefosuuli.

Hampuraan, npobieMHUME € TeXHOJOTril MaHIiIyJIioBaHHA KBAaHTO-
BuMu Toukamu [33]. Iloku 110 HeMae 3araJabHOIPUWHATOL Teopii, AKa 6
3a/I0BiJILHO OIMCyBaJja PiBHOMAaHITHICTh KBAHTOBO-MeXaHiUHUX BJIAC-
THUBOCTEM KBAaHTOBUX TOYOK. Ilepini eKcrmepmMeHTH IIOKa3yIOTb, IO
3MiHIOIOUM HANIPYTY, IO IOJaE€ThCA, MOMKHA PEr'yJa0BaTH KiJIbKiCTh eJe-
KTPOHIB, SKi IIOTPAMJISIOTE YCEPEAUHY 30HM KBAHTOBOI TOUKH, i PEr'yJIio-
BaTH B3a€EMOJi0 IITyUYHNX aToMiB. OgHAK, HOBUHN TEXHOJOTIUYHUHA KOHT-
POJIb BJIACTHUBOCTEH KBAHTOBUX TOUOK ITOKM IO 3AJIUIIAETHLCA HE MOMKJIN-
BUM i mpobIemMa moTpedye BUPIIIeHHA.

B ocranui poku GisuKu-A1epHUKY YCIINTHO KOHCTPYIOIOTH HOBY MaTe-
pifo 3 TpamcypaHoBux ejementiB (112-i1, 116-i#1, 117-i1, 118-if xemiuni
eJIeMeHTH) i HOBOIATL AK TEOPETUYHO, TaK i eKCcHepuMeHTAaJbLHO, IO,
IpUHANMHI, iCHYIOTH OCTPOBHU CTA0iIbHOCTY HaIBAKKUX TPAHCYPAHOBUX
esemeHTiB [138]. Bidxkpummasa cmabiavhozo 117-20 enemenmy i nodionux
HOBUX pPewo8UH MOX}ce npussecmu 00 Heo0xiOHOCMU KPUMUYHO20 nepe-
2n20y KOHUenuyii 20posux cus, K6AHMOB0i XPOMOOUHAMIKY i 6naueamu-
Me Ha MallbymHi mexHOL02il 00epicaAnHs NPo2PaAMYEaLbHOL Mamepii.

ITopiBHAHO HOBUM HANPAMOM IIITYYHOTO CTBOPEHHA HOBUX MaTepid-
JiB i3 BaJlaHUM CIEKTPOM eJIEKTPOHHUX €HEPreTMYHUX PiBHIB € 30HHA
iHKeHepiss KBAHTOBO-PO3MIPHUX TeTEePOCTPYKTYP, IO I'PYHTYETHCA Ha
KBaHTOBO-MeXaHiYHMX OpuHIUNAaX. [[lo TaKMX reTepocTPpyKTypP BigHO-
CATHL KBAHTOBi AMU, KJIacTepu, APOTHU, PyJIepeHr, HAHOPYPKU, KBaH-
TOBi PE30HATOPH .... TeopemuuHUll ONUC PO3MIPHUX eheKmiE i eracmu-
socmell HA36AHUX 2emepocmpyKmyp cymmeao gidcmae 6i0 excnepume-
HmaavHux pesyrvmamis. HaBiTh TecToBa 3ajjaua KJiacTepHOl (i3uKwy,
— BUBYEHHA CTPYKTYPHU 3apAAKEHOI HAHOUYACTUHKU aTOMiB iHEpPTHOTO
rasy i eHeprii 38’ A3KYy eJIeKTPOHY B Hili, — 6a3yeThCs Ha KJIACUYHIM MO-
nesto Penes i mae smite sxicHUE po3B’ 30K AJA CTAIliOHAPHOTO BUIIA -
Ky. OT:Ke, Ipo0JieMa € BIZKPUTOIO i MOTpedye OCMUCICHHA, PO3YMIiHHS i
IOaJbIITOT0 BUPIIIIEHH .

OCHOBHMMMU MUTAHHAMHU, IKi TOTPEOYIOTh PO3B’A3aHHA JOCIiIHIKA-
mu J1C B ramysi maiitOyTHiX HAHOTEXHOJIOTii, € HACTYIIHi.

Yu moxce 6ymu BUKOPUCMAHA MeXHIKA camo30upanus 0aa J[C?2
AKi noepiutnocmi memod camo3ouparnHs?
AKi mexHon02iuHi npoyecu € eKOHOMIUHO 8UziOHUMUZ

Ha croromui mHalibinbima KijJIbKicTh HAHOTEXHOJIOIIUHMX KOMIIAHIiN
sHaxoauThea B CIIIA, B ocHOBHOMY Yepe3 PO3BUHEHIINTUHA PUHOK KAalTi-
raay (Tabdia. 5). [IpubansHo MOJOBUHA IIPEACTABICHUX KOMIIaHilil MalOTh
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TABJUIIA 5. [lani npo KiTbKicTh HAHOTEXHOJIOTiUHMX KoMIIaHii [136, 137].

Kpaina — KinbKicTb KOMIaHi Kpaina — KinbKicTh KOMOaHiH
CIIIA — 430 TatiBanb — 9
Amonia — 110 Ascrpia — 7
Himeuunna — 94 IMsemia — 7
BeaukobpuraHis — 48 dinnaunia — 6
Kurait — 20 Kopesa — 6
®paniiga — 19 Pociga — 5
Kanmama — 18 Maunaizia — 4
Ispainp — 14 Itania — 3
ITBetinapia — 14 Icnania — 2
Agcrpamia — 11 Benbria — 1
Himepramaum — 10 Yxpaima — 0

IMeHTPaIidoBaHi HAHOTEXHOJIOTiYHi IIporpamMu, ajie JOCTATHBO BeJUKa
YyacTMHA BCe K TaKM JeleHTpajlidoBaHa i HEeKOOpPAMHOBaHa. BIM3BKO
HOJIOBUHM KOMIIAHIN i€ 3a CXeMOI0 HAaYKOBO-HOCHIOZHUX 1 IIPOEKTHO-
KOHCTPYKTOPCHKUX POOIT.

Maiibymue. 3a TpOrHO3aMM HANOIIBII BAKIWBUMHU HAaHOTEXHOJIOTiY-
HUMHJ HaIPSIMaMU PO3POOOK, AKi BILIMBATUMYTH Ha BCi raysi :KUTTEMi-
AJNIBHOCTU, €: 1) eHepreTura; 2) CiJIbCbKe T'OCIOAAPCTBO; 3) BOAOOUM-
IeHHs; 4) TiATHOCTUKA 3aXBOPIOBAHD i TPAHCIIJIAHTATHA B MEeIUIINHI; 5)
CUCTEMHU AOCTABJIAHHA MeIUKAMEHTiB, KOHTPOJIb 3a IPOTiKAHHAM 3a-
XBOPIOBAHL i BUSBJIEHHA IIKIIJINBUX OpradisMiB; 6) TexHoJOTii BUPOO-
HUIITBA i 30epiraHHa Xap4YoBUX HPOAYKTiB; 7) YCYHEHHS 3a0pyITHEeHHS
moBiTpsA; 8) OyaiBHUIITBO; 9) KOHTPOJIL HAHOOO €KTaMI 3a CTAHOM MAaK-
pocuctemu; 10) Kocmoc; 11) cmopTusHi i xemiuni Bupobu; 12) TexHOI0-
rii sanucy indopmairii Ha Hocii; 13) 3aXMCHI TOKPUTTSA IS BUCOKOI Mi-
ITHOCTH BUPOOiB i Bif OKMCHEHHA.

Cucremarusallis JaHUX PiSHUX AKepeJ i BJIacHUM JOCBiJ aBTOpPiB B
rajysi HaHOTEXHOJOTIUHMUX AOCJIiIKEeHb JO3BOJISIE IMPOTHO3yBaTH Cle-
Hapiil noA6u HaHonpucmpois y xummi swodeil 1o porax [136, 139].

1. [To 2010 poxy — nacueni ranocmpyxmypu. lle BinnoBigzae morou-
HOMY CTaHy CIIPaB, Pa3OM i3 CTBOPEHHSIM KOMEPI[IMHUX IIPOTOTHUIIIB Yy
rajysi HaHoTexHoJorii (Tadi. 3).

2. Ilicaa 2010 poxy — «axmueHi» nanocmpyxmypu. e Taki npu-
Jaau, SK CUJIOB1 HPUBOAY, AKi 6 PYHKI[IOHYBaIN K M’ SI3UM; TPAH3UCTO-
pY 3 aKTUBHUMU YaCTUHAMU, 3POOJIEHUMHU 3a CIEIisAJIbHUM AU3AWHOM.
Crogu cJif momaTu TaKo:K PO3MOBCIOMKEHHS JiKapChbKUX IpenapaTiB mo
oprauiamy B crierim)iuHi Miciia i B meBHUM yac.

3. Ilicaa 2020 poxy — mpeme noxoninusa. Hanonpunagu i HanOMa-
Tepidau iHTerPYIOTh y BeJIMKi HAHOCHCTEMH. 1X KOMIIOHEHTAMH CTAHYTh
MOJIEKYJIi a60 MakpoMoseKyJii. Ile BKaouae KepoBaHe MYyJIbTUIIIKAJIbHE
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camMo30upaHHa i XeMiKo-MexaHiuHe mepepobIeHH .

4. ITicaa 2025 poky — eenuki HaHocucmemu 4-20 nokonainua. Boru
paIoBaTUMYTh, AK JKUBi cucTeMu (3 Tielo pisKHUIIEIO, ITIO »KUBi cucTe-
MU CKJIQOHIIIi, BOHM iHTEer'poBaHi Ha JHOBrux HIKaJaX, 3a3BUUYail BUKO-
PHCTOBYIOTH BOMY i MOBiJILHO POCTYTh). Ile MOKOMiHHA BKJIOUATHME Te-
TEepOTeHHi MOJIEKYJIAPHI HaHOCUCTEMHU, B IKUX KOXKHa MOJIEKYJId B Ha-
HOCHCTeMi MaTuMe cueliu(iuyHy CTPYKTYPY i rpaTuMe oKkpeMy poJb. [o-
CHimKeHHs (POKyCyBaTUMYThCA Ha aTOMOBOMY BHUKOPHCTAHHI MOJIEKY-
JAPHUX CHUCTEeM, SZUHAMIIlI OJUHUYHOI MOJIEKYJIi, MOJIEKYJIAPHUX Ma-
MnHax, JIOAChKO-TeXHOJOTiuHOMY iHTep(elici Ha piBHI TKaHUH i Hep-
BOBUX cucTeM. lIpukiIagaMy CTaHyTh CYOKJITHHHI BTPYYaHHSA IJIs
CKJIQAHUX CHCTEM 1 KOHTPOJIbL HaJ HUMMU.

5. ITouunawyu 3 2030 — HaHopobOMoOmexHiKa, HAIIPABJIAIOUi By3JI1
i pisui OymoBu.

Buxonauu 3 ¢iHaHcoBuUX BKJIaJeHb i TeMIIiB 3pOCTaHHA PUHKIB i
CIIOKMBAHHA, MOXKHA OI[IHUTHU NPOZHO308AHULL p03n0dis c8imo60zo pu-
HKY HarnomexHoao02iil 0o 2030 poky mix nposidHUMU KPATHAMU i COIO-
samu: CIITA — 40-45% punky, Anonia — 25-30% punry, Eepona —
15-20% punry, Asia — 5—10% [140].

3.3. Pusuku HanorexHoJoriii. HanorexnoJsorii Ta cycnijisctBo

JBa gecATHMIITTA HAYKOBO-TPAKTUUYHUX AOCTiIKeHb — Ile BKpall Maaui
TEPMiH JJId 3PiJIOCTM HAYKOBOTO HANIPAMY, TOMY BiTHOIIIEHHA CYCIiJIbC-
TBa OO HAHOTEXHOJIOTi#l ChHOTOAHI € OysKe HeoZHO3HAuHMM. HemaBHO
Epuxom [Ipekcaepom 0yJIo BUCYHYTO TaK 3BaHa KOHIIEIIIIii0 Ciporo causy
[140, 141]. 3rigHo 3 IIi€lo KOHIIEIIIi€l0 YHiBepcaJabHi MOJIEKYJISIPHi ca-
MO30MpaTbLHUKY, HaBUEeHI pOOUTH 3 HiAPYUYHUX MaTepiaaiB cobi momioHi
HAHOKOITil, MOYHYTH IITAMIIyBaTU CBOI HAHOKJIOHU 3 JOCTYIITHUX MOJIEe-
KYJb i TIepeTBOpATH BececBiT Ha ofHOMAHITHY cipy Macy, 1110 CKJIaZAEThCA
TiabKu 3 HaHopoboTiB. ¥ 2003 pori HoGeneBchKkuMm snaBpeaTom Puuap-
mom CMmoJti TOKasaHo, I110 ifged ciporo caudy (y ToMy BUTJIALL, B AKOMY ii
chopMyIHLOBAHO) CYIIEPEUNTh 3aKOHAM TEPMOINHAMIKY, ajle TeOpeTuYHa
MOJKJIMBICTEH CTBOPEHHS caMO30MpaIbHUKIB 3anumiaeTbes [142].

Immroro HOBOMO ITPo6sIeMoro [IC Moske cTaTH KOHIIEIITisA 3€JIeHOTO CJIH-
3y. 3TiIHO 3 OCTAHHBLOIO iCHYE peasibHA MOKJIUBICTH CTBOPEHHA PYHHIiB-
HUX BipyciB i 6aKTepiii, AKi, IMIBUAKO PO3MHOMKYIOUNCH, 3HUIIATL BCE
JKUTTA HaA miiaHeTi. TakuM YMHOM, HAHOTEXHOJIOTII MOMKYTH ITPUXOBY-
BaTH B c00i He TiJIbKY ITO3UTUBHI pe3yJIbTAaTH, ajie i pUSUKU HeIr'aTUBHO-
ro BuiuBy [136, 140].

B opranism goanHM HAHOYACTMHKU MOMKYTH IOTPANMNTH Pi3SHUMU
cmocobaMu: uepe3 AUXAJbHI IIAXU, Uepes IIKipy, uepe3 KPOBOHOCHY
cucremy Ta isky. OcHOoBHUM mokxcuurnuil epexm /[C noaszae 8 momy, u,o
60HU MONCYMb BUKJIUKAMU 3GANANEHHA 6 OUXALbHUX WAAXAX, DYUHYIO-
YU MKAHUHU, Hadaowu nodaavwi Heramuegri 0ii. Tpancnopmyeanus
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HAHOYACMUHOK Yepe3 KPOBOHOCHY cucmemy 00 iHWUX 6AHCAUBUX OP2a-
Hi6 a060 MKAHUH MOXHce npu3secmu 00 NOPYuULeHb cepueso-cyOUuHHOL cuc-
memu Ta iHIMUX HeraTuBHUX edeKTiB. Ha choroguiimHii 1eds HemMae Jo-
CTaTHiX BijomMocTell mpo IomnajaHHA HAHOYACTHUHOK, IIT0 BUKOPUCTOBY-
IOThCS B KOCMETHII (TaKUX AK OKCHUJI IIMHKY), B MIKipy i HeobxigHOCTI
OOJAJIbIINX AOCJiAKeHb Ha I[fo Temy Hemae. Iliciisa momamanHa B opra-
Hi3M PO3IOBCIOIYKEHHS YACTHHOK B TiJIi CTPOro 3aJIe:KUTH BiJ 1X CKJIady,
poamipy i BiacTmBOcTeil moBepxHi. Hampukaan, He ACHO, UM MOMKYTh
OOTPaILIATA HAHOUACTUHKM 4eped IIJAIleHTy BariTHOI :KiHKU 0 HeHa-
pomsKeHol auTuHN. BunpoOyBanHA HAa pubax i maimoKax IIoOKasaau, IMo
MimHi, O6ioJoTiuHO CTIMKI HAHOYACTMHKN MOXKYTh HAKOINUUYBATHUCS B
Tiji, 0cOBJIMBO B IeTeHIX, MO3KY i meuini [143, 144].

Ilepmri gocmimxeHHsa TAKOMK IOKa3YIOTh, IIT0 BUPOOHMYI HaHOMATEPisa-
JIVI MOXKYTh HEeI'aTMBHO BIIJIMBATHU Ha BOAHI I, MOKJIMBO, iHIIII Opradi3Mmu.
€ Oesyiu MIAXiB, Yepe3 AKiI BUPOOHMNYI YACTMHKU MOXKYTH 3 IPOAYKTY
YBifATH IO IIPAMOTO KOHTAKTY i3 CIOKUWBaYaMM ITiJi YaC BUKOPUCTAHHS
caMUX ITPOAYKTIB. B IesIKmMX BHUIaAKaxX I[i HAHOYACTUHKM € aKTHUBHOIO
YaCTHUHOIO IIPOJYKTY, B IeAKNX — MOXKJIMBO TLIbKY BUMIAJKOBA Jidd.

Bmus JIC € 1BOAKUM: 3 0THOTO GOKY, ITIO3UTHUBHUM, 3 iHIIIOTO, HET'aTH-
BHuUM. Hampukiaana, 3 ogHOTO OOKY TEXHOJIOTiI CTBOPEHHS IIOKPUTTIB 3
BKJIIOUEHHAM HAHOYACTUHOK MOKYTH BHUPIIIIUTH T'OJOBHE 3aBIAHHI —
CIIOBLJILHUTH KOPO3ifo. 3 iHIIIOro 60Ky IIpu PO3KJIAJaHHI HAHOBKJIIOUYEHD
HOKPUTTIB BUAIJIAIOTHCA TOKCUYHI pEUOBUHH.

MowknuBi maaxu gii TpoayKTiB, III0 MiCTATH BUPOOHUYI HAHOUYACTH-
HKJ Ha HAaBKOJIUIITHE CEPEeqOBUIIE, ITPEACTaBIIIOTHLCA HACTYITHUMMU:

— BUTIK IIiJ uac BUPOOHUIITBA, TPAHCIOPTYBaHHA abo 30epiranua mpo-
IVKTiB, 1110 pO3p0o0aA0ThCA abo BiKe OfepIKaHnX ;

— BUTIK BiJ BiIX0miB;

— BUBiJIbHEHHS YaCTUHOK ITi/l Uac BiKMBaHHSA IPOAYKTIiB;

— nudysia i Tpanchopmaliisa B moBiTpi, rpyHTi i Boi.

TakuMm YMHOM, OCHOBHUMU KPUMEPIAMU OUiHI6AHHS PU3UKIE HAHO-
PeuoBUH HA HABKOJLUWHE cepedosuule i Ha a00cvKe 300p08°sa € MOKCUY-
Hicmb, cmilikicmo i 0ionoziyHe HakonuyeHHs. Heobxiguuii obepekHUMI
migxinm, 3acHOBAHMI Ha HOCJIMKEHHI MOTEHIIiNHNX Hebe3meK 1 XOpoIIo-
My VOPaBJiHHI pPU3UKOM, ITT00 3BECTH M0 MiHiMyMy BiporigHicTh HaHe-
CeHHsA HAaHOYACTMHKAMU a0COJIIOTHO HOBOTO CTYIIEHS BTPATHU 3[0POB A i
30MTKY BJIACHOCTI.

g 6araTbox rajgyseil IPOMMCJIIOBOCTH MOTEHITIHHOIO He6e3IMeKo0 B
mmporieci BUPOOHUIITBA € BUOYX MUJIOBUX XMap. Bubyx mury HaHOYaCTH-
HOK BimOyBa€eThCA, KOJM TOPIOYUHA MaTePisaa PO3IOBCIONKYETHCS B IIOBi-
Tpi, hopMyOUHN BOTrHeHeOe3IeuHy XMapy, AKa, V CBOIO Uepry, 3HUIIY-
€TbCS BOTHEM.

Y 3B’A3KY 3 IOSIBOIO Ha3BaHUX HOBUX BHUAiB PU3UKIB i MOKJIMBiCTIO OITi-
HKHY BiATIOBiZHOTO 30UTKY 3’ IBUTHCSA HEOOXiTHICTH B CTpaxyBaHHI HaHOTe-
XHOJIOTIiH, AK 06’€KTy cTpaxoBoro saxucty [136, 137]. HanocTpaxyBauHs
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BKJIIOUATHME CTPAXYBAHHSI HAHOTEXHOJIOTIiH i 00’€KTiB CTPaX0OBOTO 3aXMC-
Ty, IIOB’A3aHNX 3 HAHOUACTHHKAMHU i HaHOCHCTeMAaMU, i 00’€KTiB, BJIACTH-
BOCTi i moBeiHKa AKMX 00YMOBJIEHA BJIACTHUBOCTAMI, CTPYKTYPOIO i IIoBe-
JIiHKOIO HAHOCUCTEM, 1110 BILINBAIOTh HA HUX. Ha fanuii MoMeHT, He icrYyE€
PO3pPO0JLEH020 MEeXAHI3MY CMPAXYEAHHA PU3UKIE HaHOomexHoaozill. Ha
JKaJb Macuimabd HAHOMEeXHOAO0ZIUHUX pu3ukie niddasamumemuvcs 8uU-
3HAUEeHHI0O MIALKU 8 MAUOYMHbOMY. fpyHTylquCL Ha (PaKTi, 110 PUBUK
He IIigmaeThcA TOYHOMY IIiJPaxXyHKY, HAHOIPOMUCJIOBOCTI JOBEAEThCA
mpaIioBaT 3i clieHapiAMM 30UTKIB i BUKOPHCTOBYBATM HPEBEHTUBHI
3ax0/1u, 100 00MeXUTH 30MTOK i 3aXMCTUTHU CTaH CBOTro Oi3Hecy.

3.4. OpranisaniiiHi gii 1151 CTBOPEHHS i PO3BUTKY BiTUNM3HAHOL
HaHOIHAYyCTPil

Heo06xigHicTh 3aXMCTUTH BHYTPIIHINA BiTUM3HAHUN PUHOK Bix Bimcra-
BaHHS B eKOHOMIiIIi, ITPOMMCJIOBOCTI, Bif BTpaTu (paxiBIriB i BiATOKY iH-
TeJIeKTy OUKTYE YyPAOYy HAIol KpaiHU IIeBHI NpaBujia B 30BHIIITHBOMY
exoHoMiuHOMY cepenoBuii [1, 145-150]. Ha gymKy aBTOpPiB, OZHUM 3
BasKJIMBUX B3aBJaHb KpaiHW € CTBOPEHHS HAI[iOHAJBHUX HAyKOBUX
IeHTPiB, AKi 6 JaJIM HayKOBO-OOI'PYHTOBAHUH MOTYKHUMN IMITyJIbC IJIs
MIBUAKOTO CTBOPEHHA i PO3BUTKY BiTUM3HAHOI HAHOIHAYCTpPil, 3aKjJaaau
dbyHIaAMEHT /14 IITPOKOTO CIIEKTPY iHHOBAIliTHUX TPOAYKTiB.

Bixe micsia 3aBepIiieHHA PYKOIIMCY aBTOPaM CTAaJIO BiJloMO IIPO T'OTOB-
HicTs Kpaim CHJI y HaliOam:K4Yi poku OyIyBaTH MiKHApPOTHUHA HAyKOBO-
IOCJTiTHUE IEeHTP HAHOMATEePidAJiB KOJEeKTHUBHOT'O KOPUCTYBAHHS B M.
Hy6ua (Pocis). Ile 6e3yMOBHO BasKJINBUI MO3UTUBHUN KPOK, KU IIO-
Tpedye MiATPUMKM 3 O0KY YKpaiHChKOI Biaaau. Ha maimy gymMKy, Heoo-
Xi0HO CcME0opeHHa HA mepumopii YKpaiHu cyiacHoz0 HAUIOHAAbHO20
HAYKO0B0-MEXHONL02IUH020 ATI'€HMCMeEa HAHOMAMEpPLALi8, AKe CMmaHe
CNONLYLHOI0 IAHKOI0 MidC CYO’ eKmamu HayKomicmrxozo punky [37].

CTBOpeHHA i pO3BUTOK HAHOIHAYCTPil B YKpaiHi, o0cBOEHHA HOBUX pe-
3yJIbTATiB IIPOMUCJIOBICTIO MOJKJIMBO TiJIBKU 38 HAABHOCTHU CIIPUATIIU-
BUX YMOB i Jep:KaBHOI miaATpUMKHY y piHAHCOBIiM, opranisaiiiiHii, Kami-
poOBiii, HOpMaTUBHO-NIPaBOBill chepax. PopmysarHs HAUIOHALLHOL HA-
HOIHOYycmpil moixce cmamu HAUBANHCAUBIULUM NPIOPUMEMHUM cmpame-
2IYHUM HANPAMOM, U0 BUSHAYUMD HO8I nidxo0u 00 nepenmeopeHHs 8im-
YUSHAHOL NPOMUCNOB0CMU. 3 TUX TO3UIIIH aBTOpaMU PO3poOJeHUH i
IPOIIOHYETHCA KOMILJIEKC 3aX0/MiB i iIHCTPYMEHTIiB 3i CTBOpeHHA BiTUU3-
HAHOI HAHOIHAYCTPil i yIpaBIiHHA pUBUKaMU HAHOTEXHOJIOTIH.

1. Opramisamiiini 3axoau, 110 BKJIIOYAIOTh:

— (¢opMyBaHHS Ha IIPIOPUTETHINI OCHOBiI IIepesiKy IepIIoYeproBUX
OpiopUTETHUX HAIPAMIB AOCTiIKEeHb V c()epi HAHOTEXHOJIOTiH B YKpai-
Hi, IKi MOKYTBH OyTU e(DeKTUBHO i ¥ JOCUTHh KOPOTKUI TePMiH PO3BUHYTI
BITYMBHAHUMMU (paxiBIAMU;

— PO3pO0JIeHHSA ILJIAHY IIEePIIOUeProBUX 3aXOMdiB, IiATOTOBJICHHS KOIII-
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TOPUCHOI BAPTOCTH MOMKJIHBHUX BUTPAT i PobiT, WiTKMI KaleHIapHUI
IJIAaH 3a eTamaMu poOiT, mepeaiK HeoOXiZHOT0o HOBOTO MAaTepPiAJbHO-
TeXHIiYHOro 00JIa HAHHI;
— cTBopeHHA [lep:kaBHOTO KOMiTeTy 3 MUTAaHb HAHOTEXHOJIOTIN Ta Ha-
HOIHZYCTPiT;
— CTBOpPEHHSA HAIliOHAJIHLHOTO HAYKOBO-TEXHOJIOTIUYHOTO areHTCTBA Ha-
HOMATEPiAIiB;
— CTBOPEHHS IIEHTPiB KOJEKTUBHOIO KOPUCTYBAaHHA VHIKAJILHUM yCTa-
TKYBaHHAM, II[00 B OyIL-AKOMY PerioHi Mo)xkHa OyJIio 3HAWTH JOCJIiTHIU-
IIbKY YCTAHOBKY CBiTOBOI'O PiBHA;
— po3pobeHHA cucTeMu e(heKTUBHOTO KOHTPOJII0 BUKOHAHHSA KOHKPe-
THUX 3aXOMiB, ILIaHY (POPMYBAaHHS HAI[IOHAJBHOI HAHOTEXHOJIOTiUHOIL
MepeKi;
— y 3B A3KY 3 HEeOOXiTHICTIO JOCTiMKeHHs BIJIMBY HAHOTEXHOJIOTi Ha
JIOAWHY i CYCIIiJIBCTBO CTBOPEHHSA YIIOBHOBAMKEHOT'0 HAYKOBO-IOCJIiJHO-
o MEeHTPY MeAUIIMHN HAaHOTEeXHOJIOTIH.

2. Texuiuni 3axoau, 1110 BKJIOYAIOTh:
— OHOBJIEHHA TEeXHOMAPKYy KpaiHu 3a PpaxyHOK 3aKyIliBeJb Ha PUHKAX
BITUMBHSAHOTO i 3apy0isKHOT0 yCTaTKYBaHHA, 1 3a PAXYHOK PO3PO0IeHHS
i cTBOpeHHA HOBOI'O HAayKOBO-IOCJIITHOIO, MOCJiTHO-TeXHOJIOTiYHOTO i
MEeTPOJIOTiUHOTO YCTATKYBAHHA;
— OCHAIIEeHHA BUITUX HABYAJIbHUX 3aKJIaMIiB, IO 0€PYTh yUaCTh y Hif-
TOTOBIi HAYKOBUX i HAYKOBO-IIEZATOTIUYHUX KaApPiB AJISI BUCOKOTEXHO-
JOTiYHUX CEKTOPiB eKOHOMIiKM B rajy3i HAHOTEXHOJIOTi#Ml CydYacHUM cIie-
MigJIbHUM HAYKOBO-TEXHOJOTiUHNM YCTATKYBAHHAM;
— BeJIeHHS CYBOPOT'0 KOHTPOJIIO 3a TEXHOJIOTIUHUM PEeKUMOM IOCJIi-
IKeHHA i BUPpOOHUIITBA HAHOMATEPifAIiB;
— PO3po0JIeHHA CIOCO0iB yTmMIizalii HAHOTEXHOJIOTIUHOI HPOAYKIIil
IpU OPUIMHEHHi a00 BiICyTHOCTI 30yTYy.

3. Kagposi 3axomm:
— BiKPUTTA HOBHX CIENifAJbLHOCTEH Ta cIeIisjaisallii B ramysi HaHO-
HAYK y BUIINX HAaBUAJLHUX 3aKJagaX KpaiHU 3 MeTOIO IifTOTOBKU HO-
BOT'O IIOKOJIiHHSA 3JaTHUX (PaxiBIiB, IO BOJIOMIIOTh 3HAHHSIMM i YMiH-
HAMU B HOBUX Tajly3dX HAYKM i TEXHIKH;
— 3abes3neueHHs 0e3IIepPepPBHOrO OCBITHHOIO IUKJY B rajlys3i HaHoTex-
HOJIOTi;
— BUKOHAHHS PoOiT 3 MeToIo aganTarii yueHux i axiBIiB y ramxysi ma-
HOIHZYyCTPil 0 BiATIOBiAHOrO HAYKOMICTKOTO yCTAaTKYBaHHA, 110 KYIIy-
€THCS;
— IIPOBeJleHHA HaBUAHHA i migBuIlleHHA KBajidikarii i mepenigroros-
KM Ha BUPOOHUIITBI IlepcoHay, I10 Oyae 3AiHiCHIOBATH €KCILIyaTAIlilo
00’€KTiB HAHOTEXHOJIOTI .

4. Indopmarniiino-aHaIiTUUHI 3aX0qM:
— CTBOpPeHHsA cucTeMu 300py i amajaism iHdopmailrii, HeoOximgHOI I
aHaJIidW CBITOBUX i BITUMBHAHUX NOCATHEHDb i pUBMKiB HAHOTEXHOJIOTIH
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Ta ONITUMAJILHOTO VIPABIiHHA HUMU;
— CTBOPEHHS MaTepiaabHO-TexXHiuHoI 6a3u i BigmoBigHOrO KBaJIi(iKo-
BaHOTO IIepPCoOHANY;
— indgopmMyBaHHA HaceJIeHHA IT[OJ0 HOBUX HAHOTEXHOJIOTi i pu3UKiB
HaHOTEXHOJIOTIi;
— MOHITOPMHT HAYKOBO-TEXHIiUHOTO, BUPOOHUYHOTO i PUHKOBOTO TIOTE-
HIIiAJMYy, aHajlida TEeXHOJOTIYHOI I'OTOBHOCTU BIIPOBAMKEHHS HAHOTEX-
HOJIOTiH.

5. lloroBipHO-TIPaBOBi 3aX0H1:
— PO3p0o0JIEeHHA CUCTEeMH YIIPABJIiHHSA BJACHICTIO;
— PO3po0JIeHHA HAIliOHAJLHOI cucTeMU 3a0e3IeueHHA €IHOCTH MipAHb,
CHCTEMHU CTAHAAPTU3AaIlil i OIMiHKY BiAIOBiAHOCTM B 00JaCTi HAHOTEXHO-
JIOTi# i HaHOMATEpPiAJIiB, TADMOHI30BaHY 3 MisKHAPOJHUMMU CTaHAapTaMu’;
— IIiATOTOBKA HOBUX BU/iB JOTOBOPiB, CTPAXOBUX MOJICiB i IOpUANUHUX
ITOKYMEHTiB, AKi 0 sabesmeuyBajii yMOBHU IJI CTBOPEHHS i PO3BUTKY
HaHOIHAYyCTPil B YKpaiHi Ta onTuMaJbHUN PO3IIOALN PUBHUKIB MiK yuac-
HUKaMIU PUHKY HAHOTEXHOJIOTiH.

6. ®inancosi saxonu:

— CTBOPEHHSA CIIeIisgJbHOro (DOHAY PO3BUTKY HAHOTEXHOJIOTiHN, KOJIEeK-
TUBHUX Pe3epBHUX (POHIIB yyacHMKIiB PUHKY HAHOTEXHOJIOTiH i yuac-
HUKIiB PUHKY CTpaxXyBaHH4.

7. IlomiTuuHi 3axomu:

— CTBOPEHHSA CUCTEMHU iHCTUTYTiB IPUBATHO-IEP:KaBHOTO IaPTHEPCTBA;
— PO3pPO0JEeHHS CUCTEMU aHaJi3H1 i CTUMYJIIOBAHHS IIOIIUTY Ha IPOAYK-
IMil0 HAHOIHAYCTPil, CHeIiAJi30BaHOI Aep:KaBHOI IIPOrpPaMH IIiATPUMKU
MaJIoro i cepegHboTO0 6idHECY ¥ chepi HAHOTEX HOJIOTIH;

— CTBOPEHHA CUCTEMMU ITi ITPUMKH €KCIIOPTY IIPOAYKITil HAaHOIHAYCTPil;

— KOHTPOJIb MiXKHaAPOAHNX KOHTPAKTIB 3 00KY Aeps:KaBU IJA TOrO, 11100
OyJau moAepsKaHi rapaHTili yyYacHMKIB KpaiH, Je HaHOTEXHOJIOTIi maam
MOTYXHUM iMITyJIbC PO3BUTKY KpaiHu i me BinOyucsa cTpaxoBi BUIagKU
abo me, HAHOTEXHOJIOTiI HmpU3BeJaW M0 KaTacTpodiuHmMX pes3yJbTaTiB i
HeraTMBHUX eKOJIOTiUHMX HaCJigKiB.

Homep:kaHHA IIUX YMOB CTBOPUTL rapaHTii mMoTpi6HI masa Toro, 1100
BiTUMBHAHUN PUHOK HAHOTEXHOJIOTill 0YB e(peKTHBHO CTBOPEHUM i PO3-
BuBaBcs. s peasnisarii BulieHaBeqeHOT0 IPOEKTY nompiobna depicas-
Ha npozpama — Konuenuyis cmeopenus i poseumky HAHOIHOYycmpil
Yrpainu na 2015-2025 pp.[149, 150].

Pob6ory BukoHamo B pamkax IIporpaMmu HayKOBO-TEeXHIUHOTO CITiBpOOi-
THUIITBA MK YKpainoio i Himeuuwnnoro 3a mpoexkTom Ne M/235-2009 Mi-
HicTepcTBa ocBiTH i Hayku YKpainm Ta BMBF-nmpoexTom UKR 08/020
dengepaabHOTO MiHiCTEPCTBA OCBiTH i HAYKOBUX HOCaigKeHb HiMeuunHm.
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