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Puc.5.0tHOCHTENbHOE U3MEHEHHE TIEPUO/IA PEIIETKH Aa/a B 3aBUCHUMOCTH
ot quamerpa D HaHowacTHn 3010Ta Au M cepedpa Ag [11].

BiusHue pasMepa HaHOYACTUL HA IApaMeTp PELICTKU OTIMYHO HE TOJIBKO I
METaJJIOB, HO s JJI1 coemuHeHuH. Kak mpasuiio, 3T0 compoBokaacTcs (ha3soBBIMH
npeBpameHus MU B coemuueHusax [18]. Tak, 0OBIYHO OPTOPOMOMYECCKHI OKCHI
UTTPUS CTAHOBUTCA KyOWYECKHM, €CJIM pasMep 3epHa yMeHbinaercs a0 10 HM.
JInokcra LMPKOHMSA, OOBIYHO MOHOKJIMHHBIM, CTAHOBUTCSA TETPArOHAIBHBIM HIIH
KyOWYeCKMM; TETPAarOHANBHBIM THTAaHAT Oapus CTaHOBUTCA KyOmueckmMm. Jlna
KaKIOTO  BEIECTBA  CyIIECTBYeT  KPUTHYECKMH  pasMep I  YacTHII
(HAHOKPHCTAIINTA), HHKE KOTOPOTO TEPMOIUHAMHYECKH CTAOMIBHONW CTAHOBHTCA
npyras ¢asa. PasmepHas 3aBUCHMOCTb CPETHEr0 MEKaTOMHOTO paccTosHus (Aa/a)
MOYKHO BBIPa3UTh COOTHOIEHUEM [15]:

Aa 27k, _ do
D oad-22 \rr, 7=+ 4 ], )
a 3 04 ),
rae Ad — cpeiHee M3MEHEHHE MEKIUTOCKOCTHOTO PACCTOSHMSA; Y — MIOBEPXHOCTHOE
HATSKCHUC, O — ILUIOTHOCTHb CBO60ﬂHOI>’I HOBerHOCTHOﬁ OHEPIuun; kT —

M30TEPMHMYECKAsT CKUMAEMOCTh; A — IUIOIIAAb IIOBEPXHOCTH.

Haubonee BeposATHOW MPUYMHON yYMEHBINCHHUS TMEPHOAA PELISTKH MAaJIbIX
4aCTHL 1o CPaBHEHHIO c MAacCCHBHBIM BEIIECTBOM SBIISIETCS
HECKOMITCHCUPOBAaHHOCTh ME)KATOMHBIX CBSI3€M aTOMOB IIOBEPXHOCTH M, Kak
CIEACTBHE 3TOrO, COKPALICHUE PACCTOSHUM MEXKAYy ATOMHBIMM ILIOCKOCTSIMMU
BOJIM3M MOBEPXHOCTH YACTHUIEL. BMecTe ¢ TeM, TeOpeTHYeCKHe PacyeTsl He JAr0T
OAHO3HAYHOTO OTBETA HA BONPOC, KaK JOKEH MEHAThCA MHapamerp
KPUCTALIMYECKOM PpEIIeTKH HAHOBEIECTBA B 3aBUCUMOCTH OT Ppa3Mepa
HaHO4YacTHIl. [lo-BUAMMOMY, BO3MOXKHO KaK YBEIWYEHHE, TaK M YMEHBIICHHE
mapaMeTpa PemIeTKH IPH YMEHBIIEHHH pa3Mepa HAaHOYACTHLI.

W3meneHue Ttemmeparypsl IUiaBieHHA Ty; METAIOB B 3aBUCUMOCTH OT
pasMepa YacTHLl, TMO-BUIUMOMY, OIHMH M3 MEpBBIX 3((EKTOB, NPUBICKIINX
BHMMaHue uccienosatenedd. C yMeHbIIEHHMEM pa3sMepa 4acTull Ty, MeTaJlioB
MOKET IIOHM)KATbCA HA HECKOJBKO coTeH rpamycoB. Hampumep, T,
«KOMITAKTHOTO» 3050Ta coctaBmsier 1340°K, a npu mnepexome K 4acTULaM
pasMepoM 2 HM TeMIiepaTypa IuiasieHus nonmwkaerca Ha 1000 rpamgycos (puc.6).
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Puc. 6. 3aBUCHMOCTB TEMIIEPATYPHI IUIABJICHUS 30J10Ta OT pa3Mepa YacTHIL
TOYKH — SKCIICPUMCHTAJIbHBIC JaHHBIC, CIUIOIIHAA JIMHHUA — PACUCTHBIC
3HaueHus [19].

OKCIIEPUMEHTAIPHO YMEHBIIEHUE TEMIEPATYPhl IUIABJICHUA MAJbIX 4aCTULI
HaOmomanock Wy napyrux meramios (Sn, Pb, Cu, Al, Bi) m HekoTopsIx
COEIMHEHUH. 3aBUCHUMOCTh T,; OT pasMepa 4acTHIl MeTajjla PacCMaTPHUBAETCS C
MO3UIIMK JBYX MOJENEH: OJHA W3 HHUX MCIOIB3YET TEPMOIMHAMUYECCKUE
IIPEACTABIICHUSA, IPyTras — KOJIeOAHUI aTOMOB.

C nosulyy TepMOAMHAMUKY NEPEXO] U3 TBEPAOrO COCTOSHUA B MKUIKOE C
pPOCTOM TEMIIEpaTypbl HAUMHACTCS C MOABJICHMA HA MOBEPXHOCTHM HAHOYACTHIIL
OSCKOHEYHO MAaJIOr0 JKHMIKOrO CIIOSi, KOTZA €€ SAPO OCTaeTcs TBEPABIM, YTO
00yCJIOBIICHO TOBEPXHOCTHBIM HATSDKCHWEM. Bropas Mopens mpeamnosaraet
MPEIBAPUTENHHOE CYINECTBOBAHUE JKHIKOTO CJIOS BOKPYT TBEPHAOH YacTHULBI U
PaBHOBECHE TAKOM CHCTEMBI B MIPUCYTCTBHUHM MapoBOH (asbl. ATOMEI IIOBEPXHOCTH
CBA3AHEI CJ1a0ee U C TIOBBIIIEHHUEM TEMIIEPATyPHI 3TO MOXKET IPUBECTH K OONBIINM
AMIUTUTYaM KOJIEOaHUM NPU TeX XKe TEeMIIepaTypax, 4YeM y aTOMOB, HAXOMAIMXCA
B oObeMe 4yacTuil. B 15000M ciiyyae MOKHO CYHTATh YCTAHOBJIEHHBIM, YTO Y
CBOOOMHBIX HAHOYACTHMII METAJLUIOB BCEraa HAOMIOMASTCS TOHIDKEHHE 1., C
yMEHBLICHUEM UX pasMepa.

W3 paccMOTpeHUs yCIOBUM PaBHOBECUS KUAKOM KaILIM C €€ HACHIIEHHBIM
MapoOM BBITEKAET OOPATHO MPOTIOPLIMOHATIBHAS 3aBUCHMOCTD Ty, MKHIKOM KaruTh OT
ee pazmepa. [lns ormcaHus pasMepHON 3aBUCUMOCTH T;; HAHOYACTHUL NPEUIOKEH
psa BeipaxkeHui [12], Hanpumep:

Trm (r) = Trm (I-CX/I'), (2)

rae T — pa3Mep HAHOYACTHUIBI, O — IOCTOsSHHAs, 3aBUCAIIAs OT IUIOTHOCTU U
TeMIIepaTyphl TUIABJIEHUS MaTepHalla ¥ €ro MOBEPXHOCTHOW SHEPTHUU.

Pasmepnas 3aBucumocts T, HAHOYACTHMII CKA3bIBAETCS W HA JMAarpaMmax
COCTOSHUS C YYacTHEM HAHOKOMIIOHEHTOB, B YAaCTHOCTH, HA 3HAYCHUAX
SBTEKTHYESCKHUX WITH MOHOTEKTHYECKUX TEMITepaTyp OMHAPHBIX cucTeM [15].

PaccuuraHHble 3HAYECHUS TEMIIEPATYp 3BTEKTHK IOKA3ajH, YTO B CHCTEME
TiN — AIN Temneparypa IUIaBICHUS IBTEKTHMYECKOrO COCTAaBA YMEHBINACTCS C
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2715 mo 2110 K, a B cucreme 11 — T1B, — or 2870 no 2420 K, npu ymMeHbImeHnH
KOMIIOHEHTOB 10 20 HM [18].

Eme omuH mHTEpecHbIM acleKT TePMOAMHAMMKHA HAHOKPHUCTAJIIOB — 3TO
IOTPAHUYHBIE CETPETALMU U TIEPECHIEHHBIE (a3bl.

Kunernueckue cBoiictBa, Takue Kak Au(Qy3HOHHAS TOABHKHOCTS,
TEIUIONPOBOJHOCTh M JP., CYINIECTBEHHO 3aBHCAT OT pa3sMepa CTPYKTypPHOTO
3JIEMEHTA.

Hust muormx metawioB (Pd, Cu, Ni, Ag u 7ap.) B HaHOCTPYKTYPHOM
COCTOSSHMM  HAONMIONAeTcs  TOBBINIEHME  TEIUIOEMKOCTH W YBEJIMYEHHE
K03 (PHULIMEHTOB TEPMHUYECKOTO PACIIMPEHUS, YMEHbBIIEHHUE TEILUIOMPOBOIHOCTH,
TEeMITepaTypONPOBOTHOCTH (pHC.7).

C/T mllx-moms K2

“300 400 600 800 1000

T K
Puc. 7. TemnieparypHas 3aBUCUMOCTb TEIUIOEMKOCTH HaHOo4acTuil Pd
muameTtpoM 3,0 um (1) 1 6,6 HM (2) 1 MaccuBHOro aymtaaws (3) [11].

[lo-BuauiMoMy, OOHa W3  TPUYMH  TIOBBINIEHUS  TEIUIOEMKOCTH
HAHOCTPYKTYPHUPOBAHHBIX METAIUIOB OOYCIIOBIEHA BKJIAJOM 3€PHOIPAHHUYHOM
(as3el, KOTOpas WMeeT yYMEHbINCHHYIO TeMreparypy Jlebas W TMOBBIILIEHHYIO
TETIOEMKOCTH [0 CPABHEHHUIO C KPYITHO3EPEHHBIM MATEPHAIIOM.

B manomatepmamax pe3ko Bo3pacTtaeT (Ha 3 mopsamka M Oojeee) 3HAUCHHE
k03¢ pummenToB norpanuaHoON muddy3ru u camomuddysum.

MHOrMMH  HCCNIEOBATENIIMH  OOHAPY)KEHO 3HAYMTENIPHOE IOBBIIICHHE
yACTBHOTO JJIEKTPOCOTPOTHBIICHUs HaHOKpucTaumieckux Cu, Pd, Fe, Ni wu
Pa3IMYHBIX CIUIABOB TP YMEHBLIEHHH pa3Mepa 3epeH [11, 15].

OmHO W3 COOTHOIICHWH, CBA3BIBAIOIICE YACIBHOE COMPOTUBIICHUE P
HAHOKPHUCTAJLIMYECKOrO MaTepuaa ¢ BeIuurHoM 3epHa D umeer sun [11]:

1n[£j:£1nl, 3)

p.) D q

re P. - YACTHbHOE EISKTPOCOMPOTHUBIICHHE KPYIMHO3EPEHHOTO BEIIeCTBa; l, -
JUTHHA CBOOOIHOTO TpOOera 3JEKTPOHOB B 0e3Ie(EKTHOM MOHOKPHCTAILIE, ( —
KO3 (PULMEHT paccestHUs 3JEKTPOHOB MPU TEPXOAC MEMK3EPEHHBIX TI'PAHMIL
[Tockomsky ko3ddurment paccesans 0 < q < 1, To u3 BeIpaxeHus (3) ciemyer,
YTO C YMCHBIICHHWEM pa3Mepa 3epeH CONPOTHBIICHHE HAHOKPUCTAJLTMYECKOrO
MaTepuaia JIOTKHO pacrm. OcHoBHas MPUYKHA MOBBIIICHHS
NEKTPOCONPOTHUBIICHHS Y HAHOKPUCTAIIMYECKAX METAJUIOB — 3TO YBEJIWYCHHE
paccesHHs SIEKTPOHOB Ha TPAHMIIAX 3€PEH.
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Pa3MepHO—3aBUCHUMBIC XApPAKTCPUCTUKH TIPOSABIIAIOTCS B OMIJICKTPHKAX H
MarHeTWKax.  VI3ydeHMe  MAarHWTHBIX  XapakTePUCTUK  CTHMYJHpYeTCs
SHAYUTEBHBIMU TIPUKIIATHBIME YCIIEXaMH B CO3JaHUM MAarHUTHBIX MATCPHAIOB B
HAHOCOCTOSTHMM M 3TOMY BOMpPCY TMOCBSIIEHO MHOro patdot [10, 11, 16, 18].
PasmepHas 3aBHCHMOCTb CBOWCTB TNpOSBIIAETCA HA TAKUX XapaKTEPUCHKAX, Kak
KOIPLMTHUBHAA CHJIA, OCTATOYHAsd HAMArHMYEHHOCTh, MAarHUTOCOIIPOTUBIICHUE.
[Tpu ompeneneHHBIX pasMepax HaHOKIacTepoB (1+10 HM) MPOSABIAETCS SBICHUE

CyIepMarHeTu3Ma.
OmHO W3 BAKHBIX HANPABICHWH B WCCIEAOBAHMHM HAHOMATEPHAIIOB —
M3y4eHHEe  pPasMEpPHOW  3aBUCHMOCTM  MEXaHWYECKHX  XapaKTePHCTHK

HAHOMAaTEePUAJIOB  (TBEPAOCTH, MPOYHOCTH, IUIACTUYHOCTH, YIPYTOCTH U Jp.)
ODKCIIEPUMEHTAIIBHBIC HCCICIOBAHM MEXaHHYECKHMX CBOMCTB HAHOMATEPHAJIOB
MOKA3aJIM, YTO TPEACIT MMPOYHOCTH, TBEpAOCTh MHOTHX MeTauioB (Pd, Cu, Ag, Ni u
Np.) 3HAYMUTENBHO BEIIIE, YeM B COOTBETCTBYIOINUX KPYITHO3EPHHCTBIX aHAJIOTaxX
[16, 20, 21,23]

ITouemy 310 TIpoUcxoUT?

VBenuueHue TBEPHOCTH U MPOYHOCTH C YMEHBLICHHEM pasMepa 3epHa 10
HEKOTOPOTO KPUTHYECKOTO pasMepa IIPaKTHUECKH XapakTepHO [UIi  BCEX
KPUCTAIJIOB. DTO BEITEKAET M3 M3BECTHOTO ypaBHeHWs Xoiua-Ilerda, 4ro mpenen

TEKy9eCTH O, 3aBHCHUT OOPATHO MPOIIOPIMOHATIBHO OT CPEAHETO pasMepa 3epHa d
[22]:
1
o,=0p+kd?, @)
rae 0'}) - Tpeden TEeKy4YeCcTH MOHOKPHCTANIA, K - HEKOTOPBIA Pa3MEpHbIN
K03 HULMEHT.
CootHomreHre (4) HOOCTaTOYHO XOpPOHIO BHIMONHAETCA B IIMPOKOM
wManasoue sHaueHmii d BIOTH 10 1 MKM. 3HaueHMs O; , TIOIY4YEHHBIE

SKCTpanosiLKMel B oomacts pasmepa d <100 HM B 2-3 pa3a MpPEBBIIAIOT TAKOBBIC
TS TPAAMLMOHHBIX MaTepuanos [20, 21].

OKCTIEPUMEHTAIPHBIE  PE3yJbTaThl, IONyYEHHbIE HA HAHOKPUCTAIIAX,
[MOKA3BIBAIOT, YTO OHHM 3HAYMTENFHO TPOYHEE KPYITHO3EPHUCTHIX aHAJIOTOB.
Hanodasuste Cu, Pd, Fe c¢ pasmepom 3epHa ~5 HM, TIOIy4eHHEIE
KOMITAKTUPOBAHWEM  YJIBTPAJUCIICPCHBIX  TOPOLIKOB, TIOKA3alM  3HAYCHHA
TBEPIOCTH B 2-5 pa3 BhIIIIE, YeM Y 00pa3LOB C OOBIMHBIM Pa3MepoM 3epHa (puc. 8).
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Puc. 8. Bmusiaue pasmepa 3epHa (d) Ha MEKPOTBEpAOCTh METAILIOB [23]

Poct TBepaOCTH HAOMIONAM TaKXkKe U Y APYrHX HaHO(a3HbIX MeTaioB (Ni,
Ti, As u ap.) u pasmuunbix coemuueruii (TiAl, Nbs;Al, SiC, TiN, ZrO, u ap.) [16,
20]. ITpu 5TOM POCT TBEPAOCTH M MPOYHOCTH Y HAHOMATEPHAIOB TTPAKTHUECKH HE
3aBUCHT OT CIIOC00a WX MONy4YeHus. Hamprmep, y HAHOKPUCTAILIOB, ITOTYYEHHBIX
KpUCTAJUTM3aLMed U3 aMOpP(HOTO COCTOSHUSA, TaKKe HAOIIONAJIOCH TOBBIIICHUC
TBEPAOCTH KaK Yy  OJHOKOMIIOHCHTHBIX, TaK M  MHOTOKOMIIOHEHTHBIX
HaHOMarepuasos [ 16].

MozxHo KOHCTAaTUpOBaTh, 4YTO TBEPAOCTb MCETAJUIOB U KECPAMUYCCKHUX
MaTepHAIIOB BO3PAacTaeT IO MEpe TOro, Kak pasMep 3epHa IePeXOIUT B
HaHo(aszHyIo o0nacts. OTHAKO BEMYMHA pa3Mepa 3€pHa, 10 KOTOPOW POUCXOIUT
yIIPOYHEHHUE, 3aBUCHT OT psiga (akTopoB M MPUPOIA €e He CoBCeM sAcHA. OOBIYHO
cootHomenue Xomna-Iletya (4) BBIMOMHACTCS Ui 3HAYMTEIBHON 4acTH
MCCIICIOBAHHBIX HAHOMATEPHAJIOB JIMILb J0 ONPEICIICHHOrO pasMepa 3epHa, a IpH
Oojlee HM3KHMX €ro 3HaueHHsIX HaOmomaroTcs oOparHeie 3(QEeKTs: TBEpAOCTbH
(MPOYHOCTH) MAAAST MO MEPE CHHKEHHS pa3mepa 3epHa (puc. 9).

100 25 11,163 4 2,8 2 d,um

8 e 35
7 e Pd //* ‘\\
rd
* Pd 30 F N
6 oT | S A A}
S o Ni = P \
& © Ni § 25 | /
S 4 S ; * AHIpHeBCKHH
a 5 £ v Smana
g3 220 A 3ramar  \
\
a8 E { H=18,5+k/d \
* \
1 L h
o 1 1 1 s 1 L 1 15 1 1 1
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 01 02 03 04 05 06
-1/2 -1/2 -1/2  -1/2
, HM d , HM
a 6

Puc. 9. 3aBUCHMOCTS MUKPOTBEPIOCTH PA3IMYHBIX MATEPHAIIOB OT pa3sMepa
3epHa: MeTAIIOB (a); kepamuku (0) [20]
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B Hacrosmiee BpeMsa HE COBCEM sCHO, COOTBETCTBYIOT JIM 3HA4YCHUS
TBEPAOCTH, TOJyYE€HHBIE [UId PEAlbHBIX KOMITAKTUPOBAHHBIX HAHOMATEPHAJIOB,
MIEAIbHO IUIOTHBIM HAHOCUCTEMAM.

IToBeneHMe HAHOMATEPHAJIOB B TAHHOM CIIy4ae MOKET OBITh 3aMACKUPOBAHO

BKJIAJAMH OT OCTaTOYHOM TIOPHUCTOCTH — TpPEIIMHAMHM W J1p. JAedekramwu,
BOZHHMKAIOIIMMU B HAHOMATepHaaax BCIEJCTBUE OCOOCHHOCTEM METOHOB HX
MOy 4E€HHUA.

Bomnpoc o mpupoae MUKpoAe(eKTOB, BOSHHUKAIONINX B HAHOMATEpHAIAX, U
MX POJIH B (JOPMHUPOBAHUH CBOWCTB OCTACTCS B 3HAYUTEIBHOM CTEIEHH OTKPBITHIM.
B 4acTHOCTH, HE COBCEM SCHBIM SBIACTCA TMPOSABICHUE JUCIOKALMOHHOTO
MeXaHHU3Ma B mpolrecce aedopMarii HAHOMAaTePHAIOB.

C onmHOH CTOPOHBI, pa3Mep KPUCTAUIMTOB B HAHOMATEPHANAX YacCTO

, b

OKa3bIBACTCA MEHBIIMM XapakTepHOro pasmepa merimu Opanka-Puma / (/=G—,
TV
p

rme G — Momynb casura, b — sBekrop Broprepca, T, — KPUTHUIECKOE HAIPSKCHUCE

capura). Ilpu OOBIYHBIX 3HAYEHHAX —~10°-10" u h=02 HM BennunHa
»

/=20+2000 HM ¥ Pa3MHOMKCHHE AWCIOKALMA C ITOMOLIBIO 3THX HCTOYHHKOB

oKkasbiBaeTcs monasieHHbM. C Ipyrod CTOPOHBI, B HAHOMATepHalaX, OCOOEHHO

ITOJy4€HHBIX METOJAMH MHTCHCHMBHOW TUIACTHYECKOH nedopMary, BelIuka poib

3EPHOTPAHUYHBIX JUCIIOKALMM U TUCIOKALMKA HECOOTBETCTBHA.

TeOpeTI/I‘IeCKfI OBUT  OIGHEH  XapakTEepHBIH  pa3Mep  CBOOOIHOTO
HAaHOKpUCTAJUIa L, HIKE KOTOPOTO BEPOATHOCTh CYIIECTBOBAHMS BHYTPH
KPHUCTAJIIa TMOABHIKHBIX TUCIIOKALIMIM yMeHbInaercs [24]:

L =aGb/t,, ©)
rae o — KO3 QUILMEHT, 3aBUCAIIMIA OT TEOMETPHUH TUCITOKALIMH M U3MEHSIOLIUICS B
mpepenax 0,1+1,0; 7, — Hanpsxenwne [attepiaca-Habappo. Ouenku L ot Cu, Al
Ni, Fe mpuBomar k 3HaueHuwsM B wuHTepBane 2-+100 mM. Cucremarmdeckue
MCCIIEAOBAHUS AUCIOKALMI B HAHOMAaTepUajiax He O4eHb MHOTOUMCIICHHBI.

Mo:kHO TIonaraTh, YTO pOJb AUCIOKALMHN B IIacTUYecKol aedopmarpn HM
MPEHEOPEIKUTENIPHO Majia. [Ipd 3TOM OHM 4YacTo TPEACTABISAIOT COOOM
HETIOABMKHEIE (CHAAYME) KOH(PUTYPALMH, YTO, TIO- BUAUMOMY, SBIICTCS OIXHOU M3
MPUYMH TOTO, YTO HAHOMATEPHAIBI TIPH HWCIBITAHWM HA  PAaCTSHKCHHUE
OOHApYKMUBAIOT BECHMA HU3KYIO IDTACTUYHOCTS.

OnpeAensoomy0  polb B AHOMAQIMAX  MEXAHUYECKUMX  CBOIMCTB
HAaHOMATEPUAIOB WIPAIOT, II0 BCEM BEPOATHOCTH, IpaHMLBI 3epeH. I[Ipupona
rPaHMIl pas3zena BOOOIIE U, B OCOOCHHOCTH, IIPUMEHHUTENIFHO K HAHOMaTepuaiam,
ITPOJOIKAET OCTAaBAThCA TPEAMETOM muckyccuid [15]. B mpocreiimrem ciydae
HAHOKPUCTALIMYECKUIA MaTepuall, COCTOSLIUN U3 aTOMOB OJTHOI'O COPTA, COACPKUT
NBA KOMIIOHEHTa, pa3JIMYalolUX [0 CTPYKType: YIOPSAOYCHHBIE 3EpHa
(KpUCTAJUTUTHI) pazMepoM 5 + 20 HM M MEKKPUCTAJUIUTHBIE IpaHuULpl 10 1,0 HM.
Ha puc. 10 mpencraBieHa mpocTeiimnas IByMEpHAs MOJEITb HAHOCTPYKTYPHI C
HAHOKPUCTAJUIUTAMU PA3HOTO pa3Mepa U OPUEHTALIMH.
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Puc.10. JIsymepHas Moaenb HAHOKPUCTAILIIMUECKOro Marepuana [1].
HaHOKpHCTaJUIHTLI C pa3HOI>i OpI/IeHTaLlI/ICﬁ I/I306pa)KCH]:I B BUAC YCPHbBIX
KPY’KKOB, MeX(a3HbIe IPAHMLIBI — B BUJIE CBETIIBIX KPYIKKOB.

MuprHa TrpaHWIl pasgena, ONpeleNieHHAs pPasHBIMH METOJaMH  Ha
Pa3IMYHBIX HAHOKPUCTAIUTMYECKUX MaTrepuanax, coctasisaer ot 0,4 mo 1,0 am [11].
ATOMHAs CTPYKTypa TpaHHIl HE SBJIETCS TPOCTOM M 3aBUCHT OT MHOTHX
MapaMeTpPOB. B3AUMHOM OPHUCHTAIMH COCEIHHUX KPUCTAIIOB, THIIOM MEKATOMHOTO
B3aUMOJICHCTBHA M T.1. ATOMHAas TUIOTHOCTh Mek(pasHbix rpanun Ha 20 + 40 %
MEHBIIE TUTOTHOCTH  HAHOKPUCTAIUIUTOB, YTO  TO-BUOIUMOMY,  SIBIIETCA
pe3yJabTATOM  HECOOTBETCTBHS CTPYKTYp Pa3iMYHbIX  HAHOKPUCTAILTHTOB,
Pa3sBEPHYTBIX XAaOTHUYHO IPYT OTHOCHTENFHO Ipyra. [IOCKOJIbKY KPHCTAJLIMTHI,
hopmMupyroHe HAHOKPUCTAJUTUIECKUIM MaTepuajl, OPUCHTUPOBAHBI CITyYaitHO, TO
TAKMX TPAHHL, HMEIONINX Pa3IHIHOe COCTOAHME, MOKeT Obih mopamka 10" cm™
[1].

OObeMHast A0 TPaHMIl 3epeH y HAHOMATEPHAJIOB BO3PACTACT MO Mepe
CHW)KCHHs pa3Mepa 3epHa, a 3aTeM CHMKaeTcs. B Toxe Bpems oObeMHas I0Js
TPOMHBIX CTBIKOB 3€PEH MOCTOSTHHO pacteT (puc. 11).

0,8

TpokHeIE cnon

OfedMHan nona

~
~« [paHHuEl Z2peH
~

o

T i -

0 H 0 15 20
Pazmep zepHa, HM

Puc. 11. 3aBucHMOCTD OOBEMHO¥ JOITM TPAHULI 3€PEH U TPOWHBIX CTHIKOB OT
pasmepa 3epHa (MpH TONIHHE TPaHULIBI 3epHa 1 HM) [23].

OObeMHBIE HONMA MEXK3EPEeHHOH W BHYTPU3EPEHHOW (COBEpIIECHHOM)
KOMIIOHEHTBI PaBHBL IIpU pasMepax 3epHa ~ 5 HM. Ilpu ymeHbnieHuu pasmepa
3epHa OO0 2 HM BKJIaA OOBEMHOW HONM MEK3EPEHHOTO BEHIECTBA (C Y4eTOM
TPOMHBIX CTHIKOB) MOET cocTaBiisiTh 80-90%. B 3TOoM ciyuyae CTpyKTypHOE
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COCTOAIHME MEXK3CPEHHBIX HIM MEX(Pa3HbIX TIPAHUIl CYyHIECTBEHHBIM O0pa3oM
OTJIMYACTCS OT CTPYKTYPHOI'O PACIIONIOKEHUSI ATOMOB B KPUCTAILIAX.

BaxubiM  (akTOpoM,  OMNpEnessIOLIMM — MEXaHWYeCKOe  IOBEACHHE
HAHOMAaTEPHaOB, SBIIIOTCA BHYTpeHHME HampsbkeHus. OHM BCerga MMEIOTCS B
HAHOMATepUaJlax M3-3a OOJIBIIOTO YKCNIA ONM3KO PACTIONOKEHHBIX TPAHUII 3€PEH W
TPOMHBIX CTHIKOB 3epeH. Kpome Toro, BHyTpEHHHE HANPSKCHHUS MOTYT BO3SHHKATH
BCJICZICTBHE OCOOCHHOCTEH METOMOB TIONy4YeHHs HaHOMarepuanoB. Hamuuue
BBICOKMX BHYTPEHHMX HAIP)KEHUMM Yy HAHOKPUCTAIUIOB NPUBOJUT TaKkKe K
M3MEHEHUIO aTOMHOM CTPYKTypHl HaHOMAarepuajoB. B wacTHOCTH, OOHApyXKeHO
M3MEHEHUE MEKATOMHBIX PACCTOSHHM B KPUCTAIUIMYECKOW PEIIETKE, CHUKECHHE
KOOPIMHALIMOHHOTO YMCIIa C YMEHBIIEHUEM pa3Mepa 3€peH HaHOMaTepuasos [15,
25].

H3yueHre OCOOCHHOCTEH pPACMpOCTPAHEHHS TPEIIWH B HAHOMATEpHAIax
[TPEACTABIACTCS BAXKHBIM B CBA3H C BO3MOJKHOCTBIO TIOBBIIICHHUS 3HAYCHHSA
TPEIIMHOCTOMKOCTH (BA3KOCTH paspymeHus) K¢ Xpynmkux HaHOMAaTepHAIOB.
MMmeromuecs Ha 3TOT CYET CBEAGHMS IIOKA MPOTUBOPEYMBBI, XOTS JAHHBIE O
[TOBBIIICHHUU BSA3KOCTH MHOTO(a3HBIX KEPAMUYECKUX HAHOKOMIIO3HTOB SBIIIOTCA
0OHAIeKUBAFOLIMH [16]. Xpynkue MaTepHabl (MHTEpMETAIIU B,
HAHOKEPAMHKA) CTAHOBATCSA IUIACTUYHBIMH HI)KE KPUTHYECKHX pa3MepoB. Y
KePAMHIECKUX HAHOMATEPHAIOB OOHAPYKEHA MOBBIMICHHAS IUIACTUYHOCTH IIPH
HU3KUAX TEMIIEPaTypax, €6 MOKHO HCIOJIb30BAaTh B IIPOMBILNUIEHHBIX IIPOLIECCAX
SKCTPY3HUH U MPOKATKU [23]. 3HaUUTENbHbIA NPAKTUYECKUI UHTEPEC MPEACTABIACT
TeMIIepaTypHast CTa0UIBHOCTh HAHOMATEPHAJIOB, SIBJICHUE CBEPXIUIACTHYHOCTH. 32
CYeT Tepexo/a K HAHOCOCTOSHUIO st HekoTopbix cucteM (NizAl, TiO,, ZrO, u
np.) TEMIIepaTYpHBIA WHTEPBAN TIPOSBICHUS CBEPXIUIACTUYHOCTH  YOAIOCH
camsuth Ha 300-400 °C 1o cpaBHEHHMIO ¢ OOBIMHBIMHM MEITKO3EPHUCTHIMH
MaTepUaIaMy, HO B LIEJIOM 3TH BOMPOCH! TPEOYIOT NATbHEHIIIETO BEIICHEHHS.
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2. MeTO}ILI HCCJICA0BAHUS

Mertonsl McCIemOBaHMA HAHOOOBEKTOB HAIIPABIICHEI, TPEXKIE BCETO, Ha
OTIpeNieTICHHe pasMepa M CTPYKTYPbl HAHOYACTHI, YCTAHOBIICHUA BIIMAHUA
pa3sMepHbIX 3((HEKTOB HA CBOMCTBA HAHOMATEPHAJIOB.

B Hacrosimiee BpeMsi CYIIECTBYET MHOTO Pa3sHOOOPA3HBIX METOMIOB
TUATHOCTHKY, METOJUK WCCIENOBAHHA (PU3HKO-XUMHIECKUX XapPaKTEPHCTHK
TBEPAOTENBHBIX HaHOCTPYKTYp [1, 2, 10, 11, 26]. Jma >THX meme#l mMHPOKO
HCTIONIB3YIOTCA TPAAWLMOHHBIE METOMNBI JICKTPOHHAS MHMKPOCKOITHSA, METOJBI
PEHTTEHOBCKOM  CMEKTPOCKOTMMM M JUQpPaKIMU,  0Ke-CHEKTPOCKOMHS,
HedTponorpadus ©  Ap. 3HAYMTEIBHBIM  TMPOPHIB B HCCICAOBAHHH
MHKPOCKOITMYECKOTO COCTOSIHMSI BEIIECTBA CBA3aH C CO3JAHHUEM CKaHUPYIOLIMX
30HJIOB.

TpaguLMOHHO HAHOTEXHOJOIHMIO CBS3BIBAIOT C CO3JAHHEM CKAHUPYIOLLETO
TyHHenpHOro Mukpockona (CTM) [27]. Ero cozmarenw, I'. bunnur u I'. Popep, ¢
romotipto CTM B 1982 r. BriepBbIe MONTYYHIN U300paKeHHE TTOBEPXHOCTH 30J10Ta,
a 3aTeM M KPEeMHHs C aTOMapHbIM paspemieHueM (puc. 12). 3a 3T0 OTKphITHE B
1985 r. yuensle 60U yocroeHsl HoGenesckoi npemun. [Tpuaimn padorsr CTM
OCHOBAHO HA TYHHEJIMPOBAHHH JIEKTPOHOB Uepe3 BaKyyMHEIH Oapsep (puc. 13).

Puc. 12. N300paxeHre MOBEPXHOCTH MOHOKPHCTAJUTMIECKOTO KPEMHHS,
nosryueHHoe ¢ nomoupio CTM [27].

Pabdounm opramom CTM - 30HODOM - CHOYXHT TOKOIPOBOAAILAS
MEeTaUIMYecKasd Wria. 30HA MOABOJUTCA K HM3yYacMOW ITOBEPXHOCTH HA OUYCHb
onuskoe paccrosiue (~ 0.5 HM) U, pH TTOAYe HA 30H/ MOCTOSTHHOTO HAMPSIKSHHS,
MCXKIAY HUMU BO3ZHUKACT TyH'HeJIBHBIﬁ TOK, KOTOpBIﬁ SKCIMOHCHUHUAJIIbHO 3aBHUCHUT OT
PACCTOSIHUSL MEXKIy 30HAOM M 00pasuoM. JTO 3HAYMT, YTO MPH YBEIHYCHUH
paccTosHus ydmib HAa 0.1 HM TyHHEIBHBIM TOK yMeHbInaeTca moutd B 10 pas.
MIMEHHO 3TO M 00€CIIeUMBAET BBICOKYIO Pa3peINalONIy 0 CIIOCOOHOCTH MHKPOCKOTIA,
[MOCKOJIbKY HCE3HAYUTC/IbHBIC HW3MCHCHUA TI10 BBICOTC peﬂbe(ba MOBCPXHOCTHU
BBI3BIBAIOT CYLIECTBEHHOE M3MEHEHHE TYHHEIBHOTO TOKA.

[lognepxvBast TOK M PacCTOSHUE TOCTOSHHBIM TPU TIOMOIIM CJEAsAIEH
CHCTEMBI, 30H[ CKAHHPYET MMOBEPXHOCTH, MIEPEMELIAsCh HA HEO 1m0 ocsiM X U Y,
TO OITyCKAACh, TO MIOJHUMAACH B 3aBUCHMOCTH OT €€ penbeda.
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HAHOCTPYKTYPHOIO CILIaBa CO CPEAHEN KOHLEHTpauuen 5% ot pasmepa
kpuctamros (L) . s o6eraHoro kpucramia G=4 x/{x /mois [15]

Xapakrep 3asucumoctd G=f(L) o3Hawaer, 4TO0 H3-3a CyIIECTBOBAHUA
MUHMMyMa Tipu L, pocT kpucTamnuroB B HHTepBane L< L, craHoBHTCA
T€PMOJUHAMUYUECKH HEBBITOHBIM.

ONEKTPOHHBIE CBOMCTBA HAHOPA3MEPHBIX CUCTEM  OTJIMYAKOTCA  OT
M3BECTHBIX OOBEMHBIX CBOMCTB MaTepuaia, U3 KOTOPOro OHM caeiansl. OHOM w3
OCHOBHBIX OCOOEHHOCTEW HH3KOPA3MEPHBIX CHUCTEM SBIIETCS MOAMU(DUKALMAA WX
3JEKTPOHHOM CTPYKTYphl NP OrPaHUYCHUM Pa3MEPOB CUCTEMBI B OJHOM WM
HECKOJIbKUX KOOPAMHATHBIX HANPABICHUAX IO Pa3MEPOB, CPABHUMBIX C JJIMHOM
BOJIHBI Ae-bpoiinsa. B 3ToM ciydae B HanpaBlieHUH, IA€ MIPOUCXOUT OIPAHUYECHUE
pa3sMEpOB, MMEET MECTO IEPEeXOA OT HENPEPBIBHOM 3JEKTPOHHON CTPYKTYPHI
BAJICHTHOM 30HBI K JUCKPETHOM SJIEKTPOHHOM CTPYKType. DTO CBA3AHO, IMPEIKAE
BCETO, C MPOSBIICHUEM KBaHTOBO-MEXAHUYECKHUX SIBIICHHM.

B xmaccryeckoit pr3HKe IeKTPOHBI, KaK M BCE APYTHE YaCTULbI, TBHKYTCS
0 TPACKTOPHAM, KOTOPhIE MOKHO PACCUMTATh C MOMOIIBIO ypaBHeHUH HproToHa.
B xBaHTOBOM MEXaHUKE KapTHUHA IBUKECHUS JICKTPOHOB COBEPILIEHHO MHASL.

C MO3MLMM KBAHTOBOM MEXAaHMKH 3JIEKTPOH MOJKET OBITh IPEACTaBJIEH
BOJIHOM, OITMCHIBAEMOM COOTBETCTBYIOIIEH BOJTHOBOM (yHKLHEH.
PacmipocTpaHeHre 3TOW BONHBI B HAHOPA3MEPHBIX TBEPHOTENBHBIX CTPYKTYpax
KOHTpONMpyeTcs 3(pQeKTaMu, CBSI3aHHPIMH C KBaHTOBBIM OTPaHHYCHHEM,
nHTep(EepeHIMel W BO3MOXKHOCTBIO TYHHEITMPOBAHUA 4Yepe3 ITOTCHI[MATbHBIC
oapbeepbl. BomHoBas Gyukups (W-(yHKImsA) 1aeT BEpOITHOCTHOE, CTATUCTHYECKOE
OIMCAHWE SJICKTPOHA B MPOCTPAHCTBE. BonHA, COOTBETCTBYyIOWIAs CBOOOJHOMY
3JIEKTPOHY B TBEPIAOM TeJle, MOJMKET OECHpPENATCTBEHHO paclpOCTPAaHATHCS B
moOoM HampaBieHHH. CuTyalims KapOIUHATBHO MEHJETCs, KOTJa JJIEKTPOH
MonajgacT B TBEPAOTEIbHYIO CTPYKTYPY, pasMep KOTopoil L, mo kpaiiHeil Mepe B
OJHOM HArpaBJICHWM, OTPAaHMYEH W IO CBOCH BENMYMHE CPAaBHUM C JUIMHOM
3JEKTPOHHOM BOJIHBL. KilacCM4eCcKMM aHaloroM TakOW CTPYKTypbl SBIAETCA
CTPYHAa C JKECTKO 3aKpEIUICHHBIMH KOHL@AMH. KomeOaHus CTpYHBI MOTYT
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1. Pu3UKO-XMMHYECKHE 0CO0CHHOCTH HAHOCTPYKTYPHBIX MAaTECPHATIOB

OI3UKO—XUMUS TBEPAOTEIBHBIX HAHOCTPYKTYP KaK OBI ABIACTCS MOCTUKOM
MKy TAKUMH TPAAWULOHHBIMU OOJACTAMH, Kak aTOMHas (PpH3MKa, TOe U3YyYaroT
CBOWCTBA OTHENIBHBIX AaTOMOB, W (U3MKO—XHUMHUEH KOHLEHTPHPOBAHHOTO
COCTOSIHMS, B PaAMKaX KOTOPOTO M3Yy4arOT TBEPAOTENbHBIC BELIECTBA, KOIUYECTBO
aTOMOB B KOTOPBIX IPAaKTHYeCKHu OeckoHewyHO. ITo CyTH, HaHOCTpPyKTypa — 3TO
OYeHb MaJIECHBKHUN (parMeHT TBepaoro Tena. OQHAKO OKA3BIBAETCA, YTO TIPH TaKHX
MAJTBIX Pa3sMepax CBOMCTBA HAHOCTPYKTYP OYEHb CHIIBHO OTIHMYAIOTCA OT CBOMCTB
OOBEMHBIX MATEPHAJIOB.

3a1aya HAHOTEXHOJIOTHH, €CITH C(HOPMYITHPOBATH €€ KPATKO, — 3TO CO3AaHHE
HU3KOPAa3MEPHBIX CHUCTEM C pasMepaMH CTPYKTYPHBIX 3JEMEHTOB OT HOJIeH 110
HECKOJIPKUX IECATKOB HAaHOMETpOB. IIpu 3TOM MMEIOTCA B BHAY KAk OTAENBHBIC
YACTHIBI C YKAa3aHHBIM IUAMETPOM, TaKk M AByMEpHBIC (HAmpUMep IUICHKH) H
OHOMEpHEIE (HATIPHMED, KBAHTOBBIC HUTH) CTPYKTYPHIL. CIeayeT OTMETHUTSH, YTO C
YyMEHBIIEHHEM Pa3Mepa YacTHIl MOHATHE (a3bl BEIPAKEHO MEHEE YETKO: MPaHHLIbI
MEXIy TOMOTCHHOM MW reTeporeHHor (Qasamm, wmexay aMoppHBIMH H
KPUCTAUNTHYECKUMH COCTOSHWSIMH  OTIpedenuTh TpyaHo. OObrvHbIE (PHU3HKO-
XUMUYECKAE TIPSACTABIICHUS, BKIIOYAIONIME TIOHATHS  «COCTaB-CBOMCTBAY,
«CTPYKTypa-(QyHKLHMA» IOMONHAIOTCS B 3TOM Cilydae TEPMHHAMH «pasMepy,
«CaMOOPTaHU3ALIUM.

M3y4yeHHe pasIMyHBIX CBOMCTB OOOCOOJICHHBIX HAHOYACTHIl COCTABISET
OIHO W3 HAlpaBlIeHWH HaHOHAyKH. J[pyroe HampaBIeHHE CBA3aHO C H3yUeHHEM
PACIIONIOKEHUST aTOMOB BHYTPHM HAHOOOBEKTa, (POPMHPYyEeMOro W3 HAHOYACTHIL.
OTHOcHTeNbHAs CTAOMIIBHOCTh OTHENBHBIX YaCTeW HAHOCTPYKTYPHI HAXOMUTCS B
3aBUCHMOCTH OT KUHETHYECKUX M TepMOAMHAMHUYecKuX (pakropos. HaHouacTurisl
MO>KHO pacCMaTrpuBaTb KakK IMPOMEKYTOYHBIC 06p3303aH1/m MECKIQY aroMaMu C
OTHOM CTOpPOHBI, W TBEPIABIM COCTOSHMEM — C Jpyrod. HaHouactumpl wu
HAHOCHUCTEMBI 00JIaaf0T MHOTUMHU OCOOEHHOCTAMH (PU3UKO-XMMHUUYECKUX CBOMCTB,
He HAOIOAABIINXCS PaHee B TBEP/BIX TENAX.

KakoBBI OCHOBHBIE TNPHYMHBI, WHULIMHUPYIOIIHE HEOOBIYHBIE CBOWMCTBA Y
HaHocucTeM? B uyem ocoOeHHoCTH TakMx HaHOOOBekTOB? Ham mpencrasmsercs,
YTO MOKHO BBIOCIHUTD ABA OCHOBHBIX (baKTopa, BIUAKOIIHUX HaA d)OpMI/l'pOBaHI/Ie
CBOWCTB HAHOCHCTEM — 3TO W3MEHEHHE TEPMOJMHAMHIECKOTO COCTOSHUA
HAHOCHCTEM II0 CPAaBHEHHUIO C KIACCHYECKMM U TIOSBJIEHHE KBAHTOBO-PAa3MEPHBIX
3¢PeKTOB ¢ YMCHBIICHMEM XapPaKTCPHUCTHYECKUX Pa3MEpPOB CTPYKTYPHBIX
3JIEMEHTOB.

TeopeTuueckre H IKCIICPUMEHTAIBHBIC HCCIICAOBAHUSA TEPMOIHHAMHUKH
MajbIX YaCTHMLl [IOKa3bIBAIOT, YTO pasMep YAaCTHLl SBJIAETCS AKTHBHOI
TEPMOAUHAMHUYECKOW TMEPEMEHHOM, OIpeneNArImeld BMeCTe C  JIPYTMMH
TePMOAVHAMHYECKUMH TIEPEMEHHBIMUA COCTOSHHE CHCTEMBI. Bcreactsue croib
MaJIBIX Pa3MEpPOB OHH HMEIOT BBICOKYIO BEIIMYMHY TMOBEPXHOCTH paszmena. Kak
CTEACTBHE, TaKWe€ HAHOOOBEKTHI MPOSBILIFOT BBICOKYIO (DH3UKO-XHMHUUYECKYIO
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aKTUBHOCTb. BBICOKas pEaKLIMOHHAS CITOCOOHOCTh HAHOYACTHIL YaCTO IPUBOJMT K
IOTepe UX UHAUBUIYAIbHOCTH.

Hanouactwuier pasmepom MeHee 10 HM 00a1ar0T W30BITOYHOM YHEPTHEH U
BBICOKOM XMMHYECKOH AaKTMBHOCTBHIO. YacTHIBI pasMepoM oOkomo 1 HM
MPAKTHYECKH O€3 HSHEePruM AaKTUBALIMM BCTYMAIOT B IIPOLIECCHI arperaryw,
MPUBOJANIME K OOpa30BAaHHUIO HAHOYACTHII METAJUIOB, M B PEAKIMH C APYTHMH
XUMHUYCCKUMU 3JJICMCHTAMMU, O6yCJlaBﬂldBa.lOlJ_ll/le NOJIy4YCHHUEC BCIICCTB C HOBBIMH
CBOMCTBAMH. 3aBUCHUMOCTh XMMHYECKON aKTUBHOCTH OT pa3Mepa pearupyrolyx
YaCTULl OOBACHAIOT TEM, YTO CBOMCTBA WHIMBUIYAJIbHBIX aTOMOB JJIEMEHTOB H
(popMupyeMBIX M3 aTOMOB KIACTEPOB W HAHOYACTHLl OTIMYAIOTCI OT CBOMCTB
aHAJIOTMYHBIX ~ MakpodacTui.  OOpasoBaHMe  HAHOYACTHII W3  aTOMOB
COMIPOBOXKAACTCA ABYMS mponeccamu: (OPMHPOBAHHME METAUIMYECKUX  sAAep
pasHOro pa3Mepa W B3aMMOCHCTBUE MEXIy YACTHUI[AMH, KOTOPOE CIIOCOOCTBYET
CO3JAHUIO W3 HUX aHcaMOJeH, NPEeICTAaBIIOIMX HAHOCTPYKTYpy. M30bITouHas
SHEPIrUs TaKUX 00BEKTOB onpenensiercs B TIEPBYIO ouepenp
HECKOMIIEHCUPOBAHHOCTBIO CBA3EH ITOBEPXHOCTHBIX U NPUNOBEPXHOCTHBIX aTOMOB.
[Ton TEPMHUHOM «IOBEPXHOCTBY MM «MeX(a3Has T'PAHUIIA» OOBIYHO MOHUMAIOT
CTIOi BellecTBA KOHEYHOW TOMNIIMHBI, pasaeisonmid oosemHubie (a3l Ero
TOJIIIMHA, KAaK MPAaBUIIO, COCTABIISIET HECKOJIBKO aTOMHBIX ci1oeB. Eciu konuiecTso
BEILECTBA HA IOBEPXHOCTH B OOBEME CTAHOBATCA COM3MEPHMBIMH, TO POJIb
ITOBEPXHOCTH KaK 0oJiee aKTMBHOM COCTABIIIOMIEH CYIECTBEHHO Bo3pacTaeT [14].

C M3MEeHEeHUEM pa3MepoB YacTULl CBA3AH €IlE PsAAd TEPMOJUHAMUYECKHUX
CBOMCTB HaHOYacTULl. KOHIEHTpalMs BakaHCUI B HAHOYACTHUIIAX IOBBIIIAETCS C
YMEHbIIEHHUEM HMX  pa3Mepa, OJHOBPEMEHHO  CHIDKAIOTCA  TEMIIEPATypPhI
MOTMMOP(HBIX MPEBPAILEHUH U TTAPAMETPHI PELIETOK, BO3PACTAET CIKUMAEMOCTh U
pacTBOPUMOCTb.  ODKCIEPUMEHTAIbHbIE M  TEOPETUUECKUE  MCCIICAOBAHUA
TEPMOJMHAMUKN MAJIbIX YACTHLl MO3BOJIAIOT YTBEP:KAATh, UTO pasMep 4YacTHLL
ABJIACTCS. AKTUBHOM TIEPEMEHHOM, ONpEeAesAIoed BMECTe C  JAPYTMMH
TEPMOJMHAMUYECKUMH TIEPEMEHHBIMHM COCTOSIHUE CHUCTEMBI M €€ PEaKLIMOHHYIO
CIIOCOOHOCTh. Pa3mep 4YacTHIl MOKHO pacCMaTpuBaTh Kak CBOCOOPA3HBIM
SKBUBAICHT TEMIIEPATYPHl M B 3TOM Clly4yae 3HaueHHe noTeHumana [ mooca Oyzer
OTJIMYATHCA OT CTAHIAPTHBIX 3HAYSHUHA MAaCCHUBHOM (a3l (puc.1).
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n
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AHAJOTUYHBIE 3aKOHOMEPHOCTH MOBEACHUS XapPaKTEPHBI M U CBOOOIHOTO
NEKTPOHA, HAXOIIETOCS B TBEPAOTEIBHONW CTPYKTYpe OTPAaHMYEHHOrO pasMepa
MITA 00JTACTH TBEPAOTO TENa, OrPAHHYCHHON HENPOHHLIAEMBIMH ITOTCHLIHATbHBIMH
Oaprepamu. Ha puc. 2 Takas cHUTyalms TPOWLUTIOCTPUPOBAHA HA TIPHMEPE
KBAHTOBOTO IIHYPa, y KOTOPOTO OTPAaHWYEHBI pa3Mepsl cedeHus a U b. B r1mx
HAITPABJICHUAX BO3MOXKHO PACIPOCTPAHCHUE TOJNBKO BOJH C JUIMHOM, KPaTHOM
reOMETPUYECKUM pasMepam CTPYKTYPHL.

Puc. 2. BO3MOXHOCTH [UTsl IBMKEHHUS 3JIEKTPOHOB B HAHOPA3MEPHOM

CTPYKTypC.
PaspemenHsie 3HaYeHHs BOJTHOBOTO BEKTOpa IJIS OJHOTO HAIMpaBJICHUS
2 nrx
3aJaF0TC COOTHOILIEHUEM k=7=7, rae L B COOTBETCTBHMH C PHC. 2 MOKET

n

[MPUHUMATh 3HAYCHUS, PaBHbIC a WK b. [l COOTBETCTBYIOIIMX KM 3JIEKTPOHOB
5TO O3HAYAET, YTO OHM MOTYT WMETh TOIBKO ONpEIeNIeHHbIE (HUKCUPOBAHHBIE
SHAQUCHMS DJHEPTMHM, TO €CTh KMEET MeCTO JOTONHUTEIbHOE KBAHTOBAHUE
SHEPIeTUYECKUX YPOBHEH. DHEPrus 3JIEeKTPOHA HMMEET CTPOTO OMpEIeNICHHBIC,
UCKPETHBIC 3HAYCHHU.

OTO ABIEHHE TONYYHIO HA3BaHHE KBAHTOBOTO OrpaHMYeHus. Baoms niHypa
MOTYT ABHUTaThCs IMEKTPOHBI C IFOOOH IHEPTHEH.

3anupanue snekTpoHa ¢ 3(QexTHBHON Macco m*, Mo KpaiHed Mepe B
OIMHOM W3 HANPABICHUM, B COOTBETCTBHM C TIPHHIMIIOM HEOIPEIeICHHOCTH

/]
[MPUBOAWUT K YBCIIUYCHWUIO €r0 MMILyJibCa Ha BCIHYUHY Z , TIC h — mocTosHHAS

[TnaHka. COOTBETCTBEHHO yBEIMYMBACTCA U KUHETHUUYECKAs SHEPrus 3JIEKTPOHA Ha
h2k2 _ hZ ”2
2m" 2m’ I’
COIMPOBOKIACTCA KaK YBEIMYCHHEM MUHUMAIBEHOM SHEPIUH 3aIlePTOro IEKTPOHA,
TaK M JIOTIOJHUTCNIBHBIM  KBAHTOBAHWUEM  OSHEPreTHUYECKUX  YPOBHEH,
COOTBETCTBYIOILMX €r0 BO30YKICHHOMY COCTOSIHHIO. DTO MPHUBOIMT K TOMY, YTO
JICKTPOHHBIC CBOMCTBA HAHOPA3MEPHBIX CTPYKTYP OTIMYAIOTCS OT H3BECTHBIX
0OBEMHBIX CBOMCTB MaTepHaia, U3 KOTOPOrO OHH CENIaHBI.

Ha puc.3 npuseneHs! IpuMepsl pa3aMyHOIO THIIA HU3KOPA3MEPHBIX CUCTEM,
B KOTOPBIX OFPAHMYCHUE BOJNHOBBIX (YHKOMII MMEeT MeCTO B OIHOM
KOOPJMHATHOM HarmpasieHuu (aBymepHsie (2D) cuctemsr), B IByX (OZHOMEpHSBIE

BeMUHHY AF = Takum 00pa3oM, KBAaHTOBOE OTPAHUYCHHE
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image6.jpeg
(1D) cucreMbl) u BO BCeX Tpex HampasiaeHWAX (HyJb-MepHble (OD) cucremsr). B
TaKUX ClIy4dasX FOBOPAT O CUCTEMax MOHMIKEHHOW pasmepHocTH 2D-,1D- u 0D-
THIA.

2D 1D 0D

T

Puc.3. [IpocTpaHCTBEHHOE OTPaHUYEHHE BOJHOBBIX (DYHKIMI B JBYMEPHBIX
(2D), omHomepHsbIX (1D) u Hynmb-MepHbIX (0D) cucremax.

B3aumoneiictBre 3JEKTPOHHBIX BOJIH B HAHOPAa3MEPHBIX CTPYKTypax Kak
MEXK Y cobOM, Tak ¥ ¢ HEOOHOPOAHOCTAMMU B HHUX MOXET COIPOBOXKIAATHCS
UHTEp(EepeHIMEH, aHATIOTUYHOM TOH, KOTOpas HAOIFOAAETCS IS CBETOBBIX BOJIH.
OTnuuuTeNbHas OCOOEHHOCTh TaKOW HWHTEPPEPEHLMH COCTOMT B TOM, HYTO
Oaroaaps HATHYHIO Y SJIEKTPOHOB 3apsiaa UMEETCs] BOSMOKHOCTD YITPABIIATh UMH
C MOMOIIBIO JIOKATBHOIO 3JIEKTPOCTATUYECKOrO MM 3IEKTPOMArHUTHOIO IOJA U
TAKUM 00Pa30M BIIUATH HA PACIIPOCTPAHCHUE SIICKTPOHHBIX BOJIH.

YHUKaNnbHBIM CBOMCTBOM KBAaHTOBBIX YacCTHULl, B TOM YHWCJIE€ U 3JIEKTPOHOB,
SBIIIETCSA WX CIIOCOOHOCTH MPOHMKATh Yepe3 Mperpany Aaxe B CIydasx, KOrna Ux
SHEPrUs HIDKE TIOTEHIMAIBHOTO 0apbepa, COOTBETCTBYIOIIETO MAHHOW Tperpasne.
D10 OBUIO HA3BAaHO TYyHHETUPOBAaHMEM. (XEMAaTHYECKM OHO TIPEACTABICHO Ha
puc. 4. Byap 3MeKTpOH KIAaCCHYECKOW 4YacTHiieH, obnamaronieii sueprue E, oH,
BCTPETHB HA CBOEM IIyTH MPerpaay, TPEOYIOIyrO Uil MPEOAONICHH OOJbIei
sHepruv U, DOmKeH ObUT OBl OTPA3UTHCA OT 3TOM mperpansl. OTHAKO Kak BOJTHA OH
XOTs U C IOTEePEU 3HEPIUHU, HO MPOXOIUT Yepe3 Ty Hperpamy.
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Puc. 4. TyHHETMpOBaHME HTEKTPOHA C SHepruer E depes moTeHIMaNbHBIH
6aprep Boicotou U, U > E.

3ta BEpOATHOCTh TEM BBILLIE, YEM F€OMETPHUUYCCKH TOHBIIE OAPHEP U MEHBILIC
pasHMIIA MEXKIy SHEPrHel MaJaroIero MeKTPOHa U BEICOTOM Oaprepa. KBaHTOBOE
OIPAaHWYEHHUE, NPOABIACH B HAHOPA3MEPHBIX CTPYKTypaX, HAaKIaAblBacT
crielM(pUYecKuii OTMEeYaTOK ¥ Ha TYHHEJIMPOBaHWE. Tak, KBAaHTOBAHHUE
OHEPreTUICCKUX COCTOSTHUI OJICKTPOHOB B O4YC€Hb TOHKHUX, ICPHUOAUYCCKHU
PACTIONIOYKEHHBIX MOTCHLUMANBHBIX IMaX MPHUBOIUT K TOMY, YTO TYHHEJIUPOBAHHUE
yepe3 HUX IPUOOPETAeT PE30HAHCHBIM XapakTep, TO €CTh TYHHEIbHO NPOWTH
yepe3 TaKyro CTPYKTYPY MOTYT JIMIIb JIEKTPOHBI C OTPEIETICHHON SHEPTHEH.

OTU OCHOBHBIE IOJ0KEHHU KBAHTOBOM MEXAHUKU JIEXKAT B OCHOBE CO3/IaHUE
HAHOPa3MEPHBIX KBAHTOBBIX CTPYKTYP.

B nenom y HaHOCHCTEM, HAUMHASA C ONPENEIIEHHOTO MOMEHTA, MOSABIIAETCS,
T.H. pasMepHbId >(Q(QeKT, T.e. 3aBUCUMOCTH CBOMCTB HAaHOCHCTEM OT pa3Mepa
HaHouactull. Pasmepusiii >ddext I Iiftep ompenmemin, kak TOBEICHUCE
MaTepuana, HaAOMOmaeMOro B  Cly4ae  COBIAAEHUA  pasMepa  OJoka
MMKPOCTPYKTYPBI U HEKOTOPOM KPUTHUYECKOM JUIMHBI, XapaKTEPU3YIOILEH ABJICHUE
(anvHA CBOOOAHOrO TmpoOera SIEeKTPOHOB W (POHOHOB, pa3Mep MAarHWUTHBIX
TOMEHOB, KPUTHYECKHUI PAIUYC TUCIOKALIMOHHOM neTiu v 1p.). [13]

K nanoMarepuanaM OTHOCATCA BEILECTBA HE TOJIBKO IIOTOMY, 4YTO OHH
MMEIOT MaJbld  XapakTEepPUCTUYECKUH pa3sMep CTPYKTYPHOTO  3JIEMEHTa,
OTBEYAIOILETO 3a MPOABICHUE TOrO WIM HHOTO CBOMCTBA, @ M IOTOMY, 4TO
XapaKTEePUCTUKH JAHHOTO CBOWCTBA 3aBHCUT OT Pa3Mepa CTPYKTYPHOTO 3JIEMEHTA.
[IposBnenue pasMepHoro 3¢pdekrTa SABIAETCI XapaKTepPHOW OCOOEHHOCTHIO
HAHOMATEPHAJIOB U ABIIETCA NPEAMETOM CHUCTEMAaTHYECKUX HuccrienoBaHui [11,
15-18].

PasmepHaﬂ 3aBUCHUMOCTDb HaH60nee SHAa4YMMbIX i1 JAHHOI0 Matepuaa
CBOMCTB ITO3BOJISIET OTBETUTh HA TAKHE BOITPOCHI: OTHOCHTCA JIU [[aHHblﬁ MarepHal
K KJacCy HAHOMATEpUAIOB M TPH KAKUX pasMepax CTPYKTYPHBIX 3JIEMEHTOB
TOCTHTAeTCSI MAKCHMAITBHBIM BBIUTPHINI CBOMCTB Y HaHOMaTepuanos. HeoOxomumo
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OTMCTHUTD, 4TO CBOUCTBA HaHOMAaTCpHaJIOB ONpEeaACIA0TCA HC TOJIBKO
Pa3MEPHOCTBIO CTPYKTYPHOTO 3JIEMEHTA , HO U OKPYKEHHUEM, B KOTOPOE MOMELLECH
TaKOH 3JIEMEeHT (CTPYKTypa rPaHuLl, MeK(pa3HOe HATDKEHHUE U Ip.).

Hekoropele  pa3MepHO-3aBHCHUMBIE  CBOWMCTBA,  HaOMOmaromuecs y
HAaHOMATEPUAIIOB, TIPEICTABIICHBI B TA0M. 1.

Tab6muma 1
Pa3smepHas 3aBUCUMOCTD (PU3HIECKUX CBOWCTB HAHOMATEPHAIIOB

OTKIIMK MaTepuralia Ha yMEHbIIEHHE pa3Mepa CTPYKTYPHOTO
3J€MEHTa

CpoticTBa

®dasoBble INonwrkeHHe TemrepaTypbl (pa3oBbIX MPEBPALICHHU, B TOM
MPEBPALLECHUS | YMCIIE TEMIIEPATyPhl IUIABICHUS

AHOMAITbHO BBICOKHE 3Ha4YeHHs K03 uimeHnToB nuddysuu,

Kunernueckue
MOBBILICHUE TETJIOEMKOCTH, CHHIKEHHE TEIUIONPOBOAHOCTH
[ToBsILIEHHUE SEKTPOCOTIPOTUBIICHHUS, BOSPACTAHUE
DNEeKTPUUYECKUE N
JIAJIEKTPUYECKOM MPOHULIAEMOCTH
Bospacranue KO3PIUTUBHOM CHUITBI, MATHUTOCOTIPOTHBIICHUS
MarHuTHbIS P P ’ p ?

NOABJICHUC CYIICPMArHeTusMa

INoBblneHYE Mpeaea TEKY4eCTH, TBEPAOCTH, BA3KOCTH
MexaHu4eckue | paspylleHus, “3HOCOCTOMKOCTH, IPOSBICHHE
CBEPXIUIACTUYHOCTH ITPH BBICOKHUX TEMIIEPATYPAX

Kpatko paccMOTpUM HEKOTOpBIE U3 HUX.

Temmneparypa (a30BOro TpeBpalieHWs B  3HAYMTECIBHOW  CTEIEHH
ompeersieTcss TIOBepXHOCTHOM dHepruedt. OOpazoBanus (a3 ¢  MeHbImei
MOBEPXHOCTHOW  JHEprued ®  Oonee  TUIOTHOHW  yMAaKOBKOW  SIBIAETCS
TIPEATIOYTUTENIFHOM, HampuMep, mepexon ot MeHee mrotHOM OLIK cTpykTypsr k
6omee mnotHo¥ ['LIK cTpykType mpH yMEHbIIEHWH pa3sMepa 4acTHl. Bricokas
MOBEPXHOCTHAS JHEPIHs B COYCTAHMHM C MAaJbIM PasMEpOM 3€pHA CO3JAIOT
CIOKMMAKOIIUEC HATIPAXKCHHUA B O6’bCMe 3€pHA, 4YTO CABUIacT (l)aSOBble PaBHOBECHUA B
HaHOKPHCTAJUTMIECKUX MaTepuaax.

Jma paga metamumos (Al, Ag, Au, Gd u mp.) HaAOMOZATOCH YMEHbBLICHHE
MapamMeTpoB PEHISTKH NPY YMEHBIIEHWH TMaMeTpa HaHOYacThLl (pHc.S). 3HaYeHHe
MEKaTOMHBIX PACCTOSHUI HETPEPBIBHO CHIDKAETCA C YMCHBIICHHEM pasMepa
yactul U cocraigeT 90% 3HaYeHUs KOMIIAKTHOTO METAIa I YaCTHLl pa3MepoM
THMm.
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