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YTBOpEHHS HeNepepBHOI0 Py TBEPAUX PO3YUHIB Yy NepPexiTHOMY
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V crarti po3rJIsSHYTHI MeXaHi3M yTBOPEHHs HENEPEpPBHOIO Psioy TBEPAMX PO3UYHMHIB Yy IMEpEXiHOMY wMIapi
«HiIKIIaKa-IUliBKa» MPH EJIEeKTPOKpUCTai3alii. Y pamkax Teopii MPY)XHOCTI OTPUMAHO BHpa3 ISl PO3PAXyHKY
po6oTH, HEOOXiTHOT ISt BXOKEHHS a[IcCOPOOBAHOr0 aToMa y KPUCTAIIIUHY PELITKY MiKIaJKH.
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Beryn

Bararo  ¢i3uuHMX 1  XIMIYHHX  BJIACTHBOCTEH
ENIEKTPOOCAHKEHUX I[UTIBOK € CTPYKTYPHO UYYTTEBHUMH.
Bimomo [1,2], mo Ha TBEpHAICTb, MIIHICTh, MAarHITHI
BJIACTUBOCTI BIUIMBA€ THUIl KPUCTANIYHUX DEIIITKa, PO3Mip
KPHUCTANITIB, KUIbKICTh Ie(EKTiB, a Ha KOPO3iiHY CTIHKiCTh
1 agresito, OiNbIIOI0 MipOIO, BIUIUBA€E NMEPEXiAHUM Iap Mix
MIIKIAAKOK 1  IUIBKOI, CTPYKTypa SKOTO  ILJIKOM
BU3HAYAETHCS TIOYATKOBUMH CTaJisiMU Kpucranizauii [3]. V
3B'SA3KY 3 IIMM BHBUYEHHS ITIOYaTKOBHX CTaiil KpHCTami3awil
CTaHOBUTH IHTEPEC, SIK 3 TEOPETHYHOI, TaK 1 3 MPaKTHYHOI
CTOpPOHH.

KpiM KiIacn4HOro BHIAIKY 3apOAKOYTBOPEHHS IIpU
esleKTpoKkpucTamizamii [4,5], MoxiuBa mosiBa HOBOI (a3u
0e3 ytBopeHHs 3apoxakiB. Hosa ¢asa mponoxye pict 3a
PaxyHOK YTBOPEHHS HETIEPEPBHOTO PSAY TBEPAUX PO3UUHIB.
Ileii MexaHI3M MOXJIMBHH IS METaJ€BUX CHCTEM,
KOMITOHEHTH SIKHX YTBOPIOIOTH TBEP/i PO3YHHH 3aMillICHHSL.

VY paHiii cTaTTi PO3IJISIHYTO MOJKJIMBICTH YTBOPEHHS
TBEpAUX PO3UUHIB 3aMillleHHs B IEpEeXiTHOMY LIapi MiK
MIIKJIAAKOI 1 3pOCTaI0YO00 IUTIBKOO.

I. Mexanism yreopenns TBepaoro posunny na
mixkdasniii rpanumi

Bu3HaYeHHS TOYHOrO 3HAYEHHS eHeprii, HeoOximHol
Ui BOYJOBYBaHHSI aJcOpOOBAaHOTO aromMa B KpUCTaNiyHi
PEUNTKN TiOKIAAKHA, € JOCHTh BaXKWM 3aBHaHHsAM. Ha
JaHUH 4Yac, icHye oOMexeHa KUIBKICTh Takux MeToauk. Ha
JQYMKY OibIIOCTI JocTifHuKIB [6-8], agcopOoBaHuii aToM
mae eHeprito =~ 10kT. Ha Ham mormsa, TBepAuMH poO3dUMH
3aMileHHs MOX€  YTBOPHUTHCH, KOJTH eHeprist
azicopboBaHOr0 aroma Oyae OUIbLIOK 3a EHEpriro, IIo
HeoOXifHa [uis BOYMOBYBaHHS B KPHCTAJIYHI PEIIITKH
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HiAKITaAKH, X04a HENEePEPBHUI P/l TBEPANX PO3UHHIB MOXKE
YTBOPIOBATUCS 1 TIPH MEHIIUX 3HAYCHHSAX EHeprii
ajcopboBaHoro aroma. Ha wmamonky 1 mpencraBieHuit
MEXaHi3M YTBOPEHHS HEMEPepBHOTO  psiIy  TBEPAUX
po3uuHIB. Y BHMAJKy MEXaHi3My HpsMOro BOYJIOBYBaHHS,
IO CIOCTEPITa€ThCs MPH BEIUKUX 3HAYCHHSIX KATOIAHUX
nepeHacu4eHb Ha (POHTI KpHcTamizaiii, aacopOoBaHuUit

Puc. 1. Micust MOJKJIMBOTO BOYZIOBYBaHHs
azcopOOBaHMX aTOMIB Yy KPHUCTAJIIYHY pELIiTKY
M IKIaIKH.

aToM MO)Xe 3afiMaTH YOTHPH OCHOBHUX IIOJIOXKEHHS B
KPUCTATIYHUX penriTkax HiAKITaAKH. Haii6inbm
WMOBIpHHMH, 3 eHepreTHyHol mo3utlii [9], € nonoxenus 2 i
3, motim ciiaye 1. s toro, mo6 aacopOboBaHOMY atomy
3aiiHATY NOJIoXKEHHs 4, NoTpiOHa Hailbinbina eHepriga. Xoua
BCI  YOTHpPM  TIOJIOKEHHS  ajAcopOOBaHOrO  aToma
BINOBIJAlOTh HEIEPEpBHOMY psIy TBEPAUX PO3UHHIB,
HaiONpIIMKA  iHTepec BUKIMKae nojoxeHHs 4. Ilpu
poO3risiai  HONOXKEHb, IO  MOXYTh OyTH  3alHATI
a7icopOOBaHMMHU aTOMaMH, HEOOXiTHO BPaXOBYBaTH CTYITiHb
nacuBauii MiAKIaaKy, 10 3alI€XUTh BijJ 0ararbox (akTopis,



Y TBOpEHHsI HETIEPEPBHOT'O PsILy TBEPIUX PO3UHHIB ...

TaKKMX SIK: CKJIAaJ PO3YMHY €JCKTPOIITY, HOr0 KUCIOTHICTD,
TeMIeparypa, Marepian i CTpPyKTypa miaKiaaku. Matepianu
MiAKIag0K, [0 BHUKOPUCTOBYIOTBCSI HA  MPAKTHIIL,
nianarThes nacuBariiii. [TpoBeneHi qOCiHKeHHS MoKa3aly,
IO MMacHMBHA ILIIBKA Ha MIAKJIAQAi B IOJIOKEHHI 4 Mae
HaMEHIly TOBIIMHY ©, OTXKE, MOJIOKEHHS 4 € HaiOLIbII
WMOBIpHMM  MicueM i BOyZOByBaHHS aroMa B
KPUCTAIIYHY PEIIITKH i KITaKH.

II. Eneprisi axcop0oBaHoro atoma

BunuksHeHHss HOBOi (ha3u, 0coOJIMBO Ha IOBEPXHI
KaTofa 3 Yy>KOPIJHOTO MeTaly, MOB'SI3aHO 3 BEIUKUMHU
€HepreTUYHUMH BUTpaTaMu. {1 nepexony i0Ha 3 po3uuHy
CNIEKTPOJNITY HA MOBEPXHIO KATOMa, 3 YTBOPEHHSAM
KPUCTAIIYHOTO  3apojiKa, HEOoOXiJHAa eHepris, Mo y
3araJIbHOMY BHUIIQJKy MOXe OyTH pO3paxoBaHa B TaKWii
croci6:

E,—E, + (1)

ne E,— noBHa eHepris agcopboBaHoro aroma, E,. — eHepris
JeconbBarauii, £,,, — eHeprii nepexoy, o HeoOXiaHa Jyist
TepeMillieHHs 10Ha 3 MIIbHOT YaCTHHM MOJBIHHOTO 1mapy Ha
HOBEPXHIO KaTona, E,,, — eHepria audysii aacopbosaHoro
aToMa Ha TIOBEpXHi Karoma, FE,. CHEpris akKTUBAIlii,
HeoOXiHa JJIs TOJ0JIaHHs MAaCUBHOI IIIiBKH, A,,, — poboTa
YTBOPEHHS  3apoikiB. Y  paMmKax 3alpoHOHOBAHOTO
MEXaHi3My IS po3paxyHKy E, poO0Ty yTBOPEHHS 3apOJKiB
npuiiMaeMo piBHy Hymo. s yTBOpEeHHs HeEmepepBHOTO
psly TBEpAUX PO3UUHIB aACOPOOBAaHMI aTOM IOBHHEH
BXOJWTH B KpPUCTATIUHY pEMITKY MiAKIaaAKA, TOOTO B
JAaHOMY  BHUNAAKy  €Hepris  ajcopbOBaHOro  aroma
BUTPAYAETBECSl HE Ha POOOTY YTBOPEHHsS 3apolka HOBOI
a3y, a Ha BXO/DKEHHS B KPUCTATIYHY PELIITKY MiIKIaIKH.

E +E{W, +E, +A4

nep 3ap

Y upoMy BHUNAIKy, BHPaXEHHS JUIs MOBHOI eHepril
aicopOOBaHOTrO aToMa IpUitMae BUTIIAL
EO = Ebc + Enep + E()ur/) + Ea/\' + Ax (2)

ne A, — pobora HeoOXimHa U BXOPKEHHS aicopOOBaHOTO
aToMa B KPUCTAJIiuHy PELIiTKy MiAKIaaKy. Bu3HaueHHs BCix
CKJIQJIOBHX BXITHHX y BHpaxXeHHs (2) mpencTaBisie€ TOCHTh
CKJIaJ{HE 3aBJJaHHs, IPAKTUYHO HE PO3B'A3HE.

IloBHa eHeprisi axcopOOBaHOrO aromMa MOXe OyTh
BU3HAYEHa 3 BiioMoro Bupasy [1]

E, = zen, 3)

ne z BAJICHTHICTh 10HAa, WIO pO3PSIKAETHCS, -
€JIEMEHTapHUH 3apsif, 1 — IOBHA IepeHanpyra Ha KaToAi.
Jlyis BU3HA4YEHHS CKJIaJJOBUX TOBHOI €HEPTiid, 0 BXOJATh Y
BUpaXeHHs (2), pO3IJISIHEMO 3aJeXKHICTh TMOTEHI[ialy Ha
KatoAi Big uacy (Mman. 2). Y No4YaTKOBHII MOMEHT dYacy
MOTEHIIa] Ha KaTOJi 3POCTaE BiJ PIBHOBAXHOTO (@) IO
MaKCUMAaJIbHOTO ((,,4y), TIOTIM CIIaJA€ IO CTAJIOr0 3HAYECHHS
(py), mpu sikomy, Oe3mocepelnHbO, 1 BiOYBa€TbCsS PICT

rwiiBkku. OCHOBHOKO BEJIMYMHOK 10  BiANOBizae 3a
MOYaTKOBI  cTajii  KpucTamizamii, €  MaKCHMalbHa
MepeHANpPyTa Ha KaTo/Ii, 0 BU3HAYAETHCSI, SIK

nmax = ¢max - (00 : (4)

3 pucyHKa BHHO, L0 [EpEHANpyra Ha KaToJi Jocsrae
MaKCHMyMy, a IIOTIM CHaJa€ 0 CTaJlor0 3HAYeHHs, MpU
SKOMY BiZlOyBa€ThCs PICT IUTIBKH. MOXHA NPUITYCTUTH, L0
3BepXIepeHAPyKEHHS Ha KaToi 00yMOBIIEHO
JIOMaTKOBUMU BUTPATAMH CHEPrii sl YTBOPEHHS HOBOI
(hasu Ha 9y KOPIAHIN MiAKIAAII, Y TOH Yac, sIK TIepeHanpyra,
0 YCTaHOBWJAcs, HeoOXimHa Juisi:  JecojbBaralli,
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ma

TIOTEHIi T Ha Karoi

Puc. 2. 3anexHiCTh MOTEHIIATy HA KaTOI1 BiJ] Yacy.

nepeMillleHHs 10HAa 3 NIUTLHOT YaCTHHHU MOBIHHOTO mIapy Ha
MOBEpXHIO Karoaa, Iudysii agcopboBaHOrO aToMa IO
noBepxHi Karoga. Tomi mis CTamoro peKuMy MOXKHA
BHKOPHCTOBYBATH HACTYIHY (hOPMYITY

zen,=E, +E, +E

nep ougp (5 )
Ie
77,?1 = Qw _¢)O (6)
s BennumHa Moke OyTH BH3HAYEHA i3 3aJIEKHOCTI,
npeacTaBieHol Ha Man.2. Tofi nmepeHanpy» eHHs Ha KaToi,
IO BIAMOBIAE TUIBKK 3a YTBOPEHHs HOBOI (a3u, MOxKe
OyTH BU3HaUEHE
773'ap = q)max - ¢Sf : (7)
Jis moABIMHUX cHCTeM, y SAKHMX MiAkiaaka abo He
MACUBYETHCS, a00 MacHBHA IUTIBKAa Ma€ HE 3HAYHY TOBIIHHY,
poboTy Ui BHOPOBAIDKEHHS ancopOOBaHOro aroMa B
KPUCTAIIYHY PEIIiTKY MiAKIAAKH MOYKHA BUSHAUYNTH
A = zen

sap *

®)

I11. PoGoTa HeoOXinHa 11t BOy10ByBaHHS
aToOMa B KPUCTAJIIYHY PelIiTKy
MiAKIAIKHA

PosrnsHeMO MOXIMBICTD BXODKEHHS a1cOpOOBAHOTO
aToMa B KPHUCTAJIYHY PEUINTKY MiJKIaJKH, aTOMHI 00’ eMH
SKUX piBHI V4 1 V7, BiANOBiNHO. BiamoBigHo 1o moneni
HE  CHIBNAJal0YNX chep y Teopil HPYKHOCTI,
3anpornoHoBaHoi Morom i HaGappo [10], ancopGoBanuit
aTOM PO3IIISIAEThCS SIK MpYXHA cdepa, NMoMillleHa y OTBip
00’eMy V,4m B 130TPOIIHOMY IPY>KHOMY KOHTHHYYMI.

Hexaif aToMHi pajiycH YHCTHX KOMIIOHEHTIB piBHi 7y i
romm, TOII 3B'SI30K MK HMMH BHM3HA4YaeTbCS HACTYIHUM
BUPa30M
r()

mam

0
., =

ao

(1+¢) )

X
a OTXKE 1 mapaMmeTpa perriTKy.
Hexaii ancopboBanuii aTOM BBOJUTHCS B HECKIHUEHHUI
KpHCTal, Ziec Woro obcsar crae piBHUM V,, a epeKTHBHUI
paniyc

ne &€ — BiJIHOCHA IIBUAKICTh 3MiHU aTOMHOTO pajiyca,

rat) :(1+C68)’il?am ’ (10)
Je Cs — KoeillieHT, 110 BU3HAYAETHCA 3 TEOPil NPYXKHOCTI i
y JaHOMY BHIAJKY JOPiBHIOE 1.

Enepris nedopmauii Bciel cucreMu CKIafaeTbes i3

cyMH eHeprii aedopmanii MaTpuii # amcopOOBaHOTO
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aToma i JOpiBHIOE

As :Wuam-‘rVVad’ (11)
ne [11]
W,uam = 6/”.11amc62£2Va0 ’
2 .2
VVaO = 9Va()Ka(> (C6 _1) gé . (12)

€ flyam — MOIYJb 3pyIeHHS MaTpuli, K,y — eeKTUBHUI

MOJyJIb CTUCKYBaHHs a7IcopOOBaHOTO aToma.
Mincrasmsatoun (12) y (11) onepxxyemo
VVS = 6luMamC6gzr/ad ’ (13)
BpaxoBytou, 1o [11]
AV
&= , (14)
Vo

- i

ne AV pI3HHUISL aTOMHHX 00’€MiB  MaTpHIl
azicopOoBaHOro aroMa i 3 ypaxysanusM (10) piBHa

3
Av=Vy-V), =4ze(r), ). (15)
IMincraBnsioun BupaxenHs (14) 3 ypaxysanusam (15) y
(13), mamMu Oyno oOTpUMaHe BHPAXKCHHS, IO J03BOJISE

3HAMTH eHepriio HeoOXiAHy UL BXOPKCHHS acOpOOBaHOTO
aToMa B KPHCTAJIIYHY PEIIiTKY MiAKIaIKN

2
As = Sﬂ-lu,wam ( - lj rjam :

®opmyna (16) no3Bonse  po3paxyBath  poboTy
HEOOXiZHYy JJIi BXOMKEHHS ajcopOOBaHOro aromMa B

0
ad
0

mam

(16)
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KPHCTaJIuHy PEeLiTKy MaTpHLL.

OO0roBopeHHs i BACHOBKH

Po3paxyHOK poOOTH, HEOOXIiIHOI IS BXOIKEHHS
a7icopOOBaHOrO aToOMa y KPUCTANIYHY PELIiTKY MiIKIaaKH,
po3paxoBanoi 3a Gpopmyiioro (16), Mo CKIagae s CUCTEMHU
Cu-Ni, nopsaky 0,2:10™ JIx, Ta NOpiBHSHHSA 11 3 po0oToIO,
po3paxoBanoi 3a ¢opmynow (8) (mopsaky 3,2-10'20Il>1<),
J03BOJIsIE  3pOOMTH  BHMCHOBOK IIPO  CIIPaBEIUIUBICTh
3aIIPONIOHOBAHOTO MEXaHi3My.

Amnani3 BupaxeHHs (16) mokasye, IO HpU PiBHOCTI
pamiyciB  ajacopOoBaHOro aroma ¢ aromMa MaTpHIli-
nigknaaku, podora A, crae piBHoi Hymwo. Lle Biamosimae
BUIAJIKY, KOJX BCS MiJIKJIaJKa NOKPUBAETHCS 1IAPOM HOBOI
da3su 1 mpouec BXOIKEHHS aJCOPOOBaHHMX AaTOMIB Yy
KPHUCTANiuHy pELITKYy MiJKIaAKd [OpunuHsersca. Ilpu
IIbOMY TOTEHIiaJ KaToAa AOCATAE CTAaJOro 3HAYEHHS NP
SKOMY BiJI0yBa€eThCs PIiCT HOBOI (a3u.

Aemop BUCTOBTIOE noosKy npogecopy
B.O. 3abnyooscokomy 3a KkopucHi nopaou ma KpumuyHi

3ay6adiceHHs ujo 00 0aHoi pobomu.
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Of Derivation of a Continuous Number of Hard Solutions in Transition Bed
«Substrate "- Film" Surveyed at an Electrocrystallization
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In paper the mechanism of derivation of a continuous number of hard solutions in transition bed «substrate "-
film" surveyed at an electrocrystallization. Within the framework of the theory of elasticity is obtained expressions
for calculation of operation necessary for implantation of an adatom in a crystal lattice of a substrate.
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