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BnHRHHe o6ny4eHHR TR*en~M~ ~OHaMH Ha CTPYKTYPY 
H aneKTpO$H3H4eCKHe CBOHCTBa MarH~TH~X 
nonynpoeo~H~KOB H $n-KoMnoa~Toe 

06cy*~a~TCR peaynbTaT~ nepe~x Hccne~oeaHHH H3MeHeHHR 
CTpyKTyp~ ~ 3neKTpO$H3H4eCKHX CBOHCTB HOB~X MaTepHanoB -
MarHHTH~X nonynpOBO~HHKOB H $n-KoMn03~TOB - no~ ~eHCTBHeM 
HOHHOrO o6ny4eH~R. 06Hapy~eH~ Cy~eCTBeHH~e H3MeHeH~R MOp$0 
nor~H noeepXHOCTH H KHHeTH4eCK~X napaMeTpOB CTPYKTyp~. 

Pa6oTa B~nonHeHa B na6opaTOPHH R~epH~X peaK~HH OHHH. 

Coo!SweHH9 01Sh9llHH9HHOrO HHCrKTyTa smepHbiX HCCn9llOB8HHI!, lly!SHa 1979 

Meljnikova L.L., Alpert V.A. 18 - 12791 

Effect of Heavy I on Irradiation on the Structure 
and Electrophysical Properties of Magnetic 
Semiconductors and Ferrite-Semiconductor Composites 

The results of primary investigations of changing 
structure and electrophysical properties of new materials
magnetic semiconductors and ferrite-semiconductors under ac
tion of ion irradiation are discussed. Essential changes in 
morphology of surface and in structure kinetic parameters 
have been discovered. 

The investigation has been performed at the Laboratory 
of Nuclear Reactions, JINR. 
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C pa3BHTHeM RAePHOH H TepMORAePHOH 3HepreTHKH TeopeTH-
4eCKHe H 3KCnepHMeHTanbH~e HCCneAOBaHHR no ~3HKe paAHa
~HOHH~X noepe~AeHHH B TBepA~X Tenax H paAHa~HOHHOMy MaTe
pHanoBeAeHH~ npHo6peTa~T oco6y~ aKTyanbHOCTb. 3TH Hccne
AOBaHHR RBnR~TCR Ta~e ~YHAaMeHTOM AnR C03AaHHR nporpeCCHB
HOH TeXHOnOrHH IBePAOTenbHOH 3neKTPOHHKH H MeTOAOB H3ro
TOBneHHR MaTepHanoe H npH6opoB C noB~WeHHOH paAHa~HOHHOH 
CTOH KOCT b~. 

06ny4eHHe TR~en~MH HOHaMH, KaK n~6oe RAepHoe, npeAOCTaB
nReT B03MO~HOCTb KOHTpOnHpyeMOrO BBeAeHHR B KpHCTannH4eCKy~ 
peweTKY TBepAOrO Tena C paAHa~HOHH~MH Ae~eKTaMH n~60H KOH
~eHTpa~HH. 

B HacTOR~ee epeMR noRBHnocb MHoro MaTepHanoe, o6naAa~~Hx 
HHTepeCH~MH CBOHCTBaMH HnH H606~4H~M C04eTaHHeM pa3nH4H~X 
CBOHCTB, Ha nepB~H earnRA, a6con~THO He CBR3aHH~X Me~AY 
C060H, K HHM OTHOCRTCR MarHHTH~e nonynpOBOAHHKH /Mn/, B KO
TOP~X 06Hapy~eH~: CHnbH~H 3¢$eKT ~apaAeR, H3MeHeHHe aHH30-
TpOnHH npH o6ny4eHHH, HeTpHBHanbH~H xapaKTep npOBOAHMOCTH 
B ~eppoMarHHTHOH o6naCTH H AP· CBOHMH YHHKanbH~MH CBOHCTBa
MH 3TOT MaTepHan npHBneK BHHMaHHe B CBR3H C B03MO~HOCTb~ 
HOB~X npHnO~eHHH, HCnOnb3Y~~HX H ero 3neKTPH4eCKHe H MarHHT
H~e CBOHCTBa. 

C ~enb~ yny4WeHHR Ka4eCTBa cy~eCTBY~~Hx Mn /KpynH~e KpH
cTann~ coAep~aT 6onbwoe 4Hcno npHMeceH H Ae~eKTOB, a e 4Hc
T~x MaTepHanax paaMep~ KPHCTannoe Man~ - 4-5 eM/ coaAaH~ 
HCKyCCTBeHH~e CHCTe~, o6naAa~He CBOHCTBaMH MarHHTHOrO 
nonynpoBOAHHKa /l-S/, TaKOH CHCTeMOH RBnReTCR ~n-cTpyKTypa, 
npeACTaBnR~~aR C060H TeXHOnOrH4eCKOe COeAHHeHHe ABYX Ma
TepHanoe, nop03Hb o6naAa~HX MarHHTH~MH /~eppHT/ H 3neKTpH-
4eCKHMH /nonynpoeOAHHK/ ceoHCTBaMH Mn. 

Boapocwee BHHMaHHe K HCcneAOBaHHRM paAHa~HOHHOrO B03AeH
CTBHR TR~en~MH HOHaMH Ha 3TH MaTepHan~ 06DRCHReTCR npemAe 
ecero He06XOAHMOCTb~ nOBbiCHTb paAHa~HOHHY~ CTOHKOCTb npH6o
poe Ha HX OCHOBe. BamHO CyMeTb O~eHHTb CKOpOCTb HaKonneHHR 
noepe~AeHHH B npH6opax Ha OCHOBe 3THX MaTepHanoe AnR npeA
CKa3aHHR noBeAeHHR HX B ycnoBHRX o6ny4eHHR. 
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B HacTOR~eH pa6oTe o6cymAa~TCR peaynbTaT~ nepe~x Hccne
AOBaHHH BnHRHHR o6ny4eHHR TRmen~MH HOHaMH KHCnOPOAa, KCeHO
Ha Ha CTPYKTYPY H 3neKTPO¢H3H4eCKHe CBOHCTBa HOB~X MaTepHa
noB AnR 3neKTPOHHOH TexHHKH Mn /nneHoK H KpHcTannoe/ H ~n
KoMnoaHTOB. 

METOAHKA 3KCnEPHMEHTA 

nneHKH Mn 6~nH nony4eH~ MeTOAOM 11 ecn~WKH 11 Ha pa3nH4H~X 
noAnOmKax: can¢Hp, ~nHHenb, CHTann H AP· Ton~HHa nneHoK 
COCTaBnRna OT 1000 A AO 1 MKM, a TOn~HHa nOAnOmeK - AO 
1 MM. MaTepHanoM AnA HcnapeHHR cnymHnH HeAOnHpoeaHH~e 
MOHOKpHcTann~ CdCr2 Se 4 . ToT me MeTOA HCnonb30BancR AnR no
ny4eHHR ~n-KoMnoaHToe, rAe nneHKH nonynpoBOAHHKa GaSb 
HMenH TOn~HHY AO 2 MKM KamAaR, a nOAnOmKH ~eppHTa-rpaHaTa -
AO 2 MM. noAp06HOCTH TeXHOnorHH nony4eHHR 3THX MaTepHanoB 
onHcaHbr e pa6oTe 13,4/. 

06ny4eHHe o6pa3~0B TRmen~MH HOHaMH npOH3BOAHnOCb Ha 
YCKOPHTene Y-300 B na6opaTOPHH RAePH~X peaK~HH OHRH. Hc
nonb30BanHcb ny4KH HOHOB TpexaapRAHOro KHCnOPOAa OiB 
c 3HeprHeH -140 M3B H AeBRTH3aPRAHoro KCeHoHa Xe"i~9 
c 3HeprHeH -150 M3B. 06paa~~ npHKneHBanHCb c noMo~b~ Tenno
npoBOAHoro KneR Ha OCHOBe MenKOAHCnepCHOH cycneH3HH cepe6pa 
Ha noeepxHOCTb oxnamAaeMoro BOAOH HnH mHAKHM aaoTOM Aepma
TenR /pHC. 1/. 

TeMnepaTypa o6paa~oe H3MepRnacb MeAb-KOHCTaHTaHOBOH 
TepMonapoH, HaXOAR~eHCR B KOHTaKTe C. noeepXHOCTb~ nOAnOmKH 
06paa~a. On~Tbl noKa3anH, 4TO npH HHTeHCHBHOCTH HOHHOrO TOKa 
Kce~oHa 2 MKA nOAnOmKa Harpeeanacb AO 50° C, ecnH AepmaTenb 
oxnamAancR npoT04HOH BOAOH. B cny4ae oxnamAeHHR mHAKHM 
aaoTOM noKaaaHHR TepMonap~ 6~nH 6nH3KHMH K T-110 ° K. Aoa~ 
o6ny4eHHR H3MeHRnHCb OT 10 1l AO 10 17 4/CM 2 • 

CTpyKTypa o6paa~oe /Mop~norHR noeepxHOCTH, AH~paK~HoH
H~e KapTHHbl/ AO H nocne o6ny4eHHR. HCCneAOBanacb MeTOAOM 
pacTpOBOH H 3neKTPOHHOH MHKPOCKOnHH. 

3neKTPO~H3H4eCKHe napaMeTp~ /Ko3~¢H~HeHT Xonna, nOABHm
HOCTb OCHOBH~X HOCHTeneH H npOBOAHMOCTb/ CHHManHCb 3KCnpecc
MeTOAOM B o6naCTH TeMnepaTyp 77-300°K. 

PE3YnbTATbl 

B Ta6n. 1 npeACTaeneH~ pe3ynbTaT~ HCCneAOBaHHH CTPYKTyp
H~X oco6eHHOCTeH H Mop~norHH noeepxHocTH Mn H ~n-KoMnoaH-
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~ xnaAareHT 

.. 

ooo 
PHc. 1. CxeMa AepmaTenR. 

TOB nocne o6ny4eHHR TRmen~MH HOHaMH KHCnOPOAa*. npoBeAeHH~H 
paCTpOB~H H 3neKTPOHHOMHKpOCKOnH4eCKHH aHanH3 /P3M/ noKaaan, 
4To c yeenH4eHHeM A03~ o6ny4eHHR AH~paK~HOHHaR KapTHHa 
H MOp~nOrHR noeepXHOCTH Cy~eCTBeHHO H3MeHR~TCR. 3TH HCCne
AOBaHHR y6eAHTenbHO AOKa3~Ba~T, 4TO paaynopRA04eHHe, B03-
HHKa~ee npH HOHHOM o6ny4eHHH, noKanH30BaHO B HeKOTOp~X 
o6nacTRX. Ha npHBeAeHH~x MHKpo~Torpa¢HRx, xapaKTepHay~~Hx 
KpHcTannH4ecKy~ cTpyKTYPY /pHc. 2-10,12/, nony4eHH~x nocne 
o6ny4eHHR Mn H ~n-KoMn03HTOB, Ha6n~Aa~TCR TeMH~e noepemAeH-

*Pe3ynbTaTbr H3MeHeHHR ceoHcTA Mn H ~n-KoMno3HTOB nocne 
06ny4eHHR HOHaMH KCeHOHa aHanorH4H~, 4TO BHAHO npH cpaBHeHHH 
KapTHH MOp~nOrHH noeepXHOCTH /CM. pHC. 2,3/. 
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Ta6nH~a 

CTpyKTYPH~e oco6eHHOCTH nneHoK Mn H ~n-KoMno3HToa, 
o6ny4eHH~X HOHaMH KHcnOPOAa 

1-iCXOAH~.::i 

MaTepiAan 
noAnOJKKa TeMnepaTypa CTpyKTYPH~e H3MeHeHHR 

MoHoKpH
cTann~ 

CdCr 2Se4 

Can¢1-!p 

NaCl 

MgQ. 2:Al
2

0
3 

MoHoKpH- ~eppHT-

cTann~ rpaHaT 

GaSb 

nOAnOlKKH 
B ° C 

320 

280 

320 

380 

450 

AO o6ny4eHHR nocne o6ny4eHHR 
IIJ =10 12 HOH./CM 2 

KHKY4H-nHHHH, AMop~3a~HR 
KpynH~e MOHO- OTAenbH~X 

~parMeHT~ y4aCTKOB 

MOHOKPHCTan
nH4ecKaR 

KpynH~e Mo3a
H4H~e 6nOKH 

nonHKpHCTan
nH4eCKaR 
C MenKHMH 
KpHCTannHTa
MH 

06pa3oBaHHe 
MOHO~par

MeHTOB 

06pa3oBaHHe 
aMOP~H~X 

y4aCTKOB 

AMop~3a~HR 
no acei1 no
aepxHOCTH 

AMop~H~e 

y4aCTKH 

AMop¢1-13a~HR 
OTAenbH~X 

y4aCTKOB 

~e o6naCTH, 8 cny4ae 6oM6apAHPOBKH TRJKen~MH HOHaMH KHCno
POAa H KCeHOHa cpeAHHi1 AHaMeTp noapelKAeHH~X o6naCTei1 npH6nH-
3HTenbHO paaeH 40~. 4Hcno TaKHX o6nacTei1 B03pacTaeT npH 
yaenH4eHHH A03~ o6ny4eHHR HOHOB. 

HccneAOBaHHR 3neKTPO$H3H4eCKHX caoi1cTB o6pa3~oa, o6ny4eH
~x TRJKen~MH HOHaMH, nOKa3anH, 4TO KOH~eHTpa~HR OCHOBH~X 
HOCHTenei1 yBenH4HBaeTCR c pocTOM A03~. To4Ka K~pH CABHra
eTcR B CTOPOHY HH3KHX TeMnepaTyp n04TH Ha 20° nocne nepBOi1 
A03~ o6ny4eHHR, a npH nocneAY~eM ee yaenH4eHHH cy~ecTBeHHO 
He MeHReTCR /B KpHCTannax H nneHKaX Mn/. 06HapylKeHa KOHBep
CHR THna npOBOAHMOCTH, KaK H B ~n-KoMn03HTe /eM, Ta6n. 2/. 
nocne o6ny4eHHR TRJKen~MH HOHaMH y acex o6pa3~oa B03pacTano 
conpOTHBneHHe, npH 3TOM 06HapYJKHnaCb 3aBHCHMOCTb 3neKTpo
npOBOAHOCTH OT TeMnepaTyp~ /pHC, 11/. 

6 

PHc. 2. Hop~norHR noaepxHoCTH MarHHTHoro nonynpoBOAHHKa 
AO H nocne o6ny4eHHR TRlKen~MH HOHaMH KHCnOPOAa: a - AO 
o6ny4eHHR, 6 - ~ 1 = 10 1l ; B - IIJ2 = 1 012 HOH/ CM 2 • 

PHc. 3. CTPYKTypa noaepxHocTH MOHOKPHCTannoa Mn CdCe2 Se4 
npH o6n~4eHHH HOHaMH KceHoHa T o6JI = 110 °K. nocne A03~ 
lll8 =10 1 HOH/cM 2 /a/ o6HapyJKeHa pacnnaaneHHaR o6nacTb. 
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01 

P1-1c. 4. MHKPOAH~paK~H~ 1-1 KpHcTannH4ecKa~ cTpyKTypa nneHOK CdCr~e4 , o6ny4eHH~x B03pacTa~HMH 
A03aMH T~lKefl~X HOHOB KI-1CflOPOAa: a- AO 06fly4eHI-1~; 6- <1> 1 = 10 12 1-lOHtCM 2 , B- <1> 2 =10 13 I-10H/CM 2; 
r - <l> 3 = 10 14 1-lOH/ CM 2 • npl-1 B03pacTaHI-11-1 A03bl o6ny4eHI-1~ Ha6niOAaeTC~ no~BfleHI-1e pa3ynop~A04eHH~X 
o6naCTeH 1-1 aMOp$1-131-lpOBaHHbiX MI-1KpOy4aCTKOB. 

5/ 

P1-1c. 5. PacTpoeoe l-13o6palKeHI-1e noeepxHoCTH nneHKH MarHHTHoro nonynpoBOAHHKa CdCr2 Se 4 
AO o6ny4eHH~ /a/ H nocne o6ny4eHH~ HOHaMH KHCflOPOAa /6,e,r/ /0603Ha4eHH~ Te lKe, 4TO 
H Ha pHC. 4/. Ha noeepXHOCTH Ha6fliOAaiOTC~ CKOnneHH~ H pacnnaeneHHble 11 TpeKH 11
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PHc. 7. MHKpo$QTorpa~HH TOH *e nneHKH MarHHTHoro nonynpo

BOAHHKa. 06ny4eHHe npOH3BOAHflOCb npH KOMHaTHOH TeMnepaType. 

TeMH~H y4aCTOK - CHTann, CBeTn~H - nneHKa. 

PHc. 8. MHKPo¢oTorpa~H TOH *e nneHKH npH o6ny4eHHH eo3pa

cTa~HMH A03aMH Tfl*efl~X HOHOB KHCflOPOAa; a - ~ 1 = 10 13 
HOH/CM 

2 

6 -~2"' 1014 HOH/CM2, B- ~s= 1015 HOH/CM. npH A03e 10 15 

Ha6n~AaeTcf! ~naKHHr. TeMH~H y4acTOK - noAflO*Ka CHTann. 06ny-

4eHHe npOH3BOAHflOCb npH TeMnepaType *HAKOrO a30Ta. 
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PHc. 9. MHKpo¢oTorpa~H nneHKH MarHHTHoro nonynpoBOAHHKa, 
no11y4eHHQj;j Ha WnHHe11H Mg 2 Al 2 0 3 11 0611y4eHHOi1 npH KOMHaTHOIIf 
TeMnepaType 110HaMH KCeHoHa. TeMHblii y4aCTOK - nOAilOlKKa /a/. 
nocne 0611y4eHHfl A030i1 10 17 HOH/ CM 2 Ha611KlAaeTCfl 611HCTepHHr 
/e/. 

PHC. 10. MHKpO¢QTOrpa~H11 TOii lKe n11eHKH, o611y4eHHOi1 HOHaMI1 
KCeHoHa npH HH3KHX TeMnepaTypax. PaAHa4HOHHaf! peKpl1cTa1111H-
3a4Hfl n11eHKH npOHCXOAHT napa1111enbHO C 6111-!CTepHHrOM. 

12 
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Ta6n1-14a 2 

3neKTp0~3H4eCKHe napaMeTp~ nneHOK, KPHCTan110B Mn H ~n
KOMn03HTOB, o611y4eHH~X HOHaMH KHcnOpOAa 

MaTep1-1a11 R eM 3 /K Ao o611y4eHHfl 
2 

IL eM /exc 

MoHoKpHc
Tan11~ 

CdCr2 Se 4 

8,9 

nneH Ka Cd Cr 2 Se 4 

nOAilOlKKa 0 , 5 
can~HP 

noAnOlKKa 
C1110Aa 

~n

KoMnosHT 

12,3 

15,0 

52,4 

12,5 

78,0 

580 

noc11e o6-
11y4eHI1fl 

R CM 3 /K 

0,45 

0' 14 

4,45 

2,05 

cf> =1 0 12 HOH/ CM 2 

IL eM 2 /exc 

118' 2 

33,2 

22,3 

6,25 

8111-!flHHe TeMnepaTyp~, npH KOTOpOIIf BeAeTCfl 0611y4eHHe, Ha 
CTpyKTypHble CBOiiCTBa H111110CTpl1pyeTCfl PI1C. 7-10. npi1BeAeH~ 
KapTI1H~ Map¢onor1111 noeepxHOCTH nneHKI1 Mn noc11e o611y4eHHfl 
HOHaMI1 KCeHOHa OAHOIIf H TOIIf lKe A030i1, HO np11 pa3H~X TeMnepa
Typax T=50° 11 110°C. B11AHO, 4TO npH HH3KI1x TeMnepaTypax 
npOI1CXOAflT 6011ee CH11bH~e CTpyKTypH~e 113MeHeHHfl, npHBOAfl~He 

K OTC110eHI110 n11eHKH /pi1C. 8e/ /Ha61110AaeTCfl ~aKI1Hr, 6111-lCTe
~H~. 

npH411HY TaKoro 3¢$eKTa npeACTOHT e~e B~f!CHI1Tb, OAHaKO 
MOlKHO npeAnOnOlKHTb, 4TO, nO-B11AHMOMy, np11 oxnalKAeHI1H o6-
pa34a AO 110°K n04TI1 BABOe yBe11H411BaiOTCfl TepMoynpyrHe Ha
npf!lKeHI1fl, B03HHKa~l1e Ha rpaH114e n11eHKa-nOAflOlKKa, Bc11eA
CTBI1e pa3HI14~ HX Ten110BOrO paCWHpeHI1fl. no3TOMY nOA Aei1CTBI1eM 
o6ny4eHI1fl npH H113KI1X TeMnepaTypax MOlKeT npOI1CXOAHTb pa3pywe
HHe rpaHH4~ pa3Aena MelKAY nneHKOii H nOA110lKKOi1, T.e. OTC110e
HI1e. 06ny4eHHe npH KOMHaTHOIIf TeMnepaType He npHBOAI1T K 3TOMY 
3$¢eKTy, T.K. Hanpf!lKeHHe no rpaH114e pa3Aena HeAOCTaT04HO. 

Hs npHBeAeHH~x pesy11bTaToe C11eAyeT, 4TO 6oM6apAHPOBKa 
TfllKen~MH 110HaMI1 C 3Heprl1ellf B COTHI1 Mera3neKTpOHBOnbT npHBO-



AHT K no~eneHH~ e nneHKax H KPHCTannax o6nacTeH paaynop~Ao-
4eHH~, KOTOp~e, no-BHAHMOMy, H B~3~Ba~T Heo6XOAHM~e H3MeHeHH~ 
ceoHcTe Mn H ~n-KoMnoaHToe. 

~ 
~ 
~--

1 

a/ 

3~----4-------~----~ 

f 
II '"' I \ i I 

tl -~ 'k ~ I 

6/ I 

10 I .. /I ' " I I 

c11 ~ I I """- I ........ 

o 4 

~ ---1/Jl'J;A-' 
PHc. 11. TeMnepaTypHa~ aaBHCHMOCTb K03<l><!>HUHeHTa Xonna R /a/. 
An~ nneHKH CdCr2 Se4 , o6ny4eHHOH HOHaMH KHCnOPOAa H KCeHOHa 
/6/, H noneea~ aaBHCHMOCTb noABH*HOCTH ll /a/ An~ TOH *e 
nneHKH, o6ny4eHHOH HOHaMH KHcnOPOAa. 
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06CY*AEHHE PE3YnbTAT08 

npH 06ny4eHHH T~*en~MH HOHaMH Hap~AY C T04e4H~MH Ae~eK
TaMH /nap~ ~peHKen~/ o6paay~Tc~ H rpynnoe~e. KaK noKaa~ea~T 
OUeHKH, OCHOBaHH~e Ha MOAenH roCCHKa ~/, Ha6n~AaeM~e B HaWeM 
3KCnepHMeHTe H3MeHeHH~ nOABH*HOCTH HOCHTeneH Henb3~ 06b~C
HHTb TOnbKO pacce~HHeM Ha npHMeC~X H T04e4H~X Ae~eKTaX. 
TaKOe CHnbHOe CHH*eHHe nOABH*HOCTH B o6naCTH HH3KHX TeMne
paTyp MO*HO, no-BHAHMOMy, 06b~CHHTb HanH4HeM pacceHBa~HX 
UeHTPOB, ponb KOTOp~x MOryT HrpaTb 6onbWHe paaynop~A04eHH~e 
o6naCTH, o6paay~~HeC~ BcneACTBHe nepeAa4H nepBH4HOMY aTOMy 
6onbWOH 3HeprHH HOHa. 

EcnH npH6nH*eHHO npHH~Tb, 4To An~ o6paaoeaHH~ paaynop~
A04eHHOH o6nacTH AHaMeTpOM 40a He06XOAHMa 3HeprHH - 10 438 
/4HCnO aTOMOB B o6naCTH - 10 3 , Ha CMe~eHHe Ka*AOrO aTOMa 
HY*Ha 3HeprH~ 10 38/, TO 4Hcno paaynop~A04eHHbiX o6nacTeH 
B cny4ae o6ny4eHH~ T~*en~MH HOHaMH C 3HeprHeH npHMepHO B 
100 M38, MO*HO paCC4HTaTb no $OpMyne ~I, B pac4eTe Ha 1 HOH: 

Eo dE -1 
N00JI = f N0ad(--) dE, 

Emin dx 
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r,qe ad - ce4eHHe o6paaoeaHH~ o6naCTH ,qn~ nepe,qaHHOH 3HeprHH, 
N - KOHI.leHTPallH~ aTOMOB, Em in - 3HeprH~ HaneTaiOUieii 4aCTHI.lbl, 
COOTBeTCTBYIOllla~ ,qaHHOH noporoBOH 3HeprHH, E 0 - MaKCHManb
Ha~ 3HeprH~ HaJleTaiOllleH 4aCTHI.lbl. 

noJlHOe 41-!CilO OfiJlaCTeH, B03HHKaiOUIHX np~-1 nOTOKe 1-!0HOB ~ 

/B npe,qnonomeHHI-1, 4TO ~ He Clli-IWKOM Belli-!KO 1-1 n03TOMY Bepo~T
HOCTb nona,qaHH~ Kam,qoro noCJ1e,qy10111ero HoHa e o6nacTb, Hapy

weHHYIO npe,qbi.CIYIIIHMI-1 1-!0HaMH, Mana/: 

n 
No6JI ~ No6JI • ~. 

Jln~ nOTOKa T~meJlbiX HOHOB ~ ~ 5· 10 12 
1-!0H/ CM 

2
, eCJll-1 3HeprHIO 

,qn~ o6paaoeaHH~ paaynop~,qo4eHHOH o6nacTH C4HTaTb nop~_~Ka 

10 K3B, 41-!CilO o6pa3YIOUIHXC~ o6nacTeH paBHO ... 5 • 10 11 CM • 
TaKa~ KOHI.leHTPallH~ paaynop~,qo4eHHblx o6nacTei1 oKaableaeTc~ 
,tiOCTaT04HOH ,qn~ Ha6niO,qaeMbiX I-13MeHeHHH no,qBHmHOCTI-1 1-1 npo

BO,tii-IMOCTI-1 Mn 1-1 ~n-KoMnoaHToe. 
4T06bl 06'b~CHI-!Tb TaKOe CI-!JlbHOe 8111-!~HHe paaynop~,q04eHHbiX 

06JlaCTeH Ha npOBO,tiHMOCT b H no,qBHmHOCT b, He06XO,tiHMO BbiCKa3aTb 
npe,qnonomeHHe o eoaMomHoii cTpyKType 3THX o6nacTei1. MomHo 
npe,qnOilOmHTb, 4TO 4aCTb Mem,qyy3eJ1bHbiX aTOMOB H BaKaHCHH 
paa,qen~eTc~ 1-1 aaKpenn~eTc~, exo,q~ e KOMnneKcbl, ycTOH4HBble 
npH KOMHaTHOH TeMnepaType. H3 3THX KOMnJleKCOB B paaynop~

,ti04eHHbiX o6naCT~X o6pa3yiOTC~ CllOmHble CTPYKTYPHble ,qe~eKTbl 
/noepem,qeHH~/, KOTOpble ,tiBO~KHM o6pa30M BllH~IOT Ha H3Mep~eMyiO 

no,qeHmHOCTb OCHOBHbiX HOCHTeneii: C O,tiHOH CTOpOHbl, reoMeTpH-

4eCKH, 6J10KHPY~ nOTOKH OCHOBHbiX HOCHTeJleH H TeM CaMbiM 
yMeHbWa~ ~aKTH4eCKH 06'beM MaTepHana,c ,qpyroii- 3JleKTpH-
4eCKH, npo~Bil~~ ce6~ aap~meHHbiMH BKJ1104eHH~MH, B none KO
TOpbiX 1-1 npOHCXO,tiHT ,qonOJlHHTellbHOe pacce~HHe CB060,tiHbiX 

HOCHTeJleH. 
Mo,qenb roccHKa 151 onHCbiBaeT llHWb nepBbiH 3~~eKT H no3To

MY HenOJlHOCTbiO 06'b~CH~eT B HaWHX 3KCnepHMeHTaX npOI.leCCbl, 
B OCo6eHHOCTH cna6y10 TeMnepaTypHyiO 3aBHCHMOCTb XOJ1110BCKOH 
no,qBHmHOCTH HOCHTelleH B npHCYTCTBHI-1 paaynop~,ti04eHHbiX o6-

nacTeH. KaK BH,tiHO H3 Ta611. 1,2 H PHC. 11,13, KOHI.leHTpal.lH~ 
paaynop~,q04eHHbiX 06JlaCTeH He,qOCTaT04Ha, 4T06bl CyllleCTBeHHO 

I-13MeHHTb TeMnepaTypHyiO 3aBHCHMOCTb XOJlllOBCKOrO K03~HI.lHeHTa. 
nonbiTKH CTpororo MaTeMaTH4eCKOrO OnHCaHH~ pacce~HH~ HOCH

TeJleH e none o6'beMHoro aap~,qa paaynop~,qo4eHHbiX o6nacTei1 
npe,qnpHHHMallHCb, O,qHaKO 3aKOH4eHHOH MaTeMaTH4eCKOH MO,tlellH 

3Toro 3~~eKTa noKa He coa,qaHo. 
06cy,qHM Tenepb ,qpyroe o6HapymeHHOe e HawHx 3KcnepHMeHTax 

~BJleHHe, a HMeHHO TOT ~aKT, 4TO o6pa3YIOUIHeC~ CllOH GaSb 
e ~n-KoMn03HTax noCJle o6ny4eHH~ npHo6peTaiOT 3Ha4HTellbHoe 
y,qenbHoe 311eKTpoconpoTHB11eHHe P ~ 2 OM· eM H npoeo,qHMOCTb 
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n -THna. MomHo npe,qnonomHTb, 4TO 3TH cno~-1 coa,qaeanHCb aa 
C4eT BBe,qeHI-1~ o6Jly4eHHeM ,qe~eKTOB, BHOC~liii-IX ,tiOHOpHble CO
CTO~HH~. KoHeepcH~ P ... n -THna, eepo~THO, o6'b~CH~eTc~ nepe
xo,qoM nneHKH GaSb nocne HOHHoro o6ny4eHH~ e aMop~Hoe co
CTO~HHe, nOCKOJlbKy aMOp~Hble nneHKI-1 06bi4HO HMeiOT 3JleKTPOHHYIO 
npoeo,qHMOCTb. Y4aCTOK c ManoH npoeo,qHMOCTbiO - 3TO BbiCOKOoM
HbiH npHnoeepxHOCTHbiH cnoii G~. MomHo C4HTaTb, 4TO e pe-

3YilbTaTe o6ny4eHH~ HOHaMH 3HeprHei1 -100 M3B Ha o6ny4aeMOi1 
noeepXHOCTH o6paayeTC~ nerHpOBaHHbiH BHe,qpeHHbiMH HOHaMH CllOH. 
TonliiHHa ero MomeT 6b1Tb Ol.leHeHa MeTo,qaMH 3neKTPOHHoi1 cneKTpo
cKonHH. npe,qeapHTellbHble OnbiTbl n03BOJ1H11H 06HapymHTb aTOMbl 
KHcnopo,qa H KceHoHa e Hccne,qyeMblx MaTepHanax Ha rny6HHax 
B HeCKOJlbKO MKM. RCHO, 4TO B 3THX CllO~X o6pa3yiOTC~ o6naCTI-1 
JlOKallbHOrO paaynop~,q04eHH~ BOKpyr BHe,qpeHHbiX aTOMOB KHCJlO

po,qa 1-1 KCeHoHa. 06paaoeaHHe TaKHx o6nacTei1 npe,qcTaen~eTc~ 
Clle,qyiOIIIHM 06pa3oM: BBe,qeHHbiH HOHHOH 6oM6ap,qHpOBKOH aTOM 
KI-!CilOpO,qa 1-1111-1 KCeHOHa Hill-! OCTaeTC~ aTOMOM BHe,qpeHH~, 1-1111-1 
aaxBaTbiBaeTC~ O,tiHOH H3 BaKaHCHH, KOTOpble HMeiOTC~ B MaTPHI.le, 
H CTaHOBHTC~ aTOMOM 3aMellleHH~. npH onpe,qeneHHOH KOHI.leHTpa
l.lHI-1 06JlaCTeH ynpyrHX Hanp~meHHH KPHCTaJ111H4eCKOe COCTO~HHe 
CTaHOBI-ITC~ HeyCTOH4HBbiM, H npOHCXO,tiHT JlOKaJlbHa~ aMOP~H3a
l.lH~. 

PHc. 12. PacTpoaoe Hso6pameHHe noaepxHOCTH $n-KoMnosHTa 
H MHKPO,tiH$paKI.lH~ ,tiO /a/ H nOCJle 06Jly4eHH~ /6,B/ HOHaMH 
KceHoHa. Pa,qHal.lHOHHa~ peKpHcTallllHSal.lH~ nneHKH GaSb conpo
eam,qaeTc~ noKallbHbiM nnaeneHHeM nocne o6ny4eHH~ /e/. 
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npoBeAeHH~H HaM~ P3M-aHan~3 ~n-KoMnoa~TOB ~ Mn /Ha OTpa
meH~e/ He noaeonfleT ycTaHOB~Tb nepexoAa MOHOKp~cTann~4ecKoro 
COCTOflH~fl B aMop~HOe C nonHOH AOCTOBepHOCTb~. 8 KOrepeHTHOM 

~?Q 

~ 

1
Bol 1 I ,.1 
501 1 """ • ......, 7" I 

:7'·r ~· ~ I """"" """""'·~·-I I 

1 ""1 I •· -' I "" J I I I ""' ~ 7 ~7 
I 

I 1---~ I 

15 ~6 (5 

---IO'T 

P~c. 13. TeMnepaTypHafl aae~c~MOCTb K03~~~~~eHTa Xonna R 
~n-KoMnoa~Ta /Kp~Bafl 1/ AO ~ nocne o6ny4eH~R eoapacTa~~M~ 
A03aM~ TRmen~x ~OHOB K~CnOPOAa /Kp~Bble 2, 3, 4/. 

pacce~H~~ 3neKTPOHOB y4aCTByeT 04eHb TOHK~H cnOH Be~eCTBa 

-10 A, a ~aMeHeH~e A~~paK~~OHHOH KapT~H~ MomeT 6~Tb o6yc
noeneHo nneHKOH opraH~4eCK~x aarpRaHeH~H, o6paay~~~xcR 
np~ o6ny4eH~~. no3TOMY Mbl npoeen~ 3Kcnep~MeHT~ c nneHKaM~, 
KOTOPble AOnycKan~ coeMKy Ha npoxomAeH~e /p~c. 4a-r/. Ton
~~Ha nneHK~ e~6~panacb MeHbwe An~Hbl npo6era ~OHOB. 

np~ A03e 10 15 ~OH/cM 2 Ha 3neKTPOHOrpaMMaX yme Ha6n~
Aa~TCR ~3MeHeH~R, conpoeomAa~~~ecR npeepa~eH~eM non~Kp~cTan

n~4eCKOH nneHK~ B aMop~HOe COCTORH~e - pe3K~e n~H~~ Ha 
3neKTpOHOrpaMMaX ~C4e3a~T, a BMeCTO H~X noRBnR~TCR A~~y3-

H~e KOnb~a. 
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B npo~ecce ceoero aaMeAneH~R AO nonHoH ocTaHoBK~ e Kp~
cTanne ~OH TepfleT 3Hepr~~ KaK Ha B036ymAeH~e 3neKTPOHH~X 
o6on04eK, TaK ~ Ha CTOnKHOBeH~fl C aTOMaM~ peweTK~, HO n~Wb 
nocneAH~e np~BOAflT K paaynopflA04eH~~ peweTK~ e6n~a~ TpaeK
Top~~ ~OHa. Kp~CTann~4eCKafl CTpyKTypa Bn~fleT He TOnbKO Ha 
pacnpeAeneH~e npo6eroe ~oHoe, HO ~ Ha een~4~HY 3Hepr~~. Te
pReMy~ np~ ero CTonKHOBeH~Rx c aToMaM~. Hanp~Mep, xopowo 
KaHan~poeaHHaR 4acT~4a TepReT 6onbwy~ 4aCTb ceoeH 3Hepr~~ 
Ha eoa6ymAeH~~ 3neKTpoHoe. B ~aeeCTHOH MOAen~ 6ayepnRHHa~1 

B~BOA OCHOBaH Ha TOM, 4TO AnR KamAOrO CMe~eHHOrO aTOMa He
o6XOA~MO paaopBaTb 4eT~pe ero CBfl3~ C 6n~maHW~M~ COCeAflM~. 
Ho, ecn~ B HeKOTOPOH noKanbHOH o6nacT~ CMe~eH~ BCe aTOM~, 
TO B cpeAHeM AOnmH~ 6~Tb paaopBaH~ TOnbKO ABe CBfl3~ Ha 
aToM. B peaynbTaTe 4~cno cMe~eHH~x aToMoe N(E) yeen~4~BaeT
CR np~6n~3~TenbHO e ABa paaa. Cy~ecTBeHHOH oco6eHHOCTb~ 
o6paaoBaH~R Ae~eKTOB Tflmen~M~ ~OHaM~ RBnReTCfl TOT ~aKT, 4TO 
4~cno cMe~eHH~x aToMoe nponop~~oHanbHO 3Hepr~~ naAa~ero 
~OHa B o6naCT~, rAe B036ymAeH~eM 3neKTPOHH~X o6ono4eK MOmHO 
npeHe6pe4b. 

noM~MO 3~eKTa ~CKameH~R peweTK~ B npo~ecce ~OHHOH 6oM-
6apA~POBK~ o6pa3~a MOmeT npo~CXOA~Tb o6pa30BaH~e aMop¢H~X 
cnoee, RBnR~~eecR peaynbTaTOM AeHCTB~fl 11 n~KOB CMe~eH~R11 , 

HOHbl 6onbWOH 3Hepr~~, 3aMeAnRRCb B peweTKe M~WeH~, C03Aa~T 
Tennoe~e n~K~, aa C4eT KoTop~x eoaMomHo noKanbHOe pacnnae
neH~e MaTep~ana o6paa4a. PacnnaeneHHaR o6nacTb aaTeepAeeaeT 
aa o4eHb KopoTK~H npoMemyToK epeMeH~ -10-10 c. Kp~cTann~aa
~~~ aa TaKoe epeMR MomeT He npo~30HT~, e peaynbTaTe 4ero 
~~KC~pyeTCR CTpyKTypa m~AKOCT~, n~60 npo~CXOA~T 4aCT~4HaR 
Kp~cTann~aa~~R - 3To o6oRCHReT yMeHbWeH~e K03~~~~eHTa Xon
na, noAB~mHoCT~. B cny4ae nepeKp~T~R aacT~Bw~x o6nacTeH co 
cTpyKTypoH m~AKOCT~ o6paayeTCfl cnnowHOH aMop~H~H cnoH. 
npeAnOnaraeTCR, 4TO pacnpeAeneH~e n~KOB CMe~eH~R no r~y6~He 
np~6n~3~TenbHO coenaAaeT c pacnpeAeneH~eM BHeApeHH~x 6oM-
6apA~POBKOH aTOMOB, 

Ha OCHOBe np~BeAeHH~X B HaCTOR~eH pa6oTe AaHH~X 06 ~ 3-
MeHeH~RX CTPYKTYP~ ~ 3neKTpo¢~3~4ecK~x ceoHcTe Mn ~ ~n

KoMnoa~ToB nocne o6ny4eH~R MOmHo npeAnonom~Tb ABa Mexa
H~3Ma, 06oRCHR~~X Ha6n~AaeM~e RBneH~R: 

1. Bo-nepe~x, nocTeneHHOe HaKonneH~e T04e4H~X paA~a~~oH
HbiX Ae~eKTOB T~na nap ~peHKenR np~ o6ny4eH~~ TRmen~M~ ~oHa
M~ MOmeT np~BeCT~ K nepeMe~eH~~ aTOMOB B HOB~e nonomeH~R, 
HapyweH~~ npae~nbHoro nopRAKa, ~ K nonHoMy paaynopRA04eH~~ 
Kp~cTann~4eCKOH CTpyKTyp~ MaTp~~~ lee aMop~aa~~~/ BHa4ane 
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B OTAeflbH~X o6nacT~X pa3MepoM 40 A BOKpyr TpeKOB npOHHKa~-
~HX HOHOB, a 3aTeM H 80 BCeM noeepXHOCTHOM cnoe. AMop$H3a
~H~ npH TaKOM MeXaHH3Me AOflmHa Ha4aTbC~ C noeepXHOCTH. 

2. AMop$H3a~H~ MomeT B03HHKHYTb e noeepxHOCTHOM cnoe 
H 3a C4eT BHeApeHH~X B Hero 6oM6apAHPY~~HX HOHOB. Bo3MOmHa 
aMop$H3a~H~ KaK B Cfly4ae HCKameHH~ peweTKH BOKpyr OCTaHo
BHBWHXC~ HOHOB, TaK H B pe3yflbTaTe flOKaflbHbiX pacnnaeneHHH 
MaTepHana OT TennoB~X nHKOB, C03AaBaeM~X HOHaMH B~COKOH 

3HeprHH. 

B 3aKn~4eHHe MOmHO KOHCTaTHpoBaTb, 4TO B~CKa3aHH~e B Ha-
4ane CTaTbH coo6pameHH~ 0 eamHOCTH HH$QpMa~HH, KOTOPY~ 

MomHo nony4HTb H3 3KcnepHMeHTOB no o6ny4eHH~ Mn H $n-KoM
no3HTOB T~men~MH HOHaMH, B Hawe.:i pa60Te nOATBepAHflHCb. no
ny4eHH~e pe3yflbTaT~ noKa3~Ba~T, 4TO HCnOflb30BaHHe MeTOAa o6-
ny4eHH~ 3THX MaTepHaflOB T~meflbiMH HOHaMH nepcneKTHBHO KaK 
B npaKTH4eCKHX ~en~x, Afl~ OTpa60TKH MeTOAOB paAHa~HOHHOH 
TeXHOflOrHH, TaK H B ~efl~X pa3BHTH~ TeOpHH paAHa~HOHH~X 

noepemAeHHH TBepA~X Ten. 

ABTOp~ C4HTa~T CBOHM npH~TH~M AOflrOM no6narOAaPHTb 
aKaAeMHKa r.H.$nepoea 3a HHTepec K pa6oTe, r.H.AKanbeBa 
H C.3.6opHCKHHa 3a noMo~b e npoBeAeHHH 3KcnepHMeHTOB. 
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