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OliW MI XAPAKTEPHCTHKA PAliOT hl 

AKTYaJILHOCTL nccnenoaannH 

fuyqem1e OllTll'leCKllX II CTaTllCTll'leCKllX CBOHCTBa KBaHTOBblX TO'leK (KT) 

nponoIDKaeT oCTasaTbCJJ s ueHTPe BH11MaHID1 11ccnenosaH11ii, TaK KaK pe3ynhTaTh1, 

nonyqemn.1e np11 perneH1111 pa3nH'lHbIX 3Ma'l, MoryT HaHTll HenocpencTBeHHOe 

np11J10lKeH11e np11 KOHCTpy11poBaHllll nonynpOBOl1HllKOBblX np116opos HOBOl'O 

noKoneHIDI [I - 5]. 

c TeopeTH'leCKOH TO'lKll 3peHHJJ 11ccnenosaH11e OllTH'leCKllX. 

TepMOl1llHaM11'leCKllX II MarHllTHblX xapaKTep11CTllK KBaHTOBblX TO'leK npenCTaBJllleTCJI 

KOMnneKCHOH 3anaqeif, Y'lllTbIBa10111eii, c Ol1HOH CTOpOHbl, reoMeTplllO 11ccne.z:1yeMOH 

KT, a c npyroii onHO'laCTH'lHbIH 11J111 JKe MHoroqacT11'!Hb1H xapaKTep on11caHHJ1 

Bb1rneyKa3aHHbJX <jJ11311qecK11x napaMeTpos [6- IO] . 

MHoro'laCTH'IHblH 11n11 JKe HeCKOJlbKO'laCTH'lHbIH ra3bl MOryT paccMaTpHBaTbCJJ 

K3K CT3TllCTll'leCKHe aHCaM6n11 'l3CTlll.I, xapaKTep113yeMble TaKHMll 

TepMOl1HHaMH'leCKHMH napaMeTpaMH KaK: cso6onHaJJ :rneprHJJ, cpenHllll :rneprHJJ , 

3HTPOllHJI H TennoeMKOCTb. 51CHO, 'lTO Ha nepBOM 3Tane Heo6XOl1HMO paCCMOTpeTb 

cpaBHHTeJlbllO npocryJO MOl1eJlb cna60B33HMOl1eHCTBYIOJ.J.lero r33a 'laCTHl.l, KOrna 

np11MeH1tMO onHO'laCTH'lHOe np116n11JKen11e. CTaTHCTll'leCKaJJ cyMMa B 3TOM cnyqae 

MOlKeT 6b1Tb Bbl'lHCJleHa aHanHTH'leCKH TO'lHO [11 - 15]. c npyroH CTOpOHbl, y'leT 

MelK'l3CTH'IHOfO B3aHMOl1eHCTBllJI MOlKeT cy111ecTBeHHbIM o6pa30M nOBJlHJITb Ha see 

TepMOllHHaMH'leCKHe CBOHCTBa CllCTeMbl. Ilp11 3TOM, npo6neMa B3aHMOl1eHCTBYIOJ.J.1ero 

r33a s KT .LIOBOJlbHO cnolKHaJJ 3a,uaqa, HO ecTb np11Mepb1 TO'lHO pernaeMblX Moneneii c 

napHbJM s3a11MoneHCTB1teM MeJKnY 'laCT111.1aM11. OnHOH H3 TaKHx MoneneH JJBJllleTCJJ 

aTOM Morn1111cKoro [ 16]. IlepsoHa'lanbHO 3Ta Monenb 6hrna npennoJKena l1Jlll on1tcaH11J1 

noseneHHJJ HyKnoHOB s lll1pax. PaccMaTpHBaJJ c1tcTeMy napHo-s3a11MoneiicTByJ0111HX 

HyKnOHOB s orpaH11'leHHOH o6nacTH llnpa, Morn11HCK11ii npennonoJK11n, 'lTO qacTHl.lbl 

B3aHMOl1eHCTBYIOT npyr c apyroM no rapMOHH'leCKOMY 3aKOHy, a CHCTeMa HaxOl111TCll B 

napa6on11'leCKOH JJMe. I103nHee ,lVKoHCOH 11 TieiiH nOKa3aJ111, 'lTO B cnyqae l1ByMepHOH 

napa60J111qecKoH KT HaJlll'lHe oc1.11tnJ1J11.1110HHOro napHoro s3a11MoneHCTBHJJ MeJKlly 

3neKTponaM11 noJBOJllleT TO'lHO n1taronan113osaTb N-'laCTll'lllbl H raM11nbTOH1taH B 

np1tcyTcTBHH aKCHanbHOro MarttHTHoro noJlll [ 17]. CnenyeT OTMeT11Tb, 'lTO 

TepMon11HaM1t'lecK1te csoiicTsa KT c HeTp11s11anbHOH reoMeTµ11eii np11 y'leTe 

MeJK'laCTl1'lHOfO B3aHMOl1eHCTBHJI H3y'leHbl B cpaBHllTeJlbHO He60JlblllHX o6'beMax. 

Ilo3TOMY B03HllKaeT 11nTepec K 6onee neTanbHOMY 11ccnenosan1110 noseneH11J1 

TepMOl11tHaM11'leCK11x napaMeTpos B3a1tMoneiicTBy10111ero r33a B KT. 

Haplll1Y c TepMOl11tHaM1t'leCK1tM11 xapaKTep11CT11KaM11 6onbrnoii 11HTepec 

npencTaBJlJJIOT 11 onT1t'leCK1te CBOHCTBa KT conepJKa11111x HeCKOJlbKO-'laCTH'lHbJH 

3neKTpOHHbIH 1tn1t l1bipo'lHbIH ra3. PJJn 3Kcnep11MeHTOB noKa3an, 'lTO a KT MoryT 

peanH30BbIBaTbCJI HHTepeCHble KOnneKTl1BHble OnTH'leCKlle '.)(~cl>eKTbl. 51pKHM 

np11Mepos CKa3aHHoro JJBnJJeTcJJ 06o6111en11e TeopeMbl Kona nnJJ cny'laJJ 

napa6on1t'lecK11x KT [18 - 20] . BMecTe c TeM pean1tJa1.1HJ1 napa6on11qecKoro 

n0Ten1.111ana orpaHH'leH11H MOlKeT B03HllKHYTb 6naronapJJ cne1.111<jJ11qecKoii reoMeTp1111 

KT H, s qacTHOCTH, 3nn11nco11nanbHOH 11n11 J1HH3oo6pa3HOH. PaHee B [21] 
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TeopeT11'1eCKl1 6blna npe,!\CKa3aHa B03MOlKHOCTb pean113au1111 0606ll1eHHOH TeopeMbl 

KoHa .!\nll c11nbHo-cnmocHyTblX 3nn11nco11AanbHb1X KT. ,[J,anee AaHHaJI TeopeMa 6Mna 
o6o6ll.leHa AJ\JI cny'laJI JI11H3oo6pa3HOH KT [22] 11 3Kcnep11MeHTanbHO nOATBeplKAeHa 

Anll cny'laJI ra.Ja rnlKellhJX AblpOK s Ge/Si KT [9]. 

ll,en1> pa60T1>1 

l\eJiblO ,!\l1CCeprnu110HHOH pa60Tbl llBJilleTCll: 
• B OAHO'laCT11'1HOM np116n11lKeH1111 113r1e1111e MelKJ01111oro 11 s11yrp11301111oro 

MarHeTonornOll\CHl1JI B Cl1JlbHO-Cflmoc11yTOH ,[\BOllKOBblllYKJIOH 

• 

• 

• 

I. 

2. 

3. 

4. 

ac11MMeTp11'!HOH n11HJ006pa3HOH KT. 
l1ccneAOBaH11e BHYTPl130HHoro nornoll1eH1111 a c11JibHo-cnmocHyToi1 

JIHH3oo6pa3Hoi1 KT COACplKall.lei1 nap110-s3a11MOAei1cTay10lllHH 

HeCKOJlbKO'laCT11'1HblH l'a3 3JieKTpOHOB (AblpOK). 
11ccne,!\osau11e B paMKax OAHOMep11oi1 MOAen11 Mow11HcKoro 

nornoll.leHl1JI B Cl1JlbHO-BblrnHyTOH ,!\Jl11HHOBOJIHOBOl'O OfiTl1'1eCKOl'O 

3nn11nco11AanbHOi1 KT. 
l13yqeu11e TepM0,!\11HaM11'!eCKl1X xapaKTep11CTl1K napHO-

B3aHMOLleHCTBYIOlllero LlbipO'IHOl'O raJa B Cl1JlbHO-BblrnHyTOH 

3nn11nco11AanbHOi1 11 cttnb1-10-cnn10cuyToi1 JIHH30o6pa3Hoi1 KT. 

Hay'lnaH 11osu111a 

B paMKax an11a6an1'!ecKoro MeTOAa 11ccnenosauo n11Hei1Hoe 11 ueJIHuei1uoe 

MarneTonornoll.leHl1JI B CHnbHO-BblrnHyTOH 3JIJll1flC011,!\anbHOH 11 CHnbHO­

cnmocuyTOH n11u3006pa3HOH KT. Ilony'leHhJ K034>cl>11u11eHTbl MelK30HHOro 11 

sHyTp1130HHoro nornoll1eH11H. a TaKlKe Bb111sneHbl npas11na oT6opa LlJIJI 

COOTBeTCTBYIOlllHX nepeXO,!\OB. 
B paMKax O.!\HOMepHoi1 ~10nen11 arnMa Mow11HcKoro nonyqeH TO'IHhlH BHLl 

3HepreTl1'1eCKOl'O cneKTpa 11 BOJIHOBblX cl>YHKUl1H 3JieKTpOHHOro (.!\blpO'IHOl'O) 
raJa s c11JibHO-BblrnHyroi1 3JIJ111nco11nanbHOH KT. IloKaJaHa B03MOJKHOCTb 

pean113au1111 o6o6ll.leHHOi1 TeopeMhI KoHa s TaKoi1 cTpyKType. 
B paMKax AByMepHoi1 ~10nen11 aToMa Mow111-1cKoro nony'leH TO'IHblH BHLl 

3HepreT11'1eCKOfO cneKTpa 11 BOJIHOBblX <l>YHKUl1H napHO-

B3al1MOLleHCTBYIOlllero 3JieKTpOHHOl'O (Llblp0•111oro) ra3a B Cl1Jlb110-
cnnl0CHYTOH n11HJ006pa3Hoi1 KT. IloKaJa11a soJMOlKHOCTb pcaJ111331\HH 

o6o6ll.leHHOi1 TeopeMbl Koua s TaKOH cTpyKTypc. 
l13y'ICHbl TepM0,!\11llaM11'1CCKHC xapaKlCpHCTHKH (CpCL!llJIH '.lllCprHJI, 

cso60LlHaJI :lHepr11H, )llT))OllHH H rcnnoeMKOCTb) napHO-

B3aHMOLlCHCTBYIOll.ICl'O ,!\blpO'lllOl"O nna B Cl1JlbHO-BblTllHYTOH 
3nn11nco11Aanb11oi1 11 c11J1b110-c11moc11yrni1 n111noo6pa3HOH KT. Hai1AeH 

cjJaJOBhJH nepexon nepsoro pon a 11p11 11JMeHeH1111 reoMeTp1111 KT. 

llay•maH II upaKTll'ICCKaH LICHHOCTb 

Ilony'leHHble B n11cceprnu1111 pe3yJibTaTbl , fiOM11MO aKaJlCMH'ICCKOro 

11HTepeca, 11Me10T TaKlKe npaKTH'lecKoe JHa'-leH11e. Ha ceron11R1111111i1 11c111> KT 

paccMaTpHBalOTCll B Ka'ICCTBC nepcneKTHBHblX KaHL!l1,!\aTOB Ha pom, 1JICMCll I llOi·i 6a3bl 
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LlJIJI np116opoa Hosoro n0Koneu11J1. B 'laCTHOCT11, Hl13KOTeMnepaTypHbie na3epb1, 

CBeTOLlHO,!\bl Ha OCHOBe KT 11 T.Ll. Ha OCHOBe aHan113a cneKTpOB nornoll.leHl1JI 11 

mny'leHl111 113y4aeMbIX Cl1CTeM MOlKHO nony'll1Tb l1HC~OpMau1110 06 HX 30HHOM 

cTpoeH1111, a TaKlKe A11cnepc1111 no 11x reoMeTp11'1eCK11M pa3MepaM. 

Ocuosu1>1e uay'lu1>1e nonolKenuH, s1>rnocnM1>1e ua 1a11111Ty 

1. Bn11J1H11e MarH11THoro noJIJI npHBOLll1T K c11HeMy CMell1eH1110 pe3oHaHCHblX 
'!aCTOT MelK30HHOro llOrJIOll.lemrn B CHnbHO-CllJllOCttyTOH Jil1H3006pa3HOH 

KT. i1Me10T MecTo cne,!\y10m11e rrpas11na oT6opa: 11,. -Hz;., m~-m', 11, ~11; . 

2. MoAeJib Mow11HcKoro II03BOJ\JleT naTh TO'IHb1e aHan11T11'1ecK11e sblpalKeH11J1 

LlJ\JI BOJIHOBLIX cl>YHKl.ll1H 11 3HepreTl1'1CCKOro crreKTpa rrapHO-

B3a11MOLlCHCTBYIOll.lero LlblpO'IHOro ra3a B CHJlbHO-BLITJIHYTOH 

3nn11rrco11nan1>1-1oi1 11 c11nLHo-crrn10c1-1yToi1 JIHH3oo6pa3HOi1 Ge/Si KT, a TaKlKe 

ll03BOJ\JleT B llBHOH 4>0pMe rrpo,!\eMOHCTp11pOBaTL peanmau1110 o6o6meHHOH 
TeopeM1>1 KoHa, s TaKHX CTPYKTypax. 

3 . Y'leT MClK'!aCTH'IHoro s3alfMOLlei1CTBl1JI rrp11aon11T K B03H11KHOBeH1110 

,!\OllOJIHl1TeJILHOH yrrop11Ll0'1CHHOCTl1 B ,!\LlpO'IHOM ra.Je, 11, COOTBCTCTBCHHO 

yMeHbWeHl1lO :mTpon1111 Cl1CTeMbl , c OL!HOH CTOpOHbl 11 pocry cpenHeH 

:lHepr1111 .!\blpO'IHOl'O ra.Ja, c Apyroi1. 

4. Ilp11 rrepexone OT aCl1MMeTp11'1HOH MOAen11, Cl1JlbHO-Cllm-OCHYTOH 

n11HJ006pa3Hoi1 KT K c11MMeTp11'!Hoi1, Korna hi = 11.i , ALlpo'IHb1i1 raJ 

rrpeTeprreaaeT 4>aJOBLii1 rrepexoA rrepsoro pona. 

Anpo6a1.1uH pa60T1>1. OcHOBHble pe3yJILTaTLI, rronyqeHHL1e s naHHOH 

n11cceprnu110H1-1oi1 pa6oTe, 06cylKnan11cb so speMJI Hay'IHbIX ceM111-1apos Ka4>enphI 

06mei1 cl>H311Kl1 11 KBaHTOBbIX HaHOCTPYKTYP l1HlKeHepHo-c1>11311'1eCKOro 11HCTl1TYTa 

PAY, a TaKlKe AOK!laL!bIBan11cL Ha cne,!\yl011.l11X JIOKaJibHLrx 11 MelK,!\yHapoAHbIX 

Hay'IHhlX KOH$epeHUl1JIX: 

• 14-11 ron11'1HaJ1 Hay'IHaJI KOHC~epeHUl1JI, PAY 2019. 

• International Youth Conference on Electronics, Telecommunications and 
Information Technologies, SPBSTU 2020. 

• International Youth Conference on Electronics, Telecommunications and 

Information Technologies, SPBSTU 2021. 

• Joint International Conference on Astrophysics for Young Scientists, 

Byurakan 2021. 

• XX III Bcepocc11i1cKaJ1 MononelKHaJI KOHcl>epeHu1111 rro cl>11J11Ke 

nonyrrpOBOLlHl1KOB 11 HaHOCTpyKTyp, nonyrrpoBOLlH11KOBOH onTO- H 
HaH03JieKTpoH11Ke. CaHKT-IleTep6ypr 2021 . 

• 15-11 ron11'IHM Hay'IHaJI KOHcjJepe11u1111, PAY 2021. 

fiy6JJHK3UHH. fio TeMe Lll1CCepTaU1111 OIIy6JlHKOBaHbl 5 pa60T 11 !Ip11HllTLI K IIe'!aTl1 

2. Crr11coK np11son11Tc11 a KOHUe asTopecjJeparn. 

CTPYKTYPa 11 o6'beM pa60T1>1. ,Ll,11cceprnu11J1 cocT011T 113 sseneH11J1. Tpex mas, 

JaKJIJO'lemrn 11 cn11cKa 11cnon1>JyeMoi1 n11TepaTypb1. TeKCT 113JIOlKeH Ha 101 cTpaH11ue 11 

coneplK11T 45 p11cyHKOB. 2 Ta6Jil1Ubl 11 93 HaHMeHOBaHl1H Jll1TepaTypL1. 
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COllEPJKAHHE P AliOThl 

Bo eeei.euuH npei.cTaeneu o63op uay'!HOH JIHTeparyphl no TeMe 

AHccepTal.IHOHHOH pa6oTbl. npe.ncnurneHbJ nocne.ztnHe pa60Th1 no Hccne.nosaumo 

onTH'leCKHX H repMO.ztHHaMH'!ecKHx xapaKTepHCTHK KT. C<!JopMYJIHpOBaHhJ 11enH 

AHCCepTallHH H npHBe.zteHbl ee OCHOBHble noJIOlKeHID!. 

IlepBaH rJiaBa ,ltHCCepTal.IHOHHOH pa60Tbl noCBJlll.\eHa H3y'!eHHJO MelK30HHblX H 

BHYTpH30HHblX onTH'!eCKHX nepeXO,ltOB B CHJlbHO-cnmocuyroii ,ltBOJIKOBbJnyKJIOH 

aCHMMeTpH'IHOH JIHH3006pa3HOH KT, KaK B npHCYTCTBHH, TaK H B OTCYTCTBHH 

BHeurnero aKCHaJibHOro MarHHTHOro noJIJI . 

B napazoaf/Je 1.1 npHse.neu o63op JIHTeparyphl, nocBJ111.\eHHOH H3y'!eHmo 

o.nuo'!aCTH'IHhlX cocToJIHHH H onTH'!eCKHM 3<!J<!JeKTaM s JIHH3oo6pa3HhJX KT. 

B napazoaf/Je 1.2 paccMaTpHBaIOTCJI MelKJOHHbie onTH'!eCKHe nepexo.zthJ B CHJihHO­

cnmocuyToii .ztBOJIKOBhmyKJIOH acHMMeTpH'IHOH JIHH3oo6pa3HOH KT lnAs (PHc. 1). 

PHc. 1. CHJihHo-cnmocuyTaJI ,1tBOJ1KOBhlilYKJiaJ1 acHMMeTpH'!HaJI JIHH3oo6pa3Hall KT 

Cne11H<!iHKa reoMeTpHH Ja.zta'!H (CHJibHall cnJIJOCHYTOCTh B aKCHaJibHOM uanpasneHHH) 

n03BOJIJleT HaM HCnOJib30BaTb a.ztHa6aTH'!eCKOe npH6JIHlKeHHe ,ltJIJI perneHID! 3a,lta'IH, 

r.ne B Ka'!eCTBe 6hlCTpOH nO,ltCHCTeMhl BhlCTynaeT ,ltBHlKeHHe B,ltOJlb aKCHaJibHOro 

HanpaeneHIDI, a B Ka'!eCTBe Me.ltJ!eHHOH - ,ltBHlKeHHe B,ltOJlb pa,ltHaJibHOro. ,ll.nll nOJIHOH 

3HeprHH HMeeM 

1) 7r2h2n; 
E = 11!1 ••• , ( 2n,, 2 2m (h, +h,) +n1+- + • 2 ' ( I ) 

a ,ltJIJI BOJIHOBOH <!JYHKI.\HH 

f (p,q>,z)= ~ '""~• ~;' ,r; (-n, .rn l + I ; ,!p' )sin ( af:)(z+ ~Ri-p' +h, -11,)), (2) 

r.ne a(p)=~~-p'+ ~R,'-p' +(h,+h,)-(R,+ R,) - lllHpHHa 0,ltHOMepHOH KBaHTOBOH 

JIMhl, R, ,R, - pa.ztHYChI nepece'leHIDI .nsyx c<!Jep, 06paJOBb1Ba10ll.\HX KT, h, ,h, - BhICOTbI 
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.... 

KT, n, = 1, 2, 3, . . . - aKCHaJihHOe KBaHTosoe '!Hcno, n' R, +R, 'Ii' ' 
n, • 2 '.\ 7( nz ' (m) (!~ +h,) R,R, 

m=O, ± 1,± 2, ... - MarHHTHOe KBaHTOBOe 'IHCJIO, /Ip =0, I, 2, ... - PMHaJibHOe KBaHTOBOe 

m'n, ., ( ) ,1-. 
'!Hcno. .A=---'-, ,r; a,b;c - BhlPOlK.lteHHaJI rnnepreoMeTpH'!eCKaJI 'l'YHKl.IIDI Ii 
nepsoro po.na. 

::i 
-: 

4.0 -------------------, 
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PHc. 2. 3aBHCHMOCTb K03<!J<!iHllHeHTa MelK30HHOro onTH'leCKOro nornomeHID! OT 

3HeprnH <!ioTOHOB na.nruomero CBeTa MJI .ztHaroHaJibHblX nepexo.nos H3 COCTOJIHHH 

TJllKellbJX ,ltblpOK B 3JieKTpOHHble COCTOJIHIDI Jo.0.2) ~10. 0. 2) 

Ha PHc.2 noKaJaHbI 3aBHCHMOCTH K03<f><!J1-1111-1eura MelKJOHHoro onTH'!ecKoro 

nornomeHID! OT 3HeprnH <!Jorouos na.nruomero cseTa, .ztJIJI .ztHaroHaJibHbIX nepexo.nos 

I m,11,,, 11, >_.I m',n~, 11; >. Pac'!eTbI c.nenaHbJ B pelKHMe CHJihHOro pa3Mepuoro 

KBaHTOBaHHJI, KOr.zta KYJIOHOBCKHM B3aHMO,lteHCTBHeM Me)f(,lty 3JieKTpOHOM H ,ltblpKOH 

MOlKHO npeue6pe'!b. Y'leT TeMnepaTypuoii 3aBHCHMOCTH npHBO.ztHT K pocry nHKOB 

nornomeHID! c pocToM TeMneparyphl. 

B napazpaf/Je 1.3 HCCJie,ltOBaHbJ MelK30HHbJe H BHyTpH30HHble OnTH'!eCKHe 

nepexo,1tb1 B JIHH3oo6pa3HOH KT lnAs (P1-1c. I) so BHeurneM aKCHaJibHOM MarHHTHOM 

none. ,lI.nJI 3HepreTH'!ecKoro cneKTpa HMeeM 

' h' 2 
E=1i!l(2n, +lml+I)+ ~ -,,, + mhw" 

2m (h,+h,) 2 
2 

(3) 

a ,ltJlJI BOJIHOBOH <!JyHKllHH 
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f (p,q>.z) = Ji;r ~~.-1f,F,(-n,..lml+l;Ap ' )sin (~~)(z+ Jfli-p' +Ii, -R,)), (4) 

r.ne % - UHKJIOTpOHHaJI '!aCTOTa. 
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Puc. 3. 3aBHCHMOCTL KOJ<j><)mUHeHTa MelKJOHHOro onTH'!ecKoro nornoll.leHHJI (np11 

KOMHaTHOH TeMnepaType) OT JHeprnH <j>OTOHOB na.na10U1ero CBeTa npH pa3JIH'IHLIX 

3Ha'leHHJIX HanpJIJKeHHOCTH BHeWHero MarHHTHOro IlOJ1ll . 

Ha P11c.3 noKaJaHa JaBHCHMOCTL KOJ<j><j>HUHeHTa MeJK30HHOro nornoUleHHJI OT JHeprnH 

<j>oTOHOB na.na10U1ero caeTa .1lJ1lI cne.ny10lllHX nepexo.noa I m,nP, n, >~I m', n~, n; >. 
Pac'leTLJ noKaJLIBalOT, '!TO HMeJOT Mecrn cne.ny10U1He npaaHJia oT6opa 

!
m~-~· 
n, ~n, 

nP ~n~ 

(5) 

113 pHCYHKa BH.!lHO, '!TO MarHHTHOe none npHBO.!lHT K CHHeMy CMemeHHIO IlHKOB 

nornoUleHHJI, TaK KaK paCTeT MelKypoaueaoe paCCTOJIHHe MelK.!ly ypOBHJIMH .!lLlpOK H 

JrreKTpOHOB c pOCTOM MarHHTHOro IlOJIJI. 
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40 

Puc. 4. CneKTpaJJLHaJI JaBHCHMOCTL KOJ<j><j>111..1HeHTOB JIHHeHHoro H HenHHeHHoro 

BHYTpHJOHHLIX nepexo.noa OT JHeprHH <j>OTOHOB na.na10U1ero CBeTa npH pa3!IH'IHLIX 

JHa'leHHJIX BLICOTLI rrHHJoo6paJHOH KT 

CneKTpaJJLHaJI JaBHCHMOCTL rrHHeHHoro H HerrHHeHHOro KoJ<j><j>HUHeHTOB nornoUleHHJI 

.1lJ1lI paJJIH'IHLIX JHa'leHHH BLICOTLI KT noKaJaHa Ha P11c. 4, .1lJ1lI 3aBHCHMOCTeH 6LrnH 

BL16paHL1 cne.ny10U111e 3Ha'leHHJI .1lJ1ll HHTeHCHBHOCTH na.na10U1ero caeTa I= I kW I cm2 

H HaceneHHOCTH JJieKTpOHOB (j = 3·1016 cm-'. Pac'!eTLI 6LIJ1H c.nenaHLI .1lJ1lI KOMHaTHOH 

TeMnepaTypLI . Ha6JI10.naeTCJI CHHee CMeUleHHe IlHKOB IlOrJIOUleHHJI npH yMeHLWeHHH 

BLICOTLI KT, TaK KaK pacreT J<j><j>eKT paJMepHoro KBaHTOBaHHJI, acne.nCTa11e '!ero 

ypoBHH JHeprn11 pacnonara10TCJI BLIWe. 

B naoazoad!e 1.4 H3y'leHLI BffYTpH30HHLie nepexo.nLI TJIJKeJIL1x .!lLipoK a 

J1HH3006pa3HOH KT Ge.Si1_x. 

B Ka'leCTae MaTep11aJ1a KBaHTOBOH TO'IKH HaMH 6LinH BL16paH pacrnop GerSi1_, r.ne 

KOHUeHTpaUHJI repMaHHJI COCTaBJIJleT nopJI.nKa 60%, a KOHUeHTpaUHJI KpeMHHJI 

COOTBeTCTBeHHO 40%. 3<J><j>eKTHBHaJI Macca TJIJKeJILJX .!lLlpOK B .naHHOM paCTBOpe 6Lrna 

BLI'IHcneHa KaK m' = x · m~,, + (1- x) m;; , r.ne m;,, = 0.33m0 H m~ = 0.49n1o . 
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Puc.5. CneKTpa.JJbHaH 3aBHCHMOCTh KOJ<j><j>u1.1neHTOB JIHHeHHOro u HeJiuHeHHoro 

IlOrJIOII.leHHH OT JHepruu <j>OTOHOB Ila,llaIOII.lero CBeTa (BCTaBKa: JIHarpaMMa nepeXOJIOB) 

.lllUI IlJIOTHOCTH JJieKTpOHOB CT= 3 ·I 0 22 m - 3
, HHTeHCHBHOCTH Illl,LlaIOII.lero CBeTa 

I= l05W I m2
, noKa3aTeJIJI npenoMJieHIDI n, = 3 .51 u Jlilll nepexo.11a I 0 , 0,1) ~ I0, 0 , 2) 

npu pa3nuqHhlX 3HaqeHHllX pa.nuycoe u BhlCOT KT. 

Ha Puc.5 npe,11cTaaneHbl cneKTpa.JJbHbie 3aBHCHMOCTH KoJ<l><!muueHTOB JIHHeHHoro u 

HenuHeHHOro BHYTPH30HHoro norno1I.1eHHH OT Jttepruu <j>oTOHOB JIJIJI pa3nuqHhlX 

pa,11uycon JIHH3oo6pa3HOH KT. IlpelK,11e ecero, cneeyeT OTMeTHTh, qro npu ,11aHHOH 

HHTeHCHBHOCTH Ila,llaIOII.lero CBeTa BenuquHa IlHKOB HeJIHHeHHOro IlOrJIOII.leHHll 

3HaquTeJibHO MeHbllle, qeM JIHHeHHaH, IlOJTOMY B JieBOM yrny pucyHKa .1106aaJieHa 

yneJIHqeHHaH eepcHll KoJ<IJ<j>HJ.J.HeHTa HenuHeHHOro norno1I.1eHID1. KaK BHJIHO H3 

3aeucuMocTeH yMeH1>ll!eHue pa.nuyca KT npHBOJIHT K cuHeMy cMell.leHmo nHKOB 

IlOrJIOII.leHHll TaK KaK paCTeT pa3MepHoe KBaHTOBaHHe B PMHa.JlbHOM HanpaaneHHH H 

ypoBHH pacnonaraIOTCll Bblll!e. 
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Puc.6. CneKTpa.JJbHaH 3aBHCHMOCTb KOJ<j><j>uuueHTa reHepa1.1uu BTopoH 

rapMOHHKH OT JHepruu <j>OTOHOB Illl.LlaIOII.lero CBeTa (BCT3BKa: JIHarpaMMa 

nepeXOJIOB) .lllUI IlJIOTHOCTH JJieKTpOHOB CT= 3·1022 m_,, HHTeHCHBHOCTH 

na.11ruo1I.1ero ceeTa I= l05 W I m 2
, noKa3areJ1J1 npenoMJieHIDI n, = 3.51 u D.illl 

nepexo.11a I0, 0,1) ~ I0,0,2) ~ I0,0, 3) npu pa3JIHqHhIX 3HaqeHIDIX pa.nuyca 

KBaHTOBOH TOqKH JS . 

Ha Puc.6 noKa3aHa 3aBHCHMOCTb KOJ<j><j>uuueHTa reHepauuu BTopoH rapMOHHKH .lllUI 

pa3JIHqHh1x pa.nuycon JIHH3oo6pa3HOH KT. KaK MOlKeT 6bITb BHAHO H3 3aBHCHMOCTeH 

.lllUI OTHOCHTeJibHO Ma.JJeHbKHX KT IlHKH CMell.laIOTCll B cropouy 60Jibll!HX JHepruH, TO 

ecrb Mhl Ha6JI10,11aeT cuHee CMell.leHue. TaKlKe OTMeTHM, qro yMeHhll!eHue pa.nuyca KT 

npHBOJIHT K CHHlKeHHIO HHTeHCHBHOCTH reHepauuu BTOpOH rapMOHHKH, TaK KaK 

nepeXOJlbl MelKJIY ypoBHllMH CTaHOBllTCll MeHee eepOllTHblMH. 

BTopaH rJiaBa JIHCcepTal.IHH IlOCBllll.leHa HCCJie,110BaHHIO JJieKTpOHHblX H 

JlhlpoqHhlX ra3oe B CHJihHO-BhlTllHYTOH JJinuncoH,lla.JJhHOH KT u CHJihHo-cnJI10cHYTOH 

JIHH3006pa3HOH KT. 

B napazoa</Je 2.1 npuee,11eH o63op nurepaTyp1>1, noCBllll.leHHOH u3yqeHHIO 

onTuqecKHX CBOHCTB HecKOJI1>KoqacTnqHhIX JJieKTPOHHbIX (AhlpoqHhlx) ra30B B KT. 

B napazoad>e 2.2 pacc~taTPHBaeTc.11 HeCKOJihKoqacTnqHb1H napHo-

B3aHMOAeHCTBYIOII.IHH JJieKTpOHHhIH ra3 B CHJ!bHO-BbITllHYTOH JJIJiunconJ1a.JJhHOH KT. 

l1.CX0Jlll H3 reoMeTpHH 3a,11aqu MelKqacTHqHoe B33HMOJleHCTBHe paccMaTpHBaeTCll 

TOJ!bKO B aKCHa.JlbHOM HanpaaneHHH, TaK KaK B Pll.LIHa.JlbHOM HanpaaneHHH pa3MepHoe 

KBaHTOBaHue cyll.leCTBeHHO CHJibHee MelKqacTuqHoro B3aHMOAeHCTBHll . CornacHo 

MO,llenu MOll!HHCKOro [ 16 - 17] IlOTeHl.{Ha.JJ B3aHM0,11eHCTBHll MelKJIY qacTHl.{aMH 

3aBHCHT OT KBa,11paTa paCCTOllHHe MelKJIY qacTHl.{aMH 

II • 
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N 2 

V,.,(1, ... ,N)= l)(z,-z1) . (6) 
i< j 

Bb1pIDKeHHJ1 .llflll :meprHH H aonHoaou cj>yHKJ.UIH HeCKOnbKoqacTnqHoro napHo­

B33HMO.lleHCTBY!OW.ero :meKTpOHHOrO r33a 6yJIYT HMeTb cne,11y10W.HH BH,11: 

E,_ .1 ... 1 =NE, +hn(tr,. +~)+mt,( n,.,_ +D (7) 

I ( I )"' N (- )" 0 tp(Z, Z, )=~ . - ,-z' "H.,_ (z)rt~ I ~ •'''H ($iz ~ 
2 •• nrlH ! 7( 1•2 2"""' n,../, ! 1T n""i I 

r,11e Q = 1 +-- , Q = r::;--1·-0 
, a H C - MaJl3JI H 6onblll3ll nonyocH CHJlbHO-- R*Nr 1 ha 

j.£J.2 "2 µac 

Bb!TllHYTOH 3nnHnCOH,llaJlbHOH KT, µ - 3cj>cj>eKTHBH3JI Macca 3neKTPOHOB, { n cm' n,...,,} -
KBaHTOBble qncna JIBHlKeHHJI 1.1.eHTpa Mace H OTHOCHTeflbHOrO J{BHlKeHHll , 

COOTBeTCTBeHHO, Eo - 3HeprHll OCHOBHOro COCTOJIHHJI. 

KaK BHJIHO H3 pncyHKa HHlKe, ypoBHH 1.1.eHTPa Mace H OTHOCHTenbHOro JIBHlKeHHJI 

o6pa3y!OT no,1130HHYIO CTpyKTypy. IlpH 3TOM, MaHHnynnpyll 6onblll0H H MaJIOH 

nonyocl!MH 3nnnncoH,11aJ1bHOH KT Mb! MOlKeM ynpaanl!Tb He TOnbKO 3HepreTnqecKHMH 

ypoBHJIMH, HO H MelKypoaHeBblM paccTOJIHHeM. TaKOH aHaJJHJ 3HepreTnqecKOH 

.11narpaMMbl n03BOnl!eT HaHTH onTHMaJlbHble napaMeTpbI, qT06bl B ,llaJlbHeH!lleM 

nonyqnTb Han6onee no.11xo.llllw.He qacTOTHbie HHTepaanhl nornow.eHHll .llflll y nyq!lleHHll 

onTnqecKHX CBOHCTB. 
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Pnc. 7. 3HepreTH'ieCK3JI .11narpaMMa TpexqacTHqHoro 3neKTPOHHOro raJa, npH 

cneey!OW.HX napaMeTPax: I. a= 0.5a8 , c = 2.5a8 , II. a = a8 , c = 5a8 . 

12 

B napawad>e 2.3, no aHanornH c npe.llhl.!IYW.HM naparpacj>oM, paccMoTpeH raJ 

TJ1lKe.Jlh1x .llblpoK B CHJJbHO-BbITllffYTOH :mnHnCOHJla.ribHOH KT. 
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Pnc. 8. 3HepreTnqecK3JI .11narpaMMa .llflll TPexqacTnqHoro raJa: 

I. y = 0 , II. y = 0.05mel' I a;, lll. r = O.lmeV I a; . 

KaK BHJIHO H3 Pnc.8, c pocToM napaMeTPa B33HMO.lleHcTBHll MelKypoBHeBble 

paCCTOJIHHJI OTHOCHTeflbHOro JIBHlKeHHJI y aennqHBa!OTCll, TOr.11a KaK paccTOJIHHJI 

Me)!(Jly COCTOllHHJIMH 1.1.eHTPa Mace OCTa!OTCJI HeH3MeHHblMH. JICHO, qTo c yaennqeHHeM 

napaMeTpa B3aHMO,lleHCTBHJI B03HHKaeT KapTHHa 3HepreTnqecKHX ,llHarpaMM, npH 

KOTOpoH c KalK.llblM ypOBHeM OTHOCHTen bHOro .llBHlKeHHJI 6y,11eT CBll3aHO ceMeHCTBO 

ypOBHeH 1.1eHTPa Mace. 3THM H o6'bllCHJleTCJI n0,1130HHblH xapaKTep 3HepreTnqecKHX 

.11narpaMM. TaKHM o6p330M. KaK B cn yqae .llblpOqHoro raJa c yqeToM MelKqacTHqHoro 

B3aHMO,lleHCTBHll, TaK H B cn yqae, KOr.11a 3TO B33HMO,lleHCTBHe OTCYTCTByeT, no.11 

,lleHCTBHeM ,llnHHHOBOJTHOBOro H3nyqeHHJI HMe!OT MeCTO ,llHnOnbHble nepeXO,llbl (MelK.llY 

ypOBHJIMH 1.1.eHTpa Mace), onpe,11enJ1eMb!e O,llHOH H TOH lKe 3Heprneii , B qeM H COCTOHT 

cyTb o6o6w.eHHOH TeopeMbl KoHa. 

B napazpad>e 2.4 H3y'ieH 3neKTPOHHb!H ra3 B CHnbHO-Cnn!OCffYTOH nHH30o6p33HOH 

KT. Ilo aHanornn. c npe,11b1,11yw.HM cny'iaeM noTeHJ.J.HaJJ B33HMO.lleiicTBHll, paccMoTpeH 

Ha OCHOBe MO,llenH aTOMa MOlllHHCKOro (JtByMepHOe B3aHMO,lleHCTBHe) 

N 2 ( N 2 N 2} V.., (1, ... ,N) = t;r(l.0, - .011) = r t;(x, -xJ + t;(y, -y1 ) • (8) 

JICHO, qTo JIByMepH3ll MO.llenb MOlKeT 6bITb CBe,lleHa K .!IBYM He3aBHCJIW.HM 

O.llHOMepHbIM Mo,11enJ1M B pa,11HaJ1bHOM HanpaaneHHH. 0,11HOMepHb1e npo6neMbl 6bmH 
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ylKe HaMH 06cylK,!leHb1 B npe,ll,bIA)'ll\HX naparpacj>ax H AJlJI JHepreTH'lecKoro cneKTpa H 

BOJlHOBbIX cj>yHJ<I.\HH Mbl MOlKeM 3aTIHCaTb 

1
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KaK B~Ho H3 PHc.9 MelKypoBHeBoe paccTOllHHe, B cnyqae ypoBHeii L1eHTpa Mace, He 

33BHCHT OT napaMeTpa B33HMO,ll,eHCTBHJI r H 'IHCJla 'laCTHL\ B ra3e. CooTBeTCTBeHHO, 

pe30HaHCHall 'laCTOTa MHHHOBOJlHOBblX nepeXO,ll,OM B ,ll,aHHOH CHCTeMe He 33BHCHT OT 
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Puc. 9. 3oHHall ,ll,HarpaMMa TpexqacTH'IHOro H IlllTH'laCTH'IHOro J lleKTpOHHom r33oB 

B nnpazpape 2.5 H3y'leH !'33 TJl)l(eJJblX ,ll,blpOK B CHJlbHO-CilJ1IOCHYTOH 

J1HH3oo6p33HOH KT. Ilo aHanornu, c npe,ll,bl.llYmHM cnyqaeM noTeHL\HaJl 

B3aHMO,ll,eHCTBHll, paCCMOTpeH Ha OCHOBe ,ll,ByMepHOH MO,ll,eJlH aTOMa MomHHCKOl'O. 
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Puc. 10. 3oHHall ,ll,HarpaMMa IlllTH'laCTH'IHOro u meCTH'laCTH'IHOro .llblpO'IHOro r330B 

AJlJI p33llH'IHbIX napaMeTpOB B3aHMO,ll,eHCTBHJI 

Ha Puc. I 0 noK33aHbI JHepreTH'lecKHe ,ll,HarpaMMbI AJlJI ra3a TlllKeJlbIX ,ll,bipoK ,ll,Jlll 

~ meV meV 
N=6 H napaMeTpaMH B33HMO,ll,eHCTBHJI r=0.01-2- ,y=O.l-2-. 0TMeTHM, 'ITO 

as as 
npH ecex 3Ha'leHHJIX 'IHCJla 'laCTHL\ H napaMeTpa B3aHMO,ll,eHCTBHJI MelKypoBHeBoe 

paCCTOJIHHe AJlJI ,ll,BH)l(eHHJI L1eHrpa Mace JIBJllleTCJI IlOCTOJIHHOH BeJlH'IHHOH H pasHO 

0.672eV . Anll CJJY'lall OTHOCHTeJlbHOl'O ,ll,BHlKeHHJI l\felKypOBHeBoe paCCTOJIHHe 

yBeJlH'IHBaeTCJI KaK c yBeJJH'leHHeM 'IHCJla 'laCTHL\, TaK H c yBeJlH'leHHel\f napaMeTpa 

83aHl\fO,ll,eHCTBHJI . B pe3yJJbT3Te BbillleH3J10lKeHHOl'O Mb! HMeeM Il0,ll,30HHYIO CTpyKTypy, 

!',ll,e K3)1(,ll,OMY ypOBHlO OTHOCHTeJlbHOl'O ,ll,BH)l(eHHJI COOTBeTCTByeT ceMeHCTBO ypoBHeH 

L1eHTpa Mace. 

TpeTbH rJJaBa .ll.HCCepTal.\HOHHOH pa60TbI noCBllll{eHa H3y'leHHJO 

TepMO,ll,HHaMH'leCKHX CBOHCTB ,ll,blpO'IHblX !'3308, paccMOTpeHHbIX BO BTOpOH rnase . TaK 

6bIJ1H paccMoTpeHbI: cpe,ll,Hllll J HeprHll, CBOOO,ll,Hall JHeprHll, 3HTponHll u TennoeMKOCTb 

l'33a TlllKeJILIX ,ll,blpOK. 

B napazpadJe 3.1 npe,ll,CTasnetto BBe,ll,eHHe B TpeTblO rnasy H .llaH o63op 

JlHTepaTypbl, IlOCBJIU{eHHOH HCCJle,ll,OBaHHJIM HeCKOJlbKO'laCTH'IHbIX ra30B H 

TepMO,ll,HHaMH'!ecKHM CBOHCTBaM r330B B nonynpoBO.ll.HHKOBbIX KT. 

B napawadJe 3.2 paccMoTpeH HeCKOJlbKO'laCTH'IHbIH ra3 TlllKeJJbIX .llblpOK, 

JlOKaJ1H30BaHHblH B CHJlbHO-BbITllHYTOH 3JlJ1HnCOH,ll,aJlbHOH KT. PerneHHll ,ll,aHHOH 

33,ll,a'IH ylKe 6bIJJH ,ll,aHbl BO BTOpOH rnaBe . 3,!J,eCb lKe paCC'IHTaHa CTaTHCTH'leCKall 

cyMMa, B CJ1e,ll,y10meM BH,ll,e 

Z = :Lexp(-~£ .. ) , ( 10) 

I 
l',ll,e p = -k - o6paTHall Te~mepaTypa, v - Ha6op KBaHTOBblX 'IHCeJl. 

BT 
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AnR H3Y'l3eMoii CHCTeMbl c :rnepreTH'leCKHM cneKTJ>OM (7) CT3THCTH'leCK3J! cyMM3 
HMeeT CJJe.ll)'JOll{HH BHJJ. 

_NE,, i":'r [ IITTfl l.V-1 
Z ( N) = e k8T e_. _ •_ eit,T 

hil ----kT hilU 

e • - I e k,T - I 
( 11) 

IlpHHHM3JI BO BHHM3HHe Bblp3)!(eHHe Jl.Jlll CTaTHCTH'leCKOH cyMMbl ( 11 ), MOlKHO 

Bbl'IHCJIHTb OCHOBHbie TepMOJJ.HH3MH'leCKHe napaMeTPbl CHCTeMbl, T3KHe K3K cpeJJ.Hllll 

1 iJZ 
3HeprHJ1 (£) = --- , CB060JJ.H3JI 

z iJP 
lnZ iJ(F) 

3HeprHJ1 (F) = -- • 3HTPOnHJI s = --- H 
p iJT 

TennoeMKOCTb Cv = iJ(E) . 
iJT 

0.30 a = 1111 

~
. 

t 

l 

0. 151 1 

-=-===== = 0.0 0.2 0.4 0.6 0.8 1.0 
7, meVfai 

PHc. 11. 3asHCHMOCTb cpe.1tHeii JHeprnH raJa TJ1lKeJJb1x JJ.bipoK OT napaMeTpa 

B33HMOJJ.eHCTBHll npH p33JJH'IHOM KOJJH'!eCTse '13CTHL{ B r33e 

Ha PHc. 11 nOK33aHa 3aBHCHMOCTb cpe.1tHeii JHeprnH raJa TlllKeJJbix .1tb1poK OT 

napaM~a B3aHMOJJ.eiiCTBHll npH p33JJH'IHOM KOJJH'leCTse '13CTHL{. 3<!><!>eKT 

B33HMOJJ.eiicTBHll npHBOJJ.HT K poczy cpe.1tHeii 3HeprnH r33~ npH )TOM paC'ICTbl 

nOK33b!BaJOT, '!TO .ltaHHbIH BKJl3JJ. cymecTBeHHee 'leM TeMnepaTypHblH. 
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Puc. 12. 3aBHCHMOCTb JHTpomm ra3a TJ1lKeJJb1x JJ.blpOK OT napaMeTPa 

B3aHM0.1teiiCTBHll npH p33JJH'IHOM KOJJH'leCTBe '13CTHL{ B r33e 

Ha PHc. 12 noK333HbI 3aBHCHMOCTH JHTPOnHH raJa TJ!lKeJJbIX JJ.bipoK OT napaMeTPa 

B3aHMOJJ.eHCTBHJ! npH p33JJH'{HblX 3H3'1eHHJ!X 'IHCJJa '13CTHL{. IlpH ysenH'!eHHH 'IHCJJa 

'laCTHL{ Ha6JJJOJJ.3eTCJ! pe3KHH pocT 3HTponHH. c JJ.pyroii CTOpOHbl, pOCT napaMeTpa 

B33HM0.1teiiCTBHJ! npHBOJJ.HT K CyUJeCTBeHHOMY CHHlKeHHJO 3HTpomm B Ha'laJJe H 

nocJJeJJ.y!Oll{eMy H3Cbill{eHHIO npH OTHOCHTeJJbHO 60JJblllHX MelK'!aCTH'IHbIX 

B33HMOJJ.eHCTBHJ!X ( 'Y > 1) ' TeM CaMbIM ynopl!JJ.O'IHB3JI H CT36HJJH3Hpyll . 

B napazpat/Je 3.2 paccMOTPeH HecKOJJbKO'l3CTH'IHbiii r33 TJ!lKeJJbIX JJ.bipoK, 

JIOKaJJH30BaHHbiii B CHJJbHO-cnmocttyroii JIHH3oo6p33ttoii KT Ge/Si. AHanorn'IHO 

npeJJ.bl.ll)'UJeMy CJJY'la!O Jl.Jlll CTaTHCTH'leCKOH CYMMbl HMeeM 
2NE,, 

Z(N) 
e k11T 

(12) 

( ,., J( 1.0.1 J·''-l 
et,T - I e T;T - I 

Ha PHc. 13 npe.1tCTaBJJeHa 3aBHCHMOCTb cpe.1ttteii JtteprnH .ltbipO'IHOro raJa OT 

reoMeTpHH KT. PocT BbICOTbI JJHH3oo6p33HOii KT npHBOJJ.HT K pe3KOMY cn3.1ty cpe.1tHeii 

JHeprHH T3K K3K yMeHblllaeTCJ! H 3HeprHll p33MepHOro KB3HTOB3HHJ! B 3KCHaJJbHOM 

ttanpasJJeHHH, B pe3yJJbT3Te 'lero yposttH :meprnH pacnonaraJOTCJ! HHlKe. IlpH JTOM 

KOr.1ta hi ="' ' Mb! Ha6JJI0.1taeM <!>a30Bb!H nepeXOJJ. BTOporo pOJJ.3, o6ycJJOBJJeHHblH 

nepepacnpe.1tenettHeM '13CTHU B raJe, KOr.1ta B pe1yJJbTaTe yseJJH'leHHJ! HHlKtteii o6naCTH 

JJOKaJJH33l{HH 'laCTHL{. Mbl Ha6JJI0.1taeM OTTOK 'laCTHL{ H3 Bepxueii o6JJaCTH B HHlKHIOIO. 

{PHc.14) 

17 



'J •1t1.1: (l •.!N., 

0.45' 
11 1 • Ju11 

::. 
I •'it'll)K " 

\ ~ 0.40 r-nAi•1ll•V;rl. ( - · -·) 5 
::: 

~ 0.35 

0.30f "" 
0.25 

0.6 0.8 l.O 1.2 l.4 

112 , aH 

Puc. 13. 3a1111c11MOCTb cpeaHeH :meprn11 TPexqacT11qHoro napHo­

B3aHMoaeiicTByJOw.ero ra3a TlllKem,1x ab1poK OT BbTCOTbT KT 

,,_la, h, :!I\ 

l 
1 

i 

Puc. 14. CeqeH11e JJHH3oo6pa3HOH KT. Ilepepacnpeae11eH11e qaCTHll np11 H3MCHCHHH 

BbICOTbl KT. 

Ha Pnc. 15 npeacTaBJJeHa 3D 3a1111c11MOCTb JHTpon1111 ab1poqHoro ra3a OT q11c11a qaCTHll 

II napaMCTPa B3aHMoaeHCTBllll . ¥13 p11cyHKa cneayeT, 3HTpOilllll MllHllMaJJbHa np11 

MllHHMaJJbHOM KOJJ11qeCTBe qaCTllll II pe3KO B03paCTaeT npn HX yae1111qeHHll. 

B3aHMoaeiicTBllll lKe npHBoaHT K pe3KOMY cnaay JHTPonn11 n np11 aanbHemneM 

yaennqeHHH napaMeTPa B3aHMoaeiicTBllll c11CTeMa ynopllaoqHBaeTCll 11 

CTa6HJJH3HpyeTCll , II BCJJeaCTBHe JTOro 3HTponllll HaCbJW.aCTCll . 

Ha Pnc.16 noKa3aHbI 3aBHCHMOCTll TeilJJOCMKOCTH ablpoqHoro ra3a OT TeMneparypb1. 

BKJJM B3aHMoaeHCTBllll (npn IlOCTOllHHOH TCMneparype) B TCilJJOCMKOCTb 

OTpllQaTeJJbHblH, H TeilJJOCMKOCTb naaaeT, TaK KaK c pOCTOM napaMeTPa 

B3311MOaeHCTBllll y , qaCTllllbl qyaCTBYIOT apyr apyra 11yqJlle H TCilJJ006MeH 

CTaHOBHTCll 6011ee HHTCHCHBHblM. 3<ji<jieKT lKC TeMnepaTypbI, npOTllBOilOJJOlKHbJH, c 

pocTOM TeMneparypbI H qncna qacTHll Mbl Ha6JJ10aaeM pOCT TCilJJOCMKOCTH, TaK KaK 

np11 TeMneparype 300 K, c11CTeMe Heo6xoanMo aaTb 6oJJbllle Teillla qT06bl noab1C11Th 

ee TeMneparypy Ha 1 K, qeM npn TeMnepaType 200 K. 
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Puc. 16. 3a11nc11MOCTh TCilJJOCMKOCTH napHo-a3a11MoaeiicTBy10w.ero raJa TlllKCJJhIX 

ahlPOK OT TeMneparypbl 
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3AKJII011EHHE 

B 3aKmoqeHHH npeJJ.CTIIBHM OCHOBHbie 
)J.HCCepTaUHOHHOH pa60TbI: 

pe3yJibTaTbl npeJJ.JiaraeMoii 

I. 

2. 

3. 

4. 

B paMKax a)J.Ma6aT11'1ecKoro npM6JIMlKeHID1 noCTPOeHa TeOpIDI MelK30HHOro H 

BHYTPM30HHoro MarHeTOnornomeHMH s CHJibHo-cnmocHYTQii JJ.BOJIKOBhmyKJioii 

acMMMeTp11'1Hoii JIHH3oo6pa3HOH KT. TionyqeH aHaJIHT11'1eCKHH BHJJ. JJ.JIJI 

JHepreTHqecKoro cneKTpa H BOJIHOBblX <l>YHKUHH OJJ.HoqacT11'1HbIX COCTOJIHHH, a 

TaKlKe BbUIBJieHbl npasHJia OT6opa )J.JlJI MelK30HHb!X H BHYTPH30HHbIX nepeXO)J.OB. 

TIOKa3aHO, qTo )J.JlJI KBaHTOBblX qffcen HMelOT MeCTO npasMJia OT6opa 

11, --+ 11;, m --+-m', n, --+ n; . C pocTOM MarHMTHOro noJIJ1 nopor nornomeHIDI 

CMemaeTCJI B KOpoTKOBOJIHOBYIO o6JiaCTb (cHHee CMemeHHe) )J.JlJI MelK30HHblX 

nepexoJJ.OB. TaKJKe H3yqeHbJ TeMnepaTypHb1e 3aBHCHMOCTH KOJlj>lj>MuHeHTOB 

MelK30HHoro H BffYTpH30HHOro nornomeHHH. TIOKa3aHO. 'ITO npH MelK30HHblX 

nepexoJJ.ax Ha6JI10JJ.aeTcJ1 KpacHoe CMemeHHe c poCToM TeMneparypbl. 

JhyqeHbl 3aBHCHMOCTH KOJlj>lj>HUHeHTOB reHepauHH BTOpoii H TpeTbeH rapMOHHK 

OT JHeprHH Ila)J.a!Omero CBeTa. PacqeTbl C)J.eJiaHbl npH pa3JIHqHblX 3HaqeHHJlx 

BHenrnero MarHHTHoro noJIJ1 H pa3Mepos KT. PocT BHenrnero MarHHTHoro noJIJ1 

npHBOJJ.HT K cna)J.y IlHKOB KOJlj>lj>HUHeHTOB reHepaUHH BTOpOH H TPeTbeH 

rapMOHHK. AHanorwrnoe noseJJ.eHMe nOKa3bIBalOT nmcH 

pa3Mepos KT, s qaCTHOCTH BbICOTbJ JIHH30o6pa3Hoii KT. 

npM yseJiffqeHHH 

MccJie)J.OBaH JJieKTpOHHbIH ra3 H ra3 TJIJKeJlbIX )J.blpOK B CHJibHO-Bb!TllHYTOH 

JJIJIHilCO H)J.aJibHOH KT H CHJibHO-CnJIIOCHYTOH JIHH3006pa3HOH KT. 

B3aMMOJJ.eiicTBHe MelKJJ.y qacTHUaMH ra3a yqTeHo s paMKax MOJJ.eJIH aToMa 

MomHHCKoro. KOrJJ.a B3aHMOJJ.eHCTBHe MelKJJ.Y qacTHUaMH paccMaTPHDaeTcJI 

napHb!M H OCUHJIJIJITOpHbJM. B cnyqae JJJJIHncoH)J.anbHOH KT B3aHMOJJ.eHCTBHe 

paccMaTpMsaeTCJI O)J.HOMepHblM (s aKCHaJJbHOM HanpasJJeHHH), a B cnyqae 

JJHH3oo6pa3HOH KT JJ.ByMepHbIM (s nJIOCKOCTH ceqeHID! KT). 

TIOCTPOeHa MO)J.eJJb )J.JIHHHOBOJIHOBOro nornomeHIDI )J.JIJI HeCKOJlbKOqacTHqHoro 

JJieKTPOHHOro H )J.blpoqHoro ra30B, KOr)J.a Ha CHCTeMy Ila)J.aeT JJ.JIHHHOBOJIHOBOe 

B036YJKJJ.eHHe c JJJeKTPH'leCKOH KOMnoHeHToii E(t) = E
0
e-1

"'
1

• TioKa3aHo, qro c 

yqeTOM MeJKqacT11'1Horo B3aHMO)J.eHCTBIDI, TaK H B cnyqae, KOr)J.a JTO 
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B3aHMO)J.eHCTBHe OTCYTCTByeT, IlOJJ. )J.eHCTBHeM )J.JIHHHOBOJIHOBOI'O H3JiyqeHIDI 

HMelOT MeCTo JJ.HnOJlbHbJe nepexoJJ.LI, onpeJJ.eJ1J1eMb1e OJJ.HOH H TOH JKe qacroroH, 

qro J1BJ1J1eTCJ1 JJ.OKa3aTeJlbCTBOM peanH3aUHH o6o6meHHOH TeopeMbl KoHa. 

5. PaccMOTpeHbI repMOJJ.HHru.mqecKHe xapaKTepMCTHKH JJ.bipoqHoro ra3a s CMJJbHO­

BbITllHYTOH JJIJIHilCOH)J.aJibHOH H CHJibHO-CilJllOCHyTOH JIHH3006pa3HOH KT. 

fuyqeHbl TeMnepaTypHble 3aBHCHMOCTH CpeJJ.HeH JHeprHH, CB060JJ.HOH JHeprHH, 

JHTPOilHH H rennoeMKOCTH ra3a. TioKa3aHo, qTo yqeT B3aHMOJJ.eHCTBIDI npHBOJJ.HT 

K poCTy cpe)J.HeH H CB060JJ.HOH :meprnu, a TaKJKe ynopl!JJ.OqHBaHHIO CHCTeMbl, B 

pe3yJibTaTe qero c pOCTOM napaMeTpa B3aHMO)J.eHCTBIDI JHTponHJI CHCTeMbl 

na)J.aeT. 

6. TipH paccMOTPeHHH 3asHCHMOCTH cpeJJ.HeH H cso6oJJ.HOH JHeprHH OT BhICOTbI KT, 

HaqHHM c MOMeHTa KOrJJ.a Ii,_ =I~ , Ha6JI10JJ.aeTcJ1 lj>a30BbIH nepexoJJ. nepsoro 

I. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

poJJ.a, o6ycnosneHHbJH nepepacnpeJJ.eJJeHHeM 'laCTHU s KT, KOrJJ.a s pe3yJJhTaTe 

yseJJ11'1eHIDI HHlKHeH o6JJaCTH JIOKaJJH3aUHH qacTHLI, Mbl Ha6JIIO)J.aeM OTTOK 

qaCTHU H3 sepxHeH o6JJaCTH B HHlKHlOIO, conpOBOlK)J.aeMblH yMeHbWeHHeM 

Jlj>lj>eKTa pa3MepHoro KBaHTOBaHIDI . 
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UU<I>fi<I>Uq.N' 

1. Uqpwpwuiw4wli unuiwiJ.npnLJC)JUIU 2P2Wliw4lihpnLU 4wnnLglJ.ht t 

up2qnuipw4wli lL lihpqnuipw4wli Uwqlipuw4wli 4tmlimU!ihpp mhunLJC)jllLU[! 

iupuui uhILUlJ.wb hp4nLnnLgp4 wlihwuw2wilt nuuiliJw4wolL 1!4.wliuiwJ!1li 

4hmmu (.Rli): UuiwgiJ.ht hli ut4uwulip4WJPU iJ.PCiw4lihpp WWj!Wjpli 

:j>mli4g!imlihpp lL tlihpqpm4mli uuih4m11p iJ.hJ1LnLmu4mli mhuj!hp[! pli2uihu limlL 
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2. 

3. 

4. 

I 

11nqrn bli pbpiJ.b1 uj1)>qnuipwljwli lL libpqnuipwljwli wlignLUlibpj1 hwuwp 

2nljuwli ljwlinlilibp[! : 8mJg t uipiJ.bi, np RtlwliuiuiJpli iotlhpp hwuwp uibajl 

nLlibli hbuili.JUll ljwlinlilibp[!' n, ~n;, m~-m', n, ~n; : lJwqlijrnwljwli l}Ul2U1P 

w6pli qnLqli13wg lj[UIUUUIU bqr[! Up2qnuipwljwli wligmulibpp hwuwp zb11iJ.nLU t 

11hUJp ljwptiuitrRWJpli uippnIJio (lJuiUJnLJUl 2h11nLU): OrnmuliwuppiJ.bt bli liwli. 

Up)>qnmpu1l1w[1 lL libpqnuij1wljwli 41wlitfu1[1 qnpbwljj1glibpjl 

2bpuwuuij16wliuiJpli ljwjuiJ.wbnL13JnLlilibp[!: 8nLJ9 t uipiJ.b1, np Up)>qnuijlwljwli 

wlignLUubpp 11hUJR11LU lilju1uiiJ.mu t ljwpupp zbqntU 2hpuwuuiptiwlip w6p hbui: 

fhumuliwuppiJ.b1 bli bpljpnp11 lL bppnp11 hwpunlipljp qblibpwgpuiJp 

qn11bwljjlglibp[!' Liwrnlwb [![1l1lin11 im1ul1 tlibpqjlu1Jl1g: <wztlwpljlibpli wpt[bt bli 

wpmwRl1li uwqlipuwljwli 11w2ml1 lL -'24-p 2wtjlbpp uiwppbp wpdhRlibpj1 

hwuwp: UpuiwRrli uwqupuwljwli 11wzuip w6[! pbpnLU t bp41lnp11 lL bppnp11 

hwpunlirlJl1 qblibpwgpu1Jl1 qnpbwljpglibpp qwqw13libpjl liiJ.wquwli: 

'Luwlioppliwlj iJ.wpR ljwpbw t liljwmb1 -'24-p 2wtjlbpl1 wtip 11hUJRnLu 

UuiuliwiJ.npuiUJbu nUUJUJU!ljUJlili. -'24-p pwplipnLf<lJUIU llhUJRnLU: 

flrnnLUliwuppiJ.bt bli qbljuipnliw3pli qwq[! lL bwlip Junnn2libpp qwq[! Jupuui 

liqiJ.wb l:JpUJUU1P11U1Jpli lL }upuui ub11uiJ.wb nuUJliJuilJwlilL -'24-bpmu: q.wqp 

Up2uwuliplju1jj11i tjln}uu1q11bgnL13JnLli[! hwztljl t wnliiJ.bt linzpliuljnL UltnnUp 

un11btr 2112wliwljnLU, bpp up2uwulipljuiJpli tjlnJuwq11bgnLf<lJl1lli[! l}pmwpljiJ.nLU t 

npUJbu qmJq lL ougjluwuinpuiJpli: ttrUJUUIPllUIJpli -'24-p 11hUJRnLU 

tjln}uu1q11bgnL13JnLli[! l}pmwpljiJ.nuf t npUJbu Upw2wtjl (UIRUPUll nL1lfll1lf<lJU1tfp), 

pulj nUUJUJUlljUJlili. -'24-p 11hUJR11LU ' bp~u1tjl (-'24-p hwp13nLf<lJUIU hwuiuwli 

nl111111lf<lJU!Up): 

4wnmgiJ.bt t bpljwpw1l1RU1Jpli 41wliuwli un11ht[! uj1 RU!lip uwulij1ljuiJpli 

qblJui1mliuiJpli lL Junnn2uiJl1li qwqbpp hwuwp, bpp hwuwljwpqj1 iJ.pu1 [!liljlinLU t 

bpljwpw1JiRU1Jpli wq11bgnL13Jntli E (t) = E0e-'"'' qbljuipwljwli PU111UlllPP2niJ.: 

8nLJ9 t mpiJ.wb, np jlli2UJbU Uj12Uwulij1ljU1Jpli tjmjuwql}bgnLf<lJUIU wnlJuiJnL[ClJUIU, 

uiJliUJbu ti 11rw pwgwlJuiJ11Lf<lJU1U 11hUJnmu bpljwpuitrRWJpli tiumwquiJf<lUtuli 

wq11bgnL[ClJU1[1 mmlj j1 hUIJUl bli qwJ]rn 11pUJn1w1pli wligntulibp, npnliR npnzt[ntU 

bli linLJli hwtiw}unL[ClJU!Up, pli2[! hwuwpij_nLU t 4nlil1 [!lil}hwli11wgiJ.wb 13bnpbup 

ppwljwliwguwli U1UJU1gntJg: 
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5. 

6. 

' 

'1-ptnuipljiJ.bt bli tunnn2uiJj11i qtuqj1 rah11Unl}pliwut1lJwljwli plint13wqpbp[! jupuui 

liqiJ.wb QPU!UUIMUIJPU lL JupuUl ubquiJ.wb nuUIUJUlljUJlili. -124-bpmu: 

Otunu\'liwuppiJ.bt bu qwqp up2jlli tlibpqj1w3j1, u1qwtn tlibpqpu1Jl1, tl.impnutruiJp 

lL 2bpUntliU1lj11Lf<lJU1li 2bpUuiut11ptiwliuiJpli ljwJuiJ.wbnL13JnLlilibp[!: 8nLJ9 t 

mpiJ.bi, np tjlnjuwq11bgnLf<lJUIU hwztljl wnlinLU[! pbpmU t Up2pli lL wqwm 

tlibpqptulibpp wtip pli~Uibu liwli. hwuwljwpqp ljwpqwiJ.npUU!li[! , pliiP 

wpilJnLliRnLU tjlnJuwq11bgnLf3JU1li U!UIPUJtfbmpp wtipli qnLqlirawg hwuwljwpqp 

tliuipnU!l1wli liiJ.wqnLU t : 

lJp2pu lL wqwui tubpqpwlibpp' -124-p pwplipnLf<lJnLupg 11ruiwpljiJ.n11 

ljwJut[uibntraJnL[11ibpnuf /72 = h, u1whj19 uljuwb liljwuiiJ.mu t mnm2rli ljwpqp 

.'.j>wquiJpli wlignttf, UJU1JUU11iwiJ.npiJ.wb -'24-nLU Uwulijlljlibpp iJ.bpwpwzJuuwup, 

bpp Uwulipljlibpp t11bflU1JUU19Uwli libppli.p uippnLJf<lP Ubbwguwli uip!lJnLliRnLU 

liljwuiij_nLU t Uwulijlljlibpp wpmwhnuR iJ.bpli.p uippn1J13l19 lihpRlLjl uij1p11LJ[Cl: 

CONCLUSION 

I. In the frame of the adiabatic approximation, a theory of interband and 

intraband magnetoabsorption in a strongly oblate biconvex asymmetric lens­

shaped QD is constructed. An analytical form for the energy spectrum and 

wave functions of single-particle states are obtained, and selection rules for 

interband and intraband transitions are identified. It is shown that selection 

rules for quantum numbers 11, ~ 11;, m~-m', 11, ~11; take place. With 

increasing magnetic field, the absorption threshold shifts to short wavelengths 

(blue shift) for interband transitions. The temperature dependences of the 

interband and intraband absorption coefficients were also studied. The 

interband transitions red shift with increasing temperature is observed. 

2. The dependences of the second and third harmonics generation coefficients on 

the energy of the incident light were studied. Calculations were made for 

different values of the external magnetic field and QD sizes. An increase in 

the external magnetic field leads to a decrease in the peaks of the second and 
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third hannonic generation coefficients. Peaks show similar behavior with 

increasing QD dimensions, in particular the height of the lens-shaped QD. 

3. Electron gas and heavy holes gas in a strongly prolate ellipsoidal QD and a 

strongly oblate lens-shaped QD were studied. The interaction between 

particles is taken into account within the framework of the Moshinsky atom 

model, when the interaction between particles is considered paired and 

oscillatory. Ln the case of an ellipsoidal QD, the interaction is considered one­

dimensional (in the axial direction), and in the case of a lens-shaped QD, it is 

considered two-dimensional (in the plane of the QD section). 

4. A model of long-wave absorption is constructed for few-particle electron and 

hole gases when a long-wave excitation with an electrical component 

E(t) = E0e-•w• is incident on the system. It is shown that, taking into account 

the interparticle interaction, and in the case when this interaction is absent, 

under the influence of long-wave radiation, dipole transitions take place, 

detennined by the same frequency, which is proof of the implementation of 

the generalized Kohn theorem. 

5. The thennodynamic characteristics of a holes gas in a strongly prolate 

ellipsoidal and strongly oblate lens-shaped QDs are considered. The 

temperature dependences of the mean energy, free energy, entropy and heat 

capacity of the gas were studied. It is shown that taking into account the 

interaction leads to an increase in the mean and free energies, as well as 

ordering of the system, as a result of which, as the interaction parameter 

increases, the entropy of the system decreases. 

6. When considering the dependence of the mean and free energy on the height 

of the QD, starting from the moment when /72 = '1i , a first-order phase 

transition is observed, caused by the redistribution of particles in the QD, 

when, as a result of an increase in the lower region of particle localization, we 

observe an outflow of particles from the upper region to the lower. 
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