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K31111Hi13T tlJu3.-M3T. uayK, ilOQeHT 
)];.I>. AilpaneTHH 

06WMI XAPAKTEPHCTHKA PA60Thl 

AKTYBJILHOCTL HCCJ1Ci10B3HHH 
CKa'IK006pa311oe pa3BHTHe cospeMeHHbJX nonynpoBOilHHKOBbJX HaH0Tex11onorni1 

nOJBOJIHJIO C031laTb pa3llH'IHbJe THnbJ HaHOCTpyKTyp, KOTOpble HMel-OT pa3Mepbl OT 

HeCKOJlbKHX 110 .11ecJ1TKOB HaHOMeTpOB H pa3JJH'IHbJe <)>opMbl, OT CaMblX npoCTblX 

(c<~epa. UHJIHH.llP H T . .11.) .110 caMblX CJIOlKHblX (npH3Ma, JIHH3a H T . .11.) [1-3). BMeCTe c 

TeM, B nocne.11Hne fO.llbJ 6b1JJH 3KcnepnMeHTaJJbHO peann30BaHbI 3JJJ1Hncou.11aJ1bHb1e KT, 

B KOTOpblX B03HHKaeT Heo6X0.11HMOCTb y'leTa 3JleKTpOH - .llblpO'IHOfO B3aHMO.lleHCTBHR 

[4,5) . B 'laCTHOCTH, no.110611aR curyauHR B03HHKaeT B cny'lae CHJlbHO CnJJl-OCHYTblX HJIH 

BbITJIHYTbTX 3JJJJnncon.11anhHbIX KT. 

BalKHOi1 o6nacTbl-O <)>HJHKH HaHOCTPYKTYP J1BJllleTCJ1 <)>n3HKa JKCHTOHOB, TaK KaK 

3TH KBaJH'laCTHUbl urpal-OT oco6y1-0 pOllb B OnTH'leCKHX H TpaHcnopTHblX CBOHCTBax 

nonynpoBO.llHHKOBbJX CTPYKTYP [6,7) . B nocne.1111ee speMR K KJ1acc11<teCKHM 

npHMeHeHHRM 3KCHTOHHblX COCTOJIHHH .1106aBHJIHCb TaKlKe HOBbJe o6JJaCTH 

np11Me11e11HR: KBaHTOBaJI 1111<)>opMaTHKa 11 KBaHTOBaR onn11<a. B 3THX 06nacTJ1X 

aKTYaJJbHbIMH JIBJllll-OTCJI 3a.lla'IH C03.llaHHR 3<)>4>eKTHBHblX H Ha.llelKHblX HCTO'IHHKOB 

O.llHHO'IHbIX <)>ornHoB u ncTo•JHHKOB nap 3anyrn1111b1x <l>OTOHOB [8-1 OJ. Ecnu .llllJI 

peweHHR nepsoi1 3a.lla'IH 3KCHT0Hbl JIBJIJll-OTCJI BnOJJHe npHfO.llHblMH KBaJH'laCTHUaMH, 

TO .llJlll C03a.1111aHR nap JanyTaHHblX <)>oTOHOB npe.11naraJOTCJI HCnOJJb30BaHHe 

MHOro3 KCHTOHHbIX KOMnneKcos, B 'laCTHOCTH, 6H3KCHTOHbI. 3Tn CJJOlKHbie cTpyKTYPbI 

JIBJllll-OTCJI o6oeKTaMH HHTeHCHBHOfO HCCJle.llOBaHHJI B CBJl3H c HX HenpOCTblMH 

csoi1CTBaMH. Ball<Ho OTMeTHTb. 'ITO TaKne CJJOlKHh1e CTPYKTYPbI J1BJJJ11-0TCJ1 

11ecTa6HJ1bHblMH 'laCTHUaMH B MaCCHBHbJX nonynpOBO.llHHKax, B TO BpeMJI KaK B 

nonynpoBO.llHHKOBblX HaHOCTPYKTypax, H3-3a .1106aBO'IHOfO pa3MepHOfO KBaHTOBaHHll , 

CTa6HJJbHOCTb TaKHX CTpyKTYP pe3KO B03pacTaeT. KpoMe B03MOlKHOCTH ucnycKaHHR 

3anyTaHHhlX nap <)>oTOHOB, 6H3KCHTOHbl 06na.11aJOT TaKlKe B03MOlKHOCTbl-O 

O.llHOBpeMeHHOro .11syx<)>oTOHHoro norno111e11nll [11-14) . KpoMe 3KCHTOHOB u 

6H3KCHTOHOB B HaHOCTpyKTypax B03MOlKHbl TaKlKe C03.llaHHe 3aplllKeHHblX 

MHOf03KCHTOHHblX KOMnJJeKCOB, TaKHX KaK TpHOHbl H KBaTepHHOHbl [15-17) . 
B CBeTe BbIWeCKaJaHHOro, B03HHKaeT aKTYaJJbHaR 3a.lla'la TeopeTH'leCKOfO 

H3y'leHHR CJIOlKHblX 3KCHTOHHblX KOMnJJeKTOB, a TaKlKe HX BJIHRHHe Ha xapaKTep 

nu11ei1Horo u 11enu11ei111oro norno111eH11ll B CHJJbHO cnJ110c11yToi1 3JJJ1Hncou11anb11oi1 KT 

(CC3KT), Kor.11a MHOfO'laCTH'IHOe B3aHMO.lleHCTBHe MOlKHO paccMaTpHBaTb 

llByMepHblM. 3TO H llBJIReTCll o6oeKTOM H3y'leHHll B naHHOH nuccepTaUHOHHOH pa6oTe. 

Ll,e.rtL pa60TLI 
U.eJJbl-0 nuccepTaUHOHHOH pa60Tbl llBJllleTCJI: 

• TeopeTH'leCKOe HCCJ1e11osa11ue 3KCHTOHHblX KOMnJJeKCOB. a HMeHHO, 

nOJJOlKHTeJJbHOfO H OTpnuaTeJJbHOfO TpHOHOB, 6H3KCHTOHa, 

noJJOlKHTeJJbHOfO H OTpnuaTeJJbHOfO KBaTepHHOHOB B CHJlbHO cnJJl-OCflYTOH 

3JIJIHnCOH.llaJJbHOH KBaHTOBOH TO'IKe. 

• HccnenosaHne TaKHX JJHHei1HbIX onTn'leCKHX csoi1CTB. KaK norno111e11ue H 

<)>oTOJllOMHHecueHUHll 3KCHTOHHblX KOMnJJeKCOB. 

• Hccne.11osa11ue HeJJHHeHHblX onTH'leCKHX CBOHCTB 6H3KCHTOHHbl X 

COCTOJIHHH. B 'laCTHOCTH, HeJJHHeHHOH BocnpHHM'IHBOCTH H .llByx<)>oTOHHOfO 

nornollleHnll . 3 f ;~nbfU~ rliUSl: Sft-8~ ,.n,•tf'tl 

lh4r. t.l 1£1lt41f.31i. 'le~1:oroffHCTHTJH 
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• Pac'leT cjJH3H'leCKHX napaMeTpo8, TaKHX KaK 'J11eprHJ1 , '.l 11cprHJ1 C8ll3H, 

:rneprnll OllTH'leCKOro nepexo.11a H 3Heprnll peKOM6H11auHH 6HJKCHTOHHblX 

COCTOJIHHH B CHJlbHO Cnll!OCHYTOH 3JIJIHllCOH.llaJlbHOH KBallTOBOH TO'!Ke 8 

npHCYTCT8HH 8HellJHero MarHHTHOro llOJlll . 

• Vlcc11e.1108aHHe HaMarHWieHHOCTH 6H3KCHTOHa 8 CHJlbHO CllJllOCHYTOH 

3JIJIHllCOH.llaJlbHOH K8aHT080H TO'!Ke . 

HaY'rnaH uosn1ua 

I . B paMKax 8apHau11011Horo MeTo.11a nocTpoeHbl 80J1H08b1e cjJyHKUHH .llllll 

HeHTpallbHhlX H 3apllJKeHHblX 3KCHTOHHblX KOMllJleKC08 8 CHJlbHO 

CllJllOCHYTOH 3JIJIHllCOHJlallbHOH KBaHT080H TO'!Ke. 0oKa3aHO, 'ITO :JHeprHll 

3KCHTOHa O'leHb 611H3Ka K JHeprnH llOJIOJKHTeJlbHOfO TpH011a, a J11eprnll 

6H3KCHTOHa K 3HeprHH OTpHuaTeJlbHOro TpHOlla, a 11aH60J1blllYIO ')11eprn10 

cpe.11H 3KCHTOHHblX KBa3H'laCTHU HMCCT OTpHuaTCJlbllblH K8aTep11HOll. 

2. Pacc'!HTaHa JHeprHll C8ll3H Jlllll JKCHTOHHblX KOMn11eKC08. Onpe.11eJ1e11a 

0611aCTb, 8 KOTOpOH ycTOH'IH80CTb KaJKJIOH KBa3H•1aCTHUbl He 11apylllaeTCll. 

PacC'IHTatta JHeprnll peKOM6HHaUHH Jlllll HeHTpallbHblX H 3apRJKCHHblX 

3KCHTOHHhlX KOMllJleKCOB H llOJly'leHa CHJlbHall 3aBHCHMOCTb MaJIOro 

reoMeTpH'ICCKOro napaMeTpa 3JIJIHllCOH.lla OT 3HeprHH peKOM6HHaUHH. 

3. 8bmo1111e11a oue11Ka pa.11HaUHOHHoro 8peMeHH JKHJHH .1111J1 KaJKJIOH 

K8a3H'laCTHUbl H llOKa3aHO, '!TO OHO JleJKHT 8 npe.11e11ax OT HeCKOJlbKHX .110 

11ecKOJ1bKHX .11ec»TK08 HC. B 3aBHCHMOCTH OT nonyocH JJ111HncoH.11a 

pa.11HaUHOHHoe 8peMll JKH3HH o6oHX JKCHTOHHhlX KOMnneKC08 

y8eJIH'!H8aeTC)I c y8eJIH'leHHeM MaJIOH no11yocH, TaK KaK 8epORTHOCTb 

peKoM6HHaUHH yMeHblllaeTC». 

4 . Bb11101111eH no.11po6Hh1i1 a11anH3 80CnpHHM'IHBOCTH TpeTbero nop».11Ka Jl1lll 

0.llHOcjJOTOHHblX pe30HaHC08 H J18yxcjJOTOHHOro pe30HaHca JIJIJI nepeX0.1108 

3KCHTOH-OCH08HOe COCTORHHe, 6H3KCHTOH - 3KCHTOH H 6H3KCHTOH -

OCH08HOe COCTORHHe. HeJIHHeHHOe norno11.1eHHe JIJIJI 6H3KCHTOHHblX 

COCTOJIHHH llOCTpOeHO Ha OCH08e MHHMOH lJaCTH 80CllpHHM'IH80CTH TpeTbero 

nopll.llKa. 

5. 0011y'leHa 3aBHCHMOCTb 3HeprHH C8ll3H MarHHT06H3KCHTOHa 8 CHJlbHO 

CllJllOCHYTOH JJU!HllCOH.llaJlbHOH K8aHT080H TO'!Ke OT reoMeTpH'leCKHX 

napaMeTp08 3JIJIHllCOH.lla H MarHHTHOro llOJIR. noKa3aHO, '!TO noc11e 

HeKOToporo KpHTH'leCKOro 3Ha'!eHH)I MarHHTHoro llOJlll 3HeprHll C8ll3H 

6H3KCHTOHa CTaH08HTCll OTpHuaTeJlbHOH. TeM CaMblM HapylllaeTCR 

YCTOH'IH80CTb 6H3KCHTOHHOro COCTORHHJI . 

HayquaH n npaKTn'leCKaH 1..1ennocTb 

Pe1yJ1bTaTbl. 11011ylJeHHble 8 .11aHHOH JIHCCeprnuHOHHOH pa6oTe. HMe!OT .118e 

COCTa8Jlll!Oll.(He: aKa.11eMH•1ecKyi0 H npaKTH'leCKYIO. c aKa.11eMH'leCKOH TO'IKH 3peHHJI 

CJIOJKHble 'IHCJleHHble MeTOJlbl HCCJle.ll08aHHJI 6blJIH pa3pa6oTaHbl 8 paMKax 

sapHauHOHHOH TeopHH Jlllll paCCMOTpeHHJI 3Ma'I HeCKOJlbKHX '!aCTHll 8 

11011ynp080J1HHK08blX K8aHT08blX TO'!Kax. B qacTHOCTH. nocTPOeH H peanH308aH 

TpexnapaMeTpH'leCKHH sapHauHOHHblH MeTOJI pac'leTa. c npaKTH'ICCKOH TO'IKH 3peHHJI 

3KCHTOHHble KOMllJleKCbl MOryT HaHTH npHMeHeHHe Jlllll llOCTpOeHHll 

no11ynp080J1HHK08blX onToJ11eKTpOHHblX npH6opo8 H08oro noK011eHHJ1. B '!aCTHOCTH, 8 
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noc11e.11Hee 8peMR OHH HHTeHCH8HO npHMeHJllOTCll 8 KBaHT080H TeXHHKe H K8aHT080H 

HHcjJOpMauHH 8 KalJeCT8e 0.llHO- H Jl8YXcjJOTOHHblX 1anyTaHHblX HCTO'IHHK08. 

OcHOBHble uay'IHble noJIOlKCHHH, BblllOC1tMb1e ua 1am11Ty 

I . H08blH lJHCJleHHblH MeTOJI MHHHMH3auHH :rneprHH 6H3KCHTOHa c llOMOll.(b!O 

TpexnapaMeTpH'leCKOH 8apHauHOHHOH cjJyHKllHH. 

2. OpHMep11oe pa8eHCT80 3HeprnH 6HJKCHTOHa YJ180e11110My 111a'!eHH1-0 

:rneprHH 3KCHTOHa 80 8CeM HHTep8aHe H3MeHeHHll MaJIOH nonyocH B CHJlbHO 

CllJllOCHYTOH 3JIJIHllCOH.llaJlbHOH K8aHT080H TO'!Ke. 

3. CHHHH C.118Hr 110110JKeHHJ1 nHKa <!>oTOJ110MHHecue11uHH 6HJKCHTOHa npH 

yMeHbllJeHHH Manoro reoMeTpH'leCKOro napaMeTpa 3JIJ1HllCOH.llaJlbHOH 

KBaHT080H TO'IKH. 

4. Pac'!eT MHOronHK080CTH cneKTp08 norno11.1eHHR npH nepexo.11e 6H3KCHTOHa 

H3 8016yJK.11eHHOfO COCTOllHHll 8 OCH08HOH ypoBeHb 3a ClJeT .118YX4JOTOHHblX 

pe30HaHCHblX nepeX0.1108. 

5. Onpe.11ene11He yMeHbllleHHll HaMarHW1e1111ocTH 6HJKCHTOHa. 06yc1108ne1111oro 

y8eJ11-1'1eHHeM 8HellJHero MarHHTHOro llOJlll H MaJIOH 11011yOCblO 3JlJ1HllCOHJla. 

Anpo6a1..111H pa6oTbl. Oc1108Hb1e pe3yllbTaThl , nony'leHHble 8 .11att11oi1 

JIHCCeprnuHOHHOH pa6oTe, o6cyJKJlaJIHCb BO speMJI Hay'IHblX ceMHHapoe Ka<t>e.11pb1 

0611.1ei1 cjJH3HKH H KBaHT08blX HaHOCTPYKTYP J111JKe11ep110-<l>H3H'leCKOro HHCTHTYTa 

PAY, a TaKJKe J10KJ1Mb1BaJ1HCb Ha cne.11y1011.1Hx noKaJlbHblX H MeJK.11yHapo.11HhIX 

11ay'IHhlX KOH<!>epeHl.lHllX: 

• 
• 
• 

• 

• 
• 

14th Annual Scientific Conference, RAU, 2019 . 

Young scientists Conference "Physics ofNanostructures", RAU 2020 . 

International Youth Conference on Electronics, Telecommunications and 

Information Technologies, SPBSTU 2021. 

XXIll Russian Youth Conference on Physics of Semiconductors and 

Nanostructures, Semiconductor Opto- and Nanoelectronics, St. Petersburg 

2021. 

15th Annual Scientific Conference, RAU, 2021. 

IEEE 11th international Conference on "Nanomaterials: Applications & 

Properties", 2021 

Tiy6m1Ka1..1n11. IIo TeMe .1111cceprnu1111 ony6m1K08aHbI 8 pa6oTbJ. CnHcoK 

npH80.llHTCll 8 KOHue aBTOpe4ieparn. 

CTpyKTypa II 06'beM pa60Tbl }l,HccepTal.lHll COCTOHT H3 88e.11eHHll , Tpex mas, 

JaKJl!OlJeHHll H CllHCKa HCll0Jlb3yeMOH JlHTepaTypbl. TeKCT H3JlOJKeH Ha 109 CTpaHHuax 

H co.11epJKHT 58 pHCYHK08. 5 Ta6JlHU " 121 HaHMeH08aHHH JlHTepaTypbl. 
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COllEPJKAHHE P A60Thl 

Bo BBCJlCHHH npe,LlCTaBJieH o63op Hay'IHOH mnepaTyphl no TeMe 

JlUCcepTa1.1uoHHOH pa60TbI. ITpe,LlcTaaJieHa uH<tiopMaL1HJ1 o cospeMeHHblX 

uccJie)loaaHHJIX a o6nacru :JKCUTOHHOH <IiH3uKH. C<tiopMynupoaaHbI uenu JlUCcepTallffu 

u npuae)leHbI ee OCHOBHbie IlOJIOllCeHHJI. 

IlepeaH rnaea )lUCCepTaQUOHHOH pa6oTbl IlOCBllllleHa H3y'leHHIO CJIOlKHblX 

:JKCUTOHHbIX cocrol!HUH a CC3KT u3 GaAs. 
B 11apazpa</Je 1.1 paccMarpuaaioTCll 6u:JKCUTOHHbie cocrol!HUJI s CC3KT c 

HenpOHUQ3eMblMH CTeHKaMU. 

Puc. 1. CxeMaTU'lHOe H3o6p3lKeHHe 31111uncou)laJibHOH KT. 

IToTeHLIUaJibHal! :JHeprHJ1 'laCTULlbI (:JJieKTpOH, JlbipKa) a QHJIUHJlpu'leCKUX 

KOOp)lUHaTax 33IlUCblBaeTCJI B CJieJlYIOUleM BH)le: 

l 
p 2 z2 

0,2+2s;l 
Uro,,r (p,tp,Z)= a 2 c 2 , a >>c, 

p z 
00,2+2>1 

a c 

r)le c u a - coOTBeTCTBeHHO, MaJial! u 6oJiblllal! nonyocu CC3KT. 

raMUJlbTOHUaH CUCTeMbl UMeeT CJie)lylOIJ.(HH BH)l: 

(1) 

'i 

H(Fi ,r;,ra,rp )= L: 2~. + L:vro•if (p1,zJ+v,u (Fi ,r2, ;:a,rP), (2) 
J m j J 

r)le j = {1,2,a,/J} , ii U r, - KOOp)lUHaTbl 3JieKrpOHOB, ra Urµ - KOOp)lHHaTbl Jlb!pOK. 

3)leCb J!;nt (ii , r;, ra, rµ) - 3HeprHJI B3aUMO)leHCTBHJI MelKJlY 'laCTULlaMU, KOTOpal! 

BKJllO'l3eT B ce6ll ace B3aHMO)leHCTBUJI 3JieKrpOHOB u )lblpOK, u UMeeT CJie)lylOIJ.(HH BH)l : 

~ ~ ~ ~ ~ ~ v ----+ ---------------
int - cJ~-r;J clra-rµI cJfi-ral clii-rµI cJr;-;;,J clr;-rl 

(3) 

CneL1H<tiu'leCKal! reoMeTpHll KT noJaoJIJ1eT ucnoJib30BaTb reoMerpu'lecKoe 

a)lua6aTu'lecKoe npu6JiullCeHue. OcHOBblBMCb Ha CilJl10U1eHHOH reoMeTpuu 
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3JIJiuncou)laJibHOH KT, MOllCHO noKaJaTb, 'ITO Ja)la'la uMeeT llpKo Bb1pallCeHHbIH 

JlByMepHbIH xapaKTep. HaK0He1.1, JlJJll ypasHeHHJI Wpe)luHrepa MbI nony'laeM: 

[ ( 

'2 'i J . 2 l P,, P,
1 

m/2
1 

i w _ _ _ _ _ _ _ _ _ 
~ 

2
m; + 

2
m; + ~-2-P1 +V;", (P1,Pi,Pa,P11 ) 'P(P1 ,P,,Pa,Pµ)-

(4) 

= £~'J'(p1,P2 ,Pa ,Pµ ) 

r)le 
1T2n2 

Ew = E xx - L 8 '.c2 xx 1 m, 
U 

nfi n = --. 
j 2mjac 

'laCTOTa napa60JJH'·IeCKOro 

orpaHU'lUBa10U1ero IlOTeHLIUaJia. 

,ll,aHHal! Ja)la'la 6bIJJa peweHa a paMKax aapuauuoHHOro MeTOLla [ 18], rDe 

sapuauuOHHal! BOJJHOBal! <liYHKUHJI 6blJJa CKOHCTpyuposaHa Ha OCHOBe OLlHO'laCTU'!HblX 

BOJIHOBblX <iiYHKLIUH 3JJeKTpOHOB U LlblpOK (19) : 

'¥ ,,,., (P1 · Pi. Pa' Pp)= Cl//1 00 (P1 )1//100 (Pi )1//1 00 (P .. )1//100 (P11 ) x 

x e - rP., { e -1(!1. +p,, )-o(f\,+P,. } + e - .< (!\ , +p,. )-6(1\. +,.,, )} ' 
(5) 

rile C- HOpMUpOBO'lHal! KOHCTaHTa, P1;= 1.o, -.o.1,j,k={l , 2 ,a,p} , A, 8 u r 
llBJIJllOTCll sapua1.1uOHHblMU napaMeTpaMU, KOTOpble onpeLleJJlllOTCll nocrre 

MHIIHMH3aUHH HJITerpana: 

E xx = ( '¥ ,,,., (fi,rja, rp) IHI 'P,,,., (ii ,r;,ra,rp ) ), (6) 

,ll,rrll cpaaHeHHJI norry'leHHbIX pe3yllbTaTOB Ja)la'!a TaKlKe 6brna paccMOTpeHa s 

paMKaX npUHLIUila HeonpeLleJleHHOCTeH reHJeHfiepra. 

B 11apawa</Je 1.2, a paMKax aapuauuoHHoro MeTOJla, paccMaTpusaJOTCll 

no11ollCuTe11bHOe u 0Tpu1.1aTeJ1bHOe TpuoHHbie cocTOllHUJI a CC3KT. ob111u norry'leHbl 

BOJIHOBble <iiYHKLIUU a TaKlKe :rnepreTH'leCKUH cneKTp LlaHHblX 3KCUTOHHblX 

KOMillleKCOB. 

B napazpa</Je 1.3 paccMaTpusaJOTCll no11ollCuTe11bHoe u OTpu1.1are11bHOe 

KBaTepHUOHHble COCTOllHUll B CC3KT, Llllll KOTOpblX 6blJIU norry'leHbl BOJIHOBble 

<iiYHKLIUH H :rnepreTH'leCKUH cneKTp. 

B napazpa</Je 1.4, OCHOBblBal!Cb Ha norry'leHHblX peJyllbTaTOB, 6bIJJU norry 'leHbl 

3aBUCUMOCTU 3Hepruli H 3HepruH CBll3H Llllll scex TUilOB HeHTpaJibHblX H 3ap!IllCeHHblX 

3KCUTOHHbJX KOMnrreKcos OT MaJIOH reoMeTpu'leCKOH norryocu CC3KT. 

Ha Puc. 2 npuseDeHbJ cpaaH11TeJ1bHble JaaucuMocTu :JHepruli :JKcuroHa ( X ), 
OTPHLlaTeJJbHOro ( x-) u IlOJIOlKHTellbHOro ( x+) TpUOHOB, IlOJIOlKUTellbHOro ( xr ), 
OTpHQaTeJJbHOro (AX- ) u HeHTpaJibHOro ( ,YX) KBaTepHHOHOB OT MaJIOH nonyocu 

CC3KT npu <tiuKc11poaaHHOM JHa'leHuu 6011bwoli reoMeTpu'leCKOH norryocu 

31111UilCOULlaJibHOH KT. 
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Puc. 2. 3as11c11MoCT11 JHeprnu Bcex paccMaTpHBaeMbIX KBaJH'laCTlll.l oT Marrou 

nonyoc11 Jnn11nco11JJ.aJJbHOH KT np11 <1>11Kc11poBaHHOM 3Ha'leH1111 6onbUIOH nonyoc11. 

J.fa P11c. 2 cneeye-r. 'ITO JHeprHH JKCHTOHa O'leHb 6n111Ka K JHeprn11 

nonOlKHTenbHOro TpllOHa, a JHeprHH 6HJKCHTOHa K JHeprHH OTpHl..laTenbHOro TpHOHa. 

3HeprnH JKCllTOHHblX KOMnneKCOB yMeHbUia!OTCll c yBenH'leHHeM napaMeTJla c . 
Cne.o.yeT oco6o OTMeTHTb, 'ITO JHeprHH 611JKCHTOHa BO BCeM HHTepBarre H3MeHeHHH 

MaJJOH nonyoc11 np11MepHO pasHa Y.llBOeHHOMY 3Ha'leHlllO JHeprn11 JKCHTOHa. 

Ha P11c. 3 npe.o.CTasneHbI 3as11c11MOCTH JHeprnu CBll311 OT Marrou nonyoc11 

Jnn11nco11JJ.aJJbHOH KT ~ JKCllTOHHbJX KOMnneKCOB, r.o.e JHeprHll CBll311 

paccMaTpHBaJJaCb KaK pa3HHL{a JHepr11u CBl!3aHHblX II HeCBll3aHHblX COCTOllHllH. 

6 ~.----- ! 
- IT' 

xx-· 
-x 

E,,;,./E, 
5 

a=5ao 

4 

o~~~~~~~~~~~~~~~~~~~~~ 

0.6 0.8 cfa
8 

l.O 

Puc. 3. 3as11CHMOCTll 3Hepr11H CBll311 Bcex TllilOB KBaJll'laCTllL{ OT MaJIOH nonyoc11 

Jnn11nc011JJ.aJJbHOH KT np11 <!>11Kc11poBaHHOM JHa'leH1111 6onbUIOH nonyoc11. 

113 P11c. 3 Bll,!IHO, 'ITO Bee paccMaTpHBaeMble KBa311'1aCTHl.lbl HMe!OT 

nonOlKllTeflbey!O JHeprn!O CBll311 'ITO, B CBOIO O'lepe,llb. YKaJblBaeT Ha yCTOH'lllBOCTb II 

HX cymeCTBOBaH11e Ha ,llaHHOM llHTepBarre. 

BTopaH rnaea .o.11cceprn1.1110HHOH pa6oTbl nocBllll.leHa HJy'leH1110 n11tteHHbIX 11 

Hen11HeHHb1X onT11'1eCK11x CBOHCTB cnOlKHbIX JKCllTOHHbJX KOMnneKCOB B CC3KT. 
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B napawa<be 2.1 paccMaTp11ea10TCll <!>0Ton10MHttecueHl.lllll 11 nornomeHHe 

JKCllTOHHbIX KOMnJTeKCOB. 
1.0~--~--~--~---~--, 0.6~--~--~--~---~-~ 

xx x 
r-300KI 1.-c-1"'0111 xx x .\X x 
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Puc. 4. 3as11c11MOCTH HHTeHCHBHOCTH <!>oTOJTIOMHHec1.1eH1.11111 JKCHTOHa OT JHeprn11 

<t>oroHa ~ pa3RH'IHblX 3Ha'leHHllX TeMnepaTypbl ( cneBa) H 6HJKCHTOHa ~ 

paJnH'IHbIX 3Ha'leHHH MaJJOH nonyoc11 (cnpaBa). 

KaK BH.O.HO 113 P11c. 4, c yMeHbUieHHeM MaJJOH nonyoc11 nonolKeH11e 

JHepreTH'lecKoro nHKa cMemaeTCll B cTopoey 6onee Bb1coK11x JHeprnu (c11Hee 

CMell.leHHe). 

Ha P11c. 5 noKaJaHb1 1as11c11MOCTH JTHHeHHoro nornomeHHll JKCHTOHa 11 

611JKCHTOHa OT JHeprHH <l>oTOHa. 
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P11c. 5. 3aBHCHMOCTH Koe<1><1>11u11ettTa n11tteHHoro nornomettHH JKCHTOHa (cneBa) 11 

611JKCllTOHa (cnpasa) OT JHeprn11 <j>oToHa ~ paJJTll'IHbIX 3Ha'lett11u Marroro 

reoMeTp11'1ecKoro napaMeTpa Jnn11nco11.o.arrbHOH KT. 

KaK BllJJ.HO 113 P11c. 5, nonolKeH11e n11Ka cMemaeTcll np11 11JMeHeH1111 MaJJOH 

nonyoc11. 113 p11cyHKa TaKlKe cneeyeT, 'ITO yMeHbUieH11e nonyoc11 CC3KT np11BO.O.llT K 

yBenH'leHlllO IlllKOB llHTeHCllBHOCTll JKCllTOHOB II 611JKCllTOHOB. 

B napawape 2.2 6bln11 onpe.o.eneHbI JHeprn11 peKoM611Hau1111 11 CllJTbI ocu11nAATopa 

cnOlKHblX JKCllTOHHblX KOMnneKCOB K3K <l>YHKL{Hll OT MaJJOro reoMeTpll'leCKOro 

napaMeTpa Jnn11nco11.o.arrhHOH KT, a TaKlKe 6brn11 oueHeHb1 BpeMeHa lKll3Hll .o.aHHbIX 

KBa311'13CTlll.l, noKan1110BaHHbIX B CC3KT. 

Ha P11c. 6 np11Be.o.eHb1 3as11c11MOCTll JHepr11u peKoM611Ha1.11111 Bcex T11noB 

KBaJll'laCTHI.l OT MaJJOH nonyoc11 Jnn11nco11JJ.aJJbHOH KT, r.o.e JHeprHH peKoM611Hau1111 
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onpe,11.eJU1eTCJI KaK pa3HOCTb OOJ!HOH JHeprHH Ha'lanbHOro H KOHe'!HOro COCTOJIHHH 

nocne peKOM6HHaJ.{HH. 

12.5 

liJocf'ER 

10.0 

7.5 EE XX' 
. 

x+ 

5.0 

2.5 

0.0 
0.6 0.8 c/a• 1.0 

Puc. 6. 3aBHCHMOCTH JHepruw peKOM6HHaJ.{HH nonolKnTenbHbIX H 0Tpm1aTeJlbHbIX 

TpHOHOB, 6HJKCUTOHa, OOJlOlKHTeJlbHblX H OTpuuaTeJlbHblX KBaTepHHOHOB Ha ManOH 

nonyocH. 

11:meCTHO, '!TO. onpe,11.enHB BpeMll lKH3HH JKCHTOHa. MOlKHO TaKlKe oueHHTb BpeMJI 

lKH3HH JKCHTOHHblX KOMnneKCOB. ,lJ.nJI oueHKH apeMeHH lKH3HH JKCHTOHa 

ucnonh3oaanacb cneey10maR <jJopMyna, npHae,11.eHHOH B [20]: 

(7) 

Ha Puc. 7 npe,11.CTaBneHbI 3aBHCHMOCTH paAnauuoHHOro apeMeHu lKH3HH 

3aplllKeHHblX JKCHTOHHblX KOMMeKCOB OT Manoro reoMeTpH'!eCKOro napaMeTpa 

JJlJlHOCOHA3nbHOH KT. 
s ~~~~~~~~~~~~~~~~~~~~~ 
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Puc. 7. 3aBHCHMOCTH paAH3UHOHHoro apeMeHH lKH3HH nonolKHTenbHbIX H 

OTpHUaTeJlbHblX TpHOHOB, OOJlOlKHTeJlbHblX H OTpHUaTeJlbHbIX KBaTepHHOHOB OT ManOH 

nonyocHKT. 

10 

KaK BHAHO H3 pucyHKa, HaH60Jlbll!ee 3Ha'leHue BpeMeHH lKH3HH HMeeT 

OOJlOlKHTeJlbHblH TpHOH. a HaHMeHbll!ee - OTpHUaTeJlbHblH KBaTepHHOH. 3-ro CBJl3aHo c 

TeM, 'ITO pa.nuaUHOHHOe BpeMll lKH3HH o6paTHO nponopUHOHanbHO JHepruu 

KBaJH'laCTHl.lbL TaKHM o6pa30M, '!eM Bbillle JHeprull. TeM MeHbll!e 3Ha'!eHue 

pa,11.uauuOHHOro BpeMeHH lKH3HH. 

B napazoadJe 2.4 HJy'!eHbJ HenuHeHHbie onTH'!eCKHe CBOHCTBa 6HJKCHTOHa a 

CC3KT. 

Ha Puc. 8 noKaJaHa .nuarpaMMa JHepreTu'!eCKHX ypoaHeH c cooTBeTCTBYIQll.IHMH 

nepexo,11.aMH H3 6HJKCHTOHHblX COCTOJIHHH B JKCHTOHHbie H H3 JKCHTOHHblX COCTOJIHHH 

B OCHOBHOe COCTOJIHHe. 

149.JmeV 11000) 

138.2meV ---r+10010) 

11 7.8meV ---j-.L-10000) 

} ~ 
j ·,. 

*
110) 

101) 

56.5mcV IOO) 
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11 7.8meV 

71.29meV 

' 

11000) 149.JmeV 

100 10) 138.2meV 

10000) 11 7.SmeV 

110) 82.24meV 

101) 

loo) 

I 

y 

• 
l 

1000) 

0010) 

IOOOO) 

llO) 
10 1) 

IOO) 

I 
! I I grt.>Hnd ground I ! y groflnd 

Puc. 8. ,[(uarpaMMa nepexo.noa ,1l.JUI 6HJKCHTOHa, JKCHTOHa H OCHOBHOro COCTOJIHHJI . 

feoMeTpH'!ecKue napaMeTpbI JnnHncou,11.anbHOH KT 6blnH Bbr6paHbI c11eey10ll.IHMH : 

C = 0. 5a8 Ha = 5a8 

0TMeTHM, '!TO 6blJIH paCCMOTpeHbl nepBbie TpH ypOBHJI ,11.JlJI JKCHTOHa H 

6uJKCHTOHa. CxeMa JTHX nepexo.noa c cooTBeTCTBYIOll.IHMH HM JHeprullMH 

HCilOJlb30BanaCb BilOCJle,11.CTBHH ,11.JlJI nony'!eHHJI OilTH'leCKHX JIBJleHHH ,11.JUI 0,11.HO- H 

.nayx<jJoTOHHOro pe3oHaHcoa. 3.necb 6blnH ucnonh30BaHbI cne,11.y10mue 060JHa'!eHHJ1 : 

I ij) ~ e; hj .11.Jlll JKCHTOHa u I ijk!) ~ e;ej h' h' .11.Jlll 6HJKCHTOHa, r.ne i, j ,k./ = {O, I. 2 . ... } -

HOMep ypOBHJI 'laCTHl.lbl . 

Ha Puc. 9 npe,11.cTaBneHbI 3aBHCHMOCTH .newcTBHTenbHOH u MHHMOH '!aCTeH 

HeJlHHeHHOH BOCilpHHM'IHBOCTH TpeTbero nopll,11.Ka 6HJKCHTOHa OT JHepruu <jJOTOHa 

,1l.JUI 0,11.HO<jJOTOHHblX pe30HaHCOB (J) =OJ,. H (J) = m.,' ,1l.JUI .nayx<jJOTOHHOro pe30H3HCa 

(J) = £!) •• ' a TaKlKe 3aBHCHMOCTH IlOJlHOH BOCilpHHM'IHBOCTH OT JHepruu <jJOTOHa npu 

<jJuKcupoaaHHbIX 3Ha'leHHllX nonyocew Jnnuncou,11.anbHOH KT. 
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Puc. 9 . .neHCTBllTeJJbHlUI II MHllM3JI '!aCTll socnp1111M'lllBOCTll OCHOBHOro II 

B036ylKJ\eHHoro yposHeii OT 3Heprn11 cj>oToHa AJIJI cJJy'!aes: (a) (I)= (I),., (b) (/) = (/)•e, 

(c) (/) = (/)bg, (d) - 33BllCllMOCTb J1eHCTBllTeJlbHOH II MHllMblX 'laCTeH OOJIHOH 

socnp1111M'lllBOCTll OT 3Hepr1111 cj>OTOHa. 

fu P11c.9 (b) II 9 (c) CJJe.11.yeT, '!TO JlJIJI OCHOBHOro II B036ylK.11.eHHOro COCTOJIHllH 

J1eHCTBllTeJJbHble '!aCTll ,{'(J) .11.JIJI (I) = (l)b• II (I) = (l)bg MeHJllOT 3HaK C OOJIOlKllTeJJbHOfO Ha 

OTP111.1aTeJ1bHbIH, a MHllMbie 4acT11 zPl scerAa 11Me10T nonoJK11TeJ1bHb1e 3Ha'!eH11J1. B 

npOTllBOOOJIOlKHOCTb 3TOMy, JleHCTBllTeJJbHlUI 'laCTb x(') AJIJI (/) = (I),. MeHJleT CBOH 

3H3K c OTPllLlaTeJJbHOro Ha OOJIOlKllTeJlbHbIH, a MHllM3JI '!aCTb x(J) scer.11.a 

OTpllL1aTeJ1bHa (P11c.9(a)). CTOllT OTMeTllTb, '!TO AJIJI OCHOBHOro ypOBHJI OOJIOlKeHllJI 

n11KOB 6JJll3Kll J1pyr K .11.pyry ( h(I),. = 56.5me V 11 hw6e = 6 l.3me V ), no3TOMY Ha P11c. 

9(b) 811.11.eH 0.11.llH 06oe.11.11HeHHblH OllK c BbICOKOH llHTeHCllBHOCTblO. c .11.pyroii CTOpOHbl, 

p33JJll'lllJI Me)l(J\y 3HeprllJIMll nepeXOJ108 AJIJI B036ylKJ\eHHblX ypOBHeH B03paCTaJOT, 

BCJ1eJ1CTB11e '!ero Ha P11c. 9(b) 'leTKO BllJl,Hbl OT.11.eJlbHbie OllKll. 0TMeTllM, '!TO OCHOBHOH 

BKJlaJJ, B 06uzy10 socnp1111M'lllBOCTb BHOCJIT 0.11.HOcj>OTOHHbie pe30H3HCbl, a He 

.11.syxcj>oTOHHb1e (P11c.9(d)). 

P11c. l 0 noCBJ11L1eH llCCJJe.11.osaHlllO K03cj>cj>11u11eHTa nornomeHllJI .11.JIJI OCHOBHOro II 

B036ylKJ\eHHOro ypoBHeH. 

12 

1.0 (a) j I.Dr A ~ (b) 

... •• 
0.6 ~ 

~ ' O.<I. 0.4 

0.2 OJ 

o.o 1 ~ ~ ! o.o I ____../..ef' ..____>.____ I 

1.0 

0.1 

-~ 
.fU.6 
~ 

.~ 

<D-0. 

CD-0-

0-0-

"' 
(c) 

•. ,,, I 
~ 

1.0 

10.1 
t gu.<1 

1.. 
< 

0 26 
" 79 I" 132 

""(""V) 

~0.2 
r· 
< 

::t JA 1 

.@--(!) 

o.o I 6:-"· ;---.....__ >..._ I 
Jl 79 10$ 0 26 Jl 74 IOJ 

1'10(mcV) hm(mcV) 

Puc. 10. 3as11c11Mocr11 K03cj>cj>11u11eHTOB nornomeHllJI OT :meprn11 <)JoToHa J1JIJI cny'laes: 

(a)(/)= (/)e•, (b) (/) = (/)••, (c) (/) = (/)••, (d)-noJJHbIH K03cj>cj>11u11eHT nornomeH11J1. 

J13 P11c. I O(a) BllJIHO, '!TO 6113KCllTOHHb1e nornomeH11J1 J1JIJI OCHOBHoro 11 

B036YJKJ\eHHOrO ypOBHeH HMelOT 0.11.HHaKOBbie OHKH, OJlHaKO nornomeHHe JlJIJI 

nepexo.11.a JI 0) cMemeHo B cropoHy 6onee BbICOKllX 3Heprnii. TaKoe JKe noseaeHHe 

MOlKHO HaHTll Ha PHc. 10 (b ), ( c) H ( d). l1cxo.11.J1 HJ PHc. I 0 (b) H ( d) MOlKHO caenaTb 

BbIBOJl, '!TO KpHBlUI nornomeHllJI .11.JlJI 0.11.HO<)JOTOHHOfO pe30HaHca (/) = (/)., H KpllBlUI 

OOJIHOro nornomeHHJI .11.JIJI OCHOBHOro ypoBHJI HMelOT 0.11.HH OHK, a KpHBble 

nornomeHllJI MJI nepexo.11.os J 01) H JI 0) HMelOT asa nHKa. IlpoHCXOlK.11.eHHe 3THX 

OHKOB MOlKHO o6'bJICHHTb noseaemteM x<'l B6JJH3H 0.11.HO<~OTOHHOro pe30HaHca npH 

(/) = (/)•e. Eonee Toro, noJJHoe nornomeHHe .11.JIJI nepexo.11.a J!O) 11MeeT HeCKOJJbKO 

OllKOB, '!TO MOlKHO o6'bJICHllTb TeM, '!TO p33JJll'lllJI Me)l(J\y 3HepreTH'leCKHMll ypOBHJIMll 

BJlllJllOT Ha nOJJttylO 3HeprHIO. 

TperbH rJJasa a11ccepTaL1llOHHOH pa6oTbI nocBJ11L1eHa Hccne.11.osaHHJO 

611JKCHTOHHbIX cocTOJIHHH B CC3KT c HenpoHHL13eMbIMH creHKaMH npH HaJJH'IHH 

BHelUHero MarHHTHOro OOJIJI . 

B napazoatbe 3.1, B paMKax sapH3LIHOHHoro MeTo.11.a, paccMaTPHBaeTCJI 33.11.a'!a 

6H3KCllTOHHbIX cocTOJIHllH B CC3KT npH H3Jl11'!1111 BHewHero MarHHTHOro noJJJI . 

BapHaQllOHHlUI BOJIHOB3JI <)JyHKLlllJI. K3K H B nepsoii rnase, OCHOBaHa Ha 

OJlHO'laCTll'IHbIX BOJIHOBblX <)JyHKLlllJIX (5). B 3TOM CJJy'lae BOJIHOB3JI <)JyHKLlllJI II 

3HepreTH'!eCKllH cneKTp nepenHCbIB3IOTCJI B BllJl,e: 
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n.r._ 

e'"" er . ( 1rn trn) Ji 
l/f(r,q>,z)= JiffVL(r)sm l(r)z+2 x x , (8) 

H 
( 2 2 }~ Rr(!ml+t) e-~~,, (~~2 +r!r2)2 1 F; {-n,, !ml+l ; ~yg +r!r2} x Yo +r. r 112 (1ml+l+n,) o 

7r 2n 2 ~ 
E=--2 +vro+rn(N+I), N=0,1,2, ... , 

4c 
(9) 

hw eB 
l"'J.IC y = __ B U (1) = -- . 

8 2£. 8 
m's 

Ha Puc. I I u106paJKeHb1 3aBUCUMOCTu :mepruu MarnuTo6u3KCUTOHa OT BHeUJHero 

M3I'llUTHOfO OOJUI u OT MaJIOH nonyocu 3nnunC01f.113JlbHOH KT, COOTBCTCTBCHHO. 

,. r (a) l 24 

E,E11. r (b) 

20 
20 
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P11c. I I. 3aBucuMOCTb 3Hepruu MarHuTo6u3KCUTOHa OT M3rHUTHOro noAA npu 

pa1nuqHb1x 3HaqeHHllX MaJIOH nonyocu (a) u OT MaJIOH nonyocu npu p33nH'IHbIX 

3HaqeHHllX M3I'HUTHOro OOJUI (b). 

¥13 Puc. 11 BH.11HO, qTo 3HeprHll ysenuqusaeTCll c ysenuqeHueM MarHUTHoro noAA. 

'.}ro CBll33HO c J.IOOOnHUTenbHblM OrpaHU'!eHUeM. Bbl3B3HHblM H3npllJKeHHOCTblO 

MOfHlffHOfO OOJUI. CTOUT OTMeTUTb, qTO JaBUCUMOCTb OT M3JIOH nonyocu 6onee 

'lYBCTBHTenbH3, TaK KaK p33MepHoe KB3HTOB3HUe B 3KCU3JlbHOM HanpaBneHUU 

11peo6naJ.1aeT H3J.I p3J.luanbHbIM. 

3aBUCUMOCTU 3Hepruu CBll3U MarHUT06U3KCUTOH3 K3K <l>YHKl.lUll OT BHCUJHero 

MafllUTHoro noAA u OT MaJIOH nonyocu 3nnunCOH.113JlbHOH KT nOK33aHbI Ha Puc. 12. 
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Puc. 12. 3aBUCUMOCTb :mepruu CBll3U MarHUT06U3KCUTOHa OT MarHUTHOro OOJUI (a) 

u OT MaJioro reoMeTpuqecKoro napaMeTpa CC3KT (b ). 

1-h Puc. 12 BHJIHO, qTo 3HeprHll CBllJU MarHuTo6u3KCUTOHa yMeHblllaeTCll c 

ysenuqeHUCM MafHUTHOro OOJUI. KpoMe Toro, H3HMCHblllYIO :meprulO CBll3U UMeeT 

MarHUT06U3KCUTOH, UMeIOinuii Hau6onbUJee 3HaqeHue MaJIOH nonyocu. 

B napazpat/Je 3.2 u1yqeHb1 omuqecKHe J<l><l>eKTbJ MarHuro6uJKCUTOHOB B CC3KT. 

Ha Puc 13 uJ06p3)KeHb1 JaBucuMocTu 3Hepruu peKoM6uHa11uu MarHuro6u3KCUTOHa 

KaK OT BHeUJHero MarHUTHOro OOJUI, T3K u OT MaJIOH nonyocu 3nnunCOHJ13JlbHOH KT. 

1.0 

12 14~~~~~~~~~~~~~~~~~~ 

E.,E11. 
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- c • lay 

(a) 
E •• E11. 

12 

10 
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Jill -
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Puc. 13. 3a11ucuMOCTb 3Hepruu peKOM6uHal.lHH MarHuro6uJKCUTOHa OT BHeUJHero 

MarHUTHoro noAA (a) u OT MaJIOH nonyocu 3nnuncoH.11aJibHOH KT (b). 

Ysenu'leHue MarnuTHoro noJUI npuBOJ.IUT K ysenu'leHUIO :mepruu peKoM6uHauuu. 

c yBenuqeHUeM BenuquHbl MarHUTHOfO OOJUI )HeprHll 6u3KCUTOHa, K3K u 3HeprHll 

3KCUTOHa, ysenuqusaeTcll (cM. Puc. 11 (a)). TeM He MeHee, p33HUl.la MelKJ.IY 3HeprHllMU 

peKoM6uHaf..lHU TaKJKe ysenwrnsaeTcll . 

3aBUCUMOCTU speMeHU JKU3HU MarHUT06U3KCUTOHa KaK <l>YHKl.lUll OT BHeUJHero 

MarHUTHOro noJUI u OT Manoi! nonyocu 3nnuncoH)lanbHOH KT noKa3aHbI Ha Puc. 14. 
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Puc. 14. 3aBHCHMOCTb pa,nHaUHOHHOro speMeHH lKH3HH peKoM6HHal{HH 

MarHHT06H3KCHTOHa OT BHeurnero M3rHHTHOro IIOJIJI (a) HOT M3JIOH rronyocH 

3JJJIHIICOH,na (b ). 

Kax cne.nyeT H3 pHCYHK3, speMJI lKH3HH M3rHHT06H3KCHTOHa yMeHbIIJaeTc" c 

poCTOM BHeIIJHero MarHHTHOro IIOJIJI, TaK KaK 3HeprHJI MarHHT06H3KCHTOHa 

yseJiffqHBaeTC" H o6paTHO rrponopuHOH3JlbH3 pa,nHal{HOHHOMY BpeMeHH lKH3HH. 

Pa,nHal{HOHHoe speM" lKH3HH MarttHTo6H3KCHTOHa B 3JIJIHncoH.n3JlbHOH KT cocTasn"eT 

HeCKOJlbKO H3HOCeKytt,n. HanpHMep, .nn" cpe,nHHX 3Ha'leHS-IH r"" I , a= 5aB H 

c = 0.5aB pa.nHal{HOHHOe BpeM" lKH3HH COCTaBJIJleT T = 7.65ns' a pa,nHal{HOHHOe 

BpeM" lKH3HH IIpH y"" 0.25 paBHO T = J J .49 ns . 

B napazoad!e 3.3 paccMaTPHBaeTc" HaMarttH'leHHocTb 6H3KCHTOHa B CC3KT. 

TioJIH3" HaMarHffqeHHOCTb CHCTeMbl paccMaTPHBaeTCJI K3K rrpOH3BO,nH3" no 

MarHHTHOMY nomo OT IlOJIHOH 3HepmH MarHHT06H3KCHTOHa H OL{eHHBaeTC" c 

IIOMOlllblO cne.nyiomero BbipaJKeHHl! : 

M= 
oE(XX) 

BB 
(10) 

PHc. 15 nocs"meH Hccne.nosaHHIO HaMarttffqeHHOCTH MarttHT06H3KCHTOHa. Ha P11c. 

15 (a) IIOK333H3 33BHCHMOCTb HaMarHH'leHHOCTH OT BHeIIJHero MarHHTHOro IIOJIJI ,nJIJI 

p33JIH'IHblX 3H3'1eHHH MaJIOro reoMeTPffqeCKOro rrapaMeTPa npH <i>HKCHpOBaHHOM 

6oJibIIJOM reoMeTPH'leCKOM rrapaMeTPe, a Ha PHc. 15 (b) 33BHCHMOCTb 

HaMarHw1eHHOCTH OT Manoii nonyoc11 JJJJIHncoH,na KT ,nJIJI p33JIH'IHbIX JHa'!eHHH 

BHeIIJHero MarHHTHOro IIOJIJI. 
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Puc. 15. 3aBHCHMOCTb HaMarnHqeHHOCTH OT BHeurnero M3rHHTHOro IIOJIJI (a) HOT 

Mano ii nonyocH 3JIJIHncoH,nanbHOH KT (b ). 

lh pHCYHKa cne.nyeT, '!TO HaMarHH'leHHOCTb yMeHbIIJaeTC" c yseJIH'leHHeM 

BHeIIJHero MarHHTHOro IIOJI" H Manoro reoMeTpH'leCKOro napaMeTpa 3JJJIHIICOH,n3JlbHOH 

KT. CTOHT OTMeTHTb, '!TO HaMarHH'leCHHOCTb B03paCTaeT no MO_nyJIIO, TaK KaK c 

yBeJIH'leHHeM BHeIIJHero MarHHTHOro IlOJIJI OTKJIHK CHCTeMbl CTaHOBHTC" CHJibHee. 

3AKJIIOqEHIIE 

B 3aKJIIO'!eHHH npe,nCTaBHM OCHOBHbie pe3yJibTaTbl npe.nnaraeMOH 

,nHccepTal{HOHHOH pa6oTbl: 

I. B paMKax sap11au110HHoro Mern.na H rrpHHL{Hrra Heonpe.neneHHOCTH feiheH6epra 

paCC'IHTaHbI MHHHM3JlbHbie 3HeprHH 3apJ1lKeHHbIX H HeHTP3JlbHblX 3KCHTOHHblX 

KOMIIJieKCOB. Tipo6Hb1e BapHal{HOHHble <l>YHKL{HH IlOCTPOeHbl Ha OCHOBe 

o,nH0'13CTH'IHOH BOJIHOBOH <l>YHKL{HH, HMe10111eii TPH BapHal{HOHHblX napaMeTPa 

M" TPHOHOB H KBaTepHHOHOB H o,n11H ,nJIJI 3KCHTOHa. Pacc'!HTaHbI 33BHCHMOCTH 

3HeprHH CBJl3H BbIIIJe YK333HHb!X KB33H'l3CTHL{ B 33BHCHMOCTH OT reoMeTpH'leCKHX 

napaMeTpos 3JJJIHrrcoH,nanbHOH KT. Bee 3HepmH 6bIJIH conoCTaBJieHbI .npyr c 

,npyroM. 

2. Pacc'IHTaHb1 3HepmH peKoM6HH3L{HH 3apJ1lKeHHbIX H HeHTpaJibHblX 3KCHTOHHblX 

KOMilJleKCOB B 33BHCHMOCTH OT M3JIOro reoMeTPHqecKOro napaMeTPa 

3JJJIHncoH,nanbHOH KT. BbIJIBJieHbI qacTOTbI peKOM6HHal{HOHHOro 111ny'leHHJ1 npH 

p33JIH'IHblX co'!eTaHHllX reoM~H'!ecKHx napaMeTPOB CC3KT ,nJIJI scex CJIOlKHbIX 

3KCHTOHHblX KOMnJieKCOB, H3XO,nlllllHXCJI B Teparepl{OBOH o6JiaCTH H3Jiy'leHHJI. 

Tiony'leHbl 33BHCHMOCTH CHJibl OCL{HJIJIJITOpa 3THX KB33HqaCTHL{ B 33BHCHMOCTH OT 

Manoro reoMeTPH'lecKoro napaMeTpa JJJJIHncoH,nanbHOH KT. TiocTpoeHb1 rpa<f>nKH 

JIHHeHHOro nornomeHHJI 3KCHTOHa H 6H3KCHTOHa. TionyqeHbl 33BHCHMOCTH 

CIIeKTPOB <f>oTOJIIOMHHeCL{eHL{HH 3KCHTOHa H 6H3KCHTOH3 B 33BHCHMOCTH OT 

reoMeTpn'leCKHX napaMeTpoB 3JIJIHncoH,na H TeMnepaTypbl. OueHeHbI 
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pa,11HaL1HOHHhie epeMeHa lKHJHH yKaJaHHhIX Bbillle KBaJH'laCTHLI, noKaJIHJOBaHHbIX 
e JnnHnCOHJlaJibHOH KT. 

3. B paMKax eapHal.IHOHHoro MeTo.ua pacc'lHTaHbI JHeprnH 6HJKCHTOHa JVIJI 
OCHOBHOro H B036ylK,lteHHOro COCTOJIHHH (.uo 12-ro ypOBHJI). 3HepreTH'!eCKaJI 
.UHarpaMMa 6HJKCHTOHa paCC'lHTaHa .unll .ueyx Ha6opoe reoMeTpH'leCKHX 
napaMeTpOB JnnHnCOH)la. Ilpo.ueMOHCTpHpOBaHbl C.UBHrH JHepreTH'leCKHX 
ypoeHeH. Bbl3BaHHbie HJMeHeHHeM paJMepoe KT. ,lJ.nll noCTpoeHHJI KBaHTOBbIX 
nepexo.uoe MelK,lty 6HJKCHTOHOM H JKCHTOHOM paccMaTPHBaJIHCb TOnbKO nepBbie 
TPH ypOBHJI JHeprnH. PaCCMOTPeHbl COOTBeTCTBYIOIUHe CHJlbl OCL\HnnllTOpOB 
JKCHTOHHbIX nepexo.uoe, a HMeHHO JVIJI nepexo.uoe 6HJKCHTOH-JKCHTOH H 
JKCHTOH-OCHOBHOe COCTOJIHHe. 

4. 06cylK,1leHbI .ueHCTBHTenbHaJI H MHHMaJI 'laCTH eocnpHHM'lHBOCTeH TPeTbero 
nopll.UKa JVIJI 0.UHOcl>OTOHHbIX pe30HaHCOB npH 11) =Cl)"' H 11) = m., JVIJI OCHOBHOJ"O 

H B036ylK.lteHHOJ"O ypoeHeH, a TaKlKe JVIJI .ueyxcl>oTOHHOJ"O pe30HaHca npH 
11) = 11Jbg • IloKaJaHO, '!TO JVIJI OCHOBHOJ"O H B036YlK.UeHHOJ"O ypoBHeH 

.ueHCTBHTenbHbie 'laCTH x(') JVIJI O.UHO<l>OTOHHOJ"O pe30HaHca npH 11) = m., H JVIJI 

.ueyx<l>oTOHHOJ"O pe30HaHCa npH 11) = O)bg MeHJllOT 3HaK c nonOlKHTenbHOro Ha 

OTPHL\aTenbHbIH, a MHHMbie 'laCTH x (') ecer.ua HMelOT nonOlKHTenbHhle 

3Ha'leHHJI. C .UpyroH CTOpoHbI, ,1leHCTBHTenbHaJI 'laCTb z(') JVIJI 0.UHOcJ>OTOHHOJ"O 

pe30HaHca npH 11) = llJ,g MeHJleT 3HaK c OTpHL\aTenbHOJ"O Ha nonOlKHTenbHbIH, a 

MHHMaJI qacTb x ('I ecer.ua OTPHL\aTenbHa. IlonyqaeTCJI, 'lTO CHnbHblH IlHK .llnll 

O.UHO<i>oTOHHOro pe30HaHCa npH 11) = m., .unll OCHOBHOro COCTOJIHHJI COCTOHT H3 

.ueyx o6be,1lHHeHHbIX IlHKOB, a .llnll B036ylK,lteHHblX COCTOJIHHH JTH IlHKH JaMeTHO 
p33.ueneHbl. 0THOllleHHe O.UHOcl>OTOHHbIX pe30HaHCOB K .ueyx<l>oTOHHOMY HMeeT 
4-blH nopl!.UOK. 

5. PacC'lHTaHbI JHeprnH CBJIJH, peKOM6HHaL1HH H onTH'leCKoro nepexo.ua 
MarHHT06HJKCHTOHOB B JaBHCHMOCTH OT MarHHTHOJ"O nonJI, MaJlbIX H 6onbllIHX 
reoMeTpH'leCKHX napaMeTpoe JnnHnCOH.UaJibHOH KT. Onpe.ueneHbI KpHTH'leCKHe 
3Ha'leHHJI MarHHTHOro nonJI, .110 KOTOpblX npHMeHHMO reoMeTPH'leCKOe 
a,1lHa6aTH'leCKOe npH6nHlKeHHe. 3To IlOK33bIBaeT, 'lTO MeTO.u a,1lHa6aTH'leCKOJ"O 
npH6nHlKeHHJI npHMeHHM ,1lalKe JVIJI CHnbHblX peaJIHCTH'lHbIX MarHHTHblX noneH, 
TaK KaK KpHTH'leCKHe 3Ha'leHHJI COCTaBnJllOT OKOno 5 T . ~ononHHTenbHO, 

IlOKaJaHbl JaBHCHMOCTH HaMarHH'leHHOCTH 6HJKCHTOHa OT MaJIOH nonyocH 
JnnHncoH.UaJibHOH KT H OT MarHHTHoro nonl!. OL1eHeHo pa.uHaL\HOHHoe epeMJI 
lKH3HH MarHHT06HJKCHTOHa B JaBHCHMOCTH OT MarHHTHOJ"O IlOnll H OT MaJIOH 
nonyocH JnnHnCOHJlaJibHOH KT. IloKaJaHO, 'lTO apeM" lKHJHH 
MarnHT06HJKCHTOHa COCTaBn)leT nop)l.UKa HaHoCeKyH.u. 
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2. UuiUlgtJ.l:it l:ili \}i.gpU1tJ.nptJ.U1o li ~l:iqnp tpu)lUUllilll]]lli qntlUJ.tl:ipulil:ip)l 
nl:iqnup)llilllg)llllJ)l l;lil:ipq)lllllil:ipJ! )lli~UJ. l:iu :t>mliqg)llll ClPUJ.UlllJ111UlJ]lli 
ptJ.Ull!UlUlj)lli IJ.l:iui)l l}inpp l:iplJ.pUl~Ull}i.UllJ.Ulli llJ.UlJlUltll:iuip)lg: 
Z.U12tJ.U1plJ.tJ.U10 l:ili Ul:io li l}inpp IJ.)luUllllDUlligplil:ip)l lllJli Ulpdl:iplil:ipJ!. 
npnlig IJ:l:iUJ.pmu tpu)lUUll!Ul]]lli qntlUJ.1 l:ipulil:ip)l nl:iqnup)llilllg)llllJ)l 
l;lil:ipq)lllllil:ip]! J!l!IJ.Ulo l:ili uil:iplllhl:ipglll])lli ui)lpm]pmti: UuiUlgtJ.l:it l:ili 
tJ.l:ip]! li2tJ.U10 ptJ.U1q)lUU1uli)lqlil:ip)l oug)lUUlUUlJllllJ)lli mdl:ip]!: fipn2tJ.l:i1 l:ili 
tpu)lUUlli)l li p)ltpu)lUUlli)l qhlll])lli IJ.tllllint.U]! li 
:t>n\Jlllumu)llil:iugl:ilig)llllli: l>n\Jlllumu]llil:iugl:ilig)llllli IJ:]luiU1plJ.tJ.l:i1 !; 

)lli~UJ. l:iU :t>mliqg)llll ClPUJ.UUlpIJ:]l l:ipqpUl~Ull}i.Ullj_Ulli UJ.UlJlUlUl:iuipl:ip)lg l.i 
2l:ipuU1uui)l6:U11l)lg: '11llllhU1uitJ.l:it l:ili \}i.gpllltJ.nptJ.Ulo li ~l:iqnp 

tpu)lUUll!Ulj]lli IJ.ntlUJ.1 l:ipulil:ip)l 6:UlnUlqlll]pU1J)lli IJ.JU11lp)l 
uilim1mp1mlilil:ip]!: 

3. fipn2tJ.h1 l:ili p)ltpu)lUUlli)l l;lil:ipq)lllllil:ip]! h)lUl!UllJ.Ulli li ti)lli~li 12pIJ: 
qpqntJ.Ulo tJ.)16:U11J.lil:ip)l hUluUlp tJ.U1p)lU1g)lnti ul:ipnaji. 2112UltiU11J.lil:ipnt.u: 
UuiUlgtJ.l:it !; p)ltpu)lUUlli)l l;lil:ipq)lU11J.Ulli IJ:)lU1qpU1UJ! ClPUJ.UUlpIJ:]l 
l:iplJ.plll~Ull}i.UllJ.Ulli UJ.UlJlUltll:iuipl:ip)l uiUlppl:ip Ulpdl:iplil:ip)l hUluUlp: 5m19 
l:ili uiptJ.l:it l;lil:ipq)llllJ)l UUllJ.UlJ111UllJ.lil:ip)l 2h11mUlil:ip]!' UJ.UlJUUll!UltJ.nptJ.Ulo 
ptJ.Ull!UlUlj]lli IJ.l:iui)l ~Ull}il:ipntJ.: P)ltpu)lUUlli)l li tpu)lUUlli)l U)l2li 
ptJ.U11lU1U1J)lli lllligmUlil:ip]! IJ:]luiUlplJ.tJ.l:it l:ili U)lUlJli lllDU12)lli l:ipl:ip 
UU1IJ.U1JlIJ:U11J.lil:ip)l hlllUUlp: '1)luiU1plJ.tJ.l:it l:ili tpu)lUUll!Ulj]lli lllligmUlil:ip)l 
hlllUUlllJ.UlUllllU)uUlli oug)luUlUUlJllllJ)lli mdl:ipJ!, UUlul!UltJ.nplllUJ. l:iu, 
p)ltpu)lUUlli-tpu)lUUlli, tpu)lUUlli-h)lUl!UllJ.Ulli tl]l6:U11J.: 
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4. fimm.tfhmu!ip.'1.ht hh p!i!;pu!iumhli h!itfhuiquih h qp.qn'1_uio '1.li<'lmqhhpli 
huitfuip. hppnpI} quip.qp n~ qom1lih ghl.J.ui1mhuiqm.p1mhhhpl1 l1Pml.J.uih h 

qh:qo tfuiuhp.g tlhl.J.:timnnhm1lih OJ= OJ,g h OJ= w., lih~ui.hu huih 

hp.l.J.:tinumhmJ!ih riJ = riJ•• nhqnhuihumilih hui<'luiluntp]mhhhpli 

huitfuip.:5nlJg t uip'1,hi, np h!itfhmquih u qp.qn'1_uio tluiqmp.I}uiqhhp.li 

huitluip. xi') -li lipmquih tfuiuhpg tlhl.J.:tinuinhm1lih aJ = w., nhqnhuihuli 

h hp.l.J.:tinumhmJ!ih w = OJ•• nhqnhuihuli huitluip tlmlunttf hh !iphhg 

hzuihhhp.g I}puiqmhlig puiguiuuiquih uiih I}hUJ.pmtf, hpp qh:qo tluiuhp.g 

tfl12m puiguiuuiquih hh: U]ntU qn:qtf!ig, x (1) -ii !ipmquih tfuiug 

tfhl.J.:tinumhmJ!ih w = w,, nhqnhuihuli huitfuip. l}mlunttf t FP. hzuihg 

puiguiuuiqmhlig I}PUiqmh h qh:qo tfuiug tilizm qpuiquih t: Uuiuig'1_ht t, 

np h!itfhmquih '1.li<'lml.J.li huitfuip uuiuig'1_uio UJ.Fl.J.1! tfhl.J.:tinuinhmJ!ih 
w = w •• nhqnhuihuli huitluip. quiqtl'1_uio t hp.qm. tflimmuit ui.l14. hp.lig mill 

qhUJ.pmtf, hp.p qp.qn'1_uio '1.li<'lmqhhp.li huitfuip. UIJI} ui.lil.J.hp.g 
uihuhhhtlmphh uinuih6.huig'1_uio hh: Uhl.J.:tinumhm1lih nhqnhuihuhhp.li 

huip.uiphp.mp1mhg hpl.J.:tinumhmJ!ih nhqnhuihu!ih tfnuiui'1_npuiUJ. hu 4-pq 

quipqp t: 

5. 2.uiz'1,uip.1.J.'1.ht hh tfuiqhhump!il;pu!iumhli 1.J.mUJ.F• nhqntfp!ihmg!imJ!i h 
oui.mlil.J.mquih uihgtfuih thhpqpuihhpg · qui}u'1_uio uipuimp!ih 

tfuiqh!iumquih I}Ul2IDF9 h tWui.ump.I}UIJ!ih p'1_uihuim1lih q hmli tfho h 
l}mpp. hp.qpui~uiipuiquih ui.uipuitfhuip.hp.!ig: fip.nz'1.ht hh tluiqh!iumquih 
I}Ul2UlF Ul]h uuihtfuihmJ!ih uip.dhphhpg, tllih~h npnhg hpl.J.p.ui~uiipuiquih 
UlI}FUlPUlUlUil.J.mh tfnuiui'1_np.mp1mug 1.J.lipuinhtil t : 5m]g t uip.'1,hi, np 
hpl.J.p.ui~uiipuiquih uiI}!iuipuiuiuiquih tfnuiui'1_np.mp]nthg 1.J.lip.uinhtl1 t 

huih mdh:q !ip.muihuuiquih quizuihp.li I}hUJ.pmtf, pmhli np. uuihtluihmJ!ih 
uip.dhphhpg tfnuiui'1_npuiui.hu mhhh 5 St quipq: P tpmtfh, uuiuig'1_ht hh 

p!il;pu!iumhli tfuiqh!iumg'1_uiomp1uih qui}u'1_uiomp1mhhhpg tWui.uuipI}!i 
l}mpp. 1.J.liuuiuinuihgp!ig h uip.uimplih tfuiqh!iumquih I}Ul2IDF9= 
q.tiuihmm'1.ht t tfuiquhump!il;pu!imnhli 4.Juihpli tnhn:qmpJmhg ph' 

uipuimp!ih tfuiqh!iumquih quizmlig h ph' tWui.uuipqmJ!ih p'1_uiuuim1!iu 
q hmli hp.1.J.p.ui~uiipuiquih UJ.Ulpmtfhuiphp.!ig: 5m]g t uip.'1,hi, np. UI]h 

ghqhmtl t umhn'1.m1p4.Juium1lih tn!ip.nt]p: 
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CONCLUSION 

1. The mm1mum energies of charged and neutral excitonic complexes have been 
calculated in the framework of Heisenberg uncertainty principle and variational 
method. The trial variational functions have been constructed based on single­
particle wave function, having three variational parameters for the trions and 
quaternions and one for the exciton. The dependences of the binding energies of 
the above mentioned quasiparticles have been calculated as a function of the 
ellipsoidal QD's geometrical parameters. 111e all energies have been compared 
with each other. 

2. The recombination energies of charged and neutral excitonic complexes have been 
calculated as a function of the small geometrical parameter of the ellipsoidal QD. 
The frequencies of the recombination radiation have been revealed for different 
combinations of the SOEQD geometric parameters for all types of quaternions, 
which are in the terallertz radiation region. The dependences of oscillator strength 
of these quasiparticles have been obtained as a function on the small geometrical 
parameter of the ellipsoidal QD. The linear absorption of exciton and biexciton 
has been plotted. The dependences of PL spectra of exciton and biexciton for the 
crossover states have been obtained as a function of the geometrical parameters of 
the ellipsoid and temperature. The radiative lifetimes of the above mentioned 
quasipartlces, localized in the ellipsoidal QD, have been estimated. 

3. The biexciton energies for the ground and excited states (up to the 12th level) have 
been calculated in the scope of the variational method. The energy diagram for the 
biexciton has been calculated for two sets of geometrical parameters of the 
ellipsoid. The shifts of the energy levels, caused by the change of the QD's sizes, 
have been demonstrated. To construct quantum transitions between biexciton and 
exciton, only first three energy levels have been considered. Corresponding 
oscillator strengths of excitonic transitions, namely for biexciton-exciton and 
exciton-ground state transitions, have been considered. 

4. The real and imaginary parts of third-order susceptibilities around one-photon 
resonances at w = w,

8 
and w = w.. for ground and excited levels, as well as 

around two-photon resonance at OJ = OJ•• have been discussed. It has been shown, 

that for ground and excited levels the real parts of x<' l around one-photon 

resonance at w = OJb, and around two-photon resonance at OJ =OJ•• change their 

sign from positive to negative, while the imaginary parts of xl'1 always have 

positive values. On the other hand, the real part of zl'l around one-photon 

resonance at OJ= ciJ,, changes its sign from negative to positive, and the imaginary 

part of x (') is always negative. It turns out, that the strong peak for one-photon 

resonance at w = w., for the ground state consists of two merged peaks, while for 

the excited states these peaks are visibly separated. The ratio of the one-photon 
resonances to the two-photon resonance is of 4th order. 
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5. Binding, recombination and optical transition energiesfor the magnetobiexciton 
have been calculated as a function of magnetic field, small and large geometrical 
parameters of the ellipsoidal QD. The critical values of magnetic field, until which 
the used geometrical adiabatic approximation is applicable, have been decided. It 
shows that the adiabatic approximation method is applicable even for the strong 
realistic magnetic fields, as the critical values are about ST. Additionally, the 
dependences of the biexciton magnetization on the small semiaxis of the 
ellipsoidal QD and magnetic field have been depicted. The magnetobiexciton 
radiative lifetime as a function of the magnetic field as well as ellipsoidal QD' s 
small semiaxis is estimated. It has been shown that the magnetobiexciton lifetime 
is about nanoseconds. 
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