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BBEJEHUE

CrmHoBass (U3MKa IONTYIPOBOJAHUKOBBIX CTPYKTYp O€pér cBOE Hadajao OT
skcriepumeHToB JKopka Jlammens, oTkpeiBIiero B 1968 roay ONTHYECKYIO
OPHUEHTALIMIO DJIEKTPOHOB U SJIep B KpeMHUU. JlanmbHeniiee €€ pa3BUTUE CBI3aHO B
OCHOBHOM C MPSAMO30HHBIMH IIOQYIIPOBOJHUKOBEIMU coenunenusmMu A"BY u
A"BYL. D10 00yCII0BIEHO KaK 3HAUMTENBHO JIyYIIMMU YCIOBHAMU JUIA CO3JaHHs U
KOHTPOJII CHMHOBOW NOJISIpU3AallMM ONTHYECKUMU METOJAMHU B MPSIMO30HHBIX
MaTepuaax, TaKk U C IOSBJIEHUEM TEXHOJIOTMHM CO3/IaHHS Ha OCHOBE TBEPIBIX
pPacTBOPOB 3TUX COEJUHEHUN TE€TEPOCTPYKTYP BBICOKOIO COBEpUIEHCTBA. Takoe
COYETAHHUE SKCIEPUMEHTAIBHBIX M TEXHOJOTMYECKUX BO3MOYKHOCTEH IO3BOJIUIIO
peasin30BaTh U UCCIEAOBATh MHOXKECTBO SIPKUX CIIMHOBBIX 3PPEKTOB B 00BEMHBIX
IIOJIyIIPOBOJHUKAX M HM3KOPa3MEpPHBIX CTPYKTypax — KBAaHTOBBIX sMaX,
KBAaHTOBBIX TOYKax, cBepxpemérkax u T.n. Haumnas ¢ 1990-x romoB, 3t
UCCIICIOBAHNSI CTUMYJIMPOBAIMCh HAIEKIOM CO3/1aTh HA OCHOBE CIIMHOBBIX
SABJICHUI HOBOE IMOKOJIEHHE YCTPOWCTB MJisi XpaHEHHs, oOpabOTKH U Iepeaadu
uHpopmanuu, chopmynupoBaHHoi J[.ABmIaoMoM B BHAE  KOHUENUUU
COMHTPOHMKM KaK aJbTEPHATHBBI W IMYTH PAa3BUTHS IOJYIPOBOJHUKOBOU
AJIEKTPOHUKHU. DTO MPUBEJIO K JJABUHOOOPAa3HOMY pOCTY 00BbEMa UCCIENOBaHUN U
KOJINYECTBA My OJIMKAIU 110 CIIMHOBBIM SBJICHUSM B MOJIYIPOBOJIHUKAX.

[TapamokcanbHBIM 00pa3oM, HEKOTOpbIE Ba)KHbIE Kak Ui (pyHAaMEHTaIbHOIO
3HAHUS, TaK WU JUI BO3MOXHBIX NPUIIOKEHUN 00JacTh CIUHOBOW (PU3MKU B
MOJIYTIPOBOJHUKAX OCTaBaJIMCh HEMCCIEAOBAaHHBIMU BIUIOTH A0 Hadaia 21 Beka.
Cpenn HHX, B YaCTHOCTH, OKa3aJloCh IIOBEICHHE CIMHOBBIX CHCTEM
MOJIYIPOBOJIHUKA, KOTJA OHHU «IPEIOCTaBIEHbl CAMUM ceOe», T.€. B OTCYTCTBHUE
ONTHUYECKOT0 WJIA 3JEKTPUUYECKOTO BO30YXKIECHHsS. MeXaHU3Mbl U XapaKTEpHbIC
BPEMEHA DPENAKCAMM BHECEHHBIX NPEABAPUTEIBHOM ONTHYECKOM HAKAYKOM WIIN
ANEKTPUYECKON HHKEKIHEH B CIMHOBYK) CHUCTEMY HEPaBHOBECHOIO MOMEHTA
KOJIMYECTBA JBWKEHUS W DSHEPIHMM OCTABAINCh HEU3BECTHBIMH Kak JUIA

pPE3UIEHTHBIX (0OYCIOBICHHBIX JITUPOBAHUEM) JIJIEKTPOHOB, TaK U IS SAEP



pem€Tku. OTCYTCTBME IOHUMAHHUS 3THX MPOLIECCOB AaXKe IS TAKUX, B OCTAIBHOM
XOpOLIO HM3YYEHHBIX, MAaT€pUaNIOB, KaKk OOBEMHBIA apCeHU] Tajulvs, OYEBUIHBIM
o0pa3oM TOpPMO3MIIO JlajbHeHIIee pa3BUTHE CIIMHOBOM (PU3MKU B HAHOCTPYKTYpax
U HE J1aBaJi0 BO3MOXKHOCTH OIIEHUTH TMEPCIEKTHBBI CO3JaHUS YCTPOMCTB
00paboTKu MH(GOPMALIMH C UCIIOJIB30BAHUEM KPATKOCPOUYHOM CIIMHOBOM MaMSITH.
Hacrosimas npuccepranus cyMMupyeT paboThl aBTOPA, BHIMOJIHEHHBIE B TIEPHOJ]
¢ 2000 mo 2019 rr., B pe3ynbTare KOTOPBIX A3TH MPOOENbl B NOHUMaHUU
(yHIaMEHTAIbHBIX CBOMCTB CIIMHOBBIX CHCTEM MOJYNPOBOJHUKOB ObUIH, B

OCHOBHOM, 3aKpPbITbI.

AxmyansHocmes paboOTHI ONpEnenseTcs TeM, YTO B HEW TOJIy4eH OTBET Ha
BOXHBIN JUIsl JaJIbHEHINIEr0 PAa3BUTHA CHUHOBOW (DM3UKU IMOIYNPOBOJHUKOBBIX
CTPYKTYpP M TOJYNPOBOJHUKOBOM CHUHTPOHUKH BOMPOC O (PyHIIaMEHTaIbHBIX
OTPaHUYEHHSAX HA BpPEMs JKU3HU HEPABHOBECHOTO CIMHA JJIEKTPOHOB U SEpP B

PA3JINYHBIX MMOJYIIPOBOJHUKOBBIX CUCTCMAX.

Hayunas noeuszna paboThl onpeiessieTcs: TEM, YTO B HEH BIEpBBIE:

1) Teopernueckn TmpeACKa3aHa aHU30TPOMHUS OOMEHHOTO B3aWMOJICHCTBUS
JOKAIM30BAaHHBIX JJIEKTPOHOB MPOBOAMMOCTH B IOJIYIPOBOJHUKOBBIX
CTPYKTypax 0e3 IIEeHTpa HUHBEPCHUH.

2) IpensioxkeH MeXaHW3M CIMHOBOW pellaKcalliu 3JIEKTPOHOB B MPUMECHOMU
30H€ MOJYINPOBOJHUKA N-TUIA, 00YCIOBICHHBIA aHU30TPONHUEH OOMEHHOTO
B3aUMO/ICHCTBUSA JIOKAJTM30BAHHBIX JIEKTPOHOB.

3) DKCIepUMEHTAIbHO U TEOPETHYECKH HCCIIEIOBAHA 3aBUCUMOCTh BPEMEHU
CIIMHOBOM pEJakcaluu >JIEKTPOHOB B (GaAs n-Tuna OT KOHLEHTpauuu
JOHOPHOM MPUMECH B IIMPOKOM JMAMNA30HE JIETMPOBAHUSA; MOKA3aHO, YTO

IIPY HU3KUX TeMIEpaTypax penakcauus OnpeaeiseTcss TpEMsI MEXaHU3MaMH:



B3aUMOJICHCTBUEM c AJIEPHBIMU CIIMHOBBIMHU baykTyanusmu,
AQHU30TPOIHBIM OOMEHHBIM B3aMMOJICHCTBUEM U MEXaHU3MOM JIbSKOHOBA-
[lepens.

4) DKCHepUMEHTAIbHO  MpoJeMOHCTpupoBaHo  DapajeeBckoe  BpallleHUE
IJIOCKOCTH — TIoJisipu3auuu  cBeta mnojeM  OBepxay3epa  ONTHYECKH
OXJIAKAEHHBIX  SiAEP B MOJYOPOBOJHUKOBOM  MHUKPOPE30HATOPE.
[IpensiosxkeHbl METOJABI HEBO3MYMIAIOWMIETO KOHTPOJISA HAMArHUYEHHOCTH
SIICPHOM CIIMHOBOM CHCTEMBI IO Hepe3oHaHCHOMY DapaneeBcKOMy
BPAILICHUIO U CIIEKTPAaM CIMHOBOTO IIYMa PE3UJACHTHBIX 3JIEKTPOHOB.

5) B mpsAMoMm »3KcnepuMeHTe M0 aanadaTU4ecKOMy I€pEeMarHUYMBaHUIO B
pEaJIbHOM BPEMEHH NPOJAEMOHCTPUPOBAHO, YTO ONTHUYECKU OXJIAXKIAEHHAS
AllepHas ~ COMHOBOM  CHUCTEMa  TMOJYINPOBOJAHMKA  CTPOrO  CIEAYET
IIPEJICKa3aHUsIM TEOPUU CIIMHOBOW TEMIIEPATYPHI.

6) [lpennoxxeH KBaJpYIMOJbHBIH MEXaHU3M OTOTpEeBa SACPHOM CIUHOBOMU
cucTeMbl (QIYKTYUPYIOUIUMU TOJIIMH, BO3HUKAIOIIMMH TP TPBDKKaX
HOCHUTEJIEH B IPUMECHOU 30HE.

7) DKCHEpUMEHTAIBHO W TEOPETUYECKU HCCIEAOBaHa CIUH-PEIIETOYHAS
penakcaumsi NOPEABAPUTENBHO  ONTHUYECKH  OXJAXIAEHHBIX  SAEpP B
MOJIYTIPOBOJTHUKOBBIX CTPYKTYypaX Ha OCHOBE apCeHHja Trajuids B CiaObIxX
MAarHUTHBIX TOJIAX MPH OTCYTCTBUHM ONTHUYECKOTO BO3OYXKICHHS (BKIOYAs

OTOTPEB SIIEPHON CIIMHOBOUW CUCTEMBI B HYJIEBOM I10JIE).

Ha 3alIUTY BBIHOCATCA CIICAYIOIIUC ITOJIOKCHUA!

1) OOMeHHOEe  B3aUMOJICMCTBME  JIOKQJIU30BAaHHBIX  3JIEKTPOHOB
IPOBOJMMOCTH B  MOJYHPOBOAHUKAX M  IMOIYNPOBOJAHUKOBBIX
CTpyKTypax O0€3 ILeHTpa WHBEPCUM aHU30TPOIHO. ['aMHIbTOHMAH
B3aMMOJICUCTBUSI MMEET BHUJl CKAISPHOTrO NPOU3BEACHHUS CIUHOB,
NOBEPHYTHIX JAPYT OTHOCUTENBHO JIpyra Ha YroJl, BO3PACTAIOIIHUNA C

paccTOsSTHUEM MEXIy LEHTpaMu JIoKanu3auuu. B cucremax c¢



2)

3)

4)

S)

JUHEHHBIMH  TI0  BOJIHOBOMY  BEKTOPY  CHUH-OPOUTAIHHBIMA
CJIaraéMbIMH 3TOT YTOJI IPSIMO MPOMOPIIMOHAJIEH PACCTOSHUIO.
CylecTByeT MEXaHM3M CIHUHOBOM peJaKcaluv JIOKAJIU30BAHHBIX
9JIEKTPOHOB B  MOJIYIIPOBOJAHMKAaX 0€3 IIEHTpa HWHBEPCHUH,
00YCIIOBJICHHBI aHU30TPOIIUEH HMX OOMEHHOI'O B3aUMOJICHCTBUL.
DTOT MEXaHW3M, Hapsly C pelakcalreld Ha CIUHAX SAEp PEUIETKH,
ONPENETAECT BpEMsl CIIMHOBOW PEJIAKCALIMU SJIEKTPOHOB B MPUMECHOU
30HE IPU FeJIMEBBIX TEMIIEPATYPAX B OTCYTCTBUE MATHUTHBIX MOJIEH.
CymectByeT nuana3oH KOHILIEHTpAlMMd IPUMECEW W Temmeparyp, B
KOTOPOM  DHEPreTUYeCKas  pelakcaluus  CIOUHOBOW  CHUCTEMBI
JIOKAJIM30BaHHBIX HA JOHOPAax 3JICKTPOHOB MPOUCXOJHUT MEJJICHHEE,
YeM pellakcalusi WX HEPABHOBECHOTO CIMHA; B JTHUX YCIOBUAX
MPOJIOJIbHAA CIIMHOBAsl peEJIaKCalusl MPOUCXOJUT 3a CUET NHPBIKKOB
DJICKTPOHOB B PEIKUX 3apsOKEHHBIX — KJIACTEpaxX JIOHOPOB U
OrpaHMyYeHa CcruHOBOM auddy3uel, a onThuYecKas WId TOKOBas
WHXXEKIIUSI HEPABHOBECHOI'O CIIMHA B MPOAOJBHOM MAarHUTHOM MOJIE
MOXET  CONPOBOXKIATHCA  OXJIAXKICHUEM  CIUHOBOM  CHUCTEMBI
3JIEKTPOHOB.

[Tone OBepxay3epa MOJSPU3OBAHHBIX IO CHUHY SIAEP PEHIETKU
BbI3bIBacT DapaeeBCKOE BpaICHUE TUIOCKOCTH MOJISIPU3AIMUA CBETA,
JUJIMHA BOJIHBI KOTOPOI'O COOTBETCTBYET 00JacTH MPO3PAvYHOCTH
MOJIYIIPOBOJHUKA; WHAYILIUPOBAHHOE SJICPHOM HAMarHM4€HHOCTBHIO
PapaeeBCKOE BpaIllCHUE B TTOJTYIIPOBOJHUKOBBIX MUKPOPE30HATOPAX
MO3BOJISIET OCYILIECTBJISATh HEBO3MYIIAKOIINNA KOHTPOJb COCTOSHUSA
ANEPHOU CITMHOBOU CUCTEMBI.

HamarandeHHOCTh OXJIAXKAEHHOW SIAEPHOW CIIMHOBOM CUCTEMBI
NOJYNIPOBOJHUKA B CJAa0bIX  MAarHUTHBIX  MOJSAX  CJIEAYeT
MPEICKa3aHUsIM TEOPUM CIIMHOBOM TEMIIEPATypPhl JaK€ MPU HATUYUU
KBaJPYTMOJbHBIX B3aUMOJICUCTBUHN, HA MOPAJIOK 00Jiee CHIIbHBIX, YeM

JUITOJIb-AHUITIOJIBHOC BSaHMOI[efICTBHe AACPHBIX CIIMHOB.



6) CnuH-peméroyHas penakcanus siep B moaynpoBoaHukax tumna GaAs
MOKET MPOUCXOJIUTh MO MEXAHW3MYy OTOrpPEBA SIAECPHOM CIUHOBOM
CHUCTEMBI GAYKTYHPYIOMUMHA AJIEKTPUYECKUMHU MOJISIMU,
BO3HUKAIOUIUMU TIPU TEPMOAKTUBUPOBAHHBIX MPBDKKAX HOCUTEINICH
3apsja.

7) CnuH-pemi€rouynasl  penakcauus  siiep B p-JIETMPOBAaHHBIX
noiynpoBojgHukax Ttuna GaAs mocie HUX ONTHYECKONW HaKayKu
MPOUCXOJIUT HA TPU MOpsJKa ObICTpee, YeM B MOJYINPOBOJAHUKAX N-
TUTIA, B pe3yJbTare (QUIyKTyaluid 3apsioBOTO COCTOSHHUS JIOHOP-

AKLENTOPHBIX Tap.

Anpoobayus padomoer: Pe3ynbTaThl JuUCCEpTAllMM  JIOKJIAABIBAIMCh Ha
cemuHapax O®TU um. A.®.UNoppe PAH u Jla6. OnTuku cCHuUHA HM.
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Crpykrypa auccepraumumu: J[luccepranus cOCTOUT U3 BBeACHUS, 6 TJaB U
3axitroueHust. ['naBa 1 nmpencrasiser coboi 0030p MO MAarHUTHBIM U OOMEHHBIM

B3aMMOJICHCTBUSIM, ONTHYECKOW OPHEHTAMM M CIMHOBOM pEJIAKCallih B
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MOJIYNPOBOJHUKAaX. B rTiaBe 2 BBIBOJUTCS TaMIJIBTOHHMAH aHU30TPOIHOIO
0OMEHHOT'0 B3aMMOJICHCTBUS JIOKAIIM30BAHHBIX 3JIEKTPOHOB MPOBOJUMOCTH B
MOJIyIpOBOJIHUKE O€3 IIeHTpa uHBepcuu. B riaBe 3 paccMaTpuBaeTcsi CIIMHOBAS
penakcaius B NPUMECHOM 30HE TMOJYNPOBOJHMKA O€3 IIEHTpa HWHBEPCHH,
npeajiaraeTcsi 1 0OOCHOBBIBAETCS MEXAHM3M CIIMHOBOM pelakcaluy 3a CHeT
AQHU30TPOITHOTO OOMEHHOTO  B3aUMOJIEHCTBUS, TPUBOJIATCS  PE3yJIbTAThI
SKCIIEPUMEHTAIBHOTO HUCCIEAOBAHUS CIIMHOBOW PEJIAKCALIMU 3JIEKTPOHOB B N-
GaAs ¢ pa3iM4HbIM YpOBHEM JerupoBaHusi. B r1imaBe 4 omnuchIBarOTCs
HEBO3MYIIAIOIINE METOJAbl U3MEPEHUSI HAMArHUYCHHOCTH SIAEPHOM CIIMHOBOWU
CHCTEMBI, OCHOBAaHHBIE HA JAa3epHOM moyisipuMeTpur. B rimaBe 5 uzmararorcs
pe3ynbTaThl  MCCIENOBAHUS TEPMOJAMHAMHUKH  ONTHYECKH  OXJIAXKIEHHOU
CIIMHOBOM CUCTEMBI SIAEP PEUIETKH B MOJYIPOBOJAHUKOBBIX MUKPOCTPYKTYpax.
B rnaBe 6 wuccienyrTcss MEXaHU3Mbl OTOTPEBA ONTHUYECKH OXJIAXIEHHOU
CIIMHOBOM CHCTEMBI Alep 3a CYET B3aUMOJECUCTBUA C HOCUTENSMHU 3apslia B

IMOJYIIPOBOJHHUKAX C pa3JIMYHbIM YPOBHEM MU TUIIOM JICTUPOBAHMUA.

[TonHblit 00BEM qUccepTanyu cocTaBisieT 121 cTpanuiy ¢ 26 pucCyHKamH U

2 Tabnuiamu. CIUCOK JTUTEpaTypbl COACPKUT 79 HAUMEHOBAHUN.
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I'nmaBa 1. MaruuTHbIE€ 1 OOMEHHBIE B3aUMOJACHCTBUSA B
NoJynpoBoaHuKax. Onruyeckasi OpueHTALMsI M MeXaHU3MbI CIIMHOBOI

peJIaKcalum 3J1eKTPOHOB U sijiep

1.1.BBenenue

[TonynpoBOIHUKOBBIE KPUCTAILIIBI 00pPa30BaHbl M3 TEX K€ DJIEMEHTAPHBIX YaCTHII,
YTO W BECh OCTAJIIBHOW MHp, MO3TOMY OCHOBHBIE BHJIbI B3aUMOJECHCTBHS CIIMHOB U
OpOUTAIBHBIX MOMEHTOB C BHEIIHUMH TMOJSMH U MEXKIY COOOH, aKTyalbHbIE s
MOJIYNPOBOJIHUKOB, XOPOIIO HW3BECTHBI K3 AaTOMHOM (U3UKA. ITO MAarHUTHbBIC
3€EMaHOBCKOE M MArHUTOJMIIOIBHOE CHUH-CIMHOBOE B3aWUMOJCHCTBUSA, CIUH-
OpOUTAIBHOE B3aMMOJICHCTBUE, CBEPXTOHKOE B3aMMOJCHCTBHUE CIIMHOB AJIEKTPOHOB U
Aep, a TaKke HEMArHUTHOE MW €JAUHCTBEHHOE MPUHIUIHAIBHO KBAaHTOBOE
B3aMMOJIeicTBE — OOMEHHOe. [Ipu Hanmuyuu CIMHOBOTO KBAJPYIMOJHHOTO MOMEHTA
BO3MOXHO €TI0 B3aUMOJECHCTBUE C TPAJMEHTAMHU JJIEKTPUUECKOTO TIOJIS.

Becw aToT Habop B3aMMONEWUCTBHI JEMOHCTPUPYIOT U JIOKAJTM30BaHHbBIE CIIMHOBHIE
MOMEHTHI B TBEPABIX TEIaX — CIIUHBI AJI€P PEMIETKUA U SJIEKTPOHHbBIE CIIMHBI BHYTPEHHUX
000JI0YEK MAarHUTHBIX aTOMOB, SIBJISIFOUIUXCS KOMIIOHCHTAMHU pPEIIETKH WU Ke
MpUMeCsIMU (32 BBIYETOM OOMEHHOTO B3aUMOJIEHCTBHS SICPHBIX CIIUHOB, OOBIYHO
Ype3BBIYAHO C€Ja00T0 B CUJIy HE3HAYUTEILHOI'O TMEPEKPBITHS BOJHOBBIX (DYHKIUN
snep). Tor daxr, 4To B3aUMOJEHCTBYIOIIME YACTHUIBI B TBEPAOM TeJie pa3JeieHbl HE
BaKyyMOM, a CpPE€IOW, COCTaBICHHOW W3 JPYyTMX aTOMOB, IMPUBOAUT K TMOSBICHUIO
KOCBEHHBIX OOMEHHBIX B3aMMOJICHCTBUM, MMEIONTUX OOJBIIUN pajuyC ACHCTBUS, YeM
npsiMoii  oOMeH. BcerencTBue CnuH-OpOUTANBHOTO B3aMMOJICUCTBHS U CHMMETPHS
KOCBEHHOT'0 0OMEHa MEHSIETCSI, OTpaXkasi CAMMETPHIO KPUCTAJUIMUECKOTO OKPY KCHHSI.

B Meramiax v moaynpoBOAHMKAX STOT HAOOp JOMOJIHSETCS B3aUMOJICUCTBUSIMU
MEXIy CHUHAMH [I€JIOKAIM30BAaHHBIX HOCHUTEJEH 3apsnia, UX B3aUMOACHCTBHUSIMU C
JIOKAJIN30BaHHBIMA CIUHAMH, W KOCBEHHBIMH B3aUMOJCHCTBUSIMU JIOKAJIU30BaHHBIX
CIIMHOBBIX MOMEHTOB 4€pe3 MOCPECTBO MOJIBUAKHBIX HOCUTENEH 3apsaa. B wactHocTH,

XOPOLIO U3BECTHO KOCBEHHOE 0OMEHHOE B3anMoaencTteue Pynepmana-Kurrensa-Kacyn-
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Nocunpr (PKKH) uepe3 amekTpoHbl Ha MoBepXHOCTU DepMu, KOTOPOE MOXKET B psJie
CJIy4aeB BBI3bIBATh MArHUTHOE YIIOPSAIOYECHUE JTOKAJIIN30BAHHBIX CIIMHOB.

TpaHCOPTHBIE M ONTUYECKHE CBOWCTBA IOJYNPOBOJHUKOBBIX KPUCTAIJIOB U
KBAHTOBO-PA3MEPHBIX CTPYKTYp Ha UX OCHOBE ONPEACTAIOTCS 3JIEKTPOHHBIMU
COCTOSIHUSIMU BOJIM3M KpaeB HauOoJiee HU3KUX IO JHEPruu 30H IMPOBOJUMOCTU H
HaWBBICIIUX BAJICHTHBIX 30H. CBOKCTBA KBA3UYACTHUI] — JIEKTPOHOB U JABIPOK — B TAKUX
COCTOSIHUSIX CHJIBHO MOAU(PUIIMPOBAHBI TMEPUOAUYECKUM TMOTECHIIMAIOM KpHUCTaslia.
HeynuButenbHO, 4TO B3aMMOAECHCTBUS MAarHUTHBIX MOMEHTOB 30HHBIX HOCHUTEIEH
3apsiia MEXAQy coOOW, C BHEIIHUMH TOJSIMU U C JIOKQJIM30BAHHBIMH CIMHOBBIMU
MOMEHTaMU OTPAXAT CHEUU(PUKY CTPYKTYpPhl U YACTO CHJIBHO OTJIMYAIOTCS IO
CUMMETPHUU OT CBOMX aHAJIOTOB B aTOMHOU (hU3HKE.

OCHOBHBIE CITMHOBBIE M MAarHUTHBIE B3aUMOJICMCTBHUSI B IMOJYIPOBOJHUKAaX Oosee
noJPpOOHO pacCMAaTPUBAIOTCS B CIENYIONIMX IIECTH maparpadgax JgaHHOW TJIABHI.
[locnennue Tpu maparpada TOCBSIIEHB OCHOBHBIM MPHUHIMIAM  ONTHYECKON
OpPUEHTAIlMM CIWHOB B MOJYNPOBOJHUKAX M OCHOBHBIM MEXaHU3MaM CIHHOBOU
penaKcaluy IEKTPOHOB U SIAEP, U3BECTHBIM HA MOMEHT Hayaja UCCIIEIOBAHUM IO TEME

JAHHOM AUCCEPTALUU.

1.2.3eeMaHOBCKO€ B3auMOAeliCTBHE
DHeprusi MarHUTHOIO MOMEHTA BO BHEIITHEM MarHUTHOM I10JIe paBHA
E,=—ji-B (1.1)

OrnepaTop MarHMTHOIO MOMEHTA JJIEKTPOHA PaBeH u,g,S, Tae i, =9.27-107° spr/l'c -

A

marHeToH bopa, g, - g-dakrop anekTpoHa, a S - oneparop ero cnuHa. Dopmyna s
SZIEPHOTO MAarHUTHOTO MOMEHTA aHAJIOTMYHAsl, TOJIBKO BMECTO MarHeToHa bopa crout
ANEPHBIA MarHeToH 4, =5.05-107* opr/I'c, a g-(hakTOp COOTBETCIBYET JAHHOMY

u3orony. B nmoaynpoBogHuke g-pakTop HOCUTEIS 3apsjia YacTO CHILHO OTJINYAETCS OT

g-pakTopa »dIEKTpoHA B Bakyyme g, =2.0023 BCIEJACTBHE CIHUH-OPOUTAILHOTO

B3auMozencTBus (cMm. cruenytroumii naparpad). PasHocth 3Hepruil  cOOCTBEHHBIX
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COCTOSTHHI oTeparopa CIHHA C MPOEKIUSIMHI Ha BHEUIHEE MOJe, OTINYAIOIUMHCS Ha 1,
MO>KHO 3arucarth B BUJIE

AE, =hw, =hyB (1.2)
rie  o,- 4acrora JIapMOpOBOH mpeneccHuy NOMEPEYHBIX K MAarHUTHOMY IOJIIO
KOMITIOHEHT BEKTOpa CIHHA, a y - THPOMarHUTHOE OTHomeHue. s anekTpoHa
y,=8.uy/h. B Tabmune 1.1. mpuBeAeHBl THPOMArHWTHBIE OTHOIIEHHS MAJSl CIIMHOB

QJICKTPOHOB U AACP B apCCHU/C T'aJlJINA — MOACJIbHOM MaTcpualic HacTosIICH pa6OTBI.

DNeKTpoH BONM3M JHA 30HBI mpoBoguMocTH, S=1/2, | 3.87-10° pan/cTaycc

|lg.|~0.44

DneKTpoH Ha Tiry6okoM LeHrpe, S=1/2, |g [~ 2 1.76:107 pan/cTaycc

SInpo PAs, 1=3/2, ecrecTBeHHas pacIpOCTPaHEHHOCTE | 4.596:10°

100% pan/cTaycc

Sapo %Ga, 1=3/2, ecrecTBeHHas pacIPOCTPaHEHHOCTE | 6.439-10°

60.1% pan/cTaycc

SAnpo "'Ga, 1=3/2, ecrtectBeHHas pacnpocTpaHéHHOCTH | 8.18110°

39.9% pan/cTaycc

Tabnuna 1.1. ['upoMarHuTHBIE OTHOIIICHUS JJIsSi CIUHOB AJIEKTPOHOB U sifiep B GaAs.

1.3.MarauroaunoJiLHoe B3auMO/1eCTBHE

DHeprusi MarHUTHOTO B3aUMOJACHCTBUS JABYX MArHUTHBIX MOMEHTOB 4, U i,

ITOJIOKEHUE KOTOPBIX 3a1A€TCA PAANYyC-BEKTOPaMU 7, U 7, COOTBETCTBEHHO, PaBHA

Edd:ﬁl'ﬁz _3(/31"—”;2)(/72"712) (13)

3 5
U ">
rae 7,=7—7. ['aMUIbTOHMAH MArHUTOIUIIONLHOTO B3aMMOJENCTBUS JIBYX CIIUHOB

nonyvyaercss u3 (1.3) mOACTaHOBKOMW COOTBETCTBYIOLIMX OMNEPATOPOB  BMECTO

KJJACCUYECKUX BEKTOPOB 1, U fi,.
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OueHnM XapakTEepHBINM MacIITad YHEPruid MarHUTOIUIIOIBLHOIO B3aUMOJCHCTBHUS U €ro
BO3MOKHBIA BKJIAJ[ B CIIMHOBYIO JUHAMUKYy. s IBYyX JIOKQIM30BAaHHBIX Ha JOHOpax

QJIGKTPOHOB HAa PACCTOSHUU 7, =100nm (CpeiHee pPacCTOSHUE MEXKAY TOHOPAMHU IpH
KoHuenTpauu npuMecu 10°cm) Makcumanbnas Benuuuna E,, COCTaBISET IPUMEPHO
3-10%ueV , a cooTBeTCTBYIOIAA €l yriuosas yactora £, /h pasHa 40s'. Jna coceqnnx
s7ep PEUIeTKH XapakTepHas dHeprus mopsaka 107 weV, E, /h=10's". VMeHHO

MaramuTOJUIIOJIBHOC BSaHMOHGﬁCTBHG OIIpCACIACT CIHUH-CIIMHOBYIO PCIIAKCAIIUIO B
H,ZICpHOﬁ CUCTEMC C XapaKTCpHbIMHU BpCMCHAMMU B OOJM MHWUIJIIMCCKYHIBI. I[J'ISI
OJICKTPOHOB K€ MAruuTOAUIIOJIbHBIM BSaHMOHCﬁCTBHGM, KakK IIpaBHJIO, MOKHO

npeHedpeyb Ha GOHE IPYTUX B3AUMOJEHCTBUA.

1.4.CBepXTOHKOE B3aUMO/IelicCTBHE
B3aumopneiicTBue  MarHUTHBIX MOMEHTOB HOCUTENA 3apsjia M sjapa B
MOJIYIIPOBOJTHUKE 3aBUCUT OT TOTO, W3 KAKUX aTOMHBIX OpOWTaliell CcocTaBlieHa
BOJIHOBasi (PyHKIIMST HOCUTENS. ["aMIUIIbTOHMAH CBEPXTOHKOTO B3aMMOJICHCTBHS B aTOME

HNMCCT BU:

!

= gOuBhny-ES?ﬁ§5(F)+L3—%+3MJ (1.4)
r r r

Jlnst snekTpoHOB BOIM3M ['-TOUKM 30HBI MPOBOJMMOCTH, BIOXOBCKHE aMILTUTYIbI

KOTOPBIX 00pa30BaHbl OPOUTANISIMU S-THUIIA, IPU YCPEAHEHUU ITOTO TaAMIJIbTOHHAHA 10

OopOUTATHHOW BOJIHOBOW (PYHKITMU B TMPEACNIax dJIEMEHTAPHOU SYCUKU OCTAETCS JIUIIh

IIepBOE CclaraeMoe, OTBEYarollee 3a KOHTakTHoe B3aumojerctue Pepmu [1]. B

pesynbTate  A(O(PEKTUBHBIA  TaMUIBTOHHMAH  CBEPXTOHKOTO  B3aMMOJIEHCTBUS

npuoOpeTaeT BU

2

(1.5)

¥(7)

th ZZVOAn
rae cymma Oepé€rca mo BCeM sAnpaM, v, - OObEM NPUMHMTUBHOM s4ehku, V(7)) -

oru0aroiias BOJHOBOM (PYHKIIMU OJJIEKTPOHA, U A, - KOHCTaHTa CBEPXTOHKOTO

B3aMMOJECUCTBUS sl  h-ro  sapa. B apcenune rammus A, =43.5+09uel ,
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Age, =431t 1.6 ueV m A4, =548+2.1ueV . OcranbHble cnaraeMble B (1.4) BakHBI npu

BBIYMCJIEHUN CBEPXTOHKOI'O B3AMMOJAEUCTBHUS Uil ABIPOK [2, 3] ¥ 2JIEKTPOHOB B IPYTUX
3KCTPEMYMax 30HbI MPOBOAUMOCTH [4]. B 4aCTHOCTH, CBEpPXTOHKHE KOHCTAHTHI JBIPOK,
UMEIONINX OJOXOBCKHE AaMIUIUTYbl pP-TUIA, OKAa3bIBAIOTCS MPUMEPHO Ha MOPSAJIOK

MEHBIIIE, YeM JIJIs 3JIEKTPpOHOB B I'-Touke [3].

1.5.Cnnn-opOuTaabHOe B3auMoaeiicTBie
CrnuH-0opOUTaIbHOE B3aUMOJICMCTBHE OOYCIOBJICHO TEM, YTO MpPU JABHKCHUH

JaCTHUIbI B 3JICKTPUYCCKOM I10JIC E Ha HEC BOS}IGI‘/’ICTBYCT MardMTHOC I10JIC, paBHOC

ESO:%[E“N], (1.6)

rae v - CKOPOCTb YaCTHUIIBI. I[JI?I QJICKTPOHA 3TO NPUBOJUT K BOSHUKHOBCHHUIO I[O621BKI/I B

raMWJIbTOHUAH, PABHOU

ge/UBEso § (1.7)

Ota go0aBka MOXKET OBITh TAKKE MOJyYeHa pasjiokeHHeM ypaBHeHus [lupaka 1o
ClIaraeMbIX, KBaJpaTHIHbIX 110 1/c2.

B kpucranne 351eKTpOHBI UCTIBITHIBAIOT BO3JAEUCTBUE NEPUOAUYECKOrO MOTEHIIMAA,
IPalueHT KOTOPOTO MPENICTABIACT COOOM JIOKATIbHOE AJIEKTpUUecKoe moje. JIBuxeHue
JJIEKTPOHA B OTOM IIOJI€ MPUBOAUT K BO3HUKHOBEHHIO MAarHUTHOTO  IIOJI,
JNEUCTBYIOLIEr0 Ha CIIMH 3JIEKTPOHA, OJHAKO M3-3a HEOJHOPOIHOCTH JOKAJIBHOTO IOJIS
OHO HE MOKET OBITh CBEJIEHO K MpocToil popmyiie (1.6). M3-3a cioxkHOM 3aBUCUMOCTH
KPUCTALTMYECKOTO MOJII OT KOOPJUHAT BIUSHUE CIUH-OPOUTAIIBHOTO B3aUMOICHUCTBUS
Ha CBOOOJHO JBIXKYIIMECS B KpUCTAJIE HOCUTENM 3apsijia MpOIIe MCCIEA0BATh HE C
MOMOIIIBIO AIEKTpOoAMHAMUUYEcKo (opmyiibl (1.6), a ¢ TOMOIIBIO aHAJIora ypaBHEHUS
Hupaka B (u3uke TBEpAOro Teila — CUCTEMbl ypaBHeHM Mozaenu KeliHa. Ywuer
MOAMENIMBAHUS HECKOJIBKHUX ONMMKAUIIINX 30H JAET BO3MOKHOCTH MOJTYyUYUTh B TEOPUU U
KOJIMYECTBEHHO pAcCUUTaThb BCE OCHOBHBIE TMPOSIBICHHUS CHUH-OPOUTAIBHOTO
B3auMoaercTBusA. K TakOBBIM MOKHO OTHECTH:

1) [lepenopmupoBky g-haktopoB Hocutened 3apsana. CHHUHOBBIA MarHUTHBIN

MOMCHT KBa3W4aCTHL - J3JICKTPOHOB IIPOBOJMMOCTH MW ABIPOK - BO MHOI'HX, B
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OCOOCHHOCTH  Y3KO30HHBIX, [MOJYNPOBOJHUKAX HECET 3HAYMTEIBHBIA  BKJIA]
OpOUTATBLHOTO MOMEHTA SJEKTPOHOB COCTABJISIFONIMX TOJYIPOBOJHUK aTOMOB. B
pe3ynbTaTe g-(PaKkTop MOXKET CYHIECTBEHHO OTIUYATHCS OT 2 MO a0COIIOTHOW BEJIMYMHE
U UMETh KaK TOJIOKUTENbHBINA, TaK M OTPULIATENIbHBIN 3HaK. B uwacTtHOCTH, g-(hakTop
3JIEKTPOHA B MUHUMYME 30HBI MpoBoAUMOCTH B GaAs paBeH -0.44.

2) ChnuH-opOUTaIBbHOE paCHISIJICHUE DJICKTPOHHBIX COCTOSHUA B TOYKax
AOKCTPEMYMOB 30H. B 4acTHOCTH, B KyOMYECKHX MOJYNPOBOJHUKAX BaJICHTHAs 30HA

OKa3bIBAETCS PACIICIUICHHOW, IPU PABHOM HYJIIO BOJITHOBOM BEKTOpE, Ha 30HBI [, (30HBI
TSOKENBIX M JIETKUX JIBIPOK, TOJIHBIK MOMEHT J=3/2) u [, (OTIIenjeHHas 30Ha,

MOJIHBIA MOMEHT J =1/2). DT0o 00CTOSATENHCTBO JE€IaeT BO3MOXKHOM ONTHYECKYIO
OPHUEHTAIMIO CIIMHOB 3JICKTPOHOB B 30HE MPOBOJUMOCTU U JBIPOK B BAJICHTHOW 30HE
Opy TOTJIONICHUHN I[HUPKYJSPHO TMOJISIPU30BAHHOTO CBETa C JHepruei (oroHa, He

NPEBBILANOIEH E, +A, TA€ E, - NIUPUHA 3alpPEUICHHON 30HbI, @ A- DHEPrHs CIIWH-
OpOUTAIBHOTO pacueIIeHHs (Pa3HOCTh SHEPTUid BepIuH 30H I u T,).

3) IlosiBneHHWe HEYETHBIX 110 BOJIHOBOMY BEKTOPY CIaraéMblX B 30HHBIX
raMWIbTOHUAHAX KPUCTAIJIOB M HU3KOPA3MEPHBIX CTPYKTYp O€3 ILIEHTpa WHBEPCHUU.

Takue ciaaraemble UMEIOT BUJI [S]:

Vio =h€y, (K)-S (1.8)

B cnyuae 00BEMHBIX MONYIPOBOAHUKOB CO CTPYKTYPOW HUHKOBOM OOMaHKH, BEKTOP

Q% | KOTOpBIl MOYKHO MHTEPHPETHPOBaTh Kak 3(PPEKTUBHOE CIMH-OPOUTATLHOE II0JIE,

AHAJIOTMYHOC MAaIrHUTHOMY, PABCH

Oy, (k) = agoh® —— (1.9)
m

. meEg

rie « :kx(ki—kj), a JBE Jpyrde KOMIIOHEHTHI IOJYYalOTCd IMKJINYECKON

P

IIepeCTaHOBKON MHIEKCOB [6, 7]. B KBAHTOBBIX siMax BeKTOp Q*° JIMHEEH MO BOJIHOBOMY
BEKTOPY B IUIOCKOCTH SIMBI M COJEPKUT BKJIaJ, OOYCIOBJICHHBIA aCHMMETPHUEH SIMbI
(structure inversion asymmetry — SIA) [8, 9] u BkiIag OT MEPEHOPMUPOBAHHOTO B
pe3yibpTaTe pa3MEpHOrO KBAaHTOBaHUS OO0BEMHOrO cruH-opOuTanpHoro moiss (bulk

inversion asymmetry — BIA) [10]. Kak nokazano B [11], acumMmmeTpusi KBAaHTOBOU SIMBI,
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BBI3BaHHAs IPHJIOKCHHBIM SJICKTPHYCCKHM II0JIEM, BBI3BIBACT HA IOPSIOK OOJIbIICe
criH-opouTanpHoe Tosie SIA, dem Takas K€ acHMMETpHS, 3aJlaHHas TPaTUCHTOM
cocTaBa TBEPJIOr0 pacTBOpa. ITO MO3BOJISIET MCIOJIb30BATh BHEIIHUE AJIEKTPOBI IS

YHpaBJIICHUA CHI/IH-Op6I/ITaJ]BHBIMI/I TIIOJISIMU.

1.6.KBaapynoJsibHbIe B3aUMO/IEiiCTBUSI
KBaapynosbHOE B3aUMOIEHCTBHE BO3HUKAET U3-3a HECPEPUUECKOTO pACTIPEAETCHHS

3apsia/ia aTOMHOIO sA/pa. I"'amunbpTOHUAH KBaJIpyIIOJbHOI'O BBaHMOI[efICTBI/IH HUMCCT BUI

[12]:

i,-¥-2 o, (1.10)

T\ Ox jéxk

I1€ KBAJIPYIOJIbHBIA MOMEHT

__ e I3 _
ij_6[(21_1){2(1j1k+1k1j) 5jk1(1+1)} (1.11)

a V —DIeKTpOCTaTUYECKUH NOTEHIMAl B OKPECTHOCTAX sapa. Takum oOpa3om, B
pe3yibTaTe KBaJpPYIOJIbHOIO B3aUMOJEHUCTBHS SHEPIUs SAEPHOrO CIMHA OKa3bIBAETCS
3aBUCALIEH OT €ro OpHUEHTAMM [0 OTHOIIEHHI0 K OCSAM TEeH30pa TIpagueHTa
UIEKTPUYECKOr0 MOJsA. Y sIep €O CHMHOM ‘2 KBaApPYNOJbHBbIE B3aHMMOJECHCTBUS

OTCYTCTBYIOT.

Koncranra Q paznuyHa 151 pa3HbIX U30TONOB. [ simep, popMupyomumx pemeTky

apCCHU A rajuiusd,

0(457)=0.3-10cm’
0(Ga®)=0.23-10cm’ (1.12)
0(Ga™)=0.15-10"*cm’

B xyOuueckux KpucTamiax BCe 3JI€MEHThI TEH30pa IPaiMeHTa SJIEKTPUUECKOro MOJs
paBHbl Hymo. OHM BO3HMKAalOT T0pu JedpopManum ¢W [pU  BHEAPEHUH B
KPUCTAJUIMYECKYI0 PEIMIETKY aTOMOB C JPYTMM HOHHBIM pajanycoM (Hampumep, B

TBEpIBIX pacTtBopax [13]). U3-3a orcyTcTBUA MHBEpPCHOHHOW cumMmeTpuu B GaAs u



19

JIPYTUX MOJYINPOBOJAHUKAX CO CTPYKTYpOM HMHKOBOW OOMAaHKH CYHIECTBYET TaKXKe
BKJaJ B  JIOKaJbHBIM  TPAaJUEHT  DBJEKTPUYECKOTO  IIOJSA, JIMHEWHBIM IO
MaKpOCKOMUYECKOMY 3JIEKTPUUECKOMY MOJIIO:

2
V _pv E (1.13)

- Jk,i
Ox ;0X,

rae v,,=v,, =1, ecmm i=j#k=i, 1 0 Opu COBNAJEHHHU JIOOBIX JBYX HHJEKCOB.

Koncrantel £ mis GaAs ObLIM SKCIIEpUMEHTAIBLHO OMpeIesieHb! B [14]:

ﬂQ(AS75)= (2.0+0.2)-10"cm™
'BQ(GGGQ): (1.540.2)-10"cm™ (1.14)
p,(Ga™)=(15£0.2)-10"cm™

1.7.00MeHHOE B3anMoO/1eiicTBHE

OOMeHHOE B3aMMOJICHCTBHE MEXAY CIHHAMH JIBYX DJIEKTPOHOB OOYCIJIOBIICHO
AHTUCUMMETPUYHOCTBIO WX JIByXYaCTUYHON BOJIHOBOM (DYHKIIMM MO OTHOIICHHUIO K
nepecTaHoBke vacTull. Eciau cnuH-opOuTanbHOe B3aUMOJICUCTBUE HE BXOJHUT B SIBHOM
BHJIE B T'AaMIJIbTOHMAH B3aWMOJICMCTBYIOIIMX YAaCTUI], UX BOJHOBAsl (YHKIUS MOMKET
OBITH 3amMcaHa B BUJIE MMPOW3BEICHUS KOOPAMHATHOW ¥ CIMHOBOM YacTu. B pesynbrare
AHTUCUMMETPUYHOW KOMOWHAIIMKM CHOUHOB (IJI1 DJIEKTPOHOB CO CIUHOM Y2 3TO
COCTOSIHUE€ C TMOJHBIM CHUHOM F=(, CHHIJIET) COOTBETCTBYET CUMMETpPUYHAS
opOuTanbHas PYHKIMSA, & CHMMETPUYHOW KOMOMHAITUH (IS SJIEKTPOHOB CO CIIMHOM 72
- Tpurier ¢ F=1) — anTucuMMeTpuyHasi opOuTambHas QyHKIUSA. DIEKTpOCTaTHUYECKas
SHEPrusi mapbl YacTHIl B CHUMMETPUYHOM U AHTHUCUMMETPUYHOM OpOUTAIBHOM
COCTOSIHMM, BOOOIIIE TOBOPS, pPa3IMYHbl. ITO MPUBOJUT K CIEAYIONIEMY OOIIEMY BHIY
CIIMHOBOTO raMuJibTOHHaHa [15]:

J F=0

~ 1 o L
H, =—5J(1+4S1 -52)=J[1—(s1 +s2)2]:{_J ol

(1.15)
rie J — oOMEHHas KOHCTaHTa, BEJIMYMHA M 3HAK KOTOPOW OMPEAENSAIOTCS BHUIOM

B3aMMOJICUCTBUSI U OPOWUTAIBLHON BOJHOBOW (YHKIIMU dJIEKTpOHOB. [lo mopsaky
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BEJIMYUHBI J pPaBHA SHEPIUU JIEKTPOCTATUYECKOTO B3aMMOJICUCTBUSI IBYX JIEKTPOHOB,
YMHOKEHHOW Ha UHTETpaJl EPEKPHITUS OJHOAIEKTPOHHBIX BOJHOBBIX (yHKUUU. J[is
TOYHOTO  BBIYMCIIEHUS  OOMEHHOW  KOHCTAaHThl ~ HEOOXOJAMMO  YUYWUTHIBATh
IPOCTPAHCTBEHHYIO KOPPEJAIMUI0O JIBYX OJIEKTPOHOB, BO3HMKAIOIIYIO H3-32 HX
KyJIOHOBCKOTO B3aumojenctus [16]. s oOMEeHHOTO B3aMMOACHCTBUS JIEKTPOHOB B
MOJIEKYJI€ BOJOpOJa (aTOMHBIM aHAJIOr B3aUMOJICUCTBUS JIBYX JIOKAJU30BAHHBIX Ha
MEJIKMX JOHOpaxX 3JICKTPOHOB B MOJIYNPOBOAHUKE) TaKOW pacu€Tr ObLUT BBINOJHEH
l'opbkoBbiM u IlutaeBckum [17, 18] wu Xeppunrom u @aukkepom [19], koTopbie

MOJIYYWJIH CIEAYIOIIMM pe3ysbTarT:

J:O.Sze—[ij exp(—zj (1.16)

gap\ ag ap
IJie ¥ — PaCCTOSIHUE MEXY sIIpaMH JIByX aTOMOB.

OO6MeHHOe B3aMMO/ICHCTBHE TIPUBOJAUT TaKkKe K BecbMa 3(h(PEKTUBHOMY paCCESHUIO
CBOOOHBIX JJIEKTPOHOB HAa JIOKAJIM30BAHHBIX CO B3aWMHBIM IIE€PEBOPOTOM CITHHOB.
CeueHne TaKOro paccesHUs MPU HU3KUX TeMIIepaTypax M yMEPEHHBIX JIETUPOBAHUSX,
KOTJla JJMHA BOJHBI CBOOOMHOTO OJJeKTpoHa Oomnbine bopoBckoro paauyca
JIOKQJIM30BAHHOTO AJIEKTPOHA, MOXKHO PAaCCUMTaTh, BOCIIOJIB30BABIIMCEH PE3YIbTaTaMU
TEOPUU PACCESTHUS MEIJICHHBIX 3JIEKTPOHOB Ha atomax Bojgopoaa [20]. Kak u B cioydae
JIOKQJIM30BAHHBIX JJIGKTPOHOB, UYETHOCTh KOOPAWHATHOM YaCTH JIBYXUaCTUYHOMN
BOJIHOBOI (DYHKIIMU pa3inyHa JUIsi CHHTIICTHOTO U TPUIUIETHOTO CIIMHOBBIX COCTOSIHUH.
CoOOTBETCTBEHHO, aMIUIUTYAbl PAcCEsiHUs Ui YacTUI[ B CHHIJIETHOM M TPUILIETHOM
COCTOSIHUM pa3nuuHbl. [lyCTh JOKaTM30BaHHBIM 3JIEKTPOH HAXOAUTCSA B COCTOSHUM CO
CIIMHOM BBEpX, a HAJIETAIOIIUNA CBOOOIHBIN 3JEKTPOH — B COCTOSIHUM CO CIIMHOM BHU3.
Takoe cocTossHUE TIapbl AJCKTPOHOB MOKET OBITH MPECTABICHO B BUJIE CYIIEPIIO3UIINN

CHUHIJICTHOI'O U TPUILJICTHOTO COCTOSIHUM:

N T N A T 1.17
M= ﬁ[ (N1 w)} (1.17)
AMIUTHTYIa COCTOSIHUS TIAPBI MTOCIIC PACCesTHUS PaBHA
1 1 1
Nzﬁ[ﬁﬁ (¢¢7¢¢)+$,f,(m+w)}: (1.18)

1
=L+ )N+ (£ =)
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rae f, U f, - aMIUIMTYAbl CHHIJIETHOTO M TPUIUIETHOTO paccesHus. B mpenene manoro

t
BOJIHOBOI'O BEKTOpPa CBOOOJIHOTO 3JIEKTPOHA k 00€ 3TU aMILJIUTY/Ibl HE 3aBUCAT OT yriia

paccestHus U paBHbI [15]:

f. =k sin(n,, )e™

1.19
f,=k sin(nOt)ei”O’ ( )

rae 1, W 1, - COOTBETCTByMOIIME (Pa3oBble CABUTH HyJeBoro mnopsaka. CeueHue

pacceaHue C ICPCBOPOTOM CIIMHA PABHO

4 2 .
Gsf(k)=k—72rfs—f,| =%s1n2(7yos—770t) (1-20)

3aBUCUMOCTH 7),, U 17}, OT ka,, MOJyYEHHbIE YUCIECHHBIM PACUETOM JUISl PACCESHUS

3JIEKTPOHA HA aTOME BOJIOPOAA, Mpe/IcTaBlIeHbl HA pucyHke 1 B crathe [20]. Mcnonb3ys
AT KPUBBIE, MOXXHO MPEJCTABUTh 3aBUCUMOCTh CEUYEHUS CHHUH-(IUIN PACCESTHUS OT

BOJTHOBOT'O BEKTOPA aMMPOKCUMAIIMOHHON (hOpMyIon

2
-, (k) ~ 20.67a;

LT 1.21
1+(3.9ka, )’ (121)

BOCIIPOU3BOJISINEH pe3yIbTaThl YUCIECHHOTO pacuéTa ¢ TOYHOCThIO HE Xyxke 2% mpu

ka, <0.7 [21].

1.8.0cHOBHbBIE NIPUHUIMIIBI ONITHYECKOH OPUEHTAIIUY CIIMHOB B MOJIyIIPOBOJHUKAX

OCHOBHBIE TPUHLMIB ONTUYECKOW OPUEHTALUU CIHUHOB B IOJYHIPOBOJIHHKAX
u3JI0’)KeHbl B MOHOTpadusx [22] u [23]. 3aeck MBI 1aéM UX KpaTKUil 0030p C yOpoM Ha
T€ paslieNibl, KOTOpble OYIyT BaXHbI JJid TOHMMAaHUS OPUTHMHAIBHOM YacTu
JUCCEPTALINH.

Onrtuyeckas OpyeHTAIUsI CIIMHOB (POTOBO30YKIEHHBIX JIEKTPOHOB B MPSIMO30HHOM
MOTYMPOBOJIHUKE BO3HUKAET MPHU MOTJOMICHUU UPKYJISPHO MOJISIPU30BAHHOTO CBETA C
sHepruel GoToHa Av, YAOBIETBOPSIONIECH YCIOBUIO

E,<hv<E,+A (1.22)

rne A - OHCPIUA CHI/IH-Op6I/ITaJII>HOFO PacCIiCIICHUA BaJICHTHOM 30HHLIL. B cily4ac

00BbEMHOTO TTOTYNPOBOIHUKA CO CTPYKTYPOU IIMHKOBOM OOMaHKH MorJjoiienue GoToHa,
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MOJSIPU30BAHHOTO 1O MPaBOMY KpYyTy, MPUBOJAUT K POXKICHUIO HIIEKTPOHA C
HaIlpaBJICHUEM CIIMHA MPOTUB BOJIHOBOI'O BEKTOPa CBETA C BEPOSATHOCTHIO, B TPHU pa3a
IPEBBIMIAIOINICH BEPOSTHOCTh POXKIEHHUS AJIEKTPOHA C MPOTHUBOIOJIOKHBIM CIIMHOM. B
pesynbTate  (OTOBO3OYXAEHHBIE  BJIEKTPOHBI  HMMEIOT  CPEIHIO  CIIMHOBYIO
nosisgpusanuio B 50%. @oToBo30ykKIEHHBIE TBIPKH TAK)KE MOJSPU30BAHBI 10 CIIUHY, HO
U3-332 CUJIBHOTO CIMH-OPOUTAIILHOTO B3aMMOJICHCTBUS B BAJICHTHOM 30HE MX CIIMHOBAS
MOJISIpU3aIUsl pEJakCUpyeT 3a OYEHb KOPOTKOE BpeMsl, OpAJIKa BPEMEHHU peaKCcaluu
HUMITYJIbCA.

B nonynpoBoaHMKEe p-THMa BpeMsi CYIIECTBOBAHUS CIMHOBOW MOJApU3ALUU

3JIEKTPOHOB, 7y, ONPEHEISETCS KpaTyaWlllMM U3 JIByX PEJIAKCALIMOHHBIX BPEMEH —

BPpECMCHH KHU3HU T (OHpGI[GJIHﬁMBIM pCKOM6HHaL[I/ICﬁ C OCHOBHBIMH HOCHUTCIAMH —

I[BIpKaMI/I) U BpEMCHHU CIIMHOBOM peiIakcanuun 7 :
-1 -1 -1
T, =74 +7 (1.23)
[Ipu HenpeppIBHOM ONTHYECKOM BO30YKIEHHH CIIMHOBAs MOJIAPU3ALMS 3JIEKTPOHOB HE

3aBHUCUT OT €0 MHTCHCHUBHOCTHU W IIPOIMOPIHOHAJIbHA OTHOIICHUIO BpeMéH TS nr.

B nmomynmpoBomHMKax n-TuMna COuHOBas —mojdspu3anus  (HOTOBO30YKIAEHHBIX
CBOOOJHBIX AJIEKTPOHOB NEPENaETCAd PE3UJIEHTHBIM 3JIEKTPOHAM 3a CYET OOMEHHOTO
paccesHus [24]. AHaAJIOrMYHO NPOUCXOAUT CIHMHOBAs OPUEHTALMS PE3HUICHTHBIX
ANIEKTPOHOB TMPH ONTHYECKOM BO30YXAEHUM CHUH-TOJSIPU30BAHHBIX 3KCUTOHOB.
OrneHky BpeMeHH BBIPAaBHUBAHUS CPEHETO CIIMHA CBOOOHBIX 3JEKTPOHOB CO CPEAHUM
CIIMHOM JIOKaJU30BaHHbIX B (GaAs n-Tumna mpHu TeMIlepaType >KHIKOTO TI'elHsl JIETKO
MOJIyYUTh, BOCIOJIB30BaBMIMCh Gopmynon (1.21) nns cedenuss paccesHust [21]. Ono

cocraBisier MeHee 100 MUKOCEKyH[ yXKe MpU KOHIEHTPAIUU JIOHOPOB n, =10"cm™> u
nanee cnajgaeT oOpaTHO MPOMOPIMOHANBHO 7,. JTa OIEHKAa OJMu3Ka K MOJTy4YeHHOU

panee Ilaxxe [24]. IlockonpKy BpeMeHa CIIMHOBOI penakcaluu B c1aboJerupOBaHHBIX
[OJIyIIPOBOJHUKAX #-THUINA TUINWUYHO HpeBbIAOT 100 INHKOCEKYHI, B YCIOBHUAX
ONTUYECKOW OPUEHTALIMU JIEKTPOHBI B MOJYNPOBOAHUKAX 7-TUIA OOBIYHO COCTABIISIOT
aHcaMOnb C €AUHOW CNMHOBOM mnonspuzanued. Ilpm uMIynbcHOW  Hakayke

(oTOBO30Y X AEHHBIE IBIPKH PEKOMOMHHUPYIOT 32 JECATKU UM COTHHU MUKOCEKYH]I ITOCIIe
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OKOHYAHHUSI HUMITYJIbCA, M IIOCI€ 3TOr0 BpPEMsS JKU3HU PE3UJEHTHBIX BJIEKTPOHOB
oOpamiaercsi B OECKOHEYHOCTb. B Takux yCIOBUAX BpeMsl KU3HHU DIICKTPOHHOU
CIIMHOBOW TOJISIpU3allMM COBIIAJIa€T CO BPEMEHEM CIHHOBOM penakcauuu. [lpu
HETMPEPHIBHOM BO30YXXIEHHUU BPEMsI JKM3HHU DJIEKTPOHOB OOpPAaTHO MPOMOPIMOHAIBHO
KOHIIEHTpau (POTOBO30OYKAEHHBIX JBIPOK, U TMOITOMY BpeMs KU3HU AJICKTPOHHOU
CIIMHOBOM MOJIIPU3aIlMY YMEHBIIIAETCS C POCTOM MHTEHCUBHOCTH HaKAUKH.
JuHamudeckasi TMOJspu3amusl siAep MOJISPU30BAHHBIMU IO CIHUHY JJICKTPOHAMU

IIPOMCXONNT 3a CU€T ciaraeMblX Buaa /.S +7S, B TaMUIBTOHHMAHE CBEPXTOHKOTO

B3aUMOJEHUCTBUS. OTHU CllaraéMble MNPUBOASAT K B3aUMHOMY IIEPEBOPOTY CIIMHA
ANEKTPOHA W SApa NPU COXPAHEHHWHM IIOJHOIO CIHHOBOIO YIJIOBOTO MOMEHTA
ANEKTPOHHO-sepHOM  cucteMbl  [12].  CymecTBylOT  HECKOJBKO  MEXaHU3MOB
JTUHAMUYECKON MOJIAPU3ALMU SiAep IPU ONTUYECKOW OPUEHTALMH B MOJYIPOBOJHUKAX
(cMm. moapobGuee [1, 25]). Haubonee pacupocTpaH€HHBIM M MPOCTO peATU3yeMbld —
abdext OBepxay3epa, OCHOBAaHHBI Ha CTPEMJICHUM BBIBEJICHHOW HAKa4yKOW W3
pPaBHOBECHSI 3JEKTPOHHOW CIMHOBOM CHUCTEMBI K PaBHOBECHOMY COCTOSHHUIO Y€pe3
nepeaady CIIMHOBOI'O YIVIOBOIO MOMEHTa siapam. IIpu 3ToM, TeOopeTH4ecKH, CIMHOBas
NOJISIpU3alUs SIAEP CBA3aHA C HEPAaBHOBECHOW CIIMHOBOM MOJISIPU3ALMEN SJIEKTPOHOB

COOTHOIIICHHUECM

&) _1+1 (S)=(S;) (1.24)
I S+1 S
rae (S,) - paBHOBECHOE 3HA4€HHME CPEJHEro cnuHa d7ekTpoHoB. B GaAs Bce snpa
UMEIOT ciuH 3/2, mosToMy KO3QduimeHT npomnopuroHansHocTd B (1.24) paBen 5/3.
[IpakTuuecku, mnonsipu3anus sAaep OOBIYHO OKa3bIBACTCS HIDKE H3-3a PA3IMYHBIX
peJlaKCallMOHHBIX MPOIECCOB.
B HyneBoM BHEIIHEM MarHUTHOM I10JI€ HEPAaBHOBECHAs CIMHOBAs MOJIAPU3ALUS

AACPp PCIAKCHPYCT 3a  BpPCM:A T, ~ 107s , omnpcaciiCMoc  JUIIOJIb-AUIIOJIbHBIM

B3aUMOJICICTBHEM MEXIYy CIUHAMH OJU3KO pACMONOXKEHHBIX snep. [lpu Hammumm

BHEIIHETO IOJIA sAEPHAs CIMHOBAS MOJIAPU3ALMS UMEET JIBA BPEMEHU pellakcauuu, 7, u
7,. Bpems 7, XxapakTepu3yeT peJlakCalui0 KOMIIOHEHTHI SJIEPHOTO CIHHA BHAOJIb

BHEIITHETO TMOJsi; OOBIYHO OHO MHOTro jiuHHee 7,. D(DPeKTHBHOCTH TUHAMUYECKOU



24

MOJSIpU3ALMKM  SJep IPU ONTHUYECKOW OpUEHTAIMU OOBIYHO HEJOCTAaTOYHA IS
NOCTHXKCHUS 3aMETHOM TMOJISIPU3ALMU  SIEPHBIX CIHUHOB, XapaKTEPU3YHOLIUXCA

BPCMCHCM pPCJIaKCalluU Tz- HOBTOMy OIITHYCCKad OpHUCHTALHUA AACPHBIX CIIMHOB

TpeOyeT NpuiIoKeHus BHemHero mois. [lpum sTom co3maércss cpegHuid CuH SAEp,
MApAJUICIIBHBIN WM AHTUNAPAJUIEIbHBIA BHEIIHEMY MO0 W MOPONOPLHOHATIBHBIN
MIPOEKIMH HEPABHOBECHOTO CIIMHA JIEKTPOHOB Ha 3TO MoJie. BeiencTtere CBEpXTOHKOIO
B3aMMOJICHCTBHS TOJIIPU30BAHHBIC M0 CIHUHY fAlipa CO37al0T d(PPEKTUBHOE MArHUTHOE
nosie — none OBepxaysepa — JEHCTBYIOIIEE HA AJIEKTPOHHBIE CIIMHBI U HAIPABICHHOE
TaKXe MapaJUIEIbHO WJIM AHTUNAPAJUIEIbHO BHEIIHEMY MarHuTHoMy mnodo. Ilomne
OBepxay3epa NponopLUOHAIBHO CPEIHEMY CIIMHY SIIEP:
Sx.4,(1)

/’lBge

B, (1.25)

rac n HyMEepycCT pa3IMiIHbIC U30TOIIbI, X, - COACPKAHUC NAHHOI'0 M30TOIIa B KPHUCTAJLIIC.

N3-3a orpunarenbHoro g-gakropa >3JEKTPOHOB M IMOJOXKUTEIbHBIX CBEPXTOHKHX
KOHCTaHT JUId BCeX M30TONOB, B apceHuiae rawums noise Osepxaysepa
IIPOTUBOHAIIPABIIEHO CPETHEMY CHMHY SAEp. Ero MakcuMalibHas BEJIMYMHA IIPHU ITOJTHOU

MOJISIPU3ALIMY BCEX SJIEPHBIX CIIMHOB cOCcTaBiisgeT npumepHo 5.3 Tecna.

1.9.MexaHN3MbI CIMHOBOM PEJAKCAIMHU JIEKTPOHOB B IMOJIYIIPOBOTHUKAX

K mnawany wucciaenoBaHuid, BOLIEAUIMX B JIUCCEPTALIMIO, CIMHOBAs peIaKCalus
AJIEKTPOHOB  MpPU  ONTHYECKOM  OpHEHTAIlMM B  KYOMYECKUX  MPSIMO30HHBIX
NOJIYIPOBOJHUKAX ObLja JIOCTATOYHO XOPOIIO M3ydeHa B maTepuanax p-tuna. O03op
ATUX HCCIENOBAHMNA, a TaKkKe MOAPOOHOE H3JI0KEHUE TEOPUU CHUH-OPOMTANIbHOU
penakcaiud CBOOOJHBIX AJIEKTPOHOB (MexaHu3Mbl Jsumorta-Adera u [IpsikoHOBa-
[lepenst) u penakcanyu SJIEKTPOHOB MPH pacCessHUM Ha AbIpkax (MmexaHusm bupa-
AponoBa-Ilukyca), nansl TutkoBbM 1 [Tukycom B riaBe 3 moHorpadum «OnTudeckas
opueHTauus» [7]. MexaHu3Mm penakcaluy 3JIEKTPOHHOTO CIIMHA Ha SIAEPHBIX CIIMHOBBIX
GaykTyanusx TeopeTudecku paccMoTpeH [psaxonoBsiM u [lepenem [26, 1].

Mexanuzm DmnoTa-SAdera (mepeBopoT CrUHA 3EKTPOHA B MOMEHT PAacCEsHHS Ha

IMpUMCECH HJIN (bOHOHe 3a CUET CHI/IH-Op6HTaHBHOFO BBaHMOHGﬁCTBHH) OKa3bIBACTCs
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CYIIIECTBEHHBIM TOJIPKO B Y3KO30HHBIX MOJTYMPOBOAHUKAX (HarmpuMep, InSb) ¢ cruiibHBIM
CIIUH-OPOUTANBHBIM B3aUMOJIEHCTBUEM. Takke OH ObIBa€T BaXX€H B CHIIBHBIX
MarHUTHBIX TOJISIX, KOT/Ia IPYTrue MEXaHU3Mbl pellakcalliy MOJIaBlIeHbl. JTa CUTYyaIlus
TUNIAYHA JIJI1 DKCIEPUMEHTOB IO Kjaccudyeckomy OIIP, HO HE I ONTHYECKOMN
OpHUEHTAITNH.

Mexanusm [psxonoBa-Ilepens (I1) [27, 7] 00ycioBieH Mpeneccueit IeKTPOHHOTO
crivHa B 3(PppeKTUBHOM cnH-opOUuTaibHOM Tosie (cMm. dhopmyiy (1.8)), Bo3HUKaIOIIEM
MpU €ro JBWKCHUH B KPUCTAUIC WJIA HHU3KOPA3MEPHOU CTPYKType Oe3 IeHTpa
WHBEpPCUH. B ciyyae 4acThIX CTOJIKHOBEHHH CKOPOCTH penakcanuu naércs Gopmyroin
JTUHAMUYECKOTO YCPETHCHUS

AR (1.26)
rae z, - BpeMs MMIYJbCHOM penakcanuu. Mexanusm JIII ompenenser CKOpOCTH

CIIMHOBOM pejlakcaliid CBOOOJHBIX JJIGKTPOHOB B OOJBIIMHCTBE CIIy4acB, 3a
HCKJIIOYEHUEM CHJILHO JIETUPOBAHHBIX MOJIYITPOBOJAHUKOB P-THUIIA.

Mexanmsm  bupa-AponoBa-Ilukyca  oOycioBiieH  OOMEHHBIM  pacCEeSTHHEM
AJIEKTPOHOB Ha JbIpKax (CBOOOJHBIX WM CBS3aHHBIX Ha akuentopax). CKOpoCTh
penakcaluy NOpONOpPIUMOHAIbHA KOHUEHTPAMM JbIPOK; COOTBETCTBEHHO, 3TOT
MEXaHU3M JJOMUHUPYET B CUIILHOJIETUPOBAHHBIX IMOJYITPOBOIHUKAX P-THUIIA.

Paccesinue Ha siIepHBIX CIIMHOBBIX (IYKTyallUsIX HE BHOCUT CYIIECTBEHHOI'O BKJIaja
B CIHMHOBYIO peJIaKCallMi0 CBOOOAHBIX »diekTpoHoB [1, 2, 28]. Hampotus, mis
JIOKAJIM30BAHHBIX JICKTPOHOB ATOT MEXaHU3M BecbMa 3¢ dexTrBeH. Kak u B MexaHu3me
I, penakcammsi 00yCIIOBJICHA TPEIECCHEH SIEKTPOHHOrO crnuHA B 3P (HEKTUBHBIX
MarHUTHBIX TIOJISX, CO3J@aHHBIX CIIYYaHBIMH KOH(PUTYpaIusiMd  SIAEPHBIX CITHHOB,
CBSI3aHHBIX CBEPXTOHKHM B3aUMOJECICTBUEM C JIOKATU30BAHHBIM AJIEKTPOHOM. B ciydae
JIOKQJIM3AalMU 3JIEKTPOHA B KBAHTOBOM TOYKE ITPYU HU3KOW TEMIIEPATYpPE, JICKTPOHHBIN
CIIMH B3aUMOJICCTBYET CO CTaTHYECKON (IyKTyaluel SACpHBIX CIHUHOB, M €ro

AWUHaMHKa CBOAUTCA K IIPCHCCCHU B IIOJC OBepxay3epa BN/ , CO3JaHHOM 3TOM

¢uykryauueir. Takol peXUM TEOPETHYECKH paccMOTpeH MepkysoBbM u 1p. [29], u
HaOII01aJICsT METOAOM CIEKTPOCKOMUU BPEMEHHOro paspeiieHusi B padbore [30]. B

CPCOHECM II0 aHcaMOJII0O KBaHTOBBIX TOYEK IpeuecCCua B CJ'Iy‘-I&fIHBIX IMOJISIX IIPUBOOUT K
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MaJeHUI0 WCXOMHOW TOJSIpU3AIUU DJICKTPOHOB 10 1/3 OT HMCXOMHOW BEITUYHHBL
[Ipunoxxenne npOAOJIBHOIO MAarHUTHOTO TIOJIS,, MPEBBIMIAOMIETO XAPAKTEPHOE IOJIE
AIepHON (IIyKTyallMy, BOCCTaHABIMBAET UCXOJHYIO MOJIIPU3AIIMIO JIEKTPOHOB.

[Ipy KOpPOTKOM BpEMEHHU KOPPENSIMU CIUHA JIOKAJIW30BAaHHOTO JJIEKTPOHA 7,

(00ycIIOBIEHHOM, HAaNpUMEp, MEPECKOKOM 3JIEKTPOHA MEXIY PA3JIUYHBIMU LEHTpPamMu
JOKaJIW3allih) CIUHOBAs pelakcauus IPOUCXOAUT B PEXUME JUHAMUYECKOTO
YCPEIHEHHUs: CIMHOBAas MOJSApPU3alUs CHaJaeT HKCIOHEHUUAIbHO CO BpPEMEHEM

saTyxanus r,' ~(Bj,)r,[26]. [lonpo6HO STOT pexum paccmoTpe B Tiase 3. B paGore

[31] sKCIlepUMEHTAIbHO PEATU30BaH KOHTPOJHMPYEMbIA MEPEXOJ] MEKIY PEKUMaAMHU
JUIMHHOTO W KOPOTKOTO BPEMEH KOPPEISALUU: BpEMS KOPPEIALUU H3MEHSIOChH
PETYIUPOBKOIN KOHIICHTPAIIMU CBOOOJHBIX AJIEKTPOHOB B CTPYKTYPE, YKOPAUUBABIIUX

7, JIOKAQJM30BAHHBIX SJICKTPOHOB 3a CUET OOMEHHOTO PAaCCEsHMUSL.

1.10. MexaHu3MbI CHHHOBOM peJIaKcalluy siiep B MOJYIPOBOJIHUKAX
Kak ynomumHamoce BbIIIE, SAEpHAs CIHMHOBAs CUCTEMA XapaKTEPU3YETCs ABYMS

BpeMeHaMu penakcauuu, I, u T,. Bpems cnuH-CnMHOBOM penakcauuu 7,

XapakTepu3yeT pelakcaluilo HEPAaBHOBECHOTO  YIJIOBOTO MOMEHTa 3a  CYET
AQHU3OTPOIHBIX CIUH-CIIMHOBBIX B3aUMOJCUCTBUM (B OCHOBHOM, JTUIOIb-AUIOIBHOTO).
B MarHuTHbIX MOISIX, MHOTO OOJIBIINX JOKAJBHBIX MOJIEH COCEAHUX SAJIEP, 3a ITO BpeMs
3aTyXaloT MOINEpPEeYHbIe K MAarHUTHOMY IOJIFO KOMIIOHEHTBI CPEHETO SJICPHOTO CIIMHA,
ocryuapytomue Ha JlapmopoBoii yactore. JIjiss OOJBIMMHCTBA TBEPABIX TEII 3TO BPEeMS
nomagaer B auanaszon 107 — 1072 CEKYHJIbl, JUISI apCeHuJa Tajulds W APYTHX
nonynpoBoauukoB AMBY 7, ~ 10 cexyHbL

Bpemsi cnuH-pemiéTouHoil  penakcauuu 7, XapaKTepU3yeT IHEPreTUYECKYIO

peiaaKcalunro }I,Z[epHOfI CIIMHOBOMW CHUCTEMBI. B CHMJIBHOM MarHMUTHOM MOJIE OCHOBHOM
BKJIaJl B SHCPIruro AJACPHBIX CIIMHOB BHOCHUT 3eeMaHOBCKOE BSaHMOHCﬁCTBﬂﬁ, IMOOTOMY

7, mnapaMeTpu3yeT 3aTyXaHUE KOMIIOHEHTHl SJACPHOM HAMarHUWYE€HHOCTH BJOJb
BHEIIHET0 MAarHUTHOro nosis. B ommune ot 7,, 7, UMEET OYEHb LIUPOKUN AUAINA30H

3Ha‘IeHPll>'I, OT MMJUIMCCKYHJ 10 CYTOK. B TBépIH)IX TCJIax MIpU AOCTATOYHO HU3ZKHX
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TEMIIEpATypax, Kak IPaBWIO, BBINOJHIETCA ycinoBue 71,>>7,. 1, 1 MHOIHUX

MOJIYTIPOBOJTHUKOB OBLIIO U3MEPEHO B CUJIBHBIX MarHUTHBIX MOJISX METOJIaMH SJIEPHOTO
MarHutHoro peszoHanca (AMP) [12]. B »aTux yclnoBuUsiX OHO OIpeaeseTcs
KBaJPYIOJIbHBIM B3aUMOJICUCTBHEM ¢ (OHOHAMU WM, B CHJIBHOJIETHPOBAHHBIX
MOJIYNPOBOJIHUKAX, MexaHu3MoM KoppuHru — cnuH-(Qiun paccessHueM 3JIEKTPOHOB Ha
noBepxHocTu DepMu Ha SACPHBIX CIUHOBBIX (rykTyarusax. Onrudueckas OpueHTAIUs
MO3BOJIIET KCCJEA0BaTh CIUH-PEIETOYHYIO pENaKCalio B MOJYIPOBOJAHUKAX B
oOnactu 6oJee ciiadblX MarHUTHBIX TOJIEH, B TOM YHCIIE B TIOJIIX, MEHBIINX JTOKAILHOTO
NOJISI CINHMH-CIIMHOBBIX B3aWMOJIEUCTBUM. [la)ke BBINMOJHUI TakWe MCCIEAOBAaHUS B
c1a00JIeTUPOBAaHHOM apCEHUJIE TaJUIMsI METOJIOM ONTHUYECKH JeTekrtupyemoro SIMP B
MarHuTHOM noJie 3 kI'c, BCE €€ 3HauMTeNbHO MPEBBIIIABIIEM JIOKaJIbHbIE TIONIs [32]. B
KaueCTBE OCHOBHBIX MEXaHU3MOB CIHH-PEHIETOYHOM pejakcalud UM ObUIH
OMpE/ICIICHbl CBEPXTOHKOE B3aMMOJICUCTBHE C JIOKAJM30BAaHHBIMA Ha JOHOpPax
AIIEKTPOHAMH JJIA SiFIep BOJIM3U JOHOPHBIX IIEHTPOB, U cIHOBas quddy3us K JOHOpam
B ocTaBiemcsi 00béMe kpuctamuia. B pabore [33] ObLT mpemiokKeH TakXKe MEXaHH3M
KBaJPYIOJIbHON peJIaKcaruy siiep BOMM3WM JOHOPHOTO IIEHTpa 3a CUET (DIyKTyaruu
3apsAI0BOTO COCTOSIHHS JOHOpA B pe3ysibTaTe 3axBaTa U PEKOMOWHAIIMU SJIEKTPOHOB B
YCIIOBUSIX OINTUYECKOro BO30ykneHus. K Hawamy wuccneoBaHuii, BOIICANIMX B
JUCCEPTALINIO, O CIMH-PEIIETOYHOMN peslakcaluu ajep B emé 0osiee cnadbiXx MarHUTHBIX

nossix B nonynposoannkax A'BY u A'BVY! ne Ob110 M3BECTHO MPAKTUUECKH HUYETO.

llaunas enaea mocum, 6 ocHO8HOM, 0030pHbIL Xapakmep. Yacmb npueeoéHHbIX

ceedenull ocHosana Ha pabomax asmopa [11,21,25,30].
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I'naBa 2. AHU30TpONIHOE 00MEHHOE B3aMMO/IeliCTBUE JTOKAJTU30BAHHBIX
3JIEKTPOHOB MPOBOAUMOCTH B MOJIYIIPOBOAHUKOBBIX KPUCTAJIAX U CTPYKTYypPax
0e3 HeHTPa HHBEPCHH

OOMeHHOE B3aMMO/ICHCTBUE IBYX JIOKAJIM30BAHHBIX AJIEKTPOHOB, IPUHAJICKAIINX K
30HE TPOBOJAMMOCTH (HampuMep, CBS3aHHBIX Ha MEJKHUX JOHOpax) JOJIroe BpeMs
CUMTAJIOCh U30TPOMHBIM, M ONMKUCHIBATIOCH CIMHOBBIM raMujibTOHHAaHOM [ eif3enOepra:
A, =-2J(55,) (2.1)
rie J — OOMEHHBIH HWHTErpall, ONpeAeNseMblii OrnOaONMMH BOJHOBBIX (PYHKIIHIA
JIOKAJIU30BAHHBIX COCTOSIHUH.

OpmHako B cilyyae KpUCTAILIOB WM CTPYKTYP, HE 00JaIaroNIuX IICHTPOM HHBEPCHH,
dopmyna (2.1) okasbiBaeTcsi HeBepHOU. [IprunHa 3TOMYy — B HEUETHBIX IO BOJIHOBOMY
BEKTOPY CJaraeMbiX B TaMWJIbTOHHAHE 30HBI MPOBOJAMMOCTH, BO3HMKAIOIIUX B TAKHUX

CTPYKTYpax B pe3yJIbTaTe CIUH-OPOUTAILHOTO B3auMoAecTBuUs (cM. TiaBy 1, hopmyna

(1.8)). Takue crmaraemple NPUBOASIT B BO3HUKHOBEHUIO 3(PPEKTUBHOIO MarHUTHOIO

mons Q. (l?)(l.9), JEUCTBYIOIIEr0 HAa CIUH OJJIEKTPOHA IPU €ro JABWXKEHUU. B

pe3ynbTaTe, NpU IEPEMELIEHUM JJIEKTPOHA M3 TOYKM A B TOuky B ero cnuH
[IOBOPAYMBAETCs HAa HEKOTOPBIM YIOJI, a IIPU NEPEMELIEHUHU C TOM K€ CKOPOCTBIO W3
Toukd B B Touky A — Ha Takoil »ke MO aOCOJIOTHOM BEJIWYMHE YTroJl, HO B
IIPOTUBOIIOJIOKHYIO CTOPOHY. TO Ke caMOoe INPOUCXOAUT U IIPU TYHHEIUPOBAHUU
JJIEKTPOHA MEXAYy JBYyMs IIOTEHLMAIBbHBIMU sIMaMU. PaccMOTpUM JBa JJIEKTPOHA,
JIOKaJIU30BaHHbBIX B OJMHAKOBBIX IMOHMKEHUSAX MOTEHUUAIBLHOTO peiibepa — Harpumep,
Ha JBYX OJM3KO pAaCMOJOKEHHBIX JOHOPHBIX LEHTPaX WM B Nape TYHHEIbHO
CBS3aHHBIX KBAHTOBBIX TOYEK. B cuiy cratuctukun depmu, N1ByX4aCTUYHAS BOJIHOBAS
(YHKIMS CTAIMOHAPHOTO COCTOSHUS MPH NMEPECTaHOBKE YACTHI] JOJHKHA TEPEXOIUTh B
camy ce0si C MPOTHBOIOJOXHBIM 3HaKOM. Kak M3BECTHO, B Cilydae 3JIEKTPOHOB B
BaKyyMe 3TOMY TpeOOBaHUIO yJIOBJIETBOPSIIOT COCTOSHUS JINOO ¢ MapauleIbHbIMU, JTUO0
C AaHTUMNApPAUICIbHBIMU CIHMHAMHU JBYX OJJIEKTPOHOB (NP PA3IMYHOM YETHOCTHU
opOUTanbHOM BONHOBOM (QyHkuMH). MMEHHO »3TH cOCTOAHUSA (TPUIUIETHOE U
CUHIJIETHOE) Ial0T YPOBHU HHEPTUU Maphl 3JEKTPOHOB, a PACUICIUICHUE MEXKIY ITHUMHU

YPOBHSIMH, OOYCJIOBJICHHOE KYJOHOBCKHM B3aMMOJIEHCTBUEM, OMPEACIISICT BEIUUYUHY
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oOMmenHoro wHTerpana J. B cioydae ke AJIEKTPOHOB-KBa3WYaCTHUI] B KPUCTAIUIE C
HEUYETHBIMU 110 k clilaraeMbIMH B 3(P(PEKTUBHOM raMUJIbTOHHAHE, HAIPAaBJICHUE CIIMHA
KOKJAOTO0 U3 DJIEKTPOHOB MEHAETCS IIpM IEPEMEIICHHMM €ro B  COCEIHION
NOTEHIIUAIbHYIO siMy. [lo3TOMy cCTallMOHApHBIMH JBYXYaCTUYHBIMU COCTOSIHUSIMU
OynyT Takue, JUIsl KOTOPBIX CIIMH OJTHOTO 3JICKTPOHA MapauiesieH WM aHTUIapaiesieH
CIIMHY JAPYTOro 3JIEKTPOHA, MEPEHECEHHOTO B Ty MOTEHIMAIBHYIO SIMY, IJI€ HAXOJIUTCS
nepBbll  3JeKTpOH. CHNHUHOBBIA TaMWIBTOHHUAH, [JII KOTOPOTO TakKHWE COCTOSIHUA
SBJISIIOTCSL  COOCTBEHHBIMM, TIOJIy4aeTcs W3 raMuWibToHHMaHa [aiizenOepra (2.1)

IIOBOPOTOM IICPBOT'O U BTOPOI'0 CIIMHOB Ha HeKOTOpBIﬁ yroJ y/2 B IMPOTUBOITIOJIOKHBIC

CTOPOHBI BOKPYT HANpaBJiCHUs CIUH-OPOUTAIBHOTO MO Q, (Elz), KOTOpPOE€ BO3HUKIIO

OBl MPU JBUIKEHUU DJIEKTPOHA MO MPSAMOW OT OJHOM M3 MOTEHIMAIBHBIX SIM K JPYTOl
[34]:
7SO Qr/i2 G-y/2
A% =—2J(87-8;77)=

. SRV . - 2.2
:—2J[(Sl-Sz)cosy/+(d-SIXd-S2X1—00s7)+d-[S1sz]siny] 22)

rae d = -éso (Elz)/‘QSO (lglz)

OH copepxuT Tpu ciaraembix. [lepBoe — 0ObIYHOE HM30TPOMHOE B3aUMOJCIHCTBUE.
BTopoe wumeer CHUMMETpPHIO TCEBIOJUMOIBHOIO B3aUMOACHCTBUE, U TPEThE —
B3aumojencTeusa Jl3sanommackoro-Mopua [35, 36]. 3aMeThM, 4YTO CIEKTp
ramMmuiibToHHaHa  (2.2)  coxpaHsieT  CHHIVICT-TPUILUIETHYIO  CTPYKTYypy,  HO
COOTBETCTBYIOIIME OTHUM TpPYyIIaM YPOBHEW CTAIMOHAPHBIE COCTOSHUS YyXKE HE
SIBJISIFOTCSL COOCTBEHHBIMH COCTOSIHHSIMU TIOJTHOTO CIIMHA JBYX JJIEKTPOHOB. Takum
0o0pa3oM, B OTJIMYHE OT OOBIYHOTO CKAJIIPHOTO OOMEHHOT'O B3aMMO/ICHCTBHS, OOMEHHOE
B3aMMOJICHCTBHE B CTPYKTypax 0e3 IeHTpa MHBEPCUH HE COXPAHSET MOJHBIA YTIIOBON
MOMEHT B3aUMOJIECTBYIOIINX KBa3UYaCTHIL.

Benuuuny yria y MOXXKHO HallTU B mpejiesie OOJBIIMX PACCTOSHUN MEXAYy LIEHTpaMu
JOKAJIN3alliM, WCIOIb3ysl ACHMIITOTHKY BOJHOBOM (YHKIIMH JIOKAJIM30BAHHOTO

aneKkTpoHa [21].

["'amMmuiabpTOHMAH IMapbI JIOKAJIN30BaAHHBIX JICKTPOHOB UMCCT CJ'IGI[}IIOHII/Iﬁ BHU/



H=HA,+H,,, (2.3)
rie
R, R, o
Hy=—k +—k +V(’i)+V(V2)+UC(r1_r2) (2-4)
2m 2m
Hyo =14, (k) S, + 1, (K, )- S, (2.5)

3nech U,.(7 —7) - onepaTop KyJOHOBCKOTO B3aMMOJACHCTBHS MEXTY dJICKTpOHAMH, V(7)
- HE 3aBUCALLMN OT CIIMHA MOTEHIMAN JIOKAJU3aLHH.

BBuay manoctu ciuH-OopOUTaIBHBIX CIAraéMbIX, OHU IPAKTUYECKN HE CKa3bIBAKOTCS
Ha DSHEPrUM CBA3M M IIOBEJIECHUWU BOJHOBOH (YHKIMHU 3JIEKTpOHA BOJIM3M LIEHTpa
nokanu3zaiuu. OJHAKO aCUMITOTHYECKOE IOBEJECHUE BOJHOBOM (YHKIIMH CEPbE3HO
mensiercs. [loBenenne BOIHOBON (DyHKIMM Ha OOJIBLIMX PACCTOSHHUAX OT LEHTpa, IIe
JIOKAJIM3YIOIMUHI MMOTEHIUA OJIN30K K HYJII0, MOKHO IOJYYUTh B KBA3UKJIACCHUECKOM
npubnuxenun [37]. BonnoBas ¢GyHKUMS Ha pacCTOSIHUM OT IEHTpa, OOJblIeM
HEKOTOPOro (ITPOU3BOJIBHOIO) 7, MPUOJIMKEHHO 3alIUCHIBAETCS KaK

N ocexp(%@j, (2.6)

rae JIEUCTBUE S(F):hIEdF', UHTErpan Oepercs BAOJb NPSIMOJMHEWHON TPACKTOPUH,

o

HCXOJAIIECH U3 LIEHTPA, a BOJIHOBOM BEKTOP HAXOAUTCS U3 YCIOBUS

%+hﬁso(l€)~§=E—U(F)

(2.7)
Ha Gonbmmx paccTosHUSX OT IEHTPa MOXKHO MpeHeOpedb MOTEHIIMATBHON SHEPrUei
U(7). KpoMe TOro, UCIoOJb3ysl MaloCTh CIIHH-OPOUTAILHBIX YIEHOB, MOXKHO HAHTH k

METOIOM MOCJICAOBATCIbHBIX MPUOTNKEHUN: k=k +Ak, rae

ky = \/M zi\/ 2mE, E, - o»Heprus CBs3M dyekTpoHa. CHuH-opOUTaIbHAs

h2 h2 2
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kAk .~ =\ g
IOIIpaBKa Ak HAXOOWUTCS W3  yCIOBUA  —>—+hQ), (ko)-Szo, YyToO  Jaer
m
mQyy, (ko)-S’ ~
Ak:T. [Tockonbky €, - HeueTHass (YHKIUS BOJHOBOTO BEKTOpa, Ak
0

BCIICCTBCHHA. OxoHYaATEIBHO IIoJIiydacm

mQq, szfjf‘ LS
E } ) o
r|exp| i

2m
Y < exp| — 8
p( h? \/2mEB

r

(2.8)
CnuH-3aBUCUMBIA MHOKUTEJIb B ’TOM BBIPAKEHUU UMEET BUJI ONEpaTopa KOHEUHOTO
BpauleHus: g cnuHa S. [loaToMy, eciii COCTOSHHE JOKaJIM30BAaHHOIO JIIEKTPOHA
TaKOBO, YTO BOJIM3H I[EHTpa €ro CIUH MMEET HEKOTOPOE OIMPEACIICHHOE HAMpPAaBIICHUE
(ero mpoekius Ha HEKOTOPYIO OCh paBHa 72), TO B TOYKE, CMEHIEHHOM OT LIEHTpA Ha
BEKTOp 7, €ro CIMH Oy/IeT TOBEPHYT Ha yToJ

2mE, ¥
mQSO(\/th J

y(F)= \/szB (2.9)

BOKpYI' HalpaBjeHHUsl ClHH-opOuTanbHoro mnojs. IloxcraBuB B (2.9) B kayecTBe 7
paccTosiHuE MEX]ly LIEHTpaMH JIOKAJIN3aLUH 7,, I0Jy4aeM 3HaueHHeE yria y B popmyJie
(2.2).

B cnyuyae nMHEMHBIX MO BOJHOBOMY BEKTOPY CHUH-OPOMTANBHBIX CIIara€MbIX,
XapakTEepHOM Ul KBa3UABYMEDHBIX CHUCTEM, MOXHO IIOJYYUTh AaHAJIUTUYECKOE
BBIpDOXECHUE JUI1 yIjla y [pPU I[POU3BOJIBHOM pPACCTOSAHUM MEXKAY LEHTpaMu
nokanu3anuy [38)], mpy BBIIOJIHEHUH JONOJHUTEIBHOIO YCIOBHS, YTO JIOKAJINU3YOIIHMA
NOTEHIUAJI KaXXAOr0 U3 LEHTPOB CUMMETPUYEH I10 OTHOLIEHUIO K HWHBEPCUM B
IIJIOCKOCTH, NIEPIIEHAUKYJIAPHON IPSIMOMN, COCAUHSAIOLIEH LIECHTPHI.

B »stom ciywae chnuH-OopOMTaibHBIE ClaraéMble B TaMIIBTOHHAHE MOHO

NpCaACTaBUTL B BUC!

A= 4,k.S, +k.5,) (2.10)
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rae Marpuna 4 . OINpeEaciIsacTcCd CBOUCTBAMU CTPYKTYPEI (B TOM YHMCJIE OTHOCUTEILHBIM
né

BKJIagoM 00béMHOro (BIA) mmu crpykrypHoro (SIA) HapyuieHUSs MHBEPCHOHHOMN
CUMMETPUHN).

O6o3HaunM 3a X 0OCh, COSAMHSIOUIYIO LIEHTPHI JOKAINU3AUU B MJIOCKOCTH CTPYKTYPbI
XY. IloBopoT cnuHa 3JIEKTPOHA IPU €r0 ABHKEHUU OT OJHOIO LIEHTpA K IpPyromy,

00CyX/IaBIIMIICS BBILLIE, 331a€TCS YHUTAPHBIM OIIEPATOPOM
T =exp LiZPm (S,,x +S,,x, )J (2.11)

Jlerko mnpoBepUTH, UYTO IIpU BO3AECHUCTBUUA OSTHUM OIEPATOPOM BpAIICHUS Ha

ramMmwibToHHaH (2.3) cnuH-OpOUTaNbHBIE ClIaraéMble  BHJIA ZAnx(kleerkszzn)
n

5 B 2m .
MCYE3al0T, €CIIU BBIOpaTh MaTpully P B Buae P, = ?Aax.

)0 ¢y aml 2 m 2 ’ ’
THT ' =H,~ 5 4.+ 3.4, (k,S;, +k,,S5) (2.12)
a n
rae S, =18, 7"
ITockonbKy MaTpH4HBIE DJIEMEHTHI oneparopa k, = —i % Ha COOCTBEHHBIX (DYHKITHSIX

OCHOBHOTI'O COCTOsHHUA [:IO paBHbl HYJIIO B CHIIY CHMMCTPpUH JIOKAJIU3YIOHICTO

MOTEHIIMAJIa, OHU HE BIMSIIOT HA OOMEHHOE B3auMojieicTBre. TakuM 00pa3om, rmepexo;y
B «CKPYYEHHYIO» CHCTEMY KOOPIMHAT, 3aJaBA€MbIii YHHMTApHBEIM OIEPATOPOM T ,
CBOAWT 3a7adyy K OOBIYHOMY OOMEHHOMY B3aUMOJICHCTBUIO JIOKAJTU30BAHHBIX
anekTpoHoB. llepexoxq B mabopaTopHyr0 CHCTEMY KOOpPJAWHAT MPUBOIUT K

raMmwiIbTOHHUAHY (2.2) ¢ yIJIOM y, paBHBIM
2m
y=22 [S A, (2.13)
n

B kyOuueckux KpucTamiax CHHH-OPOWTAIBHOE TOJIE MPOMOPIMOHAIBHO TPEThe

CTCIICHHU BOJITHOBOI'O BCKTOpPA:

O () = oo’ — e (2.14)

m, /2mEg

rac o, - 663p83M€pHaﬂ KOHCTAaHTa, 4 KOMIIOHCHTBI BCKTOpa K 3aJarTcd BBIPA’KCHUCM
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K, =k, (k —k2) (2.15)

(1Be Apyrue KOMIOHEHTHI MOJYyYatOTCs [IUKINYECKON MepecTaHOBKOW UHAEKCOB).
[TonacTaBuB 3TH BhIpakeHus B popmyiy (12.9), momywaem aiis yria moBopoTa

_ E
7(r):as0 Zs L
g 7B

K

r

/P (2.16)

rae x, noimydaercs w3 (2.15) 3aMeHONM KOMIIOHEHT BOJIHOBOIO  BEKTOpa
3 -1
COOTBETCTBYIOIIMMHU IIPOCTPAHCTBEHHBIMU KOOpAWHATaAMH, a a, =(4/2mEB/ h) . B

Cily4yae KYyJIOHOBCKHMX IIEHTPOB (Hampumep, MEJIKUX JIOHOPOB) 3TO OOpOBCKHUU pagnyc

AIEKTPOHA.

OcHoBHbIe pe3yabTaThl [J1aBbI 2:

1. TeopeTnueckun TmOKa3aHO, YTO OOMEHHOE B3aMMOJICUCTBUE JIOKAIM30BAHHBIX
AJIEKTPOHOB NIPOBOJUMOCTH B TMOJYINPOBOJHUKAX U MOJYNPOBOJIHUKOBBIX
CTPYKTypax 0€3 LIEeHTpa HUHBEPCUU aHU30TPOITHO.

2. 'aMunbTOHHMAH B3aUMOJECMCTBUS UMEET BUJ CKAJSPHOrO NMPOU3BEICHUS CIIMHOB,
MIOBEPHYTHIX APYT OTHOCUTENIBHO JIpyra Ha yroJj, BO3pacTalolIUid C pacCTOSIHUEM
MEXy HEHTPaMH JIOKAJIU3ALUH.

3. B cucremax ¢ JIMHEHHBIMM II0O BOJIHOBOMY BEKTOpPY CIUH-OpOUTAIBHBIMU
CllaraéMbIMU 3TOT YIOJ HpsIMO MPONOPLHUOHAJIEH PACCTOSHUIO MpH JTHOOM
pPacCTOSIHUU MEX]y LIEHTpaMH.

4. B ocTtanbHBIX CIy4asX MPONOPLHOHATBHOCTh PACCTOSHUIO CIpaBEeAJIMBA
ACUMIITOTUYECKH, MNpH OOJbIIMX (MHOro OOJBIIMX paguyca JOKaJIW3aluuu

AJIEKTPOHA) PACCTOSHUIX MEXKIY LIEHTPaMHU.

HCCJZ@@OGCIHM}Z, cocmasusuiue codepofcaﬂue OaHHOU 2Jaewsl, 0ny6ﬂuK06aHbl 6 pa60max

21, 34, 38].
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I'maBa 3. CnuHOBas1i peJiakcanus 3JIeKTPOHOB B MOJIyIIPOBOAHUKAX N-

TUINA IPU HA3KHUX TeMIlepaTypax

C pa3BUTHEM HCCIEAOBAHUMN IO MOIYIPOBOJHUKOBON CIUHTPOHUKE B 1990-€ romasl
BO3HMK HHTEPEC K MOJYNMPOBOAHUKOBBIM CHUCTEMaM C JIOJITUMH BpPEMEHAMHU >KU3HU
HEPABHOBECHBIX CIHMHOBBIX COCTOSIHUM, KOTOPbIE CUYUTAINCh HEOOXOIUMBIMHU JIJIS
paboThl, B YaCTHOCTH, CIMHOBBIX TPAH3UCTOPOB. B Hanbomnee yA00HBIX ¢ TOYKH 3pEHUs
TEXHOJIOTUH TE€TEPOCTPYKTYpP NPAMO30HHBIX mojiymposogauukax A'BY u  A'BY!
BpEMEHa CIIMHOBOW peNaKkCalii OOBIYHO JTOCTATOYHO KOPOTKHE (MEHbILE MIJIM TOPSIKa
HaHOCEeKyHbI). OIHaKO, Kak ObLIO 0OHapyKeHo B padotax [39, 40], B apceHuie rajms

3 9THU BpCMCHA MOI'yT OBITH

N-TUNA C KOHIEHTpalMeil aoHopoB BOmM3M 10'° oM
3HAYNUTEIBHO JJIMHHEE, MOPsS/JAKa CTa HaHOCEKyHJ. BO3HHMK BOIIpOC, YTO JIMMUTHPYET
BpEMSI JKM3HU HEPABHOBECHOT'O CIMHA B MOJYMPOBOJHUKAX N-TUMA, U KAKUX BEIUYUH
OHO MOXKeT aocturarh [41]. DToT Bompoc ObUT HMcCclieoBaH B paboTax aBTOpa, Ha

KOTOPBIX OCHOBAHA JAdHHAJ I'JIaBa.

3.1. OKcnepuMeHTAJbHbIC UCCJICI0BAHUS CIMHOBOM pPeIaKCalluu 3JIEKTPOHOB NP
HHU3KHUX Temnepatypax B GaAs n-Tuna B ¢JIa0bIX MATHUTHBIX MOJISIX.

JIIst  DKCIIEPUMEHTAIbHOIO HCCIEIOBAHUS 3aBUCUMOCTH BPEMEHHM AJIEKTPOHHOMN
CIIMHOBOW peJlakCallid B MOJYMPOBOJHUKAX N-THNA OT KOHILIEHTPAMU JOHOPOB [42]
Obl1 BBIOpaH, B KadeCTBE MOJEIBHOTO OO0BEKTa, apceHuy ramums. Ontudeckas
OpUEHTAllMsI 3JEKTPOHHBIX CIMHOB B ATOM MaTepuaje OblUla JOCTATOYHO XOPOLIO
UCClIeIoBaHa paHee. B kadyecTBe HM3MEPUTENBHOTO HMHCTPYMEHTA HCIIOIb30BAJICS
sbdext Xanne — nenonsipuzanus JIOMUHECHECHIMNA MONEPEYHBIM MAarHUTHBIM TOJIEM.
Kak u3BectHo [1], monmymupuHa KpuBod XaHie B MOJYNPOBOJAHHMKE N-TUIA PACTET C
MOIIIHOCTBIO BO30YKJIAlOIIETO CBeTa, cieays JuHerHoMmy 3akoHy (Puc. 3.1). Otceuka
JUHEHHON 3aBUCHMOCTU MPU CTPEMJIEHUH MOIIHOCTM HAaKaykd K HYJIO JAET Bpems

CIIUHOBOM peirakCcan pE3NACHTHLIX 3JICKTPOHOB, B COOTBECTCTBUH C COOTHOIICHHUCM!
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Pucynok 3.1 Kpusas Xanie u 3aBUCUMOCTb €€ TOJYIIUPHUHBI OT MHTEHCUBHOCTH HaKayKH B

00BEMHOM 00pas3Ile apCeHnIA TAIHS ¢ KOHIIEHTpAIeH JoHopoB 7, =7-10" cm™

L:ﬂBgBI/Z(P—)O) (3.1)
T h

boumn uccnenoBanbl 16 o0Opasuos, coaepxamux o0béMHBIE ciaou n-GaAs paznuyHou
TOJILUMHBI, BBIPAUICHHBIE METOJAMU  MOJIEKYJIAPHO-ITYYKOBOM, JKHJKOCTHOW U
razodasHoil snuTakcuu. /lumamnazoH KOHIEHTpAIM JOHOPOB MpocTupaics ot 1-10'* mo
5-10" cm. I 00pa3LoB ¢ KOHIEHTPAMsIMHU OT 1-10' 10 4-10"°cM™ Takke M3MEPAIUCEH
KpUBBIE BOCCTAHOBJIEHUS MOJISIPU3ALMHU JIIOMUHECUEHLINUN B MPOAOJIBHOM THoOJIe. DTO
MO3BOJIWJIO OLIEHUTh BpPEMsI KOPPEJSLMU CIUHA D3JIEKTPOHA, JIOKAJU30BAHHOIO Ha
noHope [1], U3 cCOOTHOIIECHUS

1 g

T fi

c

B, (3.2)

rae B, - MarHUTHOE T0JIe, B KOTOPOM TOJISIpU3allis BO3pacTaeT B JABa pas3a 3a CUET

MOJIaBJICHUS] CIIMHOBOW pelakcanuu. Bce u3MepeHus: BBIMOJHSIUCH TPU MOAYJIALNU
MUAPKYJSPHON TOJSPU3alUKA BO30YKIAIOMIETO CBeTa (HOTOYNMPYTUM MOIYJISITOPOM Ha
gacTtoTe 26.6 xI'1, 4T0oOBI M30eKaTh BIMSHUS JUHAMHYCCKON IOJSPH3AMM SACp U
PAaBHOBECHON TOJIIPU3AIIUA DJEKTPOHHBIX CIIMHOB B TPUJIOKEHHOM IMOCTOSSHHOM

MarHuTHOM MoJie. I3aMepeHus BIOMHINUCH TIpu Temneparypax 4.2 u 2K.
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PesynbraThl mM3MepeHul BPEMEHM CIIMHOBOW PEJIAKCALMM 7, IPEACTABICHBI HAa
Puc.3.2 He3anmoJHEeHHBIMU KpyXKaMH (4TOOBI HE 3arpoMoXxaaTh Tpaduk, MOKa3aHbI
TOJNBKO JaHHbIe, moaydeHHele npu 4.2K; pesymprarel npum 2K ommyarorcs
HE3HAYUTEIBHO). OHU TO3BOJISIIOT BBIICNIUTH TPHU PEKHUMA, OTIWYAIOIINECS
3aBUCUMOCTBIO BPEMEHHU CIIMHOBOM pEJIaKCallMU 7, OT KOHLIEHTPalUu JOHOPOB 7, . [lpu
HU3KUX KOHIeHTpauusax (1-10+2.10"cM?®) 7, OBICTPO pacTéT ¢ yBENMYEHHEM 7,
(pexxum 1). Ilpu KoHLEHTpamusx B aMamnazoHe 2-107°+2.10"cm™ poct
OCTaHABIIMBAETCSA, CMEHSACh MEJJICHHBIM CHIDKeHHeM (pexuMm 2). Hakonern, npu
n, >2.10"cm>, rae MOJYNPOBOJHUK CTAHOBUTCS BBIPOKJICHHBIM (MeTalInuecKas
daza), HabromaeTcs
MOHOTOHHOE CHM)XEHHE 7, NPUOIU3UTEILHO OOpaTHO MPOMOPHUOHAIBHO KBaApaTy
KOHIICHTPAIIMU JOHOPOB (pekum 3).

Ha Puc.3.2 B 910t 00;1aCTH HaIlIK U3MEPEHUS JOTIOJHEHBI IAHHBIMH U3 paboThI [40],
MO3BOISIOIIMMU  HPOCIEOUTh 3Ty  TEHAEHLIUIO BIUIOTH 10 1, >5-10"%cm™.
MaxkcuManbHble 3HaYeHHs 7, 0K0J0 200 HC, U3MEPEHBI IIPU 1, =2+4-10"cM™ u 1pH
n, =2-10"cm>. Ha Pucynke 3.2 mpUBEIEHBI IS CPABHEHUS TAKKE JAHHBIE HEJABHUX
u3MepeHui, BoinoaHeHHbIX B.B.benbix [44] (MokazaHbl CHHUMU KOCBIMU KpecTaMu) U J.
G. Lonnemann u nip. [45] (mpsiMble KOPUYHEBBIE KPECTHI).

Bpewmst koppensiiuu 7, (TpeyroJIbHUKUA) JEMOHCTPUPYET OBICTpPOE COKpalEHUE C
POCTOM n,,, IO KpaliHel Mepe, 10 4-10"°cM™. Bellle 3TOM KOHIEHTPALUK 7, CTAHOBUTCS
HACTOJIBKO KOPOTKWM, YTO i HAOMIOMCHUS] HAapacCTaHUs TOJIAPU3ANNH MPUXOTUTCS
npuiaraTh CUJbHbIE MarHuTHble 1oJdst  (Oosbmie 1T), KOTOpbIE BBI3BIBAIOT
3HAQYUTENbHBIE CJBUTH JIMHUW JIIOMUHECIEHIUU, YTO HE I[O3BOJISIET KOPPEKTHO

UHTEPIPETUPOBATH PE3YIIBTATHI IKCIIEPUMEHTOB.
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Pucynok 3.2 3aBUCHUMOCTb BpEMEH CIIMHOBOM PEIAKCALUU U KOPPEJALMH OT KOHLIEHTPAIUU TOHOPOB
B n-GaAs npu HU3KuX Temneparypax (2-6.5K). CUMBOJIBL: SKCIIEpUMEHTAIBHBIC TAHHBIE, MTOJTyYCHHBIE
aBTOPOM (HE3aIOJIHEHHbIE KPYXKKHU (7 ) U TPEYTrOJIbHUKU (7, )) U B3AThIE U3 TUTEpaATyphl. JIuHuu:

CEPBIA IIYHKTUD — allPOKCUMAIUA U3MEPEHHON 3aBUCUMOCTH BPEMEHU KOPPEIALMU 7, OT
KOHIIEHTPALlUU JIOHOPOB; cepasl IUITPUXOBasi — TEOPETUUECKask 3aBUCUMOCTb 7, B MOJIEJIM OOMEHHOM
cnuHOBOM Au((dy3un; OpaH:KeBasl CIUIOIIHAA - T, PACCUUTAHHAS 10 M3MEPEHHBIM BpEMEHAM

KOPPEJSIUH ¢ YUETOM peraKcalliy Ha SApax U aHU30TPOITHOT0 0OMeHa; OpaH)KeBasi MyHKTUpHAsS —
BKJIaJl CBEPXTOHKOI'O B3aUMOJAEHCTBUS ( T, ); 3€7EHAs CIUIOLIHAS — TEOpPETUYECKask 3aBUCUMOCTb,
YUUTHIBAIOIIAS] CBEPXTOHKYIO U CIIMH-OPOUTANBHYIO PeaKCcaluio P OOMEHHON CITMTHOBOI

i dys3un; 3enéHasi MyHKTHPHAs — BKJIAJl aHU30TPOIHOro oOMeHa ( 7, ). TEMHO-CHHSS CIUIOIIHAS
JIMHUSA NTOKA3bIBAET TEOPETUYECKYIO 3aBUCUMOCTh BPEMEHHU PENaKCalMK 110 MeXaHu3My JbsKOHOBa-
[lepens mpu paccestHUM Ha 3apsHKEHHBIX MIPUMECSX, IPU ATOM IpeakTop BpEeMEHU pelakcanuu 3-i
YIJI0BOM FapMOHUKH paclpenesIeHus 110 UMITyJIbCaM (7, ) B3ST U3 COIOCTABIICHUS C 75,

SKCTIEPUMEHTANIBHO U3MepeHHO B pabote [43] mst 1, =3.7-10"°cm™ . TEMHO-CHHSASA IITPUXOBAs — TO

KE C TEOPETUIECKH PacCUUTAaHHBIM npedakropoM. CupeHeBas JuHUS — MexaHu3M JlpsikoHoBa-Ileperns
¢ yuéroM > dexra crnadoii nokanuzanuu [43].
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KauecTBeHHass wuHTepnpeTanus 3THX TPEX PEKUMOB CIIMHOBOM  peEIAKCallUH
ANEKTPOHOB ClIeAyowas: pexuM 1 — pemakcauuss 3a CUET CBEPXTOHKOIO
B3aMMOJEHUCTBUSL CO CIMHAMHM SIAEP PELIETKU; pEeXUM 2 — penakcalus 3a CUeT
AHU30TPOMHOTO  OOMEHHOTO  B3aUMOJECMCTBUSL  JIOKAJIM30BAaHHBIX Ha  JOHOpax
AJNIEKTPOHOB JAPYr C APYroM; peXUM 3 — pernakcauus CBOOOJIHBIX AJIEKTPOHOB Ha
nosepxHoctn Pepmu 1o mexanusmy JIpsaxonosa-Ilepens. Ilepexon or pexuma 1 k
pexuMy 2 B IOUAJIEKTPUUECKOW (hpa3e MPOMCXOAUT IO MEPE COKpAILIECHHS BPEMEHU
KOPpEJSIHK 32 CU€T YCKOpeHUs (praum-¢ion nepexogoB MKy CIIMHAMH 3JIEKTPOHOB,
JIOKaJIN30BAHHBIX HA COCETHUX IOHOPAX, B PE3yJbTaTe X OOMEHHOTO B3aUMO/IEHCTBUS.
IIpn 3TOM, C OJHOM CTOPOHBI, M3-3a JUHAMUYECKOTO YCPEIHEHUS (PIyKTYyHPYIOIIHMX
AJIEPHBIX TOJIeH OcnabiseTcs CBS3b DJEKTPOHHBIX U SJAEPHBIX CIHHOB; C JAPYro
CTOPOHBI, YacTbie (Haum-GIon nepexosl NPUBOAAT K K MOTEpe CIIMHOBOW OpUEHTAIIMU
3a cu€r cJ1abol aHWU3OTPONMHOM YacTh OOMEHHOro B3aumojencTBusa. Ilepexom or
pexuMa 2 K pexuMmy 3 TPOUCXOIUT B pe3ylbrare Imnepexoma Motra oOT
JTUDJICKTPUUECKON K METAJUIMYECKON MPOBOAUMOCTH C JIEJIOKATU3AlMEN 3JIEKTPOHOB U
(dpopmupoBanuem noBepxHoctu Depmu. TeopeTrmueckoe paccMOTPEHHE CIMHOBOM

pCiaaKCalii B 3THUX TpéX pPeKUMax COCTABJIACT COACPIKAHNC CIICAYIOIICTO pa3aciia.

3.2. TeopeTuueckoe onucanue CIMHOBO peslaKcalluM J1eKTPOHOB NMPU HU3KHUX

Temneparypax B GaAs U mogo0HbIX eMy MOJYNPOBOJHUKAX N-THIA
3.2.1. Penakcanus B MeTajindeckoi ¢gaze (MmexanusMm /IbsikonoBa-Ilepesns)

[Ipu sueprun @epmu E,. >>k,7 HEPABHOBECHBIN CIIMH AJIEKTPOHOB AKKYMYJIUPYETCS
B y3KOH I0JIoce 3HEpruil BOIM3U noBepxHOCcTH dDepmu, MOITOMY SHEPrUIO NIEKTPOHA
MOYKHO TPHHATH DPaBHOW E, :(37r2 )2/3h2nj/ */2m,, THE n, U m, - KOHICHTpALUSI W
a¢dexTuBHas Macca CBOOOJHBIX AJIEKTPOHOB. Bpems cHMHOBOM penakcauuyd Mo
Mexanusmy [IpsikonoBa-Ilepens pasno [27, 7]:

por (105 o WE, 105 IE, 35 Egm 1
S 327 Elrn, 32 (32/3”4/3h2”32/3 /2’”@)3 r, L27'n'a’rn;

(3.3)

IA€ 7, - BpeMs pejaKkcauuu 3-1 yriaioBOM TApMOHMKN UMITYJIBCHOTO PACIIPEIEIICHUS:
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;' =27Nv, j a(6)(1- P,(cos #))sin 66 (3.4)

3meck N - KOHIEHTpalMs pacceusaresiei, v, - ckopoctb Pepmu, o(f) - mapruambHOE
cedyeHue paccessHus, P, - 3-i nosmHoM Jlexannapa; P3(cos6’)=(500s30—30089)/2. s

CpaBHCHMA, BPCM: pCllIaKCallu UMITYJIbCa ONPCACIIACTCA KakK

! =27Nv, j a(0)(1— P,(cos 6))sin 646 (3.5)

rae P (cos6)=cos(d).

B nanbueitmem ™Mbl OyneM cuMTaTh, YTO BCE JOHOPHI MOHU30BaHBI, a CTEICHb
KOMIICHCAllUU MaJja, Tak 4To N =n, =n,. [Ipy HU3KHX Temneparypax TOMUHUPYIOIIUM
MEXaHU3MOM paccesHUsi B OOBEMHBIX BBIPOXKJICHHBIX IMOJYIPOBOJIHUKAX SIBISETCS
paccesHMe Ha 3apsHKEHHBIX IPUMECSX. B 9TOM cilydae mapruainbHoe ceueHue o(6)
OTIPE/ICNISIETCSl pacCesTHUEM Ha HSKPaHUPOBAHHOM KYJOHOBCKOM IIOTEHIMAJIE, W B

bopHoBckOM npubmkeHuu paBHo [46]:

*

R 1
0'(49)= 2T, 5 ) (36)
4E ki [sm (6/2)+x ]2
rie R =me'/2c°n*) - obdexTuBHEIT  pumbepr, x=1/(2erF)=(37z5a§nD)_l/6,
1 7z'a3 1/6
k. =+2m,E, /> - BomHOBOH BekTop Depmu, r, :5(3 B} - paauyc SKpaHUPOBAHUSA
np
he . .
BBIPOKICHHBIM JJIEKTPOHHBIM I'a30M, U a, =—— - 3QdexTuBHbIi bopoBckuii paanyc
m e

AJEKTPOHA B MOJYIPOBOIHHKE.

U3 popmyn (3.4) — (3.6) moaydaem BeIpOKEHHS Ul BPEMEH 7, U 7,

2
= 12\/5*71' hF;l(x)

3
R
3.7
1227 3-7)
=g O (x)

rae
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T B 2 2
J- -7 COSQ ] nédo =8rx 6(1+5x2+5x4)h1(1+i2j—5x2—(5)16—+?)}
X +Xx
0 sm 49/2 +x L (3.8)
j 1-B(c0s0) i1 g - m(1+i2]— ! 2}
[sm 6’/2 +x ] L X 1+x

Ha Pwuc.3.3a nokasaHpl 3aBUCHMOCTU 7; ¥ 7, OT 0O€3pa3MEPHON KOHLEHTpPALUH
JOHOPOB a,n,, a Ha Puc.3.3b — ux oTHOmEHWEe B TeX ke KoopamHarax. Puc. 3.3c

MOKA3bIBAET JUIMHY CBOOOIHOrO mpodera Kak QyHKIHIO 0e3pa3MepHOl KOHIEHTPAIUH;
KaK BUJIHO M3 PUCYHKA, JIJTMHA MpoOera MPEBHIIIAeT CPETHEE PACCTOSHUE MEKITY
MPUMECSMHU, HO TP MUHUMAJIBHBIX KOHIICHTPAIIMAX B Mpeeiax METaTNUecKon (asbl

ATO MPEBBIIEHUE HEBEJIMKO — MPUMEPHO B 3 pa3a.
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Pucynok 3.3 3aBucUMOCTH BpeMEH pejlaKCalliy MEPBOM U TPEThEH YIIIOBBIX TAPMOHUK UMITYJIBCHOTO
pacnpenenenus (a), ux oTHoueHus (b) U JTMHBI CBOOOHOTO Mpodera (C) OT KOHIIEHTPAIUH JOHOPOB
B BBIPOXKJICHHOM IOJIYIIPOBOIHUKE.

Kak Bumno u3 Puc. 3.3b, oTHOmIEHME BpEMEH 7, U 7, B AKTyalbHOM JHANa30HE
KoHIeHTpanuid npumecu (s GaAs a, =9.6nm, Tak 4TO0 a,n, =0.01 COOTBETCTBYET
n,=1.13-10cm™) He  BBHIXOAUT HA  ACHMIITOTHYECKYIO  BeIWuuHy  1/6,
COOTBETCTBYIOIIYIO PACCESTHUIO Ha OYeHb Mauble yribl (9 <<1). [Toatomy dopmyna mis
CKOPOCTH CIIMHOBOM pENaKcaluy, BbIPaXKEHHOW 4epe3 7, [7], Ma€r B UCCIEN0BaHHOM
JMara3oHe KOHLIEHTPALW HETOUHBIA pe3yJIbTar.

[Toacrasnss B (3.3) mapaMeTpsl apceHUAa rajuids, MoIy4yaeM

pr1.8:10°

TSL Gads —

(3.9)

2 2
aT,n;,
CormocraBiieHHE TEOPUH C DKCIIEPUMEHTOM IpuBelneHO Ha Puc.3.2. B akryanpHOM
JMana3oHe KOHIIEHTpaIui r, ci1abo 3aBUCHUT OT n,. [loatomy dopmymna (3.9) maér ¢,

IMPUMCPHO O6paTHO IMPOINOPOUOHAJIBHOC KBAApPATy KOHLOCHTPAIMHU JOHOPOB, B ITOJITHOM
coriaCum C pe3yjbTaTaMH OKCIICPUMCHTA. O,Z[HaKO, €CJIN HCIIOJIb30BaTh 3aBHCHUMOCTH

7,(n,) ¢ mpedakTopoM, paccyuTaHHBIM B bopHOBCKOM npubnmkeHuu (3.7), BOZHUKAET

3aHAYUTEIbHOE KOJIMYECTBEHHOE PAcCOrlaCOBaHUE C JAHHBIMU SKCIIEpUMEHTA (CUHSS
mrTpuxoBasi kpuBasi Ha Pucynke 3.2). bosee Toro, camu mnoixydeHHbIE TaKUM 00pa3oM

BpEMEHA 7, HE COTJIaCylOTCA C TMOJYYEHHBIMU DJKCHepuMeHTaibHO B [43], TIe
7, OPEACISUIOCh U3 KPUBBIX TOJABJICHUS CIUHOBOW pelIaKCallu¥ MPOJO0JIbHBIM

MAarouTHBIM IIOJICM. KaJII/I6pOBKa 3aBUCUMOCTHU 7, (I’lD) Ha OKCIICPUMCHTAJIBHOC
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3HAaYCHHE 13(3.7~10‘6cm‘3)=40fs AaéT XOopollee Coryiacue TEOPETHUECKH PacCUNTAaHHOTO

7,(n,) € DKCIEPUMEHTOM BO BCEM JManasoHe KoHueHTpanui. Corilacue CTaHOBHMTCH

emi€ Jiydilie, €CJIM y4ecTb MOMpaBKy K 7, 3a cu€T 3pdekra cnaboii nokanuzamuu [43],

1

KOTOpas MPOIOPIHOHAIBHA 1, W COCTaBIIsIeT mpuMepHo 60% tipu n, =3.7-10°cm™ [43]

(cupeneBas kpuBas Ha Pucynke 3.2).

3aMeThM, 4TO, B OTJIMYUE OT BPEMEHM pelakcaluuu 3-i YrioBOW TapMOHHKHU 7,,

paccuntanHoe 1o (3.7) BpeMs pejakcaludd TEepBOM TapMOHUKH HUMITYJIbCHOTO

pacrpeienenus, r,, HEMIOXO COrJacyeTcs ¢ BEJIMYMHAMM TMOPsAAKA | MMKOCEKYHIEI,
MOJYYCHHBIMH W3 TPAHCIOPTHBIX H3MepeHuid B [45] mns n, ~10"cm™. Takoe xe

IpOTHUBOpEYre OBLIO BBISIBIIEHO B Hamiei padote [47] nns mexanu3ma JIpsKOHOBa-
[lepenss B cnabojerMpoBaHHOM apCEHUJE TalIMs nN-TUMa MOpu 0Oo0Jiee BBICOKUX
temrneparypax (77 u 300K). Habmomanock 3HauuTenbHOe (0ojiee yeM Ha TOPSIIOK)
paccorjacoBaHue€ BpPEeMEH peslaKCallMd UMITYJIbCHOT'O paclpeesieHus], TOJyUYEeHHbIX U3
TPAHCTOPTHBIX M3MEPEHUM M W3 TOAABIEHUS CIMHOBOM pellakcalid MPOAOJbHBIM
nosneM. [IpuunHa 3TOMy HesicHA, OJIHAKO TaKas 3aKOHOMEPHOCTh CTaBUT MO/ COMHEHHE
aJICKBaTHOCTH ONPEACIICHUS CHUH-OPOUTAIBHOW KOHCTaHTHI Jlpeccembxaysa wu3
COMNOCTABJICHUSI CKOPOCTH CIHMHOBOW peJIaKCallud C TPaHCHOPTHBIMH MapaMeTpaMu
anekTpoHoB. [losTromy B maHHOW pabore wuCHONb3yeTcss 3HadeHue o =0.063,

COOTBETCTBYIOIEE DHEPreTUUecKol KOHCTaHTe y, =36eV'A’, m3mepennoe B pabore

[48] mo ciekTpam paccesiHUs C IEPEBOPOTOM CIIMHA.

3.2.2. Penakcauusi B IM3JIEKTPUYeCKOM (pase
3.2.2.1. Cnunoeas penaxcauyus C6A3AHHBIX HA OOHOPAX IJIEKMPOHOE 8 OMCYMCmEUe
6HeUIHe20 MACHUMHO20 NOJIA
B oTcyTcTBUUM BHEIIHETO MarHUTHOTO TOJISI COIMHOBAs PeJIaKcalus JIMMUTHUPYETCS
nepejadyeil yrjaioBoro MOMEHTa B PeliéTKy. B KOHEUHOM UTOTe 3TO BCErjaa MpOUCXOIUT
3a CUET aHW3OTPOMHBIX B3aMMOJACHCTBUU. J[JI JTOKaIW30BAHHBIX AJIEKTPOHOB €CTh JBA
MyTHU: NIepe/laTh YIII0BOM MOMEHT Yepe3 CBEPXTOHKOE B3aUMOJICUCTBHUE s/ipaM (KOTOpbIE

3aTeM cOpocAT €ero B pEMIETKYy dYepe3 AaHW30TPOITHOE JUMOJb-AHIOIBHOE
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B3aUMO/ICMCTBUE) WJIM HEMOCPEACTBEHHO OTIPABUTh €r0 B PEMIETKY 4YEpe3 CIIHH-
opbutanpHoe B3aumojeiicTBue. [Ipy HU3KUX TemIleparypax MOCHEIHsS BO3MOXXHOCTh
ocymiecTBisieTcss MyTéM  Guun-Quion MepexoJoB C YYaCTHEM aHU3O0TPOIHOIO
OOMEHHOr0 B3aWMOJICHCTBUA — TakoW Tmpouecc He TpeOyeT UCHyCKaHUsS WU
MOTJIONIEHUS (JOHOHOB.

MexaHu3mM  CIIMHOBOW  peJIaKCallUM  JJIEKTPOHOB 32  CYET  CBEPXTOHKOIO
B3auMoJielicTBUsl Obul mpemioxeH B 1973 roay [lesikoHoBeiM u Ilepenem [26].
ITOCKOJIBKY JIOKQJIM30BAaHHBIM HA MEJIKOM JIOHOPE DJJIEKTPOH B3aUMOACHCTBYET C
CosnpuM ynciaoMm (mopsaka 10°) smep, cpeaHexBaapaTHuHas (GIyKTyamnus IIOJHOIO
CIIMHA 3TUX SJIep COCTAaBJISET HECKOJIBKO COTEH. Takas cnumHOoBas (PIIyKTyalHs MOKET
OBITh pPAacCMOTpPEHAa KBAa3MKJIACCUYECKH, a B3aMMOJEWCTBUE CIIMHA D3JEKTPOHA CO
CIMHAMHU siiep B OOJAacTH €ro JIOKaJu3allud MOKET OBbITh MPEJICTaBICHO Kak
BO3JICIICTBUE Ha J3JIEKTpoH mnonst OBepxaysepa, CO3IAHHOTO SAEPHOM CIUHOBOMU
¢dykryanueir. B pesynbrare CHUH AJIEKTPOHA HUCIBIThIBaeT JlapMopoBy mpeleccuro
BOKPYr (UIyKTyallMOHHOTO ToJisg siiep. B aHcamOiie He CBSI3aHHBIX JAPYT C JAPYrOM
LEHTPOB JIOKaJIM3aluu (KBAHTOBBIX TOYEK WJIM PEIKO PACIOJIOKEHHBIX JIOHOPOB B
OYEHb CJab0 JErHMPOBAaHHOM MOJIYNPOBOJHHUKE) 3TO MPUBOJUT K HMCUYE3HOBEHHIO B
CpPEIHEM KOMIIOHEHT CIMHA, MEPINEeHIUKYJSPHBIX SACPHON (IyKTyalud Ha Ka)XJI0M
LEHTpe. YCpeIHEHUE [0 aHCaMOII0 MPOJOJBHBIX IO OTHOUIEHUIO K SJAEPHBIM
(IIyKTyallMOHHBIM TMOJIIM KOMIIOHEHT 3JEKTPOHHBIX CIHHOB JAa€T OCTaTOYHYIO
MTOJISIPU3AIINIO 3JIEKTPOHOB, paBHYIO 1/3 oT HavyabHOM. Pacman ncxoqHo# Mo pu3aium
K YpOBHIO 1/3 mpoMCXOOUT 3a BpeMs MOpsAJKa Mepuojia MPELecCUd 3JIEKTPOHHOTO
cnuHa B moJie sijepHor duykryaruu [29]. Takolt pexxum penakcaruu HaOmronaincs B
AKCIIEPUMEHTAX C BPEMEHHBIM pa3pelieHueM Ha aHcaMOJie KBaHTOBBIX Touek [30].

B ancambiie 10Kanu30BaHHBIX HA JOHOPAX 3JIEKTPOHOB, KaK MPABUIIO, pPEeaTU3yeTCs
JIpYrol pexuM CHOUHOBOM perakcaluy, KOTOpbId M ObUI HMCXOJHO PACCMOTPEH
HpsaxonoBbeiM u Ilepenem [26, 1]. D10 pexuM ITUHAMHYECKOTO YCPEOHEHHWs, NPH
KOTOPOM DJJIEKTPOHHBIM CIIMH YCIIEBAET COBEPIIMTH JIMIIb HE3HAYUTENBHYIO YaCTh
000poTa BOKPYT (IYyKTYyallMOHHOIO SIIEPHOIO MOJS B TEYEHHE TaK Ha3bIBAEMOIO

BPEMEHU KOppesuuu. Bpems Koppersaiuu Ompeaessercss COXPaHSIOMKUMU YIJI0BOU
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MOMCHT IIponHecCaMu ICPCHOCa CIIMHA MCKAY LCHTPAMH JIOKAJIU3allnH. IIo ncreuenuu
9TOIro BpECMCHH CIIMH J3JICKTPOHA C OOJIBIIION BCPOATHOCTBIO OKAXXCTCs JIOKAJIM30BAH HA
ApyromMm nOCHTPC H, COOTBCTCTBCHHO, ITOABCPIHCTCA BOSIIGI‘/’ICTBI/IIO q)HYKTyaIIHOHHOTO
AACPHOTO ITOJIA, HUKAK HC KOPPCJIUPOBAHHOT'O C TEM, YTO JIGP'ICTBOBaJIO Ha HCTO paHbIIC.
HOCJ’IGI[OB&TGHBHOG BO3H€ﬁCTBH€ HCKOPPCINPOBAHHBIX CﬂyqaﬁHBIX HOJICI?I, KaXXxJ10€ N3
KOTOPBIX ﬂeﬁCTByeT Ha CIIMH B TCYCHHC KOPOTKOIro BpPEMCHH, IIPHUBOAUT K C€Iro
BKCHOHCHHHaHBHOﬁ peiaakcanyun C ACKPEMCHTOM, 3aJdaHHBIM XOPOIIO U3BECTHOM

dbopMyol TMHAMUYECKOTO yCpeaHeHus [5]:
-1 _ 2/,
Toy =077, (3.10)
rae <a)§> - CpeIHUI KBaJpaT 4acTOThI MPEIECCUU SIEKTPOHHOTO CIIMHA B TOJIE SIACPHOMN

CIUHOBOM (urykTyarnuu (11 Menkoro jgoHopa B GaAs <a);>1/2 ~2-10°s7'[26]), 7, - BpeMs

KOppECIAOHUHA 3JICKTPOHHOT'O CITMHA. HpI/I 9TOM B MAaroHuTHOM II0JIC, HAITPABJICHHOM BIOJIb
CpE€aAHCro CIIMHA 3JICKTPOHOB, CIIMHOBAA pCilakCalnus MOAaBIACTCA, CICAYS JIOPCHIIMAHY !

z5'(0)

= s
R

3.11)

rne B, =h/ g7 [1].

HpsaxonoB u llepens [26] mpeanonoxuiid, 4YTo BpeMsi KOPPEIALHH OOYCIOBJICHO
MPBDKKaMK 3JIEKTPOHOB Ha HE3alOJIHEHHBIE JIOHOPHBIE LIEHTPbl. Pe3ynapTarhl HaAIIMX
OKCIIEPUMEHTOB (B YACTHOCTH, OTCYTCTBHE CYIIIECTBEHHOW pa3HHIBI BpEeMEH
penakcaruu pu temneparypax 2K u 4.2K) cBUACTENBCTBYIOT B MOJB3Y TOTO, YTO IIPH
TeJIMEBBIX TEMIIepaTypax BpeMsi KOppessuuu orpenensercss (Gaun-¢Guion nepexoiaMu
MEXIy CIUHAMU DJICKTPOHOB, JIOKAJIM30BaHHBIX Ha pa3IMYHBIX JOHOpaxX. Takue
nepexo/ibl, OOYCJIOBJICHHbIE  OOMEHHBIM  B3aUMOJCHCTBUEM  JIOKAJIM30BaHHBIX
AJIEKTPOHOB, HE COIMPOBOXKAAIOTCS MEepeHOCOM 3apsiia. [[oaToMy M3MEHeHHe IHEpTruu
npu Quun-¢ion nepexoje 3HAYUTEIbHO MEHBIIE, YeM MpU MPBIKKE (SHEPrus CIUH-
CIIMHOBBIX B3aUMOJCHCTBAM B NPUMECHOM 30HE€ Ha JBa-TpU NOPSAKA MEHBIIE
XapakTepHbIX SHEPrUd  AIEKTPOCTATHUYECKUX B3auMojeicTBuil). B  pesynbrare

CIIMHOBBIC TIEPEXO/Ibl HE TPEOYIOT y4acTusi POHOHOB U TIPU HUBKUX TEMIIEpaTypax UayT
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¢ Topa3ao OoJbIIeH CKOPOCTHIO, YeM HPBDKKOBBIC. CpaBHUTEIbHAS OIICHKA CKOPOCTEH
CIIMHOBBIX U MPBLKKOBBIX Mepexo0B i n-GaAs nana B [21].
Bpemst  koppensiuu, 00YyCIIOBIEHHO€ OOMEHHBIM B3aUMOJICUCTBHEM  MEXIY

JIOKQJIM30BAaHHBIMU Ha JIOHOPAaX 3JIEKTPOHAMU, MOKHO OLIEHUTH Kak [21]:
7, ~h/(J) (3.12)
rne (J) - cpenHee 3HAa4YeHHE KOHCTAHTBI OOMEHHOTO B3auMojehcTBusA. Jlns

BOJIOPOJIONIOA0O0HBIX ULEHTPOB OOMEHHas KOHCTaHTa jAaercs Qopmysol ['opbkoBa-

[TutaeBckoro-Xeppunra-Onukkepa [17-19] (cm. rnay 1):

2 5/2

e v 2r,
J; =0.82—| | exp|-——
sa, \ ay a

(3.13)

r1e a, - bOpoBCKHI paiuycC dJIEKTpOHA Ha JIOHOPE, 7; - PACCTOSHUE MEXIY JJOHOPHBIMU
LICHTPaAMH I U J.

B cuiny skcnoHeHIMabHOM 3aBUCMMOCTH OOMEHHOW KOHCTaHTBI OT PACCTOSIHUS
MEXIy MpUMECSIMU €€ 3HAueHHUEe JJIS Pa3JIMUHBIX Tap JIOHOPOB CHUJIBHO (PIIYKTYyHPYET.

Boruucnsst cpenHee 3Ha4eHue (J), PasyMHO BOCIIONB30BaThCS PE3yIbTaTaMH TEOPHH
NpoTeKaHus M moactaButh B (3.13) Bmecto 1, BemmumHy (r)=0.865n," [37]. Tem

CaMbIM, MCKJIIOYAIOTCS M3 PACCMOTPEHMs OJIM3KME Mapbl JOHOPOB M U30JUPOBAHHbBIC
LHEHTPbl, a YYUTHIBAIOTCS JOHOPBI, MpUHAJICKANME OECKOHEUHOMY KJacTepy, IO
KOTOpbIM UAET cnuHoBas Audy3us 3a cye€t guumn-duon nepexoqoB. Takum odpazoM,
MOJIy4yaeTcsl CcleAyrolas 3aBUCUMOCTh BPEMEHH KOPPEJSIIMM OT KOHILIEHTpaluu

JTOHOPOB:

hea 5/2 1.73
T (agny? ) exp| =5 (3.14)

e azn,

. =175

Kak Bunmno u3 Puc. 3.2, dpopmyna (3.14) xopoiro BOCIPOU3BOIUT IKCIEPUMEHTAIHHO

T n,>2- cm .
U3MEPEHHBIC 3HA4YCHUSA IIpA KOHIIEHTPALMA JTOHOPOB n, >2 10%em™. Takum

o0pa3oM, COMHOBAsI pellakcalys B 3TOM JIHara30He KOHLEHTPALUNA OKa3bIBA€TCS TECHO
CBS3aHHOW cO cnuHOBOW muddys3ueit B mpumecHoi 30HE. COOTBETCTBEHHO, BpEMSs

KOPPEJSAIUHA MOXHO CBs3aTh ¢ KodddurmenTom cnimaoBo quddysuu D, [21]:
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2/3 -1
7. z(3% Ds) (3.15)
[Ipu MeHbIIUX 3HAYCHUSX 7, MOJENb CHNUHOBOW 1udPy3un mo OECKOHEYHOMY

KJIacTepy TmepectaéT paboTarh, W BpeMs KOPPEIAIUU JIMMUTHPYETCS JPYyTUMHU
npoiieccamu. B KkauecTBe TaKOBBIX MOXKHO YyKa3aTh OOMEHHOE B3aMMOJICUCTBHE B
KJIacTepax KOHEYHBIX Pa3MEPOB WM B3aUMOJIEHCTBHE CO CBOOOTHBIMH DJICKTPOHAMU
[21].

Penakcamusi Ha SIEpHBIX CHUHOBBIX (DIYyKTyanmusix B PEKUME JUHAMUYECKOTO
YCpeIHEHHsI BCET/la XapakTepu3yeTcsl yAJTWHEHHEM BPEMEHH CIUHOBON pelaKcaliy
POCTOM KOHIIEHTPALMK TOHOPOB BCJIEACTBHE YKOPOUEHHUS BpeMEHH Koppensiuu. Kak
BujiHO U3 Puc.3.2, pacuér no dopmyne (3.10) ¢ s3KkCepuMEHTAILHO ONPEACIEHHBIM
BPEMEHEM KOppesIuu Aa€T XOpollee KOJIWYECTBEHHOE COTJIACHE C HM3MEPEHHBIMH
BpPEMEHAMH CIMHOBOW pEJaKCalliu 3JCKTPOHOB MPH  n, <2-10°cm™>. OmHAKO mpH
OOJBIINX KOHIEHTPAIUSAX HAOII0JaeTCsl HE TOJBKO KOJMYECTBEHHOE, HO M PE3KOe
KauyeCTBEHHOE PacCOTIacOBaHUE C PE3yNbTaTaMu SKCIIEPUMEHTA: M3MEPEHHbBIE BpeMeHa
pellakcaliyi HAYMHAIOT YKOPAuMBAaTHCS C POCTOM JIETUPOBAHUS. DTO CBUJETEIBCTBYET O
nepexone K JpPyroMy MEXaHM3My CIIMHOBOM  penakcaiuu, OOYCIOBICHHOMY
AHU30TPOIHUEH OOMEHHOTO B3aMMOICHCTBUSI.

OOMeHHOE B3aUMOJICUCTBUE JIOKATM30BAHHBIX AJIEKTPOHOB B IMOJYNPOBOJHHUKE 0€3
[IEHTpa MHBEPCUU OMHUCHIBAeTCs rammibToHHaHoM (2.2). Kak oOcyxnanock B riiaBe 2,
bnun-guon mepexoa TMOjJ JACHCTBHEM TaKOro TaMWIBTOHHAHA COMPOBOXKIACTCS
IIOBOPOTOM CIIMHA Ha Yroil y(¥) BOKPYr OCH, ONpEIeIsSeMOl OpHEHTAaIMel MpAMOIA,
COCMHSIONIEN JOHOPBI, OTHOCUTEIBHO KPUCTAUIMYECKUX oOced. B pexume, koraa
BpEMSl KOPPEJSIMUA DJIEKTPOHHOTO CIWHA HAa JOHOPE OIpEeIeNsieTcsl CIIMHOBOU
muddy3ueit (kak MoKa3aHO BBIIE, 3TOT pexuM peanmsyercs B n-GaAs mnpu
n,>2-10"cm™), cuH B mpomuecce AU(QGy3Und HUCIHBITHIBACT OOJIBIIOEC YHCIIO MallbIX
CIIy4ailHBIX TTIOBOPOTOB, ompeaensaeMbix Gopmynoi (2.9). [Tockonapky yros moBopora B
ACUMIITOTHYECKOM obnactu (T.e. MPU r>>a,, UYTO BEPHO JUISl TOAABJISIIOIIETO
OONBIIMHCTBA Tap JOHOPOB B  awdjekTpuueckoM GaAs ¢ n,<2-10%cm™)

MNPOMOPIUOHAJIEH 7,  YOOOHO  BBECTHM  CHOUH-OPOMTANbHYI  JJIMHY  Lg,,
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N2
YAOBJICTBOPSIOLIYIO  YCIOBHIO [J{Lso lﬂ =1, TrOe Yyroili y YyCPEeOHEH 1O
r

HaIlpaBJICHUAM BCKTOpPA r . CHI/IH-Op6I/ITaJII>HaH JJIMHA OIIPCACIIACTCA KOHCTAHTOU Ipu
HCUYETHBIX I10 BOJIHOBOMY BCKTOPY ClIaracMbIX B TraMUJIbTOHHAHC 30HLI IIPOBOAUMOCTHU U

3HCpFHef/'I CBA3H JIOKAJIM30BAHHOTO 3JICKTPOHA. IloacraBuB BBIpAXKCHUC JJIA yIJla y U3

dopmybl (2.12), monyyaem nociie yCpeaHeHus Mo yriam:

—@a71 i.

LSO 2 SO E

a, (3.16)

B

JUIst 5IE€KTPOHOB, CBSI3AHHBIX HA MEJIKUX JOHOpPaX B OOBEMHOM apCeHUJIEe Trajius,
CHUH-OpOMTaNbHAS JUIMHA paBHA NPUOJU3UTENBHO 7 WM, YTO CONOCTaBUMO C
OKCIIEPUMEHTAILHO HM3MEPEHHOW iuHOM crnuHOBoW muddy3un (10 um) [39].

Hcnonb3yst 3TOT mapamerp, MOXKHO 3amucarb YCPEAHEHHBIA 110 YIJIy Yroj MOBOPOTA

1/2
CIIMHA KakK <72(r)> =r/Lg,. [laMsTh O MepBOHAYAILHOM HaIlPaBJICHUH CIIMHA TepSeTCs,

KOTJ]a HAKOIUIEHHBIM YTOJI TIOBOPOTa I CTAHOBUTCA MOpsAAKa |1 paguaHa:

2
. I’ D
S (] - m e - G.17)
i i LSO LSO i LSO LSO

3nech L, = Dgt,,- mudPy3noHHAS JJIMHA 3JIEKTPOHHOTO CIIWHA, 7,,- BPEMsI CIIMHOBOMN
pernakcaiuu 3a CY€T aHU30TPONUU OOMEHHOTO B3aumozeicTBus. 13 (3.17) nmomydaem

BBIPAKEHUE JJIsI BPEMEHH CIMHOBOW pelakcanuu uepe3 Kod(hUIMEHT CIUHOBON

muddy3un 1 CIUH-OPOUTATIBHYIO JJIUHY:

315)(; =L,n,’t, (3.18)

Ts4

Ucnonb3ys dopmyinsl (3.14) u (3.15), MOXKHO BBIPa3uTh BPEMsl CIIMHOBOM peJIaKCalllu

4cpe3 BpEMs KOPPCIIALIMA U, B KOHCYHOM HUTOI'C, 4CPE3 KOHLCHTPAILUIO JJOHOPOB!

2
ry, =175 hﬂ(L—j (npa})” exp(%J (3.19)

e ag ny,a,

[TomtHOE BpeMsl CIMHOBOW pENIaKCallMU ONPEAECISAECTCS CYMMOW CBEPXTOHKOTO W CIIHH-

Op6I/ITaJ'IBHOFO BKJIaJla B CKOPOCTb pClIaKCalluu:

vy = (oo +750) (3.20)
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Ha Puc. 3.2 nokasaHsl 3aBUCUMOCTH BPEMEH 7, (IyHKTUpPHAs 3€JIEHAs KPUBasi) U 7

(crutomHast 3en€Hasi KpuBas), PAaCCUMTAHHBIX B MOJEIM CHUHOBOM auddy3um, ot
KOHILIEHTpAaLUH JIOHOPOB. B Jana3oHe KOHILIEHTpaLun ZIOHOPOB
2:10%cm ™ <n, <2-10°cm™ maér KadeCTBEHHOE M KOJWYECTBEHHOE (B IIpejaeriax
3HAQUYUTEIBHOTO pa3dpoca MMEIOUIUXCS JaHHBIX, HO B OTCYTCTBHUE KaKUX-THOO
MOATOHOYHBIX MApaMEeTPOB) COIJIACUE C HKCIEPUMEHTOM, U PE3KOE KaueCTBEHHOE
paccoryiacoBaHue B 00JIaCTH MaJIbIX KOHIIEHTpAIU, 7, <10”cm™. DTO CBA3aHO C TEM,
YTO B 3TOM oOnactu crnuHoBas Oud@y3usi Mo OECKOHEYHOMY KJIACTEPY CTaHOBUTCS
CJIMILIIKOM MEJJICHHOM U MepecTaér ONpeAeNsTh COMHOBYIO TUHAMUKY (B YaCTHOCTH,
BpEMSI KOppEJALMY, paccuuTanHoe 1o (opmyiie (3.14), craHoBUTCS IMHHEE NIEPHOA
MPENECCUU  JJIEKTPOHHOTO CIMHA B  XapakTEPHOM IOJ€ SIIEPHOM  CHMHOBOWU
¢uykTyaruu, paBHOro mpuMepHo SHc). OHAaKO BpeMeHa CIIMHOBOM pellakcallud U IpH
c1aboM JIETUPOBAHMU OCTAIOTCSA JUIMHHEE, 4YeéM 5 HC, a BpeMeHa KOppessiuH,
U3MEPEHHBIE 110 BOCCTAaHOBJICHHUIO MOJSPU3aLANA B IPOJOJBHOM MAarHUTHOM IIOJE —
CYILIECTBEHHO Kopode. Kak yXe TOBOPWIOCH BBILIE, 3TO MOYKHO IPEANOJI0KHUTEIBHO
CBA3aTb C OOMEHHBIM B3aUMOJCHCTBHEM B KiacTepaX KOHEYHBIX pPa3MEpOB.
AJleKBaTHOM KOJIMYECTBEHHOW TEOPHUU JJIsl 3TOTO JIMara30oHa KOHUEHTPALMI MOCTPOUTh
HE YAQJIOCh, HO HKCIIEPUMEHTAILHO HW3MEpPEHHbIE BpEMEHa CIMHOBOM pelakcanuu
xopor1io BocrpousBoaarcs ¢hopmynamu (3.10), (3.18) u (3.20) ¢ BpeMeHeM KOPpesIInH,
M3MEPEHHBIM [0 BOCCTAHOBJIEHHUIO AJIEKTPOHHOM CHMHOBOM  MOJSPU3ALMHU [PU
ONTUYECKOW OpPUEHTAMM B MPOAOJBHOM MarHuTHOM mnoje. Ha Pucynke 3.2

HOJTy4eHHAs] TaKUM 00pa30M 3aBUCHMOCTH 7y, (7,) TOKa3aHa OPAH)XKEBOW IYHKTHPHOU
KPUBOH, a 7¢(n, ) - OPaHKEBOH CILIOLUIHOM.

Habmtonaromeecss 3HaunTeNnbHOE (HAa MOPSAAOK) pa3iuyve BpPEMEH peakcalud B
001acTH KOHIEHTpAUK JOHOPOB 10°cm™> <n, <10"°cm™, uaMepeHHbIX [42, 44], ¢ omHOM
CTOpPOHBI, U B pabdote [43], ¢ npyroii, 00ycIoBI€HO, MO BCEH BUAUMOCTH, Pa3IUYUEM
UCIIOJB30BaHHBIX CTPYKTYp. B [43] wucciegyembie ciiod apceHHaa rajuius ObuIH

3aKIIOYEHBl MEXAY CHEUaJIbHO JIETUPOBAaHHBIMU OapbepaMu JJsi  yCTpaHEHUs

a3 dexToB 00eHEeHNs B MPUMOBEPXHOCTHOM obOnactu. B [42] u [44] ucnonb30BalbCh
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OOBEMHBIE CIIOM W JBOWHBIE TETEPOCTPYKTYpPHI C OJHOPOJHBIM JIETHpOBaHWEM. B
YCIIOBUSIX ONTHYECKOTO BO30YXIACHUS MOT TMPOUCXOIUTH (HOTOUHIYIIUPOBAHHBIN
NEPEHOC AIEKTPOHOB MEXy OapbepamMu U aKTHBHBIN CJI0€M, B PE3yJIbTaTe€ YETr0 MOIJIO
OPOUCXOAUTHh JHOO OIYCTOLIEHWE YacTH JOHOPOB, JMOO, HAOOOPOT, MOSBIECHUE
JIOTIOJTHUTENBHBIX JIETOKAJIM30BAHHBIX AJIEKTPOHOB. OJTO HEU30E€KHO MPUBOJUT K
U3MEHEHUIO BPEMEHM KOPPEJISAIMUA CIIMHA CBA3aHHBIX HA JOHOpAX JJIEKTPOHOB [21] u,
KaK CJE/JCTBHE, K U3MEHEHHUIO CKOPOCTH MX CIIMHOBOM penakcanuu. Kak Obu1o moka3aHo

B [31], u3BMeHeHHE 7, IPU 3TOM MOXKET ObITh BECbMA 3HAUUTENIbHBIM, J0 ABYX MOPSIKOB

BCJINYHHBEI.

3.2.2.2. Cnunoeasn penaxcayus céA3aHHbIX HA OOHOPAX INEKMPOHOE 60 HEUIHEM

nPOO0IbHOM MACHUMHOM noe

AHM30TpONIHOE  OOMEHHO€  B3aWMOJICCTBHE  MPUBOJUT K  pelakcaluu
HEPaBHOBECHON CIIMHOBOW MOJIIPU3AIMK SJIEKTPOHOB, HO HE O0OECleurnBaeT Mepenadn
SHEPruM B pemieTKy. To )K€ caMO€ CIPaBEJIMBO U JJIsl PEJIaKCallui Ha SiApax — B 3TOM
Cly4ae TMPOUCXOJUT TOJBKO OOMEH JHEepruedl ¢ SAEepHOW CIUHOBOM CHCTEMOM,
TEIIOEMKOCTh KOTOPOHM MaJia, a BpeEMs pellakCallui SHEPTUU OYeHb JJIMHHOE. [ToaTomy
B IMPOJOJILHOM MarHMTHOM IIOJIE, KOTJla BHECEHUE YTJIOBOTO MOMEHTAa B CIIMHOBYIO
CUCTEMY CONPOBOXKIAETCS M3MEHEHUEM €€ 3€E€MaHOBCKOW JHEpPruH, CHUHOBas
penakcanusi MOXKET  XapaKTepu30BaTbCsl JIByMsS BpEMEHAMU  pejlakcaluu —
HEpPAaBHOBECHOI0 cnuHa 7> U »Hepru 7;, MoJ0OHO TOMY, KaK 3TO MPOUCXOAUT B
CIIMHOBOW cucrteMe saep pewmerku. IIpu BeimmosHeHnuun ycnoBus 7, << 7; CHHUHOBYIO
CUCTEMY MOXHO XapaKTepHU30BATh CIUHOBOM TEMIIEPATYpPOU €, KOTOpas MOXKET
OTJIMYATHCS OT TEMIIEPATYPBI PEIIECTKU 1.

Kak cnemyer uz dopmyn (3.11) u (3.12), pemakcamusi yrioBoro MOMEHTa
NOAABISAECTCS B TaKUX MArHUTHBIX TOJSX, MPU KOTOPBIX 3EE€MaHOBCKas SHEPTHUs
AJIEKTPOHA  CTAHOBUTCS  OOJbIIE  XapaKTepHOM  DHEPruM  CHUH-CIUHOBBIX
B3auMoOJiecTBUN. [locimenHsass 3KCOHEHIUAIbHO PACTET C KOHLEHTpALMEW JTOHOPOB.
[ToaToMy € pOCTOM JIETMPOBAHUSA MOXKHO OKHUJAATh MOSIBIICHUS TUANa30HA MAarHUTHBIX

HOHefI, B KOTOPOM peilakCallisad HEPABHOBCCHOI'O YIJIOBOI'O MOMCHTA eme He IIogaBJICHA,
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a mepejaya 3eeMaHOBCKOW HEPrud B PELIETKY yke 3aTpynaHeHa. IIpu 3tom goimkHa
HaOMIOAaThCsl OMAKCIOHEHIIMANIbHAS JUHAMUKA TMPOAOJIBHON CIMHOBOW pellaKcaIluu
AJIEKTPOHOB  TMOCJE€  BO30YXKICHUS ~ KOPOTKUM  HUMITYJIBCOM  LUPKYISPHO
nosisipu3oBaHHoro cmeera [21]. CHauana, 3a BpeMst 7>, NPOUCXOJIUT YCTAHOBJICHUE
CIMHOBOM TemnepaTypsl. [Ipu 3TOM CpeHHI CIIUH 3JEKTPOHOB MAJAET OT UCXOJHOTO

3HAa4YCHUA SO A0 KBA3UPABHOBCCHOI'O 3HAYCHHUSA

1 B’
Sﬂ:_luBgeBﬁ:S (321)

4 *B*+B’
rje JOKaJlbHOE  II0JIE BL:Z(Sp{H§S )”2/ Upg,  XAPAKTEPU3YeT  TEIUIOEMKOCTh

SHEPreTUYECKOr0  pe3epByapa  CIHH-CIMHOBBIX  B3aUMOJCUCTBUM,  3a/1aBa€MbIX

1
raMWwiIbTOHHAaHOM H, B=-— - 0OpaTHas CIHHOBAs TEMIIEpaTypa 3JIEKTPOHOB,

k60
YCTaHABJIMBAIOIIASICA MOCTIE PACHPEACIICHUS UCXOMHOW 3€eMaHOBCKOM SHEPTUU MEXIy
36eMaHOBCKMM U CIHH-CIMHOBBIM pe3epByapamu [21]. JlanpHelmas penakcauus
IPOUCXOJIUT 3a CUET YMEHBIIEHUS f U XapaKTEepU3yeTcsl BpEMEHEM T, .
Takoro pona DKCIIEPUMEHTHI BBIIIOJIHUJI B.B.benbix METOJA0M
dorounaynupoBannoro dapaaeeBckoro/KeppoBckoro BpalieHUs € pacCHIMPEHHBIM

JMana3oHoOM BpeMeHHoro paspemicaus [44]. B kpucramiax n-GaAs ¢ n, ~10°cm™

JEHUCTBUTENTHFHO OTUYETIMBO HAOJIOAIach JABYXBPEMEHHAs CIMHOBAs IMHAMHUKA (CM.
Puc. 3.4), orcyTcTBOBaBINasl KaK MPU MEHBIIMX KOHUEHTpALMSAX MpUMecH (TAe CIHH-
CIIMHOBBIC B3aUMOJICUCTBHS CIUIIKOM CJIa0bl) TaK M MPHU OOJIBIINX, T/AE AJIEKTPOHBI
HAYMHAIOT JIEJIOKAJIN30BaThCA, W paznuuue BpeMéH 7, u T, wucuezaeT. OpHAKO
AKCIIEPUMEHTANIbHAS 3aBUCUMOCTh aMILIUTYI OBICTPON M MEIJICHHONW KOMIIOHEHTHI OT
MarHUTHOTO TIOJISI 3HAYUTEIBHO MEHEEe pe3Kas, 4eM TeOopeThyecKas, 3ajaBaemas
dopmymoii (3.21). Bo3aM0OXHO, 3TO CBSI3aHO C 3KCIIOHCHIIMAIBHBIM Pa30pOCOM dHEPTUid
O0OMEHHOT'0 B3aMMOJICUCTBHS B IPUMECHOM 30HE, MPUBOASIIUM K OTCYTCTBHUIO €TUHOTO

ImapamMeTpa — JJIOKAJIbHOI'O ITOJIA — XapaKTCPU3YIOUICTO CIIMH-CIIUHOBBIN BHCpFeTI/IIIGCKI/Iﬁ

pe3epByap.
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BHOKI/IpOBKa BHCPFGTHHGCKOﬁ peiaakcanuu IIPpOAOJIbBHBIM MAarnMTHBIM IIOJICM SAPKO

IPOSBJISIETCST B 3aBUCUMOCTU 7T, OT HANpsOKEHHOCTU TMPOJOIBHOTO IOJIsI, Hambosee

oTuY€TJINBO HaOIONaroNIeics B ciiaboerupoBanHoM n-GaAs ¢ n, =5.5-10"cm™ [44].

Pucynok 3.4 Bpemennas 3aBucumocTs curtanoB @apaneeckoro/KeppoBckoro BparieHus,
OTPAXKaIOIIEro CIMHOBYIO JTUHAMUKY PE3UIEHTHBIX 3JIEKTPOHOB MOCIIE BO30YKIAEHHUS KOPOTKUM
LUPKYJISPHO MOJIIPU30BAHHBIM UMITYJILCOM CBETA, AJIS1 Pa3IMUHbIX MAarHUTHBIX HOJIEH U
KOHLEHTpalui 10HOpoB. DKkcniepuMeHThl B.B.benbix u3 padotsl [44].

DHepreTuyeckas pellakcaiuusi CIMHOBOM CHUCTEMBI JIOKAJIM30BAaHHBIX AJIEKTPOHOB
TpeOyeT ydacTus DSJICKTPOHHBIX TEPEXOJ0B C TMOTJIONICHHEM WM WCIYCKaHUEM
¢oHOHOB. ENMHCTBEHHBIMH TaKMMH T[E€pPEXO0JIaMH, BO3MOXKHBIMH TP  HU3KHUX
TeMIIepaTypax, SBISIOTCS MPBDKKHU AJIEKTPOHOB B Mapax, 00pa30BaHHBIX 3aMI0JIHEHHBIM
U TYyCTBIM JIOHOpPHBIMH IeHTpamu. Kak mokazano B [21], »3ddexTuBHO
B3aMMOJICUCTBYIOT ¢ (DOHOHAMH «ONTUMAJIBHBIE» Mapbl C PA3HOCTHIO SHEPIHM MOpPsAKa
SHEpPrud (POHOHA C BOJHOBBIM BEKTOPOM, PaBHbIM 0OpaTHOMY bopoBckomy paauycy
JIOHOpa (J1ecATble JOJIM MUJUIMAJIEKTPOHBOJIbTA). [I0CKOIBKY YMCIO TaKUX Map Majo,
TPAHCHOPT SHEPIUH IEKTPOHHON CIIMHOBOM CUCTEMBI K MapaM OCYILIECTBISETCS IMyTEM
cnuHOoBOM Auddys3uu. Takas Monens COMH-PEHIETOYHON pelaKkCalliy XOPOIIO U3BECTHA
JUISl COMHOBBIX CHUCTEM siiep B TBEPABIX Telax, INI€ POJib CTOKOB SHEPTHU B PELIETKY
UTPAIOT PEJIKO PACIOJIOKEHHBIE MMapaMarHUTHbIE UEHTPbl. CKOPOCTh OTPaHUYECHHOU
muddys3ueil  CIUH-PEIIETOYHOW  peNlakCcallid  ONpEeNessieTcsl  COOTHOILEHUEM
Xyuumsuwin — Jle Kena [49, 50]:

T, =4zxD.an, (3.22)
e a, - dQpQGEKTUBHBIA pamuyC ACUCTBUSA IEHTPA PEIaKCallid, n,- KOHIICHTPAIUS

TakuX LEeHTpoB. IlofcTaBisisi BMECTO a, CpeIHEE pPACCTOSHUE MEXIy AOHOpaMU U
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KOHIIEHTPALUIO ONTUMANLHBIX Map n, BMECTO 7, U BbIpaxas KOO()(GHUIMEHT CIMHOBOM

muddy3un yepes BpeMs koppensiiuu no gopmyiie (3.15), nonyyaem

T, ~ 3.23
= (3.23)

B cunpHOM MarHuTHoM T1one B> (J)/ BpEMA KOppEIsIIUN, OIIPEACIIAEMOC
lLlBge 9
BEPOATHOCTHIO (uum-(ion mepexona MeEXIy COCEAHUMU JOHOPaMH, HAuYWHAET

YAJIUHATHCS C POCTOM MarHMTHOTO TOJIA U3-3a pa3dpoca g-(PpakToOpOB JTOKATU30BAHHBIX

Ha JOHOpaXx 3JeKTPoHOB. O HATUYHUU TAKOTro pa3dpoca CBHACTEILCTBYET JIMHEHHBIN 110
V) * \-1

ITOJIXO POCT ACKPCMECHTA 3aTyXaHUsl CIIMHOBLIX OueHui (T2 ) B IMOIIEpCYHOM MAroHuTHOM

nonie (Puc. 3.5). HezaBucumoe usMepeHue pazopoca g-pakropos U3 3aBucumMoctu 7T, (B)

IMO3BOJIACT pPACCUHHUTATL BpPEMA KOPPCIKIOHUHU, KOTOPOC OIpPCACIACTCA CIICKTPOM

MOIIHOCTH CIIy4aifHBIX TOJIell OOMEHHOTO B3aUMOIENCTBHA b (w), NEHCTBYIOIIMX HA

KaX bl 3JIEKTPOHHBIN CITMH CO CTOPOHBI COCEAEH:

Tl (<ge£/'l3) <b2( )>g :hiz<Jz>/u7ZBJ‘ [ ho -

1, 0\ & T;
—J ~
) B~ B0

3mech p, - (QYHKUMSA pacHpeneNeHus DIEKTPOHHOro g-axropa, g, q pzdg -

% \—1
IIUPUHA 3TOrO PaCIpeAeIeHNs, OpeIeIAromas (T2 )

Pucynok 3.5 3aBucuMocTh BpeMEH npooiibHOH (77) u monepednoi (72) 37€KTPOHOB, a TAKKe UX

MIPOM3BEICHNS, OT MAarHUTHOTO TOJIs B ciabonerupoBaHHoM n-GaAs. DxcrnepuMenTsl B.B.benbix
[44].
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N3 (3.23) u (3.24) cnenyeT COOTHOLIEHUE

T,T, ~—272(B=0) (3.25)

4np

Kak Bugno w3 Puc.3.5b, mpousBenenuwe 7,7, COXpaHSETCS NOCTOSHHBIM TIpU
M3MEHEHHM MarHuTHOro mnosisi Oonee, yem Ha nBa nopsaka. CootHoumienue (3.25)

H03BOJISET, 3Has 7,(B=0), ONPENENUTh KOHICHTPALMIO ONTUMAILHBIX Map, KoTopas
OKa3bIBaeTCs paBHOM 3.5-107n,, 9YTO COTJIACYETCS C OIEHKOMW, MpuBeAEHHOM B [21].

Takum 006pa3om, XOTS B cIaOBIX MAarHUTHBIX TMOJISIX CIIMHOBAs perakcaiys B ciado
JIETUPOBAHHOM apCEHUJIE TaJUTHSI OKA3bIBACTCSl HE CBSI3aHHOM cO cmMHOBOU Auddy3ueit
U TPOUCXOAMUT JIOKAIbHO, B HEOOJBIIMX KJIACTEpPaX JOHOPOB, C YBEIUYCHUEM
MarHUTHOTO TOJdS poJib CNUHOBOM Aud¢y3ud BO3pacTaeT H3-3a MOJABICHUS
penakcanuu, OOYCIIOBJICHHOTO OJIOKMPOBKOW Tepeaaun 3eeMaHOBCKOW DSHEpPTUd B
pemérky. B CHIBHBIX MarHUTHBIX TIOJSIX CKOPOCTh CIHUHOBOW  pellaKcalud
orpaHuuMBaeTcs OOMEHHON 1uddy3ueil K peaKo pacloiIoKEHHBIM LEHTpPaM

peaKcalvH.

OcHoBHbIE pe3yJabTaThl IJ1aBbI 3:

1. Teopernuecku U DKCHEPUMEHTAIBHO (HAa TMpUMEpPE apceHuja TajuTus)
UCCIIEOBAHA  CIMHOBAas  peJjakcalus  JJIEKTPOHOB B JIETHPOBAaHHBIX
MOJIYIIPOBOJHUKAX N-TUIIA P HU3KUX TEMIIEPATYpPaX.

2. Tloka3zaHo, 4TO B HYJIEBOM MAarHMTHOM IIOJIE peaKcaius ONpENEenseTcs TPeMs
MEXaHU3MaMH, KOTOPBIE CMEHSIOT APYT Apyra MpU yBEIWYEHUN KOHLECHTPALMHU
JOHOPHOW npuMecH. [Ipyn HU3KMX KOHUEHTpaUWsIX JOHOPOB ITO PENAKCAMA 32
CYET CBEPXTOHKOIO B3aMMOJEHUCTBUA ¢ sapamu pemérkn. C  pocrom
KoHIeHTpauuu (B n-GaAs — mpu n, ~2+4-10"cm™>) HauMHAET JOMHHHPOBATH
CIUH-OpOUTANbHBIA MEXaHU3M, OOYCIIOBJIEHHBIM aHU30TPONHEN OOMEHHOTO
B3aMMOJECUCTBUSL MEXAY JIOKAIU30BAaHHBIMU JIJIEKTPOHAMU. B MeTamummdeckoi

daze (B n-GaAs — npu n, >2-10°cm™) cnuHOBas pejakcamus IPOUCXOIUT 3a

cuér mexanusMma Jpsaxkonosa-Ilepes.
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3. B mpojonbHOM MArHUTHOM TMOJIe B CJIa00JETMPOBAHHBIX IMOIYIPOBOJHUKAX
penakcanusi 3aMeIsieTcss M3-3a OJIOKUPOBKU IMepeadyd 3eeMaHOBCKOW DHEPrUH
CIIMHOB B pemérky. Bpems COUH-peniéTOYHON peakcalid ONpeaessieTCs
cniuHOBO#M nuddy3ueli K peakuM Tmapam M3 OJHM3KO  PaclojOXEeHHBIX
3apsHKEHHOTO M HEUTPAILHOTO JIOHOPA, T SHEPTusl repeaaéresi B peiéTKy npu
TYHHEIIbHBIX MPBDKKaX C MOTJIONICHUEM WM UCITyCKaHneM (pOHOHA.

4. Tlpu Gonbmem sermpoBanuu (B n-GaAs — npu n, ~10°cm™) CHUH-CIIMHOBOE
B3aUMOJICHCTBHE MEXIy DJICKTPOHAMH CTAHOBHTCS JOCTATOYHO CHIJIBHBIM JIIsI
TOTO, 4TOOBI B aHCaMOJie AJIEKTPOHHBIX CIIMHOB MOTJIA YCTaHOBHUTHLCS CIIMHOBAsS
TeMIiepatypa. JTO TPOSBISCTCS B IMOSBICHHH ABYX CHIIbHO DPa3IHYArOIIUXCS
BpeMEH peJaKkcallid B IPOJOJIBHOM II0JIE, XapaKTePH3YIOIIMX YCTaHOBICHHUE

CIIMHOBOW TEMIIEPATYPhI U €€ PENAKCALNIO K TEMIIEPATYPE PELIETKH.

Hccnedosanus, cocmasusuiue cooepicanue OaHHOU 2aevl, ONYOIUKOBAHbL 8 pabomax

[21, 41- 44, 47].



55

I'naBa 4. HeBo3mymawuiue onTudecKue MeToIbl H3MepeHus

HAMATHUYEHHOCTH SACPHON CIIMHOBOUW CHCTEMbI

[TomynpOBOJHUKM W IOJYIPOBOJHUKOBBIE  CTPYKTYpPBl  IPEIOCTaBIISIOT
YHUKAJIBHYIO BO3MOYKHOCTb CO3/IaHUs BBICOKOM CIIMHOBOM NOJIIPU3ALMM  SIEP
METOJIOM ONTHUYECKOM OpHUEHTAllMH, a TOYHEE - JMHAMMYECKOW MOJISpU3aLnU
SJIEPHBIX CIIMHOB ONTUYECKU OPUEHTUPOBAHHBIMU CIIMHAMU JIEKTPOHOB [ 1, 13, 25].
[Tonsipu3oBaHHbIE AEPHBIE CIMHBI CO3AA0T 3(PPEKTUBHOE MArHUTHOE MoJje (moJie
OBepxay3epa), pacIICIUISIONIEE DJJIEKTPOHHBIE CIUHOBBIE COCTOSHUS, HPUUYEM
OHEPIrUuy CIMHOBBIX PACHIEIIEHUHA MOTYT JTOCTUTaTh COTEH MHUKPOJJIEKTPOHBOJIBT,
YTO DKBUBAJIEHTHO ACHCTBUIO BHEIIHETO MATHUTHOTO ITOJS HANPSKEHHOCTBIO B
HEeCKOJIbKO Tecia. DTo m03BOISAET U3MEPSTH SAEPHYIO MOJSPU3ALUI0 ONTHYECKUMU
MeTOoJaMH, (PaKTUUYECKU U3MEpsisl PaCIICIIEHUE 3JEKTPOHHBIX COCTOSHUM IoJieM
OBepxaysepa. Mcropuuecku nepBble TaKME METOJbl OCHOBaHbI Ha MOJAU(PUKALUN
UUPKYJSIPHOM — NOJIAPU3ALMM  JIIOMHHECLHEHIMM B YCIOBUSAX  ONTHYECKOH
OpUEHTALIUU JJIEKTPOHHBIX CcIUHOB mojieM OBepxayszepa — 3ddexre Xanine u
BOCCTAHOBJICHUM IUPKYJIAPHON TMOJAPU3ALMK  TPOJOJIBHBIM  3(()EKTUBHBIM
MarHuTHbIM 1oJieM [ 13]. 3aTteM, ¢ pa3BUTHEM SKCIIEPUMEHTAIBHON TEXHUKHU, CTAIIN
OPUMEHATHCA H3MEPEHHE YacCTOThbl JJIEKTPOHHBIX CIMHOBBIX OUEHUN METOJIOM
CIIEKTPOCKONIMM  HAKA4Ka-30HIWPOBAHME W  HEIOCPEACTBEHHOE HW3MEpPEHUE
JJIEKTPOHHOI'O CIMHOBOTO pPACLICIUIEHUs IO CIEKTpaM JIIOMHUHECLEHIIMU B

OJIMHOYHBIX KBAaHTOBBIX TOUKaX (cM. 0030p B [25]).

Bce 3t MeToapl TpeOyIOT ONTHYECKOTO BO3OYKISCHUS PEabHBIX MEK30HHBIX
NIepeX0JI0B C reHepalueil Hocurtene 3apsaa. [1oaTomy oHM HEM30€KHO COTIPSIKESHBI
C BO3MYILECHUEM HCCIECAYEMOM SJCPHOM CIIMHOBOM CHCTEMBI 34 CYET
VHAYIMPOBAHHOM  HOCHUTEISAMM  CIIMHOBOM  pElaKkcaluy, JUHAMHUYECKOU
NOJISIPU3ALMK ¥ Bo3AercTBHS noyist Halita. DTO ctaio ogHONM M3 NPUYHH TOTO, YTO
CBOWMCTBA  CHNHMH-TIOJSPU30BAHHOM  SJEPHOM  CHUCTEMBI  MOJYNPOBOJHUKA,

PEeIOCTaBIEHHON caMoil cebe, T.e. He B3aUMOJEICTBYIOUIEH ¢ HEPAaBHOBECHBIMU
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HOCUTEIISIMM 3apsiia, CO3JaHHBIMA B IIPOLIECCE ONTUYECKOrO 30HAUPOBAHUSA,
OCTaJIMCh IPAKTHUUECKU HEU3YUYEHHBIMU. TakuM 00pa3oM, Takue BayKHbIe CBOMCTBA
AIEPHOM CIIMHOBOM CHCTEMBI, KAK MEXaHU3Mbl CHUH-PEIIETOYHON pEJIaKCalluu U
(dbopMUpOBaHUS CIUHOBOM TEMIEpaTyphbl, OCTAJUCh HEU3BECTHBIMHU Jaxe IS
TAKOr0 MOJEJIBHOTO TOJIYNPOBOJHUKA, KAaK apCeHUJ TaJUIMs — B TO BpEMs Kak
JUHAMMYECKA CBSI3aHHAs DJEKTPOHHO-AJIEpHAas CHUCTEMa, NOJAJEpKUBAcMas
ONTUYECKOW HAKayKOMW JJIEKTPOHOB, ObLIa MOApOOHO wuccienoBana [13].
HccnenoBanuio COMH-pEMIETOYHOM pelakcaud W TEPMOJAMHAMHUKH SIACPHOU
CIIMHOBOM CHCTEMBI Ha IPUMEpE apCeHUJa raJuIMs NOCBAIICHBI I1aBbl 5 U 6. B
JaHHOW TJaBe OyAyT ONMMCAHBI MCHOJB30BAHHBIE MPH 3TOM SKCIEPUMEHTAJIbHBIC
METO/Ibl, YaCTh M3 KOTOPBIX OCHOBaHA Ha BIIEpBble HAOJIONABIIMXCS B HaIIMX

pa60TaX SBJICHHAX.

4.1. Hepe3zonancuoe @apaneeBckoe Bpamenue B noJe Osepxaysepa

OObrunbIl 3¢ dekT Dapanes — BpallleHHE TUIOCKOCTH IMOJSPU3AlNN JIMHEHHO
MOJIIPU30BAHHOTO CBETA ITPH MTPOXOXKICHUH Yepe3 MPO3PaYHYI0 CPEeTy B MATHUTHOM
1oJie, HANpaBJICHHOM BJOJb JIyda CBeTa - OOYCJIOBIIGH Pa3JIBIKKOW DHEPTUU
ONTHYECKUX IMEePEXO0I0B s (POTOHOB, MOJSIPU30BAHHBIX MO MPABOMY H JICBOMY
Kpyry. B Hammx SKcnepuMeHTax peaqu30BaH AaHAIOTHYHBIA d(DdexT B
s exTUBHOM 101e, 00pa30BaHHOM CyMMOM BHEITHEro moJjs u nosst OBepxaysepa
PEeIBAPUTEILHO ONTUYECKH OPHUEHTHUPOBAHHBIX S/IEPHBIX CIUHOB. Takoil a3ddekt
OBLT TeOpeTHYEeCKU paccMOTpeH ApTéMoBoil 1 MepkynossiM [51]. Tlo ux onenke,
U1 HaOmroeHust 3 dexTa HeoOX0AUMO, YTOOBI JJIMHA ONTUYECKOTO MyTH B CJI0E
MOJIYIPOBOJIHUKA C TOJIAPU30BAHHBIMU SIPAMH COCTaBJIsIa TMOPSAKAa OJHOIO
musuiuMerpa. [lonsgpusoBars siipa ONTUYECKH HA TaKyl0 TIIyOHMHY CIIOKHO H3-32
BBICOKOTO KO3 (UIMEHTA TTOTJIONICHUS HAKaYUBAOIIETO CBETA, KOTOPBIN JOJIKEH
UMETh DHEPrUI0 KBAHTA, OOJBIIYIO IIMPHUHBI 3anpell€éHHOM 30HbL. OCHOBHOE
OTJIMYUE CXEMBI HAIIETO SKCIIEPUMEHTA OT MPEATIOKEeHUS ApTEMOBOI 1 MepKyJioBa

COCTOUT B UCIOJIb30BAHUU CTPYKTYPbl C MUKPOPE3OHATOPOM. DTO IMO3BOJSET 32
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CYET MHOT'ONPOXOAHOCTH YMEHBIIUTH TOJIIMHY 30HAUPYEMOTIO €10 Ha 3 MOpsAIKa.
B nepBbIX 3KcnepruMeHTax no 0OHapyKEHUIO U UCCIIEIOBAaHUIO UHIYLIHPOBAHHOIO
anepHbiM  nojeM dsddexra Dapanes Mbl HCNONB30BAIA CTPYKTypbl € n-
JETUPOBAHHBIM aKTUBHBIM cjoeM GaAs B MUKpOpe3oHaTope, 00pa30BaHHOM
Bbparrosckumu otpaxarensimu u3 25 (nepeaHee 3epkaio) u 30 (3aaHee 3epkaiio) nap
cnoéB AlAs u Aly1GagoAs, onTHYECKON TOMIMUHON B 3/2 NIMHBI BOJHBI HA SHEPTUHU
dbotonnoit Moxawsl 1.497 »B. Takoe mnosoxeHue (POTOHHOW MOJBI PE30HATOPA
oOecrieunBasio OTCTPOMKy B 18 M3B 0T Kpast 30HbI (ONPEAEIEHHOIO 10 MAKCUMYMY
JIOMUHECILIEHIIMH ), TaK YTO 30HAMPYIOIINMA CBET NOMaiai B 00J1acTh MPO3PAaYHOCTH
apcenuga raums. O¢pdeKTuBHas TOJIIHMHA ONTHYECKOrO IMYyTH 30HAUPYIOIIETO
CBETa B aKTUBHOM CJIO€ cocTaBiisiia pu 3ToM 0.7 MM mpH (aKTUYECKOM TOJIINHE
cnosg 358 HM. DKCIEpUMEHT BBINOJHSUIICS cienyromuM obOpa3zom. Hakauka
AJIEPHBIX CIIMHOB IMPOU3BOJAMJIACH LHUPKYJISAPHO IOJISPU30BAHHBIM H3JIyYEHHEM
HOJTyIPOBOIHUKOBOTO Ja3zepa Ha JuinHe BoiaHbl 780 HM (3Heprus ¢otoHa 1.59 3B,
IPEBBIIIAIOINIAS IUPUHY 3aMPEIIEHHON 30HbI ApCEHU 1A TaJUIHS ), COOTBETCTBYIOLIEH
NepBOMY MUHUMYMY KO3 (ULIMEHTA OTPAKEHUS MTepeaHEro bparroBckoro 3epkaia
BBIIIE CTOI-30HbI. BO BpeMs Hakauky ObUIO BKJIIOYEHO MOCTOSTHHOE MarHUTHOE
nosne Hanpsk€HHOCTBI0 200 ['c, HampaBiIe€HHOE BAOJIb HOPMAIM K IJIOCKOCTH
cTpykryphl. Hakauka Bximrouanack Ha BpeMs oT | 1o 30 munyT. 30HAMpPOBaHUE
IPOU3BOAMIIOCH CIIEKTPAJIBHO IIUPOKUM JIMHEMHO MOJSPU30BAHHBIM H31yYEHUEM
UMIYJbCHOTO Jla3epa, LEHTPUPOBAHHBIM HA [UIMHY BOJHBI (DOTOHHOM MOIBI
pe3oHaropa.  PeructpupoBaics  yroad — HoBOpoTa  HPOMIEAUIET0  4Yepe3
MHUKPOPE30HATOP CBETA, JUIS 4ero UCITIOJIB30BAJINCh pasIM4HbIC
HNOJIPUMETPUYECKHE CXEeMbl (B YaCTHOCTH, HCHOJb3ytouias (oToynpyruu
MOJYJIATOp MOJspU3alMM, npu3My [71aHa W JaBUHHBIA (OTOAMOA B KauecTBe
JETEeKTOpa, WIM K€ cXema ¢ OaJlaHCHBIM JETEKTOPOM Ha OCHOBE MPU3MBI
Bonnactona u ¢ortonmogHoro mocrta). Bo Bpems Hakauku HaOII01al0Ch
3HauuTenpHoe  DapaseeBCKOe  BpalleHUE MOJAPU30BAHHBIMH MO  CIHMHY
ANIEKTPOHAMH, 3aBHUCSIIEE TAKXKE OT CTENEHU MOJISPU3ALUU SAEPHBIX COIUHOB [52].

[Tocne BBIKIIFOYEHMST HAKAYKA HAOIIOMAJICI MEQJIEHHO CHAJaroldii CHUTHAI
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®apaIeeBCKOTO BpAILCHUS, UHAYIIUPOBAHHBIN SIACPHON CIIMHOBOW MOJISIpU3ALUEH
(Puc.4.1). B ciiydae akTUBHOTO CII0s B METAJLIMYECKOH (ase (np=2:10'° em>) curnan
anepHoro  dapaneeBCKOro  BpalllEHHS COCTOUT W3  JBYX  KOMIIOHEHT

ITPOTUBOIIOJIOKHOI'O  3HAKd, HWMCIOHNIMX CHJIIBHO pPa3ixnydaromuecs BpEMCHA

O

A

detector
~ E2sin(20)

Pucynok 4.1 ®apazneeBckoe BpanieHue, HHAyIupoBaHHoe moieM OBepxaysepa B n-GaAs. a)
cxema JKCIepuMeHTa (omucanue B Tekcre). b) yron dapaneeBckoro BpameHus Kak QyHKIUs
BPEMEHH.

enakcanuu. B ciyuae mwmdnektpuueckoro GaAs (np=210" cm?) B kauecTBe
y

aKTUBHOTO CJIOSI, HAOJII01al1ach TOJIBKO OJIHA, MEIUICHHAs, KOMIIOHEHTa [53].

Jlns  poka3arensCcTBa TOrO, 4YTO OTOT CUTHAlN OOYCJIOBJIEH CIMHOBOM
noyiipu3aiuel  sijaep, ObUIM  BBIMOJHEHBI AKCHEPUMEHTBHI 10  ONTHYECKHU
JNETEKTUPYEMOMY SIEPHOMY MarHUTHOMY PE30HAaHCY. MeToauKa 3KCIepuMEeHTa 1o
AMP nns ObicTpoit U mMeyieHHOM kommoHeHThl dapajieeBckoro BpaieHus: Oblia
pa3Hou. [[Jis1 MEIJICHHON KOMITOHEHTBI PAAMOYaCTOTHOE MOJI€ Brr aMILTUTYI0M 2.5

I'c Bxmrouanocs uepes 100 cexyH ocie BHIKIIIOYEHNS] HAKAYKU M Pa3BOPAYUBAIIOCH
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no yactore or 100 kl'm mo 300 kI'm (Puc.4.2a). Ilpu 3TOM COXpaHsIOCH
BKJIFOYEHHBIM OCTOSTHHOE MarHuTHOE Tosie B=200 I'c. ITpu npoxok1eHNH YaCTOTHI
Brryepe3 pe3oHaHC Kaxa0ro U3 TPEX U30TOMOB HAOIIOAANICS PE3KUH Caj cUurHasia
®dapaneeBckoro Bpamienus (Puc.4.2b). B ciyuae ObICTpOl KOMIIOHEHTHI TaKoOU
10/1X0/1 OBLJT HEBO3MOKEH M3-3a €€ ObICTpOro pacnaja. B atom ciyuae Brr Takol xe
amruTyabel (2.5 T'c) U (UKCUpPOBaHHOW YaCTOTHl MPHUKIAIBIBAIOCH BO BpeMs
Hakauku. g ycuieHus dS¢dekra paarodacTOTHOTO MO B YCIOBUAX
HEOJHOPOJHOI'0 YIIMPEHUS PE30HAHCOB MPUMEHSIIACh YACTOTHASI MOLYJISILUS Brr €
pasmaxoM 30 xl'm. Ha Puc.4.2d mokazana 3aBUCHMOCTH aMIUIUTYJbI OBICTPOIA
KOMITOHEHTBI OT YaCTOThI Bgr. 31€Ch TAKXKE BUIHBI PE30HAHCHI BCEX TPEX U30TOIIOB,

a TaKk)Ke KOMOMHUPOBAHHBIA PE30HAHC SJIEP MBIIIbsIKA U rajums-7/ 1.

Pucynok 4.2 SInepHblii MArHUTHBIN pe30HAHC, IETEKTUPYEMBbI 10 DapaieeeBCKOMY BpaIlleHUIO
nosieM OBepxays3epa. a) CUTHaJ «MeAJIEHHOW» KOMIIOHEHTbl (Dapa/ieeBCKOro BpallleHUs Kak
¢dbyukuus Bpemenu. KpacHast InHMS TOKa3bIBA€T YaCTOTY NMEPEMEHHOTO MarHUTHOTO T0JIs. b) TO
ke Kak (YHKIUS YacCTOThL. C) CXEMa BO3JCUCTBUS TMEPEMEHHBIM IOJEM Ha «OBICTPYIO»
KOMIOHEHTY. d) aMIUIHTyAa «ObICTPOI» KOMIIOHEHTHI KaK (DYHKIMSI YACTOTHI IEPEMEHHOTO OIS,
MPUIIO’KEHHOTO BO BpeMs HAKauKH.

JIBe KOMIIOHEHTH!I siiepHOro Mapa eeBcKOro BpalleHus, Ha0Ir01aeMble B apCEHUIE

rajuidss n-Tuma ¢ METaJJINndecKon CTOPOHBI IHEpexoaa AWNIJICKTPUK-MCTAI,
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JEMOHCTPHUPYIOT JBa MexaHu3Mma (¢opMupoBanus curHana dapaneeBcKoro
BpamieHus. HampapieHne noBOpoTa IIOCKOCTH IMOJSIPU3alUMU B MEIJIEHHOM
KOMITOHEHTE U TOT (haKT, 4TO €€ aMIUIMTYJla HapacTaeT C yBEJIMYCHUEM BpPEMEHU
HAaKauKl B JMAaNa3oHE€ COTEH M JaXe ThICAY CEKYH], MO3BOJISIIOT YBEPEHHO
acCOUMHUPOBATh €€ C MOJISIpU3aluel SAEPHBIX CIMHOB BIAIUM OT IMPUMECHBIX
HEHTPOB. Takue CUHBI, 3aMOJHSIOME BeCh 00BEM aKTUBHOTO CJI0S, CO3AAI0T MOJIe
OBepxay3epa, paclleIUISIoNee COCTOSIHUS 30HbI MPOBOJAUMOCTH, © UMEHHO C 3TUM
pacileryieHueM U CBs3aH HaOoaeMblii curHal. Beipakenue s 3QPexTUBHOM
KOHCTaHThl Bepne B 3TOoM cilydae (CoBHaAarouiee C TOYHOCTBIO JI0 YHCIOBOTO
MHOXUTENS C pe3ysibTaroM ApTéMoBoii 1 MepkyroBa) nonydeno M.M.I'mazoBbim

[53]:

4.1)

3nech n — (hOHOBBIN MOKA3ATENh MPEJIOMIICHUS KPUCTAIIA, & - OTCTPOMKA YHEPTUHU

(dboTOHA 30HAMPYIOUIETO JIy4ya OT IIUPHUHBI 3aNPENIEHHON 30HBI, 4, - IPUBEAEHHAS

Macca 3JIEKTPOHHO-JIBIPOYHOM Taphl ¢ ydacthueMm Tspkénou (hh) wmu nérxout (lh)

JBIPKU.

[Tpoucxoxnenne ObICTPOIl KOMIIOHEHTBI HE CTOJb O4eBHIHO. KopoTkoe Bpems
penakcaluy  SJI€pHOM  CIHUHOBOWM  MOJSPU3ALMM  XapaKTEpHO ISl SAEp,
pPacoJIOKEHHBIX BOJW3M TapaMarHUTHBIX TPUMECHBIX IleHTpoB [12, 49, 50].
EcrecTBEHHO MpENIOI0KUTh, YTO B MOJYIPOBOJHUKE N-THIA B KAYECTBE TaKUX
IEHTPOB BBICTYNAIOT HEUTpasibHble JOOHOpPHI. OaHAKO ObICTpas KOMIIOHEHTa
HaOMoAalach B MOJYNPOBOJHUKE C KOHIIEHTpAlMEeW MPUMECH HEMHOTO BBIIIE
Nepexoia AUDIICKTPUK-METAII, TAE 3JEKTPOHbI B OCHOBHOM JI€JIOKAJIIM30BaHbl U
o0pa3yoT, mpu HU3KOM Temmneparype, Pepmu-ras. [lorTomy BeposiTHEE BCEro oHa
oOyCJIOBJIEHa 3JIEKTpOHAaMH, CBA3aHHBIMM Ha JBYX3apsIHbIX KJacrepax,
00pa30BaHHBIX [TapaMu OJIM3KO PACIOIOKEHHBIX IOHOPOB. B3anmonelicTBie crinHa
JIOKaJTM30BAaHHOI'O 3JIEKTPOHA C AJEKTPOHHBIM Tra3oM (CM. TJiaBy 3) MPUBOJUT K

KOPOTKOMY BPEMEHH KOPPEJSLIHUH CIIHHA JIOKAIIM30BAHHOTO JIEKTPOHA, opsiaka 10
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NUKOCEKYHJ. B 3TUX ycCHOBMSIX penakcalus CIOUHOB siiep MOA JeHCTBUEM
dbaykTyupytomiero nojst Haiita 1okann30BaHHOTO 3JEKTPOHA IPOUCXOIUT 32 BpEMsI
nopsiaka 10 cekyH[, B cOTIacCMu ¢ HaOII0JJaeéMbIM BpEeMEHEM 3aTyXaHHUsl OBICTPOM
KOMITIOHEeHThI. bonee mmmHHOE (Topsiaka 300 MUKOCEKYHJ) BpeMsl KOPPEsuu
AJICKTPOHHOT'O CIHMHA B JURJICKTPUYECKOW (a3ze NPUBOIUT K XapaKTEPHBIM
BpEMEHAM peJIaKCallud siep B JOJU CEKYHJbI, T.€. 3a MpelesiaMd BPEMEHHOTO
pa3pellieHusl HKCIEPUMEHTAILHON YCTAaHOBKH; BEPOSITHO, IO3TOMY OBbICTpas
KOMIIOHEHTa B CTPYKTYpE C AUICKTPUUYECKUM aKTUBHbIM ciioeM GaAs u He
HaOmonanack. [logpobHEe o penmakcamuwul SIIEPHBIX CIUHOB TIPU  Pa3IMYHBIX
YPOBHSIX JIETUPOBAHUS pedb MOUAET B TiaBe 6. 31ech ke BaKeH TOT (akT, 4TO
ObIcTpasi KOMIIOHEHTAa WMEET TMPOTUBOMOIOXKHBIA 3HAK TIO0 OTHOIICHHUIO K
MeJIJICHHON, 00YCIIOBJICHHOW 30HHBIMH COCTOSTHUSMH. DTO OOBSCHSIETCS JIPYTUM
Mexanu3zMoM GopmupoBanust dapaneeBckoro curHaina — 3a cuét I[laynueBckoi
OJIOKaJpl ONTHYECKOTO Tepexoja Ha HWKAWIIMA CHUHOBBIA IOJyPOBEHB
JIOKaJU30BaHHOTO JJIeKTpoHA. Puc. 4.3 mosicHseT pasznuuue 3HaKoB 3¢ dexra
®dapazgess 79 30HHBIX M JIOKAJU30BaHHBIX COCTOSIHUM: B TI€PBOM Cilyyae
ONTUYECKHUI Tiepexo]i Ha Oojiee HU3KUE M3 pacuIerI€HHbIX mosieM OBepxaysepa
COCTOSIHMIA, BHOCSIIIIME OCHOBHOM BKJIaa B 3pdext Dapanes, Oonee 3ppekTuBeH, a

BO BTOPOM — MeHee d(PPeKTUBEH.

Puc.4.4. nmnokaseiBaeT  3apeructpupoBanHoe 1o dddexkry  Dapages
NepeMarHNYMBaHue OXJAXAEHHBIX SICPHBIX CIOUHOB TMPU W3MEHEHHHM 3HAKa

BHEIIIHETO MarHUTHOTO IOJIs (CM. TToApoOHEee B riiaBe 5).
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Taxkum oOpa3zoMm, Hepe3oHaHCHBIN dpdext Dapanesi, UHIYITMPOBAHHBIN MTOJIEM

Pucynok 4.3 CpaBHUTEIbHbIE MHTEHCUBHOCTH ONTHYECKHMX IEPEXOJ0B MEXIY BaJECHTHOU
30HOW M 30HOM MPOBOAMMOCTH (CJ€Ba) U MEXKAY BAJIEHTHOM 30HOM M JIOKaJIM30BAHHBIMU
3JIEKTPOHHBIMU COCTOSTHUSIMU, 3aHSATHIMU OJTHUM 3JIEKTPOHOM (CIIpaBa).

OBepxay3epa, MO3BOJSIET PErHCTPUPOBATH MOJSAPHU3AIMUIO sAEp Kak B 00BbEME

Pucynok 4.4 ®apaneeBckoe BpalleHUE MPU U3MEHEHUU 3HAKa BHELIHEro MOJis. 3aTyXaroului
curHan o0ycrnosieH nojem OBepxaysepa.

IMOJYIIPOBOJHHUKA, TAK U BOJIN3H LHCHTPOB JIOKAJIN3allUuU 3JICKTPOHOB, N UCCIICA0OBATH
BPpEMCHHBIC MW MArdMTOIIOJICBLIC 3aBUCHUMOCTD su:[epHoﬁ HaMarHm4€eHHOCTH B

peaqbHOM BPEMEHH.
4.2. CrieKTpOCKONUS 3JIeKTPOHHBIX CIIMHOBBIX IIYMOB

Onrtuueckass CHEKTPOCKONUS  CIHUHOBBIX IIyMOB oOcHoBaHa Ha Dypsbe-
nmpeo0pa3oBaHnU CIyYaHOTO BPEMEHHOTO Psifia, MOTYyYEHHOTO MPHU AJICKTPOHHOM
peructpanuu curHaia dapageeBckoro BpameHus kak QyHkiu BpemeHu. [1lymbr

@apaZeeBCKOTO  BpaIllEHHS, BO3HHUKAIOIIME TIPU MPOIMYCKAHUW  JIMHEWHO
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MOJISIPU30BAHHOTO CBETA Yepe3 MapamMarHeTHK, MOKAa3bIBalOT PE30HAHC B CHEKTPE
MOIIIHOCTM Ha YacTOTe MPENEeCcCHH CIUHOB TMapaMarHeTUKa B MPUIOKEHHOM
MarHuTHOM nosie. OTKpBITHIN AJieKCaHIpPOBBIM U 3anacckuM B 1981 romy B mapax
HaTpus [54], 3ToT 3hdeKT BHOCIEACTBUU HAIIET HIMPOKOE MPUMEHEHUE s
UCCJIEIOBAHMSI CITMHOBBIX CBOWCTB MOJYNPOBOAHUKOBBIX CTPYKTYp [S5]. B
Hammx paborax [56, 57] Obul OOHapyXeH aHAJIOTUYHBIA CIBUI 3JIEKTPOHHOIO
CIIMHOBOTO pe3oHaHca B mojie OBepxaysepa. [locraHoBKa sKcrnepuMeHTa Oblia B
[[EJIOM aHAJIOTMYHA MPUMEHSIBIICUCS JJIsi PErucTpaldd HABEAEHHOTO S$1JIEPHBIM
nosieM d¢pdexra Dapanes (CM. MPEABITYIIHA pa3ies), OAHAKO JIT PETUCTPAIHH
CIIEKTpa CHOMHOBOIO IlIyMa BHEIIHEE I0J€ MPUKIAIbIBAIOCh MOMEPEK
30HJIMpYIOIIEro Jiyda cBera. IlepBeie HaOmoaeHus sddexra ObUIM CcAeIaHbl HA
CTPYKTypax C MuUKpope3oHaTopamu. [Ipm 5TOM Hakauka SIACPHBIX CIUHOB
OCYIIECTBISIaCh JMOO BBIIIE CTOM-30HBI  BparroBckoro 3epkana, Kak B
IpeabIAyIeM pasjienie, TM00 pe30HaHCHO uepe3 (GOTOHHYI0 MOIy pe3oHaTopa. B
MOCJIETHEM  CJIy4ae  MCIOJb30BAJCA  IUPKYJISIPHO  WIM  DIUTMITHYECKH
MOJISIPU30BAHHBIN CBET MOBBIIIEHHOM (M0 CPAaBHEHUIO C PEKUMOM 30HAUPOBAHUS)
MOITHOCTH. BriociencTBun aHalOruyHble SKCIEPUMEHTHI ObUIM BBHITIOJIHEHBI U Ha
00bEMHBIX c0siX n-GaAs npu HaKavKe BhIIIE Kpas 3anpeiiéHHoi 3oubl. Ha Puc.4.5
MOKa3aHbl CEPUU CHEKTPOB CIMHOBOTO IIyMa, 3aPErUCTPUPOBAHHBIX Ye€pEe3 PaBHbIC
BPEMEHHBIE MUHTEPBAJBI MOCJIE HAKAYKU SJAEP B MPOJOJIBHOM TOJIE M BKIFOUCHUS
MOTIEPEYHOT0 MAarHUTHOTO ToJjia. BuAHO, Kak cMemaeTcs CHeKTPalbHBIA MUK
CIIMHOBOTO IIIyMa »JJICKTPOHOB [0 MEPE pelakcaluu SACpPHOW CIUHOBOU
noyispusanuu. B ToM ciydae, korja HauajgbHOE HampasieHue noiis OBepxaysepa
IPOTHUBOIIOJIOKHO BHEIIHEMY TMOJI0, HAOMIOJAeTCs KOMIIGHCAlUsl ToJield ¢

oOpanienueM JIapMOpOBOH 4YacTOTHI B HOJIb.
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Pucynok 4.5. a) cxema skcniepuMeHTa Mo u3MepeHuto noist OBepxaysepa Mo crekTpam

AIIEKTPOHHOI'O CIIMHOBOI'O IIyMa. b) 3BOJIOIMS CIIEKTPa CIIMHOBOTO IIIyMa CO BPEMEHEM:
cieBa — nojie OBepxay3epa COHANpaBJICHO BHEIIHEMY, CTIpaBa — IPOTHBOHAIIPABIICHO. C)
PE30HAHC B CIIEKTPE AJIEKTPOHHOT'O CIIMHOBOT'O IIIyMa

JIOCTOMHCTBOM CIIEKTPOCKOITUU SJEKTPOHHOTO CIHUHOBOTO ITyMa KaK METOoja
U3MEpPCHUS SIICPHONM HAMarHWYCHHOCTU SBJSIETCS BO3MOXKHOCTH  TOYHOTO
KOJIMYECTBEHHOTo u3MepeHusi moist OBepxay3epa mo uactore pe3oHanca. K
HEJI0OCTaTKaM MO>XHO OTHECTH HEYYBCTBUTEIBHOCTh K 3HAKYy CyMMAapHOIO IOJS,
JIECTBYIOIIETO Ha DJIEKTPOHHBIN ciiiH. Kpome Toro, B cirydae ciaboIeripOBaHHOTO
MOJIYIIPOBOJIHUKA B TUAJIEKTPUUECKON (paze, u3mepsieTcsi TOJbKO HaMarHU4€HHOCTh
sajnep BOJM3M JOHOPOB, B TO Bpems kak 3ddexr Dapanes crnocobeH maBaTh
uHOpMAIMI0O U O SJIEPHBIX CIMHAX, HAXOISAIIUXCS JAJIeKO OT JOHOPOB M HE

KOHTAKTUPYIOIHUX C 3JICKTPOHAMMU.
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4.3. ®oTO0IIOMHUHECHEHIIUS ¢ TEMHBIMHA HHTEPBAJTAMU

dapaneeBckoe BpaIlIEHWE W CIUHOBBIA IIyM TO3BOJISIIOT PETUCTPUPOBATH
SICPHYIO CIIMHOBYIO TOJISIPU3AIMI0O B pPeaJbHOM BPEMEHH, HO, Kak IIPaBUIIO,
TpeOYIOT HCIOJB30BAHUSI CTPYKTYP € MHKPOPE30HATOpaMu JUIsl JOCTHXKCHUS
HEOOXOIMMON YyBCTBUTENIbHOCTU. Kpome TOro, oHM He SIBJISIOTCS aOCOIIOTHO
HEBO3MYIIAIONUMH — ITPH MOBBIMIIEHUH MOITHOCTH 30HIMPYIOIIETO JTy4a BO3MOYKHA
noJKayKa sIACPHON MOJSPU3ALNU WIM YOBICTPEHUE CIUHOBOW pEIaKCalluu siiep.
N3mepenue nonst OBepxaysepa mo apdexty Xanine [13] moxkeT ObITh peaTn30BaHO
Ha ropasio 0oJiee MUPOKOM Kilacce CTPYKTyp. JlJist uccremoBanust CBOWCTB SAECPHON
CITUHOBOM CHCTEMBI B OTCYTCTBHE ONTHYECKOTO BO30YKICHUS MPUMEHSIETCSI METO/T
TEMHBIX HHTEPBAJOB [58] — Ha mepBOM H3Tare 3KCIEPUMEHTa OCYIIECTBISETCS
HaKayKa sJIEPHBIX CIUHOB, 3aT€M BO30Y K/IAI0IINI JTyd EPEKPHIBACTCA, HA SIACPHYIO
CIIMHOBYIO CHCTEMY OCYIIECTBIISICTCS BO3JEHCTBUE (HAPUMEDP, PaAUO0YaCcTOTHBIM
MoJIEM), a Ha MOCETHEM dTale CBET CHOBA OTKPBIBACTCS U (POTOTFOMUHECIICHITUS

HCIIOJBb3YCTCA

PucyHnok 4.6 Meroinka sKCcriepiMeHTa 110 UCCIIEI0BAaHUIO PEIaKCallMOHHBIX MTPOLIECCOB B AJI€pHON
CIIMHOBOW CHUCTEME METOOM JIIOMUHECIIEHIINH ¢ TEMHBIMH UHTEPBAJIAMHU: a) CX€Ma YCTAaHOBKH; b)
BpPEMEHHasl luarpaMma SKCIepUMEHTa; ¢) KpUBbIe XaHJle B HAKIIOHHOM I10JI€ TP HaKauyKe CBETOM
NEPEMEHHON M TOCTOSIHHOW UUPKYJsipHOM mnonspu3auuu. LTpuxoBas cTpenka NOKa3bIBAET
M3MEHEHUE NOJIAPU3AIMH JIIOMUHECHEHLIUHU 110 MEPE PEIaKCALMU SIEPHON HAMarHU4E€HHOCTH.
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1S onpeneneHus noist OBepxays3epa B MEPBbI MOMEHT MOCTE BKIIIOUEHUS CBETA.
B nammx pabortax [59- 61] aToT MeToa ObUT a1aNTUPOBAH JIJI UCCIIE0OBAHUSI CITHH-
pemérounon penakcauuu siaep. C 3ToM HENbI0 Mbl MEHSIJIN JJIUTEIBHOCTh TEMHOTO
WHTEpBAJIa U U3MEPSIIN SJEPHYI0 HAMAarHWYEHHOCTH IOCJIE €ro OKOHYaHUsS Kak
dbynkuuo ummHbBL TéMHOro uHTepBasna. Ha Puc.4.6. mokazana cxema Takoro
skcnepuMeHnTa. (OOpasen, TOMENIEHHBIH B HAKJIOHHOE MAarHUTHOE TIOJIE,
HaKaYMBaeTCs IUPKYJSPHO MOISPU30BAHHBIM CBETOM. B HyJeBOM moJie siiepHbIe
CIIMHBI HE MOJIIPU30BaHbI, U CTENIEHb MOJISIPU3ALINH JTFOMUHECIICHIIUY MaKCUMaJlbHa

u paBHa p,. llocne nHakaukm B mone B AJIIEKTPOHHBIM CIAH TOABEPTaeTCs

pump
BO3JICUCTBUIO CYMMAapHOTO (BHEIIHEE IUIIOC SIAEPHOE) MOJs, W MOIspHU3alus

JJFIOMUHCCUCHIIMU ITOHHUKACTCA U IIPUHUMACT 3HAYCHUC P pump > JICKaAIICC Ha FOHY60ﬁ

kpuBoil (3dpdext Xanne nmpu nonspuzanuu sauep) Ha Puc. 4.6.c. [lanee nHakauka
BBIKJIIOYAETCS, W SIJICPHAS CIOMHOBAs TEMIIEpaTypa PEIAKCUPYET K TEMIIEPAType
pemeéTku. 3HaueHre CTENEHU NOJISIpU3aluul p,,, Cpa3y MOcjae OKOHYAaHHUSI TEMHOTO
WHTEPBAJIa NTOKa3bIBAET, HACKOJILKO OTPEIaKCUpoBalia siJIepHasi CIMHOBAsI CUCTEMA
3a TO BpeMsl, ITOKa Hakauka Obula BeIKIIOUeHa. Bocmonb3oBaBmumchs Gopmynon ais
adpdexra Xanne [1, 13], jgerko MOAy4YUTh BBIPAKEHUE MJI SJIEPHOTO OIS,

COOTBETCTBYIOIIETO CTENEHU MOJSPU3ALUUA p,,, , KOTOPOE B CIy4ae MAJIOro yIJia

HaKJIOHAa BHCHIHCTO II0JIA K IINIOCKOCTHU 06pa3ua HNMCCT BHU]I

10— P
BN ~ Bl/2 ke _Bpump (4'2)
pdark

rae B, - NOJylIMpHHA KPUBOM XaHIJIE B OTCYTCTBHE SACPHOU IOJSPU3ALUU
(moka3zaHHOM opaHXkeBo# JinHuel Ha Puc.4.6¢).

N3MeHss NIMTENbHOCTh TEMHOTO MHTEPBAla, MOKHO ITOCTPOUTH 3aBUCUMOCTH
AIEPHON CIMHOBOM TEMITEPATYPhI OT BPEMEHH B ITPOLECCE PEIIAKCALINN, U U3MEPUTD

BpeMs CIHMH-PEIETOYHON penakcauuu. [IoBTOpss 3TOT mpounecc npu pasiudHbIX

BCINYMHAX MArHuTHOI'O ITOJIA Bdm,k , MOKHO HCCJICAOBATH 3aBUCHUMOCTL CKOPOCTH

CIIMH-PEIETOYHON pENTaKCalluU A1ep OT BPEMEHH.
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OcHoBHbIe pe3yabTaTsl [1aBbl 4:

1. DkcriepuMeHTanbHO  OOHapyxkeH  ontudyeckuid  3ddexkr  Dapazes,
oOycnoBneHHbId mojieM OBepxay3epa JUHAMHYECKU MOJSIPU30BAHHBIX
SAIEPHBIX ~ CIIMHOB B  MoiaymnpoBojgHuke. [lomumMo  Teopernyecku
npejckazaHHoro ApréMmoBoii U MepkyloBeiM  00bEMHOTO 3ddekTa,
00yCJIOBJIEHHOTO PACIIEIJIEHUEM 30HbI MPOBOJAUMOCTH, OOHAPYKEHO TaK¥Ke
BpallleHUE IUIOCKOCTU NoJisIpu3alu B pesyisbrare [laynueBckoi Onokanbl
ONTUYECKUX TEPEXOJ0OB B JIOKATU30BAHHBIE SJEKTPOHHBIE COCTOSHUS.
NunynuposanHoe nosnem Osepxaysepa dapaneeBckoe BpallleHue COCTaBUIIO0
OCHOBY OJHOT'O U3 METOJIOB HEBO3MYIIAIOIIETO KOHTPOJISI TUHAMUKH SIAEPHOMN

HaMaramn4€¢HHOCTH, HCIIOJIb3OBAHHBIX B HaHHOﬁ pa60Te.

2. TlpennoskeH U MPOAEMOHCTPUPOBAH HEBO3MYIIAIOIINI METOJI PErUCTpalluu
BPEMEHHOHN JUHAMUKHU SACPHON HAMAarHWYEHHOCTH IO CIIEKTPaM CIIMHOBOTO

mymMa pEe3uJACHTHELIX 3JICKTPOHOB.

3. Pazpaborana MeToaMKa UCCIEI0BaHUs CIUH-PEIIETOYHON peaKkcaluu saep
Ha OCHOBE METO/Ia MOJISPU30BAaHHON (POTOIFOMUHECIICHIIMU MTPU ONTUYECKOM
OpUEHTAIUHU JIEKTPOHHBIX U SJIEPHBIX CIUHOB C TEMHBIMHU UHTEpPBAJIaMH (T.€.

C BBIKJIIOYEHMEM HAKauKH Ha BapbUPYEMBI POMEKYTOK BPEMEHH ).

HCC]ZG@OG(JHU}Z, cocmasusuiue codepofcaHue OaHHoll 2jaesl, 01’ly6ﬂuK06aHbl 6

pabomax [52,53,56,57,59-61].
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I'naBa 5. Onruyeckoe uccaeg0BaHUEe TEPMOJANHAMUKHY SAACPHOM CIIUHOBOH

CHUCTEMBbI IMOJIYIIPOBOJHUKA B €JIA0bIX MATHUTHBIX MOJISIX

Kaxk u3BectHo ¢ 1950-x rogoB, mociie dKCrepuMeHTaIbHBIX padot [1épcenna u
[Taynga [62] u Teopermueckux — AOparama u Ilpokrtopa [63], cniuHBI siaep B
TBEPJIOM Tejle, OCOOCHHO MpPH HU3KUX (TEIMEBBIX) TeMIleparypax, 00pa3yroT
XOpOLIO H30JIAPOBAHHYK) OT KPUCTAUIMYECKOW PEIIETKA CUCTEMY C OIPOMHBIM
YUCJIOM CTeTleHel cBo0oabl. J[0CcTaTo4HO YacTo MOBEACHHE SASPHOU CIHUHOBOM
CUCTEMBbl MOKHO OIMCBhIBaTh HAa OCHOBE 3aKOHOB TEPMOJMHAMHUKH, YTO
3HAYUTENFHO OO0JIeryaeT MHTEPIPETAIUI0 JKCIEPUMEHTAIBHBIX PE3yJbTaTOB U
MO3BOJISIET TMPEJCKa3aTh MHOXKECTBO SIPKUX (Qu3nueckux 3¢dekToB. SnepHas
CIIMHOBAasi CHUCTEMa B OSTOM ClIy4yae XapaKTepu3yeTcsi COOCTBEHHOM CIIMHOBOM
TEMIIEPATYPOH, KOTOpas MOYKET Ha HECKOJbKO TOPSAKOB OTIMYAThCA OT
TeMIIEpaTyphl PEIIETKA U MPUHUMATh KaK MOJIOKUTEIbHbBIC, TAK U OTPUIIATEIIbHBIC
3HaueHus. J[Ji1 NpUMEHMMOCTH KOHIENIMU CIIMHOBOW TEMIIEpaTypbl HEOOXOAMMO,
YTOOBI BpEMS CIIMH-CIIMHOBOM peslakcanuu 7> ObLIIO 3HAYUTENIbHO KOPOUYE BPEMEHU
CHUH-peIIETOYHOM penakcauuu 71;. OpHako, SBISETCS JIM 3TO YCIIOBHE
JIOCTATOYHBIM, CKa3aTb 3apaHee Heab3s — O3TO 3aBUCUT OT XapakTepa
B3aUMOJICHCTBUI, B KOTOPBIE BOBJICUEHBI SIACPHBIE CIIMHBL, U OT UEPAPXUU BPEMEH
penakcauy Ppa3Iu4HbIX 3JIEMEHTOB MATPHUIlbl TUIOTHOCTU SIAEPHOM CIIMHOBOM
cuctembl. [lo3TOMYy NPUMEHHMMOCTh TEPMOAMHAMHUYECKOTO ONUCAHMUS JOJKHA

YCTAHABJIMUBATBCA  OKCIICPUMCHTAJIbBHO OJIA HMCCICAYCMOI'0 Marcpuajlia HWIN

CTPYKTYPBL.

I[I/IHaMI/I‘-IeCKaH nojsipru3anusa AACPHBIX CIIMHOB B IMOJYIPOBOJHUKAX YCPEC3
CBCPXTOHKOC BSaHMOﬂeﬁCTBHe C QJICKTPpOHaAMH IIO3BOJIAACT ,Z[O6I/IB3TI)CH
3HAUUTEIbHBIX CTEICHEH OpuCHTAlIMK  CIIMHOB  AICP peHIéTKI/I MCTOAOM
ONTUYECKON HaKadyKu [1] Br13BanHOE OpI/IGHTaHI/IGﬁ CIIMHOB YMCHBLIICHHC
OHTPOITNHN H,HepHOﬁ CIIMHOBOW CHCTEMBI IMPpUBOANT, IIpU YCIOBHH YCTAHOBJICHHUA
MCIKCIIMHOBOI'O pPAaBHOBCCHUA B MArHUTHOM IIOJIC, K ITOHHIKCHHIO a0COJIFOTHOM

BEJINYMHBI SICPHON CIMHOBOM TEMIIEPATYPHI.
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Onucanue A/1epHOM CIMHOBOM CHCTEMBI C MOMOIIBIO CIIMHOBOW TEMIIEPATYPHI
JIer4e BCEr0 BBECTHM B CiIydae CIMHOB 72 B CWJIBHOM MarHUTHOM moJie (1on
CUJIBHBIM 3JIECh TOHMMAETCsl TAKOE I0JIE, B KOTOPOM 3€EMaHOBCKas SHEPrus
SIZIGPHOTO  MAarHUTHONO MOMEHTAa HAMHOTO NPEBOCXOJUT SHEPTUI0  €ro
B3aMMOJICUCTBUSL C MOMEHTaMH Jpyrux snuep). OTHolieHue 3acenéHHOCTen
YpPOBHEHN ¢ MPOEKIMSAMHU CIIMHA BBEPX (MAarHUTHBIA MOMEHT MPOTHUB MOJIs) U BHU3

(MarHUTHBIA MOMEHT BJIOJIb TIOJIS) BCETIa MOYKHO MPEACTABUTh B BUIC
N, /N, =exp(—) (5.1

rae ¢ =(hy,B)/(k,6,), Tae 6, - CHHHOBas TeMIIepaTypa, KOTOpast MOXKeT OBbITh Kak

MOJIOKUTEIIBHOM, TaKk M OTPULATEIbHOM. B 1aHHOM ciydae uWCHOJIb30BaHUE
CIIMHOBOM TeMIIepaTypbl SBIsETCS (GOPMATBLHBIM MPUEMOM, HE TPUBOJISAIIUM HU K
KaKuM HOBBIM (pU3M4ecKuM cienctBusiM. B cimydae saep co cmmaoM />1/2 MOXHO
TaKk€ BBECTHM CIMHOBYK) TeEMIEpaTypy, HPEANOIIOKUB, UYTO COOTHOIIEHUE
3acenéHnoctel (5.1) BepHO ISl KaKI0¥ mapbl ypOBHEW C MPOEKIMSIMHU CIIMHA Ha
BHEILIHEE M0JIe, OTIMYAKIMUMUCA Ha l. DTO mpeamnoyioxkeHue ompaBIaHO, €CIIU
MEXy Pa3HbIMU MapamMu ypPOBHEH OBICTPO YCTaHABJIMBAETCS PaBHOBECHE 3a CUET
bun-daon nepexosoB. OHO MOKET OKa3aThCs M HECTPABEJIMBBLIM, €l (HIIuUTI-
¢dron mepexo/ibl MOIaBJICHbl KBAPYIOIbHBIM B3aUMOJICHCTBUEM, KOTOPOE JeIaeT
MEKyPOBHEBOE PACIIECIUIEHUE PA3JIMYHBIM JJIsl Pa3HbIX Iap YpOBHEW. B HenaBHen
pabote YexoBuua u ap. [64] oTHOCUTENbHBIE 3aCENEHHOCTU MEX]Yy CIHUHOBBIMU
MOJYPOBHSIMU SIIEp B OJUHOYHBIX KBAHTOBBIX Toukax InGaAs ObUTH M3MEPEHBI
METOJOM ONTHUYECKHU JETEKTUPYEMOr0 MAarHUTHOI'O PE30HAHCA. DTOT HKCIIEPUMEHT
MOKa3aj, 4YTO JaHHAas CUCTEMa B CHUJIbHOM MAarHUTHOM II0Ji€ JIEUCTBUTEIBLHO
OMHCHIBACTCS  MPUOIMKEHHEM  CIUHOBOM  TeMIepaTypbl, HECMOTpsl  Ha

SHAYUTCIbHOC KBAAPYIIOJIBHOC B3aHMOH€ﬁCTBHC.

[IpenckasarenbHas cujga KOHLENUMU CIIMHOBOM TEMIIEPATYpPhI MPOSBIIETCS B
IOJIHOM Mepe B 00JIACTH CJIa0bIX MarHUTHBIX MOJEH, KOrja 3eeMaHOBCKasl IHEPTuUs

CpaBHMMA C XAapaKTEpPHOW SHEPTrUE€H CIHUH-CIIMHOBBIX B3aUMOJCHUCTBUN, WIIH
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MeHblie e€. OCHOBHOM MOCTYJIAT TEOPUU CIMHOBOM Temneparypsl [63, 65] riacur,
yT0, ecnu BbienuTh BHYTpU SICC o6nacTh pazMepoM MHOTO OOJbINE paanyca
CIIMH-CIIMHOBBIX B3aMMOJICHCTBUN, HO MHOI'O MEHBIIE pa3Mepa BCEHl CHUCTEMbI

(ancambnp ['m60ca), u npenocTaBuTh €€ camy cebe Ha Bpems ¢>>T,, OTHOIIEHHUE

BEPOSITHOCTEW HAWTH 3Ty 00JIACTh B KBAHTOBBIX COCTOSIHUAX N U M MO-IPEXKHEMY

&, —€ .
OyIeT paBHO exp(—ﬁ} XOTsl DHEPIUM DJTUX YPOBHEH &, U &,
BYN

yIKe
ONPENENSIFOTCS ~ HE  TOJNBKO  3€EMaHOBCKMM, HO M CHHH-CIIHHOBBIM

B33PIMOI[€ﬁCTBPICM.

HanbGonee BakHBIM 9KCIICPUMCHTAJIbHBIM  CJIICACTBUEM OTOI'0 IIOCTYJAaTa
ABJISICTCA TO, YTO HAMAarHn4€HHOCTD SICC BO BHEITHEM MArHUTHOM ITOJIE ciaenycer

3akoHy Kropu: oHa mpomopiuoHaibHa MO0 W OOpaTHO MPOMOPIIMOHANIEHA 0, .

JlelicTBUTENBHO, 3alKMCcaB  MATPUIly  IUIOTHOCTM  TakKoro aHcamOis B

BBICOKOTEMIIEPATYPHOM MPUOIHKEHUN :

. = eXp|:_IB(HSS +HZ)]

= r1l— ASS+ AZ 5.2
Tr{exp[—ﬂ(I:ISSJrI:IZ)]} 1 ﬂ(H H) 6.2

-1 N v o
rne p=(k,6,) , Hyg - TaMUIbTOHHAH CIMH-CIMHOBBIX B3aHMMOJCHCTBUH,

H,=-M,B - raMUJIbTOHHAH 3€eMaHOBCKOTO B3aMMOJEHCTBUS, M, - ONEpaTop

IMPOCKIKWKU ITIOJIHOI'O MArHvMTHOrO MOMCHTA AACP Ha BHCIIHCC IIO0JIC B, JCT'’KO

NOJIyYUTh
(M,)=Tr(pyM,)~ BBTr(M;) (5.3)

BHCCB MbI BOCIIOJIB30BAJIMCh TEM, 4YTO CJICH IIPOU3BCACHUA 3eeMaHOBCKOI'0 U
JUITIOJIBHOI'O TaMHWJIbTOHHAHAa PABCH HYJIO, T.K. OHO MCHACT 3HAK IIPHU U3MCHCHHUU

BCCX CIIMHOBBLIX MHJACKCOB Ha ITPOTUBOIIOJIOKHBIC.

B cnabpIx MarHuMTHBIX IIoJIAAX, Koraa 3eeMaHOBCKas OHCPrusi MHOI'O MCHBIIC

SHEPIrUM CHOUH-CIOWHOBBIX B3aUMOACHUCTBUN, CHUH-CIIMHOBBIA 3HEPreTUYECKUUN
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pe3CpByap BBIIOJHACT POJIb TCPMOCTATA, U (9N HC 3aBUCHUT OT MArHuTHOI'O ITOJIA,

(5.3) naét MUHENHYIO 3aBUCUMOCTh HAMAarHUYEHHOCTH OT MOJIS.

HpI/I IIPOHU3BOJIbHOM MAIrudMiTHOM IIOJIC HAMAIrHUYCHHOCTb CIICAYCT Ooiee
CJIIO)KHOMY, HO BCE XK€ YHUBCPCAJIIbHOMY 34dKOHY, 3a/laBaCMOMY CIAMHCTBCHHBLIM

napaMeTpoM —TE€pPMOAMHAMHYECKUM JIOKAJIbHBIM MOJEM B,. DTOT 3aKOH MOKHO

I[NOJIYYHUThb M3 YCJIOBUA SHCPICTUYCCKOI'O Oajmanca IIpu MU3MCHCHHUMU MAIrHUTHOI'O

I1OJIA.

CKOpOCTB N3MCHCHUA  OHCPIUH CIIMHOBOM  CHCTEMBI 1o I[CﬁCTBPICM

MCHAOMICTOCA BHCIIHCTO MArHUTHOT'O I1I0OJISI paBHA

dE _0(H) ,_-\0B - OB
5_7_—<M>5_—Tr(M§),BBE (5.4)

DTO PaBEHCTBO CIPABEIJIUBO, MOCKOJIbKY BHEITHEE MAarHUTHOE T0JIE SIBIISETCS
€MHCTBEHHBIM  IMapaMeTpPOM TaMUJIbTOHHMAHA CIHWHOBOM CHCTEMBI, SIBHO
3aBUCSIIUM OT BpeMeHHU [66]. C aApyroil CTOpOHBI, B COOTBETCTBUH C (5.2), 2DHEPTHUs

CIIMHOBOW CHCTEMBI paBHA

E=(H)=-pTe(H*)=-B(Tr i} + Tr Ay )=—BTr M, (B +B))  (5.5)

-1 A
rie B, E\/(Tng) Tr(HﬁS) - [0 OHpEIENECHUI0, TEPMOJAUHAMMYECKOE JIOKAIbHOE

MOJIe, XapaKTEPU3YIOILIEE CUIIY CIMH-CIIMHOBBIX B3aUMOJIEUCTBUN. YIPOIIEHHO,
MOXHO TOHHMMAaTh JIOK&JIbHOE T0JIe Kak »J()QPEeKTUBHOE MarHUTHOE IIOJeE,
JEHCTBYIOIIEE HA CIMH spa CO CTOPOHBI BCEX OCTANBHBIX siaep. COOTBETCTBEHHO,

NOJIHAsI IPOM3BOJHASL IO BPEMEHHM OT 3HEpPIHH, pacCMaTpUBAaeMOM Kak (QyHKIUs

v ) -1
00paTHOW CIMHOBOW TemmepaTypsl S =(k,0,) | BHEIIHETO0 MarHUTHOTO MOJs B,

paBHa
U1 p(oyreas; (55 (0)]-
| t (5.6)
_ _Tng{(Bj +B (t))%t()wﬂ(t)B(t) df;g )}



12

[IpupaBuuBas (5.4) u (5.6), nonyyaem:

(B2 +B° (z))d’;t(f) +B(1)B(0) ‘”; Sf) ~0 (5.7)
yT0 MaéT nuddepeHmanbHoe ypaBHEHUE ISt f3
dp(t) B(t) dB(1)
a PRGN @ G5

KOTOpOE€ C Y4Y€TOM CHUH-PELIETOYHOM pellaKCaluu JOJDKHO OBITh JIONOJIHEHO

-1
penakcaloHHbIM wieHoM Bupa —(S-4,)/T, , toe B, =(k,T) - oOpaTHas
TEMIIEpATypa PEIIETKU, a BPEMs CIMH-PEMIETOYHOM penakcauuu 7, 3aBHCHT,

BOOOIIIE TOBOpPsSl, OT MAarHUTHOro mojis (cM. TinaBy 6). B skcnepumeHTax ¢
ONTHUYECKUM OXJIAKICHUEM siiep B Cila0bIX MArHUTHBIX TMOJSX SIZAEpHbIE
TeMIlepaTypbl OOBIYHO HE MPEBBIIIAIOT HECKOJIBKUX MUJUITMKEIBBUHOB (MHAYE HE
NOJIYYUTh 3aMETHOM SIIEpHOM HAMArHMYEHHOCTH), a TeMmIeparypa pemeTKu

COCTABIIIET HECKOJIBKO KEIBBUHOB. [109TOMY £, MOXKHO IIOJIOKATH PABHBIM HYJIIO,

U ypaBHEHHE JIJIsl B MpruoOpeTaeT mpocToil BUL:

dp(r) B(t) dB(r) pB(t)
a7 (t)Bj+Bz(t) it T(B) (5:9)

JONyCKAIOIUI aHaJIMTUYECKOe pelieHue. JleneHueM o0Oenx 4dacTedl ypaBHEHUs

(5.9) Ha B OHO PHUBOAUTCA K BUAY

dnpl)  d, s |
dt dtln\/m T(B) 10

Ecnu B MOMEHT BpeMeHH =0 MarHutHOe MoJsie ObLIO paBHO B,, a oOparHas
CIIMHOBas Temieparypa - f,, peuienue ypaBHenus (5.10) maér cruemyrouryro

3aBUCUMOCTH £ OT BPEMEHHU:

- Ee ) o
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B otcyrcTBUe cnuH-peméroyHoil penakcamuu (5.10) ma€t BbipaxkeHue s
0o0paTHOM CIIMHOBOM TeMIIepaTyphl MpU aanadaTHyeCKOM U3MEHEHUH MarHUTHOTO
0JISA, TOJTy4aeMO€ OOBIYHO U3 YCIIOBUS MOCTOSHCTBA SHTPOIUHU B aI1a0aTHYECKOM
nporiecce [65]. C yuérom (5.3) moisydyaeM TakKe BBIpaXKEHUE s

HaMaranm4cHHOCTH .

(5.11)

N3mepenre 3aBUCMMOCTH HAMAarHWYE€HHOCTH SIIEPHOM CIHUHOBOM CHUCTEMBI OT
BHEIIIHETO MAarHUTHOTO MOJiE NPU €ro CKaHUPOBAHMMU 4Yepe3 00JacTh MaybIxX
(comocTaBUMBIX C JIOKaJIbHbIM) Tonel (cm. Puc.5.1) na€t BO3MOXKHOCTH
HEMOCPEACTBEHHO NPOBEPUTH NMPUMEHUMOCTb T€OPHUU CIHMHOBOM TEMIIEPATYPBI K
KOHKPETHOM CIIMHOBOM cucreme. HecmMoTpss Ha Kaxyulyrocss IPOCTOTY, TaKOu

AKCIIEPUMEHT HUKOT/1a HE BBIMOJHSIICS J10 Halel padoTsl [67].

> o -1
PucyHok 5.1. Usmenenue snepHoit ciimuoBoi Temneparypst 6y, = (k,/)  (IWUTPUXOBbIC JINHMI)
U HaMarHMYeHHOCTHU (M B) (criiolIHBIE JUHMM) TPU  aAMa0daTUYECKOM CKaHMPOBAHUHU

MAarguTHOTO IIOJIT OT HAdYaJIbHOW BEJIMYHMHEI Bi 4€pe3 HOJIb, B COOTBCTCTBUU C (1)OpMy.HaMI/I

(5.10) u (5.11) B npeneOpexkeHNH CMH-PEMIETOUHON penakcanuei (7, = o).
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MBI uCIIOAB30BaIM HEBO3MYILIAOIINE ONTUYECKUE METOABI U3MEPEHHUS IAECPHOM
CIIMHOBOM MOJSIpU3allMU, ONMCAaHHbIE B IM1aBe 4 — HEpe30HaHCHOE (hapajeeBcKoe
BpallleHUE M CIEKTPOCKOIMIO CIHHOBBIX IIyMOB. B kauyecTtBe 00pa3nos
UCIIOJIB30BAIMCh  34/2  MHUKPOPE30HAaTOpbl ¢ akTUBHBIM cinoeM (GaAs,

JICTUPOBAHHBIM KPEMHHEM JI0 KOHIICHTPAIMKA 3JIETPOHOB 7, =2-10"cm™ (00pazen
A)u n,=4-10"cm™ (obpazen B), a Takxe 20 MKM smuTaKcHanbHBIN cioi GaAs ¢

n,=4-10"cm™ Ha mojoxke 3 GaAs (oopazer C).

Cxema »skcrepuMeHTa u3o0OpakeHa Ha Pwuc.5.2. OOGpa3ibl moMemannch B
KpHOCTAT, nojjepxuBaBmmi temneparypy SK. SnepHble CliMHBI HaKauyWBajIuCh
MUPKYJISIPHO TIOJISIPU30BAaHHBIM CBETOM C JHepruedl (oroHa, mpeBbIIIAIONIEH
HIMPUHY 3arpeiméHHon 306 GaAs, B MpojioJbHOM MarHuTHOM moje B 180 I'c.
30HIMPOBAHUE MPOU3BOAUIIOCH JIMHEMHO MOJIAPU30BAHHBIM CBETOM C JHEpPrUeEH
KBaHTa, COOTBETCTBYIONIEH (HOTOHHOU Mojze pe3oHaropa U Ha 20 meV MeHbllen
mupuHbl 3anpeniéHHol 30HbI GaAs. Ha cragum usmepenus (cM. r1iaBy 4)
OCYLIECTBJISIAaCh JIMHEWHAs pa3BEPTKA MArHUTHOrO I0Js, KOTOpoe ObLIOo
napajyielbHO 30HAUPYIOLIEMY JIydy U NEPNEHIUKYJISIPHO MIIOCKOCTH CTPYKTYpPHI B
ciyyae PapaseeBCKOro BpallleHHs, W MapajuleNIbHO IJIOCKOCTH CTPYKTYphl B

Clydae CIIMHOBOTO IIyma, B quarnaszone ot +50 go -50 I'c.
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Pucynok 5.2. Cxema SKcrepuMeHTa MO aauadaTHYECKOMY I€PEeMarHWYMBAHUIO SIICPHOU
CIIMHOBOW CHCTEMBL. BBepXy: CHIEKTpOCKONHUsI 3JIEKTPOHHOI'O CIIMHOBOIO IIyma. BHuzy:

HCPC30HAHCHOC d)apaﬂeeBCKoe BpalllCHHUC.

Pe3ynbTaThl 3TUX KCIIEPUMEHTOB MOKAa3aHbl HA pUcyHKax 5.3 u 5.4.

Pucynok 5.3. Cresa: 3aBucumocts yria dapaneeBcKoro BpalleHUs OT MArHUTHOTO MOJS MpU
€ro MHOTOKPAaTHOM CKaHUPOBAaHMM 4epe3 HoJib. [IpsiMble nuHuUM — DapageeBCKOe BpallleHUE,
HaBeJIEHHOE HETIOCPEJACTBEHHO BHEIIHUM TOJIEM. B cepedure: BKIAM AACPHON HAMarHUYEHHOCTH
B QDapajeeBckoe BpallleHHE Ha oOpaslie A Npu MOJOKUTENbHON (CHHU3Y) M OTpHULIATEIbHOMN

(cBepxy) ciuHOBO# Temmepatype siaep. Cnpasa: To e Ha oOpasie B.
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Kak Bugno u3 Puc.5.3 (srieBas maHens), opma KpUBOHM INepeMarHUYMBaHUS,
n3MepeHHol 1o dapaneeBCKOMY BpaIlleHUIO, COXPAHSAETCS MPU MHOTOKPATHOM
CKaHMPOBAaHWHM MArHUTHOTO TIONS  4Yepe3 HOJNb. AMIUIUTYyAa  SACPHOU
HAMarHUYeHHOCTH YMEHBINAETCS CO BPEMEHEM BCJEACTBUE CHUH-PEIIETOYHON
penakcauuu. Ha nenTpanpHOM W mpaBol maHenmax Puc.5.3 mokasaHbl KpUBbIE
nepeMarHuuMBaHus, Oojiee TOAPOOHO W3MEpPEHHBIC Ha TIEPBOM  IPOXOJIEC
MAarHUTHOTO TOJS 4Yepe3 HOJb. DKCIEPUMEHTAJbHbIE 3aBUCHMOCTH TMPEKPACHO

omuckiBaeTcss popmyinoit (5.11) ¢ eIMHCTBEHHBIM MOATOHOYHBIM MapaMeTpoM B,
(3aBUCUMOCTb BPEMEHHU CIHH-PEIIETOYHON penakcanuu 7, OT MarHUTHOTO MOJs
U3MepsIach OTIENBHO, CM. TJaBy 6). OqHAKO 3HAYEHHE JIOKAIBHOIO MOJs B, ~8

FC, I[MOJIYYCHHO M3 MOAT'OHKH, CHUJIBHO OTJIMYACTCA OT TCOPCTHUUYCCKOI'0 3HAYCHHUA

JUIsl apceHua raus, B, ~1.5 I'c [68]. [Ins cpaBHEHHS] TPUBEIEHBI TEOPETUUECKHE
KpUBBIe s B, ~2 laycc; OTaMYME XOpOIIO 3aMETHO W HAMHOTO IPEBBIIIAET

TOYHOCTB 3KCIICPUMCHTA.

PGSYJ'IBTaTBI HN3MCPCHUA KPHUBBIX INICPEMArHUYMBAHUA MCETOAOM CIIMHOBOI'O

1ryma npuseneHsl Ha Puc.5.4.
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Pucynok 5.4. DBonronus CHEKTPOB 3JEKTPOHHOI'O CIIMHOBOIO IIyMa (4acToTa OTIOXKEHA IO
BEPTUKAJIBHON OCH, CIEKTpajdbHas IJIOTHOCTh MOIIHOCTH IIyMa TIIOKa3aHa [BETOM) TpHU

CKaHUPOBAaHUU MAarHUTHOTO MOJIS Ui 00pasnoB A (cresa), B (6 cepeoune) n C (cnpasa). 0, -

sJIepHas CIIMHOBas1 Temnepatypa npu B=0.

B sTtom cIy4dac IOJOXCHHC PCE30HAHCA B CIICKTPC JJICKTPOHHOI'O CIIMHOBOI'O

myma, f,(7)=(y, /27r)‘B +B, (1)

, Tne B, (r) - mone OBepxaysepa, TaKkKe XOpPOLIO

onuckiBaercs popmynoit (5.11). M3-3a Gosee m0ATOro BpEeMEHH HAKOIUICHUS
CUTHaJIa, BPEMsI CKaHUPOBAHUSA MArHUTHOIO 1mojs Obu1o B 10 pa3 Oosblie, yeM B
sKkcnepuMeHTax Imo @PapaneeBCKOMY BpalmleHuto. lloaTomy BiMsHUE CIUH-

peIETOYHOM perakcallil Ha M3MEpPEHHBIC 3aBUCUMOCTH B, () OYeHb 3aMETHO.

3HaueHHe JTIOKAJIBLHOro NoJisi B 00pa3uax A u B (cTpyKTypbl ¢ MUKPOPE30HATOPOM),
NOJIyYEHHOE W3 HAaWIydlleld MOATOHKU KpuBbIX (opmyinoi (5.11), paBro 12 I'c.
Otnuuue 3TOM BENMYMHBI OT M3MEPEHHOU MeTojgoM DapaieeBCKOro BpalleHUs
JEXHUT B MpeJenax NOTPEIIHOCTH 3KCIEpUMEHTa (ONpeAessieMold, B OCHOBHOM,
HEOOXOJMMOCThIO BHECEHHUS TMOMPAaBKU Ha CIHUH-PEMIETOYHYIO PENIaKCalUIo).
JlokansHOe mosie B oOpasue C (0ObEMHBIN SMUTAKCHANBHBIA CIION) OKa3blaeTCs

paBHbIM 2 I'c, yTO B mpenesiax MOrpPeIIHOCTH HE OTIMYAETCS OT TEOPETHUYECKOIO
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3HA4YCHMUA 1.5 Fc, onpeaAcrsiCMOro JAUITI0JIb- AUITOJIBbHBIM MardiMTHBIM

BSaHMOHeﬁCTBHeM AACPHBIX CIIMHOB.

DTOT pe3yJabTaT TMO3BOJSET MPEANONOXKUTh, YTO OOJbIlas BeJIUYHMHA

-1 A
TEPMOJIMHAMHYECKOTO JIOKAJIBHOTO TOJS B, E\/(TrMé) Tr(HﬁS), HOJTy4YeHHasl Ha

CTPYKTypax C€ MHMKpPOPE30HATOpaMH, SBIAECTCS pE3YyJbTATOM KBaJPYIIOJIBLHOIO
pacileryieHus siIepHBIX CIMHOBBIX YPOBHEH B pe3ysbTare AedopManii akTHBHOTO

CJI0s apCEeHUIa TaUIKs, BCTPOEHHOTO B MHOIOCJIOMHYIO TeTEPOCTPYKTYpY. B aToM
clydae Tr(I:I ;S) = Tr(ﬁjd)+Tr(F];) , Toe M w H}- raMIIbTOHHAHBI HUIIONb-

JUIIOJIBHOTO U KBAJIPYNOJIbHOTO B3aUMOJEHCTBUNA, COOTBETCTBEHHO (CM. IIaBy 1).
Hcnonb3yst M3BECTHBIE TapAMETPhI KBAAPYIIOJIBHOIO B3aUMOJACHCTBUS B apCEHUIE
rajums [69], MoxHO o1eHuTh, uTto Acedopmaius Bcero B 0.01% mnpuBoaut x

YBEJIIMYEHUIO TEPMOJIMHAMUYECKOTO JiokajbHoro nosst o 10 I'c [70].
Tenno€MKoCTh sIACPHON CITMHOBOM CUCTEMBI OOBIUHO ompeaenseTcs [65] kak

CNE—Z—zzTrMé-(Bz+Bf)ECZ+CSS (5.12)

rne C, u C, - 36€MaHOBCKas M CIUH-CIMHOBAas COCTABJISIIOIIME TETIOEMKOCTH

COOTBCTCTBCHHO. Hamm PE3YJIbTAThI ITOKA3bIBAlOT, qTo CIIMH-CITMHOBAas

TEIUIOEMKOCTh, MPOTOPIHOHANBHAS B;, B CTPYKTypax C MHKPOPE30HATOPAMH

yBenuuunack npumepHo B 50 pa3. YY€r KBaJIpymnoJbHOTO B3aWMOJEUCTBUS
o0BbsicCHeT JTOT ¢aKkT, HO TOAHMMAET BOIPOC OT TOM, KaKUM O0Opa3oM
YCTAHABJIMBAETCS PABHOBECHUE MEXAY 3€EMAHOBCKMM M  CIMH-CIIMHOBBIM
SHEPreTUYECKHUMHU  pe3epByapaMM B TaKUX CTpyKTypax. JlelcTBUTENBHO,
KBaJpPYIOJIbHOE B3aUMOJAECHCTBUE b PACIIEILIAET YPOBHU SHEPIUU KaXKJI0TO U3
SIICPHBIX CIIMHOB, HO HE CBSI3aBaeT CIMHBI Pa3HBIX siiep Mexay coboil. [TorTomy
PaBHOBECHE B SIICPHOM CIIMHOBOW CUCTEME JOJKHO YCTAHABIMBATHCS BCE PaBHO 3a
cu€t  ¢daun-dyon  mepexoAoB,  UHIAYIUPOBAHHBIX  JIUIOJIb-IAUNOJbHBIM

BSaHMOﬂeﬁCTBHeM. Takue nepexodbl MOAaBJIAKOTCA, KOI'/Ja BHCHIHCC MAIrHUTHOC
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nmoyie OOJbIIe, YeM XapakTEepHOE TOoJie CMEIIUBaHUS B

mix %

B HECKOJIbKO pa3

IMPECBBIIAIOIICE PCAJIBHBIC JIOKAJIILHBIC IT10JIA, O6YCJ'IOBJ'ICHHBI€ JAUITIO0JIb-AUITIOJIBbHBIM

B3auMoiercTBUEM [71].

Ha pucyHke 5.5 moka3aHa xpuBas pa3MarHM4MBaHHs C YYETOM YCTAHOBIICHMS
paBHOBecuss B mose cMemmuBaHus. OOpaTHYIO CHHHOBYIO —TeMIeparypy,
YCTaHABJIMBAIOILYIOCS MOCJE CMELIMBAHMs, MOXKHO HalTH U3 ycioBus OanaHca
sHepruii. [lpu pasMarHMUMBaHUM JOUHAMUYECKU MOJISIPU30BAHHOU  SIIEPHOU
CIIMHOBOW CHUCTEMBI M3 CHJIBHOTO MAarHWTHOTO TOJISI CIIMH-CIIMHOBBIN peE3epByap

MMEET HYJEBYIO SHEpPruio, a 3€eMaHOBCKas HSHEPrusi paBHa E, (B

mix

)=—M,B,.. .
[locne ycraHOBIIEHMA PAaBHOBECHS MEXIY pPE3EpByapaMH IIOJIHAsA DHEPTUS

CIIMHOBOM CHUCTEMBI paBHa E(B

mix

)==8,.TrM, (Bjm +Bf). [TpupaBHuBas 3TH JBE

SHEPruu, MoJIydyaeM OOpaTHYIO CIIMHOBYIO TEMIIEPATYPY MOCIE CMEIINBAHUS

M,B,,
= i 5.13
TrM;-(B,, +B;) (5.13)

ﬂmix

mix
Y COOTBETCTBYIOIIYIO €€ HAMAarHUYEHHOCTh

B
M =M ——"*— 5.14
mix OB’Z +BZ ( )

mix

3aBucumocth M, OT B,. mnokazaHa Ha Puc.5.5 mrpuxoBoil kpuBou. CuHss

CILIOIIHAA JHWHUA — KpHBas a,Z[I/Ia6aTI/I‘{€CKOI‘O pasMarHuiMBaHUs OJid  Cilay4das

B,<B,.. B cmywae B,>B,, ~Tpd YMEHBIICHUHM MATHUTHOTO  ITOJIS

HaMarHU4e€HHOCTh HE MEHAETCA 10 B=8

mix 2

3aTeM CKauKOM CHUXaeTcs 10 M, , U

Jajblie cleayeT Mo Jpyroil amuabatuueckod kpuBoil. Ecnum 3arem HauaTh

yBEJIMYHUBATH T10JIe, HAMATHUYEHHOCTh BEPHETCS 110 (PUOJIETOBOM KpUBOU K M, . W,

Impu HaﬂbHeﬁmeM YBCIIMYCHUU I10JIA, OCTAHCTCA IIOCTOSIHHOM.
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Pucynok 5.5. V3meHeHHe HAMarHWYEHHOCTH IIPU MPOXOKIACHUHM YEpe3 MOJIe CMEIIMBAHUS

(puoneroBas kpuBas) u B citydae B, . > B, (cuHas kpusas). llITpuxoBas TuMHMA: 3aBUCHMOCTD

M, orB, .

mix

Jlnst apceHuaa rajids 1oJie CMEIIMBaHUS JOKHO ObITh mopsiaka 10 T'c. B
o6béMHOM  GaAs, rae TepMOIMHAMHYECKOE JIOKAJIbHOE T0Jie OOYCIOBJICHO
JUTIOJb-TATIOJIBHBIM B3aMOJICHCTBUEM, CITUH-CIIMHOBAS TETNIOEMKOCTD B mojie 10
I'c mama mno cpaBHeHuto ¢ 3eemaHoBcKoW. IloaTomy mepenmaBaemass mnpu
CMEIIMBAHUM SHEPTUsl TOXKE Maja, M KpuBas IepeMarHnyuBaHus He Oyner
OTJIMYATHCS OT aJnabaTU4ecKoM, 3anaBaeMon Gopmynoit (5.11). A B cTpykType ¢

MHUKPOpPE30HAaTOpOM 3TO He Tak. [loatomy mpum pasmaramumBannu u3 B, =50G

MOKHO OBLJIO OXHUAATh CKayKa HAMarHMYEHHOCTH, MOJIOOHOr0 H300paKEHHOMY
¢uoneroBoii kpuBoil Ha Puc.5.5, a nmnpu yBelMYeHHMH TOJA  TOCIE
pa3MarHUYMBaHHUS HAMarHMYEHHOCTh HE JOJDKHA Oblla BBIMTM Ha MCXOAHBIN
ypoBeHb. Kak BugHo u3 Puc.5.3 (mpaBasi maHenb), B AKCIIEPUMEHTE TaKOro HE
HaOmoaaercs. s nmpoBepku ObUT clienaH cCequaibHbIi 3KCIEPUMEHT, B KOTOPOM
AIEpHAsl CIIMHOBAs CHUCTEMa IIOCJIE OXJIAXICHUs BBLIEPKHUBAIach B TEMHOTE B
tedyeHue 90 cekyHA, A9 TOro YTOOBl YCIETW 3aBEpIIUTHCS TMEPEXOIHbIC
IPOLIECChl, CBs3aHHBIE CO CHUHOBOM muddysueit u penakcarueil BOIM3U

JOHOPHBIX I1IeHTpoB (cMm. r1maBy 6). Ilocrmenyromiee u3MepeHHE KpUBOU
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[nepeMarin4rnBaHuA MCTOAOM CIIMHOBOI'O myma ITIO3BOJIMIIO HU3MCPUTH

3aBHCUMOCTb M (B) ¢ TOYHOCTBIO 10 2% (cM. Puc.5.6). IIpu sTomM ocobeHHOCTH,

BO3HHUKAIOMIUC IIPpH IIPOXOXKACHHM IIOJId CMCHIMBAHUSA, JOJIKHBI ObUIH OBITH

OTYETIIUBO BHUAHBI, OJHAKO UX HC Ha6J'IIOI[aJ'IOCI>.

Pucynok 5.6. KpuBas aauabaTuueckoro nepeMarHuyMBaHUs, U3MEpeHHas Ha oOpasie A ¢

MIPEIBAPUTEIIBHON BBICPKKOH B TeMHOTE. LlITprxoBas imaMs — moaronka mo gopmyse (5.11).

Takum o00pa3oM, IMOJ€ CMEIIMBAHUS B MCCIEAOBAHHBIX CTPYKTypax C
Mukpope3onatopamu mpeBbimaio 50 I'c. CooTBercTBylolllee 3TOMY OO
3eeMaHOBCKOE pacIIeIieHne sIIEPHBIX CIMHOBBIX ypoBHEW B 30 pa3 Oosbie ux

IUPUHBI ~ /1 / T,, 00YCIOBICHHOMN AUTIONb IUTOJbHBIM B3aMMOICHCTBHUEM.

Ms1 npenrnonaraeM, 4TO 3TOT YIAUBUTEIBHBIM (DaKT OOBSCHSETCS CIIOXKHBIM
SHEPreTUYECKUM CIEKTPOM SIIEPHONl CIMHOBOM CHCTEMbl apCEHUIA TaJlIus.
Kpucrammmueckas pemérka GaAs oOpasosana tpems usoromamu (°As, “Ga,
"'Ga), MMEIIMMHM pa3IMYHbIE MATHUTHBIE M KBaAPYNOJIbHBIE MOMEHTEL
OnHoBpeMEHHOE MPWIOKEHUE AePopMalMyd U MArHUTHOIO MOJIsI 0Opas3yer Jec
YPOBHEH, MEXIY KOTOPBIMH BO3MOKHBI MHAYLHMPOBAHHBIC AUMOJIb-AUIOIbHBIM

B3aMMOJICHCTBUEM IIEPEXO0bI, KaK ITOKa3aHo Ha Puc.5.7.
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Pucynok 5.7. HacTtoTel mepexomoB MEXAy SACPHBIMA CIMHOBBIMM YPOBHSAMHM B apCEHUAC
TaJTusl B 3aBHCHUMOCTH OT MarHUTHOTO ToJisl. (a, ¢, €) — B mpeaenax oaHoro sjpa, (b, d, f) —
MEXy pa3HbIMU U30TOMaMH: (a, b) — B orcyTcTBHE Aedopmaiui, (¢, d) ock nedopmaiuu BIOIb
MarautHoro mnous, (e, f) — ock nedopmanuu momepék mMarHuTHOro mois. L[BeTHbIe MOIOCHI

BHU3Y MOKA3bIBAIOT IUANAa30H PA3PEMIEHHBIX N0 SHEPTHH nepexoqoB (Av <5/T)).

Takum 00pa3om, TEMJIOBOE PAaBHOBECHE BHYTPH SICPHON CHMHOBOW CHCTEMBI

GaAs YCTAaHABJIMBACTCA B MArHUTHBIX ITOJIAX Bml.x > SBL HaXe€ B TOM CJIydac, Koraa

B pe3yJbTare KBAJAPYMNOJBHOTO PACIICIUIEHUS SACPHBIX CIHHOBBIX YPOBHEU

TEPMOJIMHAMUYECKOE JIOKaJbHOE TI0JIe B, CTaHOBHUTCSI B 6-8 pa3 OoJblie

VWCTUHHBIX JIOKAJIbHBIX MArHUTHBIX TOJIEH, ACHUCTBYIOIIMX Ha CIHH SApa CcoO
CTOPOHBI COCEHHUX SIAEPHBIX MArHUTHBIX MOMEHTOB. OJTO NAET BO3MOXKHOCTH
MCCIIEIOBATh OXJIAXKIACHHUE U TEIUIOBYIO PEJAKCALMIO AIEPHON CIIMHOBOU CHUCTEMBI
B CTPYKTYpax ¢ MUKPOPE30HATOPAMH, TTO3BOJISIOMMMHU 3P (HEKTUBHO UCIIOIb30BaTh
HEpa3pyILIAIONIMEe METOAbl U3MEPEHUS SICPHOM HAMarHM4Y€HHOCTH, OCHOBAaHHBIC

HAa JIA3€PHOU MOJIAPUMETPHUH.
OcCHOBHBIE pe3yJibTATHI IJIABBI 5

1. DkcneprMeHTanbHO MPOBEPEHBI U MOATBEPXKICHBI MPEICKA3aHUs TEOPUU
CIIMHOBOM TEMIIEPATYpbl OTHOCUTEIBHO TMOBEICHUS HAMAarHUYEHHOCTH
OXJIAXKIEHHOU SIAEPHOM CIIMHOBOM CUCTEMBI IIPU CKAHUPOBAHUU MAarHUTHOTO
IOJs OT HAYaJbHOW BEJIWYUHBI, NPEBBIMIAIONIECH TEPMOJAUHAMUYECKOE

JIOKAJIbHOC I10JIC, C IMPOXOKACHUCM I10JIA 4€PE3 HOJIb.
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2. OOHapy»KE€HO, YTO B TETEPOCTPYKTypax C AaKTUBHBIM CJIOE€M apceHuia
raJyiisg B MUKPOPE30HATOPE TEPMOIUHAMUYECKOE JIOKATBLHOE TIOJIE SIePHOM
CIIMHOBOM CHCTEMBI aKTHBHOT'O CJIOSl YBEITMYCHO B 6-8 pa3 Mo CpaBHEHUIO C
O0OBEMHBIM apCEHHUJIOM TaUUsA. OJTO MPEANOIOKHUTEILHO CBSI3aHO C
KBaJIPYIIOJIBHBIM PaCHICTICHUEM SACPHBIX CITMHOBBIX YPOBHEH B pe3yJibTaTe

nedopmannu cinos GaAs B T€TEpPOCTPYKTYPE.

3. DKCHEpUMEHTAIBHO IMOKA3aHO, YTO CMEIIMBAHHE 3€EMAHOBCKOIO W CIIMH-
CIIMHOBOT'O YHEPreTUYECKUX PE3EPBYAPOB AAECPHON CIIMHOBOW CUCTEMBI CJIOS
apCceHu/1a rajulisl B MUKPOPE30HATOPE IIPOUCXOAUT BO BHEIITHUX MAarHUTHBIX
IIOJISIX, NPEBBIMIAIONIUX TEPMOJAMHAMUYECKOE JIOKAJIBHOE II0JI€ HE MEHEE,
4yeM B 5 pa3. OTO IO3BOJSAET HCIOJb30BaTh TAaKUE CTPYKTYpPBI IS
VICCIIEIOBAHUS TEPMOJVHAMUKHA U CIMH-PELIETOYHON peIaKCalMu sAEpPHOU

CIIMHOBOM CHCTEMBbI HCBO3MYIIAIOIMIUMHU OIITUYCCKUMHU MCTOJaMH.

HCC]Z@@OGCIHM}Z, cocmaesusuiue CO@GPO)‘CCIHM@ OanHouU 2/aenl, OI’ly6JZLlKO6‘aHbl 6

pabome [67].
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I'naBa 6. CiuH-peméTouyHasi pejiaKkcanus /IepHOIl CIMHOBOI CHCTEMBI B CJI1a0bIX
MArHMTHBIX MOJISIX

Kak mokazaHo B r1yiaBe 5, 3aBUCHUMOCTb SIIEPHOM CIMHOBOW MOJISIPU3ALMU OT
MAarHUTHOTO TIOJISl XOPOIIIO OMUCHIBAETCA TEOPUEH CIMHOBOM TEMIIEPATyphbl HE TOJILKO B
00béMHOM GaAs, HO U B cioax (GaAs, BKIIOUEHHBIX B T€TEPOCTPYKTYPHI, B TOM UUCIIE
CTPYKTYPbl C MHUKPOPE30HATOpaMH. DTO MO3BOJISAET HMCIIOIb30BaTh HIUPOKUM HAOOP
CTPYKTYp Ha OCHOBE apCEHWJIa TAJUIUSl B KAYECTBE MOJEIBHBIX ISl UCCIEAOBAHUS
CIUH-PEHIETOYHON penakcaluu SAep B IMOJYIPOBOJHHMKAX, KOTOpas (PaKTUYECKU
SABJISICTCSL pEJIAKCAllMed CIIMHOBOM TEMIIEpaTypbl K TEMIEparype KpPUCTALINYECKOU
pEIETKH, T.€. OTOrPEBOM  SIICPHOM  CINMHOBOM  cucTtembl. Mcmonp3oBaHue
MHKPOPE30HATOPOB AAET BO3MOXHOCTH IPUMEHHUTH, B TOM YHUCIIEC, HEBO3MYILAOIINE
ONTUYECKHE METOAbl HU3MEPEHHUs SICPHOW HAMAarHMYEHHOCTM HA OCHOBE JIa3epHOU
NOJISIPUMETPUH, ONKMCAHHBIE B TJIaBe 4, KOTOPBIE MO3BOJISIOT OTCIEKUBATH JTUHAMUKY
AIEPHOM CIHWHOBOW CHUCTEMBI B PEAJIbBHOM BpEMEHU. B naHHON rylaBe NpPUBOASTCS
pe3ysbTaThl HAKCHEPUMEHTAJBHBIX HCCIEIOBAaHUM OTOrpPEBAa  SJEPHOM  CHUHOBOM
CHUCTEMBI B apCEHHU/IC TAJIJIUS N-TUTA (B IIUPOKOM JMara3oHe KOHIIEHTpAIui TOHOPOB —
OT JUDJIEKTPUUECKON a0 MeTaumueckor ¢assl [59 — 61, 72]) u p-tuna [73], u

TCOPCTUYICCKAA MHTCPpIPETALIUA PC3YJIBTATOB 3TUX SKCIICPUMCHTOB.

6.1. JxcnepuMeHTAJIbHbIE UCCICIOBAHNS CIIUH-PENIETOYHOI peslakcaluy sijiep B
GaAs
HaGop uccrnenoBanHbIX CTpYKTyp mpezactaBieH B Tabmuie 6.1. OH BKIOYanm Kak
00BbEMHBIE (TonuHON 20 MKM U OoJiee) anuTakcuaibHbie ciou GaAs n- U p-TUra, TaxK
U MUKPOCTPYKTYphl (ciou TtommuHod 0.37 MKM B MUKpope3oHaTopax M 1 MKM B
rerepocTpykrype ¢ 0aprepamu AlGaAs). ccnenoBaiiach Takke CTpPYyKTypa ¢ HIMPOKON

(19.7 aM) HenerupoBaHHON KBAHTOBOM SIMOM.
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Ob6pazen | A B C D E F G H 1
THT MC MC Bulk Bulk MC DHS Bulk Bulk QW
d, um 0.37 0.37 200 20 0.37 1 20 20 0.02
n, 40 20 6 4 2 90

10%cm

P, 26 60 | -
10%c¢m™

METOI SN FR PL SN, PL | FR,SN | PL PL PL PL

Tab6auua 6.1. [Napametpsr oOpasnos. Tun crpykrypel: MC — Mukpopesonatop, bulk — o0bEMHBIH
snMUTaKcuanbHblid cinoi, DHS — nBoiiHas rerepoctpykrypa, QW — kBaHTOBast siMa. d — TOJIIIUHA CIIOSL.
N— KOHLEHTPALMA PE3UACHTHBIX JJIEKTPOHOB. P - KOHLEHTpalWs PEe3HIEHTHBIX ABIPOK. Merton
uccnenoanusi: SN - cnimHoBBIN yM, FR — ®apaneeBckoe Bpamenue, PL — doTomomuHecieHums ¢
TEMHBIMU HUHTEPBaJIaMHU.

JIns uccnenoBanus ClIMH-PEIIETOYHON PEIaKCalvU A€P B OTCYTCTBUE ONTUYECKOTO
BO30Y>K/ICHHUSI, HA TIEPBOM ATare IKCIEPUMEHTA MPOU3BOUIACH ONTHYECKAs HaKayKa B
MPOJIOJIBHOM TIO OTHOIIEHWIO K BO30YXKTAIOIIEMy CBETY MAarHMTHOM IIOJIE, a 3aTeM,

IIOCJIC BBIKJIFOYCHWA HAKA4YKH, I[IPOU3BOAMIIMCHL HU3MCPCHUS 3aBUCUMOCTHU smepHoﬁ

CIIMHOBOW TEMIIEpaTypbl OT BPEMEHU OJHUM M3 METOJOB, ONMUCAHHBIX B riare 4 (cwm.

Puc.6.1).
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Pucynok 6.1. BpemeHHble auarpamMmbl SKCIEPUMEHTOB M0 HCCICAOBAHUIO SECPHOM CIHMH-
peméTouyHol penakcanui MetojgaMu (a) (OTONOMUHECHECHIIMM C TEMHBIMH HHTepBaidamu, (b)
®dapaieeBCKOro BpalleHus U (C) CUHOBOro nryma. d) mpuMmep U3MEpEHHON BpEMEHHON 3aBUCUMOCTHU
SIZIGPHOTO TIOJIS U CIMHOBOM TeMIiepaTyphl (Ha BcTaBke). B ciiydae (a) siepHoe moJie U3MepseTcs B

I10JIC Bpump B 3aBUCHMOCTHU OT AJUTCIIBHOCTU NPCAIICCTBYIOLICTO TEMHOTO HHTCpBaJIa (KOFI[a I10JIC

paBHO B, , ), B ciydasx (b) u (c) — HemocpeACTBEHHO B none B,

lark *

N3mMepeHns mpoBOIUINCH NIPU PA3JIMYHBIX MATHUTHBIX MOJSAX B,

ark

U TeMIlepaTypax.

Pe3ynbTaThl 3TUX 3KCIEPUMEHTOB MPEACTABICHBl HA pUCYHKax 6.2-6.5. PucyHok 6.2
IIOKa3bIBAET 3aBHCHUMOCTH CKOPOCTH peEJIakcaluu 1/7, OT MAarHuTHOrO IIOJSI B
nuarasone ot 0 no 100 I'c mpu temneparype 4-5K miid pasnuuHbIX CTPYKTYp N-THIA.
HaGnronaercst momaBieHne penakcaluy B XapaKTePHBIX MOJSAX B,, <20 ['c mpumepHO Ha

IMOopAOOK BCIIMYUHBI IIO CPABHCHUIO C HYJICBBIM IIOJICM, C BBIXOAOM Ha MOCTOSIHHBIN

YPOBEHb, COOTBETCTBYIOUIMNA 7, ~200C B 00Jie€ CUIIbHBIX TOJSX. XapaKTepHbIC MOJIS

IMOAaBJICHUA PCIIAKCAIIM B MUKPOCTPYKTYpPAX OKA3bIBAIOTCSA B HCCKOJIBKO pa3 6OJII>IHC,

yeM B 00BEMHBIX CIIOSX.
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Pucynok 6.2. 3aBucumocts 1/7, OT MarHUTHOrO NOJA AN CTPYKTYp co ciosmu GaAs n-tuna mnpu

temneparype 4-5K. a) o0bémHBIE ciion; Ha BcTaBke — Oojee moapoOHO s auana3zona 0-20 I'c. b)
MUKPOCTPYKTYPBI (MHKPOPE30HATOPhl M ABOWHHAS TeTEPOCTPYKTYpa). €) MOTYIIMPHUHA 3aBUCUMOCTEH

(moxroHka JOPEHIIMAHOM Ha TOJICTaBKe) KaK (PYHKIMS KOHIICHTPAIIUU TJOHOPOB.

Ha Puc.6.3 nokaszaHbl 3aBUCHMOCTH CKOPOCTH CIHH-PEIIETOYHON pelakcaluu OT
TeMIepaTrypbl B MarHuTHIX noyisix B nuanazone 150-1000 I'c, korpa penakcamus yxe
HE 3aBHCUT OT TNOJsS. 3A€Ch BHJIHO pa3IMUYUE€ MEXKAY AUIEKTPUYECKUMHU U
METAJUTMYECKUMHU 00pa3laMu: B JUDJICKTPUUYECKUX TEMIIEPATYpHOM 3aBUCUMOCTH HE
HaO0aeTcsl, B TO BpeMs KaK B METAUIMYECKUX C TOBBIIMICHHUEM TeMIepaTyphbl
pernakcaius BBIXOAUT Ha 3aKk0H KoppuHTH (CKOPOCTh peflakcalliy MpONopLHOHAIbHA

TeMmmeparype).
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Pucynok 6.3. 3aBUCMMOCTb CKOpPOCTH pelakcaluu OT TemmepaTypbl B moysix 150-1000 I'c gns
obpasnos A, D, E, F.

Ha Puc.6.4 npuBeneHbl TemnepaTypHble U MarHUTOIIOJEBBIE 3aBUCHMOCTH BPEMEHHU
CIIUH-PEMIETOYHON pelakcallui B 00pa3liax p-TUIa, B COMOCTaBIECHUH C aHAJTOTUYHBIMU
3aBUcUMOCTSIMUA B GaAs n-tumna. OCHOBHOE OTJIMUME — Ha 3 mopsjika 00jiee KOPOTKOe

Bpemsi 7,. KpoMe TOro, oTCyTCTBYeT Kakasi-Tu0O0 3aBUCUMOCTb OT MarHUTHOTO TOJS B

muanaszone 0-100 I'c, u, HaoOopoT, HabMIOIaeTCA AOCTATOYHO pe3Kas TeMmIepaTypHas

3aBucumocTh HUke 10 K, orcyrcrByromas B GaAs n-tura.

Pucynok 6.4. 7, xak QyHKIUs MarHuTHOro nois (a) u remneparypsl (b) B GaAs p-tumna (JieBast ocb,

MUJUTUCEKYH/IBI) U N-THTIA (TTpaBasi OCh, CEKyH/IbI).

Haxkownern, Ha Puc.6.5 npuBeieHbl pe3yabTaThl 1J1 HEJIETUPOBAHHOW KBAHTOBOM SIMBI.
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Pucynok 6.5. 3aBUCHUMOCTh CKOPOCTH SJI€PHON CIUH-PEIIETOUYHON pejaKcallid OT MarHUTHOTO TOJISt

1u1st oOpasna / (HesernpoBaHHasi KBAaHTOBas siMa MUpUHON 19.7 HM).
3,H€CB 3dBUCUMOCTH CKOPOCTH pcClIakKCallr OT TCMIICPATYPbl W MATrHHUTHOI'O IIOJIA

Ka4eCTBEHHO CXOXXHM C TaKOBBIMHU ISl AUANIEKTpHUeckoro n-GaAs, HO U3MEHeHue 7, ¢
POCTOM MAarHUTHOTO TOJISi B 00JIacTU Ci1adbIX mosield O6ojee cuiibHOE: 7, BO3pacTaeT Ha

nBa nopsanka ot | cexkyHael B HyneBoM mnoine o 200 cekynx B mose 1000 I'c, ¢

MOTYIIHPUHONW MArHUTOIIOJIEBOM 3aBUCUMOCTH B 6-7 ['c.

6.2. OcHOBHbIEC MEeXaHU3MbI CIIMH-PEIIETOYHOM pPeJIaKcalMu siaep B
amdjiekTpuueckom GaAs

OnucaHHble BbIIE OCOOEHHOCTH CHHH-PEIIETOYHON pelakcalud B Pa3IMYHBIX
TUNAX TOJXYIPOBOJAHUKOBBIX CTPYKTYpP OOBSACHAIOTCA cleuu(UKON JUHAMHYECKON
NOJIAPU3ALMY SAEP PU ONTUYECKON HAKauKe M BKJIAJJOM HECKOJIBKUX PEJIAKCALIMOHHBIX
MEXAHU3MOB.
Kak nokazano B [1], AuHamuueckass moJisipu3amus sAEPHBIX CIMHOB MPOUCXOJUT C
HaumOosbied  3QQPEKTUBHOCTbIO  Y€pe3  CBEPXTOHKOE  B3aUMOJECHCTBHUE  C
JOKaJIU30BaHHBIMU  JJIEKTpoHaMu. B guanektpuueckod — (aze  0OBEMHBIX
ITOIYNPOBOJHUKOB 3TO NPAKTHYECKHM E€IMHCTBEHHBIM MEXaHW3M JIHHAMUYECKOU

MMOJIApHU3alu, TakK KakK MMOJIprU3anus AACPHBIX CIIMHOB CBO6OI[HBIMI/I
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($oTOBO3OYKAEHHBIMU JJICKTPOHAMHU YCTyHaeT eMy 1o 3(PGEeKTHBHOCTH Ha HECKOJBKO
NOPSAKOB BeanuuHbl. OTHANIEHHBIE OT JTOHOPOB SApa MOJMSPUIYIOTCA MyTEM CIUHOBOMN
mubdysun [49, 50], xapakrepuzyemoit kodddunuentom muddy3un D, ~10 7 cm?’/s
[32]. DToT Mporecc, 3aHUMAOIINI COTHU CEKYHJ, ObUT MCCIIEIOBaH MPUMEHHUTEIBHO K
ONTUYECKOW opueHTanuu B nojynpoBoanukax [laxe [32] u KaneBuuem u np. [74]. B
HallUX OKCIIEPUMEHTaX OH TPOSABISUICA KaK MEJUICHHOEC HapacTaHWe CHUTHaja
®dapaneeBckoro BpaieHuss Ha Puc.6.1(b) u UEHTpaJbHOW YaCTOTHI JJIEKTPOHHOTO
pe30oHaHca B CIEeKTpe crnuHoBoro myma Ha Puc.6.1(c). [locne BbIKIIOUEHHS] HaKAYKU
penakcanus SiAepHOM HAMarHMYEHHOCTH UAET B 0OpaTHOM MOPSJIKE, 32 CYET CIIMHOBOMN
muddy3un K JOHOpaM, UTPAIOIIUM POJIb «IEHTPOB-yOuiiy. Kak nokazano Xyuuisuin

[49] u Ie Kenom [50], ckopoCTh penakcanuu, onpeaenasieMas TakKuM MpoLeccoM, paBHa
-1
T, =4rD,nya, (6.1)
uro, ipu 1, =4-10°cm™ | maér 7, =200 cexynn, B cOrmacum ¢ SKCIEPHMEHTATBHO

U3MEPEHHBIMU BpeMEHaMd JUIsi MarHUTHBIX T1ojed, mnpeBblmatonmx 50 Tc.
Huddy3uonHoit  craauu  TOpeANIeCTBYeT  ObICTpas — pejlakcanus  siICpHOMU
HaMarHM4YeHHOCTH B mpenenax bopoBckoro paamyca JOHOpa. DTOT MPOLECC TaKkKe
yaa€Tcs 3aperucTpUpOBATH JKCIEPUMEHTATBHO, €CJIM COKPATUTh JIMTEIBHOCTD
uMmnyibca Hakauku (Puc.6.1(a)) 1 MEHSTh MJIUTENBHOCTH TEMHOIO HMHTEpBaja B
cyOcekyHIHOM nuarna3one BpemEH [75]. PesynmbTaT Takoro skcrepuMeHTa MOKa3aH Ha

Puc. 6.6.

Pucynok 6.6. HawanbHas craausi CHMH-pEIIETOYHOM penakcauuu B AudJIeKTpuueckoM n-GaAs:

penaxcays sIepHbIX CIIMHOB, KOHTAKTUPYIOIIUX C JOKAJIM30BaHHBIM Ha JJOHOPE JIEKTPOHOM [75].
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Kak Buano u3 Puc.6.6, sinepHas HaMarHM4eHHOCTh CHAAAEeT C XapaKTEePHbIM BPEMEHEM
200 MUWUIMCHUKYHII ¥ BBIXOJAWT Ha KBA3UIOCTOSIHHBIM YPOBEHb, OTPakKarOIIUM
noJyigspu3anuio oObEMHBIX snep. [Ipu nnuTenbHOM Hakauke MOJApU3ALMS O00BEMHBIX
SIep MHOTOKPAaTHO BoO3pacTaer 3a cuér crnuHoBo auddy3un u  ompenenser
JUIMTENIbHYI0 (COTHM CEKYH]l) JMHAMHKY Chaja SJAEepHOro IoJjsl, IMOKAa3aHHYI Ha

Puc.6.1(d).

Jlerko mpoBepuTh, 4TO U3MEepeHHOE BpeMs 1, = 200ms melicTBUTEILHO COOTBETCTBYET

CBEPXTOHKOU PEJIAKCALUU SJEP, KOHTAKTUPYIOIIUX C JIOKAJIU30BAHHBIM DJIEKTPOHOM.
CKOpOCTh peliakcalu AJ1IepHOro CuHa noj aercteueM (uaykTyupytouero noist Haiita

B, paBHa [1]

-1 2 2
T, ~(y3)(B)z. (6.2)
[ToncraBisiss  croga  ycpeaHEHHOE IO BOJOPOJONOAOOHONM BOJHOBOM  (PYHKIUU

CBSI3aHHOIO Ha JIOHOpe AekTpoHa none Hainra ~20 I'c, momydyaem OLEHKY BpPEMEHH

KOpPpEJAIMA JJIEKTPOHHOTO CIMHA 7, ~400ps, COBNAJAIOUIYI0 C ONPEACIEHHONW U3

o ) 15 -3
MCCIICJTIOBAHMSI SJICKTPOHHOW CTMHOBOM penakcanuu as 7, =4-10°cm™ (cMm. rnaBy 3).

Takum o0pa3om, ajis MarHUTHBIX Tosiell B>50 I'c Hamm pe3ysabTarhl MOATBEPAKAAIOT
npeIoxKeHHY0 [laxke Moziesb CBEPXTOHKOM peJlakCaly Ha JIOHOPAX, OrPaHUYECHHOU
cuHOBOM nuddy3ueit.

Tewm Gonee yauBuTeneH TOT GakT, 4TO HU pesiakcalus (OTOrpeB) sAEPHON CIIUHOBOM
CUCTEMBbl B MOJISIX MOpSAKA JOKAIbHBIX B Nn-GaAs, HUM BOOOIIE CIUH-pEIETOYHAsS
penakcanus sanep B p-GaAs 3TOi MOJIENIbIO HE ONMKCHIBAIOTCS HU MPU KAKUX Pa3yMHBIX
JOMYLIEHUSIX.

JeiicTBUTENBHO, U3 BXOIAUMX B popmyny Xyuumsuiu-Jle XKena (6.1) napamerpon
TOJIbKO KO3 duimeHt audpdy3un MOXKET 3aBUCETh OT MArHUTHOrO TMOJIsl, HO 3Ta
3aBUCUMOCThH HE HACTOJIBKO CHJIbHAS, YTOOBI OOBSCHUTH POCT CKOPOCTH pENaKCALIMK Ha
MOPSAZIOK, U TeM OoJiee HA JABa mopsAnaka, kak Ha Puc.6.5. CyOcekyHIHbI BpeMEHHON
MaciiTad CHuH-pemeéToyHoN penakcanu B p-GaAs BoOOIIe HE BIUCHIBACTCA B 3Ty

KapTUHY, TaK KaK B MATCPUAJIC P-THUIIA OTCYTCTBYIOT PC3UACHTHLIC 3JICKTPOHBI.
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Kak Oynmer moka3aHO HIKE, OTH TPOTUBOPEUMS Pa3pEIIaOTCs yYETOM BKIIaza

KBaJIPYyIIOJIBHOIO B3aUMOJIEVCTBUS B CIIMH-PEUIETOUYHYIO PETAKCALIMIO AJIED.

6.2.1. KBaapynoJibHbIH OTOTPeB AICPHOM CIIMHOBOM CHCTEMbI (PIyKTYHPYOIIUMH
3J1eKTPUYECKUMH MOJISIMH.

B MarHMTHBIX TOJIAX, MEHbIIWX Toys cMmemmBaHus (B, ~50Tc, cMm. rmaBy 4),

3eeMaHOBCKU pe3epByap HaXOAUTCS B PABHOBECHH CO CIIMH-CIIMHOBBIM U, KaK OJTHO U3
CJIEACTBUN, HAMAarHUYEHHOCTD SJICPHOU CIIMHOBOM CHUCTEMBI IIOJHOCTBIO ONPEAECIIAECTCS
€€ CIIMHOBOW TEMIIEpAaTypOM W BHEIIHUM IOJIEM. B 3TOM pexume CKOpPOCTh CIUH-
pem€ToYHOM penakcauuu sABIsSeTcs (AKTUUECKH CKOpPOCTbIO OTOTrpeBa  sAEPHOU
CIIMHOBOM cucTeMbl. EcCiii CKOpPOCTh MOCTYIUIEHUS SHEPrUU OT (PIyKTyUPYIOIIHUX

3JIEKTPHYECKHX T0JIEH paBHa I, , CKOPOCTh OTOIPeBa oNpesensercs popMyIoi

=—Z (6.3)

rae Cy =TrM, -(B2 +B] ) = <7§>%+1)(Bz + Bf) - TCIUIOEMKOCTh SIJCPHON CIHUHOBOU

CHUCTEMBI (CM. TJIaBy ).
Paccmorpum  HeOGombIoi  00BEM  V, BHYTpH KOTOpOro (IyKTyHpyrOIIee

QJICKTPHUYICCKOC I10JIC E y MOJKHO CUUTATh IIPOCTPAHCTBCHHO OAHOPOAHBIM. Kak CICayCT

ux ¢Gopmynsl (1.13) rmaser 1, B GaAs m apyrux KyOMYECKUX IbE303JIEKTPUYECKHUX
KpUCTAJIJIaX TOJHBIA TaMUJIBTOHUAH KBAAPYMOJIBHOTO B3aWMOJCWUCTBUSA BCEX SAEp
BHYTPH 3TOr0 00b€Ma MOXKET OBITh 3aIIMCaH KaK

H,=-V(E,-F,) (6.4)

rame P

0 - JAUDJICKTPHUUCCKAA IIOJApHU3alusd, CBA3dHHAA C KBAAPYIIOJIbHBIM MOMCHTOM.

KoMmIoHeHThbl P

o OIPCACIIAOTCA KaK

Py = %Zk:ﬂg"jkﬂiZ(Qﬂc ),, (6.5)

n

(cm. dhopmynnt 1.10 -1.14 rnaset 1). 3nech n HyMepyeT siapa B mpeaenax o0obéma V.
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B npubmmxkeHuun JUMHEHHOrO OTKJIMKA CHEKTPalibHAsl IUIOTHOCTh MOTJIOMIEHHON

MOII[HOCTH HA YaCTOTE @ pPaBHA
o) =S a" () E} () (6.7)
0 )= a \w -\ .
rae a"(a)) - MHUMasl 4acTb OOOOIIEHHOW BOCHPUMMYUBOCTU. B COOTBETCTBHUU €O

(ayKTyalmoHHO-IUCCUNIATUBHON TeopeMoil [66] o'(w) MOMKeT ObITh BhIpaXKE€Ha depes

CIIEKTPaJIbHYIO IIOTHOCTh MOITHOCTH (IIyKTyauuit 7, :
" _ a)ﬂ 2
o' (w) = 7<5PQ (a))> (6.8)
YT1o6Bl paccyuTaTh IONHBIA MOTOK DSHEPIUM B SJEPHYIO CIIMHOBYIO CHCTEMY,

S, = I 3, (w)do , HEOOXOAMMO 3HATH CIEKTPBI (IYKTyaluid Kak SJEKTPHIECKOTO MO,

TaK ¥ KBaJPYIMOJbHOU moJigspu3anuu. B TemMHOTE 3iiekTpudeckue noist GayKTyupyroT
n3-3a (DIyKTyaruii 3apsia B pe3ysibTaTe TEIIOBON aKTHBAIIMU JICKTPOHOB C JJOHOPOB B
30HY IMPOBOJMMOCTH U B PE3yJIbTATE€ NPBDKKOB C 3alOJHEHHBIX HA IYCTHIE JTIOHOPHI.
PaccmoTpum  mpocredimuit  ciay4yail  GaykTyanwii - 3apsjga,  XapakTepPU3yeMBIX
€UHCTBEHHbIM BPEMEHEM KOpPpEISUUH 7., HUMEIOLIUM CMBICI CpPEIHETr0 BPEMEHHU
3aMOJIHEHUS MYCTOr0 JOHOPA 3aXBaTOM CBOOOJHOTO 3JEKTPOHA U3 30HBI WM MPHIKKOM
C cocemHero MOHOpa. B »TOM cioydae BpeMEHHAas KOPPENSIHOHHAS —(PYHKITUS

QJICKTPHUICCKOT'O II0JII MOXKCT OBITh 3alMcaHa Kak
_ 2 c
(E,(0)E, (1)) = LE, exp(~t /1) (6.9)
rae E, - 2JIEKTPUYECKOE IOJIE HA PACCTOSHUM DBOpPOBCKOro paauyca OT 3apsKEHHOIO

J0HOpa, a Oe3pa3MepHbId KOI(PPUIIMEHT L YUYUTHIBACT YCPEOHEHHUE DJIEKTPUUYECKHUX
MOJIEH CIIyYallHO PACIOJIOKEHHBIX 3apsXKEHHBIX LEHTPOB. J[ns NpUMECHOW 30HBI

00BEMHOTO TIONYTPOBOIHUKA N-TUTA L ~2.5a,n,. IIpousBens npeodpazoBanue Dypbe

OT KoppensiuuoHHOW ¢yHKuuu (6.9), momyyaeM CHEKTp MOIIHOCTH (IyKTyanui
IIEKTPUYECKOTO MOJIS:
278

(E} (w))=LE] m (6.10)
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Jlist monmHOM moriom@aeMoit MomHocTH U3 Gopmyn (6.7), (6.8) u (6.10) momyuaem

CICAYIOIICC BhIPAKCHHUC!

N P (0
vl e, on

Xotst TouHas (opma 3aBUCHMOCTH (5P, (w)) HEM3BECTHA, OHA COCPEIOTOYCHA B

OCHOBHOM B YaCTOTHOM JHMANa3oHe |w|<y,+ B’ +B>. [lo3ToMy, B TOM clydae, eciu

7o>>T, ~ 1/(;/NBL) , MOYXXHO 3aMEHUTh APOOb MO UHTErPaJIOM HA €UHUILLY, YTO JAET

3, = @LEj (o) (6.12)

°

c

rae <5PQ2> - TIOJIHBIM CpenHui KBagpaT (QUIyKTyalld KBaAPYMOJbHON MOISIPU3ALINY,

KOTOPBIN MOXKET OBITh HalJieH IyTEM B3SITHS Ciielia OT mpaBoi yactu Gopmydsl (6.5).
IToncraBuB (6.12) B dopmyny (6.3), moiaydyaeM OKOHYATEIHHOE BBIPAKCHHUE IS

CKOPOCTH OTOTpeBa SIJEPHON CIHMHOBOW CHCTEMBbI MEIJICHHBIMH (IO CPABHEHUIO C 7))

GIIyKTyanusiMu 3JIEKTPUYECKOTO 3apsiia B MPUMECHOH 30HE:

7L(eQB,E,)  4I(I+1)-3
S(hyy)' (B +B )z [41(21-1)]

/T, =

(6.13)

Kak Bugno u3 (6.13), cCKOpOCTh KBaJPYMOJILHOTO OTOIPEBa MaKCUMajbHa B HYJIEBOM

BHEIITHEM MArHUTHOM TIOJIE W CMaJaeT KBagpaTWYHO IO MO npu B’ >>B;. EE

BEIMYMHA B HYJIEBOM TOJie ompenensercs KodIPPUIIMEHTOM L, OTpa)karouuMm
MPOCTPAHCTBEHHOE pacIlpesieicHre (PIyKTyupyoImux 3apsgoB, W HX BpeMEHEM
KOppesLuu 7. .

Ecnu npuHsTh 0.17, B KAYECTBE pa3yMHOM OLEHKU JJIs1 KOHLIEHTPALMH 3apsIAKEHHBIX
JTOHOPOB (cTerneHb komieHcanuu 10%), HamTydIiee corjacue ¢ IKCIepUMEHTATbHBIMU
3aBUCUMOCTSIMU ~ CKOPOCTHM  OTOorpeBa oT MarHuTHoro mnonss (Puc.6.2) nos
IUAJIEKTPUUECKUX 00paslioB Tmofydaercs TMpu 7o ~09ms, 4YTO a posteriori

IMOATBCPIKAACT IIPCAIIONIOKCHUC O MCIJICHHOM IIO CPABHCHHUIO C T2 BpECMCHHOM

Macmtabe Qaykryauuid 3apsaa. Takue qoiarvue BpeMeHa KOppessalud XapaKTepHbI s

KpynHOMacITaOHbIX (IyKTyaruil 3apsna [76], KoTopble Kak pa3 U TpeOYyroTcs s
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CO3JaHUs MEPEMEHHBIX AIEKTPUUECKHX MOJIEH, 3aXBAaThIBAIOIIMX BCE sapa B OOBEME
KpHUCTaJIA.

Paznuune xapakTepHbIX TOJE€M TNOJNABICHUS KBaJAPYINOJbHON pellakcalud B
MUKPOCTPYKTYpax U OOBEMHBIX CIIOSIX O0BACHsSETCS OOHAPYKEHHBIM HaMH (CM. TJIaBy
5) yBeIMYEHUEM JIOKAJIbHOIO MOJNsSI B MHUKPOCTPYKTypax 3a CU€T CTaTH4YECKOIo
KBaJIPYNOJIbHOTO pACIIEIUICHUS] SJEPHBIX CIIMHOBBIX YPOBHEW, OOYCIOBIEHHOTO
MPUCYTCTBYIOIIEH B TAKUX CTPYKTypax HEOONbIION aedopmaliuei.

B oOpasmne 1 (memermpoBaHHass KBAHTOBas $SMa) BBICOKAas CKOPOCTh OTOTPEBa B
cnabpIX TONAX  OOBSCHSETCA, MO BCEH BUAMMOCTH, KPYMHOMACIITAOHBIMH
(GuyKTyausiMi 3J€KTPHUUECKOTO OIS, CO3/AaBaeMbIMU 3apsHDKEHHBIMH MPUMECSIMU WU
nepexrtamMmu B Oapbepax. DTO MOATBEP)KAAETCS TEM, YTO B ITOH CTPYKType Bpems
HapacTaHUsl SACPHOM MOJspU3alMM NP HAKAayKe OKAa3bIBAaeTCsl Ha JIBa MOPSJIKA
JUIMHHEE, 4YeM BpeMs €€ pejlakcallii B TEMHOTE. Takoe mapaloKCalbHOE IOBEJICHHUE,
IPOTUBOIOJIOXKHOE TOMY, YTO OOBIYHO HaOIrOAaeTcs B OOBEMHOM apCEeHUJE TaJuIns,
MOKHO OOBSICHUTH TOJIbKO IKPAHUPOBAHHEM (DIYKTYUPYIOIIUX DJIEKTPUUYECKUX MOJIEH
(oTOBO30YXAEHHBIMH HOCUTEISIMU 3aps/Ia.

Paznuunble BKJIagbl B CHUH-PEIIETOUYHYIO peslakcaluio B n-GaAs cxeMaTH4eCKH

nokas3ansl Ha Puc.6.7.
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Pucynok 6.7. a) Ilepexos oT penakcanuu yrjioBOoro MOMEHTa K peflakcalliy SHEPTUU KaKk OCHOBHOMY
KOMITOHEHTY CIHMH-PEHIETOYHON perakcaluu siaep MPU CHIDKEHUM MArHUTHOTO TIOJIsl IO BEJIMYUH,
COIMOCTAaBUMBIX C JIOKAJIBHBIMH TOJIIMH CITUH-CIIMHOBBIX B3aUMOACHCTBHA. b) OCHOBHBIC MEXaHU3MBI

CIMH-pemETOUHON penakcanuu B n-GaAs: orpaHnndeHHas auddysueil cBepXTOHKas penakcanus npu

B* >> B; W KBaJIpyOJIbHBINA OTOTPEB B CA0BIX MATHUTHBIX TIOJISX.

6.2.2.0co0eHHOCTH THHAMHUYECKOH MOJAPHU3ALUH U PeIaKCallU SACPHbIX CIIMHOB

B JMdJIeKTpUUYeckoM p-GaAs.
OCHOBHBIM OTJIMYHMEM JIMHAMUKHU CIIHH-PEIIETOYHON pellaKCalliyd B JAMAJIEKTPUYECKOM
apCeHHJIe TaJUTHs P-TUIIA OT TOTO, YTO HAOJIIOMAETCS B PA3IMYHBIX CTPYKTypax n-GaAs,
SABJISIETCA TOJIHO€ OTCYTCTBHE MEIJIEHHOM KOMIIOHEHTHI $IIEPHOM HaMarHMYEHHOCTH
WM CIIMHOBOM TeMIepaTyphl, MEHSIOLIEHCS Ha MacTabe IeCSITKOB UM COTEH CEKYH/I.
Kak Hakauka, Tak ¥ penakcanus sI€pHOro CIMHA IMPOUCXOASAT 3a BpeMeHa nopsaka 100
MuuicekyHa. Kpome Toro, ckopocTh peniakcaliii He 3aBUCUT OT MarHMTHOIO IOJS U
PE3KO MaJaeT C MOHMKEHUEM TeMIepaTyphl Mpu Temneparypax nopsaka SK u Huke
(Puc.6.4).

CyOceKkyH/IHbIE BpEMEHa pelaKcalliu TMOKa3bIBAIOT, 4YTO CHUHOBas Auddys3us He
MPUHUMAET y4acTusi B (DOPMHUPOBAHMM U pacrajie sAepHOM HAMAarHMYCHHOCTH: JJIMHA
sanepHoit crmHoBOM auddy3un 3a Bpems 100 ms coctaBisier Bcero 1 HaHOMETD.
CrnenoBaTenbHO, s/IepHas CIIMHOBAs MOJIIPU3ALMS PEIAKCUPYET B TOM K€ MECTE, IIe
OoHa ObLIa co3/1aHa HaKa4yKoil. XOTs CBEPXTOHKOE B3aMMOJICHCTBHE CO CBSA3aHHBIMHU Ha
aKIenTopax AbIPKAMU MOYKET IMPUBOAUTH K JUHAMHUYECKON TMOJSPU3ALUU SAECPHBIX
criiHoB [77], u3Mepennsie Ha oOpa3iiax G u H kpuBbie XaHie 0JJHO3HAYHO YKa3bIBAIOT
Ha OTCYTCTBHE ONTHUYECKOW OpPHUEHTAMU [JBIPOK W YHUCTO DJIEKTPOHHYIO MPUPOAY
HaAO0JII0JaeMBbIX MPOSIBJICHUN B3aUMOJECUCTBUSL CIIMHOB (POTOBO30YKAEHHBIX HOCUTENEH
¢ saapamu. OTcrona cleQyer, 4TO AUHAMUYEcKas MOJspu3auus sAep MPOUCXOIUT
OOBIUHBIM ITYTEM, Y€pe3 B3aUMOJICHCTBUE C JIOKATM30BAHHBIMU 3JIeKTpoHamu [1].

OtcyrcrBre cinHOBOM U dy3un B mporecce Hakayku B p-GaAs MOKHO OOBSICHUTD

Ha OCHOBe Mojenu, npemioxenHon [laxxe, Amanom u Kopb6om [33]. ITockonbky B
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IIOJIYNPOBOJHUKE P-TUNA B PABHOBECHMM JOHOPHBIE LIEHTPBl HE  3aIIOJIHEHBI
JIIEKTPOHAMH, JUHAMHUYECKast MOJISIPU3ALIMS anep OCYILECTBIISIETCS
(oTOBO30YKAEHHBIMU  DJIEKTPOHAMH, 3aXBau€HHbIMM Ha J0HOpBL..  CKopocTh
JUHAMMUYECKOM  MOJSPU3ALMM  MOPONOPUUMOHAIbHA  BJEKTPOHHOM  IIJIOTHOCTH,
HKCIIOHEHIIMAJIPHO CHAJalolledl ¢ yAajJeHUeM OT JOHOpa. 3axBaT M PEKOMOMHAIUs
(oTOBO30OY X AEHHBIX JIEKTPOHOB MPUBOJUT K BOSHUKHOBEHHUIO 3aBUCSIINX OT BPEMEHU
ANEKTPUYECKUX TMOJENH BOKPYI JOHOPOB, MHAYLUPYIOUIMX KBAJIPYNOJbHBIA OTOTPEB
ANEPHOM CIIMHOBOW CHCTEeMBIL. KyJIOHOBCKOE IION€, B OTIMYME OT JIJIEKTPOHHOU
IJDIOTHOCTH, MEIJIEHHO CHAaJacT ¢ pacCTOosHUEM. B pe3ynbrare SIepHBIE CIIMHBI
MTOJISIPU3YIOTCSA TOJIBKO HEIMOCPEACTBEHHO B OKPECTHOCTH JOHOPHOTO IIEHTpAa, B

npenenax «KBajpymnoabHOro paauyca» a, ~0.4a, [33].

Mexanuzm  [laxe-Amana-KopOa, OCHOBaHHBIH Ha  Mepe3apsake  JOHOpa
boTOBO30YKAEHHBIMU DJIEKTPOHAMH, pPAOOTAET TOJBKO B YCIOBUSIX ONTHYECKON
Hakaudku. YTO e BBI3BIBACT PEIAKCALUIO SIICPHON CIIMHOBOM MOJISIPU3ALUA B TEMHOTE,
Korga goHopbl myctel?  Ckopee  BCero, 93TO  KBaJAPYINOJbHAs  pPEJIAKCALMS,
WHIYUMPOBAHHAS SJIEKTPUUECKUM TOJIEM 3apSKEHHOIO aKIENTOpa, PacloIOKEHHOTO
pPSAIOM C JOHOPOM. 3apsDKCHHBIC AaKIENTOPHBIE IIEHTPHI O0Opa3yrTCs B YaCTUYHO
KOMITEHCUPOBAHHOM IOJIYIIPOBOJIHUKE P-THUIA B pe3yJbTaTe PEKOMOMHAIIMU OIHOU M3
CBSI3aHHBIX Ha aKIENTOPaX JABIPOK C AJIEKTPOHOM, COLIEAINM C JoHopa. [Ipu HyneBoi
TEMIIEPATYpPE OTPULATEIbHBIN 3apsi/i, COOTBETCTBYIOIIUNA OTCYTCTBHIO JAbIpKHU, ¢ 97.4%
BEPOSITHOCTBIO pacroJiaraeTcsi Ha Onwkaidmem kK goHopy akuenrope [37]. Ilpm
KOHEUHOU TeMIepaType BO3MOXHBI MPBDKKHU JBIPOK C 00Jiee OTIaIEHHBIX aKIIENTOPOB
Ha OTOT 3apsHKEHHBIA IEHTP, NPUBOASIIME K €ro HEWTpalu3aluu U PE3KOMY
YMEHBIIICHUIO 3JIEKTPUUECKOro MoJisi. BpeMeHHast 3aBUCUMOCTh AJIEKTPUYECKOTO TOJISI B
OKPECTHOCTHU JJOHOPA B 3TOM cllydae UMeeT BUJ TesierpadHoro myma.

PaccmoTpuM i1t TpOCTOTHI TIPBDKKH 3apsiia MEXKAY ONMKAWIIUM K 3apsHKEHHOMY
noHopy aknentopom (1) m gpyrum akmenTopom (2), HaXOoAsAIIUMCS Ha OoJbIIEeM
paccrossHuM. [IpbIKKY OpOUCXOAAT B CIy4dailHble MOMEHTBI BPEMEHU, IIPUYEM CpPEIIHEE

BpEMsI HEMIPEPHIBHOTO MpeObIBaHus B cocTosiHuu (1) paBHO 7,, a B cocTostHUU (2) - 7,

[Ipy 3TOM 3JEKTpUYECKOE IOJIE HAa SAJIPE B OKPECTHOCTIX JOHOPA MEPEKIHYAECTCS
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MeXIy JaByMs 3HaueHusiMd. OOo3HauuM ux E, W E,. Torma cpeaHee 3HaueHUe

IIEKTPUYECKOTO I0JIsI Ha siApe OyJET paBHO

<E>:M (6.13)

T,t7,

a ero cpeHeKBaJapaTHuHas PIyKTyanus
5" =((E~(E)) )=

ABTOKOppenauuoHHas (GyHKUMUS (QIYKTYHPYIOIEH YacTh DSJIEKTPUUYECKOro MO

(6.14)

E/.:E—<E>, NpEACTaBIAIONIEH CcOOOW aCUMMETPUYHBIM  TenerpadHbIi  mIyM,

OIpeAessAeTCs KpaTyanllluM U3 IByX BPEMEH:

(E, (0)E, (1)) =(E,~E) Lzexp[_{l n iD (6.15)

(Tl + Tz) [

a e€ Oypbe-o0pa3, AUl CIEKTPATbHYIO IIJIOTHOCTh (IYKTyalui, paBeH

or; =(8,- £, (52 I (6.16)
(z,+7,) 1+ &’ (7,7,) /(7,+71,)

OTcyTCTBI/Ie MarHMTOIIOJICBOM 3aBUCUMOCTH T; 34CTaBJEACT IMPCAIIOIOXKUTE, YTO CIICKTP

4acTOT (AYKTYUPYIOIMIUX TIOJIEH MHOTO IMHpe YacTOTHOTO Juara3oHa sASepHBIX

CnuHOBBIX (QuykTyanui. Takum o0pa3om, Hac HHTEpecyeT 00JacTh HU3KUX YacTOT

<< M, B KOoTOpOil hopmyna (6.16) ynporaercs:
313}

2 = &\ 0% ’ 2
SE, =(E, —E,) ﬁ=5E z (6.17)
1 2

0%

rjae 7, = ,a 0E* naéres hopmyiioii (6.14).

T,+7,

BpemeHna 7, u 7, MOKHO 3anucaTh Kak

" (6.18)
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rme w — KBaApaT MATPUYHOTO  DJEMEHTAa  TYHHEIBHOTO  TIPBDKKA  C
HOIJIOIEHUEM/UCITyCKaHUeM  (pOHOHA, a n,, — 4YHUCIO (OHOHOB, OIpPEAEIIEMOE

pacnnpcaciCHucmM IInanka:

1
o = exp(&, /k,T)—1

(6.19)

IJI€ &, - Pa3HOCTh 2Hepruil Mexnay cocrosHusMu (2) u (1) (3mecy (1) — ocHOBHOE

COCTOSIHME, T.€ 3apsDKeH OMvKalmmii k moHopy akimentop). U3 (2), (6.17), (6.18) u

(6.19) momyyaem

)2 L (1—exp(—&y, / kyT))exp(—&, / k,T)

(1+exp(—¢92| /kBT))3 (6.20

UToOBl MOMYYUTh OTCIOJA BBIPAXKEHUE JUISI CKOPOCTH penakcauuu [12], Hamo

JIOMHOKUTE (6.17) Ha b}, rie

__e9p,
“ 4nl (21 -1)

(6.21)

- KO3(GUIMEHT, CBS3BIBAIOIMIUKM YCPEAHEHHBIM 10 yrjaM MaTPUYHBIA 3JIEMEHT
KBaJIPyIOJILHOTO B3aMMOJIEUCTBUSI € d3yeKTpudeckuM mnosieM [33]. OkoHYaTEIbHO
noJryyaem

Tl_l _ AEzw_l[ eQp, jZ (1 —exp(—ezl /kBT))eXp(_gSZl /kBT) (6.22)
4nl (21 -1) (1+exp(=&, / k,;T))

®opmyina (6.22) 1aér BO3MOKHOCTh PACCUUTATh TEMIIEPATYPHYIO 3aBUCUMOCTh T, .
- - \2
JUis 3TOro HEOoOXOIUMMO OLEHUTh &, U AE2=<(E1—E2) > Onu omnpenenstorcs

KYJIOHOBCKHMMH SHCPIrUsAMHA U SJICKTPUYCCKUMMU ITIOJIAAIMH ABYX 3apsA10B, PACIIOJIOKCHHBIX

Ha PacCTOSIHUAX 7.) W 7., Ui OMVOKaWIIero W CIEAYIOUIero akienTopa. B kauectse

OIICHKM TPUMEM TIOJIOKCHHUSI MaKCUMyMOB (DYHKIIMI pacmpenesieHus TMepBOro u

BTOPOT0 OJMKaNIINX COCENIEH:
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Ey) (r)=4nr'n, exp(—%mﬁn/‘j

(6.23)
2) 16 , 5, 4
Fy3 (r) =T, exp| — A,
MaxkcuMyMmbl 3TUX QYHKIUN TPUXOISTCS Ha PACCTOSHUS OT JOHOPa
RY =(27n,) "
-1/3 .24
o (4 (6.24)
DA 5 A
B pesynbrate Mbl momydaem
g €[ L _ 1
=&y R
(6.25)

Y (1Y
e | | RS, RS

A€ KBaJpaT 3JIEKTPUYECKOrO MOJS YCPEAHEH IO YIVIOBOMY PACIpEICICHUI0 JBYX
AKLEMTOPOB.

IToaroHka 3KCHEpUMEHTANBHBIX 3aBUCUMOCTEN 7, moka3aHa Ha Puc.6.4 cromHbIMu

KpuBbIMU. Hawmnydimee corjacue nas TEMIEPATYPHBIX 3aBUCHMOCTEM IMOIYYEHO NPH

3HAYEHUH €IMHCTBEHHOrO IOJArOHOYHOrO MapaMeTpa, 7,, =w  (XapaKTepHOro BpeMEHU

npbDKKA ¢ yuyactueM QoHoHa) B 3 us st obpasua G u S us ansg obpaszua H. [Tockonbky
B MICCJICIOBAHHOM JTMAITa30HE MAarHUTHBIX MOJICH OBLIO BBITIOJIHEHO YCIOBHE ¥, Br, <<1,
3aBUCUMOCTh 7, OT MarHMTHOTO IIOJISI OTCYTCTBYET, B COIVIACHH C pe3yJbTaTaMu

JKCIIEpUMEHTA.

Ha Puc. 6.8 cxemarndecku NOKa3aHbl pa3linuvs KBaJPYMNOJbHOW peJlakCallud B
NOJIYIIPOBOJHUKAX P- U h-TUNa. B kpucramnax um CTpykTypax n-TUNA sI€PHbBIE CIIMHBI
JUHAMHYECKUA TOJSPUZYIOTCA 3JIEKTPOHAMH HAa HEUTPaJbHBIX JOHOpPAX, W sJepHas
NOJIApU3AIlUs  paclpoCTpaHsercss CnuHoBoM auddysuer B 00bEM Kpuctamia. B
TEMHOTE CIHMHOBAasl CHUCTEeMa YJAIEHHBIX OT JOHOPOB SAEpP OTOrPEBAETCA O]
NEUCTBUEM KPYITHOMACIITaOHBIX baykTyanuit 3JIEKTPUYECKOTO T0JI4,
XapaKTEepU3YIOIINECA IMHHBIMA BpPEMEHAMHM Koppendaiuu. B kpucramiax p-tumna
SIEPHBIC CIUHBI JUHAMUYCCKUA TOJSPU3YIOTCS (HOTOBO3OYKAEHHBIMH JJICKTPOHAMU,

3aXBauC€HHBIMU Ha 3apsHKCHHBIC JOHOPHI, a cuHOBas Au(y3us B 00BEM KpucTaia
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OJIOKMpOBaHa KBAJAPYMOJBHON pellakcalmme u3-3a mepe3apsakd JOHOpa B MPOIECCe
Hakauku. B TeMHOTe siiepHas moJsipu3anus BOJIM3U 3apsKEHHOTO IOHOPA PEeNaKCUPYET
noJ1 ACHCTBUEM OBICTPO (DIYKTYHPYIOIIETO IEKTPUUECKOTO MOJIs, BOSHUKAOIIETO MPHU

IMIPBDKKAX 3apsaga MCXKAy OMKANUIIIMMU K JAOHOPY aKuernTopamu.

Pucynok 6.8. Cxema kBaapymnosibHOU penakcanuu B GaAs p-tuna (a) u n-tuna (b).

6.3. MexaHU3MBbI CIMH-PEHIETOYHOM PeJIAKCAIIUN si/Iep B MeTaLIn4eckoMm n-GaAs.
OCHOBHBIM MEXaHH3MOM SIACPHOM CHMH-PEIIETOYHOM pENAKCallMM B MeTaulax
ABiseTcss MexaHu3M KoppuHrum — paccesHHE DJIEKTPOHOB, HAXOIAIIMXCS Ha
noBepxHOCTH Pepmu, Ha SAIEpHBIX cliMHAX [78, 12]. B BBIpOXKAECHHBIX (METAIUINYECKUX )
MTOJIYITPOBOIHUKAX IIOTHOCTH 3JIEKTPOHHBIX COCTOSIHUM Ha ypoBHE DepMu Ha MOPSAKU
MEHBIIIE, YTO COOTBETCTBEHHO YMEHBIIIAET CKOPOCTh PEJIaKCAIIUU.

B uccnegoBannbix Hamu oOpasznax A, B u F koHleHTpaius 351eKTpoHOB ObLia He
HAMHOTO BBIILIE, WIM TOPSAJIKA, MOPOTOBOM KOHIIEHTPALMK Mepexojia UAJIEKTPUK-

metaia ((1+2)-10°cm™ ). Tem He MeHee, CKOPOCTh CIMHOBON pellakcalliil B MArHUTHBIX

nomsix 100-1250 T'c nemMoHCTpUpyeT JIMHEWHYK0 TeMmIepaTypHas 3aBHCHMOCTH B

muanazone temmeparyp 5-30K (Puc.6.3). B naumbGonee nermpoBanHoM oOpasie F
(n,=9-10cm™, £, ~10meV) npu temneparypax or 10 1o 30 K skcrepuMeHTanBHO
U3MEpEHHbIC 3HaUYeHus1 7' 0e3 MOJArOHOYHBIX apaMETPOB JIOKATCS HA TEOPETUYECCKYIO

3aBUCUMOCTb KoppuHru:
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- V4
17(1) =2 (4 )ipik,T (6.26)
rae <A2> - YCpEOHEHHBIA 10 H30TONAaM KBajgpaT KOHCTAHTBI CBEPXTOHKOTO

o . o o 1 /3
B3aUMOJICUCTBUS, v, - 00BEM NPUMHUTHUBHON SYEUKH, p, =2—hz(37r2n0) - INIOTHOCTH
T

cocrosiuuii Ha moBepxHocT ®depmu. Hakion temmeparypHoil 3aBUCUMOCTH 7' B
obpasiie A (n,=4-10"cm™) Takxke cooTBeTcTBYeT popmyre (6.26), HO 37eCh UMEETCS

MOCTOSIHHAsT COCTaBJjstomas (MOACTaBKa), HE ONUChbIBaeMas 3akoHOM KoppuHru u

COOTBETCTBYIOIIAsl JIOMOJIHUTEILHOMY KaHally penakcaiuu ¢ 7, ~400c. 3aMeTUM, 4YTO
77'(T) B obpasue F Tarke ocraHaBIMBAeTCS HA MPUMEPHO TaKOM JKE ITOCTOSHHOM

ypoBHe npu Temneparypax Menbiie 10K. IlogoOHble BpeMeHa XapaKTepHbI st
orpannueHHON nuddy3ueil CBEepXTOHKOM pelaKcaliy B IudJIekTpuyeckoM n-GaAs (cm.
BhITIIE). MOKHO MPEANOJIOKUTh, YTO B METAUTMYECKUX 00pa3lax OHW WMEIOT Ty XKe
npupony. [eictBurensHo, Ha obOpasie B (7, =2-10"°cm™) HaOmromanach permakcarus
SIEPHBIX CIIMHOB Ha AJICKTPOHAX, JOKAIM30BAHHBIX Ha OJIM3KUX IMapax 3apsKEeHHBIX
JIOHOPOB, C XapakTepHbIM BpemeHeM 10 cekyHn (cMm. riaBy 4). Takue napsel, CiOCOOHBIE
CBSI3aTh JJICKTPOH, HECMOTPS HA DKPAaHUPOBAHHE DJICKTPOHHBIM Ta30M, MOTYT HTPaTh
pOJIb TIEHTPOB-yOMIAIl, K KOTOPHIM HIET crimHOBas Auddy3us. XapakTepHBIA pa3mep

Mapbl ONPEIEIAECTCS PAInyCOM YKPAHUPOBAHUS BBIPOKIECHHBIM JIEKTPOHHBIM Ia30M:

_ l(’mi jw (6.27)

7,
P23,
KOHHCHTpaHI/IH Imap MOXKCET OBITH OLCHCHA KaK IMPOU3BCACHHUC KOHUCHTPpAIUU JOHOPOB

Ha BEPOATHOCTH MONAaHUsl BTOPOTo JOHOPA B IIPEENax 7, OT IEPBOIO:
4 2.3 4 3
, % 2 AT EXP| — 3 AT (6.28)

CkopocTh penakcanuu 3a CYET CNMHOBOM nuU(dy3un K mapaMm Tenepb MOXKET OBITh

orieHeHa 1o popmyne Xymumsuiau-Lle XKena:

T,, ~4zDyn 1, (6.29)
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Jns obpasua F (n,=9-10"cm™) 510 naér 1, =7.5nm, n,~1.2-10°cm™ u T, ~100c, a
ans obpasua A (n,=4-10"cm™) r,=8.6nm, n,~3.8:10°cm™ u T, ~250c. Kak BuaHO,

OLICHKM B MOJIEJM pelakcaluyd Ha Iapax JOHOPOB JalT OJM3KYI0 IO MOPSAKY
BEJIMUMHBI, HO HECKOJbKO OOJbIIYI0, YeM MOJy4YeHHas B JKCIIEPUMEHTE, CKOpPOCTb
penakcanuu. Kpome Toro, B CUIBHOJIETHPOBAHHOM oOpasiie F BKkIaa jJ0KaaIn30BaHHBIX
COCTOSIHMIM He Habmojmaercs mnpu Temmeparypax Beimie 10K, uro Moxker OBITH
CJIEACTBUEM JICJIOKAJIM3ALUM JIEKTPOHOB IIPU MOBBIIEHUU TEMIIEPATYPBI B YCIOBUSX
CUJIBHOTO DKPAaHUPOBAHUS JJIEKTPOHHBIM Ta30M.

B 1iesioM nostyyeHHasi B 3KCIEpUMEHTE KapTUHA CIIMH-PELIETOYHON pEeIaKCalluu siep
B 00pa3lax ¢ BBIPOKIEHHBIM 3JEKTPOHHBIM I'a30M MO3BOJISIET TOBOPUTH O MEPEXOTHOM
pexuMe OT orpaHuueHHON TuPdy3ueil CBEpXTOHKON peakcali Ha JIOKATM30BaHHBIX
AIIEKTPOHHBIX COCTOSHUSAX K MexaHu3My Koppuuru, HaOmromaromeMcs Mpu ypOBHSX
JIETUPOBAHU, JIEKAIMX HEHAMHOIO BBIIIE MEPEX0AA AUNIIEKTPUK-METAILIL.

3aBUCUMOCTh Ti OT MAr"dvuTHOIO 1IIOJIA B TaKUX CTPYKTypax KadCCTBCHHO

HallOMUHAET HaOMIOAAIOUIYIOCS B JUAJIEKTpUUYecKOM n-GaAs, HO MeHee BbIpakeHa —
MOABEM CKOPOCTH PENIAKCAIIMU B CJIA0BIX MOJSX HE TAKOW CUJIBHBIN, MPUMEPHO B 3 pa3a
BMECTO OJHOIO-IIBYX MOPANKOB B JUIEKTPUUYECKUX CTPYKTypax. E€ mpuuuHbl He
BIIOJIHE SICHBI. DKPAHHUPOBAHUE 3JIEKTPOHHBIM I'a30M JE€JaeT MaJOBEPOSTHBIM OTOIPEB
GIyKTyanusiMu dJIeKTpuueckoro nojsi. Mexanusm KoppuHTu npu TUTIONb-IUTOIEHOM
B3aMMOJECHUCTBUM MEXIY SACPHBIMU CIMHAMM JOJDKEH IPUBOIUTH K POCTY CKOPOCTH

penakcauuu B & ~3 pa3 NpU HOHWKEHUU MATHUTHOIO MOJISI HUXKE JIOKAJIBHOIO 3a CUET

KOPPEJSIUUA 3JIEKTPOHHOIO MOJIA Ha pa3HbIX siapax [12]. OpHako JIOKaJbHOE MOJIE B
UCCJIEIOBAHHBIX T€TEPOCTPYKTYpax B HECKOJBKO pa3 OoJbIle, YeM JOHKHO OBITh MPHU
JUTIO0b-AUTIOJIBHOM B3aUMOJIEUCTBUHU, YTO CBSI3aHO, CKOPEE BCEro, C KBAJPyHOJIbHBIM
pacHICTUICHUEM SIIEPHBIX YpPOBHEH, HaBeACHHBIM nedopmarueit (cm. riaBy 5). s

KBaJIPyTHOJILHOTO B3aUMOJEUCTBUS & ~1 [79] M CyIIECTBEHHOT'O BO3pACTaHUSI CKOPOCTH

perakcaruy B cJIadbIX MOJISIX HAOMI0AaThCs He JOJKHO.
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OcHoBHbIe pe3yabTarhl ['1aBHI 6:

1. OCHOBHBIMM  M€XaHM3MaMH  CIUH-PEIIETOYHOM  pejlakcaluu  A1ep B
nuanekTpuueckoir ¢aze n-GaAs mnpu Temmneparypax Himwke 20K sBnsroTcs
CBEPXTOHKas peJjlakcalisi COIUHOB SJ€p, KOHTAKTUPYIOIIUX C JIOKAIU30BaHHBIMU
Ha JIOHOpax »dJEKTPOHAMH, CINUHOBas IU(PQy3uss K JIOHOPHBIM IIEHTpPaM H
KBaJIpynoJjibHast penakcauus. KBagpyrnonbHasi penakcalusi UHIYLHPYETCS
MEPEMEHHBIMU  BJIEKTPUYECKUMHU TMOJSMH, BO3HUKAIOIIMMH B  pe3yJibTare
IIPOCTPAHCTBEHHO-BPEMEHHBIX (IYKTyallMid 3apsga B HPUMECHOW 30HE. ODTOT
MEXaHU3M OIIPEIEISIET CKOPOCTh pellakcaluu (0TorpeBa) yAal€HHbIX OT JOHOPOB
AJIEPHBIX CIMHOB B MAarHUTHBIX MOJSX MEHBILIE JIOKAJbHOTO, W MOJABJISAETCS
0oJsiee CUIbHBIMA MarHUTHBIMHU MOJISIMU.

2. B meramnuueckoit haze n-GaAs, mpu KOHIIEHTPALUSIX JOHOPOB HEHAMHOTO BHIIIIE
nepexoAa JIUANIEKTPUK-METall, CHUH-PEIIETOYHAsl PEJIAKCalusl OIPEAeIIsIeTCs
mexanu3mMoM KoppuHru (paccessHueM CBOOOIHBIX 3JEKTPOHOB C MOBEPXHOCTH
@®epmu Ha (IAYKTyalusx sI€pHOM HAMAarHUYEHHOCTH), a TAKXKE CBEPXTOHKUM
B3aMMOJICUCTBUEM C DJIEKTPOHAMH, JIOKAIW30BAaHHBIMM Ha OJU3KUX Mapax
MOHU30BAHHBIX JIOHOPOB.

3. B nwmanexkrpuueckom GaAs p-Thma BpeMsl CHHUH-PEIIETOYHOM PENAKCaluu
ONTHUYECKH OPUEHTUPOBAHHBIX SACPHBIX CIIMHOB HA TPHU MOpPSAAKAa KOpOYE, YEM B
n-GaAs, U COCTaBIISIET JECATKU WM COTHH MUJUTUCEKYH]I. DTO O0YCIIOBIIEHO TEM,
YTO  JWHAMHAYECKas  NOJApU3alMs  SAEPHBIX  CIOMHOB  OCYILIECTBISETCS
($oTOBO30YKAEHHBIMU 3JIEKTPOHAMH, 3aXBAYCHHBIMH HA 3apsKEHHbIE JOHOPHBIE
HeHTpbl. OTOrpeB SJEPHBIX CIUHOB B OKPECTHOCTM HEMHOIOYMCIECHHBIX
JOHOPOB TMPOUCXOJIUT 4Yepe3 KBAAPYIOIbHOE B3aMMOJCUCTBUE IOJ IEHCTBUEM
(GIYKTYUPYIOUIUX 3JIEKTPUUYECKUX MOJ€H, BbI3BAHHBIX IEpPEe3apsaKod JOHOpa B
Ipoliecce HAKAUKU U MPbDKKAM 3apsja Mo OMMKaWIuM K JIOHOPY akUEenTopam

II0CJIC BBIKJIFOYCHH A HAKAYKHU.

Hccnedosanus, cocmasusuiue cooepiicanue OaGHHOU 21asvl, ONyOIUKO8aHbl 6 pabomax

[59-61, 67, 72, 73, 75, 77].
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3akiroueHue

B  pe3synbrare ucciienOBaHHWN, COCTAaBUBIIMX  OCHOBY  JIMCCEPTaLMH,
CKJIaJIBIBAETCS CIEAYIOIas 0011asi KapTHHA PEJIAaKCALIUN HEPABHOBECHOI'O YTIIOBOTO
MOMEHTA U DHEPTUH BO B3aUMOJAECHCTBYIOIIMX CIIMHOBBIX CUCTEMAX PE3UIECHTHBIX

QJICKTPOHOB U AACP peH_IéTKI/I B IIPAMO30OHHBIX ITOJYITPOBOJHUKAX.

Pemakcanust yrimoBoro MOMEHTA JIEKTPOHOB IPOMCXOAMT 3a CUET €T0 Iepeaadn
B SJEPHYIO CIOHUHOBYIO CHCTEMY YEpE3 CBEPXTOHKOE B3aMMOJICICTBHE U B
KPUCTAUTMYECKYI0 PEHIETKY 3a CYET CNUH-OPOUTANILHOTO B3auMojeiicTBus. B
ClTy4ae JIOKJIM30BaHHBIX HA JOHOPAX AJIEKTPOHOB COOTHOIIEHUE Y(H()EKTUBHOCTH
TUX JBYX (yHIAMEHTAIBHBIX KaHAJOB pEJIaKCallii PETYJIHUPYETCs BpEeMEHEM
KOppEJSALMHU 3JIEKTPOHHOIO CIIMHA HA JOHOPE, KOTOPOE MPU HU3KUX TEMIIEpaTypax
ompenensieTcs, B  OCHOBHOM, OOMEHHBIM  B3aUMOJICUCTBHEM  MEXIY
JIOKaJU30BAaHHBIMU DJJIEKTPOHAMU M COKPAILAETCSl € POCTOM KOHUEHTpalUuu
noHopoB. CriuH-opOUTaNbHAS peflakcalus B TUAJIEKTpUUYecKoil ga3e uaeT 3a cuér
AQHU3OTPOINHOM  YacTM  OOMEHHOIO0  B3aMMOJICHCTBHS, BO3HUKAIOIIEH B
MOJIYTIPOBOJIHUKAX O€3 IIEHTpa MHBEPCHUU B PE3yJbTaTe BpAlllCHUs CIMHA CIIHUH-
OpOUTAJIBHBIM MOJIEM MPU TYHHEJIUPOBAHUH. B CHIBHOJIETMPOBAHHBIX KpUCTAIAX
C BBIPOXKJICHHBIM S3JIEKTPOHHBIM Ta3oM (MeTajutnyeckas (aza) penmakcanus Kak
YIJIOBOTO MOMEHTA, TaK U SHEPTHUH OIpPeAesieTcss MexaHu3MoM [[psikonoBa-Ilepens

C paCCCAHHUECM Ha 3apPsAKCHHBIX JOHOpaAXx.

Hu cBepxToHKOE, HH aHM30TPONMHOE OOMEHHOE B3aMMOJICHCTBHE HE
00ecrneunBalOT Mepeiayd YHEPTUM AIEKTPOHHON CIMHOBON CHUCTEMBI B PELIETKY.
[TooToMy B CcOMHOBOM aHcamOJieé JIOKaJU30BAHHBIX AJIEKTPOHOB  MOKET
YCTAaHABJIMBATHCS CIIMHOBAs TEMIEpaTypa, OTIMYHAS OT TEMIEPATypbl PEIIETKH.
BrlpaBHUBaHME CHOUHOBOM TEMIIEPATyphl SJEKTPOHHOM CIMHOBOW CHUCTEMBI C
TEMIIepaTypoll pemeETKH MTPOUCXOIUT 3a CYET HHIAYIUPOBAHHBIX (POHOHAMHU
NPBDKKOB 3JIEKTPOHOB C HEWTPAJbHBIX Ha 3apsyKCHHBIE JOHOPBI B Ipeienax

HEOOJIBIIOr0 YKciia map 0JIM3KO0 Pachol0KEHHBIX TOHOPHBIX LIEHTPOB.
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B snmepHOl CHUMHOBOW CHCTEME CIIMHOBAas TEMIIEpaTypa YCTAHABIWBACTCS
IIPAKTUYECKU BCET/Ia, B TOM YHCIIE B MUKPOCTPYKTYpax ¢ OCTaTOYHOM aedopmarimeit
pPEETKHU, TAE€ CIHUHOBAas TEIUIOEMKOCTh $JI€p MHOTOKPAaTHO BO3pacTaeT H3-3a

KBaAPYyIOJIbHOTO BBaHMOHeﬁCTBI/IH.

B musnexrpuueckoit (aze morynmpoBOJHUKOB N-THIIA OTOIPEB (SHEpreTHYeCKas
penakcamus) SJASpHOM CIIHMHOBOM CHCTEMBI B CJA0BIX MAarHUTHBIX ITOJIAX
MPOUCXOAUT  4Yepe3  KBAJAPYINOJbHOE  B3aUMOJCHMCTBUE C  INEPEMEHHBIMU
AJIEKTPUUECKUMHU TIOJISIMHU, CO37aBaeMbIMHM (PIIYKTyarusiMi 3apsijia B IPUMECHOU
30H€. B MarHWTHBIX NOJAX, MPEBBIUAKIIAX JOKAJBbHOE IMOJIE CIHUH-CIIMHOBBIX
B3aUMOJICMCTBUN SAJIEP, KBAAPYIOJBbHBIM OTOIPEB IOJABIAECTCA, U OCHOBHBIM
MEXaHU3MOM  PEJIAKCAIIMM  CTAaHOBUTCS CBEPXTOHKOE  B3aUMOJCHCTBUE C
JIOKQNIM30BAaHHBIMU  DJICKTPOHAMHU, OTpPAaHWYCHHOE CMHUHOBOW muddysmern K
IPUMECHBIM IIEHTPaM. ITOT MEXaHU3M OOCCTICYMBAET OJTHOBPEMEHHO PEJIaKCAIUIO
SHEPIrUM M YIJIOBOTO MOMEHTA. TO K€ caMO€ CHpaBelIMBO WU I MEXaHH3Ma
Koppunrn, onpeaensriomero  COUH-PEMIETOYHYK)  PEJaKCalui  sSaep B

MeTaindeckon (ase.

B nmonynpoBoHuKaxX p-TUIAa AMHAMUYECKAS TOJISIPU3ANS SICPHBIX CITUHOB MPU
ONTHUYECKOW HaKauKe OCYIIECTBIISICTCS 3aXBAaYCHHBIMU Ha 3apsDKCHHBIC JOHOPBI
(GhoTOBO3OYAEHHBIMU  JJIEKTPOHAMH M OTPAaHUYMBAETCA OOJIACTHIO BHYTPHU
BopoBckoro paanyca T0HOpa, TaK Kak (PIyKTyHPYOIIHNE H3-3a Iepe3apsiKu JOHOPa
AJIEKTPUYECKUE TIOJsI OTOTPEBAIOT siACpHBIE CHUHBI BOKpyr moHopa. Ilocne
BBIKJTIOUCHU ST HAKAYKH TOJIIPU3AITNS SICPHBIX CIIMHOB PEIAKCUPYET MO ICHCTBUEM
GIYKTYHPYIONTUX TIOJICH, CO3MaHHBIX MPBDKKAMU 3apsjaa MEXAy OJMKaHIIMMU K

JOHOPY aKIENTOPaMHU.

Bce 3TH 0COOEHHOCTH DIIEKTPOHHON ¥ SIIEPHOM CIIMHOBOM peJlakcaluu ObLId
SKCIEPUMEHTAIBHO MPOJEMOHCTPUPOBAHBI Ha ApCEHME TajulMs KakK MOJIEIbHOM
OJIyIPOBOIHUKE. PasBuTast T€OpHsl, B OCHOBHOM, IPUMEHMMA KO BCEM KYOMIECKUM
nonynposoguukamM A"BY u AMBY | a takke, ¢ oueBMAHBIME MOIU(DUKALUAMU, K

MOJYNPOBOJHUKAM CO CTPYKTYpOW BIOPTHUTA. BaXKHBIM HCKIIFOUEHUEM SIBIISFOTCA



107

KpPUCTAJUIBI, B KOTOPHIX BCe sfpa uMmeroT cnuH Y2 (Hanpumep, CdTe). B Takux
MaTepuagax KBaJPYNOJbHBIE MEXaHU3MBI SJIEPHOM pellaKCallud OTCYTCTBYIOT.
CucremaTueckoe  JIKCIEPUMEHTAIBHOE  HUCCJEIOBAaHUE  CHUH-PEIIETOYHON
penakcalud B TaKHX MOJYNIPOBOJHUKAX, a TakkKe B  Pa3JIUYHbBIX
KBaHTOBOPA3MEPHBIX CTPYKTYpaX, COCTABHJIO Obl €CTECTBEHHOE U OYEHb I0JIE3HOE

POJIOIKEHUE JTAaHHON PabOTHI.
baaroxapnocru.

Sl mpusHarenen Bcem kojuteraM u3 Dusznko-TeXHUYECKOrO HMHCTUTYTa HM.
Nodbde (P.M.HxumoeBy, B.K.Kanesuuy, B.JI.Kopenery, A.B.Kyaunony,
HO.I" Kycpaey, M.B.JlazapeBy, b.P.Hamo3oBy, M.M.I'nazoBy, .C.CmMupHOBY),
naboparopun  Ontukum cnuHa CIIOTY  (C.1O.Bep6uny, MW.fA.I'epioBuny,
B.C.3anacckomy, U.B.UrnarseBy, I'.I'.Ko3noBy, M.C.Ky3uenosoi, B.M.JIuTBsK,
M.IO.IlerpoBy, N.U.PoixoBy, P.B.UepOynuny, A.B.KaBokuny), YHuBepcurera
Monnense  (M.P.Bnanumuposoii, J[.Ckansbepy, C.KponenOepxkepy) u
Texnuueckoro ynusepcutera Jloptmynaa (B.B.benbix, M. Kotypy, I1.C.CokooBy,
J1.P SxosneBy, M.Baiiepy, P.Moueky, B.3yTepy), 3a y10BOIbCTBHE OT COBMECTHOM
paboThl HaJ SKCHEPUMEHTAIBHBIMA W TEOPETUYECKUMH 3aJadaMu 10 (U3HKe
CIIMHOBBIX CHUCTEM JJIEKTPOHOB U SIZIEP, YACTh U3 KOTOPBIX MPEACTABIEHA B 3TOU

JIUCCEpPTAIUH.

S 6naromapen npodeccopy M.B.UruarseBy u moeit xene FO.I'.bospunoBoii, 6e3
NMOHYKAaHUN W TOJJIEPKKU KOTOPHIX pe3yJabTaThl 3TOW paboThl HUKOTJA HE

PEBPATHIIMCH OBl B IUCCEPTAIHIO.

S xoren Ob1 ocobo moGnarogaputh Mamry BiaaumupoBy, MpUBOJUBIIYIO MOH
MBICIIA B TIOPSAJIOK HA MPOTSHKEHUMM MHOTHX JIET COTPYJHUYECTBA M OKA3aBIIYIO

HCOICHUMYIO ITIOMOLIb ITPH IIOATOTOBKC PYKOIIMCHU JUCCCPTALINH.
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Cnmcoxk pucCyHKoOB
Pucynok 3.1 KpuBast Xanse v 3aBUCUMOCTb €€ MOJIYIIHUPUHBI OT UHTEHCUBHOCTHU

HaKa4YKyd B 00bEMHOM 00pa3iie apCeHM 1a TajuTis C KOHIICHTPAIMEH JOHOPOB

Pucynok 3.2 3aBUCHMOCTb BPEMEH CIIMHOBOMW pelaKkcalluu U KOPPEISIUU OT
KOHIIEHTpaIMu JOHOPOB B n-GaAs npu HU3KUX Temrieparypax (2-6.5K).
CUMBOJIBI: KCIIEPUMEHTAIBHBIE JaHHBIE, IOTYYEHHBIE aBTOPOM (HE3AIIOJTHEHHBIE

KPYXKH (7, ) U TPEYTOJIbHUKH (7, )) ¥ B3AThIE U3 JIUTEPATyphl. JIMHUM: cephIi
MYHKTUP — allIPOKCUMAITUS U3MEPEHHON 3aBUCUMOCTH BPEMEHH KOPPEISIITUY 7,
OT KOHIIEHTPAIIMHU JTOHOPOB; Cepasi ITPUXOBasi — TEOPETUUECKAsi 3aBUCUMOCTD 7, B
MoienTn OOMEHHOU CIIMHOBOM qu(dy3un; OpaHKeBas CIUIONIHAS - 7,

paccuMTaHHas 0 U3MEPEHHBIM BPEMEHAM KOPPEISLMU C YUETOM pENAKCAMU Ha
A]Ipax U aHU30TPOMHOTO OOMEHA; OpaH>KeBasl TYHKTUPHAsI — BKJIaJl CBEPXTOHKOTO

B3aUMOJICUCTBUS ( 7, ); 3€EHAS CIUIONIHAS — TEOPETHUYECKAs 3aBUCUMOCTD,

YUUTBHIBAIONIAS] CBEPXTOHKYIO U CIIMH-OPOUTATBHYIO PeJlaKCaliio TP OOMEHHOM

cuHOBOM nu(pdy3un; 3e€Hasi MyHKTUPHAs — BKJIAJl aHU30TPOIHOT0 0OMeHa (7, ).

TEMHO-CUHSIS CILUTOLIHAS JIMHUS MOKA3bIBAET TEOPETUUECKYIO 3aBUCUMOCTD
BPEMEHU peJIaKCALU 110 MexaHu3My JlpsakoHoBa-Ilepeis npu paccesHum Ha

3apsHKEHHBIX PUMECSX, TIPU 9TOM MpedakTop BpeMeHH penakcanuu 3-il yriioBoi
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TAPMOHUKH PACIIPEICIICHHS IT0 HMITYJIbcaM ( 7, ) B3ST U3 COIOCTABIICHUS C 7,
AKCIIEPUMEHTAIILHO U3MepeHHOU B padote [43] st n, =3.7-10°cm™ . TéMHO-CcUHSA

MTPpUXOBAA — TO KC C TCOPCTUICCKU PACCUNTAHHBIM Hpe(baKTOpOM. CI/IpeHeBa}I

auHUs — Mexanu3M JlpsikonoBa-Ilepens ¢ yuérom addexra cinadoii nokanuzanuu

PucyHnoxk 3.3 3aBUcHMMOCTH BPEMEH peJIaKCalluy IEPBOM U TPETHEN YIIOBBIX
rapMOHUK UMITYJIbCHOTO pacmupeneneHus (a), ux ornomieHus (b) u JymHbI
cB0OOOIHOTO Tpo0dera (C) OT KOHIIEHTPAIMU JOHOPOB B BBIPOKICHHOM

100001140100 : 100151 1 V=T 41

Pucynok 3.4 Bpemennas 3aBucumocth curianoB dapaneesckoro/KeppoBckoro
BpAILIEHU, OTPAYKAIOLIETO CIIMHOBYIO IMHAMUKY PE3UIAECHTHBIX SJIEKTPOHOB IOCIIE
BO30YKIEHHUSI KOPOTKUM IUPKYJISIPHO MOJSIPU30BAHHBIM UMITYJILCOM CBETA, JJIs
PA3JIMYHBIX MATHUTHBIX MOJIEW U KOHIIEHTPALUNA TOHOPOB. DKCIEPUMEHTHI

B.B.BenbIxX 13 Pa0OTBI [44]. . .veiieii i e 51
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INTRODUCTION

The spin physics of semiconductor structures originates from the experiments of
Georges Lampel, who discovered in 1968 the optical orientation of electrons and
nuclei in silicon. Its further development is mainly associated with direct-gap
semiconductor compounds III-V and II-VI. This is due to both significantly better
conditions for the creation and control of spin polarization by optical methods in
direct-gap materials, and to the development of the technology for creating high-
quality heterostructures based on solid solutions of these compounds. This
combination of experimental and technological capabilities made it possible to
realize and study many bright spin effects in bulk semiconductors and low-
dimensional structures — quantum wells, quantum dots, superlattices, etc. Since
the 1990s, these studies have been stimulated by the hope of creating, on the basis
of spin phenomena, a new generation of devices for storing, processing and
transmitting information formulated by D. Awshalom in the form of the concept of
spintronics as an alternative and a development path for semiconductor electronics.
This led to an avalanche-like increase in the research activity and the number of
publications on spin phenomena in semiconductors.

Paradoxically, some important, both fundamental knowledge and possible
applications, aspects of the spin physics in semiconductors remained unexplored
until the beginning of the 21st century. Among them, in particular, was the
behavior of the spin systems of a semiconductor when they are “left to their own
devices”, i.e. in the absence of optical or electrical excitation. The mechanisms and
characteristic times of relaxation of the non-equilibrium angular momentum and
energy, transfered into the spin system by preliminary optical pumping or electric
injection, remained unknown for both resident (due to doping) electrons and lattice
nuclei. The lack of understanding of these processes, even for materials that were
otherwise well studied, such as bulk gallium arsenide, evidently hindered the

further development of spin physics in nanostructures and did not make it possible



126

to assess the prospects for creating information processing devices using short-
term spin memory.

This dissertation summarizes the author’s work performed from 2000 to 2019,
as a result of which these gaps in understanding the fundamental properties of spin

systems of semiconductors were basically closed.

The relevance of the work is determined by the fact that it gives an answer to
the question of fundamental restrictions on the lifetime of the nonequilibrium spin
of electrons and nuclei in various semiconductor systems, which is important for
the further development of spin physics of semiconductor structures and

semiconductor spintronics.

The scientific novelty of this work is determined by the fact that in it for the first

time:

1) The anisotropy of the exchange interaction of localized conduction electrons
in semiconductor structures without an inversion center is theoretically
predicted.

2) A mechanism is proposed for electron spin relaxation in the impurity band of
an n-type semiconductor due to the anisotropy of the exchange interaction of
localized electrons.

3) The dependence of the electron spin relaxation time in n-type GaAs on the
concentration of donor impurity in a wide doping range has been
experimentally and theoretically studied. It is shown that at low
temperatures, relaxation is determined by three mechanisms: interaction
with nuclear spin fluctuations, anisotropic exchange interaction, and the

Dyakonov-Perel mechanism.
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4) The Faraday rotation of the plane of polarization of light by the Overhauser

field of optically cooled nuclei in a semiconductor microcavity was

experimentally demonstrated. Methods of non-perturbing control of the

magnetization of a nuclear spin system by non-resonant Faraday rotation and

spin noise spectra of resident electrons were proposed.

5) In a direct experiment on adiabatic magnetization reversal in real time, it

was demonstrated that the optically cooled nuclear spin system of a

semiconductor strictly follows the predictions of the theory of spin

temperature.

6) A mechanism is proposed of quadrupole warm-up of the nuclear spin system

by fluctuating fields arising from carrier hopping in the impurity band.

7) Spin-lattice relaxation of pre-optically cooled nuclei in semiconductor

structures based on gallium arsenide in weak magnetic fields in the absence

of optical excitation (including warm-up of the nuclear spin system in zero

field) was experimentally and theoretically studied.

The following statements are put forward for defense:

1)

2)

The exchange interaction of localized conduction -electrons in
semiconductors and semiconductor structures lacking the inversion
symmetry is anisotropic. The interaction Hamiltonian has the form of
a scalar product of spins rotated relative to each other by an angle that
increases with the distance between the localization centers. In
systems with spin-orbit terms linear in the wave vector, this angle is
directly proportional to the distance.

There exists a mechanism of spin relaxation of localized electrons in
non-centrosymmetric semiconductors, due to the anisotropy of their
exchange interaction. This mechanism, along with relaxation by the

spins of the lattice nuclei, determines the time of spin relaxation of
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4)

S)

6)

7)
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electrons in the impurity band at helium temperatures in the absence
of magnetic fields.

There exists a range of impurity concentrations and temperatures, in
which the energy relaxation of the spin system of electrons localized
on donors is slower than the relaxation of their nonequilibrium spin;
Under these conditions, longitudinal spin relaxation occurs due to
electron hops within scarce clusters of charged donor and is limited by
spin diffusion. Optical or current injection of a nonequilibrium spin in
a longitudinal magnetic field can be accompanied by cooling of the
electron spin system.

The Overhauser field of the spin-polarized lattice nuclei causes the
Faraday rotation of the polarization plane of light with the wavelength
corresponding to the transparency region of the semiconductor;
Nuclear magnetization induced Faraday rotation in semiconductor
microcavities allows non-perturbing monitoring of the state of the
nuclear spin system.

The magnetization of a cooled nuclear spin system of a semiconductor
in weak magnetic fields follows the predictions of the theory of spin
temperature even in the presence of quadrupole interactions, an order
of magnitude stronger than the dipole-dipole interaction of nuclear
spins.

Spin-lattice relaxation of nuclei in GaAs-type semiconductors can
occur by the mechanism of warm-up of the nuclear spin system by
fluctuating electric fields arising from thermally activated carrier
hopping.

Spin-lattice relaxation of nuclei in p-doped GaAs semiconductors
after their optical pumping occurs three orders of magnitude faster
than in n-type semiconductors, as a result of fluctuations in the charge

state of donor-acceptor pairs.
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The structure of the dissertation: The dissertation consists of an
introduction, 6 chapters and a conclusion. Chapter 1 is a review of magnetic
and exchange interactions, optical orientation, and spin relaxation in
semiconductors. In Chapter 2, the Hamiltonian of the anisotropic exchange
interaction of localized conduction electrons in a semiconductor lacking an
inversion symmetry is derived. Chapter 3 discusses spin relaxation in the
impurity band of a non-centrosymmetric semiconductor, proposes and justifies
the mechanism of spin relaxation due to anisotropic exchange interaction, and
presents the results of an experimental study of electron spin relaxation in n-
GaAs with different doping levels. Chapter 4 describes non-perturbing methods
for measuring the magnetization of a nuclear spin system, based on laser
polarimetry. Chapter 5 presents the results of a study of the thermodynamics of
an optically cooled spin system of lattice nuclei in semiconductor

microstructures. Chapter 6 examines the mechanisms of warming up the
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optically cooled spin system of nuclei due to interaction with charge carriers in

semiconductors with different levels and types of doping.

The dissertation is presented in 121 pages with 26 figures and 2 tables. The
bibliography contains 79 items.
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Chapter 1. Magnetic and exchange interactions in semiconductors.
Optical orientation and spin relaxation mechanisms of electrons and

nuclei

1.1.Introduction

Semiconductor crystals are formed from the same elementary particles as the rest of
the world; therefore, the main types of interaction of spins and orbital moments with
external fields and with each other, relevant for semiconductors, are well known from
atomic physics. These are magnetic Zeeman and magnetodipole spin-spin interactions,
spin-orbit interactions, hyperfine interaction of spins of electrons and nuclei, as well as
a non-magnetic and the only fundamentally quantum interaction, the exchange
interaction. In the presence of a quadrupole spin moment, its interaction with electric
field gradients is possible.

This whole set of interactions is also demonstrated by localized spin moments in
solids - the spins of lattice nuclei and the electronic spins of the inner shells of magnetic
atoms, either components of the lattice or impurities (except the exchange interaction of
nuclear spins, which is usually extremely weak due to insignificant overlap of the wave
functions of the nuclei). The fact that interacting particles in a solid are not separated by
vacuum, but by a medium composed of other atoms, leads to the appearance of indirect
exchange interactions having a greater range than the direct exchange. Due to the spin-
orbit interaction, the symmetry of the indirect exchange changes, reflecting the
symmetry of the crystalline environment.

In metals and semiconductors, this set is supplemented by interactions between the
spins of delocalized charge carriers, their interactions with localized spins, and indirect
interactions of localized spin moments through itinerant charge carriers. In particular,
the indirect Ruderman — Kittel — Kasuya — Yosida (RKKI) exchange interaction via
electrons on the Fermi surface, which in some cases can cause magnetic ordering of
localized spins, is well known.

The transport and optical properties of semiconductor crystals and quantum-
dimensional structures based on them are determined by electronic states near the edges

of the lowest energy conduction bands and the highest valence bands. The properties of
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quasiparticles — electrons and holes — in such states are strongly modified by the
periodic potential of the crystal. It is not surprising that the interactions of the magnetic
moments of the band charge carriers with each other, with external fields, and with
localized spin moments reflect the specificity of the structure and often differ greatly in
symmetry from their counterparts in atomic physics.

The main spin and magnetic interactions in semiconductors are discussed in more
detail in the next six paragraphs of this chapter. The last three sections are devoted to
the basic principles of the optical orientation of spins in semiconductors and the basic
mechanisms of spin relaxation of electrons and nuclei, known by the start of the

research comprising this dissertation.

1.2.Zeeman interaction
The energy of the magnetic moment in an external magnetic field is

E,=—ji-B (1.1)
The operator of the magnetic moment of the electron equals yggj , Wwhere

1, =9.27-10°° erg / G is the Bohr magneton, g,is the g-factor of the electron, and S is
its spin operator. The formula for the nuclear magnetic moment is similar, but the Bohr
magneton is replaced by the nuclear magneton u, =5.05-107* erg / G, and the g-factor
corresponds to the specific isotope. In a semiconductor, the g-factor of a charge carrier
is often very different from the g-factor of an electron in vacuum due to spin-orbit
interaction (see the next paragraph). The energy difference between the eigenstates of
the spin operator with projections onto an external field that differ by 1 can be written
as
AE, =hw, =hyB (1.2)

where o, is the Larmor precession frequency of the components of the spin vector
transverse to the magnetic field, and y is the gyromagnetic ratio. For the electron,

7, =g.u, /. In table 1.1, gyromagnetic ratios for the spins of electrons and nuclei in

gallium arsenide, a model material of the present work, are given.
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Electron at the bottom of conduction band, S=1/2,|3.87:10" rad/sG
|lg.|~0.44

Electron at a deep center, S=1/2, |g,|~2 1.76:107 rad/s G
Nucleus °As, I=3/2, natural abundance 100% 4.596:10° rad/s'G
Nucleus %°Ga, 1=3/2, natural abundance 60.1% 6.439-10° rad/s G
Nucleus "'Ga, 1=3/2, natural abundance 39.9% 8.181'10° rad/s G

Table 1.1. Gyromagnetic ratios for spins of electrons and nuclei in GaAs.

1.3.Magnetodipole interaction

The energy of magnetic interaction of two magnetic moments £, and f,, with position

vectors 7 and 7, correspondingly, equals

Edd:[ll‘ﬁz _3([‘1"712)(/72‘7712) (1‘3)

5
Ut Ut

where 7,=7 —7. The Hamiltonian of the magnetodipole interaction of two spins is
obtained from Eq.(1.3) by substituting the corresponding operators instead of the
classical vectors i, u i, .

Let us evaluate the characteristic scale of the energies of the magnetic dipole interaction
and its possible contribution to the spin dynamics.

For two electrons localized on the donors at a distance 7, =100nm (the average
distance between donors at an impurity concentration of 10'> ¢cm™), the maximum value
of E,, is approximately 3-10°uelV , and the corresponding angular frequency E,, /% is
40s!. For neighboring lattice nuclei, the characteristic energy is of the order 107 eV ,
and E,/h~10%s". It is the magnetodipole interaction that determines the spin-spin
relaxation in a nuclear system with characteristic times of a fraction of a millisecond.
For electrons, the magnetodipole interaction, as a rule, can be neglected against the

background of other interactions.
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1.4.Hyperfine interaction
The interaction of the magnetic moments of the charge carrier and the nucleus in a
semiconductor depends on which atomic orbitals the wave function of the carrier is

composed of. The Hamiltonian of hyperfine interaction in an atom has the form:

Ay :gOthyNi-E%”ﬁa(Fw%—%H@j (1.4)
For electrons near the I'-point of the conduction band, with the Bloch amplitudes
formed by s-type orbitals, after averaging of this Hamiltonian over the orbital wave
function only the first term remains, responsible for the Fermi contact interaction [1].

As a result, the effective Hamiltonian of the hyperfine interaction takes the form

I:I,y, = ZVOAn |‘P(i7n)

2

(1.5)

where the sum is taken over all nuclei, v, is the volume of the primitive cell, ¥ (7,)1s the
electron envelope wave function, and 4, is the hyperfine coupling constant for the n-th
nucleus. In  gallium  arsenide, A, =43.5+09ueV , Ay, =43.1£1.6ueV and

Ao =54.812.1ueV . The remaining terms in (1.4) are important in calculating the

hyperfine interaction for holes [2, 3] and electrons at other extrema of the conduction
band [4]. In particular, the hyperfine constants of holes with p-type Bloch amplitudes
turn out to be approximately an order of magnitude smaller than for electrons at the G-

point [3].

1.5.Spin-orbit interaction

The spin-orbit interaction is due to the fact that when a particle moves in an electric

field E, it is affected by a magnetic field equal to

Em:éwxﬂ, (1.6)

where v is the particle velocity. For an electron, this leads to the appearance of an

additional term in the Hamiltonian equal to

A

geﬂgéso N (1 -7)
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This contribution can also be obtained by expansion of the Dirac equation up to
terms quadratic in 1/c*.

In a crystal, electrons are exposed to a periodic potential whose gradient is a local
electric field. The motion of an electron in this field leads to the appearance of a
magnetic field acting on the spin of the electron; however, due to the inhomogeneity of
the local field, it cannot be reduced to simple formula (1.6). Due to the complex
dependence of the crystal field on the coordinates, the effect of the spin-orbit interaction
on charge carriers freely moving in the crystal is easier to study not using the
electrodynamic formula (1.6), but using an analogue of the Dirac equation in solid state
physics, the system of equations of the Kane model. Taking into account the mixing of
several nearest bands makes it possible to derive and quantitatively calculate all the
main manifestations of the spin-orbit interaction. These include:

1) Renormalization of g-factors of charge carriers. The spin magnetic moment of
quasiparticles - conduction electrons and holes - in many, especially narrow-gap,
semiconductors, comprises a significant contribution to the orbital momentum of the
electrons constituting the semiconductor atoms. As a result, the g-factor can
significantly differ from 2 in absolute value and have both a positive and a negative
sign. In particular, the electron g-factor in the minimum of the conduction band in GaAs
is -0.44.

2) Spin-orbit splitting of electronic states at the points of band extrema. In
particular, in cubic semiconductors, the valence band is split, at zero wave vector, into

I, bands (heavy and light hole subbands, with total moment J=3/2) and I, (split-off

band, with total moment J=1/2). This circumstance makes possible the optical
orientation of electron spins in the conduction band and holes in the valence band upon

absorption of circularly polarized light with a photon energy not exceeding E,+A,
where E, is the band gap and A is the spin-orbit splitting energy (the energy difference

between the tops of the T, and I', bands).
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3) The appearance of terms odd in the wave vector in the band Hamiltonians of
crystals and low-dimensional structures without an inversion symmetry. Such terms

have the form [5]:

Vio =30 (K)- S (1.8)

In the case of bulk semiconductors with a zinc blende structure, the vector Q% , which

can be interpreted as an effective spin-orbit field similar to a magnetic field, equals

Oy (F) = o’ —— (1.9)

m, y2mEg

where «, =k, (k] —k’), and two other components are obtained by cyclic permutation of

indices [6, 7]. In quantum wells, the vector Q*° is linear in the in-plane wave vector and
contains a contribution defined by the quantum well symmetry (structure inversion
asymmetry — SIA) [8, 9], as well as a contribution from the spin-orbit field
renormalized by quantum confinement (bulk inversion asymmetry — BIA) [10]. As
shown in [11], the quantum well asymmetry induced by application of an electric field
causes an order of magnitude larger spin-orbit SIA field, than a similar anisotropy
caused by the compound composition gradient. This fact allows one to use external

electric gates to control spin-orbit fields.

1.6.Quadrupole interactions
The quadrupole interaction arises due to the non-spherical charge distribution of the

atomic nucleus. The Hamiltonian of the quadrupole interaction has the form [12]:

- oV
He™ Z[axjaxk Jka (1.10)

Jsk

where the quadrupole moment is

__0 3 _
ij_6[(21_1){2(1j1k+1k1j) 5jk1(1+1)} (1.11)

and V is the electrostatic potential in the vicinity of the nucleus. Thus, as a result of the

quadrupole interaction, the nuclear spin energy turns out to depend on its orientation
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with respect to the axes of the electric field gradient tensor. For nuclei with spin %,

quadrupole interactions are absent.

The constant Q is different for different isotopes. For nuclei forming a gallium

arsenide lattice,

0(45)=03-10*cm’
0(Ga®)=0.23-10*cm’ (1.12)
0(Ga™")=0.15-10"cm?

In cubic crystals, all elements of the electric field gradient tensor are equal to zero.
They arise upon deformation and upon the introduction of atoms with a different ionic
radius into the crystal lattice (for example, in solid solutions [13]). Due to the lack of
inversion symmetry in GaAs and other semiconductors with the zinc blende structure,
there is also a contribution to the local electric field gradient, linear in the macroscopic
electric field:

oV

—~ =Bv, E 1.13
axjaX:k ﬂQV_/k,t i ( )

where v, =v, =1 ,if i# j=k=i,and 0 if any of the indices coincide. The constants g

for GaAs were experimentally determined in Ref.[14]:

ﬂQ(AS75)= (2.0+0.2)-10"cm™
,BQ(GGGQ)=(1.54_r0.2).1()100m71 L
(Ga™)=(1.5+0.2)-10"cm"

1.7.Exchange interaction
The exchange interaction between the spins of two electrons is due to the anti-
symmetry of their two-particle wave function with respect to the permutation of the
particles. If the spin-orbit interaction does not explicitly enter the Hamiltonian of the
interacting particles, their wave function can be written as the product of the coordinate

and spin parts. As a result, the antisymmetric combination of spins (for electrons with
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spin 'z this state has the total spin F = 0, being a singlet) corresponds to a symmetric
orbital function, and the symmetric combination (for electrons with spin % this is a
triplet with F = 1) corresponds to an asymmetric orbital function. The electrostatic
energy of a pair of particles in symmetric and antisymmetric orbital states is, generally
speaking, different. This leads to the following general form of the spin Hamiltonian
[15]:

A, :—%J(1+4§1 5)=J]1-(5 +§2)2}={_‘{] ?Z?

(1.15)
where J is the exchange constant, the magnitude and sign of which are determined by
the type of interaction and the orbital wave function of the electrons. The constant J is
of the order of the energy of the electrostatic interaction of two electrons multiplied by
the overlap integral of the one-electron wave functions. For accurate calculation of the
exchange constant, it is necessary to take into account the spatial correlation of two
electrons arising due to their Coulomb interaction [16]. For the exchange interaction of
electrons in a hydrogen molecule (an atomic analogue of the interaction of two electrons
localized at shallow donors in a semiconductor), such a calculation was performed by
Gor’kov and Pitaevsky [17, 18] and Herring and Flicker [19], who obtained the

following result:

2 5/2 2
J:O.Sze—[ij exp(——rj (1.16)

gap\ ag ap
where r is the distance between nuclei of the two atoms.

The exchange interaction also leads to very efficient scattering of free electrons by
localized ones with mutual spin flips. The cross section for such scattering at low
temperatures and moderate doping, when the wavelength of a free electron is greater
than the Bohr radius of a localized electron, can be calculated using the results of the
theory of scattering of slow electrons by hydrogen atoms [20]. As in the case of
localized electrons, the parity of the coordinate part of the two-particle wave function is
different for singlet and triplet spin states. Accordingly, the scattering amplitudes for

particles in the singlet and triplet states are different. Let a localized electron be in a
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state with spin up, and an incident free electron be in a state with spin down. This state

of a pair of electrons can be represented as a superposition of singlet and triplet states:

RN E N A VR 1.17
M= ﬁ[ (M=) (1 m)} (1.17)
The amplitude of the pair state after scattering equals
1)1 1
Tizﬁ{ﬁjﬁ (M-} 1s (N+¢T)}: (1.18)

e )N+ (=) 3]

"2
where f, u f, are amplitudes of singlet and triplet scattering. At the limit of small wave

vector of the free electron, k, both these amplitudes do not depend on the scattering

angle and are equal to [15]:

f. =k 'sin(n,, )e™

. (1.19)
f, =k 'sin(n,, )™
where 7,, u 7, are corresponding zeroth order phase shifts. The spin-flip scattering

cross-section equals

v
Oy (k) = F

fs _f;|2 = %Sinz (770s _770t) (1 20)

The dependences of 7, and 7, on ka,, obtained by numerical calculation for

scattering off a hydrogen atom, are presented in Fig.1 of Ref.[20]. Using these curves,
we can represent the dependence of the spin-flip scattering cross section on the wave

vector by the approximation formula

2
o, (k) _ 20.67a,

~—— B 1.21
1+(3.9ka, )’ (1.21)

reproducing the results of numerical calculation with the precision better than 2% at

ka, <0.7 [21].

1.8.Basic principles of optical spin orientation in semiconductors
The basic principles of the optical orientation of spins in semiconductors are

described in monographs [22] and [23]. Here we give a brief overview with emphasis
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on those sections that will be important for understanding the original part of the
dissertation.

The optical orientation of the spins of photoexcited electrons in a direct-gap
semiconductor arises upon the absorption of circularly polarized light with a photon
energy hv satisfying the condition

E,<hv<E,+A (1.22)

where A is the energy of spin-orbit splitting of the valence band. In the case of a bulk
semiconductor with a zinc blende structure, the absorption of a right-circular polarized
photon leads to the creation of an electron with a spin direction antiparallel to the wave
vector of light with a probability three times higher than the probability of producing an
electron with the opposite spin. As a result, photoexcited electrons have an average spin
polarization of 50%. Photoexcited holes are also spin-polarized, but due to the strong
spin-orbit interaction in the valence band, their spin polarization relaxes in a very short
time, on the order of the momentum relaxation time.

In a p-type semiconductor, the lifetime of the electron spin polarization, 7, is

determined by the shortest of two relaxation times - the lifetime r (determined by

recombination with the majority carriers, holes) and the spin relaxation time z,:
T, =r)'+7"' (1.23)
Under continuous optical excitation, the spin polarization of electrons is independent of

its intensity and is proportional to the ratio of times 7, and 7.

In n-type semiconductors, the spin polarization of photoexcited free electrons is
transferred to resident electrons due to exchange scattering [24]. Similarly, the spin
orientation of resident electrons occurs upon optical excitation of spin-polarized
excitons. It is easy to estimate the time of equilibration of the average spin of free
electrons with the average spin of localized ones in n-type GaAs at liquid helium
temperature, using formula (1.21) for the scattering cross section [21]. It is less than 100

picoseconds already at the concentration of donors n, =10"cm™>, and then decreases
inversely proportional to #,,. This estimate is close to that obtained earlier by Page [24].

Since the spin relaxation times in lightly doped n-type semiconductors typically exceed
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100 picoseconds, under conditions of optical orientation, the electrons in n-type
semiconductors usually form an ensemble with a uniform spin polarization. Under
pulsed pumping, photoexcited holes recombine for tens or hundreds of picoseconds
after the end of the pulse, and after that the lifetime of the resident electrons becomes
infinite. Under such conditions, the lifetime of the electron spin polarization coincides
with the spin relaxation time. Under continuous excitation, the electron lifetime is
inversely proportional to the concentration of photoexcited holes, and therefore the
electron spin polarization lifetime decreases with increasing pump intensity.

The dynamic polarization of nuclei by spin-polarized electrons occurs due to terms

of the form /.S +7 S, in the hyperfine interaction Hamiltonian. These terms lead to a

mutual spin flip of the electron and nucleus, while conserving the total spin angular
momentum of the electron — nuclear system [12]. There are several mechanisms for the
dynamic polarization of nuclei during optical orientation in semiconductors (see details
[1, 25]). The most common and easily realized is the Overhauser effect, which is based
on the tendency of the electron spin system, brought out of equilibrium by pumping, to
reach an equilibrium state by transferring the excess angular momentum to the nuclei.
In this case, theoretically, the spin polarization of nuclei is related to the nonequilibrium

spin polarization of electrons by the formula

G-t iote

where (S,) is the equilibrium value of mean electron spin. In GaAs, all nuclei have a

3/2 spin; therefore, the proportionality coefficient in Eq.(1.24) is 5/3. In practice, the
polarization of nuclei is usually lower due to various relaxation processes.
In a zero external magnetic field, the nonequilibrium spin polarization of the nuclei

relaxes within the time 7, ~107s determined by the dipole-dipole interaction between

the spins of closely spaced nuclei. In the presence of an external field, nuclear spin

polarization has two relaxation times, 7, and 7,. Time 7, characterizes the relaxation of
the nuclear spin component along an external field; it is usually much longer than 7,.

The efficiency of the dynamic polarization of nuclei under optical orientation is usually

insufficient to achieve a noticeable polarization of nuclear spins characterized by the
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relaxation time 7,. Therefore, the optical orientation of nuclear spins requires the

application of an external field. In this case, an average nuclear spin is created, parallel
or antiparallel to the external field and proportional to the projection of the
nonequilibrium electron spin on this field. Due to the hyperfine interaction, spin-
polarized nuclei create an effective magnetic field - the Overhauser field - acting on
electron spins and also directed parallel or antiparallel to the external magnetic field.

The Overhauser field is proportional to the average spin of the nuclei:

Z'ann <1n>
By=t (1.25)
/“lBge

where n numerates different isotopes, x, is the content of n-th isotope in the crystal.

Due to the negative g-factor of electrons and positive hyperfine constants for all
isotopes, in gallium arsenide the Overhauser field is opposite to the average spin of the
nuclei. Its maximum value at full polarization of all nuclear spins is approximately 5.3

Tesla.

1.9. Spin relaxation mechanisms of electrons in semiconductors

By the beginning of the research included in the thesis, the spin relaxation of
electrons during optical orientation in cubic direct-gap semiconductors was quite well
studied in p-type materials. A review of these studies, as well as a detailed presentation
of the theory of spin-orbit relaxation of free electrons (Elliot-Yaphet and Dyakonov-
Perel mechanisms) and electron relaxation due to scattering by holes (the Bir-Aronov-
Picus mechanism), are given by Titkov and Picus in chapter 3 of the monograph
“Optical orientation” [7]. The mechanism of electron spin relaxation by nuclear spin
fluctuations was theoretically considered by Dyakonov and Perel [26, 1].

The Elliott-Yafet mechanism (electron spin flip at the moment of scattering by an
impurity or phonon due to spin-orbit interaction) appears to be significant only in
narrow-gap semiconductors (e.g., InSb) with strong spin-orbit interaction. It is also
important in strong magnetic fields when other relaxation mechanisms are suppressed.

This situation is typical for experiments on classical EPR, but not for optical orientation.
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The Dyakonov — Perel mechanism (DP) [27, 7] is due to the precession of the
electron spin in the effective spin — orbit field (see Eq.(1.8)), which arises when the
electron moves in a crystal or in a low-dimensional structure without an inversion
center. In the case of frequent collisions, the relaxation rate is given by the dynamic
averaging formula:

]~ Q5T (1.26)
where 7, is the momentum relaxation time. The DP mechanism determines the rate of

spin relaxation of free electrons in most cases, with the exception of heavily doped p-
type semiconductors.

The Bir-Aronov-Picus mechanism is due to the exchange scattering of electrons by
holes (free or bound to acceptors). The relaxation rate is proportional to the hole
concentration; accordingly, this mechanism dominates in heavily doped p-type
semiconductors.

Scattering by nuclear spin fluctuations does not make a significant contribution to
the spin relaxation of free electrons [1, 2, 28]. On the contrary, for localized electrons
this mechanism is very effective. As in the DP mechanism, relaxation is due to the
precession of the electron spin in effective magnetic fields created by random
configurations of nuclear spins associated with hyperfine interaction with a localized
electron. In the case of localization of an electron in a quantum dot at a low temperature,
the electron spin interacts with a static fluctuation of nuclear spins, and its dynamics

reduces to a precession in the Overhauser field B,, created by this fluctuation. Such a

regime was theoretically considered by Merkulov et al. [29], and was observed by time
resolution spectroscopy in [30]. On average, over an ensemble of quantum dots,
precession in random fields leads to a decrease in the initial polarization of electrons to
1/3 of the initial value. The application of a longitudinal magnetic field exceeding the
characteristic field of nuclear fluctuation restores the initial polarization of the electrons.

For a short correlation time of the spin of a localized electron (caused, for example,
by an electron hopping between different localization centers), spin relaxation occurs in

the dynamic averaging mode: the spin polarization decreases exponentially with the
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decay time ' ~<B§,,.>rc, [26]. This regime is considered in detail in Chapter 3. In

Ref.[31], a controlled transition between the regimes of long and short correlation times
was experimentally realized: the correlation time was varied by adjusting the

concentration of free electrons in the structure, which shortened 7, of localized

electrons due to exchange scattering.

1.10. Spin relaxation mechanisms of nuclei in semiconductors
As mentioned above, the nuclear spin system is characterized by two relaxation

times, 7, and 7,. The spin — spin relaxation time 7, characterizes the relaxation of the

nonequilibrium angular momentum due to anisotropic spin — spin interactions (mainly
dipole — dipole interactions). In magnetic fields much stronger than local fields of
neighboring nuclei, it is the decay time of the components of the average nuclear spin
transverse to the magnetic field, which oscillate at the Larmor frequency. For most
solids, this time falls in the range of 10~ — 10" seconds; for gallium arsenide and other

[T — V semiconductors, 7, ~10™* seconds.
The spin-lattice relaxation time 7, characterizes the energy relaxation of the nuclear

spin system. In a strong magnetic field, the Zeeman interaction makes the main

contribution to the energy of nuclear spins; therefore, 7, parametrizes the decay of the
nuclear magnetization component along the external magnetic field. In contrast to 7,, 7

has a very wide range of values, from milliseconds to days. In solids at sufficiently low

temperatures, the condition 7, >>7, is usually satisfied. For many semiconductors, T,

was measured in strong magnetic fields by nuclear magnetic resonance (NMR) methods
[12]. Under these conditions, it is determined by the quadrupole interaction with
phonons or, in heavily doped semiconductors, by the Korringa mechanism — spin-flip
electron scattering on the Fermi surface by nuclear spin fluctuations. Optical orientation
allows one to study spin-lattice relaxation in semiconductors in the region of weaker
magnetic fields, including the fields lower than the local field of spin-spin interactions.
Paget performed such studies in lightly doped gallium arsenide by the method of
optically detected NMR in a magnetic field of 3 kG, which still significantly exceeded
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local fields [32]. As the main mechanisms of spin-lattice relaxation, he determined the
hyperfine interaction with electrons localized on donors for nuclei near donor centers,
and spin diffusion to donors for nuclei in the bulk of the crystal. The mechanism of
quadrupole relaxation of nuclei near the donor center due to fluctuations of the charge
state of the donor as a result of electron capture and recombination under optical
excitation was also proposed in [33]. By the beginning of the research included in this
thesis, practically nothing was known about spin-lattice relaxation of nuclei in even

weaker magnetic fields in IIT — V and II — VI semiconductors.

This chapter is mainly a literature review. A part of the information presented is based

on the author works [11,21,25,30].
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Chapter 2. Anisotropic exchange interaction of localized conduction-band
electrons in non-centrosymmetric semiconductor crystals and structures
The exchange interaction of two localized electrons belonging to the conduction
band (for example, bound on shallow donors) was considered isotropic for a long time
and was described by the Heisenberg spin Hamiltonian:

A, =-2J-5,) 2.1)
where J is the exchange integral determined by the envelope wave functions of
localized states.

However, in the case of non-centrosymmetric crystals or structures, Eq.(2.1) is
incorrect. The reason for this is the terms in the Hamiltonian of the conduction band,
odd in the wave vector, arising in such structures as a result of spin-orbit interaction

(see Chapter 1, Eq.(1.8)). Such terms lead to the appearance of an effective magnetic

field Q,, (E ) (Eq.1.9) acting on the spin of an electron as it moves. As a result, when an

electron moves from point A to point B, its spin rotates by a certain angle, and when
moving at the same speed from point B to point A, it rotates by the same angle in
absolute value, but in the opposite direction. The same thing happens when electron is
tunneling between two potential wells. Let us consider two electrons localized in
identical depressions of the potential relief — for example, at two closely located donor
centers or in a pair of tunnel-coupled quantum dots. By virtue of Fermi statistics, the
two-particle wave function of the stationary state during the permutation of particles
must pass into itself with the opposite sign. In the case of electrons in a vacuum, this
requirement is known to be satisfied by states with either parallel or antiparallel spins of
two electrons (for different parities of the orbital wave function). It is these states
(triplet and singlet) that give the energy levels of an electron pair. The splitting between
these levels, due to the Coulomb interaction, determines the exchange integral J. In the
case of quasiparticle electrons in a crystal with terms odd in & in the effective
Hamiltonian, the spin direction of each of electrons changes when it is moving to an
adjacent potential well. Therefore, stationary two-particle states will be those for which
the spin of one electron is parallel or antiparallel to the spin of another electron

transferred to the potential well where the first electron is located. The spin
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Hamiltonian, for which such states are eigenvalues, is obtained from the Heisenberg

Hamiltonian (Eq.2.1) by turning the first and second spins through a certain angle »/2
in opposite directions around the spin-orbit field Q. (1212), which would arise if the
electron moved in a straight line from one of the potential wells to another [34]:

A =-2J(572.5,77)=

L V= = . - 2.2
:—2J[(§1-5’2)0057/+(d-SIXd-S2X1—00s7)+d-[S1sz]siny] 22)

where d = Qg (k, )/

Qg (k).

It contains three terms. The first is the usual isotropic interaction. The second has
pseudodipole interaction symmetry, and the third - Dzyaloshinskii-Moria interaction
[35, 36]. We note that the spectrum of Hamiltonian (Eq.2.2) preserves the singlet-triplet
structure, but the stationary states corresponding to these level groups are no longer
eigenstates of the total spin of two electrons. Thus, in contrast to the usual scalar
exchange interaction, the exchange interaction in structures without an inversion
symmetry does not preserve the total angular momentum of the interacting
quasiparticles.

The angle y can be found in the limit of large distances between localization centers

using the asymptotic behavior of the wave function of a localized electron [21].

The Hamiltonian of a pair of localized electrons has the following form

H=H,+H,,, (2.3)
where
R, R, L
Hy=—k +_—k +V(”1)+V(rz)+Uc(”1_”z) (2-4)
2m 2m
Hyo =14 (k) S, + 1, (K, )-S, (2.5)

Here U.(7 —7) is the operator of Coulomb interaction between electrons, and V' (7) is a

spin-independent localization potential.
Due to the smallness of the spin-orbit terms, they practically do not affect the
binding energy and the behavior of the electron wave function near the localization

center. However, the asymptotic behavior of the wave function is seriously changing.
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The behavior of the wave function at large distances from the center, where the
localizing potential is close to zero, can be obtained in the semiclassical approximation

[37]. The wave function at a distance from the center greater than some (arbitrary) 7, is

approximately written as

: (2.6)

where S(F):hj'lgd?' is the action, the integral is taken along the straight-line trajectory

7o

starting from the center, and the wave vector is found from the condition

2
mmém (k)-S=E-U(F)
2m 2.7)
At large distances from the center the potential energy U(7) can be neglected. Using

the smallness of spin-orbit terms, one can approximate k as k=k +Ak, where

koz\/Mzi\/%, and E, 1s the electron binding energy. The spin-orbit

N
m

correction Ak is found from the condition +hQ, (EO)-S:O, that yields

S L ) .
. Since Q,, is an odd function of the wave vector, Ak is real-valued.

Finally, one obtains:

7

e WA
2mE, . o
Yocexp| —|—5r |exp| i
V" J2mE,
(2.8)
The spin-dependent factor in this expression has the form of a finite rotation operator
for spin S. Therefore, if the state of a localized electron is such that its spin has a certain

direction near the center (its projection onto a certain axis is %2), then at the point offset

from the center by a vector 7, the spin will be rotated by an angle
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around the spin-orbit field. By substitution into Eq.(2.9) of the inter-center distance 7,
instead of 7, we obtain the angle » in Eq.(2.2).

In the case of spin-orbit terms linear in the wave vector, which is characteristic of
quasi-two-dimensional systems, one can obtain an analytical expression for the angle »
for an arbitrary distance between localization centers [38], under the additional
condition that the localizing potential of each center is symmetric to the inversion with
respect to the straight line connecting the centers.

In this case, the spin-orbit terms in the Hamiltonian can be represented as:

A= 4,3, +k.5,) (2.10)
n,&

where the matrix 4, is determined by the properties of the structure (including the

relative contribution of bulk (BIA) or structural (SIA) inversion symmetry breaking).
Let X denote the axis connecting the localization centers in the structure plane XY.
The rotation of the electron spin as it moves from one center to another, discussed

above, is defined by the unitary operator
e LiZPax (%, +5,,%, )J 2.11)

It is easy to verify that on transforming the Hamiltonian given by Eq.(2.3) by this

n +k2XS2,7) disappear, if the matrix P, is chosen

operator, the spin orbit terms ) 4, (kle
n

in the form P, =2h—mA :

2 o *

A A

THT = A, - % S A+ 4, kS, + kS5, (2.12)
a n

Since the matrix elements of the operator & =i % on eigenfunctions of the ground

state of H, are zero due to the symmetry of the localizing potential, they do not affect
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the exchange interaction. Thus, the transition to a “twisted” coordinate system defined
by the unitary operator 7 reduces the problem to the usual exchange interaction of
localized electrons. The transition back to the laboratory frame leads to Hamiltonian

(2.2) with an angle y equal to
2
r= [ XA (2.13)
n

In cubic crystals, the spin-orbit field is proportional to the third power of the wave

vector:

O (K) = atgoh® —— (2.14)

m,f2mE o
where «, 1s a dimensionless constant, and the components of the vector x are defined

as
K, =k, (k —k2) (2.15)

(two other components are obtained by permutation of indices).
By substituting these expressions into Eq.(12.9), we obtain the rotation angle

- E, r
7(r)=as0 E_Ba_

g B

G (2.16)

r

where x, 1s obtained from Eq.(2.15) by replacement of the wave vector components
with corresponding spatial coordinates, and a, =(«/2mEB/ n )1. In case of Coulomb

centers (e.g. shallow donors), the latter is the electron Bohr radius.

Main results of Chapter 2:

1. It has been theoretically shown that the exchange interaction of localized
conduction electrons in non-centrosymmetric semiconductors and semiconductor
structures is anisotropic.

2. The interaction Hamiltonian has the form of a scalar product of spins rotated
relative to each other by an angle increasing with the distance between the

localization centers.
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3. In systems with spin-orbit terms linear in the wave vector, this angle is directly
proportional to the distance, at any distance between the centers.
4. In the general case, the proportionality to the distance is valid asymptotically, at

large (much greater than the electron localization radius) distances between the

centers.

The studies that make up the contents of this chapter are published in [21, 34, 38].
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Chapter 3. Electron spin relaxation in n-type semiconductors at low

temperatures

With the development of research on semiconductor spintronics in the 1990s, interest
arose in semiconductor systems with long lifetimes of nonequilibrium spin states, which
were considered necessary for operation, in particular, of spin transistors. In the direct-
bandgap III-V and II-VI semiconductors, most convenient from the point of view of
heterostructure technology, spin relaxation times are usually quite short (less than or of
the order of a nanosecond). However, as was found in Refs.[39, 40], in n-type gallium
arsenide with a donor concentration near 10'® cm™ these times can be much longer, on
the order of a hundred nanoseconds. The question arose as to what was limiting the
lifetime of a nonequilibrium spin in n-type semiconductors, and what values it could

reach [41]. This issue was investigated in the author’s works on which this chapter is

based.

3.1. Experimental studies of electron spin relaxation at low temperature in n-type
GaAs in weak magnetic fields.

For an experimental study of the dependence of the electron spin relaxation time in
n-type semiconductors on the concentration of donors [42], gallium arsenide was
chosen as a model object. The optical orientation of electron spins in this material has
been studied quite well previously. The Hanle effect — depolarization of luminescence
by a transverse magnetic field — was used as a measuring tool. The half-width of the
Hanle curve in an n-type semiconductor is known to grow with the power of the
exciting light, following the linear dependence (Fig. 3.1) [1]. The cutoff of the linear
dependence when the pump power tends to zero gives the spin relaxation time of the

resident electrons, in accordance with the relation:

izﬁBm(P—w) (3.1)
T h
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Figure 3.1 The Hanle curve and the dependence of its half-width on the pump intensity in a bulk
sample of gallium arsenide with the donor concentration n, =7-10" cm™

We studied 16 samples containing bulk n-GaAs layers of various thicknesses grown by
molecular beam, liquid, and gas-phase epitaxy. The range of donor concentrations
ranged from 1-10" up to 5-10"cm™. For samples with concentrations from 1-10" up to
4-10" cm?, the recovery curves of luminescence polarization in a longitudinal field
were also measured. This made it possible to estimate the correlation time of the spin of

an electron localized on the donor [1] from the relation

1 _#gp 3.2)
T h

c

where B, is the magnetic field at which the polarization grows two times due to
suppression of spin relaxation.

All measurements were performed by modulating the circular polarization of the
exciting light by a photoelastic modulator at a frequency of 26.6 kHz in order to avoid
the effects of dynamic polarization of nuclei and equilibrium polarization of electron
spins in an applied constant magnetic field. Measurements were performed at
temperatures of 4.2 and 2K.  The results of measurements of the spin relaxation time
are presented in Fig.3.2 by empty circles (in order not to overload the graph, only the
data obtained at 4.2K are shown; the results at 2K differ slightly). They make it possible

to distinguish three regimes that differ in the dependence of the spin relaxation time z

on the concentration of donors 7, . At low concentrations ( 1-10'* +2-10""cm™) it grows
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rapidly with increasing », (regime 1). At concentrations in the 2-10"°+2.10" c¢cm ~ 3

range, the increase of r, stops, giving way to a slow decrease (regime 2). Finally, at

n,>2-10" cm?

, where the semiconductor becomes degenerate (metallic phase), a
monotonous decrease is observed, approximately inversely proportional to the squared
concentration of donors (regime 3).

In Fig.3.2 our measurements in this range are complemented by data from Ref.[40],

which allow us to trace this tendency up to n, >5-10"*cm™. Maximum values of r,,
about 200 ns, were measured at n, =2+4-10"cm> and at n, =2-10"cm>. In Fig. 3.2,
data of recent measurements performed by V.V.Belykh [44] (shown by blue diagonal
crosses) and J. G. Lonnemann et al. [45] (straight brown crosses) are shown for
comparison.

The correlation time z, (triangles) demonstrate rapid shortening with the growth of
n,, up to, at least, 4-10”°cm>. Above this concentration, z, becomes so short that in
order to observe an increase of polarization, one should apply strong magnetic fields

(stronger than 1T), which produce considerable shifts of photoluminescence lines,

hindering correct interpretation of experimental results.
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Figure 3.2 Dependence of spin relaxation and correlation times on donor concentration in n-GaAs at
low temperatures (2-6.5K). Symbols: experimental data, obtained by the author (empty circles (7 )

and triangles (7, )) and taken from literature. Lines: grey dotted — approximation of the measured
dependence of the correlation time 7, on donor concentration; grey dashed — theoretical dependence of
7, in the model of exchange spin diffusion; orange solid - 7, calculated from measured correlation

time with account for relaxation by nuclei and anisotropic exchange; orange dotted — contribution of
the hyperfine interaction ( zy, ); green solid — theoretical dependence, taking into account hyperfine and

spin-orbit relaxation under exchange spin diffusion; green dotted — contribution of anisotropic
exchange (7, ). Dark blue solid line shows theoretical dependence of the relaxation time by

Dyakonov-Perel mechanism under scattering by charged impurities, with the prefactor of the
relaxation time of 3-rd angular harmonic of the momentum distribution (7, ) taken from comparison
with z,, experimentally measured in Ref.[43] for n,, =3.7-10'°cm™. Dark blue dashed — the same

with theoretical prefactor. Magenta line — Dyakonov-Perel mechanism with weak localization
correction [43].
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The qualitative interpretation of these three regimes of electron spin relaxation is as
follows: regime 1 — relaxation due to hyperfine interaction with the spins of the lattice
nuclei; regime 2 — relaxation due to anisotropic exchange interaction of electrons
localized on donors with each other; regime 3 — relaxation of free electrons on the
Fermi surface by the Dyakonov-Perel mechanism. The transition from regime 1 to
regime 2 in the dielectric phase occurs as the correlation time decreases due to the
acceleration of flip-flop transitions between the spins of electrons localized on
neighboring donors as a result of their exchange interaction. In this case, on the one
hand, due to the dynamic averaging of fluctuating nuclear fields, the coupling of
electronic and nuclear spins is weakened; on the other hand, frequent flip-flop
transitions lead to a loss of spin orientation due to the weak anisotropic part of the
exchange interaction. The transition from regime 2 to regime 3 occurs as a result of the
Mott transition from dielectric to metal conductivity with delocalization of electrons and
formation of a Fermi surface. The theoretical consideration of spin relaxation in these

three modes is given in the next section.

3.2. Theoretical description of electron spin relaxation at low temperatures in

GaAs and similar n-type semiconductors
3.2.1. Relaxation in metallic phase (Dyakonov-Perel mechanism)

If the Fermi energy E, >>k,7, the non-equilibrium spin accumulates in a narrow
energy strip at the Fermi surface. For this reason, one can assume the electron energy
equal to E, = (37:2 )2/3h2nj/ */2m,, where n, and m, are concentration and effective mass

of itinerant electrons. The spin relaxation time, defined by the Dyakonov-Perel

mechanism, equals [27, 7]:

op 105 LHE, 105 nE, 35 Egm 1 33
’s 23—205 E? :3_2a 213 _4/332 273 3 :12 4 Bt ) ( . )
773 (3 7 hn, /Zme) 7, T ha't, n,

where 7, is the relaxation time of 3-rd angular harmonic of momentum distribution:

;) = ZﬂNvFTG(Q)(l—I%(cos 0))sin 646 (3.4)
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Here N is the concentration of scatterers, v, is the Fermi velocity, o(@) is the partial
scattering cross-section, P, 1s the 3-rd Legendre polinomial:
P,(cos 0) = (5cos® @—3cos 0)/2. For comparison, the momentum relaxation time is defined

as

£ =2, [ {01 - P (cos 0))sin 410 (3.5)

where P (cos8)=cos(6).
In the future, we will assume that all donors are ionized, and the degree of

compensation is small, so that N =n, =n,. At low temperatures, the dominant scattering

mechanism in bulk degenerate semiconductors is scattering by charged impurities. In

this case, the partial cross section o(@) is determined by scattering by the screened

Coulomb potential, and in the Born approximation it is equal to [46]:

*

R 1
6(0)_4EFk§ [in2(0/2)+x° 5.6)

where R =m,e’ /(Zgzhz) is the effective Ridberg, x=1/ (2erF)=(37z5a§nD)_l/6,

3

1/6
. . 1 . . .
k. =+2m,E, /h* is the Fermi wave vector, r, :E(ﬂ% ) is the radius of screening by

3n,

2

degenerate electron gas, and «a, = h—gz is the effective Bohr radius of an electron in the

m,e

e

semiconductor.

From Egs. (3.4) — (3.6) one obtains expressions for times z; and z,:

2
= 12\/5*71' th_l(x)

- (3.7)
12427%h '
= (x)
where
V4 _ B s )
F(x)=2r ] = 2C030) G i — g 6(1+5x2+5x4)1n(1+i2j—5x2_—(5x +f)
0 [sin®(6/2)+ x| I x 1+ x 63)
F(x)=27; 1-A(cos0) —sin6d6 = 87 m(nizj— ! 2}
0 [sin®(6/2)+ x| i x*) l+x
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Fig.3.3a shows the dependences of z; and z, on the dimensionless concentration of

donors a)n,, and Fig.3.3b shows their ratio in the same coordinates. Fig. 3.3c shows the
mean free path as a function of dimensionless concentration; as can be seen from the
figure, the mean free path exceeds the average distance between impurities, but at

minimum concentrations within the metal phase, this excess is small - about 3 times.
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Figure 3.3 Dependences of the relaxation times of the first and third angular harmonics of the
momentum distribution (a), their ratio (b) and mean free path (c) on the concentration of donors in a

degenerate semiconductor.

As seen from Fig.3.3b, the ratio of times z, and z, within the relevant range of
impurity concentrations (in GaAs a,=9.6nm, so that a,n, =0.01 corresponds to
n,=1.13-10"cm™) does not reach the asymptotic value 1/6, corresponding to scattering

by very small angles (#<<1). For this reason, the expression of spin relaxation rate

through 7,, given in Ref. [7], gives an incorrect result in the studied concentration

range.

Substituting parameters of gallium arsenide into Eq.(3.3), we obtain

o 1.8:10"

S Gads —

(3.9)

a’rn;
A comparison of theory with experiment is shown in Fig.3.2. In the studied
concentration range, r, weakly depends on n,. Therefore, Eq.(3.9) gives =,

approximately inversely proportional to the square of the concentration of donors, in

full agreement with the experimental results. However, if we use the dependence z,(n,)

with the prefactor calculated in the Born approximation (Eq.3.7), a significant
quantitative discrepancy arises with the experimental data (blue dashed curve in Figure
3.2). Moreover, the times z, obtained in this way themselves do not agree with those
obtained experimentally in [43], where 7, was determined from the curves of
suppression of spin relaxation by a longitudinal magnetic field. Calibration of the

dependence 17,(n,) on the experimental value of 2'3(3.7 ~10'6cm‘3)=40fs gives good
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agreement between the theoretically calculated and experimentally measured 7,(n,) in

the entire concentration range. The agreement becomes even better if we take into

account the correction to 7, due to the weak localization effect [43], which is

proportional to »,' and comprises about 60% [43] (the magenta curve in Figure 3.2).
Note that, in contrast to the relaxation time of the 3rd angular harmonic z,, the

relaxation time of the first harmonic of the momentum distribution, 7,, calculated from

Eq.(3.7), 1s in good agreement with values of the order of 1 picosecond obtained from

transport measurements in Ref.[45] for n,~10"cm™. The same contradiction was

revealed in our work [47] for the Dyakonov — Perel mechanism in lightly doped n-type
gallium arsenide at higher temperatures (77 and 300 K). A significant (more than an
order of magnitude) mismatch was observed between the relaxation times of the
momentum distribution obtained from transport measurements and from the suppression
of spin relaxation by a longitudinal field. The reason for this is unclear, but the observed
systematic mismatch casts doubt on the adequacy of the determination of the
Dresselhaus spin — orbit constant from a comparison of the spin relaxation rate with the
electron transport parameters. Therefore, in this work, we use the value «=0.063

corresponding to the energetic constant y, =36eV-A3, measured in Ref.[48] from spin-

flip Raman scattering spectra.

3.2.2. Relaxation in dielectric phase
3.2.2.1. Spin relaxation of donor-bound electrons in the absence of external magnetic
field
In the absence of an external magnetic field, spin relaxation is limited by the transfer
of the angular momentum to the lattice. Ultimately, this always happens due to
anisotropic interactions. For localized electrons, there are two ways: to transfer the
angular momentum through hyperfine interaction to the nuclei (which will then drop it
into the lattice through the anisotropic dipole-dipole interaction) or directly send it to
the lattice through spin-orbit interaction. At low temperatures, the last possibility is

realized by flip-flop transitions with the participation of anisotropic exchange
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interaction — such a process does not require the emission or absorption of phonons.
The mechanism of electron spin relaxation due to hyperfine interaction was proposed in
1973 by Dyakonov and Perel [26]. Since an electron localized on a shallow donor
interacts with a large number (of the order of 10°) of nuclei, the root-mean-square
fluctuation of the total spin of these nuclei amounts to several hundred. Such a spin
fluctuation can be considered quasiclassically, and the interaction of the electron spin
with the spins of nuclei in the region of its localization can be represented as the action
of the Overhauser field created by nuclear spin fluctuation on the electron. As a result,
the electron spin experiences Larmor precession around the fluctuation field of nuclei.
In an ensemble of uncoupled localization centers (quantum dots or sparsely located
donors in a very weakly doped semiconductor), this leads to the disappearance of the
average spin components perpendicular to nuclear fluctuations at each center.
Averaging over the ensemble of components of the electron spins longitudinal with
respect to the nuclear fluctuation fields gives the residual polarization of the electrons
equal to 1/3 of the initial one. The initial polarization decays to the 1/3 level during a
time of the order of the precession period of the electron spin in the nuclear fluctuation
field [29]. Such a relaxation regime was observed in time-resolved experiments in an
ensemble of quantum dots [30].

In the ensemble of electrons localized at donors, as a rule, another spin relaxation
regime is realized, which was originally considered by Dyakonov and Perel [26, 1].
This is the regime of dynamic averaging, in which the electron spin manages to make
only a small part of the revolution around the fluctuation nuclear field during the so-
called correlation time. The correlation time is determined by the angular momentum-
conserving spin transfer processes between localization centers. After this time, the
electron spin is likely to be localized at another center and, accordingly, will be affected
by a fluctuating nuclear field that is not correlated with what acted on it before. The
sequential effect of uncorrelated random fields, each of which acts on the spin for a
short time, leads to its exponential relaxation with the decrement given by the well-

known dynamic averaging formula [5]:



4 2
T = (o) )z, (3.10)
where <a)§> 1s the mean squared frequency of the electron spin precession in the nuclear

fluctuation field (for a shallow donor in GaAs <a)}>”2 ~2-10°s7'[26]), and 7, is the

correlation time of the electron spin. In a magnetic field applied along the mean spin of
electrons, the spin relaxation is suppressed, obeying a Lorentzian law:

z5'(0)

Tov(B) = 1+B° /B
R

3.11)

where B, =n/u,g.r.[1].

Dyakonov and Perel [26] suggested that the correlation time is due to electron
hopping to unfilled donor centers. The results of our experiments (in particular, the
absence of a significant difference of relaxation times measured at temperatures of 2K
and 4.2K) indicate that, at helium temperatures, the correlation time is determined by
flip-flop transitions between the spins of electrons localized on different donors. Such
transitions, due to the exchange interaction of localized electrons, are not accompanied
by charge transfer. Therefore, the energy change during a flip-flop transition is much
smaller than during hopping (the energy of spin-spin interactions in the impurity band is
two to three orders of magnitude lower than the characteristic energies of electrostatic
interactions). As a result, spin transitions do not require the participation of phonons
and, at low temperatures, proceed at a much higher rate than hopping ones. A
comparative estimate of the rates of spin-flip and hopping transitions for n-GaAs was
given in [21]

The correlation time due to the exchange interaction between electrons localized on

donors can be estimated as [21]:
7. 2 h/J) (3.12)
where (J) is the mean value of the exchange interaction constant. For hydrogen-like

centers, the exchange constant is given by Gor’kov-Pitaevskii-Herring-Flicker formula

[17-19] (see Chapter 1):
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2 . 5/2 2]/'
€ ij ij
B B

where a, is the Bohr radius of the donor-bound electron, and r, is the distance between

donor centers i and j.
Due to the exponential dependence of the exchange constant on the distance between
the impurities, its value for various pairs of donors fluctuates strongly. Calculating the

mean value of (J), it is reasonable to use the results of percolation theory and substitute
the quantity (r)=0.865n,"* instead of r, in (3.13) [37]. Thus, close pairs of donors and
isolated centers are excluded from consideration, and donors belonging to an infinite
cluster, along which the spin diffusion due to flip-flop transitions occurs, are taken into
account. This way, the following dependence of the correlation time on the
concentration of donors is obtained:

hea 5/2 1.73
. =1.75 ezB (aBnll)/s) exp{ﬁj (3.14)

aghp

As can be seen from Fig. 3.2, formula (3.14) well reproduces the experimentally

measured values of 7, at a concentration of donors #n, >2-10"cm™ . Thus, spin relaxation

in this concentration range turns out to be closely related to spin diffusion in the
impurity band. Accordingly, the correlation time can be associated with the spin

diffusion coefficient D [21]:

T~ (3n12)/3DS )_1 (3.15)
At lower values of n,, the model of spin diffusion over an infinite cluster ceases to
work, and the correlation time is limited by other processes. As such, we can indicate
the exchange interaction in clusters of finite size or interaction with free electrons [21].
Relaxation by nuclear spin fluctuations in the regime of dynamic averaging is always
characterized by an extension of the spin relaxation time with an increase in the
concentration of donors due to shortening of the correlation time. As can be seen from
Fig.3.2, a calculation according to formula (3.10) with an experimentally determined

correlation time gives good quantitative agreement with the measured electron spin
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relaxation times at n, <2-10”°cm”. However, at higher concentrations, not only a

quantitative, but also a sharp qualitative discrepancy with the experimental results is
observed: the measured relaxation times begin to shorten with increasing doping. This
indicates a transition to another mechanism of spin relaxation due to the anisotropy of
the exchange interaction

The exchange interaction of localized electrons in a non-centrosymmetric
semiconductor is described by the Hamiltonian (2.2). As discussed in Chapter 2, a flip-
flop transition under the influence of such a Hamiltonian is accompanied by rotation of
the spin by an angle y(7) around the axis, determined by the orientation of the straight
line connecting the donors relative to the crystalline axes. In the regime when the
correlation time of the electron spin at the donor is determined by spin diffusion (as
shown above, this mode is realized in n-GaAs at n, >2-10"cm™), the spin during
diffusion experiences a large number of small random rotations determined by formula

(2.9). Since the rotation angle in the asymptotic region (i.e., for » >>a,, which is true for
the vast majority of donor pairs in dielectric GaAs with n, <2-10'°cm™) is proportional

to r, it i1s convenient to introduce a spin-orbit length L, satisfying the condition

N2
\/<[7/(LSO zﬂ >1, where the angle y is averaged over the directions of the vector 7.
r

The spin-orbit length is determined by the constant at odd in the wave vector terms in
the Hamiltonian of the conduction band, as well as by the binding energy of a localized

electron. Substituting the expression for the angle y from formula (2.12), we obtain

after averaging over the angles:

- [Fa, (3.16)

For electrons bound at shallow donors in bulk gallium arsenide, the spin — orbit
length is approximately 7 mm, which is comparable to the experimentally measured
spin diffusion length (10 mm) [39]. Using this parameter, one can write the angle of

rotation of the spin averaged over the angle as <]/2(r)>1/2 =r/Lg,. The memory of the
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initial spin direction is lost when the accumulated rotation angle I' becomes about 1

radian:

2 2
o :z(LLj Lz 2dtos 30t (3.17)
i SO

; Lo T Ly Ly
Here L,, =Dz, 1s the diffusion length of the electron spin, and z,, is the time of spin
relaxation due to the anisotropy of the exchange interaction. From Eq.(3.17) we obtain

the expression for the spin relaxation time in terms of the spin diffusion coefficient and

spin-orbit length:
Ty ™= Lyt (3.18)

Using Egs. (3.14) and (3.15), we can express the spin relaxation time through the
correlation time and, ultimately, through the concentration of donors:
2
Ty ™ 1.75@(@J (nDag )3/2 exp(ﬂ;}—BJ (3.19)
e a, nyag

The total spin relaxation time is determined by the sum of the hyperfine and spin-orbit

contributions to the relaxation rate:

T, = (rb?;, +7g )ﬁl (3.20)

Figure 3.2 shows the dependences of the times r,, (dotted green curve) and z, (solid
green curve), calculated in the spin diffusion model, on the concentration of donors. In
the range of donor concentrations 2-10°cm ™ <n, <2-10"°cm™, it gives qualitative and
quantitative (within a significant scatter of the available data, but in the absence of any
fitting parameters) agreement with the experiment, and a sharp qualitative mismatch in
the region of low concentrations, n, <10”cm ™. This is due to the fact that in this region
spin diffusion over an infinite cluster becomes too slow and ceases to determine spin
dynamics (in particular, the correlation time calculated by Eq.(3.14) becomes longer
than the electron spin precession period in the characteristic field of nuclear spin
fluctuation, equal to about 5 ns). However, the spin relaxation times even at weak
doping remain longer than 5 ns, and the correlation times measured from the

polarization recovery in a longitudinal magnetic field are much shorter. As mentioned
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above, this can presumably be associated with the exchange interaction in clusters of
finite sizes.

No adequate quantitative theory for this concentration range was proposed so far, but
the experimentally measured spin relaxation times are well reproduced by Egs. (3.10),
(3.18) and (3.20) with the correlation time measured by the electron spin polarization
recovery under optical orientation in a longitudinal magnetic field. In Figure 3.2, the

dependence 7, (n,) obtained this way is shown by the orange dotted curve, and z,(n,)

by the solid orange curve.
The observed significant (by an order of magnitude) difference in relaxation times in

the range of donor concentrations 10°cm™ <n, <10°cm™ , measured in Refs. [42, 44], on

the one hand, and in Ref.[43], on the other, is most likely due to the difference in the
structures used. In [43], the studied gallium arsenide layers were embedded between
specially doped barriers to eliminate depletion effects in the near-surface region. In [42]
and [44], bulk layers and double heterostructures with uniform doping were used. Under
conditions of optical excitation, photo-induced electron transfer between the barriers
and the active layer could occur, as a result of which either a part of the donors could be
emptied, or, conversely, the additional delocalized electrons can appear. This inevitably
leads to a change in the correlation time of the spin of electrons bound at the donors
[21] and, as a consequence, to a change in the rate of their spin relaxation. As shown in

[31], the change of 7z, in this case can be very significant, up to two orders of

magnitude.

3.2.2.2. Spin relaxation of donor-bound electrons in longitudinal external magnetic
field
Anisotropic exchange interaction leads to relaxation of the nonequilibrium spin
polarization of electrons, but does not provide energy transfer to the lattice. The same is
true for relaxation by nuclei - in this case, the energy is exchanged only with the nuclear
spin system, whose heat capacity is small and the energy relaxation time is very long.
Therefore, in a longitudinal magnetic field, when the introduction of the angular

momentum into the spin system is accompanied by a change in its Zeeman energy, spin
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relaxation can be characterized by two relaxation times — of the nonequilibrium spin, 7>,
and of the energy, T;, similar to what happens in the spin system of lattice nuclei. Under
the condition 7> << T}, the spin system can be characterized by the spin temperature @,
which can differ from the lattice temperature 7.

As follows from Eqgs. (3.11) and (3.12), the relaxation of the angular momentum is
suppressed in such magnetic fields at which the electron Zeeman energy becomes
greater than the characteristic energy of spin-spin interactions. The latter is growing
exponentially with donor concentration. Therefore, with an increase in doping, one can
expect the appearance of a range of magnetic fields in which the relaxation of the
nonequilibrium angular momentum has not yet been suppressed, while the transfer of
Zeeman energy to the lattice is already difficult. In this case, a biexponential dynamics
of the longitudinal electron spin relaxation after excitation by a short pulse of circularly
polarized light should be observed [21]. First, during the time 75, the spin temperature is

established. In this case, the average electron spin decreases from the initial value S, to

the quasi-equilibrium value

Sﬂ:_luBgeBﬁ:SOBz— (321)
where the local field B, = 2(Sp{H§S )1/2 / uzg, characterizes the heat capacity of the energy

reservoir of spin-spin interactions with the Hamiltonian H, and g = 1s the inverse

B
spin temperature of the electrons, which is established after the distribution of the initial
Zeeman energy between the Zeeman and spin-spin reservoirs [21]. Further relaxation

occurs due to decrease of B and is characterized by time T;.

Such experiments were performed by VV Belykh using the photoinduced Faraday /
Kerr rotation method with an extended range of time resolution [44]. In n-GaAs

crystals with n, ~10"cm™

, a two-timescale spin dynamics was indeed distinctly
observed (see Fig. 3.4), which was absent both at lower impurity concentrations (where
spin-spin interactions are too weak) and at large ones, where the electrons begin to

delocalize, and the difference between 7, and 7, disappears . However, the experimental
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dependence of the amplitudes of the fast and slow components on the magnetic field is
much less sharp than the theoretical one given by Eq. (3.21). Perhaps this is due to the
exponential spread of the exchange interaction energies in the impurity band, which
leads to the absence of a single parameter — the local field — characterizing the spin-

Spin energy reservoir.

The blocking of energy relaxation by a longitudinal magnetic field is clearly

manifested in the dependence of 7, on the longitudinal field strength, which is most

clearly observed in lightly doped n-GaAs with n, =5.5-10"cm™ [44].

Figure 3.4 Time dependence of the Faraday / Kerr rotation signals reflecting the spin dynamics of
resident electrons after excitation by a short circularly polarized light pulse for various magnetic fields
and donor concentrations. The experiments of VV Belykh from [44].

The energy relaxation of the spin system of localized electrons requires the
participation of electron transitions with the absorption or emission of phonons. The
only such transitions possible at low temperatures are electron hops within the pairs
formed by filled and empty donor centers. As shown in [21], there exist “optimal” pairs,
which interact effectively with phonons, having the electron energy difference of the
order of the phonon energy with the wave vector equal to the reciprocal Bohr radius of
the donor (tenths of a millielectron-volt). Since the number of optimal pairs is small, the
energy of the electron spin system is transported to such pairs by spin diffusion. A
similar model of spin-lattice relaxation is well known for spin systems of nuclei in
solids, where sparsely located paramagnetic centers play the role of energy sinks into
the lattice. The rate of spin-lattice relaxation limited by diffusion is determined by the

Khutsishvili — De Gennes relation [49, 50]:
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T, =4zxD.an, (3.22)
where a, 1s the effective radius of the relaxation center, and », is the concentration of
centers. Substituting the mean distance between donors for a, and the concentration of

optimal pairs n, for n_, and expressing the spin diffusion coefficient via the correlation

time along Eq. (3.15), we obtain

T, ~ Tl (3.23)

In a strong magnetic field, B>(J)/uyg, , the correlation time, determined by the
probability of a flip-flop transition between neighboring donors, begins to lengthen with
increasing magnetic field due to the spread of g-factors localized on electron donors.
The presence of such a spread is indicated by a linear increase in the decrement (T; )71 of

the decay of spin beats in a transverse magnetic field (Fig. 3.5). An independent

measurement of the spread of g-factors from the dependence 7, (B) allows us to
calculate the correlation time, which is determined by the power spectrum b (w) of

random fields of the exchange interaction, acting on each electron spin from the

neighbors:

1 ( elLlB)z 2 L2 (B
2 z%@(“’»g e pg(ﬂ:;}' - (3.24)

*

1 7 T
7 77) 1,58 7 (Bz= 0)

Here p, is the distribution function of the electron g-factor, and J, :q ,ogalg)fl is the

width of this distribution, which determines (Tz* )_1.

Figure 3.5 The dependence of times of longitudinal (7;) and transverse (7>) spin relaxation of
electrons, as well as of their product, on magnetic field in lightly doped n-GaAs. Experiments of
V.V.Belykh [44].
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It follows from Egs. (3.23) and (3.24) that

T,T, ~—272(B=0) (3.25)

4np

As can be seen from Fig.3.5b, the product 7,7, remains constant when the magnetic
field changes by more than two orders of magnitude. Relation (Eq.3.25) allows,

knowing r, (B =0), to determine the concentration of optimal pairs, which turns out to be
equal to 3.5-107n,, which is consistent with the estimate given in [21].

Thus, although in weak magnetic fields spin relaxation in lightly doped gallium
arsenide is not related to spin diffusion and occurs locally, in small donor clusters, with
an increase in the magnetic field the role of spin diffusion increases due to the
suppression of relaxation due to the blocking of Zeeman energy transfer to the lattice. In
strong magnetic fields, the rate of spin relaxation is limited by exchange diffusion to

sparse relaxation centers.

Main results of Chapter 3:

1. Spin relaxation of electrons in doped n-type semiconductors at low temperatures
has been studied theoretically and experimentally (using gallium arsenide as an
example),

2. It 1s shown that, in a zero magnetic field, relaxation is determined by three
mechanisms that replace each other with increasing concentration of donor
impurities. At low donor concentrations, this is relaxation due to hyperfine
interaction with lattice nuclei. With increasing concentration (in n-GaAs — at
n,>2-10"cm>), the spin-orbit mechanism begins to dominate, due to the
anisotropy of the exchange interaction between localized electrons. In the metal
phase (in n-GaAs — at n, ~2+4-10"cm™), spin relaxation occurs due to the
Dyakonov-Perel mechanism.

3. In a longitudinal magnetic field in lightly doped semiconductors, relaxation slows
down due to the blocking of the transfer of Zeeman spin energy to the lattice. The

spin-lattice relaxation time is determined by spin diffusion to sparse pairs of
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closely located charged and neutral donors, where energy is transferred to the
lattice during tunnel hops with absorption or emission of a phonon.

At higher doping (in n-GaAs — at n,~10"cm™), the spin-spin interaction
between the electrons becomes strong enough, so that the spin temperature can be
established in the ensemble of electron spins. This is manifested in the
appearance of two very different relaxation times in the longitudinal field, which
characterize the establishment of the spin temperature and its relaxation to the

lattice temperature.

The studies that make up the contents of this chapter are published in Refs.[21, 41- 44,

47].
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Chapter 4. Non-perturbing optical methods for measuring the

nuclear spin system magnetization

Semiconductors and semiconductor structures provide a unique opportunity to
create a high spin polarization of nuclei by the optical orientation method, or, more
precisely, by dynamic polarization of nuclear spins by optically oriented electron
spins [1, 13, 25]. Polarized nuclear spins create an effective magnetic field
(Overhauser field), which splits electronic spin states, with the energies of spin
splitting reaching hundreds of microelectron-volts, which is equivalent to the action
of an external magnetic field with a strength of several Tesla. This makes it possible
to measure nuclear polarization by optical methods. In fact, it is measuring the
splitting of electronic states by the Overhauser field. Historically, first such methods
were based on the modification of the circular polarization of luminescence under
conditions of optical orientation of electron spins by the Overhauser field — the
Hanle effect and circular polarization recovery by a longitudinal effective magnetic
field [13]. Then, with the development of experimental techniques, measurements
of the frequency of electron spin beats by pump-probe spectroscopy and direct
measurement of electron spin splitting from luminescence spectra in single quantum

dots began to be applied (see the review in [25]).

All these methods require optical excitation of real interband transitions with the
generation of charge carriers. Therefore, they are inevitably associated with a
perturbation of the nuclear spin system under study due to carrier-induced spin
relaxation, dynamic polarization, and the influence of the Knight field. This became
one of the reasons why the properties of the spin-polarized nuclear semiconductor
system, left to itself, i.e. not interacting with nonequilibrium charge carriers created
in the process of optical sounding, remained practically unexplored. Thus, such
important properties of the nuclear spin system as the mechanisms of spin-lattice
relaxation and spin temperature formation remained unknown even for such a model

semiconductor as gallium arsenide - while a dynamically coupled electron-nuclear
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system supported by optical pumping of electrons was investigated in detail [13].
Chapters 5 and 6 are devoted to the study of spin-lattice relaxation and the
thermodynamics of a nuclear spin system using gallium arsenide as a model. This
chapter will describe the experimental methods used to this end, some of which are

based on the phenomena that were first observed in our work.

4.1. Off-resonant Faraday rotation by the Overhauser field

The usual Faraday effect - the rotation of the plane of polarization of linearly
polarized light when passing through a transparent medium in a magnetic field
directed along the light beam - is due to the optical transitions energy splitting for
photons polarized along the right and left circles. In our experiments, a similar effect
was realized in an effective field formed by the sum of the external field and the
Overhauser field of previously optically oriented nuclear spins. Such an effect was
theoretically considered by Artemova and Merkulov [51]. According to their
estimation, to observe the effect, it is necessary that the length of the optical path in
a semiconductor layer with polarized nuclei be of the order of one millimeter. It is
difficult to polarize nuclei optically to such a depth because of the high absorption
coefficient of the pumping light, which should have a quantum energy greater than
the band gap. The main difference between the scheme of our experiment and the
proposal of Artemova and Merkulov is the use of a microcavity structure This
allowed us, due to multiple passage, to reduce the thickness of the probed layer by

3 orders of magnitude.

In the first experiments to detect and study the nuclear field-induced Faraday effect,
we used structures with an n-doped active GaAs layer in a microcavity formed by
Bragg reflectors of 25 (front mirror) and 30 (rear mirror) pairs of AlAs and
Aly.1GagoAs layers, with optical thickness of 3/2 wavelength at a photon mode
energy of 1.497 eV. This position of the photon mode of the resonator provided a
detuning of 18 meV from the band edge (determined by the luminescence

maximum), so that the probe light fell into the transparency region of gallium
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arsenide. In this case, the effective thickness of the optical path of the probe light in

the active layer was 0.7 mm, with the actual layer thickness of 358 nm.

The experiment was carried out as follows. The nuclear spins were pumped by
circularly polarized radiation from a semiconductor laser at a wavelength of 780 nm
(photon energy 1.59 eV, exceeding the band gap of gallium arsenide), corresponding
to the first minimum of the reflection coefficient of the front Bragg mirror above the
stop band. During the pumping, a constant magnetic field of 200 G was turned on,
directed along the normal to the plane of the structure. The pump was turned on for
a period of 1 to 30 minutes. The probing was carried out by spectrally wide linearly
polarized radiation of a pulsed laser, centered at the wavelength of the photon mode
of the cavity. The rotation angle of the light transmitted through the microcavity was
recorded, for which various polarimetric schemes were used (in particular, using a
photoelastic polarization modulator, a Glan prism and an avalanche photodiode as a
detector, or a circuit with a balanced detector based on a Wollaston prism and a
photodiode bridge). During pumping, a significant Faraday rotation from spin-
polarized electrons was observed, which also depended on the degree of polarization
of nuclear spins [52]. After switching off the pump, a slowly decaying Faraday

rotation signal was observed, induced by nuclear spin polarization (Fig. 4.1).

In the case of the active layer in the metallic phase (np=210'¢ cm™), the nuclear
Faraday rotation signal consists of two components of the opposite sign, which have
very different relaxation times. In the case of dielectric GaAs (np=2-10"cm ~?) as

the active layer, only one slow component was observed [53].
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To prove that this signal was due to the spin polarization of nuclei, experiments
were performed on optically detected nuclear magnetic resonance. The NMR

experiment procedure for the fast and slow components of the Faraday rotation was
%

A
"—i

v

detector
~ E2sin(20)

Figure 4.1 Faraday rotation induced by Overhauser field in n-GaAs. a) experimental design
(description in the text). b) Faraday rotation angle as a function of time.

different. For the slow component, the radio-frequency field Bzr with an amplitude
of 2.5 G was turned on 100 seconds after switching off the pump. The frequency of
Brr was scanned from 100 kHz to 300 kHz (Fig. 4.2a). In this case, a constant
magnetic field B =200 G was kept switched on. When the frequency of Br passed
through the resonance of each of the three isotopes, a sharp decrease in the Faraday
rotation signal was observed (Fig. 4.2b). In the case of the fast component, this
approach was not possible due to its rapid decay. In this case, Bgr of the same
amplitude (2.5 G) and a fixed frequency was applied during pumping. To enhance

the effect of the radio frequency field under conditions of inhomogeneous
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broadening of resonances, frequency modulation of Bgr with a span of 30 kHz was
used. Figure 4.2d shows the dependence of the amplitude of the fast component on
the frequency of Bgr. The resonances of all three isotopes are also visible here, as

well as the combined resonance of arsenic and gallium-71 nuclei.

Figure 4.2 Nuclear magnetic resonance detected from Faraday rotation by an Overhauser field.
a) the signal of the “slow” component of the Faraday rotation as a function of time. The red line
shows the frequency of the alternating magnetic field. b) the same as a function of frequency. c)
a scheme of the influence of an alternating field on the “fast” component. d) the amplitude of the
“fast” component as a function of the frequency of the alternating field applied during pumping.

The two components of nuclear Faraday rotation observed in n-type gallium
arsenide on the metallic side of the dielectric-metal transition demonstrate two
mechanisms that generate the Faraday rotation signal. The sense of rotation of the
plane of polarization in the slow component, together with the fact that its amplitude
increases with increasing pump time in the range of hundreds or even thousands of
seconds allows us to confidently associate it with the polarization of nuclear spins
far from impurity centers. Such spins, filling the entire volume of the active layer,
create an Overhauser field that splits the states of the conduction band, and it is with

this splitting that the observed signal is associated. The expression for the effective
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Verdet constant in this case (which coincides, up to a numerical factor, with the

result of Artyomova and Merkulov) was obtained by M. M. Glazov [53]:

4.1)

Here n is the background refraction index of the crystal, § is the detuning of the

photon energy of the probe from the bandgap, 4, is the reduced mass of the electron-

hole pair comprising a heavy (hh) or light (/k) hole.

The origin of the fast component is not so obvious. A short relaxation time of
nuclear spin polarization is characteristic of nuclei located near paramagnetic
impurity centers [12, 49, 50]. It is natural to assume that neutral donors act as such
centers in an n-type semiconductor. However, the fast component was observed in a
semiconductor with an impurity concentration slightly higher than the insulator-
metal transition, where the electrons are mainly delocalized and form, at low
temperature, a Fermi gas. Therefore, it is most likely due to electrons bound at
doubly charged clusters formed by pairs of closely spaced donors. The interaction
of the spin of a localized electron with an electron gas (see Chapter 3) leads to a
short correlation time of the spin of a localized electron, of the order of 10
picoseconds. Under these conditions, the relaxation of the nuclear spins under the
influence of the Knight field of a localized electron occurs in a time of the order of
10 seconds, in accordance with the observed decay time of the fast component. A
longer (about 300 picoseconds) correlation time of the electron spin in the dielectric
phase leads to characteristic nuclear relaxation times of fractions of a second, i.e.
beyond the time resolution of the experimental setup; this is probably why the fast
component in the structure with the active layer of dielectric GaAs was not observed.
Chapter 6 will discuss the relaxation of nuclear spins at various levels of doping in
more detail. The fact that the fast component has the opposite sign with respect to
the slow component, which is produced by extended conduction-band states, is also
important here. This difference is explained by another mechanism for the formation

of the Faraday signal - due to the Pauli blockade of the optical transition to the lowest
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spin sublevel of a localized electron. Fig. 4.3 explains the difference between the

Figure 4.3 Relative intensities of optical transitions between valence band and conduction band
(left) and between valence band and localized states occupied by an electron (right).

signs of the Faraday effect for extended and localized states: in the first case, the
optical transition to the lowest of the states split by the Overhauser field, which make
the main contribution to the Faraday effect, is more efficient, and in the second, less

efficient.

Figure 4.4. shows the magnetization reversal registered by the Faraday effect of
cooled nuclear spins when the sign of the external magnetic field changes (see more

details in chapter 5).

Thus, the off-resonant Faraday effect induced by the Overhauser field makes it
possible to detect the polarization of nuclei both in the bulk of the semiconductor
and near the electron localization centers, and to study the time and magnetic field

dependences of nuclear magnetization in real time.

Figure 4.4 Faraday rotation under reversal of the external field. The decaying signal is due to the
Overhauser field.
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4.2. Electron spin noise spectroscopy

Spin noise optical spectroscopy is based on the Fourier transform of a random time
series obtained by recording a Faraday rotation signal as a function of time. The
noise of the Faraday rotation arising from the passage of linearly polarized light
through a paramagnet shows a resonance in its power spectrum at the precession
frequency of the spins of the paramagnet in an applied magnetic field. Discovered
by Alexandrov and Zapasskii in 1981 in sodium vapor [54], this effect subsequently
found broad application for studying the spin properties of semiconductor structures
[55]. In our works [56, 57], a similar shift of electron spin resonance in the
Overhauser field was discovered. The experimental design was generally similar to
that used to record the Faraday effect induced by a nuclear field (see the previous
section). However, in order to record the spectrum of spin noise, the external field
was applied perpendicular to the probe light beam. The first observations of the
effect were made on microcavity structures. In this case, nuclear spins were pumped
either above the stop band of the Bragg mirror, as in the previous section, or
resonantly through the photon mode of the cavity. In the latter case, circular or
elliptically polarized light of increased power (compared with the probe) was used.
Subsequently, similar experiments were performed on bulk n-GaAs layers, with
pumping above the bandgap. Figure 4.5 shows a series of spin noise spectra recorded
at equal time intervals after pumping the nuclei in a longitudinal field and turning
on the transverse magnetic field. One can see how the spectral peak of the electron
spin noise shifts as the nuclear spin polarization relaxes. In the case when the initial
direction of the Overhauser field is opposite to the external field, field compensation

1s observed, with the Larmor frequency turning to zero.
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Figure 4.5. a) experimental design for measuring the Overhauser field from electron spin
noise spectra. b) the evolution of the spectrum of spin noise over time: on the left, the
Overhauser field is codirectional to the external field, and on the right, it is oppositely
directed. ¢) resonance in the spectrum of electron spin noise

The advantage of electron spin noise spectroscopy as a method of measuring
nuclear magnetization is the ability to accurately quantify the Overhauser field by
the resonance frequency. The disadvantages include insensitivity to the sign of the
total field acting on the electron spin. In addition, in the case of a lightly doped
semiconductor in the dielectric phase, only the magnetization of nuclei near the
donors is measured, while the Faraday effect can also provide information about

nuclear spins located far from donors and not in contact with electrons.
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4.3. Photoluminescence with dark intervals

Faraday rotation and spin noise provide real-time detection of nuclear spin
polarization, but, as a rule, require the use of structures with microcavities to achieve
the necessary sensitivity. In addition, they are not absolutely non-perturbing - with
an increase of the power of the probe beam, pumping of nuclear polarization or
acceleration of the spin relaxation of nuclei is possible. The measurement of the
Overhauser field by the Hanle effect [13] can be implemented on a much wider class
of structures. To study the properties of a nuclear spin system in the absence of
optical excitation, the dark interval method is used [58]. At the first stage of the
experiment, nuclear spins are pumped, then the exciting beam is blocked, the nuclear
spin system is exposed to perturbation (for example, by an RF field), and at the last
stage, light opens again and photoluminescence is used to determine the Overhauser

field at the first moment after the light is turned on.

Figure 4.6 The experimental technique for the study of relaxation processes in a nuclear spin system
by the luminescence method with dark intervals: a) setup scheme; b) experimental timing chart; c)
Hanle curves in an oblique field when light is pumped by a variable and constant circular
polarization. The dashed arrow indicates a change in the polarization of luminescence as the nuclear
magnetization relaxes.
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In our works [59-61], this method was adapted for studying spin-lattice relaxation
of nuclei. To this end, we varied the duration of the dark interval and measured the
nuclear magnetization after it as a function of the length of the dark interval. In
Fig.4.6., the scheme of such an experiment is shown. A sample placed in a tilted
magnetic field is pumped by circularly polarized light. In the zero field, nuclear spins
are not polarized, and the degree of polarization of luminescence is maximum and

equal to p,. After pumping in the field B,,,,, the electron spin is exposed to the total

ump >
(external plus nuclear) field, and the luminescence polarization decreases and takes

the value p,,,,

lying on the blue curve (the Hanle effect under nuclear polarization)
in Fig. 4.6.c. Then the pumping is turned off, and the nuclear spin temperature

relaxes to the lattice temperature. The value of the polarization p, , immediately

after the end of the dark interval shows how much the nuclear spin system has
relaxed while the pump was turned off. Using the formula for the Hanle effect [1,
13], it is easy to obtain an expression for the nuclear field corresponding to the

photoluminescence polarization p,,, which in the case of a small angle of

inclination of the external field to the plane of the sample has the form

Po ~ Paark _B (4.2)

1/2 pump
dark

B, =B

where B, is the half-width of the Hanle curve in the absence of nuclear polarization

(shown by orange line in Fig.4.6c).

By changing the duration of the dark interval, one can plot the dependence of the
nuclear spin temperature on time in the relaxation process, and measure the time of

spin-lattice relaxation. Repeating this process at various magnetic fields B,

ark >

w¢E

can study the time dependence of the spin-lattice relaxation rate of nuclei.
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Main results of Chapter 4:

1. The optical Faraday effect due to the Overhauser field of dynamically
polarized nuclear spins in a semiconductor has been experimentally
discovered. In addition to the bulk effect theoretically predicted by Artemova
and Merkulov, which is due to the splitting of the conduction band, rotation
of the plane of polarization as a result of the Pauli blocking of optical
transitions to localized electronic states was also observed. The Faraday
rotation induced by the Overhauser field formed the basis of one of the
methods of non-perturbing control of the dynamics of nuclear magnetization

used in this work.

2. A non-perturbing method for recording the temporal dynamics of nuclear
magnetization from the spectra of spin noise of resident electrons is proposed

and demonstrated.

3. A technique has been developed for studying spin-lattice relaxation of nuclei
based on the method of polarized photoluminescence with dark intervals
under optical orientation of electron and nuclear spins (that is, with the pump

turned off for a variable period of time).

The studies composing the contents of this chapter are published in the works

[52,53,56,57,59-61].
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Chapter 5. Optical investigation of the nuclear spin thermodynamics of

semiconductors in weak magnetic fields

As is known since the 1950s, after the experimental work of Purcell and Pound
[62] and the theoretical work of Abragam and Proctor [63], the spins of nuclei in a
solid, especially at low (helium) temperatures, form a system well isolated from
the crystal lattice, having a huge number of degrees of freedom. Quite often, the
behavior of a nuclear spin system can be described on the basis of the laws of
thermodynamics, which greatly facilitates the interpretation of experimental results
and allows one to predict many bright physical effects. In this case, the nuclear
spin system is characterized by its own spin temperature, which can differ by
several orders of magnitude from the lattice temperature and take both positive and
negative values. For the concept of spin temperature to be applicable, it is
necessary that the spin — spin relaxation time 7> be much shorter than the spin —
lattice relaxation time 7;. However, it is impossible to say in advance whether this
condition is sufficient, it depends on the nature of the interactions in which the
nuclear spins are involved, and on the hierarchy of relaxation times of various
elements of the density matrix of the nuclear spin system. Therefore, the
applicability of the thermodynamic description should be established

experimentally for the material or structure under study.

The dynamic polarization of nuclear spins in semiconductors through hyperfine
interaction with electrons makes it possible to achieve significant degrees of
orientation of the spins of lattice nuclei by optical pumping [1]. The decrease in the
entropy of the nuclear spin system caused by the orientation of the spins leads,
provided that the inter-spin equilibrium is established in the magnetic field, to a

decrease in the absolute value of the nuclear spin temperature.

A description of a nuclear spin system using spin temperature is most easily
introduced in the case of %2 spins in a strong magnetic field (strong field here
means a field in which the Zeeman energy of the nuclear magnetic moment by far

exceeds the energy of its interaction with the moments of other nuclei). The ratio
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of the populations of levels with spin projections up (magnetic moment against the

field) and down (magnetic moment along the field) can always be represented as
N,/N, =exp(—) (5.1)

where ¢=(ny,B)/(k;0,), and 6, is the spin temperature, which can be positive as

well as negative. In this case, the use of spin temperature is a formal technique that
does not lead to any new physical consequences. In the case of nuclei with spin [>
1/2, one can also introduce the spin temperature, assuming that the population ratio
(5.1) 1s true for each pair of levels with spin projections on the external field
differing by 1. This assumption is justified if equilibrium between different pairs of
levels is established due to flip-flop transitions. It may turn out to be wrong if the
flip-flop transitions are suppressed by the quadrupole interaction, which makes the
inter-level splitting different for different pairs of levels. In a recent paper by
Chekhovich et al. [64], the relative populations between the spin sublevels of
nuclei in single InGaAs quantum dots were measured by the method of optically
detected magnetic resonance. This experiment showed that this system in a strong
magnetic field was indeed described by the spin temperature approximation,

despite a significant quadrupole interaction.

The predictive power of the spin temperature concept is fully manifested in the
region of weak magnetic fields, when the Zeeman energy is comparable to or less
than the characteristic energy of spin-spin interactions. The main postulate of the
theory of spin temperature [63, 65] states that if one selects a region inside the
nuclear spin system, that is much larger than the radius of spin-spin interactions,
but much smaller than the size of the whole system (Gibbs ensemble), and leaves it
to itself for a while, the ratio of probabilities of finding this region in the quantum

_gn_gm

states n and m will still be equal to exp[ j, although the energies of these

BYN

levels, ¢, and ¢,, are now determined not only by the Zeeman, but also by the

m?

spin-spin interactions.
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The most important experimental consequence of this postulate is that the
magnetization of the NSS in an external magnetic field follows the Curie law: it is

proportional to the field and inversely proportional to 6, . Indeed, writing the

density matrix of such an ensemble in the high-temperature approximation:

exp[ (
Tr{exp[ p

Py =

A,)

where g=(k,0,)", Hy is the Hamiltonian of spin-spin interactions, H, =—M,B is

His + A)] ~1-B(H.+H )
(2 +7,)] B(Hs+H,) (5.2)

the Zeeman Hamiltonian, M, is the operator of the projection of the total magnetic

moment of the nuclei on the external field B, it is easy to find that
(M) ="Tr(pyM,)~ BBTr(M;}) (5.3)

Here we took advantage of the fact that the trace of the product of Zeeman and
the dipole Hamiltonian is zero, because it changes sign when all spin indices are

reversed.

In weak magnetic fields, when the Zeeman energy is much lower than the
energy of spin-spin interactions, the spin-spin energy reservoir acts as a thermostat,

and @, is independent of the magnetic field. In this case Eq.(5.3) gives a linear

dependence of the magnetization on the field.

For an arbitrary magnetic field, magnetization follows a more complex, but still
universal law, specified by a single parameter - a thermodynamic local field B, .

This law can be obtained from the condition of the energy balance during a change

in the magnetic field.

The rate of change of the energy of the spin system under the action of a

changing external magnetic field is

dE _o(H .\ 0B . OB
dr <at> <M> or (M )ﬂBE (-4
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This equality is true, since the external magnetic field is the only parameter of
the Hamiltonian of the spin system that depends on time directly [66]. On the other

hand, in accordance with (5.2), the energy of the spin system is

E=(H)=-pTe(H*)=-B(Tr i} + Tr Hy ) =—BTr M, (B +B))  (5.5)

where BLE\/(TrMé)1 Tr(ﬁés) is, by definition, the thermodynamic local field,

characterizing the strength of spin-spin interactions.  Simplified, we can
understand the local field as an effective magnetic field acting on the spin of the

nucleus from all other nuclei. Accordingly, the total time derivative of the energy,

considered as a function of the inverse spin temperature g=(k,6,)" and the

external magnetic field B, is

- [pUyTe (828 ()] -
o (815 (0) B4 200500 ) "
Taking (5.4) and (5.6) equal, we obtain:
(B2 +B° (t))dfh(t) ; ﬂ(t)B(t)d[; Et) ~0 (5.7)
that gives a differential equation for 4
A1)y BU) _dB() 59)

which, in order to account for spin-lattice relaxation, should be complemented by a
relaxation term of the form —(8-p,)/T, , where g, =(k,T)" is the inverse
temperature of the lattice, and the spin-lattice relaxation time 7, depends, in

general, on magnetic field (see Chapter 6). In experiments with optical cooling of
nuclei in weak magnetic fields, nuclear temperatures usually do not exceed a few

millikelvins (otherwise there is no noticeable nuclear magnetization), and the
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lattice temperature is several kelvins. Therefore, we can put B, equal to zero, and

the equation for g takes a simple form:

dp(r) B(t) dB(t) pB(1)
7__ﬂ(t)BL2+Bz(t) dt  T(B) (5:9)

permitting an analytic solution. By dividing both sides of Eq.(5.9) by g it is

brought to the form

dlnﬁ(t)__i A
— dtln’/BLJrB (¢) 7(5) (5.10)

If at the time moment =0 the magnetic field was equal to B,, and the inverse spin

temperature — to f,, solution of Eq. (5.10) yields the following time dependence of

B
e

In the absence of spin-lattice relaxation, Eq.(5.10) gives an expression for the

inverse spin temperature under an adiabatic change in the magnetic field, usually
obtained from the condition of entropy being constant in the adiabatic process [65].

In view of (5.3), we also obtain the expression for the magnetization:

(M, (1)) _B(1) [ B+B] exp[_jTl-l(B(f))de .11)

(M, (0)) B, \B;+B(¢)

Measurement of the dependence of the magnetization of a nuclear spin system on
an external magnetic field when it is scanned through a region of small
(comparable to local) fields (see Fig. 5.1) makes it possible to directly verify the
applicability of the theory of spin temperature to a specific spin system. Despite its
apparent simplicity, such an experiment was never carried out before our work

[67].



191

Figure 5.1. Change in the nuclear spin temperature 6, :(kBﬂ)f1 (dashed lines) and
magnetization <M B> (solid lines) during adiabatic scanning of the magnetic field from the initial
value B, through zero, in accordance with Egs. (5.10) and (5.11), neglecting spin-lattice
relaxation (7; = ).

We used non-perturbative optical methods for measuring nuclear spin
polarization, described in Chapter 4, namely non-resonant Faraday rotation and
spin-noise spectroscopy. The samples used were 31/2 microcavities with active

GaAs layers doped with silicon to electron concentrations n, =2-10"cm™ (sample
A) and n,=4-10"cm™ (sample B), as well as a 20 um GaAs epitaxial layer with

n,=4-10"cm™ on a GaAs substrate (sample C).

The experimental design is shown in Fig.5.2. Samples were placed in a cryostat
that maintained a temperature of 5K. Nuclear spins were pumped by circularly
polarized light with a photon energy exceeding the GaAs band gap in a
longitudinal magnetic field of 180 G. The probing was performed by linearly

polarized light with a quantum energy corresponding to the photon mode of the
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cavity and 20 meV smaller than the GaAs band gap. At the measurement stage (see
Chapter 4), a linear sweep of the magnetic field was carried out, which was parallel
to the probe beam and perpendicular to the plane of the structure in the case of
Faraday rotation, and parallel to the plane of the structure in the case of spin noise,

in the range from +50 to -50 G.

Figure 5.2. Scheme of an experiment on adiabatic magnetization reversal of a nuclear spin

system. Above: electron spin noise spectroscopy. Below: non-resonant Faraday rotation.

The results of these experiments are presented in Figures 5.3 and 5.4.
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Figure 5.3. Left: dependence of the Faraday rotation angle on the magnetic field when it is
repeatedly scanned through zero. Straight lines - Faraday rotation, induced directly by an
external field. In the middle: the contribution of nuclear magnetization to the Faraday rotation on
sample A at a positive (below) and negative (above) spin temperature of the nuclei. Right: same

on sample B.

As can be seen from Fig.5.3 (left panel), the shape of the magnetization reversal
curve, measured by the Faraday rotation, is preserved during repeated scanning of
the magnetic field through zero. The amplitude of nuclear magnetization decreases
with time due to spin-lattice relaxation. The central and right panels of Fig.5.3
show magnetization reversal curves, measured in more detail at the first passage of
the magnetic field through zero. The experimental dependences are perfectly

described by Eq. (5.11) with a single fitting parameter, B, (the dependence of the

spin-lattice relaxation time 7, on the magnetic field was measured separately, see
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Chapter 6). However, the value of the local field B, ~8G obtained from fitting is
very different from the theoretical value for gallium arsenide, B, ~1.5G [68]. For
comparison, the theoretical curves for B, ~2 G are plotted; the difference is clearly

noticeable and by far exceeds the accuracy of the experiment.

The results of measuring the magnetization reversal curves by the spin noise

method are shown in Fig.5.4.
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Figure 5.4. Evolution of the spectra of electron spin noise (the frequency is plotted along the
vertical axis, the spectral density of the noise power is shown in color) when scanning the
magnetic field for samples A (left), B (in the middle) and C (right). - nuclear spin temperature at
B=0.

In this case, the position of the resonance in the spectrum of electron spin noise,

fo(t)=(y./2x)|B+B,(t)|, where B, (¢)is the Overhauser field, is also well

described by Eq.(5.11). Due to the longer signal accumulation time, the magnetic
field scan time was 10 times longer than in the Faraday rotation experiments.
Therefore, the effect of spin-lattice relaxation on the measured dependences is very
noticeable. The value of the local field in samples A and B (structures with a
microresonator) obtained from the best fit of the curves by Eq.(5.11) is 12 G. The
difference between this value and that measured by the Faraday rotation method
lies within the experimental error (determined mainly by the need to make
corrections for spin-lattice relaxation). The local field in sample C (bulk epitaxial
layer) turns out to be 2G, which, within the error limits, does not differ from the
theoretical value of 1.5 G, determined by the dipole-dipole magnetic interaction of

nuclear spins.
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This result suggests that the large value of the thermodynamic local field

B, s\/(Ter; )_l Tr(ﬁés) obtained on structures with microcavities is the result of

quadrupole splitting of nuclear spin levels as a result of deformation of the active

layer of gallium arsenide embedded in a multilayer heterostructure. In this case,

Tr(ﬁ ;S) = Tr(ﬁl jd) +Tr(I:I j) , where A}, and A are the Hamiltonians of the dipole —

dipole and quadrupole interactions, respectively (see Chapter 1). Using the known
parameters of the quadrupole interaction in gallium arsenide [69], it can be
estimated that deformation of only 0.01% leads to an increase in the local

thermodynamic field to 10 G. [70].

The heat capacity of a nuclear spin system is usually defined [65] as

cNE_Z_ian;.(32+B§)zcz+css (5.12)

where C, and C, are the Zeeman and spin-spin heat capacity components,
respectively. Our results show that the spin-spin heat capacity, proportional to B; ,

in structures with microcavities increased by about 50 times. Accounting for the
quadrupole interaction explains this fact, but raises the question of how the
equilibrium is established between the Zeeman and spin-spin energy reservoirs in
such structures. Indeed, the quadrupole interaction only splits the energy levels of
each of the nuclear spins, but does not connect the spins of different nuclei to each
other. Therefore, equilibrium in the nuclear spin system should be established
anyway due to flip-flop transitions induced by the dipole-dipole interaction. Such
transitions are suppressed when the external magnetic field is greater than the

characteristic mixing field B, , several times higher than the real local fields due

mix 9

to the dipole — dipole interaction [71].

Figure 5.5 shows the demagnetization curve taking into account the
establishment of equilibrium in the mixing field. The inverse spin temperature,

established after mixing, can be found from the energy balance condition. When a
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dynamically polarized nuclear spin system is demagnetized from a strong magnetic
field, the spin-spin reservoir has zero energy, and the Zeeman energy is equal to

EZ (Bmix) = _MOB

mix *

After establishing equilibrium between the reservoirs, the total

energy of the spin system is equal to E(B,. )=-8,. Teri-(B2

mix

+B; ). Equating
these two energies, we obtain the inverse spin temperature after mixing

MBm[x
=T ,(°Bz " 5) (5.13)

mix

ﬂ mix

and the corresponding magnetization

M, = M,—Dm (5.14)

Dependence of M, on B, is shown in Fig.5.5 by the dashed curve. The solid

blue line is the adiabatic demagnetization curve for the case B,<B,, . In the case

B,>B

mix 9

with a decrease of the magnetic field, the magnetization does not change

down to B=B and then follows another

mix 9

then abruptly decreases to M, ,

adiabatic curve. If then the field starts to increase, the magnetization will return by

the violet curve to M, and, with a further increase in the field, will remain

constant.
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Figure 5.5. The change in magnetization when passing through the mixing field (purple curve)

and in the case B,, > B, (blue curve). Dashed line: dependence of M,

X

onhB .

For gallium arsenide, the mixing field should be of the order of 10 G. In bulk
GaAs, where the thermodynamic local field is due to the dipole — dipole
interaction, the spin — spin heat capacity in the field of 10 G is small compared to
the Zeeman field. Therefore, the energy transferred during mixing is also small,
and the magnetization reversal curve will not differ from the adiabatic one given
by Eq.(5.11). But in a structure with a microcavity, this is not so. Therefore, during

demagnetization from B, =50G, one could expect a magnetization jump similar to

the one shown by the violet curve in Fig.5.5, and when the field increased after
demagnetization, the magnetization should not have reached its initial level. As can
be seen from Fig.5.3 (right panel), this is not observed in the experiment. To
verify, a special experiment was performed in which the nuclear spin system was
kept in the dark for 90 seconds after cooling in order to complete the transition
processes associated with spin diffusion and relaxation near the donor centers (see
Chapter 6). Subsequent measurement of the magnetization reversal curve by the
spin noise method made it possible to measure the dependence with an accuracy of
2% (see Fig. 5.6). In this case, the features arising during the passage of the mixing

field should have been clearly visible, but they were not observed.
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Figure 5.6. Adiabatic magnetization reversal curve measured on sample A with preliminary

exposure in the dark. The dashed line is fitting according to Eq. (5.11).

Thus, the mixing field in the studied structures with microresonators exceeded
50 G. The Zeeman splitting of nuclear spin levels corresponding to this field is 30

times larger than their width ~ 4 /7, due to the dipole — dipole interaction.

We assume that this surprising fact is explained by the complex energy spectrum
of the nuclear spin system of gallium arsenide. The GaAs crystal lattice is formed
by three isotopes ("°As, ®Ga, "'Ga) with different magnetic and quadrupole
moments. The simultaneous application of deformation and a magnetic field forms
a forest of levels between which transitions induced by dipole — dipole interactions

are possible, as shown in Fig.5.7.
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Figure 5.7. Transition frequencies between nuclear spin levels in gallium arsenide as a function
of magnetic field. (a, c, e) - within the same nucleus, (b, d, f) - between different isotopes: (a, b) -
in the absence of deformation, (c, d) the axis of deformation along the magnetic field, (e, f) Is
the axis of deformation across the magnetic field. The colored bars below show the range of

transitions allowed by energy conservation (Av <5/1T,).

Thus, the thermal equilibrium inside the GaAs nuclear spin system is

established in magnetic fields B, >5B, even when, as a result of quadrupole
splitting of the nuclear spin levels, the thermodynamic local field B, becomes 6-8

times larger than the true local magnetic fields acting on the nuclear spin from the
neighboring nuclear magnetic moments. This makes it possible to study the
cooling and thermal relaxation of the nuclear spin system in structures with
microcavities, which allows one to efficiently use non-perturbing methods for

measuring nuclear magnetization, based on laser polarimetry.
Main results of Chapter 5

1. The predictions of the theory of spin temperature regarding the behavior of the
magnetization of a cooled nuclear spin system when scanning a magnetic field
from an initial value exceeding the thermodynamic local field, with the field

passing through zero, are experimentally verified and confirmed.

2. It was found that in heterostructures with an active layer of gallium arsenide in a
microcavity, the thermodynamic local field of the nuclear spin system of the active

layer is increased by 6-8 times in comparison with bulk gallium arsenide. This is
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presumably related to the quadrupole splitting of nuclear spin levels as a result of

deformation of the GaAs layer in the heterostructure.

3. It was experimentally shown that the mixing of the Zeeman and spin-spin
energy reservoirs of the nuclear spin system of the gallium arsenide layer in a
microcavity occurs in external magnetic fields exceeding the thermodynamic local
field by at least 5 times. This allows one to use such structures for studying
thermodynamics and spin-lattice relaxation of a nuclear spin system by non-

perturbing optical methods.

The studies that make up the contents of this chapter are published in Ref.[67].
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Chapter 6. Spin-lattice relaxation of the nuclear spin system in weak magnetic
fields

As shown in Chapter 5, the dependence of nuclear spin polarization on the magnetic
field is well described by the theory of spin temperature not only in bulk GaAs, but also
in GaAs layers embedded in heterostructures, including structures with microcavities.
This makes it possible to use a wide range of structures based on gallium arsenide as
model ones for studying the spin-lattice relaxation of nuclei in semiconductors, which is
actually a relaxation of the spin temperature to the temperature of the crystal lattice, i.e.
warm-up of the nuclear spin system. The use of microcavities makes it possible to
apply, inter alia, non-perturbing optical methods for measuring nuclear magnetization
based on laser polarimetry, described in Chapter 4, which allow tracking the dynamics
of a nuclear spin system in real time. This chapter presents the results of experimental
studies of the warm-up of the nuclear spin system in n-type gallium arsenide (in a wide
range of donor concentrations from the dielectric to the metallic phase [59 - 61, 72]) and
p-type gallium arsenide [73], and a theoretical interpretation of the results of these

experiments.

6.1. Experimental studies of the spin-lattice relaxation of nuclei in GaAs
A set of investigated structures is presented in Table 6.1. It includes both bulk (n-and
p-type GaAs epitaxial GaAs layers) and microstructures (layers 0.37 um thick in
microcavities and 1 pm thick in a heterostructure with AlGaAs barriers). A structure

with a wide (19.7 nm) undoped quantum well was also investigated.
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Ob6pazen | A B C D E F G H 1
THT MC MC Bulk Bulk MC DHS Bulk Bulk QW
d, um 0.37 0.37 200 20 0.37 1 20 20 0.02
n, 40 20 6 4 2 90

10%cm

P, 26 60 | -
10%c¢m™

METOI SN FR PL SN, PL | FR,SN | PL PL PL PL

Table 6.1. Parameters of the samples. Structure type: MC — microcavity, bulk — bulk epitaxial layer,
DHS — double heterostructure, QW — quantum well. d is the thickness of the layer. N is the
concentration of resident electrons. p is the concentration of resident holes. Research method: SN -

spin noise, FR - Faraday rotation, PL - photoluminescence with dark intervals.

To study the spin-lattice relaxation of nuclei in the absence of optical excitation, at
the first stage of the experiment, optical pumping was performed in a magnetic field
longitudinal with respect to the exciting light, and then, after switching off the pump,
the time dependence of the nuclear spin temperature was measured using one of the

methods described in chapter 4 (see Fig. 6.1).
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Figure 6.1. Time diagrams of experiments on studying the nuclear spin-lattice relaxation by (a)
photoluminescence methods with dark intervals, (b) Faraday rotation and (c) spin noise. d) an example
of the measured time dependence of the nuclear field and spin temperature (inset). In case (a), the

nuclear field is measured in the field B, ~as a function of the duration of the previous dark interval
(when the field is equal to B, , ), in cases (b) and (c) - directly in the field B,

ark *

Measurements were performed at different magnetic fields B,,, and temperatures.

The results of these experiments are presented in figures 6.2-6.5. Figure 6.2 shows the

dependences of the relaxation rate 1/7, on the magnetic field in the range from 0 to 100

G at a temperature of 4-5 K for various n-type structures. A relaxation is observed to be

suppressed in the characteristic fields B,, <20G by an order of magnitude, compared to
the zero field, and to approach a constant level corresponding to 7, ~200s in stronger

fields. The characteristic relaxation suppression fields in microstructures are several

times larger than in bulk layers.



205

Figure 6.2. Dependence of 1/7; on the magnetic field for structures with n-type GaAs layers at the

temperature of 4-5K. a) bulk layers; in the inset - in more detail for a range of 0-20G. b)
microstructures (microcavities and a double heterostructure). ¢) the half-width of the dependencies

(fitting by Lorentzian on a constant background) as a function of donor concentration.

Figure 6.3 shows the dependences of the spin-lattice relaxation rate on temperature in
magnetic fields in the range 150-1000 G, when the relaxation is no longer dependent on
the field. Here we can see the difference between dielectric and metallic samples: in
dielectric samples temperature dependence is not observed, while in metallic ones with
increasing temperature the relaxation approaches the Korringa law (relaxation rate is

proportional to temperature).
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Figure 6.3. Temperature dependence of the relaxation rate in fields 150-1000G for samples A, D, E, F.
Figure 6.4 shows the temperature and magnetic field dependences of the spin-lattice
relaxation time in p-type samples, in comparison with similar dependences in n-type
GaAs. The main difference is 3 orders of magnitude shorter relaxation time. In addition,
there is no dependence on the magnetic field in the range 0—100 G, and, conversely, a
rather sharp temperature dependence is observed below 10 K, which is absent in n-type

GaA:s.

Figure 6.4. 7, as a function fo magnetic field (a) and temperature (b) in p-type GaAs (left axis,
milliseconds) and p-type GaAs (right axis, seconds).

Finally, Fig.6.5 shows results for the undoped quantum well.
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Figure 6.5. Dependence of the nuclear spin-lattice relaxation rate on the magnetic field for sample I

(undoped quantum well 19.7 nm wide).

Here, the dependences of the relaxation rate on temperature and magnetic field are

qualitatively similar to those for dielectric n-GaAs, but the change of 7, with increasing
magnetic field in the range of weak fields is stronger: 7, increases by two orders of

magnitude from 1 second in a zero field to 200 seconds in a field of 1000 G. with a half-

width of magnetic field dependence of 6-7 G.

6.2. Main mechanisms of nuclear spin-lattice relaxation in dielectric n-GaAs

The features of spin-lattice relaxation in various types of semiconductor structures
described above are explained by the specifics of the dynamic polarization of nuclei
upon optical pumping, as well as by the contribution of several relaxation mechanisms.
As shown in [1], the dynamic polarization of nuclear spins occurs with the greatest
efficiency through hyperfine interaction with localized electrons. In the dielectric phase
of bulk semiconductors, this is practically the only mechanism of dynamic polarization,
since the polarization efficiency of nuclear spins by free photoexcited electrons is
inferior to it by several orders of magnitude. Nuclei distant from donors are polarized by

spin diffusion [49, 50], characterized by a diffusion coefficient D, ~10 " cm’/s [32].

This process, which takes hundreds of seconds, was studied in relation to optical
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orientation in semiconductors by Paget [32] and Kalevich et al. [74]. In our
experiments, it manifested itself as a slow increase of the Faraday rotation signal in Fig.
6.1 (b) and as a shift of the central frequency of the electron resonance in the spin noise
spectrum in Fig. 6.1 (c). After switching off the pump, the relaxation of the nuclear
magnetization proceeds in the reverse order, due to spin diffusion to donors playing the
role of “killer centers”. As shown by Khutsishvili [49] and De Gennes [50], the

relaxation rate determined by such a process is
T)' ~4zxDn,a, (6.1)
which, at n,=4-10"cm™, gives 7, #200s, in accord to experimentally measured

times for magnetic fields above 50G. The diffusion stage is preceded by a rapid
relaxation of the nuclear magnetization within the Bohr radius of the donor. This
process can also be recorded experimentally if the pump pulse duration is reduced (Fig.
6.1 (a)) and the dark interval duration is changed in the subsecond time range [75]. The

result of such an experiment is shown in Fig. 6.6.

Figure 6.6. The initial stage of spin-lattice relaxation in dielectric n-GaAs: relaxation of nuclear spins

in contact with an electron localized at the donor [75].

As can be seen from Fig.6.6, the nuclear magnetization decreases with a characteristic
time of 200 milliseconds and reaches a quasi-constant level, reflecting the polarization
of bulk nuclei. With prolonged pumping, the polarization of bulk nuclei increases
manifold due to spin diffusion and determines the long-term (hundreds of seconds)
dynamics of the decay of the nuclear field, shown in Fig. 6.1 (d). It is easy to verify that

the measured time 7,, ~200ms actually corresponds to the hyperfine relaxation of
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nuclei in contact with a localized electron. The relaxation rate of the nuclear spin under

the influence of a fluctuating Knight field B, is equal to [1]

L= () (B (6:2)
Substituting here the Knight field averaged over the hydrogen-like wave function of the

donor-bound electron ~ 20 G, we obtain an estimate of the electron spin correlation time

7, ~400ps, which coincides with that determined from the study of electron spin

relaxation for 7, =4-10"cm™ (see Chapter 3).

Thus, for magnetic fields B> 50 G, our results confirm the model of hyperfine
relaxation at donors, limited by spin diffusion, as proposed by Paget.

What is even more surprising is the fact that neither the relaxation (warm-up) of the
nuclear spin system in fields of the order of the local field in n-GaAs, nor the spin-
lattice relaxation of nuclei in p-GaAs in general, are described by this model under any
reasonable assumptions.

Indeed, out of the parameters included in the Khutsishvili-De Gennes formula (6.1),
only the diffusion coefficient can depend on the magnetic field, but this dependence is
not so strong as to explain an increase in the relaxation rate by an order of magnitude,
and even more so by two orders of magnitude, as in Fig.6.5. The subsecond time scale
of spin-lattice relaxation in p-GaAs does not fit into this picture at all, since there are no
resident electrons in the p-type material.

As will be shown below, these contradictions are resolved by taking into account the

contribution of the quadrupole interaction to the spin-lattice relaxation of nuclei.

6.2.1. Quadrupole warm-up of the nuclear spin system by fluctuating electric fields

In magnetic fields lower than the mixing field (B, ~50G, see Chapter 4), the

Zeeman reservolr is in equilibrium with the spin-spin one and, as one of the
consequences, the magnetization of the nuclear spin system is completely determined
by its spin temperature and external field. In this regime, the rate of spin-lattice

relaxation is actually the warm-up rate of the nuclear spin system. If the rate of energy
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input from fluctuating electric fields is equal to J,, the warm-up rate is determined by

the formula
1 3
—_—=— 6.3
T, C.p (6.3)
1(1+1)

where C, =TrM;-(B*+B})=(r}) (B*+B;) is the heat capacity of the nuclear spin

system (see Chapter 5).
Let us consider a small volume V, inside which a fluctuating electric field £, can be

considered spatially uniform. As follows from Eq.(1.13) of Chapter 1, in GaAs and
other cubic piezoelectric crystals the total Hamiltonian of the quadrupole interaction of
all nuclei inside this volume can be written as

fy ==V (E,-F) (6:4)
where P, is the dielectric polarization related to the quadrupole moment. The

components of P, are determined as

1

By =y 2P0V 2(Qn), (6.5)

(see Egs.1.10 -1.14 in Chapter 1). Here n numerates nuclei within the volume V.
In the linear response approximation, the spectral density of absorbed power at the

frequency o equals
Sy (@)= La (@) £ (o) (6.7)
where o"(w) is the imaginary part of generalized susceptibility. According to the

fluctuation-dissipation theorem [66], o"(w) can be expressed via the spectral power

density of fluctuations 2, :
" _ a)_ﬁ 2 6 8
" (w)=V 5 <5PQ (a))> (6.8)
In order to calculate the total energy influx into the nuclear spin system,

S, = I 3, (w)dw |, it is necessary to know the fluctuation spectra of both the electric field
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and the quadrupole polarization. In the dark, electric fields fluctuate due to charge
fluctuations as a result of thermal activation of electrons from donors to the conduction
band and as a result of hopping from filled to empty donors. Let us consider the

simplest case of charge fluctuations characterized by a single correlation time z¢, which

has the meaning of the average time of filling an empty donor by capturing a free
electron from the conduction band or by hopping from a neighboring donor. In this

case, the temporal correlation function of the electric field can be written as
(E,(0)E, (t))=LE] exp(~t/z) (6.9)
where E, is the electric field at a distance of the Bohr radius from the charged donor,

and the dimensionless coefficient L takes into account the averaging of the electric
fields of randomly located charged centers. For the impurity band of an n-type bulk

semiconductor L ~2.5a,n;. Having performed the Fourier transform of the correlation

function (Eq.6.9), we obtain the power spectrum of fluctuations of the electric field:
(B2 (@)= 1B —2F (6.10)
1+ (a)rf)
Using Egs. (6.7), (6.8) u (6.10) we obtain the following expression for the total

absorbed power:

~

3, =§—£LE§ [ %{w;(@)m 6.11)

Though the precise form of the dependence <§PQ2(a))> is unknown, it is concentrated

mainly in the frequency range |w|<py,\B;+B’. Therefore, in the case when
to>>T,~1/(yyB,) , one can replace the fraction under the integral by unity, which

yields

- 7V
So T
T

c

LE, (5F;) (6.12)

where <5PQ2> - the total mean squared fluctuation of the quadrupole polarization, which

can be found by taking the trace from the right-hand side of Eq. (6.5). Substituting
Eq.(6.12) into Eq.(6.3), we obtain the final expression for the warm-up rate of the
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nuclear spin system by slow (as compared to 7,) fluctuations of the electric charge in
the impurity band::

1/T, = ”L(eQﬂQEa)2 AI(1+1)-3
° S(hyy) (B4 B} e [41(21-1)

(6.13)

As can be seen from Eq.(6.13), the quadrupole warm-up rate is maximum at zero

external magnetic field and decreases quadratically in the field at B> >> B; . Its value in

the zero field is determined by the coefficient L, which reflects the spatial distribution of

fluctuating charges, and by their correlation time z¢.
If we take 0.1n, as a reasonable estimate for the concentration of charged donors

(compensation degree 10%), the best agreement with the experimental dependences of
the warm-up rate on the magnetic field (Fig. 6.2) for dielectric samples is obtained at

¢ ~0.9ms, that a posteriori confirms the assumption of slow, as compared to 7,, time

scale of charge fluctuations. Such long correlation times are characteristic of large-scale
charge fluctuations [76], which are just what is required to create alternating electric
fields that cover all nuclei in the bulk of the crystal.

The difference in the characteristic fields for suppressing quadrupole relaxation in
microstructures and bulk layers is explained by the increase in the local field in
microstructures that we found (see Chapter 5) to arise due to the static quadrupole
splitting of nuclear spin levels as a result a slight deformation in such structures.

In sample I (undoped quantum well), the high warm-up rate in weak fields i1s most
likely due to large-scale fluctuations of electric fields created by charged impurities or
defects in the barriers. This is confirmed by the fact that in this structure the rise time of
the nuclear polarization upon pumping turns out to be two orders of magnitude longer
than the relaxation time in the dark. Such a paradoxical behavior, the opposite of what is
usually observed in bulk gallium arsenide, can only be explained by the screening of
fluctuating electric fields by photoexcited charge carriers.

Various contributions to spin-lattice relaxation in n-GaAs are shown schematically in

Figure 6.7.



213

Figure 6.7. a) The transition from relaxation of the angular momentum to energy relaxation as the
main component of the spin-lattice relaxation of nuclei with a decrease in the magnetic field to values

comparable with the local fields of spin-spin interactions. b) The main mechanisms of spin-lattice

relaxation in n-GaAs: diffusion-limited hyperfine relaxation at B> >> B; and quadrupole warm-up in

weak magnetic fields..

6.2.2. Specifics of dynamic polarization and relaxation of nuclear spins in dielectric
p-GaAs
The main difference between the dynamics of spin-lattice relaxation in p-type
gallium arsenide and what is observed in various n-GaAs structures is the complete
absence of the slow component of nuclear magnetization or spin temperature, varying
on a scale of tens or hundreds of seconds. Both pumping and nuclear spin relaxation
occur over times of the order of 100 milliseconds. In addition, the relaxation rate is
independent of the magnetic field and decreases sharply with decreasing temperature at
temperatures of the order of 5 K and lower (Fig. 6.4).
Subsecond relaxation times show that spin diffusion does not participate in the
formation and decay of nuclear magnetization: the length of nuclear spin diffusion over

a time of 100 ms is only 1 nanometer. Consequently, nuclear spin polarization relaxes in
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the same place where it was created by pumping. Although hyperfine interaction with
holes bound at acceptors can lead to dynamic polarization of nuclear spins [77], the
Hanle curves measured on samples G and H unambiguously indicate the absence of
optical orientation of holes and the purely electronic nature of the observed
manifestations of the interaction of spins of photoexcited carriers with nuclei.
Therefore, the dynamic polarization of nuclei occurs in the usual way, through
interaction with localized electrons [1].

The absence of spin diffusion during pumping in p-GaAs can be explained on the
basis of the model proposed by Paget, Amand, and Korb [33]. Since donor centers in p-
type semiconductor in equilibrium are not filled with electrons, the dynamic
polarization of nuclei is carried out by photoexcited electrons trapped by donors. The
rate of dynamic polarization is proportional to the electron density, which exponentially
decreases with distance from the donor. The capture and recombination of photoexcited
electrons leads to the appearance of time-dependent electric fields around donors,
inducing quadrupole warm-up of the nuclear spin system. The Coulomb field, in
contrast to the electron density, slowly decreases with distance. As a result, nuclear
spins are polarized only in the vicinity of the donor center, within the “quadrupole

radius” a, =~ 0.4a, [33].

The Paget-Amand-Korb mechanism, based on the recharging of a donor by
photoexcited electrons, works only under conditions of optical pumping. What causes
relaxation of nuclear spin polarization in the dark, when the donors are empty? Most
likely, this is a quadrupole relaxation induced by the electric field of a charged acceptor
located near the donor. Charged acceptor centers are formed in a partially compensated
p-type semiconductor as a result of the recombination of one of the acceptor-bound
holes with an electron descended from the donor. At zero temperature, a negative
charge corresponding to the absence of a hole, with a 97.4% probability, is located at
the acceptor closest to the donor [37]. At a finite temperature, holes can jump from
more distant acceptors to this charged center, leading to its neutralization and a sharp
decrease in the electric field. The time dependence of the electric field in the vicinity of

the donor in this case has the form of a random telegraph signal.
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For simplicity, let us consider charge hopping between the acceptor (1) closest to the
charged donor and another acceptor (2) located at a greater distance. Jumps occur at
random times, with the average time of the continuous stay in state (1) being equal to

7,, and in state (2) to z,. The electric field at a nucleus in the vicinity of the donor
switches between two values. Denote them by E, and E,. Then the average value of the

electric field at the nucleus will be equal to

(E) _En+Er, (6.13)

T, +7,

while its mean squared fluctuation equals

SE? = <(E-(E>)2> (- B) D (6.14)

(r,+7,)

The autocorrelation function of the fluctuating part of electric field, £, =E —<E> , which

1s an asymmetric random telegraph signal, is determined by the shortest of the two

times:

(E, (0)E, (1)) =(E, - E, )szexp(—{lq-iB (6.15)

(71 + Tz) S

and its Fourier transform, giving the spectral power density of fluctuations, is

62 - (£~ ) 5L O — (6.16)
¢ (Z'1+T2) 1+a)2(rlrz) /(T1+T2)

The absence of magnetic-field dependence of 7, makes one to conclude that the

frequency spectrum of fluctuating fields is much broader than the spectrum of nuclear

spin fluctuations. Thus, we are interested in the lowest frequency range, w<< Lin ,
77,
where Eq. (6.16) simplifies:
2 s\ (Tlfz )2 2
5Ew=( 1—E2) —122 _=§5E’, (6.17)

(Tl +7,

where r, =2 and SE> is given by Eq. (6.14).
7 + 7,

The times 7, and 7, can be written as
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1
wn

T, =

"”1 (6.18)

27 w(1+nph)

where w 1s the squared matrix element of the phonon-assisted tunnel jump, and #,, is the

phonon number, determined by the Planck distribution:

1
o = exp(&, /k,T)-1

(6.19)

where ¢,, is the energy difference between states (2) and (1) (here (1) is the ground state

with the nearest acceptor charged). From Egs. (2), (6.17), (6.18) and (6.19) we obtain

SE? = (E‘ _E )2 ! (l—exp(—g21 /kBT))eXp(—gzl / k,T)
- (1+exp(—&, /kBT))3

4]

(6.20)

To obtain the expression for relaxation rate [12], the right-hand side of Eq. (6.17)
should be multiplied by 5, where

__e9b
©4nl (21 1) (621)

is the coefficient connecting the angle-averaged matrix element of the quadrupole

interaction with the electric field [33]. Finally, we get

- AEzw_l[ e0p, T (1—exp(—821 /kBT))eXp(_iZI [ kyT) (6.22)
Anl(21-1) (1 +exp(—&y, /kBT))

Eq.(6.22) allows one to calculate the temperature dependence of 7;. To this end, it is
necessary to estimate ¢, and AE’ :<(E1 ~E, )2> These values are determined by

Coulomb energies and electric fields of two charges positioned at the nearest and next-

nearest acceptor, at distances 7| and r) from the donor. As an estimate, one can take

the positions of maxima of distribution functions of nearest and next-nearest acceptors:
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E) (r)= 4rr'n, exp(—%m’:’nJ
y ) (6.23)
ng) (r) = ?ﬂzrsnj exp(—gmﬁnA]

These functions reach their maximum values at the following distances from the donor
Ry, =(27n, )_1/3
472. -3 (624)
DA — [_nAj

As a result, we get
g [ L1
© e Ry R

NPANEPERN (6.25)
, e

Where the squared electric field is averaged over angular distribution of the two
acceptors.

The fitting of the experimental dependences of 7, is shown in Fig.6.4 by solid curves.

The best agreement for the temperature dependences was obtained for the only fitting

parameter 7, =w" (the characteristic time of a phonon-assisted jump) of 3 us for
sample G and 5 us for sample H. Since the condition y,Br, <<1 was satisfied in the
studied range of magnetic fields, there is no dependence of 7, on the magnetic field, in

agreement with experiment results.

Fig. 6.8 schematically shows the differences in quadrupole relaxation in p- and n-
type semiconductors. In n-type crystals and structures, nuclear spins are dynamically
polarized by electrons at neutral donors, and nuclear polarization propagates by spin
diffusion into the bulk of the crystal. In the dark, the spin system of nuclei remote from
donors warms up under the influence of large-scale fluctuations in the electric field,
characterized by long correlation times. In p-type crystals, nuclear spins are
dynamically polarized by photoexcited electrons trapped on charged donors, and spin
diffusion into the crystal bulk is blocked by quadrupole relaxation due to donor

recharging during pumping. In the dark, nuclear polarization near a charged donor
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relaxes under the influence of a rapidly fluctuating electric field arising from charge

hopping between acceptors closest to the donor.

Figure 6.8. Schemes of quadrupole relaxation in p-type (a) and n-type (b) GaAs.

6.3. Mechanisms of nuclear spin-lattice relaxation in metallic n-GaAs.

The main mechanism of nuclear spin-lattice relaxation in metals is the Korringa
mechanism — the scattering of Fermi-edge electrons by nuclear spins [78, 12]. In
degenerate (metallic) semiconductors, the density of electronic states at the Fermi level
is orders of magnitude lower, which accordingly reduces the relaxation rate.

In samples A, B, and F studied in this work, the electron concentration was not much
higher, or of the order of the threshold concentration of the insulator-metal transition
((1+2)-10"cm™). Nevertheless, the spin relaxation rate in magnetic fields of 100-1250
G shows a linear temperature dependence in the temperature range of 5-30 K (Fig. 6.3).
In the most doped sample F (1, =9-10cm™, E, ~10meV) at temperatures from 10 to

30 K, the experimentally measured values of 7', without fitting parameters, fall on the

Korringa theoretical dependence:
T(T)= %(A2>v;p;kBT (6.26)
where <A2> is the squared hyperfine constant, averaged over isotopes, v, is the primitive

cell volume, and p, :%(37#%)1/3 is the density of states on the Fermi surface. The
T
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slope of the temperature dependence of 7' in sample A (n,=4-10"cm™) also follows

Eq.(6.26), but there is a constant background component, not described by Korringa's

law and corresponding to an additional relaxation channel with 7, ~400c. Note that in
sample F 7'(T) also stops at approximately the same constant level at temperatures

less than 10K. Similar times are characteristic of diffusion-limited hyperfine relaxation
in dielectric n-GaAs (see above). It can be assumed that in metal samples they have the
same nature. Indeed, the relaxation of nuclear spins on electrons localized at close pairs
of charged donors with a characteristic time of 10 seconds was observed in sample B

(n,=2-10"cm™) (see Chapter 4). Such pairs, capable of binding an electron, in spite of

the screening by electron gas, can play the role of killer centers towards which nuclear
spin polarization is transferred by diffusion. The characteristic size of the pair is

determined by the screening radius of the degenerate electron gas:

1 3 1/6
r, = _[”“BJ (6.27)

2\ 3n,

The concentration of pairs can be estimated as the product of the concentration of

donors and the probability of a second donor falling within the range r, from the first :
n, z%ﬁnérg exp(—%ﬂnl)rgj (6.28)

The relaxation rate due to spin diffusion to pairs can now be estimated using the

Khutsishvili-De Gennes formula:
T D_pl ~4zDyn 1, (6.29)

For sample F (n,=9-10cm™) this gives r,=7.5nm, n,~1.2-10cm™ and 7, ~100c,
and for sample A (n,=4-10cm™) r, =8.6nm, n,~3.8-10°cm™ and 7, ~250c. As one
can see, the estimates in the model of relaxation on pairs of donors give a similar in
order of magnitude, but still somewhat higher relaxation rate than obtained in the
experiment. In addition, in the heavily doped sample F, the contribution of localized
states 1s not observed at temperatures above 10 K, which may be due to delocalization

of electrons with increasing temperature under conditions of strong screening by

electron gas.
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On the whole, the experimentally obtained picture of spin-lattice relaxation of nuclei
in samples with a degenerate electron gas suggests a transition regime from diffusion-
limited hyperfine relaxation on localized electronic states to the Korringa mechanism,
which is observed at doping levels lying slightly above the dielectric-metal transition.

The dependence of 7, on the magnetic field in such structures qualitatively resembles

that observed in dielectric n-GaAs, but is less pronounced - the rise in the relaxation rate
in weak fields is not so strong, about 3 times instead of one or two orders of magnitude
in dielectric structures. Its origins are not entirely clear. Shielding by electron gas makes
warm-up by fluctuations of the electric field unlikely. The Korringa mechanism in
presence of the dipole — dipole interaction between nuclear spins should lead to an

increase in the relaxation rate by a factor of &~3, when the magnetic field decreases

below the local one, due to correlation of the electron field at different nuclei [12].
However, the local field in the studied heterostructures is several times larger than it
should be under the dipole — dipole interaction, which is most likely due to the
quadrupole splitting of the nuclear levels induced by deformation (see Chapter 5). For

the quadrupole interaction, & ~1 [79] and no substantial increase in the relaxation rate in

weak fields is therefore expected.

Main results of Chapter 6:

1. The main mechanisms of spin-lattice relaxation of nuclei in the dielectric phase of
n-GaAs at temperatures below 20 K are hyperfine relaxation of the spins of nuclei
in contact with electrons localized on donors, spin diffusion to donor centers, and
quadrupole relaxation. Quadrupole relaxation is induced by alternating electric
fields arising from spatio-temporal charge fluctuations in the impurity band. This
mechanism determines the relaxation (warm-up) rate of nuclear spins distant
from donors in magnetic fields less than the local field, and is suppressed by
stronger magnetic fields.

2. In the metallic phase of n-GaAs, at donor concentrations slightly above the

insulator-metal transition, the spin-lattice relaxation is determined by the
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Korringa mechanism (scattering of free electrons on the Fermi surface by
fluctuations of the nuclear magnetization), as well as by hyperfine interaction
with electrons localized at close pairs of ionized donors.

3. In dielectric p-type GaAs, the spin-lattice relaxation time of optically oriented
nuclear spins is three orders of magnitude shorter than in n-GaAs and amounts to
tens or hundreds of milliseconds. This i1s due to the fact that the dynamic
polarization of nuclear spins is provided by photoexcited electrons trapped at
charged donor centers. The warm-up of nuclear spins in the vicinity of sparse
donors occurs through quadrupole interaction under the influence of fluctuating
electric fields caused by the recharging of the donor during pumping, and due to

charge hopping over the acceptors closest to the donor after switching off the

pump.

The studies that make up the contents of this chapter are published in Refs.[59-61, 67,
72, 73,75, 77].
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Conclusion

As aresult of the studies on which this dissertation is based, the following general
picture of the relaxation of the nonequilibrium angular momentum and energy in the
interacting spin systems of resident electrons and lattice nuclei in direct-gap

semiconductors is formed.

The relaxation of the angular momentum of electrons occurs due to its transfer to
the nuclear spin system through hyperfine interaction and to the crystal lattice due
to spin-orbit interaction. In the case of electron localized on donors, the relative
efficiency of these two fundamental relaxation channels is governed by the
correlation time of the electron spin on the donor, which at low temperatures is
determined mainly by the exchange interaction between localized electrons, and
decreases with increasing donor concentration. Spin-orbit relaxation in the dielectric
phase occurs due to the anisotropic part of the exchange interaction arising in non-
centrosymmetric semiconductors as a result of spin rotation by the spin-orbit field
during tunneling. In heavily doped crystals with a degenerate electron gas (metallic
phase), the relaxation of both the angular momentum and energy is determined by

the Dyakonov-Perel mechanism with scattering by charged donors.

Neither hyperfine nor anisotropic exchange interaction provide transfer of energy
from the electron spin system to the lattice. Therefore, a spin temperature different
from the lattice temperature can be established in the spin ensemble of localized
electrons. The spin temperature of the electron spin system is equalized with the
lattice temperature due to phonon-induced hopping of electrons from neutral to

charged donors within a small number of pairs of closely spaced donor centers.

In a nuclear spin system, the spin temperature is almost always established,
including in microstructures with residual lattice deformation, where the spin heat

capacity of nuclei increases many times due to quadrupole interaction.
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In the dielectric phase of n-type semiconductors, the warm-up (energy relaxation)
of the nuclear spin system in weak magnetic fields occurs through quadrupole
interaction with alternating electric fields created by charge fluctuations in the
impurity band. In magnetic fields exceeding the local field of spin-spin interactions
of nuclei, quadrupole warm-up is suppressed, and the hyperfine interaction with
localized electrons, limited by spin diffusion to impurity centers, becomes the main
relaxation mechanism. This mechanism provides relaxation of both energy and
angular momentum. The same is true for the Korringa mechanism, which determines

the spin-lattice relaxation of nuclei in the metallic phase.

In p-type semiconductors, the dynamic polarization of nuclear spins during
optical pumping is provided by photoexcited electrons trapped at charged donors
and is limited to the region inside the Bohr radius of the donor, since the electric
fields, fluctuating due to the donor recharging, warm up the nuclear spins around the
donor. After the pump is turned off, the polarization of nuclear spins relaxes under
the influence of fluctuating fields created by charge hopping between acceptors

closest to the donor.

All these features of electronic and nuclear spin relaxation were experimentally
demonstrated on gallium arsenide as a model semiconductor. The developed theory
is largely applicable to all III — V and II — VI cubic semiconductors, as well as to
wurtzite semiconductors (with obvious modifications). An important exception are
crystals in which all nuclei have spin 72 (for example, CdTe). In such materials,
quadrupole nuclear relaxation mechanisms are absent. A systematic experimental
study of spin-lattice relaxation in such semiconductors, as well as in various
quantum-well structures, would constitute a natural and very useful continuation of

this work.
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