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HcenenoBaHbl MeXaHU3MBI IEPEXOIOB MEK/Y Pas/IMYHBIME PEXXIMaMU KoeOaHuUit
B IOJIIPOBOIHHMKOBOU CBEPXpPEIIETKE B MPHCYTCTBUM BHEIIHEIO HAKJIOHHOTO Mar-
HUTHOrO 1ois. B ciryyae HeOOJIBIIMX TeMIEPaTyp ¢ POCTOM HANPSKEHHsS B CHCTEME
npoucxoauT Oudypkanys yaBOeHHUs MEpHOAa, 00YCIOBIMBAIONIAS CMECHY AUHAMUYC-
CKOTO PEXHMa, TOIZla KaK C YBEJIMYCHHEM TEMIICPATyphl HEPEXOfl OCYIIECTBIIACTCS
4epe3 CPhIB IeHepali KosieOaHuil ToKa.

[TonynpoBOTHUKOBBIE CBEPXPEHICTKH — CJIOXKHBIE HAHOCTPYKTYPHI, CO-
CTOSIIIIME M3 HECKOJIbKUX depenyommxcs ToHKuX (~ 10nm) cioeB pasimy-
HBIX IOJTYIIPOBOAHUKOBBIX MAaTepHajioB, OOBMHO C OJIM3KUMHU IEepHOAaMU
KpHUCTaUIYeckoil pernetku, Hampumep GaAs u AlGaAs [1,2]. B momo6-
HBIX CTPYKTypax BO3MOXKHO HaOJiofaTh OoJbllioe pasHOOOpasue KBaHTOBO-
Mmexanmdeckux 3¢ dextos [3,4]. [IpwiokeHne K MOTYIPOBOTHAKOBEIM CBEPX-
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Puc. 1. CxemarnyHoe n300paeHHe IMOJTYNPOBOIHUKOBOI CBEPXPELICTKH B IMPHU-
CYTCTBHH HAKJIOHHOTO MAarHUTHOTO IOJIL. PasjM4HBIM [[BETOM MOKA3aHBI PasjIMHBIC
TIOJIYTIPOBOIHHUKOBbIe Marepuasisl, HanpuMep GaAs u AlGaAs. IokasaHbl mepuon
cBepxpelueTky (d), HanpasJieHue iekTpudeckoro (F) M HaKJIOHHOTO (Yros HakJo-
Ha 6) marautHOrO TOJIs (B), MpHIOKEHHOE K MOJIYIIPOBOIHUKOBON CBEPXPEIIETKE
Hanpspkerue (V).

penieTkaM 3JICKTPHYESCKOTro TOJIS IPUBOAUT K OOPa3sOBaHHIO 3JICKTPOHHBIX
[IOMEHOB [5,6] ¥ COOTBETCTBEHHO K BO3HMKHOBEHHIO KoJjicOaHuil. B Hacros-
M MOMEHT Bce 0oJbllle BHUMaHUS YAEJIAeTCs PAaCCMOTPEHUIO TPAHCIIOPTa
AJIEKTPOHOB Yepe3 MOJTYIPOBOTHUKOBYIO CBEPXPELIETKY C O3UIIMIA HeJTMHEH-
HOM JIMHAMWKW, YTO TMO3BOJISICT BBISIBJISATh U OOBSCHATH 3PQPEKTH, Habmomna-
folecss B uccrenyemoit cucreme [7-13). K 4ucsy BompocoB, CBSI3aHHBIX
¢ TakuMH 3(pQeKTamMu, OTHOCHTCS BOIPOC O XapakTepHBIX OubypKanusx,
BO3HHUKAIOIIMX B TOJIyPOBOJHHKOBOW CBEPXPELIETKE, KOTOPHIC MPUBOIAT K
CMCEHE XapaKTePHBIX ANHAMIYECKAX PEKUMOB.

B nannHO#l pabore paccMaTpuBaeTCs BOIPOC O CMEHE XapaKTEePHBIX
PEKUMOB TeHepaluy KojieOaHuii ToKa B OJTYIPOBOIHUKOBOII CBEpXpelIeTKe
(puc. 1), Habmomaromecst Mpy PasIMYHBIX TEMIICPATYPax C YBEJIMYCHHEM
HaNpsHKEHNS, TPUJI0KEHHOTO K CBEPXpEIIeTKeE.

[Ipu MopenupoBaHMU IPOLECCOB B IOJIYIPOBOIHUKOBON CBEpXpelIeTKe
B IPHCYTCTBUM HAKJIOHHOI'O MAarHUTHOIO IIOJI MCIIOJIb30Bajlach CHUCTEMa
ypaBHEHWii, BKJIIOYAOMast B ceOsi ypaBHEHUC HENPEPBHIBHOCTH, YPaBHEHHUE
[lyaccona W BbIpaKeHHE Uil IUIOTHOCTH TOKa C YYeTOM JAperdoBoit
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CKOpOCTH 3JieKTpoHa [2,7]:

LN _
at  ax’

oF e

X eoer (n—="no),

J =emngy(F) (1)

rie t o0o3Ha4yaeT BpeMsi, a KOOpAMHATA X COOTBETCTBYET HaIlPaBJICHUIO
OBWKCHUS 3JICKTPOHOB B ITOJTyIIPOBOTHUKOBOM cBepxpemieTke. [lepemeHHbIe
n(x,t), F(x,t) m J(X,t) oOmpemessliOT KOHIIEHTPAIMIO, HAIPSHKCHHOCTD
JIEKTPUYECKOTO IOJI M IUIOTHOCTb TOKAa COOTBETCTBEHHO. I[lapamerpsl
&, & = 12.5 o603Ha4YalOT aOCOMIOTHYIO M OTHOCHUTEJIBHYIO TU3JICKTpUYe-
CKHe TIpOHHMIaeMocTH, Np = 3 - 10?2 m~3 — paBHOBECHYIO KOHIIEHTPALUIO
3JIEKTPOHOB, Vg — [Opei(oBYI0 CKOPOCTb 3JICKTPOHA, BBIYUCJICHHYIO IS
cpentero 3Hauenusi F, 1 € > 0 — 3apsi1 2JIeKTPOHA.

3aBucuMoCTh JpeilpoBOii CKOpOCTH, BXOpsiieidl B ypaBHeHue (1), or
HAIIPSHKEHHOCTH 3JISKTPUYECKOTo IIOJI1 3aBUCHT OT HAKJIOHA MAarHUTHOTO
noss ¥ TemnepaTypsl. C pocToMm TeMmepaTypsl apeiidoBast CKOpOCTb YMEHb-
IACTCs, TOrAa KaK HAKJIOHHOE MAarHUTHOE II0JIe MPHBOAUT K MOSIBJICHUIO
pe3oHaHCHBIX MakcumyMoB [11], B pesysbrare 49ero AMHAMHKA CHCTEMBI
CTaHOBHUTCSI 3HAYUTEJIBHO ciioxkHee. st pacdera cucreMsl ypaBaermit (1)
3aBHCHUMOCTH JpeiihOBON CKOPOCTH OT HANPSKCHHOCTH 3JICKTPHYECKOTO
TIOJISI PACCUMTHIBAJIACH YMCJICHHO TPH PA3JIMYHBIX 3HAYCHUSIX TEMIICPaTyphl
C HCIHOJIb30BaHUEM MOIENH, AeTaabHO ommcaHHo# B [5,10,11]. TIpu pacue-
T€ WCIOJIb30BAIUCH CJICAYIOIINE MapaMeTphl, XapaKTepHbIe IS PeasbHbIX
HaHOCTPYKTYp: IupuHa MUHM30HE A = 19.1 meV, mepuon cBepxpereTku
d = 8.3 nm, HakI0H MarauTHOro mojis O = 40°, 3HaYeHWE WHAYKIMHA Mar-
HUTHOrO mois 6 = 40°, 3HayeHWe MHAYKUMM MarHuTHoro mojsg B = 157,
Bpemsi paccesausa 7 = (.25 ps.

B xome mpoBemeHusi MCCIIENOBAaHMII YCTaHOBJIEHO, YTO Cpasy IIocje
BO3HUKHOBEHHUS TeHepaly KoseOaHusl TOKa B IIOJTYNIPOBOIHUKOBOH CBEpX-
pelIeTKe MMEIOT BHJ, OJIM3KMI K TapMOHHMYECKMM. 3aTeM, C yBeJIMYeHUEeM
HaIPsHKCHHSI, IPHJIOKEHHOTO K CBEPXPELICTKE, IPOUCXOIUT ObICTpasi CMeHa
Xapakrepa KosebaHumil, mpu 3ToM (opMa KosjeOaHHil CYIICCTBEHHO YCJIONK-
HsIeTCs. BpeMeHHEIC peayM3aliyl TOKAa JUIs Pa3/IMYHBIX 3HAYCHUH HAmpsi-
JKeHus1 pu HeGostbioM 3HaveHnn Temmepatypsl (T = 4.2 K) mokasaHsl Ha
puc. 2,a,d. BugHo, 9TO C POCTOM TNPHIIOKEHHOTO K IOJIyIIPOBOIHUKOBOM
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Puc. 2. a, d — peaymzanyy TOKa, IPOTEKAIOMIETO Yepe3 MOJIyIPOBOJHUKOBYIO CBEPXPELIETKY, ISl 3HAYCHU HAIPSIKCHHUST
V =0.56V (a), V=0.585V (d). b, ¢, e, f — (a3oBble HOPTPETH], BOCCTAHOBJICHHBIE IO METOXy TakeHca (BpeMs
3a[ep)KKH T COCTaBJISIeT YETBEPTh Ieprofa KosiebaHmil), muist 3HavyeHuil Hampspkenus V = 0.56 (b), 0.565 (c), 0.57 (e),

0.585V (f). [st remneparypst T = 4.2K.
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CBEpXpEIIeTKE HAIPSHKCHUST XapakTep KoeOaHWid CyNIECTBEHHO MEHSETCH.
Ytobsl Oosiee MOOPOOHO PACCMOTPETb H3MEHEHHE AWHAMHUKH CHCTEMBI,
HEOOXOIMMO BOCIIOJIb30BAThCS METOIIOM 3a/iepKeK TakeHca BOCCTAaHOBJICHHUS
(ha3soBbIX MOPTPETOB MO BPEMEHHBIM peaymmsanusMm [14]. Merox cocrout
B TOM, YTO HMesi 3aBHCHMOCTb HEKOTOPOW MepeMeHHOW oT BpemeHH | (t)
(B paccMaTpmBaeMOM Cily4ac B POJIM IIEPEMEHHOH BBHICTYIACT 3HAYCHHE
TOKa, HPOTEKAIOIIET0 Yepe3 CBEPXPEIIeTKY) M UCHOJIb3Ysl BPEMEHHOH IIar 7
U 1IeJIOE€ YHUCJIO M, MOXKHO HMOCTPOWUTh MMEPHBI BEKTOP, KOMIIOHEHTaMHU
KOTOPOTO SBJIAIOTCS 3HAa4eHWsI | B MOMEHTH Bpemenu t, t—r, t—27,...,
t—(m—1)7. JlaHHBII BEKTOp 3a7daeT TOYKY B M-MEPHOM MPOCTPAHCTBE,
KOTOpasi C TEYCHHEM BPEMEHHU IIepEeMEIIacTCs M0 HEKOTOPOH TPaeKTOPHH.
Ecim mpenmnosiouTe, 9T0 MBI UMEEM €0 C YCTAaHOBUBIIMMCSI PEKHMOM
KoJIeOaHMI IUCCUNATHBHONM CHCTEMBI, TO BO3HUKAIOLIas NPH ONHCAHHOM
MIOCTPOCHUH TPACKTOPHUS €CTh PEKOHCTPYHPOBAHHBIA IMMOPTPET aTTPAKTOpa B
¢aszoBom mpocrparctse [15]. [l1s paccMOTpeHHs IUHAMUKHA TOKA TOCTATOY-
HO JIByMEPHOT0 ()a30BOro MopTPeTa, BPEMEHHYIO 3aJIep)KKy YIOOHO BHIOpaTh
B YETBEPTh IepHona KojaeOaHuil TOKa.

Ucxoms w3 BUAa  BOCCTAHOBJICHHBIX  (Pa30BBIX  MOPTPETOB
(puc. 2,b,c,e,f), MOXKHO CHEJIATh BBIBOJ O TOM, YTO MPH JaHHBIX 3HAYCHUSIX
IapamMeTpoB MMeeT MecTo Ondypkanus ynBoeHus nepuona. C yBenmaeHHEM
HaNpsOKEHUs PEeXUM KojieOaHuil m3MeHsieTcs: B Touke Ougypkammu. Ocobo
CJIElyeT OTMETHTD, YTO B CHCTEME HaOJIIOlaeTCsl eAMHCTBEHHAsT OnypKarys,
a He Kackam Om¢ypkaummii ynBoeHuss nepmopa. [losBnenme Ondypxranmm
YABOCHUSI TEpPHOAAa IPUBOOUT K CYINIECTBEHHOMY CHIDKEHHIO YacTOTHI
KojiebaHmii — B paccMaTpuBaeMoM cirydae ¢ 72 mo 36 GHz.

AHaITornYHBIe BpeMEHHbIE peasm3anui U (a3oBble MOPTPETHL IJIST TOKA,
MIPOTEKAIOIIET0 Yepe3 MOJYIPOBOJHUKOBYIO CBEPXPEIIETKY, IPUBEACHE Ha
puc. 3 ms 3HadeHus temneparypel T = 200 K. B nanHOM ciydae mepexon
MEKIY PasMYHBIMU peXUMaMu KosebaHumii (puc. 3,a,d) ocymiecTBisiercs
He 4yepe3 OU(ypKalyo ynBOEHUs NIEPUONIA, a Yepe3 MOoaBJIeHHE TeHEePaLliH.
U3 cpaBuenuns (asoBbix moprperoB (puc. 3, b,c,e) BHAHO, UTO Cylie-
CTBYIOLIUE B CUCTEME KoJIeOaHWsl C YBEJIMYCHHEM HANpsDKEHHsS CHadasla
3aTyxaioT (puc. 3,c¢), IPU 3TOM MPOMCXOOUT IMOJIHOE 3aTyXaHue KoyreGaHmit
TOKa, MPOTEKAOUIEro Yepes MOTyIIPOBOTHIKOBYIO cBepXpemeTKy. OnHako ¢
JAJIbHEUIIM POCTOM 3HAYCHUsl HANPSHKEHHUA IeHepalys KosebaHWii CHOBa
Bo3HHKaeT (Hampumep, mist V = 0.56 V), npu sTom xapakrep KoseGaHmit
IO W TOCJIC TOMABJICHHUS I'CHEPAlly CYNIECTBEHHO oTim4aercs. [Ipm stom
4acToTa M aMIUINTyJa KoJIeOaHWH 0 3aTyXaHHs U IOCJIE OOWHAKOBBI U
cocrasisior 18 GHz.
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Puc. 3. a, d — peaymzammu ToKa, IPOTEKAIOLIETO Yepe3 MOTYIPOBOIHIKOBYIO CBEPXPEIICTKY, Ul 3HAYCHUI HaIPSHKEHAS
V =0.542V (a),V = 0.56 V (d). b, ¢, ¢ — (a3oBble HOPTPETH, BOCCTAHOBJICHHEIE 10 MeTony TakeHca (BpeMs 3aepiKKu T
COCTaBJISICT YCTBEPTh MEpHOfa KoieOaHuit), [uist 3HaueHuil Hanpsokerust V = 0.542V (b),V = 0.55V (c¢),V = 0.56 V (e).
Hns remnepatypsr T = 200 K.
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TakuM 00pa3oM, MOXHO CHEIaTh BBIBOM, YTO B IOJIYHPOBOIHHKOBBIX
CBEpXpeIIeTKaX B MPHCYTCTBHM HAKJIOHHOTO MAarHUTHOTO TIOJISi I pas-
JIMYHBIX TEMIIepaTyp MOXXHO HaOJOIaTh pasHbBIC BapHaHTHl IEPEXOIOB
MEXIy peKMMaMy I'eHepanin KoJjieOaHuil TOKa ¢ POCTOM HampsbkeHust. s
MaJIbIX TEMIIepaTyp XapakTepeH Iepexol yepe3 ONMHOYHYI0 OubypKaluio
YABOEHHMS NEPUOMa, TOIAa Kak I Oojiee BBICOKMX TeMIIepaTyp XapakTepeH
Hepexol 4epes IOfaBJICHUE TeHepaluu KojeOaHWil TOKa, MPOTEKAaIoIIero
4yepes3 IOJYIPOBOIHUKOBYIO CBEPXPELICTKY.

Pabora BbImosIHeHa mnpu momaep:kke MuHuCTepcTBa 00pa3oBaHUs U
Hayku PO (3amamme 3.23.2014/K), CoBera mo rpantam mnpesupaeHTa Poc-
cuiickoit Pepepanuy 1J11 FOCYIaPCTBEHHON IOAMIEPKKU BEIYIUX HAYYHBIX
mrkos1 (npoext HII-828.2014.2), Poccuiickoro ¢onaa (yHmaMeHTaIbHbIX
uccienoBanuit (mpoexrt 15-32-20299), a tawxe OHII , JJunactus®.
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