HAITIOHAJIBHA AKAJEMIS HAVK YKPATHI
®IBUKO-TEXHIYHUN ITHCTUTYT HU3bKNX TEMIIEPATYP

imeni B.I. Bepkina

HAIIOHAJIbHA AKAJIEMISI HAVK YKPAIHU
OIBUKO-TEXHIYHUI IHCTUTYT HU3LKUX TEMIIEPATYP

imeni b.I. Bepkina

Kpanidikariitna HayKoBa

Ipaligd Ha MpaBax PyKOIUCY

BarpoBa Osbra MukosaiBHa
YK 538.93

NMMCEPTAIA

EJIEKTPOMEXAHIYHI ABUIIIA
B HOPMAJIbHUX TA HAAIIPOBIZJIHNX

HAHOCTPYKTYPAX
HA OCHOBI PYXOMOI KBAHTOBOI TOUKI

104 — «®DizuKa Ta acTPOHOMIsI»
10 — «IIpupomnudi naykns
[ToaeTbes Ha 3100y TTS HAYKOBOIO CTYIIEHS JIOKTOpa (histocodil.

Hucepraliig MiCTUTD pe3yJIbTATU BJIACHUX JOC/II/2KeHb. BUKOpucTanus ijeit, pe3yabraris i

TEKCTIB 1HIUX aBTOPIB MalOTh MMOCUJIAHHA Ha BIIIOBIIHE JPKEPETIO

O.M. Barposa

(mignue 3106y Bava)
Hayxkosnit kepiBauk: Kysiniu Cepriit IBanoBu4,

KanJamaaT d)iBHKO-MaTeMaTI/I‘{HHX HayK,

CTapINuii HAYKOBUIA CITIBPOOITHUK

XapkiB — 2023



AHOTAIIIA

Barposa O.M. EJIEKTPOMEXAHIYHI 4dBUIITIA B HOP-
MAJIBHUX TA HAIITPOBIZIHUX HAHOCTPYKTYPAX HA
OCHOBI PYXOMOI KBAHTOBOI TOUKI. — Pykomuc.

Jucepraliist Ha 3100yTTsI HAYKOBOI'O CTYIIEHs JOKTOpa (bijtocodil 3a crierri-
anpuicTio 104 — dizuka Ta actponomis. — Pi3UKO-TEXHIYHUN THCTUTYT HU3BKUX
temriepatyp imeni B.I. Bepkina HAH Vkpainu, Xapkis, 2023.

HucepTraliist mpucBsiuena BUBYEHHIO HOBUX (DYHIAMEHTAJILHIX SABUII, K1 BU-
HUKAIOTHh BHAC/IIJOK €JIEKTPOMEXaHIYHOTO 3B’sI3Ky B ME30CKOIIIUYHUX CHUCTEMax Ha
OCHOBI PYXOMOI KBaHTOBOI TOYKH.

Y BCTyMi KOPOTKO OOI'PYHTOBAHO aKTYaJIbHICTh TEMU JINCEPTAIlil, BU3HAaUe-
HO METY Ta OCHOBHI 3aBJIaHHS JOCJIJPKEHHS, a TaKoyK 00’'€KT, MpeJIMEeT 1 MeTO/IN
jocuimzkentsi. ChopMyIboBaHO HAYKOBY HOBH3HY Ta IIPAKTHIHE 3HAUEHHST OTPH-
MaHUX pe3ysabTaTiB. HaBejieHo BijoMocTi 1po mybJiikariii, ocobucTuii BHECOK 3710-
OyBaua Ta amnpoballiio pe3yyabTaTiB gucepTaliil. TakoxK IpPUBEIEHO BiIOMOCTI PO
CTPYKTYPY Ta 00csr JucepTaliitHol poboTu.

Po3ain 1 npucssyueno oryisgjry Ta aHa i3y JITEPaTypHu 3a TEMOIO JTUCEPTAITIT.
PosryisinyTo ocHOBHI sIBUIIA, STKI BUHUKAIOTH IIPU TPAHCIIOPTYBaHHI €JIEKTPOHIB 1e-
pe3 OJIHOCJIEKTPOHHUIT TPaH3UCTOP. 30KpeMa, BBejeHo mijaxin Jlangayepa-BroTTi-
Kepa Ta MOHATTS KYJIOHIBCHKOI OJ10Ka Il TyHefoBanHs ejleKTpoHiB. ITyHKT 1.1.2
MIPUCBSYIEHO PO3TJIALY MOJAPOHHUX e(PeKTIB Y TPAHCIOPTI eJIEKTPOHIB Y MOJIEKY-
JIIPHUX TPaH3UCTOPax. 30KpeMa, 00IOBOPIOETHCsT TTOXOIzKeHHsT OJ10Ka i PpanKa-
Komntona (1ossipoHHOT) 1 MOJISIPOHHOTO 3BYKEHHSI IIIUPUHN €HEPreTHIHOTO PIBHS,
a TaKOyK HEMOHOTOHHA TeMIlepaTypHa 3a/Ie2KHICTh JudepeHIia bHOT ITPOBIIHOCTI.
OxkpiM Toro, B octanuiit yacTudi MyHKTY 1.1.2 KOPOTKO PO3IVIAHYTO OKpPEMUil
BUIIa/IOK HEPIBHOBaYKHOI BIOPOHHOI i ICUCTEMH.

Ha Bijminy Bijt repirnol yacTuHn po3Aiiry 1, jie 00roBOpIoeThCs BILIUB Me-
XaHIYHUX KOJIMBaHb KBAHTOBOI TOYKM Ha TPAHCIOPT €JEKTPOHIB, Ha MPOTUBALY
[IbOMY B IOJAJIBIINX YaCTUHAX PO3IVISIAEThCs €BOJIONIS MEXaHIYHOI I1/ICUCTEeMU
i) BITMBOM TYHEJIOBAHHS €JeKTPOoHiB. Tak, y migpo3aiiai 1.2 BBeJeHO MOHS-
TTs KepoBaHOro Kybita Ta dopmyny Jlanmay-3enepa-lITykennoepra-Maitopann
It fiMoBipHOCTI nepexony. KpiMm Toro, o6roBopeHo JiesiKi IpOTOKOJIN JIJIsi KBaH-
TOBUX KOJIB KOPEKIil MOMMJIOK Ta 1X BayKJIUBICTH JIJIs TTOJAJIBIIION0 PO3TJIs LY. Y

MiAPOo37iai 1.3 po3riisiHyTO IPUPOIY sIBUIA MEXaHIUHOI HECTIHKOCTI.



Po3ain 2 npucegadeno posriigiay Ta aHaJizy HOJSIPOHHUX e(eKTiB, siKi BU-
HUKAIOTH 3aBIAKN HEPIBHOBAMHCHIT KOTEPEHTHIN BIOpOHHIH TicucTeM.

Y migpo3aiai 2.1 npeacTaB/IeHO MOJIEIb CUCTEMH, IO PO3LJIsIAEThCs.
O 1HOMOJIEKYJISIDHINT TPAH3UCTOP CKJIAJAETHCA 3 MaKPOMOJIEKYJ/IN, sIKy PO3Millie-
HO MiK JIBOMa, 00’ €MHUMHI €JIeKTPOJIAMHE, JI0 SKUX MPUKJIAJIEHO MOCTIIHY TATHYTY
Hanpyry. KBanToBa ToUKa, sika MOJIETIOE MOJIEKYJTY, 3a3Ha€ KBAHTOBIUX KOJTMBaHb
y HAIPAMKY, TEPHEHIUKYISIPHOMY JI0 HAIPSAMKY [TePEHOCY €JIeKTPOHIB. 3a JI0I0-
MOTOIO HAIIpYTH Ha 3aTBOPI BUHUKAE MOYKJINBICTH KepyBaHHS €HEPri€io OjHOe Ie-
KTPOHHOT'O PiBHA KBAHTOBOI TOYKH.

Y miapo3 il 2.2 npejacTaBieHo raMiJIbTOHIaH JIOC/IXKYyBaHOI CUCTEMH Ta
OTPUMAHO PIBHSHHA JIJI MATPUIl TYCTUHN €/TeKTPOHHOI TiICUCTEM.

Y migpo3aiai 2.3 orpuMaHo aHAJITHIHII BUPa3 JIjId €JICKTPUUHOTO CTPY-
My Yepe3 OJIHOMOJIEKY/ISIPHUI TpaH3ucTop. ¥ MiApPOo3AiJai 2.4 HaBeJleHO Ta IPO-
aHaJI30BAHO PE3y/IbTATH YHCEJbHIX PO3PaxXyHKIB BosbT-ammephux (I-V) xapa-
krepuctuk (BAX). Beranosieno sinnosinnicts mizk BAX, orpumannyu B ipuiy-
IeHHi, 10 BIGpOoHHA MijicucTeMa nepedyBae B KOTePEHTHOMY (HePi6HOBAHCHOMY) )
cTani, Ta PPaHK-KOHJOHIBCHKIMU CXOIMHKAMU JIJIs BIOPOHIB Y PIBHOBaXKHOMY CTa~
ni. [Tokazano, mo nHa BiaMiny Bij Teopil @panka-KonjaoHa, y BHITaJIKy KOTepeH-
THUX BIOPOHIB CXO/INHKN Ha BOJIBT-aMIIEPHIX XapPaKTepUCTHKAX € Hepery/IsipHUMU.
Bisbin Toro, jsi KOrepeHTHOI'o CTaHy BIOPOHIB CTPpYM HaCHYEHHsI BUHUKAE IPU
3HAYHO MEHINUX TArHydnX Hanpyrax. Ocraniii pakT Moxke OyTH BUPIMIAJILHIM B
eKCIIepuMeHTax, gKi BUMAraloTb poOOTH B PEKUMI 3HATTS TOJIAPOHHOI OJIOKAIN,
TOOTO MAKCUMAJILHUX CTPYMIB.

Y Oiapo3aisi 2.5 3HaiijieHo aHaJITUIHY POPMYITY I €JIEKTPUIHOTO CTPY-
my. Habymkenns jjae rapre y3rojpKeHHsl 3 OCHOBHUME YUCETLHUMU Pe3yJibTaTa-
M.

Po3zain 3 npucBgueno oTpuMaHHIO Ta aHaJIi3y 3alIyTaHOCTI, K& BUHIKAE
MIXK €JIEKTPOHHUMM Ta MEXaHIUHUMU CTYIIEHAMU CBOOOJIM B HA/ITPOBIIHOMY HaHO-
eJIEKTPOMEXaHITHOMY MTPUCTPOT.

Y migposmiai 3.1 npejcTaBiaeHO MOJE/b HAHOCJTCKTPOMEXAHITHOIO IPH-
CTPOIO, M0 PO3NIsiaaeThesd. CucreMa CKIaJIA€ThCs 3 HAJIIPOBIIHONO HAHOPOTY,
1[0 HiABIIIEHNI MiXK JIBOMa HaJIIPOBIIHUMK ejleKTpogamu. Hanonpir, sikuit pos-
DISJIAETHCST SIK 3apsIOBUil KyOIT (CXOBHUINE KyTEpiBCHKUX T1ap), 3a3HAE 3TUHAh-

HUX KOJINBaHb y HAIIPSIMKY, IE€PIIEeHINKY/ISIPHOMY J10 oci HaHoapoTy. OKpiM Toro,



HAHOJIPIT 3'€IHAHWIT 3 eJIEKTPOJAMI 3aTBOPA 34 JIOTIOMOTOI0 €MHICHOTO 3B’d3KY,
IO JI03BOJISIE KEPYBATU BIJICTAHHIO MiK eHepreTHIHuMU piBHAMEI KydiTa. J[o To-
0 2K, pI3HUI a3 MiK HaJIIPOBITHIMI €JIeKTPOIaMI MOYKe OyTH IIiI/IalToBaHa
MOCTIITHOIO TATHYYOI0 HAIIPYTOIO, 1110 MIPUK/IajieHa JI0 HUX, 9K Pe3yJIbTaT HecTallio-
naproro edekty JIxkozedcona. TakoxK mpecTaBIeHO TaMiTIbTOHIAH CUCTEMI.

Y migpo3miai 3.2 3HaiijleHO YacoBY €BOJIIOIII0 YUCTOIO CTaHy CHUCTEMHU.
[Tokazano, MO MOYATKOBUII YUCTUII CTAH €BOJIOIIOHYE JO CTaHy, ITPeICcTaBIeHO-
ro 3allJIyTaHICTIO MiXK JIBOMa CTaHaMHU KyOiTa Ta JBOMa KON€PEHTHUMU CTaHaMU
MeXaHIuYHOI'O pPe30HaTOPA.

Y migpo3aiai 3.3, KMl mpejcTaBiisi€é OCHOBHUIT Pe3y/IbTaT 1bOro pPO3/Ii-
JIy, 3allpOIIOHOBAHO 1 BUBEJIEHO clenudivHuil IPOTOKOI MaHIIYJIAIIl TICHY Y00
HAIPyTroo, SKUil IPU3BOJIUTH IO YTBOPEHHS 3all/IyTAHOCTI MiXK JIBOMa CTaHaAMU
3aps110Boro KybiTa i goma cranamu tuity "Schrodinger cat" (cymepriosuiist 1Box
KOTePEHTHUX CTAHIB), MOYMHAIOYN 3 IHCTOrO CTaHy. PO3MISHYTHI MPOTOKOJ 3aB-
JISTKU CBOIT TTpOCTOTI MOKe OyTi e(peKTUBHO peaslizoBaHnii B eKCIiepuMenTax 3 KO-
JIyBaHHSIM KBaHTOBOI iH(OpMaIlil 3 eJIeKTPOHHUX CTaHIB KybiTa /0 KOrepeHTHHX
(30kpema, Tak 3Banux "cat states") manomexaniuHoro pesonaropa. /o Toro ik,
"cat states" saBisiku cBOINl CTPYKTYpl HEe 9yTJIMBI /10 BAHUKHEHHST TOMUJIOK. Ta-
KM YMHOM, 3aIIPOTIOHOBAHA, CXeMa He MOTpedye J0JJATKOBUX MTPOTOKOJIIB KOPEKITil
KBAHTOBUX ITOMIJIOK.

Y migposaini 3.4 posrisinyTo eHTporito 3amiytanocti (don Heiimana) 3
METOIO KIJIbKICHOTO aHaJIi3y 3alLIyTaHOCTI MiXK 3apsiJIOBUMH CTaHAMU KyOiTa 1 KO-
repeHTHUMU CTaHaMU HaHOMeXaHIuHOro pe3oHaropa. daji B migpo3misi 3.5 obro-
BOPEHO YaCOBY €BOJIIOIII0 MEXaHIYHOI mijcucreMu. JiTKe oOrpyHTYBAHHS HASBHO-
CTI 3aIlJTyTAHOCTI MPEJICTABICHO MIJISTXOM aHa i3y BiAMOBIIHIX (QyHKI Birnepa.

Y migpo3aisri 3.6 omicaHo YiTKUIT METOJ, JjIsI eKCIIEPUMEeHTAJILHOTIO BHISIB-
JIEHHS 3aILIyTAHOCT1 IIJIIXOM BUMIPIOBAHHS CEPEHBOIO CTPYMY.

Pozsin 4 npucssayueno po3riisny Ta aHa i3y HaHOMEXaHIIHUX SBUII, Kl BU-
HUKAIOTH 3aBIAKN ePeKTy OJIM3HKOCTI B HACTYITHOMY TiOPUTHOMY HAHOEJIEKTPOME-
xXaHigHOMY TIpucTpol. CucreMa, Mo PO3IJIAIaEThCS, BKIIOUAE BYTJIEIEBY HAHOTPYO-
Ky, HJIBIIIEHY HaJ[ KAHABKOIO B 3BUYAIHOMY MeTaJIeBOMY €JIEKTPOJIl 1 pO3MIIIEeHy
B IIPOMIYKKY MiK JIBOMa Ha/IIPOBIIHUMHU eJIeKTpojiaMu. KpiM Toro, HaHOTPYOKa
3a3Ha€ 3rMHAJBHUX KOJMBAHb MiK JIBOMa, HAJIITPOBIHUMU €JIEKTPOJIaMU TaKUM

YUHOM, IO 3MMHAHHS HAHOTPYOKM IlepeMilnye 11 OJIMzKde JI0 OJHOTO eJIeKTPOIA



1 maji Bij inmoro. e mpu3BoanTh M0 3a/eXKHUX BiJ MOJOXKEHHS aMILIITYI TY-
HeJIoBaHHA. [0 TOro K, 3aBIsKKM HAsIBHOCTI Pi3HUI (a3 MixK HaJIIPOBIIHUMN
eJIEKTPOJ/IaMu, HeJllaroHa/IbHU 1mapaMeTp HOPsIKY KBAHTOBOI TOUKU BUHUKAE B
pe3yJabTaTi Ha IpoBijHOro edekTy Osm3bkocTi. Ha j1o/aToK, TArHydYa HAIpPyTa,
0 TPUKJIaJeHa JIO HOPMAaJLHOTO €JeKTPO/la, CIPUINHIE HAIIPABICHY JIUHAMIKY
€JIEKTPOHIB Yy CUCTEMI.

Y miapo3aiai 4.1 HaniBKIACKYIHUN [TAXi B paMKaxX HAOJIMKEeHHsT MaTPHUIlL
I'YCTUHU BUKOPUCTAHO JIJISI OTPUMAHH: Ta aHaJJI3y PEKUMY HecmilKxur CTaHIB
MeXaHIIHOI I11JCUCTEMU.

Y myHKTi 4.1.1 BBOAUTBCS MOJIEb JOC/TIIXKYBaHOTO HaHOEJIEKTPOMEeXaHi-
YHOT'O IIPUCTPOIO Ta floro ramijibroniad. Y MyHKTI 4.1.2 po3rissHyTo HaOJIMKEeHH
MaTpuIll ryctunu. BuBeseno cucreMy piBHAHDL JIJI €IEMEHTIB MaTpPUIll I'yCTUHU
pa3oM 3 HeJIHINHUM jJudepeHiiaIbHIM PIBHAHHAM JIPDYTOTO MOPSIKY JIJIT KOOP-
JIMHATH KBaHTOBOI Touku. Kpim Toro, B myHKTi 4.1.3 dpopmasizm pyukiiiit ['pina
BUKOPHUCTAHO /I 3HAXO/KEHHS TapaMeTpa MOPSIKY KBAHTOBOI TOUKH, SKUI BU-
HUKAE 33 paxyHOK Ha/IIPOBIIHOIO ePeKTy OJIN3bOCTI.

Y myHKTi 4.1.4 po3ryis]i B paMKax aiadaTuIHoro pexKnuMy JTO3BOJIAE CIIPO-
CTUTH 3aJ[a49y JI0 OJJHOTO HeJHIHOro JudepeHiaJbHOro piBHSIHHS (sIKe € TeH-
TPaJIbHUM Y I[LOMY PO3/IiJI) JJIsT KOOP/IMHATH KBAHTOBOT TOYKH 1 aHAJITHIHO MTPO-
aHaJ/Ii3yBaTH foro 3a JOMOMOTOIO METOY JiHeapu3allil, 9K y MyHKTi 4.1.5. Kpim
Toro, B myHKTi 4.1.6 BukopucraHo MeToj ycepeanentst Kpuosa-Boroobosa
JUUTSl 3HAXOJIZKEHHA HabJIMKEHOI'O0 PO3B’43KYy Ta aHAJII3y PEXKUMIB, B AKX MOYKE
IpaIfoBaTH HAaHOEJIEKTPOMEXaHIUHa, CUCTEMA, 1110 PO3IVISIAETHC. Po3risgHyTo nBa
CTaHU MEXaHIIHOI MiJIcuCTeMH. 30KpeMa, I0Ka3aHo, 110 B MEXaHITHO HeCmitikomy
peKnMI BUHUKAIOTh TPAHIIHI IIUKJIN CaMOIIATPUMHNX KOJNBaHb. 1o Toro K, Mae
Micie edpekT caMoHacuUIeHHsI. Y IyHKTi 4.1.7 OCHOBHI pe3y/bTaTu y3araJibHeHO
Ha, BUIIQI0K HECUMETPUIHNX TYHEJHLHUX KOHTAKTIB 1 BIUIMBY TEPMOIAMHAMITHOTO
OTOYEHHS.

Y 1myHKTi 4.1.8 00roBOPIOETHCS MOYKJIMBICTH €KCIIEPUMEHTAJILHOIO BHUSIB/IE-
HH¢l MeXaHIYHOI HECTIIIKOCTI B cucTeMi 3a JIONOMOI'0I0 BUMIPIOBAHHS €JIEKTPUYHOIO
ctpymy. IIposemoncrpoBano, 1o jgaHa cucTeMa MOXKe MPAIIOBATH B TPAH3UCTOP-
HOMY Ta JII0JIHOMY peKuMax.

Y myHKTi 4.1.9 00roBoprOeThCsl YMCEJIbHO PO3pPaxXOBaHa €BOJIIOIIsT PO3IJIs-

HYTOI CHCTEeMHU B JliabaTWIHIil I'paHUIll, 10 He MOXKe OyTH 3PO0JIeHO aHAJIITUIHO.



Y miapo3aiii 4.2 BpaxoBaHO BILIMB KBaHTOBO-MEXaHIUHUX (DJIYKTYaILiil.
[IpogemoncTpoBano, MO MOXKHA JIOCATTH PEKUMY OXOJIOJIZKEHHS IO OCHOBHOTO
cTaHy B pe3ysibTaTri epekTy OJIM3bKOCTI.

Y myHKTi 4.2.1 BBejIcHO TaMiJIbTOHIaH HAHOEJIEKTPOMEXaHIIHOI CUCTEMH,
10 PO3TJISIAEThCsA. &Y MYHKTI 4.2.2 BUBEJIEHO CUCTEMY PiBHSIHbB, SIKa OIKICYE JIH-
HaMIKy B CTaIllOHAPHOMY PeXKuMi, 1 IpoaHa/ii30BaHO 11 3a JIOIOMOI'0I0 IIpecTaB-
nenng pynkiiit Birnepa.

Y myHKTI 4.2.3 pO3IVISHYTO PEXKUM OXOJIOPKEHHS HAHOMEXaHITHIX KOJIU-
BaHb.

Y myHKTi 4.2.4 po3r/sHyTO eJIeKTPUIHUI cTpyM depe3 cuctemy. Ilokaza-
HO, 1110 OXOJIOJIZKEHHST MeXaHIYHUX KOJUBAHb 1, 30KpeMa, OXOJIOKEHHS 0 OCHOB-
HOI'O CTaHy MOKHA €KCIIEpUMEHTAJILHO JOC/ILIUTHU 3a JIOIOMOI0I0 BUMIPIOBAHHS
€JIEKTPUIHOTO CTPYMY.

Kiro40Bi ciioBa: KBaHTOBa TOUKa, HAHOEJIEKTPOMEXaHITHA CUCTEMa, MOJIe-

KYJIIpHUI TPaH3UCTOP, KOIepeHTHU cTaH, epeKkT OJIM3bKOCTI, KyOiT.



ABSTRACT

Bahrova O.M. ELECTROMECHANICAL PHENOMENA IN
NORMAL AND SUPERCONDUCTING NANOSTRUCTURES
BASED ON A MOVABLE QUANTUM DOT. — Manuscript.

Dissertation for a Doctor of Philosophy degree on speciality 104 — Physics
and Astronomy. — B. Verkin Institute for Low Temperature Physics and Engi-
neering, NAS of Ukraine, Kharkiv, 2023.

The dissertation is devoted to the study of new fundamental phenomena
which emerge due to electromechanical coupling in mesoscopic systems based on
movable quantum dot.

In the introduction it is briefly justified the relevance of the dissertation
topic, defined the purpose and main tasks of the research, as well as objects,
subject and research methods. The scientific novelty and practical value of the
obtained results are formulated. The information about the publications, the
personal applicant’s contribution and the approbation of the results of the di-
ssertation are discussed. The information about the structure and volume of the
dissertation is also given.

The chapter 1 is devoted to the review and analysis of the literature
related to the topic of the dissertation. The main phenomena which arise in the
electron transport through a single-electron transistor, are considered. Namely,
Landauer-Biittiker approach and the Coulomb blockade of electron tunneling
are introduced. The subsection 1.1.2 is devoted to the polaronic effects in
transport of electrons in molecular transistors. In particular, the origin of the
Franck-Condon (polaronic) blockade and polaronic narrowing of the energy level
width are discussed as well as non-monotonic temperature dependence of the di-
fferential conductance. In addition, in the last part of the subsection 1.1.2 a
special case of a non-equilibrium vibron subsystem is briefly considered.

In contrast to the first part of the chapter 1, where influence of the mechani-
cal vibrations of a quantum dot on the electron transport is discussed, in the
further parts we alternatively take into account the evolution of the mechanical
subsystem under an impact of the tunneling of electrons. Thus, in the section 1.2
the concept of a driven qubit and Landau-Zener-Stiickelberg-Majorana formula
for transition probability are introduced. Also, some protocols for quantum error

correction codes and its importance in the further consideration are discussed. In



the section 1.3 nature of the mechanical instability phenomenon and key results
are considered.

The chapter 2 is devoted to the derivation and analysis of polaronic effects
which emerge due to the non-equilibrium coherent vibron subsystem.

In the section 2.1 a model device is introduced. A single-molecule transistor
consists of a big molecule which is placed between two bulk electrodes biased
by a constant voltage. The quantum dot which models the molecule, undergoes
quantum oscillations in the direction perpendicular to the electron transport flow.
It also gated by the gate voltage in order to control the energy of a single-electron
level in the quantum dot.

In the section 2.2 Hamiltonian of the system under consideration is
presented and equations for the density matrix of the electronic subsystem are
obtained.

In the section 2.3 an analytical expression for the electric current through
the single-molecular transistor is derived. In the section 2.4 results of numerical
calculations for the current-voltage characteristics (I-V curves) are presented and
analysed. The correspondence between the current-voltage curves obtained for the
assumption of the vibron subsystem being in coherent (non-equilibrium) state and
Franck-Condon steps for equilibrated vibrons are drawn. It is demonstrated that
in contrast to the Franck-Condon theory, in our case of coherent vibrons steps in
the current-voltage characteristics are completely non-regular. Moreover, for the
vibrons being in coherent state, the current saturates at much lower bias voltages.
This can be effective in experiments which require working in a regime out of the
polaronic blockade, i.e., maximal currents.

In the section 2.5 a quite simple analytical formula for the electric current
is found. The approximation gives high-precision agreement with the main results.

The chapter 3 is devoted to the obtaining and analysis of entanglement
between electronic and mechanical degrees of freedom in a superconducting
nanoelectromechanical device.

In the section 3.1 a model of the nanoelectromechanical device under
consideration is introduced. The system consists of a superconducting nanowi-
re suspended over two superconducting leads. The nanowire which is treated as
a charge qubit (Cooper pair box), undergoes bending vibrations in the perpendi-

cular to the nanowire axis direction. Furthermore, the nanowire is capacitively



coupled to the gate electrodes which allow one to control the difference between
the energy levels of the qubit. Also, the superconducting phase difference between
the electrodes can be tuned by the constant bias voltage applied to them as a
result of non-stationary (ac) Josephson effect. The Hamiltonian of the system is
derived.

In the section 3.2 time evolution of the pure state of the system is found.
It is demonstrated that initial pure state evolves into the state represented by
entanglement between the two qubit states and two coherent states of the mechani-
cal resonator.

In the section 3.3, which represents the main result of this chapter, we
propose and derive a specific bias voltage manipulation protocol which results in
the formation of entanglement between two states of the charge qubit and two
Schrodinger-cat states (superposition of two coherent states) starting from the
initial pure state. The considered protocol due to its simplicity can effectively
be implemented in experiments with encoding quantum information from the
electronic qubit states to coherent (cat states, in particular) of a nanomechanical
resonator. Moreover, the cat states due to its structure are not sensitive to errors.
Thus, the proposed scheme does not require additional quantum error correction
protocols.

In the section 3.4 the entanglement (von Neumann) entropy is considered
in order to quantitatively analyse the entanglement between charge states of the
qubit and coherent states of the nanomechanical resonator. Further, in the section
3.5 time evolution of the mechanical subsystem is discussed. A clear justification
of presence of the entanglement is presented by analysing corresponding Wigner
functions.

In the section 3.6 an experimentally feasible method for the detection of
signatures of the entanglement by measuring average current is discussed.

The chapter 4 is devoted to the derivation and analysis of nanomechani-
cal phenomena which arise due to proximity effect in the following hybrid
nanoelectromechanical device. The system under consideration involves a carbon
nanotube suspended above a trench in a normal metal electrode and positioned
in a gap between two superconducting leads. Moreover, the nanotube undergoes
bending vibrations in between two superconducting electrodes in such a way that

the bending of the nanotube moves it closer to one electrode and further away
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from the other. It results in the position-dependent tunneling amplitudes. In
addition, due to the presence of superconducting phase difference between the
leads, the off-diagonal order parameter of the quantum dot emerges as a result of
superconducting proximity effect. Lastly, the bias voltage applied to the normal
electrode induces directed electron dynamics in the system.

In the section 4.1 the semi-classical approach within the density matrix
approximation is used to obtain and analyse the regime of mechanically unstable
states.

In the subsection 4.1.1 the model of the considered nanoelectromechanical
device and Hamiltonian are introduced. In the subsection 4.1.2 the density
matrix approximation is considered. The system of equation for the density matrix
elements together with the second-order nonlinear differential equation for the
quantum dot displacement is derived. Additionally, in the subsection 4.1.3 the
Green function formalism is used to find the quantum dot order parameter induced
by superconducting proximity effect.

In the subsection 4.1.4 the consideration within an adiabatic limit allow
one to simplify the problem to one strongly nonlinear differential equation (which
is the central one in this chapter) for the displacement and analytically analyse it
by using a simple linearization method as in subsection 4.1.5. Furthermore, in
the subsection 4.1.6 the Krylov-Bogoliubov method of averaging is used to find
an approximate solution and analyse regimes in which the nanoelectromechanical
system under consideration can operate. Two states of mechanical subsystem are
discussed. In particular, it is demonstrated that in the mechanically unstable regi-
me the limit cycles of self-sustained oscillations occur. Moreover, the self-saturati-
on effect takes place. In the subsection 4.1.7 the main results are generalized
to the case of asymmetric tunnel contacts and the influence of a thermodynamic
environment.

In the subsection 4.1.8 a possibility to experimentally detect the mechani-
cal instability in the system due to electric current measurements is discussed. It
is demonstrated that the device can operate in transistor and diode regimes.

In the subsection 4.1.9 we discuss numerically calculated time evolution

of the considered system in the diabatic limit which cannot be done analytically.
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In the section 4.2 quantum-mechanical fluctuations are taken into account.
It is demonstrated that we can achieve ground-state cooling regime as a result of
the superconducting proximity effect.

In the subsection 4.2.1 Hamiltonian of the nanoelectromechanical under
consideration is introduced. In the subsection 4.2.2 the system of equations that
describes dynamics in the stationary regime is derived and analysed by using the
Wigner function representation.

In the subsection 4.2.3 the regime of cooling of nanomechanical vibrations
is discussed.

In the subsection 4.2.4 the electric current through the system is di-
scussed. It is demonstrated that the cooling of the mechanical vibrations and
ground-state cooling, particularly, can be experimentally explored via electric
current measurements.

Keywords: Quantum dot (QD), nanoelectromechanical system (NEMS),

molecular transistor, coherent state, proximity effect, qubit.
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Chnucok nyoJrikKamiii 3100yBavda 3a TEMOIO JAUCepPTallil
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BCTVII

OOpyHTyBaHHsI aKTyaJIbHOCTI TeMM AOCJikKeHHs. HanorexHosorii
3HAXOAAThCS Ha IMepeaHboMy Kpal cydacHol Hayku. CydacHa TeXHIKa JI03BOJISIE
MAHIIY/TIOBATH MOJIEKY/JISIPHUMUI OpOITAISIMU OJIHI€T MOJIEKYJIM Ta CTBOPIOBATHU HA
OCHOBI MOJIEKYJI TPaH3UCTOPU BUCOKOI AKOCTI. OJHOMOJIEKYJISIPHI TPaH3UCTOPH,
sIK1 HaffyacTille BUBYAIOTHCA B €KCIIEPUMEHTAX, ABJISIOTH COOOI0 MIPUCTPIil HA OCHO-
Bi MakpomoJiekys1 ((ysepeHis abo ByrJelneBrx HaAHOTPYOOK), Jie Tisi MOJIEKYJ/Ia €
TYHEJILHO 3’€/IHaHa 3 eJIeKTPOIaMI BUTOKY 1 CTOKY Ta €MHICHO 3’€/IHaHa 3 eJIeKTPO-
JOM 3aTBOpa. B pesysibrari B3aeMojii MexaHiqHIX (BIODOHHIX) Ta eJIEKTPOHHUX
CTYIIEHIB CBOOO/I TPAHCIIOPTHI BJIACTUBOCTI TAKOIO HAHOPO3MIPHOI'O TPAH3UCTOPA
KapInHAJIBHO 3MIHIOIOTHCH.

OcHOBHUM HOBUM e(DEKTOM, KW CIPUUNHEHO BILIUBOM BIOPOHHOT ITijICHCTe-
MU, € T0IBa HEPYKHNX KaHAJIB TyHE/JIOBAHHS €JIEKTPOHIB B OJTHOEJIEKTPOHHOMY
Tpan3ucropi. /lyisg cuibHOT eJIeKTPOH-BIOPOHHOI B3a€MOIil eJIeKTPUYHUN CTPYyM
IpU HU3BKUX HAIpyrax CUILHO HpurHidyerbes (Osokanga @panka-Konmona abo
MOJISIPOHHA OJIOKAJIA), a 3HATTS 1€l GJIOKAII HAIIPYTOI abo TeMIepaTyporo TpH-
3BOJIUTD JI0 CXOJMHKOIIO/IOHOT BOJILT-aMIIEPHOT XapaKTEePUCTUKN Ta HEMOHOTOHHOT
TeMIIepaTypPHOI 3a/1e;KHOCTI TPOBIIHOCTH. ZKIO BIOPOHHI 30y 2KEHHS IIEHTPAJIb-
HabaraTo MeHIINil 3a XapaKTepHUil 4ac TYHeJIOBaHHsI eJeKTPOHIB, TO BIOpOHHA
nijicucreMa nepebyBae B PIBHOBaXKHOMY CTaHl. 3a3BUYail PO3IJISIAETHCS TPAHC-
MOPT €JIEKTPOHIB Yepe3 MOJIEKYJIAPHUI TPaH3UCTOP JId BUIAJKY, KOJU BIOPOH-
Ha ImijcucreMa nepebyBae y piBHOBakHOMY ctani. OnHak, Takuil miaxia He Jae
IPaBUJIBHOTO PE3yJIbTaTy, KOJIM 3B’s130K BIOPOHHOI IiJICUCTEMHU 3 HAaBKOJIUIIHIM
CEPEJIOBUIIEM € CJTADKIM.

3 inmmoro 60Ky, HanoesekTpomexaniuni cucremun (HEMCu) nepenbauaiors
edpeKTUBHII IIXid JIJIsl JOCJII?KEHHs] KBAHTOBO-MEXaHIuHOI B3a€MOJIIl MK Me-
XaHIYHOIO Ta eJIEKTPOHHOIO IijcucreMaMu. OJHUM 3 HAWBaXK/IUBIIINX SIBUII, IO
Je;kuTh B ocHOBI (pyHknioHasbHOCTI HEMC € renepariist caMoniaiTpuMHIX MeXar-
HIYHUX KOJUBAHL IiJ JII€I0 MOCTIiHOI HAnpyru. /o Toro K HaHOeIeKTpPOMeXaHi-
YHI CUCTEMU Tepe10avaroTh MaHIyIIOBaAaHHS MEeXaHIIHUM PYXOM HAHOOO €KTa 3a
JIOIIOMOI'O0 €JIEKTPOHHOI JinHaMiki. IcHye 6araTo miaxo/1iB 10 KepyBaHHsI HAHOMe-
XaHIYHIMHI XapaKTePUCTUKAMHE, 1110 3a0€31eUyI0Th HU3KY HOBUX (PYHKITIOHAJIbHIX

MOXKJIMBOCTE POOOTH HAHOIIPUCTPOIB, 30KpeMa, HaKadKa ab0 OXOJIO/IZKEeHHs MeXar-
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HiuHOI mizgcucremu. OJMH 3 OCHOBHUX IT1/IXO0JIiB BUKOPHUCTOBYE €JIEKTPOHHUII ITOTIK
yepe3 HAHOCUCTEMY, 1HYKOBaHM ab0 TATHYYO0I0 HAIIPYTOI0, abo IepenajoM TeM-
nepaTypu MizK JIBOMa eJeKTPOTaMI.

BarajoM icHye KijbKa TUINB B3a€MO/Iil MiXK €JeKTPOHHOIO Ta MEXaHITHOIO
nigcucreMamu. HaligacTine Taka B3a€MOJIisl BUHHKAE 3aBASKN JIOKAJII3AIl 3aps-
1y abo criny ejiekTpona. OpHak Br/odeHHs 10 ckiaagy HEMC nmaunposigHunx
eJIEMEHTIB JI03BOJIsI€E BUKOPUCTOBYBATH 3B’sI30K, 1[0 BUHUKAE 38 PAXyHOK JIEJIOKA-
JI3aIil KyrnepiBCbKIX Hap, sk OCHOBY JIJIS IJIBUIEHHS €(PeKTUBHOCTI €JIEKTPOME-
XaHIYHUX ITPUCTPOIB.

Omnucane BUIE KOJO HEBUPIMIEHNX MUTAHDL, IO CTOCYIOTHCA TOC/IiIZKEHHS
HAHOEJIEKTPOMEXaHIUHUX CUCTEM 1 MOJTPOHHUX ePEKTIB B MOJIEKY/IIPHUX TPAH3-
cTopax, BU3HAYAE AKTYaJbHICTb TEeMU JOC/I/IKEeHHS JIAHOl JucepTaliiinol pobo-
TH.

3B’130K poOOTU 3 HAYKOBHUMHW IIPOrpaMaMM, ILJIAaHAMM, TEMaMU

Huceprariitna podora BukoHaHa y Pi3UKO-TEXHIYHOMY 1HCTUTYTI HU3bKUX
remieparyp iMm. B.I. Bepkina HAH Vkpainn B paMkax TeMaTHIHOrO ILIAHY
OTIHT im. B.I. Bepkina HAHY 3a Bigomaumun temarnkamu: «Teoperndni J1o-
CJIJIZKEHHsT KOJIEKTUBHUX SIBUIN, Y KBAHTOBUX KOHJIEHCOBAHUX CTPYKTYpax Ta Ha-
HOMaTepiasax» (HOMep jepzkaBHoi peectparii 01170002292, mudp 1.4.10.26.4,
tepmin BukoHanHs 2017 — 2021 pp.), «Teoperndni moc/1izKeHHST KBAHTOBUX SIBHIIL
Y CKJIAJHIX HU3bKOBUMIDHUX KOHJIEHCOBAHUX CEPEJOBHINAxX»> (HOMEp JepXKaBHOI
peecrpariii 01220001505, mudp 1.4.10.26.5, repmin Bukonanus 2022 — 2026 pp. ).
Yactuna jauceprartiiiinol pobotn Oy/ia BuKoHaHa B LleHTpi TeopermdHol izukn
CKJIQJIHAX CHCTEM IHCTUTYTY (byHIaMeHTaIbHIX HayK y Temkoni, Pycmybrika Ko-
pest (Center for Theoretical Physics of Complex Systems, Institute for Basic Sci-
ence) B pamkax rmpoektis Condensed matter theory at nanoscale (IBS-R024-D1)
ta Disorder and chaos in low-dimensional systems (IBS Young Scientist Fellowship
(IBS-R024-Y3-2021)).

Merta i 3aja4i JOCJIiI>KCHHS.

Memoro nuceprariitnol poOOTH € TEOPETUIHMIT ONNC KBAHTOBUX €(EKTIiB B
TPAHCIIOPTI €JIEKTPOHIB Y HaHOEJEKTPOMEXaHIUHUX CUCTEMAaX Ta MOJIEKYJISAPHIX
TPaH3UCTOpaX.

st mocsSTHEHHST TTOCTaBJIEHOI METH B POOOTI HEOOXiIHO OyJI0 BUPIIIUTU Ha-

CTYIIHI 3a60aHHA:
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— JIOCJIJINTH €JIeKTPOHHUIT TPAHCIOPT Hepe3 OJIHOMOJEKYISIPHUNT TpaH3u-
CTOp JJIsl BUNAJIKY, KOJIM MeXaHIdHa IIiJICUCTeMa 3HaXOIUThCS Y HePiBHO-
BayKHOMY CTaHl, 30KpeMa, KOI'epeHTHOMY CTaHi;

— OTPUMATH €BOJIOIIIO B Yacl HAJITPOBLIHOI HAHOEJIEKTPOMEXaHIuHOI CUCTe-
MU Ha OCHOBI BYTJIEIIEBOI HAHOTPYOKI;

— JIOCJIJINTH XapaKTep 3allIyTaHOCTI MiXK 3apsiIOBUMU CTaHAMU KyOiTa Ta
KOPepEeHTHUMU CTaHaMU HAHOMEXAHIUYHOI'O OCIIUJIATOPA;

— JIOCTIUTH JIMHAMIKY TIOPUJIHOTO HaHOEJIEKTPOMEXaHIUHOI'O ITPUCTPOIO,
siKa BUHUKAE 3a PaxXyHOK Ha/IIIPOBIHOIO edeKTy OJIM3bKOCTI;

— oTpuUMaTHu 00J1acTI MeXaHi1IHOI HEeCTIfIKOCTI TaKol CUCTeMU;

— JIOCJIJINTH BILIMB KBAHTOBUX (PJIYKTyallili Ha cTallioHapHMUII cTaH Tibpu-
JIHOT HAHOMEXaHIIHOI CUCTEMN Ha, OCHOBI BYTJIEIIEBOI HAHOTPYOKH.

OG’eKTOM OCJIiI2KEHHSI JINCePTaIliitHOl POOOTH € KBAHTOBHII TPAHCIOPT
eJIEKTPOHIB B HAHOCTPYKTYypax Ha OCHOBI PyXOMOI KBAHTOBOI TOUYKH.

ITpeamerom mociTiaKeHHS € MexXaHiuHa HeCTIHKICTb Ta IIPOLecH TYHeJ -
BaHHS B HAHOEJIEKTPOMEXaHIUYHNX CUCTeMaX, 30KpeMa, MOJIEKYJIIPHAX TPaH3UCTO-
pax.

Meroan mochaimxkeHHs. Pesynbrarn jaucepraliiiiHol poboTn OoTpuUMAaHi 3
BUKOPUCTAHHSIM METOJIB TEOPETUYHOI (DI3UKM KOHJIeHCOBaHOTO crany. JIjis1 aHasi-
TUYHOIO 3HAXOKEHHs obJracTeil MeXaHIIHOI HeCTIKOCTI Ta JOCIIIZKEHHs I10JIs-
poHHUX e(deKTIB B HAHOEJTEKTPOMEXAHITHIX CUCTEMAaX BUKOPUCTAHWII METOJ Ma-
TPUII I'YCTUHH Ta Teopid 30ypeHb. TakoxK, J1j1s1 3HaX0KeHHsI e(peKTIB, OB sI3aHUX
3 KOIe€PEeHTHUMU OCHUIJIATISMU B MOJIEKYJIAPHOMY TPaH3UCTOPi, OYyJIM NpOBejIeH]
quce/IbHI PO3paxyHKN (pO3B si3aHHSI CHCTEMN JInDepeHIialbHIX PIBHSHD METOIOM
Pynre-Kyrra).

HaykoBa HOBHU3Ha OTPMMAaHMUX Pe3yJIbTAaTiB.

1. Bnepwe 10oCiIzKeHO0 eJIEKTPOHHUIT TPaHCIIOPT Yepe3 OHOMOJIEKYITPHUIT
TPAH3UCTOP JI/Is1 BUNAJIKY, KOJIM MEXaHiqHa TiICUCTeMa 3HaX0IUThCA y He-
PIBHOBaKHOMY KOT'€PEHTHOMY CTaHl, 30KpeMa, OTPUMAaHO BOJIbT-aMIIePHI
XapaKTEePUCTUKHI TAKOTO TPAH3UCTOPA;

2. Bnepwe moka3ana MOYKJIUBICTH reHeparlili KBAHTOBOI 3aIlTyTaHOCTI MiK
3apsJIOBUMU CTaHAMU KyOiTa Ta KONepEeHTHUMU cTaHaMi HaHOMeXaHiqHO-
o pe3oHaTopa 3a JOIOMOI'0I0 ITPOTOKOIY MAaHIIYJISI] TIATHYY00 HAIPY-

roIo;
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3. Bnepwe 10C/iIzKeHO KBAaHTOBY JMHAMIKY IiOpuIHOT HaHOEJIEKTPpOMeXaHi-
YHOI CHCTEMHU Ha, OCHOBI BYTJIEIEBOI HAHOTPYOKH, [0 BUHUKAE 3aBJISIKI
HaITPOBIIHOMY e(DeKTy OJIM3LKOCTI;

4. Bnepwe 3HaiijleHO 00J1aCTI HECTIHKOCTI JIJId HAHOEJIEKTPOMEXaHIYHOI CHU-
CTeMH Ha OCHOBI BYIJIEIIEBOI HAHOTPYOKHM Ta OTPUMAHO SIBUIIE CAMOHa-
CUYEHHs, 1110 BUHUKAIOTh 9K Pe3yJbTaT je/loKajizalil KylIepiBCbKIX Iap
3aBJISIKN ePeKTy OJMN3bKOCTI;

5. Bnepwe TeopeTndHO OTPpUMAHO €PeKT OXOJIOIKEHHS JIO OCHOBHOI'O CTa-
Hy HAHOMeXaHIYHUX KOJIMBAHb JIJI HAHOEJEKTPOMEXaHIIHOI CUCTEMH, JIe
eJICKTPOMEXaHIIHIIl 3B’SI30K Ma€ KBAHTOBY IPUPOJY — BUHUKAE B HACJI-
JTOK eeKTy OJIM3BKOCTI.

ITpakTuvie 3HaYeHHS OTPUMAHUX PE3yJIbTATIB.

PesynbraTn oc1izKenb, K1 MpeJjicTaB/IeH] B iucepTalliiiniii poOboTi, MarOTh
dyHIaMeHTa/IbHe 3HAYEHHS, OCKIJIbKK MOTJINOJIIOI0TH 1 MOIMMNPIOITH 3HAHHS I10-
JI0 TPAHCIIOPTY €JIEKTPOHIB y HaHOeJeKTpoMexaHiuHuX cucremax. [lepengbadeni B
poboTi edeKkTH, Taki TK CAMOIIITPUMHI HAHOMEXaHIuHI KOJMBAHHS Ta 0XOJI0][7Ke-
HHs 710 OCHOBHOTI'O CTaHy HaHOMEXaHIYHUX OCHUJIAIIN MOXKYTH OyTH BHUSABJIEHI B
ekcriepuMenTax. OTpuMaHi ITPOTOKOIN MAHIIIYIIOBAHHSI TATHY YO0 HAIPYTOI MO-
YKyTh OyTH BUKOPHUCTaHI B KOJIyBaHHI KBAHTOBOI iH(OPMAIIT MK cTaHAMHU Ky0iTa
Ta HaHOPE30HATOpa B paMKax ojHiel cuctemu. Ha ocHOBI jociKenb TpaHCIop-
Ty €JIEKTPOHIB B OJIHOCJIEKTPOHHOMY TPaH3UCTOPi, DA3UCHUM €JIEMEHTOM SKOTO €
pyxoMa KBaHTOBa TOYKa, MOXKYTb OYTH CTBOPEHi OLIbIT e(peKTUBHI MOJIEKY/IsAPHI
TPAH3UCTOPMU.

Ocobuctnii BHeCOK 3/100yBada.

Y Bcix poborax, siki OyJi BUKOHAHI B CIIBABTOPCTBI Ta YBIfiILIN /10 CKJia-
JIy AucepTalii, aBTop BUKOHAJ A BCl aHAJITUYHI Ta YUCEIbHI po3paxyHKU, OpaJia
y4acThb Y OOTOBOpPEHHI OTPUMAHUX PEe3Y/IbTaTiB Ta HalUCaHHI cTaTeil. TakuMm du-
HOM, OCOOMCTHII BHECOK 3J100yBava B BUPINIEHHS MTOCTABJICHUX TEOPETUUHUX 3a-
Jlad, sIKl PO3IVISHYTI B JucepTallil, € BU3HaYaJIbHIM.

Anpobartisg pe3yabraTiB amcepTariii. OcHOBHI pe3yabTaTH, MO MiCTs-
ThCA B JIUCEPTaIlil, Oyl MpeJicTaB/Ieni Ha HACTYITHUX 7 MiKHapPOJIHUX HayKOBUX
KOH(EpEHIIiAX:

e (DizpKa Ta HAYKOBO-TEXHIUHUII ITPOrpec: CTYJIEHTChKa HAyKoBa KOH(EPEH-

mist (Xapkis, Ykpaina, 10-12 ksitas 2018 p.);
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I MixkHapojiHa HaykoBa KoHpepeHIiid 3 (hi3uKn KOHIEHCOBAHOI'O CTaHy Ta
HU3bKUX Temieparyp (M. Xapkis, Ykpaina, 8-14 wepsus 2020 p.);
e Kondepeniiis mosoaux suaernx "TIpodsemu reoperuunol disuku" (m. Ku-
iB, Ykpaina (onnaiin), 21-23 rpynus 2020 p.);
e MixkHapo/iHa HayKoBa KOHQepeHIIist 3 (DI3UKKN KOHJIEHCOBAHOI'O CTaHy Ta
HU3bKUX Temiieparyp (M. Xapkis, Ykpaina, 6-12 wepsus 2021 p.);
o MixxHapomuuit CMMMIIO3iyM 3 HOBUX MaTePiaIiB i KBAHTOBUX TEXHOJIOTIH,
(Kanarasa, fnonis (ommaiin), 14-17 rpyaas 2021 p.);
e Kondepenrtis 3 kanTosoi Tepmonnamiku 2022, (Besdact, Besmka Bpu-
Tanist (oHJaitH), 27 epBHs - 1 gumng 2022 p.);
e 20-a Mixxuapojna kKoudepeHIiis 3 dbizukn Hu3bKUX TeMieparyp, (Carro-
po, fAnonis (omnaiin), 18-24 cepnms 2022 p.);

ITy6aikarii. PesynbraTn, Ha gxkux 6a3yeThed gucepTallisd, onyO/iKoBaHI B
4 naykoBux ctarTsx [1—4| ta 6 Tezax xoudepentiii [5—10].

CrpyKkrypa auceprailiii. /lucepraliisg cKIaJIaeThcd 3 aHOTaIliil, BCTYIIY,
OTJISIJIOBOT'O PO3/ILILY, TPhOX OPUITHAJBHUX PO3/ILIIB 3 PUCYHKAMU, BUCHOBKIB, CIIU-
CKY BUKOPHUCTAHUX JIZKepeJ. 3araJbHuil oocsar qucepTallil CTaHOBUTH 142 CTOPIHOK.
Bona mictuTh 26 pUCYHKIB 1 CIIMCOK BUKOPHUCTAHUX jkepesa 3 209 HaiimeHyBaHb

Ha 21 cropinimi.
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PO3/ILII 1

EJIEKTPOMEXAHIYHI EOEKTU B HAHOPOSMIPHUX
CUCTEMAX

Y 1IBbOMY PO3JiJi MU KOPOTKO PO3IJISIHEMO OCHOBHI KBaHTOBI e(eKTH, II0

BUHUKAIOTH MIPU TYHEJIOBAHH] €JIEKTPOHIB Y ME30CKOIIYHUX TPUCTPOSIX.

1.1. EaxekTpoHHUiI TpaHCIOPT B OHOEJIEKTPOHHUX TPaH3MCTOPaX.

Ha Bigminy Big 3BHYaiiHOINO TPaH3UCTOPa, OJHOCJICKTPOHHUN TPaH3UCTOP
(OET) (3 anena. — single-electron transistor (SET)) mae psan veTpusiagbHux oco-
OJsinBoOCTEl, 0OYMOB/IEHUX ITPUHIIUIIOBO KBAHTOBUMU edekTamMu. OCHOBHUME ITUTa-
HHSIMU, SIKI BUHIKAIOTH IIPU TPAHCIIOPTYBaHHI €JIEKTPOHIB B HAHOCJIEKTPUIHIX Ta,
HAHOEIEKTPOMEXaHITHIX TIPUCTPOSIX, € KYJIOHIBChKa 010K 1a (3 anen. — Coulomb
blockade), BibponHuit (3 anes. — polaronic) Ta doBHUKOBuUil (3 anes. — shuttle)
edextn, epextn Konso ta pignan Jlatinmkepa. Y 11b0My po3/ILI MU, HTy 90 TLIs-
XOM BiJI IIPOCTOTO JI0 OILIBIN CKJIAIHOTO, IouHeMo 3 1poctol mojeai OET, takum
YUHOM, 1110 BIOpOHHI ebeKTH OIycTUMO B mepiioMy myHkTi, 1.1.1.

O1HOEJIEKTPOHHUIT TPAH3UCTOP MOYKHA, PO3IJISAIATH B HAWIIPOCTIIIH Mogesi
sk KBanToBy TouKy (KT) (3 anen. — quantum dot (QD)), posmimierny mix gBoMa
o6’ eMHUMHE ejieKTpojiamit (3 anen. — leads) BUTOKY (3 aHen. — source) Ta CTOKY (3
anen. — drain), a TaKOXK IPU HASIBHOCTI TPETHOTO €JIEKTPO/Ia 3aTBOPY (3 amen. —
gate), nuB. puc. 1.1. [lenTpasbHa 9acTHHA CHCTEMIE, KBAHTOBA TOUYKA, SIBJISIE COOOIO
HYJIbBUMIPHY ME30CKOIIYHY CTPYKTYPY 3 JUCKPETHUM €HEPreTUYHUM CIIEKTPOM.
Bona moyke OyTu mpejicraB/ieHa METaJIeBUM OCTPIBIEM, KBAHTOBUM HAHOIPOTOM
(y momy wumesii Byrieniepoto nanorpyokoo (BHT)) abo maccuBHOIO MOJIEKYJIOO
(manpukia, dyaepeny). B octaHHbOMY BUNAJIKY X HPUIHITO HAZUBATH MOJIE-
KYJISSPHUMHI TpaH3uctopamn (3 anes. — molecular transistor (MT)), nus. migpos-
it 1.1.2. Ieaye 1ocTaTHRO TPYHTOBHUX OTJIS/IIB Ta MIPYIHUKIB HA 110 TEMY, JTNB.,
wanpuka, nocutanss [11—15]. KT nos’s3ana 3 06’ eMHuME (3 HEB3aEMOII0UNME
eJICKTPOHAMI) €JIEKTPOJIAMHU 3a JIOMOMOTOIO TIPOIECiB KBAHTOBOIO TYHETIOBAHHSI.
Ile o3Hadgae, 10 TaKy CUCTEMY MOXKHa PO3IJISJIATH STK OJHOBUMIPHY JIBOOAp €pHY
(3 GasticTUIHIM TPAHCIIOPTOM BCEPE/IHHI ), IO 3’€[HAHA 3 pe3epByapaMu eJIeKTPO-
HiB. Buna iok, Ko eHepris TyHETI0I0YNX €/IEKTPOHIB 3HAXOIUTHCA B MeyKax eHep-

FeTUYIHOT'O BIKHA TYHEJIIOBaHHA IIUPHUHN PE30HaHCHOI'O eHEPreTnIHOoro piBHH BCe-
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penHl CTPYKTYPH, BIAHOCUTHCA JIO PE30HAHCHOTO TyHedoBaHHs. [loBHicTIO KO-
IepeHTHUl TIpoliec TyHeI0BaHHS 3a3BUYail HA3UBAIOTH PE3OHAHCHUM KBaHTOBUM
ryuemoBantaMm (PKT) (3 anea. — resonant quantum tunneling). Omxnak, kosm
eJICKTPOHE TYHEJIOI0Th HEKOTepeHTHO 10 mpomizkaoro crany (Ha KT) i gasi, Ta-
KU TpOTiec HasuBaeThest TocIitoBanM TyHemoBanaaM (I11T) (8 anen. — sequential
tunneling) [11]. Ocranmiii Bunaj ok sikpa3 i 1mikaBuTh Hac. TakuM 9HHOM, TpaHC-
IIOPT €JIEKTPOHIB Uepe3 TakKy JIBOOAP’€pHY CUCTEMYy MOXKHA OINMCATH B paMKax
mijxony Jlanmayepa-Byrrikepa (3 anen. — Landauer-Biittiker approach) [16, 17].
B pamMkax 1nporo MeTojy cepejitiii cTpym I, SKuii BUSHa9a€ThCsT TYHEIbHIME PO-

mecaMu depe3 CucTemy, moB’s3anuii 3 koedirienrom TynemoBants 1'(g),

_26

1) =5 [ 4T 126 - (o), (11)

1e fr.r — dyukuis posnoginy Pepwmi-ipaka B siBomy (Butik) abo npasomy (crik)
enektpo, frr(e) =1/ [exp{(e — urr)/T} + 1], pr.r — ximiunnit norenuias, 17
— TeMIeparypa i e — 3aps/i eJekTpona. s TyaepHnx 6ap’epiB KoediieHT mpo-
XOJIZKeHHsT BIU3HAUAEThCsT 3a (popmyiioio Bpeiita-Biruepa (3 anes. — Breit-Wigner

formula),
F2
(e —g)?4+T%

ne &; Bianosigae eneprii pesonancuoro pisast KT (Bcepeauni mBobap’epHOl cTpy-

TBW (5) =

(1.2)

kTypu), a I' oc |to|?* - mupuna enepreruunoro pisust, I'/h, (ty - ammiiTyna TyHe-
moBanis). KopucHo Takoxk 3a3HadnTi, mo Jyist Jiniiinol mposignocri G = I /V
MOYKHA OTPUMATH HACTYIHUI Brpas 3 piBusguus (1.1) (B pexkumi siniitHoro Biary-

Ky, V — 0), skuii € Bijjomoro gopmysioto Jlangayepa /st mpoBiHOCTI,

G =Gy /OOO d=T (&) (-%) | (13)

e Gy = 2e? /h — nposignocTu. 3 11p0r0 piBHsHHs (1.3), MOXKHA OTPUMATH BUCOKO-
temieparypuy (17> I') 1/T samexk#icTsb JIHIAHOT TPOBIIHOCTH JJisT TOCJITOBHO-
ro tynesoBans ejgekTponis, G o< I'/T'. Takox piBusians (1.3) moxe ciayryBaTn
mijIcTaBoto I Bupasy "mposigHicTh € npoxozkenuam" (3 anea. — "conductance

is transmission") [18].
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Drain
R

Sourse
L

Gate

Puc. 1.1 Cxemamuune 306pasicenns 00H0EAEKMPOHHO020 MPAH3UCTOPA.

Keanmosa mouka po3amiuyemuvcs Mioc 08oma 00 eEMHUMU eAekmpodami
(6umorom i cmokom) ma myneavro nos asana (trr) 3 wumu. Hanpyea na

3ameopt 3a06EMbCA OAA MAHINYA08aHHA enepaiero KT.

YacrkoBa moxigHa B inTerpasi pisasiHsg (1.3) gae TemmepaTypHy 3ajie-
JKHICTD TPOBIHOCTI, TOJII 5K 3 KoedilienTa Mpoxo/zKeHHs, piBHstHHs (1.2), BUJIHO,
10 TIPOBIAHICTH Ma€ MaKCUMYMU IIPU € = €;. T'yT MOJIO2KEHHsT MAKCUMYyMiB BU3HA~
YalOThCsl €HEPreTUYHUMU PIBHIMU KBAHTOBOI TOYKHU 1 XIMIYHUM IIOTEHIIAJIOM B
efqexkTpogax. Ase 1e He eaumHuii Bunajgok. CydacHa eKCliepuMeHTaIbHA TeXHIKa
JIO3BOJISIE 3BMIHIOBATH IapaMeTpu IEeHTPaJIbHOI YaCTUHU TPaH3UCTOpa. 30KpeMa,
3a JIOIMOMOTOI0 JIOJIATKOBOTO €JIEKTPOIY (3aTBOPHOIO KOHTAKTY), SIKUH CTBOPIOE
KOHJIEHCATOP 3 OCTPIBIEM, MOYKHa& 3MIHIOBATH MOTEHIIaJ] KBAHTOBOI TOUKHU BlJIHO-
CHO eJICKTPOJIIB TaK, IO eHeprist KoykHoro piBHga Ha KT Oyje 3MmileHa Ha BeJIMIH-
HY, sTKa BI3HATAETHCS HAIPYTOO, IPUKJIAJICHOI0 110 3aTBOpY, eVi [19]. fAx macoi-
JIOK, JIiHifTHA JudepeHIiaabHa MTPOBIIHICTD Ma€ PE30HAHCHY 3aJICXKHICTH BiJl Ha-
upyru Ha 3arBopi. OcTaHHe TBEPZKEHHs J1a€ MOXKJIMBICTD 11eHTHhIKYyBaTH eHep-
FeTUYHHUN CIIEKTP KBAHTOBOI TOUKH 3a JIOIIOMOTOI0 BUMIPIOBAHHS €JIEKTPUIHOTO
CTPYMY.

TpancrmopTHi BIACTUBOCTI OJHOCTEKTPOHHIX TPAH3UCTOPIB Ha OCHOBI OTHIET
ab0 JIeKIJIbKOX KBAHTOBHUX TOYOK, KBAHTOBUX JIPOTIB € aKTyaJbHOIO TEMOIO K

TEOPETUIHUX, TAK 1 eKCIIePUMEHTATBHUX JIOC/I/[KeHb, JINB., Hanpukiam, [20—

27].
1.1.1. Pexxum KYyJIOHIBCHKOI OJIOKA/I TYHEJIIOBAaHHS €JI€KTPOHIB.

Y HaBeJIeHNX BUIIEe MIPKYBAHHIX MU BBaKaJll €JIeKTPOHU HEB3a€MOJIII0UN-
mu. [le npumnymenus Mozke Jiyzke JJo0pe MpalioBaTh JIJid MAKPOCKOIIIHUX TTPOBI/I-

HUKIB (1 MU 6y/1eMO JIOTPUMYBATHCH HOTO JIJIsT €JIEKTPO/IB Y o iasbiomy ). OiHak
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Ile He TakK JjIs KBAHTOBOI TOYKHU, Jie OJIMH €JeKTPOH MOKe BILJIMBATH Ha 11 cTaH
yepes JIMCKPETHICTh HOT0 3apsiiy.

BaxkauBuM mapaMeTpoM € eHepris, IOB'si3aHa 3 JIOJaBaHHSIM OJIHOI'O eJie-
KTPOHA JI0 HEHTPaJILHO 3apsi/IXKeHOT KBAHTOBOI TOYKHU, TOOTO €Hepris 3apsiiy, sKa

€ eJIEKTPOCTATUYIHOI0, 3yMOBJIeHO0 BjacHoio emHicTio C' KT,

EC = —=- (1.4)

Ile o3mavae, mo 3a HU3BKUX TeMiepaTyp, 1 <K €¢, 1 IKIIO HAIIPyTa 3MilIeH-
Hsl, PUKJIQJIEHA JI0 eJIeKTpojiiB, Mata, V < Vo = e/2C', tpanciopr eieKTpoHiB
yepe3 CUCTeMY TOBHICTIO OJI0KyeThed. [le BijoBigae epekTy KyIOHIBCHKOT OJIOKa-
. ZIBUIaM KyJIOHIBCHKOI OJIOKa I IIPUCBSIYEHO Oararo podiT, IUB., HAIIPUKJIAI,
nocunannst [12, 13, 15, 19, 28|. Baximo BijgHaunTu, 1Mo Ky/IoHIBCbKa OJI0Kaa
MOZKe OyTH 3HsITa PEry/IOBaHHSIM HAIPYTH Ha 3aTBOpi Vi (B YMOBY PE30HAHCHOTO
TYHEJIIOBAHHS TIOTPIOHO BKJIIOUUTH €HEPriio 3aps/ly, OCKLILKN MPU MPUXOJIl ejie-
KTPOHA Ha OCTpiBellb BIH 3MIILY€ €HePreTU4YHl PIBHI Ha BEJIMYUHY €Hepril 3aps-
1y), Ha Biaminy, Hanpuk/iaj, Bijg Osokagun @panka-Konjgona, siky Mu JeTajbHO
PO3TJIAHEMO B HACTyITHOMY TIyHKTI, 1.1.2. Ile mpu3BoanTh 10 OCIMIAIIN B PEXKUMI
KyJIOHIBCHKOT Os10Kau (3 anes. — Coulomb blockade oscillations), To6To 10 pe-
30HAHCHOT MOBEJIHKY JidepeHIiiajibHOl MPOBIIHOCTI 3a mepiojom Koyinsatb e/C
(3a mampyroro Ha 3aTBopi). Takoxk ¢ 3a3HaunTH, mo sikio podmipn KT craiors
TyzKe MajnMu (TOOTO 361IBITYETHCST EMHICTE), TO €Hepris 3apsiy MOYMHAE OyTH
MI3EpPHO MaJIOI0 B INOPIBHAHHI 3 BIJICTAHHIO MK KBAHTOBAHUMM €HEPTreTUYHUMU
piBHsIME Ha ocTpiBui. Lle npu3BoauTh 10 TOTO, MO JaHl OCHUIAIIIT Tenep € JiHiii-
HUME KOJIMBAHHSIMU TIPOBIIHOCTI (1K (DYHKINT HAIIPYTH Ha 3aTBOPi) 3 MePioioM,
[0 BU3HAYAETHCS BIJICTAHHIO MI?K €HEPIeTUYHUMU PIBHIMMU.

[Tomapyenns ejgekTpuaHoro crpymy depe3 OET B pexkumi Ky/10HIBCbKOI 610~
KaJI1 MOXKHA 3PO3yMITH 3 HACTYITHOI HAOYHOI KAPTUHKN. XIMITHI MOTEHIAIN eJie-
KTPOJIiB BUTOKY 1 CTOKY BH3HA4YalOTh TaK 3BaHe 'BIKHO ITPOBLIHOCTI TakK IO MPU
301/IbINIEHH] HAIpyTr#w 3MileHHs mupuHa "BikHa" 30iabiiyerbest. Pe3onanchmii
TPAHCIOPT €JIEKTPOHIB MOXKJINBHIA, Ko/ (pe3onaHcHi) eneprerndni pisai KT 3mHa-
XOOAThCsI B Mexkax "BikHa mposigaocTi". Hampyra Ha 3aTBOpI H03BOJISIE 3MICTUTH
piBHI eHeprii BijiHOCHO (PepPMIIBCHKOIO PiBHs B €JIEKTPOJAX 1, TAKUM UMHOM, Ha-

osmsnTH iX 10 "BikHa mposigHocTi" (abo HaBIAKH).
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OjiHiero 3 ocobJmBoCTell sIBUINA KYJIOHIBCHKOI OJIOKaIU B OJHOEJIEKTPOH-
HUX TPAH3UCTOPAX € KYyJOHIBCHKI CXOJMHKU BOJIbT-AMIIEPHUX XapaKTePUCTUK (3
anen. — Coulomb staircase of current-voltage characteristic), siki 6ibin Bupazke-
HI y BUIIAIKY HECUMETPUIHUX TYHEJbHUX Oap’epis, nuBs., Hanpukiai, |15]. Edekr
BUHIKAE 32 PAXyHOK BHECKY Yy TPAHCIIOPT €JIEKTPOHIB CTaHIB 3 OlJIbIIIOI eHEeprieto
1pu OLIBIINX TATHY4YnX Hamnpyrax. e morke OyTu 3po3yMmijio B paMKax 3rajiaHol
Buie kKapruau "BikHa nposignocti". Hanpukia, npu 3ajiaHoMy 3HAUYEHHI HAIPY-
' Ha 3aTBOPi €JEKTPUIHUI CTPYM IOJABJICHUI 1PU HU3BKUX TATHYUIUX HAIPY-
rax Jio KpUTHIHOIO 3HAYEHHsT Vo, MIC/IsT 900 eJeKTPOHN IMOUNHAIOTH TYHEI0Ba-
TH 4epe3 IepIInii cTaH Ha KBAHTOBIH TOYI. 3a OLJIbII BIUCOKHUX HAIIPYT CTalOTh
JIOCTYIHUME HACTYIIHI €JIeKTPOHHI CTaHH, 110 IPU3BOIUTE J0 CTPUOKA BEJIUIMHH
CTPyMy. K HACJIIJIOK, Y 3araJibHOMY BUIAJKY JIJIsl -1 CXOJIMHKU CTPYM 3HAXOATh
K [15],

2(2n — 1)8(]

= . 1.
Ve . (1.5)

[Ipu nboMy BHCOTa CXOJIMHOK PI3KO 3MEHINYETHCS, a 3aJIeKHICTh CTPYyM-HAIIPyTa
CTa€ JIHIITHOO PN BEJIMKUX 3HAUYEHHX HAPyTru 3MimeHHs. OKpiM Toro, Temiepa-
Typa 3TJIaJKYE 1 3PEIITOI0 PO3MIBAE CXOAMHKN, TOOTO MOYKHA OIIHUTH BiJIITOBITHY
TeMIeparypy s crniocrepexkents edektis sk T~ 1K [22].

HoctatHbo iHMOPMATUBHUME Ta 3a3BUYail BUKOPUCTOBYIOTHCH I TPEJI-
CTaBJIEHHsI eKCIIePUMEHTAIbHIX Pe3yJIbTaTiB € jiarpamu crabiibHOCT (3 anen. —
stability diagrams). Boun siByistiorb 06010 KOHTYpHI Tpadiku 3aj1eKHOCTel eJie-
krpuanoro crpymy I (V,Vg) 1 audepentiansuol mposigaocti dI /dV (V,Ve) Bin Ha-
Hpyr TAray4oi i 3aTBopy. Ha takux rpadikax jobpe BuiHO eheKTH KyJIOHIBCHKOI
OJI0Ka/ I Yepe3 Tak 3BaHi KysnoHIBCbKI pombu (3 anes. — Coulomb diamond) (pe-
JKIM KYJIOHIBCHKOI OJI0KaIH BijimoBiae obmacti pombianoi hopmn). Baprto 3a3na-
YUTH, 110 Ha Jiiarpamax cTablIbHOCTI MOXKYTh CIIOCTEPIraTHCs JIOJAATKOBI JIiHIT
(mikm), 3ymoBJIeH] HasiBHICTIO JiekinbKox eneprerndnnx pisaiB Ha KT (Ae = ¢,
e Ae — DI3HUIST €HepreTHYHNX PiBHIB) ab0 BILIMBOM BiOpariiinnx edekTiB (B
MOJIEKY/ISIPHUX TpaH3ucTopax, JuB. myHkr 1.1.2) [22, 29).

HacTymaum 1myHKTOM 3a3Ha4uMO PO y3arajibHeHnHsi (hopmyin Jlanmayepa
JJTsT €IEKTPUIHOTO CTpyMY, piBHsHHs (1.1). Y BUIaIKy B3a€MOJIIOUNX €JIEKTPOHIB
JIUIsT PO3PAXYHKY TPaHCIOPTHUX BJIACTUBOCTEH TaKOl CHUCTEeMHU 3a3BHYail BUKODPH-

CTOBYIOTD IT1JIX0/IH, 10 Oa3yr0Thesd Ha dpopMastiami dynkIiiil ['pina. Y3araabHennii
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BUPA3 JJIs €JIeKTPUIHOT'O CTPYMY Ma€ HACTYIHUIT BUTJISI,

e

v)=o / d=Te{[fU(e)T), — Fa(e)Th] (G — G%) + (T, — TR) G<.  (1.6)

[Is1 bopmy.ta HasuBaeThest popmynoo Meiipa-Binrpina (3 anes. — Meir-Wingreen
formula), orpumanoro 3a gomomoroo Merony Kesuia (HepiBHOBaXKHUN T IXiT 3
Bukopucrantsiv gyukuiit I'pina) [30]. Sokpema, st BUNAaAKy, KOJIU MapIiaibHi
mupuHN piBHIB nponopuiitai [30|, BoHa Mae BUDJIsL:
2e

(V) = 7 de [fr(e) — fr(e)] Tr{TTmG"}. (1.7)
Binbmre Toro, mo dopMyay O0y/JI0 pO3MIMPEHO 0 3aJICXKHOI0 Bij dacy TPaHCIOpP-
Ty ejeKTpoHiB y poborax [31, 32]. Tyt T'r nosnauae onepaiiito ciry, Koedirienr
nepeadi T’ Ternep € marpurero, a G — samistnenns (3 anea. — retarded), Bure-
peekennst (3 anea. — advanced) abo Kemnma (3 anen. — Keldysh) dbyuxiisvm
['pina, BiMOBIIHO, gKi € Kopeadiiitaumu gpynkiismu 3 oneparopamu Ha KT. s
HE3aJ1e2KHOTO BiJl 4acy BUIIAJKY Ta OQHOPIBHEBOI KBaHTOBOI Toukn (yuKkmis I pina

3ali3HeHHs1 Mae Takuii Burjisy [11, 31| B eHepreTuuHOMY peJICTaB/IeHH I,
G'(e) =[e —eog — Ale) +1T(e)] (1.8)

e A(e) i I'(e) — 3cyB 1 mupnna eHepreTHIHOTO PiBHS KBAHTOBOI TOUKH, £y |11,
32|. [list HeB3aeMOJIIFOUNX €JIEKTPOHIB Y IMINPOKO30HHOMY HAOJIMKEHH (3 aHen. —
wide band approximation) (33, 34| (mupuna piBHS He 3a/€KUTh Bijl eHeprii) 3

piBastanst (1.6) orpumyemo dopmyy Jlangayepa, pisastanst (1.1).
1.1.2. TparncOoopTHi BJIACTUBOCTI MOJIEKYJIAPHUX TPAH3UCTOPIB.

[Tin omromostekyisipanm Tpansucropom (OMT) moxkna posymitn OET, B
SIKOMY IIeHTpaJIbHa JYaCTHHA cucTeMn € pyxoMoro. [le moxke OyTn MakpoMOJIeKyJia
(mampuksa, dyrepen) abo KBAHTOBHI HAHOJPIT (30KpeMa, ByTJierieBa HAaHOTPYO-
Ka), PO3MIIIEHnT MizK JIBOMa MACHBHUMU €JIEKTPOJAME. Y TPAHCIOPTHUX BJIACTI-
BOCTSIX TaKUX MPHUCTPOIB (K 1 B MOJIEKYJISIPHUX EPEX0/aX) BUHUKAIOTE SIKICHO
HOBI e(beKTH 3a PaxXyHOK €JIEKTPOH-BIOPOHHOT'O 3B’SI3KY 1 peasi3yioThCsd TaKi HO-
Bl sIBUINA, SIK ITOJIIPOHHI eeKTH 1 TyHe/IOBaHHSI eJIEKTPOHIB 3a J0IMOMOI00 (o-

wouiB (3 ames. — phonon-assisted electron tunneling), mexamitna HecTifiKicTh i
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MATIIOBAHHS (YOBHUKOBUI TPAHCIOPT) €JeKTPOHIB. [CHYIOTH I'DyHTOBHI OTJIsi/in
MOJISIPOHHUX ebeKTiB, JUB., HanpuKia, nocuianss |11, 35, 36]. Takum anaoM, y
ILOMY IJIPO3/IJIi MU JIMIIIE BBOJAUMO OCHOBHI IOHSITTS 1 pOOMMO OIVISIJ] OCTAHHIX
JOCSITHEeHb Y 11iit rasysi, ge Bibporn (kBauTu kosmBabnb KT) mos’szani 3 M0m010
KOJIBaHb, HE MOB'sI3aHOI0 3 HAIPSAMKOM TyHeJoBaHH: esekTponis [11]. Onnaxk,
IIAT/IIOBaHHS €JIeKTPOHIB Oy/ie PO3IVISHYTO B IijIpo3 il 1.3.

TyHenbHa CIEKTpocKomisg € Jobpe BiJOMUM METOJAOM JOCJIIXKCHHS eJie-
KTPOH-(DOHOHHOT B3aeMojiil B 00’eMHnX Merajax (jus., Hanp., [37]). Enekrponn-
TPAHCIIOPTHA, CIIEKTPOCKOIIS MOYKe OYyTU BUKOPHUCTAHA JIJIT BUBUEHHSI KOJINBAJIb-
HUX BJIACTHBOCTEH MOJIEKYJI B OJTHOMOJICKYJISIpHUX TpansucTopax |20, 38]. Bosbr-
aMIIepHI XapaKTePUCTUKU OJHOEJTeKTPOHHUX TPaH3UCTOPIB, Je MoJjeKy/a dyJie-
peny [20], un mizBimena ojHOCTIHHA ByrJienieBa HanoTpyOka [22; 39, 40| abo B
STKOCTI 6a30BOT0O eJIeMEeHTa BHUKOPUCTOBYETHCSI BYTJICIICBHI CTPIOYOK (3 aHeA. —
carbon nano-peapod) [38], 1eMOHCTPYIOTH TP HU3BKUX TEMIIEpPATYpax J0/IaTKO-
Bl 0cobsmBOCTI (CXOAMHKN) TpH HAIpyTax 3wmimenHst eV, ~ nhw (w — gacrora
KOJTMBAJILHOTO cTyTieHst ¢cBobo/m). Haitrpocrint mozeni (aus., namnp., oraan [11]),
SIKI OMHUCYIOTh CTYMHYACTY MOBeMIHKY [ — V' KpUBUX, TPYHTYIOTHCS, K ITPABH-
JI0, Ha Teopil, je (hoHOHHI 30yIKeHHs € Ge3muciepciiHuMu (BIOPOHE 3 €IMHOIO
9acTOTOM0) 1 TepeI6adaeThest, M0 BOHU 1epebyBatoTh y PIBHOBA31 3 TEMJIOBUM OTO-
YeHHsIM TIpu TeMiepaTypi 1 (poJib IbOrO TEMIOBOIO OTOYEHHsI MOXKYThb I'paTH
MacuBHI MeTasieBi eJiekTpo/i). CXOMMHKE Ha BOJIbT-aMIIEDHUX 3JIe2KHOCTSIX (EeKBi-
JCTaHTHI TikK) (piBHOBI A/ eH] KK JAudepeHiajbHOT IPOBIHOCT) TT0B s3aH] 3
BIIKPUTTAM HENPYKHUX KaHAJIIB €JIeKTPOHHOI'O TYHE/IOBAHHS €JIEKTPOHIB dYepe3
BIOpyIOUy KBAaHTOBY TOUKY. JIJIsi CUJIBHOI €JIeKTPOH-BIOPOHHOT B3a€MO/Iil 111 MoJ1eIi
nepei0avIaloTh:

(i) Brokaya ®@parka-Konmona [41] (ekcrnoneniiaibHe MoIaBIeHHs ) TPOBI/I-

HOCTI TPU HU3LKNX Temueparypax 1T’ < hw ,

(ii) HEMOHOTOHHA TeMIlepaTypHa 3ajeXKHICTh JAudepeHIiaIbHol JHIfHOT

IIPOBIAHOCTH.
Bei 1i ecdbekTn criocTepiraincsd B eKCIEPUMEHTAX 3 MOJIEKYIIPHUMU TPAH3UCTOPA-
MU Ha OCHOBI 0j1Hi€T MoJiekyJu (ysiepeny [20] abo ByT/ieneBux CTpooUKiB (3 aHaa. —
carbon nanopeapods) [38].

MiniMajbHa MOJIe/Ib, dKa OINNCYE BUINEBKa3aHi ePeKTH, CKJIAJAEThCs 3 Bi-

OpYI0Y0l OJIHOPIBHEBOI KBAHTOBOI TOUKM, PO3MIIIEHOI MizK JIBOMa, 00’ €eMHUMU HOP-
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MaJbHIMHI MeTaJeBUMHI €JIEKTPOJIaMU, N0 SKNX MPUKIaJieHa MOCTifiHA TATHYYa
nanpyra. [lonoxkennsa enepreruunoro pisag KT mamamToByeThcss HAIPYTOIO Ha
3arBOpi (3a3Budail, Tak, mob orpuMarn MakcumaibHuii crpym, £o0(Vg) = ep).
JLJ1s1 TpoCcTOTH CIOYATKY PO3T/ITHEMO OE3CIHOBI eJIeKTPpOoHN (HeB3aeMo/Iioi). ['a-
MLJIBTOHIAH TaKol cucTeMu (TyHeTbHa MOJIe/b abo ramMiibToHiaH AHjtepcoHa-1'0h-
mreiina (3 anen. — Anderson-Holstein Hamiltonian)) ckimajaerses 3 nacTymanx

JaCTUH:

H=H+H;+ H,+ H;,; + H;. (1.9)

Tyt H; — ramijibToHiaH HEB3a€MO/IIIOUNX €JIeKTPOHIB y Oeperax kK = L, R,
_ § : T
Hl = Ekrp,. Ak, (110)
kk

e alﬂ(akﬁ) — omepaTop TOPO/KeHHsT (3HUINEHHSI) eJIeKTPOHA 31 CTaHJIAPTHIM

AHTUKOMYTAIIITHUM CIIBBIJHOMICHHAM. Y TaMLJIBTOHIaHI OJHOPIBHEBOI KBAHTOBOI

TOYKU,
Hy; = gpcle, (1.11)

c(c) — oneparop noposzkenns (axirinamnii) enexrponnoro cramy Ha KT 3 eneprieio

£4. Bibpariitna mijicucreMa OMMCYEThCA TAMLTBTOHIAHOM TAPMOHIYHOTO OCITHJISTO-

pa,

2 2.2
P mwx
H, = + , (1.12)
2m 2
3 KAHOHIUHO CIPSI’KEHUME OllepaTOpaMi KOOPJMHATH Ta IMIyJbCy, [z,p] = k.
['amisibTOHIAH €1eKTPOH-BIOPOHHOT B3AEMO/II] MA€ TaKMUil BULJISII:
H;,, = Axcle. (1.13)
Tynenbunit ramiibToHiaH HACTYITHUIL:
_ T
H, = g tya,,.c+ Hec., (1.14)
kr

Jie t, — aMILTITY/Ia TYHEJTIOBAHHS, SKY MU PO3TJISJIAEMO B CUMETPUIHOMY BHUIIA/IKY,
t;, = tr = tp, JUIsl IPOCTOTHU OJAJIBINIOTO BUKJIaTy. Bumnajok TyHe/JIbHOI aMILITY-

JIM, IO 3aJIE2KUTh BiJl TIOJIOYKEHHSI TpaHyJi, OyJie BpaxoBaHO B po3/iii 1.3.
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st Toro, mo6 miaronasizysaru ramiabToHiaH, piBHgHHA (1.9), MOXKHA BH-
KoHATH yHiTapHe neperBopents Jlanra-®ipcosa (3 anea. — Lang-Firsov) [42] abo

"maste mossiponne” [11],
V = exp [iApcle], (1.15)

1e A = A/hmw? — KoncraHTa eJleKTpoH-BIGpoHHOro 38’ s3Ky. ITicid 1poro nepe-

TBOPEHHA OTPUMAEMO IIEPECHOPMYBaHHA aMH.HiTy,HI/I TYHEJIIOBaHHA TaKMM 9YHUHOM:

H, — H;, = Ztoe_l)\p&LHC + H.C., (116)
kK

a 3cyB (3Mimmenns) eneprii ejiekrpona BiOpytouol KT HasuBaeThes moJisipoHHIM
scyBoM (3 amza. — polaronic shift), e, = &4 — Ahw, qus., Hanp., nocunanns |11,
36, 41, 43|. A 3B’sg3aHuit cTan ejeKTpoHa 1 BIOPOHA HABUBAETHCS NOAAPOHOM.
[caye nmekiibKa MiIXO/IiB 0 PO3PaxyHKy TPAHCIOPTY Yepe3 OJTHOMOIEKYIp-
HUIT TPAH3UCTOP, TAKKUX SIK METOJ[ PiBHsIHHS PyXy (8 anes. — equation of motion
(EOM) method) [44], ynpasisiodoro pisasians (3 anea. — master equation) [11]
3 BUKOPUCTaHHAM 30/10T0r0 tpasuia @epui (3 anes. — Fermi Golden rule), me-
toty Kesnnmia |30, 41], abo wabimkenust maTpuri rycruan (3 anea. — density
matrix approximation) [45]. OmHax, y BCIX NMUX MeTOAAX OJHUM 3 BUPIMIATBHIX
MOMEHTIB € Te, sIK TPaKTyBaTU eJICKTPOH-BIODOHHI KOpeJsii B HpoIeaypl yce-
pejiHeHHsT. 3BUYaiiHuil miaxija, sKuil crpaBeyinBuil B Teopil 30ypeHsb J/Isl MaJIiX
apaMeTpiB MUPUHE €JIeKTPOHHOTO PiBHsI (Majia Mpo30picTb Gapbepy), MOJISITae
B TOMY, 1100 HEXTyBaTH KOPEJAIIAMHU MiK eJIeKTPOHAMM 1 BIOpOHAMHU Ta OIIHIO-
BaTU cepejiHi 3a raMiJIbTOHIAHOM HEB3a€MOJII0UNX BIOPOHIB abo 3a (epMiOHHOIO
Y9aCTUHOIO raMiibroHiany jiist (pepMionHux cepenix [11]. Hespaxkatoun na e, 1o-
TpiOHO OyTH TOYHUM Yy PO3TJIJl PEXKUMIB TPAHCIIOPTY B MexKaxX CITPaBeTNBOCTI
Teopil 30ypeHb, OCKIILKN JIesIKi pe3yabTaTi MOXKYTh cTaT cyMHiBHIME [46]. Ta-
KOK THUIIOBUM TPUIYIIEHHAM € BpaxXyBaHHs BUIMAIKY CUJILHOIO 3B s3KYy BIOPOHIB
3 GO30HHIM OTOYEHHSIM (TEIIOBUM OTOYEHHSIM 3 TeMiiepaTypoto 1') tak, mob mpo-
1ec BUPIBHIOBaHHS 1X (DYHKIH PO3MOJLTY OYB JOCTATHBO MIBUIAKUM (IITBHIIIM
3a Jac, 1o BinoBijae TyHesbHiil momil) [11]. OcHoBHe cepejne, sike HEOOXITHO
O0YNC/INTU — TIe KOpeJdliiiHa PYHKINS 3 eKCIIOHEHIIaIbHOK (DYHKIIIE€I0 BIOPOH-
HUX ornepatopis. Lle MoxKHa 3poOUTH KiJTbKOMa METOJAMMU, JIUB., HAIIPUKJIA, I0-
custanns [47], ge 106pe MOSICHIOEThCsT TexHiKa (heHHMAHIBCbKOTO PO3ILIYTYBaHHS

orepatopis (3 anes. — Feynman disentangling of operators technique). Kpim To-
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ro, 3py9YHO BUKOPHUCTOBYBaTH Bigomy dgopmyny Kemmbesuia-Beiikepa-Xaycaopda-
Hunkina (3 anen. — Campbell-Baker-Hausdorff-Dynkin formula). Pesynbratom

po3paxyHKiB KopeJisitiitaux dbyukiiit € vacrymuauii [11, 41, 43, 47, 48|,

“+00
<e:Fz/\ﬁ(t)eiz>\ﬁ(t’)>0: Z Ane—wn(t—t/)7 (117)

n=—oo
e (... ) BKa3ye Ha ycepeTHEeHHST 3 BIODOHHOIO PIBHOBAKHOIO (DYHKITIEO POIIOILITY
(MATPUIA IYCTHHH, sTKA MAE TakK 3BAHUI MOCOBCHKUIA BUTJISAL), a

A, = e N [ ()emmw/ (1) (1.18)

3 ymoBoto HopmMadtizaiii » A, = 1. ¥V npomy pisuanni [,,(2) € monudikosanowo
dyukiiero Beccens nepioro poay [49], 2 = 2A2/ng(1 + np), 1e np - Gynxuia

posnoniiny boze-Eitamreitna,
np =1/ [eﬁw/T - 1} . (1.19)

Toui 151 €IeKTPUIHOIO CTPYMY, BUKOPHUCTOBYIOUHN, HallpukJIal, hopmyry Meiipa-

Binrpina, piBusinus (1.7), orpumaemo HactynHuii Bupas [46],

400
1(V) = e el 37 e/ D / AT (2) [f2(e) = fale)],  (1:20)

n=—oo

KNI TTPEJICTAB/IEHO Yy BUTJIS CyMI TI0 HEIPYXKHUM BIODOHHUM KaHAaJaM, 1 Terep

KoeiIienT npoxoizkenns bpeiita-Birnepa mae Burs:

F2
£ —ep+nhw)?+T?

Tow = ( (1.21)

Ananizyioun piasiaust (1.20), MOKHA 3pOOUTH BHUCHOBOK IIPO JIEKLIBKA
0COOJIMBOCTEIl Y TPAHCIOPTI €JIEKTPOHIB 3 ypaXyBaHHSIM €JIEKTPOH-BIOPOHHOI'O
3B’s3Ky. llo-1epiie, mosiBa HENPYKHUX PE30HAHCHUX KaHAJIB JIJIsT TyHEJTIOBAaHHI
eJIeKTPOHIB 3 BumyckauusiM (n < 0) abo normuanuam (n > 0) Bibponis. Lle
IIOB’sI3aHO 3 TaK 3BAHUM TYHEJIOBaHHSIM 3a JOIIOMOI'OI0 (POHOHIB. fK HACIIIOK,
BOJIBT-aMIIEpHI XapaKTePUCTUKNA MOJEKYISIPHOTO TPAH3UCTOPa IPU HU3LKUX TEM-

nepaTtypax € crymngacTumu (pyHKIisMu (IuB., Hanpukaaj, puc. 2.2). OTxke, Ko-
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JKHA cXofinHKa, (erar 3usTTs Ookajn Ppanka-Kongona) Bimnosigae BiAKpUTTIO
HOBOT'O HENPYKHOTO KaHAJTY JIJId TYHE/JTIOBAHHS €JIEKTPOHIB MPU 30L/IBITEHH] Ts-
ray4ol Hanpyru (B "BikHO mpoBijHOCTI" BXOAUTH OLIbIIE HENPYKHUX KAHAJIB).
[To-apyre, mast goctatabo (A 2 1) cuabHOT €eKTPOH-BIOPOHHOT B3aEMOJIT eJie-
KTPUYHUIT CTPYM JIOCUTh CUJILHO 110/IaBJIEHUIT IIPU HU3bKUX TeMIlepaTypax 1 MaJaux
Harpyrax 3Mmimenssi (JuB., Hanpukia, puc. 2.2). leit edext HasuBaoTh eeKToM
Opanka-Kommona [41] abo nossgponnoo 6sokaomo [11]. I TyT BazkinBUM MOMEH-
TOM € Te, IO I OJI0Kaj a He MoxKe OyTH 3HATa IiACTPOIOBAHHAM HAIIPYTH HAa
3aTBOPI, K IIe Ma€ Miclle JI/Isi KYJIOHIBCbKOI OJ10Ka . TakoxK eJleKTpPOH-BIOpOH-
HUI 3B’sI30K NPU3BOJUTH JO HEMOHOTOHHOI TeMIIepaTypPHOI 3aJe2KHOCTI JIHIITHOT
IIPOBLJIHOCTI Yepe3 MOJIsIPOHHE 3BY2KeHHSI MIUPUHU €HEPreTUYHOI'0 PIBHSI KBAHTO-

BOI TOuKH I,

GA(T) o Go(T)e™, (1.22)

muist Hu3bKux Temmeparyp I < T' < hw. B piBugnni (1.22) Gy = I'/T — Bucoko-

TeMIlepaTypHa MPOBIJIHICTDL Yepe3 HEPYXOMY OJTHOPIBHEBY KBAHTOBY TOYKY.
HacTtynnum KpokoM BisbMeEMO JI0 yBaru CIiH eJieKTpoHa. HeBarkKo BKITIOUN-

TH B ramisibroHiaH, piBHstHHS (1.9), crninoBy o =7, |, cTymniab cBobojn, i mogarTu

JOJIAHOK, 10 BiJINOBiae KyIOHIBCHKIN B3aemoil (3 cuoro U) na KT,
Hy = UC$CTCIC¢. (1.23)

Takum 9uHOM, yHITApHE TIepeTBOpeHHsT piBHsHHSA (1.15) IPU3BOIUTH 0 TIEPEHOP-
MyBaHHs BeJIUYMHN KyJIoHIBebKOl B3aemoii, U, = U — 2A\*hw. Moxna 6aunru,
IO 1€ MOXKe IPUBECTU JI0 BUMAJIKY KYJOHIBCHKOI'O NPUTITaHHS JJIsl CUJILHOI eJie-
KTPOH-Bi6ponHOT B3aemoil, U < 2A\2hw. OnHax 1eil BUIAI0K IOTpebye CIemiab-
woro posrisiy [50]. Bei ocobsmpocri, siki Mu obroBoproBaJin Jijist 6€3CIiHOBOTO
eJIEKTPOHA, 30epiraloThes i MpU HasgBHOCTI €/IeKTPOH-EJIEKTPOHHOI B3a€MO/Iil.

B pobori [51] B MOJIEKYISIPHIX TPaAH3UCTOPAX, BUTOTOBJECHUX 3 MOJIEKYJI
dynepeny Chag, IOKa3aHO, IO TYHEJIIOBaHHsI 3 BIOPOHAMM, IIOB SI3aHUMH 3 BHY-
TPIIIHIM PEKUMOM PO3TSATYBaHHsT MOJIEKY/IH [51], MOXke MaTn Micie, JIMB. TAKOK
nocuiantst Ha |20, 22|. CusibHUi 3B’130K 11i€1 MOJIU 3 TYHEJILHUME €JIeKTPOHAMI,
MOPIBHAHO 3 IHIIUMHI MOJIEKYJISAPHUMI MOJAMU, Y3TOJZKYETHCA 3 MOJIEKYITPHAM
MoJIesIFoBaHHsIM. Bapialiil y BUMIpsiHOT CUJIN TYHEJIFOBaHHsI 3a JI0IIOMOTI'0I0 Bibpairii

MiK PISHUMU MPHUIAJIaMU IPEeJICTaBIeHo B podoti [51].
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B mermoaBro omy6stikoBaHiit poboTi [43] TpaHCIOPTHI BIACTHBOCTI OJHOMO-
JIEKYJISIDHOI'O TPaH3UCTOPA 31 CHIH-TIOJISIPU30BAHUMU €JIEKTPOIAMU PO3LJISIIaIUCs
38 HAsIBHOCTI HE TIJIbKM €JeKTPOH-BIOPOHHOI Ta KYJIOHIBCHKOI B3aeMO/Iil, ajie i
BPaxOBYBaBCsA BILJIUB MArHITHOI'O TOJIS, CIIPAMOBAHOTO TEPIeHIUKYIAPHO JI0 Ha-
HPSIMKY IIPOTiKaHHs cTpyMy. Buna ok MOBHICTIO CIIH-TI0JIsipU30BaHUX OEperiB J10-
3BOJISIE€ BUJLIUTU eeKT, 10 BUHUKAE BHAC/IIOK B3a€MOI'DU BUINE3TaIAHIX sIBHIIL.
MarniTne nojie, sike iH/IyKy€ CHIH-TIEPEBOPOTHI MTPOIECH Ha KBAHTOBIN TOYIIL, MPU-
3BOJIUTD JI0 3HATTS CIIIHOBOI OJIOKa/ M B CIIHTPOHHOMY MPHUCTPOI. YJIeH B raMijib-
TOHiaHi, 10 3'IBUBCS BHACIIOK edekTy 3eeMana (pO3IIENICHHS) B MArHITHOMY

noJii H, Mae BUTJISII:

gupH [ ; ;
Hy = -~ (aa +cper ) (1.24)
Jle g 1 pp To3HavaloTh TipOMAarHiTHe BiIHOIIEHHs Ta MarneTon bopa, BifIoBiji-
ro. [leit memiaronajpbHUil 4jleH y raMiJIbTOHIAHI MOKe OyTH yCYHYTHIl IMLISTXOM
BIUKOHAHHsS KAHOHIYHOTO HepeTBopeHHs (epMioHHUX omeparopis |5, 43, 52—5H5],
1[0 TPUBOJIUTH JI0 IEPEHOPMYBAHHST €HEePreTHIHOTO PIBHs TOYKU (PO3IIEIIeHHS )

€12 = €q £ gupH/2, Ta ammiTyIN TYHEIIOBAHIIS,

H, — H, = —W’ Z al (judy + do) + Hee., (1.25)

Je jr.r = £1 1 dy o — nosi oneparopu esnerpona na KT. /Iinsg pospaxynky Tpatc-
MOPTHUX BJIACTUBOCTE(N cucTeMu B poOoTi [43], uB. TakoxK | 7| BUKOpUCTAHO METOI
PeAYKOBAHOI MATPUIN I'YCTHHE Ta Teopito 30ypenb 3a mmmpuHoo piBasg KT. Orpu-
MaHO, IO Ha BOJIbT-AMIIEPHUX XapaKTePUCTUKAX KiJbKICTh CXOMMHOK DpaHKa-
Konona 30iabmmaacs BJABIYi, MOPIBHIHO 31 3BUYAWHUM MOJIEKYJIAPHUM TPaH3U-
cropoM. Koxen inTepsas nanpyru eV = 2hw nonae Tenep JBi cxoquaku. [Toaso-
€HHSI TTOSICHIOETHCS TUM, 1[0 CUCTEMA 3 3€eMaHIBCbKUM PO3IIEIJIEHHSAM Ma€ BJIBIUl
OLIBINY KIJIBKICTH NMPYXKHUX KaHAJTIB, 3 KOXKHUM 3 SKUX IOB’sI3aHI HEIPYKHI Ka-
masn [43]. [lomBoenns KIIBKOCTI CXOAMHOK CIOCTEPIra€ThCs TAKOZK MIPU HASIBHOCTI
KYJOHIBCHKOI B3aeMo/iil. OKpiM TOro, OyJI0 BUSIBJIEHO, IO 3HATTS KYJOHIBCHKOI
OJIOKa I HAIIPYTOIO MTPOTIKAE TOETAIHO, TaK IO ICHYE JIBa MPYKHUX KAHAJIN JIJId
TYHEJIOBAHHS JIPYTOTo eJIeKTPOHa J0 KBAHTOBOI TOUYKHU, IPUYOMY OJINH 3 IUX Ka-

HaJliB BIIKPUBAETHCS paHillle 3a IHIINN 3a eHeprieo. Eramm posmpiseHi iHTepBa-
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JIOM HallpYTH, 110 JOPIBHIOE eHepril pO3IIeleHHs B 30BHIIIHBOMY MaIrHITHOMY
nosii [43]. Ha momaay, orpumano, 1o Jijisi CHJIbHOT eJIeKTPOH-BIOPOHHOT B3a€MO/TiT
A 2 1 memrepaTrypHa 3aJI€KHICTh JIHIHHOT MPOBITHOCTI € HEMOHOTOHHOIO 1 aHO-
MaJlbHe 3pOCTaHHs MaKCUMyMY ITPOBLJIHOCTI 3a/I€2KUTh SK Bl CUJIM KYJIOHIBCHKOI
B3a€MO/Ii1, TaK 1 Bijf 30BHINTHBOr0 MaruiTHoOro mnoJs [43|. Takox mociizkero Tepmo-
eJICKTPUIHI BJIACTHBOCTI PO3IJISTHYTOrO MPUCTPOIO B pobori [43| Ta npu HasiBHOC
rpajiieHTa TemMrepaTypu B curemi B poboti [56].

1o Toro K, TPAHCIOPTHI BJIACTUBOCTI HACTYITHOTO CIIIHTPOHHOTO ITPUCTPOIO
noctipkeHo B pobori [52]. (OmycrumMo Ha MUTH €JIEKTPOH-BIOPOHHY B3a€MOJIi0. ) Y
MOJIEJ, 0 PO3TJIAgaeThesd, HepyxoMma KT po3MminyeThes MizK MarHiTHUME TOBHI-
CTIO CIIH-TIOJITPH30BAHUMN (JIJT IPOCTOTHN) TIPOBITHNKAMHE (HATIIBMETAJIAMN), sKi
YTPUMYIOTBCSI IIPU PI3HUX TeMIlepaTypax i XiMi9HUX MOTeHIa aX (KepyIoThes 3a
JOTIOMOTOIO TSITHY Y01 HATIPYTH). ¥ TaKOMY IPUCTPOI BUHUKAE eeKT CIIIHOBOT 6J10-
kajm (3 amen. — spin blockade): eqekTpon 3i crinoM T He MOYKe TYHEJIOBATH JIO
KT 3i crninoBoto nosisipusartiiero | 1 Hapmaku. OJiHaK 30BHINIHE MarHiTHE I10JI€,
sdKe TPUKJIaJieHe Mepren nKy/aspio namaraigenocti KT, iHayKye crin-nepeBopo-
THI MPOIECU eJIeKTPOHA Ha KBaHTOBI# Touri. JIoBIIbHUN HAITPAMOK MariTHOTO
110JIsI PO3IJIHYTO B POOOTI [57], jie BpaxoBaHO BUIIAJIOK K HEB3AEMOJIIOUNX, TaK
1 B3a€EMOJIIOUNX €JIEKTPOHIB 1 3HailJIeHO 3a/IeXKHICTL IIPOBIIHOCTI 3 BUKOPHUCTA-
HHsIM Tigxony ¢yukmiit [pina. B pobori [52] meron piBHsHHS DyXy B sIBHOMY
BUIVISJI BUKOPUCTAHO JIJIsl PO3PAXyHKY €JIEKTPUYHOI'O Ta TEIJIOBOIO CTPYMIB Yy
BUTIQJIKY HEB3AEMO/IIIOUNX eJeKTPoHIB. [lokazano, 1Mo B onTUMaJIbHOMY PEKNMI
n06poTHicTh (Z1') 3alIpOIIOHOBAHOIO CIIHTPOHHOTO TPUJIALY CYTTEBO ITiIBUIILYE-
ThCsT |H2] y MOPIBHSAHHI 3 AHAJIOTTIHIM [TPUJIAIOM 3 HEMOJISIPU30BAHIMHI €JIeKTPOHA-
mu [58]. Bokpema, Oys1o okazano [52], mo (B HARIIPOCTIIIIOMY BUIIA/IKY ) €I€KTPH-
qHUit crpyM (KoedilieHT mepeadi) Mae HACTYIHY 3aJIesKHICTh BiJ| MArHITHOTO
10JIsI, JINB. TAKOXK MOCUTaHHsA |5,

h%/2

I= Iy D 17 - £, (1.26)

ne Iy = el — makcumasibuuii crpym depes OET Ha ocHOBI HEPYyXOMOI KBAHTOBOI
toukn, a h = gupH ta 2f; , = frr(e1) + fr.r(2). TakoxK BIIUB KYJIOHIBCHKOT

B3a€MOJIil Ha TEPMOEJEKTPUYIHI BJIACTHBOCTI OYB PO3paxoBaHUii 3a JIOIOMOIOO
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HaO/IMzKeHHsT MaTpulll rycruan. OTpuMaHO, 0 B PEXKUMI KYJIOHIBCHKOI OJI0Ka 11
JTOOPOTHICTH HE 3MEHIYEThCsS 38 PAXyHOK eJIEKTPOH-eJIeKTPOHHOT B3aeMo/Iil [52].

[Ipore, Ko 3B’I30K BIOPOHHOI TiJICUCTEMU 3 TEILJIOBUM OTOUYEHHAM CJIaOKMIT
1 BIOpoHH He 1epebyBaloTh Y piBHOBA31 MPOTATOM Hacy TYHETIOBAHHS €JIeKTPOHA
Yepes CHUCTEMY, IX MATPHIld TYCTUHN HE MOXKe MATH PIBHOBAaYKHY TOCOBCHKY (op-
OyTH pO3B’si3aHa TIIbKU YUCETBHO (JIUB., HAIPUKIIaL, nocuiantst [59]). Ieaye Jiu-
1e JieKijibKa pobit [60—64], B sikux BIOPOHU 1IpU TYHEIIOBAHHI €JIEKTPOHIB Yepes3
OET Brakasucs mepiBoBazkHUMHU. B poboti [62| mpumyckasocs, 1mo BiGpoHHa
mijicucremMa nepedbyBae B KOTepEeHTHOMY CTaHi. Y IiJIX0/Il, BUKOPUCTAHOMY B ITUTO-
BaHiil PoOOTI, MaTPHIlSI I'YCTUHN KOI€PEHTHOI'O CTaHy OyJia He3aJe2KHO0 Bij Jacy,
O cyTnepednTh piBHAHHIO JIiyBiisg-don Hefimana s MaTpuIl rycTuau Hee3ae-
Modiovux BioponiB. ToMy pe3y/IbTaTi TAKOTO IiJIX0/Ly € CYMHIBHUMH, a IIpodjeMa
TPaHCIIOPTY €JEKTPOHIB Yepe3 BIOPYIOUY KBAHTOBY TOYKY 3 KOT€PEHTHUMU OCIIH-
JISITISIMU TIOTPeOye TIeperisiLy.

Bapro 3rajatu 1mpo ojuH BUIIAI0K HEB3aEMO/II0UNX BIOPOHIB, 30KpeMa, KO-
Jn BiOpoHHA ITijicucTeMa TepedyBae y POKIBCHKOMY CTaHl 3 BIOPDOHHUM YHUCJIOM
n abo B cymepnosuiil Takux craHiB. B poboti [65] moBimomMisieThest po eKcrie-
pPUMEHTaJIbHY T'eHepallifo 6araTro@oHOHHUX (POKIBCHKUX CTaHIB B 00'€MHOMY aKy-
CTHKO-XBIJTHOBOMY PE30HATOPI 3 I0CTAaTHLOIO TodHicTIO (110 1 = 8). Taxoxk Oymo
IIPOBEJICHO BIrHEPIBCHKY TOMOI'padio Ta PEKOHCTPYKIIIO CTaHIB, MO JIO3BOJINIIO
BUSIBUTU KBAHTOBY HPUPOJY oTpuManux craHi [65]. Tak, y Bumajxy, Kojau Mma-
TpUIld TYCTHHU MEXaHIIHOI MiJICHCTeMU Omncye (POKIBCHKUI CTaH, KOpessIiiina

dbyuxiis, piBasguusa (1.17), mae mactynnuit Burus [47, 61,
<n‘e:FZ)\]3(t)e:|:Z)\}5(t,)‘n> — e*Az[lfezw(tit/)]Ln [2>\2 (1 — COoS {w(t — t/>})} =

_ zn: i A/élzznkezw[mfk:](tft’)7 (127)

m=0 k=0
e
n 2 —1 m+kn! m T 2 —
A= e AP () (129

ne L] (z) — ysarampnenmii moginom Jlarepa [49]. Saysazimo, 1mo pisusams (1.17)
MOKHA OTpUMATH 3 piBHsHHs (1.27) 3a JIOMOMOrOIO MiJICYMOBYBaHHS 3a 7 3 BiJi-

noBiiHIMu Koedirientamu [47, 66).
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Ha mporuBary mpomy, B HACTYITHOMY PO3JIL 2 MU PO3TJISTHEMO OJHOE -
KTPOHHUI TPaH3UCTOP 3 BIOPYIOUOI0 KBAHTOBOIO TOYKOIO, Jie BIOpOHHA ITijICHCTe-
Ma OIHUCYETHCS 3aJIEXKHOI0 Bl dacy marTpuiieio rycruin. Pizuydno Takmii 1mijixij
BI/IIIOBI/Ia€ KOT€PEHTHUM KOJIMBAHHAM KBAHTOBOI TOYKH, IO PO3IVIAJIAETHCA STK
rapMOHITHII KBaHTOBUII OCHIISTOP. KorepeHTHI cTaHN rapMOHIYHUX OCIHIJISITO-
piB j106pe Bijgomi y disuri (nus., HAp., nocutanus [67, 68]). ¥V TyHesbHOMY eie-
KTPOHHOMY TPAHCIOPTI BOHU 3 ABJISIIOTHCS, HAIIPUKJIAJ, Y CJAa0Kii HaIIIPOBITHO-
cri (crpym JIxkozedcona depes BiOpyrody KBaAaHTOBY TOUYKY, JuB. pobory [69] Ta

"cat

nocusianis B Hiil). OcraHHIM YacoMm, KOrepeHTHI cranu (hOTOHIB (30Kpema,
states"), 3B’s13ani 3 KybiTamn Ta Ky6iTH, yTBOpEHI KOrepeHTHIME cTaHamu (hoTo-
HIB, 3HAXOJSITHCS B ABAHTAP/Il JIOC/IIZKeHb Y KBAHTOBIN KOMYHIKAIil (JUB., HATIPH-

K11, ors [70]).

1.2. KorepeHnTHi edpeKTn B TPAHCHOPTi €JIEKTPOHIB depe3
HAHOEJIEKTPOMEXAaHIYHY CHUCTEMY.

EnlekTpoMexaHivHi siBUINA HA HAHOMETPOBUX MacIiTadax MpUBEpTalOTh 3Ha-
YHY yBary MpoTsilOM OCTAHHIX JIBOX Jecatuiith [71]. OcranHi jocsirHeHHs B ra-
JIy31 HAHOTEXHOJIOTIT HAOYBAIOTH MTEPCIIEKTUBHOI LIaTMOPMHI JIJIsT BUBYEHHS (DYH-
JIAaMEHTAJIbHUX SIBUII, K1 BUHUKAIOTh 3a PaxyHOK B3a€MOJIl KBa31KJIaCUYHOI Ta
MOBHICTIO KBAHTOBOI TiJIcHCTeMaMi. 3apsiioBuii KyoiT (8 anen. — charge qubit),
YTBOpEHUiT KPUXITHUM HaJIIPOBITHUM OCTPIBIEM (CXOBHINE KYIEepiBCbKUX map (3
anesn. — Cooper pair box (CPB))), 6asucHumu cranaMu sIKOTO € 3apsijioBi CTa-
HI (HATIPDUKJIAJ], CTaHU, sAKi [IPEJCTABJSIIOTh HASBHICTH ab0 Bi/ICYTHICTH HaJIH-
MKOBUX KYTMEPIBCbKUX Iap HA I'PAHYJIi), € OJHIEI0 3 BEJUKOI I'PYIN IHCTO KBAH-
ToBuX cucteM |72]. [cmye wmmasio THIIB TBEPIOTIILHUX CHCTEM, Ha SKHX Oazye-
ThCsI KYOIT, TAKUX SIK KBAHTOBI HAJIIPOBI/IHI cxeMu (cepejt siKuX JzK03e(bCOHIBCHKI
3’ennanss (JJ), Haanposinani kBanTosi inTepdepomerpu (3 anea. — superconducti-
ng quantum interference device (SQUID)) ta CPB), nus., Hanpukia, orsn |73,
74]; xkBanToBi TOuKM |75, 76| Ta aromu [77).

Barajom, Ky6iT € ofHiero 3 dbizuaHuX peastizarniil gBopiBHEBOT cucremu [78],
10 BKJIIOYAE TaKOK HaJIXOJIO/HI aTOMM, KJIACUYHI HAHOMEXaHIuHl pe30HaTOpU Ta
HAIIBIPOBIIHUKOBI pe30HATOPHU, Jie Ha €KCITOH-TOJIAPUTOHHUX KOHJIeHcaTax MO-
KyTb OyTH peasizoBani Haa3BHUAHO j100pe KepoBaHi Ky6iTu |79, 80|. OgHiero 3

I'OJIOBHIX OCOOJIMBOCTEI, 1TOB’s13aHUX 3 JIBOPIBHEBOIO CHUCTEMOIO, € Te, 10 BOHA,
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SIK MPaBUJIO, JEMOHCTPYE KBasimepeTnt (3 amen. — anticrossing) eHepreTmaHuX
piBHIB pu 3MiHi 30BHIMHEBOrO napamerpa [81]. Keposana jgsopiBHeBa cucrema (3

anen. — driven two-level system) ormcyerbesi cTaHapTHIM MaMiJIBTOHIAHOM,

(1.29)

ne €(t) — 36ymKytounit curaar, a A — eneprerndna rminmna [82]. Poss’sa3yioun 3a-
Jexkre Bi vacy pisusnus [peaiarepa st iniitno kepoBanol cucremu, e(t) = vt,
OTPUMYEMO HACTYIHUI BUpa3 JI/Isi IMOBIPHOCTI 1epexo,1y, TOOTO HMOBIPHOCTI 3Ha~
fitn cucremy y 30y/pKeHOMY cTaHi, BimoMmuii gk ¢dopmyia Jlanmay-3enepa-IITy-
kesibbepra-Maitopamn (JISCM) (3 anea. — Landau-Zener-Stiickelberg-Majorana
(LZSM)),

Przsy = e 2™, (1.30)

ne 0 = A?/(2hv) — napamerp ajiabaruunocti, jus. o |78]. Heninifinuii 36y-
JEKYI0Unil curHas po3nisgHyTo B pobori [83|. JosaTKoBO JOCTIIKEHO MepexijiHi
nporecu JISIIM y nepiognano kepoBasiii cucTeMi cXOBUII KyTIepiBCbKUX map [84].
O iHo9acHO 3 UM, CydacHi HaHOMEXaHIuHI pe30HATOPH, JIUHAMIKA SIKIX 3TiIHO 3
TeopeMoio EpendecTta 3HAYHOIO MIpOI OIMUCYEThCA KJIACUIHUMU PIBHAHHIMU, €
iIea IbHIME [TPeJICTABHUKAME KBasikacuaHol mijcucremu [85]. Cucremu, muHaMi-
Ka AKX BUBHAYAETHCA B3AEMHUM BILIMBOM Ha/IITPOBIIHOTO KyOiTa Ta HAHOMEXaHi-
YHOT'O PE30HATOPA, € ITPEIMETOM HAHCYyJIacHIINX JOC/Ii/IXKeHb Y KBaHTOBI (izniii,
30KpeMa, y KBAaHTOBiil KOMyHIKaIlil, JUB., HAIIPUK.Ia1, podborn [86—91]
BunukaioTh j1Ba OCHOBHI IINTaHHS, IIOB’s13aHI 31 B3a€MOJIIEI0 MiXK KBa3iKJia-
CUYHOIO JUHAMIKOIO MEXaHIYHOI'O pPe30HaTOpa Ta KBAHTOBOIO JUHAMIKOIO 3apsily
kybita. IlepmuMm 3 Hux € HacTynne. ZK KBa3iKJIaCUIHUN pyX MOYKe BILIUBATH
Ha YNCTO KBAaHTOBI siBuia? Posrisiaioun me nuraHisi, Oy/I0 [OKA3aHO, M0 HaJl-
NPOBIJIHUIT CTPYM MIXK JIBOMa BlJIJIaJIEHUMU HAIIPOBLIHUKAMU MOKE BUHUKATU
IIpU MeXaHIYHOMY TPaHCIIOPTYBaHHI KYIEPIBCHKUX Tap, sdKe 3/1HCHIOEThCS 3a pa-
XyHOK KOJInBaHb Tpany/u [92]. Biibin Toro, 6y/10 MpojeMOHCTPOBAHO, IO Take
TPAHCIOPTYBaHHs MOYKe TeHePYBATH KOPEJIAIil MizK (pazaMy TPOCTOPOBO PO3JIijie-
HUX Ha/IpoBigHuKiB [93]. 3 iHmoro 60Ky iCHye nnTaHHS, K KOI€PEHTHA JZKO3e-
¢ coHiBChbKa JIMHAMIKa 3apsi0BOr0 KyOiTa BILIMHE Ha JUHAMIKY KBa3iKJIaCUIHOI'O
pe3oHaTopa, 30KpemMa, 4n Oyde KBAHTOBHUIl 3B’sI30K MiK Ha/IIIPOBIIHIM KyOiTOM

1 MeXaHIYHUMU KOJIUBaHHAMUI. HerogaBno Oy/10 MpogeMOHCTPOBAHO, 10 OKpeMi
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doHonN MOXKHa KOHTPOJIIOBATH 1 JIETEKTYBATH 3a JIOMOMOI0I0 HAJIITPOBIIHOTO KY-
6ita. Ile 703BOJISIE KOr€PEHTHO T'eHEPYyBaTH Ta PEECTPYBATH KBAHTOBY CYIIEPIIO-
3UIIII0 OCHOBHOI'O Ta, 0 {HO(GOHOHHUX (PoKiBcbKUX cranis [86, 87|. Tlpu npomy, Ha-
HOMEXaHIYHI PE30HATOPHU HaJIAI0Th MOYKJ/INBICTH 30epiraTi KBaHTOBY iH(OpMaIliio
B CKJIQJJHUX 0OaraTo(OHOHHUX KOI€pPEeHTHUX cTaHax. Taki cTaHHW, Ha BiJIMIHY Bij
0JIHOPOHOHHUX, JIe MeXaHiuHi BTpaTh HeOOOPOTHO BHUIAAJIAIOTH KBAHTOBY iHMOP-
MaIlifo, JO3BOJIAIOTH 1X BUsiBJIeHHs Ta Kopekiiiio |70, 94]. Bemudesnoto npobiemoro
B peaJiizaliil MOBHOMACIITAOHUX KBAHTOBUX KOMIT IOTEPHUX CHCTEM € Oe3TOMMII-
KoBe KepyBanHs KyOitamu. [Iporokosn kBanToBol kopekiil mommiok (KKIT) (3
aren. — Quantum Error Correction (QEC)) nporonyoTs BupitieHHst i€l mpobJie-
MU, JI03BOJISIIONN BUTIPABJIEHHS JIOTTIHUX MMOMUJIOK 3& YMOBHU JIOTPUMAHHS TIEBHIX
OPOroBUX YMOB Jijist (bizuunux Ky6iTis [95]. Hapasi sanpornonoBaHo duMajio Me-
TOJIIB KBaHTOBOI Kopekiiil momuiok. [lupoko Bukopucroytorbes KKIT-komu [96],
3acHOBaHI Ha Tak 3BaHUX cat states [70|. Ockinbku dasu € GBI CTIRKIME 10 T10-
MIJIOK, TIOB’SI3aHUX 3 BTpaToio (bOTOHIB, iH(OpMallis 3a3BUYIail KOAYEThCs y dasi
KOI'€PEHTHOI'0 CTaHy. 3a aHaJOTI€l0 JI0 KJIACUYHOI pa30BOI MAHIMYJISAIIIT, KBAHTOBA
iHpopMAaIliss TaKOXK MOKe OyTH 3aKoj0BaHa y ¢das3i KorepeHTHoro crany. Haftnpo-
crimmit Ko (JIBOKOMITIOHEHTHHI cat-state Koj1) moJisirae, TakKiuM 9UHOM, Y BUKODH-
CTaHHI JIBOX KOPEPEHTHUX CTaHIB 3 MPOTHIeKHNME has3amu, ToOTO cat state [97].
[ammmu nporokosamu KKII € rak 3ani GKP-konu. Ile kBaHTOBI KOou 3 BUIIpaB-
JIEHHAM TIOMUJIOK, $IKi 3aXUIAI0Th CTaH CKIHYEHHOBUMIPHOI KBAHTOBOI CHUCTEMMU
(kymita) (3 anea. — qudit), 1m0 KOIYETHCST HECKIHUEHHOBUMIDHOIO CHCTEMOIO (rap-
MoriTHUM octmisitopoM) [98|. [lst storianoro kyb6ita kox GKP BusHauaeThbest stk
KOTepeHTHA CyTePIO3uIlisi HECKIHIEHHO CTHCHYTHX CTaHIB (3 amen. — squeezed
state) abo BacHUX CTaHIB OmepaTopa 3MileHHs & 3 KpokoM 2/+/7 [97]. Okpim
TOrO, HEIOJABHO OYJI0 3anpornoroBano dinomianbHi kKoau s KKIT [99, 100|. Taxk,
6iHOMIaJIbHI KBAHTOBI KO/ (POPMYIOTHCS 31 CKIHUYEHHOI CyTepIIo3uIlii (hOKIBCHKIX
craHiB, 3 OiHOoMiabHUME KoedinienTamu. Ilokazano, 1o 6iHOMiaJIbLHI KON 3aXu-
IeHl 710 3a/IaHOT0 TMOPSJIKY Ha 4acOBOMY KPOIIl BiJI HellepepBHOI JUCUIIATUBHOL
eBOJIIONIT IIPU MOMUJIKAX BTPAT, MiJCHIeHHs Ta jedasybatus [99)].

OT2ke, y po3/iijii 3 Mu 00roBOPUMO MOXKJIUBICTH NeHEPYBaHHS KBAHTOBOI 3a-
IJIyTAHOCTI MIXK 3apsiJIOBUMHU CTaHAMHU KyOiTa Ta MeXaHIYHUMHU KOT€PEHTHUMU B
ranoesiekrpomexanivniii cucremi (HEMC), ne mexanivni KoJuBaHHS CUTHHO BILIH-

BalOTh Yepe3 CJIadKuil 3B’s130K 31 CXOBHINEM KyIepiBcbKuX map. OKpiM TOro, pos-
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POOJIEHO TPOTOKOJI MAHIITYJISAIIT TATHY YO0 HAIIPYTOIO, IO TPU3BO/INTD J0 YTBOPE-
HHsI 3aIJIyTaHUX CTAaHiB, sIKi BKJIIOYAIOTH B cebe Tak 3BaHi cat states (kBanTOBa

CYTIEPIIO3UIlist KOTEPEHTHUX CTAHIB), IKi € CTIHKUMHI JI0 TTOMUJIOK.

1.3. MexaHiuyHa HeCTIfiKiCTh B HAHOEJIEKTPOMEXaHIYHUX CHCTEMAaX.

Ha BinmMiny Bij monepeanboro posrisny, 1.1, 1.2, BIiuBy eleKTpoH-BiIOpOH-
HOIT B3a€MOJIil Ha TPAHCIOPTHI BJIACTUBOCTI OJIHOMOJIEKYJISIPHUX TPaH3UCTOPIB B
paMKax IiJIXO/Ty, KOJIH IIsI B3a€MO/Iis OB’ sI3aHa 3 MEXaHIYHUMK MOJIaMU, He3aJie-
JKHUMU B/ HAIIPSIMKY TlepeHeceHHs eJIEKTPOHIB, B IIbOMY IT11JIPO3/11J11 MU 3BEPTAEMO
yBary Ha BUNaJ0K, KoJu nojoxkeHHs KT mixk enekTpojiaMn eKCIIOHEeHTIa/IbHO 3Mi-
HIOE fIMOBIpHICTD TYyHe I0BaHHsI eJileKTpona j10 beperis [11]. Ile moxke npussectu j10
TOro, 10 piBHOBaXkKHE nostozkeHHs K'T' nmepecrane 6yTu MexaHiqHO CTIHKNM, TOOTO
MOKe MaTHu Miclle MeXaHIuHa HEeCTIHKICTh Ta, SIK pe3y/ibTaT, PezKUM YOBHUKOBOI'O
tpancrnopty esekrponis [101]. e, sik mpaBmio, BUMa ok ciabKoro eIeKTpoMexa-
HIYHOTO 3B s13KY. BIJIIB TOJIIpOHHOTO eheKTy Ha SBUIIE IMATIIOBAHHS €JIEKTPOHIB
BuBUaBCst B poborax [102, 103|. IcHye jiekinbKka IPYHTOBHUX OTJISIIIB HA 1[I0 TEMY,
muB. nocuyanss [103—107]. Otke, Mi KOPOTKO TPEJCTABUMO ePEKTH MeXaHiIHOT
HECTIMKOCTI B Takiii cucTeMl Ta PO3IVITHEMO JIeSKl pe3yJibTaTH.

HaitmrpocTinia Mojiesib, sika MOKe JIEMOHCTPYBATH e(PEeKTH eJIeKTPUIHOTO Ia-
TJIy Ta MeXaHIIHOI HEeCTIHKOCTI, OMNCyeThest raMiibToHIaHOM piBHsiHHS (1.9), e
Terep aMILITY/Ia TYHEeJTIOBAHHS 3aJI€2KUTD BiJl MOJIOXKEHH, a “4ieH piBHsaHH (1.13)

MOzKHa IIPpEACTaBUTH AK:

Hipy = (eq — e€x)cle, (1.31)

je & — eJleKTpUYHE 110J1e, 3yMOBJIeHE HAsIBHICTIO €/IeKTPOHAa Ha KBaHTOBiil TOUII],

Hy =) to(#)af,c+He., (1.32)
kr

ne t, = toe™/*, e X — TyHesbHa goBKuHA. [LIst pO3B’SI3aHHST 331441 BUKODHCTO-
ByeThCsT piBHsHHS JIiyBlnig-don Hefimana (abo, B OLIBIN 3araJbHOMY BUIAJKY,
piBastabst JliHa6ma1a), a Takoxk MeTos dyHKI ['pina B Teopil 30ypeHb 3a mapa-
METPOM eJIeKTPOMEXaHIIHOro 3B’s3Ky. IIpu 1mpomy, sIKIo 3HeXTyBaTH edeKTaMu
HYJIbOBUX (DJIYKTyalliii KBAHTOBOI TOUKU, TO MOYKHA BUKOPHCTATH HalllBKJIACHIHE

TPaKTYBaHHs, B paMKaxX sIKOrO () = x 1 HAC HIKABJIATD JIOCUTH BEJIUKI 3HAYEHHS
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aAMILTITYIU KOJIMBaHb KBAHTOBOI Touku. OTKe, 1T KoOpinHATA IIiAITOPSIKOBYETHCS

piBasgHHI0O HbloTOHA,
i+ wlr = F(t)/m, (1.33)

Jie BBeJIeHa cepeiHsl CUJIa, IO JTOPIBHIOE

F(t)=—-Tr ﬁa—H
ox
Ananitugno nokazano [108], 1o Moxke BUHHKATH MexaHiuHa (a00 YOBHUKOBA) He-
CTIKICTh, TOOTO amILIiTy1a KostmBaub KT, gka, Oy 1ydn MaJsI01o Mmic/isd o9aTKOBOIO
BIIXWJIEHHS BlJT TOJIOYKEHHS PIBHOBAIN, HOUNHAE 3POCTATH €KCIIOHEHIIAJIbHO 3 ITPU-
poctom 15 ~ AI'; K110 TirHy 9a Hanpyia 6ibiia 3a moporosy, eV > 2(gg+hw). Y
IbOMY BUII&JIKY MOKE€ PO3BUHYTHUCS I'PAaHUYHUI ITUKJI IPU HASBHOCTI MaJIOro, aJje
CKIHYEHHOrO MeXaHIuHOro TepTs (wieH Y& y Jji.4. pieastaus (1.33)) [44, 108]. Kpim
TOrO, JIJIsl JIOCJIJIZKEHHsT MEXaHIIHOT HeCTIITKOCTI MOXKe OyTH BUKOPUCTAHUI ITOBHI-
CTI0 KBaHTOBOMexaHiwHIil mijaxiz (TpakryBanns koopauaaru KT 3a gomomororo
npecrasiends Gyukiii Biraepa). Orpumano, mo dyHKiisg Biraepa B pexxummi
PO3BUHEHUX CAMOIIITPUMHIX KOJIUBAaHb Ma€ KOJOKOJIONOIOHY dhopmy (raycosy),
muB. |45, 109]. Orpumano TakoK piske 3poCTaHHS CTPYMY MPU HEPEXoi J10 CTa-
riionapaoro pexknumy. OTike, B peskuMi rpaHnaHOro nukiy I ~ ew [109].
BryTpiniae TepTs, 3ymMoBieHe mepernaioM Temieparypu 1’ (a He TIrHYUY0I0
HAIIPYTOI0) B CHUCTEMI y BHUNAJKY GE3CHIHOBUX €JIEKTPOHIB, PO3IJISTHYTO B POOO-
i [110]. BHaiijieHo HACTYIIHY TeMIepaTypHY 3aJI€2KHICTh,
1

YT) ~ T " [cosh® {eq/(2T)}] (1.34)

Hactymamm KpokoM B y3arajbHEHHI € BpaxyBaHHdA cIiny ejgekTpona. CriiH-
TPOHHUIT HAHOEJIEKTPOMEXaHIYHNI OJIHOEJIEKTPOHHUI TPAH3UCTOP 31 CIIH-TOJISPU-
30BaHUMU OGeperamMit po3r/IaHyTo B poboti [109]. st 3HAX0/KEeHHSI CTallioHApPHOTO
PO3B’I3KY BUKOPHUCTAHO HAOJMKEHHSI MATPHUILl I'YCTUHU Ta HAOJIUKEHHS HECKiH-
YEeHHO BEJNKOI TATHYYOl HAIPYTU. BusaBjeHO, MO ICHYIOTH JIBa TUIN MEPEXOIiB
Mi2K CTAIJOHAPHUMHY CTAHAME [IPU 3MiHI eJIeKTPUIHOr0 abo MaruiTHoro moJs [109).
OkpiM TOro, OTPUMAHO TiCTEPEe3NC B IOBEJIIHIN CTAlllOHAPHOT aMILIITY/IA Ta eJje-
KTPUYHOTO CTPYMY B PEXKUMI YKOPCTKOTO Iepexojly. Tak 3BaHmii CIiH-MexXaHIIHni

3B’s130K PO3JIstHYTO B poborax [111, 112|. HaniBkracuanuii mijxin BUKOPUCTAHO
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JIJISI BUBHAUYEHHs IHKPEMEHTY 3POCTaHHS KOJIMBaHb TOUYKM B MEXaHIYHO HECTIHKOMY
pexkumi B cuctemi B nepiogunanomy Maraitaomy o [111]. TIpormnexxauit pexxim
MEXaHIIHOIO OXOJIOJKeHHsI (3 anen. — ground-state cooling) j10 OCHOBHOIO cTaHy
3aIIpOIIOHOBAHO B poboTi [112].

[HITImit T eIeKTPOMEXaHIYHOTO 3B’ 3Ky B MArHITHIX YOBHUKOBUX CTPYKTY-
pax 0a3yeTbcs Ha pepoMarHiTHoMy oOMiHHOMY 3B 3Ky MixK KT i maruiTHuMu oe-
peramu. O6J1acTh MeXaHIYHOI HECTIHIKOCTI /I8 TAKOTO HaHOEJIEKTPOMEXaHIYHOIO
MIPUCTPOIO 31 CIIH-TIOJIAPU30BAHUMHU €JIEKTPOIAMU Ta JIJII B3a€MO/III0UNX €JIEKTPO-
HiB oTpuMano B pobori [113], mus. takoxk [114, 115|. Busisieno, mo 1oBHUKOBHiT
peXKuUM TPaHCIIOPTY €JEeKTPOHIB Ma€ Miclle IPU JIOCUTh HU3bKIiT HAIpPyzKeHOCTI
martitHoro nosist (b < I'), ma BiaMminy Bin ejsektpudnoro. [lana cucrema 3 ypa-
XyBaHHSIM IPAJII€HTa TeMIIepaTyp J0CTiKeHa B poborax [116—119]. Obsmacts me-
XaHIYHOI HECTIMKOCTI OTPUMAHO aHAJITUIHO B a/1ia0aTUIHOMY BHIIAJIKY B PaMKax
HaITBKJIACUYIHOTO Tijxoay. [lokazaHo, 1o HecTifiKicTh BUHUKAE B 00J1aCTi 30BHi-
ITHIX MAarHITHUX ITOJIIB MizK HUKHIM, STKe 3aJIe2KUTh TIJIbKH BiJl (DEHOMEHOJIOITHO-
ro TepTs, 1 BepXHIM (sIKe 3aJI€2KUTh BiJ[ TEMIIEPATYDPH i TIPH BUCOKUX TEMIIEPATY-
pax HACHIYEThCs 38 heo/hw = 4/7/2) xpurtnaaumu 3uadennamu [119]. Pexmm
HECTIKOCTI He BUHHUKAE B 00J1aCTI BUCOKHUX 3HAUYEHb HAIIPYXKEHOCTI MarHiTHOIO
110J151, OCKIJIBKI B IIbOMY BHIIQJIKY 4YacC CIIH-IIEPEBOPOTY IEPEBUIILYE XapaKTepHI
"acoBi MaciITabu, 1o BU3HauatoThes: Mexanignnmu (w 1) Ta enexrponnnmu (h/T)
qacoumMu Mactitabamu [119]. Tlpudomy temiieparypha 3ajiexkHicTh KoedilieHTa
TEPTS 3aJUIAETHCI TAKOIO CaMOIO, sK 1y BUIMAJIKY OE3CIIHOBUX €JIEKTPOHIB, PiB-
HauHst (1.34). Bryms Ky/ToHIBCbKOT B3aeMO/IiT Ha MeXaHIdIHY HECTIHKICTh CHCTEMI 3
YOBHUKOBIM TPAHCIIOPTOM ormcano B poborax [117, 118, 120]. [Tokazamo, 1o taka
CIIHTPO-MeXaHiuHa HeCTIfiKicTh MOKe OyTH BUKJIMKaHA eJeKTPOH-eJIeKTPOHHUM
BIIITOBXYBaHHAM. KpuTndane 3naveHus CuIn 1iel B3a€MO1il BUPIMIAJILHAM YITHOM
3aJIeZKUTh BiJI TEMIIEpATYPU Ta HAIIPYZKeHOocTi MaruiTHoro noJis [118]. Takox 6yiio
nepeibadeHo edeKT caMoHacHIeHHsT j1yist Takoi cucremu [113, 118]. Leit echex mpo-
ABJISIETHCS Y HASIBHOCTI CTAIlIOHAPHOT'O PEXKUMY MeXaHIYHUX aBTOKOJIMBaHb HABITh
6€e3 BIINBY 30BHINTHHOIO TEPTs, MO BU3HAYAETHCA JTOOPOTHICTIO HAHOMEXaHITHOI
CcUCTeMH, K 1 JUIsd eJIeKTpruaHol. KpiM Toro, dmcesnbHO JIOCTIIZKEHO KYJIOHIBCHKI
KOpeJIAIiitHl epeKTH B TEPMITHO KEPOBAHMX Ta 3MIIIEHUX 32 HAITPYTOI0 MarHITHIX
npucTposix B poboti [117]. Byso orpumano, 1o TepMoin Iy KoBaHIit MATHITHI{T TOB-

HUKOBHUII PyX CIIH-TIOJIAPU30BAHNX €JIEKTPOHIB € moporoBum spuiieM [117], sk i
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JJIsT eJIEKTPIIHOTO YOBHUKOBOTO MPHUCTPOIO. 3pernToio, B pobori [116]| erekrpu-
YHI Ta, Mar"iTHI OOMIHHI CUJIM BpaxoBaHO ojHO4YacHO. lle mpusBoanuTh 10 psLy
HETPUBIATLHNX e(DEKTIB, sKi MOYKHA TODAYUTH B €KCIIEpUMEHTaX 3 BUMIpPIOBAH-
HSIM €JIEKTPUYIHOTO CTPYMY, OCKLJIBKI TaKa MOYKJIMBICTH OyJ1a IMPOJeMOHCTPOBAHA
B pobori [116]| muisxom orpumants uncesbHo [-V kpusux. OTpumano, 3 oHO-
ro 60Ky, HEMOHOTOHHY 3aJIeZKHICTh JiinepeHIiaabHOl IIPOBIIHOCTI B ¢Tabl/IbHOMY
(BibponHOMY) pexkumi. 3 iHIOro GOKY, MOKa3aHa HAsABHICTBH Bij'€MHOI jndepeH-
HiaJIbHOT MTPOBIIHOCTI B CTAIIOHAPHOMY PEXKUMI MeXaHIYHUX aBTOKOJMBaHb [116].
[crye psaj1 eKCIepuMeHTIB, B IKUX CIIOCTEPIraBcd PeyKNM MeXaHidHOl HeCTIHKOCTI B
HAHOEJIEKTPOMEXaHITHUX CUCTeMax, nuB., Hamp., |[121—129]. Korepenrauii crino-
BUii YOBHUKOBHIi mpotiec B MackBi kBaHTOBUX ToUoK GaAs/AlGaAs posriasHyTo
B pobori [130].

EdekT caMonmiarpuMHUX KOJUBaHbL CaM IO cO01 € IIKaBOIO MPOoOJIEMOIO 3
dyHIaMeHTaJILHOI TOYKHU 30Dy, BIJIKPUBAIOYN HOBI MOYKJIMBOCTI JIJIsI CIIEKTPOCKO-
mii [131, 132], a diswani mporiec, 1Mo JeKaTh B fiOro OCHOBI, MOKA3YIOTh MOXKJTHBI
3aCTOCYBaHHS JIJIT MeXaHITHOro oxosio/KenHs [133]|. Camonigrpumui MexaHivdHi
KOJIMBAHHS BIIEPIIIEe CIIOCTEPIrajincs B TPAH3UCTOPI HA OCHOBI BYTJIEIEBUX HAHO-
tpybok (BHT) [128], a noga/bi jgoc/tiKeH s mi3Hile miTBepIwin IXHi TpaHc-
noptHi ocobsmBocTi [134—136]. HermoaHo 6ysi0 mpoBejieHO eKcliepuMeHTaIbHe
CIIOCTEPEXKEeHHS caMOKEPOBaHNX KOJMBaHb KBAHTOBOI Toukn Ha ocHOoBI BHT B pe-
KUMI KyJIOHIBCHKOT 6J10Kam [137].

[Ipore, HapoBijIHi ejieMenTH, BKIIOUEH] B HaHOoeieKTpoMexanivtai (HEM)
CUCTEMH, PO3NINPIOIOTH TOPU30HT IHOTO SBUINA, 30KpPEMa, 3a PaXyHOK edeKTiB
Ha/IIPOBITHOT a30BOT KOrepPEeHTHOCTI; JIUB., HAIPHUK/Ia, HAcTyIHI oraamn [103,
138|. Estexkrpos, posraioBanuii mob/ i3y KBAHTOBOT TOUKH, MOYKE BILIMBATH HA 11
eJIEKTPOHHNI CTaH Yepe3 TyHe/IbHU OOMIH KyNnepiBChKUME MapaMy 3aBJIdKN ede-
KTy 6m3bK0CTi. B pobori [92] (aus. Takox [93|) mokasamo, mo pyxoMma HaIIpoBi-
Ha I'paHyJ/ia, sdKa IeploJINYHO KOJIMBAEThCA MIXK JIBOMa BlJIaJIEHUMU HaJIIPOBIJI-
HUMH €JIEKTPOJIaMU, MOXKE CJIYI'YBATH MeJIiaTOPOM JI2KO3e(COHIBCHKOI'O 3B SI3KY,
10 IPU3BOJAUTHL IO KOI'€PEHTHOI'O IIePEeHOCY KYIEePiBCHbKUX Iap MixK Oeperami.
Brmus nongporaux eekTiB Ha JKO3eMCOHIBCHLKUN CTPYM B CHUCTEMI Ha/IIPOBI/I-
HUK-KBaHTOBa TOUKa-HaIpoBiHuK (S-QD-S) 6yiio posrsinyTo B pobori [139]. Ta-
KOYK, aHAJIOTIYHO JIO CUCTEMHU B HOPMaJIbHOMY CTaHi, Jie 3HATTs 0J10Ka u OpaHKa-

Konjiona mpu3BOAUTH JI0 HEMOHOTOHHOI TeMIIepaTypHOI 3aJ1e2KHOCTI 1 epeHiri-
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asibHOT ipoBigroCTi [38, 140], B JanoMy BUIIAIKY T1€ CYIPOBOJZKYETHCS HEMOHOTOH-
HOO TeMIIEPATYPHOIO 3aJIeZKHICTI0O KPUTHIHOTO J12K03eDCOHIBCbKOTO cTpyMy [139,
141, 142]. TlossipoHHe 3BYKEHHSI KPUTHYHOTO JIZKO3eCOHIBCHKOTO CTPYMY DPO3-
DISHYTO B poborax |69, 143, 144].

OkpiM TOro, {KIINO aMILIITY/Ja TYHEJIOBAHHS 3aJIesKUTh BiJI BiIcTaHl MixK
KT i HagupoBiiHUME eJIeKTPOJaMui, TO TaKuii 0OMiH 3a0e3Iedye TaKoyK 3B’SI30K
Mi2K eJIEKTPOHHUMU 1 MEXaHIYHUMU CTYTIeHAMEU cBoOOIM. Jlo/1aTKOBa 1HKEKITI eie-
KTPOHIB 13 HOPMaJILHOT'O METaJIeBOr0 eJIeKTpo 1a 11i1 Hanpryroto Ha KT mopojrkye
CBOEPIJIHY JUHAMIKY KYTEPIBCHKIX Tap Ha HbOMY. B3aeMoiis eJeKTpoMexaniTHux
edexTiB 1 Ha30BOl KOTePEeHTHOCTI IPU3BOJINTL JI0 HOBUX 1 HE3BUYHUX BJIACTUBO-
creit psifly TIOpUIHUX TEPeXojiB HOpMAaJbHU MeTas/Haanposigauk |[145—148].
30KkpeMa, HeloaBHo 0yJI0 I0Ka3aHo, 1110 B 3puvaiinuii Mmera-KT na ocnosi BHT-
HanposigHuK Tpansucropi (N-QD-S), anjapeeschke Bigourrst [149, 150] moxe
IPU3BOIUTH JI0 OXOJIOJPKeHHsT MexaHiqHoT mmijcucremu |26, 151, 152] abo renepysa-
T eheKT OTHOATOMHOTO JIA3ePHOIO BUIIPOMiHIOBaHHS [26] M BUKOHAHHI TT€BHUX
yMoB. Pezonanche anjpeeBcbke Tynemoanis B cucreMi N-QD-S crioctepirasocs
B pobori [153].

Mexaniuna ¢yuknionaabaicte HEMC B 3nauniit Mipi BusHadaerhesa ¢izn-
YHUMU TPUHITUIIAMHA, 110 JIEYKATh B OCHOBI B3a€MOJIIT MizK €JIEKTPOHHOIO Ta MeXaHi-
YHOIO HijicucTeMaMi. B ycix goc/iijizKeHHsIX 3raJaHnX BUIIE, sl B3aeMOo/Iisi OyJa 00-
yMOBJIeHa Jiokastizatieto 3apsiy [108, 145] abo cuiny [113, 118], 1m0 nepeHocuThest
eJIEKTPOHAMU B PYyXOMiil 9acTUHI cucTeMu. ¥ TyiaBi 4 MU PO3TJIsIHEMO PUHITUIIOBO
HOBHII THUII €JIEKTPOMEXaHITHOTO 3B SI3KY, IO IPYHTYETHCS HA KBAHMOBI 00K~
Mi3ayii KymepiBebKux map (auB. Takoxk nocmnanss [154]). Mu nemoncTpyemo, 1o
TaKuii 38’s130K MOYKE CIIPHUSITH CAMOHACHIEHHIO MEXaHIIHOT HeCTifikocTi (3 anea. —
self-saturation effect), mo npu3BoUTDH 110 0 TeHEPAIIT CAMONIOMPUMHUT MEXAHI-
YHUX KOJINBAHDb. 3aIIPOIIOHOBAHO TAKOXK €(DEKT 0L0A00MHCEHHA O OCHOBHOIO CTAHY
HAHOMEXaHIIHUX KOJMBAHb Y PO3TJIAHYTIN cuctemi. [Tokazano, 1mo pexxum Haka-
JK1 ab0 OXOJIOJIZKEHHS CYTTEBO BILIMBAIOThH Ha CEPeIHiil CTpyM depes cucTeMy, Mo

POOUTL MOXKJIMBUM TIpsSIME €KCIIepUMeHTAIbHE BUABJICHHSA MpeIdadeHnX eeKTiB.
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PO3/ILII 2

ITIOJIAPOHHI E®@EKTHU, 11O BUHNUKAIOTD 3AB/IAdKU
HEPIBHOBA2KHIUM BIBPOHAM B O/ITHOMOJIEKVYJ/IAPHUNX
TPAH3NCTOPAX

Y gaHoMy po3iji po3TIAIAEThCA eJIeKTPOHHNN TPAHCTIOPT B MOJIEKYJIAPHO-
MY TPaH3UCTOPI, PUILYCKAIOUM, [0 MEeXaHIYHa M1JICUCTeMa 3HAXOJAUThCA B HEPIB-
HOBaKHOMY CTaHi, a camMe — KorepeHTHOMY. OTpUMaHO BOJIbT-aMIIEPHI XapaKTe-
PUCTUKN TAKOTO OJIHOE/IEKTPOHHOTO TPaH3MCTOpa HA OCHOBI BIOPYIOU0I KBAHTOBOI
Toukn. [IpoanasizoBano 3HaiiaeHy 3a/J€KHICTDb €JIEKTPUIHOIO CTPYMY Bl aMILIi-

Ty KOJINBaHb KBAHTOBOI TOYKM.

2.1. Mosiesib OJTHOMOJIEKYJIIPHOT'O TPAH3UCTOPA.

Mopenb oHOMOJIEKYIIPHOIO TpaH3ucTOpa 300parkena Ha puc. 2.1. Hamo-
eJIeKTPOMeXaHIIHa CUCTeMa, CKJIAIA€ThCS 3 IBOX MACUBHUX €JEKTPOIB — BUTOKY
(amea. — source (Left)) Ta croky (amea. — drain (Right)), 3 xiMiuaumu noresiiia-
JIaMU, {Ki BUBHAYAIOTHCS TATHYYO0I0 HAIIPYTOIO, (f, — fig = €V, Ta OJIHOPIBHEBOI
KBaHTOBOI ToUKH (anes. — quantum dot (QD)). KarnToBa Touka 3/iiicHIOE KOJTHBA-
HHS Y HAIPAMKY T — MEPHEeHINKYIIPHO 70 HAIPSIMKY TPOTIKAHHS €JIeKTPUTHOTO
crpymy. Hampyra na eexkrposi 3atBopy Vi Bubpana Takum dunoMm, o(Vg) = p,
o6 OTpUMATH MAKCHMAJbHY BEJIUIHHY TyHETHHOTO cTpyMmy. TyT €9(V) mo3ma-
Ya€ eHeprilo piBHS KBaHTOBOI TOUKHU, a £p — (epMiiBCbKY eHeprito beperiB. /s
CIIPOIIEHHS PO3PaXyYHKIB MU PO3TJISAIAEMO TYHEIIOBaHHS OE3CIIIHOBUX €JIeKTPOHIB
Jepe3 CUMEeTPUYHNI KOHTAKT. TaKoK MPUITYCKAEMO, 110 BETMINHN TyHEJTHHIX Ma-
TPUYHUX eJIeMEHTIB He 3aJiexKaThb BlJl KOJUBaHb KBAHTOBOI TOYKHU, t;, = tr = {p.
Mu 6epemo 110 yBaru Jimire mporecu MOC/I1I0BHOTO OJIHOEJTEKTPOHHOTO TYHETI0Ba-
nnst, ko max(eV, T) > T, ne I’ o [tg|> — Tynesbua mupuna pisis (xapakTepHa
eHeprisg TYHEeJbHOro 3B’13Ky Touka-Oepern), 1" — memieparypa ta V — Tarayda
Harpyra. 3a JIOOMOI'OI0 JaHOI MOJEIl MOxKe OyTH ONMUCAHW OJHOCJTEKTPOHHMI

TPAH3UCTOP HA OCHOBI OJTHOCTIHHOI BYTJIEIIEBOI HAHOTPYOKHN.
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Puc. 2.1 Ecxiz odnomorexyraprozo mpanducmopa. Biopyrowa odrnopienesa
(€0 — enepeia pieHA) K6anmMosa Mouka (MaKPOMOAEKYAG) POZMAUOBAN MIXIC
080MG MACUBHUMU esekmpodamu, do Axux npursadena maznysa wanpyea V.

Kesanmosa mouxa mynesvno (tr, = tg =ty — myHneavha amniimyda) nos’a3ana
3 eNEKMPOdaMU 3 TIMINHUMY NOMENYIAAAMY [Lf, R, [, — R = €V, ma
memnepamyporo T'. Hanpyea zameopy npursadena maxum 4uHom, w0 PieeHd
enepeli K8anmosoi mouku 3HATodUMbCA Ha GepMiiscoromy pieHi bepezis €,
eo(Va) = ep, daa ompumanna maxcumaivhoi seaununu cmpymy. Keanmosa
MOYKG OCUUNOE 8 HANPAMEY T — NEPNEHOUKYAAPHO 00 HANPAMEY NPOMIKAHHA
eaekmpuyurozo cmpymy. Ocuusauti K8aHMoOBoT MoKy, ONUCYIOMBCA 34

dONOM02010 Ko2EPEHMH020 CMAHY 00HOBUMIPHO20 2APMOHIYHOZ20 OCUUAAMOPA.

2.2. 'amisIbTOHIAH CHUCTEMU Ta PIBHAHHS JJIsI MATPUIl I'YCTUHU.

[amibTOHIAH HAHOEIEKTPOMEXaHITHOI CUCTEMU, MOJIe/Th SIKOI 300parkeHa Ha,

puc. 2.1, cKIaJ1a€ThCs 3 YTOTUPHOX HACTYIIHUX JIO/IAHKIB,
H=H;+ Hjpt + Hy—q + Htun; (21)

ne H;, H;,; — raMiJibTOHIaHM HEB3a€MOIIOUNX €JIEKTPOHIB B Oeperax Ta KBAHTOBOI

TOYKM BIJIITOBITHO,
_ t _
H, = E En W o Ok iy Hy = ocle, (2.2)
kK
al (aj,) — ome ( ) Oepesi k = L,R
e (@i paTop IOPO/KEHHs (3HUIIEHH:) eJIeKTpoHa B Oepesdi k = L,

3 immysbcom k Ta emeprieto g, , ¢'(c) — omepatop nopojpkenus (3HuIIEHH)
eJIEKTPOHHOTO CTaHy Ha KBAHTOBIN TOUI 3 eHeprieio €y. Buimesrajiani omnepaTopn
BTOPUHHOI'O KBAaHTYBaHHS 3a/I0BOJIbHSAIOTH CTaH/IapTHI aHTUKOMYTAallliiHI CITiBBIJI-

HOIICHHA, {aj{f s b = Ol e, 1€ O — cuMBOJI Kponekepa.
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[aminbronianom H,_g ormmcyeMo BiGpOHHY (MeXaHiuHY) IMiICHCTEMY Ta B3a-

€MO/III0 eJIeKTPOHIB 1 BIOPOHIB,
. P mwla?
= +
2m 2

+ Azcle. (2.3)

B piBuasiani (2.3) x,p — KAHOHIYHO CHPsZKEH] OlepaTopu KOOPJIUHATH Ta IMITYJIb-
cy 3 KomyTaniitnumu crisignomentasivu [z,p] = k. Tyr w, m — BiacHa dacrora
KOJINBAHb KBAHTOBOI TOUKM Ta 11 Maca, a /A — mocTiiiHa eJeKTpOH-BIOPOHHOI B3a-
eMOo/Iil.

laminbronian Hy,, BiAIOBiIae TyHE/JIIOBaAHHIO €JIEKTPOHIB MiXK KBaHTOBOIO

TOYKOIO Ta €JIEKTPOJaMMU,

Hy,p = Z t,.ia,t,ﬁc +H.c., (2.4)
k.k

Jle t, mosHavae TYHeJbHY aMILITyay. Hukde Mu oOMexKMMOCsS pO3TJISAIOM CUMe-
TPUIHOTO BUNIAJKY, t7, = tp = t(, IO IKICHO He BILIUBAE Ha OTPUMaHI eDeKTH.
st Toro, mob giaroHasizyBaTu ramijibToHiaH (2.1), 3pydHO 3po6UTH YHI-
tapre nepersopenns UHUT — H, ne U = explidpc'c], Bimome B miTeparypi
sk neperBopentst Jlanra-®ipcosa (anen. — Lang-Firsov canonical transformation)
abo nosisiporne nepersopentst [47]. Tlpupisaioroun koedilieHTn Mpu OJHAKOBUX
cTereHsix DO30HHUX ONEPATOPIB, OTPUMYEMO ITPEHOPMOBAHY KOHCTAHTY €JIEKTPOH-

Bi6ponHoi B3aemoii A = A/hmw?. Toxi dopmyna (2.3) npuiimae giaronanbHuil

BUTJIA,
2 2,2
P mw-x
H,_,— H,= 2.5
v—d v m 9 ) ( )
a TYHEJbHUI raMibToHialn Hy,, € HACTYIIHUM,
Hin — Hywn = to Z e‘“pa,Tmc + H.c.. (2.6)

k.k

OpmH 31 crocobiB KBAaHTOBOMEXAHITHOI'O PO3IVISIAY CHCTEMU 3 €JIEKTPOH-
BIODOHHOIO B3AEMOJIIEI0 € TaK 3BaHUIl MeTo/| 3BeIeHOT (PeyKOBAHOT) MATPUILl Ty-
crunu [45]. B paMkax JIaHOTO MiJIX0/y MATPUIS I'YCTUHE CHCTEMHU (DAKTOPU3YETHCS

Ha TEH30pHUIT 100y TOK PIBHOBAXKHOI MATPUILl I'yCTUHN OeperiB, BIOPOHHOI MaTPHUILi
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I'yCTuHU Ta ManI/IHi rycruom KBaHTOBOI TOYKMH,

p = P 02 Pu X Pdot - (27)

Jlane HaOJIMKEHHs BiJIIIOBiIa€ BUITQJIKY IIOCJIiJIOBHOIO €JI€eKTPOHHOIO TYHEJIOBa~
ws1, koo max{eV,T} > I'. Ha Bigminy Bim J0CHTH PO3MOBCIOZKEHHOTO BHXi-
JIHOT'O TIOJIOZKEHH TIPO PIHOBaXKHY MATPUIIO I'YCTUHU MeXaHIdHOI MiJICUCTeMU, MU
PO3TJIsI/Ia€MO BUIIAJIOK HEPIBHOBaXKHUX BIOpoHIB. Mu mpuiryckaemo, 1Mo BiOpoHHA
I1JICHCTEMa OIICYEThCsT KOTEPEHTHUM CTAHOM, sIKH 3a/1e’KUTh Bijl dacy |z(t)). Ba-
JKJIMBO BIAMITHTH, 1110 B poboTi [61] KorepeHTHNUiT cTaH BBAKAETHCST HE3ATEKHIM
BiJI 4acy, IO CyIepeduTh PIBHSIHHIO PyXY /sl HEB3a€MO/IiI0UNX BIOPOHIB B Halliii
MOJIEII,

|2(t)) = exp (—uH,t) |2), (2.8)

(h = 1). Tyr |2) — Bnacua dyHKIisg onepaTopa 3HUIIEHHs BiOpoHa b, b|z) =
z|z) (z € koMmIutekcHUM wqmcsioM). Bimmosimxa BiGpoHHA MATpHUIST IYCTUHU Ma€

CTaHJJapTHUIT BUTJISI,
po(t) = |2(1))(2(t)]. (2.9)

Eostioniist cucremu y 1aci onucyerbes pisasiaasim JIiysist (anea. — Liouville-von

Neumann equation) jiyist MaTpuUIli rycTuHu,

dp

ot + Z[HO + Htump] - 07 (210)

3 Hy= H;+ H, + Hy,, sike Mmae HacTylHe (popMaJjibHE PillIEHHS,

t

plt) = p(—00) — 1 / dt' e O Hy ()] M0, (211
—0o0

Hacrymnnm KpokoM Mu tijcraBisieMo piBasiaast (2.7), (2.11) B dopmysy (2.10)

Ta 3HAXOJMMO DIBHSIHHS JIJIsT 3BEJICHOI MATPUILl I'YCTUHU KBAHTOBOI TOUKHU Pgor =

TYeqds,pp, A€ ciij 6epeTbes 3a eJICKTPOHHUME CTYHeHAME cBOOOAU B Oeperax Ta

BIOPOHHUMU CTYTIEHAMU CBOOOJIN,

t

0Pdo / /
gc; t + Z[Hdotapdot] — _Tr/ dt/[Htun7 e—ZHo(t—t ) [Htun;p(t,>]eZH0(t_t )] (212)
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Mu MozKeMO TOYHO OOUUCTUTH CepeIHi 3HAUCHHS eJIeKTPOHHNX Ta BIOPOHHUX OTIe-
paTopiB B paMKax HaOJIMKeHHsI PeJyKOBAHOI MaTpUIll IycTuHU, piBHsAHHS (2.7).
Tax sk MaTpuIld ryCTUHN eJIeKTPOHIB B Oeperax piBHOBaXKHa, TO Cepe/IHI 3HAUYEeHHA

O00YMC/IIOI0THCS CTaHIAPTHUM CIIOCOOOM,

<a;£;,,.;ak’,n’> = [ (Ehr) Ot O (2.13)

ne fo(e) = (exp((e — py)/T) +1)"! — byukuisa posnoxiny @epmi-ipaka, py g =
to + (eV/2) — enexrpoximiunnii orenrian B Gepesi k. Obunc/ienHs BIOPOHHOT

KOpeJIATITHOT PYHKITT

F(tt1; N) = (exp[—1A\p(t)] exp[eAp(t1)]) (2.14)

3a KOI'€peHTHUM CTaHOM IIPUBOJUTL IO HACTYIIHOI'O BHUPaA3y:

F(tt; A) = Te| e 0| 2) (z]e(t)] =
exp {—)\2 [1 — ezw(t—h)} —\z [e—zwt —zwtl} T )\Z [ wt zwtl]} (2 15)

Tyr Mu  BBOAMMO 0€3pO3MIpHY IIOCTIHiHY €JIeKTPOH-BIOPOHHOI  B3aeMOJIiT
Ahﬂ/lo — A\, e ly = \/W — aMILUIITyJa HYyJbOBUX KOJIMBaHb. Ilapa-
MeTp A Mozke GyTH 3ammcanmii B HacTynmiii dpopmi A = /2l/l, ne | = A/mw?
[O3HAYAE XapaKTepHy BeIMYMHY 3MIIIEHHS KJIACHIHOTO OCIMJLISTOpa. Bapro
BIJIMITUTH, IO y BUITQJIKy YCEpPEIHEHHs 3 HEPIBHOBAyKHOIO BIOPOHHOIO MATPHUIIEIO
I'YCTHHU 3 BUKOPUCTAHHSIM BijioMoi dopmysn (eA> = e2(4) |155] Mu oTpumyemo
HEeBIPHUI pe3y/IbTaT.

Bukopucrosytoun crissignomenns (2.13), (2.15), piBasnus (2.12) aist pe-

JIYKOBAQHOI MaTPUIIl I'YCTUHU KBAHTOBOI TOYKU NpUitMae HACTYIHUI BUTJISLI,

Ipdo
g;” + 1[Hot,Pdot] = Z/dT/ds X

{F tt — )\) st[ . fn(é“)] ce ZHdotTp (t _ T)CTeZHd"tT—l—

—f—F(t,t — T — )e ZETfﬁ(EE) —ZHdotTpd t(t . T)CeszotT i

_F*(t,t — T —>\>el€7—fﬁ(€> —1H o7 erd (t _ T)eszotT o

—F(tt =15 \)e L = fi(e)lele T epgy (t — 7)e! T + Hoe. } (2.16)
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ne ' = 27Tl/t(2) 1O3HAYA€ MUPUHY PIBHS €JIEKTPOHHOI'O CTaHy Ha KBAHTOBIil TOHII,
v — TYCTUHY €JIEKTPOHHUX CTaHIB B Oeperax, sika B paMKaxX HaOJIMZKEHHS THPO-
Kux 300 (anen. — wide-band approximation), nus. Hamp. [33], He 3ajeKuTh Bij
eHeprii. 3ayBayKIMo, IO Ha BiAMIHY BiJ BHIAJKYy PIBHOBaXKHOI MaTpHUIll TI'yCTH-
Hu BiOpoHiB (jimB. Hamp. [43]), BibponHa Kopessiiiina dynkiis, dopmyna (2.15),
3aJIe2KUTh BiJl JIBOX MOMEHTIB Jacy He3aJle;KHO, a He Bij 1X pisnuii. OcraHHs 00-
CTaBMHA O3HadJa€, IO y JIaHiil cEUCTeMi JacoBa iHBapiaHTHICTb He 30epiraerThbesd,
TOOTO y BUIIJIKY BIOPOHIB y KorepeHTHOMY craHi |z(t)), mo ¢isndHo Bianosigae
KOJIMBAHHSIM KBAHTOBOI'O MasTHUKA, IHBAPIAHTHICTH 3a YACOM IOPYIIYETHCS.
PenykoBana matpuiisi (omepartop) TyCTHHE KBAHTOBOI TOUKU Pt [I€ Y MPO-
cropi Poka, KMl y JaHOMY BHIIQJIKY € JIBOBUMIDHHM IIPOCTOPOM OE3CIIIHOBOI'O
eJIEKTPOHHOI'O PIBHA Ha KBaHTOBii Touri. MaTpudni ejemenTn oneparopa I'yCTH-
mt ¢ nacrymumar: po(t) = Olpan(D|0)o1(t) = 1 — po(t) = (pau(t)[1), ac
1) = ¢']0), a |0) nosmauae ocrosumit (Baxyymuuii) cran. 3 dopmyan (2.16) orpu-

MYy€EMO HACTYITHE iHTerpo-andepeHiiaibie piBHIHHA [7Ts1 IMOBIpHOCTI po(t),

% = % ;/m/ds { Pt =70 [1 = f(@))[1 = polt = 7)] -
—F (bt = 75 =N f())polt — 7) | (2.17)

[HTerpyBatHs 3a 3MIHHOIO € MOXKJIMBE, BuKopucroByodn dhopmyay Coxo-

npKoro-Ilnemesst, quB. wamp. [156],

e HsT

R 2.18
sinh w77’ ( )

/dsemf,{(a) = —d(T) + p.v
Je CUMOBJIOM p.v. (ameza. — principal value) mosHadeHO roJIOBHE 3HAYCHHST 1HTe-
rpasa (3a Kom). ¥V Bunasky Buxonamnns mepsrnocti 7' >> [ MmoxkHa 3nexTyBaTH
edpexTaMu 3ari3HeHHs B piBusHai (2.18) Ta orpuMaTH HACTYIIHE JOKaJIbHe (y daci)

PIBHSAHHS JIJII MATPUYHOTO eJIEMeHTa 0y,

O Mt — M), (2.19)
A€ |
Mi(t) =1—3 > AW fr(eo — nw) + frleo — nw)). (2.20)

n
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Koediriernrn A (t) e nepioguaanME byHKIIsIMI Yacy (3 mepiogoM 27 /w) Ta ToMy

MOYKYTb OYTH IMpeJicTaB/IeH] y BUNIsIIL psijiiB Pyp'e,

AD(E) = " ald e, (2.21)

n n,p
P
1 ™
aﬁ}% = —/ e (1039 gip (n - @) X
’ i 2
V v
x sin (A% sind) cos (%) Jp <4)\|z\ sin E) : (2.22)

a? L[ de N (1—cos9) (g (1)_19) X

we— on | 2

v
X COS <%p —nv + \*sin 19) Jp (4)\\z| sin 5) : (2.23)

B dopmynax (2.22), (2.23) J,(z) — dbyuxuii Beccenst nepioro posuy. [lo Toro x,
MH [IApAMETPU3YyEMO BJIACHE 3HAYCHHSI KOTEPEHTHOTO CTaHy 2 K z = |z| exp(1p),
e mapaMeTp |z| BusHauae aMILITYLy KOJIUBAaHb KBAHTOBOI TOUKIL.

PosrysinemMo cramionapHuil peskuM KoJIMBaHb €BaHTOBOI Touku, ¢ > 1/T
KOJIN HIMOBIpHiCTD po(t) € mepioguuanoro dyukiieo dacy, po(t + To) = po(t), a,

0T¥Ke, MoyKe OyTH po3KJjajieHa y psia Pyp'e,
po(t) = Z P p_n = P (2.24)
n

Topi piBHSHHS 19 TapMOHIK 1epeTBopeHHs Pyp’e Ma€ HACTYPHUIT BUTJISA,

1 1
WPy = Opo — Pp — 2 Z [agz)o - Z afm)ﬁkpk] X
k

n

[fr(eo — nw) + fr(eo — nw)], (2.25)

Ta € OCHOBHUM PIiBHAHHSIM JaHOrO po3iiy. VMoro pimenHst 00roBOPIOETHCS Y IIiI-

posmii 2.4.
2.3. EnekTpuaHnii cTpym.

Hac nikapyisite BosibT-amrepHi xapakrepucruku (BAX-u) manoro ojaomo-

JIEKYJIIPHOIO TPaH3UCTOPa, TOMY HaM HeOoOXiJHO PO3paxyBaTh CEPeJIHI CTPYyM 3a
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1epiol KoJMBaHb (B CTAIlOHAPHOMY PEXKIMI), SIKIil BUSHATAETHCS SIK,

1
I=— [ Jt)dt, (2.26)

To
ne J(t) = (Jp + Jr)/2, a «uiBuit> (anea. — left (L)) ta «upasuit> (anea. — right
(R)) enmekTpudHi cTpyMn BH3HAYAIOTHCS CTAHJIAPTHUM YHHOM $IK 3MiHA UHC/IA,

eJIEKTPOHIB Y BIJITIOBIHOMY Oepesi,

ON,
J. = nHeTr (p 5 ) , N, = Z aL,nak»’i’ (227)
k

ne np/r = *1, a Ny — oneparop 4nc/ia eJIeKTPOHIB B €JICKTPOJL K. 3a JOMOMO-
roto piBusHHst (2.11) BUpa3 Jyisi €JIEKTPUIHOIO CTPYMY MOXKe OYTH 3alucaHuii B

HACTYITHOMY BUIJIS/IL,

t
Jy = 1, Tt / dt'e o) [ U Hy  p] + e

—0oQ

I, = etge P Z CCLL#. (2.28)
k

Pospaxynku 3a dopmysnoo (2.28) mpuBosATH 10 HACTYITHOTO PIBHSIHHS, SIKE aHa-

sorivyne 710 piBHgAHHS (2.19),

2 — o) + P, (2.20)

ne Iy = el' /2 — makcnamasibHuil cTpyM (HACHYEHHST) Yepe3 OJJHODIBHEBHIl CHMe-

TPUYIHNN KOHTAKT,

Z A ) fL g0 — nw) fR(Eo — nw)] , (230)

a koedinient AY natorbest bopumymarm (2.21)-(2.23). 3 piBuganb (2.24),(2.26) Ta

(2.29) orTpuMyeMO HACTYIHUIT BUPA3 JIJIs CEPEIHBOIO CTPYMY,

I =1 Z [ 02610 — nkpk] [f1(c0 — nw) — fr(co — nw)] . (2.31)
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BarkyimBo BiAMITUTH, IO CEepPEeJIHIl eJIEKTPUUHMI CTPYM He 3ajle’KUTh Bij dasu

KOrepeHTHOI'0 CTaHy @.

2.4. Pe3y.]'IbTaTI/I Y CEeJIbHOT'O PO3PaXYHKY BOJIbT-aMIIEPHHUX
XapaKTepuCTukK.

Pieustanst (2.25) npejcrapiisie o000 HECKIHUEHHY CUCTEMY PIBHSIHB JIJIsl rap-
MoHIK nieperBopentsa Dyp’e. OHaK, y JAHOMY BUIAQJKY P/ JIJisd KoedillieHTiB
IIPU TapMOHIKAX MIBUJIKO 30IraloThCsAd Ta MU MOXKEMO OOMEYKUTHCH JIUIIE BKJIAI0M
HepIINX JeKiJIbKOX JogaHKiB. HeobxinHa X KiJIbKICTb 3aJI€2KUTh BiJl ITapaMeTpiB
cucTeMH, TIepII 3a Bee, apaMeTpa KOTepeHTHOro cTany |z|. Pesynbratu qmncioBux
obuncsiensb piBasiaHs (2.31) pasom 3 (2.25) mpojgemMoncTpoBaHo Ha puc. 2.2,2.3.

Baunmo, mo 3a Hu3bKNX Temneparyp 1 << hw BoJIbT-aMIepHi XapaKTepu-
CTUKHU Jjist BIGPOHIB Y KOMePEHTHOMY CTaHl (KpUBa YOpHA IyHKTUPHA) MAIOTh CTY-
miHYaTHii XapakTep, moi0Ho (O/IHAK, HE Y 3arajbHOMY BHUIAJIKY) J0 THX, M0 Bij-
MOBIJIAIOTH BUIAJIKY PIBHOBAayKHIX BIOPOHIB (3ej1€Ha CYILIbHA KPUBA), JB. HAID.
ooy pobory [11]. Kpusi, 1o Bignosigarorh BuliajkaM piBHOBasKHIUX Ta KOTe-
PEHTHUX BiOPOHIB, CIIBIAJAIOTH, JUB. PUC. 2.2, SIKIIO aMILIITY/Ia KOJMBaHb KBaH-
TOBOI TOYKHN MEHINa ab0 TaKOro »K IMOPSAJIKY BEJUYUHU SK aMILITYyda HYJbOBUX
kosmBanb [y (|z| < 1 BiamosigHO).

3 iznuHuX MIpKyBaHb 3PO3YyMLJIO, 110 KOJIM CHCTEMa 3HAXOIUTbCS Y CTa-
Hi OJIM3BKOMY JI0 OCHOBHOI'O, TOOTO CEpejHe Yucjo BiOpoHiB < n >< 1, Hemae
PI3HUIN Y TOBEJIIHII KOT'ePEHTHUX Ta HEeKorepeHTHux BiOpoHiB. CyTTeBa pi3HUILA
BIHHUKAE, KOJIM aMILITY/Ia OCIUJISIN KBAaHTOBOI TOUKH, |z2| > 1 (nuB. puc. 2.3,
Jle YOpHAa MYHKTUPHA BIJIHOCUTHCS JIO BUIIAQJIKY BIOPOHIB y KON€PEHTHOMY CTaHi 3
mapamerpoM |z| = 10). 3pyuno BBecTn eeKTHBHY TeMieparypy BiOpoHiB (Mexa-
HivHOI mijcucTemur) T, NPUPIBHIOIOUN CepejlHe YUC/I0 BIOPOHIB B KOI€PEHTHOMY

Ta PIBHOBaXKHOMY CTaHaX,
|2 = (exp(fw/T)) — 1), (2.32)

Jlyist BesIMKIX 3HAYMEHb aMIUITY/L OCIUIIsAIifi KBaHTOoBOI ToukN (|2| > 1) Ta BimHO-
CHO CHJILHOI esleKTpoH-Bibponnol Bzaemoii (A ~ 1), T* ~ |22 hw > A2hw. 3po-
3yMLJIO, 1110 38 BUCOKUX TEMIIEPATYD B €JIEKTPOJIAX CTOKY Ta BUTOKY, (hPAHK-KOHI0-

HIBCHKI CXOJIMHKHN Ha, BOJILT-aMIIEpHIX XapaKTepUCTUKax 3HUKAIoTh. Ile o3nauag,
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Puc. 2.2 Boavm-amnepni xapaxmepucmuku 0AL MAAUT 3HAUEHD NAPAMEMPa

Koeepenmmozo cmany |z| = 0.25 ma cuavnoi eaexmpon-eioponnoi 63acmodii,
A = 1. Yopni mouku 6idnosidaromsv pe3ysvmamy “YuceabHo20 PO3PaxryYHKy
CMPYMy 048 6UNAOKY, KoAU BIOPOHHA NIOCUCTEMA 3HATOOUMDCA 6
Kozepenmmomy cmani. Tonka 3esera xpusa — BAX das eunadky pienosastcrux

6I0PONIG, WO TAPAKMEPUIYIOMBCA edekmuenoro memnepamyporo T (due.
dopmyay (2.32)). Inwi napamempu: T /hw = 0.05,T"/hw = 0.001.

0 Y BUINAJIKY KOI'€PEHTHUX BIOPOHIB, 3a BEJIUKUX aMILIITY/l KOJUBaHb, BUHUKAE
CUJIbHE TOJIABJICHHS CTPYMY B 00JIACTI HU3LKUX HAIPYT, a TAKOXK Ma€ MicIe CTy-
ninuaTuii xapakrep BAX. Mae ceHc mopiBHIHHS Takol 3a/1€2KHOCTI 3 mepeadade-
HOTO B pamkax Teopil @panka-Kongona, mpuiryckaiown, 1Mo MexaHigHa IMiJIcucTeMa
HMIITPUMYETHCA TTPU BUCOKI# TemmepaTypi 17, dKa 3ajaeThed 3 po3mojiiy boze-
Eitnmreitna, Toji K TeMmiepaTrypa OeperiB MmiJITpUMYyeTbhcss HU3bKO, 1T < hw.
[eit BUIaJ 0K IpOiTOCTPOBaHO Ha puc. 2.3. MoxkeMo 0auuTu CyTTEBY PI3HUIIIO
Mi’K BOJIBT-AMIIEPHIMHI XapaKTEPUCTUKAMU, a came: (a) BHCOTa CXOJNHOK He €
PEeryJIsipHOIO y BUIAJKY KOIepeHTHUX BiOpoHIB Ta (6) HacHUeHHsT CTpyMy BiiOy-
BAETHCS 38 3HAYHO HIKIUX Hanpyr (eVs =~ |z|hw), HiXK y BUIAJIKY PIBHOBAsKHUX

BIOPOHIB.
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Puc. 2.3 BAX 0as sunadky 6eauro20 3Ha4eHHA NAPAMEMPL KO2EPEHMHO20
cmany, |z| = 10. Inwi napamempu maxi oic ax wa puc. 2.2. 3esena cyyiivha
Kkpuea 610nosidae 6unadky preHOBANCHUT BIOPOHIE 3 MEMNEPAMYPOID, AKA
sadaemuvca napamempom |z| = 10. Yepsona wmpur-nynkmupha xpusa
6idobpastcac po3paryrok 3a npunyuenns po = 0.5 (dus. nidposdia 2.5).

Bemasxa — pezion nusvkux nanpye.

2.5. OniHka BeJIMYNH MMOBIPHOCTI Ta CTPyMYy B CTAal[lOHAPHOMY

pexK1Mi.

PospaxoBytoun dnceibro pisasiaHst (2.31) Ta (2.25), MOXKHA BIAMITHTH, 10
koedirieHT py (HysapoBa rapmonika) psyry @yp’e (2.24) B cralioHApHOMY DEXKI-
Mi pg = 0.5, T0OTO #iMOBIpHICTD (MATPUUHI €JIeMEHTH DeyKOBAHOIO OIepaTopa
IYCTHHI KBAHTOBOI TOYKM) He 3aJle’KUTh BiJl 4acy, 3 BUCOKOIO TOUHicTIO, ~ 1072,
Topni, niygcrasssoun B piBuanns (2.31) suadenns pg = 1/2 ta p, = 0 st p > 1,
OTPUMYEMO HabaraTo MPOCTIIILY, a NOJIOBHE, aHAJITHIHY (DOPMYJIY /I CEPETHBOIO

eJIEKTPUYHOI'O CTPYMY,

I=1> anlfu(eo — nw) — frleo — nw)], (2.33)
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Puc. 2.4 BAX 0as 6eauko20 3Hauenma Napamempa K02epenmmo20 cmany
|z| =20 ma X\ = 0.5 Inwi napamempu maxi orc ax na puc. 2.2. 3esena cyuiivra
Kpusa 610n06idae suNadKy PIBHOBANCHUL GIOPOHIG 3 MEMNEPAMYPOI0, AKA
sadaemuca napamempom |z| = 20. Yepsona wmpur-nynKmupHa Kpuea, uyo
610N06106€ CNPOWEHOMY PO3PATYHEKY 3a. opmyaamu (2.33) ma (2.84), matiorce
NOBHICMIO CNIBNAJAE 3 NOMAPAHIEEOI0 CYUIADLHON KPUBON, PO3PATOBAHOIO 3

suropucmarHam popmyasu (2.35).

Je

™

a, = l /7T dﬁe—)\Q(l—cosﬁ) X
0
v
x cos nd) cos (A*sin 9).Jy (4)\|z| sin 5) : (2.34)

Binem Toro, mig A < 1 MoxKHa 3poOWTH HACTYIIHY OIIHKY iHTerpasia B pOpMYy-
i (2.34),
an =~ J2 (2)\|z2]) . (2.35)

i MipKyBaHHS JJO3BOJIAIOTH 3HATHO CIIPOCTUTH YNCJI0BI po3paxynku. Pucynku 2.3
Ta 2.4 1M0CTPYIOTh OTPUMAaH] BOJILT-aMIIEPHI XapaKTEePUCTUKN. depBoHa IMITPUX-
yHKTUPHA KPUBA BIIMOBIIBE CIIPOIIEHOMY PO3paxyHKy 3a dopmynamu (2.33) Ta
(2.34). Pesynbraru HabMyKeHNX aHAJITHYHUX DPO3PAXYHKIB CIIBIAJAIOTH 3 pe-

3yJibTaTaM 9UCJIOBUX 3 BIUCOKOIO TOYHICTIO.
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3asnaunmo, 1o piBHstHHS (2.33) Mae Takuii ke BUTJIST K 1 Bizoma dhopmyia
(muB. Hamp. pobory [11]) myist cTpyMy Oe3CHIHOBHX €JIEKTPOHIB Uepe3 BiOpyody
KBaHTOBY TOUKY, KOJI MeXaHIuHa I1i/ICHCTEeMa 3HAXO/INThHCS Y PIBHOBAYKHOMY CTaHi

1 OIIMCYETHCA PIBHOBAZKHOIO MATPUICIO I'YCTUHU Peg,
Iy =10 Y Ay [fr(eo — nw) — fr(eo — nw)] (2.36)

—p(t
Je clekTpaibHa ryctuna A, BusHadaeTbes (opmyson Tr e ( )e”\p(o)peq] =

> Ape™™ ) nus. nigposmin 1.1.
BucuaoBkn

Y JaHOMY PO3Iial PO3IIAHYTO TPAHCIOPT €JEKTPOHIB Y MOJEKYJIAPHOMY
TPAH3UCTOPI, MPHUIIYCKAIOYN, 10 BIOPOHM OCIHMJIAII KBAHTOBOI TOYKU 3HAXOJSI-
ThCd y KorepeHTHoMY crTaHi. OTpuMaHi BOJIbT-aMII€pHI XapaKTePUCTUKUA TaKOIro
TPAH3UCTOPa MalOTh CTYIIHYATUN BULJIsA, T10/110HO J10 (PPAHK-KOHIOHIBCHKUX CXO-
JINHOK, TIPOTE € CyTTERI BiMiHHOCTI. A came, 3a BEJIMKNX 3HAYEHDb aMILIITY/ L OCITI-
JISIITIIT KBAHTOBOI TOYKM KOHJIAKTAHC MIOIaBJICHIIT (HOJIHpOHHa 6HOKaﬂa) B 3HAYHI1
Mipi, He3AJIEZKHO BiJI CHJIM €JICKTPOH-BIOPOHHOI B3a€MO/Iil. SHATTSA TaKOl MOJIsIPOH-
HOI OJIOKaIM, SIK& BUHUKAE 38 PAXYHOK KOT€PEHTHUX OCHMJISIIN, BiIOYBaeThCI 34
3HAUHO HUKUYMX HANPYT, H2K Y BUNajky OJiokajm Ppanka-Konjona; npuaomy,
BICOTa CXOJIMHOK Yy I[bOMY Pa3i € HeperyJsipHol (DYHKINE TATHYYOl HAIIPYTH.
Ha nomady, BoabT-aMmepHi XapaKTepUCTUKN PO3TJITHYTOrO TPAH3UCTOpa He 3aJe-
»KaTh BiJ (pa3y KOrepeHTHOI'O CTaHY.

OCHOBHI MOJIOZKEHHST [[LOTO PO3JILTY BUKJIQJIEHO Y myO/iiKalisx 3100yBada [1,

5, 6].



o6

PO3/ILII 3

SAIIJIYVTAHICTDb MI2K SAPATOBUMU CTAHAMUN KYBITA
TA KOI'EPEHTHUMU CTAHAMU HAHOMEXAHIYHOI'O
PE3OHATOPA.

PosrngnyTo HaampoBiHy HaHOETEKTPOMEXaHIIHY CUCTEMY Ha OCHOBI HAHO-
Jipoty. O6roBopeHo eKCIepruMEeHTAIbHO ITPOCTUI TPOTOKOJI MAHITTYJISIT TATHY Y010
Hanpyroio. Ilefi mpoToKo/ MPU3BOAUTH 1O YTBOPEHHS MiXK 3aps0BUM KyOiTOM i
HAHOMEXaHITHIM PE30HATOPOM 3allTyTAHOCTI, sKa MOXKe OyTH KepoBaHa ITapame-
TpaM# TPUCTPOIO. PO3IITHYTO TaKOXK eKCIepUMEHTATBLHO MOXK/IMBE BUSBJIEHHS

edeKTiB IISIXOM BUMIDIOBAHHSI CEPEIHBOIO CTPYMY.
3.1. Moaenb Ta ramMiJIbTOHIaAH HAHOEJIEKTPOMEXaHITHOTO MPUCTPOIO.

Cxemarmane 300pakeHHT TPOTOTHUITY HAHOEJIEKTPOMEXaHIIHOI CHCTeMU
(HEMC), mo posrisiaerbesi, mpejcraBieHo Ha puc. 3.1. Bona ckiagaernbes
3 HajposigHukosoro Haxoapory (HJI) (3 awea. — superconducting nanowire
(SCNW)), [157, 158|, stkuii mijBitnenuii Mizk jiBoMa 06’ €MHUME HaJIITPOBI THUKAME
1 eMHICHO 3’€/IHAHMIT 3 JBOMa eJleKTpojaMu 3aTBopa. Hajasi posrisiiacTbest Bu-
natok kKo HJI gaBiisie cobo1o HaImpoOBLTHIIT OCTPIBeIh, SKUil MOXKHA, PO3IJISIATH
SIK 3apsifiouil KyOiT (cxoBulie KynepiBcbkux map (3 ames. — Cooper pair box
(CPB))), 6asucHuMu craHamu sIKOTO € 3apsijIOBl CTaHH — CTaHu, siKi BijoOpazkar-
I0Th HasBHICTb abO0 BiJICYTHICTH HAJIUINKOBUX KYIIEPIBCHKUX AP Ha OCTPIBII. 3a-
3BUYAil 11l CTaH! MMO3HAYAIOTHLCA AK 3aps 0Bl Ta HefiTpaJIbHUN cTaH BlJIIOBIIHO.
Y oMy BHIIQJKY, Halpyra Ha 3aTBopi Vi 1 Hampyra MixK 3aTBopaMu Ve BHOU-
paIOTHCA TaKUM YMHOM, 100 PI3HUIA €/IEKTPOCTATHIHUX eHePTiil 3apszKeHoro i
HEHTPaJILHOTO CTaHIB JIOPIBHIOBAJIA HYJIIO TIPU MPAMiil KOH]Irypariii HaHoIpOTY,
TOJIl SIK BUTMH HAHOJAPOTY YCYBa€ Iie BUPOJIzKeHHdA. M1 TaKoxK 3BOJINMO JINHAMIKY
sruany HJI 1o puHamikn pyHgaMeHTaIbLHOI MOJW IO OMUCYETHCS TApMOHIUYHUM
OCIIIJISITOPOM.

CyBMmicHa jguHAMIKA KYHEPIiBCHKUX Hap 1 MeXaHidHa JUHAMIKa 1€l cucTeMu

OIIMCYETbLCA 1"aMi.)'[bTOHiaHO1\/[7 AKWIT MOXKHa 3allicaT y BI/IF.HE{,ZH,

H=H,+ H, + Hjn. (3.1)
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Puc. 3.1 Cxemamuuna iaocmpavis poseasnymoi HEMC. Hadnposionud
HAHOOPIM, WO PO32AADGEMBCA AK 3apAdosull Kybim, myneivro 3’ ednanuti 3
deoma 06’ emnumu naonposionuxamu (S) 3 pisnuyero gasz ¢ mior
HadnpPosidHUKaAMU Ma eMHIcHo 3 ednanut 3 deoma esexmpodamu 3ameopa.

Koausanna 32uny 6 HanpamKy T ONUCYOMBCA 2aPMOHINHUM OCUUAATLOPOM.

TyT

Hyint = [Q 42_22(2;@] — Z |:EJ,O' cos (¢ — é)} ) (3.2)

g

e Q = 2en — JUCKPETHUil omepaTop 3apsifly Ha TOUIi (7 — Omeparop Juca
kynepisebkux nap Ha KT), Qq(2) = VgCq(Z) — omneparop 3apsiiy, reHeposa-
Huit Hanpyrowo Ha 3arBopi Vi, C(2) = 2C; 4+ Cq(&) — B3aeMHA €MHICTH, 10
CKJIQJIAEThCsT 3 €MHOCTell 3aTBOpa 1 JzK03edCOHIBCHKOr0 KOHTaKTy. KoHCcTaHTa
E; = Ej; = Ej g € eHeprieo JpKo3edCOHIBCHKOrO 3B’$13KY (PO3IVIAIAEMO JIH-
1€ BHIAJI0K CHMETPHIHONO 3B'513Ky), ¢ — omeparop (hasi, Mo 3a/10B0JIbHIE KO-
MYTaIiiHOMY CIIiBBIIHOIIEHHIO [gg,ﬁ] = 1. Takum ausOM, piBHSHHS (3.2) MOXKHA
LEepeIncaTu y BUTJIsI/

A 2
Hyont = Eo(2) (n + %) — 2E; cos ¢ cos ¢. (3.3)
€

Tyr E.(%) = (2¢)?/(2C(%)) — eneprisa zapsty. KoopjunaTHo-3a1exHa eMHICTD
saTBOpa Cg(T) HAMAIITOBYETHCS TAKUM THHOM, 100 PI3HUIIS €JIeKTPOCTATHIHITX
eHepriit Mizk 3apsiyizKeHUM (3 OJIHIEI0 HaJTHIIIKOBOIO KYTEpPiBCHKOIO Taporo) 1 Heii-

TpaJbHUM CTaHOM OyJta npornopiiiina 6e3po3mipaomy 3Mimienaio KT & 1 gopiBHIO-



o8

BaJla HYJIIO B TO4YIl PiBHOBarum KojiuBaHb. 1011 B perkuMi KyJIOHIBCbKOI OJIOKa 11
(Ec(0) > Ej) B 3apaa0BoMy 6a3uci 3 BUBHAUCHUM THCJIOM KYTIEPIBCHKIX Hap Ha

OCTPIBIII onepaTopHa (PYHKINS exXp [zqg} Ma€ BUTJISL:

R 1 2w
1P _ 1(n+1)¢p .
e’n) = — doe =|n+1). 3.4
)= <= [ o) = ) 3.4)
Otsxe, B Gasuci 3 BexTopamu Hefirpasbroro |0) = (0;1)T ra zapsgosoro

11) = (1;0)T cranis Ta B UpejicTaBICHH] BTOPMHHOIO KBAHTYBaHHs JIsl OllEPaTO-

PiB 3MIIIEHHS Ta IMITYJIbCY MA€EMO:

H, = —FEjo;cos ¢,

Hm - %(A2+ﬁ2)7

Hint = 5:%0'3.

Tyr 04,0 = 1,2,3, — marpuni Hayni, Eg — BilacHe 3HaueHHs eHepril, 0B g3aHol 3
eJIEKTPOCTATUYHUM TI0JIEM, TII0 BUHUKAE 38 PAXyHOK 3aTBOpPHOI HAIIpYTH V. 3BijI-
CU BUILIUBAE, IO TLIBKHU NEPIINii MOPSAI0K €MHOCTI 3aTBOpa Jla€ ICTOTHUI BKJIA/I
1 pO3IVIATAETHCA BUTIAJIOK PYXY JI0 TOUYKHM BUPO/IZKEHHS B TOUIl piBHOBaru. Bapto
3ayBaKUTH, 1110 MOYKHA, JiaroHaJi3yBaTu He30ypeHy YacTUHY raMiJIbTOHIaHa, PiB-
nstns (3.5), 3a 10n0Moroio yritaproro nepersopenns U = (I + 103) /v/2, 3rijmo
JI0 SIKOTO 01 — 03,03 — —07. 1o,
hw

H =eioy + Ejcos¢(t)os + - (2% +p°). (3.5)

Tyt raminbronian H, npejcrasise J12K03edCOHIBCbKUI 3B 430K MizK CXOBH-
ImeM KyIepiBCbKUX map Ta 00’ €MHUMU HaJNpOBIIHUKAMI 3 ¢ = ¢(t) pisHumero
daz mix enexrponamu, o;(i = 1,2,3) — marpuni [aysi wo gioors y riisbepro-
BOMY ITPOCTOPI B Oa3uci, jie BEKTOpn (1,0)T 1 (0,1)T [IPEJICTaBJISAIOTh BlJITIOBIJTHO
3apsijioBuii 1 weiirpasbuuii cranu. Famineronian H,, y piBugnui (3.1) mpencras-
Jisie TMHAMIKY (PyHIaMeHTaIbHOl 3TTHAJILHOI MOJIH, 0 OMUCYETHCA TAPMOHIUHAM
OCITIJISITOPOM 3 9aCTOTOI0 W (TYT OMEpATOPH IMITYJIbCY Ta KOODJUHAT, P i &, HOP-
MOBaHI Ha aMILITYLy HYJIbOBUX KOJMBaHb T = \/h/Mw, M — edexrusna maca
ocrpisugt, [Z,p] = 1). Tperiit wien, H;y, onncye eJleKTpoMexaHiTHIIT 3B’930K MiK

3apsIJIOBUM KyOITOM Ta MEXaHIUHUM OCITUJISITOPOM, AKHUil 1HIYKOBaHO €JIEKTPOCTa~
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TUIHOIO CHJIONO, IO JIi€ Ha 3apsa0Buil cTaH KydiTa, € = e£xy. B octanHiit piBHOCTI
& — 11e epeKTUBHE eJIEKTPOCTATHYHE I10J1€, SIKe KOHTPOJIIOETHCSI PISHUIIEIO IIPUK.JIa-
nennx Hanpyr Vg i Ve, Huxdge Oynemo BBazkarTu, mo € < hw, Ey, 1m0 Bijanosigae
THUIIOBII eKcrepuMeHTaIb il cutyaril [86, 91, 159).

CraHu cucTeMu, 10 ONUCYIOThCST TaMiJbTOHIaHOM, piBHsHHS (3.1), € cymep-
+

O3UIIIEI0 IPAMUX JI0OYTKIB KyOITOBUX CTaHIB, €; , Ta BJIACHUX CTaHIB OCIIJIATODA
|n). TyT i mani e/ mosnavae BaacHi BeKTOpH MaTpuils llayii o; 3 BaacHuMmu 3Ha-
JyeHasaMu v = +1.

Axmo € = 0, To B3aeMOJlisd MK KyOITOM Ta MEXaHIYHOIO ITiJICUCTEMOIO BU-
MUKAEThCST 1 cTalioHapHi cTaHu ramiibToHiaHa, piBHsaHHs (3.1), € uncTumu cra-
Hamu. EHTpoIIis 3aI1yTaHoCTi € iHTerpajgoM pyxy, TOOTO, SIKIIO CHCTeMa, 3HaXO-
JINTHCS CIIOYATKY B YMCTOMY CTaHi, TO BOHa Oyjie nepedyBaTH B UUCTOMY CTaHI
B OYJIb-IKUil T101aJIbIINIT MOMEHT Jacy. SIKIO0 Mi»K HaJIIIPOBIIHIKAME IIPUKJIACTH
IOCTIfiHY TATHYYY HaIIpyTy, TO 3a paxyHOK edekTy J[:ko3edcoHa BHHUKAE 3MiH-
it (o< sin¢(t)) crpym, ¢(t) = 2eV/h, ne V — rvarayua mampra. CHHXPOHHE
YBIMKHEHHsI €JIEKTPUUYHOI'O 110Jisi £ Ta HAIPYId MiK Ha/IIPOBIIHIMU €JIEKTPO/1a-
MM [IPU3BOJUTD JI0 BUHUKHEHHSI CTaHIB, SIKi IIPEICTABJIAIOTH COOOI0 3aIlIyTaHICTh

MIXK cTaHaMH KyOiTa Ta OCHUJIATOPA.

3.2. EBouttoriiss cuctemu y 4aci.

g mpoBeieH s anaJi3y eBOJIIOIIl CUCTeMI BBeJIEMO Oe3p0o3MipHUiT Jac Ta
enepril, wt — t, Ey/hw — Ej e/hw — £, a TaKOXK NPUITYCTUMO, 0 B MOMEHT
HepeMuKaHHs B3aeMosiil MiK mijcucremamu (t = 0), pizauig das JopiBHIOE ¢ =

¢ Ta cucrema 1epedyBae B YNCTOMY CTaHi,
[W(0)) = ein @ |0). (3.6)
[Tpu t > 0, 3rigHo 31 (apyrum) crissigaonientsm Jzkozedcona,
o(t) = 2eVt/hw + ¢y. (3.7)

[amisnibronian, piBusHust (3.1), 1, sk HaC/i0K, oneparop esosuorii U(t,t'),
JAKUIT BU3HAYAE €BOJIIOIIIO JIOBLILHOI'O MIOYATKOBOI'O CTaHy, MalOTh HACTYIIHI BJla-

CTUBOCTI,

A~

H(t+Ty)=H(t), Utt)=U(t+Tvt +Ty), (3.8)



60

TOOTO € IePIOJUIHIMU Y 4Yaci 3 nepiogoM
TV:QW/QV:’]TM/e‘V’. (39)

s anagizy omeparopa eBOJIOINI] MOYKHA CKOPUCTATHUCS TIPEJICTABIEHHAM B3aEMO-

JiT (BijtHOCHO TaMisibTOHIaHY B3ae€MOT Hjyy ), B3SABINN,

Ut.t') = U (U (UL, (3.10)
Jie
9 2E’J . 1
U, (t) = exp Q. oisin (Qut + kpy) —walat| (3.11)
Vv

VHITapHUII oIlepaTop eBOJIONIl, IO BiAIOBiJae He30ypEeHOMY TaMiJIbTOHIaHY i
OITHCYE €BOJIIONII0 MEeXaHITHOl Ta eJIeKTPOHHOI IijicucTeM He3asekHo. [Tapamerp
k = sgn(V/|V|) = £ xapakrepusye HanpsMok tsiriaydol Hanpyru. Omeparop
U, (t,t") 1ianopsiIKOBYEThCsl HACTYTIHIM DIBHSIHHSIM,

OU,(t,t") ~

- >~ 7 — p /
= M (OU(LE),

Ho(t) = ei(t)os(t), Ustt) =1. (3.12)

1
z(t) = —(de*“& + &Te”),

V2
o3(t) = o3 cos <& sin(Qyt + /‘€¢0)> _
Qv

—09 sin (E sin(Qyt + K¢0)> : (3.13)
Qy

ko yacrorn w i y HecyMipHi, TO oneparop 7:[5(1%) € KBazilepioanIHo0

dyHkIieo acy. ¥ TakoMy BHITQJKY MOYKHA OUIKYBATH, IO MeXaHIdHA ITiJICHCTe-

Ma, TlepedyBalovn CIoYaTKy B OCHOBHOMY CTaHi, He OyJie CyTTEBO BIIXUIATUAC BiJT

OO CTaHy B Iporieci eBostoniil. Jletaabuuit po3riisi/i boro BUITAJIKy BUKOHAHO

quceibHO [160]. TyT posrisireMo pesoHaHCHUH BUINAIOK, KoJn Sy = w, 1 mpuiry-

ctumo, 1o € K 1. Ilepma ymoBa 00yMOBJIIOE HACTYIIHI BJIACTHBOCTI OllepaTopa
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€BOJIIONT,

R N N—-N'
U,.(27N, 27 N") = (uﬁ(zw,O)) , (3.14)

ne N, N' — narypanbui yucia. Ipyre npuiyiieHns J103B0Jist€ 3pOOUTH HACTYIIHY

IiJICTAHOBKY 3 ypaxyBaHHAM OCHOBHOTO BKJIaJIy B HAOJIMKEHHI 3a &,
U.(tt) =U. (2N 2w N"), (3.15)

e N(N') = [t(t')/2n]([x] mosnavae 1miny qacTumy Bijx ), Ta OTPUMATH BHPA3 JJIs

U, (27,0), sikuii MOYKHA 3alUCATH HACTYITHUM THHOM:

U,.(27,0) = exp [1Eoop(kepy) + 62(’)(IA)} :
p(¢) = pcos ¢ + T sin . (3.16)
Tyr € = 2neJ1(2Ey) ta Ji(z) e dyukiieo Beccess nepioro pojy. Buxopucro-

BYIOUM BHUIIEBKa3aH1 CIIBBIIHOIIEHHS, MOXKEMO OTPUMATH BUPa3 Jjisd ollepaTopa

esostionii U (t,') B OCHOBHOMY HAG/HZKEHH] 38 MAJIM APAMETPOM &,
U(t,t") = Uy (t) exp [ioap (k) (t — t)]UL(L). (3.17)

Bukopucrosytoun piusiHHSA (3.6),(3.17), oTpuMyeMO, 1[0 B MOMEHT dYacy
t, 3 Tounictio 10 Masoro napamerpy € < 1, cran cucremn |¥(t)) onmcyerncs

HACTYIITHUM BUPA30M:
(W(1)) = ) Ase(trico) @ | — va(t,k)/V2). (3.18)

Tyr
ey (t,kpy) = e exp LE joq sin(t + kgy)] ,

Ta €y = 01€, € BIaCHIMI BeKTopaMu MaTpuilb [layii oy 3 B1acHIMNI 3HAUeHHAME
v = =1,

AP = (e5(0,k00),€in) = cos (kEsin ¢g)cy — vsin (kEy sin ¢p)cy ”, (3.19)
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Jle TIOYATKOBUI CTaH MOXKHA IIPEJICTABUTU B 0Aa3M1CI BJIACHUX BEKTOPIB MATPUIIl 09
AK:
e = »  chel. (3.20)
v==1
[Tosnauennst |a) (e v — KOMILIEKCHE YHCJIO) BiJIIOBIIA€ KOTEPEHTHOMY CTaHY

FapMOHITHOTO OCIIIIATOPA, G|a) = ala), Tomi gax Gyukiis z(t,k) €
z(t,k) = Et exp [—1(t + Key)] - (3.21)

Cotip mijkpecuTu, mo pisasiaast (3.18) cripaBe iBe JIKIIeE Jjist 0OMEXKEHOTro
inTepsasy gacy t < & 2. Yac t Mae 6yTH TaKOK MEHIINM 3a Oyib-axuil qac geda-
sucikarii Ta pesnakcarii. 3 piBagHHs (3.18) BUIHO, 110 MOYATKOBO YUCTHil CTaH
|W(t =0)) = e, X |0) eBostornionye y cTaH, MpeJCTaBIeHII 3aILTy TAHICTIO MiXK
JIBOMa cTaHaM# KyOiTa i JiBOMa KOrepeHTHUMHU CTaHAMU MEXaHIuHOTO PEe30HATOPA.
[Tpugomy, gerasi 1€l 3aIyTaHOCTI 3a/1eXKaTh BiJI 4acy MepeMuKaHHs (TrapaMeTp
¢o) 1 HAIIPSIMKY TATHY90l Hanpyru (mapamerp k). [laxi obcTaBuHE 103BOJISIIOTH
MAHIITYJIIOBATH OIMUCAHUM BUIIE 3aILIyTyBaHHSIM, 3MIHIOIOYH HAIIPSIMOK HAIIPYTH

SMIIEHHS.

3.3. I'eneparig craniB Tuirty "Schrodinger-cat state'.

st nemoncTparil edeKTy 3B’SI3KYy MixK 3apsJoBUM KyOIiTOM 1 MexaHi-
JHIME KOJMBAHHSMHU, AKHH ITOSICHIOE YTBOPeHHsI Tak 3BaHux "'Schrodinger-cat
states" HaHOMEXAHIIHOIO PE30HATOPA, POIIVISHEMO HACTYIIHII 9aCOBUI IIPOTOKOJI
st V(t):
2eV(t) = —hwl(t) [1 — 20(t — t,)].

A came, Ha inrepsasi yacy 0 < t < t, Tsirayva Hanpyra V (t) = —hAw/2e, a norim
3MiHIoe CBiii 3HaK. Bukopucrosyioun pisustaus (3.10), (3.14), (3.16), orpunmyemo,

o 1pu t > t onepaTop €BOJIIONIl MAa€ BUTJISII;

U(t,()) = U, (t)eto2Et=t:)p(00) Geto2étsp(—do)gy (0), (3.22)
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Je

S =Ul (t)U_(ts) = plts,0) + 17(ts,00) 01, (3.23)
p(ts,p0) = cos (2E; costssin ¢y) ,
T(ts,00) = —sin (2E; costssin ¢y) .

B pesyabTari cTaH cuCTEMU Mic/Id 3MIHU HAIPAMKY TATHYYOl HAIIPYTH Ma€ HACTY-

[MTHUT BUTJIAT;

W(1)) =Y eb(t.n)
@ (pAy| = v [V2) 417 A7 Jva VD)), (3.24)
ne Z4 = 71 & 29 1,

71 = G—Z(t_¢0)§ts,

79 = e H0)g(t —t). (3.25)

Cxemarnune 300parKeHHsI €BOJIOIII KOI€PEHTHUX CTAHIB MOXKHA II00AUUTH Ha
puc. 3.2. PiBusnus (3.24) 1eMOHCTDPYE, IO CTaH CHCTEMHU IPEJICTABIAETHCST 3AILTY-
TaHICTIO JIBOX CTaHIB KyOiTa 3 jiBoMa Tak 3BaHUMH "cat state" (cymeprosmiiiero
KOT€PEHTHIX CTAHIB), CTPYKTYpa KUX KOHTPOJIOEThCs Tapamerpamu Ej (p) Ta
¢o. Ak BumumBae 3 piBuganb (3.24), (3.25), mepeMuKaHHSA HAPYTH 3MIIIEHHSA He

BIUIMBAE Ha JUHAMIKY CHCTEMH, AKIIO ¢y = 7N, Jie N — IiJie TUCJIO.
3.4. EuTpoOIIiga 3aITyTAHOCTI.

Hapazi y nboMy miposiai oOMexKnMocs JJIsi TPOCTOTH PO3IJISIOM HaMIT-
KaBillloro BUIAJKY, KO ¢y = 7/2 i nokmageMo e, = (e5 + ey )/v/2, Tobro,
MU IIPUITYCKAEMO, IO OE3I0CEPE/IHBO Iepe) BKIIOUEHHSIM B3a€MO/IIl KyOIT 3Ha-
XOJIUBCSI Y BJIACHOMY CTaHl olepaTopa ﬁq(t = 0 — ). 3 UMHI TPUITYIEHHSIMN

piBHsiHHs (3.19) mEpeTBOPIOETHCST HA

AT = AT = exp(1Ej)/V2. (3.26)
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Puc. 3.2 Cremamuuna 1410cmpaia nos0OHCEHD KOLEPEHMMHUL CMAHIG, ULO
ONUCYIOMBCA KOMNACKCHUMY YUCAAMU Z1 2 A 1T KOMOTHAUIAMU Z1 NG
Komnaexcit naowuni. [lodnavae wacosy e60A10ULI0 KO2EPEHMHUL CMAHIE, 3

001020 DOKY, Ma 3aA€IACHICD 610 NOYAMKOBOL PIdHuYL has Py, 3 Ipy2020 6OKY.

st Toro, mob oxapakKTepu3yBaTH 3B’SI30K MiK KyOITHUMHU CTaHAMH Ta CTaHa-

MU MEXaHIIHOTO OCITUJISITOPA, BBEJEMO TIPUBE/IEH] (pelyKOBaHi) MaTPHUIl I'YCTHH,

~

Qq(m)(t) - Trm(q)@a e
o= ¥ @) (¥ @)l (3.27)

€ HOBHOIO MATPUIICIO TYCTHHN cucTeMu, a 1T, Mo3Hadae c/Iijl 32 MeXaHiqHIMH
(kybiToBnMn) cTymensivu cBobonn. Bukopncrosyioun pisasnus (3.18), (3.24), mo-

’KHa OTpUMAaTU HACTYIHUI BUPa3 JJld pejlyKoBaHOl MaTpUIll I'yCTUHHI KyOiTa 0,

. I+ /\(t,ts)O'l

04(1) 5 : (3.28)

e
A(tts) = exp (=€), 0<t<t,, (3.29)
A(t,ts) = p*exp [—&%(t — 2t,)°] + 77 exp (—&7t7), t>ts. (3.30)

Baysaxkumo, 1o A(t,ts) > 0. [Ipu BuBegenni piBasians (3.28) BpaxoBaHO CIIBBi/I-

nomenns ej (e; )1 +e; (ef) = oy.
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Enrpornis s3amayTaHocTi (Ky TakoK Ha3uBaioTh eHTporieio (on Heiimana)

BU3Ha4Ya€TbCA HACTYIIHUM YHUHOM:

Sen(t) = — Tr 94(t) log 04(t) = — Tr 0, (t) log 0, (2). (3.31)

OckinbKu 6a31C KOrepeHTHOTO CTaHy He € OPTOHOPMOBAHUM ((haKTHIHO KBa3iop-
TOrOHAJIBHUM) 1 MEPenoBHEHNM, TO JIONLJILHO BUKOPUCTOBYBATH piBHsHHS (3.28).
st Toro, mob 00UNCANTH €HTPOIIIO 3AILIYTAHOCTI, 3PYIHO MIPEJICTABUTA MaTPH-
III0 B JliaroHaJibHOMY BUIVIsIl. [Iprmauna B Tomy, 1m0 gKIo A, ¢ = 1,2 € BjracHuM

3HAYEHHSIM MaTpulli g, TO piBHAHHA (3.31) MOXKHA HepenncaTn sK

Sen(t) ==Y Ailog ;. (3.32)

Mozkna J1erko 3HaiiTu BJIaCHI 3HaYEHHs PEJyKOBaHOI MaTPUIl I'yCTUHHI KyDiTa 0,

piBHsHHS (3.28),
1
A2 = 5 [1— A(t,ts)] - (3.33)

3 nuX piBHsSIHb BUJIHO, IO MaKCUMaJibHe 3HaYeHHsI eHTPOIIil 3allIyTaHOCTI JI0PiB-
HIOE

Simar) — 1og 2 (3.34)

en

(mpu A2 = 1/2), To6TO KOpestsinil MizK eJIeKTPOHHOIO Ta MEXaHivaHOIO ITi/ICHCTeMa-
MU MaKCcHUMaJibHi. B po3paxyHKax IpUiHATO TaKuii CIIociO TpaKTyBaHHsI HEBU3HA-
yenocti 0log 0 = 0. V 3arajibHOMY BUIIAJIKY €HTPOIIis 3aILIyTAHOCTI € 0OMEXKEHOIO
dbyukmiero, 0 < S, <log N, ne N — kibKicTh mijcucrem (crymneHis cBobosn), 3
SAKUX CKJIQJIAEThCs BCS CUCTEMA.

I'padik Se,(t) mis £ty = 11 pisnux suadenn p (ogHAKOBO, 4181 72 = 1 — p?)
HaBeJIeHo Ha puc. 3.3. EHTporig 3amiyTanocTi MOHOTOHHO 3POCTaE 3 4acoOM B Me-
xKax inreppaiiB 0 < t < t5 Ta 2ty < t < 00, JI0 MAKCUMAJILHOI'O 3HAUYEHHS
Sé,ﬁ“ax) npu t — oo. Ha inTepsani ty < t < 2t nOBeJliHKaA 3aILIyTaHOCTI €HTPO-
1l 3aJIC?KNTH Bijl CIIBBiHONIEHHS MiK p Ta 7. 30KpeMa, I p° > T2 eHTPOIis
3aILTy TAHOCT] Sep (1) TOUNMHAE 3MEHIITYBATHCH TICIsT TIEPEMUKAHHS, TOCATAI0TH J1e-
SIKOTO MIHIMAJIBHOTO 3HAYEHHsI (JIOPIBHIOE HYJIIO J[Is] p? = 1, TOOTO Hallla cucTeMa

2

cenmapabesibHa) Ha iHTepBasi ty < t < 2t ko p> < 72, TO emTpoIid MpO-

JIOBYKY€ 3POCTATU Bijpasy micia nepemukanis. OgHax i1 moxigHa mMoxke OyTH i
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Puc. 3.3 3Baneosrcricms enmponii’ aanaymarnocmi 610 wacy 0af PIBHUT 3HAYEHD

p =0, 1/\/§7 0.9, 1 (cunsa, orcosma, NOMaPaHYEEa MaA YEPESOHA KPUBT).
TonKx010 NYHKEMUPHOIO ATHIEID NOKAZAHO “4AC NEPEMUKAHMHA MALHYUOT HANPY2U.

IIImpuzosa sinia 610n0610aE MAKCUMAALHOMY 3HAMEHHIO 3aniymanocmi, log2.

BiJI'€MHOIO IIPOTSITOM JIESIKOTO YacCy IHTEpBaJly, ICHYBaHHSI IKOI'O KOHTPOJIIOETHCS
napamerpamu &t, ta 72/ p>.

PosrisineMo TakozK KOPOTKO OLIBII 3araJbHAN BULAIOK JIOBLILHOIO 3HAYECH-
HsI II0YATKOBOI pizHuIl das ¢g. s inrepBany dacy 0 < t < tg MaTpuls ryCTUHA
KyOiTa 3ajaerhes piBusaanamu (3.28), (3.29). Ogaak, [yist dacy micsst mepeMuKa-
HHS TSTHYY0l HAIpyru, t > tg, MOXKHA 3HANTH HACTYIHUII BUpa3 JJid oleparopa

I'YCTHHU KyOiTa,
0,(t) = %I + Ipre™= b sin {&%,(t — t,) sin (2¢9) } +
_|_10-1€—52(t3+(t—ts)2> [p26252ts(tts)cos(2¢o) _|_7_2€2§2t3(t—t5)cos (2¢0)} _
—arpre U sin {224t — t,) sin (200)}. (3.35)
3 1BOro PiBHsIHHSI MOXKHA 3HaTH, 30KpeMa, JOTPUMYIOUYNCH BUIIEBKA3aHOI MPO-

eIy Py, 10 MAaKCUMAaJIbHII ePeKT T0CATaeThCsa pH ¢ = /2 1 oTpuMaT piBHSI-

s (3.28).



67

Puc. 3.4 Bienepiscoxi gynwuiii W (z,p,t =27N) daa p=1 (a) ma p=0 (6).
Habysaromv auwe nesid emuux 3nauensd i Maroms 064 MAKCUMYMU, ULO
DEMOHCMPYIOMY 36 A30K MIHC 0BOMA CMAHAMY 3aPAJ06020 KybIima ma 060Ma

KrozeperMHUMU CTNaHaMU HAHOMETAHIYHO20 pe3orHamopa.

3.5. EBomroniiss MexaHIYHOI HiICUCTEMMN.

[t onucy eBOJIIOIIT MeXaHIYHOI T ICHCTeMU PO3IJITHEMO PeyKOBaHy (Tpu-
BEJIEHY ) MATPUINO TYCTHHU 0y, (t). 3 piBHsiHHS (3.24) oTpumyeMo, 1o 1pu ¢t > t

pe/lyKoBaHa MaTPUIld I'YCTUHU MeXaHIYHOI 11JICUCTEMU MAa€ BUTJISL;

oult) = 5 S [P VB2 VB + 2l VB v V-

14

—1pT (| — vz N2 vz_ V2] — Hc)} : (3.36)

g Bizyasizarmil cTany MeXaHIqHOI IiJICUCTEeMHU 3PYYHO BUKOPUCTOBYBATH

npejicTasiiends GyHkiil Biraepa jijist MaTpuil ryctuHu g, (t),

1
Wzpt) =~ / om (2 +y,x — y,t) exp(2ipy)dy,
ne om(z,x';t) = (x|0m(t)|2"). Bukopucrosyioun pisasians (3.36), oTpuMyemo:

W(x,p,t) = Wi(xcost — psint,pcost + xsint), (3.37)
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W(x.p)

0.1

0.0

2

Puc. 3.5 @ynwuis Bienepa W (x,p,t = 27N) das p = 1/+/2. Hpuiimac sx
dodammi, max 1 610’ €EMHL 3HAYEHHA DEMOHCMPYIOUU 3ANAYMAHICTNG MINHC

cmanamu xyoima ma "cat-states” naromexraniuroz2o pezoramopa.

ne dbyukiis Wi(z,p) BusHadeHa 3riTHO 31 CHiBBIHOIIIEHHSIM,

1
Wilw.p) = 5 [F*Wolw.p+ vize]) + T*Wolw.p — vlz-|)+

v

+2p7sin (2vZ_x) Wy (z,p + vZ4)]. (3.38)

Y pisastani (3.38) Zy = (|z—| £ |24]) /2 Ta

Wo(z,p) = % exp [—(z* +p°)] (3.39)

BirHepiBchbKa (DYHKILIS, 110 BiIIIOBI/Ia€ OCHOBHOMY CTaHy MapMOHITHOI'O OCIIHJISITO-
pa. I'padiku W(zpt) st =2rN, p=0,p=1ip=7=1/v/2upu |z | =3
i |z_| = 9 npencrasieno wa puc. 3.5 Ta 3.5.

3 pisasiab (3.36),(3.38) BuHO, 1110 Y BUIIAJIKY, KO p JIOPIBHIOE HYJIIO abo
onmaUIi (30kpema, kKoun ts = 0) dyskiis Biraepa gomataa i Mae 1Ba Makcu-
MyMH, JIEMOHCTPYIOUH 3aILTyTAaHICTh MiXK JIBOMa, cTaHaMu KybiTa Ta JIBOMa KOre-
peHTHHMU cTaHaMu (juB. puc. 3.5). Y 3arajbHoMy BHIAAKY pT # 0, a QyHKIIsA
Birnepa npuiimae 9K JgomarHi, Tak 1 BiJ'eMHl 3HaUYeHHs npu t > tg, JeMOHCTPYIO-
Y1 3aIJIyTaHICTh JIBOX CTaHIB KyOiTa 3 CYIepIO3uIli€lo JIBOX KBa3i0PTOrOHAIbHIX

KOT€PEHTHIX CTaHIB HAHOMEXaHITHOTO pe3oHaTopa (IuB. puc. 3.5).
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3.6. YcepeaHeHUIT 3a YacOM €JIEKTPUYHUI CTPYM.

fAK BUIIMBaEe 3 HABEIEHOIO BUIIE PO3TJIAMY, aMILITYAa MEXaHIIHIX KO-
BaHb, & 0T Ke, 1 eHeprid, 110 3alacaeThCd B MeXaHIIHIN IT1/ICuCTeM, 3MIHIOIOTHCS B
yaci. [s1 eHeprist HAAXOIUTD BiJ €JIEKTPOHHOI ITiICUCTEMU, 110 BUKJINKAE BUIIPIM-
JIEHHs1 3MiHHOTO cTpyMy. [l Toro, mo0 npoaHaJiizyBaTH Iie SBUIIE OOTUCTIUMO
Oe3po3mipry (HOpMoBany 710 Iy = 2e/h) Besmanny 3MIHHOTO J17K03eCOHIBCHKOTO

cTpyMy, ycepeanenoro 3a N-if mepioj,

27N ~
Iv= / dE Ty (ﬁf)@(t)).

Bpaxosyioun, 110 8[%/8@ = ndH /Ot i ﬁq(t = 27 N) = 0, oTpuMaeMo HACTYTHHUIA

Bupa3 s Iy,

Iy = inNTr (ﬁ[m n Hnt) 621 N)
T
K

= 3=V [En(N) + Eua(N)] (3.40)

ne Vnf(N) = f(N)— f(N —1) — nepmra pisuuiisd. 3 1010 piBHAHHS BUJIHO, IO
cepeJiHiil CTpyM BU3HAYAETHCs 3MIHOIO MeXaHiuHOl eHeprii F,, 1 eHepril B3aeMoil
Einy nicisa N-ro nepiogy. Orpumyenmo, 1o npu N > Ns = [ts/27] + 1 dyukuii

En(N) i Eyp(N) MoyKHA 3aIIICATH HACTYITHIM Y9HHOM,

E,(N) =218 (p*(2N; — N)* + 7°N?)
Eint(N) = 2meé [pQ (N —2Ny) o~ (2mE(N-2NL)* 4 TQNe_(QWEN)Z} . (3.41)

SMiHa eHepril B3aeMo/Iil BHOCUTH BKJIJ| B yCEPEIHEHHIT CTPYM TaK caMo, sTK

2 | BayK/IMBHUIT JIHIIIE JJIS

1 MexaHiuHa eHeprig. OpHaK 1eifl BHECOK Ma€ HMOPSAJI0K &
nepiogis, mist axkux I(N)/& ~ 2. TakumM 4MHOM, cepejiHiil CTpyM BU3HAYAETHCS
3MIHOI0 MEXaHIYHOI eHepril B OCHOBHOMY, 1 BUBHAYAETbCs HACTYIITHUMU PIBHSHHS-

MU,

~ Iy(N) = —27éN, N <N, —1 (3.42)

~2mé (N —2p°N,), N> N, (3.43)
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Puc. 3.6 Cremamuuna tarocmpauia ycepednernozo 3a 4acom 0Hco3edconiécvro20o
CmpPymy Ax GYHKYIT wacy Oas PiBHUT 3HAUEND P (YOPHA WIMPUTO6A KPUBA,).
[Tynxmuprumu Ainiamu no3uaveno 2panuyii sunadku p = 0 (6epxma cuns
kpusa) ma p = 1 (HuotcHa wepsona xpusa). Cmpym daa t < ts ne 3anresrcums
6id p (p = 1), dus. pishanna (3.42),(3.23). Ilepiod Ny, wo sidnosidae

MOMEHMY NEPEMUKAHHA MAZHYYOT HANPY2U, HE PO32AAIAEMBCA.

3 puc. 3.6 BuJIHO, 10 ycepeHeHuil crpyM Mae cTpubok pisnuit —p2I(N,) nicis
1epiojy, MPOTATOM SKOI'O MEPEMUKAEThCS TATHYYa Hallpyra. BiH BUHUKae depes
Te, MO IPU 3MiHI 3HAKY TATHY4Ol HApyru (npu ¢ = tg) HOTYKHICTB, IO HaKa-
qyeThCd B MEXAHIUHY MiJICHCTEMY, 3MIHIOEThCS B 3aJICZKHOCTI BiJ| BEJMYHHE p°.
IIpu p = 1 noryxkwuicts, mo miaBoauThed, P = IV, mpocto 3MiHioe CBiil 3HAK
3 HAIIPYT'OIO 3CYBY, 1 CTPYM IIPOJIOBXKYE TEKTU B TOMY 2K HAIPSAMKY, 10 1 J0 Iie-
pemukanus. [Ipm p = 0 HOTYXKHICTH, 1O MiJIBOJINTHCA, HE 3MIHIOETHCS 1 OTXKeE,

HallpsIMOK CTPYMY IICJIs lIepEMUKAHHS He 3MIHIOETHCS TaKOXK.

BucHosku

Y mpomy posaii pocizkeno keanTtopy gunamiky HEMC sika ckiiaiaeTbest
3 pyxomoro Kybita Tumy cxosuiie KyrepiBcbkux map (CKII) Ta 38’st3an0r0 3 1BO-
Ma 00’€MHUMM HaIIPOBLIHIKAMI depe3 TYHebHI mporecu. IIpogeMorcTpoBano
AHAITUYIHO, IO 3MiHHA J2KO3e(DCOHIBChbKA YacTOTa Ha/IIIPOBIHUKIB, KepoBaHAa
TSAIHYYOI0 HAIPYTOIO, 3HAXOAUTbCS B pe3oHaHci 3 MexaHiuHoo yacToroo CKII,

TO MOYATKOBUIl YUCTUI CTaH (HpﬂMMﬁ JI00YTOK cTaHy KyOiTa 1 OCHOBHOI'O CTaHY
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OCITIJISITOPA), TI0 KOHTPOJIIOETHCST TATHY U0 HAIIPYTOIO, €BOJIIOIIOHYE B Yaci B KO-
IepeHTHI CTaHW MEXaHIYHOTO OCIMJIATOPA, 3alllyTaHi 31 cranaMu KyoOita. OKpim
TOT0, 3alPOIIOHOBAHO ITPOTOKOJI MAHIIYJISAII] TATHYYO0I0 HAIIPYT'OIO, KUl IPU3BO-
JINTH JI0 YTBOPEHHs 3allIyTaHUX CTaHiB, 10 BKJ/IOYAIOTh B cebe Tak 3Bani "cat
states" (KBaHTOBa CyIEpIO3MUIlsi KOPePEHTHNX CTaHIB). BUHUKHEHHST TaKUX CTa-
HIB IiJITBEPJIZKYETHCs aHaJII30M BinoBiiHX QpyHKIii Birnepa, siki npuiiMaioThb
BiJI'€éMHI 3HA4YEHHS, a 1X crerudivni 0cobJIMBOCTI 3a0€311eUyI0Th MOXKJIUBICTD 1X
eKCIIePUMEHTAIBHOIO BUSBJICHHS MIJITXOM BUMIPIOBaHHS CEPEIHBOIO CTpyMy. Po3-
IJIAHYTI sIBUITIA MOYKYTh CJIYT'yBaTH OCHOBOIO JIJIsI KOJIyBaHHsI KBAHTOBOI iH(OpMa-
il BiJT 3apsiIoBUX KyOiTiB B CYIEPIO3UIII0 KOMePEHTHUX MeXaHIYHUX cTaHiB. [le
MOK€ CTAHOBHUTHU 1HTEpec st 00/acTi KBAHTOBUX KOMYHIKalliil depe3 CTIHKICTb
TaKUX MYJbTU(MOHOHHUX CTaHIB BIJIHOCHO 30BHIITHIX 30yPeHb, MOPIBHIHO 3 OJIHO-
donorHUMI (POKIBCHKIMU CTAHAMU.

PesynbraTu jgoc/ijizKeHb JaHOTO PO3Jiy HaBeJdeHO B IyOJIiKaIigax 3/100yBa-
Ta |2, §].
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PO3/ILII 4
HAHOMEXAHIKA 3A PAXYHOK E®EKTY BJIU3bKOCTI

Y IbOMY PO3iJl pO3IJIALAEThCA TiOpUIHA HAHOEJEKTPOMEXaHiuHa CHCTe-
Ma Ha OCHOBI BYyTJIeIeBOl HaHOTpyOKH. TouHile, Byr/ierneBa HaHOTPYOKa ITiIBIITy-
€ThCS HaJl TPAHIIEE0 B 3BUYAHOMY MeTaJeBOMY eJIEKTPOJIl 1 pO3MIILYEThCS B
ITPOMIYKKY MizK JBOMa Ha poBiiHnMu oeperamu. [lokazaHo, 110 3a MOCTIHHOT T4-
IHY4Ol HAIIPYTU B TakKiii cucTeMi, 3 0JIHOr0 OOKY, BHHUKAE MeXaHiuHa HECTIHKICTbh,
sIKa TIPU3BOJIUTH JIO CAMOIIITPUMHUX KOJMBAHL HAHOTPYOKU. 3 IHIIOTO OOKY, CH-
cTeMa MOYKe MPAIIOBATH 1 B PEYKUMI OXOJIOJIZKEHH. SBUINA BUHMKAIOTH 3aB/IAKN
Ha TPOBiIHOMY edeKTy Om3bKOCTI (riOpuHiil (HopMaIbHO-HAIIPOBLTHI) cTpy-
KTypl pucTporo). ¥ meprioMy mmiapos/i (4.1) 3ruHHI KOJMBaHHS HAHOTPYOKH
PO3IJISIAI0THCS HAIIIBKJIACKYIHO 1 OOIOBOPIOIOTHCS JeTaJi MeXaHIuHOI HeCTIKOCTI,
0 TPU3BOJIUTE JO ePEKTy CaMOHACHUYEHHS, a TAKOXK CXeMa MOXKJIMBOI'O €KCIIe-
PUMEHTAJILHOTO BUSIBJIEHHST PO3LIAHYTHX edeKTiB. Y Apyromy mijgposiii (4.2)
BpaxoBaHO KBaHTOBI edekTu. [lokazano, 1mo KBaHTOBI (uIyKTyallil HAHOTPYOKM
MPU3BOJATE 70 €PEKTY OXOJIOZKEHHS, AKNI MOXKHa, CIIOCTEPIraT B €KCIIepUMEH-
T1 3aB/IsIKM BUMIPIOBAHHIO €JIEKTPUYHOTO CTPYMY, PO3IJISIHYTOMY B HOIIEPEIHBOMY

migpo3i 4.1.
4.1. CamoniATpuMHI HAHOMEXAaHIYH] OCIIMJISILIL.

B nanomy migaposiii 0OroBOprOEThCsl BUHUKHEHHSI MEeXaHITHOI HEeCTifKoCTi
B ribpujiniit HaHoejgekTpoMexanidniit cucremi. Orpumano objacTb Ta HeoOXiiHi
YMOBH JiJIsl 11 BUHUKHEHHsI. TaKo»K BHUSIBJIEHO CHJIbHE IiJICUICHHS €JeKTPUIHO-
ro CTPyMY 4Yepe3 CUCTEeMY B CTAIllOHAPHOMY PeXKUMI CaMOIIATPUMHUX KOJIMBaHb
HaHOTPYOKN. OcTaHHE MPU3BOJIUTH JIO MOXKJINBOCTI POOOTH MPUCTPOIO B PEXKUMI

TPaH3UCTOPa abo J10JA.

4.1.1. Moaenp HaHOEJEKTPOMEXaHIYHOro IpucTpoio. 'amisibToHiaH i

AMHaMIKa.

Eckis pociimkyBanol B janiit pooori HEMC npejcrasieno Ha puc. 4.1.
Opnoctinny BHT nijsineno waji TpaHIiieeio B 00’ €MHOMY METAJIEBOMY €JIeKTPO-
Jii, JI0 dKOro MpUKJIaJeHs Tarayda Hanpyra Vj. [IBa Haj mpoBijiHi eleKTpoau 3

pizHuIero gas3 ¢ po3TanioBaHi MOOJIU3Y CepeINHN HAHOTPYOKM TaKUM UYMHOM, IO
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Puc. 4.1 Cremamuyuna t410cmpayisa HaHoeAexmpoMeranisto20 npucmporo, wo
poseaadaemuvca. Byeaeuesa nanompyora (BHT) nidsiwena 6 3a3opi mior
d6oMa KpaamMU HOpMasbHo2o eaekmpoda (N ) i myneavno 3’cdnana 3 HuMm.

Eaexmponni enepeemunni pient BHT nanawmosani maxkum 4urnom, wo

PO32AA0AEMBCA MINGKU 00UH eHepzemuHull PiBeHb 3 enepaieto €4, Axull dobpe

sidoxpemaeruti 610 iHwux pieHis. Jeun BHT y nanpamxy x mioc dsoma

Hadnposionumu eaexmpodamu (S) 6niusae Ha eAuNUNY MYHEALHUT Oap epi6

MIHC HUMU. [0 HOPMAALHO20 eAekmpoda NPpuKkAadaEMbCA MAaHYyua nanpyea Vi.

3rUH HAaHOTPYOKM HAHOTPYOKHU IepeMiltye 11 OJmzKde J10 OJIHOTO eJIeKTpoJia 1 jia-
JIi Bijtasisie Bij iHmoro. Bijcranb MixK KBAHTOBAHMMU €JIEKTPOHHUMU PIiBHSAMUI
BCepeIMHI HAHOTPYOKHN HabaraTo OLIbINA, HIXK iHIIN €eHePreTUdHi mapaMeTpH, IO
JIO3BOJISIE PO3IVIAIATH HAHOTPYOKY sIK OJIHOPIBHEBY KBaHTOBY TOYKY. JlnHaMmika
sruny BHT 3BoguThbes 0 auHaMmiky yHIaMeHTaIbHOI 3ruHHOI Mou. Byigemo
BBayKaTH, IO aMILTITY/1a i€l Mo/n, &, OLIbINA 38 aMILIITY/1y HYJIbOBUX KOJUBAaHD.
TobTo, MU po3TJIsAIaEMO MO0 K KJIACUIHUN MEXaHIIHUN OCIHUIATOP 3 Macoio m

1 4aCTOTOIO W.
JInnaMika MeXaHIIHOI HiJICUCTEMI ONMUCYEThCA PiBHAHHAM HbioTona,

1 H
i+ wle=——Tr pa—(‘r) :
m ox

e
H=H;+ H;,+ H; (42)
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raMiJIbTOHIaH eJeKTpoHHOI miacuctemu. [lepmmit noganoxk H,; npencrapisie omHO-
piBaeBy KT,
Hy =Y eqdids, (4.3)
g

e d! (d,) — omepaTop mopopKenHs (aHirinamii) ejexkTpona si crminom o =1, |.

lamisnbronian H; = Hj' + H} onucye nopMmasibuuil 1 HaJnposinnuit 6eperu, Bijnmo-

B1JIHO,
H' = (ex — eVi)al, ko, (4.4)
ko
H} = Z (8kc1];jjgckj0' — Ag(e 1p; CLJTCT ki T Hc)) . (4.5)
kjo

Ty a,ia(a;m), a c};jo(ckg) — ONEepaTopy MOPOJZKEeHHsI (3HUIIEHHSI) eJIeKTPOHA 3

KBaHTOBUM YHUCJIOM k 1 CIIIHOBOIO TPOEKINEI0 0 B HOPMaJbHOMY 1 HaJIITPOBITHOMY
j = 1,2 6eperax, Bianosigno, i Age'® — mapaMerp HOPsIKY B HAJIIPOBIIHIKAX (B
J eseKTpoji). 3ayBaKuMo, Mo eHepril £4,6 BiapaxoBytoThest Bij erepril @epwmi
Ha IpoBiTHUKIB. Hamati moknageMo ¢ = —¢g = ¢/2.

laminvronian H; = H|' + H} onmcye TyHesoBaHHs €JIEKTPOHIB MizK KBaH-

TOBOIO TOYKOIO Ta Oeperamiu, jie

Zto dy +H.c), (4.6)

Z t3(x)(cl;,ds + Hec.). (4.7)

kjo

Basiexkna Bin nosoxkeras KT aMIumiTya TyHe IrOBaHHS Ma€ HACTYITHUNA BUTJISII:
—1)7 2
59 () = thel T T2, (4.8)

Je 2\ — XapakTepHa JIOBXKMHA TYHEJTIOBaHHS, & ¢ — apaMerp acumerpil. s
THUIIOBOIO HAaHOMeXaHidHOro pezonaropa Ha ocHoBi BHT 2A ~ 0.5 um [161]. Mn
CKOHIIEHTPYEMO Hallly yBary Ha CUMEeTPpUYHOMY BUIAQJKY a = (), a HeCUMeTPUYHUI
3aJIUIITIMO JIJIsT KOPOTKOI'O 00roBopeHHs B MyHKTI 4.1.5, 00 BpaxyBaHH:A acUMETpIil
He Jlag, K MU MOKaxKeMO, HisSIKOTO HOBOTO fKICHOTO pe3ysibTary. Ha jojatdy, mos-
HICTIO HECUMETPUYIHUIT BUIA 0K (IIPUCYTHIMH JIMIIIe OUH HAJITPOBIIHII €JIeKTPO/T)

PO3IVISTHYTO B poboTi [154].
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4.1.2. MeTtoa maTpuili TYCTUHMN.

EBoutfotig MaTpuIli rycTUHN €JIeKTPOHHOI MCUCTEMA ) OMUCYETHCS PIBHSIH-

msam Jliysisuig-don Heitmana (b = 1),
Zatﬁ - [Haﬁ]a (49)

sTKe pa3oM 3 piBHsTHHSIM (4.1) yTBOPIOE 3aMKHEHY CHCTEMY DIBHSIHb, 0 OTUCYIOTh
HaHOEJIEKTPOMEXAHIKY Halllol CUCTEMH. ObMexkIMocs BUITAJIKOM Ay > \eVb| >
Ag ~ Tp,one Ag = Cm)vtg]? 1 Ty = 2m)v,|ty|?, nputomy vy, — rycrusa
CTaHIB y HAMPOBIIHOMY (HOPMAJBLHOMY ) €JIEKTPO/II.

Hns ommucy enexkrponnol auHamikn KT BukopucraHo HaOJUXKEHHS PeJIyKO-
BaHO! (IIPUBEIEHOT) MATPHIN T'YCTUHE, B PAMKAX sIKOT'O IMOBHA MATPHIlS IYCTUHN
cucreMu (paKTOPU3YETHCSI IO TEH30PHOI'O JOOYTKY PiBHOBAXKHOI MATPUIIl I'YCTUHU

HOPMAJILHOTO 1 HAJIITPOBLAHOTO OeperiB Ta Marpuill ryctuan KT y Burismi:
P = pPn® Ps @ pa.

BuKOpHCTOBYIOUN CTAHJAPTHY HPOIELYPY B3ATTS CJILLY, MOXKHA OTPUMATH HACTY-
He PIBHSIHHs JIJIs IpuBejieHol Marpuii rycrunn pg [145] ( Ay — oo ( 3 anen. —

deep subgap regime)),
Oupa = —1 | HG a] + Lalpa}, (4.10)

e
HY' = Hy+ Ag(z,¢)d,dr + Aj(z,0)dLd], (4.11)

1 j :
Ag(w,g) = 504 Y TV = N(a,¢) +iA(2,0)
j=1,2

= Agcosh(xz/\+i¢/2). (4.12)

Tyt Ay(z,0) € mapameTpoM MOpsiIKy, 1H/IyKOBAHUM HAIIPOBLIHIM eheKTOM
ommspkocti [151, 162], a A" (x,¢) € aiiicnumu dynaknisvu. Jlinbaagian B piBHsan-
i (4.10) BijoOGparkae HeKOrepeHTHUIT OOMIH eJIeKTPOHAME MizK HOPMAJIbHUM eJie-

krpojom i KT. B pexxnmi Bucokoi tsiruy4oi natpyru |eV,| > e¢, kT, Bin HabyBae
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BUTLJILAY:
~ 2d3ﬁdd0 - dadznéd y K= +17
En{Pd} =TI Z { }

(4.13)
o Zdoﬁddir - {dldavﬁd} y K= _17

ne k = sgn(eVy).

[ammmit croci6 orpumaru edexTuBHUT raMigbroHian, piBHsgHHA (4.11), mo-
JIsiTa€ Y BUKOPHMCTAHHI METOJly PIBHAHHS PYXy B pamMkax (opMaJsizMy (QyHKII
['pina, jus., Hampukian, nocmianna [163] ta ponarox B nocmmanmi [151]. Ines
IILOTO JI00PE BiIOMOIO0 METO/Ly IOJIATAaE B TOMY, 1100 OTPUMATU CEpilo 3B’ dA3aHIX
JudepeHItiaIbInX PIBHARD JIIs MTyKaHol pyHKINT ['pina muraxom 1T KiJabKapaso-
BOTO JINPEPEHITIIOBAHHSI.

Ha pucynky 4.2 npencrasiena ejekTponna junamika na KT mia k = +1.
3 pucyHky 4.2 BUJHO, 1[0 HE BCi €JIeKTPOHHI IIPOIeCH JO3BOJIEHI Yepe3 MacIlTa-
Ou mapaMmeTpiB y po3TJisilyBaHOMY BHUIAJIKY. ¥ IJI30HHOMY pe:KHUMi 3a00pOHEHO
OJIHOEJIEKTPOHHI Tepexo/iu MizK TOYKOIO 1 HaJIIPOBIIHUMU €JIeKTPOJaMU, & OTKe,
BiJIOYBaE€ThCs JinIe OOMIH KYIEepiBCbKUMHU TapaMy. Bijibllie Toro, depe3 BHUCOKY
HallpyT'y TYHEJIOBaHHS OJIHOEJIEKTPOHHUX IEPEXOJIB MIXK TOYKOIO 1 HOpMaJIbHU-
M €JIeKTPOJIAME JIO3BOJIEHO BUKJIIOYHO B OJHOMY HAIPSIMKY (BiJ eJleKTpoja Jio
TOYKH, JuB. puc. 4.2a, abo HaBmaku, puc. 4.26), MO CBIIYUTH PO Te, IO HAIIA
MOJIeJIb 3aJI0BLIbHSE €JIEKTPOHHO-/IIPKOBIi cUMeTPIi.

Ax macainok, marpuiig ryctuan KT pg jie B ristbbeproBomy mpocTopi Hy,
SIKUIT MOYKHA MTPEJICTABUTU K TEH30PHUI J0OYTOK JIBOX ITpocTOpiB Ho depes Hy =
He + Heop 3 GasucHuMu BeKTOpamu CTais | 1) = dHO}, | ) = d“()), ta |0),
12) = d$d“0> (mpu dy |0y = 0). Toni piBustnus mas marpuni rycrunn KT marors

HaCTYIIHI/Iﬁ BUTJIA:

Ohpo = —4L0po — 1Aa(2,0) p20 + 1A5(,0) po2, (4.14)
Oypa = 2I'(1 — po — p2) + 184(2,0) p20 — 185(x,9) poz, (4.15)
Apoz = —2Lnpoz + 1A4(x,0)(po — p2) + 21€4p02, ( )
Op20 = =200 pa0 — 1A4(x,0)(po — p2) — 21€ap20- (4.17)
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(4+¢) (—e)
@ . Ad(z,0)  (—cp) @ @ . Ad(z,¢)  (—cP) @
(CP) Ayn) j (+CP Aly(z,0) J
(+e,) (—e)
I Iy, In Iy

Puc. 4.2 /liaepamu, wo npedcmasaaroms nepexodu Mistc eAekmporHuMU
cmanamu 1a Kearmositi moyyi. OOHoesexkmponns cmant, 3MINI0I0MbCA 30
PATYHOK NEPerodie 3 nopodtchvoi 6 odrnozatinamy KT, a nomim 3 odnozatinamoi
6 0603aTHAMY (NOZHAYMEHT NOMAPAHYEEUMU CMPIAKamL). B pescumi sucorkol
MAZHYUOT HANPY2U MYHEAOBAHHA eaekmporie (a) abo dipox (6) 31 cnirom | abo
T 00360010 MIALKU 610 HOPMAALHO20 eaekmpoda d0 KEAHMOBOT MOYKU 1
3a00pPOHEHO 6 360POMHOMY Hanpamky. Ilepexrodu mioc noposHcHbOW | NOIGITIHO
3aTHAMON KBAHMOB0I0 MOUK0N 6100Y6AI0OMBCA 30 PATYHOK 36 A3KY 3

HaoNPosionuMY bepe2amu, (NOKA3AHT CUHIMU CMPIAKAMU).

TyT Bukopmcrano ymoBy HopMmaJizanil pg + pr + p, + p2 = 1. Pibnanna na
sMmitenns x, piasians (4.1), Mae BUTIIs,

” 204 | . x : x
T+ wr = —Td [smh (X — Zg) po2 + sinh (X + z%) pzo} : (4.18)

[IpaBuio cymnepcesnekiiii, sske 3a00pOHsIE CYIEPIO3UII0 CTAHIB 3 MIJIMMHU Ta,
HAITIBITIJTUMH CIIIHAMHE, JTO3BOJISE TPEJICTAaBUTH MATPUITIO TYCTHHH Py K MPIMY CY-
MY JIBOX MATPHIb TYCTHHU pg = Pe + Pcp, MO JIIOTH Y T1LIE0EPTOBOMY MPOCTOPI
Ho 3 BekTOpamu cramis | 1),| 1) Ta |0),|2) Bignosigno. Bisbine Toro, BpaxoBytotn
CHIH-00epTaIbHy CUMETPIIo, MOYKHA 3pOOUTH BUCHOBOK, IO P, MA€ OyTU ITPOIOP-

IifiHa OJMHUYHIN MaTPUIl, P = Pel, TONI K pcp MOYXKHA 3aIUCATU Y BUTJISAJI:

. 1~ 1
pop = éRO[ + 5 zi:RZ'O'Z‘, (419)
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ne 04,(i = 1,2,3) — marpumi [ayai. Tyt soBumu sminaumu € R; = Sp(o;pcp), 3

por = (po ”02> , (4:20)

P20 P2

(piBHstHHS st Ry = %Spi p = (po+ p2)/2 € 10JATKOBUM 1 He MA€ 3HAYEHHS B
naHiit Kordiryparii).

Toni, BBiBIIN Ge3po3mipHuit vac wt — ¢ 1 3mimenss /A — x, Ta Bpaxy-
BaBI yMOBY HopMaJizaiil Trp; = 1, orpuMaeMo HACTYITHY 3aMKHEHY CHUCTEMY

piBHsitb Jist x(t) ta R;(t),

oo (O)n o (r], o2

aR = LR — ké, (4.22)

se R = (R1,Ry,Rs)T, & = (0,0,1)T, € = Ay/(mA%w?) € HAHOEIeKTPOMEXAHITHOrO
3B's13Ky, a o = w/(2[',) — mapamerp amiabaruanocti. st tunosoi HEMC na
octosi BHT mozkna ouinutu € ~ 1073 < 1 [161, 164]. MaTpung L BU3HAYAETHCS

HaCTYIIHUM YMHOM:

—1 e —AN'(z,0)
Lz)=] -5 —1  —A(z9) |, (4.23)
A//(xa¢) A/(x7¢) —1

ne Eq =eq/Th, Ay = Ag/T,.
4.1.3. Meton piBHaHHSA pyXy Ajsd pyHKMIA ['pina.

Y BOMY ITYHKTI MIPEJICTABIEHO II1e OIH MeTO/ OTPUMAHHS e(PeKTUBHOTO PiB-
HsIHHSA JiUI Tamigbroniana (4.11), gk 3a3Ha7a/10Cs B TIOMEPEIHBOMY MITyHKTI 4.1.2.
Bono 6a3yeTbcsi Ha MEeTO/Ii PiBHSAHHS PyXy B pamkax dopmalsiizmy dyukiiit ['pina,
JB., HAIIpUKJIaJ, nocuiantst [163] ta gogarok B [151]. Imest nporo nobpe Bijo-
MOT'O METO]1y TI0JISITA€ B TOMY, MO0 OTPUMATHU CEPilo 3B’ s3aHUX JndepeHIliaIbHIX
piBHSIHB Ui HyKaHol byHKIil ['pina muisixom 11 GaraTopas3oBoro judepeHIiroBa-

HHA.
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OcKIJIBKI B PO3IVISHYTIHl crcTeMi KBAHTOBA TOYKa 3B sd3aHa 3 HAJIIIPOBiI-
HUM 1 HOPMaJIbHUM €JIEKTPOJaMi He3aJe’KHO, TO B HACTYITHOMY BHUBOJI MOXKHA
OIIYCTUTHU BHECOK HOpMaJibHOro Oepera. Buznaummo dynkiito I'pina 3amizHeHHs

B rpoctopi Hamby 2x2 stk [165],

di(t),dL(0)}) <{d¢(t)ad¢(0)}>> (4.24)
) |

Toni, npomudepeniroBaBim 110 (YHKINO JBiYi, 3HaIeMO I TapMOHIK

Dyp’e,
A oo “ 1 +oo
GT(T) = / Gr(t)e—”t7 Gr(t) — 2_/ GT(T)eZTt, (4.25)
—00 T J_xo
HACTYIHY 3aMKHEHY CHCTEMY DIBHSIHD:
60 (NG (1) = T+ 0. 17,65 (k). (4.26)
kj
QZ}_l(T)CA?;’l(k:,T) = O'thjér(T), (4.27)

~

e G;’l(’]’) — rapmonikn Pyp’e HACTYIIHOT KOPEIAIIHHOT ByHKITI:

({erjr(t),d
({cl; (t).d

L)} <{ijT(t)7d¢(0)}>> | (4.28)

Gl (k) = —0 I
j (k,t) (t)< %(0)}) <{Czj¢(t)’d¢(0)}>

TyT Takok dbyHKIist ['piHa oJHOPIBHEBOI KBAHTOBOI TOUYKHU 3 piBHEM €HEPril €4,

go(T) = (deﬂo ? ) (4.29)

0 T4+eq+10

3 11 00epeHeH0 MaTPUIIEIO,

g l(r) = (T —ee ! ) , (4.30)

0 T+ ¢e4+10
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ta dyukiieo ['pina (cTangapTHO0) j HAJIPOBITHIKA,

s 1 THep —Ae%
Gy (T) = o) ( | ) : (4.31)

—Age i T —gy

Jie Bj1acHl 3HadeHHs ramijgvroniany H} e B = + 8% + A? (aHgpeeBcbKi piBHi
eHeprii).
Toni, migcrasisitoun piBastHHA (4.27) B piBHsAHHS (4.26), MOXKHA OTPUMATH

Hacrynue piBusnns Haiicona s dyukmil ['pina 3amiznenns KT GT(T) ;
G"(7) = Go(T) + Go(7)X"(7)G" (7), (4.32)

Jle BJlacHOeHepreTudHa (BYHKIlisT BUSHAYAETHCS SIK:

— Z (=A,,7), (4.33)

Ta ICJIsI IHTErPyBaHHs 3a €HEepPrisiMU, OTPUMYEMO:

T Age'?i
Z m( o ) (4.34)

Binbmr Toro, y Bulajky CUMETPUYHUX TYHEJIHHUX KOHTAKTIB (Ha IPOBIjI-

HIX ), MOYKEMO MePerucaT JaHe PIBHAHHS sIK:

S (r) Ay 7 cosh (z /) Agcosh (/X —19/2) (4.35)
) = : :
VA2 — 72 \ Agcosh (/X +19/2) 7 cosh (z/A)
Ha nosaty, BukopucToByiown hopMaibHiil po3B’ 30K piBHsHHS (4.32)
~1

G'(1) = [Qo_ L+ E} , (4.36)

OTPUMYEMO HaCTYHHI/Iﬁ BUpPa3:

. 1 o — X5 g9 — (=]
G'(1) = 1% —g122 234 91271 ( 7“12) ’ (4.37)
det(g, " — X)) \ Yoy — (=2%) g9 — X0
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abo GibIn JoKIaAHO quB. nocuaanus [151, 166],

D(r) 91 gﬂl — 2 ,

3D(1) = (91_11 — Z’{l) (g2_21 — ZQQ) — Y1528, 3a BusHadenusaM. B pexumi Ay — 00

o0YNCIeH A I[IpUBOIATL 1O HACTYIIHOI'O BUPA3Yy':

() — 1 T+ &d AZ(:U,¢)
G'(7) D) (Ad(x’@ T_%) (4.39)

D(1) = 1% — &2 — | Ag(z,0) % (4.40)

3 inmoro 60Ky, po3rigaandl epeKTUBHUIT raMiJIbTOHIaH KBAHTOBOI TOUKH
piBustaHs (4.11),
H' = eqdldy +Tddy + T1d}d], (4.41)
g

Jie 1T — HeBizmoma 1oku 110 hyHKIIA, abo orepaTop-pyHKIlis B OLJIBIIT 3arabHOMY
BUIIQJIKY, MOJIOYKEHHSI TOUKN 1 pizHuUIil ¢a3 ¢. Tojai mMoxkHa 3HaiiTH QyHKIIIO
fpiHa 3arisHeHHst, piBHsIHHS (4.24), TOUKH, IO OMUCYETHCST TaMiTBTOHIAHOM, PiB-
HsitHs (4.41), BUKOPHCTOBYIOUN MeTO/] PIBHSHB PYXY, KUl OYJI0 3aCTOCOBAHO BI-
me. I[TpomudpepennitoBasim e o pa3, OTPUMYEMO HACTYIHUI BUPA3 JIJIA

mykanol kommnonenTn Pyp’e dpynkmnil ['pina:

A 1 T4+e; 1T
" = . 4.42
@i 72— 2 — |71 ( Y ) (4.42)

T — &4

Ha mpomy erami Mmu mMozkemo criBctaButu piBastHHs (4.42) Ta piBHgnHs (4.39) Ta

3pobUTH BUCHOBOK 1po Te, mo 1" = Ay(x,0).
4.1.4. /IlmraMika cuCTeMH B aJiaDaTHIHOMY PeKUMI.

Cucrema piBusub (4.21) Ta (4.22) Mae JOCUTH OYEBUJHUN CTATHIHUIL
Y
PO3B’I30K

Tq=0+0(), Ry=rL0)é+0ERY, (4.43)

e HR(I)H = 1. CriiikicTb IILONO PO3B’SI3KY MOYKHA, JIOCJIJINTH CTAHIAPTHIIMI

criocobaMu, JuB., HanpuKIa, nocutanis [119]. Ograk st ciporieHsst miel mpo-
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1eJlypu PO3IVISTHEMO aJiiabaTuIHuil BUNAI0K, KOJau « < 1, 110 BiJIIIOBiJa€ TUIIO-
Biii excriepuMenTasbHiil curyanii [137] 1 3BouTh 3ajady 10 TAKOI, 10 J03BOJISIE
BUKOpucToBYBaTH anaJi3 Ilyankape. Tounimie KaKydu, Iisi HEPIBHICTD JO3BOJISIE

3HATH pO3B’s130K piBHsHHS (4.22) 3 TOUHICTIO @
R(zt) = kL7 2(t)(1 + aid, L' (2(t) + O(a?))és. (4.44)

B mynboBoMy HaOMKEHHI B Teopil 30ypeHb 3a apaMeTpoM aJiiadaTmIHOCTI,

v, 32 JIOTIOMOTOT0 piBHSIHHS (4.44) OTpUMY€EMO:

A (z,0) + E4A (2,0)

(0) _
Ry (zt) =k (r.0) : (4.45)
RO(z) = w2 0) — Gl (2,0) (4.46)
D*(z,9)
(0) L 1+ 53
Ry (z,t) = /{—252(:13,@5). (4.47)

Tyr D? = D(7,¢)/T2 = A2 [sinh®z + cos? (¢/2)] + &2 + 1.
BukopucroByoun piBHAHHA (4.44), MOZKEMO OTpUMAaTH HACTYHHUI BUpas
JIJISI TIOTIPaBKU 1EePIIOTo MOPAJIKY JJIsi MATPUYHUX eJIeMEHTIB ollepaTopa I'yCTUHU
KBaHTOBOI TOYKH,
RY(2t) = ai L7 (x(t))0, RV (2,t). (4.48)
)

Koedinientn Rg) Ta R;l) MOXKYTbh OYTH 3allicaHi B TepMiHax Rgl , IO Mae
HACTYITHUN BUTJISI:
(1) -A?l - 22\ 192 ~2 ~ P2
Ry (z,t) = kg = {smh (27) {(1 —&) D —4(1+ gd)} + 2£4D” sin gb} :
(4.49)
Takum IUHOM, TIICTAB/ISIOUN JaHuil BUpa3 B piBHsiHHs (4.21), oTpmMyemo

(3 ToumicTIO /10 (v) HacTymHe Hesinifine nudepentiaabie piBHAH 1A (1),

PO3B’sI3aHHS TKOTO MOXKHa ITpoaHaJizyBaTn B paMkax Teopil [lyankape. Ty me-
minifina cuta F(z,¢) 1 koedinienT teprs 7, skuil Hagaai 6y1eMo HA3HBATH KoOe-

dimieHTOM HaKaYKH, IOPOJIXKYIOThCsI B3a€MOJII€I0 3 HEPIBHOBaYKHUM €JIEeKTPOHHUM
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(1)

oroueHHAM. B Tepminax [7; ' xoedilieHT HaKauKN Mae BUIVIAL:
1+&
QRT (.. =~
B {25dD2 (cosh (2z) — cos @) +

+A2sinh (22) [(1 — £2) sin ¢ — 22, sinh (22)] H . (4.51)

an(z,9) {— [sin ¢ — &4 sinh (27)] R§1)+

3a J0IIOMOT0I0 JJIOCUTDH IIPOCTUX 00UNC/IEHDb 3HAXOIIMO:

F(x,0) = /{5% [sin ¢ — £y sinh (27)], (4.52)

n(z,p) = ﬁ@ﬁ% [Afl sinh (2x) (152 + 4) {sin ¢ — &ysinh (22)} +

+ 82,D* {sin® (¢/2) + sinh’ x}} : (4.53)

4.1.5. CriiikicTh cTaTHYHOTO PO3B’sA3KYy. JliHeapu3aIlrid.

CwibHo Heminiiine piBusgnug (4.50) B agiabaTndHoMy HaOJIMKEHHI Mae CTa-

THYHI PO3B’I3KU, SIKI BU3HATAIOTHCS PIBHIHHSIM:
Tt = F<xst7¢)a (454)

sIK€ B POBTJIAHYTIH MeXKi MaJIoro eJIeKTPpOMeXaHIuHOro 3B’43Ky, £ < 1, Mae TpuBi-

aJIbHII PO3B’SI30K,

Ty = n@‘% sin ¢ o« O(§). (4.55)

3 piustabs (4.55) BUIHO, 10 Tg CTPOTO JOPIBHIOE HYJIO, KO ¢ = mn (n —
e uucio). e Bignosigae npsimiit koudiryparnii Hanorpyoku. st eBostomil Ma-
JIMX BIIXMJIEHD BiJ MOJIOXKeHHs piBHOBaru 0x(t) = x(t) — g MOXKHA OTPUMATH

HacTyIHe piBHstHHSI (JTiHeapu3oBane piBHsAHHs (4.50) 1m00O/JM3Y TOYKEM PIBHOBAIH

xst)v
ot —n(0,0)6% + dz = 0. (4.56)
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TyT MM HEXTYEMO HEBCJIMKHM 3CYBOM YaCTOTH MEeXaHIIYHIX KOJNBaHb BHaCﬂi,ZLOK

HepeHOPMYBaHHS. )
48,A
d2ala 2 (9 (4.57)
D4(0,9) 2

TaxkuMm 9uHOM, CTATUYHMII PO3B’S30K Tg € HECMiliKuM, TOOTO IOYATKOBA MaJia

1n(0,0) = +rak

crioHTaHHa, (DIYKTyallid IPU3BOAUTE 0 €KCIOHEHIIaIbHOIO 3POCTaHHS aMILITY-
mn kosmBanb KT, komn 7(0,¢) > 0, i € crifikum B iHIMX BUNAIKaX. 3 PiBHSAH-
Hs1 (4.57) mobpe BUIHO, 10 HASBHICTH MEXaniuHoi necmitixocmi 0e3mocepeHbo
3aJICXKUTDH Bij MOJIOKeHHs eHepreTnaHoro piBag KT €4 1 npuk/iajenol TarayJoi
HAIIPYTH K. Y BUNAJKY JIOJATHOI KEy MOJIOXKEHH PIBHOBAIU Xg € HECTNIUKUM TIO
BIJIHOIIIEHHIO JI0 301/IbIIeHHSI aMILITYAN KOJIMBAHb JJIsl BCIX 3HaYEHb Ha/IIIPOBII-
HOT pisHuti a3z ¢ (3a BunsgTKOM ¢ = 0, sIKa € TaKOI JINIIe JIJIsI CAMETPIIHOTO
BUIAJIKY, 1110 Oyj1e obrosopeno B myHKTI 4.1.7). Ocranniii pakT po3KpuBae mputu-
Hy, YoMy MU HazBaJu 7)(z,¢p) KoedinienTom Hakadku. 3 piBHsiHHS (4.57) MOXKHA
TaKOK JIEFKO IIOMITUTH, 110 KoeillleHT HAKauKU JIOCATaE MAKCUMyMYy IIPH ¢ = T
(cuna F'(0,m) = 0). Cainx mopiBasaTH 11e 3 Buniajkom ¢ = 0, Ko cujia i Hakadka,
nopisaooTs B0, F'(0,0) = 01 7(0,0) = 0. Lle mocuts HecmogiBana cutyariis,
OCKIJTbKM 3a3BUYail TepTsi/Hakadka BHUHHMKaE 3a paxyHoK cuu, 1o jie na KT.
OpHak y HaAIIOMY BHIIQJIKY CIJIA, BIIIOBIIa/IbHA 38 HAHOMEXaHIUHY HAKAIKY, MA€
eJIEKTPOHHY IIPUPOJLY 1 YyTJIMBa JIO TOrO, 0 KYIIEPIBCHKI Iapu JieJ0KaJl130BaH1
MizK HAHOTPYOKOIO 1 HAIITPOBIIHUMI ejieKTpogaMu. Lls cuia BUHNKae, Ko Kyrre-
pIBCbKa Ilapa 3HAXOUThCd B CTaHl KBAHTOBOI CYIIEPIIO3UILil, 1110 KOHTPOJIIOETHCs
piznunero a3, BUTMHOM HAHOTPYOKM Ta, IHIIUMHU IapaMeTPaMu.

da30Ba JiarpamMa MexXaHIYHOI HECTIfIKOCTI, 1110 BUHUKAE B 3allpOIIOHOBaHI

cucreMi, npejcrapieHa Ha puc. 4.3. MakcumasibHa Hakadka Ma€ MICIe IPU g =

1/vV3 (i ¢=m).
4.1.6. EdekT camoHacuIeHHS.

[1st Toro, mob 3’sicyBaTH, JI0 Y0T0 IIPU3BOIUTD MEXaHidHA HECTIKICTh, 3HAa-
fiemo cramionapti po3p’si3ku x.(t) piBasiaHs (4.50). Bukopucraemo sk masimii
napamverp & 1 Toai piBHsHHA (4.50) MOYKHA PO3IVISAIATH SIK Take, M0 OIUCYE Tap-

MOHIYHMIT OCIUJIATOP, cJ1a00 30ypeHunil B3a€MO/IIEI0 3 €JIEKTPOHHOIO ITiJICHCTEMOIO,

T4z =~Ef(T,x). (4.58)
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2_\ T T
- n0,9)/ag
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O*H\...l“.\‘.‘\..‘l.”\‘..\..: I2

-6 -4 =2 0 2 4 6
Ed
Puc. 4.3 Baaeorcricmo woediuienma naxawrku 1n(0,0) (6 odunuuar of) 6id
NOAOAHCEHHA eHepzemuyno2o piena KT €, ma pisnuul gas mior
HAONPOoBIOHUKAMU ¢ OAf A00AMH020 HANPAMKY MAHY0iT Hanpyeu kK = 1 ma
Ay = 1. Yepsonum koavopom nosnaueno pescum, 6 AKOMY MAE MICUE
METAHTYHA HECTNITKICTD, A CUHIT KoM 610N0610aE CUMYaULi 360POMHBLO20

HANPAMEY nepedayi enepeaii.

Y BHIIaJIKY MAJIOr0 IapaMeTpa eJIEKTPOMEXaHIYHOTO 3B’ 13Ky & < 1 MOXKHa BUKO-
pucraTt MeTos yeepeamennst Kpunosa—-Boromobosa [167] (nus. Takox [168]) mis
3HAXOJIZKeHHST HAOJIIZKEHOTO pO3B’si3Ky piBHsiHHs (4.50). YV meprimomMy mopsijiky 3a
Teopieio 30ypenb 1eit MeToJ 30iraeThbes 3 MeToioM yeepeanenns Ban-maep-IToss.
Cuaigytoun oMy, IPUIIYCTUMO, 1110 B CTAIIIOHAPHOMY PEXKUMIi 3MIIIEHHST KBAHTOBOI

TOYKU T, MA€ BULJISA (3 MPUHHATOI TOUHICTIO &):
2o(t) =z + VAsin (t + p(t)) + O(E), (4.59)

e ammmityaa /A(t) i dbasa ¢(t) 3MiHIOIOTBCS TOBLIBEHO B Yac, Ty, A(t),¢(t) ~
¢. Iorim, migcrausnm amzar (4.59) B piBusuns (4.50) i npuitaBim Ty camy

dyHKIIOHAIBHY (POPMY JIJIs TOXIiJIHOI T,

do(t) = VAcos (t + ¢(t)), (4.60)
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st A(t) ta p(t) MoKHa 3HARTH HACTYIHI PIBHSHHS:

A = 24 cos? ¥ (\/Zsin zp,gb) , (4.61)
o= —A V2 gnyF (\/Z sin ¢,¢> . (4.62)

Ockisibkn aMILtiTyia 1 asa MaJjio 3MiHIOIOTbCs 3a IIE€PioJ KOJMBaHb, TO CEepeJIHi
sHadenns piBasgHb (4.61)-(4.62) Moxkma 3aMinuTn IXHIM CepeHIM 3HATCHHSIM 32

1epioj, 1, 9K HaCJI0K, OTPUMAEMO:

A= Af(A), (4.63)
o =—AY2E(A). (4.64)

74.0) = () [ dvcos (0 (VAsing.0) = nalV (A46), (465)

0

27

F(A¢) = (27‘(‘)_1/ di) sin () F (\/Zsinqb,ng) . (4.66)
0

Koedirient nakauku 77(A,¢) mae odeBupnuii (hisuaHuil cenc: BiH Jae CIiBBiIHO-

IIeHH MiK €HePri€lo, MO IABOAUTHCA 10 MeXaHIdHOl IICUCTEMI 3a OANH IIePIoJI

MeXaHIYHUX KOJIMBaHb 3 aMILIITY1010 \/Z 1 IOBHOIO MEXaHIIHOIO €HEPrIEIO.

3 piBusinast (4.63) BUJHO, IO CTAIIOHADHI DEXKUME A = 0 zana0rbes piB-
aaaaaMn A = 0 (x(t) = xg) 1 7(A,¢) = 0. llepuie 3 HUX € CTATHIHUM CTAHOM
HAHOTPYOKH, & JIpyTe BijOBijlae IepionaHnM KOJIMBAaHHAM 3 aMILIiTy1010 1/ A,
ne W(Ae,¢) = 0. Craruauanit pexknm crifikuit, ko 7(0, ¢) < 0 1 mecrifikmit y
MPOTUICKHOMY BHIAIKY. CTIHKICTh MEPIOJIMYHOTO PO3B’SI3KY BU3HAUYAETLCS 3HA-
KoM 1I0X1THOT 047 (A,0)|a=4,: KO BOHA Bl e€MHa (JI0MaTHA), TO TO MEPIOUTHIT
pexkuM crifiknit (Hecrifikuit). Togi, amanizytoun pisusanus (4.50) i (4.65), moxkHa
3pOOUTH BUCHOBOK, 1110 KoedirieHT Hakadku 7(A,¢) X Kk € HemapHOW (QyHKIEO

g4 (meprmmit 1oaHOK B mpasiit yactuni piBastHHs (4.53) He /1A BHECKY ) 1 puiiMae
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ga=1/~3

1.0

0.0

Puc. 4.4 pagivu dynwuii W(A), nponopuitnoi koedivienmy narxauru 1(A,0),
OAA PIBHUT 3HAUEHD (a) IOHOCHO20 NOAONHCEHNA EHEP2ZEMUYHO20 PIGHA
Keanmoeoi mouku Eq = 0.2;1/v/3;2 das ¢ = m, ma (6) nadnposiony pisnuio
$az ¢ = 7/3,210/3, 7 dan Eq = 1//3. Hyni dynwuini sionosioaroms amnnimyos
epanuinozo yukay [ous. ecmasky 6 (0)], axa sanrescums 6id pisnuui das i

docszae makcumymy npu ¢ = 7. Inwi napamempu: Ag=1k=+1.

HaCTYIIHI TPAHUYH] 3HAYEHHS:

0,0) = kalW(0,0) = +kaf —=———sin" | = |, 4.67
10.0) = koW (0,0) = +ho S M s (& (467)
(A = 00,0) = KafW (A — 00,8) = —kaf—L (4.68)

2/
3BiKN BUIUMBAE, 1o 1npu ¢ # 0 pos3s’si3ok piuguast W (A.,¢) = 0, mo Bizg-

IIOBiJIa€ CTAIIOHAPHOMY IIePIOJUIHOMY PEXKUMY, iCHYE IIPU Oy/Ib-IKIX 3HATEHHSIX
inmunx napamerpis. OupHax npu Maanx ¢ < 1 koedinient nakaaku 7(x,¢), aKuii
BU3HAYAETHCSI B3AEMOJIIEIO 3 €JIEKTPOHHOIO II1JICCTEMOIO, MaJInii 1 MOXKe OyTH KOM-
HeHcoBaHUi KoedilieHTOM TepTs 3a PaxyHOK TerioBoro orouenis. [lomoxkenns y
BHUIIQJIKY, KO ¢ = () € Jly»Ke HeCTINKNM BiJJHOCHO MAJIOro I1apaMerpa achuMeTpil
la| < 11 6yme posrisiayTo y HacTymHOMY migaposaiii, 4.1.7. @yukiil W (A) ra A,
npu pizanx ¢ > 1 ta €4 > 0 npejcrasieni Ha puc. 4.4 ta 4.5.

3 piBusinag (4.67) Burmsae, 1mo ko keg > 01 ¢ # 0, To crarudHumii

MEeXaHITHNAN CTaH T = Tg << 1 € HeCcTIMKUM BIJTHOCHO ITOIBU 3TUHHUX KOJUBaHb 3
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Puc. 4.5 Baneosrcrnocmi A, epanuvnux yukxaie 610 610HOCHO20 MONOHCEHHA
enepzemuunozo pishs KT &g (sidpaxosanoeo 6id enepeii @epmi) oan pisnux
snavens (a) Ag = 0.75;1;2.5 dan ¢ = 7 i (6) pisnuyi das mioic
naonposionukamu, ¢ = /3,21 /3; 7 dan Ag =1,

aMILIITYJIaM1, K1 €KCIIOHEHI1aJIbHO 3POCTal0OTh Y Yacl 3 IHKPEMEHTOM,
v = ka€W(0,0). (4.69)

OcraHHsT BeJIMUNHA JIOCSITA€ CBONO MAKCUMYMY IIpU ¢ = 7 Hpu (PiKCOBAHUX 3HAa-
deHHsIX BCiX iHmmx mapamerpis (zg4(7m) = 0). OgHak npupict HACUIYETHCS MPH
aMIUTiTY \/Ae, 10 IPU3BOAUTD J0 CAMOIIITPUMHNX KOJUBAHD 3 IIEI0 aMIUITY-
joto. Ciiijr 3a3HAYNTH, M0 aMILITY/IHE HACUYEHHS B PO3TJIIHYTiil cucTeMi € 1oB-
HICTIO BHYTPIMHIM ePeKTOM 1 Mae Miclie KO TePTs, BUKJIUKAHE B3aE€MOJIIEI0 3
TepMOJINHAMIUHIM cepeloBuIeM JopiBHioe Hy/110. [Ipo edekr "camonacuuenns"

TaKOXK TOBiToMIIsiToCs B [118], e posriisiiaiacs creniaibia MarHiTHa CUCTEMA.

4.1.7. BnamnB acuMmeTpil Ta TepTsd, IO TeHePYIOThCI TePMOANHAMIYHAM

OTOYECHHAM.

B ekcriepuMenTi NpUpoHO BUHUKAE HAABHICTD aCUMETPil TyHeTbHIX KOHTa-
kTiB. CJIiIoM 3a UM BpaxyeMO HECHMETPUUHICTH HA/IIPOBIIHUX TYHEJIHHUX KOH-
TaxTiB 3 napamerpom Agi/Ag = C, e ¢ = e~¥* (yus. piBusuus (4.8)). Takum

quHOM, 00’¢HaBm piBHsHHA (4.8) 1 (4.12), oTpuMy€eMO, IO aCHMETPist TyHEeb-
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HUX aMILIITYJI TPU3BOAUTD JIO BIJIHOCHOT'O 3CYBY MOJIOYKEHHSI PIBHOBArn KBAHTOBOI

TOYKH 1 B OTpUMAHUX PopMy/iax MOTPiOHO 3poOUTH HACTYITHY 3aMiHy:
Aalz,8) = Aalz + a.6). (4.70)

Hagyasi 3pyano BBecTH nepenopMmoBanuii mapamerp acumerpii a/\ — a. Tomi ms

KpHUTepio MexaHiqHOI HecTiiikocTi orpumaemo 1(0 + a,¢) > 0, e

n(a,p) = H&f% [AZ sinh (2a) (252 + 4) {sin ¢ — &ysinh (2a)} +

+ 82,D* {sin® (¢/2) + sinh’ a}} : (4.71)

3 1i€l HePIBHOCTI OTPUMYEMO, 1110 CTAH MEXaHITHOI MiJICUCTEMU € HECMITKUM KOJIH

(. -
|Agsinha| < AT, &;> 0; 5 (4.72)
. . = T; :

\ |Agsinha| > AT, &; < 0;

(- -

) |Agcoshal < AT, &;>0; 5= 0 (4.73)

\ |Ajcoshal > AT, &, <0; 7 |

200,
|Ag £+ Ap| < 207, 4> 0;

T ) (4.74)
|Ap £ Ag| > 2A9, £;<0.

Tyt — Bignosinae Bunajky ¢ = m, a + — ¢ = 0, (( # 1). ['pannuna Besnuanua,

AKa BUSHAYa€THCA K,

(AT)? = % (\/(3 +22)2+8(1+ &%) — (3+ 53)) , (4.75)

sopimoe npuGmmszao 1, (AY)? € [(V/17-3)/2,2), 3a paxynok limg, o (AT)? = 2.
[ammmit criocid oTpuMaHHA KPUTEPiTB HECTIHKOCTI TOJIATAE B TOMY, 1100 TIpe/I-

CTaBUTHU IIepEMIIEHHs Y BULJISI:

z(t) ~ e, (4.76)
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[TlizcraBumo B piBHsiHHs (4.50) 1 3Haiimemo poss’si3ok HepiBaocTi Imf) < 0, 1o
BIJINOBIJ1a€ BUIAJIKY €KCIIOHEHIIaIbHOTO 3pOCTaHHs aMILITy i KouBanb KT. 3
HaBe/IeHUX BUIIlE KpUTEPIiB HecTiiKocTi (piBHsitust (4.72)-(4.74)) MoxKHa 3pobuTn
BICHOBOK, I[0 Ha HasiBHICTH e(eKTy caMOHACHUICHHSI HE BILINBAE aCHMETPIsl.
3ayBaxK1Mo, 1110 HECKIHIEHHO MaJie 3HAYeHHsT aCUMETPil MOXKe IIPU3BECTH J10
MOSIBU MEXaHIIHOI HECTIHKOCTI HABITh y BUMIAJIKY HYJIb0BOI pizHuI daz. OaHak,
B OCTAHHBOMY BHITQJIKy CHJIa HaKaIKU MaJia 1 MOBUHHA OYyTH MOPIBHSIHA 1X 3aTy-
XaHHSIM, 1110 CTBOPIOETHCS BILIMBOM TEPMOIMHAMITHOIO PIBHOBAXKHOI'O OTOYCHHSI.
JL1s1 1IbOTO MU BKJTIOUAEMO (DEHOMEHOIOTTIHUI W/ieH +y4 B J1.49.C. piBHsAHH: (4.1).
KoedimieHT TepTs v Bu3HauaeThes AK o< Q' 1e () — 106POTHICTD, 10 BU3HAUAC-
THCS B3AEMOJIIEI0 3 TepMornHaMiTHiM oToudenusiM [128]. Takum unnom, mexanitna

HECTIIKICTh Ma€ Miclle, SIKIIO

v —n(a,p) < 0. (4.77)

Ile o3Hauae, 10 IpU MaJUX 3HAYEHHSX PizHUIl a3, ¢ < 1, KoedimieHT
Hakadku 7)(x + a,0), sKuil BU3HAYAETHCSI B3AEMOJIIEI0 3 €JIEKTPOHHOIO ITiICHCTe-
MOIO, 3HAYHO MEHIINi, Hi’K Yy BUNAJKY ¢ /2 7 i BPIBHOBaXKye KoeillieHT TepTsI
7, TIOB’sI3aHUIT 3 BILJIMBOM TEPMOJIMHAMIYHOrO OoTOvYeHHd. [le mpu3BouThH /10 KOH-
KYPEeHIIIT MI2K IIMMU JIBOMa, IIPOIeCaMi, OCKIJIBKIA PEXKUM CAMOIIJITPUMHUX KOJIN-
Balb BUHUKAE TOJI, KOJU HaKadKa JOPIBHIOE 3aTyXaHHIO. f1K Hac/iI0K, TepTH,
BUKJIMKAHE B3a€MO/IIEI0 3 TEIJIOBUM OTOYEEHHSIM, MPU3BOUTE JIO 3MEHIIIEHHs aM-
IUIITYIN aBTOKOIMBaHb. [IpoTe, oCcKIIbKM HaKadKa, BUK/JIUKaHa €JIeKTPOHHUM He-
PIBHOBasKHMM OTOYECHHSIM, CHJIBHO 3aJIC2KUTH Bijl pi3HUIl (a3 ¢, To B HANWOILIbII
BUPaKEHOMY BHIIQJIKYy ¢ = T BOHO JIOMIHY€E HaJI TEPMOJUHAMIUHUM TEPTSIM JIJIsd
BICOKO/I0OPOTHIX HAHOMEXaHIqHIX pe3oHaTopis, Q ~ 10°.

Ha pucynkax 4.6, 4.7 nasejeno 3anexkuocti dyukiii W (A), ska mporop-
niitna koedinienty Hakaakn 7(A,¢) jyist pisHEX 3HAYEHb TapaMeTpa acuMeTpil a.
Baysaknmo, mo W (A) e napuoio dyukiieo a. 3 pucynka 4.6, skuii Biamnosigae
BUIAIKY MAKCUMAJBHOI CHJIN HAKAYKN, ¢ = m,Eq = 1/ /3, BUIHO, W0 3HAUECHHS
AMILTITY/I TPAHUYHOIO MUKJIY 3MEHIIYEThCsI Ipu 301IbIeHH] acuMeTpil (3mire-
HHSI [OJIO’KEeHHsT HYJist (DYHKIT BiB0). YopHa KpuBa MOB’si3aHa 3 CHMETPUIHIM
suragkoM (a = 0) 1 € Takoro Xk, sk Ha puc. 4.4. [TomapardeBa KpuBa Biamosimae
KPUTHIHOMY 3HAYEHHIO (TIPU TI0/IaJIbIIOMY 301IBIIEHH] TTapaMeTpa aciuMeTpil Ha-

KAYKN 3HIKaE), oTpuManoMy 3 pisuamma (4.75), (AT)? = 2/3 nasa &4 = 1/4/3.
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1.0r

R ———— 2a=0.65
a=0.81 |

W(A)

Puc. 4.6 Baneorcrocmi dynwuii W (A), nponopuiiinoi xoedivicumy naxauxu
N(A,0), daa pisnux 3navens napamempa acumempii |a| = 0 (vopna moscma
kpuea, cumempuynut 6unador); 0.2 (zeaena nynkmupna xpusa); 0.5 (cuns
nynxmupha kpusa); 0.65 (uepsona wisvha nynkmupha kpuea); 0.81
(NOMAPAHUE6a HEUIADHA NYHKMUPHA KPUBH) OAA ¢ = T ma £q = 1/\/§ Hyni
Pynruitd 6i0nosidaroms amnaimydi epanuHo20 yuKxAy. Inwi napamempu

HACTYNHI: Ag=1k=+1.

Pucynoxk 4.7 nemoncrpye Bunajgok ¢ = 0, Koju edpeKTUBHA HAKAYKIIA HEXTOBHO

MaJta 1, IK HACTI0K, TPAHNYHNN UK/ CAMOIITPUMHNX KOJTMBAHDL He BIUHUKAE.
4.1.8. Tpara3ucTopHa Ta Ai0JHA MOBEAIHKA €JIEKTPUIHOTO CTPYMY.

PosryistnyTi BuIle caMortiITpUMHI KOJIMBaHHS CHEIU(ITHO TMPOSABISIIOTHCS B
TPAHCIIOPTHUX XapaKTepucTukax. lle migBuiiye MoXK/JIMBICTh BUSBJIEHHS MeXaHi-
YHOI HECTIMKOCTI 3a JIOIOMOIOI0 BUMIPIOBaHHS eJIEKTpUIHOro crpymy. 11o6 j1o-
CTJINTU TaKy MOXKJIUBICTb, PO3IVITHEMO €JIeKTPUIHUN CTpyM depes cucremy, I,

BU3HAYECHUI CTaHJapPpTHUM YHUHOM,

I, = ex'Tr {J\?ﬁ} , (4.78)
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[ ==== a=0.65 N |

L \ AN

: a=-0.81 X N\
-0.5r \ 8

r \
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0 1 2 3 4 5 6
A

Puc. 4.7 Baaesrcnocmi gynrxyii W(A), nponopuitinoi xoediyicnmy nakauru
N(A,0), daa pisnur 3navensv napamempa acumempii |a| = 0 (vopra moscma
Kpuea, cumempuunut eunadox); 0.2 (3eaena nynkmupha xpusa); 0.5 (cums
nynxmupra kpusa); 0.65 (uepsona wiavra nywkmupra kpusa); 0.81
(nomapanesa newyiavia nyrsmupra xpusa) oaa ¢ =0 ma &g = 1/v/3. Inwi
napamempu maxi: Ng = 1,k = +1,7 = 107°. Qynruii nabysaromv neeid cmmus
3HaMeND, wWo 6idnosidac 6idcymrocmi camoniompuMHur KOAUBAHD U

2PAHUNHOMY UUKNL.

J1e

~

N =i [HN} L N=Yd (4.79)
ko

MO3HAYAE ONEPATOP UNC/Ia eJIEKTPOHIB Y HOPMAJbHOMY €JeKTPOIi. &Y PO3IJITHYTO-
My Buiie pexkiuMi (Ag — 00) CTPYMOM KBa3i4aCcTUHOK MOYKHA 3HEXTYBATH, OCKIJIb-
KU BiH €KCIIOHEHIIIaJIbHO MaJIiil. 1K HAC/III0K, Y PEKIUMI BUCOKOI HAIIPYTU 3MiIleH-
H¢ 1pu kK = +1, Ko TyHesoBanns ejieKTponis 3 KT 10 nopmaibnnx e1eKTpo/iiB
3a00pOHEHO, BUpa3 jjist I, MOXKHa JIErKO OTpUMAaTH, aHa i3yo4un puc. 4.2. 3 mux
rpadikiB BUJIHO, 10 3MEHITIEHHS YNC/Ia eJIEKTPOHIB B HOPMAJIbHOMY €JIEKTPO/Ii BU-
3HAYAETHCS JIBOMa PI3HUME TIporiecaMu. [lepruit — 1e TyHnemoBanus eJeKTpOoHa
31 criHoM Bropy abo BHU3 Ha MOPOXKHIO I'pany.ry. [IIBujkicTs 1boro mporecy J10-
pisutoe 21", pg, e po = (Ry + R3) /2 — iimosipaicts Toro, mo KT nesanosaena.

Hpyruit — TyHeTIOBaHH: eJeKTPOHAa Ha KBAHTOBY TOYKY, 3ailHATY OJHUM eJje-
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Puc. 4.8 Banestcrocmi nocmitinozo eaexmpuinozo cmpymy I, (nopmosanozo do
Iy = el'},) 610 sidnocrozo noaosicenns KT enepzemuunozo piens €q 0ad Pidnux
gHauens pisHuyl asz ¢ = w/3 (3eaena nywkmupra kpuea), 2m/3 (uepsona
nymkmupna) i T (vopra cyyicona) ona Ag =1 i k = +1. Makcumarvnui
ehexm Mae Micue npu ¢ = T 30 810CYMHOCL NOCMITIH020 CMPYMY 6
CNAMUMHOMY PEAHCUMT, MOJT AKX 6iH OAU3LKUT 00 MAKCUMANDHO20 6 CMITIKOMY

CMAULOHAPHOMY PEHCUML CAMONIOMPUMHUL KONUBAHD.

KTPOHOM 3i CIiHOM Bropy abo BHU3. [IIBUaKicTh 1mporo mporecy jgopisaioe 217, pe.
3 ypaxyBaHHSIM YMOBH HOpMaJtizaliil 2p. + g = 1, i BUKOpHUCTOBYIOUM aHAJIOTivHE
npurnytientst st eV, < 0, ogep:kumo 3 piBHsiHHsA (4.44) HACTYTIHE PIBHSHHS JIJIsT
1,

I(t) = ko (1 + KRy) | (4.80)

—

ne Iy = el’,. B agiabaruuniii rpaHuii MoKHa BUKOPUCTATU PO3KJIaJ Juid [ B
Teopil 30ypeHb 3a mapaMeTpoM aJiiabaTuaHoCT «v, piBHstHHS (4.44), i orpumaTu

JIISL CTPYMY HACTYIIHUIT BUpa3:

|Ad(x7¢)‘2

[n(t) = Ii]() D2(x gb)

+aif(x) +O(a?)] . (4.81)

Y cTamioHapHOMY pexKIMi, IO Bi/IITOBi1ae renepariii caMOmiITPUMHIX KO-

BaHb 3 aMILTITYyH0I0 \/A., ycepeaneHunil 3a mepios KOJMBAaHD €JIEKTPUIHII CTPYM
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1,, BU3HAYAETDHCS SIK:
1 2w

I, =— [ IL[z(t))dt. 4.82
5 | L) (4.82)
[licis inTerpysanns pisHsnus (4.81) OCHOBHHMIT BHECOK y CTPYM 3 TOYHICTIO (/2

(OCKIJIBKI HJIEH TIEPIIOTO TTOPSJIKY YCEPEIHIOETHCS) Ma€ BUTISII:

_ B A2 cos? (¢/2) _
To(kca) = kil [A?z o )3T (4.83)

Tyt nepmmit 107aHOK BIANOBIAAE CTATHIHOMY IMOCTIITHOMY CTPyMYy, SIKWI KpH-
TUYHO 3aJIE2KUTh BiJl pizHuli ¢as ¢. 30Kpema, Mepiinii J10JaHOK JOPIBHIOE HYJIIO

Ipu ¢ = 77, Ha BIJIMIHY BiJl APYTOroO JIO/TAaHKA,

_ ~ L ANTS +€)) /27r deinhQ (VA sina) . (1.84)
0

A= 2 D0, D% (/A sin .0)

1[0 BUHUKA€E BUKJIIOYHO 33 PAXyHOK CAMOIIJITPUMHUX KOJIMBaHb 1 JJOPIBHIOE HYJIIO,
SIKIIO CTATUYHMI CTaH € CTIIKUM, Ha III0 BKa3y€e CTyliHdacTa GpyHKIg XeBicaiiia

0(keq). Makcumaiibhe 3nadents crpymy 01,(A.) MOKHA OINIHATH sIK:

ST AZsinh* /A,
"7 AZsinh? A, + T2 42

(4.85)

Basexknocti crpymy I, B &g mpn Ay = 1 ta ¢ = 7/3,271/3, m npeacras-
qeni Ha puc. 4.8, 4.9. 3 nux rpadikiB BUIHO, 1110 HaHOMEXaHiUHA HECTIHKICTb
IPU3BOAUTE JI0 BUHUKHEHHsI 3HAYHUX JIOJHNX 1 TpaH3ucTopHux edekTiB. Ede-
KTH HafOLIbII BUpaykeHl IIpU ¢ = 7, KOJU B cratudHoMy pexknmi A. = 0, 1e
MOBHICTIO OJIOKYETHCS OOMIH KYIIEPIBCHKUMU TapaMH MiK TOYKOIO 1 HaJIITPOBiI-
HUMH ejleKTpojaMu. B Takiil cutyanii ¢cTpubOK cepeHboro CTPyMy Bijl HYJISA JI0
cKiHueHHOrO 3HaUeHHsT ~ [ (a0 HaBIAKW) BiOYBAETHCsI IPH 3MiHI HAIPSMKY Ha-
npyru (edexT Mioa: 3a OJHOTO HAIPSIMKY TSTHYYO! HAIPIYTH CTPYM IPUCYTHIi,
a 3a IHIIOro — BijCyTHIM), nuB. puc. 4.9 abo SIKIIO MOJI0KEeHHST eHePreTHIHOTO PiB-
Hsl KBAHTOBOT TOUKH €4, KEPOBAHOI'O HAIIPYTOIO HA 3aTBOPI (TPETHOrO €JICKTPOJIA B
TPaH3UCTOPI ), TPOXOUTH depe3 HyJib (TpaH3ucTopuuii edexr), mus. puc. 4.8. 3a-
YBaXKIMO, IO PO3PHUB CEPEHHLOTO CTPYMY K (DYHKIII €7 HEOOXiTHO BPaxOBYyBaTH

3 TOYHICTIO J10 &.
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In/IO

Puc. 4.9 3anesrcrocmi nocmitinozo eaexmpuinozo cmpymy I, (nopmosanozo do
Iy = el'},) 610 sidnocrozo noaosicenns enepzemuynozo piens KT €5 dnsa k = +1
(HOPHA CYUIADHA KPUBA, NOG A3AHA 3 AHAAOIYHOW WG puc. 4.8) 1 dasa k = —1,
KOAU MALHYUG HANPY2a NPUKAGIERE 6 NPOMUAEHCHOMY HANPAMEY (CUHA
NYNKMUPHA Kpuea), wo npedcmasaae diodonodiony nosedinky cmpymy. Inuw

napamempu. ¢ = .

4.1.9. Pe3ynbTaTin 4yncejibHUX PO3pPaxyHKIiB.

Omnucana BuIlle aHaJiTUYHA IIPOIE/lypa BUKOHAHA B IPUITYIIECHHI ajiabaTn-
qnomy a = w/(2I,) < 1. OgHax, 3 MeTOI PO3IMINPEHHS ala30Hy MapaMeTpis,
JUIsl STKUX CIIpaBeJIJIMBI ITPOTHO30BaHI epeKTH, YNCETbHO PO3B I3aHO CUCTEMY PiB-
HSIHb JIJI €JIEMEHTIB MaTPHIll T'YCTUHH KBAHTOBOI TOYKH, ITIOB SI3aHYy 3 PIBHSIHHSIM
st amimennsg KT, pisasnms (4.21)-(4.22).

Ha pucynky 4.10 mpo/IeMOHCTPOBAHO Pe3y/IbTATH YNCETHHIX PO3B A3KIB JIIs
yacoBol eBoJtonil 3minienHs KT 1miciisg HeBeJIMKOl 1M0YaTKOBOI CIIOHTaHHOT (JIy-
KTYyaIlil moJjioykeHHst HaHoTpyoku, o = 0.01, y Tpbox pisHux pexkumax. Criiiknii
pexkum 1pejcrapiennii Ha puc. 4.10a. Pucynok 4.100 Binmnosigae KpuTHIHOMY 3Ha~
YEHHIO eHepreTHIHOro piBHs &5 = 0 (Takomy K, sIK 1 Jyist ¢ = 27tn, jie n — 1ije
GUCJI0), KOJIA CTAH MEXaHIUHOI MijicucTeMn € Hi crifikum, Hi Hecriiikum. Haperri,
B PEKNMI HagiBHOCTI MexXaHigHol HecTifikocTi, puc. 4.10B, aMILIiTy 18 KOJINBaHb TO-
YKH [TIOYMHAE €KCIIOHEHI1a/IbHO 3POCTATH IT11CJIs1 HEBEJIMKOI'O 3CYBY BiJI TTOJIOXKEHH
piBHoBaru. OHaK depes JeAKHil Jac aMILITy 18 KOJUBAHb HACUIYETHCA 1 HACTAE

CTIMKWI peyKNM caMOMIITPUMHNX KOJTMBaHb HAHOTPYOKU. BiH BUHMKae HABITH Oe3
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Puc. 4.10 3axesrcrocmi smiwennsa x (6 odunuuyazr myneavroi dosorcunu A) KT
Y MPLOX PIBHUT PEHCUMAT, PEAAIZ0BAHUT OAA CUCEMU, 610 Yacy (6 00uHUUAT
w). Pucynox (a) eidnosidac cmidikomy 0o nowamro6o2o cnowmamiozo
xoausanna (rog = 0.01) 6id noaoocenns pienosazu pescumy, 4 < 0. Pucynox
(6) sidnosidac kpumuunomy snaveniio £q = 0, KoAU CMaH METAMIYHOT
nidcucmemu maxooic € necmitikum. A pucynox (6) demoncmpye wacosy
C60M0ULI0 KOAUBAHDL JOOPOMHOCTG 8 PEHCUMI, KOAU MAE MICUE METAHIYWHA
necmitixicmo, g = +1/ V3. Ocmanniti sunadox npedcmasaeruti Ha
puc. 4.4, 4.5 woproro kpueoro. Inwi napamempu, UKOPUCTAHL 6 YUCEALHUT

PO3PATYHKAT: O = T, Aj=1a= 0.05,& = 1072

JIoJlaBaHHA 30BHIMIHBOrO TepTs, v = 0. Ocranuiit haxT mop’s3annii 3 epeKToM
caMOHACHUYEHHS, 1110 MA€ MICIE JjIs PO3IJITHYTOI TiOPUIHOT CHCTEMU. 3ayBarKi-
Mo, 1110 puc. 4.10 oTpuMaHo JI/Ist BUIAJIKY CJIa0KOI0 eJIeKTPOMEXaHITHOIO 3B SI3KY
¢ < 1, B agiabarnuynoMy pexkumi a << 1, a jjsd IHIIEX ITapaMeTpiB, dKi 30ira-
I0TbCs 3 TIapaMeTpaMyu JopHol KpuBol Ha puc. 4.4-4.7, oTpuMaHo 3 aHAJITUIHUX

pospaxyHKiB. Bugro, mo aMmmmTyal /A, TpaHIIHOrO UKy, B3ATOI 3 puc. 4.4,
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Puc. 4.11 3anesrcricms amnaimyou /A, eracrux xoausans KT (HopMOBaHOT
na myneavny dosorcuny A) 6id napamempa adiabamuvrnocmi o. Mooicra
6L03HAMUMU, U0 BCAUMUNG AMNAIMYOU MOYKOBUL KOAUBAHL MAKCUMAALHA TP
w ~ 'y, @ npamye do nyss 6 diabamuvwrnomy pestcumi. Inws napamempu,

ewﬁapucmam’ 6 YUCENDHUIT PO3PATYHKAT.

k=41,6=1/V3,0=mAg=16=10"2

Bi/IIOBia€ aMILIiTyIa KosmBanb, B3daTa 3 puc. 4.10B, /A, ~ 2™ ~ 2. lle €
MIPOSIBOM BUCOKOI OOI'PYHTOBAHOCTI aHAJITHIHUX PO3PaXYHKIB.

Ha pucynky 4.11 nokazano sajexnicTs aMmniryu /A, (2™%) BlracHux Ko-
JIMBaHb HAHOTPYOKHN (HOPMOBAHOI HA JIOBKWUHY TYHETIOBAHHSI A) B IPAHUTHOMY
UKJI BiJl mapamMeTpa ajiiabarudHocTi «. BoHa orpuMaHa 3 9uceibHUX PO3B sI3KiB
cucremu JudepeHIiagbHIX PIBHAHB IEPIIOro MOPIKY /s MATPUIHUX eJIeMeH-
TiB ollepaTopa I'yCTHHI KBAHTOBOI TOUKH, PiBHsIHHST (4.22), TIOB’sI3aHOT 3 CUCTEMOTO
JPYroro Mopsijiky Jiisd 3Mmirientst, pisastaas (4.21). MoxKHa BijgHaquTH, 1o am-
IITY/Ia MAKCIMAJIbHA B PE30HAHCHOMY BUIAJKY, KOJIH 9aCTOTa (B €HEPreTUIHNX
onuuugx) KoauBaub KT jnopiBHIOE pisHHUI eHepriil MiXK aHIPEEBCHKUMU PIiBHSI-
M. OcTaHHE 3HAXOJUTHCS Y BiJIIOBIIHOMY Y3IOJ2KEHHI 3 IepedadeHHsIMI I
ejiektpuanoi [169] ta maraitnol HEM cucremu [118]. Kpim Toro, ciin Bpaxysa-
TH, 110 JIJIsT BUAJIKY €JIEKTPUIHOTO €JIEKTPOMEXaHIYHOTO 3B 13KY JIJIs1 OTPUMAHHA
IPAHITIHOTO TIHKJTY HeOOXiTHO BPaXoByBaTH TepMOIHHAMITHE TepTst (geMIidyBaH-
ns), v = 107% — 107% (a1a BucoxoskicHnx HaHOMeXaHidHUX pesoHaTopis). [Ipu-

YoMy, MaKCUMaJbHI 3HaAYEHHs aMILIITYIU JJIsT MEXaHIYHO Hecmiliko20 BUIAIKY
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Ha3HAYHO OLJIBIN, HIXK JJIs a/iadaTuIHOrO PeXKUMY, TOUHIIIe, MPUOJIN3HO BABIU
oibii. [Tpore ammtiTyna € mizepHo Maso B giabarudsiii (anTnajgiabarndamiii)
rpanuii « > 1, 1o o3Havae cmitikicms TO0JI0XKEHHs PIBHOBAIM HAHOTPYOKHU B
bOMY pexKuMi. AjiabaTudHuil PeXKUM BiJIIOBIIA€ BUIIAJIKY, KOJIU 3MIIECHHS Ha-
HOTPYOKM 3MIHIOETHCS JIy?KE MaJio 3a OJUH aKT TYHEJIOBAaHHS €JIEKTPOHIB, IO

3a3BUYANl peasi3yeThes B ekcrepnmentax [137].

4.2. Ox0J101>KeHHsI HAHOMEXaHIYHUX KOJIMBAHb 3a JOIOMOI'OIO
aHJPEEBCHKOIO TyHEJIIOBaHHS

Y IbOMY MiJIpO3JiJi 0OrOBOPIOETHCS BUPIMIAJIBHUN BILIMB IIPOIECIB eJie-
KTPOHHOI'O TYHEJIOBaHHsI Ha CTaH MeXaHIvHOI mijcucremu. BusiBjieHo edekT oxo-
JIOJZKEHHs JI0 OCHOBHOT'O CTaHy KOJMBaHb HAHOTPYOKHU. IIpomemoncTpoBana Mo-

2KJINBICTD CIIOCTEPEZKEHH A ecbeKTy OXOJIOJZKECHHA B eKCHepI/IMeHTi.

4.2.1. KBanToBOMeXaHIYHMUII OIINC MeXaHiYHO]l IIiJICUCTEeMU.

Y nonepeHboMY PO3JILT PO3IVIAHYTO HAHOETEKTPOMEXAHITHY CUCTEMY, 0
CKJIQJIAETHCA 3 BYTJIEIEBOI HAHOTPYOKM, TiIBIIIIEHOT Ha/l TPAHIIIEEIO B METAJIEBOMY
eJIEKTPO/I1 1 PO3MIITEHO0l B 3a30pi MIXK JIBOMa HA IIPOBIIHUMHI eJleKTpojaMu. Ta-
K& YCTAHOBKA € y3araJbHEHHsIM €KCIepUMEHTATbHO peastizoBanol [153], ne BHT
i IBIIIIeHa, HaJl ITPOMIXKKOM MizK 3BUYARHIM 1 HaAIPOBITHIM ejekTpogamu. Hano-
TPYOKY PO3TJIAHYTO K PYXOMY OJIHOPIBHEBY KBAHTOBY TOUKY, B SKiil 1HTYKOBaHO
3aJIezKHUIT BLJ] 3MIIIIEHHS HAJIIIPOBLJIHUIT TapaMeTp MOPsIKY BHACJILJIOK TyHeI0Ba-
HH4 KyTepiBehbKux nap. [lokazano, 1o B Takiit cucTeMi MOXKYTh BUHUKATH CAMOTILT-
TPUMHI 3TUHAJIbHI KOJIMBaHHS, IKIIO MK 3BUYaliHUM 1 HAJIITPOBLIHUM €JIeKTPOIa-
MU TNPUKJIACTH TOCTIHY TATHYYY Halpyry. Takuil mporec mepeHocy eleKTpPOHiB,
SIKUiT [IOJISIPAE B aHIpeeBChbKoMy TyHestoBanHi [149, 150] HopMabHUX eJIeKTPOHIB
(Ta JipOK BiIOBIIHO) 3 YTBOPEHHSIM B PE3Yy/IbTATI KyIEePIBCHKUX Tap, MU HA3Ba-
JIN aHJIPEEBCHLKUM 1HKEKTYyBaHHAM. fIK Hac/iIoK, B3a€MOJIA MiXK KON€pEeHTHUM
JTBOEJIEKTPOHHUM (KYIIepiBChbKa Mapa) Ta HeKOTePEHTHUM OJTHOCJIEKTPOHHUM Ty He-
moBaHHsIM B/3 pyxomol dactuan HEMC moxke npussectn 70 edekTy HaKauKu
abo oxosozKkenust [151].

Onnak 3 piBHstHHS (4.81) MOYKHA TTOMITUTH, 0 €KJIEKTHIHHUN CTPYM MAgE
BHECOK o< 2. 1le o3Hauae, M0 BasKJIMBO BPaxoBYBaTH (DJIVKTYaIlil 3MiICHHS Ha-

HOTPYOKH, IIPOIYINEH] B paMKaX HalllBKJIACHIHOI'O II1JIXO/Y, PO3IJISIHYTOI'O B IIOIIe-
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Puc. 4.12 Eckiz Hanoeaekmpomexaninuio2o npucmporo, U0 po32ailaemues.
Byaaeuesa nanompyora (BHT) nidsiwena 6 3a30pi miotc d6oma Kpaamu
nopmaavrozo esexkmpoda (N ) i mynesvno 3’ednana 3 numu. Taxoore BHT
KOAUBAEMBCA 6 HANPAMKY T Mitc 060Ma Hadnposionumu eaexmpodamu (S 2).
Leti npouec enausae Ha BeAUMUHU MYHEALHUT bap epie mioe HT 1
HadnposidHumu esexmpodamu. Hopmarvrut eaexmpod snaxodumovcs nid

Hanpyz0t0 Vj.

pPeIHBOMY HiJpo3iii, 4.1. Y 1boMy IiIPO3ial MU PO3IVISIAEMO 3rUHAJILHI KOJIU-
BaHHsI HAHOTPYOKM KBAHTOBOMEXAHIUHO, IO JIO3BOJISIE JOCIIIUTH POOOTY TAKOIro
HEM npucrtporo B pexKnumi 0XOJI0/I2KEHH.

Ha pucynky 4.12 HaBejieHO Iie OJiHe cXeMaTU4iHe 300parKeHHs CUCTEMH, IO

PO3IIAIAEThCA. ['aMIJIBTOHIAH CUCTEMHU CKJIAQIAETHCA 3 YOTUPbOX JIOJAHKIB,
H=H;+ H,+ H + H;, (4.86)

Je ramiibronian Hy ognopisnesol KT, raminbronian H; = H|'+ H} HopMaJsibHOIO
1 HaJIIPOBIIHOTO €JIeKTPO/IB, TyHeJbHUII ramisibronian Hy; = H' + H} Busna-
qaloThes piBHsHHAME (4.3)-(4.6) Bimmosimxo. Heobxigro migxpecanTn, mo remnep

3Millenns & € oreparopom. ['amisibroHian H,,

A P mwia?

H, = , 4.87
2m + 2 ( )

OIIMCY€E MEXaHIuHY JMHAMIKY KBAHTOBOI TOUKM, P 1 & — KAHOHIYHO CHPSKEH] 1M-
MyJIbC Ta KOOpJMHATA, [p,x] = —th; m,w — Maca Ta BJIACHA YACTOTA KBAHTOBOI

TOYKH BIJIIIOBITHO.
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4.2.2. PiBuganga ajias pyHKHOI po3noaiiry Birmepa.

YacoBa eBoTIONIS MATPUIll TYCTUHU CUCTEMU p ONUCYEThCdA piBHAHHAM Jli-
yBiuisi-pon Heitmana, piBasiais (4.9). Bukopucrano Hab/uyKeHHST PejlyKOBAHO!
MaTpUI TYCTUHU, 3T1JTHO 3 SKUM TOBHA MATPUILA TYCTHHU CUCTEMU P (PaKTOPU3Y-
€TbCs 0 TEH30PHOIO JOOYTKY PiBHOBaXKHUX MaTPUIlb T'YCTHHU HOPMAaJbHOI'O Ta

HaJIPOBIIHNX OeperiB, a TakoxK Marpuilto rycruan KT:
p=Pn® pPs @ pa. (4.88)

Tyt y riyibbepToBOMY ITPOCTOPI, TKUIT MOYKHA TTPEJCTABUTH Y BUTJIsI]II TEH30PHOTO
JIOOYTKY HECKIHYEHHOBUMIPHOI'O IIPOCTOPY FapPMOHIYHOIO OCIMJISATOPA Ta MPOCTO-
Py OTHOPiIBHEBOI KBAHTOBOI TOUKN, Jie puBeaennit onepatop ryctunn KT pg.

HorpuMyiounch mporeaypH, BBeJeHol B MyHKTI 4.1.2, po3ryisHeMo CTalfio-
HApHUil cTan cucteMu y BUIAAKY Ag > |eVy|.(3> Ay, T, e Ay = 2rus|t§]2, T, =
210 |t3]? (Vs(n) — DycTHHA cTaHIB B HAXIPOBLAHOMY (HOPMAJIBHOMY) €JEKTPOL]).
BukopucroBytoun craniapTHy TpOIEypy [45], MOKHA B3ATH CJIJI 3a CTYIICHSI-
MU CBOOOJIM €JIEKTPOIIB 1 OTpUMAaTH HACTYIIHE PIBHSIHHS JIJIsI IPUBEICHOT MaTPUILi
I'YCTUHU Py

— o [HS™ + Hy pa) + Lodpa} + £:{pa} =0, (4.89)

Jle epeKTUBHUI raMiJIbTOHIaH Hflf f npejcraBieHo B piBuganui (4.11) 3 Hemiaro-
HasbHuM napamerpoM nopsigiky KT, pisastang (4.12), iHIyKOBaHUM HAIIPOBIjI-

HuM epeKTOM GJIM3bKOCTI, SIKUil Terep € onepaTopoM:
Ag(z,0) = Agcosh(z/\+ig/2). (4.90)

Yien L£,{pa} v piusuni (4.89) ingykoBamnii HEKOrepEeHTHIM €J€KTPOHHIM OOMi-
HOM MiK HOpMaJibHUM Oeperom i KT B pexkuMmi BHCOKOI TATHYYOI HAIPYTH,
leVy| > eg,hw, T, npuiivae Burysy piBasiaig (4.13). Takox y pisusanni (4.10)

dbenomenoJioriuno BBesieHo aucuitaTusHuil wien L£.{pq} [170],

L{p} = —mwy (np +1/2) [z, [x,p]] — 2+ (v/2) [z, {p.p}], (4.91)
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Jie Y — 3aryxaHns, np — QYHKIS po3noaity Bose-Eitnmreiina,

1

np

Je 1" — TemiepaTrypa TEPMOJINHAMIYHOTO CEPEOBUIIA.
Matrpung rycruaun KT pg jie B Tiib0epToBOMYy TTPOCTOPI 3 Ha BEKTOPAMU
cranis [0),dL(d])]0) = | 1+ (1)), d}d]|0) = | 11) = [2). Ile osnauae, mo MaTpuI

rycrunn KT Moxke OyTu mpejcraBiieHa y BUTJISIIL

po poz 0 O
~ ~ / ,520 ﬁ2 0 0
= pglz,2") = : 4.93
Pd Pd( ) 0 0 pr 0 ( )
0O 0 0 p 1

OTpuMy€eMO HACTYIIHY CUCTEMY PIBHSIHB PyXY JIJI KOMIIOHEHTIB MaTpPUILl T'YCTHHI

KT pa (k= —+1):

Oipo = —1 [Hy,po] — 400 — 18a(2,0) pao + 1p02A%(x,0) + L {po}, (4.94
Owpr = —1[Hu,pt] + 200(po — pr) + Lo{pr}, (4.95
Oipy = —1[Hy,p)] + 200 (po — py) + L0} (4.96

)
)
)
Orpop = —1[Hy,po2] + 20£apoa — 2T npoa — 184(2,0) p2 + 1008 a(,0) + L4{ po2§4.97)
Orpao = —1 [Hy,pa0] — 218ap20 — 2L p20 — 1A4(z,0) po + 1p2A5(,0) + L {p2044-98)
Orpa = =1 [Hy,pa] + 200 (py + py) + 1p208a(2,0) — 185(x,0)poz + Ly{p2}. (4.99)
Y JlaHOMY BUIAJKY IOPSIJIOK OIEPATOPIB p;; Ta Ad(;f:,(ﬁ) € BaxksimBuM. [ljst Toro,
00 OTPUMATH PIBHSAHHS JJISI BUMAIKY TPOTUIEXKHOIO 3HAKY TSTHYYOI HAIIPYTH,

k = —1, HeoOxigHO 3aMinnT 0 &= 2, TOOTO,

Opo = —1[Hy,po] + 20 (o1 + p1) + 1p028a(2,0) — 1A5(2,0) pao + L {po}. (4.100
Opy = —1[Hy,pr] + 200 (p2 — pr) + Lo {p1}, (4.101
Owpy = —1[Hu,py] +200(p2 — py) + Lop1}, (4.102
Apoz = —1[Hy,poa] — 21€apo2 — 2T npoa — 1A5(,0) p2 + 1p0A5(2,0) + L{pok3-103
Orp20 = —1 [H.y,p20] + 2124p20 — 2L p20 — 1Aa(2,0) po + 1p284(2,0) + L{ 264,104
Op2 = —1[Hy,pa] — AT 02 — 18q(2,0) po2 + 1p208g(2.0) + Lo}, (4.105

~— ~— ——r ~—t v
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HocuThb 3pydHO BBECTH JIiHITHI KOMOIHAIIIT €/IeMEHTIB MaTPUIll TYCTUHNA HACTYITHAM

YUMHOM:

Ry, = po+ pr+py+p2, Ro= po+ po,
Ry = pao + po2,  Ro = 1(po2 — p2), Rs = po— p2. (4.106)

Toni piBHAHHSA I MaTpUIHUX ejgeMeHTiB Marpuni ryctunn KT, piBHsH-

st (4.94)-(4.99), npuiiMaloTh HACTYITHUIT BUTJISII:

8tRO — _Z[Hva RO] + 2Fn(Rv - 2RO - HR?)) + Z[Rla A/($,¢)] - Z[R27 A”(LU,¢)]

+L£.{Ro}, (4.107)
OiR3 = —1[H,, R3] — 2T, (kR, + R3) + { Ry, A" (x,0)} + {R2,A'(x,0)}

+L{Rs}, (4.108)
OyRy = —1[H,,Ry] + 2e4Ro — 2T, Ry + 1[Ro, A (z,9)] — {R3,A" (z,0)}

+L R}, (4.109)
Oy Ry = —1[H,,Rs] — 264Ry — 2", Ry — 1| Ry, A" (2,0)] — {R3,A'(z,0)}

+L.{ Ry}, (4.110)
O R, = —1[H,, R, + 1[R1,A'(x,0)] — 1[Re, A" (z,0)] + L{R,}. (4.111)

Cran MexaHIIHOI IiJICHCTeMH TOBHICTIO OMHICYETHCS PEIYKOBAHOIO MaTpHU-

e I'yCTUHU,
py = Trpa, (4.112)

Jle oIlepallist CJIijly BUKOHYEThCS HaJ eJeKTPOHHUME cTyleHaMmu cBoboan Ha KT,
OueBniHO, 110 Y I'PAHUYIHOMY BHIIQJIKY A — 0O €JeKTPOHHA Ta BIOPOHHA IiJI-
CUCTEMH € He3aJIeXKHUMMU, & IIpUBejeHa BIOPOHHA MATPHUIllsl I'YCTUHH Ma€ BUIJILA
PIBHOBasKHOI MATPHUIIl I'YCTHHHI 3 e(PeKTUBHOIO TeMIIEPATYPOIO, SIKa BUBHATAETHCS
HABKOJIMIITHIM CEepeJIOBHUINEM 3 TeMmiepaTypoio 1.

SpydYHO 1 JIOCUTH MPUPOJHO B JAHOMY BHIIQJIKY KOPHUCTYBAaTHCS OITMCOM B

TepMmiHax GyHKII posnoaiiay Birnepa,

W) = o [ deee < + Sl - §> (4.113)
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JIUB. TakKoxK migposiin 3.5. 3arajiom, dyHKIis Biraepa jae posnomia iMOBIpHO-

cTeil sIK:
[ o () = (s, (4114
[ o) = 1ol (4.115)
1 € 0OMeYKeHOI0 (PYHKITIEIO,
—2/h < W(x,p) <2/h, (4.116)

110 € CBiTUeHHsAM IpUHINITY HeBu3HadeHocTi. Kpim Toro, piBusnus (4.113) moxHa

nepelnuncaTn HaCTYIIHUM YMHOM:

W) = 5 [ dge <p+ iy §> | (1117
3ayBayKIMO, M0 TYT 1 Jaji MU BBOAUMO Ge3po3MipHi 3minHi: x/xy — x, pro/h —
p, e xo — aMILITyAa Hyap0BuxX kKoygmBanb KT, Bci enepreTnyni mapaMeTpu BH-
MIpDIOIOTbCSL B OAMHUISAX hw, TyHeJIbHa JOBYKHHA A BHUMIPIOETHCS B OJMHUIIAX
Lo, v/w — 7.

Hac mikaBuTh cTanioHapHUil PEeXKUM MEXaHIIHOI ITiJICUCTEMU B HaOJ/IMKEHH]
c1abKoro esleKTpoMexaniaaoro 38’s3ky 1/\ < 1. Jlist 3HaxoKeHHsT opMu piB-
usiub (4.107)-(4.111) y npencrasienni Biraepa-Moitasist 10 T0JIOBHOTO MOPSIAKY

3a UM IIapaMeTpPOM MOXKHA BUKOPHUCTATHU TaKi BUpA3U:

[Hy, Ri) = (20, — pd,)Wi(w,p), (4.118)
[0, Ri}] — 20,pWi( p): (4.120)
PRy — P Wi(zp+1/(2N) ~ W;(x,p) + %apﬂfi(x,p), (4.121)
R Wil — o/ (20) = Wilep) — 20, Wilep). (4122

AK pesysbrar, cranioHapHe piBHSAHHS JIJIst BI'HEPIBCHKOI (DYHKIIT pO3IOJILITY, sIKa

OMUCY€e MeXaHiuHy cTyminb cBoboau, Wy (x,p), Mae HACTYIHUN BUTIsAT (BKIIFOUAIO-
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91 GJIeHU JI0 JIPYTOrO MOPSIKY 3a mapaMerpom 1/\),
x 1 .
{(x0p —p0y) + L} W, = —ﬁAd cos (¢/2)0,W1 + XAd sin (¢/2)0,W2(4.123)

Tyt Mu npunyckaemo, mo v ~ (1/A?). Jlane piBHsiHHs 3B s3aHe 31 cTamionapHuM
piBHaAHHAM 15 BekTop-bynxiii W = (Wy, Wy, Wa,W3)T | axi marors nacTymmmit

BUDJIsLL (BKJTFOYAIOUN WJIEHH JI0 TIePIIOTo MOPsIKY MAJIOCTi 3a mapamerpoM 1/\):

(20, — pdy)W + 2MW = F, (4.124)
=2, 0 0 -kl
M _ 0 _Fn €d 0 :
0 —eq —I', —Agcos(p/2)
0 0  Agcos(p/2) -,
OpWo
— 0 Ad . QCL‘W:),
F=-21",, + — sin(¢/2
o | S|
—K —2zW;

Biabm Toro, JocuTh 3pydYHO B JIAHOMY BHIQJIKY IIPEATH Bl JEKApTOBUX
(x,p) no nmonsipaux KoopauHat (A,p), 10010, * — T = Asinp Ta p = Acosp, ne
T ~ (1/)\) Bianosinae piBHOBasKHOMY MOJIOYKEHHIO KBaHTOBOI Toukm. Tosi piBHs-

ans (4.123)-(4.124) npuiiMaioTs HacTymny GopMy:

an > ~ A
gy Wty (s + 1/2) T, (WU + Acos ¢TWU) -
A . AgA .
_Td sin(¢/2)TWa + ;2 cos(¢/2) sin pTW; = 0; (4.125)
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%
W oMW = F, (4.126)
Oy
-2, O 0 -kl
M _ 0 —Fn Ed 0 ’
0 —&q4 -y —Agcos(¢/2)
0 0  Agcos(¢/2) I,
1 TW,
_ . 0 A 2A sin V-
F = —#TW — 2T, W, + 2in(e/2) S
0 A TW,
—K —2Assin W,

TyT nudepentiajsbunii oneparop 1’ BU3HAYEHUI 3T IHO 3 BUPA30M:

A 0 singp 0

T=0,= — — . 4.127
p COS gpaA A agp ( )
Taxkok Mokna mnpuiinarTn jgo ysaru, mo (z0, — pdy) = —0,, (‘35 =

(1/2A)04A04 Ta Opp = (1/2A)04 A% Pisustuns (4.125)-(4.126) mosummi posriist-

JIATUCI PAa30M 3 IEePIOJIMYHUMU I'PAHUYHUMU YMOBaMU,
Wo(Ap+2m) =Wy(Ap),  W(Aep+2r)=W(Ae). (4.128)

IL71st TOrO, 11100 OTPUMATH PO3’sI3KU JAHUX PiBHSIHB, BUPOCTOBYEMO TEOPi0 30yPEHb

Ta HACTYIHUI PO3KJIAJ JIJIA BIHEPIBCHLKUX (DYHKITINH PO3TOILTY:
Wi(Ap)) = WO (A0) + W (Ap) + .. (4.129)

(1 =v,0,1,2,3), ne V[/z-(n) € M-M HopsIIKOM 3a mapamerpom 1/\ ~ 1072 — 1073 [161]
(abo mapameTpoM eJeKTPOMexXaHiaHOro 3B’s13Ky, Ag/A < 1).
B HysnboBoMy Hab/mzKeHHI Teopil 30ypenb 3 piBHsHHst (4.125)-(4.126) orpu-

MYEMO, 110 (YHKIIT WU(O)(A,QO), W(O)(A,gp) He 3ajiekarhb Bij ¢. TakuMm 9mHOM,
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0 _ ga+ 17+ (A3/2) cos(¢/2)

Wy = Wi, (4.130)
W — Adgd %32(¢/2)W50)7 (4.131)
W = Al ;;)QS(WQ)WU(O)7 (4.132)
w0 = I ;F’% 1408 (4.133)
e
D? = &5 + T2 + A cos?(¢/2). (4.134)

BukopucroByoun piBHICTH Wv(l)(A,go) = qul)(A) JIJISI TIEPIIOTO MOPSJIKY Teopil
30ypenb, piBHsiHHsT (4.125), BU3HAYAEMO DIBHOBaXKHE IMOJIOYKEHHSI KBAHTOBOI TO-

YK,
2

_ Ay
T = /@)\—5 sin(¢/2) cos(¢/2). (4.135)

B pamkax jipyroro nopsijiky Teopii 30ypetsb 3 piBHsiHHs (4.125) oTpuMyemo:
oW A, .Y S g —
— oy S (@/2)TW, '+ =5 cos (¢/2) A sin T W, +zTWW+L (WO} = 0.
2
(4.136)

Hactymaum KpokoMm HecKJIaIHI po3paxyHKU 3 ycepeaHeHHs JaHOrO PIBHAHHS 3a

3MIHHOIO , )
W) =52 [ doWiao, (4.137)
Ta mijicTanoBka piBHstHHsA (4.127) B piBHsuHs (4.137) NpUBOIUTD S0 HACTYITHOTO
BUPA3Y:
(FW(A,9)) = 5 (Alcos oW (A ). (1139)

3 JJaHUX PiBHSIHb MOXKHA OAYUTH, 1110 TIEPIINii, TPETiii Ta YeTBepTUil o JaHKN

B IpaBiit vactuni piBusanus (4.136) He JAI0TH BKIAJLY, OTZKe OTPUMYEMO HACTYITHE



107

PIBHAHHS 7151 WU(O) :

PO (Ao ad?)) ¢ i () +

)
(s +1/2) 9 (Aawv ) —0. (4.139)

24 0A 0A

Takum 4MHOM, JIJIs TOrO 1100 3HAWTHU 3aMKHYTEe PIBHSIHHS JIJId (PYHKIIT Wéo)(A),
HEOOX1THO 3HANTH (DYHKITIIO W2(1)(A,c,0). Bona morke OyTu BuU3HAUeHa 3 PiBHsIH-

Hs (4.126) sike B mepIioMy MOpsiIKy Teopil 30ypeHb MpuiiMae BUTJISA/T;

v s o
+ oMW = F, (4.140)

Y

O

A~

e W nosunadae 38ejieny Bekrop-dyukiio W = (W1, Wy, W3)! tax ax B nepmonmy
HOPsAJIKY Teopil 30ypeHb PiBHAHHS /I BITHEPIBCHKOT (DYHKIIT POBIIOILITY Wél) He

3B’si3aHe 3 IHIMUMHI PIBHAHHIMU Ta He BiJirpae K/iaro4doBol posi. Ha momady,

) —I, €d 0
M= —¢ —Iy —Agcos(p/2) |,
0 Agcos(¢/2) -,
2Asin ngéO)
F=—zTwO _or,w | o |+ % sin(¢/2) 7w
—K —2Asin gonO)

Cucrema jndepeHIiaTbHIX PIBHAHBb Heprioro mopsaiky, (4.140), moxke GyTn
pPO3B’si3aHa BUKOPUCTOBYIOUN I1epeTBopeHHst Pyp’e, TakK siK PiBHSAHHSA BKJIIOYAIOThH

B cebe pyHKINTT, siKki € nepioguunumu 3 nepiogom 2w, W (Ao + 2m) = W (A,p),

1 2

—+00
W) = 2 wme™ w) = oo [ W) e (4141)

Bisbir Toro, anastisyodn cTpykTypy piBHsAHH:A (4.139), MIPUXOJANMO JI0 BUCHOBKY,

o Tibku nepn rapmoniku (n = +1) pamy @yp’e, piBusanuas (4.141) garorb
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BKJIA/I,
(1) _ : _
< cos Wy ' (A,p) >= g wa(n) [< cos pcos (np) > 41 < cos psin (ny) >| =

= wy(n) (1)/2 Z i j = %(w2(1) + way(—1)) = Rewsy(1).  (4.142)

TakumM 9uHOM, 06UHNCIIEHHST TIPUBOJIATD JI0 HACTYIHOI hopmnu piBHstHHS (4.139):

0 [ o) o [ owm”\
Dla—A<A W >+D28A A= =0, (4.143)

T0OTO 710 crarionapuoro pisagaHg Pokkepa-Ilnanka s BirHepiBebKOl PyHKITITT

. 0 D ..
POBIOJILTY WU( )(A), sIKa OIIMCYE CTaH MeXaHIuHOl mijcucreMu, 3 KoedillieHTaMu

apeitdy Dy ra judysii Dy,

AT,
D, = —/i/\‘é—DlgdSinz(qb/Q) + 7, (4.144)

AT,C .
Dy = —4 sin?(¢/2) + v (np +1/2). (4.145)

22D,
Y oMY PiBHSHHI,
D? = &5+ T2 + Al cos?(¢/2), (4.146)
Dy = (D*—1/4) + T2, (4.147)
o (D*+1/4) (D* + &3+ T2) — 4A2T2 cos*(¢/2)

i S (4.148)

Posp’st30k piBnsnus (4.143) npu masnx (HMOpIBHAHO 3 A) 3HAYCHHIX aMILTITY/IN

Mae BUrIstT pyHKIHT po3nojity Bobivana,

W (wp) = (8/m) exp [~ (2* + p*)] . (4.149)

ne koedirient [ = Dy/2Ds.
Piuannsg (4.144), (4.145), BU3HATAIOTH PAMKHI JIOMYCTHMOCTI HAITIOTO PO3-
rsity. 3 piBasiab (4.144)-(4.148) BumuBae, 10 B 00J1ACTI, KA TTOB’3aHA 3 MAKCH-

MaJIbHUM e(PeKTOM OXOJIOJIZKEHHS, sIK MU TTOKaYKeMO B HACTYIHOMY ITYHKTI, 4.2.3,
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(miamazon 3HaveHb mapaMeTpiB (¢, eq) Oina Toukn €4 = 1/2,¢ = 7) Besmannun

. : 0
IIUPUHU PiBHS oOMerkeHi 3unzy, '), > F%) = A2/)\2.
4.2.3. Ox0J10/1>KEHHS JIO OCHOBHOT'O CTaHY HAHOMEXAaHiYHUX KOJIMBAHb.

Ha cboromai HanHoMexaHi9HI pe3oHATOPU 31 3HATHUM 3HAYEHHSIM JI0OPOTHO-
cri JlocaraoThest B ekcriepuMentax [164, 171]. [Iins rakoro BUNajKy egekTpoMexa-
HIYHUIT 3B'130K JIOMIHY€E HAJ[ 3B’S3KOM 3 TEPMOJIMHAMIUHIM OTOYEHHSIM, 1/ >> 7.
Otxe, posrisinemo Bumajok v — 0. 3 piBasab (4.144)-(4.145) Buismsae, 1o
3HaK KoedilieHTa [ BUSHATAETHCSI 3HAKOM KEy. SIKINO K€y MO3UTUBHUI, TO [ cTae
Bij'emHuM. Taka cuTyallist BiJAIOBIIA€ MeXaHiuMitl HecmitKocmi CUCTEME 1 BOHA
obropoproBasiacsi B poboti [3], a Takoxk migposmaia 4.1. Hagami mu posriisiaemo
BiOpoHHuUit (crifikuit) pexxum, Ko K = —1,e4 > 0 (Te came i k = +1,e4 < 0).

KoedinienT [ Busnavae WMOBipHICTH Fy TOro, IO 110 CUCTEMa 3HAXOIUTHCSI
B OCHOBHOMY cTaHi. B TepmiHax BirHepiBcbKoil (DyHKIIT pO3IOILITY I IMOBIpHICTD

Ma€ BUIVIAI:
2p

Py=2m / dzdpW ) (z,p) Wy (x,p)

e
Wo(z.p) = (1/7) exp[—(a® + p°)] (4.151)

€ byuKIieo Biraepa ocHOBHOIO cTaHy rapMOHITHOI'O OCIUJIATOPA. 3ayBarKI-
MO, IO 3TTHO 3 TPUHIIUTIOM HeBU3HavueHOoCTi [ efizenbepra MakcuMaIbie 3HAYEHHA
napamMerpa (3 JopiBHIOE OnUHUIN, TOOTO [ < Bpax = 1.

BaJjiexkHoCTI fiMoBipHOCTI Py sik byHKIIIT pizHuUIl a3 ¢ jjid pi3HUX 3HAUYEHD
eHePreTUIHOr0 PiBHA KBAHTOBOI TOUKHU €4 HaBesieHO Ha puc. 4.13. . Moxkemo 6aum-
TH, 1[0 MaKCUMaJIbHII eDeKT OXOJIO/IZKEeHHST Ma€ Micte B 0bJ1acti ¢ ~ 7,4 >~ 1/2,
CTYIIIHB OXOJIOJZKEHHS JIOCATAE 3HAUHUX 3HaueHb, Py ~ 0.95. Joro moxkHa orinu-

TH TaK:
25d

B ES Y ES Y

Py (4.152)

1, 0TyKe, 3ayBayKIMO, 1110 MaKCUMaJIbHE OXOJIO/IXKEHH BIJIOYBAEThCS B aHTHaIia0a-

tuaromy pexknmi, [, >~ 0.2 < 1. Tounime, ekcrpemymn GyHKII S MaOTh TaKmii
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0 1/2 1 3/2 2
o/n

Puc. 4.13 3anaesrcricmo imosipricmi 3naxoddicenna 6 ocnosnomy cmani Py 610
PIBHUYL Pax Midc HAONPOBIOHUMU bepe2amu ¢ O PIBHULT 3HAYEHD
EHEPLEMUNHO020 PIBHA K6aHMO060I mouku: £q = 0.1 (cuna wmpuzxosa xkpusa),
0.56 (wopna cyuyinvna), 1.5 (uvepsona nynkmupna), 5 (nomaparuesa
nynkmupra). oproro nyHKMuUpHoIO AIHIEN NOSHAYEHO MAKCUMANDHE 3HAYEHHA
timosiprocmi. Bemaeska: 30iavwenutl yenmpaisvHutll pe2ion, de 0T0A00HCeHHA

docazac maxcumymy npu ¢ = . Inwi napamempu:
I, =02;A;=25X=100;7=107°,T = 15hw.

BUTJIAJL:

Qbeztr,n = Tn; nec Z, <4153)
/(& F T2)(6IZ + 1) - 2(c3 + I2)
V22,

Pextr+ = 2arccos , (4.154)

i MoB’s13aH1 3 TUMH, 110 300parkeHi Ha puc. 4.13.
HomatkoBo obunc Mo po3no/iit iimosipHocteit P,. VmoBipHicTsb 3naiiTH Me-

XaHIYHY I1JICUCTEMY Y CTaHl N BU3HAUYAETHCS SK:

Py = 2m / dxdpW ") (,p)W,,(x.p), (4.155)
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Puc. 4.14 Posnodia timosiprocmeti Py, 0asn pishux 3HaueHs eHepeemudHozo
piena keanmosoi mouxu: £q = 0.001 (cuna nynxmupna xpusa), 0.56 (wopna
moscma), 1.5 (wepsona nynkmupna), 5 (nomapanvesa nyHkmupta) ot ¢ = m.
Yoproro nywkmupHoro AIHIEN NO3HAYEHO MAKCUMANDHE SHAYEHH.A TUMOBIPHOCT.

Inwe napamempu maxi oc, AKX Ha puc. 4.15:
[, =02;A;=25)X=100;7=10"7°,T = 15hw.

ne reriep W, (x,p) nosnadae dyukiio Binrepa rapMoHIIHOrO OCIUISITOPa, MO

BijioBij1a€ n-My (POKIBCHKOMY CTaHY,

2

- L2022 + p?)], (4.156)

Wn<$7p) - (T

ne Ly,(x) nosuavtae n-it mominom Jlareppa. Takum annom, n = 0 (Lo(z) = 1)
nae okpemuit Buna oK pisasiaast (4.151). Heckiaani obunciernst mpuBosiTh J10

HACTYITHOT'O BUpa3y i HMoBipHOCTI P!

_ 208" (1=B\"
B (1), s

ne Py Busnavaernes pisasamam (4.150).
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4.2.4. HemoHOTOHHA MOBEAIHKA 3aJIE2KHOCTE €JIEKTPUYIHOTO CTPYyMY.

EdekT oxonomKkenns MeXaHITHIX KOJUBAHbL MOXKHA MOYKHA JIOCTLIUTH 34
JIOTIOMOT0I0 BUMipIoBaHb TocTiiiHoro crpymy. Oynkiig posnojiny Birnepa jae
MOXKJTUBICTH OOYUCTIOBATH pisHi piznvni BesmauHu. EjgekTpuwdnunii cTpyM depes
CUCTEMY MOXKHA BU3HAUYUTHU CTAHJAPTHUM YUHOM K 3MIHY YHCJIa €JeKTPOHIB y
HOPMAJILHOMY MPOBIIHUKY, MuB. piBHsHHs (4.78). TakuMm duHOM, MOXKHA OTpUMA-
TU HACTYIIHUI BUpa3 I eJeKTPUIHOrO CTpyMy B TepMinax (pyHkIiil Birnepa,

anajioriaanii pisasauuio (4.80),

I/1y = /4;/0 dep /000 dAAW,(A,p) + ckW3(A,p)], (4.158)

ne Iy = el /h. Y HysboBOMY TOPsIKY TeOpii 30ypeHb 3a mapaMeTpoM eJIeKTPO-
MeXaHIYHOrO 3B’s13KYy, BUKOpuctoBytoun pisusius (4.130) 1 (4.149), orpumaemo

BUPA3 JJisl CTATUIHOTO CTPYMY (/IUB. TEPIHil WIeH y MpaBiii YacTHHI PIBHSIHHS

(4.1.8)),

ops A2 cos® (¢/2) |
" 2 + &2+ AZcos?(¢/2)
(0)

3 1BOro PiBHAHHS OAYNMO, IO UieH [

(4.159)

JIOPIBHIOE HYJIIO IPU ¢ = 77, He3BaXKa-
049 Ha Te, IO caMe B IIbOMY PEXKUMIi Hac HalOLIbIIe IIKaBUTh MaKCHUMAJIbLHII
edexT oxostomkerHst. ToMy MOTPIOHO PO3IJIAHYTH TONPABKU HACTYITHOTO MTOPSII-
Ky. 3 piBHstHHS (4.158) BUJIHO, 110 JIJIsT 3HAXOJIZKEHHSI YJICHIB HACTYITHOTO MOPSIIKY

30ypeHHs HeOOX1IHO 3HATH (DYHKIIIT Wv(l)’@) i Wg(l),(Q)

. Lzt obcTaBrHa IPU3BOINTD
710 BEMOTU BKJIIOUeHHsT B piBHsiHHs (4.123),(4.124) BHECKY 3 HACTYITHOIO TTOPSI-
Ky Teopil 30ypenb. OjiHAK IIHOI'0 MOYXKHA HEe POOUTH, OCKLILKU B CHJIY I'eOMeTpil
HaIIOl CUCTEMU HOPMaJIbHUIT CTPYM JIOPIBHIOE CyMI IapliiaJbHUX CTPYMIB, 1110 BiJI-
nosi v 6 L=1"+1 T i
JTAI0Th HaIpoBLIHNM Oeperam, [, = I 4+ 1,7, TyT cTpy™ y HaIIIPOBiTHOMY

eJIEKTPO/Il j BU3HAYAETHCS 3MIHOIO YNC/Ia KYIEPIBChKUX Iap i MOxKe OyTH HPeJICT-

(5) 8Heff
[7 = —Tr( 90, pd> (4.160)

Jle CJIiJI BpaxyBaTH, 10 Y OLJIbII 3arajJbHOMY BHUIIAJIKY BUpa3 JJIsI IapaMerpa I10-

TaBJICHUIl y BUTJISIL:

paaky KT mae Burisan:

1
Aa(w,g) = 5Ag(e7 0 4 tA0), (4.161)
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Taknum arHOM,
I; = 1ewAgTr {e(l)jx/)‘ (ez¢jp02 — e%éjp%)} : (4.162)

B Tepminax BirHepiBCbKUX (PYHKITIH pO3MOILITY BUPa3 JIJId €JIeKTPUIHOIO CTPYMY

npuiiMae BUTJIAT:

I, = ew / dxdp [Agsin(¢/2) sinh(x /) Wi+
+ Agcos(¢p/2) cosh(x/N) W], (4.163)
Ta MOZKe OyTH 3PYUHO 3aIllMCAHUI JIJIs TTOJAPHUX KOOPAUHAT (IIPeICTABICHHS Ky T-

mist (3 amen. — angle-action representation)) 10 pyroro mopsiiky Teopil 30ypeHb

AK:

27 00 A si A si
I, = ewAd/ dgo/ dAA {Sin (¢/2) [ S;H@Wfo) + s;\ngpwla)] +
0 0

A2 i 2
+ cos (¢/2) [W§O) w4 %Wg‘”] } . (4.164)

3 1bOro piBHSAHHS MOYKHA 3HANTH, 0 YIEHH HYJIHOBOTO HOPSAJIKY Jai0Th
piBHsiHHsT (4.159), BHECOK MOMPABOK TEPIIOrO MOPSJIKY JOPIBHIOE HYJIO, a HEHy-

JIbOBHI BHECOK JIPYTOTO HOPSJIKY (JApyTHii 4ieH B iHTerpasi) mpn ¢ = 7 JI0PiBHIOE,
) Ba [™ 402
I = erWT dAA Tmw (1). (4.165)
0

Taxum 9uHOM, TP ¢ = T CTPYM BUBHAYAETHCA MEXaHIUHUMU KOJMBAHHAMU 1 B
POJIOBHOMY TIOPSJIKY (JIPYTOMY) 3a TapaMeTpoM eJIeKTPOMEXaHIYHOIrO 3B’3KY BiH

Ma€ BUIJIA:

I, =1, (&)2 (T + e+ 1/4) (2°) +4/2

4.166
A ([2 462 — 1/4)° + T2 (4.166)

ae (...) TO3HAYAIOTH Cepe/iHe 3HadeHHsT y (Da30BOMY MPOCTOPI 3 Wéo)(:c,p) i

(x?) = (28) . (4.167)
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0.8*\ T T T T =

€4
Puc. 4.15 Banesrcnicmov esekmpuunozo cmpymy (nopmosarozo do Iy) 6id
eHepPeli K8anmMo8020 PI6HA MOUKU g NPU ¢ = T OAA PIBHUT 3HAYEHD
[, : Ty = 0.2 (wopra moscma xpusa), I'y, =1 (uepsona nynxmupra), T';, = 3
(nomaparuesa nomaparvesa nywkmupra). Bemaska: 3anescnicms Gmosiprocmsi
3aUHAMMA 0CHOBH020 CMAHY 610 eHep2ii PIGHA K6aH060iT moyuku. Inuu
napamempu: Ag = 5\ =50,v=5x 1075, T = 15.

Ha pucynky 4.15 npejcraBiena 3a1eKHICTh €JIeKTPUIHOIO CTPYMY Bl eHep-
ril piBHA KBAHTOBOI TOYKU €4 JJIs0 Pi3HUX 3HadeHb I, npu ¢ = w. Mu 6admmo
sICKpPaBO BUparKeHe MaJIHHS CTPYyMY, IO BIJIIIOBIIAE PEKUMY OXOJIOJZKEHHS, K
MOYKHA MTOMITUTH Ha, BCTaBIIi, Jie B IIbOMY BHUIIAJIKY BiJIOYBa€TbCs 3pOCTaHHs fiMO-
BIPHOCTI 3HAXO/?KEHHS B OCHOBHOMY cTaHi. Ilg mMakcmMabHO-MiHIMaJIbHA CTPY-
KTypa 3H1uKae B pexxumi HarpiBauust (Py < 0.5). Takok MoxKHA GaIUTH MAKCHMY M
cTpymy y Bunajiky 2e4 = 'y, ipu I';;, — 0. Bin € pe3onancHuM mikom i Tomy Mae
BIJIMIHHY BiJl OXOJIO/IZKEHHS TIPUPO/TY 1 0OTOBOPIOETHCs, HAITPUKIIA, B poboTi [15]1]
Jutst rioputaoro N-QD-S nipusiajty. Takum unnom, HaBejeHi Buile pakT MOXKYThb

CJIyryBaTu KpI/ITepiGM TOr'o, IO CUCTEMa 3HAXOAUTLCA B pe}KI/IMl OXOJIOJ2KECHH.

Bucunosku

Y OMY PO3JIJIL PO3IJIAHYTO HAHOMEXAHITHY CUCTEMY, SdKa BKJIIOYAE B Ce-

Oe ByrJielieBy HAHOTPYOKY, MiABIIIEHY MiK JIBOMa, HOPMAJILHUMU €JIeKTPOIaMH Ta,
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3HAXOJIUTHCS IIiJ1 JIi€l0 MoCTiiiHOl Taruy4ol Hanpyru. HanorpyoOxka, sika po3riisijia-
€ThCS K OJHOPIBHEBA KBAHTOBa TOUKA, 31CHIOE 3rMHAJIbHI KOJIMBAHHS B 3a30pi
MizK JIBOMa Ha/IIPOBIIHIME €JIEKTPOJIaME. 3B 30K MizK €JIEKTPOHHUMHU Ta, MEXaHi-
YHUMU CTYTEHSIMI CBOOO/IN BUHUKAE 38 PAXyHOK HAIITPOBIIHOTO eeKTy OJIM3HKO-
CT1, IKNI TPOSIBISETHC Y TOsABI 3aJI€2KHOTO BiJI 11OJIOYKEHHS TIapaMeTpa HOPSJIKY
KBaHTOBOI TOYKU.

3 oj1HOr0 OOKY, B IEPIIOMY IIAPO3/Iiji II0Ka3aHo, 10 B TaKiil cucTeMi cTaTu-
YHa MpsaMa KOH@Irypalligd HaHOTPYOKHN € Hecmitikoro BiTHOCHO BUHUKHEHHS CAMO-
HJITPUMHUX 3TUHHUX KOJIMBaHb Yy HIMPOKOMY Jllalla30Hl IapaMeTpiB, SIKIIO MixK
HOPMAaJILHAM 1 HaJIITPOBIIHUM eJIeKTPOoJaMu NpuKIajgeHa TATHyda Harnpyra. Ilo-
Ka3aHo, 10 BUHUKHEHHS I11€] MeXaHI9HOI HeCTIMKOCTI BUPIMAJIbHAM YMHOM 3aJie-
JKUTDH BIJI HAIPSIMKY TATHYYOI HaIIpyTu Ta BijgHOCHOIO roJioxkerHs pisas KT. Io-
Ka3aHO TaKOZK, 1110 TI0sIBa CAMOTIITPUMHUX MEXaHIYHUX KOJIMBAHb CUJILHO BILIUBAE
Ha MOCTIfIHU{I CTPYM Hepe3 CUcTeMy, 1110 IIPUBOJIUTD JI0 TPAH3UCTOPHOIO 1 10 THOTO
edexTiB. OcTanHi MOXKYTb OyTH BUKOPHUCTaHI JIJIg O€3II0CEPEIHBOI0 eKCIIePUMeH-
TaJIbHOI'O CIIOCTEePEYKEHHS ITPOrHO30BAHNX SBUIII.

3 inmoro OOKy, y JPyromy IiJIpo3/iijii, BUKOPUCTOBYIOUN HAOJIUKEHHSI Ma-
TPUIl I'YCTUHHU, BCTAHOBJIEHO, IO IIPU IIEBHOMY HAIIPSAMKY HMPUKJIAIEHO] HAIIPYTH
3MIIIIEHHsI CTAIllOHAPHUIT CTAH MEXaHIYHOI IIiJICCTeMH Ma€ BUIVIA OOJIbIIMaHIB-
CbKOI (PYHKINI po3mo/iiay. Bijibin Toro, moxkasaHo, IO HMOBIPHICTh 3HAXOYKEH-
Hsl CHCTEMH B OCHOBHOMY cTaHi jopisaioe Py < 1. Tobro, MoyKHA TOBOPUTH PO
PEKUM OXOJIOJKEeHHS cuctemu. JIo Toro », ¥MOBIPHICTH CYTTEBO 3aJIe’KUTh BiJl
piznuii das Ta BiJIHOCHOTO NoJIOXKeHHs eHepreTndHoro piug K'T. Takox mpoje-
MOHCTPOBAHO, 110 MOBEJIIHKA 3a/Ie2KHOCT1 MOCTIHHOINO eJIeKTPUYHOIO0 CTPYMY BiJI-
obpaKkae cTallloHApHUII CTaH CUCTEMH.

Taknm 9mHOM, NOKa3aHa MOMKJIMBICTH KepyBaHHA PEKUMOM POOOTH TPHU-
JlaJly, 3MIHIOIOUH 3MIIIEHHs 1 HAIIPYry Ha 3aTBOPl Ta 3allPOIIOHOBaHA CXeMa JIJIsI
EKCIIEPUMEHTAJIbHOI'O BUSIBJIEHHS ITPOIHO30BAHUX €(DEKTIB.

OcHOBHI pe3yJsibTaTi 1IHOTr0 PO3JLLy omyb ikoBani B poborax |3, 4, 9, 10].
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BN CHOBKU

B poborax, Ha sikux 6a3yeTbcsd JaHa AUcepTaliiiHa podoTa, JOCTiIKYIOTHCS

fBUIIA, K1 BUHUKAIOTH 3& PaXYHOK €JIEKTPOMEXaHIYHOI B3a€MO/I11 B HAHOCTPYKTY-

pax Ha OCHOBI PyXOMOI KBAHTOBOI TOUYKH.

OcHOBHI pe3y/IbTaTh MOJIATAIOTh Y HACTYITHOMY':

1.

TeopeTnaHo JOCTIIZKEHO TPAHCIOPT €JICKTPOHIB Yepe3 OJHOMOJICKYJIAP-
HUII TPaH3MCTOP 3 KorepeHTHUMH BiOponamu. I[lokazaHo, 10 BOJIBT-
aMIlepHl XapaKTepUCTUKNI TaKOI'0 HAHOPO3MIPHOIO TPAH3UCTOPa € CTY-
miHJYacTUMHU (DYHKINSIME TATHYYOI HAIPYTHU, TOIOHO JIO BUIAJIKY IOJIsI-
poHHUX cXoanHOK. OJIHAK, 3HATTS Ii€l iHIyKOBAHOI KOI'€PEeHTHUMU KOJIH-
BaHHsIMK OJIOKa i BiJIOyBa€ThCs 3a HAIPYT, 3HAYHO MEHIINX 3a Ti, II0
nepepdadaloThea Teopiero Ppanka-Kongona.

[Tokazana MOXKJIMBICTH MeHEpaIlil KBAHTOBOI 3aIlIyTAHOCTI MizK 3aPsI0BH-
MU cTaHaM# KyOiTa Ta MeXaHIYHMMU KON€PEHTHUMHU CTaHaAMK B HaHOEJIe-
KTPOMEXaHIgHiil cucTeMi. 3alpOIIOHOBAHO E€KCIIEPUMEHTAJIBLHO ITPOCTHIl
croci6 (MIPOTOKOJ) MAHIMYJIAIIT TSATHY YOI HAIPYTOI0, KU MPUBOUTH
JI0 IIOSIBU 3aILIYTAHUX CTaHIB, IO BKJIIOYAIOTH Tak 3BaHi "cat states".
TeopeTnvaHo JIOC/TPKEHO HETPUBIAJbHY MOBEIIHKY TiOPUIHOIO HaHOEe-
KTPOMEXaHIIHOIO IPUCTPOIO, KMl BKJOUAE B cebe HOpMaJIbHUIN Ta HaJl-
1poBijiHI eslekTpoau. OmnucaHi BUIA BUHUKAIOTH 3aBJsIKN IIPUHIIUIIOBO
HOBOMY THIIy €JIEKTPOMEXaHIUYHOI'O 3B’SI3KY, sKHil 06a3yeTbCs Ha KBaH-
TOBIiT Jle/IOKa Ii3aIll KyIIepiBChbKIX Tap. TeopeTnydHo 3HaiijieHa 006J1acThb
icHyBaHHS MeXaHiuHOl HecTIMKocTi B Takiii cuctemi. /o Toro kK, HecTiii-
KICTh TPU3BOIUTD JIO MeHepallll caMOIATPUMHNX MeXaHIIHIX KOJNBAHDb
38 PaXYHOK edeKTy caMOHACHYIEHHs.

JocmiazKeHo pexkKuM, B IKOMY CTAI[lOHAPHUN CTaH MEXaHIIHOI IIiJICucTe-
MU IOpUIHOT HAHOEJEKTPOMEXaHIIHOI CUCTEMI MA€ BUIJISL OOJIbIIMAaHIB-
cbKOI (DYHKIIIT PO3IOIILIY, 10 BU3HAYAETHCA IapaMeTpaMu MPUCTPOIO.
[Tokazano, mo B IIbOMY BHIAAKY HMOBIPHICTH 3HAXO/IKCHHS CHUCTEMU B
OCHOBHOMY CTaHi € JIOCTATHbO BEJIMKOIO, IO BiIOBijIae edeKTy 0X0JI10-
JIZKeHHSI B cUcTeMi. BiibIn Toro, Mae Miclie OXOJIOIXKEHHs 10 OCHOBHOI'O
cTamy.

TeopeTuvHo 1MoKa3aHo, 110 MEXaHIYHI KOJMBAHHS B TOpUIHOMY HaHOE -

KTPOMeXaHIYHOMY TPUCTPOI CUIBHO BIJINBAIOTH Ha MOCTIMHUI eJleKTpu-
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JHUIl cTpyM depe3 Taky Hanocucremy. OcTaHHe T03BOJISE €KCIIepUMEH-
TAJILHO JOCJIINTH HAsIBHICTD Ta XapaKTEPUCTUKH MpeIdadeHnX CaMOIijI-

TPUMHUX OCIJUJIAIH, & TaKOXK eDeKT OXOJIO/[KeHHsI (30KpeMa, JI0 OCHOB-

HOT'O CTaHy).
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Ilonskn

3nobysau  Bucsjopaoe  1ojgaky  Ceprito  IanoBuuy — Kyminiay — Ta

Lnni BanentunoBuuy KpiBe| 3a 4Uy/ioBe HayKoBe KEPIBHHUIITBO Ta IIIHHI I10-

paju. Takoxk 3/100yBad KpacHO JISIKY€E 3a UMCJIEHHI OOMOBOPEHHS Ta IITPUMKY
Jleoniny FOpiitoBuuy ['opemiky.

3obyBad BuCI0BIIOE Tl caoBa nojsakn Ceprito Mukosaitopuay [1lesuen-
KO 3a BCECTOPOHHIO IIJTPUMKY.

Takozk 3;100yBad Bij 9MCTOrO CEPIST BUCJIOBIIOE IVIHOOKY 10jsiKy OJib3i
Lipincekiit Ta Arrony Ilapadino, a Takoxx Amacracii Ilkomn, Xi Yy ITapky Ta
Pobepry IcaakoBuuy IllexTepy 3a 1urigHi 0OroBOpeHHSs, CIIIBIPAIO i KOPUCHI Ta
NPaKTUIHI ITOpaJIN.

He menmoro miporo 3700yBad BucjoB/oe mupy nojsky Ceprito Konsxiny
3a BCEOIYHY JIOIIOMOTY.

Okpim 11bOT0, 3/100yBaY JIAKYE 3a HATPUMKY B 26 TeopeTuIHOT Pi3uKu
i KepiBaunTBoM . d.-m.H. B.B. Ciapina @isuko-TeXHIYHOIO iHCTUTYTY HU3b-
kux Temueparyp imeni b.1. Bepkina Hamionambnol akajgemii Hayk Y Kpainu, 30Kpe-
Ma BYEHOTO cekperaps inctutyTy, Kaui. ¢.-m. Hayk O.M. Kammnenko (Xapxis,
Ykpaina), a Takoxk [leHTp TeopeTnanoi (BisuKN CKIATHUX CUCTEM i KepiBHU-
nrBoM 1pod. Ceprist @iaxa [HeturyTy dynmamentanbanx Hayk (Temkon, Peciry-

osrika Kopest).
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