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AnHOTaMsa

IIpeamer uccaenoBanuda. OnuHoOUYHAA KBAaHTOBas TouKa u3 InAs B oqHOMEPHOM (DOTOHHOM KPUCTAJ-
Je Ha ocHOBe GaAs. Ilens padoTsl. PazpaboTka MeTosa yIIpaBJIeHUA YacTOTaMu (POTOHOB, U3JIyYaeMbIX
OJMHOYHOM KBAHTOBOI TOUKOI B OJHOMEPHOM (POTOHHOM KpPHCTAaJLiIe, Ha ocHOBe a(h(PeKTa n3MeHeHU T
DJIEKTPOMATHUTHON MAaccChl 9JIEKTPOHA B (pOTOHHO-KpPUCTAJIINUYecKoi cpeme. Meroa. B ocHoBe mpemia-
raeMoro MeToja JeXuT 3GGeKT N3MeHeHU 3JIeKTPOMaruuTHO Macchl 3JIeKTPOHA B cpesie (POTOHHOTO
Kpucrauia. OH mpoABJAeT ce0d B BUE MOIPABOK K 9HEPTeTUUECKUM YPOBHSIM 3JIEKTPOHOB, 3aBUCIIIUX
OT ONITUYECKOU IIJIOTHOCTU cpeabl. [ yupaBiaeHua mocaeHel mpeajiaraeM NCII0JIb30BaTh NHIKEKIIUIO
CBOOOJHBIX HOCUTEJIeH 3apAfa U KBaAPaTUUHBIN sjaeKTpoontuueckuil apdext Keppa. OcHoBHBIE pe-
3yapTaTsl. Ha mpuMepe KBaHTOBBIX IIEPEXOJO0B MEXKIY P- U S-COCTOAHUAMM BOJOPOIOIION00HOI KBaH-
TOBOII TOUuKM u3 InAs, mOMeIEHHOII B MyCTOTHI OMHOMEPHOTO (DOTOHHOTO KpucTasia us GaAs, 6bL1a mo-
KasaHa MPUHIUIINAJIbHASA BOBMOMKHOCTD YIIPABJIEHUS in Situ yacToramMu (h)OTOHOB, M3JIYUEHHBIX KBaH-
TOBOM TOUKOI. ITO BO3MOKHO Ha OCHOBe 3(h(eKTa m3aMeHeHUA dJIEKTPOMAariuTHON MAacChl 9JIeKTPOHA,
a TaKJKe HACTPOUKU IMOKAas3aTessd IPeJOMIeHUA (POTOHHOTO KPUCTAJIA C IIOMOIIBIO UHKEKITUU CBOOO -
HBIX HOCHUTeJIell 3apsAfa u sjieKTpoontuueckoro sgderra Keppa. Pacuérsl, mpoBeféHHbIE AJIA OIMUCAH-
HBIX BBIIIE YCJIOBUI, MOKA3aJaM, YTO AMANA30H YIIPABJIEHUA dHEPTUel (POTOHOB, NOCTYIHBINA B dKCIIE-
PpUMEHTe, OKa3bIBaeTcsa MaJ (HeCKOJIBbKO JeCATKOB MUKPO3JIEKTPOHBOJIBT), UTOOBI MCIIOJIB30BATh €T0 Ha
mpaKkTuKe, 1 9QGEKT CMeIeHns YCTyIIaeT Mo MOPAIKY BeJINUNHBI TAKOBOMY, YiKe HabJI0AaBIIeMyCs
B dKcmepuMmeHTe. BmecTe ¢ Tem, oOpaljaeM BHHMaHNE Ha TO, UTO BEJIMUYNHA CMEIEeHUsS dHepPreTude-
CKUX YPOBHEN IOJ MeMCTBUEM MCCJIeAyeMOro KBaHTOBO-dJIEKTPOAUHAMIYECKOT0 adderTa KBagpaTuy-
HO 3aBHCHUT OT IIOKAa3aTeJssa IPEeJIOMJIEeHUS MaTepuasa, 13 KOTOPOTO U3TOTOBJEH (POTOHHBIN KPUCTAJII.
CremoBaTesnbHO, OXKHaeM, UTO OIMCAHHBIN 3[leCh METOM OyAeT CyIleCTBeHHO MAacIliTabupoBaH 1Mo Me-
pe pocTa OITUYECKOI IIJIOTHOCTH BelmecTBa. Takue (GOTOHHBIE KPUCTAJNJIBI MOTYT OBITH IIOJYUYEHBI
Ha OCHOBE MeTaMaTepPHUAaJIOB C BBICOKUM ITOKasaTejeM IpejomyeHuA. IIpaKkTuyecKkas 3HAYMMOCTD.
ITosnryuenubIe B paboTe pe3yIbTAThHI PA3Pa00TKM METO/[a YIIPABJIeHUA YaCTOTaAMU (DOTOHOB, U3JIyYaeMbIX
ONMHOYHOM KBAHTOBOI TOYKOU B OJHOMEPHOM (POTOHHOM KPUCTAJLJIE, IOCIYKAaT OCHOBOM IJIA peajiu-
3anuu nHTEpdeiica GoTOH-U3IyUaTeN b, KOTOPBIA COLEPIKUT KJIOUeBble KBAHTOBBIE (DYHKIITMOHAJIbHEIE
BO3MOJKHOCTH, TaKue KaK (DOTOHHBIE KYOUTHI, ONHO(GOTOHHBIE MUCTOUHUKU OINTUYECKOTO M3AYYEeHUd,
a TaKJ/Ke HeJIMHEHbIe KBAHTOBBIE (DOTOH-(DOTOHHBIE BEHTHUJIN.
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Abstract

Subject of study. A single quantum dot from InAs in a one-dimensional photonic crystal based
on GaAs. Aim of study. Development of a method for controlling the frequencies of photons emitted
by a single quantum dot in a one-dimensional photonic crystal based on the effect of changes in the
electromagnetic mass of an electron in the photonic crystal medium. Method. The proposed method
is based on the effect of changing the electromagnetic mass of an electron in the photonic crystal
medium. It manifests itself in the form of corrections to the energy levels of electrons, depending on
the optical density of the medium. To control the latter, we propose to use the injection of free charge
carriers and the quadratic electro-optic Kerr effect. Main results. Using the example of quantum
transitions between the p- and s-states of a hydrogen-like quantum dot from InAs placed in the air-
voids of a one-dimensional photonic crystal from GaAs, the fundamental possibility of controlling
in situ the frequencies of photons emitted by a quantum dot was shown. This is possible based on
the effect of changing the electromagnetic mass of an electron, as well as adjusting the refractive
index of a photonic crystal by injection of free charge carriers and the electro-optic Kerr effect.
The calculations carried out for the conditions described above showed that the range of photon energy
control available in the experiment is small (several tens of microelectronvolts) to use in practice, and
the displacement effect is inferior in order of magnitude to that already observed in the experiment.
At the same time, we draw attention to the fact that the magnitude of the displacement of energy levels
under the influence of the quantum electrodynamic effect under study depends quadratically on the
refractive index of the material from which the photonic crystal is made. Therefore, we expect that
the method described here will be significantly scaled as the optical density of the substance increases.
Such photonic crystals can be obtained using metamaterials with a high refractive index. Practical
significance. The results obtained in the work of developing a method for controlling the frequencies
of photons emitted by a single quantum dot in a one-dimensional photonic crystal will serve as the basis
for the implementation of the photon-emitter interface, which contains key quantum functionality such
as photonic qubits, single-photon light sources, as well as nonlinear quantum photon-photon gates.

Keywords: photonic crystals, quantum dots, electromagnetic mass of an electron, quantum
electrodynamics, electro-optical Kerr effect
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BBEAEHUE

KBautoBnie Touku (KT) aBasioTcsa mepcueKTuB-
HOI mmaT(OopMOM AJsA co3maHUs 0a30BBIX dJie-
MEHTOB KBAHTOBBLIX KOMIbIOTEePOB [1-3], Takux
KaK 5(p@peKTuBHbIE OMHOPOTOHHBIE NCTOUHWKU
[4-8] u merexTops! [9], yerpoiicTB Ay HamOdO-
TOHUKY U HaHomiasMoHUKHU [10], dhoToBonbpTaM-
Ku [11], 6GuosiormyecKmux OIpuJIoKeHui u ap. [12].
BrimmenepeunciieHHbIE ITPUJIOMKEHUSA OCHOBAHBI
Ha YHUKAaJbHBIX onTuuecKkux cBorictBax KT, Ta-
KHX KaK IITPOKUN CIIEKTP IIOTJIOIEHN U y3Kasd
CIeKTpalbHas JUHUA JIOMHUHECIEeHITNI, Iepe-
cTpauBaeMas AanHa BoJHBI usayuenus KT, cBsa-
3aHHAsA C KBAHTOBO-pa3dMepHBIMU 3((deKTamu,
BBICOKAA (DOTOCTAOMIBHOCTD 1 BLICOKUIT KBAHTO-
BBII BeIxOH (paryopectieniiuu [10].

B mociemHee mecstuiierue 0OJIBIIIOE BHIMAHUE
npusiekaoT KT, moMerénubie B IepHOSUTYIECKYIO
cpeny dorounoro kpucrasia (PK) [13]. PK, co-
CTOSAIIVE W3 IIEePUOAUUYECKOr0 MACCHBa OITHUE-
CKHUX PEe30HATOPOB, UMEIOT OCTPhIE MUKHU B ILIOT-
HOCTH (DOTOHHBIX COCTOSHUU U TPOCTPAHCTBEHHBIE
mepepacipeneieHusa 9JIeKTPOMAarHuTHOTO IT0JIf,
YTO IPUBOAUT K 3(P(PEKTY CUIBHON CBSI3U KBAHTO-
BBIX MBJIydyaTeJieil ¢ 9JIeKTPOMATHUTHBIM II0JIEM.
IMauHbIe CUCTEMBI MEePCIeKTUBHBI IJII CO3AaHMUs
(hoTOHHBIX KyOHUTOB 11 MUKpPOJa3epos [14], omHOdO-
TOHHBIX UCTOUYHUKOB C YIIPABJISAEMOUN YacTOTOH (ho-
TOHOB [15], A5 HaOMI0AeHNA 1 1ccaefoBaHuA hyH-
JaMeHTaJbLHBIX KBAaHTOBO-3JIEKTPOINHAMUYECKIX
(K3M) apderros [3, 16]. IIpeumyIiiecTBOM crucTeM
KT B ®K aBisAerca sKCTPeMaJbHO MAaJIbIN OIITH-
YeCKUH MOJOBBIA 00'EM U XOPOIIIAs NHTETrPaIlAs]
C OIITUYECKUMU BOJHOBOZAMU U SJIEKTPOHUKON
Ha yute [13, 17]. BmecTe ¢ Tem, YTOOBI U3MEHUTH
niauny BoaHbl nsaydenus KT, Tpebyercsa usroro-
BUTDH UX 3aHOBO C APYTUMU ITapamMerpamMu. B cBasu
C 3THM, aKTyaJIbHOI 3aJaueil IBJIsIeTCS pa3padoT-
Ka MeTofoB yipaByeHusa crexktpamu KT in situ.
TakuM 00pa3oM, IeJIbI0 JAHHOKH PAOOTHI ABJISETCS
paspaboTKa MeToia yIIpaBJIeHUs YacTOTaMu (POTO-
HOB, M3JIyYaeMbIX OJWHOYHOI KBAHTOBOI TOYKON
B OJTHOMEPHOM (POTOHHOM KpPHCTAaJIJIe, HA OCHOBE
a(peKTa M3MEHEeHUA BJIEKTPOMATHUTHON MACCHI
3JIEKTPOHA B (DOTOHHO-KPUCTAJLJINYECKON cpefe.

B mamHOI crarhbe paccMaTpHBaeTCA yHOpaB-
JeHue ciueKTpoM muaayueHus omumHouHoi KT m3
InAs, momemniénuoii B ogHoMepHbIN DK 3 GaAs
[17]. Kak 6b1y10 yKasaHo BbIIIIE, B OCHOBE IIpe/Jia-
raeMoro MeToja JeXKUT 9(P(PeKT n3MeHeHU A dJIeK-
TPOMATHUTHOM Macchl aJieKTpoHa B cpene PK [18].
OH mposaBisaeT ceba B Buje IMONPABOK K dHepre-
TUYECKUM YPOBHAM 3JEKTPOHOB, 3aBUCAIIIUX OT
OIITHUYECKOH IJIOTHOCTH cpeAabl. [l1a yrnpaBiaeHnsa
TocJIefHeN IIpeaJiaraeTca UCII0JIb30BaTh MHIKEK-
IIUI0 CBOOOJHBIX HOCUTEJIEH 3apssa U KBaJpaThy-
HBI# aJteKTpoonTuueckuit apdext Keppa [19].

WsBectHo [20], uTo B3BauMoelicTBUE BJIEKTPO-
Ha, IIOMEINEHHOTO B BaKyyMHbIe mojoctu DK,
¢ COOCTBEHHBIM IIOJIEM M3JIYUYEHUS UYBCTBUTEIb-
HO K MOAuM(pUKAIINU COOCTBEHHBIX 3JIEKTPOMAT-
HUTHBIX MOJ CTPYKTYPBI, HO OOBIYHO pPaccMO-
TpeHue 5Toro spdexTa orpaHUUYEHO JIIMOOBCKIIM
casurom [21]. B pa6ore [18] mokasano, 4To TaKkad
Moau(UKANUA JOJKHA BIUATHL U HA MeXaHU3M
dopMuUpPOBaHUSA 3JIEKTPOMATHUTHON MAacChl CBO-
00JHOr0 2JeKTPOHA. ITO BEIET K IIOIIPABKE Smpc
K COOCTBEHHOU 9HEPruu 9JeKTPOHAa, KOTopasa He
MOJKeT ObITH CIpATaHa B (hU3MUECKO Macce 3a-
psAKeHHON yacTUIbl. IIpIMEHUTEIbHO K aTOMaM
aTOT 3(peKT IPUBOAUT K CABUTAM SHEpreTuue-
CKMX YPOBHEH U 3HAYUTEJIHLHOMY WN3MEHEHUIO
SHEpPruy; noHmsanuu aromos [22]. BamkHbIM ABJIA-
eTcd TO, uTo uccaenyemorit KIl-ahdert ycunu-
BaeTrcs, korga cpega PK cocTout us meraMaTepu-
aJIOB C BBICOKUM IIOKa3aTeJjieM IIpeoMaeHusI [23,
24]. 910 CcBA3AHO C TeM, YTO COOCTBEHHO-dHEpre-
TUYeCKas [MOIPaBKa dMm . KBaJPaTUIHO 3aBUCHUT
OT TOKAa3aTeJisd MPeJOMJIEHUS ONTUYECKHU IIJIOT-
HBIX KommoHeHT PK. Bynyuu aHU30TPOIIHOI IO
OTHOIIIEHUIO K HaIllPaBJeHUIO UMIYJILCA 9JIEKTPO-
Ha, JaHHadA IIOIpaBKa 3aBUCUT OT COCTOIHUSA 3a-
PAKEeHHOUN YaCTHUIILI 1 HA HECKOJBHKO HOPSIIKOB
OoJtbIITE JISMOOBCKOTO CABUTA B BaKyyMe [22].

Ilenbio maHHOM PabOTHI ABJIAETCA Pas3padoTKa
MeTOJla yIIPaBJEeHUA YACTOTaMM (POTOHOB, MU3JY-
YyaeMbIX OJMHOYHOW KBAHTOBOM TOUKOW B OJHO-
MepHOM (DOTOHHOM KPHCTAJIJIE, Ha OCHOBE 3(h(eK-
Ta U3MEHEHU 9JIEKTPOMATHUTHOM MAacChl 3JIeK-
TpoHAa B (DOTOHHO-KPUCTAJIJINUECKOI cpee.
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MOANPUKALIUS BBAUMOAENCTBUSA
ONEKTPOHA C COBCTBEHHbIM MNMOJIEM
N3NYYEHNA B OOQHOMEPHOM ®K

B Teuenue JOJITOT'O BPEMEHMU SJIEKTPOMAarHmTHadA
Macca 3JeKTPOHa OCTaBaJiach 3araJKoil B CBA3U
C TeM, YTO BTO PACXOAAIIASACA BeJINUNHA U €€ He-
BO3MOKHO M3MEPUTH SKCIEePpUMEHTaJbHO [25].
B manbmeiiniem, mpu perreHny 3aavuu O JIIMOOB-
CKOM CABUTE, OBLT MPEJOMKEeH MPUHITUI Tiepe-
HOpMUPOBOK [26]. CorsacHO sTOMY NTPUHITUILY,
(usnueckas Macca dJI€KTPOHA M, IPEJCTABIIAET-
CdA B BHJe CYMMBbI T'0JIOI MaccChI m() H 9JIEKTpoMar-
HUTHOI MacCBhI Mgy

Mg = mqy + Mep. (1)

B pa6ore [18] 65110 TTOKa3aHO, UTO MOAM(DUKA-
U B3BAMOOEHCTBUA dJIeKTPOHA, IIOMEIIIEHHOTO
B BakyyMHBIe mosoct @K, ¢ cOOCTBEeHHBIM IIO-
JIeM UBJIyUYeHUS TPUBOAUT K M3MEHEHUIO dJIEK-
TPOMATHUTHON MAacCChl 3JIEKTpPOHA. B wmcciexnye-
MoM 3((eKTe dIEKTPOMATHHUTHAA Macca dJeK-
TpoOHA, (haKTUUECKU, BIIEPBble HAUMHAET IIPOSIB-
JATH ce0s ABHO.

ITockoabKy HOBasA IMOIPaBKa — 5TO HaOJIIOmA-
eMas, el JOJI:KeH COOTBEeTCTBOBATH HEKOTOPBIH
KBaHTOBO-MeXaHUYecKuit omneparop. B [18] mina
Hero OBLIO BBIBEJIEHO BBIPAKEHUME IJA CJIydasd
TpéxmepHOro ®K:

8mpc(lp)— Z f d k ‘Ip Ekn(G)‘
n EBz kn G @

f Z "p Ex(k)‘

Ime o — TOCTOSHHAA TOHKOW CTPYKTYDHI,
Ip =p/|p| — onmeparop HampaBIeHUA UMIYJIbCA
BJIEKTPOHA, coOCTBeHHbIe BeKTOPHI Ei,(G) aBmua-
IOTCSI aMIJINTyAaMU OJIOXOBCKUX IJIOCKUX BOJIH
Eyn(r) YGEkn(@)e!E0)r, coorpercTByRONTIE
UM COOCTBEHHBIe 3HAUEHUA O),(k) — Aucnepcu-
OHHBIE COOTHOIIeHUA [27], n — HOMep 30HEI (CO-
croaHus), ¢ (k) obosHauaeT efMHUYHBIN BEKTOD
noasgpusanuu moys (A) B Bakyyme. BemuumnHa
BOJIHOBOTO BeKTOpa K orpaHnymBaeTcsA MepBOIl
3oHoU Bpuniosna (FBZ), G — BekTOp 00paTHOM
pemiéTku @K (G = N1b; + Nobs + N3bg), rne b; —
OPUMUTHBHLIE 0a3MCHEIE BEKTOPELI 00paTHOM pe-
méTkm). IlepBoe ciaraemoe B MpaBOil YaCTU BEI-
paxkeHus (2) ABIAETCA SJIEKTPOMATHUTHOMN Mac-

coii ssmekTpoHa B cpeme DK, Torma Kaxk BTOpOe
cjaraeMoe — B BaKyyMe.

B mamnoii paboTe MBI paccMaTpPUBAEM OLHO-
mepHbIid K. Takue cpeasl Ipoiile 1 yaooHee KaK
C SKCIePMMEHTAJbHOM, TAK M C TEOPeTHUYECKOu
ToueK 3peHus. Hampumep, IoJsapu3alnoOHHAS
CTPYKTYypa 3JeKTPOMATHUTHOIO IIOJIA IIPeacTaB-
JIsieTCs B ABHOM BHE C CAMOT'0 HaUaJja:

2
Ekn(G)= ) _ Exnn.(G) &1 (Kg), (3)
A=1

rae €1(kg) u e9(kg) — emmnnunbIll BekTop TE-
(momepeuno-ssekTpuueckoit) m TM- (momepeu-
HO-MaTrHUTHOIT) HOJSPU3aIUK, COOTBETCTBEHHO,
kG =k+ Gez.

OmepaTop COOCTBEHHO-9HEPTreTUYEeCKOH IIO-
MIPaBKU K 9J€KTPOMArHUTHOM Macce CBOOOIHOIO
9JIEKTPOHA, TOMEINEHHOTO0 B BaKyyMHBIE II0JIO-
ctu ogHoMepHoro MK, mmeroIiero MuanHApUyie-
CKYIO CHMMETPUIO, ObLT BbIBeZeH B [22] m ume-
eT BUJ

Mpc(ip) = A+(Ip-Tpc)?B, (@)

rae |pc — eAVWHUYHBIN BEeKTOP, HAIIPABJIEHHBIN
HePIeHIUKYJISPHO CJI0AM ogHOMepHOTO DK,

A== kapdkpfdkx

FBZ
\Eknl(c»\ Bz | 4o
Cl)knl kg + kéz (’)ﬁnz gfdk’

kapdkpfdkx

FBZ
\Ekm(cs)\ 22 K2, \Eknz(e)\
mknl kp k(23-2

mknz

31ech Ogp] U Ogp2 — ZAUCIEPCHOHHBIE COOT-
HOLIIeHUA IJda 0JsioxoBcKux mox ¢ TE- u TM-
nonsapusanueit [27]. CoGCTBEeHHBIMY COCTOAHUSA-
MU oriepaTopa (4) ABIAIOTCA COCTOSHUIA C OIpee-
JIEHHBIM UMIOYJIbCOM. I[JIsI aTOMHOIrO 3JIEKTPOHA
B cocTogHUM |V) MBI MCIIOJIb3yeM TEPBBIA MOPA-
IIOK TE€OPUU BO3MYIIEHUII, B KOTOPOM COOTBET-
CTByIOI]as NONPABKA pDaBHA MATPUYHOMY dJe-
MEHTY <‘P | Smpc(lp)|‘{’§.
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FAMUJITOHUAH ATOMOB B ®K (l = 0, my = 0) u p-cocrostrusx (py (| = 1, my = 0)
N ®OTOHHO-KPUCTAJUIMYECKAS up.q (=1, m = =1)) IpHAKMAIOT BHA
MOMPABKA K 9fIEKTPOMAFHUTHOWM
MACCE 3NIEKTPOHA 12 4p 1
B s- U p-COCTOSIHUSAX YoolP)=— - — 57— (8)

py\p (1 i pz) 4r

Takum o0pasoM, raMUJILTOHHMAH aToMa B cpe-
ne @K nomxen ObITH JONOJNHEH OIEpPaTOpaMu
Smpc(lp) TSI KASKIOT0 DJIEKTPOHA. IPdeKT ais
AIpa TaKsKe JOJKeH UMeTh MeCTO, OTHAKO B IIPO-
meccax aTOMHOM (GUBUKYU UM MOYKHO IIPeHeOpeUb.
B ciyuae aToma Bomopoma raMuJbLTOHUAH IIPHU-
HUMAaeT HanboJjee IIPOCTON BUL:

Flpe = dmpe(Ip)+H, (5)

rme H — ramMusibroHnaH aroma BOZOPOZA B CBO-
0OOHOM IIPOCTPAHCTBE (B BaKyyMe) C COOCTBEH-
HBIMU 3HaUYeHUAMU E; 1 COOCTBEHHBIMY BEKTOpAa-
mu |W;). ATOMHBIE COCTOAHUSA U SHEPIUH OTIpeIe-
nsamoTea ypasuernuem Illpenunrepa:

I:IPC‘\PLDC>:Ei,pc‘\{li,pc>- (6)

B mepBoM mopsgke Teopuu BOSMYIIIEHUH MBI
OyaeM CUUTaTh, UYTO COOCTBEHHBIE BEKTOPBI CO-
CTOSSHUUM aTOMHOU cucteMbl B cpere PK Heus-
MEHHBI |\Pi,pc(1)> = |¥). Torna BbIpaKeHue A
SHEPIruy aToMa MOJKHO 3alliCaTh CJIeAYIOIIUM
obpasom

ED =(w; [mpc (ip )| W)+ ;. (7)

Heob6xogumo oTMETHUTH, UTO HOIPaBKa Ei(l) —
E; 3aBUCHUT TOJBKO OT OpOMTAJIBHOIO [ M ero
IPOEKIIUY MAaTHUTHOTO 1] KBAHTOBBIX YMCE:
(W[omye (1p) | W) = &, my [Smpe (1p)| 1, my) [26].

IIpu paccmorpennu KT Oyzer mucmonb3oBaTbCA
OIHOJJIEKTPOHHOE ITPUOJIMIKEeHNe, IIPU KOTOPOM
MHOTO03JIEKTPOHHASA 3aJ]a4a CBOJUTCS K OTHODJIEK-
TPOHHOM, M BO3JEHMCTBHME Ha paccMaTpHBaeMBbIi
SJIEKTPOH BCEX OCTAJBLHBIX JIEKTPOHOB OINCHIBA-
eTcs HEKOTOPLIM CaMOCOTJIACOBAHHBIM TIE€PUOMU-
yeckuM moJsieM [28]. B macrosareit pabore OymeT
OPUMEHSATHCS 5TO NPUOJAMIKEeHNe K OJMHOUYHON
KT u3 InAs [29] ¢ Bogopomomomo6HON CTPYKTY-
poil sHepreTUUYECKUX YPOBHEIH U OyAYT MCCIIemo-
BaTbCA IIEPEXOIbI U3 P- B S-COCTOSHIE, KOTOPbIE
¢dopmupyioT B InAs 30HYy OPOBOJMMOCTH U Ba-
JIEHTHYIO 30HY, COOTBETCTBEHHO.

BosiHOBBIE (OYHKIIUM 5JI€KTPOHA B MMIIYJIBLC-
HOM mpexacrtaBieHuu V) ,1(p) B s-cocTOAHUU

~i128  p? \/E
Yi0P)=— p\/ﬁ( 2)3 4ncos®, (9)

1+4p
i 128 2 [3 . i
\Plil(p) +_\/3— p 3 QSIngeil®1(1o)
PNST(144p?)

e p — abCoJIOTHOe 3HAaUeHWEe MMIIYJIbCA dJIeK-
TpoOHA, @ — geHuUTHBHI ¥ A3MMYTAJBHBIH
yruisl [28]. Ucnionb3ys BeIpaskenue (4), ObLIu pac-
CUMTAHbI MAaTPUYHBIE BJIEMEHTHI omepartopa (¢o-
TOHHO-KPUCTAJIINYECKON MHOIPABKU K 3JIEKTPO-
MATHUTHOM Macce 3JIeKTPOHA IJIs ero pPasjiud-
HBIX cocTossHUH (8—10).

kapdkpx

<8mpC

(1)

03kn1 OJk 2

kapdkpx

<8mpC

2
fdk |Ek”;(G)| 1+ Zk"z + (12

®kn1 kg +kGz
|Ekn2(G)| f dk,
‘Dknz
200
(dmpe >l,il - 5_,tnzéfkpdkp %

x [ dic, |Ekn1(G)|2 25, +
‘Dknl kp +sz

2|Ekn2(G)| fdk

O)kn2
VYpasuenusa (11)—(13) B Tom Buze, B KOTOPOM
OHMU 3aIIMCaHBbI BHIIIIE, BCE eI COAePIKaT yabTpa-

+ (13)
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(huoseToBrle pacxommMocTU. TaK HTPOUCXOIUT
13-3a TOTO, UTO 0a3oBasA TEOPUsS, MO3BOJIIIONIAI
BBIUMCJIUTL MOJOBBIII cocTaB PK, omucwhIiBaeT
TOJBKO ONTUYECKUI AMAIIa30H YaCTOT, a IIOTOMY
B Hell yacTo IpeHeOperaiT guciepcueii MmaTepu-
amna [27]. BmecTe ¢ TeMm, mpu mepexone K 06OJIb-
IIIUM YacTOTaM BcCe BeIlleCTBa B IIPUPOJE TeMOH-
CTPUPYIOT TPO3PAUYHOCTHL — BTO ObOeclieumBaeT
CXOIMMOCTb WHTErpaJjioB, IIPUBEIEHHBIX BBIIIIE.
Eé MmoixHO obecmeunTh amb0 ImapamMeTpoM obpe-
3aHUA, CIEINATBHO ITOT00PAaHHBIM IO KOHKPET-
HyI0 cpeny [18], m1ubo pasbuBas 4YaCTOTHBIN AUA-
Ma30H Ha yOBLIBAIOIINE YYACTKU C ITOCTOSHHBIM
IIoKasareJsieM IIpesiomyeHud [22].

JHepreTUyecKoe CMeIl[eHre CIeKTPaJbHOM
JUHUN, usaydenHonn aromom wuam KT, Oyzer
ONPeNeSaAThCA PA3SHUIIEH B IIPUBEIEHHBIX BBIIIIE
IompaBKax:

Az = <8mpc > 1

0—<5mpc>oyo - kapdkpx

(14)
fdk |Ekn1(G)| ka sz |Ekn2(G)|
(’)knl kp +kg z mknz
20
Azp = <8mp°>1,i1 —<6mpc >o,o ~ 151 zg;f kpdly
n,
(15)

fdk |Ekn1(G)| sz 2kn2_|_|Ekn2(G)|
COknl kp"‘ (Dkn2

YMNPABJIEHUE CMNEKTPOM U3JTYYEHUA
OAUHOYHOM KT B O4AHOMEPHOM ®K
KBagparnunasi 3aBHCHMOCTD OT IOKA3aTe s IIpe-
gomyaenus ciaoeéB PK (puc. 1) ABideTcsa BaKHBIM
CBOMCTBOM COOCTBEHHO-9HEPIreTHUYECKOM IIOIIPaB-
KU dmpc. Takas 4yBCTBUTENIBHOCTH OTKPBIBAET
IOPOr'y K YIIPABJEHUIO CIEKTPAJbHBIMU JIMHU-
avu KT 6e3 HeoOXOAMMOCTU CUHTE3a HOBBIX 00-
PasIioB.

ViabTpabbIicTpasi ONTHYECKAas HACTPOMKA cpe-
161 @K B (eMTOCEeKYHIHOM M IINKOCEKYHIHOM
BpPEMEHHOM MacIluTabe aKTHUBHO MCCJIEAYETCS B
IocJaegHre Iofbl. ITa TEXHOJOIUS MOJKET OBITh
HCIIOJIb30BAHA B HOBBIX IIPUJIOMKEHUSAX, TAKUX
KakK OITHYECKNe IIepeKJouaTejy WJIX B obpa-
6oTKe curaajoB. K Hanbojiee MHOT000eIIIa oM
MeTOoJaM CBEpXOBICTPOIl HACTPONKM OTHOCAT OII-
THUYECKN WHHIYIIMPOBAHHOE H3MEHEHNe I0Ka3a-
TeJIS IIPEJIOMJICHNUS OQHOT0 MJIKN 0001X cJIoéB PK

TMOCPEACTBOM MHIKEKIIUU CBOOOJHBIX HOCUTEJEH
3apsdAna, onTuueckoro sdpdexra Keppa uiu ontu-
yeckoro s¢gderra Ilrapka [19, 31-34]. smene-
HUe ToKa3aTeJisd IPeJIOMJIeHUsA, 00yCJIOBIeHHOE
MHKEKITHell CBOOOTHBIX HOCUTEJEl 3apsaa, BKJIIO-
YyaeT TPU BKJIajga: 9To caBur Bypinreiitna—Mocca
Me)K30HHBIX IIE€PEeXON0B (CBSI3aHHBIN C 3amOJIHe-
HUEM 30HBI), BKJIaabI [[pyne u mepeHoOpMUPOBKA
3aIpernénHon 30HbI (€ ycaaka) [19]. Msr paccma-
TpuBaeM BKJIanwl [lpyzae, CBA3aHHBIE C HOCUTEJIA-
MU 3apAna, BO30Y:KIAEeMBbIMU OTHO(POTOHHBIMU U
MHOTO(POTOHHBIME IIPOIlECCAMU, a TAKIKe BKJIAT,
ontuueckoro spderra Keppa B nusMeHeHme moka-
3aTeJIsl IPeJIOMJIEHHUS OIITUYECKH IIJIOTHOTO CJIOS
ompmomepuoro @K Ha ocHOBe apceHHaa raJlausd.

IlepBble BKJAABI IIOSBJSIOTCS, KOTAa SHEP-
rusg nyuka Hakauku (hQQ ~ 1,55 sB) HemHOro

T T T T T T T
= 6 2
g (@mpe) ~ Nietr) "f
Q
@ st |
£ saf .
g .
° st 1
m
o
oo,
gg = oL -
(=]
5 &
8
o 1f .
= ] A f A ) f
2 4 6 8 10 12 14
IToxazaTens npenomiaenus Re(n),)
Puc. 1. KBagparmunas 3aBUCHUMOCTH COOCTBEHHO-

9HEPreTUYeCKON MONIPaBKU (OMyc) OT IOKasaTessd
IIpeJIOMJIEHUA Ny BelllecTBa, U3 KOTOPOTO COCTOAT
cyon ogaoMepHOro PK ¢ mycToramu, 1A pa3InudHBIX
cocTosHNII cBA3aHHOrO ajieKkTpoua B K'T: s-cocTosinue
(Il = 0, my = 0) (xkpuBaa 2), pg-cocrosanue (I = 1,
m = 0) (kpuBaga 3) u p.1-cocrognue (I =1, m; = =1)
(kpuBas 1). ITapamerpsr @K: TommmmHa BaKyyMHBIX
caoéB d /T = 1/3 u cnoés marepuasa dy, /T = 2/3,
rae T = 750 HM — nepI/qu DK, mapameTp obpesaHus
max =10,65 5B

Fig. 1. The quadratic dependence of the self-energy
correction (dmy.) on the refractive index ny of the
substance, which consists of one-dimensional PC
layers with voids, for various states of the bound
electron in a QD: s-state (I = 0, m; = 0) (curve 2),
po-state (=1, m; =0) (curve 3) and p_-state (I =1,
my = =1) (curve I). PC parameters: the thickness of
the vacuum layers d;/T = 1/3 and the material layers
dy/T = 2/3, where T' = 750 nm is the PC period, the
cutoff parameter ok, = 10,65 eV
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IPEBBIIAET SHEPTUIO 3JIEKTPOHHOM 3alpenieH-
Hoii 30HBI GaAs (Eg = 1,42 9B upu T'= 295 K) [19].
Bxaan smekTpoonTuueckoro spdexra Keppa mpo-
ABJIAETCA, KOTZA SHEPrusa HaKauKy HuKe Eg/2.
B mammoit paboTe paccMaTpuBaeTcsa Kalieoopas-
Hasg onuuouHasa KT us apcenuna nuaus, Kotropas
pacmosioskeHa Ha IIOBEPXHOCTH apCeHuja Traji-
auda. Tak Kak 9JIeKTPoHHAS 3allpelléHHas 30Ha
InAs mensmre, uem GaAs, KT cosmaér Tpéxmep-
HYIO IIOTEHITNAJIbHYIO AMY IJIA 3JIEKTPOHOB U IbI-
pok. [35]. B HacTosarmieit pabore He YyUUTHIBAETCA
2JIEKTPOH-(DOHOHHOE B3anMOZENCTBIE, KOTOpPOe
HaAUYMHAETCsS ¢ KPUOTeHHBIX TeMmIepaTryp. B pabo-
Te [19] 6b1710 TOKA3AHO, YUTO JJIA apCEHM A TAJLINA
TepMUYECKN WHAYIIUPOBAHHBIE N3MEHEHNUA TTOKa-
3aTeJis IPeJOMJICHUS IMPUMEPHO Ha 2—3 MopAIKa
MeHbITle, YeM M3MeHEHUsd, BbI3BAHHBIE 3aIIOJIHE-
HUeM 30HBI U BKJIagamu pyne. Takum o6pasom,
TeMJOBLIMU 3(p(heKTaMuy MOKHO IpeHeOpeUs.
Paccvorpum BRaas: [ipyae u BKJIa 5JI€KTPO-
orntuyeckoro adexra Keppa B moxasarTesb mpe-
JIOMJIEHUS apCeHuAa rajins 0ojee AeTajbHO.
OcHOBBIBasICh Ha JaHHBIX U3 padboTs [19], moxkHO
HOJIOXKUTh, UTO IPU MHIKEKIINU CBOOOJHBIX HO-
cuTesiell 3apsna, KOTOpas MPOUCXOAUT MHOM Jeii-
CTBUEM ONTHUYECKOI'0 UMITYJIHCA C JJIUHON BOJIHBI
A = 880 HM u HHTeHCUBHOCTbIO I = 0,4 FBT/CMz,
usMeHeHue nokasarens GaAs An OymeT paBHO
0,01. ITpu sToM IOKasaTeb MPEJOMJICHUSA N He-
Bo3myIIénHoro GaAs Ha ayirHe BOJTHBI A = 880 HM
(= 1,55 sB) cocraBaser 3,666 (puc. 2) [36, 37].
Paccuntanuble BeJIUUYMHBI SHEPreTUUYECKUX
nepexonoB B ogmHouHOM KT m3 InAs, Haxoms-
mieiicsa Ha cioe u3 GaAs ogaomeproro @K, c mo-
MOIIIBI0 MeXaHM3Ma HWHXKEKIMU CBOOOMHBIX HO-
cuTeJiell 3apsaaa mpeacTaBIeHbl B Ta0. 1.
WN3menenue moxasaTesis IIPeJIOMJICHUS apce-
HuJa raaausa ¢ momoilnbio addexra Keppa ocy-

IIIECTBJAETCA 3OHAMPYIOINMM IIYYKOM Ha 4acCTO-
Te O IIPU HAJIMYHNU ITYyYKa HaKa4YKH C yacToToit (2

An(w) =

=2Re|1® (0;0,-Q, Q) E(Q)E” (Q)] /2n =2, (19)

re y®) — onTumueckas BOCIPUHMUIBOCTD Tpe-
TBETro NOPAAKA U Ny — HeJIWHEeHHBIN IOKa3aTesb
npesiomaennd. HenmHelHBINT IOKasaTeab IIpe-
JoMIeHus Ny ang GaAs pasen 3x1074 cm2I'Br1
[19]. [Ina omenku addexra Keppa MBI paccma-
TPUBAJIN PACIIPOCTPAHEHNE TNKOCEKYHIHBIX M-
MyJbCOB C IJIMHON BOMHBI A = 1900 M u un-
TeHCUBHOCTBIO [ =~ 40,4 I‘BT/CM2 COIJIACHO
nmapamerpamM u3 pabdotrer [31]. Ilom meticTBuem
JaHHOI'O HEPe30HAHCHOI'O BO30OYIKIEHUS Ccpe-
a1 ogaoMepuoro K us GaAs u ogmuounonn KT
u3 InAs msMeHeHMe IOKas3aTess IIPEIOMJICHUS
OIITHUYECKH ILJIOTHOTO ¢Ja0sI PK cTpyKTYpPHhI AR CO-
craBuyio 0,024. BenrnumHa n HEBO3MYIIEHHOTO
GaAs ma pgiauue BoaHbI A = 1900 M (=0,63 5B)

IToxasarens npenomienus Re(n,)

Yacrora o, 5B

Puc. 2. ®yurnusa gucnepcuu ny(o) pia GaAs [36, 37]
Fig. 2. Dispersion function ny(®) for GaAs [36, 37]

Ta6nuua 1. MNMonpaBky K aHeprusim nepexonoB ognHo4vHol KT m3 InAs Ha cnoe ogHomepHoro ®K n3 GaAs,

BbI3BaHHbIE 3MPEKTOM W3MEHEHUS 3NEKTPOMarHUTHOM Macchbl anekTpoHa. [MokasaHbl BenuyuMHbl MonpaBoK

(cTon6ev, 2) Npy HEBO3MYLLEHHBIX BHELLHMM Monem cnosix 3 GaAs, a Takke Benn4drHbl nonpasok (cTtonbew 3) npu
N3MeHEHHOM nokasaTesie npenomneHns cnoés GaAs Bknagamu dpyne

Table 1. Corrections to the transition energies of a single QD from InAs on a layer of one-dimensional PC from

GaAs caused by the effect of a change in the electromagnetic mass of an electron. The values of the corrections

(column 2) for GaAs layers undisturbed by the external field, as well as the values of the corrections (column 3) for
the changed refractive index of GaAs layers by Drude contributions are shown

HeBoamyméunsrit GaAs GaAs c Braagamvu JIpyae
ITorpaBku (n ~ 3,666), M3B (n ~ 3,676), MoB Pazaumna, mxsB
Azq 1,524 1,473 -51,5
Azg -0,762 0,736 25,7
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Ta6bnuua 2. MNonpaBky K aHeprusm nepexonoB ogmHo4vHon KT m3 InAs Ha cnoe ogHomepHoro ®K n3a GaAs,

BbI3BaHHble 3(PHEKTOM WU3MEHEHUSA 3NEKTPOMArHUTHOM MaccChl aneKTpoHa. [lokasaHbl Benn4YuMHbl MonpaBoK

(cTonbev, 2) Npy HEBO3MYLLIEHHbLIX BHELLUHM Nnonem cnosx u3 GaAs, a Takxxe BenmyrHbl Nonpasok (ctonbew, 3) npu
N3MEHEHHOM nokasatesie npenomneHns cnoés GaAs ¢ NOMOLLBIO aneKkTpoonTnyeckoro addexkta Keppa

Table 2. Corrections to the transition energies of a single QD from InAs on a layer of one-dimensional PC from

GaAs caused by the effect of a change in the electromagnetic mass of an electron. The values of corrections

(column 2) for GaAs layers undisturbed by the external field, as well as the values of corrections (column 3) for the
changed refractive index of GaAs layers using the electro-optic Kerr effect are shown

HeBoamyméuusiit GaAs GaAs c achpexTom Keppa
IlonpaBku (n ~ 3,342), moB (n ~ 3,366), voB Paszauma, mxsB
Azq 1,710 1,674 -35,2
Azg -0,855 -0,837 17,6

cocraBwia 3,342 (puc. 2) [36, 37]. B nannoM mc-
CJIEJOBAHNY PACCMATPUBAETCA TOJBKO pPeabHasd
JacTh IoKas3aTeJid npejomiaeHus Re(ny) apcenu-
Ja rajans, MHAMAS K€ YacThb BeJET K yIIupe-
HUIO CIIEKTPAJIbHBIX JUHUN. PaccumTanHble Be-
JMYNHBI DHEPreTUYECKUX IIePeX0J0B B OJMHOY-
voii KT u3 InAs, Haxomaeiica Ha cioe u3 GaAs
ogaomepHoro @K, ¢ momomisio addexra Keppa
IpeJcTaBJIeHBI B Ta0J. 2.

PaccunranHble 3HaueHMs MOIPABOK K DHEP-
THUSIM Iepexofa MeKAy p- U S-COCTOAHUAMU
saekTpoHa KT us apceHuna nuaus B cpefe OIHO-
mepHoro @K us c10€B apceHua rajaiusd U BaKky-
YMHBIX CJIOEB B HEBO3MYIIEHHOM CJIyUYae COCTa-
BUJIN eOUHUIIBEI M5B, B TO BpeMs KaK Aualia3oH
M3MEeHEeHUs SHEePIUU IIePeX00B C MOMOIIbIO MH-
JKeKIIUY CBOOOMHBIX HOCHUTEJIell 3apAja U dJIeK-
TpoonTuueckoro addexra Keppa oxasaica Ha
IBa IOPSAAKA MeHbIle. B cuiay KBaapaTHYHON
3aBUCUMOCTY BEJUUYNHBI COOCTBEHHO-dHEPTeTH-
YeCKOU IIONPABKU (SMp) OT IOKasaTess Ipe-
JIOMJIEHUS N}, ONTHYECKH ILJIOTHOro ciosa GaAs
@K, caBuUr SHEPrUil IMEepexoJ0B MOKeT OBITh
Oooxpire. i 9TOro HEOOXOAMMO U3MeHeHUe
ny, HaIpuMep, C IOMOIIbI0 MHMKEKIUM CBOOOJ-
HBIX HOCUTEJIell 3apsAma U 3JIEKTPOOIITHUYECKOTO
spexra Keppa. B cayuae stux sddeKToB 10-
MOJTHUTEJIbHBIE IIONPaBKU-CABUTU K SHEPTUAM
paccMaTpuBaeMbIX mepexonoB syekTpoHa KT us
apceHuma MHAUSA B cpele omHomepHoro @K wus
CJIOEB apceHuIa rajiind U BaKYYMHBIX CJIOEB CO-
craBuan gecaATku MK9B. Mayuaembrii KO ag-
(dexT ycunusaercs, Korga @K cocTouT 13 CJI0OEB

CIMNCOK UCTOYHUKOB

1. Krasheninnikov A.V., Openov L.A. Elementary quantum-
dot gates for single-electron computing // JETP Lett.
1996. V. 64. P. 231-236. https://doi.org/10.1134/1.567180

¢ OOJIBIIMM ONTUYECKUM KOHTDPACTOM, a TaKxKe
¢ OOJIBIIIMM HeJIWHEHHBIM IIOKasaTesleM IIPeJIoM-
JIEHUS Ng.

3AKJTIOMEHUE
Ha mpumepe KBaHTOBBIX IEPEXOAOB MEXKIY p- U
s-coctoguauaMu Bogopomomnonobuoirt KT us InAs,
IOMEITEHHON B IIyCTOTHI ogHOMepHOro ®K us
GaAs, ObLTa TTOKa3aHAa IPUHITAIINATILHAS BOSMOMK-
HOCTB yIpaBJeHud in situ yactoramu )OTOHOB, 13-
ayueaHbIx KT. 9To Bo3M0o:KHO Ha ocHOBe 3()heKTa
M3MEHEHUS DJIEKTPOMATHUTHON MAaCChI 9JIEKTPOHA,
a TaKJKe HaCTPOMKM IMoKasaTe s mpesomviaeHus PK
C TIOMOIIIIO MHIKEKIIUY CBOOOAHBIX HOCUTEJEH 3a-
pAna u aseKTpoonTmueckoro agderra Keppa.
PacuéTtsl, TpoBeéHHBIE IJIS OITMCAHHBIX BBIIIIE
YCJIOBUIL, IIOKA3aJIM, UTO AUAIMA30H YIIPaBJIEHUSI
sHeprueii (POTOHOB, JOCTYIIHBIA B SKCIIEPUMEHTE,
OKa3bIBAaeTCsA MaJl, YTOOBI HCIOJIb30BaTh €ro Ha
npakTuke, 1 3¢ @GeKT CMeIlleHns YCTyIlaeT o II0-
PAIKY BEJIWYUHBI TAKOBOMY, VKe HaOJIIOmaBIIe-
Mycs B 9KcrnepuMenTe B paborax [38—40]. BmecTte
C TeéM, Ba>KHO OTMETHUTD, UTO BEJINUMHA CMEIeHU I
SHEPreTUYeCKUX YPOBHEHN MHOA HEeHCTBUEM ICCJIe-
nyemoro Koll-ahdexTa KBaApaTUUHO 3aBUCUT OT
TIOKAa3aTeJIsd IPeJIOMJIEH U MaTepuaJia, U3 KOTOPO-
ro uaroroBied @K. CienoBaTebHO, 0XKUIAETCS,
YTO OIMCAHHBIN 37eCh METOM OyIeT CYyIlleCTBEHHO
MAacIITabPOBaH O Mepe POCTa OIITUUECKOMH ILJIOT-
HOCcTH BelrfecTBa. Takue @K MoryT OLITH IOJIyUe-
HBI C TIOMOIIIBI0 MeTaMaTePUaJIOB C BLICOKUM IIO-
KasaTeJyieM IpesomiieHud [23, 24].
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