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CTPYKTYPA SHEPTETUYECKUX YPOBHEN OTPUIIATEJIBHO
SAPAKEHHOT'O TPOHA, JIOKAJIN3OBAHHOTI'O
B OKPECTHOCTU KBAHTOBO TOYKU
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THE STRUCTURE OF THE ENERGY LEVELS OF A NEGATIVELY CHARGED TRION
LOCALIZED IN THE VICINITY OF A QUANTUM DOT
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Abstract. In the present paper, the bound states of three quasiparticles are considered — a neg-
atively charged trion consisting of two electrons and a hole. It is noted that delocalized states
of trions are possible only at low temperatures because of the small binding energy. It is indi-
cated that among the stabilizing factors are the reduced dimensionality of the system (trions in
a semiconductor heterolayer are more stable compared to trions in bulk semiconductors), the
presence of an external magnetic field, the capture of the trion by a confining potential of a
point defect, including a quantum dot or an impurity ion. The article deals with a negatively
charged trion localized in the neighborhood of a point defect in a semiconductor heterolayer,
which is regarded as a two-dimensional object. It is shown that when studying the ground and
low-lying excited states of a trapped trion, the Coulomb interaction between quasiparticles can be
regarded as a perturbation in comparison with the retarding potential, which is described using a
two-dimensional oscillator potential. A Hamiltonian is constructed that describes a trion captured
by a point defect. The asymptotic expressions for single-particle wave functions of electrons and
holes are found. Energy levels of on-particle states are found. In the Hartree-Fock approximation,
the wave function of the trion is antisymmetric with respect to permutations of the electrons. It is
noted that a negatively charged trion can exist in two different forms, differing in the magnitude of
the total spin of the electron subsystem of the trion, an ortho-trion with zero spin and a parityon
with a spin of unity. Matrix elements for calculating the binding energy of the trion have been
compiled with the aid of which the binding energy for ortho- and para-trions is estimated. The
possibilities of experimental detection of ortho- and para-trions are discussed. It is noted that
the technique for studying the structure of low-lying energy levels of a negatively charged trion
trapped by a point defect can also be used to study a positively charged trion consisting of two
holes and an electron.

Keywords: semiconductor heterostructure, electron, hole, quasiparticle, trion, point defect,
oscillator potential, trion wave function.

TOHKOHJIGHO‘IHI)IG TreTepoCTPYKTYPbI Ha OC-
HOBE IIOJIYIIPOBOJHUKOBBIX COG,ZLI/IHGHI/IP'I COCTaBa
AMBY e A=Al Ga, In, BY =P, As, Sb,
a TaK>Ke TBEpP/bIC PAaCTBOPLI Ha UX OCHOBE IIH-
POKO HCIIOJIB3YIOTCHA IIPpU CO3AaHNN COJTHEYHBIX
3JIEMEHTOB HOBOT'O IIOKOJIEHHSI. XapaKTepHOM
0CODEHHOCTBIO TeTEPOCTPYKTYP SIBJIACTCS KBa3U-

JIByMEPHBIIl XapakTep JIBUKEHUsI KBA3UIACTHUI]
(JIEKTPOHOB U JBIPOK) B 3JIEKTPOHHO-IBIPOTHOM
ny1aszMe rerepocios. Takoi XxapakTep JBUKEeHUsT
SIBJISIETCS CTAOUIM3UPYIONUM (DAKTOPOM DU
00pa3oBaHNK CBA3AHHBIX COCTOSTHUI KBa3uda-
cTun pazymaaoro Buga. K nx umenry orHocsTCs
SKCUTOHBI |1], MOJIOKUTEJIBHO U OTPUIATEIHLHO
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3apsizKEHHbIe TPUOHBI [2-5], GUIKCUTOHDI (CBSI-
3aHHbIE COCTOSIHUS J[BYX SKCUTOHOB), OUTPUOHBI
(cBsI3aHHBIE COCTOSIHUS JIBYX TPUOHOB) W JIPY-
r'me COCTaBHbIE KBa3MYACTHIBI, BILIOTH J0 0Opa-
30BaHUsI JIEKTPOHHO-IBIPOYHON KuIKOCTH [6).
Jpyrumu dpaxTopamMu, CTUMYJIUPYIOMMMU 00-
pa30oBaHMe COCTABHBIX KBA3WIACTHUIL, ABJISIIOTCS
HaJ/In49re BHENTHETO MAIrHUTHOT'O IIOJIA U JIOKAJIb-
HbIe HAPYIIEHUS CUMMETPHUN KPUCTAJLINIECKO
PEleTKH, K 9UCIy KOTOPBIX OTHOCATCS TOYEH-
Hble J1eDEeKThI peneTk (BAaKAHCUU, MeXKy3€elb-
HbI€ aTOMBbI U T.H.), IIpuMeCHbI€ aTOMbI U MOHBI,
KBaHTOBBIE TOUKH. B TOM cirydae, KOra JTOKab-
HBIN medekT obaamgaer sHeprueit MeHbIIel, TeM
€ro OKpPY>KeHHNe, OH SIBJISIETCsT JIOBYIIIKOHN J17IsT
KBa3U9IACTHIL 3JIEKTPOHHO-IBLIPOTHOMN ILIA3MBbI.
Korpma paccMmarpuBaercst ¢TpyKTypa HU3KOJIE-
JKaIUX ypoBHEH sHeprun (OCHOBHOE M HU3KO-
BO30Y2KJIEHHbBIE COCTOSIHUS ), 3aXBATHIBAIONIHI
HMOTEHIIA MOKHO alllPOKCUMHUPOBATD JIBYMEp-
HBIM 11apab0I0nuIOM.

B Hacrosmeil craTbe TEOPETUYECKH Pac-
CMaTpPUBAETCS OTPUIATENIHHO 3apsA?KEeHHbIN X -
TPUOH, COCTOAIINN U3 IBYX IJEKTPOHOB U JIBIP-
ku [2,5]. Takasi cucreMa ONUYBIBACTCS TAMEIIb-
TOHUAHOM CJIEIYIOMIEro BUJIA

_ Pt P Py mewtrf mgw®ns
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(1)
e pi, P1, P1 — HUMILYJIBCHL IIEPBOIO, BTOPO-

IO 9JEeKTPOHA W JIBIDKU COOTBETCTBEHHO; M.,
mj — 3hdEKTUBHbIE MACCHI 3JIEKTPOHOB U JIBIP-
KU, W — IUKJIXIECKasi 9acToTa (PUHUTHOTO JIBH-
JKEHUsI KBA3WIACTUIL B OCIUJIISITOPOM ITOTEH-
[raJe TOYEIHOro JedeKTa, KOTOPast MPeJInoia-
raeTcsl OJIMHAKOBOM JIJIst 3JIEKTPOHOB U JIBIPKU,
T1, T2, I3 — PAJUYC-BEKTOPHI TIEPBOTO, BTOPO-
IO 3JIEKTPOHOB U JIBIPKU COOTBETCTBEHHO, € —
dyHIAMEHTAJIBHBIN 3aPsi/I.

[Ipu paccMOTpeHUEN CTPYKTYPbI HU3KOJIE-
JKalluX ypOBHEH TPHUOHA, JIOKAJIM30BAHHOI'O B
OKPECTHOCTH TOYEYIHOrO JiedeKTa, KyJIOHOBCKOE
B3ANMOJIEHCTBIE MEXK Ty YACTUIAME, COCTABJISIO-
IIIUMU TPUOH, MOXKEM PAacCMaTPUBATh KaK MaJioe
BO3MYIIEHUE
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[PeJICTABUM MCXOJIHBIN raMuiibToHuaH (1) B Bu-
Jle HeBO3MYIIEHHOIo TaMiIbTonnana Hy u Bos-
Mytieaust V'

H=Hyg+V.

Tax kak ramunbToHuaH H( npecrasisieTcs CyM-
MOI TpeX CJIaraeMbIX, KaXKJ0€e 13 KOTOPBIX 3aBU-
CUT TOJIBKO OT OJIHOM M3 KOOPAUHAT 71, 7’2, T'3, TO
B HYJIEBOM [IPUOJ/IMKEHUN TPUOH PACCMATPUBACT-
Csl KaK CHCTeMa U3 TPeX KBa3MIACTHUII, KaxKas
13 KOTOPBIX JIBUYKETCSI HE3aBUCUMO OT OCTaJIb-
wbix. CremoBaTeIbHO, SHEPTHST X -TPHOHA pas-
OuMBaeTcs HAa CyMMY SHEPTUi KBa3sWYacTHUI U
SHEPIUio UX B3aumMoneiicTeusg AL

E=E9+EY +EM+AE, (9

e Efe),Eée), Eéh) — 9HEPTUH MePBOTO U BTOPO-
T'O 9JIEKTPOHOB M JBIPKMW COOTBETCTBEHHO. HJIH
pacdera sHepruu B3anmogeicTeus AFE UCIO/b-
syeM dbopmyiy [7]

AE = (Yo V|| ¥g), (5)
rie Wo — BosiHOBast (QyHKIHMs KBA3UIACTHUIL B HY-
JIEBOM IPHUOJIMKEHUH, YI0BJICTBOPSIONAS yPaB-
HEHUIO

(6)

Hy¥o = EyWy,

e Eo = B\ + B + E(".
Kak ormedeno Briire, ramuibronnan Hy
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pacnajiaeTcd Ha TPU CJIaracMbIX, KaXKIl0oe U3 KO-
TOPBIX 3aBUCHUT TOJBKO OT OHOM KOOPIWHATHI,
BeaescTBue yero ypasuenue [lIpenunrepa (6)
3aMeHsdeTCd CUCTEMOII TpeX YpaBHEHUI [Jid OT-
JeJbHBbIX KBAa3W4aCTUI]

AQ m*w27“2
—in%k + %%Z)Ok = Eopor, (7)
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e k=1, 2, 3, h — nocrostarast [Lnanka,
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CprKTypa QHEPreTUuICeCKUX ypOBHefI OTpUIaTE/IbHO 3apsA2KEHHOI'0 TpUOHaA. . .

— IBYMeEpHBIIT oneparop Jlamiaca B MOJSIPHBIX
koopuHarax (r, ¢), Yok (rk, Yr) — BOJIHOBas
dyuKIug k- KBA3MYIACTUILI B HYJIEBOM IIPH-
ommkenun. Yepes Eg, 0003HAUEHBI BBEIEHHBIE

(e)

BBIIIE dHEPTUN OJHOTACTUIHBIX COCTOSTHA El

(h)
3

Eée), E3"’ cooTBeTCTBEHHO.

Ypasuenusi, Bxogsmme B cucremy (7), ume-
0T OJIMHAKOBYIO CTPYKTYDPY, OTJIMYAsICh JIUIIh
suadeHusIMu 3 HEKTUBHBIX MACC U HyMepaIlueit
KoopauHat. Pertenne 3TuxX ypaBHEHUI MOXKET
ObLIb IIPEJICTABJIEHO B BHUJIE

Yo (’l“, 90) = Py (T) eXp (ZZSO) ) (8>

rie | — nenoe yucyo, hl — BeuvnHa yTJIOBOTO
MoMmeHTa L, onHo9acTuIHOrO cocrostansi. CocTo-
AHUE TPUOHA C MUHUMAJIbHON SHEPrueil peaansy-
€TCsl TIPU OTCYTCTBUM OPOUTAIBLHOIO JBUKEHUSI,
BbIpazkeHue (8) jiist BOJIHOBOM (DYHKIUU yIIPO-

aeTCst
Yo (r, @) = o (7).

BBoms Bemuauny 1o Mpu IMOMOIIN PABEHCTBA

mkw
Ton = n

KOTOpasi UMEET CMBIC CPEIHEro pajmyca Op-
OUTHI KBA3UYACTUIIBI [IPU €€ JIBUKEHUN BOKPYT
[eHTpa Mace (3TU PaJMyChl MO3BOJISIIOT OIEHATD
pasMep TpUOHA), U Ge3pasMepHble KOOPJ/UHA-
bl & = i /Tok, 3anuIeM oTaeabHo (7) B Buje
(unzekc k omyren)

d2®
de?

1d®,
+f i + (k?
2

riae s 2m* Egrg /A% (nmockosbKy ocrmiist-
TOPHBII MOTEHIUAJ TOJIOKUTEIeH, SHEPTUU O/
HOYACTUIHBIX COCTOSHHI Fp TakzKe IOJIOKHI-
resibHbI). Pemenne ypasuenust (9), HelpepbiB-
HOE BCIOJly BMECTE C IIepBOH IIPOU3BOJHON, U
HOPMHUPOBAHHOE HA €IUHHILy B IPOCTPAHCTBE
L? (R?), umeer acuMnroTuky Buja |5]

P (£) ~ exp (f) :

npu & — oo. Pemenusi ¢ ykazanHoil acuMITO-
THKON MMEIOT MECTO IIPH 3HAMEHUSX SHEPTHUH
OJIHOYACTHYHBIX cocTostHuil By = hw (T + 1),

0, 1, 2,.... Iast OCHOBHOTO COCTOSTHUSI
KBaHTOBOe 4ucjio n = 0, Ipu 3TOM JIjisI OIpe-
Jesienusi BostHOBO# dyukiuu P (€) caemyer uc-
[10JIb30BATH YNCJIEHHBIE METO/IBI.

— ) ®y=0, (9)

st BBIUMCIEHWST SHEPTUM CBI3U X -
TPUOHA, OIPEJIEISIEMO MATPUTHBIM JIEMEHTOM
(5), 3aMeTHM, YTO PacCMATPUBAEMBIH acCoIU-
aT COJIEPYKUT JIBE OJINHAKOBBIE KBA3UIACTUIIDI,
4TO yKa3bIlBaeT Ha HEOOXOJIUMOCTL ydera 00-
MEHHOI'O B3aUMOJIEHCTBUS MEXKTY SJEKTPOHAMU.
CireoBaTesibHO, IPU COCTABJIEHUN TPEXIACTUY-
HOIl BOJIHOBOI (pyHKIINK PUOIHKEHNE XapTpu
OKa3bIBAETCs HEJOCTATOYHBIM. DBoJlee jocToBep-
HbIe PE3YJILTATHI MOJIYIAIOTC B PAMKax IIPU-
onmxkenus Xaprpu—Doka, mpu KOTOPOM TpPeX-
JaCTUIHAsT BOJIHOBAsT (DYHKIUST AHTHCUMMETPU -
HA 110 OTHOIIEHWIO K TIEPECTAHOBKE JIEKTPOHOB.
[TockoJibKy IepecTaHOBKA 3JIEKTPOHOB O3HAYA-
€T MEePECTAHOBKY KaK MX KOOPJIUHAT, TAK W WX
CIIUHOB, KOODJMHATHAsI BOJTHOBast (DYHKIHS OY-
JIeT Pa3HOil [IJIsT CHHIVIETHOTO (CyMMAapHBIi CIIIH
S = s1 4 s2 = 0) u rpunzersoro (S = 1) cocro-
stunit. JIj1st CHHIJIETHOTO COCTOSIHUSI BOJIHOBAst
bYHKIMS TPHOHA B HYJIEBOM ITPUOJIMKEHUH MMe-
eT BUJL

(‘1301 (r1) ®o2 (r2) +

‘13 ( ))@03 (7’3).

BosnoBast pyHKIMST TpHOHA C TPUILIETHBIM CO-
CTOSTHUEM CHCTEMBI 9JIEKTPOHOB TOXKJIECTBEHHO
obpariaercs B HYJIb B COOTBETCTBUU C IIPUHITU-
oM [laysm. DTo MPUBOIUT K BBIBOIAY O TOM,
YTO OCHOBHOE COCTOsIHHE X -TPHOHA COOTBET-
CTBYeT CHHTJIETHOMY COCTOSIHUIO TApPBI 3JIEKTPO-
noB. Tpurutertnoe cocrosinve X -TPUOHA UMEET
OOJIBILYIO SHEPTUIO CBA3M, JJI pacdeTa KOTOPOoi
HEOOXOIUMO HUCIIOJIb30BATH CJIEIYIOIINI TTOPsi-
JIOK T€OpUU BO3MYIICHUI, CIeJ0BaTe/IbHO, TAKON
TpuoH OyserT MeHee cTabubHbIM. CIIMHOBOE CO-
CTOSIHUE JBYX3JIEKTPOHHOHN MOJCUCTEMBI TPHOHA
MOZKET OBITH OIIPEIEJIEHO 110 XapaKTePy PACIIer-
JICHUsI CIEKTPAJbHBIX JUHUI TPUOHA BO BHEIII-
HeM MarHuTHOM IIOJIe: JJIsi TPUOHA C CHHIJIET-
HBIM COCTOSTHWEM JIBYX 3J€KTPOHOB CyMMAapPHBII
CIIH MOXKeT ObITh TOJIbKO 1/2 | BCileJcTBIE Yero
“MeeT MeCTO JyOJIeTHOE pPaCIIEeIIeHre yPOBHEH
SHePruu. /{1 TPUIIIETHOTO COCTOSTHUST CUCTEMBI
9JIEKTPOHOB CYMMAapPHBIN CIIUH TPUOHA MOYKET
JIOCTUTATh BEJIMYUHBI 3/2, 4TO IPUBOIUT K 0O-
Jlee CJIO?KHOW KapTHUHE pPacClIeIlJICHUA yPOBHEH.

U (r1, ro, 3)

%\

+ g1 (12

\_/

(10)

3akJrroyeHmue

B macrosieit pabore nIpoBeneHo aHAJIATHIE-
CKO€ HMCCJIeIOBAHNE OJIHOTO M3 THUMIOB KBa3UWva-
CTHIL, BOSHUKAIONIUX B 3JIEKTPOHHO-ILIPOYHO
Jj1a3Me B TMOJIYIPOBOIHUKAX — TPUOHOB, TIPEJI-
CTaBJISIIONIUX COOOI CBSIBAHHBIE COCTOAHUS JIBYX
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3JIEKTPOHOB U JBIPKUA — X -TPUOHBI, HUCCJIEIye-
MbIe B HACTOSIIEH CTaThbe, U X ' -TPHOHLI, COCTO-
AIIe U3 9JIEKTPOHA M JABYX JBIPOK. YKa3aHO,
9TO I CTaOMIN3AIME TPUOHA He0OX0 UM JTr00
€ro 3axBaT KBaHTOBOI TOYKOI, JUOO HAJIUYIUE
MarauTHoro moJis. CocraBjeH raMuIbTOHUAH
it X~ -TPHOHA, B JIByMEPHON MeTepOCTPYKTYPE,
3axXBaUYEHHOTO TOUeUHBIM faedekToMm. HaiimeHbr
ACUMIITOTAKHI BOJHOBBIX (DYHKIIAN OTHOIACTUY-
HBIX COCTOSTHHII M IIOCTPOEHAa BOJIHOBasi (DyHK-
s TpuoHa B mnpubsmkennn Xaprpu—Poka.
[IpuBenena ucroab3yroIas HallJIEHHYIO BOJTHO-
ByIO (DyHKIHMIO (hopMyJIa Jjisi pacdeTa SHEPrun
cBsi3u TpuoHa. OTMEUEHO CyIIeCTBOBaHHUE JIBYX
dopmMm X -TpHOHA, PA3IUIAIOIINXCS 3HATECHUSI-
MM CYMMAaPHOI'O CIIMHA JIEKTPOHHOH mojcucTe-
MBI — OPTO-TPHUOH ¥ Hapa-TpuoH. O6cyXKmaercs
BOBMOYKHOCTD 9KCIIEPUMEHTAJIHLHOTO O0HAPYXKe-
HHS YKA3aHHBIX TUIIOB TPUOHOB.
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