Hawnocucmemu, Hanomamepianiu, HAHOMEXHON02IT © 2012 IM® (IacturyT MeTanodhisuKu
Nanosystems, Nanomaterials, Nanotechnologies im. I. B. Kypatromosa HAH Ykpainm)
2012, 1. 10, Ne 1, cc. 89-94 Hazapykosano B YKpaisi.
DoToKOMiIOBaHHA JJO3BOJIEHO

TiJIBKY BiAMOBigHO M0 JrimeHsii

PACS numbers: 71.35.-y, 73.20.Mf, 73.21.-b, 73.22.Lp

Aud¢y3us KorepeHTHBIX 9KCUTOHOB B KBa3UABYMEPHbBIX
HaHOCHCTEMaXx

C. U. Iloryruuii, O. B. Haymenko, C. [I. Makapyxk

Hnemumym memaanogusuxku um. I'. B. Kyporomosa HAH YkpauHruvt,
oyave. Axad. Bepnadckozo, 36,
03680, I'CII, Rues-142, Ykpauna

HccnemoBana teMmiieparypHas 3aBUCUMOCTh Koa(hduruenra muddysum D(T)
IpY ABYMEPHOM JBUMKEHUU KOTePEeHTHBIX SKCUTOHOB B HaHOCHCTeMaX (MOJIEKY-
JISIPHBIX HAHOILJIEHKAX, CJIOUCTBIX HAHOCTPYKTYpPax, OMOJOTUUYECKUX HAHOMEM-
o6panax). IlokasaHo, 4yTo TeMnepaTypHasa 3aBucuMocTh D(T) mpu TByMEpHOM
IBUKEHUU 9KCUTOHOB CYIIECTBEHHO OTJINYAETCA OT TAaKOBOU IJIA TPEXMEPHOM

Iuddysuu.

HociimxeHo remnepaTypHy 3ajesKHicTh Koedimienra qudysii D(T) mpu nBo-
BUMipHOMY pyCi KOrepeHTHMX €KCHUTOHIB y HaHOCHCTeMaX (MOJEKYJIAPHUX
HaHOILIiBKaX, IIapyBaTUX HAHOCTPYKTYypaX, OiosoriuHmx HaHoMeMOpaHAax).
ITokasasno, 1110 TemneparypHa 3ane:xuicts D(T) npu ABOBUMipHOMY pycCi eK-
CUTOHIB CyTT€BO BiIPi3HAETHCA Bifl TaKOl yig TpuBUMipHOIL nudysii.

The temperature dependence of the diffusion coefficient, D(T), is studied
for two-dimensional motion of coherent excitons in nanosystems (molecular
nanofilms, layered nanostructures, biological nanomembranes). As shown,
the temperature dependence of D(T) substantially differs from that for the
three-dimensional diffusion.

KimoueBsIe cioBa: KOTepPEHTHEIE DKCUTOHEI, ABYMEPHOe IBUKeHUe, Juddysusd.

(ITonyweno 17 Hoabpa 2011 e.)

1. BBEJEHUE

OpnHOM U3 IPUYNH, CTUMYJIUPYIONINX UCCIETOBAHUA MUTPAIIUY SHEPTrUu
AJIEKTPOHHOTO BO30Y:K€HUS B KBa3UABYMEDHBIX HAHOCUCTEMAX, ABJIA-
eTcd usyueHue (pOTOCHMHTE3UPYIOIINX HAHOCUCTEM C IIOCJIeNyIoIeil 3a-
Iadeil cO3TaHUA UX UCKYCCTBEHHOI'0 aHAJIOTA, a TAKKe BO3MOYKHASA POJIb
MUTPAIIUNA 9DSHEPTUU 3DIEKTPOHHOTO BO30YKIEHUS B OMOJIOTHUECKUX
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Hanocuctemax [1]. OmpenesneHue TeMIepaTypHON 3aBUCHUMOCTH KO03(]-
dbunumenra nuddysun D(T) aABIAsIETCS MOKA OCHOBHLIM METOAOM H3yuUe-
HUSA CTEIeHN KOTEePEHTHOCTH SKCHUTOHOB, OT KOTOPOII 3aBHUCHUT MeXa-
HI3M 9KCHUTOHHOrO IIepeHoca suepruu. Omnpegenenne sToii 3aBUCUMOCTHI
CTAHOBUTCA AKTYaJbHBIM B CBS3H C Hpo0jeMaMy IIepeHOoCa SHEePruu
SJIEKTPOHHOI'0 BO30OY KIeHUsI B KBasUABYMEPHELIX HaHOcucTeMax (MoJie-
KYJSPHBIX HAaHOILIEHKAX [2], CJIOMCTHIX HAHOCTPYKTYpax [3], 6uosmoru-
yecKuX HaHoMeMOpamax [4]).

B macTosaieit pabore ucciegoBaHa TeMOepaTypHas 3aBUCUMOCTE KO-
apdunuenta gupdysun D(T) mpu IBYMEpPHOM IBUKEHUU KOTEPEHT-
HBIX 9KCHUTOHOB B KBa3UIBYMEPHBIX HAHOCHCTEMAX.

2. MOJIEJIb

PaccmoTpum Ty 3aauy B IPOCTOM MOJAENN N30JIUPOBAHHON M30TPOIHOM
IBYMEPHOI S9KCUTOHHOM 30HbBI C KBaIPATUYHBIM 3aKOHOM JUCIIEPCUU:
2
B = 8 )
2m
rae k m m — BoJIHOBOM BeKTOp 1 9(pheKTUBHAA Macca SKCUTOHA COOTBET-
cTBeHHO. Bynem cuutaTth Temiiepatypy T TOoCTaTOYHO HUBKOM, TAKOI, UTO
CpeoHsA TEIJIOBas SHEPruA SKCUTOHOB MEHbLIIe IIMTUPUHBI SKCUTOHHOM
30HEI A. Kpome Toro, 6ymem IIpeamoiaraTh paccesHne SKCUTOHOB Ha (o-
HOHAaX YIIPYTUM, UTO CIIPaBeAJINBO IIPU He CAUMNIKOM HU3KUX TeMIIepaTy-
pax, Korja IepeiaBaeMas IIPYU PACCeTHUY S9HEPTUA CYIIIeCTBEHHO MEeHbIIIe
SsHepruu SKCcUTOHOB. O6a 5TH YCI0BUA BBITTOJIHAIOTCS IIpH [5]:

2

muv

O
hw, ,

=k, T, << k,T << A, (2)

I/le U — CKOPOCTb 3BYKa; kp — MOCTOAHHAA BoibnMaHa; ©; — YacTora
O-11 BeTBU OoONTUYECKUX (DOHOHOB. IIpu 3TOM MOIKHO CUMTATh, UYTO 0O0JIb-
IIIMHCTBO 3KCUTOHOB MMEeT KBa3UUMITYJIbChI BOJIU3U

k, = (B = ™' @mk,T)"? << a;' (3)

(rme a, — mOCTOAHHAA PEIIETKM).

IIpu ynpyrom paccesHuu BpeMsd pejakcanuu (k) MOKHO BBIUYUCIUTD,
ucxona us popmyasl @péauxa [6]. B pesyabTaTe ¢ yuéToM IpPOIIECCOB
TIOTJIOIIEHU S U NCITyCKaHusa (poHoHa uMeeM [6]:

Tl = YW - W @) (4)

q x

rae k, 1 ¢, — COOTBETCTBEHHO IIPOEKIIMY BOJIHOBOI'O BeKTopa aKkcuToHa k
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u (QOoHOHA ( Ha HAIpaBJIeHHWe X-IPAJUeHTa ILIOTHOCTH BKCHTOHOB;
W/ (q) u W] (q) — BepoaTHOCTU MOTJIONEHUA U UCIyCKaHUA HOHOHOB
BKCHTOHOM.

B ciyduae ZBYMEpHOTO ABHMKEHUA SKCHTOHOB IIOJIYYHM BEIPAKEHIE
1715 BKJIaga B T (k) akycTHuecKuX (POHOHOB:

2
3‘Foac agm (kT 3? dxx® F(2) 5)
hik? m ) g E -

T (k) =

rae napamerp & = 2k(hv / k,T), a pyHKRIUA

flx) = exp(—x) — exp(x) . 6
( [exp(x) —1][exp(—x) —1] ©)
B dopmynax (5) u (6) nisa GespasmepHoil mepemennoi 0 < x < &.

Ilpu § << 1, samensas pyurmuio f(x) (6) Ha eé sHaueHue f(x) = 2/x npn
MAJIBIX X, TOJIYYM:

ac 2 3
6‘Fo ay,m g, T

k) =
o (R) h? Ao

(7)

npu

mv?

T>>T158k . 8)

B

IIpu & >> 1 samena B popmyue (5) pyurnuu f(x) (6) Ha f(x) = 1 gaér:

T = ’
ac TEhs ( )
IIpu
T<<T,. (10)

B pamkax ycaosus (2) 8 T (k) (4) JaoT BKJIaJ JIUIIL caMble HI3KOUA-
CTOTHBIE BETBU OITUYECKUX (POHOHOB, AJIA KOTOPBIX

Iy << A, (11)
¥ TOJBKO IIPM JOCTATOUYHO BLICOKMX TeMIlepaTypax:
kT >> hay. 12)

ITpu
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kT < hoy (13)
TPUGIMIKEeHNe YIPYTOoro paccessHns HenpuMeHuMo. OJHAKO ¢ POCTOM

hoy,
kT

IIpoIiecc MCIYyCKaHWs ONTHYecKoro (hOHOHA PEe3KO IIOJaBJIeH M3-3a Ma-
JIOTO YHUCJIAa 9KCUTOHOB C dHEPTHeil BBIIIEe /), , CIIOCOOHBIX K M3JIyde-
HUIO, a IpOoIecC IMOTJIOIEeHN — M3-3a MaJIbIX UKces 3aloJHeHus ¢o-
HOHHBIX COCTOSTHUH TaKJKe 9KCIIOHEeHIIUAIbHO MaJi. [losTomy npu

>1, (14)

EpT << A (15)

BKJIAJ OITHYECKUX (D)OHOHOB MOJKET CTATh 3aMETHBIM TOJIbKO IIPU CYIIie-
CTBOBAHHUM OITHYECKUX KoJieOaHMili HM3KOW YACTOTHI U IIPU OOJIBIIMUX
IMIUPUHAX 9KCUTOHHBIX 30H, YTOOBI BLITIOJIHIJIOCH HEPABEHCTBO:

hwy << kBT << A. (16)

ITpu BeInONHeHNU yeaoBus (16) Bxaan T (k) (4), oTBeuaromnuii pacce-
STHUIO HA ONITUYeCKUX (OHOHAX, OIPeAedeTCa BhIparKeHueM:

2 kT
hop

) 2a’m .
k) === |F (17)

h3

KOTOpOE JAET 3aBUCUMOCTD, aHAJOTUUIHYIO (7).

ITpu HeBBIMONMTHeHUYU HepaBeHcTBa (10), BKIagOM onTHUYECKUX (POHO-
HOB MOKHO nipeHeOpeus. IIpu aTom Bpemsa pemakcarnuu ©(k) (4), B OCHOB-
HOM, oIIpefeseTcsa Beanunnoi 1,.(k) (9), T.e.

k) = 1, (k). (18)

TemmepaTypHYIO 3aBUCUMOCTDb Koa(ddumnuenta 1uddysunr KOrepeHT-
HbIX 9KcuToHOB D(T) HaxoguM, MCXOAsI M3 Ia30KNHETHUYECKOTO BLIpa-
sKeHusd 11 KoaddunuenTa guddysun [5]:

2

kK, (19)

l—— < &
D(T) = Zuk)v; (k) =

3 i 3m?®
rae v, =fik/m — CKOPOCTb SKCUTOHA, a YepTa 03HAUYaeT yCPeaHeHUe II0
pacupeieJIeHUIO 9KCUTOHOB.

B pamkax 6OJbIIMAHOBCKOIN CTAaTUCTUKU SKCHUTOHOB, MCIIOJb3YS BbI-
paxenus (5), (7), (17) u (19), moryduM TeMIIEPATYPHYIO 3aBUCHUMOCTD
D(T).

1. Onsa koapdummenra nuddysuu D(T), 00yCI0OBIEHHOTO paccesHU-
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€M 9KCHTOHOB HA aKyCTHYECKUX Q)OHOHaX B CjIyuae HU3KHUX TeMIiepa-
TYp, TAKUX, 4TO

T, >>T >> T, (20)
nmMeemM

D, (T) o< ko< T, (21)

a c moBBINIIEHNEM TeMiepaTypbl T >> T,
—2

D, (T) o< k? = const. (22)

2. Ina kosdpdunuenrta sudpdysuu D(T), BLIBBAaHHOTO paccesaHreM Ha
onTuuecKkux GoHOHAX, IIPU HUBKUX TEMIIepaTypax

T < 1% (23)

B
D, (T) << D, (T) o k o< T"?, (24)

a IIpu 7O0CTAaTOYHO BBICOKMX TeMIlepaTypax

T 5> 1% (25)

B

E2

D, (T) < T = const. (26)

CiemoBaTeIbHO, HE3aBHUCUMO OT POJIM OIITUYECKUX (POHOHOB, corJac-
HO dopmynam (21), (24) u (26), Tpu NOHUIKEHUU TEMIIEPATYPHI IIOCTO-
STHHOe BHaUeHUe

D(T) = const
cmensaerca nagernuem D(T') 1o 3aKoHY
D(T) = T"?.
3. SBARJIIOYEHHUE
IIpu nByMepHOM JBUIKEHUU MOJIEKYJIAPHBIX 9KCUTOHOB TeMIIepaTypHas
3aBUCUMOCTEL Koadduruenta nupdysun D(T) cyiiecTBeHHO OTJINUAET-

cs OT TAaKOBOI 3aBUCHUMOCTU [IJs TpPEXMepHOU nuddysuu, moxasniBas
ymensierue D(T) o« TV? ¢ mOHMMKEeHHEM TeMIepaTyphbl, B OTJUYLE OT



94 C. U. TIOKYTHUM, O. B. HAVYMEHKO, C. [I. MAKAPVE

pocta D(T) < T'/* gna mocnenueii [5]. Takoe KauecTBeHHOE pasjHUuLe
IMO3BOJISIET MCIOJb30BaTh 3aBucuMocTb D(T) He TOJIBKO AJIA OIpezeJie-
HUSA CTeIleH! KOTe€PEHTHOCTH SKCHUTOHOB, HO W HAET BO3MOXKHOCTH CY-
AUTH O CTEII€eHN aHU30TPOIINHN NX NBUKECHUA.

IlonryyenHaa HaMu TeMmOepaTypHasd B3aBUCHUMOCTL Koa(hp(PuimeHTa
muddysun D(T) KOTepeHTHBIX 3YKCUTOHOB MOMKET, II0-BUINMOMY,
HabJIIOIaThCSI B KBa3HWHYJbMEPHBIX HAHOCKHCTEMAX, HAIPUMEP, MOHO-
MOJIEKYJISIPHBIX CJIOAX IIMAHMHOBBIX Kpacureieil Toamuaoi 2,0 HM ¢
xpomodopamMu, MOTPYKEHHLIMHI B KUPHBIE KUCJOTHI [7], 1 B O1OJIOTH-
yecKuX HaHoMeMOpaHax [8], B KOTOPBIX Oblja 9KCIEPUMEHTAJIbHO 00-
HapyKeHa IByMepHad In(Pdys3na KOTePeHTHBIX 9KCUTOHOB.

OUTHUPOBAHHASA JUTEPATYPA

1. A.II. Inaxk, C. 1. ITokyTHU®il, Kon10u0HO-XUMULECKUE OCHOBbL HAHOHAYKU

(Kues: Akagemnepuonuka: 2005).

V.M. Agranovich, Solid Stat. Commun., 72, No. 5: 487 (1989).

S. I. Pokutnyi, Solid Stat. Phys., 43, No. 4: 828 (2002).

S. I. Pokutnyi, Solid Stat. Phys., 35, No. 5: 1129 (1993).

B. M. Arpanosuu, M. [I. Tanauusn, ITepernoc anepzuu 3sekmpoHH0z0 8030y de-

Husa 8 KoHdeHcuposanHbvlx cpedax (Mocksa: Hayka: 1978).

A. . Aucenbm, Bgedenue 6 meopuio noaynposodnuros (MockBa: Hayka: 1978).

7. H. 1. 3KeBauapos, Onmuueckas aHU30Mponus U Muzpayus IHepeuu 8 MoJLeKy-
aaproix kpucmaanax (Mockpa: Hayka: 1987).

8. O. B. Bparunckas, H. A. Eppemos, JAH CCCP, 268, Ne 5: 1109 (1983).

v

e



