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Note on superradianceof excitonicmolecules
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Theradiativedecayof excitonicmoleculescanproceedin two channels:decayto a singleexcitonanda photonoradirect
transitionto the groundstatewith theemissionofa photonwith theentirebiexcitonenergy(approximatelytwice theexciton
energy).Thelatterchannelis inducedby anharmonicityandis normallymuchweaker.Weshowthat in geometricallyrestricted
systems(surfaces,monolayers,microcrystallites,quantumwells), andat low temperatures,the latterchannelis superradiant
whereastheformeris not. Thismay provideanewmethodforthedirectobservationofbiexcitons.

Nonlinearoptical spectroscopyof bulk semicon- ceptibilities. The important role of biexcitons in
ductorsandsemiconductormicrostructures(quan- semiconductorshas beenconfirmed by numerous
turn wells andquantumdots) providesanexcellent theoreticalandexperimentalstudies(forarecentre-
probefor the structureandthe dynamicsof highly view see ref. [5]). The formation of biexcitonsin
excitedstates.Linear spectroscopyprobesthe dy- molecularcrystalshasbeendiscussedas well [6,71.
namicsof single quasiparticle(exciton, polariton) However,so far theirexistencehasneverbeencon-
andits theoreticaldescriptionas a harmonicmode firmed experimentally.The excitons in molecular
(aboson)is well understood.In nonlinearopticswe crystalsareeitherFrenkelor chargetransferexcitons
createseveralquasiparticleswhich interact.Theki- (asopposedto the Wannierexcitonsill semicon-
nematicinteractionis thesourcefor thebreakdown ductors).Theweakerexciton—excitoninteractionor
of the bosonapproximation,andtogetherwith the themoreefficientexciton—excitonannihilationin this
dynamicalinteractionit resultsin thenonlinearop- casearepossiblereasonsfor the difficulty in biex-
tical response.Consequentlynonlinearoptics pro- citon observation.
videsaverysensitivemeansfor studyingthesenon- In this Letterwe point out a new possibility for
linearinteractions.One of themostimportanteffects observingbiexcitonsin two-dimensionalmicrostruc-
inopticalnonlineantiesof semiconductorsisthe for- tures.Themain idea is thatin two-dimensionalsys-
mationof bound statesof two excitons,known as tems(interfaces,thin films, quantumwells or mo-
biexcitonsor excitonicmolecules.Biexcitonforma- lecularmonolayers)atlow temperature,thebiexciton
tion usuallyresultsin anewfluorescenceline, andin will exhibitasuperradiantradiativedecay,verysim-
a dramaticenhancementof two photonabsorption ilar to what was considered[8—17]and first ob-
[1,2]. In addition, virtual biexciton states [3,4] served [18] for ordinaryexcitons.This may allow
makean importantcontributionto nonlinearsus- the observationof fluorescencein which theentire

biexciton energy is transferred to a photon
CamilleandHenryDreyfusTeacher/Scholar. hw=E2(k).Thischannelcanthereforecompetewith
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the decay to an exciton and a photon with terms, we obtain a zero-orderHamiltonian which
hw~E2(k)—E1 (k’) which is normally observedin conservesthe numberof excitons (i.e. commutes
semiconductors.In molecularcrystals fast superra- with N):
diant radiativedecaymaycompetewith exciton—ex- H0 ~0 + 02+04. (8)
citon annihilation.For simplicity wediscussbelow
the caseof molecularcrystalswith Frenkelexcitons. The last term in thisHamiltonianis responsiblefor
The molecularcrystalHamiltonianwhich includes the appearanceof a boundtwo-excitonstate (biex-
exciton—e*citoninteractionswas derivedin ref. [6] citon). We supposebelowthat the exciton—exciton
(seealsoref. [7]). interactionenergy(eq.(6)) ~ is sufficiently large,

Adopting a two level model for each molecule sothataboundtwo-excitonstatedoesexist.We will
(with a groundstate0 andanexcitedstatef, with takeinto accountthemixing effectof stateswith dif-
gasphaseelectronictransitionenergy~�f), theHam- ferentnumbersof excitons.
iltonian is given by Thesingle-particleandtwo-bound-particleseigen-

statesandeigenvaluesof H0 with wavevectork are
R=eO+R1+

0
2+

0
3+

0
4, (1)

~~(k)=> yi~(k)P~~IO>,EmE1(k),
wheree0isthegroundstateenergyofthe crystal,and

R~=~’<mI~’nmIoo>(P~f+Pnf), (2) ~i4(k)=>~ ~Vnm(k)P~rfPinfI0> EmE2(k),
n.mnm

E (~.e~+21~)P~Pn~ wheretv,, andWnm = ~mnarethewavefunctionsofthe
excitonandthe biexcitonrespectivelyin the coor-

+ ~ M~m[P~,,fP~f+ ~(Pt~P~+ P~P,,,f)], (3) dinaterepresentation.
nm Typically the matrix elementsof H1 and113 are

03 ~ (<Of I C’nm 111> I t’nm 00>) much smallerthan the spacingbetweenthe eigen-
n.m state of H0. (In anthracene,forexample,the former

are 1000 cm’ whereasthe latteris 25000cm~
X (Ptnf+ Pnf)P~nfPmf, (4) so thattheir ratio is 10—2). Thisjustifies treating

04 ~ ~ ~nmPtnfPnfPinf Pm1, (5) H1 and H3 as a small perturbation. Wethus define
n.m theperturbedtwo-particleboundstate:

where <y4(k)IR~+R3I~v~(k)>
E2(k)—E~(k)

n,n=<ffl~nmlfT>+<00I1~nmI00>

—2<tDI c’nm Ifi)>, (6) We expectH1 to be larger thanH3. We thusget

~r=~ (<0fl~nmI0f><00I~”nmI00>),
~ W~m(k)<0I”nf1°mf1°~ifP~2fIO>

M~m=<0f’I~nmIm>. (7) nm

ni mI.n2

Here Pt,,,~ (P,,1~)is the creation(annihilation)oper- x <Oft ~nimi100>~ii°~21(k)
atorforanexcitationon thenth site.Theseoperators

~ W~m(k)<0fI1>nmiI00>W~ni’(k).
satisfythe Pauli commutationrelations.Pnm repre-
sentsthe intermolecularinteractionand its matrix
elementis definedby We nowrecall that

wnm(k)=*exPL(1n+rm)1c~(In~mI),

where~ representsthestatewheresiten is in state
a. The number operatorfor the excitations is wherern is thepositionof siten andq~(n— in) is the
Nm~ P~P,.1.If weneglectin eq. (1) theH1 andH3 wave function for the biexciton internal motion,
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normalizedas >~mI ~(In — m1)12=1. Note that for takinginto accounttheretardedinteractionsstrongly
ourmodel Wnn = 0 so that9i(0) = 0. We thus obtain changesthe two-dimensionalexcitonspectrum.In-

steadof asingle branch,two polaritonbranchesap-
~ W~m(k)W~,r(k)

pearandoneofthemhasagiant radiativewidth (fig.
1). (Otheraspectsof thiseffect were consideredin

= ~ 9,*( n—mi)exp[~ik.(r,, —rm) refs. [9—17]).Thisradiativewidthf’dependson the
orientationof the transitiondipolesand the way-
evectorand its typicalvalueis

where

wherey is the radiativewidth of the isolatedmole-
I ~(k) ~ I ~(0) I =~ ~‘( In—mi )~ 1. cule, a is the latticeconstant,2=2itc/oo, w0 is the

transitionfrequencyandc is thevelocity of light. It
We thus get shouldbe stressedthat this result,andmoregener-

2 ~ Wnrn (1’) W~,,c(k)<Oft ~‘nml 00> ally the influenceof retardationon the spectrumof
elementaryexcitations,is verydifferentfromthecase
of athree-dimensionalcrystal,whereretardedinter-

= 21!) * (k) ~ <Ofl t>nml 00> mD, actionscontributeonly to the strongresonancere-
normalizationof the dispersioncurve for excitons

whereD is approximatelythesumof energiesof in- (polaritons),but radiativedecayis totally absent
teractionof the transitionO—~fmoments(dipole, [19—21].An ultrafast superradiativedecayof an-
quadruple,etc.) of moleculen with othermolecules thracenefilms was first observedin recentpicose-
of the crystalin thegroundstate.Therefore,D is of cond measurementsconductedby Aaviksoo et al.
the orderof the energyshift of electronicexcitation [18]. The lowestexcitedstatein the surfacemono-
betweenthe gasphaseandcondensedmattertran- layerinanthraceneisblueshiftedwith respecttothe
sitions ~ (eq. (7)). We thus have lowestexciton in the bulkby 204cm—

1. Theelec-
tronic transitionof the first monolayerlies between

W2 (k) ~ ~~(k) + E~(k)Wi(11). thebulkvalueandtheisolatedmoleculevaluewhich

It follows from thisexpressionthatthetransitiondi-
poleof the biexcitonto the groundstatewill be re- (~~)/
latedto that of theexcitonby E(k)

D (i)<~u
2(k)IPI0>~<w,(k)IPI0> (10) _________ i-Ic;E~(k)~ E,

Since I D/EI (k) t < 1, the biexcitonstatewill have
a weak borrowedoscillatorstrengthto the ground
statedueto the mixing with w? (assumingthat the
single-excitontransitionis allowed). _____________________________

Thissimpleandwellknownargumentexplainswhy 0 k
in three-dimensionalsemiconductorcrystalsbiexci-
tondecayproceedsthroughthechannelE2= E~+ hco, Fig. 1.Dispersioncurvesfor two-dimensionalexcitons[8] when
wherein thefinal statewehaveoneexcitonandone themoleculartransitiondipoleis perpendicularto theplane.(i)

photon.However,for two-dimensionalcrystalsand Excitondispersionwithoutretardation.(ii) Thephotondisper-sionE=*kc. (iii) First polaritonbranchwith vanishingradia-forsmallmicrocrystallitesthe situation may be very tivewidth. (iv) Secondpolaritonbranchwith superradiantwidth.

different. Let us considertwo-dimensionalcrystals Thefinitewidth ofcurve(iv) representstheradiativewidth which
(amolecularmonolayer).As wasshownin ref. [8], growsasthecrossingpointis approached.
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is blueshiftedby 2000 cm—’ with respectto the main channelsof biexciton decay.Let us consider
bulk. The electronicallyexcitedstateof the surface the main processwhich is responsiblefor the biex-
molecularmonolayeris clearly seenin emissionat citon fluorescencein 3D semiconductors.Suppose
1 .g k. The monolayernext to the surfaceis blue thattheexcitonhasadipoleallowedtransitiontothe
shiftedby 10 cm-’ andthe following oneby 2 groundstate.The Hamiltonian of interactionwith
cm—’. Theseshifts arenow well understood[151. light is then
Consequently,for temperatureslow comparedwith

H’>jn~E(fl),
the blue shift, the surfacelayer actsas an isolated
monolayerandis an ideal systemfor investigations

wherethe electric field operatorat position n is
of two-dimensionalexcitons.Relativequantumyield
measurementsof the bulk andthe surfaceemission E(n)= ~ (E,1,a,~,,+E* at~)exp(iq~-r~)
indicatethat the decayof the monolayeris purely
radiativewith a very small contributionof relaxa- thedipole momentoperatorof the nth moleculeis
tion tothebulk. Thepicosecondtimescalesobserved
in theseexperimentsarea beautiful examplecf su- i~=Pof(P~f+P~f).

perradiancein two-dimensionalexcitons.Weshould Thetransitionrate is givenby Fermi’s goldenrule:
bearin mindthatthestateof biexcitons,like thestate
of singleexcitons,is determinedby a single wavev- 2x

WBE(kp)=—- ~ectork andnot by two wavevectorsk,, k2 asis the ii Q, q~j

casefor twofree excitons.This is why all resultsob-
tainedin refs. [8—13]for superradianceof two-di- J~ — Q1 + q~>i

2
mensionalexcitonsmaybedirectlyusedalsofor two- xö(E

2(k1)—E, (Q11) — hc.J(k1— Q~)2+ q~).
dimensionalbiexcitons.This meansthat biexcitons
in a two-dimensionalsystemwill show a superra- Here I ~v9(Ice), 0> is the biexcitonstateandthe ra-

diation field is in the vacuumstate (no photon).diant decaywith radiativewidth rBE. I ~ (Q~),k~— Q~+ ~z> is the final state with a
= ~(E’~k ~)2 (~_). (11) ~ (Q~)exciton anda single photonwith a wave-

vector k11—Q0+q~. The parallel (in plane) wavev-
ectoris conservedandq2 isarbitrary.Takingintoac-

For anthraceneDIE, (k) 10_2,sothatwithout the count the structureof W2 (k) and performing the
superradiance

1BE ~ 1 04y. The quantumyield for summationoverj, we get
thischannelofdirectbiexcitonemissionis therefore 8xE~iPOf 21 1!’( 0)12 (k —Q )2
very small.Thethirdfactorin eq. (11) howeverrep- ~ I 2= Vhqc
resents superradiance. For anthracene (Al
21La)2-~l0~.In thiscaseweseecompensationof the where q2m(k~_Q

1~)
2+q~.

smallnessof (DIE, )2 by the largevaluesof the su- If for simplicity we neglectthewavevectordepen-
perradiancefactor (AI2xa)2. The radiative decay denceof E

2 andE,, weget
rate,~ is thereforein thiscasecomparablein mag- 321cP(O) 2 / w\

3
nitudeto the single excitondecayy. This, of course, Wan iPoc I t~)
neednot be alwaysthecase.Theanharmonicityfac-
tor (DIE, ) 2 andthesuperradiantenhancement(A,! where*w

0= E, (0).This channelis thereforenot af-
2ita) 2 aretwo independentparametersandtheirrel- fectedby superradiance.As a resultof thecompen-
ative magnitudemay be very different.Our main sation in eq. (11), both processesE2—~hwand
pointis thatin two-dimensionalsystemsthereexists E2—~E,+*w will haveapproximatelythe samerate.
a new possibility for observingbiexcitons which Anotherexcitondecaychannel in molecularcrys-
shouldbe takeninto account.In order to establish talswhich maycompetewith the superradiantemis-
that, we needto consideralsothe influenceof su- sion is the bimolecularquenchingof excitons.For
perradianceand two dimensionalityon the other two excitationsseparatedby a distanceR, the bi-
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molecularquenchingis given by twice the Forster ScienceFoundation,the Air ForceOffice of Scien-
rate WF(R) y(RF/R)6, whereRF is the Forsterra- tific Research,and the PetroleumResearchFund,
dius. Consequently,thebimolecularquenchingrate administeredby the AmericanChemicalSociety,is
of biexcitonsis (seealsoeq. (9)) gratefully acknowledged.

WBMQ=2~19,(In—mI)I2WF(In—mI). (12)
m
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