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Note on superradiance of excitonic molecules
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The radiative decay of excitonic molecules can proceed in two channels: decay to a single exciton and a photon or a direct
transition to the ground state with the emission of a photon with the entire biexciton energy (approximately twice the exciton
energy ). The latter channel is induced by anharmonicity and is normally much weaker. We show that in geometrically restricted
systems (surfaces, monolayers, microcrystallites, quantum wells), and at low temperatures, the latter channel is superradiant
whereas the former is not. This may provide a new method for the direct observation of biexcitons.

Nonlinear optical spectroscopy of bulk semicon-
ductors and semiconductor microstructures (quan-
tum wells and quantum dots) provides an excellent
probe for the structure and the dynamics of highly
excited states. Linear spectroscopy probes the dy-
namics of single quasiparticle (exciton, polariton)
and its theoretical description as a harmonic mode
(a boson) is well understood. In nonlinear optics we
create several quasiparticles which interact. The ki-
nematic interaction is the source for the breakdown
of the boson approximation, and together with the
dynamical interaction it results in the nonlinear op-
tical response. Consequently nonlinear optics pro-
vides a very sensitive means for studying these non-
linear interactions. One of the most important effects
in optical nonlinearities of semiconductors is the for-
mation of bound states of two excitons, known as
biexcitons or excitonic molecules. Biexciton forma-
tion usually results in a new fluorescence line, and in
a dramatic enhancement of two photon absorption
(1,2]. In addition, virtual biexciton states [3,4]
make an important contribution to nonlinear sus-
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ceptibilities. The important role of biexcitons in
semiconductors has been confirmed by numerous
theoretical and experimental studies (for a recent re-
view see ref. [5]). The formation of biexcitons in
molecular crystals has been discussed as well [6,7].
However, so far their existence has never been con-
firmed experimentally. The excitons in molecular
crystals are either Frenkel or charge transfer excitons
(as opposed to the Wannier excitons in semicon-
ductors). The weaker exciton-exciton interaction or
the more efficient exciton—exciton annihilation in this
case are possible reasons for the difficulty in biex-
citon observation.

In this Letter we point out a new possibility for
observing biexcitons in two-dimensional microstruc-
tures. The main idea is that in two-dimensional sys-
tems (interfaces, thin films, quantum wells or mo-
lecular monolayers) at low temperature, the biexciton
will exhibit a superradiant radiative decay, very sim-
ilar to what was considered [8-17] and first ob-
served [18] for ordinary excitons. This may allow
the observation of fluorescence in which the entire
biexciton energy is transferred to a photon
fiw=E, (k). This channel can therefore compete with
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the decay to an exciton and a photon with
hw=~E,(k)—E, (k') which is normally observed in
semiconductors. In molecular crystals fast superra-
diant radiative decay may compete with exciton-ex-
citon annihilation. For simplicity we discuss below
the case of molecular crystals with Frenkel excitons.
The molecular crystal Hamiltonian which includes
exciton-exciton interactions was derived in ref. [6]
(see also ref. [7]).

Adopting a two level model for each molecule
(with a ground state 0 and an excited state f, with
gas phase electronic transition energy Ae¢;), the Ham-
iltonian is given by

A=¢+A,+A,+A,+HA,, (1)
where ¢, is the ground state energy of the crystal, and
A =Y {f0| P, |00) (Ple+Pu) , (2)

nm

Hz = Z (A€t D) PlePos

n

+ Y M [PhePut+ 3 (PPl +PuPrs)1,  (3)

H’=§,,Z (COf| P | ) — (f01 7,,,, |00 )

X (Pl + Put) PhcPrss (4)
H4=iz¢nmP:anfPIanmf: (5)
where
¢nm= <ff| Vnm |ﬁ> + <00| Vnm |00>

—2¢f0[ P, 10>, (6)

Z=Y ({Of| ¥, |10F) — 00|V, |100>),

Mflm=<0f| Vnm|m> . (7

Here P}; (P,s) is the creation (annihilation) oper-
ator for an excitation on the nth site. These operators
satisfy the Pauli commutation relations. V,,, repre-
sents the intermolecular interaction and its matrix
element is defined by

(B V| 90 = J 9505 Voseh dt, dt,,

where ¢% represents the state where site » is in state
«. The number operator for the excitations is
N=3, PLP,. If we neglect in eq. (1) the H, and H,
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terms, we obtain a zero-order Hamiltonian which
conserves the number of excitons (i.e. commutes
with N):

Ho§€0+ﬁz+ﬁ4. (8)

The last term in this Hamiltonian is responsible for
the appearance of a bound two-exciton state (biex-
citon). We suppose below that the exciton—exciton
interaction energy (eq. (6)) P,,, is sufficiently large,
so that a bound two-exciton state does exist. We will
take into account the mixing effect of states with dif-
ferent numbers of excitons.

The single-particle and two-bound-particles eigen-
states and eigenvalues of H, with wavevector k are

vi(k)=3 va(K)PL|0>, E=E(k),
W3(K) =Y, Wam(K)PLPLe|0) E=E,(k),

where v, and y,,,,, = ¥, are the wave functions of the
exciton and the biexciton respectively in the coor-
dinate representation.

Typically the matrix elements of H, and H; are
much smaller than the spacing between the eigen-
state of Hy. (In anthracene, for example, the former
are ~ 1000 cm~! whereas the latter is 25000 cm~!
so that their ratio is ~ 10~2). This justifies treating
H, and H, as a small perturbation. We thus define
the perturbed two-particle bound state:

U | H, +H; |l wi(k)>
E;(k)—E,(k) '

We expect H, to be larger than H;. We thus get
W3k | Hy 18 (k) )
= Y Ynm(K){O|PusPrncP}sPls|0)
nm

X <0ﬂ mel |00>W22f(k)
=2 3 Whn(k)Of| Vppm, |00 9 (k)

n,m,mi

va(k) =W3(K)+ ¥

We now recall that

Wam (k)= :}ﬁeXp[—iik-(rﬁrm)w(ln—ml) s
9)

where r, is the position of site n and ¢(» — m) is the
wave function for the biexciton internal motion,
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normalized as X,,j¢(|n—m]})|*=1. Note that for
our model ¥,,,=0 so that ¢(0)=0. We thus obtain

§ Wam ()W (k)

2| -

; (a*(ln'_ml ) exD[%ik'(rn_rm)]

=z

D*(k),

where

I¢(k)zl¢(0)|='§ ¢(|n—m|)‘~l .

We thus get

n.m,mi

=20*(k) ¥ (0f|V,n, 100>=D),

where D is approximately the sum of energies of in-
teraction of the transition 0—f moments (dipole,
quadruple, etc.) of molecule » with other molecules
of the crystal in the ground state. Therefore, D is of
the order of the energy shift of electronic excitation
between the gas phase and condensed matter tran-
sitions 2, (eq. (7)). We thus have

D
ky=ypd(k)+ =—— (k).
va (k) = w2 (k) (%) yi(k)
It follows from this expression that the transition di-
pole of the biexciton to the ground state will be re-
lated to that of the exciton by

D
(w2 (k) [P10) =y (K) | PIO) Eh) (10)
Since |D/E,;(k)| < 1, the biexciton state will have
a weak borrowed oscillator strength to the ground
state due to the mixing with ¢ (assuming that the
single-exciton transition is allowed).

This simple and well known argument explains why
in three-dimensional semiconductor crystals biexci-
ton decay proceeds through the channel E,= E, +%w,
where in the final state we have one exciton and one
photon. However, for two-dimensional crystals and
for small microcrystallites the situation may be very
different. Let us consider two-dimensional crystals
(a molecular monolayer). As was shown in ref. [8],
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taking into account the retarded interactions strongly
changes the two-dimensional exciton spectrum. In-
stead of a single branch, two polariton branches ap-
pear and one of them has a giant radiative width (fig.
1). (Other aspects of this effect were considered in
refs. [9-17]). This radiative width " depends on the
orientation of the transition dipoles and the wav-
evector and its typical value is

2
A
r= ﬁ)

where y is the radiative width of the isolated mole-
cule, a is the lattice constant, A=2xc/wy, g is the
transition frequency and c is the velocity of light. It
should be stressed that this resuit, and more gener-
ally the influence of retardation on the spectrum of
elementary excitations, is very different from the case
of a three-dimensional crystal, where retarded inter-
actions contribute only to the strong resonance re-
normalization of the dispersion curve for excitons
(polaritons), but radiative decay is totally absent
[19-21]. An ultrafast superradiative decay of an-
thracene films was first observed in recent picose-
cond measurements conducted by Aaviksoo et al.
[18]. The lowest excited state in the surface mono-
layer in anthracene is blue shifted with respect to the
lowest exciton in the bulk by ~204 cm~!. The elec-
tronic transition of the first monolayer lies between
the bulk value and the isolated molecule value which

&8
>

k

o

Fig. 1. Dispersion curves for two-dimensional excitons { 8] when
the molecular transition dipole is perpendicular to the plane. (i)
Exciton dispersion without retardation. (ii) The photon disper-
sion E=#kc. (iii) First polariton branch with vanishing radia-
tive width. (iv) Second polariton branch with superradiant width.
The finite width of curve (iv) represents the radiative width which
grows as the crossing point is approached.
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is blue shified by ~2000 cm—! with respect to. the
bulk. The electronically excited state of the surface
molecular monolayer is clearly seen in emission at
1.8 k. The monolayer next to the surface is blue
shifted by ~10 cm~! and the following one by ~2
cm~"'. These shifts are now well understood [15].
Consequently, for temperatures low compared with
the blue shift, the surface layer acts as an isolated
monolayer and is an ideal system for investigations
of two-dimensional excitons. Relative quantum yield
measurements of the bulk and the surface emission
indicate that the decay of the monolayer is purely
radiative with a very small contribution of relaxa-
tion to.the bulk. The picosecond timescales observed
in these experiments are a beautiful example of su-
perradiance in two-dimensional excitons. We should
bear in mind that the state of biexcitons, like the state
of single excitons, is determined by a single wavev-
ector k and not by two wavevectors k,, Kk, as is the
case for two free excitons. This is why all results ob-
tained in refs. [8-13] for superradiance of two-di-
mensional excitons may be directly used also for two-
dimensional biexcitons. This means that biexcitons
in a two-dimensional system will show a superra-
diant decay with radiative width Iyg:

(D (Y
re=Agice;) (o) o

For anthracene D/E, (k) ~ 10~2, so that without the
superradiance Ige~ 10~%y. The quantum yield for
this channel of direct biexciton emission is therefore
very small. The third factor in eq. (11) however rep-
resents superradiance. For anthracene (4/
2ra)?~ 10 In this case we see compensation of the
smallness of (D/E,)? by the large values of the su-
perradiance factor (1/2ma)? The radiative decay
rate, I'gg, is therefore in this case comparable in mag-
nitude to the single exciton decay 7. This, of course,
need not be always the case. The anharmonicity fac-
tor (D/E,)? and the superradiant enhancement (4/
2na)? are two independent parameters and their rel-
ative magnitude may be very different. Our main
point is that in two-dimensional systems there exists
a new possibility for observing biexcitons which
should be taken into account. In order to establish
that, we need to consider also the influence of su-
perradiance and two dimensionality on the other
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main channels of biexciton decay. Let us consider
the main process which is responsible for the biex-
citon fluorescence in 3D semiconductors. Suppose
that the exciton has a dipole allowed transition to the
ground state. The Hamiltonian of interaction with
light is then

H' ==Y p.-E(n),
where the electric field operator at position 7 is

E(n)=Y (Eya,+E*  a' ) exp(igy-r,) ,

the dipole moment operator of the nth molecule is
Pn=Pos(Pu+Pls) .

The transition rate is given by Fermi’s golden rule:

Wanlh)= 5 T 1<¥AGk), 0L I¥H(Q),
b= Q+a> 1

XO(E, (k) —E(Q)) —hey/ (K -0Q))*+4q3) .

Here |y9(k,), 0) is the biexciton state and the ra-
diation field is in the vacuum state (no photon).
lw?(Qy), kj—Qy+gq.) is the final state with a
¥?(Q,) exciton and a single photon with a wave-
vector k,—Q,+¢.. The parallel (in plane) wavev-
ector is conserved and g, is arbitrary. Taking into ac-
count the structure of y,(k) and performing the
summation over j, we get

G - Vhqc ¢
where ¢°= (k;—Qy)*+¢:.
If for simplicity we neglect the wavevector depen-
dence of E, and E,, we get
3
RS0 P IZ(%) ~y
34 ol \ ¢ ’

WBE ~

where iwg= E,;(0). This channel is therefore not af-
fected by superradiance. As a result of the compen-
sation in eq. (11), both processes E,—hw and
E,—E, +#%w will have approximately the same rate.

Another exciton decay channel in molecular crys-
tals which may compete with the superradiant emis-
sion is the bimolecular quenching of excitons. For
two excitations separated by a distance R, the bi-
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molecular quenching is given by twice the Forster
rate We(R)=y(Rg/R)S, where R is the Forster ra-
dius. Consequently, the bimolecular quenching rate
of biexcitons is (see also eq. (9))

Weme=2Y le(ln—m})|*We(ln—m|).  (12)

Since W decreases very rapidly with R, the most
important contribution to eq. (12) is when the two
particles are separated by the nearest neighbor spac-
ing a. We thus have '

Wamq ~2Z|¢(a) I2We(a) .

Here Z is the number of nearest neighbors in the lat-
tice. Since ¢(r) vanishes at r=0 and for r—co,
|@(r)|?is a nonmonotonic function of . If the biex-
citon radius is Rze~aq, then |y(a)|?~ 1. However,
when Rye>>a, |@(a)|? will depend on the behavior
of ¢(r) for small r. Assuming that ¢(r)~r® for
r << Rgg, we have |@(a)|?~ (a/Rge)?*. In order to
observe the direct biexciton decay we require there-
fore that the bimolecular quenching rate be smaller
than the radiative decay rate of biexcitons, i.e.

2Z(Rg/a)é(a/Rp)***<Tge/y.

The present discussion may apply also to the obser-
vation of excitonic molecules of triplet excitons. In
that case, the dipole transition is forbidden so that
both radiative decay mechanisms are much slower.
The argument regarding the quantum yield is how-
ever expected to hold.

Although the present calculation was made for
molecular monolayers, the argument presented here
applies to any geometrically restricted microstruc-
ture such as J aggregates, and small clusters (smaller
than the optical wavelength) [22-25]. In these cases
the (4/2ma)? factor should be replaced by the co-
operation number N+ which denotes the number of
molecules in a coherence volume {26,27]. In a small
cluster of radius R, N~ (R/a)>. For a semicon-
ductor sphere N ¢~ (R/ap)> where ajy is the exciton
Bohr radius. The cooperation number may also de-
pend on fluctuations and relaxation processes such
as exciton phonon coupling and may be smaller than
the total number of molecules in the cluster.
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