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Exciton Percolation: Isotopic-Mixed 'B2„Naphthalene*
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(Received 16 September 1974)

We propose a percolation model for an exciton insulator-to-conductor transition. Ex-
perimentally, we investigate (at 2'K) the first singlet exciton in a binary organic alloy of
naphthalene-perdeuteronaphthalene. A third component, 10 3-mole-fraction betamethyl-
naphthalene, serves as exciton-flow monitor, and the integrated relative Quorescence is
derived. The B2„Frenkel-exciton data are bound by the theoretical site-percolation
curves for square and simple-cubic lattices.

The ct.assical concept of percolation' has been
utilized for the conduction of electrons in disor-
dered solids, ' dense gases, ' and solutions. ' A
model involving exciton percolation, accounting
for the critical concentration at which the density-
of-states function as well as the optical absorp-
tion changes from discrete to quasicontinuous,
was discussed and applied to naphthalene, ' where
a random-lattice calculation was performed based
on the semiempirical exciton dispersion of the
pure crystal. ' Here we propose a dynamic meth-
od of measuring exciton percolation, including
the critical concentration for the onset of exciton
conduction (energy transport), in an isotopic-
mixed crystal (organic alloy), and present an ex-
perimental study on the lowest singlet exciton of
naphthalene. This study demonstrates percola-
tion for the exciton flow and relates the energy
transport to the exciton delocalization in the
mixed crystal, thus, in turn, to the pairwise ex-
citon interactions and dispersion relation in the
pure crystal. The naphthalene system was cho-
sen for both theoretical reasons, i.e., its short-
range exciton interactions, and experimental
ones, i.e., the notorious betamethylnaphthalene
(BMN) supertrap which we use here as our exci-
ton-flow monitor.

Highly purified', isotopically mixed single
crystals' of naphthalene (C»H, -C»D, ), doped
with about 1-mole-% BMN (only about a tenth of
this dissolving homogeneously, as determined by
mass spectra, gas chromatography, and absorp-
tion spectra at 2 and 77'K), were excited with
2400-2900-A radiation at about 1.8 K, by an ap-
propriately filtered xenon lamp. ' The emission
was monitored at 0.5 cm ' resolution by a double-
grating spectrometer with digital photon counting
and simultaneous calibration. '

For each concentration noted in Fig. I we plot-
ted the ratio of the C»H, (trap) 0-510 (vibronic)

integrated fluorescence to the 0-0 BMN (super-
trap) fluorescence, including phonon sidebands.
The detailed spectra and the computer data pro-
cessing and integration procedures' will be pre-
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FIG. 1. Exeiton transfer in C&pHB-C&pD8 mixed crys-
tals. The C~pH8 concentration is C&, I& is the super-
trap intensity, while I«t»=I&+I&, Iz being the CgpH8
(510) intensity. The large error bars on the experimen-
tal points are mainly due to the difficulty of consistent
doping with BMN (its actual concentration varying from
point to point up to an order of magnitude). The square-
Eattice theoretical curves (solid) for the site percola-
tion probability, P'(C~), are taken from Ref. 8 for in-
finite clusters while for the quasi-infinite clusters
(size of 10 ) we computed it ourselves in collaboration
with Dr. J. Hoshen. Note, however, that we used the
definition of P(C) consistent with Ref. 9. The o/o, con-
ductivity curves (dashed) were derived from Ref. 9
(for bond percolation, o. =10 and 0 =0.1).
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sented elsewhere. The higher-energy C»D8
states are completely quenched by the trap and/
or supertrap. We note that no absolute-intensity
measurements are involved. While the BMN
mole fraction (C~) is always about 10 ', that of
the C„H, (C„)varies from about 0.01 to 0.999.
The rest of the bulk crystal (C~) is made up by
the filler C»D, (excepting the C~=0.999 case).

From the relative intensity plot (Fig. 1) of I~/
I„„&versus C„one ean see that effectively iso-
lated traps (where C„/C~-=O. Ol) are about as
"efficient" as effectively isolated supertraps
(C~ =—10 'C, „), as long as both are feeding mainly
on the C,pD8 host excitons. As the C»H, concen-
tration increases, the supertrap increasingly
feeds on the trap (C»H, ) excitons (we assume
that the C»H, has trapped out the C»D, excitons
in a negligibly short time). As long as the C»H,
rnolecules are effectively isolated or form small
clusters (or conglomerates'), this latter feeding
is relatively inefficient. The creation of quasi-
infinite (see below) clusters (or conglomerates),
i.e„effective percolation, drastically changes
the primary role of C»H» from a trap for C»D8
to a feeder for BMN. We thus determine the con-
dition for an effective free flow of 'B,„e xict ons
(within their lifetime of about" 10 ' sec) in the
C&0II8 quasilattice: C„=0.5 + 0.1. The minimum
size of the quasi-infinite cluster (or conglomer-
ate), defined by the smallest aggregate with a
high probability of containing a supertrap, is de-
termined by the concentration of the supertrap
and is, therefore, about 10' to 10' sites in our
present experiment Howe.ver, the effective
percolation concentration, i.e. , the concentration
of C,OH, which assures a high probability for such
a quasi-infinite cluster, is close' to that of the
true percolation (infinite-cluster formation) con-
centration (see Fig. 1).

Naphthalene has" a monoclinic crystal struc-
ture (C,„'). However, with the assumption of
nearest-neighbor interactions (only) one gets a
two-dimensional lattice, topologieally equivalent
to that of the square lattice. The latter (again
implying nearest-neighbor interactions) has a
critical site-percolation concentration of about
0.590 (for infinite clusters). Note that adding an
out-of-plane interaction results in a topology
equivalent to simple cubic.

While the formulation of a quantum-mechanical
exciton percolation model, including tunneling
effects, is in progress, at this stage we make
some comparisons with classical transport mod-
els. ' " The conductivity 0 h3.s been given in the

zeroth approximation' as

where P(C) is the percolation probability, i.e.,
the fraction of total volume occupied by the con-
ducting (infinite) clusters of component A, and
00 is the bulk conductivity of this conducting
volume, or, more rigorously, ' by

cr= O(C)P(C), (2)

where the effective mobility (or fudging factor)
p(C) may or may not vanish at C„ the critical
concentration below which P(C) vanishes. We no-
tice that while in Kirkpatrick's model calcula-
tions' p, (C) may vanish at even higher values of C
than P(C), this happens for a three dimens-ional
cubic network with binary disorder but not for a
takeo-dimensional square net of conductances,
where both the bond percolation probability P'(C)
and o/o, vanish at C=0.5. We notice a similar
behavior in the work of Last and Thouless" on
the electrical conductivity of a square sheet of
graphite, the difference being that their quoted'
theoretical P'(C) value is for the site percol-ation
probability, i.e., C, =0.59 +0.01. Their experi-
mental onset of o/o, is close to that, i.e., C =0.60
[notice that our' P(C) is their' CP(C)].

For Frenkel-exciton diffusion we have no a
priori reason to believe that p, (C) vanishes at C,
or that it is as steep a function of C as the elec-
tronic conductivity. Equation (1) may therefore
be as good a first approximation as Eq. (2). Fig-
ure 1 includes curves representing both Eqs. (1)
and (2), where the latter is based on Kirkpatrick's
bond-percolation model' with a best-fit ratio n
= vz/v„= 0.1 (compare with Kirkpatrick's calcula-
tion' where the n =0 and ~ =10 ' effective-medi-
um curves coincide). As we point out below, the
exciton propagation (diffusion) inside each cluster
is fast enough (and the supertrapping mechanism
efficient enough) that in this experiment the pres-
ence of a single supertrap adjacent to (or inside)
the cluster is sufficient to catch any cluster exci-
ton and have it contribute to the current, I,/
I„„&,graphed in our Fig. 1. In this limit the
above current (actually o/o, ) is proportional to
the number of A sites included in infinite (or
quasi-infinite, see below) clusters, and there-
fore by P'(C„), i.e., Eq. (1). We notice (Fig. 1)
that the curve of P'(C) for the square lattice
(compare Fig. 2) accounts well for our data for
C a C, . Evidently this curve represents a theo-
retical upper limit in concentration. A locker
bound is harder to define, but the simP/e cubic-
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FIG. 2. A binary random square lattice, based on

a Monte Carlo calculation, with 40% black and 60%
white butterflies. " Note that this particular domain
has an actual ratio of 86.8:63.2. We thank O. M. Kopel-
man and L. J. Kopelman for producing this representa-
tion.

P'(C„) is appropriate. We also notice that our
experimental curve includes a base line (analo-
gous to the dark current in photoelectric mea-
surements) which is due to supertrap emission
originating either from its direct optical excita-.
tion or by direct trapping from A miniclusters in
the B lattice, i.e., by by-passing the extended A
clusters entirely and therefore not involving any
A. exciton transfer. This situation mimicks the
the tail of Kirkpatriek's' curve for e = 0.1.

Well below percolation, the guest clusters are
effectively isolated, "and act primarily as traps.
On the other hand, at the onset of percolation the
quasi infinite gue-st clusters act as exciton chan-
nels, leading to the supertrap. Here the nature
of the exciton propagation, i.e., mobility, be-
comes important, in principle. Thus the lifetime
of the excitation and the trapping efficiency of the
supertrap could also play an important role.
However, we notice here that even for the least
efficient exciton propagation, i.e., one-dimen-
sional random walk, given' a lifetime of 10 '
sec, a trapping efficiency" of 1 (BMN relative
to C»H, ), a pairwise nearest-neighbor interac-
tion' of 18 cm ', and a supertrap concentration
of 10 ', any linear cluster section of size 10'
will give the exciton a probability of about 0.5 for
visiting a supertrap, i.e., emission from the
supertrap. Any cross linking of one-dimensional
chains increases this probability. The emission
result at C~ - C, is, therefore, quite satisfactory
as we do not expect the diffusion rate, in this ex-
periment, to significantly hinder supertrapping.
A more complete discussion is reserved for a
later publication, where we shall also describe
additional experiments with small enough super-
trap concentrations so as to allow us to study the
contributions and nature of the exciton mode of
propagation, i.e., mobility. However, for the ex-
periments presented here, our picture makes
plausible the following: In the region of C, & G & 1

the exciton conduction, as measured by the super-
trap emission (corrected for the base line),
should not be diffusion limited and thus should
follow closely the simple Eq. (1) (for the correct
topology). Our data (Fig. 1) indeed bear this out:
We are not aware of any other physical data com-
ing so close to this simple mathematical limit of
site percolation. This, in our view, more than
justifies the concept of exciton percolation in
these substitutionally disordered, binary, iso-
topic-mixed organic crystals. The problem is
reduced to one of topology, which depends in
turn on both crystal structure and pairwise inter-
actions.

Further studies are underway so as to deter-
mine the longer-range exeiton interactions and
transport both for this singlet exciton system,
where their importance is secondary, "and for
the lowest triplet exciton where they are of major
concern, because of the much longer lifetime. "
Finally we would point out that the exciton trans-
fer mechanism in photosynthetic systems appears
to be analogous to the one described above. The
active centers (i.e., P700) are analogous to the
BMN supertrap, the primary pigment (i.e., chlo-
rophyl a) to the exciton-conducting C,OH8, and
the secondary pigments (i.e., chlorophyl b) to
the light-absorbing filler, C»D, . We note that
in both the naphthalene system discussed above
and the well-studied photosystems, "effective
exciton transfer occurs at C„/CE &1.
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Photocurrent measurements in GaAs-GaA1As superlattices grown by molecular-beam
epitaxy enable us to observe simultaneously quantum states and associated anomalous
conductance. The spectrum in the photocurrent shows a series of peaks of photon ener-
gies corresponding to transitions between quantum states in the valence and conduction
bands. As a function of applied voltage, the photocurrent exhibits pronounced negative
differential conductance when the potential-energy difference between two adjacent wells
of the superlattice exceeds the bandwidth of the quantum states.

In this Letter, we report the results of photo-
current measurements in a one-dimensional peri-
odic structure referred to as a semiconductor
"superlattice. " By examining both the spectral
response and the applied-voltage dependence of
the photocurrent, we have not only identified
quantum states, but also observed their effects
in causing a negative differential conductance.
Thus, our investigation gives a better exposition
of the interrelationship between such quantum
states and anomalous transport properties in a
superlattice.

It was previously demonstrated that the elec-
tron transport-properties in well-defined double
barriers' and periodic structures' were largely
governed by quantum states created in these
structures. Furthermore, optical-ref lectivity
measurements' for a GaAS-AlAs superlattice in-
dicated a shift due to the lowest quantum state of

about 0.1 eV from the absorption edge of GaAS,
and absorption spectra4 for isolated potential
wells showed a series of salient peaks corre-
sponding to bound states and associated excitons.
The development of the technique of molecular-
beam epitaxy in growing extremely smooth and
thin layers of GaAs and Ga, Ql+s has made it
possible to observe such quantum states in lay-
ered structures.

Superlattice structures of three different con-
figurations have been used in the present ex-
periments: 100 periods of 35-A-GaAs-35-A-
Ga„Al„As; 80 periods of 50-A-GaAs-50-A-
Gap 78Alp 22AS and 50 perlodS Of 110 A GRAS
110-A-Gap»Al«, AS, as labeled by A, B, and C,
respectively, in Fig. 1. The total thickness in
all cases is of the order of I p,m which is com-
parable to the absorption length for the photons
involved. The structures were prepared on n-
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