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Exciton migration experiments on isotopically mixed naphthalene crystals reveal a universal behavior with reduced
donor concentration, mrespective of temperature, acceptor species or acceptor concentration, giving a very wide scaling
region, with crnitical exponentsy =21 + 0.22 and 8 = 0.13 = 0 05, consistent with two-dimenstonal dynamic exciton per-

colation.

“Cntical” concentrations of excitation transferring
donor species found 1n msulators and sermiconductors
have been of much recent interest and debate [I—5].
The concept of an Anderson—Mott mobility edge in
ruby and 1norganic glasses [4—6] has been juxtaposed
[1} wath kinetic models based on diffusion and per-
colation [7,8]. Isotopically mixed organic crystals
offer a number of advantages for the study of substi-
tutronally disordered systems. complete miscibility
of donor and “host™ species, controlled and uncorre-
lated donor and acceptor concentrations, excellent
crystal quality at all concentrations, no radiative
trapping or phonon bottleneck, easy spectral (300
cm~1) and temporal resolution (7 = 2.5 s) and well
documented excitation exchange imnteractions [9].

While the scaling and critical exponents of trans-
port properties have been of much interest {10], ex-
citation transport has been treated in terms of a par-
ticularly simple picture, which is analogous to two-
and three-dimenstonal magnetic transitions [11], in-
volving the same cntical exponents (3, v, 8}, and sug-
gesting a straightforward test case for a “percolation
transition” [10]. We present here a preview of a sys-
tematic expermmental investigation of critical energy
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transport [12] in the well characterized naphthalene
system [13]. It reveals “urwversality " and an extreme-
Iy wide scaling region, resulting in non-classical criti-
cal expornients that are valid over a very wide range of
the order parameter, in excellent quanntative agree-
ment with percolation theory results.

Highly purified, potassium fused and zone refined
naphthalene C;gHg and C;oDg were used to prepare
the samples of series B and C, through successive
dilution of a “C,yHg/BMN standard” with C,4Dg,
giving a constant betamethylnaphthalene (BMN) mole
fraction S (with respect to Cy4Hg) throughout senes
B, and another constant S value for series C. The
series A data utilize a “naturally” occurring impurity
n the C;yHg sample (not potassium fused), which
creates both C;3Dg and C;,Hg X-traps. Thus our ex-
perimental system consists of C;qDg fiost molecules,
CoHg donor (guest, trap) molecules and BMN (in
series B and C) or C,yHg X-trap (in series A) acceptor
molecules (supertrap, sensor). The relative intensities
of the steady-state donor and acceptor phosphores-
cence are measured and expressed 1n terms of accep-
tor emussion photon-count (/g) and total acceptor
and donor emission photon-count (f;,,;). As at least
99.9% of the acceptor excitations are derived by
supertrapping from the donor, we equate the ratio
Ig/Tio1a) With P(C, S, T'), the probability of a donor
exciton being supertrapped by an acceptor, within
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Fig 1. Donor concentratlon dependence of the energv trans-
port measure /g o = Is/Us + 1), where Ig 1s the acceptor
(“superirap™ phosphorescence (0—0) and [y 1» that ot do-
nor C1oHg for series A (X-trap S = 1077 diamonds 1 7K,
hewagons 4 2 K). senies B(BMN, $=10"7 cucles 1.7K
rriangles 4 2 K) and series C(BMN, S = 1079, crosses 1 7+

K, squares 4 2 K) The hines are visual guides.

its lfetime 7. tn a sample with donor (guest) mole
fraction C, temperature 7 and acceptor/donor con-
centration ratio S.

The results over a wide range of donor concentra-
tions are given for the three series of samples (with
different acceptor species or acceptor concentration)
at two temperatures (fig 1). We see obvious effects
on the critical concentration C, and its steepness,
the former moving to lower C while the latter be-
comes more abrupt with increases in either tempera-
ture or acceptor concentration (for a given acceptor
species). Thus 1s certanly nor the expected behavior
for an Andersorn—Afott mobilitv edge, which should
be effecuvely independent of S (at such low absolute ac-
ceptor concentrations of 10— to 10~6) and should
rather “erode’ with increasing temperature [14,15].
Fig. 2 shows the same curves as fig 1, this time
plotted aganst the seduced concentration C/C,.. The
striking feature is obviously the universaiity of the
curve, compared to the six curves of fig 1.

The cluster model of exciton “percolation™ {11,
16] 1s based on the mathematical functions P, (clus-
ter percolapion probability) and [, (average finite
cluster size). These functions have the cnitical expo-
nents § and 7y associated with them [10,11].

P, x|CiC. —~ 118, [, «<|C/C.,—1]-7, 1)

where C1s the donor concentration, C, 1s the cntical
concentration, and C/C,, is the reduced concentration.
The results of the exciton percolation model (with a
sharp cut-off of interactions for sites more than »n
“lattice unis™ away) have a simple form in the fol-
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Fig 2. Universal energy transport curve The data pounts

and designations are the same as in fig 1, For each family

of data pownts (given S, T) C¢ wasdenved from fig 1 viacq
(3), using P = Igfl o1 The dashed Lines are the theoretical
results, based on egs. (2 ) and (4°) (wath a proportionality
constant of 5 X 10~3 and Po. and I, values from ref. [18])
The solid hine 1s a more exact percolation funcuon (ref [11])
which 1s apphicable through the complete concentration range

fowing concentration domamns [11,12]

P=P_,, C»C., S<I1, ()
p=sl5  c=C,, S§<1; (3)
Pxl,, C<C., S<I1, @)

where P(C, 11, S) 1s the probability of the donor ex-
citon being trapped by the acceptor, whose effective
relative concentration (with respect to donor) 1s S,
and 8§ = y/8 + 1. The above model holds whether the
intracluster exciton transfer 1s “coherent™ or “in-
coherent”, instantaneous or time dependent. How-
ever, in the latter case the connectivity (defined by
n) is time dependent, resulting in “dynamic percola-
tion™ [16,17]. While C_, I, P, and thus egs. (2)—
(4) all depend on n (and 1n the dynamic model [12,
17], on time, temperature and ) this dependence
can be removed by a transformation to reduced con-
centrations [11,18],
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P(C/C)=P (C/C,), C/C.>1, @)

P(CICY=TI,(C/C.), C/C.<1. @)

As 1t has been demonstrated [18] that P_(C/C,) and
I, (C/C_) have little or no dependence on 1, we ex-
pect the above relations to be wnversal (1.€., to show
no dependence on acceptor concentration S, temper-
ature, or hfetime [12]) While eq. (3) has an explicit
S dependence, 1t 1s a very weak one (6 =~ 17) [10,11].

In the dynamuc percolation model [17], the value
of C_ 1s strongly dependent on time, temperature,
and S (acceptor concentration), even for very low S
values. This 1s one major distinction relative to an
Anderson—Mott mobility edge model [14]. Another
feature of the percolation model is that egs. (2") and
(4") in combination with eq. (1), predict

P(C/C)=ICIC.— 118, C/C.>1, )

P(C/CH=IC/C.—11—Y, CJC,<1. 6)

Assurmung a smooth behavior of P. the largest dewia-
tions from universality should be at the critical con-
centration C_. In fig. 1 1s plotted the expernimental
percolation probability, I/ . versus donor concen-
tration for the six experimenial systems, each with
constant S. While fig 1 indeed shows the wide vana-
tion of C, with temperature and effective acceptor
concentration, plotting the data on a reduced con-
centration scale i fig 2 demonstrates 1ts universality.
The merging of all six curves 1s achieved through eq.
(3) with no adjusrable paramerer. Also plotted n fig.
2 are the imiting functions given by eqs. (2") and
(4"). These asymptotic functions (dashed hines 1n fig.
2) and the expenmental points are in excellent agree-
ment, considering the combined experimental and
simulation uncertainties. An even better test 1s the
conventional log—log plot of the same quantities, as
shown 1n fig. 3. Here the dashed lines, corresponding
to the above asymptotic funcuons, gve directly the
exponents § and -y (for C/C_ > 1 and C/C, < 1, re-
spectively).

It 1s generally accepted that tnplet exciton trans-
fer in naphthalene is predominantly in the ab plane
{(with out-of-plane interactions at least a factor of
105 hugher [19]). We thus expect critical exponents
based on a two-dimensional topology. From fig. 3
we experimentally obtain values of §=0.13 * 0.05
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Fig. 3. “Scaled” energy transport curve. The data pomnts and
designations are the same as m figs, 1 and 2. Error bars were
added to a few points to mdicate expenimental uncertainties,
The dashed lines are least-squares fits to the expernmental
data, giving v = 2.1 = 0.2 and g = 0,13 = 0.05, Alternatively,
they can be viewed as theoreuncal straight hines whose slopes
are defined by the above values of g and -y. The full line s 2
theoretical curve evplained in ref, {12], using the same pro-
portionality constant asin fig 2

and y = 2.1 * 0.2, in good agreement with mathe-
matical values for the two-dunensional long-range
percolation problein [11] of f=0.14and y=2.1.
We conclude that the cnitical-exponents test gives
ample proof for the consistency of our experimental
results with a cluster model of exciton percolation.
The wide scaling region is particularly interesting and
indicates that a “percolation transition’ can occas-
stonally be revealed by its characteristic behavior far
away from the critical pomnt. We know of no other
model that would account for the stoking patterns
revealed by the long-lived triplet excitations in these
isotopically mixed naphthalene crystals.
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