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Type I Type II Type III

TABLE IV. AB, donor-acceptor combinations that give rise to the
three pair-spectrum types.

acceptor interaction becomes larger than the pair
complex interaction at close distance). The relation-
ships between shell number m and pair separation r are

Sub. A-Sub. A
Int. A —Int. A
Sub. 8-Sub. 8
Int. 8—Int. 8

Sub. A-Sub. 8
Int. A-Int. 8
Sub. A —Int. 8
Sub. 8—Int. A

Sub. A-Int. A
Sub. 8-Int. 8

Type I:
Type II:
Type III:

r = (2')"'ap,
r = (Sm —5)Upap/4,

r = (2m+1)'"ap.

erally do not correspond to stable pairs, so no E(r)
values are listed for these (exciton-donor or exciton-

In a zinc-blende lattice„ for a compound AB, the
donor-acceptor combinations that give rise to the three
types of spectra are listed in Table IV.
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Diffusion of triplet excitons in anthracene crystals has been detected by time-dependent studies of the
delayed blue Quorescence under varying spatial distribution of the exciting red light. The delayed Quo-
rescence which results from triplet-triplet annihilation was used as a passive probe for detecting the triplets.
The observed changes in the time dependence of the delayed fluorescence can be interpreted uniquely as due
to triplet-exciton migration, and can be described by a diffusion equation. A diBusion constant of 2)&10 4

cm~ sec ' was obtained for triplet diffusion in the ab plane of anthracene crystals at room temperature.

INTRODUCTION

'HE exciton, an excited state of a crystal which
transports electronic excitation energy without

transport of charge, has been studied extensively both
theoretically and experimentally. ' ' The concept of the
exciton has led to the understanding, at least in prin-
ciple, of the optical properties of numerous nonmetallic
crystals. The experimental status of the energy-trans-
port properties of the exciton, however, is not clear-
cut."Until recently the study of exciton motion was
confined to systems in which the exciton dift'usion length
was less than the wavelength of light and, consequently,
values of di6'usion length have been inferred indirectly. ' '

Recently, two of the present authors' reported a
diGusion length of about j.op for metastable triplet
excitons in anthracene. In these steady-state experi-
ments the exciton was used as its own detector by
observing the delayed blue fluorescence resulting from
the triplet-triplet annihilation process. It has been
established that two triplets which get sufficiently close
annihilate each other, creating a blue-fluorescing singlet

~ Contribution No. 1186.
'D. L. Dexter and R. S. Knox, Excitons (Interscience Pub-

lishers, Inc. , New York, 1965).
R. S. Knox, in Sol& State Physics, edited by F. Seitz and D.

Turnbull (Academic Press Inc. , New York, 1963), Suppl. 5.' P. Avakian and R. E. Merri6eld, Phys. Rev. Letters 18, 541
(1964).

exciton, and that the resulting delayed fluorescence per
unit volume of crystal is proportional to the square of
the triplet-exciton concentration. ' 7 As the excitons
spread out due to diffusion, the total delayed fluores-
cence intensity decreases. The actual experiment was
carried out by irradiating the anthracene crystal with
red light from a continuous helium-neon laser with a
Ronchi ruling (a grating with alternating opaque and
transparent strips) between the laser and the crystal.
%ith sufficiently 6ne gratings the intensity of the blue
emission did decrease, proving the presence of excitons
within shadow regions of the crystal. It was assumed
that the spreading of excitons into the shadow regions
was due to diffusion. The alternative interpretation,
that the presence of excitons within the shadow regions
was due to direct generation of excitons by diGracted
and scattered photons rather than diffusion, could not
be ruled out completely.

In the present work on anthracene crystals, results of
time-dependent experiments are presented in which the
relatively slow spreading of triplet excitons can be dis-

4 R. G. Kepler, J.C. Caris, P. Avakian, and E. Abramson, Phys.
Rev. Letters 10, 400 (1963).' P. Avakian, E. Abramson, R. G. Kepler, and J. C. Caris, J.
Chem. Phys. 39, 1127 (1963).' S. Singh, W. J. Jones, W. Siebrand, 3.P. Stoicheff, and W. Q.
Schneider, J. Chem. Phys. 42, 330 (1965).' J. Jortner, S. A. Rice, and J. L. Katz, J. Chem. Phys. 42, 309
(1965).
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tinguished from direct eRects of diRraction and scat-
tering of photons. The time dependence of buildup and
decay of blue emission in response to step pulses of red
light from a chopped laser beam was measured with
diRerent Ronchi rulings between the laser and the
crystal. In these experiments spurious eRects of diRrac-
tion or scattering can produce only a decrease in the
changes in the delayed fluorescence buildup and decay
curves caused by diRusion. It is believed that these
measurements can be uniquely interpreted on the basis
of exciton diRusion.

The present results can be brought into agreement
with the predictions of the time-dependent diRusion
equation, on the assumption that a fraction of the
exciting photon intensity incident on the crystal through
the ruling openings is diRracted and scattered into the
geometrical shadow regions. A value of the order of
2)&10 ' cm' sec ' is obtained for the triplet-exciton
diRusion constant in the ab plane of anthracene. This
value is consistent with the estimated diRusion length
of 10 ti reported previously (the triplet lifetime for those
crystals was about 2&&10 ' sec) from the steady-state
experiments. '

Kepler and Svritendick' recently reported eRects of
triplet-exciton diRusion to the surface in thin anthracene
crystals as well as in thick crystals where excitons were
generated near the crystal surface. Assuming that a
complete triplet-exciton quenching takes place at the
crystal surface, they obtained diRusion constants that
are at least one order of magnitude higher than that
reported here. We are unable to oGer a satisfactory
explanation for this apparent discrepancy.

THEORETrCkr.

where n is the singlet-triplet absorption coefFicient for
the incident photon flux density i(r, t), p the mono-
molecular decay rate constant (or the reciprocal of
lifetime r), D the triplet-exciton diffusion constant, and
y' the over-all bimolecular-annihilation-rate constant.

The total emitted photon flux (number of photons per
second) will have the temporal dependence given by

C (t) =-,'y n'(r t)d~
V

(2)

where the integral is taken over the volume of the
crystal. Here &= fy', where f is the fraction of triplet-
triplet annihilations which leads to the observed delayed
singlet fluorescence. The factor f is probably smaller

R. G. Kepler and A. C. Switendick, Phys. Rev. I.etters 1S, 56
{1965).

The rate of generation of triplet-exciton concentration
n(r, t) at a point r in the crystal is assumed to be
governed by the diRerential equation

c1n (r, t)/gt =o i(r, t) pn (r,t) y'n'(—r,t)+DP—n(r, t), (1)

than one, since, in principle, processes other than those
leading to fIuorescing singlet excitons could also result
from the triplet pair annihilation. '"

The present experiments were done at low exciton
concentrations, that is in the region where y'n'«pn.
Furthermore, with the same chopper arrangement for
the different geometries g(r) of the incident light, the
source term in (1) was restricted to the form

i(r, t) = iog(r)f(t),

where io is a constant, f(t) = 1 during the chopper's on
half cycle of interval To&)r (r being the triplet lifetime)
and f(t) =0 during the og half cycle.

Assuming that no net exciton current leaves the
volume V of the crystal, it can be easily shown that the
total number of triplet excitons in the crystal

1V & (t) = n, (r', t)dt. =iV,w, (t),

has a functional dependence w, (t) which is independent
of the spatial geometry g(r) of the incident photon flux.
The index j refers either to the buildup (j=b) or decay
(j=d) half cycle, and 1V, is the steady-state population.
For the present initial conditions 1V.=1V'(~) =1V~(0).

Similarly, the quantity

~2
n(r, t) do~

i

n,2(r, t)ds

an effective volume occupied by the exci tons, can be
written in the form

where V„ is the final (or initial) steady-state effective
volume for buildup (or decay). V„=V, i'(~) = V,d(0).
Furthermore, in the absence of the diffusion term in
Eq. (1), s, (t)=—1; that is, the effective volume occupied
by the excitons is independent of time.

From Eq. (2), the delayed blue photon flux, nor-
malized to the steady-state value C, =y1V.2/2V. .. can
be written as

In the absence of diffusion, Eq. (4) simply reduces to
C~&(t) = ~w(t); that is, the normalized delayed fluores-
cence has a functional form independent of the geometry
of the exciting red light (or of the geometry of the
exciton distribution at the start of the decay). Differ-
ences in the temporal dependence of C ~&(t) with changes
of spatial geometry of the exciting light can only be
attributed to triplet diRusion. Smearing of the geo-
metrical pattern due to spurious eRects such as diRrac-
tion or scattering can only lead to a decrease of the
observable diffusion eRects.
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Similarly, the decay of the delayed Quorescence,
normalized to the steady-state condition at t=0, is
given by

A
xo

FIG. 1. Exciting-light intensity distribution. Solid line: the ideal
geometrical shadow of the ruling. Dashed line: assumed intensity
distribution with stray light intensity hi in the shadow regions.

For the interpretation of the present experiments
with Ronchi rulings, a simpli6ed one-dimensional geo-
metrical pattern was adopted for the exciting-light in-

tensity distribution within crystal planes normal to the
beam (dotted line Fig. 1). In practice, however, the
rulings set up complicated Fresnel di6raction patterns
in the crystal, which were further complicated by light
scattering from the illuminated regions by crystal sur-
face and bulk imperfections. It was assumed that a
certain amount of constant stray light intensity hi was
present in the geometrical shadow regions of the rulings
with conservation of the total incident Bux.

With this assumption for the light-intensity distribu-
tion within the crystal for a ruling of period xo and
window to period ratio r (Fig. 1), and if at t=0 the
ruling is suddenly illuminated with a beam of uniform
constant intensity io, then from (1) (with y'n2«pft) and
(2) the buildup of the delayed Ruorescence, normalized
to the steady-state value at t= ~, is given by

C'(t) 1 00

CN'(t) = = f [1—exp( —pt)]2+S, p A 1

C, X(ft) l~l

X[1—exp{—(1+P/22) pt}]2}, (5)

4Nd(t) = {exp(—2pt)
X(ft)

+S,P A 1 exp[—2(1+Pa2)Pt]}, (8)
l 1

where all the symbols have the same significance as
before.

The normalized buildup expression (5) can be con-
verted to the form

1 00

F (t) —= {exp(—pt)+S, p A f exp[ —(1+Pa2)i/tt]}
X(ft) l~1

which shows the contribution of di6usion as a sum. of
exponential terms.

Experiments were done with rulings with r=
~

(window equal to opaque strip) and with r = 4 (window
-,'of opaque strip). For these rulings, expressions (7), (5),
and (8) were computed with a convergence of 10 ' or
better. For the u values of interest this required taking
at most 10 terms in the expansions. Figure 2 compares
the buildup and decay curves for a r= ~ typical ruling
(a= 1.0) with the normal exponential response of the
crystal under uniform illumination. For /2=0 (and.
a= oo), expressions (5) and (8) reduce simply to

[C'N '(t)]„„f,„=(1—e-s')',
[O'N (t) luniform = s

where the parameter

f2= 22r (Dr)1/2/zo —(2)1/2frL, /zo
Figure 3 shows the calculated time dependence of the

(6) quantities

scales the diffusion length I. to ruling period, and 64» (t) =C» (t) [C—N (t)]„—„;f„ (10)

2 sin2(l2rr)
Al=- l=i, 2, 3

r22/' P (1+P/22)2

The "stray light" factor

1 62~2
S—=

r io)

has the maximum value 1 for the ideal geometrical
shadow configuration (b,2=0, solid line in Fig. 1).The
function

that is, the differences caused by diGusion between the
normalized delayed emissions from a crystal illuminated
with and without a ruling. For the r= $ case„ the highest

10---

e+ 05

x(a)= 1+s, p Af
1

(7) 0 10 2.0 3.0 40 0 1.0 2.0 30
TIME {in units of lifetime)

is proportional to the steady-state delayed fluorescence FzG. 2. ComPar'son of the theoretical normaH ed delayed
fluorescence from a crystal illuminated through a ruling with

intensity with the rulings. u = 1.0 and under uniform illumination (d' =0).
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r= /~
60 x 105- 0 Q89

Fio. 3. Theoretical
differences due to diBu-
sion in the normalized
buildup and decay of de-
layed fluorescence. The
maximum eBect occurs
at shorter times for
rulings of bigger param-
eter a. b,i=0 and r =$.
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calculated difference occurs for a ruling with @=0.89.
This curve has a maximum at t=1.06r (AC~A=0.060)
and at t=0.36r (—DC»~= 0.043) for buildup and decay,
respectively. The small effect of triplet diffusion is more
easily detectable in the buildup of the delayed Quores-
cence. Departure of the factor S„from 1, by inclusion of
an amount hi of stray light intensity in the geometrical
shadow regions, reduces further the observable diffusion
effects.

EXPERIMENTAL

The measurements were made at room temperature.
The crystals were either melt grown in our laboratory
from highly puri6ed natural anthracene' or were ob-
tained commercially. ' Crystals about 2 mm thick were
used to avoid possible effects due to exciton diffusion to
the surface, ' and to have adequate intensities of emitted
light. Crystal perfection was essential and, unless the
crystal surfaces had high-quality ab cleavage planes, the
samples were polished to minimize the scattering of the
incident light at the crystal surfaces.

The experimental setup is shown in Fig. 4. The 6328-A
light from a helium-neon laser, set up for fundamental
mode operation at 10 m% output, was focussed onto a
chopper blade and rendered parallel again with a second
lens. The half-revolution time of the chopper was
adjusted to be To&5v, according to the lifetime of the
sample under study. This assured sufliciently accurate
normalization of the delayed fluorescence as well as
complete decay before starting a new cycle. The rise
time of the pulses was better than 5)(10—4 sec. The
intensity of the beam was attenuated with a pair of
Gian prisms, the second of which was kept 6xed to
preserve the direction of polarization. Spurious blue
light was eliminated with a Corning (C.S. 2—62) cut-off
6lter. The cross section of the beam was expanded to
about 1 cm diam via the lenses 1.3 and L4, in order to
illuminate a sufficiently large area of the sample to
average out local variations.

The crystal was placed on a platform at a distance of
1 mm above the Ronchi ruling lines with the beam

9 G. J. Sloan, Mol. Crystals 1, 153 (1966).
'o From the Harsher Chemical Company, Cleveland, Ohio.
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FrG. 4. Experimental setup

"I.Nakada, J. Phys. Soc. (Japan) 17, 113 (1962).

falling onto the ab plane. In this way, rulings could be
interchanged without disturbing the crystal.

To avert difhculties due to the strong double refrac-
tion of anthracene, "the crystals were oriented to cause
extinction of light upon passage through a polaroid
above the crystal with its transmission axis perpen-
dicular to the electric vector of the laser beam. Most of
the experiments were done with the E vector parallel to
the a axis.

Very low levels of exciting light were used to satisfy
the condition y'n'«Pn in Kq. (1).The uniform incident
intensity was reduced till, under steady-state conditions,
the emitted blue photon Aux was proportional to the
square of the incident flux. Furthermore, it was ascer-
tained that an excitation level had been reached such
that a further reduction of the incident intensity did not
affect the experimentally observed time dependence of
the normalized buildup and decay curves. Departure
from the region y'I'«Pn can drastically change the
exponential behavior of the blue emission. Delayed
Quorescence is then no longer a passive probe for de-
tecting triplets, and the bimolecular annihilation process
controls partially the triplet population.

The blue emission from the crystal was observed with
a photomultiplier (RCA 6199 with S.11 photocathode)
through a blue-transmitting red-absorbing 6lter stack
(Corning filters C.S. 5—57, 5—56, plus 4—72). The photo-
multiplier output was fed into a computer of average
transients (Mnemetron Division of Technical Measure-
ments Corporation CAT Model 400) via an operational
amplifier (Tektronix Type 0). Successive chopping
cycles were accumulated in CAT's memory. The ac-
cumulated content of the memory channels was recorded
with a printer. The CAT was essential for enhancing the
signal-to-noise ratio, so that the small changes in the
normalized buildup and decay curves of delayed Quo-

rescence could be detected.
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Figure 5 shows some of the experimental differences

between the delayed emissions with several r = ~~ Ronchi
rulings and with uniform illumination through a blank

glass obtained for a crystal grown in our laboratory
(crystal I). For this sample, the triplet lifetime, as
measured under uniform illumination, was r= 24.0 msec.
Kith the available r = ~ rulings, the maximum diffusion

effect was observed with the ruling period x0=169.3 p,

(150 lines/in. ). The crystal was excited with the beam
incident onto the ab plane, with the K vector and ruling
lines (diffusion in the b direction) parallel to the u axis.
The time resolution used on the CAT was —', msec/
channel. Similar results for the diffusion in the b direc-
tion were obtained for a commercial crystal'0 of lifetime
x=8.5 msec (crystal II), but the maximum observed
effect occurred for the (r= ~x) ruling period xo ——101.6 p
(250 lines/in. ), indicating a shorter diffusion length. A

time resolution of ~~ msec/channel was used to obtain the
data in this sample of shorter lifetime.
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Fzo. 6. Fit of some of the experimental difFerences in the
normalized delayed fluorescence for crystal I (points) with the
curves predicted by Eqs. (5), (8), and (10) with the indicated
values of parameter a, and assuming ~~ji0=8'p~.
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furthermore, that the blank (uniform illumination) data
agree reasonably with the assumed pure exponential
behavior in the absence of the diffusion effect. The
ratios of the steady-state fluorescence intensities for
different rulings also corresponded to the predictions of
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FIG. 5. Measured difFerences between the normalized delayed
Quorescences for crystal I illuminated through some r =$ rulings
and through a blank glass (uniform illumination). r =24.0 msec.
Rulings labeled in lines/in. Lines through the experimental points
are schematic,

0.50

All observed values B,C~ were smaller than the diQer-
ences predicted by Eqs. (5), (8), and (10) for the ideal
case of d,i=0. For each sample a percentage of stray
light hi/io in the opaque regions was assumed, and
values of the parameter a were determined for the best
fit of the experimental differences in the buildup and
decay curves. A reasonable fit for r= ~ and r= ~~ rulings
was obtained taking Di/i~=8% and Di/i0=5. 5% for
crystals I and II, respectively. From Eq. (6) the
diffusion length was obtained from the ruling period by

L=Xpa/(2)'"x-.

Figure 6 shows some of the fitted curves for crystal I.
The agreement between the function F(i) fEq. (9)]and
experimental buildup points recalculated with the same
expression is shown in Fig. 7 for this crystal. It is seen,

0.10
0.09
0.08
0.07
0.06
0.05

10 20 ~ 50 40 50 60
TIME (milliseconds)

Fj:G. '7. Semilogarithmic plot of the function F{t), Eq. (9), for
crystal I.Open circles on line A are experimental data for the r =-'„
xo ——169.3 p, (150 lines/in. ) ruling recalculated with Eq. (9). The
line is the calculated function F{t) for r =q, a=0.78, and At%0
=8'P&. The contribution of the difFerent exponentials cannot be
separated on the time scale of the present experiments. Points on
sketched line B are data of normalized buildup under uniform
illumination assumed to be of the form (1—e &')', and recalculated
to show the exponential behavior with r =24.0 msec.
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TABLE I. Values of the parameter a obtained by htting the ex-
perirnental differences in the delayed fluorescence with the pre-
dictions of Eqs. (5), (8}, and (10) with the percentages of stray
light bi/io as shown for each crystal. Diffusion length obtained byI= {1/V2~)xpu for each ruling.

Ruling
(lines/in. )

25
50
50

100
100
150
200
250
300

50
100
100
150
200
250
300

Crystal I
ai/i, =8 /
1016.0
508.0
508.0
254.0
254.0
169.3
127.0
101.6
84.7

Crystal II
~~%0=5 5/o

508.0
254.0
254.0
169.3
127.0
101.6
84.7

0.15
0.23
0.25
0,45
0.50
0.78
1.20
1.45
1.80

0.20
0.35
0.40
0.45
0.50
0.80
1.25

34.3
26.3
28.6
25.7
28.6

34.3
33.2
34.3

22.9
20.9
22.9
17.1
14.3
18.3
23.8

Eq. (7) with the assumed amounts of stray light.
Table I summarizes the results.

An average of these data gives diffusion lengths of
I.=30 p and 1.=20 p, for the two samples, respectively.
%ith the experimental lifetimes, as determined under
uniform illumination, a diffusion constant a=2)&10 '
cm' sec ' is obtained for both crystals.

%ithin the present assumptions and experimental
errors, triplet diffusion is nearly isotropic in the ab plane
of anthracene. It appears to be slightly lower along the

a axis. An experiment with a screen with j.60-p, holes
showed differences in delayed Auorescence bigger than
the ones observed with rulings of comparable opening
dimensions, as would be expected form a two-dimen-

sional diffusion effect. Experiments on triplet diffusion

in the ac plane are planned as suita, ble samples become
available.

CONCLUSIONS

In spite of the simplified model adopted for the spatial
distribution of the exciting red light, agreement be-
tween experimental results and theoretical predictions
of the diA'usion equation has been obtained. The key
result of this work is the demonstration of triplet-
exciton diffusion by measurements, which to our knowl-

edge, do not have an alternative interpretation. It
appears that a di6usion equation correctly describes the
triplet energy transfer in organic solids.

The mechanism for the motion of triplet excitons is
still uncertain. The experimental value of D=2)&10 '
cm' sec ' reported here for the diffusion constant lies in
between the theoretical values predictable from the
hopping and band model calculations of Jortner et al. '
Careful measurements of anisotropy and temperature
dependence of the diffusion constant, as well as of
effects of crystalline imperfections and surfaces on
triplet migration, should lead to an understanding of the
diffusion mechanism and allow a. distinction between the
hopping and band models.
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