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Influence of spin relaxation on triplet-triplet exciton annihilation

in organic crystals. Application to naphthalene
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The influence of exciton spin relaxation on the magnetic-field modulation of delayed

fluorescence in organic crystals is discussed. It is shown that proper inclusion of the aniso-

tropy of spin relaxation due to exciton hopping between nontranslationally equivalent

molecules explains several observations, such as maxima of fluorescence for certain direc-

tions of the field, or asymmetric resonances of varying shapes. The model is here more

specifically applied to naphthalene.

I. INTRODUCTION

The theory of the interaction between two triplet
excitons has been treated in different ways by
Johnson and Merrifield, ' hereafter referred to as I,
and by Suna, referred to as'lI. Both theories ac-
count satisfactorily for the modulation by magnetic
fields of the resulting delayed fluorescence in an-

thracene at room temperature. However, except in

tetracene, direct application of these theories to oth-
er materials is hampered by several problems.

(a) At "high" magnetic fields, I and II predict
delayed fluorescence minima for specific field direc-
tions, the so-called "resonances. " However, unex-

plained maxima are observed in other field direc-
tions in most materials: naphthalene, ' pyrene,
1, 4-dibromonaphthalene, and trans-stilbene.

(b) In several nonprincipal planes of naphthalene

and pyrene, the line shapes of the two resonances
are difFerent, ' sometimes very different, whereas

theories I and II predict that both resonances should
have the same shape and width.

(c) The variation of delayed fluorescence intensity

with magnetic field strength at high field, for a given

field direction, should be weak and monotonic,
whereas maxima are observed for different field

strengths in trans-stilbene or 9,10-diphenyl-

anthracene. "
An explanation for observation (a) in naphthalene

has been proposed by Altwegg by considering an-

isotropic spin relaxation, taken as a transition
between different exciton magnetic sublevels.

Results of Reineker's' high-field spin relaxation

calculations are used in a perturbation calculation.
The unit cell of almost a11 molecular crystals con-

tains nontranslationally equivalent molecules. In
such crystals, the main physical origin of spin relax-

ation is the hopping of the excitation between such
molecules' in the temperature range in which exci-

ton transport is a diffusive incoherent hopping pro-
cess. When the hopping time is shorter than the

precession time on a site, an excitonic fine-structure

tensor can be defined' and measured, and the
well-known limit of motiona1 narrowing is ob-

tained. ' So the same process, exciton diffusion,

brings in both exciton interaction and exciton spin
relaxation. ' In the present paper, it is shown that
all experimental data on the magnetic field modula-

tion of delayed fluorescence in naphthalene [obser-
vations (a) and (b) above] are accounted for if spin

relaxation is properly taken into account, that is, in-

cluding both secular and nonsecular parts of 1/T~
and not only the latter. Our purpose is to under-

stand the physical processes, not to reproduce quan-

titatively experimental data, whose quality is at
present, for practical reasons, not sufficient. We
shall, therefore, introduce simple changes in existing
theories and the corresponding equations. The ap-
proach is general and its validity is not restricted to
the material used here for illustration, naphthalene.

II. THEORY

In the class of molecular crystals considered
here—essentially aromatic hydrocarbons and similar
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molecule triplet excitons are localized. Their
motion is accurately described at "high"
temperature —' i.e., T ~ 100 K, at least—as random

hopping of an excitation from a molecule to one of
its nearest neighbors. " The triplet-triplet interaction
is very short ranged, so that only interaction
between nearest neighbors is usually considered.
The interaction is then the result of two different
processes, diffusion and subsequent reaction, and the
kinematics of the interaction is governed by the dif-

fusion process.
A comxnon feature of theories I and II is that

since annihilation proceeds through a spin-allowed
channel (delayed fluorescence is indeed an efficient
radiative process), the probability of annihilation is

equal to the fractional singlet amplitude S„ofthe
interacting exciton pair

~

n ),' multiplied by a
spin-independent constant treated as an adjustable
parameter (there is no theory accounting satisfactori-

ly for its value). The variations of S„with magnetic
field iritensity and direction due to the interplay of
fine-structure and Zeeman terms are observed as an
anisotropic magnetic field modulation of the delayed
fluorescence.

In theory I, the interaction is written as a chemi-
cal reaction by introducing a triplet pair ('i i ),

The elements of the density matrix describing the
pair-state evolution are given by [I, Eq. (10)]:

i(E —E, )1+—
—1

Pmn

—,k g (S'S)p„r + S)'S„p ) ) = a5 „
I

from which the magnetic-field-dependent rate con-
stant for triplet-pair fusion is [I, Eq. (8)]

ys(H)n = k2+S S„*p „ (3)

where k = k2/k 1 and a = k 1n /9k, in which n
is the triplet exciton density, assumed to be constant
in space. In the high magnetic field limit S„+0
for only two of the nine spin states of the pair, la-
beled 1 and 2, and Eq. (3}becomes

r

v2 2
1 s(H)n = k2 1P11 + (p12+ P21 + 3P223

(4)
In II, the spatial distribution of the excitons and

the effect of exciton transport properties are explicit-
ly treated, and it is shown that the dimensionality of

this transport may cause a spatial correlation of the
excitons during their random walk. This correlation
exists only in one- and two-dimensional systems. It
could be present in three dimensions as well, pro-
vided there exists a strong enough attractive
exciton-exciton interaction, of which there is as yet
no experimental evidence. In one or two dimen-
sions, the correlation can only be destroyed, either
by destruction of one exciton (by intersystem cross-
ing) or of both (by fusion), or by a change in the to-
tal spin state. due to spin relaxation of one exciton.
Usually the last process is the fastest.

In the material explicitly considered here, nap-
thalene, triplet diffusion is almost but not strictly
two dimensional, ' as in anthracene. ' Motion
within one ab plane is relatively fast and isotropic
and occasional out-of-plane hopping into a neigh-
boring ab plane occurs with frequency P,„,. Such a
hopping is yet another decorrelating event and
indeed the dominant one in anthracene. The
effective-pair decay rate P is then written

where g expresses the influence of the only other
significant decay process, spin relaxation.

As pointed out above, a rapid enough hopping
between nonequivalent molecules (frequency f,)
results in the averaging of the molecular fine-
structure HamiltoniansP ~J- into an exciton Hamil-
tonianA = —,(P~i +P ~2), for instance in na-

phthalene, and in the averaging out to zero of the
hyperfine structure. ' The exciton magnetic Hamil-
tonian isA = gp~H +~ . The same process is
at the same time a. spin relaxation process: During
its residence time ~ on a molecule, the excitation
feels a local field h (superimposed on the external
field H}, whose magnitude is given by molecular
fine-structure terms D and E, which are a few hun-
dred gauss, and whose orientation depends on the
molecular position in the unit cell. Its z component
h, (Oz

~~
H) afFects the precession around H, hence

a dephasing d,P = gpsh, during the residence time
~ and a secular component to spin relaxation'

1 = (gnash, ) r .
T2'

It is reasonable to take hP —1 rad as a limit for
such a description. If ~ '

& gp~h„exciton motion
will be said to be rapid. In the other limit,
equivalent to the rigid lattice limit in motional nar-
rowing studies, the notion of an excitonic Hamil-
tonian is no longer adequate. In particular, triplet-
triplet exciton fusion must be treated as an "hetero-
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fusion. "' This is true, for instance, for some in-

teractions in 1,4-dibromonaphthalene. ' The com-
ponents h~ and h~ of h can modify the exciton spin
states and contribute in the relaxation to nonsecular
terms. '4

In the naphthalene structure, each molecule has
four nontranslationally equivalent nearest neighbors
in the ab plane, so

and the local field variation "seen" by the exciton

A convenient way for expressing the relaxation from
one triplet sublevel

~

n ) to state
~
j), both being

eigenfunctions of+' with energies E„and EJ, is a
matrix with elements

X I&n Ih lj&I' .
t

(10)

This is always valid at zero or low fields once the
condition for "homofusion" is met, and is valid at
high fields too in some cases (see below). Calculat-
ed values of g,„ for naphthalene and anthracene are
shown in Table I, together with the parameters used
in the calculation.

The important parameter is the correlation time
of the triplet pair f3 '; we must then compare g,„,

provided, as previously, g, ) D, E. Equation (9) is
valid at all field strengths. Diagonal terms b,m, = 0
are secular, and nondiagonal ones b,m, = +1,+2,
are nonsecular terms. A straightforward calculation
shows that +„1) (n

~

Ii
~ j) )

is independent of H.
Therefore in all cases where P, )) ~

E„—EJ ~, an
average relaxation rate, valid for all triplet sublevels,
can be defined as

and g,. „. Table I shows that g,„ is 10 times larger in
naphthalene than in anthracene, while P,„,has no
reason to be larger if one considers the relative
values of f„ the similarity of crystal structures, and
excited-state wave functions —in fact, one may rath-
er expect g,„, to be smaller in napthalene. The ef-
fect of spin relaxation on the magnetic field modula-
tion of delayed fluorescence is therefore expected to
be much larger in naphthalene. Conversely, in the
larger molecule tetracene, spin relaxation has a
negligible eA'ect, as shown by the very good agree-
ment between theory and experiment.

At higher magnetic field, where
~

E„—EJ ~—gjM&Hhm„some nondiagonal terms are very
much reduced, hence a large anisotr'opy of the re-
laxation and of P. For illustration, Fig. 1 displays
the high-field behavior of the average g(H)

1

Nonsecular terms found here
behave as those in Ref. 5 and become negligible at
high enough field. However, inclusion of secular
terms drastically changes the results. The values
of g„z(H), calculated according to Eq. (9), are used
to obtain

k'",'(H) = k, + g g„,(H),

which is then introduced into the density matrix,
Eq. (2).

In other words, ,we are using the simpler formal-
ism of I, but k

&
is no longer a scalar, and its ele-

ments given by (11) are introduced in the equations
for the corresponding p~„. In fact, almost identical
results at high field are obtained using the average
scalar g(H), which is easier, since it can be intro-
duced into analytical expression (5).

It is known that theories I and II predict identical
results exactly on resonance, and also far enough
from resonance, precisely where the extra maxima
[observation (a)] are found, and theory I is therefore
accurate enough here. The off-resonance annihila-
tion rate is written [I, Eq. (19)]

TABLE I. Average exciton spin-relaxation rates g,„. [~~;„is the almost isotropic two-
dimensional diff'usion coefficient in the ab plane. P, is calculated as in Refs. 2 and 3. g,„ is
obtained from Eq. (10).]

(cm /sec)

P, (sec ')
D* {crn ')
E* (cm ')

g,„(sec ')

Anthracene

1.5 ~ 10-4
4.1 X 10"

+ 0.0689
—0.0081

8.2 )& 10

Ref.
17

21

Naphthalene

3 g 10-'
8.8 X 10

+ 0.0967
—0.0159

7.5 X 10'

Ref.

16
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understanding of the anisotropy of the magnetic
field effect in most planes. In what follows, Eqs.
(2), (4), and (9) are used for a more exact calcula-
tion in the high-field limit of y(H), not only of
y,ii(H), and for comparison with experiment.

III. RESULTS AND DISCUSSION
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FIG. 1. Calculated anisotropy of the nonsecular part
and of the total spin relaxation, expressed as

g(H) = —g„.(„J.{H), in naphthalene. - - - nonsecular;
—total; - —- H = 0. g in units of 10' sec '. Open cir-
cles: calculated resonances positions (see Fig. 2). Upper
part: field rotation in ab plane; middle: ac plane, in
which the secular part only is present; lower part: a
nonprincipal plane P = 60'. For orientations, see inset
in Fig. 2.

(12)

in which k, is now replaced by k i + g(H).
This expression can be used for a preliminary calcu-
lation to estimate the influence of secular relaxation
terms. In naphthalene, to a first approximation
k = 0.5 and y, ir varies as [k i+ g(H)] '. A
minimum of g(H) corresponds to a maximum of
f ff The same result is obtained in theory II us-

ing the equivalence [II, Eq. (40)]
k, ~ Hc (i&+P/&;„). 8 in the Hankel function is
the average intermolecular distance. Since our ap-
proach to g(H) differs from that of Altwegg, so
will our calculated values of y,rt(H).

In crystallographic planes where the secular
terms vanish by symmetry, as in the ac plane of na-
phthalene, the two calculations are equivalent, but
in all these cases g(H) & 1(,„,and its anisotropy is
not very important. In other. planes, the two ap-
proaches predict very diA'erent data. For instance,
g(H) is found here to be minimum along the b axis,
where a maximum of delayed fluorescence is indeed
observed, whereas inverse behavior is predicted in
Ref. 5 (see Figs. 4 and 6 of Ref. 5). The introduc-
tion of secular terms is therefore necessary to the

Experimental setups have been described previous-

ly. The naphthalene crystals were excited by the
4759-A line of an Ar+ laser (Spectra Physics 165),
with a BG18 glass filter between laser and crystal
and a GG435 filter between the crystal and an EMI
9558 QB phototube. The light flux was kept low
enough for the triplet exciton decay to be
monomolecular, so E(H)/F(0) = y(H)/y(0). De-
layed fluorescence F was recorded while the mag-
netic field was rotated in various crystal planes iden-
tified by angles 0 and P (see inset in Fig. 2), the
crystal itself being kept fixed. The field strengths
used were 5.5 and 14.5 kG. Most experiments were
performed at room temperature.

In the high-field limit, the field directions for res-
onance are given by the solutions of

(d —l)(H X) + (d + 1)(H.Y) = 0 (13)

with d = D'/E* and X,F,Z are the axes of the ex-
citonic fine-structure tensor. When referring to
crystal axes, the calculations are straightforward but
tedious.

Figure 2 shows the experimental resonance direc-
tions compared to the values calculated using the
experimental free-exciton zero field-splitting (ZFS)
parameters measured by EPR. ' The overall agree-
ment shows that we are dealing here with a free-
triplet —free-triplet interaction.

Figures 3 and 4 show anisotropy curves of the de-
layed fluorescence in several crystal planes. Also
shown are computed results, using parameters
k '"i(H) = 3 X 10 + g„(H) and k2 ——1.8 && 10
sec '. Note in particular that in the ab plane, a
fluorescence maximum is found as expected, and
that in general, linewidths are correctly reproduced
by the calculation.

These data confirm in several ways the validity of
the present approach. For instance, the anisotropy
of magnetic field eFect in the ab plane should in-
crease with field strength, and data taken at 5.5 and
1.45 kG indeed show that trend (Fig. 3). The ex-
periment is in good agreement with the calculated
variation of g(H) in both cases.

In the ac plane [Fig. 4(a)], the secular terms van-
ish and spin relaxation is already unimportant at 5.5
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Fig. 2. (a) Modulation of the naphthalene delayed

fluorescence by a 5.5-kG magnetic field, rotated in

several planes displaced by successive 10' rotation around

the crystal c' axis. P = 0 for the ac plane. (b) Reso-
nance positions. Dots: as read from (a). Open dots are

for H rotated in the ab plane. Solid line: as calculated

using the experimental exciton ZFS (Ref. 21). The
discrepancy for P = 60', already observed by others (Ref.
10), may be due to the difficulty of accurately positioning

the crystal in such positions, or to a slight error in ZFS
parameters. Inset: definition of angles 8 and P.
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kG. The residual extrema in the directions of the
fine-structure tensor axes are due to the fact that the
high-field limit is not yet completely reached at 5.5
kG since D and E* are large; a high-field calcula-
tion does not account for them.

In nonprincipal planes, the resonances have
asymmetric and difFerent widths [Figs. 4(b) and

4(c)]. This effect is not predicted in I or II, but is

accounted for qualitatively by the anisotropy of spin

F(H$
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0.8

C
I

C
I

FIG. 4. Modulation of delayed fluorescence in na-

phthalene by a 5.5-kG magnetic field rotated in several

crystal planes. Solid lines: experiment; dotted lines: cal-
culated with k ~ (const) = 3 && 10 sec ' and

kz ——1.8 &( 10 sec '. (a): ae plane; (b): plane for

P = 20'; (c): plane for P = 60'. Since, in case (c), calcu-
lated and experimental resonance positions do not coin-
cide [Fig. 2(b)], the latter have been displaced to make
comparison of linewidths easier.
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FIG. 3. Effect of magnetic field strength on the anisotro-

py of modulation in the ab plane. Solid lines: experi-
ment, taken at very low exciton concentration to ensure
that F(H)/F(0) = y(H)/y(0) (hence the residual noise).
Dotted lines: calculation taking into account anisotropic
spin relaxation with parameters k i (constant part)
= 3)& 10 sec ', kz ——1.8)& 10 sec '. The vertical

scales are shifted for clarity.

I I I'
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FIG. 5. Delayed fluorescence anisotropy of a 6.7-kG
field rotated in the ab plane of naphthalene at 300 K
(upper curve) and 120 K (lower curve), displaced vertical-

ly for clarity.
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Ratio of widths

TABLE II. Ratio of the widths 1 of the two resonances calculated from Eq. {14)for several
planes. (H = 5000 6, 1{,„,= 10' sec '.)
Plane Resonance position ({H)

(deg) (10 sec ')

ab +77 3 1

=0
22

113
1.3
2.1

1.2

P = 20 23
112

1.4
2.9

1.3

P = 50' 32
105

1.4

2.5
44 1.2

relaxation. Another way of chsplaying this is to cal-
culate the resonance linewidths I in theory II as [II,
Eq. (48b)]

where p is taken as f,„,+ g(H). Note that proper
inclusion of spin-relaxation anisotropy in II will

change the exact expression for I, so such a calcu-
lation is only indicative. Results are displayed in

Table II, using the physically reasonable t(,„,
'

= 10 sec ' (Suna uses 2 X 10 sec ' for his fit to
anthracene results). Differences in width are clearly
marked. A much smaller P,„, does not affect the

results qualitatively, since then p = g(H). For
much larger f,„„for example, 10 sec ', the differ-
ence in widths, of course, tends to vanish.

If the temperature is lowered, in-plane diffusion

should increase as has been found in anthracene,
and spin relaxation and its influence too should de-

crease. ' The maxima associated with the anisotro-

py of g(H) should then decrease and eventually van-

ish. Figure 5 shows that this is indeed the case
between 295 and 120 K.

IV. CONCLUSION

This work shows that to understand the magnetic
field modulation of delayed fluorescence, all
processes leading to pair decorrelation and not only
exciton motion itself must be taken into account.
Consider, for instance, a case in which exciton
transport is essentially two dimensional. Two kinds
of hopping events are possible for each triplet: an
out-of-plane jump, or a jump between two
molecules which are not translationally equivalent,
the latter inducing spin relaxation. When triplet dif-

fusion is rapid, P,„,&& g(H), g, or at least jts aniso-
tropy, can be neglected. This is true in tetracene,
and almost true in anthracene. In most crystals in
which delayed fluorescence has been studied, how-
ever, this is no longer true, and the observed aniso-
tropy is also dependent on the anisotropy of g(H),
hence the effects a1ready mentioned: narrow maxi-
ma and unequal resonance line shapes (depending
on the relative positions of resonance directions and
direction of the extrema of g). This simple model is
applicable not only to naphthalene as done here, but
also to pyrene or 1,4-dibromonaphthalene. ' In
the latter case, exciton transport is essentially one
dimensional, and since a11 molecules of a stack are
translationally equivalent, intrastack motion does
not induce spin relaxation in the present model.
Much slower interstack jumps also occur and are
suAicient to explain the maxima observed; introduc-
tion of a contribution of molecular librations to
spin-lattice relaxation' ' is not necessary.

Finally, magnetic field modulation of delayed
fluorescence is very similar to an EPR experiment
in that it gives information on exciton ZF tensor and
on spin relaxation. But whereas EPR characterizes
only one type of exciton jump through f„the ex-
periments discussed here are sensitive and can give
information, in the case of anisotropic exciton trans-
port, both on (assumed isotropic) in-plane hopping
frequency and an out-of-plane hopping.
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