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A quantitative comparison of a simple theoretical prediction for the drift mobility of photo-electrons in organic molec-
ular crystals, calculated within the model of the coupled band-like and hopping motion, with experiments in napthalene

of Schein et al. and Karl et al. is given.

Considerable experimental and theoretical activity
has recently centered around the problem of the tem-
perature dependence of the mobility of photogenerat-
ed charge carriers in molecular crystals. Anthracene
and napthalene are the most thoroughly studied sys-
tems. A nearly temperature-independent mobility
between about 300 K and 100 K, and a steep increase
below 100 K, observed particularly in napthalene,
constitute the intriguing observations [1--3]. Although
alternative explanations, which focus on the anisotropy
of the mobility tensor, have not been completely ruled
out [3], it is generally believed that we have here the
band-hopping transition long awaited from the small-
polaron model [4]. However, the temperature depen-
dence of the mobility cannot be explained within that
model [1,2].

For that reason, recently several theoretical attempts
[5—8] have been made to address the description of
the observed transition in the temperature behaviour
of the mobility. Madhukar and Post [5] have shown
how Kubo’s linear response theory [9] and a simple as-
sumption in a stochastic Liouville equation (SLE)
first derived by Haken, Reineker and Strobl [10—

12] can reproduce the constant mobility at high tem-
peratures, Sumi [6] has offered an explanation based
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on a band motion in the @, b plane of napthalene and
a hopping motion in the ¢’ direction. Efrima and
Metiu [7] have concentrated on the effect of anhar-
monicities, and Silbey and Munn [8] have given a
very general treatment of the problem. Brief descrip-
tions of at least some of these theories, along with
critical comments, appear in the recent reviews by
Duke and Schein [13] and by Roberts et al. [14].

The purpose of this letter is not to add another
competing theory to the above mentioned ones but
to show that the basic transition behaviour of the
mobility is compatible with, and a direct consequence
of an extremely simple and natural description of the
combined phonon-assisted (incoherent) and phonon-
hindered (coherent) motion of the charge carriers in-
herent in those theories. This description is essentially
that given by a number of authors [10—12, 15] in the
context of exciton transport and uses as its basic equa-
tion of motion the stochastic Liouville equation (SLE):
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for the density matrix elements p,,,, of the charge
carriers. Here m, n denote the sites of the crystal,
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Yn @04 ¥, _, are transfer rates arising usually from
the phonon-assisted part of the hamiltonian, f,,,,’s are
interaction matrix elements not so assisted, and I"
=%, Ynn+m i the rate of destruction of off-diagonal
elements of p. It is well known [5,8,16,17] that eq.
(1) results in the following expression for the drift
mobility when only interactions with nearest neigh-
bours are taken into account (the drift mobility and
the dc conductivity are identical up to a constant fac-
tor ne, with n denoting the density and e the charge of
the electrons):

a(0) =82y, +HET +73)],
r=27v,, B=1/kgT. )

This expression for (0) contains essentially the dif-
fusion constant known from exciton motion and con-
sists of two terms, where the first one, § 2v;, describes
the purely hopping part of the motion and stems from
the non-local fluctuations of the hamiltonian. The
second term has its origin in the combined actions of
coherent and incoherent parts of the hamiltonian and
is able to describe band-like motion.

The parameters ¥y, vy1 and ¥; describe the strength
of the fluctuations and therefore depend on the pho-
non occupation numbers

n = [exp(w/kT) — 171,

where #iw is a characteristic phonon frequency. Treat-
ing the phonons as a heat bath, it can be shown (8,15,
18,19] that in the simplest approximation and for

not too low temperatures there is a linear relation
between the y’s and n. Writing ¥,;(T) = ¥;7(T’) and
introducing T' = kT/hw, i.e. T is the temperature mea-
sured in units of the characteristic phonon frequency,
one obtains from (2)

n(T") 1 )
= 7 + t 3 B

o(0) "m( 7 " CR(THT

- N (3)
0. =2¥1/hw, c=H{ 27 (T +71),
which in the high-temperature limit gives
o(O)NOm(l +c—1—) , 4)
T2

which is, of course, the result obtained by Madhukar
and Post [5]. Eq. (3) shows that the high-temperature
dc mobility is given by 2% /fico. Assuming that the
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temperature dependence of the ¥’s also holds for low
temperatures, we have n(7") ~ e=T and thus

1 ) 1 .
~ — 1T = IIT)
g(0)~a, (T' e tc @ , &)

which shows that for very low temperatures the mo-
bility increases exponentially.

Fig. 1 represents the dc mobility according to eq.
(3) normalized to the mobility at 7= 300 K for a
phonon frequency of fiw = 5.6 meV corresponding to
65 K in temperature units. The points marked by circles
and crosses are experimental values of Schein and
McGhie for the dc mobility of naphthalene in the ¢’
direction (see fig. 1 of ref. [2]). The squares are mea-
surements of Karl and Warta [3]. For ¢ = 0.3 in the
regions of constant and exponentially increasing mo-
bility we have a rather good coincidence between ex-
perimental values and the theoretical curve. In the
transition region the coincidence is only qualitative.

The application of the stochastic Liouville equa-
tion to this problem has been criticized by Sumi [6]
on the grounds that the phonon band widths in naph-
thalene are not large enough to justify the usual 6-
function form of the relevant correlation functions.
The following comments are therefore in order. Firstly,
the phonon band width is not the only parameter that
enters into such a justification. Even when the phonon
band width is small, a coupling to the bath (i.e. the
remaining degrees of freedom in the system), if strong
enough, will provide such a justification. Furthermore,
the dc mobility is determined by the diffusion constant,
i.e. by the derivative of the mean square displacement,
of the charge carrier in the limit of long times. In this
limit the details of the decay of the correlation func-
tions are unimportant (markoffian limit). Thus, if one
uses [16,17] a generalization [20] of the SLE, which
has correlations more general than 6-function ones,
the mobility in the limit o = 0 is identical to expres-
sion (2). It should be remembered that the theories of
Sumi and others can be formally expressed as a gener-
alized stochastic Liouville equation of the above-men-
tioned form [20], as is evident from the work of many
authors (e.g. ref. [15]).

We have by no means presented a new theory here.
The basic idea is only a slight generalization of those
in refs. [5—8]. The purpose of this letter is to point
out the fact that a rather close quantitative fit can be
obtained to experimental observations with natural
values for the parameters.
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Fig. 1. Mobility as a function of temperature for ¢ = 0.3 and a phonon frequency corresponding to 65 K normalized to the mo-
bility at 7= 300 K. The dots and crosses represent experimental values for the mobility in the ¢ direction of naphthalene according
to Schein and McGhie (fig. 1 of ref. [2]). The squares are measurements of Karl and Warta [3].
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