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TABLE I. Values qf the various parameters used in the phonon-conductivity calculations of CdCl2 and FeCl2.

A =1.127x 104

&44=3.36x 104 sec ~

CdCl2 A = 1.127 x 104

B=10 ' sec"~'K 4

H3& = l.7375x 104 sec"'

B= 10 sec K"4

E=2.874 x10 7 sec-f oK-5

8g = 162 'K

E=2.874x10 6 sec ~'K'~

basically ruled out due to the fact that the thermal-
conductivity variation within this region is found to
be proportional to T . Another possibility would
have been the inclusion of critical-fluctuation scat-
tering with the direct (resonant) phonon absorption
and emission within crystal and exchange-field-
split energy levels of the Fe ' ion. However, this
would not improve the agreement within the first
Inaximum region since in this region the scatter-
ing rate due to critical fluctuations dominates
that due to the direct processes. Hence, the re-
sultant effect would be to get a still lower value for
the thermal conductivity.

The case of nonmagnetic CdC1~ is a bit simpler in
that only the three types of phonon scattering

mechanisms, viz. , boundary, point-def ect, and

the umklapp, are operative. Callaway's integral
then takes the form

The various parameters used are given in Table I.
We find that we have successfully accounted (Fig. 2)
for the results of CdCl& with the exception that
there remain slight deviations around the tempera-
ture of 1V K. This deviation may be attributed to
the presence of some impurities in the sample
which cause the extra phonon scattering near this
temperature.
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The drift mobilities of holes and electrons in very pure single crystals of naphthalene were
experimentally determined by measurement of transit times of transient space-charge-limited
currents. The room-temperature values are in general agreement with published data ex-
cept for holes in the c' direction where a larger value of 0.99 cm /V sec was measured. In
the temperature range 220-300'K, the mobilities of holes and electrons were found to vary as
T 'and T ~, respectively, inthe c'direction, whilethe mobility of holes was found to vary as
T for the a crystal direction and as T ' for the b crystal direction. While these results
are consistent with band calculations based on the tight-binding approximation, the mobilities
of electrons in the a and 5 crystal directions were found to be essentially independent of tem-
perature, and hence cannot be accounted for by band theory. The experimental results are
compared with predictions of the band and hopping models, and it appears that the transport
mechanism is intermediate between these two modes of transport.

INTRODUCTION

The charge carrier transport properties of or-
ganic molecular crystals have been reported by
many investigators. Mobilities in these crystals,
anthracene being a prototype, are generally of the
order of 1 cm /Vsec and hence cannot be used to
determine if either a band or a hopping model is

applicable in describing their transport properties.
The electronic transport properties of anthracene
have been studied by Kepler and LeBlanc. In gen-
eral it was found that drift mobilities of both holes
and electrons varied with temperature according to
T "where 1 &n &2. However for the electrons in
the c' direction the mobility was found to increase
slightly with increasing temperature. Band calcu-
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lations by LeBlanc' succeeded in explaining the ob-
served anisotropy of mobilities as well as their
temperature dependence except for c' electrons.
Subsequent tight-binding calculations by Katz et
al. , Silbey et al. , Thaxton et al. , and Glaeser
and Berry, ' resulted in changing the predicted
anisotropy of mobilities but still could not account
for the anomalous temperature dependence of the
c' electron mobility.

Glaeser and Berry' have made calculations based
on the hopping model. Their calculations agree
with the observed anisotropy of mobilities in an-
thracene but the temperature dependency is not dis-
cussed. Holstein" formulated a hopping model
which describes the transport of charge carriers
interacting with molecular vibrations. However,
when applied to anthracene, it could not account
for the temperature dependencies of mobility for
values of parameters con.sistent with other experi-
mental and theoretical data. '~ Munn and Siebrand'
have extended the Holstein model to include qua-
dratic electron-phonon interactions. Their model,
when applied to anthracene, successfully accounted
for the observed temperature dependence of mobility
in all directions.

The aforementioned models have also been ap-
plied to naphthalene whose crystal structure is
identical to anthracene aside from the lattice spac-
ing. It is therefore of interest to determine experi-
mentally mobilities in naphthalene and compare the
results to those predicted by these models. In the
work reported here, measurements of the tempera-
ture dependence of mobilities of both holes and elec-
trons in naphthalene single crystals are presented.
In general mobilities decrease with increasing tem-
perature except for electrons in the a and b crystal
direction where the mobility is essentially inde-
pendent of temperature. The results are compared
with band calculations based on the tight-binding
approximation and with various hopping models.

EXPERIMENTAL PROCEDURE

The naphthalene crystals were obtained from I.
Zschokke-Granacher at the Institut Fur Angewandte

Physik Der Universitat Basel. High-purity naph-
thalene was zone refined with 50 passes in a Pyrex
tube. Material from the center of the zone-refined
samples was placed in a smaller cylindrical Pyrex
tube which was then evacuated. The single crystals
were grown from the melt in a Bridgman furnace.
The purification and growing process was carried
out in the dark. Crystal directions were deter-
mined with the aid of a Bausch and Lomb polarizing
microscope and the optical techniques discussed by
Nakada. ' The oriented sections were cut with an
S.S. White Airdent Unit and an optical finish was
obtained by polishing them on tissue wetted with
benzene.

The experimental technique used was that de-
veloped by Kepler' and LeBlanc. The light source
consisted of a xenon lamp (Xenon Corporation -S-
180B flashtube and Model 465-A Micropulser) with
an output of 5 J and a rise time of approximately
2 p.sec. The sample was sandwiched between two
electrodes. The front electrode was quartz, coated
with a tin oxide layer, while the back electrode
was silver conductive paste, painted on the rear
surface of the sample. The temperature of the
sample was varied by blowing cold dry nitrogen gas
into the sample cell. A copper-constantan thermo-
couple imbedded in a "dummy" crystal (anthracene)
was used to monitor the temperature. The drift
mobilities were experimentally determined by mea-
surement of the transit time of transient space-
charge-limited currents. Evidence of space-
charge-limited currents was the square-law de-
pendence of the initial current density jo on the ap-
plied voltage, and 20%%uq increase of the transit time
upon significant reduction of the light intensity.
The mobility for each data point reported here was
obtained from the slope of a plot of the inverse of
the transit time (transit time having been corrected
for space-charge effects) versus applied voltage.
At least three different voltages were used to de-
termine these curves and in all cases they passed
through the origin indicating field-independent mo-
bilities and the absence of trapped space charge.
In order to eliminate the effects of trapped space
charge the method described by Nakada and Ishi-
hara was used. After each measurement the front
and rear electrodes were shorted and several light
pulses were incident upon the crystal to neutralize
the space charge.

RESULTS

The temperature dependence of the mobilities
was measured in the range 200-300'K in three crys-
stal directions. These measurements were made
on two samples taken from different boules. In
Fig. 1 the variation of the electron and hole mo-
bilities with temperature is shown for the c' direc-
tion. The room-temperature mobility was found
to be 0. 68 cm /V sec for electrons and 0. 99 cm2/

V sec for holes. This hole mobility is a factor of
two higher than the value reported by Silver eg gl. "
and Spielberg et al. , but is in agreement with the
tight-binding calculations of Katz et a/. which pre-
dict the mobility of holes in the c' direction to be
intermediate between those values in the a and b
directions. The negative temperature coefficient
for the c' electron mobility is to be contrasted with
positive coefficient found previously for anthracene. "7
From a log-log plot with a least-squares fit, it
was found that the mobility of holes varied at T
and electrons as T

Figure 2 shows the variation of the electron and
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FIG. 1. Mobility vs temperature for electrons and holes
in the c' direction.

There are two basic models which have been pro-
posed for describing the electrical transport prop-
erties of organic molecular crystals, the band mod-
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hole mobilities with temperature for the a direction.
The room-temperature mobilities were found to be
0.88 cm /V sec for holes and 0. 51cm~/V sec for
electrons in general agreement with previously
published results. ' From a log-log plot with a
least-squares fit, the mobility of holes was found
to vary as T "and the electron mobility was found
to be essentially independent of temperature.

Figure 3 shows the variation of mobility with
temperature for the b direction. Room-temperature
mobilities were found to be l. 41 and 0.83 cm /V sec
for holes and electrons, respectively, in general
agreement with the results of Silver et al. and
Spielberg et al. A log-log plot with a least-
squares fit revealed that the hole mobility varied
as T ' while the electron mobility was essentially
independent of temperature. Table I shows a sum-
mary of the experimental results of this work.

DISCUSSION
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FIG. 3. Mobility vs temperature for electrons and
holes in the b direction. The solid curve is the Munn-
Siebrand prediction (see discussion).

TABLE I. Summary of experimental results.

Crystal Mobility (room temp. )
direction (cm /V sec)

Temp. exponent n

(p cc ~)

el (delocalized representation), and the hopping
model (localized representation). We shall first
discuss the predictions of the band model.

Band calculations for naphthalene based on the
tight-binding approximation have been made by
Katz et al. , Silbey et al. , Thaxton et al. , and
Glaeser and Berry. In the tight-binding calcula-
tion the constant-mean-f ree-path or constant-re-
laxation-time approximation is used and only mobil-
ity ratios, not their absolute values, are predicted.
Table II shows the mobility ratios for naphthalene
calculated by Katz et al. For hole mobilities there
is good agreement with our experimental results.
The bandwidth calculated by Katz et al. for holes in
the a direction is about a factor of 10 smaller than
for the c' direction, but the measured mobilities
are about the same. Since an increase in band-
width results in an increase in mobility, ' it appears
that the bandwidth calculated for holes in the a
direction is too narrow. Siebrand reached the same
conclusion from theoretical consideration of elec-
tron-phonon coupling in naphthalene.

For electron mobilities, the agreement between
the band theory and our results are not as good as
for holes. The bandwidth calculated by Katz et al.
for electrons in the c' direction is smaller than in
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FIG. 2. Mobility vs temperature for electrons and holes
in the a direction.

Ic 0.99
0.88
1.41

0.68
0, 51
0.63

2. 1
1.0
0.8

0.9
0.1
0.0



DRIFT MOBILITIES OF HOLES AND ELECTRONS 1655

TABLE II. Ratios of drift mobilities in naphthalene.

Band model
(Katz et al. )

Hopping model
(Glaeser et al. )

Present work

Hole mobilities
&bb

p a e p

0.14 5.6 0.76

0.36 1.1 0.38

0.62 1.42 0.89

Electron mobilities
~/A Pbb P~

I"bb I"c 'c ' ~c'c'

1 6 25 39

1 2. 2 2.2

0.81 0.93 0.75

both the a and b directions. But the measured mo-
bility for electrons in the c' direction is slightly
higher than in the a or b directions. Hence, from
our data, it appears that the bandwidth calculated
for electrons in the c' direction is too narrow.

It is difficult to discuss the temperature depen-
dence of the drift mobility from the tight-binding
calculations of Katz et al. ~ In these calculations
coherent transport is assumed and the electron-
phonon interaction is expected to result in a mo-
bility which decreases with increasing tempera-
tures. This interaction is introduced through a
parameter (constant free time or constant free
path) which varies with temperature, but its depen-
dence is not discussed, in general, quantitatively.
A quantitative treatment of electron-phonon inter-
actions in organic molecular crystals was given
by Glarum. Glarum found that when the bandwidth
is much smaller than kT the mobility varies at 7 ',
but when the bandwidth is much larger than k T, the
mobility varies as T '~. So in general when con-
sidering only single-acoustical-phonon scattering
processes in the band model, the mobility varies
as T "where n&2. Glarum points out, however,
that the exact value of n is a sensitive function of
bandwidth and anisotropy. Friedman has also
formulated a theory of electron-phonon scattering
based on the tight-binding approximation. His
theory, which is similar to that of Glarum, pre-
dicts that mobility should vary as T ~. A possible
lower limit in n might be unity, for example, as
would be the case for scattering by nonionized im-
purities. Summarizing the above discussion, we
find that the band model predicts that mobilities
should vary at T "where 1&n & 2. Hence it appears
that this coherent-transport (band) model can ac-
count for the experimentally observed tempera-
ture dependencies in all directions in naphthalene
except for electrons in the a and b direction. The
electron mobilities in these directions are essen-
tially temperature independent, and hence cannot
be accounted for by band theory.

Another mechanism for describing transport is
the hopping model. In this model the charge car-
rier is quasilocalized at a particular molecular
site and occasionally makes phonon-assisted tran-
sitions to neighboring sites. These phonon-assisted

transitions can be caused by hopping over the in-
termolecular barrier or by tunneling through the
barrier. The process of hopping over the inter-
molecular barrier is a thermally activated one and
therefore cannot account for our results. ' Glaeser
and Berry' have made calculations for naphthalene
assuming that hopping occurs by phonon-assisted
tunneling through the intermolecular barrier.
Table II shows their predicted mobility ratios for
naphthalene. As can be seen, the agreement is
quite good. In contrast with the band model, the
hopping model predicts the absolute magnitude of
the mobilities (to well within an order of magnitude)
as we11 as the relative anisotropy. Glaeser and
Berry do not discuss the temperature dependence
of mobility associated with their model and hence
a comparison with our experimental results cannot
be made. They do, however, indicate thai their
model cannot be rejected on the basis of experi-
mentally determined temperature dependence of
drift mobility because the tunneling mechanism is
not a thermally activated process.

Another tunneling model is that of Keller and
Hast which involves a one-dimensional square-
well potential which is perturbed by the lattice vi-
brations. Tredgold 'has shown, however, thatthis
model results in a mobility that is an increasing
function of temperature (although not of an activated
form) and hence cannot account for our results.

Holstein formulated a hopping model which de-
scribes the transport of charge carriers interacting
with molecular vibrations. However, when applied
to anthracene, it could not account for the tempera-
ture dependencies of mobility for values of param-
eters consistent with other experimental and the-
oretical data. Munn and Siebrand believe that
this failure is apparently due to the neglect of qua-
dratic electron-phonon coupling terms. Munn and
Siebrand have made some recent theoretical
hopping and coherent transport calculations which
they applied to anthracene. Their model, which
extended the theory of Holstein to include quadratic
electron-phonon interactions, successfully accounted
for the positive temperature dependence of electron
mobility in the c' direction. The parameters neces-
sary to make a quantitative comparison of their
model with our experimental results are not as weil
known as for anthracene. However, a qualitative
comparison of our data with the predicted tempera-
ture-dependent mobility of the Munn-Siebrand mod-
el can be made. In order to compare our data to
the predictions of the Munn-Siebrand theory, the
following procedure was used. The mode of trans-
port was assigned according to the observed tem-
perature dependence of the mobility. A tempera-
ture-independent mobility or a mobility whose tem-
perature coefficient is positive is assigned to either
hopping in the slow-electron limit or the slow-pho-
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non limit. An out-of-plane bending mode (%00)
was then chosen and the expression for mobility
was normalized to our room-temperature value.
(It should be noted that once ff~o is chosen, this
fixes the temperature dependence of the expression
for mobility and only its magnitude can change. )
The average out-of-plane bending frequency (h&do)

for naphthalene should be at least as low as an-
thracene but probably somewhat higher. Initially
hwo was chosen to be 350 cm (the same as for
anthracene). With this parameter, we eliminate
the slow~honon mode since it does not give ade-
quate account of our data at low temperature. The
expression for mobility which gave the best fit to
our experimental results for electrons in the a and
b direction was for hopping in the two oscillator
slow-electron limit, and is given by

(3) 4ii J'd' e O (I +o')
P(honninn electron)

goal yT (I )3

where o = exp(- ff~o/AT), d is the molecular sep-
aration, B is the phonon bandwidth, and J is the
transfer integral; the subscript (hopping electron)
denotes hopping transport in the slow-electron
limit, and the superscript (2) referstothetwoos-
cillator model. Plots of this function normalized
to our room-temperature values are shown in Figs.
2 and 3 for electron mobility in the a and b direc-
tions, respectively, and are seen to give reason-
able agreement with this experiment. However,
for the same value of 5~0 the Munn and Siebrand
model could not account for the remainder of our
experiment results. Furthermore, A~o for naph-
thalene is probably somewhat higher than for an-
thracene, ' and values higher than 350 cm ' give
poorer agreement with the experiment.

The room-temperature Hall and drift mobilities
in naphthalene were determined by Spielberg et

gl. ,
"from photo-Hall-effect measurements. They

found that the tight-binding calculations of Katz et
gl. , yielded results which gave an order of mag-
nitude agreement with their experimentally deter-
mined Hall to drift mobility ratios, and also
yielded the correct sign for both holes and elec-
trons. From this they concluded that the band
model is applicable for describing the electrical
transport properties of naphthalene. However,
from our results of the temperature dependence
of drift mobilities, we conclude that the band mod-
el cannot account for the temperature-independent
mobilities of electrons in the a and b directions
observed in naphthalene. It appears that neither
the band model based on the tight-binding approxi-
mation nor the hopping models discussed above
can account for all of our results. Glarum' has
pointed out that for these organic insulators the
transport mechanism is probably between that of
the band model and that of the hopping model. This
appears to be the case for naphthalene.

Further evidence regarding the transport mech-
anism in naphthalene could be obtained from the
temperature dependence of the Hall mobility as
well as measurements of mobilities in deuterated
naphthalene (the Munn-Siebrand theory predicts
an isotope effect for drift mobilities in naphthalene).
We are presently investigating the temperature de-
pendence of drift mobilities in deuterated naphtha-
lene which will give further information regarding
the applicability of the Munn-Siebrand model to
organic molecular crystals.
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The kinetics of energy transfer from antimony sensitizer to manganese activator in fluoro-
phosphate phosphors has been studied. The transfer mechanism is identified as an exchange
interaction by a comparison of the manganese concentration dependence of experimental quan-
tum yield and emission decay curves with theoretical calculations for dipole-dipole, dipole-
quadrupole, and exchange mechanisms. The probability per unit time for the energy transfer
by exchange is given by P=KB~ee"~ ~ sin 8 cos y, where the empirical parameters are
X=48. 7 A 6 yacc ~ and I.= 0. 55 A. The antimony emission decay curve is found to be expo-
nential in the absence of manganese acceptors, with a lifetime of 7. 65 + 0. 05 @sec. The sub-
sequent manganese emission decay is found to fit the sum of two exponentials with the main
component having a lifetime of 14.3+0. 5 msec and the minor component (which comprises
only about 3/& of the total manganese emission) having a lifetime of 1.9 + 0. 1 msec.

INTRODUCTION

There have been numerous experimental studies
of resonant energy transfer between impurity iona
in inorganic solids. ' ' Energy transfer, for in™
stance, is important in the operation of many solid-
state lasers utilizing rare-earth and transition-
metal ions in various host crystals.

Energy transfer also plays a central role in the
halophosphate phosphors containing antimony and
manganese impurity ions. These phosphors are
the most important commercial phosphors. They
are extensively used in fluorescent lamps. In the
operation of the lamp, ultraviolet radiation from the
mercury discharge is absorbed by the antimony im-
purity centers. Some of the absorbed quanta, are
reemitted in a band peaking near 480 nm. Energy
is also transferred to the manganese impurity ions
which emit in the yellow region of the spectrum.
The intensity of the manganese emission band is
dependent on the acceptor concentration and is ad-
justed to provide a suitable white light in the la,mp.
However, while these gross features of the oper-
ation of the phosphor have been known for some
time, no detailed study of the energy transfer pro-
cess has been made. Such a study is of interest
not only because of its importance in the operation
of the halophosphate phosphors but also because it
is a prototype for energy transfer between an S
sensitizer and a transition-metal activator.

We present an analysis of the kinetics of energy
transfer in fluorophosphate phosphors. We have
found that the observed energy transfer can only be

plausibly explained by assuming a nonradiative en-
ergy transfer using an exchange mechanism of in-
teraction. The characteristics of the energy trans-
fer more closely resemble those involved in the
quenching of triplet states in organic phosphors
than they do energy transfer which is induced by
dipole-dipole or multipolar mechanisms. Triplet-
triplet energy transfer has been extensively studied
in organic systems since its discovery by Terenin
and Ermoleav. 6' The importance of exchange in-
teractions in energy transfer in inorganic systems
has recently been emphasized by Birgeneau et al. 8'9

We fou.nd the careful measurement of the decay
of the antimony luminescence to be particularly
useful in characterizing the mechanism of energy
transfer. It enabled us to determine the parameters
in the exchange mechanism and to easily distinguish
the mechanism of energy transfer from dipole-
dipole and multipolar mechanisms. This would
have been difficult if we had used the usual method
of simply measuring the quantum yield and an av-
erage or apparent lifetime. ' Inokuti and
Hirayama, '0 who developed a quantitative theory of
energy transfer by the exchange mechanism, em-
phasized the importance of a careful measurement
of the decay of the donor luminescence in attaining
a full knowledge of energy transfer.

In order to identify the acceptor centers, we also
measured the luminescence and decay properties of
the emission band peaking near 575 nm in the fluo-
rophosphate phosphors. From electron-spin-res-
onance studies, "it is known that manganese sub-
stitutionally replaces calcium ions at the Ca(I) sites


