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Mobility theory of intermediate-bandwidth carriers in organic crystals:
Scattering by acoustic and optical phonons
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An intermediate-bandwidth theory of charge-carrier mobility is developed with a focus on finite-band effects
and scattering by phonons. Wide-band behavior is recovered as a limit. Two applications of the finite-band
theory are discussed: in one a dip is predicted in the temperature dependence of the mobility, and in the other
recently reported observations on ultrapure organic crystals are addressed.
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I. INTRODUCTION AND BASIC EXPRESSIONS

Charge-carrier transport in inorganic crystals, e.g., me
such as Cu and semiconductors such as Ge, is describe
textbook band theory.1,2 Carrier transport in organic crysta
~such as naphthalene and pentacene! has been described i
terms of polaronic theories with band effects either neglec
or relegated to a secondary role.3–6 There is a need for an
intermediate-bandwidth treatment in which band features
an essential starting ingredient of the theory, and in wh
the wide-band behavior seen in inorganic materials may
recovered in an appropriate limit. An approach toward
construction of such an intermediate bandwidth treatm
was recently constructed by one of the present auth7

through elementary considerations of impurity scatteri
The purpose of the present paper is to extend that appr
to the more complex and realistic case of scattering
phonons, both acoustic and optical.

The paper is organized as follows. In the rest of Sec. I
display our starting point for the density of states, effect
mass, and carrier velocity. The basic expressions for
acoustic and optical phonon scattering rates are studie
Sec. II. With a combination of these, carrier mobility expre
sions are obtained and discussed in Sec. III, where the m
standard wide-band limit is recovered as a limiting case. T
applications of our theory constitute Sec. IV: the first d
cusses a curious dip in the mobility which we predict on
basis of our analysis, while the second addresses the
perature dependence of the mobility reported recently in
periment. Remarks form Sec. V.

Following Ref. 7 we assume an isotropical thre
dimensional system and a single truncated parabolic ban
our treatment. The assumption of a single band means
the band gap is large enough to make interband transit
unimportant. The choice of a free-electronic dispersion
lows the treatment to yield the broadband limit smoothly.

A simple way to consider the finiteness of the bandwid
B is to take the density of statesr corresponding to a para
bolic band structure, i.e., with aA«k dependence where«k is
the carrier energy andk is the quasimomentum, and to vanis
beyond the band edge:

r~«k!5H N
3A«k

2B3/2
, «k<B

0, «k.B.

~1!
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N is the total number of atoms/molecules, and the specifiB
dependence is dictated simply by normalization ofr(«k).
Considering a cubic lattice with lattice constanta, and ex-
pressingN5NcV/a3, whereV is the volume andNc is the
number of atoms/molecules per unit cell, Eq.~1! can be in-
tegrated over all possible energy states and momentum s
to find the maximum allowedk-vector in the band:kmax
5(3p2Nc)

1/3/a. Evaluating the parabolic band dispersion r
lation at kmax, a direct relation between the effective ma
m* andB can be written:

m* 5
\2~3p2Nc!

2/3

2a2

1

B
. ~2!

Using Eq.~2! we can write explicitly the energy dispersio
relation as well as the speed of a carrieryk5\21(d«k /dk) in
the band as function ofB:

«k5
a2B

~3p2Nc!
2/3

k2, ~3!

yk5
2

\A3

aAB«k

~3p2Nc!
1/3

. ~4!

Eqs.~1!–~4! are the starting point of the theory.
In keeping with general practice in the field, we will a

sume the Hamiltonian given by

H5(
k

«kak
1ak1(

a,q
\va~q!S bqa

1 bqa1
1

2D1Hint ~5!

where the first term describes the carrier, the second t
represents acoustic (a5ac) and/or optical (a5op)
phonons, and the carrier-phonon interaction is given by

Hint5N21/2 (
k,q,a

@\va~q!ga~q!ak1q
1 akbqa1H.c.#, ~6!

va andga being the phonon frequency and the dimensio
less coupling constant, respectively.
©2003 The American Physical Society10-1
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II. SCATTERING RATES

We start with the standard time-dependent perturba
theory expression for the rate of scattering of akW state by
absorption and emission of one acoustic phonon of mom
tum qW ,

1

t
5

2p

\ (
qW ,a

$u^kW1qW ,nq,a21uHintukW ,nq,a&u2d~«kW1qW ,nq,a21

2«kW ,nq
!1d~«kW2qW ,nq,a112«kW ,nq,a

!u^kW2qW ,nq,a

11uHintukW ,nq,a&u2%, ~7!

wherenq,a stands for the thermal average~Bose-Einstein! of
the number of phonons with wave vectorq. Under the as-
sumption of linear~Debye! dispersion for acoustic phonon
and through the use of Eq.~3!, energy and momentum con
servation for absorption or emission of one phonon yield

«kW6qW ,nq,ac712«kW ,nq,ac
5

a2B

~3p2Nc!
2/3

~q262kW•qW !7\v~q!,

~8!

wherev(q)5ysq, with ys the speed of sound for acoust
phonons whilev(q)5v0 for optical phonons.8
04511
n

n-

A. Acoustic scattering rate

With the definitions

a6~x!52S 3

2h D 1/3

@x6Ax#, ~9!

g6~y!5
y2e(6b\vDy/2)

2 sinh~b\vDy/2!
, ~10!

wherein x5«k /B, h is a geometrical factor (h,3) ex-
plained in the Appendix,x5(\vD/2B)(3/2h)1/3, vD is the
Debye frequency,b51/kBT with kB the Boltzmann constant
andy is a dimensionless phonon momentum; on the basi
Eqs.~7! and ~8!, calculations detailed in the Appendix give
for the scattering rate due to acoustic phonons,

1

tac
~x!5

3p

4\

~gD\vD!2

B
f ac~x!. ~11!

Here gD is the dimensionless coupling constant represen
tive of acoustic scattering via the deformation potent
treatment1 and the functionf ac(x) is defined separately de
pending on the range of values of\vD /B. For \vD /B
,1/2(2h/3)1/3,
~12!

for 1/2(2h/3)1/3<\vD /B,(2/3)(2h/3)1/3,

~13!

for (2/3)(2h/3)1/3<\vD /B,(2h/3)1/3,
0-2
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~14!

and, for (2h/3)1/3<\vD /B<2(2h/3)1/3,

~15!

Note that for\vD /B.2(2h/3)1/3, f ac(x)50 independently of the temperature.
The need for separate expressions for the various regimes forf ac(x) is a consequence of the introduction of a cutoff in t

density of states which stems from the finiteness of the band. In the limit\vD /B→0, i.e.,x→0, the cutoff disappears an
only one regime survives inf ac(x): the one represented by the third expression in Eq.~12! with a1(x)52a2(x)
52(3/2h)1/3Ax. Clearly,tac

21(x) decreases down to zero as the ratio\vD /B becomes larger since the constraints of ene
and momentum conservation cannot be satisfied simultaneously.9

B. Optical scattering rate

For optical phonons, the counterpart of Eq.~11!, as detailed in the Appendix, is

1

top
~x!5

3p

4\

~g0\v0!2

B
f op~x!. ~16!

Here g0, the dimensionless coupling constant to optical phonons,v0, the optical phonon frequency, andf op(x) take the
respective places ofgD , vD , and f ac(x) in Eq. ~11!.

The functionf op(x) is defined, as in the acoustic case, depending on the range of values of\v0 /B. For \v0 /B,1/2,

f op~x!55
e2b\v0/2

sinh~b\v0/2!
Ax1

\v0

B
, 0<x<

\v0

B

e2b\v0/2Ax1
\v0

B
1eb\v0/2Ax2

\v0

B

sinh~b\v0/2!
,

\v0

B
,x,12

\v0

B

eb\v0/2

sinh~b\v0/2!
Ax2

\v0

B
, 12

\v0

B
<x<1;

~17!

while, for 1/2<\v0 /B<1,

f op~x!55
e2b\v0/2

sinh~b\v0/2!
Ax1

\v0

B
, 0<x<12

\v0

B

0, 12
\v0

B
,x,

\v0

B

eb\v0/2

sinh~b\v0/2!
Ax2

\v0

B
,

\v0

B
<x<1;

~18!

and f op50 when\v0 /B.1. In the limit\v0 /B→0 it is easy to see that the only terms which survive intop
21(x) are the first

two expressions in Eq.~17!.
045110-3
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Similarly to the acoustic case,top
21(x) becomes smaller a

the ratio\v0 /B becomes larger and eventually vanishes.
the other hand,differently from acoustic scattering, a non
negligible change in the energy of the carrier is always
volved in an optical scattering event. This is an importa
aspect, as we will see in Sec. IV. Indeed under certain c
ditions, it can give rise to a nonmonotonic temperature
havior of the mobility, a regime which is absent in the wid
band theory.

III. MOBILITY

Following a standard Boltzmann equation treatment,
making a finite-bandwidth modification as in Ref. 7, the m
bility can be written as

m5qb^vk
2tk&5qb

E
0

B

d«kr~«k!vk
2t~«k!e

2b«k

E
0

B

d«kr~«k!e
2b«k

. ~19!
r
o

nd

th
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The scattering sources we consider are acoustic phon
optical phonons, and static impurities. From expressions
have derived above@Eqs. ~11!–~16!# for the first two of
these, we write, fort(«k) due to all three sources,

t~«k!5
4\~3pB!21

4\a imp

3pB
1

~gD\vD!2

B2
f acS «k

B D1
~g0\v0!2

B2
f opS «k

B D .

~20!

Here we have assumed for simplicity that the scattering
due to impurities is constant~proportional toa imp as, for
instance, in Ref. 10, and have invoked Mathiessen’s ru11

that rates add!. For a study of more general impurity scatte
ing (k dependent,B dependent, etc.! we refer the reader
elsewhere.12 Using Eqs.~1!, ~4!, and ~20! we can write ex-
pression~19! for m as
m5
qa2

\

24

38/3Nc
2/3p7/3

~Bb!5/2@g~3/2,Bb!#21E
0

B

d«k

«k
3/2e2«kb

4\a impB
3/2

3p
1gD

2 ~\vD!2AB facS «k

B D1g0
2~\v0!2AB fopS «k

B D ,

~21!
if

the

t

ns-

nd
for
1,
-

gure

ally,
whereg is the incomplete gamma function.
Equations~19!–~21!, which are the central result of ou

paper, contain effects of finiteness of the band. We now sh
how to recover from that result the well-known wide-ba
expression form.

The wide-band result, as commonly displayed without
impurity scattering term, is1

m`5
25/2NcApq\4

3a3 S b

m*
D 5/2

3E
0

`

d«k

«k
3/2e2«kb

gD
2 ~\vD!2Fac~«k!1g0

2~\v0!2Fop~«k!
,

~22!

wherein

Fac5
B

§3A«k
E

0

2§A«k/B
dqq2coth~b\ysq/2! ~23!

with §5(2p2hNc)
1/3/a, and

Fop5
2

eb\v021
@A«k1\v01eb\v0Q~«k

2\v0!A«k2\v0#, ~24!
w

e

with Q the Heaviside function. First we notice that
b\vD!1, Eq. ~23! reduces to its high-T limit
4A«k(b\vD)21. Equation~22! in the high-T approximation
for the acoustic scattering has been used successfully in
past1 in the analysis of Si and Ge mobility data.

To recover the wide-band limit@Eq. ~22!# from our Eq.
~21!, we first puta imp50 in Eq. ~21!, and then notice tha
our f ac and f op functions yield the wide-bandFac andFop in
the limits

lim
\vD /B→0

AB fac~«k /B!5Fac~«k!, ~25!

lim
\v0 /B→0

AB fop~«k /B!5Fop~«k!. ~26!

Substituting in Eq.~21! the upper limits of integrationB by
`, recognizing that the incomplete gamma function tra
forms into the~complete! gamma functionG(3/2), and ex-
pressingB5/2 through Eq.~2! as function ofm* , we obtain
the wide-band formula.

In order to understand the differences in the wide-ba
and intermediate-band results in the range of parameters
which the differences are not dramatic, we display Fig.
where Eqs.~21! and ~22! are plotted. We take some repre
sentative values of the parameters as explained in the fi
caption. It is seen that, as the ratio\vD,0 /B becomes larger,
wide-band predictions become less accurate. Gener
finite-bandm has a steeper dependence than wide-bandm at
0-4
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high T. This can be understood as arising from two oppos
trends in the finite-band theory. On the one hand, the e
tence of a cutoff in the density of states for the carrier i
plies that scattering transitions involving final states outs
the band are not allowed. This has the effect of increasingm.
On the other hand, lower values ofB represent slower ve
locities and consequently lowerm. These combined effect
make theT dependence ofm when b\vD,0!1 different
from theT21.5 typical for inorganic semiconductors.13

IV. APPLICATIONS

We apply our finite-band theory to two situations. In t
first, we show that optical scattering can produce a curi
dip in the mobility if B is small enough, specifically compa
rable to the optical-phonon energy. In the second, we ana
recently reported observations in ultrapure organic crysta

A. Prediction of a dip in the mobility

Optical-phonon scattering possesses the characteristic
it requires a finite amount of energy interchange with
carrier. Therefore, if optical-phonon scattering predomina
and if the carrier bandwidth is comparable to the optic
phonon energy, a remarkable effect can occur: arise in the
mobility as a function ofT as shown in Fig. 2. Figure 2
shows both the occurrence of the phenomenon and how
rise, or equivalently the dip, tends to disappear if, as
plained in the next paragraph, the region of forbidden opt
transitions is too large~top curve! or too small ~bottom
curve!. The flat part of the curves forT close to zero is due to
impurity scattering. The sharp decrease at lowT is an indi-
cation of the activation of optical phonon scattering. B
tween the value 0.1 and 0.5 of the normalized temperat
the three cases differ from one another substantially altho

FIG. 1. Comparison between the mobility predictions of wid
band theory@Eq. ~22!# and our finite-band theory@Eq. ~21!#. From
top to bottom, the values of\v0 /B are 1/6, 1/4, 2/5, and 2/3;g0

50.1, gD50.3, \vD55 meV, \v0515 meV, \a imp50, h
53/2, andNc52. Note that the larger the ratio\v0 /B, the larger
is the effect of the finiteness ofB.
04511
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\v0 /B differs only slightly. Beyond the value 0.5 of th
normalized temperature, all three curves exhibit the sa
high-T behavior: aT21 dependence characteristic of co
stant impurity scattering.7 This corresponds to the fact tha
B,2\v0 for all three curves. If we takeB>2\v0, the T
dependence~not shown in Fig. 2! becomesT22.5, as men-
tioned above.13 If the coupling to acoustic phonons or th
amount of impurity scattering is increased, the dip tends
be masked, i.e., it disappears. For this reason we believe
the dip will not be observed in many realistic situation
unless the crystals are truly ultrapure.

If B,2\v0, there is an energy region in the carrier ba
bounded from below byB2\v0 and limited above by\v0,
where optical scattering is forbidden. In the bottom part
the band («k,B2\v0), absorption of an optical phono
moves a carrier to the top part of the band, while emission
an optical phonon in the top part of the band («k.\v0)
moves a carrier to the bottom of the band. These are the
energetically allowed optical-phonon transitions.14

Since Eq.~19! shows that the expression form involves a
thermal band average of the scattering timet(«k), we dis-
play t(«k) in Fig. 3 to clarify the origin of the dip. We have
chosen arbitrary parameters as shown in the figure cap
but the range of the carrier energy is from 0 to the bandwi
B. As T is raised, regions of higher energy get more pop
lated. For low enoughT, the region of forbidden optical scat
tering is hardly occupied. The dip effect occurs onceT is
large enough to populate the forbidden region. Scatterin
suppressed and the mobility increases. AsT increases still
further, the average occupation of the carrier goes beyond
forbidden region, scattering suppression is stopped, anm
decreases again. The majority of the carriers at lowT see a
scattering timet(«k) as shown in the left part of Fig. 3. Fo
higher T, the main mechanism of relaxation for the carri
distribution becomes impurity scattering: see the middle p
tion of Fig. 3. On increasingT further, the carriers have

- FIG. 2. Prediction of a dip and a rise in mobility, a finite-ban
effect. Shown are mobility curves normalized to the value atT
50 versuskBT/\v0 with g050.6, gD50 anda imp /v051024 for
different values ofB. From top to bottom, 2\v0 /B51.82, 1.18,
and 1.02, respectively.
0-5
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access also to regions in the band wheret(«k) is given by
the right portion of Fig. 3. Thus the resulting shape of t
m(T) curve reflects, more or less, the shape of the scatte
time t(«k). As remarked upon earlier, this predicted dip m
not be observed in many systems because of the existen
non-negligible scattering from sources other than opt
phonons.15

B. Description of low-T data in pentacene

As a second application of our general mobility res
@Eq. ~21!#, we address recently reported mobility data
pure pentacene crystals in the range 20–400 K. As in R
16, we have chosen only a partial range of data which

FIG. 3. Origin of the dip/rise effect. Shown is the optical sc
tering time normalized to the impurity valuet imp as a function of
the relative carrier energy in the bandx5«k /B for the ~arbitrary!
parametersg050.6, gD50, b\v053.5, \a imp /B55.0031025,
and\v0 /B50.75.
04511
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compatible with a band description.17 The chosen range is
the one for whichm obeys a clear power lawm;T22.7.

It is at once clear from wide-band theory that it is impo
sible to address these data if the sole scattering sourc
acoustic phonons since the latter lead to the well-kno
T21.5 law of m in contrast to the observedT22.7 dependence.
Similarly, it becomes clear on quantitative analysis, as
Ref. 16, that optical phonons alone cannot provide an ex
nation since they involve an uncomfortably steep decreas
m at low T and aT21.5 behavior at highT. It is, however,
possible to produce reasonable fits to the data by a comb
tion of the two kinds of scattering by following a procedu
used in an early analysis1 of m in the inorganic material Ge
but augmented through our finite-band expression.

We take as inputsvD andv0. Outputs are the quality o
the fit and the values of the coupling constantsgD and g0.
Choosing\vD58.3 meV as a reasonable value smaller th
the lowest optical frequency, we verify that it corresponds
a reasonable calculated speed of sound of 2
3105 cm/sec which lies comfortably in the known rang
(1 –5)3105 cm/sec. Smaller values of\vD do not change
appreciably either the quality of the fit or the values of t
coupling constants. In keeping with known spectra
pentacene,18 we takev0 to be each of the spectrally know
values~starting with 8.5 meV! in turn. We assume variou
values ofB and perform a least-squares fit to the pentac
data. The fit quality improves for higher assumed opti
frequencies. Optical frequencies higher than 15.5 meV
found to be unacceptable because the limitingB are even
smaller than\v0, making optical scattering impossible. I
Fig. 4 we display reported pentacene data in the 20–40
range along with our fits. Resulting fits look acceptable
visual inspection.

The primary conclusion to be drawn from the fitting
provided by varying the assumedB and checking for interna
consistency. This check is provided by the ratio of the me
free pathl to the lattice constanta, obtained by multiplying
the velocity of the carrier by the scattering time in Eq.~20!
and averaging over the band;
re-
um
s
n-
FIG. 4. Least-squares fits of Eq.~21! to re-
ported pentacene data with several optical f
quencies. Extracted parameters and the maxim
allowed B are listed in Table I. The inset show
the ratio of the mean free path to the lattice co
stant for the corresponding fits.
0-6
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l

a
5

22/3

35/6p2/3

B

\

E
0

1

dxxt~x!e2bxB

E
0

1

dxAxe2bxB

. ~27!

We plotl/a as an inset in Fig. 4 after imposing the requir
ment on the calculational procedure that this ratio has
minimum allowable value of 1 at the extreme of theT range
~400 K!. This results in upper limits toB which are listed in
Table I.

At first glance it might appear counterintuitive that th
conditionl/a.1 should lead to an upper rather than low
limit on B. Larger B, one might expect, leads to largerl.
However, these limits emerge from a fitting of the theory
~given! experimental values ofm which is essentially given
by m;v2t;vl, sincevt;l. Given the observed values o
m, the relationshipl;m/v shows that largerl require
smaller v, i.e., smallerB. Such considerations have bee
given earlier16,19 on the basis of gross estimates forl. We
have made the criteria more stringent here, by calcula
energy-dependentl ’s and taking their thermal average@see
Eq. ~27!#.

Given that calculated20 ~and expected! values of the bare
bandwidth in pentacene are larger than, or of the order
500 meV, in contrast to an order of magnitude smaller lim
we have obtained through our fitting~see Table I!, we can
draw one of several conclusions:~i! that band theory is in-
applicable in pentacene even in the context of the repo
low-T data; ~ii ! that the calculated20 and observationally21

expected values ofB are incompatible with transport exper
ments; or~iii ! that theB limit of 50 meV which arises from
our fitting is not the true bare bandwidth but one alrea
reduced by a Huang-Rhys~HR! factor stemming from strong
interactions with a high intramolecular frequency vibratio
The present authors tend to believe the current calculatio20

of B, and therefore to draw conclusion~iii !. Indeed, we re-
peated the fitting procedure by replacingB by the HR ex-
pressionB5B0e2G2coth(\V/2kBT), whereV is the frequency
of the intramolecular vibration with which the carrier is su
posed to interact strongly. We found that for\V
.120 meV, the HR factor reducesB to B0exp(2G2) at T
50 and is essentiallyT independent in the 20–400-K rang
In order to satisfy the conditionl/a.1 with the assumed
large B05600 meV,20 the restraints onB require a value
of G*1.6.

TABLE I. Parameters extracted from the fit of Eq.~21! with the
maximum allowedB. The corresponding mobility curves and ratio
of the mean free path to the lattice constant are shown in Fig.

Inputs Limits Outputs

\vD(meV) \v0(meV) B(meV) gD g0

8.3 8.5 49.4 0.08 0.56
8.3 13 39.6 0.13 0.40
8.3 15.5 36.7 0.13 0.36
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V. REMARKS

The purpose of the present paper has been to develo
intermediate-band theory of the mobility of charge carrie
scattered by phonons, starting from a standard Boltzm
equation approach but incorporating the finiteness of
bandwidth directly into the calculations. Such a theory, in
restricted context of energy-independent impurity scatteri
has been given in a recent study.7 The present calculation
extends the considerations of that study to realistic situati
involving carrier scattering by acoustic and optical phono
as well as by impurities. The eventual aim of the theory is
join polaronic calculations which are current in narrow-ba
organic materials3,4 with broadband considerations which a
common in wide-band inorganic materials.1,12

Fermi Golden rule prescriptions such as Eq.~7! have led
us to derive explicit~although rather complex! expressions
@Eqs.~11!–~18!# for the scattering rates arising from acous
and optical phonon scattering. With their help we have o
tained the mobility in Eq.~21!. The wide-band limit1,12 has
been recovered explicitly in Eq.~22!, thus making contact
with earlier results.

Finite-band theory leads to two opposite trends in the m
bility. On one hand, a cutoff in the density of states for t
carrier reduces the number of allowed scattering transitio
leading to higherm. On the other hand, reducedB values
corresponds to reduced velocities and therefore to lowerm.
A straightforward consequence of these competing effect
obvious from Fig. 1 where the temperature dependence
the mobility shows that the mobility can exceed the wid
band result in one range but be exceeded by it in anothe
more interesting consequence is in the first of the two ap
cations we have given: the predicted rise in the mobi
providedB,2\v0. Such a rise comes about when a carr
enters the energy region where optical phonon scatterin
absent.

The other application we have presented is to the repo
observations in pentacene. Fitting with our theory leads
the conclusion that the reported mobility data in the partiaT
range ~20–400 K! can be explained with recentl
calculated20 large bare bandwidth values (.500 meV) only
if the carrier strongly interacts with a high-frequency i
tramolecular vibration, reducing its effective bandwidth ev
at the lowest of accessible temperatures by a factor of
order of magnitude.

The most accurate calculations would take the actual d
sity of states of the carriers complete with its van Hove s
gularity structure. Our use of a density of states correspo
ing to the truncated parabolic band is obviously
approximation but one which, we hope, addresses the es
tials. It certainly has the advantage of simplicity. Moreov
it tends to the correct wide-band behavior in the limit of
large bandwidth. Such a limit is inaccessible to treatmen3

which use Gaussian density of states.
The present calculation serves as a stepping stone

full theory22 of the mobility of charge carriers in pure organ
crystals in cases where the low temperature data canno
explained via narrow-band polaronic theories such as
0-7
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Ref. 4 while high-temperature data do require a polaro
analysis.
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APPENDIX

1. Acoustic scattering rate

In the deformation potential approach for acoustic scat
ing the matrix element of the HamiltonianHint can be writ-
ten out explicitly1 as a function ofvD , gD , ys , a, Nc , and
nq,ac . Taking the direction ofkW as thez axis and integrating
over all possible momentaq, Eq. ~7! becomes

1

tac
5

1

\~2p!2Eqmin

qmax
q2dqE

0

2p

df
gD

2 \vDa3

Nc
\ysq

3@ I ac~kW1qW !nq,ac1I ac~kW2qW !~nq,ac11!#,

~A1!

whereqmin andqmax simply indicates that the scattering ra
is nonzero only for certain values of phonon momentum
fined by the two following positive quantities:

I ac~kW1qW !5E
0

p

dF a2B

~3p2Nc!
2/3

~q212kq cosu!2\ysqGQFB

2
a2B

~3p2Nc!
2/3

~q212kq cosu1k2!Gsinudu

~A2!

I ac~kW2qW !5E
0

arc cos(z)

dF a2B

~3p2Nc!
2/3

~q222kq cosu!

1\ysqGQF a2B

~3p2Nc!
2/3

~q222kq cosu

1k2!Gsinudu. ~A3!

The angle z5q(2k)211\ys(3p2Nc)
2/3(2a2Bk)215

q/2k1ys /yk comes from imposing the conditionq>0 on the
expression in Eq.~8! corresponding to the emission proces
z.0 implies that only forward emission is allowed, andz
,1 implies that whenyk,ys no emission process i
possible.12 The cutoffs due to the presence of the Heavis
function Q assure that the final momentum state of the c
rier stays inside the band: this is a feature missing in
calculation of scattering rate in large-band inorganic se
conductors.
04511
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With the substitutions

x65
a2B

~3p2Nc!
2/3

~q262kq cosu!7\vsq,

dx657
a2B

~3p2Nc!
2/3

2kq sinudu, ~A4!

Eqs.~A2! and ~A3! become, respectively,

I ac~kW1qW !5
~3p2Nc!

2/3

2a2Bkq
E

ã1

ã0
dx1d~x1!

3Q@B2~x11«k1\vsq!#

5
~3p2Nc!

2/3

2a2Bkq
H FQS q12k2

~3p2Nc!
2/3\vs

a2B
D

2QS q22k2
~3p2Nc!

2/3\vs

a2B
D G

3Q~B2«k2\vsq!J , ~A5!

I ac~kW2qW !5
~3p2Nc!

2/3

2a2Bkq
E

ẽ1

0

dx2d~x2!Q@x21«k2\vsq#

5
~3p2Nc!

2/3

2a2Bkq

3H F12QS q22k1
~3p2Nc!

2/3\vs

a2B
D G

3Q~«k2\vsq!J , ~A6!

where

ã05a2B~3p2Nc!
22/3~q212kq!2\vsq,

ã15a2B~3p2Nc!
22/3~q222kq!2\vsq,

and

ẽ15a2B~3p2Nc!
22/3~q222kq!1\vsq.

In order to rescale the above expressions appropriate
is necessary to expressys in terms of vD . Assuming the
speed of sound identical for the longitudinal and the tra
verse modes, the Debye frequencyvD can be related toys in
the usual way through the relation

vD5ys~2p2!1/3S hN

V D 1/3

5ys~2p2!1/3S hNc

a3 D 1/3

, ~A7!

wherehN represents the total number of acoustic modes,
value ofh depending on the geometrical configuration of t
crystal. For example, for a spherical molecule there ar
0-8
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total of 3N available modes~no rotation!: if Nc51 ~i.e., one
atom/molecule per unit cell! there are three branches
acoustic phonons~one longitudinal and two transverse! and
thereforeh53. If, instead,Nc52, there are the origina
three acoustical branches plus three optical branches
therefore only half of the 3N degrees of freedom contribut
to the acoustical phonon spectrum, i.e.,h53/2. For a non-
spherical molecule, there are a total of 6N degrees of free-
dom which forNc52 separate into three acoustical branch
and nine optical branches. The acoustical phonon spec
represents one-fourth of the available modes and there
h56/453/2, as for example in the case of pentacene. M
generally, it can be shown thath53/Nc .

With Eq. ~A7! and the following substitution of the radia
variable of integrationq,

y5
a

~2p2hNc!
1/3

q5
ys

vD
q,

dy5
ys

vD
dq, ~A8!

Eq. ~A1! can be expressed as function of the relative ene
x5«k /B of the carrier inside the band. The result has be
written in Eqs.~11!–~15!.

2. Optical scattering rate

For the optical phonon scattering rate the calculation p
ceeds along the same line of the acoustic case, but with
phonon energy written as\v0. Considering, for simplicity, a
dispersionless optical phonon, Eq.~7! for the optical case is
transformed into1

1

top
5

1

\~2p!2Eqmin

qmax
q2dqE

0

2p

df
g0

2\v0a3

Nc
\v0

3@ I op~kW1qW !nq,op1I op~kW2qW !~nq,op11!#,

~A9!

whereqmin andqmax simply indicates that the scattering ra
is nonzero only for certain values of phonon momentum
fined by the two following positive quantities:

I op~kW1qW !

5E
0

p

dF a2B

~3p2Nc!
2/3

~q212kq cosu!2\v0G
3QFB2

a2B

~3p2Nc!
2/3

~q212kq cosu1k2!Gsinudu

~A10!
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I op~kW2qW !

5E
0

arccosz

dF a2B

~3p2Nc!
2/3

~q222kq cosu!1\v0G
3QF a2B

~3p2Nc!
2/3

~q222kq cosu1k2!Gsinudu.

~A11!

As for the acoustic case, imposing the conditionq>0 on
the expression in Eq.~8!, corresponding to the emission pro
cess, gives a maximum angle12 z5A\v0 /B. Again, z.0
implies that only forward emission is allowed and the pre
ence of the Heaviside functionQ assures that the final mo
mentum state of the carrier stays inside the band.

With the substitutions

x65
a2B

~3p2Nc!
2/3

~q262kq cosu!7\v0

dx657
a2B

~3p2Nc!
2/3

2kq sinudu ~A12!

Eqs.~A10! and ~A11! become, respectively,

I op~kW1qW !5
~3p2Nc!

2/3

2a2Bkq
E

a1
ˆ

a0
ˆ

dx1d~x1!

3Q@B2~x11«k1\v0!#

5
~3p2Nc!

2/3

2a2Bkq
$@Q~q2kA11\v0 /«k1k!

2Q~q2kA11\v0 /«k2k!#Q~B2«k2\v0!%,

~A13!

I op~kW2qW !5
~3p2Nc!

2/3

2a2Bkq
E

e1
ˆ

ê0
dx2d~x2!Q@x21«k2\v0#

5
~3p2Nc!

2/3

2a2Bkq
Q~«k2\v0!$12Q@~q2k

2kA12\v0 /«k!~q2k1kA12\v0 /«k!#%,

~A14!

where now â05a2B(3p2Nc)
22/3(q212kq)2\v0 , â1

5a2B(3p2Nc)
22/3(q222kq)2\v0,

ê05a2B~3p2Nc!
22/3S q2

~3p2Nc!
1/3

a
A\v0

B D 2

,

and ê15a2B(3p2Nc)(q
222kq)1\v0. Equation~A9! can

be integrated inq and the result can be written as function
the relative energyx5«k /B of the carrier inside the band, a
displayed in Eqs.~16!–~18!.
0-9
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