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Nondispersive polaron transport in disordered organic solids
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An analytical theory based on the effective medium approach is formulated to describe nondispersive
hopping charge transport in a disordered organic material where polaron effects are important. The treatment of
polaron transport in solids with superimposed disorder and polaron effects is based on the Marcus jump rate
equation, while the conventional Miller-Abrahams formalism is used to describe charge mobility in polaron-
free systems. It is shown that the Poole-Frenkel-type field dependence of mobility lnm}AE occurs for both the
bare charge carrier and the polaron transport provided that energetic correlation effects have been taken into
account. We show that our polaron model can quantitatively explain the observed magnitudes of temperature-
and electric-field-dependent polaron mobilities assuming physically reasonable values of polaron binding en-
ergies and transfer integrals; it gives a background for the development of the method for estimation of polaron
binding energy and the energetic disorder parameter from these dependences. The results of the calculations are
found to be in good agreement with both experimental results obtained for somes-conjugated polysilylenes
where polaron formation was straightforwardly demonstrated and recent computer simulations of polaron
transport.
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I. INTRODUCTION

It is generally accepted that charge transport in disorde
organic solids occurs by hopping. Therefore mobilities
these materials are found to be, as a rule, very low
strongly electric-field and temperature dependent.1–4 In the
past decade, many results concerning the charge ca
transport in doped polymers, conjugated main-chain
pendant group polymers, and vapor deposited molec
glasses were published and described by a formalism b
on disorder elaborated by Ba¨ssler and co-workers.1–3 Re-
cently the formalism has been extended by including in
site correlation.5,6

Despite of the success of the disorder formalism, th
were during last two decades extensive discussions conc
ing the importance of polaron effects for charge transpor
organic disordered solids.1,7–15The model of polaron forma
tion has been used as an alternative description of ch
carrier transport in several organic solids. The small pola
model,7–9 which has often been employed, assumes tha
localized carrier strongly interacts with some molecular
brations of the molecule on which the carrier resides. T
hopping quasiparticle~polaron! is thus a charge associate
with a molecular distortion. The essential distinction betwe
the pure polaron and disorder model consists in differ
values of the deformation and disorder energy. The diso
0163-1829/2003/67~22!/224303~10!/$20.00 67 2243
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formalism assumes that the electron-phonon coupling is
ficiently weak and the activation energy of the charge tra
port reflects the static energetic disorder of the hopping si
In contrast, the polaron model suggests a strong elect
phonon coupling and negligible contribution of the energe
disorder to the activation energy of charge mobility.

Purely polaron models are less used since they eventu
can fail to consistently describe charge transport in orga
disordered materials because of their principle limitation
lated to the magnitude of physical parameters such as
laron binding energiesEp and transfer integralJ. Indeed, for
small polaron models, the zero-field activation energy of
mobility Ea in diabatic limit is Ep/2. Thus, if the represen
tative value of the activation energy of the mobility rang
from 0.3 to 0.6 eV, then the small polaron model must p
tulate the polaron binding energy from 0.6 to 1.2 eV. Suc
large Ep value is hardly justifiable for small organic mo
ecules, especially if one bears in mind that their crystall
counterparts usually show the value of 0.15 eV as an up
limit of polaron binding energy.16 In addition, to explain a
typical value of charge mobilitym in disorder-free materials
of the order of 1026 cm2/V s, consistent with the measure
activation energyEa'0.5 eV due to the polaron formation
one should postulate the nearest-neighbor transfer integr
about 1 eV.8,9 This value is unacceptably large for organ
solids with relatively weak van der Waals intermolecu
©2003 The American Physical Society03-1
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coupling.4 In addition, many basic experimental observ
tions, such as the temporal features of photocurrent trans
and the transition from nondispersive to dispersive trans
regimes upon lowering temperature, are in contrast to
prediction of small polaron model. Indeed, as a conseque
of the intramolecular nature of the structural distortion,Ep is
a well-defined energy, hence the charge transport sh
obey Gaussian statistics and photocurrent transients sh
neither show a long tail nor become dispersive at any te
perature~unless the transport becomes controlled by an
ergetically nonuniform distribution of traps!.

However, it is believed that for some organic systems
deformation energy might be comparable with the disor
energy. In principle, upon adding or removing an electr
from a molecule, the molecular skeleton must change
cause of the readjustment of the individual bond lengt
There are just a few reports where it was clearly dem
strated that polaron formation has to be taken into acco
and the observed temperature dependence of mobility is
tributed to the superposition of disorder and polar
effects.13–15 Bässleret al.13 suggested that in such case t
effective zero-electric-field (E→0) Arrhenius activation en-
ergy of the mobilityEaeff can be approximated by a sum
the disorder and polaron contributionsEaeff

m (E→0)5Ea
pol

1Eaeff
dis 5Ep/21(8/9)s2/kBT, where Ea

pol and Eaeff
dis are the

polaronic and disorder contributions, respectively, ands is
the width of the DOS distribution. This approach, being
good starting point to account for polaron effects, avoids
abovementioned shortcomings related to the magnitude
physical parameters and provides means for determinatio
both s and Ep from a Eaeff vs 1/T plot. However, the sim-
plified jump rate equation used in Ref. 13 for polaron ho
ping transport has no theoretical justification. It is worth n
ing that polaron formation can be detected also by therm
stimulated luminescence17 since polaron strongly affect
both low-temperature energy relaxation and thermally
sisted hopping of charge in disordered organic materials

An analytical disordered polaron model was suggested
Kenkre and Dunlap10,11 to account for the polaron transpo
under the influence of energetic disorder. The calculation
transport characteristics were performed using the varia
range hopping technique11 assuming that disorder plays th
key role and polarons are always in diabatic limit. The
sults were mainly used to explain the dependence of the
tivation energy of mobility on the concentration of transp
sites; it was assumed that competition between energetic
order and spatial disorder is the limiting factor in polar
transport. The drawback of this approach is that it requ
unacceptable large values of intersite transfer integrals an
the polaron binding energy. It is worth noting that rece
computer simulations by Parriset al.18 have demonstrated
that the problem related to physical parameters can be so
assuming the small-polaron transport occurs in the prese
of correlated energetic disorder. In this case the pola
transport with realistic values ofJ and Ep can be in good
agreement with experimental observations.

Recently we applied the effective medium approa
~EMA! to describe charge carrier transport in weakly dis
dered polaron-free three-dimensional~3D! organic media19
22430
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as well as in disordered media containing traps.20 In this
work we present an analytical EMA theory to describe t
charge transport in disordered materials where polaron
mation takes place. We compare the theoretical results w
experimental data obtained on poly@methyl~phenyl!silylene#
~PMPSi! and poly@biphenylyl~methyl!silylene# ~PBPMSi! for
which considerable polaron binding energies ofEp50.16
and 0.22 eV, respectively, were recently reported.21 The latter
value is the largest among those reported so far and
presumably due to a strong coupling of the charge to a
sional mode of the biphenyl unit22 and a large polarizability
of this substituent.21

II. THEORETICAL FORMULATION

A self-consistent theory based on the effective medi
approach was recently formulated19 to describe nondisper
sive charge carrier transport in disordered 3D organic s
tems for arbitrary electric fieldsE5$E,0,0% and has been
applied to polaron-free materials. In general to case, the
fective hopping drift mobility can be obtained from the fo
lowing expression:

me5a
We

12We
2

E
, ~1!

wherea is an average distance between neighboring hopp
sites.We

1 andWe
2 is the effective charge carrier jump prob

ability in the direction along and against the electric fie
respectively. In two-site cluster approximationWe

1 andWe
2

can be determined19 as the following formulas:

We
15

K W12
1

W12
1 1W21

2 L
K 1

W12
1 1W21

2 L , We
15

K W21
2

W12
1 1W21

2 L
K 1

W12
1 1W21

2 L , ~2!

whereW12
1 andW21

2 is a jump rate between two adjacent sit
along and opposite to the electric field direction, respectiv
The angular brackets denote energetic configuration ave
ing. Here positional disorder was neglected.

A crucial point for developing of any theory describin
charge carrier transport in organic disordered solids is
choice of certain expression to describeW12

1 andW21
2 . Gen-

erally speaking, an expression for jump rateWi j might not be
the same for the whole temperature range. Two types of
pressions for jump rateWi j are usually considered.

~1! For disordered materials with a weak electron-phon
coupling and/or low-temperature limit (T,TD/2, whereTD
is the Debye temperature! when polaron effects are unimpo
tant, the Miller-Abrahams~MA ! jump rate23 can be used

Wi j 5n0 expS 22
r j i

b DexpF2
u« j2« i u1~« j2« i !

2kBT G , ~3!

wheren0 is a frequency factor andb is the localization radius
of a charge carrier.

~2! Polaron effects might be important in the hig
coupling and/or high-temperature limit. In such case,
3-2
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nonadiabatic small polaron hopping rate given by Marc
theory24,25 could be used~hereinafter Marcus jump rate!:

Wi j 5
J2

\
A p

4EakBT
expS 2

Ea

kBTD
3expF2

« j2« i

2kBT
2

~« j2« i !
2

16EakBT G , ~4!

whereJ5J0 exp(2r ji /b) is the transfer integral between site
with separation ofr j i andEa is the small polaron activation
energy, which is equal to half of the polaron binding ene
(Ea5Ep/2). It should be noted that instead of Eq.~4!, the
so-called symmetrical jump rate is also often used@Eq. ~5!#

Wi j 5
J2

\
A p

4EakBT
expS 2

Ea

kBTDexpS 2
« j2« i

2kBT D . ~5!

This expression is essentially similar to Eq.~4! with the ex-
ception of omission of the last term in the exponent. Ho
ever, the usage of the symmetrical jump rate is limited b
relatively weak energetic disorder.

Under the applied electric fieldE in all the above expres
sions, the value of« j2« i should be substituted by« j2« i

1e(r j2r i)E, wheree is the unit charge.We
1 andWe

2 can be
calculated by substituting Eqs.~3!–~5! into Eq. ~2!. To per-
form the configurational averaging, one should choose
distribution functions for the starting state«1 and the target
state«2 . As we demonstrated before,19 in thermodynamic
equilibrium, the target and starting states are described by
density-of-states ~DOS! distribution P(«2) and the
asymptotic occupational density-of-states~ODOS! distribu-
tion of carriers after establishing of thermal equilibriu
P(«1), respectively. Thus, for calculation ofWe

1 in the case
of Gaussian DOS distribution with the widths, one should
use the following expressions:

P~«1!5
1

sA2p
expF2

1

2 S «12«0

s D 2G ,
P~«2!5

1

sA2p
expF2

1

2 S «2

s D 2G , ~6!

where«052s2/kBT. To calculateWe
2 one should use«1

and«2 instead of«2 and«1 , respectively, in Eq.~6!.

A. EMA treatment of charge transport in a polaron-free system

First, for the sake of completeness, let us start with
MA jump rate given by Eq.~3!. Substituting Eq.~3! into Eq.
~2! and assumingr j i 5a for the case ofs/kBT@1, one can
get the following expressions:

Ye
15 K expF2

u«22«12eaEu1~«22«12eaE!

2kBT G L ,

Ye
25 K expF2

u«12«21eaEu1~«12«21eaE!

2kBT G L , ~7!
22430
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where Ye
65We

6/W0 and W05n0 exp(22a/b). Configura-
tional averaging in Eq.~7! using Eq.~6! yields

Ye
65

1

2 H expS 2
1

2
x26x f D F12erfS 6 f

&
D G

1F12erfS x7 f

&
D G J , ~8!

wherex5s/kBT, f 5eaE/s, and erf(z)5(2/Ap)*0
zdte2t2 is

the error function. In the present treatment we use the tra
port energy level«p which, when only energetic disorder i
considered, is located at«p>2s/2.19 As it was shown
before,19,26,27for s/kBT@1, one can consider«p>0, i.e., the
transport level is located at the maximum of the DOS dis
bution. Therefore, one can put in Eq.~6! P(«2)5d(«2). The
result for effective mobility@see Eq.~1!# reads

me5m0

Ye
12Ye

2

x f
, ~9!

wherem05(ea2n0 /kBT)exp(22a/b). In the limiting case of
zero-field (E→0), one can get from Eqs.~8! and ~9! the
relation

me5m0 expF2
1

2 S s

kBTD 2G . ~10!

Equations~8! and ~9! can be used for the calculation of th
field dependence ofme over a broad field range for arbitrar
electric fields. We will limit our consideration by the electric
field range important for experiments; thus, we assumex
! f !x. Combining Eqs.~8! and ~9!, one obtains

me5m3 expF2
1

2 S s

kBTD 2

1
s

kBT

eaE

s
2

1

2 S eaE

s D 2G ,
~11!

where m35m0 /A2px f2 is the power function of only the
electrical field. We can neglect this dependence assum
for instance,f 51. One could take into account correlatio
effects using the method described in Ref. 19. Doing
eaE/s should be substituted byAx/2AeaE/s in Eq. ~11!;
then one gets19

me5m3 expF2
1

2 S s

kBTD 2

1
1

&
S s

kBTD 3/2AeaE

s

2
1

4

s

kBT

eaE

s G . ~12!

Here we kept the abbreviations for the correlated value o
sd as well. Analysis shows that in the considered elec
field range, Eq.~12! can be well extrapolated by the follow
ing expression:
3-3
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me5m3 expH 2
1

2 S s

kBTD 2

1
1

&
F S s

kBTD 3/2

2S s

kBTD 1/2GAeaE

s J . ~13!

Equation ~13! is in a good agreement with the expressi
derived from computer simulations28–30

me}expH 2
9

25S s

kBTD 2

10.78F S s

kBTD 3/2

22GAeaE

s J .

~14!

Thus, the obtained Eqs.~12! and ~13! agree well with both
results of computer simulations@see Eq.~14!# of charge
transport in materials devoid of polaron effects and with
perimental data of the dependence of charge carrier mob
on electric field which obey the well-known Poole-Frenk
type dependence lnm}AE.

B. EMA treatment of polaron transport in a disordered
organic system

Let us consider polaron transport using the Marcus ju
rate given by Eq.~4! in disordered systems. Substituting E
~4! into Eqs.~1! and ~2!, one can obtain the expression f
the effective polaron mobility

me5m1 expS 2
Ea

kBTD 1

f x S Ye
1

Ze
12

Ye
2

Ze
2 D , ~15!

where

m15
ea2

kBT
W1 , W15

J2

\
A p

4EakBT
, ~16!

Ze
15 K expF2

u«22«12eaEu
2kBT

1
~«22«12eaE!2

16EakBT G L ,

Ze
25 K expF2

u«12«21eaEu
2kBT

1
~«12«21eaE!2

16EakBT G L .

~17!

It should be noted that starting states of ODOS in the exp
sions forZe

1 andZe
2 are«1 and«2 , respectively. Substitut

ing Eq. ~6! into Eq. ~17! and performing calculation unde
the same approximation as used in calculation ofYe

6 , one
obtains

Ze
65

expF2
1

2
~x7 f !2G
q

3
1

2 H exp
1

2 S x72 f

2q D 2F11erfS x72 f

2&q
D G

1exp
1

2 S 3x72 f

2q D 2F12erfS 3x72 f

2&q
D G J , ~18!
22430
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whereq5A12xy/8, y5s/Ea . Equation~18! is valid when
(s/Ea)(s/kBT)/8,1. In the limiting case of zero electric
field (E→0), one obtains from Eqs.~15!, ~8!, and~18!

me5m1

1

2q
expF2

Ea

kBT
2

1

8q2 S s

kBTD 2G . ~19!

Drift mobility of polarons calculated using the symmetric
jump rate@see Eq.~5!# can also be described by Eq.~19!
provided thatq51,31 which corresponds to the conditio
when (s/Ea)(s/kBT)/8!1. In such case, one can derive th
apparent effective Arrhenius activation energy of the pola
mobility as

Eeff52kB@d ln me /d~1/T!#5Ea1
1

4

s2

kBT
. ~20!

Eeff is the sum of contributions from the energetic disord
and the polaron formation~polaron activation energy!. As
one may see, this equation differs somewhat from the c
ventional expressionEeff5Ea1(8/9)s2/kBT,13 which was
used for estimating of the material parametersEa ands from
the temperature dependence of the mobility. Employmen
Eq. ~20! for the analysis of experimental data gives a twi
larger parameters than that obtained using the above co
ventional expression. This is due to the suggestion that
laron formation and disorder effects are independent and
ditive processes. When this is the case, the conventio
expression forEeff consists of the activation energyEa of
small polaron@which appears in Eq.~4! only at relatively
high temperatures# and the activation energy of hopping du
to the energetic disorder@which is calculated at relatively
low temperatures using of Eq.~3!#.

Thus, Eq.~19! derived from the Marcus jump rate seem
to be the most appropriate approach to estimate materia
rametersEa ands from the experimental temperature depe
dence of the zero-field mobility. It should be noted that
this caseEeff is no longer a simple sum of activation energi
due to the polaron formation and energetic disorder@see Eq.
~20!# since in general case@whenq in Eq. ~19! is not equal to
unity#, the valueEeff is not a linear function of 1/T. There-
fore, Eq.~20! is inappropriate for estimating the the polaro
binding energy by extrapolatingEeff to the infinite tempera-
ture. Solution of this problem for general case of the Marc
jump rate is described below.

Equations~15!, ~8!, and ~18! can be used for calculating
the electric-field dependence of polaron mobility in a bro
range of arbitrary fields~as mentioned above, we will limi
ourselves to the field range 1/x! f !x/2). It should be men-
tioned that this field range is at least twice smaller than t
considered above for the derivation of Eq.~11!. From Eqs.
~15!, ~8!, and~18! one obtains

me5m4 expF2
Ea

kBT
2

1

8q2 S s

kBTD 2

1
1

2q2

s

kBT

eaE

s
2

1

2q2 S eaE

s D 2G , ~21!
3-4
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wherem45m1q/A2px f2. Here we assume, as in the case
m3 , f 51.

After taking into account the correlation effects, the res
reads

me5m4 expF2
Ea

kBT
2

1

8q2 S s

kBTD 2

1
1

2&q2 S s

kBTD 3/2AeaE

s
2

1

4q2 S s

kBTD eaE

s G .

~22!

In the case of a symmetrical jump rate@see Eq.~5!#, we
should putq51 into Eqs.~21! and ~22!. Analysis of these
equations shows that in the considered electric field ran
Eq. ~22! can be approximated well by the following expre
sion:

me5m4 expH 2
Ea

kBT
2

1

8q2 S s

kBTD 2

1
1

2&q2 F S s

kBTD 3/2

2S s

kBTD 1/2GAeaE

s J . ~23!

Note that the electric field range where the Eq.~23! is valid
is at least twice smaller than that for which Eq.~13! is ap-
plicable. It should be stressed that Eq.~23! agrees well with
the empirical expression derived from recent compu
simulations18

me5m0 expH 2
Ea

kBT
20.31S s

kBTD 2

10.78F S s

kBTD 3/2

21.75GAeaE

s J . ~24!

The valuem452.4531023 cm2/V s determined for the pa
rameters from Ref. 18 is close to the value ofm053.60
31023 cm2/V s calculated in Ref. 18. Other informatio
from the above treatment is that according to our calcu
tions, me is only slightly sensitive to the correlation effec
@see Eqs.~22! and ~21!#. The obtained Eqs.~22! and ~23!
agree reasonably well with the computer simulation res
of Eq. ~24! and correspond to the Poole-Frenkel type of
dependence lnm}AE.

C. Treatment of charge and polaron transport based on the
percolation path approximation

The results obtained by the present EMA theory can
supported by another method based on the idea of perc
tion path approximation~PPA!,32 which can be applied in the
case of strong disorder. The PPA assumes that the ch
carrier motion in three-dimensional~3D! strongly disordered
system occurs along the actual one-dimensional~but not
straight line! conduction paths. In a random system tho
paths include only sites with energy«,« t , where« t is a
percolation~transport! energy level of the 3D random sys
22430
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tem. Since one-dimensional charge carrier motion is con
ered and bonds are connected sequentially, the exact ex
sion for the effective probability of charge hopping can
obtained by inverse of the average hopping times. In t
case, instead of Eq.~2!, values ofWe

1 and We
2 can be ex-

pressed as

We
15^t12

1 &21, We
25^t21

2 &21, ~25!

where

^t12
1 &5

*
2`
« t P~«1!$W12

1 ~« t ,«1!%21d«1

*
2`
« t P~«1!d«1

,

^t21
2 &5

*
2`
« t P~«2!$W21

2 ~« t ,«2!%21d«2

*
2`
« t P~«2!d«2

. ~26!

Here

P~«!5
1

sA2p
expF2

1

2 S «

s D 2G . ~27!

In the limiting case of zero-electric field, Eqs.~26! are coin-
cident with results on the average hopping time obtained
Baranovskiiet al.33

Let us consider two situations of the MA and Marc
jump rate.

~a! For the MA type of the jump rate the result reads

W12
1 ~« t ,«1!5W0 expF2

u« t2«12eaEu1~« t2«12eaE!

2kBT G ,
~28!

W21
2 ~« t ,«2!5W0 expF2

u« t2«21eaEu1~« t2«21eaE!

2kBT G .
~29!

After substitution of Eqs.~26!–~29! into Eq.~25! and assum-
ing « t>0, as stated above for«p , one obtains

He
65H expS 1

2
x27x f D F11erfS x7 f

&
D G1erfS 6 f

&
D J 21

,

~30!

whereHe
65We

6/W0 . Then, instead of Eq.~9!, one has the
relation

me5m0

He
12He

2

x f
. ~31!

For the limiting case of a weak electric field (E→0), using
Eqs. ~30! and ~31!, one obtains Eq.~10!. In the important
field range when 1/x! f !x, taking into account the correla
tion effects one derives an approximate Eq.~13! with slightly
modified prefactorm3 .

~b! In the case of polaron hopping, we have
3-5
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W12
1 ~« t ,«1!5W1 expS 2

Ea

kBTDexpF2
« t2«12eaE

2kBT

2
~« t2«12eaE!2

16EakBT G , ~32!

W21
1 ~« t ,«2!5W1 expS 2

Ea

kBTDexpF2
« t2«21eaE

2kBT

2
~« t2«21eaE!2

16EakBT G . ~33!

After substitution of Eqs.~26!, ~27!, ~32!, and~33! into Eq.
~25! and assuming« t>0 as above, the result reads

Qe
65

q expS 2
x2

8q2DexpS 6
x f

2q22
xy f2

16q2D
11erfF x

2q&
S 17

y f

4 D G , ~34!

whereQe
65We

6/W1 . Then, instead of Eq.~15!, one obtains

me5m1 expS 2
Ea

kBTD 1

f x
~Qe

12Qe
2!. ~35!

From Eqs.~34! and ~35! one obtains Eq.~19! for a limiting
case of weak electric field (E→0). In the experimentally
important field range, taking into account correlation effec
one derives an approximation expression~23! with slightly
modified prefactorm4 .

Thus we showed that the employment of either the eff
tive medium approach or the transport energy meth
gives—provided thats/kBT@1—the same results for tem
perature dependence of the mobility and fairly similar resu
for the field dependences of the mobility, the only differen
relating to the magnitude of prefactors in the experimenta
important field range. This applies to both the bare cha
carrier and polaron transport.

Finally we should mention that some suspicion has b
recently cast33 on the validity of the configurational averag
ing of hopping rates as it was used by Arkhipovet al.34 for
calculation of charge carrier drift mobility. Baranovsk
et al.33 argue that the averaging used in Ref. 34 should l
to exponentially wrong results. At first glance this might lo
plausible since, indeed, when one performs configuratio
averaging of the MA hopping rates using Eq.~26! in the case
of strong disorder and low-field limit, the result readsme

5m0A2/pkBT/s, i.e., is at variance with Eq.~10!. Hence,
the surmised exponentially wrong result is actually deriv
However, it should be emphasized that such averaging o
the distribution of starting states in Eq.~26! was done using
the DOS function@Eq. ~27!#. A key point of the EMA ap-
proach we developed is that the configurational averagin
hopping rates is performed provided that the ODOS funct
@Eq. ~6!# is used for averaging over the distribution of sta
ing states, which leads to the correct result given by Eq.~10!.
In fact, the ODOS function has been also used for averag
22430
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in the mentioned Ref. 34@see, for instance, Eq.~3! in Ref.
34b#, which justifies the approach used by Arkhipovet al.34

and reinforces their results.

III. RESULTS AND DISCUSSION

A. General predictions

Figure 1~a! shows Arrhenius plots of the temperature d
pendences of the polaron mobility calculated using Eq.~23!
for several values of polaron activation energiesEa . Solid
straight lines are given for linearity comparison. As one c
see, these dependences are nonlinear for small polaron
vation energies~see curve 1!. This suggests a dominant rol
of the disorder effects in such a situation. This conclusion
supported by good linear dependence of the same data in
sub-Arrhenius coordinates, i.e., lnm vs T22 @curve 1 in Fig.

FIG. 1. ~a! The Arrhenius plot of the temperature dependen
of the polaron mobility calculated from Eq.~23! for several values
of polaron activation energiesEa . Solid straight lines are given fo
linearity comparison.~b! The same data but replotted in the su
Arrhenius coordinates, i.e., lnm vs T22.
3-6
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1~b!# as expected for disorder-dominated transport. As lo
as polaron activation energy is larger, the Arrhenius temp
ture dependence of the mobility tends to be closer to
straight line@Fig. 1~a!, curve 4# while the deviation from the
linear dependence in sub-Arrhenius coordinates beco
more pronounced@curve 4 in Fig. 1~b!#. Thus, an apparently
linear Arrhenius plot is an unambiguous evidence for b
the presence of polaron effects and a relatively large pola
binding energy. At the same time, the linear temperature
pendence of mobility in lnm vs T22 representation could
reflect either a polaron-free charge carrier transport in a
ordered system or a polaron transport with polaron activa
energy relatively small with respect to the width of the DO
so the disorder effects play a dominant role here. It should
noted that these two transport regimes are usually indis
guishable from the temperature dependence of the ch
carrier mobilities only, e.g., the field dependence of the m
bility must be taken into account in order to analyze expe
mental results properly.

Field dependences of the polaron mobilities in a dis
dered material for different temperatures and polaron act
tion energies are shown in Fig. 2. As expected, polaron m

FIG. 2. Field dependences of the polaron mobilities in a dis
dered material for different temperatures and polaron activation
ergies of 0.1, 0.2, and 0.4 eV@~a!, ~b!, and~c!, respectively#.
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bility strongly decreases as polaron activation ene
increases in the sequence of 0.1, 0.2, and 0.4 eV@Figs. 2~a!,
2~b!, and 2~c!, respectively#. However, the slopes of the fiel
dependences of the polaron mobilities become are relati
less sensitive to temperature in the case of large pola
activation energies@see, e.g., Figs. 2~a! and 2~c!#.

Figure 3 shows the dependence of the polaron mobility
a disordered organic system on polaron activation energy
several values ofs. It bears out the expected linear decrea
in ln m with increasing polaron activation energy.

As it was discussed above, the observation of the lin
dependence lnm}1/T2 for zero-field mobility does not nec
essary mean the absence of polaron formation. This de
dence conventionally stems from the MA formalism; ho
ever, a similar dependence could result also from the pola
model for a certain set of parameters. Therefore, gener
speaking, the temperature dependence cannot be consid
as a crucial test for the existence of polaron effects.

From the analysis of the present theory, an important
follows, which, in principle, could be used for distinguishin
between polaron and polaron-free transport. It appears
slopes of the electric field dependence of the mobi
@Poole-Frenkel ~PF! factors#, defined as b8
5] ln(me/m3)/]AE, varies almost linearly withT23/2 in the
case of polaron-free transport when the MA formalism
applicable@curve 1 in Fig. 4~b!#. Alternatively, the depen-
dence of the PF factor in representationb
5] ln(me/m4)/]AE vs T23/2 notably deviates significantly
from a straight line in the case of polaron model@curve 2 in
Fig. 4~b!#. Thus, the presence of such deviation should im

-
n-

FIG. 3. Dependence of the polaron mobility in a disorder
organic system on polaron activation energy for different values
s.
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the presence of polarons in the system under study. M
over, it appears that in zero electric field the valuea8
52 ln@me(0) /m3# depends linearly onT22 in the case of MA
approximation@curve 2 in Fig. 4~a!#, whereas the depen
dence a52 ln@(me(0) /m4)exp(Ea /kBT)# on T22 deviates
from a straight line in the case of the polaron model.

B. Comparison with experiment

To compare our theory with experimental results for s
tems where polaron effects are important we have taken
data from Ref. 13 obtained for poly@methyl~phenyl!silylene#
~PMPSi! films. The superposition of the disorder and polar
effects was demonstrated in a straightforward way from
specific temperature dependence of the mobility measu
over a broad temperature range. First, we consider zero-

FIG. 4. ~a! Temperature dependences of parametersa and a8
~see text for explanation! for polaron and polaron-free transport in
disordered system~curves 1 and 2, respectively!. ~b! Temperature
dependences of PF factorsb and b8 for polaron and polaron-free
hopping transport in a disordered system~curves 1 and 2, respec
tively!.
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mobility values of PMPSi~see Fig. 3 in Ref. 13! measured at
temperaturesT15333 K, T25250 K, T35200 K. Solving
the set of two equations for ln@me(T1)/me(T2)# and
ln@me(T2)/me(T3)# obtained using Eq.~19! and experimental
data, one obtainsEa50.139 eV ands50.0930 eV. It should
be taken into account that proper extrapolation of experim
tal data to zero field could be sometimes problematic a
reduces the accuracy of the analysis. Therefore we used
experimental data of the temperature dependence of the
bility measured atE52.53105 V/cm ~see Fig. 4 in Ref. 13!
and Eq.~22! or ~23!. Here we assumeda51.2 nm. The cal-
culation yieldsEa50.145 eV ands50.0886 eV. Further,
we have used these values as material parameters fo
calculation of the temperature and field dependence of
effective polaron mobility in PMPSi.

Figure 5 shows the temperature dependences of the
mobility me calculated using Eq.~23! for several electric
fields. Experimental data13 are shown by symbols. It shoul
be stressed that apart from parametersEa50.145 eV ands
50.0886 eV discussed above, the only fitting parame
were ~i! average hopping distancea51.2 nm and ~ii !
nearest-neighbor transfer integralJ50.008 eV. Such values
are quite appropriate for this polymer.

Figure 6 presents field dependences of the drift mobi
me in PMPSi calculated using Eq.~23! for several tempera-
tures. All parameters used in the calculations were the s
as in Fig. 5. The symbols show the experimental data,
the calculated dependences. One can see quite good a
ment between the theory and experiment. It is essential
both the temperature and field dependences of the mob

FIG. 5. Temperature dependences of the drift mobilityme in
PMPSi calculated using Eq.~23! for several electric fields~solid
lines!. Experimental data from Ref. 13 are given by symbols.
3-8
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were calculated with the same set of material parame
(Ea50.145 eV,s50.0886 eV,a51.2 nm,J50.008 eV).

Dependences of the charge mobility on the electric fi
measured in PBPMSi films at different temperatures
shown in Fig. 7~symbols!. In general, the charge mobility in
PBPMSi is about an order of magnitude lower than
PMPSi. It is a consequence of larger polaron binding ene
in this polymer as found in Ref. 21. This conclusion w
recently supported also by comparative thermally stimula
luminescence~TSL! studies17 in PMPSi and PBPMSi. Fitting
of experimental data of the mobility in PBPMSi by Eq.~23!
~Fig. 7, straight lines! actually gives a larger polaron activa
tion energyEa50.22 eV, while the rest of parameters a
similar to that of PMPSi (s50.096 eV,a51.3 nm) except a
larger transfer integral~by a factor of 2!, J50.016 eV. This
can be expected since it is known35 that the larger is a con
jugated system with attached side groups the larger is
localization radius of the charge.

Figure 8 shows a comparison of the results of our th
retical calculations~solid lines! and computer simulation
~taken from Ref. 18; symbols! for the polaron transport in a
disordered solid. All the used material parameters were
same.

FIG. 6. Field dependences of the drift mobilityme in PMPSi
calculated from Eq.~23! for several temperatures. All paramete
used in the calculations were the same as in Fig. 5. Symbols s
the experimental data, lines the calculated dependences.
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FIG. 7. Field dependences of the drift mobilityme in PBPMSi
calculated from Eq.~23! for several temperatures~solid lines!. Ex-
perimental data are given by symbols.

FIG. 8. Theoretical calculations~solid lines! of the field depen-
dences of the polaron mobility in a disordered solid and the res
of computer simulations~taken from Ref. 18; symbols! for the po-
laron transport. All the used material parameters were the sam
3-9
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IV. CONCLUSION

An approach based on the Marcus jump rate equatio
developed analytically to describe polaron transport in a
ordered organic solid with superimposed disorder and
laron effects. It allows more precise estimation of the en
getic disorder parameter and polaron binding ene
~polaron activation energy! from the fitting of experimenta
temperature and field dependences of the mobility. Our
laron model can quantitatively explain the observed mag
tudes of temperature and electric-field dependent pola
mobilities assuming reasonable values of polaron binding
ergies and transfer integrals. It is shown that the Poo
Frenkel-type field dependence of mobility lnm}AE occurs
for both the bare charge carrier and the polaron trans
provided that energetic correlation effects have been ta
into account. Also the super-Arrhenius type temperature
pendence of the drift mobility lnm}1/T2 can be observed fo
polaron transport provided that the polaron activation ene
is relatively small. Our model suggests a possible test
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