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Effects of lattice fluctuations on electronic transmission
in metal/conjugated-oligomer/metal structures

Z. G. Yu, D. L. Smith, A. Saxena, and A. R. Bishop
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~Received 25 April 1997!

The electronic transmission across metal/conjugated-oligomer/metal structures in the presence of lattice
fluctuations is studied for short oligomer chains. The lattice fluctuations are approximated by static white noise
disorder. Resonant transmission occurs when the energy of an incoming electron coincides with a discrete
electronic level of the oligomer. The corresponding transmission peak diminishes in intensity with increasing
disorder strength. Because of disorder there is an enhancement of the electronic transmission for energies that
lie within the electronic gap of the oligomer. If fluctuations are sufficiently strong, a transmission peak within
the gap is found at the midgap energyE50 for degenerate conjugated oligomers~e.g., trans-polyacetylene!
and EÞ0 for AB-type degenerate oligomers. These results can be interpreted in terms of soliton-antisoliton
states created by lattice fluctuations.@S0163-1829~97!00135-5#
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Inorganic tunneling devices such as metal/semiconduc
metal and metal/superconductor/metal structures are im
tant both because of a rich variety of physics and of tech
logical applications. It has recently become possible
fabricate organic counterparts of tunneling devices, e
metal/conjugated-oligomer/metal structures. Several exp
mental groups have observed electronic transmission thro
‘‘molecular wires’’ attached to two metallic contacts,1–4 and
organic self-assembled-monolayers have been used
modify the injection properties of contacts in organic ligh
emitting diodes.5,6 Conjugated polymers are quite differe
from conventional semiconductors in that conjugated po
mers are flexible and thus lattice effects, including pola
formation and lattice fluctuations, are critical for understan
ing optical and transport properties of these materials.7–9 In
the existing calculations of organic tunneling structures,
role of lattice fluctuations has not been taken in
account.10–12 Here we study the transmission properties
metal/conjugated-oligomer/metal structures, emphasizing
importance of lattice fluctuations~approximated as static in
trinsic disorder!. We find that the transmission properties
these structures are significantly changed by both ther
and quantum lattice fluctuations.

We study an oligomer chain with 2N atoms sandwiched
between two semi-infinite metal leads~Fig. 1!. The Hamil-
tonian of the system consists of three parts:

H5Hmetal1Holigomer1H interface. ~1!

We describe the metal by a one-dimensional, noninterac
tight-binding model

Hmetal5 (
l 52`

21

~2t0cl
†cl 111H.c.!

1 (
l 52N11

`

~2t0cl
†cl 111H.c.!, ~2!

wherecl
†(cl) is the electron creation~annihilation! operator

at site l , t0 is the electronic hopping integral between t
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neighboring metal sites, and the spin indices are implicit inl .
For this structure the energy spectrum is given
Ek522t0cosk.

In general, the hopping integral at the contacts betw
metal and conjugated oligomer is different from that in t
metal,

H interface52t1~c0
†c11c2N

† c2N111H.c!. ~3!

The oligomer is modeled by a Su-Schrieffer-Heeg
Hamiltonian7 used for degenerate polymers. To descr
AB-type degenerate oligomers,13 we include the difference
in the on-site energies of theA and B monomer units,
2a5eA2eB ,

Holigomer5(
l 51

2N

$hl ,l 11~cl
†cl 111H.c.!1~21! lacl

†cl%, ~4!

wherehl ,l 1152t@12(21)ld l #, andd l is the lattice distor-
tion at sitel of the oligomer.

In the oligomer the lattice is dimerized~alternating long
and short bonds! and the lattice sites fluctuate around the
equilibrium positions. As a consequence, the bond leng
also fluctuate:d l5d01j l . Here d0 is the lattice dimeriza-
tion, andj l the lattice fluctuation. The lattice fluctuations ca
be approximated as static white-noise disorder with a Ga
ian distribution8 ^j lj l 8&52Dd l ,l 8. Here D measures the
strength of the fluctuations, and can be written
D5l coth(v/2T), wherev is the optical-phonon frequenc
of the oligomer,T is the temperature, andl is a parameter.
Thus both quantum and thermal fluctuations are conside
The fluctuation strength can be extracted from experime
e.g., the width of the intragap ‘‘tail’’ states in the lumine
cence spectra of polymers,14 and for polyacetylenelike poly-
mersl;0.02.

For an incoming electron with energyEk , we compute
the transmission coefficient by solving the Schro¨dinger equa-
tion HuC&5EkuC&. The wave function can be represent
by the Wannier basisuC&5( l 52`

` cl u l &. In the left metal
6494 © 1997 The American Physical Society
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lead, the wave function includes two parts, the incident a
reflected waves,cl5eikl1Re2 ikl for 2`, l<0. Similarly,
in the right metal lead, the wave function is an outgoi
wave,cl5Teikl for 2N11< l ,`.
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d The wave function of the oligomer is determined b
matching the wave function at the interfaces between
metal and the oligomer. Thus we have a set of equations
the oligomer,
S Ek1a 2h12 0 0 . . . 0

2h12 Ek2a 2h23 0 . . . 0

. . . . . . . .

. . . . . . . .

0 . . . 0 2h2N22,2N21 Ek1a 2h2N21,2N

0 . . . 0 0 2h2N21,2N Ek2a

D S c1

c2

.

.

.

c2N

D 5S 2t1c0

0

.

.

0

2t1c2N11

D . ~5!
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If we denote the above 2N32N symmetric matrix asM , we
have

c15~M 21!1,1~2t1c0!1~M 21!1,2N~2t1c2N11!,
~6!

c2N5~M 21!2N,1~2t1c0!1~M 21!2N,2N~2t1c2N11!.

Substituting Eq.~6! into the tight-binding equations for the
two interfaces gives

Ekc052t0c212t1c1 ,
~7!

Ekc2N1152t1c2N2t0c2N12 ,

and we obtain two equations forR andT. The reflection and
transmission coefficients are obtained by ensemble avera
over 10 000 configurations:r 5^uRu2&, t5^uTu2&.

Figure 2 shows the transmission coefficient for a 2N58
oligomer chain versus the energy of the incoming electr
for different disorder strengths. Herea50, so the oligomer
is of trans-polyacetylene-type, and the edges of the ene
gap are approximately at62td0560.4t. When the fluctua-
tions are absent~no disorder!, four resonant tunneling peak
are observed, and their energies correspond to the four
crete levels above the gap in the oligomer. As the disor
strength increases, the transmission above the gap is gre
reduced and the peaks diminish in intensity. This is eas
understood, since the incoming electron loses its cohere
due to scattering resulting from the disorder. When the
ergy of the incoming electron lies within the gap, the tunn
ing is enhanced. This enhancement becomes more
nounced as we increase the fluctuations. For sufficien
strong fluctuations we find a peak in the middle of the ga
i.e., E50. This enhancement arises from the lattice-assis
tunneling.

FIG. 1. Schematic diagram showing metal and oligomer sites
a chain.
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The enhancement of transmission within the energy g
of the oligomer can be better understood from the electro
density of states of the oligomer. We calculate the density
states of the oligomer with free boundary conditions by a
eraging the distribution of the discrete electronic levels ov
different lattice configurations. In Fig. 3, we present th
ensemble-averaged density of states of a 2N58 oligomer for
different disorder strengths. We observe that, when the flu
tuations are strong enough, the density of states has a m
mum in the middle of the gap. This result is consistent wi
the theoretical prediction of the density of states in an infin
chain with disorder,15 where it was shown that the density o
states at the middle of the gap diverges if the disord
strength is larger than some critical value. We interpret t
state at the middle of the gap to be a virtual soliton
antisoliton state due to lattice fluctuations. When fluctuatio
are strong, the bond alternation has some probability to

in

FIG. 2. Electronic transmission for an eight-atom oligomer d
vice structure as a function of the energy of the incoming electr
E. The parameters area50, t05t51, t150.8, andd050.2. The
solid, dashed, and long-dashed lines correspond to disor
strengthsD50, D50.05, andD50.15, respectively.
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quire the ‘‘opposite’’ sign with respect to the regular lon
short bond sequence, which results in a kink. The soli
level in a degenerate system~e.g.,trans-polyacetylene! is at
E50, the middle of the gap.

We have also carried out the calculation of transmiss
for longer oligomers. For example, the results for
2N518 oligomer chain are summarized in Fig. 4. Reson
transmission occurs when the energy of the incoming e
tron coincides with an electron level of the oligomer. Wh
the energy of the incoming electron lies within the gap,
transmission is much smaller as compared to the 2N58

FIG. 3. Density of states for an eight-atom oligomer dev
structure. The parameters are the same as those in Fig. 2.
circles, squares, and triangles correspond toD50.05, 0.15, and 0.3
respectively.

FIG. 4. Electronic transmission for an 18-atom oligomer dev
structure as a function of the energy of the incoming electron.
parameters are the same as in Fig. 2. The solid, dashed, and
dashed lines correspond to disorder strengthsD50, 0.05, and 0.15,
respectively. The inset shows the density of states of this oligo
for D50.3.
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chain. Qualitatively, within the gap the transmission d
creases exponentially with an increase in the oligom
length.12 There is again an enhancement of tunneling wh
the energy of the incoming electron lies within the gap, a
a transmission maximum atE50 when the fluctuations are
sufficiently strong.

Next we study theAB-type polymer. In Fig. 5, we illus-
trate the transmission coefficient as a function of the electr
energy fora50.1. When there are no lattice fluctuations, th
transmission profile is very similar to that in Fig. 2. As w
increase the fluctuation strength, the tunneling is enhance
the low-energy region similar to thea50 case. However,
unlike trans-polyacetylene-type oligomers, we observe
maximum of transmission within the gap at energyEÞ0.
We have also calculated the density of states for th
AB-type polymer and found that two maxima of density o
states occur atE56a. This is consistent with a virtual
soliton-antisoliton states picture for lattice fluctuation
since, for anAB-type polymer, soliton levels are not at th
middle of the gap but at6a.13

We have not explicitly included electron correlation e
fects in our calculations. It is known that these effects a
important in determining several material properties such
exciton states.16 Nevertheless, we note that for the single
electron tunneling considered here, correlations mer
renormalize the parameters (t,a) in Eq. ~4!. The latter would
change the discrete electronic levels and therefore shift
energy of resonance peaks. We have also neglected o
effects such as the presence of a Coulomb blockade at
metal-oligomer contact which might be important when th
coupling between the metal and oligomer is very weak or f
a small tunneling device like a quantum dot. However, f
the long oligomer chains considered here, we expect t
effect to be unimportant.
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FIG. 5. Electronic transmission for an eight-atom oligomer d
vice structure as a function of the energy of the incoming electro
The parameters area50.1, t05t51, t150.8, andd050.2. The
solid, short dashed, and long-dashed lines correspond to diso
strengthsD50, 0.05, and 0.15, respectively. The inset shows t
density of states of this oligomer forD50.05 ~circles! and 0.3
~squares!.
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In conclusion, we have shown that lattice fluctuations fu
damentally change the electronic transmission propertie
conjugated oligomers. They reduce the electronic transm
sion at energies corresponding to electronic levels of the
dered oligomer, and enhance the electronic transmissio
energies in the gap of the ordered oligomer. This is con
tent with a recent quantum-mechanical simulation17 and ex-
perimental measurements of the photoelectron kinetic-en
distribution and transmission function in thin organic films18

These studies showed that the efficiency of scattering
cesses is enhanced by microscopic disorder. The electr
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transmission peaks in the gap of degenerate oligomers ca
associated with virtual soliton-antisoliton states. These
fects become more pronounced as the length of the oligo
is increased. Apart from a basic understanding of disord
our results are potentially important for improving the ef
ciency of organic electronic devices.1–6

We are grateful to S. A. Brazovskii and N. N. Kirova fo
useful discussions. This work was supported by the U.S.
partment of Energy.
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