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Abstract

A novel approach to investigate the electron transport of cis- and trans-polyacetylene chains in the single-electron approximation is
presented by using microwave emulation measurements and tight-binding calculations. In the emulation we take into account the
different electronic couplings due to the double bonds leading to coupled dimer chains. The relative coupling constants are adjusted
by DFT calculations. For sufficiently long chains a transport band gap is observed if the double bonds are present, whereas for
identical couplings no band gap opens. The band gap can be observed also in relatively short chains, if additional edge atoms are
absent, which cause strong resonance peaks within the band gap. The experimental results are in agreement with our tight-binding
calculations using the nonequilibrium Green’s function method. The tight-binding calculations show that it is crucial to include
third nearest neighbor couplings to obtain the gap in the cis-polyacetylene.

Keywords: coherent transport, polyacetylene, microwave emulation experiments, nonequilibrium Green’s function method
PACS: 73.63.-b, 73.23.-b

1. Introduction

The aim of further miniaturization of electronic devices has
led in recent years to the question, if it is possible to shrink
down the individual active element to a single molecule. This
question stimulated the research field of molecular electronics,
see [1] and references therein for an overview. One approach is
based on carbon nanotubes, which for certain geometric param-
eters (i.e. tube diameter or number of windings) show a band
gap and hence, can be used as transistors [2, 3, 4, 5]. A recent
milestone has been the realization of a carbon nanotube com-
puter [6]. However, a drawback of this approach is that after
the growth of the nanotubes the metallic carbon nanotubes have
to be separated from the semi-conducting ones. An alternative
approach could be to use individual polyacetylene chains, see
a sketch in figure 1 (a,b), which are predicted to have a band
gap [7, 8, 9, 10, 11, 12]. However, most of the experimen-
tal work has been done with thin films of polyacetylene chains
[13, 14]. Transport experiments with individual polyacetylene
chains have, to the best of our knowledge, not been performed
yet. However, new developments in microwave experiments
allow to emulate experimentally a tight-binding model, which
has proven successful in studies of graphene [15, 16]. These
microwave experiments, which are performed here for the first
time on molecular structures, can measure the transport of mi-
crowaves through one or two dimensional tight-binding sys-
tems. The microwave transmission corresponds to the ballistic
single electron transport in mesoscopic physics or in molecules.
Electron-electron interaction, which is present to some extent
in real molecules, cannot be emulated by the microwave exper-
iment.
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Figure 1: Structure of polyacetylene chains in cis-geometry (a) with Nd = 11
dimers and Nc = 2 additional edge atoms, which are not part of the dimers, and
in trans-geometry (b) with Nd = 9 dimers and a single edge atom (Nc = 1) at
the left chain end. The resonators correspond to carbon atoms, the hydrogen
atoms are not shown. The blue shaded resonators at the chain ends indicate the
resonators to which the contacts (or antennas) are coupled to study the trans-
port. The cis-chain corresponds to the armchair shape, whereas the trans-chain
corresponds to a zigzag shape. In (c) and (d) photos of the microwave ex-
periment to emulate polyacetylene chains for the cis- and trans-geometry are
shown, respectively. On the left hand side the antenna on the bottom plate is
seen, whereas the antenna on the right hand side is mounted to the top plate
(not shown).

In this paper we explore the transport in polyacetylene like
systems. In long chains a transport gap is observed, which is
expected due to the dimerization of the chain, i.e. the chain
is composed of unit cells of two carbon atoms (dimers). Ad-
ditional edge atoms add edge localized resonance states within
the gaps, which become important for short chains but are neg-
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Figure 2: Stable structure of the polyacetylene molecule, optimized by the DFT
method. The left part shows the cis-configuration (armchair) and the right part
the trans-configuration (zigzag) with the corresponding angles and distances
between the carbon atoms. The larger gray spheres correspond to the carbon
atoms and the smaller white spheres to the hydrogen atoms, which saturate the
dangling bonds of the carbon atoms.

ligible for long chains.

2. System: Polyacetylene chains

The setup, which we use to emulate both the cis- (arm-
chair) and trans- (zigzag) isomers of polyacetylenes of various
lengths, is shown in figure 1 (c,d). The studied chains consist of
Nd dimers, which we here define via the double bonds, with Nc

additional edge atoms at the chain ends, which do not belong to
dimers. The chains have altogether N = 2Nd + Nc atoms. For
example, a cis-chain consisting of Nd = 11 dimers with Nc = 2
additional edge atoms, one at each end of the chain, is shown
in fig1(a). A trans-chain of Nd = 9 dimers with a single edge
atom on the left can be seen in figure 1 (b).

2.1. DFT studies

At first, we have calculated the optimal structure of the
molecule by means of density functional theory (DFT). The key
idea of DFT is that the ground-state of an interacting many-
body system is a unique functional of the electron density
[17, 18]. The ground-state is found by minimizing its energy
with respect to the electron density. In order to perform the min-
imization of the ground-state energy functional, an atomic basis
and an exchange-correlation potential have to be selected. The
atomic basis is used to construct attempts to the ground-state,
while the exchange-correlation potential is taking into account
the Coulomb interaction between the electrons. It is known ex-
actly only for the free electron gas, but accurate approximations
have been developed. This reduces the interacting many-body
problem to a system of non-interacting particles in an effective
potential. Here, we use the 6-311g(d) basis set [19], which con-
sists of Gaussian functions, and the B3LYPD hybrid exchange-
correlation functional [20]. The calculations are performed by
the DFT program GAUSSIAN09 [21]. A detailed introduction
into DFT can be found for example in [22, 23].

Polyacetylenes are chains of carbon atoms. The dangling
bonds of the carbon atoms are saturated by hydrogen atoms
which are taken into account in our DFT studies, see figure 2.
However, as their contribution to the conductance can be ne-
glected, the hydrogen atoms will not be considered in the mi-
crowave experiment nor in the tight-binding model, see figure 1.
In both cases, the most stable structure is found for dimerized
chains, where the nearest-neighbor distance of the carbon atoms

alternates between two different values. For the cis-chain, the
horizontal bonds have a length of 1.37Å while the diagonal
bonds have a length of 1.43Å with an angle of 126.7◦, see fig-
ure 2 (left). For the trans-chain, the bond lengths are 1.37Å
and 1.43Å with an angle of 124.7◦, see figure 2 (right). Our
findings agree with other ab initio studies of these molecules
[24, 25]. This dimerization, which is also known as Peierls dis-
tortion [26], is indicated in figure 1 and figure 2 by alternating
single and double bonds between the carbon atoms. Homoge-
nous chains, where the nearest-neighbor distance of all carbon
atoms is the same, do not give the energetically optimal struc-
ture.

2.2. Microwave experiment

Using the techniques, developed to investigate the band
structure of graphene [15, 16] and to emulate relativistic sys-
tems [27, 28], we have performed an analogous experiment
with microwave resonators to study the transport properties of
the chains. A set of identical dielectric cylindrical resonators
(5 mm height, 4 mm radius, refractive index n ≈ 6) is placed
between two metallic plates. The nearest neighbor distance
of the resonators is d1 = 12.0 mm for the long bonds and
d2 = 11.5 mm for the short bonds, giving the same distance
ratio d1/d2 as in the DFT calculations. Close to the chain ends,
see the blue shaded resonators in figure 1, antennas are placed
through which microwaves (transverse electrical (TE-)modes)
can be injected and detected. The individual resonators have an
isolated resonance at ν′0 = 6.65±0.005 GHz. We restrict our in-
vestigation to frequencies around ν′0, where each resonator con-
tributes only one resonance. From now on we will use the nor-
malized frequency ν = ν′ − ν′0, where the resonance frequency
of the resonators is at 0 MHz. Photos of the experimental setup
(without the metallic plate on top) are shown in figure 1 (c,d),
and a detailed description can be found in [16].

2.3. Tight-binding model

Theoretically, we model the polyacetylene chains by the
tight-binding Hamiltonian

H =
∑
|i− j|≤d

t|i− j| |i〉 〈 j| , (1)

which provides a qualitative good description of the electronic
transport in polyacetylene chains [7, 8, 12, 29, 30]. A more
complete understanding can certainly be gained by taking into
account electron correlations [31, 32], yet the tight-binding
model is often a good starting point for studies of molecular
electronics [1].

The location of the isolated spectral peaks for the smallest
cis- and trans-chains in our experiments are used to fit the on-
site energies and the coupling parameters, i.e. the part of the
spectrum for the smallest molecules which is uniquely deter-
mined by our measurement is used to fix the non-zero couplings
for each of the two chains. This is in keeping with the stan-
dard technique of extracting a Hamiltonian from a “polyad”
for molecules [33, 34]. Note, that we actually have polyads
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cis-chain (armchair) t1 t′1 t2 t3
t1

t01 t2
t3

43.9 36.2 3.2 3.1

trans-chain (zigzag)
t1t01

t2
43.9 36.2 4.2 —

Table 1: Coupling strength (in MHz), which are used to fit our calculation to
the experiments. The couplings between first nearest neighbors are identical for
both types of chains. The two isomers differ in the coupling strengths between
second and third nearest neighbors. Interactions to higher nearest neighbors,
see dashed lines in the figures, can be ignored due to their large distance and
the screening of surrounding atoms. Notice that t3 is not existing in the trans-
chain (zigzag) configuration.

here because similar other spectra will appear for different fre-
quency ranges, yet they are well separated from the spectra we
study. The thus obtained coupling strengths ti are listed in ta-
ble 1 and depicted in figure 3. The sum in (1) takes into account
interactions between the resonators up to the 3rd nearest neigh-
bors (definition see table 1). Have in mind that we define the
n’th nearest neighbor by its index difference n = |i − j| along
the chain and not by the real distances di j =

∣∣∣~ri − ~r j

∣∣∣. As the
distances d1 and d2 of first nearest neighbors (1nn) are identi-
cal in both types of chains, see figure 2, also their couplings t1
and t′1 are the same for both isomers. As the nearest neighbor
interactions are the dominant ones the measured and calculated
transmission shows qualitatively the same main features for cis-
(armchair) or trans-(zigzag) geometry. However, subtle differ-
ences can be noticed due to interactions between resonators,
which are farther away. Due to the different bond angles in the
two isomers, see figure 2, the couplings between second nearest
neighbors (2nn, t2) are different. Polyacetylene chains have two
types of third nearest neighbors. Third nearest neighbors of the
first type can be neglected due to their large distance and the
strong screening by the closer resonators, see the dashed lines
in the figures of table 1. Third nearest neighbors of the sec-
ond type (t3) exist only in cis-chains (armchair) and cannot be
neglected to understand the experimental data. Higher nearest
neighbors couplings have been ignored in both chains as well.
In section 3.2, we discuss effects on the transmission which
would be observed if, for example, the third nearest neighbors
in the cis-chains would not be taken into account. The coupling
strength decays approximately exponentially with the distance
of the resonators [16], see figure 3. In first approximation, an
exponential decay is also expected in real polyacetylene chains,
where the coupling strength is determined by the overlap of the
atomic wave functions.

2.4. NEGF method

In order to calculate the transmission through the chains, we
apply the non-equilibrium Green’s function (NEGF) method
[35, 1]. The Green’s function of the chain is defined as

G =
[
ν − H − Σ1 − ΣN − Σabs − Σdis

]−1
, (2)
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Figure 3: The coupling strength between between the resonators decays ap-
proximately exponentially with the distance di j of the resonators. The solid
line is given by t = 6031 MHz exp(−5.2di j/12 mm) + 2.99 MHz.

where ν is the microwave frequency or, in analogy, the elec-
tron energy. The influence of the antennas (or source and drain
contacts) coupled to the chain ends (blue shaded atoms num-
ber 1 and N in figure 1) is taken into account by an imaginary
self-energy

Σ1 = −iη |1〉 〈1| and ΣN = −iη |N〉 〈N | , (3)

where the coupling strength η = 1 MHz is adjusted to the ex-
periment. The absorption, which is present in the experiment,
is modeled by the imaginary potential (or self-energy)

Σabs = −iγ(N)
N∑

i=1

|i〉 〈i| . (4)

We obtain best agreement between the experiments and the cal-
culations assuming a linear decay of the absorption

γ(N)
MHz

= 1.17 − 0.013N. (5)

In the experiment, some degree of disorder cannot be avoided
completely due to the uncertainty of the resonance frequency of
the resonators and the uncertainty of their positions. In the cal-
culations, disorder is taken into account by a random potential
(or self-energy)

Σdis =

N∑
i=1

εi |i〉 〈i| , (6)

where the εi are chosen from a Gaussian distribution which is
cut at its full width half maximum, which corresponds approxi-
mately to the experimentally observed distribution and the used
selection rule. We consider the standard deviation σ = 5 MHz
and an ensemble of 103 realizations.

The transmission between source and drain is then given by

T (ν) = 4Tr
(
Im (Σ1) G Im (ΣN) G†

)
. (7)

Note that in absence of interactions, as in this study, the NEGF
method is equivalent to a scattering or transfer matrix method
[35].
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Figure 4: Transmission as a function of the microwave frequency through cis-
polyacetylene chains (armchair) of increasing length N. The blue-solid curves
give the experimental data while the red-dashed curves represent the Green’s
function calculations. The short chains show distinct peaks, in particular around
the frequency ν = 0. With increasing chain length a band gap around this
frequency opens.

3. Results

Our experimental and theoretical results are shown in figure 4
for the cis-polyacetylene chains and in figure 5 for the trans-
polyacetylene chains. The Green’s function calculations (red
dashed curves) agree qualitatively with the experimental data
(blue solid curves), in particular for short chains. The differ-
ences between the resonance frequencies are within the width
of the resonances and apart from a few resonances their heights
vary on the 50% level.

3.1. Transport band gap due to dimerization

The short chains still show individual resonance peaks,
which are located approximately at the eigenenergies of the
closed tight-binding Hamiltonian (1). When the chain length is
increased, these resonances are less pronounced and two con-
duction bands arrise, which are separated by a band gap around
the frequency ν = 0. The band gap exists in the cis- as well
as in the trans-chains but it is more pronounced in the former
configuration. This can simply be attributed to the fact that the
number of atoms and hence the chain length is much larger in
the cis- than in the trans-chains. Numerical calculations con-
firm that the band gap becomes more pronounced also in the
trans-configuration when the chain length is increased.

Additionally, figure 6 shows the experimentally measured
transmission through dimerized chains (blue-solid curves)
and homogenous chains (red-dashed curves), where the bond
lengths are all equal. In this case the chains are composed by
units of only one carbon atom (monomer). The homogenous
chain does not show a band-gap but a conduction band ranging
from −70 MHz to 90 MHz and hence, confirms that the open-
ing of the band gap is due to the dimerization of the chain. The
opening of the band gap due to the dimerization can be under-
stood by considering an infinitely long chain with first nearest
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Figure 5: Transmission through trans-polyacetylene chains (zigzag). Experi-
mental data are shown by blue-solid curves, calculations by red-dashed curves.
Distinct transmission resonances can be observed. The opening of a band-gap
with increasing chain length can be seen only slightly because the total length
of the trans-chains is less compared to the cis-chains studied in figure 4.
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Figure 6: Experimentally measured transmission through dimerized chains
(blue solid curves) and homogenous chains (red dashed curves). The experi-
ment shows that the dimerized chains have a band gap, the homogeneous chains
not.

neighbor interaction only. Such a first nearest neighbor tight-
binding model is known in chemistry also as the Hückel model
[36, 37]. The tight-binding Hamiltonian of this chain can be
written as

H∞ =

∞∑
i=−∞

t |i, 1〉 〈i, 2| + t′ |i, 2〉 〈i + 1, 1| + H.c., (8)

where t and t′ are the alternating coupling strengths in the
dimerized chain. The quantum states of the dimers are denoted
by |i, 1〉 and |i, 2〉. Applying a Fourier transform, we obtain a
simpler 2 × 2 Schrödinger equation for the dimer state in mo-
mentum space(

0 t + t′eik

t + t′e−ik 0

) (
k, 1
k, 2

)
= ε(k)

(
k, 1
k, 2

)
. (9)

Its eigenvalues are

ε(k) = ±
√

∆2 + 4tt′ cos2(k/2), (10)

where 2∆ = 2 |t − t′| gives the band gap. For the chains above,
we have 2∆ = 2 |43.9 − 36.2| MHz ≈ 15.4 MHz, which agrees
with the gap of around 15 MHz seen in figure 4 and figure 6 for
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Figure 7: Left: Calculated transmission through the longest studied cis-
polyacetylene chain. If only couplings up to second nearest neighbors would be
taken into account (red-dashed curve), a distinct resonance peak in the center of
the band gap would arrise, which is not present if also third nearest neighbors
are considered (blue-solid curve) nor in the experimental data (see figure 4).
Right: For the trans-chain contrary behavior is observed. If interactions to
third nearest neighbors are taken into account by means of figure 3, the small
resonance peak at ν = −5 MHz is suppressed which does not agree with the
experimental data in figure 5.

the experimental data. Have in mind that in the calculation the
natural broadening is not taken into account, which leads to an
reduction of the observed band gap. Note that the above equa-
tions are also valid for the homogenous chain (t = t′), where
the band gap 2∆ = 0 disappears.

3.2. Importance of higher-neighbor couplings
We would like to emphasize that the inclusion of the third

neighbor coupling t3 is crucial to obtain the gap for the cis-
chain as can be seen in figure 7. If the t3 is set to zero in
the numerical calculation, a distinct transmission peak occurs
at ν = −5 MHz, which is neither present in the experiment (see
figure 4 (lower right)) nor in the calculation including t3 appro-
priately. On the other hand side for the trans-chain the contrary
behavior is observed once we include couplings to third nearest
neighbors extracted from figure 3. The small resonance peak
close to ν = −5 MHz is suppressed not agreeing with the exper-
imental observation in figure 5 (lower right). We attribute this
to the fact that the coupling is suppressed by the shielding of
the other resonators (see table 1).

3.3. Effect of edge atoms
Figure 8 shows the calculated transmission through the short

chains sketched in the inset. When the chain consists only of
dimers without any additional edge atom (i.e. Nc = 0) also in
short chains a band gap or at least a broad transmission min-
imum can be observed (black-dotted curves). When an addi-
tional edge atom is attached to one of the chain ends Nc = 1,
a distinct resonance peak is induced in the center of the band
gap around ν = 0 (red-dashed curves). This resonance peak
belongs to an exponentially decreasing edge state which is lo-
calized at the chain end. Due to its localization this edge state
is non-conductive in long chains and the corresponding reso-
nance peak disappears. When edge atoms are attached to both
chain ends, two peaks are observed in the transmission (blue-
solid curves). These peaks belong to two states which are lo-
calized symmetrically or anti-symmetrically at both ends. With
increasing chain length the splitting of these peaks and their
height decrease, until they finally do not contribute to the trans-
mission any more. The additional resonance peaks due to edge
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Figure 8: Calculated transmission through the short chains sketched in the in-
set. In a short chain of dimers (black-dotted curves) a band gap or at least a
broad transmission minimum can be observed. When additional edge atoms
are attached to the chain ends (red-dashed and blue-solid curves), resonance
peaks arrise in the band gap around ν = 0. These peaks are due to two edge
state, which are localized symmetrically and anti-symmetrically at both chain
ends.

atoms can be seen clearly in the first row of figure 4 and fig-
ure 5. Our numerical calculations show that the same effects
appear also in pure dimer chains (shown at the bottom of the
inset of figure 8) if the contacts (or antennas) are not coupled
to the blue shaded atoms but moved one atom inside the chain.
Note that the observed resonance peaks are not an even-odd par-
ity effect of the total chain length, which can be observed also
in molecular chains [38].

4. Conclusions

Summarizing we have presented microwave experiments to
emulate the transport in individual polyacetylene chains, where
the optimal structure of the molecule has been obtained by the
DFT method. The experiments have been accompanied with
tight-binding transport calculations using the NEGF method.
Both, our experiments and calculations confirm that dimeriza-
tion produces a band gap in these chains. If the chains are
sufficiently long, a band gap appears for cis- and trans-chains
for all possible configurations of edge atoms and contact po-
sitions. This has been seen experimentally for a single non-
dimerized edge and has been confirmed numerically for other
edge and contact configurations. Thus, returning to the mo-
tivation given at the beginning of this article, long polyacety-
lene chains might indeed replace carbon nanotubes in molecu-
lar transistors. Moreover, we have also shown that short dimer
chains have a pronounced transmission minimum, if no addi-
tional edge atoms are attached and the contacts are at the chain
ends. Thus, at the expense of having to know precisely the ge-
ometry of the molecule and the way how it is coupled to the
contacts, it may well be possible to use rather short chains for
novel molecular transistors. While this is probably the first mi-
crowave emulation of a molecule that is not largely made up of
benzene rings, the actual scope for such microwave emulations
is very wide. A first option would be to study local defects, for
example, a missing double bond (e.g. due to a substitution of
a hydrogen atom) [7, 8, 12]. Such defects produce resonances
within the band gap, similar to the observed resonances due to
edge atoms. A single defect has been used recently to establish
a robust topological mode, which could be used for quantum
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computation [39, 40]. Studies of other conjugated carbon sys-
tems using similar experimental methods are in process. The
successful emulation of boron–nitrogen sheets [41] suggest that
a larger variety of molecules can be studied with similar tech-
niques.
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für Physik 70 (1931) 204. doi:10.1007/BF01339530.

[37] J. Murrell, S. Kettle, J. Tedder, The Chemical Bond, Wiley, 1985.
[38] T.-S. Kim, S. Hershfield, Even-odd parity effects in conductance and shot

noise of metal–atomic-wire–metal (superconducting) junctions, Phys.
Rev. B 65 (2002) 214526. doi:10.1103/PhysRevB.65.214526.

[39] H. Schomerus, Topologically protected midgap states in complex pho-
tonic lattices, Optics Letters 38 (2013) 1912. doi:10.1364/OL.38.001912.

[40] C. Poli, M. Bellec, U. Kuhl, F. Mortessagne, H. Schomerus, Selective
enhancement of topologically induced interface states in a dielectric res-
onator chain, Nat. Com. 6 (2015) 6710. doi:10.1038/ncomms7710.

[41] S. Barkhofen, M. Bellec, U. Kuhl, F. Mortessagne, Disordered graphene
and boron nitride in a microwave tight-binding analog, Phys. Rev. B 87
(2013) 035101. doi:10.1103/PhysRevB.87.035101.

6


