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ABSTRACT

In this research article, we contemplate the quantum transport properties through a single
molecular junction comprising of Azulene (Ci9Hg) sandwiched between two semi-infinite
gold (Au) electrodes and compare the transport properties with its higher derivative
Anthracene (C14H19) based device having similar geometrically optimized data. By modeling
this device, we evaluate vital transport parameters like current, conductance, transmission
spectra, HOMO-LUMO gap and rectification ratio using a combination of non-equilibrium
green’s function and extended Huckle formalism. We observe that Au-CigHg-Au device
exhibit higher current in spite of having lower conductance as compared to Au-Ci4H10-Au
device within a variegated bias range. However, Azulene based device has the advantage of
getting fabricated as a molecular wire because the charge transfer through this molecule is
comparatively stabilized. This property can allow us to produce a molecular diode, which in
turn can give us further insight to design molecular devices which can replicate the
conventional semi-conductor devices. On the other hand, Anthracene based molecular
devices can be utilized in electronic applications such as organic solar cells, OLEDS (Organic
Light Emitting Diodes) etc.

Keyword: Azulene, Anthracene, HOMO-LUMO Gap, Non-Equlibrium Green’s Function,
Extended Huckle Theory.

1. INTRODUCTION

In 1974, Aviram and Ratner [1] suggested an organic molecular system in which they observed
the current rectification by composing a donor and an acceptor group joined by a carbon bridge
having single bonds. Ratner later revealed [2] that the realization of such a proposal was
“somewhere between science fiction and state-of-the-art”. It was in mid-1990s that the first
noteworthy attempt of charge transport through single molecules were reported [3,4]. At that
time formation of electrode-molecule-electrode junction was not optimally feasible. Moreover,
managing the unavoidable variability was also not easy to predict the properties of single
molecules. In 2003, Nongjian Tao and Binggian Xu developed a method to address these
concerns. They made use of STM as an electrically active ‘fishing rod’ that selects up molecules
from the surface of electrode [5]. The tip of STM interacts with the molecules on the surface and
then slowly moves away. The molecules having end-group anchors to form the covalent bonds to
both the electrode and the STM tip bridge the two. In this way, an electrode-molecule-electrode
junction is formed. Molecular electronics is being anticipated as an alternative to silicon based
conventional electronics in post-CMOS era. Molecules encompass distinctive functions with
many applications that complement the silicon based microelectronics.
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Due to this, a range of molecules possessing unique properties have been accredited for
numerous molecular applications. Besides electronic properties, these molecules possess
plethora of optical, magnetic, thermoelectric, electromechanical properties to construct newer
devices that may never be possible using conventional approaches as shown in figure 1 [6]. In
this research article, we meticulously compare the electronic and electrical characteristics of
Azulene with its higher end polymer Anthracene using two-electrode molecular junction
approach. In 2016, Rupan Preet Kaur et. al. [7] studied the electrical conduction through single-
molecular junctions involving of Anthracene.
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Figure 1. [llustration of a single molecule attached to two electrodes as a basic component in molecular
electronics [6].

Electron transport through the molecule may be controlled electrically, magnetically, optically,
mechanically, chemically and electrochemically, leading to various potential device applications.
To reach the ultimate goal in device applications, experimental techniques to fabricate such an
electrode-molecule-electrode junction and theoretical methods to describe the electron
transport properties must be developed in conjunction to supplement each other. Both are
challenging tasks and rapid advances have been made in recent years. Moreover, in 2014,
Ravinder Singh Sawhney and Rupan Preet Kaur studied a geometrically enhanced method to
explore the dependence of bond length, bond angle and rotation angle alternations on the
conduction of an aromatic molecule anthracene considered for modelling and simulation [8]. In
2008, S. Dutta et. al,, compared the electron transport phenomenon through Azulene with its
isomer Naphthalene [9].

2. COMPUTATIONAL DETAILS

In this article, we contemplate the transport properties of Azulene (C10Hg) and then differentiate
with the results exhibited by Anthracene (C14H1o). Azulene is an aromatic organic compound and
is an isomer of naphthalene. Anthracene is a solid polycyclic aromatic hydrocarbon consisting of
three fused benzene rings. We have used the Landuaer approach [10], in which one can ideally
divide the molecular junction device into multiple regions (i) a central region (C) (ii) a left (L)
and right (R) lead connected to the molecule; (iii) two electron reservoirs connected to the leads,
in equilibrium at some electrochemical potential pir and is shown in figure 2.
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—

Figure 2.Typical arrangement of a two probe junction.
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The left and right electrodes (L,R) are supposed to be semi-infinite electron reservoirs in
equilibrium at a fixed electrochemical potential. The contact region (C, within the dashed box)
includes the molecule and a small portion of the electrodes, while the metal at the edges of the
contact region has bulk-like properties. The leads (often called electrodes) are assumed to be
ballistic conductors, i.e. conductors with no scattering and thus having transmission probability
equal to one.

The length of the electrodes is chosen to be 7 A while electron temperature is set to 300 K. This
particular length of the electrode has been selected so that there are either no or negligible
interactions with the second-nearest neighbour cell in the transport direction[10]. Though
several approaches to model this device have been suggested but our method has been
deliberately based on mechanically control break junction technique [11-12]. It is formed by
mechanically elongating the gold wire up to its breaking point. Next fractured surfaces of gold
wire are cleaned. Finally these cleaned and smoothened gold electrodes are exposed to the
Azulene molecule. Thus an organic molecular bridge is formed. The same process is repeated for
the Anthracene. The electrodes are erected using miller indices h:k:l as 1:1:1. To study the effect
of electric field on both these devices based on these molecules, we enhance the structure of
Azulene and Anthracene with two thiol groups at trans-positions as shown in figure 3 [13-14].

Figure 3. Structure of (a) Azulene and (b) Anthracene with two thiol groups linked at trans-positions.

The two-probe system model shown in figure 4 consists of Azulene molecule and Anthracene
molecule with two thiol groups at trans-positions connected with gold electrodes. Gold as an
electrode has been suggested by peer research groups earlier as well because of its unique
properties of being chemically inert in air. [15]
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Left Electrode Scattering Region Right Electrode

Figure 4. Molecular electrode junction with (a) Azulene molecule (b) Anthracene molecule in the central
region.

The quantum transport properties of two-probe system are calculated using the semi-empirical
approach based on Extended Huckel Theory (EHT) in conjunction with non-equilibrium green’s
function (NEGF) [16-20] duo using atomistic scale modeling software ATK version 13.8.2 [21-
22]. The most distinctive property of ATK is its ability to calculate the electrical transport
properties of two-probe systems and has realistically reproduced experimental data [22]. The
electrostatic potentials are determined on a real-space grid with mesh cut-off energy of 75
Hartree and further quantum calculations are performed using Monkhorst-Packk-point
sampling of 1 x 1 x 100 for Brillouin zone. These parameters led to calculations of two
secondary parameters viz. current and conductance.

The Landuaer-Biittiker relation to calculate the current is given as

1= 22 " TE)[ng(E - w) — ne(E — g (1)

Where ‘e’ is the electron charge, ‘h’ is Planck’s constant and is equal to 6.626 X 10-3¢]-S, T(E) is
the transmission probability (T=1 for ballistic), uz and p;are the right and left electrode
chemical potential respectively.

In the Landauer approach, linear-response conductance is given by
G = GoT(Ep) (2)

here G, = 2e?/his the fundamental quantum conductance unit that measures the conductance
of quantum point contact.

3. RESULTS AND DISCUSSIONS

In this paper, the electron transport properties for Azulene and Anthracene molecular junctions
are partitioned into two parts. In first part, we scrutinize the quantum transport properties for
the two configurations under zero bias, to study the impact of the coupling of the Azulene and
Anthracene molecules with the gold electrodes. In second part, the similar process is repeated
but with variegated voltage range from -2 V to +2 V with a step size of 0.2V.

At zero bias voltage, transmission spectrum is calculated. The transmission spectrum at zero

bias is the sequence of peaks having different width and height depicting the relative strength of
coupling between molecule and gold electrode. Figure 5 illustrates the transmission spectra
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under equilibrium condition for Au-Azulene-Au and Au-Anthracene-Au within -2 to + 2 energy
range.
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Figure 5. Transmission Spectrum at zero bias for for Au-CioHs-Au and Au-C14H1o-Au devices.

From the comparison of transmission spectra for the two devices, it is evident that Au- C1oHg-Au
is exhibiting the sharp and highest magnitude peak in transmission window. This shows the
peak is equally divided in HOMO and LUMO regions with respect to fermi level, whereas, Au-
C14H10-Au shows no peak at the equilibrium state. The transmission resonance is found to be
least in this case. This indicates a relatively weaker coupling of molecule to the electrodes and
hence predicts lowest HLG for the applied bias range. Transmission spectra T(E) under bias
voltage of -2 V to +2 V (step size 0.2) are calculated with respect to energy levels of -2 eV to + 2
eV and plotted in figure 6.

Transmission  energy representing by
different colour at different bias voltages )
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Figure 6. Transmission spectrum of the two molecular device junctions (a) Azulene (b) Anthracene.

Figure 6 exhibits the Au-Azulene-Au device, and it is evident that the conduction is through
LUMO for this applied bias voltage range. This further suggests the strong binding of Azulene
molecule with gold electrodes. This device demonstrates lower intensity peaks within the bias
window. While on the other hand, Au-C14H10-Au device the conduction is through HOMO for the
applied voltage bias range. This device exhibits higher intensity peaks, however, the peaks are
observed to be outside the window bias. The HLGs at variegated bias range for the two devices
have been plotted in figure 7 and are relatively compared for both the molecular junction wires.
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Figure 7. HOMO-LUMO gap (HLG) for Azulene and Anthracene molecular configurations under applied
bias voltage range.
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From the figure 7, it is obvious that for Au-Azulene-Au device, the HOMO-LUMO gap is largest at
-0.4 V as compared to other device. Larger HLG leads to more stable molecular device, which is
also visible from the transmission spectra. We observe that at -0.8 V and -0.6 V, the Au-Ci4H10-Au
device shows lower HLG in comparison to Azulene based molecular configuration. Moreover, the
characteristic curve exhibiting HLG for Anthracene molecular junction is quite unusual showing
irregularities in its values. The molecular orbitals responsible at different bias voltages are
tabulated in Table 1.

Table 1 Active molecular orbital levels at different bias voltages

Appliled Voltage in Au-Azulene-Au Au-Anthracene-Au
Volts
-2 HOMO HOMO
-1.8 HOMO HOMO
-1.6 HOMO HOMO
-1.4 HOMO HOMO
-1.2 HOMO HOMO
-1 HOMO HOMO
-0.8 HOMO LUMO
-0.6 HOMO HOMO
-0.4 HOMO LUMO
-0.2 LUMO LUMO
0 LUMO LUMO
0.2 LUMO LUMO
0.4 LUMO LUMO
0.6 LUMO LUMO
0.8 LUMO LUMO
1 LUMO LUMO
1.2 HOMO HOMO
1.4 LUMO LUMO
1.6 LUMO HOMO
1.8 LUMO LUMO
2 HOMO HOMO

As we can perceive from the table 1, there are three molecular orbital shifts for Au-Azulene-Au
device. First shift is observed at -0.2 V, where conduction is happening through LUMO and this
transmission lasts only upto +1.2 V, where conduction switches through HOMO. Last orbital shift
is observed at +2 V, where transmission is through HOMO. While on the other hand, seven
orbital shifts are observed for the Au-Anthracene-Au device. From -2 V to -1 V, the conduction
process is through HOMO. Also at -0.6, 1.2, 1.6 and 2 V, the conduction is through HOMO. While
with the rest of the applied bias voltage range, the conduction is through LUMO. The first
transformation is only possible when the applied potential pushes the negative charges in
molecular device. Hence its breakdown transfer of charge starts and molecular orbital changes
to LUMO. The second transformation starts as soon as the increased number of participating
electrons from the first breakdown get saturated which changes the active molecular orbital to
HOMO. The symmetry of curve is better understood with its rectification ratio [23]. In last few
years, rectification ratio for various molecular devices has been examined by many research
groups and they have come up with numerous explanations [24-28]. In some devices, the
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rectification ratio up to about 150 is perceived [29-31], however, frequently the current density
is found very low. Single-molecule diodes have also been reported with rectification ratios (<
10) [32-35].The rectification ratio, for the two molecules is obtained for variegated bias range by
dividing the current value of particular positive voltage with that of its negative voltage and is
tabulated in table 2. We observe that the rectification ratio is closer to unity at extreme most
voltages of 1.8/-1.8 and +2 V/-2 V for Au-CioHs-Au device. While for Au-CisH1o-Au device, the
rectification ratio is almost unity at 1.6/-1.6 V and 1.8/-1.8 V respectively.

Table 2 Rectification ratio

+V/-V Au-Azulene-Au  Au-Anthracene-Au

0.2/-0.2 0.477 0.598
0.4/-0.4 0.177 0.714
0.6/-0.6 0.064 0.763
0.8/-0.8 0.049 0.803
1/-1 0.078 0.833
1.2/-1.2 0.325 0.873
1.4/-1.4 0.614 0.910
1.6/-1.6 0.924 1.040
1.8/-1.8 1.104 1.42
2/-2 1426 3.76

As we move away from the intermediate voltage ratio, the rectification ratio for the two devices
decreases in magnitude. Thus the two molecular configurations exhibit asymmetrical nature.
Another non-equilibrium quantum parameter, current is calculated from equation 1 and plotted
with respect to the applied bias voltages as shown in figure 8.
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Figure 8. [-V Curve for Azulene and Anthracene molecular configurations at variegated applied biases.

The curve is divided into three segments for describing the I-V characteristics: lower bias (-0.5V
to +0.5 V), medium bias (-1.5 Vto -0.5 Vand +0.5 V to +1.5 V ) higher bias (-2 Vto-1.5 Vand +1.5
V to +2 V). In lower bias segment, magnitude of the current is of linear nature for Anthracene
molecular junction. This linear behaviour is due to presence of tunneling factor during
conduction phenomena. Whereas, the current magnitude is almost constant within this voltage
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range for Azulene molecular configuration. This is due to accumulation of charge carriers at
lower bias range. In medium bias range, current characteristic for Azulene molecular device is of
differential nature with stepwise increase in its magnitude. However, in Anthracene molecular
configuration, conducting states are because of hybridization of this molecule with gold
electrode. This conducting state results in almost constant current at negative bias range and
linear type characteristics at positive bias range. At higher bias range, current tends to decrease
at negative bias range and increases at positive bias range in case Anthracene molecular device,
while current increases linearly for the applied bias range in case of Azulene molecular device.
This practice is progressive in nature and nearly reaches to an approximate value of +28.25 pA
for 2V.The next non-equilibrium quantum parameter conductance is calculated from equation 2
and plotted with respect to the applied bias voltages as shown in figure 9. The G-V curve for the
two devices is quite contradictory to its [-V graph. The conductance for Anthracene molecular
device shows inelastic tunneling with Kondo peak at zero bias. The highest conductance peak at
zero bias shows lifting of Coulomb blockade and leading to Kondo assisted tunneling. However,
the conductance of Azulene based molecular device configuration is observed quite conflicting to
its current description. The conductance of this device is lower than the other molecular device,
despite being the fact that the current of this molecular device is seen higher than the
anthracene based device. It is due to the fact that the HLG of Azulene based device is found to be
higher at-0.4 V as compared to other device.
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Figure 9. G-V curve for Azulene and Anthracene molecular configurations at variegated applied biases.

4. CLOSING REMARKS

In this research work, we have executed EHT and NEGF approach for both the Azulene and
Anthracene molecules sandwiched between two gold electrodes to measure the quantum
transport properties. We explored the various parameters like current, conductance,
transmission spectra and HLG then compared those parameters for the two devices. For Azulene
based device, the current magnitude is found to be higher once compared with Anthracene
based device. It was due to the fact that, the transmission peaks of Azulene based device are
within the bias window. Whereas the transmission peaks were found to be outside the bias
window in case of Anthracene based device. Due to the lower HLG of Anthracene molecular
configuration at -0.4 V, the conductance (GO) of Anthracene based device is higher as compared
to Azulene based device. Moreover, At equilibrium state, transmission peaks of Anthracene
based device are found within the bias window, which could predict the best projection of high
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conductance. Despite the fact that conductivity of Azulene is lower as compared to Anthracene, it
could be used as molecular wire in future nano-scale instruments, As this molecule exhibits
higher current comparatively. Due to higher conductivity, Anthracene based molecular junction
also finds its application in various molecular electronics based organic solar cells, OLEDS
(organic light emitting diodes)
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