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Abstract. The calculations of thermoelectric and transport properties have been carried out by
using the SIESTA implementation of density functional theory (DFT), with a generalized
gradient functional approximation (GGA-PBE) for the exchange and correlation functionals. In
this work we have compared the thermoelectric properties of FeCP with two different
configurations. The results show that the spin-dependent transport properties can be affected by
the molecular structure and the substitution of the terminal thiol groups plays an important role
on the spin-dependent transmission of the molecular junctions. Meanwhile, electrical
conductance and thermal conductance also affected. The thermoelectric properties of Ferrocene
(FeCp2) for these two different configurations have been compared. Thus, all these transport
properties are combined to produce a good value of the room-temperature figure of merit ZT.
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1. Introduction

Molecular electronics is the field where the electrical properties of a single molecule are exploited to
form an electronic junction. Many researches in the molecular electronics field have so far mostly
concentrated on dc electrical contacts. Nowadays it is known as charge transport through organic
molecules. Investigations of charge transport through single molecules are of fundamental interest and
are relevant to the proposed future applications of molecules in next- generation electronic devices[1-
4].

Recently, molecular electronics have a great interest from both a theoretical and an applied electronics
point of view, they have much interest in the develop and control electronic molecules that can exploit
as the active elements in future nano-electronic circuits components among which one can mention
molecular  wires[5,6], electrodes[7,8], spreaders[9], interconnectors[10], magnets[11-13],
switches[14,15] and rectifiers[16-19]. Recently, scientists have studied the possibility of conversion of
generated thermal energy to electrical energy by thermoelectric properties of the devices [20-24]. So,
the investigation and focusing on thermoelectric properties of the molecular junction has been of
interest lately from two aspects- saving energy and power generation. The nanostructures show
significantly thermal properties to make them good candidates for the design of the next generation of
integrated electronics devices. The efficiency of thermoelectric materials is determined by their
thermoelectric figure of merit (ZT=S’GT/ ) where S is the Seebeck coefficient, G is the electrical
conductance, T is the temperate and « is the electronic thermal conductivity. Among various of these
metal complexes, metallocene’s such as ferrocene and cobaltocene are currently investigated as a good
candidate for constructing molecular devices and also due to they possess high chemical and thermal
stability and unpaired spin components. Therefore, Metallocenes is a complex with a transition metal

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.
Published under licence by IOP Publishing Ltd 1



International Conference on Materials Engineering and Science IOP Publishing
IOP Conf. Series: Materials Science and Engineering 454 (2018) 012143 doi:10.1088/1757-899X/454/1/012143

cation sandwiched between cyclopentadienyl (Cp) rings. Whereas, Ferrocene (FeCp2) is one of the
most common metallocene it consists of two (Cp) rings bound by a central iron atom. The two Cp
rings in ferrocene show two different conformations where these two Cp rings can be in the staggered
or eclipsed conformation and rotate around the Cp-Fe-Cp axis with low resistance.

Figure 1. The optimized geometries of the thiolated-terminated ferrocene in two different
configurations M1 (a) and M2 (b)

In this paper, as shown above in figure 1, the effect of molecular structure on the spin-dependent
transport and thermoelectric properties of the two structures M1 and M2 of ferrocene sandwiched
between two gold electrodes are investigated. The calculations of quantum transport properties have
been carried out by using the SIESTA [25] implementation of density functional theory (DFT), with a
generalized gradient functional approximation (GGA-PBE) for the exchange and correlation
functionals [26,27].

2. Computational Method

Figure 1 illustrates the structures of the two molecular junctions employed in this work; they labeled
M1 and M2 respectively. The ferrocene molecule is sandwiched between two gold electrodes via a
pair of sulfur atoms. Firstly, the molecular geometry in figure 1 is optimized before building the
junction model. Then, the geometry of each structure consisting of the gold electrodes and a single
molecule (Ferrocene) which was relaxed to a force tolerance of 20 meV/A using the SIESTA [25]
implementation of density functional theory (DFT), with a double-{ polarized basis set (DZP) and
generalized gradient functional approximation (GGA-PBE) for the exchange and correlation
functionals. To calculate the electronic and thermoelectric properties of the molecules in the junction,
from the converged DFT calculation, the underlying mean-field Hamiltonian H was combined with
our quantum transport code, GOLLUM [28] to calculate the transmission coefficient 7,(E) for
electrons of energy E passing from the source to the drain. The electrical conductance G.(7) = GoLy,
the electronic contribution of the thermal conductance . (T) = (LoL, — L3)/hTLy , and the
thermopower S(T) = —L,/eTLy of the junction are calculated from the electron transmission

coefficient T,(E) whereL,(T) = f_oooo dE(E — Ep)" T (E) (— af%f'n) and frp(E,T) is the

Fermi—Dirac probability distribution function frp(E,T) = (e(E ~Ep)/KpT 4 1)1, T is the temperature,
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Er is the Fermi energy, Gy = 2e * /h is the conductance quantum, e is electron charge, and 4 is the
Planck’s constant.

3. Results and discussion
Regarding structures M1 and M2 of figure 1, we employed the SIESTA [25] implementation of spin-

polarized density functional theory (DFT) and from the converged mean field DFT Hamiltonian, and
by using quantum transport code, GOLLUM te compute the electronic transmission coefficient
Ts o(E) for electrons with energy E and spin ¢ = [1, |] passing from one electrode to the other through
the ferrocene. figure 2a below shows that the transmission coefficient of spin up and spin down states
in energy windows [-0.8, 0.8] eV in junction M1, the transmission coefficient of spin up and spin
down as a function of the energy for the same range have been shown in figure 2b for M2 junction.
Figure 2b shows there is little difference for the transmission coefficient between spin up and spin
down states at this range of energy, whereas figure 2a shows that there is a remarkable difference
between spin up and spin down states at the same range of energy. Contrary to structure M1, Fe atom
in structure M2 may make a more participation to the electron tunneling from one electrode to the
other electrode passing through the molecule. However, the conductivity is enhanced accordingly.
Therefore, our results indicate that the contribution of Fe atom plays an essential role in the molecular
conductance.
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Figure 2. Transmission coefficients as a function of energy, spin up (red line) and spin down (blue
line), (a) for M1 and (b) for M2.

Figure 3 below shows the total spin-dependent transmissions T, el(E) for M1 and M2 junctions,
whereas the corresponding room-temperature conductance versus Fermi energy Er are shown in figure
4. However, figure 4 shows that the conductance of M2 junction is higher than the conductance of an
M1 junction for the whole range except around Eg=0.2 eV. Figure 5 shows that the thermal
conductance due to the electrons k of M2 higher than M1for a wide range of energy in the vicinity of
DFT predicted Fermi energy.
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Figure 3. Total transmission coefficients as a function of energy (green line) for M1 configuration and
(black line) for M2 configuration
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Figure 4. Electrical conductance as a function of energy (green line) for M1 configuration and (black

line) for M2 configuration

To examine the thermoelectric properties of M1 and M2, we obtained the Seebeck coefficient of both
structures from the electron transmission coefficient Tel(E), as described in the Methods. Figure 6
shows the Seebeck coefficients as a function of Fermi energy Er. Figure 6 demonstrates that both the
magnitude and sign of S are sensitive to configuration of the junction and reveals that M1 has a large
negative and positive values comparing with M2 which shows almost flat curve and this due to the
higher slope of In Tel(EF) of M1 over a wide range of Fermi energies between the HOMO and
LUMO. Since the electronic thermal conductance is higher in M2, the electrical conductance is
proportional to the electronic thermal conductance. Consequently, as shown in figure 7, due to the
high Seebeck coefficient of M1, a ZT as high as 0.8 eV is obtained when EF lies in an energy window
in the vicinity of the DFT-predicted Fermi energy. Although both of these structures are consist of
(FeCp2), our study suggests that the importance of the molecular configurations on the
thermoelectrical properties in (FeCp2) molecular junctions.
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Figure 5. Thermal conductance as a function of energy (green line) for M1 configuration and (black
line) for M2 configuration
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Figure 6. Thermopower S as a function of energy (green line) for M1 configuration and (black line)
for M2 configuration
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Figure 7. Figure of merit ZT as a function of energy (green line) for M1 configuration and (black line)

for M2 configuration

4. Conclusions

In this work, the spin-dependent transport properties of the molecular junctions based on ferrocene
with terminal thiol groups are investigated by theoretical simulation. regarding the two models M1 and
M2, the calculated results showed that the spin-dependent transport properties can be affected by the
molecular structure. The substitution of the terminal thiol groups plays an important role on the spin-
dependent transmission and the total transmission of the molecular junctions. The total transmission
values, electrical conductance and thermal conductance in M1 are all less than those in M2.
Additionally, we have compared the thermoelectric properties of Ferrocene (FeCp2) for M1 and M2
and found that the M1 has a high Seebeck coefficient comparing with M2. These transport properties
combine to yield a room-temperature figure of merit of ZT ~ 0.8 for M1 structure.
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