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ABSTRACT: At the nano- or molecular scale, electron transport is often governed
by quantum effects, for which the symmetry of the system could become a key factor.
In this work, by state-of-the-art first-principles modeling and simulation, we show that
the structural symmetry plays a unique role in properties of electronic circuits made
of CNT (5,5) electrodes and nickelocene (NiCp,) molecules, resulting in unusual
transport phenomena beyond the classical circuit theories. For a single NiCp,
molecule sandwiched between two CNT (5,5) electrodes, we find that the symmetry @%}8@ %
change caused by the rotation of one CNT electrode greatly affects the conductance — T .
of the device, which may have important implications for understanding the 00 0'1Biag \3olta%2 (V)O 4 05
performances of CNT-based quantum devices. We further show that when two

NiCp, molecular resistors are connected in series, the conductance of the resulting series-NiCp, circuit can be significantly higher
than the single-NiCp, device at certain biases, in which the structural symmetry of the circuit plays a critical role. These results
provide new opportunities for the future design of molecular devices with novel functions.
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B INTRODUCTION molecular devices.”®” On the other hand, the possibility of
Over the past two decades, an escalating demand for the building various functional devices with centrosymmetric
miniaturization of electronic devices has sparked great interest NiCp, molecules has been demonstrated both theoretically
in the realm of molecular electronics. A great number of single- and experimentally.**~>> The devices made of CNT electrodes

Ellglceggllleah;ii:ice‘ihilﬁlveinl;lejge p;i};?esfiolteocuf:lﬁéliogie‘;elrig and center NiCp, molecules could be interesting and realistic
) )

high-performance molecular transistors,* light-driven molec- platforms to study symmetry effects. In this work, structure

ular switches,”™” and novel spintronic devices.'””"* Both optimizations of devices were performed with spin-polarized
theoretical and experimental works have shown that the density functional theory (DFT) using SIESTA.** Transport
scattering of Bloch electrons from the electrode by the calculations were done with the steady-state density functional

molecular center is the key that determines the transport
properties of these devices. The scattering of Bloch electrons
can be sensitively dependent on the local molecule-electrode

theory (SS-DFT)***° that has been proven effective in
describing nonequilibrium quantum transport properties of

interface,">™'® and also the structural symmetry of the whole molecular junctions under a finite bias.””*® In all calculations,
device,' ™' both of which could lead to intriguing transport Troullier-Martins pseudopotentials®® for core electrons and
properties that can be useful for applications. We are double-{ polarized (DZP) basis set were employed. The

particularly interested in the effects of device symmetry on
quantum transport properties, which has become one of the
most interesting research directions in molecular electronics.

generalized gradient approximation (GGA) of the exchange-

correlation functional in the Perdew—Burke—Ernzerhof

40 . I 4142
In this work, we show by state-of-the-art first-principles (PBE)™ format with nonequilibrium corrections 18
modeling that in molecular devices and circuits made of adopted. The convergence criteria for the density matrix,
carbon nanotubes (CNTs) and nickelocene (NiCp,) mole- energy, and force in the calculations were set to be 107, 107*

cules, the symmetry plays a unique role, which leads to unusual eV, and 0.01 eV/A, respectively.
transport phenomena that are beyond classical circuit theories.
These findings provide new insights into understanding the
performance of CNT-based devices and open new avenues for
the future design of novel molecular devices.

Since S. Tijima’s pioneering description of CNTs in 1991,
CNTs have emerged as materials of significant interest for the
next generation of electronic devices.””~* It has also been
shown that CNTs could be used as optimal electrodes for
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B RESULTS AND DISCUSSION

The optimized structure of the single-NiCp, device is shown in
Figure la, where two electrodes are capped CNT (§,S), and

SIE (ev)

HOMO-1

Figure 1. (a) Optimized structure of the CNT-single NiCp,-CNT
junction in the centrosymmetric configuration. The NiCp, molecule is
attached to CNTs with CH, groups. (b) Right CNT (5,5) electrode
with different rotational angles with respect to the z axis. Note that
the centrosymmetric structure shown in (a) corresponds to the right
electrode with the 0° rotational angle. (c) Energy levels and wave
functions of frontier orbitals near the Fermi energy of the NiCp,
molecule with attached CHj; groups.

the NiCp, molecule is connected to two CNT electrodes via
linker CH, groups. It should be noted that the centrosym-
metric configuration of the device as shown in the figure is the
lowest-energy state among all possible structures we tested, as
shown in Figure SI and Table S1. In structure optimizations,
the two outermost unit cells of electrodes (L and R in the
figure) are fixed to ground-state structures of infinite CNT
(5,5), and the center scattering region is fully relaxed. Starting
from this structure, we study the effects of the rotation of the
right CNT (5,5) electrode with respect to the z-axis on the
electronic and transport properties of the device. The
rotational angle is defined as the angle relative to the lowest-
energy state, as shown in Figure 1b. Given the 5-fold symmetry
of CNT (5,5), we only need to consider the angles ranging
from 0 to 36°. For each rotational angle shown in Figure 1b,
the device structure is reoptimized. The optimized NiCp,
devices with different rotational angles (0, 12, 24, and 36°) are
shown in Figure S1, where we see that the 36°-configuration is
mirror-symmetric.

To understand electron transport through the device, we
first analyze the electronic structure of the NiCp, molecule
with two CHj; groups on both ends. The NiCp, molecule
exhibits a total magnetic moment of 2 pup, primarily
contributed by the 3d orbitals of the nickel atom as shown
by the calculated spin density in Figure S2. Additionally, the
molecule’s energy level diagram (Figure 1c) indicates that the
highest occupied molecular orbital (HOMO) and HOMO-1
in the spin-up (majority spin) channel are right below the
Fermi energy and almost degenerate with an energy difference
of around 0.06 eV. The spin-down (minority spin) orbitals are
at least 0.6 eV away from the Fermi energy. As shown by wave
function plots in Figure lc, the spin-up HOMO is extending
across the whole molecule, while the HOMO-—1 is localized in

the middle with zero contributions from two CH; groups. This
analysis suggests that at low biases the electron transport shall
be mainly contributed by tunneling through the spin-up
HOMO.

We then calculated spin-dependent current—voltage (I—V)
characteristics of the device with different rotational angles for
bias voltages from 0 to 0.5 V. Results are shown in Figure 2a.
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Figure 2. (a) Spin-up I-V curves of single-NiCp, devices in 0-, 12-,
24-, and 36°-configurations. The inset plots the spin-down I-V
curves. (b) Spin-up transmission functions of single-NiCp, devices for
0- and 36°-configurations at zero bias. The Fermi energy is set to 0
eV.

Except for the 36°-configuration, in all other cases, as expected,
the electron transport is dominated by the spin-up channel.
For the 36°-configuration, both spin-up and spin-down
currents are very low, indicating that both spin channels, in
this case, are nonconducting. Surprisingly, from the figure, we
see that when the rotational angle of the right CNT electrode
changes from 0 to 36°, the electric current at low biases in
general drops by at least 1 order of magnitude. As an example,
at 0.5V, the current for the 0°-configuration is about 594 nA,
while the current drops to around 14 nA for the 36°-
configuration. The huge differences between the transport
properties of these two configurations can be confirmed by the
calculated transmission functions for two cases under zero bias
for the spin-up channel (Figure 2b), where we see that the
transmission at the Fermi energy of the 0°-configuration is an
order-of-magnitude higher than that of the 36°-configuration.
As a reference, the calculated transmissions as functions of
energy for all 4 configurations with different rotational angles
are plotted in Figures S3 and S4.

To shed light on the order-of-magnitude difference in
conductance between 0- and 36°-configurations, we plot the
calculated spin-up tunneling eigen channels at Fermi energy for
two configurations in Figure 3a. By comparing the
eigenchannels in Figure 3a and molecular orbitals in Figure
Ic, in both cases, electrons tunnel through spin-up HOMO of
the molecule, while it is the different coupling between the
NiCp, HOMO with two CNT electrodes in two cases that
causes the huge difference in conductance. For the 0°-
configuration, the NiCp, HOMO couples well with both
CNT electrons, leading to a high conductance, while for the
36°-configuration, the NiCp, HOMO connects well with only
one CNT electrode, causing low conductance in this case. The
different molecule-electrode couplings for these two config-
urations can be attributed to different symmetries of these
cases, as depicted in Figure 3b. The 0°-configuration device
possesses the same symmetry as the molecule, both of which
are centrosymmetric. The conducting 7 orbital of CNT
electrodes at Fermi energy and the molecule HOMO in this
case are plotted in the upper panel of Figure 3b, where we see
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Figure 3. (a) Tunneling eigenchannels of single-NiCp, devices for 0-
and 36°-configurations at zero bias. (b) Schematic models for phase
matching between the HOMO of NiCp, and the conducting 7 orbital
of CNT(5,S) electrodes. Note the in-phase couplings with both
electrodes for the 0°-configuration and the out-of-phase coupling with
the right electrode for the 36°-configuration.

that the phase of the molecular HOMO matches well with
both electrodes, leading to a nice coupling of the molecule with
two electrodes. In contrast, the 36°-configuration device
possesses the mirror symmetry. By comparing the phases of
the molecule and electrode conducting orbitals, we see that the
molecule orbital can be in phase with only one electrode,
resulting in bad coupling with the other one. It is worth
mentioning here that the rotational-angle dependence of the
conductance of CNT-based devices is rarely discussed in
previous studies. To see if the observed significant rotational-
angle dependence of conductance is general for CNT-based
devices, we performed transport calculations for a CNT-
benzene-CNT junction. The optimized structures and
calculated I-V curves for 0- and 36°-configurations are
shown in Figure SS. We see a similar trend that the 0°-
configuration generates much higher current than the 36°-
configuration. This analysis emphasizes the importance of the
relative rotation of two CNT electrodes for understanding the
transport properties of CNT-based devices.

We next consider a circuit made of two CNT (5,5)
electrodes and two NiCp, molecules connected in series as
shown in Figure 4a, which is denoted as a series NiCp, circuit

Figure 4. (a) Optimized structure of the series NiCp, circuit. (b)
Energy levels of the series connected two NiCp, molecules with
attached CH; groups. (c) Wave function plots for spin-up HOMO,
HOMO-1, HOMO—-2, and HOMO-3.

in this work. In the circuit, two CNT (5,5) are in mirror
symmetry and two NiCp, molecules are linked by a CH,—
CH=CH-CH, functional group that is an often-used
metallocene linker in experimental settings."”** The energy
levels of the two NiCp, molecules in series are shown in Figure
4b. Near the Fermi level, four spin-up orbitals, from HOMO to
HOMO-3, are nearly degenerate, where only the anticen-
trosymmetric HOMO and the centrosymmetric HOMO—1 are
extended across the two NiCp, molecules (Figure 4c).

We calculate the spin-dependent I-V curves for the series of
NiCp, junctions. Results are shown in Figure Sa. As a
reference, the I-V curves of the single NiCp, junction with
mirror-symmetric CNT (S,5) (the 36°-configuration) are also
plotted in the figure. First, we see from the figure that the series
NiCp, circuit is a nearly perfect spin filter that produces spin
filtering efficiency (defined as (I; — I,)/(I; + I,)) higher than
99% at the whole bias range (0 to 0.5 V) under study (see inset
of Figure Sa). More importantly, at biases ranging from 0.15 to
0.3 V, the series NiCp, circuit exhibits significantly higher
conductance than the single NiCp, device, which cannot be
explained by classical circuit theories. The spin-up transmission
function as a function of energy for the series NiCp, circuit at
0.25 V is shown in Figure Sb, where we see that in this case,
HOMO is the main contributor to the current as only HOMO
is inside the bias window. Also, the HOMO presents much
higher transmission than the HOMO-1, which can be
explained by the different symmetries of two orbitals, as
depicted in Figure Sc: The anticentrosymmetric HOMO
couples well with the two mirror-symmetric CNT electrodes,
while the centrosymmetric HOMO-1 is in phase when
coupled with the left electrode but out of phase with the right
one. The in-phase coupling of HOMO with both CNT
electrodes leads to high conductance when tunneling through
HOMO, which is distinctly different from the case of the single
NiCp,, where HOMO is out-of-phase with one electrode,
resulting in low conductance (Figure 3). To explain the bias
dependence of the calculated I-V curve of the series NiCp,
circuit, we plot in Figure Sd the variations of HOMO and
HOMO-—1 energies with bias voltages obtained from the
analysis based on the molecule projected self-consistent
Hamiltonian (MPSH), which shows that the HOMO-1 is
always outside the bias window; therefore, it does not
contribute to the current. In contrast, the HOMO enters the
bias window after 0.1 V and starts to exit after the 0.3 V,
yielding high conductance of the series circuit at this bias range
and the negative differential resistance beyond 0.25 V. It is
worth mentioning here that the NDR has been known to be a
general phenomenon in transport properties of nanoscale
electronic devices.” ™’

B CONCLUSIONS

In conclusion, by state-of-the-art first-principles modeling and
simulations, we show that the symmetry plays a unique and
critical role in quantum electron transport through a circuit
made of two CNT (5,5) electrodes and NiCp, molecules in
the middle. For the single-NiCp, device, we find that the
relative rotational angles of two CNT electrodes with respect
to the transport axis can dramatically change the conductance
of the device due to the different symmetries at different
angles. To know the relative rotational angle of CNT
electrodes, therefore, can be a key factor in understanding
CNT-based quantum devices. For the series-NiCp, circuit, we
predict that at certain bias voltages, the series connection of
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Figure S. (a) Spin-dependent I—V curves of the single-NiCp, device and the series NiCp, circuit in a 36°-configuration. The inset plots the spin-
filtering efficiency of the series NiCp, circuit. (b) Spin-up transmission of the series NiCp, circuit at 0.25 V. The Fermi energy is set to 0 eV, and
two gray dashed lines denote the bias window. (c) Schematic models for phase matching between the conducting 7 orbital of CNT(S,S) electrodes
and two frontier orbitals (HOMO and HOMO-1) of two NiCp, molecules in series. (d) Variations of front-orbital energies of the series NiCp,
circuit as a function of external bias voltages calculated from MPSH analysis. Red dashed lines indicate the bias window.

two NiCp, molecules could produce significantly higher
conductance than that of single NiCp, molecule, which is
beyond classical circuit theories. The higher conductance of
the series circuit can also be attributed to the unique
symmetries of conducting frontier orbitals of the series
connection of two molecules. We expect this work to stimulate
future experimental verifications.
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