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ABSTRACT: We investigate spin transport properties in a junction composed of a
polyacetylene chain bridging two zigzag graphene nanoribbon (ZGNR) electrodes with
antiferromagnetic (AF) and ferromagnetic (FM) ordering. The transport calculations are
carried out using a nonequilibrium Green’s function (NEGF) technique combined with
density functional theory (DFT). Previous studies have demonstrated that the ZGNRs
exhibit a special AF ordering and half-metallicity at edge states, both of which can be
destroyed by applying a strong external electric field. Moreover a stable FM state can be
found in ZGNRs under an electric field. Here we demonstrate that the connection between
the molecular bridge and nonequivalent carbon atoms (A/B) in the graphene sublattice of
ZGNRs may occur in two bonding arrangements and can produce either metallic or
semiconducting systems depending on the local coupling. By considering the carbon ring
where the chain is attached, one connection resembles a para-linkage in benzene while the
other connection is similar to a meta-linkage. This results in different conductances for
these configurations, which may be controlled by field-effect gating. Finally, the spin filter

efficiency as a function of electric field for these systems, which exhibit intrinsic AF ordering coupled to FM electrodes, is

discussed.

B INTRODUCTION

The field of molecular electronics includes the search for novel
carbon-based materials with low dimensionality, such as
fullerenes, carbon nanotubes, and graphene, which may be
useful as electronic components. These materials, with amazing
electronic and magnetic properties, promise to minimize power
consumption and to enhance operation speeds; they may be
components of future electronic devices.' > Graphene sheets
and nanoribbons have been intensively studied because of their
unique structure and strong quantum confinement effects.*® In
particular, the properties of graphene nanoribbons are strongly
dependent on the atomic arrangement of their edges.”
Specifically, the zigzag graphene nanoribbons (ZGNRs) have
fascinating properties including magnetic states localized at the
Fermi energy (Ep), where the polarized electron spin has
antiferromagnetic (AF) ordering that is coupled between the two
opposite edges.*” The AF ordering at the edges can be controlled
by an electric field applied across the ribbon and may result in
spin selective control over the ZGNRs properties.'’ The ZGNRs
with imperfect edges or edge modification have been shown to
exhibit strong ferromagnetic (FM) behavior and have nonzero
spin conductance;' "' these magnetic properties may potentially
be applied in spin filtering systems'>~"® that might be controlled
with the application of an electric field. Recent studies predict
that molecular junction systems such as zigzag—armchair'” and
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zigzag—zigzag'® combinations of ZGNRs exhibit half-metallicity
and conductance, strongly dependent on the nature of the
molecular junction.

For single molecules attached between metal electrodes,
experiment and theory have shown interference effects depend-
ing on different anchoring positions.19 For example, if two
electrodes are connected relative to one another at the para-
positions on a benzene ring, the conductance through the
molecule will be very different than if the connection were at
meta-positions.** This is a manifestation of quantum interference
in electron conduction.”’ A study has demonstrated that the
properties of spin filtering can also depend on the linker positions
(para or meta) in benzene rings.”* The spin filtering is strong in
systems that have a large spin density.”® Finding this character-
istic in molecules is less common than in ZGNRs, where the half-
metallicity is a natural behavior.

Technological applications of molecular devices are still far
from becoming a reality partly because fundamental issues such
as the thermal stability of these devices and the nature of the
metal—organic coupling are not yet completely addressed.
Inconsistencies exist regarding surface charge distribution,
chemical composition, and the quality of molecule—metal
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(a)

Figure 1. (a) Two-probe transport geometry. The central scattering region contains the polyacetylene bridge as well as several buffer layers of each
electrode. The shaded regions include the two semi-infinite electrodes. The enlarged figures show (b) the connection of the polyacetylene bridge to
ZGNR to make the BC-P (para/ortho linkages) system and (c) the connection to form the BC-M (meta linkage). A and B represent the different A/B

sublattice carbon atoms.

coupling, which is responsible for charge transfer and reflection
effects.”*>® These challenges may be overcome by the use of
graphene in lieu of metal electrodes, since the interface would
then consist of C—C bonds. In such cases, the ZGNR structure is
energetically most stable for connecting linear carbon chains with
sp or sp> hybridization due to the extended m-system of
graphene.””*®

In this paper, we investigate spin-polarized transport proper-
ties of the molecular junction between polyacetylene and ZGNR
electrodes with AF or FM configuration using a nonequilibrium
Green’s function (NEGF) technique combined with density
functional theory (DFT). The two-probe geometry corresponds
to a central scattering region containing a molecular bridge
connected to the semi-infinite ZGNR electrodes (Figure 1a).
Note that the central region also includes parts of each electrode
(as buffer layers), which ensures that the electronic potential and
density are smooth at the boundaries with the electrodes. This
arrangement of carbon atoms as electrodes has been shown to
have high stability and half-metallicity,”” and they were selected
to solve an important problem of interconnection in molecular
transport junctions.30

Since the graphene unit cell contains two nonequivalent
carbon atoms that form the A and B sublattices, there are two
possibilities for connecting the polyacetylene chain to the 4-
ZGNRs electrodes. Several insights can be realized with these
geometries. In one case the bridge can connect to the A atom of
the 4-ZGNRes, resulting in a local para-linkage (BC-P system,
Figure 1b), or the bridge can connect to the B atom of the 4-
ZGNRs, resulting in a local meta-linkage (BC-M system, Figure
1c), as indicated by the red arrows in Figure 1. This assessment is
made knowing that the current density through a ZGNR is
predominantly along the edge of the ribbon (vide infra)."" For
each system, the current density can follow the bottom edge of
the ZGNR and through the polyacetylene chain or it can follow
the top edge and then along the end of the ZGNR and down to

the polyacetylene chain. For BC-P, the polyacetylene bridge is at
a para-position relative to the bottom edge of the ZGNR and at
an ortho-position relative to the edge where the ribbon is
terminated (see red arrows in Figure 1b). On the other hand, for
BC-M, the polyacetylene bridge is in the meta-position relative to
these edges, as shown by the red arrows in Figure lc. The shape
of the electrode ends was chosen as a simple model to compare
para and meta attachment positions of the polyacetylene chain to
the ZGNRs. We acknowledge that the shape of the electrode end
would play a role in the conductance properties, but this
phenomenon is beyond the scope of this work. In terms of
comparing the meta/para connections, the overall structures are
consistent such that meaningful comparisons can be made.

We are interested in spin transport properties that include spin
density polarization in different parts of the geometry under an
external electric field. Our results suggest that the BC-P system
has high transmission and the BC-M system exhibits the
properties of a spin filter when it is coupled to ZGNR electrodes
having FM ordering. These systems might be important for
applications as switches and spin valves.

B COMPUTATIONAL DETAILS

We first focus on the electronic structure for the central
scattering region system (Figure 1a), where we created periodic
conditions in the (longitudinal) z-direction along the 4-ZGNRes.
The periodic system is a cubic supercell containing the BC-P or
BC-M systems (Figure 1b and Figure 1lc). The electronic
structure and geometry optimizations were performed using
DFT>"** with the SIESTA code,* which provides self-consistent
calculations by expanding the Kohn—Sham (KS) orbitals as a
linear combination of atomic orbitals (LCAQ) for the valence
electrons. The norm-conserving Troullier—Martins pseudopo-
tentials®* were used to describe the core electrons. The valence
electronic orbitals of the systems were described using a double-{
polarized basis set.>> Exchange-correlation is taken into account
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Figure 2. Electronic band structure and projected density of states (arbitrary units) for (a) BC-P and (b) BC-M systems at zero electric field. The solid
dark blue lines and light red lines denote spin-up and spin-down, respectively. Note the difference in the bands around the Fermi energy (Eg = 0) in the

BC-P and BC-M systems.

within the local spin density approximation (LSDA).**™® A
cutoff energy of 150 Ry was used, and in all cases, the relaxed
atomic configuration was obtained using a convergence force
criterion of less than 0.05 €V/A on each atom. The relaxed
structures are shown in Figure 1b and Figure 1c. For both cases,
the ZGNR part of the system is similar having C—C bond lengths
varying as 1.43, 1.46, 1.44, and 1.45 A going from the edge toward
the middle of the ribbon (along the x-direction). Inside the
polyacetylene chains, the C—C bond lengths were fairly uniform,
being between 1.39 and 1.42 A for the BC-P system and between
1.38 and 1.41 A for the BC-M system.> The C—H bond lengths
were also uniform for both systems at 1.11 or 1.12 A.

An external electric field varying from 0.0 to 0.5 V/nm was
applied across the ribbon along the positive x-axis (in-plane).
These values keep antiferromagnetic (AF) ordering, since it has
been shown that an even stronger external electric field (E,,, > 0.8
V/nm) is needed to destroy the spin polarization and half-
metallicity.** The Brillouin zone (BZ) was sampled as a
Monkhorst—Pack grid*' using 1 X 1 X 100 k points.

Next, the electronic transport properties are obtained by using
the TranSiesta code,*” which employs the nonequilibrium
Green’s function (NEGF) technique within the Keldysh
formalism in combination with DFT.* This technique is applied
to a two-probe system, as shown in Figure la. Note that in our
calculation all atoms are described self-consistently at the same
level of theory for the central region and the electrodes. The
electrodes are considered in both FM and AF configurations.
The scattering states were obtained with Nanodcal, a similar
NEGF-DFT code.**

This approach has been thoroughly described, and interested
readers are directed to earlier articles.****™>' To briefly
summarize, the retarded Green’s function is defined as

_ (nt -1
G=(E'S—H-% (E) - X (E)) (1)
where E* = lim,_, E + i5 is the energy plus an infinitesimal
imaginary part in. H is the Hamiltonian, and S is the
corresponding overlap matrix obtained from a conventional

DFT calculation on the central scattering region. The density
functional and basis set were the same as those used for the
structure relaxations. )., / are the self-energies that account for
the effect of each electrode on the central scattering region. This
consists of two parts; the energy level shift is given by the real part
as App(E) = Re) ) z(E), and the level broadening is the
imaginary part:

1—‘L/R(E) = i(ZL/R - I/R) (2

To describe the distribution of electrons for the two-probe
system, NEGF is used to calculate the density matrix of the open
system within a one-particle theory such as the DFT,

1
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where G is the Green’s function and f is the Fermi distribution,

1
fE ) = (E-W/(T) 4 (4)

The electrochemical potential difference between left and right
electrodes is eV = p;, — pg. Our focus here is on the electron
transmission around the Fermi energy at zero bias [ T,(E,V=0)],
where ¢ is the spin (up/down). The Landauer—Biittiker
transmission>” probability can be calculated as the trace over
the matrix product of the coupling matrices I—‘L/R,,f?’ and the (G/
G") Green’s function of the central region,

T(E, V) = Tr(Ty,G,T1,,G;) (s)
which represents the probability that an electron with a given
energy E transmits from the left electrode, through the central
region, into the right electrode. The spin filter efficiency'>"
(SFE) at the Fermi level is defined as

|Tup(EF) - T;iown(EF)l
Tup(EF) + Tdown(EF)

SFE =
(6)
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Figure 3. Projected density of states for (a) BC-P and (b) BC-M systems under different electric fields. Both systems exposed to electric field exhibit
large projections around the Fermi energy. Plots of spin density isosurfaces for the (c) BC-P and (d) BC-M systems. Note that there is a magnetic
moment in the bridge and that the different couplings change the ordering and the extent of the magnetization. The colors blue and red correspond to

spin-up and spin-down (orbital contour value is 0.001).
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Figure 4. Transmission spectra for two-probe systems. Solid lines show spin-up/spin-down (blue/red) transmission through (a) BC-P and (b) BC-M
connected to AF electrodes and (c) BC-P and (d) BC-M connected to FM electrodes. Dotted plots show transmission through perfect ZGNR for

comparison.

We calculated the SFE achieved at zero bias under different
electric fields for the BC-P and BC-M systems.
B RESULTS

It is known that bands near the Fermi level correspond to states
near the edges of the graphene nanoribbon, giving rise to the half-

metallicity states. This result has been discussed extensively in
the literature."" The interesting and relevant point here is to
know how the electronic structure will be affected by the
discontinuity of the 4-ZGNRs at the junctions. We first consider
this by studying the electronic structure of the central region
shown in Figure 1a, setting the structures shown in Figure 1b,c to
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Figure S. Scattering state wave functions for BC-P (I-IV) and BC-M (V—VI) systems. The selected energies correspond to the transmission peaks in

Figure 4.

be periodic in the z-direction and calculating the band structure
and the projected density of states (PDOS). In the BC-P system,
an interesting behavior appears in the bands of this molecular
junction (Figure 2a), especially near the Fermi energy. There is a
dispersive band that clearly crosses the Fermi energy. The PDOS
indicates that this dispersive level is coming from 4-ZGNRs
states mixed with bridge states. Differently, in the BC-M system
(Figure 2b) there is a gap in dispersive states near Eg. Overall, the
relevant contribution to electron transport comes from
dispersive states and whether or not they appear near the
Fermi energy, an effect due to the junction between 4-ZGNRs
and the bridge.

In practice, bringing a system to a regime of open conduction
channels can be achieved using an electric field as a gate. The
field-effect gating in the molecular junction can control the
orbitals with respect to Fermi energy in two different current
regimes within a large operation region, resulting in the ability to
turn the current on/off. Experimental work has demonstrated a
molecular field effect transistor that can be directly tuned by gate
voltage.>* In this work an external electric field ranging from 0.0
to 0.5 V/nm is applied across the systems in the x-direction.
Figure 3a and Figure 3b show the PDOS of the BC-P and BC-M
systems under various field strengths, projected onto the 4-
ZGNRs and the polyacetylene molecular bridge. The bridge
states shift in energy because of the electric field, as illustrated by
the PDOS. The largest contribution comes from the 4-ZGNRs
for the BC-P system, while for the BC-M system the gap around
the Fermi energy shows an interesting behavior in the bridge for
spin-up. The peaks near the Fermi energy are the most relevant
states because they describe low-bias transport properties.

Figure 3c shows the spin density for the BC-P system under
different electric fields. The spin density configurations differ
slightly from 0.0 to 0.3 V/nm, with most differences being a
reduction in the top half of the ZGNR and increases in the bridge.
Then with a stronger field of 0.5 V/nm, the spin density is
decreased in the top half while keeping the polarized states on the
bridge and bottom half. The BC-M (Figure 3d) system preserves
the AF ordering on the bottom side, while local magnetization is

reduced on the top half which has mostly spin up configuration.
In both cases the systems preserve half metallicity with different
values of electric field.

Several insights can be gained from the geometry. In Figure 4,
we show the transmission plots of the perfect 4-ZGNRs with
electrodes having AF (a, b) and FM (¢, d) configurations (dotted
and dashed black lines for spin-up and spin-down, respectively).
Typically, transmission peaks are very high because of edge states
at zero bias. Figure 4a shows the transmission for the BC-P
system coupled to AF electrodes. In this case there is a
transmission gap at the Ey of about 0.27 eV for both the spin-up
and spin-down, as determined by the maximum possible
transmission through the perfect ZGNR. The transmission
probability is similar for the two spin channels but on opposite
ends of the Ey. For instance, the transmission is near unity and
broad for spin-up beneath the gap at Eg while the transmission is
near unity and broad for spin-down above the gap at E; (compare
solid blue and red lines in Figure 4a). In Figure 4b, we see that the
transmission through the BC-M system connected to AF
electrodes is much lower because of the binding geometry
(meta-connection) in this system. It is interesting that the spin-
down transmission peak (above Ey) is considerably larger than
the spin-up transmission peak (below Eg). This is likely due to
the high spin-down density along the bottom edge of the ZGNR,
as shown in the inset of Figure 4b.

Figure 4c shows the transmission spectrum for the BC-P
system coupled to electrodes with FM configurations, which has
three broad peaks in the [—1, 1] eV range. There is no gap
around the Fermi energy, as was also indicated by the projected
density of states (PDOS) in Figure 2a. For the BC-M system
(Figure 4d), the spin-up peak localized close to the Fermi energy
corresponds to a band centered near —0.1 eV (see Figure 2b).
This peak is the result of a blend between 4-ZGNRs and bridge
states, as we showed in Figure 3b. The spin-up and spin-down
transmission spectra are quite different near the Fermi level for
both structures, and in general all states are strongly influenced
by the molecular junction.
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Figure 6. Spin dependent transmission spectra under external electric fields of 0.0, 0.3, and 0.5 V/nm: (a) spin-up and (b) spin-down of the BC-P

system; (c) spin-up and (d) spin-down of the BC-M system.

From here on, we consider the spin configuration consisting of
the FM coupling on BC-P and BC-M (AF configuration at the
central region). This spin configuration is crucial for the spin
filter effect.

The scattering state wave functions for different transmission
peaks through BC-P and BC-M systems coupled to electrodes
with FM configuration are plotted in Figure S. They show
different modes of transmission through the system for several
transmission peaks in Figure 4. The isosurfaces for peaks I-IV
show scattering states for the BC-P system. Note that the
contributions come from the bottom edge and also the top edge
of the ZGNR (para and ortho relative to polyacetylene bridge,
respectively; see Figure 1b). Clearly, the contribution from peaks
I-1IV will result in high current. Conversely, isosurfaces V—VI for
the BC-M system do not show any strong contribution from
either edge of the ZGNR, since these are at meta positions
relative to the polyacetylene bridge. The BC-M system shows
only two narrow peaks in transmission (labeled V and VI in
Figure 4). In this system, the more pronounced contribution is
from the bridge as we saw in Figure 2b. These peaks are due to
states localized in the bridge that extend along the center in the 4-
ZGNRs.

To understand if the different transmission channels are
preserved, we compare the transmission for systems under
electric fields (along the x-axis) of 0.3 and 0.5 V/nm. Figure 6a
and Figure 6b show transmission under different electric fields
for the BC-P system with spin-up and spin-down, respectively.
One can find transmission peaks in the same range as at 0.0 V/
nm, where for spin-up there is a dip around —0.2 eV due to aring
current reversal present in the p-benzene system.”>** For this
system there is a specific shift when an electric field is applied. In
other words, the BC-P system preserves the resonance between
different transmission channels and shows broad peaks in the
same energy range for spin-up and spin-down. The BC-M
system, panel c (spin-up), has a transmission peak around the
Fermi energy. After application of an electric field of 0.3 and 0.5
V/nm, the width of the transmission peak decreases with
increasing electric field and moves closer to Eg. Panel d shows the
spin-down transmission for the same system. There is a narrow

peak above Ep, that is broadened and shifted away from Ep with
the application of an external field of 0.3 and 0.5 V/nm.

The characteristics of spin transport shown in Figure 6, where
the transmission peaks are shifted under external electric field,
suggest that these systems might work as spin filters. In Table 1,

Table 1. Spin Filter Efficiency for BC-P and BC-M under
Transverse Electric Fields along the x-Axis

electric field (V/nm) BC-P SFE (%) BC-M SFE (%)

0.0 4 N
0.3 21 16
0.5 25 45

we list the calculated zero-bias SFE (eq 6). For BC-P, the SFE at
0.0 V/nm is 4%, and this value increases to 21% at 0.3 V/nm and
then to 25% at 0.5 V/nm. This variation in SFE suggests that the
BC-P (para-linkage) system has a shift in the transmission with
the help of the external electric field and may behave as a weak
spin filter.

The transmission spectrum of the BC-M system also showed
an energy shift under the electric field, and the greatest amount of
spin-filtering we found was 45%. In this case, one narrow peak
(spin-up) is brought close to resonance with Eg while the other
peak (spin-down) is moved away, resulting in high SFE. The
strong spin filtering is due to the energy separation between the
narrow spin-up and spin-down transmission peaks in this system.

B SUMMARY

In this work, we used NEGF-DFT to study transport properties
in ZGNR/polyacetylene molecular junctions. The two possible
geometric couplings result in a local para-linkage benzene (BC-P
system) or in a local meta-linkage benzene (BC-M system). We
found the transmission through the BC-P system to be much
higher than through the BC-M system. However, the trans-
mission through the BC-M system can be controlled with an
external electric field when it is coupled to FM electrodes. This is
experimentally relevant, and to the best of our knowledge it has
not been reported before for zigzag graphene nanoribbons.
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Under an external electric field, we find that the BC-P system,
which is metallic at zero field, remains metallic. On the other
hand, for the BC-M system (semiconductor), an external electric
field shifts states to the Fermi energy, and this causes the system
to become conducting under a sufficient electric field. The nature
of the system (weak or strong conductor) can be geometrically
controlled, and the strong transmission can be explained using
well-known ortho, para, and meta configuration interference
rules of the benzene-like ring that is bonded to the carbon chain.
Finally, we present here a proof-of-concept on how to build
switches and spin filters devices based on polyacetylene chains
between carbon nanoribbon electrodes.
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