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We investigate the spin transport properties of iron-phthalocyanine (FePc) molecule sandwiched
between two N-doped graphene nanoribbons (GNRs) based on the density functional theory and
nonequilibrium Green’s function methods. Our calculated results clearly reveal that the FePc molec-
ular junction has high spin-filter efficiency as well as negative differential resistance (NDR). The
zero-bias conductance through FePc molecule is dominated by the spin-down electrons, and the
observed NDR originates from the bias-dependent effective coupling between the FePc molecular
orbitals and the narrow density of states of electrodes. The remarkable high spin-filter efficiency and
NDR are robust regardless of the edge shape and the width of GNRs, and the N-doping site in GNRs.
These predictions indicate that FePc junction holds great promise in molecular electronics and spin-
tronics applications. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3684551]

I. INTRODUCTION

Molecular spintronics, in which molecules are used as
spin transport channels, has attracted enormous research
attentions since it holds promise for the next generation of
electronic devices with enhanced functionality and improved
performance.1–4 In the past years, much research has focused
on metal phthalocyanines (MPcs),5–9 Fe4 derivatives,10 Mn12

magnet,11 and magnetic organometallic molecular wires.12–16

Among them, MPcs form a promising family of compounds
due to their tunable electronic and magnetic properties by
changing the central transition metal atom. In the past years,
the adsorption behaviors of MPcs on various substrates
have been extensively investigated.5–7, 17 A few studies
have been reported on the electronic transport properties of
MPc molecules sandwiched between the low-dimensional
electrodes.8, 9, 18, 19 For example, Tomofuni et al. calculated
the electronic transmission of CuPc molecule sandwiched
between gold cluster electrodes,18 and found that the
symmetry-matched interaction between CuPc and the gold
cluster electrodes is important to enhance the transmission
function. Calzolari et al. examined the electronic correlation’s
influence on the transport property through CuPc and MnPc
molecules connected to gold chain electrodes with sulfur
atoms.19 Shen et al. investigated the spin transport properties
of MPcs (M = Mn, Fe, Co, Ni, Cu, and Zn) sandwiched
between two semi-infinite (4,4) armchair single-walled
carbon nanotubes and found that only MnPc and FePc can
act as nearly perfect spin filters.8, 9

Enabled by the unique physical properties of graphene
nanoribbons (GNRs) (Refs. 20–22) and the successful fab-

a) Author to whom correspondence should be addressed. Electronic mail:
liqun@ustc.edu.cn.

rication of GNRs with various widths using the mechanical
method or a chemical route,23, 24 GNRs have been recently
employed as the electrodes for several molecular devices,
including molecular switch,25 negative differential resistance
(NDR),26, 27 and spin filter.28, 29 Motivated by a recent pre-
liminary experiment that CuPc thin film within the graphene
nanogap electrodes displays high transistor performance,24

we examine the spin transport properties of FePc molecule
sandwiched between two N-doped GNR electrodes27 by
employing the non-equilibrium Green’s function formalism
combined with spin density functional theory. The calculated
results clearly demonstrate that the spin-resolved zero-bias
conductance through the proposed FePc molecular junction
is dominated by the spin-down electrons with high spin-filter
efficiency (SFE). At the same time, it exhibits NDR, originat-
ing from the bias-dependent coupling between the discrete
frontier molecular orbitals (MOs) in the scattering region and
the density of states of N-doped GNR electrodes. Moreover,
the dual-function in the proposed FePc molecular junctions,
namely, the high SFE and NDR, is robust regardless of the
edge shape of GNR electrodes.

II. COMPUTATIONAL MODEL AND METHOD

Our proposed molecular junction is a two-probe system,
in which an FePc molecule is sandwiched between N-doped
GNR electrodes. Figure 1 shows an FePc molecular junction.
Here, two N-doped armchair GNRs (AGNRs) with width
W = 13 (named as 13-AGNRs) are modeled with a supercell
(10 Å × 30 Å × 8.53 Å). The N-dopant, labeled with “N”
with a blue ball in Fig. 1, locates at the center of 13-AGNRs,
and a 10 Å vacuum slab is used to eliminate interaction be-
tween AGNRs in neighboring cells. The examined molecular
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FIG. 1. The optimized two-probe geometry of an FePc molecule sandwiched
between two N-doped AGNR electrodes. Here, the label “N” stands for the
doping site, the blue vertical lines denote the scattering region, and d (about
8.53 Å) stands for the optimized lattice constant of N-doped AGNR elec-
trodes.

junction can be divided into three parts: scattering region,
left electrode, and right electrode. All edge carbon atoms
are saturated with hydrogen atoms. The geometric and elec-
tronic properties are calculated by using the spin-polarized
density functional theory (DFT) method implemented in the
Spanish Initiative for Electronic Simulations with Thousands
of Atoms (SIESTA) package.30 The generalized gradient
approximation (GGA) in the Perdew-Burke-Ernzerhof form
(PBE) (Ref. 31) is used to describe the exchange and
correlation energy. The core electrons are modeled with
Troullier-Martins nonlocal pseudopotential, and the valence
electrons are expanded over a finite range numerical basis
set. Double-zeta polarized basis are used for all elements
including carbon, nitrogen, hydrogen, and iron atoms. The
cutoff energy is 150 Ry and a Monkhorst-Pack K-mesh of
1 × 1 × 200 is used. All atomic positions are fully relaxed
until the force tolerance to 0.01 eV/Å. Note that the numerical
integration in the complex plane of G-lesser Green’s function
implemented in ATK works well for noble metal electrodes
since their density of states is a smooth function of single-
particle energy.34 If using graphene as electrodes in molecular
junction, one should carefully manage them since their den-
sity of states is very irregular with many narrow resonances.
We used 60 contour points, with a lower energy bound of
3 Ry (1 Ry = 13.6 eV) in the contour diagram in the case
of zero bias and additional contour points spaced at 0.01 eV
along the real energy axis in the case of nonzero bias voltage.

The spin transport properties through FePc molecule
are studied with DFT calculations combined with nonequi-
librium Green’s function technique implemented in the
ATK package,32, 33 which has successfully addressed many
experimental results.34 The spin-polarized current-voltage
(I-V) curves are obtained by using the Landauer-Büttiker
formula as

I(V) =
e

h

∫
Tσ (E, V)[f(E − μL) − f(E − μR)]dE, (1)

here, Tσ (E, V) is transmission functions for the spin-up
and spin-down electrons (σ = ↑/↓), defined as Tσ (E, V)
= Tr[ŴLGσŴRG+

σ ], Gσ is the spin-dependent retarded Green’s
function of the extended molecule, ŴL/R is the coupling ma-
trix between the scattering region and the left/right electrode,

FIG. 2. The calculated spin-resolved I-V curves of FePc molecular junction.
The black and blue lines stand for the current of spin-down and spin-up elec-
trons, respectively. For clarity, the right above inset is the I-V curve for the
spin-up electrons in smaller scale.

f(E-μL(R)) is the Fermi function, and μL/R stands for the
chemical potential of left/right electrode, respectively.

III. RESULTS AND DISCUSSION

Figure 2 shows the spin-polarized I-V curves of FePc
molecule sandwiched between two N-doped 13-AGNRs in
the bias voltage range from 0.0 to 0.7 V. At each bias, the
current is determined self-consistently under the nonequilib-
rium condition. As seen in Fig. 2, the calculated I-V curves
clearly demonstrate two following important features: (i) The
current of the spin-down electrons (I↓) through the molecular
junction is remarkably larger that of the spin-up electrons
(I↑). For example, the calculated current at 0.14 V is about
1.7 × 10−3 and 0.84 μA for the spin-up and spin-down elec-
trons, respectively. The remarkable difference of current be-
tween the spin-up and spin-down electrons under the applied
bias can be quantified by the ratio of the current defined as
R(V) = I↓(Vbias)/I↑(Vbias). The calculated R(V) varies from
around 80 to 500 in the examined bias window. Such a large
ratio can be readily measured for the real applications with
the FePc molecule junction. (ii) The current of the spin-down
electrons initially increases with the applied Vbias, and clearly
presents a NDR character between 0.14 and 0.5 V for the
spin-down electrons. The maximum current of the spin-down
electrons is up to be about 0.84 μA at the peak position (Vbias

= 0.14 V), while the current reaches its minimum value
(0.08 μA) at the valley site (Vbias = 0.5 V). Actually, NDR
also appears in the bias range of 0.15–0.4 V for the spin-up
electrons, as shown in the inset of Fig. 2. It turns high
peak-to-valley ratios of NDR for two spin channels. The
ratio is about 5 and 10 for spin-up and spin-down electrons,
respectively. The NDR of the FePc junction highlights its
promising potential for electronic amplifiers, logic gates, and
fast switch devices.2, 7

These observations imply that significant spin filter
effect and obvious NDR can coexist remarkably in the
proposed FePc molecular junction, which, to the best of our
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FIG. 3. (a) The energy dependent spin-resolved transmission spectra of FePc
molecular junction. The blue and black curves stand for the transmission of
the spin-up and spin-down electrons, respectively. Empty triangles denote
the molecular projected self-consistent Hamiltonian eigenvalues. (b) Contour
plots of eigenfunctions. Here, the top panel stands for two eigenfunctions of
the scattering region, which contribute the transmission peaks A and B. The
perturbed HOMO and LUMO of the FePc molecular projected self-consistent
Hamiltonian in the scattering region are illustrated in the bottom panel.

knowledge, has not been reported in all the studies on the
FePc molecular junctions so far,9 though this dual function
has been reported recently in organometallic Fe–C5H5 and
Fe–C5(CH3)5 nanowires.14, 16 Clearly, both spin filter effect
and NDR are desirable features with ample applications in
future molecular electronics and spintronics.

To understand the nature of the observed spin filter ef-
fect, we plot the spin-polarized zero-bias transmission spec-
tra of the proposed FePc molecular junction with N-doped
13-AGNR electrodes in Fig. 3(a). It is clear that the transmis-
sion spectra of the spin-up and spin-down electrons through
FePc molecule display remarkably different behavior around
the Fermi level. For the spin-down electrons, two signifi-
cant transmission peaks, labeled with A and B in Fig. 3(a),
representing the conductance channels through the molecu-
lar junction, are located at −0.11 and 0.6 eV, respectively.
Meanwhile, the transmission coefficient of the spin-up chan-
nel is quite small in the wide energy region from −1.05 to
0.85 eV. The distinct difference of transmission spectrum be-
tween two spin channels can be evaluated with spin filter ef-
ficiency (SFE) at the Fermi level, defined as SFE = [T↑(EF)
− T↓(EF)]/[T↑(EF) + T↓(EF)]. Here, T↑ and T↓ stand for the
transmission coefficient of the spin-up and spin-down elec-
trons, respectively. The positive SFE denotes a conductance
dominated by the spin-up channel, while the negative one in-

dicates that the spin-down channel dominates. T↑ and T↓ at
the zero bias voltage through this FePc molecular junction is
4.6 × 10−4 and 0.26 G0 (G0 denotes the quantum constant
and equals to e2/h), respectively. It turns out that the calcu-
lated SFE at zero bias is about −99.8%, indicating that con-
ductance through the molecular junction is mainly governed
by the spin-down channel.

Now we turn to understand the diversity in the conduc-
tance of two spin channels according to the frontier molecu-
lar orbitals and magnetic moment (MM) analysis of the free
FePc molecule. In FePc the D4h crystalline field lifts the or-
bital degeneracy of the Fe 3d shell and splits the energy levels
into a1g (dz2 ), b2g (dxy), eg (dxz,dyz), and b1g (dx2−y2 ). The elec-
tronic configuration for the spin-up and spin-down electrons
is a1

1gb1
2ge2

g and e2
g , respectively. Consequently, the molecu-

lar MM is predicted to be 2.0 μB. The calculated results at
the GGA-PBE level35 show that the highest occupied molec-
ular orbital (HOMO) of FePc molecule is determined to be
a doubly degenerate MO with eg symmetry, while the low-
est unoccupied MO (LUMO) has b2g symmetry. According
to the Mulliken population, we find that the FePc molecular
MM is mainly contributed by the Fe atom and its local atomic
MM is 2.32 μB. Note that the nearest N atoms (the atomic
MM is about −0.25 μB) connecting to the center Fe atom also
give small contribution to the total MM, and antiferromagneti-
cally couple to the Fe atom. In the two-probe system, the FePc
molecular MM (about 2.18 μB) does not significantly change
due to the presence of GNR electrodes, and the Fe atom (the
atomic MM is about 2.45 μB) still antiferromagnetically cou-
ples to the neighboring N atoms. The significant transmission
peak labeled with A in Fig. 3(a) is mainly contributed by the
spin-down MO just below the HOMO (HOMO-1), which is
delocalized over the whole molecular junction, as shown in
Fig. 3(b). The low and sharp transmission (labeled with *)
at −0.03 eV originates from the perturbed HOMO, which is
mainly localized at the center region of FePc molecule and
the Fe dxy orbital gives its considerable contribution. As seen
in Fig. 3(b), we can conclude that the narrow and sharp trans-
mission peak labeled with B comes from the spin-down FePc-
electrode hybrid state originated from the coupling between
the electrode and Fe’s dxy and dz2 atomic orbitals.

Next, to further explore the mechanism the NDR ob-
served in the proposed FePc molecular junction with two
N-doped 13-AGNRs, we plot the spin-polarized transmission
spectra at the different bias voltages in Fig. 4. It is clear that
the transmission curves gradually shift toward the low-energy
side and their shapes change dramatically with the applied
bias voltage, especially for the spin-down channel. For the
spin-down electrons, when Vbias increases, the transmission
peak A originated from the HOMO-1 becomes narrow
gradually, accompanied by a change in heights. As a result,
the current of spin-down electrons continuous increases and
reaches its maximum value at Vbias = 0.14 V. When Vbias

continuously increases to 0.5 V, the feature of the spin-down
transmission function changes dramatically. The transmission
peak A is strongly suppressed and even disappears, probably
due to a change in its effective coupling to the N-doped
AGNRs under the bias voltage.36 As a result, in the energy
range from −1.25 to 0.3 eV, the transmission coefficients of
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FIG. 4. The bias dependent transmission spectra of FePc molecular junction.
(a) 0.0 V, (b) 0.14 V, and (c) 0.5 V. Here, the red vertical dotted line labels the
Fermi level and the purple shadow area stands for the integral energy range
under the applied bias. (d)–(f) Schematic illustration of the molecular pro-
jected self-consistent Hamiltonian eigenvalues in scattering region relative to
these discrete bands in two N-doped armchair GNRs with bias voltages of
0.0, 0.14, and 0.5 V, respectively.

the spin-down electrons are very small (less than 0.01). In our
calculations, the electrons with inject energies in the interval
[−eVbias/2, eVbias/2] (i.e., from −0.25 to 0.25 eV) can tunnel
through the junction. Thus, the current decreases, and the
I-V valley appears. When Vbias continually increases, the
current increases again since the transmission peak B enters
the integral energy window (i.e., Vbias = 0.7 V).

We also illustrate the origin of NDR with a schematic
model presented in Figs. 4(d)–4(f). Here, two vertical bars
stand for the density of states of the N-doped AGNRs, and five
solid lines in between indicate the energy position of the dis-
crete levels in the scattering region. For the junction with zero
bias, the HOMO-1 in scattering region catches the upmost
valence band of two N-doped AGNR leads, which results in
the significant transmission peaks A. When Vbias increases to
0.14 V, the Fermi level shifts up and down by 0.07 eV for the
left and right electrodes, respectively. The localized HOMO
matches the upmost valence band of the left electrode, while
the delocalized HOMO-1 touches the upmost valence band

FIG. 5. (a) FePc molecular junction with N-doped 11-AGNR electrodes
(W = 11). (b) The corresponding spin-resolved I-V curves.

of the right electrode. Compared to the zero bias case, due
to the relative worse matching, the transmission peak from
the HOMO-1 is suppressed and becomes narrow and sharper,
as shown in Fig. 4(b). When Vbias is 0.5 V, the HOMO-1
does not overlap effectively with the valence states of the left
leads although it still touches the upmost valence state of the
right electrode, which leads to negligible transmission coeffi-
cients for the spin-down electrons in the integral energy win-
dow. These observations suggest that the NDR appearing in
the proposed molecular junction mainly originates from the
bias-dependent effective coupling between the discrete fron-
tier FePc molecular orbitals and the narrow density of states
of N-doped AGNR electrodes.26, 27

The N-doped 13-AGNRs are used in the proposed dual-
functional FePc molecular junction. Here, we perform calcu-
lations of the FePc molecular junction with different AGNR
widths (W = 11 and 12) to examine the size-dependent effect
since the band gaps of AGNRs depend on its width and
exhibit three distinct family (3n+m behavior).37, 38 As an ex-
ample, the two-probe FePc molecular junction with N-doped
11-AGNR electrodes is illustrated in Fig. 5(a). Figure 5(b)
shows the spin-polarized I-V curves of FePc molecule sand-
wiched between two N-doped 11-AGNRs in the bias voltage
range from 0.0 to 0.8 V. Clearly, this examined molecular
junction shows obvious spin transport polarization. The
current of the spin-down electrons is larger than that of the
spin-up electrons. The SFE is predicted to be about −99.0%.
More importantly, the junction also displays obvious NDR.
Although similar results are obtained for the FePc molecule
sandwiched between two N-doped 12-AGNRs, we note that
the value and position of the maximum currents of the spin-up
and spin-down electrons depend on the width of AGNRs.
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FIG. 6. Three examined GNR electrodes. (a) AGNR (W = 13, N dopant
locates at the off-center site), (b) ZGNR (W = 10), (c) GNR with the mixed
armchair and zigzag edges. Here, d1, d2, and d3 are 8.53, 4.95, and 17.06 Å,
respectively, which stand for the optimized lattice constant of three different
N-doped GNR electrodes.

For example, the maximum current through FePc molecular
junction with N-doped 11-AGNRs is 1.62 μA at about 0.6 V,
while is different from the results shown in Fig. 2.

Since the edge shape of GNRs obtained in experiments
is complex including both zigzag and armchair edges,39–41

we also investigate the effect of the edge shape of GNRs
on the transport properties of GNR-FePc-GNR junctions
as well as the N doping site in AGNR electrodes. Here, we
examine three FePc molecular junctions with different GNR
electrodes. The corresponding GNR electrodes are shown in
Fig. 6. The main results, including the spin-resolved trans-
mission coefficients (T↑ and T↓), SFE at zero bias, and the
currents of the spin-down electrons at two bias voltages
(I↓(V1) and I↓(V2)), are summarized in Table I. When the
N atom dopes at different site in 13-AGNR electrodes, as
shown in Fig. 6(a), the conductance through FePc molecular
junction (MJ1) is mainly governed by the spin-down channel
and the high SFE is up to −99.9%. The current of the
spin-down electrons (I↓) at 0.2 V and 0.5 is about 1.0 and 0.7
× 10−2μA, indicating that the obvious NDR appears in MJ1.
When an FePc molecule is sandwiched between two N-doped
zigzag graphene nanoribbon (ZGNR) electrodes (MJ2) (the
electrode is shown in Fig. 6(b)), the T↑ and T↓ at the Fermi
level is 1.5 × 10−3 and 8.5 × 10−2 G0, respectively. It turns
out that the SFE is about −96.5%. The obvious NDR is
observed for MJ2 since the I↓ at 0.2 V is larger than the
I↓ at 0.4 V. Actually, the dual-function, namely, the high
SFE and NDR, is still robust for the FePc molecule junction
(MJ3), where a FePc molecule connects to GNRs with the
mixed armchair and zigzag edges. This kind of electrode is

TABLE I. The spin-resolved transmission coefficients (T↑ and T↓ in G0),
SFE (in %) at zero bias, and the currents of the spin-down electrons at two
bias voltages (I↓(V1) and I↓(V2) in μA) for the FePc molecular junctions
with three different GNR electrodes, as shown in Fig. 6.

Junctions T↑ T↓ SFE I↓(V1) I↓(V2)

MJ1 3.6 × 10−4 8.3 × 10−1 −99.9 1.00(0.2) 0.7 × 10−2(0.5)
MJ2 1.5 × 10−3 8.5 × 10−2 −96.5 0.68(0.2) 0.4 × 10−1(0.4)
MJ3 0.6 × 10−4 7.1 × 10−2 −99.8 0.15(0.1) 0.1 × 10−1(0.2)

illustrated in Fig. 6(c). The SFE is about −99.8%. And the I↓
at 0.1 V is roughly 15 times larger than I↓ at 0.2 V.

It should be pointed out that we consider the molecular
junctions with suspended geometry. The substrate effect was
not taken into account in our calculations. If the proposed
molecular junctions adsorb on one substrate, the transport
properties will be modulated by the subtle balance of
couplings between the substrate/FePc molecular and the
substrate/N-doped GNR electrode. Actually, it needs further
investigations to explore the substrate effect.

IV. CONCLUSION

In summary, we design a dual-functional molecular junc-
tion by attaching FePc molecule to two N-doped GNR elec-
trodes based on our spin-polarized first-principles calcula-
tions. The transmission spectra of the spin-up and spin-down
electrons display remarkably different bias-dependent fea-
tures. The zero-bias conductance through FePc molecule is
dominated by the spin-down electrons. The observed NDR
originates from the bias-dependent effective coupling be-
tween the discrete frontier FePc molecular orbitals in the scat-
tering region and the density of states of N-doped AGNR elec-
trodes. The dual-function, namely, high spin filter efficiency
and NDR, is robust regardless of the edge shape, the width,
and the N-doping site in GNRs. These mark the great promise
of the FePc molecule junction for future molecular electronics
and spintronics applications.
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