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By using the nonequilibrium Green’s function formalism combined with the density-functional theory, we present a theoretical
study of the spin-dependent electron transport of a molecular device constructed by a chromium porphyrin molecule linking
with two carbon chains sandwiched between two semi-infinite zigzag-edged graphene nanoribbon(ZGNR) electrodes, where the
ZGNRs are modulated by external magnetic field. The results show that the single spin-conducting can be obtained by performing
different magnetic configuration of the leads. The coexistence of spin-filtering with 100% spin-polarization, rectifying and
negative differential resistance(NDR) behaviors in our model device is demonstrated and the mechanisms are proposed for these
phenomena.

1 INTRODUCTION

The electron transport properties of molecular-scale device
have been researched extensively for the decades1–3. Par-
ticularly, the molecular spintronics in controlling and ma-
nipulating the electron transport properties of spins at the
organic single-molecule level obtained much attentions4–7.
It is known that many particular spin-related phenomena,
like spin-filtering8–12, rectification13,14, spin-valve15,16, spin
crossover17, Kondo effect18 and spin negative differential re-
sistance(NDR) phenomena19–21 can be found in molecular
spintronic devices, which can make molecular spintronics a
very promising material in next-generation electronics de-
vices.

Among many potential molecular candidates, porphyrin
derivatives form a good candidate for molecular electronic de-
vices. Since their electronic and magnetic properties can be
effectively modulated by the central transition metal or lig-
ands, the special properties of porphyrin derivatives have been
investigated by both theorists and experimentalist22–26. For
example, Chen et al. reported that a ligated iron atom can
be used as a switching device, which has a considerable spin-
polarization in current26. Cho et al. predicted a half-metallic
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spintronic device in a one-dimensional chromium porphyrin
array capped between two Au electrodes23. Zeng et al. found
the interesting spin filtering and magnetoresistance effects in
a spintronic device constructed by two manganese porphyrin
molecules connected with a p-phenylene-ethynylene group25.

Because of the successful fabrication of graphene and
graphene nanoribbon(GNR)27,28, which are usually proposed
as electrode in spintronics devices. When in contrast to
traditional metal electrodes, GNR are better performed by
their unique physical properties, such as high carrier mobil-
ity, magnetic edge effects and the atomistic size29–32. T-
wo typical types of GNRs can be obtained by tailing a
graphene sheet along a straight line: zigzag- and armchair-
edge GNRs(ZGNRs and AGNRs), and edge states in ZGNRs
are spin-polarized with an anti-ferromagnetic(AFM) ground
state, whereas hydrogen-terminated armchair GNRs (aGNRs)
do not exhibit such edge-localized states and are not spin-
polarized. In addition, the single carbon atomic chain, which
can be carved out from a graphene sheet by using a high-
energy electron beam, plays an important role in molecular de-
vices33–36. At the same time the carbon-atomic chains as spin-
transmitters have triggered tremendous interests. For example,
Zeng et al. found a perfect spin filters and spin valves with
a large bias-dependent magnetoresistance in carbon-chain-
bridging between two GNR leads37. Although it’s possi-
ble to fabricate a molecular device connecting with graphene
nanogap electrodes38, the carbon-chain capped with organic
molecular sandwiched between two GNR leads have rarely
been reported. As the monomeric chromium porphyrin can
be synthesized in experiment39,40, and Cho et al demonstrated
that among other transition metal ions, chromium porphyrin

1–7 | 1

Page 1 of 7 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Fig. 1 Schematic of the model device with a coplanar configuration
between plane of chromium porphyrin molecular and two zigzag
graphene nanoribbon leads. The shaded areas indicate the leads with
two repeated carbon unit cells along the transport direction(z),
which are modulated by an external magnetic field along the +y or
-y direction, respectively.

molecular turned out be the best choice for designing a new
spin filter device23, we investigated the spin-resolved trans-
port characteristics of a chromium porphyrin molecular-based
spintronics molecular devices.

In this paper, we investigated the spin-resolved electron
transport properties of a molecular spintronics in which two
carbon chains capping with a chromium porphyrin molec-
ular sandwiched between two ZGNR electrodes. Although
the ZGNRs are magnetic with an anti-ferromagnetic(AFM)
ground state, it can be switched to a more stable ferromag-
netic(FM) state when applied an external transverse electron-
ic field or magnetic field41,42. And we can set the magneti-
zation configuration of the leads as parallel configuration(P,
the magnetic fields of two leads in the same y direction) or
antiparallel configuration(AP, the magnetic fields of the left
and the right leads are in the opposite direction correspond-
ing to the +y or -y direction, which can be easily performed
in experiment). As a result, the multifunctional spintronic de-
vices with a single spin-conducting, perfect spin-filtering with
100% spin-polarity, spin-rectifying and NDR characteristic-
s can be obtained by controlling the magnetic orientations of
the two electrodes, which has significant application in future
high-performance multifunctional atomic-scale spintronic de-
vice.

2 MODELS and Methods

The molecular device is illustrated in Fig. 1, where the
chromium porphyrin molecular connected with two carbon
atomic chains is covalently bridged between two ZGNR elec-
trodes. The number of six zigzag lines are chosen along the
width as an even number zigzag lines can exhibit a dual spin-

Fig. 2 The spin-dependent electron transmission spectra at zero bias
in (a) P and (b) AP spin configurations. (c)-(d) and (e)-(f) are the
spin-resolved LDOS at the Fermi level of P and AP spin
configurations, respectively. The isovalues of spin-resolved LDOS
are 0.004 a.u.

Fig. 3 Calculated current as a function of the applied bias for (a) P
and (b) AP spin configurations.
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filtering effect in the symmetrical ZGNRs43. The device can
be divided into three regions: the left electrode, the scatter-
ing region and the right electrode. And the semi-infinite leads
are described by two repeated carbon unit cells. The enough
surface layers are essentially adopted to properly screen the
perturbation effect from the central region. Just following pre-
vious researches, we connected the carbon atomic chain with
the ZGNR leads through a five-membered carbon rings and all
the edge dangling bonds passivated with hydrogen atoms9,37.

The geometric optimization and spin-resovled electron
transport properties were calculated by performing the first-
principle software package Atomistix ToolKit(ATK)44, which
is based on the spin-polarized density-functional theory(DFT)
in combination with the nonequilibrium Greens function-
s(NEGF). The electron exchange-correlation potential use
generalized gradient approximation(GGA) in the Perdew-
Burke-Ernzerhof(PBE) form45. A single-polarized basis is
set for carbon atoms and the double-polarized is set for other
atoms. In our calculation, the Brillouin zone (BZ) is sampled
by 1× 1× 100 Monkhorst-Pack k-mesh. In order to achieve
the balance between calculation efficiency and accuracy, the
grid integration of cutoff energy is defined by 150 Ry and the
maximum force tolerance is 0.01 eV/Å. The vacuum layer is
used at least 15 Å to avoid the spurious interaction between
periodic images. The nonliner current through the center s-
cattering region as a function of applied external bias can be
calculated using the Landauer formula33,46:

I↑(↓) = e
h̄
∫ ∞
−∞{T ↑(↓)(E)[ fL(E,µ)- fR(E,µ)]}dE,

where
∫

L(R)(E,µ) is the equilibrium Fermi distribution for
the left (or the right) electrode, and µL(R)=EF±eV/2 is the
electrochemical potential of the left and right electrodes in
terms of the common Fermi energy EF , and T ↑(↓)(E) is the
spin-resolved transmission defined as

T ↑(↓)(E)=Tγ[ΓLGRΓRGA]↑(↓),
where GR(A) is the retarded (or the advanced) Greens func-

tion of the central region and ΓL(R) is the coupling matrix of
the left (or the right) electrode.

3 Result and discussion

The spin-resolved electron transmission spectra of P and AP
spin configurations were calculated and plotted in Fig. 2(a)
and 2(b), respectively. It is clearly that in both spin configu-
rations, the transmission spectra are spin-split. One can see
from Fig. 2(a) that the spin-up spectrum presents a broad and
strong peak around the EF in P configuration which means
the spin-up electrons can easily pass through the device, while
the peak moves right side into the higher energy region with
transmission spectra at the EF being suppressed in the AP con-
figuration, as shown in Fig. 2(b). However, the positions of
spin-down transmission spectra have changed slightly when
the spin configuration transforms from P configuration to AP

Fig. 4 (a) The calculated spin filtering efficiency(SFE) curves for P
and AP spin configurations. (b) The rectification ratio curves for
spin-up and spin-down electrons of the AP spin configuration.

configuration, except for the magnitude of spin-down peak-
s around the EF in P configuration are generally larger than
that in AP configuration. What’s more, the spin-down cur-
rents are blocked at the EF both in P and AP configurations.
The asymmetrical spin-down and spin-up currents indicate the
occurrence of spin-polarization both in P and AP configura-
tions. The spin polarization can be understood by present-
ing the spin-resolved local density of states(LDOS) at the EF .
Figs. 2(c) and 2(d) show the spin-up and spin-down LDOS at
the EF in P configuration, respectively. The spin-up electrons
can easily across the central scattering region from right to left
and a excellent coupling can be found on the chromium por-
phyrin molecular which means the molecular provided good
channels for transmission. However, the LDOS of spin-down
are completely blocked on the chromium porphyrin molecular,
which means no channel can be provided for transport of spin-
down electrons. Hence, the 100% spin-polarization at the EF
can be obtained at zero bias indicating a perfect spin-filtering.
While for AP configuration, the spin polarization occurs s-
maller than in P configuration with both the spin transmission
channels being blocked around the EF at zero bias. One can
see the spin-resolved LDOS distribution of AP configuration,
the spin-up LDOS is weak on the chromium porphyrin molec-
ular in Fig. 2(e) and the spin-down one is suppressed on the
right side of the device in Figs. 2(f). This is why the spin-
polarization of P configuration is larger than AP configuration.

We calculated spin polarized currents as a function of the
applied external bias for P and AP spin configurations in Figs.
3(a) and 3(b), respectively. The distinct features of single spin-
conducting and spin-NDR effects can be found: For the P con-
figuration, the spin-up and spin-down currents seem symmet-
rical at the same magnitude of positive and negative bias. One
can see that when applied the positive bias, the spin-up curren-
t increases linearly at small biases and reaches its maximum
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Fig. 5 Iso surfaces of MPSH orbitals for the P (left) and AP (right)
configurations of chromium porphyrin-based molecular two probe
systems at the zero bias, respectively. HOMO(Up), LUMO(Up),
HOMO(Down) and LUMO(Down) represent the spin-up highest
occupied molecular orbital, the spin-up lowest occupied molecular
orbital, the spin-down highest occupied molecular orbital and the
spin-down lowest unoccupied molecular orbital, respectively.

magnitude at Vb= 0.4 V(Vb= -0.5 V at the negative bias), while
it decreases rapidly with further increasing the external bias,
which indicates the onset of NDR phenomenon. However, the
spin-down current is obviously much smaller than spin-up cur-
rent. It is almost suppressed within the bias range from -1.6
to 1.6 V. Therefore, a perfect spin-filtering can be obtained in
the P spin configuration. For the AP spin configuration, the
spin-up current is similar as it in the P configuration at the
negative bias while it is almost forbidden at the positive bias.
One can see it increases dramatically at the very beginning and
reaches its peak at the bias Vb= -0.7 V and then becomes weak
with further increasing the bias, indicating the intrinsic NDR
behavior. Nevertheless, the case of the spin-down current is
just opposite to that of spin-up current in AP spin configu-
ration. The spin-down electrons can easily pass through the
device under positive bias and the peak of spin-down current
appears at Vb= 0.5 V, but the spin-up current is almost sup-
pressed at the bias range from 0.1 to 1.3 V. This finding means
the device in AP configuration can be a dual spin filter or a
dual spin diode, which is similar to that in the ZGNR device
with a greatly improved performance43. We can reach a con-
clusion that the system can act as a single spin-conductor in
P and AP configurations, and the interesting dual spin-diode
is also found in AP configuration. As a result, the spin-NDR
phenomena were found both in P and AP configurations. Al-
l these interesting phenomena indicate that our system hold
great promising in high-speed device and multi-valued inte-

Fig. 6 (a) and (b) are the transmission spectra of spin-up and
spin-down electrons in the P spin configuration at the bias range
from 0.0 to 1.6 V. (c)-(f) are the transmission spectra of spin-up and
spin-down in AP spin configuration at the bias of [0.0, 1.6]V, [0.0,
1.6]V, [0.0, -1.6]V, [0.0, -1.6]V, respectively. The red dashed lines
denote the energy bias window.

gration density of molecular circuits47. As the single spin-
conducting in our designed device, we calculated and plotted
the spin-filtering efficiency(SFE) of them, in Fig. 4(a). And
we defined SFE = (Iup − Idown)/(Iup + Idown). For the vanished
current at the zero bias, we replaced it with the correspond-
ing zero-bias transmission coefficients at the EF of two spin
configurations in Fig. 2. One can see that the SFE of P spin
configuration is nearly 100% at the bias range from -1.5 to 1.5
V and it keeps nearly unchanged at high biases. While the SFE
of AP configuration is much different to that in P spin config-
uration. The SFE keeps 100% at the negative bias from -0.2 to
-1.3 V and then it reverses to -100% at the positive bias from
0.1 to 1.5 V. A perfect SFE behavior at such a wide bias range
in P and AP configurations have significant practical applica-
tion in spin devices. Additionally, the rectification ratio(RR)
of spin-up and spin-down current in AP configuration are dis-
played in Fig. 4(b), the maximum rectifying ratio for spin-up
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Fig. 7 The spin-resolved band structures for the left lead(left
panels), transmission curve(middle panels), and band structure for
the right lead(right panels). (a) and (b) represent the systems in P
spin configuration at the bias of 0.5 and 1.0 V, respectively. (c) and
(d) denote the system in AP spin configuration at ±0.5 V,
respectively. The horizontal blue dashed lines denote the chemical
potentials of left and right electrodes.

current can reach 1.15×104 at the bias of 0.3 V, which is quite
comparable to that of typical solid-state rectifier. Meantime,
the rectifying behaviors can also be found in spin-down cur-
rent with its maximum RR reaching to 4.7×103.

In order to illustrate the above interesting phenomena, we
analyzed the distribution of the spin-poralized molecular pro-
jected self-consistent Hamitonian stats(MPSHs) of highest oc-
cupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) in the cental scattering region at
the zero bias in Fig. 5., respectively. As the molecular or-
bital can convey the charge carriers to participate in electron
tunneling, the spatial distribution of frontier obitals can qual-
itatively illustrate the coupling between the scattering region
and the electrodes. At the same time, only the greater delo-
calization of the MPSHs throughout the scattering region, the
stronger transport peaks can be generated in the transmission
spectrum. One can see from the left side of Fig. 5, the spin-up
HOMO/LUMO in P are good delocalized, indicating the spin-
up transmission peaks appear around the EF , meanwhile the
MPSH of spin-down LUMO separates as similar as the spin-
up MPSHs, thus a spin-down transmission peak happens in the
right side of the EF . While the MPSH of spin-down HOMO
localizes on the right part of the system corresponding to the
small spin-down transmission at the left side of the EF . And
the distributions of spin-down HOMO/LUMO in AP configu-
ration are the same as that in P configuration, which means the

spin-down transmission efficiency just have changed slightly
in P and AP configuration. However, the spin-up HOMO lo-
calizes on part of central region in AP configuration, so the
spin-up transmission become small in the vicinity of the EF ,
which indicates the HOMO transmission peaks are far from
the Fermi level.

We also presented the spin-up and spin-down transmission
spectra in P and AP configurations under different external
bias in Fig. 6. As the spin-related currents are symmetrical
both at positive and negative bias in P configuration, we only
plotted the transmission spectra at the positive bias. As shown
in Fig. 6(a), a strong and broad spin-up transmission peak
sets at the right side of EF at low bias. With further increas-
ing the bias, the peak becomes weak and gradually moves to
high energy region. So the NDR behavior presents at a relative
wide range of bias voltage. At the same time, we can notice
that the peaks are still within the energy bias window(EVB)
with increasing the bias, indicating a good metallic character-
istic of spin-up current in P configuration. However, the spin-
down transmission spectra almost vanished within the EVB as
shown in Fig. 6(b), leading to a perfect spin-filtering behav-
ior with high spin-polarization in P configuration. The spin-
related transmission spectra in AP configuration were also dis-
played from Figs. 6(c) to 6(f). When we applied the positive
bias in AP configuration, the spin-down transmission spec-
tra peaks appear within the EVB which performed similarly
to Fig. 6(a), while the spin-up transmission spectra are com-
pletely suppressed within the positive EVB. Additionally, the
case is just opposite when applied the negative bias with the
spin-down electrons participating in transport channels at pos-
itive bias. The interesting phenomena of perfect spin-filtering,
spin-rectifying and spin-NDR behaviors were demonstrated.

These fascinating phenomena can also be elaborated by the
spin resolved band structures of the left/right electrode and
transmission spectra: for P configuration at the bias of 0.5 and
1.0 V in Figs. 7(a) and 7(b), and for AP configuration at the
bias of ±0.5 V in Figs. 7(c) and 7(d), respectively. From the
spin-resolved band structures presented in Fig. 7, we can see
that the ZGNR in the FM magnetic state display metallic be-
havior and spin-polarized with spin-up and spin-down bands
separating from each other. As we known, when applied the
positive bias, the subbands of left electrode will shift down-
ward and those will shift upward in right electrode. One can
see from Fig. 7(a), a broad and strong spin up peak appear-
es around the EF for the spin-up of π∗-subband of left lead
matches well with π∗-subband of right leads within the EBW,
which could induce large current at the bias of 0.5 V in P con-
figuration. The spin-down π∗-subband of left/right lead sepa-
rates prominently within the EBW apart from the π∗-subband
of left lead can overlap with the π-subband of the right lead.
According to some researchers’ study6,14, the π∗ (π)-subband
of 6-ZGNR in FM state has odd (even) parity under the yz
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midplane mirror operation. Since the symmetry of electron
transport channels of two subbands is completely opposite, the
spin-down transmission spectra within the EBW are gravely
suppressed. This is the source of the large spin-filtering in P
spin configuration. When the applied bias increased at 1.0 V,
the overlap between the spin-up π∗-subband of left and right
leads significantly decrease within a large EBW in Fig. 6(b)
indicating a NDR behavior. Moreover, only the spin-up π∗-
subband of left/right electrode can align with each other with-
in the EBW, which resulted in a single spin-conducting in P
configuration. While for AP configuration, the spin-related
behaviors at 0.5 V in Fig. 7(c) are opposite to that in Fig.
7(a) around the EF . The spin-down π∗-subbands of left/right
electrode have big overlap within the EBW with a broad spin-
down transport peak appearing at EF , while the transport chan-
nels are completely forbidden for spin-up electrons. When ap-
plied the opposite bias, the subbands of left (right) electrode
shift upward (downward). The spin-up π∗-subbands of left
and right electrode are matched well within the EBW, leading
to strong peak appeared around the EF . While the spin-down
of π-subband of left lead can only overlap with the spin-down
π∗-subband of right lead within the EBW, the transport chan-
nels are also completely suppressed for the asymmetric par-
ity of two subbands. We can reach a conclusion that a per-
fect spin-polarization with 100% SFE can be obtained with a
metallic behavior of one kind spin electron and a completely
suppressed of another.

4 Conclusions

We investigated the atomic structure and spin transport prop-
erties of a chromium porphyrin molecular attached to two
semi-infinite ferromagnetic 6-ZGNR electrodes by perform-
ing NEGF in combination with the DFT method. The sep-
aration of spin-resolved LDOS at the Fermi level revealed
that our proposed molecular device can be spin-filtering with
100% spin-polarization at zero bias in P and AP configura-
tion. Moreover, the perfect spin polarized currents with large
magnitude of SFE can be obtained by changing the orienta-
tion of external magnetic fields. Furthermore, a large spin-
rectification ratio can reach to 104 in AP configuration and the
obvious spin NDR effects can be observed in our proposed
molecular device. These interesting spin-related phenome-
na can be understood via presenting the separation of spin-
resolved LDOS, the distributions of the HOMO and LUMO
and the spin transmission spectra combined with band struc-
tures of electrodes at different bias. All in all, the designed
molecular device reveals a great potential usage in multiple-
effect spintronics devices.
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