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Ji-Hua Zhangd and Wei Ren *ab

The zigzag edged graphene nanoribbon (ZGNR) is excellent for spintronics devices, and many efforts have

been made to investigate its properties such as spin filtering, rectification and magnetoresistance. Here we

propose a molecular spintronic transport device based on two ZGNR electrodes connected with a dibenzo

[a,c]dibenzo[5,6:7,8]quinoxalino[2,3-i]phenazine (DDQP) molecule. By performing first-principles electron

transport computations, we found an enhanced spin polarized current–voltage curve, giant spin filter

efficiency, magnetoresistance and rectification ratio properties of the device compared to its all-carbon

molecular analogue. Our systematic investigation suggests the vital role played in spin polarized electron

transport by nitrogen atoms in DDQP, the ZGNR probe's width and terminal geometry, especially the

increased spin filter efficiency with higher ZGNR width.
Introduction

Size minimization of low-dimensional electronic devices has
been improved by employing the top-down and bottom-up
fabrication methods. Ultimately, we need to precisely conne
atoms in the molecular component for a junction's electronic
properties. So far such devices could be made by break-junction
experiments1 or self-assembling monolayers of molecules in
polymeric micro- and nanoporous materials.2,3 To restrain the
possible electrode contact uctuation, carbon-based materials
such as carbon nanotubes (CNTs) or graphene, may be qualied
as better electrodes than normal metals.4 Many successful
experiments and theoretical works have been reported for
molecular electronic devices with CNT5–7 or graphene8–10 elec-
trodes. Since Novoselov and Geim11 successfully exfoliated
graphene from graphite, its excellent electronic, optical,
mechanic, magnetic properties were discovered.12 For instance,
graphene oxides could be used for highly sensitive gas and
optical sensing,13,14 and the zigzag edged graphene nanoribbon
(ZGNR) was theoretically shown to change from an antiferro-
magnetic to ferromagnetic state, becoming half-metallic under
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an external electric eld, a magnetic eld,15,16 or chemical
functionalization.17 These effects are likely to provide us
a foundation for high-performance spintronics devices in the
future nanoelectronic industry.

To investigate integrated ZGNR in a spintronics device,18,19

here we focus on the electronic transport properties and the
effect of the width and terminal geometries of the ZGNR elec-
trodes. Recently, Liu et al.20,21 experimentally produced crystal-
line 2D-conjugated aromatic polymer (CAP) and 1D-CAP with
the precursor 2,7,13,18-tetrabromodibenzo[a,c]dibenzo[5,6:7,8]
quinoxalino-[2,3-i]phenazine (2-TBQP). The synthesized 2D-CAP
could be applied in the areas of energy storage,20 molecular
sieves,22 and mixed matrix membrane.23 This demonstration of
exible chemical synthesis techniques of the “Holy grails in
chemistry”24 allows us to create novel structures for the spin-
tronics. We are interested in the smallest building block of the
1D/2D-CAP which is the so-called dibenzo[a,c]dibenzo[5,6:7,8]
quinoxalino[2,3-i]phenazine (DDQP), i.e. non-brominated
analogue of 2-TBQP. It is interesting to note that the nitrogen
atoms in these structures would introduce extra electrons
effectively into the system. Nitrogen doping has been oen
studied but rarely with consideration of spin.25–27 In our specic
DDQP structures here, two pairs of nitrogen atoms integrate
into a stable molecule. Such molecule has a much higher
nitrogen doping concentration and may play a vital role in the
electronic transport. In the present work, we have designed
a molecular device by inserting DDQP as a central part between
two ZGNR electrodes. Since for nano-structures, transport
features are sensitive to the atomic detail of the system, espe-
cially for the bottom-up synthesized molecular electronic
devices. Experimental28,29 and theoretical30 works have been
RSC Adv., 2018, 8, 41587–41593 | 41587
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done for rough edge ZGRs, and it was even shown that imperfect
ZGNR with asymmetry edge condition would lead to a nonvan-
ishing spin conductance and spin injection.31–33 Thus spin
magnetic congurations should be considered carefully for the
edges of ZGNR. The width and terminal geometries of ZGNR are
also systematically investigated here. And we found the nitrogen
atoms in DDQP molecule, width and terminal geometries of
ZGNR all have interesting effects on the spin transportation
properties of the device.
Computational details

The structure relaxations were performed using the Perdew–
Burke–Ernzerhof (PBE) exchange–correlation functional,34 and the
projector augmented wave (PAW)35 potentials as implemented in
the VASP density functional theory (DFT) code.36,37 Wavefunctions
were represented in a plane-wave basis with an energy cutoff of
500 eV, and a 1 � 1 � 2 gamma centered grid was used for k-
points. All the atomic congurations were fully relaxed at
a convergence condition when the forces on each ions was less
than 5 meV Å�1. The illustrations of atomic structures were drawn
by using the VESTA38 package. To investigate the quantum trans-
port properties, we used the state-of-the-art transport calculation
technique combining a real space self-consistent eld (SCF) theory
with the Keldysh non-equilibrium Green's function formalism
(NEGF), which is implemented in Nanodcal package.39,40 This
package allows us to study the quantum transport of two-probe
open systems such as a molecular junction. In the NEGF-DFT
calculations, we used exchange and correlation potentials within
the local density approximations (LDA),41 and the double-z plus
polarization (DZP) orbitals basis set to describe the valence elec-
tronic orbitals, with the core orbitals described by standard non-
local pseudopotentials.42 Based on the Landauer–Büttiker
formalism, the Hamiltonian of scattering region can be calculated
using a self-consistent eld method. And the inuence of the
innite number of free electrons in the device electrodes is
accounted for by a self-energy term added to the Hamiltonian of
the scattering region. The retarded Green's function is obtained by
the following formula:43

GRðEÞ ¼
h
ES �H �

Xr

L
�
Xr

R

i�1
; (1)

where H and S are the Hamiltonian matrix and overlap matrix
for the scattering region of the device, respectively.

Pr
L andPr

R represent the self energies of the le and right electrodes.
Once the retarded and advanced Green's functions GRA are
obtained, one can get the lesser function G< by the Keldysh
equation:

G\ ¼ GRi
X
a

faGaG
A; (2)

where fa is the Fermi function of lead a, Ga the linewidth
function of the le and right leads GL/R, given by:

Ga ¼ i

"XR
�
XA #

; (3)
41588 | RSC Adv., 2018, 8, 41587–41593
Then we get the real space charge density, which is the
diagonal elements of the density matrix, and iteratively calcu-
late physical quantities until the self-consistency is reached.
Aer convergence, the transmission coefficients versus energy E
and bias voltage Vb are calculated by

TðE;VbÞ ¼ Tr
�
GLG

RGRG
A
�
; (4)

The spin polarized charge current for the two-probe system
is given by the following formula:

Is ¼ e

h

ð
d3Tsð3;VbÞ½fLð3Þ � fRð3Þ�; (5)

where e is the electron charge, h the Plank's constant, and fL/R(3)
is the distribution functions of the electrons in the le (right)
electrode. Thus the current under bias was obtained by inte-
grating over the bias window between the electrochemical
potential of the le/right electrode.44
Results and discussion

We designed our transport junction as shown in Fig. 1. The
DDQP molecule is sandwiched in between two 4-ZGNR elec-
trodes with ideal contacts, named ‘4D’. The number ‘4’ is the
width of the ZGNR with four zigzag carbon chains according to
the convention in the literature.45 We checked carefully the
carbon–carbon bond lengths to be ranged 1.40–1.44 Å, slightly
shorter at the edges and longer in the middle of the ZGNR. The
carbon–nitrogen bond length is 1.36 Å near the DDQP center
and 1.33 Å near the ZGNR electrodes. Sufficient periods of
ZGNR are added into the central scattering region as buffer
layers.

As we know, different states of edge magnetic congura-
tion15,16,45,46 may exist in the ZGNR, we specically considered
the ferromagnetic state across upper and lower edges of the
electrodes, as shown in Fig. 1. These spin-polarized ZGNRs are
known to be conductive, and we can set up two cases for the
magnetic moments across the le and right electrodes, namely
parallel (P) and anti-parallel (AP) congurations with equal and
opposite magnetizations respectively.

The spin resolved current (I) as a function of applied bias
voltage (V) was calculated in the bias range from 0 V to 0.5 V, as
shown in Fig. 2(a). In the P conguration, both up and down
spin I–V curves show very good linear characteristics under
small voltage. The I–V curves of P and AP congurations allow
us to calculate the spin lter efficiency (SFE) which is dened as:

SFE ¼ IUP � IDOWN

IUP þ IDOWN

� 100%; (6)

where IUP and IDOWN represent the current values of up and
down spin electrons. The P case which has parallel spin
congurations at both edges, gives SFE reaching 80% at 0.5 V.
This giant value is much higher and more stable than that of n-
acene–graphene device.47 For the AP case in which le and right
electrodes have the antiparallel spins on both edges, a 100%
SFE can be achieved such that the junction allows only one spin
current passes through one direction, and the other spin
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 A schematic illustration of the two-probe molecular device consisting dibenzo[a,c]dibenzo[5,6:7,8]quinoxalino[2,3-i]phenazine (DDQP)
and two semi-infinite zigzag edged graphene nanoribbon (ZGNR) electrodes. The brown, blue, and gray spheres are carbon, nitrogen, and
hydrogen, respectively. The spin density isosurfaces (0.002 e bohr �3) are shown for the ZGNR electrodes corresponding to different predefined
magnetic configurations, in which blue and red colors represent density differences between up and down spin electrons.
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through the opposite direction. These AP symmetry congura-
tions of ZGNRs could result in extreme values of magnetore-
sistance ratio (MR) and highly spin-polarized currents.16,48

However we note that the absolute values of the SFE and spin
current of P are higher than AP conguration under low bias
voltage.

The transmission spectrum with bias window for P and AP
spin congurations are shown in Fig. 3. The integrated area of
light blue region equals the spin polarized electric current. In
the P case as shown in Fig. 3(a), a gap-opening of the down spin
transmission appears upon the bias voltage applied, and the
transmission spectrum below Fermi level shis to more nega-
tive energy range by the bias voltage. For AP conguration
shown in Fig. 3(b), the transmissions at zero voltage for up and
Fig. 2 (a) Spin-resolved current–voltage curves of the DDQPmolecular
(b) spin filter efficiency (SFE) of P and APmagnetic configurations. Note th
AP has inverse sign in comparison with the P case.

This journal is © The Royal Society of Chemistry 2018
down spins both have a gap at Fermi level, and are almost
overlapping each other. But with the increase of bias voltage,
they show different behaviors so that the gap of up spin
becomes larger while the gap of down spin closes up, resulting
the domination of down spin in the whole bias window. In other
words, the AP junction only allows one type of spin transport.
The evolution of spin-resolved transmission spectra within the
bias window is fully consistent with our results of SFE in
Fig. 2(b) (spin resolved local density of states (LDOS) can be
found at Fig. S1†).

A deeper understanding of the origin of the high SFE is
important to guide us to design devices with better perfor-
mance. The transmission coefficients are shown in the Fig. 4,
for comparison of a 3-acene and a DDQP molecule with P and
spintronic device with 4-ZGNR electrodes for P and AP configurations;
at the down-spin current is larger in the AP system, and thus the SFE of

RSC Adv., 2018, 8, 41587–41593 | 41589
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Fig. 3 Transmission coefficients under different bias voltages for (a) P and (b) AP spin configurations of the DDQP junction. The integration
windows for obtaining I–V curves are shown by vertical lines and shaded areas in the transmission spectra.
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AP spin congurations. It turns out that in the P conguration,
two devices considered here are both metallic, whereas they
both have a semiconducting band gap for the AP conguration.
It is very interesting to see around the Fermi level that the 3-
acene has up and down spin transmission of similar ampli-
tudes, but for the DDQP the majority up spin electron's trans-
mission coefficient is much higher than the minority down
spin. This could explain the much higher SFE of DDQP device
compared to the n-acene device.47 In Fig. 4(b), both devices show
the same band gap due to the ZGNR,16 and the transmission
spectra show spin degeneracy in the whole energy region.
Scattering states wavefunctions are shown in Fig. 5. It is clear
Fig. 4 Transmission coefficients at zero bias voltage for (a) the P confi
junction of 3-acene molecule (i.e. DDQP with nitrogen atoms substitute
solid lines are for the DDQP device. Blue and red colors denote up and

41590 | RSC Adv., 2018, 8, 41587–41593
that the minority spin scattering state is being almost totally
reected, while only up spin scattering state tunnels through. As
for the 3-acene device, the transmission of down spin and up
spin transmission could hardly be distinguished at the Fermi
energy. This phenomena conrms the enhanced SFE of the
DDQP device.

Rectifying ratio (RR) of the AP spin conguration is investi-
gated as shown in Fig. 6(b). It is dened as:

RR ¼
���� IPOS

INEG

����; (7)
guration and (b) the AP configuration. The dashed lines represent the
d by hydrogenated carbon atoms) as shown in the inset of (a), and the
down spin electron transmissions.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Module square of real space scattering states of the DDQP device and 3-acene device at the Fermi energy EF and P spin configuration. (a)
Up spin, (b) down spin of device with DDQP molecule; (c) up spin, (d) down spin of device based on 3-acene molecule.
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where IPOS or INEG is the current value of the transportation
when the device is under positive (from lead 1 to lead 2) or
negative (from lead 2 to lead 1) bias voltage. The RR curve shows
a linear trend below 0.09 V, but boosts three orders of magni-
tude once the bias voltage reaches 0.1 V, then steadily goes up to
0.5 V. This linear change at low bias and the giant sudden
change of the rectifying ratio may be useful for the spintronics
application. Magnetoresistance ratio (MR) is shown in Fig. 6(a),
which is dened as:

MR ¼ IP � IAP

IAP

� 100%; (8)

where IP and IAP correspond to the current value of P and AP
congurations when they are under bias voltage. The MR of
hydrogenated ZGNR electrode could be as high as to a magni-
tude of 106 at low bias voltage, then decrease rapidly as the bias
voltage increases to 0.1 V. It's worth mentioning that the MR
could reach a negative value when the bias voltage is further
strengthened to 0.4 V or 0.5 V.

We considered DDQP device with 4/6/8-ZGNR electrode of
different terminal geometry under P conguration as their
center scattering region as shown in Fig. 7(a)–(f). Taken “6D1”
Fig. 6 (a) Magnetoresistance ratio (MR) and (b) rectifying ratio (RR) of the
bias voltage.

This journal is © The Royal Society of Chemistry 2018
as an example, the rst number “6” means that this junction is
linked by 6-ZGNR at both ends as electrodes; “D” and “A”
distinguish whether the central part is DDQP or 3-acene; the
number “1” or “2” is for DDQP junctions having the same width
of electrode but different particular edge geometries.

I–V characteristic and SFE of the above mentioned structures
are all shown in Fig. 8. For all the ZGNR electrodes with
different width, their total current curves show good linearity,
which is different from normal double edge N-doped ZGNR.49

For the P spin conguration which is simpler than AP, the SFE
seems hard to be lied through general method of prolonging
the center molecule.47 But in DDQP devices, it's clear according
to Fig. 8(b) that SFE could be increased up to near 100% just
with the ZGNR width extending from 4 to 8, while we note
differences between 6D1 and 6D2, 8D1 and 8D2 are not negli-
gible(see details at Fig. S2 and S3†). We can see that the narrow
ZGNR electrodes lead to higher total conductance, and lower
SFE; compared with smooth edged device like 6D1 or 8D1,
carbon atom vacancies located at the transition region between
electrode and scattering region will increase both the total
conductance and SFE. The lower current value of devices with
wider ZGNR electrodes is due to the longer tunnelling length of
molecular transport device with 4-ZGNR electrodes, as functions of the

RSC Adv., 2018, 8, 41587–41593 | 41591
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Fig. 7 Classification of all the structures calculated with different ZGNR-DDQP connection geometries, and ZGNRwidth of 4 for (a) and (b), 6 for
(c) and (d), 8 for (e) and (f).

Fig. 8 (a) Current–voltage curves for different structures discussed in the text under P spin configuration, the up pointed triangles correspond to
up spin I–V curves, and the downward ones to down spin; (b) SFE of different electrode width and terminal structure configurations.
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electrons between center molecule and edges of ZGNR, as the
main channel of transporting electrons. And the higher
conductance and SFE of 6D2 than 6D1, 8D2 than 8D1 relate
closely to the declining zigzag edges which block electrons with
non-parallel momentum, since fragmented edges with nar-
rower potential barrier width will enhance the tunnelling (see
details at Fig. S4†).

Conclusions

In summary, electron transport computation was performed for
molecular spintronic devices based on a single DDQP molecule
with ZGNR electrodes, by combining real space self-consistent
density functional theory and the Keldysh non-equilibrium
Green's function formalism. We investigated the spin polar-
ized current–voltage characteristics, giant spin lter efficiency,
magnetoresistance and rectication ratio. Signicant
enhancement of performance was obtained when comparing
with the analogue 3-acene molecule device. Good controls of
such polycyclic aromatic molecules with different structures in
mesoscopic devices are becoming feasible with the experi-
mental synthesis advancements.50,51 To better design and
understand molecular spintronic device, we studied the effect
41592 | RSC Adv., 2018, 8, 41587–41593
of ZGNR electrode width dependence and molecule–electrode
connection geometries, which could help us further improve
the SFE toward 100% under low bias voltage and simple parallel
spin conguration. Similar methodology can also be applied to
investigate the effects of non-planar conguration52 or ZGNR
edge modication (for example, see Fig. S5†). We expect that
this work will be benecial for basic electron transport
researches on precise atomistic control and spin injection in
molecular spintronics.
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