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By using nonequilibrium Green’s functions (NEGF) and density functional theory
(DFT), we investigate the spin-dependent electronic transport properties of two het-
erojunctions based on zigzag-edged graphene nanoribbons and graphitic carbon ni-
trides nanoribbons. The only difference is the scattering region, i.e., one is zigzag-
edged graphene nanoribbons (ZGNRs) and the other is graphitic carbon nitrides
(g-C3N4) nanoribons. The I-V curves in the ferromagnetic and antiferromagnetic
states for both devices are demonstrated. Our results show that the heterojunctions
are promising multifunctional devices in molecular spintronics due to the nearly per-
fect spin-filtering efficiency (SFE) and high rectification ratio (RR). Spin negative
differential resistance (SNDR) properties at low biases can also be found in the two
devices. The mechanisms are proposed for these phenomenons. The spin polariza-
tions in the transmission spectrums result in the nearly perfect SFE, the asymmetry
in the structures gives rise to the high RR. Moreover, for the SNDR, the suppression
of transmission spectrums caused by the localization in total density of states is the

main reason.
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Molecular spintronics,’*? which combines molecular electronics and spintronics together,
aims to manipulate the electron’s spin degree as well as the charge degree in molecular
devices. The switching of the parallel or antiparallel magnetization direction between the
two magnetic electrodes in the prototypical giant magnetoreistance (GMR) device inspired
the construction of the spin-related electronic devices.> The magnetic properties of the elec-
trodes and the molecule sandwiched between them are important on the behaviors of the
spin-related molecular devices. Hence, it is utmost important to choose suitable magnetic
materials to construct spin-related multifunctional molecular devices in molecular spintron-
ics. For two-dimensional (2D) materials flexibility in artificial manipulation and potential
electronic properties for the application in electronic components,*® the success in pursuit
of graphene” undoubtedly opened up a field in the research of the graphene-like 2D mate-
rials. According to the edge characteristics, cutting a single layer of graphene sheet will
normally form two types of graphene nanoribbons (GNRs): armchair-edged GNRs (AG-
NRs) and zigzag-edged GNRs (ZGNRs). ZGNRs have attracted increasing interest for its
magnetic properties. Its ground state is regarded as the two edge states antiferromagneti-
cally coupled® and this coupling could be tuned to be ferromagnetic by applying magnetic
field.>19 Rectification and amplification of spin-polarized current is reported in the pristine
ZGNRs-based devices.!! On the other hand, the introduction like chemical doping!? and
vacancy'? in pristine ZGNRs-based devices could result in other interesting magnetic prop-
erties, such as SNDR.'* Considering graphene-based monolayer devices should be supported
on an excellent substrate, g-C3N4 has been used to synthesize a hybrid graphene/g-C3N4
nanocomposite by experimentalists.!® For its optically active properties, g-C3N4 is regarded
as a potential candidate for optoelectronic devices.!¢ Since then, graphitic carbon nitrides as
one of the graphene-like 2D materials have attracted considerable attention.!™!® The elec-
tronic structures of g-C3N4 differs significantly from those of graphene. Spin-polarization
and ferromagnetism behaviors were also found in the modified tri-s-triazine based g-C4N3.1?
This indicates g-C3N4 may also be a promising material in molecular spintronics, especially

in nanoribbon structure.

To explore the interfacial electronic structure of the hybrid graphene/g-C3N4 nanocom-
posite, Du et al. proposed that the nanocomposite displayed significant charge transfer from
graphene to the g-C3N4 substrate and the energy gap opened by the strong electronic cou-

pling shed light on the construction of field effect transistors.?? Until now, the spin-dependent
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transport properties of the monolayer devices of graphene and g-C3N4 have not been stud-
ied and whether the hererojunctions are potential nanoelectronics devices is unclear. In
the present work, we propose two heterojunctions based on ZGNRs and s-triazine-based g-
C3N4 nanoribbons. The scattering region in one device is ZGNRs and the other is g-C3N4.
The spin-dependent results such as nearly perfect SFE, high RR and SNDR indicate our
devices have promising application in future nanoelectronics. The interesting results also
demonstrate ZGNRs and g-C3N4 are qualified as electrodes and scattering region in the
construction of nanoelectronics devices.

The nanostructured hererojunctions referred as GGN and GNN are shown in Fig. 1(a)
and (b), respectively. The left electrode is semi-infinite ZGNRs and the right electrode is
s-triazine-based g-C3N4 nanoribbons. The central scattering region is divided into three
parts as shown in the figure by the label GGNA, GGNB and GGNC (GNNA, GNNB and
GNNC). The only difference between the two devices is located in GGNB (ZGNRs) and
GNNB (g-C3N4 nanoribbons). The geometry optimizations and the electronic transport
properties are calculated by the ab initio code package Atomistix ToolKit (ATK), which
is based on the combination of density functional theory (DFT) with the non-equilibrium
Green’s function (NEGF) technique.?! The single zeta polarization basis set is used for all
atoms in our constructed devices. The cutoff energy is set to 150 Ry and the mesh grid of
the k space is 1x1x100. The exchange-correlation potential takes the form of the Perdew-
Zunger parametrization of the local spin density approximation (LSDA) which works well
in previous works.?? 25
According to NEGF formulas, the spin-dependent currents through the scattering region

are calculated by the Landauer-like formula?®

ma(Vs)
L) =5 [ TAB ) A(E VD) ~ £ V)IE 0

Here, 0 =1 (spin up) and ¢ =] (spin down), T,(E,V}) is the bias-dependent and spin-
dependent transmission coeflicient, fiy(£,V;) is the Fermi—Dirac distribution function of
the left (right) electrode. py¢)(E, V4) is the electrochemical potentials corresponds to the
left or right electrode. Considering the fact that the Fermi level is set to zero, the region of
the energy integral window [p,(E, V), p.-(F,V,)] can be written as [—V;/2, V;,/2].

In our work, the spin density distributions of our structures in the ferromagnetic (FM)

state are shown in Fig. 1(c)-(f). For the spin density distribution of ZGNRs, we could
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observe the strong edge effect and ferromagnetic coupled properties in Fig. 1(c). For the
g-C3N4 nanoribbons in our calculation, Fig. 1(f) shows that it manifests obvious ferromag-
netic properties and the spin density distribution on the nitrogen atoms of the lower edge
indicates the edge effect in g-C3N4 nanoribbons. Fig. 1(d) and (e) represent the spin density
distributions of our constructed hererojunctions. The edge effect maintains strong in the
ZGNRs part. The part of ZGNRs closes to the g-C3N4 nanoribbons part has a suppres-
sion of spin density distribution, especially in the upper edge. The lower edge’s larger spin
density distribution of our devices indicate it will be the main spatial transport channel.
On the other hand, the correlative structures with nitrogen atoms terminated by hydrogen
atoms in the lower edge of g-C3N4 part are shown in Fig. 2.27 The devices are labeled by
HGGN and HGNN, respectively. Compared with the spin density distributions in Fig. 1(f),
it can be concluded that hydrogenation will suppress the edge effect of the g-C3N4 part and
weakens the magnetism as shown in Fig.2 (d). From Fig. 2(c) and (e), the spin density
distributions in the lower edge of g-C3N4 part disappear and this will make edge effect for
the spin-dependent transport properties of the correlative structures (HGGN and HGNN)
less important (For the transport properties of HGGN and HGNN;, please see the Section I

in the supplementary materials).

In Fig. 3(a), (b) and (c), we show the transmission spectrums and total density of
states (TDOS) of pristine ZGNRs device (GGG), GGN and GNN at zero bias, respectively.
There are two obvious transmission peaks near the Fermi level in the device GGG and the
corresponding TDOS peaks indicate the peaks origin from the edge states. The states below
the Fermi level and above the Fermi level correspond to the spin up and spin down channel,
respectively. The differences of the structures lead to the differences in the TDOS in devices
GGN and GNN and this results in the obvious different transport properties in the devices
as can be seen from transmission spectrums in Fig. 3(b) and (c). There are two wide peaks
in the transmission spectrum near the Fermi level in device GGN. The spin up channel
is farther from the Fermi level than the spin down channel. However, in device GNN the
transmission spectrum near the Fermi level becomes more localized than GGN and more
peaks appear. Also the spin up channel is farther from the Fermi level than the spin down

channel in the device GNN.

From above, we could expect obvious different transport properties in devices GGN and

GNN. Here, we consider both the ferromagnetic (FM) and antiferromagnetic (AFM) states.
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The I-V curves in the FM state are shown in Fig. 4 (a) and (b). Obvious SNDR phenomenon
can be observed in the positive bias ranges in both devices. For device GGN, both spin
channels behave NDR properties but start at different biases, i.e., 0.3V for the spin up
channel and 0.5 V for the spin down channel. In the bias range of 0-0.4V, the magnitude of
the current in the spin down channel is larger than that in the spin up channel. For device
GNN, we can conclude only the spin down channel behave obvious NDR property and start
at bias 0.4V. The magnitude of the current in the spin down channel is larger than that in
the spin up channel in the bias range of 0-0.7V. The nearly perfect SFE can be observed in
both devices and the polarizability is shown in the insets (k1) and (k4). At zero bias, the

SFE is defined as
_ T (Ey) — T (Ey) ©)
T3 (Ey) + T\ (Ey)

where T4(Ef) and T|(Ey) represent the transmission coefficient of the up and down spin

SFE

channel at the Fermi level, respectively. At finite bias, the SFE is defined as

_ L) = Li(Ve)
L(Ve) + 1 (W)

SFE (3)

where I4+(V},) and I} (V}) respectively represent the magnitude of the up and down spin current
at bias Vj. The nearly 100% SFE can be observed in the bias range of -0.4-0.2V in device
GGN and high SFE above 87% can be found in the bias of -0.4-0.6V. Moreover, the RR is
plotted in the insets (k2), (k3), (k5) and (k6). The largest RR in the spin down channel in
device GGN is 24 while the RR above 4000 can be maintained in the spin up channel in the
bias range of 0.3-0.4V. The largest RR in the spin down channel in device GNN can reach
126 while the RR above 800 can be maintained in the spin up channel in the bias range of
0.1-0.3V. The I-V curves in the AFM state for both devices are shown in Fig. 4 (c) and
(d) (For spin density distributions, transmission spectrums and TDOS of both devices at
zero bias in the AFM state, please see the Section II in the supplementary materials). The
results show that the currents start at 0.2V in the AFM state for both devices and for both
spin channels in the positive bias ranges. Starting from 0.6V, obvious NDR in the spin down
channels appear in both devices. On the other hand, nearly perfect SFE can also be found
in the AFM state for both devices in the negative bias ranges as can be seen in the insets
(k7) and (k10). For the RR shown in the insets (k8), (k9), (k11) and (k12), the largest RR
could be 886, 11, 153 and 48, respectively. On the below, we will understand the SNDR,
nearly perfect SFE and high RR on the condition of the FM state.

5
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To understand the SFE behavior, the transmission spectrum and the corresponding trans-
mission pathways of devices GGN and GNN at bias 0.1 V are shown in Fig. 5. From Fig.
5 (a) and (b), we can observe in the bias window the spin down channel mainly contributes
the conductance. Compared with Fig. 3 (b) and (c), the transmission spectrum moves
closer to the Fermi level as the bias increases. The transmission pathways in Fig. 5 (¢) and
(e) indicate that the spin up channel is blocked completely. The contributions to the spin
up transmission coefficient is localized on the left side of the hererojunctions. However, the
spin down channel is unblocked in Fig. 5(d) and (f). The transmission pathways mainly go
along the lower edge of the g-C3N4 part. This is due to the larger spin density distribution
in the lower edge. So only the spin down current is observed and it results in nearly perfect

SFE.

For the high RR behavior, we focus on the transport properties at bias 0.3V and -0.3V in
both devices. The value of RR at this bias is 7369 for the spin up channel in device GGN,
14 for the spin down channel in device GGN, 1634 for the spin up channel in device GNN,
146 for the spin down channel in device GNN. Fig. 6 (a) and (b) indicate the conductance
at bias 0.3V is larger than -0.3V. The transmission eigenstates in the spin up channel at
bias -0.3V in Fig. 6 (c) and (d) is almost zero. This is not the case in the spin up channel at
bias 0.3V. So the RR at bias 0.3V is very high. For the spin down channel in Fig. 6 (c¢) and
(d), the transmission eigenstates are more localized on one side of the devices at bias -0.3 V

than 0.3V. So the rectification behavior is observed but lower than the spin up channel.

For the SNDR behaviors, the NDR behavior in the down spin channel in the device GGN
as shown in Fig. 4(a) is discussed typically in this work. In Fig. 7, we give the transmission
spectrum, the DOS (TDOS, PDOS) of device GGN. The molecular projected self-consistant
Halmitonian energy spectrum is shown in Fig. 7. At bias 0.1V, no energy level appear in
the bias window and no transmission peak completely appear in the bias window. As the
bias increases to 0.3V, two energy levels come close in the bias window in Fig. 8. In Fig.
7(b), two twin peaks in TDOS turn up in the bias window. At Fermi level, the GGNC part
contributes the larger part in the TDOS and it can be verified in the inset of Fig.6 (b). It
can be concluded that the DOS result in the suppression of transmission spectrum. But
the conductance still strengths for the larger bias window. When the bias reaches 0.6V,
more energy levels appear in the bias window. The TDOS becomes more localized. At -0.08

eV, there is a TDOS peak and the GGNB part contributes the most which can be seen in

6
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the inset of Fig.6 (c). The localization in TDOS results in the localization of transmission
spectrum. Though the bias window becomes larger, the conductance drops at the beginning
of 0.3V. So the NDR behavior is observed.

In conclusions, through first-principle quantum transport calculations, we have shown
the spin-related transport properties of two heterojunctions based on ZGNRs and g-C3N4
nanoribbons. Nearly perfect SFE, high RR and SNDR can be observed in our devices in
the both ferromagnetic and antiferromagnetic states. The mechanism for the phenomenons
are proposed in this work. Our results indicate ZGNRs and g-C3N4 have the potential
applications in future nanoelectronics. The device which behaves rectification properties
can be directly designed as NOT gate. The SFE and SNDR behaviors in our constructed
devices also have the potential to be designed as logic gates. This truly demonstrates the

promising application of our work in molecular spintronics.
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FIG. 1. (color online) (a) and (b) Correspond to the two heterojunctions based on ZGNRs and
s-triazine-based g-C3N4. The rectangle regions represent the electrodes. (c) and (f) Correspond to
the spin density distributions of ZGNRs and g-C3N4 in bulk configuration. (d) and (e) Correspond

to the spin density distributions of our nanostructured hererojunctions.
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FIG. 2. (color online) (a) and (b) Correspond to the two heterojunctions based on ZGNRs and
s-triazine-based g-C3N4 with nitrogen atoms terminated with hydrogen atoms. (c) and (e) Corre-
spond to the spin density distributions of HGGN and HGNN. (d) Correspond to the spin density

distributions of g-C3N4 with nitrogen atoms terminated with hydrogen atoms in bulk configuration.
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FIG. 3. (color online) The transmission spectrums and total density of states of (a) pristine ZGNRs
device, (b) GGN and (c) GNN at zero bias. The red line represents the transmission spectrums

and the black line represents the total density of states.
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FIG. 4. (color online) (a), (b) Correspond to the I-V curves of device GGN and GNN for the
ferromagnetic state, respectively; (c), (d) Correspond to the I-V curves of device GGN and GNN
for the antiferromagnetic state, respectively. Insets: (k1),(k7) SFE in GGN; (k2),(k8) RR for the
spin up channel in GGN; (k3),(k9) RR for the spin down channel in GGN; (k4),(k10) SFE in GNN;
(k5),(k11) RR for the spin up channel in GNN; (k6),(k12) RR for the spin down channel in GNN.
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FIG. 5. (color online) The transmission spectrum of devices (a) GGN and (b) GNN at 0.1V. The
corresponding transmission pathways of (¢) spin up channel in GGN, (d) spin down channel in

GGN,; (e) spin up channel in GNN;, (f) spin down channel in GNN. The blue lines indicate the bias

window.
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FIG. 6. (color online) The transmission spectrum (red line for 0.3V, black line for -0.3V) of devices
(a) GGN and (b) GNN. (c), (d) Correspond to the corresponding transmission eigenstates at Fermi

level. The blue dashed lines indicate the bias window.
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FIG. 7. (color online) The transmission spectrum, TDOS, the projected density of states (PDOS)
of three parts labeled in Fig.1 (a) in device GGN at bias (a) 0.1V, (b) 0.3V and (c) 0.6V for the
spin down channel. The inset in (b): the corresponding local density of states at Fermi level. The
inset in (c): the corresponding local density of states at -0.08¢V. The green dashed lines indicate

the bias window.
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FIG. 8. (color online) The projected self-consistant Hamiltonian energy spectrum of device GGN.
The red dashed lines indicate the bias window. The blue dashed lines indicate the biases of 0.1 V,

0.3 V and 0.6V.
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