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Abstract
Zigzag-edged graphene and #-BN nanoribbons with passivated edges in the ground state are
either spin-degenerate or spin-unpolarized systems, which are not directly applicable for spin-
polarized transport. In this work, based on density functional calculations, we demonstrate
that the combination of them to form van der Waals (vdW) heterostructures can be adopted
to realize fully spin polarized transport. As an example, the ballistic transport properties of a
zigzag-edged graphene nanoribbon (ZGNR) with six zigzag carbon chains is studied first with
each lead as a vdW heterostructure formed by attaching a #-BN monolayer to each side of the
ZGNR with AA-stacking. A greatly decreased transmission gap (0.28eV) in one spin and a
greatly increased transmission gap (0.82eV) in the other spin is achieved in the transmission
function, resulting in fully spin polarized transport at low bias. This arises from the stagger
potential imposed by the ~-BN layers, which not only exists in the leads, but also extends
to the channel region. It changes the energy of the edge states of different spins localized at
different sublattices in an opposite way in the whole device. The transmission gap and the
threshold voltage can be further modulated by applying a vertical pressure to the vdW leads
to tune the strength of the stagger potential or simply by changing the ribbon width. Finally,
the increase of the channel length will greatly reduce the magnitude of the transmission
around the Fermi level and the transmission gap will eventually recover the value of the
band gap of the pristine ZGNR. These findings not only provide a novel way for achieving
fully spin polarized transport in graphene, but also demonstrate the great importance of vdW
heterostructures in the design of spintronic devices.

Keywords: fully spin polarized transport, stagger potential, van der Waals vertical
heterostructure, zigzag graphene nanoribbon
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1. Introduction

Fully spin polarized transport or half-metallic transport has
been a long seeking object of numerous studies for many
years due to its extreme importance in spintronics since the
discovery of half-metallicity originally in Heusler compound
[1] and later in many other materials, such as metal-DNA
complexes [2], manganese perovskites [3], and organome-
tallic benzene-vanadium wire [4], etc. Starting from the rise
of graphene, the ongoing interests and investigations have also
led to the prediction of fully spin polarized transport (or half-
metallicity) in zigzag-edged graphene nanoribbons (ZGNRs)
by alot of schemes, such as electrical field [5], edge decoration
[6], B-N co-doping [7-9], etc. The B-N co-doping scheme is
particularly intuitive since the B and N atoms have one less
or more electron than carbon and they can affect the carbon
systems differently. The combined tuning effects of these
two elements have been utilized to achieve many novel func-
tions in carbon systems. Besides the examples of achieving
half-metallic transport in graphene nanoribbons with B-N
co-doping listed above, another elegant example is the elec-
trical switching effects in metallic carbon nanotubes proposed
by Louie et al [10], who doped the carbon nanotubes with a
B atom and a N atom at the opposite sides of a diameter of
the tube. Obviously, new cooperative tuning effects of carbon
systems with the B and N atoms are still greatly expectable.
However, although all these previously predicted schemes are
quite interesting, an absolutely necessary step is that the B and
N atoms should be embedded in the graphene lattice, which is
generally very difficult, especially since it needs atomic preci-
sion control. A natural question that arises is that, can we find
a way of using the cooperative tuning effects of B and N atoms
without embedding them in the graphene?

It is well known that, in recent years, a new research direc-
tion on 2D materials is emerging, which focuses on vertical
van der Waals (vdW) heterostructures constructed by stacking
different 2D crystals on top of one another [11-18]. In vdW
heterostructures, not only the exceptional properties of each
layer are well preserved due to the weak vdW interaction that
binds the stack layers together, but also new properties or func-
tions may arise. Motivated by the idea of vdW heterostructure
and the negligibly small lattice mismatch between hexagonal
BN (h-BN) sheet and graphene, we may use laterally attached
BN nanoribbons to tune the transport properties of ZGNRs.
Generally, a device is composed by leads and channel region.
In real application, the vdW structure can act either as the
channel or as the leads [19-23], and the role as channel or
leads will be quite different. As an example, in this work, we
will specifically use the graphene-based vdW heterostructures
as leads, with which we will demonstrate a different scheme
for achieving half-metallic transport in graphene nanoribbons.

In detail, we build a transport junction with an infinite
zigzag graphene nanoribbon (ZGNR) which is computa-
tionally divided into three regions: left lead, right lead and
the central region. Two zigzag-edged h-BN nanoribbons
(ZBNNRs) with the same ribbon width are attached to the
two sides of each lead with AA stacking, but not to the cen-
tral region which serves as the channel part. Generally, the

dangling bonds at the edges of ZGNRs and ZBNNRs will
contribute to approximately 1.0 up edge magnetic moment
and thus both ZGNRs and ZBNNRs without edge passiva-
tion are magnetic [24-26]. However, the edges with dangling
bonds are generally not stable and tend to be reconstructed
[27], thus they are usually passivated by hydrogen. Hydrogen
passivated ZBNNRSs are non-magnetic. In this study, we only
consider the hydrogen passivated ZGNRs and ZBNNRs. It is
found that, although both the individual passivated ZGNRs
and ZBNNRs in the ground state are spin-degenerate or spin-
unpolarized insulators, the two BN sheets produce a strong
stagger potential at their middle plane, which acts differently
on the two sublattices of the ZGNR so that the energies of the
edge states with different spins shift oppositely. This leads to
the lift of the spin degeneracy in the pristine ZGNR, resulting
in two greatly different energy gaps E,+ and E, for the
two spins. As a consequence, fully spin polarized current is
obtained at low bias. The transmission gap and the threshold
bias can be further modulated by adding a vertical pressure
to the vdW leads to tune the strength of the stagger potential.
For example, decreasing the interlayer distance by 10% by
pressure leads to the closure of the transmission gap and the
decrease of threshold bias to nearly zero.

The rest of this paper is organized as follows: in section 2,
we present our proposed system, computational details and
the theoretical formalism. The numerical results of spin-polar-
ized current are discussed in section 3. Finally, the paper is
summarized in section 4.

2. Theoretical formalism and computational details

The ZGNR transport junction with vdW vertical heterostruc-
ture leads is presented in figure 1(a). In the leads, the ZGNR
is sandwiched between two ZBNNRs, while the channel is
composed only by a ZGNR. The transport direction is along
the z axis and the width of each ribbon in the x direction con-
tains 6 zigzag chains. Each C/B/N atom at the edge is passiv-
ated by a H atom. Due to the same hexagonal lattice structure
and the very small mismatching of bond lengths of BN sheet
(1.46 10\) and graphene (1.42 A), the lattice constants of BN
ribbons are assumed to be the same as the ZGNR. The layers
are stacked together by AA stacking which is more favorable
in energy than AB stacking [28]. The distances between two
adjacent layers are relaxed to be 3.22 A. First, to study the
general properties and the pressure effect, a channel length
with 4 unit cells is considered. Then, to study the length
effects of the channel part, three different lengths with 8§,
12 and 16 unit cells are considered. For all these junctions,
although there are three possible magnetic configurations,
namely, anti-ferromagnetic(AFM), ferromagnetic(FM) and
nonmagnetic(NM), between the two edges for the ZGNRs,
only the ground state (AFM) is considered.

All calculations for electronic structure and ballistic trans-
port are performed by the Nanodcal package [29], which is
based on density functional theory (DFT) combined with
the non-equilibrium Green’s function (NEGF) method [30].
Norm-conserving pseudopotentials and linear combinations
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Figure 1. (a) Schematic plot of the ZGNR transport junction with vdW vertical heterostructure leads. It is divided into left lead, right lead
and a channel region. In the leads, the ZGNR is sandwiched between two zigzag-edged h-BN nanoribbons. (b), (c) The band structure of
the 41-BN/Gr/ h-BN vdW vertical heterostructure and the pristine ZGNR. The numbers indicate the energy gap values.

of the atomic orbitals as basis sets are adopted, and the elec-
tron wave functions are expanded with a double zeta polarized
(DZP) basis set [31]. The generalized gradient approximation
(GGA) with form of Predew—Burke—Ernzerhof (PBE) [32] is
applied for the exchange-correlation potential. The vacuum
layer between two sheets is chosen as 14.0 A to avoid
inter-layer interaction. The mesh energy cutoff is 200 Ry
and the first Brillouin zone of the electrodes is sampled by
alx1x100 grid. All structures are fully relaxed until the
force convergence criterion of 0.04eV A" is reached.

The spin-dependent transmission 7,(c =T, ) as a function
of energy ¢ and bias V is calculated by

T,(e,V) =Tr[(TL(e, V)G (e, V)Ir(e, V)G (e, V))oo| (1)

where I'y, (o = L, R) is the linewidth function which describes
the coupling between the « lead and the central region and
G"(G?) is the retarded (advanced) Green’s function. The cur-
rent through the whole junction at bias V is obtained by inte-
grating the transmission function through the formula

MR
L) =5 [ T EVIE = ) =S (E - ).
12 (2)
where & is the Plank’s constant, e is the electron charge,
urr = Er £ % are the chemical potentials at bias V and
f(E — py/g) are the Fermi-Dirac distribution functions
of electrons in the two electrodes under non-equilibrium
conditions.

3. Results and discussion

Firstly, the calculated spin-dependent /-V characteristics for
the whole transport junction with 4 unit cells in the channel
region is shown in figure 2(a), in which the most striking fea-
ture is the fully spin polarized current at low bias (V, < 0.8 V).
The spin up channel starts from ~0.3V while the spin down
channel starts from ~0.8 V. Thus, for 0.3 < V, < 0.8V, fully
spin polarized transport is achieved. This is in clear contrast
to the pristine ZGNR where not only the current is spin unpo-
larized, but the threshold voltages for both spins are the same
(~0.6V, not shown). In addition, an obvious negative differ-
ential resistance (NDR) starting from 0.7V is observed, which
arises from the relative shift of the band edges of the valence
band and conduction band of the two leads under finite bias.
The origin of the full spin polarization and threshold voltage
can be revealed by analyzing the equilibrium transmission
function, which is shown in figure 2(b). It is seen that the
transmission gaps for spin down and spin up channel are quite
different (0.82¢eV for spin down and 0.28 eV for the spin up).

Obviously, the 7~-BN/Gr/ h-BN vdW vertical heterostruc-
ture leads are responsible for the fully spin polarized transmis-
sion in the energy range of 0.82eV around the Fermi level. To
reveal the origin, we calculate the band structure of the 2-BN/
Gr/ h-BN vdW vertical heterostructure (see figure 1(b)). In the
ground state, the two edges of the single ZGNR are anti-ferro-
magnetically (AFM) coupled. The maximum magnetic moment
of carbon atoms in the two edges is 0.29 pup and —0.29 pup.
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Figure 2. For the transport junction without pressure: (a) the calculated spin-dependent /-V curve; (b) the calculated equilibrium
transmission function; (c), (d) the projected density of states of the lead and of the central unit of the channel region, respectively. For
the transport junction with pressure (the two adjacent layers distances are 2.92 A): (e) the calculated spin-dependent I-V curve; (f) the
calculated equilibrium transmission function. The channel region (the graphene area not covered by BN sheets) contains 4 unit cells.

Note that the band structure of the pristine ZGNR is spin
degenerate with a band gap of 0.63eV (see figure 1(c)). In
contrast, as shown in figure 1(b), the spin degeneracy is broken
in h-BN/Gt/ h-BN vdW heterostructure. The band gap for spin
up electrons is decreased to E,4+ = 0.28 eV while that for spin
down electrons is increased to E,| = 0.82 eV.

Note that the band gaps of the leads and the transmission
gaps are both 0.28 and 0.82eV for the two spin components,
respectively, which are different from the band gap (0.63eV)
of the pristine ZGNR (the channel part in our device). Thus,
although the channel part is not sandwiched between two
BN sheets, the band gap of this part should have also been
changed and smaller than that of the pristine ZGNR since the
transmission at any energy must be mediated by some states
in the channel. This can be analyzed by the partial density of
states (PDOS) of the channel region. Specifically, we show
the PDOS of the lead and of the central unit of the channel
region for comparison, which are shown in figures 2(c) and
(d), respectively. It is seen that although the magnitudes are
different, the gaps of the two spin up channels are exactly the
same, which explains the the same gap of the transmission
function and the band structure of the leads.

Since the full spin polarization is induced by the stagger
potential of the BN sheets, the strength of the interaction
between the BN sheets and graphene can be decreased or
increased by tuning the interlayer distance [28]. Thus, next,
we will see what will happen if we decrease the layer distance
by 0.30 A (+9.3%) by pressure. At this pressure, the band gap
of the vdW lead decreases to 0.06eV for the spin up channel.
Figure 2(e) shows the I-V characteristic of the transport junc-
tion under pressure. There is only one spin conducting at bias
varying from 0.06 to 0.8V, which exhibits a fully spin polar-
ized I-V curve. Moreover, the magnitude of the spin polarized
current of the junction under pressure is much larger than that
under no pressure (see figure 2(a)). The transmission function

at equilibrium is also shown in figure 2(f), from which a much
decreased transmission gap of 0.06eV in the spin up channel
is observed, exactly the same as the band gap of the vdW lead.

We further investigate the effects of the channel length
(see figure 3). The distances between two adjacent layers are
fixed as 2.92 A. The calculated transmission functions for the
transport junctions with different channel length n = 8§, 12
and 16 unit cells are shown in figures 3(a)—(c), respectively.
The results show that the transmission gaps of the spin up
channel are all 0.06 eV, which suggests that the transmission
gaps of the spin up channel are independent of the channel
length. However, increasing the channel length greatly
affects the magnitude of transmission, which is indicated by
a gradual suppression of transmission in the energy range
[—0.3,0.3] eV.

To understand this, it is important to note the fact that, in a
device, the transmission is strongly related to the PDOS of the
central region, which can be tracked by comparing the changes
of the transmission function and the PDOS. A clear impres-
sion can be simply obtained by comparing the transmission
and PDOS at a specific energy, for example, —0.05eV, which
corresponds to an energy point at the top of the valence band
of spin up channel of the leads. In the meantime, —0.05eV
is also located in the original band gap of the pristine ZGNR
which has an energy gap of 0.63 eV. The contribution of each
edge C atom of the whole ZGNR to the PDOS of the central
region at this energy is extracted and shown in figures 3(d)—
(f). Obviously, for a pristine ZGNR, the PDOS of each edge
C atom should be zero. However, it is not zero in the central
region of our device and the decreasing trend as a function
of the channel length nicely follows that of the transmission.

Consequently, in the following, we analyze the origin of
finite PDOS of spin up in the central region in the original
gap (0.63eV) of the pristine ZGNR, which is key to under-
stand the central results of all the above cases. There are two
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Figure 3. (a)—(c) The calculated equilibrium transmission functions for the transport junctions of different channel lengths with 8, 12 and
16 unit cells, respectively. (d)—(f) The calculated projected density of states at E = —0.05eV for the transport junctions of different channel

lengths with 8, 12 and 16 unit cells, respectively.
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Figure 4. (a) Distribution of the edges states of the valence bands and conduction bands for the 6-ZGNR. ‘2" and ‘¢’ indicate the valence
band and conduction band, while ‘UP’ and ‘DN’ indicate the spin up and spin down channels, respectively. (b) The two sublattices labelled
by Cp and Cy and the edge atomic sites indicated by two lines for which local potential will be extracted. (d), (e) The local potentials at

the edge Cp and Cy atoms produced by the two BN layers, with channel length n = 4 and 16, respectively. (c), (f) A cartoon picture of the
positions of the edge state valence band and conduction band before and after the interaction from the BN layers is considered. The two

arrows indicate the shift direction of the energy of the edge states.

sublattices in both graphene and BN sheets. The two sub-
lattices in the graphene can be labelled by Cp and Cy (see
figure 4(a)), where the subscript ‘B’ or ‘N’ means each carbon
atom in the sublattice is right located between two B or N
atoms of the top and bottom BN layers. The top edge carbon
atoms are Cy while the bottom edge carbon atoms are Cp. The
appearance of PDOS in the original gap should be related to
the energy shift of the edge states, but we need to reveal the
mechanism. The spin up edge states of the valence band and
the spin down edge states of the conduction band are local-
ized at the top edge (see figures 4(b)(v-UP) and (b)(c-DN)),

while the spin down edge states of the valence band and the
spin up edge states of the conduction band are localized at
the bottom edge (see figures 4(b)(r-DN) and (b)(c-UP)). The
energy alignment of these edge states are schematically drawn
by a cartoon in figure 4(c). These edge states will be affected
by the potential produced by the BN sheets.

To have a full impression of the effects of BN sheets,
we calculate the local potential distribution produced by
the BN sheets on the two edge rows of carbon atoms in
the whole central region, namely, the top edge Cy atoms
and the bottom edge Cp atoms (see figure 4(b)). The local
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Figure 5. The transmission function with different channel width: (a) n = 6; (b) n = 8; (c¢) n = 10.

potential produced by the BN sheets at each atomic site is
obtained by artificially taking away the graphene layer with
the BN layers fixed and calculating the potential of the two
BN layers, followed by averaging the potential around each
site in a certain radius, which are shown in figures 4(d) and
(e) for the channel length containing » = 4 and 16 unit cells
of ZGNR. Clearly, for the n = 4 case, the local potential
at the edge Cp sites is smaller than those at the edge Cy
sites (see figure 4(d)), thus the edge states at the Cy are
shifted up and the those at the Cp are shifted down in energy
(see figure 4(e)), which results in the edge states of both the
valence band and conduction band in the spin up channel
shifting towards the Fermi level and the decrease of band
gap A. The spin down edge states move away from the
Fermi level and the corresponding band gap is increased,
compared with original band gap of 0.63 eV. Consequently,
due to the appearance of edge states in the gap, electrons
can be transmitted from one lead to the other. However,
with the increase of the channel length n, the potential dif-
ference between the Cy and Cp sublattices produced by
the BN sheets decays exponentially towards the center of
the channel region (see figure 4(f)), resulting in the length
increase of the channel region in which the effects of the
BN potential is negligible. It gives rise to the decrease of the
PDOS at the center of the central region (see figures 3(d)—
(f)) and the subsequent decrease of the transmission with
the increase of the channel length (see figures 3(a)—(c)).
With further increase of the channel length, the transmis-
sion gap of 0.63 eV will be recovered eventually.

Until now, our previous discussions are limited to the
ribbon width n = 6. The effect of increasing ribbon width is
also important for practical purposes. This effect can actually
be reflected by studying the equilibrium transmission func-
tion. We will see the trend by increasing the ribbon width with
number of zigzag chains w varying from 6 to 10. Thus, the
transmission functions of the three cases for w = 6, 8 and 10,
with the layer distance as 3.22 A and the channel lengthn =4,
are shown in figure 5. It is seen that the w = 8 and 10 cases
show very similar behaviors as the w = 6 case, which means
that fully spin polarized transport can always be achieved at
low bias with varying ribbon width. The main difference lies
in the transmission gap decrease from A = 0.28 eV to 0.24
and 0.19eV with the increase of w = 6 to 8 and 10, respec-
tively, which means the corresponding change in the threshold
bias in the I-V curve.

Finally, all the investigations above have been performed
under the condition of perfect edges. However, edge rough-
ness or disorder may appear in a real device. Thus, we briefly
discuss the effects of edge disorder in a qualitative way in the
following. The edge disorder may appear in either ZGNRs or
the h-BN nanoribbon. Such edge disorder factors in ZGNRs
may cause the occurrence of localized states and breaking of
edge states. The localized states may lead to the backscattering
of electrons resulting in suppression of transmission and the
breaking of edge states may lead to the decrease of energy dif-
ference between the AFM state and FM state. Both effects are
detrimental to the observation of half-metallic transport. The
edge disorder in h-BN nanoribbon may change the stagger
potential imposed on the ZGNRs, and the relative changes in
energy gap of different spin channels will be changed corre-
spondingly, which will lead to the change of the transmission
gap and the threshold voltage.

4. Conclusion

In summary, we have proposed a scheme of constructing
zigzag edged graphene nanoribbons (ZGNR) transport junc-
tions with 2-BN/Gr/ h-BN vdW vertical vdW heterostructure
leads for generating fully spin polarized current. Due to the
different potential on the two sublattices of the whole zigzag
graphene nanoribbon (ZGNR) produced by the BN sheets,
the energy of the edge states with different spins is shifted
towards opposite directions in the whole junction. This results
in a decreased gap of spin up channel and an increased gap
of spin down channel in both the leads and the central region,
which makes fully spin polarized transport possible at low
bias. The compression applied perpendicular to the vdW het-
erostructure leads significantly change the transport behavior
of the heterojuncion in term of transmission magnitude and
transmission gap. Decreasing the interlayer distance by 10%
by compression leads to the closure of the transmission gap
and the decrease of threshold bias to nearly zero. In addition,
increasing the channel length will suppress the transmission
and eventually recover the transmission gap of 0.63 eV, namely
the band gap of the pristine ZGNR. These results suggest the
great importance of A-BN/Gr/ h-BN vdW vertical vdW het-
erostructure in the design of ZGNR-based transport junction
for generating fully spin polarized transport and the idea of
vdW heterostructure in the design of spintronic devices based
on two-dimensional materials.
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Besides avoidance of atomic precision control of the
doping or adsorption sites in chemical doping or magnetic
atom adsorption scheme for achieving fully spin polarized
transport in ZGNRs, another important advantage of using
vdW structure is that it will not introduce any damage/change
to the ZGNRs, so that the energy difference between the AFM
and FM states will be basically unchanged, which is benefi-
cial for the observation of half-metallic transport. In contrast,
the decrease or disappearance of AFM-FM energy differ-
ence in chemical modification schemes is unavoidable [33].
Moreover, vdW vertical heterostructure is an emerging area in
the study of 2D materials. It is highly desired to achieve new
functions with the design of vdW vertical heterostructures.
Our work provides a new example in this direction.
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