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In a van der Waals heterostructure of two-dimensional materials, electronic properties are tunable by
means of stacking orders. Here, we study the spin-dependent quantum transport in the bilayer of ferromag-
netic zigzag-edged graphene/hexagonal-BN nanoribbons (ZGr-BNNRs) using density-functional theory
combined with the Keldysh nonequilibrium Green’s-function method. We reveal a strong odd-even effect
of transport across the ZGr-BNNRs and a giant magnetoresistance value observed only in even-width
ZGr-BNNRs. More interestingly, this value can be optimized by engineering stacking orders, yielding
the perfect spin polarization efficiency of 100% and the magnetoresistance value of over 10* in even-
width ZGr-BNNRs. Our results provide a route to design and fabricate high-performance spin filters and

magnetic storage devices.
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I. INTRODUCTION

Two-dimensional (2D) materials and the effects of their
weak van der Waals (vdW) forces have attracted unprece-
dented attention. The weak vdW interaction between the
thin atomic layers makes it possible to fabricate nan-
odevices whose performance can be controlled by the
stacking orders between the layers [1—5], such as photol-
ysis water [6,7] and ferroelectric tunnel junctions [8,9].
The stacking orders can break the inversion symmetry,
giving rise to unique electrical and optoelectronic proper-
ties. For instance, in bilayer graphene, a slight variation in
the twist angle of stacking may strongly modify the elec-
tronic properties, and a variety of phenomena have been
observed, such as superconductivity [10,11], magnetism
[12,13], topological Chern insulating states [14], and val-
ley transport [15]. Likewise, in vdW bilayer hexagonal
boron nitride (4-BN), stacking one monolayer of BN on
another creates experimentally a moiré pattern consisting
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of AB and BA stacking order regions. The AB and BA
stacking orders in bilayer BN exhibit opposite out-of-plane
electric polarizations, which are evidenced by ferroelec-
tricity in bilayer BN [16—19]. These findings highlight that
the electronic properties are highly sensitive to stacking
order. Additionally, #-BN is an appealing substrate mate-
rial for graphene due to its excellent lattice matching with
graphene and its flat surface [20—22]. The closely matched
lattice constants produce a large moiré superlattice with
near-zero mismatch [23,24].

Graphene coupled to 42-BN can form a 2D vdW het-
erostructure whose physical properties are distinct from
those of the individual layers [25-29]. For example, when
graphene is aligned with A-BN, the band structure is sig-
nificantly changed due to the hybridization of their bands.
If a rotational angle is present between layers, a band gap
of the graphene arises and a hexagonal moiré pattern of
AB and BA stacking orders emerges, showing a modulated
transition in the heterostructure [30]. Graphene devices on
a h-BN substrate have carrier mobilities that are almost an
order of magnitude larger than those in devices on a con-
ventional SiO, substrate [31]. Several methods have been
developed to fabricate the 2D vdW heterostructure with
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distinct stacking order by controlling rotation or sliding
between layers, such as optical alignment of the crys-
tal [32], alignment during thermal annealing [33], and
artificially stamping flakes [18]. Meanwhile, there are sev-
eral recent reports investigating the mechanical, electronic,
and optical properties of the graphene/A-BN heterostruc-
ture [34—41]. Nevertheless, the relationship between the
relative stacking orders between layers and ballistic trans-
port properties remains largely unexplored. The ballistic
transport properties are very important not only in fun-
damental science, but also in advanced nanoelectronics
[42]. Thus, revealing the relationship can lead to promis-
ing applications in fabricating future electronic devices
since the effects of stacking order endow the 2D materi-
als with distinct characteristics and special properties that
are impossible using only original 2D materials.

Here, we report quantum transport simulations of
a 2D vdW heterostructure formed by graphene and
h-BN with different stacking orders (AA, AB, and
BA) by combining density-functional theory (DFT) with
the Keldysh nonequilibrium Green’s-function (NEGF)
formalisms. Varying stacking order modifies not only the

magnetoresistance values, but also the spin polarization
efficiency. Our results reveal a giant magnetoresistance
value of over 10* and the spin polarization efficiency of
100% in the even-width zigzag graphene/h-BN heterobi-
layer nanoribbons (ZGr-BNNRs), and these unique fea-
tures can be understood from the transmission spectrum.
Finally, we investigate the dependence of transmission
spectrum on the bias voltage.

II. MODEL AND METHOD

The graphene/A-BN heterobilayer may have three dif-
ferent stacking orders (AA, AB, and BA) by consider-
ing interlayer sliding, and the geometry optimizations are
shown in Fig. 1(a). These configurations are local energy
minima, and range from the metastable AA stacking to sta-
ble AB stacking structure. Meanwhile, we calculate the
binding energy of these structures to further prove the
structural stability, indicating that the AB stacking struc-
ture is the most stable [43,44]. In AA, the C atoms in the
top graphene layer fully overlap with the B and N atoms
in the bottom boron nitride layer. In AB (BA) stacking, the
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FIG. 1.

(a) Illustration of the atomic arrangement for AA, AB, and BA stacking orders of graphene/4-BN heterobilayer. (b) Total

energy in the primitive cell versus the interlayer distance. (c),(d) Top and side views of n-ZGr-BNNR two-probe device consisting of
the left (L) and right (R) electrodes, and the central scattering region (C). The integer » is the width of the nanoribbons defined as the
number of parallel zigzag chains. (e) Parallel configuration (PC) and antiparallel configuration (APC) for the magnetization directions

of two electrodes.
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B (N) atoms in the lower layer sit below the C atoms in
the upper layer while the N (B) atoms in the lower layer
are below the empty site at the center of the hexagon in the
upper layer, as shown in Fig. 1(a). Figure 1(b) shows the
energy in the primitive cell (containing C,BN atoms) as a
function of the interlayer distance (d) between graphene
and boron nitride layers, where AB stacking exhibits a
typical minimum. The interlayer distances of three config-
urations (AA, AB, and BA) are 3.36 A, 3.13 A, and 3.30 A,
respectively, which are in excellent agreement with previ-
ous reports [26]. To study electronic transport properties
of the graphene/h-BN heterobilayer, we construct a two-
probe device composed of » ZGr-BNNRs (width n=3,
4, 5, 6) with hydrogen-passivated edges, as schematically
shown in Figs. 1(c) and 1(d). The semi-infinite left and
right electrodes (L and R) are attached to the central scat-
tering region (C). We choose eight unit cells as the length
of the central scattering region, which is long enough to
screen out the coupling between the left and right elec-
trodes. A large vacuum distance of about 25 A is employed
to eliminate the interaction of the periodic image.

The geometric optimizations are carried out with the
Vienna ab initio simulation package (VASP) [45]. In the
VASP calculations, a cutoff energy of 500 eV is adopted for
the plane-wave basis, and all structures are fully relaxed
until the forces are smaller than 0.02 eV A~! on each
atom. The electronic structure and transport properties are
implemented in the first-principles NanoAcademic device
calculator (NANODCAL) package based on DFT combined
with NEGF formalisms [46]. In the NEGF DFT numer-
ical calculations, the generalized gradient approximation
in the Perdew-Burke-Ernzerhof form is employed for
the exchange-correlation functional. A real-space cutoff
energy of 100 hartree and a double-zeta polarization linear-
combination-of-atomic orbital basis are used for all atoms.
A 100 x 1 x 1 Monkhorst-Pack k-point mesh is used. We
focus on the spin-dependent ballistic transport properties,
and the spin-dependent electric current through the cen-
tral scattering region can be obtained from the Landauer
formula [47],

uww=§ﬂu&nmw—mr¢w—umw(n

where the ¢ =% (spin up) or o = (spin down), and the
corresponding spin polarization efficiency () is defined
as n=|(y —1,)/Uy + 1)), - are the electrochemical
potentials of the left and right electrodes, f;, are the Fermi-
Dirac distribution functions of the left and right electrodes,
e is the charge of the electron, and % is Planck’s constant.
The energy region of the transmission spectrum that con-
tributes to the electric current is referred to as the bias
window. In the range of a finite bias voltage V}, the spin-
dependent transmission spectrum 7, (E, V) is evaluated

by [48]

T,(E, V) = Tt[TU(E, V) GX(E, V)T (E, V) GX(E, V)],
2)

where T'y,, describes the coupling between the Ileft
(right) electrode and the central scattering region, namely
the linewidth function. GR® is the retarded (advanced)
Green’s function, and £ is the electron energy.

In each structure of the ZGr-BNNR device, the mag-
netization directions of the two electrodes can be aligned
in a parallel configuration (PC) or antiparallel configura-
tion (APC). The magnetoresistance (MR) of the two-probe
system is then calculated by [49]

Ipc — 1
MR = ‘re = farc. 3)
Inpc

where Ipc and Iapc are the total electric current
(Tiotal = 14 + 1)) in the PC and APC of the electrodes.

II1I. RESULTS AND DISCUSSION

In each electrode of the ZGr-BNNR device, there are
two spin states at the edges corresponding to the ferro-
magnetic (FM) state and antiferromagnetic state. The FM
state could easily be the ground state with the help of an
external magnetic field and the magnetic order can be sta-
ble even at room temperature [50]. Thus, all systems in
this work adopt the FM state. In Fig. 2, we display the
APC spin-polarized currents and total electric currents as
functions of bias voltage for 5- and 6-ZGr-BNNRs. In Sup-
plemental Material Fig. S1 [S1], for PC, we find that the
spin-polarized currents are equal and the spin polarization
efficiency is zero (/up =1 4own, 7 =0), and the total electric
currents remain the same for all systems, regardless of the
stacking type.

From the spin-polarized currents and total electric cur-
rents in Fig. 2, we can obtain the magnetoresistance and
spin polarization efficiency 5, which respectively measure
the magnetic detection sensitivity of the system and the
magnitude of spin polarization during electron transport,
as shown in Fig. 3. For APC 5-ZGr-BNNR, the increas-
ing gradient of total electric current decreases as the bias
voltage increases in Figs. 2(a)-2(c), leading to a signifi-
cantly increasing MR (Fig. 3). The spin-polarized currents
I'yp A I gown are quite close in BA stacking, which causes a
small n as can be seen from the inset of Fig. 3(c). As for
APC 6-ZGr-BNNR, we find that the spin-polarized cur-
rents are drastically different in magnitude as 7y >> I down
for both AA and BA stackings, while /yp /gown for AB
stacking. This suggests that spin-up (spin-down) electrons
in the AA and BA stackings (AB stacking) easily go
through the system under nonzero bias, while the trans-
port of spin-down (spin-up) electrons is almost blocked.
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FIG. 2. Spin-polarized currents and total electric currents as function of bias voltages in the AA, AB, and BA stackings of APC,
respectively, (a)(c) for 5-ZGr-BNNR and (d)—f) for 6-ZGr-BNNR.

These interesting findings indicate that even-width 6-ZGr-
BNNR can act as a spin filter. The 3- and 4-ZGr-BNNRs
results are analyzed similarly, as shown in Supplemental
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Material Figs. S2 and S3 [51]. We highlight the emergence
of strong odd-even characteristics of the MR and n by
comparing odd- and even-width ZGr-BNNRs. The MR of
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FIG. 3. MR and 7 (inset) versus bias voltages for the AA, AB, and BA stackings. Upper panels (a)(c) are for 5-ZGr-BNNR, and
lower panels (d)(f) are for 6-ZGr-BNNR. Note that 6-ZGr-BNNR has significantly larger MR and 7 than 5-ZGr-BNNR.
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even-width 6-ZGr-BNNR s at least 1 order of magnitude
larger than that of odd-width 5-ZGr-BNNR, and a dis-
tinct increasing trend of 7 is revealed with the increase of
bias voltage. More interestingly, the MR can be optimized
by interlayer sliding in even-width 6-ZGr-BNNR, and the
maximum MR reaches 2 x 10* and 7 realizes 100% for BA
stacking. In order to understand the origin of the giant MR
observed in even-width ZGr-BNNR, we plot the local den-
sity of states (LDOS) distribution of the central scattering
region as a function of the energy and position x for AA,
AB, and BA stackings, as shown in Figs. S4 and S5 in the
Supplemental Material [51]. The AA stacking possesses
a larger LDOS distribution near the Fermi energy, com-
pared with AB and BA stackings, in which fewer electronic
states contribute to the transport. Thus, the AA stacking
features higher transmission probability, but the resulting
giant MR occurs in AB and BA stackings.

Furthermore, the interesting odd-even characteristics
can be understood not only from the transmission spectra
of'the central scattering region, but also from the electronic
band structures of the two electrodes for the system at zero
bias. In Fig. 4, we show transmission coefficients through
the central scattering region and the electronic band struc-
tures in the two electrodes for 5- and 6-ZGr-BNNRs in
the PC and APC. The energy bands of both spin edge
states tend to flatten near the X point in the PC for 5-
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and 6-ZGr-BNNRs, as shown in Figs. 4(a) and 4(c), which
may result in two sharp spin transmission coefficient peaks
away from the Fermi level. Moreover, the transmission
coefficients within the bias window are essentially 1 for
both spin states; the spin-polarized currents (/yp =/down)
and the total electric currents remain the same in the PC
for all systems (Fig. S1 in the Supplemental Material [51]).
Meanwhile, for the APC, we observe that the transmission
coefficients of n-ZGr-BNNR with odd (r=5) and even
(n = 6) widths have distinct behaviors, in accordance with
the odd-even effect shown in Fig. 3. For odd-width 5-ZGr-
BNNR, the transmission coefficient has a plateau near the
Fermi level, while for even-width 6-ZGr-BNNR, the trans-
mission coefficient is almost zero near the Fermi level. As
a consequence, the giant MR appears in the even-width 6-
ZGr-BNNR [Figs. 3(d)-3(f)]. These results are similar to
those for silicene [52] and «-graphyne [53] nanoribbons in
the literature.

We remark that n-ZGr-BNNRs with odd and even
widths have similar electronic band structures near the
Fermi level, hence the difference in the transmission coef-
ficients near the Fermi level in the APC does not originate
from the difference in the electronic band structures, but
results from the electron wave function mismatch. For
odd-width 5-ZGr-BNNR, the wave functions of 7 and 7"
subbands in the two electrodes do not have any specific

n*
T
L APC

X0 05 Ir

Transmission
;\/

A

— down

—)

!

*

T

%
L
APC

X0 05 1r
Transmission

I~

FIG. 4. The electronic band structures in both electrodes and the transmission coefficients through the central scattering region under
zero bias voltage in the PC and APC of AB stacking for (a),(b) 5-ZGr-BNNR and (c),(d) 6-ZGr-BNNR. In (d) we indicate the forbidden
transport processes near the Fermi level due to the orthogonality of the wave functions of the left and right electrodes.
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FIG. 5. The scattering states at the Fermi level incident under
zero bias of AB stacking in the PC and APC for 5- and 6-ZGr-
BNNRs. The color bar represents the amplitude of the scattering
states. All the figures share the same color bar.

symmetry. There is no symmetry-imposed selective rule to
hinder electronic transport from spin up (spin down) elec-
trons in the 7 () state of the left electrode to the 7 (™)
state of the right electrode. However, the case becomes dif-
ferent for even-width 6-ZGr-BNNR, as the wave functions
of  (7") subbands are antisymmetric (symmetric) about
the central axis of the system [54]. The wave functions of
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 subbands in one electrode are orthogonal to those of
7" subbands in the other electrode. This implies that the
electron transmission from 7 subbands of the left elec-
trode to 7" subbands of the right electrode is blocked.
This mismatch of the wave functions in the two electrodes
results in a sharp drop in transmission coefficient near the
Fermi level. These results explain why the giant MR can be
observed in even-width 6-ZGr-BNNR but not in odd-width
5-ZGr-BNNR.

In order to gain a more intuitive understanding of the
transport properties, we now show the scattering states at
the Fermi level incident under zero bias. Figure 5 presents
the AB stacking for 5- and 6-ZGr-BNNRs as examples,
and the scattering states of other stackings can be ana-
lyzed similarly (see Supplemental Material Figs. S6-S9
[51]). For the PC, regardless of width parity, the scattering
states are consistent through the central scattering region,
and the wave functions extend all the way along the entire
nanoribbon to contribute to the transport. For the APC,
the scattering states get weaker and weaker from the left
to right electrode, leading to a reduction in transmission
coefficient at the Fermi level.

In addition to this transport property analysis at zero
bias voltage of transmission coefficients and the scatter-
ing states, we now look at the transmission coefficients
T,(E,Vp) as a function of a finite bias V} ranging from 0
to 200 mV. The spin-polarized currents and total electric
currents in Fig. 2 are obtained by integrating over the bias
window —V/2 < E < V,/2. Figure 6 depicts T, (E, V3) ver-
sus electron energy in the AB stacking of the APC for 5-
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FIG. 6. Transmission coefficients as function of electron energy under different bias voltages in AB stacking of the APC for (a) 5-
and (b) 6-ZGr-BNNRs. The vertical dashed lines represent the bias window, and the Fermi level is set at zero energy.

034002-6



STACKING ORDER, PERFECT...

PHYS. REV. APPLIED 19, 034002 (2023)

and 6-ZGr-BNNRs, and other configurations are illustrated
in Supplemental Material Figs. S10 and S11 [51]. Sev-
eral distinct features are worth mentioning: (1) For the PC,
the transmission coefficients near the Fermi level maintain
substantial and stable values within the bias window, hence
explaining the finding in the inset of Fig. S1 in the Sup-
plemental Material [51] that the spin-polarized currents
and total electric currents in the PC increase linearly with
the increase of the bias and remain the same for all sys-
tems, respectively. In addition, the spin-up transmission
coefficient peaks around £= —0.4 eV and the spin-down
transmission coefficient has a broad peak near £=10.4 eV.
These obvious transmission coefficient peaks are dimin-
ished when increasing the bias voltage. (2) For the APC, it
is observed that the spin-up channel has a larger transmis-
sion than the spin-down channel within the bias window
in AB stacking for odd-width 5-ZGr-BNNR [Fig. 6(a)],
and the opposite is true for the even-width 6-ZGr-BNNR
[Fig. 6(b)], explaining the result of 1y > Lgown (Lup < down)
in the AB stacking for odd-width 5-ZGr-BNNR (even-
width 6-ZGr-BNNR) [Figs. 2(b) and 2(e)]. (3) Both spin-
up and spin-down transmission coefficients within the bias
window in even-width 6-ZGr-BNNR are much smaller
than those in odd-width 5-ZGr-BNNR, explaining the
giant MR in even-width 6-ZGr-BNNR compared with
that in odd-width 5-ZGr-BNNR. Similar transport proper-
ties can also be observed in the odd-width 3-ZGr-BNNR
and even-width 4-ZGr-BNNR (see Supplemental Material
Figs. S12 and S13 [51]). These results show a strong odd-
even effect, which is in good agreement with the previous
reported results [52—54].

IV. SUMMARY

In summary, we investigate the quantum transport prop-
erties of the n-ZGr-BNNR heterobilayer by combining the
DFT with Keldysh NEGF methods. The nanoribbons of
four different widths (n =3, 4, 5, 6) are constructed, each
system including three different stacking orders (AA, AB,
and BA), and the width-dependent odd-even effect for the
ZGr-BNNR heterobilayer is found. Spin polarization effi-
ciency up to 100% and giant magnetoresistance with a ratio
of over 10* can be observed in even-width ZGr-BNNRs.
Such distinctive behaviors are rooted in the symmetry of
the wave function near the Fermi level. In even-width
ZGr-BNNR, the wave functions of the 7= subbands in one
electrode are orthogonal to those of the 77" subbands in the
other electrode, resulting in an increase of the magnetore-
sistance by several orders of magnitudes compared with
the odd-width counterpart. Interestingly, the magnetore-
sistance for even-width ZGr-BNNR can be significantly
improved by varying stacking order. For 6-ZGr-BNNR, the
perfect spin polarization efficiency and giant magnetore-
sistance are observed in both AB and BA stackings, and

maintain stable large values over a broad range of exter-
nal bias voltages. These unique features can be understood
by the analyses of the transmission coefficients. Our results
suggest that the ZGr-BNNR heterobilayer may have poten-
tial applications for designing highly efficient spin filters
and magnetic storage devices.
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