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ABSTRACT Advances in the realization of hybrid graphene/h-BN materials open new ways to control the electronic
properties of graphene nanostructures. In this paper, the structural, electronic, and transport properties of
heterojunctions made of bare zigzag-shaped h-BN and graphene ribbons are investigated using first-principles
techniques. Our results highlight the potential of graphene/h-BN junctions for applications in spintronic devices. At first,
density functional theory is used to detail the role played by the edge states and dangling bonds in the electronic and
magnetic behavior of h-BN and graphene ribbons. Then, the electronic conductance of the junction is computed in the
framework of Green's function-based scattering theory. In its high-spin configuration, the junction reveals a full spin
polarization of the propagating carriers around the Fermi energy, and the magnitude of the transmission probability is

predicted to be strongly dependent on the relative orientation of magnetic momenta in the leads.
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wing to its unique structural and

electronic properties, graphene

has stirred up enormous atten-
tion in science and technology.'~° It is the
strongest material known, revealing a
Youngs modulus of 1 TPa.” Its ultrahigh
room-temperature carrier mobility and
large ambipolar response to electric fields
make it an ideal platform for applications in
electronics.>*® Its weak spin—orbit and hy-
perfine couplings and high predicted spin
correlation lengths could be key ingredients
for the development of spintronics.”~'* More
fundamentally, the isolation of graphene has
demonstrated that atomically thin crystals
can be synthesized in a free-standing form.>®
Indeed, a variety of two-dimensional sys-
tems, including single layers of hexagonal
boron nitride (h-BN), dichalcogenides, and
complex oxide planar structures, have
been successfully synthesized over the past
few years.2'*~ '8 While being an isomorph of
graphene with a lattice mismatch of only
1.7%, two-dimensional h-BN is a wide gap
insulator like its bulk counterpart.'®'®2
Recent advances in the synthesis of junctions
between electrically conductive graphene
and insulating h-BN offer new routes to
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enhance and tune the electronic, optoelec-
tronic, spintronic, and thermoelectric proper-
ties of low-dimensional systems."%%2~26
The two-dimensional planar structure
and its corresponding quasi-unidimensional
forms called nanoribbons, where charge
carriers are confined in two dimensions
and free to move along the ribbon axis, have
fascinated the scientific community. Nano-
scopic ribbons with varying widths can
be realized by various chemical routes,?”®
by unzipping nanotubes,? by lithographic
patterning of nanoflakes,>**' or by chemical
vapor deposition.3? As demonstrated by
theoretical models and experimental char-
acterization, the chemical and topological
nature of the edge crucially impacts the
chemical, electronic, and magnetic behavior
of two-dimensional nanostructures.®* 37 In-
deed, there are two high-symmetry crystal-
lographic directions in two-dimensional
honeycomb materials, armchair and zigzag.
Armchair-shaped graphene nanoribbons
(aGNRs) exhibit full spin degeneracy and
an energy gap between the valence and
conduction bands that arises from both
quantum confinement and edge effects.
Zigzag-shaped graphene nanoribbons
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(zGNRs) exhibit ferromagnetically ordered states at the
edges and are predicted to be either metallic or
semiconducting depending on the ferro- or anti-ferro-
magnetic coupling between the edges.3336383° |n
contrast, all h-BN ribbons are reported to be spin-
degenerated insulators except for the bare zigzag-
shaped ribbons (zBNNRs). The latter are reported to
exhibit spin-polarized states at the edge and are pre-
dicted to be half-metallic.*°~*? Note that, depending
on the details of the theoretical model used for the
prediction, ZBNNRs may also exhibit small energy gaps
between the spin-polarized conduction and valence
bands.*' Eventually, the energy gap of BN and gra-
phene ribbons can be significantly reduced by a
transverse electric field, independently of the topology
of the edges. 39414344

Over the years, several approaches have been pro-
posed to control the spin transport in graphene nano-
structures. Some proposals are based on defects
and impurities engineering. Others rely on the local
control of the spin polarization and/or electrostatic
potential.'****=% In this paper, we report on the
ballistic transmission of charge carriers across the
interface between zigzag h-BN and graphene ribbons.
On the basis of first-principles calculations, our results
demonstrate the spin transport characteristics of these
junctions. At first, the electronic structures of bare
zigzag graphene and h-BN ribbons are reviewed. Ow-
ing to the presence of spin-polarized edge states and
dangling bonds close to the Fermi energy, various
magnetic configurations are reported to be accessible
at room temperature. In agreement with previous
studies, the spin arrangements with the highest total
magnetic momenta are found to exhibit a metallic
behavior. Then, we focus on the interface between two
semi-infinite h-BN and graphene zigzag ribbons. The
computed electronic structures reveal localized elec-
tronic states at the interface as well as a transfer of
charge across the heterojunction. Eventually, the low-
energy electronic conductances are computed within
the Landauer-based Green's function formalism point-
ing out the interest of these systems for the realiza-
tion of magnetically switchable nanodevices. Owing
to the half-metallic nature of the lead, the low-
energy propagating states originating from the h-
BN ribbon are fully spin-polarized. The transmission
probability of the carriers largely depends on the
relative spin orientations of the leads. In the parallel
configuration, the computed conductance is about
0.8 e°/h in the parallel spin configuration and drops
to 0.3 e*/h upon inversion of the magnetic momen-
tum of graphene.

RESULTS AND DISCUSSION

Periodically infinite zigzag graphene and h-BN rib-
bons of 20 A width without passivation of the edge
are first considered. While unpassivated edges are not
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expected to be stable at ambient conditions, current
studies suggest their stability under inert atmos-
phere.***® Various experimental procedures have
been derived to eliminate functional groups from
the edges, including heat treatment**° and Joule
heating.>"*? The relaxed atomic geometries are illu-
strated in Figure 1. The computed lattice constants are
2.49 and 246 A along h-BN and graphene ribbons,
respectively. In the presence of bare zigzag-shaped
edges, graphene and h-BN ribbons exhibit low-energy
eigenstates with a peculiar edge structure (i.e., edge
states) as well as eigenstates originating from the
presence of unsaturated atoms (i.e., dangling bonds).
The typical probability densities associated with the
edge states and dangling bonds are illustrated in
Figure 1f,g. The computed band structures reported
in Figure 1Ta—e emphasize the crucial impact of these
particular states on the electronic structure of low-
energy carriers. Upon inclusion of the spin degree of
freedom within the calculations, graphene and h-BN
ribbons favor a magnetic ground-state configuration.
In order to investigate the different spin configura-
tions, double unit cells (i.e., with two boron atoms
at one edge and two nitrogen atoms at the opposite
edge in the case of zZBNNRs) have been considered.
The computed relative energies and total magnetic
momenta associated with all of the possible spin
configurations are reported in Table 1. In agreement
with former predictions,*'*? our calculations suggest
that carbon and nitrogen edges undergo a significant
stabilization upon ferromagnetic order, while anti-
ferromagnetic order is metastable (200 meV/A higher
in energy). On the contrary, ferro- and anti-ferromagnetic
orders have very similar energies along the boron edge.
The spatial distributions of the most stable spin arrange-
ments are illustrated in Figure 1. In this study, the small
spin—orbit coupling in h-BN and graphene has been
neglected. Two collinear spin channels are considered.
The spin states labeled (1) and () are depicted in blue
and orange, respectively.

The energies associated with the most stable
configurations are all comprised within 7 meV/A. Con-
sequently, no prediction of a specific ground state
is allowed, and all of these spin configurations
are predicted to be accessible at room temperature.
Nonetheless, the configurations of highest magnetic
momenta (i.e., ZBNNRy 1t and zGNRy 1) are of particular
interest for practical applications as these can be
stabilized over the other spin arrangements by an
external magnetic field. The band structure depicted
in Figure 1b illustrates the half-metallic character of
ZBNNRy 1. Its half-metallicity originates from the extra
stabilization of the edge states along the nitrogen
edge. On the contrary, zGNRy displays symmetric
edges, and edge states from both spin channels are
reported at the Fermi energy (see Figure 1e). As will
be shown below, the actual symmetry of these edge
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Figure 1. Electronic bands structures, optimized atomic geometries, and spatial representation of the spin density (o1—p;)
corresponding to the most stable magnetic configurations of 20 A wide h-BN (a—c) and graphene (d,e) zigzag ribbons. Blue
and orange lines correspond, respectively, to majority and minority spin channels. In the band structures, plain bold lines
correspond to edge states, while dotted bold lines are associated with dangling bonds. The spin densities are integrated over
the normal direction to the ribbon plane. The lowest contour lines of +-4 x 10> ag 2 (ao = Bohr radius) are drawn as plain blue
and orange lines. Spatial distribution of the eigenstates associated with edge states (f) and dangling bonds (g) of 20 A wide
zBNNR. The modulus of the eigenstate at wave-vector X has been integrated over the ribbon width. The contour lines are
equally spaced between the minimum and maximum values of the probability density.

TABLE 1. Relative Energies and Total Magnetic Momenta
for Various Spin Configurations of zBNNR and zGNR“

ZBNNR meV Ug ZGNR meV Ug
Npr—Byt 0 1.87 —Cy 0 0.00
Np—By, 1 0.00 Gr—Cy 14 2.55
Ny —Byy 6 0.94 y—Cy 208 1.27
Ny, —Bps 98 0.94 —Cy 401 0.00
Ny —Byt 103 0.00 G —Cy 403 0.00
Ny —Byy 103 0.00

“Relative energies are computed with respect to the ground state. Energies and
magnetic momenta are given for single unit cells.

states rules the transport properties of the zBNNR/
ZGNR interface.

In order to investigate the heterostructure made of
two semi-infinite graphene and h-BN ribbons without
passivation at the edge, the geometry of the interface
has to be derived first. For that purpose, 30 A long
supercells containing the h-BN/graphene interface
have been fully optimized with periodic boundary
conditions (PBCs) (see Figure 2a). The small lattice
mismatch between h-BN and graphene creates a local
strain at the interface which is progressively screened
in the left- and right-hand side ribbons; 7.5 A away from
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the junction, the strain is found to be negligible and the
ribbon widths as well as lattice parameters get back
to values within 0.1% from equilibrium. The computed
atomic positions have then been used in order to build
the transport setup illustrated in Figure 2b. The system
is partitioned into a central part associated with the
interface and two leads made of pristine zBNNR and
ZGNR. Open boundary conditions (OBCs) are imposed
on the system by means of self-energy operators
mimicking the coupling of the leads to semi-infinite
h-BN and graphene ribbons on the left- and right-hand
side, respectively. In all calculations, the initial guesses
for the electronic degrees of freedom are derived from
a standard DFT calculation with PBCs. The OBCs'
problem is then solved by computing the retarded
Green's function for the system and updating self-
consistently the Hamiltonian and charge density.>*

As expected from the magnetic behavior of the
periodic infinite ribbons, the zigzag-shaped h-BN/
graphene ribbon (zBN/GNR) presents a multitude of
metastable magnetic configurations. Only the config-
urations with highest magnetic momenta in the leads
are considered here. The corresponding spin arrange-
ments, denoted hereafter ZBN/GNRy and zBN/GNRy,,
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Figure 2. Schematic representation of the supercells used to
model the open boundary conditions: (a) zBNNR[1 x 1 x 71/
ZGNR[1 x 1 x 7]; (b) zZBNNR[1 x 1 x 10]/zGNR[1 x 1 x 10].
Colored boxes are used to illustrate the partitioning of the
supercells into buffers (in gray), leads (in blue), and interface
(in green). (c) Variation of the electronic density along
the zBNNR[1 x 1 x 10]/zGNR[1 x 1 x 10] supercell. The
electronic density has been integrated over the plane per-
pendicular to the ribbon axis and is represented in units of
ag " (ao = Bohr radius).
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Figure 3. Optimized atomic geometry, spatial representa-
tion of the spin density (p1—p;), and density of states
corresponding to the junction in the zBN/GNRy, (a,c) and
zBN/GNRy (b,d) configurations. (a,b) Spin density has been
integrated over the normal direction to the ribbon plane.
Blue and orange contour lines correspond to majority and
minority spin channels, respectively. The lowest contour
lines drawn are +4 x 1073 ay 2 (a, = Bohr radius). (c,d) Black
curves correspond to the DOS of the system projected onto
the four zBNNR and zGNR unit cells next to the interface;
blue and orange filled curves correspond to the DOS of the
semi-infinite periodic zBNNR lead.

are depicted in Figure 3a,b. Independently of the spin
distribution, our calculations report a charge transfer
from graphene to h-BN (see Figure 2c), thus creating
a longitudinal dipole at the interface which adds to
the transversal dipole of the ZBNNR lead. The latter is
intrinsic to zBNNR and originates from the polar
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Figure 4. (a) Contour line representation of the electrostatic
potential in the vicinity of the zBN/GNR interface. The
potential has been averaged over the direction normal to
the ribbon plane. Blue and red lines represent, respectively,
negative and positive values of the potential. The lowest
contours correspond to +0.01 Ry, and the spacing is
+0.01 Ry. (b,c) Spatial representation of the LDOS asso-
ciated with the sharp peaks located at 855 meV above and
231 meV below the Fermi level in the DOS of zBN/GNRy. The
LDOS has been integrated over the direction normal to
the ribbon plane. The lowest contour line corresponds
to the value of 0.5 ag *Eg, (ao = Bohr radius, Eg, = Rydberg
energy).

character of the boron—nitrogen bond. The computed
electrostatic potential across the junction is reported in
Figure 4a. The density of states (DOS) projected
onto the interface region illustrates the local energy
distribution of electronic states (see Figure 3c,d). As
a consequence of the electrostatic perturbation at
the interface, localized electronic states are reported,
mainly located on the graphene side of the junction.
The local densities of states (LDOS) associated with the
narrow peaks in the DOS at 231 meV below and 855 meV
above the Fermi level are depicted in Figure 4b,c.
Localized within the first few zGNR unit cells, these
states present a mirror symmetry with respect to the
ribbon plane. Their spatial distribution is reminiscent
of the zGNR edge states associated with the Van Hove
singularities at 351 meV below and 722 meV above the
Fermi level.

The OBCs imposed in the simulations naturally allow
one to describe the scattering of carriers from one lead
to the other across the h-BN/graphene interface. The
computed retarded Green's function of the system
contains all of the information about the electronic
structure of the interface in equilibrium with the semi-
infinite leads. Within the approximation of coherent
propagation of carriers, the zero-bias conductance
can be directly extracted by means of the Fisher-Lee
relation.>*>*

The transmission probabilities corresponding to
the zBN/GNRy; and zBN/GNRy, junctions in the absence
of external bias voltage are reported in Figure 5a,b.
In the semi-infinite leads, the low-energy solution to
the scattering problem are the Bloch states associated
with the edge states and the dangling bonds. As
there is an energy mismatch between the zBNNR and
zGNR dangling bonds, these Bloch states cannot be
transmitted coherently across the interface. Therefore,
at low energies, the propagating scattering states
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Figure 5. Zero-bias quantum conductance for the junction in the zBN/GNRy; (a) and zBN/GNRy, (b) configurations. Blue and
orange lines correspond, respectively, to majority and minority spin channels. Spatial representation of the left incoming
transmission eigenchannel at Fermi energy across the junction in the zBN/GNR (c) and zBN/GNRy, (d) configurations. The
transmission eigenchannel has been integrated over the direction normal to the ribbon plane. The lowest contour line
corresponds to a value of 0.05 aazEﬁ; (ao = Bohr radius, Eg, = Rydberg energy). (e) Spin-resolved IV curves for the junction in
the zBN/GNRy; (circles) and zBN/GNRy, (diamonds). The lines are computed directly from the equilibrium transmission
probabilities depicted in (a) and (b), while the circles and diamonds are derived from fully out-of-equilibrium calculations.
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Figure 6. (a) Electronic band structure of pristine zZBNNR and zGNR ribbons in the high-spin configurations. Blue and orange
lines correspond, respectively, to the minority and majority spin channels. For clarity, the band structures illustrated here
correspond to single unit cells (i.e., no bands folding). The bold lines are associated with the Bloch states accounting for the
low-energy quantum conductance of the zBN/GNR junction. (b) Spatial representation of the Bloch states playing a particular
role in the transport properties of the junction. The zZBNNR edge state localized on the nitrogen side of the ribbon is labeled ®.
The zGNR bonding and antibonding edge states are labeled W and Q, respectively. The real part of the eigenstates has been
integrated over the direction normal to the ribbon plane. Blue and red lines correspond to positive and negative values.

Twelve contour lines are equally spaced between the lowest and highest values of the eigenstates.

contributing to the conductance only originate from
the zBNNR and zGNR edge states. This situation is
illustrated in Figure 6a, where the bands available
for low-energy scattering are highlighted. Because of
the half-metallic character of the zBNNR lead, the left
incoming and outgoing components of the propagat-
ing states belong to the ZBNNR minority spin channel
regardless of the spin configuration of the zGNR lead. It
accounts for the full spin polarization of the transmis-
sion function around the Fermi energy and emphasizes
the potential of such junctions for ballistic spin filtering
devices.

The low-energy zBNNR incoming states correspond
to bonding zBNNR edge states localized on the nitro-
gen edge. In the zBN/GNRy configuration, zZBNNR
incoming states are scattered into the bonding zGNR
edge states. As illustrated in Figure 6b, those Bloch
states present a similar symmetry and give rise to
high transmission probability. On the contrary, in the
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ZBN/GNRy, configuration, zBNNR incoming states are
scattered into the antibonding zGNR edge states. In
this configuration, the incoming and scattered Bloch
states are nearly orthogonal and the transmission pro-
bability is strongly reduced. When switching from the
zBN/GNRy to the zBN/GNRy, configuration, the equilib-
rium conductance changes from 0.8 to 0.3 e*/h. The
impact of the magnetic configuration on the equilib-
rium conductance is further illustrated in Figure 5¢,d.
The computed left incoming transmission eigenchan-
nels allows visualization of the scattering of the ZBNNR
incoming state into the bonding (Figure 5¢) and anti-
bonding zGNR edge states (Figure 5d). In agreement
with the computed conductances, the transmitted pro-
bability density significantly decreases with the switch-
ing of the junction from its ZBN/GNRy to its zZBN/GNRy,
configuration. In the presence of a finite bias between
the leads, the spin filtering and magneto-resistive
characteristics of the zBN/GNR interface give rise to a
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fully spin-polarized current whose intensity depends
on the spin configuration of the leads (see Figure 5e).
One notes that the values of the current computed in
the out-of-equilibrium situations at biases of —0.1 and
0.1V are in close agreement with the IV curves derived
from the symmetric integration of the equilibrium
transmission probabilities.

CONCLUSIONS

The electronic structure of h-BN and graphene
ribbons with bare zigzag edges has been reviewed
by means of first-principles calculations. In particular,
the crucial role played by the dangling bonds and the
edge states on both the electronic and transport
properties of low-energy carriers is detailed. In agree-
ment with previous works, our calculations highlight
the half-metallic and metallic character of these struc-
tures in their high-spin configurations. The structural
and electronic properties of zZBN/GNR interfaces have
then been investigated. By coupling equilibrium DFT
calculations with the self-consistent Green's function
formalism, the open nature of the system has been fully
taken into account. The computed electronic density

METHODS

Ground-state calculations on h-BN and graphene ribbons
were performed using the density functional theory>®>” within
the local spin density approximation. The interaction between
valence electrons and ionic cores has been modeled using
norm-conserving pseudopotentials.”® Numerical atomic orbital
basis sets (double-£ plus polarization) were used to expand the
wave functions, as implemented in the SIESTA code.*® Real-
space quantities were represented on a grid characterized by a
cutoff equivalent to 350 Ry. The integration of the first Brillouin
zone was achieved by summation over regular grids of k-points.
The number of k-points has been chosen so that its product by
the unit cell length is about 100 A. The energy levels were
populated using a Fermi—Dirac distribution with an electronic
temperature of 300 K. The ionic positions and lattice constants
of the pristine nanoribbons as well as of the 30 A long supercell
depicted in Figure 3 were fully optimized so that the Hellmann—
Feynman forces acting on individual atoms and on the unit cell
were reduced to less than 0.01 and 0.05 eV/A, respectively. Test
calculations were performed on pristine graphene and the h-BN
atomic sheet; the computed lattice constants were 2.46 and
248 A, respectively. A direct energy gap of 4.6 eV was reported
for the h-BN atomic sheet, in good agreement with previous
first-principles calculations.?® Eventually, the basis set used has
been further validated by comparison of the results presented
in this paper with zBNNRs and zGNRs electronic structures
computed with the ABINIT code.®® For this comparison, a
cutoff energy of 30 Ha was used to expand the electronic
wave functions using a plane-wave basis set. No significant
discrepancies were noted.

The geometry of the transport setup has been derived from
the relaxed atomic position of azZBNNR[1 x 1 x 7]/zGNR[1 x 1 x 7]
supercell (ie, 30 A long). More specifically, the relaxed atomic
positions of the fourth ZBNNR and zGNR unit cells were duplicated
four times in order to build the geometry corresponding to the
leads. A ZBNNR[1 x 1 x 10]/zGNR[1 x 1 x 10] supercell (ie., 50 A
long and 400 atoms) was used in order to compute the initial
guess for the electronic density associated with the transport
setup, while the open boundary conditions (OBCs) were imposed
on the inner zBNNR[1 x 1 x 7]/zGNR[1 x 1 x 7] supercell
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reveals the creation of a longitudinal electric dipole at
the interface as well as the formation of localized states
at the termination of the graphene ribbon. Because of
their localized character, these states do not affect the
transport properties of the system. Eventually, the con-
ductance of the zZBN/GNR junction has been computed
for two experimentally relevant magnetic configura-
tions, revealing the potential of those systems for
spintronic applications. Owing to the half-metallic char-
acter of bare zigzag h-BN ribbons and the good coupling
ZzBNNR and zGNR edge states at the interface, ZBN/GNR
junctions act as passive spin filters. If realized in practice,
these junctions would enable a perfect filtering of the
spin transport simply by applying a magnetic field
sufficiently strong so as to favor the high-spin config-
uration of the h-BN and graphene ribbons. Attaching
both ends of the junction to ferromagnetic electrodes
would allow control of both the electrostatic potential
across the junction and the spin configuration of the
leads. As the magnitude of the low-energy transmission
probabilities is directly controlled by the magnetic
orientation of the leads, such setup could be used to
modulate the amplitude of the spin current.

corresponding to the interface. Note that, in this setup, the first
three ZBNNR unit cells and the last three ZGNR unit cells serve as
buffer layers in order to allow the efficient solving of Poisson's
equation in reciprocal space. OBCs were treated by means
of contact self-energy operators derived from the one-particle
Hamiltonian computed at the DFT level as implemented in the
TRANSIESTA code® In order to update self-consistently the
Hamiltonian and electronic density of the interface, the retarded
Green's function of the system has been integrated in the complex
energy plane along a standard contour enclosing six poles of the
Fermi—Dirac distribution function and using, respectively, 11 and
40 integration points for the line and circle segments.> The out-of-
equilibrium density matrix has been derived from the Green's
function by using 48 integration points along the real energy
axis. The LDOS represented in Figure 4b,c have been computed
as p(rE) = (1/aA)*IM[G'(r,r,E) — (G'(rrE + AE) + G'(rrE — AR)/2]
with AE = 20 meV. This procedure was required in order to
isolate the contribution of the peaks from the contribution
of the edge states. The energy-normalized transmission eigen-
channels represented in Figure 5c,d have been computed
directly from the retarded Green's function as prescribed by
Paulsson et al.’
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