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understanding of ZGNR/hBN heterojunctions and their
possible use in ultrathin nanocircuitry.

Here, we bridge this gap by considering the effect of
symmetric termination of the zigzag edges of the nanoribbon
on the electronic structure of the ZGNR/hBN heterojunctions.
By combining density functional theory and model Hamil-
tonian calculations, we demonstrate the emergence of one-
dimensional magnetic conducting channels at the interfaces.
We further study the response of these heterojunctions to
external electric and magnetic fields, revealing a significant
tunability of the electronic structure in terms of energy, spin,
and momentum splittings. We point out similarities and
differences with the well-studied asymmetric termination of the
nanoribbon. Overall, our findings provide a comprehensive
view of the electronic structure of the ZGNR/hBN lateral
heterojunctions from a theoretical perspective.

Our ab initio calculations are based on spin-polarized density
functional theory,41 adopting the generalized gradient approx-
imation to the exchange-correlation functional proposed by
Perdew, Burke, and Ernzerhof,42 as implemented in the
SIESTA package.43 Our computational models consist of
one-dimensional graphene nanoribbons embedded in mirror-
symmetric patches of hexagonal boron nitride. This ensures
that the edges of the ZGNR are terminated by the same
chemical species of the surrounding hBN. Further technical
details of the ab initio methodology are provided in Notes S1
and S2 in the Supporting Information. Depending on the
chemical environment of the carbon atoms at the edges of the
ZGNR embedded in hBN, we distinguish three types of
heterojunctions: (i) type-I, in which both nanoribbon edges
are terminated by boron atoms, (ii) type-II, in which both
edges are terminated by nitrogen atoms, and (iii) type-III, in

which one edge is terminated by boron atoms while the
opposite edge is terminated by nitrogen atoms. The atomic
structures of type-I and type-II heterojunctions are shown in
Figure 1a,b, respectively, whereas a representative type-III
heterojunction is shown in Note S3 in the Supporting
Information.

We begin our ab initio investigation by examining a set of
representative heterojunctions comprising zigzag graphene
nanoribbons with a width of 1.4 nm. Of the three
heterojunctions considered, type-I is the most stable one,
lying 0.17 and 0.31 eV/Å per interface lower in energy than
type-II and type-III heterojunctions, respectively, when the
same stoichiometry is considered. Regardless of the edge
termination, the incorporation of ZGNRs into hBN preserves
the π-electron magnetism. This results in a pair of one-
dimensional arrays of magnetic moments, each of them of
magnitude 0.23 μB per edge carbon atom, which are selectively
localized at the interfaces between ZGNRs and the
surrounding hBN matrix, as displayed in the insets of Figure
1c.

The chemical environment in the vicinity of the edges of the
ZGNR in the heterojunction strongly affects the relative
stability between the ferromagnetic (i.e., parallel alignment of
magnetic moments across the nanoribbon) and antiferromag-
netic (i.e., antiparallel alignment of magnetic moments)
configurations. On the one hand, in type-I and type-II
heterojunctions, the ferromagnetic phase is more stable than
the antiferromagnetic phase by 3.2 and 4.0 meV per unit cell,
respectively. On the other hand, in the type-III heterojunction,
the antiferromagnetic phase is more stable than the
ferromagnetic phase by 2.4 meV per unit cell, qualitatively

Figure 1. Electronic structure of ZGNR/hBN heterojunctions from ab initio calculations. (a) Atomic structure of a type-I heterojunction, where the
ZGNR embedded in hBN is terminated at both edges by boron atoms. (b) Atomic structure of a type-II heterojunction, where the ZGNR
embedded in hBN is terminated at both edges by nitrogen atoms. In (a) and (b), black, red, and blue circles denote carbon, boron, and nitrogen
atoms, respectively. (c) Spin-resolved electronic band structures of a type-I heterojunction for a representative ZGNR of width 1.4 nm shown in (a)
in the ferromagnetic (FM) and antiferromagnetic (AFM) phase. The insets show the spin density in the FM and AFM phases, where α-spin and β-
spin contributions are shown as red and blue isosurfaces, respectively. (d) Spin-resolved electronic band structures of a type-II heterojunction for a
representative ZGNR of width 1.4 shown in (b) in the ferromagnetic (FM) and antiferromagnetic (AFM) phases. In (c) and (d), α-spin and β-spin
electronic bands are indicated as red and blue lines, respectively, and energies are referenced to the Fermi level.
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similar to hydrogen-terminated zigzag graphene nanoribbons
where this value is 3.6 meV.38

In Figure 1c, we present the spin-resolved electronic band
structure of type-I and type-II heterojunctions in the
ferromagnetic and antiferromagnetic phases. The correspond-
ing results for the nonmagnetic phase are given in Note S4 in
the Supporting Information. On the one hand, ferromagnetic
heterojunctions exhibit metallic character. On the other hand,
antiferromagnetic heterojunctions exhibit semimetallic charac-
ter, in which the valence and conduction bands touch the
Fermi level at different points in the Brillouin zone. These
electronic and magnetic properties are quite insensitive to
charge doping that may originate from, e.g., the underlying
substrate, as we discuss in Notes S5 and S6 in the Supporting
Information. Our findings thus indicate that, upon incorpo-
ration into these heterojunctions, zigzag graphene nanoribbons
act as one-dimensional magnetic and conducting channels
across the layer of hexagonal boron nitride in which they are
embedded. This is surprising since both ZGNRs and hBN are
insulating in their freestanding form. The acquired (semi)-
metallicity is present at all widths of the embedded ZGNR, as
shown in Notes S7 and S8 in the Supporting Information, in
agreement with recent charge transport measurements
performed on these heterojunctions, in which signatures of
nonzero magnetic conductance at the Fermi level have been
detected7 in wide ZGNR embedded in hBN. The (semi)-
metallic character of these heterojunctions is different from

type-III heterojunctions, which possess a vanishing density of
states at the Fermi level and a Dirac half-semimetallic character
where the insulating behavior in one spin orientation is
accompanied by a Dirac semimetallic behavior in the other, as
discussed in both Note S3 in the Supporting Information and
prior studies.35−38 In Note S9 in the Supporting Information,
we present the local density of states, proportional to the STM
signal, of these heterojunctions, which is found to be localized
along the edges of the embedded nanoribbon and to reach its
maximum at the ZGNR/hBN interfaces. We thus suggest that
STM imaging can effectively differentiate between pristine
regions of hBN and those hosting ZGNRs and can be used to
precisely quantify the width of the embedded ZGNR.

We determine the charge transfer that takes place at the
interfaces between ZGNR and hBN in the heterojunctions
through a Bader analysis.44 In type-I heterojunctions, the
carbon atoms at the zigzag edges gain a negative charge of
−0.96|e| from boron atoms, while in type-II heterojunctions
they gain a positive charge of 0.95|e| from donating electrons to
nitrogen atoms, in line with the difference in electronegativity
between these chemical elements. The charge transfer is
strictly localized at the edges of the ZGNR, with vanishing net
atomic charges being found already at the carbon atoms that
are the second nearest neighbor of the interface sites.

The unipolar charge transfer between hBN and the ZGNR is
responsible for the development of the one-dimensional
metallic channels and the mirror-symmetric band structures

Figure 2. Mechanism underlying the metallicity of ZGNR/hBN heterojunctions. (a) Electronic density of states ρ projected on the zigzag carbon
atoms of the left (L-) and right (R-) edge of ZGNR in the ferromagnetic (FM) phase of a type-I ZGNR/hBN heterojunction (left panel), free-
standing hydrogen-terminated ZGNR (central panel), and type-II ZGNR/hBN heterojunction (right panel). b, Electronic density of states
projected on the zigzag carbon atoms of the left (L) and right (R) edges of ZGNR in the antiferromagnetic (AFM) phase of a type-I ZGNR/hBN
heterojunction (left panel), freestanding ZGNR (central panel), and type-II ZGNR/hBN heterojunction (right panel). The charge transfer induced
from the boron (carbon) atom to the carbon (nitrogen) atom in type-I (type-II) heterojunctions is indicated by black arrows. α-spin and β-spin
electronic bands are indicated as red and blue lines, respectively, and energies are referenced to the Fermi level. The divergence of the electronic
density of states at the Fermi level (ρ ∝ 1/√E) stems from the one-dimensional nature of the parabolic bands (E ∝ k2); cf. Figure 1c,d.
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of type-I and type-II heterojunctions with respect to the Fermi
level (cf. Figure 1). The underlying mechanism is outlined in
Figure 2. In freestanding ZGNRs, each of the two edges hosts a
pair of localized electronic states that, upon incorporation in
hBN, are subject to a shift in energy. In type-I heterojunctions,
the negative charge residing at the interface carbon atoms
induces an upward energy shift, whereas in type-II hetero-
junctions the positive charge induces a downward energy shift.
In both cases, the shift promotes the formation of a metallic
phase. A closely related mechanism is operative in type-III
heterojunctions38 as well as in freestanding ZGNRs under
transverse external24 and built-in electric fields.45 The main
difference in those cases is that the energy shift of the two pairs
of edge states occurs in opposite directions due to the
ambipolar charge transfer at the interfaces, which results from
the different chemical terminations of the edge carbon atoms.

On the basis of this ab initio analysis of the interfacial charge
transfer, we propose a simple model to capture the essential
features of the electronic structure of these heterojunctions.
Similar to previous works,38,46,47 our model relies on the mean-
field Hubbard Hamiltonian and is restricted to the pz-electrons
of the ZGNR, without explicitly accounting for hBN

= [ + ] +

+ [ + ]

† †t c c c c

U n n n n

hc
i j

i j
i

i i i

i
i i i i

, , ,

(1)

where cîσ (cîσ
† ) is the annihilation (creation) operator for a pz-

electron with spin σ at lattice site i (hc denotes the hermitian
conjugate), t is the hopping amplitude between nearest-
neighboring lattice sites i and j, ϵi is the on-site potential acting
on lattice site i, n̂iσ = cîσ

† cîσ is the spin density at lattice site i,
and U is the strength of the on-site Coulomb repulsion
between a pair of pz-electrons located at the same lattice site.

Following earlier ab initio calculations48 and experimentally
inferred values obtained in sp2-hybridized carbon chains,49 we
set U = t = 2.75 eV and use ϵi to control the interfacial charge
transfer, as we describe below. Further details of the solution of
this mean-field Hubbard model are provided in Note S10 in
the Supporting Information.

Using the Hamiltonian defined in eq 1, we model the charge
transfer occurring at the interfaces between ZGNR and hBN in
the actual heterojunctions by setting the on-site potential at the
edge lattice sites to ϵ1 > 0 in type-I heterojunctions and ϵ2 < 0
in type-II heterojunctions, while ϵi = 0 at all other sites. Our
lattice models are depicted in Figure 3a,b. In Figure 3c,d, we
present the resulting electronic band structures for the
ferromagnetic and antiferromagnetic phases. Despite its
simplicity, this mean-field Hubbard model provides band
structures in excellent agreement with the ab initio results
presented in Figure 1c,d. Hence, the model allows us to
conclude that the main effect of hexagonal boron nitride on the
embedded graphene nanoribbons is charge transfer at the
interfaces and accompanying energy shift of the localized edge
states. More importantly, it offers an intuitive yet accurate
account of the electronic structures of these heterojunctions.
The model also describes the effect of the width of the
embedded nanoribbon on the band structure of type-I and
type-II heterojunctions, as seen in Note S11 in the Supporting
Information, and the Dirac half-semimetallicity of type-III
heterojunctions, as discussed in an earlier work.38

Next, we investigate the response of type-I and type-II
heterojunctions to external fields, which is a critical issue for
device integration and operation. Through ab initio calcu-
lations, we consider in-plane electric fields transverse to the
periodic direction of the nanoribbon, as schematically
illustrated in Figure 4a,e, and of strength within the
experimentally accessible range. We do not observe any
changes in either the relative stability of the magnetic phases or

Figure 3. Electronic structure of ZGNR/hBN heterojunctions from mean-field Hubbard model calculations. (a) Lattice model of a type-I
heterojunction, where the edge sites experience positive on-site energies ϵ1 = |ϵ|. (b) Lattice model of a type-II heterojunction, where the edge sites
experience negative on-site energies ϵ2 = −|ϵ|. In (a) and (c), the edge lattice sites that experience positive and negative on-site energies are denoted
as red and blue circles, respectively. (c) Spin-resolved electronic band structures of a type-I heterojunction for a representative ZGNR of width 1.4
nm shown in (a) in the ferromagnetic (FM) and antiferromagnetic (AFM) phase. (d) Spin-resolved electronic band structures of a type-II
heterojunction for a representative ZGNR of width 1.4 nm shown in (b) in the ferromagnetic (FM) and antiferromagnetic (AFM) phase. In (b)
and (d) α-spin and β-spin electronic bands are indicated as red and blue lines, respectively, and energies are referenced to the Fermi level. The
absolute value of the on-site potential at the edges is set to |ϵ| = 0.374t (t = 2.75 eV), as determined by fitting the ab initio band structures.
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magnetic moments at the interfaces upon application of the
electric field. The resulting band structures in the ferromag-
netic and antiferromagnetic phases under a representative
transverse electric field of 1 V/nm are shown in Figure 4b,f.
The evolution of the band structures with increasing strength
of the electric field is presented in Note S12 in the Supporting
Information. We identify two main effects. First, the electric
field shifts the bands originating from hBN closer to the Fermi
level. Second, the field-induced symmetry breaking lifts the
degeneracy of the bands at the center of the Brillouin zone, as
shown in Figure 4c,g. Depending on whether the ferromag-
netic or antiferromagnetic phase is considered, an energy
splitting occurs between pairs of bands possessing the same or
opposite spin orientation, respectively. This effect is quantified
in Figure 4d,h, where we show that the magnitude of these

splittings increases approximately linearly with the strength of
the electric field. Such a field effect is of particular interest in
the metastable antiferromagnetic phase, where a spin-
degenerate to spin-split transition occurs. This, in turn, leads
to a reversible, electrically controlled spin-polarization of the
charge carriers in the vicinity of the Fermi level.

We can examine the effect of an external out-of-plane
magnetic field on ZGNR/hBN heterojunctions using the
mean-field Hubbard model of eq 1. We orient the vector
potential of the magnetic field parallel to the periodic direction
of the nanoribbon by fixing the gauge as A⃗ = (0, Bx, 0), where
B is the strength of the magnetic field. Since the vector
potential is not dependent on the periodic coordinate y, the
Bloch theorem is preserved and thus we are not restricted to
values of B that ensure an integer number of magnetic flux

Figure 4. Response of ZGNR/hBN heterojunctions to an external electric field from ab initio calculations. (a) Illustration of the application of a
transverse external electric field F to type-I heterojunctions. (b) Spin-resolved electronic band structures of a type-I heterojunction for a
representative ZGNR of width 1.4 nm in the ferromagnetic (FM) and antiferromagnetic (AFM) phases at F = 1 V/nm. (c) Illustration of the
energy and spin splittings in the vicinity of the conduction band (CB) and valence band (VB) at the X point of the Brillouin zone induced by the
electric field (cf. black circles in (b)) in the ferromagnetic (FM) and antiferromagnetic (AFM) phases for type-I heterojunctions. (d) Evolution of
the energy splitting Δ as a function of the field F for the conduction band (CB) and valence band (VB) in the ferromagnetic (FM) and
antiferromagnetic (AFM) phases for a type-I heterojunction. (e) Illustration of the application of a transverse external electric field F to type-II
heterojunctions. (f) Spin-resolved electronic band structures of a type-II heterojunction for a representative ZGNR of width 1.4 nm in the
ferromagnetic (FM) and antiferromagnetic (AFM) phases at F = 1 V/nm. (g) Illustration of the energy and spin splittings in the vicinity of the
conduction band (CB) and valence band (VB) at the X point of the Brillouin zone induced by the electric field (cf. black circles in (f)) in the
ferromagnetic (FM) and antiferromagnetic (AFM) phases for type-II heterojunctions. (h) Evolution of the energy splitting Δ, in units of a/π where
a is the lattice constant of the ZGNR, as a function of the field F for the conduction band (CB) and valence band (VB) in the ferromagnetic (FM)
and antiferromagnetic (AFM) phases for a for type-II heterojunction. In (b) and (f), α-spin and β-spin electronic bands are indicated as red and
blue lines, respectively, and energies are referenced to the Fermi level.
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quanta per unit cell. As is customary, we describe the magnetic
field through Peierls substitution. We represent the modified
hopping between pairs of lattice sites i and j as tij = teiφij, where

=
| |e

A rdij (2)

and the integration is performed along the path connecting
lattice sites i and j. In the chosen gauge, this gives

=
+B x x

y y
2

2
( )ij

i j

j i
0 (3)

with ϕ0 being the magnetic flux quantum while xi and yi are the
Cartesian coordinates of lattice site i. The magnetic field
introduces complex phases into the hopping integrals, breaking
the time-reversal symmetry of the mean-field Hubbard
Hamiltonian, which remains hermitian with real eigenvalues
since φij = −φji. In Figure 5a, we show the band structures of
type-I and type-II heterojunctions with and without an external
magnetic field. We consider a relatively wide graphene
nanoribbon (20 nm) to emphasize the effect of the magnetic
field on the band structure. Analogous effects are observed
irrespective of the width of the embedded nanoribbon, as we
show in Note S13 in the Supporting Information. Unlike the
electric field, which lifts the energy degeneracy of the edge
states, the magnetic field lifts the momentum degeneracy, as
schematically shown in Figure 5b. In Figure 5c, we quantify the
resulting field-induced splitting, which is found to increase
linearly with both the intensity of the magnetic field and the
width of the ZGNR embedded in hBN.

In summary, motivated by their recent experimental
realization, we investigated lateral heterojunctions of zigzag
graphene nanoribbons embedded in hexagonal boron nitride.
Through a combination of ab initio and model Hamiltonian

calculations, we have focused on the hitherto unexplored
symmetric configurations of the interfaces, in which both edges
of the nanoribbon are terminated by the same chemical
species, either boron or nitrogen atoms. We predicted the
formation of width-independent magnetic conduction channels
across insulating hexagonal boron nitride. The origin of the
metallic behavior is traced back to the unipolar charge transfer
at the interfaces between the nanoribbon and hexagonal boron
nitride and the ensuing energy shift of the states residing at the
edge carbon atoms. We additionally examined the response of
these heterojunctions to external electric and magnetic fields,
which can provide a certain degree of tunability of the energy,
spin, and momentum splittings in the band structure. Our
work establishes that zigzag graphene nanoribbon/hexagonal
boron nitride heterojunctions are an interesting platform to
explore and manipulate spin transport in the ultimate limit of
miniaturization, with potential implications for spintronics and
related quantum technologies.
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