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Supporting Note S1: Details of ab initio calculations

Our ab initio calculations are based on density-functional theory,®! as implemented in
the SIESTA package.®? We adopt the gradient-corrected approximation to the exchange-
correlation functional proposed by Perdew, Burke, and Ernzerhof®3 but have explicitly
verified that our results are robust with respect to the choice of the functional, with the
exception of the simplest local-density approximation; see Supporting Note S2. The Kohn-
Sham valence orbitals are expanded in a linear combination of atom-centered basis functions
at the single-( plus single polarization level. Atomic nuclei and core electrons are represented
by norm-conserving pseudopotentials generated according to the Troullier-Martins scheme.5
We use a mesh cutoff of 300 Ry for all calculations except for the Bader charge analysis,> for
which this value is increased to 500 Ry. The lattice constant of ZGNR /BN heterojunctions
is constrained to that of hexagonal boron nitride, 2.51 A. Throughout our work, our models
consist of orthorhombic supercells of size a = 86.92 A, b = 2.51 A, and ¢ = 20.00 A for the
ZGNR/hBN heterojunctions and a = 86.92 A, b =246 A, and ¢ = 20.00 A for hydrogen-
terminated ZGNRs. The integration over the Brillouin zone is carried out using a grid of
1x15x 1 k-points for all calculations but the density of states, for which the grid is increased
by a factor of eighty in each periodic direction. The atomic structure is relaxed at charge
neutrality until the maximum force component on each atom is lower in magnitude than 0.02
eV/A. The structural models of ZGNR/hBN heterojunctions adopted in our ab initio cal-
culations ensure a large lateral distance between periodic replicas. For example, in the case
of a ZGNR of width w = 1.4 nm (i.e., the representative width discussed in the main text)
embedded in hBN, such distance is 73 A. Because of the large spatial separation between
adjacent nanoribbons, each ZGNR can be considered isolated in the hBN sheet. Hence, our
models closely resemble the experimental situation where graphene nanoribbons are grown
in two-dimensional hexagonal boron nitride.>%>” Qur approach differ from previous works,
where ZGNR/hBN heterojunctions were described as, e.g., periodically repeated, alternated
strips of ABN and ZGNR®¥ 510 or 3 single interface in a hybrid kBN /ZGNR nanoribbon.5H
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Supporting Note S2: Exchange-correlation density functionals
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Band structure of a zigzag graphene nanoribbon of width w = 1.4 nm embedded in hexag-
onal boron nitride, as obtained at the density-functional theory level for different exchange-
correlation functionals, i.e., LDA /82813 pPBE 83 royPBE 514 BLYP 815817 pywo1 S18 and

WC .5 Red and blue lines denote a- and f(-spin contributions, respectively. Energies are
referenced to the Fermi level (Ep).
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Supporting Note S3: Lattice strain in ZGNR /hBN heterojunctions
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Electronic band structure of a zigzag graphene nanoribbon of width w = 1.4 nm embedded
into hexagonal boron nitride of different for different values of lattice constant (a). Red and
blue lines denote o~ and (-spin contributions, respectively. Energies are referenced to the
Fermi level (Fg). The half-semimetallic phase is found to be robust with respect to the
application of a moderate lattice strain.
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Supporting Note S4: Structural disorder in ZGNR /hABN heterojunc-
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(a) Atomic structure of ZGNRs of width w = 1.6 nm hosting a pair of dislocation-type de-
fectsS20 of increasing density ; also superimposed is the spin density, as obtained from the
mean-field Hubbard model (MFHM) calculations, where red and blue circles indicate magne-
tization of opposite orientation. (b) Corresponding spin-resolved density of states. Red and
blue lines denote a- and f(-spin contributions, respectively. Energies are referenced to the
Fermi level (Fr). To emulate the effect of ABN surrounding the ZGNR in the ZGNR/hBN
heterojunction, the edge potentials in the MFHM are set to ¢; = 0.45¢ and e; = —0.45¢.
Depending on the density of defects #, a non-magnetic semiconducting (6 = 0.76 nm~1), fer-
rimagnetic metallic (§ = 0.43 nm™'), or ferrimagnetic half-metallic (f = 0.23 nm™!) phase
emerges in the ZGNR/hBN heterojunction.
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Supporting Note S5: Density of states of ZGNR/hABN heterojunc-

tions
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Total electronic density of states (p) of hydrogen-terminated ZGNR (left panels) and
ZGNR/hBN heterojunction (right panels) of width w = 1.4 nm, as obtained from density-
functional theory (top panels) and mean-field Hubbard model (bottom panels). The value
of electron-electron repulsion in the MFHM is set to U = ¢, where ¢ is the nearest-neighbor
hopping integral, and the potentials on the edges of the ZGNR embedded in hABN are
€p = —€es = 0.2t. Red and blue lines denote a- and [-spin contributions, respectively.
Energies are referenced to the Fermi level (Er).
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Supporting Note S6: Crystallographic orientation of ZGNR/hBN
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(a) Atomic structure of a zigzag graphene nanoribbon (ZGNR) of width w = 1.4 nm con-
nected to two sheets of hexagonal boron nitride of different orientation. Left and right panels
show the two different cases in which the edges of the ZGNR are both terminated with ei-
ther B or N atoms. Red, blue, and black spheres denote boron, nitrogen, and carbon atoms,
respectively. (b) Electronic band structure of the B- and N-terminated ZGNR, calculated
using density-functional theory (DFT) and mean-field Hubbard model (MFHM). In DFT
calculations, hydrogen-terminated finite-size models have been adopted. In the MFHM cal-
culations, the value of electron-electron repulsion in the MFHM is set to U = ¢, where t is the
nearest-neighbor hopping integral; the edge potentials for B-terminated ZGNRs are set to
€1 = 0.45t and €5 = 0.45¢, whereas N-terminated ZGNRs have ¢; = —0.45t and e5 = —0.45¢.
Red and blue lines denote a- and [-spin contributions, respectively. Energies are referenced
to the Fermi level (Er).
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Supporting Note S7: Band structure of armchair GNR /hBN hetero-

junctions
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(a) Atomic structure of an armchair graphene nanoribbon (AGNR) of width w = 1.4 nm
embedded in hexagonal boron nitride. Red, blue, and black spheres denote boron, nitrogen,
and carbon atoms, respectively. (b) Electronic band structure of the AGNR embdedded
in ABN, calculated using density-functional theory (DFT) and mean-field Hubbard model
(MFHM). In the MFHM calculations, the value of electron-electron repulsion in the MFHM
is set to U = t, where t is the nearest-neighbor hopping integral; the potentials on carbon
atoms terminated by B atoms are set to ¢ = 0.2, whereas the potentials on N-terminated
carbon atoms are set to ¢ = —0.2¢t. Red and blue lines denote a- and (-spin contributions,
respectively. Energies are referenced to the Fermi level (Ef).
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Supporting Note S8: Details of mean-field Hubbard model calcula-

tions

The mean-field Hubbard Hamiltonian given in Eq. (1) in the main text is solved self-
consistently. To that end, we begin by considering ¢; = 0 and initializing the electron
density (7;,) such that the spins residing at the different edges of the nanoribbon have an
antiparallel orientation. We solve the Hamiltonian iteratively to obtain the converged elec-
tron densities (7; ,). Next, we introduce the on-site potentials ¢; as a first-order perturbation
to the energies of electronic states. This is possible even when the energy bands cross at the
Fermi level due to the localization of the corresponding states at the opposite edges of the
nanoribbon, which results in vanishing matrix elements coupling these bands. Finally, we
re-calculate the electron densities (7, ), which may have changed due to the crossing of en-
ergy bands at the Fermi level, and perform a final diagonalization of the model Hamiltonian.
Although we set U/t = 1, as detailed in the main text, we have additionally investigated the

interplay between the model parameters U/t and €; see Supporting Note S5.
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Supporting Note S9: U/t parameters of the mean-field Hubbard

model
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Band structure of a zigzag graphene nanoribbon of width w = 1.4 nm embedded in hexagonal
boron nitride, as obtained using the mean-field Hubbard model Hamiltonian described in the
main text, for increasing values of electron-electron repulsion U and potentials on the two
edges set to €, = —ey = €. All parameters are expressed in units of the nearest-neighbor
hopping integral t. The highlighted case with U = ¢ and ¢ = 0.2¢ corresponds to the
choice of parameters adopted in the main text. Red and blue colors denote a- and [-spin
contributions, respectively. Energies are referenced to the Fermi level (Ff).
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Supporting Note S10: Hopping parameters in the mean-field Hub-

bard model
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Band structure of a zigzag graphene nanoribbon of width w = 1.4 nm embedded in hexag-
onal boron nitride, as obtained using the mean-field Hubbard model Hamiltonian, either
(a) accounting only for the nearest-neighbor hopping interaction —t¢ or (b) including second
and third nearest-neighbor hopping interactions t; = 0.05¢ and t3 = —0.10¢. Such hopping
parameters have been previously derived from Wannierization of ab initio electronic struc-
ture.S2 The value of electron-electron repulsion is set to U = ¢ and the potentials on the two
edges are set to e, = —ey = 0.2¢. All parameters are expressed using the absolute value of the
first nearest-neighbor hopping integral ¢. Red and blue colors denote a- and S-spin contri-
butions, respectively. Energies are referenced to the Fermi level (Er). The half-semimetallic
phase is found to be robust against long-range hopping interactions.
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Supporting Note S11: Phase diagram from mean-field Hubbard model
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Global electronic phase diagram of ZGNR of width w = 1.4 nm as a function of on-site
potentials (e; and €;) on the edges, as obtained from the mean-field Hubbard model Hamil-
tonian. Red, blue, and yellow shaded areas indicate semiconducting, half-metallic, and
metallic phases, respectively. Note that Figure 3(b) in the main text corresponds to the
bottom right quadrant of this extended phase diagram.
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Supporting Note S12: Edge effects in ZGNR /hBN heterojunctions
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(a) Atomic structure of a zigzag graphene nanoribbon (ZGNR) of width w = 1.4 nm con-
nected to hexagonal boron nitride on one edge and terminated with hydrogen atoms on
the other edge.S!' Left and right panels show two different cases in which the edge of the
ZGNR is terminated with either B or N atoms. Red, blue, black, and white spheres denote
boron, nitrogen, carbon, and hydrogen atoms, respectively. (b) Electronic band structure
of the B- and N-terminated ZGNR, calculated using density-functional theory (DFT) and
mean-field Hubbard model (MFHM). The value of electron-electron repulsion in the MFHM
is set to U = t, where t is the nearest-neighbor hopping integral; the edge potentials for
B-terminated ZGNRs are set to ¢, = 0.2t and ¢, = 0, whereas N-terminated ZGNRs have
€1 = 0 and e = —0.2t. Red and blue lines denote a- and (-spin contributions, respectively.
Energies are referenced to the Fermi level (EF).
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Supporting Note S13: Charge doping in hydrogen-terminated ZGNRs
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(a) Magnetic moments (M) localized at the edges of a hydrogen-terminated zigzag graphene
nanoribbon (ZGNR) of width w = 1.4 nm as a function of the excess charge (¢). (b)
Band structure of doped, hydrogen-terminated ZGNR for different values of q. The data is
obtained using density functional theory calculations. Red and blue colors denote a- and
[-spin contributions, respectively. Energies are referenced to the Fermi level (Ep).
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