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Origin of the half-metallic properties of graphitic carbon
nitride in bulk and confined formsf

Yang Li,2 Stefano Sanvito® and Shimin Hou*?

The electronic and magnetic properties of graphitic carbon nitride (g-C4Ns) in both its bulk and confined
form are investigated by using density functional theory. Our calculations show that the 2p, orbital of the
carbon atoms connecting the sym-triazine structure units plays a decisive role in the half-metallic
character of these materials. In the bulk two-dimensional (2D) case, the 2p, orbital of the connecting
carbon atom couples weakly with the frontier molecular orbitals of the sym-triazine ring due to symmetry
mismatch and a large energy separation. As a consequence a narrow energy band is formed near the
Fermi level. This spin splits in virtue of the Stoner criterion and thereby gives rise to spin polarization in
the (1 x 1) primitive cell. Such a magnetic state is not destroyed by a (2 x 2) reconstruction, which further
enhances the half-metallic character of the 2D g-C4Ns sheet. When the dimension is reduced, size and
edge effects become dominant. Both zigzag and armchair one-dimensional g-C4N5 nanoribbons with H-
terminated edges preserve the half-metallicity, at least down to a critical ribbon width. Furthermore, the
electronic and magnetic properties of these g-C4N3 nanoribbons can be tuned by controlling the m-type
coupling between the passivating functional groups and the 2p, orbital of the connecting carbon atoms
at the ribbon edges, demonstrating that g-C4N3 may be an interesting material platform for applications

www.rsc.org/MaterialsC in future spintronic devices.

1 Introduction

Half-metallic magnets, which display a metallic density of states
(DOS) for one spin component but are insulating or semicon-
ducting for the other, have promising applications in spintronic
devices as spin filters and spin injectors."* Thus, much research
effort has been devoted to the search for novel materials with
robust half-metallic properties. When compared to transition-
metal-containing compounds, such as manganese perovskites,?
Heusler alloys* and dilute magnetic semiconductors,” half-
metallic graphene-based materials appear more attractive
because of the long spin coherence length in carbon and their
compatibility with the maturing graphene technological area.®”
Although a half-metallic DOS has been predicted for zigzag
graphene nanoribbons in the presence of an electric field or
when their edges are modified by appropriate organic func-
tional groups,®® the prohibitively large electric field and the fine
control of the positions of functional groups make the experi-
mental synthesis of these materials highly improbable.
Recently one intriguing functional carbon material with an
extended framework has been synthesized by trimerization of a
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nitrile-containing anion." This can be considered as a sym-
triazine structural unit connected by carbon atoms. Such a new
type of two-dimensional (2D) graphitic carbon nitride (g-C4N3)
material has been predicted to possess an intrinsic half-metal-
licity by first-principles calculations.” It was found that the
ground state of the primitive (1 x 1) g-C,N; cell is spin-polar-
ized with a magnetic moment of 1 pg per unit cell and that the
(2 x 2) reconstruction further enhances its half-metallic char-
acteristics. Clearly, the magnetism of g-C,N; does not originate
from d or f electrons, thus it is quite interesting to explore what
is the driving force for the occurrence of spin polarization in
this sp-material.

Furthermore, for practical applications this functional
material must be cut into ribbons, where finite-size effects and
edge related features might dominate the low energy electronic
structure and significantly influence the half-metallicity.
Therefore, in order to address these important issues we
perform density functional theory (DFT) calculations for the g-
C,N; 2D sheet, one-dimensional (1D) nanoribbons and zero-
dimensional (0D) nanodots. Our calculations show that the 2p,
orbital of the connecting carbon atoms plays an important role
in the half-metallic characteristics. In the case of 2D g-C,Nj,
such 2p, orbital forms a narrow energy band due to its weak
coupling to the frontier molecular orbitals of the sym-triazine
ring and thus results in a high DOS near the Fermi level. This is
electronically unstable and results in a spin polarization of the
(1 x 1) primitive cell, according to the Stoner criterion, which is
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enhanced by the (2 x 2) reconstruction. In contrast, for 1D g-
C,N; nanoribbons we find that in order to maintain the half-
metallicity not only must the ribbon widths be larger than a
critical value (about 2 nm for zigzag and about 3 nm for
armchair nanoribbons), but also 7-type perturbations of the 2p,
orbital of the connecting carbon atom at the ribbon edges
should be avoided.

2 Calculation method

For the calculation of the electronic properties of bulk 2D g-
C,N; and 1D g-C,N; nanoribbons, the SIESTA package is
adopted."” We consider improved Troullier-Martins pseudopo-
tentials to describe the core electrons while a numerical basis
set of double-{ polarized quality expands the wave functions of
the valence electrons.'® The generalized gradient approximation
(GGA) in the Perdew-Burke-Ernzerhof (PBE) form is used to
account for electron—electron interactions.” Geometry optimi-
zation is obtained by conjugate gradient relaxation until the
forces are smaller than 0.02 eV A%, In order to model isolated
2D g-C4N; sheets and 1D g-C,N; nanoribbons, the perpendic-
ular distance between the neighboring g-C,Nj; cells is set to be
30 A. For 1D g-C,N; nanoribbons an additional vacuum layer 18
A thick is also inserted in the in-plane direction. In contrast, for
the calculation of the isolated sym-triazine molecule and for 0D
2-C4N; nanodots the GAUSSIAN 03 code is employed.” The
GGA-PBE functional is also used together with an all-electron 6-
311+G(d,p) basis set.*®

3 Results and discussion
sym-Triazine molecule in the gas phase

Since the sym-triazine unit is the basic building block for g-C4N;
materials, we investigate first the atomic and electronic struc-
tures of an isolated sym-triazine molecule. As shown in Fig. 1(a),
at the PBEPBE/6-311+G(d,p) level sym-triazine in the gas phase is
optimized to be a planar six-member ring with a C-N bond length
of 1.343 A, in good agreement with the experimental value (1.338
A).” similar results are also obtained using SIESTA, and the
differences in the calculated C-N and C-H bond lengths between
these two methods are less than 0.01 A, confirming the appro-
priateness of the pseudopotentials and basis functions for the C,
N and H atoms built for this work. Although the atomic structure
of sym-triazine is very similar to that of benzene, their
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Fig. 1 Optimized atomic structures of the isolated sym-triazine molecule and
various 0D g-C4N3 nanodots.
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corresponding electronic structures are significantly different,
especially concerning the occupied molecular orbitals (see ESI
Fig. S171). It is well-known that the highest occupied molecular
orbital (HOMO) of benzene is a doubly degenerate 7t-type orbital
composed of the carbon 2p, atomic orbital. In contrast, due to
the large difference between the electronegativities of C and N,
the sym-triazine HOMO is a doubly degenerate orbital of o-type
symmetry and is dominated by the nitrogen sp> hybrid orbitals
accommodating their lone pairs. In this case the doubly degen-
erate T-type orbital with the same symmetry as the benzene
HOMO is shifted downward in energy and becomes the sym-
triazine HOMO — 1. When the unoccupied molecular orbitals are
considered, the difference between sym-triazine and benzene is
not so evident since both have a doubly degenerate t-type lowest
unoccupied molecular orbital (LUMO) with the same symmetry.
Finally, the HOMO-LUMO GGA-calculated gap of the sym-
triazine molecule is 3.82 eV, i.e. it is about 1.3 eV smaller than
that of benzene (5.08 eV) calculated at the same level.

0D g-C,N; nanodots

Then we move to investigate the atomic and electronic struc-
tures of g-C,N; nanodots, which are composed of sym-triazine
rings connected by carbon atoms. In the three g-C,N; nanodots
investigated here (Fig. 1), the sym-triazine rings are arranged in
a triangle configuration, and the numbers of sym-triazine rings
are respectively 3, 6 and 10, while the numbers of connecting C
are correspondingly 3, 7 and 12. Depending on their positions,
the connecting carbon atoms can be classified into two cate-
gories: (i) the C atoms at the periphery which are connected with
two sym-triazine rings and thus one hydrogen atom is employed
to passivate the remaining dangling bond and (ii) the C atoms
in the interior of the dot which are coordinated with three
neighboring sym-triazine rings and thus no dangling bonds
exist. At variance with the isolated sym-triazine molecule, which
has a spin-degenerate ground state, these three g-C,N; nano-
dots are all spin-polarized and their magnetic moments are
calculated to be 3.0 pg, 7.0 pug and 12.0 pg respectively, i.e. there
is 1.0 pp for each connecting carbon atom. Although the atoms
in these three g-C,N; nanodots are not located in the same
plane, the sp®> hybridization is maintained since the local
chemical structure of each atom is very close to the ideal sp>
case. For example, the bond angles of C(sym-triazine)-C(con-
necting)-C(sym-triazine) and C(sym-triazine)-C(connecting)-H
in the g-C,N; nanodot composed of three sym-triazine rings
(Fig. 1(b)) are optimized respectively to be 122.94° and 118.07°,
slightly different from the ideal value of 120°. Since the number
of unpaired electrons in these g-C,N; nanodots is just equal to
that of the connecting carbon atoms, we can infer that the
electronic and magnetic properties of g-C,N; nanodots are
dominated by the interaction among the 2p, electrons of the
connecting carbon atoms and that their spins prefer coupling
ferromagnetically in the ground state. A ferromagnetic coupling
between the spins of the 2p, electrons of the connecting carbon
atoms lowers the total energy of these g-C,N; nanodots, because
their orbital overlap is small and their exchange energy is
negative. This will become clearer in the following discussions

This journal is © The Royal Society of Chemistry 2013
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Table 1 The HOMO-LUMO gap of 0D g-C4N3 nanodots of different sizes

HOMO-LUMO HOMO-LUMO
Nanodots gap for o electrons (eV) gap for B electrons (eV)
sym-Triazine 3.82 3.82
Dot 1 2.90 0.36
Dot 2 2.76 0.28
Dot 3 2.70 0.20

about 2D bulk g-C,N3. As listed in Table 1, the HOMO-LUMO
gap is always very large for the o electrons (more than 2.5 eV),
but small for the B electrons (less than 0.4 eV). Here o and B
electrons refer to spin-up and spin-down electrons, respectively.
Following the increase of the dot size, the HOMO-LUMO gap for
the B electrons also decreases rather quickly. Thus, one can
expect that, when the nanodot is large enough, its HOMO-
LUMO gap for the B electrons will disappear while its HOMO-
LUMO gap for the a electrons will still keep a finite value.

2D bulk g-C,N;

Now we are ready to investigate the origin of spin polarization in
2D bulk g-C4N3. As shown in Fig. 2(a), when the calculation is
performed without allowing for spin polarization the primitive
(1 x 1) g-C4N; cell has a metallic ground state with three energy
bands crossing the Fermi level, Er. In particular, two of the
energy bands are narrow and generate a high DOS around Efp,
which is characterized by a sharp DOS peak centered at
—0.25 eV together with a small shoulder at a slightly higher
energy. This electronic structure suggests instability of the
primitive (1 x 1) g-C,N; cell against spin polarization, in virtue
of the Stoner criterion. Projecting the DOS onto the C and N
atomic orbitals shows that the sharp DOS peak at —0.25 €V is
mainly contributed by the 2p, orbitals of the connecting C and
the three N atoms in the sym-triazine ring and that the small
shoulder is dominated by the N 2p,, 2p, and 2s orbitals. These
latter orbitals also contribute to the flat DOS extending from
0.35 eV above Er to 2.72 eV below Er and correspond to the
dispersive energy band around the Fermi level. Such a low-
energy electronic structure is very different from that of gra-
phene in which the energy bands around the Fermi level are
entirely due to the carbon 2p, atomic orbital.

The peculiar non-spin-polarized electronic structure of the
primitive (1 x 1) g-C4N; cell can be rationalized by considering
the interaction between the sym-triazine ring and the connect-
ing C atom. Since the HOMO of the sym-triazine molecule is o-
type in nature, symmetry does not allow it to electronically
couple to the 2p, orbital of the connecting carbon atom. In
addition, although the HOMO — 1 and the LUMO of the sym-
triazine molecule are both 7-type, their coupling with the 2p,
orbital of the connecting carbon atom is rather weak due to the
large energy separation. Thus, the 2p, orbital of the connecting
carbon atom forms a very narrow energy band across Er and
favors spin-polarization. This is indeed the case and in fact the
total energy of the primitive (1 x 1) g-C,Nj; is lowered by about
96 meV, when spin-polarization is allowed in the calculation. It
should be noted that the energy bands contributed by the 2p,

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Band structure and DOS of the primitive (1 x 1) g-C4N53 cell for (a) the
non-spin-polarized and (b) the spin-polarized case. The DOS is also projected
(PDOS) over the C and N atoms in the sym-triazine unit and over the C atom
connecting the sym-triazine units (second panel from the left). Furthermore for
the connecting C and N atoms we provide the orbital-resolved DOS (respectively
the third and fourth panels from the left).

orbital of the connecting carbon atom are just below E for both
spin-up and spin-down electrons, whereas the two energy bands
dominated by the N 2p, and 2p, atomic orbitals are shifted well
above the Fermi level for the spin-down electrons (Fig. 2(b)).
Thus, spin density is more clearly seen in the nitrogen 2p, and
2p, atomic orbitals. Furthermore, the (2 x 2) reconstruction of
the g-C,N; sheet not only enhances its half-metallic properties
but also makes visible the spin profile contributed by the 2p,
orbital of the connecting carbon atom."

The instability of the primitive (1 x 1) g-C4Nj; cell in the non-
spin-polarized state can also be explained from a chemical
bonding point of view. This is facilitated by using the analytical
method named crystal orbital Hamilton population (COHP), in
which the band structure energy is partitioned into bonding,
non-bonding and anti-bonding contributions.” As shown in
Fig. 3, in the non-spin-polarized case the C-C bond around Ey. is
in a bonding state, while the C-N one has a strong anti-bonding
character. This points to an electronic instability, which can be
reduced by adjusting the Fermi level to fill up the bonding states
and empty out the anti-bonding ones. For the primitive (1 x 1)
¢-C4N3, an electronic distortion occurs in which the two spin
sublattices become inequivalent. In the spin-polarized state, the
bonding character of the C-C bonds is indeed strengthened
because the C-C —COHP for the spin-up electrons remains
positive and moves below the Fermi level completely. In
contrast, the bonding properties of the C-N bonds do not
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Fig. 3 The —COHP curves for the C-C and C-N bonds of the primitive (1 x 1)
g-C4N3 cell in both the non-spin-polarized (left) and spin-polarized (right) states.
Positive —COHP indicates bonding character, while negative —COHP is for anti-
bonding.

change too much, since the C-N —COHP curves remain nega-
tive around the Fermi level and move in the opposite direction
for the spin-up and spin-down electrons. This is corroborated by
the changes of the bond lengths of the C-C and C-N bonds.
Although spin polarization shortens the C-C bond length from
1.451 A to 1.447 A, the C-N bond lengths only change negligibly
(by less than 0.001 A).

1D g-C,N; nanoribbons

Finally we investigate the effects that edges have on the elec-
tronic properties of finite-width 1D g-C,N; nanoribbons. In
constructing the model for the g-C,N; nanoribbons, only the
connecting C-C bonds are broken, while the sym-triazine rings
preserve their integrity. As shown in Fig. 4(a) and 5(a), two types
of g-C,N; nanoribbons with high-symmetric edge geometries
(zigzag and armchair) are constructed and for simplicity edge
dangling bonds are passivated with hydrogen. Both zigzag and
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Fig.4 (a) Schematic of the zigzag g-C4N3 nanoribbons with different widths, (b)
optimized atomic structure of the H-terminated 5Z-g-C4N3 in one unit cell, and
the spin-resolved band structures of H-terminated zigzag g-C4N3 nanoribbons
with different widths are plotted in panels (c)—(h).
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Fig. 5 (a) Schematic of the armchair g-C4N3 nanoribbons with different widths,
(b) optimized atomic structure of H-terminated 12A-g-C4N3 in a unit cell (b), and
the spin-resolved band structures of H-terminated armchair g-C4N3 nanoribbons
with different widths are plotted in panels (c)-(h).

armchair g-C,N; nanoribbons can be constructed with varying
numbers of sym-triazine rings, n, contained in one unit cell.
These are denoted respectively as nZ-g-C,N; and nA-g-C4N;. Our
calculations show that both the zigzag and armchair g-C,N;
nanoribbons with the narrowest width are spin-polarized
semiconductors, with the band gap of the spin-up channel
being much larger than that of the spin-down channel. As the
ribbon width is increased, the spin-up channel of both zigzag
and armchair nanoribbons with H-terminated edges remains
semiconducting with a band gap larger than 2.0 eV, whereas
that of the spin-down channel shrinks until an energy band
eventually crosses Eg, i.e. until the ribbon becomes a quasi-1D
half-metal. The critical widths for the zigzag and armchair
ribbons to be half-metals are calculated to be 19.42 A (5Z-g-
C,N;) and 28.86 A (12A-g-C,N3), respectively.

Just like for graphene nanoribbons,™ also here H represents
only a convenient strategy for passivating the edge dangling
bonds but other functional groups, such as methyl (-CH;) and
amine (-NH,), can be used. The replacement of the passivating
hydrogen atoms with the methyl group has only a minor
influence on the electronic properties of zigzag and armchair g-
C,4N; nanoribbons: g-C,N; nanoribbons with a narrow width are
still spin-polarized semiconductors and then they become half-
metals when their width is large enough (see ESI Fig. S27). The
critical width for the occurrence of the transition from a
magnetic semiconductor to a half-metal remains unchanged for
zigzag ribbons (5Z-g-C,N;) but becomes slightly smaller for
armchair ribbons (11A-g-C,N3). This is not a surprising result,
since the methyl group is a o-type functional group® and
cannot efficiently couple to the electronic states of the g-C,N;
nanoribbons around Ep. In contrast, when two amine
groups are used to passivate the dangling bonds at both edges

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 Optimized atomic structures and the corresponding spin-resolved band
structures of 5Z-g-C4N3 with the two dangling bonds passivated by amine groups
(a), only the dangling bond at the sym-triazine ring passivated by an amine group
(b) and only the dangling bond at the connecting carbon atom passivated by an
amine group. In (b) and (c) the other dangling bond at the opposite edge is
passivated with one hydrogen atom.

of a nZ-g-C,N; nanoribbon, a dramatic change occurs: the spin-
up channel becomes metallic regardless of the ribbon width
and thus the half-metallic ground state is destroyed completely.
Fig. 6(a) shows a typical result for the 5Z-g-C,N3 nanoribbon.

In order to obtain a deeper insight into this feature, we
investigate two more structures constructed from the 5Z-g-C4N;
nanoribbon, in which only the dangling bond either at the
connecting C atom or at the carbon atom in the sym-triazine
ring is passivated with an amine group and the other dangling
bond at the opposite edge is still passivated with H (Fig. 6b and
c). We find that the amine group bonded to C in the sym-triazine
ring hardly modifies the band structure of the ribbon, whereas
the one bonded to the connecting C pushes one spin-up energy
band across the Fermi level and makes the spin-up channel
metallic. A similar feature is also observed in armchair g-C,N;
nanoribbons. In amine, when a nitrogen atom interacts with
the other three atoms or with functional groups, four asym-
metrical sp® hybridized orbitals are formed. Three of them
create three corresponding o-type bonds, while the remaining
one is occupied by the N lone pair. Just like for 1,4-dia-
minobenzene molecules,>?> the sp’-orbital occupied by the
lone pair is electronically very different from the other three,
since it is basically p-type. Therefore, when an amine group is
bonded directly to a connecting carbon atom, its lone pair can
interact strongly with the C 2p, orbital so as to modify the band
structure of the ribbon. This not only shows the critical role of
the connecting carbon atom in the electronic properties of g-
C,N; but also demonstrates an efficient way to tailor the elec-
tronic properties of g-C,N; nanoribbons.

4 Conclusion

We have investigated the electronic and magnetic properties of
2-C4N; in different dimensions by using DFT calculations, and
found that the 2p, orbital of the carbon atom connecting the
sym-triazine units plays a decisive role in their half-metallic
characteristics. In 2D bulk g-C,N; sheets, such 2p, orbital
couples weakly with the frontier molecular orbitals of the sym-
triazine ring due to either symmetry mismatch or the large
energy separation. As a consequence it forms a narrow energy
band near the Fermi level and favors a parallel spin orientation,

This journal is © The Royal Society of Chemistry 2013
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thereby giving rise to spin polarization in the (1 x 1) primitive
cell. The (2 x 2) reconstruction then enhances the half-metallic
characteristics of the 2D g-C,N; sheet. When dimensions are
reduced, finite-size and edge effects become dominant. Both
zigzag and armchair g-C4;N; nanoribbons with H-terminated
edges remain half-metallic for widths larger than a critical
value, otherwise they are spin-polarized semiconductors. The
electronic and magnetic properties of these g-C,N; nanoribbons
can be tuned further by adjusting the interaction between the
passivating group and the 2p, orbital of the connecting C atom
at the ribbon edges. Our findings indicate a strategy for tuning
the magnetic properties of this intriguing class of p-type
magnets towards applications in future spintronic devices.
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