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We discuss the thermodynamic stability and magnetic property of zigzag triangular
holes (ZTHs) in graphene based on the results of first-principles density functional
theory calculations. We find that ZTHs with hydrogen-passivated edges in mixed
sp2/sp3 configurations (z211) could be readily available at experimental thermody-
namic conditions, but ZTHs with 100% sp2 hydrogen-passivation (z1) could be
limitedly available at high temperature and ultra-high vacuum conditions. Graphene
magnetization near the ZTHs strongly depends on the type and the size of the
triangles. While metallic z1 ZTHs exhibit characteristic edge magnetism due to
the same-sublattice engineering, semiconducting z211 ZTHs do show characteristic
corner magnetism when the size is small < 2 nm. Our findings could be useful
for experimentally tailoring metal-free carbon magnetism by simply fabricating
triangular holes in graphene. C 2016 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4945400]

A successful fabrication of monolayer graphene1 and the recognition of its unique electronic
and mechanic properties2–5 have attracted much attention of researchers for versatile applications6 of
this material, including spintronics applications. While graphene in its pristine state is nonmagnetic,
carbon magnetism can be induced in this sp2-bonded material by employing defects and impurities,
which has been proposed theoretically7–18 and realized experimentally at room temperature.19,20

It has been reported that fully hydrogen (H) passivated zigzag edges of graphene nanoribbons
(GNRs) show a characteristic p-electron carbon magnetism due to localized electronic states at
the Fermi energy.21,22 The thermodynamic stability of such H-passivated graphene nanoribbons
is mainly determined by the hydrogen chemical potential.23–25 For practical magnetic applica-
tions, however, the GNRs may not be appropriate because two opposite zigzag edges are typically
anti-ferromagnetically coupled so that the net magnetic moment is always zero. An external electric
field was required to make half metallicity in GNRs.21 To overcome this difficulty, we introduced
an odd number of zigzag edges into graphene by creating zigzag triangular holes (ZTHs) with
full hydrogen passivation of carbon dangling bonds. We could simply expect that, because of the
frustration in antiferromagnetic paring between the three zigzag edges, graphene with ZTHs could
exhibit non-zero carbon magnetism. Yet, neither a systematic study about graphene magnetism of
ZTHs has been reported, nor a thorough examination about the thermodynamic stability of ZTHs
with assorted edge and corner configurations has not been conducted.

As a relevant system, graphene antidot lattices have been proposed theoretically for hosts of
electron spin qubits26 and for novel semiconducting graphene materials with controllable band
gaps.27 Moreover, the spatial localization of electronic states was calculated at the zigzag edges
of the antidot lattices.28 These antidots have been experimentally tested for magnetoconductance
oscillation29 and weak localization in the magnetoresistance.30 Among various patterns of antidots,
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triangular holes with zigzag edges were predicted to have strongly localized states near the Fermi
level.8

Here, we employed first-principles density-functional theory (DFT) calculations to system-
atically investigate the thermodynamic stability and magnetism of various H-passivated ZTHs in
graphene. We demonstrated that various H-passivated zigzag edges and corners could exist in ZTHs
depending on hydrogen chemical potential. Particularly, the ZTHs with H-passivated edges in a
mixed sp2/sp3 configuration (z211) are readily available at experimental thermodynamic conditions.
On the other hand, the ZTHs with 100% sp2 H-passivation (z1) are rather limitedly accessible only
at high temperature and ultra-high vacuum conditions. Moreover, our results indicate that the z1
ZTHs exhibit characteristic edge magnetism as expected, but the z211 ZTHs show no magnetism,
except corner magnetism when the ZTH size is small < 2 nm. We propose that the characteristic
edge magnetism of z1 ZTHs and the corner magnetism of small z211 ZTHs may be useful for future
graphene based spintronics applications.

We performed total energy and electronic structure calculations for various ZTHs in graphene,
as shown in Fig. 1, using first-principles spin-polarized DFT methods as implemented in the

FIG. 1. (a) Atomic model of a zigzag triangular hole (ZTH) in a graphene supercell (14x14). Each zigzag edge of the ZTH
is passivated by hydrogen atoms, denoted by the black balls. (b) Various types of edges and corners of ZTHs considered in
this study, showing only a corner side. The z112 and z211 are counted in clockwise.
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Vienna ab-initio simulation package (VASP)31 code. We used projected augmented wave (PAW)
potentials32 and generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) for
exchange-correlation functional.33 All atomic geometries were optimized by using the kinetic en-
ergy cutoff of 400 eV, self-consistency cycle energy criterion of 10−4 eV, and atomic force criterion
of 0.025 eV/Å. A (14x14) graphene supercell was used with the vacuum space of 15 Å between
adjacent graphene layers, which is large enough to isolate ZTHs from their nearest images in the
periodic boundary condition. The (3x3x1) Brillouin zone sampling was carried out including the
gamma k-point. All of the systems we considered have the ferromagnetic ground state.

Our ZTHs in Fig. 1 can be classified with zicjk(n), where zi denotes the zigzag edge type
with a specific H-passivation, cjk denotes the corner type with additional C and H atoms, and n
represents the size of ZTHs by counting the number of H-passivated C atoms per edge. i could be
1 for sp2 H-passivation, 2 for sp3 passivation, and their combinations. j and k could be 0, 1, 2, 4
depending on the number of C and H atoms, respectively, at each corner. For example, Figure 1(a)
shows a ZTH of z1c11(5) with five sp2 H-passivated C atoms on each zigzag edge and a hexagonal
corner with additional sp2 C and H atoms at each corner. We considered various edge and corner
geometries of the ZTHs, as displayed in Fig. 1(b), with zigzag edges of z1 (sp2), z2 (sp3), z112, and
z211 passivation and corners of c00, c02, c04, c11 and c12. For clarity, z112 and z211 were counted in the
clockwise direction. For the c00 corner, the carbon atoms at the corner will form a pentagon after
relaxation due to the self-passivation of two dangling-bonded carbons.

The thermodynamic stability of ZTHs in graphene can be determined by calculating the forma-
tion energy employing,23,25,34,35

Ω = ED − nCµC − nHµH , (1)

where ED is the DFT total energy of a graphene supercell with a ZTH, and µC and µH are the chem-
ical potentials of carbon and hydrogen atoms, respectively. Likewise, nC and nH are the number of
carbon and hydrogen atoms in the defective supercell. Here, µC is the total energy of one carbon
atom in graphene, and µH includes the DFT total energy (EH2) of an isolated hydrogen molecule at
zero temperature and experimental H2 chemical potential (µH2) at given temperature and pressure;

µH (T,P) = µH2 + EH2

2
, (2)

where the µH2 is the chemical potential of H2 gas at absolute temperature and partial pressure;25,36

µH2 (T,P) = H0 (T) − H0 (0)−TS0 (T) + kBTln
(

p
p0

)
. (3)

The values of enthalpy (H0) and entropy (S0) at standard pressure P0 =1 bar can be found in JANAF
thermochemical Tables.37

As shown in Fig. 2(a), the calculated formation energies (Ω) of various zicjk(5) in graphene
could be used for identifying the most stable configuration as a function of µH2, where six stable
configurations of zicjk(5) were indicated. According to the formula (1), the formation energy Ω
has a linear relation with µH (µH2), with the slope being the number of hydrogen atoms (nH) in
the structures. Thus, at higher H2 concentration, the ZTHs with more hydrogen atoms should be
more favourable, which can be seen for z2c12 and z2c04 at higher value of µH2. As µH2 drops,
the ZTHs with less hydrogen passivation become more stable. As shown in Fig. 2(a), the average
number of hydrogen per carbon atom decreases from z2c04 to z1c00. The z1c11, z112c11 and z211c12
are expected to be realistic ZTH candidates in experimentally accessible thermodynamic conditions.
The z112- and z211-passivated holes are the same for the edge size of multiple of three, n = 3m (m
is an integer), whereas they differ for n , 3m due to the finite size of ZTH. The formation energies
of z112c11 and z211c12 show very minor difference with z112c12 and z211c11 for their sizes n , 3m,
respectively, so we expect that these ZTHs can also exist at accessible thermodynamic conditions.

To explicitly understand the role of edges and corners in the stability of ZTHs, we have
re-written Eq. (1) in the form of summation of three edges and three corner energies;

Ω (n) = ED (n) − nCµC − nHµH = 3nλ + 3χ, (4)
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FIG. 2. (a) Calculated formation energy as a function of hydrogen chemical potential for various zicjk(5) ZTH structures. The
vertical dotted lines differentiate the regions of stability for the most stable structure at a specific range of hydrogen chemical
potential. The top horizontal lines display the corresponding H2 pressure (in bar) at temperature T= 298, 600, and 1000 K.
The shaded region highlights the stable (298 K and 1 bar) and magnetic z112c12 ZTH. (b) Edge and (c) corner energies as a
function of hydrogen chemical potential, extracted from the formation energies of ZTHs.

where λ and χ are energies of one zigzag edge unit and one corner, respectively. If we assume
the corner energy does not change with respect to the size of the defects, the edge energy can be
calculated as follow;38

λ =
1
3
[Ω (n) −Ω (n − 1)] . (5)

Accordingly, the corner energy can be estimated by using the edge energy for any given size of the
edge, i.e., n;

χ =
1
3
[Ω (n) − 3nλ] . (6)

The calculated edge and corner formation energies are presented in Figs. 2(b) and 2(c), respec-
tively. The tendency of stability of edges is similar to that of the whole defect, as discussed
above. The edge with the full H-passivation (z2) is the most stable at high H2 chemical potential
(µH2), while z112 and z1 with less H-passivation become more stable, as µH2 drops. Moreover, it
can be deduced from our calculations that z112 is the most stable edge at the normal conditions
(298 K and 1 bar), while z1 might be limitedly available at high temperature and ultra-high vacuum
conditions. The corner configurations of ZTHs play a vital role in the stability of the systems.
Previously reported triangular holes (similar to z1c02)14 and systems with pentagon at the corners
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TABLE I. Local magnetic moment of mixed sp2/sp3 H-passivated ZTHs in graphene for n = 1 - 6 in unit of Bohr magneton
(µB).

n z211c11 z211c12 z112c11 z112c12

1 0.0 0.0 0.0 0.0
2 1.7 0.0 0.0 3.9
3 0.0 1.6 0.0 1.6
4 2.5 0.0 0.0 2.8
5 1.6 0.0 0.0 3.9
6 0.0 1.7 0.0 1.7

(c00) remain unstable for the reachable experimental temperature and pressure. It is found that the
hexagonal corner of ZTHs, i.e. additional carbon atom at the corner (c11 and c12), is the most
stable corner configuration at the experimentally achievable conditions. Interestingly, we need the
hydrogen partial pressure of 10−7 bar at T = 600 K to have stable z1c11 ZTHs. This contrasts to the
condition to have stable z1 edge in GNRs, i.e., 10−10 bar at 600 K.39 The three-orders-of-magnitude
improvement over the ribbons may be attributed to the facile energy relaxation (i.e., dangling bond
passivation and strain relaxation) in ZTHs due to the smaller inter-edge distances than in GNRs.
Combining the stable corners and edges, we can speculate that the z211c12, z112c11 and z1c11 are the
possible candidates for experimental synthesis, which is consistent with our calculations of zicjk(5),
as shown in Figures 2(a).

Next, we have investigated magnetic properties and electronic structure of these stable systems,
revealing that the ZTH systems with z211- and z112-passivations have very interesting characteristics.
As reported previously, the z211-passivated zigzag edges are nonmagnetic in zigzag GNR.24,25 Our
results indicate that the ZTHs with z211-passivation become magnetic for specific sizes, particularly
when the ZTH edge size is less than 2 nm, or n < 9. It should be noted that the ZTHs studied
here employ the finite-size edges passivated with corners rather than the infinite-size and periodic
edges in zigzag GNR model. The local magnetic moments of z211− and z112-passivated ZTHs with
different sizes (n = 1-6) are summarized in Table I. It is found that the z112c11 ZTHs are all nonmag-
netic, while the z112c12 ZTHs are all magnetic. The z211c12 ZTHs become magnetic only for n = 3
and 6. The magnetization energy was calculated to be about 24 meV for z211c12(3) ZTHs, of which
Curie temperature was estimated to be 267 K. As we will see later, the magnetic moment in z211-
and z112-passivated ZTHs is mainly raised from the corners. For z112c11 ZTHs, the dangling bonds
of pz electrons at corners appear at the opposite sub-lattices of graphene compared with the edge
sublattices, thus being non-magnetic. On the other hand, for z112c12, because of the sp3-passivation
of the corners, those dangling bonds appear at the same sublattice sites with the edge sublattices,
thus leading to substantial magnetic moments at the corners. Note that small size ZTHs with the
thermodynamically stable z211 or z112 H-passivation could exhibit non-negligible carbon magne-
tism. For another available holes of z1c11, our calculations show profound magnetism for any size
n > 2.

To see the size effect closely, we examined the magnetism trend for the two thermodynamically
available ZTH systems of z1c11 and z211c12, as presented in Fig. 3(a). The magnetic moment exhib-
ited in Fig. 3(a) is normalized with the size of triangle, i.e. 3n, which includes three edges in each
triangular hole. For z1c11, the magnetism emerges substantially as the size of ZTH increases over
n = 3, and the magnetic moment inclines towards the magnetization of z1-passivated zigzag GNR
per edge.24 This is the limit value for infinite-size case. It is natural that the finite size effect would
diminish as the size increases, and the finite-size magnetic moment should finally converge to its
infinite-size value. On the other hand, it is interesting that the magnetic moment in z211c12 decays
with the increase in the size of ZTH and that z211c12 is magnetic only for n = 3m. The magnetism
vanishes as the size increases to n = 9 (or ∼2 nm), which is the evidence of finite- to infinite-size
convergence. As discussed above, z211-passivated edge in zigzag GNR is nonmagnetic.24,25

The origin of the magnetism trend can be further understood by analyzing electronic structure
of the ZTHs. Figures 3(b) and 3(c) plot the non-spin-polarized electronic structure of the z211c12 and
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FIG. 3. (a) Magnetization of sp2- and mixed sp2/sp3 passivated structures, i .e., z1c11 and z211c12. z1c11 (2) and z211c12 (9)
have non-zero small magnetic moments, although they are not clearly visible in the figure scale. The magnetization plotted
here is normalized with number of hydrogen passivated zigzag edge atoms. Total density of states (DOS) for (b) z1c11 and
(c) z211c12 ZTHs in non-spin-polarized calculations. The vacuum level is set to zero, and the Fermi level is marked by the red
dash line. The green arrow in (c) indicates the original position of the Dirac point of pristine graphene.

z1c11 ZTHs, respectively, for various sizes. The non-spin-polarized calculations were intentionally
performed to clearly identify the origin of spin-polarization before magnetism emerges. The pz

electrons (dangling bonds) are developed at the zigzag edge atoms with sp2-hybridization (z1),
whereas the dangling bond states are located at the inner nearest neighbors of the edge atoms in
sp3-hybridized edges (z2). These defect states are appeared at the Fermi level, and their peak height
increases with the increase in the size of ZTHs, as shown in Fig. 3(b) for z1c11. The localized
states are partially occupied at the Fermi level, which leads to the p-electron carbon magnetism
in spin-polarized calculations. The density of states around the defect site shows that there is very
low density of states at the Fermi level for n = 2, due to which z1c11(2) has a very small magnetic
moment. However, with the increase in size for n ≥ 3, the number of localized defect states grows,
and this results in significant increase in magnetic moment. In the system of z1c11(1), the hole looks
like a hexagonal defect with the equal number of edge and corner atoms that belong to two different
sub-lattices of graphene. Therefore, they couple with each other, leading to being non-magnetic. In
a previous study, the consequences of the different antidots on transport properties of zigzag GNRs
were analyzed, and the triangular hole similar to the system z1c11 was found to be spin-polarized
and favorable for utilizing spin-polarized transport.40 Density of states spectra for z211c12, as de-
picted in Fig. 3(c), show that only z211c12(3) has noticeable local density of states grown from defect
site at the Fermi energy, resulting in magnetism. For other larger sizes of n = 4 and n = 5 defect, the
localized defect states at the Fermi level are almost negligible, which can be seen in the lower panels
of Fig. 3(c).

In order to further characterize the distribution of magnetic moment in z211- and z1-passivated
ZTHs, we plotted charge density distributions of the localized states at the Fermi level, as shown in
Fig. 4, for z211c12(3) and z1c11(3). In the stable z211-passivated ZTHs, the localized states around the

FIG. 4. Charge density plot for the localized electronic states at the Fermi level of (a) z211c12 (3) and (b) z1c11 (3) ZTHs,
originated at corners and edges, respectively. The isosurface of 0.003 e/Å3 is used.
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Fermi level are mainly raised from the corners, as shown in Fig. 4(a). In the small size of the hole,
dangling bond states are located at corner and edge sites with magnetically influencing each other
due to the finite size of the triangle. On the other hand, for z1c11 ZTHs, the dangling bond states are
all located at the same sublattice sites of the zigzag edges, while corners remain non-magnetic, as
presented in Fig. 4(b). Therefore, the p-electron magnetism of z1c11 ZTHs arises, not because of the
frustration of anti-ferromagnetic coupling, but because of the tailored same-sublattice engineering
of graphene.

In conclusion, we have investigated the ZTHs in graphene with assorted edge and corner
configurations by using first-principles thermodynamics calculations. We found that the combi-
nation of z1-, z211- and z112-passivated edges with c11 and c12 hexagonal corners, i.e., z1c11,
z112c11, and z211c12, could be thermodynamically accessible. The z1c11 ZTHs shows a characteristic
p-electron magnetism due to the tailored same-sublattice engineering of graphene. On the other
hand, more experimentally-accessible z211 ZTHs could have corner magnetism, when the size is
small < 2 nm. In experiment, we suggest that ZTHs could be readily created in graphene by using
locally illuminating electron41 or ion beams under H2 environment or by applying high electric
voltages using the conductive atomic force microscope tip under humid environment.42,43 Graphene
with stable, magnetic ZTHs could be used for designing graphene-based spintronics devices.
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