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Abstract
 
Hexagonal boron nitrate h-BN islands in hexagonal 
shape with defect in the form of single vacancy have 
been patterned in graphene layout. Energetics of ion 
implantation, defect formation, stability, electronic, 
and magnetic properties of graphene/(h-BN) in-plane 
hybrids are investigated through first principle 
calculations. We consider hexagonal islands in 
hexagonal supercells of graphene layout. The 
energetics of island implantation is discussed in 
detail. Formation energies point out that the island 
implantation could be even exothermic for all hybrids 
studied in this work. Effects of size on the stability, 
band gap, and magnetic properties of hybrids are 
studied particularly. Pristine hybrids are all non-
magnetic and semiconducting whereas defective 
counterparts might become metallic and posses a 
modest magnetic moments.  
 
Keywords: Graphene, in-plane hybrids, 
nanomagnetism, nanopatterning 
 
1. Introduction 
 
Each graphene (G) and hexagonal boron nitride (h-
BN) are very promising two dimensional (2D) 
materials with honeycomb structure [1,2]. Easy 
control of their electronic and transport properties 
makes these conducting or insulating 2D systems 
quite desirable [2]. The symmetry between two 
sublattices of the honeycomb structure makes 
graphene a gapless semiconductor. On the other 
hand, h-BN without having such symmetry is a wide 
band gap (5.5 eV) insulator [3]. It is already shown 
that the band gap tune up in these materials can be 
accomplished by reducing their dimension to form a 
nanoribbon [4], hydrogenization [5] and applying an 
external field [6]. 
 
Graphene and h-BN can easily hybridize to form a 
graphene/ h-BN (GBN) hybrid material due to their 
small (~1.6%) lattice mismatch. In-plane and stacked 
GBN hybrid materials have been constituted on a Cu 
substrate by controlling the synthesis conditions of 
the CVD method [7,8]. It is already known that 
graphene becomes semiconductor when its structure 
is modified by means of defects [9] or by doping with 
B and N atoms or when it embraces a small-size h-
BN domain [10-14]. GBN nanosheets consisting of a 
h-BN domain in a graphene lattice were studied by 
using the ab initio  
DFT, and opening of a band gap Eg by varying the 
size of h-BN domain was observed [15, 16]. 
Tunability of the electrical properties of GBN hybrids 
has also been discussed from the experimental point 
of view [17]. 

Defective systems are even attractive mediums in 
the scope of engineered electronics. Defect 
dynamics in graphene and graphene-likematerials, 
such as h-BN and transition metal dichalcogenide, 
have been studied in detailwith the 
electronmicroscopy techniques [18]. It is known that 
experimentalists could create magnetic moments at 
the edges of graphene by edge type defects or in 
graphene by point defects. An intrinsic or artificial 
vacancy can be produced experimentally during the 
synthesis process or later by the irradiation, 
respectively. Mono vacancy in a free-standing 
graphene might also lead to a magnetism by splitting 
the localized state of defect into two density of states 
(DOS) [19]. 
 
Our aim in the present study is to investigate the 
electronic and magnetic properties of GBN nano 
pristine and defective hybrids consisting of a various 
sized hexagonal h-BN island within the framework of 
DFT. We explore size effects of the h-BN island on 
the energetics, energy band gap, and magnetic 
properties of GBN hybrids together with energetics of 
ion implantation and defect formation. We investigate 
how the electronic and magnetic properties of GBN 
hybrids change when a single vacancy is located at 
various sites. 
 
2. Computational Method 
 
Our numerical calculations were performed by using 
first-principles within the framework of the DFT [20]. 
We adopted the generalized gradient approximation 
(GGA) for the exchange-correlation potential 
together with the Perdew-Wang parametrization 
(PW91) [21,22]. For structural optimizations, 
electronic and density of states (DOS) calculations, 
we used the Vienna Ab Initio Simulation Package 
(VASP, version 5.3) [23,24] employing the projected 
augmented wave (PAW) method [25,26]. 
 
In our study we consider a graphene layout involving 
an h-BN island (see Tables 1 and 2). After we 
obtained the ground state geometries of the pristine 
graphene and h-BN nanosheets (9x9 supercell), we 
defined and optimized the hybrid structures involving 
an hexagonal h-BN island. Concerning vacancy, we 
just ejected a C (B or N) atom residing at the 
interface or in the graphene layout or in the island of 
previously optimized hybrid. For a given GBN hybrid, 
7 different mono vacancies were proposed at most. 
Explicit definitions of notations for vacancy types are 
stated in Section 3.5. 
 
In order to avoid any residual interaction along the z- 
direction, the in-plane system is separated from its 
replicas by around 14 Å. The geometries were 
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optimized into their instantaneous ground states by 
using the conjugate-gradient (CG) algorithm. The 
Brillouin zone was sampled by using a +-point 
centered 
Monkhorst-Pack grid. 
 
Optimum k-point mesh to be used in the geometry 
relaxation calculations is converged as the changes 
in total energy is at least below 10 meV/atom. After 
having the optimum k-point meshes, geometries of 
the hybrid nanosheetswere fully optimized in a self-
consistent manner. Same k-point meshes as for the 
pristine GBN hybrids were sampled during our 
calculations of the defective hybrids. After the atomic 
relaxation, a static self-consistent calculation was 
performed to obtain the charge density and total 
energies of the systems. Our criterion for energy 
convergence was 10í5, and for total force on each 
atom was 0.01 eV/atom. We performed spin 
unpolarized (NSP) and spin polarized (SP) 
calculations for each hybrid structure to determine 
their ground states and magnetic moments. For 
magnetic systems collinear, SP DFT calculations 
were performed in all steps described above. 
 
3. Results 
 
In this section we will discuss the energetics of island 
implantation, defect formation, electronic, and 
magnetic properties of graphene, h-BN, and GBN 
hybrid systems. The difference between the NSP 
and SP total energies is defined as the 
magnetization energy  ûEM, 
 

 
 
Positive ûEM signifies that the system has a SP 
ground state, otherwise it prefers a NSP ground 
state. 

3.1. Energetics of Island Implantation 
 
Implantation of hybrids through the solid state 
reactions between the graphene layout and the BN 
clusters can be sketched out as 

 

Energy needed to break the local bonds of graphite 
and bulk h-BN is almost the same. Incident ion beam 
that impinges on the bulk sample supplies the energy 
required to break the local bonds of the samples. 
Although many reaction pathways is possible during 
a collision process, only some of them is highly 
probable. The formation energy 0f is defined in 
equation 3. Extreme values of the formation energy 
are defined in equation 4. Chemical potentials are 
considered to be free reaction parameters, and 
hence they refer to either atomic or asymptotic bulk 
limits for both the incident and the sputtered 
structures. We calculated the formation energies 0f at 
zero temperature and pressure. 

 

+HUH� WKH� FKHPLFDO� SRWHQWLDO� �>B@� ��>N]) varies in 
between the free B (N) atom and the boron (nitrogen) 
EXON� HQHUJLHV�� 6LPLODUO\�� �>C] is in between atomic 
carbon and graphite energies. Various formation 
scenarios might take place in the range of these 
extremes. We only calculated extremes of the 
formation energy, and discussed stability of the 
hybrids. Relations in Eqn. 4 provide the minimum 
and maximum formation energies of the hybrid 
embracing an h-BN island. 
 

 
 
EG162 and Eh-BN@G are the respective total energies of 
pristine graphene and graphene layout embracing an 
h-BN island. We calculated the chemical potentials of 
atoms and the bulk elements as: �>%atom]=-0.26 eV, 
�>%bulk]=-6.68 eV/atom (.-rhombohedral [27]), 
�>Natom]=-����� H9�� �>1bulk]=-8.34 eV/atom ([28]), 
�>&atom]=-����� H9���>&bulk]=-9.24 eV/atom (graphite). 
Extremes of the formation energies are collected in 
Table 1. 

 

Table 1 Formation energies (Eqn. 4) for the hybrids 
displayed in Fig. 2. Formation energies per total 
number of atoms involved by the island are given in 
the last two columns. 
 

 

 
The energetics prove that the reactions are typically 
endothermic ion implantation processes. But 
depending 
on the initial and the final states of B, N, and C 
atoms, they might also be exothermic. Hence, �f 
values support our previous argument that the in-
plane hybrids 
might be synthesized under suitable experimental 
conditions. 
 
As normalized with total number of doped atoms, 
minimumformation energy values (fifth column) 
gradually decrease with increasing island size. The 
formation energy evidently tends to approach the 
cohesive energy of graphite or bulk h-BN. 
 
3.2. Energetics of Defect Formation 
 
In this work, we will consider defective hybrids in the 
form of mono vacancy and defect formation energies 
of the hybrids are found as the following 
 

 

 

where Etotal[D(i, q)] is the ground state total energy of 
the system with having i vacancy and with q charge, 
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Etotal[D(0, q)] is the total energy of the system with 0 
vacancy and with q charge, n(i) is the number of 
vacancies RI�GLIIHUHQW�DWRPV�DQG���L��LV�WKH�FKHPLFDO�
potential of corresponding vacancy atom. In this 
study, we have single vacancy (i=1) and neutral 
charge defect (q=0). 
Table 2 tabulates obtained defect formation energies 
and also summarizes all studied hybrids. The 
energetics prove that the reactions are typically 
endothermic vacancy formation processes. There is 
no any observed strict correlation between island 
size and defect formation energy. However, it could 
be stated as the defect formation energy tends to 
increase in general. 
 
Table 2: Defect formation energies (Eqn. 5) for G, h-
BN and defective hybrids. 

 
 
 
3.3. Graphene and h-BN Sheets with Mono 
Vacancy 
 
The ground state geometries of defective graphene 
and h-BN nanosheets are depicted in Fig. 1a-c. 
Calculated 
û(M, bandgap and magnetic moment values for 
graphene/h-BN and their corresponding mono 
vacancy 
systems are tabulated in Table 3. Pristine 
nanosheets do not possess a magnetic moment and 
hence they are nonmagnetic structures. Calculated 
û(M values for pristine graphene and h-BN are -3.2 
and 0.4 meV, respectively. As expected, graphene is 
a semimetal at + point, and h-BN is an insulator with 
a direct band gap of 4.592 eV. Their energy band 
structures are respectively presented in Fig. 1g and 
1h. A relevant discussion comparison with literature 
of these pristine sheets and non-defective hybrids 
having hexagonal and triangularshaped islands 
presented in our earlier work [29]. Mono vacancies 

were designated as VC, VB and VN for a missing C, 
B and N atom respectively. 
 
The Fermi energy, EF, of graphene with vacancy 
decreases while the shape of band structure for 
pristine 
case is generally preserved by an up-shifting as seen 
in 
Fig. 1d. States crossing the Fermi level make the 
system metallic. Some states due to dangling bonds 
occurs near to the EF and leads to a small amount of  
 

 
 
Figure 1. Optimized geometries for (a) carbon 
vacancy graphene (b) boron vacancy h-BN and (c) 
nitrogen vacancy h-BN nanosheets. The yellow, gray 
and light blue colors show respectively C, B, and N 
atoms. Electronic band structures of C, B, and N 
vacancy sheets are ordered in middle line through 
(d)-(f) respectively. Band structures of pristine 
graphene (g) and h-BN (h). Spin density of h-BN with 
N vacancy (i). It is plRWWHG�DW�FRQWRXUV�RI�������%�c3

.  
 
Table 3: 7KH� PDJQHWLF� HQHUJ\� û(M, band gap Eg, 
and total magnetic PRPHQW���RI�WKH�SULVWLQH�V\VWHPV 

with mono vacancy. NM stands for nonmagnetic/no 
magnetic moment. 
 

 
 
localized magnetic moment (0.4 �B). Similarly the 
Fermi energy decreases for a B vacancy in h-BN 
sheet (Fig. 1e). However, a N vacancy causes to an 
increase in EF (Fig. 1f). In both cases, we notice that 
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the vacancy defect introduces flat states close to EF. 
Flat band nature of these populated states around 
Fermi level indicates that induced magnetic moment 
is localized. h-BN with N vacancy is a p-type 
semiconductor with a band gap of 1.79 eV. Site 
projected band structure calculations and spin 
density plot for N vacancy given in Fig. 1i indicate 
that these states have mainly S characters and 
magnetic moment is originating from all of the initial 
bonding B atoms. Magnetization energy values 
shows that spin polarization for B vacancy in h-BN is 
highly stable due to external thermal fluctuations with 
a few hundreds meV value for û(M. 

 
3.4. h-BN Hexagonal Island in Graphene Layout  
 
The ground state geometries of GBN hybrids, an 
hexagonal shaped island embedded, are presented 
in Fig. 2. The smallest island both in h-BN and 
graphene layouts contains one hexagon, whereas 
the largest one 
contains 19 hexagons.  
 

 
 
Figure 2. Optimized geometries for Xh-BN(H)@G 
hybrid nanosheets (see Table 4). Dark blue, light 
blue, and red colors respectively show C, B, and N 
atoms. 
 

Our numerical results are summarized in Table 4. 
The island does not induce any magnetic moment. 
This nonmagnetic behavior of hybrids involving an h-
BN or a graphene hexagonal island is consistent with 
the literature [30]. 
 
Table 4: The magnetic energy û(M, band gap Eg, 
and total magnetic moment values of GBN hybrids 
having a hexagonal (H) island. NM stands for 
nonmagnetic/no magnetic moment. 
 

 
 
We observe that all hybrids with hexagonal islands 
exhibit semiconducting behavior. While the energy 
gap of Xh-BN(H)@G hybrids increases remarkably 
with increasing X, their Fermi energy, EF, decreases 
with X. 
Calculated band gaps are all direct as reported in 
literature [31]. Here we properly show that the 
hexagonal h-BN island opens up a band gap in the 
graphene lattice; and that Eg increases with BN 
concentration. As is seen in Table 1, the formation 

energies could be even exothermic (negative �fmin 
values). One can suggest that the increasing island 
size does not primarily contribute to the stability of 
the system. Instead of the island size X, the number 

of atoms at the interfaces play a decisive role in the 
stability and electronic properties of GBN hybrids. 
 
3.5. h-BN Hexagonal Island in Graphene Layout 
with Mono Vacancy 
 
Number of studied pristine hybrids is 3 and the 
respective C-B bonds/C-N bonds ratios are 3/3, 6/6, 
and 9/9 for X= 1, 7, and 19 in these Xh-BN(H)@G 
systems. We totally analyzed 19 in-plane defective 
hybrids (Xh-BN(H-VY)@G) through the DFT method. 
Letter X represents the number of hexagons 
contained by the island, meanwhile letter H inside 
the parentheses defines the geometrical shape of the 
island as in hexagonal geometry. Letter V represents 
mono vacancy in the relevant layout, meanwhile 
letter Y defines the location of the vacancy.  
 
We examined three different vacancy locations as 
Interface, Layout and Island and at total ten 
possibilities with notations of VCI1, VCI2, VCL, VCi, 
VBI, VBL, VBi, VNI, VNL, VNi. A carbon mono 
vacancy at the interface, VCInterface1 (VCInterface2), was 
formed by removing a C atom bonding to two C 
atoms and a B (an N) atom. We further created a 
carbon mono vacancy, VCLayout (VCisland), by 
removing a C atom in the graphene layout (graphene 
island). Respective boron (nitrogen) mono vacancies 
at the interface and in the layout are designated as 
VBInterface (VNInterface) and VBLayout (VNLayout). We 
additionally formed B and N mono vacancy in the h-
BN island which are signified as VBisland and 
VNisland respectively. 
 
Table 5: 7KH� PDJQHWLF� HQHUJ\� û(M, band gap Eg, 
and total magnetic PRPHQW� �� RI� WKH� SULVWLQH� DQG�
defective GBN hybrids having an h-BN hexagonal 
island. NM stands for nonmagnetic/no magnetic 
moment. 
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Our numerical results are summarized in Table 5. 
The relaxed GBN nanosheets preserve their 2D 
planar geometry with small local in-plane distortions. 
Structural 
reorganizations was not observed. In general, all 
hybrids including a mono vacancy exhibit metallic 
behavior irrespective of their vacancy type and in few 
cases shrink their own band gap energy Eg 
respective to pristine one. The hybrid involving the 
smallest h-BN island acquires a metallic feature for 
all types of mono vacancy. On the other hand, the 
hybrid embracing bigger islands preserves its 
semiconducting feature whenever a CI1 mono 
vacancy resides and also the hybrid with largest 
island also preserves that at BI. In case of pristine 
GBN hybrids are semiconductors with small band 
gaps and do not posses any magnetic moment, 
vacancies make some of the hybrids metallic and 
magnetic with modest amount of magnetic moments. 
 

Defective hybrid with one single hexagon (1h-
BN(HV)@G) exhibit either small or likely unstable 
magnetization with respect to magnetization energy 
criterion. The defect VCL produces very similar û(M, 
�� YDOXHV and band structure diagram with the 
defective graphene sheet indicating decoupling of 
the island and carbon vacancy. Fermi level 
decreases by any type vacancies except nitrogen 
vacancy. This decrease leads systems to have a 
metallic state as seen in Fig. 3a for electronic band 
structure of VCI2. The energy band diagram of 1h-
BN(H-VNI)@G is depicted in Fig. 3b. Increase in EF, 
populated states due to dangling bonds around and 
spin splitting can be clearly seen. Energy bands 
close to the Fermi energy are nearly flat indicating 
localization. Only reasonably stable 1h-BN(H-V)@G 
hybrid exhibit a very small magnetism.  
 

 
 
Figure 3. All electronic band structures are spin 
polarized. (a) 1h-BN(H-VCI1)@G, (b) 1h-BN(H-
VNI)@G, (c) 7h-BN(H-VCI1)@G, (d) 7h-BN(H-
VNi)@G. The energy bands of spin up electrons are 
shown in red and those of spin down electrons are in 
blue. Horizontal 
dashed line is the Fermi level.  
 
 
The highest magnetic moment is obtained in the 
system with boron vacancy inside the island (VBi) for 
7h-BN(H-V)@G GBN hybrids. Calculated 
magnetization energy is quite high indicating to a 
stable magnetism. Spin polarized electronic band 
structure of 7h-BN(HVCI1)@G is depicted in Fig. 3c. 
Band gap is clearly seen. Nitrogen removal from the 
island results as a nonspin polarized system but with 
a very small û(M value. This system posses 
magnetic moment value of 0.8 �B and nearly flat 
states near EF (see Fig. 3d). These states are due to 
dangling bonds and site projected band structure 
calculations indicate that these states have mainly S 
character originating from dangling boron atoms. 
 
4. Conclusion 
 
Energetics of implantation, defect formation, 
electronic, 
and magnetic properties of graphene-h-BN (GBN) 
2D planar hybrids is analyzed through the DFT 
method. Formation energies could be even 
exothermic (negative 0fmin values). All relaxed GBN 
hybrids we studied here preserve their 2D planar 
geometry. Nonmagnetic ground states of hybrids 
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including a hexagonal island display semiconducting 
properties. Their energy gaps Eg increase with 
increasing island size in the graphene layout. We 
suggest that increasing the stability mainly depends 
on the number of atoms at the interface rather than 
the size of island.  
 
Effects of mono vacancies on the structural 
parameters, electronic and magnetic properties of 
GBN hybrids are further investigated. It seems to be 
possible that the nonmagnetic GBN hybrid can attain 
a stable magnetism when it includes a C, B or an N 
mono vacancy. Vacancies introduces some localized 
states (flat bands) and make some of the hybrids 
metallic and magnetic with modest amount of 
magnetic moments. 
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