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Abstract

Using first-principles calculations, we study affect of various embedding atoms into
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holey site of both C6N6 and C6N8 monolayers. Our results indicate that embedding

atom significantly affects electronic and magnetic properties of C6N6 and C6N8 mono-

layers and lead to extraordinary and multifarious electronic properties, such as metallic,

half-metallic, spin-glass semiconductor and dilute-magnetic semiconductor. Our results

reveal that H atom concentration dramatically affects to C6N6 monolayer. While in-

creasing H coverage, the impurity states also increase due to H atoms around Fermi-

level. C6N6 shows metallic character when H atom concentration reaches to 6.25%.

Moreover, charging effect on the electronic properties of both Cr@C6N6 and C@C6N8

is also studied. Cr@C6N6 is a ferromagnetic-metal with a magnetic moment of 2.40

µB, and when 0.2 electron is added and removed, it is remain a ferromagnetic-metal

with magnetic moment of 2.57 and 2.77 µB, respectively. Interestingly, one can observe

a semi-metal, where the VBM and CBM in the both of spin channels, touch each other

near Fermi-level. The C@C6N8 is a semiconductor with a nontrivial band gap. When

0.2 electron is removed, it remains metallic and under excess electronic charge exhibit

a half-metallic.

Introduction

Recently, two-dimensional carbon nitride (2D-CN) nanomaterials have attracted remarkable

attention due to their astonishing experimental advances concerning their synthesis. 2D-CN

have rapidly revealed as one of the hottest topic in physics, chemistry and material science.1–3

They have been suggested as promising candidates for various advanced applications such

as nanoelectronics, energy storage and catalysis.4–13 2D-CN monolayers and their belong to

2D allotropes can be identified with general formula of CxNy (x : number of C atoms, y :

number of N atoms), and they can be produced by multifarious chemistry process such as

evaporation, calcination method, etc. 2D-CN allotropes show various electronic properties,

ranging from semiconducting to half-metallic depending on the composition of C and N atoms

in the atomic lattice. 2D-CN monolayers exhibit various electronic, mechanical properties
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and thermal conductivity,14,15 originating from their unique atomic lattices formed by strong

covalent bonds.16–19 Successfully synthesized two-layered CN monolayers (C2N , C3N , C6N8

and C6N6) using a bottom-up chemical reaction have motivated researchers to consider

possible attractive nanosheets for tuning the band gap engineering.16,20–22 Although some

2D-CN nanosheets can be experimentally produced by different chemical approaches, some

of them have been just theoretically examined up to date.23–27 For instance, C6N6 is the

one of the 2D-CN allotropes which have two hexagonal rings linked by C-C bonds have

been theoretically investigated.1,28–30 Recent theoretical work showed that C6N6 exhibits

topologically nontrivial band gap, which can be modulated to a topological insulator by

doping.1

There have been several efforts to seeking suitable spintronic material such as Dilute-

magnetic semiconductors (DMS). For the reason, first principle calculations based on density

functional theory have been performed for transition-metal (TM) atoms embedded in semi-

conductor 2D carbon nitride monolayers.2,31–34 The nature of semiconductor behavior and

band alignment of these 2D-CN nanosheets are also found to be ideal material for hydro-

gen production by photocatalytic water splitting.35–37 Theoretical studies by a ruby model

have showed that electronic states near the Fermi level are topologically nontrivial.38 2D-

CN with a stoichiometry of C6N8, which building blocks are jointed together directly or

sp2-hybridized nitrogen/carbon atoms, have been synthesized very recently.10,20,39–41 After

synthesis of C6N8, the electronic and magnetic properties have been studied in detail.42,43 The

results demonstrate that C6N8 is not a magnetic material, it shows intrinsic half-metallicity

when replacing a nitrogen atom with a carbon atom.3 Recently, is shown that the pho-

toactivity of C6N8 carbon nitride allotrope can be enhanced via nonmetal atom doping and

it is obtained that C 6 N 8 membrane has high capability to separate helium from gas

molecules.44,45 Researchers have proposed several new types of carbon nitride membranes by

theoretical calculations, and some of these membranes have already been synthesized, but

among them mostly interested ones are C6N6 and C6N8 monolayers.1,46
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Over the past decade, tunable electronic and magnetic engineering of two-dimensional

(2D) materials have drawn extraordinary attention due to its excellent properties. In this

view, several ideas such as introducing defect, applying electric fields and strain engineer-

ing, functionalization, and impurities atom have been produced to tunable electronic and

magnetic properties of carbon nitride monolayers.

In this study, we systematically analyzed the effect of impurity atom doping as H, O,

S, F, Cl, B, C, N, Si, P, Li, Na, K, Be, Mg, Ca, Al, Sc, Ti, V, Cr, Mn, Fe, Co, Ni and

Zn into the holey site both of C6N6 and C6N8 monolayers using first-principles calculations.

Our results confirm that the electronic and magnetic properties can be tuned by different

embedding atoms and they significantly affect by the concentration of H atom. Next, the

electronic and magnetic properties show various electronic characteristics from metallic to

semiconductor, and induce magnetism in C6N6. The magnetic moment can be modulated

and transition from semiconductor to metal can be achieved by applying of charging and

strain. Furthermore, our results demonstrate that a number of effective possibilities can be

tune the electronic and magnetic properties both of C6N6 and C6N8 monolayers.

Method

Density functional theory based calculations were performed the generalized gradient ap-

proximation for the exchange-correlation functional as proposed by Perdew-Burke-Ernzerhof

(GGA-PBE),87 along with norm-conserving pseudopotentials88 as implemented in OpenMX

package. The plane-wave basis set was taken as energy cutoff of 350 Ry. The wave func-

tions are developed with the linear combination of multiple pseudoatomic orbitals (LCPAOs)

which is suitable for large-scale electronic properties.89,90 The integration in the k-point mesh

was performed using 23×23×1 Monkhorst-Pack scheme for the primitive unit cell and scaled

according to the size of supercells.91 2D-CN was modeled with vacuum region more than 20

Å to avoid interaction between neighboring slabs. The ground state structures was obtained

4
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by using a quasi-Newton algorithm. The ground state geometric structures were relaxed

until the residual forces on the atoms became smaller than 1 meV/Å. The scanning tun-

neling microscopy (STM) images are obtained by the Tersoff-Hamann theory that based on

OpenMX package.92 WSxM software was used as post-process tool to plot STM simulated

images, which assume a bias of +2.0 V.93 The charge transfer analyses were performed by

using the Mulliken charge analysis.94

Results

Pristine C6N6 and C6N8 monolayers

2D-CN can be formed in many allotropes because of its ability to exist in different hybridiza-

tion. In this study, we have explored C6N6 and C6N8 monolayers. We have started with

get to their optimized geometric structures as shown in Fig. 1(a). The lattice constant of

the optimized C6N6 is calculated to be 7.11 Å. The bond distances of C-C and C-H are

found 1.503 Å and 1.343 Å, respectively. The diameter of the nanopore is 5.447 Å, which is

equivalent to the distance from one N atom to the opposite N atom across the nanopore; in

addition the lattice is completely planar which are consistent with previous reports.30,95–97

The dynamical stability of C6N6 and C6N8 monolayers by phonon spectrum has also been

determined from first-principles calculations in previous reports.98,99

The lattice constant of C6N8 is also found 7.14 Å, and there are two inequivalent C-N

bond lenghts with values of 1.414 and 1.455 Å. Due to the C-N-C angle is equal to 120◦

and N-C-N angles are 118◦ and 122◦, the ring of C6N8 is not a regular hexagon. It can be

seen that every six C-N hexagon rings enclose a nanopore, while the edges are surrounded

by six N atoms with nanopore diameter of 4.773 Å (see Fig. 1(a)), which are agreement

with previous reports.33,95,100? The total charge density and charge density difference plots

of C6N6 and C6N8 are provided in Fig. 1(a), where yellow and blue regions indicate that
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depletion and accumulation, respectively. According to the charge density difference plots,

N atoms are negatively charged, while each C atom is positively charged. The N atom has

a larger electro-negativity (C is 2.55 and N is 3.04), explaining the greater electron density

at the N atoms, when Pauling scale electro-negativity is taken account. The simulated STM

images are shown in Fig. 1(b), where they are overlapped with the atomic structure. From

the predicted STM images, it is easy to recognize and correlate them with the corresponding

atomistic structure, in addition, the atoms around the C atom sites exhibit the bright spots.

The electronic properties of C6N6 and C6N8 are investigated by analyzing the band

structure, density of states (DOS) and partial density of states (PDOS) as shown in Figs.

1(c,d). It is found that C6N6 monolayer is a semiconductor with a direct band gap, showing

the value 1.5 eV located at the K-point (see Fig. 1(c)). This result agrees with a previous

report.30 The electronic properties of C6N8 demonstrates indirect semiconductor behaviour

with a band gap of 1.22 eV, which is agreement with previous results.101 From the DOS and

PDOS results, we found sharp peaks (flat shallow bands) within +2eV below EF suggesting

rather localized wave functions in C6N6 formed from the N-s, px,y orbitals (see Fig. 1(d)). At

the VBM, N atoms form an sp2 configuration and lone pairs which is exhibited in the up-going

band structure from the Γ to K point near EF . The lone pairs of N-s, px,y lie in in-plane

orbitals, suggesting the donor nature of the nanopore, although the N/C-pz anti-bonding

delocalized orbitals form the CBM above EF , showing the acceptor nature of C6N6 (see Fig.

1(d)). The filling of all the in-plane bonding orbitals imply the high stability of the C6N6

structure. The VBM is determined by the N-s, px,y orbitals, however the CBM originates

from the N/C-pz orbitals from the results of PDOS of C6N8 (see Fig. 1(d)). Furthermore,

we have investigated that the effect of embedding atom on the structural and electronic

properties of C6N6 and C6N8 in detailed. The schematic model structure for embedding

atoms into the holey site of C6N6 (left) and C6N8 (right) monolayers are shown in Fig. 2.

Hereafter, the embedding atom into the holey site of the C6N6 or C6N8 monolayers, are

labeled as atom@C6N6 or @C6N8, for instance, embedding H atom into the holey site of

6
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C6N6 is labeled as H@C6N6.

Embedding of atoms into the holey site of the C6N6 mono-

layer

The optimized atomic structures of embedding H, O, S, F, Cl, B, C, N, Si, P, Li, Na, K,

Be, Mg, Ca, Al, Sc, Ti, V, Cr, Mn, Fe, Co, Ni and Zn atoms into the holey site of C6N6,

respectively, are shown in Fig. 3. The atoms interact through sp2-hybridization and form one

(for H, O, F and Cl), two (for S, B, C, Si, N and P) σ bonds to neighboring N atoms of C6N6.

The bond lengths are found as 1.391-1.418 Å for the H, O, F and Cl atoms, respectively.

The bond lengths vary from 1.417 (Si) to 1.445 (B) Å for the S, B, C, Si, N and P atoms,

respectively (see Table I). We can see that upon the embedding of these atoms, the planar

structure of the C6N6 surface is preserved, except for the F atom which induces a structural

deformation along the direction perpendicular to the surface (see Fig. 3). The Li, Be and

Mg atoms interact through sp2-hybridization and form two σ bonds, whereas the Na, K and

Ca atoms form six σ bonds with neighboring N atoms. Due to weaker interaction with C6N6,

the Li, Na, K, Be, Mg and Ca atoms yield no significant distortion and only induce local

deformations. The bond lengths of Na, K and Ca atoms with nearest N atoms are found as

1.626-2.674 Å (see Fig. 3 and Table I). These bond number and lengths reflect the sizes of

atoms. The TMs atoms bind to the two nearest N atom of C6N6 and the bond lengths are

in the range of 1.853-2.200 Å (see Fig. 3 and Table I). It is found that notably larger than

the 1.445 and 1.428 Å for the C-C and C-N bond lengths of pristine C6N6 as expected.

The calculation of electronic structures of embedding atom@C6N6 are presented in Fig.

4. The electronic properties are calculated with spin-polarized case and ↑ and ↓ spin chan-

nels represented with blue-lines and red-dashed lines, respectively. Our results show that

the band structures of embedding atom@C6N6 are altered and give rise to localized states

in the fundamental band gap when compare with pristine C6N6. The H, F, Cl, B, N, P and

7
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Al@C6N6 structure exhibits a dilute-magnetic semiconductor (DM-SC) character and degen-

erates in the ↑ ↓ spin channels are broken and induce magnetic moment in the range of 1-4

µB. The O, S, C, Si, K and Be@C6N6 structures are indirect semiconductor behavior with a

band gap as large as 1 eV, where the VBM and CBM are located at K and M points, respec-

tively. Our results show that Mg@C6N6 is a direct semiconductor with a narrow band gap of

0.1 eV with the VBM and CBM located at Γ point. The Li, Na and Ca@C6N6 structures are

metallic with no spin polarized states. Interestingly, the Ca@C6N6 exhibit a negligible band

gap of about 3 meV at the Γ point. The embedding TM atoms such as Sc and Mn atoms

results in half-metallic electronic structure and trigger magnetic moments of 0.80 and 3.00

µB, respectively. The systems Ti, V and Co@C6N6 become a spin-gapless semiconductor

with magnetic moments of 1.90, 2.76 and 1.00 µB, respectively. More clearly, spin gapless

(semiconducting) is called upon the ↑ (↓) spin channels and the VBM of the ↓ spin channel

touches the EF at that circumstance. The half-metals and spin-gapless semiconductors are

expected to open up many prospects for device applications, such as spin filters, spin diodes,

spin valves, and spin photo-conductor. The Fe@C6N6 system exhibits a DM-SC character

and degenerates in the ↑ and ↓ spin channels of electrons are lifted with a magnetic moment

of 2 µB. In addition, Cu@C6N6 shows ferromagnetic-metal behavior and induces magnetic

moment of 0.5 µB. The Ni and Zn@C6N6 systems show semiconductor behavior with direct

band gaps of 0.9 and 1.0 eV, respectively. In this situation, the VBM and CBM are located

at the K and Γ points, respectively.

The DOS and PDOS results of embedding atom@C6N6 are given as Fig. 5. PDOS

of O@C6N6 have showed that the states around EF arise from O-px,y,z(↓) and N/C-pz(↑)

orbital. The metallic states of Li, Na and K@C6N8 with the impurity levels crossing EF

mainly stemming from the C/N-px,y orbitals around EF . Though the 3d-orbitals shell of

the TMs atoms are partially occupied, 3d and 4s-orbital states of the TMs atoms have

similar energy values. The initial magnetic moment of isolated TMs atoms are nonzero in

circumstance of 3d-orbitals shell is completely occupied. Due to the 3d-orbitals of the TM

8
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atoms are partially occupied, the embedded atom@C6N6s show various electronic properties.

The strong hybridization and covalent bonding character between 3d-orbitals for TM atoms

and the C/N-pz orbital states of C6N6 is monitored from PDOS calculations. The half-

metallic state of Fe and Co@C6N6 comes from Fe/Co-dyz,xz/dxy,x2−y2 and N/C-pz orbital

states in the (↑) spin channel. In the same time, the ferromagntic-metallic state of Cr

and Cu@C6N6 stemming from bands around EF and N/C-pz(↑) orbital states. The VBM

of Ni@C6N6 mainly originates from the hybridization of Ni-dyz,xz/s with C/N-pz orbitals,

while the CBM comes from hybridization with C/N-pz (↑).

Embedding of atom into the holey site of the C6N8 mono-

layer

The optimized atomic structures of embedding H, O, S, F, Cl, B, C, Si, N, and P atoms

into the holey site of @C6N8 are shown in Fig. 6, respectively. We found that upon the

embedding of these atoms, the planar structure of C6N8 is not maintained. The embedded

O atom interacts through sp2-hybridization and form one σ bond to the N atom of C6N8,

while the S, Cl, B, S, Si, N and P atoms form two σ bonds to neighboring N atoms of

C6N8. The calculated bond length of O atom is found as 1.297 Å and induces a structural

deformation along the surface normal of C6N8. According to our results, S, B, C, Si, N and

P atoms interact through sp2-hybridization and form two σ bonds, where the bond lengths

are calculated to range from 1.396 Å (C) to 2.180 (Cl) Å (see Table I). We can see that the

O, F and B atoms induce some structural distortion on the surface of C6N8 as shown in Fig.

6.

Neighboring N atoms form two for Be, four for Li and Mg, six for Na, K and C σ bonds

with embedding Li, Na, K, Be, Mg and Ca atoms and their bond lengths to the nearest N

atoms are in the range of 1.441 and 2.429 Å. Our results show that TM atoms bond to the

N host atom of C6N8 and form tree for Fe, Co, Ni and Cu, four for Mn and Zn and six for
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Sc, V and Cr σ bonds. These results show strong distortions of planar structure upon the

embedding Mn, Fe, Co, Cu and Zn atoms. The calculated bond lengths of TMs atoms to

nearest N atoms range from 1.808 Å for Fe to 2.335 for Zn Å (see Table I).

The electronic structure of H, O, S, F, Cl, B, C, Si, N, and P atoms embedded C6N8

is demonstrated in Fig. 7. The embedded F, B and Al@C6N8 shows dilute-magnetic semi-

conductor behaviour with magnetic moments of 1.10 and 0.85 µB, respectively. The ↑ spin

channels of Cl, N, P, Li, Na and K@C6N8 shows a metallic character, while the ↓ spin channels

show semiconductor character, whereas for Sc@C6N8, it is vice versa, the systems become

half-metals. For the O, S, Be and Zn@C6N8 structures, the situation was quite different;

direct semiconductor with band gaps of 1.4, 0.5, 0.4 and 1.5 eV respectively, are shown. The

VBM and CBM are located at the Γ point at this circumstance. Where the VBM and CBM

are located at the M point, interestingly, the C@C6N8 becomes a direct semiconductor with a

25 meV narrow band gap. The Mg and Sc@C6N8 monolayers turn into a metal, whereas the

H and Al@C6N8 systems show a spin-gapless semiconductor character. With the embedding

of Si, Ca, Ti, Fe and Co atoms into C6N8, the system becomes a ferromagnetic-metal with

the impurity levels crossing EF and magnetic moments of 0.3, 1.1, 1.6, 1.68 and 0.75 µB

are induced, respectively. The V, Cr, Mn, Co and Ni@C6N8 structures become half-metals

and magnetic moments of about 1.97-3.00 µB are induced, where the band gaps in the ↑

spin channel are in the range of 0.45 (Ni)-1.4 eV (Mn). The acquired results indicate that

findings are interesting because different and contrasting electronic behavior can be formed

depending on the type of embedding atom.

The DOS and PDOS results of embedding atom@C6N8 are given in supplementary in-

formation (SI) Fig. S1. DOS and PDOS calculations of embedding atom@C6N8 show that

there is obviously asymmetry spin splitting around the EF in ↑ and ↓ spin states, implying

magnetic properties. Because of the hybridization of the pz-orbital of the embedded atoms

with C/N-pz orbitals of the nearest atoms, the impurity states are around EF in the case

of S, B, C, Si, N, and P@C6N8. The DOS of Li, Na, K, Be, Mg, Ca, and Al@C6N8 are

10

Page 10 of 39Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
0 

Fe
br

ua
ry

 2
02

0.
 D

ow
nl

oa
de

d 
by

 L
A

 T
R

O
B

E
 U

N
IV

E
R

SI
T

Y
 o

n 
2/

23
/2

02
0 

12
:4

1:
01

 P
M

. 

View Article Online
DOI: 10.1039/D0CP00093K

https://doi.org/10.1039/d0cp00093k


different from that of pristine C6N8, exhibiting an impurity state around EF . According to

PDOS calculations, the impurity states mainly come from the N/C-pz states. The magnetic

state results are found for the Li, Na, K, Be, Ca and Al@C6N8 structures. The PDOS result

of Mg@C6N8 show the semiconductor to metal transition due to interaction with the Mg

atom and the N atoms of C6N8. We also found metallic behavior in the ↑ spin channel of

Ti@C6N8 originate from the s, dyz,xz-orbitals, while the half-metallic character of Cr@C6N8

is mainly from the dxy,yz,xz/dx2−y2 (↑) orbitals. The PDOS of Mn@C6N8 indicates that the

VBM originates from dxy/dx2−y2 (↑), while the CBM arises from dyz,xz/dz2 ↓ orbitals. The

Co@C6N8 system becomes a ferromagnetic-metal with the impurity level crossing EF and

induces magnetic moment of 0.75 µB. The metallic band originates from Co-dyz,xz (↑) with

C-px,y (↑) orbital states as seen in Fig. S1. The spin-splitting can be found around the EF

due to 3d-orbital peaks in ↑ and ↓ spin channels in the case of Sc, V, Fe and Zn@C6N8. This

metallic bands originate from the dxy,yz,xz/dz2 and N-pz states in both spin channels.

The Fig. 8 presents the difference charge densities with bond formation, charge accumu-

lation, and depletion regions. The O and F atoms form chemical bonds, and there is electron

depletion on C6N6, while electron accumulation on the embedded atoms, i.e. there is charge

transfers from C6N6 to O (0.33 e) and F (0.24 e) atoms (see Table I). Furthermore, in the

other atoms we find an electron accumulation on C6N6, while electrons are depleted on the

embedded atoms, thus there is charge transfers from the embedded atoms to C6N6. The

difference charge density of atom-embedded C6N8 are shown in Fig. 8(b). We can see that

electrons are depleted on the atoms of C6N8, while the majority of electron accumulation is

on the C and P, atoms, i.e. there is charge transfers from C (0.42 e) and P (0.48 e) atoms to

C6N8. Depending on the type of embedded atoms can be effectively tuned their electronic

properties. Hereby, we can achieve a metal, ferromagnetic-metal, half-metal, DM-SC, SG-SC

in these monolayers. The spin density difference of the embedding atom@C6N6,8 structures

are shown in Figs. 9(a,b). It can observed that the spin mainly accumulates around atoms

embedded and N neighbors, thus displaying a ferromagnetic interaction (H, F, Co and Cu)
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between them. While for the Ti, Cr and Mn@C6N6 systems, a highly localized difference

spin density around Ti, Cr and Mn atoms and the three N neighbors can be observed, thus

indicating an anti-ferromagnetic interaction between them.

Effect of H atom concentration

Next, we continued to investigate the structural and electronic properties of H@C6N6 as a

function of the H atom coverage. We have reveal that H atom coverage induces metallic

character, which can be continuously tuned by varying the concentration from 3.1% (1 H) to

12.5% (6 H). The optimized structures of H@C6N6 for the various concentrations are shown

in the top of Fig. 10. Increasing coverage affects its atomic structure of C6N6 as compared to

pristine C6N6. For 3.1% concentration of H@C6N6, the nearest N atom moves in the upward

direction as seen in Fig. 10. The surface distortion becomes more apparent and the bond

length dramatically changes when the H atom ratio increases up to 10.4%. The coverage

eventually reaches to 12.5 %, similar behavior is observed with the surface becoming more

distorted. The electronic band structure of H@C6N6 as a function of concentration is shown

in Fig. 10. The optimized structures is shown in the top of panel.

We have demonstrated that the band structure of C6N6 dramatically modify by H atom

coverage and shows diverse electronic behavior. For instance; a dilute-magnetic semiconduc-

tor behaviour is obtained at 3.1% concentration, while an indirect semiconductor with a band

gap of 1 eV is obtained at 4.16% concentration, where VBM and CBM are located at the K

and M points, respectively. With increasing H coverage, the impurity states increase stem-

ming from the H atoms around Fermi-level. Notice that, in the 6.25% concentration, system

exhibits a metallic character and for other concentrations, C6N6 monolayer is semiconductor.
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Effect of charging

We finally shift our attention to the effect of charging, applying an electric field and strain

on the electronic properties of C and Cr embedded atom both C6N6 and C6N8 monolayers.

The electronic structures of the Cr and C@C6N6,8 structures as a function of charging are

investigated as seen in Figs. 11(a,b). Cr@C6N6 shows ferromagnetic-metallic behavior with

a magnetic moment of 2.40 µB. When applying q = +0.5 charging, the magnetic moment

increases to 2.57 µB and its electronic property remains as ferromagnetic-metal. In the other

scenario, while excising electronic charge of q = -0.2 e, the magnetic moment increases to

2.77 µB. In this case its electronic property changes metallic in one spin channel, and a

semiconductor in the other channel, which result as electron transport only allows in one

spin channel. Interestingly, one can observe a nodal-line, where the VBM and CBM in the

↑ and ↓ spin channels, touch each other near EF . The C@C6N8 is a semiconductor with a

nontrivial band gap. When 0.2 electron is removed (q = -0.2 e) it remains metallic. Half-

metallic behavior with an induced magnetic moment of 0.2 µB for q = +0.2 e results under

excess electronic charge a reverse situation.

Conclusion

In the present study the effects of embedding atoms on the structural, electronic, and mag-

netic properties both of C6N6 and C6N8 monolayers are explored by first-principles cal-

culations. Our theoretical results have revealed that both of pristine C6N6 and (C6N8)

monolayers are semiconductor and they show various electronic character depending on the

type of embedded atoms, including; metal with Li, Na, K and Ca (Mg and Sc); half-metallic

with Si, Sc, Mn, Fe, and Co (Cl, N, P, Li, Na, K, Sc, V, Cr, Mn, Co and Ni); ferromagnetic-

metal with Cu (Si, Ca, Ti, Fe and Co); semiconductor with for O, C, Be, Mg, Ni and Zn

(O, S, C, Be and Zn); dilute-magnetic semiconductor with H, S, F, Cl, B, C, N, P, Al and

Cr (F, B and Cu) and spin-gapless semiconductor with Ti and V (H and Al).
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In addition, we have observed that the electronic and magnetic properties can be ef-

fectively modified by the concentration of H atoms embedded in C6N6. We showed that

dilute-magnetic semiconductor and semiconductor behavior for 3.1% and 4.16% concentra-

tion, respectively. With increasing H coverage, the impurity states stemming from the H

atoms around Fermi-level increase and in concentration of 6.25%, exhibit a metallic charac-

ter. Moreover, we have explored the effect of charging on the electronic properties for Cr

and C atoms@C6N6,8. Our results showed that Cr@C6N6 is a ferromagnetic-metal with a

magnetic moment of 2.40 µB. The magnetic moment increases to 2.57 µB when 0.2 electron

is added and remains a ferromagnetic-metal, while for an excess electronic charge when 0.2

electron is removed, the magnetic moment increases to 2.77 µB. The C@C6N8 is found as

semiconductor with a band gap. When 0.2 electron is removed it remains metallic and under

excess electronic charge a reverse situation is observed, where a half-metallic behavior results

with an induced magnetic moment of 0.2 µB when 0.2 electron is added.
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Table 1: The calculated ground-state structural, electronic and magnetic parameters of
embedding atom@C6N6,8: bond length between embedded-atom and its nearest neighbor
atom (dAN), bond length between C-C atoms (dCC), the bond length between N-C atoms
(dNC), the electronic state (ES), as specified as metal (M), half-metal (HM), ferromagnetic-
metal (FM), semiconductor (SC), spin-gapless semiconductor (SG-SC) and dilute-magnetic
semiconductor (DM-SC), the charge transfer (∆Q) between embedding atom and C6N6,8,
the magnetic moment per supercell Mtot(µB), and the initial magnetic moment of the atoms
MISO(µB). The values in parentheses are corresponding values for the C6N8 monolayer.

Adatom dAN (Å) dNC (Å) dCC (Å) ES ∆Q (e) Mtot(µB) MISO(µB)
H 1.038 (1.270) 1.391 (1.387) 1.442 DM-SC (SG-SC) 0.38 (0.30) 1 (0.95) 1
O 1.263 (1.293) 1.439 (1.427) 1.447 DM-SC (SC) -0.33 (-0.41) 3.8 (0) 2
S 1.828 (1.870) 1.435 (1.429) 1.420 SC (SC) 0.10 (-0.38) 0 (0) 2
F 1.488 (1.908) 1.418 (1.375) 1.465 DM-SC (DM-SC) -0.24 (-0.13) 1 (1) 1
Cl 1.742 (2.180) 1.405 (1.408) 1.451 DM-SC (HM) 0.06 (0.90) 1.06 (1.3) 1
B 1.445 (1.441) 1.441 (1.455) 1.449 DM-SC (DM-SC) 0.45 (0.42) 0.95 (1) 1
C 1.463 (1.396) 1.439 (1.446) 1.469 SC (SC) 0.40 (0.42) 0 (0) 2
Si 1.936 (1.926) 1.417 (1.411) 1.452 SC (FM) 0.63 (1.24) 0 (0.3) 2
N 1.465 (1.441) 1.456 (1.422) 1.449 DM-SC (HM) 0.06 (0.02) 1 (0.63) 3
P 1.836 (1.868) 1.438 (1.414) 1.433 DM-SC (HM) 0.21 (0.48) 0.9 (0.70) 3
Li 2.138 (2.070) 1.372 (1.366) 1.459 M (HM) 0.61 (0.82) 0 (0.95) 1
Na 2.674 (2.389) 1.365 (1.361) 1.461 M (HM) 0.61 (0.57) 0 (0.95) 1
K 2.721 (2.429) 1.363 (1.351) 1.466 SC (HM) 0.68 (0.75) 0 (0.95) 1
Be 1.626 (1.441) 1.408 (1.455) 1.448 SC (SC) 0.68 (0.78) 0 (0) 0
Mg 2.163 (2.304) 1.390 (1.416) 1.443 SC (M) 0.99 (1.38) 0 (0) 0
Ca 2.668 (2.376) 1.380 (1.381) 1.449 M (FM) 1.17 (1.32) 0.0 (1) 0
Al 1.955 (2.016) 1.407 (1.420) 1.440 DM-SC (SG-SC) 0.78 (0.8) 1(0.85) 1
Sc 2.200 (2.332) 1.416 (1.404) 1.426 HM (M) 1.18 (1.20) 0.8 (0) 1
Ti 2.065 (2.320) 1.421 (1.404) 1.416 SG-SC (FM) 0.80 (0.77) 1.9 (1.6) 2
V 1.968 (2.309) 1.420 (1.403) 1.420 SG-SC (HM) 0.66 (0.62) 2.76 (1) 3
Cr 1.941 (2.167) 1.415 (1.406) 1.427 FM (HM) 0.56 (0.63) 2.4 (2.1) 4
Mn 1.853 (1.995) 1.412 (1.408) 1.425 HM (HM) 1.26 (1.27) 3 (3.2) 5
Fe 1.855 (1.808) 1.409 (1.397) 1.433 DM-SC (FM) 0.67 (0.74) 2 (1.7) 4
Co 1.869 (1.891) 1.399 (1.424) 1.438 SG-SC (FM) 0.56 (0.51) 0.95 (0.8) 3
Ni 1.983 (2.008) 1.391 (1.401) 1.449 SC (HM) 0.59 (0.58) 0 (2) 2
Cu 2.066 (2.227) 1.374 (1.375) 1.457 FM (SG-SC) 0.47 (0.40) 0.5 (0.72) 1
Zn 2.049 (2.335) 1.384 (1.398) 1.442 SC (SC) 0.74 (0.67) 0 (0) 0

27

Page 27 of 39 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
0 

Fe
br

ua
ry

 2
02

0.
 D

ow
nl

oa
de

d 
by

 L
A

 T
R

O
B

E
 U

N
IV

E
R

SI
T

Y
 o

n 
2/

23
/2

02
0 

12
:4

1:
01

 P
M

. 

View Article Online
DOI: 10.1039/D0CP00093K

https://doi.org/10.1039/d0cp00093k


Figure 1: (a) Atomic structures, (b) simulated STM images, (c) electronic band structure,
and (d) DOS and PDOS of C6N6 and C6N8 monolayers. The primitive unit cell is indicated
by a red parallelogram in (a). C and N atoms represent by brown and blue balls, respectively.
Total charge density and charge difference density are also analyzed. The charge accumula-
tion and depletion are shown by color scheme with blue and yellow regions, respectively. The
STM images are overlayed with the atomic structures. The charge densities of the valance
band maximum (VBM) and conduction band minimum (CBM) are indicated in the insets.
Fermi level (EF ) is set to zero.
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Figure 2: Schematic atomic structure for the embedding of atoms into the holey site of
C6N6(left) and C6N8(right) monolayers.
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Figure 3: Top, perspective and side views of the optimized structures of different atoms
embedded into the holey site of the C6N6 monolayer.
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Figure 4: Electronic structure of different atoms embedded into the holey site of C6N6. Fermi
level EF is set to zero.
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Figure 5: DOS and PDOS of different atoms embedded into the holey site of the C6N6

monolayer. The zero of energy is set at EF . 32
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Figure 6: Top, perspective and side views of the optimized structures of different atoms
embedded into the holey site of the C6N8 monolayer.
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Figure 7: Electronic structure of different atoms embedded into the holey site of the C6N8

monolayer. Fermi level EF is set to zero.
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Figure 8: Difference charge density of different atoms embedded into the holey site of (a)
C6N6 and (b) C6N8 monolayers. The charge accumulation and depletion are shown by color
scheme with blue and yellow regions, respectively.
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Figure 9: Difference spin density of different atoms embedded into the holey site of (a) C6N6

and (b) C6N8 monolayers. The blue and yellow regions represent the ↑ and ↓ spin states,
respectively.
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Figure 10: Electronic band structure of H-embedded into the holey site of the C6N6 mono-
layer as a function of the H atom concentrations. Fermi level EF is set to zero. The optimized
atomic structures is show in top panel.
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Figure 11: Electronic structure of (a) Cr-embedded C6N6 and (b) C-embedded C6N8 as a
function of the applied charging. The q>0 e and q<0 e, corresponds to the loss or gain of
one electron the C6N6, are respectively. Fermi level EF is set to zero.
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