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In the present work, the effect of various embedded atom impurities on tuning electronic
and magnetic properties of (N4 and C4N3 nanosheets have been studied using first-principles
calculations. Our calculations show that GGV, is a semiconductor and it exhibits extraordinary
electronic properties such as dilute-magnetic semiconductor (with H, F, Cl, Be, V, Fe and

Co); metal (with N, P, Mg and Ca), half-metal (with Li, Na, K, Al, Sc, Cr, Mn, and Cu) and
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semiconductor (with O, S, B, C, Si, Ti, Ni and Zn) with the band gaps in the rangepf 0,3s250-oc o001

eV depending on the species of embedded atom. The calculated electronic properties reveal
that C4/N3 is a half-metal and it retains half-metallic character with embedded H, O, S, F, B, N,
P, Be, Mg, Al, Sc, V, Fe, Ni and Zn atoms. The substitution of CI, C, Cr and Mn atoms create
ferromagnetic-metal character in the ;N3 nanosheet, embedded Co and Cu atoms exhibit a
dilute-magnetic semiconductor nature, and embedded Ti atoms result in the system becomes
a semiconductor. Therefore, our results reveal the fact that the band gap and magnetism can
be modified or induced by various atom impurities, thus, offering effective possibilities to tune

the electronic and magnetic properties of GNy and C4N3 nanosheets.

Introduction

Two-dimensional carbon nitride (2D-CN) monolayers and their 2D allotropes have recently been
added to the large subgroup of 2D materials. !> Since the successful synthesis of 2D-carbon ni-
trides,* 2D-CN have received significant recent interest. The 2D-CN monolayers have outstanding
properties like graphene, where the sp>-hybridization stems from the strong C-C bonds. Surface
engineerin of these CN nanosheets enable the band gap to be tailored indicating they may have
potential applications in both energy and environmental related areas, such as photocatalysis for
water splitting and hydrogen evolution. Because the atomic and electronic structure enables cova-
lent bonding, 2D-CN monolayers exhibit novel mechanical, optical, electronic and thermal prop-
erties.”® Although several 2D-CN and their 2D allotropes can be experimentally produced, some
of them have just been theoretically examined®~!? Theoretical studies for C4N3 have predicted a

13-17 which could

half-metallic nature as well as metal-free magnetism in both C4N3 and nanotubes
be useful in spintronics devices. C4N3 also has potential for metal-free photocatalyst applications
by manipulating its electronic band structure.

Over the past decade, tunable electronic and magnetic engineering of two-dimensional (2D)
materials have attracted significant attention due to excellent properties such as new quantum states

23,24

of matter, '82! topological insulators, > tuning electronic properties novel spontaneous polar-
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ization, > high mobility, high conductivity and high mechanical strength as well as long.spiii 31F
sion length for next-generation device applications. %>’ Various approaches (such as introducing
defect, applying electric fields/strain, functionalization, and application of embedded of atoms
(substitutional/adsorption) have been explored to tune the electronic and magnetic properties of
carbon nitride monolayers. 84> Theoretical calculations have investigated how the electronic and
magnetic properties of 2D nanosheets change with embedded atoms. *->> Much effort has been
devoted to searching new 2D nanosheets with tailored electronic and magnetic properties, which
could be applied in technological devices such as nanoelectronics, spintronics, energy storage and
catalysis. *73

In this work, employing density functional theory, we systematically study the structural, elec-
tronic, and magnetic properties of embedded 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 in the holey site of C3N4 and C4N3 nanosheets, and
their pristine forms. Our results reveal that the embedded atoms significantly modify the electronic
and magnetic properties. The findings highlight that pristine C3N4 and C4N3 nanosheets and those
with embedded atoms in the holey sites result in various electronic behaviors including metal (M),
half-metal (HM), ferromagnetic-metal (FM), dilute-magnetic semiconductor (DM-SC) and semi-

conductor (SC). The present results will provide a guide for future theoretical and experimental

studies.
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Computational Methodology

The density functional theory calculations were performed using the generalized gradient approx-
imation for the exchange-correlation functional as proposed by Perdew-Burke-Ernzerhof (GGA-
PBE),”* along with norm-conserving pseudopotentials 7> as implemented in the OpenMX package.
Following the convergence tests, the energy cutoff was selected to be 300 Ry as the plane-wave
basis set. The wave functions are described using the linear combination of multiple pseudoatomic

orbitals (LCPAOs) which is suitable for the calculation of large-scale electronic properties. 67’
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The integrations are performed using a k-point mesh of 23 x 23 x 1 with the Mgnkhet$t-Pack:

scheme for the primitive unit cell.”® 2D-CN was modeled with a vacuum region of about 20 A to
avoid interaction between neighboring slabs. The ground state structures were obtained by using
a quasi-Newton algorithm. The ground state geometric structures were relaxed until the residual
forces on the atoms were smaller than 1 meV/A. The Tersoff-Hamann theory was used to ob-
tain the scanning tunneling microscopy (STM) images implemented in the OpenMX package. °
WSxM software was used in post-processing to plot the STM images, which assume a bias of +2.0

V.80 The charge transfer analyses were performed by using the Mulliken charge analysis. 8!

Pristine CsN4 and C4N; nanosheets

2D-CN can be formed in many allotropes because of its ability to exist in different hybridization
with C and N atoms. In this study, we have focused C3N4 and C4N3 nanosheets. Fig. 1(a) shows
the optimized crystal structures with lattice parameters of pristine C3/N4 nanosheets. As seen in
Fig. 1(a), primitive cell of C3N,4 consists of three C and four N atoms. The lattice constant of the
optimized C3N;y is calculated to be 4.74 A. The bond distances of C-N atoms are found 1.32 and
1.44 A for different types of the bonds. The bond angle of N-C-N is 117.4° and C3N, exhibits a
completely flat structure which is consistent with previous reports. 8> The lattice constant of the
C4N3 nanosheet is calculated to be 4.81 A. As shown in in Fig. 1(e), there are two inequivalent
bond lengths of C-C and C-N of 1.42 and 1.34 A, respectively. The bond angle of N-C-N of C4N3
is calculated as 120°. To gain understanding into the bond character of the pristine material, the
total charge density and the charge density difference are presented in Figs. 1(a) and Figs. 1(e),
respectively. Depletion and accumulation of electron density is indicated by the yellow and blue
regions, respectively. According to our results, the C atoms are positively charged, whereas the N
atoms are negatively charged, resulting in a strong bond character in the formed C-N bonds. The
simulated STM images of C3N4 and C4N3 are shown in Figs. 1(b) and Figs. 1(f), respectively. The

STM images are overlaid with their corresponding atomic structures, where brown and light blue
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balls represent C and N atoms, respectively. From the STM images can be further bg, seem:{Hat the s
atoms in the bonds around C atom sites possess the brightest spots.

Our calculation show that C3N, is a direct semiconductor with a band gap of 1.45 eV, where
the valence band maximum (VBM) and the conduction band minimum (CBM) are located at the
T point in the BZ (see Fig. 1(c)). This result agrees with a previous report, ' suggestng that this
material could be applicable for applications in nanoelectronics and optoelectronics. C4N3 is found
to be exhibit half-metallic behavior with a gap of ~ 2.21 eV in the majority-spin (T) channel. the
magnetic moment is calcualted to be 1 up (see Fig. 1(g)), which is in agreement with previous
calculations. '>~1% The half-metallic behavior could play key role in spintronic applications. Such
half-metallicity may be understood by the fact that the pair of electrons in the bond (occupying
a C-N bonding orbital) is broken after introduction of a hole at the substitutional N site. The
calculated density of states (DOS) and partial (PDOS) of C3N,4 show that the N-s, p, , orbitals have
a significant contribution in the VBM, while N/C-p, orbitals are prominent in the CBM (Fig. 1(d)).
The symmetric DOS indicates that C3N4 is a nonmagnetic semiconducting material. The valence
band maximum consists of the lone pair orbitals on the two-coordinated N atoms of the triazine
rings, and the conduction band minimum can is formed by p, contributions on C and N atoms.
For C4N3, a close examination of the VBM indicates that it is composed mainly of contributions
from the planar C-p, with N-p, , orbitals in the majority | spin channel and the CBM originates

predominantly from N-p, , orbitals in minority | spin channel. The magnetic moment, and creation

Published on 24 December 2019. Downloaded by Vanderbilt University Library on 12/31/2019 8:05:13 AM.

of the half-metallic behavior of C4/V3, is mainly attributed to the N-p, , orbitals near the Er (see
Fig. 1(h)). Thus, the charge transport is dominated by the spin-down electron, and the current
flow in such a system should be fully spin-polarized, i.e., half-metallicity. Additionally, close
examination of the top of the valence band (see Fig. 1(h)) indicates that the main contributions are
from the planar p, and p, atomic orbitals. The difference spin density of C4N3 is also shown in
the inset of Fig. 1(h). We can see that the magnetic moments are localized around the N atoms of

CyNj3.
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Effect of embedded atoms DOI: 10.1038/C9CPOSOSIE

It is well known that embedded atoms can dramatically affect the structural, electronic, and mag-
netic properties of 2D materials. The affect of various embedded atoms on the electronic and mag-
netic properties of pristine C3N4 and C4N3 nanosheets are demonstrated in this study. A schematic
view of the embedded atom into the holey site of C3N4 and C4N3 nanosheets are shown in Fig. 2(a).
Hereafter, embedded atoms into C3N4 and C4N3 are labeled as atom-C3N, and atom-C4N3, respec-
tively. For instance, an embedded H atom into C3N; is labeled as H-C3N4. The height and bond
lengths for different species of embedded atoms (relative to the plane of the surface) into holey site
of C3N4 and C4N3 are given in Figs. 2(b) and Figs. 2(c) in the same panel, respectively. In addition,
the band gaps and magnetic moments of different embedded atoms are shown in Figs. 2(d-f). The
corresponding calculated ground-state structural, electronic and magnetic parameters of the em-
bedd atom systems are listed in Table 1. This includes the bond length between embedded-atom
and its nearest neighbor atom (dsy ), the height of adatom from the C3N4 and C4N3 planes (h), the
electronic state (ES), as specified as metal (M), half-metal (HM), ferromagnetic-metal (FM), semi-
conductor (SC), and dilute-magnetic semiconductor (DM-SC), the charge transfer (AQ) between
embedding atom and C3N4 and C4N3 nanosheets, the magnetic moment per supercell M, (Ug),
and the initial magnetic moment of the atoms M;so(ug). The values in parentheses are the corre-

sponding values for the C4N3 nanosheet.

Embedded H, O, S, F, Cl, B, C, Si, N and P atoms

The optimized top, side and perspective views of the structures of H, O, S, F, Cl, B, C, Si, N,
and P embedded atoms into the holey site of C3N4 and C4N3 are shown in Fig. 3(a) and Fig.
3(b), respectively. We find that upon adsorption of the embedded atoms, the 2D planar structure
are distorted. The H, O, and S atoms interact through spz-hybridization and form one ¢ bond
to neighboring N atoms. It can be noticed that H, O, and S atoms induce a notable structural

deformation perpendicular to the nanosheet surfaces and the bond lengths of H, O, and S are found
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in the range of 1.34-1.54 A. We also see that F and CI are not bonded to host N atpmsSf CaNimis

while they strongly bond to neighboring N atom in C4N3. The bond lengths of F and Cl atoms
with their nearest neighboring N atom are 1.08 A, and the C-C-H bond angle is 116°, and there
is no distortion out of the plane. The F-C bond lengths are 1.58 and 1.71 A, while the bond
angle between of C-F-C are 145 and 119°, suggesting a small effect on the planar structures. S
and Cl adsorption induces a structural deformation along the direction of plane, leading to the
expansion of the lattice constant by 4.5 and 5%, respectively. The embedded B, C, Si, N, and P
atoms interact with C3N4/C4N3 via s p2—hybridization and forms three ¢ bonds with neighboring N
atoms, resulting in no distortion in the plane of structures. The difference charge densities of the
embedded atom structures are presented in Fig. 3(c) and Fig. 3(d), where blue and yellow regions
represent the charge accumulation and depletion, respectively. It can be clearly seen that electrons
are depleted on the atoms of C3N; and C4N3, whereas the majority of electron enhancement is on
the O and S atoms, showing charge transfer from C3N4 and C4N3 to O and S atoms.

The electronic properties of embedded H, O, S, F, Cl, B, C, Si, N, and P atoms into the holey
site of C3N4 and C4N3 are investigated by analyzing the band structure, DOS and PDOS. In order to
understand the modifications of the electronic properties, we investigated the new states appearing
around Er. The calculated electronic band structure are shown in Figs. 4(a,b). The majority-spin
(T) and minority-spin (|) bands are shown by blue-lines and red-dashed lines, respectively. The

embedded atoms modify the electronic states and give rise to new localized states. The H-C3Ny

Published on 24 December 2019. Downloaded by Vanderbilt University Library on 12/31/2019 8:05:13 AM.

system is a direct semiconductor with a band gap of 1.82 eV in the minority | spin channel, while a
metallic states is found for the majority T spin channel bands and induces a magnetic moment of 1
up. Thus, the H-C3 N4 structure is a spin-glass semiconductor where the T spin channel is gap less,
while the | spin channel is semiconducting and the VBM of the | spin channel touches the Er. The
O-C3N4 system is a direct semiconductor with band gap of 2.01 eV, and transform into a p-type
semiconductor after embedding. The S, B, C, Si-C3N, systems become indirect semiconductors,
with band gaps of 1.55, 0.93, 0.22 and 0.57 eV, respectively. The F and CI-C3N, systems exhibit a

DM-SC, where the VBM and CBM are influenced by spin-splitting between the T and | channels
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due to the magnetic C atom. The excess electrons of F and CI atoms relative to G,Jeads:t-

polarization and due to unpaired electrons, the F and Cl atoms attain a magnetic moment of 1 up.
The N and P-C3 N, systems show a metallic behavior. The corresponding electronic band-structures
for embedded atoms in C4N3 are given in Fig. 4(b). The direct band gap of C4N3 in T spin channel
is narrow due to the impurity state of the embedded O, S, F, B, N and P atoms. In addition, the
half-metallic character of C4N3 remains unchanged and induces magnetic moments in the range
of 1-2 up. The Cl and C-C4N3 systems are ferromagnetic-metals and spin-splitting occurs in the
1 and | spin channels, resulting in an induced magnetic moment of 0.3 and 1.4 up, respectively.
Finally, the Si-C4N3 structure exhibits metallic character.

The calculated DOS and PDOS for embedded H, O, S, F, Cl, B, C, N, Si and P atoms into
the holey site of C3N; and C4N3 are shown in Figs. 5(a,b). For the The H-C3N; structure, the
electronic states near Er are mainly comprised of the C/N-p, orbitals. The VBM of O, S, F, and
Cl-C3N4 exhibit hybridization of the atoms-py . states with C/N-p, states of the nearest atoms,
while the CBM stems from the hybridization of O, S, F, and Cl-p, states with C/N-p, states of the
nearest atoms. The results show nonmagnetic ground states. The embedded atom-C3N,4 systems
show asymmetrical spin splitting around the Fermi-level, implying magnetic character as shown in
Fig. 5(b). The semiconductor to metal transition stems from the interaction between the embedded
atoms and N atoms for the O, S, F and CI-C4N3 structures. The CBM and VBM are mainly
composed of states due to the hybridization of p orbitals. In this case, the PDOS of C, Si, N, and
P-C4N3 indicate that the VBM and CBM of the T spin channel originates from the hybridization
of C, Si, N, and P-p, and N-p, orbitals. Interestingly, the hybridization of B-C4N3 is slightly
different where the hybridized state near the Er mainly originates from the B-p, , orbital state in
Figs. 5(a,b). The hybridization of the N/F-2p electrons and the C-2p orbitals result in a magnetic
moment of 1ug. In the case of S, C and Si atoms, being in the same group as the C atom but
having a relatively larger atomic radius, S and Si atoms distort the planar structures of C3Ny and
C4N3 and increases the bond length. Our calculation show that the VB edge of C3N, and C4N3 are

not dramatically influenced by the states originating from Si-p, orbitals appear near the CB edge,

idle Online
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thereby the Si-p, orbitals are dominant in the VB edge. To investigate the spin arrangement:ohEa6h -
atom and to further elucidate the origin of the magnetism, the difference spin density distribution
is shown in the inset of Figs. 6(a-b). The magnetic moment of F-C3N,4 occurs due to the F atom

and partly from neighboring N atoms.

Embedded Li, Na, K, Be, Mg, Ca and Al atoms

The relaxed structures of embedded Li, Na, K, Be, Mg and Ca atoms into the holey site of C3/N4 and
C4N3, are shown in Fig. S1. Due to the stronger interaction between C3N4 and C4N3 nanosheets
and embedded Li and Na yield significant distortion and results in local deformation. The DOS
and PDOS of the embedded atoms show that the atoms interact through sp2-hybridization and form
three o bonds with neighboring atoms and reconstructions can occur. The bond lengths of Li, Na,
and K with nearest N atoms are in the range of ~ 1.5-2.5 A and there is a strong distortion in
the planar structure which is related to the sizes of atoms. The change in the optimized structure
is related to the charge transfer between the atoms and substrate. The difference charge densities
are presented in Fig. S1(b). We see that the Li atom forms chemical bonds, and there is electron
depletion on C3N4 and C4N3, while there is electron accumulation on the Li atom, thus charge
transfer from C3N, and C4N3 to Li. The electronic structure of embedded Li, Na, K, Be, Mg, Ca,
and Al atoms are shown in Figs. 6(a,b).

It can be seen that the T spin channel for Li, Na, K, and AI-C3N, exhibits a metallic character,

Published on 24 December 2019. Downloaded by Vanderbilt University Library on 12/31/2019 8:05:13 AM.

while in the | spin channel, there is semiconducting character, thereby resulting in a half-metal.
The calculated DOS and PDOS of Li, Na, K, Be, Mg, Ca, and Al-C3N4/C4N3 are shown in Fig.
S2. The DOS of these structures exhibit difference to those of pristine C3N4, namely, there is an
impurity state around Fermi-level. Based on the calculated PDOS, the impurity states are mainly
from the hybridization of Li, Na and K s-orbitals with N/C-p, states. It can be noticed that the
DOS of both spin channels of these atoms are asymmetric, indicating a magnetic character with an
induced magnetic moment of 1-2 ug. The Be- and Ca-C3Ny structures shows a DM-SC character

and induce a magnetic moment of 2 up magnetic. From the PDOS of Be-C3Ns we found that the
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VBM and CBM originate from the hybridization of N-p, , orbitals (Fig. S2). DOI: 10.1039/COCPOS031F

Embedded Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn atoms

We now consider embedding with 3d transition-metal (TM) atoms. The ground state structures of
the embedded TM atoms are shown in Fig. S3. We found that embedded Ti, V, Mn, Fe, and Co
largely retains the atomic structure, while Sc and Cr lead to a noticeable local deformation. The
TM atoms bind to the three nearest N atoms and the bond lengths are in the range of 2.551-2.914A
(see Fig. S3).

The electronic structure of embedded Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn atoms are shown
in Figs. 7(a,b). We see that embedded TM atoms give rise to some localized states in the band
structure, modifying the electronic properties. The T spin channels in Cr, Mn, and Cu-C3N4 show
a metallic character, while | spin channels exhibit semiconductor character, whereas for Sc-C3 Ny
it is the opposite. This implies that these structures are half-metals. The half-metallic behaviour
of Cu-C3Ny stems from the semiconducting spin channel with a 1.5 eV band gap. The magnetic
moments of Sc, Cr, Mn and Cu-C3N, are determined to be 1, 2, 1, and 1 up, respectively. We can
see for the V and Fe-C3Ny structures both the T and | spin channels are semiconducting, thus a
DM-SC state can be realized with magnetic moments of 1 and 2 up, respectively. These results are
interesting because most of the conventional DM-SC exhibit a metallic band structure, based on
embedding of atoms. The results for embedded Ti, Ni and Zn-C3N4 are quite different, and they
exhibit semiconductor character with an indirect band gap of 0.86 eV for embedded Ti and a direct
band gap for Ni and Zn of 0.85 eV and 1.2 eV, respectively. The Co-C3N4 becomes a DM-SC and
induces a magnetic moment of 1 tg. The embedding of TMs into the holey site of C3N4 nanosheet
results in defect states in the band gap and shifts the Fermi level to the conduction band. For Ti,
Ni and Zn, the embedded systems retain semiconducting characteristics with significantly reduced
band gap. For V, Fe and Co the systems show magnetic semiconducting characteristics due to
the asymmetric spin-up and spin-down states. More interestingly, the corresponding systems for

Sc, Cr, Mn and Cu exhibit half-metallic features with band gaps for one spin channel and not for

10
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the other spin channel. Therefore, these materials with half-metallicity exhibit spinpglati O31F
indicating that they are ideal materials for spin injection applications. The hybridization between
the 3d orbitals of the TM and the host C3/N4 nanosheet leads to charge transfer from the TM atoms

to the C3 N4 nanosheet (see Table 1). This transfer possibly creates a local magnetic moment on the
TM atoms. The calculated total magnetic moments are 1, 1,2, 1,2, 1 and 1 up for the embedding
of Sc, V, Cr, Mn, Fe, Co and Cu atoms, respectively (see Table 1). While Ti, Ni and Zn do not
show any magnetic moment.

Our results demonstrate that Sc, V, Fe and Zn-C4/N; induce a metal (semiconductor) character
in the T (]) spin channel, resulting in the material becoming a half-metal with a magnetic moment
ranging from 1-2 up. The Cr and Mn-C4N3 structures exhibit metallic behavior with the impurity
levels crossing Fermi-level inducing magnetic moments of 0.66 and 3.8 up, respectively. We find
that Cu, and Co-C3 N4 exhibit a DM-SC character. The band gaps of embedded Ni and Zn atoms are
around 2 eV in the T spin channel and the | spin channel have magnetic moments of 3, 1, and 4 up,
respectively. The bonding character between TM atoms and N is indicated in the difference charge
density and is shown in Figs. 7(a,b). It is clear that the TM atoms and C3N4/C4N3 nanosheets are
strongly bonded due to the charge accumulation region between TM and the neighboring N atoms
in many of the systems. However, it is less significant for systems such as embedded Ni and Zn
atoms.

The DOS and PDOS of embedded Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn atoms into the holey

Published on 24 December 2019. Downloaded by Vanderbilt University Library on 12/31/2019 8:05:13 AM.

site of C3N,4 are shown in Fig. 8. Though the TM-3d and TM-4s orbital states have similar energy
values, the TM-3d shell is partially occupied. The TM embedded atoms induce magnetic moments
to (3N, and yield an exchange-splitting in TM-3d orbital states. The metallic state of Sc-C3Ny
arises from the Sc-dyy.y. x;/d2(]) and N/C-s, p,(|) orbital states. The bands around Er are mainly
composed of the hybridization of Cr, Mn-d.y, . . /d.>(1) and N/C-p, (1) orbital states for the Cr and
Mn-C3N4. The degeneracy of majority T and minority | spin channels of Sc, Cr and Mn-C3N, are
broken and trigger magnetic moments of 1,2 and 1 g, respectively. The V- and Fe-C3N,4 systems

become DM-semiconductors with the VBM mainly originating from the hybridization of the V-

11
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dryyzxz/dy2y2 (1) orbitals with the C/N-p; (1) orbital, while the CBM arise due te-hyhridjztions::

31F

of V-dy,/d> (1) with C/N-p; (T). The Ti, Ni and Zn-C3N; exhibit nonmagnetic semiconductor
characer in which the VBM of Ni-C3/Ny, originates from the hybridization of Ni-dyy r, / dxzyz with
N-p, orbital states, while the CBM originates from Ni-d,, with N-p,, orbital states. The DOS
and PDOS of embedded Sc, Ti, V, Cr, Mn, Fe, Co, Ni and Zn atoms into C4N3 are shown in Fig.
S5. The spin-splitting can be observed around Ef for the main 3d orbital peaks in the T and |
spin channel of the Sc, V, Fe and Zn-C4N;3 structures. The metallic bands in T or | spin channels
originate from the dyy,y. «./d> and N-p, orbital states. The Cr and Mn-C4N3 structures become
a ferromagnetic-metal with the impurity level crossing Er and a magnetic moment of 0.66 and
3.8 up induced, respectively. The metallic band originates from Mn-dyy . r-/ dy2_y2(1) with N-py y
(T) orbital states, while in the | spin channel, the Mn-d,,y; . /d2 2 orbital states are prominent.
We found that the Cu, Co and Ni-C4N3 systems show a spin-glass semiconductor character and
metallic bands near the Er originates from hybridization of dyyy: xz/d\2,2/4s(T) with N-py,(T)
orbital states.

The difference spin density on TMs, N, and C atoms for C3N; and C4N3 nanosheets are given
in Fig. 9 (a) and Fig. 9 (b) , respectively. Figure 9(a) demonstrates the induced magnetic moments
are distributed at the Sc atom and its surrounding N and C atoms. The magnetic moments couple
with one another ferromagnetically. This situation also occurs for Mn and Cu (see Fig. 9 (a)). In
contrast, V and Cr adsorption leads to an appreciable magnetic moment on V and Cr, together with
smaller moments on neighboring N and next neighboring C atoms. The local moment on V and
Cr couple with the ones on neighboring N and C atoms anti-ferromagnetically. Anti-ferromagnetic
coupling is observed for Fe and Co embedding (see Fig. 9 (a)), but the magnetic moment is not
localized as the cases of V and Cr. In order to better identify and investigate the effects of embedded
atoms into C3N4 and C4N3, we simulated their STM images (Fig. S4). We can see that the C and N
atoms appear as white spots, however, the region around O, P, Li, and Fe atoms corresponds to the
brighter spot. With a bias of +2 'V, the structures of embedded C3N4 and C4N3 are straightforward

to identify through their STM images.

12
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We also perform spin-orbit coupling calculations (with the GGA) for embedding ofoS¢e hinsir
Mn, Fe and Co. The resulting electronic band structures are shown in Fig. 10 (a). We found that
the embedding of Ti atom into holey site of C3N4 monolayer without including the SOC effect,
exhibits semiconductor behavior. When including SOC, the system retains the semiconducting
characteristics and the indirect band gap is about 0.34 meV. In the CBM, we can see a band splitting
of about that 8 meV in the BZ due to SOC effect. The embedding of Fe and Co show magnetic
semiconducting characteristics without considering SOC. With SOC, the half-metallicity of Fe
changed and transformed to a semiconductor with direct band gap 0.15 eV where the VBM and
CBM are located at the G-point. Without SOC, the corresponding systems for Sc, and Mn exhibit
half-metallic features with one closed band gap for one spin channel and the other spin channel
exhibiting a band gap. Considering the SOC effect, the system with Sc and Mn show metallic
characteristic (see Fig. 10 (a)). Due to the weak screening of the Coulomb interaction in the
embedded TM atom systems, we investigate the effect on the electronic structure by including the
Hubbard U. Since the accurate value of U has not been determined for these systems, we investigate
effects of correlation by considering a range of values for the Hubbard U term. The electronic band
structure considering Hubbard U is shown in Fig. 10 (b). The correlation effects on the electronic
and magnetic properties of C3N4 monolayer are found to be significant and cause a change of the
spin polarization. The calculated total magnetic moments of Sc, Ti, Mn, Fe, and Co atoms are 1,

0, 1,2 and 1 up, respectively (see Table 1). When considering of the effect of U, the energy bands

Published on 24 December 2019. Downloaded by Vanderbilt University Library on 12/31/2019 8:05:13 AM.

change near Fermi-level, indicating the robustness of nontrivial topology against the correlation
effect in TM-3d electrons. Our results show that the magnetic moment of Sc, Ti, Mn, Fe, and Co
atoms for U =2 eV are changed to 0.2, 1.75, 1, 2.25 and 1.9 ug, respectively.

To understand the origin of the local magnetic moment, we consider crystal field theory and
Hund rules. The local structure of the CoN3 complex is well-known where it has the C3, point
symmetry; therefore, the five degenerate Co-3d orbitals are divided into a single a; state and two
two-fold degenerate e and e, states. The d,, and dxzyz states orbitals to the e, states, whereas

the d,,; and dy, form e; states. The e states are at a lower energy level than the e, states due
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to crystal field splitting. The single degenerate a; state contains the d» orbitabJocated, @l 1he

lowest energy with respect to ey and e states. The a; state strongly overlaps the s-type lone
pair on two-coordinated nitrogen; subsequently, they are occupied. To gain insight into magnetic
properties, we first present the projected density of states (PDOS) for the C3/N,4 nanosheet with Co
atom in Fig. 11(a). A large apparent spin-splitting is observed. The large exchange splitting is
attributable to the intra-atomic exchange interaction due to Hund rule. The e; and e; states are
nearly degenerate, that is, the two e manifolds are mixed as shown in Fig. 11(a). The a; state
demonstrates that there is notable p — d hybridization between Co and the C3N; nanosheet. The a;
state in the down-spin channel is pushed to a lower energy level relative to those of the e and e,
states due to crystal field splitting, therefore, the a; states are fully occupied in both spin channels;
a schematic representation of electron configuration is shown in Fig. 11(b). While the Co ion
(Co+171) carries a local magnetic moment of about 2 g, the electron injection leads unpaired
electron on neighboring N and C atoms. The calculated PDOS results show that the local magnetic
moment partially originates from the neighboring N atoms in the Fig. 11(a). The similar scene
is true for neighboring C atom, which can be verified by the p-characterized with difference spin
charge density illustrated in the Fig. 11(c). The sum of magnetic moments on neighboring N and
C atoms with the Co embedding produced a total magnetic moment of 1 ug. The difference spin
density on Co, N, and C atoms are visualized in the Fig. 11(c). We can see that the embedding of
the Co atom leads to an appreciable magnitude of the magnetic moment on Co, together with slight
magnitudes of moments at its first neighboring N and next neighboring C. The induced magnetic
moments distributed at Co and its surrounding N and C atoms are illustrated in Fig. 11(c). The
local moment on Co anti-ferromagnetically couples with the ones on neighboring N and C atom:s.
Taking C3N4 nanosheet with Co as an example, the plots of difference charge density is shown in
the inset of Fig. 11(d), in which the typical ionic and covalent characteristics for C-N and Co-N

bonds can be observed respectively.
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Conclusion D01 101036/C5CPOGOSIT
In summary, through first-principles calculations we have explored the effects of embedded atom
impurities on the structural, electronic, and magnetic properties of C3N; and C4N3 nanosheets.
Our results show that C3N4 1s a semiconductor with direct band gap of 1.45 eV, while C3N; is a
half-metal. We found that the electronic properties can be effectively modified through various
embedded atoms in the holey site of C3/N; and C4/N3 nanosheets. The atomic structure of C3N4 and
C4N3 nanosheets were found to remain intact, despite local deformations induced by the embed-
ding of various atoms such as B, C, P, and N atoms. In contrast embedding of O, F, H, Cl and
transition metal atoms results in considerable local deformations, involving bond breaking of the
pristine lattices. Our results reveal that embedding H, F, Cl, Li, Na, K and Al atoms can induce
magnetism into C3N4 nanosheet, while N and P transform the electronic structure from semicon-
ductor to metal. The semiconductor character is preserved with embedding of O, S, B, C, and Si
atoms, but interestingly they can finely tune their band gaps over a range of 0.3-2.0 eV. Be, Cl, and
Mg atoms respectively, can induce a DM-SC, DM-SC and metallic character. The embedding of
TM atoms into the holey site of C3/N34 results in defect states in the band gap and shifts the Fermi
level to the conduction band. For Ti, Ni and Zn, the embedded systems retain semiconducting
characteristics with significantly reduced band gap. For V, Fe and Co the systems show magnetic
semiconducting characteristics due to the asymmetric spin-up and spin-down DOS. More interest-

ingly, the corresponding systems for Sc, Cr, Mn and Cu exhibit half-metallic features with band

Published on 24 December 2019. Downloaded by Vanderbilt University Library on 12/31/2019 8:05:13 AM.

gaps for one closed spin channel and the other opened spin channel. Embedding of H, O, S, F,
B, N, P, Be, Mg and Al atoms can preserve the half-metallic nature of C4N3. While embedded
Cl and C atoms leads to a ferromagnetic-metal, with embedding of Li, Na, K, and Ca atoms, the
system becomes a metal. For embedded 3d TM atoms, C4N3 can be half-metallic for Sc, V, Fe, Ni
and Zn atoms or can be transformed into a ferromagnetic-metal (with Cr and Mn), dilute-magnetic
semiconductor (with Co, Cu) and a semiconductor (with Ti). Our studies further suggest that em-
bedded nonmetal and metal atoms can be employed as effective approaches to tailor the electronic

and magnetic properties of carbon nitride nanosheets, which can open alternative ways for the
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Atom

RZOCWZ2Aa®2TwOT

Be
Mg
Ca
Al
Sc
Ti

Cr

Fe
Co
Ni
Cu
Zn

day (A)
1.073 (1.086)
1.285 (1.291)
1.714 (1.745)
1.958 (1.416)
2.442 (1.759)
1.383 (1.404)
1.343 (1.363)
1.577 (1.601)
1.365 (1.419)
1.593 (1.648)
1.895 (1.901)
2.289 (2.255)
2.619 (2.607)
1.573 (1.566)
2.067 (1.951)
2.266 (2.208)
1.991 (1.652)
2.030 (2.001)
1.923 (1.891)
1.869 (1.833)
1.839 (1.815)
1.791 (1.791)
1.804 (1.802)
1.812 (1.801)
1.843 (1.848)
1.949 (1.923)
3.408 (1.901)

Physical Chemistry Chemical Physics
Table 1: The calculated ground-state atomic, electronic and magnetic properties, of epbdding
atoms into the holey site of C3N4 and C4N3 nanosheets: bond length between embedded-atom
and its nearest neighboring atom (d4y ), the height of the adatom from the C3N4 and C4N3 planes
(h), the electronic state (ES), as specified as metal (M), half-metal (HM), ferromagnetic-metal
(FM), semiconductor (SC), and dilute-magnetic semiconductor (DM-SC),the charge transfer (AQ)
between the embedded atom and C3N4 and C4N3 nanosheets, the magnetic moment per supercell
M, (Uup), and the initial magnetic moment of the atoms Mjso(up). The values in parentheses
correspond to values for the C4N3 nanosheet.

h(A)
0(0)
1.553 (1.293)
2.029 (1.537)
1.98 (1.60)
2.559 (2.061)
0 (0)

0 (0)
0(0)
0(0)

0 (0)
1.585 (1.599)
2.139 (2.171)
2.558 (2.574)
0.788 (0.755)
1.828 (1.659)
2.130 (2.062)
1.706 (0)
1.796 (1.735)
1.635 (1.547)
0.572 (1.489)
1.508 (1.432)
1.377 (1.375)
1.491 (1.485)
1.373 (1.370)
1.480 (1.475)
1.639 (1.595)
3.188 (1.487)

ES
DM-SC (HM)
SC (HM)
SC (HM)
DM-SC (HM)
DM-SC (FM)
SC (HM)
SC (FM)
SC (M)

M (HM)
M (HM)
HM (M)
HM (M)
HM (M)
DM-SC (HM)
M (HM)
DM-SC (M)
HM (HM)
HM (HM)
SC (SC)
DM-SC (HM)
HM (FM)
HM (FM)
DM-SC (HM)

DM-SC (DM-SC)

SC (HM)
HM (DM-SC)
SC (HM)

17

E, (eV)

1.05
1.43

0.97
0.25
0.62

AQ (e)
+0.266 (+0.268)
-0.359 (-0.302)
-0.182 (-0.109)
-0.207 (-0.186)
-0.099 (-0.047)
+0.591 (+0.670)
+0.689 (+0.747)
+0.548 (+0.748)
-0.003 (-0.056)
-0.260 (-0.183)
+0.238(+0.202)
+0.457 (+0.450)
+0.544 (+0.554)
+0.322 (+0.315)
+0.506 (+0.700)
+0.664 (+0.840)
+0.283 (+0.789)
+0.761 (+0.923)
+0.544 (+0.639)
+0.331 (+0.434)
+0.015 (+0.120)
+0.981 (+1.076)
+0.439 (+0.567)
+0.350 (+0.472)
+0.432(+0.530)
+0.087(+0.191)
+0.245 (+0.416)

Mo (IJB)

1(3)
0(2)
02
1(3)
1(0.3)
0(1)
0(1.4)
00
0D
0
1(0)
1(0)
1(0)
2(2)
02
2(0)
1(0.3)
1(1)
0(0)
1(1)
2 (0.66)
1(3.8)
22
L(D)
0(4)
1(3)
0(2)

Mo (,UB)
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Figure 1: (a,e) Geometric structures, (b,f) simulated STM images, (c,g) calculated electronic-band
structure, (d,h) density of states (DOS) and partial DOS (PDOS) of C3N4 and C4N3 nanosheets. The
primitive unit cell is indicated by a red parallelogram in (a) and (e). C and N atoms are represented
by brown and blue balls, respectively. The total charge density and charge difference densities
are also indicated in the same panels. The charge accumulation and depletion are shown by the
blue and yellow regions, respectively. The STM images are overlaid with their corresponding
structures, with the brown atoms representing C and the blue atoms representing N. The charge
densities of valance band minimum (VBM) and conduction band maximum (CBM) are indicated
as insets. The zero of energy is set to Fermi-level (EF), as shown by the green dash-point line.
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Figure 2: (a) Schematic atomic structure for embedded atoms into C3 N4 (above) and C4N3 (below).
(b,c) The calculated ground-state structural parameters, which include bond length and height for
different embedded atoms in C3N4 and C4N3. The schematic geometry of the embedded atom into
holey site of C3N4 and C4N3 nanosheets is indicated in the same panel. The variation of (d,e) the
band gap and (f) the magnetic moment for difference species of atoms.
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Figure 3: Top, side and perspective views of optimized structures of embedded H, O, S, F, Cl, B,
C, Si, N, and P atoms into the holey site of (a) C3N4 and (b) C4N3 nanosheets. Difference charge
densities of embedded atoms into (c) C3N4 and (d) C4N3 nanosheets. The charge accumulation and
depletion are shown by color scheme with blue and yellow regions represent, respectively.
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Figure 4: Electronic structure of embedded H, O, S, F, Cl, B, C, N, Si and P atoms into the holey
site of (a) C3N4 and (b) C4N3 nanosheets. Difference spin density is shown in the inset. The
majority (T) and minority(]) spin directions represent blue and yellow regions, respectively. The
zero of energy is set to Fermi-level, shown by the green dash-point line.
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Figure 5: DOS and PDOS of s, py, and p, orbitals for embedded H, O, S, F, Cl, B, C, N, Si and
P atoms into the holey site of (a) C3N4 and (b) C4N3 nanosheets. Difference spin density is shown
in the inset. The majority (T) and minority(]) spin directions represent blue and yellow regions,
respectively. The zero of energy is set to Fermi-level, shown by the green dash-point line.
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Figure 6: (a) Electronic structure of embedded Li, Na, K, Be, Mg, Ca, and Al atoms into the
holey site of (a) C3N4 and (b) C4N3 nanosheets. Difference spin density is shown in the inset. The
majority (T) and minority(|) spin directions represent blue and yellow regions, respectively. The
zero of energy is set to Er, shown by the green dash-point line.
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Figure 7: (a) Electronic band structure of embedded Sc, Ti, V, Cr, Mn, Fe, Co, Ni and Zn atoms into
the holey site of (a) C3N, and (b) C4N3 nanosheets. Difference spin density is shown in the inset.
The majority (T) and minority(|) spin directions represent blue and yellow regions, respectively.
The zero of energy is set to Fermi-level, shown by the green dash-point line.
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Figure 8: DOS and PDOS of s, pyy, pz, d2, d,2y2, dyy, dyz, and dy; orbitals for embedded Sc, Ti, V,
Cr, Mn, Fe, Co, Ni, Cu and Zn atoms into the holey site of C3/N; nanosheet. The zero of energy is
set to Fermi-level, shown by the vertical green dash-point line.
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Figure 9: (a) Difference spin density for embedded TM atoms into the holey site of (a) C3N4 and
(b) C4N3 nanosheets. The majority (T) and minority (]) spin directions represent blue and yellow
regions, respectively.
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Figure 10: Electronic band structure of embedded Sc, Ti, Mn, Fe and Co atoms into the holey site
of C3N4 nanosheet (a) with considerAéng of spin orbital coupling (SOC) effect and (b) Hubbard
U. The zero of energy is set to Fermi-level, shown by the green dash-point line.
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Figure 11: (a) PDOS of Co-3d and three N atoms surrounding Co, (b) Schematic of the occupation
of electrons under crystal field for CzN4 embedded by Co atom. (c) Differnece spin density is
shown in the inset. The majority () and minority (]) spin directions represent blue and yellow
regions, respectively. The optimized structure of C3N4 embedded with the Co atom indicated in
the same panel. (d) Difference charge density is shown where the blue and yellow regions represent
charge accumulation and depletion, respectively.
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