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ABSTRACT

A novel layered two-dimensional graphene-like material C,N-h2D with evenly distributed holes and nitrogen
atoms has been synthesized via a bottom-up wet-chemical reaction [Nat. Commun. 6, 6486 (2015)]. The
presence of holes provides a ground for further functionalization by doping. By performing a first-principles
study, we have doped transition metals at the center of the holes of C,N-h2D nanoribbons and explored their
doping effects on electronic, magnetic and transport properties. It is found that the doping can essentially
regulate the electronic properties of Co,N-h2D nanoribbons. The metallic zigzag ribbon is tuned into a
semiconductor for Mn, Fe and Co-doped cases, but half-metal for Ni-doping. This transition is derived from
the peculiar band morphology which has a big band gap between the edge state and the higher band, so when
the energy of the edge state is reduced by the impurity state, the band gap falls too and crosses the Fermi level.
In contrast, the pristine semiconducting armchair C,N-h2D nanoribbon is changed into metallic. Different from
the zigzag case, its physical mechanism originates from the hybridization of 3d orbitals of transition metal atoms
and the p orbitals of carbon and nitrogen atoms which introduces several resonant peaks at the Fermi level in
the density of states. Furthermore, the magnetic moments of all doped materials are enhanced compared to the
pristine structures but decrease as the atomic number of the transition metal atom increases. And the spin
polarization of armchair CoN-h2D nanoribbon is increased, while that of the zigzag structure is decreased except
the Ni-doped one which is completely spin-polarized suggesting great prospects in the future of spintronics and
nanoelectronics.

1. Introduction

the Fermi level. As for zigzag graphene nanoribbon (ZGNR), the
electronic character depended on the species and concentration of

The successful experimental preparation with near atomic precision
has made the graphene nanoribbon (GNR) into a research hotspot with
more attention due to its potential for electronic and spintronic
applications [1-3]. The structures and electronic properties of GNRs
are determined by their width and the direction-dependent configura-
tion of atoms along their edges [4]. The electronic properties of GNRs
can also be monitored via the edge saturation, doping or adsorption by
external atoms or molecules [5-15,16,17]. Many efforts are devoted to
studying the effect of transition metal (TM) doping or adsorption on
the properties of GNRs [4,9,18-22]. For example, Sevin et al. [19]
presented whether the armchair graphene nanoribbon (AGNR) was a
metal or a semiconductor with ferromagnetic or antiferromagnetic
depended on the ribbon width and adsorbed TM atom species. Fe or Ti
adsorption made AGNR a half-metal with a 100% spin polarization at

the adsorbate and on the adsorption site(s), different stable or near-
stable systems exhibiting semiconducting, zero-gap semiconducting,
metallic, or half-metallic behavior for one or two adatoms of 3d, 4d,
and 5d TM [20]. For a single adsorbed Ni atom, the adsorption process
reduced the magnetic moment of Ni adatom due to hybridization
between the Ni 3d orbitals and carbon 2p orbitals, and many Ni d-
related states near the Fermi energy gave rise to a spin-dependent
charge transport [9]. Gorjizadeh et al. [21] reported that the AGNRs
and ZGNRs doped with 3d TMs have a similar spin polarization. In the
case of multiple adsorbed atoms, e.g., Niy and Fe4 nanostructures, both
Ni and Fe atoms were most strongly bound at edge sites and neither
altered whether the ZGNR was metallic or semiconducting. However,
Ni, nanostructures were more strongly bound than Fe, nanostructures,
and their atoms had much smaller spin magnetic moments [4].
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Recently, a new type of two-dimensional material CoN-h2D synthe-
sized by simple chemical methods has received much attention [23—
29]. The graphene-like C,N-h2D material owns evenly distributed
nitrogen atoms and holes where the benzene rings are bridged by
pyrazine rings with two nitrogen atoms facing each other [25].
Compared to graphene, its band opens a direct gap of 1.70 eV, and
the flat bands near the Fermi level are derived from the p orbitals of
nitrogen atoms. In addition, the presence of holes makes C,N-h2D
easier to cocoon some metal particles showing preeminent properties.
Mahmood et al. [26] synthesized a two-dimensional (2D) polymer-
encapsulated cobalt-oxide catalyst (Co@C2N) which possessed highly
active sites and exhibited outstanding catalytic activities towards
NaBH, hydrolysis compared to other metal catalysts. Theoretically,
the hole doping could also induce tunable ferromagnetic properties of
the 2D C,N, which was tightly correlated with the localized o-states of
nitrogen atom [27]. Motivated by these experimental and theoretical
researches, we dope the TM atoms in the hole center of CoN-h2D
nanoribbon (CoNNR) and focus on the electronic, magnetic and
transport properties in the ferromagnetic state. Interestingly, after
doping, zigzag C,N-h2D nanoribbons (ZC,NNRs) change from metallic
to semiconducting, except Ni-doped one which shows half-metallic. On
the contrary, armchair C,N-h2D nanoribbons (AC,NNRs) are tuned
from original semiconducting to metallic. The magnetic moments of all
the nanoribbons become larger and decrease with the increase of the
TM atomic number. We also explore the transport properties of the C ,
NNRs and find that, after doping, the spin polarizations of AC , NNRs
are increased, among them Ni-doped structure has the maximum of
57%. However the doped ZC , NNRs have zero spin polarization due to
their semiconducting properties, except the half-metallic Ni-doped one
which has a 100% spin polarization and can be used as a spin-filter
[30].

2. Computational method

The calculations are performed by the Atomistix Toolkit (ATK)
package, which is based on the combination of density functional
theory (DFT) and non-equilibrium Green's function (NEGF) technique
is performed [31]. The mesh cutoff energy is set to be 150 Ry, and the
k-point mesh is 1 x 1 x 100 in the Monkhorst-Park scheme [32]. The
Perdew-Burke-Eenzerhof formulation of the spin generalized gradient
approximation (SGGA) is used as the exchange-correlation function,
and the double-zeta polarized basis set is employed in the calculations.
The vacuum spaces of supercell are set to be more than 15 A to
eliminate the interactions with adjacent images. All the atomic posi-
tions of the structure have been optimized until all the forces are
smaller than 0.02 eV/A. The edges of CoNNRs are terminated with
hydrogen (H) atoms to remove the dangling bonds.

3. Results and discussions

As C,oN-h2D structure contains holes and nitrogen atoms in
addition to carbon atoms, so there are more situations to be cut into
a nanoribbon compared to graphene. In this paper, the armchair and
zigzag CoNNRs with carbon atoms as edge atoms are adopted which are
depicted in Fig. 1(a) and (b) respectively. Clearly, both armchair and
zigzag CoNNRs have a hole in the center. Fig. 1(c) and (d) show the
band structures of the pristine armchair and zigzag CoNNRs in
different magnetic states. For pristine ACoNNR, spin-polarized calcula-
tions with both ferromagnetic (FM) and antiferromagnetic (AFM)
initial guess converge to the nonmagnetic (NM) state [30]. Its energy
band opens a gap of 0.35 eV at the I'-point. For pristine ZC,NNR, the
ground state is AFM, and the highest is NM. In the case of NM, there
are only two bands in the energy range of [-0.65-1.22] eV which cross
each other at the Fermi level. In FM case, the spin-up and spin-down
bands maintain a similar shape, but the spin-up bands move up and
spin-down bands move down compared to NM's. So only one of their
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two crossed bands crosses the Fermi level. AFM case is not the same as
the previous two cases, spin-up and spin-down bands are degenerated
and open a gap of 0.63 eV around the Fermi level, showing semicon-
ductivity which is similar to ZGNR [33,34]. Interestingly, a particular
property of the band structure has existed in all three cases, that is,
there is a large gap between the band near the Fermi level and the
higher band (e.g., shown as the orange line in Fig. 1(d)). We argue that
this band feature will have a certain effect on the doping effect. In the
following study, we focus on the FM state which can be stabilized by
applying a magnetic field [35].

3.1. TM-doped ZC>NNRs

Fig. 2 shows the doped configurations of ZC,NNR where TM atoms
lie in the central region of the primitive cell, we also try to put the TMs
at other sites and calculate their total energies, and find that the one
shown in Fig. 2 has the lowest value, so it is the most stable structure.
Obviously, after doping, the structures of ZC,NNRs are bent toward the
center due to the bonding of the TM atoms and the nearby N atoms.
The bond lengths between Mn, Fe, Co, Ni and nitrogen atoms gradually
increase in the range of [1.83, 1.93] A indicating a decrease of the bond
[36]. The binding energies are also calculated as
E, = E[ZC,NNR] + E[TM] — E[ZC,NNR + TM] in terms of the total
energies of the pristine ZCoNNR (E[ZC,NNRY]), the isolated TM atom
(E[TM]), and one TM atom doped in ZCoNNR (E[ZC,NNR + TM]) [19].
The binding energies of Mn, Fe, Co and Ni-doped ZC,NNRs are 5.16,
6.00, 6.52 and 6.86 eV respectively exhibiting strong binding.
Therefore, all TM-doped C2NNRs have good stability.

The projected density of states (PDOS) for TM-doped ZC,NNRs are
presented in Fig. 3. It can be seen that 3d orbitals of all TM atoms do
not contribute to the spin-up state density and a energy band gap of
about 0.8 eV occurs in all doped structures. However for spin-down
state density, the 3d orbitals of all TM atoms hybridize with the p
orbitals of the carbon and nitrogen atoms in ZCoNNR. The energy band
gap at the Fermi level is opened and decreases as the dopant TM
atomicity increases until it becomes zero due to the presence of the
spin-down 3d peaks of Ni atom around the Fermi level. So Mn, Fe and
Co doped ZC,NNRs are semiconductors, while Ni doped is a half-
metal.

In Fig. 1, we have mentioned that the pristine ZCoNNR is metallic
in the FM state, and the PDOS analysis shows the electronic structure
undergoes a great change after the TM atoms are doped. For a better
analysis, the band structures of the TM-doped and pristine ZC,NNRs
are plotted in Fig. 4(a) and (b) respectively. For pristine ZC,NNR, the
two crossed spin-up bands at the Fermi level are denoted by n = 1 and
2, respectively. Similarly, the crossed spin-down bands are denoted by
n =1’ and 2. As previously described, a large gap exists between n = 1
(or n = 1’) and the higher bands. In Fig. 4(c), we plot the distribution of
the real-space wave functions of n = 1, 2, 1’ and 2’ bands. Obviously,
these four wave functions are mainly distributed on the edge of the
nanoribbons, belonging to the edge states. After doping, the two spin-
up crossed bands still exist and maintain the original morphology, but
their energies are reduced as depicted in Fig. 4(a). We choose the Fe-
doped structure as a representative to show the wave functions of the
spin-up n = 1 and 2 bands in Fig. 4(d). It is clear that the doping of the
transition metal atoms does not destroy the edge state. Interestingly,
due to the decline in energy, the original energy gap also moves down
and cross the Fermi level, so the spin-up bands of four TM-doped
materials show the nature of the semiconductor. In addition, we should
note that for these four dopant atoms, the degree of energy reduction in
the spin-up energy level is getting smaller and smaller and becomes
minimal for Ni doped structure.

For the spin-down bands, we give out the real space distribution of
the non-local two bands near the Fermi level and denote them with n =
3’ and 4’ in Fig. 4(e). For the Mn-doped structure, it is obvious that the
wave functions of n = 3’ and 4’ are localized at the edge of the
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Fig. 1. Schematic illustration of (a) pristine ACoNNR; (b) pristine ZC,NNR. Nitrogen, carbon and hydrogen atoms are shown by blue, gray and white balls, respectively. Band structures
around the Fermi level of (¢) nonmagnetic (NM) AC,NNR; (d) nonmagnetic, ferromagnetic (FM) and antiferromagnetic (AFM) ZC,NNRs. The red solid line represents spin-up bands,
blue dotted line denotes spin-down bands and the green dotted line is the Fermi level. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 2. Schematic illustration of (a) Mn-doped; (b) Fe-doped; (c) Co-doped; (d) Ni-doped ZC,NNR. The unit cell is omitted, the same as below. Nitrogen, carbon and hydrogen atoms are
shown by blue, gray and white balls, respectively. The bond lengths of the transition metals and nitrogen atoms are marked in units of A. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

nanoribbons belonging to edge state. Both their energies are reduced
compared to those of the pristine ZCoNNR and open a band gap of
0.72 eV. For Fe-doped structure, from the wave function of n = 3’, one
finds that the contribution of the d-orbital of the Fe atom is distinct.
However the wave function distribution of n = 4’ is the same as that of
Mn doping case, belonging to the edge state, but its energy is higher.
The band gap is 0.47 eV between n = 3’ and n = 4’. For Co doping case,

the wave functions of n = 3’ and n = 4’ are derived from the joint
contribution between the edge atom and the d orbital of Co atom. The
energy of n = 4’ is significantly increased relative to the first two
dopants, so the band gap is reduced to 0.15 eV. For the Ni-doped
structure, the wave function of n = 3’ is more delocalized than the
previous three kinds of doping, and the contribution of d orbital of the
Ni atom is more prominent in the wave function of n = 4’. So the
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Fig. 3. PDOSs of (a) Mn-doped; (b) Fe-doped; (c) Co-doped; (d) Ni-doped zigzag CoN-h2D nanoribbon; The solid line represents spin-up bands, dotted line denotes spin-down bands
and red, blue, green, purple lines denote total, d orbital of TM atoms, p orbital of carbon atom and p orbital of nitrogen atom respectively. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. (a) Band structure around the Fermi level of Mn, Fe, Co and Ni-doped ZC,NNR; The red solid line represents spin-up bands, blue dotted line denotes spin-down bands and the
green dotted line is the Fermi level. (b) Band structure around the Fermi level of ferromagnetic pristine ZC,NNR. (c) Isosurface plots of the I-point wave functions of n = 1,2 and n =
1’,2’ subbands of pristine ZC,NNR. (d) Isosurface plots of the I-point wave functions of n = 1,2 subbands of Fe-doped ZC,NNR. (e)Isosurface plots of the I-point wave functions of n =
3’,4’ subbands of Mn, Fe, Co and Ni-doped ZC,NNR. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

contributions of the dopant atoms in the two nonlocal spin-down bands
near the Fermi level is more and more pronounced and the two bands
are getting closer and closer until finally cross each other at the Fermi
level, hence the Ni-doped ZC,NNR becomes a half-metal.

In general, after doping TMs, the energies of the bands near the
Fermi level decrease compared to the pristine ZCoNNR, and the
differences reduce with the increase of TM atomic number. This may
result from the interaction between the TM atom and the nanoribbon,
while this effect is impaired as the increase of the bond length between
the TM atom and the ZC,NNR (as shown in Fig. 2), so as the atomic
number of TM atom increases, the magnitude of the energy reduction
becomes smaller [37,38].

We also explore the magnetic properties of the ZCoNNR and find
that the magnetic moment of the pristine structure is 1.6 u,. For an
isolated Mn, Fe, Co and Ni atom, the ground-state configuration is
45°3d°, 4 5°3d°, 4 s*3d” and 4 5°3d° respectively. After Mn, Fe, Co and
Ni-doping, the magnetic moments of the materials are respectively 5.0,
4.0, 3.0 and 2.0 ;. Magnetic moments decrease with increasing atomic
number which is because the number of unpaired electrons of 3d
orbitals decreases with increasing atomic number [21].

Fig. 5 shows the electron transmission spectra of the ZC,NNRs after
doping TM atoms. Since the Mn, Fe and Co-doped structures are
semiconducting, the transport coefficients are all zero at the Fermi level.
However, if the energy is slightly higher, it can be seen that the spin-down
has a transmission peak and the spin-up transport coefficient is zero. We
here define the spin polarization as (up-down)/(up+down)x100%. So the
spin polarization will be —100%. Therefore, the spin polarization can be
increased at the Fermi level by applying a gate voltage or other regulatory
methods [39]. For the Ni-doped structure, the semi-metallic property is
present. The spin-up transport coefficient at the Fermi level is zero but that
of spin-down is 0.8 indicating a spin polarization of —100%. So Ni-doped
structure can be applied to the spin filter device, which has a good
application prospect in nanoelectronics.

3.2. TM-doped AC>NNRs

Fig. 6(a) shows a schematic representation of the TM-doped
AC,NNRs. Similar to the zigzag type, the structures are slightly bent
toward the center due to the bonding of the metal atoms to the
surrounding nitrogen atoms. For Mn, Fe and Co atoms, the bonds
between TM and N atoms are divided into two types, with bond lengths
of 2.06 and 1.76 A, respectively. However Ni-N bonds have larger
lengths of 2.15 and 1.86 A respectively, indicating weaker bondings
[36]. The binding energies of Mn,Fe, Co and Ni-doped ACoNNRs are
4.78, 5.65, 6.28 and 6.74 eV respectively which are lower that those of
doped ZC,NNRs but still shows strong binding.

The PDOS for TM-doped ACoNNR is presented in Fig. 7. Different
from the case of TM-doped ZC,NNR, all TM-doped ACoNNRs exhibit
metallic due to the occurrence of spin-up and down peaks at the Fermi
level. In addition, for the spin-up case, the contribution of the 3d
orbitals of Mn and Co at the Fermi level is significant having a large
degree of hybridization with the p-orbitals of the carbon and nitrogen
atoms of the nanoribbons. While the contribution of Fe 3d orbitals is
almost nonexistent, and the hybrid peak of the Ni 3d orbitals and C and
N p-orbitals is relatively small. In the case of spin-down, for Mn, Fe and
Co doping, the contributions of the 3d orbitals are very noticeable,
however the contributions of the Ni 3d orbitals is almost zero until the
energy down to —0.8 eV below the Fermi level.

For a more detailed analysis, we plot the band structures of TM-
doped AC,NNR in Fig. 8(a). As predicted by the PDOS, for all the
doped structures, both spin-up and spin-down bands cross the Fermi
level, which tunes the semiconductivity of pristine ACobNNR nanor-
ibbon into metallicity. For Mn and Co doping cases, spin-up conducting
channels are three, while two and one for Fe and Ni doping respec-
tively. The number of spin-down conducting channels is one for Mn
and Fe doped structures, while two for Co and Ni cases. In order to
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Fig. 5. The transmission spectra of (a) Mn-doped; (b) Fe-doped; (c) Co-doped; (d) Ni-doped ZC,NNR under bias of V};, = 0 V. Zero energy is the Fermi level.

Fig. 6. Schematic illustration of (a) Mn-doped; (b) Fe-doped; (¢) Co-doped; (d) Ni-doped AC,NNR. Nitrogen, carbon and hydrogen atoms are shown by blue, gray and white balls,
respectively. The bond lengths of the transition metals and nitrogen atoms are marked in units of A.
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the reader is referred to the web version of this article.)
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green dotted line is the Fermi level. Isosurface plots of the I-point wave functions of n = 1,2,3,4 and n = 1’,2’,3’,4’ subbands of (b) Mn-doped; (c) Fe-doped; (d) Co-doped; (e) Ni-doped
AC,NNR. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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understand the contribution of the atomic orbital more intuitively, we
draw the wave function of the real space of the spin-up and down bands
near the Fermi level as shown in Fig. 8. The red solid line represents
the spin up, the three lines are marked as n = 1, 2, 3, and the blue

dashed line represents the spin-down, followed by n = 1/, 27, 3".

It is not difficult to see that for Mn, Fe and Co doped structures, the
wave functions of three spin-up bands are the same. The wave function
of n = 1 is localized around the transition metal atom, corresponding to
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the d,, orbital, while the wave functions of n = 2 and 3 mainly derive
from the p, orbitals of carbon and nitrogen atoms, and the contribution
of metal atoms is very small. For the spin-down bands, the wave
function of n = 1" is localized at the metal atom, corresponding tod,2_ 2
orbital of Mn and Fe and the 4.2 orbital of Co, respectively. For n = 2’
and 3’ bands, the distribution of the wave function of these three
structures is consistent with the contribution of d,, and d,, orbitals of
the metal atoms and the p, orbitals of the carbon and nitrogen atoms
respectively. For Ni-doped structure, the distribution of wave functions
is not the same. All the wave functions of the spin-up bands have the
contribution of the d orbitals of Ni, where the wave function of the n =
1 band originates from the Ni's d 2 orbital, and the wave functions of n
= 2 and 3 bands derive from Ni's d,, dy, with the p, orbitals of the
carbon and nitrogen atoms. However for the spin-down bands, Ni
atoms contribute very little. Because of the difference in the energy and
the hybridization of the dopant atoms, the energies of the three bands
near the Fermi level are different. So the number of bands that cross
the Fermi level is not the same, but the overall structure shows
metallic. We also calculated the magnetic moments of the materials.
For Mn, Fe, Co and Ni doping, the magnetic moments of material are
respectively 3.8, 3.6, 2.0 and -1.3 yx,. Consistent with the TM-doped
ZC,NNR, the magnetic moment decreases with increasing atomic
number of dopant atoms.

In order to further verify the electron transport properties of the
two-probe systems composed by TM-doped ACoNNRs, we calculated
their transmission spectra under bias V;, = 0 V. As can be seen from
Fig. 9, at the Fermi level, both the spin-up and down transmission
coefficients are nonzero. This is due to the presence of spin-up and
down bands crossing the Fermi level (shown in Fig. 8(a)). So there are
conductive channels and the electrons can be transmitted indicating
metallic properties. In addition, the transmission spectra of Mn, Fe,
Co-doped structure show jagged, while Ni-doped material transmission
spectrum shows wavy. The spin polarizations of these four structures at
the Fermi level are found to be 50%, 33%, 20% and 57%, respectively.
Interestingly, like ZCoNNR, the Ni-doped structure has the largest spin
polarization, showing a good application prospect in nanoelectronics.

In the above calculations, we use the GGA method to simulate the
property of the CoONNR. Due to the presence of 3d electrons, we also
examine the effect of GGA + U on the electronic properties [40,41].
Following several other studies of the TM-containing structures, we set
the value of U to 4.0 eV [41-43]. As a result, the addition of U has no
fundamental effect on the electronic properties of other structures, only
Ni-doped ZC,NNR is modulated from half-metal into metal. We
further test the electronic properties of Ni-doped ZC,NNR with U
values of 0.5, 1.0, 2.0 and 6.0 eV. When U is less than 2.0 eV, we obtain
the same conclusion as the case without adding U. When U is greater
than or equal to 2.0 eV, the other properties remain unchanged, only
Ni-doped ZCoNNR becomes a metal due to a slight increase in the
energy of the spin-up valence band maximum, which allows this band
to cross the Fermi level.

4. Conclusion

In conclusion, we have studied the electronic, magnetic and
transport properties of TM-doped zigzag and armchair C,NNRs using
a first principles method. The presence of these impurities changes the
electronic properties of the nanoribbons. In the ferromagnetic state,
the ZCoNNRs change from the original metals to semiconductors,
except the Ni-doped one showing half-metallic. AC;NNRs are changed
from the original semiconductors into metals. The physical mechan-
isms of these two changes are not the same. For the former, the
impurity state does not change the shape of the spin-up electronic
structure but results in a energy decrease in the edge state, so the large
energy band gap which exists in the pristine nanoribbon crosses the
Fermi level showing semiconducting. In the case of spin down, the
doping makes the crossed energy bands at the Fermi level be separated
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from each other, and the energy of valence band maximum for the Mn
doping is reduced significantly. Later, due to the more and more larger
contribution of the 3d orbitals of TM atoms, the gap between the two
separated band is getting smaller and smaller, and finally becomes zero
for Ni-doped structure presenting half-metallic property. For the
armchair structures, the hybridization of 3d orbitals of TM atoms
and p orbitals of carbon and nitrogen atoms introduces several
resonance peaks at Fermi level in DOS, so both the spin-up and
spin-down have conductive channels showing metallic. The magnetic
properties of all the materials are enhanced after the doping, and the
magnetic moment decreases with the increase of the atomic number of
the transition metal atoms owing to the decreasing number of free
electrons. As a result of the changes of electronic structures, after
doping with TM, the electron spin polarization of ACoNNR is increased
and the maximum spin polarization at Fermi level is 57%. However the
spin polarization of the ZC,NNR is decreased, except Ni doped
structure which has a spin polarization of 100% suggesting a great
prospect in the future of spin electronics and nanoelectronics. If the
method of GGA + U is used to calculate, when U is less than 2, we can
obtain the same conclusion, and when U is greater than or equal to 2,
only Ni-doped ZC>NNR is converted from half-metal to metal due to
the increasing energy of the spin-up band near the Fermi level.
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