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Abstract

CrossMark

Possible half-metallic behavior was explored in 3d-transition-metal (Fe, Co, and Ni) decorated
two-dimensional polyaniline (C3N) on the basis of density-functional theory.
3d-transition-metal atoms would prefer to adsorb on top of the carbon hexagonal ring. The
calculated electronic structures suggest the Fe and Co decorated polyanilines ((C3N),Fe and
(C3N),Co) are magnetic half-metals, while the Ni-decorated polyaniline ((C3N),Ni) is a
nonmagnetic semiconductor with an enlarged band gap. In (C3N),Fe, the half-metallic energy
window can be as large as 0.7 eV. Interestingly, there are two half-metallic energy windows
with opposite spins near Fermi level in (C3N),Co. The energy windows and band gaps can be
modulated by the distance between 3d-transition-metal atoms and C3;N. Due to the large
half-metallic energy window and the appropriate band gap, 3d-transition-metal decorated C3N

may be used in nanoscale spintronic devices.

Keywords: half-metal, first-principles calculation, two-dimensional polyaniline, band

structure
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1. Introduction

Two-dimensional (2D) material has been one of the funda-
mental fields of materials [1-7]. Interestingly, one kind of
2D material is comprised of C and N atoms, such as Cj;N,
g-C4N3, C3N, etc [8—12]. Among these 2D carbonitrides,
2D polyaniline (C3N) has a graphene-like honeycomb struc-
ture and has been widely studied due to the unique physical
and chemical properties [13, 14]. Theoretically, this novel 2D
material can yield ultra-high stiffness, superior stability, and
thermal conductivity [15, 16]. It may be employed in solar
cell devices, electrolyte gating and anode materials [17-19].
Moreover, it may have great potential applications in high-
performance electronic devices due to its appropriate band
gap, high carrier mobility and high on—off current ratio [20].
Single-layer C3N was first proposed in theory with special
methods and techniques [21], and then synthesized success-
fully in experiments [20, 22, 23]. Its primitive cell is com-
prised of six C atoms and two N atoms. It can be regarded
as a graphene-like structure with 25% N-doping in graphene
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[24]. Single-layer C3N is a semiconductor, while three-layer
C3N becomes metal [25]. Therefore, semiconductor—metal
nanostructure can be constructed through seamless joining of
single-layer and multilayer polyaniline.

The properties of C3N can be improved or tuned by adatom
adsorption, doping, defect, adding an electric field, stress
change or other methods [26—34]. Qin et al studied the adsorp-
tion of CO, on monolayer polyaniline [35]. By changing the
electric field and the charge of the adsorption system, CsN can
capture and release CO,. It was also studied that the effect of
defect, strain and electric field on the adsorption of CO, [36].
2D polyaniline can also exhibit different properties when it
is doped by different atoms, especially for the doping of 3d-
transition-metals (3d-TMs) [19, 37]. Magnetism can be real-
ized in the C3N with adsorption of most 3d-TM adatoms [19,
31, 38], which may be utilized in spintronics.

In this work, we studied the electronic structures of 3d-TM
decorated single-layer polyaniline and explored the possible
half-metallic behavior in the systems. Half-metallic material
is a new type of functional electronic material, which has

© 2020 IOP Publishing Ltd  Printed in the UK


https://doi.org/10.1088/1361-648X/ab8152
https://orcid.org/0000-0002-3295-7718
mailto:lizyusst@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-648X/ab8152&domain=pdf&date_stamp=2020-4-17

J. Phys.: Condens. Matter 32 (2020) 285505

Z Liand M Chen

Top view

3d-TM
[Fe/Co/Ni]

Side view

Figure 1. Top and side views of the structure of the 3d-TM (Fe, Co
or Ni) decorated C3N. The black rhombus represents the primitive
cell of the system. 3d-TM atoms prefer to adsorb on top of the
carbon hexagonal ring in C3N. The lattice constant is set to be 4.86
A. It is denoted as d that the distance between the 3d-TM atoms and
the hexagonal carbon ring of C3N.

special spin-polarized band structures and good potentials for
applications in nanoscale spintronic devices. It can produce
perfect spin-polarized carriers and is very suitable as a spin-
injected source material [39—41]. Our calculations indicate
half-metal behavior may be realized in Fe and Co decorated
C3N ((C3N),Fe and (C3N),Co) in relatively large energy win-
dows near Fermi level, while the Ni-decorated C;N ((C3N),Ni)
is a nonmagnetic semiconductor with an enlarged band gap.
Moreover, the half-metallic conduction band of (C3;N),Fe
has spin-polarized free-electron-like electronic structure with
a relatively small effective mass. Therefore, Fe-decorated
2D polyaniline may be a more practicable half-metal in
spintronics.

2. Method and computational details

Based on the spin-polarized density functional theory (DFT),
first-principles calculations were carried out using the
Vienna ab initio simulation package (VASP) [42] with the
projector-augmented wave (PAW) method [43]. The elec-
tronic exchange—correlation potential was treated by the
generalized gradient approximation (GGA) [44] with the
Perdew—Burke—Ernzerhof (PBE) method [45]. The DFT-D2
method was used to describe the van der Waals interaction
[46]. By the PBE method, the calculated band gap of single-
layer C3N is about 0.39 eV, which is consistent with the
reported result in experiment [20]. Therefore, we mainly used
the PBE method in this work. As a comparison, we also calcu-
lated the band structures of the stable 3d-TM decorated CsN by
the Heyd—Scuseria—Ernzerhof (HSE06) method [47], which is
known to be usually more accurate than the PBE method [48].

In our calculations, the energy cutoff was set to be 500 eV,
and the total energy was converged to better than 1076 eV.
All the calculations are spin dependent. The majority (minor-
ity) spin is set to be up-spin (down-spin). The equilibrium
structures were obtained through structural relaxation until

(C3N)2Fe (C3N)2Co
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Figure 2. Top views (a, b) and side views (c, d) of the distribution of
spin-charge density in (C3N),Fe (a, ¢) and (C3N),Co (b, d). The
up-spin and down-spin are marked in yellow and cyan, respectively.
The isosurface contour is set to be 0.005 ¢ A3,

Hellmann—Feynman forces were less than 0.001 eV A~!. The
structures were modeled by periodic slabs geometry with a
vacuum of 20 A in the z-direction. The I'-centered k-point grid
of 15 x 15 x 1 was used for Brillouin zone sampling in all cal-
culations except for the calculation of density of states (DOS).
For the calculation of DOS, the number of k-points is increased
to21 x 21 x 1.

The lattice constant of C5N is set to be 4.86 A [20, 23],
and both the C—C and C—N bond length are about 1.40 A
[49]. The structure of C3N changes a little when it is deco-
rated by 3d-TM (Fe, Co, and Ni) atoms. In the 3d-TM deco-
rated C3N, the nitrogen atoms and the carbon atoms are not in
the same plane. Therefore, corrugation of the C;N plane can
be found due to the displacement of the nitrogen atoms with
respect to the carbon atoms. Although a small corrugation of
the C3N plane is induced by the 3d-TM atoms, the lattice con-
stant changes little. For the 3d-TM decorated C3N, each CsN
cell is decorated by one 3d-TM atom. Therefore, the 3d-TM
decorated C3N can be denoted as (C3N),TM (TM = Fe, Co
or Ni). The binding energy between C3;N and 3d-TM atom is
defined as E;, = EC3N + Etm — E(CgN)zTMa where EC3Na Etm,
and Ec,n),T™ are the total energies of the C3N cell, the isolated
3d-TM atom, and the 3d-TM decorated C3N cell, respectively.
Larger binding energy represents more stable decoration and
stronger TM—C;N interaction.

3. Results and discussion

Although several initial positions of 3d-TM atoms are con-
sidered, 3d-TM atoms would prefer to adsorb on top of the
hexagonal carbon ring in C3N. It is consistent with the reported
results [19]. Figure 1 shows the structure of the 3d-TM dec-
orated C5N. Decoration of 3d-TM atoms induces a small
corrugation of C3N plane. At equilibrium, the induced cor-
rugation is about 0.15 A, 0.16 A, and 0.20 A in (C3N), Fe,
(C3N),Co, and (C3N),Ni, respectively. The distance between
3d-TM atoms and C3N (hexagonal carbon ring) is about
1.55 A, 1.52 A, and 1.53 A for the Fe, Co, and Ni atoms,
respectively. Despite the fact that the TM—C;3N distance is very
close to each other, their binding energies are different. The
binding energy of (C3N), Fe/Co/Ni is about 1.59 eV, 1.75 eV,



J. Phys.: Condens. Matter 32 (2020) 285505

Z Liand M Chen

(a) " - - spinup —spindown () —— 3dTM E C3N — Total
L ’
ey MR S N I O T A
= C - ol X -~
2 N\ ——
- TN
-1E oo T NN [
(©), __ (C3NpFe (d)
3 Azoevw)
? ] ——
2 0.72¢V(T)
m - = -~
= e
(e)] (C3sN)2Co
2
= 0.51eV
8 Of - - e
s
= e
=
A7 K M r 3 0 3
(C3N)2Ni DOS(a.u)

Figure 3. Band structures (a, ¢, and e) and density of states (DOS) (b, d, and f). In figures (a), (c) and (e), the half-metallic energy windows
are highlighted in gray. The band gap of semiconductor is marked in pink in figures (c) and (e). In figure (b), the band gap of down-spin is
denoted as Eé. In figure (d), the band gap of up-spin is denoted as Eg and the half-metallic energy window with up-spin-polarized band is
denoted as AE. In figure (f), the band gap is denoted as E,. The Fermi level is set to be zero.

and 2.13 eV, respectively. The larger Ni-C3N binding energy
suggests the stronger Ni-C;N interaction. Among the three
3d-TM decorated structures, (C3N),Fe and (C3N),Co are mag-
netic. The magnetic moments of (C3N),Fe and (C3N),Co are
about 2 g and 1 up each cell, respectively. Figure 2 shows the
distribution of spin-charge density in (C3N),Fe and (C;N),Co.
The magnetism is mainly from the 3d-TM atoms in both
systems, and the C3;N is weakly magnetized. In (C3N),Fe, the
CsN has opposite weak magnetism to that of Fe atoms. The
magnetic moments of Fe atoms and C3N are about 1.90 g
(spin-up) and 0.14 up (spin-down), respectively. Differently,
only the N atoms are weakly magnetized in (C3N),Co. The
magnetic moments of Co and N atoms are about 0.93 up
(spin-up) and 0.03 up (spin-up), respectively. Besides, the total
energy of magnetic (C3N),Fe and (C3N),Co is about 1.43 eV
and 0.11 eV lower than that of non-magnetic states, respec-
tively. The values are significantly higher than the thermal
excitation energy of 26 meV at room temperature. Therefore,
both magnetic systems may exist at room temperature.
Figure 3 shows the band structures and the density of states
(DOS) in the 3d-TM decorated polyanilines. Interesting half-
metallic property can be found in magnetic (C3N),Fe and
(C3N),Co. The Fe-decorated polyaniline is a semiconductor
for down-spin with a band gap of about 0.74 eV, while it
is a metal for up-spin. In (C3;N),Fe, the half-metallic energy
window is about (—0.10 eV, 0.64 eV), i.e. from —0.10 eV
to 0.64 eV. In this range, there are only up-spin-polarized
bands. The energy window is also the band gap of down-
spin (Eé in figure 3(b)). In this range (the down-spin band
gap), the DOS of conduction band is partly from the C3N and

the Fe atoms. The limited contribution of C3N and Fe atoms
to the DOS suggests the conduction band has spin-polarized
free-electron-like electronic structure. The calculated effective
mass is about 0.4m., which is comparable to the effective mass
in C3N [50-52]. The relatively small Fe—C3;N binding energy
suggests a weaker Fe—C;N interaction, which may lead to a
weaker constraint of electrons. The half-metallic property can
also be found in the Co-decorated polyaniline. Differently, the
band gap of up-spin band (Eg in figure 3(d)) is from —0.23
eV to 0.10 eV, about 0.33 eV in (C3N),Co, while the down-
spin-polarized bands are metallic. The band gap of up-spin
is close to the band gap of C;N. Interestingly, there are two
half-metallic energy windows with opposite spins near Fermi
level. One is from —0.10 eV to 0.10 eV, in which there are only
down-spin-polarized bands. The size is about 0.20 eV. Another
is from —0.95 eV to —0.23 eV, in which there are only up-
spin-polarized bands. It is denoted as AF in figure 3(d). The
size is about 0.72 eV. The energy windows are different from
the band gaps. The gap between the two ranges is about 0.13
eV. From the DOS, the half-metallic properties for both spins
are induced by the hybridization of C3N and Co atoms. How-
ever, the down-spin-polarized conduction band has a narrow
bandwidth. It is just like an impurity band in the band gap
of up-spin. In fact, there is a down-spin-polarized flat band
at Fermi level. It suggests the down-spin-polarized states are
relatively localized near Fermi level, which may be concerned
with the relatively strong Co—CsN interaction. The nonmag-
netic (C3N),Ni is a semiconductor. Despite the fact that the
valence band is also from the hybridization of CsN and Ni
atoms, its conduction band has limited components from the
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Figure 4. The (spin dependent) band gaps (a, c, and e) and the corresponding energies of CBM and VBM (b, d and f) as functions of the
TM-C;N distance (d). The band gap of down-spin in (C3N),Fe [Eé in figure (a)], the band gap of up-spin in (C3N),Co [Eg in figure (c)] and
the band gap in (C3N),Ni [E, in figure (e)] are also marked in figures 3(b), (d) and (f), respectively. The equilibrium band gaps are marked in
black circles. The Fermi level is set to be zero. In figures (b), (d), and (f), the lateral size of rectangles is meaningless. It is used only for

visual effect.
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Figure 5. (a) The half-metallic energy window in (C3N),Co for
up-spin. (b) The size of the window. It is also denoted as AE in
figure 3(d). The equilibrium result is marked in black circle. The
Co—C3N distance is denoted as d. In figure (a), the lateral size of
rectangles is meaningless. It is used only for visual effect.

C;N and Ni atoms. The band gap of (C3N),Ni is enlarged to be
about 0.51 eV, compared with the band gap of C3N (about 0.39
eV). This result appears to be strange since metallic atoms usu-
ally contribute to metallic properties. The enlarged band gap

may be concerned with the strong Ni-C;N interaction, which
may trap electrons as covalent bonds.

Since the half-metallic property is from the TM-C3N
interaction, the half-metallic energy windows and the
(spin dependent) band gaps should be varied by straining
the distance between 3d-TM atoms and C;N. Therefore,
we studied the influence of the distance on the electronic
structures of systems. The results are shown in figures 4 and 5.
Figure 4 shows the (spin dependent) band gaps (figures 4(a),
(c) and (e)) and the corresponding energies of CBM and
VBM (figures 4(b), (d) and (f)) as functions of the TM—-C3N
distance (d). In (C3N),Fe (figure 4(a) and (b)), the band
gap of down-spin linearly decreases with the increase of the
Fe—C;3N distance. Meanwhile, in (C3N),Fe (figure 4(b)), the
half-metallic property can still be found in the whole band
gap. The decrease of the band gap is mainly caused by the
increase of the valence band maximum (VBM) of down-spin,
while the conduction band minimum (CBM) of down-spin
has only a slight change. When the distance is larger than 1.7
A, the VBM of down-spin would be above the Fermi level.
The half-metallic property would disappear at Fermi level
in this case. The results also suggest the energy window of
half-metal can be further enlarged by decreasing the Fe—C;N
distance. Therefore, the half-metallic property can be further
enhanced in (C3N),Fe. Differently, the band gap of up-spin
is insensitive to the distance in (C3N),Co (figure 4(c) and
(d)). However, the half-metallic window in the band gap
decreases by enlarging the distance. When the distance is
larger than 1.6 A, the CBM of up-spin would be below the
Fermi level and the half-metallic property disappears at Fermi
level. Furthermore, the half-metallic window would disappear
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Figure 6. The band structures of the stable (C3N),Fe (a), (C3N),Co
(b) and (C3N),Ni (c) by the HSE06 method, respectively. In figures
(a) and (b), the half-metallic energy windows are highlighted in
gray. The band gap of semiconductor is marked in pink. The Fermi
level is set to be zero.

when the distance is larger than 1.7 A. As for the band gap of
(C3N),Ni (figure 4(e) and (f)), it linearly decreases with the
increase of the Ni—-C3N distance due to the weakening of the
Ni—C;5N interaction.

Another half-metallic energy window, which is denoted as
AF in figure 3(d), can also be modulated by the Co—C;N dis-
tance in (C3N),Co. At equilibrium, the energy window is from
—0.95eV to —0.23 eV. The size is about 0.72 eV. In this range,
there are only up-spin-polarized bands. With the increase of
the Co—C;3N distance, the energy window would be linearly
reduced as shown in figure 5. Since the energy window is from
the hybridization of C3N and Co atoms, it would disappear
when the distance is large enough.

As a comparison, we calculated the band structures of the
stable 3d-TM decorated polyanilines by the HSE06 method.
The results are shown in figure 6. Although the Fe-decorated
polyaniline becomes a magnetic semiconductor, the band gap
is only about 0.14 eV (figure 6(a)). Moreover, a large half-
metallic energy window can still be found. The energy window
is from about 0.14 eV to 0.82 eV. The size is about 0.68 €V,
which is comparable with that from the PBE method. There-
fore, the half-metallic property appears to be stable and cred-
ible in (C3N),Fe. The Co-decorated polyaniline also becomes
a magnetic semiconductor. However, its band gap is much
larger, which is about 1.03 eV (figure 6(b)). As above men-
tioned, there are two half-metallic energy windows with oppo-
site spins in (C3N), Co from the PBE method. The HSE06

method reduces the two energy windows. One disappears,
another window changes to be about (—0.43 eV, —0.12 eV).
The up-spin-polarized half-metallic range is only about 0.31
eV. Therefore, the half-metallic property may need to be fur-
ther explored in (C3N),Co due to the different results from
PBE and HSE06 methods. Finally, compared with the PBE
result, the HSE06 method enlarges the band gap of (C3N),Ni
from0.51 eV to 1.36 eV (figure 6(c)), which is also larger than
the band gap of C3N by the HSE06 method (1.04 eV). There-
fore, it would be credible that the Ni-decoration can enlarge
the band gap of C3N due to the consistent results from PBE
and HSEO06 methods. The larger band gap may suggest strong
and localized Ni-C5N interaction.

4. Conclusion

In summary, we investigated the electronic structures of 3d-
TM decorated polyanilines and the half-metallic property in
the systems. Both (C3N),Fe and (C3N),Co are magnetic half-
metals by the PBE calculations. The half-metallic ranges can
be as large as 0.7 eV near Fermi level. Although the HSE06
method suggests (C3N),Fe is a semiconductor, the band gap is
relatively small and a large half-metallic energy window can
still be found near Fermi level. Therefore, the half-metallic
property appears to be stable and credible in (C3N), Fe. How-
ever, the half-metallic property may need to be further explored
in (C3N),Co. The Ni-decorated polyaniline is a nonmagnetic
semiconductor. Strangely, the band gap of (C3N),Ni is larger
than that of C3N, it may be induced by the strong and local-
ized Ni—C3N interaction. The half-metallic energy windows
and the (spin dependent) band gaps can be modulated by the
distance between 3d-TM atoms and C3N. Due to the special
electronic structures and half-metallic properties, these 3d-TM
decorated C3N may be used in nanoscale spintronic devices.
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