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We explore the carrier doping effect on magnetic properties in two
dimensional (2D) graphene-like C,N (g-C,N) by performing
spin-polarized density functional theory calculations. 2D g-C,N can be
induced to ferromagnetism by hole doping with a quite low critical
concentration of 5x10"”cm™. Upon increasing hole density, both the
magnetic moment and the magnetic coupling can be enhanced. The
predicted magnetism originates from the flat bands from the
non-bonding o-states localized at the nitrogen atoms. Our findings open
an opportunity to explore magnetic phenomena in 2D, and to control spin

transport in 2D semiconductors by electrostatic gating.
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Atomically thin two-dimensional (2D) crystals has garnered interest from
researchers in various fields, due to many promising applications such as
nanoelectronics', spintronics’, hydrogen storage’, batteries®and sensors’. Among
these applications, controlling magnetism in 2D crystals in particular has been a
persisting goal in this area, because spintronics uses the electron spin in addition to
the charge for information storage, transportation and processing, and it is igniting a
revolution in information processing.’

To fabricate spintronic device at 2D, it is one key issue to develop 2D
magnets. Theoretically, numbers of 2D magnets have been proposed >'. Since the
discovery of graphene, many efforts have been devoted to develop 2D crystal based

32 or edges to graphene',

spintronics. By introducing adatoms®, defects
ferromagnetic (FM) properties can be possibly realized even above room temperature.
However, until now the experimental validation of magnetism in these systems has
been scarce partly due to the low yield, small domains and rich boundaries/defects of
prepared samples. Alternatively, other 2D inorganic nanosheets such as BN', ZnO*,
SiC"” and transition metal dichalcogenides%, have attracted new attention very
recently for their novel electronic and magnetic properties, as well as great potential
in electronic and spintronic devices. Ma et al studied the magnetic properties of
half-fluorinated of BN, GaN and graphenelo, and proposed that magnetic coupling in
these materials can be controlled by extent strain. Graphitic carbon nitride was found
to exhibits a ferromagnetic ground state and intrinsic half-metallicity™''. And several
investigations have been put forward to realize magnetism by introducing transition
metal into 2D crystals”’>®, but no experimental evidence of formation of magnetic
orders has been reported in this way so far. The possible reasons would be that all the
theoretically predicted magnetic in these 2D compounds needs either the carefully
selective doping or a strong external field, such as electric field and strain, which may
make the experimental synthesis largely inaccessible.

Recently, a new micrometre-sized two-dimensional (2D) N-containing holey

crystals: C,N, was synthesized via a simple wet-logical reaction as a bottom-up
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approach without template assistance by Mahmood et al.*’ In the graphene-like C,N
(g-C)N), the benzene rings are bridged by pyrazine rings, which consist of a
six-membered D2h ring with two nitrogen atoms facing each other. They found that
the electronic structure of g-C,N is completely different from those of graphene
and h-BN, for the flat bands near the Fermi levels which originated from the
localized p orbital of the nitrogen atoms. The flat bands near Fermi level would result
in a large density of states (DOS) near Fermi level. In general, a large DOS at the
Fermi level of a system, would lead to instabilities and transitions to different phases
such as magnetism, superconductivity, and other phenomena. Mahmood et al.”
proposed that g-C,N could be ferromagnetic by hole doping. Here, we present a
systematic investigation on the ferromagnetic phase transition induced by hole doping
in g-C;N through first-principles theoretical calculations. Our results show that both
magnetic moments and magnetic coupling in g-C,N can be effectively tuned by
carrier doping.

Our spin-polarized DFT calculations are performed by using the Vienna ab-initio
simulation package (VASP)***? and adopting a Perdew-Burke-Ernzerhof (PBE)*
gradient corrected functional for exchange and correlation potentials. The interaction
between ions and electrons is described using the frozen-core projector augmented
wave approach. The plane-wave kinetic energy cutoff is 450 eV. A supercell with a
vacuum space of 15 A along the z-direction is employed with a k-point mesh of 13 x
13 x 1. Both the lattice constant and the positions of all atoms are relaxed until the
force is less than 0.01 eV/A. The criterion for the total energy is set as 1 x 10
6eV. Carrier doping is simulated by removing or adding electrons from the system
and using a homogeneous background charge to maintain charge neutrality.

Fig. 1 presents the optimized structure of g-C,N, which is composed of two
benzene rings are bridged by pyrazine rings, which consist of a six-membered D2h
ring with two nitrogen atoms facing each other. The optimized lattice parameter for
2D g-C;N is a = b = 8.354 A (which is also the distance between two pores), and

agrees well with the experimental value (8.3 A)”. Two different types of carbon
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bonds are present in benzene rings: 1.428 and 1.467 A, as displayed in Fig. 1. The
C-N bond length is 1.336 A. The angle of C-N-C is 117.4°, slightly deviated from
120°.

Fig. 2a illustrates the band structure of 2D g-C,;N and indicates that it is a
semiconductor with band gap of 1.74 eV. It is in good agreement with previous
theoretical results (1.70 eV), but smaller than the experimental results (1.96 eV)29
determined by optical absorbance method. The PBE calculations usually
underestimate the band gap of semiconductors which contain nitrogen/carbon

30, 31
structures™

. Both the valence band maximum (VBM) and conduction band
minimum (CBM) are located at the I" point. We also plot the density of states (DOS)
and partial DOS (PDOS) of g-C,N in Fig. 2b. We find that the CBM is mainly
composed of p, orbitals of the nitrogen and carbon atoms, while VBM is
predominantly contributed by the non-bonding o-states (p, and p, orbitals) localized of
the nitrogen atoms. Interesting thing is that there is a large DOS at the top of valence
band, below the Fermi level. Although intrinsic 2D g-C,N is nonmagnetic, a large
DOS at the Fermi level of a system, would lead to instabilities and transitions to
different phases such as magnetism, superconductivity, and other phenomena.
Previous works have shown that carrier doping can open a big band gap in bilayer
graphene that is realized with voltage gate3 6 A carrier-doping induced
antiferromagnetic to ferromagnetic transition is also theoretically predicted in 2D
MnPSe; crystal'>. Next, carrier doping is considered to manipulate the magnetic
properties in 2D g-C,N.

To explore the carrier doping effects on the magnetism of 2D g-C,N, we calculate
the magnetic moments as a function of carrier doping concentration and present the
calculated results in Fig. 3a. Our calculations show that it spontaneously develops a
ferromagnetic ground state even at a small amount of hole doping. We also checked
the electron doping effect, there is no magnetic transition with the electron doping
concentration up to 10" cm™. With a small amount of hole doping (< 3.3x 10" cm™

(0.2 hole per unit cell)), the 2D g-C,N remains the nonmagnetic state. 2D
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g-C,N attains net magnetic moment and the FM state becomes the ground state, which
can be further enhanced by increasing concentration of the doped carriers. We find an
total magnetic moments of 0.167 u at the hole concentration of 5x10"* cm™ (0.3 hole
per unit cell). Larger magnetic moment develops upon increasing carrier density. At
the hole concentration of 8x10"”¢cm™ (0.5 hole per unit cell), the total magnetic
moment is nearly 0.38 up Each nitrogen atom contributes 0.047u5, while each carbon
atom only contributes 0.008up. After this density, the total magnetic moment is
linearly increased upon the hole density, and the magnetic moment per hole saturates
at nearly 0.76up/carrier, as displayed in Fig. 3. 2D g-C,N can keep the ferromagnetic
ground state even with the hole density up to 510" cm™.

We also examine the energy of magnetization as a function of carrier doping
concentration and present the calculated results in Fig. 3b. We check the several
antiferromagnetic configurations, and we find that the antiferromagnetic states
converge to nonmagnetic state at last. As we see, after the hole doping concentration
is larger than 3.3x 10" cm™, the ferromagnetic state becomes the ground state. At the
hole concentration of 1.65x10"*cm™ (1 hole per unit cell), the ferromagnetic states for
one unit cell is about 22.7 meV lower than in energy than that of antiferromagnetic
state.

To further understand the physical origin of ferromagnetism, a detailed analysis of
the band structure and DOS of hole doped 2D g-C,N has been carried out at the
doping concentration of 1.6 x 10'* cm™ (1 hole per unit cell) for example. We first
calculated the band structure of 2D g-C,N at the doping concentration of 1.6 x
10" ¢cm™ (1 hole per unit cell) without spin polarization in Fig. 4. As we see, once
extra hole is doped, the localized o-states of nitrogen come to the Fermi level. The
localized partially occupied band shows a spin splitting once the Stoner criterion®’ is
met, and 2D g-C,N would be magnetic. Such a transition from a nonmagnetic to a
magnetic ground state is driven by the Stoner criterion, which reads / * N(Ep) > 1,
where / is the Stoner parameter (the exchange constant) and N(Er) is the DOS at the

Fermi level.”® * The Stoner parameter can be estimated from our DFT calculations,
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since the magnetic exchange splitting, 4, of the bands is given by Im,* where m is
the magnetic moment in units of the Bohr magneton, uz. For instance, in the case of
the hole concentration at 1.6x10'* ¢cm™ we find that 4 = 0.2 eV and m = 0.76u5 /unit
cell, so that the estimated value of the Stoner / parameter is ~0.26 eV and the required

DOS at the Fermi level necessary to satisty the Stoner instability condition is N(Ep) >

1/0.26 ~ 4 eV ', The peak of the DOS in 2D g-C,N can reach 25 ¢V ' as shown in Fig.

4, large enough to be ferromagnetic.

Fig. 5a and 5b present the spin polarized band structures and DOS of hole doped
2D g-C;)N, respectively. Both spin channels are metallic. Clearly, the ferromagnetism
and magnetic moment are mainly attributed to the p, and p, orbitals of N atoms. We
can confirm it in the spatial distribution of spin-polarized electron density of 2D
2-C)N (Fig. 5c). We find that the top of the valence band becomes to dispersion band,
after one hole is dope in 2D g-C;N. Combined with DOS, it is composed of p, of
carbon, which provides extended tails of wave functions for overlapping among each
other and accounts for the ferromagnetic coupling between local spins. So, the
magnetism is originated from the localized o-states of nitrogen atoms, stabilized by
the m-states in the benzene ring. The n-states in the benzene ring do not account for
the ferromagnetic coupling, but influence the strength of the magnetic coupling. So
the ferromagnetic interaction mediated by carrier concentration could be explained in
terms of the RKKY model®'.

In conclusion, we investigate the hole doping effects on the magnetic properties of
the 2D g-C,N based on the spin-polarized DFT calculations. We find that hole doping
induces tunable ferromagnetic properties in 2D g-C,N. These carrier-tunable
magnetism is tightly correlated with the localized o-states of nitrogen atom. The
magnetism could be realized by the gate voltage method, for the critical hole
concentration is quite low, about 5 x 10" cm ™. These discovered hole doping effects
on the magnetism of 2D g-C;N provide fundamental insight of magnetism in 2D
semiconductors, implying that 2D g-C,N serves as a potential spintronic material with

electric field controlled magnetism.
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Fig. 4. The band structure of 2D g-C,N at the doping concentration of 1.6 x 10'* cm™

(1 hole per unit cell) without spin polarization.
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