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Magnetic Properties of C-N planar structures: d° ferromagnetism and half-metallicity
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We investigate, from first principles calculations, the magnetic properties of planar carbon ni-
tride structures with the lowest formation energies within twenty eight distinct stoichiometries and
porosities. Surprisingly, we find that 3/4 of the low-energy carbon nitride structures present ener-
getically favorable magnetic phases, and that more than 3/10 are ferromagnetic. This suggests that
d® magnetism is an usual feature in this class of materials. Notably, within the energetically favor-
able ferromagnetic structures, we find that two structures have very high stabilization energies for
ferromagnetic order, one having the highest predicted so far for this class of materials. Finally, we
find that several structures are half-metals, and that one in special is a half-zero-gap semicondutor.

Since the last decades magnetic properties have been
observed in many materials in which there is no tran-
sition metal or rare earth element, that is, no d or f
electrons [1]. For instance, numerous previous works
have reported magnetic properties in two-dimensional
carbon based materials such as graphene-based frag-
ments, nanoribbons, and defective sheets [2], in carbon
nanotubes [3], and, more recently, in graphitic carbon
nitrides [4, 5. From a fundamental viewpoint this d°
magnetism has attracted great attention due to the in-
terest in disclosing the physical mechanisms from which
these properties emerge.

Moreover, carbon-based materials have also attracted
enormous interest for applications in spintronic de-
vices [6, 7]. For instance, the high electronic mobility
and weak spin orbit coupling of graphene [8, 9] make it a
promising spin channel material. In fact, graphene spin
valve devices have been fabricated, exhibiting room tem-
perature nanosecond spin lifetimes and diffusion lengths
of micrometers [10, 11]. In addition, another class
of two-dimensional materials known as transition-metal
dichalcogenides [12] have shown useful properties for ap-
plications in spintronics. In particular, MoS; monolayers
exhibit direct band gap and larger spin-orbit coupling
than graphene, which in turn leads to larger spin orbit
scattering lenghts [12, 13]. Despite of these spin channel
candidates, carbon-based half-metals such as graphitic
carbon nitrides [14, 15] have been proposed as an alter-
native to usual ferromagnet electrodes towards metal-free
spintronics.

Graphitic carbon nitrides based on s-triazine or
tri-s-triazine subunits, often denoted by g-C3N,, are
two-dimensional layered nonmagnetic semiconductors
with graphene-like structure containing uniform periodic
nanopores. Despite its great potential as a photocata-
lyst [16, 17], previous theoretical works have also pro-
posed alternatives to induce magnetic ordering in these
materials. For instance, hydrogen chemisorption [18, 19],
carbon doping [4, 14], periodic large pores [22, 23], and
fractal morphology [15] may give rise to magnetic car-
bon nitride structures. From the experimental side, the

synthesis of the theoretical predicted ferromagnetic g-
C4N3 [4] and the experimental observation of room tem-
perature ferromagnetism in g-C3Ny4 nanosheets have been
recently reported [5]. In the present work, we investi-
gate, by means of first principles calculations, the elec-
tronic and magnetic properties of distinct graphene-like
carbon nitride structures. Our results indicate that,
among the considered set of twenty eight structures ob-
tained through a simulated annealing procedure, there
are twenty one structures with energetically favorable
magnetic phases, where nine of them are ferromagnetic.
The band structure calculations also suggest that the
nonmagnetic states of several structures present Stoner-
like instabilities, while the ferromagnetic phases of sev-
eral other have half-metallic properties.

Our proposed carbon nitride structures have the mor-
phology of a honeycomb lattice, where each lattice site
can be a carbon atom, a nitrogen atom, or a vacant
site. These structures are denoted by the general for-
mula C;Nyv,, where z,y, and z define the number of
carbons, nitrogens, and vacancies, respectively, in unit
cells of eighteen sites. We considered twenty eight dis-
tinct (z,y, z) stoichiometries, and for each stoichiometry
we first obtained a minimum-energy structure through a
Monte Carlo simulated annealing procedure [29]. In this
annealing procedure, we obtained approximately 10° con-
figurations for each distinct (x,y, z) stoichiometry, from
which we selected the ones with lowest energy applying
the Metropolis criterion. This criterion changes during
the annealing since the temperature is reduced as a func-
tion of the number of Monte Carlo steps. Throughout
the Monte Carlo calculations the total energy of each
structure was calculated from an empirical bond-couting
model, parametrized from ab initio calculations, which
takes into account the distinct bond energies presented
in each structure and the additional energy induced by
nitrogen doping.

Further, we performed first principles calculations to
investigate the electronic and magnetic properties of each
low-energy structure. Our first principles calculations
were perfomed within the spin-polarized density func-
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tional theory (DFT) [24], employing the generalized-
gradient approximation (GGA) [27], as implemented in
SIESTA code [26]. To describe electron-ion interaction
we used norm-conserving pseudopotentials [25]. The
equilibrium geometries of each structure were further re-
laxed by using the conjugated gradient scheme within a
force convergence criterion of 0.02 eV /A, where the total
energy was converged by using a set of 8 special k-points
to the Brillouin zone sampling [28]. In addition, we in-
vestigated the stability of the ferromagnetic structures
by means of first-principles Molecular dynamics, anneal-
ing the structures from 300 K to 273 K. For the distorted
structures, further optimization using conjugated gradi-
ent scheme were done. Finally, the electronic and mag-
netic properties were investigated using a set of 36 special
k-points and 2x2 supercells to avoid spurious effects on
the magnetic properties.

For each structure we addressed the energetic stabil-
ity of the nonmagnetic, antiferromagnetic (AFM) and
ferromagnetic (FM) phases. The magnetic ordered con-
figurations were simulated starting with a spin-polarized
calculation considering a predefined spin density. For
those structures with stable magnetic state, we calculate
the energetic stabilization driven by the formation of a
magnetic ordered state, which is given by

- Enmv (1)

where F,, and E,,, correspond to the total energy of
the magnetic and nonmagnetic phases, respectively. The
structures with energetically favorable magnetic phases
(es < 0) are represented by triangles in the ternary dia-
gram shown in Fig. 1. In the same diagram we represent
the nonmagnetic structures by circles (e¢; > 0). More-
over, these energies suggest a set of twenty two energeti-
cally favorable magnetic carbon nitride structures.

€s=En

\'

c” N

FIG. 1. Magnetic phase ternary diagram of graphene-like
carbon nitride (C;Nyv.) structures. Antiferromagnetic and
ferromagnetic phases are represented by empty and full tri-
angles, respectively. Nonmagnetic structures are represented
by empty circles.

To investigate the energetic stability of these magnetic
phases, we further calculate the energy difference be-

2

tween the FM and AFM configurations, for each struc-
ture, as given by

Eo:E‘afm*wan“n (2)

where E,fp, and Ejy, are the total energies of the
same structure, considering AFM and FM configura-
tions, respectively. Interestingly, based upon the cal-
culated values of ¢,, we find a set of twelve structures
with an energetically favorable AFM phase (¢, < 0):
C7Ngwg, CgNgva, C11Nsvz, C12N3zv3, CoNgvsz, CeNguy,
CgN6U4, C6N7U5, C71\IG’U57 CgNGUG, C7N5’U6, and CgN4’l)6.
These structures are represented by empty triangles
in the ternary diagram shown in Fig. 1. In addi-
tion, we find a set of nine structures with an energet-
ically favorable FM phase (¢, > 0): CgNgvi, CoNguvy,
CyNrwg, CsNgvs, C19Nsvz, C11Ngv3, C7N7vy, CoNsvy,
and C1gNyvy, which are represented as full triangles in
the same diagram. It is important to mention that the
C7;Nrvy structure obtained through or simulated anneal-
ing procedure corresponds to the same structure previ-
ously investigated in refs. [20, 30]. Table I presents the
calculated €, and €, values for the FM structures, includ-
ing the g-C4N3 (carbon doped ¢g-C3Ny) proposed by Du
et al. [14].

TABLE 1. Magnetic moment per supercell (m), and calcu-
lated energies (es and €), in meV, for structures which have
energetically favorable ferromagnetic phase (e, > 0). m is
given in pp units.

TyY=z ’y/l’ m €s €0
891 1.13 2.35 -165.9 65.9
981 0.89 2.61 -121.2 4.2
972 0.78 4.00 -320.3 145.6
693 1.50 12.00 -1370.1 600.2
1053 0.50 4.00 -233.2 61.1
1143 0.36 4.00 -1069.3 136.7
774 1.00 4.00 -376.4 84.8
954 0.56 8.00 -494.5 —
1044 0.40 9.98 -1467.3 248.9
g-C4N3 0.75 4.00 -413.1 326.9

From table I we observe that the g-C4N3 is found to be
ferromagnetic with 1 pp per formula unit, in good agree-
ment with the results of Du et al. [14]. For the C7N7vy,
we find 1 up per formula unit, and that the ferromagnetic
state is 84.8 meV more stable than the antiferromagnetic,
in good agreement with previous results [20].

Fig. 2 shows a plot of the magnetic moment per atom
(m/(z+vy)) of the ferromagnetic structures as a function
of the N/C ratio (y/z). Two features can be observed in
this figure. First, most of the m/(z+y) values are in the
vicinity of 0.05 pp/atom, suggestive of a common order
of magnitude for the magnetization of C-N layers. Sec-
ond, if we disregard the structure CgNgvs, the m/(x+1y)
values show an overall trend of decreasing magnetic mo-
ments per atom upon increasing the relative concentra-
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tion of nitrogen, as can be seen in Fig. 2. We mention
that a similar trend was recently observed experimentally
in nitrogen-doped graphene domains [21].

Among our newly found ferromagnetic structures,
CgNgv3 and C1gNyv4 structures present larger energetic
stabilization, as seen in table I, due to the formation of
magnetic ordered states. In especial, we find that the
ferromagnetic state of the former is 273 meV more sta-
ble than the ferromagnetic configuration of g-C4Ng3, and
that this structure presents a magnetic moment of 3 ug
per formula unit. The ferromagnetic state of CigNyv4
structure is found to be 78 meV less stable than the ferro-
magnetic state of g-C4N3, while the remaining structures
present less stable ferromagnetic states. These findings
indicate the possibility of a carbon nitride structure with
a more stable ferromagnetic phase than the ferromagnetic
phase of g-C4Nj3.
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FIG. 2. Magnetic moments per atom (m/(z+y)) as a function
of relative concentration of nitrogen (y/x) of the graphene-like
carbon nitride (C;Nyv;) structures which have energetically
favorable FM phase (e, > 0).

The calculated equilibrium geometries and spin den-
sities, of the ferromagnetic structures (excluding the
CgNgvy structure), are shown in Fig. 3. It is impor-
tant to mention that the CgNgv; structure will not be
considered in our following investigation due to its very
small value of €, = 4.2 meV. From the spin density shown
in Fig. 3(a) we observe the magnetic moments of g-C4N3
come mainly from the in-plane p, and p, orbitals of pyri-
dinic nitrogens, also in good agreement with the findings
of ref. [14].

Similar to g-C4N3, the magnetic moments of CgNrvs,
CgNgvs, C1gN5v3, and C;N7vy originate mainly from the
p» and p, orbitals, as can be seen in Fig. 3(c), (d), (e)
and (g), respectively. In contrast, as shown in Fig. 3(b),
in the structure CgNgwv; the magnetic moments originate
mainly from p, orbitals associated with graphitic carbon
and nitrogen atoms in the “bulk” part of the structure.
In Fig. 3 (f), (h), and (i) we notice a different feature.
Indeed, the carbon dangling bonds in C11Nyvs, CoNsvy,
and Cy9Nyvy4 structures give rise to local magnetic mo-
ments due to the unpaired electron.

In order to investigate the physical mechanism respon-
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sible for the instability of the nonmagnetic phases, we
performed band structure calculations for the nonmag-
netic states of those ferromagnetic structures. We find
that the nonmagnetic state of CgNgv;, C;Nrvy, and
CgNj5vy structures present peaked density of states at
around the Fermi level, as can be seen in Fig. 4. The
high density of states at around Er reveals a Stoner-like
instability of the nonmagnetic phase of these structures.
In particular, in CgNgv; we observe that this instability
is related with states which are mostly due to graphitic
carbon atoms. Meanwhile, in C;N,v4 these states are
mostly due to pyridinic nitrogens. For C9Nzvy structure,
we observe that the defective carbon atoms contribute
more to these states than the pyridinic nitrogens. Sim-
ilarly, such high density of states was found for the ad-
ditional structures, although the density of states is not
peaked at around the Fermi level in these cases. Over-
all, these findings are in accordance with the spin density
feature presented in Fig. 3.

Finally, we investigate the effects of the magnetic or-
dering on the electronic properties of those structures.
Here, we performed band structure calculations for the
ferromagnetic states. A main feature in our band struc-
tures for CsNgvl (ShOWH in Flg 5), 011N41)3, 091\151}47
and CigNyv4 structures, are the electronic levels with
spin broken symmetry. For the CgNgwv; structure we
obtained semi-ocuppied levels, which accounts for the
metallic nature of this system, while for the other struc-
tures we find band gaps of 0.25, 0.05, and 0.09 eV, respec-
tively. On the other hand, as shown in Fig. 6, the calcu-
lated band structures of CgN7vy, CgNgvs, and CigNsvs
present a different feature.

Interestingly, these band structures reveal that for the
spin-up component (solid lines) there are band gaps of
0.24, 0.78, and 1.14 eV for CgN,vy, CgNgvs, and C1gNsvs
respectively. Further, for the CgN7vy and CgNgvz struc-
tures, one should notice there is no band gap for the
spin-down component (dashed lines) and a considerable
density of states at the Fermi level, such as in a half-
metal. Such a similar feature was also found by Du
et al. [14] for the ¢g-C4N3. Surprisingly, we find that
the spin-down component of the ferromagnetic state of
C1oN5v3 presents an unusual feature. In fact, for this
spin component we observe a graphene-like dispersion re-
lation at around the Fermi level, as shown in the diagram
in Fig. 6(d). In particular, we find two Dirac-like points
along the I' — M and I' — K directions in the Brillouin
zone, as can be seen in Fig. 6(c). Thus, our results indi-
cate that this system can be considered as a half-zero-gap
semiconductor.

In summary, we have investigated by means of first
principles calculations the magnetic and electronic prop-
erties of graphene-like carbon nitride structures. Among
our set of structures, our results suggest there are twelve
structures with energetically favorable antiferromagnetic
phase and nine with ferromagnetic phase. Notably,
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FIG. 3. (Color online) Equilibrium geometries (shown in 222 unit cells) and spin densities (Ap = pup — pPaown) of (a) g-C4N3, (b)
CgNgvl, (C) CQN7U2, (d) CeNgvg, (e) C10N5’U3, (f) 011N4V37 (g) C7N7’U47 (h) CQN5’U47 and (1) C10N4U4. Carbon and nitrogen
atoms are represented by white and blue spheres. Isosurfaces, in yellow (Ap > 0) and cyan (Ap < 0), correspond to spin
densities of (a) 0.02, (b)0.002, (c)(f) 0.004, (d)(e)(g) 0.01, and (h)(i) 0.009 e/bohr>.
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FIG. 4. (Color online) Calculated band structures, total (blue
lines) and projected density of states of the nonmagnetic
phase of (a) CgNgv1, (b) C7N7v4, and (¢) CoNsvy structures.
In the latter the states were projected on carbon (red lines)
and nitrogen atoms (green lines) marked in Fig. 3.

within the energetically favorable ferromagnetic struc-

Energy (eV)

FIG. 5. Calculated band structures of the (a) nonmagnetic
and (b) ferromagnetic phases of CgNowv;. In the latter solid
(dashed) lines represent the spin-up (spin-down) components.

tures, we find that C19Nyvy, and CgNgvs may have high
Currie temperatures as the previous magnetic carbon ni-
tride structures. Our band structure calculations, for the
nonmagnetic phase of several structures, indicates that
these states present Stoner-like instabilities. Finally, we
obtained the majority of these ferromagnetic structures
remain metallic, where in special several ones may give
rise to free-metal magnetic half-metals or even a half-
zero-gap semiconductor.
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FIG. 6. Calculated band structures of the ferromagnetic
phases of (a) CoNrv2, (b) CgNgvs, and (c¢) CioNsvs. Solid
(dashed) lines represent the spin-up (spin-down) components.
(d) Energy band diagrams for a half-zero-gap semiconductor.

* walber@fisica.ufmg.br

[1] T. L. Makarova and F. Palacio, Carbon based Magnetism:
An Overview of the Magnetism of Metal Free Carbon-
based Compounds and Materials, Elsevier, Amsterdam
(2006).

[2] O. V. Yazyev, Rep. Prog. Phys. 73, 056501 (2010).

[3] S. S. Alexandre, M. S. C. Mazzoni, and H. Chacham,
Phys. Rev. Lett. 100, 146801 (2008).

[4] B. J. S. Lee, X. Wang, H. Luo, and S. Dai, Adv. Mater.
22, 1004 (2010).

[5] D. Gao, Q. Xu, J. Zhang, Z. Yang, M. Si, Z. Yan, and D.
Xue, Nanoscale 6, 2577 (2014).

[6] D. Pesin and A. H. MacDonald, Nat. Mater. 11, 409
(2012).

[7] W. Han, R. K. Kawakami, M. Gmitra, and J. Fabian
Nat. Nanotechnology 9, 794 (2014).

[8] K. S. Novosolev, A. K. Geim, S. V. Morozov, D. Jiang,

Physical Chemistry Chemical Physics

Y. Zhang, S. V. Dubonos, I. V. Grigorieva, and A. A.
Firsov, Science 306, 666 (2004).

[9] A. H. Castro-Neto, F. Guinea, N. M. R. Peres, K. S.
Novosolev, and A. K. Geim, Rev. Mod. Phys. 81, 109
(2009).

[10] M. Drogeler, F. Volmer, M. Wolter, B. Terrés, K. Watan-
abe, T. Taniguchi, G. Giintherodt, C. Stampfer, and B.
Beschoten, Nano Lett. 14, 6050 (2014).

[11] S. Roche, J. Akerman, B. Beschoten, J.-C. Charlier, M.
Chshiev, S. P. Dash, B. Dlubak, J. Fabian, A. Fert, M.
Guimaraes, F. Guinea, 1. Grigorieva, C. Schénenberger,
P. Seneor, C. Stampfer, S. O. Valenzuela, X. Waintal,
and B. van Wess, 2D Materials 2, 030202 (2015).

[12] S. Z. Butler, S. M. Hollen, L. Cao, Y. Cui, J. A. Gupta,
H. R. Guitérrez, T. F. Heinz, S. S. Hong, J. Huang, A. F.
Ismach, E. J.-Halperin, M. Kuno, V. V. Plashnitsa, R.
D. Robinson, R. S. Ruoff, S. Salahuddin, J. Shan, M. G.
Spencer, M. Terrones, W. Windl, and J. E. Goldberger,
ACS Nano 7, 2898 (2013).

[13] N. Zibouche, A. Kuc, J. Musfeldt, and T. Heine, Ann.
Phys. 526, 395 (2014).

[14] A. Du, S. Sanvito, and S. C. Smith, Phys. Rev. Lett.
108, 197207 (2012).

[15] A. Wang and M. Zhao, Phys. Chem. Chem. Phys. 17,
21837 (2015).

[16] X. Wang, K. Maeda, A. Thomas, K. Takanabe, G. Xin, J.
M. Carlsson, K. Domen, and M. Antonietti, Nat. Mater.
8, 76 (2009).

[17] J. Liu, Y. Liu, N. Liu, Y. Han, X. Zhang, H. Huang, Y.
Lifshitz, S.-T. Lee, J. Zhong, Z. Kang, Science 347, 970
(2015).

[18] H. Qiu, Z. Wang, and X. Sheng, Phys. Lett. A 377, 347
(2013).

[19] H. Qiu, Z. Wang, X. Sheng, Physica B 421, 46 (2013).

[20] X. Zhang, M. Zhao, A. Wang, X. Wang and A. Du, J.
Mater. Chem. C 1, 6265 (2013).

[21] Y. Tto, C. Christodoulou, M. V. Nardi, N. Koch, M.
Kléaui, H. Sachdev, and K. Miillen, J. Am. Chem. Soc.
137, 7678 (2015).

[22] X. Li, J. Zhou, Q. Wang, Y. Kawazoe, and P. Jena, J.
Phys. Chem. Lett. 4, 259 (2013).

[23] X. Zhang, A. Wang, and M. Zhao, Carbon 84, 1 (2015).

[24] W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1965).

[25] N. Troullier and J. L. Martins, Phys. Rev. B 43, 1993
(1991).

[26] J. M. Soler, E. Artacho, J. D. Gale, A. Garcia, J. Jun-
quera, P. Ordején, and D. Sdnchez-Portal, J. Phys. Con-
dens. Matter 14, 2745 (2002).

[27] J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev.
Lett. 77, 3865 (1996).

[28] H. J. Monkhorst and J. P. Pack, Phys. Rev. B 13, 5188
(1976).

[29] W. H. Brito, Joice da Silva-Aratjo, and H. Chacham, J.
Phys. Chem. C 119, 19743 (2015).

[30] X. Li, S. Zhang, and Q. Wang, Phys. Chem. Chem. Phys.
15, 7142 (2013).



