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Introduction

As spintronics is a most promising subject for quantum elec-
tronic devices,[1] molecular spintronics has been an impor-
tant topic in chemistry.[2] One of the key issues is to find
suitable materials for spintronic devices, such as spintronic
quantum dots, ferromagnetic nanowires, and two- (2D) or
three-dimensional (3D) half metals.[3] A complete spin-po-
larized current is possible in a half metal (HM),[4] which has
only one type of conduction electron, either spin up or spin
down.[5] Therefore, half metals have received attention as
candidates of new materials with large spin-polarized carrier
sources. A complete spin polarization in the electric current
of HMs is probably better than that of ferromagnetic (FM)
semiconductors.[1,4,6] However, most HMs are 3D inorganic
systems. There have been some reports on one-dimensional
(1D) and 2D HMs, such as graphene nanoribbon (GNR),
under strong electric field,[4a,7] edge-modified zigzag GNR,[8]

hybrid BCN nanoribbons,[9] and organometallic HMs.[3e,10]

The advantage of using organic materials for spin-based
electronic (spintronic) devices is that the spin relaxation
length and spin lifetime are considerably longer, because of
weak spin-orbit and hyperfine interactions. In addition, or-
ganic materials would be good candidates for flexible devi-
ces.[11]

High-spin organic materials (usually radicals) should be
considered as candidates of organic HM materials. Mataga
suggested a hypothetical high-spin triphenylmethyl radical
polymer (Figure 1c).[12] However, this system is unstable be-
cause of large steric hindrance among three clustered H
atoms of CH moieties. As an extension, Rajca synthesized
high-spin polymers. However, such polymers were not stable
under atmospheric oxygen; then, Rajca synthesized high-
spin aminyl diradicals in which carbon radicals were super-
seded by nitrogen radicals.[13] These radicals are stable in so-
lution and do not react with oxygen at low temperature. Re-
cently, Bieri et al. fabricated porous graphene of 2D poly-
phenylene networks.[14]

Modifying the above polymers, we have predicted that a
new 2D organic material, 2,4,6-tri-(1,3,5-triazinyl)methyl
radical polymer, which will be abbreviated as the triazine-
based radical polymer (Figure 1a and b), is stable and be fer-
romagnetic. The structure of the system is similar to the g-
C3N4 polymer (a graphitic carbon nitride material).[15] In our
system, the exchange interaction between spins of itinerant
electrons through the conjugated system is mainly due to
the Pauli exclusion principle. Then, spins between meta-radi-
cals of the arene tend to be parallel, while spins between
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ortho/para-radicals are antiparallel.[16] Thus, this polymer
would be a FM material and a good target material for an
organic HM.

The triazine-based radical polymer can be compared with
graphene, a carbon-based material, which has been a hot re-
search topic because of its great potentials for possible ap-
plications to electronic and spintronic devices.[17] The radical
polymer can be designed from graphene by making a defect
of C atoms (marked in red in Figure 1 d), followed by substi-
tution of some of C atoms for N atoms (marked in blue in
Figure 1 d).

Computational Methods

To understand the triazine-based magnetic polymer, the band structure
and the density of states (DOS) were analyzed by using the spin-polar-
ized plane-wave density functional theory (DFT). The ultrasoft Vander-
bilt pseudopotentials and the generalized gradient approximation (GGA)
in the Vasp program[18] were used. A 7� 7 k-point grid with automatic
mesh for the first Brillouin zone of the unit cell and the cut off energy of
400 eV were used for geometry optimization. For the plot of DOS, we
used a 45� 45 k-point grid with automatic mesh using the tetrahedron
method with Blçchl corrections. The band structure was drawn with 100
k-point line grids through M-G and G-K, respectively. Molecular orbital
(MO) analyses were performed under the periodic boundary condition
by using the Gaussian 03 suite of programs.[19] The transport phenomena
of spins were studied using the Postrans program,[20] in which the non-
equilibrium Green�s function (NEGF) was implemented in the Siesta[21]

DFT code. The graphical analysis was carried out by visual molecular dy-
namics[22] and the Posmol package.[23]

Results and Discussion

Upon optimizing a structure of the triazine-based radical
polymer in a completely symmetry relaxed condition by
using ab initio calculations, we find that the polymer is on a
plane without distortion as the polymer size becomes larger,
except that the edges are slightly distorted, since a small
size polymer is also slightly distorted at the edges. It seems
that as the system is polymerized, the steric hindrance by
lone pair electrons of nitrogen atoms is reduced by delocali-
zation.

Figure 2 shows clear half-metallic behavior in the band
structure and DOS of the triazine-based radical polymer.
The majority spin shows the non-metallic nature with the
band gap of 2.13 eV, but the minority spin shows the con-
ducting behavior without band-gap features. When we apply
LDA +U,[24] the half metallic property is retained as long as
the effective U value (Ueff =U�J, in which U and J are the
effective on-site Coulomb and exchange interaction parame-
ters, respectively) is up to 7 eV. This is owing to the fact that
the band for the minority spin is very wide (larger than
3.5 eV). On the other hand, in the case of the 1,3,5-tridehy-
drobenzene triradical system, both majority and minority
electrons are conducting. Although the radical polymer
helps delocalize both majority and minority spins, the substi-
tution of some of carbon atoms for nitrogen atoms enhances
the localization of the majority spins because of the stronger
interaction of electrons by the more positive charge on N
than on C.

The polymer shows the half-metallic nature with a 100 %
spin-polarized carrier source.[25] This is in good agreement
with the quantum transmission analysis of the model system
(Figure 3). The numbers of transmission channels for the
majority and minority spins are 0 and 2 or 3, respectively,
near the Fermi energy.

To understand the nature of the HM property and to sta-
bilize the system, we analyzed the frontier MOs in a unit
cell in Figure 4. For a-MOs (majority spin bands), the
energy gap between the lowest unoccupied MO (LUMO)

Figure 1. Schematic structures of a) the triazine-based polymer, b) its op-
timized lattice structure, c) the triphenylmethyl radical polymer structure,
and d) graphene. Gray, white, and blue balls are carbon, hydrogen, and
nitrogen atoms, respectively. The black borderlines are used to denote
unit cells. Three H atoms in a red circle in c) indicate the steric hindrance
between them. The triazine based polymer is on a plane, while the triphe-
nylmethyl radical polymer has a large torsional angle due to the large
steric hindrance between three clustered CHs, resulting in highly nonpla-
nar sructure. For the triazine-based polymer, the DFT-optimized bond
lengths are 1.43 � for C�C and 1.35 � for C�N; the bond angles are
120.88 for C-C-N, 121.68 for C-N-C, and 118.48 for N-C-N.
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and the highest occupied MO (HOMO) is large (3.64 eV),
while for b-MOs (minority spin bands) the energy gap is
zero. The degenerate b-LUMO and b-HOMO (energy E=

�4.16 eV) and two degenerate a-HOMO2 and a-HOMO3
(E=�6.91 eV) have the character of the N lone pairs with
one nodal plane among the three pz orbitals of three N
atoms (here, HOMOn denotes n-th HOMO). One of two
degenerate a-HOMO2 and a-HOMO3 or its combination
forms a lone pair with b-HOMO, while the remaining orbi-

tal remains as a radical in a singly occupied a-MO (SOMO)
unless the complementary b-LUMO is occupied. The char-
acter of b-LUMO indicates that the SOMO should have the
same character of the N lone pairs, instead of the alkyl radi-
cal on the alkyl C atom, which is expected in this polymer
system from the general chemistry concept. Indeed, the two
nearly degenerate a-HOMO (E =�6.31 eV) and b-HOMO2
(E=�6.18 eV), which show the character of alkyl radical on

Figure 2. Band structure (top) drawn through M-G and G-K at the Bril-
louin zone boundary using 100 k-point line grids and DOS (bottom) car-
ried out using a 45� 45 k-point grid and a cut off energy 400 eV. The ver-
tical axes denote the energy relative to the Fermi energy (�4.49 eV). The
majority and minority spins are shown in black and red, respectively.

Figure 3. Quantum transmission of the triazine based polymer with re-
spect to the energy (E�EF). The black and red lines in the transmission
curve denotes the majority and minority spins, respecitvely.

Figure 4. Frontier MOs with occupied up or down spins and unoccupied
states. All energies are in eV. Gray and blue balls are C and N, respec-
tively.
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the C atom, combine to form a lone pair in the pz orbital of
C, losing the radical property. Among three N lone pairs,
one was a SOMO and one was a lone pair, both of which
have the character of the N lone pairs with one nodal plane
among three pz orbitals of the three N atoms. The remaining
one, which is composed of three pz orbitals of the three N
atoms without a nodal plane, should have lower energy than
the other two. This one is noted from the combination of a-
HOMO8 (16th a-MO, E=�13.74 eV) and b-HOMO7 (16th
b-MO, E=�12.41 eV). Thus, one electron in the b-LUMO
is missing, so the a-SOMO should show the complementary
character of b-LUMO with an a electron. Thus, a radical
with an a spin is not on an alkyl C atom, but appears with
fractional density on three N atoms.

In general, radicals are localized on alkyl C atoms than on
N atoms, while lone pairs of electrons are on N atoms. How-
ever, in the triazine polymer, some fractional electron densi-
ty of three N atoms moves to an alkyl C atom, resulting in
the closed shell of the pz orbital of the alkyl C atom and a
radical on the SOMO, composed of three pz orbitals on
three N atoms. Therefore, a radical electron is stabilized by
N atoms, similar to an aminyl diradical to a certain
extent.[14] In addition, the steric hindrance by the lone-pair
of electrons on the N atoms is reduced as the dense electron
density on the N atoms shifts to an alkyl C atom, which re-
sults in the stabilization of the polymer. The b electrons are
delocalized among the N atoms through degenerate b-
HOMOs and b-LUMOs, making the system electro-conduc-
tive. The MO analysis agrees with the density difference
map for a and b spins in Figure 5. The majority spin density
is mainly localized on N atoms (and only partly on alkyl C
atoms). The minority spin density is more on the aromatic
carbon atoms as compared to the majority spin density. In a
more strict analysis, the HOMO–LUMO concept would not
work properly for 2D polymers, owing to the band structure
characteristics for which fractional occupancies of electrons
would be possible. Nevertheless, the HOMO–LUMO con-
cept is useful for the understanding of the radical stability
for the polymer systems.

To compare the ferromagnetic (FM), antiferromagnetic
(AM), and non-magnetic (diamagnetic, DM) ordering in the
triazine-based polymer, we optimize each system of 2 � 2
unit cells by using a 5 �5 k-point grid and a 350 eV cut off
energy, and carry out single-point calculations by using the
tetrahedron method with a 25 � 25 k-point grid. The stability
is in the order of FM>AM>DM. The FM ordering is more
stable than AM and DM ordering by �69.6 and 92.1 meV
per unit cell, respectively. The FM ordering is still favored
at room temperature (25.7 meV). Generally, it is difficult to
achieve spontaneous magnetic ordering in 1D and 2D spin
lattice models at finite temperature;[26] however, the tri-ACHTUNGTRENNUNGazine-based polymer should show the HM property as well
as a spontaneous magnetic ordering at finite temperature.
This is supported by the band analysis. The band width be-
tween the Fermi energy and the top of the first conduction
band for the minority spins is �400 meV, while that be-
tween the top of the highest valence band and the Fermi

energy of the majority spins is �465 meV. It means that the
HM property remains unless the Fermi level shifts signifi-
cantly. Thus, the HM property would be maintained at room
temperature. We also estimate the Curie temperature (Tc)

Figure 5. Density difference map for a and b spins of the 2D 2,4,6-tri-
(1,3,5-triazinyl)methyl radical polymer (top) and the calix[3]triazine-
6,12,18-triyl (bottom). Gray/blue/white spheres are C/N/H atoms. The
black borderlines are used to denote unit cells. The isovalue scale of ma-
jority and minority spins are same. In the top panel most of the majority
spin density (red) is on the N atoms and only partly on the alkyl C
atoms, while the minority spin density (blue) is higher on the aromatic C
atoms. The spin of a radical is delocalized over three N atoms through ar-
omatic conjugation. The radicals form FM spin ordering. In the bottom
panel the majority spin density (red) is on both alkyl C atoms and N
atoms (but denser on the alkyl C atoms than on the N atoms), while the
minority density is denser on the aromatic C atoms (blue). As the molec-
ular size increases, the eventual 2D polymer (top) shows that the majori-
ty spin density is predominantly located on the N atoms rather than on
the alkyl C atoms.
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using the Heisenberg model (U =�2 JSiSj and J= 3kBTc/
2zSACHTUNGTRENNUNG(S+1), in which J and z are the exchange integral and
the number of nearest neighbors, respectively, and Si and Sj

are the electron spins of atoms i and j).[27] The molecular or-
bital should be considered as a magnetization unit; hence
the spin magnetic moment is 1 mB (S= 1/2) per unit cell ac-
cording to Figure 4. If we consider this magnetic unit as an
effective single site, the system becomes triangular lattice,
not a honeycomb lattice. In this model, it is estimated that J
is 34.8 meV and Tc is �1212 K, under the assumption that
the structure does not change significantly depending on the
temperature. An actual Tc of a triangular lattice tends to be
60 % of the result of the mean field theory of Heisenberg
model.[28] Therefore, Tc would be �730 K scaled from the
result of mean field theory; hence Tc would be at least
higher than room temperature.

Conclusion

In summary, the 2,4,6-tri-(1,3,5-triazinyl)methyl radical poly-
mer is predicted to be a ferromagnetic 2D half metal at
room temperature . The HM property in the triazine-based
polymer depends mainly on the nature of the p-band, while
conventional HMs depend on the d-band, which is distin-
guished into three categories[29] by the nature of HMs relat-
ed to the covalency, charge transfer, and d–d band gaps. The
triazine-based polymer is a half metal, and the structure
would be thermally stable at very high temperatures. The
designed polymer would be a good candidate for a perfect
spin filter as a large magnetoresistance material, which
would be useful for flexible high density memory devices
and organic/polymer-based spintronics.
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