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Graphite is the most stable form of carbon under room temperature and atmospheric pressure, and consists
of two-dimensional honeycomb lattices with intralayer sp> bonding and rather weak van der Waals like
interlayer interaction. When we supply gaseous small carbonic molecules such as methane to a patch of
graphene, the patch will grow into graphite. Now, let us imagine a slightly different situation. Is a layered
structure of graphite always formed, when we supply not methane molecules but another graphene patch? The
answer from our computer simulations is “No.” Some graphene patches collide in parallel, but others at right
angles, which result in a formation of junction structures (graphitic Y junctions). These junction structures are
different from those of common sense for graphitic materials. Performing density functional calculations, we
found that the reaction barrier height required for the formation of graphitic Y junctions are almost zero, and
the binding energies per bond for each structure are ~1 eV. Furthermore, tight-binding molecular dynamics
simulations showed high thermal stability and high formation probabilities for these junction structures. As
applications of graphitic Y junctions, we will present two interesting structures, where we focus on the
magnetic properties of junction structures and nanotube T-junction structures which are different from conven-
tional models. We expect that graphitic Y junctions might be hidden in graphitic soot and not characterized yet
in experiment. 3D architectures constructed from those unit structures are expected to have various applications

with lightweight, ferromagnet, high molecular storage and high thermal conductor.
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I. INTRODUCTION

Graphite, diamond, fullerene, nanotube, peapod—so
many carbon-based materials possess many potential abili-
ties for future technologies.'=* After discoveries of fullerenes
and nanotubes, architectures consisting of sp2 network are
getting a lot of attention. The most fascinating properties are
toughness due to tightly bonded o network and interesting
electronic behavior, which arises from 7 orbital networks.
Then the exploration for new carbon sp® network architec-
ture is a very important and interesting theme. In the same
way, sp> bonding states of carbon, which can take fourfold
3D bondings also present important and interesting proper-
ties to carbon related materials. Then, an addition of a few
fourfold carbon atoms to sp? network systems would bring
out some different potential abilities of carbon materials.

Theoretical approaches to explore new carbon structures
suggested new classes of graphitic materials,’ which were
claimed to be energetically stable. All these 3D architectures
are characterized by junction structures A and B as shown in
Fig. 1 and planar graphitic networks. Therefore, such junc-
tion structures are expected to be essential components to
construct various 3D architectures, which utilize the fascinat-
ing properties of graphitic networks. We here raise a new
structure C, in the rightmost of Fig. 1, which was not seen in
the past works.>"® We refer to these junction structures with
“Y” section, which mainly consist of graphitic networks, as
“graphitic Y junction” (GY]J).

Of course, we have to wait for the experimental discovery
to have clear evidence for the existence of such 3D struc-
tures, however, we can also examine it theoretically. In this
paper, we will show computational investigations on the
thermal stability, formation processes and formation prob-
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abilities of GY]J structures. We also describe some new ar-
chitectures consisting of GYJ structures as important compo-
nents.

In the next section, we examine thermal stability of GYJ
structures. Formation processes for GYJ structures using gra-
phitic patches as a precursor are developed in Sec. III. The
formation barrier heights for corresponding formation pro-
cesses are also presented. In Sec. IV tight-binding molecular
dynamics simulations for the GYJ formation are performed
under various initial conditions to evaluate the formation
probability depending on the initial conditions. Some pos-
sible applications of GYJ junction structures are presented in
Sec. V, and conclusion is appeared in Sec. VL.

II. THERMAL STABILITY OF GYJ

The above-mentioned theoretical studies have performed
total energy calculations of the architectures, which corre-
spond to the structural stability at rather lower temperature,
but not at higher temperature. Then, we examined thermal
stability of several junction structures, including those shown
in Fig. 1 A, B, and C within orthorhombic or hexagonal
lattices using tight-binding molecular dynamics (TBMD)
simulations®!'? under constant temperature,''> where each
unit cell has 100 to 150 carbon atoms including 6 to 8 atoms
at the junction. Over 100 ps of simulation time is applied to
verify the thermal stability of the structures. We found that
the structures A, B, and C are particularly stable under high
temperature (~2000 K), but other tested junction structures
were found to be unstable. The GYJ A in the hexagonal
lattice and B in the orthorhombic lattice survive at around
2000 K. For GYJ C, vertical bonds along the junction [see
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FIG. 1. (Color online) Schematic view of GYJ A, B, and C
which are three-dimensional junction structures of sp? network,
where red and gray spheres represent carbon atoms. Each structure
can be divided into two graphene sheets, where one graphene sheet
(red spheres) is attaching the armchair or zigzag edge to the surface
of the other (gray spheres). For the GYJ C, the target graphene
sheet has a line of defect array with 5-8 membered rings.

Fig. 1] are broken and recombine repeatedly. However, the
junction structure is not broken even over 2000 K.

Then, we consider that these three GYJ structures are the
most important and feasible structures as constituent units of
various graphitic 3D architectures. To obtain further confir-
mation for the existence of such architectures in real materi-
als, we need to discuss formation processes of these GYJ
structures.

III. FORMATION PROCESS OF GYJ

A. Geometrical conditions

We recently proposed a new formation process based on
the collision of graphene patches.” Our simulations showed
that rectangle graphene patches with the same size collided
in parallel coalesced into nanotube, nanohorn and fullerene-
like cage structures. Here the graphene patches have no edge
terminations and have dangling bonds. We expected that
such reaction procedures would be realized in high-
temperature environment, which are indeed realized using
laser ablation or arc discharge method.!?

Our question is as to whether graphene patches colliding
at right angles can form the GYJ structures. Focusing an
attention to the continuity of graphitic network of six mem-
bered rings at the junction, one may find that the GYJ struc-
tures consist of two graphene sheets attaching armchair/
zigzag edge of one sheet (red spheres in Fig. 1) to the surface
of the other (gray spheres in Fig. 1). Note that some atoms of
the target graphene surface, which originally make threefold
planar network, take fourfold 3D bonding to combine two
graphene sheets. For the formation of the GYJ C we need to
introduce an array of 5 and 8 membered ring defects on a
target (see Fig. 1). Here, the cohesive energy of a 5-8 defect
array in a graphene sheet per unit cell is 3.0 eV higher than
that of original graphene sheet, which is, however, lower
than that of a Stone-Wales defect (~6.3 eV). By TBMD
simulations, Nardelli ef al. showed that the 5-8 defect is
formed by the uniaxial strain on carbon nanotube,'* and we
thus expect that a short array of 5—8 defects would be formed
under a high temperature condition.

Therefore, the collision of graphene patches is one of the
possible candidates for the formation of these GYJ struc-
tures. The next problem is as to whether the activation bar-
riers for the formation are low enough.
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FIG. 2. (a) The potential energy curves for GYJ A (rectangles),
B (triangles), and C (circles) formation as a function of reaction
coordinate. The reaction coordinate is normalized by the length
along the minimum energy path in the configuration space. The
origin of potential energy is taken as that of initial configuration. (b)
The cross-sectional views of atomic structures correspond to the
formation steps indicated by the arrows in Fig. 2(a).

B. GYJ formation barrier height

To estimate the formation paths and barrier heights we
used nudged elastic band method (NEBM)."> In the transi-
tion state theory, the activation barrier is defined as the high-
est energy point along the lowest energy path connecting two
metastable atomistic configurations in the configurational en-
ergy landscape. In this context, the NEBM generates reliable
reaction paths in chemical reactions involving complex rear-
rangement of atoms. The total energy calculations are per-
formed by using the code of the conjugate-gradient method
for diagonalization,'® which was successfully used for
graphene ribbons.!” These calculations are based on the den-
sity functional theory (DFT) with norm-conserving pseudo-
potentials for electron-ion interaction and with local density
approximation (LDA) for exchange-correlation energy.!8-2?
The valence wave functions are expanded in a plane-wave
basis set with a cutoff energy of 60 Ry and integration over
the Brillouin zone is carried out with four or five k points
along the wave vector parallel to the junction axis. The coa-
lescence of a termination-free graphene ribbon with
armchair/zigzag edge and a graphene sheet without edge are
simulated in the periodic boundary conditions with 42/24
carbon atoms per unit cell.

Figure 2 shows potential energy curves along the reaction
paths for the formation of GYJ structures, and cross-
sectional views of the atomic structure at each step indicated
by the arrows. The origin of potential energy is taken as that
of initial configurations where the distance between the edge
and the surface is 4 A. Surprisingly, there is no activation
barrier for formation of junctions B and C with zigzag edge
structure on the graphene ribbon. Although there is an
activation barrier for the formation of GYJ A, it is not
sufficiently large to disturb the junction formation
(0.15 eV/bond) under a relatively high temperature condi-
tion in experiments. As for the formation of C type junction,
the number of image between initial to final configuration is
smaller than that of other calculations due to the computa-
tional restriction. It is, however, clear that there is no barrier
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for the formation along the reaction path. Therefore, the GYJ
structures would be formed independent of edge structures.

The formation process of the GYJ structures would be
considered as follows: (1) Dangling bonds at the edge of
graphene ribbon approach the surface of sp?> network, and
break the symmetry of 7 orbitals perpendicular to the
graphene sheet surface. (2) The asymmetry induces elec-
tronic state transition of surface carbon atoms beneath the
armchair/zigzag edge from sp?- to sp3-like state, and then the
lattice at the junction is distorted gradually. (3) Finally, dan-
gling bond states of sp? network and that from sp3-like states
on the surface make covalent bonds between edge and the
surface.

Why does an armchair edge need activation barrier, while
a zigzag edge not? In the zigzag edges, the energy levels of
the states coming from lacking of edge termination are at
around the Fermi level. In other words, those states are rather
reactive dangling bond states. Meanwhile, for the
termination-free armchair edge, the corresponding edge-
localized states are below the Fermi level for about 2 eV,
which are relatively stable.!” Such a lower energy level is
due to a formation of triple-bonding-like states at the arm-
chair edge without termination. Then the coalescence of arm-
chair edge and graphene surface needs the corresponding
electronic states to be activated throughout the way of bring-
ing the edge close to the surface, i.e., the procedure of coa-
lescence involves an activation barrier. Nevertheless, the
triple-bonding-like states at armchair edge should be more
reactive than an acetylene molecule on graphene surface, be-
cause the reaction between the acetylene molecule and
graphene sheet requires not only graphene surface but also
linear H—C=C—H chain of the acetylene molecule to
bend to form threefold bonding structure.

IV. MD SIMULATIONS FOR GYJ FORMATION
A. GYJ formations depending on initial configurations

To make sure the possibility of the GYJ formations, we
also performed TBMD simulations of colliding graphene
sheet and graphene ribbon without edge termination using
various initial atomic configurations. Our unit cell has about
120 carbon atoms in the periodic boundary conditions. Simu-
lations of reaction were performed with 600—1000 K of ini-
tial random velocities of each atom given by randomized
numbers including 10—170 meV/atom of translational ki-
netic energy to collide graphene sheet and graphene ribbon.
Since the change in translational kinetic energy to collide did
not affect the results dramatically, simulations below were
done with about 20 meV/atom of energy which is smaller
than the energy corresponding to initial temperature.

Tight-binding MD simulations for collision of graphene
ribbon with either armchair or zigzag edge and graphene
sheet at right angles result in the formation of GYJs. The
snap-shots of the reaction process for the structure A forma-
tion are shown in Fig. 3(a). Several simulations showed that
a lateral sliding of the colliding ribbon with respect to the
target graphene surface rarely suppress the junction forma-
tion for coalescence at right angles [Fig. 3(b)] both for the
formation of GYJ A and B. This is because the formations of
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FIG. 3. Snapshots of molecular dynamics simulations for the
formation of GYJ A from a collision of a graphene sheet and a
graphitic ribbon (a) at right angles, (b) with 1 A shift perpendicular
to the ribbon surface, (c) with 40° tilt angle, and (d) with 15° of
azimuthal angle rotation. (¢) GYJ formation from the reaction of
zigzag edge and graphene surface with 30° of azimuthal angle.

GYJ A and B need no special reaction sites on the graphene
surface, and lines of reaction sites on the graphene sheet are
aligned with 2—3 A intervals. On the other hand, a line of
5-8 defects on the graphene sheet is required for the forma-
tion of GYJ C. Then a lateral sliding of the incident graphene
ribbon sometimes disturbs the formation of GYJ C.

In usual experimental conditions, it would be difficult to
control a tilt angle of an incident graphene ribbon, so we
tested an influence of the tilt angle on the formation process.
When the incident graphene ribbon was tilted 40° off from
the right angle, the reactions often result in the formation of
GY] structure successfully. The snapshots in Fig. 3(c) show
a simulation result for successful GYJ A formation with 40°
of an initial tilt angle. When the tilt angle is beyond 60°, GYJ
A and B are rarely formed and an incident graphene ribbon is
often stacked on the target graphene sheet in parallel without
any mutual covalent bonding, while the GYJ C are still
formed successfully. We will come back to this point later.
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An azimuthal angle of graphene sheet and ribbon is also
an important factor for the reaction and depends on the edge
structure due to necessity of commensurate matching. For
simulations, we used a small graphene patch (42/36 atoms
for armchair/zigzag edge reaction) in place of ribbon and
changing the azimuthal angle. A little bit larger graphene
sheet with 140, 128 and 136 carbon atoms are used for a
target in the periodic boundary condition to form GYJ A, B
and C, respectively. A simulation for the formation of GYJ A
with 15° of azimuthal angle rotation is shown in Fig. 3(d),
where the small patch with armchair reaction head found a
stable reaction point at —15° of azimuthal angle rotation on
the target graphene surface. The patch finally made connec-
tions of covalent bonds between graphene sheet by twisting
itself, and form local GYJ A structure successfully. Due to
the high reactivity of zigzag edge dangling bond with 7 elec-
trons on graphene surface, the collisions of zigzag edge and
graphene surface often make junction structure independent
of whether the reactive edge and surface are commensurate
or not along the resulting junction structure [Fig. 3(e)].

B. Formation probabilities for GYJ

For the analytical evaluation of the GYJ formation prob-
ability or sticking rate for a graphene patch on the graphene
sheet, we focused on two important factors, i.e., tilt angle
and azimuthal angle under two different initial given tem-
peratures. We performed 20 times simulations per each tilt
(azimuthal) angle of collision by changing the random num-
bers to generate the initial random velocities. Here, the for-
mation of the GYJ structures is defined by the existence of
more than four (two) bonds out of six (four) expected maxi-
mum bonds between armchair (zigzag) edge of a graphene
patch and a graphene sheet after 2.4 psec simulation time. In
our simulations, the randomized initial velocities cause a
small lateral sliding or angular momentum of a colliding
ribbon or a patch since there are some residual velocities
which are not completely cancelled due to a small number of
atoms. In other words, effects of lateral sliding and angular
momentum are reflected in the resulting probabilities to
some extent.

The formation probabilities as a function of tilt angle are
shown in Fig. 4(a). When the range of tilt angle is up to 35°
off from the right angle, more than half of the reactions
reached to the Y-junction independent of the junction struc-
tures A, B and C. Low probabilities of GYJ C structure at
smaller tilt angles are due to a lateral sliding of the patch,
which brings the reaction head of ribbon to the different
reaction sites from that of targeted GYJ C structure. The
resulting junction structures are often identified as a GYJ B
structure with adjacent 5-8 defects. By tilting the incident
graphene ribbon, the formation probabilities of GYJ B struc-
ture are reduced to zero rather rapidly, i.e., the reaction be-
tween a zigzag edge of ribbon and a graphene surface be-
comes difficult for larger tilt angles. On the other hand, the
reactivity between a zigzag edge and a 5-8 defect array does
not largely depend on the tilting angle, and then, the incident
ribbon is able to reach the 5-8 defect without reacting with
other surface points. Then the formation probabilities of GYJ
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FIG. 4. (Color online) Formation probabilities for collisions of a
graphene sheet and a graphitic ribbon or a patch as a function of (a)
tilt angle and (b) azimuthal angle. Open circle (red lines), rectangle
(blue lines), and triangle (green lines) represent formation prob-
abilities for GYJ A, B, and C junctions, respectively. Solid and
dotted lines correspond to 600 K and 1000 K of initial given
temperatures.

C are kept almost constant for larger tilt angles. Above men-
tioned GYJ B with 5-8 defect array structure may be an-
nealed to GYJ C, because GYJ C is energetically more stable
than GYJ B with a 5-8 defect array. The annealing tempera-
ture, however, expected to be higher than 2000 K since these
structures are stable at around 2000 K as described in Sec. II.

The azimuthal orientations of a graphene patch on the
graphene sheet ranging from O to 30° are enough to test GYJ
A and B formations if a small translational shift is allowed.
Meanwhile, 0 to 90° of azimuthal orientations are required
for the examinations of GYJ C formation. The formation
probabilities as a function of azimuthal angles are shown in
Fig. 4(b). Over half of the reactions for an armchair edge (a
zigzag edge) of graphene patch and graphene sheet surface
resulted in GYJ A (B) structures up to 15° of azimuthal angle
rotation. Even for the azimuthal angle of 30°, more than 20%
simulations succeeded to form GYJ A (B) structures.

It is interesting that a zigzag edge of graphene patch and a
graphene sheet often form a junction structure as shown in
Fig. 3(e) even when they fail to form GYJ B structure. Here,
the zigzag edge is incommensurate with the graphene surface
along this new junction structure, and then, the formation of
the junction is limited to a short interval. When we just con-
sider the reaction rate of zigzag edge and graphene surface
and do not distinguish detailed atomic structure of junctions,
the formation probabilities of junction structures are over
90% independent of its azimuthal angle rotation. Although
the formation of GYJ C is a little bit lower than other struc-
tures, the formation probability of 15% at 30° of azimuthal
angle rotation is not so low, when we consider the stability of
GY]J structures. As a result, GYJ structures were formed
rather easily if the formation processes are initiated by the
graphene patch formation.

V. APPLICATIONS OF JUNCTION STRUCTURES
A. Magnetic properties of GYJ based structure

The electronic properties of GYJ based structures mostly
depend on the width and the edge orientation of constituent
graphene ribbons. The reason is that the electronic properties
are determined by 7 electrons around the Fermi level whose
networks are separated into graphite strips by carbon atoms
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Junction "B”

Junction "C"

FIG. 5. (Color online) (a) The unit structure for a new 3D ar-
chitecture formed of GYJ B and C. The letters on each sphere
classify the “A” site and “B” site. (b) Total spin density isosurfaces
of the new architecture. Red isosurfaces represent majority spins
density, and blue ones minority.

at the junctions. Meanwhile, the o states at the junction
would not change those properties dramatically.

Here, we focus on the “edge state” on a graphene ribbon,
which is one of the most interesting properties of sp? net-
work architectures.?>2% In brief, the “edge state” appears
upon termination of periodic boundary conditions of
m-electron network by zigzag edge, and forms almost flat
dispersion bands at the Fermi level. It has been suggested
that the edge state induces ferromagnetic order of the spin
along the edge.”? Some groups in experiment interpret ferro-
magnetic order of their carbonaceous materials as a result
coming from the edge state.?” There are two atomic sites in
its hexagonal primitive cell of graphite and all the atomic
sites are classified into two sublattices “A” and “B” (bipartite
lattice). General form of the ribbons with zigzag edge has the
same number of “A” sites and “B” sites on AB bipartite
lattice, and total spin number is equal to zero, so there is no
magnetism in macroscopic properties.”® However, some par-
ticular edge structures can make disproportion between num-
bers of “A” sites and “B” sites. A new architecture is built up
with the combination of the structures B and C, where one of
the graphitic strips has both a Klein type edge and a zigzag
edge?-? as shown in Fig. 5(a).

The electronic structure of the GYJ in Fig. 5(a) is calcu-
lated using local-spin-density-functional method with ab ini-
tio pseudopotentials®»?® and shows a band splitting at the
Fermi level. The number of total spin in this system is 1.3
per unit cell. Figure 5(b) shows isosurface of total spin den-
sity. The spin distribution is similar to that of the graphene
ribbon with two different types of termination,*® although
weak interaction between 7 electrons of different graphene
planes at the junction changes the original flat band into
dispersive one crossing the Fermi level, which reduces the
total spin polarization from ideal value of 2.0. The energy
gain for spin polarization is 0.11 eV per unit cell (50 carbon
atoms). Although it might be difficult to form the long se-
quence of the new architecture, we expect that a few nanom-
eters of the sequence would be enough to reveal the specific
spin polarization.?*

B. Nanotube T junctions

Recently, the Y and T junctions of nanotubes have at-
tracted current research interest as new nanoscale devices.?!
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FIG. 6. (Color online) Resulting structures for the coalescence
of nanotubes (17,0) sidewall (blue spheres) with termination free (a)
(5,5) edge and (b) (9,0) edge (gray spheres). Fourfold atoms at the
junction, which originally belong to the (17,0) nanotube, are indi-
cated by the red spheres.

The formation processes of GYJ are applicable to a coales-
cence of two nanotubes resulting in a T junction, where a
termination-free open end of a nanotube collides with a side-
wall of the other nanotubes. For the junction formation of
nanotube, there is some amount of curvature at the target and
incident edge structure. However, these effects would not be
crucial for the junction formation using the nanotubes with
large diameter, where the local curvature is not so large. The
atomic structures of the resulting nanotube T junctions are
significantly different from the conventional nanotube
T-junction models.

We performed the coalescence of zigzag (17,0) nanotube
with armchair (5,5) or zigzag (9,0) nanotube to form nano-
tube T-junction structure using TBMD simulations. The zig-
zag (17,0) nanotube consists of 476 atoms in the periodic
boundary condition and the open end (5,5) and (9,0) nano-
tubes consist of 160 and 162 atoms, respectively. The initial
random velocities which correspond to the temperature of
500 K including ~2 meV/atom of a small translational ve-
locity to collide nanotubes are given using random numbers.
The resulting structures are shown in Fig. 6. Due to the high
azimuthal-angle dependency of armchair edge as shown in
Fig. 4(b), only partial bond formations along the edge [Fig.
6(a)] are allowed in the simulation. For the coalescence of
zigzag (9,0) and (17,0) nanotubes, all the bonds are formed
along the zigzag edge. We performed simulations using 5
sets of different initial randomized velocities for each (5,5)
with (17,0) nanotube, and (9,0) with (17,0) nanotube to coa-
lesce. Almost all the simulations indicate a similar tendency
as described above. We expect that the nanotube with larger
diameter will form the junction easily even for armchair
nanotubes.

The nanotube T junction formed here uses sp>-like four-
fold bondings at the junction, which is indicated by the red
spheres in Figs. 6(a) and 6(b), while the conventional nano-
tube T junctions are expected to consist of only sp*-like
threefold bonding network.3? Thus the inner space of present
T junction is separated by the sidewall of original nanotube,
while conventional ones have continuous inner space. One of
the most important procedures to construct a nanotube T
junction, here, is extraction of impurities at the nanotube end
to obtain a termination-free open end of nanotube. The ter-
mination free edge of nanotube end would be prepared by
the irradiation of appropriate electron beam experimentally.
Our results indicate a possibility for intentional formation of
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nanotube T-junction structures or electrical circuits by single
wall carbon nanotube. For multiwall nanotubes, the forma-
tion of these junction structures might be difficult because
reactive termination free edges form interwall bonding
connections by lip-lip interaction, and are inactivated
readily. 3334

VI. CONCLUSION

We investigated thermal stability and a formation process
of GYIJ structures, which is a coalescence of a graphene
sheet at the edge and a surface of the other. We found that the
formation barrier for the GYJ A is significantly low
(~0.15 eV/bond) and there is no barrier for the formation of
GYJ B and C. We also performed TBMD simulations to
evaluate the probability of the junction formation by collid-
ing the graphene ribbon or patch and graphene sheet. The
formation probabilities are more than 50% up to 35° of tilt
angle from the right angle for every GYJ structure. The azi-
muthal angle dependency is also investigated using a small
graphene patch in place of graphene ribbon. For up to 30° of
azimuthal angle rotation, the formation probabilities are over
15%. We expect that these probabilities are high enough to
realize GYJ structures in some experiments, since these junc-
tions are not broken even over 2000 K of high temperature
from constant temperature TBMD simulations.

We assume that random combinations of these junction
structures are already realized in some real materials that
mainly consist of sp2 network, e.g., nanohorn that is a
hedgehog-like carbon allotrope.® Because the core part of
nanohorn structure is thermally stable and never dissociated
from each other in some solutions, sp> networks would be
connected with each other not with weak interlayer interac-
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tion but with covalent bonds. Using *C-NMR technique,
Imai et al. showed that majority part of carbon nanohorn
structure at the core consists of rather flat sp network.>® The
results suggest that curved sp? networks using five- or seven-
membered rings would not be applied to the nanohorn core
structure. We also consider that such curved structures would
be energetically unfavorable due to large curvature inside
nanohorn compared to GYJ structures.

Therefore, composite of GYJ structures is one of possible
candidates for nanohorn core structure, while it is very diffi-
cult to determine its atomic structure in experiments due to
immense complexity of the architecture. The first step to
know the atomic scale structure of carbon nanohorn would
be to verify the existence of the minority sp® bondings and
the precise sp?/sp? ratio at the core. With the above facts and
present results for spin polarizations, we consider that devel-
opment of synthesis and purification process may produce
magnetic nanohorns selectively.

Utilizing GYJ formation process as a glue to connect
nanocarbon structures, further various three-dimensional ar-
chitectures would be realized. In an analogy of graphitic ma-
terials, it is also expected that architectures constructed from
GY]J structures are applicable to molecular storage due to
large surface area, heat sink material with high thermal con-
ductivity.
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