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We have theoretically investigated electronic, magnetic and thermal properties of a graphene-diamod hy-
brid structure consisting of a graphene nanoribbon with zigzag edges connected to diamond surfaces. Our
first-principles electronic-structure calculations show that the graphene nanoribbon sandwiched in between
diamonds serves as a spin-polarized conducting wire in the nano-scale electronic device circuits. Further-
more, by performing the non-equilibrium molecular dynamics simulations, it is demonstrated that the heat
generated in the graphene nanoribbon can efficiently dissipate to the diamond region.
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Current semiconductor technology is urging a minia-
turization of electronic devices to advance integrability
of devices along with advancing the switching speed and
decreasing the power consumption®. To achieve the ul-
timate goal, it is necessary to explore the possibility of
exotic materials with nanometer scale not only for con-
ducting channel of metal-oxide-semiconductor field effect
transistor (MOSFET) but also for conducting nanowire
connecting the switching devices. In principle, the mate-
rials with high carrier mobility are plausible candidates
for constituent materials for such electronic devices in the
next generation. However, at the same time, increase of
degree of integration of high-bias devices in circuits arise
the problem that each device generates immense heat.
Therefore, there is an additional requirement for the con-
stituent materials of the devices in the post silicon era,
which is to possess heat conduction channels for efficient
thermal dissipation.

Carbon is one of possible elements for designing high-
speed and low-heat devices in highly integrated circuits
because it has a number of allotropes with various size
and dimensionality in ranging from nano-meter size with
zero/one dimension to bulk size with two/three dimen-
sion. Indeed, graphene exhibits remarkable carrier mo-
bility up to 200,000 cm?/Vs due to its unusual elec-
tronic structure around the Fermi level?®. Further,
the graphene, and carbon nanotubes are known to pos-
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sess the highest thermal conductivity of any bulk mate-
rial® 1. These facts indicate that the hybrid structures
comprising of various carbon allotropes are promising
candidates for the high-performance electronic devices,
with a potential to replace the materials used in the cur-
rent technology.

In the present work, we demonstrate a device structure
for a conducting nanowire with a role of the heat sink
by solely using carbon atoms. A graphene nanoribbon
(GNR) is sandwiched in between diamonds, where the
GNR and diamond act as a conducting wire and heat
sinks, respectively, and they are smoothly connected via
covalent bonds. Figure 1 shows the geometric structure of
graphene-diamond hybrid structure in which the zigzag

FIG. 1. Top and side views of graphene-diamond hybrid struc-
tures. The shaded area denotes the diamond region.
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FIG. 2. (a) Electronic energy band for the high-spin state
of the graphene-diamond hybrid system. Energies are mea-
sured from that of the Fermi level. Blue and red circles denote
the energy dispersion for majority and minority spins, respec-
tively. (b) Distribution of the wavefunction at Jj point just
above the Fermi level. Color corresponds to the sign of the
wave function. (c) Spin density (Ap(r) = pup(T) — Pdown (T)
) for the high-spin state of the graphene-diamond hybrid sys-
tem.

GNR is connected to the (2110) surface of the hexagonal
diamonds at the both edges.

Figure 2(a) shows the electronic energy band for the
high-spin state of the fully optimized hybrid structure
obtained by performing the first-principles total-energy
calculations based on the density functional theory!'213.
In the calculations, we use the local spin density approx-
imation (LSDA)!1® and a norm-conserving pseudopo-
tential'®17. The valence wave functions are expanded by
the plane-wave basis set with a cutoff energy of 50 Ry,
which gives enough convergence of relative total energies
and electronic structures of carbon-related materials'®1°.

As is shown in Fig. 2(a), the hybrid structure ex-
hibits a metallic state with highly anisotropic disper-
sion relation. The blue and red circles denote electronic
states of a-spin (majority spin) and [-spin (minority
spin) states, respectively. Along the direction parallel
to the ribbon (y-direction depicted in Fig. 1), most of
the lectern state possess substantial dispersion of a few
eV, while the states show completely flat dispersion re-
lation in the direction normal to the ribbon (z-direction
depicted in Fig. 1). Thus, as far as the electronic states
around the Fermi level, the hybrid structure exhibits one-
dimensional metallic nature, although the GNR is per-
fectly connected with the sidewalls of the diamond with-
out any unsaturated covalent bonds. This nature is as-
cribed to the absence of the 7 electrons in the diamond
region. The sp? carbon atoms in the diamond effectively
terminate the m network associated with the graphitic
network in the hybrid structure. Therefore, the hybrid
structure is the possible candidates for the nanoscale con-
ducting wire. In addition, the graphene is known to have
large allowable current density (~ 10°A/cm), which is
much larger than that of the copper (~ 10°A /cm). Thus,

FIG. 3. MD simulation system of graphene-diamond hybrid
structure.

the hybrid structure can substitute the copper wire in the
current semiconductor technology.

Another fascinating property is expected in spins as-
sociated with the topological structure of the GNR re-
gion in the hybrid structure. Along the GNR, at the
Fermi level, two states exhibit an unusual feature. These
states exhibit flat band nature around the zone bound-
ary and split into the energy bands for a-spin and S-spin
states. Figure 2(c) corroborates that the GNR region of
the hybrid structure exhibits ferromagnetic spin order.
The calculated magnetic moment is 0.1 pp/A, where g
is the Bohr magneton. The polarized electron spin is
found to be distributed around the edges of the GNR
region, where the three-fold coordinated carbon atoms
form zigzag border with the four-fold coordinated carbon
atoms in the diamond region. By the analogies with the
spin polarization on the GNR with zigzag edges?? 22, the
spin polarization is associated with the edge states that
have the salient characteristics in the bipartite network
with particular surfaces/edges. Indeed, the distribution
of the wave-function associated with the flat dispersion
band corroborates their edge state nature (Fig. 2(b)).
The manifestation of the spin polarization suggests that
the hybrid structure can function as a spin-dependent
conducting wire for nanoscale electronic device circuits.

Next, we investigate the heat-dissipation from
graphene to diamond using non-equilibrium molecular
dynamics (NEMD) simulations. Figure 3 shows the sim-
ulated system: a graphene sandwiched by two diamonds,
which consists of 23,328 carbon atoms in total. The size
of this hybrid structure is denoted in Fig. 3. The covalent
bonding between carbon atoms is expressed by Tersoff-
Brenner potential with the second parameter set?2°.
After equilibration at the target temperature T' for 3 ns,
thermal boundary conductance between graphene and di-
amond was calculated by NEMD simulations. We used
the velocity Verlet method for the integration of the equa-
tion of motion, and the time step At is set as 0.5 fs in
all the simulations. A temperature gradient was applied
across the system by controlling the temperature of the
left and right end regions of the system at Ty = T+ 10 K
and Tc = T — 10 K, respectively. Throughout the sim-
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FIG. 4. Temperature profile of the graphene-diamond hy-
brid structure. Temperatures at hot and cold region (Ty and
Tc) were set as 310 and 290 K, respectively. The vertical
dashed lines indicate the positions of the graphine-diamond
interfaces.

ulation, the outermost diamond layers were fixed, and
the temperature control was done by applying the Nosé-
Hoover (NH) thermostat?527 to five diamond layers ad-
jacent to the fixed end layer on each side. The relaxation
parameter of NH thermostat is set as 40 fs' and the data
are sampled for 6 ns. Heat current through this hybrid
structure in the x-direction was calculated by

Y [AQu() — AQc())] .
2N At ( )

where AQy/c(j) denotes the added/removed kinetic en-
ergy at jth steps®®. N is the number of NEMD simu-
lation steps, and the factor 2 in denominator in Eq. (1)
indicates the arithmetic average.

Figure 4 shows the temperature profile of the hy-
brid structure after the system reached steady-state with
T = 300 K. The thermal boundary conductance, orpc,
at the graphene-diamond interface can be computed as
OTBC — Jth/SATavey AT‘ave = (AThOt+ATCOld)/27 where
ATot and ATeyq are the temperature jumps at the in-
terfaces on hot and cold sides, respectively (Fig. 4). S is
the cross-sectional area and defined as S = L, X t, using
interlayer distance of graphite (t, = 3.4A). As shown in
Fig. 5, the obtained thermal boundary conductance ex-
hibits weak dependence on temperature. The value of
orpc at T = 300 K is 7.01 & 0.05 GWm—2K~!, much
larger than the reported value for covalently bonded in-
terface between carbon nanotube and silicon at T =
300 K (~ 0.5 GWm 2K ~1)?? despite the similar strength
and number density of the covalent bonds (0.112 and
0.083 bond/A~? for current work and Ref.?° respec-
tively). One possible reason for this is that the cur-
rent all-carbon-atom system results in smaller frequency-
mismatch between the two materials forming the inter-
face, which is known to be a source of thermal boundary

resistance??.
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FIG. 5. Temperature dependence of the thermal boundary
conductance (TBC). The orgc is the average TBC value at
the two interfaces.

In summary, we have numerically investigated the elec-
tronic, magnetic, and thermal properties of a graphene-
diamond hybrid structure consisting of a graphene
nanoribbon with zigzag edges covalently bonded to the
diamond surfaces. The energetics as well as the elec-
tronic and magnetic states of the hybrid structure were
simulated by the first-principles calculation, and their
thermal transport properties were calculated by the non-
equilibrium molecular-dynamics (NEMD) method. From
the first-principles calculation, we found that the hy-
brid structure is stable and that the ferro-magnetically-
ordered edge state appears around the graphene-diamond
interfaces. = Moreover, from the NEMD simulations,
we found that the heat dissipates efficiently from the
graphene to the diamond. Thus we propose that the hy-
brid structure is a potential candidate for spin-polarized
conducting wires in the nanoscale electronic device cir-
cuits.
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