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The thermal properties of body-centered tetragonal C, (bct-C,), a new allotrope of carbon,
were investigated using molecular dynamics (MD) simulations. The calculations gave a
high and anisotropic thermal conductivity that is the first of its kind. The cross-plane ther-
mal conductivity is 1209 W/(m K) at room temperature, which is even higher than that of
diamond. The thermal conductivity decreases as the temperature increases from 80 to
400 K. The density of states of bct-C, was analyzed, which has a prominent peak at
36 THz. The relaxation times were calculated by fitting a heat flux autocorrelation function.
The results showed that the acoustic phonons play the dominant role in the heat conduc-
tion, with a contribution of more than 99%. The relaxation times decrease with increasing
temperature, as does the contribution of the acoustic phonons. Finally, the thermal con-
ductivity based on lattice dynamics agreed well with that from the MD method, with which
the group velocity and mean free path were deduced. This outstanding thermal property
makes bct-C4 a promising substitute for diamond, especially as thermal interface materials
in microelectronic packaging.

© 2013 Elsevier Ltd. All rights reserved.

A recent study conducted by Omata et al. [6] discovered a
new allotrope of carbon, body-centered tetragonal C, (bct-

1. Introduction

Carbon is one of the most important and fundamental ele-
ments on earth. Owing to the flexibility of the bond hybridiza-
tions, carbon can form various allotropes, such as diamond,
graphite, and amorphous carbon [1]. The physical properties
of these allotropes vary widely. For instance, diamond is the
hardest substance in nature, but graphite is one of the softest
[2]. Researchers are seeking to synthesize new carbon allo-
tropes both theoretically and experimentally to find new
materials with good electronic, magnetic, mechanical and
thermal properties. Thus far, remarkable success has been
achieved in developing carbon nanotubes (CNTs) [3] and
graphene [4,5].
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C4), whose atomic structure consists of only C, square rings.
They compressed various solid CNTs to different conditions
using tight-binding molecular dynamics (MD) to obtain this
peculiar bct-C4 phase, when they compressed (10, 10) CNT lat-
tices to 20 GPa.

Fig. 1 shows the crystal structure of bct-Cy4 (Fig. 1a) com-
pared to those of diamond (Fig. 1b) and graphite (Fig. 1c).
The bct-C,4 structure consists entirely of sp3-hybridized car-
bon atoms, which is between the layered structure of graphite
and the tetrahedral structure of diamond. The static struc-
tural parameters of bct-C, at O0GPa are a=4.329 A,
c=2.483 A, and two bond lengths, d; and d,, of 1.562 and
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Fig. 1 - Crystal structures of bct-C,4 (a), diamond (b) and graphite (c).

1.506 A [5]. The MD simulations revealed that bct-C, is a rela-
tively stable phase in comparison to other carbon allotropes.
It is more stable than the face-centered cubic solid C60 and
as stable as (7, 0) and (8, 0) CNTs [7]. Xu et al. [2] investigated
the mechanical properties and Vickers hardness of bct-C,4
based on first principle calculations and a microscopic hard-
ness model. They found that bct-C4 is mechanically stable
at ambient conditions with the predicted Vickers hardness
of 88 GPa, which is somewhat less rigid than that of diamond,
but more rigid than most other materials. Hence, bct-C, is ex-
pected to be a potential superhard material. In addition,
ab initio studies have indicated that bct-C, has outstanding
shear strength, even larger than diamond [8]. The electronic,
dielectric, optical, and vibrational properties of bct-C, have
also been investigated [9-11]. The studies suggest that bct-
C, is a stable phase with numerous useful features.

However, there are few reports about the thermal proper-
ties of bct-C4. Heat removal is a crucial issue for the micro-
electronic industry, and the need for materials with
excellent thermal conductivities is urgent in many industrial
applications [12-14]. The exceptionally high thermal conduc-
tivities of CNTs and graphene have aroused much research
interest in recent years [15-23]. Thus, the thermal conductiv-
ity of bct-C4, a novel allotrope of carbon, is of great interest.
Since the structure of bct-C, is like diamond, its thermal con-
ductivity is expected to be as high as that of diamond.

The simulations show that the energy barrier from graph-
ite to bct-Cy4 is comparable to that to diamond [8]. Therefore,
bct-C4 could be an ideal substitute of diamond in some re-
spects. For instance, diamond is widely noted as the thermal
interface material in microelectronic packaging fields because
of its high thermal conductivity and low dielectric constant
[24,25], but it is rare and difficult to produce artificially. Since
bct-C4 has similar properties to diamond and it can be pro-
duced theoretically from graphite, it has potential for use in
microelectronic packaging.

The aim of this study is to use MD simulations to investi-
gate the thermal conductivity of bct-C,. MD simulations have
been proved to be very effective for studying thermophysical
properties and have been widely used to investigate the ther-
mal properties of carbon allotropes such as CNTs [15,16],
graphene [18-22] and diamond [23]. Section 2 describes the
theory and methodology and Section 3 provides results and
discussion. The results describe the temperature dependence
of the thermal conductivity of bct-C4, which has a very high
anisotropic thermal conductivity. The heat conduction mech-
anism is then analyzed based on the density of states (DOS) of
phonons. The relaxation times of bct-C, are found by fitting
the heat flux autocorrelation function (HAF). Finally, the ther-
mal conductivity obtained from lattice dynamics is shown to
agree well with the MD results, with the lattice dynamics re-
sults then used to deduce the phonon group velocity and the
mean free path (MFP) of bct-C,.

2. Theory and methodology
2.1.  MD simulations of the thermal conductivity

The MD methods can be classified as equilibrium molecular
dynamics (EMD) and nonequilibrium molecular dynamics
(NEMD) methods. The EMD methods simulate the thermal
conductivity of a system at equilibrium based on the fluctua-
tion-dissipation theorem [15]. The NEMD methods establish a
balance of the thermal transport by imposing a perturbation
on a system, with the thermal conductivity obtained by solv-
ing the heat conduction equations. According to the method
used to impose the perturbations, the NEMD methods can
be classified as the homogeneous NEMD [26], reverse NEMD
[27], uniform source-and-sink NEMD [28,29] and others. The
NEMD methods run much faster than the EMD methods,
but at the cost of less accuracy.
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Since the EMD method is more precise, EMD simulations
are used here to calculate the thermal conductivity of bct-Cy
based on the Green-Kubo formula [30]:

1 0
T 3VT%k, | oo at "

in which 1 is the thermal conductivity, V is the system vol-
ume, Tis the system temperature, kg is Boltzmann’s constant,
tis the time, and (- - -) denotes the ensemble average. J(t) is the
heat flux in the system at t moment and is defined as:

= ZUiEi + Z]’}' %7 (2)

where r;, U; and E; are the coordinate, velocity and total energy
of atom i. The Brenner potential [31] has been widely used due
to its superior performance in predicting the mechanical,
chemical and thermal properties of hydrocarbon materials.
Hence, the Brenner potential is used here to describe the
interactions among the carbon atoms in bct-C4. The Brenner
potential can be written as:

@ =" f(ry) [VR(rij) - BU‘VA(VU)]v 3)

o>

where @ is the total potential entotal potential energy and Vi
and V, are the repulsive and attractive parts of the pairwise
binding potential. Vx and V4 can be given by:

Vi(ry) = ]31 exp [_ﬁ\/ﬁ(rij - Re)} (4)
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where D, S and f are interaction parameters, R, is the atomic
distance at zero potential, and f(r;) is the truncation function
that explicitly restricts the interaction within the nearest
neighbors. f(ry) is written as:

1, T < R@
7(r;—RM
flry) =43 [1 +cos (Rrrzg,R(u))]v RY <r; <R, (6)
0, rij > R(Z)

in which R® and R® are the critical values for chemical bond
restructuring and breaking. The bond order parameter by
implicitly contains many-body information and is expressed by:
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Oj stands for the included angle between carbon-carbon
bonds, and 4., ao, co, and do are fitting parameters. Detailed
parameters are provided in [31].

2.2.  Thermal conductivity based on lattice dynamics

Phonons are quantized lattice vibrations which play a major
role in heat conduction in semiconductors as well as dielec-
trics [32]. The Boltzmann transport equation (BTE) describes

phonon transport in a succinct form. With the linear relaxa-
tion approximation [33], the BTE can be written as:

f=fo f" = —UVT g{, (10)

where f is the phonon distribution function, fo is the equilib-
rium distribution, vg is the phonon group velocity, and t is the
relaxation time. Using the distribution function f, the net en-
ergy flux carried by the phonons can be described as:

Q=g > hf -ugp k) (1)
p k

in which Q denotes the net energy flux, vg is the phonon fre-
quency, h is Planck constant, k is the wave vector, p is the
polarization, and V is the system volume. Combining Egs.
(10) and (11) gives:

Q= ZZC p7 (pv k) T, (12)

where C(p, k) represents the heat capacity per unit volume.
Comparing Eq. (12) with Fourier’s heat conduction law,
Q= -AVT, gives the following expression for the thermal
conductivity:

P k

For convenience, each part can be replaced by an average va-
lue as:
1 1
= §Cugr = §Cugl, (14)

in which | denotes the MFP.
2.3. Simulation details

The simulation region is a three-dimensional box with peri-
odic boundary conditions. For each simulation, the system
was initially brought to equilibrium using the NVT ensemble
(constant number of atoms, N; constant volume, V; and con-
stant temperature, T) for 200,000 steps to the designated tem-
perature, with a time step of 0.5 fs. To study the size effect,
the number of atoms was increased from 2000 to 16,000,
and the system size increased from 5x5x10 to
10 x 10 x 20 unit cells (UCs). The system temperature was con-
trolled by the Nose-Hoover thermostat [34]. Then, the system
was allowed to evolve with the NVE ensemble (constant num-
ber of atoms, N; constant volume, V; and constant energy, E).
The first 200,000 steps were used to relax the system, with the
next 10,000,000 steps, i.e. tsum = 5000 ps, used for recording
the heat flux. The HAF was calculated based on the
10,000,000 sets of data. The Verlet algorithm [35] was used
to numerically integrate the motion equations.

The ensemble average for the HAF was calculated using
different initial times with an interval of tehir=0.1ps and a
sampling duration for the heat flux of tsample = 1200 ps. Hence,
the total number of samples is (tsum — tsample)/tshire + 1=
38,001. The phonon DOS was computed by taking the Fourier
transform of the velocity autocorrelation function (VAF) [36].
The VAF is written as:

Ul(t)>» (15)

1
= <N ;Ui(o)

VAF(t) = (u(0) - u(t
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where vj(t) denotes the velocity of atom i at time t. The DOS
expression is given by:

g(w) = /exp(—iwt)VAF(t)dL (16)

in which o is the phonon angular frequency.

3. Results and discussion

3.1.  Thermal conductivity

Fig. 2 shows the time-varying HAF and the convergence of the
calculated thermal conductivity in terms of the integration of
the HAF (the inset) at T = 300 K. The system had 16,000 atoms,
and a size of 10 x 10 x 20 UCs. The HAF rapidly converges in
only 20 ps to 99% attenuation of the final value. The integra-
tion of the HAF increases rapidly at first, and then gradually
becomes stable. This implies that the integration parameters,
tsum, tshife aNd tsample, are reasonable. The simulated thermal
conductivity is sensitive to the initial conditions. In order to
obtain reliable results, different cases were run with different
initial conditions for each system temperature. The average
of these cases gave the final results. As shown in Fig. 3,
T =300 K was used as a representative to illustrate the depen-
dence of the calculated thermal conductivity on the case
number. For ease of description, the normal to the tetragon
is designed as the z axis, with the directions parallel to the
tetragon as the x axis and the y axis. The plane parallel to
the z axis is called cross-plane, while that constructed by
the x and y axes is the in-plane. The thermal conductivities
along x, y and z directions differ, which indicates that the
thermal transport in bct-C, is anisotropic. The results in
Fig. 3 show that a reliable result is obtained as the case num-
ber increases. The thermal conductivity in the x direction, 4,
is approximately equal to that in the y direction, /,, but they
are much less than that in the z direction, 4,. The average
thermal conductivity in the three directions, Aave, cOnverges
quickly. The bct-C, lattice structure is responsible for such
behaviors. Firstly, 4, should be theoretically equal to /, be-
cause of the symmetry of the lattices in the x—y plane. Sec-

800

700 f
100 | =)
£ 600 |
=
3, S00 Thermal conductivity
= =
Sy Z 400
2
3
£ 300 p
= :
o L =
= 50 g 200
5
: 100
_ 0 L . L L s L
23 ™ =200 o 200 400 600 800 1000 1200 1400
Time, ps
0ok

“T— HAF

_25 " 'l A 1 " 1 A 1 " 1 A '} A 1

-200 0 200 400 600 800 1000 1200 1400

Time, ps

Fig. 2 - Time-varying HAF. The inset shows the converging
thermal conductivity found by integrating HAF for T = 300 K.
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Fig. 3 - Dependence of the calculated thermal conductivity
on the case number for T =300 K. (A color version of this
figure can be viewed online.)

ondly, the lattice bond length in the z direction is shorter
than in the x and y directions. As mentioned earlier, the bond
lengths are 1.562 and 1.506 A. The shorter bond length de-
notes a larger bond energy, which leads to a higher thermal
conductivity.

The size effect on the calculated thermal conductivity is
shown in Fig. 4. The system had atoms from 2000 to 16,000,
with the system size from 5x5x 10 to 10 x 10 x 20 UCs. The
system temperature was 100K, at which the size effect is
more significant than that at higher temperatures due to its
longer MFPs. The results show that the thermal conductivities
along the three directions change only a tiny amount except
for N =2000. The simulation results are instable since there
are only 2000 atoms. In general, the EMD method has very lit-
tle size effect [29]. Hence, N = 16,000 is large enough to get
reliable results and is used for the following results.

Fig. 5 presents the thermal conductivity of bct-C, from
80K to 400 K. Several points should be noted in Fig. 5. Firstly,
x is approximately equal to 1, and they both are less than /,
at each temperature due to the different lattice structures.

4000 | =5 —d
Q —8—y —v—ave
£ 3500 |
<
=
5 3000 |
hS]
2
S
S 2500 |
=
=
=]
o 9
—= 2000 |
g
St
"]
ﬁ 1500 |
'l Il Il Il
0 4000 8000 12000 16000

System size

Fig. 4 - Size effect on the calculated thermal conductivity for
T =100 K. (A color version of this figure can be viewed
online.)
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Fig. 5 - Temperature dependence of the thermal
conductivity of bct-C,. (A color version of this figure can be
viewed online.)

Secondly, the thermal conductivity decreases with increasing
temperature. In theory, the thermal conductivity should in-
crease in the low temperatures and decrease in the high tem-
peratures. Since the computations are less accurate at low
temperatures [37], the thermal conductivity was only calcu-
lated above 80 K. The in-plane thermal conductivity, i, de-
creases from 2254 to 256 W/(m K); the cross-plane thermal
conductivity, Aeross, decreases from 3843 to 802 W/(m K); and
the average thermal conductivity decreases from 2710 to
436 W/(m K). At room temperature (300 K), Ain, Across, Aave are
502, 1209 and 738 W/(m K), respectively. The thermal conduc-
tivity of bct-C,4 will be compared to those of other carbon allo-
tropes later. The downtrend of the thermal conductivity can
be attributed to the decreasing phonon MFP. Eq. (14) indicates
that the main factors impacting the thermal conductivity are
the heat capacity and the MFP. At high temperatures, the heat
capacity changes less than the MFP. As the temperature rises,
more phonons are excited, which reduces the MFP.

The influence of the quantized phonons on the thermal
conductivity can be illustrated by the DOS and weighted

phonon DOS [38] (WDOS) of bct-C4. The expression of the
WDOS is:

WDOS = g()fo, (17.a)
1
fo = m (17~b)

in which f, means the Bose-Einstein statistics [33]. The DOS
of bct-C4 at T=200K and 300K are shown in Fig. 6. The DOS
was calculated from the Fourier transform of the VAF. It
shows that the tendencies of the two figures are almost the
same and the peak is at about 36 THz, which agrees with
the physical fact. Fig. 7 illustrates the WDOS of the bct-Cy at
200 K and 300 K. Three points should be noted. First, few pho-
nons are excited in the frequency region above 25 THz for
both situations. Second, at 300 K, more phonons are excited
than at 200 K. Third, the proportion of high-frequency (above
20 THz) at 300K is about 0.2, while for 200K is about 0.09. It
means that there is a higher proportion of high-frequency
phonons at 300 K, which has a negative effect on the thermal
conductivity due to the Umklapp processes [39]. Hence, the
main reason for the reduction of the thermal conductivity
at high temperatures is that both the phonon occupation
number and the proportion of high-frequency phonons in-
crease with increasing temperature.

The thermal conductivities of bct-C, are compared with
those of other carbon allotropes in Fig. 8. CNTs and graphene,
as low-dimensional materials, have the highest thermal con-
ductivity. The thermal conductivity of bet-C, is as high as dia-
mond and much higher than those of polycrystalline graphite
and amorphous carbon. The cross-plane thermal conductiv-
ity of bct-Cy is larger than that of diamond. The bond length
of diamond is 1.529 A [23], while the bond length of bct-C,
in the cross-plane is 1.506 A. Hence, bct-C, has a higher
cross-plane thermal conductivity. The in-plane thermal con-
ductivity of bct-Cy4 is slightly lower than that of diamond.
Thus, bct-Cy4 has a very high thermal conductivity, which sug-
gests that it is a very promising material especially for ther-
mal management of microelectronic devices.

To compare bct-C, with other allotropes further, Fig. 9a
and b show the DOS of diamond and graphene, respectively.
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Fig. 6 - DOS of bct-C, at (a) T =200 K and (b) 300 K.
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Fig. 8 - Thermal conductivities of carbon allotropes. The
curve ‘carbon nanotubes’ is for isolated (10, 10) CNTs [16],
which was calculated by MD simulations; ‘graphene’ is for
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predictions [40]; ‘diamond (MD)’ was calculated in this work
using the Brenner potential; ‘diamond (exp)’ was obtained
by the experiments [41]; ‘polycrystalline graphite’ is for
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amorphous carbon [41]. (A color version of this figure can be
viewed online.)

In diamond, the phonon spectrum has a prominent peak near
37 THz, and the high frequency states (above 20 THz) have a
proportion of more than 70%. Comparing with Fig. 6, it can
be found that the DOS of bct-C, is very similar with that of
diamond. Both of them have a peak at about 36 THz and a
high proportion of the high frequency states. But for graph-
ene, it shows quite different features. First, the phonon spec-
trum of graphene has a wider frequency range and a higher
maximum frequency than those of diamond and bct-C,.
Second, there are two peaks in high and low frequency region,
respectively. The proportion of the high frequency states is as
large as that of the low frequency states for graphene.

3.2.  Relaxation times of bct-Cy

The phonon relaxation times can be extracted by fitting the
HAF curve with an exponential function. Although the HAF
curve at very short times (<20 fs) is not strictly exponential,
this approximation does not have a significant effect on the
final calculated thermal conductivity [23]. Phonon modes
can be classified as low frequency acoustic modes and high
frequency optical modes. These play different roles and make
different contributions to the heat conduction. Hence, a dou-
ble-exponential function is used to fit the HAF decay to iden-
tify the different effects of the two phonon modes. The
double-exponential function is written as:

HAF(t) = A, exp(—t/15) + Aa €Xp(—t/1a), t>0, (18)

where A denotes the fitting parameter and subscripts ‘0’ and
‘a’ stand for the optical and acoustic phonons [23]. The calcu-
lated HAF and the double-exponential function are shown in
Fig. 10 for bet-C4 at T =300 K. The HAF decay can be divided
into two stages. During the first stage, it decreases about
80% in only 0.04 ps, which reflects the contribution of the
optical phonons. The acoustic phonons then play a significant
role in the second stage. The contributions of the two phonon
modes to the thermal conductivity are then related to the
relaxation times. Integrating the double-exponential function
gives the thermal conductivity as:
A= kB"Il"Z (AoTo + AaTa). (19)
The fitting results from 80 K to 400K are listed in Table 1.
At 300K, 7, and 1, of bct-C4 are 13.59 and 0.017 ps. Three
important points can be noted in Table 1. The first is that
the relaxation times decrease with increasing temperature
due to the increasing phonon occupation. Second, the acous-
tic phonons have a greater effect on the heat conduction, with
the acoustic phonons accounting for more than 99% of the
heat conduction. Third, the contribution of the optical pho-
nons to the thermal conductivity gradually increases with
increasing temperature, with an increase of 0.73% as the tem-
perature increases from 80 K to 400 K. This agrees with Goico-
chea et al. [42] who investigated the thermal properties of
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bulk silicon and found that the contribution of the optical
phonons to the thermal conduction increased 0.87% as the
temperature increased from 300 K to 1000 K.

3.3.  Lattice dynamics analyses

The MD simulation results were validated by compared to Eq.
(14) for the thermal conductivity of bct-C,. Three key param-
eters need to be evaluated, the relaxation time, heat capacity
and group velocity. Since the acoustic phonons have the dom-
inant effect on the heat transfer, 7, is used as the relaxation
time, 7; thus ignoring the contribution from the optical pho-
nons. The heat capacity using the Debye approximation [43]
is expressed as:

T 3 r6p/T e¢
C — INky [ — / _&
’ <®D> Jo o (ef—1)?

where @p is the Debye temperature. Unfortunately, there is
no reference value for the Debye temperature of bct-C, in
the literatures. The Debye temperatures of diamond, graph-
ene and CNTs are 1860, 2500 and 2300 K [44-46]. Thus, the De-

¢de, (20)

Table 1 — Curve-fit parameters for bct-C, from 80 K to 400 K.

T (K) 80 100 200 300 400

A, 6.8453 10.962 45.85 117.8 390.36

7o (PS) 0.0321 0.0286 0.0247 0.017 0.00858
A, 1.627 2.4867 9.6506 21.1 54.12

7a (pS) 57.463 39.814 22.304 13.59 6.36

Jo (%) 0.23 0.32 0.52 0.69 0.96

Ja (%) 99.77 99.68 99.48 99.31 99.04

Table 2 — Heat capacity, group velocity and MFP of bct-C, based on MD simulations and lattice dynamics analyses.

T (K) 80 100 200 300 400

C (J/(K m?)) 3.00 x 10* 5.85 x 10* 4.59 x 10° 1.33x 10° 2.36 x 10°
vg (km/s) 68.71 55.06 21.22 11.30 9.33

MEFP (um) 3.95 2.19 0.473 0.153 0.059
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bye temperature of bct-C, was assumed to be approximately
2100 K. The heat capacity at 300 K calculated using Eq. (21)
is 1.33 x 10°J/(K m®).The group velocity, v, is approximately
equal to the sound velocity, i.e.:

e o

in which By is the bulk modulus and p is the density. At 300K,
B, is 418.2 GPa and p is 3.35 x 10° kg/m?® [7], so vg = 11.17 km/s.
For T=300K, 7 is 13.59 ps. Thus, the thermal conductivity of
bct-C4 at T=300K based on Eq. (8) is 750.58 W/(m K), which
is very close to the MD simulation result, 738 W/(m K). Thus,
the thermal conductivity based on lattice dynamics agrees
with the MD simulation result.The group velocities, heat
capacities and MFPs at other temperatures deduced from
the calculated thermal conductivities of bct-C4 are shown in
Table 2. The group velocity decreases with increasing temper-
ature. The MFP is as high as 3.95 ym at 80 K, but at room tem-
perature, the MFP is only 0.153 pm, which is close to that of
diamond, 0.174 pm [23].

4, Conclusions

The thermal properties of bct-C, were investigated using the
EMD method. The results showed that bct-C, has a high
anisotropic thermal conductivity. Analysis of the temperature
dependence of the thermal conductivity of bct-C, showed
that the thermal conductivity decreases at high tempera-
tures. At room temperature, the average thermal conductivity
is 738 W/(m K), with a cross-plane thermal conductivity of
1209 W/(m K), even higher than that of diamond. Analysis of
the DOS and WDOS of bct-C, showed that the increases of
the occupation and proportion of the high-frequency pho-
nons are responsible for the decrease of the thermal conduc-
tivity. The DOS of bct-C, is similar to that of diamond with a
peak of 36 THz in the high frequency region. The relaxation
times of the acoustic and optical phonons were then ex-
tracted using a double-exponential function to fit the HAF.
The optical relaxation time at 300K is 0.017 ps while the
acoustic relaxation time is 13.59 ps. The relaxation times de-
crease with increasing temperature due to the increasing
phonon occupation. Further study showed that the acoustic
phonons strongly dominant the heat conduction, with a con-
tribution of about 99%. The contribution of the optical pho-
nons increases only 0.73% as the temperature increases
from 80 to 400 K. Finally, the thermal conductivity obtained
using the lattice dynamics agrees well with the MD result.
The group velocity and MFP were evaluated to be 11.3km/s
and 0.153 pm, for bct-C, at 300K. In general, bct-C,, a new
allotrope of carbon, has excellent thermal properties, with
an especially high cross-plane thermal conductivity. Com-
bined with other outstanding features, such as high rigidity
and good electronic and dielectric properties, bct-C; is a
promising substitute for diamond in the future.
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