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l conductivity of carbon allotropes
with correlations with the scaled Pugh ratio†

Fancy Qian Wang,a Ming Hu *b and Qian Wang *a

Electrical insulators with ultrahigh thermal conductivity (kL) are highly desirable for thermal management to

facilitate heat extraction in many electronic devices. In this work, we select three typical carbon allotropes

(lonsdaleite, Bct-C4, and Z-carbon) with ultrahigh kL from the 522 carbon allotropes in the Samara Database

by using Boltzmann transport theory combined with first-principles calculations. We find that the thermal

conductivity (kL) of the three carbon allotropes is 1686.67, 1411.02 and 1262.05 W m�1 K�1, respectively, at

room temperature. A further analysis of both harmonic and anharmonic properties reveals that such high kL

is attributed to their exceptional atomic structures. They all are composed of pure sp3 hybridized carbon

with a short bond length, small unit cell and strong chemical bonding. Together with diamond, they are

the top four kL materials (beyond 1000 W m�1 K�1) reported so far among the 3D carbon allotropes.

Equally important, we propose a simple descriptor, namely the scaled Pugh ratio (G/K/n), to characterize

the strength of chemical bonding for high-throughput thermal material screening. The three identified

carbon allotropes in this study would be alternatives to diamond in future thermal energy devices.
Introduction

Many electronic applications, such as LEDs, supercapacitors
and integrated circuits, require thermal management to facili-
tate heat extraction, especially as the size of these devices
shrinks down to the nanoscale. Therefore, searching for elec-
trical insulators with ultrahigh lattice thermal conductivity (kL)
continues to be exciting and active in the thermal transport
eld.1–7 Although diamond has long been recognized as an ideal
candidate because of its highest thermal conductivity of 2300–
3000 Wm�1 K�1 (ref. 8–10) and a wide band gap of 5.5 eV,11 it is
scarce in nature and its synthetic fabrication suffers from slow
growth, high cost and low quality.1 Therefore, it is of intense
interest to nd new materials with ultrahigh thermal conduc-
tivity for efficient and safe heat spreading. However, little
progress has been made since the selection criteria for ultra-
high kL of nonmetallic crystals proposed by Slack more than
a decade ago.12,13 The main reason is that the selection criteria
are too abstract to nd their corresponding physical parame-
ters. Meanwhile, the high-throughput computation discovery of
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ultrahigh kL materials is also impeded due to the lack of
appropriate descriptors. Hence, it is important to ll this gap.

According to the selection criteria for ultrahigh lattice
thermal conductivity kL proposed by Slack,13 namely (i) a simple
crystal structure, (ii) low average atomic mass, (iii) low anhar-
monicity, and (iv) strong interatomic bonding, we have paid
close attention to the carbon-based materials with small unit
cells, because they can satisfy the rst two requirements.
Moreover, carbon can form a large number of allotropes with
sp-, sp2- and sp3-hybridizations due to its bonding exibility,14

which provides the possibility of designing new carbon-based
materials. Here, we have only concentrated on the crystal
structures composed of pure sp3 hybridized carbon atoms as
they can satisfy the criterion (iii), namely, low anharmonicity.
The underlying reason is that a sp3 hybridization corresponds
to a tetrahedral geometry, which can make all the carbon atoms
possess a tetrahedral (pyramid-shaped) arrangement, leading to
a compact packing of atoms in the lattice with a high structural
stiffness. Usually, such a geometrical structure can achieve low
anharmonicity.15 In addition, a previous study demonstrated
that the bond saturation of carbon atoms, namely sp3 hybrid-
ization, can signicantly reduce the bond anharmonicity.16

Ultimately, the key issue for achieving ultrahigh kL is to nd
carbon materials with strong interatomic bonding. Generally,
the average bond length d is used to gauge the strength of
bonding interaction in semiconductors if the harmonicity of
materials is considered. However, it fails to account for the
anharmonicity of lattice vibrations. Actually, there are no
studies reported on any simple descriptors in estimating the
anharmonicity of materials. This inhibits the progress of
J. Mater. Chem. A, 2019, 7, 6259–6266 | 6259
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searching for materials with ultrahigh kL by using high-
throughput computational methods. We note that the materials
with strong chemical bonds are usually considered as brittle
ones, which can withstand both the elastic and plastic defor-
mations.17,18 In such materials, highly directional bonding is
desired, which can be characterized by using the Pugh ratio G/K,
where G stands for the shear modulus measuring the resistance
to plastic deformation, and K represents the bulk modulus
calibrating the resistance to fracture.19 Thus, a large Pugh ratio
corresponds to strong chemical bonding, leading to weak
anharmonicity of the chemical bonds. Hence, we use the Pugh
ratio G/K to quantify the selection criterion (iv).

Based on the above considerations, three carbon allotropes
(lonsdaleite, Bct-C4 and Z-carbon) are screened out from the
522 allotropes in the Samara Database (SACADA),20 having
small unit cells, short bond lengths, and large scaled Pugh
ratios. The ultrahigh thermal conductivity is conrmed by
systematic analysis of the phonon group velocity, three
phonon phase space, three phonon scattering rates,
Grüneisen parameter, atomic displacement parameters, and
electron local function.
Computational methods

The intrinsic kL is calculated by iteratively solving the linear-
ized phonon Boltzmann transport equation (BTE)21,22 with
interatomic force constants derived from rst-principles
calculations within the framework of density functional theory
(DFT) as implemented in the Vienna Ab initio Simulation
Package (VASP).23 Here, only the lowest order of anharmonic
scattering, namely three-phonon scattering, is considered
because it dominates the behavior of the thermal conductivity
above and around room temperature.24,25 From the solution of
the BTE, the kL, as the sum of contributions over all the
phonon modes l(q, j) with the wave vector q and branch index
j, can be expressed as:

k
ab
L ¼ 1

kBT2UN

X
l

f0ðf0 þ 1ÞðħulÞ2nalFb
l ; (1)

where kB, N and U are the Boltzmann constant, the number of
uniformly spaced q points in the Brillouin zone, and the volume
of the unit cell, respectively. f0 is the Bose–Einstein distribution
function, ul is the frequency of a phonon mode l(q, j), and nal is
the component of the phonon velocity along the thermal
transport direction a. The Fbl is given by Fbl ¼ s0l(n

a
l + Dl), where
Table 1 Calculated equilibrium lattice parameters (a, b, and c, in Å), ave
average sound velocity Va (in m s�1) of diamond, lonsdaleite, Bct-C4, an

n a b

Diamond 2 3.573 (3.573 (ref. 28))
Lonsdaleite 4 2.513 (2.508 (ref. 32)),

(2.486 (ref. 33))
Bct-C4 4 4.381 (4.329 (ref. 31)),

(4.38 (ref. 28))
Z-carbon 8 8.771 (8.771 (ref. 28))

(8.668 (ref. 29))
4.255 (4.255 (ref. 28)),
(4.207 (ref. 29))

6260 | J. Mater. Chem. A, 2019, 7, 6259–6266
s0l is the phonon lifetime of each phonon mode in relaxation
time approximation (RTA) and Dl is a term used to correct the
inaccuracy of RTA via solving the BTE iteratively. If Dl ¼ 0, the
RTA result of kL is obtained. So, the only inputs to the BTE are
a series of harmonic and anharmonic interatomic force
constants (IFCs), which are used to determine the phonon
frequency, group velocity and lifetimes, respectively. To calcu-
late the harmonic and anharmonic IFCs, 5 � 5 � 5, 5 � 5 � 2, 5
� 5 � 3 and 4 � 4 � 4 supercells for lonsdaleite, Bct-C4, Z-
carbon, and diamond are constructed, respectively. The real-
space nite displacement difference approach, which is
implemented in Phonopy soware26 and thirdorder.py,21 is
applied. Based on our convergence test, the cutoff radius up to
the 7th, 11th, 13th, and 17th nearest neighbors is selected to
achieve converged thermal conductivities for the above four
systems. In all calculations, the Perdew–Burke–Ernzerhof (PBE)
for the generalized gradient approximation (GGA)27 is chosen
for the exchange-correlation potential, and the kinetic energy
cutoff of the plane waves with a value of 520 eV is used to expand
the valence electron wave functions.
Results and discussion
Phonon dispersion and thermal conductivity

We start with optimizing the crystal structures of lonsdaleite,
Bct-C4 and Z-carbon, respectively. For comparison, the calcu-
lations for diamond are also carried out. The corresponding
lattice constants are listed in Table 1, which are in good
agreement with the available theoretical data.28–33 The average
bond length d of the four carbon allotropes is almost the same,
as shown in Table 1, indicating the comparable harmonicity of
their chemical bonds. We then calculate phonon dispersions of
these four carbon allotropes, which determine the harmonic
properties and dynamic stability of materials. As shown in
Fig. 1(a)–(d), no imaginary frequencies exist in the entire Bril-
louin zone, conrming the dynamic stability of these allotropes.
All the maximum frequencies are around 40 THz, in accordance
with the fact that they have almost the same average bond
length, further verifying that the three carbon allotropes studied
here possess a similar bond stiffness and Debye temperature to
diamond. Besides, three acoustic branches of lonsdaleite, Bct-
C4 and Z-carbon are quite dispersive, which are comparable to
that of diamond, indicating their large phonon group velocity
(Vg). And their average sound velocity Va determined by elastic
rage bond length d (in Å), Pugh ratio G/K, Grüneisen parameter g, and
d Z-carbon. n is the number of atoms per unit cell

c d G/K g Va

1.545 1.192 0.906 13 283
4.182 (4.183 (ref. 32)),
(4.139 (ref. 33))

1.554 1.204 0.897 13 368

2.512 (2.483 (ref. 31)),
(2.511 (ref. 28))

1.552 1.042 1.005 12 328

2.515 (2.514 (ref. 28)),
(2.486 (ref. 29))

1.561 1.127 0.945 12 845

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Calculated phonon dispersion along the high symmetry lines for (a) diamond, (b) lonsdaleite, (c) Bct-C4, and (d) Z-carbon. The corre-
sponding first Brillouin zones and unit cells are also shown.
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properties,34 as shown in Table 1, is extremely large as well as
comparable, thus implying the possibility of the existence of
ultrahigh thermal conductivity. As a result of the increased
number of atoms per unit cell (n), the phonon dispersions
become more and more complex from diamond (n ¼ 2) to
lonsdaleite (n ¼ 4) and Bct-C4 (n ¼ 4), and then to Z-carbon
(n ¼ 8). Generally, a complex system with a large unit cell has
a signicant fraction of optical phonons that can be low-lying in
energy close to the acoustic phonons.35 In the three selected
carbon allotropes, their optical branches with quite a large
slope, are overlapped with the acoustic branches to a great
extent, while in the case of diamond, the optical branches are
much more localized and almost have no overlap with the three
acoustic branches. Such a feature suggests that the optical
phonons of lonsdaleite, Bct-C4, and Z-carbon can store a large
portion of heat, and hence have non-negligible contributions to
overall kL owing to their non-zero Vg. Moreover, because of the
increased phonon branches, the complex system can provide
much more scattering channels for three phonon scattering
processes, and thus can signicantly affect the kL.

We then calculate the values of thermal conductivity kL of
lonsdaleite, Bct-C4, Z-carbon and diamond at room tempera-
ture (300 K) by using both the linearized BTE and relaxation
time approximation (RTA). The calculated kL with contribu-
tions from the three acoustic branches (TA, TA0 and LA) and all
optical (OP) branches for each of them is plotted in Fig. 2. The
kL of diamond is 2303.7 W m�1 K�1, which is in good agree-
ment with previous studies,8,10,36 showing the accuracy and
reliability of our calculations. More importantly, the calcu-
lated kL of lonsdaleite, Bct-C4 and Z-carbon is 1686.67, 1411.02
and 1262.05 W m�1 K�1, respectively, which are much
This journal is © The Royal Society of Chemistry 2019
larger than that of all the allotropes of carbon, including pure
sp3 hybridized T12-carbon (819 W m�1 K�1),16 T-carbon
(33.06 W m�1 K�1),36 pure sp2 hybridized BCO–C16 (444.13 W
m�1 K�1)36 and 3D graphene (108 W m�1 K�1).37,38 Such
extremely large values indicate that, besides diamond, the
three selected carbon allotropes also possess ultrahigh kL

(>1000 W m�1 K�1). We note that the difference in the calcu-
lated kL obtained by RTA and iterative approaches is about
20.98%, 17.90%, 10.58%, and 8.66% for diamond, lonsdaleite,
Bct-C4, and Z-carbon, respectively. In RTA, the normal (N)
scattering process is wrongly treated on the same foot as the
umklapp (U) scattering process, and thus the RTA only
describes the umklapp process correctly.39,40 So, the difference
between the results of RTA and iterative approaches can
describe the relative scattering strength of normal and
umklapp processes. Therefore, the umklapp scattering
process is predominant in the four carbon structures, and the
scattering rates of the normal process are in the order of N
(diamond) > N (lonsdaleite) > N (Bct-C4) > N (Z-carbon). In
addition, as shown in Fig. 2, one can see the contributions of
each mode to kL in these four carbon materials. In diamond,
there is almost no contribution from the optical branches to
the kL owing to the relatively localized optical dispersions,
while the contributions from the three acoustic branches are
about 45.63% (TA), 32.99% (TA'), and 20.62% (LA), respec-
tively, which play a leading role in deciding their thermal
transport. However, in the three carbon allotropes, the
contributions from optical branches are comparable to those
of acoustic branches. Such a difference between our selected
systems and diamond is due to their quite different phonon
dispersions, which is in consistent with the above discussion.
J. Mater. Chem. A, 2019, 7, 6259–6266 | 6261
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Fig. 2 Calculated lattice thermal conductivity at 300 K for the four 3D
carbon allotropes using both the linearized BTE (colorful bars) and RTA
(red bars). For comparison, the kL of T12, T-carbon, 3D-graphene and
BCO–C16 is also given. In the iteration approach, contributions from
the three acoustic branches (TA, TA0 and LA) and all the optical
branches (OP) to kL are marked in blue bars.
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Harmonic properties: phonon group velocity and three
phonon phase space

To better understand the underlying physics governing the
ultrahigh thermal conductivity in our studied carbon allotropes,
the harmonic properties are analyzed including the phonon
group velocity (Vg) and three phonon phase space (P3). The
calculated Vg with respect to frequency is plotted in Fig. 3(a).
Fig. 3 Variation of (a) phonon group velocity Vg, (b) three phonon phase s
diamond (dark blue), lonsdaleite (green), Bct-C4 (pink) and Z-carbon (
(ADPs) and the corresponding atom projections.

6262 | J. Mater. Chem. A, 2019, 7, 6259–6266
Although the four carbon allotropes have very different geomet-
rical structures, the variation treads of their Vg values with
frequency are similar to each other with a peak at 17.5 km s�1.
Since Vg is proportion to (k/M)1/2, where k and M denote,
respectively, the force constant and mass,15,41 the similar Vg with
a large value in these four allotropes implies their similar strong
chemical bonds, resulting in ultrahigh kL. The P3 for each of the
four systems is calculated, and plotted in Fig. 3(b). The P3 is an
important physical quantity used to describe how many scat-
tering channels a material can provide, and is determined
completely from the phonon dispersions of a material via energy
and momentum conservation.42 The P3 of the four materials is in
the order of P3 (diamond) < P3 (lonsdaleite) < P3 (Bct-C4) < P3 (Z-
carbon). Such a difference comes from the different phonon
dispersions of the materials, as we discussed above. Different
from diamond, the acoustic and optical branches of the three
carbon allotropes are coupled with each other, which makes it
much easier to satisfy the energy and momentum conservation,
thus resulting in larger P3 than that of diamond. Meanwhile, we
nd that their thermal conductivity exactly follows the order of kL
(diamond) > kL (lonsdaleite) > kL (Bct-C4) > kL (Z-carbon), verifying
that an inverse relationship exists between the phase space P3
and intrinsic kL of a material.42 These ndings also demonstrate
that the P3 should be restricted to be as small as possible in
searching for materials with ultrahigh thermal conductivity.
Anharmonic properties: three phonon scattering rates

We further study the anharmonic properties of the four carbon
allotropes by calculating their three phonon scattering rates, to
pace P3, and (c) Grüneisen parameter gwith the frequency at 300 K for
purple), respectively. (d) Calculated atomic displacement parameters

This journal is © The Royal Society of Chemistry 2019
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explore the reason why they possess the ultrahigh thermal
conductivity. From the perspective of energy and momentum
conservation, two types of scattering processes are involved in
the three phonon scattering processes: the momentum-
conserving normal (N) processes and the momentum-non-
conserving umklapp (U) processes. The normal processes,
which can take place with all three phonons lying within the
rst Brillouin zone of the corresponding lattice, merely redis-
tribute the phonons and do not provide thermal resistance,
while umklapp processes result in a thermal resistance directly.
It should be mentioned that diamond possesses a unique
crystal structure: all the carbon atoms are in sp3 hybridization
with perfect tetrahedral arrangement with high symmetry,
making the C–C bonds saturated and covalent. These features
result in weak anharmonicity in diamond, leading to the
highest thermal conductivity among all known bulk materials.
Therefore, the anharmonicity should be kept as weak as
possible in searching for candidate materials with ultrahigh
thermal conductivity. On account of this, we only select the
carbon allotropes composed of pure sp3 hybridized atoms, and
calculate their three phonon scattering rates including both the
N and U processes, simultaneously. As shown in Fig. 4(a) and
(b), the calculated scattering rates have the following four
features: (1) the scattering rates of N processes are much lower
than those of U processes, which means that the U scattering
processes are predominant in the thermal transport of those
carbon materials. So, the result of RTA is close to that obtained
by solving the BTE iteratively. (2) The scattering rates of optical
modes are signicantly higher than those of acoustic ones for
the umklapp processes, which is different from the case of the
normal processes. The reason is that the three-phonon scat-
tering rates 1/s of phonon branches generally follow a power-law
dependence on frequency, namely, 1/s f un,43–45 where the
Fig. 4 Calculated three phonon scattering rates of (a) normal and (b) um
The contributions from the acoustic and optical branches are labeled se

This journal is © The Royal Society of Chemistry 2019
exponent n for umklapp processes is always larger than that for
normal processes.45–48 (3) Except for diamond, the acoustic and
optical branches of the three selected structures are overlapped,
indicating strong coupling between the acoustic and optical
branches, which is consistent with our phonon dispersion
analysis. Such an overlap further conrms that the optical
modes in these three structures have non-negligible contribu-
tions to the thermal conductivity. (4) The three phonon scat-
tering rates in both U and N processes are actually comparable
to each other in these four structures. Hence, our selected
structures indeed preserve the weak anharmonic chemical
bonds similar to that of diamond, which further conrms the
validity of our selection criteria. In addition, we also specify the
scattering channels of the four materials. The corresponding
results can be found in Fig. S1–S3 in the ESI.†
Anharmonicity: Grüneisen parameter, atomic displacement
parameters and ELF

To quantitatively evaluate the anharmonicity of the four mate-
rials, we calculate their Grüneisen parameter g and atomic
displacement parameters (ADPs). Usually, a material with a so
lattice and less compact structure is likely to have a large
Grüneisen parameter g.15 The g varies with frequency as illus-
trated in Fig. 3(c) for the four studied systems, where the other
three selected carbon allotropes indeed show a similar
Grüneisen parameter g to that of diamond. Besides, the aver-
aged values of g, calculated using the expression34

g ¼ 3
2

�
1þ y

2-3y

�
, are found to be 0.906, 0.894, 1.005 and 0.945

(also shown in Table 1) for diamond, lonsdaleite, Bct-C4, and Z-
carbon respectively, sharing a common feature of weak anhar-
monicity. Such results are in good agreement with the
klapp scattering processes for the four carbon allotropes, respectively.
parately.

J. Mater. Chem. A, 2019, 7, 6259–6266 | 6263
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statement that most materials in a tetrahedral local environ-
ment would have low g due to their compact structures.15 In
addition, the atomic displacement parameter (ADP), which
assesses the mean-squared displacement amplitudes of an
atom around its equilibrium position in a crystal and reects
the strength of the chemical bond, is also calculated. A relatively
large ADP value implies that the corresponding atom vibrates
more intensively around its equilibrium position, indicating
weak bonding and strong anharmonicity.49,50 As shown in
Fig. 3(d), the calculated ADPs of the four carbon allotropes are

extremely small (<0.002 Å2), which are even one order of
magnitude smaller than that of those low thermal conductivity

materials, such as SbCrSe3 (�0.03 Å),51 Cu3SbSe3 (�0.02 Å2),50

and CuBiS2 (�0.03 Å2).49 The low Grüneisen parameter g

combined with the extremely small ADPs of the four carbon
materials shows their strong chemical bonding, which is
responsible for the weak anharmonicity and ultrahigh thermal
conductivity of these materials.

We then calculate the electron local function (ELF) for each
of the allotropes to qualitatively describe the anharmonicity of
C–C bonds. The ELF has been used to characterize bonding
Fig. 5 (a) Spring model of the harmonic bonds. ELF contours of the typic
square) by 0.15 Å along the bond axis for (b) diamond, (c) and (d) lonsda
highlighted in pink squares.

6264 | J. Mater. Chem. A, 2019, 7, 6259–6266
features in previous studies.49,52 The value of the ELF ranges
from 0 to 1, with 1 corresponding to the highly localized elec-
trons and 0 corresponding to the region without electrons. To
illustrate the anharmonicity, we stretch and compress the C–C
bonds in the four structures, along the bond length axis by the
same amount of 0.15 Å, respectively. We only show the typical
bonds of these structures in Fig. 5(a)–(f). In the harmonic
model, the ELF of a bond can become fat (slim) as well as short
(tall), as compared to its original state, but has no change in the
shape when compressing (stretching) a bond.16 From Fig. 5(a)–
(f), one can see that the behaviors of the ELF of all the typical
bonds are just like perfect springs, implying the low anharmo-
nicity of all the C–C bonds.

Scaled Pugh ratio correlation with the thermal conductivity

As we mentioned above, the Pugh ratio G/K is a well-established
parameter for justifying whether a crystalline solid is ductile or
brittle, where the critical value of the G/K ratio is around 0.57.19

The higher the G/K, the more brittle the material. Thus, the G/K
can characterize the strength of chemical bonding. The shear
modulus G and bulk modulus K are calculated by using the
al C–C bond after being stretched (red square) and compressed (purple
leite, (e) Bct-C4, and (f) Z-carbon, respectively. The original states are

This journal is © The Royal Society of Chemistry 2019
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energy-strain method combined with the Voigt–Reuss–Hill
(VRH) approximation, which is implemented in the AELAS
code.19 The calculated G/K of the four allotropes is displayed in
Table 1, and the corresponding elastic properties can be found
in ESI Table S1.† One can see that the G/K of diamond is 1.192,
showing its strong bonding nature. The G/K of lonsdaleite is
1.204, slightly larger than that of diamond, while its thermal
conductivity is smaller than that of diamond due to a larger
number of atoms in the unit cell. As for Bct-C4, it possesses the
same number of atoms as lonsdaleite, but a smaller G/K than
that of lonsdaleite. So, the thermal conductivity of Bct-C4 is
lower than that of lonsdaleite. In the case of Z-carbon, due to
the larger unit cell it has a smaller kL as compared to that of Bct-
C4. Therefore, we conclude that the thermal transport proper-
ties of carbonmaterials depend on both the number of atoms in
the unit cell (n) and the Pugh ratio G/K. Considering the fact
that n is related to the harmonic properties of materials such as
three-phonon phase space, therefore we divide the Pugh ratio by
n, as scaled Pugh ratio G/(Kn), to describe the anharmonic
properties of materials. To make our results more convincing,
some other carbonmaterials whose thermal conductivities have
been calculated in previous studies,16,36–38,53 are also taken into
account. Besides, the kL of cubic BAs, which has been recently
reported to possess ultrahigh kL,5–7 is also given only consid-
ering three-phonon scattering.1,24 The kL–G/(Kn) relationship is
presented in Fig. 6. One can see that the kL of these carbon
allotropes shows distinct correlation with their scaled Pugh
ratios. The tted curve exhibits a quadratic relationship of y ¼
�6153x2 + 7240.8x + 132.33, where y and x are the thermal
conductivity and scaled Pugh ratio, respectively. Such a result
demonstrates that the scaled G/(Kn) is indeed an appropriate
descriptor for predicting the kL of carbon materials. Especially,
the scaled Pugh ratio of 0.596 for diamond is the highest value,
close to that of the peak point predicted from the tted para-
bolic curve (0.588), corresponding to the highest kL among all
3D carbon materials. However, it should be emphasized that we
Fig. 6 Thermal conductivity of the carbon allotropes as a function of
the scaled Pugh ratio (G/K/n). For comparison, cubic BAs, which have
been recently reported to possess ultrahigh kL, are also given.

This journal is © The Royal Society of Chemistry 2019
remove some of the harmonic properties of materials by
dividing the number of atoms, as some previous studies did.54

Thus our proposed descriptor G/(Kn) can qualitatively predict
the kL of carbon allotropes. It is worth mentioning that the
scaled Pugh ratio proposed in this study is based on all-carbon
materials, and further studies are needed for making the
extension to non-all-carbon systems.

Conclusions

Using the state-of-the-art DFT calculations combined with
solving the linearized phonon Boltzmann transport equation,
we have systematically studied the intrinsic thermal transport
properties of three carbon allotropes: lonsdaleite, Bct-C4, and Z-
carbon. Their corresponding thermal conductivities are calcu-
lated to be 1686.67, 1411.02 and 1262.05 W m�1 K�1 at room
temperature, respectively. Such ultrahigh thermal conductivity
is attributed to their pure sp3 hybridized carbon structures,
small unit cell and large scaled Pugh ratio, which lead to strong
chemical bonding and weak bond anharmonicity in these three
allotropes. Combined with their wide band gap, the three
carbon allotropes show their great potential as alternatives to
diamond in future thermal energy devices.
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