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a b s t r a c t

The thermal transport properties of biphenylene network (BPN), a novel sp2-hybridized two-dimensional
allotrope of carbon atoms recently realized in experiments [Fan et al., Science, 372 852e856 (2021)], are
studied using the density functional theory-driven solution of the Boltzmann transport equation. The
thermal transport in BPN is anisotropic and the obtained thermal conductivities are more than an order
of magnitude lower than that in graphene, despite similar sp2-hybridized planar-structure of both al-
lotropes. The lower thermal conductivity in BPN is found to originate from enhanced anharmonicity
which in turn is a result of reduced crystal symmetry of BPN.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Since the successful exfoliation of graphene from bulk graphite
using scotch tape [1], there has been a huge surge in research ac-
tivities in graphene fueling the discovery of its exceptional material
properties [2e6]. Amongst others, graphene has a high room-
temperature carrier mobility of ~ 200, 000 cm2V�1s�1 [4],
impressive fracture strength of 130 GPa [7], optical transparency
[8], ultrabroad optical absorption spectrum [9], and extremely high
thermal conductivity in the range of 3000 � 5000 W/m-K [10e13].
Despite the high carrier mobility and other remarkable material
properties, the pristine graphene is a semi-metal which limits its
applications in electronics [14]. There is, therefore, a push for the
exploration of other carbon-based two-dimensional materials for
applications requiring electronic bandgaps such as photo-catalysis,
semiconducting devices, sensors, and thermoelectric energy con-
version. Many two-dimensional allotropes of carbon, such as
graphyne, J-graphene, penta-graphene, etc, are now known and
they differ from graphene in the nature/arrangement of cyclic rings
and associated bonding characteristics [15e17].

In all of these applications of two-dimensional materials, the
material thermal conductivity plays a crucial role in determining
the device performance. Since the ultrahigh thermal conductivity
in graphene is understood to originate from its planar structure
[18], the other planar allotropes of carbon are also expected to
result in high thermal conductivity. However, a computational
thermal transport study reported thermal conductivity in g-
graphyne to be 76 W/m-K which is an order of magnitude lower
than that in graphene [19]. The authors suggested that the low
thermal conductivity in graphyne is due to the weak bond strength
of sp-bonded carbon atoms and lower mass density. In contrast, sp
bonds are generally stronger than sp2 bonds and the small differ-
ence in mass density could not explain the two-orders of magni-
tude reduction in the thermal conductivity of graphyne compared
to that in graphene.

Yet another computational study on two other computationally-
predicted, sp2-bonded planar allotropes of carbon, dodecagraphene
and tetragraphene, resulted in thermal conductivities to be similar
to that in graphyne and 80% lower than that in graphene [20]. The
authors attributed the low thermal conductivity of these sp2-
bonded allotropes to superstructure-like modes. These studies
suggest that it is not clear a priori if other planar allotropes of
carbon are going to result in high thermal conductivity similar to
that of graphene or reduced thermal conductivity similar to that in
graphyne.

Recently, biphenylene network (BPN), a planar fully sp2-hy-
bridized allotrope of carbon (Fig. 1), is experimentally synthesized
[21]. As opposed to hexagonal rings, the carbon atoms in BPN are
arranged in square, hexagonal, and octagonal rings. The studies on
the thermal transport properties of BPN, either experimental or
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Fig. 1. The crystal structures of (a) graphene and (b) biphenylene network (BPN). The carbon atoms are arranged in regular hexagons in graphene and in 4-, 6-, and 8-member rings
in BPN. The primitive unitcells of graphene and BPN have 2 and 6 atoms respectively. All carbon atoms are sp2-hybridized in both structures, but while all atoms are equivalent in
graphene, they are in two different chemical environments in BPN. (A colour version of this figure can be viewed online.)
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computational, are non-existent.
In this work, using ab-initio density functional theory (DFT)

driven solution of the Boltzmann Transport Equation (BTE), the
thermal transport properties of BPN are investigated and con-
trastedwith graphene. The room temperature thermal conductivity
in BPN is obtained as 166 and 254 W/m-K along the orthogonal
directions. These values are 16e26 times smaller than the thermal
conductivity of graphene, despite planar sp2 hybridized arrange-
ment of carbon atoms in both BPN and graphene.
2. Methodology

The lattice thermal conductivities are obtained using the itera-
tive solution of the BTE and the required harmonic and anharmonic
force constants are obtained from the DFT calculations [22]. As
opposed to commonly used relaxation time approximation, the
iterative solution of BTE does not treat Normal three-phonon
scattering processes as resistive and is found crucial for the cor-
rect description of the thermal transport physics in carbon-based
materials [18,23,24]. Whilst the full details regarding the calcula-
tion of thermal conductivity from the iterative solution of BTE can
be found elsewhere [22,25], the thermal conductivity, kph, is ob-
tained as:

kaph ¼
X

i

cph;iv
2
at

a
i ; (1)

where the summation is over all the phonon modes in the Brillouin
zone enumerated by i ≡ (q, n), where q and n are phononwavevector
andmode index, and cph,i, va, and tai represent phonon specific heat,
group velocity (a-component), and transport lifetime respectively.
The transport lifetimes are obtained by considering phonon-
phonon scattering via three-phonon scattering processes and
phonon-boundary scattering corresponding to a characteristic
length scale, Lbdry, of 20 mm, i.e., 1/tbdry ¼ Lbdry/|v|.

The harmonic force constants are obtained from density func-
tional perturbation theory calculations (DFPT) with an electronic
wavevector grid of 8 � 8 � 1 as implemented in the package
Quantum Espresso [26,27]. The calculations are initially performed
on a phononwavevector grid of 8� 8� 1 and the obtained phonon
properties are later interpolated to 48 � 48 � 1 grid for thermal
conductivity calculations [28]. The anharmonic force constants are
obtained from DFT force-displacement data fitting on 200 ther-
mally populated supercells of size 6 � 6 � 1 (216 atoms) obtained
using thermal snapshot technique at a temperature of 300 K [29].
The DFT forces on supercells are evaluated using Gamma-only
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sampling of the electronic Brillouin zone. The cubic and quartic
interaction cutoffs are set at 5.0 and 2.0 A in the force-displacement
data-fitting [30]. The translational invariance constraints are
enforced on all extracted force constants. All DFT calculations are
performed using planewave energy cutoff of 140 Ry using norm-
conserving Von Barth-Car pseudo-potential with local density
approximation (LDA) functional as implemented in the package
Quantum Espresso [27] and the phonon thermal conductivity cal-
culations are performed using our in-house code. The layer thick-
ness of 3.4 A is assumed for the calculation of phonon heat capacity
for both BPN and graphene. All reported thermal conductivities are
for isotopically enriched samples, i.e., without considering phonon-
isotope scattering. Since both BPN and graphene are relatively stiff
materials (as reflected in large phonon group velocities), the
anharmonic force constants are obtained only at a temperature of
300 K. The effect of temperature is taken into account in thermal
conductivity calculation via phonon-population.
̊

̊

3. Results

The crystal structure of BPN is presented in Fig. 1, along with the
structure of graphene. The crystal structure of BPN belongs to the
orthorhombic lattice family with a different arrangement of atoms
along the x- and y-directions. The primitive unitcell of BPN has six
carbon atoms of which four atoms are bonded to other atoms with
bond lengths of 1.44, 1.44, and 1.39 A, while the remaining two
atoms are bonded to other atoms with bond lengths of 1.39, 1.39,
and 1.43 A. The average bond length in BPN is 1.42 A compared to
1.41 A in graphene (all carbon atoms/bonds are identical in gra-
phene). The weak bonding of carbon atoms in BPN is also reflected
in its reduced atom density (2.77 A2/atom compared to 2.58 A2/
atom in graphene) and reduced thermodynamic stability (BPN is 35
mRy/atom higher in energy compared to graphene) as obtained in
our DFT calculations. Further, the weak bonding of carbon atoms in
BPN results in a larger mean squared thermal displacement of
carbon atoms compared to that in graphene. At a temperature of
300 K, we obtain the mean squared thermal displacements of 0.34
(0.31) and 0.31 (0.32) � 10�2 A2 for the two different kinds of
carbon atoms in the x (y) direction in BPN compared to only
0.24 � 10�2 A2 in graphene.

The phonon dispersion of BPN is presented alongside that of
graphene in Figs. 2(a) and 2(b). Overall, the range of vibration fre-
quencies is similar in BPN and graphene. In contrast to graphene,
however, BPN has anisotropic dispersion due to its orthorhombic
structure. Further, consistent with weak interatomic bonding and
higher energy of carbon atoms in BPN, the group velocities of all
̊



Fig. 2. The phonon dispersion of (a) graphene and (b) BPN. The graphene and BPN have isotropic and anisotropic dispersions with hexagonal and orthorhombic Brillouin zones
respectively. The comparison of (c) three phonon scattering phase-space and (d) Grüneisen parameters for graphene and BPN. The strength of 100 largest cubic force constant
matrix elements is plotted in the inset to (d). (A colour version of this figure can be viewed online.)
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three acoustic phonon branches are severely reduced in BPN
compared to that in graphene (18500 and 10670 m/s compared to
20650 and 12340 m/s for longitudinal and transverse acoustic
phonons in the long-wavelength limit in the G �X and G �M di-
rections in BPN and graphene). In general, a reduction in group
velocity results in a decrease in the thermal conductivity of mate-
rial (according to Eqn. (1)). However, in the case of graphene, the
majority of the thermal transport is by flexural phonons having
quadratic dispersion and small group velocities. These flexural
phonons contribute around 80% to thermal conductivity due to
their reduced phonon scattering rates [18]. The possibility and
strength of phonon-phonon scattering depend on scattering se-
lection rules and anharmonicity, characterizable using three-
phonon scattering phase space and Grüneisen parameters [31,32].

The three-phonon scattering phase space of BPN is compared
with graphene in Fig. 2(c). The scattering phase measures the
fraction of total three-phonon processes that are able to satisfy
crystal momentum and energy conservation selection rules and is
defined here as:

Pðq; nÞ ¼ 2
3

1
n2N

X

q0

X

n0;n00
dðuðq; nÞ þ uðq0; n0Þ � uðqþ q0 �G; n”ÞÞþ

(2)
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1
2
dðuðq; nÞ � uðq0; n0Þ � uðq� q0 �G; n”ÞÞ; (3)

where u and G represent phonon frequency and reciprocal lattice
vector, and n, N are number of phonon branches and wavevectors.
The scattering phase-space of BPN is similar to that in graphene for
all modes; thus indicating a similar fraction of phonon scattering
events are possible in two materials, though the phonon dispersion
of BPN is much more complex compared to that of graphene.

Next, the anharmonicity of phonon modes of BPN is character-
ized using the Grüneisen parameters and is compared with gra-
phene in Fig. 2(d). As can be seen from Fig. 2(d), modes with
frequencies larger than 2 THz have similar Grüneisen parameters in
BPN and graphene. However, modes with sub-THz frequencies are
significantly more anharmonic in BPN compared to that in gra-
phene. The heat capacity weighted average absolute Grüneisen
parameter is 6.7 in BPN compared to only 2.7 in graphene at 300 K.
To understand the origin of this high anharmonicity of modes in
BPN, we compared cubic force constants of BPN with graphene in
the inset of Fig. 2(d).

Firstly, we find that due to mirror symmetry, all force constants
with an odd number of out-of-plane displacements are zero in BPN,
similar to that in graphene. It is worthwhile to note here that this
zeroing of cubic force constant elements due to mirror symmetry is
argued as the reason for the reduced scattering of flexural phonon
modes in graphene [18]. Next, we find that due to the reduced in-
plane symmetry of BPN, the number of non-zero cubic force
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constant elements are significantly higher in BPN than in graphene.
For instance, for the self force-constant matrix, the number of non-
zero elements is 14 (out of a total of 27) in BPN compared to only 4
in graphene. Furthermore, the magnitudes of non-zero force con-
stants are much higher in BPN than in graphene. For nearest
neighbor interaction in graphene, only 3 elements are non-zero and
all three of these non-zero elements have values smaller than 40
eV/A3. In contrast, for BPN, 22 nearest neighbor cubic matrix ele-
ments have values larger than 10 eV/A3 with two values even larger
than 100 eV/A3.

Moving ahead, we next investigate the thermal conductivity of
BPN and plot the results as a function of temperature in Fig. 3. Due
to its asymmetric structure, the thermal transport is anisotropic
and we report thermal conductivities in both x- and y-directions in
Fig. 3(a). The room temperature thermal conductivities are 166 and
254 W/m-K and thermal conductivity decrease with increasing
temperature due to enhanced Umklapp phonon-phonon scattering
at high temperatures. The lower thermal conductivity in the x-di-
rection is understandable from loosely packed atoms with bond-
lengths of 1.43, 1.39, 1.44, and 1.39 A for consecutive bonds
compared to stronger bonds with bond-lengths of 1.39, 1.44, and
1.39 A in the y-direction.

The thermal conductivity of BPN is compared with graphene in
Fig. 3(b). Similar to graphene, the phonon-phonon scattering in
BPN is dominated by momentum-conserving Normal three-
phonon scattering processes. As a result, the correct treatment of
phonon-scattering requires an iterative solution of the BTE. The
̊

̊

̊

̊

Fig. 3. The temperature-dependent thermal conductivities as obtained from the relaxation
directions and (b) BPN (y-direction) and graphene. The temperature-dependent contributio
thermal conductivity on (c) absolute scale and (d) normalized scale. The values in (d) are n
colour version of this figure can be viewed online.)
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thermal conductivity obtained from iterative solution is a factor of
three higher than that from relaxation time approximation at a
temperature of 150 K for BPN compared to a corresponding in-
crease by a factor of seven in graphene. This suggests that even
though the scaled three-phonon scattering phase space (and hence
the number of scattering processes experienced by phonons) of
BPN is similar to that in graphene [see Fig. 2(c)], a much larger
fraction of these processes are non-resistive in graphene than that
in BPN.

The large fraction of Normal three-phonon scattering processes
has an interestingmanifestation on the temperature dependence of
thermal transport anisotropy. When the Umklapp-scattering pro-
cesses dominate the phonon scattering, the thermal conductivity
decreases with temperature as 1/T and the thermal transport
anisotropy remains unchanged with temperature. When Normal
processes are significant, the temperature dependence of thermal
conductivity can deviate from this due to an increase in the fraction
of resistive Umklapp processes at higher temperatures. In the case
of BPN, this results in a decrease in the thermal transport anisot-
ropy from 1.7 at 150 K to 1.5 at 500 K.

The thermal conductivity of BPN is a factor of 14e29 lower than
that of graphene in the considered temperature range. As discussed
earlier, this low thermal conductivity of BPN originates from the
strong anharmonicity of bonds in BPN compared to that in gra-
phene. Due to this strong anharmonicity, while the contribution of
all phonon branches is lower in BPN compared to that in graphene,
the reduction is maximum for flexural acoustic phonons which
time approximation and the iterative solution of the BTE for (a) BPN in the x- and y-
n of flexural (ZA), transverse (TA), and longitudinal (LA) acoustic modes towards the
ormalized by the respective total conductivities of BPN (y-direction) and graphene. (A



Fig. 4. The role of exchange-correlation functional on the predicted thermal conduc-
tivity (from iterative solution) of BPN (y-direction). (A colour version of this figure can
be viewed online.)
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contribute 3300 W/m-K to thermal conductivity in graphene and
only 90W/m-K in BPN at a temperature of 300 K [see Fig. 3(c)]. The
relative contribution of flexural acoustic phonons to the total
thermal conductivity is reduced from 77% in graphene to 36% in
BPN at room temperature [Fig. 3(d)]. For transverse and longitu-
dinal acoustic phonons, the combined relative contribution reduces
from 22% in graphene to 17% in BPN.

Is it worthwhile to note that the results reported in this work are
for a freely suspended monolayer of BPN while the experimentally
synthesized samples of BPN are supported on a substrate [21]. In
the case of graphene, the thermal conductivity reduces from
3000e5000 W/m-K to 600 W/m-K in going from freely-suspended
to supported samples [11]. This factor of five reduction in the
thermal conductivity of graphene is due to the suppressed contri-
bution of flexural acoustic phonons in supported samples. Since the
contribution of these flexural acoustic phonons is only 36% in BPN
(compared to 77% in graphene) at room temperature, we expect a
comparable reduction in the thermal conductivity of supported
samples.

As has been discussed in the literature, the choice of DFT func-
tional results in significant variations in the predicted thermal
conductivity of bulk materials due to variations of harmonic and
anharmonic interatomic interactions [32]. These variations are
representative of prediction uncertainty and to quantify these un-
certainties for BPN, we also performed calculations using Perdew-
Burke-Ernzerhof (PBE) [33] exchange-correlation functional. For
these calculations, we employed a planewave energy cutoff of 80
Ry, and phonons are initially obtained on a wavevector grid of
12 � 12 � 1 using an electronic wavevector grid of size 12 � 12 � 1
from DFPT calculations. Other computational parameters are kept
the same as those discussed earlier for LDA functional. The relaxed
lattice constant from PBE functional is 4.47 (3.37) A compared to
4.51 (3.76) A from LDA functional in the x (y) direction. The results
obtained with PBE functional are reported in Fig. 4. As can be seen
from Fig. 4(b), while there is a 40% difference in the predicted
thermal conductivities from LDA vs PBE functional, the values are
still an order of magnitude times lower than that of graphene at all
897
temperatures.

4. Summary

In summary, we used density functional theory calculations to
investigate the thermal transport properties of biphenylene
network (BPN), which is a planar sp2 hybridized network of carbon
atoms, recently realized in experiments. We find that the thermal
transport is anisotropic in BPN and the predicted thermal con-
ductivities are an order of magnitude lower than that in graphene.
The origin of this reduced thermal conductivity is identified as
enhanced bond anharmonicity originating from reduced crystal
symmetries in BPN. The effect of anharmonicity is maximally felt by
flexural acoustic modes whose contribution reduces from 77% in
graphene to 36% in BPN at room temperature.
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