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As representative semiconducting hexagonal carbon-boron-nitride lattices, C¢BN and C,BN are experimen-
tally realized two-dimensional (2D) plane materials and have recently become the focus of research. Herein,
combining first-principles calculations with the Boltzmann transport equation, we performed a comprehensive
study on the phonon interaction and thermal conductivity in C¢BN and C,BN monolayers. It is found that the
thermal conductivities of C¢BN and C,BN monolayers at room temperature are reduced by 79% and 73%,
respectively, due to four-phonon scattering, compared with the results including three-phonon scattering only.
We can attribute this phenomenon to giant four-phonon scattering exclusive for the heat-carrying out-of-plane
acoustic (ZA) phonons, because the reflection symmetry allows four-ZA processes much higher than three-ZA
processes, and the quasiparallel behavior between the ZA and low-lying out-of-plane optical (ZO) branches
contribute to a broad phase space for four-phonon scattering as well. Moreover, C4BN monolayer exhibits
unusual behavior that optical phonons contribute about ~60% to the overall thermal conductivity under the
four-phonon picture, which differs from the traditional case that acoustic phonons dominate thermal conductivity.
Unexpectedly, two low-lying ZO modes have as high as 38% contributions to the thermal transport at 300 K
under the four-phonon picture, causing 60% contribution of optical phonon modes, apparently larger than that
of the three-phonon case (15%) and many other 2D materials, also indicating the four-phonon scattering has a
more significant effect on acoustic phonons than on optical phonons. This finding not only highlights insight into
the nature of phonon transport, but also provides a promising strategy for manipulation of heat transport based

on optical phonon modes.

DOLI: 10.1103/PhysRevB.108.235420

I. INTRODUCTION

Graphene, a planar honeycomb lattice of carbon atoms,
possesses excellent carrier mobility, large stretchability, supe-
rior optical transparency, and ultrahigh thermal conductivity
[1-4], which promote the use of this novel material for the
design of a wide variety of advanced devices. However, the
zero-gap nature of graphene limits its effective application
in semiconductor devices such as field-effect transistors, gas
sensors, and energy conversion, where a suitable gap in the
band structure is a critical factor for obtaining good device
performance. The drawback of graphene has stimulated the
prediction and synthesis of the isomorphic semiconductors
[5,6]. In this regard, it is worth mentioning that hexagonal
boron nitride (h-BN), called “white graphene” for its hon-
eycomb lattice arranged by alternating boron and nitrogen
atoms, is experimentally demonstrated to exhibit a large direct
bandgap of 5.9 eV [7]. Obviously, h-BN cannot directly be
applied in semiconductor electronics and optoelectronics in
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which a direct and narrow bandgap is essential. Although
graphene and h-BN show contrasting electronic properties,
both have closely matched lattices, and excellent thermal
and mechanical responses. Hence, it is natural to wonder
what would happened if the ternary compounds composed of
carbon, boron, and nitrogen atoms are constructed utilizing
the hexagonal atomic lattice as a foundation (h—C,B,N,),
which could potentially overcome the limitations of individ-
ual structures and open up a wide range of properties and
applications. In fact, some theoretical calculations and ex-
perimental results suggested that the major advantages of the
h—C,B,N; lattices are their composition and arrangement di-
versities that could translate into greater freedom to modulate
the physical properties [8—11]. For instance, Ci et al. [8] re-
ported that the electrical conductivities of h—C,B,N; ribbons
increase with the increase of the atomic percentage of C,
promoting bandgap-engineered applications in semiconduct-
ing electronics. In addition, kinaci et al. [10] demonstrated
that the thermal conductivity of h—C,B,N; structure can be
widely tuned by composition and chemical design. Lately, a
C-rich h—C;B,N; layered structure, CsBN nanosheets, have
been already fabricated by a convenient two-step borylation
reaction [12,13], and theoretical results confirm that the CsBN
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monolayer not only has a direct gap semiconductor but also in-
herits the excellent properties of graphene such as high carrier
mobility, attractive optical properties, and high mechanical
strength [14—16]. Compared to metal-based semiconductors,
C¢BN consisting of only nonmetal p-block elements has
the advantages of high stability, low cost, and mild toxic-
ity [17], indicating substantial potential value for metal-free
two-dimensional (2D) photocatalysts due to its good reducing
ability [18]. Moreover, the pristine C¢BN could be used to de-
tect various volatile organic compounds since the acceptor and
donor behavior of B and N atoms, and the molecule-sensing
performance could be further enhanced by defect or doping
engineering [19,20]. Meanwhile, C¢BN is also found as a
promising anode material for Li-ion [12] and K-ion batteries
due to high specific capacities and low diffusion barriers [21].
The highly appealing physical properties of C¢BN motivate
the search for new 2D h—C,B,N, materials. Most recently,
Seo et al. [22] have successfully prepared BC,N nanosheets
by the chemical vapor deposition method. Subsequent theo-
retical investigations reveal that the C;BN monolayer is also
semiconducting with a similar bandgap (2.19 eV) as that of
CsBN combined with high thermal transport and mechanical
properties. Zhang et al. [23] reported the experimentally pre-
pared C;BN quantum dots (QDs) have good crystallinity and
semiconducting nature with an optical bandgap of 2.15 eV. In
addition, they further fabricated C,BN QD-based nonvolatile
memory with superior stability and high ON/OFF ratio
(>1.74 x 10°). In short, the investigation of C¢BN and C,BN
materials offers valuable insights into creating 2D semicon-
ductors with low density, exceptional flexibility, and strong
thermal conductivity, which also compensates the drawbacks
of graphene and h-BN.

Understanding the thermal transport properties of the 2D
h—C,B,;N; materials composing the functional devices is a
crucial process for controlling the heat dissipation in prac-
tical device applications. On the other hand, the structural
diversity of 2D h—C,B,N, provides a natural platform to
study the fundamental physics of phonon transport in low-
dimensional systems. As a representative case, graphene
monolayer has shown exceptional in-plane thermal conductiv-
ities ranging from 2000 to 5000 W m~" K~! [24-28], which
makes graphene a promising material for thermal regulation
applications. Moreover, the construction of h—C,B,N; super-
lattice was expected to stimulate the coherent interference
of phonons enabling the manipulation of long-wavelength
phonon transport [29,30]. It is well known that both boron
and nitrogen are neighboring elements of carbon with com-
parable atomic sizes and a tendency to form strong covalent
bonds among each other. The formation of a strong cova-
lent network, light atomic mass, and absence of porosity in
2D ternary h—C,B,N, lattices are expected to correlate with
their high thermal conductivity. Based on molecular dynam-
ics simulations, Lin ef al. [31] found that the zigzag- and
armchair-oriented thermal conductivities of the C,BN mono-
layer reach 806.5 and 386.1 W m~! K~! at room temperature,
respectively. Meanwhile, the results obtained from the Boltz-
mann transport equation (BTE) indicated that the thermal
conductivity of the C;BN monolayer along different lattice
directions approaches 1000Wm~! K~ [32,33]. Likewise,
Mortazavi [16] reported the thermal conductivity of the C¢BN

monolayer is approximately half that of graphene, because the
presence of boron-nitrogen chains increases the scattering of
phonons. Even so, the predicted thermal conductivity value
for the C¢BN monolayer still outperforms almost all other
semiconducting 2D materials. It is worthy to note that this
work also indicated that the flexural acoustic (ZA) modes are
the dominant heat carriers in the C¢BN monolayer and the
optical modes contribute 14% and 18% to the total thermal
conductivity along the armchair and zigzag directions, respec-
tively, which is in striking contrast to the previous study where
optical phonons make a notable contribution to the overall
thermal conductivity [34]. The discrepancy between different
simulated results is considerably related to the selection of po-
tential functions and the ignorance of four-phonon scattering
in BTE calculations, as suggested by Yang er al. [35]. More
importantly, despite great efforts devoted to predicting the
thermal conductivity of such h—C,B,N_ structures, thermal
transport in the C¢BN and C,BN monolayers is still not well
understood. Moreover, most previous predictions based on
the three-phonon theory indicated that the acoustic phonons
provide major contributions to the heat conduction in 2D
materials. It is well known that considering only three-phonon
scattering leads to significantly overestimated thermal con-
ductivity. Thus, two important questions are naturally raised:
(1) How much does the four-phonon scattering influence the
thermal conductivities of the C¢BN and C,BN monolayers?
(2) How does four-phonon scattering change the role of opti-
cal phonons in these materials?

In this work, combining first-principles calculations with
the BTE, we performed a comprehensive study of the fun-
damental lattice vibrational spectra in C¢BN and C,BN
monolayers and determined their thermal conductivity with
four-phonon scattering included. It is found that four-phonon
scattering can be more important than three-phonon scattering
in these 2D materials as it diminishes ZA phonon thermal
transport by breaking certain selection rules. Moreover, the
C¢BN monolayer exhibits unusual behavior that after con-
sidering four-phonon scattering, the relative contribution of
optical phonons to thermal conductivity increases to ~60%
at room temperature, which differs from the traditional case
where acoustic phonons dominate thermal conductivity. Such
unusual phonon transport property of C¢BN can be ascribed
to the fact that four-phonon scattering has a more significant
impact on acoustic phonons than on optical phonons, espe-
cially ZO (out-of-plane optical) branches. Furthermore, the
phonon-level systematic analysis is also carried out to under-
stand the mechanism of the unexpected large contributions
from optical phonons to thermal transport in C¢BN. This work
helps deepen the understanding of thermal transport in 2D
h—C,B,N; materials, which will benefit the applications of
high-performance thermal management.

II. COMPUTATIONAL METHODOLOGY

The C¢BN monolayer is a planar honeycomb structure
with a space group of P-6m2, where the rectangular unit
includes six C atoms, one B atom, and one N atom with a
B-N bond. The lattice configuration of C¢BN can be regarded
as hexagonal carbon rings connected by alternating boron and
nitrogen atoms. Meanwhile, the C;BN monolayer also has
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a rectangular unit cell with two C atoms, one B atom, and
one N atom, and possesses Pmm?2 symmetry. To obtain the
geometry relaxed and stress-free structures, atomic positions
and lattice sizes are fully optimized by setting thresholds of
0.001 eV/A for the forces and 10~% eV for the electronic self-
consistency loop. A kinetic energy cutoff of 600 eV is adopted
and the Brillouin zone (BZ) is sampled using 17 x 17 x 1
I'—centered k—mesh grids. To avoid image-image interac-
tions along with out-of-plane direction, a large vacuum space
of 15 A along the z axis is set. The finite displacement method
is used to extract the second-, third-, and fourth-order inter-
atomic force constants (IFCs), and a 9 x 3 x1 (9 x5 x 1)
supercell with a I'-centered 3 x 3 x 1 k-point mesh for BZ
sampling is constructed for C¢BN (C,BN). All first-principles
calculations are implemented in the Vienna ab initio simu-
lation package (VASP) using the projector augmented wave
method [36]. The Perdew-Burke-Ernzerhof functional within
the generalized gradient approximation is chosen to treat the
exchange-correlation energy [37]. Lastly, the harmonic and
anharmonic IFCs are generated by the PHONOPY package [38]
and the thirdorder.py/fourthorder.py script [39,40], respec-
tively. Here, the cut-off radius for the third-/fourth-order IFCs
is considered to be the tenth/fourth nearest neighbors.

Based on harmonic and anharmonic force constants, the
thermal conductivity is obtained by iteratively solving the
phonon BTE,

1

af _ 2. a B
x? = m;fo(fowL D(hog)2SEL, (1)

where v;‘v, fo, and qu = ‘C‘;)U(qu + Agy) are, respectively, the
phonon group velocity, the Bose-Einstein distribution, and the
phonon population deviation from the single-mode relaxation-
time approximation (RTA) at wave vector g with band index v.
As we know, there are two different phonon-phonon scattering
mechanisms regarding the momentum conservation: normal
(N) and umklapp (U) processes. In the U process, the phonon
propagation direction is reversed, and leads to thermal resis-
tance. By contrast, the N process affects phonon transport
by redistributing the phonon modes. Under the single-mode
RTA, the N process is regarded as the contributor to thermal
resistance, hence significantly underestimating « in some ma-
terials with a strong N process such as carbon-based materials
[41,42]. Here, we adopt an iterative procedure [43-45] to
correct the obtained x. A g-point mesh of 61 x 61 x 1 (31 x
31 x 1) is used for three-phonon (three- and four-phonon)
BTE calculations. To ensure a fair comparison between CcBN
and C,BN monolayers, their thickness is selected to be the
same as the interlayer distance of graphite (3.35 A).

III. RESULTS AND DISCUSSION

A. Crystal structure and harmonic phonon properties

The optimized lattice constants of C¢BN and C,BN are
a=2475A, b=8467A and a=2.485A, b=4360A,
respectively, which agree well with previous theoreti-
cal results [16,32]. To identify the thermodynamic sta-
bility of these 2D h—C,B,N, materials, the calculated
phonon dispersions are plotted in Fig. 1. Clearly, the
absence of imaginary frequency in the entire BZ confirms
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FIG. 1. Phonon dispersion along the high-symmetry g- points
in the irreducible BZ with the group velocity values projected as a
bubble for (a) C¢BN and (b) C,BN, and with the DPDOS of each
phonon mode projected as a bubble for (c) C¢BN and (d) C,BN.
Here, the reference value is set to 0, corresponding to the acoustic
mode at the long-wavelength limit.

the dynamical stability of these structures. For C,BN, the
phonon dispersion is similar to that of graphene with an
orthorhombic unit cell [46], where three acoustic and nine
optical phonon branches correspond to the four atoms per
unit cell. Concretely, the acoustic branches include a linear
longitudinal/transverse acoustic mode (labeled LA/TA) and a
quadratic out-of-plane acoustic mode (labeled ZA), which is
a general characteristic of 2D materials [47-50]. In addition,
the lattice vibration frequency range (0-48 THz) of C,BN is
almost identical to that of graphene. In the case of C¢BN,
there exist 24 phonon branches that correspond to the eight
atoms in the unit cell, implying more complex phonon dis-
persion. An intriguing finding is that optical modes in the
CsBN lattice behave more dispersively than those in C;BN
due to more sp? carbon-carbon bonds, suggesting such optical
modes possess higher group velocities and might contribute
a significant part to heat transport. In addition, the phonon
dispersion of C¢BN exhibits the parallel beam effect for the
high-frequency optical branches, where two optical modes
combining into a new optical mode is inhibited considerably
and a high-order four-phonon scattering process is allowed
[51]. Another noteworthy feature in Fig. 1(a) is that two
lowest-lying out-of-plane optical branches ranging from 4
to 12 THz are well separated from the neighboring optic
branches and quasiparallel to the ZA branch along the path
I-X-U-T with quadratic dispersion, named QZA1 and QZA2,
because they disperse very similarly to ZA modes. Actually,
the quasiacoustic branches are also found in bilayer 2D mate-
rials with weak interlayer van der Waals bonding [52]. These
parallel branches will restrict the three-phonon scattering
channels between acoustic and optical modes (especially the
ZA + 70 = ZO process), because only specific reciprocal
points could satisfy both momentum and energy conserva-
tion [53], resulting in a four-phonon scattering phase space
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(P; = 1.1 x 107) comparable to the value for three-phonon
scattering (P; = 1.3 x 1073). Here, the detailed calculations
of P; and P, can be found in Refs. [54,55]. In contrast, the
C,BN lattice lacks the low-frequency QZA branch observed
in the BC¢N monolayer. Additionally, the ZO branch in the
C,BN lattice is entangled with the LA and TA branches in the
midfrequency region, which induces strong acoustic-optical
interactions and facilitates a broad phase space for three-
phonon scattering.

From Fig. 1, it is also seen that the ZA branch is more
dispersive along the I'-X and T'-U paths than that along the
G-Y path. This is because phonon transport has a direct in-
teraction with BN chains in the armchair (G-Y) direction. To
quantitatively elucidate the discrepancy of lattice vibration
between C¢BN and C,BN monolayers, the phonon group
velocity (v, = dw/dq) and the difference in phonon densities
of states (DPDOS) between C and BN atoms are projected
onto the phonon bands along high-symmetry paths. As shown
in Figs. 1(a) and 1(b), the phonon group velocity in the
CsBN monolayer presents a similar variation trend to that
of the C;BN monolayer across the entire frequency range.
For instance, the group velocities of LA and TA branches
along the I'-X path for the former are 21.1 and 18.6 km/s
in the long-wavelength limit, while the corresponding values
for the latter are 21.8 and 19.0 km/s. Meanwhile, the group
velocities of the ZA branch approach zero at the I' point due
to the quadratic nature of phonon dispersion, and gradually
increase with a wave vector close to the BZ center, but are
far below the values of the LA and TA branches throughout
the BZ. The parallel QZA1 and QZA2 branches also exhibit a
similar behavior. Considering that the ZA phonons contribute
the most to the thermal conductivity (k) in numerous 2D plane
materials [27,28,51], the group velocity is not the determining
factor for « in such 2D lattices. To further understand the
inherent nature of the phonon spectra, the DPDOS for the
C and BN domains of each vibration mode is depicted in
Figs. 1(c) and 1(d). One can see that the values of the DPDOS
for acoustic modes are roughly equal to O (as a reference
point) because all atoms are vibrating in the same phase
and with equal displacements, which corresponds to straight
phonon transport channels. By contrast, the DPDOS for the
majority of optical modes exhibits a significant deviation from
the reference value, particularly within the high-frequency
range. That is, the spatial distribution of vibrational spectra
within the entire unit cell exhibits significant nonuniformity,
indicating the presence of alloy scattering. The deviation
arises from the fact that the BN chains possess a bonding
configuration that differs from that of the original graphene,
resulting in a more localized behavior of the vibrational states.
This partially elucidates the structure-property relationship
of the two graphenelike structures, specifically in relation to
phonon-derived properties. However, more insight is required
to reveal the phonon properties. Here, the local density of
states (LDOS) at three typical frequencies of 2.08, 12.89, and
38.68 THz are depicted in Fig. 2. Clearly, the low-frequency
ZA mode distributes homogeneously in the C¢BN and C,BN
lattices, and the heat carried by the acoustic phonon can flow
through the system smoothly. For the medium- and high-
frequency ZO modes, the vibrational states exist in certain

C, 2.08THz |C,*N 2.12THz
2.89THz 11.23THz
38.68THz 36.90THz

FIG. 2. The LDOS of three distinct out-of-plane phonon modes,
characterized by frequencies of 2.08, 12.89, and 38.68 THz at ¢
point (0.25, 0.0, 0.0) along the I'-X path, which correspond to a
low-frequency ZA mode, a medium-frequency ZO mode, and a
high-frequency ZO mode, respectively. The highest (lowest) value
is denoted by the size of the red ball.

atoms, indicating characteristic of localized modes with low
group velocities (corresponding to little contribution to «).
So the potential role of low-lying QZA modes with highly
dispersive features in phonon transport is curious.

B. Lattice thermal conductivity

Next, we examine the ¥ of C¢BN and C,BN mono-
layers based on the BTE within the framework of RTA
and iterative transport equation (ITE). As shown in Fig. 3,
the calculated « with only three-phonon scattering for the
two materials exhibits significant anisotropy. Concretely, the
room-temperature « values of the C¢BN monolayer under
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FIG. 3. The lattice thermal conductivities of C¢BN and C,BN
monolayers as a function of temperature based on both the solution of
ITE and of RTA. (b) The cumulative « as a function of frequency for
the two structures. The acoustic phonon range (<14 THz) is marked
by the gray-dotted line.
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the ITE solution are 2008.8 Wm™ K~! along the x axis
and 897.6 Wm™' K~! along the y axis, agreeing well with
the previous result by Mortazavi et al. [16]. For the C,BN
monolayer, the « values in both directions are 1388.4 and
904.3Wm™' K~!, respectively. This observation contrasts
with the isotropic thermal conductivity observed in graphene
[56]. The anisotropy ratio (y = ky/kyy) is 2.2 for the CsBN
monolayer and 1.5 for the C;BN monolayer, which is compa-
rable/superior to that of phosphorene (2.0) [57] but lower than
that of carbon foams [58]. Moreover, the value of y slightly
decreases as temperature (7) increases. When 7 = 800 K,
it is reduced to 1.9 for the C,BN monolayer. Normally,
the anisotropic thermal transport behavior stems from the
orientation-dependent phonon group velocity that is also in-
dicative of the crystal structure anisotropy, as illustrated in
Figs. 1(c) and 1(d). Another notable feature in Fig. 3 is that
the « of the C¢BN monolayer is significantly higher than that
of its C,BN counterpart, which is intuitively attributed to a
high graphene component that facilitates the heat transport,
particularly along the zigzag direction. In fact, the thermal
conductivity of the C¢BN monolayer is quite high, com-
pared to other semiconducting 2D materials. Furthermore, the
RTA solution estimates the x of the C¢BN monolayer to be
916.8 Wm™ K~!, which is more than 50% lower than the
iterative k, implying a strong phonon hydrodynamic effect in
such system. A similar behavior is present in the C; BN mono-
layer. The aforementioned phenomenon can be explained in
that the RTA solution mistakenly attributes the normal scat-
tering process as the important factor contributing to thermal
resistance, which underestimates the thermal resistance value
in materials with a pronounced normal scattering process
[27,59]. However, the discrepancy of obtained x between the
two solutions gradually decreases as T increases, because
more high-frequency phonons are excited at high tempera-
ture and the umklapp process dominates the phonon-phonon
scattering.

In addition to the overall «, the cumulative « with respect
to frequency is calculated to ascertain the predominant fre-
quency range in which phonons contribute significantly to
phonon transport. As can be seen in Fig. 3(b), there is a slight
difference between the cumulative x of the C¢BN and C;BN
monolayers except for the amplitude. The « value of C¢BN
monolayer saturates at a phonon frequency of 12.8 THz (the
upper limit of the QZA branch). In other words, the acoustic
and low-lying optical phonons are the major carriers of heat
in the C¢BN monolayer, which will be focused on in the fol-
lowing discussions. It is worth noting that the average phonon
group velocities for the C4BN monolayer exhibit slight differ-
ences compared to those of the C;BN monolayer, and that is
insufficient to account for the disparity in their thermal con-
ductivities. Hence, other quantities such as phonon scattering
rates or phonon population should be further considered.

The above discussion is based on the framework of the
three-phonon scattering theory. Recent advances in theoretical
methodologies and experimental measurements have demon-
strated that the effect of four-phonon scattering on phonon
transport is non-negligible not only for low thermal conduc-
tivity materials like cubic perovskites [60] but also for high
thermal conductivity materials like BAs [61]. For instance,
Lindsay et al. reported that the reflection symmetry selection
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FIG. 4. (a) Potential energy versus displacement perturbation
along the in-plane and out-of-plane directions for the C,BN mono-
layer. (b) and (c) The corresponding regular residual analysis of the
second polynomial fit to the potential energy curves in (a). (d) The
lattice thermal conductivities of the C¢BN and C,BN monolayers
versus temperature including three-phonon scattering as well as four-
phonon scattering along the zigzag (xx) and armchair (yy) directions.

rule forbids the three-phonon processes that involve an odd
number of ZA modes [62], while the four-ZA processes are
not restrained by the rule, as verified by Feng and Ruan [63].
Thus, a natural question arises: what is the impact of four-
phonon scattering on the thermal conductivity of h—C,ByN;
materials? To understand the influence of quartic anharmonic-
ity on the obtained k, we examined the potential energy
change of N atoms moving in the in-plane/out-of-plane direc-
tion for the C¢BN monolayer, because the potential energy
change trend of the C and B atoms is similar to that of
the N atoms. By carrying out the second (2nd) polynomial
fitting to the potential energy curves, we present the corre-
sponding regular residual analysis (RRA) in Figs. 4(b) and
4(c). Through RRA, we can see that the residual shape is
~ [Fig. 4(b)] when N atoms move along the in-plane direction,
suggesting weak quartic anharmonicity. However, as N atoms
move along the out-of-plane direction, the change in potential
energy presents harmonic characteristics, and the observed
residual shape is W-like [Fig. 4(c)], indicating the fourth-order
term is significant and the effect of four-phonon scattering
cannot be ignored in the graphenelike structures [64-66].
For this, we add the fourth-order IFCs to solve the BTE,
and apply the RTA level scheme to cope with four-phonon
scattering rates because the current method cannot involve a
four-phonon scattering phase space iteratively. As shown in
Fig. 4(d), the calculated « values with four-phonon scattering
are compared with those without the four-phonon term for the
C¢BN and C,BN monolayers, where an anticorrelation be-
tween « and T is observed due to the intrinsic enhancement of
phonon-phonon scattering versus temperature. The inclusion
of four-phonon scattering suppresses «>”" by approximately
77% at room temperature, and the corresponding values are
reduced from 2008.8 and 1380.5Wm™ K™ to 465.3 and
314.7Wm™" K™', respectively. The significant reduction of
thermal conductivity caused by the four-phonon scattering
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FIG. 5. Normalized contribution of three acoustic branches to the
total thermal conductivity along the xx direction as a function of tem-
perature for the (a) C¢BN monolayer and the (b) C,BN monolayer.
(c) The modewise thermal conductivity for the QZA1 and QZA2
phonons and (d) the sum of them to « as a function of temperature.
Dashed and solid lines represent the results excluding and including
four-phonon scattering, respectively.

process has also been reported in 2D Penta-NiN2 [67], and
3D Cu,GeSes [68], which can be ascribed to the introduction
of four-phonon scattering allowing for more phonon scatter-
ing channels that are not captured in three-phonon processes.
Furthermore, the thermal anisotropy ratios of the C¢BN and
C,BN monolayers are little influenced by four-phonon scat-
tering, suggesting a possible scheme for achieving directional
control of thermal transport. Notably, although the « value
of the C4BN monolayer is not as large as that in BAs and
diamond [69], it still exceeds 400 W m~ K~! and is generally
comparable with the current industrial standard for high ther-
mal conductivity (on the bias of copper). Here, the availability
of the C4BN monolayer with ternary compound, complicated
lattice structure, high thermal conductivity, and moderate di-
rect bandgaps is quite restricted, which shows the potential
for utilizing such monolayer in the development of advanced
electronic and thermal management devices.

C. The role of QZA modes and mode-dependent scattering rates

To gain insight into the significant reduction of x induced
by four-phonon scattering, the percentage of contributions of
different acoustic branches (ZA, TA, LA) to the x axis «
and the summation of the three terms (AA) are plotted in
Fig. 5. It is clear from this graph that with only three-phonon
scattering considered, the ZA modes dominate the phonon
transport and the TA (LA) modes only contribute around
21.5% (9.3%) in the C¢BN monolayer at room temperature.
For the C,BN monolayer, the ZA modes contribute more than
70% and the TA (LA) modes contribute 19.3% (6.4%) to
k. This result is consistent with previous work for graphene
where the ZA modes contribute ~75% to « at 300 K [62], but
differs from a 2D buckled structure like pentasilicene [70].

In the y-axis direction, the circumstances are nearly identical
(not shown for brevity). The dominant contribution of the ZA
modes in the 2D planar structure stems from the reflection
symmetry restricting the phase space for the three-phonon
scattering of ZA modes, resulting in much longer relaxation
times. Moreover, the contribution of AA gradually decreases
with increasing temperature, because optical phonons are ac-
tivated at high temperatures. However, acoustic phonons still
completely dominate the «.

After including the four-phonon scattering, this reduction
mainly comes from the ZA branch, whose thermal conductiv-
ity is reduced from 1064.6 (995.7) to 35.8 (77.6) Wm™! K~!
for the C¢BN (C,BN) monolayer. The decreased magnitude
is much larger than that in graphene (from /c;ﬁh = 2260 to

K;f““ h — 235 Wm~'K~!) [63]. It can be explained that
the selection rules forbid certain three-phonon scattering pro-
cesses, and four-phonon scattering is important in the 2D
planar structure. Meanwhile, the percentage of contributions
of other acoustic branches for the two monolayers exhibit
quite different behaviors. Concretely the contributions of the
TA and LA branches increase to around 40% and 20% in the
C,BN monolayer at room temperature, respectively, whereas
those in the C¢BN monolayer decrease to around 14%. Inter-
estingly, in the C¢BN monolayer, the optical modes exhibit
an abnormal contribution (~60%) to «, thereby disrupting
the conventional dominance of acoustic modes in the phonon
transport mechanism. In contrast, the contribution of optical
modes in the C,BN monolayer is found to be less than 20% of
the total, similar to the findings in graphene [27] and layered
Li,ZrClg [71]. It is worth mentioning that previous predic-
tions based on the three-phonon scattering showed that optical
phonons play a more significant role than acoustic phonons in
determining the x of AISb [72,73]. However, after considering
four-phonon scattering, it was found that the optical modes
make little contribution to the «, which were ascribed to the
large four-phonon scattering phase space of optical phonons
with flat dispersions [35]. By comparison, the presence of
four-phonon scattering significantly enhances the influence of
optical phonons on phonon transport in the C¢BN monolayer.
This observation is not limited to the C¢BN monolayer alone,
but can also be extrapolated to other 2D material systems that
exhibit similar phonon-dispersion characteristics.

To understand the role of the four-phonon scattering in the
unusual behavior of optical phonons, the contributions to «
from the QZA1 and QZA?2 phonons are given in Fig. 5(c).
Here, according to the atomic vibration information near the
I' point [the insets of Fig. 5(c)], the QZA1 mode is dominated
by graphene atoms vibrating out of- phase, indicating the for-
mation of localized states, and the QZA2 mode is dominated
by both graphene and h-BN atoms vibrating out of phase,
which is conducive to reduce the phonon scattering. From
Fig. 5(c), it can be seen that if only the three-phonon pro-
cess is considered, the contributions of the QZA1 and QZA2
phonons are 139.7 and 90.1 W m™' K™, respectively, and the
corresponding ratio of these values is 11.6%. Meanwhile,
four-phonon scattering lowers the contribution of the QZAl
phonons from 139.7 to 73.6 Wm™' K~!, representing a nearly
50% decrease, indicating the substantial influence of the scat-
tering mechanism on optical phonons. Also, the contribution
from the QZA2 branch is barely affected by four-phonon
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scattering. In this case, the contribution ratio of the QZAl
and QZA?2 phonons at 300 K increases from 11.5% to 38.6%,
and is insensitive to the temperature variation. As a result, the
k of the C¢BN monolayer is primarily governed by optical
phonons (~60%) based on the four-phonon scattering theory,
and acoustic phonons have a relatively low contribution to
k. This phenomenon can be elucidated by considering the
following two factors. First, the C¢BN monolayer has a large
lattice constant along the y axis (b/a ~ 4). In this case, the
QZA1 and QZA?2 branches, spanning a frequency range of
4-12 THz, can be conceptualized as folded ZA bands origi-
nating from the underlying 2D structures. This folding effect
results in their group velocities being comparable to those
of the acoustic branches. Despite these folded modes, other
optical modes have a lower contribution to phonon transport
due to a large scattering rate and low group velocity. Second,
the QZA1 and ZA branches are quasiparallel and very close
along the X —U-I" and Y —U paths. Consequently, any QZA1
phonon can readily combine with another ZA phonon and
create new ZA and QZA1 phonons through the four-phonon
recombination process, because the energy conservation is
automatically satisfied and the conservation of momentum is
easy to fulfill [53]. In comparison, the three-phonon scattering
is limited because only specific reciprocal points can satisfy
both momentum and energy conservation. The QZA?2 branch
deviates significantly from the ZA branch and lies approxi-
mately halfway between the ZA and ZO branches, showing
more dispersion (see Fig. 1). For such dispersive phonon
branch, the conservation of energy and momentum is more
readily achieved during three-phonon processes, implying that
the conventional three-phonon scattering is more prominent
than four-phonon scattering for the QZA2 branch.

To gain a deeper understanding of four-phonon scattering,
the phonon-isotope, three-phonon and four-phonon scatter-
ing rates versus frequency profiles of the C¢BN and C,BN
monolayers are displayed in Fig. 6. At first glance, the
phonon scattering rates for different scattering mechanisms
increase by several orders of magnitude (10~>~10 ps~!) with
increasing frequency. Here, the significance of phonon-
isotope scattering is not as pronounced as anharmonic
phonon-phonon scattering in the low-frequency range (<14
THz) at 300 K. However, it should not be disregarded en-
tirely, because the scattering rates of optical phonons due to
isotope effects are comparable to the three- and four-phonon
scattering rates, especially at high temperature. The result
agrees with the Yang et al. finding in bulk GaN [35] but
differs from cubic Cu4TiSe4 [74] and BP [75]. Another no-
ticeable feature in Fig. 6 is that the four-phonon scattering
rates could be comparable to or even larger than the three-
phonon counterparts in some frequency ranges at 300 K.
Specifically, the scattering rates of the ZA and ZO phonons
(in the low-frequency range of 0—14 THz) due to the quartic
anharmonicity are much larger than those due to the cubic an-
harmonicity, which contrasts with recent investigations where
the influence of four-phonon scattering on acoustic modes is
smaller than optical modes [76,77]. A similar effect has been
found in 2D CBN and C4BN biphenylene [78]. The reason
for this is that the reflection symmetry of planar 2D mate-
rials forbids the three-ZA scattering, but allows the four-ZA
scattering, which causes high four-phonon scattering rates,
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FIG. 6. The isotope-, three- and four-phonon scattering rates of
the C¢BN/C,BN monolayer at (a)/(b) 300 K and (c)/(d) 700 K.
Here, the gray stripe denotes the frequency range of the ZA and QZA
branches.

even much higher than the three-phonon scattering rates at
room temperature. On the other hand, the parallel ZA and ZO
branches prevent ZO + ZA = ZO/ZA scattering as well as
the reverse process since only specific reciprocal points can
satisfy both momentum conservation and energy conservation
simultaneously. Nevertheless the four-phonon scattering of
70 +7ZA = ZO + ZA along a specific g path like Y —U and
U-TI paths is less affected by the parallel configuration [53].
Considering the significant role played by these modes in
phonon transport within the framework of three-phonon scat-
tering, it is not unexpected that the inclusion of four-phonon
scattering leads to a substantial suppression of k. Moreover,
the existence of intermediate-frequency ZO branches is close
to the LA and TA branches, which enlarges the three-phonon
scattering phase space for acoustic and optical phonons, sug-
gesting that the three- and four-phonon resonances are equally
important in the frequency region. When temperature reaches
700 K, we find that for both C¢BN and C,BN monolayers,
the four-phonon scattering rates are nearly overlapped with
and even larger than the three-phonon scattering rates, as de-
picted in Figs. 6(b) and 6(d). This is because the three-phonon
scattering exhibits a positive correlation with 7', whereas the
four-phonon counterparts roughly follow the scaling relation
T? [26]. The aforementioned findings underscore the im-
portance of four-phonon scattering in the determination of
thermal conductivity for planar 2D materials. To gain more
details about the four-phonon scattering processes, we plot
the available scattering channels (namely, splitting, redistri-
bution, and combination processes) for the C¢BN monolayer
in Fig. 7(a). From the perspective of energy conservation
during the four-phonon scattering, the combination processes
primarily involve low-frequency phonons, whereas the split-
ting processes are primarily relevant for phonons with high
energies [76]. It is important to note that the scattering rates
of the recombination process, which could more easily satisfy
energy conservation due to the existence of quasiparallel ZA
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FIG. 7. (a) The contribution to four-phonon scattering rates from
all allowed scattering channels at 300 K. Here, the inserted schematic
diagram showing the four-phonon recombination process facili-
tated by the parallel ZA and QZA branches. In comparison, the
three-phonon scattering process is restricted by the conservation of
momentum and energy. (b) The in-plane and out-of-plane vDOS of
the C¢BN monolayer at 300 K. (c) Temperature-dependent phonon
dispersion of the C¢BN monolayer. (d) Comparison of the calculated
scattering rates from the BTE method including three-phonon and
four-phonon interactions and from (MD) simulations at 300 K.

and QZA branches [see the schematic diagram in Fig. 7(a)],
are greater than those of the recombination and splitting pro-
cesses. As a result, the recombination process dominates both
the scattering phase space and the scattering rates [78,79].
Furthermore, the phonon vibrational density of state (vDOS)
of the C¢BN monolayer along the in-plane (x and y axis)
and out-of-plane (z axis) directions is examined based on ab
initio molecular dynamics simulations. As shown in Fig. 7(b),
the in-plane and out-of-plane vDOS have obvious differences
across the entire frequency range. Specifically, in the low-
frequency region, the population of out-of-plane vibrational
modes is significantly higher compared to in-plane modes,
and the scattering rate of four-phonon processes involving
out-of-plane modes is considerably larger than that of other
processes. Simultaneously, there is a large bandgap (~4 THz)
between the ZO1 and ZO2 branches, suggesting that ZO2 and
other high-lying ZO branches are far from the QZA branch.
That is, there is a reduced number of scattering channels
involving QZA and high-lying ZO phonons, leading to an
unusually high contribution of QZA phonons (see Fig. 5(c)).

D. Effect of phonon renormalization on phonon properties

Several recent studies have highlighted the phenomenon of
temperature-induced phonon renormalization, which can lead
to an upward correction in certain materials. This effect is
particularly pronounced in materials with strong anharmonic-
ity, such as Tl3VSey4 [80], or in materials with imaginary
harmonic phonons, such as Na,TISb [81]. Typically, the
renormalized phonons induce a significant decrease in the

obtained phonon scattering rates. Here, we expect this effect
to have little impact on our results, because the h—C,B,N,
monolayer normally possesses high «. To verify this hypoth-
esis, the temperature-dependent force constants obtained by
equilibrium molecular dynamics (MD) simulations (consid-
ering the effects of volumetric expansion together with the
temperature-induced renormalization for the intrinsic phonon-
phonon interaction) based on the moment tensor potentials
(MTPs) [82] are used to extract the renormalized phonon
dispersions at different temperatures. The accuracy of the
MTPs potential for the C¢BN monolayer has been con-
firmed in a previous study [16]. As shown in Fig. 7(c),
there is an apparent overlap between the LA/TA branch
and the flat ZO branches in the medium-frequency region.
Although the optical phonons do not make a direct contri-
bution to «, they can play a significant role in facilitating
three-phonon scattering of the acoustic phonons responsible
for heat transport (see Fig. 6). More importantly, the overall
phonon spectrum exhibits minimal variation with tempera-
ture in the low-frequency range (the primary heat carriers).
Meanwhile, the high-frequency modes have relatively strong
negative renormalization (softened phonon) in the C¢BN
monolayer, similar to that in Agl [83]. This can be explained
in that the thermal expansion coefficient of graphene is known
to be a negative value [84]. Hence, we believe that the effect of
the temperature-induced phonon renormalization has a little
effect on the calculated «. Finally, the obtained BTE results
have been validated by phonon spectral energy density (SED)
analysis on the basis of MD simulations which include all
high-order phonon interactions.
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Where C, , is the peak magnitude, w is the frequency at the
peak center, and Fq,v is the half width at half maximum. The
phonon lifetime is defined as 2I', ,,. As shown in Fig. 7(d), for
the C¢BN monolayer, the scattering rates of low-frequency
phonons obtained from the two methods coincide with each
other, while those of high-frequency optical modes are found
to be larger from MD simulations. This discrepancy might
slightly affect the validity of our calculated three- and four-
phonon scattering rates since the high-lying optical phonons
have less contribution to « in the C¢BN monolayer. Here,
the distinct differences seen between the high-lying optical
phonon scattering rates calculated using the BTE and MD
methods are probably associated with the different phonon
statistics [85] and the deviations from Matthiessen’s rule
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owing to interference effects between different scattering
events [86]. Under the BTE framework, it is easy to distin-
guish phonon scattering contributions from different orders of
the anharmonicity which are assumed to be much smaller than
the harmonic phonon eigenfrequency.

IV. CONCLUSIONS

In summary, by combining first-principles calculations
with the BTE, we have studied the phonon interaction and
thermal conductivity in C¢BN and C,BN monolayers. The
calculated results reveal that C¢BN and C,BN present high
lattice thermal conductivities of 416.2 and 375.4 W m™' K™
at room temperature, respectively, which are substantially
reduced compared to those involving only three-phonon
scattering. It is found that four-phonon scattering can be
more important than three-phonon scattering as it diminishes
the contribution to ¥ from ZA phonons by breaking cer-
tain selection rules. Moreover, the C¢BN monolayer exhibits
the unusual behavior that optical phonons contribute ~60%
to « under the four-phonon picture, which differs from the
traditional case where acoustic phonons dominate thermal

conductivity. The unusual phonon transport property of the
C¢BN monolayer can be ascribed to the fact that the QZA
branch possesses harmonic (high group velocity and large
vDOS) and anharmonic (low scattering rates) properties,
which are analogous to those found in acoustic phonons. Fur-
thermore, the phonon-level systematic analysis is also carried
out to understand the mechanism of the unexpected large
contributions from optical phonons to thermal transport in the
CsBN monolayer. This finding not only highlights insight into
the nature of phonon transport, but also provides a promising
strategy for manipulation of heat transport based on optical
phonon modes.
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