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Theoretical studies on the strong phonon
coherence in the type-5 penta-PbN8 sheet†

Asghar Hussain, Chenxin Zhang, Peng-Hu Du, Qiang Sun * and
Qian Wang *

Inspired by the recent prediction of the stable penta-PbN8 sheet, which realizes the mathematical

model known as the type-5 pentagonal tiling pattern from the perspective of materials, we have

explored its lattice thermal transport properties. Using first-principles calculations combined with the

unified theory of thermal transport, we found that penta-PbN8 possesses a low lattice thermal

conductivity at room temperature with the value of 4.61 (5.23) W m�1 K�1 along the x(y)-direction and a

dominant contribution of 3.32 (3.84) W m�1 K�1 from the corresponding phonon coherence. Based on a

detailed study of the phonon dispersion, phonon–phonon scattering, and phonon coherence, we further

demonstrated that the intrinsic strong anharmonicity caused by the unique atomic configuration with a

buckled geometry and the large atomic mass differences in this type-5 penta-sheet significantly

enhance the phonon scattering rate and phonon coherent lifetime, leading to low lattice thermal

conductivity with a high proportion contributed by phonon coherence. Our study demonstrates that the

diverse patterns in the penta-sheet family lead to rich features in phonon transport.

1. Introduction

Penta-graphene1,2 provides a novel structural model for the design
and synthesis of pentagon-based two-dimensional (2D) materials
going beyond the conventional ones, based on which more than
170 new pentagonal sheets have been theoretically identified.3

Several of these compounds, such as penta-PdSe2,4,5 penta-PdS2,6

and penta-NiN2,7 have been synthesized following their theoretical
predictions.8,9 These 2D materials exhibit fascinating characteristics
and hold potential for various applications, including auxetics,1,10

nonlinear optics,11,12 piezoelectricity,13–15 thermal transport,16–18

thermoelectricity,19,20 photodetectors,21 photodiodes,22 and gas
sensors.23 However, almost all these pentagon-based 2D struc-
tures belong to the type-2, type-4 or type-1 pentagonal tiling
pattern.3 For instance, penta-graphene,1 penta-GeP2,24 penta-
ZnS2,11 and the synthesized penta-NiN2 sheet7 exhibit the
type-4 pentagonal tiling pattern, whereas the synthesized
penta-PdSe2

4,5 and penta-PdS2
6 sheets show the type-2 pentago-

nal tiling pattern. The penta-SrP2 sheet previously reported by us
is the first pentagonal material with the type-1 tiling.25 Despite
these advances, there exist a total of 15 mathematically known
pentagonal tiling patterns,3 each capable of tiling the Euclidean
plane with only identical copies of irregular pentagons, leaving

no gaps and overlaps. This opens up the possibility for designing
and synthesizing 2D structures using tiling patterns other than
the type-1, type-2, and type-4 patterns, thereby enriching the
family of 2D materials. Recently, the first material realization of
the type-5 mathematical model in 2D lattices was reported,26

where penta-MN8 (M = Mg, Ca, Sr, Ba; Sn, Pb; Cd; Mo, W) sheets
with the type-5 pentagonal tiling pattern have been proposed by
assembling the newly synthesized N18 macrocycles with the
metal or transition metal atoms, and Hückel aromaticity and
18-electron rules can be applied for understanding the stable
pentagonal metal polynitrides.26

Although these reported penta-sheets have different geo-
metric structures and tiling patterns, they share common
features, namely, the unique geometries with pentagons as
their building units result in large intrinsic stress and low
symmetry, which can induce strong anharmonicity and phonon–
phonon interactions, making the study on the lattice thermal
transport particularly interesting, as is the case with the reported
type-2 and type-4 pentagonal systems.3 For instance, the lattice
thermal conductivity of the type-4 sheet, penta-NiN2, was found
to be 11.67 W m�1 K�1 at room temperature when including the
four-phonon scattering, which is reduced by 89.32% as com-
pared to the value obtained by only considering the three-
phonon scattering process.16 The lattice thermal conductivity
of the penta-PdSe2 sheet with the type-2 pentagonal tiling is 3.60
and 6.40 W m�1 K�1 in the x and y directions, respectively,27

exhibiting strong anisotropy. These penta-sheets with type-2 or
type-4 tiling patterns3 have the following features: (1) mixed
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three-fold and four-fold coordination; (2) typically in a square
lattice. However, the type-5 penta-MN8 sheet contains both three-
fold and six-fold coordination. Because of the high coordination
with buckling, the central atom M in the N18 ring is more
susceptible to thermal disturbances at finite temperatures.
Moreover, in the penta-MN8 family, penta-PbN8 is of special
interest: it has the largest mass difference in the series of Mg, Ca,
Sr, Ba, Sn, Cd Mo, W and Pb with N, making the penta-PbN8

sheet in a sinusoidal-like undulating configuration,26 which
would significantly affect the phonon transport and thermal
conductivity. However, despite the extensive studies on the
lattice thermal properties of type-2 and type-4 penta-sheets, no
investigations have been conducted on the lattice thermal
transport properties of the newly proposed type-5 penta-sheets.
This work bridges the gap by studying the thermal conductivity
of penta-PbN8 using the unified theory of thermal transport.28

We demonstrate that phonon coherence, a key factor influencing
the thermal transport properties, plays a significant role in
determining the thermal conductivity of penta-PbN8. The results
show that penta-PbN8 exhibits enhanced thermal conductivity
and phonon coherence, highlighting its potential for applica-
tions that require efficient thermal management.

2. Computational methods

First-principles calculations have been carried out within the
density functional theory (DFT) framework implemented in
the Vienna ab initio simulation package (VASP) package.29

The projector-augmented wave (PAW) method is employed to treat
the interactions between ion cores and valence electrons.30,31 The
exchange–correlation interaction between electrons is described
with the Perdew–Burke–Ernzerhof (PBE) functional,32 for geometry
optimization. The kinetic energy cut-off is set as 700 eV for the
wave function. For geometrical optimization, the Brillouin zone is
sampled with a 9 � 9 � 1 Gamma-centered k-point mesh. The
convergence criterion values for force and energy are 10�8 eV and
10�6 eV Å�1, respectively. To prevent interactions with the periodic
images of the penta-PbN8 sheet, a 17.25 Å vacuum space is
included perpendicular to the sheet.

According to the unified theory of thermal transport,28,33–35

the total lattice thermal conductivity kL is the sum of the thermal
conductivity kP

L and kC
L contributed by phonon scattering

(particle-like) and phonon coherence, respectively:

kL = kP
L + kC

L. (1)

kP
L can be obtained from the Boltzmann transport equation

(BTE),36 within the framework of three-phonon and four-
phonon scattering, as follows:

kLP;ab ¼

1

kBT2ON

X
q

X
i

�NðqÞið �NðqÞi þ 1Þð�hoðqÞiÞ2VaðqÞiVbðqÞitðqÞi:

(2)

where a and b denote the Cartesian coordinates, and kB, T, O, N,
and h� represent the Boltzmann constant, absolute temperature,

volume of the unit cell, number of discrete q points in the
Brillouin zone, and the reduced Planck constant, respectively.
Additionally, o(q)i and %N(q)i represent the angular frequencies
and the equilibrium Bose–Einstein distribution, respectively,
indexed by wave vector q and branch i. t(q)i is the phonon
lifetime. The calculation for kP

L is conducted with the ShengBTE
package,37 where the harmonic (second order) and anharmonic
(third and fourth order) interatomic force constants (IFCs) are
provided as inputs for the calculations of thermal conductivity.
For the penta-PbN8 sheet, its phonon dispersion spectrum is
obtained from PHONOPY,38 using the finite displacement
method with a 3 � 2 � 1 supercell and a 3 � 3 � 1 k-point
mesh. The structures required for calculating third and fourth-
order IFCs are generated using the Monte-Carlo random dis-
placement method coded in the HIPHIVE package.39 The cut-
off distance for the second-order IFCs is set to 8.17 Å, while for
the third and fourth-order IFCs, cut-off distances of 5.00 and
4.00 Å are applied, respectively. The thickness of the penta-
PbN8 sheet is maintained at 4.26 Å during the calculations of
lattice thermal conductivity, which is determined by consider-
ing the buckling of this sheet and the van der Waals radius.40,41

The q-mesh used for convergent ShengBTE calculations is set
as 51 � 25 � 1 and 9 � 5 � 1 for the third- and fourth-order
calculations, as shown in Fig. S1 in the ESI.† Additionally,
detailed convergence tests for the fitting of interatomic force
constants are shown in Fig. S2 in the ESI.†

On the other hand, the phonon coherence (kC
L) is calculated

based on the phonon coherence equation.35,42

kLC;ab ¼
�h2

kBT2ON

X
q

X
iaj

oðqÞi þ oðqÞj
2

VaðqÞijVbðqÞji

�
oðqÞi �NðqÞi �NðqÞi þ 1

� �
þ oðqÞj �NðqÞj �NðqÞj þ 1

� �

4 oðqÞi � oðqÞj
� �2

þ GðqÞi þ GðqÞj
� �2

� GðqÞi þ GðqÞj
� �

;

(3)

where G(q)i = 1/t(q)i is the phonon linewidth (scattering rate) of
each phonon mode. o(q)i is given by the second-order IFCs,
and the phonon scattering rates G(q)i are obtained by including
the three-phonon (t3

�1) and four-phonon scattering rates
(t4
�1): G(q)i = t3

�1 + t4
�1. In addition, V(q)ij and t(q)ij denote

the off-diagonal velocity matrix and the lifetime matrix, respec-
tively, which can be derived using the following equations:

VðqÞij ¼
1

oðqÞi þ oðqÞj
eðqÞi

@DðqÞ
@q

����
���� eðqÞj

� �
; (4)

tðqÞij ¼
2 GðqÞi þ GðqÞj
� �

4 oðqÞi � oðqÞj
� �2

þ GðqÞi þ GðqÞj
� �2: (5)

where e(q)i is the eigenvector of the phonon mode i, and D(q) is
the dynamical matrix of the crystal with an eigenvalue of o2(q)i.
The calculation for kC

L is performed using our in-house code.
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3. Results and discussion
3.1 Geometric structure and stability

Fig. 1a shows the top and side views of the fully optimized penta-
PbN8 sheet with a buckling of 0.86 Å and lattice parameters of a =
5.95 Å and b = 11.88 Å. This structure possesses P2/C symmetry
(no. 13 space group). Its unit cell contains 18 atoms with 16 N and
2 Pb atoms, occupying five non-equivalent Wyckoff positions,
namely, 4g1 (0.482, 0.374, 0.502), 4g2 (0.562, 0.089, 0.495), 4g3

(0.705, 0.535, 0.492), 4g4 (0.583, 0.333, 0.496), and 2e (0.250,
�0.000, 0.520). The Pb–N and N–N bond lengths are measured
to be 2.36 Å and 1.31 Å, respectively. Our computational results
are consistent with the previous study.26 To check the thermo-
dynamic stability of penta-PbN8, we calculated its formation
enthalpy DH and compared it with those of other PbxN1�x systems
based on the equation DH = H(PbxN1�x) � xH(Pb) � (1 � x)H(N),
here H(PbxN1�x), xH(Pb), and H(N) are the enthalpies of the
PbxN1�x systems, Pb and N on the per-atom basis, respectively.
The calculated convex-hull diagram is plotted in Fig. S3 (ESI†). DH
of penta-PbN8 is calculated to be 29 meV per atom, which is
61 meV per atom lower than that of the synthesized bulk PbN6,43

indicating that penta-PbN8 is metastable but realizable under
appropriate synthesis conditions.

Next, to examine the dynamical stability of the penta-PbN8

sheet, we calculated its phonon spectrum. As presented in Fig. 1b,
there are no imaginary phonon modes across the first Brillouin
zone, confirming its dynamical stability. For comparison, the
phonon band structure obtained from the HiPhive is also plotted
using the dashed blue lines, which coincides well with the result
from Phonopy, indicating the reliability of IFC fitting. According
to the phonon density of states (PhDOS), Pb vibrations predomi-
nantly contribute to the acoustic phonon and low-frequency
optical modes. In contrast, the high-frequency optical phonon
modes mainly originate from both Pb and N vibrations. This
mismatch is attributed to the mass difference between Pb and N
atoms, which contributes to significant mass disorder scattering,
further shortening the phonon lifetimes.44 The highest frequency
of the acoustic phonon remains relatively low (o3 THz). The low-
frequency acoustic modes are enlarged in the inset of Fig. 1b, and
the three acoustic phonon branches are highlighted in the red
color, including the out-of-plane transverse acoustic (ZA), in-plane
transverse acoustic (TA), and in-plane longitudinal acoustic (LA)

branches along the high symmetric paths. The LA and TA
branches remain linear when the wave vector q is near the G
point. In contrast, the out-of-plane acoustic (ZA) branch displays
parabolic dispersion, characteristic of a monolayer 2D material, as
illustrated for low-buckled penta-graphene.1 Furthermore, a sig-
nificant overlap exists between the acoustic and low-frequency
optical branches. Due to the overlap, the acoustic phonons, which
dominate heat transport, would be strongly scattered by the low-
frequency optical phonons.

In addition, we performed ab initio molecular dynamics
(AIMD) simulations from 300 K to 700 K for 10 ps with a time
step of 1 fs to confirm the thermal stability of the penta-PbN8

sheet using a 3 � 2 � 1 supercell. The total potential energies
fluctuate around constant values, as plotted in Fig. 1c, con-
firming that the penta-PbN8 sheet is thermally stable at high
temperatures up to 700 K. To study the mechanical stability
properties of the penta-PbN8 sheet, we calculated the stiffness
tensor components, Cij (i, j = 1, 2, 6) using the finite distortion
method,45 The independent elastic constants are C11 = 79.48, C22 =
34.91, C66 = 0.27, C12 = 70.05, C16 = 0.29, and C26 = 0.24 N m�1,
which satisfy the Born–Huang criteria for a monoclinic 2D
material.46 Therefore, the penta-PbN8 sheet is mechanically stable.
Additional information about the calculation of stiffness tensor
components can be found in the ESI.†

3.2 Lattice thermal conductivity from phonon scattering

To study the lattice thermal transport properties of the penta-
PbN8 sheet, we calculated its lattice thermal conductivity kL

within the unified theory of thermal transport28,35 by including
the contributions from both phonon scattering and phonon
coherence. kL shows an increasing trend with temperature as
shown in Fig. 2a, which is similar to the trend observed in
previously reported studies on Ag8SnS6

47 and bilayer twisted
penta-NiN2.18 kL is found to be 4.61 W m�1 K�1 along the
x-direction and 5.23 W m�1 K�1 along the y-direction at 300 K.
These values are quite low compared to those of some other
penta-sheets, as listed in Table 1. For instance, the lattice
thermal conductivities of the type-2 sheets, penta-SiC2 and
penta-SiN2, are 101 and 185 W m�1 K�1, respectively.48

Moreover, the lattice thermal conductivity of penta-PbN8 is
anisotropic, which can be understood from the different group

Fig. 1 (a) Top and side views of the optimized crystal structure, (b) phonon spectra, and (c) potential energy fluctuation during the AIMD simulations at
300, 500, and 700 K of the penta-PbN8 sheet.

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 0
3 

M
ar

ch
 2

02
5.

 D
ow

nl
oa

de
d 

by
 P

ek
in

g 
U

ni
ve

rs
ity

 o
n 

3/
18

/2
02

5 
2:

11
:3

8 
A

M
. 

View Article Online

https://doi.org/10.1039/d4tc03980g


J. Mater. Chem. C This journal is © The Royal Society of Chemistry 2025

velocities in the x and y directions as indicated in Fig. S4 in the
ESI.† Fig. S5 (ESI†) shows the Grüneisen parameter as a
function of frequency within the first Brillouin zone of penta-
PbN8. The mode Grüneisen parameter (g) can be used to
measure the strength of the scattering rates and qualitatively
characterize the anharmonicity of lattice vibrations. A larger |g|
implies a stronger anharmonicity and a lower lattice thermal
conductivity. We calculated g by using g = (A/ol)(qol/qA), where A
is the volume of the cell and ol is the angular frequency. Large
|g| is found in penta-PbN8, showing strong anharmonicity. The
significant mass difference between Pb and N atoms, together
with the large atomic mass of Pb, may result in stronger lattice
anharmonicity, which leads to enhanced phonon scattering,
particularly at higher temperatures, and further facilitates pho-
non coherence, contributing to thermal conductivity behavior.

We then analyzed the lattice thermal conductivity contrib-
uted by phonon scattering (kP

L) and phonon coherence. Fig. 2b

and c show the coexistence of kP
L and kC

L, showing that the
dominant transport mechanism depends on temperature.
While kP

L significantly decreases with increasing temperature,
kC

L shows an opposite trend. As shown in Fig. 2b, at 300 K, kP
L is

1.29 W m�1 K�1 along the x-direction and 1.39 W m�1 K�1 in
the y-direction, which decreases with temperature due to the
increased scattering rates.

We further studied the high-order phonon scattering pro-
cesses and the phonon group velocities to understand the
origin of the low contribution of particle-like phonon scattering
to lattice thermal conductivity. The intrinsic three- and four-
phonon scattering rates at 300 K are plotted in Fig. 3a, the blue
points for three-phonon scattering only, while red points for
including both three- and four-phonon scattering, resulting in
higher scattering rates, especially in the mid-to-high frequency
range (above B20 THz) indicating the increased anharmonic
interactions. When only three-phonon scattering is considered,
the rates are noticeably lower, reflecting fewer anharmonic inter-
actions and longer phonon lifetimes, which leads to enhanced
propagation contributions to thermal transport and weaker pho-
non coherence. In contrast, the inclusion of four-phonon scattering
further limits phonon lifetimes and reduces thermal transport
efficiency. We further investigate the effect of different scattering
mechanisms on the lattice thermal conductivity by comparing their
results for three-phonon scattering. As shown in Fig. S6 (ESI†), the
lattice thermal conductivity obtained from three-phonon scattering

Fig. 2 (a) Total lattice thermal conductivity (kL), (b) particle-like contribution (kP
L), and (c) phonon coherence contribution (kC

L ) of the penta-PbN8 sheet.

Table 1 Comparison of the lattice thermal conductivity kL (W m�1 K�1) of
penta-PbN8 with that of some other pentagonal sheets

Tiling type kL = kP
L + kC

L Ref.

Type-5: penta-PbN8 4.61 (5.23) This work
Type-2: penta-PtPSe 9.00 49
Type-2: penta-PdPTe 23.00 50

Fig. 3 (a) Phonon scattering rates of three- and four-phonon contributions, and (b) group velocity with frequency.
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alone is higher than that obtained from including both three-
and four-phonon scattering. As shown in Fig. 2a, incorporating
both three- and four-phonon scattering significantly reduces
the thermal conductivity. When only three-phonon scattering is
considered, the lower phonon scattering rate restricts phonon
coherence, resulting in lower coherent thermal conductivity.
In contrast, when both three- and four-phonon scattering are
considered, the enhanced scattering improves phonon coher-
ence, as shown in Fig. 2c, leading to more efficient coherent
thermal transport, particularly at higher temperatures. In addi-
tion, as shown in Fig. 3b, penta-PbN8 exhibits low phonon
group velocities with a maximum velocity of only 10.80 km s�1,
much less than that of penta-graphene (17.17 km s�1).51 These
results suggest that the relatively large size of Pb weakens the
Pb–N bond as compared to the C–C and C–N bonds, which
leads to low group velocity and high scattering rates, resulting
in ultralow kP

L.

3.3 Lattice thermal conductivity from phonon coherence

To study the phonon coherence contribution to kL in penta-PbN8,
we calculated kC

L at different temperatures based on the phonon
coherence equation42 coded by ourselves. Fig. 2c shows kC

L at
different temperatures. The strong intrinsic phonon coherence
leads to a large kC

L value of 3.32 W m�1 K�1 in the x-direction
and 3.84 W m�1 K�1 in the y-direction at 300 K, making kC

L

dominate the total lattice thermal conductivity. The intrinsic
phonon coherence is particularly strong in penta-PbN8, which
results in a notable temperature dependence in the lattice thermal
conductivity. As depicted in Fig. 2c, kC

L shows a clear increase with
temperature, similar to the situation observed previously in systems
like bilayer penta-NiN2 with dominant phonon coherence.18 As
temperature increases, phonon coherence can enhance thermal

conductivity by reducing phonon scattering, leading to a sharp
increase in the phonon coherence. This effect is particularly notice-
able for phonon modes with small frequency intervals, where the
dephasing rate is reduced, and coherence time is prolonged and
coherence is enhanced. The substantial difference between the
x- and y-directions suggests the directional dependence of phonon
coherence, which is influenced by the anisotropic nature of the
material’s phonon modes. Additionally, as shown in Fig. 1b, there
is a high degree of overlap between the acoustic and optical
branches, particularly in the frequency range below 4 THz.
This results in a very narrow average frequency interval between
phonons, which significantly influences phonon scattering pro-
cesses. Due to the strong intrinsic anharmonicity and the reduced
frequency intervals, the phonons in penta-PbN8 experience less
scattering and thus maintain phase coherence over longer dis-
tances. This enhanced phonon coherence across the entire tem-
perature range substantially contributes to the material’s overall
thermal conductivity. Additionally, the phonon mean free path of
penta-PbN8 at 300 K is considerably low, as shown in Fig. S7 (ESI†).
The mean free paths of many phonon modes are even shorter than
the average bond length. To better illustrate the contributions to
the lattice thermal conductivity, we present the relationship
between the phonon lifetimes and the Ioffe–Regel limit (1/o).
Several phonon modes in penta-PbN8 fall below the Ioffe–Regel
limit, indicating that these modes contribute significantly to
phonon coherence.

To determine the precise contributions of coherent phonon
modes across various frequency ranges, we analyse the two-mode-
dependent contributions to the coherence thermal conductivity
kC

L of the penta-PbN8 sheet. Fig. 4a–d illustrate the involvement of
degenerate and non-degenerate eigenstates across different
temperature ranges, showing that the contributions from the

Fig. 4 (a)–(d) Two-mode-dependent contributions to kC
L versus the coupling phonon frequencies o1 and o2 at temperatures from 200 to 500 K,

respectively, in the penta-PbN8 sheet.
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non-degenerate modes (o1 a o2) are dominant, while the degen-
erate modes (o1 = o2) seldom contribute to kP

L, as marked by the
red dashed lines in Fig. 4a–d. The eigenstates with non-
degenerate energy levels exhibit sufficient scattering rates, leading
to the dominance in kC

L. It is worth mentioning that phonons
coupled with frequencies below 14.50 THz significantly contribute
to the overall coherent thermal transport at 300 K, while the
coherent contributions in the high-frequency range show a mono-
tonic temperature dependence and become dominant at 500 K.
According to eqn (5), the lifetimes of the coherent phonon
modes are determined by the scattering rates and frequency
intervals. The scattering rates increase rapidly with temperature,
as shown in Fig. S8 in the ESI,† which would result in contribu-
tions from the high optical modes coupled with the low-
frequency phonons to exhibit dominance at high temperatures,
leading to the monotonic changes with temperature in the
coherent thermal transport. To illustrate the mechanism of this
temperature dependence of kC

L, we then discussed the coherent
lifetime tij at different temperatures.

3.4 Coherent lifetime and the frequency interval of coherent
phonon modes

To present the significant impact of generalized coherent life-
time (tij) on the coherent lattice thermal conductivity, we
depicted the distribution of tij in the coherent lifetime space
in Fig. 5a and b. At both 300 and 500 K, tij is higher in the
region with low-frequency intervals (Do = 0 to 40 rad ps�1),
which suggests that the long lifetime of coherent phonon
modes with smaller Do is crucial for coherent thermal con-
ductivity. This alignment is influenced by the small Do values
(close to 0 rad ps�1) in this sheet, which are associated with
low-frequency phonons that tend to maintain coherence for
longer periods. Meanwhile, tij of the coherent modes with lower
Do decreases with increasing temperature, which leads to the
decrease in the contributions from low-frequency modes. In
Fig. 5a, the distribution of tij at 300 K shows higher values of tij

(up to 0.6 ps) that are less concentrated around the extremum
values marked by the yellow dashed line, especially in the
region with large Do. This more extensive distribution implies
that different phonon states, both degenerate and non-
degenerate, contribute significantly to the coherent thermal

conductivity at lower temperature. Conversely, in Fig. 5b, tij at
500 K is more concentrated around the extremum, displaying
higher absolute values. This comparison highlights that higher
temperature can enhance the phonon scattering, particularly
for coupling phonons with higher Do resulting in larger
coherent lifetimes, thus enhancing kC

L. The overall enhance-
ment in tij increases the contribution of coherent phonons to
thermal conductivity as shown in Fig. S9 (ESI†).

4. Conclusions

In summary, our study focuses on the thermal transport
properties of the penta-PbN8 sheet that has the largest atomic
mass difference in the recently reported type-5 pentagonal
tiling pattern family. It is due to the large atomic mass
difference and the unique geometric structure that penta-
PbN8 possesses strong anharmonicity. This not only enhances
the 3-phonon and 4-phonon scattering to suppress the particle-
like contributions, resulting in the low kP

L values of 1.29 W m�1 K�1

in the x-direction and 1.39 W m�1 K�1 in the y-direction but
also significantly boosts the phonon coherence with the long
coherent lifetime, leading to the much larger kC

L value of
3.32 (3.84) W m�1 K�1 in the x(y)-direction at 300 K. The total
lattice thermal conductivity of penta-PbN8 is found to be 4.61
(5.23) W m�1 K�1 in the x(y)-direction, which is indeed very low
as compared to that of other penta-sheets. Our work clearly
demonstrates a principle in the design of materials with low
lattice thermal conductivity, namely, reducing the atomic mass
differences between constituent atoms to suppress the phonon
coherence.

Data availability

Data generated or analyzed during this study are available from
the corresponding author upon reasonable request.

Conflicts of interest

The authors declare no conflict of interest.

Fig. 5 (a) and (b) Generalized coherent lifetime tij distribution at 300 and 500 K. The dashed yellow lines represent the extremum value of tij at the same Do.
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