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High-order phonon scattering and phonon coherence in 2D puckered penta-PdPSe sheet
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Motivated by the experimental synthesis of the first ternary penta-PdPSe sheet [P. Li, et al., Adv. Mater. 33,
2102541 (2021)], we investigate its high-order phonon scattering and phonon coherence, along with their impact
on the lattice thermal conductivity using first-principles calculations combined with the unified theory of thermal
transport. The penta-PdPSe sheet is semiconducting with an indirect band gap of 1.94 eV at the HSE06 level. Our
calculated results reveal that four-phonon scattering plays an important role in suppressing the lattice thermal
conductivity. When four-phonon scattering is considered, the particle-like thermal conductivity κP

L at 300 K is
reduced by 54.70% along the x-direction and 59.05% along the y-direction. This reduction is primarily due to the
strong scattering of acoustic phonons, which contributes approximately 88.50% to the particle-like lattice thermal
transport. The phonon lifetime of acoustic modes of phonon is greater than the Wigner limit in time, resulting in
a small contribution from phonon coherent transport. The total lattice thermal conductivity, incorporating both
phonon scattering and coherence effects, exhibits anisotropic values of 6.20 W m−1 K−1 along the x-direction
and 7.68 W m−1 K−1 along the y-direction at 300 K. The low lattice thermal conductivity arises from the large
mass contrast between Pd and P/Se atoms, weak interatomic bonding, and puckered pentagonal geometry, which
collectively enhance anharmonicity and phonon scattering. Our work provides new insights into the low lattice
thermal transport properties of the first synthesized ternary penta-sheet.

DOI: 10.1103/jdd4-v9xb

I. INTRODUCTION

Pentagons, as distinctive geometric structural units, have
revolutionized the design of advanced materials. Since the
prediction of penta-graphene in 2015 [1], the field of pentag-
onal materials has grown rapidly, with nearly 200 pentagon-
based structures proposed over the past decade [2,3], which
have evolved from elemental atoms as structural building
blocks to complex molecules and clusters. These materials
exhibit unique mechanical, electronic, and optical proper-
ties that fundamentally differ from those of conventional
hexagon-based systems. These distinctive characteristics are
also reflected in their thermal transport behavior. Specif-
ically, the lack of high rotational and mirror symmetries
in pentagonal lattices relaxes the selection rules governing
three- and four-phonon scattering processes, thus enlarging
the momentum- and energy-conserving phase space. The en-
hancement of Umklapp scattering rates typically leads to a
pronounced suppression of lattice thermal conductivity. For
instance, the lattice thermal conductivity of penta-NiN2 was
reported to be 11.67 W m−1 K−1 at room temperature, but
after considering four-phonon (4-ph) scattering, its value is re-
duced by 89.32% compared to considering only three-phonon
(3-ph) processes [4], demonstrating the critical role of 4-ph
interactions. Conversely, phonon coherence has been identi-
fied as the main controlling mechanism for the lattice thermal
conductivity of pentagonal PbN8 sheets [5]. Furthermore,
penta-sheets feature anisotropic bonding and structural puck-
ering, which split acoustic branches, mix acoustic and optical

*Contact author: qianwang2@pku.edu.cn

characteristics, and induce mode anisotropy and avoided
crossings, thus resulting in strongly direction-dependent lat-
tice thermal conductivity.

Theoretical progress has strongly stimulated the experi-
mental synthesis of pentagonal materials. Beyond previously
synthesized binary penta-sheets such as penta-PdSe2 [6],
penta-NiN2 [7], and penta-PdTe2 [8], the first ternary pen-
tagonal sheet, penta-PdPSe, was successfully realized via me-
chanical exfoliation [9]. Compared with its binary counterpart
penta-PdSe2, the ternary penta-PdPSe exhibits several unique
features. Structurally, PdPSe comprises three atomic species
(Pd, P, and Se) arranged in a puckered, non-centrosymmetric
framework, where each Pd atom is coordinated to two Se
and two P atoms forming a [Se − P − P − Se]4− polyanionic
motif. This configuration breaks both mirror and inversion
symmetries, thereby relaxing phonon selection rules and in-
troducing substantial bond length and bond angle variations
that enhance anharmonicity and phonon coupling. In addi-
tion, the ternary composition introduces pronounced atomic
mass and bonding contrast (Pd > Se > P), which would
broaden the phonon spectrum, promote overlapping acoustic
and optical modes, and intensify 4-ph Umklapp scatter-
ing. Moreover, the mixed-anion environment can produce
quasi-degenerate and hybridized phonon branches, fostering
coherent phonon transport. In this regime, heat may propagate
partly through phase-preserving wave-like phonons rather
than completely random phonon scattering, giving rise to
an enhanced coherence-driven contribution to lattice thermal
conductivity.

Altogether, penta-PdPSe offers a low-symmetry, multi-
atomic-mass, and strongly anharmonic lattice environment
that provides an ideal platform for uncovering the interplay
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between high-order phonon scattering and phonon coherence
in complex pentagonal systems—an area that has remained
largely unexplored to date. In this work, we conduct a compre-
hensive theoretical investigation to elucidate how high-order
phonon scattering and phonon coherence affect the lattice
thermal conductivity of penta-PdPSe, thereby addressing as-
pects of its thermal-transport behavior that have not been
examined in previous studies [10].

II. METHODS

First-principles calculations are performed within the
framework of density functional theory (DFT) by using
the projector-augmented wave method (PAW) implemented
in the Vienna ab initio simulation package (VASP) [11].
The exchange-correlation functional is treated by using the
Perdew-Burke-Ernzerhof functional (PBE) [12], while the
Heyd-Scuseria-Ernzerhof (HSE06) [13] functional is used for
more accurate bandgap calculations. A kinetic energy cut-
off of 600 eV is applied for the plane-wave basis set. The
Brillouin zone is sampled using a 9 × 9 × 1 Gamma-centered
k-point mesh for geometry optimization. Convergence criteria
for energy and forces are set to 10−8 eV and 10−6 eV/Å,
respectively. To avoid interactions between periodic images of
the penta-PdPSe sheet, a vacuum space of 20 Å is introduced
perpendicular to the sheet.

The total lattice thermal conductivity κL is calculated by
using the unified theory of thermal transport [14–16], which
considers the contributions from both phonon scattering (κP

L )
and phonon coherence (κC

L ):

κL = κP
L + κC

L (1)

The κP
L is obtained by solving the Boltzmann transport

equation (BTE) [17], under the framework of 3- and 4-phonon
scattering:

κ
P,αβ
L = 1

kBT 2�N

∑
q

∑
i
N̄ (q)i(N̄ (q)i + 1)(h̄ω(q)i )

2

× V α (q)iV
β (q)iτ (q)i (2)

where α and β denote the Cartesian coordinates; kB , T , �,
N , and h̄ represent the Boltzmann constant, absolute temper-
ature, unit cell volume, number of discrete q-points in the
Brillouin zone, and the reduced Planck constant, respectively.
The terms ω(q)i, τ (q)i, and N̄ (q)i correspond to the angular
frequencies, phonon lifetime, and equilibrium Bose-Einstein
distribution of the phonon mode indexed by wave vector q and
branch i, respectively. The calculations of κP

L are performed
using the SHENGBTE package [18], with harmonic (second-
order) and anharmonic (third- and fourth-order) interatomic
force constants (IFCs) as inputs. The phonon dispersion is
obtained by using the PHONOPY package [19], with the fi-
nite displacement method, employing a 3 × 3 × 1 supercell
and a 3 × 3 × 1 k-point mesh. Perturbative structures of the
penta-PdPSe sheet for calculating third- and fourth-order IFCs
are generated by using the Monte-Carlo random displacement
method implemented in the HIPHIVE package [20]. The cut-off
distances for the second-, third-, and fourth-order IFCs are set
to 8.00 Å, 5.00 Å, and 4.00 Å, respectively. The thickness
of the penta-PdPSe sheet is set to 7.60 Å, accounting for the

buckling of the sheet and van der Waals radius [21,22]. In
solving the Boltzmann transport equation for phonons, the q-
mesh of 40 × 40 × 1 and 9 × 9 × 1 is used for the third- and
higher-order calculations, respectively (see Fig. S1 of the Sup-
plemental Material for q-mesh used for convergent SHENGBTE

calculations [23]). The phonon coherence contribution (κC
L ) is

calculated by using the phonon coherence equation [24].

κ
C,αβ
L = h̄2

kBT 2�N

∑
q

∑
i �= j

ω(q)i + ω(q) j

2
V α (q)i jV

β (q) ji

× ω(q)iN̄ (q)i(N̄ (q)i + 1)+ω(q) j N̄ (q) j (N̄ (q) j +1)

4(ω(q)i − ω(q) j )
2+(�(q)i+�(q) j )

2

× (�(q)i + �(q) j ) (3)

where �(q)i = 1/τ (q)i represents the phonon linewidth (scat-
tering rate) of each phonon mode. The total phonon scattering
rates (�(q)i) include contributions from 3-ph (τ−1

3 ) and 4-ph
scattering rates (τ−1

4 ):�(q)i = τ−1
3 + τ−1

4 . The off-diagonal
velocity matrix (V (q)i j), the generalized lifetime matrix
(τ (q)i j), and the Bose-Einstein distribution N̄ (q)i are calcu-
lated as follows:

V (q)i j = 1

ω(q)i + ω(q) j
〈e(q)i|

∂D(q)

∂q
|e(q) j〉 (4)

τ (q)i j = 2(�(q)i + �(q) j )

4(ω(q)i − ω(q) j )
2 + (�(q)i + �(q) j )

2 (5)

N̄ (q)i = 1

e
h̄ω(q)i
kBT −1

(6)

In Eq. (4), 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 ω(q)i. The calculations for κC

L are performed
using an in-house code.

III. RESULTS AND DISCUSSIONS

A. Geometric structure, dynamical stability,
and electronic properties

The geometric structure of the penta-PdPSe sheet, depicted
in Fig. 1(a), exhibits a buckling height of 4.24 Å. The lattice
structure consists of a pentagonal primitive unit cell contain-
ing twelve atoms (4-Pd, 4-P, and 4-Se) as highlighted in a red
square. The unit cell adopts an orthorhombic symmetry pos-
sessing a space group of Pbcn (No. 60) with lattice constants
a = 5.86 Å and b = 5.91 Å. Each Pd atom is coordinated in a
planar arrangement shown in a red square, surrounded by two
Se atoms and two phosphorus atoms, forming a pentagonal
pattern in the top view, as shown in Fig. 1(a).

To assess the dynamical stability of the penta-PdPSe sheet,
we first calculate its phonon dispersion spectrum. A structure
is dynamically stable if its phonon dispersion exhibits ex-
clusively positive frequencies throughout the Brillouin zone,
whereas negative frequencies indicate structural instability
due to insufficient restoring forces against atomic displace-
ments. As shown in Fig. 1(b), the absence of imaginary
phonon modes across the entire first Brillouin zone confirms
the dynamical stability of the penta-PdPSe sheet. The phonon
spectrum consists of 36 vibrational modes corresponding to
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FIG. 1. (a) Top and side view of the optimized geometry of the penta-PdPSe sheet. The red rectangle indicates the planar primitive unit
cell. (b) Phonon spectra and PhDOS, (c) Variation of the total potential energy with simulation time in AIMD simulation at 1400 K, and top
and side views of the geometry at the end of the simulation, and (d) band structure and total and partial DOS of the penta-PdPSe sheet.

the 12 atoms in the unit cell, including 33 optical modes and
3 acoustic modes in the low-frequency region. Figure 1(b)
reveals a phonon spectrum that consists of an overlap of in-
plane transverse (TA) and longitudinal (LA) acoustic modes.
LA shows the linear dispersion, while ZA depicts the out-of-
plane flexural mode that exhibits quadratic dispersion in the
long-wavelength limit. The quadratic dispersion of the ZA
leads to a high phonon density of states, which enhances its
contribution to heat transport compared to the LA and TA
modes. The out-of-plane, ZA acoustic mode originates from
the Г point within the high Brillouin zone of the penta-PdPSe
sheet. These ZA acoustic modes are typically the primary heat
carriers and play a crucial role in the lattice thermal transport
properties of the penta-PdPSe sheet. Additionally, a wide gap
emerges in the phonon dispersion spectrum from 7.80 THz
– 10.23 THz, implying a reduction in group velocity, which
further contributes to the low lattice thermal conductivity. To
further analyse the phonon dispersion spectrum, we calculate
the phonon density of states (PhDOS) shown in Fig. 1(b), in
which the Pd and Se atoms primarily contribute to the acoustic
and low-frequency optical modes, whereas the high-frequency
optical modes mainly originate from the P atoms. The low-
frequency phonon modes are attributed to the large mass of
Pd and Se atoms having weak interatomic bonds, possessing
strong anharmonicity that enhances the phonon-phonon scat-
tering. As a result, the phonon lifetime is reduced, thereby
suppressing lattice thermal conductivity. Similar trends have
been observed in previous studies, where atomic mass con-
trast was shown to strengthen anharmonicity and significantly
impact thermal transport properties [25–29].

To verify the thermal stability of the penta-PdPSe sheet, we
performed ab initio molecular dynamics (AIMD) simulations
at 1400 K employing a 3 × 3 × 1 supercell for 10 ps with
a time step of 1 fs. As shown in Fig. 1(c), the total energy
exhibits only minor fluctuations throughout the simulation
without visible structural distortions or bond breakage. This
indicates that the penta-PdPSe sheet maintains its structural
integrity even under high-temperature conditions. The inset in
Fig. 1(c) shows the top and side views of the optimized lattice
structure after 10 ps, further confirming its thermal robustness
at elevated temperatures.

Next, we evaluate the mechanical stability of the penta-
PdPSe sheet by computing the stiffness tensor components,
Cij (i, j = 1, 2, 6), using the finite distortion method [30]. The
calculated independent elastic constants are C11 = 111.11,
C22 = 144.07, C66 = 42.68, C12 = 19.21, C16 = −0.11, and
C26 = −0.11 N m−1. These values satisfy the Born-Huang
stability criteria for an orthorhombic 2D material [31], con-
firming the mechanical stability of the penta-PdPSe sheet (see
Note S1 in the Supplemental Material for further details on
the calculation of the stiffness tensor components [23]).

We investigate its electronic band structure using the
HSE06 functional. Figure 1(d) shows that the electronic band
structure exhibits semiconducting behavior with an indirect
band gap of 1.94 eV, suggesting that phonons dominate the
thermal transport in penta-PdPSe. By analyzing the total and
partial density of states (DOS), we find that the Pd atoms
predominantly contribute to the electronic states in the valence
band near the Fermi level, whereas electronic states in the
conduction band arise from the contribution of Pd, Se, and P
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FIG. 2. Lattice thermal conductivity (κP
L ) considering (a) only 3-ph scattering and (b) 3+4-ph scattering. (c) Cumulative κP

L versus phonon
frequency at 300 K of the penta-PdPSe sheet.

atoms. Our calculated band gap aligns well with experimental
results reported by Li, et al. [9].

B. Impact of 4-ph scattering on the lattice thermal conductivity

Given the semiconducting nature of the penta-PdPSe sheet,
the thermal conductivity contributed by electrons can be
neglected. Therefore, we calculate the lattice thermal con-
ductivity κL using the unified theory of thermal transport
[32], which accounts for both phonon scattering (κP

L ) and
phonon coherence (κC

L ). A similar theoretical framework has
been successfully employed to analyze the thermal transport
properties of the experimentally reported bilayer penta-NiN2

[33] and PdSe2 [34], further supporting the applicability of
this method to pentagonal materials. Although the lattice ther-
mal conductivity of the penta-PdPSe sheet has been studied
previously [35], the contributions from high-order phonon
scattering and coherence remain unexplored. We have calcu-
lated the κP

L of the penta-PdPSe sheet in different directions,
considering the 3-ph and both the 3-ph and 4-ph scatter-
ing. Considering only the 3-ph scattering, as illustrated in
Fig. 2(a), the calculated values of κP

L are 13.31 W m−1 K−1

and 18.29 W m−1 K−1 at 300 K along the x- and y-directions,
respectively, showing an obvious anisotropy. The 3-ph val-
ues we obtain are smaller than the previously reported 44
and 65 W m−1 K−1 [35] based on a moment tensor potential
(MTP). We attribute this discrepancy to differences in the
evaluation of interatomic forces between the MTP model and
our DFT-based approach. However, when including the 4-ph
scattering into account in calculations, as shown in Fig. 2(b),
the corresponding κP

L is decreased to 6.03 W m−1 K−1 and
7.49 W m−1 K−1, respectively, corresponding to a 54.70%
reduction along the x-direction and a 59.05% reduction along
the y-direction. This suggests that the 4-ph interactions re-
sult in stronger scattering events, leading to shorter phonon
lifetime, thus suppressing thermal transport. In addition, the
cumulative κP

L as a function of frequency is calculated and
plotted in Fig. 2(c), which shows that the phonons with their
frequencies lower than 2.50 THz contribute more than 88.50%
to the κP

L . To understand the exact effects of 4-ph scattering on
the lattice anharmonicity and its temperature dependence, we
calculate the phonon scattering rates of penta-PdPSe within
the 3-ph and 3+4-ph levels, as shown in Figs. 3(a) and 3(b).

Figures 3(a) and 3(b) show the scattering rates of the 3-ph
and the 4-ph scattering at 300 K and 900 K, respectively. At
300 K, the inclusion of 4-ph interactions leads to a notable
increase in scattering rates, particularly for acoustic and low-
frequency optical phonons. In this region, the 4-ph scattering
rates are significantly higher than those of 3-ph scattering
processes, highlighting the crucial role of higher-order an-
harmonicity in limiting phonon lifetimes. To further elucidate
the contribution of acoustic and optical phonons to κP

L , the
low-frequency acoustic modes are analysed (see Fig. S2 of the
Supplemental Material [23]). At 300 K, the 4-ph interactions
enhance the scattering rates by nearly an order of magnitude in
the low-frequency regime, reflecting stronger phonon-phonon
interactions, which effectively hinder phonon propagation
and thereby reduce the lattice thermal conductivity. As the
temperature increases to 900 K, a broader range of phonon
modes becomes thermally activated, leading to intensified
anharmonic interactions for further suppressing the thermal
conductivity at elevated temperatures. Furthermore, Fig. 3(c)
illustrates that the penta-PdPSe sheet exhibits a low phonon
group velocity with a maximum value of 5.86 km s−1, which

FIG. 3. Calculated intrinsic 3-ph (blue points) and 4-ph (red
dots) scattering rates at (a) 300K and (b) 900 K, (c) phonon group
velocity along different axes, and (d) Grüneisen parameters of the
penta-PdPSe sheet.

124005-4



HIGH-ORDER PHONON SCATTERING AND PHONON … PHYSICAL REVIEW MATERIALS 9, 124005 (2025)

is significantly lower than other 2D pentagonal materials
such as penta-graphene (17.17 km s−1) [36], and penta-C3N
(22.20 km s−1) [37]. These results suggest that the relatively
large atomic size of Pd weakens the Pd-P and Pd-Se bonds
compared to the C-C, and C-N bonds in other materials. From
the calculated stiffness tensor and 2D Young’s moduli (See
Note S1 of the Supplemental Material [23]), we infer that the
reduction of group velocity originates from the large atomic
masses of Pd and Se atoms and the relatively weak interatomic
bonding, consistent with the observations in penta-PtPX (X =
S, Se, Te) nanosheets [38]. The weak bonding interactions
suppress the phonon dispersion, reduce group velocities, and
enhance phonon scattering rates. The variation in the phonon
group velocity illustrates the origin of the directional depen-
dence of the lattice thermal conductivity, which is influenced
by the anisotropic nature of its geometric structure. Due to
the high scattering rates and the low group velocity, the κP

L
exhibits a relatively low value. The significant mass difference
between Pd and P/Se atoms, combined with the high mass
of Pd, enhances phonon scattering, contributing to stronger
lattice anharmonicity and the suppressed group velocity, fur-
ther intensifying phonon-phonon interactions, which is also
demonstrated by the large Grüneisen parameter (γ ) shown in
Fig. 3(d). A similar effect appears in previous studies on mate-
rials such as perovskite CH3NH3PbI3, where the pronounced
mass contrast led to strong coupling between phonons in
different frequency regions, resulting in enhanced phonon
anharmonicity [39].

C. Impact of phonon coherence on the lattice
thermal conductivity

In materials with low κL, the wavelike phonon tunneling
effect is a significant phenomenon that attracts much attention
[40]. Thus, to gain a better understanding of the lattice thermal
transport properties in the penta-PdPSe sheet, it is necessary
to thoroughly investigate the phonon coherence contributions
(κC

L ) to κL. The calculated lattice thermal conductivity consid-
ering only the 3-ph scattering is presented (see Figs. S3(a)
and S3(b) of the Supplemental Material [23]). At 300 K,
the κC

L values are 0.16 W m−1 K−1 along the x-direction and
0.30 W m−1 K−1 along the y-direction, respectively, and the
corresponding κL values are 13.47 W m−1 K−1 along the x-
direction and 18.59 W m−1 K−1 along the y-direction. These
results demonstrate that when only 3-ph scattering is consid-
ered, the contribution of κC

L is small. Additionally, to obtain
more accurate results, we calculated the κC

L and κL consider-
ing both 3-ph and 4-ph interactions. As shown in Figs. 4(a)
and 4(b), one can see that κC

L values are 0.17 W m−1 K−1

and 0.19 W m−1 K−1, along the x- and y-directions, respec-
tively. According to Eq. (1), at 300 K, the κL reaches
6.20 W m−1 K−1 along the x-direction and 7.68 W m−1 K−1

along the y-direction. As a consequence, the κC
L values are

only about 2.74% and 2.47% in the x- and y-directions, re-
spectively, showing relatively low contributions. Moreover,
as shown in Fig. 4(b), the lattice thermal conductivity of the
penta-PdPSe sheet decreases monotonically with increasing
temperature. This behavior is consistent with that of phonon-
dominated crystalline materials [41].

FIG. 4. Lattice thermal conductivity (κC
L ) with (a) both 3- and

3+4-ph scattering and (b) total lattice thermal conductivity (κL) of
the penta-PdPSe sheet at different temperatures.

To identify which phonon modes contribute most signif-
icantly to coherence transport, we analyzed the two-mode-
dependent contributions in κC

L from the coupling phonon
frequencies ω1 and ω2 in the penta-PdPSe sheet. The involve-
ment of degenerate (ω1 = ω2) and nondegenerate (ω1 �= ω2)
eigenstates across various temperature ranges is illustrated
in Figs. 5(a)–5(d), where the red dashed lines indicate the
degenerate modes (ω1 = ω2) along the diagonal, primarily
contributing to κC

L . In contrast, the contributions from the
nondegenerate modes (ω1 �= ω2) are not dominant. Degen-
erate eigenstates exhibit sufficient scattering rates, enabling
them to contribute significantly to κC

L . The dominance of
degenerate eigenstates suggests that phonons with identi-
cal frequencies couple with each other strongly and sustain
wave-like tunnelling, largely dictated by their lifetime and
scattering rates. It is worth noting that phonons with fre-
quencies below 2.50 THz play a significant role in the
coherent thermal transport at 300 K, indicating the strong
coupling between low-frequency acoustic and low-energy
optical phonons. These low-energy modes typically exhibit
longer lifetime and lower scattering rates, enabling to main-
tain phase relationships necessary for coherent transport. As
the temperature increases to 500, 800, and 1000 K, there is a
monotonic increase in the coherent contribution from the non-
degenerate eigenstates, as clearly observed in Figs. 5(b)–5(d).
This phenomenon arises from the temperature-dependent en-
hancement of the phonon scattering (�(q)i), as described in
Eq. (5). The lifetime of the coherent phonon modes is in-
versely proportional to their scattering rates and depends on
the frequency difference intervals. Importantly, as temperature
increases, the phonon-phonon scattering increases, leading to
a significant reduction in phonon lifetime. This trend is evi-
dent (see Fig. S4 of the Supplemental Material for scattering
rates considering both 3- and 4-ph interactions at temperatures
300, 500, 800, and 1000 K [23]), which illustrates the temper-
ature dependence of scattering rates and highlights the decline
in phonon lifetime, thereby suppressing the contributions of
degenerate eigenstates. To gain deeper insight, we then dis-
cussed the relationship between the lifetime of phonon modes
(τi) and their contribution to κC

L .
To better understand the above results, we analyze the

relationship between phonon lifetime and the criteria distin-
guishing scattering and coherence contributions at 300 K, as
shown in Fig. 6. The expression 1/�ωave = 3Nat/ωmax is used
to define the Wigner limit in time [42], which serves as a
temporal boundary between phonon coherence and scattering.
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FIG. 5. (a)–(d) Two-mode-dependent contributions to κC
L versus the coupling phonon frequencies ω1 and ω2 at temperature from 300 to

1000 K, respectively, in the penta-PdPSe sheet.

In this expression, �ωave, Nat , and ωmax represent the average
frequency interval, the number of atoms in the unit cell, and
the maximum phonon frequency, respectively. Phonon modes
with τ shorter than this threshold contribute to the coher-
ent part of the lattice thermal conductivity [43], while the
Ioffe-Regel limit (1/ω) provides a reference for evaluating the
breakdown of the phonon quasiparticle approximation [42].
Although many phonon lifetimes lie above the Wigner limit,
this does not contradict the presence of strong anharmonicity
indicated by the influence of 4-ph scattering. The Wigner
limit distinguishes between the dominance of coherent and
scattering transport mechanisms, but it does not necessar-
ily reflect the degree of anharmonicity. Our results clearly
show that the inclusion of 4-ph scattering significantly reduces

FIG. 6. Comparison of phonon lifetime between the 3-ph and
the 3+4-ph scattering at 300 K. The black solid line depicts the
Wigner limit in time. The red curve is the Ioffe-Regel limit, which
is calculated by 1/ω.

phonon lifetimes, particularly in the low- and mid-frequency
ranges, confirming strong anharmonic interactions that make
the major contribution to the κP

L . The heavy masses, large
atomic size, and significant differences in atomic mass and
size in penta-PdPSe result in weak bonding and enhanced
phonon-phonon scattering. This, in turn, reduces the phonon
lifetime and further suppresses κP

L . The low-frequency degen-
erate modes, which have lifetimes exceeding the Wigner limit,
contribute to coherent phonon transport. These mechanisms
collectively lead to the low lattice thermal conductivity of
penta-PdPSe, with phonon scattering as the dominant factor.

IV. CONCLUSIONS

In summary, we investigate the influence of 3- and 4-
ph interactions and the contributions of phonon scattering
and coherence on the lattice thermal transport properties
of the penta-PdPSe sheet, which exhibits intrinsically low
and anisotropic lattice thermal conductivity with values
of 6.20 W m−1 K−1 (x-direction) and 7.68 W m−1 K−1 (y-
direction) at 300 K, arising from strong anharmonicity caused
by the large mass contrast between Pd and P/Se atoms,
weak interatomic bonding, and narrow phonon band disper-
sions. The 4-ph scattering plays a dominant role, reducing
the lattice thermal conductivity by 54.70% (x-direction) and
59.05% (y-direction) compared to the 3-ph scattering pro-
cesses, underscoring the necessity of including high-order
scattering. Moreover, the phonon coherence contributions are
small as most of the phonon modes lie above the Wigner
limit in time, with degenerate eigenstates (ω1 = ω2) domi-
nating at low frequencies (<2.50 THz). These results can be
explained by the effect of pentagonal geometry, which reduces
symmetry, distorts the bond angles and structural buckling,

124005-6



HIGH-ORDER PHONON SCATTERING AND PHONON … PHYSICAL REVIEW MATERIALS 9, 124005 (2025)

thus significantly influencing vibrational behavior. Since the
pentagonal geometry introduces internal strain, leading to
weaker bond strength and softer phonon modes and lower
vibrational frequencies when compared to hexagonal sys-
tems. Moreover, the lower symmetry of the pentagonal lattice
removes degeneracies in the phonon spectrum, resulting in
more vibrational branches with rich and complex phonon
structure, while the buckling in the lattice modifies the out-of-
plane (ZA) modes and enhances anharmonic effects, resulting
in enhanced phonon-phonon scattering and short lifetimes.
These factors contribute to lower phonon group velocities
and reduce thermal conductivity, distinguishing pentagonal
materials from their more symmetric hexagonal counterparts.
This work provides a significant understanding of the low
lattice thermal transport of the first synthesized ternary penta-
structured semiconductor.
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