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ABSTRACT: With the emergence of twistronics, twisting has
been employed to manipulate phonon−phonon interactions in 2D-
layered systems. However, due to the complexity of twisted
structures, twisting-induced phonon localization and Boson-peak-
like (BP-like) anomalies have not yet been reported. In this work,
using machine-learning-supported molecular dynamics, we study
the impact of interlayer twisting on the phonon properties in
bilayer pentagonal PdSe2 (penta-PdSe2) with multiple twist angles.
We find that twisting reduces the in-plane thermal conductivity by
up to 78.62%, while significantly enhancing the phonon coherent
thermal conductivity contribution from 21.75% to 85.40%.
Furthermore, by analyzing the vibrational density of states and
localized shear strain distribution, we demonstrate that twisting
introduces the inhomogeneous shear modulus distribution, causing phonon localization and a BP-like anomaly in twisted penta-
PdSe2 bilayers. These findings show that twisting becomes a new variable for producing a BP-like anomaly, different from the
conventional strategies by using disorder, defects, or doping.
KEYWORDS: pentagonal sheet, twisting, Wigner transport, machine-learning potential, Boson-peak-like anomaly

It is of current interest to modulate the geometric structure
and stacking configurations of 2D materials for effectively

tuning the interatomic interactions and thermal conductivity
(κL).

1 For instance, introducing tensile strain in 2D structures
can regulate their geometry and high-order scattering, leading
to significant variation in lattice thermal conductivity.2,3

Heterostacking-induced superlattices can suppress interlayer
thermal conductivity, achieving ideal thermal insulators.4−6

The pioneering study on magic-angle graphene by Cao et al.
has fueled the development of twistronics,7,8 further inspiring
research on twist-modulated thermal conductivity in 2D
materials. For example, interlayer twisting can significantly
reduce in-plane thermal conductivity and enhance coherent
thermal transport,9,10 serving as an effective strategy for tuning
phonon transport in 2D materials.
Recently, a Boson-peak-like (BP-like) anomaly11,12 has been

observed in some 2D-disordered and -layered van der Waals
materials, such as vitreous 2D silica13 and crystalline InSe,14

where the coupling between out-of-plane (ZA) phonon modes
and in-plane phonon modes leads to deviations from the
Debye law in low-temperature heat capacity or excess
vibrations in the phonon vibrational density of states
(VDOS). Schirmacher et al.13,15−17 conducted systematic
studies on the Boson peak in disordered materials and
attributed its emergence to the heterogeneous elasticity
enhanced by disorder, distinguishing it from the van Hove
singularities found in simple crystals. Notably, twisting can

enhance anharmonicity and reduce the lattice symmetry,
thereby causing phonon localization,18,19 which would induce a
BP-like anomaly for manipulating thermal transport.

Among various 2D materials, pentagonal PdSe2 (penta-
PdSe2), the first experimentally synthesized pentagonal 2D
material,20 has shown great potential for applications in
transistors,21 thermoelectric applications,22 and polarized
photodetection23 due to its unique geometric structure, high
carrier mobility,21 low thermal conductivity,24 and distinctive
optical properties,25 which has significantly promoted the
synthesis of other pentagonal 2D materials.26−28 Theoretically,
using the nonequilibrium Green’s function method, Prasongkit
et al.29 reported that penta-PdSe2 bilayers with twist angles of
37.7° and 90.0° show enhanced thermoelectric performance.
However, the BP-like anomaly and phonon transport in such
twisted bilayers were not explored. In this work, using
machine-learning-supported molecular dynamics (MD)30,31

with spectral energy density (SED)32,33 analysis and Wigner
transport theory,34 we systematically investigate the phonon
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response to interlayer twisting, the resulting BP-like anomalies,
the underlying mechanisms, and the impact on lattice thermal
conductivity.
We have generated 91 twisted structures of the bilayer

penta-PdSe2 by matching the common lattice vectors using the
CellMatch package35 and selected three structures with twist
angles of 36.87°, 22.62°, and 41.13° for further study because
they contain a smaller number of atoms (60, 156, and 276
atoms, respectively) in their unit cells. The schematic diagram
and optimized atomic configurations of the three structures are
presented in Figure 1. The detailed parameters of selected

lattices are given in Table S1, which are consistent with
previous studies.20,36 The untwisted pristine bilayer sheet has a
Pca21 (No. 29) symmetry, while the symmetry of twisted
structures is reduced to P1 due to the complex stacking. The
calculated harmonic phonon spectra of the selected structures
are plotted in Figure S1, which shows no imaginary phonon
frequencies, confirming that they are dynamically stable.

Parts b−e of Figure 1 show that, with increasing lattice
complexity induced by twisting, the geometric anisotropy of
the pristine sheet is significantly reduced in the twisted
systems. In addition, a certain out-of-plane undulation is
observed in the optimized twisted structures, as is the case with
twisted bilayer graphene,37 originating from the in-plane stress
concentration induced by twisting. The resulting stress affects
the mechanical properties and lattice anharmonicity.

Next, we investigated the thermal transport properties of the
selected structures by calculating their lattice thermal
conductivity using the homogeneous nonequilibrium molec-
ular dynamics (HNEMD) method implemented in the
GPUMD package,30,38 combined with our neuroevolution
potential [NEP; see details in the Supporting Information
(SI)].31,39 The results are listed in Figure 2a. The lattice
thermal conductivities of the pristine system along the x and y
directions are 9.13 ± 0.87 and 13.76 ± 0.93 W m−1 K−1,
respectively, exhibiting significant anisotropy, which are
consistent with previous experimental results,24,40 thus
validating the accuracy of our NEP model. When twisting is
applied, the thermal conductivities of twisted structures are
significantly reduced compared to those of the pristine
structure and monotonically decrease with the increased
number of atoms in the twisted unit cell. For instance, the
lattice thermal conductivities of twisted penta-PdSe2 with a

Figure 1. (a) Schematic diagram of the interlayer twist in a penta-
PdSe2 bilayer. (b−e) Top and side views of the geometric structures
of a pristine penta-PdSe2 bilayer and the twisted structures with angles
of 36.87°, 22.62°, and 41.13°, respectively.

Figure 2. (a) Variation of the lattice thermal conductivity (κL) with the number of atoms in the unit cell for different penta-PdSe2 structures at 300
K. The bar charts represent the contribution ratio of phonon coherence to the lattice thermal conductivity. (b) Group velocities and (c) NIPRq as a
function of the phonon frequency.
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twist angle of 41.13° are only 2.98 ± 0.41 and 3.11 ± 0.03 W
m−1 K−1 in the x and y directions at 300 K, respectively, which
are only about 30% of the thermal conductivities of the pristine
one (see details in Figure S2). It is worth noting that twisting
weakens the anisotropy in the thermal transport properties of
the twisted penta-PdSe2.
By using the phonon linewidth information (Γqi = 1/τqi)

obtained from the SED method,32,33 we calculate the lattice
thermal conductivity of the selected systems using the Wigner
transport equation (WTE) proposed by Simoncelli et al. (see
details in the SI).34,41 The results are compared with those
obtained from the HNEMD method, achieving good
consistency. Figure 2a shows the calculated contribution
from the phonon coherence to the total lattice thermal
conductivity of the penta-PdSe2 systems with different twist
angles, which results from the superposition of multiple
phonon modes in a coordinated manner of wave-like
excitations. Obviously, with increasing lattice complexity
induced by the twist angle, the contribution of phonon
coherence increased from 21.75% to 85.40%, gradually
dominating the thermal transport properties of the twisted
penta-PdSe2 structures. According to eq S3, one can see that
the materials with small frequency intervals and large phonon
linewidths can exhibit stronger phonon coherence. As
discussed in our previous work,9,10,42 when the phonon
linewidth is larger than the average frequency interval (Δνave
= νmax/3na, where na is the number of atoms and νmax is the
maximum frequency of phonon modes), the phonon modes
contribute more to the phonon coherence than phonon
scattering. As shown in Figure S3, the pristine and 36.87°
structures have a lower ratio of phonon modes with linewidths
larger than Δνave, resulting in a smaller contribution from
phonon coherence. However, in the 22.62° and 41.13° twisted
systems, there are extremely small Δνave values along with the
significantly enhanced Γqi, which suppress the propagation of
phonons and enhance the contributions from coherence.
To explain the enhanced lattice anharmonicity and

coherence induced by twisting, we calculated the phonon
group velocities for all studied penta-PdSe2 structures, as
shown in Figure 2b. The results reveal a significant reduction

in the group velocities of low-frequency phonons, particularly
the acoustic phonons, declining as the complexity of the
twisted structures increases, which is also confirmed with the
dynamic structure factor (DSF; see details in the SI) presented
in Figure S3. This behavior differs from that of pentagonal
graphene with lower anharmonicity.10 The reduction in the
group velocities of acoustic phonons leads to a decrease in
lattice thermal conductivity. The calculated absolute value of
the coherent thermal conductivity (κL

C) and the contribution
from the coherent phonon modes are plotted in Figure S4,
which shows that κL

C of the twisted structures is lower than that
of the pristine structure due to the decrease in their group
velocities, consistent with our previous study on quasi-one-
dimensional BiI3.

42 More importantly, as the complexity of the
twisted structures increases, there are more nondegenerate
coherent modes contributing to thermal transport (Figure
S4b−e), thus leading to an increase in both the absolute value
and the contribution ratio of κL

C.
For better understanding the results, we further calculate the

normalized inverse participation ratio (NIPRq)
43,44 for

measuring the degree of phonon localization, defined as

=
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where εqiα is the eigenvector of a phonon mode q, na/NIPRq
represents the number of participating atoms in the motion of
phonon q. The larger the NIPRq, the more localized the
phonon. As illustrated in Figure 2c, the NIPRq values for low-
frequency phonons in twisted structures increase significantly,
indicating a substantial enhancement in the localization of
phonon modes, due to the enhanced anharmonicity and
reduced symmetry.19

Based on the atoms participation in the localized low-
frequency phonon modes (NIPRq > 20) for the 22.62° and
41.13° cases, we find that string-like configurations contribute
to the localized vibrations, consistent with previous studies on
2D glass,45 as shown in Figure S5. Considering the significant
decrease in the low-frequency phonon group velocity and these
string-like configurations, it is likely that a BP-like anomaly will

Figure 3. Evidence of the observed BP-like anomaly in twisted penta-PdSe2. (a) Calculated VDOS [g(ν)], (b) reduced VDOS [g(ν)/ν], where the
peaks of BP-like humps are marked by colored lines, and (c) variation of the calculated heat capacity with temperature. All results are normalized by
the number of atoms per unit cell. (d−g) Localized shear strain distribution for the pristine and twisted structures under a 1.0% overall shear strain,
with dashed rectangles marking the soft regimes within the twisted structures.
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be induced in the low-frequency region46 and affect its
transport properties. Therefore, we calculate the renormalized
phonon VDOS [g(ν)] and the reduced VDOS [g(ν)/ν] using
the trained NEP potential and the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) package,47

combined with the renormalized phonon method implemented
in the DynaPhoPy package.32 The calculated results are plotted
in Figure 3a,b.
As expected, we do find a BP-like anomaly in the low-

frequency region (below ν = 1 THz) in these twisted
structures, which can be clearly seen in Figure 3b. Except for
the reduced VDOS curve of the pristine bilayer penta-PdSe2,
each curve of the twisted structures has a convex peak in its
low-frequency region. We further calculated the heat capacities
of the selected systems. The calculated results, as plotted in
Figure 3c, show that there is a characteristic jump in the low-
temperature region below 10 K. This evidence confirms that
the BP-like anomaly can be induced by introducing interlayer
twisting in 2D bilayers.
To reveal the origin of the BP-like anomaly in twisted

systems, we use heterogeneous elasticity theory (HET),13,17

which has proven to be more accurate in describing the BP-like
anomaly. The core idea is that an inhomogeneous shear
modulus distribution in materials leads to phonon localization
and the accumulation of additional modes, defined as

= +G G Gr r( ) ( )xy xy xy,0 (2)

where Gxy,0 is the overall shear modulus and ΔGxy(r)
represents the additional spatially random distribution. As
shown in Figure 3d−g, when the overall shear strain is applied,
the atomic strain in the pristine structure is uniformly
distributed. However, soft regimes with random distribution
appear in twisted systems and become more pronounced as the

twist-induced complexity increases. These HET-based results
prove that twisting leads to phonon localization and BP-like
anomalies caused by the inhomogeneous elasticity.

To further demonstrate that the twisting-induced inhomoge-
neous mechanical properties can cause the BP-like hump and
enhance phonon localization, we used MD simulations to
analyze atomic motions near the excitation temperature of the
BP-like hump. We plot atomic displacement fields for 100 ps in
Figure 4, showing that the atomic displacements in pristine
penta-PdSe2 exhibit periodic characteristics over time,
reflecting well-defined phonon modes, as highlighted with
yellow circles in Figure 4a; more details are given in Figure S6.
However, in the twisted structures, particularly in the most
complex one, as shown with yellow circles in Figure 4d, an
accumulation of atomic displacement exists. This results in
diffusive behavior as the atomic displacements slowly spread
beyond the local region over time, losing their periodic
characteristics. Due to the phonon linewidths over the Ioffe−
Regel limit,34,48 as shown in Figure S3, induced by the
heterogeneous elasticity, phonons can hardly propagate to
other regions. This provides an atomic-scale explanation for
why coherent thermal transport dominates in twisted
structures.

To further understand the impact of twisting on phonon
transport, we discuss phonon damping in the twisted structures
through a detailed analysis of phonon interactions. We
compute the eigenvectors of the dynamical matrices for both
pristine and twisted systems and plot the modulus of the
matrix elements at the q point near the Brillouin zone center
along the [100] direction, as shown in Figure S7, where the x
axis represents the atomic index in the unit cell and the y axis
represents the vibrational modes in the sequence of low-to-
high frequency. Both axes have 3na elements. Each row
corresponds to a vibrational mode, and every three columns

Figure 4. (a−d) Top view of atomic displacement fields from MD simulation of the pristine and twisted penta-PdSe2 structures at the BP-like
anomaly excitation temperature (∼40 K). The atomic displacement distributions are 0, 25, 50, 75, and 100 ps from top to bottom. The yellow
dashed circles highlight the features of atomic displacement corresponding to the low-frequency phonon modes.
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represent the vibrations of an atom in three directions,
respectively. The color of each element block indicates the
amplitude of the vibration. By comparing the lowest-frequency
vibrations of the first four Pd atoms in the atomic index as
examples of the pristine structure with those in the twisted
structures in Figure S7, one can see that the clear distinction
between the ZA and in-plane transverse acoustic (TA) modes
in the pristine structure becomes blurred upon interlayer
twisting. Significant coupling occurs in the 22.62° and 41.13°
twisted structures, as shown in Figure S7b,d. According to
Figure S3, the response of the ZA modes along the [110]
direction becomes more and more obvious as the complexity
of the twisted structure increases, further confirming that the
coupling between the ZA and TA modes is enhanced with the
interlayer twist. The coupling between the acoustic modes
leads to significant phonon damping effects in the low-
frequency region in the 41.13° twisted structure, as shown in
Figure 4d.
In summary, by employing machine-learning-potential-based

MD simulations combined with SED analysis and the WTE,
we carry out detailed studies on the phonon properties of
twisted penta-PdSe2 bilayer sheets with different twisting
angles. We have found that the lattice anharmonicity and
coherent phonon transport in the twisted systems are
significantly enhanced. Through anharmonic VDOS and
localized shear strain distribution calculations, we have
demonstrated that the interlayer twisting introduces an
inhomogeneous elastic distribution (random localization of
shear modulus) in the bilayer structure, leading to stronger
coupling between the ZA and TA modes, enhancing the
anharmonicity and localization of phonon modes, and thus
inducing the BP-like hump in twisted penta-PdSe2. Meanwhile,
the enhanced low-frequency phonon coupling and phonon
localization with increased phonon linewidths lead to phonon
overdamping. This study provides theoretical insights into the
impact of interlayer twisting on phonon localization and BP-
like anomaly.
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