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The stereochemical activity of lone-pair electrons critically influences lattice

anharmonicity and thermal transport in crystals. However, traditional chemi-
cal substitution methods lack continuity and reversibility. We propose a strain-
engineered bond angle distortion strategy in layered BiCuSeO to continuously
modulate lone-pair electrons. Theoretically, tensile strain reduces the O-Bi-O
bond angle, expands lone-pair electron spatial distribution, and decreases Bi-O

bond charge overlap, intensifying Bi atom anharmonic vibrations. Further-
more, tensile strain induces reverse O atom vibrations and strong lattice
dynamic disorder, lowering the phonon band gap and enhancing anharmonic
phonon-phonon interactions and Umklapp scattering. Importantly, strain
modulates lone-pair electron distribution and interaction strength without
uniformly weakening long-range interatomic forces. As a result, 4% tensile
strain reduces lattice thermal conductivity of BiCuSeO to 0.53 W/mK (54%
decrease) at 300 K. This work establishes a multiscale framework linking
strain, lone-pair electron behavior, and phonon dynamics, enabling robust and
continuous control of thermal transport properties.

Dynamic regulation of lattice anharmonicity and thermal transport
properties is a central challenge in the design of advanced thermo-
electric materials'. Traditional chemical substitution strategies, limited
by discontinuous doping and irreversible lattice distortions, struggle
to achieve dynamic response at the atomic scale’. Therefore, devel-
oping effective regulatory mechanisms is critical to optimizing ther-
moelectric performance®®. Recent studies have shown that
stereochemically active lone pair electrons (LPEs) can induce local
structural distortions via symmetry breaking, offering an avenue for
modulating thermal transport”®. However, current research primarily
focuses on the chemical composition modulated spatial distribution of
LPEs*'°, which remains fundamentally limited by the fixed angular
restrictions dictated by valence shell electron pair repulsion (VSEPR)
theory” ™. This intrinsic limitation hinders real-time, atomistic mod-
ulation and poses a significant bottleneck to further improvements in
thermoelectric performance.

Minimizing lattice thermal conductivity has long been a key
objective in thermoelectric materials research'*°, Typical low thermal
conductivity BiCuSeO material features have a unique crystal structure
consisting of alternating conducting [Cu,Se,]*" layers and insulating
[Bi,O,]** layers®. This intrinsic heterointerface provides a unique
platform for electron and phonon transport®. The intrinsically low
lattice thermal conductivity of BiCuSeO is primarily attributed to the
strong lattice anharmonicity induced by the stereochemically active
62 LPEs of Bi*>. However, its thermoelectric figure of merit (Z7)
remains limited by low carrier mobility and the uncontrollable spatial
distribution of LPEs. Various chemical doping strategies, including
Pb*, Ba*, Sr”, and Ca?, have been employed to enhance performance.
Nevertheless, weak interlayer coupling limits charge diffusion and
improvements in electrical conductivity. Although Pb doping can
reduce lattice thermal conductivity via enhanced phonon scattering®,
it inevitably introduces irreversible structural defects and lacks real-
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time tunability. More advanced approaches, such as Bi/Cu dual-
vacancy doping, have been used to increase carrier concentration to
some extent®, yet still fail to dynamically regulate the LPE distribution.
Moreover, excessive doping or high vacancy concentrations can
introduce significant lattice disorder, further degrading thermo-
electric performance.

In contrast, strain engineering has recently emerged as a pro-
mising non-destructive and reversible approach for tuning material
properties. Theoretical studies have investigated the intrinsic prop-
erties of unstrained BiCuSeO*’, and the effects of strain on thermal
conductivity have been systematically explored in other crystal
systems®. In BiCuSeO, biaxial strain has been shown to influence
electronic structure and phonon behavior®, while uniaxial compres-
sive strain has been found to impact electronic transport and induce
structural distortions®. Furthermore, defect-related mechanisms
(such as dislocations and grain boundaries) have also been identified
as key contributors to phonon scattering and thermal resistance in
BiCuSeO*. These efforts have significantly advanced our under-
standing of structural and transport behavior under strain and defect
conditions. However, these studies have yet to explore how strain can
be employed to continuously and controllably tune the stereo-
chemical activity of LPEs by directly modulating key geometric para-
meters such as bond angles and bond lengths. Specifically, previous
research has largely focused on macroscopic structural or phononic
modifications, without considering the regulation of thermal transport
from the perspective of LPE spatial evolution under strain, which is a
mechanism fundamentally tied to lattice anharmonicity and phonon
scattering processes.

This study proposes and validates an effective mechanism to
address the identified gap. Applying tensile strain reduces the O-Bi-O
bond angle and increases the Bi-O bond length, resulting in spatial
expansion of the Bi3* 6s? LPEs. This expansion enhances lattice
anharmonicity and strengthens phonon scattering, enabling con-
tinuous, controllable reduction of lattice thermal conductivity. First-
principles calculations reveal that increasing tensile strain from O to 4%
decreases the O-Bi-O bond angle and extends the Bi-O bond length,
significantly expanding the stereochemically active LPEs. This expan-
sion leads to reduced orbital overlap, phonon softening, and elevated
Griineisen parameters, indicative of increased anharmonicity and
stronger Umklapp scattering. Unlike static chemical or structural
modifications, this strain-driven mechanism is dynamic, reversible,
and composition-independent, offering superior flexibility and effi-
ciency in phonon engineering.

Results and discussion
The stereochemical activity of LPEs plays a crucial role in determining
the lattice dynamics and thermal transport properties of materials.
This study proposes a bond-angle distortion regulation strategy based
on strain engineering to achieve continuous modulation the activity of
the LPEs in layered BiCuSeO crystal. The stereochemical activity of
LPEs is conventionally explained using the VSEPR theory. As illustrated
in Fig. 1A, the LPEs of Bi atoms in BiCuSeO are identified as the primary
contributor to its low lattice thermal conductivity**. By systematically
tuning the O-Bi-O bond angle through tensile strain, the degree of
distortion in the [BiO,]** layer can be significantly enhanced, achieving
a continuous transition of the LPE state from delocalized to localized.
Specifically, tensile strain provides additional space for LPEs by redu-
cing the bond angle, thereby increasing Coulomb repulsion between
the LPEs and the bonding electron pairs. This process significantly
enhances lattice anharmonicity and strengthens phonon scattering,
leading to effective suppression of lattice thermal conductivity.
Layered BiCuSeO is a superlattice material with a ZrCuSiAs-type
tetragonal crystal structure (space group P4/nmm). Detailed informa-
tion on the crystal structure is provided in Fig. S1. The crystal structure
of BiCuSeO consists of two structural units: the [Bi,0,]*" layer

containing LPEs and the conductive [Cu,Se,*” layer (Fig. 1B). In the
[Bi,O,]* layer, the LPEs of Bi occupy the van der Waals (vdW) gaps and
form a long-range ordered arrangement along the c-axis, introducing
anharmonic characteristics to the crystal. Meanwhile, the conductive
[Cu,Se,]* layer constructs a high carrier mobility pathway through a
Cu-Se covalent bond network. These two structural units are con-
nected by weak vdW interactions, forming a three-dimensional elec-
tron-phonon decoupled system. Consequently, strain engineering
enables effective and sustained modulation of LPE expression within
the vdW gaps, thereby regulating lattice thermal conductivity. Fur-
thermore, this study reveals that tensile strain can modify long-range
interactions within the material, offering insights into LPEs behavior in
crystalline structures.

Figure 2A illustrates the trajectory of BiCuSeO in the x-y plane
from molecular dynamics (MD) simulations at 900 K. Despite sig-
nificant thermal vibrations of all atoms at 900K, the results indicate
that the overall structure of BiCuSeO remains stable (Fig. S2). Notably,
O atoms vibrate with significantly larger amplitudes than other atoms,
suggesting that they are less constrained around their equilibrium
position. In addition, the large vibrations of O atoms may lead to fre-
quent shifts to nearby locations, which further affect their local
structural properties and enhance phonon scattering. Fig-
ures 2B and S3 present the decay curves of the velocity autocorrelation
function (VAF), obtained from ab initio molecular dynamics (AIMD)
simulations, revealing differences in atomic dynamics and their impact
on lattice thermal conductivity. Typically, a damped oscillatory VAF
reflects strong interatomic interactions in solids, whereas in dis-
ordered systems, a single valley minimum is observed, arising from the
diffusive and incoherent motion of constituent atoms®~°, As shown in
Fig. 2B, the VAFs of Bi, Cu, and Se atoms exhibit damped harmonic
decay, indicating the presence of strong anharmonic interactions
within the lattice. These interactions enhance the Umklapp process
scattering, significantly reducing phonon lifetimes and mean-free
paths. However, the VAF of O atoms exhibits a single-valley pattern,
reflecting incoherent dynamic behavior characterized by the absence
of phase correlation in atomic motion and predominantly governed by
diffusive dynamics. To quantify the specific impact of these char-
acteristics on lattice thermal conductivity, the Green-Kubo relation is
employed, expressed as follows™:

v /O U - JOydt M

where Vis the volume of the system, Kg stands for Boltzmann constant,
T represents the temperature, and (J(¢)-J(0)) is the autocorrelation
function of thermal flow. The VAF of O atoms decays rapidly, leading to
a significant reduction in its integral value, which in turn results in a
relatively weak contribution of O atoms to the thermal conductivity.
Although the VAFs of Bi, Cu, and Se atoms display damped harmonic
oscillations with enhanced integral values, their contributions to
thermal conductivity remain constrained by their larger atomic mas-
ses. To investigate the strain-regulated stereochemical activity of LPEs
in the BiCuSeO system, this study established a nonlinear relationship
between structural distortions and the spatial distribution of LPEs
based on the Continuous Symmetry Measure (CSM) analysis®®. As
illustrated in Fig. 2C, the [Bi,0,]* layer of BiCuSeO undergoes
structural distortion under tensile strain, with the O-Bi-O bond angle
decreasing from 114.5° (0% strain) to 113.6° (4% strain). This distortion
triggers an increase in the CSM value from 3.5 (0% strain) to 3.6 (4%
strain), reflecting a reduction in structural centrosymmetry. The
increase in CSM value indicates that the structural distortion drives
LPEs toward a broader spatial distribution and an outward expansion
of the electron cloud morphology*. These changes enhance the
anharmonicity of LPEs, thereby reducing lattice thermal conductivity
through enhanced phonon scattering.
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Fig. 1| Tensile strain-induced regulation of lone pair electrons in BiCuSeO.

A Schematic illustration of strain engineering from O to +4% tensile strain and its
effect on local structural parameters (denoted as a; to as) and the expression
strength of lone pair electrons. Increasing tensile strain leads to continuous tuning
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of lone pair electron activity, with a corresponding enhancement from weak to
strong expression. B Structural diagram of BiCuSeO with Bi (purple), Cu (blue), Se
(green), and O (red). Insets show the mechanism of lone pair electron tuning:
tensile strain modifies the lone pair electrons and affects long-range interactions.

Figure 2D reveals the influence of tensile strain on the displace-
ment parameter Us3(Bi) along the c-axis for Bi atoms carrying LPEs.
Here, Us3(Bi) refers to the anisotropic displacement parameter of the
Bi atom along the crystallographic c-axis, calculated by density func-
tional theory (DFT) to quantify the mean squared thermal vibration
amplitude. At 300 K, Uz3(Bi) increases from 0.0089 (0% tensile strain)
to 0.0120 under 4% tensile strain. As the temperature rises to 900K,
Us3(Bi) exhibits a more pronounced increase, indicating that strain
amplifies the thermal vibrational amplitude of Bi atoms. Notably, the
temperature-dependent of Us;(Bi) for Bi follows a T%° power law*’,
highlighting anharmonic motion beyond harmonic model limitations.
Moreover, the slope of Us3(Bi) versus temperature increases with
increasing tensile strain, demonstrating that tensile strain not only
intensifies vibrational amplitudes but also enhances the anharmonicity
of Bi atoms.

Based on the coupling mechanism of structural distortion and
electronic effects in the material, the contraction of the O-Bi-O bond
angle and the elongation of the Bi-O bond length under tensile strain
synergistically enhance the LPE effect of the Bi atom. Bader charge
analysis* reveals that the charge transferred from Bi atoms to neigh-
boring O atoms gradually decreases under tensile strain, as shown in
Fig. 2E. This phenomenon can be attributed to the elongation of the
Bi-O bond length, which reduces the charge density overlap. Notably,
this charge redistribution significantly enhances the electronic spatial
distribution of Bi atoms, resulting in the strengthening of LPEs. To
validate the strain effect on LPEs, we establish the relationship between

strain and LPE expression by comparing the differences in the Electron
Localization Function (ELF)** between off-center and center cases. The
results indicate that as the strain increases from O to 4%, the ELF dif-
ference of Bi atoms becomes more pronounced. Further quantitative
analysis shows a consistent increase in LPE localization with each 1%
increment in strain, confirming that tensile strain continuously mod-
ulates LPEs. To further quantify the localization behavior of LPEs and
their contribution to lattice anharmonicity, we analyzed the Born
effective charges (BECs) of Bi atoms under different levels of tensile
strain. As shown in Table SI, the average BEC (Z,,, = 1 (Z, +Z,,+Z,,))
of Bi increases significantly from 3.59 at 0% strain to 5.14 at 4% strain,
representing a 43% increase. This trend indicates a markedly enhanced
dynamic charge response and polarizability of Bi atoms under external
perturbations, which is closely associated with the increased activity of
the LPEs. Together with the increase in Bi-O bond length and the
reduction of the O-Bi-O bond angle, these results suggest that the
LPEs become more localized and stereochemically active, thereby
enhancing the electrostatic response of Bi atoms to lattice distortions.
This enhanced polar behavior further highlights the critical role of
local bonding environment modulation in strengthening lattice
anharmonicity.

As shown in Fig. 2F, the Integrated crystal orbital Hamilton
population (COHP) value of Bi-O bonds in the BiCuSeO compound
progressively decreases as the tensile strain increases from 0 to 4%,
which directly correlates with strain-induced bond length elongation.
The increased bond length reduces wavefunction overlap, thereby
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Fig. 2 | Atomic-level dynamic and electronic responses to tensile strain.

A Atomic trajectories projected on the x-y plane from molecular dynamics at
900K, showing displacements of Bi, Cu, Se, and O atoms. B Velocity auto-
correlation functions (VAFs) of Bi, Cu, Se, and O atoms, demonstrating element-
specific vibrational dynamics. C Correlation between continuous symmetry mea-
sure (CSM) values and O-Bi-O bond angle variation under tensile strains.
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c-axis under varying strains, showing increased Bi vibrations. E Bader charge ana-
lysis and electron localization function (ELF) maps for Bi atoms under increasing
tensile strain, showing redistribution of electron density and lone pair behavior.
F Integrated Crystal Orbital Hamilton Population (ICOHP) and Integrated Crystal
Orbital Bond Index (ICOBI) values versus tensile strain, illustrating bonding
strength evolution in BiCuSeO.

weakening the chemical bond strength. Furthermore, we quantita-
tively investigated the bond order of Bi-O atomic pairs under different
tensile strains using the integrated crystal orbital bond index (ICOBI).
The results demonstrate that tensile strain diminishes electron sharing
between Bi and O atoms, leading to a decrease in bond strength. Given
the relationship between chemical bond strength and lattice thermal
conductivity, expressed as k; ~ (F/M)"?, the decrease in chemical bond
strength leads to a reduction in lattice thermal conductivity.

Lattice static strain significantly influences phonon dispersion
characteristics by altering the interatomic force field. In the classical

one-dimensional atomic chain model, the phonon dispersion is given
by w=2\/% sin gk% , where F, k, and k_ are the force constant, pho-
non wavevector, and cutoff wavevector, respectively****. The strain
induces a broadening of the phonon frequency and enhances anhar-
monicity. This study achieves continuous modulation of LPEs via strain
engineering, revealing a synergistic mechanism between lattice
dynamics and electronic orbital interactions. As shown in Fig. 3A,
tensile strain continuously decreases the overall phonon vibration
frequencies in the BiCuSeO compound. This variation not only
enhances the coupling between low-frequency optical phonons and
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Fig. 3 | Evolution of phonon characteristics under tensile strain. A Phonon
dispersion spectra of BiCuSeO at strains from 0% to 4%, showing frequency shifts
across the Brillouin zone. B Enlarged view of the low-frequency acoustic branches
(TA, TA’, and LA) under varying strain levels, indicating softening of phonon modes.
C Phonon spectrum with color-coded inverse participation ratio (IPR) values,
revealing the degree of phonon localization. D Representative vibrational modes at
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the I point for different frequencies, showing the atomic displacement patterns
and evolution from low to high vibrational frequencies. E Relative regular residuals
as a function of atomic displacements, fitted by a fourth-order polynomial. The
increasing coefficients indicate enhanced anharmonicity with strain. F Griineisen
parameters (y) across the first Brillouin zone under different tensile strains,
reflecting changes in phonon anharmonicity and thermal transport properties.

acoustic phonons but also significantly expands the phonon scattering
phase space. Due to differences in atomic mass, the 43.0 cm™! phonon
gap between optical branches blocks three-phonon scattering chan-
nels. However, four-phonon scattering processes enable phonon
scattering across wide phonon gaps, making it easier to satisfy energy
and momentum conservation. Additionally, tensile strain not only
reduces the phonon gap (Table S2) but also enhances higher-order
phonon scattering processes by modulating interatomic distances and
the phonon band structure. Notably, optical branches in the frequency

of 188.4 cm™ exhibit quasi-flat dispersion (Aw <10 cm™), especially in
the I'-Z direction, which is attributed to reduced elastic force constants
under tensile strain (Table S3), confirming strain-induced lattice soft-
ening in BiCuSeO. In Fig. 3B, the I'-point phonon frequency decreases
by 39 cm™ under 0-4% strain, indicating weakened interlayer inter-
action ([Bi202]*" and [Cu,Se,]* layer) and reduced elastic constants.
Furthermore, the effect of tensile strain on the TA’ phonon branch is
particularly significant, with a notable decrease in the group velocity of
the TA’ phonons compared to the TA/LA phonon branches at a strain
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arrangement. C Second-order force constants and interatomic distances for
nearest-neighbor pairs (Bi-Se, Bi-O, Se-Cu) under varying tensile strains. D The
relationship between radial distribution functions (RDF) and distance under dif-
ferent tensile strains.

of 4% (Table S4). This asymmetric phonon dynamic response provides
a crucial entry point for selective regulation of thermal transport.
Further analysis reveals that the TA’ phonon branch dominates thermal
transport due to its lower inverse participation ratio (IPR), whereas the
high IPR values of the TA/LA phonon branches significantly hinder
phonon propagation. Therefore, applying tensile strain effectively
reduces the contribution of the TA’ phonon branch to thermal trans-
port, thereby lowering the lattice thermal conductivity (Fig. 3C).
Additionally, tensile strain decouples Se and Cu atomic vibrations,
activates the reverse vibrations of the O atoms, and forms localized
scattering centers. Meanwhile, the Bi and O inverse vibrations effec-
tively hinder transverse thermal conduction pathways, further
enhancing phonon-phonon anharmonic interactions and significantly
impeding thermal flow transmission (Fig. 3D). Furthermore, by con-
structing the Bi atomic displacement potential well and employing
relative regular residual (RRR) curves® to quantify material anharmo-
nicity (Supporting Information). As shown in Fig. 3E, with increasing
tensile strain, the cubic coefficient b of the fitting residuals increases
significantly. Combined with the compression of the O-Bi-O bond
angle (Fig. 2E), this confirms the enlargement of the LPE space and a
significant enhancement of anharmonicity. Moreover, the RRR curves
of the Bi atom along the c-axis exhibit a notable “M”-like, suggesting
that longitudinal vibrational coupling in Bi-O chains causes avoided
crossings in phonon bands (Fig. S4), thereby triggering high-order
phonon scattering. Finally, by calculating the Griineisen parameter of

phonon modes under different tensile strains, we confirm that tensile
strain enhances the expression of LPEs (Fig. 3F). With increasing strain,
the Griineisen parameter rises from 3.02 (0% strain) to 3.64 (4% strain),
confirming that tensile strain effectively expands the occupancy space
of LPEs, thereby reinforcing the anharmonic characteristics of the
system. Analysis of the two-dimensional potential energy surface at the
Z-point reveals that tensile strain significantly reduces the potential
well depth, leading to phonon mode softening and enhanced anhar-
monicity (Fig. S5).

As is well known, tensile strain usually leads to lattice expansion,
which weakens long-range interatomic interactions that play a key role
in phonon-phonon coupling and directly affect thermal conductivity
(Fig. 4A). To quantify the effect of strain on interatomic interactions,
we normalized the trace of the interatomic force constant (IFC) tensor
by using the self-interaction IFC tensor (Supporting Information).
Given that the applied tensile strain is along the c-direction, we ana-
lyzed the nearest-neighbor force constants along this direction. The
second-nearest neighbors (O-Cu, L2) exhibit slightly stronger inter-
actions than the third-nearest neighbors (O-Se, L3), though both are
significantly weaker than the first-nearest neighbors (Bi-O, L1)
(Fig. 4B). Notably, both second- and third-neighbor pairs demonstrate
an “anti-springs” effect characterized by positive force constants. As
tensile strain increases, these interactions gradually weaken, not only
confirming the strain-induced lattice spacing enlargement but also
highlighting the weakening effect of tensile strain on interatomic
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forces. Figure 4C provides further insight into the trend of force
constants among nearest-neighbor atoms. The results indicate that the
force constants of Cu-Se and Bi-O bonds decrease with increasing
strain, whereas the force constant of the Bi-Se bond anomalously
increases. This phenomenon may be attributed to the spatial expan-
sion of the LPE induced by tensile strain and the enhanced localization
of the electron cloud, leading to the strengthening of the Bi-Se bond.
The radial distribution function (RDF)*® of BiCuSeO is used to reveal
the structural ordering of the material (Fig. 4D). The interatomic dis-
tances within the material expand significantly under tensile strain,
and this change is visualized in the shift of the RDF peak positions
towards larger d values, especially for the long-range interatomic
interactions. However, the minimal peak alteration suggests that the
weakening of interactions is limited, reinforcing our conclusion that
tensile strain primarily modifies the spatial distribution and interaction
strength of LPEs rather than uniformly reducing the interatomic
interactions.

To investigate the impact of continuous modulation of LPEs on
lattice thermal conductivity, we have performed an iterative BTE
solution mixed three-phonon (3 ph) and four-phonon (4 ph) scattering
according to the following formula*’:

1
K= o 2 oo+ Difn Py @)
where, kg, T, Q, N, and # stand for the Boltzmann constant, tempera-
ture, volume of the unit cell, regular grid centered at I, and the Planck
constant, respectively. @ and S represent Cartesian coordinates.
Additionally, w,, v§, and Ff denote the phonon frequency, group
velocity, and the term associated with the phonon relaxation time for
the A vibrational mode, respectively. As shown in Fig. 5A, the lattice
thermal conductivity (x;) of BiCuSeO compound under different ten-
sile strains exhibits strong temperature dependence, following an
inverse relationship with temperature. With increasing tensile strain,
the k; decreases significantly, which can be attributed to the strain-
induced enhancement of anharmonicity and the synergistic effect of
additional phonon scattering channels. When considering only three-
phonon scattering, the ; of BiCuSeO is 1.38 W/mK (300 K@0% strain)
(Fig. S6). However, when four-phonon interactions are taken into
account, k; further decreases to 117 W/m-K (300 K@0% strain),
highlighting the significant impact of four-phonon scattering on
thermal transport. At 300K, as the tensile strain increases from O to
4%, the k; decreases from 1.17 W/m-K to 0.53 W/m-K, representing a
reduction of ~54%. This indicates that the tensile strain effectively
enhances the stereochemically active LPEs of Bi atoms, thereby
suppressing the lattice thermal conductivity. Moreover, the material
displays pronounced anisotropy (k/(a) = k,(b) > k/(c)), arising from the
intrinsic disparity between strong in-plane and weak out-of-plane
bonding (Fig. S7). Specifically, the low k/c) is attributed to
suppressed interlayer phonon transport, driven by weak vdW
interactions and enhanced anharmonicity associated with stereo-
chemically active LPEs. To support the reliability of our simulations,
our calculated k; values at unstrain show good agreement with the
experimental measurements reported by Li et al.**, confirming the
reliability of our simulation approach. Some deviations are observed
when compared to the data from Pei et al.*’, which may be attributed
to differences in sample preparation, microstructural defects, and
measurement conditions. It is noteworthy that experimental data are
generally obtained from polycrystalline ceramic samples, where
additional phonon scattering from grain boundaries, impurities, and
porosity further reduces thermal conductivity compared to the
idealized single-crystal models used in our simulations. While our
calculations incorporate multiple phonon scattering mechanisms,
fully capturing these complex microstructural effects remains
challenging. Thus, the focus of this work is on revealing the intrinsic

trends and mechanisms of phonon transport under strain rather than
achieving exact numerical matches.

The cumulative lattice thermal conductivity (KIC) is significantly
affected by the dimensions of the sample, particularly when the sam-
ple dimensions surpass the longest phonon mean free path (MFP).
Thus, the relationship between the K[C and the phonon MFP can be
described by the following equation:

_
T+ Ay <A 3)

max

KIC(A<Amax) =

where A, and A, represent the eigenvalues of phonon MFP and the
maximum phonon MFP, respectively. As shown in Fig. 5B, the cumu-
lative phonon MFPs without any suppression of K,C are 109 nm and
30 nm under 0% and 4% tensile strain, respectively. When the «{ is
suppressed by 50%, the corresponding effective MFPs are significantly
reduced to 2.6 nm (0% strain) and 0.7 nm (4% strain). This result con-
firms that strain engineering can effectively regulate phonon trans-
port. Compared to conventional defect engineering strategies, this
dynamic modulation mechanism enables continuous adjustment of
thermal transport properties while maintaining the integrity of the
crystal structure, offering an effective approach to designing advanced
phonon modulation devices. The physical essence of strain-induced
LPE regulation lies in a dual synergistic effect arising from structural
distortion (Fig. 5C). On the one hand, the compression of O-Bi-O bond
angles shifts the interatomic potential away from its equilibrium
position and significantly enhances lattice anharmonicity. On the other
hand, the elongation of Bi-O bonds reduces the orbital wavefunction
overlap, thereby promoting charge localization on the LPEs of Bi
atoms. These two effects together significantly enhance the anharmo-
nicity of the system, creating a powerful phonon scattering center. The
enhancement of anharmonicity directly increases phonon scattering
rates, particularly leading to a significant rise in the scattering rate of
high-frequency optical phonons (Fig. 5D). Under tensile strain, the
four-phonon scattering processes undergo significant changes, includ-
ing splitting, redistribution, and recombination (Fig. S8). Among these,
redistribution is the most pronounced due to selection rule con-
straints. Notably, in the low-frequency region, recombination plays a
dominant role, whereas in the high-frequency region, splitting
becomes predominant. Additionally, the three-phonon scattering rate
exhibits frequency dependence. The scattering rate of the splitting
process gradually increases with increasing phonon frequency, while
the combining process shows the opposite trend (Fig. S9). This is due
to constraints imposed by energy and momentum conservation,
where high-frequency phonons primarily scatter with other high-
frequency phonons, leading to similar trends in the scattering rates of
both high- and low-frequency phonons. Strain-induced asymmetric
atomic vibrations disrupt the periodic potential field of the lattice,
significantly enhancing lattice vibrational anharmonicity. This anhar-
monicity induces strong three-phonon coupling effects near the
Brillouin zone boundary in reciprocal space. When the phonon
momentum approaches a half-integer multiple of the reciprocal lattice
vector, the total momentum of the collision process exceeds the first
Brillouin zone, requiring momentum conservation correction via a
reciprocal lattice vector G (K1=K>+Ks+G)*°, thereby triggering
Umklapp scattering, as illustrated in Fig. S5E. Notably, the optical
branches dominated by O atoms exhibit the most significant response
to strain, with Umklapp scattering becoming particularly prominent
under tensile strain. This phenomenon arises from the enhanced local
dynamic disorder of O atoms induced by tensile strain, which
manifests in reciprocal space as intensified Umklapp scattering. The
underlying physical origin lies in the reconstruction of the LPE
distribution in real space, which disrupts the symmetry of lattice
vibrations. Figure 5F illustrates the total scattering phase space
for three- and four-phonon processes in BiCuSeO compound,

Nature Communications | (2025)16:6284


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61506-6

1.2 | —&— Strain+0%
—&— Strain+1%
10k —A— Strain+2%
’ v— Strain+3%
—&— Strain+4%
2 0.8 | @ Lietal(BCSO500)
c @ Peietal
S 06}
>
04 F
0.2 F
00 1 " 1 " 1 " 1 " 1 " 1 " 1
300 400 500 600 700 800 900
C Temperature (K)
A
u(e)
Strain
Lone pair
BiCuSeO

Fmm e e e e e e e =

Anharmonicity Tensile strain

>
L

Angle (6)

m

N
=

-
(=]
©

Umklapp processes scattering rates (ps™)

10
% Strain+0%

102 *  Strain+1%
*  Strain+2%
< Strain+3%
% Strain+4%

1 0»3 1 N 1

0 100 200 300 400 500

Phonon frequency (cm™)

Fig. 5| Thermal transport modulation in BiCuSeO under tensile strain. A Lattice
thermal conductivity (k;) versus temperature at various tensile strains. k; decreases
systematically with strain, showing about 54% reduction at 300 K under +4% strain.
B Cumulative lattice thermal conductivity as a function of phonon mean free path
(MFP) at 300 K. The inset highlights the phonon MFP corresponding to 50% of the
cumulative lattice thermal conductivity. C Schematic illustration of anharmonicity
changes under tensile strain, showing decreased O-Bi-O bond angle and expanded

F

Total phase space

K (W/mK)

Anharmonic scattering (ps™')

1.2  —=— Strain+0%
—&— Strain+1%
10k —#— Strain+2%

Strain+3%
—&— Strain+4%

10°

102 10" 10" 102 10  10°
Dice MFP (A, nm)
10
x  Strain+0%

Strain+1%
Strain+2%
Strain+3%
Strain+4%

10-2 )?2( N 1 N 1 N 1 N 1 N 1
0 100 200 300 400 500

Phonon frequency (cm™)

B splitting(4ph) W recombination M redistribution
0.007 I splitting(3ph) M combination
0.006
0.005
0.004;5 =
0.001 |

0% 1% 2% 3% 4%
Three- and four-phonon scattering processes

lone pair electron region. D Four-phonon scattering rate versus phonon frequency
at different tensile strains at 300 K. E Umklapp phonon scattering rate versus fre-
quency at 300 K under different strains, with all events satisfying momentum
conservation (K1 = K> + K3 + G). F Total scattering phase space for three- and four-
phonon processes under different strains, including three-phonon splitting and
combination, and four-phonon splitting, recombination, and redistribution
processes.

including emission 1 — A +A1 ), absorption (A+A — A ), splitting
(A —A+21 +1 ), redistribution 1+1 — A1 +A ), and recombina-
tion processes (A+1 +1 — A ).Thethree-phonon scattering exhibits
similar emission and absorption phase spaces, and both exceed the
scattering phase spaces for the four-phonon scattering, indicating a

higher scattering probability for the three-phonon scattering. How-
ever, within the four-phonon scattering phase space, the redistribution
scattering phase space dominates, while the splitting scattering phase
space is the smallest. Furthermore, with increasing tensile strain, the
scattering phase space gradually expands, suggesting that lattice
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distortion-induced anharmonicity enhancement significantly increases
phonon-phonon scattering probabilities. This trend indicates that
tensile strain enables continuous regulation of phonon transport in
BiCuSeO material, thereby offering to optimize their thermoelectric
performance. This work breaks through the limitations of traditional
chemical substitution strategies by establishing a continuous regula-
tion mechanism for strain-LPEs-thermal transport. It provides theore-
tical guidance for the design of low thermal conductivity materials and
optimization of thermoelectric performance, and is expected to
extend to dynamic regulation studies of systems with LPEs, such as
SnSe’ and Bi,Tes™.

This study proposes a strain engineering strategy to continuously
modulate the stereochemical activity of LPEs in layered BiCuSeO,
revealing the dynamic coupling mechanism between LPEs and lattice
thermal conductivity. Tensile strain compresses the O-Bi-O bond
angles and elongates Bi-O bond lengths, thereby enhancing the
structural distortion of the [Bi,0,]?* layer and expanding the spatial
distribution of LPEs. MD simulations show that local dynamic disorder
of O atoms at high temperatures suppresses heat transport, and strain-
induced out-of-phase vibrations further hinder transverse phonon
transport. Bader charge and ELF analyses reveal that tensile strain
reduces the charge overlap density of Bi-O bonds, enhancing the
stereochemical activity of LPEs and inducing anharmonic vibrations of
Bi atoms. Furthermore, strain softens optical phonon modes, narrows
the phonon bandgap, and enlarges the scattering phase space, sub-
stantially reducing the contribution of the TA’ phonon mode to ther-
mal conductivity. Crucially, strain primarily modulates the interactions
among LPEs, rather than uniformly weakening all interatomic forces.
As aresult, a4% tensile strain leads to a 54% reduction in lattice thermal
conductivity at 300K, reaching as low as 0.53 W/mK. This work
establishes a quantitative “strain-LPE-phonon” coupling framework,
offering theoretical insights and practical strategies for designing low-
thermal-conductivity, high-performance thermoelectric materials.

Methods

First-principles calculations

First-principles calculations were performed using the projected aug-
mented wave method in the Vienna ab initio Simulation Package
(VASP)*. The exchange-correlation function was described by the
Perdew-Burke-Ernzerhof functional within the generalized gradient
approximation®®. Self-consistent calculations were carried out with an
energy convergence criterion of 107 and a plane-wave energy cutoff of
520 eV. Bonding interactions within the compound were analyzed
using the COHP*” and the ICOBI*® method. Uniaxial tensile strain along
the c-axis was simulated by adjusting the lattice constants. The selec-
tion of c-axis tensile strain was based on its unique ability to simulta-
neously reduce the O-Bi-O bond angle and elongate the Bi-O bond,
which was crucial for activating LPEs and reducing lattice thermal
conductivity. The expression for uniaxial strain is defined as
e=(l—1y)/ly, where l and [, represent the lattice constants of strained
and unstrained, respectively. To visualize the atomic structures, all
crystal structure images were generated using the VESTA software™.

Phonon and thermal transport calculations

Phonon dispersion curves were computed using PHONOPY®? based on
density-functional perturbation theory within a 3 x 3 x 2 supercell. The
atomic displacement parameter (ADP) was calculated from the
second-order forces. The phonon mode potential energy surface was
constructed using the ModeMap code®. To address higher-order
phonon scattering effects, machine-learned interatomic potentials
(MLIPs) were trained to obtain moment tensor potentials (MTPs)*
through AIMD simulations. These simulations were performed using
3 x3x2 supercell at the temperatures of 50K, 300K, 500K, 700K,
and 900 K with a time step of 1fs and a total time of 1 ps. Third- and
fourth-order force constants were calculated using MTP, considering

interactions up to the 12th and 4th nearest neighbor atoms, respec-
tively. To evaluate the lattice thermal conductivities related to three-
phonon (3ph) and four-phonon (4 ph) scattering, the Boltzmann
transport equation was solved using the ShengBTE software®’.

Data availability

Data for this study are available in the main text and the Supplemen-
tary Information, or can be accessed on Zenodo®. All relevant data
supporting the findings of this study are available within the article and
its Supplementary Information files. No restrictions apply to data
access.

Code availability

Ab-initio density functional theory DFT-based computational packages
were used in this study. The VASP package can be purchased from
https://www.vasp.at/. The PHONOPY code is available at https://
phonopy.github.io/phonopy/. The ModeMap code is available at
https://github.com/JMSkelton/ModeMap. The MLIP package is avail-
able at https://doi.org/10.17632/fmkvzbk3nt.1. The ShengBTE package
is available at https://www.shengbte.org/.
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