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Abstract

Lattice softening refers to reducing the lattice stiffness of materials by weakening the binding force between atoms,
thereby changing the electron and phonon transport characteristics. The advantage of lattice softening compared
to other strategies for optimizing the properties of thermoelectric materials is that it can significantly reduce the
lattice thermal conductivity by reducing the sound velocity without significantly affecting the electrical properties.
Moreover, lattice softening shows a wide range of application potential in other material fields, such as
magnetostrictive materials and intermetallic alloys. However, systematic reviews on the causes, effects, and
specific applications of lattice softening in thermoelectric materials are still limited. This review introduces the
recent progress of lattice softening in thermoelectric materials, focusing on how to achieve it and its mechanism in
optimizing thermoelectric performance. Through mechanical strain engineering, chemical doping, and phase
transition strategies to achieve lattice softening, one could lower the phonon speed, reduce the lattice thermal
conductivity, and optimize the Seebeck coefficient and conductivity. In the outlook section, the potential
applications of lattice softening in sustainable energy technologies are explored.
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INTRODUCTION

Since the beginning of the 21st century, the excessive exploitation and consumption of non-renewable
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energy sources have intensified the energy crisis. According to the International Energy Agency (IEA), one-
third of the world’s energy is consumed by manufacturing, and 50% of this energy is emitted in the form of
industrial waste heat. 60% of this waste heat can be utilized, but only 30% in China"!. This inefficiency is
further underscored by the fact that only around 30% of thermal energy” and 34% of fossil fuel energy is
efficiently used, with the remainder released into the atmosphere as ineffective waste heat"), leading to
global warming and other environmental issues. This highlights the urgent need for efficient energy
utilization and waste heat recovery. The exploration of novel substances concerning the creation and use of
renewable energy sources is now crucial. Over the past few decades, research on thermoelectric (TE)
materials has provided essential insights into their potential for sustainable energy applications*?,
particularly in areas such as waste heat recovery™', solar energy utilization"'"”, and thermal sensing!*"".
TE materials can directly convert thermal energy into electricity, making them promising candidates for
addressing environmental problems and the energy crisis"*'".

The properties of TE materials"® are measured using a dimensionless thermoelectric figure of merit
ZT = SoT/x, where S is the Seebeck coefficient, ¢ is the electrical conductivity, T is the absolute
temperature, and « is the total thermal conductivity, consisting of electron thermal conductivity x, and
lattice thermal conductivity «,. To obtain high ZT, TE materials must have high S, high o, and the lowest
possible x value. «, is related to phonon transport, and represents an inverse relationship between the S and
the o related by carrier concentration. Higher Seebeck coefficients occur at lower carrier concentrations, as
fewer carriers enhance their response to temperature gradients. However, lower carrier concentration
reduces electrical conductivity, while higher conductivity increases electronic thermal conductivity and total
thermal conductivity, ultimately lowering ZT. Researchers need to optimize these parameters through
material design and engineering to achieve excellent thermoelectric performance. Traditional methods for
optimizing thermoelectric material performance, such as nanocomposite’*' and energy band
engineering””*, make it possible to modify the parameters. Nanocomposites can introduce many
interfaces, enhance phonon scattering, and reduce the lattice thermal conductivity of materials. The
advantage of energy band engineering is to improve the electrical conductivity and Seebeck coefficient by
adjusting the energy band structure, leading to improved power factor value (S’¢). However, these methods
often involve parameter coupling, making it difficult to simultaneously optimize electrical and thermal
performance.

Among the various optimization strategies, lattice softening has gradually emerged as a practical approach
for enhancing thermoelectric performance. Lattice softening'”*? refers to weakening the binding force
between atoms, thereby changing the electron and phonon transport characteristics of the material, which is
widely used in the fields of thermoelectric”****, magnetostrictive materials®*** and intermetallic alloys"**,
Lattice softening mainly reduces lattice thermal conductivity, thus improving thermoelectric efficiency
without directly introducing additional phonon scattering, avoiding a significant impact on electrical

performance.

Despite the rapid progress in this research field, there is still a lack of systematic evaluation of the specific
applications of lattice softening, particularly regarding how lattice softening changes the thermal and
electrical conduction performance of materials. This study aims to fill this gap by evaluating the practical
application and mechanisms of lattice softening in various thermoelectric materials [Figure 1]. It provides
an in-depth analysis of lattice softening on optimizing the coupled thermoelectric parameters, giving a
theoretical foundation and practical reference for the design of high-performance thermoelectric materials.
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Figure 1. The realization of lattice softening and its effect on thermal and electrical properties.

ADVANTAGES OF LATTICE SOFTENING

Lattice softening changes the physical properties of the thermoelectric material [Table 1]. Its core is to
increase lattice constants and weaken the bond strength between atoms. The reduction in bond strength
leads to a decrease in the elastic modulus, lattice vibration frequency, and phonon velocity. Lattice softening
can be achieved by mechanical strain engineering, chemical doping, and phase transition.

To illustrate the advantages of lattice softening, we minutely contrast it with other traditional strategies for
optimizing the properties of thermoelectric materials. Common methods for optimizing the performance of
thermoelectric materials include energy band engineering and nanocomposites. Energy band engineering'*"
primarily focuses on optimizing electrical performance by modifying the material's band structure, such as
band convergence and band flattening. For example, by increasing the band degeneracies, the Seebeck
coefficient can be increased without significantly reducing the mobility. As for band flattening, Zhang
et al."” realized that Gd doping flattens the conduction band edge of PbSe, thus resulting in a large Seebeck
coefficient. However, its disadvantage is that the energy band structure of the material needs to be
accurately adjusted, which puts forward high requirements for the design and synthesis of the material.
Nanocomposites means introducing nanostructures into the matrix to optimize thermoelectric properties
by nano-effects. The interface between the nanophase and the matrix can strongly scatter phonons, thus
significantly reducing the thermal conductivity of the lattice. Bai et al.*” used hydrothermal synthesis to
bind functionalized multi-walled carbon nanotubes (f-MWCNTSs) into the Bi,S, matrix. The enhancement
of phonon scattering results in the total thermal conductivity of Bi,S,/f-MWCNTs nanocomposites at 589 K
being 0.27 W m K, which is close to the lowest value of Bi,S,-based materials. However, the preparation
of nanocomposites usually requires precise control of the size, distribution, and interface properties of
the nanophase, which places high demands on the synthesis process.
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Table 1. Physical property related to lattice softening in thermoelectric materials

Physical property Description

Lattice constant Increased lattice constant weakens bonding among atoms

Elastic modulus Lower elastic modulus makes lattice softer, affecting thermal and electrical properties
Thermal expansion Lattice softening can directly or indirectly affect the thermal expansion behavior
Phonon group speed Slower phonon speed due to lattice changes further reduces x;

Compared to the two methods [Table 2], lattice softening (1) can reduce the thermal conductivity of the
lattice more directly while minimizing the negative impact on electrical properties; and (2) does not require
complex preparation processes or expensive equipment. This makes the lattice softening strategy suitable
for most thermoelectric material systems.

REALIZATION METHOD OF LATTICE SOFTENING

Mechanical Strain engineering

Mechanical strain engineering"** is a method of changing the lattice structure of a material by applying
mechanical strain. Mechanical strain refers to the deformation of the material under the action of external
forces, which can induce lattice softening [Figure 2A].

Hanus et al.” synthesized stoichiometric PbTe samples under different internal strains induced by high-
energy ball milling [Figure 2B]. Bulk PbTe particles with increasing internal strains showed significant
phonon velocity reduction (lattice softening). By measuring sonic velocity (v,) and internal strain (Ceyyp), a
linear relationship was found between the decrease in sound velocity and the increase in the internal strain
of the material [Figure 2C], where ey, is the internal strain determined via the Williamson-Hall method,
and C s a constant related to the nature of the strain and details of the analysis method.

The relationship between strain and phonon frequency (and thus the speed of sound) is described through
the Griineisen tensor

dnw )
Yii = — 1
u dEiJ;
which at small strains can be written as
w = wn(l - Yijeif) (2)

where o, is the phonon frequency at zero strain. Recognizing that o o< v, at low w, it is possible to define an
engineering Griineisen parameter y,,, which is associated with the internal-strain state of PbTe measured via
X-ray diffraction (XRD). Then

Vs = Vs a- VintEXRD) (3)

This expression is consistent with the experimental observation of a linear dependence of the speed of
sound on the strain. From a fit of Equation 3 to the experimental data in Figure 2C using C = 4, y,,, is
estimated to be 5, which is similar to the thermodynamic Griineisen parameter of PbTe.

Huang et al.”" studied the graphene monolayer samples under mechanical stripping by Raman
spectroscopy. With uniaxial stress to graphene [Figure 2D], 2D and G bands of graphene were significantly
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Table 2. Advantages and disadvantages of three methods for optimizing the TE performance

Method Advantages Disadvantages

Lattice softening Structural changes lower lattice thermal conductivity -

Softened lattice enlarges band gap

Band engineering Band structure modulation increases carrier concentration and Requires sophisticated growth and doping
mobility techniques

Not all materials are suitable for band engineering
Nanocomposites Interface scattering decreases lattice thermal conductivity Interfaces in nanocomposites may be unstable

Better mechanical strength Complex manufacturing processes increase costs

TE: Thermoelectric.

A Physical stress B C
T T 2100
kY 4— single crystal (Houston et al.)
00 2000f -
T>2

00 stress is = (Chenetal)
o ° applied 2 1900 o
0 ° — g (Tanetal.)
(X = 1800 R l
00

1700 / +
l l Vs =Vso(l = Vulxeo) %

160

70000 0.002 0.004 0.006 0.008 0.010

normal lattice

D E

Cexrp

2520 2560 2600 2640 2680 2720
Raman shift (cm™ )

i

Torsion

Ce (><mean strain)
° <
Y
a

0.010

Rotation 0.005

o o o o™
—_— e Re W e

Figure 2. (A) Schematic diagram of lattice softening caused by mechanical strain; (B) Schematic diagram of ball milling; (C) The speed
of sound (v,) measured by pulse-echo ultrasound versus the internal strain (Ceyzp) as measured. Copyright 2019, Wiley?™.(D)
Schematic diagram of graphene tensile test; (E) Evolution of the spectra of the 2D under strain. Copyright 2009, Wiley™"; (F) Schematic
of HPT instrument and method; insert is the picture of the as-processed sample and a schematic of how the stress is introduced; (G)
Internal inhomogeneous strain characterization of as-sintered and HPT-processed silicon under 0-1/2 rotation, grain size, and mean
strain (Ce) obtained from the analysis. Copyright 2023, Royal Society of Chemistry[SZJ.XRD: X-ray diffraction; HPT: high-pressure
torsion.

redshifted under strain [Figure 2E], which indicates the occurrence of phonon softening. Xu et al.”” applied
a moderate high-pressure torsion (HPT) process [Figure 2F] to nanocrystalline silicon by directly
introducing finer nanostructures and internal strains, resulting in a global lattice softening and a significant
boundary softening effect [Figure 2G], which reduced the phonon group velocity and enhanced phonon
scattering at grain boundaries, respectively. A record low « of 1.49 W m™ K was achieved.
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Chemical doping

Chemical doping”*” can alter the lattice structure of the material by introducing doping atoms with
mismatched dimensions, thus achieving lattice softening [Figure 3A]. For example, Zhang et al.*® chose
room-temperature cubic GeMnTe, as the matrix to alloy Ag and Sb at the Ge/Mn site [Figure 3B]. Due to
the huge difference [Figure 3C] in atomic electronegativity, mass, and radius, lattice softening would be
caused, thereby reducing sound velocity and resulting in a significant reduction in lattice thermal
conductivity. The introduction of certain doping atoms increases the number density of vacancies, which
affects the stiffness of the lattice. In previous work, our group™ modulated the number density of two-
dimensional 2D Te vacancies in lead telluride (PbTe) by doping bismuth and indium [Figure 3D]. DFT
calculations show that (Bi, In) co-doping reduces the formation energy of these defects, and increases the

density of single-atom-layer two-dimensional vacancy (D,p.,.). 2D Te vacancy causes bond softening

2D-vac

[Figure 3E], significantly reducing the phonon velocity and lattice thermal conductivity.

Chemical doping can also soften the lattice by affecting the van der Waals bond, metavalent bonding, and
bonding (stabilizing) and antibonding (destabilizing) states. Zhu et al.”™ investigated the high-temperature
thermoelectric properties of (Bi,),(Bi,Te,), series compounds, revealing multiple mechanisms for their
intrinsic low lattice thermal conductivity. (Bi,),.(Bi,Te,), natural superlattice series compounds have layered
structures [Figure 3F]. It consists of Bi,Te, quintuple layers [Te-Bi-Te-Bi-Te] and a bismuth double layer
(Bi,) stacked along the C-axis, with van der Waals bonds between the layers. Compared to Bi,Te,, the
insertion of a bismuth bilayer in the (Bi,),(Bi,Te,), compound changes the interlayer van der Waals bond
action, resulting in reduced longitudinal and transverse sound velocity. The decrease in sound velocity
indicates the weakening of the interlayer bond (van der Waals bond). The weakening of the bond has an
important effect on the lattice thermal conductivity. The (Bi,),(Bi,Te,), compound thus has extremely low
lattice thermal conductivity [Figure 3G], such as «, of about 0.42 W m™ K" for Bi,Te, at 300K, much lower
than the «, of Bi,Te, at 300 K (about 1.6 W m™ K™). In the field of thermoelectric materials, metavalent
bonding"*"*
one electron between adjacent atoms, which is essentially a competition between electron localization and

"(MVB), as a unique form of chemical bonding, describes a special semi-filled  bond with only

delocalization. Liu et al."™ significantly improved the solid solubility of Ag in SnTe [Figure 3H] by
combining with AgSbTe, compounds with the same metavalent bond [Figure 3I]. Due to atomic size
differences and other factors, the doping of Ag will produce lattice strain in the lattice. The related lattice
strain softens the phonons and significantly reduces the lattice thermal conductivity, resulting in the lattice
thermal conductivity of Sn,,,Mn,,,Sb, ., Te-5%AgSbTe, being as low as 0.30 W m™ K" at 873 K. Wang
et al” synthesized Cu,,,,
temperature melt-annealing combined with hot pressing. The DFT calculation shows that when Mn doping
Cu,S, Mn’s 3d orbital interacts strongly with S’s 3p orbital [Figure 3]], weakens the Cu-S bond [Figure 3K],
reduces the transition energy barrier and enthalpy change, and stabilizes the low-temperature cubic phase.

Mn,S and Cu,,,MnS,,..Se,,,. series polycrystalline samples by high-

Phase transformation

Phase transition'” " refers to the phenomenon that a material changes from one phase (state) to another
under different conditions (such as temperature, pressure, chemical environment, etc.), including structural
phase transition” ", superionic phase transition”*"*, and topological transition”*. It can significantly
change the lattice structure of the material, thus affecting the physical properties of the material [Figure 4A].

Structural phase transition refers to the change of the crystal structure of the material, such as changing
from a cubic system to a hexagonal system. For example, Wang et al.*"! achieved chemical bond softening
and structural distortion in Te-free Bi, Sb,Se, by composition-induced (Sb alloying) structural transition
from rhomboid phase to orthorhombic phase [Figure 4B], resulting in significant changes in electron band
structure and phonon dispersion. At the same time, phonon softening and lattice disharmony caused by
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Figure 3. (A) Schematic diagram of lattice softening caused by chemical doping; (B) Schematic illustration of lattice anharmonicity due
to the complexity of Ge sublattice; (C) Difference between elements (Ge, Mn, Ag and Sb) in atomic mass, radius, and electronegativity.
Copyright 2025, Elsevier™; (D) Schematic diagram of single-atom-layer 2D Te vacancies, Bi and In doping in Pby sg5Bio 9071N 005 T€
crystal structures; (E) Phonon group velocity as a function of frequency for PbTe (black) and PbTe with Bi/In next to 2D vacancy (blue).
Copyright 2024, Elsevier™; (F) Crystal structure of BigTe,,Bi,Te,,Bi,Te, and Bi,Te,; (G) A schematic illustration of the underlying
mechanisms of the ultralow lattice thermal conductivity in the (Bi,),(Bi,Te;), (m/n = 3:9, 2:7, and 1:5) homologous series in comparison
with Bi,Te,. The weak chemical bonding leads to low group velocity in the (Bi,)(Bi,Te;), homologous series compared to Bi,Te,.In
addition, the Brillouin zone of the (Bi,) (Bi,Te;), homologous series shrinks as the number of atoms in the unit cell increases.
Consequently, the high-frequency acoustic phonon modes are cut off because of the low group velocity of the acoustic phonon modes
and the small volume of the first Brillouin zone in the (Bi,), (Bi,Te,), homologous series. Copyright 2021, American Chemical Society™;
(H) Atomic-resolution HAADF-STEM image of Sngg,Mng 05Sbg o5 Te-5%AgSbTe, and EDS mappings of SnTe matrix (FFT image that
corresponds to the HAADF-STEM image inset); (1) 2D map describing chemical bonds in solids. The map is spanned by the number of
electrons transferred normalized by the oxidation state and electrons shared between adjacent atoms. Different chemical bonding
mechanisms are demarcated by different colors. Copyright 2022, the Authors. Advanced Functional Materials published by Wiley-VCH
GmbH™®: (J) A schematic band diagram from simple chemical bonding (hybridization) arguments. The schematics of atomic orbital
energies of Cu, S, Mn, Ag, In, Ga, Zn, Fe, and the molecular orbital energies of Mn-doped Cu,S and (K) Mn-doped Cu,S with hexagonal
structures. The bonding (stabilizing) and antibonding (destabilizing) states could be well defined by the COHP values. The bonding
orbital (grey area) has negative COHP. Copyright 2023, Elsevier®”.HAADF-STEM: High-angle annular dark field-scanning transmission
electron microscopy; FFT: fast Fourier transformation; EDS: energy dispersive spectrometer; COHP: crystal orbital hamilton populations.

weak interchain interactions greatly hinder the heat-carrying phonons, resulting in a significant decrease in
lattice thermal conductivity at 300 K [Figure 4C]. Yang et al.®” quantitatively investigated the relationship
between subtle changes in the statically disordered atoms across different CuTel phases and x, during phase
transitions. Specifically, a-CuTel [Figure 4D] exhibits substantial lattice softening compared to g-CuTel
[Figure 4E], characterized by a 10.4% decrease in the v, and a = 2 GPa reduction in the shear modulus at 273
K. The more significant reductions [Figure 4F] in v, compared to v, resulted in an increase in the average
Griineisen parameter, which further contributed to a more than 44% reduction in .
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Figure 4. (A) Schematic diagram of lattice softening caused by phase transition; (B) Powder XRD patterns for Bi,_ Sb,Se,; (C) Lattice
thermal conductivity as a function of the Sb content for Bi, ,Sb,Se . The solid and dashed lines are estimated based on the Klemens-
Callaway theory, using different ¢ values. Copyright 2016, Royal Society of Chemistry™®": (D) Griineisen parameter of p-phase; (E) Gri
neisen parameter of a-phase; (F) Experimental and calculated reduction of «,, due to reduced speed of sound. Copyright 2024,
Wiley™: (G) (Black solid line) Schematic diagram of the temperature dependence of the energy of a typical soft phonon in a second-
order phase transition, such as a ferroelectric one. (Red solid line) Soft phonon behavior observed in Ag,GeSe, undergoing a superionic
phase transition upon heating. Copyright 2023, the Authors. Small published by Wiley VCH GmbH™; (H) E, as a function of strain ¢,
measured at 4 K on three samples. Inset: Scanning electron micrograph of sample 2; (1) E, versus ¢,, at a series of temperatures
measured on sample 2. Copyright 2023, AAASEY XRD: X-ray diffraction.

The superionic phase transition'™ refers to the phase transition process in which the mobility of ions in the
lattice of the material is significantly increased under certain conditions, resulting in a substantial increase
in the conductivity of the material. Shen ef al.™ study the case of a superionic phase transition in the
Argyrodite Ag,GeSe,, where the soft mode does not freeze into a static distortion but rather triggers solid
state diffusion upon crossing T.. Consistently, no phonon hardening is observed in the superionic phase
above T, and the soft mode maintains its over-damped character, as indicated in Figure 4G.

Two types of topological phase transition that can cause lattice softening are introduced here. Lifshitz phase
transition™™! is a special topological Fermi surface transition, which occurs when the topological structure
of the Fermi surface of the material changes and Fermi levels pass through the Van Hove singularity (VHS),
resulting in a change in the density of the electronic states. Noad et al.™ took an ultra-clean, quasi-two-
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dimensional correlated metal Sr,RuO, single crystal, machined it into a neck and embedded it in an epoxy
resin, and used custom equipment to synchronously monitor uniaxial stress and strain. They measured
Young’s modulus. It is found that at Lifshitz transition strain, Young’s modulus decreases significantly
[Figure 4H and I], lattice softening reaches 10-15%, and the softening degree increases with decreasing
temperature. Another typical topological phase transition is the charge-density-wave (CDW) phase
transition™, which is caused by the interaction between the electron-phonon coupling and the Fermi
surface topology, and it causes phonon softening.

LATTICE SOFTENING AFFECTS ELECTRICAL TRANSPORT PROPERTIES

The electrical transport properties of thermoelectric materials include the conductivity and Seebeck
coefficient. Conductivity is a parameter that measures the conductivity of a material, which is related to the
carrier concentration and mobility within the material. The Seebeck coefficient describes the ability of a
material to generate an electromotive force under temperature difference, which is related to the electronic
structure of the material. The corresponding formula is as follows":

o = neu (4)

87’[2](12; T % ( )

§= T(— >
3ehz (Bn)

where n, e, u, h, ky, and m’ stand for the carrier concentration, elementary charge, carrier mobility, Planck
constant, Boltzmann constant, and carrier effective mass, respectively.

Lattice softening caused by chemical doping leads to increased vacancy density, thereby increasing the
concentration of carriers and further optimizing the conductivity. Lattice softening can also lead to changes
in the band structure [Figure 5A], which can affect the position of the Fermi level and the concentration of
carriers.

Zhang et al.””s strategy of eliminating p-d hybridization by Ag substitution can achieve a high average ZT
in Cu,SbSe,. Using density functional theory (DFT), it is proved that the weakening of Cu-Se bonds favors
the formation of Cu vacancies, which increases carrier concentration and thus reduces resistivity [Figure 5B
and C]. Liang et al.”” prepared Mg,, Mn,Sb, .Bi,,,Se,,, Zintl compounds co-doped with Se and Mn, in
which Mn was doped at the Mg site. Since the electronegativity of Mn (1.55) is larger than that of Mg (1.31),
the chemical bonds in Mn-doped samples are softened, leading to a significant increase in carrier
concentration and mobility. As can be seen from Equation 5, the Seebeck coefficient is inversely

proportional to the carrier concentration S ~ n*”

. Therefore, at low temperatures (below 400 K), the
Seebeck coefficient of the manganese-doped sample is significantly lower than that of the non-manganese
sample. For example, at 323 K, it decreases from -284 pV K™ in the Mn-free sample (3.92 x 10" cm™) to -250
uV K" in the x = 0.02 sample (4.7 x 10" cm™). Tang et al.*” investigated the effect of strain engineering on
the thermoelectric properties of asymmetric Janus 1T-SnSSe monolith. Figure 5D presents the top and side
views of the 1T-SnSSe monolith, which is formed by the S-Sn-Se covalent bond. The band gap of 1T-SnSSe
monolayers increases first and then decreases with the increasing biaxial tensile strain [Figure 5E]. The
softened lattice structure (such as the increase in lattice constant) caused by strain is one of the reasons for
the change in the band gap, leading to an increase in the Seebeck coefficient. At 300 K, the Seebeck
coefficient is 94.60 uV K at 0% strain and increases to 189.03 uV K" at 8% strain. At 900 K, the Seebeck

coefficient is 213.37 uV K" at 0% strain and rises to 214.84 uV K at 6% strain.
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Figure 5. (A) Schematic diagram of the effect of lattice softening on electrical transport properties of thermoelectric materials; (B)
Temperature-dependent electrical transport properties for Cu, 5 Ag, SbSe, (x = 0, 0.02, 0.03, 0.04, 0.05, 0.06) samples: electrical
resistivity; (C) Room temperature carrier concentration n, and carrier mobility « as a function of the Ag doping content. Copyright 2019,
Royal Society of Chemistry™®: (D) Top and side views of the crystal structure of 1T-SnSSe monolayer. The Heff in the side view
represents the effective thickness of the 1T-SnSSe monolayer; (E) The calculated bandgaps (including the HSEO6 + SOC and PBE + SOC
methods) as a function of biaxial tensile strains ranging from 0% to 8% and the calculated Sn-S/Sn-Se bond lengths versus the lattice
parameters corresponding to the biaxial tensile strains. Copyright 2022, Elsevier®. HSE06: Heyd-scuseria-ernzerhof: SOC: spin-orbital
coupling effect; PBE: perdew-burke-ernzerhof.

LATTICE SOFTENING AFFECTS THERMAL TRANSPORT PROPERTIES

The heat conduction of thermoelectric materials mainly includes the contribution of carrier and lattice
vibration. Carrier thermal transport is closely related to electric transport, while lattice thermal transport

involves phonon propagation. The effect of lattice softening on the lattice thermal conductivity (x,) is
reviewed in detail below.
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Assuming that phonon-phonon scattering dominates at temperatures well above the Debye temperature,

the phonon group velocity (v,) is directly connected to «;, as shown by Equation 6**:

(6m®)*3 M ()
K = 472 (V)2/3Ty_g (6)

where M is the average atomic mass, V is the average atomic volume, and y is the Griineisen parameter. ¢
is Poisson’s ratio, which can be calculated from the ratio of longitudinal to transverse speed of sound (v,/
v;). The average frequency-dependent phonon group velocity v, is approximated as v,, which is identical
to the group velocity at the I' point in the Brillouin zone. The average v, and y can be calculated

[82].

according to Equations 7 and 8, respectively'**:

11, 2 173
vo=|=-|=w+—
3w v (7)
3140
[ 8
Y =322 34 ®)

In Yang et al.’s study™, they derived Equation 9 based on Equations 6-8:

11, 2y
2 _ el PR
(6m2)3 M ((3 [UE + U%D ) A (9)
= 2z * 2 * 2 . 2
4 = 9v2 — 1202 1,2 9u? — 1202
(V)3T L T N L T
207 + 4v2 vi ' vd 2vf 4 4v2

The right part of the denominator in Equation 9, enclosed in parentheses, is related to the v,, while the left

part is associated with the ;. Importantly, as the variablesMand V remain relatively constant
across different phases at a given temperature, the numerator A can be considered a constant.

Consequently, it becomes evident that the variation in «, can be exclusively linked to the v, and v;.

Lattice softening decreases the speed of sound (v, and v;) and elastic modulus [Table 3], thus reducing .
Most importantly, the softening of the material lattice can achieve the reduced thermal conductivity of the
lattice without introducing additional phonon scattering mechanisms. Moreover, lattice softening also
significantly increases the thermal expansion rate of materials by changing the lattice spacing and reducing
the lattice rigidity.

Group velocity and frequency of phonons
Phonon group velocity** is a physical quantity that describes the speed at which phonons (the quanta of
lattice vibrations) propagate through a material. The group velocity is closely related to the dispersion
relation of phonons, which can be obtained by derivation of the dispersion relation. Specifically, the group
velocity of phonons can be calculated by the following formula®:
dw c
vy =—= |- (10)
9 dq (p

where o is the frequency of the phonon, g is the wave vector of the phonon, C is the elastic constant
(Young’s modulus, shear modulus, or bulk elastic modulus) and p is the density of the material.

Research on the reduction of lattice thermal conductivity due to lattice softening is prevalent in the field of
thermoelectrics. Jiang et al.”” studied the mechanism of electron and phonon localization and found that
the crystal symmetry of high-entropy materials improves the electron delocalization distribution
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Table 3. Speed of sound and elastic properties of pristine and doped compounds

Compound Longitudinal/km s Transverse/kms” Bulk/GPa  Shear/GPa Young/GPa
GeTe 3.445 1.965 -

Ge Sy, Te 3365 1.833 -

GegeSng ,Te 3.179 1.632 -

Ge, ,SngcTe 2,953 1535 -

Gey,SnysTe 3.331 1876 -

SnTe 3.408 1.873 -

CuGaTe, 3.84 2.08 53.1 25.4 65.8
CugosLigosGaTe, 377 2.05 50.0 24.4 63.1
CuGaTe, 455bg o1 3.82 2.09 514 25.6 65.8
Cug sbip psGaTe,555bg o 3.40 191 374 203 51.7
Cupo5Ag005INTe, 378 2.05 517 249 64.4
CugoLiposAgo0sinTe, 3.44 1.81 43.8 19.3 50.5
SrCuSb 4.237 2.500 -

SrAgSb 3.803 2.236 -

Sr,ZnSb, 3767 2174 -

[Figure 6A], optimizes the band structure, and improves the electrical properties. At the same time, the
disordered distribution of elements produces lattice strain, destroys crystal symmetry, and affects phonons.
Raman spectroscopy [Figure 6B] shows phonon mode splitting and transverse phonons are more affected
by disorder; sound velocity measurements [Figure 6C] show that the transverse sound velocity v, drops
faster than the longitudinal sound velocity v, that is, phonon softening, which enhances the anharmonicity,
significantly reduces the lattice thermal conductivity, and synergies with electron delocalization to optimize
the thermoelectric properties. Han et al.” found that a 65% reduction in lattice thermal conductivity can be
achieved with only 10% covalent Hf doping in a high-band NbFeSb system, compared to the fourfold higher
isoelectronic Ta alloying concentration. Figure 6D shows the neutron-weighted phonon DOSs of Nb, X,
FeSb at 5 K. Three phonon bands of 0-20 MeV, 20-30 MeV, and 30-45 MeV were observed, corresponding
to one and two phonon bands, respectively. In the energy range of 30-35 MeV, significant softening of
optical phonons was observed in Hf- and Zr-doped Nb, Hf, FeSb and Nb, ,Zr, FeSb, respectively. Softening
of the phonon spectrum means that phonons have lower energies, which can lead to a decrease in the mean
free path of phonons. Hanus ef al.” found that lattice softening can significantly reduce thermal
conductivity [Figure 6E]. The inset of Figure 6E shows the sound velocity reduction data of different
samples; for example, the sound velocity of (Na,Sr)-PbTe is 1860 m s, and the sound velocity of (Na,Eu)-
PbTeis 1719 m s". The decrease in sound velocity correlates with lattice softening. According to x, = Av T,
a decrease in sound velocity leads to a decrease in «,. The highlighted region in Figure 6E represents the part
of reduced «, caused by lattice softening only, which is obviously different from the part caused by an
increase in the phonon-defect scattering center. Tang et al.”” used density functional theory (DFT) and
semi-classical Boltzmann transfer theory to study the effect of strain engineering on the thermoelectric
properties of asymmetric Janus 1T-SnSSe monolides. As the biaxial tensile strain increases, the lattice
thermal conductivity decreases significantly [Figure 6F]. For example, because of lattice softening, the
thermal conductivity at room temperature of an unstrained 1T-SnSSe monolellar lattice is about 19.77 W
m" K", and when a biaxial tensile strain of 8% is applied, the lattice thermal conductivity drops sharply to
about 3.53 W m" K. Tan et al.”” studied the phonon transport and thermal conductivity of Mg,Si, .Sn,
solid solution by first-principles calculation and phonon Boltzmann transport equation. Compared with
Mg,Si and Mg,Sn, the acoustic phonon branch along the direction of “I'-X” of Mg,Si, ,,.Sn,,, was
significantly softened [Figure 6G-J]. The acoustic phonon of Mg,Si, ,,.Sn, . has a relatively lower frequency
under the same wave vector, which means that the energy of the phonon is reduced and the
propagation speed is slowed down, which is a typical representation of lattice softening.
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Figure 6. (A) Distribution of normal strains in the GeTe and high-entropy Ge (;Agq11Sb015Pby1,Big o Te samples. Left images and green
lines are from GeTe samples, and right images and pink lines are from the Ge, ;Ag,1;5b,13Pbg1,Big o Te sample. The value of o is the
root mean square; (B) Raman intensity and FWHM of the GeTe (left) and high-entropy Geg¢,Ag,1,5by15Pbg 1,Big o, Te (middle) samples;
(C) Measured sound velocities of the transverse (v,) and longitudinal (v)) waves and the calculated Griineisen parameter (y) and lattice
thermal conductivity (k) values at room temperature, where v, is the measured sound velocity of the GeTe sample. Copyright 2022,
AAASY": (D) Measured neutron-weighted phonon DOSs of the Nb, oX,,FeSb compounds. The error bars represent one standard
deviation from counting statistics. Copyright 2023, Han et al®®: (E) A reduction of x, upon the introduction of micro/nano structural
defects. The lines show the x, = Av537’1 model describing phonon thermal conductivity in the high-T limit where the only scattering
mechanism is phonon-phonon scattering. A is normalized to the Na-PbTe sample and fixed. The shaded region shows the reduction in x
expected from lattice softening alone, without assuming an increase in phonon-defect scattering centers. Phonon scattering
mechanisms could account for the remaining reduction in x|, depicted by the cross-hatched region. The speed of sound (v,) reduction,
measured in this study, is given in the legend. The circles are data for a Na-doped (0.75% Na) sample synthesized and measured in this
study. The square data points are a low dislocation density sample from reference (Nag gsEUg o3Pbgoss T€). Copyright 2019, Wiley™®; (F)
Lattice thermal conductivity versus temperature under different biaxial tensile strains (& = 0%, 2%, 4%, 6%, and 8%) of unstrained and
strained 1T-SnSSe monolayers. Copyright 2022, Elsevier™”; Phonon dispersion relations for (G) Mg2Si; (H) Mg,Sig 5755Ng eps; and (1)
Mg,Sn; the gradually changing colors indicate the group velocity for the corresponding phonon branches; (J) shows their acoustic
phonon branches along the “I'-X" direction. Copyright 2017, AIP Publishing"®. FWHM: Full width at half maximum.

Thermal expansion coefficient
The thermal expansion coefficient" ' is a physical quantity related to the size of materials, which
describes the volume change degree of the material when the temperature changes [Figure 7A]. Lattice
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Figure 7. (A) Diagram of the effect of lattice softening on the coefficient of thermal expansion; (B) The XRD patterns of SPS-treated Cu, g
S-x% AgCl bulk specimens with different x values; (C) The enlarged patterns between 45.5° to 46.5° and the relative mass density of
the samples; (D) The thermal expansion rate of Cu,4S and Cu, 5-2% AgCl in 300 K to 773 K. Copyright 2021, Elsevier™®. SPS: Spark
plasma sintering; XRD: X-ray diffraction.

softening may directly or indirectly affect the thermal expansion behavior of materials through a variety of
mechanisms. These mechanisms include increased phonon scattering, enhanced anharmonic effects,
changes in the Griineisen constant, modifications of material properties, and the influence of
carrier dynamics.

Zhang et al.'*¥ investigated the effects of introducing AgCl into Cu, S. With the addition of AgCl, the (110)
diffraction peak of Cu, S moves to the left [Figure 7B and C]. This is because the larger Ag*(1.15 A) replaces
the site of Cu"(0.96 A), resulting in an increase in lattice volume. The change of lattice volume is an external
manifestation of lattice softening, indicating that the distance and interaction between atoms have changed,
reducing the rigidity of the lattice, making it more prone to deformation, and thus reflecting the trend of
lattice softening. Lattice softening also increases the thermal expansion rate of Cu,,S, and the thermal
expansion rate dL/L, of the Cu, ,S-1% AgCl sample increases rapidly after 500 K [Figure 7D], which is due to
the more serious volatilization of sulfur after the introduction of AgCl and the damage of chemical bond
strength.



Li et al. Microstructures 2025, 5, 2025075 | https://dx.doi.org/10.20517/microstructures.2024.134 Page 15 of 19

In the field of material design, the thermal expansion coefficient is of great significance. By controlling the
thermal expansion coefficient of the material, the thermal stress can be effectively reduced and the
temperature stability and reliability of the material can be improved.

CONCLUSION AND OUTLOOK

Lattice softening offers a universal way to optimize thermoelectric properties through material design. In
this paper, we first conclude three ways to achieve lattice softening, including mechanical strain
engineering, chemical doping, and phase transition, and then discuss their distinct softening mechanisms by
showing related examples. In addition, the effects of lattice softening on the electrical and thermal transport
properties of TE materials are summarized. We believe that the continuous development and improvement
of lattice softening technology will provide strong support for the design and preparation of high-
performance thermoelectric materials, and promote the wide application of thermoelectric technology in
the fields of energy recovery, temperature difference power generation, and thermal management.

In the future, with the continuous deepening of research and technological progress, lattice softening is
expected to make breakthroughs in many aspects. First, through precise strain engineering and chemical
doping, the lattice structure of the material can be more precisely regulated, which may further reduce the
thermal conductivity and increase the conductivity and Seebeck coefficient, significantly improving the ZT
value. Secondly, by introducing nanoparticles and nanocomposite structures, not only can the flexibility of
the lattice be optimized, but also the phonon scattering can be more effectively increased, leading to
improved thermoelectric conversion efficiency of the material. In addition, combined with advanced
characterization techniques such as in situ extended X-ray absorption fine structure (EXAFS), in situ
transmission electron microscopy (TEM), and inelastic neutron scattering, a deeper understanding of the
effect of lattice softening on the microstructure of materials can be achieved, enabling finer regulation.
Finally, more novel lattice softening methods can be developed to expand their applications in
semiconductor, optical and magnetic materials through interdisciplinary cooperation.
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