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ABSTRACT
The intrinsically low lattice thermal conductivity (κL) caused by lone pair electrons makes I-V-VI2 compounds promising
candidates for thermoelectric applications. Elucidating the underlying mechanism of the correlation between lone pair electrons
and defects plays an important role in providing critical insights for further designing low κL materials. This work employs X-ray
pair distribution function analysis to probe the nanoscale local atomic structures of I-V-VI2 compounds, using AgSbSe2 as the
model material to understand the structure-property relationship. The stereochemically active lone pair electrons on Sb3+ induce
significant off-centering displacements, introducing local symmetry breaking that can be systematically tuned through controlled
vacancies, atomic disordering, or substitution. Theoretical calculations validate the connection between structural distortions and
chemical bonding strength, resulting in the change of κL. This work not only unveils the local structure evolution of AgSbSe2
during alloying, but also provides a roadmap for performance optimization of I-V-VI2 compounds with lone pair electron effects.
1 Introduction

The thermoelectric materials can realize the direct conver-
sion between heat and electricity, providing a novel approach
to solving environmental issues. The conversion efficiency is
determined by the dimensionless figure of merit zT, zT =
S2 T/ρ(κE + κL), where S, T, ρ, κE, and κL represent the Seebeck
coefficient, the absolute temperature, electrical resistivity, and
electronic and lattice thermal conductivity, respectively. Due
to the strong coupling correlation between S, ρ, and κE, the
lattice thermal conductivity (κL), as the only independently
adjustable parameter, has received extensive attention [1–3].
Effective strategies, such as defect engineering for reducing κL
have beenwidely studied in recent years [4–6]. Thematerialswith
complex crystal structures [7] and strong anharmonicity [8] will
© 2026 Wiley-VCH GmbH
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exhibit intrinsically low κL, which can be promising candidates
for further optimizing κL to achieve excellent thermoelectric
performance.

Ternary I-V-VI2 compounds (I=Ag, Cu; V= Sb, Bi; andVI= S, Se,
Te) have gained widespread research interest due to their intrin-
sically low κL [9]. Some Ag-based I-V-VI2 compounds, such as
AgInSe2 and AgGaTe2, have been reported to exhibit intrinsically
low lattice thermal conductivity due to the off-centering of Ag
atoms [10–12]. By alloying with other systems, such as V-VI, the
lattice thermal conductivity of I-V-VI2 can be further optimized
to obtain better thermoelectric performance [13, 14]. However,
some researchers have reported an unconventional κL change
in the I-V-VI2 solid solution systems [15], which was recognized
as the contribution from the lone pair electrons of the group V
1 of 10
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element in the local structure [9]. The pristine nanoscale local
structural distortion induced by lone pair electron effects may
significantly enhance the lattice anharmonicity and thus achieve
intrinsically low κL [16, 17], and its relationship with introduced
defects would be the key to optimizing κL in I-V-VI2 solid solution
systems.

The lone pair electron effects, as a significant structural origin for
local distortions, have raised wide interest in the thermoelectric
material field [9]. In pristineAgSbSe2, the local distortion induced
by lone pair electrons was investigated [18], revealing that
the temperature-independent cationic off-centering significantly
enhances lattice anharmonicity, leading to the glass-like thermal
conduction. The substitution of a group V element has been
reported to weaken the lone pair electron effects and increase
κL in the AgSbSnSe3 high-entropy system [19]. The element
doping has been reported to manipulate the short-range ordering
successfully to significantly reduce the total carrier scattering
potential in AgSbSe2 [20–22]. Substitution and doping have
been successfully employed to optimize the thermal conductivity
by introducing lone-pair electron effects, as demonstrated in
AgInSe2 [23] and CuFeS2 [24], highlighting the potential of
lone-pair-electron elements in doping engineering. Additionally,
the lone pair electron effects are important for uncovering the
thermal behaviors in many other material systems, such as TlSe-
type compounds [25, 26], layered materials [27], and perovskites
[28, 29]. The local structure manipulation, such as introducing
defects into materials, would not only produce the long-range
fluctuation of mass and strain, but also generate nanoscale
lattice distortion to affect the phonon scattering mechanism.
The introduced defects and the variation of lone pair electron
effects can also significantly enhance the bonding inhomogeneity,
leading to the low κL observed in a number of compounds [30–35].
Therefore, it is worthwhile to investigate the correlations between
lone pair electron effects and defects on κL. A systematic study
on local structural variation with defects would help achieve
promising thermal performance in the I-V-VI2 solid solution
systems.

In this work, we employ AgSbSe2 as an I-V-VI2 model mate-
rial with lone pair electrons to investigate the local structure
evolution during alloying. The local structure manipulation of
AgSbSe2 was achieved by alloying with Sb2Te3. Owing to the non-
equiatomic anion-to-cation ratio, the cation vacancy and anionic
disorder were introduced into the system, where the former influ-
ences the local distortion of neighboring octahedra, while the
anionic disorder changes the octahedral connectivity at shared
vertices. Correspondingly, the local structure, which was studied
by the pair distribution function (PDF) technique, gradually
evolved to higher symmetry with more alloying. The theoretical
calculation reveals that the introduced vacancies would reduce
the local distortion, and the sound velocity change is attributed
to chemical bonding strength variation, which results in the
change of κL. The local-structure-oriented manipulation strategy
is further validated by Cd substitution at the Sb3+ site, which
demonstrates that reducing the concentration of Sb-centered
octahedra lowers the lattice thermal conductivity. Furthermore,
a newly developed 3D diffuse scattering technique was carried
out against AgSbSe2 single crystals, which is capable of collecting
the diffuse scattering over the full 3D reciprocal space [36–39].
The significant diffuse scattering was observed in the pristine
2 of 10
AgSbSe2 single crystal, which represent the local structure devia-
tions from the cubic averaged structure of AgSbSe2 phase. This
study provides an insight into the nanoscale local symmetry
evolution through experimental and theoretical methods, and
it offers practical guidance for local structure manipulation by
lone pair effects for thermoelectric applications in the I-V-VI2
system.

2 Results and Discussion

The pristine AgSbSe2 has a rock-salt cubic structure with a
space group of 𝐹𝑚3̄𝑚, as shown in Figure 1a, where silver
and antimony randomly occupy the cation site, and selenium
occupies the anion position, forming the octahedra framework
[40]. The atomic structure can be affected by the stereochemical
activity of lone pair electrons on the Sb3+ site, thus inducing
low κL, as reported in the literature [21, 41, 42]. In order to
further optimize the κL, an alloying composition of AgSbSe2 with
non-equiatomic ratio Sb2Te3 was synthesized to manipulate local
structures by cationic vacancy and anionic disordering. With
the increasing Sb2Te3 alloying fraction, X-ray diffraction (XRD)
results show that the average structure of AgSb1+2xSe2Te3x agrees
well with the reported AgSbSe2 crystalline structure (Figure 1b).
Meanwhile, the diffraction peaks shifted to lower angles due to
the lattice distortion induced by the larger ionic radius of the
incorporated Te2− (221 pm) [43] and atomic disorder within the
anionic sublattice, resulting in the lattice expansion, which was
consistent with the theoretical calculations (Figure S2). Some
impurity peaks were observed for the sample with x = 0.33,
suggesting the solid solubility of∼30% for Sb2Te3 in AgSbSe2. The
scanning electron microscopy (SEM) observation and energy-
dispersive X-ray spectroscopy (EDS) analysis further validated
the phase purity, as shown in Figure S3. The Hall measurement
results show that the Seebeck coefficient decreases with the
increase of carrier concentration during alloying (Figure S4a),
and the scattering mechanism of charge carriers does not change
significantly during alloying (Figure S4b).

To study the average structure of solid solutions quantitatively,
the Rietveld refinement was carried out by GSAS-II software [44],
which confirmed the cubic structure for all samples. The impurity
peaks were identified to be Sb2Te3, and the proportion of impurity
phase is about 3.7% in the x = 0.33 sample. The lattice parameters
obtained fromRietveld refinements are shown inFigure 1c,which
increase with the alloying fraction of Sb2Te3. However, the κL
(Figure 1d) does not monotonically decrease with the alloying
fraction. The κL decreases first for x = 0 – 0.2, but when more
Sb2Te3 is incorporated, it starts to increase, even though the long-
range structural symmetry remains unchanged. As shown in
Figure S4c, d, despite changes in carrier concentration during
alloying, the contribution of electronic thermal conductivity to
the total thermal conductivity was estimated to be relatively
small. The total thermal conductivity is dominated by the lattice
thermal conductivity. Therefore, it is necessary to study the local
structure evolution during alloying in more detail and to explore
the interaction between introduced defects and pristine lone pair
electron effects on lattice thermal conductivity.

The synchrotron X-ray PDF analysis has been carried out to study
the local structure evolution systematically during alloying. As a
Advanced Functional Materials, 2026
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FIGURE 1 (a) The cubic structure (space group: 𝐹𝑚3̄𝑚) of AgSb1+2xSe2Te3x. Ag, Sb, Se, and Te atoms are represented by gray, orange, green, and
brown, respectively. (b) Room-temperature powder XRDpatterns of AgSb1+2xSe2Te3x (0.0≤ x≤ 0.33). The impurity peakwasmarked in black triangles in
AgSb1.66Se2Te (x = 0.33). Detailed information on Rietveld refinements can be found in Figure S1 and Table S1. (c) Room-temperature lattice parameters
of AgSb1+2xSe2Te3x (0.0 ≤ x ≤ 0.33) obtained from Rietveld refinements of XRD data. (d) The experimental lattice thermal conductivities at 300, 400,
and 500 K of AgSb1+2xSe2Te3x (0.0 ≤ x ≤ 0.33).
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local structure probe, atomic PDF gives the short-range structural
ordering in the real space directly [45, 46]. The PDF experiments
were performed at BL12SW of Shanghai Synchrotron Radiation
Facility [47] using the rapid acquisition PDF method (RAPDF)
[48]. The pyFAI and PDFgetX3 programs were used for PDF data
processing [49, 50], and the PDF modeling program PDFgui was
used for structure refinements [51]. More detailed information
can be found in the Supporting Information. Figure 2a shows
the PDF structural refinement of long-range structure in pristine
AgSbSe2, which is in good agreement with 𝐹𝑚3̄𝑚 cubic structure
model [40]. However, a significant misfit was observed in the
local region (marked in blue). To better investigate the local
structure environment, the first PDF peak is refined by the cubic
structure of AgSbSe2. As shown in Figure 2b (left), the first
experimental peak position is found to be smaller than that
of the cubic symmetry, and interestingly, a peak shoulder at
2.8 Å is observed. The peak position of PDF data represents the
interatomic distance distribution, i.e., the atomic pair distance r
in the material. For AgSbSe2, the first PDF peak represents the
nearest neighboring anion-cation bond length. For the case of
averaged cubic structure, only one symmetric peak is allowed by
the symmetry, which is contributed by six equal bond lengths
from the regular (Ag,Sb)Se6 octahedra (red curve in Figure 2b
Advanced Functional Materials, 2026
(left)). The asymmetric first peak in PDF data represents the
pristine local structural distortion of AgSbSe2, which indicates
that the local structure environment deviates from the high-
symmetry lattice site. As reported by previous studies [18, 19], the
off-centering of cation position was attributed to the electronic
configuration of Sb3+, whichhas a pair of lone pair electrons in the
5s2 orbital. The stereochemical activity of lone pair electrons in
the local structure makes the neighboring atoms deviate from the
average crystallographic position, thus resulting in three longer
bonds and three shorter bonds in the (Ag,Sb)Se6 octahedra, which
is represented by the experimental PDF peak split (r ∼ 2.8 Å).
Therefore, distorted structural models with the off-center cation
along the cubic [100], [110], and [111] directions were built to
describe the local structural environment. For the low-r range of
2.0 to 4.6 Å, as in Figure 2b (right) and Figure S5, the cubic [111]
distorted model results in better fit quality than other models,
revealing the existence of distorted octahedra along cubic [111]
direction in the local structure.

For solid solution compounds, the overall PDF structural refine-
ment results are in good agreement with 𝐹𝑚3̄𝑚 cubic struc-
ture (Figure S6), and the variation trend of lattice parameters
(Figure 2c) is also consistent with the XRD results. A similar
3 of 10
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FIGURE 2 (a), (b) The (a) average and (b) local atomic structure PDF refinements with the undistorted cubic and [111]-distorted models of the
pristine AgSbSe2 sample. The experiment data, structural model simulation, and difference are shown in blue, red, and green curves, respectively. The
goodness-of-fit parameter is Rw = 0.1073. Detailed information on PDF structural refinements can be found in Figures S5 and S6, Tables S2–S4. (c) The
lattice parameter of AgSb1+2xSe2Te3x (0.0 ≤ x ≤ 0.33) obtained from PDF structural refinements. (d) The local structure refinements of AgSb1+2xSe2Te3x
(0.0 ≤ x ≤ 0.33) with the undistorted cubic model over the range of 2.0 < r < 4.6 Å. (e) The local structure misfit value of the undistorted cubic model in
the first PDF peak and the off-center distance from cubic [111] distorted model refinements. (f) The total and partial PDF calculated from DFT relaxed
crystal models of AgSbSe2 and AgSb1.4Se2Te0.6. (g), (h) The distortion index distribution of (g) Sb(Se,Te)6 octahedra and (h) Ag(Se, Te)6 octahedra. The
ΔDave parameter represents the change in the average value of the distortion index.
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local structural distortion beyond the averaged cubic symmetry
is observed. As shown in Figure 2d, the misfit of the first peak
is still evident with the undistorted cubic model, but it decreases
gradually with the increase of Sb2Te3 alloying. The misfit values
and refined off-center distance are shown together in Figure 2e.
It suggests that local structural distortions caused by lone pair
electrons are weakened during alloying. The local structure of
alloyed AgSbSe2 gradually transforms into the average structure
with higher symmetry. The Raman spectra (Figure S7) reconcile
well with the local symmetry evolution unveiled by PDF analysis,
where the low-energy optical phonon modes (<100 cm−1) are
Raman-forbidden in the rock-salt cubic symmetry. With the
increase of alloying fraction, the peaks of low-energy optical
phononmodes becomeweaker, validating that the local structure
evolves to higher symmetry.

The alloying introduced defects would interact with the lone pair
electron effects, which can contribute to the local structure evolu-
tion during alloying. To further validate the physical mechanism
of local structure evolution, the density functional theory (DFT)
calculations were carried out with Quantum ESPRESSO [52,
53] using Perdew-Burke-Ernzerhof (PBE) exchange-correlation
function [54]. In Figure 2f, the total and partial PDFs are
4 of 10
calculated from the DFT relaxed models (Figure S8), which are
in good agreement with the experimental PDF data. Comparing
AgSbSe2 and AgSb1.4Se2Te0.6, the total PDF peaks become much
broadened due to the alloying, and only the Sb-Se/Te partial
PDF shows a peak split, suggesting the contribution of lone
pair electrons onto the local structure. It is noteworthy that the
change of peak shape after alloying is closely related to the defects
in the local structure. The distortion index of octahedra was
calculated to describe the local structural distortion contributed
from defects and lone pair electron effects. When alloying with
Sb2Te3, cationic vacancy and anionic disordering are introduced
into the atomic structure. The larger ionic radius of Te (221 pm)
can enhance the chemical bonding inhomogeneity of octahedra,
maintaining a larger octahedra distortion in Sb(Se,Te)6 (Figure
S9a). However, the vacancies reduce the neighboring octahedra
distortion (Figure S9b), resulting in the suppression of local
atomic off-centering. The distribution of the distortion index for
octahedra in DFT models is shown in Figure 2g,h, where all
octahedra become less distorted after alloying, revealing that
the introduced vacancies dominate the distortion variation. The
pristine large distortion contributed by lone pair electron effects
of Sb3+ was weakened by the introduction of vacancies, leading to
the evolution of local structure to higher symmetry.
Advanced Functional Materials, 2026
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FIGURE 3 (a) The alloying-fraction-dependent longitudinal (vL) and transverse (vT) sound velocities of AgSb1+2xSe2Te3x (0.0 ≤ x ≤ 0.33). (b) The
alloying-fraction-dependent ICOHP value of Ag/Sb-Se/Te bonding. (c) The pCOHP patterns of AgSbSe2 (left) and AgSb1.4Se2Te0.6 (right). (d) The mass
fluctuation, size fluctuation, and local off-center distance of AgSb1+2xSe2Te3x (0.0 ≤ x ≤ 0.33).
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Structure manipulation through alloying has been demonstrated
as an effective strategy to soften chemical bonds and decrease
κL to obtain promising thermoelectric performance [55]. At the
atomic level, the sound velocity can be influenced by the change
of chemical bond strength [56, 57]. In order to further understand
the κL variation, the acoustic properties were measured to show
the longitudinal and transverse sound velocity variation during
alloying (Figure 3a). The acoustic properties variationwas in good
agreement with κL, suggesting that the κL wasmainly determined
by the sound velocity during alloying. The integrated crystal
orbital Hamilton population (ICOHP) calculationwas carried out
to investigate the bonding strength variation (Figure 3b), where
the stronger bonding strength corresponds to more negative
values. The bonding strength decreases in the samples of x = 0,
0.14, and 0.20, while it increases in those of x = 0.25 and 0.33.
This tendency matches well with sound velocity change, leading
to lattice softening. The atomic off-centering and composition-
dependent ICOHP results further illustrate the effect of structure
manipulation on chemical bonding strength (Figure S10). The
partial crystal orbital Hamilton population (pCOHP) results
(Figure 3c) also indicate that the bonding state moves closer to
the Fermi level after alloying, revealing the decreased stability
of the bonding orbital, leading to the weakening of bonding
strength.
Advanced Functional Materials, 2026
To better understand the structural origin of the variation in
lattice thermal conductivity, the mass and size fluctuations were
calculated during Sb2Te3 alloying. As shown in Figure 3d, the
mass fluctuation, size fluctuation, and bonding heterogeneity
were significantly increased due to the introduced cationic
vacancy and anionic disorder. These effects would typically
strengthen phonon scattering and thereby suppress the lattice
thermal conductivity. However, the observed trend in lattice
thermal conductivity contradicts the expectation from conven-
tional defect engineering, indicating that thermal transport in this
system is not simply ruled by defect engineering. Considering the
local structure evolution from PDF results, the local structure
with higher symmetry would reduce the lattice anharmonicity
during alloying [18]. The theoretical calculation confirmed that
the reduction of the Sb off-centering distance increases the sound
velocity (Figure S11), resulting in the rise of lattice thermal con-
ductivity. Thus, combining theoretical analysiswith experimental
results reveals that the sound velocity variation is the result
of competition between the mass and size fluctuations, caused
by introduced defects and local structure atomic off-centering,
leading to the change of lattice thermal conductivity. At low
alloying concentrations (x = 0.14 and 0.20), the enhanced mass
and size fluctuations dominate, leading to a decrease in lattice
thermal conductivity, while at higher concentrations (x = 0.25
5 of 10
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FIGURE 4 (a) Room-temperature powder XRD patterns of AgSb1.4-yCdySe2Te0.6 (0.0 ≤ y ≤ 0.08). (b) Room-temperature lattice parameters of
AgSb1.4-yCdySe2Te0.6 (0.0 ≤ y ≤ 0.08) obtained from XRD Rietveld refinements. Detailed information on Rietveld refinements can be found in Figure
S13 and Table S5. (c) The experimental lattice thermal conductivities at 300, 400, and 500 K of AgSb1.4-yCdySe2Te0.6 (0.0 ≤ y ≤ 0.08). (d) The alloying-
fraction-dependent longitudinal (vL) and transverse (vT) sound velocities of AgSb1.4-yCdySe2Te0.6 (0.0 ≤ y ≤ 0.08). The temperature depended κL of
AgSb1.4-yCdySe2Te0.6 (0.0 ≤ y ≤ 0.08) was shown in Figure S14a.
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and 0.33), the reduction in lone pair electrons outweighs themass
and size fluctuations, resulting in an increase in lattice thermal
conductivity.

Considering the temperature independence of κL (Figure S12a)
and the atomic off-centering behavior of Sb in AgSbSe2, the
phonon behavior of this system deviates from the conventional
Umklapp-dominated tendency. Therefore, the diffusive thermal
conductivity (κdiff) model [58] was applied to explore the κL
variation, which can better describe the heat transfer behav-
ior in materials with high atomic disorder, complex crystal
structures, and ultralow thermal conductivity [59]. The diffu-
sive thermal conductivity can be described by the following
equation:

𝜅dif f = 0.76𝑛
2

3 𝑘B
1

3
(2𝜈T + 𝜈L) (1)

where n is the experimental number density of atoms, kB is
the Boltzmann constant, and νT and νL is the transverse and
longitudinal sound velocity, respectively. The calculated κdiff is
6 of 10
shown in Figure S12b, and compared with κL at 550 K and
κmin estimated via the Debye-Cahill model [60]. The κL of
alloyed AgSb1.4Se2Te0.6 at 550 K is approaching the κmin, reveal-
ing the introduced defects, anionic disordering, and lone pair
electron effects create a complex local environment for thermal
transport.

In order to better understand the local structure evolution
affected by the substitution of group V element with lone pair
electrons, the Cd element, which has no lone pair electrons,
replaces Sb in AgSb1.4-yCdySe2Te0.6 (0.0 ≤ y ≤ 0.08). The ionic
radius of Cd2+ is 95 pm, which is larger than that of Sb3+ (76
pm). Conventionally, the atomic substitution with a larger ionic
radius usually expands the lattice, increases phonon scattering,
and reduces the lattice thermal conductivity. However, the XRD
pattern in Figure 4a shows that the Bragg peak moves to higher
angles, suggesting an uncommon negative lattice expansion,
which is also verified by the quantitative modeling results from
Rietveld refinements (Figure 4b). The lattice thermal conduc-
tivity (Figure 4c) also increases with more Cd doping, which
is related to the increase in sound velocities (Figure 4d). To
Advanced Functional Materials, 2026
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FIGURE 5 (a), (c) The average structure PDF refinements of (a) AgSb1.38Cd0.02Se2Te0.6 (y = 0.02) and (c) AgSb1.36Cd0.04Se2Te0.6 (y = 0.04).
The experiment data, structural model simulation, and difference are shown in blue, red, and green curves, respectively. (b), (d) The local structure
refinements of (b) AgSb1.38Cd0.02Se2Te0.6 (y = 0.02) and (d) AgSb1.36Cd0.04Se2Te0.6 (y = 0.04) with undistorted cubic and [111] distorted model over the
range of 2.0 < r <4.6. Detailed information on PDF structural refinements can be found in Tables S6 and S7. (e) Local atomic off-center displacement
and distortion index of (Ag,Sb)Se6 octahedra. (f) The local atomic off-center displacement of cation in the (Ag,Sb)Se6 octahedra. (g) The DFT calculated
charge density difference between AgSb1.38Cd0.02Se2Te0.6 and AgSb1.36Cd0.04Se2Te0.6.(h), (i) The 2D ELF slices of (h) AgSb1.38Cd0.02Se2Te0.6 (y = 0.02)
and (i) AgSb1.36Cd0.04Se2Te0.6 (y = 0.04). (j) The 2D ELF difference between AgSb1.38Cd0.02Se2Te0.6 and AgSb1.36Cd0.04Se2Te0.6.

FIGURE 6 (a) The 3D volume of X-ray diffuse scattering at 300 K. (b) The X-ray diffuse scattering of the AgSbSe2 single crystal in the reciprocal
space Q = (HK0) plane at 300 K, displayed in reciprocal lattice units (r.l.u.).

Advanced Functional Materials, 2026 7 of 10
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validate the phase purity, SEM observation and EDS analysis
of the AgSb1.4-yCdySe2Te0.6 (y = 0.02) are shown in Figure
S15, confirming no impurity phases. The total and electronic
thermal conductivities during Cd doping are shown in Figure
S14b,c, respectively. The total thermal conductivity remains
dominantly contributed by lattice thermal conductivity. This
unusual change, in both atomic structures and thermal transport
properties, supports our argument in theAgSbSe2-Sb2Te3 alloying
system that the local structure evolution will affect the heat
transport performance, as attributed to the group V element
content.

The X-ray PDF local structure analysis was performed on
AgSb1.38Cd0.02Se2Te0.6 (y = 0.02) and AgSb1.36Cd0.04Se2Te0.6 (y =
0.04), to further study the influence of Sb3+ substitution on the
local structures. While the average structure was kept as cubic
symmetry in both materials, the lone pair electrons induced off-
centering was also observed in the local structure (Figure 5a–d).
To describe the local structural distortions quantitatively, the
cation off-center displacement and octahedra distortion index are
obtained from PDF analysis. As shown in Figure 5e, with the
increase of Cd doping, the local atomic off-center displacement
decreases, and the (Ag,Sb)Se6 octahedra become less distorted.
The local structure of material evolves to higher symmetry. As a
sanity check, similar PDF analysis resultswere also verified by the
lab-source X-ray PDF experiment (Figure S16 and Tables S8 and
S9). During the Cd substitution, the mass and size fluctuations
were insignificant (Figure S17). The decrease in the concentration
of distorted SbSe6 octahedra results in a significant local off-
center distance change, leading to the increase of sound velocity
and lattice thermal conductivity.

Based on the local structure model obtained from the PDF anal-
ysis, the DFT calculations of electron localization function (ELF)
and charge density difference were carried out. The evolution
of local structure is closely related to the charge arrangement
among atoms. As shown in Figure 5f,g, the charge difference in
the octahedra is mainly due to the cationic off-center deviations,
in which the charges are rearranged along the [111] direction,
which aligns well with the PDF local structure analysis results.
The 2D ELF difference also confirms the charge re-distribution
near Sb3+ (Figure 5h–j). It gives a straightforward demonstration
of the connection between 3D charge arrangement and atomic
off-centering, which explains the influence of local structure
evolution on κL. Considering that the lattice thermal conductivity
is highly related to the Sb content, increasing the Sb concen-
tration or substituting Ag with group V elements would be a
promising strategy to enhance phonon scattering in the AgSbSe2
system.

The intrinsic local symmetry breaking in AgSbSe2 would give rise
to diffuse scattering, which represents the structural deviations
from the averaged crystallographic structure. To validate this, the
newly developed 3D X-ray diffuse scattering technique is carried
out to collect diffuse scattering signals of the AgSbSe2 single
crystal over the full 3D reciprocal space [61]. The single crystal
PDF data was processed using the software packages NXRe-
fine and CCTW (Crystal Coordinate Transformation Workflow)
within NeXpy [62–64]. More detailed experimental information
can be found in the Supporting Information. The 3D volume
of X-ray diffuse scattering data is transformed and represented
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in HKL reciprocal space coordinates (Figure 6a), in which
the bright Bragg peaks present the averaged crystallographic
structure information, aligning well with reported long-range
cubic structure [40], confirming the high quality of synthesized
AgSbSe2 single crystal. More importantly, significant diffuse
scattering is observed over the full reciprocal space, indicating
that the local structure has a different atomic arrangement from
the long-range cubic structure. Taking the Q = (HK0) plane as
an example (Figure 6b), the diffuse rods are evident between
Bragg peaks, which is a direct observation on the local structure
distortions in AgSbSe2. This provides a new structural insight for
studying the short-range ordering in high-symmetry materials,
as induced by lone pair electrons, which is usually hidden in
conventional long-range structural analysis.

3 Conclusion

In this work, the local structure manipulation was achieved by
alloying AgSbSe2 with the non-equiatomic Sb2Te3, introducing
defects to study the nanoscale local distortion evolution and κL
variation. The powder X-ray pair distribution function analysis
was performed to investigate the local structure evolution during
alloying quantitatively, which reveals the reduction of lone pair
electron effects. Furthermore, the Cd substitution on Sb3+ site
was introduced in the system to manipulate lone pair electrons,
revealing that the decrease of lone pair electron effects will
lead to a loss of short-range distortion. Combined with DFT
calculation and theoretical analysis, the anionic alloying and
lone pair electron effects variation are confirmed to influence
the chemical bonding strength leading to the change of sound
velocity, and the lone pair electron effects can be suppressed by
controlling the content of vacancies and group V elements in
the material, which enables the local structure to be higher sym-
metry. Furthermore, a direct visualization of diffuse scattering
in the AgSbSe2 single crystal is achieved, revealing the intrinsic
nanoscale local symmetry breaking in the local structure, which
is the key to retain low κL. This work provides a local-structure-
oriented strategy for designing I-V-VI2 compounds with lone pair
electron effects to achieve low κL for thermoelectric applications.
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