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Thermal transport in AggTSe (T = Si, Ge, Sn)
argyrodites: an integrated experimental, quantum-
chemical, and computational modelling study

{ ") Check for updates ‘

Cite this: DOI: 10.1039/d5ta08709k

® Aakash A. Naik,
®d and Janine George

¢ Christina Ertural, @@

*ac

@ Anupama Ghata,
# Wolfgang G. Zeier

Joana Bustamante,
Katharina Ueltzen,

Argyrodite-type Ag-based sulfides combine exceptionally low lattice thermal and high ionic conductivity,
making them promising candidates for thermoelectric and solid-state energy applications. In this work,
we studied AggTSe (T = Si, Ge, Sn) argyrodite family by combining chemical-bonding analysis, lattice
vibrational properties simulation, and experimental measurements to investigate their structural and
thermal transport properties. Furthermore, we propose a two-channel lattice-dynamics model based on
Gruneisen-derived phonon lifetimes and compare it to an approach using machine-learned interatomic
potentials. Both approaches are able to predict thermal conductivity in agreement with experimental
lattice thermal conductivities along the whole temperature range, highlighting their potential suitability
for future high-throughput predictions.

Our findings also reveal a relationship between bond

heterogeneity arising from weakly bonded Ag™* ions and occupied antibonding states in Ag—S and Ag—Ag
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Accepted 2nd March 2026 interactions and strong anharmonicity, including large Grineisen parameters, and low sound velocities,

which are responsible for the low lattice thermal conductivity of AggSnSe, AggGeSg, and AggSiSe. We

DOI: 10.1039/d5ta08709%k furthermore show that thermal and ionic conductivities in all three compounds are independent of each
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Introduction

To reduce the enormous waste of heat in energy generation,
thermoelectric (TE) materials offer a promising solution for
energy saving and environmental protection. They can convert
heat into electricity or vice versa. The thermal conductivity of
a material is crucial for its thermoelectric efficiency, and a lower
thermal conductivity results in higher efficiency. For example,
several argyrodites (e.g., AggGeSes, Cu,PSes, AggSiSes and Ags-
SnSe,) are known for their high ionic conductivity, and many
others have been investigated as potential thermoelectrics.*®
Halogen-free argyrodites have a general chemical formula of
Apz—nym" T" Q6" (A = Ag, Cu; T = Si, Ge, Sn; and Q = S, Se and
Te).>*** While high ionic conductivity could be problematic for
the stability of a thermoelectric device, we and others have
demonstrated that thermal and ionic conductivity of some Ag"
and Cu' based argyrodites (e.g., AgsGeSes, Ags_.Cu,GeSq, and
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other and can likely be tuned individually.

Cu,PSeg) are not directly correlated with each other and can also
be tuned independently.®*"*** A similar situation might be ex-
pected for the canfieldite AggSnSs and AggSiSs, which are
argyrodite family members and isovalently substituted variants
of AggGeSe.

The canfieldite (AggSnSe) shows promising thermoelectric
properties. Shen and co-workers evaluated its lattice thermal
conductivity and its crystal structure in detail, finding an
orthorhombic Pna2; crystal structure at room temperature.*
Slade's study reported an additional orthorhombic Pmn2, phase
at 120 K.' Additionally, a previous study pointed out the
importance of thermal transport via a diffusive transport
mechanism (i.e., random-walk-like rather than wave-like)."” All
previous studies suggested that the weakly bonded Ag' ions
contribute to the low lattice thermal conductivity in the can-
fieldites AgsTSe (T = Si, Ge, Sn)."**>'® However, a complete
understanding of the connection between lattice thermal
conductivity, ionic conductivity, and their correlation with
bonding, anharmonicity, and elastic properties remains unex-
plored for all three compounds.

Several models have been developed to estimate lattice
thermal conductivity with limited computational resources,
each offering varying degrees of mathematical complexity and
accuracy. However, no existing model is both computationally
efficient enough for high-throughput studies and reliably
accurate across the entire temperature range. Traditional
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models such as the one by Slack'®?° take into account the
importance of acoustic phonons and elastic properties, often
providing a temperature-dependent lattice thermal conductivity
(kp), but occasionally with overestimated values. The Cahill**
and Agne® models are alternative approaches, particularly for
disordered or amorphous materials, by estimating the
minimum thermal conductivity based on random-walk theory.
As these models capture the diffusive heat transport limit, they
cannot predict the correct temperature behaviour of thermal
transport over the whole temperature range when thermal
transport via phonons is important.*

Machine learning (ML) approaches have gained popularity
due to their ability to predict «; for certain compounds at
a reasonable computational cost.>*?* The accuracy of ML
models depends on the quality of the data used to train the
models, which can also limit their application. Accurate
phonon properties require well-converged quantum chemical
calculations. Training models from scratch for each composi-
tion makes the high-throughput use of such models unfeasible.
However, cheaper, pre-trained alternatives, so-called founda-
tion machine learned interatomic potentials (MLIP), have
recently emerged. Foundation models already offer a cost-
effective alternative to ab initio calculations of harmonic
phonons.” It has also recently been shown that they can
reproduce thermal conductivity acceptably for simple binary
systems and are compatible within a factor of 2 with ab initio
results. With the help of a few additional data points, they can
sometimes be fine-tuned for an accurate reproduction of
thermal conductivity.”® Once accurately trained, MLIPs can be
used to predict and investigate the lattice thermal conductivity
without performing expensive full ab initio calculations of
phonon lifetimes based on the relaxation time approach, as
implemented in phono3py,**® or without using the costly ab
initio Green-Kubo approach.?**

Motivated by the interesting ionic and thermal transport
properties and the open questions concerning thermal
conductivity models, in this work, we go beyond the simple
investigation of the three systems AgsTSe (T = Si, Ge, Sn) with ab
initio and experimental approaches and attempt to validate
a comparably low-cost, fully ab initio model for thermal
conductivity that might be suitable for high-throughput inves-
tigations. We build on the recently introduced two-channel
model by Xia** that incorporates both phonon and diffuson
contributions from harmonic phonons and assumes that each
phonon lifetime is half of its vibration period. The Xia model
simplifies the full lattice-dynamics approach introduced by
Simoncelli et al.** and is also connected to the analytical two-
channel model by Bernges et al.'* which can be used to fit
experimental data. One drawback of the model by Xia is that it
has a simplified estimation of phonon lifetimes. To improve the
description of the phonon-phonon scattering of each phonon
mode, we combine Bjerg's*® model for computing phonon life-
times (t) based on the ideas of Slack, and Xia's two-channel
model. This offers a more versatile framework for predicting
and analyzing heat conduction, particularly in materials with
significant Griineisen parameters or large unit cells. We also
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compare it with lattice dynamics calculations based on a foun-
dational machine-learned interatomic potential.

This study fulfils three purposes. First, we demonstrate the
clear connection between the bonding properties and lattice
thermal conductivity for all three compounds. Essentially,
analysing the bonding properties is sufficient to conclude that
all three compounds have similar lattice thermal conductivity.
Furthermore, we demonstrate that cheap ab initio methods,
partly combined with machine learning, can analyse and
predict lattice thermal conductivity with high accuracy, poten-
tially enabling high-throughput predictions in the future.
Lastly, we investigate the relationship between thermal and
ionic conductivity.

Therefore, we begin with a detailed quantum-chemical
analysis of the bonding in AgsTSs (T = Si, Ge, Sn). Next, we
analyse the harmonic phonon properties, including sound
velocity (v), the Debye temperature (0), and the volume-
dependent Griineisen parameters (), using both experimental
and theoretical methods, and connect these to the bonding
analysis. Furthermore, we use the two aforementioned
approaches (Griineisen-based lifetime estimation and founda-
tion model) to predict lattice thermal conductivity and repro-
duce experimental results. Based on an accurate model of
experimental thermal conductivity results and ionic conduc-
tivity measurements, we demonstrate that ionic and thermal
conductivity are independent in AggTSe (T = Si, Ge, Sn). By
doing so, we also demonstrate the importance of the diffuson
channel for these compounds. By integrating bonding analysis,
phonon property prediction, and advanced modelling tech-
niques, we aim to establish a robust framework for predicting
the thermal conductivity of inorganic materials, with implica-
tions for high-throughput material discovery.

Results and discussion
Structural description and X-ray diffraction

Single crystal X-ray diffraction reported by Slade et al.* revealed
that the canfieldite AggSnS, presents two phase transitions: at
low-temperature (120 K), the structure adopts an orthorhombic
phase (space group Pmn2,) (Fig. 1a and b). Upon heating, it
transforms to another orthorhombic phase (space group Pna2,)
(Fig. 1c—e), which remains stable at room-temperature (RT). At
high-temperature, a second transition takes place around 460
K, where the structure transforms from orthorhombic Pna2, to
the cubic phase with space group F43m. The first transition
from Pmn2, to Pna2, is rather unusual, as the symmetry is
lowered upon heating. In the case of the powder sample,
however, no change in diffraction patterns was observed below
120 K in their study.'® For the related compounds AgsGeSs and
AggSiSe (Fig. S1b and c), only the orthorhombic Pra2; structure
has been reported at room temperature.®*”** Fig. 1e and S1d,
show that the Pna2, structures (RT) contain chains of alter-
nating, corner-sharing Ag" and T tetrahedra (T = Si, Ge, Sn)
along b. Along a, chains of corner-sharing, alternating T tetra-
hedra and trigonal-planar-coordinated Ag' sites are found.
Between these chains, linearly coordinated and threefold-
coordinated Ag" sites are present, forming a complex network.

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Crystal structure of the AggSnSg compound in the (a and b)
orthorhombic Pmn2, space group at 120 K (low-temperature) and (c—
e) orthorhombic Pna2; space group at room-temperature. These
crystal structures form the basis for the computational analysis di-
scussed in the following sections. The crystal structures for the AggSiSe
and AggGeSg are presented in Fig. S1 of the SI.

A detailed report of the coordination environments of all the
argyrodites studied here is presented in Section S2 in the SI. Key
results will be discussed as part of the bonding analysis.

In this study, we synthesized AgsTSe (T = Si, Ge, Sn) via
a solid-state synthesis approach, and Rietveld refinements of
their powder X-ray diffraction patterns at room temperature
confirm the formation of single-phase materials (Fig. S2).
Subsequently, temperature-dependent powder X-ray diffraction
studies were conducted to investigate the presence of any phase
transitions within the temperature range of 100 K to 400 K
(Fig. S3). The Rietveld refinements of all diffraction patterns
indicate that the orthorhombic phase with space group Pna2,,
remains stable for both AgsGeSs and AggSiSs throughout the
examined temperature range. Similarly, for AggSnSs, no clear
change in the diffraction patterns was observed around 120 K.
This may be because the structural variations are too small to
detect the low-temperature structural change reported in the
literature.® Nevertheless, the refined unit cell volume of
AgsSnSe below 120 K deviates slightly from a linear increase,
suggesting that some structural change may occur at low
temperature (Fig. S4). In contrast, a linear increase in unit cell
volume for the other compositions was observed with
increasing temperature (Fig. S4). We shortly note here that we
predicted a potential additional phase of AggSnSe, so far not
known from experimental work, via ab initio calculations (see
Section S7 in the SI). This prediction might be an artifact of the
density functional theory (DFT)-based methodology.

Bonding analysis

Based on the composition alone, we might naively expect Ag",
Si**, Ge', sn**, and S*> ions. A closer inspection of the

This journal is © The Royal Society of Chemistry 2026

View Article Online

Journal of Materials Chemistry A

structure, however, was already done by Krebs et al.,*” and
suggests the following ionic formula Agg(SiS,)S, indicating
SiS,*~ polyanions isovalent to SiO,*”. From previous bonding
analysis results, we also expect very weakly bonded Ag atoms
and highly covalent bonds from Si, Ge, and Sn to S.'3'16:3839

Typically, the bonding situation in a material is used to esti-
mate the sound velocities and to obtain information about the
anharmonic nature of the heat transport.*® For example, bond
heterogeneity is typically made responsible for high phonon-
phonon scattering rates and, consequently, low thermal
conductivities.® Specifically, in the case of AggSnS,, the rattler-
like behavior of Ag" is expected due to the very weak Ag-S
bonds.™ Therefore, we provide a detailed analysis of the bonding
situation in all three AggTS; compounds (T = Si, Ge, Sn) by means
of Crystal Orbital Hamilton Populations (COHP)*' and Crystal
Orbital Bond Indices (COBI).*> The integration of the COHP up to
the Fermi level (ICOHP) provides a quantitative measure of the
bond strength. In the ICOHP analysis, the total electronic band
energy is partitioned into pairwise atomic interactions, with more
negative values indicating a stronger bond for a given atomic
pair. Meanwhile, the integration of the COBI up to the Fermi level
(ICOBI) corresponds to a bond order, serving as an indicator of
covalency. The relationships between ICOHP, ICOBI, and bond
lengths in inorganic materials have been explored as part of ref.
43. Beyond this, we also provide an analysis of metal-metal and
multi-center interactions in these compounds, as they might be
connected to the overall weak Ag-S bonds."

The bonding situation in all three AgsTSs (T = Si, Ge, Sn)
compounds is very similar. The 7-S bonds are by far stronger
and more covalent than the Ag-S bonds, indicated by both the
ICOHP and ICOBI values (Fig. 2a and b). They also confirm the
polyanionic nature of the 7S,*” units, ie., strong covalent
bonds between T and S. The very covalent Sn-S bonds in
AgsSnSs show an average ICOHP value of —4.58 eV and an
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Fig. 2 (a) and (b) show the distribution of ICOHP and ICOBI for the RT
AggSnSg structure, respectively. (c) and (d) depict the weakly bonded
Ag-S COHP and COBI interactions at distinct Ag sites. Bonding
interactions mainly involve Ag(5s/4d) and S(3p) orbitals, while the
antibonding interactions below the Fermi level are dominated by
Ag(4d) and S(3p) orbitals.
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average ICOBI value of 0.84 (close to the ideal ICOBI of 1 of
a single bond). In contrast, the Ag-S interactions are much
weaker, and the ICOHPs range from —0.66 to —1.61 eV (ICOBIs
from 0.12 to 0.34). In the case of the COHPs, occupied anti-
bonding states below the Fermi energy level weaken the Ag-S
bonding interactions (see Fig. 2c). Specifically, Ag (4d) and S
(3p) interactions contribute to the antibonding states. Likely
due to weak Ag-S bonds, a large number of different, very di-
storted Ag" environments exist. We found linear, trigonal
planar, trigonal non-planar, and tetrahedral coordination
environments for Ag" in AgsSnSg (see Fig. S8 in SI). This analysis
again confirms the expectation of the mobile nature of the Ag"
ions based on the bonding situation. In contrast, Sn only shows
a nearly perfect tetrahedral environment. Besides cation-anion
bonds, we also found Ag-Ag interactions in AggSnSs, with
ICOHPs ranging from —0.24 to —0.32 eV (ICOBIs from 0.05 to
0.07), likely leading to additional distortions of the Ag envi-
ronments and weakening of the Ag-S bonds. Ag-Ag interactions
in metallic silver (fcc, Materials Project ID mp-124) have an
ICOHP around —0.22 eV (ICOBI around 0.05), indicating the
Ag-Ag interaction in AggSnSe as a significant interaction. Typi-
cally, we consider ICOHPs larger —0.1 eV to be significant. The
exact bond strengths and environments for all AgzTS (T = Si,
Ge, Sn) can be found in Fig. S6-S9 and Table S8-S11 in the SI.

Plotting all two-center ICOBI®® against each compound's
bond length unveils an interesting pattern. The ICOBI vs.
interatomic distance curve would fall monotonously in a regular
compound without a unique bonding situation. Instead, we see
unusually strong outliers for bond lengths beyond 3.5 A
(Fig. 2b). As previously shown in the literature,* these outliers
indicate potential (hypervalent) multi-center interactions (a
detailed discussion can be found in Section S2 in the SI). This is
further investigated, ie., the three-center (3c) bonds of
consecutive atoms with stronger two-center ICOBI (ICOBI®® =
0.25) have been taken into account (see Section S2 in the SI for
a detailed discussion). While we do find hypervalency/
multicenter interactions (e.g., for S-Ag-S), they can be consid-
ered to be weak. Overall, it can be assumed that the weak Ag-S
bonds, the Ag-Ag interactions, and the S-Ag-S multi-center
interactions are closely related and therefore responsible for
the anharmonicity of the compounds.

From the bonding analysis results, we see the overall bonding
character stays the same when changing the tetrel species. As is
known from simple binary compounds, bond strength and
sound velocities are typically correlated.* Additionally, bond
heterogeneity because of rattler-like atoms typically leads to high
phonon-phonon scattering and anharmonicity. These similar
results for all three compounds therefore suggest that all mate-
rials will present very similar sound velocities and high anhar-
monic transport behavior. Consequently, they are expected to
exhibit similarly low lattice thermal conductivities and compa-
rable features in their phonon band structures.

(Quasi-)harmonic phonon band structures

Checking the thermal stability of the thermoelectric materials is
essential. Commonly, a lack of imaginary modes in the phonon

J. Mater. Chem. A

View Article Online

Paper

2’

N —

— Ag |

— S
Sn

- wac |

Frequency (THz)

RT

rx sy T zU
WAVE VECTOR

ZX UY TS RO 50
PDOS

Fig. 3 Computed phonon band structure along the partial phonon
density of states for the room-temperature phase of the AggSnSg
canfieldite. Here, the dotted red line at 1.62 THz corresponds to the
acoustic Debye frequency (wac).

band structure indicates dynamic stability of the structure. For
all the argyrodites AgsTSes (T = Si, Ge, and Sn), the phonon
frequencies along high-symmetry directions of their Brillouin
zone and phonon density of states (PDOS) do not exhibit
imaginary modes, which means that they are dynamically stable
(Fig. 3 and S5). At I, a significant splitting of the Longitudinal
Optical-Transverse Optical (LO-TO) is visible, a direct result of
the applied non-analytical term correction*®*’ that accounts for
long-range dipole-dipole interactions. The low-temperature
(LT) canfieldite AggSnSs phase, using a 30-atom unit cell, has
90 phonon modes in total; while the Pna2, phases of AggTSs (T
= Si, Ge, and Sn), with 60 atoms per unit cell, have 180 modes.
The phonon dispersion curve also shows considerable overlap
between bands, indicating a possible high anharmonicity and
a possible diffuson-dominated thermal transport.’>'”** Here,
the PDOSs also show that the Si/Ge/Sn atoms make a small
contribution across the entire region, while the S atoms mainly
dominate the optical frequencies. The acoustic modes produce
a dominant peak in the frequency range of 1.6 and 1.8 THz,
which corresponds, due to their quantity and atomic mass, to
the Ag" vibrations. Similarly, the sound and group velocities
computed by harmonic phonon and elastic tensor calculations
are very similar between all three compounds (see a more
detailed discussion in the SI Section S6). They also compare well
with results from experimental sound-velocity measurements.
Overall, no significant difference was found for the three
compounds AgsTSe (T = Si, Ge, Sn) sharing the same crystal
structure type.

Griineisen parameter

In general, the lattice thermal conductivity in a solid depends
mainly on the heat capacity, speed of sound, and phonon
relaxation time. Materials with low heat capacity, low group
velocity, and short phonon lifetime have low lattice thermal
conductivity. Both group velocity and phonon lifetime may
depend on the bonding situation in the crystal. So far, we have
found that AgsSnSe, AgsGeSs, and AggSiSe all have weak Ag-S
bonds and associated low sound velocities corresponding to Ag"

This journal is © The Royal Society of Chemistry 2026
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vibrations. Furthermore, we also expect high anharmonicity of
Ag' vibrations from the bonding analysis.

To quantify and evaluate anharmonicity as a function of
phase and composition, we also compute the variation of
phonon frequencies with respect to volume change as mode-
dependent Griineisen parameters and derive average quanti-
ties (y). Given our previous results, we expected larger Grii-
neisen parameters for all three compounds, but no
considerable differences between them. Fig. 4 shows strong
anharmonicity represented by a large Griineisen parameter for
the low-energy vibrational modes (highlighted with grey), which
are mainly dominated by Ag" ions. This agrees with the expected
mobile/rattler-like nature of the Ag" ions. The averaged Grii-
neisen parameter was computed across all modes, showing
good agreement with our experimental Griineisen parameter
derived from sound velocity measurements and the one re-
ported previously in the literature (AgsGeSq)."* Despite the
change in composition, no significant differences were
observed among the experimental average Griineisen parame-
ters derived from the experimental sound velocities.

Although we observed comparable experimental and theo-
retical average Griineisen values among the compounds, some
differences are evident in our theoretical results at lower
frequency modes. For instance, AgsSiSs mostly shows negative

Griineisen parameters for the lower frequencies. The
1 2 AgsSiSs 1 2 AgsGeSs
v=1.94 y=1.82
10 Vexp:~2.13 10 (] Vexp:“’2.02
N
£ 8 8 "’
>
°6 6 )
g Y
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Fig. 4 Computed mode Grlneisen parameter as a function of
frequency for AggSiSe, AggGeSg, and AggSnSg at room- and low-
temperature. Here, we highlight the acoustic modes (grey color)
where the anharmonicity is larger. Computed average Gruneisen
parameter (y) and experimental Grineisen (yep) are also shown for all
investigated structures.
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calculation of the average Griineisen parameter, shown in
Fig. 4, was performed over all modes. Nevertheless, the average
Griineisen parameters used in the lattice thermal conductivity
calculation were calculated with the acoustic modes only, as we
expect them to be most important for thermal transport. A
comparison of Griineisen parameter computed over all modes,
acoustic modes and up to the Debye frequency are presented in
Fig. S20c in the SI.

Lattice thermal conductivity

Various models to predict lattice thermal conductivity have
been developed. These range from simple empirical relation-
ships to complex quantum mechanical calculations. These
models vary strongly in required computational resources and
also in how they model the heat transport in complex solids -
either via phonons or diffusons.

Cahill** and Agne* have developed two alternative models
that can be used cost-effectively with ab initio data. When
combined with elastic properties obtained from DFT calcula-
tions, these models predict minimum lattice thermal conduc-
tivity. In both models, the amorphous solid has been used as
a model system for the minimum thermal conductivity of
crystalline materials; they both rely on random-walk theory,
indicating heat transport in amorphous materials via diffusons.
Because of this, these models can only be used in the high-
temperature limit of crystalline materials.

Slack,®? on the other hand, provides a lattice thermal
conductivity model based on heat transport via phonons and as
a function of temperature. This model emphasizes the role of
acoustic phonon modes in thermal transport processes.
According to Slack, the lattice thermal conductivity is influ-
enced by factors such as the Debye temperature, sound velocity,
and the Griineisen parameter, which accounts for the anhar-
monicity of the lattice vibrations. The model is particularly
useful for estimating the upper limit of thermal conductivity in
crystalline materials with strong atomic bonding. In this
approach, the lattice thermal conductivity can be computed as:

Mon'e’
Kslack = A 7277, (1)
where M is the average atomic mass, 6 is the average volume per
atom, n is the number of atoms per unit cell, ® is the acoustic
Debye temperature, T is the absolute temperature. A is the Slack
coefficient, which is dependent on the anharmonicity of the
structure, represented by the average Griineisen parameter that
we have already discussed above:
2.436 x 1078

A= —0514 0238 )
oty

Y v?

The Slack model is valuable as it provides a more thorough
temperature-dependent analysis of thermal conductivity,
offering insights that other models may not capture, especially
in materials where acoustic phonons play a dominant role.
While it yields important information about lattice thermal
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conductivity, the model also has limitations. Many studies
point out that lattice thermal conductivity is generally over-
estimated when compared with experimental data. This
discrepancy can be related to the A coefficient. Qin and
coworkers*® address this problem by scaling the A coefficient or
by fitting the A parameter.

A recent model for high-throughput screening and analysis
of thermal conductivity was introduced by Xia et al.,** where the
lattice thermal conductivity can be estimated through harmonic
phonon calculations. This model provides a complementary
perspective to the previous methods since it builds upon the so-
called two-channel model (phonon-gas channel and diffuson
channel) where the total thermal conductivity «,; is calculated
from the sum of the phonon (s = §') and diffuson contributions
(s # ') (eqn (3)). s and s refer to the phonon branches.

k=Y Cul@vy@vy,(@)ry(q) 3)

Css(q) is a heat capacity matrix element, v.(g) is a velocity
matrix element and 7,(q) is a phonon lifetime matrix element
for two phonons at the branches s and s’ in reciprocal space at q.
7s¢(q) can be computed based on I'y(q) - the scattering rate or
the inverse of phonon lifetime of the phonon at branch s at
point g - and w(q), its frequency:

2(I(q) + I'v(9)
—wy(q))" + (Iu(g) + T (9))°

t0(q) = (4)

4(ws(q)

This two-channel model, introduced by Simoncelli et al.,***°
has been very useful when disordered materials or crystals with
large unit cells, such as Yb;4,Mn;Sby,, have been investigated.*®
Simoncelli's model relies on the ab initio computation of
phonon lifetimes, which can be computationally very
demanding, making it extremely expensive for a large-scale
screening approach. In contrast to this, the model by Xia**
purely relies on harmonic phonon calculations, making it
significantly more affordable. It additionally assumes that each
phonon lifetime (1/I's(q)) is half of its vibration period.

A comparison of lattice thermal conductivity using the
models mentioned above is shown in Table S16. All models
consistently predict the material's low lattice thermal conduc-
tivity, which can be attributed to its weak bonding, low sound
velocities, and the high anharmonicity of the low-energy
vibrational modes dominated by Ag’ ions. Furthermore, the
diffusion-mediated minimum conductivity (KXigi,?e) and two-
channel (kxiy ), both indicate that heat conduction is primarily
dominated by diffusons, as it was also shown in previous
studies including sulfide- and selenide-argyrodites.*>*”

Although, it is clear that all these models predict low
minimal lattice thermal conductivities for AggSnSs, AgsGeSg,
and AgsSiSe, a full ab initio model that can provide a detailed
insight into the thermal properties is missing. Thus, to incor-
porate the anharmonicity in the prediction of the lattice
thermal conductivity and to reduce the overestimation that the
Slack model often shows, we start from the two-channel
approach proposed by Xia et al. but go beyond the minimum
lattice thermal conductivity approximation. We model the
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phonon lifetimes (1/I's(q)) using the method proposed by Bjerg
and co-workers, which is based on Slack's approach.'®*¢ By
incorporating inverse phonon lifetimes through the Griineisen
parameter, we effectively account for phonon-phonon scat-
tering, which constitutes the dominant process limiting the
lattice thermal conductivity in these materials. Then, the
inverse phonon lifetimes are calculated as follows:

2 T

I'i(q) = plo(g) e (5)

w4(q) is the phonon frequency, and p is a fitting function that is
dependent on the average Griineisen parameter vy, which can be
determined by:

Wy’
kBQM VI/3 Vv

10514y +0.228y2
- 0.0948

(6)

Here v i