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Thermal Transport in AgsTSe (T= Si, Ge, Sn) Argyrodites: An
Integrated Experimental, Quantum-Chemical, and Computational
Modelling Study

Joana Bustamante,® Anupama Ghata,? Aakash A. Naik, ¢ Christina Ertural,® Katharina Ueltzen,?¢
Wolfgang G. Zeier,?d and Janine George *a¢

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 AgsTS¢ (7= 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 Griineisen-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 interactions and strong anharmonicity, including large Griineisen
parameters, and low sound velocities, which are responsible for the low lattice thermal conductivity of AgsSnSs, AgsGeSs,
and AgsSiSe. We furthermore show that thermal and ionic conductivities in all three compounds are independent of each

other and can likely be tuned individually.

Introduction

To reduce the enormous waste of heat in energy generation,
thermoelectric materials (TE) 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., AgsGeSes, CusPSes, AgsSiSes and AgsSnSeg) are
known for their high ionic conductivity, and many others have been
thermoelectrics.'81  Halogen-free

investigated as potential

argyrodites have a general chemical formula of A‘(‘i‘g_“)/mT"*Qﬁ_
(A=Ag, Cu; T=Si, Ge, Sn; and Q=S, Se and Te).[28-11l 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—xCuxGeSs, and CusPSe¢) are not
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directly correlated with each other and can also be tuned
independently.[812-141 A similar situation might be expected for the
canfieldite AgsSnSeand AgsSiSe, which are argyrodite family members
and isovalently substituted variants of AgsGeSe.

The canfieldite (AgsSnSe) shows promising thermoelectric (TE)
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.[15]
Slade's study reported an additional orthorhombic Pmn2, phase at
120 K.[61 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).[171 All previous studies
suggested that the weakly bonded Ag* ions contribute to the low
lattice thermal conductivity in the canfieldites AgsTSs (T = Si, Ge,
Sn).[13.15,161 However, a complete understanding of the connection
between lattice thermal conductivity, ionic conductivity, and their
correlation with bonding, anharmonicity, and elastic properties

remains unexplored 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 models such as the one by Slack[18-20]
take into account the importance of acoustic phonons and elastic
properties, often providing a temperature-dependent lattice thermal
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conductivity (k.), but occasionally with overestimated values. The
Cahilll21 and Agnel?2 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
transport via phonons is

temperature range when thermal

important.[23!

Machine learning (ML) approaches have gained popularity due to
their ability to predict k. for certain compounds at a reasonable
computational cost.[?4-261 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 composition makes the high-throughput use of such models
unfeasible. However, cheaper, pre-trained alternatives, so-called
foundation machine learned interatomic potentials (MLIP), have
recently emerged. Foundation models already offer a cost-effective
alternative to ab initio calculations of harmonic phonons.l?7] 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.[?8] Once
accurately trained, MLIPs can be used to predict and investigate the
thermal conductivity of lattices without performing expensive full ab
initio calculations of phonon lifetimes based on the relaxation time
approach, as implemented in phono3py,[293% or without using the
costly ab initio Green-Kubo approach.[31-33]

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 investigations. We build on the recently introduced two-
channel model introduced by Xial34 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.13%l and is also connected to the analytical two-
channel model by Bernges et al.'41 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 lifetimes ()
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 compare it with lattice
dynamics calculations based on a foundational machine-learned
interatomic potential. This study fulfils three purposes. First, we
demonstrate the clear connection between the bonding properties
and thermal conductivity for all three compounds. Essentially,
analysing the bonding properties is sufficient to conclude that all
three compounds have similar thermal conductivity. Furthermore,

This journal is © The Royal Society of Chemistry 20xx

we demonstrate that cheap ab initio methods, partly cambinedwith
machine learning, can analyse and pf&dictO-1atticeSTARBFATA
conductivity with high accuracy, potentially 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 AgsTSe (T = Si, Ge, Sn). Next, we analyse the harmonic
phonon properties, including sound velocity (v), the Debye
temperature (@), and the volume-dependent Griineisen parameters
(y), 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 foundation model) to predict thermal conductivity and
reproduce experimental results. Based on an accurate model of
experimental thermal conductivity results and ionic conductivity
measurements, we demonstrate that ionic and thermal conductivity
are independent in AgsTSe (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 techniques, we aim to establish
a robust framework for predicting the thermal conductivity of
inorganic materials, with implications 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 AgsSnSe presents two phase transitions: at low-
temperature (120 K), the structure adopts the orthorhombic phase
(space group Pmn2,) (Figure 1 a, b). Upon heating, it transforms to
another orthorhombic phase (space group Pna2,) (Figure 1 ¢, d, e),
which (RT). At high-
temperature, a second transition takes place around 460K, where

remains stable at room-temperature
the structure transforms from orthorhombic Pna2, to the cubic
phase with space group F43m. The first transition from Pmn2; to
Pna24 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.[*6! For the related
compounds AgsGeSs and AgsSiSe (Figure S1 b, c), only the
orthorhombic Pna2; structure has been reported at room
temperature.l>3738] Figure 1e and Figure S1d, show that the Pna2,
structures (RT) contain chains of alternating, corner-sharing Ag* and
Ttetrahedra (T =Si, Ge, Sn) along b. Along a, chains of corner-sharing,
alternating T tetrahedra and trigonal-planar-coordinated Ag* sites
are found. Between these chains, linearly coordinated and threefold-
coordinated Ag* sites are present, forming a complex network. 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.
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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 (Figure 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 (Figure S3). The
Rietveld refinements of all diffraction patterns indicate that the
orthorhombic phase with space group Pna24, remains stable for
both AgsGeSe and AgsSiSe throughout the examined temperature
range. Similarly, for AgsSnSe, 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.l8] Nevertheless, the
refined unit cell volume of AgsSnSs below 120 K deviates slightly from
a linear increase, suggesting that some structural change may occur
at low temperature (Figure S4). In contrast, a linear increase in unit
cell volume for the other compositions was observed with increasing
temperature (Figure S4). We shortly note here that we predicted a
potential additional phase of AgsSnSe, so far not known from
experimental work, via ab initio calculations (see Section S7 in the
Sl). This prediction might be an artifact of the density functional

theory (DFT)-based methodology.
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Figure 1. Crystal structure of the AgsSnSe compound in the
a), b) orthorhombic Pmn2,; space group at 120K (low-
temperature) and c), d), e) orthorhombic Pna2; space group
at room-temperature. These crystal structures form the basis
for the computational analysis discussed in the following
sections. The crystal structures for the AgsSiSe and AgsGeSs
are presented in Figure S1 of the Supporting Information.
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Based on the composition alone, we mPg%lf %1%%\%?/%%@%?7/9%6
Si**, Ge*, Sn**, and S2~ ions. A closer inspection of the structure,
however, was already done by Krebs et al.37], and suggests the
following ionic formula Ags(SiS4)S; indicating SiS4* polyanions
isovalent to SiOs*. From previous bonding analysis results, we also
expect very weakly bonded Ag atoms and highly covalent bonds from
Si, Ger and Sn to S. [13.15,16,38,39]

Typically, the bonding situation in a material is used to estimate
the sound velocities and to obtain information about the anharmonic
nature of the heat transport.[*9 For example, bond heterogeneity is
typically made responsible for high phonon-phonon scattering rates
and, consequently, low thermal conductivities.[**! Specifically, in the
case of AgsSnSe, the rattler-like behavior of Ag*is expected due to the
very weak Ag—S bonds.[*5] Therefore, we provide a detailed analysis
of the bonding situation in all three AgsTS¢ compounds (T = Si, Ge,
Sn) by means of Crystal Orbital Hamilton Populations (COHP)“Y and
Crystal Orbital Bond Indices (COBI).[2l 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. 24!

The bonding situation in all three AgsTSe (T = Si, Ge, Sn)
compounds is very similar. The T—S bonds are by far stronger and
more covalent than the Ag—S bonds, indicated by both the ICOHP
and ICOBI values (Figure 2a, b). They also confirm the polyanionic
nature of the TS4* units, i.e., strong covalent bonds between T and
S. The very covalent Sn—S bonds in AgsSnSe show an average ICOHP
value of —4.58 eV and an 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
antibonding states below the Fermi energy level weaken the Ag—S
bonding interactions (see Figure 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 distorted Ag*
environments exist. We found linear, trigonal planar, trigonal non-
planar, and tetrahedral coordination environments for Ag*in AgsSnSe
(see Figure S8 in Sl). This 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
AgsSnSg, 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

environments and weakening of the Ag—S bonds. Ag—Ag

J. Name., 2013, 00, 1-3 | 3
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interactions in metallic silver (fcc, Materials Project ID mp-124) have
an ICOHP around —0.22 eV (ICOBI around 0.05), indicating this as a
significant interaction. Typically, we consider ICOHPs larger —0.1 eV
to be significant. The exact bond strengths and environments for all
AgsTSe (T =Si, Ge, Sn) can be found in Figures $6-S9 and Table S8-S11
in the SI.

a b
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Figure 2. a) and b) show the distribution of ICOHP and ICOBI for
the RT AgsSnSe 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.

Plotting all two-center ICOBI29 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 (Figure 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, i.e., the
three-center (3c) bonds of consecutive atoms with stronger two-
center ICOBI (ICOBI29 > 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 considered 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.*s  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 materials will

This journal is © The Royal Society of Chemistry 20xx
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present very similar sound velocities and high anharmgpic,transport
behavior. Consequently, they are expected @0exhilitosimilarly’ ik
lattice thermal conductivities and comparable 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 band
structure indicates dynamic stability of the structure. For all the
argyrodites AgsTSe (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 (Figure 3 and Figure S5). At T, a significant
splitting of the Longitudinal Optical - Transverse Optical (LO-TO) is
a direct result of the applied non-analytical term
that long-range dipole-dipole
interactions. The low-temperature (LT) canfieldite AgsSnSe phase,

visible,
correction4647] accounts for
using a 30-atom unit cell, has 90 phonon modes in total; while the
Pna24 phases of AgsTSe (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.[1217.221 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 AgsTSs (T = Si, Ge, Sn)

sharing the same crystal structure type.

12 — Ag
=
Sn

——- Wac

10

Frequency (THz)

zZU RT

WAVE VECTOR

ZX UY TS RO 50
PDOS

Figure 3. Computed phonon band structure along the partial
phonon density of states for the room-temperature phase of the
AgsSnSe canfieldite. Here, the dotted red line at 1.62 THz
corresponds to the acoustic Debye frequency (wac)-
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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
AgsSiSe all have weak Ag—S bonds and associated low sound
velocities corresponding to Ag* 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
Grineisen parameters and derive average quantities (y). Given our
previous results, we expected larger Griineisen parameters for all
three compounds, but no considerable differences between them.
Figure 4 shows strong anharmonicity represented by a large
Grlneisen 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 Griineisen parameter was computed across all modes,
showing good agreement with our experimental Griineisen
parameter derived from sound velocity measurements and the one
reported previously in the literature (AgsGeSg).[3] Despite the change
in composition, no significant differences were observed among the
experimental average Grineisen parameters derived from the
experimental sound velocities.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Computed mode Griineisen parameter as a function of
frequency for AgsSiSs, AgsGeSs, and AgsSnSe at room- and low-
temperature. Here, we highlight the acoustic modes (grey color)
where the anharmonicity is larger. Computed average Griineisen
parameter (y) and experimental Griineisen (¥.xp) are also shown for
all investigated structures.

Although we observed comparable experimental and theoretical
average Griineisen values among the compounds, some differences
are evident in our theoretical results at lower frequency modes. For
instance, AgsSiSe mostly shows negative Griineisen parameters for
the lower frequencies. The calculation of the average Griineisen
parameter, shown in Figure 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 Figure S20c in the SI.

Lattice thermal conductivity

Various models to predict lattice thermal conductivity have been
developed. These range from simple empirical relationships 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.
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Cahilll2l] and Agnel??l have developed two alternative models
that can be used cost-effectively with ab initio data. When combined
with elastic properties obtained from DFT calculations, these models
predict minimum lattice thermal conductivity. 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[18-20l 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 influenced by factors such as the
Debye temperature, sound velocity, and the Griineisen parameter,
which accounts for the anharmonicity 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:

MSnl/3@3
Kslack = 4 M&;T@ (1)

Where M is the average atomic mass, § 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, kg and & are the
Boltzmann and Planck constants, respectively. A is the Slack
coefficient, which is dependent on the anharmonicity of the
structure, represented by the average Griineisen parameter y that
we have already discussed above:

2436 x 10~8
= 0514 0.228 (2)
11—y
Y y?

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 conductivity, the model
also has limitations. Many studies point out that lattice thermal
conductivity is generally overestimated when compared with
experimental data. This discrepancy can be related to the A
coefficient. Qin and coworkers!*8] 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.,3¥ 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 k; is calculated from

This journal is © The Royal Society of Chemistry 20xx

the sum of the phonon (s=s’) and diffuson contributiong (s#s:) (Eg, 3):

s and s’ refer to the phonon branches. DOI: 10.1039/D5TA08709K

kU= ) Cosr (@55 (@55(@) T () @)

qss!

Css'(q) is a heat capacity matrix element, v (q) is a velocity
matrix element and 74, (q) is a phonon lifetime matrix element for
two phonons at the branches s and s’ in reciprocal space at q. 755,(q)
can be computed based on I';(q) — the scattering rate or the inverse
of phonon lifetime of the phonon at branch s at point q— and ws(q),
its frequency:

2(rs(q) + Iy (@) (4)
4(w5(q) — 05 ()° + (Ts(q@) + s (@)

Tss'(Q) =

This two-channel approach, introduced by Simoncelli et al.,[354]
has been very useful when disordered materials or crystals with large
such as Yb1aMniSbis,
Simoncelli’'s model relies on the ab initio computation of phonon
lifetimes, which can be computationally very demanding, making it

unit cells, have been investigated 5%

extremely expensive for a large-scale screening approach. In contrast
to this, the model by Xia.’U purely relies on harmonic phonon
calculations, making it significantly more affordable. It additionally
assumes that each phonon lifetime (1/Ts(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 conductivity, which can be
attributed to its weak bonding, low sound velocities, and the high
anharmonicity of the low-energy vibrational modes dominated by
Ag* Furthermore, the diffusion-mediated minimum

min

conductivity (Kagne) and two-channel (K)'?iia“), both indicate that

ions.

heat conduction is primarily dominated by diffusons, as it was also

shown in previous studies including sulfide- and selenide-

argyrodites.[1217]

Although, it is clear that all these models predict low minimal
lattice thermal conductivities for AgsSnSe, AgsGeSe, and AgsSiSe, a full
ab initio model that can provide a detailed insight into the thermal
properties is missing. Thus, to incorporate 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
phonon lifetimes (1/T'5(q)) using the method proposed by Bjerg and
Slack’s
incorporating inverse phonon lifetimes through the Griineisen

co-workers, which is based on approach.l1836] By
parameter, we effectively account for phonon-phonon scattering,
which constitutes the dominant process limiting the lattice thermal
conductivity in these materials. Then, the inverse phonon lifetimes

are calculated as follows:
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T
rs(@) = p(ws(@)? g e (5)

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

h2y2
kgOMV /30

1—0.514y~1 +0.228y2
p= 0.0948 ®)

Here v is the speed of sound and is determined from the Debye
frequency wp, the number of atoms, and the volume of the cell, via
the following equation:

v 7 (7)

3 2=
6n v

Following the proposed model in this study, we computed the
two-channel temperature-dependent lattice thermal conductivity,
where the diagonal components of the heat flux matrix correspond
to the phonon contribution, the off-diagonal components
correspond to the diffuson contribution, and the total lattice thermal
conductivity is obtained by summing both contributions. With this,
in Figure 5b and Figure S21, we show the ultra-low total thermal
conductivity for the sulfide-argyrodite materials with a very good
agreement with the experimental measurements in the high
temperature range.

For AgsGeSs, where additional low-temperature experimental
data are available, deviations are observed between 0 and 50 K
compared to other measurements. We attribute this deviation to the
presence of point-defect scattering, which can be caused when
imperfections, such as atomic-scale substitutions, vacancies, or
interstitials, disrupt the periodicity of the crystal lattice. This
disruption could create a barrier to phonon propagation, significantly
reducing lattice thermal conductivity.[12145253] Fyrthermore, the
presence of microstructure features, such as grain boundaries, phase
segregation, as well as different grain sizes in the experimental
samples, can scatter phonons and decrease thermal conductivities
and contribute to discrepancies with computational approaches that
do not correct for these effects.!1454

To estimate the influence of the point defects and the
microstructure, we fitted the analytical model described in ref 14 to
the experimental data of AgsGeSe. This fitting was previously
presented and discussed in our earlier work,[*3 however, it is also
included here to provide a complete comparison between our
proposed models. This analytical model also accounts for phonon
and diffuson channels and starts from harmonic phonon data as
computed by DFT. Below the frequencies of the loffe-Regel limit, the
Callaway model is used to describe the heat transport, while above
this limit, the model introduced by Agne is used to describe the
diffuson channel. However, estimations of lifetimes within the
Callaway model, and

including effects from point defects

This journal is © The Royal Society of Chemistry 20xx
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microstructure in the phonon lifetimes, are now \IQEQ\%C&OOVWS
experimental data. Figure 5a shows this fittivg) devshstrating 1hiat
heat transport can be accurately described based on this analytical
model. It also indicates that the suppression of the phonon peak is
predominantly driven by point-defect scattering and boundary
scattering from microstructural characteristics, such as grain size.
This analysis can be seen in Figure 5d, which highlights the role of
point-defect and boundary scattering within the phonon channel.
For the Griineisen-based approach, we observe a divergence in the
0-20 K range. However, the overall features of the temperature-
dependent thermal conductivity agree very well with the experiment
and especially our analytical model in which effects from point-
defect and boundary scattering have been subtracted.

Given the experimental uncertainty, the foundation machine-
learned interatomic potential (MACE-MP-03b, medium) reached
good results in comparison with experiments as well, as shown in
Figure 5¢, d. We did not fine-tune the model for the presented
results. To compute the thermal conductivity, we use the full two-
channel lattice dynamics approach implemented by Simoncelli et
al.[3549 Figure 5¢ and Figure S22, respectively, compare the phonon-
channel and total lattice thermal conductivity obtained from the ML
model and the Griineisen parameter-based estimation. The result
from the ML model agrees very well with the analytical model over
the whole temperature range when point-defect and boundary
scattering are subtracted. This again highlights the importance of
point defects and boundary scattering for an accurate description of
the thermal conductivity. Overall, the ML potential yields results
consistent with the Griineisen model, demonstrating that both
reliably capture this system's thermal

approaches transport

behaviour — even in the low-temperature region.
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Figure 5. a) Fit of the low-temperature measured thermal
conductivity data (Experimental**, PPMS) of AgsGeSe. High-
temperature measurement using a second method (LFA, this study
Experimental*), together with a measurement from literaturel*”! are
also provided in the plot for comparison. The fit is performed with
the help of the analytical model as proposed in ref [14] (scattering
coefficients are presented in Table S$19 in the SI. b) Comparison of
the lattice thermal conductivity following our proposed Griineisen

This journal is © The Royal Society of Chemistry 20xx

Model (GM) with experimental measurements for AgsJSg (T.= Sh, Ge,
Sn). c) Two-channel lattice thermal conductivity lusth@evéFo Uifdatioh
model MACE-MP-03b. The model was not finetuned here. d)
Contribution of scattering process, phonon-phonon scattering (C),
point-defect (C,), and boundary scattering (A) on the phonon channel
as obtained from the analytical model, compared with the Griineisen
model and the foundation model MACE-MP-03b (not finetuned).
Although the two proposed approaches show minor differences,
they remain consistent with the experimental results within a three-
fold standard deviation, showing especially strong agreement for
temperatures above 200 K.

Overall, following our proposed models, the results align with the
findings of Ouyang and coworkers,[17! confirming that heat transport
in the argyrodites (AgsGeSe and AgsSnSe (RT)) is dominated by the
diffuson-channel. We note that we neglected the influence of four-
phonon scattering processes and additional temperature
renormalizations of the harmonic phonons that slightly influence the
results, in contrast to the simulations by Ouyang and coworkers.[17]
Theoretical predictions and experimental results reveal no significant
differences among the three compositions, AgsSiSe, AgsGeSs, and
AgsSnSe. The Grineisen-based model, however, results in a slight
difference between the thermal conductivity of the AgsSiSe and
AgsSnSe compounds, which also corresponds to the differences

observed in the computed Griineisen parameters.

As the Griineisen-based model is computationally comparably
cheap and a foundation MLIP model requires
computational cost, they would both be suited for a high-throughput

even less
approach for screening thermal conductivity. However, it is currently
unclear for which composition spaces foundational ML potentials
might fail and how cheap finetuning for complex systems could look
like. First finetuning tests with additional ab initio data from rattled
supercells with an average displacement of 0.1 A worsened the
description of the phonon channel in our case, while the harmonic
phonon results improved. We hope that automated MLIP training
and finetuning capabilities will support establishing efficient training
and finetuning procedures.[55¢] Despite these challenges, MLIPs are
very promising as they allow for a full ab initio calculation of the
lifetimes and include temperature renormalization effects in the
phonons or four-phonon processes comparatively easily. Both the
Griineisen and MLIP approaches could also be combined to spot
systematic failures of the foundation model within a high-throughput
approach, or the Griineisen model might be used together with a
foundation MLIP. For heat capacity simulations, we have previously
seen that even ML models with comparably poor predictions can
yield good heat capacity estimates when sufficiently constrained by
a physical model.57)

As in the previous studies on the argyrodite such as AgsGeSes,
Cu;PSeg, and Ags—xCu,GeSe, [812-14 the thermal conductivity can also
be modelled without considering changes in ionic conductivity. In
those studies, the low thermal conductivity and the high ionic
conductivities were shown to be independent of each other, as the
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ionic conductivities vary drastically within the same temperature
range. This suggests that ionic conductivity does not directly control
thermal transport; therefore, the thermal conductivity was modelled
purely based on the lattice dynamics simulations. We furthermore
investigate ion transport properties to shed further light on the
situation in AgsTSe¢ (T = Si, Ge, Sn). We find that across all
compositions, the ionic conductivity increases from an average of
~0.003 mS/cm at 233 K to ~0.1 mS/cm at 303 K, indicating an
enhancement of more than one order of magnitude with rising
temperature. In contrast, the thermal conductivity remains nearly
constant over the same temperature range, varying only marginally
between = 0.27 W/mK and = 0.28 W/mK. A more detailed discussion
can be found in the Sl Section S5. This observation suggests that ion
transport has no direct influence on the observed low thermal
conductivity in these materials, corroborating the previously
reported findings for Ag* and Cu*-based selenide and sulfur
argyrodites 128131

Conclusions

Our results demonstrate a strong relationship between chemical
bonding and lattice thermal conductivity in Ag-based sulfide
argyrodites. The similar bonding strengths in all compounds lead to
very similar sound velocities, while the weakly bonded Ag* atoms
result in high anharmonicity of vibrations, associated with high
Griineisen parameters. This weakness likely originates from occupied
antibonding states in Ag—S bonds, Ag—Ag bonds, and the multi-
center interactions. This further supports that the bonding situation
might be predictive of a compound's overall thermal conductivity.

By applying both the Griineisen-based and the MLIP-based models,
we achieve good agreement with the experimental thermal
conductivity data, especially in the medium- to high-temperature
range. To capture the characteristic low-temperature peak, it is
essential to include point-defect scattering, which effectively
suppresses the phonon peak. In addition, microstructural features,
most notably grain boundaries, introduce further boundary
scattering, with grain size emerging as a key design parameter for
tailoring thermal transport. Both effects are shown based on a fit of

experimental data with an analytical model.

Overall, these results again demonstrate that accurately modelling
heat transport in structurally complex materials over a large
temperature range requires capturing the combined influence of
bonding-driven anharmonicity, sound velocity, point-defect
scattering, and microstructural effects. Furthermore, we identify two
approaches that might be suitable for comparably cheap high-
throughput screening of lattice thermal conductivity over wide

temperature ranges.
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Methodology
Atomistic Simulations

Electronic-structure computations were performed using
Density Functional Theory (DFT) as implemented in the Vienna Ab
initio Simulation Package (VASP) [58-60 The exchange-correlation
functional was treated in the semi-local approximation of Perdew,
Burke, and Ernzerhof (PBE) with generalized gradient approximation
(GGA)6L62] The plane wave cut-off was set to 520 eV. To sample the
Brillouin zone, we employed I'-centre grid with a maximum
separation of 0.12 A, which corresponds to a 7x7x5 and 3x7x5 k-
points mesh for the orthorhombic (Pmn2;) and orthorhombic
(Pna21) structures, respectively. Structure optimizations were

carried out in terms of volume, cell shape, and ionic positions.

The vibrational properties were computed using the supercell
approach with the finite displacement method implemented in
phonopy with displacements of 0.01 A 16364, To obtain the dynamical
matrix D(q), we used a supercell model of (3x3x2) and (1x3x2) for
the LT and RT structures, respectively. The supercell calculations for
the LT structure were performed at the I'-point, while for the RT
structure a 3x2x2 I'-centred k-point grid was needed. In order to
correct the dipole interaction, we also employed non-analytical term
correction using Born charges as computed with VASP.[46:47]

To compute volume-dependent thermal properties, we
employed the Quasi-Harmonic  Approximation  (QHA)®5],
implemented in phonopy.[2%%¢! To do so, we applied the harmonic
approximation at expanded and contracted volumes. We start with
the fully optimized structure at the ground state (Vo), and then we
compute the constant volume energy of 13 different volumes from
0.943 x Vo to 1.063 x Vg in steps of 0.013 x Vo. The lattice parameters
and atom positions were optimized by minimizing the electronic
energy (ISIF=4).167] Additionally, to compute the anharmonicity of the
structures, we compute the Griineisen parameter. Here, two
additional structural optimizations were performed at constant
volume, 1% x Vo, and -1% x V.

To obtain Cahill’s minimum thermal conductivity, we performed

elastic constant calculation using an automated workflow
implemented in atomate2, where elastic tensors are computed from
stress-strain relationships.l®871 More details can be found in the SI

Section S6.

To compute the lattice thermal conductivity based on the
foundation ML potential (here MACE-MP-03b medium modell72)
together with the two-channel model introduced by Simoncelli et
al,[35%1 we solved the Wigner transport equation model as
implemented in phono3py.[29%¢! For this purpose, the third-order
force constants were obtained with a supercell of 1x2x2, and the
reciprocal space was sampled with a 6x14x10 mesh. Due to very
demanding memory requirements, we only used the relaxation time
approximation.
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To get chemical insight into these compounds, bonding analysis
was performed. To do so, we used our recently developed automatic
bonding analysis workflow.”3 The fully optimized structure for
phonon computations is used as the input structure to start this
workflow. The workflow then performs the bonding analysis with the
LOBSTER[74-771 program by adding all necessary computational steps
to the pipeline. This pipeline consists of a static DFT computation
using the GGA functional parameterized by PBE662] within the PAW
framework 7879 A grid density of 6000 k-points per reciprocal atom
is set for the DFT run. The electronic structure’s convergence
criterion and the plane-wave energy cutoff are set to 10 and 520
eV, respectively. The number of grid points (NEDOS) on which the
density of states is evaluated is set to 10000. The Brillouin zone is
integrated using the tetrahedron method with Bléchl® correction
(i.e., ISMEAR=-5). In all DFT computations, spin polarization is
switched on, even though this is not required for these compounds.
The workflow also performs LOBSTER computations with the
available basis for projecting the wavefunctions. Here, we report the
results on the minimal basis.

For bonding analysis runs via LOBSTER, COHPs and COBIs are
computed for the entire energy range of VASP static runs, and the
COHP/COBI energy interval step is set to 10000 points (equal to
NEDOS set in the VASP static run). The increased number of points
assigned for the COHP/COBI computation poses a very good estimate
of bonding and anti-bonding contribution in bonds during post-
processing the results via LobsterPy. Three-center interactions to
calculate three-center COBI and ICOBI were chosen according to
stronger two-center ICOBIs (cutoff ICOBI? = 0.2) of three
consecutive atoms and automatically analyzed using a new
implementation by one of the current authors in pymatgen (as of
v2023.10.11).[811 Other multi-center bonds have been checked as
well, but did not yield significant values (cutoff ICOBI(n) = £0.05).

Solid-state synthesis of AgsTSs (T = Si, Ge, Sn)

The synthesis of AgsTSe (T = Si, Ge, Sn) utilized reactants including
silver powder (99.9%, sigma aldrich), silicon (99.999%, Thermo
Scientific)), germanium (99.999%, sigma aldrich), tin (99.85%,
Thermo Scientific), and sulfur powder (99.98%, sigma aldrich). A
high-temperature solid-state synthesis method was conducted
under static vacuum conditions to produce polycrystalline samples
of AggTSe. Initially, stoichiometric amounts of the reactants were
weighed inside an argon-filled glovebox and placed into carbon-
coated quartz ampoules, which had been pre-dried at 1073 K for 2
hours under dynamic vacuum. These ampoules were then sealed
under vacuum and heated in a horizontal tube furnace. The heating
process involved ramping the temperature to 523 K at a rate of 50 K
per hour, followed by a 24-hour hold. Subsequently, the temperature
was increased to 1250 K at the same rate, maintained for 60 hours,
and then cooled down to room temperature.

X-ray diffraction
X-ray diffraction patterns of AgsTSe (T = Si, Ge, Sn) were collected
using a STOE STADIP diffractometer. The setup utilized Mo Kal

This journal is © The Royal Society of Chemistry 20xx

radiation (A = 0.7093 A) equipped with curved Ge (111)
monochromator and a Mythen2 1K detectdtOMéasureiehtosiere
performed in the Debye-Scherrer geometry over a 2 range from 4°
to 44°, at a scan rate of 1° per minute. The temperature range during
these measurements was between 100 K and 400 K, maintained
using a Cryostream 1000 cooler from Oxford Cryosystems Ltd. for
low-temperature conditions (<298 K). Samples were prepared in
borosilicate glass capillaries with a 0.5 mm diameter, and they were
equilibrated for 20 minutes at each temperature step prior to the
measurement. Details of structural phase analysis and Rietveld
refinements are discussed in Section S1 in the SI.

Ultrasonic speed of sound measurement

An Olympus Epoch 600 with 5 MHz transducers was employed to
measure speed of sound using the pulse-echo method. Variations in
signal measurements and the geometrical factors (such as density
and thickness) were accounted for to determine the uncertainty of
the speed of sound measurement.

Thermal transport properties measurement

A Netzsch LFA-467 instrument was used to measure thermal
diffusivity of all three compositions, using 10 mm diameter, disc-
shaped samples with a bulk density of approximately more than 95%
of the theoretical density. Measurements were conducted over a
temperature range of 173 K to 500 K. An MCT detector with a ZnS
furnace window was used for the measurements below room
temperature; while for measurements from room temperature to
high-temperature, an InSb detector with a sapphire furnace window
was employed. The detection time and signal amplification were
optimized automatically for each measurement. At every
temperature point, three measurements were taken, with five
measurements conducted at 173 K to ensure accuracy. The detector
signal was analyzed using an improved Cape-Lehman model.[82-841 A||
samples were spray-coated with graphite to enhance the infrared
light absorption and emission during the laser-flash measurements.
The equations used to calculate the thermal conductivity from the
measured thermal diffusivity are provided in Section S3 in the SI.
Additionally, low-temperature thermal conductivity measurement
for AgsGeSe was performed using a Physical Property Measurement
System (PPMS) with the TTO option, under high vacuum (<107 Torr)
and with a temperature gradient of approximately 3% between the
hot and cold sides. A disc-shaped sample (4 mmx 2 mm) was used
for the measurement.

Direct current (DC) polarization measurements

DC polarization measurements were performed using a press cell
with a 10 mm inner diameter. The samples were filled into the press
cell, and stainless-steel stamps were used as ion blocking electrode
on both sides. The cells were then closed and subjected to uniaxial
pressing at 3 tons for 3 minutes. A VMP-300 potentiostat (Biologic)
was used to carry out DC polarization, applying a voltage ranging
from 5 mV to 50 mV in 5 mV steps. To ensure equilibrium at each
step, the applied voltage was kept constant for 2 hours before
proceeding to the next step.
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Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy measurements were
carried out using a cell set up comprising two stainless steel stamps
that served both as current collectors and as a means to press the
sample during the measurements. The samples were placed in an
insulating PEEK housing with an inner diameter of 10 mm. First, the
argyrodite materials were loaded in the PEEK housing and pressed
under 3 tons of uniaxial pressure for 3 minutes. Secondly, the cells
were opened in a glovebox, and a thin layer of RbAgals was pressed
onto both sides of the sample, followed by an additional 5 minutes
of compression using a manual screw press. Finally, AC impedance
spectroscopy was performed over the temperature range of 233 K -
303 K wusing an SP300 impedance analyzer (Biologic). The
measurements employed an excitation amplitude of 10 mV and
covered a frequency range of 5MHz to 1Hz. The analysis of
impedance results is shown in Section S5 in the Supporting
Information.
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