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Section S1: Phase analysis and Rietveld refinements of Agg7S¢ (7 = Si, Ge, Sn)

Rietveld refinements were performed at all temperature steps for all three compositions of
AggTSe (T = Si, Ge, Sn) using the Topas-Academic V7 software package.l'l A Chebyshev
polynomial function was used to model the background, whereas the peak shapes were
described using a modified Thompson-Cox-Hastings pseudo-Voigt function.?l At first,
refinements were carried out for background coefficients, sample displacement, lattice
parameters, and peak shapes. After that, the fractional atomic coordinates and the isotropic
thermal displacement parameters of atoms were refined. The refinements proceeded
sequentially, starting with sulfur (S?-), moving to T*" (T = Si, Ge, Sn), and finally silver (Ag").
To reduce the number of free variables in the refinements, the isotropic thermal displacement
parameters for all silver (Ag") atoms were constrained to be equal across all three compositions.
Similarly, the isotropic thermal displacement parameter for 7*" (T = Si, Ge, Sn) atoms and all

sulfur atoms (S%) were also considered to be equal for better refinement quality.

OAg @S OSn @Ge OSi

Figure S1.a-c) Representation of AgsSiSs, AgsGeSs, and AgsSnSs argyrodites in the

orthorhombic Pnaz, phase at room temperature, respectively. d) Alternative view of the RT-

AgsSnSsargyrodites showing the Ag—Ag connectivity and the diversity of the Ag environments.

The results of Rietveld refinements of Agg7S¢ (7= Si, Ge, Sn) at 298 K are presented in Tables
S1-S3, and Figure S2, while the X-ray diffraction patterns at all measured temperatures are
shown in Figure S3. The refined lattice parameters and unit cell volume for all compositions
are also tabulated (Table S4-S6). From the slope of the unit cell volume vs. temperature plots
(Figure S4), the thermal volume expansion coefficients were calculated for each composition.

The Ry, and the goodness-of-fit (GoF) value indicate the refinement quality.
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Table S1. Structural parameters of AgsSiSs at 298 K as obtained by Rietveld refinements and
utilizing laboratory X-ray diffraction (Mo Ka radiation).

Structural information of AggSiSe from X-ray diffraction data at 298 K
Space group: Pna21; L (Mo Ka) = 0.7093A;
Lattice parameters: a = 15.058 (1) A, b =7.4355(6) A, ¢ = 10.5415(9) A,
Ry =7.81%; GoF = 2.11
Atom Wyckoff site x Y z Occ. By | A2
Agl 4a 0.01681(5) | 0.011(1) 0.016(1) 1 3.53(9)
Ag2 4a 0.0640(4) | 0.2287(8) | 0.255(1) 1 3.53(9)
Ag3 4a 0.1244(4) | 0.2236(8) | 0.787(6) 1 3.53(9)
Agd 4a 0.2206(5) -0.006(1) | -0.006(1) 1 3.53(9)
Ag5 4a 0.2607(4) 0.114(1) 0.305(2) 1 3.53(9)
Agb 4a 0.2690(5) 0.380(1) 0.091(1) 1 3.53(9)
Ag7 4a 0.4194(5) 0.098(1) 0.107(1) 1 3.53(9)
Agl8 4a 0.4327(6) 0.068(1) 0.436(1) 1 3.53(9)
Si 4a 0.133(1) 0.750(3) 0.241(2) 1 0.07(1)
Sl 4a -0.019(1) 0.281(3) 0.644(2) 1 0.07(1)
S2 4a 0.126(1) 0.286(2) 0.025(2) 1 0.07(1)
S3 4a 0.126(1) 0.492(3) 0.380(2) 1 0.07(1)
S4 4a 0.266(1) 0.229(2) 0.644(2) 1 0.07(1)
S5 4a 0.378(1) 0.325(2) 0.291(3) 1 0.07(1)
S6 4a 0.625(1) 0.551(2) 0.390(2) 1 0.07(1)

Table S2. Structural parameters of AgsGeSs at 298 K as obtained by Rietveld refinements and
utilizing laboratory X-ray diffraction (Mo Ko. radiation). Results for this structure have been
previously reported by Ghata et al. 13

Structural information of AggGeS¢ from X-ray diffraction data at 298 K
Space group: PnaZl; A (Mo Ko) = 0.70934;

Lattice parameters: a = 15.147(1) A, b =7.4695(5) A, ¢ = 10.5852(7) A,
Ryp=4.78%; GoF = 1.49

Atom Wyckoff site x Y z Occ. | B/ A?
Agl 4a 0.0170(3) | 0.00829) | 0.01726) | 1 | 3.39(6)
A2 4a 0.0625(3) | 0.2250(6) | 0.2556(5) | 1 | 3.39(6)
Ag3 4a 0.12473) | 0.2239(6) | 0.7940(6) | 1 | 3.39(6)
Agd 4a 0.2234(3) | -0.0007(7) | -0.0019(5) | 1 | 3.39(6)
Ag5 4a 0.2605(3) | 0.1251(7) | 032095 | 1 | 3.39(6)
Agb 4a 0.2731(3) | 0.3800(6) | 0.0990(4) | 1 | 3.39(6)
Ag7 4a 0.4154(5) | 0.0997(9) | 0.1194@8) | 1 | 3.39(6)
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Ag8 4a 0.4351(4) | 0.0649(7) | 0.4350(4) | 1 3.39(6)
Ge 4a 0.1247(3) | 0.7301(7) | 0.2664(7) | 1 0.48(7)
S1 4a 0.007(1) | 02712) | 0.643(1) | 1 0.48(7)
S2 4a 0.1218(9) | 0.268(1) | 0.027(1) | 1 0.48(7)
33 4a 0.128(1) | 0471(1) | 0392(1) | 1 0.48(7)
sS4 4a 0257(1) | 0231(1) | 0.638(1) | 1 0.48(7)
S5 4a 0.3870(9) | 0.323(1) | 0.299(1) | 1 0.48(7)
S6 4a 0.631(1) | 0.519(1) | 0.400(1) | 1 0.48(7)

Table S3. Structural parameters of AgsSnSs at 298 K as obtained by Rietveld refinements and
utilizing laboratory X-ray diffraction (Mo Ka radiation).

Structural information of AggSnS¢ from X-ray diffraction data at 298 K
Space group: PnaZl; A (Mo Ko) = 0.70934;
Lattice parameters: a = 15.3119(7) A, b =7.5542(5) A, ¢ =10.7071(5) A,
Ryp = 5.36%; GoF = 1.23
Atom Wyckoff site x Y z Occ. | B /A?
Agl 4a 0.01983) | 0.1463(9) | 0.0165(6) | 1 3.55(6)
A2 4a 0.0617(3) | 0.2273(6) | 0.2533(8) | 1 3.55(6)
A3 4a 0.12333) | 0.2201(7) | 0.8024(9) | 1 3.55(6)
Agd 4a 0.2224(3) | 0.0096(7) | 0.0056(9) | 1 3.55(6)
Ag5 4a 0.2576(4) | 0.1562(7) | 0.3465(8) | 1 3.55(6)
Ag6 4a 0.2768(3) | 0.3779(6) | 0.1041(8) | 1 3.55(6)
Ag7 4a 0.4112(3) | 0.0797(7) | 0.1243(8) | 1 3.55(6)
Ag8 4a 0.4366(4) 0.0627(7) | 0.4334(8) 1 3.55(6)
Sn 4a 0.1254(2) | 0.7312(5) | 0.2699(8) | 1 0.63(5)
S1 4a 0.002(1) | 0266(2) | 0.639(1) | 1 0.63(5)
S2 4a 0.12579) | 0.278(1) | 0.033(1) | 1 0.63(5)
S3 4a 0.127(1) | 0476(1) | 0397(1) | 1 0.63(5)
S4 4a 0247(1) | 0229(1) | 0.629(1) | 1 0.63(5)
S5 4a 0.3897(9) | 0323(1) | 0296(1) | 1 0.63(5)
S6 4a 0.631(1) | 0.516(1) | 0408(1) | 1 0.63(5)

Table S4. Temperature-dependent variations in lattice parameters and unit-cell volumes of

AgsSiSe from 100 K to 400 K based on Rietveld refinements.

Temperature / K Space group Lattice parameters | Unit cell volume /
/A A3
a=15.009(1)
103 Pna2, b =7.4122(7) 1167.7(2)




¢ = 10.495(1)

123

Pna2,

a=15.016(1)
b =7.4155(6)
¢ =10.5019(9)

1169.4(1)

133

Pna2,

a=15.019(1)
b=7.4173(7)
¢ = 10.5038(8)

1170.2(1)

153

Pna2,

a=15.022(1)
b=7.4184(7)
¢ =10.508(1)

1171.0(2)

173

Pna2,

a=15.029(1)
b =7.4218(6)
¢ = 10.5153(8)

1172.9(1)

193

Pna2,

a=15.031(1)
b = 7.4240(9)
c=10.517(1)

1173.6(2)

213

Pna2,

a=15.034(1)
b =7.4252(7)
¢ =10.521(1)

1174.6(2)

233

Pna2,

a=15.041(1)
b =7.4279(7)
¢ =10.526(1)

1176.1(2)

253

Pna2,

a=15.050(1)
b = 7.4320(7)
¢ =10.533(1)

1178.2(1)

273

Pna2,

a=15.053(1)
b = 7.4346(7)
¢ =10.536(1)

1179.2(2)

293

Pna2,

a=15.058(1)
b = 7.4355(9)
¢ =10.539(1)

1180.1(2)

313

Pna2,

a=15.062(1)
b =7.4376(8)
¢ =10.544(1)

1181.2(2)

333

Pna2,

a=15.072(1)
b = 7.4422(8)

1183.4(2)




¢ = 10.550(1)

353

Pna2,;

a=15.078(1)
b = 7.4448(9)
¢ =10.555(1)

1184.9(2)

373

Pna2,

a=15.084(1)
b = 7.4493(8)
c=10.561(1)

1186.7(2)

400

Pna2,

a=15.092(1)
b = 7.4524(8)
¢ =10.566(1)

1188.5(2)

Table S5. Temperature-dependent variations in lattice parameters and unit-cell volumes of

AgsGeSs from 100 K to 400 K based on Rietveld refinements.

Temperature / K

Space group

Lattice parameters

/A

Unit cell volume /

A3

103

Pna2,

a=15.110(1)
b = 7.4477(5)
¢ = 10.5483(8)

1187.1(1)

123

Pna2,

a=15.111(1)
b = 7.4478(6)
¢ = 10.5494(8)

1187.2(1)

133

Pna2,

a=15.110(1)
b = 7.4480(5)
¢ = 10.5493(7)

1187.3(1)

153

Pna2,

a=15.115(1)
b = 7.4502(6)
¢ = 10.5544(9)

1188.6(1)

173

Pna2,

a=15.119(1)
b = 7.4536(6)
¢ = 10.5582(9)

1189.8(1)

193

Pna2,

a=15.122(1)
b = 7.4547(6)
¢ = 10.5628(9)

1190.7(1)

213

Pna2,

a=15.129(1)
b =7.4587(7)

1192.4(1)




¢ =10.567(1)

233

Pna2,

a=15.133(1)
b = 7.4607(7)
c=10.571(1)

1193.6(1)

253

Pna2,

a=15.136(1)
b = 7.4656(7)
¢ =10.5797(9)

1194.5(1)

273

Pna2,

a=15.141(1)
b=7.4376(8)
¢ = 10.544(1)

1195.9(1)

298

Pna2,

a=15.147(1)
b = 7.4695(5)
¢ = 10.5852(7)

1197.7(1)

313

Pna2,

a=15.152(1)
b=7.4718(8)
¢ =10.588(1)

1198.8(2)

333

Pna2,

a=15.157(2)
b=7.474(1)
¢ =10.593(1)

1200.0(3)

353

Pna2,

a=15.162(1)
b=7.4783(8)
¢ =10.598(1)

1201.8(2)

373

Pna2,

a=15.169(1)
b =7.4815(8)
¢ =10.603(1)

1203.3(2)

400

Pna2,

a=15.169(2)
b=7.483(1)
¢ =10.606(1)

1204.1(9)

Table S6. Temperature-dependent variations in lattice parameters and unit-cell volumes of

AgsSnSs from 100 K to 400 K based on Rietveld refinements.

¢ =10.6698(4)

Temperature / K Space group Lattice parameters | Unit cell volume /
/A A3
103 Pna2, a=15.2835(6)
b=7.5221(3) 1226.66(9)




123

Pna2,

a = 15.2855(6)
b =7.5248(3)
¢ = 10.6727(4)

1227.59(9)

133

Pna2,

a = 15.2860(6)
b =7.5253(3)
¢ = 10.6738(4)

1227.83(9)

153

Pna2,

a=15.2876(9)
b =7.5282(4)
¢ =10.6765(4)

1228.7(1)

173

Pna2,

a=15.2889(9)
b =7.5305(4)
¢ = 10.6793(6)

1229.5(1)

193

Pna2,

a=15.292(9)
b = 7.5344(6)
¢ = 10.6838(9)

1231.0(1)

213

Pna2,

a=15.296(2)
b =7.5389(5)
¢ = 10.6884(7)

1232.5(1)

233

Pna2,

a=15.299(1)
b = 7.5423(5)
¢ = 10.6928(7)

1233.9(1)

253

Pna2,

a=15.304(1)
b =7.5467(5)
¢ = 10.6986(7)

1235.6(1)

273

Pna2,

a=15.3103(8)
b=7.5510(4)
¢ = 10.7034(6)

1237.4(1)

293

Pna2,

a=15311(1)
b =7.5534(8)
¢ =10.706(1)

1238.2(2)

313

Pna2,

a=15317(1)
b=7.5586(1)
¢ =10.7134(1)

1240.4(1)

333

Pna2,

a=15.322(1)
b = 7.5625(6)
¢ = 10.7174(9)

1241.8(1)




a=15.325(1)
353 Pna2, b="7.5661(7) 1243.3(1)
¢ = 10.7228(9)
a=15.328(1)
373 Pna2, b = 7.5696(9) 1244.5(2)
¢ =10.726(1)
a=15.332(2)
400 Pna2, b=7.575(1) 1246.6(3)
¢ =10.733(1)

o Observed —— Calculated — Difference

Ag,SiS, (298 K)

I Pna2,
GoF =2.11
Ryp= 7.81%
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Figure S2. X-ray diffraction patterns and corresponding Rietveld refinement results of AgsTSs
(T = Si, Ge, Sn) at 298 K.
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Figure S§3. Temperature-dependent X-ray diffraction patterns of AgsTSs (T = Si, Ge, Sn)

measured over the temperature range of 100 K to 400 K.
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Figure §4. Unit cell volume change of AgsTSs (T = Si, Ge, Sn) with temperature, the thermal

volume expansion coefficient can be determined from the slopes of the plots.

Section S2: Computational details — Stability and Bonding analysis

Computed lattice parameters a, b, and ¢ for all the structures presented in Figure S1 are

reported in Table S7. Here, our computed lattice parameters show only ~2% overestimation

with respect to experimental values, which lies within the typical error range of DFT

calculations and ensures the robustness of our computational approach. In addition, a slight

decrease in the volume is observed when we move from Sn to Ge and Si, consistent with the

expected trend of decreasing atomic radii from bottom to top within the groups.
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Table S7. Computational lattice parameters for AgsTSs (T = Si, Ge, and Sn) compared with

experimental measurements obtained by Rietveld refinements at 298 K

Unit cell AggSiS; AgsGeSq A’(gl*;sT“)& A%EST';Sﬁ
Exp* Exp* Exp* Exp**
a(A) 15.16 15.058 15.27 15.147 15.46 153119 7.78 7.66
b (A) 7.59 7.4355 7.62 7.4695 7.70 7.5542 7.67 7.54
c(Ad) 10.69 10.5415 10.72 10.5852 10.85 10.7071 10.86 10.63
v (A3) 1228.61 1180.266 1246.84 1197.615 1291.25 1238.481 648.10 614.15
v/Z (A3) 307.15 295.0665 311.71 299.404 322.81 309.6203 324.05 307.08

*Qur Experimental values **Experimental data from Slade’s work

Based on the optimised structures, we analysed the material's stability with harmonic phonon

calculations. The phonon band structures of all studied argyrodites do not show any imaginary

modes, confirming their dynamical stability. We believe that the LO-TO splitting at the ['-point,

evident in Figure 3 and Figures S5, arises from the ionic character of the compounds and the

inclusion of the non-analytical term correction.
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Figure S5. Phonon dispersion curves for the AgsSiSs, AgsGeSs, and low-temperature phase of
AgsSnSs canfieldite.
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Bonding analysis

From our automated bonding analysis, we present coordination environments, Wyckoff
positions, [ICOHPs, and two-centre ICOBIs per bond for all our argyrodite compounds Agg7Se
(7= Si, Ge, and Sn at room and low temperature) in Figures S6-S9. We considered ICOHPs
and ICOBIs for Ag—Ag bonds less than 3A.
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Figure S6. Local coordination environments, including ICOHPs and ICOBIs per bond for the
AgsSiSe structure.
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Figure S7. Local coordination environments, including ICOHPs and ICOBIs per bond for the
AgsGeSg structure.
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Figure 88. Local coordination environments, including ICOHPs and ICOBIs per bond for the
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Figure 89. Local coordination environments, including ICOHPs and ICOBIs per bond for the
low-temperature AgsSnSs.

Table S8. Atomic positions and inequivalent site fractional coordinates for (Pna2;) AgsSiSs.

Atom POSCAR Position  Wyckoff X y z Coordination Environment
Positions

Agl Ag5 4a 0.014 0.021 0.032 Trigonal Planar

Ag2 Ag9 43 0.066 0.242 0.252 Tetrahedral

Ag3 Agl3 4a 0.129 0.284 0.783 Trigonal Planar

Agd Agl7 4a 0.228 0.007 0.009 Trigonal Planar

Ag5 Ag21 4a 0.261 0.125 0.329 Linear

Agb Ag25 4a 0.262 0.383 0.122 Trigonal Planar
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Ag7 Ag29 4a 0.410 0.130 0.102 Linear

Ag8 Ag33 4a 0.436 0.071 0.440 Triangular Non-coplanar
Si Sil 4a 0.123 0.742 0.267 Tetrahedral

S1 S37 4a 0.991 0.266 0.648 Tetrahedral

S2 S41 43 0.123 0.268 0.019 Trigonal Prismatic

S2 S45 4a 0.120 0.513 0.388 Tetrahedral

sS4 S49 4a 0.263 0.232 0.649 Tetrahedral

S5 S53 4a 0.387 0.316 0.287 Square Pyramidal

S6 S57 4a 0.625 0.527 0.385 See-saw like

Table S9. Atomic positions and inequivalent site fractional coordinates for (Pna2;) AgsGeSs

Atom POSCAR Position  Wyckoff X y z Coordination Environment
Positions
Agl Agl 4a 0.015 0.022 0.033 Trigonal Planar
Ag2 Ag5 4a 0.064 0.24 0.252 Tetrahedral
Ag3 Ag9 4a 0.129 0.282 0.785 Trigonal Planar
Agl Agl3 4a 0.228 0.009 0.011 Trigonal Planar
Ag5 Agl7 4a 0.261 0.130 0.329 Linear
Agb Ag21 4a 0.266 0.382 0.117 Trigonal Planar
Ag7 Ag25 da 0.409 0.124 0.104 Linear
Ag8 Ag29 4a 0.436 0.07 0.439 Triangular Non-coplanar
Ge Ge33 da 0.124 0.740 0.267 Tetrahedral
S1 S37 4a 0.995 0.266 0.643 Tetrahedral
S2 S41 4a 0.123 0.269 0.021 Trigonal Prismatic
S3 S45 4a 0.120 0.503 0.393 Tetrahedral
sS4 S49 4a 0.258 0.23 0.644 Tetrahedral
S5 S53 4a 0.387 0.315 0.286 Square Pyramidal
S6 S57 4a 0.626 0.52 0.39 See-saw like

Table S10. Atomic positions and inequivalent site fractional coordinates for (Pna2;)

Ag8SHS6
Atom POSCAR Position  Wyckoff X y z Coordination Environment
Positions
Agl Agl 43 0.021 0.022 0.033 Trigonal Planar
Ag2 Ag5 43 0.060 0.239 0.251 Tetrahedral
Ag3 Ag9 43 0.129 0.279 0.789 Trigonal Planar
Ag4 Agl3 43 0.227 0.013 0.016 Trigonal Planar
Ag5 Agl7 4a 0.261 0.138 0.332 Linear
Agb Ag21 43 0.270 0.380 0.111 Triangular Non-coplanar
Ag7 Ag25 4a 0.408 0.114 0.108 Linear
Ag8 Ag29 4a 0.436 0.069 0.436 Triangular Non-coplanar
Sn Sn33 4a 0.125 0.739 0.266 Tetrahedral
S1 S37 4a 0.001 0.267 0.634 Tetrahedral
S2 541 43 0.124 0.27 0.022 Trigonal Prismatic
S3 S45 4a 0.121 0.488 0.4 Tetrahedral
sS4 S49 4a 0.249 0.228 0.636 Tetrahedral
S5 S53 4a 0.387 0.310 0.283 Square Pyramidal
S6 S57 4a 0.626 0.506 0.396 See-saw like
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Table S11. Atomic positions and inequivalent site fractional coordinates for LT (Pmn2,)
AggSnS5

Atom POSCAR Wyckoff X y z Coordination Environment
Position Positions

Agl Agl 2a 0 0.313 0.186 Linear
Ag2 Ag3 2a 0.202 0.485 0.389 Trigonal Planar
Ag3 Ag7 4b 0 0.385 0.620 Tetrahedral
Agld Ag9 4b 0.292 0.113 0.287 Tetrahedral
Ag5 Agl3 4b 0.273 0.153 0.014 Linear
Sn Snl7 2a 0 0.754 0.133 Tetrahedral
S1 S19 4b 0.242 0.24 0.757 Tetrahedral
S2 S23 2a 0 0.217 0.401 Octahedral
S3 S25 2a 0 0.497 0.002 Tetrahedral
S4 S27 2a 0 0.989 0.982 Square Pyramidal
S5 S29 2a 0 0.720 0.640 Square Pyramidal

Multi-center bonding analysis

The (Integrated) Crystal Orbital Bond Index (ICOBI) in LOBSTER!>6! can be a valuable tool
to analyze unusual bonding phenomena, as the two-center ICOBI corresponds to the bond order
(BO)!YL. Plotting the two-center ICOBI against the bond length leads to the following outcome
in Figure S10.
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Figure S10. Two-center ICOBI vs Interatomic distance plot of AgsTSs (T = Sn, Ge, Si).

All phases of AggSnSg, AggGeSg, and AggSiSe exhibit TS, tetrahedra with an ICOBI (or BO)
of almost one for each 7S bond. These tetrahedra also show stronger S—S bonds. They form
the covalent backbone of the structures. Then again, all four compounds display a bunch of
unusually strong bonds in the range of 4.5 to 5.5 A, which are suspected of contributing to

multi-center interactions.

All atoms with significant three-center bonds formed by two consecutive bonds with significant
ICOBI®® are shown in the structure inset of Figure S11. Figure S11 shows a more detailed
picture of the three-center interactions. Here, the ICOBI®® is plotted against the bond angle of
S with Ag, Sn, Ge, or Si. Plotting the ICOBI®® against the bond angle (Figure S11) and the

distance of the terminating atoms (Figure S12) reveals almost the same correlation.
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Figure S12. Three-center ICOBI vs. terminating atom distance plot of AgsTSs (T = Sn, Ge, Si).

As the three-center ICOBIGY corresponds to the hypervalency of the bonding electrons,
negative values indicate electron-rich, and positive values correspond to electron-poor
interactions.[®l It is noticeable that the interactions roughly split up into two categories: weak
electron-poor and comparably strong electron-rich bonds. The electron-poor bonds are close to
ICOBI®G9 = 0 and consist of Ag—S—Ag and Ag—S—T bonds, while the stronger electron-
rich interactions exhibit ICOBIs®®) between roughly —0.08 and —0.12. Here, it is striking that
the S—T7—S tetrahedral bonds show comparably strong bonds®®, further contributing to their
covalent character, even though the linear S—Ag—S bonds are favored. Hypervalency has been
found and discussed in many polyanions and might therefore not be surprising here. However,
it might be unexpected for a 7S4* polyanionic unit when assuming single bonds and a formal

charge of -2 for S, as the octet rule would be perfectly fulfilled. We have to keep in mind that,
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although quantitatively, the S—Ag—S and S—7—S bonds seem to have the same strength, in
the context of their chemical environment, the bonds differ qualitatively. Compared to extended
bonds like S—Ag—S, an ICOBI®®) of around —0.1 in a local structure element like a tetrahedron
can be seen as weak.!”] There is almost no significant difference in the three-center bonds of
AggSnSg, AgsGeSe, and AggSiSe, except that the Si-analogue shows fewer relevant S—Ag—S

multi-center interactions than the other compounds, and therefore is a less dense bond network.

The bonding situation involving Ag and S resembles the one in the phase-change material
[NaCl] GeTe.[®l In GeTe, it was found that the Te—Ge—Te bonds show an ICOBI®® value of
around —0.1, while the Ge—Te—Ge ICOBI®9 is exactly zero. The peculiar bonding situation
in GeTe can be explained by constructively interfering orbital contributions for Te—Ge—Te
and destructively interfering orbital contributions for Ge—Te—Ge (cf. Figure. 3 in Bl). A

similar situation is found for the argyrodite compounds.

For example, in AggSnS4 (RT), the S—Ag—S bonds have dominating orbital contributions
of S(3py)—Ag(55)—S(3px) (—0.02026), S(3px)—Ag(5s)—S(3py) (—0.01288), S(3py)—
Ag(5s)—S(3s) (—0.01150), and S(3px)—Ag(5s)—S(3px) (—0.02862), while the Ag—S—Ag
bond’s leading orbital contributions Ag(5s)—S(3py)—Ag(5s) (+0.02194) and Ag(5s)—
S(3px)—Ag(5s) (—0.01536) are almost canceling each other out.

In AggSnSg (LT), the Ag—S—Ag orbital contributions are all smaller than +0.01, while the
dominating S—Ag—S orbital contributions are S(3p,)—Ag(5s)—S(3s) (—0.01292), SG3p,)—
Ag(5s)—S(3py) (—0.03628) and S(3p,)—Ag(5s)—S(3p,) (—0.03566).

In AggGeS¢, the S—Ag—S leading orbital contributions are S(3py)—Ag(55)—S(3px)
(=0.02136), S(3px)—Ag(5s)—S(3py) (—0.01276), S(3px)—Ag(5s)—S(3s) (-0.01168), and
S3px)—Ag(5s)—S(3px) (—0.02612), while the Ag—S—Ag orbital contributions are Ag(5s)—
S(Bpy)—Ag(5s) (+0.01798) and Ag(5s)—S(3px)—Ag(5s) (—0.01298).

Finally, in AggSiSe, the S—Ag—S leading orbital contributions are S(3p,)—Ag(5s)—S(3px)
(=0.02174), S(3px)—Ag(5s)—S(3py) (—0.01346), S(3px)—Ag(5s)—S(3s) (—0.01142), and
S(3px)—Ag(5s)—S(3px) (—0.02488), while the Ag—S—Ag orbital contributions are Ag(5s)—
S(Bpy)—Ag(5s) (+0.01598), Ag(5s)—S(3p,)—Ag(5s) (—0.00786) and Ag(5s)—S(Bpx)—
Ag(5s) (—0.00840).
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Except for the expected difference in the distance of the terminating atoms of the tetrahedral
bonds because of the different metal types, there is almost no difference in the three-center

bonds of AgsSnSs, AggGeSe and AggSiSe.

Section S3: Thermal transport

The total thermal conductivity ¥ is calculated from the measured thermal diffusivity D

following the equation K = b- CP P where P represents the geometrical density and CP is the
isobaric heat-capacity. The isobaric heat capacity was approximated using isochoric heat

capacities derived from density-functional theory simulations. The total thermal conductivity

comprises contributions from both the lattice thermal conductivity ) and the electronic

thermal conductivity(Ke). The electronic thermal conductivity (Ke) can be estimated using the
Wiedemann-Franz law, Ke=1L- G'T, where L is the Lorenz number, O is the electrical
conductivity, and T is the temperature.l%! For the AggTSs (T = Si, Ge, Sn) argyrodites, the
electrical conductivity () is below the detection limit (minimum measurable value: 0.05 S/cm)

of our four-probe measurement setup (SBA 458 instrument), making it unmeasurable.

Therefore, the total thermal conductivity (%) is assumed to be equivalent to the lattice thermal

conductivity (Kiqr) for these systems. Thermal diffusivity (D) (Figure S13) and total thermal
conductivity () across the three compositions show similar results, with no significant

variations observed.
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Figure S13. Temperature-dependent thermal diffusivity (D) of AgsTSs (T = Si, Ge, Sn).
Section S4: Synthesis and X-ray diffraction analysis of blocking electrode RbAg I

RbAg,I;s has previously been reported as an effective Ag* ion-conducting and electron-blocking
electrode.l'”) In this study, it is utilized to prevent electronic interference and enable accurate
measurement of ionic conductivity of our Ag-based argyrodites. RbAgyls was synthesized via
mechanochemical ball milling process. Stoichiometric amounts of Rbl (Thermo Scientific,
99.8%) and Agl (Thermo Scientific, 99 %) were weighed inside an argon-filled glovebox under
dark conditions and pre-mixed by hand grinding. The mixture was transferred into 80 mL
zirconia ball milling cups, along with 5 mm diameter milling media (10:1 ball to reactant
mixture mass ratio) and milled for 72 cycles at 400 rpm (10 minutes of milling followed by 10
minutes of rest per cycle). Upon completing the 72 cycles, the ball-milling cups were opened

inside the glovebox, and the samples were taken and hand-ground in an agate mortar.

The X-ray diffraction pattern of powdered RbAgsls was measured and analyzed by Rietveld

refinement using the TOPAS-Academic V7 software packagelll, confirming a cubic structure

P4,32) at 298 K (Figure S14). The observed phase fully accounts for the

with space group (
diffraction pattern and the refined lattice parameter, a = 11.2493(3) A, agrees well with

literature values,[!!] verifying the successful synthesis and phase purity of the compound.
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Figure S14. X-ray diffraction patterns and corresponding Rietveld refinement results of
RbAg s at 298 K.
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Section S5: DC polarization and ion transport

AggTSs (T = Si, Ge, Sn) argyrodites are known as mixed ionic-electronic conductors.[!?]
Therefore, to assess the electronic conductivity, electronic direct current polarization

experiments were first carried out. The results indicate that the electronic conductivity of all

-4

three argyrodites lies in the range of 0.141 X 10" mS/ecm to 0.0175 mS/cm, confirming
minimal electronic contribution (Figure S15). To ensure accurate determination of ionic
conductivity, an electron-blocking, ion-conducting electrode (RbAgyls)B:13] was used to

suppress electronic interference.
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Figure S15. The applied voltage versus current response of AgsTSs (T = Si, Ge, Sn), obtained

from DC polarization measurements, is used to determine the electronic conductivity (o.)

value.
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The impedance results of the electrode material RbAgyls and all Agg7Se (T = Si, Ge, Sn)
argyrodites were analyzed using the RelaxIS 3 software package. The Nyquist plot of RbAgyl;s
at 233 K is presented in Figure S16a. It was also employed in our previous work,%! and is
reanalyzed here for completeness. The impedance response of RbAgals is characterized by an
ohmic resistance (x-axis intercept), followed by a straight-line indicative of capacitive
behaviour. The ionic conductivity of RbAgsls was found to be 173 = 5 mS / cm, with an
activation energy of 0.09 £ 0.02 eV, as illustrated by the Arrhenius plot (Figure S16b). The
impedance responses of Ags7Ss (7= Si, Ge, Sn) measured with blocking electrodes (thickness
h = 0.08 cm) at 233 K are shown in Figure S17a. The spectra exhibit a semicircle at high
frequencies and a tail at low frequencies. The high-frequency process is modelled using an
equivalent circuit consisting of a resistor (R) in parallel with a CPE. To interpret the origin of
the high-frequency resistance, the capacitance (C) of the process was evaluated. For a CPE with

admittance ¢ and ideality factor a, the capacitance is given by:

1
c:( 0 )/a
Ra—l (Sl)

where R is the resistance parallel to the CPE. The extracted capacitance value for Ags7Ss (7' =

Si, Ge, Sn) is approximately 107! F, indicating in-grain ionic conduction.['*] The low-frequency
tail corresponds to the blocking effect of the electrodes. The high-frequency resistance
primarily arises from the combined ionic transport through Ags7Ses and the RbAgals electrode
layers. However, due to the thin electrode layer and high ionic conductivity of RbAgals, its
contribution is negligible. Therefore, to accurately determine the intrinsic ionic conductivity of
AgsTSs, the resistance contribution of the electrode material is subtracted from the total
resistance. The ionic conductivities of Ags7Se (7= Si, Ge, Sn) are evaluated across a range of
temperatures and exhibited Arrhenius-type behavior (Figure S18). The obtained ionic
conductivities are 0.081 %+ 0.007, 0.065 + 0-005, and 0.075 £ 0.008 ,S/cm for AggSnSq,
AgsGeSg, and AgsSiSe, respectively, at 298 K (errors represent standard deviations from
triplicates). The activation energies for ion transport, calculated from Arrhenius plots (shown
below in Figure S18), are nearly identical for all three argyrodites: 0-29 £ 0.02 ¢V These
results suggest that isovalent substitution at the 7-site (Si, Ge, Sn) does not significantly affect
ionic conductivity, a trend consistent with the behavior observed in the thermal transport

properties. Literature study suggests that the relatively low obtained ionic conductivity in these
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Ag* conducting argyrodites may be attributed to their crystal structures, where all Ag* positions

are nearly fully occupied.®'?! The variation of ionic and thermal conductivity with increasing

temperature, measured within the same temperature range, is illustrated in Figure S17b. The

room-temperature ionic conductivity values and the corresponding activation energies for ion

transport are summarized in the table below (Table S12).
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Figure S16. a) Nyquist plots of RbAg,ls at 233 K measured within the frequency range from 5

MHz to 1 Hz. The inset of the plot shows the equivalent circuit used to fit the data. b) Arrhenius

plot of measured conductivities of RbAg,ls, indicating an activation energy of 0.09 eV for ion

transport.
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Figure S18. Arrhenius plots of measured conductivities of AgsTSs (T = Si, Ge, Sn), indicating

an activation energy of 0.29 £ 0.2 eV for ion transport.

Table S12. The ionic conductivities at 298 K and the obtained activation energy barriers for

ion transport in AgsTSs (T = Si, Ge, Sn).

T in Gion at 298 K/ mS/cm E,/ eV
AgsTSs
Si 0.075 + 0.008 0.27 £0.02
Ge 0.065 £+ 0.005 0.28 £0.01
Sn 0.081 +0.007 0.31+0.02

Section S6: Thermal transport - Computations

Sound and group velocities — Discussion of the results

Sound velocities and Debye temperatures for AggSnSe, AgsGeSg, and AggSiSq were calculated
through elastic properties simulations (bulk and shear modulus). The details of the calculations
are discussed in the next section. In general, related argyrodites with low lattice thermal
conductivity, e.g., selenides and tellurides, exhibit mean sound velocities between 1000 and
1500 m/s.['3] The computed mean sound velocities (Table S14) show a slight decrease with

increasing atomic mass, having a good agreement with the measured mean sound velocities (
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Vm). As the bonding analysis in the main text already suggested, we find no significant
differences in the speed of sound for the three different compounds. Therefore, the thermal
conductivities derived from models based solely on sound velocities and material densities will

be almost identical (Table S15).

To complement the sound velocity analysis, we also obtained group velocities from harmonic
phonon calculations. Again, no significant difference between the argyrodite compounds was
observed. Here, the phonon group velocities (Figure S19) show higher velocities for low-
frequency modes, which are mainly dominated by Ag" ions vibrations due to their low bonding
interaction. Therefore, no substantial distinctions between the compounds from the sound

velocities and group velocities can be concluded.
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Figure S19. Phonon group velocity for AgsTSs (T= Si, Ge, and Sn). Notably, higher group
velocities are observed at the low-frequency region, which are again mainly dominated
by the Ag™ vibration and may influence the low lattice thermal conductivity behaviour.

The colors indicate band indices with ascending order of phonon frequencies

The Debye temperature and frequency, estimated from both theoretical and experimental
results, yield low values as an indication of low lattice thermal conductivity, which is in line
with Slack's theory.['6-18] The calculated Debye temperatures and frequencies (Table S13) for
AggTS¢ (1= Si, Ge, and Sn) also show a gradual decrease with increasing atomic mass.

Nevertheless, the variations in both experimental and theoretical values are minor and do not
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indicate any significant differences between the three different compounds. Even room-

temperature and low-temperature AggSnSs show a very similar tendency.

Sound velocity — Computational Details

Debye temperature (6) and frequency (wp) can be estimated either from elastic properties
calculations or derived from phonon computations as described in the main text. In this work,

we used the phonon-based reduced Debye frequency, which corresponds to the acoustic Debye

_1/3

N wD), where N is the number of atoms in the unit cell. This frequency

frequency (wye =
limit is more suitable for capturing the anharmonicity of acoustic phonons, which are the main

contributors to phonon-phonon scattering and thermal transport properties.

Table S13. Debye temperatures obtained through elastic property calculations (©p) and
phonon computations, including all phonon modes (ephonon') and acoustic modes (©40)
compared with Debye temperature derived from experimental measurements G)Exp. We note

here that ephonon of AgsSiSy is unexpectedly high which might be related to the harmonic

approximation or the level of theory used here.

T'in AgsTS Oy, 0 honon Oy¢ Opxp
(K) (K) ) (K)
Si 170 227 94 163.8+5.5
Ge 167 173 82 176.0+7.1
Sn (RT) 160 162 78 163.0+£6.3
Sn (LT) 172 158 98 -

For all AggTS¢ (7= Si, Ge, and Sn) compounds, we compare sound velocities calculated from
two computational approaches (derived from elastic and phonon calculations) with our
experimental measurements. For AggGeS¢s and AggSnSg (RT), both computational and
experimental results show no significant differences. In contrast, AggSiS¢ exhibits more
pronounced discrepancies between our calculations and experimental data. This is especially

true for the results derived from phonon calculations.

33



Table S14. Sound velocity (vl, and ve) derived from elastic tensor calculations. Vm yere

obtained following Eq S2. Vphonon js the sound velocity calculated from phonon calculation and

*

using Eq. 2 from the main text. Here, Ym js the experimental mean sound velocity at 300 K (this

study). Further details on the elastic tensor calculation are provided below.

T in

*

¢! (m/s) Vi (m/s) Um (m/s) Vphonon v,
AgsTSe (m/s) (m/s)
Si 2982.68 1389.15 1564.27 2087  1487+50
Ge 2960.67 1368.95 1542.06 1601 1602+65
Sn (RT) 2923.28 1332.50 1501.98 1513 1501+58
Sn (LT) 3042.83 1417.60 1596.28 1476 --
12 1\]-!
=l 2

The elastic properties were calculated with the workflow implemented in atomate2.['%20 After
an initial structural optimization, the structure is strained along the six independent strain
directions (xx, yy, zz, yz, xz, and xy). Here, multiple strain magnitudes are applied, and
additionally, symmetry is used to reduce the number of calculations. The components of the
Green-Lagrange strain tensor are denoted by Ej;. Then, for each of these strained structures, the
stress tensor is calculated. We represent the components of the stress tensor by Sj;. The stresses
and strains are then used to fit an elastic tensor, which is a fourth-rank elastic tensor. The

relationship between stresses and strains via the elastic tensor is given in the following equation:

511 Cll C12 Cl3 Cl4 615 616 Ell

522 ClZ CZZ CZ3 CZ4- 625 CZ6 EZZ

533 _ C13 C23 C33 C34 C35 C36 E33 S3
523 B C14- C24- C34- C4-4 C4-5 C46 2E23 ( )
513 C15 C25 C35 C4—5 C55 C56 2E13

512 C16 C26 C36 C4—6 C56 C66 2E12

One row of the elastic tensor is then calculated via a linear fit of the calculated stresses against

the range of applied strains. From the elastic tensor, bulk and shear modulus can be obtained.
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The bulk modulus for the polycrystalline material Kyriwas obtained as the average of the upper

(K v) and lower (KR) bounds of it for polycrystalline materials that can be computed with the

following equations:

sy=C (4
_ (S5)

9Ky = (Cq1 + Cpp + C33) +2(C1p + Cp3 + C3y)
(S6)

1/Kp=(s11+ Syp + 533) + 2(515 + 533+ 531)

(S7)
2Kypy = (Ky + Kp)

Similarly, the shear modulus for the polycrystalline material (Gvrr) was obtained as the

average of the upper (GV) and lower (GR) bound of it for polycrystalline materials that can be

computed with the following equations:

15Gy = (Cyq + Cyp + C33) = (Cp + Cp3+ C31) + 3(Cyq + Cs5 + Cgp) (S8)
15 39
c.- 4(s1q 55 + S33) = 4(S15 + 5p3 + 531) + 3(S44 + S55 1 Se6) (S9)
R
(S10)

2Gypy = (Gy + Gp)

Based on these bulk and shear moduli of the polycrystalline materials, the sound velocities are

computed as described and implemented as a part of ref [211:

v, = (K+‘:/3G)1/2 (S11)
vp= (g)lfz (S12)

The corresponding implementations can be found in pymatgen?2.

Table S25. Calculated elastic tensor components in GPa.

Tin C1q Ci2 Ci3 Cay2 Ca3 C33 Caq Css Ces
AgsTSq

Si 44.34 30.51 29.72  65.63 30.89 46.60 8.64 1493 13.23

Ge 45.11 32.86 2996 64.68 31.29 46.49 8.22 15.07 14.68
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Sn (RT) 47.64 3471 3059 5986 2948 4349 747 15.07 15.25
Sn(LT) 71.08 40.57 3494 43.04 2836 5234 1297 12.63 17.04

The elastic constants reported in Table S15 are relatively small, which explains the low sound
velocities discussed above. Moreover, low elastic constants indicate that the lattice offers weak
resistance to both tensile and shear deformations, reflecting a mechanically soft bonding
framework. This mechanical softness is consistent with the reduced sound velocities and weak

bonding in all AggTSs (7= Si, Ge, and Sn) compounds.

Lattice thermal conductivity in compounds with high anharmonicity

The diversity in composition and structure, as well as the complexity of the materials
involved, makes it difficult to determine the lattice thermal conductivity using a single
computational model. Thermal conductivity models range from simple empirical relationships
to complex quantum mechanical calculations. For instance, it is possible to estimate the
minimum thermal conductivity using the Cahilll?3] and Agnel®*] models. Cahill follows
Einstein's notion of lattice vibration. The model assumes that the individual oscillators vibrate
independently, and that the phonon relaxation time is half the vibration period. Given the
inverse correlation between minimum thermal conductivity and speed of sound, a lower
minimum thermal conductivity is therefore expected when the speed of sound is low. On the
other hand, Agne proposed a diffusion-mediated model in which the phonon density of states
is used and it is assumed that all vibrations behave as diffusons with a jump distance equal to a

characteristic interatomic distance. Both models can be computed as follows:

min. 9 48

min

canill _ 1 kB(NpNA
(S13) (S14)

1
2/3 Agne _ 2/3
i ) (v, + 2vy) K90 =0.76n kBg(vL + 2v;)
Where %5 and V4 are the Boltzmann and Avogadro constants, N is the number of atoms, £ is

the density, and VL and 7 are the longitudinal and transversal sound velocities, respectively.

The Slack model, ['¢17-2] as mentioned in the main text, is also an alternative to compute the
lattice thermal conductivity of materials. Here, the acoustic modes play an important role in the

thermal transport process and the lattice thermal conductivity can be computed as:
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Kslack = A—sz (S15)

Where M is the average atomic mass, 9 is the average volume per atom, 7 is the number of
atoms in the unit cell, @ac is the acoustic Debye temperature, 7 is the absolute temperature,
kgandh are the Boltzmann and Planck constants, respectively, and 4 is the Slack coefficient,

which is dependent on the anharmonicity of the structure, represented by the Griineisen

parameter.

2.436x 108
0514 N 0.228 (S16)

)4 y2

1

This model can provide helpful information about lattice thermal conductivity; however, it
tends to be generally overestimated compared to experimental data. This discrepancy can be
related to the A coefficient, but can be effectively corrected by scaling by a factor, as proposed

by Qinl?l:

0.609 x 10~ °
L 0.514 . 0.228 (S17)

Y )/2

In the two-channel model by Simoncellli et al.[?”]; the heat flux and thermal conductivity are
expressed by a matrix, where the diagonal part describes the phonon modes conducting heat as
propagating waves known as the phonon-gas channel, and the non-diagonal part represents the
phonons conducting energy diffusely, known as the diffuson-channel or “random walk™. The

sum of those two channels gives the total lattice thermal conductivity.
K= Kph + KDL-ff (S18)

Studies of similar argyrodite-type materials suggest that the Ag" vibration has a non-
propagating diffuson-like character.['”] To corroborate this, we also compute the thermal
conductivity following the recent two-channel model developed by Xia et al [?8], which uses

the harmonic phonons and considers that each phonon's lifetime is half of its vibration period:
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w+w 2 . ,a)n(ns+1)+wn(n +1)
min _ 55 qa q\ q qa q
“Xia TZVquq:; Vg OV, 4m (wg—w3)2+(a}q+wq)2

(S19)

In Table S16, we show the lattice thermal conductivity following all models mentioned
above. Cahill, Agne and Xia models accurately estimate the minimum lattice thermal
conductivity (Ky,) for all the argyrodite compounds. These models are valuable, but their
applicability is inherently limited to estimating theoretical lower bounds. In addition, the scaled
Slack model reduced the overestimation shown in the original Slack model and also agrees with

the lower thermal conductivity, especially at 600K.

Table S16. Comparison of lattice thermal conductivity following different models.

Thermal conductivity
(W/mK)

min

KXia (T=600K)

min

Tin KWL K Igi,’lle Kaiff Kphonons kg | Ksiger K EC.S“allaegc Ko *
AgsTSq
Si 0.428 0.269 0.260 0.010 0.271 3.26 0.82 0.411+0.024
Ge 0.420 0.264 0.235 0.011 0.245 0.73 0.18 0.434+0.030

Sn (RT) 0.402 0.253 0.222 0.011 0.233 0.91 0.23  0.391+0.025
Sn (LT) 0.421 0.265 0.202 0.020 0.221 2.41 0.60

min
exp minimal lattice thermal conductivity was derived from sound velocity measurements at 300K

kK

In contrast to some of the above approximations, our full ab initio model explicitly
incorporates anharmonic effects, enabling the prediction of temperature-dependent lattice
thermal conductivity. Before estimating the thermal conductivity with the Griineisen parameter-
based approach, we compare the phonon lifetimes obtained from the analytical model,
foundation machine-learned interatomic potentials (MACE-MP-03b), and the Griineisen
parameter-based approach. In Figure S20a, at 10K, the analytical model shows that both point-
defect and boundary scattering have a strong impact on the phonon lifetimes, and consequently,
influence the material’s thermal conductivity and phonon transport properties. This observation
is consistent with the trend of the phonon channel shown in Figure 5d in the main text. Here,
MACE-MP-03b and Griineisen models also exhibit reasonable agreement with the analytical
model when point-defect and boundary scattering are subtracted. At 300K (Figure S20b), the
effect of the point-defect and boundary scattering is less evident from the analytical model, but
some differences are still present in both computational approaches. We anticipate that these

differences in the lifetimes will also be present in the predicted lattice thermal conductivity,
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especially at lower temperatures. Nevertheless, at 300K, the agreement between the models
improves, which is also reflected in the close values of the calculated lattice thermal
conductivity. A complete comparison of the lattice thermal conductivity of AggGeSq is also

presented in Figure S22 and Table S17.

Additionally, we investigated the impact of different cutoff frequencies for the average
Griineisen parameter. As shown in Figure S20b, focusing on the acoustic modes yields good
agreement with the experimental Griineisen parameter, particularly for the AggGeSq and
AggSnS¢ argyrodites. For AggSiSe, a slight deviation is observed, consistent with the differences
shown in the Griineisen parameter plot in Figure 4 in the manuscript. We employed the average

derived from the acoustic Griineisen parameter in the subsequent calculations of lattice thermal

conductivity.
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Figure §20. a) Phonon lifetimes as a function of the phonon vibrational frequencies for
AgsGeSsat 10K. Here, point defects and boundary scattering have a considerable influence on
the phonon lifetimes in the analytical model. The foundation model MACE-MP-03b and
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Griineisen model present reasonable agreement with it. b) Phonon lifetimes at 300K for the
same models mentioned before. The two computational models agreed well with the phonon
lifetimes predicted by the analytical model. c) Average Griineisen parameter for AgsTSs (T =
Si, Ge, Sn), evaluated with different frequency cutoffs. Here, a g-mesh of 10x20x14 was found

to be optimal and subsequently used for the lattice thermal conductivity calculations.

Finally, using the Griineisen model to compute the lattice thermal conductivities shows very
good agreement with the experimental results for the sulfide-argyrodite compounds, as
illustrated in Figure S21 and Figure 5a. Our computational results show a slight deviation for
AgsSiSe from experiment. These deviations are attributed to variations in the mode-dependent

Grlineisen parameters.
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Figure S21. Two-channel model using our proposed Griineisen model for the AgsTSs (T = Si,

Ge, Sn) compared with our experimental measurements.

For the AggGeS; argyrodite a full comparison of the total lattice thermal conductivity is
presented in Figure S22 and Table S17-S18. The two models developed in this work
(Griineisen and ML) show minor differences, and they remain consistent with the experimental

results, with particularly strong agreement observed at temperatures above 200 K. Additionally,
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in Table S19, we include the fitting parameters from the analytical model presented in Figure

5a in the main text.

0.75 T T T | T
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Figure S22. Total lattice thermal conductivity comparison for AgsGeSs: Analytical,
Griineisen, and foundation MACE-MP-30b model versus experimental data (this work and

literature).

Table S17. Comparison of lattice thermal conductivity of AgsGeSs argyrodite obtained from
the Griineisen model, analytical model fitted to low-temperature experimental data from our

work, and other experimental measurements (Ouyang and this work).

AgsGeSe K300K) (W m?
K1)
Mace-MP-03b 0.216
Full Analytical 0.181
model
Griineisen 0.267
model
Our Exp** 0.266 £ 0.050
Ouyang c,, 0.274 £ 0.028
Ouyang comp 0.312
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Table S18. Comparison of the Xia, our Griineisen model, and experimental results for AgsGeSs.

The phonon channel is more pronounced in our Griineisen-based model.

Lattice thermal conductivity
(W/mK)

min

KXia (T=400K)

*Gm* (T=400K)

T in

KExp (T = 433K)

AgsTSe Kairr Kph Kinta  Kdiff Kph Kintal
Si 0.257 0.010 0.267 0.273 0.038 0.310 0.267 +0.05
Ge 0.232 0.010 0.243 0.227 0.019 0.246 0.252 +0.05
Sn (RT) 0.220 0.011 0.231 0.244 0.030 0.273 0.257 +0.05
Sn (LT) 0.199 0.020 0.219 0.219 0.043 0.262 -

* GM corresponds to the Griineisen-based model

Table S19. Fitting parameter extracted from the analytical model of the AgsGeSs argyrodite.

C, represents phonon-phonon scattering, C, is the point-defect scattering coefficient, A is

related to boundary scattering, and P is related to the overlap integral between the linewidths

of two proximal phonon modes.

Fitting parameters

C 11.801 +0.284 x 10~ ¢ ¢ 1
C 15.431 + 1.848x 10" %0 g
P 0.387  0.007
A 0.015 £ 0.002

Validation of the Griineisen model

To validate our Griineisen-based model, we computed the lattice thermal conductivity for

similar argyrodite materials. Here, AggGeSes and AgoGaSes were considered. First, we started

with the phonon dispersion curves and Griineisen parameter plots for both compounds (Figure

S23Fehler! Verweisquelle konnte nicht gefunden werden.).
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Figure §23. Phonon band structure and Griineisen parameter for AgsGeSes and AgoGaSes

The lattice thermal conductivity calculated with our model, which includes only the phonon-
phonon scattering, reproduces the experimental result with good enough accuracy, considering
the associated experimental uncertainties for both compounds. In Figure S24 a and b, we show
the two-channel model for AgsGeSes At low temperatures, we observe an overestimation in
the phonon channel, which affects the total lattice thermal conductivity. However, this is not
surprising as we neglect point-defect and microstructure effects in our Griineisen-based model.
In the room- and high-temperature (between 250-600K) range, the thermal conductivities show
better agreement with the analytical model and the experimental values reported by Bergnes. ‘]
Similar results were observed for the AgoGaSes. Overall, the total lattice thermal conductivity
for both structures are within the expected error margins, supporting the reliability and accuracy

of the results.
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Figure §24. Comparison of our proposed Griineisen-based two-channel model compared with
the experimental and analytical model published by Bergnes? for both a) AgsGeSes and b)
AgoGaSes argyrodites.

Section S7: Possible phase transition

When performing the quasi-harmonic approximation, one of the expanded volume structures
of AggSn;S¢ shows a new possible phase transition, which, to our knowledge, has not been
demonstrated experimentally. The phonon dispersion curve and PDOS, show the softening of
the modes at expanded volume (typically connected to a higher temperature), leading to a
possible new phase transition or dynamic stability. The new phase has the same space group as
the RT structure (Pna2,) and we can represent it with the same unit cell. The primitive unit cell
that we chose for representation contains 60 atoms, which caused 180 phonon modes. A small
expansion in the cell is observed due to the change in the position and coordination
environments of the Ag atoms (Figure S25). In Table S20, we report the different coordination
environments. Agl and Ag2 change to linear coordination from trigonal planar and tetrahedral,
respectively. Another change is observed in Ag6 and Ag8, where the triangular non-coplanar
environments change to trigonal planar and tetrahedral coordination environments. The
coordination environments were again determined by quantum-chemical bonding analysis with

LOBSTER and LobsterPy.

Table S20. Atomic positions and inequivalent site fractional coordinates of the possible phase
transition of AggSnSe.

Atom POSCAR Wyckoff X y z Coordination
Position Positions Environment
Agl Agl 43 0.041 0.016 0.062 Linear
Ag2 Ag5 4a 0.026 0.142 0.324 Linear
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Ag3 Ag9 4a 0.132 0.261 0.780 Trigonal Planar

Agl Agl3 4a 0.230 0.990 0.006 Trigonal Planar
Ag5 Agl7 4a 0.267 0.108 0.337 Linear

Agb Ag21 4a 0.266 0.353 0.107 Trigonal Planar
Ag7 Ag25 4a 0.405 0.914 0.584 Linear

Ag8 Ag29 4a 0.444 0.044 0.435 Tetrahedral

Snl Sn33 4a 0.130 0.712 0.761 Tetrahedral

S1 S37 4a 0.999 0.269 0.637 Tetrahedral

S2 S41 4a 0.129 0.256 0.004 Trigonal bipyramidal
S3 S45 4a 0.121 0.454 0.385 See-saw like

sS4 S49 4a 0.248 0.207 0.629 Tetrahedral

S5 S53 4a 0.385 0.269 0.259 Square pyramidal
S6 S57 4a 0.361 0.457 0.899  Triangular non-coplanar

V =1291.25 A3 V = 1343.9943

Figure §25. Structure change of the possible phase transition. A volume expansion is observed

in AgsSnSs argyrodites.

The shape of the phonon dispersion curves is very similar to the room and low-temperature
structures. The acoustic modes have a dominating peak in the frequency of 1.6 THz, which
originated from the heavy Ag" ions, as can be observed in Figure S26. However, the
experimental analysis does not show evidence of a new phase transition. This new phase could

also be an artifact of the DFT functional or connected to the mobile nature of the Ag™ ions.
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Figure $26. Phonon band structure together with phonon density of state for the possible phase
transition of AgsSnSs argyrodites. The Debye frequency is marked in red.
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