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1. Experimental method
1.1. Theoretical calculations

All values of the lattice heat capacity kL at 300 K used for ML modeling with TL-CGCNN 

algorithm were obtained using data from Ref. [1-4],1-4 containing not only CIF structural files, 

but also certain basic properties of solid solutions both calculated using the PBE functional 

and obtained experimentally. TL-CGCNN algorithm offers instant and high-performance kL 

research with a small expenditure of machine time. Our previous study has determined 

reliable computational parameters for the TL-CGCNN algorithm in convolutional neural 

network of ML model, which were used for high-performance screening and pre-experimental 

design on the NLO chalcogenides with high thermal conductivity.5 The TLC GC model was used 

to predict the thermal conductivity of elementary compounds, assuming symmetrical 

positions of A and B in the ABC2 system. For AgGayIn1-ySe2, the A-position is fixed as Ag and the 

ratio of Ga/In units in the B-position is controlled. The model of high-performance screening 

and pre-experimental design were considered in Ref. [6]. Density functional theory 

implemented in the CASTEP package6 is used to calculate the SHG coefficients, energy band 

gaps and birefringence values in our studied multicomponent chalcogenides, and the 

computational details are presented in Ref. [7]. 7 

1.2. Measurement of thermal conductivity

A non-stationary short-term heating method, i.e., the laser flash method, is used to directly 

measure temperature conductivity kT, which a physical parameter characterizes the rate of 

change (equalization) of the temperature of a substance in nonequilibrium thermal processes. 

Consequently, the thermal conductivity k of the studied material can be determined by taking 

into account the known values of the specific heat capacity Cp and density , as well as kT, 

using the formula k = kTCp . 8

The laser flash measurements at a given temperature T are carried out in a series of two 

laser "flashes" with the interval of 3 minutes after thermostating the sample on an automated 

LFA-427 device from NETZSCH (Germany) in an atmosphere of high-purity argon (99.992) in 

the temperature range 23-300 °C. The interval between the "flashes" was 3 minutes. The 

description of the measurement method and the experimental setup are represented in Ref. 



[8] and [9].8, 9 It is important to note that all samples had the same thickness, since thickness 

is an important parameter for the laser "flash" method.

Based on the laser flash method, we determine the thermal conductivity of LiInSe2, LiGaSe2, 

Li0.8Ag0.2InSe2, Li0.5Ag0.5GaSe2, AgGaSe2, AgInSe2 crystals. Table S1 shows the values of thermal 

conductivity, heat capacity and density of the listed crystals. In Ref. [10],10 experimental data 

of measuring the heat capacity of LiInS2, LiInSe2, LiGaS2, LiGaSe2 and LiGaTe2 crystals in the 

temperature range from 180 to 460 K were obtained. The thermal conductivity values for 

AgGaSe2 and AgInSe2 are taken from other sources. 1, 2



Table S1. Heat capacity, density and thermal conductivity for LiGaSe2, LiInSe2, Li0.8Ag0.2InSe2, 

Li0.5Ag0.5GaSe2, AgGaSe2 and AgInSe2

Crystal
Heat capacity, 

J/g*K
Density, g/cm3

Thermal conductivity, 

W/m*K

LiGaSe2 0.41 10 4.21 11 4.57 11

LiInSe2 0.34 10 4.47 12 4.9 13

Li0.5Ag0.5GaSe2 0.34 (exp.) 4.69 (exp.) 1.23 (exp.)

Li0.8Ag0.2InSe2 0.33 (exp.) 4.48 (exp.) 2.1 (exp.)

AgGaSe2 0.29 1 5.68 14 1.1 15

AgInSe2 0.26 2 5.84 16 0.99 17

https://www.matweb.com/tools/unitconverter.aspx?fromID=43&fromValue=5.81


Table S2. Lattice thermal conductivity (kL), nonlinearity coefficient (dij) and band gap (Eg) for 

solid solutions LixAg1-xGaSe2 and LixAg1-xInSe2

kL, W*m-1*K-1Solid 

solution
Composition

Space 

group cal. exp.
dij, pm*V-1 Eg, eV

AgGaSe2 I-42d 0.99 1.1 16 39.5 1.8

Li0.125Ag0.865GaSe2 I-42d 1.09

Li0.25Ag0.75GaSe2 I-42d 1.37

Li0.5Ag0.5GaSe2 I-42d 2.14 1.23 26 2.11

Li0.6Ag0.4GaSe2 I-42d 2.57 38 2.08

Li0.8Ag0.2GaSe2 I-42d 3.06 43 2.22

Li0.9Ag0.1GaSe2 I-42d 3.61 31 2.28

Li0.98Ag0.02GaSe2 Pna21 3.24

LixAg1-

xGaSe2

LiGaSe2 Pna21 4.51 4.57 11 9.9 3.47

AgInSe2 I-42d 0.96 0.99 17 37 1.22

Li0.2Ag0.8InSe2 I-42d 1.42 14.47 1.41

Li0.37Ag0.63InSe2 I-42d 1.69 21.8

Li0.55Ag0.45InSe2 Pna21 2.21 17.6 1.92

Li0.78Ag0.22InSe2 Pna21 3.06 28.8 2.2

Li0.81Ag0.19InSe2 Pna21 3.41 26.3 2.27

LixAg1-xInSe2

LiInSe2 Pna21 4.6 4.9 15 11.7 2.86



Table S3. Lattice thermal conductivity (kL) for solid solution AgGayIn1-ySe2

kL, W*m-1*K-1

Composition Space group
cal exp

AgInSe2 I-42d 0.96 0.99 17

AgGa0.2In0.8Se2 I-42d 0.93

AgGa0.4In0.6Se2 I-42d 0.91

AgGa0.5In0.5Se2 I-42d 0.89

AgGa0.665In0.335Se2 I-42d 0.94

AgGa0.82In0.18Se2 I-42d 0.93

AgGaSe2 I-42d 0.99 1.1 16



Table S4. Molecular weight and average Li(Ag)-Se or Ga(In)-Se bond lengths for LixAg1-xGaSe2, 

LixAg1-xInSe2 and AgGayIn1-ySe2 solid solutions

Solid solution Composition Space group
Molecular weight, 

a.e.m.

Bond lenght 

Li(Ag)-Se or 

Ga(In)-Se, Å

AgGaSe2 I-42d 335.51 2.6416

Li0.125Ag0.865GaSe2 I-42d 321.88 2.5927

Li0.25Ag0.75GaSe2 I-42d 310.28 2.5885

Li0.5Ag0.5GaSe2 I-42d 285.04 2.5898

Li0.6Ag0.4GaSe2 I-42d 274.95 2.5755

Li0.8Ag0.2GaSe2 I-42d 254.77 2.5593

Li0.9Ag0.1GaSe2 I-42d 244.67 2.5387

Li0.98Ag0.02GaSe2 Pna21 236.6 2.5588

LixAg1-xGaSe2 3

LiGaSe2 Pna21 234.58 2.5509

AgInSe2 I-42d 380.61 2.6354

Li0.2Ag0.8InSe2 I-42d 360.42 2.6154

Li0.37Ag0.63InSe2 I-42d 343.26 2.6039

Li0.55Ag0.45InSe2 Pna21 325.1 2.5823

Li0.78Ag0.22InSe2 Pna21 301.88 2.5603

Li0.81Ag0.19InSe2 Pna21 298.85 2.559

LixAg1-xInSe2 
4

LiInSe2 Pna21 279.68 2.5498

AgGaSe2 
3 I-42d 335.51 2.6416

AgGa0.82In0.18Se2 
18 I-42d 343.63 2.6105

AgGa0.665In0.335Se2 
18 I-42d 350.62 2.6274

AgGa0.5In0.5Se2 
19 I-42d 358.06 2.59

AgGa0.4In0.6Se2 
20 I-42d 362.57 2.6068

AgGa0.2In0.8Se2 
20 I-42d 371.59 2.6104

AgGayIn1-ySe2

AgInSe2 
4 I-42d 380.61 2.6354



Table S5. Electronegativity of atoms, electronegativity difference and the nature of chemical 

bonding for solid solutions LixAg1-xGaSe2, LixAg1-xInSe2 and AgGayIn1-ySe2

Solid solution Composition
Electronegativity of 

atoms (χ), eV

Electronegativity 

difference (∆χ), eV

The nature of 

the chemical 

bond

AgGaSe2 1.3

Li0.125Ag0.865GaSe2 1.43

Li0.25Ag0.75GaSe2 1.53

Li0.5Ag0.5GaSe2 1.75

Li0.6Ag0.4GaSe2 1.84

polar covalent

Li0.8Ag0.2GaSe2 2.02

Li0.9Ag0.1GaSe2 2.11

Li0.98Ag0.02GaSe2 2.18

LixAg1-xGaSe2

LiGaSe2

χ(Li)=1, χ(Ag)=1.9, 

χ(Ga)=1.6, 

χ(Se)=2.4

2.2

Ionic

AgInSe2 1.2

Li0.2Ag0.8InSe2 1.38

Li0.37Ag0.63InSe2 1.53

Li0.55Ag0.45InSe2 1.7

Li0.78Ag0.22InSe2 1.9

Li0.81Ag0.19InSe2 1.93

polar covalent
LixAg1-xInSe2

LiInSe2

χ(Li)=1, χ(Ag)=1.9, 

χ(In)=1.7, χ(Se)=2.4

2.1 Ionic

AgGaSe2
 3 1.3

AgGa0.82In0.18Se2 
18 1.28

AgGa0.665In0.335Se2 
18 1.27

AgGa0.5In0.5Se2 
19 1.25

AgGa0.4In0.6Se2 
20 1.24

AgGa0.2In0.8Se2 
20 1.22

AgGayIn1-ySe2

AgInSe2 
4

χ(Ag)=1.9, 

χ(Ga)=1.6, 

χ(In)=1.7, χ(Se)=2.4

1.2

polar covalent



Figure S1. Structure changes from tetragonal (I-42d) to rhombic (Pna21) and the trend of the 

main features.

Figure S2. Decrease of molecular weight for solid solutions (a) LixAg1-xInSe2, (b) LixAg1-xGaSe2, 

(c) AgGayIn1-ySe2.

Figure S3. Phonon desperation curve and phonon DOS of (a) LiGaSe2, (b) LiAgGa2Se4, (c) 

AgGaSe2.
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