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Figure S1. Convergence of the lattice thermal conductivity of LiCu3TiQ4 (Q = S, Se, and Te) 

against q-point mesh at 300 K. Lattice thermal conductivities are found to converge at 17 × 17 

× 17 q-point mesh.

Table S1. The sum of covalent and ionic radii (Å) of respective atoms in Ti–Q, Li–Q, and Cu–

Q (Q = S, Se, or Te) and the actual bond lengths are defined in blue color.

Ti–Q (Å) Li–Q (Å) Cu–Q (Å)
Q

Actual Covalent Ionic Actual Covalent Ionic Actual Covalent Ionic

S 2.29 2.36 2.52 2.48 2.32 2.60 2.35 2.32 2.80

Se 2.40 2.48 2.66 2.54 2.34 2.74 2.45 2.44 2.94

Te 2.66 2.69 2.89 2.83 2.65 2.97 2.68 2.65 3.17
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Text S1: Thermal Stability

We have analyzed the Li-Cu-Ti-Q quaternary convex hull using the phase diagram creation 

tool in Open Quantum Materials Database (OQMD).1-3 We have also analyzed the formation 

energies of these materials (LiCu3TiS4, LiCu3TiSe4, and LiCu3TiTe4) using the same tool. 

From the quaternary phase diagrams for Li-Cu-Ti-Q our considered systems are found to be 

thermodynamically stable.

Figure S2. The Li-Cu-Ti-Q (Q = S, Se, or Te) quaternary phase diagram from the OQMD 

database. The green circles correspond to the stable phases on the energy above the convex 

hull (<0.25 eV/atom) for (a) LiCu3TiS4, (b) LiCu3TiSe4, and (c) LiCu3TiTe4. 
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Figure S3. The total electronic charge distribution contour plots for (a) LiCu3TiS4, (b) 

LiCu3TiSe4 along (1 -1 0) plane, and (c) LiCu3TiTe4 along (-1 -1 0) plane.

Figure S4. The position of Li in (a) LiCu3TiS4, (b) LiCu3TiSe4, and (c) LiCu3TiTe4.
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Table S2: The calculated Young’s modulus (GPa), shear modulus (GPa), Poisson’s ratio, and 

Debye Temperature, θD (K) for the considered structures of LiCu3TiQ4.

Materials Young’s 
modulus

Shear 
modulus Poisson's ratio θ

D

LiCu
3
TiS

4 78.62 31.036 0.38 338

LiCu
3
TiSe

4
59.88 22.54 0.22 240

LiCu
3
TiTe

4
30.58 11.8 0.39 157

Table S3. Energy convergence test for the considered systems.

Total Energy (eV)Energy cutoff 

(eV) LiCu3TiS4 LiCu3TiSe4 LiCu3TiTe4

400 -46.95 -43.34 -34.88

450 -46.92 -43.31 -34.84

500 -46.92 -43.31 -34.84

550 -46.92 -43.31 -34.86

600 -46.92 -43.31 -34.84

650 -46.92 -43.31 -34.84

700 -46.92 -43.31 -34.85
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Figure S5. The phonon dispersion relations in LiCu3TiTe4, reflect the avoided crossing 

between LA acoustic and optical branch at 1.6 THz of frequency.

Text S2: Grüneisen parameter ()

The quantify the anharmonicity within the periodic crystals, we have calculated the Grüneisen 

parameter () defined as,

          (S1)
𝛾 =

‒ 𝑑𝑙𝑛 𝜔𝑞

𝑑𝑙𝑛 𝑉

where and V represents the phonon frequencies and volume, respectively.𝜔𝑞 
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Text S3: Weighted Phase Space

The weighted phase space ( )is evaluated which is obtained from the following 𝑊𝑡𝑜𝑡𝑎𝑙
𝑞

equation,50 

           (S2)

𝑃 ±
𝑞 =

1
𝑁∑

𝑞'𝑞''
{ 𝑛''

𝑞 ‒ 𝑛 '
𝑞

𝑛''
𝑞 + 𝑛 '

𝑞 + 1}𝛿(𝜔𝑞 ‒ 𝜔 '
𝑞 ± 𝜔''

𝑞)

where  and  denotes the energy and momentum conserved scattering phase spaces for 𝑃 +
𝑞 𝑃 ‒

𝑞

phonon mode q in the absorption (+) and emission (-) processes, where the summation is 

restricted to the pairs ( satisfying , where  is the inverse lattice vector.𝑞1,𝑞2) 𝑞 + 𝑞1 + 𝑞2 = 𝐺 𝐺

            Figure S6. Boundary and isotopic scattering rates of (a) LiCu3TiS4, (b) LiCu3TiSe4, (c) 

LiCu3TiTe4 with respect to frequency (THz) at 300K.



S9

Table S4: Calculated bandgaps using different functionals for LiCu3TiQ4 systems.

Functional LiCu
3
TiS

4
LiCu

3
TiSe

4
LiCu

3
TiTe

4

PBE 1.52 1.25 1.11

HSE06 (25%) 3.50 3.20 2.30

HSE06 (20%) 3.16 2.83 2.19

HSE06 (10%) 2.32 2.02 2.38

HSE06 (5%) 1.92 1.64 1.43

HSE03 (25%) 3.30 2.97 2.15

HSE03 (20%) 2.94 2.62 2.03

HSE03 (10%) 2.22 1.92 1.63

HSE03 (5%) 1.86 1.59 1.39

MBJ 1.52 1.31 1.22

SCAN 1.67 1.44 1.32

SCAN_RPR 1.67 1.44 1.32

SCAN_rVV10 1.73 1.50 1.36

Exp4 2.3 1.86 1.34

Text S4. Effective Mass

The effective mass is associated with the formula:

         (S3)
𝑚 ∗ = ħ2( 𝑑2𝐸

𝑑𝑘𝑖𝑑𝑘𝑗
) ‒ 1

where  and  represents the energy and wave vector.𝐸 𝑘
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Text S5. Carrier Transport Model: Solution to the Boltzmann Transport Equation

The general form of the electron distribution remains the equilibrium Fermi-Dirac distribution 

is written as:

         (S4)𝑓(𝑘) = 𝑓0[ ∈ (𝑘)] + 𝑥𝑔(𝑘)

where f is the actual distribution of the electrons, including both elastic and inelastic scattering 

mechanisms,  is the equilibrium Fermi-Dirac distribution, x is the cosine of the angle 𝑓0

between the small driving force and k,  is the perturbation to the distribution caused by 𝑔(𝑘)

the small driving force In the reformulated Boltzmann transport equation shown in Eq. (S5), 

there are scattering-in, , and scattering out, , terms for inelastic scattering mechanisms. 𝑆𝑖(𝑔) 𝑆𝑜

However, these terms also depend, in turn, on the electronic distribution as well as elastic 

scattering rates, Therefore, the BTE must be solved self-consistently to obtain :5𝜈𝑒𝑙.  𝑔(𝑘)

          (S5)
𝑔(𝑘) =

𝑆𝑖 [𝑔(𝑘)] ‒ 𝑣(𝑘)(∂𝑓
∂𝑧) ‒  

𝑒𝐸
ℏ

 (∂𝑓
∂𝑘)

𝑆𝑜(𝑘) +  𝑣𝑒𝑙(𝑘)

Where  is the low electric field and is the electron group velocity.  The inelastic 𝐸 𝑣(𝑘) 

scattering mechanism that tends to dominate at room temperature is polar optical (PO) phonon 

scattering.

The influence of inelastic scattering mechanisms on , and therefore the overall mobility, are 𝑔

captured through the terms , and in Eq. (S5), while elastic scattering mechanisms affect 𝑆𝑖(𝑔) 𝑆𝑜

the overall mobility by the term . This term is the sum of all elastic scattering rates inside 𝜈𝑒𝑙

the material; it can be evaluated according to Matthiessen’s rule:

                              (S6)𝜈𝑒𝑙(𝑘) = 𝑣𝑖𝑖(𝑘) + 𝑣𝑝𝑒(𝑘) + 𝑣𝑑𝑒(𝑘) + 𝑣𝑑𝑖𝑠(𝑘)
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where the subscripts el, ii, pe, de, and dis stand for elastic, ionized impurity, piezoelectric, 

deformation potential, and dislocation scattering rates, respectively. Therefore, the effect of 

relevant elastic and inelastic scattering mechanisms are considered by explicitly solving the 

BTE [Eq. (S4)] to obtain .𝑔(𝑘)

When calculating various properties, several terms in Eq. (S2) will be set to zero. For a Seebeck 

coefficient, S, calculation, the applied electric driving force, , is set to zero. Only 
‒  

𝑒𝐸
ℏ

 (∂𝑓
∂𝑘)

the thermal driving force, ), in Eq. (S6) is taken into consideration when calculating 
𝑣(𝑘)(∂𝑓

∂𝑧)
the perturbation to the electron distribution.6 Assuming a uniform electron concentration over 

the space at which a small temperature difference exists, the Seebeck coefficient is:

 (S7)

𝑆 =
𝑘𝐵

𝑒 [ 𝜀𝐹

𝑘𝐵𝑇
‒
∫𝑘2𝑓(1 ‒ 𝑓)( 𝜀

𝑘𝐵𝑇)𝑑𝑘

∫𝑘2𝑓(1 ‒ 𝑓)𝑑𝑘 ] ‒

𝐽
𝜎

∂𝑇
∂𝑧

For a mobility calculation, the applied thermal driving force in Eq. (S5) is set to zero, so that 

only the contribution of the electric driving force is included. The mobility is:

 (S8)

𝜇 =
1
3

∫𝑣(𝑘)(𝑘
𝜋)2(𝑔

𝐸)𝑑𝑘

∫(𝑘
𝜋)2𝑓𝑑𝑘

In Eq. (S7), the free electron density of states, has been used, which would limit its (𝑘
𝜋)2

applicability in semiconductors. Thus, the replacement of this term by its ab initio–calculated 

counterpart would greatly improve the accuracy of the resulting mobility. Furthermore, the 

scalar group velocity, v (k), is used since the energy is averaged as a function of distance from 

the point. In general, we use the band structure, density of state, electron group velocity, 
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conduction band wave function, deformation potentials, and POP phonon frequency in 

calculating the mobility and Seebeck coefficient. Therefore, all the required inputs to Eq. (S8) 

are calculated ab initio, which greatly enhances the predictability of the model.

Once the mobilities of the electrons and holes are known, the electrical conductivity can be 

readily calculated:

(S9)𝜎 = 𝑛𝑒𝜇𝑒 + 𝑝𝑒𝜇ℎ

Where, n and p, are the concentration of electrons and holes, respectively, e is the absolute 

value of the charge of an electron, and  and  are the mobility of electrons and holes 𝜇𝑒 𝜇ℎ

respectively.
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Figure S7. Scattering rates as a function of energy of n-type for (a, d) LiCu3TiS4, (b, e) 

LiCu3TiSe4, and (c, f) LiCu3TiTe4. These represent their scattering mechanisms including polar 

optical phonon (POP), ionized impurity (IMP), and acoustic deformation potential (ADP) 

scattering at carrier concentrations of 1020 cm-3 at 300 K and 900 K for n-type conduction.

Figure S8. Scattering rates as a function of energy of p-type for (a, d) LiCu3TiS4, (b, e) 

LiCu3TiSe4, and (c, f) LiCu3TiTe4. These represent their scattering mechanisms including polar 

optical phonon (POP), ionized impurity (IMP), and acoustic deformation potential (ADP) 

scattering at carrier concentrations of 1020 cm-3 at 300 K and 900 K for p-type conduction.
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Figure S9. Mobility (cm2/Vs) as a function of temperature for n- and p-type doping of (a, d) 

LiCu3TiS4, (b, e) LiCu3TiSe4, and (c, f) LiCu3TiTe4 under three scattering mechanisms namely, 

polar optical phonon (POP), ionized impurity (IMP), and acoustic deformation potential (ADP) 

scattering with carrier concentrations of 1020 cm-3.
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Figure S10. The calculated electronic transport properties including electrical conductivity 

(S/m), Seebeck coefficient (μV/K), and electronic thermal conductivity (Wm-1K-1) for (a) 

LiCu3TiS4, (b) LiCu3TiSe4, and (c) LiCu3TiTe4. 
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Figure S11. The evaluated thermoelectric properties for LiCu3TiQ4 (Q = S, Se, or Te) (a) 
Seebeck coefficient (S), (b) electrical conductivity (σ), (c) power factor (PF), and (d) 
thermoelectric figure of merit (ZT), calculated based on relaxation times obtained transport 
coefficients using AMSET at carrier concentration of 1020 cm-3. The negative and positive signs 
of the carrier concentrations represent n- and p-type doping. 
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