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ABSTRACT
[bookmark: _Hlk150715883]Quaternary chalcogenides of different structure types continue to be of interest due to the novel physical properties they exhibit and for applications ranging from optoelectronics to energy-related technologies. Herein we report on the electronic and thermal properties of spinel CuInSnS4. UV-vis-NIR spectroscopy indicates strong absorption in the visible-light region with an indirect bandgap of 1.52 eV. First-principles computations corroborate our experimental data and reveal that the band-edge electronic properties are due to strong  and  hybridization and antibonding interactions. Analyses of temperature-dependent thermal properties together with first principles simulations reveal strong anharmonicity and low-lying optical branches that hybridize with the acoustic modes effectively suppressing thermal conductivity. This intrinsically very low thermal conductivity is much lower than that of related chalcogenides. Our findings are discussed in the light of ongoing interest in quaternary metal chalcogenide materials and may aid in the development of this and similar chalcogenides for applications of interest.

* Email: gnolas@usf.edu

1. Introduction
[bookmark: _Hlk155032664]Multinary metal chalcogenides constituting primarily earth-abundant and non-toxic constituent elements continue to be of great interest in new materials research towards device development due to their compositional flexibility, rich structural diversity and tunable properties. These features make them promising for a variety of applications of interest including nonlinear optics [1–3], photovoltaics [4–7] and thermoelectrics [8–11]. Numerous quaternary metal chalcogenides can be formed by cation substitution starting from binary compounds [12,13]. For example, quaternary metal chalcogenide compounds of the form I2-II-IV-VI4 (e.g., Cu2ZnSnS4) [4–7,14–19] and I-II2-III-VI4 (e.g.,CuZn2InS4) [20–27] are semiconductors with direct band gaps typically below 2 eV, where I = Cu or Ag; II = Zn or Cd; III = Al, Ga or In; IV = Ge or Sn; VI = S, Se or Te. Furthermore, quaternary chalcogenides continue to receive a great deal of attention due to the high absorption coefficient of certain compositions [4–7,19] that is required for photovoltaics, as well as intrinsically low thermal conductivity [18,26,28–33] that is crucial for thermoelectric applications.

Nevertheless, the quaternary chalcogenide family of compounds of the form I-III-IV-VI4 are relatively unexplored in terms of their electronic and phonon properties. Most studies have reported only the structural properties of these quaternary chalcogenide materials [34–40]. Selenium-based compositions with a tetragonal chalcopyrite structure are known, with tetrahedral bonding and an average of four valence electrons per site including one cation vacancy per formula unit [34–36,41,42]. In addition to these I-III-IV-Se4 compositions, the known sulfur variants, e.g., CuInSnS4 and AgInSnS4, form in a cubic spinel structure wherein In3+ and Sn4+ ions are in octahedral coordinations [37,38]. Cation ordering in tetrahedral and octahedral sites in these compounds may give rise to a spinel-related supercell [38]. CuAlSnS4 is dimorphic with a cubic structure and a low-temperature spinel-related orthorhombic phase,[38] while compositions such as CuGaSnS4 (orthorhombic) [38], CuInGeS4 (tetragonal) [39] and CuGaGeS4 (tetragonal) [40] have been reported to form in different structure types.

In recent studies (Ag/Cu)InSnS4 thin films and CuInSnS4 nanocrystal films were reported to display good optical properties and high photocurrent making them suitable as low-cost absorber layer for solar cells [43–45]. Moreover, materials with spinel structures have commercial applications as ferrites [46–48] and superionic conductors [49–51]. It is noteworthy that despite the potential for different applications, knowledge of the electronic and thermal properties is lacking. The inherent cation disorder and specific bonding in CuInSnS4 present an opportunity to investigate the thermal and electronic properties in light of advancing our understanding of the physical properties of disordered spinel materials. In this study we employed an integrated theory-experimental approach to comprehensively investigate the structure-property relationships of this material.  The chemical bonding, electronic and semiconducting nature were analyzed from computed electron localization, electronic band structure and density of states. As we will describe in detail below, our electronic simulations showed mixed ionic and covalent bonding with characteristics s-p and p-d orbital hybridization. Unlike the direct gap previously reported for CuInSnS4 thin films, density functional theory (DFT) calculations revealed an indirect gap, which was confirmed by optical spectroscopy. In addition, the measured temperature-dependent thermal conductivity and heat capacity, in combination with computed phonon properties, provided insight into the origin of the very low thermal conductivity and transport properties of CuInSnS4. 

2. Materials and Methods
2.1 Material synthesis and characterization
 Polycrystalline CuInSnS4 was prepared by reaction of the constituent elements. Stoichiometric amounts of high-purity elemental Cu powder (99.9%, Alfa Aesar), In shot (99.99%, Alfa Aesar), Sn powder (99.85%, Alfa Aesar) and S pieces (99.999%, Alfa Aesar) were weighed and placed into a silica ampoule before sealing under vacuum in a quartz tube [52]. The tube was placed in a resistive furnace and reacted at 1273 K for 5 days followed by water quenching. At this stage, from powder X-ray diffraction (XRD) analysis, CuInSnS4 was obtained as the major phase together with a minor CuInS2 impurity phase. The specimen was then cold pressed and sealed under vacuum in a quartz tube for annealing at 873 K for 30 days, resulting in phase pure polycrystalline CuInSnS4. Prior to densification, differential thermal analysis (DTA, TA Instruments Q600) was performed and indicated thermal stability of the spinel phase up to 673 K, as shown in Figure 1(a). Densification of the specimen was accomplished by hot pressing (HP, Thermal Technology Inc. model HP20-4560-20). Finely ground and sieved (325 mesh) powders were loaded into a custom designed molybdenum punch and graphite die assembly.  Hot pressing at 160 MPa and 648 K for 3 h under constant flow of N2 resulted in a dense polycrystalline material.

Structural characterization was accomplished by powder XRD (Bruker-AXS D8 Focus diffractometer) in Bragg Brentano geometry with Cu Kα radiation (𝝀 = 1.5406 Å). The Rietveld structural refinement was performed using GSAS II software [53], with a starting structural model from previously reported XRD analysis [37]. Temperature-dependent thermal diffusivity,  from 300 to 673 K was measured on a 12.7 mm diameter, 1.0 m thick disk in a Ar atmosphere (80 ml/min) using the laser flash method (NETZSCH LFA457) with a maximum experimental uncertainty of 5 %. The temperature-dependent thermal conductivity, , was then determined using the relation , where D is the measured density of the densified specimen and  is the isochoric heat capacity estimated from the Dulong-Petit limit  (n is the number of atoms per formula unit and R is the gas constant) [54]. Ultraviolet–visible–near-infrared (UV–vis–NIR) reflectance spectroscopy was performed using a 3600i Plus spectrophotometer equipped with a 60 mm integrating sphere and PMT/InGaAs detectors (Shimadzu, Inc.). Low temperature isobaric heat capacity,  in the temperature range from 1.8 to 303 K was measured on a 1.5 x 1.5 x 1.5 mm3 specimen using a Physical Property Measurement System (PPMS, Quantum Design, Inc.), with a maximum experimental uncertainty of 1 %.
2.2 Computational methods
The DFT calculations were implemented by using the Vienna Ab initio Simulation Package (VASP), a reliable tool to probe the electronic properties of materials from first principles [55]. The solutions to the Kohn-Sham equations are given based on periodic boundary conditions utilizing plane wave basis sets in the projector augmented wave (PAW) method [56,57]. In our simulations our experimentally determined CuInSnS4 spinel structure with space group   (#227) was taken into consideration. For accurate band structure calculations and energy gap,  determination we utilized the Heyd–Scuseria–Ernzerhof (HSE06) hybrid functionals instead of the standard Perdew–Burke–Ernzerhof (PBE) exchange-correlation functionals. HSE06 typically yielded better results around conduction band minimum (CBM) and valence band maximum (VBM) in semiconductors with strong  hybridization effects [58]. The lattice was subject to volume relaxation prior to the self-consistence calculations. The cut-off energy was selected as 384.1 eV which is 1.3 times greater than the maximum atomic cutoff as suggested by the code developer. The Gaussian smearing method was used with a small smearing width (0.05 eV) for the investigated system. A  eV energy convergence criteria and   force convergence criteria were applied for both relaxation and self-consistence iterations. Due to the large unit cell (containing 56 atoms) of the spinel structure, an optimized  -grid (examined by VASPkit code) of the CuInSnS4 lattice was used for the HSE band structure calculation [59]. The resulting electron localization function (ELF) is visualized using VESTA [60]. Projected crystal orbital Hamiltonian population (pCOHP) analysis was performed utilizing the Local Orbital Basis Suite Toward Electronic Structure Reconstruction (LOBSTER) code [61,62].

Phonon properties including phonon dispersion, phonon density of states, and the mode Grüneisen parameters were computed on a Monkhorst-Pack  -mesh grid after structure relaxation with the above specified criteria. The phonon dispersion was obtained utilizing the PHONOPY code [63], which is based on the atomic displacement technique and center difference method in numerical finite difference processing. The harmonic force sets for the second-order interatomic force constant (IFC) calculations were created by using the default 0.03  atomic displacements on the unit cell containing 56 atoms. For this purpose, we utilized calculations implemented within the GGA-PBE exchange-correlation functionals and approximation. The cutoff energy value was set to be  times greater than the one from the atomic pseudopotentials to avoid incorrect calculation of the stress tensor. The mode Grüneisen parameters were calculated using the value of  at the equilibrium volume and at slightly larger and smaller than the equilibrium volumes. The numerical derivatives follow the expression, where the mode Grüneisen parameter  refers to the mode  at specific phonon wave vector  in phonon dispersion .
3. Results and Discussion
Figure 1(b) shows the powder XRD data including the calculated profile, the difference, and the Bragg positions from Rietveld refinement. CuInSnS4 crystallizes in a disordered spinel structure,  space group, with lattice parameter, a = 10.4985(3) Å. The refinement results are summarized in Table 1 and the atomic positions are listed in Table 2. There are two distinct cation sites (one for Cu and one shared by In and Sn) and one distinct S site, with cation disorder from In and Sn mixed site occupancy. Copper is surrounded by four S atoms in a regular tetrahedral geometry with uniform Cu-S bond distances of 2.3708(21) Å and S-Cu-S bond angles of 109.47(7)o. The In/Sn atoms are coordinated by six S atoms in an octahedral environment with Figure 1. (a) DTA data at a heating rate of 10 K/min indicating that CuInSnS4 is thermally stable up to 673 K, (b) powder XRD data of CuInSnS4 including the calculated profile, difference profile, and the Bragg positions from Rietveld refinement and (c) crystal structure of specific ternary and quaternary metal chalcogenide compounds derived from II-VI binary zincblende via cation substitution.

Table 1. Crystallographic data and Rietveld refinement results.
	Space group
	 (#227)  

	Z
	8

	a = b = c (Å)
	10.4985 (3)

	 (o)
	90

	V (Å3)
	1157.13 (11)

	Radiation
	Graphite monochromated 
Cu Kα (1.5406 Å)

	Dcal (g/cm3)
	4.8825

	2 range (deg.)
	20 - 100

	Rwp, Rp
	0.07535, 0.0590

	GOF
	1.580



Table 2. Wyckoff positions, atomic coordinates, fractional occupations, and isotropic displacement parameters.
	atom
	site
	x
	y
	z
	frac
	Uiso (Å2)

	Cu
	8b
	0.3750
	0.3750
	0.3750
	1.0
	0.0206 (27)

	In
	16c
	0.0000
	0.0000
	0.0000
	0.5
	0.0085 (23)

	Sn
	16c
	0.0000
	0.0000
	0.0000
	0.5
	0.0088 (18)

	S
	32e
	0.2446(3)
	0.2446(3)
	0.2446(3)
	1.0
	0.0105(15)



uniform In/Sn-S bond distances of 2.56939(8) Å and S-In/Sn-S bond angles ranging from 87.45(8) o to 180 o. As shown in Table 3, the cation-S bond distances in CuInSnS4 are similar to those of other compounds with Cu+ and In3+/Sn4+ ions in tetrahedral and octahedral coordination, respectively, with S2-. In comparison to compounds with In3+ and Sn4+ atoms in tetrahedral environments with S2-, the In/Sn-S bond distance in CuInSnS4 is significantly larger. A higher local coordination typically promotes longer bond distances in chalcogenide materials [64,65], presumably giving rise to relatively weaker bonding. This octahedral bonding of both In and Sn with S, and the large unit cell volume (1157.13(11) Å3), directly distinguish spinel CuInSnS4 from various similar quaternary chalcogenides derived via cation-substitution such as kesterites [14,19], sphalerites [27] and defect adamantine chalcopyrite-type [66] compounds. 

An understanding of the structural details allowed for investigation of the electronic structure properties using DFT simulation methods, as described above. Systems with the chemical formula 
Table 3. Average bond length (Å) in various metal sulfide compounds.
	Compounds
	Cu – S
	Sn – S
	In – S
	Sn – S
	In – S

	
	Tetrahedra
	Octahedra
	Octahedra
	Tetrahedral
	Tetrahedra

	CuInS2 [67]
	2.335(1) 
	
	
	
	2.464

	Cu2ZnSnS4 [68]
	2.33
	
	
	2.3920(6)
	

	CuZn2InS4 [25]
	2.3920(6)
	
	
	
	2.3920(6)

	Cu4Sn7S16 [69]
	
	2.558(1)
	
	
	

	La2SnS5 [70]
	
	2.570(4)
	
	
	

	Ag3.8Sn3S8 [71]
	
	2.566(1)
	
	
	

	In2S3 [72]
	
	
	2.62
	
	2.46

	In3S4 [73]
	
	
	2.605
	
	2.461

	Cu2SnS3 [69]
	
	
	
	2.356(1)
	

	Ag8SnS6 [74]
	
	
	
	2.37
	

	CuInSnS4
	2.3708(21)
	2.56939(8)
	2.56939(8)
	
	



I-III-IV-VI4 were linked to simpler II-VI materials, as shown in Figure 1(c). Such cation substitution from II-VI zincblende binaries offers a powerful approach for the discovery of new materials, and allows for investigations of their physical properties. Starting with the zincblende structure, cation mutation can yield a disordered Se-based chalcopyrite I-III-IV-IV4 compound (through a ternary I-III-VI2), as recently investigated for a different quaternary chalcogenide [66]. On the other hand, II-S zincblende can be thought of as transforming into a S-based disordered I-III-IV-IV4 spinel structure through an intermediate III3-x-VI4 binary spinel material. The inherent disorder, as obtained from our experimental structural analyses, occurs with respect to the In and Sn atoms as they can occupy the 16c Wyckoff positions with 50% probability. As a result, there are 12870 unit cells for the different types of disorder in this spinel structure. Standard DFT relaxation and examination of the formation energy  for these lattice structures were performed, where  is the total DFT energy after relaxation,  is the chemical potential for each atom, and N = 56 is the total number of atoms in the unit cell [75]. We select the unit cell with lowest , found to be  eV/atom, and the atomic structure given in Figure 2(a) shows that same atoms (In or Sn) tend to group together to lower the energy. The calculated lattice parameters, , for the fully relaxed lattice are 
Figure 2. (a) Lattice configuration with the lowest formation energy and polyhedra representation for the structure and (b) calculated electron localization function (ELF) displayed on projected (011) plane with the distance 9.43 Å to the origin. The cross section is schematically shown in the left panel in (b) and the color scale for the ELF values is provided on the left bottom corner. pCOHP calculations for the (c) Cu-S, (d) In-S, and (e) Sn-S bonds are also displayed. The Fermi level is set at zero, and the bonding (antibonding) states correspond to positive (negative) values.


similar to our experimentally obtained values. The 0.1 % difference in the lattice parameters can be attributed to the different sizes of the In and Sn atoms on the  Wyckoff site. This is rather small and indicates very good agreement with the experimentally observed cubic symmetry.

Figure 2(a) gives a polyhedral representation of the structure showing adjacent InS6/SnS6 octahedra in a staggered pattern as the CuS4 tetrahedra sit in between the InS6/SnS6 octahedra layers. This corner-sharing feature is related to distinct orbital hybridizations at the band edges, as 
also found in other quaternary chalcogenides [64]. In Figure 2(b), we also show results for the calculated ELF of the CuInSnS4 lattice highlighting the nearest neighbor cation-anion bonds. Visualizations are shown for projected electron localization on the  plane capturing all cation-sulfur bonding. The degree of the electron localization is interpreted by the color scale bar where the red () represents strong localization and green () corresponds to uniform electron gas. As shown in Figure 2(b), the ELF of CuS exhibits electron delocalization () signaling charge transfer. The pCOHP analyses (Figure 2(c)) shows dispersed bonding and anti-bonding weighted states indicating covalent bonding. On the other hand, the localized shared electrons () between the Sn and S are primarily responsible for covalent SnS bonds, which is consistent with the spread-out bond weighted states in the pCOHP of Sn-S (Figure 2d). For the case of InS, there is an intermediate-to-high localization () in the region between the two ion cores. The stretched shape of ELF of the InS bonds indicates a relatively low degree of covalent bonding in comparison to Sn-S bonds, which is also consistent with the greater difference of electronegativities between the In and S than that of the Sn-S couple. Furthermore, evidence is also found in the calculated pCOHP showing that the intensity of peak in In-S is lower than that of Sn-S. The ELF results indicate a mixed covalent-ionic type of bonding in this compound, as is also corroborated by the localized and spread-out peaks in the pCOHP analyses.

The energy band structure and the density of states of CuInSnS4 were also computed to obtain further information on the electronic properties of the material. The HSE06 simulations (as described in the Computational Methods) address the long-range correlation of the electrons and perform well in reproducing electronic properties of the targeted materials, which, as a result, leads to accurate band dispersion and orbital hybridization around Fermi level. This is especially true for chalcogenide compounds with strong orbital hybridization for which conventional standard DFT approximations do not accurately determine the energy band gap. In Figure 3, the orbitally 
Figure 3. (a) The orbitally projected HSE06 energy band structure. The energy band structure for the different orbitals is also shown: (b) s-bands, (c) p-bands and (d) d-bands. (e) The corresponding orbitally projected DOS. The orbitally projected DOS for the different orbitals is also shown: (f) s-states, (g) p-states and (h) d-states. (i) Schematic of individual orbitals in the valence (in red shade) and conduction (in green shade) regions. The energy band gap between the CBM and VBM is also denoted.

[bookmark: _Hlk164606154]projected energy band structure and atomically resolved density of states for the most stable CuInSnS4 lattice are shown. As shown in this figure, this is an indirect gap semiconductor. The conduction band minimum (CBM) occurs at  while the valence band maximum (VBM) is located at  in the first Brillouin zone with an energy gap,  of  eV. This  is smaller than those of several quaternary chalcogenides [23,76], however it is larger than that of CuInSnSe4 [66]. This can be attributed to the strong hybridization around the VBM among the cation d-states and anion p-states, where crystal field effects cause the orbital splitting pushing up the anti-bonding states. Moreover, evidence of orbital hybridizations was also revealed by orbitally projected DOS of the structure (Figure 3(e)-(h)). The peaks around 2 eV in Figures 3(f) and (g) indicate that In/Sn -states and S -states make the predominant contribution to the  orbital hybridization around CBM, whereas Figures 3(g) and 3(h) indicate that the highest valence bands are characterized by strong hybridization between Cu -states and S -states. Figure 3(i) shows a schematic picture of the bands by extracting the primarily contributed molecular orbitals at CBM and VBM providing  a more intuitive view of the different orbital hybridization in this material.
Figure 4. UV–vis–NIR reflectance spectrum, with the corresponding Tauc plot indicating an indirect optical band gap of 1.52 eV.


It is worth discussing the discrepancy between our calculated indirect gap and the reported direct , viz. 1.88 eV to 1.63 eV, 1.40 eV and 1.31 eV for polycrystalline spinel CuInSnS4 thin films of different thicknesses [45], defect chalcopyrite CuInSnS4 nanocrystals [43] and wurtzite CuInSnS4 nanocrystals [43] respectively. To ascertain the nature of the bandgap in bulk CuInSnS4 material, the reflectance was measured from the NIR to the edge of the UV region of the electromagnetic spectrum, and the experimental results agree with our theoretical findings. This material exhibits strong absorption over the entire visible light spectral region and the absorption band edge was observed to begin at ~ 850 nm, as shown in Figure 4. A Tauc plot (inset in Figure 4) was constructed by plotting  as a function of photon energy , where  is the Kubelka-Munk function,  is Planck’s constant and  is the frequency [77,78]. As shown in the figure, linear fitting of the steepest gradient results in an optical bandgap of 1.52 eV. The good linear fit found with the square root of the Tauc function is indicative of an indirect electronic transition. In addition, photoluminescence spectra showed no photoluminescence emission near the band gap energy, corroborating the indirect gap result from reflection spectroscopy. These findings agree with our theoretical calculations, as described above, and provide clear evidence that spinel CuInSnS4 has an indirect gap.

[bookmark: _Hlk164615727]Given the relevant potential applications, described above, investigation of the thermal properties is also in order. The temperature-dependent 𝜅 of CuInSnS4 is shown in Figure 5.  The 𝜅 values are relatively low in the entire measured temperature range, ranging from 1.2 Wm-1K-1 at room temperature to 0.5 Wm-1K-1 at the maximum measured temperature. Notably, these 𝜅 values are generally lower than those of related ternary and similar quaternary chalcogenides, such as chalcopyrite CuInS2, kesterite Cu2ZnSnS4, defect-chalcopyrite CuInSnSe4, spinel CdIn2S4, and disordered spinel Cu0.5In0.5Cr2Se4, with room temperature 𝜅 values of 5.7 Wm-1K-1 [79], 4.8 Wm-1K-1 [80], 2.1 Wm-1K-1 [66], 4.0 Wm-1K-1 [81] and 1.1 Wm-1K-1 [82] respectively. The average phonon mean free path, , can be estimated using the relation , where  is the specific heat per unit volume and  is the average speed of sound, which has been determined and described below. This approach yields a  value of 9.5 Å, smaller than that for CuInSnSe4 (19 Å) [66], Cu2ZnSnS4 (27 Å) [83] and CuZn2InS4 (16 Å) [25], indicating strong phonon scattering in CuInSnS4.Figure 5. Temperature dependent 𝜅 data.


To gain further insight into the thermal properties as well as understand the origin of the low 𝜅, low temperatures  measurements were performed. Figure 6 shows the temperature-dependent  of CuInSnS4. The  data approaches the Dulong-Petit limit at 300 K, indicating that all acoustic and optical phonon modes are fully excited at room temperature. The Debye temperature,  can be determined from a fit of the low temperature  data (inset in Figure 6) using the  relation, where the first and second terms represent the electronic and the lattice contributions to . From this fit we obtain  and . Employing , where  is the molar gas constant and  is the number atoms per formula unit [84], the resulting  is . An average speed of sound, , was calculated using , where  is the Boltzmann constant,   is the Avogadro’s constant and  is the molecular weight. The  and 
Figure 6. Temperature dependent Cp data normalized such that a value of unity represents the Dulong- Petit limit. The inset shows Cp/T versus T2 data at low temperatures with the solid line representing a fit to the relation Cp/T = α + βT2.

Figure 7. (a) Phonon dispersion, (b) atomically projected phonon density of states (PDOS) and (c) mode Grüneisen parameters  for the most energetically stable CuInSnS4 lattice structure.

 values are slightly larger than that for adamantine CuInSnSe4 (210 K and 2114 m/s),[66] however,  for CuInSnS4 is much lower than that for CuInSnSe4 and may be attributable to enhanced phonon scattering in spinel CuInSnS4. We therefore employed our thermal properties measurements to investigate lattice anharmonicity by estimating the Grüneisen parameter, , using the relation [85] , where B = , M is the average mass of an atom in the crystal (amu), V is the volume per atom and np is the number of atoms per primitive cell. The obtained  value of 2.2 indicate inherently strong lattice anharmonicity in CuInSnS4, consistent with the small mean free path described above.

First-principle calculations of the phonon properties provided additional insights into the origin of the thermal properties of CuInSnS4. Figure 7(a) shows the phonon modes  for the different polarization  as a function of the wave vector  along the high symmetry path in the Brillouin zone. The lack of negative frequencies indicates dynamic stability of the material, corroborating our analyses. A relatively flat band of low frequency optical phonons in the 1 - 2 THz range shows hybridization with the acoustic modes, which plays a crucial role in phonon scattering in quaternary chalcogenides and is addressed by other papers [23,24]. Evidence of the constituent atoms contribution to the lattice vibration in this low frequency optical range (1 - 2 THz) is given in Figure 7(b) where the peaks of the phonon DOS are predominated by the In and are substantially shared by the other atoms. In the frequency range 2 - 4 THz, the phonon dispersions are mainly caused by the interaction of the flat lying optical branches. The corresponding peaks of the phonon DOS indicate predominant contributions from Cu atoms and lead to anharmonic vibrations. In Figure 7(c), the computed mode Grüneisen parameters are shown to further address the anharmonicities of the lattice. The negative values in the low frequency range are indicative of lattice stiffening with volume expansion. In the high  range (2 THz), the Grüneisen parameter reaches a relatively dispersionless average value of , which is in very good agreement with that obtained from our experimental results.

4. Conclusions
We employed a combined experimental and theoretical approach to understand the fundamental thermal and electronic properties of CuInSnS4. Low energy optical phonons hybridize with acoustic modes, and a Grüneisen parameter of ~ 2 indicates strong lattice anharmonicity in CuInSnS4 that, in addition to the large unit cell and disordered spinel structure, contributes to low 𝜅. Optical reflection measurements confirm our calculated indirect band gap and electronic structure calculations reveal that the main contributions to the VBM and CBM come from the Cu d – S p states and Sn/In s – S p states, respectively. This study advances our understanding of the fundamental structure-property relationships in spinel CuInSnS4 quaternary chalcogenide, and expands on the research in quaternary chalcogenides. Our work will therefore be of interest for investigations on similar chalcogenide materials for applications of technological interest.
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