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Abstract 

Seven acentric sulfides Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi, Sn) were grown by a high 

temperature salt flux method. The crystal structure of Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, 

Bi, Sn) compounds were determined by single crystal X-ray diffraction with the aid of solid-state 

NMR spectroscopy. Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi) compounds are isostructural 

and crystallize in the Ba6Ag4Sn4S16 structure type.  The Sn containing compound exhibits high 

structure similarity to Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi) with the presence of an 

interstitial atomic position partially occupied by Sn atoms. The chemical bonding characteristics 

of Ba6(Cu2.9Sn0.4)Sn4S16 were understood with electron localization function calculations coupled 

with crystal orbital Hamilton population calculations. The Ba-S interactions and Cu-S interactions 

are dominantly ionic, but the Sn-S interactions consist of strong covalent bonding characteristics 
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in Ba6(Cu2.9Sn0.4)Sn4S16. The monovalent Cu atoms, mixed with certain metals with various 

oxidation states, significantly shift the optical properties of Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, 

In, Bi) compounds. This results in good balance between second harmonic generation (SHG) 

response and laser damage threshold (LDT). Ba6(Cu1.9Zn1.1)Sn4S16 possesses a high SHG response 

and a high LDT of  2.8 × AGS and 3× AGS  respectively. A DFT calculation revealed that [CuS4] 

tetrahedra and [SnS4] tetrahedra significantly contribute to the second harmonic generation 

response in Ba6(Cu2Mg)Sn4S16, which also confirmed that [CuS4] tetrahedra are crucial for the 

stability and optical properties of the Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi, Sn) compounds 

revealed by electronic structure analysis.  

 

Introduction 

The second harmonic generation process is widely employed to extend the frequency range of 

lasers, which are crucial for scientific research and optoelectronic industry applications 1-4.  

Nonlinear optical (NLO) materials are a key component for the second harmonic generation 

process 5-15. A good NLO material should fulfill a series of criteria, including a suitable bandgap 

for good transmission at the required spectrum region, a large second-harmonic generation (SHG) 

coefficient for high energy conversion efficiency, a high laser damage threshold (LDT) for more 

intense and steady laser outputs, moderate birefringence for phase-matching capability, excellent 

stability such as thermal-, chemical- and air-stability, and the ability to grow large crystals 16-19. 

Balancing these criteria is not easy since many of these parameters are intrinsically correlated 20-

22. For example, a material with large bandgap should generally have a high LDT but the SHG 

coefficients would be expected to be low. Inversely, small bandgap materials are more likely to 



3 
 

have large SHG coefficients but with the price of sacrificing LDT 9, 23, 24. Designing novel NLO 

materials with a balance of all the required properties is the major focus of this field. 

An NLO system, with great chemical flexibility, opens a window to balance all desired properties 

of NLO materials 25. A few good examples are the diamond-like structure compounds (Li2CdSnS4 

26, α‑Li2ZnGeS4 27, Li2MnSnS4 28, Mg2In3Si2P7 29, LiZn(OH)CO3 30, α-Cu2ZnSiS4 31, HgCuPS4 32, 

Li4HgSn2Se7 33, and  RE6BxCyCh14 (RE=Y, La-Lu; B=Si, Ge, Sn, Al, Ga; C= monovalent M+ (Ag, 

Na, Li, etc.), divalent M2+ (Mg, Cr, Ni, Zn, etc.), trivalent M3+ (Al, In, Ga, etc.), tetravalent M4+ 

(Si, Ge, Sn) and pentavalent M5+ (Sb); Ch=S, Se) which have demonstrated that an excellent 

balance of NLO properties originating from their chemical flexibility34-41. Recently, another 

system, II6I4V4Ch16(II=Sr, Ba; I=Li, Cu; Ag, IV=Ge, Sn; Ch=S, Se), has been heavily studied due 

to their emerging NLO properties and the demonstration of their excellent chemical flexibility 42-

51. In this work, we discovered another seven compounds belonging to the II6I4V4Ch16(II=Sr, Ba; 

I=Li, Cu, Ag; IV=Ge, Sn; Ch=S, Se) family. The chemical flexibility of the II6I4V4Ch16(II=Sr, Ba; 

I=Li, Cu, Ag; IV=Ge, Sn; Ch=S, Se) family is further expanded with the discovery of trivalent 

dopants for the first time. The synthesis, crystal growth, crystal structure, and linear and nonlinear 

optical properties of Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi, Sn) are discussed in this work. 

Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi, Sn) compounds possess a good balance between 

SHG and LDT due to their high chemical flexibility.  

Experimental 

Reagents 

All reactants in this work were used as received without further processing: barium rod (Sigma 

Aldrich, 99+%), copper powder (Alfa Aesar, 99.5%), zinc granules (Alfa Aesar, 99.8%), 

magnesium turnings (Alfa Aesar, 99.8%), manganese pieces (Alfa Aesar, 99.9%), cadmium shot 
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(Alfa Aesar, 99.8%), indium shot (Alfa Aesar, 99.9%), bismuth pieces (Alfa Aesar, 99.99%), 

sulfur powder (Alfa Aesar, 99.5%), and potassium iodide (Sigma Aldrich, 99.5%). These reactants 

were stored in an Argon-filled glovebox which maintained moisture and oxygen levels below 0.3 

ppm. All preparations were done in the glovebox or under vacuum.  

Synthesis 

The overall crystal growth process was aided by KI salt flux. For the compound 

Ba6(Cu2.9Sn0.4)Sn4S16, 0 .4 g total of the reactants were loaded in a molar ratio of Ba:Cu:Sn:S = 

6:4:4:16 and mixed with 0.4g KI flux into a carbonized silica tube. For the compounds 

Ba6(CuxZy)Sn4S16 (Z=Mg, Mn, Zn, Cd), the reactant elements were loaded at the molar ratio of 

Ba:Cu:Z:Sn:S=6:2:1:4:16 (Z = Mg, Mn, Zn, Cd) (0.4 g total) mixed with 0.4 g KI salt flux into 

carbonized silica ampules. For the compounds Ba6(CuxZy)Sn4S16 (Z=In, Bi), the ratios of reactants 

were changed to Ba:Cu:Z:Sn:S=6:2.5:0.5:4:16 (Z = In, Bi). The 0.4 g element mixtures were mixed 

with 0.4 g KI and loaded into carbonized silica tubes. Then, the silica tubes were flamed-sealed 

under a vacuum of 10-2 Torr and heated within a programmable box furnace. All samples shared 

the same temperature profile. Samples were heated up to 800 °C in 10 hours, held for 48 hours at 

this temperature, and then slowly cooled to 650 °C within 100 h. Samples were kept for 10 h at 

650 °C before the furnace was shut off.  The KI flux was removed with DI water. All samples are 

stable in air and water with no obvious change found by powder X-ray diffraction. Within dry air, 

all samples are stable for several months. More divalent and trivalent metals including Ni2+, Fe2+, 

Ga3+ were tried to replace Cu, which were not successful.  

UV-Vis Measurements 

Diffuse-reflectance spectra were documented on a PERSEE-T8DCS UV-Vis spectrophotometer 

equipped with an integration sphere in the wavelength range of 230−850 nm at room temperature. 
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The reflectance data, R were recorded and converted to the Kubelka-Munk function, f(R)=(1-

R)2(2R)-1. The Tauc plots, (KM*E)2 and (KM*E)1/2, were applied to estimate direct and indirect 

bandgap, respectively.   

Single-crystal X-ray crystallography (SCXRD) 

Data collections were performed at 298(2) K using a Bruker Kappa APEX II diffractometer with 

graphite monochromatic Mo-Kα radiation (wavelength =0.71073 Å). Data integration and 

reduction, together with global unit cell refinements, were performed in the APEX2 software 52. 

The absorption correction method was the multi-scan method 52. The structures were solved by 

direct methods and refined by full matrix least-squares methods on F2 using the SHELX package 

with anisotropic displacement parameters for all atoms 53. In the last refinement cycles, the atomic 

positions for all compounds were standardized using the program Structure TIDY  54,55 Details of 

the data collection and structure refinement are provided in Table S1. Atomic coordinates and 

selected distances are listed in Tables S2 and S3. The deviation of the occupancies of Wyckoff 

position 12a in Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi) was refined and summarized in 

Table S2. During the structural model refinement process, the occupancy of the Cu atomic 

positions were released first, then Z atoms (Z= Mg, Mn, Zn, Cd, In, Bi) were added to the Cu 

position via the adding of restrictions of equaling atomic displacement parameters (ADP) and 

equaling atomic positions of Z atoms and Cu atoms with total occupancy of Z + Cu= 1.  For the 

last refinement cycle, the occupancy of Sn atoms was refined as well. The occupancy of Sn atoms 

was no less than 98% for Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi) compounds. Hence, we 

conclude that the Sn atoms are fully occupied in Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi) 

compounds. The single crystal refinements determined the chemical formula of 

Ba6(CuxZy)Sn4S16(Z= Sn, Mg, Mn, Zn, Cd, In, Bi) compounds as Ba6(Cu2.9(1)Sn0.4(1))Sn4S16, 
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Ba6(Cu1.9(1)Mg1.1(1))Sn4S16, Ba6(Cu2.2(1)Mn0.8(1))Sn4S16, Ba6(Cu1.9(1)Zn1.1(1))Sn4S16, 

Ba6(Cu2.5(1)Cd0.5(1))Sn4S16 ,  Ba6(Cu2.5(1)In0.5(1))Sn4S16,  and Ba6(Cu2.6(1)Bi0.4(1))Sn4S16  for Z = Sn, 

Mg, Mn, Zn, Cd, In, and Bi, respectively. The chemical formulas determined by single crystal X-

ray diffraction were verified by energy dispersive X-Ray analysis (EDX) measurements (Table 

S4). The EDX results verified the accuracy of single crystal X-ray results. To simplify the 

presentation of Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi, Sn) compounds, the standard 

deviations of occupancies of the Wyckoff position 12a, and the interstitial Sn atomic positions, are 

excluded. Crystallographic data for Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi, Sn) compounds 

have been deposited to the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road, 

Cambridge CB21EZ, UK. Copies of the data can be obtained free of charge by quoting the 

depository numbers CCDC ‐ 2115184 (Ba6(Cu2.9Sn0.4)Sn4S16,), CCDC ‐ 2115187 

(Ba6(Cu1.9Mg1.1)Sn4S16), CCDC ‐ 2115186 (Ba6(Cu2.2Mn0.8)Sn4S16), CCDC ‐ 2115185 

(Ba6(Cu1.9Zn1.1)Sn4S16), CCDC ‐ 2115190 (Ba6(Cu2.5Cd0.5)Sn4S16), CCDC ‐ 2115189 

(Ba6(Cu2.5In0.5)Sn4S16), CCDC ‐ 2115188 (Ba6(Cu2.6Bi0.4)Sn4S16 ). 

Powder X-ray diffraction (PXRD) and EDX analysis  

Powder X-ray diffraction data were collected at room temperature using a Rigaku Mini 

Flex II diffractometer with Cu-Kα radiation (λ =1.5406 Å) in the range 2θ = 10° – 80°, at a scan 

step of 0.04° with ten seconds exposure time. All simulated PXRD patterns were calculated based 

on a structure model refined from single crystal diffraction. All samples are a single phase, as 

shown in Figure 1 and Figure S1.  EDX data were recorded at room temperature using a Phenom 

Pharos G2 Desktop FEG-SEM. 
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Figure 1. Experimental powder X-ray diffraction pattern for compound Ba6(Cu2.2Mn0.8)Sn4S16 and 

simulated PXRD data. 

Second harmonic generation (SHG) measurements and LDT test 

The SHG measurements of powder samples of Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, 

Bi, Sn), sieved into five different particle sizes of 38.5-54, 54-88, 88-105, 105-150, 150-200 μm, 

were performed through the Kurtz and Perry method by a Q-switch laser (2.09 μm, 3 Hz, 50 ns)  

56. The homemade AgGaS2 crystals served as reference, at the same particle sizes, for comparison 

with the seven compounds.  The LDTs of Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi, Sn) 

compounds were evaluated on powder samples (150−200 μm) with a pulsed YAG laser (1.06 μm, 

10 ns, 10 Hz). The judgment criterion is as follows: with increasing laser energy, the color change 

of the powder sample is constantly observed by an optical microscope to determine the damage 

threshold. To adjust different laser beams, an optical concave lens is added to the laser path. The 

damaged spot is measured by the scale of the optical microscope. 
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Electronic structure calculations 

Ba6(Cu2.9Sn0.4)Sn4S16 and Ba6(Cu1.9Mg1.1)Sn4S16 were selected to study their electronic structures 

via density functional theory (DFT) calculations. For Ba6(Cu2.9Sn0.4)Sn4S16, a model structure was 

built by removing the interstitial Sn atoms and setting the occupancy of Cu atoms to 100%, which 

resulted in a chemical formula of Ba6Cu3Sn4S16. To simulate the Cu/Mg site sharing in 

Ba6(Cu1.9Mg1.1)Sn4S16, we lowered the symmetry from the experimental I4̅3d to I4̅2d, which splits 

the shared Cu/Mg 12b sites in I4̅3d into a 4b and an 8d site in I4̅2d. By assigning Mg to the 4b site 

and Cu to the 8d site, we built a model structure with the composition of Ba6(Cu2Mg)Sn4S16. The 

details of the model structure of Ba6(Cu2Mg)Sn4S16 are summarized in Table S5.  The electronic 

band structures and density of states (DOS) curves of the Ba6Cu3Sn4S16 and Ba6(Cu2Mg1)Sn4S16 

model structures were calculated with first-principle DFT calculations using the Vienna Ab Initio 

Software Package (VASP).57-60 Pseudopotentials generated with the projector augmented-wave 

(PAW) method61 were employed. The Perdew-Burke-Ernzerhof (PBE) generalized gradient 

approximation62 was employed to treat the electronic exchange-correlation. A 5 × 5 × 5 Monkhorst 

mesh63 was used to sample the 1st Brillouin zones. The energy cutoff of the plane wave basis set 

is 295.4 eV. To confirm the electronic structures calculated from VASP, the DOS of Ba6Cu3Sn4S16 

were calculated by TB-LMTO-ASA64,65, which exhibited results consistent with the DOS 

calculated with VASP (vide infra). The chemical bonding characteristics of Ba6Cu3Sn4S16 were 

studied through electron localization function (ELF) and crystal orbital Hamilton population 

(COHP) calculations implemented in TB-LMTO-ASA 64, 65. The same model structure of 

Ba6(Cu2Mg)Sn4S16 were utilized to estimate the optical properties of Ba6(Cu1.9Mg1.1)Sn4S16, which 

were calculated based on ab initio calculations implemented in the CASTEP package through DFT 

66. The generalized gradient approximation (GGA) 67 was adopted, and the 
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Perdew−Burke−Ernzerhof (PBE) 68 function was chosen to calculate the exchange-correlation 

potential, with an energy cutoff of 900 eV. The numerical integration of the Brillouin zone was 

performed using a 2 × 2 × 2 Monkhorst−Pack k-point sampling.  The geometry optimizations were 

applied prior to property calculations. Norm-conserving pseudopotentials were employed.   

119Sn Solid State NMR 

All solid-state NMR experiments were performed on a Bruker wide-bore 9.4 T (0(1H) = 400 MHz) 

NMR spectrometer equipped with a Bruker Advance III HD console and a Bruker 2.5 mm 

broadband HXY magic angle spinning (MAS) probe configured in 1H-119Sn-15N mode. 1H 

chemical shifts were referenced to tetramethylsilane by using adamantane (iso(1H) = 1.82 ppm) as 

a secondary chemical shift standard. 119Sn chemical shifts were indirectly referenced to the 

established chemical shift scale (SnMe4, iso(119Sn) = 0 ppm) using the previously published 

relative NMR frequencies.69 119Sn SSNMR spectra were obtained with spin echo pulse sequences 

at a MAS rate of 25 kHz, with 71 kHz rf pulses, recycle delays of 1 s, and with 16,384 scans. 100 

kHz 1H rf field SPINAL-64 heteronuclear decoupling70 was applied during signal acquisition. 

Analytical simulations of MAS 119Sn solid-state NMR spectra were performed in the solid 

lineshape analysis (SOLA) module v3.6.3 included in the Bruker Topspin v3.6 software. The 

CASTEP program71 was used to calculate 119Sn chemical shielding tensor parameters using the 

Materials Studio 2018 environment (version 18.1.0.2017). All calculations used the 

Perdew−Burke−Ernzerhof (PBE)62 generalized gradient approximation function and ultrasoft 

pseudopotentials, both generated on the fly.72 All atomic positions were optimized, and P1 

symmetry was imposed on the unit cell prior to performing the NMR calculations. The NMR 

calculations were performed using the GIPAW method as implemented in CASTEP 72, 73. 
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Results and Discussion 

Correct structure model  

The II6I4V4Ch16(II=Sr, Ba; I=Li, Cu, Ag; IV=Ge, Sn; Ch=S, Se) family of compounds are 

isostructural and crystallize in the Ba6Ag4Sn4S16 
49 structure type. Previous single-crystal X-ray 

diffraction structures of these materials show that the structures and compositions are quite 

complex, with partial occupancy of several positions. For Ba6Ag4-xSn4S16, there are two interstitial 

Ag atomic positions (occupancy of 0.07-0.16) close to the central Ag atoms (occupancy of 0.74-

0.86), which results in variable chemical formulas of Ba6Ag3.41Sn4S16, Ba6Ag3.94Sn4.02S16, and 

Ba6Ag4Sn4S16.49 Ba6Ag3.41Sn4S16 and Ba6Ag3.94Sn4.02S16 are not charge-balanced. A similar 

situation was also reported in Sr6Ag4Sn4S16. Within Sr6Ag4Ge4S16, there is only one interstitial Ag 

atomic position (occupancy of 0.333) neighbor to the central Ag atoms (occupancy of 0.667). A 

more complex situation was discovered in Sr6(Ag(4-y)Sn(y/4))(SnS4)4, where two interstitial Ag 

atomic positions are close to the central Ag/Sn mixed atomic position.43,45  

Here, during the refinement of the single crystal X-ray structure of Ba6(Cu2.9Sn0.4)Sn4S16, one 

interstitial atomic position was found as shown in Figure 2a.  The connectivity between the 

interstitial atom and the center Cu1 is listed in Figure 2d. The interstitial atom is separated from 

the center Cu1 atom by 2.3 Å with an occupancy of 0.09 (3). Our initial assignment of the 

interstitial atom was as the Cu3 atom, which results in a chemical formula of Ba6Cu3.3Sn4S16. 

However, from electron counting and assuming the following oxidation states, 

(Ba2+)6(Cu+)3.3(Sn4+)4(S2-)16, a composition of Ba6Cu3.3Sn4S16 would be electron deficient and 

hence would be expected to be highly conductive. But, property measurements show that 

Ba6(Cu2.9Sn0.4)Sn4S16 is an electron-precise semiconductor (vide infra). Therefore, a structure 
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model featuring an interstitial Cu atom seems unlikely.  Consequently, we considered the 

possibility of assigning the interstitial atom as Sn (occupancy of 0.07(1)), resulting in a chemical 

formula Ba6(Cu2.9Sn0.4)Sn4S16. Considering the accuracy of X-ray diffraction for determining 

composition and property measurements, we believe that the true composition is the nearly charge-

balanced (Ba2+)6(Cu+)2.9(Sn4+)4.4(S2-)16. Indeed, the chemical ratio determined by EDX was 

Ba6Cu3.3(1)Sn4.3(1)S13.8(1), which agrees well with single crystal X-ray diffraction refinement result 

of Ba6(Cu2.9Sn0.4)Sn4S16 (Table S4).  

119Sn solid-state NMR spectroscopy was employed to verify the structure model of 

Ba6(Cu2.9Sn0.4)Sn4S16, which is shown in Figure 2b. There are two observable 119Sn NMR signals 

resonating at ca. −16.9 ppm and −25.7 ppm, respectively, with the integral ratio of ~ 1:1.5 (Figure 

2b). We assign both of these signals to the fully occupied Sn1 positions and believe that NMR 

signals are not directly observed for the partially occupied interstitial Sn2 atoms. First, the 

interstitial Sn2 are much more dilute than Sn1. The interstitial Sn2 tin atoms (0.07 occupancy × 

24 Wyckoff number = 1.68 atoms per unit cell) should have NMR signals with approximately 10 

times less intensity than Sn1 (16 atoms per unit cell), assuming similar relaxation constants for 

both sites. Furthermore, the interstitial Sn atoms reside in a distorted tetrahedral position with Sn-

S bond lengths of 2.52 or 2.97 Å (two of each), while fully occupied Sn atoms reside in nearly 

tetrahedral environments which have three Sn-S bond lengths of 2.39 Å and one Sn-S bond length 

of 2.36 Å.  Therefore, it is also possible that Sn2 atoms may give rise to 119Sn NMR signals with 

significant chemical shift anisotropy, further hindering observation of these NMR signals. With 

the differences in Sn-S bond lengths and S-Sn-S bond angles for Sn1 and Sn2, it is also possible 

that there is a significant difference in isotropic 119Sn chemical shifts as well. The observation of 

two Sn1 NMR signals likely reflects the disorder in the structure. Each Sn1 atom has three potential 
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Sn2 atoms (3.30 Å Sn1-Sn2 distance) and additional six Sn2 atoms that are 5.38 Å (three Sn2) and 

5.47 Å (three Sn2) away, respectively. With an occupancy of 0.069 for Sn2, 52.5% of Sn1 atoms 

will have no adjacent Sn2 atom within the 9 nearest positions while the other 47.5% will have at 

least one adjacent Sn2 atom (Table S6 and Table S7). The normalized integrated intensity of the 

two peaks in the 119Sn NMR spectrum is ~ 1.5:1. Therefore, the lower frequency more intense peak 

is assigned to Sn1 without the adjacent Sn2 atom, while the higher frequency peaks are assigned 

to a Sn1 adjacent to at least one single Sn2 atom. 

With Mg atoms replacing Cu atoms in Ba6(Cu2Mg)Sn4S16, the interstitial atomic position 

disappeared (Figure 2c) as the red circle highlights.  The Cu atoms, jointly mixed with Mg atoms, 

are located in the center of a tetrahedron with Cu/Mg-S distances slightly expanded to 2.43 Å 

(Figure 2e). The exclusion of an interstitial atomic position was observed in 

Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi) compounds. Hence the structure of 

Ba6(Cu2.9Sn0.4)Sn4S16 is different from Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi). There is an 

interstitial atomic position occupied by Sn in Ba6(Cu2.9Sn0.4)Sn4S16. The same interstitial atomic 

position was absent in Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi), where Z (Z= Mg, Mn, Zn, 

Cd, In, Bi) atoms jointly occupy the Cu atomic positions. 

119Sn solid-state NMR spectroscopy was also employed to verify the structure models of 

Ba6(Cu1.9Mg1.1)Sn4S16 and Ba6(Cu2.2Mn0.8)Sn4S16. All solid-state NMR spectra of the examined 

compounds (Cu, Cu/Mg and Cu/Mn) have similar 119Sn chemical shift for the primary SnS4 

tetrahedron, despite the different combinations of [CuS4]/[MgS4]/[MnS4] and Ba neighbors. There 

are multiple observable 119Sn NMR signals in the NMR spectra because there is likely a random 

siting of Cu/Mg and Cu/Mn in the neighboring [(Cu/Mg)S4] or [(Cu/Mg)S4] tetrahedra. Due to the 

roughly 66% atomic ratio of Cu and 33% atomic ratio of Mg/Mn, the probabilities of having 
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adjacent Cu3, Cu2Mg/Cu2Mn, CuMg2/CuMn2 and Mg3/Mn3 tetrahedra is p(Cu3) = 0.287, 

p(Cu2Mg/Cu2Mn) = 0.444, p(CuMg2/CuMn2) = 0.222, and p(Mg3/Mn3) = 0.037, respectively 

(Table 1 and Table S8). Fitting the 119Sn NMR spectra to mixed Lorentzian/Gaussian peaks yields 

integrated intensities that show reasonable agreement with the calculated probabilities for both 

Ba6(CuxZy)Sn4S16(Z=Mg, Mn) compounds. Note a 5th peak at ca. −47.6 ppm was needed in the fit 

of the 119Sn NMR spectrum of the Mg compound.  

 

 

Figure 2. a) and c) Contoured section of the electron density difference map for 

Ba6(Cu2.9Sn0.4)Sn4S16 and Ba6(Cu1.9Mg1.1)Sn4S16, respectively. Contour lines, solid for positive 

values and dashed for zero or negative values, are drawn with 0.15 e/Å3 increments. The red circles 
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highlight the interstitial Sn atoms in Ba6(Cu2.9Sn0.4)Sn4S16 and (CuMg)S4 units in 

Ba6(Cu1.9Mg1.1)Sn4S16; b) 1D direct excitation 119Sn spin echo spectra of Ba6(Cu2.9Sn0.4)Sn4S16, 

Ba6(Cu1.9Mg1.1)Sn4S16, and Ba6(Cu2.2Mn0.8)Sn4S16 recorded at 9.4 T. The magic angle spinning 

(MAS) rate is 25 kHz. The solid lines represent the experimental spectra, while the dashed lines 

are analytical simulations of the chemical shift anisotropy (CSA) powder patterns with Lorentz 

broadening; d): the connectivity between interstitial Sn atoms and [CuS4] tetrahedra; e) the 

[(Cu/Mg)S4] tetrahedral in Ba6(Cu1.9Mg1.1)Sn4S16. Cu: blue, Sn: red, Mg: orange, S: yellow.  

Table 1. NMR Fitting Parameters and Relative Populations for the 1D 119Sn Spin Echo Spectra of 

Ba6(CuxZy)Sn4S16(Z=Mg, Mn) 

Compounds Neighboring 

tetrahedra 

species 

iso(119Sn) 

(ppm) 

Population 

determined from 

analytical simulation 

of experimental 

spectra (%) 

Population 

determined from 

theoretical analysis (%) 

Ba6(Cu2Mg)Sn4S16 Cu3 −10.0 28.7 29.6 

Cu2Mg −1.0 48.0 44.4 

CuMg2 10.0 15.0 22.2 

Mg3 17.0 8.3 3.7 

Ba6(Cu2Mn)Sn4S16 Cu3 −30.0 17.6 29.6 

Cu2Mn −15.2 46.7 44.4 

CuMn2 0 25.1 22.2 

Mn3 11.1 10.6 3.7 

 

 

Crystal growth and phase homogeneity 

High quality mm-sized crystals of Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi, Sn) were grown 

in KI salt flux. Various fluxes such as KCl/NaCl and BaCl2 only generated small yields of the 

target compounds. The vapor transport reaction utilizing I2 as a transport agent also failed.  During 

the crystal growth process, the ratio of reactants was adjusted to probe for better crystal yields.  

Using the Ba-Cu-Mg-Sn-S system as an example, Ba/Cu/Mg/Sn/S with ratios of 6/2/2/4/16, 

6/3/2/4/16, and 6/2/1/4/16 were mixed with KI to grow crystals. SXRD revealed a constant ratio 

of Ba/Cu/Mg/Sn/S ≈ 6/2/1/4/16, which can achieve the charge balance of (Ba2+)6(Cu+)2(Mg2+)1 
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(Sn4+)4(S2-)16.  Similar situations were observed for other metal dopants. Herein we conclude that 

there is little to no phase width existing in the Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi, Sn) 

system. Another proof of this statement is the narrow peaks of the powder X-ray diffraction results 

(Figure 1 and Figure S1). 

Crystal structure 

 

Figure 3.  a) Polyhedral structure view of Ba6(Cu1.9Mg1.1)Sn4S16 along the [100] axis emphasizing 

the 3D network constructed by [SnS4] tetrahedra (pink) and [(Cu/Mg)S4] tetrahedra (blue), Ba 

cations omitted for clarity; b) ball-stick structure view of Ba6(Cu1.9Mg1.1)Sn4S16 along the [001] 

axis; c) the connectivity between [SnS4]  tetrahedra (blue) and [(Cu/Mg)S4] tetrahedra (pink). Ba: 

black, Sn: pink, Cu: blue, Mg: red, S: yellow. 

Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi) compounds are isostructural and crystallize in the 

Ba6Ag4Sn4S16 49 structure type with the noncentrosymmetric cubic space group I ͞43d (No. 220). 

Ba6(Cu2.9Sn0.4)Sn4S16 also crystallizes in cubic space group I ͞43d (No. 220). With the removal of 

the low occupancy Sn atomic position, Ba6(Cu2.9Sn0.4)Sn4S16 is found to be isostructural to 
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Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi) compounds. Hence, the discussion of the structure 

will mainly be focused on Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi) compounds. 

Ba6(Cu1.9Mg1.1)Sn4S16 is selected to present the structure of the Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, 

Cd, In, Bi) compounds. The Wyckoff sequence of Ba6(Cu1.9Mg1.1)Sn4S16 is edc2a2 with a Pearson 

symbol cI128. In Ba6(Cu1.9Mg1.1)Sn4S16, one unique Ba atom resides at Wyckoff site 24d, one Sn 

atom resides at Wyckoff site 16c, and two S atoms occupy Wyckoff sites 48e and 16c, which are 

all full occupancy. Cu jointly occupies the Wyckoff position 12a with Mg with occupancies of 

67% and 33%, respectively. Selected crystal data and parameters are listed in Table S1. The atomic 

coordination and selected bond distances are listed in Table S2 and Table S3 respectively.  

 Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi) compounds belong to the II6I4V4Ch16(II=Sr, Ba, 

I=Li, Cu, Ag, IV=Ge, Sn, Ch=S, Se) family. 42-51 There were 30 compounds discovered in the 

II6I4V4Ch16family so far. 42-51 The number of compounds of the II6I4V4Ch16 family was greatly 

expanded via introducing mixed occupancy at the Li/Cu/Ag atomic positions, where the 

monovalent metals are replaced by divalent metals. The flexible combination of elements coupled 

with the mixed occupancy at the Wyckoff position 12a accounts for the large number of 

compounds in the II6I4V4Ch16 family. In this work, we demonstrated that the chemical flexibility 

of the II6I4V4Ch16 family can be further expanded via replacing monovalent metals by trivalent 

metals. Many previous works have summarized the structure of the II6I4V4Ch16 family. Herein, we 

will briefly summarize the structure of Ba6(Cu1.9Mg1.1)Sn4S16 with emphasis of the mixed 

occupancy between Cu atoms and Mg atoms. The polyhedral structure view and ball-stick 

structure view of Ba6(Cu1.9Mg1.1)Sn4S16 are presented in Figure 3a and Figure 3b, respectively. 

The three-dimensional (3D) framework of Ba6(Cu1.9Mg1.1)Sn4S16 is constructed by [SnS4] 

tetrahedra and [(Cu/Mg)S4] tetrahedra via corner sharing, where the Ba2+ cations fill the empty 
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spaces and balance the charge. The connectivity between [SnS4] tetrahedra and [(Cu/Mg)S4] 

tetrahedra are highlighted in Figure 3c. As shown in Figure 3c, three of four vertices of [SnS4] 

tetrahedra are shared with [(Cu/Mg)S4] tetrahedra. The fourth vertex of [SnS4] tetrahedra is 

surrounded by three Ba2+ cations. All vertices of [(Cu/Mg)S4] tetrahedra are shared by [SnS4] 

tetrahedra. This mixed occupancy between Mg and Cu enlarges the Cu/Mg-S bonds to 2.426 (3) 

Å, which is longer than Cu-S bonds in Ba6(Cu2.9Sn0.4)Sn4S16 (2.399(4) Å). The trivalent dopants 

Bi and In slightly enlarge the (Cu/Z-S)Z=Bi or In bonds to 2.414 (2) Å. The Cu/Mn-S bonds are longer 

than other Cu/Z-S bonds of 2.434 (3) Å. The Sn atoms fully occupy the center of [SnS4] tetrahedra 

with a bond distance of 2.345(5)-2.403(3) Å, which are close to the Sn-S bonds of 2.363(7)-

2.396(4) Å within Ba6(Cu2.9Sn0.4)Sn4S16. The Sn-S bonds of Ba6(CuxZy)Sn4S16 (Z=Mg, Mn, Zn, 

Cd, In, Bi) compounds reside in a very narrow range of 2.342(4)-2.407(3) Å, which are comparable 

to many tin-sulfides such as BaAg2SnS4(2.388 Å) 74, RbBa2SnS4Cl (2.341-2.376 Å) 75, Ba7Sn3S13 

(2.338-2.410 Å) 76, Li2MnSnS4 (2.387-2.395 Å) 28, and Ba8Sn4S15 (2.363-2.615 Å) 77, etc. 

Electronic structures 

To understand the electronic structures of Ba6(Cu2.9Sn0.4)Sn4S16 and Ba6(Cu1.9Mg1.1)Sn4S16, two 

hypothesized structural models, Ba6Cu3Sn4S16 and Ba6(Cu2Mg)Sn4S16, were built. Two different 

methods, VASP and TB-LMTO-ASA, were employed to study the electronic structures of 

Ba6Cu3Sn4S16, which generated consistent results and are shown in Figure 4 top and Figure S5. 

Ba6Cu3Sn4S16 is predicated to be electron deficient. The Fermi level (0 eV) is located within a 

narrow sharp peak in DOS (Figure 4 top and Figure S5). Integrating the DOS reveals that 

elevating the Fermi level to the band gap requires one more electron per Ba6Cu3Sn4S16 unit. The 

electron deficiency also indicates the importance of the interstitial Sn atoms, which can 

compensate the electron deficiency and raise the Fermi level up to the bandgap. The partial density 
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of states analysis confirmed that the 3d orbitals of Cu atoms and 3p orbitals of S atoms dominantly 

contribute to the states below the Fermi level. The Ba (6s) orbitals have certain contributions to 

the states around the Fermi level, where the Sn atoms have minimum contributions. This indicates 

that the upper edge of the valence band (the “frontier orbitals”) is mainly contributed by the Cu 

and S orbitals in Ba6Cu3Sn4S16, indicating that the [CuS4] tetrahedra are important to the stability 

and optical properties of Ba6Cu3Sn4S16, which was confirmed by the optical properties’ 

calculations (vide infra).  

The band structures and DOS of Ba6(Cu2Mg)Sn4S16 are similar to Ba6Cu3Sn4S16. Except that 

Ba6(Cu2Mg)Sn4S16 is a charge-balanced compound and predicated to be a direct bandgap 

semiconductor with the Fermi level (0 eV) located within the bandgap. The calculated bandgap of 

Ba6(Cu2Mg)Sn4S16 is 1.2 eV, which is lower than the measured value of 2.4 eV via UV-Vis 

spectrum test. The bandgap calculated by the GGA functional method generated comparable 

results of 1.96 eV (Figure S6). Similar to Ba6Cu3Sn4S16, Cu (3d) orbitals, and S (3p) orbitals 

contribute the most to the states below the Fermi level (0 eV). The Ba, Mg, and Sn also contribute 

to these states below the Fermi level (0 eV) but to a less extent. At the bottom of the conduction 

band, Ba (6s) orbitals, Sn (5p) orbitals, and S (3p) orbitals have major contributions. The calculated 

partial density of states of Ba6(Cu2Mg)Sn4S16 from CASTEP (Figure S7) agrees well with Figure 

4, bottom, simulated by VASP. The electronic structure analysis of both Ba6Cu3Sn4S16 and 

Ba6(Cu2Mg)Sn4S16 indicates that [CuS4] tetrahedra and [SnS4] tetrahedra are important to the 

stability and optical properties of Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi, Sn) compounds. 
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Figure 4.  (Top) band structure, density of states (DOS), and partial density of states (PDOS) of 

Ba6Cu3Sn4S16, (bottom) band structure, density of states (DOS), and partial density of states 

(PDOS) of Ba6(Cu2Mg)Sn4S16. 

 



20 
 

 

 

Figure 5. (a) 3D isosurfaces of the electron localization function (ELF) for Ba6Cu3Sn4S16 with 

η=0.65, Ba: green, Cu: blue, Sn: pink, S: yellow. (b) Crystal orbital Hamilton population (COHP) 

analyses of the selected Cu−S interactions, Sn−S interactions, and Ba−S interactions. 

The bonding pictures within Ba6Cu3Sn4S16 were studied by ELF simulations coupled with COHP 

calculations, which are shown in Figure 5. There are no ELF maxima surfaces capping the Ba 

atoms and existing between Ba-S interactions, which indicate the dominantly ionic characteristics 

of Ba-S interactions. The Ba-S interactions of 3.10 Å is predicated by COHP calculations to exhibit 

non-negligible bonding characters with –ICOHPs of 0.690 eV/bond (Figure 5b). A similar 

situation was observed for the Cu-S interactions. No ELF maxima surfaces surround the Cu atoms 

and locate between Cu-S interactions, where the ELF isosurfaces are mainly surrounding the S 

atoms. Our recent study about Cu-Se interactions within Cu2.83Bi10Se16 shows comparable results 

78. The COHP calculation confirms the strong bonding nature of Cu-S interactions. The –ICOHPs 

of 2.40 Å Cu-S interactions are 1.477 eV/bond. Combing ELF and COHP results, the strong Cu-

S bonds exhibit mainly ionic characteristics with Cu being “cationic” and S being “anionic”. When 
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moving to look at Sn-S interactions, a different story appears. There are apparent attractors (ELF 

maxima between atoms) between Sn and S, making the ELF maxima surfaces a “pear” shape 15. 

The absence of attractors capping Sn atoms also confirmed the oxidation state of Sn is +4 15. The 

2.34 Å Sn-S interactions show the strongest bonding character with –ICOHPs of 3.162 eV/bond. 

The strong Sn-S bonds exhibit mainly covalent character. In summary, [CuS4] tetrahedra built with 

ionic Cu-S bonds and [SnS4] tetrahedra, consisting of covalent Sn-S bonds, significantly contribute 

to the structure stability and optical properties of Ba6Cu3Sn4S16. Further DFT calculations on 

Ba6(Cu2Mg)Sn4S16 also verified the importance of [CuS4] tetrahedra and [SnS4] tetrahedra on its 

structure stability and optical properties (vide infra). 

Linear and nonlinear optical properties 
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Figure 6. A summary of comparison between AgGaS2 and Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, 

Cd, In, Bi, Sn) compounds in regard to bandgap (Eg), SHG intensity (2.09 µm, sample particle 

size of 38-55 µm), and LDT,. 

The bandgaps of Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi, Sn) compounds were estimated by 

solid-state UV-Vis reflectance spectroscopy, which are shown in Figure 6. The Tauc plots were 

employed to estimate the direct and indirect bandgaps of Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, 

In, Bi) compounds, which are shown in Figure S2 and Figure S3. The bandgap of 

Ba6(Cu2.9Sn0.4)Sn4S16 is 2.3 eV. Ba6(Cu1.9Zn1.1)Sn4S16 shows the largest bandgap of 2.5 eV, while 

Ba6(Cu2In0.5)Sn4S16 has the smallest bandgap of 2.2 eV. The doping of divalent and trivalent 

metals at Cu atomic position slightly affects the linear optical properties and significantly 

influences the nonlinear optical properties of Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi) 
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compounds (vide infra). The IR transmission range is an important parameter for IR NLO 

materials. Current data acquisitions of IR transmission range were impeded by small crystal size. 

Growth of large crystals is ongoing to investigate more intrinsic properties of 

Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi, Sn) compounds. 

The nonlinear optical properties of SHG intensity and LDT of Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, 

Cd, In, Bi, Sn) compounds, compared with AgGaS2, are summarized in Figure 6. As shown in 

Figure S4, Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi, Sn) compounds are not type-I phase-

matching materials, the second harmonic generation intensity decreases with increasing particle 

size. Hence, the comparison of SHG intensity of Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi, Sn) 

compounds with AgGaS2 crystals are based on samples of particle size of 38-55 µm. 

Ba6(Cu2.9Sn0.4)Sn4S16 exhibits a good SHG intensity of 2.3×AGS. As theory calculations 

predicted, the doping of metals at the Cu atomic position will significantly shift the optical 

properties of Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi) compounds. Ba6(Cu2.6Bi0.4)Sn4S16 

exhibits the best SHG response of 3.6 × AGS. Ba6(Cu2.5Cd0.5)Sn4S16 and Ba6(Cu2.5In0.5)Sn4S16 also 

show comparable SHG performances to Ba6(Cu2.6Bi0.4)Sn4S16 of 3.2 ×AGS and 3.3×AGS, 

respectively. While the Mg, Zn, and Mn doping suppress the SHG performance of 

Ba6(Cu2.9Sn0.4)Sn4S16. Surprisingly, the Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi) system 

exhibits impressively high LDT. Ba6(Cu1.9Zn1.1)Sn4S16 shows a high LDT of 3× AGS. The LDT 

of Ba6(Cu1.9Mg1.1)Sn4S16 is about 2.5× AGS. The record holder of the LDT of the 

II6I4V4Ch16(II=Sr, Ba, I=Li, Cu, Ag, IV=Ge, Sn, Ch=S, Se) family is Sr6Li2CdGe4S16 of 20.63 × 

AGS with a bandgap of 3.8 eV 50. There are many factors contributing to the LDT of crystalline 

solids. The LDT has two parts: dielectric LDT and thermal LDT  79. The dielectric LDT is governed 

by (atomic density)/(n2-1), where n is refractivity. The materials with narrow band gaps generally 
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have large refractivity values. The thermal LDT is proportional to CκS/αβ, where C is the heat 

capacity, κ is thermal conductivity containing contributions from carrier branches and phonon 

branches, S is damaging stress and is positively correlated with Young’s modulus and shear 

modulus of the material, α is the absorption coefficient and β is the thermal expansion coefficient. 

Even the band gaps of Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi) compounds are close to or 

smaller than AGS, the LDTs of Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi) compounds are 

higher than AGS, which may originate from a higher thermal conductivity due to their cubic crystal 

structure or smaller absorption coefficients 79. Two compounds with comparable bandgaps, such 

as Sr6Cu4Sn4S16 (Eg=2.1 eV) 43and Sr6Ag4Sn4S16 (Eg=1.9 eV) 43, exhibit a lower LDT of 2×AGS 

and 2×AGS, respectively. Ba6(Cu1.9Zn1.1)Sn4S16 exhibits the best performance due to the excellent 

balance between SHG and LDT. The doping of divalent metals and trivalent metals at Cu atomic 

sites demonstrate the structural flexibility of the II6I4V4Ch16(II=Sr, Ba, I=Li, Cu, Ag, IV=Ge, Sn, 

Ch=S, Se) family and significantly shift their nonlinear optical properties. The mixed occupancy 

is beneficial in achieving good balance between SHG and LDT in Ba6(CuxZy)Sn4S16(Z=Mg, Mn, 

Zn, Cd, In, Bi, Sn) compounds 80, 81. 

DFT calculations for optical properties 
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Figure 7. (a) SHG density of VE occupied states (veocc), (b) VE unoccupied states(veunocc), (c) 

VH occupied states (vhocc), and (d) VH unoccupied states (vhuocc) in Ba6(Cu2Mg)Sn4S16. 

To better understand the origin of the nonlinear optical properties of Ba6(Cu2Mg)Sn4S16, DFT 

calculations were employed, which are shown in Figure 7. The superstructure model of 

Ba6(Cu2Mg)Sn4S16 is the same structure model used for the electronic structure analysis, which is 

listed in Table S5. The calculation of ꭓ123 of Ba6(Cu2Mg)Sn4S16 is 18.572 pm/V, which predicts a 

moderate second harmonic generation response. The experimental SHG response tests confirmed 

the theory calculation results with the observed ~2.5 ×AGS SHG response (Figure 6). The analysis 

of occupied states and unoccupied states of VE and VH pointed out the critical roles of the [CuS4] 
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tetrahedra’s contribution to the second harmonic generation response of Ba6(Cu2Mg)Sn4S16. There 

are also significant contributions from [SnS4] tetrahedra. In this superstructure model of 

Ba6(Cu2Mg)Sn4S16, [MgS4] tetrahedra have negligible contribution to the SHG response. With Cu 

replaced by various metals, the NLO properties of Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi) 

compounds were significantly shifted (Figure 6). Hence, we can conclude that the [CuS4] 

tetrahedra and [SnS4] tetrahedra play an important role in the stability, chemical flexibility, and 

optical properties of Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi) compounds. All 

Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi) compounds exhibit non-phase-matchable behavior.  

 

Conclusions 

High quality crystals of seven noncentrosymmetric sulfides Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, 

Sn, In, Bi, Sn) were grown by high temperature flux method. Single crystal X-ray diffraction 

combined with solid-state NMR spectroscopy were employed to confirm the structure models of 

Ba6(Cu2.9Sn0.4)Sn4S16. There is an interstitial atomic position partially occupied by a Sn atom in 

Ba6(Cu2.9Sn0.4)Sn4S16. The interstitial atomic position disappeared in Ba6(CuxZy)Sn4S16(Z=Mg, 

Mn, Zn, Cd, Sn, In, Bi) with Cu jointly occupied with Z metals (Z= Mg, Mn, Zn, Cd, Sn, In, Bi) 

at the same position. The Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, Sn, In, Bi) compounds are 

isostructural and belong to the Ba6Ag4Sn4S16 structure type. The ELF calculations and COHP 

calculations verified the ionic bonding characteristics of Ba-S interactions and Cu-S interactions.  

The Sn-S bonds were found as strong covalent bonds.  The replacement of monovalent Cu atoms 

by various metals obviously shifts the optical properties of the Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, 

Cd, Sn, In, Bi) compounds in a way that promotes a good balance between SHG and LDT. The 

DFT calculations confirmed that [CuS4] tetrahedra and [SnS4] tetrahedra are crucial for the 

structure stability and optical properties of Ba6(Cu2Mg)Sn4S16. 
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Seven acentric sulfides Ba6(CuxZy)Sn4S16(Z=Mg, Mn, Zn, Cd, In, Bi) exhibit excellent chemical 

flexibility due to the replacement of monovalent Cu atoms by various metals, which results in good 

nonlinear optical properties.  


