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Abstract 

The mixed cation compounds Na1-xKxAsSe2 (x = 0.8, 0.65, 0.5) and Na0.1K0.9AsS2 crystallize in the polar 

noncentrosymmetric space group Cc. The AAsQ2 (A = alkali metals, Q = S, Se) family features one-

dimensional (1D) 1/∞[AQ2
-] chains comprising corner-sharing pyramidal AQ3 units in which the packing of 

these chains is dependent on the alkali metals. The parallel 1/∞[AQ2
-] chains interact via short As···Se 

contacts, which increase in length when the fraction of K atoms is increased. The increase in the As···Se 

inter-chain distance increases the bandgap from 1.75 eV in γ-NaAsSe2 to 2.01 eV in Na0.35K0.65AsSe2, 2.07 

eV in Na0.2K0.8AsSe2, and 2.18 eV in Na0.1K0.9AsS2. The Na1-xKxAsSe2 (x = 0.8, 0.65) compounds melt 

congruently at approximately 316 °C. Wavelength-dependent second-harmonic generation (SHG) 

measurements on powder samples of Na1-xKxAsSe2 (x = 0.8, 0.65, 0.5) and Na0.1K0.9AsS2 suggest that 

Na0.2K0.8AsSe2 and Na0.1K0.9AsS2 have the highest SHG response and exhibit significantly higher laser-

induced damage thresholds (LIDTs). Theoretical SHG calculations on Na0.5K0.5AsSe2 confirm its SHG 

response with the highest value of d33 = 22.5 pm/V (𝜒𝜒333
(2)  = 45.0 pm/V). The effective nonlinearity for 

randomly oriented powder is calculated to be deff = 18.9 pm/V (𝜒𝜒eff
(2) = 37.8 pm/V), which is consistent with 

the experimentally obtained value of deff = 16.5 pm/V (𝜒𝜒eff
(2) = 33.0 pm/V). Three-photon absorption is the 

dominant mechanism for the optical breakdown of the compounds under intense excitation levels at 1580 

nm with Na0.2K0.8AsSe2 exhibiting the highest stability.  
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1. Introduction 

In the past decade, there has been a surge in interest in new materials for applications in second-order 

nonlinear optics in the infrared (IR) region. Chalcogenides offer the strong advantage of being transparent 

in the IR region, while their structural diversity offers a wide range of materials that can be used in high-

power lasers for wavelengths above 2 μm.1, 2-4 The applications for such wavelengths include the detection 

of chemical warfare agents,5 gas pollutants, and trace gases,6 and advanced telecommunications7, 8, for 

which chalcogenides are fully transparent while many known oxides are not. The current benchmark 

nonlinear optical (NLO) materials for wavelengths above 2 μm are AgGaS2, AgGaSe2, and ZnGeP2. These 

materials have high NLO coefficients and wideband IR transparency; however, AgGaQ2 (Q = S, Se) suffers 

from a low laser-induced damage threshold (LIDT)8 while other materials, such as ZnGeP2, suffer from the 

two-photon absorption effect.9 New compounds with high LIDTs are preferred, even at the expense of the 

second harmonic generation (SHG) conversion efficiency, because they are more useful for high-power 

NLO applications. Recent reviews by Chung et al.,1 Liang et al., 10 and Lin et al. 11 offer useful suggestions 

for the design of new NLO materials through the introduction of main-group element-centered tetrahedra 

and distorted polyhedra derived from second-order Jahn-Teller distortion and/or stereochemically active 

lone pairs. Nonetheless, it remains difficult to predict if the incorporation of distorted polyhedra 

experimentally produces noncentrosymmetric structures (NCSs).11  

Previously, we described the alkali metal-containing one-dimensional (1D) materials β-LiAsS2, which has  

the maximum χ(2) component of 196 pm/V, as well as γ-NaAsSe2, (324.6 pm/V),12 KPSe6 (157 pm/V),13 

K0.6Cs0.4PSe6 (163 pm/V),14 and RbPSe6 (149 pm/V),15 and the two-dimensional (2D) structures Na2Ge2Se5 

(290 pm/V) and Na2Ge2Se4.55Te0.45 (118 pm/V).16 These materials show much higher SHG responses than 

the benchmark AgGaS2 (26 pm/V), AgGaSe2 (66 pm/V) and ZnGeP2 (150 pm/V).3 The chalcoarsenate 

system AAsQ2 (A = alkali-metals; Q = S, Se) contains 1D 1/∞[AQ2-] chains that are connected via corner-

sharing pyramidal AsQ3 units.12, 17 The molecular conformation of these chains and the size of the alkali 

cation strongly affect the bandgap as well as the SHG response of these materials. In LiAsQ2, the smaller 

Li ions result in a stronger interchain interaction (As···Se), while the substitution of Li by larger Na ions 

weakens the As···Se interactions, thereby increasing the 1D character of the system. The increase in the 

interchain distance results in a significant increase in the bandgap and SHG intensities. β-LiAsS2 exhibits a 

SHG signal 10 times that of AgGaSe2
17 while the SHG signal in γ-NaAsSe2 is 75 times that of AgGaSe2.12

 

It was also observed that when Na was added to LiAsSe2, the resulting compounds β-Li0.2Na0.8AsSe2 and 

γ-Li0.2Na0.8AsSe2 exhibited strong SHG signals that are approximately 55 and 65 times that exhibited by 

AgGaSe2, respectively.12 Noncentrosymmetric structures were observed in the sulfides Li1-xNaxAsS2 up to 

x = 0.4 with Li0.6Na0.4AsS2 having a SHG response 30 times that of AgGaSe2. This is higher than the SHG 
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response of LiAsS2, which is only 10 times that of AgGaSe2.17 These results do not follow the expected 

norm wherein the SHG intensity decreases with increasing bandgap.18, 19 Cation substitution with Cs in the 

KPSe6 systems, which also contains 1D 1/∞[PSe6
-] chains, resulted in very little changes in the interchain 

distance, bandgap, and SHG response14. Theoretical studies predicted a 𝜒𝜒2 of 324 pm/V15 in γ-NaAsSe2 

and d33 = 836.5 pm/V in β-LiAsSe2
20, which is the highest value among mid-IR SHG materials. Despite 

these high SHG intensities, γ-NaAsSe2 suffers from a polymorphic phase transition to centrosymmetric δ-

NaAsSe2 upon cooling from the melt, which makes it difficult to grow large single crystals. The bandgap 

of β-LiAsSe2 is 1.11 eV, suggesting that it may have a low LIDT.10, 12 Li0.6Na0.4AsS2 melts incongruently17 

while γ-Li0.2Na0.8AsSe2 undergoes a phase transition to β-Li0.2Na0.8AsSe2.12
 The effect of cation substitution 

in these quasi-1D systems on their optical bandgap and the SHG response offers an avenue for 

understanding the relationships between their optical properties and their structures in a systematic manner, 

which can ultimately lead to the rational design of new NLO materials.  

Motivated by these results, we report on the effects of K cation substitution into the γ-NaAsSe2 structure. 

We found that Na1-xKxAsSe2 (x = 0.8, 0.65, 0.5) and Na0.1K0.9AsS2 crystallize in a new noncentrosymmetric 

structure, and that the 1/∞[AQ2-] chains have a new molecular conformation and a much larger interchain 

distance compared to β-LiAsSe2 and γ-NaAsSe2. The bandgaps of these compounds are larger than those 

of γ-NaAsSe2 and β-LiAsSe2. The large bandgaps can be explained by a decrease in the valence bandwidth. 

The As…Se interchain interactions are weaker than the parent γ-NaAsSe2 which decreases the melting and 

crystallization temperatures of these materials. We found that Na1-xKxAsSe2 (x = 0.8, 0.65, 0.5) and 

Na0.1K0.9AsS2 have comparable SHG responses to that of AgGaSe2, but higher LIDTs than γ-NaAsSe2 

2. Experimental Section 

Starting materials. All manipulations were performed under a dry nitrogen atmosphere in a glove box. 

Commercially available potassium (K, Sigma Aldrich, 99.95%), sodium (Na, Sigma Aldrich, 99.5%), 

arsenic (As, Alfa Aesar, 99.9%), and selenium (Se, American elements, 99.999%) were used without further 

purification. Li2Se, Na2Se, K2Se, and K2S were prepared by a modified literature procedure by reacting the 

alkali metals and selenium in liquid ammonia21, 22 Warning: Elemental arsenic was weighed out in the 

glovebox. Precautions must be taken in preparing these samples because of their high toxicity. 

2.1 Synthesis of Na0.2K0.8AsSe2  
A mixture of 0.233 g of K2Se (1.4 mmol), 0.046 g of Na2Se (0.3 mmol), 0.278 g of As (3.7 mmol), and 

0.440 g of Se (5.5 mmol) was ground and loaded in a separate carbon-coated fused silica tube (13 mm OD, 

11 mm ID) inside a nitrogen-filled glovebox. The tube was then flame-sealed under vacuum (approximately 

3 × 10-3 mbar) and inserted into a programmable tube furnace. The temperature was increased to 500 °C 
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over 10 h. The sample was annealed at 500 °C for 48 h, and then cooled to 250 °C over 96 h. The furnace 

was then shut off to obtain the product. Semi-quantitative energy dispersive analysis using scanning 

electron microscopy (SEM/EDX) confirmed the composition and the spectrum can be found in Figure 

S1(a). The detailed synthesis of all the other compounds is provided in the Supporting Information (SI).  

All compounds were stored in a glovebox because their surfaces started to darken after exposure to ambient 

conditions for more than 2 h. The powder XRD patterns of these samples remained unaffected, but the 

bandgap decreased substantially as described in the SI. Table 1 shows the crystallographic data for 

Na0.2K0.8AsSe2, Na0.35K0.65AsSe2, Na0.5K0.5AsSe2 and Na0.1K0.9AsS2.    

The solvent stability and solubility of Na0.2K0.8AsSe2 and Na0.35K0.65AsSe2 in water, anhydrous acetone, 

methanol, hexane, and hydrazine were investigated. Both compounds degraded in water, and additional 

diffraction peaks were observed after an hour in anhydrous methanol and acetone, as shown in Figure S2a 

of the SI. The compounds were unaffected by hexane. Similar to γ-NaAsSe2, these compounds readily 

dissolved in anhydrous hydrazine to form bright orange solutions (Figure S2b). The solutions remained 

orange for more than a month. 

2.2 Theoretical SHG calculations  
Ground state calculations were also performed with VASP and employed the electronic convergence 

criterion of 10-8 eV total energy change between electronic iterations.23 Structural relaxation without any 

symmetry constraints were terminated when no forces exceeded 0.5 meV/Å. The plane wave energy cutoff 

was 550 eV, and the augmentation grid cutoff was 2200 eV. Structures were resymmetrized to the closest 

space group and re-relaxed to confirm the space group assignments. The Brillouin zones were sampled with 

k-point grids ensuring a minimum density of 50,000 k-points per reciprocal Å3. The pseudopotentials 

included in VASP were used in this study. Abinit version 9.2.2 was used for calculating the linear and 

nonlinear optical properties.24 Simulation preparation and post-processing were performed with Atomic 

Simulation Environment (ASE) version 3.19.1.25 Single-point calculations were performed with Abinit 

within a single particle approximation using the Abinit utility Optic before the optical property calculations. 

Convergence was satisfied in the electronic solver when there was no energy eigenvalue change of more 

than 10-5 eV between steps. The plane wave cutoff was 400 eV, and the augmentation grid cutoff was set to 

600 eV. The pseudopotentials used were obtained from the standard accuracy set of ATOMPAW version 

4.0.0.12.26 The number of empty bands was increased until the highest empty band was 20 eV above the 

valence band maximum. The optical properties were calculated with 50 meV broadening and with scissor 

shifts to compensate for the difference between the DFT fundamental gap and the herein experimentally 

measured bandgap.  
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2.3 Nonlinear optical measurements  
Crystalline powders of Na0.2K0.8AsSe2, Na0.35K0.65AsSe2, Na0.5K0.5AsSe2, and Na0.1K0.9AsS2 with the size 

ranges of <25 μm, 25–53 μm, 53–75 μm, 75–106 μm, 106–150 μm, and >150 μm after sieving were used 

for SHG measurements to examine the phase-matching behavior, LIDT, and wavelength-dependent SHG 

of the samples. To prevent moisture from affecting the samples, each sample was sieved inside a glovebox, 

flame sealed in a glass capillary tube, and mounted on a homemade sample holder. The SHG responses of 

the samples were compared with those of the benchmark reference material, AgGaSe2. 

The SHG measurements were carried out at room temperature using input wavelengths λ ranging from 

1200 to 2000 nm maintained at the same intensity (89 MW/cm2), except for γ-NaAsSe2 (24 MW/cm2), 

which exhibited a high SHG response. We confirmed that the sample damage at this intensity was 

insignificant. Coherent light with the wavelength of 1064 nm for the generation of tunable pulses was 

initially produced using an EKSPLA PL-2250 series diode-pumped Nd:YAG laser with the pulse width of 

30 ps and repetition rate of 50 Hz. The Nd:YAG laser pumped an EKSPLA Harmonics Unit (HU) H400, 

in which the input beam was frequency tripled by a cascade of NLO beam mixing. The 355 nm beam then 

entered an EKSPLA PG403-SH-DFG optical parametric oscillator (OPO) composed of four main parts: (i) 

a double-pass parametric generator, (ii) a single-pass parametric amplifier, (iii) a second-harmonic 

generator, and (iv) a difference frequency generation (DFG) scheme. The input beam was focused onto the 

sample using a lens (f = 75 mm). The SHG signal was collected using a collection lens system under a 

reflection geometry and transmitted through a fiber-optic bundle to a spectrometer equipped with a CCD 

camera. The data was collected for 20 s. The spot size was 300 μm in diameter. The reason for this big 

spot size is to cover a large area to average the randomness of powders. Detailed descriptions of our 

laser and detection setup can be found elsewhere.27 The output wavelength of the OPO used in our 

experiments was varied from 1200 nm to 2000 nm in increments of 100 nm for wavelength-dependent 

SHG. Therefore, the corresponding SHG wavelength range was λSHG = λ/2 = 600 – 1000 nm. For the 

assessment of the second-order susceptibility, χ(2), λ was tuned to 1580 nm, which was deliberately selected 

to ensure that SHG (λSHG = 790 nm) occurred below the bandgap of both the test and the reference samples. 

This implies that the effect of two-photon absorption (2PA) could be neglected in our measurements. 

3. Results and Discussion 

3.1 Synthesis of Na1-xKxAsSe2 and Na0.1K0.9AsS2 

Na0.2K0.8AsSe2, Na0.35K0.65AsSe2, and Na0.1K0.9AsS2 were obtained in quantitative yield and in pure form 

(Figure 1a, Figure S5a). They are isostructural to the low-temperature phase of KAsSe2, as shown in the 
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representative powder XRD patterns in Figure 1a. Sheldrick et al. reported the synthesis of crystalline 

KAsSe2 via a low-temperature (130 °C) solvothermal reaction.28 Our attempts to prepare KAsSe2 and 

KAsS2 with solid-state methods at high temperatures (500 °C), however, surprisingly yielded air- and 

moisture-sensitive amorphous glassy products (Figure S3b). Evidently, KAsQ2 is an excellent glass former 

when cooled from the melt in a manner similar to silica (SiO2), which can only be crystallized under 

hydrothermal conditions. Similar difficulties were encountered in obtaining homogeneous and highly 

crystalline phases of the K-rich compositions Na0.2K0.8AsSe2 and Na0.1K0.9AsS2. Slow cooling of the 

reaction mixture over 96 h (2.6°C/h) was necessary to yield homogenous and crystalline Na0.2K0.8AsSe2 

(Figure 1a) and Na0.1K0.9AsS2 (Figure S5c). An amorphous product was obtained for Na0.2K0.8AsSe2 when 

the molten reaction mixture was air-quenched, as shown in the diffraction pattern in Figure S3a. The cooling 

rate of 2.6 °C/h was thus the preferred rate for the synthesis of Na0.35K0.65AsSe2. The phase purity and the 

cell constants (Table S16) obtained from the experimental powder refinements (Figure S4) to confirm 

sample homogeneity.  

The noncentrosymmetric Na0.5K0.5AsSe2 phase was always accompanied by the centrosymmetric 

polymorph of the δ-NaAsSe2-type structure, irrespective of the temperature profile used (Figure S5a). The 

best results yielded 91% noncentrosymmetric Na0.5K0.5AsSe2 and 9% δ-Na0.5K0.5AsSe2 phases. The effect 

of the latter phase on the experimental SHG counts is within the typical uncertainty rage of the powder 

method. The unit cell volumes are compared for different compositions of the Na1-xKxAsSe2 samples in 

Figure 1b. The unit cell volume decreased with decreasing K fraction in the structure. For the Na-rich 

phases Na0.6K0.4AsSe2 and Na0.8K0.2AsSe2, the change in the unit cell volume was negligible. Attempts to 

prepare Li1-xKxAsSe2 compositions yielded a mixture of β-LiAsSe2 and amorphous KAsSe2. The powder 

XRD of the attempted Li0.8K0.2AsSe2 phase contained Bragg peaks belonging to β-LiAsSe2 (Figure S6a). 

Even when the molten “Li0.8K0.2AsSe2” was air-quenched, the resulting solid was a mixture of two phases, 

α-LiAsSe2 and β-LiAsSe2, as shown in Figure S6b. Several other heating profiles were attempted for the 

formation of Li0.8K0.2AsSe2 but they did not succeed. The EDS analysis of the crystals obtained from these 

reactions did not suggest the presence of K. K was found in the amorphous part of the sample, which 

consisted of KAsSe2, as mentioned above. 

The NaAsSe2 composition has two polymorphs: noncentrosymmetric γ-NaAsSe2
12

 and centrosymmetric δ-

NaAsSe2
29 while the composition of LiAsSe2 comprises centrosymmetric α-LiAsSe2 and 

noncentrosymmetric β-LiAsSe2.12 The centrosymmetric structures α-LiAsSe2 and δ-NaAsSe2 were obtained 

by air quenching the reaction mixture at 500 °C.12 

3.2 Structure comparison across the different AAsSe2 phases (A = Li, Na and K)  
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The crystal structure of Na1-xK xAsSe2 (x = 0.8, 0.65, 0.5) belongs to the KAsSe2-type structure reported by 

Sheldrick et al.28 The structure was initially reported as triclinic P1 , but Kapon et al. suggested a higher 

symmetry monoclinic space group Cc.30 To understand the important effect of the alkali cation on the 

interchain interactions, we compare the structures of β-LiAsSe2, γ-NaAsSe2, and Na0.2K0.8AsSe2. All phases 

contain infinite 1D 1/∞[AQ2
-] chains, which are defined by corner sharing of the AsSe3 units (Figure 2); 

however, these phases are distinguished by the conformation of the chains and the direction along which 

the chains propagate.  

The chains in Na0.2K0.8AsSe2 are made up of distorted corner-sharing AsSe3 trigonal pyramids containing 

two As-Seb (b = bridging) bonds (2.45 and 2.42 Å), which are longer than the As-Set (t = terminal) bond 

(2.30 Å). This is similar to LiAsSe2 (As-Seb = 2.46 Å, 2.47 Å; As-Set = 2.32 Å) and γ-NaAsSe2 (As-Seb = 

2.51 Å, 2.46 Å; As-Set = 2.34 Å), as shown in Figure S7. The conformation can be understood from the 

repeating number of the AsSe3 linkages (highlighted using a dashed square in Figure 2a, 2b, 2c). In β-

LiAsSe2, the chain has a repeating unit consisting of two differently linked AsSe3 or zweier chains (Figure 

2a), while γ-NaAsSe2 (Figure2b) and KAsSe2 (Figure 2c) have four differently linked AsSe3 units or vierer 

chains. The chain conformations of γ-NaAsSe2 and Na0.2 K0.8AsSe2 are completely different. In γ-NaAsSe2, 

three of the AsSe3 units point in the same direction and the fourth unit is twisted with an As-Se-As angle 

of 95.168°, while in Na0.2 K0.8AsSe2, all the AsSe3 units are tilted with As-Se-As angles of 97° and 94.6°. 

The 1D chains are aligned along the a-axis in β-LiAsSe2 (Figure S7a) and along the b-axis in γ-NaAsSe2 

(Figure S7b), but grow on the ac-plane in Na1-xKxAsSe2 (x = 0.8, 0.65, 0.5) (Figure S7c). The conformations 

are clearly dependent on the size and coordination environment of the alkali-metal cation.  

The increase in ionic radius from Li (90 pm) to Na (112 pm) and K (180 pm)31 strongly affects the secondary 

As···Se interactions between adjacent 1/∞[AQ2-] chains, as illustrated in Figure S8. The graph in Figure 3 

shows the interchain distances, which are defined as the distance between the nearest As…Se. The interchain 

distance is 3.37 Å in β-LiAsSe2, increases to 3.62 Å in γ-NaAsSe2, and further increases to 4.29 Å in 

Na0.2K0.8AsSe2. Figure 4a, 4b, and 4c show the increase in interchain distances with the increase in the 

amount of K in the Na1-xK xAsSe2 (x = 0.8, 0.65, 0.5) structures. The shortest As…Se distance is 3.99 Å in 

Na0.5K0.5AsSe2 and the longest interchain distance is 4.41 Å in Na0.2K0.8AsSe2. Na0.1K0.9AsS2 is the only 

sulfide composition in this phase that crystallizes in the KAsSe2 structure and has the longest interchain 

distance of 4.37 Å and shortest interchain distance of 4.01 Å, as shown in Figure 4d.  

It is important to note that in Na0.5K0.5AsSe2, the Na and K atoms have independent unique lattice sites. The 

unit cell of Na0.5K0.5AsSe2 is shown in Figure 5a, which shows the two independent sites for K and Na in 

the structure. The possibility of site mixing between K and Na was checked by refining their occupancy, 

which was found to be greater than 99% in each site. Both sites had reasonable isotropic atomic 
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displacement parameter Uiso values of 0.03244 Å and 0.03416 Å. When the sites were interchanged, the 

Uiso values increased to 0.0532 Å for the Na site and 0.05762 Å for the K site, suggesting a possibly incorrect 

assignment of the atoms or partial occupancy of the site. Refinement of the occupancy did not improve the 

refinement suggesting that there was no site mixing of K and Na. Figure 5b shows the orientation of the 1D 

chains that propagate on the ac plane or along the (1�11) plane, and Figure 5c shows the bond lengths of 

KSe6 and NaSe6 in the distorted octahedra. Table 2 shows the atomic coordinates of Na0.5K0.5AsSe2. A 

similar refinement strategy was used to refine Na0.35K0.65AsSe2, Na0.2K0.8AsSe2, and Na0.1K0.9AsS2. Na/K 

site mixing was observed at only one site in Na0.1K0.9AsS2. The bond lengths of KSe6 and (Na/K)Se6 in 

Na0.2K0.8AsSe2 are shown in Figure S9a. The bond lengths of the NaSe6 octahedra in Na0.5K0.5AsSe2 (Figure 

5c) are much longer than those in γ-NaAsSe2 (Figure S9b). The distortion parameter (Δd = (1/6) Σ [(dn-

d)/d]2 in the KSe6 octahedra (Na0.5K0.5AsSe2) (0.036 Å) is larger than that of the NaSe6 octahedra (0.020 Å) 

of γ-NaAsSe2.32 The increased distortion in the Na1-xKxAsSe2 compounds plays a role in the freedom of 

rotation in the 1/∞[AQ2-] chains to change their conformation.  

The possible formation of Li0.5K0.5AsSe2 in the β-LiAsSe2 and KAsSe2 structure types was studied using 

first-principles DFT calculations where the changes in relative internal energies at 0K were calculated. 

Since vibrational energies are typically on the order of 1/2kT per degree of freedom, thermally accessible 

phases typically need to be less than kT/atom in energy above the lowest energy structure. Figure 6 shows 

that the formation energies of Li0.5K0.5AsSe2 in both the LiAsSe2 or KAsSe2 structure types are more than 

30 meV/atom above those of the β-LiAsSe2 and KAsSe2 phases. This is consistent with the experimental 

results that Li substitution in KAsSe2 and K substitution in β-LiAsSe2 was highly unlikely although a 

Li0.5K0.5AsSe2 phase may possibly be obtained under kinetic control at low temperatures using solvothermal 

reactions. Figure 6 also suggests that the substitution of K in β-LiAsSe2 is unlikely (Ediff = +15 meV/atom).  

3.3 Differential thermal analysis  

Differential thermal analysis (DTA) performed on Na1-xKxAsSe2 (x = 0.8, 0.65, and 0.5) and Na0.1K0.9AsS2 

suggests that the crystallization temperature (Tc) increased with decreasing K content from 264 °C in 

Na0.2K0.8AsSe2 (Figure 7a) to 271 °C in Na0.35K0.65AsSe2 (Figure 7b) to 287 °C in Na0.5K0.5AsSe2 (Figure 

S11a). Both phases had a similar melting point (Tm) of approximately 316 °C, with no additional exothermic 

peaks observed. In the Na0.2K0.8AsSe2 samples, which were obtained by cooling the reaction over 24 h, a 

glassy phase was formed when the sample was melted and then cooled during the DTA cycle. The powder 

X-ray diffraction results suggest that no polymorphic conversion occurred in the two compounds (Figure 

S10 a, b). This was also confirmed by melting the as-synthesized sample and cooling it to room temperature 

over 96 h, wherein the powder diffraction patterns after the melting and cooling were unchanged from the 

patterns before. Compared to β-LiAsSe2 (Tm = 523 °C, Tc = 515 °C) and γ-NaAsSe2 (Tm = 435 °C, Tc = 413 
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°C)18, the Na1-xKxAsSe2 compounds showed much lower melting and crystallization temperatures. The 

decreased melting point of Na1-xK xAsSe2 compared to β-LiAsSe2 provides further evidence for the 

weakening of the interchain interactions by larger alkali ions and the resulting reduction of the lattice 

cohesion. The DTA of Na0.5K0.5AsSe2 showed only one exothermic peak (287 °C) and one endothermic 

peak (318 °C). As mentioned above, however, there were two phases observed in the powder XRD patterns, 

namely, noncentrosymmetric and centrosymmetric Na0.5K0.5AsSe2 (see Figure S11a and S11c). 

Na0.1K0.9AsS2 exhibited only exothermic peaks at 277 °C and 362 °C, but no crystallization temperature 

upon cooling, suggesting that the rate of cooling (10 °C/min) could be too fast (Figure S11b and S11d). 

3.4 Optical Properties and Theoretical Calculations 

Song et al. have previously studied the electronic structures of LiAsS2 and γ-NaAsSe2, and showed that the 

quasi-1D structure of γ-NaAsSe2 provides a high density of states in the valence band.15 The valance band 

maximum (VBM) of γ-NaAsSe2 has a large contribution from the Se p states and a much smaller 

contribution from the As s and p states, suggesting partial ionicity. However, the conduction band (CB) is 

dominated by arsenic p states. Additionally, the valence bands (VBs) of γ-NaAsSe2 are much flatter and 

have a smaller bandwidth than those of LiAsS2, thereby suggesting a greater anisotropic character of the 

1D chains. The combination of flat bands along the direction of the 1D chains and high density of states is 

attributed to the large 𝜒𝜒(2) values of γ-NaAsSe2.15 Figure 8a shows the calculated electronic band structure 

of Na0.5K0.5AsSe2, which has a flat VB similar to that of γ-NaAsSe2, which is derived from the Se p states 

(Figure 8b). Similar electronic band structure can be found in KAsSe2 itself (Figure 8c, 8d). This suggests 

an increased anisotropy in the 1D chains, which is related to the increased interchain distance in the Na1-

xKxAsSe2 structures. The CB is derived by arsenic p states, similar to LiAsS2 and γ-NaAsSe2. 

For comparison, Table 4 shows the calculated effective masses of electrons and holes along the reciprocal 

directions a*, b*, and c* for KAsSe2, Na0.25K0.75AsSe2, Na0.5K0.5AsSe2, and γ-NaAsSe2. The effective 

masses of the electrons (4.96 m0) and holes (2.37 m0) are the highest along the c* direction, which 

corresponds to the interchain direction in the compound, and smallest along the a* direction (me = 0.219 

m0 and mh = 1.360 m0). In comparison, the effective masses of KAsSe2, Na0.25K0.75AsSe2, and 

Na0.5K0.5AsSe2 are much smaller in all directions, indicating that γ-NaAsSe2 has flatter bands compared to 

KAsSe2 and its analogous compounds. This suggests that γ-NaAsSe2 exhibits greater anisotropy. Among 

KAsSe2 and derived compounds, the increase in the effective mass of holes from 0.820 m0 in KAsSe2 to 

0.880 m0 in Na0.25K0.75AsSe2 and 0.890 m0 in Na0.5K0.5AsSe2 reflects the slight increase in the flatness of 

the valence bands along the a* direction with decreasing fraction of K atoms in the structure. 

Comparatively, the bands in the VB are broader in the b* direction and have lower effective masses of 0.52 

m0 in KAsSe2 and 0.55 m0 in Na0.5K0.5AsSe2. The bandwidth of the CB is broader in Na0.5K0.5AsSe2 
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compared to that of KAsSe2 and has a large spatial overlap along the c* direction, as shown by the decreased 

effective mass of the electron from 0.23 m0 in the latter to 0.20 m0 in the former. Brehm et al. suggested 

that because β-LiAsSe2 has a much smaller hole and electron effective mass compared to γ-NaAsSe2, it 

produces more current under illumination.33  

The bandgaps determined from the optical absorption spectra were 2.07 eV for Na0.2K0.8AsSe2 and 2.01 eV 

for Na0.35K0.65AsSe2, which are significantly larger than that of γ-NaAsSe2 (1.75 eV), as shown in Figure 

9a. The band structure shows that the conduction band minimum (CBM) is located between the I and X 

points of the Brillouin zone in Na0.5K0.5AsSe2, while the VBM is at X, suggesting that the material has an 

indirect bandgap of 1.3 eV. The emphasis here is on the trends exhibited by the calculated bandgaps rather 

than their absolute values because the semilocal DFT functional PBE tends to underestimate the bandgaps 

relative to the experimentally obtained bandgaps.34 For comparison, KAsSe2 (Figure 8c) has a theoretical 

bandgap of 1.5 eV. It has an indirect bandgap with a VBM between X and Γ and a CBM between I and X. 

The experimental bandgap of this material is unknown, and as mentioned above, the material can be 

obtained only via solvothermal reactions. The band structure suggests that all the compounds that crystallize 

in the KAsSe2 structure have indirect bandgaps. Figure S12a and S12b show the band structure of 

Na0.25K0.75AsSe2, which also has an indirect theoretical bandgap of 1.4 eV. The indirect bandgap can be 

inferred from the broad nature of the experimental optical absorption edges observed for Na0.2K0.8AsSe2 

and Na0.35K0.65AsSe2 (Figure 9a). The experimental bandgaps obtained for γ-NaAsSe2 and LiAsS2 showed 

sharp band edges with no tails, which is consistent with direct bandgaps as confirmed by band structure 

calculations. The Tauc method35 was used to fit the experimental data to obtain the bandgaps for 

semiconductors with direct and indirect optical absorption processes. Because we calculated Na0.5K0.5AsSe2 

and Na0.25K0.75AsSe2 to have indirect bandgaps, Tauc plots of (α/S)1/2 vs E (eV) were made for 

Na0.2K0.8AsSe2 and Na0.35K0.65AsSe2 and we obtained bandgaps of 2.07 eV and 2.01 eV, respectively, as 

shown in Figure S13a. In comparison, for γ-NaAsSe2, which has a direct bandgap, the Tauc plot of (α/S)2 

vs E (eV) gave the bandgap of 1.87 eV (Figure S13b).  

Figure 9b shows an increasing trend in the bandgaps for both the selenides (red line) and sulfides (green 

line) as A in the AAsQ2 family changes from Li to K. In the selenides (red line), the bandgap increases with 

increasing substitution of Na in LiAsSe2 from 1.11 eV in LiAsSe2 to 1.75 eV in the fully substituted γ-

NaAsSe2. This trend of increasing bandgap continues as larger K cations were added to NaAsSe2. The green 

line in Figure 9b shows a similar trend for the sulfides, with LiAsS2 having a bandgap of 1.60 eV and 

Na0.1K0.9AsS2 a bandgap of 2.18 eV, as shown in Figure S15b. As the alkali cation gets larger in size the 

distances between the (1D) 1/∞[AQ2
-] chains become longer and the interact less with weaker A···Q 
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interchain bonding. This results in less orbital overlap and lowers the overall dimensionality of the structure 

thereby making the energy bands less dispersed resulting in an increase in the bandgap.  

Because the samples were found to be sensitive to air and water, freshly prepared samples must be used for 

these measurements. This could be readily accomplished by covering the sample holder with saran wrap 

inside a glovebox. Bandgap measurements were also performed without the saran wrap so that the samples 

were exposed to air and monitored over the course of an hour. The bandgaps changed continuously with 

time, as shown in Figure S12a, b. The bandgap of Na0.2K0.8AsSe2 decreased towards the smaller value of 

1.67 eV from its original value of 2.07 eV (Figure S14a). During this time, the powder XRD pattern of the 

sample did not change even when the ground sample was kept in air for 2 h (Figure S14b). The change in 

bandgap is attributed to the formation of a thin layer of Se, which has a bandgap is 1.67 eV, due to surface 

oxidation.36 This dramatic change could be seen in the optical diffuse reflectance spectra because optical 

diffuse reflectance spectroscopy is a surface-sensitive technique, whereas XRD probes the entire bulk 

sample. The Na0.5K0.5AsSe2 and Na0.6K0.4AsSe2 samples were a mixture of both centrosymmetric and 

noncentrosymmetric structures, which made it difficult to determine the exact bandgap (Figure S15a). The 

Na0.8K0.2AsSe2 composition had a bandgap of 1.71 eV, similar to δ-NaAsSe2 (Figure S15a).  

3.4.2 Nonlinear optical measurements 

The SHG responses were measured as a function of wavelength for the particle size range of 25–53 µm in 

all the samples by varying the fundamental wavelength λ from 1200 nm to 2000 nm as shown in Figure 10. 

The SHG response of bulk powder materials become weaker when λSHG approaches the bandgap 

wavelength of the material a trend which has been demonstrated previously.37, 38 This occurs not only 

because of the strong absorption of the second harmonic light by the material, but also because of the two-

photon absorption (2PA) of the fundamental light. The experimental NLO results for polycrystalline 

samples of Na0.2K0.8AsSe2, Na0.35K0.65AsSe2, Na0.5K0.5AsSe2, and Na0.1K0.9AsS2, as well as those of 

AgGaSe2 and γ-NaAsSe2 for comparison, are shown in Figure S16 (a–f). In addition, the SHG response for 

all the compounds is shown as a function of particle size at λ = 1580 nm. The samples appeared to be non-

phase matchable with different coherence lengths ranging from <25 μm to 25–53 μm.39 The monotonic 

decrease in the SHG response as the particle size increased suggests that the coherence length was smaller 

than 20 μm for AgGaSe2, Na0.1K0.9AsS2, and γ-NaAsSe2. The coherence lengths of Na0.2K0.8AsSe2, 

Na0.35K0.65AsSe2, and Na0.5K0.5AsSe2 were 39±14 μm. Using the Kurtz powder method,40 𝜒𝜒𝑆𝑆eff
(2)  of each 

sample was compared with that of 𝜒𝜒𝑅𝑅eff
(2)  and the reference and estimated using the following formula: 

𝜒𝜒𝑆𝑆eff
(2) = 𝜒𝜒𝑅𝑅eff

(2) 𝑙𝑙𝑅𝑅
𝑙𝑙𝑆𝑆

(𝐼𝐼𝑆𝑆
𝑆𝑆𝑆𝑆𝑆𝑆

𝐼𝐼𝑅𝑅
𝑆𝑆𝑆𝑆𝑆𝑆)1/2,                 (1) 
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where IS
SHG and IR

SHG are the experimentally measured SHG counts and lS and lR are the coherence lengths 

of the sample and the reference, respectively. We calculated the coherence length of AgGaSe2, 𝑙𝑙𝑅𝑅 =

𝜆𝜆/(4Δ𝑛𝑛), to be approximately 13.7 μm using the index mismatch at 1580 nm. Assuming the coherence 

lengths of γ-NaAsSe2 and Na0.1K0.9AsS2 to be nearly equal to 𝑙𝑙𝑅𝑅 given their similar bandgaps,41 we can 

compare the 𝜒𝜒𝑆𝑆eff
(2)  values of the samples with that of AgGaSe2. Here we emphasize that both 𝜒𝜒𝑆𝑆eff

(2)  and 𝜒𝜒𝑅𝑅eff
(2)  

are the effective values averaged over the random orientation of the powders (see SI for details). Using 

𝜒𝜒𝑅𝑅eff
(2)  ~ 56 pm/V  for AgGaSe2 (see SI),42 we estimated 𝜒𝜒eff

(2) [γ-NaAsSe2] ~ 148±11 pm/V, 

𝜒𝜒eff
(2)[Na0.5K0.5AsSe2] ~ 33±4 pm/V, 𝜒𝜒eff

(2)[Na0.35K0.65AsSe2] ~ 28±2 pm/V, 𝜒𝜒eff
(2)  [Na0.2K0.8AsSe2] ~ 37±3 

pm/V, and 𝜒𝜒eff
(2)[Na0.1K0.9AsS2] ~ 38±4 pm/V. The obtained 𝜒𝜒eff

(2) values of the compounds are smaller than 

that of AgGaSe2 even though the SHG counts (Figure S16) are higher as the coherence lengths of the 

compounds (ls) are 3 times that of AgGaSe2 (lR). The obtained 𝜒𝜒eff
(2)  value of γ-NaAsSe2 is lower than 

previously reported, which might be due to the air sensitivity of the compounds. As mentioned above, 

Na0.5K0.5AsSe2 was found to contain a small fraction of the centrosymmetric δ- Na0.5K0.5AsSe2 phase which 

could affect the SHG response but we found negligible variation in the SHG counts when scanned over 

various locations of the sample.  

The theoretical static SHG value in γ-NaAsSe2 was reported to be dominated by d33= 162.3 pm/V (𝜒𝜒333
(2)   = 

324.6 pm/V), which corresponds to the direction of chain growth along the a-axis.15 First-principles SHG 

calculations on Na0.5K0.5AsSe2 were performed to confirm the powder SHG response obtained 

experimentally. Under the restriction of Kleinman symmetry for the point group m (space group: Cc), there 

are 10 non-zero SHG tensors d11, d12, d13, d15, d24, d26, d31, d32, d33, and d35 (Table S17). The largest static 

SHG tensor for Na0.5K0.5AsSe2 is d33 = 22.50 pm/V. However, the other tensor values are similar, as can be 

seen from d13 = d35 = 16.40 pm/V, d15 = d31 = -11.99 pm/V, and d24 = d32 = -13.85 pm/V. In order to directly 

compare with the experimental value, the theoretical deff = 𝜒𝜒eff
(2)/2 was calculated to be 18.9 pm/V (𝜒𝜒eff

(2) = 

37.8 pm/V), which is consistent with the experimentally obtained value of deff = 16.5 pm/V (𝜒𝜒eff
(2) = 33.0 

pm/V). Figure 11(a) shows that the 𝜒𝜒eff
(2) values of all these compositions remained high; however, it was 

not significantly enhanced by the addition of the larger K ions into the structure, in contrast to the case 

when Na was added to β-LiAsSe2. The red dashed curve is a theoretical 𝜒𝜒eff
(2) versus bandgap energy of the 

samples,43 which is given by 

𝜒𝜒eff
(2) = 𝑎𝑎/𝐸𝐸1.5             (2) 
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where 𝑎𝑎  is scaling parameter to fit our result except for the γ-NaAsSe2. For the three selenides, it is 

interesting to note that the experimental 𝜒𝜒eff
(2)  vs bandgap does not precisely follow the nominal trend 

represented by equation 2, but shows a constant or even slightly increasing   𝜒𝜒eff
(2) with bandgap as indicated 

by the solid line in Figure 11a. We believe that this might be due to the opposing effect of the larger size of 

cation which is not quite large enough (based on the hypothesis of Song et al) to yield an increase in 𝜒𝜒eff
(2) . 

The dispersion curves for the refractive indices are shown in Figure S17 and exhibit a large birefringence 

of Δn = 0.25 at 0.78 eV which corresponds to 1580 nm (moderate birefringence Δn = 0.04 – 0.1), suggesting 

that these compounds may not be phase matchable up to 3 eV.19  

Structurally, the modulation of the SHG response from the cooperative effect of the 1/∞[AQ2-] chains can 

be attributed to the distorted octahedron of the alkali metal coordination and the As…Se inter-chain 

interactions in all of the three structure types β-LiAsSe2, γ-NaAsSe2, and KAsSe2. As mentioned above, the 

interchain interaction is the weakest in Na1-xKxAsSe2 (x = 0.8, 0.65, and 0.5), which therefore has the lowest 

SHG response. 

3.4.3 Laser-induced damage threshold  

To assess the LIDT in these materials, the SHG counts of the reference and the samples at d = 25 – 53 μm 

were measured as a function of the laser input intensity at 1580 nm. The SHG counts are expected to 

increase with the intensity according to the square-power law as  

𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑎𝑎𝑎𝑎2             (3) 

where I is the fundamental intensity, ISHG is the SHG intensity, and a is a proportionality constant that is 

dependent on 𝜒𝜒 (2). However, we found that the fundamental light started to undergo depletion with 

increasing I owing to three-photon absorption (3PA), as evidenced by the gradual deviation from the solid 

red line (Eq. 3) for each plot in Figure 11(b). The effect of 3PA can be incorporated via 

𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑎𝑎𝐼𝐼3𝑃𝑃𝑃𝑃2  with 𝐼𝐼3𝑃𝑃𝑃𝑃 = 𝐼𝐼
(1+2𝛾𝛾𝛾𝛾𝐼𝐼2)1/2             (4) 

where 𝐼𝐼3𝑃𝑃𝑃𝑃 is the input intensity modified by 3PA, 𝛾𝛾 is the 3PA coefficient,44 and d = 25 – 53 µm for our 

reflection geometry.27 The red dashed traces in Figure 11(b) correspond to the best fits to the data using Eq. 

4 to obtain the 3PA coefficients of γ-NaAsSe2 and Na0.2K0.8AsSe2. The LIDT value is the onset point of 

3PA i.e. the linear part of the curve. Figure 11b shows that the LIDT of γ-NaAsSe2 (approximately 270 

MW/cm2) was lower than that of Na0.2K0.8AsSe2 (approximately 577 MW/cm2). Na0.2K0.8AsSe2 showed a 

higher LIDT than AgGaSe2 (approximately 230 MW/cm2). The obtained LIDT from powder AgGaSe2 is 

comparable to the value obtained by single crystal AgGaSe2 (139±6 MW/cm2).45 Among all the compounds, 

Na0.1K0.9AsS2 had the highest LIDT value of approximately 1170 MW/cm2, which was approximately twice 

that of Na0.2K0.8AsSe2. It is interesting to note that the bandgaps for the two compounds differ only by 0.11 
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eV, indicating that the bandgap might not be the only parameter that affects the LIDT as explained below 

The 3PA coefficient γ obtained from Eq. 4 also offers insight into the laser damage susceptibility of 

materials from 3PA. The higher the γ value is, the more likely is the material to be susceptible to laser 

damage from 3PA. The large 3PA coefficient (4.75 × 10-4 cm3/MW2) of γ-NaAsSe2 is most likely due to its 

low bandgap energy (Eg) as evident from the strong inverse relation  γ ∝ 1/(Eg)6.5.46 Na0.1K0.9AsS2 has a 

much smaller 3PA coefficient (2.31 × 10-5 cm3/MW2) because of its larger bandgap, together with electronic 

band parameters for less probable 3PA, such as dipole matric elements and band curvatures specific to the 

sulfide.47 Table 3 summarizers the  𝜒𝜒eff
(2), LIDT and γ values of all reported compounds.  Figure S18 shows 

the logarithmic plots from which the 3PA coefficients (γ) were obtained for all five compounds. In fact, 

3PA is the dominant mechanism for the optical breakdown of compounds at intense excitation levels. 

Therefore, although Na0.2K0.8AsSe2 and Na0.1K0.9AsS2 possess relatively lower 𝜒𝜒(2) values, they are expected 

to perform better for high-power NLO applications. 

3.6 Conclusions  

The substitution limit of Na1-xKxAsQ2 in the noncentrosymmetric structure is x = 0.5 forming 

Na0.5K0.5AsSe2 in the selenides and a narrow substitution limit of x = 0.9 forming Na0.1K0.9AsS2 in the 

sulfides. The K octahedra are also significantly distorted which plays a role tuning the 1/∞[AQ2-] chain 

conformation compared to the Na octahedra in γ-NaAsSe2. The addition of the larger-sized K atoms 

weakens the inter-chain As···Se interactions, resulting in wider bandgaps and lower melting points. These 

weakened interactions also significantly modify the electronic structure of these low-dimensional materials 

by increasing their bandgaps. The experimentally obtained 𝜒𝜒eff
(2) = 37 pm/V for Na0.2K0.8AsSe2 and 38 pm/V 

for Na0.1K0.9AsS2 is lower than that of γ-NaAsSe2, for which 𝜒𝜒eff
(2) =148 pm/V. However, Na0.2K0.8AsSe2 

has a higher LIDT of 577 MW/cm2 than that of γ-NaAsSe2. Table 5 summarizes the details of all reported 

AAsQ2 compounds. Among the compounds studied in this paper, Na0.1K0.9AsS2 has the highest LIDT and 

a 𝜒𝜒eff
(2) comparable to that of Na0.2K0.8AsSe2 and AgGaSe2. The electronic band structure of Na0.5K0.5AsSe2 

shows a relatively flat VB and high density of states similar to that of γ-NaAsSe2; however, effective mass 

calculations suggest that γ-NaAsSe2 has a greater electronic anisotropy. The hypothesis of Song et al that a 

large density of states contributes to a large χ(2) appears to be valid up to a certain interchain distance and 

chain conformation in these compounds. These results offer both experimental and theoretical insights in 

the design of new low dimensional materials for NLO applications.  
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Table 1. Crystal data and structure refinement for Na1-xKxAsSe2 (x = 0.8, 0.65 and 0.5) and Na0.1K0.9AsS2 
at 293 K. 

Empirical 
formula Na0.2K0.8AsSe2  Na0.35K0.65AsSe2 Na0.5K0.5AsSe2 Na0.1K0.9AsS2 

Formula weight 1074.87 1065.45 1055.54 706.12 
Wavelength 0.71073 Å 

Monoclinic 
Cc 

Crystal system 
Space group 

Unit cell 
dimensions 

a = 7.7400(15) Å, 
α = 90° 

b = 10.310(2) Å, β 
= 106.10(3)° 

c = 12.490(3) Å, 
γ = 90° 

a = 7.7642(16) Å, 
α = 90° 

b = 10.164(2) Å, 
β = 105.87(3)° 

c = 12.403(3) Å, 
γ = 90° 

a = 7.7350(15) Å, α 
= 90° 

b = 10.010(2) Å, β = 
104.74(3)° 

c = 12.281(3) Å, γ = 
90° 

a = 7.5060(15) Å, α 
= 90° 

b = 9.987(2) Å, β = 
107.08(3)° 

c = 11.908(2) Å, γ 
= 90° 

Volume 957.6(4) Å3 941.5(4) Å3 919.6(3) Å3 853.3(3) Å3 
Z 2 

Density 
(calculated) 3.728 g/cm3 3.758 g/cm3 3.812 g/cm3 2.748 g/cm3 

Absorption 
coefficient 22.810 mm-1 23.084 mm-1 23.508 mm-1 9.601 mm-1 

F(000) 947 938 928 666 

Crystal size 0.14 x 0.14 x 0.23 
mm3 

0.2 x 0.4 x 0.5 
mm3 

0.01 x 0.13 x 0.2 
mm3 

0.09 x 0.13 x 0.19 
mm3 

θ range for data 
collection 3.377 to 33.397° 3.385 to 33.386° 3.400 to 33.306° 3.496 to 33.408° 

Index ranges 
-11<=h<=11, 
0<=k<=15,  
-19<=l<=19 

-11<=h<=11, 
0<=k<=15,  
0<=l<=19 

-11<=h<=11, 
0<=k<=15,  
-18<=l<=18 

-11<=h<=11, 
0<=k<=15,  
-18<=l<=18 

Reflections 
collected 3097 1812 3249 3130 

Independent 
reflections 3097 1812 3249 3130 

Completeness to 
θ = 25.242° 100% 100% 99.5% 100% 

Refinement 
method 

Full-matrix least-
squares on F2 

Full-matrix least-
squares on F2 

Full-matrix least-
squares on F2 

Full-matrix least-
squares on F2 

Data / restraints / 
parameters 3097 / 2 / 75 1812 / 0 / 73 3249 / 0 / 71 3130 / 0 / 75 

Goodness-of-fit 0.849 0.961 1.039 0.759 
Final R indices [I 

> 2σ(I)] 
Robs = 0.0845, 
wRobs = 0.2045 

Robs = 0.0631, 
wRobs = 0.1337 

Robs = 0.0361, wRobs 
= 0.0892 

Robs = 0.0511, 
wRobs = 0.1163 

R indices [all 
data] 

Rall = 0.2390, 
wRall = 0.2851 

Rall = 0.1115, 
wRall = 0.1557 

Rall = 0.0535, wRall = 
0.1007 

Rall = 0.1861, wRall 
= 0.1407 

Largest diff. 
peak and hole 

2.167 and -1.720 
e·Å-3 

1.529 and -1.361 
e·Å-3 

0.958 and -0.958 
e·Å-3 

0.795 and -0.865 
e·Å-3 

 

 



20 
 

Table 2. Atomic coordinates (×104) and equivalent isotropic displacement parameters (Å2×103) for 
Na0.5K0.5AsSe2 at 293(2) K with estimated standard deviations in parentheses. 

Label Wyckoff 
sites x y z Occupancy Ueq

* 

K(1) 4a 6684(8) 2229(2) 2499(4) 1 37(1) 

Na(2) 4a 0 115(5) 0 1 36(1) 

As(1) 4a 454(7) 4036(2) 568(4) 1 39(1) 

As(2) 4a 2344(7) 1907(2) 2981(4) 1 32(1) 

Se(1) 4a 175(7) 267(2) 2539(4) 1 37(1) 

Se(2) 4a 547(7) 3920(1) 2578(4) 1 35(1) 

Se(3) 4a 2644(7) 2565(2) 329(4) 1 40(1) 

Se(4) 4a 2707(7) 2294(2) 4998(4) 1 44(1) 
*Ueq is defined as one-third of the trace of the orthogonalized Uij tensor. 

 

Table 3. Experimental NLO properties of the title compounds and the reference. 

 AgGaSe2 Na0.2K0.8AsSe2 Na0.35K0.65AsSe2 Na0.5K0.5AsSe2 Na0.1K0.9AsS2 γ-NaAsSe2 

𝑬𝑬𝒈𝒈 (eV) 1.79 2.07 2.01 1.78 2.18 1.75 

𝝌𝝌(2) 

(pm/V) 

56 37±4 28±2 33±3 38±4 148±11 

𝛄𝛄 (×10-4 

cm3/MW2) 

5.02 0.97 1.63 1.57 0.23 4.75 

LIDT 

(MW/cm2) 

230 577 458 437 1177 270 
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Table 4. Calculated effective mass of holes and electrons in KAsSe2, Na0.25K0.75AsSe2, Na0.5K0.5AsSe2 and 
γ-NaAsSe2. 

Effective mass 
direction 

KAsSe2 Na0.25K0.75AsSe2 Na0.5K0.5AsSe2 γ-NaAsSe2 

 Electrons  
a* 0.179 m0 0.105 m0 0.098 m0 0.219 m0 
b* 0.154 m0 0.134 m0 0.126 m0 0.517 m0 
c* 0.238 m0 0.220 m0 0.200 m0 4.961 m0 
 Holes  

a* 0.820 m0 0.880 m0 0.890 m0 1.360 m0 
b* 0.522 m0 0.539 m0 0.559 m0 2.159 m0 
c* 0.715 m0 0.765 m0 0.812 m0 2.370 m0 

m0 = mass of free electron  
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Table 5. Summary of the noncentrosymmetric AAsQ2 compounds.  

Material Spac
e 

Grou
p 

Bandg
ap 

(eV) 

Experime
ntal 
𝜒𝜒eff

(2) 
(pm/V) 

(powder) 

Theoreti
cal max 
𝝌𝝌𝒊𝒊𝒊𝒊𝒊𝒊(2)   
(pm/V) 
Static 

LIDT 
(MW/c

m2) 

Melti
ng 

point 
(°C) 

Crystallizi
ng point 

(°C) 

Referen
ce 

LiAsS2 Cc 1.60 10 
xAgGaSe2 

196.3 Not 
measure

d 

524 503 15, 17 

Li0.6Na0.4As
S2 

Cc 1.88 30 
xAgGaSe2 

Not 
calculate

d  

Not 
measure

d 

480 460 17 

β-LiAsSe2 Cc 1.11 Not 
measured 

1673 Not 
measure

d 

455 416 12, 20 

β-
Li0.2Na0.8As

Se2 

Cc 1.57 55 
xAgGaSe2 

Not 
calculate

d  

Not 
measure

d 

440 410 12 

γ- 
Li0.2Na0.8As

Se2 

Pc 1.72 65 
xAgGaSe2 

Not 
calculate

d  

Not 
measure

d 

440 410 12 

γ-NaAsSe2 Pc 1.75 
 

1.87 
(Tauc 

method
) 

75 
xAgGaSe2 

 
148** 

324.6  
 
 
   270** 

444 413 12, 15 
 
 

This 
Work 

Na0.5K0.5AsS
e2 

Cc 1.75* 33** 45.0 437 318 287 This 
work 

Na0.35K0.65As
Se2 

Cc 2.01 28** Not 
calculate

d  

458 316 271 This 
work 

Na0.2K0.8AsS
e2 

Cc 2.07 37** Not 
calculate

d  

577 316 264 This 
work 

Na0.1K0.9AsS
2 

Cc 2.18  38** Not 
calculate

d  

1177 361 Not 
observed 

This 
work 

* Compound contains impurity 
** Experimental values obtained from equation 1 
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Figures 

 
Figure 1. (a) Experimental powder XRD patterns of Na0.35K0.65AsSe2 (red) and Na0.2K0.8AsSe2 (blue) 
compared with the simulated pattern of Na0.2K0.8AsSe2 obtained from single-crystal XRD. (b) Plot of 
normalized unit cell volume vs composition of Na1-xKxAsSe2. Two distinct structural transitions are 
observed. 

 

Figure 2. A comparison of the different conformations of the 1/∞[AQ2-] chains in the structures of (a) β-
LiAsSe2, (b) γ-NaAsSe2, and (c) Na1-xKxAsSe2. The dotted boxes show the repeating units in the chain of 
each structure. 
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Figure 3. A comparison of the interchain distances of β-LiAsSe2, γ-NaAsSe2, and Na0.2K0.8AsSe2. 
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Figure 4. The interchain distances, which show an increase with increasing K substitution, of (a) 
Na0.5K0.5AsSe2, (b) Na0.35K0.65AsSe2, (c) Na0.2K0.8AsSe2, and (d) Na0.1K0.9AsS2. 
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Figure 5. (a) The unit cell of Na0.5K0.5AsSe2 showing the independent sites of Na (green) and K (purple); 
(b) the chain direction of (1/∞)[AsSe2

–] in Na0.5K0.5AsSe2; (c) the bond lengths of the KSe6 and NaSe6 
octahedra. The Na, K, and Se atoms are denoted in green, purple, and red, respectively.  
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Figure 6. Calculated formation energy differences. β-LiAsSe2 and KAsSe2 are taken as the lowest-energy 
structures.  

 

 

Figure 7. Differential thermal analysis of (a) Na0.2K0.8AsSe2 and (b) Na0.35K0.65AsSe2 showing the melting 
(Tm, endothermic) and crystallizing (Tc, exothermic) points. 
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Figure 8. Calculated (a) band structure and (b) electronic density of states (DOS) of Na0.5K0.5AsSe2, and 
(c) the band structure of KAsSe2 and (d) its electronic density of states. The Fermi level EF is set to the 
conduction band minimum. 
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Figure 9. (a) UV-visible optical absorption spectra of Na0.2K0.8AsSe2, Na0.35K0.65AsSe2, and NaAsSe2; (b) 
evolution of bandgap with composition from β-LiAsSe2 to γ-NaAsSe2 and NaxK1-xAsSe2. 

 

 

Figure 10. Broadband SHG intensity of (a) AgGaSe2, (b) Na0.2K0.8AsSe2, (c) Na0.35K0.65AsSe2, and (d) 
Na0.5K0.5AsSe2 for particle size d = 25 – 53 μm. 
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Figure 11. (a) Powder SHG measurements showing a comparison of the experimental 𝜒𝜒eff
(2)) vs bandgap of 

Na0.2K0.8AsSe2, Na0.35K0.65AsSe2, Na0.5K0.5AsSe2, and Na0.1K0.9AsS2 compared with those of γ-NaAsSe2 

and AgGaSe2. The dashed red curve indicates a theoretical 𝜒𝜒eff
(2) as a function of bandgap (eq. 2).  The 

black line is the guide to the eye, showing minor but noticeable increase in 𝜒𝜒eff
(2) with increasing bandgap 

of the selenides. (b) Logarithmic plots of the SHG counts vs. input intensity at λ = 1580 nm for 

Na0.1K0.9AsS2, Na0.2K0.8AsSe2, and γ-NaAsSe2. The solid red line in each plot corresponds to the square 

power law (eq. 3) for ideal SHG. The red dashed trace is a theoretical fit for each composition accounting 

for the presence of 3PA (eq. 4). 
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