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5 ABSTRACT: Noncentrosymmetric chalcogenides containing
6 stereochemically active lone pair elements, such as As, Sb, and
7 Bi, offer a useful way to tune the band gap and enhance the second
8 harmonic generation (SHG) response. Ba2As2−xSbxQ5,
9 Ba2As2−xBixQ5 (Q = S and Se), and Ba2As2S4.8Se0.2 are new
10 chalcoarsenates that crystallize in the noncentrosymmetric
11 monoclinic space group P21. These five new compounds
12 crystallized with a three-dimensional (3D) Ba2As2Se5-type
13 structure, containing AsQ3 units and [As2Q4]

2− dimeric units.
14 The [As2Q4]

2− dimeric unit can be tuned by replacing As with Sb or Bi and Se with S. In contrast, Ba2As2S5 crystallizes in the
15 orthorhombic space group Pca21. Differential thermal analysis suggested that Ba2As2S5, Ba2As2Se5, Ba2AsSbSe5, and Ba2As1.25Bi0.75Se5
16 melt congruently. The [M2Q4]

2− unit plays a significant role in tuning the band gap of these compounds, decreasing from 2.02 eV in
17 Ba2As2S5 to 1.37 eV in Ba2As1.25Bi0.75Se5. Powder SHG measurements showed all the compounds are essentially phase-matchable at
18 3300 nm. Ba2AsSbSe5 exhibits the highest χ

(2) of 36 pm/V and a laser-induced damage threshold of 0.10 GW/cm2, comparable to
19 that of AgGaQ2. These materials show significantly improved SHG behavior compared to BaGa4Q7 compounds, making them
20 attractive for commercial applications.

1. INTRODUCTION

21 The search for new high-performance infrared (IR) nonlinear
22 optical (NLO) materials has motivated research on metal
23 chalcogenides because of their transparency in the IR region,
24 thereby making them preferable over oxides and halides.
25 Hence, they have applications in civil (e.g., medical devices1

26 and CO2 detection2) and military (e.g., optical counter-
27 measures3) fields. Commercial IR NLO chalcogenide materi-
28 als, such as AgGaS2, AgGaSe2, and ZnGeP2, show high NLO
29 coefficients, phase matchability, and wide band gap trans-
30 parency. However, AgGaQ2 (Q = S and Se) suffers from a poor
31 laser-induced damage threshold (LIDT), while ZnGeP2 suffers
32 from 2-photon absorption (2PA).4−7 The requirements for
33 new practical NLO materials in the IR region are (1) strong
34 SHG response comparable to the benchmark material, AgGaS2,
35 (2) wide transparency in the IR region, (3) high LIDT, (4)
36 phase matchability for good laser output, and (5) congruent
37 melting for large crystal growth. Ideally, the crystals obtained
38 should be environmentally stable.8−10

39 Over the last 15 years, there has been significant progress in
40 the discovery of promising IR NLO materials.7,8,11−16 Special
41 interest has been focused on the BaGa4Q7 and BaGa2GeQ6 (Q
42 = S and Se) systems.17−20 Reviews by Liang et al.21 and Luo et
43 al.7 have discussed the improvement in the crystal quality of
44 these materials over the past decade, which is essential for

t1 45 practical applications. Table 1 shows the experimental SHG

46coefficients and LIDTs observed from these compounds
47compared to other commercially used materials detailed in
48the review by Luo et al.7 Since the SHG responses of these
49compounds are comparable to or below that of AgGaSe2, there
50remains a significant need to search for better materials.
51Alkali (A) and alkaline-earth (AE) metal chalcogen bonds
52are strongly ionic and play an important role in the electronic
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Table 1. Comparison of the Benchmark Materials with
Well-Studied Ba-Containing IR NLO Materials7

compounds
space
group

band gap
(eV)

experimental SHG
response (pm/V)

LIDT
(MW/cm2)

AgGaSe2 I4̅2d 1.8 d36 = 39.5 310
(@10 μm)

ZnGeP2 I4̅2d 2.0 d36 = 75 100
BaGa4S7 Pmn21 3.54 d32 = 5.7 250
BaGa4Se7 Pc 2.64 d11 = 24 550
BaGa2GeS6 R3 3.23 d11 = 26.3 140
BaGa2GeSe6 R3 2.22 d11 = 49 110
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53 structure of solids. The presence of these bonds indirectly plays
54 a role in flattening the band dispersions, thereby increasing the
55 band gap.22,23 Additionally, elements with stereochemically
56 active lone pairs (SALP) from group 15, such as As, Sb, and Bi,
57 form covalent chalcogen bonds with flexible coordination,
58 which can show second-order Jahn−Teller distortion
59 effects.24,25 The combination of A/AE metals with SALP-
60 containing elements provides an attractive chemical space to
61 discover noncentrosymmetric chalcogenides. Yan et al.25 have
62 provided a review of the reported noncentrosymmetric
63 compounds containing group 15 elements. This review
64 suggests that few noncentrosymmetric compounds and even
65 fewer chalcogenides have been reported in the literature. γ-
66 NaAsSe2 has the highest reported SHG response reported to
67 date, which is ∼75 × AgGaSe2. However, it suffers from a
68 phase transition to centrosymmetric δ-NaAsSe2, and it is
69 unstable in air/moisture and is nonphase-matchable in most
70 wavelengths.26,27 Ba23Ga8Sb2S38 is the highest-Sb-containing
71 chalcogenide with an SHG response of ∼22 × AgGaS2 at a
72 small particle size.28 Interestingly, its selenide analogue shows a
73 much weaker response, which is ∼1.7 × AgGaS2.

29 These
74 materials are not phase-matchable. Cs5BiP4Se12 is one of the
75 few Bi-containing chalcogenides with an SHG response of ∼2
76 × AgGaSe2.

30

77 Chen et al.31 studied Ba2As2Q5 compounds and reported
78 experimental powder SHG responses of ∼1 × AgGaS2 for
79 Ba2As2S5 and ∼2.7 × AgGaS2 for Ba2As2Se5. Both compounds
80 were reported to be phase-matchable at 2.05 μm and have a
81 higher LIDT than AgGaS2. Interestingly, the analogous
82 Ba2Sb2Se5 crystallizes in the centrosymmetric space group
83 Pbam.32 Among the Ba2MM′Q5 family of compounds
84 reported, where M and M′ are group 13 and 15 elements,
85 respectively, and Q = S, Se, and Te, only two have
86 experimentally noncentrosymmetric structures: Ba2InBiS5 and
87 Ba2InSbSe5 (Table S1). Both compounds showed weak SHG
88 responses.33,34 Ba2InBiTe5 was theoretically predicted to have
89 a high χ(2) value of 98 pm/V but has yet to be experimentally
90 synthesized.34 All other structures of Ba2MM′Q5 crystallize
91 with the centrosymmetric Ba2FeSbS5 structure containing a
92 cis-1/∞ [MM′Q5]

4− unit.33−37 Table S1 lists all the previously
93 reported Ba2MM′Q5 compounds. Herein, there are no
94 reported structures where M and M′ are different group 15
95 elements. There is only one reported quaternary Cs3As2BiS8
96 compound, which undergoes a phase transition from Pnma to
97 P21/c and a transition to a glass phase.38

98 Driven by the scarcity of the reported structures containing a
99 combination of group 15 elements, we studied the possibility
100 of replacing As with Sb and Bi in Ba2As2Q5. We discovered
101 four new compounds, viz., Ba2As1.25Sb0.75S5, Ba2AsSbSe5,
102 Ba2As1.5Bi0.5S5, and BaAs1.25Bi0.75Se5, all of which crystallized
103 with the Ba2As2Se5 structure. The ternary Ba2As2S5 phase
104 crystallizes in the polar achiral orthorhombic space group
105 Pca21, while Ba2As2Se5 crystallizes in the polar chiral
106 monoclinic space group P21. We also studied the effect of
107 anion mixing and discovered Ba2As2S4.8Se0.2, which crystallizes
108 with the Ba2As2Se5 structure. The [M2Q4]

2− unit present in
109 these compounds is the site where As was replaced with Sb and
110 Bi, and S was replaced with Se. The electronic band structure
111 was affected by the elements in the [M2Q4]

2− unit, which play
112 a critical role in tuning the band gap of these compounds. All
113 the Se compounds melted congruently. Among these
114 compounds, Ba2AsSbSe5 exhibited the highest SHG response
115 at 3300 nm. All samples were phase-matchable at 3300 nm and

116have nominal LIDTs, making them highly attractive materials
117for use in the mid-IR region.

2. EXPERIMENTAL SECTION
1182.1. Starting Materials. All manipulations were performed under
119a dry nitrogen atmosphere in a glovebox. Commercially available BaS
120(Sigma-Aldrich, 99.95%), As (Alfa Aesar, 99.9%), Sb (Fluka, 99.5%),
121Bi (American Elements, 99.999%), S (Alfa Aesar, 99.5%), and Se
122(American Elements, 99.999%) were used as received. BaSe was
123synthesized via the reaction between elemental Ba and Se. The
124detailed synthesis of BaSe is provided in the Supporting Information.
125Warning: Elemental arsenic was weighed in a glovebox. Precautions were
126taken in preparing these samples due to their high toxicity.
1272.2. Synthesis of Ba2AsSbSe5. BaSe (0.499 g; 2.3 mmol), As
128(0.086 g; 1.1 mmol), Sb (0.140 g; 1.1 mmol), and Se (0.273 g; 3.4
129mmol) were loaded in a separate carbon-coated fused-silica tube (13
130mm OD, 11 mm ID). The tube was flame-sealed under vacuum (∼3
131× 10−3 mbar) and inserted in a programmable tube furnace. The
132temperature of the furnace was increased to 800 °C over 10 h, and
133annealing was performed at 800 °C for 24 h, followed by cooling to
134350 °C for 24 h to obtain a polycrystalline product. Grinding the
135 f1sample resulted in a dark (gray) Ba2AsSbSe5 powder. Figure 1 shows

136the X-ray diffraction (PXRD) pattern for the phase-pure experimental
137powders. The pattern obtained for Ba2AsSbSe5 (red) is compared
138with the experimental (blue) and simulated (black) XRD patterns of
139Ba2As2Se5. Figure S1b shows the results of the SEM/EDS analysis
140performed on a single crystal of the as-synthesized Ba2AsSbSe5
141compound.
142Details of the syntheses of BaSe, Ba2As2S5, Ba2As2Se5,
143Ba2As1.25Sb0.25S5, Ba2As1.5Bi0.5S5, and Ba2As2S4.8Se0.2 can be found in
144the Supporting Information (SI). The SEM/EDS analysis performed
145on a single crystal of each compound is shown in Figure S1. The
146experimental PXRD patterns are shown in Figure S2a−c. All the
147compounds were air-stable for more than 6 months.
1482.3. Theoretical SHG Calculations. The density functional
149theory (DFT) calculations were performed using the Perdew−
150Burke−Ernzerhof (PBE) functional. The Vienna Ab Initio Simulation
151Package (VASP) version 5.4.4 was used for structural relaxations and
152total energy comparisons.39 GPAW version 21.6.0 was used for the
153linear and nonlinear optical property calculations.40 Simulation
154preparation and postprocessing were performed with Atomic
155Simulation Environment version 3.22.0.41 Calculations performed
156with VASP employed an electronic convergence criterion of a total
157energy difference of 10−8 eV between the electronic iterations and k-
158point grids densities of 20 000 k-points per reciprocal Å3 or greater.
159Structural relaxations without symmetry constraints were terminated
160when no forces exceeded 0.5 meV/Å. The plane-wave energy and
161augmentation grid cut-offs were 550 and 2200 eV, respectively. The
162structures were resymmetrized to the closest space group and
163rerelaxed to confirm the space group assignments. The included
164VASP pseudopotentials were used. Single-point calculations were
165performed with GPAW before the optical property calculations. The
166electronic solver convergence criterion had no energy eigenvalue

Figure 1. Experimental powder X-ray diffraction of Ba2As2Se5 (blue)
and Ba2AsSbSe5 (red) compared to the simulated X-ray diffraction
pattern of Ba2As2Se5 (black).
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167 changes greater than 10−5 eV between steps. The plane-wave and
168 augmentation grid cutoffs were 600 and 2400 eV, respectively. The k-
169 point grid densities were 60 000 k-points per reciprocal Å3 or greater
170 to ensure the convergence of the optical spectra. The linear optical
171 properties were taken from the long-wavelength limit of the dielectric
172 matrix computed with single-particle and random phase approx-
173 imations. For linear and nonlinear optical calculations, the number of
174 empty bands was increased until the highest empty bands were 20 and
175 15 eV, respectively, above the conduction band minimum. Both linear
176 and nonlinear optical calculations were performed with scissor shifts
177 to compensate for the difference between the DFT fundamental gap
178 and the experimentally measured band gap.
179 2.4. Nonlinear Optical Measurements. Crystalline powders of
180 Ba2AsS5, Ba2As2Se5, Ba2AsSbSe5, Ba2As1.25Sb0.75S5, Ba2As1.5Bi0.5S5,
181 Ba2As1.25Bi0.75Se5, and Ba2As2S4.8Se0.2 were provided for NLO
182 characterization after sieving with sizes < 25, 25−53, 53−75, 75−
183 106, 106−150, and >150 μm to examine the phase-matching (PM)
184 behavior, SHG, LIDT, and 2PA coefficient (β) of the samples. Each
185 sample was flame-sealed in a glass capillary tube to prevent exposure
186 to moisture and air and mounted on a homemade sample holder. The
187 SHG efficiencies of the samples were compared with those of the
188 reference material [AgGaS2 (AgGaSe2)] to estimate χ(2) (LIDT). We
189 could not use AgGaSe2 to characterize χ(2) because it did not exhibit
190 the correct PM properties, as shown in Figure S3.
191 The main SHG measurements were performed at room temper-
192 ature using the input wavelength (λ = 3300 nm) and intensity (0.3
193 GW/cm2). We confirmed that this intensity does not induce any
194 noticeable damage to the samples and references because the input
195 wavelength was sufficiently long to ensure that multiphoton
196 absorption (MPA) is minimal, in which the corresponding MPA
197 order is three or four. Therefore, the MPA effect can be neglected in
198 the χ(2) measurements. Coherent light with a wavelength of 1064 nm
199 was initially produced using an EKSPLA PL-2250 series diode-
200 pumped Nd:YAG laser with a pulse width of 30 ps and a repetition
201 rate of 50 Hz to generate tunable pulses. The Nd:YAG laser pumped
202 an EKSPLA Harmonics Unit (HU) H400, in which the input beam
203 was frequency-tripled to 355 nm using a series of NLO beam mixing.
204 Then, two beams at 355 and 1064 nm entered the EKSPLA PG403-
205 SH-DFG optical parametric oscillator. This oscillator is composed of
206 four main parts: (1) double-pass parametric generator, (2) single-pass
207 parametric amplifier, (3) second harmonic generator (SH), and (4)
208 difference frequency generator (DFG), where the DFG scheme was
209 used to generate the mid-IR (λ = 3300 nm). This wavelength was
210 deliberately selected to ensure that SHG (1650 nm) occurred below
211 the band gap of the samples and references with the same PM
212 behavior. Furthermore, we confirmed that the reported samples were
213 not phase-matchable at λ = 1800 nm (Figure S4). In addition, the
214 LIDT experiment was performed at an excitation wavelength of 1064
215 nm, a typical wavelength for DFG to generate mid-IR light. Since our
216 samples and reference (AgGaSe2) are optically transparent at 1064
217 nm, 2PA is the major mechanism for laser-induced damage. The SHG
218 signal was collected using a reflection geometry. Meanwhile, a fiber-
219 optic bundle coupled to a spectrometer equipped with a CCD camera
220 and an InGaAs-based IR detector was used for the LIDT and SHG
221 measurements, respectively. The data collection time was 30 s. A
222 detailed description of our laser and detection setup can be found
223 elsewhere.42

3. RESULTS AND DISCUSSION

224 3.1. Synthetic Details of Ba2As2Q5, Ba2AsM′Q5,
225 Ba2As2S4.8Se0.2, and BaSe. Pure-phase Ba2As2S5 and
226 Ba2As2Se5 were obtained at 850 and 800 °C, respectively.
227 Attempts to grow large Ba2As2S5 crystals did not result in
228 optical-grade crystals. The synthesis of Ba2As2Se5 over slow
229 cooling resulted in a quartz attack, attributable to the presence
230 of BaO in the sample. During the various iterations of this
231 synthesis, we observed the reactive attack of the silica tube
232 when the Ba-oxidized surface was not carefully removed during

233the synthesis of BaSe. The synthetic details of the BaSe
234preparation are provided in the SI. The five new non-
235centrosymmetric compounds, viz. , Ba2As2S4 .8Se0 .2 ,
236Ba2As1 .25Sb0 .75S5, Ba2AsSbSe5, Ba2As1 .5Bi0 .5S5, and
237Ba2As1.25Bi0.75Se5, crystallized with the Ba2As2Se5-type struc-
238ture (space group: P21). Pure-phase Ba2As2S4.8Se0.2,
239Ba2As1.25Sb0.75S5, Ba2AsSbSe5, and Ba2As1.25Bi0.75Se5 were
240obtained at 850 °C, while pure Ba2As1.5Bi0.5S5 was obtained
241at 950 °C.
2423.2. Structural Description of Ba2As2S5- and
243Ba2As2Se5-Type Structures. Ba2As2S5 crystallizes in the
244polar achiral space group Pca21, whereas Ba2As2Se5 crystallizes
245in the polar chiral space group P21. The crystal structure
246reported by Cordier et al. exhibited cell constants of a =
24717.345(8) Å, b = 9.256(5) Å, and c = 11.946(6) Å in the
248orthorhombic space group Pca21.

43 However, our attempts to
249refine this structure using these lattice parameters were
250unsuccessful. Successful refinement was obtained when the a-
251axis was doubled, i.e., a = 34.599(7) Å, b = 9.218(8) Å, and c =
25211.929(2) Å. The asymmetric unit was composed of 8 Ba
253atoms, 8 As atoms, and 20 S atoms. A comparison of the
254 f2simulated and experimental PXRD data is shown in Figure 2a.

255Figure 2b shows the crystal structure of Ba2As2S5. On the one
256hand, 4 As atoms are three-coordinated, forming an AsS3 unit
257with pyramidal coordination. On the other hand, the other 4
258As atoms form an [As2S4]

2− dimer, where 2 pyramidal AsS3
259units share an edge connected via bridging Sb atoms. The
260terminal S (St) atoms in [As2S4]

2− are trans to each other, and
261the 21 screw axes pass through the center of the As2S4 unit.
262Chen et al.31 have described the structural evolution of
263Ba2As2Q5 from the centrosymmetric Ba2GaAsSe5 structure
264containing a [GaAsSe5]

4− unit composed of a trigonal AsSe3
265unit and a bridging bond with the GaSe4 unit. Replacing Ga
266with As results in mirror symmetry, resulting in [As2Q4]

2− and
267 f3AsQ3 units.

31 Figure 3 shows Ba2As2Se5, which crystallizes in
268the monoclinic space group P21 with cell constants a =
2699.476(2) Å, b = 12.36 (3) Å, c = 10.042(2) Å, and β =
270117.51(3)°. This structure is consistent with that reported by
271Cordier et al.44 Despite the space group difference, both the
272sulfide and the selenide analogues contain the same basic units
273with trigonally coordinated AsQ3 and dimeric [As2Q4]

2− units.
274The Ba atoms are coordinated to 6 Q atoms and connected to
275the adjacent Ba atoms via corner-sharing. Table S2 summarizes
276the bond lengths of the As−Q bonds in both structures. It

Figure 2. (a) Comparison of the experimental powder X-ray
diffraction patterns previously reported (blue) for Ba2As2S5 and
newly simulated X-ray diffraction data (red). The dashed box shows
the peaks missing in the previous data but observed in the
experimental data. (b) Crystal structure of Ba2As2S5 viewed along
the b-axis together with the As−S bond lengths of the AsS3 and
[As2S4]

2− units specified.
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277 shows that the larger Se anion (ionic radius: 1.98 Å) in
278 Ba2As2Se5 has a larger bond length (average bond length: 2.50
279 Å in the [As2Se4]

2− unit, 2.37 Å in the AsSe3 unit) than the S
280 anion (ionic radius: 1.84 Å)45 in Ba2As2S5 (average bond
281 length: 2.40 Å in the [As2S4]

2− unit, 2.24 Å in the AsS3 unit).
282 Table S1 shows all the reported quaternary Ba-containing
283 chalcogenides with compositions of Ba2MM′Q5, where M is
284 from group 13 (Al, Ga, and In) and M′ is from group 15 (As,
285 Sb, and Bi). Most reported structures crystallize in the
286 centrosymmetric space group Pnma with the Ba2FeSbS5
287 structure. In contrast, Ba2InBiS5 and Ba2InSbSe5 crystallize in

288the noncentrosymmetric space group Cmc21 but have very low
289SHG responses.
290We studied the effect of replacing As by the larger sized Sb
291(ionic radius: 0.76 Å) and Bi (ionic radius: 1.03 Å), which
292belong to the same group as As.45 All the structures have 2 As
293atoms and favor the AsQ3 site, while Sb and Bi favor the
294[M2Q4]

2− dimeric unit. Among the compositions, site mixing
295was not observed only in Ba2AsSbSe5. Figure 3 summarizes the
296bond lengths and site occupancies in the [M2Q4]

2− dimeric
297unit for all the compounds. The Ba2AsSbQ5 (Q = S and Se)
298structures have 2 As sites that consist of the AsQ3 unit, while

Figure 3. Crystal structure of Ba2As2Se5 with the As−Se bond lengths of the AsSe3 and the [As2Se4]2− units. The [M2Q4]
2− units observed in all the

new analogues crystallized with the Ba2As2Se5-type structure.

Table 2. Crystal data obtained for Ba2As2S5, Ba2AsSbS5, Ba2As1.5Bi0.5S5, and Ba2As2S4.5Se0.5

empirical formula Ba2As2S5 Ba2 As1.25Sb0.76S5 Ba2As1.5Bi0.5S5 Ba2As2S4.8Se0.2
formula weight 1169.64 621.23 651.85 593.14
temperature 293(2) K
wavelength 0.71073 Å
crystal system orthorhombic monoclinic monoclinic monoclinic
space group Pca21 P21 P21 P21
unit cell dimensions a = 34.567(7) Å, α = 90° a = 9.2211(18) Å, α = 90° a = 9.2316(18) Å, α = 90° a = 9.2442(18) Å, α = 90°

b = 9.2240(8) Å, β = 90° b = 12.057(2) Å,
β = 117.47(3)°

b = 12.074(2) Å, β = 117.60(3)° b = 11.989(2) Å, β = 117.52(3)°

c = 11.920(2) Å, γ = 90° c = 9.844(2) Å, γ = 90° c = 9.818(2) Å, γ = 90° c = 9.797(2) Å, γ = 90°
volume 3800.6(13) Å3 971.0(4) Å3 969.0(4) Å3 963.0(4) Å3

Z 8 4 4 4
density (calculated) 4.088 g/cm3 4.249 g/cm3 4.468 g/cm3 4.091 g/cm3

absorption coefficient 16.166 mm−1 15.306 mm−1 23.196 mm−1 16.583 mm−1

F(000) 3612 1088 1132 1045
crystal size 0.5 × 0.14 × 0.12 mm3 0.014 × 0.012 × 0.01 mm3 0.13 × 0.11 × 0.11 mm3 0.22 × 0.19 × 0.16 mm3

θ range for data
collection

2.075 to 33.33° 2.332 to 33.360° 2.341 to 33.320° 2.344 to 29.998°

index ranges 0 ≤ h ≤ 53, 0 ≤ k ≤ 14,
−18 ≤ l ≤ 18

−14 ≤ h ≤ 14, 0 ≤ k ≤ 17,
−6 ≤ l ≤ 15

−14 ≤ h ≤ 14, −17 ≤ k ≤ 18,
−15 ≤ l ≤ 14

−14 ≤ h ≤ 12, −18 ≤ k ≤ 18,
0 ≤ l ≤ 15

reflections collected 7185 3827 12342 5614
independent
reflections

7185 [Rint = 0.045] 3827 [Rint = 0.0283] 6936 [Rint = 0.0467] 5614 [Rint = 0.0383]

completeness to
θ = 25.242°

96.6% 99.5% 100% 100%

refinement method full-matrix least-squares on F2

data/restraints/
parameters

7185/0/325 3827/1/166 6936/1/164 5614/1/167

goodness-of-fit 1.001 0.810 1.093 0.974
final R indices [I >
2σ(I)]

Robs = 0.0347, wRobs = 0.0684 Robs = 0.0312, wRobs = 0.0532 Robs = 0.0527, wRobs = 0.1388 Robs = 0.0536, wRobs = 0.1101

R indices [all data] Rall = 0.0874, wRall = 0.0722 Rall = 0.0783, wRall = 0.0582 Rall = 0.0728, wRall = 0.1582 Rall = 0.1025, wRall = 0.1256
largest diff. peak and
hole

1.920 and −2.418 e·Å−3 1.832 and −1.767 e·Å−3 3.861 and −4.718 e·Å−3 1.774 and −1.804 e·Å−3
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299 independent Sb and mixed Sb/As sites consist of the AsQ3 unit
300 in Ba2As1.25Sb0.75S5. The Sb−S bond length in the M2S4 unit in
301 Ba2As1.25Sb0.75S5 ranges from 2.50 to 2.53 Å while the Sb−Se
302 bond length in Ba2AsSbSe5 ranges from 2.62 to 2.70 Å. This
303 [Sb2Q4]

2− dimer is a rare motif not observed in other ternary
304 or quaternary Ba−Sb−Q-containing compounds. All such
305 compounds contain an SbQ3 unit, as observed in Ba3Sb2S7,

46,47

306 or an [AlSbSe5]
4− unit, as observed in Ba2AlSbSe5.

37 M and M′
307 in Ba2As2−xBixQ5 have mixed As and Bi sites for both sulfides
308 and the selenides. Ba2As1.5Bi0.5S5 contains two independent As
309 sites and an independent As site bonded to a mixed As/Bi site
310 via a bridging sulfide, forming the AsS3 and M2S4 units,
311 respectively. The average bond lengths in the M2S4 unit clearly
312 suggest the site preference for the bond formation of Bi (As−
313 Sb) with a bond length of 2.42 Å and As/Bi−Sb with a bond
314 length of 2.66 Å. For the selenide analogue, the only
315 composition obtained was Ba2As1.25Bi0.75Se5. Here, the
316 [M2Se4]

2− unit was comprised of a Bi and 50% As/Bi site
317 with the average bond lengths for the As−Se and (As/Bi)−Se
318 bonds being 2.67 and 2.80 Å, respectively.
319 As mentioned above, Ba2As2S5 crystallizes in the Pca21 space
320 group, whereas Ba2As2Se5 crystallizes in the P21 space group.
321 We investigated the effect of replacing S with the larger Se on
322 the Ba2As2S5 structure. We found that 4% Se substitution
323 results in a Ba2As2Se5 structure with a formula of
324 Ba2As2S4.8Se0.2. Similar to Ba2AsSbQ5 and Ba2As2−xBixQ5, site
325 mixing was only observed in the [As2Q4]

2− unit, as shown in
326 Figure 3. Substitution is preferred at the terminal As−Q bond
327 rather than the bridging As−S bond. The bond length was 2.38
328 Å on the mixed S/Se site and 2.34 Å on the S site. This tuning
329 of the [As2Q4]

2− dimer unit offers insight into the versatility of
t2t3 330 the chemical substitution. Tables 2 and 3 summarize the

331 crystallographic details of the seven compounds studied. The
332 atomic coordinates, detailed atomic displacement values, and
333 bond lengths are listed in Tables S3−23.

3343.3. Differential Thermal Analysis (DTA). DTA of the
335Ba2As2Q5, Ba2AsSbQ5, and Ba2As1−xBixQ5 compounds suggests
336that Ba2As2S5, Ba2As2Se5, Ba2AsSbSe5, and Ba2As1.25Bi0.75Se5
337melt congruently. The as-synthesized samples were confirmed
338to melt congruently upon reheating in a tube furnace under the
339same reaction conditions. Ba2As2S5 (Tm = 688 °C, Tc = 607
340 f4°C; Figure 4a) is the only sulfide in its family that melts

341congruently. All selenides melt congruently, where the melting
342and crystallization temperatures of the selenides increase from
343Ba2As2Se5 (Tm = 722 °C, Tc = 703 °C; Figure 4b) to
344Ba2AsSbSe5 (Tm = 773 °C, Tc = 751 °C; Figure 4c) to
345Ba2As1.25Bi0.75Se5 (Tm = 781 °C, Tc = 759 °C, Figure 4d). A
346comparison of the PXRD patterns before and after DTA are

Table 3. Crystal Data Obtained for Ba2As2Se5, Ba2AsSbSe5, and Ba2As1.25Bi0.75Se5 at 293 K

empirical formula Ba2As2Se5 Ba2AsSbSe5 Ba2As1.25 Bi0.75Se5
formula weight 819.32 866.15 922.21
wavelength 0.71073 Å
crystal system monoclinic
space group P21
unit cell dimensions a = 9.4762(19) Å, α = 90° a = 9.5201(19) Å, α = 90° a = 9.5468(19) Å, α = 90°

b = 12.360(3) Å, β = 117.51(3)° b = 12.522(3) Å, β = 117.45(3)° b = 12.551(3) Å, β = 117.56(3)°
c = 10.042(2) Å, γ = 90° c = 10.227(2) Å, γ = 90° c = 10.254(2) Å, γ = 90°

volume 1043.1(4) Å3 1081.9(5) Å3 1089.2(5) Å3

Z 4
density (calculated) 5.217 g/cm3 5.317 g/cm3 5.624 g/cm3

absorption coefficient 31.171 mm−1 29.462 mm−1 39.881 mm−1

F(000) 1392 1464 1546
crystal size 0.022 × 0.018 × 0.010 mm3 0.018 × 0.014 × 0.010 mm3 0.012 × 0.012 × 0.008 mm3

θ range for data collection 2.287 to 33.372° 2.244 to 33.322° 2.240 to 33.435°
index ranges −14 ≤ h ≤ 12, −19 ≤ k ≤ 19, 0 ≤ l ≤ 15 −13 ≤ h ≤ 14, −19 ≤ k ≤ 19, −15 ≤ l ≤ 15 −13 ≤ h ≤ 14, −19 ≤ k ≤ 19, −15 ≤ l ≤ 15
reflections collected 8013 15415 13521
independent reflections 8013 [Rint = 0.0321] 8297 [Rint = 0.0623] 8322 [Rint = 0.0406]
completeness to
θ = 25.242°

99.9% 99.9% 100%

refinement method full-matrix least-squares on F2

data/restraints/parameters 8013/1/164 8297/1/164 8322/1/165
goodness-of-fit 0.977 0.903 1.080
final R indices [I > 2σ(I)] Robs = 0.0485, wRobs = 0.1156 Robs = 0.0430, wRobs = 0.0700 Robs = 0.0532, wRobs = 0.1312
R indices [all data] Rall = 0.0727, wRall = 0.1278 Rall = 0.1067, wRall = 0.0821 Rall = 0.0705, wRall = 0.1475
largest diff. peak and hole 2.363 and −3.508 e·Å−3 1.863 and −2.375 e·Å−3 2.649 and −3.661 e·Å−3

Figure 4. Differential thermal analysis measurements on the
congruent melting of (a) Ba2As2S5, (b) Ba2As2Se5, (c) Ba2AsSbSe5,
and (d) Ba2As1.25Bi0.75Se5.
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347 shown in Figure S5. For Ba2AsSbSe5, we see a possible phase
348 transition occurring in both the heating (682 °C) and the
349 cooling (665 °C) curves, but as can be seen in Figure S5d, the
350 PXRD after DTA compares well with the PXRD before DTA.
351 The melting points of all the compounds were lower than
352 those of BaGa4S7 (Tm = 1090 °C), BaGa4Se7 (Tm = 1020 °C),
353 BaGa2GeS6 (908 °C), and BaGa2GeSe6 (Tm = 880 °C), four
354 families of Ba-containing chalcogenides that have been
355 targeted as promising NLO materials.7 Ba2As2S4.8Se0.2 (Figure
356 S6), Ba2As1.25Sb0.75S5 (Figure S7), and Ba2As1.5Bi0.5S5 (Figure
357 S8) were found to melt incongruently as confirmed by the
358 PXRD data obtained after DTA and more than one thermal
359 event in the cooling cycle of the experiment.
360 3.4. Theoretical and Experimental Optical Properties
361 Highlighting the Role of the [M2Q4]

2− Unit. Chen et al.31

362 suggested that As−Q interactions from the AsQ3 and As2Q4

363 units play an important role in the band gap of Ba2As2S5 and
f5 364 Ba2As2Se5. Figure 5 compares the band structures of

365 Ba2AsSbQ5 (Q = S and Se) and isostructural Ba2As2Se5. The
366 valence band (VB) was dominated by the Se p states (red
367 curve), and the conduction band (CB) was dominated by the
368 As p states, with a smaller contribution from the Se p states in
369 Ba2As2Se5 (Figure 5b). The VB of Ba2AsSbQ5 (Q = S and Se)
370 was dominated mainly by the Q s states, while the CB has
371 contributions from the Sb s state and Q p states (Figure 5d,f).
372 To simplify our calculations, we performed ab initio
373 calculations on Ba2AsSbS5 instead of Ba2As1.25Sb0.75S5. The

374calculated band gaps for Ba2As1.25Sb0.75S5, Ba2As2Se5, and
375Ba2AsSbSe5 were 1.2, 1.0, and 0.8 eV, respectively. The
376contribution of the As and Sb s states in the CB clearly
377indicates that the M2Q4 unit plays a significant role in tuning
378the band gap of these compounds. The band structures of
379Ba2As1.25Sb0.75S5, Ba2As2Se5, and Ba2AsSbSe5, shown in Figure
3805a,c,e, indicate that they have an indirect band gap with the
381valence band maximum (VBM) at Γ and conduction band
382minima (CBM) located at C2, E, and C2, respectively. For
383Ba2As2Se5, the VBM was near Γ between Γ and B, while the
384CBM was at E. Ba2As2S5 was found to be a direct band gap
385material with the VBM and CBM at Γ (Figure S9). The
386theoretical band gap for Ba2As2S5 was found to be 1.45 eV,
387while the experimental optical band gap was found to be 2.02
388eV. We expect a band structure when M = Bi similar to that of
389Ba2AsSbQ5 and expect a contribution from the Bi s states in
390the CB.
391The experimental optical band gap measurements performed
392on ternary Ba2As2Se5 and isostructural quaternary
393Ba2As1 .25As0 .75S5, Ba2AsSbSe5, Ba2As1 .5Bi0 .5S5, and
394Ba2As1.25Bi0.75Se5 showed a decreased band gap when As was
395replaced by Sb and Bi in the M2Q4 unit for both the sulfides
396 f6and the selenides (Figure 6a,b). This corroborates with the
397theoretical calculations that the M2Q4 unit plays an important
398role in tuning the band gap of compounds with this type of
399structure. The calculated band gaps were underestimated
400owing to the use of semilocal exchange-correlation functionals.

Figure 5. Band structures and density of states (DOS) obtained from the DFT calculations of (a, b) Ba2As1.25Sb0.75S5, (c, d) Ba2As2Se5, and (e, f)
Ba2AsSbSe5, respectively.
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401 Figure 6c showing the plot of volume versus band gap confirms
402 this trend: from 2.02 eV in Ba2As2S5 to 1.62 eV in
403 Ba2As1.5Bi0.5S5 and 1.45 eV in Ba2As2Se5 to 1.37 eV in
404 Ba2As1.25Bi0.75Se5. Figure 6c shows an inverse relation between
405 the change in volume to the change in the band gap among the
406 sulfides and the selenides. The change in the band gap among
407 the selenides was much less than that of the sulfides, which
408 suggests that the former band gap is much less influenced by
409 Sb and Bi. The black point in the figure shows that the band
410 gap of Ba2As2S4.8Se0.2 (1.92 eV) falls between the band gaps of
411 Ba2As2S5 (2.02 eV) and Ba2As2Se5 (1.45 eV). All the
412 compounds were transparent up to 16 μm, making these
413 materials attractive for practical applications in the mid-IR
414 region (Figure S10a−f).
415 3.5. PM among the Ba2As2Q5 and Ba2AsMQ5
416 Compounds (M = Sb and Bi; Q = S and Se). The SHG
417 response of the samples was investigated for the PM behavior
418 at 1800 nm, which is actually the PM onset wavelength for
419 AgGaS2. However, we found that all the compounds were not
420 phase-matchable at this wavelength, as evident from the
421 decreasing SHG counts observed upon increasing the particle
422 size (Figure S4). When compared with the selenide analogues,
423 which show a quick drop in the SHG counts upon increasing
424 the particle size, the sulfides exhibit a slower drop or a larger
425 coherence length, as shown in Figure S4a−f, attributable to the
426 effect of the larger band gaps of the sulfides. For example, the
427 PM onset wavelength for AgGaS2 is 1800 nm, whereas
428 AgGaSe2 has a smaller band gap of 3100 nm.48

f7 429 Figure 7a−c shows the SHG counts of the reference AgGaS2
430 sample compared to those of Ba2As2Q5, Ba2As2S4.8Se0.2,
431 Ba2AsSbQ5, and Ba2As2−xBixQ5 plotted as a function of particle
432 size at λ = 3300 nm. We found that all the compounds were
433 essentially phase-matchable at 3300 nm. Although the
434 maximum SHGs of Ba2As2Se5 (light gray), Ba2As1.25Bi0.75Se5
435 (light blue), and Ba2As2S4.8Se0.2 (black) do not occur at the
436 largest particle size, we can clearly see a transition from a non-
437 PM to a PM behavior when directly comparing the
438 corresponding particle size data at λ = 1800 nm (Figure S4).
439 Therefore, we believe these compounds will exhibit enhanced
440 PM behavior at higher wavelengths. We cannot rule out the
441 possibility that the slight drop in the SHG counts at the largest

442particle size for these compounds may have resulted from
443defects and/or inhomogeneity of the samples.
4443.6. Nonlinear Susceptibility Measurements at 3300
445nm. The second-order susceptibility of each sample (χS

(2)) was
446calculated with comparison to AgGaS2 using the Kurtz powder
447method42,49 for the PM case.

χ χ=
i

k
jjjjj

y

{
zzzzz

I
IS R
S
SHG

R
SHG

(2) (2)
1/2

448(1)

449where IS
SHG and IR

SHG are the experimentally measured SHG
450counts from the test sample and reference, respectively. Using
451χR

(2) ∼ 30.5 pm/V for AgGaS2,
42 our calculation yields

452χsef f
(2)(Ba2As2Se5) ∼ 31 ± 3 pm/V, χsef f

(2)(Ba2As2S5) ∼ 8 ± 1
453pm/V , χ s e f f

( 2 ) ( B a 2A s SbS e 5 ) ∼ 36 ± 5 pm/V ,
454χsef f

(2)(Ba2As1.25Sb0.75S5) ∼ 18 ± 2 pm/V, χsef f
(2)(Ba2As1.5Bi0.5S5)

455∼ 23 ± 2 pm/V, χsef f
(2)(Ba2As1.25Bi0.75Se5) ∼ 29 ± 2 pm/V, and

456χsef f
(2)(Ba2As2S4.8Se0.2) ∼ 23 ± 1 pm/V at 3300 nm. The

457theoretical values obtained for Ba2As2Se5 at 2050 nm showed
458the highest tensor component to be d14 = 53.6 pm/V, as
459reported by Chen et al.31 All the compounds belonged to the
460two-point group with four independent nonzero d moduli
461 t4under Kleinman symmetry (d14, d16, d22, and d23). Table 4
462shows the calculated d14 for Ba2As1.25Sb0.75S5 = 11.8 pm/V and
463Ba2AsSbSe5 = 23.1 pm/V. These values were comparable to
464the experimentally obtained values.
465The linear optical responses for a monoclinic anisotropic
466system can be obtained using the following equation, ñ = n +
467ik, where n is the refractive index and k is the extinction
468coefficient. The extinction coefficient increases once the
469 f8photon energy exceeds the band gap, as shown in Figure 8.
470The theoretical birefringence (Δn) of Ba2As1.25Sb0.75S5 and
471Ba2AsSbSe5 was 0.10, as shown in Figure 8. Both compounds
472show a crossover of nx and ny/nz near 3300 nm, strongly
473supporting the experimental results that these materials exhibit
474PM behavior at 3300 nm.
475We plotted the χ(2) values observed for the samples and the
476reference compounds, AgGaS2 and AsGaSe2, versus the band
477gap energy (Eg) in Figure 7d on a log−log scale to assess
478second-order nonlinearity as a function of band gap. The red
479dashed traces represent the band gap dependence of χ(2) for
480the samples and references, which is given by50

Figure 6. Diffuse reflectance data obtained for (a) Ba2As2S5,
Ba2As2S4.8Se0.2, Ba2As1.25Sb0.75S5, and Ba2As1.5Bi0.5S5 and (b)
Ba2As2Se5, Ba2AsSbSe5, and Ba2As1.25Bi0.75Se5. (c) Comparison of
the band gap (eV) of all the reported compounds with their respective
cell volumes (Å3). The yellow highlighted compounds correspond to
sulfides, while the red highlighted compounds correspond to
selenides, where the common metal element, Ba, was omitted for
convenience.

Figure 7. (a, b, c) Phase-matching behavior of all the compounds
observed at 3300 nm. Each colored curve is an empirical fit to the data
for a guide to the eye. (d) Comparison of the experimentally obtained
χ(2) versus energy band gap (eV) for our samples and AgGaQ2 with
slightly different scaling factors that can be different from our samples
to the benchmark ternary compounds.
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χ = a E/ g
(2) 3/2

481 (2)

482 where a is a scaling parameter to fit our results for Ba2MM′Q5

483 (a = 61), AgGaS2, and AgGaSe2 (a = 155). Our results indicate
484 that this simple band gap dependence can be employed to
485 predict the χ(2) value within the same crystal system but may
486 differ from one material class to another in accordance with the
487 crystal structure, joint density of states, SHG dipole moments,
488 etc. For example, the χ(2) values observed for ternary diamond-
489 like semiconductors such as AgGaQ2 (Q = S and Se) can be
490 solely explained by their band gap. Likewise, the χ(2) values
491 observed for the seven chalcoarsenates prepared in our study
492 were reasonably explained by their corresponding band gap
493 values with a single scaling parameter (a = 61), in eq 2.
494 3.7. Laser-Induced Damage Threshold (LIDT) Meas-
495 urements at 1064 nm. The SHG counts at a powder
496 diameter (d) in the range of 106−125 μm were measured as a
497 function of input intensity at 1064 nm to assess the LIDT of

f9 498 the samples and reference (AgGaS2) (Figure 9a−h). Since the
499 band gap of AgGaS2 is quite large (2.6 eV) compared to those
500 of the samples, optical damage at this wavelength will occur via
501 three-photon absorption (3PA). Therefore, we deliberately
502 selected AgGaSe2 as the reference, which has a similar band
503 gap (1.8 eV) as the title compounds, which will undergo 2PA
504 at 1064 nm (1.2 eV). The SHG counts proportional to the
505 SHG intensity (ISHG) were fitted using

β
=

+
i
k
jjjj

y
{
zzzzI b

I
dI1SHG

2

506 (3)

507where I is the fundamental intensity, β is the 2PA coefficient,
508and b is a proportionality constant that incorporates χ(2).51 The
509experimentally determined β values are tabulated in Table S26,
510together with other key NLO parameters. Because 2PA is the
511seed mechanism for optical damage, we estimated LIDT as the
512intensity at which eq 3 deviates from the black dashed line
513corresponding to no 2PA in Figure 9. Accordingly, the LIDTs
514of AgGaSe2, Ba2As2Se5, Ba2As2S5, Ba2AsSbSe5, Ba2AsSbS5,
515Ba2As1.5Bi0.5S5, Ba2As1.25Bi0.75Se5, and Ba2As2S4.8S0.2 were 0.24
516± 0.02, 0.10 ± 0.02, 0.71 ± 0.07, 0.10 ± 0.02, 0.53 ± 0.05,
5170.69 ± 0.07, 0.10 ± 0.02, and 0.72 ± 0.07 GW/cm2,
518respectively.

Table 4. Summary of All Reported Non-centrosymmetric Ba2AsM′Q5 Compounds (M′ = As, Sb, and Bi; Q = S and Se)

compound space group volume (Å3) band gap (eV) dij (pm/V) χ(2) (pm/V) (3.3 μm) LIDT GW/cm2 (1.064 μm) Tm (°C) Tc (°C)

Ba2As2S5 Pca21 3805.3 2.02 d33 = 9.9 8 ± 1 0.71 ± 0.07 688 607
Ba2As2S4.8Se0.2 P21 963 1.92 not calculated 23 ± 1 0.72 ± 0.07 696 N/A
Ba2As1.25Sb0.75S5 P21 971 1.82 d14: 11.91 18 ± 2 0.53 ± 0.05 727 N/A
Ba2As1.5Bi0.5S5 P21 969.8 1.57 not calculated 23 ± 2 0.69 ± 0.07 758 N/A
Ba2As2Se5 P21 1043.1 1.45 d14: 53.60 31 ± 3 <0.1 722 703
Ba2AsSbSe5 P21 1082 1.43 d14: 23.10 36 ± 5 <0.1 773 751
Ba2As1.25Bi0.75Se5 P21 1089.2 1.37 not calculated 29 ± 2 <0.1 781 759

Figure 8. Theoretical dispersion curves obtained for the refractive
indices of (a) Ba2As1.25Sb0.75S5 and (b) Ba2AsSbSe5. The solid traces
correspond to the refractive index (n) along the x-direction (blue)
and y, z-directions (purple), and the dashed traces correspond to the
imaginary part of the dielectric function, which is the extinction
coefficient (k).

Figure 9. Log−log plots of the SHG counts versus input intensity
(Iinput = 0.1−10 GW/cm2) obtained for (a) AgGaSe2, (b) Ba2As2S5,
(c) Ba2As2Se5, (d) Ba2AsS4.8Se0.2, (e) Ba2As1.5Bi0.5S5, (f)
Ba2As1.25Bi0.75Se5 (g) Ba2As1.25Sb0.75S5, and (h) Ba2AsSbSe5, respec-
tively, at λ = 1064 nm. The red curve in each plot indicates the best fit
using eq 3. The black dashed line corresponds to the case for β = 0.
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519 Finally, we used the two-band model, which theoretically
520 predicts β(ω), to verify the band gap dependence of β:52
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522 where K is the Kane parameter, Ep ∼ 21 eV is nearly the
523 material-independent energy accounting for the dipole matrix
524 element for typical direct-gap semiconductors, n0 is the
525 refractive index, and F2(x) is the 2PA dispersion function,
526 which is given by

= −
F x

x
x

( )
(2 1)

(2 )2

3/2

5
527 (5)

528 In eq 4, we used the Moss expression50 to relate the band
529 gap and the refractive index to eliminate the n0 dependence.
530 To capture the band gap dependence for both the samples and
531 the references, we plotted the dimensionless 2PA coefficients
532 as a function of the band gap in Figure S11 on a log−log scale.
533 The dashed line corresponds to eq 4 plotted to show a
534 theoretical β(Eg), where we used K of 4624, an acceptable
535 value depending on the Hamiltonian model calculations.53

536 Therefore, our experimental β values were well explained by
537 the band gap energy, a direct consequence of derivatization.
538 The NLO results are summarized in Table 4 for direct
539 comparison. We believe that the title compounds are
540 promising for beam mixing applications in the mid-IR region.
541 Their possible potential is because of their PM behavior with
542 comparable χ(2) values and LIDT, comparable with the
543 benchmark IR NLO materials, AgGaSe2 and AgGaS2. Since
544 the NLO properties of the title compounds are well explained
545 by band gap dependence, further derivatization may be
546 employed to maximize the χ(2) value or LIDT for their
547 individual use but not simultaneously because of the opposite
548 dependence on Eg.

4. CONCLUSIONS
549 Ba2As1 .25Sb0 .75S5, Ba2AsSbSe5, Ba2As1 .5Bi0 .5S5, and
550 Ba2As1.25Bi0.75Se5 adopted a Ba2As2Se5 structure and featured
551 polar structures. Ba2As2S5 crystallizes in the orthorhombic
552 space group (Pca21), whereas Ba2As2Se5 crystallizes in the
553 monoclinic space group (P21). The effect of anion (Q)
554 substitution, with just 4% Se, resulted in a new mixed-anion
555 compound, Ba2As2S4.8Se0.2, which crystallizes in the Ba2As2Se5
556 structure. These compounds are composed of AsQ3 trigonal
557 pyramidal units. The main units of substitution are the
558 molecular M2Q4 anion, where M = As/Sb in Ba2As2−xSbxQ5
559 and M = As/Bi in Ba2As2−xBixQ5, and the terminal M−Q bond
560 in Ba2As2S4.8Se0.2. All compounds were phase-matchable at
561 3300 nm, which was confirmed using ab initio calculations.
562 Ba2AsSbSe5 exhibited the highest experimental χ(2) value of 36
563 ± 5 pm/V among the selenides, while Ba2As1.5Bi0.5S5 exhibited
564 the highest experimental χ(2) value of 23 ± 1 pm/V among the
565 sulfides. The sulfides have a high LIDT (Ba2As2S5, 0.71 ± 0.07
566 GW/cm2, 1064 nm), while all the selenides have lower LIDTs
567 of 0.10 ± 0.02 GW/cm2 at 1064 nm. The selenide compounds
568 melt congruently, which is necessary for growing large crystals
569 of these compounds using melt processing. These compounds
570 have higher SHG and LIDT responses than those observed for
571 the BaGa4Q7 family of compounds, making them highly
572 attractive for further development as IR NLO materials.
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