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β-BaB2O4,[14] and LiNbO3
[15] have been 

employed for generating light in the vis-
ible regime, they are not suitable for the 
infrared region because of their lower con-
version efficiencies and infrared absorp-
tion past 4.5–5 µm wavelength. Although 
there are several new highly promising 
materials emerging from various research 
laboratories,[16–18] currently only a few 
infrared NLO materials are commercially 
available such as AgGaS2,

[19] AgGaSe2,
[20–22] 

and ZnGeP2.[23] A central goal of the laser 
materials community is to develop new 
NLO crystals to complement and improve 
upon the current commercial crystals. 
This is by no means an easy task, since 
there are many competing demands on 
NLO crystals: high nonlinear coefficients, 
large transparency range, and hence, a 

large bandgap (which unfortunately scales inversely with non-
linear coefficients), low optical absorption coefficient, phase 
matchability of the NLO process for high efficiency conversion, 
the ability to grow large, high quality single crystals, and high 
laser damage threshold among others.[6,17,18,24]

Metal chalcogenides have attracted attention owing to their 
excellent optical properties arising from their more polariz-
able electron cloud and weaker interatomic bonds compared 
to oxides.[6,7] Among the promising infrared NLO mate-
rials, γ-NaAsSe2 (Figure  1a; Figure S1, Supporting Informa-
tion) exhibits several attractive properties. Its bandgap value 
of ~1.87 eV  is comparable with that of AgGaSe2 (1.80eV),[25] 
but the averaged SHG response is much greater than that of 
AgGaSe2, characterized using the Kurtz–Perry powder tech-
nique.[26,27] Although this technique can quickly evaluate a 
potentially promising material, for practical applications, it 
is necessary to determine the complete anisotropic linear 
and nonlinear optical property tensors, which are accessible 
only in high-quality single crystals. The complete linear and 
nonlinear optical susceptibility tensors of γ-NaAsSe2 have 
remained unknown since it was first grown in 2009, and only 
the bandgap and powder SHG were characterized.[27] Theoret-
ical calculations on γ-NaAsSe2 suggested a χ(2) = 324.6 pm V−1 
suggesting that this compound has the highest SHG response 
for materials with bandgaps greater than 1.5 eV.[28] One of the 
challenges in the synthesis of the γ-NaAsSe2 is that it under-
goes a phase transition very close to the melting point ~450 °C 
to the centrosymmetric δ-NaAsSe2 upon reheating (Figure S2, 
Supporting Information). In this study, we have successfully 
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1. Introduction

The past decade has seen considerable interest in new non-
linear optical (NLO) crystals for infrared laser applications.[1–7] 
NLO crystals can combine or split photons to generate new 
colors starting from a given laser line.[8,9] They are thus used 
to produce coherent laser radiation over a broad spectral range 
from the ultraviolet to 15–20 µm and beyond, which is of great 
importance in many technologies, such as in medical sur-
gery,[10] environmental monitoring,[11] and imaging devices.[12] 
Though many NLO materials such as KTiOPO4 (KTP),[13] 
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overcome this problem to grow large enough γ-NaAsSe2 single 
crystals for the first time in order to fully characterize their ani-
sotropic linear and NLO properties, something that was not 
possible earlier with crystals that were too tiny.[27] Single crys-
tals of γ-NaAsSe2 exhibit a giant second harmonic generation 
(SHG) susceptibility of d11 = 590 pm V−1 at 2 µm, as compared 
to 33 pm V−1 for AgGaSe2 while retaining a similar bandgap 
of ~1.87 eV.[29] This makes it an outstanding candidate for 
exploring superior quasi-phase-matched devices. Using linear 
and nonlinear optical characterization combined with density 
functional theory, we determine that γ-NaAsSe2 is both Type I 
and Type II phase-matchable. These outstanding properties 
suggest that γ-NaAsSe2 could be a promising bulk NLO crystal 
for next-generation infrared laser applications.

2. Results and Discussion
γ-NaAsSe2 crystallizes in the non-centrosymmetric monoclinic 
space group Pc and exhibits 1D infinite [AsSe2]¯chains con-
nected via AsSe3 units along the a-axis. For the first time, single 
crystals of γ-NaAsSe2 were successfully grown using traditional 
solid-state reaction by melting the starting materials with sizes 
larger than 1mm2 in dimensions, details of which can be found 
in the Experimental Section. Single crystal X-ray diffraction 
(XRD) was performed for structural determination and detailed 
crystallographic data and the atomic coordinates are shown in 
Tables S1 and S2, Supporting Information. Successful synthesis 
of the γ-NaAsSe2 phase was also possible by the Bridgeman 

method at very slow translation speeds (0.5 mm h−1), see the 
Supporting Information. Since the undesirable δ-NaAsSe2 
phase is only obtained upon remelting the γ-NaAsSe2, single 
crystals of the γ-NaAsSe2 phase were obtained either by the 
Bridgeman method or by the traditional solid-state reaction by 
melting the starting materials (cooling rate of 1.25 °C h−1, see 
Experimental Section). The obtained ingot and crystals from 
both methods are shown in Figure S1, Supporting Information. 
γ-NaAsSe2 phase purity was confirmed by using powder XRD 
data (Figure S3, Supporting Information). The cleaved single 
crystal obtained from the ingot was then studied by powder 
XRD by aligning the crystal in the direction of the x-ray without 
polishing. The full-width at half maximum (FWHM) of the (0 0 
4) Bragg reflection was 0.13643 (6) degrees (Figure 1b). Attempts 
to grow larger high quality crystals for practical applications are 
currently underway.

Since the bandgap strongly limits both the laser damage 
threshold (LDT) and the SHG response of a material,[24,30] we 
characterized the optical transitions of γ-NaAsSe2 using optical 
diffuse reflectance measurements converted to absorption data 
using the Kubelka–Munk equation.[31] The electronic band 
structure calculations on γ-NaAsSe2 indicated a direct bandgap 
which is consistent with the optical absorption spectra which 
shows a value of 1.87 eV, as seen in Figure 1c. The spectra were 
derived by using the Kubelka–Munk function (α/S)2  versus 
energy for direct bandgap and (α/S)1/2 versus energy for the 
indirect bandgap (Figure S4, Supporting Information).[31–33] The 
upper wavelength limit of the transparency range of γ-NaAsSe2 
was determined by Fourier–transform infrared (FTIR) 
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Figure 1. a) Crystal structure of γ-NaAsSe2 viewed along the b-axis. b) (0 0 4) Bragg reflection peak fitted with a Gaussian function. c) Tauc plot of 
γ-NaAsSe2 showing the direct bandgap of 1.87 eV. d) Band structure of γ-NaAsSe2 with total DOS and PDOS of As and Se.
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spectroscopy . As shown in Figure S5, Supporting Information, 
the FTIR spectrum reveals that γ-NaAsSe2 has no significant 
absorption up to at least 16 µm or 600 cm−1, and therefore the 
wavelength transparency range of γ-NaAsSe2 is 0.71 to at least 
16 µm. Beyond 16 µm, the signal to noise ratio of the FTIR 
measurement did not allow us to determine the transparency. 
Theoretical prediction confirms the large transparency range as 
seen in Figure S6, Supporting Information.

To understand the electronic structure of γ-NaAsSe2, we per-
formed density functional theory (DFT) calculations using the 
PBE functional.[34] The electronic band structure of γ-NaAsSe2 
reveals relatively flat valence bands and a direct bandgap at the 
C2 point of 1.18  eV, which is consistent with the well-known 
underestimation of band gaps by semi-local exchange-correla-
tion functionals (Figure  1d). Atom-projected density of states 
(PDOS) indicate that the valence band comprises almost exclu-
sively selenium p states with small contributions from arsenic 
s and p states near the valence band maximum which indicates 
partial ionicity. The mix of s and p arsenic states and the trig-
onal pyramidal coordination of the arsenic atoms with the three 
neighboring selenium atoms suggests that the covalency of the 
upper valence states is between the arsenic sp3 orbitals and the 
selenium p states. Lower in the valence band, the arsenic con-
tributes more proportionally to the total DOS.

We next investigated the linear optical properties of 
γ-NaAsSe2. For a monoclinic system, there are three different 
coordinate systems that do not coincide with one another: crys-
tallographic coordinates (a, b, c), crystal physics coordinates (Z1, 
Z2, Z3), and principal eigen coordinates (Z1

e, Z2
e, Z3

e). The crys-
tallographic coordinates are defined as a//[100], b//[010], and c//
[001]; The crystal physics coordinates are defined as Z2//[010], 
Z3//[001], and Z1//Z2 × Z3. In the principal Eigen coordinates, 
Z2

e coincides with the b axis and the Z2; the other two eigen 
axes are obtained by rotating the crystal physics axes about Z2

e 
such that the dielectric tensor is diagonalized; α denotes the 
angle between Z3 and Z3

e, and it varies with wavelength. To 
study the linear optical properties of γ-NaAsSe2, spectroscopic 
ellipsometry was used to obtain the complex refractive indices 
from 0.2 to 1 µm on three different orientations of the crystal. 
The ellipsometry spectra from all three sample orientations 

were fitted simultaneously to extract the complex refractive 
indices. DFT calculations were also performed to understand 
how the electronic structure produces the derived linear optical 
properties.

The measured and calculated refractive indices are shown 
in Figure  2. The anisotropic refractive index is defined as, 
n n ik� = + . In the monoclinic system, the complex refractive 
indices have off-diagonal terms when expressed in the crystal 
physics coordinate. The dielectric tensor in this coordinate 
system (Z1, Z2, Z3) is given by:
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The n and k values shown in Figure 2 exhibit excellent quali-
tative agreement and a reasonable quantitative agreement that 
is typically considered acceptable in such comparisons, consid-
ering that DFT is not an excited state theory. For example, in 
both experiments and the DFT, we find a larger index in the 
[100] direction than in any other direction. We also find that 
the value of the off-diagonal element n�13 is very small and does 
not affect the fitting of other elements significantly. This can 
be attributed to the fact that the unit cell angle β is nearly 90°. 
In other words, the crystal physics axes and the principal eigen 
axes almost align with each other, and the crystal is practically 
optically orthorhombic. To confirm this hypothesis, the crystal 
was investigated with a polarizing microscope, similar to the 
method reported by Haertle et  al.[35] The crystal was rotated 
about its [010] axis from the [001] axis until the measured inten-
sity was minimal between a pair of cross polarizers. This angle, 
α, is the rotation angle between the crystal physics axis, Z3 and 
the principal eigen axis, Z3

e. From these measurements, it was 
found that |α| ≤ 1.15°.

Since the NLO properties of interest are at energies below 
the bandgap, the refractive indices from 0.7 to 1 µm were fitted 

to the Cauchy equation n A
B C D
λ λ λ

= + + +2 4 6  and extrapolated 

to 2 µm, assuming the dispersion of n is small at lower ener-
gies. The parameters of the Cauchy equations are shown in 
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Figure 2. a) Three-coordinate systems for monoclinic materials. b) The experimental and calculated complex refractive indices of γ-NaAsSe2 in the 
visible range. The blue and red curves are n and k, respectively.
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Table 1. These values were used for obtaining the second order 
NLO coefficients.

We next probe the second order nonlinear optical suscep-
tibility of γ-NaAsSe2. In the process of second harmonic gen-
eration (SHG), two photons of frequency ω combine to form 
one photon of frequency 2ω (ω + ω = 2ω) through a nonlinear 
optical medium. The relationship between the nonlinear polari-
zation and the electric field is Pi,2ω ∝ dijk Ej,ω Ek,ω, where dijk 
is the second-order optical susceptibility and E is the incoming 
electric field. The fundamental wavelength was chosen to be  
2 µm such that the SHG wavelength was 1 µm, which is within 
the bandgap, and hence non-resonant and involving only vir-
tual transitions; this minimizes the optical absorption loss. The 
second harmonic effect was then studied using SHG polarim-
etry as shown in Figure 3a.

The experiment was performed in normal reflection geom-
etry, where the SHG intensities were measured as a function of 
polarization direction (ψ) of the incident field. The d tensor in 
crystal physics axes, (Z1, Z2, Z3), for the point group m in Voigt 
notation is given as:

d
d d d d

d d
d d d d

=












0 0
0 0 0 0

0 0

11 12 13 15

24 26

31 32 33 35

 (2)

The chosen sample geometry allows us to probe the d11 and 
d12 coefficients when the analyzer is set to be parallel to the Z1 
direction. Figure 3a depicts the measured polar plot fitted to an 
analytical model based on point group m:

I E d t d t   ψ ψ( )∝ ∝ +ω ω
ω ω ⊥cos sin2 2 2

11 ,
2 2

12 ,
2 2  (3)

where tω,∥ and tω,⊥ are the Fresnel transmission coefficients  
for the p-polarized and s-polarized light, respectively. The abso-
lute magnitudes of the d coefficients can be obtained with 
respect to an x-cut LiNbO3 whose backside is wedged and pol-
ished to eliminate the contribution from the back surface. The 
d33 of LiNbO3 is ~ 18 pm V−1 at 2 µm using Miller’s rule.[36,37] 
By comparing the SHG intensities of γ-NaAsSe2 and LiNbO3 at 
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Table 1. The parameters of Cauchy equations for the linear optical prop-
erties of γ-NaAsSe2 in the crystal physics coordinate system, (Z1, Z2, Z3), 
from 0.7 to 1 µm.

  A B [µm2] C [µm4] D [µm6]

n11 2.845 0.04496 −0.02974 0.03112

n22 2.277 0.2022 −0.1249 0.03874

n33 2.375 −0.004139 0.003537 0.01321

n13 0.2122 0.001125 ~0 0.003614

Figure 3. a) Polar plot of p-polarized SHG intensities generated from single crystal γ-NaAsSe2. The black solid line is the simulated SHG values. The 
inset shows the experimental setup in normal reflection geometry. b) Comparison of the SHG intensities of γ-NaAsSe2 and LiNbO3, normalized to 
the same incident power. c) Calculated d11 versus energy. The pink star indicates the experimental value of d11. The inset is an enlargement from 0 to 1 
eV for clarity. d) Comparison of the highest SHG coefficient and bandgap of some well-known NLO crystals.
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ψ = 0° shown in Figure 3b, one can determine d11 = 590 ± 51 pm 
V−1 using Equations (S1) and (S2), Supporting Information.[38,39] 
Figure 3c depicts the calculated complex d11 of γ-NaAsSe2 as com-
pared with the experimental value. The giant magnitude of d11 
dominates both the polar plots and the ratio of d11/d12; therefore, 
even a small misalignment leads to the d11 “leaking into” the d12 
value. Hence, only an upper limit for d12 can be determined. The 
ratio of d11/d12 is found to be greater than 11, and hence d12 < 
~54 pm V−1, an upper bound estimate. Additionally, SHG pola-
rimetry was also performed at a wavelength of 3 µm with the 
same aforementioned experimental geometry to confirm the the-
oretical prediction of the small dispersion of d11 at energies below 
the bandgap. The d11 was extracted to be 577 ± 60 pm V−1 at 3 µm 
(Figure S7, Supporting Information). This confirms that the dis-
persion of d11 in the mid-infrared region is very small, and thus 
can be estimated to be ~570 pm V−1 in the 6–10 µm wavelength 
range using Miller’s rule,[36] which suggests that γ-NaAsSe2 has 
excellent NLO properties in the mid-infrared regime.

Figure  3d highlights the highest non-resonant SHG coef-
ficient versus bandgap for some well-known NLO crystals. It 
clearly shows the general trend that crystals with larger band-
gaps typically exhibit smaller SHG coefficients. However, d11 of 
γ-NaAsSe2 exceeds the values in all the benchmark NLO crys-
tals. It is worth noting that it surpasses the d36 ≈ 33 pm V−1 of 
AgGaSe2 by eighteen times, though its bandgap is comparable 
with that of AgGaSe2.[40]

DFT calculations were performed to understand the origin 
of the larger linear and nonlinear optical response in the [100] 
direction than any other direction. From the imaginary compo-
nents of the linear and nonlinear response spectra, the origin 
of these much larger responses is attributable to energies asso-
ciated with low energy valence to conduction band excitations. 
The high DOS in the valence band and relatively flat bands 
from the selenium p states provide ample excitation routes, 
but this is true of all directions. The likely origin then is attrib-
uted to the arsenic–selenium chains extending along the [100] 
direction. Since lone electron pairs in the [AsSe2]¯ chain are the 
likely origin of the strong SHG in the chain direction, and the 
flat bands indicate that the states are localized, we can construct 
a simple model combining the local hyperpolarizabilities into 
the net response.

For model simplicity, we will treat γ-NaAsSe2 as ideal cubic. 
From the electron localization function (ELF) and chain orienta-
tion in Figure 4a,b, it can be seen that [AsSe2]- chains comprise 
As atoms with one lone pair pointing in the <111> directions, 
the bridging Se atoms with two lone pairs pointing in the <110> 
directions, and Se− anions with three lone pairs pointing in the 
<001> directions. The lone pairs of As, Se, and Se− are treated 
as equivalent and multiple pairs lumped by projection onto a 
common axis as seen in Figure 4c. The contribution from each 
species are shown in Table  2 and the individual atomic con-
tributions are tabulated in Tables S4, S5, and S6, Supporting 
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Figure 4. Plane slices of electron localization function computed at the mean b-axis position of each of the two atomic layers in the γ-NaAsSe2 unit 
cell. a) The first layer has more Se− anions with net lone pair vectors pointing perpendicular to the page. b) The second layer slices through more of 
the As and Se atom chains. c) A schematic showing the net lone pair vector orientations relative to the covalent bonds.
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Information. This simple lone pair vector addition model pre-
dicts the strong d11, zero d22, and weak d33, in agreement with 
the experiments. The d33/d11 ratio predicted by the model is 7.4% 
which compares well to the static value of 5.1% calculated from 
the first-principles calculations. From the species breakdown 
in Table  2, it can be seen that the dominance of Se lone pairs 
over As lone pairs is the source high d11 and that the bridging 
Se atoms and the Se− only have net contributions in the a- and 
c-directions respectively. These results underscore the impor-
tance of chain conformation on the SHG. For a more exact 
microscopic picture in future works, tools will need to be devel-
oped for spatial mapping of electron velocity matrix elements to 
permit direct inspection of important crystal features.[41]

It is interesting to compare the SHG conversion efficiency 
of γ-NaAsSe2 to conventional NLO materials LiNbO3, AgGaSe2, 
and ZnGeP2 at various wavelengths. The SHG intensity is pro-
portional to d2 and l2, where d is the SHG coefficient and l is 
the distance that the light travels. When not phase-matched, the 

maximum SHG intensity is generated after traveling a distance 
of one coherence length, lc.[43] The coherence length is defined as:

l
n n

c
λ

( )=
−

ω

ω ω2 2

 (4)

in which n2ω and nω are the refractive indices of the SHG and 
the fundamental beams. The coherence lengths for the largest 
SHG coefficients of γ-NaAsSe2 and other NLO materials in the 
1.5–2.5 µm spectral range are shown in Figure 5a. The coher-
ence length of γ-NaAsSe2 is much larger compared to other 
NLO materials and continues increasing in the infrared range. 
The promising coherence length will allow us to directly assess 
the d11 coefficient. The SHG conversion efficiency, normalized 
by Iω

2  and lc, can be calculated using the following equation:

I
I c

d
n n l

l
kl

dl
c

lc

∫ω
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2
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2

2
2

0

2 2
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where ε0 is the vacuum permittivity and c is the speed of light, 
and ∆k is the difference of the wave vectors of the SHG wave 
and fundamental wave. Figure 5b shows the non-phase-matched 
SHG conversion efficiency for the largest d coefficients of 
γ-NaAsSe2 and the commercial NLO materials.[22] At 2 µm fun-
damental wavelength, non-phase-matched SHG from γ-NaAsSe2 
is nearly 300 times more efficient than LiNbO3 and 500 times 
more efficient than AgGaSe2. When compared with ZnGeP2, the 
SHG conversion efficiency of γ-NaAsSe2 is three orders of mag-
nitude stronger. The chain-like characteristics which allow easy 
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Table 2. The net lone pair vectors from each species and their sum. The 
nonlinear SHG coefficient is proportional to the square of the polariza-
tion vectors.[42]

Species a-direction lone  
pairs

b-direction lone  
pairs

c-direction lone  
pairs

As 4.619 0 −2.309

Se −6.532 0 0

Se− 0 0 2.828

Sum −1.913 0 0.519

Sum2 ∝dij 3.660 ∝d11 0 =d22 0.270 ∝d33

Figure 5. Comparison of a) coherence lengths and b) non-phase-matched SHG conversion efficiency between γ-NaAsSe2 and conventional NLO 
materials. c) Type I and d) Type II phase matching angles (black) and deff (red) at 2 µm fundamental wavelength. Inset in (c) shows the definition of 
the phase matching angles θ and ϕ.
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exfoliation, as well as solubility in strong polar solvents,[27] makes 
γ-NaAsSe2 an excellent material for developing NLO thin films. 
The combination of both large d11 coefficient and coherence 
length makes this material an outstanding candidate for exploring 
orientation patterned quasi-phase-matching approaches.[44]

For applications which demand a high-power nonlinear con-
version, the phase matching condition needs to be satisfied in 
order to eliminate restrictions on the crystal size used and to 
achieve the most efficient SHG.[45] Under this condition, ∆k in 
Equation  (5) equals 0; this implies that the refractive indices 
at ω and 2ω frequency should be equal. Figure 5c,d shows the 
Type I and Type II phase matching angles and the deff at 2 µm. 
The phase matching angles, θ and ϕ, are defined with respect 
to the Eigen direction, (Z1

e, Z2
e, Z3

e) as shown in the inset of 
Figure 5c. Using the extrapolated refractive indices from Table 1 
and the method reported by Yao and Fahlen,[46] we can then cal-
culate θ and ϕ at 2 µm fundamental wavelength.[46] Based on 
the calculation, γ-NaAsSe2 can be both Type I and Type II phase 
matched. The effective d coefficient, deff, can be estimated with 
the experimentally measured d11 and the other d coefficients 
from DFT (Figures S8 and S9, Supporting Information). At  
2 µm fundamental wavelength, the maximum deff is −18 pm V−1 
and –26 pm V−1 for Type I and Type II phase matching, respec-
tively. These are comparable to the current commercial crystals 
of deff ≈ 13.4 pm V−1 (AgGaS2) and 26.8 pm V−1 (AgGaSe2). The 
NLO crystals are typically professionally polished to optical grade 
and their surfaces are coated with anti-reflection coatings to pre-
vent laser damage. Even without these steps, the laser-induced 
surface damage threshold (LISDT) of a cleaved γ-NaAsSe2 sur-
face (without polishing or coating) measured with ~27 ps pulses 
at 1.064 µm is comparable to that of commercially polished and 
coated AgGaS2 crystals (see the Supporting Information).[47]

3. Conclusion
γ-NaAsSe2 single crystals exhibit a giant second order non-
linearity with a remarkable optical SHG coefficient of d11  = 
590 pm V−1 measured at 2 µm wavelength. This is the highest 
known non-resonant coefficient (see Figure 3d) for comparable 
optical bandgaps. For non-phase-matched SHG response gener-
ated in one coherence length, γ-NaAsSe2 is two orders of magni-
tude more efficient than that of the conventional NLO materials 
at 2 µm fundamental wavelength, making it a highly promising 
candidate to explore toward orientation-patterned quasi-phase-
matched devices.[44] In addition, it can also achieve both Type I 
and Type II phase matching with maximum |deff,I| ≈ 18 pm V−1 
and |deff,II| ≈ 26 pm V−1 at 2 µm fundamental wavelength, which 
are comparable to the current commercial crystals of AgGaS2 
and AgGaSe2. These promising optical properties make it a 
potential candidate to explore large crystals for bulk and quasi-
phase-matched high infrared power generation in laser systems.

4. Experimental Section
Starting Materials: All manipulations were performed under dry 

nitrogen atmosphere in a glove box. Commercially available chemicals 
potassium sodium (Na, Sigma–Aldrich, 99.5%), arsenic (As, Alfa 
Aesar, 99.9%), and selenium (Se, American elements, 99.999%) were 
used without further purification. Na2Se was prepared by modified 

literature procedure by reacting the alkali metals and selenium in liquid 
ammonia.[48] Warning: Elemental arsenic is highly toxic which must 
always be weighed out in the glovebox and precautions must be taken in 
preparing these samples.

Synthesis of the Title Compound γ-NaAsSe2: Single crystals >2 mm of 
γ-NaASe2 were grown by the combination of 0.732 g Na2Se (5.85 mmol), 
0.878 g As (11.72  mmol), and 1.388 g  Se (17.57  mmol) which were 
thoroughly ground in the glovebox and loaded in a separate carbon coated 
fused-silica tube (13  mm OD). Carbon coated silica tubes were used 
to prevent tube attack from the alkali metal. The tube was then flame 
sealed under vacuum (≈3 × 10−3 mbar) and inserted in a single zone 
programmable vertical tube furnace. For the reaction in the vertical furnace, 
the temperature profile used was increasing to 500 °C in 12 h, annealed 
for 72 h and cooled to 350 °C over 120 h at which point the furnace was 
turned off. The phase purity of the sample was confirmed by using powder 
X-ray diffraction (XRD) particle size < 53 µm and comparing it with the 
simulated diffraction from the single crystal. Single XRD was performed 
on a crystal with dimensions 0.15 × 0.14 × 0.01 mm3 mounted on a glass 
fiber with epoxy for structure determination. A summary of the crystal 
data and refinement is provided in Table S1, Supporting Information. Final 
atomic coordinates and isotropic displacement (Uiso) are listed in Table 
S2, Supporting Information. To confirm the quality of the crystal obtained, 
the authors used powder XRD to obtain the diffraction on a cleave single 
crystal. The peak corresponding to the (0 0 4) Bragg reflection was then 
nonlinearly fitted to obtain the full-width at half maximum (FWHM).

Spectroscopic Ellipsometry: The spectroscopic ellipsometry was 
performed using a Woollam M-2000F focused beam spectroscopic 
ellipsometer on three different orientations of the crystal. The 
orientations are: 1. [001]// laboratory z, [010]// laboratory x; 2. [001] // 
laboratory z, [010] // laboratory y, and 3. [010]// laboratory z, [001]// 
laboratory x. The collected ellipsometric spectra were simultaneously 
fitted to Tauc–Lorentz oscillators and spline function for the diagonal 
terms and off-diagonal term, respectively. The parameters of the Tauc–
Lorentz oscillators include an amplitude Am, full width at half-maximum 
(FWHM) Bm, energy center E0,m, and a Tauc gap Eg,m (Table S3, 
Supporting Information).

SHG Measurements: The fundamental beam of 2 µm generated from 
a Spectra-Physics Ti: sapphire pumped OPA-800C (100fs, 1 kHz) was 
linearly polarized and rotated by an angle of ψ using a half waveplate 
and focused on the sample surface. The reflected second harmonic 
beam was filtered out by a dichroic mirror and detected by a photo-
multiplier tube after decomposition into a p-polarized and s-polarized 
light by an analyzer. An optical grade x-cut LiNbO3 single crystal (MTI 
Corporation) was used as a reference.

DFT Calculations: All density functional theory (DFT) calculations 
were performed using the PBE functional.[34] ABINIT version 9.2.2 
was used for linear and non-linear optical properties calculations.[49] 
Simulation preparation and post-processing were performed with the 
atomic simulation environment (ASE) version 3.19.1.[50]

Single point calculations were performed with ABINIT preceding the 
optical properties calculations within single particle approximation using 
the ABINIT utility, Optic. The Briliouin zone was sampled with a 4 × 8 × 
4 k-point grid. The plane wave cutoff was 1200 eV. The electronic solver 
convergence criterion was such that no energy eigen value changed by 
more than 10−6 eV between steps. Pseudopotentials from the standard 
accuracy, scalar relativistic set of the optimized norm-conserving 
Vanderbilt pseudopotentials (ONCV) version 0.4.0 were employed.[51] 
The number of empty bands was increased until the highest empty 
band was 20 eV above the valence band maximum which corresponds 
to 232 empty bands. Optics calculations within the independent particle 
approximation were performed using 50 meV broadening and with 
scissor shifts of 0.48 eV to compensate for the difference between the 
DFT fundamental gap and the experimentally measured bandgap.[52]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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