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A B S T R A C T   

As promising candidate for mid- and far-infrared (MFIR) nonlinear optical (NLO) materials, diamond-like (DL) 
chalcogenides have been extensively studied because of their considerable advantages. Among them, tellurides 
attract our attention as their stronger electron polarization and wider transmittance range than those of sulfides 
and selenides. Herein, the insightful structural characteristics and NLO properties of defect DL MGa2Te4 (M = Zn, 
Cd) were studied for the first time at experimental and theoretical level. They crystallize in the non- 
centrosymmetric I-4 space group (No.82), with a three-dimensional structure consisting of highly oriented 
[MTe4] and [GaTe4] tetrahedra, which can be viewed as derived from AgGaS2 (AGS). Experimental results 
illustrate that MGa2Te4 (M = Zn, Cd) exhibits moderate band gaps, strong SHG intensities about 4.9–10.6 times 
that of AGSe at 90–125 μm, and congruent-melting behavior. Theoretical calculations based on E-field DFPT 
method indicate that the tremendous SHG tensors d14 of ZnGa2Te4 and CdGa2Te4 are 127.67 and 105.19 pm/V. 
SHG-density analysis reveals that the lone-pair packets of Te ions in [GaTe4] units are the main source of SHG 
responses. In addition, calculations on Mulliken bond order index imply that the main difference between these 
two crystals is the bonding modes of M− Te. Special care was also given to ensure convergence of k-mesh for both 
conventional and primitive cells of the crystals, with two different methods for calculating linear and non-linear 
optical properties compared side by side. This work demonstrates the potential applications of these two defect 
DL tellurides in the MFIR NLO field.   

1. Introduction 

Over the years, second-order nonlinear optical (NLO) materials have 
received continuous attention and are facing increasing demands in 
optoelectronic and photonic frontiers [1–5]. Among them, mid- and 
far-infrared (MFIR) nonlinear optical crystals are indispensable com
ponents of IR solid-state lasers, which can be widely applied in military 
and civil fields, such as laser sensing, communications, environmental 
monitoring, minimally invasive medical surgery, etc. [6–12] Currently, 
commercial MFIR NLO materials mainly include AgGaS2 (AGS), 
AgGaSe2 (AGSe), and ZnGeP2 (ZGP) [13–15]. On the one hand, their 
higher power laser outputs are seriously impeded due to their intrinsic 
defects. On the other hand, AGS and ZGP exhibit strong multi-phonon 

absorption near 9 μm, and cannot cover the “8–14 μm" atmospheric 
transparent window [16–18]. Therefore, searching for new IR NLO 
materials with longer IR cutoff edges is of great interest. 

Metal chalcogenides have long been regarded as potential candidates 
for IR NLO materials because of their diverse structures and relatively 
large second-harmonic-generation (SHG) effect, especially those with 
diamond-like (DL) structural features [19–24]. Inspiringly, many IR 
NLO optical materials with DL structure have been reported under un
remitting efforts, including LiGaQ2 (Q = S, Se) [25], LiInS2 [26], 
Li2CdMIVS4 (MIV = Ge, Sn) [27], Li2MnMIVS4 (MIV = Ge, Sn) [28,29], 
Li2ZnMIVSe4 (MIV = Ge, Sn) [30,31], Cu2MIISnS4 (MII = Zn, Cd) [32,33], 
Li4MgGe2S7 [34]. In the DL structures, if the cation sites are not fully 
occupied, these structures are named defect DL structures [35]. 
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Correspondingly, the valence electrons concentration (VEC) changes 
due to the existence of cation vacancies, which provides an opportunity 
to optimize optical performance. Taking HgGa2S4 as an example, which 
VEC number is 4.57. The existence of vacancies modulates the 
comprehensive properties of HgGa2S4 (Eg = 2.84 eV, 3 × AGS) [36]. 
Another ternary defect DL compound, InPS4, whose larger VEC number 
(VEC = 5.33) implies that it has less cation sites than HgGa2S4 does. 
InPS4 also exhibits a wide band gap of 3.12 eV and a large SHG coeffi
cient of about 25 pm/V [37]. Furthermore, several defect-DL com
pounds have been successfully synthesized and proved to be potential IR 
NLO materials, including Hg3P2S8 (Eg = 2.82 eV; 3.6 × AGS) [38], 
MgGa2Se4 (Eg = 2.96 eV; d14 = − 20.07 pm/V) [39], LiZnPS4 (Eg = 3.76 
eV; d36 = 10.42 pm/V) [40], AgZnPS4 (Eg = 3.21 eV; d36 = 26.66 pm/V) 
[41], AgHgPS4 (Eg = 2.63 eV; 5.09 × AGS) [41], and CuZnPS4 (Eg = 3.0 
eV; d14 = 15.9 pm/V) [23]. 

Among metal chalcogenides, metal tellurides are promising MFIR 
NLO crystal candidates due to their relatively large electron polarization 
and wider IR transparency range than those of sulfides and selenides 
[42–44]. Taking AGQ2 (Q = S, Se, Te) as an example, AgGaTe2 exhibits 
larger SHG coefficient, broader IR transparency range, but with a small 
band gap (deff = 77 pm/V, ~21 μm, Eg = 1.316 eV), compared to AGS 
(13.4 pm/V, ~11 μm, Eg = 2.58 eV) and AGSe (36 pm/V, ~17 μm, Eg =

1.83 eV) [45]. In order to optimize the comprehensive properties of 
tellurides, the introduction of transition metals such as Zn2+ and Cd2+

into the structures might have certain advantages for increasing the 
band gap [18,46]. On the one hand, these elements avoid the d-d or f-f 
optical transitions, and on the other hand, they hardly occupy the top of 
the valence band (VB) and the bottom of the conduction band (CB), 
which are beneficial to the enlargement of the band gap. 

Based on the above discussions, we conducted in-depth research on 
the database of inorganic crystal structures, and discovered the transi
tion metal tellurides MGa2Te4 (M = Zn, Cd) with defect DL structure. 
These compounds were first reported by Hahn et al., in 1955 [47]. Then, 
Fouad et al. and Kumar et al. synthesized MGa2Te4 thin films and 
illustrated that they are good solar photovoltaic material [48,49]. 
Furthermore, Prakash et al. and Liu et al. indicated that MGa2Te4 system 
can serve as potential thermoelectric materials [50,51]. However, a 
comprehensive study of their IR NLO properties and structural features 
has been overlooked. This work is driven by their potential defect 

diamond-like structure, and the SHG performance is evaluated from the 
aspects of experiment and theoretical calculation, which makes up for 
the blank of previous studies. Since these compounds contain two NLO 
active structural components, namely [Zn/CdTe4] and [GaTe4] tetra
hedra. The synergistic interaction between the above-mentioned chro
mophores may be beneficial to generate a good balance between a 
strong SHG response and a large optical band gap. In this work, MGa2Te4 
(M = Zn, Cd) were independently synthesized by heating the binary raw 
materials, and the linear and nonlinear optical properties of title com
pounds were systematically investigated by experiments and 
First-principles calculations. 

2. Results and discussion 

2.1. Crystal structures 

The isostructural compounds MGa2Te4 (M = Zn, Cd) are uniaxial 
defect DL compounds and crystallize in the non-centrosymmetric I-4 
(No.82) space group. The asymmetric unit consists of one crystallo
graphically independent Zn/Cd atom (Wyckoff position: 2a), two Ga 
atoms (Ga1: 2b; Ga2: 2c), and one Te atom (8g). These compounds 
feature a three-dimensional (3D) framework. As illustrated in Fig. 1, 
taking ZnGa2Te4 as an example, the Zn atom is tetrahedral coordinated 
to the Te atoms with Zn–Te bond length of 2.673 (7) Å and the Te–Zn–Te 
angles range from 106.327 to 111.066◦, implying negligible distortion 
of the [ZnTe4] tetrahedra. Similarly, the Ga atoms also bonded with four 
Te atoms to form [GaTe4] tetrahedra with Ga–Te distance of 2.612 (7) Å 
and the Te–Ga− Te angles range from 104.307 to 112.113◦ in [Ga1Te4] 
unit, while Ga–Te bond length in [Ga2Te4] tetrahedra is 2.638 (7) Å, and 
the Te–Ga− Te angles range from 105.176 to 118.452◦ (Fig. 1e). Then, 
one [ZnTe4] and two [GaTe4] tetrahedra are interconnected by sharing 
corner Te atoms to form [ZnGa2Te4] cluster, which are further aligned 
along the bc plane via corner-sharing to constitute the 2 ∞[ZnGa2Te4] 
layer (Fig. 1c). These layers are stacked along a axis and linked by shared 
corner Te atoms to build a 3D framework (Fig. 1a and b). Notably, the 
defect DL structure of ZnGa2Te4 can be seen as evolved from the normal 
DL structure of AgGaS2, as depicted in Fig. 1d. Half of the Ag + cations 
are replaced by divalent Zn2+, and the remaining half of the metal sites 
are vacancy defects, which makes the VEC number of ZnGa2Te4 equal to 

Fig. 1. Crystal structure of ZnGa2Te4. (a) the unit cell of ZnGa2Te4 viewed along b axis; (b) the 3D framework of ZnGa2Te4 composed of corner-sharing [ZnTe4] and 
[GaTe4] tetrahedra; (c) the 2 ∞[ZnGa2Te4] layer; structure evolution from AGS to ZnGa2Te4 (d); (e) thermal vibration ellipsoid of the asymmetric unit. 
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4.57. Excitingly, ZnGa2Te4 inherits the parallel arrangement of all NLO- 
active groups in the AGS structure, which facilitates the efficient su
perposition of the microscopic second-order nonlinear susceptibility. 
Compared with the tetrahedral coordination of the S atom in AGS, the Te 
ions in ZnGa2Te4 only connects with three cations due to the presence of 
vacancies (Fig. S1), resulting in the occurrence of non-bonded electrons. 

2.2. Purity and composition 

The phase purity of the MGa2Te4 (M = Zn, Cd) powder was accessed 
by using Rietveld refinement. As shown in Fig. 2a and 2b, the observed 
X-ray diffraction patterns are in good agreement with the calculated 
ones, indicating the purity of MGa2Te4 polycrystalline powder. In 
addition, results of Rietveld refinement for ZnGa2Te4 and CdGa2Te4 
with fixed atomic parameters were given in Table S1. The parameters 
characterizing the goodness of fit (R-values and χ2) also support the 
purity of the experimental powder. The bond lengths and angles of 
MGa2Te4 (M = Zn, Cd) obtained by Rietveld refinement are also sum
marized in Tables S2 and S4. The unit cell parameters, bond lengths, and 
angles of title compounds obtained by Rietveld refinement are in good 
agreement with the previously reported results, which proves the 
structural features of title compounds (Tables S3 and S5). SEM images in 
Fig. 2c and 2d clearly indicate that the title compounds exhibit a block 
growth habit. Moreover, the constituent elements are uniformly 
distributed in single crystals from EDX element mapping analyses. The 
element contents were given in Fig. S2, indicating that the atomic per
centage of Zn(Cd)/Ga/Te is about 1/2/4, which is consistent with the 
results of single crystal analyses. 

2.3. Optical characterizations 

Based on the optical diffuse reflectance spectroscopy, the band gaps 
of title compounds are deduced by the Tauc plot method [52,53]. 

(αhυ)n
=A

(
hυ − Eg

)
(1)  

where α is the absorption coefficient proportional to F(R), h is Planck 
constant, υ is light frequency, A is absorption constant, Eg is the optical 
band gap, n is the constant exponent that determines the type of optical 
transitions, and the value of n for indirect and direct transitions is 1/2 
and 2, respectively. The absorption F(R) is determined by Kubelka-Munk 
transformation [54,55]. 

F(R)=
K
S
=
(1 − R)2

2R
(2)  

where K, S, and R represent the absorption, scattering, and reflectance, 
respectively. According to the Tauc method, the plots of (F(R)hυ)2 and 
(F(R)hυ)1/2 versus hυ are exhibited in Fig. 3a and 3b to confirm whether 
the compounds are indirect or direct band gap semiconductors. The 
band gaps of ZnGa2Te4 and CdGa2Te4 obtained from (F(R)hυ)2 are 1.40 
and 1.53 eV, respectively. However, the results deduced by the (F(R) 
hυ)1/2 diagram are much smaller (Eg (ZnGa2Te4) = 1.17 eV, Eg 
(CdGa2Te4) = 1.12 eV). Fouad et al. demonstrated that ZnGa2Te4 is an 
indirect band gap compound in 2011, and Ozaki et al. illustrated that 
CdGa2Te4 is a direct band gap semiconductor in 2003 [48,56]. There
fore, the band gaps of ZnGa2Te4 and CdGa2Te4 are deduced as 1.17 eV 
and 1.53 eV, respectively. In fact, the band gap of CdGa2Te4 is wider 
than those of many known tellurides, such as AgGaTe2 (Eg = 1.316 eV) 
[44], Ba2Ge2Te5 (Eg = 1.15 eV) [56], β-BaGa2Te4 (Eg = 1.19 eV) [44], 
and PbIn6Te10 (Eg = 1.05 eV) [58]. 

Raman spectra of MGa2Te4 (M = Zn, Cd) polycrystalline powder are 
recorded in Fig. 3c and 3d. Interestingly, the Raman diagrams of these 
compounds are similar because they are isostructural. The peaks be
tween 190 and 410 cm− 1 can be attributed to the vibration modes of Zn/ 
Cd–Te bond, while the peaks located at 637 and 755 cm− 1 in ZnGa2Te4 
and 637 and 746 cm− 1 in CdGa2Te4 are caused by the vibration of Ga–Te 

Fig. 2. Rietveld refinement of the Powder X-ray diffraction of ZnGa2Te4 (a) and CdGa2Te4 (b). SEM images and EDX element mapping analyses of ZnGa2Te4 (c) and 
CdGa2Te4 (d). 

M. Sun et al.                                                                                                                                                                                                                                     



Materials Today Physics 36 (2023) 101166

4

bonds [44,59]. The IR spectra are given in Fig. S3, except for the vi
bration peak of O–H at about 3500 cm− 1, there is no obvious absorption 
peak. 

2.4. Thermal analysis 

The thermal behavior of title compounds was investigated by dif
ferential scanning calorimetry, and the results are exhibited in Fig. 4. 
There is one endothermic peak and one exothermic peak in CdGa2Te4 
compound, indicating that it has a melting point of 831 ◦C. In contrast, a 
very weak endothermic peak at 918 ◦C was detected in ZnGa2Te4 
compound, possibly indicating a 918 ◦C melting point. Moreover, the 
powder XRD patterns of MGa2Te4 (M = Zn, Cd) after melting matched 
well with those before melting, implying that MGa2Te4 (M = Zn, Cd) 

possess congruent-melting behaviors (Fig. S4). Thereby, it is possible to 
grow large size single crystals using the Bridgman technique. 

2.5. Powder SHG measurement 

As MGa2Te4 (M = Zn, Cd) crystallized in the non-centrosymmetric 
space group, their powder SHG intensities were recorded based Kurtz- 
Perry method. It can be seen that the SHG intensities of MGa2Te4 (M 
= Zn, Cd) firstly increase with the particle size increasing, and then 
decrease gradually when the particle size reaches 90–125 μm (Fig. 5a). 
The results demonstrate that the two compounds cannot achieve type-I 
phase matching. However, the declining trend of SHG intensity in 
CdGa2Te4 is significantly lower than that of ZnGa2Te4, indicating that 
the former is closer to realizing phase-matching than the latter. 

Fig. 3. UV–vis–NIR spectra of MGa2Te4 (M = Zn, Cd). (a) the plot of (F(R)hυ)2 versus hυ; (b) the plot of (F(R)hυ)1/2 versus hυ. The Raman spectra of ZnGa2Te4 (c) 
and CdGa2Te4 (d). 

Fig. 4. Differential scanning calorimetry (DSC) curves of MGa2Te4 (M = Zn, Cd).  
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Moreover, as shown in Fig. 5b, both ZnGa2Te4 and CdGa2Te4 possess 
strong SHG response of about 4.9 times and 10.6 times that of AgGaSe2 
at 90–125 μm, respectively, which is significantly larger than some 
known non-phase-matching IR NLO materials, such as Sm4GaSbS9 (3.8 
× AGS); La4InSbS4 (1.5 × AGS); Eu2Ga2GeS7 (1.6 × AGS), Ba5In4S7Te4 
(0.5 × AGS), CsMn4In5Te12 (1.7 × AGS), and CsZn4In5Te12 (4.3 × AGS). 

2.6. Theoretical calculation 

In order to figure out the relationship between structure and prop
erty, the First-principles calculations were performed to calculate the 
electronic structure and density of states of these two compounds, as 
shown in Fig. 6. The calculated band gaps of ZnGa2Te4 and CdGa2Te4 are 
1.349 and 1.548 eV (Fig. 6a and 6b), respectively, which are very close 
to the experimental values shown in Fig. 3. Notably, although the two 
compounds are isostructural, their electronic structures differ slightly. 
Specifically, the valence band (VB) maximum of ZnGa2Te4 is located at Γ 
point but the conduction band (CB) minimum is located at X point, 
indicating that it is an indirect band gap semiconductor, while the VB 
maximum and the CB minimum of CdGa2Te4 are at Γ point, suggesting 

that CdGa2Te4 is a direct band gap semiconductor. Calculations of 
Mulliken bond order indices show that in ZnGa2Te4, the Te–Ga bonds 
are more covalent and Te–Zn bonds are more ionic. While in CdGa2Te4, 
the Te–Ga and Te–Cd bonds are more uniformly covalent (Fig. S5). This 
may be the main difference between these two crystals. Furthermore, 
the density of states (DOS) of both compounds are exhibited in Fig. 6c 
and 6d. The upper region of valence bands (VB) of ZnGa2Te4 and 
CdGa2Te4 consists of almost only Te 5p orbitals. The bottom region of 
conduction bands (CB) is mainly occupied by Te 6p and Ga 4s orbitals. 

In addition, the NLO origin of compounds was qualitatively analyzed 
by the SHG-density method [60–63]. As shown in Fig. 7a and 7b, the 
SHG contribution of occupied states in ZnGa2Te4 and CdGa2Te4 origi
nates from the non-bonded electrons of Te ions due to vacancies. By 
contrast, the lone-pair packet of ZnGa2Te4 is not only smaller than that 
of CdGa2Te4, but the “green bubble” also indicates that the former is 
much more confined than the latter. In addition, the primary SHG 
contribution of empty states of ZnGa2Te4 comes from the “anti-cap” of 
lone-pair on Te ions (tilt toward Ga–Te− Ga angle), with secondary 
contribution centered around those Ga which are in the same plane with 
Zn ions (Fig. 7c). In CdGa2Te4, the role is reversed. As shown in Fig. 7d, 

Fig. 5. (a) Size-dependent SHG intensities of MGa2Te4 (M = Zn, Cd) and AgGaSe2 (as a reference) under 2090 nm radiation; (b) Oscilloscope traces of SHG signals for 
MGa2Te4 (M = Zn, Cd) and AgGaSe2 at a particle size of 90–125 μm. 

Fig. 6. Calculated band structure of ZnGa2Te4 (a) and CdGa2Te4 (b); Projected density of states of ZnGa2Te4 (c) and CdGa2Te4 (d).  
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the major contribution comes from Ga, and the minor contribution 
originates from empty states near Te, as enclosed by “green bubble” 
(75% isosurface of maximum value), twin lopes near Te perpendicular to 
each Cd–Te bonds. In general, the electron cloud in CdGa2Te4 is widely 
distributed, so it is more cooperative and collective in the structural 
framework, which makes CdGa2Te4 more covalent. In contrast, the 
electron cloud in ZnGa2Te4 is more concentrated, so it is more isolated 
and localized in the structural framework, which leads to ZnGa2Te4 
more ionic. 

Furthermore, the SHG coefficients were calculated for the crystal 
structures in both conventional cell and primitive cell (Figs. S6–S7) for 
comparison, and the results were given in Tables S6–S7. They show the 
results of ZnGa2Te4 and CdGa2Te4 from both sum-over-states optical 
properties calculations and E-field DFPT calculations, respectively. Ac
cording to the restriction of Kleinman symmetry, MGa2Te4 (M = Zn, Cd) 
possesses three non-zero independent second-order tensors (d14, d15, 
and d21). Notably, the dij obtained by the two methods are not consis
tent, but the ones calculated by the E-field method are more credible 
(after all, sum-over-states method is zero-order perturbation, and DFPT 
is linear response, that is, first-order perturbation) [17]. Therefore, 
taking crystal structure in primitive form based on E-field DFPT as an 
example, the calculated values of d14, d15, and d21 are 127.67, − 18.85, 
18.85 pm/V for ZnGa2Te4 and 105.19, − 23.05, 23.05 pm/V for 
CdGa2Te4, respectively, which are in good agreement with the experi
mental results. Notably, although the calculated d14 value of ZnGa2Te4 is 
slightly larger than that of CdGa2Te4, the results of SHG measurement 
are quite the opposite. The reason for this phenomenon may be that the 
corresponding wavelength of the band gap ZnGa2Te4 are close to the 
second harmonic wavelength of 1045 nm, which leads to stronger ab
sorption of the second-harmonic light than CdGa2Te4 [64]. Therefore, 
the influence of the band gap on the SHG result is very significant. A 

similar situation can be observed in Ba2Ge2Te5－the band gap of 
Ba2Ge2Te5 is 1.15 eV, and the measured SHG intensity is about 0.45 
times that of AGS while the theoretical NLO coefficient is about 16 times 
that of AGS [57]. Besides, the birefringence of two compounds were also 
calculated. The results on birefringence in conventional form are 
consistent between these two methods, while the birefringence results in 
primitive form calculated by SOS optics method are slightly smaller than 
those by E-field method. 

The calculated refractive index dispersion curves of the two com
pounds were depicted in Fig. 8. The results indicated that MGa2Te4 (M 
= Zn, Cd) are positive uniaxial crystals and their birefringence values are 
0.016 and 0.018@2090 nm, respectively. Admittedly, such birefrin
gence is smaller than that of some known tellurides [43,44,65]. It is 
likely that the distortion magnitudes (△d) of ZnTe4/CdTe4 and GaTe4 
tetrahedra are calculated to be 0, which leads to the decrease of struc
tural optical anisotropy. Furthermore, the shortest SHG phase-matching 
wavelengths of ZnGa2Te4 and CdGa2Te4 were deduced to be 3300 nm 
and 2950 nm, respectively, as shown in Fig. 8c and 8d. This means that 
Type-I phase-matching cannot be achieved using a 2090 nm laser as the 
fundamental frequency light, which is consistent with the experimental 
SHG results. Perhaps we can focus on other types of NLO techniques. 
Therefore, it is reasonable to expect that ZnGa2Te4 and CdGa2Te4 might 
successfully achieve phase-matching behavior via OPO technology. In 
addition, the use of phase-mismatch in the NLO crystal as a phase 
modulation mechanism for generating transform-limited femtosecond 
optical pulses also has important application prospects. The phase 
modulation caused by phase-mismatch between ZnGa2Te4 and 
CdGa2Te4 can be realized in other types of nonlinear resonators, facili
tating the development of novel femtosecond pulses and 
frequency-comb sources. 

Fig. 7. Detail comparison of d14 SHG-densities virtual-electron occupied (VE occ) states of ZnGa2Te4 (a) and CdGa2Te4 (b) in cross-eyes stereo-pairs; Detail com
parison of d14 SHG-densities virtual-hole unoccupied (VH unocc) states of ZnGa2Te4 (c) and CdGa2Te4 (d) in cross-eyes stereo-pairs. Here the maximum value and 
medium value is spanned in reverse rainbow scheme. 
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3. Conclusion 

In summary, two defect DL tellurides MGa2Te4 (M = Zn, Cd) were 
successfully synthesized, which can also be derived from DL-type 
AgGaS2 by adjusting the Ag ion. This is the first comprehensive study 
of IR NLO properties and insightful structural properties of MGa2Te4. 
Experimental results demonstrate that both compounds exhibit moder
ate band gap, strong SHG response, about 4.9–10.6 × AGSe@90–125 
μm. Besides, MGa2Te4 (M = Zn, Cd) melts congruently, enabling the 
facile growth of large single crystals. Furthermore, SHG coefficients 
calculations using primitive cell based on E-field DFPT method indicate 
tremendous SHG tensors (127.67 pm/V for ZnGa2Te4, 105.19 pm/V for 
CdGa2Te4), which are significantly larger than that of AgGaSe2 (d36 = 36 
pm/V). To the best of our knowledge, it is rare in literature to demon
strate the consistency of primitive and conventional cell and compare 
linear and nonlinear optical properties using different theoretical 
methods. In addition, SHG-density analysis reveals that the giant SHG 
responses stem from the lone-pair packet of Te ions in [GaTe4] units. 
Therefore, our study not only provides an efficient access for the search 
of new NLO materials, but also shed light on future theoretical 
calculations. 

4. Experimental 

4.1. Single crystal synthesis 

All starting materials, Zn (99.99%), Cd (99.99%), Ga (99.999%), and 
Te (99.9%) were directly purchased from Aladdin Co., Ltd. without 
further purification. The synthesis of binary materials ZnTe, CdTe, and 
Ga2Te3 was to heat the stoichiometric mixture of the elements in vac
uum flame-sealed silica tubes. All manipulations were carried out in an 

Ar-filled glove box with O2 and H2O contents less than 0.1 ppm. 
Single crystals of ZnGa2Te4 and CdGa2Te4 were grown via sponta

neously crystallization. 0.1 g (0.518 mmol)/0.124 g (0.518 mmol) 
ZnTe/CdTe and 0.271 g (0.518 mmol) Ga2Te3 were thoroughly ground 
and loaded into quartz tubes for the growth of ZnGa2Te4 and CdGa2Te4, 
respectively. There tubes were slowly heated to 1123 K for ZnGa2Te4 
and 1173 K for CdGa2Te4 within 17 h and held for 50 h, then gradually 
cooled to 773 K at a rate of 3 K/h, and finally the furnaces were turned 
off. The metallic luster block-liked crystals of MGa2Te4 (M = Zn, Cd) can 
be obtained after washed with deionized water. Both compounds can be 
stable in the ambient for several months. 

4.2. Elemental analysis 

The FEI Quanta 650FEG scanning electron microscope (SEM) 
equipped with Energy Dispersive X-ray (EDX) was used to perform the 
elemental content analysis and distribution on the single crystals of 
MGa2Te4 (M = Zn, Cd). 

4.3. Powder X-ray diffraction and rietveld refinement 

A Bruker D8 Focus diffractometer equipped with Cu-Kα (λ = 1.5418 
Å) radiation was used to perform the powder X-ray diffraction of 
MGa2Te4 (M = Zn, Cd). The diffraction patterns from 10◦ to 70◦ were 
collected with the parameters of a scanning step width of 0.02◦ and a 
counting time of 0.2 s/step. Rietveld refinements using the collected 
powder X-ray diffraction data were carried out using the GSAS software 
package with the EXPGUI interface. 

Fig. 8. Calculated refractive index dispersion curves of ZnGa2Te4 (a) and CdGa2Te4 (b); The shortest SHG phase-matching wavelength of ZnGa2Te4 (c) and 
CdGa2Te4 (d). 
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4.4. Optical characterizations 

A Carry 7000 UV–vis–NIR spectrophotometer was applied to obtain 
the diffuse-reflectance spectra of MGa2Te4 (M = Zn, Cd) in the range of 
2500 − 200 nm (polytetrafluoroethylene as a reference). A Lab RAM 
Aramis spectrometer equipped with a 532 nm laser was used to collect 
the Raman spectra of MGa2Te4 (M = Zn, Cd) in the range of 1000 to 100 
cm− 1 at room temperature. An Excalibur 3100 Fourier Transform 
Infrared Spectrometer collects the IR spectra in the range of 4000–400 
cm− 1. 

4.5. Thermal properties 

A Labsys TG-DTA16 (SETARAM) thermal analyzer was used to 
evaluate the thermal stability of MGa2Te4 (M = Zn, Cd). Appropriate 
amount of MGa2Te4 (M = Zn, Cd) polycrystalline powder was placed 
into quartz tubes with the size of 5 mm (o.d.) × 3 mm (i.d.) and even
tually sealed the tubes at 10− 6 Pa. During the measurement process, the 
nitrogen flow was circulated at a flow rate of about 15 mL/min, and the 
temperature of the tube was heated from room temperature to 1273 K at 
a rate of 15 K/min. 

4.6. Second harmonic generation measurement 

The SHG intensities of MGa2Te4 (M = Zn, Cd) were estimated by 
Kurtz-Perry technique with a 2090 nm laser generated by a Q-switch Ho: 
Tm:Cr:YAG laser [66]. The powder of MGa2Te4 (M = Zn, Cd) was sieved 
into five particle ranges, namely 20–50, 50–90, 90–125, 125–150, and 
150–200 μm, and then these samples of different particle sizes were load 
into custom holders with a thickness of 0.5 mm. In addition, the mi
crocrystals of the traditional material AGSe were sieved to the same 
particle ranges as mentioned above for reference. 

4.7. Theoretical calculations 

The First-principles Calculations were performed by the method of 
plane-wave pseudopotential in the CASTEP package according to den
sity functional theory (DFT) [67–69]. The Perdew-Burke-Ernzerhof 
(PBE) function was used to describe the exchange-related energy in 
the generalized gradient approximation (GGA) with a 800 eV kinetic 
energy cutoff. The Qc-tuning type Optimized Norm-conserving Pseudo
potential was chosen to simulate the interaction between the atom cores 
and the valence electrons with a small plane-wave basis [70–72], where 
the valence electrons configuration treated as Zn 3d104s1.274p0.73, Cd 
4d105s0.755p0.25, Ga 3d104s24p1, Te 5s25p4. A very dense 
Monkhorst-Pack k-point mesh with grid spacing 0.03 Å were used to 
ensure convergence of conventional and primitive cells of ZnGa2Te4 and 
CdGa2Te4 in the numerically integration of the Brillouin zone, respec
tively. To calculate birefringence and SHG coefficient, both methods 
available to CASTEP were used, one based on a sum-over-states [73,74] 
type formalism referred as optical properties calculation, another based 
on E-field DFPT [75,76] perturbation recently implemented within 
CASTEP. 
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