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1. Experimental Section
Syntheses

Polycrystalline [K4Cl][MnGagS;,] (1) and [K4Cl][HgGasS1,] (2) were synthesized through
the conventional high-temperature solid-state reactions. The original reactant of La (31.2
mg, Macklin), Mn (12.4 mg, Aladdin), Ga (141.1 mg, Aladdin), S (115.3 mg, Xilong Scientific
Co., Ltd.), and KCI (170 mg, Aladdin) were accurately weighed in a glovebox filled with argon
to prepare crystal 1. All the raw materials are procured commercially and utilized in their
unprocessed state. The mixture was packed into a quartz tube, which was then sealed at an
approximate pressure of 1073 Torr. Subsequently, the tube was placed in a programmable
furnace and subjected to the following firing process: it was gradually heated to 300 °C over
a period of 6 hand maintained at this temperature for another 6h, and then further heated
to 600 °C over another 6 h period and held at this temperature for an additional 12 h.
Subsequently, it was heated up to 900°C for 12 h and remained at this constant
temperature for 96 h. The sample was eventually cooled down to 400 °C over a cooling time
span of 96 hours. The synthesis process of crystal 2 was identical to that of 1, with the
exception that its synthetic raw materials was the mixtures of La (34.5 mg, Macklin), HgS
(115.4 mg, Aladdin), Ga (86.5 mg, Aladdin), S (63.6 mg, Xilong Scientific Co., Ltd.), and KCI
(170 mg, Aladdin) The reactants were heated to 300°C at room temperature for 6 hours,
held at this temperature for 6 hours, then heated to 600°C for the same time, held at this
temperature for 6 hours, and then heated to 950 °C for 12 hours, and cooled to room
temperature for 4 days after being held at the highest temperature. The aggregated crystals
were isolated subsequent to rinsing the products with deionized water in order to eliminate
any remaining unreacted fluxing agent. The empirical molar ratios of K:Mn:Ga:S:Cl were
determined to be 4.1:1.2:7.7:15.5:1 in 1, and the molar ratios of K:Hg:Ga:S:Cl were
measured to be 3.8:1:7.3:14.8:1 in 2, which harmoniously aligned with their experimental

formulas (Fig. S1).
Single Crystal and Powder X-ray Diffraction

The single-crystal X-ray diffraction (XRD) datasets of 1 and 2 were collected at 293 K on
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a cutting-edge Rigaku FR-X microfocus diffractometer, which was equipped with a graphite
monochromatic Mo-Ka radiation source (A = 0.71073 A). The initial positions of all atoms
were solved using direct methods, and the structures underwent refinement through the
employment of the full matrix least squares technique F?, along with anisotropic thermal
parameters for each atom. All calculations were executed utilizing the Siemens SHELXTL!
version 5 crystallography software package.? Furthermore, to measure the powder XRD data
of 1 (Fig. S2a) and 2 (Fig. S2b), we employed the Rigaku MiniFlex Il X-ray diffractometer that
boasted adiffractive monochromator specifically designed for Cu Ka radiation (A = 1.54057
R). The purity of crystals 1 and 2 following irradiation with a 1910 nm laser at a power of 2
mJ for a duration of 30 minutes have been verified by XRD analysis. As shown in Fig. S3, the
XRD curves of both 1 and 2 are consistent with the simulated curves, indicating that they

still maintain good stability after laser experiments.
Infrared and UV-Vis-NIR Diffuse Reflectance Spectroscopy

The infrared spectra of 1 and 2 in microcrystalline forms were collected in the
wavelength range of 4000-400cm~! was measured using a Nicolet Magana 750 FT-IR
spectrophotometer. A base plate was prepared with BaSO, as a reference, and the sample
was placed flat on its surface. Subsequently, the UV-Vis-NIR diffuse reflectance spectra of
both compounds were recorded wusing a Perkin-Elmer Lambda 900 UV-Vis
spectrophotometer within the wavelength range of 200-2500 nm. The reflectance spectra
were then converted to an absorption spectrum utilizing the Kubelka-Munk formula: F(R) =
a/S = (1-R)?/2R,? where a represents the absorption coefficient, S denotes the scattering
coefficient, and R signifies the reflectance. These data further underwent processing
employing the Tauc plot formula [F(R)hv]" = A(hv - E;), where n takes on a value of 2 for

direct bandgap semiconductors and 0.5 for indirect bandgap semiconductors.

Second-Harmonic Generation (SHG) and Laser-Induced Damage Threshold (LIDT)

Measurements

An improved Kurtz-Perry method* was employed to assess the SHG responds of

compounds 1 and 2 under the irradiation of 1910 nm laser. Microcrystalline samples with
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particle sizes ranging from 30-50, 50-75, 75-100, 100-150, 150-200 um, were screened for
phase-matching measurements. AGS samples were acquired from a perfectly large-size
crystal and sieved into same size ranges as a reference material. The frequency-doubled
signals at a wavelength of 955 nm were detected using Andor's DU420A-BR-DD charge-
coupled device (CCD) camera. The LIDTs of crystals 1-2 and the standard AGS were
estimated via S-on-1 method, specifically, a high-power pulsed laser beam with wavelength
of 2090 nm and pulse width (t,) of 10 ns was used to irradiate the single-crystals until
damage to the surface was monitored. The damaged spot radius r was measured by Vernier
calipers, and damage thresholds were calculated by using the equation /snreshold) = E/(Ttr?Ty),

where E represents the energy of single pulse.
Fluorescence Measurements

The photoluminescence spectrum of sample 1 was recorded on an Edinburgh FLS920
phosphorimeter using a 450W Xenon lamp as excitation source. The excitation wavelength
was 470 nm, while the range of the emission wavelength was from 250 to 820 nm. Time-
resolved spectra with long lifetime measurements were collected microsecond pulsed flash
as the excitation. Temperature-dependent emission and decay data were collected using
the FLS920 spectrophotometer equipped with a 10 K closed-cycle refrigeration cryogenic
system at a series of temperature from 77 to 300 K. The Photoluminescence quantum
efficiency (PLQE) measurement was conducted in the wavelength range of 490 to 820 nm
using an Edinburgh FLS920. The fluorescence lifetime is fitted by a triple exponential
function:

F(t) = Alexp(-t/ 71) + A2exp(-t/72) + A3exp(-t/73)
Where A1, A2, A3 represent the amplitude of the triple exponential function, and 71, 72,

73 represent the time constant of the triple exponential function.

Computation Procedure

The electronic band structure of 1 and 2 were computationally determined using the

CASTEP module within Materials Studio package, which is based on density functional
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theory (DFT). For the exchange-correlation functional, we selected the Perdew, Burke, and
Ernzerfhof (PBE) parametrized generalized Generalized gradient approximation (GGA)®.
Valence configurations K-3s23p®4s', Mn-3p®3d°4s?, Hg-5d%°6s2, Ga-3d'%4s%4p?, S-3523p*, and
Cl-3s23p> were used with projector-augmented plane-wave pseudopotentials, and the
plane-wave energy cut-off was set at 18 Hartree. To perform numerical integration of the
Brillouin zone, a Monkhorst—Pack k-point mesh with dimensions of 4 x 4 x 4 was utilized.
The linear and nonlinear optical properties of compound 1 and 2 were performed using the

ABINIT  package based on DFT.”® The complex dielectric  function

4 T (T ()
E”Z £, (k) n

w, (k) - w i

Eijre = gij,re(w) + gi}',im(w)were calculated using nmk to

describe the linear optical properties of 1 and 2, where &.(w) represents real part while

€im(w) represents imaginary part of the dielectric function, respectively. Position matrix

elements rnin(k) between states n and m were also considered in this calculation.
Furthermore, frequency-dependent SHG susceptibility tensors ;i (2w, w, w) were evaluated
by employing DFT and “sum over states” method. It should be noted that the SHG
susceptibility consists of three components: pure interband transition term Yinter (2w, w, w),
intraband transition term Xina (2w, w, w) describing the modulation of linear susceptibility
by the intraband motion of the electron, as well as modulation term denoted as }moq (2w, w,

w) accounting for intraband contribution influenced by motion-related polarization

2
- <d; >
energy.!! The angular average SHG susceptibility tensor square ik~ 12 was calculated

based on the following formulas :

19 13 44 13 5
<d'>=——N di+—) didi+—— Y di+— ) didy +d]

1054 1 15 T qo5ha T 105 =gk 7
i i#] i#]j ijk,cyclic

The atomic-resolved SHG susceptibility tensors were obtained by aggregating
contributions from all orbitals attributed to the target atoms. The specific calculation
formulas of atom-resolved SHG contributions are provided below:

@=CiQ;_st+ C2<pGa_p + ...
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[T
W, =

L
Ylel

Xorbital = Wi)(energy level

Xatom = Z)(orbital

Xelement = Xatom
atom in cell

Where C; represents the coefficient of orbital composition, ¢ represents the wave

function of energy level, and x represents SHG coefficient.

2. Figures and Tables
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Figure S1. The SEM images and EDS mapping analyses of 1 (a, c) and 2 (b, d).
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Figure S2. The experimental and simulated powder XRD patterns of 1 (a) and 2 (b).
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Figure S3. The XRD curves of compounds 1 (a) and 2 (b) after laser experiments.
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Figure S4. The infrared spectra of 1 (a) and 2 (b).
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Figure S5. Variable-temperature lattice parameters of a-, b-, and c-axes in 1 (a) and 2 (b).
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Table S1. Crystallographic data and structure refinement parameters for 1 and 2.

Empirical formula

[K4ClI[MnGagS;¢] (1)

CCDC
Fw
Temperature (K)

Space group

Deatcd (g-cm3)
g (mm)
GOF on F?

R (I > 20(/))

WR5? (1> 20(1))

R,% (all data)

2326388
1387.23
293(2)
P1
8.4110(5)
9.8534(7)
9.8840(11)
735.54(12)
68.488(9)
74.848(7)
85.152(5)
1
3.132
10.307
1.002
0.0373
0.0905
0.0396

2326389
1532.88
293(2)
P1
8.4316(3)
9.8787(4)
9.8986(4)
739.08(5)
68.220(4)
74.878(3)
84.986(3)
1
3.444
15.017
1.000
0.0486
0.1129

0.0541
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WR,? (all data) 0.0915 0.1154

AP max/ Domin (€ A3) 2.67/-0.87 4.87/-1.66

R=Z2||Fol=[Fc|I/2]Fol, "WR = (E(W(Fo>~F2)?)/Z(W(F,?)?) /2.

Table S2. Coordinates (x10%) and equivalent isotropic displacement parameters (A2x103) of

all crystallographically independent atoms in 1 and 2.

Atoms 'S y z Utea)
1
K1 1380(4) 1327(3) 4012(3) 34.5(7)
K2 10003(4) 9989(3) 10015(4) 37.3(7)
K3 7892(4) 4306(4) 928(4) 45.3(8)
K4 3706(4) 3574(3) 9278(4) 39.8(8)
cl1 540(4) 2208(4) 1168(4) 31.7(7)
Mn1 2867(2) 6984(2) 5455(2) 16.3(4)
Gal 9860.0(15) 3974.2(12) 6431.3(15) 12.6(3)
Ga2 4015.0(15) 7932.1(12) 8508.5(14) 13.1(3)
Ga3 8257.6(17) 7532.1(15) 6922.3(18) 15.2(3)
Ga4 5846.5(17) 9977.1(16) 4378.5(18) 12.6(3)
Gas 7376.6(16) 6538.3(13) 3839.8(15) 15.5(3)
Gab 7029.2(16) 982.7(14) 7313.5(15) 13.8(3)
Ga7 4253.8(15) 3551.1(14) 4883.7(16) 14.6(4)
Ga8 2075.5(15) 6030.3(13) 2318.3(14) 13.3(3)
Ga9 5069.4(15) 8933.7(14) 1477.4(16) 14.3(3)
s1 7591(4) 2745(3) 8060(3) 15.5(6)
s2 5128(3) 5282(3) 5595(3) 15.4(6)
s3 9560(3) 4912(3) 3953(3) 13.3(6)
s4 4584(3) 9939(3) 9054(3) 12.9(6)
S5 5426(4) 887(3) 2062(3) 19.7(7)
s6 3509(4) 8951(3) 6139(3) 14.4(6)
57 6502(4) 1938(3) 4914(3) 13.1(6)
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s8 6024(4) 6315(3) 8531(4) 19.3(6)
59 8089(3) 8450(3) 4417(3) 13.9(6)
510 314(3) 5832(3) 7175(3) 15.8(6)
s11 7206(4) 7400(3) 1465(4) 19.1(6)
512 2498(4) 7997(3) 2916(3) 16.4(6)
513 2015(4) 2466(3) 6677(4) 18.6(7)
514 1626(4) 6835(3) 10006(3) 16.4(6)
515 9147(3) 9460(3) 7219(4) 18.8(6)
516 3941(4) 4244(3) 2546(3) 18.4(6)
2
K1 1366(7) 1339(5) 4020(6) 39.9(13)
K2 10001(7) 9988(5) 9993(6) 42.1(13)
K3 7880(8) 4304(6) 951(6) 49.9(15)
K4 3678(7) 3580(6) 9275(6) 45.2(14)
ci 526(8) 2200(6) 1168(7) 34.5(12)
Hgl 2846.6(9) 6988.6(7) 5476.6(8) 24.2(3)
Gal 9849(4) 3968(3) 6432(3) 13.4(5)
Ga2 3997(3) 7949(3) 8510(3) 14.1(5)
Ga3 8219(3) 7519(3) 6932(3) 14.3(5)
Gad 5848(3) 9988(2) 4378(2) 14.1(6)
Ga5 7383(3) 6530(2) 3841(3) 16.4(5)
Gab 7028(3) 975(2) 7310(2) 10.9(5)
Ga7 4260(3) 3551(2) 4886(3) 17.4(5)
Gas8 2072(3) 6043(2) 2300(2) 15.9(6)
Ga9 5045(3) 8947(2) 1475(3) 14.2(5)
s1 7597(7) 2715(5) 8064(6) 18.5(11)
s2 5212(6) 5212(5) 5632(6) 19.1(11)
s3 9577(6) 4922(5) 3951(5) 15.0(10)
s4 4581(6) 9947(5) 9049(5) 15.6(10)
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S5 5387(7) 881(5) 2084(6) 22.1(12)
S6 3496(6) 9056(5) 6154(5) 15.2(10)
S7 6518(6) 1953(5) 4885(5) 13.3(10)
S8 5981(6) 6307(5) 8546(6) 19.2(11)
S9 8066(6) 8437(5) 4424(5) 15.3(10)
s10 223(6) 5777(5) 7260(5) 18.4(11)
S11 7194(7) 7411(6) 1477(6) 23.1(11)
S12 2453(6) 8050(5) 2829(5) 18.1(11)
513 2027(7) 2482(5) 6676(6) 21.0(11)
S14 1629(7) 6838(5) 9998(6) 17.8(10)
515 9136(7) 9433(5) 7221(6) 22.6(11)
S16 3944(7) 4260(6) 2550(6) 21.4(11)
Table S3. Selected bond lengths [A] for 1 and 2.
Bonds Distances Bonds Distances Bonds Distances
1
K1-Cl1 2.880(5) Ga2-S14 2.244(3) Gab-S7 2.356(3)
K2-Cl1 2.923(5) Ga3-S8 2.217(3) Gab6-S15 2.235(3)
K3-Cl1 2.903(4) Ga3-S9 2.343(3) Ga7-S2 2.303(3)
K4-Cl1 2.925(4) Ga3-S10 2.300(3) Ga7-57 2.364(3)
Mn1-S2 2.424(3) Ga3-5S15 2.240(3) Ga7-S13 2.244(3)
Mn1-S6 2.416(3) Ga4-S5 2.244(3) Ga7-S16 2.238(3)
Mn1-S10 2.424(4) Ga4-S6 2.275(3) Ga8-S3 2.367(3)
Mn1-S12 2.430(4) Ga4-S7 2.323(3) Ga8-512 2.301(3)
Gal-S1 2.248(3) Ga4-S9 2.311(3) Ga8-514 2.251(3)
Gal-S3 2.354(3) Ga5-S2 2.285(3) Ga8-S16 2.244(3)
Gal-S10 2.300(3) Ga5-S3 2.331(3) Ga9-54 2.364(3)
Gal-S13 2.250(3) Ga5-S9 2.321(3) Ga9-S5 2.265(3)
Ga2-S6 2.323(3) Ga5-511 2.224(3) Gag- S11 2.249(3)
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Ga2-S8 2.221(3) Ga6-S1 2.245(3) Ga9-S12 2.306(3)

Ga2-54 2.346(3) Ga6-54 2.336(3)
2

K1-Cl1 2.889(7) Ga2-514 2.238(6) Ga6-S7 2.371(5)
K2-Cl1 2.941(7) Ga3-S8 2.225(6) Ga6-515 2.243(5)
K3-Cl1 2.907(7) Ga3-S9 2.341(5) Ga7-S2 2.306(5)
K4-Cl1 2.928(8) Ga3-510 2.298(5) Ga7-57 2.365(5)
Hg1-S2 2.536(5) Ga3-515 2.242(5) Ga7-513 2.240(6)
Hg1-S6 2.515(4) Ga4-S5 2.235(5) Ga7-516 2.235(6)
Hg1-S10 2.510(5) Ga4-S6 2.274(5) Ga8-S3 2.365(6)
Hgl-S12 2.536(5) Ga4-S7 2.324(4) Ga8-512 2.298(5)
Gal-S1 2.252(6) Ga4-S9 2.311(5) Ga8-S14 2.239(5)
Gal-S3 2.347(5) Ga5-52 2.280(6) Ga8-516 2.246(5)
Ga1-510 2.299(5) Ga5-S3 2.328(6) Ga9-54 2.357(5)
Gal1-513 2.254(6) Ga5-S9 2.321(5) Ga9-S5 2.267(5)
Ga2-S6 2.314(5) Ga5-511 2.218(6) Ga9-S11 2.259(5)
Ga2-S8 2.224(5) Ga6-S1 2.242(5) Ga9-512 2.299(6)
Ga2-54 2.348(5) Ga6-S4 2.338(5)

Table S4. The laser-induced damage thresholds of 1, 2, and AgGaS, determined by single

crystals.
Compounds Damage energy (m)J) Spot area P Damage
(cm?) (ns) threshold?
[MW-cm2]
1 4.2 0.020 10 20.8
2 4.3 0.020 10 21.3
AgGas, 0.8 0.020 10 4.0

2Both 1 and 2 was measured by three times with different single crystals.

Table S5. Summary of Hg-based NLO chalcogenides.

Compounds SHG (xAGS) E; (eV) PM/NPM?
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HgCuPS,13
Na,HgsSn,Sg*
AgHgPS,%°
Na,Hgs;Ge,Sg!*
B-K,Hg;Ge,Sg®
SrHgSnS,Y
BaHgSnS,Y’
HgsP,Sg™
HgGa,S,'°
Na,HgsSi,Sg*

BaHgSiS,2°

[BasCly][HgGasS10]*

SrHgGeS,2°
BaHgGeS,?°
SrHgSiS,%°
Zn,HgP,Sg??
BaHgS,%3
BaHgSe,?*
Hg,GeSe,?>
Na,HgsSi,Seg?®
Na,HgsGe,Seg?®
Na,HgsSn,Seg?®
Li,HgSiS,2
Li,HgGeS,*’
Li,HgSnS,?”
Li,HgGeSe,2®
Li,HgSnSe,%°
LiHgSn,Se,*8

Li4HgGe25729

6.5
2.8
5.09
2.2
1.5
1.9
2.8
4.2
2.3
1.3
2.1
1.1
2.4
1.8

2.2
6.5
1.5
2.1
3.6
4.8
5.4
0.8
3.0
4.0
4.6
6.0
3.6
1.5

S13

2.03
2.45
2.63
2.68
2.70
2.72
2.77
2.77
2.81
2.86
2.94
2.95
2.97

3.06
3.37
1.93
1.56
1.17
2.20
1.98
1.88
2.68
2.46
2.32
2.27
1.93
2.10
2.75

PM

PM

PM

PM

PM

PM

PM

PM

PM

PM

PM

PM

PM

PM

PM

PM

NPM

PM

PM

PM

PM

NPM

NPM

NPM

PM

PM

PM



BaHgGeSe,™ 4.7 2.49 PM

SrHgGeSe,* 4.8 2.42 PM
BaHgSnSe, '’ 5.1 1.98 PM
SrHgSnSe, '’ 4.9 2.07 PM
EuHgGeS,! 0.9 2.04 PM
EuHgGeSe,*? 1.77 2.14 PM
EuHgSnS,3? 3.1 1.97 PM
AgcHgGeSeg33 05 0.92 PM
AgeHgSiSes3 2.0 1.0 PM
KHg,GasSe;,3* 20 1.61 PM
RbHg,GasS1,% 1.1 2.30 NPM
CsHg,GasSy,° 1.8 2.36 NPM
Hg;P,Se;,% 1 1.40 PM
Hg3AsS,ClI37 2.8 2.41 PM
Hg3AsS,CI37 3.2 2.43 PM
HgsAsSe,Br38 8.8 2.13 PM
HgsAsSe,l8 6.2 2.10 PM
CsClHgsP,Sg> 0.8 3.0 PM
CsBrHg3P,Sg3° 1.2 2.95 PM
RbBrHg;P,Ss* 1.05 2.94 PM
Hgs* 1.2 2.04 PM

2 Phase-matching (PM) and nonphase-matching (NPM) behavior.

Table S6. A brief summary of phase-matching behavior SIC NLO materials and their SHG

intensities and band gaps.

Compounds SHG E, Compounds SHG E;
(xAGS)  (eV) (xAGS  (eV)
)
[Sr4C|2] [S|359]41 1.2 4.22 [KszI][Ga7512]48 2.7 2.41

[K3Cl][GasPSg]*? 1.00 3.60 [Na,Pbl][Ga,S1,]%° 2.6 2.53
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[RbgCI][Ga3P58]42 1.10 3.65 [K4C|][CdGa9516]50 0.9 3.15

[K5Br][GazPSg]*? 1.20 3.85 [K4Cl][CdGagSe;6]° 2.4 1.72
[Rb3Br][GasPSg]*? 2.00 3.50 [K5CI[Mn,GagS1,]°t 0.8 3.17
[RbBa,Cl][Ga,Ss]*? 1.00 3.30 Rbg[K5Cl][Li;Mn,Ga1,5,7]%2 1.1 3.31
[CsBa,Cl][Ga,Sg]*? 0.90 3.35 [CsBasBr][B,Sg]3 0.5 2.65
Li[LiCs,Cl][Ga3Se]** 0.70 4.18 [CsBasl][B,Se]*3 0.5 2.71
[BasCl,][ZnGasS10]*° 1.1 3.85 [RbBasBr][B,S¢]*3 0.6 2.61
[BasCl,][HgGa,S10)%® 15 2.95 [RbBasl][B,Se]>3 0.5 2.64
[KBasCl,][GasS10]* 1.0 3.93 [RbBasCl][IngSe;4]** 2 2.02
[RbBasCl,][GasS10]* 1.0 3.95 [Nasl][GagSys]>? 0.7 3.10
[CsBasCly][GasS10]* 1.0 3.96

[K,PbCl][Ga;S1,]%8 2.5 2.54

[K,PbBr][Ga;S1,]*® 2.6 2.49
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