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Long-wave infrared (IR) nonlinear optical (NLO) crystals hold great promise for extensive applications.
However, IR NLO crystals with outstanding comprehensive optical and NLO performances are still in great
demand. Herein, two Hg-based chalcogenides, HgzAsS4Cl and HgsAsS4Br, are synthesized via a chemical
vapor transport technique. Attributed to the synergistic combination of [HgSs] groups and structurally aligned
[AsS3] groups with lone pair electrons, the two compounds exhibit superior NLO performance, encompassing
strong second-harmonic generation (SHG) effects, tremendous birefringence, and a broad transparency
range, positioning them as promising long-wave IR NLO materials. Moreover, the luminescent performances
of the two compounds are also investigated, revealing interesting ultraviolet (UV) region luminescence emis-
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Introduction

Long-wave infrared (IR) lasers, which generate mid-infrared
(MIR) (2.5-25 pm) coherent light through the frequency con-
version process of nonlinear optical (NLO) crystals, has shown
important applications in photoelectric countermeasures,
laser guidance, infrared remote sensing, atmospheric detec-
tion, etc.'™ As the core device of tunable IR lasers, IR NLO crys-
tals are in urgent demand. In fact, the difficulties involved in
exploring IR NLO crystals are primarily centred around achiev-
ing a balance between second-harmonic generation (SHG)
effects, laser damage thresholds (LDT), birefringence and IR
transparency.®® However, these NLO properties are strongly
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sions, broad emission bands, and large Stokes shifts for potential luminescent applications.

interconnected and contradictory,”'® which presents a huge

challenge. For instance, large SHG coefficients of ZnGeP,
crystal render it an excellent IR NLO crystal. However, the
small band gap and multi-photon absorption of ZnGeP, in the
1064 nm hinder its serviceable range and further appli-
cations.™ In view of this, for extensive applications, it is indis-
pensable to screen novel long wave IR NLO crystals with
superior performance covering sufficient phase-matching (PM)
SHG intensity, a wide IR transmission range, moderate band
gap and large birefringence.

Recently, d-block-metal-based chalcogenides have been
proven to be a promising system for designing IR NLO crystals,
especially Hg-based chalcogenides have attracted significant
attention due to the unique electronic configuration of
Hg.'>™* Usually, highly polarized Hg>" ions, stemming from
the decreased shielding power of 4f electrons and relativistic
effects, give rise to outstanding SHG effects and
birefringence.'>'® Hg atoms and chalcogen (Q) can also be
aggregated into linear or V-shaped [HgQ,]*”, m-conjugated
planar triangle [HgQ,]*~, tetrahedral [HgQ4]°~ and so on,
which are beneficial for enriching the Hg-based chalcogenides
structures.'”'® Moreover, Hg atoms with a d'° electronic con-
figuration can effectively avoid harmful d-d electronic tran-
sitions,"” and form desired triangular and tetrahedral coordi-
nation modes.>® Furthermore, as a heavy-metal element, Hg
facilitates relatively wide IR transmission regions.?** Lately,
many promising favorable Hg-based chalcogenides IR NLO
crystals were discovered, such as Hg;P,Sg (4.2 x AgGas,
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(AGS)),>*** HgCuPS, (6.5 x AGS),"®> AHgSnS, (A = Sr, Ba) (2.8/
1.9 x AGS),”® Na,Hg;M,S; (M = Si/Ge/Sn) (1.3/2.2/2.8 x AGS),*®
AHgPS, (A = Na/K) (~3.14/4.15 x AGS),” [Ba,Cl,][HgGa,S;0]
(1.5 x AGS),”® AXHg;P,S; (A = Rb, Cs; X = Cl, Br) (~1 x AGS),”
and so on. Inspired by the previous work mentioned above, we
attempted to seek out Hg-based chalcogenides with favorable
overall properties as potential IR NLO crystals. To improve
NLO performance, metals (M = As, Sb, Sn and Te) with lone
pair electrons, promoting preferable NLO effects,’*™> were
introduced to form trigonal pyramids as promising building
units, facilitating synergetic tuning with Hg-based groups to
balance the SHG effect, band gap, and birefringence compre-
hensively. Following the introduction of the above building
units, the directivity of groups can also be adjusted and per-
fected for improved NLO performance according to the
anionic group theory.*® In addition, since halogen ions
possess strong electronegativity, they can be taken into con-
sideration for effectively enlarging the band gap.®” As a result,
two Hg-based chalcogenides, HgzAsS,X (X = Cl and Br) (HASC
and HASB), with the above desired structure configuration
were synthesized by the chemical vapor transport
technique.?®*° Furthermore, their linear optical and NLO pro-
perties, thermal behavior as well as first principle calculations
were studied by combining experiments and calculations, exhi-
biting favorable comprehensive optical and NLO perform-
ances. Additionally, to further exploit their practical appli-
cation value, the luminescent performance of HASC and HASB
was also preliminarily characterized, respectively, both intrigu-
ingly showing an emission band centered in the ultraviolet
(UV) region at room temperature even though they were semi-
conductors. This work further revealed the superiority of
HASC and HASB for expansive optical and NLO applications.

Experimental

Polycrystalline synthesis

All of the chemicals, HgS (Adamas, 3N), S (Taitan, 4N), As
(Aladdin, 4N), HgCl, (Taitan, 3N), and HgBr, (Adamas, 3N)
were purchased and used without further purification. Single
crystals of HASC and HASB were synthesized by a chemical
vapor transport method utilizing HgS, S, As, and HgCl,/HgBr,
at the molar ratios of 5:3:2: 1 as raw materials, respectively. A
mixture of the materials was placed in a silica tube with an
inner diameter of 12 mm and a length of 150 mm, then flame-
sealed under vacuum, and lain in a horizontal muffle furnace
equipped with dual temperature zones, where the vaporization
zone was heated at 400 °C while the crystallization zone was
heated at 340 °C for 3 days. Then the silica tubes were
decreased to room temperature at a rate of 5 °C h™". The poly-
crystalline HASC and HASB were obtained in the crystallization
zone. The HASC and HASB crystals were all nonhygroscopic
and stable in the air for months without showing oxidation or
degradation. Caution: HgS, As, HgCl,, and HgBr, are toxic,
handling of these reagent requires a lot of precautions to avoid
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any skin contact and inhalation, and all operations should be
carried out in an Ar-protected glovebox or fume cupboard.

Single crystal structure characterization

The crystal structure was determined by single-crystal X-ray
diffraction. Single crystal X-ray diffraction data were collected
at room temperature on a XtaLAB Synergy R diffractometer
with Mo K, radiation (1 = 0.71073 A) using the w-scan mode.
The data was reduced and integrated with the CrysAlisPro
program, and the absorption correction was achieved by the
Multiscan technique. The single crystal structures were charac-
terized by direct methods with full-matrix least-squares fitted
on F* with SHELXL.*>*' All the atoms were determined with
anisotropic displacement parameters. The validity of struc-
tures were certified on the ADDSYM algorithm from PLATON
program,** simultaneously, no higher symmetries were found.

Powder X-ray diffraction (PXRD)

The PXRD analysis of polycrystalline materials was achieved
on a Miniflex-600 diffractometer using Cu K, radiation (4 =
1.540598 A) at room temperature with an angular scanning
range of 20 = 5°-85°, a scan step width of 0.02° and a scan

speed of 0.2° min~".

Energy dispersive X-ray spectroscope (EDS) analysis

The EDS analysis was carried out on a field emission scanning
electron microscope (FESEM, SU-8010) equipped with an
energy dispersive X-ray spectrometer. The cleaned crystals were
placed on an aluminum sample stage with carbon conductive
tape. Different regions on the crystals were tested.

UV-Vis-NIR transmittance spectroscopy

The UV-Vis-NIR transmittance data of single crystals were
recorded by utilizing polished crystal wafers at room tempera-
ture from 300 to 2500 nm on a PerkinElmer Lamda-950 UV-Vis-
NIR spectrophotometer. The indirect band gap value was
obtained by plotting absorption spectra with a Tauc function.

Fourier-transform infrared (FT-IR) spectroscopy

IR spectra of materials were performed on a Bruker VERTEX
70 FT-IR spectrometer with the help of polished crystal wafers
in the range of 4000-400 cm ™.

Raman spectrum measurement

The Raman spectrum in the range of 4000-50 cm ' was

measured on Horiba Labram HR800 evolution Raman spectro-
meter under a laser excitation at 633 nm.

Single crystal laser damage threshold (LDT) measurements

The LDT of single crystals was performed utilizing polished
crystal wafers by a single pulse method. A power-tunable
1064 nm laser with a pulse width 7, of 10 ns and an operating
frequency of 1 Hz was employed to radiate the single crystal
surface with a beam spot diameter of 1.3 mm. The input laser
intensities were raised from 5 mJ until a fixed size damage
spot occurs and the laser energy E was recorded. The LDT

This journal is © the Partner Organisations 2024
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value was calculated from the equation I(threshold) = E/(nr’t).
To ensure reliability, the LDT value was obtained from the
mean value of five measured samples.

Thermal analysis

The TG and DTA analysis were tested on a NETZSCH STA449F3
simultaneous analyzer under N, atmosphere. Reference (Al,O3
crucible) and polycrystalline samples (10 mg) packed in the
same Al,O; crucible were heated from 30 to 600 °C at a rate of
10 °C min~" simultaneously and then cooled to room tempera-
ture naturally.

SHG measurements

Polycrystalline SHG signals were measured according to a
modified Kurtz and Perry method using 2.05 pm laser radi-
ation.*® Since SHG efficiencies are known to depend strongly
on particle size, polycrystalline samples of good quality were
ground and sieved into the following particle size ranges:
25-45, 45-62, 62-75, 75-109, 109-150, and 150-212 pm. As a
reference, the polycrystalline AGS was also ground and sieved
into the same particle size ranges. The samples in different
particle sizes were pressed between two glass microscope cover
slides with a thickness of 1 mm and equipped with a 2 mm
thick rubber ring, containing an 8 mm diameter hole in the
center, which were tightly sheathed in aluminous holders with
a central hole the same size as the rubber ring. The samples
were then placed in a light-tight box and under the irradiation
of a pulsed laser. In the process of the measurements, the
background flash-lamp light on the sample can be limited by a
cutoff filter, while the second harmonic signals can be selected
by an interference filter and detected with a photomultiplier
tube attached to a RIGOL DS1052E 50 MHz oscilloscope.
Finally, the ratio of the second-harmonic intensity outputs
between the samples and reference can be calculated clearly.

Luminescent measurements

The photoluminescence (PL) excitation spectra and emission
spectra were recorded on an FLS980 spectrometer (Edinburgh)
equipped with a continuous xenon lamp (450 W). The
measurements were carried out in the range of 230-600 nm at
room temperature. PL decay curves were measured with the
FLS980 spectrometer equipped with a tunable optical para-
metric oscillator (OPO) pulse laser as the excitation source
(225-2200 nm, Carlsbad, CA, USA). The power-dependent PL
intensity was also performed in the FLS980 spectrometer by
using an OPO pulse laser source and a Glan prism for power
regulation. The low temperature measurements were carried
out to cover the temperature of 10-300 K by mounting samples
on a closed cycle cryostat (CS202PE-DMX-1AL, 10-300 K).

Computational details

Electronic structures, optical properties, and the DOS of HASC
and HASB were analyzed by first-principles calculations based
on the DFT calculation, utilizing the plane wave pseudopoten-
tial method with CASTEP code.***> Generally, the exchange
and correlative potential of electron—electron interactions were

This journal is © the Partner Organisations 2024
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represented by generalized gradient approximation (GGA) in
the scheme of Perdew-Burke-Ernzerhof (PBE).*® Furthermore,
the effective interaction between atom cores and valence elec-
trons of each element was described through the norm-conser-
ving pseudopotentials in the Kleinman-Bylander form,*”
where the valence electrons were expressed as Hg 5d'°6s?, As
4s”4p®, s 2s*2p?, Cl 3s%3p°, and Br 4s°4p°> electrons. Besides,
the k-point of the first Brillouin zone of HASC and HASB was
sampled as the 2 x 2 x 2 and 2 x 2 x 2 Monkhorst-Pack
scheme,*® respectively, which was used to calculate the optical
properties and DOS of the crystal. During the calculation of
the optical properties for HASC and HASB, the energy cutoff
was set to be 600 eV and 400 eV, while self-consistent conver-
gence of the total energy was set to be 2.0 x 107° eV per atom,
respectively. In addition, the scissors operation was adopted in
the dielectric function calculation owing to the underestima-
tion of the band gap of the DFT method,"® where a scissors
operator of 0.921 eV and 0.822 eV for HASC and HASB, respect-
ively, was applied to move the simulated band gap to the right
place. The calculated SHG coefficients were calculated from
the “velocity-gauge” formula,>® while the SHG density was cal-
culated by the band-resolved method.>*

Results and discussion
PXRD and EDS analysis

The single crystals of HASC and HASB were obtained via a
chemical vapor transport reaction (Fig. S1f). The PXRD pat-
terns were identical to the simulated pattern from the single
crystal models (Fig. S2t), confirming the purity of samples.
The pure samples were used for subsequent characterizations.
The EDS analysis further showed the presence of Hg/As/S/Cl/Br
elements, respectively (Fig. S37).

Crystal structure

The compounds, HASC and HASB, all crystallized in the NCS
space group P6zmc of the hexagonal crystal system with unit
cell parameters of a = b = 7.4498(4) A, ¢ = 9.0224(9) A, a = ff =
90°, and y = 120°, Z = 2 for HASC, a = b = 7.4368(4) A, ¢ =
9.3468(8) A, a = = 90°, y = 120°, and Z = 2 for HASB. Relevant
crystallographic data and detailed structure refinement infor-
mation are listed in Table 1. Besides, the data of the atomic
coordinates, isotropic displacement parameters, bond lengths
and angles, and anisotropic displacement parameters are
shown in Tables S1-S3 in the ESI,{ respectively. Since they
were isostructural and crystallized in the same polar space
group, the structure of HASC was analyzed as a representative
sample and is shown in Fig. 1. There are 5 crystallographically
independent sites including one Hg atom, one As atom, one
Cl atom and two S atoms in one asymmetric unit. The basic
structural unit was Hg-based [Hg;Se] groups with 3-connected
[HgS;] triangles (Fig. 1a), which was arranged regularly. The
Hg-S bond distances of the [Hg;Se] group varied from 2.449(3)
to 2.519(2) A, while the S-Hg-S and Hg-S-Hg bond angles
were presented between 110.32(17)-123.60(6)° and 95.76(18)-
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Table 1 Crystal data and structure refinement of HASC and HASB
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98.48(13)°, respectively. Besides, another structural unit, the
[AsS;] trigonal pyramids, were introduced for improving NLO

F 1 Hg;AsS,Cl Hg;AsS,B . S
ngﬁzlz mass (amu) 8 4gO3.Ss6 4 8513.81 4B properties and structural directivity, where the As atom was co-
Temperature (K) 293(2) 293(2) ordinated to three S atoms (Fig. 1b). The As-S bond distance
/(13 (A)t ot 21-71073 | (})1-71073 | of [AsS;] group was 2.274(4) A, while the S-As-S bond angles
Sl?;i: giﬁlgm P;:;l%ona P;:;%()na were 93.59(16)°. The [Hg;S¢] and [AsS;] groups were con-
a(A) 7.4498(4) 7.4368(4) structed by bridging S atoms, building a [HgzAsS,]" layer
b (A) 7.4498(4) 7.4368(4) (Fig. 1c). The layers alternately rotated 180°, which was attribu-
c (&) 9.0224(9) 9.3468(8) . .
a(©) 9 % ted to the lone pair electron repulsion between the As atoms
£ 90 90 from neighbouring layers, generating an aligned arrangement
J"/((}) }ég 65(6) 4114213 65(6) of groups and strong polarity along the c-axis, inducing
7 5 0 superior SHG effects and birefringence. The layers were
p (caled) (g em™) 6.436 6.564 arranged infinitely in the space through the Cl atoms, forming
p (mm~ 57.939 60.288 a distinct three-dimensional framework (Fig. 1d) and produ-
F(000) 708 744 . . _ . .
o) 3.157-30.046 3.163-30.397 cing cavities surrounded by CI™ as counter anions. The intro-
Index range -10<h<6,-7<k< -10<h<9,-9<k< duction of CI” ions was not only conducive to enlarging the
) 9,-8<1<12 9,-9<1<13 band gap, but also reinforced interlayer interaction, where
Reflections collected/ 1715/396 1681/395 Z . . " .
unique every Cl™ ion captured six near Hg”>* cations through strong
Rine 0.0265 0.0521 electrostatic interactions from the adjacent layer (Fig. 1e),
gso?gstglfss o= 100 100 respectively, decreasing the interlayer spacing and creating
GOF on Fao 0.993 1.075 favorable growth conditions.” It is worth noting that the

R1IWR, [Fy> > 26(Fy )]
R,/WR, (all data)
Flack parameter

0.0227/0.0484
0.0257/0.0490
0.013(13)

0.0327/0.0714
0.0356/0.0722
0.02(2)

“Ry(F) = T |Fo| = |Fel [/ Z|Fol, WRo(Fo?) = [EW(FS” = F) I Ew(F")]".
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[Hg3Se] groups were slightly corrugated due to above electro-
static attraction of Cl~ ions toward Hg>", whereas all [AsS;]
groups were uniformly arranged along the c-axis with a struc-
ture criterion (C) of 1 (present in Fig. 1d and section of compu-
tation), which means that the [AsS;] groups were optimally
arranged, contributing to optimization of the NLO
performance.

(e)

[AsSs] be

Fig. 1
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(@) [HgsSe! unit and [HgzSel groups, (b) [AsSs] unit and [AsS3] array, (c) infinite [HgsAsS,4]* layer, (d) crystal structure of HASC viewed in the

(010) plane, and (e) connection of Cl atoms.
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Optical properties

The UV-Vis-NIR transmittance spectrum of HASC and HASB,
measured by utilizing polished crystal wafers (Fig. S1d and ef),
exhibited a wide transmission range and displayed no obvious
absorption peak ranges of 515-2500 nm and 510-2500 nm,
respectively (Fig. 2a and b). The indirect band gap of HASC
and HASB was estimated to be 2.408 eV and 2.431 eV, respect-
ively, wider than that of some traditional IR NLO crystals, such
as AgGaSe, (1.83 eV) and ZnGeP, (1.9 eV).>>> The IR trans-
mission spectra of HASC and HASB were also recorded (Fig. 2a
and b), which indicated that these two compounds possessed
a broad transparency region of 2.5-13.7 pm and 2.5-14.2 pm,
respectively. As a result, HASC and HASB was transparent over
a wide range covering visible to IR region of 0.515-13.7 pm
and 0.510-14.2 pm, respectively, significantly possessing
expansive long-wave IR atmospheric window of 8-14 pm,
which could be efficiently pumped by 1.064, 2.09 and 10.6 pm
laser sources. Moreover, the Raman spectra of HASC and
HASB were in agreement with the IR spectra. Additionally, as
shown in the insets of Fig. 2c and d, several obvious absorp-
tion peaks were recorded in the region of 50-400 cm™'. The
Raman peaks below 300 cm™" mainly originated from the
vibrations of Hg-S bonds,> and the peaks above approxi-
mately 300 cm™' belonged to the vibrations of the As-S
bonds.>® Furthermore, single crystal LDT measurements were
carried out by a single pulse method for preliminarily evaluat-
ing the laser damage resistance of HASC and HASB. The
results indicated the LDT of two crystals was 123 and 125 MW
ecm™? @1064 nm, 1 Hz, 10 ns, respectively, which was much
larger than that of AGS (30 MW cm™? @1064 nm, 1 Hz, 10 ns)
under the same experimental conditions.

The refractive index dispersion curves of HASC and HASB
were also obtained and are presented in Fig. S4.f The calcu-

View Article Online
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lated refractive indices as a function of wavelength were fitted
by the least-squares method according to the Sellmeier
equations: n2 (or n2) = A + B2*/(A> — C) — DA*, where 1 is the
wavelength in pm and A-D are the parameters. The fitted
Sellmeier equation for HASC was expressed as

) 7.324384%
1

T 0.037624% 1
° A2 —0.08377 (1)

24 4.930452%

T 0.0140042 2
€ A% —0.05646 2)

And that for HASB was expressed as

7.313092
ng=1+———————0.051961 (3)
A% —0.08008
5.078174%
2 2
nw=1+—""""__0.024951 4
€ %2 —0.05733 (@)

The results indicated that they both had strong optical an-
isotropy with n, > n.. According to the fitted Sellmeier
equations, the birefringence of HASC and HASB was also cal-
culated to be 0.447 and 0.412 at 2050 nm, respectively, imply-
ing their outstanding PM capacity. The large optical anisotropy
was created by asymmetric electron polarization along the
c-axis in the [Hg;AsS,]" layer due to structural anisotropy,
while CI7/Br~ contributed little to the birefringence due to the
isotropic electron density distribution.’

The PL excitation and emission spectra of HASC and HASB
were preliminarily recorded and are shown in Fig. 2e and f.
Upon UV excitation at 248 nm, HASC and HASB all exhibited
bright purple PL with a broad emission band (full-width at
half maximum (FWHM) of ~29.5 eV) at 390 nm at room temp-
erature, which originated from the existence of point defects
caused by sulfur vacancies in the structures.’®>” These defects

(@) 70 (©)

Raman spectrum
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Fig. 2 UV-Vis-NIR and IR transmittance spectra for (a) HASC and (b) HASB, Raman spectrum for (c) HASC and (d) HASB, and PL excitation and emis-

sion spectra for (e) HASC and (f) HASB, respectively.
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would be electron trapping centers, resulting in a high elec-
tron-hole pair recombination rate for luminescence. The PL
decay curves of HASC and HASB displayed single-exponential
decay with the fitted PL lifetime of 106.97 ps and 107.49 ps,
respectively (Fig. S5a and bf). Generally, the appropriate
Stokes shift would effectively avoid severe self-absorption and
was conducive to luminescence. Fortunately, on account of
exciton phonon coupling, the Stokes shifts of HASC and HASB
were all of 142 nm, which was larger than that of some IR
materials, such as ACd,GasTe;, (A = K/Rb/Cs) (Stokes shifts of
65/72/72 nm), and some gallium sulfides (Stokes shifts of
72-125 nm), etc.,”® indicating the capacity of HASC and HASB
as luminescent materials. To further investigate the origin of
PL, power-dependent PL intensity measurements were per-
formed. The experimental results showed that the PL intensity
gradually increased to the saturation value with the rise of
power density (Fig. S5¢ and dt), confirming that PL of HASC
and HASB both originated from defects. As PL from defects
generally presented sublinear dependence on the power
density with a saturation of limited defect sites under high
excitation intensity.>*"®® Besides, the emission mechanism of
HASC and HASB was further explored by measuring their PL
spectra over the temperature range of 10-300 K (Fig. S5e and
ff). A thermal enhancement of PL intensity was observed in
both compounds as the temperature increased from 10 to
300 K, which was consistent with the characteristics of
phonon-assisted luminescence in defect centers.®*®® The
increase in temperature allowed for a greater probability of the
charge carriers to be captured at the deep defects, with more
phonons becoming active and participating in the energy
transfer process, and accordingly resulted in high multiples of
enhanced PL intensity. On the whole, comparing to the PL of
known chalcogenides, such as some gallium sulfides (PL at
440-500 nm),>® ZnIn,S, (PL at 775 nm), ZnsIn,Ss (PL at
681 nm), CdGa,S, (PL at 577 nm),*® ACd,Ga;S;, (A = K, Rb, Cs)
(PL at 574-595 nm),*” Ba;MGa,Se;,Cl, (M = Zn, Cd, Mn, Cu/
Ga) (PL at 697-880 nm),*® BazAGasSe;oCl, (A = Cs, Rb, K) (PL
at 711-731 nm),* etc., it is unusual for HASC and HASB to
observe luminescence output centered in the UV region in
chalcogenides, which extended the emission region of chalco-
genides and exhibited expansive potential optical applications
of HASC and HASB.

View Article Online
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Thermal analysis

The thermogravimetric (TG) analyses of HASC and HASB, as
shown in Fig. S6a and b,f presented the stability up to about
305 °C and 330 °C, respectively, corresponding to endothermic
peaks at 340 °C and 473 °C of the differential thermal analysis
(DTA) curve for HASC, 380 °C and 460 °C of DTA curve for
HASB, due to the decomposition of the compound through
thermal disproportionation. The PXRD analyses at various
temperatures confirmed that HASC and HASB had been
decomposed into HgS at 380 °C and 400 °C (Fig. S6c and df),
respectively. The results further indicated bulk single crystals
growth of HASC and HASB could be carried out by the chemi-
cal vapor transport technique instead of the mainstream
crystal growth technique, the Bridgman method, because
these two compounds were not melting-congruent.

NLO properties

The powder SHG measurements of HASC and HASB corres-
ponding to different particle sizes, exhibited in Fig. 3a, were
systematically carried out with AGS as references through the
Kurtz and Perry method. Attributed to the introduction of Hg
and As and the oriented arrangement of [AsS;] groups, HASC
and HASB exhibited strong SHG responses, which were about
2.8 and 3.2 times that of AGS under 2050 nm laser irradiation
(Fig. 3a), respectively, larger than that of some IR NLO chalco-
genides under the same wavelength laser irradiation such as
LiGaS, (~0.4 x AGS), LiInS, (0.54 x AGS),”° BaGa,GeS; (2.1 X
AGS),”""* AMg;M;S; (A = Na, Ag; M = Al, Ga) (<1 x AGS),”?
SrZnGeS, (0.9 x AGS),> Rb,CdSi,;Sio (~0.6 x AGS),”* Eu,P,Sg
(~0.9 x AGS),”® etc. Furthermore, the second-order NLO suscep-
tibilities of HASC and HASB were also investigated by first
principal calculations. Since their space group belonged to
class 6 mm, it had two independent nonvanishing NLO sus-
ceptibility tensors, d3; and d3;. The calculated NLO coefficients
were d3; = —18.3 pm V™! and d;; = 17.6 pm V' for HASC and
d3; = —23.3 pm V' and d;; = 18.5 pm V' for HASB at a wave-
length of 2050 nm (0.605 eV), respectively (Fig. 3b and c). It
was noteworthy that ds, took practical significance in the SHG
process of 6 mm class, and it could be seen that the calculated
d;; was comparable to the results of powder SHG
measurements.
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Fig. 3 (a) Particle size-dependent SHG intensity curves for HASC and HASB with reference of AGS under a 2050 nm laser. Calculated independent

NLO coefficients for (b) HASC and (c) HASB.
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According to the anionic group theory,®® the SHG contri-
bution mainly resulted from the dipole transition of the intra-
atomic transitions in [HgS;] and [AsS;] groups. And the geo-
metrical addition of the microscopic second-order suscepti-
bility of these groups generated the macroscopic SHG effect of
HASC and HASB. According to this calculated method (the
specific calculation steps were expatiated in the ESIT),”® the
NLO coefficients were proportional to density of the groups (n/
V), the structural criterion (C), and nonvanishing second-order
susceptibility ﬂg?l and ﬁ%, respectively. The calculated results
are listed in Table 2, where the C value of [AsS;] groups for
HASC and HASB were all 1, which means that the [AsS;]
groups were optimally arranged for a good SHG performance.
Although the C value of [HgS;] was inferior to that of [AsS;]
groups, respectively, a larger density of the groups (n/V) facili-
tated greater SHG contribution.

Besides, the dipole moments of [HgS;] and [AsS;] groups
were also calculated to evaluate their contribution to macro-
scopical SHG effects, respectively.”””° The direction and mag-
nitude of dipole moments of these groups are listed in
Table 3. The x and y components of the six [HgS;] groups in a
unit cell were cancelled out and close to zero, while the z com-
ponents of that added up to a total dipole moment of 13.956 D

Table 2 Calculations of anionic group theory and SHG efficiencies for
HASC and HASB

Structural Densities of the (nv)yxc

Group criterion C groups (n/V) (A7) (x1072 A7)
Hg;AsS,Cl

[HgS;] 0.716 0.0138 0.99

[AsS;] 1.000 0.0046 0.46
Hg;AsS,Br

[HgS;] 0.711 0.0134 0.95

[AsS;] 1.000 0.0045 0.45

Table 3 Direction and magnitude of dipole moments of [HgSs] and
[AsS3] groups

Dipole moment

(4, unit: debye) Total magnitude

Polar unit in a unit cell Uy Hy Uy e
Hg;AsS,Cl

[HgS;](1) x 2 0 -1.282 -2.325 2.655
[HgS;](2) x 2 -1.111 0.641 -2.328 2.658
[Hgs;](3) x 2 1.111 0.641 -2.325 2.655
[HgS;] (total) 0 0 -13.956 13.956
[AsS;] x 2 0 0 —6.708 6.708
[AsS;] (total) 0 0 -13.416 13.416
Total 0 0 —27.372 27.372
Hg;AsS,Br

[HgS;](1) x 2 -1.088 0.624 —-2.413 2.720
[HgS;](2) x 2 1.088 0.633 —2.412 2.721
[Hgs;](3) x 2 0 -1.257 —2.412 2.720
[HgsS;] (total) 0 0 —14.474 14.474
[AsS;] x 2 0 0 —6.788 6.788
[AsS;] (total) 0 0 -13.576 13.576
Total 0 0 —28.050 28.050

This journal is © the Partner Organisations 2024
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for HASC and 14.474 D for HASB without any cancellation,
respectively. The x and y components of all the dipole
moments for [AsS;] groups were zero. The dipole moment of
the two [AsS;] groups was calculated to be 13.416 D for HASC
and 13.576 D for HASB, respectively, which was derived from
the z component of the polarization. The z components from
all the [HgSs] and [AsS;] groups within one unit cell were
summed up to a total dipole moment of 27.372 D for HASC
and 28.050 D for HASB, respectively. Thus, it could be con-
cluded that the constructively geometric superposition of
dipole moments of [HgS;] and [AsS;] groups facilitated the
appreciable SHG effect, where the polarization contributions
of [HgS;] and [AsS;3] groups were calculated to be 51.0% and
49.0% for HASC and 51.6% and 48.4% for HASB, respectively.

Computational description

The band structures of HASC and HASB were calculated (as
shown in Fig. S71) and exhibited direct band gaps of 1.487 eV
and 1.609 eV with the upper region of their valence band (VB)
occurring at the M point and the bottom of their conduction
band (CB) at the G point, respectively. The calculated value of
the band gaps was smaller than the experimental value of
2.408 eV and 2.431 eV due to the underestimation of band gap
by the density functional theory (DFT) method. Therefore, the
scissor value of HASC and HASB can be set at 0.921 eV and
0.822 eV for the subsequent SHG calculations, respectively.
Since the linear and NLO properties were mainly determined
the forbidden band, formed by VB and CB, the total and
partial densities of states (DOS and PDOS) of HASC and HASB
were concentrated and are shown in Fig. S8.f°" It can be
observed that the upper part of VB was mainly composed of S
3p, Hg 6s, and Cl 3p/Br 4p orbitals, while the bottom part of
CB was almost entirely dominated by S 3p, As 4p, and Hg 6s
orbitals, demonstrating the covalent bonds of Hg-S and As-S
corresponded to the linear and NLO properties such as the
SHG effect. Furthermore, the electron density calculation was
also carried out to infer and visualize SHG contribution of
groups or atoms. The results were exhibited in Fig. S9,T further
indicating that [HgS;] and [AsS;] groups were all playing
important roles in the SHG process obviously. Besides, it is
worth noting that CI7/Br~ anions also significantly contributed
to the macro SHG effect, demonstrating that their second-
order polarization could also be induced under optoelectronic
field perturbation.

Conclusions

In summary, two Hg-based chalcogenides, Hgz;AsS,Cl and
Hg;AsS,Br, were synthesized by the chemical vapor transport
technique, which revealed favorable NLO properties, encom-
passing strong SHG responses (2.8 and 3.2 x AGS), suitable
band gaps (2.408 and 2.431 eV), large birefringence (0.447 and
0.412@2050 nm), broad transparency ranges (0.515-13.7 and
0.510-14.2 pm), and favorable LDT (123 and 125 MW
ecm 2 @1064 nm, 1 Hz, 10 ns). Besides, the PL excitation and
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emission spectra of these two compounds were preliminarily
determined, respectively, showing that the broad emission
band extended in the UV region and large Stokes shifts at
room temperature. We believe that this work will promote
HASC and HASB for broad optical and NLO applications and
will have important implications for exploring IR NLO crystals
on the basis of Hg-based chalcogenides.
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