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ARTICLE INFO ABSTRACT

Keywords:

The phase transition of SbSI from non-centrosymmetry to centrosymmetry occurs at 292K, which is too low for its

SbSI practical applications such as ferroelectricity and nonlinear optics. Here, the substitution of Sb by Bi atoms is

Nonlinear optics
Bi doping
Chalcohalide

proposed to improve its phase transition temperature. A new chalcohalide, Big 33Sbg ¢7SI, has been successfully
synthesized by self-flux method. It crystallizes in the non-centrosymmetric space group Pmc2; (No. 26) with
a=4.1190 (9) A, b = 10.225 (2) A, c = 8.5318 (18) A. Different from the crystal structure of SbSI, Big 33Sbo 671 is

composed of two kinds of edge-sharing distorted square pyramid [MS3lo]> (M = Bi or Sb), which form [ M2S4lo] +
chains along a axis. The compound exhibits a moderate powder second harmonic generation signal at 2.09 pm,
which was consistent with its non-centrosymmetric structure.

1. Introduction

Non-centrosymmetric(NCS) compounds with intrinsic dipole moment
have a wide range of applications such as ferroelectric device [1-4],
piezoelectric [5-7] and pyroelectric sensor [8-11], and infrared laser
[12-15]. Introducing polar structural units is a common practice is to
achieve the NCS compounds [16,17], but it's difficult to control the
spatial arrangement of polar structural units. In addition, solid solution is
a useful method to get the NCS compounds through inducing phase
transition from centrosymmetry to non-centrosymmetry [18]. For
example, orthorhombic (Pnma) to tetragonal (I4;md) phase transition
can be induced in anti-perovskite phosphide (Ca; xSrx)PdsP when x > 0.6
[20]. Furthermore, superconductivity is induced in the range of
0.17 <x < 0.55 [20].

SbSl is a ferroelectric semiconductor with a Curie point at about 292 K
[21,22]. The ferroelectric phase Pna2; and paraelectric phase Pnam of
SbSI are investigated by Atsushi Kikuchi et al., in 1967 [22]. The dif-
ference between the two phases is caused by shifting of Sb and S along

ferroelectric c axis [22]. Furthermore, due to its high values of electro-
mechanical coefficient and piezoelectric coefficient, SbSI is very attrac-
tive for piezoelectric generators [23-25]. However, SbSI can only keep
NCS structure below 292 K, which limits its practical application at
higher temperature. Hence, there is a need to increase its Curie
temperature.

In this paper, Bi-doping was proposed to increase the curie temper-
ature of SbSI. A new compound Big 33Sbg ¢7SI with NCS structure Pmc2;
was successfully synthesized by introducing Bi into SbSI using self-flux
method. The crystal structure is confirmed by single-crystal X-ray
diffraction. The NCS compound Bi 33Sbg ¢7SI exhibits moderate powder
SHG response under the laser radiation of 2.09 pm. The element ratio and
phase purity of Bij 33Sbg 7SI were confirmed by energy dispersive X-ray
spectroscopy (EDXS) and powder X-ray diffraction (PXRD), respectively.
The band structure of Big 33Sbg 7SI was analyzed by solid-state ultra-
violet-visible (UV-vis) light diffuse-reflectance spectra and density
functional theory (DFT) -calculation. The infrared window of
Big 33Sbg.67SI was measured through infrared spectrophotometer.
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2. Methods
2.1. Synthesis

Big.33Sbg.67SI was synthesized by self-flux reaction. Black single
crystals scaling up to 60 pm were obtained (Figure S1b). The following
reagents were used: Bi (99.999%, Alfa Aesar Puratronic), Sb (99.999%,
Alfa Aesar Puratronic), S (99.999%, Alfa Aesar Puratronic) and I
(99.999%, Alfa Aesar Puratronic). Each reagent was weighed according
to the molar ratio Bi: Sb: S: I = 0.33: 0.67: 1: 0.5, which is the best molar
ratio to obtain pure phase. The total mass was controlled at 310 mg. They
were mixed uniformly and encapsulated in a pre-evacuated quartz tube.
The tubes are hold at 973K for 48 h and reduced to 472 K with a cooling
rate 42 K/h, and then cooled to room temperature with the furnace
cooling to obtain single crystals sample. After the sample was taken out
and mashed, it was added to a beaker containing 100 ml of aqueous
solution of alcohol (volume ratio 1 : 1) and stirred with a magnetic stirrer
for 0.5-1 h to remove by-products Bils, Sbls, and I remaining in the
reaction. Finally, the product was separated by suction filtration and
dried in an oven at 353 K to obtain the nonlinear optical crystal material.
The attempt to synthesize BiySb;.4SI with other molar ratios of Bi: Sb was
failed, since it's difficult to obtain pure phase.

2.2. Single-crystal X-ray diffraction

Well-grown single crystal was picked out for single-crystal X-ray
diffraction. Crystallographic data was collected on a Bruker D8 QUEST
diffractometer equipped with Mo Ka radiation under room temperature.
The crystal structures were solved and refined using APEX3 program
[26]. Absorption corrections were performed using the multiscan method
(ASDABS). The crystal structure and refinement details are summarized
in Table 1.

2.3. Characterization

The obtained crystals were investigated with a JEOL (JSM6510)
scanning electron microscope equipped with energy dispersive X-ray
spectroscopy (EDXS, Oxford Instruments). X-ray diffraction data of the
Big.33Sbg.67SI samples were collected on a Bruker D8 Advance diffrac-
tometer equipped with mirror-monochro-mated Cu Ka radiation
(A = 0.15406 nm). The patterns were recorded in a slow-scanning mode
with 26 from 5° to 95° at a scan rate of 4°/min. Simulated patterns were
obtained by using the mercury program and CIF file of the refined single-
crystal structure. The solid-state ultraviolet-visible (UV-vis) light
diffuse-reflectance spectra of the pure Big33Sbg7SI powder was
measured on a UV-4100 spectrophotometer operating from 1200 to
350 nm at room temperature. The IR optical measurements were carried

Table 1

Crystal data and structure refinement for Big 33Sbg 67SI.
chemical formula Big.33Sbg 675!
Fy (g/mol) 309.43
r(A) 0.71073
space group Pmc2,
a(A) 4.1190 (9)
b A) 10.225 (2)
eN 8.5318 (18)
V (A% 359.32 (13)
Z 4
crystal color black
4 (mm™Y) 30.20

0.104 x 0.087 x 0.042
1941, 689, 578

crystal size (mm®)

no. of measured, independent, and observed [I > 25(I)]
reflections

Rint 0.028

R [F [2] > 20(F [2])], wR(F%), GOF 0.022, 0.037, 1.11

Ry = X||Fol—|Fe|[/Z|Fo|-"WRy = {E[WFZ FD21/S [WED 2w = 1/[6
[21(F, [2]) + (0.1000P)?], where P = (F, [2]+2F, [21)/3.
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out at room temperature with an IR Prestige 21 Fourier transform
infrared spectrophotometer in the range of 400-4000 cm ™.

2.4. Second harmonic generation (SHG) measurement

The second harmonic generation response of Big 33Sbg 7SI powder
was measured by Kurtz Perry method [27] with a 2.09 pm Q-switch
Ho/Tm/Cr/YAG laser in reflection mode. The sample and AgGaS; pow-
der used for the measurement are full-size.

2.5. Density functional theory (DFT) calculation

We employed the Vienna ab initio simulation package (VASP) [28]
code with the projector augmented wave (PAW) method [29] to perform
our DFT calculation. The Perdew-Burke-Ernzerhof (PBE) [30]
exchange-correlation functional was used in our calculations. The
spin-orbital interactions were included in pseudopotentials. The kinetic
energy cutoff is set to be 400 eV for the expanding the wave functions
into a plane-wave basis. The internal atomic positions were relaxed until
the force is less than 0.01 eV/A. The energy convergence criterion was
107 eV and the I'-centered k-mesh was set as 6 x 8 x 9.

3. Results and discussion
3.1. Crystal structure of Bip 33Sbg.67SI

Big.33Sbo.67SI crystallizes in the polar orthorhombic space group
Pmc2;. The crystal structure is shown in Fig. 1. Big 33Sbg.¢7SI contains
two independent Bi/Sb site (2a, 2b), two independent I site (2a, 2b)
and two independent S site (2a, 2b). The basic building units of this
structure are two kinds of edge-sharing distorted square pyramid
[MS3l,]>(M = Bi or Sb) (Fig. 1c), which are aligned nearly anti-
parallel along the crystallographic a axis to construct [MyS4lo]*
chains (Fig. 1d). These chains interact with each other through van
der Waals force. The interaction of M and I between adjacent chains
are indicated by dotted lines (Fig. 1c). The M atom forms a five-
coordinate distorted pyramid structure with three S atoms and two I
atoms. and the M site is randomly occupied by 1/3 Bi and 2/3 Sb
respectively. The orderly arrangement of the basic building unit
[MSgIz]S', acting as NLO active unit, is responsible for the observed SHG
response.

The structure of Big 33Sbg ¢7SI is similar to SbSI(Fig. 1a and b), which
also presents a one-dimensional chain structure. But Big 33Sbg ¢7SI crys-
tallizes in Pmc2,, while the latter crystallizes in Pnam. The [SbZS4IZ]4’
chains in SbSI are composed of two identical edge-sharing distorted
square pyramid [SbS312]5", which align in an anti-parallel manner along a
axis. The inversion center is located inside the [SbZS4IZ]4' chains. The
Sb1-S1, Sb2-S2 and Sb1-11 distance are 2.70(43) A, 2.46(02) A,
3.12(32) 10\, respectively [31]. Compared to Sb3*, the introduction of Bi®*
with larger ionic radius and electron cloud density can generate stronger
structure distortion. Thus, the bond lengths between M, S and I change
accordingly. For M1 site, M1—-S1, M1-S2 and M1-I2 distances are
2.50(75) A, 2.17(87) A, 3.14(62) A, respectively. For M2 site, M2—S1,
M2-52 and M2-11 distances are 2.73(35) A, 2.54(01) A, 3.15(25) A,
respectively. The coordination configuration of metal atoms is shown in
Fig. 1c. The basic building units of Big 33Sbg ¢7SI are two different dis-
torted square pyramid [MSsl,]%, which causes the absence of inversion
center in Big 33Sbg ¢7SI. The M—I and I-I distance between adjacent two
chains in Big 33Sbg 7SI are 3.76(57) A and 4.06(08) A, respectively,
which is closer than Sb-T (3.83(34) A) and I-I (4.06(57) A) distance in
SbSI, indicating that the structure of Big33Sboe7SI is more densely
packed than SbSI. Accordingly, the atom packing factors of Big 33Sbg ¢7SI
(0.170) are bigger than that of SbSI(0.168).

The powder X-ray diffraction pattern (Fig. 2) of the as-prepared
Big.33Sbo.67SI sample match well with the simulated PXRD pattern,



B. Peng et al.

"l o e
s:‘.. s:“, ¢
BESRIFNIMESA
tBSI/Sb LLL\*' C
e

(WD) o 3.1 ":‘.
: PRAL
LA 146;.»:3\" ‘;T'E\k
¢ :
M1 M2

Journal of Solid State Chemistry 304 (2021) 122505

a—

Fig. 1. (a) The crystal structure of Big 33Sbg ¢7SI viewed down a axis, (b) The crystal structure of SbSI viewed down the c axis, (c¢) Coordination environment of metal
atoms in [MSsl,]> motifs of Big 33Sbo.e7SIL. (d) [M2S4lo]* chain of Big 33Sbo 6SI along a axis.
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Fig. 2. Powder X-ray diffraction pattern of Big 33Sbg 67SI.

which indicates the sample is pure-phase. The SEM image shows the rod-
like shape of the Big 33Sbg ¢7SI crystal (Figure S1b), The element mapping
shows that Bi, Sb, S and I elements are uniformly distributed in
Bip.33Sbo.67SI (Figure Sla). The Bi/Sb/S/I ratio confirmed by semi-
quantitative energy dispersive X-ray analysis (EDX) is 1/1.73/2.22/
2.73, which is consistent with result of the Single-crystal X-ray
Diffraction.

3.2. Optical properties

The UV-vis diffuse reflection spectrum of Big 33Sbg ¢7SI is shown in
Fig. 3a. Absorbance data were converted by the Kubelka-Munk function
to evaluate their band gaps. The experimental band gap of Big 33Sbg ¢7SI
is estimated to be 1.7 eV, which is smaller than the parent compound
SbSI (1.9 eV). The obvious difference between them can be explained by
the smaller electronegativity of Bi element. The band structure of

Bip 33Sbg.67SI can be further elucidated by following electronic structure
calculation. The IR spectrum indicate that there is no IR absorption result
from the vibration of chemical bonds in a range of 5-25 pm (Fig. 3b).

DFT calculations was carried out to better understand the electronic
band structure and the origin of SHG effect of Big 33Sbg ¢7SI. The band
structure shows that Big 33Sbg 7SI is an indirect-band-gap semiconductor
with a bandgap of 1.22 eV (Fig. 3c). The semiconducting nature of
Bip 33Sbg67SI is simple: the valence of Bi/Sb/S/I are +3/+3/-2/-1,
respectively. As a result, the p valence manifold of Bi/Sb is separated
from the s valence manifold. The valence-band maximum (VBM) domi-
nantly consists of S 3p and I 5p states, while the conduction-band mini-
mum (CBM) is mainly composed of Bi 5p states as well Sb 4p states, as
shown in Fig. 3d.

3.3. Second-harmonic generation measurement

The SHG signal of the polycrystalline powder of Big 33Sbg ¢7SI was
measured with the use of a laser at 2.09 pm as the fundamental wave-
length. The SHG signal intensity is 0.12 times that of AgGaS; (AGS) with
the same full particle size (Fig. 4).

The modest NLO response of Big 33Sbg ¢7SI may be explained based on
the macroscopic arrangement of the microscopic NLO-active building
blocks. As shown in Fig. 1d, the one-dimensional chains along a axis are
formed by two distorted square pyramid anion clusters [MSsls] 5’, which
are connected through edge-sharing in an anti-parallel way. The anti-
parallel arrangement of [MS315]% counteract the dipole moment, thus
reducing the second-order susceptibility of Big 33Sbg 7SI and leading to a
relatively weak SHG response.

4. Conclusions

In summary, we have successfully designed and synthesized a new
NCS metal chalcohalide Big 33Sbg 67SI, which crystallized in the ortho-
rhombic Pmc2; space group. The structure of Biy 335Sbg 7SI is composed
of two kind of edge-sharing distorted square pyramid [MS3I5]% (M = Bi or
Sb), which are arranged anti-parallel along the crystallographic a axis to
form a 1D [M2S4ls] 4 chain. The macroscopic arrangement of the
microscopic NLO-active building blocks [MSgIz]S' result in the modest
NLO response of Big 33Sbg 67SI. According to UV-vis-NIR spectroscopy
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Fig. 3. (a) UV-vis Diffuse reflectance spectrum of Big 33Sbg ¢7SI. (b)Infrared spectrum of Big 33Sbg 67SI. (¢) The band structure of Big 33Sbg 7SI. (d) DOS/PDOS of
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Fig. 4. SHG signals for Big33Sboe,SI of full particle size with AgGaS, as
a reference.

measurement, the band gap of Big 33Sbg 7SI is about 1.7 eV, and the IR
spectrum shows no IR absorption in a range of 5-25 pm.
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