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ABSTRACT: The development of frequency-conversion technol-

ogy in the infrared region is in urgent need of new excellent infrared B . AR : m
nonlinear optical (IR NLO) materials. How to achieve a good - SR ' DGe
balance between laser damage threshold (LDT) and NLO WP ’ g Good Balance
coeflicient (d) for new IR NLO candidates is still a challenge. . v

The comlfnsion of ihe highly electropositive alkali metal (Na) and [ L .

Zn with d'° electronic configuration into crystal structure affords one
new IR NLO material, Na,ZnGe,S;. It exhibits excellent properties
including a wide transparent region (0.38—22 ym), large band gap
(325 eV), and especially a balance between a strong NLO
coefficient (30-fold that of KDP) and a high LDT (6-fold that of
AgGaS$,), indicating a promising application in the IR region. Moreover, novel common-vertex-linked wavelike ,,[GeS;], chains
are interestingly discovered in Na,ZnGe,S, which rarely exist in the reported thiogermanides containing alkali metals. In
addition, calculated SHG density and dipole moment demonstrate that the large NLO response is mainly attributed to the
cooperative effects of the [GeS,] and [ZnS,] units.

Structure Properties

B INTRODUCTION properties (especially E, and d;) for one promising IR NLO
material is of great 1mportance in laser science and technology.
Guided by this purpose, hundreds of IR NLO metal halides,
chalcogenides, and phosphidesm_23 have been discovered, and
many materials exhibit excellent performances such as
Na,Ge,Se; (371.8 X KDP, E, = 2.38 eV),” BagSn,S,5 (110.9
X KDP, E, = 1.66 eV),”" AgGaTe2 (84 X KDP, E, = 1.36 V),
LilnSe, (79 S X KDP, B =2. 86 eV),”° K,P,Seg (69 x KDP, E

Nonlinear optical (NLO) materials have attracted unprece-
dented attention in laser science and technology with the
property of frequency conversion in solid-state lasers.' > As is
well-known, an excellent NLO material should involve the
following important prerequisites: large SHG response, broad
band gap (E,), wide optical transparent region, chemical
stability, and ability to obtain large single crystals. In the UV 5
and visible regions, great achievements have been made by = 208 ev),” BaGa4Se7 (52.8 x KDI; E; = 264 eV),

providing many excellent materials such as $-BaB,O, (BBO), LiGaGe,Ses (47.4 X KDP, E, = 2.08 ev),” L12CdSnS4 (2.56 ;f
LiB,O; (LBO), and KBe,BO,F, (KBBF)."'* In addition, in KDP, E, = 3.26 ¢V),” Cs,HgCL, (1 X KDP, Ey =315 V),

the infrared (IR) region (2—20 pm), many important fields and RbZCdBrZIZ (4 X KDP, By =335 ev),” among others.
including optoelectronic devices, resource exploration, and However, up to now, only a few of them can achieve the
long-distance laser communication have drawn considerable balance (d; > 39 pm/V and E; > 3.0 eV) demanded by
attention and interests."'~'® Commercial IR NLO materials, excellent IR NLO materials. Moreover, through the overall
including AgGaX, (X = S and Se)'” and ZnGeP,,'® exhibit investigation on the reported crystal structures, it can be found
that highly electropositive alkali or alkaline earth metals and
MYS, (M = Si, Ge, and Sn) units appear more frequently.”**
low laser damage thresholds (LDT) or two-photon absorption, Besides, intr.oduction of t};e ‘.110 cations with relatively small
principally caused by the small E,. 1619 g, searching for new covalent radius (such as Zn*) into the crystal structure can also
materials with large LDTs and good NLO coefficients (dj) is an increase the E; and malrllgtglsn the relatively large dj, such as
urgent need the for IR NLO field. However, general knowledge Zny(PS,), and LiZnPS,. Accordingly, by combining the
indicates that a large E, is conducive to obtain the high LDT
but has an inverse proportlon with d; in one NLO material.”’ Received: April 12, 2016
Therefore, how to design and achieve a subtle balance of major Published: May 19, 2016

good SHG coeflicients for the application in IR region, but they
are still defective in the high-power laser system owing to their
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highly electropositive Na and d'* Zn elements with distorted
GeS, units, a new IR NLO material, Na,ZnGe,S;, was
successfully synthesized. It exhibits excellent properties: good
NLO coefficient (~30 X KDP), high LDT (6 X benchmark
AgGa$,), large band gap (3.25 V), broad transparent region
(0.38—22 pm), and specially a good balance between E, and dj,
which shows it is a good candidate with promising application
in the IR NLO field. Moreover, both the SHG density and
dipole moment calculation demonstrate that its SHG response
originates from the cooperative contribution made by the
[GeS,] and [ZnS,] units.

B EXPERIMENTAL SECTION

Synthesis. All the elementary substances (with the purities higher
than 99.99%) were purchased from Shanghai Aladdin Biochemistry
Technology Co., Ltd,, and then stored in a dry Ar-filled glovebox
without oxygen and moisture. The crystals of Na,ZnGe,Ss were
synthesized by solid-state reaction as follows: (1) Na, Zn, Ge, and S
with stoichiometric ratio were loaded into a 7 mm (inner diameter)
graphite crucible. (2) The crucible was removed into a 10 mm (inner
diameter) fused-silica tube under an Ar atmosphere in a glovebox. (3)
The silica tube was sealed with methane—oxygen flame under a high
vacuum of 107 Pa. (4) Then, the tube was placed in a computer-
controlled furnace, heated to 700 °C in 50 h, dwelled at 700 °C for
100 h, cooled to 200 °C at a rate of 5 K/h, and finally cooled to room
temperature by switching off the furnace. After that, colorless
Na,ZnGe,S4 single crystals with the largest size up to millimeter
level were obtained.

Powder X-ray Diffraction. The microcrystalline powders used for
various experiments were prepared by grinding the single crystals after
washing with N,N-dimethylformamide (DMF). Powder X-ray
diffraction analysis was performed at 298 K in the angular range of
20 = 10—70°, with a scan step width of 0.02° and a fixed counting time
of 1 s/step using an automated Bruker D2 X-ray diffractometer
equipped with a diffracted monochromator set for Cu KR (4 = 1.5418
A) radiation. The experimental X-ray diffraction pattern matches well
with the calculated one that is generated using the Mercury program
with CIF data.

Single-Crystal X-ray Crystallography. A transparent colorless
crystal was first selected under a microscope and mounted on the top
of a glass fiber with epoxy. Structure data were collected with a Bruker
SMART APEX II 4K CCD diffractometer that was equipped with Mo
Ka radiation (4 = 0.71073 A) operating at 50 kV and 40 mA at 296(2)
K. The structure determination is based on direct method, and the
data were refined through full-matrix least-squares on F* using
SHELXTL program package.’® Program XPREP was applied for face-
indexed absorption. The structures were checked with PLATON®” in
case of additional symmetry elements, and no higher symmetries were
provided. Details of data collection, structure refinements, and crystal
parameters are given in Table 1. The equivalent isotropic displacement
parameters and atomic coordinates are summarized in Table S1, and
selected bond lengths and angles are listed in Table S2.

Infrared Spectrum. The IR spectrum was recorded on a Shimadzu
IRAfhinity-1 Fourier transform infrared spectrometer with a resolution
of 2 cm™, covering the wavenumber range of 400—4000 cm™'. The
crystal samples and KBr were mixed in the ratio of about 1:100, dried,
and ground into fine powder and then pressed into a transparent sheet
on the tablet machine. The sheet was loaded in the sample chamber,
and then the IR spectrum was measured.

UV-Vis—NIR Diffuse Reflectance Spectroscopy. Optical
diffuse reflectance spectrum of Na,ZnGe,Ss was measured at 298 K
with Shimadzu SolidSpec-3700DUV spectrophotometer. Spectral data
were collected with a wavelength range of 190—2600 nm, which would
provide the visible or UV cutoft edge. The data of reflectance spectra
were converted to absorbance using the Kubelka—Munk function®® to
estimate the band gap.

Raman Spectroscopy. The Raman spectrum was collected with
crushed crystal on a LABRAM HR Evolution spectrometer equipped
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Table 1. Crystal Data and Structure Refinement for
Na,ZnGe,S¢

empirical formula Na,ZnGe,S4
formula weight 448.89
temperature 296(2) K
wavelength 0.71073 A
crystal system, space group Cc

a=7284(9) Aa = 7.284(9) A

b = 12.346(15) Ab = 12.346(15) A
c=11.447(14) Ac = 11.447(14) A
B =100.627(13)°B = 100.627(13)°
1012(2) A%1012(2) A3

4 (2.947 kg/m?)

unit cell dimensions

volume

Z (calculated density)

absorption coefficient 9.507 mm™!

F(000) 848

crystal size 0.235 X 0.135 X 0.116 mm®
theta range for data 3.29-27.40°

collection
—9<h<9 -155k<9 -14<I1<14
2962/1887 [Ry = 0.0382]

limiting indices
reflections
(collected/unique)

completeness to 98.8%

theta = 27.40
refinement method full-matrix least-squares on F*
1887/2/100
0.970
R, = 0.0374, wR, = 0.0645
R, = 0.0435, wR, = 0.0673
0.023(17)

0.738 and —0.773 e-A™3

data/restraints/parameters
goodness-of-fit on F*

final R indices [I > 2¢(I)]
R indices (all data)

absolute structure parameter

largest diff. peak and hole

with a CCD detector using 532 nm radiation from a diode laser.
Crystals were selected and loaded on a glass slide; then, a 50X
objective lens was used to choose the area to be measured on the
crystal. A beam with the diameter of 35 ym and maximum power of 60
mW was used, and spectrum data collection was finished in 15 s.

Second-Harmonic Generation. The SHG response measure-
ment was performed by the Kurtz and Perry method with a 2.09 ym
Q-switch laser.”” The crystals were ground and sieved into five particle
size ranges of 55—88, 88—105, 105—150, 150—200, and 200—250 ym,
with microcrystalline AgGaS, of the same particle size ranges serving
as references. The samples were placed on a glass microscope cover
slide, secured by a 1 mm thick silicone insole with an 8 mm diameter
hole, and then covered with another glass slide. Then, they were
placed into light-tight boxes and explored under a pulsed infrared
beam from a Q-switched Ho:Tm:Cr:YAG laser with wavelength of
2.09 pm. The SHG signals were recorded on the oscilloscope that was
connected with the detector. The procedure was repeated using the
standard IR NLO material of AgGaS,.

LDT Measurement. LDT was measured using a 1064 nm Q-
switch laser on a ground powder of Na,ZnGe,S¢ crystals and AgGaS,
as a reference. The samples were surrounded by a 1 mm thick silicone
pad with an 8 mm diameter hole and pressed between two glass slides.
Then, they were fixed in a light-tight box with the plane surface
explored under a pulsed laser beam (1064 nm, 10 ns). The pulse
energy was raised from 0.2 mJ and stopped when obvious damage is
discovered under a microscope after the irradiation.

Theoretical Calculations. The first-principle calculations for the
experimental crystal structure were obtained on the basis of ab initio
calculations implemented in the CASTEP package through density
functional theory (DFT).** The generalized gradient approximation
(GGA) was adopted, and Perdew—Burke—Ernzerhof (PBE) functional
was chosen to calculate the exchange-correlation potential, with an
energy cutoff of 900.0 eV. The k integration over the Brillouin zone
was performed by the tetrahedron method*' using a Monkhorst—Pack
grid of 4 X 4 X 2. Because the discontinuity of exchange correlation
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energy may lead to a smaller band gap than the experimental value, a
scissors operator*” was used in these calculations.

The SHG coeflicients calculations are performed on the basis of the
band wave functions by using the so-called length-gauge formalism
derived by Aversa and Sipe™ at a zero frequency limit. The static
second-order nonlinear susceptibilities )(aﬂy(z) can be simplified as**

@ _

(2) (2 (2)
e (VE) + Xopy (VH) + Xy (two bands)

Kapy

In this sum-overstates type formalism, the total SHG coeflicient 7P is
divided into contributions from virtual-hole (VH), virtual-electron
(VE), and two-band (TB) processes. On the basis of this, we
calculated the origin of the SHG coefficient.

B RESULTS AND DISCUSSIONS

Crystal Growth. Single crystals of Na,ZnGe,S4 with a size
of up to a millimeter level were successfully synthesized by
solid-state reaction technique in a fused-silica tube. They are
colorless and transparent; the photograph of crystals in
millimeter level (the largest one is 1.5 X 1.5 X 0.5 mm®) is
shown in Figure 1. The crystals exist stably in air for half a year
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Figure 1. Upper panel, photograph of the Na,ZnGe,S4 crystals; lower
panel, powder XRD patterns of Na,ZnGe,S;.

without weight loss and appearance change. Powder X-ray
diffraction analysis was performed with the microcrystal of
Na,ZnGe,S,, and the experimental and theoretical XRD spectra
match well (shown in Figure 1), which demonstrates the purity
of the compound.

Crystal Structure. Single-crystal structural analysis shows
that this compound crystallizes in noncentrosymmetric (NCS)
space group Cc (no. 9) with the unit cell parameters of a =
7.284(9) A, b = 12.346(15) A, ¢ = 11.447(14) A, p = 100.63°,
and Z 4. In its asymmetric structure, there are two
crystallographically unique Na atoms, one Zn atom, two Ge
atoms, and six S atoms. Its structure is composed of two
different 3D tunnel frameworks: one of infinite [GeS;],
chains and isolated [ZnS,] tetrahedra (shown in Figure 2a),
and the other with corner-shared Na(1)S; polyhedra and
Na(2)Ss octahedra (Figure 2b). The two 3D frameworks insert
the tunnels of each other and compose an integrated 3D
network. Each of the Ge atoms link with four S atoms to form
typical [GeS,] tetrahedra with the d(Ge—S) = 2.162—2.265 A,
and then the [GeS,] tetrahedra connect with each other by

7424

Figure 2. (a) 3D tunnel structure of Na,ZnGe,S, formed by [GeS;],
chains, isolated [ZnS,], and charge-balanced Na cations along a axis;
(b) a 3D framework structure composed of the Na(1)Ss and Na(2)S4
units; (c) a Na(1)—S—Na(2) spiral chain along a axis.

sharing corners to make up isolated wavelike ,,[GeS;], chains.
Moreover, the Zn atoms are connected with four S atoms with
d(Zn—S) = 2.342-2.357 A to form the [ZnS,] tetrehadra,
which act as the connections between the wavelike infinite
[ GeS;], chains, and they build up a tunnel 3D framework.
The Na atoms locate in the tunnels and have two different
coordination environments, including highly distorted Na(1)S;
polyhedra with d(Na—S) = 2.782—3.029 A and Na(2)S4
octahedra with d(Na—S) = 2.773—3.284 A. Note that the
Na(1)Ss and Na(2)Ss units in the same tunnel connect with
each other alternately by sharing corners to form [Na(1)—S—
Na(2)], spiral chains along the a axis as shown in Figure 2c,
and these chains in different tunnels interlink with each other
through S atoms to make up another tunnel 3D framework.

In most of the alkali-containing thiogermanides,d*5 the [GeS,]
units exist in isolation or reunite to form [Ge,S;], [Ge;S,], or
[Ge,S,] units similar to that in K,PbGe,S4,*® Na,Ge,Ss,*” and
K,Ge,S;,*® respectively. In addition, although there the
«[GeS,], chains exist in Cs,ZnGe;Sg and Cs,CdGe;Ss,* they
are connected by sharing corners and edges alternatively and
are not common-vertex-linked. Thus, the common-vertex-
linked .,[GeS;], chains for the title compound are rarely found
Na,GeS;*" in the thiogermanides containing alkali metal.

Optical Properties. The IR and UV—vis—NIR diffuse
reflection spectral measurements were recorded, and the results
show that Na,ZnGe,S¢ exhibits a wide transparent region of
0.38—22 um (Figure 3), which covers the two important
atmospheric transparent windows (3—S and 8—12 ym). Some
other IR NLO powdered compounds have comparable IR
absorlption edges with Na,ZnGe,S,, such as AgGaS, (~23
um),"”* BaGa,Se, (~18 um),”® Li,CdGeS, (~22 um),”* and
CsCd,GasS,, (~25 um).”° The Raman spectrum (shown in
Figure S1) also shows no absorption peaks in the region of
450—1000 cm™' (10-22 um), which further proves that
Na,ZnGe,S4 has a wide IR transmission region. Moreover,
experimental E, of Na,ZnGe,S; is 3.25 eV, which is much larger
than that of the commercial crystals AgGaS, (2.56 eV) and
AgGaSe, (1.83 eV) and comparable to that of several
outstanding materials, such as LilnS, (3.57 eV),** BaGa,S,
(3.54 eV),”"* and Li,CdGeS, (3.15 V).
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Figure 3. Optical spectra of Na,ZnGe,S,. The inserted diagram is the
experimental band gap.

As is well-known, strong photon absorption can result in
electronic and thermal effects, which may further lead to laser
damage for one material. A large optical band gap generally
improves the difficulty of photon absorption and then
corresponds to high LDT. Na,ZnGe,S4 exhibits a large band
gap (E = 3.25 V), which prompts us to measure its LDT, so
the powder LDT of Na,ZnGe,Ss (ground AgGa$S, single
crystals as the reference) was measured on the basis of a Q-
switched pulse laser (1064 nm, 10 ns, 10 Hz). The results show
that Na,ZnGe,S4 has a high LDT of 228 MW/cm? about 6
times that of benchmark AgGa$S, (37 MW/cm?). Note that the
measured LDT of AgGas$, in this work is larger than that in our
previous work,"" which is induced by the different measured
samples (single crystals in this work vs polycrystalline samples
in our previous work). It is obvious that Na,ZnGe,S; obtains a
high LDT that optimizes the drawback of AgGa$S, and finally
realizes a balance between large SHG response and high LDT.

Searching for an excellent IR NLO material with high LDT
while maintaining moderate SHG response is challenging and
urgent. SHG coeflicient as another important parameter is also
studied with a 2.09 ym Q-switch laser in different particle sizes
(shown in Figure 4a). The results show that it is type I phase-
matchable and exhibits SHG efliciency, which is 0.9 times that
of AgGaS$, at the maximum particle size (shown in Figure 4b).
In general, the SHG coefficient of powder AgGas$, is about 33
times of that of KDP, so this compound exhibits a large SHG
coefficient about 30 times that of KDP, comparable to that of
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the famous material BaGa,S,,” " which indicates that it has a
promising application in the IR NLO field.

For comparisons, the properties of AgGaS,, LilnS,, LiGaS,,
BaGa,S,, Rb,CdBr,1,, and Na,ZnGe,S; were shown in Table 2.

Table 2. Properties Comparison among AgGa$,, LilnS,,
LiGa$S,, BaGa,S,, Rb,CdBr,l,, and Na,ZnGe,S¢

trans. region

formula E, (eV) d; (xKDP) LDT (X AGS) (um)
AgGaS,"” 2.64 333 1 041-12
LiInS,***" 3.57 19 2.5 0.41-12
LiGa$,>%** 4.15 15 11 0.32—11.6
BaGa,S,”" 3.54 333 3 0.35-13.7
Rb,CdBr,L,> 335 4 6 0.37—-14
Na,ZnGe,S¢ 3.25 30 6 0.38-22

From the table, it is obviously found that Na,ZnGe,S; exhibits
excellent optical properties and especially satisfies the good
balance between large d;; and high LDT as a promising IR NLO
candidate.

Theoretical Studies. To achieve a deep investigation about
structure—property relationship, theoretical calculations based
on DFT methods were performed. The calculated band
structures (Figure Sa) show that Na,ZnGe,S; is a direct band
gap material with a theoretical band gap about 2.63 eV, smaller
than the experimental result (3.25 eV), owing to the common
underestimation of E, by the DFT method.

The total and partlal density of states (TDOS and PDOS)
diagram of Na,ZnGe,S; is shown in Figure Sb. The upper part
of valence bond (near Fermi level) is mainly composed of the
Zn 3p, Ge 4p, and S 3p states. The bottom of the conduction
bond region is mainly from the Ge 4s,4p, Zn 3p, Na 2p,3s, and
S 3p states. Accordingly, the S 3p and Ge 4s orbitals determine
the optical band gap of Na,ZnGe,S,, and the optical absorption
may be determined by the [GeS,] and [ZnS,] units.

Na,ZnGe,S4 belongs to Cs point symmetry and has six
independent SHG coeflicients, and the results show that d;; =
—4.3 pm/V, d}, = 463 pm/V, d; = =53 pm/V, d;s = —4.3
pm/V, dy, = 4.63 pm/V, and ds; = —5.3 pm/V, respectively.
Furthermore, the birefringence is also calculated to be about
0.026 at 1.06 pm, as shown in Figure S2. In addition, the SHG
density diagram was also calculated with electron-including
occupied and unoccupied states. The results show that the
[GeS,] and [ZnS,] units make the main contribution to the
SHG coefficient (Figure 6), which is coincident with the dipole
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Figure 4. (2) SHG intensities of Na,ZnGe,S¢ and AgGaS$, at 2.09 um. (b) Comparison of SHG intensity of Na,ZnGe,S¢ and AgGaS$, at the particle

size of 200—250 pm.
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Figure 6. (a) SHG density of Na,ZnGe,S; at the occupied state. (b) SHG density of Na,ZnGe,S; at the unoccupied state.

moment calculation results (shown in Table S3), u(Ge(1)S,) =
67.7 debye, u(Ge(2)S,) = 764 debye, and p(ZnS,) = 51.6
debye, whereas the results of dipole moment calculations for
Na(1)S; and Na(2)S¢ are both smaller than 30 debye.
Therefore, both the dipole moment calculation and the SHG
density calculation demonstrate that the [GeS,] and [ZnS,]
units are the main origin of the SHG coefficient.

B CONCLUSIONS

Na,ZnGe,S,, a new IR NLO material, has been successfully
synthesized with solid-state reaction technique in fused-silica
tubes. Its structures are composed of two 3D tunnel
frameworks, one constructed by polar wave-shaped infinite
«LGeS;], chains and isolated [ZnS,] tetrahedra and the other
constructed by the Na(1)S; and Na(2)S4 polyhedra. Remark-
ably, it exhibits not only wide transparent region (0.38—22
um), large direct band gap (3.25 eV), and chemical stability but
also achieves the balance between large LDT (228 MW/cm?,
about 6-fold that of AgGaS$,) and large SHG response (30-fold
that of KDP). Moreover, single crystals of Na,ZnGe,S4 have
been obtained with a size up to millimeter level. Calculated
SHG density and dipole moment demonstrate that the good
SHG response is mainly attributed to the cooperative effects of
the [GeS,] and [ZnS,] units; TDOS and PDOS diagrams
present that it has a direct band gap and that the optical
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absorption is determined by the [GeS,] and [ZnS,] units. All
the properties, especially the balance between large SHG
response and high LDT, indicate that it has the potential to be
a candidate crystal applied in the IR NLO region, and we will
pay more attention to growing large single crystals for
evaluating this application in the future.
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