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ABSTRACT: The discovery of nonlinear optical (NLO) materials for generating coherent mid-IR light is critically important in
developing laser technologies. However, all of the commercialized mid-IR crystals thus far possess problems that have hindered
their application. We report herein a function-directing structural design strategy to afford a new type of mid-IR NLO material,
using fluorinated 5d°-transition metal octahedra to construct a polar noncentrosymmetric material Ks(W309F4)(103). The A-shaped
[W3012F4]** polyanion, consisting of distorted octahedra, not only guides the alignment of the [103] units, but also serves as a new
kind of NLO-active chromophore in the mid-IR, with Ks(W309F4)(103) possessing an optimal combination of large SHG response
(11 x KH,PO,@1064 nm and 0.5 x AgGaS,@2100 nm), wide visible and mid-IR transparency (0.32-10.5 xm), and a giant laser
damage threshold (95 x AgGasS,). The important role of the [W501,F4]*° polyanion in improving the NLO properties and extending
the IR transparency region has been clarified through first-principles calculations. Our results suggest that the incorporation of
fluorinated 5d°-transition metal chromophores into iodate materials may afford a viable route to novel promising mid-IR NLO ma-

terials with exceptional NLO functions.

INTRODUCTION

Mid-infrared (mid-IR) nonlinear optical (NLO) materials are
highly attractive in all-solid-state lasers for the generation of
coherent tunable radiation in the mid-IR region (3-20 pm), a
spectral range of great academic and technological importance
for laser guidance, remote sensing, telecommunication and
medical diagnostics.'* Compared with the ubiquitous oxide-
based NLO crystals (e.g. BaB20O4, CsB30s, KH,PO4, KTi-
OPO,)*5 that have been widely applied in the ultraviolet, visi-
ble and near-infrared regions, excellent mid-IR NLO crystals
are rare, despite having been the focus of intensive research
over the past two decades, and the commercially-deployed
examples (ZnGeP,°® AgGaS,,’ and AgGaSe,®) suffer from
drawbacks such as deleterious two-photon absorption or a low
laser damage threshold (LDT).® A high LDT value generally
corresponds to a large optical band gap, but the second-
harmonic generation (SHG) response usually decreases with
increasing band gap.’® As a consequence, it is a great chal-
lenge to develop high-performance mid-IR NLO materials
simultaneously possessing both high LDT and strong SHG
response over the broad spectral range from the UV-Vis to the
mid-infrared.!

From the viewpoint of structure design, one applicable
strategy is to combine two or more types of NLO-active struc-
tural building units (SBUs) into one molecular structure.'?
However, the difficulties in rationally developing noncentro-
symmetric (NCS) and polar multi-component mid-IR materi-

als with strong NLO performance relate to not only creating
new NLO-active SBUs with large polarity, but also accumu-
lating and compacting the polar directionality of multifold
NLO-active SBUs in an additive mode. The proven approach-
es towards effectively creating microscopic NLO-active SBUs
include second-order Jahn—-Teller (SOJT) active cations (octa-
hedrally coordinated transition metal (TM) cations, e.g. Ti*,
V5, Mo® and Nb%, with d° electronic structures),*® stereo-
chemically-active lone-pair (SCALP) cations (e.g. Pb?*, Bi**,
Se** and 15%) that can be employed to construct distorted poly-
hedra,*5 coplanar =-conjugated units (borate, polyborate,
tetrafluoroborate, etc),'*® and polar chalcogenide groups
([TeSs)*, [AsSs]*, [ShSs]*, etc).l® However, to afford func-
tional crystals with strong NLO effects, these discrete polar
NLO-active SBUs must be further stacked in an additive mode
to achieve a macroscopic polarization in the molecular materi-
al system, which seems to be extremely difficult.

From the perspective of function optimization, on the other
hand, different NLO-active SBUs may contribute to the ex-
pected differing NLO performance (e.g. strong SHG response,
good phase-matching capability, high LDT value that intrinsi-
cally originates from a wide band gap, wide transparency re-
gion from UV-Vis to mid-infrared range, large structure and
thermal stability, etc.).?° For example, metal iodates are strong
candidates for mid-IR NLO applications because of their
broad transparency from the visible region to the beginning of
the far-IR (12.5 um).# Octahedrally-coordinated d°-TM cati-



ons susceptible to SOJT distortions can be employed to en-
hance additive polarization of the acentric structural units,?
while substitution of O? with the more electronegative F in
TM cationic polyhedra can increase the band gap due to the
increased ionicity of M—F bonds.?® Distorted M’O, (M’ = Pb?*,
Te®, I5*, W, etc.) polyhedra constructed from heavy element
cations with d%d*° electronic configurations are favorable for
light transmission owing to their larger polarizations and low
phonon frequencies, which increase the band gap and accord-
ingly the LDT.?*? Charge-balancing polarizable alka-
li/alkaline-earth cations with suitable ionic radii may facilitate
formation of an acentric structure.?® These different functional
SBUs may play special roles for a variety of NLO properties,
while the combination and further alignment of these different
NLO-active SBUs in one structure may lead to a synergistic
enhancement in the properties.

While several outstanding iodate NLO materials including
LizTi(|03)6,27 X[(VO)2(103)30;] (X = K, CS),22'28 XMoOs(103)
(X = Rb, Cs),® BaNbO(l03)s5* and  alp-
Bax[VO,F,(103),]10:% are extant, there are few strategies to
rationally construct mid-IR iodates, and polar structure/NLO
functions correlations of these iodates are yet to be developed.
Following the above considerations and to help in rectifying
these deficiencies, we present herein the function-directing
designed synthesis and NLO properties of the polar 5d°-
transition metal oxide-fluoride iodate crystal Ks(\W3OgF4)(103),
and explore the additive polarization of the polyanion
[W3012F4]*% on the nonlinear optical properties. As far as our
information goes, metal iodate which contain 5d°-TM cations
are thus far unreported,® let alone the fluorinated tungsten
iodate. Interestingly, partially substituting the oxygen atoms
with fluorine in the [WOs]® octahedron leads to the formation
of a lambda (A)-shaped [W;012F4]'> fundamental building
polyanion, which can not only guide the alignment of [IOs]
units, leading to a polar noncentrosymmetric compound with
strong polarization and thus a large SHG response, but can
also dramatically improve its LDT: Ks(W30gF4)(103) exhibits
high-performance NLO properties, including strong SHG re-
sponses (11 x KH,PO, (KDP)@1064 nm and 1 x KTiOPO,
(KTP)/I0.5 x AgGaS,@2100 nm), wide visible and mid-
infrared transparency region (0.32-10.5 um), and an excep-
tional laser damage threshold (95 x AgGaS; (AGS)). First-
principles electronic structure calculations have clarified the
important role of the [W3012F4]'% polyanion in improving the
NLO effects and extending the IR transparency region in
K5(W309F4)(|O3).

EXPERIMENTAL SECTION

Reagents. lodine pentoxide (1.0s, 99.9%, Adamas Reagent),
tungsten trioxide (WOs, 99.9%, Adamas Reagent), potassium
carbonate (K,COs, 99.5%, Tianjin Fuchen Reagent), and po-
tassium fluoride (KF, 99.0%, Adamas Reagent) were commer-
cially available and used as received.

Hydrothermal Synthesis of Ks(WsOsF4)(103). The poly-
crystalline samples of Ks(W309F4)(103) were synthesized
through a conventional hydrothermal reaction based on the
following chemical equation: 2K,CO3 + 1,05 + 7TWO3 + 8KF
— 2K5(W3OQF4)(|03) + KbWO, + CO,. A mixture of 1,05
(0.334 g, 1.00 mmol), WO; (0.417 g, 1.80 mmol), K,COs;
(0.069 g, 0.50 mmol), KF (0.151 g, 2.60 mmol), and deionized
water (3 mL) were loaded into a 20-mL Teflon-lined stainless
steel autoclave. The autoclave was quickly heated to 230 °C,
kept at that temperature for 96 hours, and then cooled to 30 °C

at a rate of 4 °C/h. The pH values was 6.5 for initial mixture
and was 6.0 for final product. Colorless needlelike crystals
were collected and dried in air. Yield: 38% (based on W).

Single Crystal Structure Determination. A transparent
colorless needlelike single crystal of Ks(WsOgF4)(103) with
dimensions of 0.15 x 0.08 x 0.06 mm® was selected for the
single-crystal structural determination. The diffraction data
collection was carried out on a Bruker D8 VENTUR CMOS
X-ray source with Mo Ka radiation (A = 0.71073 A) at 293(2)
K. Data collection and reduction were performed using the
APEX Il software, and absorption corrections were acquired
based on a multiscan-type model. The crystal structure was
solved by direct methods and refined on F2 by full-matrix
least-squares methods using the SHELXTL-97 software
package.®* All non-hydrogen atoms were refined with the
anisotropic displacement parameters. The occupancy factors
of atoms O(11) and O(12) converged to 0.5. The absolute
structure was examined for missing symmetry elements using
PLATON, and none were found. Crystal data and structural
refinement information for Ks(W5OgF.)(103) are summarized
in Table 1. Selected bond distances are given in Table S1,
while atomic coordinates and equivalent isotropic
displacement parameters as well as calculated bond valence
sums are collected in Table S2.

Powder X-ray Diffraction. The powder X-ray diffraction
(PXRD) analysis was performed employing an automated
Bruker D8 Advance X-ray diffractometer equipped with mon-
ochromated Cu Ka radiation (1 = 1.5418 A), in the angular
range 26 from 5° to 70°, with a scanning step width of 0.02°
and a fixed counting time of 1 s/step at 298 K.

Table 1. Crystallographic Data and Structure Refinement
Parameters for Ks(W50gF4)(103).

formula K5(W309F4)(|03)

formula weight 1141.95

temperature (K) 293(2)

crystal system Monoclinic

space group Pm (No. 6)

a(A) 9.7129(5)

b (A) 3.7122(2)

c(A) 10.9575(5)

a () 90

BC) 102.0070(10)

7 () 90

V (A3 386.44(3)

z 1

peaic (g cm®) 4.907

i (mm?) 25.716

F (000) 502

0 (deg.) 2.55-27.87

limiting indices -12<h <12,
-4<k<4,
-14<1<14

Rint 0.0268

no. of reflections (collected/unique) 9422/2120

goodness of fit on F2 1.109

R1, WR; [I > 26(1)]? 0.0388/0.1014
R1, WR; (all data) 0.0389/0.1018
flack parameter 0

largest difference peak and hole (e A®) 1.865 and -2.703

*R1 = X |IFo - [Fell/XIFol; WRz = [Yw(Fo? — F?)*)/Xw(Fo?)] "2



Energy-Dispersive X-ray Spectroscopy. Microprobe ele-
mental analyses were performed using an energy dispersive X-
ray spectroscope (EDS) with a field-emission scanning elec-
tron microscope (Hitachi S-4800, Japan).

Infrared Spectroscopy. The IR spectra were recorded on a
Nicolet iS10 Fourier transform infrared (FTIR) spectrometer
as KBr pellets and as-grown crystals (resolution 4 cm?,
spectral range 400—4000 cm™).

UV-Vis-NIR Diffuse Reflectance Spectra. An optical
diffuse-reflectance spectrum was obtained using a Cary 5000
UV-Vis-NIR spectrophotometer at room temperature in the
200-2500 nm wavelength range. A BaSO4 plate was used as a
100% reflectance reference. The absorption spectrum of
Ks(W304F4)(103) was calculated from the reflectance spectrum
based on the Kubelka—Munk function a/S = (1 — R)?/2R, where
a is the absorption coefficient, S is the scattering coefficient
that is essentially wavelength-independent when the particle
size is larger than 5 um, and R is the reflectance.®

Raman Spectroscopy. The Raman spectrum was collected
from a single crystal on a confocal microscope laser Raman
spectrometer (Renishaw inVia) equipped with a CCD detector
using 514 nm radiation. A beam with maximum power of 100
mW was employed to measure the area of the crystal loaded
on a glass slide. The Raman data collection was accomplished
in 15 seconds.

Thermal Stability. Thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) of the ground
polycrystalline sample were performed on a Netzsch STA
409PC thermal analyzer instrument. The samples and Al;O3
(used as a reference) were placed in platinum crucibles and
heated at a rate of 15 °C/min from 30 °C to 900 °C under a
flow of nitrogen gas.

Second-Harmonic Generation Measurements. The meas-
urements of the powder SHG effects were performed at room
temperature with the sieved samples by employing the modi-
fied method of Kurtz and Perry®® with laser radiation of 4 =
1064 and 2100 nm generated by a Q-switched Nd:YAG solid-
state laser. The powder SHG efficiency is related to the parti-
cle size, so the polycrystalline samples were ground and
sieved into seven different particle size ranges (<26, 26—50,
50-74, 74-105, 105-150, 150-200 and 200—280 xm). Then
the samples were placed between glass slides and pressed into
respective aluminum sample disks with diameters of 6 mm
and thicknesses of 1 mm. The sieved microcrystalline KDP,
KTP and AgGasS, samples in the corresponding particle size
ranges were taken as references. The signals of the frequency-
doubled output emitted from the microcrystalline samples
were measured using a photomultiplier tube.

Laser Damage Threshold. The laser damage thresholds of
single crystals of Ks(W309F4)(103) and AgGaS; (as a refer-
ence) were measured by the single-pulse method with laser
radiation of 1 = 1064 nm generated by a Q-switched Nd:YAG
solid-state laser.3” The samples of Ks(WsOgF4)(103) and Ag-
GaS, were both ground and sieved into the particle size range
of 105-150 um, and measured based on the same standard.
When running the test of LDTs, the power of the incident ra-
diation was increased gradually and slowly until damage spots
on sample surface were observed under a magnifier. The
LDTs were derived from the equation of Igpresnoiy = E/(771p),
in which E is the laser energy of a single pulse, r is the spot
radius, and 7, is the pulse width. The average input laser ener-
gy densities of single pulses and laser spots were determined

to be 142 mJ for Ks(W504F4)(103) and 1.5 mJ for AgGaS,,
when crystals were damaged by the laser with a flat-top laser
beam distribution (pulse duration z =10 ns with a 1 Hz repeti-
tion rate).

Computational methods. First-principles calculations on
Ks(W309F4)(103) were performed using the CASTEP
package,*® a total energy package based on pseudopotential
density functional theory (DFT).*° The correlation-exchange
terms in the Hamiltonian were described by the functional
developed by Perdew, Burke and Ernzerh of (PBE)* in the
generalized gradient approximation (GGA)* form. The opti-
mized norm-conserving pseudopotentials®® in Kleinman-—
Bylander* form were adopted to model the effective interac-
tion between the valence electrons and atom cores, which al-
lows the choice of a relatively small plane-wave basis set
without compromising the computational accuracy. A kinetic
energy cutoff of 850 eV and dense Monkhorst-Pack* k-point
meshes spanning less than 0.015 A% in the Brillouin zone were
chosen.

Due to the discontinuity of exchange-correlation in the
framework of standard DFT, the calculated band gaps are usu-
ally smaller than the experimental values, and so a scissor
operator® is used to shift the conduction bands to match the
values. Based on the scissor-corrected electron band structure,
the imaginary part of the dielectric constants can be calculated
by the electron transition from the valence bands (VB) to the
conduction bands (CB). Accordingly, the real part of the die-
lectric constant, i.e., the refractive index, can be determined by
a Kramers—Kronig transform of the calculated imaginary
part.*” The refractive indices n and the birefringence An were
thereby obtained. The anisotropic SHG coefficient tensor was
calculated from a formula based on gauge formalism devel-
oped by our group.*®49 The shortest SHG output wavelength
Apm Was calculated based on the dispersion curves of the re-
fractive index (e.g., Nmin @and Nmax), Satisfying the condition of
Nmin (24pm) = Nmax (Aem). TO gain insight into the contribution of
the constituent groups to the SHG coefficient, SHG-weighted
electronic density and real-space atom-cutting analyses were
performed. In SHG-weighted electronic density analysis, the
electronic density of all the orbitals is summed by a weight
positively correlated with its contribution to the SHG coeffi-
cient, and thus the electronic cloud of orbitals crucial to the
SHG response is highlighted in real space.®® In real-space at-
om-cutting analysis, the contribution of each NLO-active unit
to the SHG coefficient is obtained by excluding the wave
functions in a sphere with a radius encompassing all atoms
except the focused unit, i.e. ¥(A) = 4 (all atoms excluded
except the focused unit).*

RESULTS AND DISCUSSION

Synthesis and Thermal Behavior. The reaction of WO3;
with K,COs;, KF and 1,05 at 230 °C in aqueous media for 4
days produces Ks(W309F4)(103) as colorless needlelike crys-
tals (Figure S1). In contrast to the syntheses of the previously
reported fluorine-containing iodates that used toxic and corro-
sive hydrofluoric acid as a starting material %552 a straight-
forward hydrothermal method was adopted in our study using
KF as the fluorine source. Oxyfluorotritungstate ions are
formed during the reaction (3WOj3 + 4F — [W304F4]*), which
promotes the growth of the target crystals. It is noticeable that
during the hydrothermal procedure, small amounts of K,COj3
are necessary for the synthesis of the Ks(W3OgF4)(103) crystals;
this is not only favorable for improving the crystal quality, but



more importantly it acts as a buffer to maintain the pH of the
reaction solution (the initial and final pH values were 6.5 and
6.0, respectively). In the absence of K,COj; in the reacting
mixture, only an unknown amorphous material was isolated.

The colorless crystals are stable in air for several months
without weight loss or appearance change. PXRD analysis
performed on the colorless microcrystalline samples of
Ks(W304F4)(103) suggested that the prepared crystals were
pure phase and consistent with the PXRD pattern simulated
from the single-crystal structural data (Figure S2). The thermal
stability of Ks(W309F4)(103) was evaluated by TGA and DSC
tests, the curves revealing that Ks(W3OgF4)(105) is stable up to
250 °C (Figure S3).

Crystal Structure Analysis. Ks(W309F4)(103) is the first
fluorinated tungsten iodate. It crystallizes in the polar and
NCS monoclinic space group Pm (No. 6). The structure fea-
tures a three-dimensional (3D) framework composed of one-
dimensional (1D) infinite [W5012F4]. polyanion chains, isolat-
ed [I0s] units and K* charge-balancing counter cations con-
nected through corner- and edge-sharing (Figure 1a). The 1D
polyanion chain is constructed from corner-sharing
[W3012F4]*% polyanions running parallel to the b-axis (Figure
1b). In the A-shaped polyanion [W3O1Fs]**, one [WO.F,]*
and two [WOsF]> octahedra are connected via corner-sharing.
The octahedrally coordinated tungsten atoms have three dis-
tinct coordination environments: the W(1)%* cation is coordi-
nated by three bridging O, two terminal O, and one terminal F
atoms, the W(2)%* cation is bonded to four bridging O, one
terminal O, and one terminal F atom, while the [W(3)O4F,]*
octahedron consists of three bridging O, one terminal O, and
two terminal F atoms. This is in sharp contrast to previously

@)

Figure 1. Crystal structural features of Ks(W3O0gF4)(103). (a)
View of the 3D framework of Ks(W30F4)(103) almost along
the b-axis, with the K-O bonds omitted for clarity. (b)
[W3012F4]** polyanionic units consists of one [WO,F.]* and
two [WOsF]*> octahedra. These units are linked through W-O-
W bonds to form an infinite chain running along the b-axis. (c)
View of O-split 103 group along the a-axis. Color codes: K
green, W blue, I gray, O orange, F yellow.

reported d°-TM-containing A-shaped species such as [Cu-
VOF4(H20)6],5l [WzOng]',‘r’2 and CiS-[VOzF2(|O3)z]a'.29 To the
best of our knowledge, the [W5012F4]** polyanion with A-
shaped configuration has never been reported in d°-TM sys-
tems, which favors formation of polar structures, owing to the
crystal packing along the b-direction. The inclusion of fluorine
may lead to a blue-shift of the transmission spectrum (i.e., a
larger band gap), which is desirable for NLO compounds.®
The I5* cation is coordinated by three unique O atoms to form
the isolated [103]  unit. It is noticeable that the 103 unit could
be described as a model in which O(10) is located on an apex
while two sets of half occupied O(11) and O(12) are disor-
dered with a symmetry of mirror plane along the ac plane
(Figure 1c).

In each asymmetric unit of the polar Ks(W304F4)(103), there
are five K atoms, one | atom, three W atoms, twelve O atoms,
and four F atoms, and all unique atoms except O11 and 012
are located on a mirror plane. Due to SOJT effects,’® the octa-
hedral W(1)%* and W(2)®* cations are distorted towards an
edge (local C; direction), resulting in two long [2.094(11),
2.201(12) A or 2.033(12), 2.09(2) A], two normal [1.889(2),
1.889(2) A or 1.892(4), 1.892(4) A], and two short [1.742(13),
1.750(13) A or 1.785(12), 1.767(12) A] W-O/F bonds (Fig-
ures S5 and S6). The W(3)®" cations undergo intra-octahedral
distortion toward the terminal oxygen atoms, i.e. a corner (Cy)
distortion, and so exhibit one short [1.757(15) A], one long
[2.071(13) A], and four normal [1.82(2)-1.902(14) A] W-O/F
bonds. Bond valence sum® (BVS) are consistent with normal
oxidation states of 1+ for K, 6+ for W, 2- for O, and 1- for F
(Table S2). It is remarkable that BVS of I(1) is unusual 3.74
which is far from the normal oxidation state of 5. the underes-
timation of BVS calculation of 1(1) is due to the local atomic
displacements induced by disordered 011 and O12 atoms,
which results in two elongated 1-O bonds (1.986 and 1.980 A).
The magnitudes of the distortions (Ad) are 0.82, 0.57, and 0.35
for [W(1)OsF]*, [W(2)OsF]*> and [W(3)O4F2]*, respectively.
The structures of the [Ws01,F4]*% polyanions and [10s]" units
are also governed by secondary distortions which become
more significant with an increase in the net valence contribu-
tion between the K* cations and the bridging oxygen/fluorine
anions.% Therefore, the primary distortion is supported and
reinforced by the secondary distortion, as the [W;01,F4]%"
polyanions are displaced away from the lone-pair cations.
Because of the distortions, the net direction of polarization is
affected. Groups of tungsten octahedra are shown in Figure S7.
As can be seen, W(1), W(2), and W(3) form [W501,F4]** pol-
yanions along the b-axis; the arrows represent the local and net
directions of the polarization, which are all in the ac-plane for
W(1), W(2), and W(3). The lone-pairs on each [IO3]" pyramid
are orientated in the same direction along the b-axis. Clearly
the net polarizations associated with the [Wz01,F4]*° polyan-
ions and [IOz] units constructively reinforce, leading to a
large net macroscopic polarization, which is confirmed by the
SHG measurements discussed later.

Optical Properties. IR transmission spectra and UV-Vis-
NIR diffuse reflection spectra results suggest that
Ks(W304F4)(103) possesses a wide transparency region of
0.32-10.5 um (Figure 2a and Figure S8). The IR transmission
spectrum of powder samples provides preliminarily infor-
mation on the transparency of the materials, albeit with a
slight deviation from the measurement on single crystals. Our
measured results clearly reveal that Ks(W3O0gF4)(103) is trans-
parent in the mid-IR atmospheric window in the spectral range
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Figure 2. Optical properties of Ks(W309F4)(103). (a) Optical transmission spectrum of Ks(W309F4)(103). The Ks(W309F4)(103)
transparency spans most of two important atmospheric windows (3-5 and 8-12 um). (b) Diffuse reflectance absorption curves of
Ks(W309F4)(103). The inserted diagram is the experimental band gap.

of 3-5 um. The Raman spectrum displays no absorption peaks
in the region 950-1500 cm™ (6.6-10.5 xm), confirming that
Ks(W309F4)(103) has wide IR transmission (Figure S9). The
UV-Vis-NIR spectrum shows an experimental band gap for
Ks(W309F4)(103) of 3.83 eV, corresponding to a UV cutoff
wavelength of 324 nm (Figure 2b). This bandgap is signifi-
cantly larger than those of commercial NLO crystals AgGasS;
(2.56 eV)” and AgGaSe; (1.83 eV)® and comparable to those
of several outstanding materials, such as Rb,CdBr.l, (3.80
eV),%® Na,BaSnS, (3.27 eV),’ and Pb;;0sClis (3.44 eV)?
which implies that Ks(W304F4)(103) may exhibit a very high
laser damage threshold.

Strong photon absorption may lead to electronic and ther-
mal effects, resulting in laser damage,*® so a large optical band
gap usually improves the LDT. Ks(W304F4)(103) exhibits a
large band gap (Eg = 3.83 eV), which prompted us to deter-
mine its LDT. The LDT of polycrystalline Ks(W3OgF4)(103)
(with ground AgGasS; single crystals as reference) was as-
sessed using a Q-switched pulsed laser (1064 nm, 10 ns, 10
Hz). The results indicate that Ks(W309F4)(103) shows a tre-
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mendous LDT of 200.9 MW/cm?, 95 times that of the bench-
mark AgGaS; (2.1 MW/cm?) under the same measurement
standard, which is consistent with the expectations based on
the band gap. Indeed, for all we know, Ks(W30gF4)(103)
shows the highest LDT value among the known NLO materi-
als which are transparent to 10 um. This excellent performance
indicates that Ks(WsO9F4)(103) is a very promising candidate
for high-power NLO applications in the mid-IR region.

SHG Properties. As Ks(W30¢F4)(103) crystallizes in NCS
and polar space group, powder SHG measurements were con-
ducted using KDP, KTP and AgGaS, samples as references. In
the visible and infrared region, as particle size of
Ks(W309F4)(103) increases, the SHG intensity increases grad-
ually before it reaches a maximum value which is independent
of the particle size. This result reveals that Ks(W3O0gF4)(103) is
type | phase-matching with incident wavelengths of 1064 nm
and 2100 nm (Figure 3). Moreover, Ks(W309F4)(103) exhibits
very large SHG signals that are about 11 times larger than that
of KDP under 1064 nm laser radiation, and comparable to that
of KTP and half as large as that of AgGaS; (Figure S10) under
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Figure 3. SHG performance of Ks(W309F4)(103). Measured SHG intensity versus Ks(W3O9F4)(103) particle size with 1064 nm (a)
and 2100 nm (c) laser radiation. Oscilloscope traces of the SHG signals (105-150 xm) are shown in (b) and (d). KDP and AgGaS;
were used as references for the SHG measurements at 1064 and 2100 nm, respectively.



2100 nm laser excitation (particle range of 105-150 zm). The
SHG responses are much higher than those of fluorine-
containing iodate-based NLO materials, e.g., BisOF3(103)4 (5
x KDP),*® RbIOzF; (5 x KDP),% o-/8-Ba;[GaF4(10s),](10s) (6
x KDP),% and CsBiy(103):Fs (7.5 x KDP),*? and comparable
to those of KBi(103)2Fs (12 x KDP)* and Bi(I03)F; (11.5 x
KDP)5L. The very large SHG responses can be directly at-
tributed not only to the polarization from the new SHG-active
polyanion [W3012F4]. chains and the [1Os] units, but, more
importantly, to the constructive addition of these polarizations.

NLO Performance Comparison. SHG efficiency, laser
damage threshold, and IR transparency are three important key
parameters for mid-IR NLO materials.!* In order to further
evaluate the prospect of Ks(W3OgF4)(103) for mid-IR NLO
applications, we compare its NLO performances (SHG re-
sponse, LDT, and IR transparency) to those of other repre-
sentative mid-IR NLO crystals reported recently. These mid-
IR NLO crystals can be classified into four categories accord-
ing to their compositions: (1) IR NLO sulfides and selenides,
such as AgGaS,,” LiGaSy,™ LilnSy,™ LayIinShSe,® BaGa,S7,%
NazBaSnS4,9 Li/A\SSz,11 (X-CUzaniS4,11 Sn|4'(83)2,20
LiCdsPSs,%® AgGaPSs® LiGa,PSg,% AgGaSe,® BaHgSe;,®
KPSes, !t KiGeP,Sep,!t etc; (2) IR NLO oxides including
KTiOPO4,* LiNbO3,* BiF(Se03)," LazSnGas014,2° CsLiVO4,®
Li,ZrTeOg,% etc; (3) IR NLO halides, exemplified by
NaSb3F10,11 CSzHgC|2|2,68 szCdBI’z|2,58 (HgsP3)(|l’lzclg),l1
Pb170gClys,2* etc; (4) IR NLO iodates comprising X10; (X =
Li,®® Rb,*® Cs%), Nals0s,# Bi(105)F2,% BiO(103), a-/p-
Baz[V02F2(|O3)2]|O3,31 XzB“sOls (X = K, Rb),11 X|02F2 (X =
Rb%, Cs®), etc. The distribution of SHG responses and LDTs
with respect to IR transparency for those representative com-
pounds is displayed in Figure 4 and Table S3, from which
some observations can be made: (1) Most IR NLO sulfides
and selenides possess very large SHG responses but relatively
low LDTs. (2) IR NLO oxides normally possess large LDTs
and NLO responses but narrow IR transparency (usually < 6
«m). (3) IR NLO halides in general have large LDTs but rela-
tively small SHG responses (usually < 10 x KDP). (4) IR NLO
iodates usually have wide transparent range (0.4-12 um) in the
IR region, but few iodates with both strong SHG responses
and high LDTs have been reported. Compared with these four
types of IR NLO crystals, Ks(W30F4)(103) shows comparable
or even superior NLO performance (Figure 4).
Ks(W309F4)(103) exhibits strong SHG responses (11 x
KDP@1064 nm and 1 x KTP/0.5 x AgGaS,@2100 nm), satis-
fying the basic activity requirement (> 10 x KDP).%! It addi-
tionally displays a wide transparency range (0.32-10.5 xm),
nearly covering two critical atmospheric transparency win-
dows. In particular, Ks(W3O9F4)(103) possesses the largest
LDT (95 x AgGaS;,) among materials which are transparent to
10 um. Overall, Ks(W304F4)(103) exhibits excellent optical
properties, resulting in an exceptional balance between a
strong SHG response and a high LDT, which suggests that
Ks(W304F4)(103) is a very promising material for mid-IR
NLO laser generation.

Theoretical studies. To gain further insight into the micro-
scopic mechanism of the optical properties of Ks(\W309F4)(103),
first-principles calculations based on pseudopotential density
functional theory (DFT)%4° were performed. The calculated
band structure (Figure S15a) reveals that Ks(W3OgF4)(103) is
an indirect transition band material with the maximum of the
highest occupied molecular orbital (HOMO) and the minimum
of the lowest unoccupied molecular orbital (LUMO) located at
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Figure 4. NLO performance comparison. Distribution of
LDTs, SHG responses, and IR transparency regions for typical
|R NLO CrystalS,4'7'8'10’11'24'25’58'59'62_64’66'67'69 including
Ks(W309F4)(103).

the I" and Q points, respectively. The relatively large disper-
sion of the HOMO and LUMO (energy spanning about 0.5 eV
and 1 eV, respectively) manifests the strong hybridization of
the atomic orbitals that construct the states near the forbidden
band, which contributes to the production of strong SHG re-
sponse in Ks(W309F4)(103). The partial density of states
(PDOS) projected onto the constituent atoms is displayed in
Figure S15b. Several observations can be made: (i) The states
below -25 eV are exclusively occupied by the K 3s orbitals.
These orbitals hybridize little with those of other atoms and
are perturbed with difficulty, so do not contribute to the opti-
cal properties in the UV to IR regions. (ii) The energy levels
between -25 eV to -10 eV are mainly composed of K 3p, | 5s
and 5p, W 5d, and O 2s orbitals. The sharp peak of the K 3p
orbital at -12 eV demonstrates the strong ionicity of potassium.
The | 5s and 5p and W 5d orbitals strongly hybridize with the
O 2s and F 2s orbitals between -25 eV to -15 eV, which im-
plies strong covalent interactions within the [W3012F4]** poly-
anions and [103] units. (iii) Both the top of the valence band (-
10 eV to 0 eV) and the bottom of the conduction band (~2.7
eV) are primarily occupied by | 5p, W 5d, O 2p, and F 2p or-
bitals. This indicates that the SHG response in
Ks(W309F4)(103) mainly arises from the [W3012F,]** polyan-
ions and [103]" units, because the NLO effect is determined by
the virtual (electron and hole) excitations among the states
near the forbidden band.

The calculated linear optical properties (Figure 5c) show
that the birefringence in Ks(W50gF4)(103) is 0.083 (@1064 nm)
and the shortest SHG phase-matching wavelength is 402 nm,
confirming its phase-matching capability under the experi-
mental 1064 nm laser. This crystalline material therefore satis-
fies the requirements for optical parametric oscillation (OPO)
and optical parametric amplification (OPA) in the mid-IR re-
gion. Owing to the restrictions of the space group Pm,
Ks(W304F4)(103) has six independent SHG components. The
largest calculated component is di2 = 2.96 pm/V (~8 x KDP),
which is in good agreement with the powder SHG measure-
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Figure 5. Theoretical studies of Ks(W30gF4)(103). SHG-weighted density for (a) occupied and (b) unoccupied states in the virtual
electron process. (c) Calculated refractive index and phase-matching ability in Ks(W3O0gF4)(103).

ment (~11 x KDP). To further investigate the principal source
of the SHG response, a SHG-weighted electronic density
analysis was carried out to intuitively display the electronic
orbitals which dominate the SHG response (Figures 5a and 5b).

It is clear that the SHG-weighted electronic clouds are mainly
located on the [W501,F4]%° polyanions and the [IO3]" units, but
are almost absent at the K* cations. Moreover, for the occupied
states, the SHG-related electron densities are concentrated on
both the [W301,F4]* polyanions and the [103] units (Figure
5a); but for the unoccupied states, the electron densities pre-
dominantly arise from the [W3012F4]** polyanions (Figure 5b).
This implies that, under the perturbation of ambient optoelec-
tronic fields, the SHG contribution of the [W3012F;]** polyan-
ions is larger than that of the [103]" units. We also employed a
real-space atom-cutting technique to more quantitatively iden-
tify the contribution from the respective groups (or ions). The
results are listed in Table 2, from which several conclusions
can be deduced: (1) The contribution of the K* cations to all
SHG components is negligibly small, owing to the spherical
distribution of their electron clouds. (2) The component dis
arises almost exclusively from the [103]  anions, but its value
is only ~10% of the largest SHG component di,. This is be-
cause the spatial distribution of electron densities around the
zero-dimensional [103] anion is quite localized, and thus it is
difficult to produce a large polarization induced by the optoe-
lectronic field. Moreover, the spatial density of the [I103] ani-
ons is very small (only one third that of the [WOsF]* and
[WO4F,]* octahedra). These two factors result in the small
contribution of [103] anions to the macroscopic SHG response.

Table 2. The Calculated SHG Coefficient and the Contribu-
tion of the Constituent Groups Deduced from Real-Space
Atom-Cutting Analysis.?

dll dlZ dlS d15 d24 d33

All 0.08 296 072 023 -1.38 1.06

K* 0.04 0.06 0.01 -0.01 -0.03 -0.05
(103) -0.08 0.02 -0.36 024 -0.16 0.25
[W30eF4]. 0.05 233 1.08 -0.05 -1.39 1.02
(W10sF)> 0.28 254 174 -0.29 -0.83 4.82
(W20sF)> -2.79 03 0.6 0.65 -2.27 -0.01
(W304F)* 259 274 -035 059 092 -08

2d values in pm/V.

(3) The [W5012F4]%® polyanion chains account for more than
80% of the SHG effect in Ks(W;504F4)(103), consistent with
the observation from the SHG-weighted electron densities.
The PDOS projected onto the constituent atoms reveals that
the energy states of [W3O12F4]** exhibit more prominent dis-
persion than those of the [103] anion, suggesting that infinite
extension along the 1D chains of [W3012F4]'% provide much
greater electron delocalization, resulting in strong SHG re-
sponses to the optoelectronic field. Although tensorial contri-
butions to the microscopic susceptibilities of the [WOsF]*> and
[WO4F,]* groups inside the [W5012F4]%° chains cancel to a
small extent due to their spatial arrangement, the connection
among these constituent groups enhances the overall polariza-
tion and leads to the large net SHG response in the
[W3012F,4]** anionic chains.

CONCLUSIONS

In summary, a new member of the transition-metal iodate fam-
ily — the first fluorinated tungsten iodate and a polar noncen-
trosymmetric crystal Ks(W3OgF4)(103) — has been constructed
from a combination of a polar fluorinated 5d°-TM chromo-
phore and iodate through a straightforward hydrothermal pro-
cedure. Its structure features a 3D framework composed of
unique 1D infinite [W3012F4] polyanion chains, isolated
[10s] units and K* charge-balancing counter cations. Remark-
ably, it exhibits not only broad transparency (0.32—10.5 um), a
large indirect band gap (3.83 eV), and a large SHG response
(11 x KDP@1064 nm, 1 x KTP/0.5 x AgGaS,@2100 nm), but
also the highest LDT (200.9 MW/cm?, 95 x AgGaS,) among
the known NLO materials which are transparent to 10 um. The
NLO properties, especially the balance between strong SHG
response and giant LDT, suggest that Ks(W3OgF4)(103) pos-
sesses great potential as a candidate material for the mid-IR
NLO region. This work highlights that introduction of fluori-
nated 5d°-transition metal chromophores into the iodate sys-
tems may be an effective approach for the development of
practical mid-IR NLO materials with giant LDT and good
SHG performance.

ASSOCIATED CONTENT

Supporting Information.

Additional theoretical calculations, selected bond distances, atom-
ic coordinates and anisotropic displacement parameters, summary
of some typical IR NLO crystals, photograph of crystals, powder
X-ray diffraction patterns, thermogravimetric analysis, IR spec-



trum, Raman spectrum, figures of EDS, and additional figures.
(PDF)

X-ray crystallographic data (CIF)

This material is available free of charge via the Internet at
http://pubs.acs.org.

AUTHOR INFORMATION

Corresponding Author

*E-mail: chizhang@tongji.edu.cn
Phone: (+86)21-65988860.

ORCID

Chao Wu: 0000-0002-8016-0359

Zheshuai Lin: 0000-0002-9829-9893

Mark G. Humphrey: 0000-0002-4433-6783
P. Shiv. Halasyamani: 0000-0003-1787-1040
Chi Zhang: 0000-0002-5237-8916

Author Contributions
8These authors contributed equally.

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENT

This research was financially supported by the National
Natural Science Foundation of China (No. 51432006 and
51172100), the Ministry of Education of China for the
Changjiang Innovation Research Team (No. IRT13R24), and
the Ministry of Education and the State Administration of
Foreign Experts Affairs for the 111 Project (No. B13025).
M.G.H. and C.Z. thank the Australian Research Council for
support. P.S.H. thanks the Welch Foundation (Grant E-1457)
for support.

REFERENCES

1. Cotter, D.; Manning, R. J.; Blow, K. J.; Ellis, A. D.; Kelly, A.
E.; Nesset, D.; Phillips, 1. D.; Poustie, A. J.; Rogers, D. C.
Nonlinear Optics for High-speed Digital Information Pro-
cessing. Science 1999, 286, 1523-1528.

2. Chung, I.; Kim, M.; Jang, J. I.; He, J. Q.; Ketterson, J. B.;
Kanatzidis, M. G. Strongly Nonlinear Optical Chalcogenide
Thin Films of APSes (A= K, Rb) from Spin-coating. Angew.
Chem. Int. Ed. 2011, 50, 10867-10870.

3. Burland, D. M.; Miller, R. D.; Walsh, C. A. Second-order
Nonlinearity in Poled-polymer Systems. Chem. Rev. 1994, 94,
31-75.

4. Becker, P. Borate Materials in Nonlinear Optics. Adv. Mater.
1998, 10, 979-992.

5. Wu, C.; Yang, G.; Humphrey, M. G.; Zhang, C. Recent Ad-
vances in Ultraviolet and Deep-ultraviolet Second-order Non-
linear Optical Crystals. Coord. Chem. Rev. 2018, 375, 459-
488.

6. Boyd, G. D.; Buehler, E.; Storz, F. G. Linear and Nonlinear
Optical Properties of ZnGeP2 and CdSe. Appl. Phys. Lett.
1971, 18, 301-304.

7. Tell, B.; Kasper, H. M. Optical and Electrical Properties of
AgGaS: and AgGaSez. Phys. Rev. B 1971, 4, 4455-4459.

8. Simon, U.; Benko, Z.; Sigrist, M. W.; Curl, R. F.; Tittel, F. K.
Design Considerations of an Infrared Spectrometer Based on
Difference-frequency Generation in AgGaSez. Appl. Opt.
1993, 32, 6650-6655.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Wu, K.; Yang, Z. H.; Pan, S. L. Na2BaMQ4 (M = Ge, Sn; Q=
S, Se): Infrared Nonlinear Optical Materials with Excellent
Performances and that Undergo Structural Transformations.
Angew. Chem. Int. Ed. 2016, 55, 6713-6715.

Kang, L.; Ramo, D. M.; Lin, Z. S.; Bristowe, P. D.; Qin, J. G;
Chen, C. T. First Principles Selection and Design of Mid-IR
Nonlinear Optical Halide Crystals. J. Mater. Chem. C 2013, 1,
7363-7370.

Guo, S. P.; Chi, Y.; Guo G. C. Recent Achievements on Mid-
dle and Far-infrared Second-order Nonlinear Optical Materi-
als. Coord. Chem. Rev. 2017, 335, 44-57.

Kageyama, H.; Hayashi, K.; Maeda, K.; Attfield, J. P.; Hiroi,
Z.; Rondinelli, J. M.; Poeppelmeier, K. R. Expanding Fron-
tiers in Materials Chemistry and Physics with Multiple Ani-
ons. Nat. Commun. 2018, 9, 722(1)-722(15).

Yu, H. W.; Young, J.; Wu, H. P.; Zhang, W. G.; Rondinelli, J.
M.; Halasyamani, P. S. Electronic, Crystal Chemistry, and
Nonlinear Optical Property Relationships in the Dugganite
A3B3CD2014 Family. J. Am. Chem. Soc. 2016, 138, 4984-
4989.

Huang, Y. Z.; Wu, L. M.; Wu, X. T.; Li, L. H.; Chen, L,
Zhang, Y. F. Pb2BsOol: An lodide Borate with Strong Second
Harmonic Generation J. Am. Chem. Soc., 2010, 132, 12788-
12789.

Liang, M. L.; Hu, C. L.; Kong, F.; Mao, J. G. BiFSeOs: An
Excellent SHG Material Designed by Aliovalent Substitution.
J. Am. Chem. Soc. 2016, 138, 9433-9436.

Mutailipu, M.; Zhang, M.; Wu, H. P.; Yang, Z. H.; Shen, Y.
H.; Sun, J. L.; Pan, S. L. BasMgs(BOz)sFs Polymorphs with
Reversible Phase Transition and High Performances as Ultra-
violet Nonlinear Optical Materials. Nat. Commun. 2018, 9,
3089(1)-3089(10).

Mutailipu, M.; Zhang, M.; Yang, Z. H.; Pan, S. L. Targeting
the Next Generation of Deep-Ultraviolet Nonlinear Optical
Materials: Expanding from Borates to Borate Fluorides to
Fluorooxoborates. Acc. Chem. Res. 2019, 52, 791-801.
Mutailipu, M.; Zhang, M.; Zhang, B. B.; Wang, L. Y.; Yang,
Z. H.; Zhou, X.; Pan, S. L. SrBsO7Fs Functionalized with
[BsOgF3]® Chromophores: Accelerating the Rational Design
of Deep-Ultraviolet Nonlinear Optical Materials. Angew.
Chem. Int. Ed. 2018, 57, 6095-6099.

Bera, T. K.; Jang, J. I.; Song, J. H.; Malliakas, C. D.; Freeman,
A. J.; Ketterson, J. B.; Kanatzidis, M. G. Soluble Semiconduc-
tors AAsSez (A = Li, Na) with A Direct-band-gap And Strong
Second Harmonic Generation: A Combined Experimental and
Theoretical Study. J. Am. Chem. Soc. 2010, 132, 3484-3495.
Guo, S. P.; Chi, Y.; Xue, H. G. Snl4-(Ss)2: A Novel Adduct-
type Infrared Second-order Nonlinear Optical Crystal. Angew.
Chem. Int. Ed. 2018, 57, 11540-11543.

Phanon, D.; Gautier-Luneau, I. Promising Material for Infra-
red Nonlinear Optics: NalsOs Salt Containing an Octaoxotrii-
odate(V) Anion Formed from Condensation of [10s] lons. An-
gew. Chem. Int. Ed. 2007, 46, 8488-8491.

Sun, C. F.; Hu, C. L.; Xu, X.; Yang, B. P.; Mao, J. G. Explo-
rations of New Second-order Nonlinear Optical Materials in
the Potassium Vanadyl lodate System. J. Am. Chem. Soc.
2011, 133, 5561-5572.

You, F. G.; Liang, F.; Huang, Q.; Hu, Z. G.; Wu, Y. C,; Lin,
Z. S. Ph2GaF2(Se03)2Cl: Band Engineering Strategy by Alio-
valent Substitution for Enlarging Bandgap while Keeping
Strong Second Harmonic Generation Response. J. Am. Chem.
Soc. 2019, 141, 748-752.

Zhang, H.; Zhang, M.; Pan, S. L.; Dong, X. Y.; Yang, Z. H.;
Hou, X. L.; Wang, Z.; Chang, K. B.; Poeppelmeier, K. R.
Pb170sCl1s: A Promising IR Nonlinear Optical Material with
Large Laser Damage Threshold Synthesized in an Open Sys-
tem. J. Am. Chem. Soc. 2015, 137, 8360-8363.


mailto:chizhang@tongji.edu.cn

25.

26.

217.

28.

29

30

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Lan, H. C.; Liang, F.; Jiang, X. X.; Zhang, C.; Yu, H. H.; Lin,
Z.S.; Zhang, H. J.; Wang, J. Y.; Wu, Y. C. Pushing Nonlinear
Optical Oxides into the Mid-infrared Spectral Region Beyond
10 wum: Design, Synthesis, and Characterization of
LasSnGasO14. J. Am. Chem. Soc. 2018, 140, 4684-4690.

Zou, G. H.; Jo, H.; Lim, S. J; You, T. S.; Ok, K. M.
Rb3VO(02).C0O3: A Four-in-One Carbonatoperoxovanadate
Exhibiting an Extremely Strong Second-Harmonic Generation
Response. Angew. Chem. Int. Ed. 2018, 57, 8619-8622.
Chang, H. Y.; Kim, S. H.; Halasyamani, P. S.; Ok, K. M.
Alignment of Lone Pairs in a New Polar Material: Synthesis,
Characterization, and Functional Properties of Li2Ti(103)s. J.
Am. Chem. Soc. 2009, 131, 2426-2427.

Sykora, R. E.; Ok, K. M.; Halasyamani, P. S.; Wells, D. M.;
Albrecht-Schmitt, T. E. New One-dimensional Vanadyl lo-
dates: Hydrothermal Preparation, Structures, and NLO Proper-
ties of A[VO2(103)2] (A = K, Rb) and A[(VO)2(103)302] (A =
NHas, Rb, Cs). Chem. Mater. 2002, 14, 2741-2749.

. Sykora, R. E.; Ok, K. M.; Halasyamani P. S.; Albrecht-

Schmitt, T. E. Structural Modulation of Molybdenyl lodate
Architectures by Alkali Metal Cations in AMoO3(103) (A =K,
Rb, Cs): A Facile Route to New Polar Materials with Large
SHG Responses. J. Am. Chem. Soc. 2002, 124, 1951-1957.

.Sun, C. F.; Hu, C. L.; Xu, X.; Ling, J. B.; Hu, T.; Kong, F.;

Long, X. F.; Mao, J. G. BaNbO(lOs)s: A New Polar Material
with a Very Large SHG Response. J. Am. Chem. Soc. 2009,
131, 9486-9487.

Yu, H. W.; Nisbet, M. L.; Poeppelmeier, K. R. Assisting the
Effective Design of Polar lodates with Early Transition-metal
Oxide Fluoride Anions. J. Am. Chem. Soc. 2018, 140, 8868-
8876.

Hu, C. L.; Mao, J. G. Recent Advances on Second-order NLO
Materials Based on Metal lodates. Coord. Chem. Rev. 2015,
288, 1-17.

Sheldrick, G. M. SHELXS-97: Program for the Solution of
Crystal Structures, University of Géttingen: Germany, 1997.
Spek, A. L. Single-crystal Structure Validation with the Pro-
gram PLATON. J. Appl. Crystallogr. 2003, 36, 7-13.
Wendlandt, W. M.; Hecht, H. G. Reflectance Spectroscopy,
Interscience: New York, 1966.

Kurtz, S. K.; Perry, T. T. A Powder Technique for the Evalua-
tion of Nonlinear Optical Materials. J. Appl. Phys. 1968, 39,
3798-3813.

Zhang, M. J.; Jiang, X. M.; Zhou, L. J.; Guo, G. C. Two Phas-
es of Gaz2Ss: Promising Infrared Second-order Nonlinear Opti-
cal Materials with Very High Laser Induced Damage Thresh-
olds. J. Mater. Chem. C 2013, 1, 4754-4760.

Clark, S. J.; Segall, M. D.; Pickard, C. J.; Hasnip, P. J.; Prob-
ert, M. J.; Refson, K.; Payne, M. C. First Principles Methods
Using CASTEP. Z. Kristallogr. 2005, 220, 567-570.

Kohn, W.; Sham, L. J. Self-consistent Equations Including
Exchange and Correlation Effects. Phys. Rev. 1965, 140,
1133-1138.

Payne, M. C.; Teter, M. P.; Allan, D. C.; Arias, T. A.; Joan-
nopoulos, J. D. Iterative Minimization Techniques for ab ini-
tio Total-energy Calculations: Molecular Dynamics and Con-
jugate Gradients. Rev. Mod. Phys. 1992, 64, 1045-1097.
Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865-
3868.

Perdew, J. P.; Wang, Y. Pair-distribution Function and Its
Coupling-constant Average for the Spin-polarized Electron
Gas. Phys. Rev. B 1992, 46, 12947-12954.

Hamann, D. R.; Schluter, M.; Chiang, C. Norm-conserving
Pseudopotentials. Phys. Rev. Lett. 1979, 43, 1494-1497.
Kleinman, L.; Bylander, D. M. Efficacious Form for Model
Pseudopotentials. Phys. Rev. Lett. 1982, 48, 1425-1428.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Monkhorst, H. J.; Pack, J. D. Special Points for Brilloin-zone
Integrations. Phys. Rev. B 1976, 13, 5188-5192.

Godby, R. W.; Schluter, M.; Sham, L. J. Self-energy Opera-
tors and Exchange-correlation Potentials in Semiconductors.
Phys. Rev. B 1988, 37, 10159-10175.

Palik, E. D. Handbook of Optical Constants of Solids, Aca-
demic: New York, 1985.

Lin, J.; Lee, M. H.; Liu, Z. P.; Chen, C. T.; Pickard, C. Mech-
anism for Linear and Nonlinear Optical Effects in $-BaB204
Crystals. J. Phys. Rev. B 1999, 60, 13380-13389.

Lin, Z. S.; Jiang, X. X.; Kang, L.; Gong, P. F.; Luo, S. Y,;
Lee, M. H. First-principles Materials Applications and Design
of Nonlinear Optical Crystals. J. Phys. D: Appl. Phys. 2014,
47, 253001(1)-253001(19).

Lee, M. H.; Yang, C. H.; Jan, J. H. Band-resolved Analysis of
Nonlinear Optical Properties of Crystalline and Molecular
Materials. Phys. Rev. B, 2004, 70, 235110-235120.

Mao, F. F.; Hu, C. L.; Xu, X,; Yan, D.; Yang, B. P.; Mao, J.
G. Bi(lOs)F2: The First Metal lodate Fluoride with a Very
Strong Second Harmonic Generation Effect. Angew. Chem.
Int. Ed. 2017, 56, 2151-2155.

Liu, H. M.; Wu, Q.; Jiang, X. X.; Lin, Z. S.; Meng, X. G;
Chen, X. G.; Qin, J. G. ABi2(103)2Fs (A = K, Rb, and Cs): A
Combination of Halide and Oxide Anionic Units to Create a
Large Second-harmonic Generation Response with a Wide
Bandgap. Angew. Chem. Int. Ed. 2017, 56, 9492-9496.
Donakowski, M. D.; Gautier, R.; Yeon, J.; Moore, D. T.;
Nino, J. C.; Halasyamani, P. S.; Poeppelmeier, K. R. The Role
of Polar, Lambda (A)-shaped Building Units in Noncentro-
symmetric Inorganic Structures. J. Am. Chem. Soc. 2012, 134,
7679-7689.

Hoskins, B. F.; Linden, A.; O’Donnell, T. A. Controlled Hy-
drolysis of the Hexafluorides of Molybdenum, Tungsten, and
Rhenium: Structure of Oxonium (n-
fluoro)bis(tetrafluorooxotungstate(V1)). Inorg. Chem. 1987,
26, 2223-2228.

Zhang, M.; Su, X.; Mutailipu, M.; Yang, Z. H.; Pan, S. L.
BisOF3(103)4: Metal Oxyiodate Fluoride Featuring a Carbon-
nanotube-like Topological Structure with Large Second Har-
monic Generation Response. Chem. Mater. 2017, 29, 945-949.
Brese, N. E.; O’Keeffe, M. Bond-valence Parameters for Sol-
ids. Acta Crystallogr. B 1991, 47, 192-197.

Welk, M. E.; Norquist, A. J.; Arnold, F. P.; Stern, C. L
Poeppelmeier, K. R. Out-of-Center Distortions in d° Transi-
tion Metal Oxide Fluoride Anions. Inorg. Chem. 2002, 41,
5119-5125.

Wu, Q.; Meng, X. G.; Zhong, C.; Chen, X. G.; Qin, J. G.
Rb2CdBrzl2: A New IR Nonlinear Optical Material with a
Large Laser Damage Threshold. J. Am. Chem. Soc. 2014, 136,
5683-5686.

Wu, Q.; Liu, H. M.; Jiang, F. C.; Kang, L.; Yang, L.; Lin, Z.
S.; Hu, Z. G.; Chen, X. G.; Meng, X. G.; Qin, J. G. RblOs and
RblO2F2: Two Promising Nonlinear Optical Materials in Mid-
IR Region and Influence of Partially Replacing Oxygen with
Fluorine for Improving Laser Damage Threshold. Chem. Ma-
ter. 2016, 28, 1413-1418.

Chen, J.; Hu, C. L.; Mao, F. F.; Feng, J. H.; Mao, J. G. A Fac-
ile Route to Nonlinear Optical Materials: Three-Site Aliova-
lent Substitution Involving One Cation and Two Anions. An-
gew. Chem. Int. Ed. 2019, 58, 2098-2102.

Zhao, H. J.; Zhang, Y. F.; Chen, L. Strong Kleinman-
forbidden Second Harmonic Generation in Chiral Sulfide:
La4InSbSe. J. Am. Chem. Soc. 2012, 134, 1993-1995.

Lin, X.; Zhang, G.; Ye, N. Growth and Characterization of
BaGasS7: A New Crystal for Mid-IR Nonlinear Optics. Cryst.
Growth Des. 2009, 9, 1186-1189.



63.

64.

65.

66.

67.

68.

69.

70.

Feng, J. H.; Hu, C. L.; Li, B.; Mao, J. G. LiGa2PSs and
LiCdsPSs: Molecular Designs of Two New Mid-Infrared Non-
linear Optical Materials. Chem. Mater. 2018, 30, 3901-3908.
Feng, J. H.; Hu, C. L.; Xu, X,; Li, B. X.; Zhang, M. J.; Mao, J.
G. AgGazPSs: A New Mid-Infrared Nonlinear Optical Materi-
al with a High Laser Damage Threshold and a Large Second
Harmonic Generation Response. Chem. Eur. J. 2017, 23,
10978-10982.

Li, C.; Yin, W. L.; Gong, P. F.; Li, X. S.; Zhou, M. L.; Mar,
A.; Lin, Z. S.; Yao, J. Y.; Wu, Y. C.; Chen, C. T. Trigonal
Planar [HgSes]* Unit: A New Kind of Basic Functional
Group in IR Nonlinear Optical Materials with Large Suscepti-
bility and Physicochemical Stability. J. Am. Chem. Soc. 2016,
138, 6135-6138.

Han, G. P.; Wang, Y.; Su, X,; Yang, Z. H.; Pan, S. L. Growth,
Properties, and Theoretical Analysis of M2LiVO4 (M = Rb,
Cs) Crystals: Two Potential Mid-Infrared Nonlinear Optical
Materials. Sci. Rep. 2017, 7, 1901-1909.

Lu, W. Q.; Gao, Z. L.; Liu, X. T.; Tian, X. X.; Wu, Q.; Li, C.
G.; Sun, Y. X,; Liu, Y.; Tao, X. T. Rational Design of a
LiNbOz-like Nonlinear Optical Crystal, Li2ZrTeOs, with High
Laser-damage Threshold and Wide Mid-IR Transparency
Window. J. Am. Chem. Soc. 2018, 140, 13089-13096.

Zhang, G.; Li, Y. J.; Jiang, K.; Zeng, H. Y.; Liu, T.; Chen, X.
G.;Qin, J. G.; Lin, Z. S.; Fu,P. Z;; Wu, Y. C.; Chen, C. T. A
New Mixed Halide, Cs2Hgl2Cl2: Molecular Engineering for a
New Nonlinear Optical Material in the Infrared Region. J. Am.
Chem. Soc. 2012, 134, 14818-14822.

Zhang, M.; Hu, C.; Abudouwufu, T.; Yang, Z. H.; Pan, S. L.
Functional Materials Design via Structural Regulation Origi-
nated from lons Introduction: A Study Case in Cesium lodate
System. Chem. Mater. 2018, 30, 1136-1145.

Nguyen, S. D.; Yeon, J.; Kim, S. H.; Halasyamani, P. S.
BiO(10s): A New Polar lodate that Exhibits an Aurivillius-
type (Bi202)?* Layer and a Large SHG Response. J. Am.
Chem. Soc. 2011, 133, 12422-12425.



ToC

SHG Intensity (a.u.)

100] * KMWOF)I0) —
= KDP
804
604 "= Overall Performance
SHG: 11 XKDP
404 lna LDT: 95 XAGS
2 ———t IR transparency: ~10.5 ym
04F T T T T T
0 50 100 150 200 250

Particle Size (um)

300

11



