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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 5d0-transition metal octahedra to construct a polar noncentrosymmetric material K5(W3O9F4)(IO3). The Λ-shaped 
[W3O12F4]10- polyanion, consisting of distorted octahedra, not only guides the alignment of the [IO3]- units, but also serves as a new 
kind of NLO-active chromophore in the mid-IR, with K5(W3O9F4)(IO3) possessing an optimal combination of large SHG response 
(11 × KH2PO4@1064 nm and 0.5 × AgGaS2@2100 nm), wide visible and mid-IR transparency (0.32–10.5 μm), and a giant laser 
damage threshold (95 × AgGaS2). The important role of the [W3O12F4]10- 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 5d0-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 µm), a 
spectral range of great academic and technological importance 
for laser guidance, remote sensing, telecommunication and 
medical diagnostics.1-3 Compared with the ubiquitous oxide-
based NLO crystals (e.g. BaB2O4, CsB3O5, KH2PO4, KTi-
OPO4)4,5 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 (ZnGeP2,6 AgGaS2,7 and AgGaSe2

8) suffer from 
drawbacks such as deleterious two-photon absorption or a low 
laser damage threshold (LDT).9 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.10 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.11 

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.12 
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. Ti4+, 
V5+, Mo6+ and Nb5+, with d0 electronic structures),13 stereo-
chemically-active lone-pair (SCALP) cations (e.g. Pb2+, Bi3+, 
Se4+ and I5+) that can be employed to construct distorted poly-
hedra,14,15 coplanar π-conjugated units (borate, polyborate, 
tetrafluoroborate, etc),16-18 and polar chalcogenide groups 
([TeS3]2−, [AsS3]3−, [SbS3]3−, etc).19 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.).20 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 μm).21 Octahedrally-coordinated d0-TM cati-



ons susceptible to SOJT distortions can be employed to en-
hance additive polarization of the acentric structural units,22 
while substitution of O2- with the more electronegative F- in 
TM cationic polyhedra can increase the band gap due to the 
increased ionicity of M–F bonds.23 Distorted M’On (M’ = Pb2+, 
Te6+, I5+, W6+, etc.) polyhedra constructed from heavy element 
cations with d0/d10 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.24,25 Charge-balancing polarizable alka-
li/alkaline-earth cations with suitable ionic radii may facilitate 
formation of an acentric structure.26 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 
Li2Ti(IO3)6,27 X[(VO)2(IO3)3O2] (X = K, Cs),22,28 XMoO3(IO3) 
(X = Rb, Cs),29 BaNbO(IO3)5,30 and α/β-
Ba2[VO2F2(IO3)2]IO3

31 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 5d0-
transition metal oxide-fluoride iodate crystal K5(W3O9F4)(IO3), 
and explore the additive polarization of the polyanion 
[W3O12F4]10- on the nonlinear optical properties. As far as our 
information goes, metal iodate which contain 5d0-TM cations 
are thus far unreported,32 let alone the fluorinated tungsten 
iodate. Interestingly, partially substituting the oxygen atoms 
with fluorine in the [WO6]6- octahedron leads to the formation 
of a lambda (Λ)-shaped [W3O12F4]10- fundamental building 
polyanion, which can not only guide the alignment of [IO3]- 
units, leading to a polar noncentrosymmetric compound with 
strong polarization and thus a large SHG response, but can 
also dramatically improve its LDT: K5(W3O9F4)(IO3) exhibits 
high-performance NLO properties, including strong SHG re-
sponses (11 × KH2PO4 (KDP)@1064 nm and 1 × KTiOPO4 
(KTP)/0.5 × AgGaS2@2100 nm), wide visible and mid-
infrared transparency region (0.32–10.5 μm), and an excep-
tional laser damage threshold (95 × AgGaS2 (AGS)). First-
principles electronic structure calculations have clarified the 
important role of the [W3O12F4]10- polyanion in improving the 
NLO effects and extending the IR transparency region in 
K5(W3O9F4)(IO3). 
EXPERIMENTAL SECTION  

Reagents. Iodine pentoxide (I2O5, 99.9%, Adamas Reagent), 
tungsten trioxide (WO3, 99.9%, Adamas Reagent), potassium 
carbonate (K2CO3, 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 K5(W3O9F4)(IO3). The poly-
crystalline samples of K5(W3O9F4)(IO3) were synthesized 
through a conventional hydrothermal reaction based on the 
following chemical equation: 2K2CO3 + I2O5 + 7WO3 + 8KF 
→ 2K5(W3O9F4)(IO3) + K2WO4 + CO2. A mixture of I2O5 

(0.334 g, 1.00 mmol), WO3 (0.417 g, 1.80 mmol), K2CO3 
(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 oC, 
kept at that temperature for 96 hours, and then cooled to 30 oC 

at a rate of 4 oC/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 K5(W3O9F4)(IO3) with 
dimensions of 0.15 × 0.08 × 0.06 mm3 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 Kα radiation (λ = 0.71073 Å) at 293(2) 
K. Data collection and reduction were performed using the 
APEX II 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.33 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.34 Crystal data and structural 
refinement information for K5(W3O9F4)(IO3) 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 Kα radiation (λ = 1.5418 Å), in the angular 
range 2θ 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 K5(W3O9F4)(IO3). 

formula K5(W3O9F4)(IO3) 
formula weight 1141.95 
temperature (K) 293(2) 
crystal system Monoclinic 
space group Pm (No. 6) 
a (Å) 9.7129(5) 
b (Å) 3.7122(2) 
c (Å) 10.9575(5) 
α (˚) 90 
β (˚) 102.0070(10) 
γ (˚) 90 
V (Å3) 386.44(3) 
Z 1 
ρcalc (g cm-3) 4.907 
µ (mm-1) 25.716 
F (000) 502 
θ (deg.) 2.55-27.87 
limiting indices -12 ≤ h ≤ 12, 

-4 ≤ k ≤ 4, 
-14 ≤ l ≤ 14 

Rint 0.0268 
no. of reflections (collected/unique) 9422/2120 
goodness of fit on F2 1.109 
R1, wR2 [I > 2σ(I)]a 0.0388/0.1014 
R1, wR2 (all data) 0.0389/0.1018 
flack parameter 0 
largest difference peak and hole (e Å-3) 1.865 and -2.703 
aR1 = ∑||Fo| – |Fc||/∑|Fo|; wR2 = [∑w(Fo

2 – Fc
2)2]/∑w(Fo

2)2]1/2 
 

 



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-1, 
spectral range 400−4000 cm-1).  

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 
K5(W3O9F4)(IO3) was calculated from the reflectance spectrum 
based on the Kubelka–Munk function α/S = (1 − R)2/2R, where 
α is the absorption coefficient, S is the scattering coefficient 
that is essentially wavelength-independent when the particle 
size is larger than 5 μm, and R is the reflectance.35  

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 Al2O3 
(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 Perry36 with laser radiation of λ = 
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 μm). 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 AgGaS2 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 K5(W3O9F4)(IO3) and AgGaS2 (as a refer-
ence) were measured by the single-pulse method with laser 
radiation of λ = 1064 nm generated by a Q-switched Nd:YAG 
solid-state laser.37 The samples of K5(W3O9F4)(IO3) and Ag-
GaS2 were both ground and sieved into the particle size range 
of 105–150 μm, 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 I(threshold) = E/(πr2τp), 
in which E is the laser energy of a single pulse, r is the spot 
radius, and τp is the pulse width. The average input laser ener-
gy densities of single pulses and laser spots were determined 

to be 142 mJ for K5(W3O9F4)(IO3) and 1.5 mJ for AgGaS2, 
when crystals were damaged by the laser with a flat-top laser 
beam distribution (pulse duration τ =10 ns with a 1 Hz repeti-
tion rate). 

Computational methods. First-principles calculations on 
K5(W3O9F4)(IO3) were performed using the CASTEP 
package,38 a total energy package based on pseudopotential 
density functional theory (DFT).39,40 The correlation-exchange 
terms in the Hamiltonian were described by the functional 
developed by Perdew, Burke and Ernzerh of (PBE)41 in the 
generalized gradient approximation (GGA)42 form. The opti-
mized norm-conserving pseudopotentials43 in Kleinman–
Bylander44 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–Pack45 k-point 
meshes spanning less than 0.015 Å3 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 
operator46 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.47 The refractive indices n and the birefringence Δn were 
thereby obtained. The anisotropic SHG coefficient tensor was 
calculated from a formula based on gauge formalism devel-
oped by our group.48,49 The shortest SHG output wavelength 
λPM was calculated based on the dispersion curves of the re-
fractive index (e.g., nmin and nmax), satisfying the condition of 
nmin (2λPM) = nmax (λPM). 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.50 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. χ2(A) = χ2 (all atoms excluded 
except the focused unit).49 
RESULTS AND DISCUSSION 

Synthesis and Thermal Behavior. The reaction of WO3 
with K2CO3, KF and I2O5 at 230 °C in aqueous media for 4 
days produces K5(W3O9F4)(IO3) 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,31,51,52 a straight-
forward hydrothermal method was adopted in our study using 
KF as the fluorine source. Oxyfluorotritungstate ions are 
formed during the reaction (3WO3 + 4F- → [W3O9F4]4-), which 
promotes the growth of the target crystals. It is noticeable that 
during the hydrothermal procedure, small amounts of K2CO3 
are necessary for the synthesis of the K5(W3O9F4)(IO3) 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 K2CO3 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 
K5(W3O9F4)(IO3) 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 K5(W3O9F4)(IO3) was evaluated by TGA and DSC 
tests, the curves revealing that K5(W3O9F4)(IO3) is stable up to 
250 °C (Figure S3). 

Crystal Structure Analysis. K5(W3O9F4)(IO3) 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 [W3O12F4]∞ polyanion chains, isolat-
ed [IO3]- 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 
[W3O12F4]10- polyanions running parallel to the b-axis (Figure 
1b). In the Λ-shaped polyanion [W3O12F4]10-, one [WO4F2]4- 
and two [WO5F]5- octahedra are connected via corner-sharing. 
The octahedrally coordinated tungsten atoms have three dis-
tinct coordination environments: the W(1)6+ cation is coordi-
nated by three bridging O, two terminal O, and one terminal F 
atoms, the W(2)6+ cation is bonded to four bridging O, one 
terminal O, and one terminal F atom, while the [W(3)O4F2]4- 
octahedron consists of three bridging O, one terminal O, and 
two terminal F atoms. This is in sharp contrast to previously 

reported d0-TM-containing Λ-shaped species such as [Cu-
VOF4(H2O)6],51 [W2O2F9]-,52 and cis-[VO2F2(IO3)2]3-.29 To the 
best of our knowledge, the [W3O12F4]10- polyanion with Λ-
shaped configuration has never been reported in d0-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.53 
The I5+ cation is coordinated by three unique O atoms to form 
the isolated [IO3]- unit. It is noticeable that the IO3 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 K5(W3O9F4)(IO3), there 
are five K atoms, one I atom, three W atoms, twelve O atoms, 
and four F atoms, and all unique atoms except O11 and O12 
are located on a mirror plane. Due to SOJT effects,13 the octa-
hedral W(1)6+ and W(2)6+ cations are distorted towards an 
edge (local C2 direction), resulting in two long [2.094(11), 
2.201(12) Å or 2.033(12), 2.09(2) Å], two normal [1.889(2), 
1.889(2) Å or 1.892(4), 1.892(4) Å], and two short [1.742(13), 
1.750(13) Å or 1.785(12), 1.767(12) Å] W–O/F bonds (Fig-
ures S5 and S6). The W(3)6+ cations undergo intra-octahedral 
distortion toward the terminal oxygen atoms, i.e. a corner (C4) 
distortion, and so exhibit one short [1.757(15) Å], one long 
[2.071(13) Å], and four normal [1.82(2)–1.902(14) Å] W–O/F 
bonds. Bond valence sum54 (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 I(1) is due to the local atomic 
displacements induced by disordered  O11 and O12 atoms, 
which results in two elongated I–O bonds (1.986 and 1.980 Å). 
The magnitudes of the distortions (Δd) are 0.82, 0.57, and 0.35 
for [W(1)O5F]5-, [W(2)O5F]5- and [W(3)O4F2]4-, respectively. 
The structures of the [W3O12F4]10- polyanions and [IO3]- 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.55 Therefore, the primary distortion is supported and 
reinforced by the secondary distortion, as the [W3O12F4]10- 
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 [W3O12F4]10- 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 [W3O12F4]10- polyan-
ions and [IO3]- 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 
K5(W3O9F4)(IO3) possesses a wide transparency region of 
0.32–10.5 μm (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 K5(W3O9F4)(IO3) is trans-
parent in the mid-IR atmospheric window in the spectral range  

(a)

(b) (c)

Figure 1. Crystal structural features of K5(W3O9F4)(IO3). (a) 
View of the 3D framework of K5(W3O9F4)(IO3) almost along 
the b-axis, with the K–O bonds omitted for clarity. (b) 
[W3O12F4]10- polyanionic units consists of one [WO4F2]4- and 
two [WO5F]5- 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 IO3 group along the a-axis. Color codes: K 
green, W blue, I gray, O orange, F yellow. 

 



of 3–5 μm. The Raman spectrum displays no absorption peaks 
in the region 950–1500 cm-1 (6.6–10.5 μm), confirming that 
K5(W3O9F4)(IO3) has wide IR transmission (Figure S9). The 
UV-Vis-NIR spectrum shows an experimental band gap for 
K5(W3O9F4)(IO3) 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 AgGaS2 
(2.56 eV)7 and AgGaSe2 (1.83 eV)8 and comparable to those 
of several outstanding materials, such as Rb2CdBr2I2 (3.80 
eV),58 Na2BaSnS4 (3.27 eV),9 and Pb17O8Cl18 (3.44 eV),24 
which implies that K5(W3O9F4)(IO3) may exhibit a very high 
laser damage threshold. 

Strong photon absorption may lead to electronic and ther-
mal effects, resulting in laser damage,58 so a large optical band 
gap usually improves the LDT. K5(W3O9F4)(IO3) exhibits a 
large band gap (Eg = 3.83 eV), which prompted us to deter-
mine its LDT. The LDT of polycrystalline K5(W3O9F4)(IO3) 
(with ground AgGaS2 single crystals as reference) was as-
sessed using a Q-switched pulsed laser (1064 nm, 10 ns, 10 
Hz). The results indicate that K5(W3O9F4)(IO3) shows a tre-

mendous LDT of 200.9 MW/cm2, 95 times that of the bench-
mark AgGaS2 (2.1 MW/cm2) under the same measurement 
standard, which is consistent with the expectations based on 
the band gap. Indeed, for all we know, K5(W3O9F4)(IO3) 
shows the highest LDT value among the known NLO materi-
als which are transparent to 10 μm. This excellent performance 
indicates that K5(W3O9F4)(IO3) is a very promising candidate 
for high-power NLO applications in the mid-IR region.  

SHG Properties. As K5(W3O9F4)(IO3) crystallizes in NCS 
and polar space group, powder SHG measurements were con-
ducted using KDP, KTP and AgGaS2 samples as references. In 
the visible and infrared region, as particle size of 
K5(W3O9F4)(IO3) increases, the SHG intensity increases grad-
ually before it reaches a maximum value which is independent 
of the particle size. This result reveals that K5(W3O9F4)(IO3) is 
type I phase-matching with incident wavelengths of 1064 nm 
and 2100 nm (Figure 3). Moreover, K5(W3O9F4)(IO3) 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 AgGaS2 (Figure S10) under 

Figure 2. Optical properties of K5(W3O9F4)(IO3). (a) Optical transmission spectrum of K5(W3O9F4)(IO3). The K5(W3O9F4)(IO3) 
transparency spans most of two important atmospheric windows (3–5 and 8–12 μm). (b) Diffuse reflectance absorption curves of 
K5(W3O9F4)(IO3). The inserted diagram is the experimental band gap. 

(a) (b)

Figure 3. SHG performance of K5(W3O9F4)(IO3). Measured SHG intensity versus K5(W3O9F4)(IO3) particle size with 1064 nm (a) 
and 2100 nm (c) laser radiation. Oscilloscope traces of the SHG signals (105–150 μm) are shown in (b) and (d). KDP and AgGaS2 
were used as references for the SHG measurements at 1064 and 2100 nm, respectively.  

 



2100 nm laser excitation (particle range of 105–150 μm). The 
SHG responses are much higher than those of fluorine-
containing iodate-based NLO materials, e.g., Bi3OF3(IO3)4 (5 
× KDP),55 RbIO2F2 (5 × KDP),59 α-/β-Ba2[GaF4(IO3)2](IO3) (6 
× KDP),60 and CsBi2(IO3)2F5 (7.5 × KDP),52 and comparable 
to those of KBi2(IO3)2F5 (12 × KDP)52 and Bi(IO3)F2 (11.5 × 
KDP)51. The very large SHG responses can be directly at-
tributed not only to the polarization from the new SHG-active 
polyanion [W3O12F4]∞ chains and the [IO3]- 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.11 In order to further 
evaluate the prospect of K5(W3O9F4)(IO3) 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 AgGaS2,7 LiGaS2,11 LiInS2,11 La4InSbS9,61 BaGa4S7,62 
Na2BaSnS4,9 LiAsS2,11 α-Cu2ZnSiS4,11 SnI4∙(S8)2,20 
LiCd3PS6,63 AgGa2PS6,64 LiGa2PS6,63 AgGaSe2,8 BaHgSe2,65 
KPSe6,11 K4GeP4Se12,11 etc; (2) IR NLO oxides including 
KTiOPO4,4 LiNbO3,4 BiF(SeO3),15 La3SnGa5O14,25 CsLiVO4,66 
Li2ZrTeO6,67 etc; (3) IR NLO halides, exemplified by 
NaSb3F10,11 Cs2HgCl2I2,68 Rb2CdBr2I2,58 (Hg6P3)(In2Cl9),11 
Pb17O8Cl18,24 etc; (4) IR NLO iodates comprising XIO3 (X = 
Li,11 Rb,59 Cs69), NaI3O8,21 Bi(IO3)F2,51 BiO(IO3),70 α-/β-
Ba2[VO2F2(IO3)2]IO3,31 X2BiI5O15 (X = K, Rb),11 XIO2F2 (X = 
Rb59, Cs69), 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 
μm). (3) IR NLO halides in general have large LDTs but rela-
tively small SHG responses (usually < 10 × KDP). (4) IR NLO 
iodates usually have wide transparent range (0.4–12 μm) 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, K5(W3O9F4)(IO3) shows comparable 
or even superior NLO performance (Figure 4). 
K5(W3O9F4)(IO3) exhibits strong SHG responses (11 × 
KDP@1064 nm and 1 × KTP/0.5 × AgGaS2@2100 nm), satis-
fying the basic activity requirement (> 10 × KDP).11 It addi-
tionally displays a wide transparency range (0.32–10.5 μm), 
nearly covering two critical atmospheric transparency win-
dows. In particular, K5(W3O9F4)(IO3) possesses the largest 
LDT (95 × AgGaS2) among materials which are transparent to 
10 μm. Overall, K5(W3O9F4)(IO3) exhibits excellent optical 
properties, resulting in an exceptional balance between a 
strong SHG response and a high LDT, which suggests that 
K5(W3O9F4)(IO3) 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 K5(W3O9F4)(IO3), 
first-principles calculations based on pseudopotential density 
functional theory (DFT)39,40 were performed. The calculated 
band structure (Figure S15a) reveals that K5(W3O9F4)(IO3) 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 

the Γ 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 K5(W3O9F4)(IO3). 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, I 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 I 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 [W3O12F4]10- poly-
anions and [IO3]- 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 I 5p, W 5d, O 2p, and F 2p or-
bitals. This indicates that the SHG response in 
K5(W3O9F4)(IO3) mainly arises from the [W3O12F4]10- polyan-
ions and [IO3]- 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 K5(W3O9F4)(IO3) 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, 
K5(W3O9F4)(IO3) has six independent SHG components. The 
largest calculated component is d12 = 2.96 pm/V (~8 × KDP), 
w h i c h  i s  i n  g o o d  a g r e e m e n t  w i t h  t h e  p o w d e r  S H G  m e a s u r e -  

Figure 4. NLO performance comparison. Distribution of 
LDTs, SHG responses, and IR transparency regions for typical 
IR NLO crystals,4,7,8,10,11,24,25,58,59,62-64,66,67,69 including 
K5(W3O9F4)(IO3). 

 



ment (~11 × 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 [W3O12F4]10- 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 [W3O12F4]10- polyanions and the [IO3]- units (Figure 
5a); but for the unoccupied states, the electron densities pre-
dominantly arise from the [W3O12F4]10- polyanions (Figure 5b). 
This implies that, under the perturbation of ambient optoelec-
tronic fields, the SHG contribution of the [W3O12F4]10- polyan-
ions is larger than that of the [IO3]- 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 d15 
arises almost exclusively from the [IO3]- anions, but its value 
is only ~10% of the largest SHG component d12. This is be-
cause the spatial distribution of electron densities around the 
zero-dimensional [IO3]- 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 [IO3]- ani-
ons is very small (only one third that of the [WO5F]5- and 
[WO4F2]4- octahedra). These two factors result in the small 
contribution of [IO3]- anions to the macroscopic SHG response. 

(3) The [W3O12F4]10- polyanion chains account for more than 
80% of the SHG effect in K5(W3O9F4)(IO3), consistent with 
the observation from the SHG-weighted electron densities. 
The PDOS projected onto the constituent atoms reveals that 
the energy states of [W3O12F4]10- exhibit more prominent dis-
persion than those of the [IO3]- anion, suggesting that infinite 
extension along the 1D chains of [W3O12F4]10- 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 [WO5F]5- and 
[WO4F2]4- groups inside the [W3O12F4]10- 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 
[W3O12F4]10- 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 K5(W3O9F4)(IO3) – has been constructed 
from a combination of a polar fluorinated 5d0-TM chromo-
phore and iodate through a straightforward hydrothermal pro-
cedure. Its structure features a 3D framework composed of 
unique 1D infinite [W3O12F4]∞ polyanion chains, isolated 
[IO3]- units and K+ charge-balancing counter cations. Remark-
ably, it exhibits not only broad transparency (0.32−10.5 μm), a 
large indirect band gap (3.83 eV), and a large SHG response 
(11 × KDP@1064 nm, 1 × KTP/0.5 × AgGaS2@2100 nm), but 
also the highest LDT (200.9 MW/cm2, 95 × AgGaS2) among 
the known NLO materials which are transparent to 10 μm. The 
NLO properties, especially the balance between strong SHG 
response and giant LDT, suggest that K5(W3O9F4)(IO3) pos-
sesses great potential as a candidate material for the mid-IR 
NLO region. This work highlights that introduction of fluori-
nated 5d0-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. 
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Table 2. The Calculated SHG Coefficient and the Contribu-
tion of the Constituent Groups Deduced from Real-Space 
Atom-Cutting Analysis.a 

 d11 d12 d13 d15 d24 d33 
All 0.08 2.96 0.72 0.23 -1.38 1.06 
K+ 0.04 0.06 0.01 -0.01 -0.03 -0.05 

(IO3)- -0.08 0.02 -0.36 0.24 -0.16 0.25 
[W3O9F4]∞ 0.05 2.33 1.08 -0.05 -1.39 1.02 
(W1O5F)5- 0.28 2.54 1.74 -0.29 -0.83 4.82 
(W2O5F) 5- -2.79 0.3 0.6 0.65 -2.27 -0.01 
(W3O4F2)4- 2.59 2.74 -0.35 0.59 0.92 -0.8 

a d values in pm/V. 
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