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Theoretical Calculations: Formulas for the calculation of SHG coefficients.

The formulas to calculate the SHG coefficients were originally proposed by Rashkeev et al.1 and improved by 

Lin et al.2The second-order susceptibility ijk is expressed as follows:2

 (1))twobands()VH()VE( ijkijkijkijk χχχχ 

where ijk(VE) and ijk(VH) denote the contributions from virtual-electron processes and virtual-hole processes, 

respectively, and ijk(two bands) gives the contribution from two-band processes to (2). The formulas for 

calculating ijk(VE), ijk(VH) and ijk (two bands) are as follows: 
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Herein, i, j and k are Cartesian components, v and v’ denote VB, and c and c’ denote CB. P(ijk) denotes full 

permutation. The band energy difference and momentum matrix elements between the electronic states m and n 

are denoted by  and , respectively, and they are all implicitly k-point ( ) dependent. From this mnω α
mnp k



sum-over-states formula the SHG coefficient component dijk (= 1/2ijk) is determined.
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Table S1. Selected bond distances (Å) of K5(W3O9F4)(IO3)a.

W(1)-O(8) 1.742(13) W(1)-O(7) 1.750(13) W(1)-O(9)#1 1.889(2)

W(1)-O(9) 1.889(2) W(1)-F(4) 2.094(11) W(1)-O(4) 2.201(12)

W(2)-O(4) 1.785(12) W(2)-O(5) 1.767(12) W(2)-O(6)#1 1.892(4)

W(2)-O(6) 1.892(4) W(2)-F(3) 2.033(12) W(2)-O(2) 2.09(2)

W(3)-O(1) 1.757(15) W(3)-O(2) 1.82(2) W(3)-O(3) 1.885(4)

W(3)-O(3)#1 1.885(4) W(3)-F(1) 1.902(14) W(3)-F(2) 2.071(13)

I(1)-O(10) 1.822(12) I(1)-O(11) 1.986(15) I(1)-O(12) 1.980(16)

K(1)-F(3)#13 2.677(10) K(1)-O(2) 3.37(2) K(1)-O(8) 2.760(11)

K(1)-O(11)#7 2.645(16) K(1)-O(1)#13 2.939(12) K(1)-O(6)#14  3.20(2)

K(2)-O(2)#6 3.34(2) K(2)-O(4)#6 2.891(11) K(2)-F(4)#6 2.744(10)

K(2)-F(2)#6 2.783(10) K(2)-O(12)#10 2.748(16) K(2)-O(6) 3.30(3)

K(2)-O(3) 3.26(3) K(2)-O(9) 3.010(14) K(3)-F(1)#13 2.716(12)

K(3)-F(3)#15 2.857(10) K(3)-O(5)#15 3.183(16) K(3)-O(10) 2.937(12)

K(3)-O(11) 2.797 (18) K(4)-F(2) 2.807(10) K(4)-F(1) 3.343(16)

K(4)-O(5)#11 2.789(12) K(4)-O(7)#11 2.848(12) K(4)-O(3) 3.29(2)

K(5)-F(4) 2.691(10) K(5)-O(1)#13 2.952(12) K(5)-O(8) 3.351(17)

K(5)-O(9) 3.175(16) K(5)-O(10)#6 2.740(12) K(5)-O(12)#10 3.201(17)
a Symmetry codes for K5(W3O9F4)(IO3): #1 x,y-1,z; #2 x,y,z+1; #3 x,y-1,z+1; #4 x+1,y,z+1; #5 x+1,y-1,z+1; #6 
x,y+1,z; #7 x+1,y,z; #8 x+1,y-1,z; #9 x,-y,z; #10 x,-y+1,z; #11 x-1,y,z; #12 x+1,-y+1,z; #13 x,y+1,z-1; #14 
x,y,z-1; #15 x-1,y,z-1; #16 x-1,y+1,z-1; #17 x-1,y+1,z.
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Table S2. Atomic coordinates and equivalent isotropic displacement parameters ofK5(W3O9F4)(IO3).

Atom x y z Ueq(Å2) occ BVS

K(1) 6540(5) 5000 1591(6) 38(1) 0.5 1.27

K(2) 3960(6) 5000 6528(6) 42(1) 0.5 1.38

K(3) 102(7) 5000 704(6) 39(1) 0.5 1.15

K(4) 286(7) 5000 7155(8) 55(2) 0.5 1.17

K(5) 3551(8) 5000 3076(6) 47(1) 0.5 1.15

W(1) 6669(1) 0 5059(1) 30(1) 0.5 6.25

W(2) 7141(1) 0 8582(1) 33(1) 0.5 6.33

W(3) 3476(1) 0 9533(1) 35(1) 0.5 6.42 

I(1) 332(2) 0 3839(2) 59(1) 0.5 3.74

F(1) 1558(15) 0 9676(15) 76(6) 0.5 1.16

F(2) 2499(12) 0 7664(12) 46(3) 0.5 0.98

F(3) 7826(12) 0 10467(11) 36(2) 0.5 1.08

F(4) 4474(12) 0 4833(11) 40(3) 0.5 1.05

O(1) 4141(15) 0 11152(14) 37(3) 0.5 2.00

O(2) 5160(30) 0 9060(20) 75(5) 0.5 2.09

O(3) 3210(30) 5000 9290(20) 74(7) 0.5 2.30

O(4) 6294(13) 0 6972(11) 37(3) 0.5 2.17

O(5) 8893(16) 0 8366(17) 89(9) 0.5 1.97

O(6) 6840(20) 5000 8740(19) 56(4) 0.5 2.26

O(7) 8495(13) 0 5610(13) 37(3) 0.5 1.88

O(8) 6481(19) 0 3443(12) 47(4) 0.5 2.06

O(9) 6354(11) 5000 5170(15) 31(3) 0.5 2.33

O(10) 1430(14) 0 2678(13) 41(3) 0.5 1.97

O(11) -887(16) 3780(40) 2890(15) 34(3) 0.5 1.46

O(12) 1435(16) 3710(50) 4918(14) 34(3) 0.5 1.42
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Table S3. Comparison of the important NLO parameters of some typical IR crystals.

Compound Space group SHG response (× 
KDP)

LDT 
(× AGS)

IR transparency 
edge (μm)

AgGaS2 (AGS)3 I-42d 25 1 13

LiGaS2
4 Pna21 10 11 11.6

LiInS2
5 Pna21 15 2.5 13.2

BaGa4S7
6 Pmn21 25 3 13.7

AgGaSe2
7 I-42d 30 5 17

AgGa2PS6
8 Cc 25 5.1 16.7

LiGa2PS6
9 Cc 12.5 10.4 16.6

LiCd3PS6
9 Cc 20 5.5 17.5

CsLiVO4
10 Cmc21 5 28 6

LiIO3
11 P63 11.5 3.4 6.5

RbIO3
12 R3m 20 20 13

RbIO2F2
12 Pca21 4 32 12

CsIO3
13 R3m 15 15 5.5

K2BiI5O15
14 Abm2 3 16 12

Rb2BiI5O15
14 Abm2 3 13.8 12

NaSb3F10
15 P63 3.2 32.5 7.8

Rb2CdBr2I2
16 Ama2 4 6 14

Pb17O8Cl18
17 Ama2 4 12.8 13.9

LaSnGa5O14
18 P321 12 80 7

Li2ZrTeO6
19 R3 2.5 44 6

LiNbO3
20 R3c 11 3.5 5

KTiOPO4
21 Pna21 12 15 5.5

K5(W3O9F4)(IO3)a Pm 11 95 10.5
athis work
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Figure S1. Photograph of crystals of K5(W3O9F4)(IO3).
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Figure S2. Experimental and simulated powder X-ray diffraction patterns of K5(W3O9F4)(IO3).
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Figure S3. Thermogravimetric analysis of K5(W3O9F4)(IO3) under a N2 atmosphere. The thermal stability of 
K5(W3O9F4)(IO3) was evaluated by TGA and DSC measurements, the curves showing that K5(W3O9F4)(IO3) is 
stable up to 250 °C. There is a slow weight loss starting at 250 °C, with further heating resulting in a sharp 
weight loss at around 480–570 °C. These weight losses correspond to the release of I2, O2, and F2. The final 
residues were K2WO4 and KI, which was confirmed by powder XRD (Figure S4).
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Figure S4. Measured powder XRD pattern of the residual material from K5(W3O9F4)(IO3) following thermal 
treatment.
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Figure S5. (a) NLO chromophores in K5(W3O9F4)(IO3). (b) Coordination environment of K atoms in 
K5(W3O9F4)(IO3).Color codes: W blue, O red, F yellow, I gray, K green. The K+ cations are in eight- and 
ten-coordinated environments, bonded to O/F atoms with K–O/F bond distances in the range of 2.63(3)–3.39(3) 
Å and 2.670(13)–3.40(2) Å, respectively.
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Figure S6. Octahedral distortions in the three unique metal cations in K5(W3O9F4)(IO3). The arrows represent 
the approximate directions of the distortion and polarization. Color codes: W blue, O red, F yellow.
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Figure S7. Net polarizations in K5(W3O9F4)(IO3).
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Figure S8. Infrared spectra of K5(W3O9F4)(IO3) from different samples: (a) crystalline powder mixed with dried 
KBr in mass ratios of about 1:100; (b) as-grown needle-like crystals.
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Figure S9. Raman spectrum of K5(W3O9F4)(IO3).
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Figure S10. Measured SHG intensity versus the particle sizes of K5(W3O9F4)(IO3), AgGaS2 and KTP with 2100 
nm laser radiation (a). Oscilloscope traces of the SHG signals of K5(W3O9F4)(IO3), AgGaS2 and KTP (105–150 
mm) are shown in (b).
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Figure S11. Energy dispersive spectroscopy analysis of K5(W3O9F4)(IO3), confirming the K:W:I:O:F elemental 
composition. The EDS analyses of K5(W3O9F4)(IO3) show that the average molar ratio of K:W:I:O:F is 
4.75:2.83:1:11.1:3.26, which is consistent with that determined from the single-crystal X-ray structural study.
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Figure S12. Comparison of the transparent regions of different oxide-/iodate-based NLO materials, including 
KTP,21 Na2TeW2O9,22 BaTiO3,23 LiIO3,11 La3SnGa5O14,18 ZnGeP2,24 AgGaS2,3 Bi(IO3)F2,25 CBO,32 LBO,32 
BBO,32 KTA,33 Rb2TeW3O12,34 Cs2TeW3O12,34 LiNbO3,20 KNbO3,35 NaI3O8,36 Cs2LiVO4,10 Li2ZrTeO6,19 
β-Ba2[VO2F2(IO3)2](IO3)37 and K5(W3O9F4)(IO3).
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Figure S13. Comparison of relative LDTs of NLO crystals with IR transparency region greater than 10 μm. 
including AgGaS2,3 LiGaS2,4 BaGa4S7,6 AgGaSe2,7 AgGa2PS6,8 LiGa2PS6,9 LiCd3PS6,9 RbIO3,12 RbIO2F2,12 
K2BiI5O15,14 Rb2BiI5O15,14 Rb2CdBr2I2,16 Pb17O8Cl18,17 ZnGeP2,24 Bi3OF3(IO3)4,26 Ba8Sn4S15,27 SnGa4S7,28 
Dy3GaS6,29 Li2ZnSiS4,30 Cs2HgI2Cl2

31 and K5(W3O9F4)(IO3).
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Figure S14. Comparison of the SHG activity (vs KDP) of fluorine-containing iodate-based materials, including 
RbIO2F2,12 CsIO2F2,13 Bi3OF3(IO3)4,26 Bi(IO3)F2,25 α-/β-Ba2[VO2F2(IO3)2](IO3),37 α-/β-Ba2[GaF4(IO3)2](IO3),38 
XBi2(IO3)2F5 (X = K, Rb, Cs),39 and K5(W3O9F4)(IO3).
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Figure S15. Electronic band structure along the highly symmetrical path in the Brillouin zone of 
K5(W3O9F4)(IO3) (a). Partial density of states projected onto the constituent atoms in K5(W3O9F4)(IO3) (b).
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