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Pb,F,Br,: A Potential Mid-IR Nonlinear Optical Material
with High Laser Damage Threshold
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Abstract: A Pb-containing mixed halide, Ph;F,Br,, was synthesized and confirmed by single X-ray diffraction. lts
nonlinear optical (NLO) and related properties have been studied systematically for the first time. It shows much
wide energy band gap of 4.32 eV with large laser damage threshold (LDT) value of 25 MW -c¢m™ that is higher
than that of the currently commercialized infrared (IR) NLO material AgGaS, measured at the same conditions
(<5.2 MW -cm™). Second harmonic generation (SHG) effect test shows that its powders exhibit phase-matching
SHG response of about 1.5 times as strong as that of KDP (KH,PO,). Its powders also show good transparence in
the region of 0.3~14 pwm and exhibit excellent thermal stability with the decomposition temperature up to 650 °C.
Thus, it shows good comprehensive properties. CCDC: 1559715.
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Table 1 Crystallographic data for Pb,F,,Br,

S3<h<l14,-l4<k<14,-5<I<5

Independent reflection
Completeness to 6=25.24° / %

Absorption correction

Data, restraint, parameter
Goodness-of-fit on F*

Final R indices [[>20(])]

Absolute structure parameter

Extinction coefficient

Empirical formula Pb.F,Br, Index ranges
Formula weight 1 838.15 Reflection collected
Crystal system Hexagonal

Space group P6

a/ nm 1.035 1(2)

b/ nm 1.035 1(2) Refinement method
¢/ nm 0.402 31(8)

V /o’ 0.373 30(16)

A 1

D./ (g-em™) 8.177 R indices (all data)
Absorption coefficient / mm™ 84.093

F(000) 752

0 range for data collection / (°) 2.272~30.494

Largest diff. peak and hole / (e-nm™)

3918

865 (R:,=0.049 6)

99.6

Semi-empirical from equivalents
Full-matrix least-squares on F?
865, 0, 45

1.104

R=0.023 0, wR»=0.053 9
R=0.024 1, wR,=0.054 3
0.42(4)

0.014 6(8)

2 347 and -2 664
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Fig.4 Powder XRD patterns of Pb,F,Br,
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2.4 UV-Vis-NIR 1

&l 5 24 Pb,F,,Br, i UV-Vis-NIR J:i 8, ME
Al DL ) Ph,FpBr, 755 40 WIS # 1E i o 287
nm , X0 BG2EA BRZ R 4.32 eV, X —$UHIE KT

0.6

Absorbance / a.u.

200 300 400 500 600 700 800
Wavelength / nm

5 PbyF,Br, st &K A 1 UV-Vis-NIR B OE 15 E
Fig.5 UV-Vis-NIR spectrum of Ph;F,Br, powders
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Fig.6 Dependence of SHG intensity on the particle size
of Pb;F,Br, and KDP
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Fig.7  ATR-FTIR spectrum of Ph;F,Br, powders
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3 &

A SCLAPHF, Fl NaBr A J5fhid ik 7K #4510
Hl % T BA AR O X RG9S Y PhoFLBr,
S P E R R TIZ G r Bk Lot vk
RE , IR I PboF,Br, B A 4.32 eV B TG
G = TR R LL AR AR PR G AR M OB AgGaS,
(2.73 eV); HMARBOCH M BE A 25 MW -cm™2, [
[e] 25 038 4% 14 R 7 AR 2T AN IR R Ml 2 T AR T R
AgGaS, BB ARG BE (<52 MW-cm™) & 5
R e ATy By AR A AN 3 B O KDP Y 1.5 % 9% 7T
SCHAHALUC I ; HAE 0.30~14 pum H 2140 i B
LN B R ek HA Bk 650 CRYFA %
TEE

DL BB SESE SRR )16 Ph.F ,Br, B A 58 1Y
G2 B N e YOG 40 U AR ] B Sl mT 5 B3
FEASE VG TC 18 358 v 35 A 88 T L K 368 s ) v 21 90 38
70 BRI 5 1) R e M | DRI e v 2 A0 D B 1 ok
IR AT — 7 W T AE N A



%113

T R PhyF B, : — ™ EAT 5 PG AR 7 (L 09 T A P 2T SR AR 2R Ml o7 b A 2123

SE WK

[1] Wu B C, Tang D Y, Ye N, et al. Opt. Mater., 1996,5(1/2):
105-109

[2] CHEN Chuang-Tian (¥ €] KX ), WU Bai-Chang (% 1 &),
JIANG Ai-Dong(7L. % #), et al. Science in China('F B #}
%), 1985,3:13-21

[3] Chen CT, Wu Y C, Jiang A D, et al. J. Opt. Soc. Am., 1989,
B6(4):616-621

[4] Maker P D, Terhune R W, Nisenoff M, et al. Phys. Rev. Lett.,
1962.,8:21-22

[S] Zumsteg F C, Bierlein J D, Gier T E. J. Appl. Phys., 1976,
47(11):4980-4985

[6] Boyd G D, Miller R C, Nassau K, et al. Appl. Phys. Leit.,
1964,5(11):234-236

[7] Okorogu O, Mirov S B, Lee W, et al. Opt. Commun., 1998,
155:307-312

[8] Chemla D S, Kopecks P J, Robertson D S, et al. Opt. Commun.,
1971,3(1):29-31

[9] Boyd G D, Kasper H M, McFkee ] H, et al. IEEE J. Quantum
Electron., 1972,8(12):900-908

[10]Boyd G D, Buehler E, Storz F G. Appl. Phys. Lett., 1971,18
(7):301-304

[11]Isaenko L, Yelisseyev A, Lobanov S, et al. Crysi. Res.
Technol., 2003,38(3/4/5):379-387

[12]Isaenko L, Vasilyeva I, Merkulov A, et al. J. Cryst. Growth,
2005,275(1):217-223

[13]Kang L, Ramo D M, Lin Z, et al. J Mater. Chem. C, 2013,1
(44):7363-7370

[14]SU Xu (5 J), LIU Tao(X %), ZHANG Gang (5K NI), et al.
Chinese J. Inorg. Chem.(RAUAL F 5 k), 2006,22(7):1163-
1169

[15]Bai L, Lin Z S, Wang Z Z, et al. J. Appl. Phys., 2008,103
(8):083111

[16]Zhang J, Su N B, Yang C L, et al. Proceedings of the SPIE:
Vol.3556. Chen C T Ed., Bellingham: SPIE-Int Soc Optical
Engineering, 1998:1-3

[17]Ren P, Qin J, Chen C. Inorg. Chem., 2003,42(1):8-10

[18]Zhang G, Liu T, Zhu T X, et al. Opt. Mater., 2008,31(1):
110-113

[19]Zhang G, Qin J, Liu T, et al. Appl. Phys. Lett., 2009,95(26):
261104

[20]Huang Y, Meng X, Gong P, et al. J. Mater. Chem. C, 2015,
3(37):9588-9593

[21]WU Qi(% @), LIU Hong-Ming(X! % %), JIANG Fang-Chao
(ZH #), et al. Chinese J. Inorg. Chem. (& #LAL F 5 IR),
2015,31(9):1875-1880

[22]Liu T, Qin J, Zhang G, et al. Appl. Phys. Lett., 2008,93(9):
091102

[23]Zhang G, Qin ], Liu T, et al. Cryst. Growth Des., 2008.,8(8):
2946-2949

[24]Wu Q, Meng X, Zhong C, et al. J. Am. Chem. Soc., 2014,
136(15):5683-5686

[25]Zhang G, Li Y, Jiang K, et al. J. Am. Chem. Soc., 2012,134
(36):14818-14822

[26]Bergman J G, Chemla D S, Fourcade R, et al. J. Solid State
Chem., 1978,23(1/2):187-190

[27]Tong Y, Meng X Y, Wang Z Z, et al. J. Appl. Phys., 2005,
98(3):033504

[28]Singh N B, Suhre D R, Green K, et al. Proceedings of the
SPIE: Vol.5912. Lal R B, Frazier D O Ed., Bellingham:
SPIE-Int Soc Optical Engineering, 2005:591203(7 pages)

[29]Ferrier A, Velazquez M, Pérez O, et al. J. Cryst. Growth,
2006,291(2):375-384

[30]Tang L. C, Huang J Y, Chang C S, et al. J. Phys.-Condens.
Mater., 2005,17(46):7275-7286

[31]Lin Z G, Tang L. C, Chou C P. Inorg. Chem., 2008,47 (7):
2362-2367

[32]Zhang H, Zhang M, Pan S, et al. J. Am. Chem. Soc., 2015,
137(26):8360-8363

[33]Zhang B, Shi G, Yang Z, et al. Angew. Chem. Int. Ed., 2017,
56(14):3916-3919

[34]Wu Q, Liu H, Jiang F, et al. Chem. Mater., 2016,28(5):1413
-1418

[35]Liu H, Wu Q, Jiang X, et al. Angew. Chem. Int. Ed., 2017,
56(32):9492-9496

[36]Kubel F, Vllenkle H. Solid State Sci., 2000,2(2):193-196

[37]Kurtz S K, Perry T T. J. Appl. Phys., 1968,39(8):3798-3813

[38]Phanon D, Gautier-Luneau I. Angew. Chem. Int. Ed., 2007,
46(44):8488-8491

[39]Sheldrick G M. Acta Crystallogr., Sect. A: Found. Crystallogr.,
2008,A64:112-122

[40]Kohn W, Sham L J. Phys. Rev., 1965,140(4A):A1133-A1138

[41]Payne M C, Teter M P, Allan D C, et al. Rev. Mod. Phys.,
1992,64(4):1045-1097

[42]Clark S J, Segall M D, Pickard C J, et al. Z Kristallogr.,
2005,220(5/6):567-570

[43]Perdew J P, Wang Y. Phys. Rev. B, 1992,46 (20):12947-
12954

[44]Hamann D R, Schliiter M, Chiang C. Phys. Rev. Leit., 1979,
43(20):1494-1497

[45]Kleinman L, Bylander D M. Phys. Rev. Lett., 1982.48(20):
1425-1428

[46]Eimer] D. Ferroelectrics, 1987,72(1):95-139





