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Table 1. Calculated and experimental parameters of various nonlinear optical materials.

o eV Zhr it £ %/ pm- vt RIE/E)
Hig S Hig P Hig S
B-BaB204 6.30 6.56 dpg = —1.38 dao = —1.60 0.114 0.113
LiB3Os 8.10 8.01 dgz = 0.84 dgz = 1.05 0.047 0.041
KBe2BO3F2 8.32 8.45 dip =0.41 di1 =0.49 0.065 0.077
KHPO4 6.95 7.10 dgg = 0.42 dzs = 0.39 0.035 0.041
KSrCOsF 6.25 6.35 daa = 1.01 daa = 0.50 0.105 0.105
AgGaSs 2.76 2.73 dgg = 14.1 dgs = 13.0 0.053 0.034
AgGaSes 1.41 1.83 dge = 45.2 dss = 33.0 0.048 0.044
BaGayS7 3.31 3.58 ds3 = 16.6 dsz = 12.6 0.063 0.04
BaGaySer 2.70 2.32 diy =238 diy =24.3 0.071 0.07
ZnGePs 2.00 1.92 dse = 65.14 dse = 70 0.037 0.05
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Table 2. Contribution of respective ionic groups to optical properties in BBO and LBO.

BBO LBO

(B30g)3~ Ba?t (B307)5~ Lit

7100 1.528 1.2396 1.564 1.408

FIEIES no10 1.528 1.2392 1.578 1.052
n001 1.414 1.2390 1.607 1.051

RYEENE 0.116 0.0004 0.043 0.004
doo = —1.5 —0.36 d31 = —0.496 —0.008

ZHr ARt R /pm- VL

d32 = 0.571 0.002
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Fig. 2. (a) Schematic of crystal structure of langasites: three-dimensional framework, viewed along b axis; the local
distorted polyhedron of different cation sites, including decahedral A site, octahedral B site, tetrahedral C' site, and
tetrahedral D site; (b) the structure-composition-property maps of langasite family structures with different elemental
composition on A and B sites; (c) the relationship between SHG coefficients and flexibility index of (MOg) groups in
LGS, LGT, LGN, and LGSn; (d) powder SHG response of LGSn at 2090 nm, LGN is taking as a reference [41],
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Fig. 3. Schematic of the coordinated environments around oxygen atoms in (a) KBBF and (b) NaBeB3Og; the

density of states for (c) KBBF and (d) NaBeB3Og [*8].
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Fig. 4. Deep ultraviolet transparent edge of nonlinear optical materials containing various functional units.
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Fig. 5. Phase-matching capabilities for (a) NaBeB3Og and (b) KBBF [48],
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Fig. 6. Comparison of electronic densities between-
ABBF and KBBF [53],
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Fig. 7. (a) Diagram of structural evolution from KBF-I to KBF-II; (b), (c) diagram of crystal

structure of KBF-11[62],
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Fig. 9. Crystal structures: (a) Sphalerite (a-ZnS); (b) wurtzite (8-ZnS).
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Fig. 10. Family tree of normal diamond-like chalcogenides. the red boxes represent the DL structures that

have been synthesized in experiments; the green boxes represent the potential DL structures which have

been not synthesized yet, but have similar DL oxides or chalcogenides discovered in experiments; the cyan

boxes represent the possible DL structures which are waiting for synthesis in experiments; the dotted boxes

represent the repeated DL structures which are the same as other DL structures (791,
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Fig. 11. Comparison of crystal structure: (a) AgGaSa;
(b) HgGagS4.
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Fig. 12. (a) Band structure, (b) density of states, (c) electron localization function (ELF) map, (d) schematic
of highest occupied molecular orbitals (HOMO) of HgGasS4.
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Fig. 15. Flow chart for the molecular design system of nonlinear optical crystals based on first-

principle theory.

FAR G AL BRI 2 ARk B T 32 17 S AT AR B 5%
SR, G IHER TN RENS T AT RHE IR I AT
NHAT O, RN 3% TS e BV B RE R il 4
WA R Ae. H AT E M iR T BORAE
TENL PR R P AT R R R, A
W25 & T REHE TC IR DOk, 3G H S BERINIR 2% 53
4h, 2R DFT (R e it SR I g aa sk, H AT+
HRE DR A T ) 0 85 77 38 i LA 2 ORI i A
E, RPOCEETEB R ELRLD, T AR 1A 2 AF Lk
pire LS5 S PN (TR R W E2 RPN b TRILE (527
VLA EHR R a2 E LU LA T 1.

1) WER I L R S5 A4 TH O

i T ARG S RN [ B Ah 7 % B 1 RE AT
F B M B e, BTN FE R S A R T SRR
FEEZRARE. H AT RS T 55 SRR AT £
BT ST IR RS LA, DR AT i B4k 5 J
W SEIA. Jr i, AR AR ) HE A
TS AT X A BR A AER THEL. %1 LDA M
GGA Z PRl 2 3 35 MR A 717 B, A AR ) 76 2K
Jee v ST R S PRI 2% A o SR AE B 3t TN A4 e
B FUEIN i R AR HERR 1 GW T3 0 SRR K
LT NPT BB I T S I R HASARE

2) VU2 L H TR A A RS AR S 1A A R D
AR

B T A% G AR B AR 2 1k O 5 A, 3 Y S

B b AR AE — SR 4E A R (MoS, 192 h-BN 03],
GaSe "0 fi #1 $b £4 Bl (TaAs, TaP) 1091 rp 3 2 5|
TR AR E S, XM R R R
P It 25 RN SR IR AT A N A — AME AR ORI
J7 18], HH I AR A v 5 R ) A R A
B | R SRR v Rl W = s e - K

XTARGERRL, BB R i R AR M &R
) € i) L AEAR AR E 21 0 2 R e
€ S, B —AMERR R, (HAE 4k 2R
B X — Y 2 B RZ T a3, B ATk A &
W AMELE R R A (3 2R 4 B R 001 4
TEAEHIRT R R R T 5B R 3R $h A kL
— AN A i R P i) A A S 2 M ' A AR B R
X ARG RAR AL AR,
2V A WIB ) BRUBE &, BRIt TGk FH O R 3
AXHAT A, AR R R B R SE RS
RN — i bb R A, X B Rt A A %
JE .

3) B S IRB) 5L BT B O &

—J7 T, HETRAEL L REGTE A,
AN JE T B B ST BRI A A T I ek, )
T AR AR, X Il A, B
MR AR R (— BN T 200 meV) 3z /N T AT
BEADETREE. H2X T TARE K ZE I B3R
gt aik, b rtE O A REa s FReE, Ik

114203-17


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67,

No. 11 (2018) 114203

I 75 1 B DT R A RE R T

B2 R TN EY i 2 4 ) e N AR
WA S LR X b A PR £ A0 32 1 A0 it i
B 2Z 18] 5% ZR AR IE AN 1 b, — e PR AR 2H £ S
360 R B AR ZL AR 68 Al T i A B £ A R T
WA RAN TR, R ARH A e B T — B il
B AR AR IR AT 1%, RVEAE TC A% R 30
S ANEL Z AR R, XA BT RA 15
TR LRI TS FILL AN E LA 2 R k.

B2, SRR EIVE T AR MG A AR
FOBTF A RE P 1y A A £, IR BUR SR AT 1T
TEZ.

6 SREHRE

LML MR ML R R R, A
KT KERIIMNZY. DU BN 3 24 55 2 B2
A 1 AR RHC LT ) 3B 4k 2 R P R A R
FrBT k. BT RAFIERE AR LR e A A R )
BT B AT X F 285k 2 (AR Z AR AR AR 45 7
(R TR, Rp )2 X T B AR R AR e
BEVERE A TSI FH A Bl 40 F TN B 1R A A
TSR TR BRI R, 28— 1R R BT R e
X U R OO B E AR . R B A AL
5 SRR AU B B AR AR BRI 1L
AN B R A R SRS T BUR B A &, 0L T PR
AL MR T BT B X R G KM
TR R T T LRSI L KRS, Kaen
PRAEL NG 2 B AR I TEDAK, RT3 B EeIHTK
P TRV, A AR 2 I S RN AT G A A B i 1
JEBURLEM B FhANFERE, BRI AR RS — 1 R 2
FEARLR R 2 U 1 AR 55

RSB RIT KA R, (AR K E 44 K0
& THEHE R, BOURE R e 50 R E B, E B R
L2 W 5 5 K BT T i 2 AR AE T % R = AR i T
G, o B R B BRI FE R Wk 7 50 T B R A i
it 5 &1E.

S

[1] Savage N 2007 Nat. Photonics 1 83

[2] Garmire E 2013 Opt. Ezpress 21 30532

[3] Chen C T, Wu B C, Jiang A D, You G M 1985 Sci.
China B 28 235

(4]

27]
(28]
[29]

30]

114203-18

Chen C T, Wu Y C, Jiang A D, Wu B C, You G M, Li
R K, Lin S J 1989 J. Opt. Soc. Am. B: Opt. Phys. 6 616
Xu B, Liu L, Wang X, Chen C, Zhang X, Lin S 2015
Appl. Phys. B 121 489

Bierlein J D, Vanherzeele H 1989 J. Opt. Soc. Am. B:
Opt. Phys. 6 622

Zhu S, Zhu Y Y, Ming N B 1997 Science 278 843
LuY L, Wei T, Duewer F, Lu Y, Ming N B, Schultz P
G, Xiang X D 1997 Science 276 2004

LuY Q,ZhuYY, Chen Y F, Zhu S N, Ming N B, Feng
Y J 1999 Science 284 1822

Wang L, Xing T, Hu S, Wu X, Wu H, Wang J, Jiang H
2017 Opt. Express 25 3373

Wang S, Zhang X, Zhang X, Li C, Gao Z, Lu Q, Tao X
2014 J. Cryst. Growth 401 150

Lin X, Zhang G, Ye N 2009 Cryst. Growth Des. 9 1186
YaoJY,MeiD J,Bai L, Lin Z S, Yin W L, Fu P Z, Wu
Y C 2010 Inorg. Chem. 49 9212

Wang S, Dai S, Jia N, Zong N, Li C, Shen Y, Yu T, Qiao
J, Gao Z, Peng Q, Xu Z, Tao X 2017 Opt. Lett. 42 2098
Yang F, Yao J Y, Xu HY, Zhang F F, Zhai N X, Lin
Z H, Zong N, Peng Q J, Zhang J Y, Cui D F, Wu'Y C,
Chen C T, Xu Z Y 2015 IEEE Photonics Technol. Lett.
27 1100

Li Y, Wu Z, Zhang X, Wang L, Zhang J, Wu Y 2014 J.
Cryst. Growth 402 53

Liu P, Zhang X, Yan C, Xu D, Li Y, Shi W, Zhang
G, Zhang X, Yao J, Wu Y 2016 Appl. Phys. Lett. 108
011104

Liu P, Xu D, Li Y, Zhang X, Wang Y, Yao J, Wu Y
2014 EPL 106 60001

Halasyamani P S, Zhang W 2017 Inorg. Chem. 56 12077
Zhou M, Kang L, Yao J, Lin Z, Wu Y, Chen C 2016
Inorg. Chem. 55 3724

Kong F J, Jiang G 2009 Physica B: Conden. Matter.
404 2340

Clark S J, Segall M D, Pickard C J, Hasnip P J, Probert
M J, Refson K, Payne M C 2005 Z. Kristallogr. 220 567
Rashkeev S N, Lambrecht W R L, Segall B 1998 Phys.
Rev. B 57 3905

Perdew J P, Wang Y 1992 Phys. Rev. B 45 13244
Marques M A L, Gross E K U 2004 Annu. Rev. Phys.
Chem. 55 427

Onida G, Reining L, Rubio A 2002 Rev. Mod. Phys. T4
601

Lin J, Lee M H, Liu Z P, Chen C T, Pickard C J 1999
Phys. Rev. B 60 13380

Kang L, Ramo D M, Lin Z, Bristowe P D, Qin J, Chen
C 2013 J. Mater. Chem. C' 1 7363

Lin Z S, Kang L, Zheng T, He R, Huang H, Chen C T
2012 Comput. Mater. Sci. 60 99

He R, Lin Z S, Zheng T, Huang H, Chen C T 2012 J.
Phys. Condens. Matter 24 145503

He R, Huang H, Kang L, Yao W, Jiang X, Lin Z, Qin J,
Chen C 2013 Appl. Phys. Lett. 102 231904

Lin Z S, Jiang X X, Kang L, Gong P F, Luo S Y, Lee
M H 2014 J. Phys. D: Appl. Phys. 47 253001


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1038/nphoton.2006.95
http://dx.doi.org/10.1364/OE.21.030532
http://dx.doi.org/10.1364/JOSAB.6.000616
http://dx.doi.org/10.1364/JOSAB.6.000622
http://dx.doi.org/10.1364/JOSAB.6.000622
http://dx.doi.org/10.1126/science.278.5339.843
http://dx.doi.org/10.1126/science.276.5321.2004
http://dx.doi.org/10.1126/science.284.5421.1822
http://dx.doi.org/10.1364/OE.25.003373
http://dx.doi.org/10.1016/j.jcrysgro.2014.02.043
http://dx.doi.org/10.1021/ic1006742
http://dx.doi.org/10.1364/OL.42.002098
http://dx.doi.org/10.1109/LPT.2015.2407895
http://dx.doi.org/10.1109/LPT.2015.2407895
http://dx.doi.org/10.1016/j.jcrysgro.2014.04.033
http://dx.doi.org/10.1016/j.jcrysgro.2014.04.033
http://dx.doi.org/10.1063/1.4939456
http://dx.doi.org/10.1063/1.4939456
http://dx.doi.org/10.1209/0295-5075/106/60001
http://dx.doi.org/10.1021/acs.inorgchem.7b02184
http://dx.doi.org/10.1021/acs.inorgchem.6b00517
http://dx.doi.org/10.1021/acs.inorgchem.6b00517
http://dx.doi.org/10.1016/j.physb.2009.04.041
http://dx.doi.org/10.1016/j.physb.2009.04.041
http://dx.doi.org/10.1103/PhysRevB.45.13244
http://dx.doi.org/10.1146/annurev.physchem.55.091602.094449
http://dx.doi.org/10.1146/annurev.physchem.55.091602.094449
http://dx.doi.org/10.1103/RevModPhys.74.601
http://dx.doi.org/10.1103/RevModPhys.74.601
http://dx.doi.org/10.1103/PhysRevB.60.13380
http://dx.doi.org/10.1103/PhysRevB.60.13380
http://dx.doi.org/10.1039/c3tc31283f
http://dx.doi.org/10.1016/j.commatsci.2012.03.026
http://dx.doi.org/10.1088/0953-8984/24/14/145503
http://dx.doi.org/10.1088/0953-8984/24/14/145503
http://dx.doi.org/10.1063/1.4809949
http://dx.doi.org/10.1088/0022-3727/47/25/253001

¥ 12 ZF R Acta Phys. Sin.

Vol. 67,

No. 11 (2018) 114203

(33]

Kang L, Zhou M, Yao J, Lin Z, Wu Y, Chen C 2015 J.
Am. Chem. Soc. 137 13049

Lin Z S, Lin J, Wang Z Z, Chen C T, Lee M H 2000
Phys. Rev. B 62 1757

Chen C T, WuY C, Li R K 1989 Int. Rev. Phys. Chem.
8 65

Zhang J, Kang L, Lin T H, Jiang X, Gong P, Lee M H,
Lin Z 2015 J. Phys. Condens. Matter 27 85501

Lee M H, Yang C H, Jan J H 2004 Phys. Rev. B 70
235110

Liang F, Kang L, Zhang X, Lee M H, Lin Z, Wu Y 2017
Cryst. Growth Des. 17 4015

Jiang X, Zhao S, Lin Z, Luo J, Bristowe P D, Guan X,
Chen C 2014 J. Mater. Chem. C 2 530

Lan H, Liang F, Lin Z, Yu H, Zhang H, Wang J 2017
Int. J. Opt. 207 1

Lan H, Liang F, Jiang X, Zhang C, Yu H, Lin Z, Zhang
H, Wang J, Wu Y 2018 J. Am. Chem. Soc. 140 4684
Liu G, Wang G, Zhu Y, Zhang H, Zhang G, Wang X,
Zhou Y, Zhang W, Liu H, Zhao L, Meng J, Dong X,
Chen C, Xu Z, Zhou X J 2008 Rev. Sci. Instrum. 79
023105

Cyranoski D 2009 Nature 457 953

Pan F, Shen G Q, Wang R J, Wang X Q, Shen D Z 2002
J. Cryst. Growth 241 108

Zhang X, Wang L, Zhang S, Wang G, Zhao S, Zhu Y,
Wu Y, Chen C 2011 J. Opt. Soc. Am. B: Opt. Phys. 28
2236

Yu P, Wu L M, Zhou L J, Chen L 2014 J. Am. Chem.
Soc. 136 480

Zhao S, Gong P, Luo S, Bai L, Lin Z, Tang Y, Zhou Y,
Hong M, Luo J 2015 Angew. Chem. Int. Ed. 54 4217
Jiang X, Luo S, Kang L, Gong P, Huang H, Wang S,
Lin Z, Chen C 2015 ACS Photonics 2 1183

Chen C T, Liu L J, Wang X Y 2014 Physics 43 520 (in
Chinese) [FREIR, XITNNLE, EHREF 2014 Y73 43 520]
Wang X, Wang Y, Zhang B, Zhang F, Yang Z, Pan S
2017 Angew. Chem. Int. Ed. 56 14119

Zou G, Ye N, Huang L, Lin X 2011 J. Am. Chem. Soc.
133 20001

Kang L, Lin Z, Qin J, Chen C 2013 Sci. Rep. 3 1366
Kang L, Luo S, Peng G, Ye N, Wu Y, Chen C, Lin Z
2015 Inorg. Chem. 54 10533

Wu H, Pan S, Poeppelmeier K R, Li H, Jia D, Chen
Z, Fan X, Yang Y, Rondinelli J M, Luo H 2011 J. Am.
Chem. Soc. 133 7786

Yu H, Wu H, Pan S, Yang Z, Su X, Zhang F 2012 J.
Mater. Chem. 22 9665

Zhao S, Gong P, Bai L, Xu X, Zhang S, Sun Z, Lin Z,
Hong M, Chen C, Luo J 2014 Nat. Commun. 5 4019
Zhao S, Gong P, Luo S, Bai L, Lin Z, Ji C, Chen T,
Hong M, Luo J 2014 J. Am. Chem. Soc. 136 8560
Zhao S, Kang L, Shen Y, Wang X, Asghar M A, Lin Z,
Xu'Y, Zeng S, Hong M, Luo J 2016 J. Am. Chem. Soc.
138 2961

Cong R, Wang Y, Kang L, Zhou Z, Lin Z, Yang T 2015
Inorg. Chem. Front. 2 170

(60]

(61]

(62]

(63]

114203-19

Zhang B, Shi G, Yang Z, Zhang F, Pan S 2017 Angew.
Chem. Int. Ed. 56 3916

Belokoneva E L, Stefanovich S Y, Dimitrova O V,
Ivanova A G 2002 Zh. Neorg. Khim. 47 370

Liang F, Kang L, Gong P, Lin Z, Wu Y 2017 Chem.
Mater. 29 7098

Shi G, Wang Y, Zhang F, Zhang B, Yang Z, Hou X,
Pan S, Poeppelmeier K R 2017 J. Am. Chem. Soc. 139
10645

Wang Y, Zhang B, Yang Z, Pan S 2018 Angew. Chem.
Int. Ed. 57 2150

Luo M, Liang F, Song Y, Zhao D, Xu F, Ye N, Lin Z
2018 J. Am. Chem. Soc. 140 3884

Petrov V 2015 Prog. Quantum Electron. 42 1

Wu K, Yang Z, Pan S 2016 Angew. Chem. Int. Ed. 55
6712

Wu K, Zhang B, Yang Z, Pan S 2017 J. Am. Chem. Soc.
139 14885

Liang F, Kang L, Lin Z, Wu Y 2017 Cryst. Growth Des.
17 2254

LiC,Yin WL, Gong P F, Li X S, Zhou M L, Mar A, Lin
Z S, YaoJY, WuY C, Chen C T 2016 J. Am. Chem.
Soc. 138 6135

Halasyamani P S, Poeppelmeier K R 1998 Chem. Mater.
10 2753

Banerjee S, Malliakas C D, Jang J I, Ketterson J B,
Kanatzidis M G 2008 J. Am. Chem. Soc. 130 12270
Bera T K, Song J H, Freeman A J, Jang J I, Ketterson
J B, Kanatzidis M G 2008 Angew. Chem. Int. Ed. 47
7828

Bera T K, Jang J I, Song J H, Malliakas C D, Freeman
A J, Ketterson J B, Kanatzidis M G 2010 J. Am. Chem.
Soc. 132 3484

Hanna D C, Rutt H N, Stanley C R, Smith R C,
Lutherda B 1972 IEEE J. Quantum Electron. 8 317

Li G, Wu K, Liu Q, Yang Z, Pan S 2016 J. Am. Chem.
Soc. 138 7422

Liu BW, Zeng HY, Jiang X M, Wang G E, Li S F, Xu
L, Guo G C 2016 Chem. Sci. 7 6273

Lekse J W, Moreau M A, McNerny K L, Yeon J, Ha-
lasyamani P S, Aitken J A 2009 Inorg. Chem. 48 7516
Liang F, Kang L, Lin Z, Wu Y, Chen C 2017 Coord.
Chem. Rev. 333 57

Parthé E 1964 Crystal Chemistry of Tetrahedral Struc-
tures (1st Ed.) (New York: Gordon and Breach Science
Publishers Inc) ppl-25

Wu K, Yang Z, Pan S 2017 Chem. Commun. 53 3010
Wu K, Pan S 2017 Crystals 7 107

Li G, Chu Y, Zhou Z 2018 Chem. Mater. 30 602

Jantz W, Koidl P, Wettling W 1983 Appl. Phys. A-
Mater. Sci. Pro. 30 109

Zhang M J, Jiang X M, Zhou L J, Guo G C 2013 J.
Mater. Chem. C'1 4754

Zhang G, Li Y, Jiang K, Zeng H, Liu T, Chen X, Qin
J, Lin Z, Fu P, Wu Y, Chen C 2012 J. Am. Chem. Soc.
134 14818

Wu Q, Meng X, Zhong C, Chen X, Qin J 2014 J. Am.
Chem. Soc. 136 5683


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1021/jacs.5b07920
http://dx.doi.org/10.1021/jacs.5b07920
http://dx.doi.org/10.1103/PhysRevB.62.1757
http://dx.doi.org/10.1103/PhysRevB.62.1757
http://dx.doi.org/10.1080/01442358909353223
http://dx.doi.org/10.1080/01442358909353223
http://dx.doi.org/10.1103/PhysRevB.70.235110
http://dx.doi.org/10.1103/PhysRevB.70.235110
http://dx.doi.org/10.1039/C3TC31872A
http://dx.doi.org/10.1021/jacs.8b01009
http://dx.doi.org/10.1063/1.2835901
http://dx.doi.org/10.1063/1.2835901
http://dx.doi.org/10.1038/457953a
http://dx.doi.org/10.1016/S0022-0248(02)00873-4
http://dx.doi.org/10.1016/S0022-0248(02)00873-4
http://dx.doi.org/10.1364/JOSAB.28.002236
http://dx.doi.org/10.1364/JOSAB.28.002236
http://dx.doi.org/10.1021/ja411272y
http://dx.doi.org/10.1021/ja411272y
http://dx.doi.org/10.1002/anie.201411772
http://dx.doi.org/10.1021/acsphotonics.5b00248
http://dx.doi.org/10.1002/anie.201708231
http://dx.doi.org/10.1021/ja209276a
http://dx.doi.org/10.1021/ja209276a
http://dx.doi.org/10.1038/srep01366
http://dx.doi.org/10.1021/acs.inorgchem.5b01991
http://dx.doi.org/10.1021/ja111083x
http://dx.doi.org/10.1021/ja111083x
http://dx.doi.org/10.1039/c2jm16058g
http://dx.doi.org/10.1039/c2jm16058g
http://dx.doi.org/10.1021/ja504319x
http://dx.doi.org/10.1021/jacs.6b00436
http://dx.doi.org/10.1021/jacs.6b00436
http://dx.doi.org/10.1039/C4QI00192C
http://dx.doi.org/10.1039/C4QI00192C
http://dx.doi.org/10.1002/anie.201700540
http://dx.doi.org/10.1002/anie.201700540
http://dx.doi.org/10.1021/acs.chemmater.7b03162
http://dx.doi.org/10.1021/acs.chemmater.7b03162
http://dx.doi.org/10.1021/jacs.7b05943
http://dx.doi.org/10.1021/jacs.7b05943
http://dx.doi.org/10.1002/anie.v57.8
http://dx.doi.org/10.1002/anie.v57.8
http://dx.doi.org/10.1021/jacs.8b01263
http://dx.doi.org/10.1016/j.pquantelec.2015.04.001
http://dx.doi.org/10.1021/jacs.7b08966
http://dx.doi.org/10.1021/jacs.7b08966
http://dx.doi.org/10.1021/acs.cgd.7b00214
http://dx.doi.org/10.1021/acs.cgd.7b00214
http://dx.doi.org/10.1021/jacs.6b03107
http://dx.doi.org/10.1021/jacs.6b03107
http://dx.doi.org/10.1021/cm980140w
http://dx.doi.org/10.1021/cm980140w
http://dx.doi.org/10.1021/ja804166m
http://dx.doi.org/10.1002/anie.v47:41
http://dx.doi.org/10.1002/anie.v47:41
http://dx.doi.org/10.1021/ja9094846
http://dx.doi.org/10.1021/ja9094846
http://dx.doi.org/10.1109/JQE.1972.1076963
http://dx.doi.org/10.1021/jacs.6b03734
http://dx.doi.org/10.1021/jacs.6b03734
http://dx.doi.org/10.1039/C6SC01907B
http://dx.doi.org/10.1021/ic9010339
http://dx.doi.org/10.1016/j.ccr.2016.11.012
http://dx.doi.org/10.1016/j.ccr.2016.11.012
http://dx.doi.org/10.1039/C6CC09565H
http://dx.doi.org/10.3390/cryst7040107
http://dx.doi.org/10.1021/acs.chemmater.7b05350
http://dx.doi.org/10.1021/ja3037299
http://dx.doi.org/10.1021/ja3037299
http://dx.doi.org/10.1021/ja412405u
http://dx.doi.org/10.1021/ja412405u

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 11 (2018) 114203

(88]

(89]

Zhang X, Jiang X, Li Y, Lin Z, Zhang G, Wu Y 2015
CrystEngComm 17 1050

Kwon O P, Kwon S J, Jazbinsek M, Brunner F D J, Seo
J I, Hunziker C, Schneider A, Yun H, Lee Y S, Guenter
P 2008 Adv. Funct. Mater. 18 3242

Kalmutzki M, Strobele M, Wackenhut F, Meixner A J,
Meyer H J 2014 Inorg. Chem. 53 12540

Divya R, Nair L. P, Bijini B R, Nair C M K, Gopakumar
N, Babu K R 2017 Physica B 526 37

Xia M, Zhou M, Liang F, Meng X, Yao J, Lin Z, Li R
2018 Inorg. Chem. 57 32

Song Y, Luo M, Liang F, Ye N, Lin Z 2018 Chem. Com-
mun. 54 1445

Liu J W, Wang P, Chen L 2011 Inorg. Chem. 50 5706

Xia M, Jiang X, Lin Z, Li R 2016 J. Am. Chem. Soc.
138 14190

Majchrowski A, Chrunik M, Rudysh M, Piasecki M,
Ozga K, Lakshminarayana G, Kityk I V 2017 J. Mater.
Sci. 53 1217

Daub M, Krummer M, Hoffmann A, Bayarjargal L,
Hillebrecht H 2017 Chem. Eur. J. 23 1331

(98]

99]
[100]

[101]

[102]

[103]

[104]

[105]

[106]

114203-20

Zhao S, Yang Y, Shen Y, Zhao B, Li L, Ji C, Wu Z,
Yuan D, Lin Z, Hong M, Luo J 2017 Angew. Chem. Int.
Ed. 56 540

Peng G, Yang Y, Tang Y H, Luo M, Yan T, Zhou Y, Lin
C, Lin Z, Ye N 2017 Chem. Commun. 53 9398

Song Y, Luo M, Liang F, Lin C, Ye N, Yan G, Lin Z
2017 Dalton Trans. 46 15228

Jain A, Ong S P, Hautier G, Chen W, Richards W D,
Dacek S, Cholia S, Gunter D, Skinner D, Ceder G, Pers-
son K A 2013 APL Mater. 1 011002

Kumar N, Najmaei S, Cui Q N, Ceballos F, Ajayan P
M, Lou J, Zhao H 2013 Phys. Rev. B 87 161403

Li Y, Rao Y, Mak K F, You Y, Wang S, Dean C R,
Heinz T F 2013 Nano Lett. 13 3329

Zhou X, Cheng J X, Zhou Y B, Cao T, Hong H, Liao Z
M, Wu S W, Peng H L, Liu K H, Yu D P 2015 J. Am.
Chem. Soc. 137 7994

Wu L, Patankar S, Morimoto T, Nair N L, Thewalt E,
Little A, Analytis J G, Moore J E, Orenstein J 2016 Nat.
Phys. 13 350

Mikhailov S A 2011 Phys. Rev. B 84 045432


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1039/C4CE01708K
http://dx.doi.org/10.1039/C4CE01708K
http://dx.doi.org/10.1002/adfm.v18:20
http://dx.doi.org/10.1021/ic502035b
http://dx.doi.org/10.1016/j.physb.2017.08.074
http://dx.doi.org/10.1021/acs.inorgchem.7b02860
http://dx.doi.org/10.1039/C7CC08863A
http://dx.doi.org/10.1039/C7CC08863A
http://dx.doi.org/10.1021/ic2004936
http://dx.doi.org/10.1021/jacs.6b08813
http://dx.doi.org/10.1021/jacs.6b08813
http://dx.doi.org/10.1002/chem.201602480
http://dx.doi.org/10.1002/anie.201609876
http://dx.doi.org/10.1002/anie.201609876
http://dx.doi.org/10.1039/C7CC04340F
http://dx.doi.org/10.1039/C7DT02573D
http://dx.doi.org/10.1063/1.4812323
http://dx.doi.org/10.1103/PhysRevB.87.161403
http://dx.doi.org/10.1021/nl401561r
http://dx.doi.org/10.1021/jacs.5b04305
http://dx.doi.org/10.1021/jacs.5b04305
http://dx.doi.org/10.1103/PhysRevB.84.045432

) 38 % 48 Acta Phys. Sin. Vol. 67, No. 11 (2018) 114203

INVITED REVIEW

First principle study of nonlinear optical crystals®

Liang FeiY?  Lin Zhe-ShuaiV?’ Wu Yi-Cheng®

1) (Key Laboratory of Functional Crystals and Laser Technology, Technical Institute of Physics and Chemistry,
Chinese Academy of Sciences, Beijing 100190, China)
2) (University of Chinese Academy of Sciences, Beijing 100049, China)

3) (Institute of Functional Crystal, Tianjin University of Technology, Tianjin 300384, China)
( Received 26 January 2018; revised manuscript received 12 April 2018 )

Abstract

Nonlinear optical (NLO) crystal is one of the important opt-electrical functional materials that can convert laser
frequency and obtain wide band tunable coherent sources, thus it possesses crucial strategic and application value in
military and civil fields. On the basis of more than 30 years’ efforts, the NLO crystals in visible and near infrared region,
including p-BaB20O4 LiB30s and KTiOPOy, have been basically mature. However, there are still many shortcomings
for those NLO crystals used in deep ultraviolet (DUV) and mid/far-infrared (IR) regions, thus putting forward more
requirements for high performance crystals. For DUV KBe:BO3F; (KBBF) crystals, the main shortcomings are the
use of toxic BeO raw materials and strong layer growth tendency. Wide transparent region and high second harmonic
generation (SHG) effect are also expected in new developed DUV NLO crystals. More importantly, a large enough
birefringence is highlighted to satisfy the phase-matchable condition and DUV harmonic generation capacity below
200 nm. On the other hand, the main requirement for mid/far-infrared NLO crystals is to maintain the balance between
high laser damage threshold and strong SHG response. Indeed, it is a very difficult task to search for good NLO
crystals through the traditional “trial and error” experimental methods. Theoretical studies, especially first principles
calculations, can provide an efficient way to investigate and design new NLO materials with superior properties. In
this paper, the recent progress of deep-UV and mid-IR NLO crystals is summarized. In addition, the crucial role of
first principles calculations in new material exploration and design is highlighted by introducing several typical new
NLO crystals, including defect diamond-like compound AgZnPSy, trigonal alkaline metal fluorooxoborate KB4OgF and
alkaline earth fluorooxoborate SrB5;O7F3s. Moreover, some advanced analysis tools are introduced, such as real space
atomic cutting method, SHG-weighted mapping, flexible dipole moment model, and non-bonding atomic orbitals analysis,
and used to investigate the structure-property relationship in langasite LazSnGasO14, metal cyanurate Caz(C3N3O3)2,
vanadium-carbonate K3[V(0O2)20]COs, etc. Further, the flow chart of high-throughput first principles calculations of
NLO crystal is proposed. According to the known or predicted crystal structure, we can obtain the chemical stability,
band gap, NLO coefficient, birefringence and phase-matchable capacity quickly, thus easily judging the research potential
of a new NLO material. On the basis of these ideas, a great blueprint for NLO crystal “material genome engineering” is
highly put forward. Finally, the difficulties in research and challenges in NLO material investigations are discussed, and

the direction of future research priorities based on first principles calculations are pointed out.

Keywords: nonlinear optical materials, first principles, density functional theory
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TR T 95 A i Um0 9 45 R B BOF 45 5 O gk
,ﬁ: [22]:

<exp [¢(T17 P1, L) + W(TQ, P2, L)]>m

1
~ exp |:_2D(Td7pd)L):|
1
X exp [—/)2 (rﬁ +7rq-pq+ pi)} , (15)
0
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S, DS ST 0 S T 1 R T 9 4 4 o
po = (0.546C2K2L) /" RBRTHIL TE W TR A 4
AT R, W SRR Y Kolmogorov 1 1
3, IWHCEE 119 B0 A 182 po (1 5/3 K7, T AR
B2 U HTE AR, (RN TSI 8, K2 %0
HRCRF T WA AR .t A AL 31 2
TR 2 — M O T B 1 S

z=0 z=1L
PIL i NS T 20 e eVt DR 38326 S S T ) o 72
Fig. 1. Schematic for the propagation of light beams

through turbulent atmosphere from input plane to

output plane.

3.2 BOMETFARAEmRASPHFLY
T E R K AL

I AE T I A 5T A A i I 6 AT 38 ' B 9 S
LU AR AL e B O SR RE B IR 18 (1915 2,
(7 ARt RE T 550 56 ROLE A% a2 v F) o 8 IR 1 ) 9
. TR - 45 56 BRE 98 P58 A A HIOAA AR 5 ST B
NOEH P58 (5 B BEAR 2, B mihit5
G I S R N T SRR R D S -3
i B T8 70 A G SRAE Tt /1 52 HH ) Wigner pR 4L
VO IR 25k AR R AL 07149 21 T #5430 A0 T R TE I
WA o AR S R O AR B AR RERE, AT A {5
BRSO RPMEEEE . R R+
T 96 1 Sy 1]

/ / P (I(p,2)) d2p
p*(2) = (16)

o J[awnae

FRFE SCHR [19], J6H P2 2242 0] DARoR s 3
&

p*(2) = 0F + 0327 + Fp2®, (17)
(17) 3 580 585 — S 7 SR W s O TR 0
PETERE; #5 —WERR R G R AE B i 8] h A
R HIRTST ST BB A, 54 e B AT 7 A
1B, oF 2 | B A 3 R HUR; 58 = TR
7 A B SN BN AR, 5 1R B
=X T5 IE L, o
Com? [

Fy="—

3 ), k3P, (k)dk. (18)

(18) AR =0UR Himiitke e A 5%, 5 EH
WIGEIRS AT ORI, XU, EAEMmEE 2 28
R B i L R L A W 5 (Fo 08 K), G RF1
JeBE AR R T8 =0, B O 51 R B R
B, T H LA R KB R A R B, S
JeRIIHIUE ZHTC K. AR AIAEC TR BT AR,
it A KRR B 3 2 SR U, e 24 A8 R B
e,

TR T AR R REE, 58
(K7 2R A BT B2 A TR K Wigner 73477 bR 5L

0.9 = (£) [ ripnpns

—0o0

x exp(—ik@ - pa)d®pa,  (19)

HH po = (p1 + p2)/2, T'(ps, pa, z) 22557 T

JEACLE tH T B BAR T R, 6 02 5 AT

WP R B ARG — AN &, M Wigner B &,

FE AT FlRD y Bl ST S5 G B P AR R B B AR
(P32 0770,

1 o0
- P/ P P20 0,2 h(p, 0, 2)d* pad®6, (20)
Horp

P:/ h(p,0,2)d*pad?8, (21)

PRIOGH T R BE R, R4 (20) 3K, B4+
TR B M FEE v SRS, I Wigner of £
O3 AT BARTE S o M 2 06 IR 5 A Tk
IR R 2 A T R B B R R i, TS5
#ik [55, 98, 99].

3.3 oM TFAREGTRAEREEHN
5@ KR

JEPAE TR AT AR AR, R TR R
FARK AT PEIRAE OEBEAL B RIS 55,
LR G R BE I A A A BEAL AL Ot s 4R). Bk
WATME T E BN, 2RI R “IZIRIE” IR,
KA R R T G2 I BR K A I 5] RS Y
JeamA k. fEE A e A o, XA Hmi ol
BEAL G R AR 2 R R GRS BT P
.OEE, NIRRT E SOE SRR 1555
_(AP(p;2))

, 22
(I(p; 2))* .

oi(p;z)
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X, I(p;z) =& Wi b p s 4k 1 BE B o8,
Al(p;z) = I(p;2) — I(p;2), 1(p;2) = (I(p;2))
SR, RIS RN RGN, M (22)
F i, PRI s AR B3 — A 7 2.
X TR AT CACR UL, 75 2275 & = AMRHE RS
(] FR) R /IN: 1) 893 AH 6 0R B S O iR 48 30 (Y RF Ak
I 8] 75 2) KA UL J5 B N 728 Ak AR R R AR I
8] 7o; 3) TRINZSARISCIR IR 73 1] 8] 7. 3X =AMEE
AIE ST TB] PRI R /0, o 2 DR 52 52 i R0 381 SEZ B 1) D'
INERER B RN, IR g > 7, RINES <27 AN
FIE TR E & BRI, kg < 7, MW
RN 2 BE B RN 0 MO OR B B SR R Rt
). A AT DR BRI 28 20 e 28, — 282 PRl
AR KAT T < T K T, BIARDNES (BRI IS 8]
B N TR AT IR B B G aR R B I [A) A I
S BRI 8], e R LA ]I R0 3803 3T 51 A A A
VR H 8 T E AR ) — IR BRI
IRV T € Tq < Ta, BRI ZS AR B 1E] AT
T AT AR AREAIE B[R] 15 20 A0 T 560K B & b
PLahif ], X BLER 73 AH O B & 51 E ARk,
RV S vivh b NN R i it i N TN D & /1 [
= RN BT R R R, BUH BRI A i
FUHB 43 AH 6 IRAE T L A0 50 o B ' 9 PR PR AR 1 1)
SCHR AR S T BRI 2% 5 BT R S R A R
MEZEHEAT ). T SCE ST SRV B 2 50504
T R A i I A oA A s R T N SR TR R T
FIVA B SE T RE I R OC SR U T

I'(p1, p2, p3, ps, L)
= U (ple)U* p2, L)U(p3, L)U*(p4, L))

2’1’(L //// d27"1d27"2d27"3d27"4

x (Uo(r1,0)Ug (12, 0)Uo(r3,0)Up (74, 0)),
ik (p1 —m1)°

ik (ps — r2)”
" exp [ °oL 2L

T ik (p3 — 7"3)2 _ ik (p4 — 7“4)2

2L 2L
x (exp [¥(r1, p1, L) + " (r2, pa, L)
+ (13, p3, L) + % (v, pa, L)] ) - (23)
(23) AURA AR 5 I A 87 B “m” 53 il R 38
“1‘&?7‘6%E%%lﬁ.ﬁ%ﬁiﬁkﬁﬁJ?i’a%D/ﬂﬁolh Jii
SMARBh SR M G-, RS RN & B0 AE
ZER, FRBGE B 23 ARG AR S AR MR AL A6 2 =

Giil, XFEFATRT LA H 4 A7 O H ¥ DU B St v
a6 A
(Uo(r1,0)Ug (12, 0)Uo (75, 0)Ug (74, 0))
= Iy(r1,r2)Is(r3,74), (24)
Forn Iy NS FOGHR A BAR T R 5. i/ i
51 ECH AR AL VYR G vt AT LA AL A
(exp [¢(r1, p1, L) + ¥ (72, pa, L)
+(rs, p3, L) + 9" (74, pa, )]>m
= exp [4E1(0,0;0,0) + Ea(p1, p2;71,72)
+ Ez(p1, paiT1,7a) + E2(p3, p2; 73, 72)
+ E2(ps, pa;T3,74) + E3(p1, p3ir1,73)
+ E5(p2, pa;T2,74)], (25)

By A By FiE0L (9) 1 (10) 2, By #ikA N

E3(p1, p2;711,72)

1
= —41%k2L
)

ST 2
1Lk“ (1 — 5)] dedr. (26)
B2, (25) it TE 24, FIH (25) IR A5 25
FHF AR AE T A AR S R g Rk . —
PETAT T Xt (25) AL, 159 38— iRk
X, HETEZ PRI mmT R, (25) 2n] Blik
BARR A

(exp[)™(r1, p) + ¥ (T2, p)

+ w*(lr?n p) + ’@[}(7’4, p)]>m

= exp [ — 0.5Dy(r1 — r2) — 0.5Dy(ry — 14)

— 0.5.D¢y (7’2 - 7‘3) — 0.5Dw(’l‘3 — 7’4)}

x exp [0.5Dy,(re — 74) + 0.5Dy (11 — 73)]

X exp [2By(re — 74,0) + 2B, (11 — 73)]
iDg;s(T‘l — 7’3)] s (27)

OOO K@ (k)Jo[k (1 = &)pa + Eral]

X exp [—

X exp [1Dys(re — 7r4) —

KA, Dy(ra — 1) = 2Jra —mf* /o3 (a,b =
1,2,3,4) R BRI B AR R EG Das(ra — 76) =
1a — T3 ) 2 R ARG X UM A7 45 W R B 2, =
(0.114K13/6C225/6)=1/2 J Bk T I %t H R i A1 AR
MM TR IE; Bo(ra — 1) = 02, — 0.5(1/p3 —
1/p2)|ra — mp| & X BUIRME SC L R 2 1/p2 =
0.425C213/625/6 J BR1HI 0 BRI 77 %2, B F
(27) 20, AT RATH B — A X a7 5 PR35 20 A e R
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B B AR PR L4172, 1000 E R S - — S 5 A
TR AT IR, MKEE (27) b R AR MES 2 g =X

br 7 Bk TR AN, F3Ab— Rt S A T
DGR AE T Uit R TRV ER B 1 D7 R R AE S A Ok
DRI H ST B TR — N L B g B BEALAR 67
B, G5E im A o TR I, X T v R D A 2
R T - R SRR i AL FEL T Y SRR Y 5 DA R
F 201 N JEUER bR, Xl v R B A T
NEIR B AT ARG O, (B R IXAMHET B4
K W CHRIRGE. 2006 4F, Berman 1 Chumak [0 3%
T8 7 53 4 —Fh o 1 Rk 2 5% B (0 5 VA vH B 4 A
TOCHA A RIERER 7.

I LA, ARURETT e | — 2 o A TR &
Tk S50 S AR i I S 1R 5 DA R R 7 1) S B AT
FHEC T [R]85 564 T 340 AH O, BRI — > e
FHAL (B 43 M T i E R J5 Be A &b PRI IR &
I fE KGRIV BRI 7, I BOG R PR 1 ik b
T e 0 A7 E 3 i vk D02 Bk T AR 1R
Wa, FRATTIEAH FT 1 3B 73 A A2 e A IR Ot R 28 0 i
UG BN RRR -, 500 e AR A7 S A8L, B Az 1m] i
PRJ5, e AR ATt — 2k /s 1101,

4 WoMETRELHRARERW
AE AL B B ELAR L 77 %

11 BN RENESATARERS
SR

FESR 37, JAT T ZE BB T J T SO M -
VR H R BN Ry tov S BELE T 548 70 AH TR
Zeabimim A BRI SR, T Rytov J5 ik 2 T
K GE i1 5 fReE, BT bR BETH DG BAE i
iAo R K i S| B Do (N 4 S
S5, MACTEAFROGH “Wf i (9 BRI, AR S0
DN (R HHE, i ' R 2 T A o A i A T
E e A B AR, 2 R AR H
i, FESRI A 25 1F T, JeBE BRI 0 R LA %
AR

Z LB 2 H ATIE F i) 2 RO 2T
KA i B BB A5 325, %A AT BLAS
BC A2 e 9 AR TR AL RO SR IR T
SETBORIDU R GE R, L RRAS BDE AR BR Ot
IR FEIX 1, e 4 2 AL BE U5 i R R,
SR A FHR T 2 AL B U7 vk dE F 2R 70 AR T 6.

FAAE B 7 25 ) S B RN D7 YA TE SCHR [104) TR & F 1
2 (¥ R N A 21, 5 TR R [ B 7 v 1 D B R
T2 (1) P RIE i R X E 22 T FE R,
WSR2 FE IR 6 TR U 2 77 i) A6 f 1 55 Sl o O, T4
U(R) 71 LS et FE

U(R) = V(R) exp (ikz) , (28)

L, R = (2,9,2), V(R)Z2XT2M%EAL K
Ko 4 (28) AR (1) 2, 38 FH i It 31 5 2 AR
n(R) = no +ni(R) K&K, LA E#3 2100~ £ 4
PEAL R e AL 4 75 72
2ik0.V(R) + V3 V(R) + 2k*n, (R)V(R) = 0,
(29)
Horr, V3 = 02 + 02; ni(R) Rl ek, K
SFIENE. M (29) AT AE R IR sk B T
55 3T iR K A DG A T R (5 3
S ESE

2ik0.V (r,2) = =V3V(r,2), (30)

HAr r=(z,y). X 30)XNFHV (e, 2) T r 1Y
A e, 153
OF (K, z ik’F(k,z
e
Hrt, k= (g, ) LIS BRORCF R
VR B AR . (31) O 2/ TGS B 2 P ) —
AR AR IR

F(k,z) = F(k,2')exp [ik*(z —

\

Z)/(2k)], (32)
Horb exp [ik%2/ (2k)] 260V MOGIUETT 2 = 0 2
2 P AR AR R 1. AR (32) 3K, AT LA %
N7 )0 A 4 38 2 7 R 3. eh T 5 3 T AR
2 T o1 A R A AL BE LIRS, AAER BT, i
WA BUAE 7S 8] b BB (1, ARAL BT 0 J5 3 4
HE ST O A BONAE G AR B 77 1) LR — 2
SYSLBENLARALBE. an P 2 Fros, 855 1) RE 1A% e
B _ETBCE BENUR AL R, — M AEALBE 51 R AR AL 3
FH 2T A 400 Az BB B 5 B R 3R THARAL P8 ROR,
el z = n x Az JE 193 8% 75 v il i i i A
Ji e 3.

HRE JUAAT G572, 72 S22 (AR AL BEAL P30 1 I8k
BRI AT LR K

Az
Bg(Rl,RQ) = ]{72 //0 <n1(R1)n1(R2)> le dZQ.
(33)
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RPS; RPS; RPS,

RPSy_» RPSy_1 RPSy

B2 OJGAE ZARALBE PR =
Fig. 2. Schematic for light beams propagating in the

multi-random phase screen.

8 (2) AN (33) 2, F R A hr v R E i A o3
FRPETS 3

By(Ri, Ry) = K*AzA,(r1 —r2),  (34)

Ap(ry — mo) &5 1% il 1 B A1 T A AL 3 S 5
BN T5 2 (SRHK) B Ek, Simiitis s R RN

An(r) = 21'[//
(35)

RRAE (33)—(35) 38, AT LAAS 2 it oh oA A2 5 R
G S5 5 T S A SRR S B (R A7 DX BBk R 50 10 £ B
AR ) )R A

Dy (k) = 2MAZE*D,, (K) . (36)

MR (36) 2N, BG4S 5E T At 10 9 5 0 1% % 1 ok L,
At RE I I BUE T VAR BIAHALBE BRI RENLARAL. AR
THEIEW T R EN x NATF S8 2 77
ZN1K G BN, 2805 7 A R BE LR B
5 M A % 25 5 1P 7 AR AL /Do ( Ak, nAk)
T, H Ay = 21/ (NA), AN BB 2 a4
R NE R (—MEER KRN, e JE R AR IS R
Wl SR AT — 24 W AP B I AR 4645 30 2 HORE R 10
01 + 165. 01 Al O FEHL—ANHR AT LUAE AR AL 7 (1 B
WURALHE . SRR AL B B S ADL 77 v ) BAR TR
wp:

IDIDEIW-2 0 T oo 7 0 D R 7 G A e S E A B
H 2 (AR S B 5 1AM ALBE R,

E(l)(k:fu, 0) exp [—ik?qu/ (2k)]
— EW(kp11,Az); (37)
2) R VAN FEALAEALBE, 52 B AEALBE I
FEALEEE,

Jolt0) (r1, Az)exp[if; (r1)]

(k, k. = 0)exp(ik - r)d’k.

— E@(ry, Az); (38)

3) X E? (ry, Az) (il Bk AR e, e
i A A A R R IA AR 2 AR LBE T,

E(z)(kfzb Az)exp [—ik?zLAz/ (2]4:)]
— EP(kfa1,2A2); (39)

4) JeAR LS 2 NREHUGLEE, 52 2IAIAL5F )
HIAZIEE,

E(Q) (7‘2, 2AZ> exp [192 (’I"Q)] — E(B) (7‘3, QAZ)

(40)

W AE R, B2 1 BT A R R B ATLAE AL
R F, Az = 2/m, 2 IR PIMEHIIE S, m
9t L B HLAR AL BE AN EG 0, () 2 58 4 Tk I i b
WURHALBE B AR . B B 1) 56 i) HEL 37 4y
ATy e R i A 5 S BRI g, B A
PNEAR RG-St R 1, 75 EAE pln 4 (53
—HAE m AHALBE) AL B & TBCE AL S A
E, n HZ A R AT, R n 208
yf v ATE S 2006 58 A1 AR A0 Bt it R A
TEERFE.

FEHUE AL A, AH A7 B (B B I EE B Az 2 A
J& T 55 T U B Y g, — SROR U, & P Tk AR
Az B2 N I Rytov J7 22 (CF T3 (1) I Bk 1)
o} = 1.23C2K7/S A6 < 0.1 KT B A E. I
H, 59— 20 2 AR R AEAR R B Az
Rytov 77 Z 7& BN A& far 5 25 Rytov 77 7% 19 10% LA
W. TEA RAHAL B # i #2 1, H1 T Kolmogorov jif
ik &,(k) = 0.033C2x "3k — OB AT
F3 K, ETAMMIT, T i v B w122 AT 28 A2 AL,
T HE AU, b — O S5 () B SRR 1Y, X RS
AR T A T PR ZE HG R, O T IR INE FEARAL 1) R
2, W G T — SRR Tk A8 IE AR
IR = [104,105]

42 MHOMEFAREIRRRKSEEH
TR AR 0

55T AR, # TR — R R
Xk B ek A B T ROk R e ) Gy
PE, T AN BLRE DS TR HL 37 R AR, BT LAAR AL b7
BRIV T0 1k H R B TR B L. —
PRI AT J7 5 A TR 0 ff g 32z, B4R S0 20 AH T
HHRE R A R 58 A TR AR T &
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m [106]’

W(ry, re,w) = An(w)Ej(r1,w)En(re,w), (41)

A, WA 8 73 A Ol R R 58 SO 3 T w
BHTEIR; Ny (w) 2R AAEE, AR
BE; B, (r,w) R Hh — MR By, A
(41) X, FEARE PR R M RS
L FEFERT n ASARALBE AL F AT BUE AT 5, AR
Ja AR E N, SRR A TR g4k, R
M0, XA B A T U AREEAT (40) UATELRL 7 fi@
FHAF B0 L AT IS A — B IMERE, HAT R A
B LR ER 7 A O IR i T - R O R,
FH AR AL (1 1 24 - SRR RO A i 8 SRR AR K 3
fik [107,108]

b — T 5 i RAE e A R s YR i L
BCE Ml — SRR BENUR LB (BEHLAR
LB AR AR 5 925 i EATUAE L B 1R 53— 2, R
A T B R AR [ ) SRASLADL I 43 AR o o 1091 {A
e 2 S KD B HUAR 82 5% X RE FH SRASE DU 2 20 A1
7 i T R S R 0 ORI, BTSN AR TR A K
R BENLA AL B T e T e i - AR BGRB8 20 A
T T it 0 TR 28 3 i U R A i ) AR S A
AL S 0Tl R A7 B SR TS DAAE S Fod
Tod 2 ] D' U o 4 7 (S b A (ELRE T A 8 5 Y
FARE K R B 5 P 7 A2 (38 20 HE T OGS A AR T 88
HOPA—B, FEAERE TR B R BRI R 2
N e 40 R SR BB 0 A TG R, A AE R 1 R R
SHUBE (6 UR A i g AR A7 [R] e 54T 38 1) BEAR 4F
i 5 FRax — ke U120 55 B0 1 DRI R U™ A b 5
TR AR T OC R ORI B 2, A T A SRR
BTSSR B O, R — g e TR
g BB E S BN

E(r,0)=Ey(r,0)T (r), (42)

Hor, Eo (r,0) 2SI AT O K ZIRIE; T (r) A
FLAT — 5 2% W) SRR 8 10 BE L 2238 B o 0 (R 4K
BE), BT (r) 2@ git, H—Mait-rik
%, WGt R T P s A R B AR,

(T(r)) =0, (T*(r)T(re)) = p(Ar),  (43)

Ar = 71 — 7o, B G EIONR RLOG IR 2 TR
RIk (FHT) AL

B A 22 BB K 75 1 5 77 A BE A LA AL Bt
MITT RN, B S BATHR EIRAEL M T =

(A1) SCI% bR K A B 4 5 2 e B, X 22 AR T P52 PR 2
BEAT AR, B

S(f) = / 1 (Ar)exp (2mif - Ar) d?Ar,  (44)

Hrp, f R R, fE 0 B, =57 3 n] A
BRIR NI FR A T R BT T3 RN P AH L Ay
Z MR = BN LA A, B

T(f)=R(£)S*(f), (45)

T(f) AT (r) B2 kXt T(F) #E47 R
{8 B AR gl AT A BB 5E T (), st AT ASEERS
BA p(Ar) TS5 570 A 6 R B .

FE Ui i BEAR o, — BRSO IR PR L AR AL AR
A INF T) 2 BL 4000 25 1R AR 2 B ) /R 225 SR04 1Y
P IS 1) 22 LU s 3t 51 S AR 2 AR AR TR MR 22, B
Ts K Tq K To, WL BEERI AR AL W05 i I 51
E DGR RHIERE IS (] (A8 Al BT IXAN KRR, 5
FH A6 SRAE Rl I B B AR 4002 Rl 7 3Rk
wp:

1) S AH AL BE S s, SR [ E AR AR A L
(it AL BT & B S 4R &)

2) M Ky 5k &5 A R AL R, SRR
— i (— 5K BF) H b B I H 22 AH A E AR AT )
KA (B30 ) Bk

3) FERRUS TR FE Ul Ky Wi i 22 AH A7 BF 1) L 37,
XS Ky Wl I B 1, 45 28 e 2l ok
AR S W A OB R

4) BIR1—3E Ko IR, 153 Ky Wil T
JEAHGE I R AU I S5 R, AT RAR X K, s 2R
Iy HrvE B AR O A I R AU IR R B S it
R

IR HUAE AL T v AT DUHE )T R R A B S )
TR E R A I i KA 4

5 RESRE

AL BB T #B o3 AH G AE i K AR S AT
NI T AR R B8 A 7 SR AR AU
HE 7k S TOtARML, Mo TR
LK A S e A RGBT T R R G R R B8
JEREERS DL N IRSE AR . (H2, NVIZER
BRI S RN TRV VARV Pt A e g T 1]
RER IR, BUONFSERIET, B M TR A
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SIRG e M 87 AT E s il e 2 AW ALIPS
T, EET NG AU BRI R R . —. e
(2 4E A%, EFEIRIE AL PR AT SRR 7
TFRANB AR 2 X E R R R 1 e 3 7E SR K
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AU FUR— R, R Sl 2 R FH o' SR ) i e
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Abstract

Compared with coherent laser beams, partially coherent beams have advantages of effectively reducing turbulence-
induced extra beam spreading, beam wander and intensity scintillation on propagation through turbulent atmosphere,
and have promising applications in free-space optical communications, laser radar and remote sensing. Recently, more
and more attention was paid to the propagation of partially coherent beams through turbulent atmosphere. In this
article, we first review historically the research progress of the propagation of partially coherent beams in atmospheric
turbulence. And we describe in detail the basic theory for the calculation of average intensity, second-order moment and
scintillation index of partially coherent beams in turbulence based on the extended Huygens-Fresnel principle and Rytov
method. We also present a phase screen method of numerically simulating the propagation of coherent beams through

turbulent atmosphere, and then extend such a method to treating the propagation of partially coherent beams.

Keywords: partially coherent beams, atmospheric turbulence, propagation characteristics
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Fig. 1. Transversal intensity distribution of Bessel
beam: (a) Oth Bessel beam; (b) 1th Bessel beam.
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Fig. 3. Normalized axial intensity of the holographi-
cally generated Bessel beam as a function of the prop-
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Fig. 5. Diagram of the apparatus used in Bessel beam from Fabry-Perot resonator, consisting of spatial filter
(SF), étalon mirrors (M; and Mz), annular spatial filter (ASF) [15].
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Fig. 10. Microscopy images of the fabricated meta-
surfaces: (a) Meta-axicon 21]; (b) transmission-type

coding metasurface [22],

R USRS WS R AROT i AR R AT
Table 1. Advantages and disadvantages of several methods

for generating non-diffracting Bessel beams.

PETT s R
wagk REAMER, RESEI AR R
WRIEE RESHE R, RESII NROEREEF I RAT
A RE G LU TR 4B R ER
PRI EE SRR, RTEETT B TR A, B sl
; FEETCRTAT RS " -
Al T, AN TR B EER
BRI FT, ekt s AN TR LR

3
I
=]

((H{(0aa000m))))

(({(0000))))

2.2 GZE (Mathieu) XREEMBENLR

2000 4E, Gutiérrez-Vega %5 P {38 7 LATH 5
FIe. (MBI AL 2R, 7L (1) T A(0) I
ANFIB B B B ce, (0; q) B, AT LAAS 2% R )
AW, FH SRR ZE AG) = ceo(0; q) B, X
N ()37 R E R 1B N

E(s,m,2,q9)=Jeo(s; q)cen(n; q) exp(ik.z),
q=h’k}/4,
KH, Jeo(€, q) R —RENR M S R KL, H
SR q R R AL TCATSS L ZE /RGO B . IR A
ARFR A R LR Z A A e RO

9)

x = hcosh¢cosn,
y = hsinh¢sin7, (10)
z =z,

For ¢ F g 43 RO AR 1R FD A R AL bR, 20 A2 A0 [ 7 A9
[ A A 2 BN FE R TR RS, ] 11 45
T AR H R B T O R DA A T O R
TR AR, P AN s 56 '] 23] Gutiérrez- Vega 25 [21 5%
= RO 885 58 R 4, 1 I A %
B Z ek ORI S, NS EREEE S RG] AR R
AT S EORR. T A AT 5 B R
PRIRFERME, AR SRR F o T0iEAR 2, BT
BUEATH B ZCHR B =4 T7 1%, Gutiérrez-Vega 55

LTSS
K ’
1o

', °,
ST

o0l

11 BB (L) MISCIREE R () 13 B0 AR R EU0 5 Z A i s (LR S8 g = 27) 23]

Fig. 11.

Numerical calculations (upper rows) and experimental measurements (lower rows) of intensity

distributions of Mathieu beams (ellipticity parameter ¢ = 27) (231,
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Fig. 12. Schematic of the experiment for the creation

of higher-order Mathieu beams (247,
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Fig. 13. Schematic of the experiment for the genera-

tion of Mathieu beams using an axicon (271,
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Fig. 14. Schematic of experiment for the generation of

Mathieu beams using a spatial light modulator (291,
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Fig. 15. Intensity distributions of Mathieu beams: (a) Nu-

S ECRIIBFDER A () BUEBHL; (b) ScRss

merical calculation; (b) experimental measurement (291,
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Fig. 16. Transversal intensity distribution of cos-
Gaussian-beam: (a) z = 0; (b) z = 0.6Zmax; (¢) z =
1.2Zmax.
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Fig. 17. Transversal intensity distribution of parabolic beam (M,
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Fig. 18. Experimental transverse intensity profiles of
parabolic beam: (a) even a = 0; (b) odd a = 0; (a) even
a=1.5; (b) odd a = 1.5 [36],
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Fig. 19. Transversal intensity distribution of Airy beam

propagating in free space: (a) z = 0; (b) z = 50 cm 9],
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Fig. 20. Generation setup of Airy beams using a spa-

tial light modulator (391,
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Fig. 21. Airy beam-laser [44].
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Fig. 22. Self-healing properties of the Airy beam with blocked the partial main lobe: (a) £€=0.1; (b) £=0.5; (c) £=1; (d) £=1.5.
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Fig. 23. Self-healing properties of the Airy beam with blocked the whole main lobe: (a) £ = 0.1; (b) £ = 1;

(c) £=2;(d) £=3.
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Fig. 24.

beam in incident surface; (b) cross section intensity dis-

(a) Transversal intensity distribution of Airy

tribution of Airy beam along propagating axis z, and a is

acceleration direction [76].
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Fig. 25. Experimental results for accelerating parabolic
beams [77].
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Fig. 26. Numerical and experimental demonstrations of

a self-accelerating Bessel-like beam along a parabolic tra-
jectory: (a) Computer generated hologram; (b) numeri-
cally simulated side-view propagation of the generated beam;
(c)—(f) snapshots of the transverse intensity patterns taken
at the planes marked by the dashed lines in Fig. (b); (g) ex-
perimentally recorded transverse beam patterns at differ-
ent positions marked in the predesigned parabolic trajectory

(dashed curve) corresponding to Fig. (b) 801,
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Fig. 27. Particles manipulation using self-bending of

Airy beam [107],
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Fig. 28. Focused longitudinal field intensity distribu-

tion: (a) Gauusian beam; (b) Bessel beam 1151,
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Abstract

In recent years, with the development of laser technology, various non-diffraction beams each with a central spot
unchanged after a long distance propagation, have been generated, they being the Bessel beam, higher Bessel beam,
Mathieu beam, higher Mathieu beam, cosine beam, parabolic beam, and Airy beam. Diffraction-free beams are widely
used in laser drilling, laser precision alignment, optical precision control, optical micromanipulation, optical communi-
cation, plasma guidance, light bullet, synthesis of autofocusing beam, nonlinear optics, etc.

In this paper, the expressions, generation methods and corresponding experimental results of the various non-
diffraction beams are presented. There are many ways to generate the Bessel beam, they being circular slit, computed
hologram, spherical aberration lens, resonant cavity, axicon, and metasurface. The main methods of generating the non-
diffraction beams are summarized, and each method is analyzed in depth from the cost of the system, and then some
suggestions for improving and perfecting are made. For the generation of non-diffraction beams, the passive methods
are used most to convert other beams into corresponding non-diffraction beams by optical components. Due to the low
damage threshold and high cost of optical components, the power, energy and beam quality of a non-diffracting beam
will be limited. How to generate a high-power, high-beam quality non-diffracting beam will be a hot research spot.

Diffractionless beams have attracted a great deal of interest due to their unique non-diffraction, transverse-
accelerating (or self-bending) and self-healing property. Transverse-accelerating property refers to that non-diffraction
beams propagate along a parabola trajectory. The diffractionless beams’ propagation trajectory control method imple-
mented by changing system parameters is simple and easily successful, but cannot reverse acceleration direction, and
its controlling range is limited. The self-healing property means that the non-diffraction beam tends to reform during
propagation in spite of severe perturbations imposed. Both the Airy beam and the Bessel beam exhibit self-healing
properties during propagation. And non-diffraction beams have potential applications in many fields. In atmosphere,
such as in optical communication, non-diffracting beam exhibits more resilience against perturbations.

Finally, brief summary and outlook of non-diffraction beams playing important roles in future study, and their
application prospects are presented. In addition to Airy beam and Bessel beam, for other non-diffraction beams due to
the complexity of the beams themselves, by comparison, their applications are investigated very little, so the applications

in Mathieu beam, cosine beam, and parabolic beam will be a hot research spot.

Keywords: non-diffraction beam, Bessel beam, Mathieu beam, Airy beam
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Table 1. Physical properties of some infrared nonlinear optical crystals.

Point Transparenc
Crystal P Y

Band Nonlinear coefficient/ Thermal conduct/

LIDT/MW~1!.cm? Ref.

group rang/pm gap/eV pm-V~-!l@um W-1.m-K

AgGaSy  42m  0.47—13 2.7 dsg = 12.6@10.6 1.4//c 34 (15 ns@1.064 um) [18]
AgGaSe;  12m  0.76—18 1.8 dss = 39.5@10.6 1.0//c 13 (30 ns@1.064 pm) 18]
ZnGePy  42m  0.74—12 2 dsg = 75@9.6 36//c 100 (10 ns@2.1 pm) [19]
CdGeAs2 42m  2.3—18 0.54 d3e = 186@10.6 4.18 160 (30 ns@9.55 pm) [18, 20]
CdSiP2g 42m  0.52—9 2.2 d3g = 84.5@4.56 13.6 25 (14 ns@1.064 pm) [21]
LilnS, mm2  0.34—13.2 357  dsy =T7.7@2.3 7.6//c 40 (14 ns@1.064 ym) [22]
LilnSezs  mm2 0.45—15 2.86  dg = 11.78 5.5//c 40 (10 ns@1.064 um) 18, 23]
BaGasS7 mm2 0.35—13.7 354  dsp =5.7G2.3 1.68//c 235 (10 ns@2.1 pm) [24]
BaGasSer m  0.47—18 264 dyy = 11.82 0.56//c 557 (5 ns@1.064 pm) [25]
LiGaSs  mm2 0.32—11.6 415 ds =58 68 calc > 240 (14 ns@1.064 pm)  [6, 18]
LiGaSe2 mm?2 0.37—13.2 334 d31 =99 4.8—5.8 calc 8 (5.6 ns@1.064 pm) (18]

AF L A A3 AR e AR X LA T A
T T B O R LA M 2 A
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PLRGHIT R, Prik, EIR BRI A] S b 4L
SMBOG IR AR TR, e AR e S iR i B
RERE M X TofE. B, H3EE BAE Systems 2
FFF R B e g 04 T8 R g U R0 o R
H ZnGePo-OPO HIAR A2 3—5 pm B ELLAMEOL.
HHl, ZARAG A EZE AH-64 “BIIH%", CH-47
“CBAF FIUH-60 “ 2RI 45 3 B L D01 BrLd,
SRAFRSE | BT 20 A AR 2R 1 27 A A £ 4p
PR HEA.

U AR, B AR 2V D 2 0 22 A S FOR R R
WA, FAFARLANERBOR. ERL Y 98 HOLH
3 A = TR BN DB AL 2 AR E R TS
LA ARG S AR R, C A RO T2
PES AR E R IT . TR A TR
TR i B, AR HE FH A% Gt S A AR e Ml o7 i Ak,
KTiOPO4(KTP), LiNbO3(LN) %, H#4iH 4 um
R RCEERAW Y 5 R N T W T IFAR OB 25 CD
5 A RO BIE I B PR AL A7 BB AL

B B HEST AR T B A e} (1418
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MK BaGaysSy F1 BaGaySer ik, PLA —JGH] CdSe
F GaSe diifA; AUBIVCY Bk itk &4, AR
L35 ZnGePy Ml CASiPy dh 4 #EALAH VLT 5 14,
A4 € 7] 1 (orientation-patterned, OP) i R4
K1) OP-GaAs f1 OP-GaP. % 1 5l 7 #4 HA R
FAME I Iz 21 A0 E 2 1 O A S AR A R I R AR
& 18—25]

2 AR

2.1 AgGaS,# AgGaSe,
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J5 T T R T (26,2930,
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BN 2.76 eV, il T I A, 45 AU 996 °C,
L VE B N 0.53—12 um B, AgGaSe, /& il Ag-
GaS, [A R 7 K #5728 FAk, 007 f &, &
W8 a = 0599 nm, ¢ = 1.088 nm, X7 % EN
1.83 eV, Hifil T 2K, 1 mi2E 860 °C, Eid i
]0.7—18 um P2, AgGaS, Fl AgGaSe, 5 B4 1&
BT (An = 0.0332/0.0538), A LS BLIIG 7
A I 5 AE A7 UL BT, #E47 f5 400, 2 4 (difference-
frequency generation, DFG). A2 & IRY;
(optical parametric oscillation, OPO). AgGaS, i
PR T HI NA:YAG Bt &z i th 2.5 10 pm 7T i
WHOL. AgGaSe, SRR HIE I RIS &
SO RERSHIM 318 um P ESATIHEOE. 1
&, IR AR NS BRS040 A B B
P IK 2% 0] e 1 A5 ) R, AN T i e O Az,
7B PR S O T T R

2.2 ZnGeP, @F—3—5 pmiK 1% &E
RN E SR

InGePo fE N & W W W &Y, J& U J7
oo A, 42m B, S e = 0.5465 nm, ¢ =
1.0711 nm, ¥ £ 1027 °C B33 BA7 G2 (3 L3
(0.7—12 um), KW HEZM: R 2 (d3e =75 pm/V),
AR BRIE (2090 nm, 10 ns: 100 MW /em?), i&
BT 3R (An = 0.04) LK 55 19 AH A7 UG e 3
B o=t [m I, % A A R M U, AN 5
fi, HLBOIN CHERE R 4F. ZnGePo 2 H AT 52 9L
3—5 pum WO £RE I Re B AL TR 20 A RS
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% InGePo di A R B9 BT DA L % 5 N H
B, B NI ZnGePy f B IT B T A KA SR A
M H BT Z 5. BT, ZnGePy g A& 32 2L
(19 A K 7 7 02 AP B B Ak (horizontal gradient
freezing, HGF) i H1 3 B AT HL & %2 (vertical Bridg-
man, VB)i%E. A HoF 5T R ELR, 32 A
# N H ) BAE Systems 2 & 12421 Fl 4k & 1 i1
Verozubova U 8 21 01 il 417148 [ br b K % %
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LRGSR U T T L AR KA W
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0.02 cm~ ' 431, & 143519 BAE Systems 2 & 5%
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KRR R R ZnGePy AR .

ZnGePy i 4& F) Fl OPO, DFG, J¢ 2 & K
(optical parametric amplification, OPA), 2 &
7= (optical parametric generation, OPG) & /7%
Yy a] S A I S b 4L AN e [T Herh
BT ZnGePo-OPO B4 3—5 um HLLAMEOK,
& H B E AN TS . Hemming 25 1451 5%
Tm %200 25 432 Ho: YAG FEMA SO 28, R )5
138 ZnGePo-OPO #34, 7£3—5 pm i B Al S8l
27 WP h s, FOb il ik 3] 62%, &
RFEN69%, R fiE M? = 5. RN, iR
W QWOLHIZ, & RIE(EIIZ B 99 W. Brikbz
4b, ZnGePo 16 AT LASZIL 8—10 pwm BOL I i .
Qian 25 M 4RIE T ZnGePo KOG 2L, K15 T
8.3 um HOLHIH, BRI IR 8.2 W. £ EfE
SN % IR AE R I AT K ZnGePo fnfh, 1B 3KIR
55 P BE ) ZnGePo-OPO 4L 4O H Y. H
AT, PR ZnGePy-OPO [ %8 £ AR AE T 30k 3% #4
L A R R 2T A M R A 2 1901,

BAE SYSTEMS
© 7

D B0 %0 100 10 120 130 140 130
1T o T T | 1 | LT

(b)

1 (a) HGF #1421 f1 (b) VB 3] 4: K ZnGePy
LEEN

Fig. 1. Large ZnGeP3 single crystal growth by trans-
parent: (a) HGF furnace [*2]; (b) VB method 43!,
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2.3 CdSiP;miF—BEENHATRH
LIS

CdSiPy i A 2 1T 4F ke ok 1) — Ffr v g AR
S BB TG 41 Ah AR 2 1O 2 A AR CdSiPy & T
V9707 di &, 42m 5 8, S e = 0.568 nm,
c = 1.043 nm, 74 P 5 HATHEF )2
1 AgGaSy F1 ZnGePo #H b, H B A LM R AR
(dia = 84.5 pm/V), &L 8 [l %% (0.53—9.5 ym),
WS R (13.6 W/(m-K)) ZE 4 AR [ A,
BRIAEAT TE AR, PR 1.06 wm YAG BOGiEAT
iz, 9 H, CdSiPy B A 28 KR4, 1E 1.0,
1.5, 2.0 pm MEOGEHNE N LA AL VL. ELL
HhFH LLAPRE R LT ANBOG R YT PRSI IS5 T T
LA ) B A o4,

20104, 3 [ BAE Systems A ] [f] Zawilski

2 PR FHGF R I AE K B 2. R E W
CdSiPy fn /A (70 mm x 25 mm x 8 mm), 41& 2 (a)
A 2 (b) Fros. KRS i & CASiPy fb i 1 )
il 4%, e HIBOG SR 35 1 AEA. thAbh, i)
— Se R A T CASiPo #E4T T BREEH 5T, WAL E
BUETEZ RS B R DU A S
PERETT T 1l 2R K 2 i 4 e R R 4 (215500 £ 5] py 2R
JeITRE 1 CASiPy ik )& A A Ko 78, FFAE R
br b B UCRH VBIE I A K H 08 mm x 40 mm
[ CdSiPy B, & 2 (c) MK 2 (d) Frow, A XS
AR REHEAT T VRAERAE. D)Ko 3R
R BT8R I R s A 8O P T
CdSiPy A K 12 R BE 2, IF HoR o AR K
HRSE N 018 mm x 65 mm 1] CdSiPy ¥ &, FEXf
R BRIEIEAT TR

B2 (a)fl(b) HGF A KA CdSiPy ik P21 (c) M1 (d) VB LA KK CdSiPy fifh 156]
Fig. 2. CdSiP, single crystal growth by different methods: (a) and (b) transparent HGF furnace [°%];

(¢) and (d) VB method [°6],

B T @R AR DT N R, CdSiPy s ATE S
O 7 TH R EAS T —E B RCR. 2009 4,
Peremans %5 91 1 vk SR A AR I 4 48 47 DT i 4 A
SLHL T CdSiPo-OPO 6.4 pum [ 8OGH H. 38 )L
SR, THHEF B 5N 7 Kumar 7E 3 T CdSiP, &
OGO T AR TR R E R, 20114, R H
8.6 ps, 1064 nm Y& i i iz CdSiP.-OPO, S8 T
N AT 0 B K 6.3 pm (1 B Fa B RE
B A5 mJ, FA R E N 29.5%, Bl e E A
60916577 nm %, 20124, Al AT K H Bk 55 A
20 ps I Nd:YAG 1064 nm Y #hiz CdSiP,-OPG
T 33 uJ HU6234 nm (UL, FLE TS E N

6153—6731 nm [°1). 2018 4F, R Ti:Al,O3 B4
iz, LTI CdSiPo-OPO iy i 1 Fh L K
97306 nm FIEOL, il DIE N 18 mW, HiAEE
73068329 nm [, X LA FLEK B, CdASiPs i
AT LASEBL 6 pm BA b AR 20O e, O
PRy 7 THA BB . BT, CdSiPy /& H B4t
ELR MG AR T 2 —.

2.4 LiInS, FLilnSe, — FH B S Lit 1Y
S FEE R

541 AgGaS, f1 AgGaSe, M LL, FLit #
R Ag™ J5 ¥ B LilnSy K H 7] ¥4 LilnSey & 44 1
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PG ZR A BRI B RGO, A R T AR AR
WO AR5 AR 00, [RIRE, SRARLE M B S A 548 N
LHEERT, BRSSP AR A K 25 1) e 2 AR () J2 R
NCEYSANVAR

LilnS, J& T IE A5 & &, mm2 fBE, &b M 2L
a = 0.689 nm, b = 0.806 nm, ¢ = 0.648 nm, 277
B PE N 3.57 eV, K AN 1000 °C. ' B AT B % KB
HYEH (0.35—12.5 pm), BRWFELME R (dss =
15.8 pm/V), BE M FH (7.6 W/(m- K)) F1EL
K547 B4 (1064 nm, 10 ns: 1 GW/cm?) 64,
2000 4E, & Wi #F 78 A\ 5 Isaenko %5 2205 1 Yk %t
LilnS, fn & £ Kb AT 7 438, JF X0 B A M BR )
ITT AN RAE. EEW, R K%M 2 5 iR
BZH H 2004 4 JF & LilnS, & 748 A Bk A 2 K TAE,
B3 (a) A iZ R U2 A K I LilnS, db . RIS, A
ATAE E PR B | OB T R 28 A B LilnS, £
fr Rk 106:07) AT LA b 38 G B T S 2R R Ik K BT
3l iE’JE*”*}%I’E ) #, K KHE R T LilnS, £ 4
BB R & AR 1&1|‘]§TéﬁﬁVBi£ﬁinJ$té
H 12 mm x50 mm AL & 4 O848 (a) Bir
5. TRV, A AT I8 X LilnS, &4 B G 24T 1 140
W Ft. LilnSs dm A EAME SR FIR Kb HE 2 )5,
BN S T LERAE DA N §rtinkyil - KIEREWN
0.9 J/em? & F 1.2 J/em?. 2014 4, 1= [E 55
Beutler 25 (9] % F§ DFG £ K, # ] LilnS, &t 44 i
DISEPL 7 5—12 pm T8 P BT B OGS, BRIk
MREEMEE T 1 nl.

LilnSes J& T LilnSs [F] & 71| & 44, 1E 5 & &,
mm?2 r B, o W e = 0.720 nm, b =
0.842 nm, ¢ = 0.680 nm. LilnSe, E f L 7 1
PERE: KIAELME R ¥ (dsz = 16 pm/V), FE i
BB KK DT YR (0.5—14.5 pm). B 1
PG (8.5 W/(mK)) 5K B 17 47 1R
(40 MW /em?@1064 nm, 10 ns). {H13 K2,
LilnSey #f 1 75 3T 41 40 X 38 KA 5@ 1038 1 %,
e HL AT DL 3k 8 R AP 7 Lk AR O D6 TR (1064 nm
Nd:YAG #0%) #HATHhIE, AiZ b ik s R4t 1k
KI7E. E A LilnSe, fin i A 708 P8R, IF
CURA R K HEE. 2002 4F, k2 1 Tsaenko 2% [70]
KH VB AR T HA 10 mm, KZEZH20 mm
f#) LilnSe, fi 4. 2010 4E, 4 [E £ 22 5K Petrov % (29]
Xf LilnSey fi R HEAT T BREFHRIE, ¥ R KEH
%20 mm, KE 21850 mm, F X% AR 1A

R PR R AR RAE. 2014 4F, 36 R
x Tupltsyn (T F5 T 2% S AR AE AL SRS X R R
W77 TH W] BEAFAE ORI B F R 5% AEE A, X T
KR LiInSeq ff 4 (0 78 AE O B0, AR 45 2 TF 1)
SCHRIRIE, 2014 4, 1l 7R K 5 W 45 i 4 (27
FEE N RS TF R T X 2% ah A 1) A2 R B R AT 7
(K13 (b)). 2015 4F, /R Tl K 5 4 % I IR
2 M4 3E T LilnSeo db A2 K KM BRI 5.

3 (a) VBIEL KK LilnSy 4 fh 051 (b) Fil (c) 43531

VB IEE K LilnSes f k% OPA Ml a4 [76]

Fig. 3. (a) Photograph of LilnSy crystal [08]; (b) pic-

tures of LilnSez crystal; (c¢) LilnSea-OPA device [76],

Both of them were grown by VB method.

7E J& BOE MK 7 1, 2009 4, 48 E B 5T 3

Marchev 2§ [ 5% H 1064 nm #1132 65, %f LilnSey
mn AR A8 AR 34T T OPO WO Ik, M3k 18 7
4.7—8.7 ym MO, A% 1 DI )y 28 mW.
2014 4F, 18 [ 223 Beutler £ (09 X H K £ DFG £
A, ST LilnSeq @i 4—11.5 pm B0 AT 1 1
. 2017 4F, LR RS B R EALER T
FLRT 06T L AR LE B BR 1 UGB LilnSes-OPA $
ARSI T 3.5—4.8 um B 7—12 pm B 3 B 1
e . AATTRH 10 Hz, 30 ps, 1064 nm #O%
18 R PE R ) LilnSey df AR 28 14, 7£ 3.5—4.8 um K
B, 4z R RN 17 mI I, 3R45 4 pm RN
ek RE Y 433 pd, VE(EIHEN 14.3 MW, B
R RURIE 2.55%, J6 T AE N 9.63%. {E
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7—12 pm KB, LilnSeq fnfR7E 78112 pm Ak, 4371
SEPLT 1210 M 21 wJ FpECsE . ks JeRe A
14 mJ I, 345 7.5 pm HLLAMBOE B b e = A
170 wJ, REEE I CRIL 1.21%, BT HRBBEN
8.6%. LA REESREW LilnSey & —FifE 3—5 wm Al
8—12 pm BA BRI A AT S AR 65 A

2.5 BaGa,S, #1BaGa,Sey, BB

IOMEL M F A

B AR R IR R S A K
H AT 78 i 2 —, B AR A A
BaGayS;2478 f1 BaGaySe; 279 4351l i of [ B} 2
Rt 4@ a8 40 Joit 225 A it 5 B AR e T ) 2 B B A B R
TSI R (B4). &2 ¥ % ¥ Badikov %5 [F0
o326 TP A AR 1) A RN BEIEAT T R BRIk IE

4 (a) 1 (b) J9 BaGaqSy @ik KARRM 215 (c) A0
(d) A BaGauySer vk KA A 2]
Fig. 4. (a) and (b) Photographs and relevant devices

of BaGaysS7 [24; (c) and (d) photographs and relevant
(25]

devices of BaGagySer

BaGaySy f R N IE &8 & &R, mm?2 /B, &
M % Na = 1.476 nm, b = 0.623 nm, ¢ =
0.593 nm. a, b, ¢ =75 G R 53518 1.45,
1.58 #11.68 W/(m-K). 2012 4F, Tyazhev % 51 Z ]
BaGayS7;-OPO 773, it 1064 nm BOLHE, k15
BB N 0.5 mJ [196.217 pum LLAMNEE, H-F %
H I 50 mW. Ak, Kato 25 B2 5] ] BaGaySy
i PRSI T COo B IU £5 A4 Hi 2.65 wm (K10
S Bl Se J5, BaGaySer ff 4 45 #4454 B R
2, m S, W E e = 0.763 nm, b = 0.651 nm,

c = 1470 nm, 8 = 121.24°. a, b, c =1 A
T R4 5~ 0.74, 0.64 10.56 W/ (m-K) 29,
Yang %% [543 F§ OPA i R SZ 8L T BaGaySer £
3—5 um M 6.4—11 pm KIFHEBOEHI . 2016 47,
Yuan %5 59 g CR A Q 19 Ho: YAG (2.1 pm) 1E N
iz SR, SCHL T BaGagSer £ 3—5 pm i B
OPO WOt th, HoFITi N 1.55 W, 6tk
ik 14.4%, B H19.9%. 2017 4F, Xu %% 50
DL Q I NA:YAG (1064 nm) ¥ % #ih iz, K H
BaGaySe;-OPO Hi A H T 3.12—5.16 pwm K1
Bot, 7£4.11 pm SEFL 7 5K 2.56 mJ HREE
N A 9 4.16%, RN T.7%. 20184,
Kolker % 57 DL Q fI Nd:YLiF, (1053 nm, 10 ns,
f = 100 Hz)#tHhizs, K H BaGasSe;-OPO £
ARSEHLT 2.6—10.4 pm ) B8 B B I 20 AMBOG K
H, A rE 3.3 A8 um Ak H BE & 5 i A 45 F1
14 pJ.

2.6 CdSe#1GaSe BEBHKKIINSHA
BIBAITAINEL M ZF R

CdSe & — F M BE AR 7 1 BL 42 R IT IL-VI R
SRR CdSe dib R BA LB FIIN BRI 56 2 P
gER. b eF g R CdSe b AR R P RE R
S, TEHRIELLANEO R 5 TH B BRI ). 4
BER N7 i & (a-CdSe) J& T P6sme 25 1815, B
A5 (3BT (0.6—20 pm), B e IR
(< 0.01 cm™!, 1-—10 pm). f£8—15 pm B
TR LB R R A S £ A 193] (B CdSe i ik
WAFTE LA N R 25 5 2505 (1264 °C), Z87RER
K (1 MPa), fEA KIS E 5 DU AT TTTE
A s A0 Bl KA AMITHE CdSe (1)
B ) 6 S LN R O T L T 2 AR A AR,
B A1 4% R R ST B  CdSe B4 A7 AR IR A, 7™ 2
29 7 R,

Hl, 2E K CdSe sk 77i54A 270, B3 &
R o AT LA 2k, R TR XS S A A
i 0002 4k, £ HE P Wi 7E CdSe fi AT
FOOTTH 5 WAL, B, RS 3 ik
S 1041 ey R} 2 Bt 2 SO SR S MU 7 T 1990901
Hh [ H T R A A | A DY S A AT O g
IR Tl oK 5 196 2 22 5% B B FF F8 T AR A 2.
B 5 Bt v R 27 B 22 B0 25 R B LR 95 i
KN E VB 2 4E K 1 CdSe & 1 J LA 5% 2% 1.
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FE WO AR 7 T, Allik %5 P71 R A 2.79 pm 1) Cr,
Er:YSGG 1E Az I, %F CdSe-OPO #4247 i
W, WL T 8.5—12.3 um MO H, 52X B
T ThER N 1224 mW. 2016 4, WS /R Tk
R AR S R 2.1 pm ) Ho: YAG 1E A
HiE eI, SEELT AE 10.07—11.1 pum FREEOL
. HA10.28 pm AL FEOY S ORI HE 9 140 mW,
Tz TN T Wi 11.1 pm AL O N 46 mW,
2 DA 6.3 W. {H 2 i & K R HI 5 CdSe
BT B A TR R AE, X DLERAS e SR AT L REfE T 2
JELR MG A AN LR B A A, 72— 28
58 CdSe B i il 25 S OGS A0 AL.

(b)

E5 CeSe mifklB A (a) LIAE 920 nm 204 BAEE N 10iE L ]
Fr (b) 1951
Fig. 5. (a) Photograph of CdSe boules and (b) its bulk trans-
parency image under 920 nm infrared microscope (991,
GaSe iR J8& T 75 77 i &, Pom2 =5 (A1 B, &
% %o = 0378 nm, ¢ = 1.595 nm, /& &N
960 °C [2:99:1001 g7 HATRC K AR LR R AL (doo =
54.4 pm/V), % HEVER (0.62—20 pum), BRI
A (An = 0.34), SH#AFTE (16.2 W/(m-K))
. GaSe k2 — Mg et LR LA E Lt
JGEEAEE SR, AR AR S5 R R 1 B AL
BE RE B2, AN BEFi BV 0 A A7 T T AR 2R AT
T, P R 1B AR AR S S AR AR e AR A T 1 )
. W TR R, I 15 2% W AR RO s AL
e B v g 10, GaSe AIB 2 LR A
ﬁg @1ﬁ?§l§l"]8[102], In [103]’ Te [102]’ Al [104]7 Er[105]
B A REY, £ ERITEB R, SBRK
& H A A 08 s R i K. B S S BASEEL
i LE BB 2%, B BT LLIE $1 0.413, 107 H. GaSe
mAVERE 5B E 2 LR R, TP AT LU S
I EHUE AT R E R B B L AR R AL
B An o A S B Re. BRIk 2 Ah, SR GaSe
A VR I8 FLA IR R OB R R AT RO T
RIJE, @R ERBOCM R R E. 2015 g
IRIE Tk K2 Zha 55 BOR ] VB K T HEN
2025 mm, K& H40—45 mm K KR ~F GaSe

A (B6). FE#OE IR 7 TH, 2010 4 Zhong %% [107]
H M GaSe-DFG J5 U3k 3 1 8.3—18.4 um ) 34 4k
RO, HAAE8.76 wm AL IRk IFRE RN 31 1,
RRIEEDIZ Y7 kW, B HFA L, BN ST
X154k GaSe sh A I VE BRI FUIR IR />, FEH T
MAES 2% AR B AR KR A LA, A REIRTTPERE
FE o i KR I S A

Aok, LLANE LML AR R R R 1 &
Y7 1A BB T K%, KRB, 2 H i
AT —. SRR S0 AgGeGaS, [108]
AgGaGesSero 1), AgGaGesSes %)) AgGayIng _,-
Seo MM 25 M4k PE I & oK. (B2, BT B
Re M HAEWOC T N A, A R — PR s
Y.

()

6 (a) VBIEEKM GaSe fifk K (b) GaSe At A
1R - [106]

Fig. 6. Photographs of (a) the GaSe single crystal

ingot and (b) the GaSe single crystal cut (3 mm in

thickness) [106],

2.7 EAETECLISME R

HEALAHUCEC AR, FE b AT DUSE BT A 35 e vl
B (10 FH A3 UC G 2% 2, R 6% F1) FH AR 28 1 2 000 K 11
a7 ), FHLTGAE B RN, 7E SE B fd A o R )
Ptk Pl X B R 5 G EHAEL M R A L, B
LT R B I B AR R M R B
(K 7). 1 OP-GaAs 1 OP-GaP #1k} 12 ¥ )& 57
TR, 43m S EE, HAT O 2 N T =5
B OPO 250 AR SiAR,. B2 h T2 H FAK
2, H AT REIRAT R A% e o2 1 5

OP-GaAs #& 1 AL IR H OP H AR A K A
WM RL B8 BTR NS M 4 4E (hydride va-
por phase epitaxy, HVPE) % K 11 OP-GaAs £+
kLB ABEBRKMIELN RE(diy = 94 pm/V),
BRERHGT R 46 W/(m-K)), £ 5% 1%
(0.9—18 pm), BRI RICHFEE. BT IO6ET
A H TR %, OP-GaAs-OPO @4 2 K
FK A > 1.73 um 6B TRz 112 2013 48,
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300
(a)
4 CSP

250 OP-GaAs
) —
< |
a~ g
= 2007 S
Bt 7ZGl <
g 2
: Z
S - o
; R GaSe §
. g
& b=
= i o
g 100 5
£ 2
% <
Z. AGSe

50 PPLN

PPKTA
0 OP-GaN 05
T T T
0 5 10 15 20 25
Transparency range/pm

K7

% ] [12]

2.0

1.6

1.2

0.8 1

0.4

6.5 85 105 125 14.5 16.5
Wavelength /pm

4.5

(a) AR 3 21 A PR A RE B A 1 e S IR T AE L VS B (b) ZnGePo, CdSiP2, GaAs Bl GaP Wik

Fig. 7. (a) Nonlinear figure of merit (d?/n3) versus transparency range of various mid-infrared NLO crystals;
(b) typical absorption spectra for ZnGePs, CdSiP2, GaAs, and GaP [12],

A =56 pm

A =216 pm

(d)

8 HVPE LK OP-GaAs fifh [17]
Fig. 8. Photographs of OP-GaAs grown by HVPE method 121,

% E BAE Systems 2 7] K H Ho: YAG (2.1 pm) ¥
Jt 412 OP-GaAs-OPO, SEBL [ 7E4.7 pum 4 ¥
Jed i, P TR N4 WL I B AT
K F Tm YA ik #0624 12 OP-GaAs-OPO, 3k
3 715 563.6 pm MR HUE4.4 pm 3L 18 WY
i ThEe 1,

OP-GaP 5 OP-GaAs /L, FAE1 pm P W
OGRS 55, AT BASK A BGRAE 1 pm S YR EEAT il
iz 13 OP-GaP ekt R ¥ N dyy = 70.6 pm/V,
MEEN110 W/ (m-K). 7 OP-GaAs B 5 1) L il
-, OP-GaP (il 1. 25 R ot i 7y 1 TAE 13 2

Wik K, B9 Fias N Schunemann 2 114 52 F 4y
T HRAMEEE K1) 3 98~) OP-GaP AL, At AT LA
Q I Ho:YAG (2.1 pm) #otHhiz OP-GaP-OPO, 3k
137 4.4 pm FIBOGH H, SO H D)8 350 mW,
B 916%. 2015 4F, Pomeranz 25 1151 3 3k
TR QRINA:YVO, (1.064 um, 10 kHz,
3.3 ns) fiig OP-GaP-OPO, SZIL T 4.6 wm BG4
H, & KR E 2% 81 mW. 2016 4, Maidment
S0 R 1.064 pm C R OB SRAE AHhIZ IR, 18
it OP-GaP-OPO 3£ 1 5.5—10.4 pm IR 4
ek, 50 N T %O 452 mW. ZR E
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v, #EALAHULRE &5 A 41 K OP-GaAs, OP-GaP ]
TFR ST, LA FLE G S AR RRL K R ST
JE T AN R B BRI T T 17

D, B

B9 33 OP-GaP ffk (114
Fig. 9. 3-inch diameter OP-GaP wafer [114],

3 REERE

Hh izt 21 AMBOGAE A R U B B
MR AT . b, oz 0 A R 2R Mk 2 R R AE
NAAMBOCE AR BIZ 0 Te A, & 244 MR
LI FGT A S, H AT, ZnGePy S ARTE 3—5 um
B BRI AR e AR, I ORI T H
Y. CdSiPo 1 Ay 24 8 I 2L 4 dh AR, W 2
1.06 pum J6iHIZ, H B A] L@ i 3F Il 5 AE A7 7T
BCSEI 6.1—6.6 pm OB, FEBOLERYT Jr T
HABEZERNHE /1. LilnS,, LilnSe,, BaGaySy,
BaGaySer 58 UGG 4, TEIEZLAP 812 pm UK
BRI ER BT 5, NIm I 204 b AR AR 1 2 5
R AT 5. b, WEALAH VTG &R #4 KL OP-GaAs,
OP-GaP JF K 55, RLLAMEL 6 SRk
BRI RE T — N8 i B 2RI L7 1),

Hl, LhZnGeP, i AR, REELIME
LR MG G T R B 21 A U R I A 4 L
19 TR M. A RAE KRS AR A R 7 TH, FR
[ 5 22 [ M2 1045 (5 M B, Tl 2 78 A 0 A
il 4, 32 JE IO IR 5 T, AT SRR M 22
iERNTEE U

SE3CH

[1] Zhang C L 2017 M. S. Thesis (Hefei: University of Sci-
ence and Technology of China) (in Chinese) [5K# TN 2017
22 S0 (B FER AR R E)]

[2] Zhang M 2012 M. S. Thesis (Harbin: Harbin Institute
of Technology) (in Chinese) [7K# 2012 #2240 830 (W
IRV MR IRIE AL R )]

[3] Wang T J 2007 Ph. D. Dissertation (Changchui: Jilin
University) (in Chinese) [E2Z 2007 #0083 (K
T HRRE))

4]

[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]

22]

23]

24]
(25]

[26]

27)
(28]

244203-9

Xie G, Pang Y F, Wang W M, Wu D Y 2009 High Pow.
Las. Part. Beams 21 970 (in Chinese) [#i[l, s2ikig, T
PR, ©UE5H 2009 #EECG SRR 21 970

Yin W L, Kang B, Deng J G 2014 High Pow. Las. Part.
Beams 26 42 (in Chinese) [F¥3C, Ft, XSEE 2014 58
WOt 5RFIR 26 42

Zhang G D, Wang S P, Tao X T 2012 J. Synth. Cryst.
41 17 (in Chinese) [TKEFR, FHMN, M2 2012 N L&
AR 41 17]

Dong C M, Wang S P, Tao X T 2006 J. Synth. Cryst.
35 785 (in Chinese) [#EHH, £/, Mz H 2006 N\ L&
54k 35 785

Ren G G 2000 Laser Infr. 30 323 (in Chinese) [{THJ%
2000 #5441 30 323

Ning J 2017 Ph. D. Dissertation (Jinan: Shandong Uni-
versity) (in Chinese) [T 2017 1 +2%4083C (. b
)

Zhong M, Ren G 2007 Journal of Sichuan Ordnance 28
3 (in Chinese) [£11, {4 2007 PY)I1J% 1.5 28 3]
Wang X 2014 Wing. Missil. J. 7 57 (in Chinese) (in
Chinese) [T 2014 &M S 7 57)

Schunemann P G, Zawilski K T, Pomeranz L. A, Creeden
D J, Budni P A 2016 J. Opt. Soc. Am. B 33 D36

Lan H, Liang F, Jiang X, Zhang C, Yu H, Lin Z, Zhang
H, Wang J, Wu Y 2018 J. Am. Chem. Soc. 140 4684
Liu T, Qin J, Zhang G, Zhu T, Niu F, Wu Y, Chen C
2008 Appl. Phys. Lett. 93 091102

Zhang G, Qin J, Liu T, Li Y, Wu Y, Chen C 2009 Appl.
Phys. Lett. 95 261104

Ye N, Tu C, Long X, Hong M 2010 Cryst. Growth Des.
10 4672

Liang F, Kang L, Lin Z, Wu Y 2017 Cryst. Growth Des.
17 2254

Isaenko L I, Yelisseyev A P 2016 Semicond. Sci. Technol.
31 123001

Wu H, Wang Z, Ni Y, Mao M, Huang C, Cheng X 2012
J. Cryst. Growth 353 158

Schunemann P G, Pollak T M 1997 J. Cryst. Growth
174 272

Zhang G, Tao X, Ruan H, Wang S, Shi Q 2012 J. Cryst.
Growth 340 197

Isaenko L, Yelisseyev A, Lobanov S, Petrov V, Roter-
mund F, Zondy J J, Knippels G H M 2001 Mater. Sci.
Semicond. Processing 4 665

Petrov V, Zondy J J, Bidault O, Isaenko L, Vedenyapin
V, Yelisseyev A. Chen W D, Tyazhev A, Lobanov S,
Marchev G, Kolker D 2010 J. Opt. Soc. Am. B 27 1902
Guo Y F, Zhou Y Q, Lin X S, Chen W D, Ye N 2014
Opt. Mater. 36 2007

Yao J, Yin W, Feng K, Li X, Mei D, Lu Q, Ni Y, Zhang
Z,Hu Z, Wu Y 2012 J. Cryst. Growth 346 1

ZhaoB J,Zhu SF,LiZH, Yu F L, Zhu X H, GaoD Y
2001 Chin. Sci. Technol. 46 1132 (in Chinese) [XILH,
A, ZIERE, T3, RE, WA 2001 FH-EIR 46
1132]

Li G, Chu Y, Zhou Z 2018 Chem. Mater. 30 602
Hanna D C, Rampal V V, Smith R C 1973 Opt. Com-
mun. 8 151


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://cdmd.cnki.com.cn/Article/CDMD-10358-1017193004.htm
http://cdmd.cnki.com.cn/Article/CDMD-10358-1017193004.htm
http://cdmd.cnki.com.cn/Article/CDMD-10213-1013037517.htm
http://cdmd.cnki.com.cn/Article/CDMD-10213-1013037517.htm
http://cdmd.cnki.com.cn/Article/CDMD-10183-2007095226.htm
http://cdmd.cnki.com.cn/Article/CDMD-10183-2007095226.htm
http://www.cnki.com.cn/Article/CJFDTotal-QJGY200907001.htm
http://www.cnki.com.cn/Article/CJFDTotal-QJGY200907001.htm
http://www.cqvip.com/QK/93571X/201407/50028066.html
http://www.cqvip.com/QK/93571X/201407/50028066.html
http://www.cnki.com.cn/Article/CJFDTotal-RGJT2012S1007.htm
http://www.cnki.com.cn/Article/CJFDTotal-RGJT2012S1007.htm
http://www.cnki.com.cn/Article/CJFDTotal-RGJT200604025.htm
http://www.cnki.com.cn/Article/CJFDTotal-RGJT200604025.htm
http://www.cnki.com.cn/Article/CJFDTotal-JGHW200006000.htm
http://cdmd.cnki.com.cn/Article/CDMD-10422-1017070125.htm
http://cdmd.cnki.com.cn/Article/CDMD-10422-1017070125.htm
http://www.cnki.com.cn/Article/CJFDTotal-CUXI200701002.htm
http://www.cnki.com.cn/Article/CJFDTotal-CUXI200701002.htm
http://www.cnki.com.cn/Article/CJFDTotal-FHDD201407014.htm
http://dx.doi.org/10.1364/JOSAB.33.000D36
http://dx.doi.org/10.1021/jacs.8b01009
http://dx.doi.org/10.1063/1.2969059
http://dx.doi.org/10.1063/1.3257728
http://dx.doi.org/10.1063/1.3257728
http://dx.doi.org/10.1021/cg100911s
http://dx.doi.org/10.1021/cg100911s
http://dx.doi.org/10.1021/acs.cgd.7b00214
http://dx.doi.org/10.1021/acs.cgd.7b00214
http://dx.doi.org/10.1088/0268-1242/31/12/123001
http://dx.doi.org/10.1088/0268-1242/31/12/123001
http://dx.doi.org/10.1016/j.jcrysgro.2012.04.012
http://dx.doi.org/10.1016/j.jcrysgro.2012.04.012
http://dx.doi.org/10.1016/S0022-0248(96)01157-8
http://dx.doi.org/10.1016/S0022-0248(96)01157-8
http://dx.doi.org/10.1016/j.jcrysgro.2011.12.040
http://dx.doi.org/10.1016/j.jcrysgro.2011.12.040
http://dx.doi.org/10.1016/S1369-8001(02)00039-2
http://dx.doi.org/10.1016/S1369-8001(02)00039-2
http://dx.doi.org/10.1364/JOSAB.27.001902
http://dx.doi.org/10.1016/j.optmat.2013.12.028
http://dx.doi.org/10.1016/j.optmat.2013.12.028
http://dx.doi.org/10.1016/j.jcrysgro.2012.02.035
http://csb.scichina.com:8080/kxtb/CN/abstract/abstract367350.shtml
http://dx.doi.org/10.1021/acs.chemmater.7b05350
http://dx.doi.org/10.1016/0030-4018(73)90160-0
http://dx.doi.org/10.1016/0030-4018(73)90160-0

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 24 (2018) 244203

[29]

(35]

(36]

Wu H X, Huang F, Ni Y B, Wang Z Y, Mao M S, Cheng
G C 2010 J. Synth. Cryst. 39 208 (in Chinese) [R5,
BK, AR, FIRA, BUIA, TR 2010 AL &R
39 208]

Zhao B J, Zhu S F, He Z Y, Chen B J 2012 J. Synth.
Cryst. 41 74 (in Chinese) [RALE, A=, 515, FRE
#2012 NTAfRZAR 41 74)

Boyd G, Kasper H, McFee J 1971 [EEE J. Quantum
Electron. 7 563

Singh N B, Hopkins R H, Feichtner J D 1986 J. Mater.
Sci. 21 837

Buehler E; Wernick J H, Wiley J D 1973 J. Electron.
Mater. 2 445

Zhang J Q, Zhao B J, Zhu S F, Chen B J, He Z' Y, Wang
Z C, Yang D H, Cao X L, Cao L Q 2013 J. Synth. Cryst.
42 392 (in Chinese) [fK#®, BILE, KiMtE, BFREE, M
T, EEE, HEE, B, Bl 2013 ATk FER
42 392

Zhu C Q, Lei Z T, Yang C H 2012 J. Synth. Cryst. 41
160 (in Chinese) [AK4¢5#, HIEW, HFE 2012 ALk
4k 41 160]

Wu H X, Ni Y B, Geng L, Mao M S, Wang Z Y, Cheng
G C, Yang L 2007 J. Synth. Cryst. 36 507 (in Chinese)
[RAE, ALk, BkE, BUIE, EIRA, BT, Mk 2007
AT 36 507)

Bliss D F, Harris M, Horrigan J, Higgins W M, Arm-
ington A F, Adamski J A 1994 J. Cryst. Growth 137
145

Zhang G, Tao X, Wang S, Shi Q, Ruan H, Chen L 2012
J. Cryst. Growth 352 67

Zhang G, Tao X, Wang S, Liu G, Shi Q, Jiang M 2011
J. Cryst. Growth 318 717

Lei Z, Okunev A O, Zhu C, Verozubova G A, Ma T,
Yang A C 2016 J. Cryst. Growth 450 34

Zhong K, Li J S, Xu D G, Wang J L, Wang Z, Wang P,
Yao J Q 2010 Optoelectron. Lett. 6 179

Zawilski K T, Schunemann P G, Setzler S D, Pollak T
M 2008 J. Cryst. Growth 310 1891

Lei Z, Zhu C, Xu C, Yao B, Yang C 2014 J. Cryst.
Growth 389 23

Haakestad M W, Arisholm G, Lippert E, Nicolas S, Rus-
tad G, Stenersen K 2008 Opt. Express 16 14263
Dergachev A, Armstrong D, Smith A, Drake T, Dubois
M 2007 Opt. Ezpress 15 14404

Petrov V, Rotermund F, Noack F, Schunemann P 1999
Opt. Lett. 24 414

Schunemann P G 2007 Proc. SPIE 6455 64550R
Hemming A, Richards J, Davidson A, Carmody N, Ben-
netts S, Simakov N, Haub J 2013 Opt. Ezpress 21 10062
Qian C P, Shen Y J, Yao B Q, Duan X M, Ju Y L,
Wang Y Z 2016 Conference on Lasers and FElectro-
Optics (CLEO) San Jose, California USA, June 5-10,
2016 pl

Su N, Zhang M, Ren G, Liu Q X, Xing J G 2013 Opt.
Technol. 39 359 (in Chinese) [J57°, K%, (B4, X4,
S 2013 J6EEHAR 39 359]

[51]

(52]

(65]

[66]

244203-10

Wu S L, Zhao B J, Zhu S F, He Z Y, Chen B J, Yang
H, Wang X Y, Sun N 2014 J. Synth. Cryst. 43 492 (in
Chinese) [RXR, BACH, KIME, MHF, BEE, B,
F/NTG, FhT 2014 N TSR 43 492)

Yang H, Zhu S F, Zhao B J, Chen B J, He Z Y, Fan
L, Liu G Y, Wang X Y 2012 J. Synth. Cryst. 41 11 (in
Chinese) [B¥, 4, BILE, B, ME, #E, X
JeHE, £/t 2012 A TSR 41 11)

Wang C 2017 M. S. Thesis (Jinan: Shandong Univer-
sity) (in Chinese) [ 24 2017 i 24403 (FFmd: LR
K]

Kumar S C, Zawilski K T, Schunemann P G, Ebrahim-
Zadeh M 2017 Opt. Lett. 42 3606

Zawilski K T, Schunemann P G, Pollak T C, Zelmon
D E, Fernelius N C, Kenneth Hopkins F 2010 J. Cryst.
Growth 312 1127

Zhang G, Ruan H, Zhang X, Wang S, Tao X 2013 Cryst.
Eng. Comm. 15 4255

Fan L, Zhu S, Zhao B, Chen B, He Z, Yang H, Liu G,
Wang X 2013 J. Cryst. Growth 364 62

He Z, Zhao B, Zhu S, Chen B, Huang W, Lin L, Feng B
2018 J. Cryst. Growth 481 29

Peremans A, Lis D, Cecchet F, Schunemann P G, Zaw-
ilski K T, Petrov V 2009 Opt. Lett. 34 3053

Kumar S C, Agnesi A, Dallocchio P, Pirzio F, Reali G,
Zawilski K T, Schunemann P G, Ebrahim-Zadeh M 2011
Opt. Lett. 36 3236

Kumar S C, Jelinek M, Baudisch M, Zawilski K T,
Schunemann P G, Kubecek V, Biegert J, Ebrahim-
Zadeh M 2012 Opt. Express 20 15703

O’Donnell C F, Kumar S C, Zawilski K T, Schunemann
P G, Ebrahim-Zadeh M 2018 Opt. Lett. 43 1507

Bai L, Lin Z S, Wang Z Z, Chen C T 2008 J. Appl. Phys.
103 083111

Wang S P, Tao X T, Dong C M, Jiao Z B, Jiang M H
2007 J. Synth. Cryst. 36 8 (in Chinese) [ 3G, M2,
EHEY, IR, #RE 2007 N LHEEHR 36 8§

Isaenko L, Vasilyeva I, Yelisseyev A, Lobanov S,
Malakhov V, Dovlitova L, Zondy J J, Kavun I 2000 J.
Cryst. Growth 218 313

Wang S P, Tao X T, Dong C M, Liu J, Jiang M H 2006
J. Synth. Cryst. 35 1167 (in Chinese) [F3# /], Mij%5 &,
HHEY], XA, #RAE 2006 A\ LEHEFR 35 1167

Wang S P, Tao X T, Liu G D, Dong C M, Jiang M H
2009 J. Synth. Cryst. 38 851 (in Chinese) [T/, Mi%k
H,XIBR, #wHEW, %A 2000 N T MR 38 851)
Wang S, Gao Z, Zhang X, Zhang X, Li C, Dong C, Lu
Q, Zhao M, Tao X 2014 Cryst. Growth Des. 14 5957
Beutler M, Rimke I, Buttner E, Petrov V, Isaenko L
2014 Opt. Lett. 39 4353

Isaenko L, Yelisseyev A, Lobanov S, Petrov V, Roter-
mund F, Slekys G, Zondy J J 2002 J. Appl. Phys. 91
9475

Tupitsyn E, Bhattacharya P, Rowe E, Matei L, Cui Y,
Buliga V, Groza M, Wiggins B, Burger A, Stowe A 2014
J. Cryst. Growth 393 23


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://www.cnki.com.cn/Article/CJFDTotal-RGJT2010S1052.htm
http://www.cnki.com.cn/Article/CJFDTotal-RGJT2012S1014.htm
http://www.cnki.com.cn/Article/CJFDTotal-RGJT2012S1014.htm
https://ieeexplore.ieee.org/abstract/document/1076588
https://ieeexplore.ieee.org/abstract/document/1076588
http://dx.doi.org/10.1007/BF01117361
http://dx.doi.org/10.1007/BF01117361
http://dx.doi.org/10.1007/BF02660148
http://dx.doi.org/10.1007/BF02660148
http://www.cnki.com.cn/Article/CJFDTotal-RGJT201303003.htm
http://www.cnki.com.cn/Article/CJFDTotal-RGJT201303003.htm
http://www.cnki.com.cn/Article/CJFDTotal-RGJT2012S1028.htm
http://www.cnki.com.cn/Article/CJFDTotal-RGJT2012S1028.htm
http://www.cnki.com.cn/Article/CJFDTotal-RGJT200703005.htm
http://dx.doi.org/10.1016/0022-0248(94)91263-7
http://dx.doi.org/10.1016/0022-0248(94)91263-7
http://dx.doi.org/10.1016/j.jcrysgro.2011.11.006
http://dx.doi.org/10.1016/j.jcrysgro.2011.11.006
http://dx.doi.org/10.1016/j.jcrysgro.2010.11.038
http://dx.doi.org/10.1016/j.jcrysgro.2010.11.038
http://dx.doi.org/10.1016/j.jcrysgro.2016.03.040
http://dx.doi.org/10.1007/s11801-010-9267-4
http://dx.doi.org/10.1016/j.jcrysgro.2007.11.151
http://dx.doi.org/10.1016/j.jcrysgro.2013.11.079
http://dx.doi.org/10.1016/j.jcrysgro.2013.11.079
http://dx.doi.org/10.1364/OE.16.014263
https://doi.org/10.1364/OE.15.014404
http://dx.doi.org/10.1364/OL.24.000414
http://dx.doi.org/10.1364/OL.24.000414
http://dx.doi.org/10.1117/12.701504
http://dx.doi.org/10.1364/OE.21.010062
https://ieeexplore.ieee.org/abstract/document/7787347/
https://ieeexplore.ieee.org/abstract/document/7787347/
https://ieeexplore.ieee.org/abstract/document/7787347/
http://www.cnki.com.cn/Article/CJFDTotal-GXJS201304016.htm
http://www.cnki.com.cn/Article/CJFDTotal-GXJS201304016.htm
http://www.cnki.com.cn/Article/CJFDTotal-RGJT201403002.htm
http://www.cnki.com.cn/Article/CJFDTotal-RGJT201201004.htm
http://cdmd.cnki.com.cn/Article/CDMD-10422-1017068720.htm
http://cdmd.cnki.com.cn/Article/CDMD-10422-1017068720.htm
http://dx.doi.org/10.1364/OL.42.003606
http://dx.doi.org/10.1016/j.jcrysgro.2009.10.034
http://dx.doi.org/10.1016/j.jcrysgro.2009.10.034
http://dx.doi.org/10.1039/c3ce27003c
http://dx.doi.org/10.1039/c3ce27003c
http://dx.doi.org/10.1016/j.jcrysgro.2012.11.057
http://dx.doi.org/10.1016/j.jcrysgro.2017.05.032
http://dx.doi.org/10.1364/OL.34.003053
http://dx.doi.org/10.1364/OL.36.003236
http://dx.doi.org/10.1364/OL.36.003236
http://dx.doi.org/10.1364/OE.20.015703
http://dx.doi.org/10.1364/OL.43.001507
http://dx.doi.org/10.1063/1.2907709
http://dx.doi.org/10.1063/1.2907709
http://www.cnki.com.cn/Article/CJFDTotal-RGJT200701002.htm
http://dx.doi.org/10.1016/S0022-0248(00)00565-0
http://dx.doi.org/10.1016/S0022-0248(00)00565-0
http://www.cnki.com.cn/Article/CJFDTotal-RGJT200606001.htm
http://www.cnki.com.cn/Article/CJFDTotal-RGJT200606001.htm
http://www.cnki.com.cn/Article/CJFDTotal-RGJT200904012.htm
http://dx.doi.org/10.1021/cg501152j
http://dx.doi.org/10.1364/OL.39.004353
http://dx.doi.org/10.1063/1.1478139
http://dx.doi.org/10.1063/1.1478139
http://dx.doi.org/10.1016/j.jcrysgro.2013.10.054
http://dx.doi.org/10.1016/j.jcrysgro.2013.10.054

¥ 12 Z R Acta Phys. Sin.

Vol. 67,

No. 24 (2018) 244203

(72]

(85]

(86]

(88]

(89]

Wang S, Zhang X, Zhang X, Li C, Gao Z, Lu Q, Tao X
2014 J. Cryst. Growth 401 150

Jia N, Wang S, Gao Z, Wu Q, Li C, Zhang X, Yu T, Lu
Q, Tao X 2017 Cryst. Growth Des. 17 5875

Ma T, Zhu C, Lei Z, Yang C, Sun L, Zhang H 2015 J.
Cryst. Growth 415 132

Marchev G, Tyazhev A, Vedenyapin V, Kolker D, Yelis-
seyev A, Lobanov S, Isaenko L, Zondy J J, Petrov V
2009 Opt. Express 17 13441

Wang S, Dai S, Jia N, Zong N, Li C, Shen Y, Yu T, Qiao
J, Gao Z, Peng Q, Xu Z, Tao X 2017 Opt. Lett. 42 2098
Dai S, Jia N, Chen J, Shen Y, Yang S, Li Y, Liu Q, Yang
F, Zong N, Wang Z, Zhang F, Cui D, Peng Q, Wang S,
Tao X, Xu Z 2017 Opt. Ezxpress 25 12860

Lin X, Zhang G, Ye N 2009 Cryst. Growth Des. 9 1186
Yao J, Mei D, Bai L, Lin Z, Yin W, Fu P, Wu Y 2010
Inorg. Chem. 49 9212

Badikov V, Badikov D, Shevyrdyaeva G, Tyazhev A,
Marchev G, Panyutin V, Petrov V, Kwasniewski A 2011
Phys. Status Solidi RRL 5 31

Tyazhev A, Kolker D, Marchev G, Badikov V, Badikov
D, Shevyrdyaeva G, Panyutin V, Petrov V 2012 Opt.
Lett. 37 4146

Kato K, Okamoto T, Mikami T, Petrov V, Badikov V,
Badikov D, Panyutin V 2013 Proc. SPIE 8604 860416
Yang F, Yao J Y, Xu HY, Feng K, Yin WL, Li F Q,
Yang J, Du S F, Peng Q J, Zhang J Y, Cui D F, Wu Y
C, Chen C T, Xu Z Y 2013 Opt. Lett. 38 3903

Yang F, Yao J Y, Xu HY, Zhang F F, Zhai N X, Lin
Z H, Zong N, Peng Q J, Zhang J Y, Cui D F, Wu'Y C,
Chen C T, Xu Z Y 2015 IEEE Photon. Technol. Lett.
27 1100

Yuan J H, Li C, Yao BQ, Yao J Y, Duan X M, Li Y Y,
Shen Y J, Wu'Y C, Cui Z, Dai T'Y 2016 Opt. Ezpress
24 6083

XuW T, Wang Y'Y, XuD G, Li C, Yao J Y, Yan C,
He Y X, Nie M T, Wu Y C, Yao J Q 2017 Appl. Phys.
B 123 80

Kolker D B, Kostyukova N Y, Boyko A A, Badikov V
V, Badikov D V, Shadrintseva A G, Tretyakova N N,
Zenov K G, Karapuzikov A A, Zondy J J 2018 J. Phys.
Commun. 2 035039

Wu H X, Huang F, Ni Y B, Wang Z Y, Chen L, Cheng
G C 2010 Chin. J. Quant. Elect. 27 711 (in Chinese) [%&
MAE, B GO, EIRA, BRA, T 2010 BT
24 27 711)

Zeng T X, Zhao B J, Zhu S F, He Z Y, Chen B J, Lu
D Z 2009 J. Synth. Cryst. 38 1068 (in Chinese) [$4 /4%,
AL, KRR, MR, BREZE, 7R 2009 N LA
i 38 1068]

Zhang Y W, Li H, Cheng H J 2016 Piezoelectrics and
Acoustooptics 38 427 (in Chinese) [3KFUR, Z=HE, 24015
2016 EHL 5 38 427)

Kolesnikov N N, James R B, Berzigiarova N S, Kulakov
M P 2003 Proc. SPIE 4784 93

Jie W Q 2010 Principle and Technology of Crystal
Growth (Beijing: Science Press) p522 (in Chinese) [/
JiEr 2010 AR EE AR (bt BlE ) 5 522
]

(93]

[100]
[101]

[102]

[103)

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

244203-11

Kong H Z, Shi W D, Wang D C 1986 Journal of Semi-
conductors 7 73 (in Chinese) [fLZ &, A%k, TMEE
1986 |- Fk2ERk 7 73]

Zeng T, Zhao B, Zhu S, He Z, Chen B, Tan Z 2011 J.
Cryst. Growth 316 15

Ni Y, Wu H, Mao M, Li W, Wang Z, Ma J, Chen S,
Huang C 2018 Opt. Mater. Express 8 1796

Yao B Q, Li G, Zhu G L, Meng P B, Ju Y L, Wang Y
Z 2012 Chin. Phys. B 3 034213

Allik T H, Chandra S, Rines D M, Schunemann P G,
Hutchinson J A, Utano R 1997 Opt. Lett. 22 597

Yuan J H, Duan X M, Yao B Q, Cui Z, Li Y Y, Dai T
Y, Shen Y J, JuY L 2016 Appl. Phys. B 122 202
Yang C H, Ma T H, Zhu C Q, Lei Z T 2017 J. Chem.
Ceram. Soc. 45 1402 (in Chinese) [BFHE, TR E, K
i, HYEWE 2017 IR 4R 45 1402]

Anis M K 1981 J. Cryst. Growth 55 465

Petrov V, Panyutin V L, Tyazhev A, Marchev G, Za-
gumennyi A I, Rotermund F, Noack F, Miyata K,
Iskhakova L D, Zerrouk A F 2011 Laser Phys. 21 774
Tikhomirov A A, Lanskii G V 2006 Proc. SPIE 6258 64
Suhre D R, Singh N B, Balakrishna V, Fernelius N C,
Hopkins F K 1997 Opt. Lett. 22 775

Das S, Ghosh C, Voevodina O G, Andreev Y M, Sarkisov
S'Y 2006 Appl. Phys. B 82 43

Hsu Y K, Chang C S, Hsieh W F 2003 Jpn. J. Appl.
Phys. 42 4222

Zhu C, Lei Z, Song L, Ma T, Yang C 2015 J. Cryst.
Growth 421 53

Zhong K, Yao J Q, Li J S, Xu D, Wang P 2010 Proc.
SPIE 7846 78460

Petrov V, Badikov V, Shevyrdyaeva G, Panyutin V,
Chizhikov V 2004 Opt. Mater. 26 217

Petrov V, Noack F, Badikov V, Shevyrdyaeva G, Pa-
nyutin V, Chizhikov V 2004 Appl. Opt. 43 4590
Shevchuk M V, Atuchin V V, Kityk A V, Fedorchuk A
O, Romanyuk Y E, Cakus S, Yurchenko O M, Parasyuk
O V 2011 J. Cryst. Growth 318 708

Santos-Ortiz R, Tupitsyn E, Nieves I, Bhattacharya P,
Burger A 2011 J. Cryst. Growth 314 293

Schunemann P G, Pomeranz L A, Setzler S D, Jones C
W, Budni P A 2013 Conference on Lasers and Electro-
Optics: Europe & International Quantum Electronics
Conference Munich, Germany, May 12-16, 2013 p1
Tassev V, Bliss D, Lynch C, Yapp C, Goodhue W,
Termkoa K 2010 J. Cryst. Growth 312 1146
Schunemann P G, Pomeranz L. A, Magarrell D J 2015
Conference on Lasers and FElectro-Optics: Science and
Innovations San Jose, United States, May 10-15 2015
p4

Pomeranz L A, Schunemann P G, Magarrell D J, Mc-
Carthy J C, Zawilski K T, Zelmon D E 2015 Proc. SPIE
9347 9347K

Maidment L, Schunemann P G, Reid D T 2016 Con-
ference on Lasers and Electro-Optics San Jose, United
States, June 5-10, 2016 pSTulQ.5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1016/j.jcrysgro.2014.02.043
http://dx.doi.org/10.1021/acs.cgd.7b00964
http://dx.doi.org/10.1016/j.jcrysgro.2014.11.032
http://dx.doi.org/10.1016/j.jcrysgro.2014.11.032
http://dx.doi.org/10.1364/OE.17.013441
http://dx.doi.org/10.1364/OL.42.002098
http://dx.doi.org/10.1364/OE.25.012860
http://dx.doi.org/10.1021/cg8010579
http://dx.doi.org/10.1021/ic1006742
http://dx.doi.org/10.1021/ic1006742
http://dx.doi.org/10.1002/pssr.201004425
http://dx.doi.org/10.1002/pssr.201004425
http://dx.doi.org/10.1364/OL.37.004146
http://dx.doi.org/10.1364/OL.37.004146
http://dx.doi.org/10.1117/12.2002929
http://dx.doi.org/10.1364/OL.38.003903
http://dx.doi.org/10.1109/LPT.2015.2407895
http://dx.doi.org/10.1109/LPT.2015.2407895
http://dx.doi.org/10.1364/OE.24.006083
http://dx.doi.org/10.1364/OE.24.006083
https://link.springer.com/article/10.1007/s00340-016-6631-5
https://link.springer.com/article/10.1007/s00340-016-6631-5
http://dx.doi.org/10.1088/2399-6528/aab007
http://dx.doi.org/10.1088/2399-6528/aab007
http://lk.hfcas.ac.cn/CN/abstract/abstract8565.shtml
https://link.springer.com/article/10.1007/s00340-016-6631-5
http://www.cnki.com.cn/Article/CJFDTotal-YDSG201603020.htm
http://www.cnki.com.cn/Article/CJFDTotal-YDSG201603020.htm
https://doi.org/10.1117/12.450814
http://www.bookask.com/book/956115.html
http://www.bookask.com/book/956115.html
http://www.jos.ac.cn/bdtxbcn/ch/reader/view_abstract.aspx?file_no=200592533146439&amp;flag=1
http://www.jos.ac.cn/bdtxbcn/ch/reader/view_abstract.aspx?file_no=200592533146439&amp;flag=1
http://dx.doi.org/10.1016/j.jcrysgro.2010.12.012
http://dx.doi.org/10.1016/j.jcrysgro.2010.12.012
http://dx.doi.org/10.1364/OME.8.001796
http://cpb.iphy.ac.cn/EN/abstract/abstract45791.shtml
http://dx.doi.org/10.1364/OL.22.000597
https://link.springer.com/article/10.1007/s00340-016-6477-x
http://www.cnki.com.cn/Article/CJFDTotal-GXYB201710005.htm
http://www.cnki.com.cn/Article/CJFDTotal-GXYB201710005.htm
http://dx.doi.org/10.1016/0022-0248(81)90103-2
http://dx.doi.org/10.1134/S1054660X11070255
http://dx.doi.org/10.1364/OL.22.000775
http://dx.doi.org/10.1007/s00340-005-2024-x
http://dx.doi.org/10.1143/JJAP.42.4222
http://dx.doi.org/10.1143/JJAP.42.4222
http://dx.doi.org/10.1016/j.jcrysgro.2015.02.029
http://dx.doi.org/10.1016/j.jcrysgro.2015.02.029
https://doi.org/10.1117/12.868562
https://doi.org/10.1117/12.868562
http://dx.doi.org/10.1016/j.optmat.2004.04.007
http://dx.doi.org/10.1364/AO.43.004590
http://dx.doi.org/10.1016/j.jcrysgro.2010.10.038
http://dx.doi.org/10.1016/j.jcrysgro.2010.10.171
https://www.osapublishing.org/abstract.cfm?URI=IQEC-2013-JSII_2_3
https://www.osapublishing.org/abstract.cfm?URI=IQEC-2013-JSII_2_3
https://www.osapublishing.org/abstract.cfm?URI=IQEC-2013-JSII_2_3
http://dx.doi.org/10.1016/j.jcrysgro.2009.12.053
https://doi.org/10.1364/CLEO_SI.2015.SW3O.1
https://doi.org/10.1364/CLEO_SI.2015.SW3O.1
https://doi.org/10.1364/CLEO_SI.2015.SW3O.1
https://doi.org/10.1364/CLEO_SI.2015.SW3O.1
https://doi.org/10.1117/12.2080876
https://doi.org/10.1117/12.2080876
https://doi.org/10.1364/CLEO_SI.2016.STu1Q.5
https://doi.org/10.1364/CLEO_SI.2016.STu1Q.5
https://doi.org/10.1364/CLEO_SI.2016.STu1Q.5

) I8 % 4 Acta Phys. Sin. Vol. 67, No. 24 (2018) 244203

INVITED REVIEW

Research progress of mid- and far-infrared nonlinear
optical crystals®

Jia Ning  Wang Shan-Peng Tao Xu-Tang!

(State Key Laboratory of Crystal Materials, Institute of Crystal Materials Shandong University, Jinan 250100, China)

( Received 27 August 2018; revised manuscript received 1 October 2018 )

Abstract

High-power tunable mid-infrared (MIR) and far-infrared (FIR) lasers in a range of 3-20 pm, especially in the at-
mospheric windows of 3-5 uym and 8-12 pum are essential for the applications, such as in remote sensing, minimally
invasive surgery, telecommunication, national security, etc. At present, the technology of MIR and FIR laser have
become a research hotspot. As the core component of all-solid-state laser frequency conversion system, nonlinear op-
tical (NLO) crystals for coherent MIR and FIR laser are urgently needed by continuously optimizing and developing.
However, compared with several outstanding near infrared, visible, and ultraviolet NLO crystals, such as 5-BaB2Ou,
LiB3Os, LiNbO3, KTiOPOy4, and KBe2BO3sF3, the generation of currently available NLO crystals for 3-20 pm laser is
still underdeveloped. Traditional NLO oxide crystals are limited to output wavelengths < 4 pm due to the multi-phonon
absorption. In the past decades, the chalcopyrite-type AgGaSs, AgGaSes and ZnGeP2 have become three main com-
mercial crystals in the MIR region due to their high second-harmonic generation coefficients and wide IR transparency
ranges. Up to now, ZnGePs is still the state-of-the-art crystal for high energy and high average power output in a range
of 3-8 uym. Unfortunately, there are still some intrinsic drawbacks that hinder their applications, such as in poor thermal
conductivity and low laser damage threshold for AgGaSz, non-phase-matching at 1.06 um pumping for AgGaSez, and
harmful two-photon absorption at 1.06 um for ZnGeP2. In addition, ZnGeP2 has significant multi-phonon absorption
in an 8-12 um band, which restricts its applications in long wavelength MIR. With the development of research, several
novel birefringent crystals, as well as all-epitaxial processing of orientation-patterned semiconductors GaAs (OP-GaAs)
and GaP (OP-GaP), have been explored together with attractive properties, such as large NLO effect, wide transparency
ranges, and high resistance to laser damage.

In this paper, from the angle of the compositions of NLO crystal materials, several kinds of phosphide crystals
(ZnGePy CdSiP2) and chalcogenide crystals (CdSe, GaSe, LilnS: series, and BaGasS7 series) are summarized. In ad-
dition, the latest achievements of the orientation-patterned materials such as OP-GaAs and OP-GaP are also reviewed
systematically. In summary, we review the above-mentioned attractive properties of these materials such as in the unique

capabilities, the crystal growth, and the output power in the MIR and FIR region.

Keywords: infrared laser, nonlinear optical crystals, research progress
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Fig. 1. (a) High-order harmonic emission of atoms irradiated by laser pulses; (b) harmonic spectra calculated from az<o(t); (c) har-

monic spectra calculated from ag>0(t); (d) the comparison of three harmonic spectra.
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2) (Jilin Provincial Key Laboratory of Applied Atomic and Molecular Spectroscopy, Institute of

Atomic and Molecular Physics, Jilin University, Changchun 130012, China)
( Received 22 May 2019; revised manuscript received 14 June 2019 )

Abstract

The higher-order harmonics generated from an atom irradiated by ultarashort laser pulses is one of the
important ways to obtain ultrashort attosecond pulses and coherent XUV sources. In order to produce a high-
inntensity XUV source, one needs to study the mechanism of harmonic generation. The mechanism of the
atomic high harmonic generation can be well understood by the semi-classical three-step model. First, the
electron tunnels the barrier formed by the atomic potential and laser electric field, and then it propagates freely
in the laser field and can be driven back to the mother ion where it recombines with the ground state of ion.
Although the cutoff energy of the high harmonic can be predicted by this model, it cannot provide more
information about the harmonic efficiency and the spectral structure. Recently, the generation mechanism of
high harmonic has been studied by using the Bohmian trajectory scheme based on the time dependent wave
packet. It is found that the harmonic structure can be reconstructed qualitatively by using a single Bohmian
trajectory. The more accurate structure of harmonic spectrum needs more Bohmian trajectories. The calculation
of these trajectories requires a lot of computation resources because the trajectory calculation is from the
numerical solution for the time-dependent Schrodinger equation. In this work, we numerically solve the time-
dependent Schrodinger equation of a model atom irradiated by ultrashort laser pulses. The time-dependent
dipole moments at different spatial locations are calculated from the time-dependent wave function. The
harmonic spectra are calculated from the Fourier transform of the time dipole moments. The harmonic spectra
of different spatial locations show that the main emission positions of harmonic emission are near the nuclear
region. One can observe the odd- and even-order harmonics at the different spatial positions. There has a larger
radiation intensity for the integer-order harmonic. For the odd-order harmonics, their harmonic phases are the
same on both sides of z = 0. For the even-order harmonics, their harmonic phases each have a pi difference on
both side of z = 0. By using the filtering scheme, we analyze the phases of an harmonic at different spatial
locations. It is found that the phase difference leads the odd-order harmonics to increase and the even-order
harmonics to disappear. These findings contribute to the understanding of the physical mechanism of higher

harmonic generated from an atom irradiated by strong laser pulses.

Keywords: high-order harmonic emission, spatial distribution, wave packet

PACS: 32.80.Rm, 42.50.Hz DOI: 10.7498 /aps.68.20190790
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Fig. 2. Atomic structures and band structures of graphene (a), (b) ¥, MoS, (c), (d) ¥, BiySe; (e), (f)” and BP (g), (h)®. Reprin-
ted by permission from Ref. [8]. Copyright 2014 Nature Publishing Group. Reprinted by permission from Ref. [10]. Copyright 2009

Nature Publishing Group.
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Fig. 3. Fabrication methods of two-dimensional materials.
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Fig. 4. (a) Schematic of the Z-scan measurement setup with permission from Ref. [18] @ The Optical Society. (b) Schematic of the

two-arm measurement setup. Reprinted by permission from Ref. [19]. Copyright 2017 Nature Publishing Group.
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Fig. 5. Incorporation schemes for two-dimensional materials: (a) Transferring two-dimensional materials on quartz; (b) transferring

two-dimensional materials on high reflection mirror; (c) sandwiching structure; transferring or depositing SA on (d) fiber end,

(e) tapered fiber and (f) D-typed fiber.
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Table 1.  Performance summary of mode-locked fiber lasers based on graphene, TIs, TMDs and BP.

Material type Fabrication method A/nm Pulse width Repetition rate Energy Ref.
CVD 1069.8 580 ps 0.9 MHz 0.41 nJ [26]

CVD 1559.12 432.47 fs 25.51 MHz 0.09 nJ [27]

CVD 1565.3 148 fs 101 MHz 15 pJ (28]

CVD 1545 88 fs 21.15 MHz 71 pJ [29]

CVD 1531.3 1.21 ps 1.88 MHz — 30]

CVD 1559.34 345 fs 54.28 MHz 38.7 pJ (31]

CVD 1561 1.23 ps 2.54 MHz 32]

CVD 1576 415 fs 6.84 MHz 7.3 nJ (33]

G LPE 1550 29 fs 18.67 MHz 2.8 nJ [20]
G ME 1567 220 fs 15.7 MHz 83 pJ (34]
— 1554 168 fs 63 MHz 55 pJ [35]

ME 1560 900 fs 2.22 GHz — [22]

— 1560 992 fs 0.49 GHz — (36]

LPE 1525—1559 1 ps 8 MHz 125 pJ [37]

CVD 1945 205 fs 58.87 MHz 220 pJ (38]

— 2060 190 fs 20.98 MHz 2.55 nJ (39]

CVD 2780 42 ps 25.4 MHz 0.7 nJ [40]

GO — 1556.5 615 fs 17.09 MHz — [41]
Graphene-Bi,Te; CVD 1565.6 1.17 ps 6.91 MHz — [42]
PM 1031.7 46 ps 44.6 MHz 0.76 nJ [43]

PM 1600 360 fs 35.45 MHz 24.3 pJ [44]

PM 1557.5 660 fs 12.5 MHz 0.14 nJ [45]

) LPE 1571 579 fs 12.54 MHz 127 pJ [46]
BhSe, LPE 1559 245 fs 202.7 MHz 37 nJ [47]
HM 1610 0.7 ns 640.9 MHz 481 pJ (48]

PM 1557—1565 1.57 ps 1.21 MHz — [49]

LPE 1567/1568 22 ps 8.83 MHz 1.1nJ [50]

ME 1057.82 230 ps 1.44 MHz 0.6 nJ [51]

HM 1064.47 960 ps 1.11 MHz — [52]

ME 1547 600 fs 15.11 MHz 53 pJ [53]

PLD 1560.8 286 fs 18.55 MHz 0.03 nJ [54]

s BiyTes HM 1557 1100 fs 8.635 MHz 29 pJ [55]
PLD 1562.4 320 fs 2.95 GHz — [24]

1557.4 3.42 ps 388 MHz [56]

ME 1935 795 fs 27.9 MHz 36 pJ [57]

— 1909.5 1.26 ps 21.5 MHz — (58]

LPE 1556 449 fs 22.13 MHz 39.6 pJ [59]

ME 1564 125 fs 22.4 MHz 44.6 pJ [60]

ME 1561 270 fs 34.58 MHz 0.03 nJ [61]

SbyTes DFT 1568.6 195 fs 33 MHz 0.27 nJ [62]
ME 1565 128 fs 22.32 MHz 45 pJ [15]

MS 1558 167 fs 25.38 MHz 0.21 nJ [63]

PLD 1542 70 fs 95.4 MHz — 23]
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Table 1 (continued). Performance summary of mode-locked fiber lasers based on graphene, TIs, TMDs and BP.

Material type Fabrication method A/nm Pulse width Repetition rate Energy Ref.
MS 1560 288 fs 41.4 MHz 0.04 pJ [64]
LPE 1550 595 fs — — [65]
PLD 1560 220 fs [66]
WS, LPE 1561/1563 369/563 24.93/20.39 MHz 70/136 pJ [67]
CVD 1565 332 fs 31.11 MHz 14 pJ [68]

PLD 1559.7 452 fs 1.04 GHz 10.9 pJ
PLD 1558.54 585—605 fs 8.83 MHz 1.14 nJ [66]
LPE 1941 1.3 ps 34.8 MHz 172 pJ [69]
HM 1054.3 800 ps 7 MHz 1.31nJ [70]
HM 1569.5 710 fs 12.09 MHz 0.147 nJ [71]
ME 1550 200 fs 14.53 MHz — [72]
PLD 1561 246 fs 101.4 MHz 1.2 nJ [73]
T™MDs o LPE 1573.7 630 fs 27.1 MHz 0.141 nJ [74]
HM 1556.8 3 ps 2.5 GHz 2 pJ [75]
LPE 1530.4 1.2 ps 125 MHz 344 pJ [76]
LPE 1555.6 737 fs 3.27 GHz 7 pJ [21]
LPE 1535—1565 0.96—7.1 ps 12.99 MHz — [77]
MS 1915.5 1.25 ps 18.72 MHz — [78]
WSe, CVD 1557.4 163.5 fs 63.13 MHz 451 pJ [79]
CVD 1863.96 1.16 ps 11.36 MHz 2.9 nJ [80]
MoSe, LPE 1912 920 fs 18.21 MHz — [81]
$nS, LPE 1062.66 656 ps 39.33 MHz 57 pJ [82]
LPE 1562.01 623 fs 29.33 MHz 41 pJ [83]
Res, CVD 1564 1.25 ps 3.43 MHz — 84]
LPE 1558.6 1.6 ps 5.48 MHz 73 pJ [85]
ME 1085.5 7.54 ps 13.5 MHz 5.93 nJ [86]
LPE 1030.6 400 ps 46.3 MHz 0.70 nJ [87]
LPE 1555 102 fs 23.9 MHz 0.08 nJ [25]
LPE 1562 1236 fs 5.426 MHz — [88]
LPE 1549—1575 280 fs 60.5 MHz [89]
ME 1560.7 570 fs 6.88 MHz 0.74 nJ [16]
LPE 1559.5 670 fs 8.77 MHz — [90]
ME 1558.7 786 fs 14.7 MHz 0.11 nJ [91]
ME 1571.4 946 fs 5.96 MHz — [14]
BP ME 1560.5 272 fs 28.2 MHz 23 nJ [92]
LPE 1532—1570 940 fs 4.96 MHz 1.1nJ [93]
LPE 1562.8 291 fs 10.36 MHz — [94]
LPE 1562 635 fs 12.5 MHz — [95]
LPE 1555 687 fs 37.8 MHz [96]

LPE 1561.7 882 fs 5.47 MHz —

LPE 1533 — 20.82 MHz 0.07 nJ [97]
ME 1910 739 fs 36.8 MHz 0.05 nJ [98]
LPE 1898 1580 fs 19.2 MHz 440 pJ [99]
LPE 2094 1300 fs 290 MHz 0.39 nJ (100]

#: LPE, liquid-phase exfoliation; CVD, chemical vapor deposition; ME, mechanical exfoliation; MS, magnetron sputtering; PLD,
pulsed laser deposition; HM, hydrothermal method; DFT, direct fusion technique; PM, polyol method; G, graphene; GO, graphene
oxide.
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Fig. 6. (a) Scattergram of pulse width and repetition rate of fiber lasers. (b) Intensity autocorrelation trace, fitted with a sech? pro-

file. Both seed and compressed traces are normalized to 1. Selected from Ref. [20]. (¢) Measured oscilloscope traces of the 212th-har-

monic-output optical pulses with permission from Ref. [21] © The Optical Society. (d) Measured autocorrelation traces of the out-

put pulses at the maximum harmonic order with permission from Ref. [21] © The Optical Society. (e) Typical oscilloscope pulse

trains of mode-locking. Reprinted by permission from Ref. [103]. Copyright 2018 Wiley-VCH Verlag. (f) Autocorrelation trace with
a sech? fitting. Reprinted by permission from Ref. [103]. Copyright 2018 Wiley-VCH Verla.
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Table 2. Performance summary of @-switched fiber lasers based on graphene, TIs, TMDs and BP.

Material type Fabrication methods A Pulse width Repetation rate Energy  Ref.
— 1075 nm 70 ns 257 kHz 46 nJ  [107]
— 1192.6 nm 800 ps 111 kHz 0.44 uJ  [106]
CVD 1560 nm 2.06 ps 73.06 kHz 93.7nJ [108]
¢ HM 1561 nm 4.0 ps 27.2 kHz 29 nJ [109]
G LPE 1555 nm 2 ps 103 kHz 40 nJ  [110]
— 2.78 pm 2.9 s 37.2 kHz 1.67 03 [111]
— 1558 nm 2.3 ps 123.5 kHz 1.68 nJ [112]
GO CVD 1044 nm 1.7 ps 215 kHz 8.37nJ  [113]
2032 nm 3.8 ps 45 kHz 6.71 nJ  [114]
LPE 604 nm 494 ns 187.4 kHz 3.1nJ [115]
LPE 635 nm 244 ns 454.5 kHz 22.3nJ [116]
LPE 1.06 pm 1.95 ps 29.1 kHz 17.9nJ  [117]
Bise, HM 1562.27 nm 1.6 ps 53.7 kiz 0.08 nJ  [118]
PM 1.5 pm 13.4 ps 12.88 kHz 13.3nJ  [119]
LPE 1.55 pm 2.54 ps 212 kHz [120]
LPE 1530.3 nm 24 s 40.1 kHz 39.8 nJ [121]
s LPE 1.98 pm 4.18 ps 26.8 kHz 313 nJ  [122]
ME 1559 nm 4.88 s 21.24 kHz 89.9 nJ [123]
Bi, Te, SM 1557.5 nm 3.71 ps 49.40 kHz 2.8 pJ  [124]
LPE 1.5 pm 13 ps 12.82 kHz 15p  [125)
ME 1.56 pm 2.81 ps 42.8 kHz 12.7nJ  [126]
SbyTes MS 1530—1570 nm 400 ns 338 kHz 18 nJ [127]
SnS, — 1532.7 nm 510 ns 233 kHz 40 nJ  [128]
LPE 604 nm 602 ns 118.4 kHz 55nJ  [129]
LPE 635 nm 200 ns 512 kHz 28.7nJ  [130]
LPE 1030—1070 nm 2.88 ps 89 kHz 126 nJ  [131]
HM 1.56 pm 3.2 ps 91.7 kHz 17nJ  [132]
TEM 1550—1575 nm 6 ps 22 kHz 150 nJ  [133]
CVD 1529—1570 nm 1.92 ps 114.8 kHz 8.2nJ  [134]
TMDs MoS, LPE 1519—1567 nm 3.3 ps 43.47 kHz 160 nJ  [135]
PLD 1549.8 nm 660 ns 131 kHz 152 nJ  [136]
CcVD 1549.9 nm 1.66 ps 173 kHz 27.2 0] [137]
LPE 1550 nm 9.92 pus 41.45 kHz 184 nJ  [138]
LPE 1.06 pm 5.8 s 28.9 kHz 32.6 nJ  [139]

1.56 pm 5.4 ps 27 kHz 63.2 nJ

2.03 pm 1.76 s 48.1 kHz 1pd

LPE 604 nm 435 ns 132.2 kHz 6.4nJ [129]
CVD 1027—1065 nm 1.65 ps 97 kHz — [140]
LPE 1030 nm 3.2 ps 36.7 kHz 13.6 nJ  [141]
TMDs WS, LPE 1.5 pm 0.71 ps 134 kHz 190 [142)
LPE 1558 nm 1.1 ps 97 kHz 179 nJ  [141]
LPE 1547.5 nm 958 ns 120 kHz 44 nJ [143]
LPE 1550 nm 3.966 ps 77.92 kHz 1.2 pJ  [13§]
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Performance summary of @-switched fiber lasers based on graphene, TIs, TMDs and BP.

Material type Fabrication methods A Pulse width Repetation rate Energy Ref.
635.4 nm 240 ns 555 kHz 11.1 nJ [130]
LPE

1060 nm 2.8 ps 60 kHz 116 nJ
MoSe, 1566 nm 4.8 us 35.4 kHz 825 nJ [144]

e 1924 nm 5.5 pus 21.8 kHz 42 nJ

TDMs

LPE 1550 nm 4.04 ps 66.8 kHz 369 nJ [138]
WSe, LPE 1550 nm 4.06 ps 85.36 kHz 485 nJ [138]
WSe, LPE 1560 nm 3.1 ps 49.6 kHz 33.2nJ [145]
TiSe, CVD 1530 nm 1.12 ps 154 kHz 75 nJ [146]
LPE 635 nm 383 ns 409.8 kHz 27.6 nJ [147]
ME 1064.7 nm 2.0 ps 76 kHz 17.8 nJ [148]
ME 1.0 pm 1.16 ps 58.73 kHz 2.09 nJ [149]
BP LPE 1.5 pm 1.36 ps 82.64 kHz 148 nJ [150]
ME 1561 nm 2.96 ps 34.32 kHz 194 nJ [151]
ME 1562.8 nm 10.32 ps 15.78 kHz 94.3 nJ [14]
LPE 1912 nm 731 ps 113.3 kHz 632 nJ [152]

#E: SM, solvothermal method; TEM, thermal evaporation method.

GAB, Yb:CLGGG, Yb:KLuW, Yb:LuPO,, Yb:
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Table 3.  Performance summary of mode-locked solid-state lasers based on graphene, TIs, TMDs and BP.
Material Fabrication Integration Bulk laser Center Pulse Repetition Output Ref.
method substrate crystal wavelength width rate power
CVD Quartz Ti:Sapphire 800 nm 63 fs 99.4 MHz 480 mW [154]
LPE Quartz Yb:YAG 1064 nm 4 ps 88 MHz 100 mW [155]
VD GM Yh:YCOB 1.0 pm 152 fs — — [156]
CVD Quartz Yb:SC,ySi05 1062.8 nm 14 ps 90.7 MHz 480 mW [157]
VEM Quartz Nd:YVO4 1064 nm 8.8 ps 84 MHz 3.06 W [158]
CVD Sapphire Yb:KGW 1032 nm 325 fs 66.3 MHz 1.78 W [159]
LPE DM Nd:GdVO, 1064 nm 16 ps 43 MHz 360 MW [160]
CVD Glass Yb:Y:CaF, 1051 nm 4.8 ps 60 MHz 370 mW [161]
CcVD Glass Yb:Y,Si05 10426 nm 883 fs 87 MHz 1w [162]
¢ LPE DM Yb:KGW 1031.1 nm 428 fs 86 MHz 504 mW [163]
LPE DM Nd;GdVO, 1.34 pm 11 ps 100 MHz 1.29 W [164]
CVD Quartz Cr:YAG 1516 nm 91 fs — 100 mW [165]
CVD GM Tm:CLNGG 2.0 pm 354 fs — NA [156]
CVD DM Tm:CLNGG 2014.4 nm 882 fs 95 MHz 60 mW [166]
LPE Quartz Tm:YAP 2023 nm <10 ps 71.8 MHz 268 mW [167)
CVD HRM Cr:ZnS 2400 nm 41 fs 108 MHz 250 mW [168]
CVD HRM Tm:CLNGG 2018 nm 729 fs 98.7 MHz 178 mW [169]
CVD Quartz Tm:YAP 1988 nm — 62.38 MHz 256 mW [170]
VEM Quartz Nd:GdVO, 1064 nm 4.5 ps 70 MHz 1.1W [171]
o VEM Quartz Yb:Y,Si05 1059 nm 763 fs 94 MHz 700 mW [172]
Bi,Te, SCCA Sapphire Nd:YVO, 1064 nm 8 ps 0.98 GHz 180 mW [173]
MoS, PLD Quartz Pr:GdLiF, 522 nm 46 ps 101.4 MHz 10 mW [153]
MoS,/G PLD HRM Yb:KYW 1037.2 nm 236 fs 41.84 MHz 550 mW [174]
MoS,/GO LPE DM Nd:GdVO, 1064 nm 17 ps 1.02 GHz 508 mW [175]
LPE DM Nd:GdVO, 1064 nm 6.1 ps 140 MHz 460 mW [176]
LPE HRM Yb,Lu:CALGO  1053.4 nm 272 fs 63.3 MHz 820 mW [177]
bP LPE Quartz Nd;GdVO, 1.34 pm 9.24 ps 58.14 MHz 350 mW [178]
LPE — Ho,Pr:ZBLAN 2.8 pm 8.6 ps 13.98 MHz 87.8 mW [179]

#E: VEM, vertical evaporation method; SCCA, spin coating—coreduction approach; DM, dielectric mirror; HRM, high reflective

mirror.
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1 BP BAT SE SR, ABATI7E 2—3 pm B 15 B fe S K 52 53931 O 157, 220 1 181 ns. Bl 3T
T T QWOL, T X =M, I QoL JUAEB MR AS BT HH B, B67 | 4008 Al MXene 45

F4 fE2—3 pm EECF, T A M, Tls. TMDs, BP B Q BHAROGIR e 45
Table 4.  Performance summary of @-switched solid-state lasers based on graphene, TIs, TMDs and BP at the wavelength

of 2 -3 pm.
— Quartz Ho:YAG 2097 nm 2.6 ps 64 kHz 264 mW  [180]
— Quartz Tm:LGGG 2003 nm 1.29us 43.9 kHz 140 mW  [181]
EG SiC Cr:ZnSe 2.4 pm 157 ns 169 kHz 256 mW  [182]
CVD CaF, Er:Y,04 2.7 pm 296 ns 44.2 kHz 114 mW  [183]
¢ — HRM Er:ZBLAN 2.78 pm 2.9 ps 37 kHz 62 mW [111]
CVD Quartz Er:CaF, 2.8 pm 1.3 ps 62.7 kHz 172 mW  [184]
CVD Sapphire Ho,Pr:LLF 2.95 pm 937 ns 55.7 kHz 172 mW  [185]
LPE HRM Ho:ZBLAN 3.0 pm 1.2 ps 92 kHz 102 mW  [186]
LPE — Tm:Y:CaF, 1969 nm 1.32us 202 kHz 400 mW  [187]
Go LPE Quartz Tm:YLF 1928 nm 1.0 ps 38 kHz 379 mW  [188]
Bi,Te, LPE Quartz Tm:LuAG 2023.6 nm 620 ns 118 kHz 2.03 W  [189]
HEM CaFy Ho:ZBLAN 2.979 pm 1.4 ps 81.96 kHz 327 mW  [190]
s Bi,Tey/G - S0, Tm:YAP 1980 nm 238 ns 108 kHz 2.34 W 191]
Er:YSGG 2796 nm 243 ns 88 kHz 110 mW
PLD Quartz Tm:Ho:YGG 2.1 pm 410 ns 149 kHz 206 mW  [192]
PLD GM Tm:CLNGG 1979 nm 4.8 ps 110 kHz 62 mW (193]
LPE DM Tm:CYAO 1850 nm 0.5 ps 84.9 kHz 490 mW  [194]
MoS, LPE Glass Tm,Ho:YAP 2129 nm 435 ns 55 kHz 275 mW  [195]
LPE YAG Er:LuyOy 2.84 pm 335 ns 121 kHz 1.03 W [196]
CVD YAG Ho,Pr:LLF 2.95 pm 621 ns 85.8 kHz 70 mW  [197]
TMDs — — Tm:GdVO, 1902 nm 0.8 ps 49.1 kHz 100 mW  [198]
MoS,/BP LPE SAMs Tm:YAP 1993 nm 488 ns 86 kHz 3.6 W [199]
Res, LPE Sapphire Er:YSGG 2.8 pm 324 ns 126 kHz 104 mW  [200]
LPE YAG Er:SrF, 2.79 pm 508 ns 49 kHz 580 mW  [201]
TD Si0, Tm:LuAG 2.0 pm 660 ns 62 kHz 1.08 W [202]
WS, SGM HRM Ho’*/Pr3+:ZBLAN 2.86 pm 1.73 us 131 kHz 48 mW [203]
LPE YAG Ho,Pr,LLF 2.95 pm 654 ns 90.4 kHz 82 mW [204]
ME Quartz Tm:Ho:YAG 2.1 pm 636 ns 122 kHz 27 mW  [205]
LPE Quartz Tm:YAP 1988 nm 1.8 us 19.3kHz 151 mW  [200]
LPE DM Tm:YAP 1969 nm 181 ns 81 kHz 3.1W [207]
ME HRM Tm:YAG 2 pm 3.12 us 11.6 kHz 38 mW [208]
LPE — Ho:ZBLAN 2.9 pm 2.4 ps 62.5 kHz 309 mW  [179]
LPE DM Cr:ZnSe 2.4 pm 189 ns 176 kHz 36 mW  [209]
BP LPE - Er:CaF, 2.8 pm 955ns  41.9kHz 178 mW  [210]
LPE GM Tm:CaYAIO, 1.93 pm 3.1 ps 17.7 kHz 12mW  [211]
LPE GM Er:Y,04 2.72 pm 4.5 ps 12.6 kHz 6 mW [211]
LPE Silicon Er:SrF, 2.79 pm 702 ns 77 kHz 180 mW  [212]
LPE — Er:ZBLAN 2.8 pm 1.2 ps 63 kHz 485 mW  [213]
LPE Silicon Er:CaF, 2.8 pm 955 ns 41.9kHz 178 mW  [210]
LPE CaF, Ho ,Pr:LLF 2.95 pm 194 ns 159 kHz 385 mW  [214]

#: SGM, sulfidation grown method; GM, gold mirror.
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Fig. 7. (a) Layered BP solution; (b) nonlinear transmission of BP SA; (c) passively mode-locked Ho**/Pr** co-doped fluoride fiber
laser; (d) autocorrelation trace of the mode-locked pulses. Reprinted by permission from Ref. [179]. Copyright 2016 Nature Publish-

ing Group.
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Abstract

Ultrafast pulse laser has been widely used in many fields, such as optical communications, military and
materials processing. Semiconductor saturable absorber mirror (SESAM) serving as a saturable absorber is an
effective way to obtain ultrafast pulse laser with ps-level pulse width. The SESAM needs specially designing to
meet different wavelength operations. And the low damage threshold and high fabrication cost of SESAM
hinder its development. Exploring novel materials is becoming a hot topic to overcome these drawbacks and
obtain ultrafast laser with excellent performance. The discovery of graphene opens the door for two-dimensional
nanomaterials due to the unique photoelectric properties of layered materials. Subsequently, two-dimensional
(2D) materials such as topological insulators, transition metal sulfides, and black phosphorus are reported.
These materials are used as saturable absorber to obtain a pulsed laser. In this paper, we summarize the
research status of fiber lasers and solid-state lasers based on 2D materials in recent years. The development
status of the lasers in terms of central wavelength, pulse width, repetition frequency, pulse energy and output
power are discussed. Finally, the summary and outlook are given. We believe that nonlinear optical devices

based on 2D materials will be rapidly developed in the future several decades

Keywords: two-dimensional materials, fiber lasers, solid-state lasers
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Fig. 1. Crystal structure model of KBBF family.
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Fig. 2. Second harmonic generation evolution from KBBF
to PbyBOsI.
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Fig. 4. Ball-and-stick representationsof AZn,BO3X, (A=K, Rb,NH,)series!%-81: (a) NH,Zn,BO3Cly; (b) KZnyBO3Cly; (¢) RbZnyBO5Cl,.

-Rb,Al,B,0,
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Fig. 5. Ball-and-stick representations of KABO series”52: (a) K,A1,B,07; (b) B-RbyAl,B,0,.
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o Sr (a)

9. © 100"

o Ba :

o © 6 6

- B : : =
Be**—>Mg**

Or ® 10 10
-0 o060

LOOO

*0 ‘@

Sr,Be,B,0,

B 6 BagMgy(BO;)sF; A4k by i #4157
Fig. 6. Ball-and-stick representations of BagMg3(BO3)sF3®

Br, MgO,F, /\ififA&d Mg—O 1 Mg—F ({441
[t B—O A TR, (A5 2 )3 B2
YRR 7 S, DT (A2 R 1 2R A K 2T

e I 2 SR R IE S HH BagMg;(BO;)sFs
BATERETIEEL (1843780 nm) | E AR
{H (6.2 GW /cm?) | i& XU (0.045@532 nm) |
BRI REL (dyy = 0.51 pm/V) LI K BAFHY
PFSEPERR, W BRI, A B AR AL

r

o
Ba;Mg;(BO;),F

(a) SryBe,B,07; (b) BagMgs(BO;)sF;
7: (a) SryBeyB,07; (b) BagMgs(BO;3);F 3.

N FELEF MgO,Fy /RN [BOS) > H:H 1 P [F]
BN 5 R, % AR BB A S AR VT L, AR ik
TR, VNS NLO S ARAHRIH T 440
Je . BT L, AR AREEA g | ARECAL MO,
ot MOSF PUTRIA, [5)BEAE 2 18] 5 | A & B A7 PH 2+
(i K, Rb, Sr, Ba 45) ¥4 F| F 4 45 2R &5 44
i) BOy 3 A 78 52 P AT HES, JE s KBBF 45
F4 NLO #48F XM R AH SRR BA5 E R 1 EP

® 1 JREEAE TR KBBF S5 I RRERR 55N NLO APRHASH LA PERE HLEL

Table 1.
connected by ionic bond and hydrogen bond.

Cmparison of structural and optical properties of some deep-UV NLO materials of KBBF family with adjacent layers

EY 23 [ 4ty J I 4% SSMEUED /om dg (KDP)Hidy/pm-V
NaBe,BO,F,20! @ [Be;BOSF,) ., Nat—F- 155 dye = 1.7 x dyyr (NH,H,PO,)
KBe,BO3F, ) R32 [BeyBO3F,] o K+—F- 147 dy; = 0.47 + 0.01
RbBe,BO;F, 2! R32 [Be;BO,F,] ., Rb*—F- 160 dy; = 0.45 + 0.01
CsBe,BO,F, 22 R32 [Bey BO3F) o, Cst—F- 151 dyy =05
NH,Be,BO;F, ) R32 [BeoBO3FY] o N-HF 153 1.2
v -Be,BOsFI R32 [BeyBO3Fy] o Be?t—F- 144.8 2.3

RbZn,BO,Cl,/6381 R32 [Zn,BO4Cly] ., Rb+—ClI- 198 2.9
KZn,BO;Cl, /6381 R32 [ZnyBO4Cly) o +Cl- 193 3.0
NH,Zn,BO;Cl,! R32 [Zn,BO4Cly] ., N—H.Cl 186 2.8
Bey(BO,)F1] 2 [BeyBO3Fy] o Be*—F- 1502 0.25
BaBe,BO,F;4! PG, [Be;BOF,] ., BaX—F- <185 0.1
K,A1,B,O 052 P321 [A13B50¢] AB+—0%* 180 0.45
Ky(1.5Nan,AlLBO*I(0 < z < 0.6) P321 [Al;B50¢] AB+—02- 180 0.45
Ky(1.9Rby, ALLB,O; (0 < 2 < 0.75)  P321 [A1;B30¢] A+ 02 — 0.7
Kq 67Rbj 33A1,B,0, P321 [Al3B304] APBT—0%* 188 0.9
B-Rb,Al,B,0, P321 [A13B304] AB+—0* <200 2.0
BaAIBO,F,/3 P62¢ [AIBO,F,] ., Ba2—F- 165 2.0
RbsAl3B30, FBY P3¢ [Al3(BO;)OF].,  APB+F-APB+—-02 <200 1.2
BaZnBO,F01 PG [ZnBO4F]., Zn?—0%* — 3 X dyy
BagMg;(BOj),F 5 Pna2; [MgzO,F3(BO;),] = Ba?t—F~ 184 dg3 = 0.51

TE: FAra it aa(E.
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2.1.3 % KBBF ®Z £ 4#) NLO 44k

SBBO % Ji% 1) 3 7% 45 ¥4 B 50 4 [ M, (BOs3),
(O/F)](M = Be, Al) XUz (W& 7), 1 MBO; H
JZif it AL O/F JRF i i, s Fh i =X
AR FRRSF R ER. B R EY T,
[Be,BOF] #2245 i, T [My(BO3),0]., (M = Be,
Al) BUZ, X f#15F KBBF 2R ST PS5 T #
Kk, I H il T [ My(BO3)50) o BUZ H B A4
MNEL S T A BO; KU, HAGBIRO dis 2]
TR BYRE . EIRIZS AR Y J2 [ B A K
T KBBF, {HEZRUZ=Z50 i 2015 2 R 455 1
W, A e KBBF 2R A K S A T B 4
. BE S B 9E & LR SBBO 1A W By 45 4
[My(BO;),0] o XWUZ H T AAAEZ R IR ], SRR
SEH 22 BRI, HOGAE I — Ve 22, IR T H
H. 2011 4, PRENR S04 Rt 4 m 2 &
FHES 5 I A B SIPRRER b, AR AR/ INT B4
J& I3k Bl 3 XUZE SBBO 2 i) g /NAS ], 77 A —
RV H LS MM Be,BoyOgF (M = Na fll M =
Ca; M =K Ml M = Ca, Sr), 7 MM Be,B,OF

@Sr

@Be
@Ba

Sr,Be,B,0-

Z AR AN ER T SBBO 45k 22 3R ) A
WERIE T REFAER M, Hirf NaCaBe,B,OgF
HATHAFH) NLO HEREFIR S5 ML, NaCaBe,B,
OgF 5 KBBF #h R A LAY SR S5 1, fr i
VAT T ab H ) (BeoBO3F,) o M4 KRB 22, H
T BO,P - 3 HES J5 10— 2L, J2 52 Z 18] th AN
B 4 J BH 25 24X, 7E0-+F KBBF JZARE5H4 Fi
PR YEAPERE R RIS, 8 A b 2 6] VE ok kst
AR AR AR ST sl SR /R A
YER 15 L2 B4R H 1 2528 KBBF 1Y 5.26 £
5 F R A TR B, SR A R R, J2 R AR
K PEIE RS2 4R, NaCaBe,B,OgF 45 2251 41K}
H BT ASGE I IR L 40 NLO [ FH TR 28t
RHOF P ERE BAs e 2 .

% AR S BSILE 4 KBBF Al SBBO AU A, H)
FHBCALBE ST AIIE AY Lit A ABTEBUL Be2t, sizhikit
G T KyBagLi,AlBsOoF (KBLABF). KBLABF
1) [LiyAlBsOgoF] o BUZ S5 M FEAREE T SBBO 1Y
gEFL ., FZ M R A Ba—O B PSR, 2
6] % 3 71 29 KBBF (19 4 1%, A R08E 720k

© 0 O
h&‘o—é)w
© O
g d
t ot ¢
e e
© O
s
© © O

BaAl,B,0-

Bl 7  SrBe,B,0; Fl BaAl,B,O, A 4h ki 5l
Fig. 7. Ball-and-stick representations of SryBe;B,O; and BaAl,B,04.

# 2 SBBO BIBARRELRLESN NLO #R IS A2 RE L
Table 2.  Comparison of structural and optical properties of some deep-UV NLO materials of SBBO family.

U=l 25 AR 4ty JZiER: %Mk /am FEIFRY (KDP) 8 d;;/pm- V"

SryBe,B,0,*) P6c2 [Bey(BO3)50] Sr2+—02- 155 2.5
BayBe,B,0,10:73 P62c [Bey(BO3)50] Ba2t—Q2 215 2.0

BaAlLB,0;* R32 [AlBGO1s) AB+—02- — dyy = 0.75
NaCaBe,B,0¢F!*! Ce [BesB306F3] Cat—02~ 190 0.3
K;BasLiy Al B0y FI5 P62c  [LibAlBgOyF].  Ba*—0> 190 15
Rb,BagLiy Al BgOq FI) P62c  [LibALBOyFl.  Ba2 0> 195 1.4

K;Sr3Lis AL B0 F 7 R32 [LisALiBsOF] Sr2t—02- 190 1.7 (0.9)
Cs,Aly(B306),01") PG, [Aly(B306),0] APB+—0%* 185 dyy = 0.032
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ARSI WK 1A KBLABF fRTE ¢ J5
FJEEBE B ik 8 mm, #83d T KBBF HATHYHR KA
KJE R (3.7 mm). KBLABF [ 44k 110 29
190 nm, 7E 1064 nm &k i NLO 5 45 %% b 29 A
KDP () 1.5 £ HAHVCHEL. Ffif5, 2 ZEAEY 8L 5)
AT P A A5 PO o o0 3 AR BT LT[R B 5 Bl
T RbyBagLiyAlBsOyoF it i . I rpr Ay 3t A5 55 A
K T RRSFHRE (12 mm x 8 mm X 7.6 mm),
¢ J7 1) JEE E F v K 7.6 mm, OG0 405 B oK T

QL
[+ B
°Sr
°Ba

K,Sr,Li,AL,B,O, F

1 GW /em?, 53RN R 1.5 £5 KDP. K,SrsLisAly
B0y FP15 KBLABF fiARFM, Mtk T EA
W A2 A E B, K5SrsLis Al B4OoF M KBBF )
[BeaBO3F,] o Y B 22 8 45 47 [Liy Al BOg0F] o X2,
JZIEHE B M 0.7752 nm 45 %8 £ 0.44269 nm, it
PECAER ) /Al BAE N i R RIVE T 2y
b KBBF 1 4.52 15, J24RAE K > A 01 &0 ole s
(WAl 8). 1% ZR 5 A B T R XA LR/,
SRS AAIG, Bt petesE.

K,Ba,Li,Al,B,O,F

8 K;SryLiyAlBgOyF Fll K3BayLizAlLiBeOyF (KBLABF) (¥ ffy {4 25 #4511
Fig. 8. Ball-and-stick representations of K3Sr3LiyAlBsOyF and K3BasLi,Al;BOqF (KBLABF).

J T 5 BeO FEA WP B, 7 SBBO H
A Ba il Al LRI T Sr Al Be, B 74502
I T BaAl,B,O; ik (R32), & HA KM
F SBBO WIXUZEEH [AlgB¢O1s] ., Ba2t7E )2 [H]4E
R A, [AlgBgO1o] » MUZH Al—O BEAFERII
ANALB;Og] o B Z 4. 15 [AL B3Oy o B2 1,
A~ AlO, P IA S =4~ [BOS] 3~k 4118 i 3 £ % 4%
R IR A P Al [BO S P 45 St i 47 HES
A T 7= A KR 2 AR AR, . FRE T NLO
RN I B | BaAlB,O, ) NLO 2% dy,=
0.75 pm/V, X4 R K 0.063, i ESIEH T1/
i A VR S 2 MR H O 25 KBBF
() 3 ff, RAERK IR T — @ B G,

ARFT Uiy A5 1901388 o B 14 7 v s iR RLAE
K THE—BIET (B304)* HALE A ATCHIZE KBBF
4k ¥ SBBO  ff /& Cs,Aly(B304),0 (CABO),
SBBO ' Be(BO3);0 VU T & # Al(B30g)50 VU I
g R, E @ AL-O fAH % . BEE LM
Al-O HERYHE5E, CABO SRR RSN 1] LAEE
5] 185 nm. 1T (B304)3 FEHI 1 A1O, VY i {4
(4 % $2 45 244 58 T SBBO B AU 1 %, #7987

SBBO Ay B 56 5 | {#i15 SBBO § 44 ity #H 437 DL i
XA IA 3 TR AP,

2.1.4  AAMBR %

il R G I NLO fhiA A B HE AR ] A
Tl AT REEAT 52 (1945 B HIR Y NLO %K, X
[l i B4 B0l 9 XU 8 3, BIERARAE K AT PR
NLO g R B0 — Pk, ZERGEH T T
2¢ KBBF Bl #h i1 B 52 /b NLO #1RHRY AR
P G T I ZU A1 95 5 SR AL R L Al
B YT LIAE SR Z B IR 5 4h NLO #1BH A
. U RO U ok X [BO o B A1 #1718
Wil BOF, J@)- (2= 1, 2, 3) JEAL:Hy 2
JC, X FHARME T DL A 2 A R B S AL A A
4 R ST Y [B3O5F 63— — 4k 85 IR 19 [BOF,-,
[BoOSF]*=, [B3O4F,*~; — 4k J= IR (1 [BoOgF, -,
[BiOgF]™,  [B4OgFy*~,  [BsO7Fs]*,  [BsOgFy)*~,
[BsOgF]™, [BeOgFy* FI[BsOgFs)*~, LA =4t MR
i [B5OgF |2~ F[BgOgF o) >, 125N [F) o ik A 1 i 48
BHERE, AR TEHREINE.

T T 21 5 65138 33 7B 4 LiBgO F X — R 5]
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FAAFO590I) NLO FRPEREST TIRAMFIE, & B 3
TEBREL, 45 92 HA B—F B R AL iR Eh, o

PLGR TR 48 4h NLO J628 4 RE A5 4 R0 1 -85 18 718
FEl- BT 5 23 £ ME B b = ] B R (4n &1 9), 47
MRS M. 7RIt TAESERN -, W Z1 AR 072
% KBBF fHIRIIZSHIRRAE, dE—AAE Ll (BOSF) -
B (BeOsF)™, A& M T MB,OGF % (M =
NHy, Na, K, Rb, Cs) R A}, 81t i 4 2
o TR T 31X — R GRS th 4 2R E5 1
[B4OGF]~ B 3 F AN 7 J2 18] 25 B B 75 /Y BH 3 1
AL (anE 10). Hor, FHESFXF[B,O6F] B e+t
PR R AR S5 b il T LA F PR .
T S AL, X AR s AR
LA (< 190 nm, B4 A3k 155 nm), I H.
W3 R AFATEN 533929 KDP Y 0.8—3.0 4%, i
(XTSRS e TR S M VERL, Horh NH,B,OgF
(4 5 4 DEBC I 0 158 nm. X2 F JE 5] A—
5 T80 T AGRAFI R R 76 48 A 5 O A, 9 —
5 1T BT DASE IR R 2540 45 1) S22k, 4R THAT R A
WA EART . AR O JiT, W FJRFES
F 5 —A~ B IR FAHIE, X B—O M2 45 H
“BYUIME, ol LAFTREAS AT 7= A RT3 e =

ARG R At FE R«

ol o

[BO, + BO,_.F, (¢ = 1-3)]

—_—

I LA P
L TEEASERHES] T R s
9

000000000

H N B O F Na K Rb Cs

Yt B—O ML 2540, SaImah i i) Z R0k, B RT3k
FRFIUTFHeRA5H. [FiNF, 5 KBBF Ak, MB,OGF
1) fb VA G 5 R T N R T e P
(DFT) i85, MB,OgF R &k JZ M 455 e K4
J&= KBBF 1 6 5, JZI1EF I o 230, A s
TEWRARK I, 1Ak, FURIAS & 2 A fb gk, 15
AL R F KBBF, 0] IR LM LR 115
TR R AOR. 25 ERTIR, MBLOGF & SR M &)
LA rERe it R, AR R F IR %4 NLO
mik. R, 5IAUEAR BO, F, (z=1-—3) Wi
AR RER TR KBBF H1 1) BeOsF PUTIA, AU
FITETE B = 25 HE R 2546 1) [R) I DR A BT 53 %6,
7 L T 368 Ao 448 Jon 2 D) R E A P P i/ J2 D B R f
Heah AR T PR X — R BRI A I BE
SE1Ed 3 .

BEAb, 6t USRS Z TSR i 7 R 103 A
Iy IARGE T MBsO,F; (M = Ca, Sr) il MyB,,0,Fs
(M = Ca, Sr) i + 4 J& 501 3 iR £ ¥R 45 7 NLO
i, ZZRINERLEA [B5OF 5] o J2 ARG, kil
HERZHBIR B5OgF 5 FEAR LTI AL, HAT KA
MR, HEA RIFHEEM:. FiJS PbB;OgF !
il NagB0 Fol101102] 85— 22 51 G604k B R £ 4 i 25

— (CE 75
AR T HERAE S M TR
SSURE g T8 45 B
- Hiz
ART - EAE T 5 2
RS

AT R 8 A9 185 1 2% AT~ A <A A3 A0 125 1o 3 - SOU 3 5 3 g O AR 081

Fig. 9. Relationship of active group balance of fluorooxoborates among bandgap, NLO coefficient and birefringence!

68]

oo g Y G

TG T
. : ; e rj‘u{ o
bR sy R LG L oo Yy LAl AL
wFTIT 28 o e S e f ; Sl i Fialry
s Ode Malad ldie T Ades  ald,
L‘i‘q_{‘j L'W’. 387 Lad s & 3 B SR 0 ?Lfrvc? t -~=',{x{ {"1‘4 e
&, 0 _0 0 © ;0 ,0 ,0 ® 0 0 0
¢ 0,8 0 v o 6.9 o-gr‘!__afr‘m‘a
oo 8,10 @ o' 0 ©-0 .0 .0
I--ﬁa oo e i 9 B”Jb ° P eb_io“gr;ggig
tela el ~ofe e o L-e™6"s"6
CBF CKBF CRBF

El 10

MB,OGF 15 S8 AR £ 1 i 0 25 g )

Fig. 10. Crystal structures of the MB,OgF family?2.
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3 FAHFALMARTRIR LS NLO MHRHISSF G4 e
Table 3.  Comparison of structural and optical properties of some fluorooxoborates deep-UV NLO materials.
EY 23 [ 45t R )4 EHMEUEID /nm AR (KDP)

NH,B,0gF®! Pna2, [B4OgF] N—H-F 156 3.0

CsB,OgFI™ Pna2, [B4O¢F] Cst—F- 155 1.9

RbB,OF(™ Pna2, [B,OgF] » Rbt—F- <190 0.8

CsKBgO,F,™ P321 [B4OF] Cs/K+—F~ <190 1.9

CsRbBgO;,F,[™ P62c [B4OgF] Cs/K—F~ <190 1.1

NaB,O4F!™ 2 [B4OF] Nat—F- <180 0.9

SrB;O,F;% <180 1.6
Cme2, [B507F3] Sr¥t—F-

S1B14014F 6" <200 2.5

CaB;0,F4 <180 2.0
Cme2, [B5O7F3] Ca’*—F-

Ca,B o0 Fgl) <200 2.3

K. A, AL SBBO XWUZE S5 HAR T
SR A R T FM B MB,OsF, (M = Pb, Sn),
8 T SBBO H ££ 7 14 W 14 [BegBgO15) o W JZE
H i, PbB,OsF, #l SnB,O,F, B A R ik 1Y — 4
[BO1oF ] o B2, J2 I AT T 3, iR 1
SBBO Z5tg i AFae thml@t. TR T H A&
b2 3 M B 90 FH S 1, PbB,OsF, A1 SnB,O 3F2
FIAEAIEN A T BRI, (HER MR

X T hdA /e 4w AL R & AR LS 67\
24 220 F1 250 nm.

2.2 B—O XprEgiEiE

7 3ifilk KBBF HZARA K TPk, 53 oh—Fil
BRI R B—O U551 K—F &
THAE N Z )4 T 20, AUAT LU i .40 2 ] R
BRI A AR P B 25 JE T [BOJ?— 9 %5 B ke 1
KIMFRER AT R AR, 38 7T LA R0 f A
BHAJZRAER M. BTk — TR, it A
WG T v -KBe,B3O7. iZ A2y KDP
) 0.27 45, LAMEIEIFE 200 nm PAF. v-KBeyB;30,
ZAEN P2y, 851 [Be,BOs) o )2l 12 [B3Og)*~
KIS %3 (A0l 11). Hii [Be,BO;) . 5 KBBF
H [BeoBOSF,) o HH BL, AT LI & K [BesBOsF,) o Y

Ka @

F 8% O WX, i@ PECAE R ) /s s A BLAEFE 13t
EHZ A 1208 KBBF 4 26 135, ZRIE /)
AT RIS, E IR o SR 5E i 5 AR
&)@ Na fl Cs R K, s itH& i 7
Na,CsBeB50,5, HARMRN 2924 KDP 1y 1.17 1.
B T [Be,BOs) o /2 ML, J2 18] 4 35 o fie 6 6]
PR [BOSP~ 36 1A, X 42 07 =0 in T A4t v
PEFETUIY B R, AT T AN . RS, R
KA1 5@ 1 5| A RS [B,Os) -, BN T
Na,Be,B,0,; Fl LiNasBe;sB1,055 W A, HAH
HRASONE 3 B R 1.3 A5 1.4 450 KDP. 7EiX
FiP R, [BO,)* 3 1 RE 78 24 V- 11 )2 9 45 44 Bt
M FE Y25 )2 2 ) A X, —
5 T T [BO) >3 1 119 % B 38 K, B A5 A4k mT
B ELAT B B A AT A5 A R ST S 3% 55—
1, 25 2 Z KEE [BO,) - SEHIE MR, 2
) o K, A AR 2R AR R S MR 3 T
RKFERE RS . X — R B S BE 825 7
4.

2014 47, B EAREOTRE D45 T LiySr(BOs),
(LSBO) i /& #1 % . LSBO J& & 4> ¥ & 40 &
[STBO;| . F T JZ IR 5 41 NLO Sh iR Bk, Horp
[srBo3]w$ﬁ)§£U KBBF 1 1 [Be;BOsF,] )2 ,

(d) (e)

Or
o e R, ) 9 .

S of"",of"‘ ° ol oowo o 7% 53, 7% g N o 098 3% o o0
Cs B o, Bl A0 ¢ e Y Dy
8% Yorvoe ~AoYo orvjerye 740 ope Be
g g e e e ﬁ:’gﬁ!‘«’ﬁ-‘;g e T e :-0-,3-?--!—1*&‘
° of{te{t0 . o}® lei tef " ove{ o

i °A%re 49 red,
— e e - olo L.oec0 Qs S
""*u«""‘"‘: - ﬁﬁﬁxﬁ%ﬁ — et -
3-KBe,B;0; -KBe,B;0- RbBe,B;0: Na,CsBegB:0,5
B 11 JE[E i B—O M5 2 00 R 500 R 5k f AR S5 4

Fig. 11. Crystal structures of the series borates contain B—O covalent bond.
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# 4 JRZNEA B-O M4y KBBF ZSMTIRER A S/ NLO MBI RIZSHFIDE P RE
Table 4. Comparison of structural and optical properties of some deep-UV NLO materials of KBBF family with adjacent layers

connected by rigid B—O groups.

EY 23 [ ERL ) R )4 = EHMEUED /nm FEAAN (KDP)
B-KBe,B;0,14 Pmn2, [Be;BOg) o [BO). <200 0.75
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RbBe,B;0,144 Pmn2, [Be,BOg) o, [BO,) o, <200 0.79

Na,CsBegB;054) 18 [Be,BOg) o [BO] <200 1.17
Na,Be,B,0, 4 P1 [Be,BOg) o, [B,O4] 171 1.30
LiNagBe;yB5045140 Pc [Be,BOs) [B,O5] 169 1.40
Li,Sr(BO;),67 Ce [SrBO4], [B,O5] 186 2.00
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Abstract

The use of nonlinear optical crystal materials to extend the limited range of laser sources to the deep-
ultraviolet (deep-UV, A < 200 nm) regions by various frequency conversion techniques, has become an
attractive field for generating deep-UV light. However, the lack of nonlinear optics (NLO) crystal materials
capable of frequency conversion in the deep-UV light range, limits the development and application of deep-UV
all-solid-state lasers. Therefore, scientists all over the world are actively exploring the new generation of deep-
UV NLO crystal materials. At present, only the KBe,BOsF, (KBBF) crystal is capable of generating deep-UV
light through the direct sixth harmonic generation of the Nd:YAG laser. The infinite ,,[Be,BOsF,|~ single layers,
as the brilliant building blocks in the crystal structures of KBBF family, provide a relatively large second
harmonic generation coefficient (d;; = 0.47 pm/V) and a sufficient birefringence (An = 0.07@1064 nm).
However, the KBBF crystals have insurmountable intrinsic defects, such as the usage of high toxic beryllium
oxide, and the serious layer growth habit, which greatly restrict its commercialization process. Since the layered
structure of the KBBF crystal is still one of the most brilliant structures for generating deep-UV laser, an
effective strategy is to change the interlayer connection mode and develop new NLO materials based on KBBF
with less layering growth habit. In this paper, by reviewing the development history of borate deep-UV NLO
crystals and the derivatives of KBBF, the relationship between layered structure and optical properties of
different interlaminar connections of crystal materials is systematically analyzed. We discuss the main
contradictions and solutions of the development of deep-UV NLO crystal materials which are similar to the
KBBF structure. In order to provide a reference for the innovative exploration of new materials in the future,
several design strategies are also proposed.

Keywords: deep-ultraviolet, nonlinear optical crystals, KBe,BO3F,, second harmonic generation

PACS: 42.70.Mp, 95.85.Mt DOI: 10.7498 /aps.68.20182145
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Fig. 1. (a) Schematic of THG from the silica-based metasurface; (b) a top-view scan electron microscope image of the metasuface;

(c) the schematic diagram of the L-shaped resonators; (d) illustration of experimental set-up.

SEEG R S T R A R 1 R
i P KL AR 15301560 nm ] P 24271 14 4%
WOCEHE Az OGIR, RGBT LGS SHE 5 F
FHAELT AN LI R8T SR AR D St A AR A
A RO = S AR A ) THG 55, #hiz e
VIRl B 957 01 QU Ly oea T e 1 M= 572 o EN
k1 15401560 nm, k58K 8.8 ps, T i
k1 18.5 MHz. i #43R M 2549 N & 19 THG 17

I A LIS, B 2 WOSE IR T (B
W IR A B RS (PMT) SUGHHE AT,
LI LDl KA

3 LHERL5TS

URSIE AR 2 ORI WIS ik A1 2 RIAT S NN
JE G A5 N R A F LIRS, MR O BIUR
R R IR R S 7 e B i B2 (01, (L, A

214207-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 68, No. 21 (2019)

214207

X B RE R T Z5 A IR G2 R AE T, A AR 5 A
SHE I SH IS 0 W E A 2% 1T P 2 A &R
FLHRAON LA B s Je R b K. anlEl 1(d) iR
A SR G %, B FHTTY  J7 i 1) 2 i i 12 252
WOCHE N ASE, 7E 15301560 nm i [ 4 % FE
mn AT A, B R T ASHET R ia 24
FEPE 0.2 mW. [FIET, 43 5RHPIASZLAEHR &5
SRR SRS [ K A S 37 5 LA K B S
JE. I B A SR R AN A 2(a) TR,

1.0 | (a)

0.5

Transmission &
reflectance/arb. units

Wavelength/nm

0 . .
1530 1540 1550 1560

20

15

10 +

THG power/arb. units

15

10

Wavelength/nm

THG intensity/arb. units

510 515 520
Wavelength/nm

T 1548 nm P AL, 5 i A0 S S 4300
BN AE R IME A, FEBRZE 1 U YGTEZ
RSP R . Bt rT AR Y K 1548 nm
B, ] R R B TT T R SRR, Je PRI i
5% (FWHM) AX 24 5.5 nm. B4k, i Tk
AR FAIC HA LI, AT AR IE RS ) o (4 1 Fn
NI AR T oK BRI R AR ) (AR SR
BT ) AR A B R R, kAR
iR 2 A 2 BLAE X FR A TR A L Y, HOAE AR A

1.0f ()

0.5

THG intensity/arb. units

505 510 515 520 525 530
Wavelength/nm

-
1
1
1
1
I
i
1
i
1
1
1
1

0 2 4 6 8 10 12 14

z direction/pm

25

()
20

15

10

THG power/arb. units

0 A . . .
1542 1545 1548 1551 1554 1557

Pump wavelength/nm

E 2 (a) BHERETE 1530— 1560 nm 38 [ P9 19 S 53 7138 SHOGERE (T, S 5% R, RAHE); (b) filhiz 3K 5 R0 K (1548 nm) &

I AR B THG {5 5 085 (¢) THG 5 5 A0 X T 4il i3 Ot i D 2 MO 5 (d) THG 58 % 70 A 89 25 [ 3 45 (o) ARAhEH KT
THG 15 5 BOLIE AL, 37 B 0 AT H — LSS B S5 2R 5 () X (e) BT THG {5 5 AT A 2 AR i 45 2R

Fig. 2. (a) Reflection and transmission spectra of the metasurface in the wavelength range of 1530—-1560 nm (T, transmission spec-
trum; R, reflection spectrum); (b) THG signal peak when the pump wavelength coincides with the resonant wavelength at 1548 nm;
(c) power dependence of THG intensity; (d) spatial scanning of THG intensity distribution; (e) spectra of THG signals pumped
with different wavelengths, and the inset shows the result of normalizing each line; (f) integral results for all THG spectra shown

in panel (e).
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Fig. 3. (a) Numerical simulation of the distribution of electric field of the metasurface in the 2~y plane; (b) numerical simulation of

the anisotropic transmission spectra of the sample; (¢) numerical simulation of reflection (R), transmission (T) spectra and intens-

ity of THG signals.
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Fig. 4. (a) Orientation illustrated in the metasurface; (b) experimental measurement of polarization dependence of transmitted and

reflected signals; (¢) experimental measurement of the polarization dependence of THG signal intensity on pump light; (d) polariza-

tion detection of THG signals.
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Abstract

We report the enhanced third-harmonic generation (THG) from a silicon metasurface consisting of an array
of L-shaped nanoresonators. The L-shaped nanoresonator is designed as a small cuboid with a notch cut from
one corner. And 16 x 15 L-shaped nanoresonators are arranged into an array with a square lattice. In order to
fabricate the structure, a 600-nm-thick silicon layer is first deposited on a 500-pm-thick sapphire substrate,
which is then patterned into the metasurface structure by using electron beam lithography and inductively
coupled plasma dry etching process. To evaluate the linear optical property of the fabricated metasurface, a
continuous-wave narrow band laser with a tunable wavelength range of 1530—1560 nm is employed to measure
the transmission and reflection spectrum. The measurement results show a Fano resonance at a wavelength of
1548 nm when the incident laser is linearly polarized along the long arm of the L-shaped nanoresonator.
Pumping at the resonant wavelength, the metasurface shows significant polarization sensitivity for the
transmitted light and the reflected light. To excite the THG signal from the metasurface, a femtosecond pulsed
laser with a tunable wavelength range of 1540—1560 nm is then employed as the pump. Strong THG signal is
observed when the laser wavelength is tuned on the resonant wavelength (1548 nm), indicating a conversion
efficiency of ~ 3x107. By comparing the THG signals triggered on- and off-resonance, an enhancement factor
of 220 is extracted, which is attributed to the field-enhancement of the Fano resonance. The resonance enhanced
THG signal also has polarization-dependence with an extinction ratio of 15 dB. These experimental results are
verified well by numerical simulations based on a finite-element technique, including the Fano resonance and
the enhanced THG process. By combining the numerically calculated electrical field of the resonant mode and
the calculation of nonlinear polarizations, the resonance enhanced THG as well as its polarization-dependence
are confirmed numerically. The realized strongly enhanced THG from the silicon metasurface promises to

extend their linear optical functionalities into nonlinear regime.

Keywords: metasurface, third-harmonic generation, silicon
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Fig. 1. (a) Schematic photocurrent experimental setup. f; and f, are focusing lenses. BBO is the doubling frequency nonlinear crys-

tal; (b) the allowed excitation areas by 800 nm (1.55 ¢V, pink arrows) and 400 nm (3.1 eV, purple arrows) pulsed lasers, respectively.

The band structure is adapted from Ref. [35]; (¢

) the four triple points are highlighted by the red circles*].
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Fig. 2. Characterizations of the MoP sample in the photocurrent experiment: (a) SEM image (left panel) and the sample after

adding the electrodes (right panel); (b) Raman spectroscopy at room temperature, two red arrows mark the Raman peaks; (c) tem-
perature dependence of the resistance at 0 and 7 T external magnetic field; (d) magnetic field dependence of resistance at 2 K; (e¢) SEM

image with a resolution of 5 um; (f) SEM image with a resolution of 20 pm.
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Fig. 3. (a) Schematic of the experimental geometry; (b) photocurrent intensity depending on the polarization of the laser beam un-

der different incident angles, which is offset for clarity; (c¢) photocurrent intensity depending on the sample position along the X axis,

where the incident angle of ultrafast pulses is 45°; (d) photocurrent intensity depending on the sample position along the Y axis,

with 45° incidence angle.
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Fig. 4. (a) Schematic lattice structure of MoP, purple and brown spheres represent P and Mo atoms, respectively; (b) schematic

diagram of the experiment illustrating the two photoexcitation positions on the sample; (c) polarization dependence of the current

intensity at P; and P, under 400 nm light excitation. Solid dots in red and blue are current intensity data obtained at P; and Py,

respectively. Gray dots donate the situation without any light excitation.
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Abstract

Ultrafast spectroscopy is a powerful method to generate and control topological phase transitions and spin-
polarized electrical currents in topological quantum materials. These light-induced novel physical properties
originate from the topologically nontrivial states of Dirac and Weyl fermions. The topological semimetal
molybdenum phosphide (MoP) exhibits double and triple degenerate points in the momentum space. We
present the preliminary results of spin-polarized electrical currents and optical response investigations of MoP.
We design and construct an experimental setup to perform the photocurrent generation and control by
circularly polarized light in topological insulator Bi,Se;. The results compare well with those reported, which
confirms the validity and reliability of our experimental setup. Further, we conduct the photocurrent
experiment on MoP by using 400 nm laser pulses for excitation and successfully detect the current signals at
different sample positions. We attribute the observed currents to photo-induced thermal currents (not the photo
current associated with the triple degenerate topological properties), which facilitates generating and controlling
photocurrents in MoP in the future investigation. Our thermal current investigations are of essence for further

exploring the photocurrents in various types of topological quantum materials.

Keywords: photocurrent, triple degenerate topological material, ultrafast spectroscopy, spin polarization
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Fig. 1. Time-resolved pump-probe spectroscopy showing the ultrafast dynamics of MoP: (a) The AR/R; of MoP at several typical

temperatures from 7 to 290 K; (b) SEM image of our sample; (¢) and (d) Schematic lattice structures of MoP. Blue and red balls:

Mo and P atoms, respectively.
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Time-resolved ultrafast dynamics in triple degenerate
topological semimetal molybdenum phosphide”
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Abstract

We employ the time resolved pump probe experiment to investigate the ultrafast dynamics in a topological
semimetal molybdenum phosphide (MoP), which exhibits triple degenerate points in the momentum space. Two
relaxation processes with the lifetime of 0.3 and 150 ps have been observed. We attribute the fast component to
the electron-phonon scattering and the slow component to the phonon-phonon scattering, respectively.
Temperature dependence investigation shows that both the lifetimes of the fast and slow components enhance
slightly with increasing temperature. We also successfully generate and detect a thermal-stress-induced coherent
acoustic phonon mode with a frequency of 0.033 THz, which does not vary with temperature. Our ultrafast
spectroscopy investigation of the quasiparticle dynamics and the coherent phonon in MoP provides useful
experimental facts and information about the overall excited state dynamics and the temperature dependence of

electron-phonon coupling.

Keywords: ultrafast spectroscopy, triple degenerate fermions, electron-phonon coupling, topological semimetal
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Table 1.  Properties comparing of the three sourcel®?.

Source
DUV-DPL Synchrotron radiation Gas discharge laser
Energy resolution/meV ~0.26 1—5 ~1.2
Photon circulation 10%4—101 1010—10"2 ~10"2
Photon flux density/photon-s!-cm? 1019—10% 1012—10" <10
Wavelength range/nm 170—210 1—210 58.5
Mode of operation ns, ps, fs pulse ps pulse continuous wave

Detection depth/nm

~10 (bulk effect)

0.5—2 (skin effect) ~0.5 (skin effect)
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Fig. 1. Schematic drawings of the DUV laser optical sys-
tem with (a) circular and (b) linear polarizations/®.
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: Projector
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Fig. 2. Optical system of the DUV-PEEM system.
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(low energy electron microscopy, LEEM) FIIk g
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Fig. 3. A schematic layout of the DUV laser-based LEEM/
PEEM system!®),

096801-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 69, No. 9 (2020) 096801

24 REHFHBFEMEBEZRZSESETSH
FRIMERGHIERE

11T PEEM BUARE AR XIRE i 2 i A 24 5 5
TV P RN R T, IR TR TR S
58, K bk PEEM £ 405 s 54500 T R AME
(MBE) Z 438 o) 5 1125 4518 5 v ) s 1AM 3%
He (Anl&l 4 foR), EASRE SN | A4 . H 3%
AR 2 0 A A AR AN I 2 e BLZS TR, W] B
JoT ek B b A E TR A L RE AR L S o B
PEEM/LEEM Wil % — 2R 51 L5 i 2.

Kl 4 MBE-PEEM R 48 % #m BIE RS I8 A
Fig. 4. Schematic setup and photo of MBE-PEEM com-

bined system.
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Fig. 5. (a) PEEM image of multilayer graphene on Ru
(0001) taken with Hg arc lamp; (b) spatial resolution calcu-
lated from obtained PEEM imagel™.
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Fig. 6. Optical system of LEEM (E-Gun).
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Fig. 7. (a) Dark field image and (b) LEED pattern of a (2 x 1)
reconstructed Si (001) surface; (c) spatial resolution calcu-
lated from obtained LEEM imagel™.
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Fig. 8. (a) DUV-PEEM image of PbO islands on Ru(0001);
(b) spatial resolution calculated from obtained PEEM im-

agel™,
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Fig. 9. (a) Schematic drawing of energy filter in PEEM sys-
tem; (b) DUV-photo emission spectrum obtained from is-
land-shaped PbO grown on Ru (0001) in dispersion mode;
(¢) normalized line profile with the calculated spatial resolu-
tion from selected area marked in panel (b).
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Fig. 10. (a) Schematic structure and out-of-plane hysteresis loop of MgO (001) sub. /Cr (5 nm)/Pt (10 nm)/FePt (20 nm) films;
(b) LEEM image (E, = 8.6 ¢V) and LEED (E, = 16.3 eV) pattern (inset) of FePt film; (c) magnetic domain (contrast enhanced) of
the area marked by a red dashed rectangle in (b) taken with circularly polarized DUV laser; (d) magnetic domain image of the FePt

films with the same structure obtained by magnetic force microscopy; (e) normalized line profile with the estimated spatial resolu-

tion from selected area marked in inset!®).
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Fig. 11. (a) Schematic drawing of a Pt seed layer with Cr step. (b) UV PEEM image of Pt seed layer consisting of two orientations.
LEEM and LEED patterns of the selected areas marked by blue rectangles in panel (b): (¢) dark area A, (d) light area B and
(e) boundary area C. (f) DUV-PEEM image of the selected area marked by a red dashed rectangle in panel (b). (g) Linear dichro-

ism image of the same area as panel (f)%.

096801-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B =% R Acta Phys. Sin.

Vol. 69, No. 9 (2020) 096801

I
FePt (111)

Bl 12 (a) ZEEA BRI B Pt A7 2 B4R K FePt J5
B UV-PEEM [E 1% ; (b) K38 I ((a) K ¥R 47 B ) B9 LEED
B (c) X3 1T LEED EM%; (d) il F 46 4k 25 IR 451
OB TE 3 52 K () L0 @ AE AR IS 7 B ) SR 4E B DUV-
PEEM [&] 4 [69]

Fig. 12. (a) UV-PEEM image of FePt film deposited on Pt
seed layer with two orientations. LEED patterns of selec-
ted areas marked by blue rectangles in panel (a): (b) light
area I and (c) dark area II. (d) DUV-PEEM image of the
selected area marked by a red dashed rectangle in panel (a)

taken with linearly polarized laser!6.
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Fig. 13. DUV-PEEM images taken with (a) left-circularly polarized and (b) right-circularly polarized light; (¢) MCD image of FePt
film; (d), (e) DUV-PEEM images taken with linearly-polarized laser (polarization shown by red arrow); (f) MLD image of FePt
film; (g) polarization dependent MLD asymmetry for the selected areal®.
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High resolution imaging based on photo-emission electron
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Abstract

Magnetic imaging technology based on photo-emission electron microscopy (PEEM) has become an
important and powerful tool for observing the magnetic domain in spintronics. The PEEM can get access to
real-time imaging with high spatial resolution and is greatly sensitive to the spectroscopic information directly
from the magnetic films and surfaces through photoemission process with variable excitation sources. Moreover,
the breakthrough in the deep ultraviolet (DUV) laser technology makes it possible to realize domain imaging
without the limitation of synchrotron radiation facilities or the direct excitation of photoelectrons due to the
high enough photon energy of the source in the current threshold excitation study. In this review article, the
deep ultraviolet photo-emission electron microscopy system is first introduced briefly. Then, a detailed study of
the magnetic domain observation for the surface of L1j-FePt films by the DUV-PEEM technique is presented,
where a spatial resolution as high as 43.2 nm is successfully achieved. The above results clearly indicate that the
DUV-PEEM reaches a level equivalent to the level reached by X-ray photoemission imaging technique. Finally,
a series of recent progress of perpendicular FePt magnetic thin films obtained by the DUV-PEEM technique is
provided in detail. For example, a stepped Cr seeding layer is used to form the large-area epitaxial FePt films
with (001) and (111) two orientations, where magnetic linear dichroism (MLD) with large asymmetry is
observed in the transition area of two phases. The signal of MLD is 4.6 times larger than that of magnetic
circular dichroism. These results demonstrate that the magnetic imaging technology based on DUV-PEEM with
excellent resolution ability will potentially become an important method to study magnetic materials in the
future.

Keywords: photo-emission electron microscopy, deep ultraviolet laser, magnetic circular/linear dichroism,

high resolution magnetic imaging

PACS: 68.37.Xy, 42.55.—f, 87.64.ku, 68.37.—d DOI: 10.7498 /aps.69.20200083

* Project supported by the National Natural Science Foundation of China (Grant Nos. 51625101, 51961145305, 51971026,
51431009) and the Fundamental Research Fund for the Central Universities, China (Grant No. FRF-TP-16-O01C2).
# These authors contributed equally.

1 Corresponding author. E-mail: sgwang@ustb.edu.cn

096801-14


http://doi.org/10.7498/aps.69.20200083
mailto:sgwang@ustb.edu.cn
mailto:sgwang@ustb.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

	01基于第一性原理的新型非线性光学晶体探索
	1引    言
	2利用第一性原理方法获得光学参数和构效关系
	Table 1
	2.1 实空间原子切割方法
	Table 2

	2.2 倍频密度分析图
	Fig 1

	2.3 柔度因子模型
	Fig 2


	3深紫外、中红外和太赫兹新型非线性 光学晶体
	3.1 深紫外非线性光学晶体探索
	3.1.1 材料的深紫外透过性能
	Fig 3
	Fig 4
	3.1.2 折射率色散对相位匹配的关键作用
	Fig 5
	3.1.3 NH4Be2BO3F2(ABBF)深紫外非线性 光学晶体
	Fig 6
	3.1.4 AB4O6F (A=K, Rb, Cs)系列深紫外非线性光学晶体
	Fig 7

	3.2 中红外波段非线性光学探索
	3.2.1 硫属化合物中各种功能基团对红外非线性光学性能的影响
	Fig 8
	3.2.2 基于类金刚石构型的非线性光学材料 探索
	Fig 9
	Fig 10
	Fig 11
	Fig 12
	3.2.3 基于卤化物的红外非线性光学探索

	3.3 太赫兹波段的非线性光学材料探索

	4具有新颖微观结构基元的非线性 光学材料探索
	4.1 氰尿酸盐非线性光学晶体
	Fig 13

	4.2 定域键对非线性光学效应的影响
	Fig 14

	4.3 新型基团组合方式的研究

	5非线性光学晶体中的材料基因工程
	Fig 15

	6总结与展望
	References
	Abstract

	02部分相干光束经过湍流大气传输研究进展
	1引    言
	2部分相干光束在湍流大气中传输 研究回顾
	3部分相干光束经过湍流大气的传输 模型
	3.1 部分相干光经过湍流大气传输的平均光强和相干性统计特性
	Fig 1

	3.2 部分相干光束在湍流大气中的平均 光斑宽度及发散角
	3.3 部分相干光束在湍流大气中传输的 光强闪烁

	4部分相干光经过湍流大气传输的 相位屏数值模拟方法
	4.1 随机相位屏模拟完全相干光束在大气湍流中的传输
	Fig 2

	4.2 部分相干光束经过湍流大气传输的 相位屏模拟方法

	5总结与展望
	References
	Abstract

	03无衍射光束的产生及其应用
	1引    言
	2各种无衍射光束的产生
	2.1 贝塞尔光束及高阶贝塞尔光束的产生
	Fig 1
	2.1.1 环缝法
	Fig 2
	2.1.2 计算机全息图[11, 12]
	Fig 3
	2.1.3 球差透镜[13, 14]
	Fig 4
	2.1.4 谐振腔法[15]
	Fig 5
	2.1.5 轴棱锥
	Fig 6
	Fig 7
	Fig 8
	Fig 9
	2.1.6 超表面
	Fig 10
	Table 1

	2.2 马丢(Mathieu)光束及高阶马丢光束
	Fig 11
	2.2.1 计算机相位全息产生马丢光束
	Fig 12
	2.2.2 轴棱锥产生马丢光束
	Fig 13
	2.2.3 空间光调制器产生马丢光束[29]
	Fig 14
	Fig 15

	2.3 余弦光束
	Fig 16

	2.4 抛物线(parabolic)光束
	Fig 17
	Fig 18

	2.5 艾里光束
	Fig 19
	2.5.1 空间光调制器产生艾里光束[39]
	Fig 20
	2.5.2 基于二次非线性光子晶体也可产生 艾里光束[40]
	2.5.3 艾里激光器
	Fig 21


	3无衍射光束的特性
	3.1 无衍射光束的自重建特性
	3.1.1 贝塞尔光束的自重建特性
	3.1.2 艾里光束的自重建特性
	Fig 22
	Fig 23

	3.2 无衍射光束的自加速特性
	Fig 24


	4无衍射光束的应用
	4.1 在光学微操纵中的应用
	Fig 25
	Fig 26
	Fig 27

	4.2 光学成像
	Fig 28

	4.3 在等离子体和等离子体激元方面的 应用
	4.4 激光武器中光子弹的产生
	4.5 在量子信息中的应用
	4.6 在光通信中的应用

	5结    论
	References
	Abstract

	04中远红外非线性光学晶体研究进展
	1引    言
	Table 1

	2研究进展
	2.1 AgGaS2和AgGaSe2——商品化成熟的参比晶体
	2.2 ZnGeP2晶体——3—5 m波段性能最优的非线性光学晶体
	Fig 1

	2.3 CdSiP2晶体——有重要应用前景的新型红外晶体
	Fig 2

	2.4 LiInS2和LiInSe2——新型含Li+的高损伤阈值晶体
	Fig 3

	2.5 BaGa4S7和BaGa4Se7——新型硫属红外非线性光学晶体
	Fig 4

	2.6 CdSe和GaSe——具有长波红外应用潜力的两元红外非线性光学晶体
	Fig 5
	Fig 6

	2.7 准位相匹配红外材料
	Fig 7
	Fig 8
	Fig 9


	3总结与展望
	References
	Abstract

	05高次谐波发射的亚原子尺度研究
	06基于二维纳米材料的超快脉冲激光器
	07类KBe2BO3F2结构硼酸盐深紫外非线性光学材料的研究进展
	08硅超构表面上强烈增强的三次谐波
	09三重简并拓扑半金属MoP中超快圆偏振光产生和调控光生热电流
	10三重简并拓扑半金属磷化钼的时间分辨超快动力学
	11基于深紫外激光-光发射电子显微技术的高分辨率磁畴成像

