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Abstract
In this study, a [PbOx] polyhedra containing lone pair electrons and heavy elements was intro-
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duced to the germanate system, and a mid-infrared nonlinear optical crystal, PbSrGe0O,, was syn-
thesized through high-temperature solid-state method. The compound crystallizes in the acentric
space group P2:2,2; (No. 19) and exhibits excellent thermal stability (1066°C). Spectral analy-
sis reveals that the ultraviolet cutoff edge of PbSrGeO, is around 293 nm, while the infrared
cutoff edge is around 6.0 pm. It demonstrates good transmittance characteristics in the range of
0.293~6.0 pm, effectively covering the key atmospheric windows of the 3~5 pm region. Second
harmonic generation tests indicate that PbSrGeQ. exhibits moderate second harmonic response
(0.3 x KDP) and can achieve phase matching. Furthermore, this study explores the intrinsic rela-
tionship between the microstructure of PbSrGe0O. and its optical properties. The research pro-
vides a potential mid-infrared nonlinear optical crystal in the germanate system, offering valuable
insights for the design and exploration of novel germanate mid-infrared nonlinear optical mate-
rials.
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1. 518

T AR L M A AR DR I A P R e R T T RE S AR 2 R TORIR,  BROKHEYT R T A WOL R
K bvaE, 7EROEREA. BRSO n T &4 1A BB AN ELL] [2] [3]. IE)LH4Ek,
MAAEER AN - WL - 404N BOIAT 7 ARBIRF 7C R8T, ZBL T V2 Re it e AR 2k e 2 ik, o
$-BaB,0, (BBO), LiB;Os (LBO), KH,PO, (KDP)# CsLiBgOyo (CLBO)%[4]. #AiMi, HAITE 3~5 um $141
AN B IS AR S M 2 i ik R B DU R AL S, FRREBONEZ [5]. DRI, WiHREREBT B A sb
BB AR LR e A 2 O AT I T A . AR TAE ST ER SR AR ER AR R R, AR MR R
BAEMKMAETRERE, et~ ERmphasbEd SR, ok, Rt BA £ Ra., &1
WO RAE AL S A =R e, RARER P LA ELR I 2 AR IR AR 75 (5 4 & [6]

2017 4E[7], Kim NG T — R A5 BRI EEIR L 59 ATeGeOg (A = Cd, Pb), ‘&A1
B4 T =77 i 3 P312 (No. 149)7F [A1FF, ¥y ARAEAEN 7379 4 0.21 £5H01 0.37 £ KDP. 2018 4[8], Bi4%
N BIEFNE S R T — R i PR R 2h K PbTeGeOg, High i R I [ TeGeOe]* 20 i) — 4k AR S5 44,
FEAUN A 1.5 £ KDP. 2019 4[9], H 58 A& T —Fh & 4KE4E R #h RbyLi, TiOGe,O1,, H S 44514 HH[TiOs)
Z A AI[GeO, | UTH AR B, HAT B IA AR AN AN T8 e 2B I Va & — R e R o obELR
PEEE AR . 2022 4E[10], 55 N0EE BAH G BUE 3RS 1 — R RO FR I EE IR 5 Rb,ZnGe O, FL&E5 b
T €222, (No. 20)251AJRE, FA BEm I AT (~KDP) . K )7 5(3.22 eV) Al i 3B 2 11:(1014°C) . 45
BRI, XA ML SR R PR Mo RE . SR, B AT AT TG IE S e R
BT ARSI T H AR GEY, AH AT LR A S5 0 0 RGN 3A5 O e AR G5 #4601 1R
Fo WL R Z — RIEHER LA RTINS I BT ARSI S BT, W N>, Mo®%%, Zi#sl
N AR ZE IO B T EEFA B T, n Te*, Pb?, Bi*™25[11]. WEFLEB, 724K Rd 5] AXH
BB ] LA 075 S AR BRI LA A58, TR O X FREERI[12] . AT TSR IR SRR RSN T &0
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PR SEPEDIOR B0 PR, R LR AR 32 - Zeh RO 51 R A A o= A A AR RS AL B8 . [, Pb?*
TERN—FMETEE T, ATHEPLINESER . PoSIGeO, & #1517 IRATI T, 2014 45 H0F|
SFEGE T H A RN [13], HEASMARAHRNARL MDA R IGE . I, AwHTtHls 7 —MAA
RUFLREPERR MR 56 T L AP AR R 2 Ak ——PbSrGeO,, JAT HAEMERE . 2R AAEL M R
PAR O K 5 1 RE ) D% AT T WP AR T

2. It
2.1. PbSrGeO, @it % SREI S B K PXRD ik

FEFDFGH AR b, $5e4k 221 B LU FFREL PbO. SrCO4. GeO, W B 5], #H% 2 AL R, £ 350°C
ke 12 h, LAEBRERITK R CO,e BHJETHEZ 850°C, 185% 48 h, Hila1Z kHFEE, FH4HLL PXRD il
R, FR 223K 15 PbSrGeO, rIZIH 2 ftob oK o SR H Burker 24 &1 2E 77 ) X S 2R AT 5138 F & SmartLab 9 kW
X AR AT S, MRETR A Cu #E Ko S48, K Nh 1.5418 A, AT £ 20 Iy Bl e A 10°~70°,
PR IEBE R 0.01°, HRAUERHTIZE A 9 KW,

2.2. PbSrGeO, Yttt Bl

o - AT - IR AME REPDEEMR. KH HA HITACHI A&/ UH-4150 R0 06, #
E FIE T PbSrGeO, £ di e f 4841 - W WL - T 20 /ME 61 (P K Y5 250~2500 nm), KA FEFE
SR . FERE R TONE B RE S, FELL BaSOLME N E WS, T35 HURE F 2840 - AT I - i
LLANE R ERE . IS BT AN - R - AT 20N R S, AT DU e R SR AN, AR
Kubelka-Munk 77 F£[14]: F(R) = (1 — R)?/2R = K/S (Firf R 3R K NI S N A7)t 515 3
SR G A BRI SR o ZLAM RIS IR SR 56 B B R O AR 2 ] A I R AR e 21 R 1A
Nicolet iS50, X} PbSrGeO, % & Ff fh#E 4000~400 cm ™ Vi Bl N FIZL A6 3 HEAT IR . et AF % ) 1 1 22 o
WARBER, FESE N 10 mg, I BB W BEAL B . R 1T, A 52 BRI AT T IS 5~10 204+,
DL R FTREAETE 97K 53

2.3. PbSrGeO, BIAE - E#RTHH

K FH 78 [ it 3t [7) 50 #4734 STA 449 F5 SR FL PbSrGeO, (1) # iz e 1 6e . Wl iaXil B X [A] Ay
30°C~1200°C, FFFiEZN 10°C/min. MAFE S ) BT &V HY 13~18 mg, FFR A AL E B AE e
R, MR FE A Ny ME RS FEMRREE A G, ] Origin 5o ke 4 1 $idis 0 47 HE B AN
23l
2.4. PbSrGeO, B AR = 553K

PbSrGeO, LA W4h i THE DX AR 2 (a1, DR B A R LR a2k BE . Bl i PbSrGeO,
5 KDP brfEff fh— i T B, &t 2 ALk, 5 AL A E Rk RG] : 53~75 um, 75~106
um, 106~120 pm, 120~150 pm, 150~180 pm, 180~212 pm. BEJ5, ] 1064 nm ) Nd: YAG [ Q
WOGES, B 05 5 MR SR JOBONEE S G AT, AR BEG FoR B e b, RIS A R = AR 1
ARG, L 7RV 2R IR L 1 A R R -

25 EpitHE

T B B R IR G AL S TEREZ IR N AE I, AT U {3 ] Materials Studio B fF2E T 55— E IR EE T
5, 73HT PhSrGeO, (W SR RE M A #e) . A5 BE DL S 2 AT S R A4 R [15] 0 i T8 i R BEAE v T~ i e 34
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EERR b, S5 G AR S I B A B, K CASTEP LX) PbSrGeO, mnfAZiH), &4
JEFAL B S AT AL AR5 SRR B 25 DA RO 2 R A T AR5, AR AN ) 11 A Ak 2
M, WEEAEGEMEBRE. kK RN ASEEM, RABRIFENMER RS, BETENEARM
HR PO A R, A B — MR SRORDRL ST S 2R KR L, I B SR 45 AW & FE KR LT .

3. EWERSITL
31 EEAMSAMLRERR

K R A A T PbSrGe0, £ Sk R FEdh . B R X SHZATH (PXRD)MIR, % PbSrGeO,
FES AR AE B 34T T VEAE, FERPISZIGIE S PXRD K3 5 M Sk 25 /15 21 G R ¥ ) &, n
L), Bl T SE6 BT3RS 10 22 Sk KA i 2 44 PSrGeO,. A 1 Xt PhSrGeO, [ #1t: BEE4T R AL,
ASEIAE A T AEMZE R E AL WE 1(b)FR, 78 DSC BT, PbSrGeO, 7L T = 1066°C FHix
WAL g, SIEEN TG 47 il B T o # kR L 37.7%, R - 2 tridt— ik
55T PbSrGeO, G A RIUFHI#FEN:, A5 2Rk

3.2. miFEMSH

PbSrGeO, fifAZE 14T 2014 45 IR B BRI 2235 K IL[13]. SEtgviuE YEReRIN, N T IRPT PbSrGeO,
o RS SR Z R DG &R, AW SO S e b 3 R I 5 58, FE 0 LS5 AT T R A
[13]. PbSrGeO, i@ T IEAZ 45 [ #E P2,2,2, (No. 19), SIS H LA IT. K 2) A K 2(b)
fion, ST 84 OF B FRIAL, Sr-O #EHIKEZTLEIZIN 2.49~2.79 A. PO T 15 34 O BT
WS () = 1 4 %2 T /R [P O3] 3 7T, Pb-O K LI Z)h 2.27~2.38 A, Ge*5 4 > O B FAHIER I —
FPUTHRSE R, Ge-O fEIIKETEEZ )y 1.76~1.79 A, AN, K 20004 H T HEMM =41 K, s
ab THIATAMEER], = f4E T K [PhO] HE 70 5 DY TH A4 % 1 [Ge O] = T ii i iy Ht 52 48U R+ 1 77 XA AT,
P R AR BRE SR S5y, T FITA B Sro B NS FefE S M 2 B, DARS 3P4 i e (R4 A

3.3. BRSNS U 5 I

G Kurtz-Perry FUNI[16], 8 i AR AE SR KR AE PbSrGeO, B —FraE£etE . il 3(a)
Fion, BEAG PbSrGeO, FE MRiAR 3G R, A I A5 A B AR 36 K . MAERIARTE 180~212 pum Yol N KT, f%
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Figure 1. (a) Comparison of experimental and theoretical PXRD patterns of PhSrGeQy; (b) TG-DSC curves of PbSrGeO,
[&l 1. (a) PbSrGeO, 3238 5321 PXRD EliExftt; (b) PbSrGeO, #) TG-DSC #h%k
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Figure 2. (a) Triangular conical shaped [PbOs] primitives and tetrahedral shaped [GeQ,] primitive; (b) [SrOg] primitives; (c)
Three-dimensional framework of the PbSrGeO, [13]

&l 2. () =AHEREI[PO;]E T EARAI[GeO, )& TT; (b) [SrOs)|ZEAETT; (c) PbSrGeO, B = #EHEZR[E[13]

BN B B AA TG, X RFFEANLAEYEA —EIMAILECRE 1. ERSE RS, M
InFEBER AN G R — 8 A, WRBINER. WAL AR R . U R RLE RN, A
PIEIAERE S AR R R S 22 RO, SEUEMICRAICES, AR UCHECHE DASEIL, ORI RE i (1)
FE AT N5 o AR, S RF Sl R Y R T 3G KB, FEAT DTG MR8 . o B A 31— e RS, AH
RLVCHC 26 R4S B 2, AN RIS IR DGR LE AT ity b AL 3R (1 T P8 22 S /S, AP T i 0] R I B oK. [+
i, S5FRAEYI KDP 4T3 LS, I PbSrGeO, b & An R A5 A5k 2 £ KDP gAY 0.3 fiF, KN
HIE AL e RE ), W 3(b)Fn. HAFIERI S HAE S I ER AL A RE AR 1, DL L gh ik
B PbSrGeO, L A1 & — P 1E 1 I AR M 22 A kL
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Figure 3. (a) Phase matching curve of PbSrGeO, under 1064 nm laser radiation; (b) Comparison of PbSrGeO, compounds
with KDP octave intensities

3. (a) PbSrGeO, 7£ 1064 nm #4851 T~ RUMBAITECRIZE; (b) PbSrGeO, X &H15 KDP 558 %L &
3.4. R EE

B FEE TG AR MO A A B S —, RIS PhSrGeO, #EAT 4N - AT L - IEZLANE S il
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MLLAMSGIENNR, Frass s 4 Brx. Kl 4(a) 9 PbSrGeO, HI4EHN - T W, - ITLLAME S ik . M Fa] L
EH, PbSrGeO, BA I A LD, Z104 293 nm, il Kubelka-Munk 75 F£753] PbSrGeO, fSLi:
TBRME R 3.87 eV SFZREMMIFLL, A BRIEEOR, REVHT BT LA R B0s F e b IR Ioi g, #2
FEEOCER I I . DRI, TTLAHEN PhSrGeO, dtiA ] fe A 4 IO BIME, AR T H AR S %L
PEATRICIN o 1] 4(b) 7R T PbSIGeO, % Sy RINLLAM It 48 . MEIF K, PhSrGeO, #£ 4000~836 cm!
T FE P R HH IR IR S o 6T 2 5 ISR S, R RATHE e A4 N I AU B K208 6.0 um. R,
SRS B R, HENNZ S R B B 404 ME I G R (0.293~6.0 pwm), FFH T R 3~5 pm JEELT
RSB . PSrGeO, 3% i M e R IR AME T2 G S A AR L M 5 i A 132 R I 7E [ 4(b)
H, 836. 714. 648 cm LRI 3 FEIH KT [GeO 2k H X AR 4IRS, 177 570, 532, 449 cm ™ ALY
W AR T [GeO ] 5 FFIRTFR S fiRBN[17]. X — M4 R PbSrGeO, HIZE FRFIEAH—EL.
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Figure 4. (a) UV-visible-NIR diffuse reflectance spectrum of PbSrGeQy,; (b) Infrared spectrum of PbSrGeO,
4. (a) PbSrGeO, HYZES - AIIL - ILLISNERSILIE; (b) PbSrGeO, RILISM IR
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Figure 5. (a) Theoretical band gap diagram of PbSrGeQ,; (b) Density of states plot of PbSrGeO,
5. (a) PbSrGeO, BVERILTHRE; (b) PbSrGeO, HIZSZ E

DOI: 10.12677/ms.2024.147125 1115 PR R


https://doi.org/10.12677/ms.2024.147125

e, Mt FL

0.100
0.075
0.050

1 An=0.021 @1064 nm
0.025 -

Birefringence

0.000

-0.025

500 1000 1500 2000 2500
Wavelength (nm)

Figure 6. Theoretical birefringence curves of PbSrGeO,
6. PbSrGeO, HYZE T8 W4 5 Bh 2k

35. EBipiHE

N T IR T PoSrGeO, 4b & IO &5 44 5 S M e 2 M A KOG R, FRATTHAT T & T3 7z s 3
WIS — M JEE . Wl 5w, @ ER TR A R T VR, A RS A T Ak A
X (Brillouin zone) 4 & I K B &, B PbSrGeO, j& —Fhl ey Bt &4, HIig s BifE N 3.558 eV,
5SS BRAEARIT . 14 5(b)B7R T PbSrGeO, (L&A B E /AT as B e Wb ol LR, AEsN-9
eV F|-5 eV [feH TEHE E 2 H Pb 6s 1 Ge 4s il H¥; e KT 6 eV [FREH Y6 Bl 3226 Sr4d. Pb 6p
H1 Ge 4p BB L ¥E; ST PR ARESRE T (—4 eV F 0 eV) T E il Pb 6p. Ge 4p A1 O 2p HiEthE. ARFTAE
H1, ARG R I A2 B T AR R B T SRR . DRE, FRATTHEN PbSrGeO, fb &4 1 £ N
RV E T2 B 1 A2 22 T 1 [Ph O3 A VU [ 4 [Ge O I WM FIAE F o jbAN, ASHIF ST IL 58 — P SR i
FHT T PoSrGeO, FIHE WA &, HE4E HZ18 0.021@1064 nm (] 6), 28 B HAG & o 10U B .

4. 45iE

AT S E IS BT RIECREE T PO SN R, W T —MAEG RIFsa R
HMETR ERAEZR 1 A Bl——PbSrGeO,. Ml 3 HT 45 A Wi 7 , PhSrGeO, H A H (i) #3314 (1066 C) ,
R IG2E FE (3.87 V), B I 2438 1 T I (0.293~6.0 pum) BA A& Hh (1) — G i 13%.(0.3 x KDP).
BeAk, JEISES T EAEIR T PSrGeO, il 46 #4 5 Y 2= M BE I N TE GG, R I [PbO;] 2 I A FI[GeO,] VU THi
PTRTE R IR 25 14 B T 45 D S Uik

E&H
REFR TR EEE AN NN Rt R B2 B I H (5 H 455 202210060043)
BE K

[1] Halasyamani, P.S. and Poeppelmeier, K.R. (1998) Noncentrosymmetric Oxides. Chemistry of Materials, 10,
2753-2769. https://doi.org/10.1021/cm980140w

[21 Edk47, T, RURR, 55 FEDRe S AT AR T, 2015, 1(2): 67-102.

DOI: 10.12677/ms.2024.147125 1116 PR R


https://doi.org/10.12677/ms.2024.147125
https://doi.org/10.1021/cm980140w

ITiEE, Wl

(3]
(4]

(5]

(6]

[7]

(8]
[°]

[10]

[11]

[12]

[13]

[14]
[15]

[16]

[17]

fkfels, &, B, & MR AR IRR M AR U R i e [3]. T BB (1 5), 2021, 51(9):
1137-1149.

Xia, M., Jiang, X., Lin, Z. and Li, R. (2016) “All-Three-In-One”: A New Bismuth-Tellurium-Borate Bi;TeBOgy Exhi-
biting Strong Second Harmonic Generation Response. Journal of the American Chemical Society, 138, 14190-14193.
https://doi.org/10.1021/jacs.6b08813

Hu, Y., Wu, C., Jiang, X., Wang, Z., Huang, Z., Lin, Z., et al. (2021) Giant Second-Harmonic Generation Response
and Large Band Gap in the Partially Fluorinated Mid-Infrared Oxide RbTeMo,OgF. Journal of the American Chemical
Society, 143, 12455-12459. https://doi.org/10.1021/jacs.1c06061

Yu, J., Zhang, B., Zhang, X., Wang, Y., Wu, K. and Lee, M. (2020) Finding Optimal Mid-Infrared Nonlinear Optical
Materials in Germanates by First-Principles High-Throughput Screening and Experimental Verification. ACS Applied
Materials & Interfaces, 12, 45023-45035. https://doi.org/10.1021/acsami.0c15728

Kim, S.W., Deng, Z., Yu, S., Padmanabhan, H., Zhang, W., Gopalan, V., et al. (2017) A(l11)GeTeOg (A = Mn, Cd, Pb):
Non-Centrosymmetric Layered Tellurates with PbSh,0O¢-Related Structure. Inorganic Chemistry, 56, 9019-9024.
https://doi.org/10.1021/acs.inorgchem.7b01013

Jia, Z., Jiang, X., Lin, Z. and Xia, M. (2018) PbTeGeOg: Polar Rosiaite-Type Germanate Featuring a Two Dimensional
Layered Structure. Dalton Transactions, 47, 16388-16392. https://doi.org/10.1039/c8dt03136¢

Xia, M., Tang, C. and Li, R. (2019) Rb,Li,TiOGe,O1,: A Titanyl Nonlinear Optical Material with the Widest Transpa-
rency Range. Angewandte Chemie, 131, 18425-18428. https://doi.org/10.1002/ange.201911324

Han, T., Li, C., Zhao, W., She, Y., Jiao, J., Liang, F., et al. (2021) Investigations on the Synthesis, Crystal Structure,
Linear- and Nonlinear-Optical Properties of the Zinc Germanate Rb,ZnGe,O¢. Inorganic Chemistry, 61, 706-712.
https://doi.org/10.1021/acs.inorgchem.1c03465

Halasyamani, P.S. (2004) Asymmetric Cation Coordination in Oxide Materials: Influence of Lone-Pair Cations on the
Intra-Octahedral Distortion in D° Transition Metals. Chemistry of Materials, 16, 3586-3592.
https://doi.org/10.1021/cm049297¢g

Ok, K.M., Halasyamani, P.S., Casanova, D., Llunell, M., Alemany, P. and Alvarez, S. (2006) Distortions in Octahe-
drally Coordinated D° Transition Metal Oxides: A Continuous Symmetry Measures Approach. Chemistry of Materials,
18, 3176-3183. https://doi.org/10.1021/cm0604817

Petschnig, L.L., Wurst, K., Perfler, L., Johrendt, D. and Huppertz, H. (2014) Synthesis and Characterization of the
New Lead Strontium Germanate PbSrGeO,. Zeitschrift flir Naturforschung B, 69, 845-850.
https://doi.org/10.5560/znb.2014-4125

Kubelka, P. and Munk, F. (1931) An Article on Optics of Paint Layers. Zeitschrift fir Physik, 12, 259-274.

Jiang, X., Kang, L., Luo, S., Gong, P., Lee, M. and Lin, Z. (2014) Development of Nonlinear Optical Materials Pro-
moted by Density Functional Theory Simulations. International Journal of Modern Physics B, 28, Article 1D: 1430018.
https://doi.org/10.1142/s0217979214300187

Kurtz, S.K. and Perry, T.T. (1968) A Powder Technique for the Evaluation of Nonlinear Optical Materials. Journal of
Applied Physics, 39, 3798-3813. https://doi.org/10.1063/1.1656857

Shirai, H., Morioka, Y., Nakagawa, |. and Takei, H. (1984) Raman Scattering and Phase Transitions in BaZnGeO,
Crystal. Journal of the Physical Society of Japan, 53, 456-465. https://doi.org/10.1143/jpsj.53.456

DOI: 10.12677/ms.2024.147125 1117 PR R


https://doi.org/10.12677/ms.2024.147125
https://doi.org/10.1021/jacs.6b08813
https://doi.org/10.1021/jacs.1c06061
https://doi.org/10.1021/acsami.0c15728
https://doi.org/10.1021/acs.inorgchem.7b01013
https://doi.org/10.1039/c8dt03136c
https://doi.org/10.1002/ange.201911324
https://doi.org/10.1021/acs.inorgchem.1c03465
https://doi.org/10.1021/cm049297g
https://doi.org/10.1021/cm0604817
https://doi.org/10.5560/znb.2014-4125
https://doi.org/10.1142/s0217979214300187
https://doi.org/10.1063/1.1656857
https://doi.org/10.1143/jpsj.53.456

	一种锗酸盐中红外非线性光学晶体的合成及性能研究
	摘  要
	关键词
	Synthesis and Properties Study of a Germanate Mid-Infrared Nonlinear Optical Crystal
	Abstract
	Keywords
	1. 引言
	2. 实验设计
	2.1. PbSrGeO4纯相多晶的合成及PXRD测试
	2.2. PbSrGeO4光谱性质测试
	2.3. PbSrGeO4的热重–差热分析
	2.4. PbSrGeO4的粉末倍频测试
	2.5. 理论计算

	3. 实验结果与讨论
	3.1. 固相合成与热性能研究
	3.2. 晶体结构分析
	3.3. 粉末倍频与双折射测试
	3.4. 光学性能
	3.5. 理论计算

	4. 结语
	基金项目
	参考文献

