2046 Chem. Mater2005,17, 2046-2051

Synthesis of the Thioborate Crystal ZnBa;B,Ss+« (X &~ 0.2) for
Second Order Nonlinear Optical Applications

Youngsik Kim; Steve W. Martin,¥ Kang Min Ok} and P. Shiv Halasyamani

Department of Materials Science and Engineering, lowa Stateddsity, Ames, lowa 50011, and
Department of Chemistry, Usersity of Houston, Houston, Texas 77204-5641

Receied September 27, 2004. #sed Manuscript Recegéd February 18, 2005

Thioborate materials have been considered for novel infrared nonlinear optical (NLO) materials having
large optical nonlinear properties combined with favorable laser damage thresholds and wide transmission
ranges from the visible to the mid-infrared regions. In this work, known and new thioborate materials
have been investigated that have the potential to overcome the low laser damage thresholds of the NLO
chalcopyrite sulfide materials such as AgGa#thout losing their large nonlinear properties and wide
transmission ranges. A new thioborate phase, polycrystallipBagB,Ss+« (X ~ 0.2), has been prepared
by the reaction of the metal sulfides andSB glass in carbon crucibles sealed inside evacuated silica
tubes. It crystallizes in the tetragonal system with unit cell parameters-0f.762(4) A anct = 24.020(7)

A and is based on isolated (BS structural units. The second harmonic generation (SHG) efficiency
determined on powders of BaB,Ss+« (X ~ 0.2) is~50 times larger than that @f-SiO,, The infrared
spectrum shows transparency from 2.5 todf with absorption bands around 12n related to the
vibration modes of (B~ units. The U\~visible spectrum shows that it is transparent in the visible
region down to~350 nm, which is a large improvement over the absorption edge of Ag&a®0 nm.

Introduction Table 1. Comparison ofd-Coefficients, Transparency, and Damage
] ) ) Thresholds of Selected NLO Oxide Materials
Since second harmor_uc gengratlon (SHG) was pbserveu d-cosfficient damage threshold
when a ruby laser was directed into a quartz crystal in 2961, nLO (pm/V) transparency  (10° W/cn?)
nonlinear optical (NLO) materials have attracted much material at1.064um (um) at 1.064um ref
attention owing to their use in the field of NLO devices LiB3Os d»=0.85  0.16-2.60 25,000 9
which are now widely used in laser medicine, optical #BaB0s d=2.00  0.26-2.60 4,500 &8
o ; . : : LiNbO3 d3=4.35  0.46-5.50 300 24
communication, and 5|gnal processing. This re;:ulted inthe |0, dy=4.40  0.286.00 120 32,33
development of many important nonlinear optical crystals KHzPO, d=0.39  0.171.57 300 4,34

such as LiNb@? 4 KTiOPO, (KTP)? 5-BaB,0, (BBO) 58

LiBsOs (LBO),? and AgGag % !2to name just a few. The ~ materials. These materials have high laser damage thresholds
relationships between the chemistry, structure, and propertiesarising from the strongly covalent-BO bonds, form large

of NLO materials have been intensely studied to elucidate electron polarization from the planar structural units consist-
the mechanism of NLO behavior and to create new and bettering of delocalizedr-conjugated orbitals, and lead to a great
NLO materialst*1¢ For such purposes, the boron atom has Vvariety in synthesizing NLO materials from various structural

been chosen for the central element in many NLO oxide units*® With these properties, borate materials have made
great progress in UV applications especially because of their

*To whom correspondence should be directed. E-mail: swmartin@ high laser damage thresholds, in some cases exceeding 25

i . . Ph . 15) 294-0745. . .
'asﬁﬁfwzdgtateod‘rﬁvéfsia 94-0745 GW/cn?, and their good UV transmission to wavelengths

*University of Houston. as low as 157 nfATypical NLO oxide materials are shown
(1) Franken, P. A; Hill, A. E.; Peters, C. W.; Weinreich, Bhys. Re. in Table 1
Lett. 1961 7, 118. '
% 'l\a/li"er, R. g-;JN%rdlang, E-E"Eljh)g- R?- 19;0 E12, rig%gls a1 On the other hand, sulfur-based NLO materials such as
rosnan, S. J.; Byer, R. . Quantum Electro , . .
(4) Dmitriev, V. G.; (%/urzadyam G. G.; Nikogosyan, D. Nandbook of Aggaalo—lz and CuGag® Wthh have M-S bonds and
Nonlinear Optical CrystalsSpringer: New York, 1999. typically tetrahedral structural units, have been used for NLO
(5) Kato, K.IEEE J. Quantum Electrorl991, 27, 1137. inati i ; i
(&) Chen, C.: Wu. B.. Jiang, A.. You, Gci. Sinical985 B28 235. apphcgtlons in the IR region (220 ﬂm). These mfrared
(7) Kouta, H.Appl. Opt.1999 38 (3), 545. materials normally have larger nonlinear properties than
(8) Bromley, L. J.; Guy, A.; Hanna, D. ©pt. Commun1988§ 67, 316. oxide materials because of the higher polarilizability of
(9) Chen, C.; Wu, YJ. Opt. Soc. Am1989 B6, 616. lfur-b d bondi H their | | d
(10) Ruderman, W.; Maffetone, J.; Zelman, D.; Poirier, \Dater. Res. sufiur-base ) _On Ing. OV\_IEVGI’, er fow ?‘S?r a_mage
Soc. Symp. Prod 99§ 484, 519. thresholds arising from their small band g&pamit their
(11) Bhar, G. C.; Smith, R. CPhys. Status Solidi972 13, 157.
(12) Chemla, D. S.; Kupecek, P. J.; Robertson, D. S.; Smith, FO[.
Commun1971 3, 29. (15) Jackson, A. G.; Ohmer, M. C.; LeClair, S.IRfrared Phys. Technol.
(13) Mei, L.; Ishizawa, NRep. Res. Lab. Eng. Mater., Tokyo Inst. Technol. 1997, 38, 233.
1996 21, 21. (16) Chen, C. TDevelopment of New Nonlinear Optical Crystals in the
(14) Becker, PAdv. Mater. 1998 10 (13), 979. Borate SeriesHarwood Academic Publishers: Langhorne, PA, 1993.
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o and for this reason we have explored similar thioborates
Q i _ Q'( containing (B9)*~ and (BS;)® units in the search for
A QYO Of}yo O—( O thioborate materials with good NLO behaviors. The 2s

O O O O O-( electrons on boron atoms form planar hybridizeti@pitals

) ' in (BS:)® units. These three hybridized %sprbitals form
(1) (BS5)™ (2) (B:Sa)” (3) (BaSs)” (4) (B;S)” three sigma bonds with three sulfur atoms, while the
nonbonding porbital on each S atom is not involved in
Q

hybridization and can form a delocalizaebonding system

that in the delocalizedr-orbital system in the benzene
molecule GHe and the carbonate ion GO.!° These
delocalizeds-orbitals are not confined just between two
adjacent bonding atoms, but extend over four atoms in the

perpendicular to the trigonal (BSplane in a way similar to

5 B 5= -‘||| e g “‘-. r..'. 3 - . .
(5) (BS) (6) (BuS10) (T (Bdietr) BS; plane so that the electrons in any of thaserbitals are
. : Sulfur i
® :Boron Q :suf able to freely move around the Bflane and this delocal-
Figure 1. Various structural units in the metal thioborate cryséy(s) the ization produces a strong electron polarization when the

(BS3)® unit in LisBSg and LiSrBS; (2) the (BSs)?~ unit in CsB,Ss; (3) e . . . . . ‘i pa
the (B;S9)% unit o LisBoSs and NaB:Ss: (4) the (BSe)® unit in ’\7363336 electric field is applied. It is believed that this in turn is highly

and KsBsSs; (5) the isolated tetrahedral (B~ units have not been found ~ advantageous for large NLO coefficients.

: - _ . aoon 10 _ _
g‘@’l"slg;"ggﬂgaetiucgf;ﬂaﬁgm(gz g&?sjg)fg tf;?f;eggggsl&“ﬂ':; Search for and Synthesis of Thioborates as New NLO
Shr4x B1oS10 (X & 0.27), NaB1Sts. Materials. For these reasons then, planar structural units such
as (BS)® and (BSs)® are expected to have large second-
high power application in the IR region. The search for new order susceptibilities and it should be possible to prepare
infrared NLO crystals with high laser damage thresholds new thioborate compounds containing planar structural
combined with large optical nonlinearity and wide transmis- (BS;)®~ and (BSs)®~ units as new NLO materials. However,
sion ranges, visible to IR, is therefore quite active to respond compared to other inorganic compounds, metal thioborate
to the increasing use of infrared NLO crystals in a wide range compounds have been largely ignored because the synthesis
of applications such as harmonic generators, remote sensingof suitable single crystals for optical and single X-ray
and molecular spectroscopy. In this research effort, thioboratediffraction characterization is difficult because of the high
materials based on boron sulfide are being considered as ahemical reactivity of boron sulfid®¥.So far it appears that
new class of NLO materials by combining the favorable ~34 known thioborates have been previously prepared, as
transparency and nonlinearity of sulfur-based NLO materials shown in Table 2, and among these only three compounds,
(eg., AgGag) with the high damage thresholds of borates SrLiB3S;, BaLiBsSs;, and PhB,S;, appear to be noncen-
(eg., LiB30s). trosymmetric which is necessary for nonlinear optical
Various Structural Units of Thioborate Crystals. Metal properties. The metathioborates Srt$8 and BaLiBSs
thioborates have numerous structural Uitisat can lead to  consisting of (BSs)3~ units are extremely unstable in air
a great variation in the selection of structural types favorable because of the high content of boron sulfide and lithium
to the NLO effect. For example, planar structural units sulfide, so they are not attractive candidates for new NLO
containingzr-conjugated orbital systems might form large materials. The relatively more stable lead thioboratdF® o
electron polarization and the strong covalent 8 bonds consisting of (BS;0)® units, however, showed no SHG
could produce high damage thresholds. The boron atomproperties by powder SHG measuremént.

usually coordinates with either three or four sulfide atoms Therefore, the synthesis of new thioborate compounds that
to form (BS)* or (BSI).S_ groups. These (BF~ and (BS)> will have noncentrosymmetric structures with SHG properties
units may be either isolated or connected to form planar gng are reasonably stable in air are likely to be among the
structural units such as (BB, (BsS)*, (B:S), and  metal orthothioborates consisting of (§5 units, where
(B2S5)>" for the former, or three-dimensional units such as chemically stable metal sulfide compounds are expected to
(B4S10)°” and (BioS16Sy2)° for the latter, as shown Figure  jmprove the chemical stability of the boron sulfide network.
118 Further, many other structural units can be created These are considered to be among the best candidates for
through different combinations of these basic structural units. he\ww NLO thioborates because of low symmetry, high
Therefore, it is expected that many different structural units olarizability of (BS)3~ anionic groups, and smaller content
of thioborate compounds can be formed and these structuralf horon sulfide. In the synthesis of new thioborates for NLO
units may lead to a great variation in the selection of materials, X¥(BS;), type phases were first considered to
structural types favorable for the NLO effect. try to avoid a center of symmetry and to improve the NLO
Favorable Structural Units for NLO Materials. Planar properties by simply replacing O for S in the borate phase

structural units such as (B8~ and (BOs)®~ containing XY 2(BO5),.21-2% This simple approach has the potential to
conjugatedr-orbital systems in the borates have been found

to be the most favorable structural units for NLO effékct,

(19) Chang, RChemistry 6th ed.; McGraw-Hill: Boston, MA, 1998; p

405.
(17) Conard, O.; Krebs, B2hosphorus, Sulfur, Silicon Relat. Eleh®97, (20) Kurtz, S. K.; Perry, T. TJ. Appl. Phys1968 39, 3798.
124&125 37. (21) Smith, R. W.; Keszler, D. AJ. Solid State Chen1992 100, 325.

(18) Krebs, B.Phosphorus, Sulfur, Silicon Relat. Ele#001 168 11. (22) Smith, R. W.; Koliha, L. JMater. Res. Bull1994 29 (11), 1203.
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Table 2. Some of the Known Thioborates, Their Crystal Systems, Point Groups, Structural Units, and Center of Symmetry

compound crystal system point group space group structural unit center of symmetry ref
LisBSs orthorhombic mmm Pnma (BS3)3- 26
NasBSs monoclinic 2 Qlc (BSs)3~ 35
K3BS; monoclinic 2 P2i/c (BS3)3~ 35
RBS3 monoclinic 2 P2,/c (BS3)3- 35
TI3BSs monoclinic 2m P24/c (BS3)3- 36
Sr3(BS3)2 monoclinic 2Mm Qlc (BS3)3~ 37
BaLiBS; monoclinic 2m P2i/c (BSs)3~ 27
SrLiBS; orthorhombic mmm Pnma (BS3)3- 26
KBay(BSs)s monoclinic 2Mm Qlc (BSs)3~ 38
K4Bay1(BS3)sS trigonal 3n R3c (BS3)3 38
Si2Bapg (BS:)4S monoclinic 2 Clc (BS3)3- 39
NasB3Se trigonal 3n R3c (B3S6)3~ 40
K3B3Ss trigonal 3n R3c (BsSs)®~ 40
R3B3Ss trigonal 3n R3c (B3Ss)®~ 40
Si3(B3Ss)2 trigonal In R3c (B3S6)3~ 37
BalLiBsSs monoclinic m Cc (B3Se)3~ none 27
SrLiB3Ss monoclinic m Cc (B3Ss)®~ none 40
CsB2Sy tetragonal 4hmm Vacd (B2S)2~ 41
NaxB2Ss orthorhombic mmm Pnma (B2Ss)2~ 42
LioB2Ss orthorhombic mmm Cmcm (B2S5)2~ 42
K2B2Sy monoclinic 2m 12/a 43
TIBS3 monoclinic 2 P2;/m 44
TI3B3S10 triclinic 1 P1 44
RbBS monoclinic 2Mm P2:/c 44
SrB;Sy monoclinic 2 P2;/c 45
TIBS, trigonal 3n R3m 45
BaB,S4 monoclinic m Cc 52
PyB4S10 tetragonal 422 P4,2,2 (B4S10)®~ none 46
Li 4-2¢ ST 24+x B10S10 (X ~ 0.27) monoclinic 2ah P2;/c [B10S185212] 8~ 47
AgeB10S1s monoclinic 2Mm Qlc [B10S16S4/2] %~ 48
NasB10S1s tetragonal 4hmm Vacd [B10S1654/2] ¢~ 47
Li 6+2¢ [B10S18]Sx (X ~ 2) monoclinic 2 Qlc [B10S16S 42)®~ 49
LioB10Ss3 monoclinic 2 Qlc [(B19S30S612)°7] 50
LisB7S:3 monoclinic 2m Clc [(B4SGS4/2)4_ (81031684/2)6_] 50

synthesize noncentrosymmetric thioborates because, as showthen pre-reacted by placing the starting materials in a covered
above, borates and thioborates share many of the samevitreous carbon crucible and heated for 15 min at 900nside a
structures. mullite tube lined muffle furnace attached hermetically to the side
of a high-quality oxygen- and water-free gloveboxS ppm Q

and <5 ppm HO). The sample was cooled to room temperature in
the carbon crucible in the glovebox, ground to a fine powder, and
then heated again for 15 min at 980D. After regrinding, the product

The synthesis of various new polycrystalline orthothio-
borates of general formula X{BS;),, where X and Y are
different cations with+2 formal charges, (X¥ = BaZn,

ZnB&, BaCuy, CuBa, CuSk, SrC_UZ, SrPb, PbSg, RbZQ, was placed into a vitreous carbon crucible, and then placed inside
ZnPhy, BaPh, PbBa) have been tried. From all of this effort, 4 predried silica tube and sealed under vacuum. The sealed tube
we report a new thioborate polycrystalline ,Ba,B,Ss+« and contents were heated according to the temperature profile shown

(x & 0.2) phase that was initially batched to yield the as eq 1. Light yellow to white powders were obtained when the
orthothioborate phase B&n(BS:),. Upon careful inspection ~ samples were ground. The samples ofEaB,Ssx (x = 0.15,
and compositional analysis it was found thats 0.2 for 0.2, 0.4, 1) phases are relatively stable in air (exposure to air for
this phase and is not the expected- 1 value. We report 4 h did_ not change the XRD powdgr pattern). _However, as a
the synthesis, structural characterization, and nonlinearPrécaution all samples were handied in a dry helium glovebox.

optical properties of this phase.
ptical prop P RT-2 900°C (24 h)~22 700°C (10 h)=22

Experimental Section 600°C (24 h)* 500°C (24 h)~~ 450°C " RT (1)
Synthesis. High-purity glassy BS; was prepared from amor- Powder X-ray Diffraction. The powder X-ray diffraction data

phous boron (99.9% metal basis, Cerac) and sulfur (99.999%, for finely ground (<20 um) ZnBaB,Ss.x (x = 0, 0.15, 0.2, 0.4,
Cerac) using a procedure modified from literafdrand was used ~ 1) phases were collected at 298 K on a Scintag XDS2000
as the starting material for,B,. Powders of ZgBaB,Ss 1 (x = 0, diffractometer using Cu & rad_latlon ¢ = 1.5406 A)._It was
0.15, 0.2, 0.4, 1) were prepared from 1-g batches of the stoichio- OPerated at 40 kV and 30 mA in thé 2ange of 13-80° in step
metric amounts of the starting compounds, BaS (Cerac, 99.9%),Scan mode with step size 0:02nd step time 6.0 s. The cell

ZnS(Fisher Scientific, 99.99%), an:®. They were mixed and ~ constants of the ZB&B>Ss1x (X ~ 0.2) pha_se were obtained by
using the software DICVOL945 and the unit celldops dcaie and

1(%) values are listed in Table 3.

(23) Ji, Y.; Liang, J.; Xie, S.; Yu, YJ. Am. Ceram. Socl995 78 (3),
765.

(24) Martin, S. W.; Bloyer, D. RJ. Am. Ceram. Sod99Q 73, 3481. (25) Boultif, A.; Louer, D.J. Appl. Crystallogr.1991, 24, 987.
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Table 3. Powder XRD Data for Zn,BayB,Ssx (x =~ 0.2); Tetragonal T - ' T T T T T T T
System,a = 4.762(4) A, andc = 24.020(7) A
h k | Gobs deal 1(%)
0 0 4 6.005 6.005 6
1 0 1 4,671 4.672 80
1 0 3 4.093 4.093 4 -
0 0 6 4,002 4.003 42 =
1 0 5 3.382 3.382 91 <
1 1 0 3.367 3.368 71 >
1 1 2 3.242 3.243 13 2
0 0 8 3.002 3.003 6 o
1 1 4 2.937 2.937 2 =
1 0 7 2.784 2.784 51
1 1 6 2.577 2577 100
0 0 10 2.401 2.402 4
1 1 7 2.404 0
2 0 0 2.381 2.381 40
1 0 9 2.328 2.328 3
2 1 1 2121 2.122 15 I—.SS
o o 1 2000 20020 13 noomow B e W
1 0 11 1.985 1.985 17 _ _ 2Theta
2 1 5 1.947 1.947 3 Figure 2. Powder X-ray diffraction patterns of the BeB,Ssx (x = 0,
2 1 7 1.809 1.810 4 0.15, 0.2, 0.4, 1) phases. X-ray peakgeZnS appeared in the ZBaBy-
1 0 13 1.722 1.723 3 Ssix (x = 0.4, 1) phase, but the intensity decreased with low content of
0 0 14 1.716 1.716 0 ZnS. Eventually, ng-ZnS peaks appeared in the,BapB>Ss+x (x = 0.2).
2 (2) 18 iggi iggi g to display the SHG signal. The powder SHG properties of the
2 1 9 1.664 1.665 1 samples were expressed as the comparative inteh3t{?{(sio2)
2 2 4 1.621 1.621 4 of a-Si0,.
2 2 6 1.552 1.552 13
2 0 12 1.532 1.532 9 ; ;
5 1 11 1524 1525 10 Results and Discussion
g é 1; igé? igg? 1? Powder X-ray Diffraction Measurements. The synthesis
3 1 0 1506 1506 10 pf_ t.he orthothioborate phasg BBQ!BZSHX (x=1) was tried
3 0 7 1.441 1.441 6 initially, but powder X-ray diffraction patterns revealed that
g i 13 1-‘31355’ i-“%g g this composition phase separated ifit&nS and a second
1 1 16 1371 1371 5 _phage, later identified as BaB,Ss+x (X ~ 0.2) as shown
1 0 17 1.355 1.355 8 in Figure 2. The structure of the MaB,Ss1x (X ~ 0.2)
g g 1? igig %gfg g phase has been indexed by the DICVOL91 progtaithe
3 5 3 1303 1303 0 powd(_ar X-ray d|ff_ract|on data in the_€2range of 13-80°
2 2 12 1.289 1.289 4 were indexed. This phase could be indexed as a tetragonal
g 2 ié i-%gg i-ggg i structure with the lattice constaat= 4.762(4) A andc =
3 1 10 1276 1276 0 24.020(7) A as shown in.TabIe 3. The systematic extinction
3 2 5 1.274 1.274 2 of the diffraction lines indicates that the possible space group
1 1 18 1.241 1.241 23 of this compound id4, 14, 14/m, 1422, 14mm 142m, 14m2,
3 2 7 1.233 1.233 3

or 14/mmm Among thosel4/m, 1422, and4/mmmare centric
Infrared (IR) Spectroscopy. The mid-infrared spectra were structures and were eliminated because they are inconsistent

recorded in the range of 408@00 cnt with the use of a Bruker ~ With the result of the powder SHG test. Therefore, the
IFS 66v/S spectrometer on samples using the KBr pellet method. POSsible space group is one of the following five space
Samples of 2 mg were ground with 100 mg of KBr, previously groups: |4, 14, 14mm 142m, andl4m2.
dried at 300°C, and pressed into pellets. The IR transmission spectra  To further resolve the structure of this phase, the synthesis
typically were obtained using 32 scans at 4 émresolution. of suitable single crystals of ZBaB,Ssi« (X ~ 0.2) for
UV/VIS/NIR Spectroscopy. The UV/VIS/NIR spectra were  single X-ray diffraction was attempted, but even with using
recorded in the range of 26000 nm at room temperature using many different heating and slow cooling schedules, suf-
a PE Lambda-19 spectrometer. The UV/VIS/NIR spectra of the ficiently large crystals £0.1 mm) could not be prepared.
samples were taken using the KBr pellet method. 2 mg of the However, in one instance a yellowish tiny crystal of poor
samples were ground with 100 mg of KBr, previously dried at 300 q,5jity was obtained and that was later found to also be badly
°C, and pressed into pellets for transmission. twinned. Single-crystal X-ray diffraction measurements of
Second-_Harmonlc Generation MeasurementsThe second- this crystal suggested the tetragonal system with 4.763
ﬁrder gon“neamy of deV\.'der Samg.lfe.s dOL*B?QB'fI%SX (x T 0.2)'th A andc = 24.027 A (comparable with = 4.762(4) A and
ave been examined 1sing a modiied urz- system Wil & — 24.020(7) A determined from powder X-ray diffraction)

1064 nm Nd:YAG lase® The polycrystalline samples andSiO,- d th ibl d ined b
(reference) were ground to powders {453 um) and were placed and the most possible space group was determined to be

in separate capillary tubes. The sample was irradiated with a Nd: 142m. Unfortunately, further investigation of the structure
YAG laser (1064 nm) and the filtered SHG light, 532 nm, was Was not possible using this poor quality crystal.

collected in reflection and detected by a photomultiplier tube (Oriel  Infrared and UV/VIS/NIR Absorption. To further
Instruments). A digital oscilloscope (Tektronix TDS 3032) was used characterize the structure of the phase, the structurally known
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863 cm™

Li,BS,

ZnBa,B.S,, (x~0.2)

2727 5+4x

SILiBS,

Sr,(BS,),

anBaszss+x (x~0.2) e
4000 3500 3000 2500 2000 1500 1000 500 150

-1
1 A ] , 1 . | \ Wavenumber (cm™)

1400 1200 1000 800 600 400 Figure 4. Infrared spectra of ZBaB,Ss+« (X ~ 0.2) and AgGagpowder

-1 suspended in a KBr matrix. The main absorption bands around 850 cm

Wavenumber (cm') are assigned to the vibration mode of ¢S unit and indicate that the IR

Figure 3. IR spectra of various orthothioborate compounds consisting of absorption edge of this material may lie below 1000 &r{10 xm), so it
isolated trigonal planar (B~ units. The main absorption bands850 can be transparent until m.
cm arise from the asymmetric stretches modes of the)BSinit. Weak
absorption bands-450 cnt! assigned to the symmetric stretches modes T T T T T
of (BS3)3~ unit. The different peak frequency of the mode for each phase
would be expected from the different mass of the metal counterion in these
phases.

371 cm™

Absorbance (A.U.)

AgGas,

Absorbance (a.u.)

ZnBa,B.S,, (x~0.2)

orthothioborates such as 3BS;, SrLiBS;, and Sg(BS;).
consisting of isolated (BF*~ units have been prepared, and
the IR spectra of these compounds were compared to that
of Zn,BaxB,Ss+« (X &~ 0.2) and are shown in Figure 3. In the
IR spectra of SrLiB$® and BaLiBS?’ crystals, strong
absorption bands occur around 850 ¢rand weak absorp-
tion bands occur around 450 chthese are assigned to the , : , : .
asymmetrical stretching E modes and the symmetrical 200 300 400 500 600 700 800
stretching A’ modes of the (B§®~ unit, respectively, inthe Wavelength (nm)

point symmelry group oD These two absorption bands FOUES, UM tanemeson spectis, of @i 1 = 07 and
are also observed in IR spectra of the alkali orthothioborates, shorter absorption edge-850 nm) than that-¢490 nm) of AgGag which
M3BS; (I\/I = Li, Na, K, Rb, and CS}? The IR absorption makes it have a higher damage threshold.

spectrum of ZgBaB,Ss+« (X ~ 0.2) is very similar to those

of the other orthothioborate crystals and shows strong ZNBaB2Ssix (x ~ 0.2) is estimated at-3.5 eV, which is
absorption bands from 907 to 778 chand weak absorption N0t only higher than that of AgGa&nd AgAsS but also
bands at 444 and 425 chwhich can be assigned to the higher than LiNbQ@, and these values are listed in Table 4.
asymmetrical stretching modes and the symmetrical stretch- Second-Order NLO Properties and Damage Threshold.
ing modes of the orthothioborate (B% unit, respectively.  Powder SHG measurements of theZ&B>Ss:« (x = 0.2)
These assignments strongly suggest that th@&B,Ss« phase were performed to determine its NLO SHG behavior.
(x ~ 0.2) phase consists of isolated trigonal planarg[BS  These experiments revealed thatZaB,Ss.« (x ~ 0.2) had
units like the other orthothioborates. Additional absorption @ SHG efficiency o~50 times greater than that of powder
bands are not observed in the mid-IR range, and for this samples ofa-SiO,. This SHG response further confirmed
reason the ZBaB,Ss.« (x ~ 0.2) phase may be expected that ZnBaB,Ssix (x ~ 0.2) phase belongs to a noncen-

Transmission

to be transparent in the mid-IR range down+t®000 cnt? trosymmetric space group.
(10um) as shown the Figure 4. In addition, Figure 5 shows  To examine the laser damage threshold of this phase, a
that it is transparent in the visible region downt350 nm, qualitative test was performed. Single laser shots from the

where the improved visible transparency is compared to thatNd:YAG laser revealed that ZBaB,Ss« (X ~ 0.2) was not

of AgGa$S. Since the absorption edge is closely related to damaged under prolonged laser irradiation as evidenced by

the band gap and the damage thresholds of optical maté&rials, the continued strong production of 532-nm light. AgGaS

the approximate damage thresholds can be obtained from(a typical infrared NLO material), on the other hand,

measurement of the absorption edges. The band gap ofmmediately decomposed (darkened) after showing low
intensity of SHG (1x 12%si02) and then eventually even this

(26) Hiltmann, F.; Jansen, C.; Krebs, B.Anorg. Allg. Chem1996 622, SHG intensity disappeared completely. At the same laser
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Table 4. Comparison of the Absorption Edges and Damage Thresholds in the Selected NLO Materials

damage threshold

absorption edge energy gap (MW/cm?)
compound anionic group (um) (eV) atA = 1.064um ref
ZnBaB,Ssix (X~ 0.2) (BS) 0.35 3.54
LiNbO3 (NbOs) 0.4 3.50 300 24
AgGaS (Gas) 0.50 2.62 20 1612
AgzASSs (AsS) 0.55 2.00 10 4,15,51

aThe absorption edges are closely related to the energy gap and damage thresholds (the shorter the absorption edges, the higher the damage threshold).

ZnBaB,Ss+x (X ~ 0.2) may have a high damage threshold among the sulfur-based NLO materials due to strongly covalent bajidedn(BSs.

(7—8 x 1?jnpo3) from a 3.5um laserd! Therefore, these

borate groups composed of planar anionic groups have much

sulfide NLO materials have been used in infrared applications higher damage thresholds than that of the other oxide NLO

but may not be useful for 1.064m laser applications due

materials such as LiNbLilO3, and KHPO, because of

to their low energy band gap. The strong SHG intensity from the strong covalent bonding of boron atoms in the {80
ZnBaB,Ss 1« (X &~ 0.2) indicates that this phase may be anionic group, see Table 1. While it is expected that-Zn

useful for both 1.064um and large wavelength infrared
application.

The high laser damage thresholds of theB&aB,Ss.«
(x ~ 0.2) phase can be expected from the {BSanionic

BaB,Ss1« (X ~ 0.2) will have a lower damage threshold than
those of phases containing (B® units, compared to other
NLO sulfide-based materials such as Ag@a®AsS;, and
HgGaSy, ZnBaB2Ss+« (X ~ 0.2) containing covalent bonded

groups in this phase because the absorption edges of théBS:)*~ anions has a shorter absorption edge (larger band
inorganic crystals can be determined by the localized gap) and this will induce a higher laser damage threshold,

molecular orbitals of the anionic grou@sin the borate

see Table 4. Therefore, such NLO thioborates can improve

crystals, larger anionic groups containing the smaller tetra- upon the critical drawback of the sulfide-based NLO materi-

hedral (BQ)®> group such as (B)° and (BO,)> have
higher damage thresholds than the planar {8Oand

als, a low laser damage threshold, without losing their
advantages of high nonlinear properties and wide transpar-

(B3Os)*~ anionic groups because these latter planar anionic €ncy range.

groups containr-conjugated orbitals, which create smaller

energy band gap$.However, borate crystals containing the
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Summary and Conclusions

Metal thioborates consisting of the trigonal planar {8S
structural unit have been investigated as new NLO materials
because the planar (B3 unit containing conjugated
sr-orbital systems will produce high nonlinear optical proper-
ties, and the strongly covalent bonding of boron atoms in
the (BS)®~ anionic group will enable high damage thresholds
and a wide transparency range from the visible to mid-IR
regions. A ZRBa,B,Ss1« (X &~ 0.2) phase crystallized in the
noncentrosymmetric tetragonal space grbim with lattice
constants = 4.762(4) A ancc = 24.020(7) A, and consists
of the trigonal planar (B§®~ structural units. ZBa,B,Ss+«

(x &~ 0.2) yields strong SHG effects about 50 times greater
than that ofo-SiO, and has a wide transparent range from
the visible to the mid-IR region (0.35L0x«m). Additionally,

an absorption edge estimation supports its much higher laser
damage threshold than that of other sulfur-based NLO
materials. While the ZiBa;B,Ss+«x (X ~ 0.2) phase is the
first such NLO thioborate phase to be discovered, many other
metal thioborates are possible and may yield a number of
excellent candidate materials that have high nonlinear optical
properties combined with wide transmission and high damage
thresholds for second-order NLO application in both the
visible and IR regions.
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