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ABSTRACT: A new alkali-metal borogermanate with noncentrosymmetric structure,
namely, Cs,GeB,Oy, has been discovered, and a large crystal with dimensions of 20 X
16 X 8 mm® has been grown by a high-temperature top-seeded solution method using
Cs,0—B,0; as a flux. The compound crystallizes in the tetragonal space group I4
with a = b = 6.8063(2) A, ¢ = 9.9523(7) A, V = 461.05(4) A% and Z = 2. It features a
three-dimensional anionic open framework based on GeO, tetrahedra and B,O,
clusters that are interconnected via corner-sharing, forming one-dimensional channels
of nine-/ten-membered rings along the a and b axes, which are occupied by Cs* - —
cations. Cs,GeB,Oy exhibits a very high thermal stability with a melting point of 849
°C, and it possesses a short-wavelength absorption edge onset at 198 nm determined
by UV—vis transmission spectroscopy measurements on a slab of polished crystal. &
Powder second-harmonic generation (SHG) measurement on sieved crystals reveals
that Cs,GeB,Oy is a type I phase-matchable material with a strong SHG response of
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about 2.8 X KH,PO,. The preliminary investigation indicates that Cs,GeB,Oy is a new promising second-order nonlinear-optical

crystalline material.

B INTRODUCTION

Nonlinear-optical (NLO) materials, as frequency conversion
devices for providing coherent radiation in a wide-wavelength
range, play an indispensable role in laser technology. Thus, they
have received much attention. According to the anionic group
theory," borate is a promising system for second-order NLO
material, especially in the UV range, because borates possess
NLO-active anionic groups with large microscopic second-
order susceptibility and a short UV absorption edge. In the past
decades, several important NLO borate crystals have been
reported, among which f-BaB,0, (BBO), LiB;O; (LBO),
CsLiBsO,, (CLBO), and KBe,BO,F, (KBBF) have realized
commercial application in the field of all-solid-state lasers.” >’
Unfortunately, some unfavorable properties still limit their
performance, which include (1) the phase-matching cutoff for
second-harmonic generation (SHG) occurring at a longer
wavelength for LBO, (2) a large walk-off angle, a small angular
bandwidth, and photorefractive damage for BBO, (3) high
hygroscopicity for CLBO, and (4) difficulty in growing a bulk
crystal for KBBF. Hence, explorations of new materials for
NLO application have still aroused a great deal of researchers’
interest.

Solid-state inorganic borogermanate is a new type of material
for NLO application. To maintain a short absorption edge,
introducing germanium element into borate is attractive
because the borogermanates usually possess very large energy
gaps. Meanwhile, the combination of the flexible coordination
geometries for both Ge and B atoms will afford abundant new
structural types. A series of new metal or organically templated
borogermanates have been synthesized during the past 2
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decades.”' ~** Among them, many alkali- or alkaline-earth-metal
borogermanates possess noncentrosymmetric structures and
are able to exhibit a short absorption edge in the UV range and
moderate SHG responses. For instance, Rb,GeB,O, exhibits a
SHG response of 2.0 X KH,PO, (KDP) with a band gap of
5.54 eV, and CsGeB;0, a SHG response of 1.5 X KDP with a
band gap of 5.76 eV.”***** For borogermanates, the overall
SHG response mainly originated from the B—O anionic group,
while the Ge—O polyhedron contributes less. Thus, an effective
approach to designing new borogermanates with large NLO
effects is to increase the atomic ratios of B/Ge in the
compounds and synthesize boron-rich ones. Furthermore, the
B—O anionic groups exhibit larger flexibility than the Ge—O
groups; hence, the Ge—B—O network with higher atomic ratios
of B/Ge should possess more possibility for structure
adjustment. It is also expected that cations may play an
important role in the structure variation. For instance,
Rb,GeB,0,™* and K,GeB,04-2H,0,”** although they adopt
similar [GeB,O,],>"” networks with the highest atomic ratios of
B/Ge, crystallize in different space groups (P2, for Rb,GeB,O,
and Cc for K,GeB,0,2H,0) and exhibit a few structural
differences. The [GeB,O,],>"” networks are also found in many
templated borogermanates with different space groups.nc’Cl As
is well-known, the alkali-metal cation with large size usually
exhibits larger flexibility and polarization, which is favorable for
NLO effects. Guided by these ideas, we systematically explored
the Cs,0—GeO—B,0; system and attempted to combine the
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Cs* cation with the flexible [GeB,O,],2" network. The title
compound Cs,GeB,Oy was obtained successfully and has a
higher atomic ratio of B/Ge than the reported CsGeB;0,.>*
Herein, we report its structure, thermal behavior, UV—vis and
IR transmission spectra, second-order NLO properties, and

bulk crystal growth.

B EXPERIMENTAL SECTION

Reagents. Cs,CO; (99.99%), GeO, (99.999%), and H;BO;
(99.5%) were purchased from Sichuan State Lithium Materials Co.
Ltd., China Nanjing Germanium Co. Ltd., and Aladdin Chemistry Co.
Ltd,, respectively, and used without further purification.

Synthesis and Crystal Growth. Polycrystalline samples of
Cs,GeB,Oy were synthesized in an air atmosphere by a high-
temperature reaction of the stoichiometric mixture of Cs,CO; (10
mmol, 3.258 g), GeO, (10 mmol, 1.046 g), and H;BO; (40 mmol,
2.473 g). The initial mixture of raw materials was ground thoroughly in
an agate mortar and then heated in a platinum crucible at 650 °C for 2
h and at 780 °C for 20 h. It was reground after heat treatment at 650
°C. Its purity was confirmed by powder X-ray diffraction (XRD)
studies (Figure S1, Supporting Information).

Small single crystals were grown from a high-temperature solution
by using Cs,O—B,0; as a flux and a spontaneous nucleation method
in an air atmosphere. A mixture (about 10 g) of Cs,COj, GeO,, and
H;BO; at a molar ratio of 1.5:1:6, that is, Cs,CO; (15 mmol, 4.887g),
GeO, (10 mmol, 1.046 g), and H;BO; (60 mmol, 3.710 g), was loaded
in a platinum crucible and heated in a muffle furnace at 850 °C until
the melt became transparent and clear. The homogenized melt
solution was then cooled slowly (S °C/h) to the final crystallization
temperature (680 °C), followed by cooling to room temperature after
the furnace was powered off. Small colorless crystals of Cs,GeB,O,
were then obtained after dissolving the flux in water.

Large crystals were grown by the high-temperature top-seeded
solution method using Cs,O—B,0; as a flux in an air atmosphere. The
mixture of Cs,CO; (0.6 mol, 195.492¢g), GeO, (0.25 mol, 26.148 g),
and H;BO; (1.5 mol, 92.74S g) was put in a platinum crucible with a
diameter of 60 mm and a height of 60 mm located at the center of a
vertical furnace. The temperature was measured by a platinum—
rhodium thermocouple, which was close to the crucible wall. The
mixture was heated at 850 °C for 2 days to ensure complete melting
and the homogeneity of the melt. A seed with [001] orientation was
mounted at the end of an alumina rod and used to determine the
crystallization temperature and initiate growth. The saturation
temperature, which corresponds to the state at which the seed getting
in touch with the surface of the solution is not melting and not
growing, was first determined by careful adjustment of the temper-
atures. Then the crystal growth was performed by cooling at a rate of
0.2 °C/day until the desired size was obtained. The crystal was
subsequently pulled out of the melt and allowed to cool to room
temperature at a rate of 10 °C/h. The remaining flux attached to the
crystal was readily dissolved in water.

X-ray Crystallography. Single-crystal XRD data were collected on
an Agilent Technologies SuperNova Dual Wavelength CCD
diffractometer with Mo Ka radiation (A = 0.71073 A) at 293 K.
The data reduction was done by the program CrysAlisPro, and the
multiscan method was applied for absorption correction.®'® The
average structure was solved by direct methods in space group I4 and
refined by a full-matrix least-squares fitting on F” using SHELX-97.">*
All atoms were refined with anisotropic thermal parameters. The
occupancy factor of O3, which is located at a position of the 2-fold
axis, is reduced to half of its original value because of its large thermal
parameters as well as the requirement for charge balance. Crystallo-
graphic data and structure refinement are summarized in Table 1.
Selected bond lengths and angles are listed in Table 2. Atomic
coordinates and equivalent isotropic thermal parameters are given in
Table S1 in the Supporting Information, and anisotropic displacement
parameters are given in Table S2 in the Supporting Information. More
details on the crystallographic studies are given in the Supporting
Information. Because of the existence of satellites besides the main
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Table 1. Crystal Data and Structure Refinement for
Cs,GeB,O,

empirical formula Cs,GeB,0Oq
formula weight 525.67
temperature/k 293(2)

crystal system tetragonal

space group )’z

a A 6.8063(2)

b, A 6.8063(2)

o A 9.9523(7)

v, A3 461.05(4)

V4 2

Dejea g/cm® 3.787

u(Mo Ka), mm™! 11.131

F(000) 468

cryst size, mm® 0.16 X 0.10 X 0.07
6 range for data collection, deg ~ 3.63—27.33

index ranges —8<h<8 -8<k<8 -12<L1<10
reflns collected 2447

indep reflns 516 [R,, = 0.0336]
completeness to 6 = 27.33, % 99.3

refinement method full-matrix least squares on F*
data/restraints/param 516/13/44

GOF on F 1.049

Flack factor 0.06(4)

R1, wR2 [I > 26(D)]* 0.0223, 0.0440

R1, wR2 (all data) 0.0223, 0.0440
largest diff peak/hole, /A’ 0.643/-1.157

“R1 = YIE] — IFI/YIEL; wR2 = {Iw[(F,)* — (F)*/
Swl(F,)**}2, where w = 1/[6*(F,)* + (0.0129P)* + 0.1902P] and
P = [(F,)* + 2(F.)")1/3.

Table 2. Selected Bond Lengths (A) and Angles (deg) for
Cs,GeB,0,"

Gel-01 1.741(3) Gel—01% 1.741(3)
Gel-01% 1.741(3) Gel-01% 1.741(3)
B1-02" 1.434(1) B1-03 1.450(1)
B1-02 1.479(1) B1-0O1 1.498(1)
B2-01 1.352(1) B2-02" 1.386(1)
B2-02 1.392(1)

01"-Gel-01 106.4 (1) 011-Ge1-01* 106.4(1)
01-Gel-01% 115.8(2) 01"1—Ge1-01% 115.8(2)
01-Gel-01% 106.4(1) 017—Ge1-01% 106.4(1)
02"-B1-03 106.6(7) 02"-B1-02 111.6(7)
03-B1-02 108.3(7) 02"-B1-01 110.2(7)
03-B1-01 117.0(7) 02-B1-01 103.2(7)
01-B2—02* 122.8(9) 01-B2-02 116.5(8)
02*-B2-02 120.4(8)

“Symmetry transformations used to generate equivalent atoms: #1, —y
+ 1/2, x + 1/2, -z + 3/2; #2, —x, =y + 1,z #3,y — 1/2, —x+ Yy —z+
3/, #4, -y, % —z + 1.

reflections, the possible structural details were also studied through the
four-dimensional (4D) superspace group I2(a0) [equivalent to
B2(af0) in International Tables for Crystallography, Vol. C, Chapter
9.8], and the results are discussed briefly in this paper.*

Powder XRD. XRD patterns of polycrystalline materials were
collected on a Rigaku MiniFlex II diffractometer using Cu K radiation
(1=1.540598 A) at room temperature in the angular range of 26 = 5—
85° with a step size of 0.02°.

Thermal Analysis. Thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) were carried out with a

dx.doi.org/10.1021/ic302774h | Inorg. Chem. 2013, 52, 5831-5837
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Figure 1. View of the structure of Cs,GeB,O, along the b axis. The position of the half-occupied atom is chosen manually to provide a clear view of

the structure.

NETZSCH STA449C unit at a heating rate of 15 °C/min under a
nitrogen atmosphere from room temperature to 1200 °C.

UV-Vis and IR Transmission Spectra. UV—vis and IR
transmittance spectra were recorded at room temperature on a
PerkinElmer Lamda 900 spectrophotometer with a range of 190—2500
nm and a PerkinElmer Spectrum One IR spectrophotometer with a
range of 2500—3800 nm, respectively. A 1.54-mm-thick slab of the
Cs,GeB,Oy crystal polished on both sides was used for the
measurement (Figure 4b).

IR Spectroscopy. IR spectra were recorded on a Magna 750 FT-IR
spectrometer as KBr pellets in the range of 4000—400 cm™ with a
resolution of 2 cm™ at room temperature.

SHG Measurements. The measurements of the powder
frequency-doubling effects were carried out on sieved samples by
means of a modified method of Kurtz and Perry.*® 1064 nm radiation
generated by a Q-switched Nd:YAG solid-state laser was used as the
fundamental frequency light. Cs,GeB,O, crystals were ground and
sieved into several distinct particle-size ranges (25—45, 45—53, 53—75.
75—10S, 105—150, 150—210, and 210—300 um). The samples were
pressed between glass microscope cover slides and secured with tape
in 1-mm-thick holders containing an 8-mm-diameter hole. Sieved KDP
samples were used as the reference in identical fashion. The ratio of
the SHG effect of Cs,GeB,O, to that of KDP was calculated based on
the density of SHG outputs of Cs,GeB,Oy and KDP with the same
particle-size range of 210—300 pm. Furthermore, because it is
commonly reported that the SHG response of BBO is 5.6 X KDP, a
BBO sample with a particle size of 210—300 pm was also selected as a
standard sample for measurement system adjustment and to ensure
accurate measurement for the ratio of the SHG effect of Cs,GeB,O, to
that of KDP.

B RESULTS AND DISCUSSION

Structural Description. The average structure of
Cs,GeB,O, shows a noncentrosymmetric tetragonal symmetry
with space group I4, Wthh is isostructural with Cs,B,SiOy
reported very recently.* Its average structure features a three-
dimensional (3D) B—Ge—O anionic network composed of
strict alternation of B,O, clusters and GeO, tetrahedra with
one-dimension (1D) channels along the a and b axes, which are
occupied by Cs* cations (Figure 1). The asymmetric unit of
Cs,GeB,Oy contains one unique Ge, two unique B, two unique
Cs, and three unique O atoms (Figure 2). The sites of B1, B2,
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Figure 2. ORTEP representation of the selected unit in Cs,GeB,O.
The thermal ellipsoids are drawn at 50% probability. Symmetry codes
for the generated atoms: (A) —y + '/, x + !/, —z + 3/ (B) —x, —y +
1,z (C)y—"/y—x+"/y =2+ (D) =y, % —z+ L

and O3 atoms are half-occupied, and when O3 is present, the B
atom is located at B1 to form a BO, tetrahedron; otherwise, it is
located at B2 with a typical BO; triangle mode. Thus, the actual
B—O cluster is B,Oy with two B10, and two B2O; instead of
B,O,, (Figure 3a). The existence of both BO, and BO; groups
in the structure is also confirmed by its IR spectrum. The B—O
bond lengths range from 1.434(1) to 1.498(1) A and from
1.352(1) to 1.392(1) A, and the O—B—O bond angles from
103.2(7) to 117.0(7)° and from 116.5(8) to 122.8(9)° for the
B10, and B20; groups (Table 2), respectively, which are all in
agreement with those reported in other borates. The Gel atom
is four-coordinated by four Ol atoms in a slightly distorted
tetrahedral geometry (Figure 3b) with an equivalent Ge—O
bond distance of 1.741(3) A and slightly dispersive O—Ge—0O
bond angles falling in the range of 106.4(1)—115.8(2)° (Table
2). Csl is 10-coordinate and Cs2 is 12-coordinate, with Cs—O
distances in the range 3.077(3)—3.368(6) A for Csl and
3.220(3)—3.515(2) A for Cs2. The bond valence sum (BVS)
calculations give values of 3.107 and 2.958 for B1 and B2, 4.076
for Gel, 1.149 and 0.794 for Cs1 and Cs2, which are consistent
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Figure 3. Scheme showing the substructures of B,Oy (a) and GeO, (b) and their connectivity modes (c and d) and views of the 3D [GeB,0,],**”
anionic network along the a (e) and b (f) axes. The position of the half-occupied atom is chosen manually.

with the expected valences (Table S3, Supporting Informa-
tion).>®

B,0O, in Cs,GeB,0, is built of two BO, tetrahedra (T) and
two BO, triangles (A) through corner-sharing, which is the
typical tetraborate block with notation 4:[2A+2T] introduced
by Christ and Clark.>® Because of the disordered distribution of
B and O3 atoms, B,O, randomly adopts an up and down
orientation (Figure 3a). Here, the up and down orientation of
B,Oy is defined according to the relative position of the O3
atoms in the B,Oy cluster along the c¢ axis. Each B,Oy is bridged
to four GeO, tetrahedra through B1/B2—01—Gel bridges, and
each GeO, tetrahedron is also connected with four B,Oq
clusters (Figure 3c,d). Such an alternative connection of
GeO, and B,O, groups results in a 3D anionic [GeB,O,],*""
network with 1D channels along the a axis, as well as the b axis
(Figure 3e,f). Both 9- and 10-membered rings (9- and 10-MRs)
appear randomly in such 1D channels because of the half-
occupancy of the sites of the B1, B2 and O3 atoms; that is, the
1D channels contain both 9- and 10-MRs. The 9-MR is formed
by three GelO,, four B10,, and two B20;, whereas the 10-MR
consists of three GelO,, three B10,, and four B20; (Figure
S2, Supporting Information). Cs,GeB,O, also exhibits similar
1D 9/10-MR channels down the diagonal lines of the unit cell,
such as the [111] and [1—11] directions. All of tunnels are
filled with Cs* cations (Figure 1).

It should be noted that the B and O3 atoms are not totally
random because clear satellites can be observed, as shown in
Figure S3 in the Supporting Information. The satellites can be
indexed by the modulation vector q, which is equal to 0.482a*
+ 0.119b*, so the a and b axes are not equivalent any more
considering the satellites. The final 4D superspace group can be
determined as I2(af0) where a = 0.482 and 8 = 0.119. The
distribution of B and O3 atoms can be determined by the
modulation vector q, which also determines the orientation of
the B,O, clusters. Thus, the B,Oy clusters are pointing up and
down alternately, as shown in Figure S4 in the Supporting
Information. In this work, we will not discuss the modulated
structure in detail because it will be published in the following
report.

Interestingly, among these reported metal boro§ermanates,
K,GeB,0y2H,0 (Cc)**® and Rb,GeB,O, (P2,)** have the
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common building blocks of B,Oy and GeO, and a 3D
[GeB,0,),2"” network similar to that in Cs,GeB,O,, but they
crystallize in different space groups and have many obvious
differences in their structures. First, the B,O, units exhibit many
differences in detail. As described above, the B,Og unit contains
half-occupied B and O3 atoms, which results in its random
orientation in the average structure of Cs,GeB,Oy when the
modulation structure is not considered, whereas the B,O, units
in both K,GeB,04-2H,0 and Rb,GeB,0, do not contain half-
occupied atoms and their orientations are fixed in space.
Another evolution for B,Oy is that the angle between the two
planes defined by the two BO; in one B,Oq group is found to
decrease with the increasing ionic sizes of these cations (107.50,
85.06/88.01, and 79.65° for K,GeB,0,-2H,0O, Rb,GeB,0,, and
Cs,GeB,O,, respectively; Figure S5, Supporting Information).
Second, the connection modes for B,0, and GeQO, are different
from each other (Figure S6, Supporting Information). Of the
two unique GeO, in Rb,GeB,O,, one is connected with three
BO; and one BO, groups from the four adjacent B,Oy units
and the other is connected with one BO; and three BO,
groups. There is only one unique GeO, in both
K,GeB,0y-2H,0 and Cs,GeB,O,, which is connected with
two BOj; and two BO, groups for K,GeB,0y-2H,0 and with
four B—O units that adopt the form of BO; or BO, randomly
for Cs,GeB,O,. The angles of the bridging Ge—O—B bonds are
also different [124.7(6)—131.8(8), 119.6(6)—124.6(6), and
122.8(5)/126.5(5)° for K,GeB,04-2H,0, Rb,GeB,0,, and
Cs,GeB,0,, respectively]. Third, the different connections of
B,Oy and GeOj result in different arrangements of the B,O,
units in these structures (Figure S7, Supporting Information).
For K,GeB,042H,0 and Rb,GeB,0,, each unit cell contains
four B,Oy clusters with two different types of orientations,
while in Cs,GeB,Oy, each unit cell contains two B,O, clusters
randomly adopting the up or down orientation. It is worth
noting that the orientations of the B,Oy clusters in Cs,GeB,O,
are not totally random and exhibit a long-range order, which is
determined by the modulation vector q rather than the unit cell
of the average structure (Figure S4, Supporting Information).
We speculate that the difference in the arrangements of the
B,O, units may result in the different performances of overall
SHG response for these three compounds. Furthermore, the

dx.doi.org/10.1021/ic302774h | Inorg. Chem. 2013, 52, 5831-5837
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differences in the arrangements of the B,Oy units lead to
different channel systems in Cs,GeB,O, from those in
K,GeB,0y2H,0 and Rb,GeB,O, (Figure S8, Supporting
Information). The 10-MR channels are helical and unclosed
and interweave with each other in K,GeB,0,2H,0, whereas
the 9/10-MR channels are nonhelical, closed, and isolated from
each other in Cs,GeB,O,. For Rb,GeB,0O,, two types of 1D
channels (9- and 10-MRs) lie along one direction, whereas
there is only one type of 1D channel that contains both 9- and
10-MRs in Cs,GeB,Oy. These structural differences may be
mainly attributed to the different sizes of the countercations. In
these three structures, GeO, is found to exhibit less variation,
which is consistent with the fact that the GeO, tetrahedron is a
very stable unit everywhere, while B,O, displays obvious
change. Thus, the flexibility of the B,Oy unit is the main origin
of the flexibility of the 3D [GeB,O,],*" network to satisfy the
needs for different cations. Hence, the combination of the
flexibility of the B—O groups with the effect of the cation size is
an effective strategy for structural modulation.

Crystal Growth. Cs,0-B,0;, Cs,0—B,0;—CsCl, and
Cs,0—B,0;—CsF have been examined as potential fluxes for
growth of the Cs,GeB,Oy crystal. The previous results
suggested that the introduction of additional CsCl or CsF,
although significantly decreasing the viscosity of the melt,
would lead to serious volatilization from the melt. Therefore,
the Cs,O—B,0; system was chosen as a flux for bulk crystal
growth. The ratios of Cs,O to B,O; and the ratios of solution
to flux have been adjusted to achieve optimum conditions for
growth of the Cs,GeB,O, crystal. Finally, a bulk crystal with
dimensions of near 20 X 16 X 8 mm® (Figure 4a) was grown
using Cs,0—B,0; as a flux, where the composition of the
mixture for crystal growth was 1:1.4:2 Cs,GeB,Oy/Cs,CO;/
H,BO,.

(b)

Figure 4. (a) As-grown Cs,GeB,Oy crystal with dimensions of 20 X 16
x 8 mm>. (b) 1.54-mm-thick polished slab of the Cs,GeB,O, crystal

used for transmittance spectral measurement.

The powder XRD patterns of the Cs,GeB,Oy as-grown
crystal and theoretical simulation from single-crystal structure
match very well as expected (Figure S1, Supporting
Information).

Thermal Stability Studies. As shown in Figure 5, the DSC
curves of Cs,GeB,O, exhibit only one endothermic peak at 849
°C upon heating to 1200 °C and the TGA curves show
continuous weight loss starting from 860 °C. Hence, the
compound has a very high thermal stability. Further, solid
Cs,GeB, Oy polycrystalline samples were heated at 860 °C for §
min and transformed into a colorless transparent solution
quickly. These features indicate that Cs,GeB,Og melts at 849
°C accompanied by decomposition and volatilization. There-
fore, large Cs,GeB,O, crystals should be grown with a flux.
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Figure S. TGA and DSC curves of Cs,GeB,O,.

Vibrational Spectrum. The IR spectrum of Cs,GeB,O,
displays a series of strong absorption bands with frequencies
below 1500 cm™' (Figure S9, Supporting Information). The
intense absorption bands at 1250—1500 and 900—1150 cm™
can be assigned to the asymmetric stretching vibrations of the
BO; and BO, units in the crystal structure, respectively.>” Also,
the splitting of these two bands into a series of peaks may stem
from distortion of the BO; and BO, groups from the ideal
triangular plane and regular tetrahedron, which removes the
degeneracy of the IR-active asymmetric stretching vibrations.
The symmetric stretching and asymmetric bending vibrations
of BO, tetrahedra are observed at 827 and 649 cm™),
respectively, and the symmetric bending vibration of the BO;
triangle is observed at 686 cm™'. The peaks at 872 and 722
cm™" are typical for the asymmetric and symmetric stretching
vibrations from the GeO, units.*® Because the bending modes
of BO;, BO,, and GeO, polyhedra are likely to be significantly
intermixed within the low-frequency vibrations, the absorption
bands below 649 cm™ are very hard to assign in detail. The IR
spectrum suggests that the Ge atoms just present as GeO,
groups and B atoms appear as both BO, and BO; groups in the
structure, which is in good agreement with those of the
structural analyses.

UV-Vis and IR Transmission Spectra. Figure 6 presents
the transmittance spectrum measured by using a 1.54-mm-thick
slab of the Cs,GeB,O, crystal (Figure 4b) polished on both

sides with a range of 190—3800 nm. In our measurement, the
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Figure 6. Transmittance curve of Cs,GeB,O,.
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short-wavelength transmission cutoff is located at 198 nm
(corresponding to 6.26 eV), and the IR absorption edge
extends to approximately 3500 nm, implying that there is a
wide optical window. In the UV region, the crystal remains at
transmission higher than 50% until the wavelength below 220
nm, indicating its high potential for application as a UV optical
crystal, such as realizing the output of 355 and 266 nm UV
radiation as third- and fourth-harmonic generations of a solid-
state Nd:YAG laser.

SHG Properties. The SHG signals as a function of the
particle size from the measurements made on ground and
sieved samples of Cs,GeB,O, crystals with a Q-switched
Nd:YAG laser of wavelength 1064 nm are shown in Figure 7.
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Figure 7. SHG measurements of Cs,GeB,O, (®) with KDP (O) as a
reference.

For large particle sizes (150—210 and 210—300 um), the
second-harmonic intensity is nearly independent of the particle
sizes. Features of the curves are well-consistent with phase-
matching behavior according to the rule proposed by Kurtz and
Perry, which indicates that Cs,GeB,Og belongs to the type I
phase-matchable class.*®> A comparison of the second-harmonic
signal produced by Cs,GeB,Oy and KDP samples in the same
particle range of 210—300 pum reveals that Cs,GeB,Og exhibits
a strong SHG response of about 2.8 X KDP, which represents
the strongest one among borogermanates reported so far.
Possessing the properties of the strong SHG response and
phase-matchable behavior for SHG, Cs,GeB,O, is a class A
material according to Kurtz and Perry’s definition.”

The SHG response of Cs,GeB,Oy is obviously stronger than
that of the reported K,GeB,0,2H,0 (2.0 X KDP)*** and
Rb,GeB,0, (2.0 X KDP),** which can be elucidated from the
microscopic structural features. According to the anionic group
theory, the overall SHG response of the crystal is the
geometrical squerposition of the microscopic second-order
susceptibility.” Thus, the stronger SHG responses of
Cs,GeB,Oy could be mainly attributed to two factors. First,
the B,O, clusters may exhibit larger microscopic second-order
susceptibility in Cs,GeB,O, than those in K,GeB,042H,0 and
Rb,GeB,O,. Because the microscopic second-order suscepti-
bility of the BO, unit is 1 order of magnitude lower than that of
the BOj; unit, the microscopic second-order susceptibility of the
B,Oy cluster should mainly stem from the two BOj triangles. As
described above, the angle between the two planes defined by
the two BO; units in the identical B,Og groups is found to
decrease with the increasing ionic sizes of these cations. On the
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basis of the view of geometrical superposition, the smaller angle
between the two BO; planes is more favorable for the addition
of microscopic second-order susceptibility of BO; and leads to
larger microscopic second-order susceptibility of the B,O,
cluster. Second, the different arrangements of B,O, clusters
in space may also result in a difference of the overall SHG
response between these three compounds. B,Oy groups are
arranged with two types of orientations in the structures of
K,GeB,0y-2H,0 and Rb,GeB,O,. Such inconsistent orienta-
tions of the B,O, groups make the polarization of these groups
partially cancel each other out in K,GeB,04,2H,0 and
Rb,GeB,O,. The B,O, groups in Cs,GeB,O, also exhibit two
types of orientations, but the modulation structure, which cause
the B,Oy clusters to be arranged with a long-range order that is
determined by the modulation vector q rather than the unit cell
of the average structure (Figure S4, Supporting Information),
may make superposition of the microscopic second-order
susceptibility of B,O, different from that of K,GeB,0,-2H,0
and Rb,GeB,Oy. The relationship between the second-order
NLO properties and the modulation structure is still not very
clear to us so far.

B CONCLUSIONS

In summary, a new alkali-metal borogermanate, namely,
Cs,GeB,Oy, has been discovered. The compound crystallizes
in the noncentrosymmetric space group 4, and it displays a 3D
anionic open framework based on GeO, tetrahedra and B,O,
clusters with 1D channels occupied by Cs* cations. Linear
optical and NLO characterizations demonstrate that
Cs,GeB,Oy possesses a short-wavelength absorption edge of
198 nm and is a type I phase-matchable material with strong
SHG response of about 2.8 X KDP. Of particular merit, a large
crystal with dimensions of 20 X 16 X 8 mm® has been easily
grown by a high-temperature top-seeded solution method using
Cs,0—B,0; as a flux in our preliminary investigation. These
features, combined with high thermal stability, make
Cs,GeB,O,y a new promising NLO crystalline material. Our
future research efforts will be devoted to growing large crystals
of better quality, more detailed physical property measure-
ments, and its NLO applications in UV generation.
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