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The compounds CsNbOB,0O; and CsTaOB,0; have been syn-
thesized and structurally characterized by single-crystal X-ray
diffraction methods. Each crystallizes with two formula units
in the orthorhombic system and space group Pmn2,. Cell pa-
rameters for the Nb compond are a = 7.527(2), b = 3.988(1),
¢ = 9.717(2) A, and V = 291.7(2) A% cell parameters for the
Ta compound are a = 7.547%9), b = 3.9064(4), ¢ = 9.7713(%)
A, and V = 288.11(9) A%, The structures of these materials are
compared to those of RbDNbOB,O; and KNbOB,0O:, and results
are correlated to the linear and nonlinear optical prop-
erties of the crystals. X-ray data on the solid-solution se-
rics Rb,,K,NbOB) and Rb,_,Cs,NbOB,O; are also pre-
sented.  © 1995 Academic Press, Inc.

INTRODUCTION

Because of their structural characteristics, selected com-
pounds of the type AMOB,05 (4 = K, Rb, Tl; M = Nb,
Ta) have recently been studied for their potential as new
nonlinear optical materials. The first member of this family,
TINbOB,Os, was reported by Gasperin in 1974 (1}. The
derivatives RbNbOB,Qs, TiTaOB,Os, and RbTaOB,0;
were described later (2-4), and recently the K derivative,
KNbOB,0s, has been synthesized (5).

Optical studies on single crystals of KNbOB,Os and
RbNbOB,O; have revealed that their second-order nontin-
ear susceptibilities are approximately five times larger than
that of KDP (potassium dihydrogen phosphate). In addi-
tion, the birefringence of the Rb derivative is sufficient to
phase match 1-um light. The commercial development of
the Rb compound, however, has been thwarted by its ten-
dency to defaminate during fabrication processes (6). Dur-
ing the course of the development of this family of materi-
als, we independently initiated an investigation of its
derivative chemistry.

We report here the existence and structures of the two
new Cs anatogs CsNbOB,O4 and CsTaOQB,0s and solid-
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solution behavior in the series Cs;_,Rb,NbOB,O; and
Rb,_K,NbOB;0Os. From these results, we establish direct
relationships between the structural features of the
AMOB,0O; family and the observed optical properties.

EXPERIMENTAL

Powders of the Nb and Ta oxide barates containing Cs
were synthesized by employing high-temperature solid-
state methods. Stoichiometric quantities of the starting re-
agents, alkali-metal precursors (AESAR, nitrates, or car-
bonates =99.9%), and Ta or Nb pentoxide (AESAR,
=99.9%) were mixed with a 5 mole% excess of B;0;,
ground under hexane, placed in Pt crucibles, and heated
at 923 K for 2 hr to decompose the reagents and initiate
the reactions. The samples were cooled, reground, and
heated for 12 hr at 1073 K. Compounds in the solid—
solution series Rb;_,K . NbOB,O; and Rb;_,Cs,NbOB,05
(0 = x = 1) were also prepared according to the above
prescription. Powder diffraction data were collected on
an automated Philips diffractometer with CuK« radiation;
peak positions were corrected by using NIST Si Standard
640b. The hkl assignment of each reflection was deter-
mined by comparison to indexed patterns of the material
RbNbOB,Os. Unit-cell parameters a, b, and ¢ were refined
by least-squares analysis (POLS(Q) with fourteen peaks in
the range 22° = 2@ = 60°. The results from the solid solution
indicated that the end member CsNbOB,Os does exist,
adopting a structure similar to that of RbNbOB,Os.

Single crystals of CsNbOB,0s were grown with a flux
of CsCl:B,05(1:1) and a compound to flux ratio of 2: 1.
The melt was cooled from 1273 to 873 K at 8 K/hr and
then to room temperature at 50 K/hr. The crystals were
isolated by dissolving the flux in hot water. Single crystals
of CsTaOB,0s were grown from a flux of Cs,S0O,:CsCl
(1:1) with a compound to flux ratio of 2:1 and the same
cooling schedule as described above. Crystals of
CsNbOB,0Os and CsTaOB,0s with edge lengths near
0.1 mm were selected and mounted on glass fibers with
epoxy for structure determination. All measurements were
made on a Rigaku AFC6OR single-crystal diffractometer
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with graphite-monochromated MoK« radiation. Cell con-
stants and the orientation matrix for data collection were
obtained from least-squares refinements with 20 automati-
cally-centered reflections in the range 30° = 28 = 36°
The celi constants correspond to the orthorhombic crystal
system, and Laue symmetry mmm was determined on the
diffractometer. Extensive, prolonged data collections were
conducted on the diffractometer to identify possible su-
percell reflections; none were found. For each crystal, in-
tensity data were collected over the range of indices 0 =
k=12, 0=k 16, and —6 = !/ = 6 by using the w scan
" technique to a maximum 26 value of 75°. From 1572 mea-
sured reflections for CsNbOB,Os, a total of 869 were ob-
served [F? > 30(F?%)), and from 1570 reflections for
CsTaOB,0s a total of 927 data were observed. The intensi-
ties of three representative reflections measured after ev-
ery block of 200 data varied by an average of 0.2% for
CsNbOB,Os and 0.3% for CsTaOB,0s during the col-
lection.

The structures were solved by using the TEXSAN crys-
tallographic software package (7). Each crystal was found
to form in the noncentrosymmetric space group Pmn2,.
The positions of the Cs and Nb(Ta) atoms were derived
from the direct methods program SHELXS (8), while the
remaining atoms O and B were located from ditference
electron density maps. After full-matrix, least-squares re-
finements of the models with isotropic displacement coef-
ficients on each atom, absorption corrections were applied
with the program DIFABS (9), (transmission factors =
0.92-1.12 for CsNbOB,s and 0.86-1.26 for CsTaOB,0s).
The data were averaged (R, = 0,032 for CsNbOB,Os and
0.043 for CsTaOB,0s), and the models were then refined
with anisotropic displacement coefficients on each atom
except for atom O3 in CsTaOB,0s. Final least-squares
refinements resulted in the residuals R = 0.022 and R,, =
0.028 for CsNbOB,0s and R = 0.054 and R,, = {.066 for
CsTaOB,0s. Neutral atom scattering factors were used in
each refinement (10). The final refinement cycle converged
in each case with 4/o = 0.01, and the maximum peaks in
the final electron density maps correspond to 2.37% and
1.97% of a Nb and Ta atom, respectively. Crystal data are
outlined in Table 1, and atomic positional and displace-
ment parameters are listed in Table 2. The data in these
tables are derived from refinements producing residuals
that are lower than those for the corresponding enanti-
omers,

RESULTS AND DISCUSSION

The compounds CsNbOB,O+ and CsTaOB,O; crystal-
lize in the orthorhombic noncentrosymmetric space group
Pmn2,. They are isotypic to the structure of RbNbOB,Os,
but they adopt a subcell configuration. A labeled diagram
representing the contents of a unit cell is given in Fig. 1,

TABLE 1
Crystal Data and Experimental Conditions for
CSMOBzos
M = Nb M =Ta
Diffractometer Rigaku AFC6R
Radiation Graphite monochromated
MoKe (A = 0.70629 A)
Formula wt. (u) 400.92 431.47
Unit cell Ortherhombic
a{A) 7.527(2) 7.5479(9)
b (A) 3.988(1) 3.9064(4)
¢ (A) 9.717(2) 9.7713(9)
V(A% 291.7(2) 288.11(9)
Space group Pmn?, (No. 31}
Do (g cm™) 3910 4.973
F(D00) 308 a7
Z 2
Linear abs. coeff. (cm™) 80.47t 249.99
No. unigue data with 869 927
F2 > 3¢ (F2)
R (F,¥r 0.023 0.054
R, (F,) 0.029 0.066
“ Function minimized:
S willE — F s w = =
; ol k=l o (Fo)

A three-dimensional framework (Fig. 2) results from the
condensation of Nb(Ta)B,0y units (Fig. 3), where each
unit may be described as the conjunction of a Nb(Ta)-
centered distorted O octahedron and a B,Os (pyroborate)
group. By sharing vertices, adjacent units fuse to give layers
of B,O; groups that are slightly tilted out of the ac plane.
The O3 atoms, resting above and below the primary plane
of the ring system, are shared between adjacent layers only
by the Nb(Ta) atoms to give nearly linear - - - O—Nb{(Ta}-
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FIG. 1. Labeled drawing of the structure of CsNBOB;Os as viewed
approximately along the b axis. The large open circles represent O atoms,
the medium shaded atoms represent Cs atoms, and the small filled circles
represent B atoms, here, and in ensuing figures.
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TABLE 2
Positional and Equivalent Displacement Parameters (B,;) for CsMOB,O;s
M =Nb M="Ta

x ¥ z B, x ¥ z B,
Cs 0 04270(1) 02262 1.55(2) 0 0.4731 0.3865(2)  1.63(5)
M 0 (1.1148(1) 0.8349 0,52(2) Q —0.0790 07753 047(2)
o1 0.1902(6) 0.063(1)  09585(5)  1.6(2) ~0.191(3)  —0.046(5)  0.635(2)  23(D)
0z 0.1782(6) 0.054(1)  06830(4)  1.1(1) 0177(2)  —0.039(5)  0.923(2) 1.1(4)
03 0 0.560(1)  0.8338(9) 1.8(2) 0 —0.5658 0.789(3) 2.2(4)
04 0 0.965(2)  0.4809(6) 1.3(2) 0 0.0176 0.128(2) 1.8(7)
B 0.6633(8) 0009(1)  0Q47TTHE)  1.0(2) 0335(3)  —0.02L(5)  0561(2) 13(5)

8’ . .
Note. Beq = —3" E 2 U,-iﬂj a;4;" 4;.
i

O-Nb(Ta)-0 - - - chains that extend along the b axis.The
structure is completed by placement of a Cs atom in an
eight-coordinate site within the framework.

Interatomic distances and angles are listed in Table 3.
Average Cs-0 distances, 3.20 % 0.08 and 3.18 * 0.06 A,
and B-O distances, 1.37 = 0.03 and 1.36 = (.05 A, for the
Nb and Ta derivatives, respectively, are consistent with
the sum of crystal radii (11). The longer B-0O4 distances
(cf. Table 3) are also consistent with the trend of length-
gned B—O interactions about the central O atom of a
pyroborate group (12). As a mirror plane bisects the princi-
pal plane of the B,Os group (through the central O atom),
the group itself is planar. It is tilted from the ac plane
by 2.0° in the case of the Nb analog and by 2.5° in the
Ta analog.

A pyramidal distortion of the Nb-centered octahedron
is evident, in part, from the angle O1-Nb-02 = 165.9(2)";

FIG. 2. Drawing of NbOB,O,; framework in the compound
CsNbOB,0s.

the Nb atom rests 0.22 A out of the equatorial plane defined
by the O1 and O2 atoms. The distortion is less severe in
the Ta analog where the angle O1-Ta-02 = 170.9(6)°,
and the Ta atom is displaced from the equatorial plane by
only 0.14 A. The octahedra are further distorted along the
axial direction by the occurrence of one short and one long
Nb(Ta)-03 interaction. This leads to an alternation of
short and long M-O lengths in the --- O-Nb(Ta)-O-
Nb(Ta)-O --- chains that extend along the b axis. The
transposition of the Nb—O3 short, long distances amounts
to a difference of 0.44 A, which compares with the smaller
difference of 0.10 A for the corresponding Ta—0O3 in-
teractions (cf. Table 3). These distances are consistent
with the expected relative magnitudes of the 4dr—2pm vs
S5dn-2pm  metal-oxygen interactions that contribute
to the Nb(Ta)-O bonding and the observed distortions
(13).

These compounds crystallize in the polar point group
mm?2, and, as such, each is expected to have a permanent
dipole moment directed along the c axis. The B,O; groups,
approximately directed along this axis, should make a ma-
jor contribution to the net moment. A contribution from
the Nb{Ta)-centered octahedra should be associated with
displacement of the Nb(Ta) atoms along the ¢ axis within
the O1, O2 equatorial plane. The Nb atom is slightly dis-
placed toward the O1 atoms (cf. Table 3), but in the case of

FIG. 3. NbB,O, unit of CsNbOB,Os.
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TABLE 3
Selected Interatomic Distances {(A) and Angles (°) for
CsMOB,0,
M=Nb M=Ta M=Nb M=Ta
Cs-01(x2) 3313(5) 3282 O1-Cs-01 51.2(2)  47.2(7)
Cs—02 (x2) 3231(5) 3.17(2) 02-Cs-02z  780(1)  76.8(3)
Cs-02 (%2)  3301(5) 3.11(D) 97.4(2)  100.3(6)
Cs-04 3160(6) 3.17(2) 164.5¢1)  166.7(6)
Cs-04 3196(7)  3.21(2) 102.7(2)  100.3(6)
02-Cs-01  84.6(1)  81.7(6)
421{1)  39.5(4)
102.7(2)  90.4(4)
1223(1) 12475
BLY(1)  832(5)
O1-Cs-04  153.87(9)  155.8(4)
105.9(1)  98.3{4)
02-Cs-04  742(1)  731(3)
119.38(9)  118.7(3)
04-Cs-04  72.7(1}  75.5(4)
M-O1(X2)  1944(4) 199(2) O1-M-01 949(3)  93(1)
M-O2(X2)  2009(4) 198(2) O1-M-02 892(2)  90.5(7)
M-O3(x1)  2214(6) 2.009(2) 1659(2)  170.9(6)
M-03(x1)  1774(6) 1.906(2) OIl-M-03  959(2}  96.5(9)
83.8(2)  88.9(8)
02-M-02  B38(2)  852(9)
02-M-03  832(2)  827(8)
97T2(3)  915(9)
O3-M-03  1795(5)  172(2)
B-0O1 1343(7) 131(3) ©O1-B-02 121.0(6) 120(2)
B-O2 1362(7)  137(2) O1-B-04  1230(6) 118(2)
B-04 1394(7) 1.41(2) 02-B-04 1160(5) 121(2)

the Ta analog, Ta—01 and Ta—0O3 distances are statistically
equivalent. Another source of a moment from these octa-
hedra would be a deviation of the angle O3-Nb{Ta)-03
from linearity. As seen in the Table 3, there is no statisti-
cally significant distortion.

The presence of the - - O-Nb-O-Nb-0 - - - chain with
short and long Nb-O distances is an intriguing structural
feature that is reminiscent of a similar chain (- - - O-Ti-O-
Ti-O - - -} in the commonly used nonlinear optical material
KTP (KTiOPO,) (14). An individual - - - O-Nb-O-Nb-O
-+ - chain from the CsNbOB,O; structure, or a collection
of such chains appropriately aligned, would produce a per-
manent dipole moment and might be expected to produce
a significant optical nonlinearity. But, in the structure of
CsNbOB,0s these chains are oriented orthogonal to the
polar crystal axis. Adjacent chains are then related by the
2, screw axis along the ¢ axis, which effectively reverses
the moments of the chains related by this symmetry opera-
tion. In effect, for each chain in the cell with a repeat
Nb-O distance pattern of short, long, short, long, there is
the opposite pattern of long, short, long, short. The chains
may be considered to be related by a center of symmetry,
and they will not contribute to the net dipole moment or

significantly to the second-order nonlinear optical suscepti-
bility.

From structural considerations alone, it appears that the
orientations of the B,Os groups make the greatest contri-
bution to the dipole moment. These same considerations
are applicable when considering the second-order optical
susceptibilities of these materials. The nonlinear optical
properties should derive from the borate substructure; we
note that the magnitudes of the reported nonlinearities are
consistent with this assertion.

The structures of the Rb and K analogs, RbNbOB,0s
and KNbORB,Os, are similar to the Cs compound, except
the Rb compound exhibits a supercell approximately 5 X
b and the K compound exhibits a supercell approximately
8 X b. A drawing of the structure of the K compound is
given in Fig. 4. Because of the smaller size of the K atom,
greater deviations from coplanarity are seen in the arrange-

FIG. 4. Drawing of NbOB,Os; framework in the compound
KNbOB,Os (cf. Fig. 2).
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TABLE 4
Lattice Parameters for Solid Solutions

K] ,xRb,NbOB205 Rb[ -,CSbeOBzos

x a (A) b (A) ¢ (A) V(A) a (A) b (A) e (A) V (A%
0 7315(1)  3.904{4)  9210(4)  263.1(2) 7380(3)  392R(5)  9449(3)  2744D)
02 7.343(2)  3.866(6)  0303(7)  264.1(6) 7468(3)  3.944(9)  9411(5)  277.2(4)
0.4 7319(8)  3814(8)  9300(1)  265.7(8) 7472(2)  3950(2)  9450(2)  2788(2)
0.5 7330(2)  3.912(3) 93793 268.9(3) 7469(2)  3.956(3)  9.499(2)  280.6(3)
0.6 7361(7)  3914(8)  9381(7)  270.3(8) 7.465(4)  3.963(6)  9.508(5)  281.5(8)
0.8 7486(6)  3907(2)  9.329(5)  272.5(T) 7555(4)  3972(7)  9456(5)  283.7(T)
1 7.389(3)  3.928(2)  9.449(3)  274.2(2) 7.457(2)  3.992(2)  97I0(5)  28%.1(2)

ment of the B,Os groups. These deviations graduaily de-
crease, and a more coplanar arrangement of the groups is
observed as the size of the alkali-metal atom increases in
the series K — Rb — Cs. In this series the average interpla-
nar angle between the B.Os groups decreases from approx-
imately 50° in the K compound to 40° in the Rb derivative
and to 4° in the Cs compound. The more highly coplanar
arrangement should also produce a larger birefringence—
and this has been experimentally verified. The K com-
pound does not possess a sufficient birefringence to
phase match 1 — pm light for second-harmonic generation,
while the Rb analog does have a sufficient birefringence
(An,.« = 0.033) for phase matching. Again, because of the
greater coplanarity among the B,Os groups in the Cs ana-
logs, we expect them to have the highest birefringence.
The magnitude of the birefringence is also expected to
vary systematically within the solid-solution series
Rb,_Cs,NbOB,05 and Rb;_ K,NbGB,Os (0 < x < 1).

290

2851

2804 Rb, ,Cs NbOB,0,

Volume / Z

FIG. 5. Plots of unit-cell volume per formula unit vs composition
for the solid-solution series K;_,Rb,NbOB,O; and Rb;_,Cs,NbQOB;Os
O=x=1)

We have studied these series with powder X-ray diffraction
techniques; the data are summarized in Table 4, and the
results are presented in Fig. 5. In assembling these data,
we considered only the subcell reflections, and no attempts
were made to identify the potential supercells associated
with each composition, Nevertheless, steadily increasing
unit-cell volumes per formula unit for substitution of Rb
for K and Cs for Rb indicate complete solid solubility
across the series (Fig. 5). The intermediate compositions
may well exhibit unusual super- or modulated structures,
and they should also have intermediate levels of birefrin-
gence.

In summary, the crystal chemistry associated with these
pyroborates provides an opportunity to produce materials
with useful properties for second-harmonic generation.
The nonlinearity and birefringence associated with the
compounds CsNbOB,0O; and CsTa0OB,(s make them
promising candidates for frequency doubling 1 — um laser
light. Their use as bulk single crystals, however, may be
limited by their mechanical durability.
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