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The demand for deep-ultraviolet (deep-UV) coherent light
sources (4 <200 nm) has become increasingly urgent because
they have important applications in semiconductor photo-
lithography, laser micromachining, modern scientific instru-
ments (super-high-resolution and angle-resolved photoemis-
sion spectrometer, for example) and so forth. To date, the
most effective method to generate deep-UV coherent light
with solid-state lasers is through cascaded frequency con-
version, in particular multiharmonics, using deep-UV non-
linear optical (NLO) crystals. Therefore, the discovery of
suitable deep-UV NLO crystals is of great importance.

In the past decades, the anionic group theory,'™! which
reveals that the overall nonlinearity of a crystal is the
geometrical superposition of the microscopic second-order
susceptibility tensors of the NLO-active anionic groups, has
been very successful in developing borate NLO crystals.
Several important NLO crystals have been discovered,
including B-BaB,0, (BBO), LiB;O; (LBO)! CsB,;0;
(CBO),  CsLiBsO,, (CLBO),® and YCa,O(BO;),
(YCOB),! which have been widely used in NLO optics.
However, they cannot be used to generate deep-UV coherent
light (4 <200 nm) by multiharmonic generation owing to
some inherent shortcomings. Thus, the search for new NLO
materials, particularly for deep-UV applications, has attracted
considerable attention.['**

A deep-UV NLO material must have a very short
absorption edge, and in this respect, beryllium borates are
attractive as they are supposed to possess very large energy
gap.™ It is also well known that the incorporation of fluorine
can effectively cause the UV absorption edge of a crystal to
blue-shift, so our group has made great efforts to search for
new deep-UV NLO fluorine beryllium borate crystals. After
more than ten years of intensive research in our group, the
KBe,BO;F,["*"® (KBBF) crystal became the first practically
usable deep-UV NLO crystal used to generate coherent 177.3
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and 193 nm light. The excellent NLO properties of KBBF
crystals are mainly determined by the (Be,BO;F,). layer
made up of trigonal-planar [BOs] units and the tetrahedral
[BeOsF] units. This deep-UV coherent light material has been
used as a photon source in modern instruments and revealed
many novel scientific phenomena which could not be
observed by traditional techniques, as shown in the study of
superconductor CeRu,"”! and Bi,S1,CaCu,QOy.5.*"! Unfortu-
nately, the KBBF crystal is very difficult to grow in thickness
because of its strong layering tendency, which severely limits
the coherent output power. Therefore, there is great demand
for new types of fluorine beryllium borates which have deep-
UV transmission, moderate birefringence, and relatively large
second harmonic generation (SHG) coefficients, and at the
same time overcome the crystal-growth problems found in the
KBBEF crystal.

Alkali-metal and alkaline-earth-metal cations are favor-
able for the transmission of UV light because there are no d-d
electron or f-f electron transitions in this spectral region. As
shown in numerous explorations, the size and charge of
cations have great influence on the macroscopic packing of
anions, which in turn determines the overall NLO properties
in a crystal.”? Herein, we utilize both alkali-metal and
alkaline-earth-metal cations. Different charge/size combina-
tions of mixed cations may have different influences on the
packing of anions, so it is more likely to isolate new phases
with interesting stoichiometries, structures, and properties. To
date, no fluorine beryllium borates with mixed cations have
been reported. Guided by this idea, we successfully obtained a
new alkali-metal/alkaline-earth-metal fluorine beryllium
borate NaSr;Be;B;O¢F,, which contains the novel anionic
group [Be;B;0,,F]'° as the basic building unit. Furthermore,
the arrangement of these [Be;B;O.,F]'"" groups is very
favorable for generating large a NLO response and moderate
birefringence and especially for avoiding the layering ten-
dency during bulk crystal growth. Herein, we report the
synthesis, crystal growth, structure, linear and nonlinear
optical properties, thermal behavior, and electronic structure
of NaSr;Be;B;O4F. These results indicate that the
NaSr;Be;B;O4F, crystal may be a promising NLO material
in the deep-UV range.

NaSr;Be;B;0,F,* crystallizes in the noncentrosymmetric
trigonal space group R3m. The crystal structure is depicted in
Figure 1a. In the asymmetric unit, Sr, Na, Be, B each occupy
one crystallographically unique position, and there are two
unique F and O positions. The B atom is coordinated to three
O atoms to form a planar BO; unit with B—O bond lengths
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Figure 1. a) Crystal structure of NaSr;Be;B;0,F,. b) Anionic group [Be;B;0,,F]"".
c) The connections of the [Be;B;0,,F]'®" rings in the structure.

varying from 1.364(4) to 1.398(8) A and O-B—O bond angles
from 117.6(3) to 124.8(6)°. The Be atom is bound to three O
atoms and one F atom to form a BeOsF tetrahedron with a
Be—F bond length of 1.545(7) A and the Be—O separations
ranging from 1.561(9) to 1.582(5) A. The basic structural unit
is a very unusual [Be;B;0,,F]'"" ring (Figure 1b). Three BO;
groups and three BeOsF tetrahedra are alternately connected
through the shared atom O1 atom to generate three six-
membered rings, which are joined together by the F2 atoms.
The absence of strong absorption between 3000 and
3600 cm ™! in the IR spectrum (see Supporting Information)
along with the fact that the crystal was obtained under high-
temperature solid-state conditions ruled out the possibility of
hydroxy groups at the F positions. Besides, the calculated
bond valence of the Be—F2 bond is 0.49, thus indicating a
relatively strong covalent bond.?**! The [Be;B;0,,F]'*" ring
belongs to the C;, point group with a three-fold axis passing
through the F2 atoms and three mirror planes passing through
the Be, B, and F2 atoms. This type of structural unit is
observed for the first time in fluorine beryllium borates.
Each [Be;B;0,,F]'"" ring is further connected to six other
such rings through the O2 atoms (Figure 1c). Although these
[Be;B;0,,F]"" rings are not arranged exactly parallel to each
other, they are roughly parallel to each other. The
[Be;B;0,,F]'*~ rings are connected to form a three-dimen-
sional framework with Sr*", Na*, and the other isolated F1~
ions present in the cavities, which is very favorable for
generating a large NLO response and sufficient birefringence,
and especially for the crystal growth. In the structure of the
practical deep-UV NLO KBBF crystal, the active NLO layers
(Be,BOsF,),, joined together through weak electrostatic
attraction of K and F atoms leads to a strong layering
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tendency, which is unfavorable for growing thick
crystals. In contrast, the [Be;B;0,,F]""" rings are
connected to each other along the ¢ axis through
the covalently bonded Be—O—B bridge. This
spatial arrangement is expected to be respon-
sible for the weaker layering tendency and is
conducive to bulk crystal growth. Our prelimi-
nary crystal growth attempts have resulted in
crystals in the size of 20 x 20 x 10 mm?® (see the
Supporting Information). Therefore,
NaSr;Be;B;O0F, is worthy of in-depth investi-
gation as a promising deep-UV NLO crystal. It
should be pointed out that Na*/Sr*" ions are the
“right” combination of mixed cations to sustain
the stability of the anionic framework, as no
isostructural compounds with other alkali-metal
or alkaline-earth-metal cations were identified
during our exploration.

The curves of the powder SHG signals as a
function of particle size were detected and
compared with that of KH,PO, (KDP, Fig-
ure 2a). The results were consistent with the
phase-matching behavior according to the rule
proposed by Kurtz and Perry.” The second-
harmonic signal of NaSr;Be;B;O(F, was found
to be about four times as large as that of KDP
standard. The large NLO effect is approximately
three times as large as that of KBBE.?"!

The UV  optical transmittance spectrum  of
NaSr;Be;B;O0F, was recorded at room temperature on a
crystal of size 5 x 2.5 x 1 mm® that was polished on both sides.
As shown in Figure 2b, the UV short-wavelength absorption
edge of NaSr;Be;B;O0F, is located at 170 nm, which is slightly
red-shifted compared with the universally used crystals LBO
(155 nm) and KBBF (150 nm), but much shorter than that of
BBO (189 nm). The short absorption edge indicates promis-
ing prospects for application in the deep-UV range. Obvi-
ously, our transmittance measurement on a single crystal gives
more accurate results than the powder diffuse reflectance
method."”

Differential scanning calorimetric (DSC) measurements
were carried out with ground crystals of NaSr;Be;B;O4F, (see
the Supporting Information). The DSC curve exhibits one
endothermic peak on the heating curve at 851°C. The XRD
pattern of melted residues mainly displayed a BeO peak and
was clearly different from that of the original crystals. The
result demonstrates that NaSr;Be;B;O,F, is an incongruently
melting compound. Therefore, it must be grown under the
melting temperature by flux methods.

The partial density of state (PDOS) for NaSr;Be;B;O,F, is
shown in Figure 3a, in which only the upper region of the
valence band (VB) and the bottom of conduction band (CB)
are shown, since the optical properties of a crystal in the
visible and UV spectrum are mainly determined by the states
close to the band gap.?! It is clear that in these states the
contribution from the orbitals of the alkali-metal and
alkaline-earth-metal cations is negligibly small, despite the
fact that the orbitals of the larger cation becomes slightly
significant at the bottom of the CB. Meanwhile, the Be
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Figure 2. a) SHG measurements of NaSr;Be;B;O4F, ground crystals
(m) with KDP () as reference. b) Transmittance of a NaSr;Be;B;O4F,
crystal in the UV region.

orbitals also have very small contributions to the states close
to the band gap, and the F orbitals are distributed below
2.5eV from the VB maximum. The VB maximum and CB
minimum are composed of the O2p and B2p orbitals,
respectively, thus indicating that the optical transition
between these states (in the BO; groups) indeed determines
the main optical properties of the crystal.

Based on the electronic structure, the dispersions of the
linear refractive indices for this crystal are calculated, as
displayed in Figure 3b. NaSr;Be;B;OF, is a negative uniaxial
crystal with birefringence An=0.0567 at 800 nm. Further-
more, our ab initio calculations reveal that the SHG
coefficients for  NaSr;Be;B;O,F, are d;,=-d,=
1.32pmV~, and dy=-0.52pmV~!, approximately three
times as large as that of KDP. The calculated values are
consistent with the experimental measurements.

These optical properties can be elucidated from the
microscopic structural features of NaSr;Be;B;O.F, crystal,
shown as follows: According to the anionic group theory, in
the alkali-metal and alkaline-earth-metal borate crystals, the
B—O groups are the dominating active microscopic units,
which determine the birefringence and SHG coefficient.” In
NaSr;Be;B;O0F,, all of the [BO;] groups are in nearly the
same plane normal to the c axis with dihedral angles less of
than 20° (see Figure 1a). So its anisotropic response to the
incident light is moderate (An~0.06). By comparison, the
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Figure 3. a) Partial density of states (PDOS) for NaSr;Be;B;O,F,.
b) Refractive indices curves for NaSr;Be;B;04F,.e =extraordinary,
o=ordinary.

perfect in-plane (BO;) arrangement could result in larger
birefringence about 0.08 as in the case of KBBE"”! On the
other hand, in NaSr;Be;B;O¢F, the [BO;] groups are almost
aligned in the ab plane (see Figure 1b). Therefore, the
microscopic second-order susceptibilities of [BO;] groups
are positively superimposed in NaSr;Be;B;O,F,, which makes
the SHG coefficients of NaSr;Be;B;O,F, quite large.

In conclusion, the first mixed-cation fluorine beryllium
borate NaSr;Be;B;OyF, has been found and crystals were
successfully grown with B,O; and NaF as flux media. The
crystal structure of NaSr;Be;B;O.F, features a novel anionic
group [Be;B;0,,F]"" consisting of three hexatomic rings
joined together by F2 atoms. The [Be;B;0,,F]'" rings are
further connected to form a three-dimensional framework
with Sr**, Na*, and F1~ ions present in the cavities, which is
favorable for generating a large NLO response and moderate
birefringence, and especially for the bulk crystal growth. Our
preliminary crystal-growth attempts have resulted in crystals
of size 20 x 20 x 10 mm®. Powder SHG test on ground crystals
reveals that NaSr;Be;B;O4F, is phase-matchable with strong
SHG signal intensity approximately four to five times as large
as that of KDP. The UV transmittance measurement on a
single crystal demonstrates that NaSrBe;B;O,F, possesses a
short-wavelength absorption edge of 170 nm. According to
theoretical calculations, the BO; groups determine the main
optical properties of the crystal. Our preliminary investiga-
tion indicates that NaSr;Be;B;O¢F, is a promising deep-UV
NLO crystalline material.

www.angewandte.de

Chemie

9309


http://www.angewandte.de

Zuschriften

9310

Experimental Section

NaSr;Be;B;O0F, was obtained by spontaneous crystallization using
B,0; and NaF as flux media from 760 to 700 °C by cooling the melt at
a rate of 1°C per day (see the Supporting Information). Elemental
analysis: Na/Sr/Be/B =1:2.6:2.8:3.1.

The thermal properties of NaSr;Be;B;O¢F, were investigated by
differential scanning calorimetric (DSC) analysis using a Labsys TG-
DTA16 (SETARAM) thermal analyzer calibrated with AlL,O; A
sample (10 mg) of ground crystals was placed in a platinum crucible
and heated from room temperature to 1250°C at a rate of 10°Cmin "
in nitrogen atmosphere. The melted residues were examined and
analyzed by X-ray powder diffraction after the experiments.

Second-harmonic generation (SHG) test was performed on
ground crystals of NaSr;Be;B;O¢F, by means of the Kurtz—Perry
method.” The sample was irradiated with a pulsed infrared beam
(10 ns, 3 mJ, 10 kHz) produced by a Q-switched Nd:YAG laser at a
wavelength of 1064 nm. As the powder SHG effect depends strongly
on the particle size, NaSr;Be;B;OgF, crystals were ground and sieved
into the following particle size ranges: 35-50, 50-74, 74-105, 105-150,
and 150-200 um. Microcrystalline KH,PO, (KDP) samples within the
corresponding size ranges served as the standard.

The UV optical transmittance spectrum was measured at room
temperature using a spectrophotometer (VUVas2000, McPherson) in
the wavelength range 120-380 nm.

The electronic structures as well as the linear and nonlinear
optical properties of the NaSr;Be;B;O(F, crystal were obtained by the
plane-wave pseudopotential method,”*" which has been successfully
applied on many borate NLO crystals.””! The optimized norm-
conserving pseudopotentials®? in the Kleinman-Bylander form® for
Na, Sr, Be, B, O, and F are used to ensure a small plane-wave basis set
without compromising the accuracy. Local density approximation
(LDA) with a very high kinetic energy cutoff of 900 eV is adopted.
Monkhorst-Pack k-point meshes® with a density of (2 x 2 x 2) points
in the Brillouin zone of the NaSr;Be;B;OF, unit cell were chosen.
Tests show that the total energy with the above computational
parameters is accurate to 15 meVatom™!, which is adequate for the
current studies.
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