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ABSTRACT: A new nonlinear optical (NLO) material,
Bi;TeBO, (BTBO), is successfully grown from high
temperature solution method. BTBO crystallizes in a
polar space group of P6; with a framework structure
composed of [Bi;Oy] blocks, with TeO; and BO,
interconnection. It is interesting that in the BTBO
structure three types of NLO-active units, including
stereochemically active lone pair cations (Bi** cations),
second-order Jahn—Teller distorted octahedra (TeOg
octahedra) and z-orbital planar groups (BO; groups),
simultaneously exist. The additive contribution from these
three types of groups results in an extremely large second
harmonic generation (SHG) response in BTBO (about 20
times that of KDP), exhibiting the largest SHG effect
among the known borate NLO materials. The enhance-
ment of the nonlinear optical property is elucidated by the
first-principles analysis.

Lasers with different wavelengths are widely employed in
various fields of optoelectronics, such as remote
communication, laser medicine, micromanufacturing, and
semiconductor photolithograph."”” Harmonic generation by
utilizing the nonlinear optical (NLO) crystals is the most
effective technique to tune the frequency of a laser which
usually operates with a definite wavelength.” During the past
decades, some commercial NLO crystals have been developed
in the spectral ranges from infrared (IR), visible, ultraviolet
(UV) to deep UV region, e.g,, AgGaX, (X = S, Se),” ZnGeP,,°
KH,PO, (KDP),” KTiOPO,,” p-BaB,0, (BBO),” LiB,O;
(LBO)," CsLiB4O,, (CLBO),"" KBe,BO;F, (KBBF)," etc.
It is well-known that the second harmonic generation (SHG)
effect is one of the key parameters to characterize the
performance of a NLO material because it determines the
conversion efficiency of the fundamental laser. So, the
exploration for the NLO crystals with large SHG response
has been a long-term task, but remains challenging.

A prerequisite for a NLO crystal is that it must possess a
noncentrosymmetric (NCS) structure. Traditionally, various
strategies were adopted for designing and exploring new NCS
materials with large NLO response. A successful design idea is
to introduce one or combination of the NLO-active units,
including second-order Jahn—Teller (SOJT) distorted MO
octahedra (M = Ti*, Nb¥, Ta%, Mo, W%, Te®, etc),
stereochemically active lone pair (SCALP) cations (Pb*', Bi**,
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Te*, %, etc.), or m-orbital anionic groups (BO;, B304 NO;,
CO;, etc.)* ™" into the crystal structure. To date, quite a few
NCS materials containing one or two NLO-active units with
large SHG responses have been reported, e.g., RbNb(BO,),,'°
Dugganite-type Pb;M;NX,0,, (M = Mg, Zn, N = Te, W, and
X = P, V),"” BaTeM,0, (M = Mo, W),"® Li,Ti(10;)s""
BaNbO(10;),,”” APbCO;F (A = Rb, Cs).”' We speculated that
a NLO material may exhibit even stronger SHG response if all
of the above three types of NLO active units coexist in one
structure. Guided by this idea, we successfully discovered a new
NLO crystal Bi;TeBO, (BTBO) with the three types of NLO-
active units presented in a structure, thus exhibiting the SHG
intensity of 20 times that of KDP, which presents the largest
SHG coefficient among the borates NLO materials. In this
communication, we report the synthesis, crystal structure,
electronic structure, and optical properties of BTBO by
combination of experiments and first-principles calculations.
The polycrystalline powder of BTBO was prepared from the
stoichiometric mixture of Bi,O; TeO,, and H;BO; by high
temperature solid state reaction technique. The mixture was
ground thoroughly and preheated at 500 °C for 12 h to
decompose water, and finally calcined at 700 °C for 24 h with
several intermediate grindings. The phase purities were checked
by powder X-ray diffraction (PXRD) refinement (Figure 1).
BTBO crystals were successfully grown by high temperature
solution method using TeO,—B,0; flux. The mixture with
polycrystalline BTBO (90.94 g, 0.1 mol), TeO, (7.98¢g, 0.05
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Figure 1. Rietveld refinement plot of the PXRD data for BTBO.
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mol), and H;BO; (6.18g, 0.1 mol) (at a molar ratio of
BTBO:Te0,:B,0; = 2:1:1) was thoroughly ground and placed
into a @ 40 X 40 cm Pt crucible. The crucible was heated to
800 °C in a temperature-programmable electric resistive
furnace and held for 24 h to melt completely. The temperature
was then decreased to 600 °C at a cooling rate of S °C h™*
before the furnace was switched off. Some small crystals of
BTBO were obtained by washing away the matrix with hot
water.

Single crystal X-ray diffraction revealed that BTBO
crystallizes in a polar hexagonal space group of P6; (No.
173) with the unit cell parameters of a = 8.7510(12) A, ¢ =
5.8981(12) A, and Z = 2 (Tables S1—3). As shown in Figure 2,

Figure 2. Crystal structure of BTBO: (a) BiO4 octahedron; (b)
distorted TeOy octahedron; (c) planar BO; group; (d) [BigO,5] block
with two type of cavities; (e) three-dimensional framework.

BTBO features a complicated three-dimensional framework
composed of the distorted BiO4 and TeOg4 octahedra and
planar BO; groups through corner or edge-sharing inter-
connection. In the distorted BiO4 octahedra, Bi** cations are
coordinated by six O atoms with three shorter Bi—O bond
lengths of 2.214(7)—2.267(7) A and three longer Bi—O bond
distances of 2.505(7)—2.514(7) A, presenting the stereochemi-
cally active lone pair electrons of Bi*" nearly along the c-axis, as
also confirmed by the bond valence sums (BVS) value of 2.96
on Bi ions. Six BiOg octahedra are further linked via corner-
sharing to form [BizO,s] blocks that build two types of cavities
of Rl and R2 running along the c-axis. Te® cations are also
bonded to six O atoms with two groups with three equal
distances of 1.921(7) A and 1.924(7) A, but the TeOq
polyhedra are just slightly deformed from the regular octahedral
shape, which are very different with the BiOg4 octahedra. In the
TeOg octahedra, the Te® cations are displaced along the 3-fold
axis, and thus resulting in a SOJT distortion. The TeOq
octahedra are filled in the R2 cavities with the connection of
O1 and O2 atoms, resulting in the BVS value of 591 on Te
ions, in accordance with the reported values.'” B atoms are
surrounded by three O3 atoms to form the planar BO; groups
with a uniform B—O bond length of 1.378(6) A. The BO,
groups with z-orbitals connect the [BigO,s] blocks via the O3
atoms and accommodate into the RI1 tunnels. The IR
spectroscopy on BTBO revealed that the peaks located at
1250 cm™' and around 500—700 cm™' are ascribed to
asymmetric stretching and bending vibrations of the BO;
group, respectively”” (Figure S1).

Differential scanning calorimetry (DSC) measurement
exhibits two endothermic peaks around 828 and 879 °C in
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the heating curve and one sharp exothermic peak around 793
°C in cooling curve, revealing that BTBO melts incongruently
(Figure S2). PXRD patterns on the residues indicate that
BTBO decomposes to Bi,TeOs after melting, further
confirming that BTBO undergoes incongruent melting (Figure
S3).

The NLO response in BTBO was measured by the Kurtz—
Perry method,”® which reveals that BTBO is phase-matchable
at 1064 nm (Figure 3 and Figure S4). The SHG intensity of
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Figure 3. Phase-matching curve for BTBO (KDP samples as

reference). The red solid curves are drawn to guide the eyes, not
fits to the data.

BTBO is about 20 times that of KDP, presenting the largest
SHG effect among the borate NLO crystals (see Table S4).
The first-principles calculations based on the density functional
theory (DFT)>" show that the independent SHG coefficients in
BTBO are d;s = 0.81 pm/V and dy; = 5.10 pm/V, and the
powder SHG effect is ~13 X KDP, in good agreement with the
experimental result.

To understand the origin of the large SHG response of
BTBO, we performed the structure—property relationship
analysis based on the first-principles calculations. The optical
property is mainly related to the electron transition near the
forbidden band edge.”® The electron structure of BTBO
(Figures SS and S6 and Discussion S1) shows that the orbitals
of all the constitute element occupied both the top of valence
bands and bottom of conduction bands, indicating that the
large SHG response arise from the coexistence of the three
types of NLO-active units. To further evaluate quantitatively
the contribution of the three types of NLO-active groups to
whole SHG coefficients, the real-space atom-cutting analysis*®
was adopted (Table 1). It is clearly shown that all the three
groups have considerable SHG effect and their additive
contribution results in the very large SHG effect in BTBO.
Moreover, the contribution of SHG responses from TeO4 and
BiOg tetrahedra is much larger than that of BOj; triangles.
Combined with the fact that the number ratio among BiO,

Table 1. First-Principles Anisotropic SHG Coeflicients (pm/
V) and the Contribution of the Constituent NLO Active
Units Calculated by the Real-Space Atom-Cutting Method

all BiOg TeOy BO;
dys 5.10 4.68 2.17 098
ds3/group 1.56 2.17 0.98
dis 0.81 0.51 0.50 0.15
dys/group 0.17 0.50 0.15
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TeOg, and BO; groups in BTBO is 3:1:1, one may easily obtain
that the large SHG response of BTBO mainly originates from
the high number proportion of TeOg4 and BiOg with large NLO
susceptibility. This conclusion can be also intuitively confirmed
by the SHG-weighted electron density”’ projected onto the
constituted groups as displayed in Figure 4. In virtual electron
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Figure 4. SHG-weighted electron densities of the (a) occupied and
(b) unoccupied orbitals virtual electron process, (c) occupied and (d)
unoccupied orbitals virtual hole process. The Bi, Te, B, and O atoms
are represented by Indian red, yellow, green, and red balls, respectively.

(VE) process the majority of electron densities contributing to
SHG effect are concentrated on the orbitals of TeOg octahedra
(Figure 4a,b), despite a small amount on the lone pair electrons
of bismuth in BiO4 octahedra. In comparsion, the SHG
densities in virtual hole (VH) process mainly arises from the
orbitals of BiO4 and BOj; groups, and the SHG densities on
BiOg4 octahedra are much more than those on BOj; triangles
(Figure 4c,d). As the VE process has dominant contribution to
the overall SHG effect,”” TeOg octahedra may play a major role
in the enhancement of the SHG response in BTBO.

Until now, the only other known NLO material that includes
all the three types of NLO-active units is BiCd,O(BO;);.**
This material contains the SOJT polyhedra CdO, (n = 6, 7),
SCALP BiOy, and 7-orbital planar BO; groups simultaneously,
and also exhibits a very large SHG response (about 6 times that
of KDP). Clearly, the magnitude of SHG effect in BTBO is
much larger than that of BiCd,O(BO,);. It is well-known that
the SHG response is dominantly determined by the ability to
produce induced dipole moments when subjected to external
optical electric field.”” The “flexibility index” (F) has been
defined to characterize quantitatively the ability to generate
induced dipole moment of the concerning groups based on the
bond-valence concept, according to which the SHG suscept-
ibility is positively correlated to the F index of the group.”® The
F index of TeOg octahedron in BTBO is calculated to be 0.152,
which is almost the same as the values in Pb;MTe;X,0,, (M =
Zn, Mg; X = P, V), a series of recently discovered NLO
materials with large SHG effect'” (Table S5). In comparison,
the F indices of CdO, (n = 6, 7) polyhedra in BiCd,O(BO;),
are less than 0.120. Thus, the TeOy units are easier to generate
larger induced dipole moment and contribute more to
macroscopic SHG response of crystal compared with the
CdO,, (n =6, 7) groups (also see Table SS and Discussion S2).
In addition, the number ratio of (BiOg+TeOg):BO; in BTBO is
larger than that of (BiO4+CdO,):BO; in BiCd,O(BO;);.
Therefore, the introduction of more “flexible” TeOg octahedra
and the high number proportion of BiO4 and TeOg4 groups

synergistically result in the much larger SHG effect of BTBO in
comparison with BiCd,O(BO;).

The UV—vis-NIR diffuse reflectance spectrum indicated that
BTBO exhibits high transmittance in the range of 500—2500
nm with a UV absorption edge at 385 nm, manifesting that
BTBO is a promising NLO crystal in the visible to near UV
range (Figure S7). In addition, BTBO crystal possesses a high
density (7.72 g/cm?), which is beneficial for a scintillating
material. Compared to the commercial scintillators such as
Bi,Si;0,, (BSO) (6.7 g/cm?), Bi,Ge;0y, (BGO) (7.13 g/cm?),
and (Lu,_,Y,),SiOs (LYSO) (about 7.3 g/cm?), BTBO with
higher density may also be used in the potential applications in
high energy physics, medical imaging, and security check.

In summary, we have successfully designed a new polar
crystal Bi;TeBO, with three NLO-active units including
SCALP cation BiOy, distorted TeOg4 octahedron, and z-orbital
planar BO; group in the structure. The title compound features
an enhanced strong SHG response of 20 times that of KDP,
showing the largest SHG effect among the ever-reported borate
NLO crystals. First-principles analysis reveals that the large
SHG response resulted from the synergistic effect of
constituted NLO-active groups. We postulate that BTBO
crystal may be employed as a promising NLO material for SHG
application for its large NLO coeflicients and high symmetry
(for convenience), and that the “all-three-in-one” strategy
adopted in the present work would have great implications on
the search and design of new NLO materials with large SHG
effects.
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