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ABSTRACT: A large single crystal of a nonlinear optical material Bi2ZnOB2O6
(BZB) has been grown by the Czochralski method. The experiments of linear and
nonlinear optical property were performed. On the basis of the density functional
theory (DFT), the first-principles calculations have been employed to study the
structural and electronic properties of BZB successfully. The calculated results are
essentially consistent with the corresponding experimental results. In addition, to
gain further insight into the structure−property relationship, a real-space atom-
cutting method was adopted to analyze the origin of the nonlinear optical
response of BZB for the first time. The results indicate that the contributions of
the (BiO6)

9− and (B2O5)
4− groups are dominant in the BZB crystal for producing

large microscopic second-order susceptibilities.

■ INTRODUCTION

Borate nonlinear optical (NLO) crystals have attracted
considerable attention in laser science and technology due to
their high resistance against laser-induced damage and high
transparency in the UV region.1−5 The discovery of the new
nonlinear optical material, Bi2ZnB2O7, was first described by
Barbier et al.6,7 in their investigation of the Bi2O3−ZnO−B2O3
system in 2005. Very recently, our group has grown large BZB
crystal with high optical quality. The formula of Bi2ZnB2O7 has
been changed to Bi2ZnOB2O6 according to its anionic
structure.8−11 Preliminary investigations of BZB indicate that
it is a promising NLO material with large second-harmonic
generation (SHG) response (3−4 KH2PO4 (KDP)), wide
optical transmission range, and congruent melting prop-
erty.6−13 Considering these excellent properties of BZB, it is
interesting and meaningful to grow a large single crystal and
further investigate its structure−property relationship. A few
theoretical studies of BZB have been published. Reshak et al.
gave some results about the linear and NLO properties of BZB,
but they do not calculate the SHG coefficients.12,13 To the best
of our knowledge, the mechanism of the large SHG response
for BZB is still rather scarce. Therefore, a further combined
experimental and theoretical study for BZB would help us to
understand the origin of linear and NLO effects. In recent
years, the first-principles method based on the DFT has been
proved to be an effective approach for probing the structure−
property relationship of many NLO materials. For example,
calculations of linear and NLO properties for β-BaB2O4

(BBO),4 BiB3O6 (BIBO),14 LiB3O5 (LBO),15 and KBe2BO3F
(KBBF)16 crystals have been reported with satisfactory
explanations for the mechanism of NLO effects. The origins
of the SHG effects for these crystals can be clearly explained by
using the atom-cutting analysis method.17 This analysis method
isolates the contribution of individual atoms or clusters by
removing spatial localized wave functions from the evaluation.
The goal of this work is to further investigate the intrinsic
correlation between the structure and the optical properties
based on experimental measurements and first-principles
calculations. Especially, a reasonable explanation for the origin
of the optical responses will be given.
In this work, the procedure is organized as follows: first, BZB

single crystal was grown by Czochralski method, and its optical
transmittance spectrum, refractive-index dispersion, and the
second-order optical susceptibilities were measured. Second, we
have performed a computational study on the crystal structure,
electronic structure, chemical bonding, and optical properties of
BZB using DFT calculations with the local density approx-
imation (LDA).18 The calculations of electronic structure,
charge density, and electron localization function (ELF) were
adopted to analyze the electronic structure and optical
properties of BZB. The optimizations of geometrical structures
and calculations of electronic structure results are also in

Received: February 6, 2013
Revised: June 5, 2013
Published: June 5, 2013

Article

pubs.acs.org/JPCC

© 2013 American Chemical Society 14149 dx.doi.org/10.1021/jp4013448 | J. Phys. Chem. C 2013, 117, 14149−14157

pubs.acs.org/JPCC


agreement with the experimental ones. We believe that it will
provide valuable insight into this novel class of material for their
use as NLO materials. Finally, a central feature of this article is
the detailed investigation of the respective contributions of
subsystems to the total optical response by the real-space atom-
cutting method. It is suggested that (BiO6)

9− and (B2O5)
4−

groups play important roles in the linear and NLO properties of
BZB. The experimental measurements and the calculation
results further indicate that BZB is a promising material for the
development of solid-state laser devices applications.

■ EXPERIMENTAL AND CALCULATION
METHODOLOGY

Experimental Details. The raw materials of BZB were
prepared by solid-state reaction, with analytical purity Bi2O3,
ZnO, and H3BO3 in stoichiometric proportions. Because BZB
melts congruently, the Czochralski growth method was applied.
Our experiments show that the molar ratio of M (Bi2O3)/M
(ZnO)/M (H3BO3) = 1:1:2 is suitable to grow BZB crystals.
The mixture was heated up to 800 °C, kept at that temperature
for 10 h, and cooled quickly to the initial crystallization
temperature of 705 °C. The seed test method was employed to
measure the saturation point of the solution (about 692.5 °C).
The seed crystal then was introduced into the liquid surface at a
few degrees higher than the saturation point for 30 min to
dissolve the outer surface of the seed crystal. The temperature
was lowered quickly to saturation point, and then held at that
temperature for 48 h with a seed-rotation rate of 15 rpm. When
the growth of crystal ended, it was lifted out of the liquid
surface and cooled to room temperature at a rate of 5 °C/h.
Finally, a large BZB single crystal was obtained with an
approximate size of 30 mm × 20 mm × 23 mm, which is shown
in Figure 1.

The powder X-ray diffraction pattern has confirmed that the
compound is a single phase (Figure S1), and the crystal data
and structure refinement for BZB are given in Tables S1 and
S2. Optical transmittance spectrum was measured by the
Perkin-Elmer Lambda 900 UV−vis−NIR spectrophotometer in
the wavelength range from 200 to 3000 nm at room
temperature. As shown in Figure 1, a wide transmission range
from 330 to 3000 nm is observed from the UV to IR region. An
absorption edge of 360 nm and consequently an optical band

gap of 3.444 eV could be deduced by the extrapolation
method.6,8 Hence, BZB is a wide-band gap semiconductor, and
the wide transparency range makes the compound a potential
NLO material.
The refractive-index dispersion measurements were per-

formed by the minimum-deviation method between 400 and
1068 nm at room temperature. Because BZB belongs to the
Pba2 space group, two prisms are needed to measure all of its
refractive indices. A detailed procedure has been published.11

The second-order optical susceptibilities were measured via
the standard Maker fringe method.11,14,15 The morphologies
and habits of BZB crystal slabs with surface orientations for
three principal components (100), (010), and (001) were used
in the measurements. A Q-switched Nd:YAG laser at 1064 nm
with a pulse width of 10 ns and repetition frequency of 1 kHz
was used as fundamental light. A (110) cut KDP slab with 2.0
mm in thickness was employed and used as the reference
crystal.

Calculation Details. The experimental X-ray crystallo-
graphic data of BZB were used as the initial geometry for the
theoretical calculations. The first-principles calculations are
performed by the plane-wave pseudopotential method,19−21

which employs a plane-wave basis set implemented in the
CASTEP package22 based on the DFT. The exchange
correlation interaction was treated by the LDA with the
Ceperley and Alder−Perdew−Zunger functional (CA-PZ). The
ion−electron interactions were modeled by the optimized
normal-conserving pseudopotential (NCP) for all ele-
ments,23,24 the valence electrons were treated with a plane
wave basis set, and the core electrons were handled by
pseudopotential approximations.23,25,26

For the purpose of achieving energy convergence, a plane-
wave basis set energy cutoff was 750 eV, and the Monkhorst−
Pack27 scheme was given by 3 × 3 × 6 in the irreducible
Brillouin zone.28 The chosen electronic configurations for
generating pseudopotentials are Bi 5d106s26p3, Zn
3d104s1.274p0.73, B 2s22p1, and O 2s22p4. These conditions
were further applied to calculate the optical responses.
It is known that the band gap calculated by the LDA is in

general smaller than the experimental data. This is due to the
discontinuity of exchange-correlation energy, which will
influence the accuracy of the calculated frequency-dependent
response functions directly. To have the resonances occur at
the correct energies, it is necessary to use a correction to the
band structure. The correction is known as the “scissors”
approximation and implemented by shifting all of the
conduction bands with the gap correction Δ, which in all
practical applications has been taken to be independent of k
space. The scissors operator29,30 Δ (=0.103 eV) was applied for
the calculation of BZB. The momentum matrix elements
should be renormalized regarding the change of the
Hamiltonian in a way given by Levine and Allan31 and later
by Hughes and Sipe in a more transparent manner.32 The
associated renormalization of the momentum matrix elements
under the gap correction satisfies:18

ω δ δ
ω

→
+ Δ ℏ −

P P
/ ( )

nm nm
nm nc mc

nm (1)

where the (δnc − δmc) factor restricts the gap correction to pairs
of bands involving one valence and one conduction band state.
An assumption that the rmn matrix elements do not change is

Figure 1. The photograph and transmission spectrum for BZB crystal.
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taken implicitly in this approach, because the LDA wave
functions are close to the true quasiparticle wave functions.33,34

The calculations of linear optical properties described in
terms of the complex dielectric function ε (ω) = ε1(ω) +
iε2(ω) were made. On the basis of the obtained electronic
structures, the imaginary part of the dielectric function ε2 (ω)
can be calculated from the electronic transition between the
occupied and unoccupied states caused by the interaction with
photons,35 which is given by eq 2:36

∑ ∑ε ω π

δ ω

= −

− − ℏ

e h
m V

f f
P k P k

E

E k E k
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8

( )
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where fc and f v represent the Fermi distribution functions of the
conduction band and valence band, respectively. The term
Picv(k) denotes the momentum matrix element transition from
the energy level c of the conduction band to the level v of the
valence band at a certain k point in the BZ, and V is the volume
of the unit cell. The symbols m, e, and ℏ represent the electron
mass, charge, and Plank’s constant, respectively. The real part of
the dielectric function is determined by a Kramers−Kronig
transform.37 The other linear optical properties such as
refractive indices can be obtained accordingly.
SHG coefficients are calculated by using the so-called length-

gauge formalism derived by Aversa and Sipe,18,19 at a zero-
frequency limit. The static second-order nonlinear susceptibil-
ities χαβγ

(2) can be reduced as:17

χ χ χ χ= + +αβγ αβγ αβγ αβγ(VE) (VH) (two bands)(2) (2) (2) (2)

(3)

where χαβγ
(2)(VE) and χαβγ

(2)(VH) denote the contributions
from virtual-electron and virtual-hole processes, respectively.
χαβγ

(2) (two-bands) gives the contribution from two-band
processes to χαβγ

(2). The formulas for calculating χαβγ
(2)(VE),

χαβγ
(2)(VH), and χαβγ

(2)(two bands) are as follows:17
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Here, α, β, and γ are Cartesian components, v and v′ denote
valence bands, c and c′ denote conduction bands, and P(αβγ)
denotes full permutation. The band energy difference and
momentum matrix elements are denoted as ℏωij and Pij

α,
respectively.

■ RESULTS AND DISCUSSION
A. Crystal Structure and General Characterization.

The geometric parameters of the BZB crystal are as follows: a =
10.8200(7) Å, b = 11.0014(7) Å, c = 4.8896(3) Å. As shown in
Figure S2 (a), Figure S3, and Table S3, 48 atoms are presented
in the primitive cell of BZB. In the structure, through sharing
the O atoms, two (BO3)

3− triangles condense into a (B2O5)
4−

group (Figure S2(b)), and two (BO4)
5− tetrahedra condense

into a (B2O7)
8− group. The (B2O5)

4− and (B2O7)
8− groups are

bridged by tetrahedral Zn2+ centers through sharing three O
vertices of each (ZnO4)

6− tetrahedron, generating a two-
dimensional (ZnB2O7)

6− layer parallel to the (001) plane.
These layers are stacked via Bi−O bonds along the crystallo-
graphic c-axis. All structural factors have their specific effects on
the electronic and band structures of BZB, and, consequently,
on the optical properties.
BZB crystallizes in the NCS orthorhombic space group Pba2,

so there are three nonzero independent components of the
second-order polarizability tensor, assuming the Kleinman
symmetry conditions (Figure S4). The experimental measure-
ments show that BZB is a positive biaxial optical crystal, with
the dielectric axes X, Y, Z (nz > ny > nx) corresponding to
crystallographic axes b, c, a, respectively. The measured
refractive indices of BZB are accurate enough to fit the
Sellmeier equations of the crystal. Table S4 shows several
typical wavelengths in the visible region measured and fitted
refractive index data for nx, ny, and nz. The Sellmeier equations
of the crystal have been fitted:

λ

λ

= + −

−

n 4.05894 0.07743336/( 0.05031004)

0.01020891
x

2 2

2 (7)

λ

λ

= + −

−

n 4.21015 0.08095297/( 0.04688094)

0.02019926

y
2 2

2 (8)

λ

λ

= + −

−

n 4.37721 0.09408252/( 0.05175977)

0.01752041
z

2 2

2 (9)

Here, λ denotes the wavelength in micrometers. The values
calculated from ours are exactly consistent with experimental
ones to the fifth decimal place, which is in agreement with that
in ref 11.
The phase-matching angles of BZB are calculated based on

Sellmeier equations given in eqs 7−9. From Figure 2, we can
see: (1) the type I phase-matching angles are θ = 90° and φ =
53° at 1064 nm in XY plane. (2) The type I and type II phase-

Figure 2. Phase-matching range of BZB crystal.
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matching SHG ranges of fundamental wavelength are from 981
to 4533 nm and from 1378 to 3513 nm, respectively. (3) BZB
is type I phase matchable at 1064 nm in three principal planes
(XY, YZ, ZX), but only type II phase matchable at 1064 nm in
XY and YZ planes.
By employing the Maker fringes method, the SHG

coefficients are |d31| = 0.911 pm/V, |d32| = 3.083 pm/V, and |
d33| = 1.015 pm/V, respectively.
The effective nonlinearity |deff

SHG| of BZB is expressed:

φ φ+d dsin cos (type I)32
2

31
2

(10)

θ θ+d dsin cos (type II)15
2

24
2

(11)

The |deff
SHG| of BZB crystal for type I phase matching in XY

plane at 1064 nm fundamental wavelength is 1.63 pm/V, which
is about 4.3 times that of KDP (|deff

SHG| ≈ 0.38 pm/V) and
comparable to the powder SHG effect.
B. Electronic Structure. In view of the forthcoming

calculations of the electronic band structure, density of states,
and optical properties, it is necessary to perform an
optimization of the initial crystal structure (Table S3). The
optimized unit cell parameters and atomic positions are found
to be close to those obtained from the experiment. To
investigate the relationship between microscopic and macro-
scopic properties, population analyses and electron localization
function (ELF) based on the electronic structures were
obtained for BZB.

The Mulliken population analysis is displayed in Table S5.
The calculated bond charges of Bi−O, Zn−O, and B−O bonds
are 1.61−1.65, 1.04, and 0.82−0.84 e (charge unit),
respectively. It is obvious that the overlap populations have
the following orders: (BiO6)

9− > (ZnO4)
4− and (BO3)

3− >
(BO4)

5−. The calculated bond orders of Bi−O, Zn−O, and B−
O bonds are 0.19−0.31, 0.18−0.25, and 0.57−0.87 e,
respectively (Table S5). Accordingly, we can say that the
covalent character of the Bi−O bonds is slightly larger than that
of the Zn−O bonds (covalent single-bond order is generally 1.0
e).
The crystal structure of BZB consists of (BiO6)

9−, (B2O5)
4−,

(ZnO4)
4−, and (B2O7)

8− groups. The B−O, Bi−O, and Zn−O
bonding interactions are dominantly covalent in character.
Moreover, there is substantial charge density distributed
between Bi, Zn, B atoms and O atoms in the (BiO6)

9−,
(B2O5)

4−, (ZnO4)
4−, and (B2O7)

8− groups. To substantiate the
presence of covalent bonding, it can be seen that the charges
are nonspherical distributed at the Bi, Zn, B, and O atoms
(Figure S5), which are characteristic of systems having covalent
interactions.
In previous studies, the origin of the large NLO effect of

BIBO mainly comes from the strongly distorted tetragonal
(BiO4)

5− groups (almost 90% of the total value).4,17,38−45 It
should be noted that the distorted (BiO4)

5− polyhedra in BIBO
originate from heterogeneity of the electronic distribution, that
is, second-order Jahn−Teller (SOJT) effect in chemistry.46,47

To visualize the stereochemically active lone pair (SCALP) of

Figure 3. The plots of electronic local function (ELF) maps of BZB. The intercept direction of the plane (viewed down the Y axis) contains Bi1 and
Bi2 atoms.

Figure 4. Band structure (a) and DOS (b) of BZB using optimized pseudopotentials.
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Bi3+, we give the ELF map containing the Bi atoms. Figure 3
well describes the polarization and clearly reveals highly
asymmetric lobes on the Bi3+ cations. These asymmetric
lobes may be thought as SCALP. Considering the direction and
packing mode of the SCALP in the crystal, there is a
superposition of electronic distribution from the lone pairs of
Bi1 and Bi2 atoms. The ELF maps along the direction of (100)
and (001) for BZB are also given (Figures S6 and S7). These
results clearly show that the characteristic of SCALP of Bi3+

leads to a heterogeneity electronic distribution in BZB crystal
structure. Therefore, this effect may contribute to the overall
NLO effect of BZB.
C. Band Structure and Density of States of BZB. The

calculated energy bands along the line of high symmetry points
in the BZ are illustrated in Figure 4a. The total density of states
(DOS) and partial densities of states (PDOS) projected on the
constituent atoms in BZB crystal are shown in Figure 4b, which
focuses on the electronic states close to the energy band gap. It
is found that an indirect LDA band gap of 3.341 eV expands
from the valence band (VB) maximum located at G point and
the conduction band (CB) minimum located at Z point, and is
consistent with the experimental band gap of 3.444 eV (Table
S6).
We are able to identify the origin of the various groups from

the PDOS. For BZB, the bands above the Fermi level are
mainly derived from Bi-6p states with small contributions of
Zn-4p, B-2p, O-2p states. The lowest valence band group
ranging from −23 to −16.7 eV arises mostly from Bi-5d and O-
2s states with a slight admixture of B-2s, B-2p states. The
middle valence band group between −10.5 and −7.5 eV has
significant contributions from Bi-6s and very small contribu-
tions from O-2p, B-2s, and B-2p states. However, the bands just
below the Fermi level are mostly composed of O-2p states and
less mixed Bi-6s and Bi-6p states. The charge transfers across
the band gap edge are contributions from the O-2p state to the
B-2p, Bi-6p, and Zn-4s states in Figure 4b. By analyzing the
PDOS, we note that the Bi−O interactions are dominant at the
bottom of the conduction band and also contribute
considerably below the Fermi level. It is shown that the
highest occupied states should contain the majority of O-2p
states and less mixed Bi-6s and -6p states. Such character is
intimately related to the lone-pair distortion resulting from the
presence of mixing among Bi-6s, 6p states and O-2p states.35

This could be a major reason why BZB has a narrower band
gap as compared to other borate NLO crystals.

D. Linear and NLO Properties of BZB. Because BZB
crystallizes in mm2 point group, the dielectric functions in three
directions (εx,εy,εz) are nonzero. It is noted that the calculation
of optical properties was scissor corrected by the difference
between the calculated and measured energy gaps, 0.103 eV.
The real part of ε(ω) in the limit of infinite wavelength is equal
to the square of the refractive index n. The calculated imaginary
parts and real parts of frequency-dependent dielectric functions
along three principal dielectric axes of BZB are illustrated in
Figure 5. The result shows obvious anisotropy along different
dielectric axis directions. The static dielectric constant ε1(ω =
0) represents the dielectric response to the static electric field,
and the corresponding ε1

x(0), ε1
y(0), and ε1

z(0) are 3.921,
4.024, and 4.195, respectively.
All of the frequency-dependent optical properties, such as

refractive index n(ω), absorption coefficient I(ω), reflectivity
R(ω), and electron loss spectrum L(ω), can be deduced from
ε1(ω) and ε2(ω) shown in Figure S8. The dispersion curves of
calculated refractive indices also display obvious anisotropy, and
indicate an order of nx <ny <nz in the low energy range (Figure
S8(a)). Figure 6 shows the calculated and experimental
dispersion curves of refractive indices of the BZB crystal.
Assignment of dielectric and crystallographic axes is X, Y, Z →
b, c, a. The birefringence can be calculated from the linear
response functions from which the anisotropy of the index of
refraction is obtained. One can see the birefringence Δn in

Figure 5. The calculated imaginary parts (a) and real parts (b) of frequency-dependent dielectric functions along three principal dielectric axes of
BZB.

Figure 6. Calculated and experimental dispersion curves of refractive
indices of BZB.
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Figure 6, which is defined as nz − nx, is about 0.0685−0.0797 in
1064−404 nm. Generally, BZB has a moderate birefringence
Δn and could better fulfill the phase-matching conditions in
SHG and optical parametric oscillator.48−50

We calculated the second-order coefficients dij under the
static limit within the length gauge. The calculated tensor
components d31, d32, and d33 are −0.427, 2.721, and −2.585
pm/V, respectively. These calculated absolute coefficients dij
agree basically with experimental ones, which proves the
validity of our studies on BZB with the LDA plane-wave
pseudopotential method.
E. Origin of the SHG. The practical no-divergent formalism

for evaluating NLO properties for solids was proposed by Sipe
et al.51 and further rearranged by Rashkeev52 and later
improved by Lin et al.17 Apart from the remarkable
breakthrough of making calculation possible, the use of a
sum-over-states formalism has the advantage of providing a
natural way to see the total quantities as contribution from
various parts.53 This sum-over-states type formalism is explicitly
expressed with terms having momentum matrix elements in the
numerator and energy eigenvalue difference in the denomi-
nator. In the past decade, a theoretical method called “real-
space atom-cutting method” has been used to analyze the linear
refractive indices and SHG coefficients of various NLO crystals
such as BBO,17 LBO,38 BIBO,42 KDP,43 and BaAlBO3F2,

49 with
great success.
The real-space atom-cutting method was employed by

cutting all ions except A from the original wave functions
χn(A) = χn (all ions except A are cut). χn(A) is denoted as the
contribution of ion A to the nth-order polarizability. The
method divides the real space into individual zones, each of
which contains an ion. Subsequently, we set the band wave
function to zero in the zones that belong to a specific ion or a
cluster, which is referred to as “cutting”, when the contribution
of the ion or cluster is believed to be cut away.36 Therefore,
when the ions are cut from the total wave functions, the
contribution of the ions is extracted from the total wave
functions. Furthermore, various manners of cutting can result in
various contributions of transitions; for example, we can find
the contribution of transitions from a Bi atomic orbital in the
valence bands to the O atomic orbital in conduction bands to
the optical properties of BiO6 by cutting O wave functions from
valence bands and cutting Bi wave functions from the
conduction bands.
For analyzing the optical response of BZB, we have to

determine the suitable cutting radius of Bi, Zn, B, and O.13 The
charge is transferred in Bi, Zn, B, and O atoms, and the charge
density in the B−O group is relatively local as compared to that
of the Bi−O, Zn−O groups (Figures S5−S7). The nonspherical
symmetric distribution of Bi, Zn, B, and O atoms indicates that
these atoms can effectively overlap and form covalent bonds.
The cutting radius of Bi is 1.50 Å by investigating the charge-
density distribution between the nearest Bi and O ions.
Following the rule of keeping the cutting spheres of Bi and O in
contact and not overlapped, the cutting radius of O is set to
1.11 Å. Finally, the covalent radius 0.88 Å of B is chosen as its
cutting radius, and the cutting radius of Zn is set as 1.25 Å.
Furthermore, the density of the SHG effect for BZB was
calculated to clarify further the validity of the cutting
pattern.53,54 From the density of the SHG effect in Figure 7,
the density distribution indicates that there is a nonspherical
distribution around the Bi3+ ion with an apparent electron
density overlap between bismuth, zinc, or boron and oxygen

atoms. The overlap behaviors in the density distribution
confirm that choosing the (BiO6)

9−, (B2O5)
4−, (ZnO4)

4−, and
(B2O7)

8− groups as the NLO active group is feasible to explore
the contributions to the SHG effects.
In Table 1, the calculated refractive indices, birefringence,

and SHG coefficient using the atom-cutting analysis are
reported in comparison with the corresponding experimental
and calculated results at 1064 nm, respectively. The following
conclusions are obtained: (1) It is shown that the contribution
of the (BiO6)

9− group to the refractive indices is comparable to
that of the (B2O5)

4−, (ZnO4)
4−, and (B2O7)

8− groups, whereas
its contribution to the birefringence can be neglected. The
contribution of (BiO6)

9− to the birefringence is only about
5.59%, the contributions of (ZnO4)

4− and (B2O7)
8− anionic

groups are about 31.47%, 25.96%, and (B2O5)
4− anionic groups

contribute more than 36.98% to the anisotropy of refractive
indices. For the birefringence of BZB, the relationships of the
contribution are (B2O5)

4− > (ZnO4)
4− > (B2O7)

8− > (BiO6)
9−.

(2) From the decomposed d31 and d33 coefficients, the
contributions from the (BiO6)

9− group are about 98.20% and
66.59% to the overall SHG coefficient, which are significant
larger than other groups in BZB. However, the contributions
from the (B2O5)

4− and (BiO6)
9− groups are comparable from

the result of decomposed d32 coefficients. The contributions of
(B2O7)

8− and (ZnO4)
4− to the overall SHG coefficient are

relatively small, while the contributions from these two groups
to the anisotropy of refractive indices cannot be neglected.
Moreover, the sum of the contributions from individual groups
in the crystal is larger than the original calculated value of the
whole crystal due to the repeated calculation of the wave
functions of some shared oxygen atoms. In other words, the
orbitals on the oxygen atoms linked with the neighbor anionic
groups are used twice in the real-space atom-cutting
procedures. Inversely, if there are no shared oxygen atoms
between the individual groups, the calculated SHG coefficient
will be nearly the same as the result of the sum of contributions
from individual groups. A typical case happens in KBe2BO3F2
that no shared atoms exist between BeO3F and BO3 groups.

55

To further improve the understanding of the origin of SHG,
the band-resolved method has been used to analyze the
contribution of the BZB crystal electronic subsystem.17,53 A
sum-over-states type formula is used for the evaluation of static

Figure 7. The density of the SHG effect in (BiO6)
9− group perspective

shadow along z axes of BZB.
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SHG coefficients. The orbital contribution to χ(2) can be
decomposed on an energy level-by-level basis by partially
summing only two out of all three band indices. On the basis of
band-resolved, the dominant orbitals that give major con-
tribution to a SHG process can be identified and analyzed.52

The interband transitions from a (B2O5)
4− group states in the

VB to a (BiO6)
9− group states in the CB are the dominant

source of large d32, because the total contribution of all
processes including such transitions is 1.486 pm/V, which is
54.61% of the total d32 calculated values. In addition, the
respective influence of the various transitions on the optical
responses is elaborated. The contributions of different
transitions to SHG effect are calculated (Table 2). The
contributions of the virtual electron (VE) process to the
SHG effect are 96.55%, 96.48%, and 99.65% for d31, d32, and
d33.

The structural factors and the density of the SHG effect in
Figure 7 lead us to choose the (BiO6)

9− group as a NLO active
group to calculate its contributions to the SHG effects.
However, if only the Bi3+ cations are chosen, the results of
the contribution to the SHG coefficients are much less than
those of the (BiO6)

9− groups (for example, d31
only Bi = −0.188

pm/V, d32
only Bi = −0.128 pm/V, d33

only Bi = 0.396 pm/V). This
implies that the electronic transfer between Bi and O in the
(BiO6)

9− group is one of the reasons for producing relative
larger SHG coefficients for BZB crystal. In addition, the
detailed structural analysis (see Figure S2(c) and Table S2)
shows that the (BiO6)

9− group is a heavily deformed
octahedron; the angles formed by the vertex oxygen, central
bismuth, and base oxygen inside vary from 57.24° to 152.6°, far
from 90° in a regular octahedron. In fact, the NLO crystals
containing deformed MO6 octahedra usually have very large
SHG coefficients, as in the cases of LiNbO3, KNbO3, BaTiO3,
etc.56 Moreover, in the structure of BZB, two (BO3)

3+ triangles
condense into a (B2O5)

4− group, and they are not in the same
plane. The angles of the O−B−O bonds are found to be
116.8°, 175.5°, and 125.6°, respectively. Consequently, the
(BO3)

3− or (B2O5)
4− group is one but not the only one reason

inducing the large NLO effects. As described above, the main
sources of the SHG properties of BZB are cooperation from the

distorted (BiO6)
9− and (B2O5)

4− groups. This result is in
accordance with other materials such as BIBO (see Table S7).42

■ CONCLUSION

In summary, the linear and NLO properties for BZB were
studied experimentally and theoretically. A large BZB single
crystal has been successfully grown by the Czochralski method.
The absorption edge of BZB is 360 nm measured from the
optical transmittance spectrum, and consequently its exper-
imental band gap is 3.444 eV, which is well consistent with the
electronic band structure studies that BZB is an indirect gap
material with the value of 3.341 eV. The refractive indices were
measured by the minimum-deviation method. The birefrin-
gence is about 0.0787−0.1064 around 1064−404 nm. The
calculated birefringence is about 0.0685−0.0797 from 1064 to
404 nm. The SHG coefficients of BZB were measured via the
standard Maker fringe method, with the results as follows: |d31|
= 0.911 pm/V, |d32| = 3.083 pm/V, and |d33| = 1.015 pm/V, and
the calculated NLO coefficients are d31 = −0.427 pm/V, d32 =
2.721 pm/V, and d33 = −2.585 pm/V, which agree basically
with the measured ones.
We have presented a further investigation on the electronic

structure, electronic charge density, ELF and Mulliken
population analyses, and optical properties analyses of the
BZB via first-principles methods. Careful comparison of the
charge density and ELF results indicates that the B−O, Bi−O,
and Zn−O are mainly covalent interactions. In addition, the
contributions of different types of transitions to certain optical
properties, including dielectric function, refractive indices,
birefringence, and static SHG coefficients, have been calculated.
It is shown that the linear optical properties have a strong
anisotropy and large birefringence. For the NLO properties,
BZB has a wide SHG phase-matching range, and the large NLO
coefficients further suggest that it is a promising NLO material.
Meanwhile, the respective contributions of different groups

to the overall optical properties have been investigated by the
real-space atom-cutting method. It is shown that the
contributions of (BiO6)

9− groups to the birefringence are
very small and can be neglected, and the contributions of
(ZnO4)

4−, (B2O5)
4−, and (B2O7)

8− anionic groups to the
birefringence are dominant and comparable. The results also
indicate that the exceptionally large dij coefficients of BZB
crystal mainly come from the contribution of the (BiO6)

9− and
(B2O5)

4− groups. The comprehensive understanding of the
microscopic mechanism of optical effects in BZB is important
to elucidate its structure−property relationship and provides a
general strategy for searching new NLO materials.

Table 1. Comparison of the Calculated and the Experimental Values of Refractive Indices, Birefringence, and SHG Coefficient,
Together with Atom-Cutting Analysis Results for BZB Crystal

nx ny nz Δn d31 (pm/V) d32 (pm/V) d33 (pm/V)

BiO6 1.12707 1.12812 1.13543 0.0073 −0.3620 1.1360 −2.1956
ZnO4 1.87282 1.89934 1.91395 0.0411 0.1820 0.1270 −1.7880
B2O5 1.87093 1.89909 1.94734 0.0483 −0.0949 1.4860 −1.0283
B2O7 1.83344 1.86736 1.88312 0.0339 −0.0937 1.0563 1.7148
sum 0.1306 −0.3686 3.8053 −3.2971
exp 2.05197 2.06454 2.10817 0.0787 0.9109 3.0828 1.0149
calcd 2.05197 2.09001 2.12054 0.0685 −0.4270 2.7210 −2.5850

Table 2. Contributions of SHG Coefficients of Different
Transitions for BZB Crystal

d31 (pm/V) d32 (pm/V) d33 (pm/V)

BZB −0.4270 2.7210 −2.5850
contributions

VE −0.4080 2. 6252 −2.5761
VH −0.0190 0.0958 −0.0089
TB 0.0000 0.0000 0.0000
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