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A B S T R A C T   

In this work, the electronic structures and optical properties of AB3O6 (A = Bi, Sb) are examined conducting the first-principles method at crystal and molecular level. 
The results show that the anionic groups and cation-centered polyhedra exhibit excellent optical properties due to their strong covalent bonds and optical anisotropy. 
The SbO and BiO groups own different responses of polarization anisotropy and first hyperpolarizability, resulting in different optical properties. Moreover, the states 
nearby the Fermi level of SBBO give positive and negative contribution to birefringence and SHG, which make it own stronger birefringence and smaller SHG 
comparison with BIBO.   

1. Introduction 

Nonlinear optical (NLO) materials have attracted widespread atten
tion due to its application in the field of all-solid-state lasers, which can 
extend the output frequency of common laser sources[1–3]. To achieve 
excellent optical properties, researchers strive to achieve more[4–8], 
there are two aspects for nonlinear optical materials, the anionic groups 
with planar π conjugation were considered as priority candidates, 
including BO3, CO3 and NO3 groups. Among them, BO group has 
attracted much attention because of its large polarizability, and a bunch 
of excellent compounds have been found based on BO group unit[9–17], 
classic materials include LiB3O5 (LBO)[18], CsB3O5(CBO) [19] and 
KBe2BO3F2(KBBF) [20,21]etc. 

Besides, introducing cation with lone pair electron was also a good 
strategy, because its stereochemical activity can lead to distorted crystal 
structures and excellent optical response [22,23]. Numerous 
outstanding compounds have been obtained under this strategy, such as 
BiB3O6 (BIBO) [24,25], CsSbF2SO4 [26], MB2O3F2 (M = Sn, Pb) [27] and 
so on. Among these compounds, BIBO stood out due to its large SHG 
response (3.2 pm/V, about 8.2 × KDP), relatively large birefringence 
(0.161@1014 nm) and has inspirited a series of compounds with large 
SHG response like BaBiBO4 [28], Bi2O2CO3 [29] and MBi2B2O7(M = Ca, 
Sr)[30] etc. According to first-principles investigation, the large SHG of 
BIBO mainly derived from the (BiO4)5- anionic group [31]. Recently the 

SbB3O6 (SBBO) [32], isostructural with BIBO, was synthesized. It shows 
a weaker SHG (about 3.5 × KDP), but stronger birefringence 
(0.291@546 nm, 0.256@1014 nm) than BIBO (0.161@1014 nm), which 
confused us and stimulated us to find out the origination of this 
difference. 

All the above differences constitute the main aim and content of 
present paper. The electronic structures and optical properties of AB3O6 
(A = Bi, Sb) are investigated using the first-principles method at crystal 
and molecular level. According to the real-space atom-cutting method, 
the optical properties mainly come from the BiO/SbO and BO groups 
due to their strong covalent bond and optical anisotropy. The states 
nearby the Fermi level play an important role in determining the 
different response about birefringence and SHG of SBBO and BIBO. 

2. Calculation details 

The AB3O6 (A = Bi, Sb) were examined using DFT implemented in 
the CASTEP package [33,34]. The calculations were performed using the 
structures obtained from ICSD database (BIBO: ICSD-48025; SBBO 
[32]). The exchange–correlation functionals were evaluated within 
GGA-PBE [35,36], the electrons Bi (6s26p3), Sb (5s25p3), B(2s22p1) and 
O(2s22p4) were considered as valence state. The cut-off energy of 830 eV 
was used, and the numerical integration of the Brillouin zone was per
formed using 6 × 6 × 4 both for BIBO and SBBO Monkhorst − Pack k- 
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point sampling. The refractive indices and birefringence were obtained 
using the program OptaDOS [37,38]. 

3. Results and discussion 

3.1. The electronic structures of AB3O6 (A = Bi, Sb) 

The crystal structures (BIBO: ICSD-48025; SBBO32) and band struc
tures of BIBO and SBBO are shown in Fig. 1, which exhibit a 3D 

Fig. 1. The crystal structures and band structures of AB3O6 (A = Bi, Sb).  

Fig. 2. The projected densities of states (PDOSs) and band resolve of AB3O6 (A = Bi, Sb).  
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framework composed of BO3 triangle, BO4 tetrahedron and BiO4/SbO4 
tetrahedron, BO3 triangle and BO4 tetrahedron are further connected to 
form a layer by sharing O atoms. BiO4/SbO4 tetrahedron acts as a bridge 
to connect layers to form a 3D framework. And the BIBO and SBBO are 
both the direct band gap semiconductor of 3.93 and 3.76 eV respec
tively, which is 0.41 and 0.19 eV smaller than the experimental values 
(4.34 and 3.95 eV severally [25,32]). Taking into account the discon
tinuity of the exchange correlation functional, the calculated values are 
in good agreement with the experimental values [39,40]. 

Total density of states (TDOS) and projected density of states (PDOS) 
are also calculated to comprehend the chemical bonding and plotted in 
Fig. 2. Within the range of − 10 ~ -0.9 eV, there are obvious overlaps 
between B and O atom, which is B-O covalent bond. In addition, in the 
range of − 0.9 ~ 0 eV, Bi/Sb mixing of s, p orbitals also hybridize with O 
2p orbital, leading to form the stereochemically active lone pair elec
trons according to the lone pair electrons model [41]. Carefully 
observing the states lying in the region near the Fermi level (from − 0.9 
eV to Fermi level), it is sufficient to draw attention that more states the 
Sb held than Bi atoms, which might evince the greater contributions it 
can endow. At the bottom of the conduction band, the B-2p, O-2p and 
Bi/Sb-sp states also do main contribution. 

To advance with a step in verifying the lone pair electrons around the 
Bi and Sb, the orbitals near the Fermi level are dissected. As descripted in 
Fig. 3, there are unquestionable asymmetric distribution around Bi and 
Sb, one thought leader in the positive aspects that the lone pair electron 
effect of Sb is overwhelming stronger than Bi. 

3.2. Refractive indices and Born effective charges 

As described above, AB3O6 (A = Bi, Sb) is expected to show the 
potential to exhibit excellent optical performance. Refractive indices are 
adequate by the program OptaDOS and listed in Table 1. The results 
evince that the birefringence of BIBO is 0.171@1014 nm (experimental 
value was 0.161@1014 nm [25]) and the birefringence of SBBO is 
0.290@546 nm and 0.256@1014 nm, which is consistent with the 
experimental value 0.291@546 nm [32]. 

A real-space atom-cutting (RSAC) method can be used to intuitively 
exhibit contribution of each anionic group and the source of the excel
lent birefringence. Following the rule of cutting radii are approximately 
half of the covalent bond and the ionic bond, the cutting radii of Bi, Sb, 
B, and O are set to be 1.5, 1.2, 0.8 and 1.1 Å, respectively. Table 1 show 
that the main contribution to the birefringence is derived from the BiO/ 
SbO and BO groups. From the birefringence of the decomposed groups, 
SbO exhibits a superior birefringence (0.184@1014 nm) much larger 
than BiO (0.101@1014 nm). Noting that BO group exhibits remarkable 
birefringence. It can be seen from Table 1 that in SBBO, the birefrin
gence of BO group is comparable to that of SbO group, while in BIBO the 
birefringence of BO even exceeds the contribution of BiO. 

To track down the origin of the birefringence, the Born effect charge 
is used to analyze individual ionic response to the external polarize light 
[42–44]. Δq is defined as the difference between the maximum value qz 
and the minimum value qy. Cations have a positive effect on optical 
response on the whole of Table 2, however there also exist differences in 
their actions. For BIBO, The values of Δq tend to such a trend B1 
(1.10534) > Bi (0.76350) > B2 (0.54414), however unlike the BIBO, the 

Fig. 3. Distributions of lone pair electrons around Bi (a) and Sb (b), the isosurface is set as 0.05.  

Table 1 
The refractive indices and birefringence values of AB3O6 (A = Bi, Sb).    

nx ny nz Δn@1014 nm exp@1014 nm 

BIBO origin  1.918  1.775  1.747  0.171  0.161  
BO  1.589  1.459  1.456  0.133   
BiO  1.705  1.636  1.604  0.101  

SBBO origin  1.947  1.793  1.691  0.256   
BO  1.692  1.527  1.506  0.186   
SbO  1.729  1.657  1.545  0.184   

Table 2 
Born effective charge q, and the difference between z and y direction (Δq = |qz| - |qy|)     

BIBO    SBBO     

qx qy qz Δq qx qy qz Δq 
B 1 1.90887 1.79055 2.89589 1.10534 2.27631 1.88061 2.83915 0.95854 
B 2 2.72634 2.58303 3.12717 0.54414 2.71250 2.50263 3.07660 0.57397 
O 1 ¡1.62252 1.22245 2.27141 1.04896 1.88869 1.53491 2.57745 1.04254 
O 2 ¡1.79556 1.67325 2.45431 0.78106 ¡1.84210 1.76833 1.69612 0.07221 
O 3 ¡1.85686 1.85686 ¡1.80040 ¡0.07086 1.66433 1.22999 2.23156 1.00157 
Bi/Sb 1 4.00580 3.36978 4.13328 0.76350 3.52511 2.8026 4.25535 1.45275  

Table 3 
Bond population of AB3O6 (A = Bi, Sb)  

BIBO SBBO 
bond population bond population 

B1-O3  0.81 B1-O3  0.87 
B1-O1  0.88 B1-O1  0.67 
B1-O2  0.67 B1-O2  0.8 
B2-O1  0.64 B2-O1  0.57 
B2-O2  0.59 B2-O3  0.65 
Bi-O3  0.23 Sb-O2  0.24 
Bi-O2  0.07 Sb-O1  0.07  
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Δq of Sb (1.45275) surpass that of maximum B1(0.95854). Furthermore 
the bond population of compounds are also obtained and shown in 
Table 3. It is observed from Table 3 that BO groups have very strong 
covalent bonds, as high as 0.88, much stronger than that of Bi-O(0.23)/ 
Sb-O(0.24). In a word, two conclusions can be drawn from the above 
discussion, (1), the optical anisotropy of Sb is more desirable than that of 
Bi. (2), the large birefringence of the BO groups is derived from the large 
optical anisotropy and strong covalent bond of B-O. 

3.3. SHG response 

The SHG tensors and effective SHG coefficients of the AB3O6 (A = Bi, 
Sb) are also obtained. Taking over the largest tensor components (d16) of 
BIBO and SBBO are 4.06 pm/V (10.4 × KDP) and 1.92 pm/V (4.9 ×
KDP) at Table 4, the effective SHG coefficients, evaluated by Kurtz and 
Cyvin furthermore revised by Cheng et al. [45–47], are calculated to be 
3.6 pm/V (10.9 × KDP) and 1.3 pm/V (3.9 × KDP) respectively, which 
fit well with the experiment values 3.2 pm/V (8.2 × KDP) and 3.5 ×
KDP. The contribution from FBUs to SHG response are also calculated 
using the RSAC method. As shown in Table 4, the contribution to SHG 

response mainly comes from cation centered polyhedra and anionic 
groups. Interestingly, the contribution of BiO groups is much greater 
than that of SbO groups. 

Subsequently, SHG density method and band-resolved SHG response 
analysis are selected to exhibit each group’s contribution intuitively. It 
has been noticed that the contribution of SHG response can be divided 
into two processes: Virtual-Electron (VE) and Virtual-Hole (VH), and the 
contribution of VH is almost negligible [48], so the SHG densities of the 
VE processes are displayed in Fig. 4, which contribution accounts for 
74% and 78% of the total SHG response. It is demonstrated in Fig. 4 that 
BiO/SbO and BO groups serve as the cornerstone of the total SHG 
response. Recalling Fig. 2, PDOS and band resolve are discussed together 
in the range of − 0.9 ~ 0 eV, the obvious negative contribution of SBBO 
can be clearly seen by comparing the band resolve of the two com
pounds, while Bi is a positive contribution, which evidences the source 
of SHG response with smaller SBBO. 

In addition to the above methods, we further explored the optical 
properties of SbO and BiO groups from the molecular point of view, and 
calculated the frontier orbitals (shown in Fig. 5), the polarizability and 
hyperpolarizability of SbO and BiO groups by using def2-tzvpdz basis set 

Table 4 
The calculated SHG tensors of AB3O6 (A = Bi, Sb)    

d16 d14 d22 d23 deff(pm/V) Exp(pm/V) 

BIBO origin ¡4.057 ¡2.006 ¡3.341 ¡1.343 3.6(10.9 £ KDP) 3.2(8.2 £ KDP)  
BO ¡1.366 0.797 ¡0.875 0.421    
BiO ¡2.947 ¡2.216 ¡3.217 ¡1.523   

SBBO origin ¡1.92 ¡0.481 ¡0.765 0.232 1.3(3.9 £ KDP) 3.5 £ KDP  
BO ¡1.396 0.643 ¡1.426 0.087    
SbO ¡0.904 ¡0.885 ¡0.552 0.232    

Fig. 4. The SHG densities of the VE processes for AB3O6 (A = Bi, Sb).  

Fig. 5. The frontier molecular orbitals of BiO(a) and SbO(b) groups, purple for cations and red for oxygen atoms. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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under B3LYP and PBE0 functional with Gaussian 09 software package 
[49]. 

As shown in Fig. 5, the nonbond 2p orbital of O occupies the lowest 
unoccupied molecular orbital (LUMO). In the highest occupied molec
ular orbital (HOMO), there are mainly Sb/Bi-s and O-p orbitals. Both 
groups show significant optical anisotropy. 

Table 5 gives the polarizability and hyperpolarizability of SbO and 
BiO groups. As shown in Table 5, the polarizability of SbO group is larger 
than BiO group, which is in line with the trend of birefringence. While 
the hyperpolarizability of SbO groups is smaller than BiO groups, and 
the hyperpolarizability of anionic groups own similar tendency like SHG 
response of BIBO and SBBO. That’s to say the BiO group can improve the 
SHG response of the material. The calculated optical properties show 
that the HOMO-LUMO gaps of the two groups are close to each other. 

4. Conclusions 

In a word, the electronic structures, refractive indices and birefrin
gence of AB3O6 (A = Bi, Sb) are calculated using the first-principles 
method. The obtained results are in good agreement with experi
mental values. The different response about birefringence and SHG are 
further investigated using Born effective charges, real-space atom-cut
ting method, and the molecular orbitals and molecular optical proper
ties. The results show that the anionic groups and cation-centered 
polyhedron exhibits excellent optical properties due to their strong co
valent bond and optical anisotropy. At molecular level, the SbO groups 
own stronger polarizability anisotropy (α) and smaller first hyper
polarizability tensor (β) comparison with BiO groups. As for these 
crystals, the states nearby the Fermi level of SBBO give positive and 
negative contribution to birefringence, and SHG, respectively, which 
make it own stronger birefringence and smaller SHG comparison with 
BIBO. One can instructive us to design and synthesize new NLO mate
rials with excellent optical properties. 
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