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A B S T R A C T   

As a significant nonlinear optical compound, phosphate has been wildly used in all kinds of advanced optical 
systems. In this work, the electronic structures, and optical properties of a series of XPO3F and X3(PO4)2 (X = Sn, 
Pb, Sr, Ba) compounds were investigated using the first-principles method in both molecular and crystal levels. 
The results show that introducing F atoms can lead to enhanced HOMO-LUMO gap and enlarged anisotropy of 
polarizability. The anionic groups give main contribution to the total birefringence of alkaline earth phosphate 
and fluorophosphate. As for the post-transition metal phosphate and fluorophosphate, both anionic groups and 
cation-centric polyhedra play a critical role in determining birefringence. The X-p (X = Sn, and Pb) states nearby 
the Fermi level are beneficial to get enhanced birefringence, but they do not play a vital role in determining total 
birefringence.   

1. Introduction 

Owing to their essential function in the modulation of light polari
zation, birefringent materials have attracted considerable academic and 
commercial interest in the laser industry, optical communication, 
polarimetry, and scientific instrumentation [1–11]. Many excellent 
birefringent compounds are found in borates, carbonates, phosphates, 
halides, and so on, such as MgF2 [12], α-BaB2O4 [13], CaCO3 [14], YVO4 
[15], LiNbO3 [16], Ca(BO2)2 [17], whose spectral range covers ultra
violet (UV) and infrared (IR). 

Recent research has suggested that introducing planar or coplanar 
fundamental building units (FBUs) with extreme optical anisotropy like 
BO3, NO3, CO3, and C3N3O3 groups [18–26] help to enhance birefrin
gence. And introducing anionic groups parallel or parallel to the optical 
axis can also improve birefringence [27–29]. Additionally, introducing 
stereochemical active lone pairs (SCALP) electrons (such as Pb2+, Bi3+, 
Sn2+, Sb3+, etc.) [30–33] is a good strategy to get enhanced birefrin
gence. For instance, α-SnF2 [34] with SCALP electrons possesses the 
largest birefringence among the reported metal fluorides (0.177 @ 546 
nm), which is 14 times that of MgF2. 

Phosphates have been regarded as UV and deep-ultraviolet (DUV) 
nonlinear optical (NLO) candidates due to their short UV absorption 

edges, the diversity of structures, and the easy growth of large single 
crystals [35,36]. While the stumbling block is their comparatively small 
birefringence affected by the regular tetrahedral of PO4 whose polari
zation anisotropy is very small (shown in Table 1). Recently, introducing 
F atoms into the (PO4)3- tetrahedron to form the (PO3F)2- group is a new 
strategy to enhance optical anisotropy. The authors have calculated the 
dipole moment, polarizability anisotropy, and HOMO-LUMO gap of 
(PO4)3- and (PO3F)2- anionic groups using the Gaussian 09 code [37] at 
the B3LYP/6-31G level [38]. Herein the HOMO is the abbreviation of 
Highest Occupied Molecular Orbitals, and LUMO is Lowest Unoccupied 
Molecular Orbitals. As shown in Table 1, the obtained results show that 
the (PO3F)2- group exhibits greater polarization anisotropy than the 
(PO4)3- group. In addition, the larger HOMO-LUMO gap indicates that 
fluorophosphate has a greatly short UV cut-off edge. All calculation re
sults demonstrate that the (PO3F)2- group can enhance the birefringence 
and retain the benefits of the broadly ultraviolet transmittance of 
phosphate. Our study illustrates that introducing F atoms into fluo
rophosphate systems can exhibit excellent NLO performance according 
to the anionic group theory [39]. 

In this work, the molecular orbital, electronic structure, and optical 
properties of a series of XPO3F and X3(PO4)2 (X = Sn, Pb, Sr, Ba) com
pounds were investigated using first-principles methods. The 
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distribution of the anisotropic lone pair of electrons is determined by the 
electron localization functions (ELF). In addition, the author detailed 
analysis of the influence of crystal structures, band gap, anionic groups, 
and lone pair electrons on the birefringence, and try to dig out the 
origination of the different birefringence in fluorophosphate and phos
phate. According to research, we could find that the cationic and anionic 
groups give the main contribution to the birefringence of phosphate and 
fluorophosphate, and the cationic p states also have a contribution to the 
birefringence. Those perceptions will guide and accelerate the explo
ration of excellent birefringent and NLO materials in fluorophosphate 
compounds. 

2. Calculation details 

To better expound the electronic structures and optical properties of 
XPO3F and X3(PO4)2 (X = Sn, Pb, Sr, Ba), the first-principles calculations 
were performed using the plane-wave pseudopotential code CASTEP 
[40,41] based on the density functional theory (DFT) [42,43]. The 
Crystallographic Information File (CIF) of XPO3F and X3(PO4)2 (X = Sn, 
Pb, Sr, Ba) compounds are obtained from the inorganic crystal structure 
database (ICSD, Version 4.5.0). During the calculation, the generalized 

gradient approximation(GGA) [44] with Perdew-Burke-Ernzerhof (PBE) 
[45] functional and the norm-conserving pseudopotential [46,47] were 
adopted. The following orbital electrons were treated as valence elec
trons Sn:5s25p2, Pb:5s25p65d106s26p2, Sr:4s24p65s2, Ba:5s25p66s2, 
P:3s23p3, O:2s22p4, F:2s22p5. The kinetic energy cut-offs were set as 940 
eV for XPO3F and 830 eV for X3(PO4)2 (X = Sn, Pb, Sr, Ba). The 
Monkhorst-Pack k-points of those compounds were set as 5 × 2 × 4 
(SnPO3F), 5 × 4 × 4(PbPO3F), 5 × 4 × 4(SrPO3F), 3 × 3 × 3(BaPO3F), 2 
× 5 × 2(Sn3(PO4)2), 5 × 5 × 5(Pb3(PO4)2), 6 × 6 × 6(Sr3(PO4)2) and 5 ×
5 × 5(Ba3(PO4)2) with a density of 0.04/Å in the first Brillouin zone(BZ). 
Other calculation parameters and convergence criteria adopted default 
value of the CASTEP code. After the electronic structures were obtained, 
the OptaDOS [48,49] code is used to get the real and imaginary parts of 
the dielectric constant, and then the refractive index n along optical 
principle axes and the birefringence Δn defined as the difference of 
refractive indices along optical principle axes were obtained. During the 
calculation, a scissors operator was introduced to shift up the conduction 
band and get more reliable birefringence. The scissors value is defined as 
the difference between the HSE06 bandgap and GGA/PBE bandgap. The 
HSE06 [50–52] hybrid functional implemented in PWMAT [53,54] code 

Table 1 
The obtained Dipole Moment (Px, Py, Pz), Polarizability Anisotropy of Molec
ular Groups (δ), HOMO− LUMO gap (Eg) of the (PO3F)2− and (PO4)3− Anionic 
Groups using Gaussian09 code.  

Group Px, Py, Pz Eg 

(eV) 
δ 

266 
nm 

532 
nm 

1064 
nm 

2090 
nm 

(PO3F)2- 0.99, 0.28, 
0.34 

8.55 6.96 6.29 6.16 6.13 

(PO4)3- 0, 0, 0 8.10 0 0 0 0  

Fig. 1. Crystal structures of (a) SnPO3F, (b) PbPO3F, (c)SrPO3F and (d)BaPO3F.  

Table 2 
The Distortion Index of XPO3F and X3(PO4)2 (Sn, Pb, Sr, Ba) compounds.  

Crystal Group Distortion 
index 

Crystal Group Distortion 
index 

SnPO3F PO3F 0.0334 Sn3(PO4)2 PO4 0.0072 
SnO3 0.0137 SnO3 0.0247 

PbPO3F PO3F 0.0334 Pb3(PO4)2 PO4 0.0189 
PbO7F2 0.0443 PbO10 0.0316 

SrPO3F PO3F 0.0103 Sr3(PO4)2 PO4 0.0069 
SrO7F2 0.0442 SrO10 0.0000 

BaPO3F PO3F 0.0103 Ba3(PO4)2 PO4 0.0017 
BaO7F2 0.0358 BaO10 0.0150  

Y. Qian et al.                                                                                                                                                                                                                                    



Physica B: Physics of Condensed Matter 630 (2022) 413676

3

is used to get bandgap comparable with experimental values, and it was 
also used to get the projected band structure to see the states nearby the 
Fermi level, and the scissors values. 

3. Result and discussion 

Before deeply comprehending the electronic structures and optical 
properties, the authors would review their geometries firstly. The crystal 
structures of XPO3F and X3(PO4)2 (X = Sn, Pb, Sr, Ba) are shown in 
Fig. 1, Fig. S1, and Table 2. The XPO3F and X3(PO4)2 (X = Sn, Pb, Sr, Ba) 
crystallize in the P21/c and R 3 2/m centrosymmetric structures. After 
detailed check out the geometries, one can ascertain that these com
pounds own isolated distorted tetrahedrons of (PO3F)2- groups and 
(PO4)3- groups, respectively. And these compounds also own different 
cation-centric polyhedra (such as SnO3, PbO10 et al.) due to different 
cationic coordination environments, and these cationic groups are all 
connected to the (PO3F)2- tetrahedron by sharing oxygen atoms. 

The distortion indices of different polyhedra are also calculated using 
Baur’s method [55] implemented in VESTA code [56]. As shown in 
Table 2, the (PO3F)2- group has a greater distortion degree than the 
(PO4)3- group. Take SnPO3F and Sn3(PO4)2 for example, the distortion 
indices of PO3F (0.0334) in SnPO3F are larger than PO4 (0.0072) in 
Sn3(PO4)2. In addition, introducing F atoms into the cationic polyhedron 
can also enhance the distortion indices. For example, the distortion 

index of BaO7F2 (0.0358) in BaPO3F is larger than BaO10 (0.0150) in 
Ba3(PO4)2. Noting that although the distortion index of SnO3 in SnPO3F 
is smaller than other cationic groups in fluorophosphates, SnPO3F still 
owns the largest birefringence (as shown in Table 3), hence the authors 
believe that the electronic structures rather than geometries play an 
important role in determining the optical properties. 

3.1. The contribution of electronic structures to birefringence 

Using the method described above, the electronic structures and 
refractive indices are obtained. The obtained GGA/PBE band structures 
along the high-symmetry points of the first Brillouin zone are shown in 
Fig. 2 and Fig. S2. SnPO3F is a direct bandgap semiconductor with 3.46 
eV, the other compounds are all indirect bandgap semiconductors with 
bandgap of 5.74 eV (SrPO3F), 5.47 eV (BaPO3F), 4.58 eV (PbPO3F), 5.97 
eV (Sr3(PO4)2), 5.36 eV (Ba3(PO4)2), 3.36 eV (Pb3(PO4)2) and 2.86 eV 
(Sn3(PO4)2) respectively. It is widely known that the calculated bandgap 
by the GGA can cause a quantitative underestimation of the bandgap due 
to the discontinuity of exchange-correlation energy [57,58], thus the 
Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional implemented in the 
PWMAT which can obtain values comparable with experimental values 
was employed to characterize the bandgap of those compounds. As 
shown in Table 3, the HSE06 functional yielded bandgaps of 4.83eV 
(SnPO3F), 5.36eV (PbPO3F), 7.18eV (SrPO3F), 7.09eV (BaPO3F), 4.28eV 
(Sn3(PO4)2), 4.15eV (Pb3(PO4)2), 7.38eV (Sr3(PO4)2), 6.96eV 
(Ba3(PO4)2), respectively. 

The acquired refractive indices and birefringence are shown in Fig. 3, 
Fig. S3, and Table 3. The one containing post-transition metal atoms 
own relatively large birefringence, that’s SnPO3F (0.075)> PbPO3F 
(0.061)> SrPO3F (0.034)> BaPO3F (0.007), and Sn3(PO4)2 (0.040)>
Pb3(PO4)2 (0.011)> Ba3(PO4)2 (0.004))> Sr3(PO4)2 (0.004). Moreover, 
compared to phosphate, fluorophosphate owns larger birefringence. For 
example, the birefringence of SnPO3F (0.075) is larger than Sn3(PO4)2, 
and PbPO3F (0.061) is larger than Pb3(PO4)2. Therefore, we believe that 
the (PO3F)2- anionic groups can significantly increase the birefringence 
of the fluorophosphate and will be further demonstrated below. 

3.2. The contribution of anionic groups to birefringence 

Let’s turn our attention to the role played by anionic groups to 

Table 3 
Space Groups, Calculated Band Gaps with GGA/PBE functional and HSE06 
hybrid functional and The Birefringence (Δn) at 1064 nm concerning scissors 
operator.  

Crystal Space group Eg(PBE) (eV) Eg(HSE06) (eV) Birefringence 

SnPO3F P21/c 3.46 4.83 0.075 
PbPO3F* P21/c 4.58 5.36 0.061 
SrPO3F P21/c 5.74 7.18 0.034 
BaPO3F P21/c 5.47 7.09 0.007 
Sn3(PO4)2 P21/c 2.86 4.28 0.040 
Pb3(PO4)2 R 3 2/m  3.36 4.15 0.011 

Sr3(PO4)2 R 3 2/m  5.97 7.38 0.004 

Ba3(PO4)2 R 3 2/m  5.39 6.96 0.004 

PbPO3F*: PbPO3F was obtained by replacing the Ba atom in BaPO3F with a Pb 
atom. 

Fig. 2. Band structures of XPO3F (X = Sn, Pb, Sr, Ba) determined using GGA/PBE functional implemented in CASTEP code.  
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birefringence. The anionic groups’ contribution was first investigated at 
the B3LYP/6-31G level using the Gaussian09 code (shown in Table 1). 
Fig. 4 shows the frontier molecular orbital diagrams of (PO4)3- and 
(PO3F)2- anionic groups. As shown in Fig. 4, the (PO3F)2- anionic groups 
own significant anisotropic electronic distribution in HOMO, HOMO-1, 
and HOMO-2. Herein the HOMO-1 is the adjacent molecular state lower 
than HOMO, and HOMO-2 is the adjacent molecular state lower than 
HOMO-1. For (PO3F)2- anionic groups (shown in the bottom of Fig. 4), 
the electronic distribution mainly localized at the bottom of HOMO 
(mainly around oxygen atoms), and almost no electrons can be found in 
the upper of HOMO, very little electrons can be found around the F 
atoms in HOMO-1, and HOMO-2. While as for the (PO4)3- anionic 
groups, the electronic distribution can be found around all oxygen 
atoms, which make the (PO4)3- anionic groups own isotropic electronic 
distribution. The anisotropic electronic distribution of (PO3F) 2- anionic 
groups are beneficial to acquire relatively large polarization anisotropy 
leading to large birefringence. 

To further investigate the contribution of different ions to total 
birefringence, a real-space atom-cutting (RSAC) [58] method was used 
in XPO3F and X3(PO4)2 (X = Sn, Pb, Sr, Ba). According to the rule of 
keeping the cutting spheres in contact and without overlap, the cutting 
radii of Sn, Pb, Sr, Ba, P, O, and F were set as 1.55, 1.50, 1.13, 1.37, 0.95, 

1.10, and 0.86 Å, respectively. The obtained RSAC results are shown in 
Table 4. Noting that, as shown in Fig. S3, the birefringence of X3(PO4)2 
(X = Sr, Ba) is very small (only 0.004, and 0.004, respectively). With 
consideration of numerical calculation error, the authors have not per
formed the RSAC operation on these two compounds. Based on the RSAC 
method, the birefringence of different ions and anionic groups are ob
tained and several observations can be obtained as follows: (1) For those 
alkaline earth fluorophosphate, the anionic groups give the main 
contribution to the total birefringence, and the alkaline earth atoms’ 
contribution is so little that it even can be ignored. For example, the 
birefringence of the (PO3F)2- group (0.032) is almost equivalent to the 
SrPO3F crystal (0.034). (2) For the post-transition metal phosphate and 
fluorophosphate, i.e. XPO3F and X3(PO4)2 (X = Sn, Pb), both anionic 
groups and cation-centric polyhedra play an important role in deter
mining the birefringence. Take PbPO3F compound for example, the 
birefringence of the PbO7F2 polyhedron (0.036) is comparable to the 
PO3F anionic group (0.042). (3) It is worth noting that the cationic 

Fig. 3. The refractive indices and birefringence values of XPO3F (X = Sn, Pb, Sr, Ba) were calculated by the OptaDOS code.  

Fig. 4. Frontier molecular orbitals of the (PO4)3− and (PO3F)2− anionic groups. 
The red, yellow, and cyan balls represent the oxygen, phosphorus, and fluorine 
atoms, respectively. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Table 4 
The obtained refractive indices and birefringence of different polyhedra in title 
compounds.  

Crystal  nx ny nz Δn 

SnPO3F Total 1.488 1.448 1.412 0.076 
SnO3 1.272 1.247 1.201 0.071 
PO3F 1.215 1.202 1.187 0.028 

PbPO3F Total 1.752 1.731 1.690 0.062 
PbO7F2 1.634 1.618 1.598 0.036 
PO3F 1.481 1.470 1.439 0.042 

SrPO3F Total 1.516 1.506 1.481 0.034 
Sr 1.139 1.137 1.133 0.007 
PO3F 1.413 1.400 1.381 0.032 

BaPO3F Total 1.500 1.498 1.493 0.007 
Ba 1.262 1.262 1.258 0.004 
PO3F 1.487 1.471 1.470 0.017 

Sn3(PO4)2 Total 1.558 1.533 1.518 0.040 
SnO3 1.529 1.496 1.488 0.041 
PO4 1.226 1.212 1.211 0.015 

Pb3(PO4)2 Total 1.936 1.936 1.925 0.011 
PbO10 1.948 1.948 1.935 0.013 
PO4 1.685 1.685 1.682 0.003  
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groups give more contribution to the total birefringence in other 
post-transition metal phosphate and fluorophosphate. For example, the 
birefringence of SnO3 in SnPO3F (0.071) is larger than PO3F (0.028), and 
the birefringence of SnO3 in Sn3(PO4)2 (0.041) is larger than PO4 
(0.015). 

3.3. The lone pair electronic distribution and their contribution 

The stereochemistry active lone-pair electronic distribution is further 
confirmed by the electron localization functions (ELF). To better display 
the electronic characteristics of the lone pair, the ELF of the SnPO3F and 
Sn3(PO4)2 compound with the more obvious lone pair electronic effect 

was produced (shown in Fig. 5). Here, crescent-shaped ELFs were 
observed around the Sn atoms, indicative of asymmetric lone-pair 
electron distributions around these atoms. Such asymmetric lone pair 
electrons distributions could lead to enhanced birefringence and more 
details will be shown below. 

Meanwhile, the total density of states (TDOS) and projected densities 
of states (PDOS) of XPO3F and X3(PO4)2 (X = Sn, Pb, Sr, Ba) are 
exhibited in Fig. 6 and Fig. S6. Clearly, the cation-sp, O-p, F-p, and P-sp 
states were found at the top of the valence band (VB) and the bottom of 
the conduction band (CB). Noting that not only the hybrid P–O states, 
but also the hybrid Sn–O and hybrid Pb–O states are found near the 
Fermi level. The hybrid P–O states, Sn–O states, and Pb–O states can also 

Fig. 5. The electron localization functions (ELFs) of SnPO3F and Sn3(PO4)2.  

Fig. 6. The projected densities of states (PDOSs) of XPO3F (X = Sn, Pb, Sr, Ba).  
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be verified by the projected band structures diagram shown in Fig. S7. 
According to the revised model suggested by Walsh [59], the hybrid Sn 
sp- O p (Pb sp-O p) states below the Fermi level should own a similar 
character like stereochemistry activate lone pair electronic distribution. 

After detailed checkout the PDOS shown in Fig. 6, the authors 
believe the cationic p states nearby the Fermi level would play some role 
in determining the birefringence. To further illustrate the contribution 
from cationic p states to the total birefringence, the PDOS of those 
compounds were integrated from [− 6, 0] eV and then the ratio of cation- 
p state to hybrid cation-oxygen states are calculated using the formula 
like R(cation-p) = X(cation-p)/((X(cation-p) + X(cation-s) +X(O-p)), 
and where the X(cation-s), X(cation-p), X(O-p), are the intensities of 
cation-s states, cation-p states, O-p states, respectively. Electron transi
tions coming from deep energy give minor contribution to the optical 
properties, so states lower than − 6 eV were omitted. As shown in 
Table 5, the sequence of R(X-p) is PbPO3F (0.044) <SnPO3F (0.056), 
Pb3(PO4)2(0.054) <Sn3(PO4)2(0.068), which is consistent with the trend 
found in birefringence, implying that the Sn-p and Pb-p states indeed 
help to enhance the birefringence. The authors must point out that the 
ratio of cationic p states is smaller than oxygen atoms, indicating they 
give limited contribution to total birefringence. In a word, the X-p (X =
Sn, and Pb) states nearby the Fermi level are beneficial to get enhanced 
birefringence, but they do not play a vital role in determining total 
birefringence. 

4. Conclusion 

In summary, this work systematically investigated the crystal struc
ture, electronic structures, and optical properties of XPO3F, and 
X3(PO4)2 (X = Sn, Pb, Sr, Ba) using the first-principles method in mo
lecular and crystal levels. The results show that: (1) For the alkaline 
earth phosphate and fluorophosphate, the anionic groups give the main 
contribution to the total birefringence, the alkaline earth atoms’ 
contribution can be ignored. (2) For the post-transition metal phosphate 
and fluorophosphate, both anionic groups and cation-centered poly
hedra play an important role in determining birefringence. (3) The ob
tained birefringence values of XPO3F and X3(PO4)2(X = Sn, Pb, Sr, Ba) 
followed the sequence Sn > Pb > Sr > Ba. The X-p (X = Sn, and Pb) states 
nearby the Fermi level are beneficial to get enhanced birefringence, but 
they do not play a vital role in determining total birefringence. The 
obtained results can be used to design novel UV/DUV NLO compounds. 
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