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1. Introduction

Nonlinear optical (NLO) materials are a kind of important pho-
toelectric functional materials, which have important applica-
tions in laser communication, laser micro-nanometer industry,
and other fields.[1–11] In recent decades, a series of nonlinear

optical materials with excellent optical
properties have been designed and synthe-
sized, such as β-BaB2O4 (BBO),[12] LiB3O5

(LBO),[13] CsB3O5 (CBO),[14] KBe2BO3F2
(KBBF).[15,16] It is well known that nonlin-
ear optical materials with excellent perfor-
mance should have large second-harmonic
generation (SHG) coefficients and appro-
priate birefringence.[17–24]

During the past decades, various chro-
mophores have been introduced to obtain
excellent optical performance. The chromo-
phores are anionic groups with conjugated
π bonds, groups containing d0/d10 cations,
post-transition metal cations, and so on.[25]

The post-transition metal cations contain-
ing ns2np0 lone pair electrons (such as
Pb2þ, Sn2þ, Bi3þ, Sb3þ, etc.) are able to
obtain enhanced birefringence, due to

the asymmetric lone pair electronic distribution.[26] For example,
our group has calculated the birefringence of M2B5O9Cl (M¼ Sr,
Ba, Pb) using the first-principles method, and the results show
that the birefringence of Pb2B5O9Cl is greater than that of its iso-
morphic alkaline earth metal borate M2B5O9Cl (M¼ Sr, Ba).[27]

Liu et al. pointed out that SbB3O6 has a large birefringence
value (0.290@546 nm).[28] The carbonate material CsPbCO3F
(0.104@1064 nm) containing Pb2þ cations and CO3 groups owns
good mechanical stability and thermal stability[29,30] and rela-
tively large birefringence.[31]

In addition to metal oxides, a variety of metal halides or metal
oxyhalides have also been found as an important class of optical
materials.[32–35] For example, the mixed oxyhalides
Pb17O8Cl18,

[32] Pb18O8Cl15I5,
[33] Pb13O6Cl9Br5,

[34] are good
mid-infrared NLO candidates. As for metal halides, Gong
et al. reported a family of metal halides RbSbF3Cl and
CsSbF3Cl

[36] containing two different halogens, and the first-
principles investigations show that the CsSbF3Cl compound
owns relatively large birefringence. Recently, Guo et al. pointed
out that α-SnF2 has a broad transparent range and brilliant bire-
fringence, and the birefringence of α-SnF2, PbCl2, and SbCl3 are
0.177, 0.046, and 0.172 (@546 nm), respectively.[35] Curiously,
could the stereochemically active lone pair be found in these
metal halides? And what’s the dominant factor determining
the lone pair electronic distribution and birefringence?

In this work, the electronic structure and optical properties
of a series of metal halides ASbF3Cl (A¼ K, Rb, Cs) and SbX3
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Birefringent compounds play an indispensable role in modern optoelectronics
and information communication. In this article, the electronic structures and
birefringence of binary and ternary antimony halides are investigated using the
first-principles method. The results show that the stereochemical activity of
antimony cations in these compounds gradually decreases from Cl to I, and the
birefringence of these compounds gradually increases from Cl to I. The degree of
stereochemical activity of lone pairs is determined by the energy difference
between the s-state of the cation and the p-state of the halogen, implying the
revised model about stereochemical activity of lone-pairs in metal oxides is also
appropriate for metal halides. The real-space atomic cutting and Born effective
charges show that the antimony cations and halogen closer to Fermi level give
main contribution to birefringence. And the occupied p-states of antimony and
halogen atoms play an important role in determining the birefringence.
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(X¼ Cl, Br, I) are investigated using the first-principles method.
The asymmetric lone pair electronic distribution is confirmed by
the electronic orbitals nearby the Fermi level and electron locali-
zation function (ELF). The atomic contribution to birefringence
is investigated using the real-space atomic cutting (RSAC) and
Born effective charge. The results show that the stereochemical
activity of antimony cations in these compounds gradually
decreased from Cl to I, and the birefringence of these com-
pounds gradually increased from Cl to I. The energy
difference between s-states of antimony and p-states of halogen
determines the stereochemical activity of lone pair electronic
distribution. The energy difference between p states of antimony
and halogen owns the sequence as Sb-Cl> Sb-Br> Sb-I, which
determines the bandgap of metal halides. And the occupied p
states of antimony and halogen atoms play an important role
in determining the birefringence.

2. Numerical Calculation Details

In this work, the CASTEP package,[37,38] a plane-wave pseudo-
potential code based on the density functional theory
(DFT),[39,40] was used to investigate the electronic structures
and optical properties. The geometry optimization was performed,
and the tolerance of total energy, max ionic force, max ionic dis-
placement, and max stress are set as 5� 10�6 eV atom�1,
2� 10�2 eVÅ�1, 5� 10�4 Å and 2� 10�2 GPa, respectively.
The generalized gradient approximation (GGA)[41] with
Perdew–Burke–Ernzerhof (PBE)[42] functional was adopted. The
norm-conserving pseudopotentials[43–45] are used, and the
valence electrons of these elements are set as K:3s23p64s1,
Rb:4s24p65s1, Cs:5s25p66s1, Sb:5s25p3, F:2s22p5, Cl:3s23p5,

Br:4s24p5 I:5s25p5. The cutoff energies were set as 940 eV for
ASbF3Cl (A¼ K, Rb, Cs), and 830 eV for SbX3 (X¼ Cl, Br, I).
The Monkhorst–Pack k-point meshes,[46] spanning with less than
0.04 Å�3 separation, were applied. The stability of these com-
pounds was further confirmed by the phonon dispersion curves
without any imaginary phonon model (shown in Figure 2 and
S2, Supporting Information). The refractive indices and the bire-
fringence were further calculated via the OptaDOS code.[47,48]

To analyze the contribution of the anionic group to the nth-order
susceptibility χ(n), a RSAC technique was adopted.[49,50] The
projected band structures were also calculated using HSE06
functional[51–53] implemented in the PWMAT code.[54,55]

3. Results and Discussion

3.1. The Structure of ASbF3Cl (A¼ K, Rb, Cs) and SbX3
(X¼ Cl, Br, I)

Before deeply comprehending the electronic structures and opti-
cal properties, the authors would review their geometries first.
The crystal structures of ASbF3Cl (A¼ K, Rb, Cs) and SbX3

(X¼ Cl, Br, I) compounds are shown in Figure 1 and S1,
Supporting Information. As shown in Figure 1, KSbF3Cl is iso-
structural with RbSbF3Cl, and they all crystallize in the centro-
symmetric (CS) orthorhombic space group Pbca (No. 61). Unlike
ASbF3Cl (A¼ K, Rb), the CsSbF3Cl crystallizes in the non-
centrosymmetric (NCS) tetragonal space group I42m. Noting that,
the distorted antimony-centered polyhedra were found in these
compounds which may have a relation with the asymmetric
lone-pair electron distribution and may give a contribution to total
optical properties. The distortion indices of different polyhedra

Figure 1. Crystal structures of: a) KSbF3Cl, b) RbSbF3Cl, and c) CsSbF3Cl.
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are also calculated using Baur’s method[56] implemented in the
VESTA code[57] The obtained distortion degree of the tetrahedron
SbF3 in ASbF3Cl (A¼ K, Rb, Cs) is 0.00486, 0.00263, and 0.00663,
respectively. However, the degree of tetrahedral distortion is not
consistent with the birefringence trend (discussed in the follow-
ing). The author believes that the tetrahedron in the system is not
the main reason for the large birefringence.

SbCl3 and SbBr3 crystallized in the Pbnm space group. A vir-
tual compound SbI3 was obtained by replacing the Cl atom in
SbCl3 in the Pbnm space group with the I atom because there
is still no experimental structure of SbI3 reported. Like
ASbF3Cl, the degree of distortion owns the sequence like
SbBr3 (0.00946)> SbCl3 (0.00526)> SbI3 (0.00396), which is dif-
ferent from the calculated birefringence SbI3 (0.28)> SbBr3
(0.22)> SbCl3 (0.20). Hence, the authors would pay more atten-
tion to the role played by the antimony-centered polyhedra.

3.2. The Electronic Structures of ASbF3Cl (A¼ K, Rb, Cs) and
SbX3 (X¼ Cl, Br, I)

Based on the aforementioned method, the electronic structure,
phonon dispersion, and optical properties of ASbF3Cl (A¼ K,
Rb, Cs) and SbX3 (X¼ Cl, Br, I) are discussed. The band struc-
ture diagram and phonon spectrum diagram of those com-
pounds are shown in Figure 2 and S2, Supporting
Information. As shown in Figure 2, The KSbF3Cl, RbSbF3Cl,
CsSbF3Cl are indirect transition semiconductor, whose GGA-
PBE gaps are 4.33, 4.31, 3.37 eV, respectively (shown in
Table 1). The calculated bandgaps of RbSbF3Cl and CsSbF3Cl
are comparable to those reported by Gong et al.[36] In addition,
the absence of imaginary frequencies in the phonon spectrum
proves that the structure is stable and can be used for further
applications.

Figure 2. The band structure and phonon spectra of ASbF3Cl (A¼ K, Rb, and Cs).
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3.3. The Lone Pair Electrons of ASbF3Cl (A¼ K, Rb, Cs)

It is well known that ELF and orbitals near the Fermi level are
useful methods to describe localized electronic distribution like
asymmetric lone-pair electronic distribution.[58] Hence the ELF
was firstly calculated using the CASTEP package to distinguish
the lone-pair electrons around Sb atoms. As shown in Figure 3,
the crescent-like electronic distribution is found around Sb3þ,
indicating the stereochemically active lone pair electrons of Sb
cations. Orbitals near the Fermi level (shown in Figure S3,
Supporting Information) show similar results. In a word, the

asymmetric lone-pair electronic distribution is found around
Sb3þ cations, hence the authors want to dig out the atomic con-
tribution to the total birefringence.

3.4. The Atomic Contribution of Optical Properties

Using OptaDOS code, the birefringence of ASbF3Cl (A¼ K, Rb,
Cs) are obtained as 0.080, 0.061, and 0.271 @1064 nm, respec-
tively. The birefringence diagram of ASbF3Cl (A¼ K, Rb, Cs) is
shown in Figure 4. CsSbF3Cl has a considerably large birefrin-
gence comparison with other compounds. To further investigate
the atomic/anionic group’s contribution, RSAC method was
used. In RSAC operation, the cutting radius follows the basic
principle of keeping the atomic spheres in contact with each
other without overlapping. For ASbF3Cl (A¼ K, Rb, and Cs),
the cutting radius are set as follows: 1.40 Å (K), 1.48 Å (Rb),
1.69 Å (Cs), 1.20 Å (Sb), 1.20 Å (F), and 1.50 Å (Cl). According
to the atomic coordination environment, the threshold of chemi-
cal bond was set as 3.5 Å. The obtained refractive indices of
groups are shown in Table 2. As shown in Table 2, the birefrin-
gence of [SbF3Cl2] group is even larger than the total birefrin-
gence of ASbF3Cl (A¼ K, Rb, and Cs) compounds, implying
the alkali metals may give a little contribution to the total bire-
fringence. Further analysis of the interband transitions of atoms
reveals that the [SbF3Cl2] group at the top of the valence band
plays a decisive role in the birefringence of the material.

Figure 3. Election localization function (ELF) diagrams of: a) KSbF3Cl, b) RbSbF3Cl, and c) CsSbF3Cl.

Table 1. Space groups, calculated bandgaps with GGA/PBE functional and
the Birefringence (Δn) at 1064 nm.

Crystal Space group Eg [eV] (PBE) Birefringence (@1064 nm)

KSbF3Cl Pbca 4.33 0.080

RbSbF3Cl Pbca 4.31 0.061

CsSbF3Cl R42/m 3.37 0.271

SbCl3 Pbnm 3.31 0.20

SbBr3 Pbnm 2.92 0.22

SbI3
⋇a) Pbnm 2.80 0.28

a)SbI3
⋇ was obtained by replacing the Cl atom in SbCl3 with an I atom.
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To further dig out the atomic contribution from cations and
halogens, the Born effective charges[59–61] of ASbF3Cl (A¼ K, Rb,
Cs) were also calculated using the CASTEP code (shown in
Table 3). As shown in Table 3, the alkali atoms (K, Rb, and
Cs) give a relatively small contribution to the total birefringence
due to their relatively smallΔq values. For F atoms, they give both
positive and negative contributions to anisotropic optical
birefringence. Unlike F atoms, the Cl atoms give a positive
contribution to birefringence due to their positive Δq values.
The largest Δq values are found in Sb atoms indicating the
lone-pair electronic distribution gives the main contribution to
the total birefringence.

It is well known that the optical properties are determined by
the electron transition from the states at the top of the valence
band to the bottom of the conduction band. The obtained pro-
jected density of states (PDOS) of ASbF3Cl (A¼ K, Rb, Cs) is also
shown in Figure 5. To better describe the interaction among
these atoms, the states at the top of the valence band are divided
into three different energy regions (shown in Figure 5). Based
on the PDOS, several observations can be obtained as follows:

1) For ASbF3Cl (A¼ K, Rb, Cs), hardly any electrons from alkali
metal atoms can be found at the top of the valence band, imply-
ing the alkali atoms may give a little contribution to the optical
properties, which is in good agreement with the conclusions
obtained by RSAC and Born effective charge. 2) It is worth noting
that the F-p is mainly concentrated in the II region far away from
the Fermi level, while the Cl-p state is in the III region, which is
closer to the Fermi level. 3) In the I region, the top of the valence
band near the Fermi surface and the bottom of the conduction
band far from the Fermi surface is mainly composed of Sb-sp
orbitals containing lone pairs of electrons, Cl-p orbitals, and
Sb-p orbitals. To visually see the contribution of each element,
the projected band structures calculated using PWMAT code
are also obtained. As shown in Figure S4–S6, Supporting
Information, it can be clearly seen that the Cl-p orbitals appear
near the Fermi level, while the F-p orbitals appear at �5��2 eV
for the ASbF3Cl (A¼ K, Rb, Cs). Similarly, in the projected band
structures, the orbits near the Fermi surface are mainly com-
posed of Sb-sp and Cl-p orbitals. Therefore, we believe that
the larger birefringence of the system is mainly derived from

Figure 4. The birefringence of ASbF3Cl (A¼ K, Rb, and Cs).
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the Cl element and the cation Sb containing a lone pair of
electrons.

To further study the different contributions of the F and Cl
elements, two virtual compounds CsSbF4 and CsSbCl4 are
obtained using atom-substitution from CsSbF3Cl. The bandgap
of CsSbF4 and CsSbCl4 are 3.69 and 3.15 eV. The birefringence
of CsSbF4 and CsSbCl4 is 0.124 and 0.210, respectively. The
birefringence of CsSbCl4 was significantly larger than the bire-
fringence of CsSbF4, implying the Cl atoms are beneficial to
enlarge birefringence comparison with F atoms. The obtained
PDOS of CsSbF4 and CsSbCl4 are also shown in Figure S6,
Supporting Information. The peak position of the F-p state in
the PDOS of CsSbF4 is about �3 to �2 eV, which is far away
from the Fermi level. In contrast, the peak position of the Cl-p
state in the PDOS of CsSbCl4 is between �1 and 0 eV nearby the
Fermi level, implying Cl atoms play an important role in obtain-
ing enhanced birefringence, and the states nearby the Fermi level
give the main contribution to the birefringence.

3.5. The Optical Properties of Binary SbX3 (X¼ Cl, Br, I)

To deeply understand the atomic contribution from antimony
and halogens, the authors also calculated the electronic struc-
tures and birefringence of binary compounds without alkali
atoms. Bandgap, birefringence, and other data of SbX3

(X¼ Cl, Br, I) halides are shown in Table 1. As shown in
Table 1, like ASbF3Cl (A¼ K, Rb, Cs) compounds, the bandgap
of these binary compounds decreased from Cl to I, and the bire-
fringence increased from Cl to I. Therefore, the author believes
that the birefringence of the compound is related to the distribu-
tion of electronic states near the Fermi surface. The PDOS
of SbX3 (X¼Cl, Br, I) are also obtained (shown in Figure 6).
As shown in Figure 6, the interaction between Sb-sp states
and halogens’ p states are found at the top of the valence band.
And the authors also found out that from Cl to I, the peak of
halogens is gradually closer to the Fermi surface.

Like ASbF3Cl (A¼ K, Rb, Cs), the SbX3 (X¼ Cl, Br, I) system
also has stereochemically active lone pairs, which were character-
ized by orbitals near the Fermi level and ELF. The orbit near the
Fermi level is shown in Figure 7. The asymmetric density around
Sb atoms, i.e., lone-pair electrons is observed. As shown in
Figure 7, it can be clearly seen that the stereochemical
activity of lone pair electrons of antimony atom is
SbCl3> SbBr3> SbI3, although the birefringence of the SbX3

(X¼ Cl, Br, I) system is SbCl3< SbBr3< SbI3. ELF shows the
same result, as shown in Figure S8, Supporting Information.
Based on the earlier discussion, the author will further study
the contribution of Sb atoms containing lone pairs of electrons
to the birefringence of compounds.

3.6. The Atomic Contribution to Lone-Pairs and Birefringence

The mechanism of stereochemical active lone-pair has long been
a hot issue.[62–65] The stereochemical activity of ns2 lone pairs was
determined by the hybridization of states. The revised model
suggested by Walsh et al.[66] mentioned on the isolated atomic
energy level that relative energy of the X-s and Y-p states (X is
cationic atom like Pb, Sn, Sb, Bi; Y is anionic atom like O) is

Table 2. The refractive indices and birefringence of different anionic
groups in ASbF3Cl (a¼ K, Rb, and Cs) obtained by the RSAC method.

Crystal Valence Bands Conduction Bands nx ny nz Δn

KSbF3Cl Origin 1.714 1.709 1.634 0.080

K K 1.080 1.079 1.071 0.009

SbF3Cl2 SbF3Cl2 1.705 1.700 1.624 0.081

K, SbF3Cl2 K 1.714 1.709 1.634 0.080

K, SbF3Cl2 SbF3Cl2 1.714 1.709 1.634 0.080

K K, SbF3Cl2 1.041 1.040 1.039 0.002

SbF3Cl2 K, SbF3Cl2 1.700 1.707 1.631 0.080

RbSbF3Cl Origin 1.693 1.667 1.632 0.061

Rb Rb 1.093 1.091 1.081 0.012

SbF3Cl2 SbF3Cl2 1.675 1.647 1.612 0.063

Rb, SbF3Cl2 Rb 1.693 1.667 1.632 0.061

Rb, SbF3Cl2 SbF3Cl2 1.693 1.667 1.632 0.061

Rb Rb, SbF3Cl2 1.050 1.049 1.049 0.001

SbF3Cl2 Rb, SbF3Cl2 1.679 1.651 1.616 0.063

CsSbF3Cl Origin 1.918 1.918 1.647 0.271

Cs Cs 1.274 1.274 1.233 0.040

SbF3Cl2 SbF3Cl2 1.810 1.810 1.513 0.294

Cs, SbF3Cl2 Cs 1.913 1.913 1.647 0.265

Cs, SbF3Cl2 SbF3Cl2 1.913 1.913 1.647 0.265

Cs Cs, SbF3Cl2 1.237 1.237 1.223 0.014

SbF3Cl2 Cs, SbF3Cl2 1.813 1.813 1.521 0.292

Table 3. The obtained Born effective charges in ASbF3Cl (A¼ K, Rb,
and Cs).

Atom qxx qyy qzz Δq

KSbF3Cl K 1.17627 1.27766 1.21167 �0.10139

Sb 3.03605 2.58009 2.87252 0.45596

F(1,4,7,10,13,16,19,22) �0.63407 �0.55048 �1.56769 0.08359

F(2,5,8,11,14,17,20,23) �1.57881 �0.51496 �0.64676 1.06385

F(3,6,9,12,15,18,21,24) �0.65121 �1.56843 �0.57792 �0.91722

Cl �1.34822 �1.22388 �1.29182 0.12434

RbSbF3Cl Rb 1.26598 1.24389 1.33258 �0.0666

Sb 2.93741 2.90763 2.63262 0.30479

F(1,4,7,10,13,16,19,22) �1.59234 �0.62599 �0.5619 1.03044

F(2,5,8,11,14,17,20,23) �0.56826 �0.64868 �1.60636 �1.0381

F(3,6,9,12,15,18,21,24) �0.67692 �1.52984 �0.52964 0.14728

Cl �1.36587 �1.34701 �1.26731 0.09856

CsSbF3Cl Cs(1,2) 1.30426 1.30426 1.26849 0.03577

Cs(3,4) 1.17906 1.17906 1.55187 �0.37281

Sb 3.26683 3.26683 2.32761 0.93922

F(1,2,5,6) �1.63473 �0.53316 �0.87809 �0.34493

F(3,4,7,8) �0.53316 �1.63473 �0.87809 0.75664

F(9,10,11,12) �0.80753 �0.80753 �1.00838 �0.20085

Cl(1,2) �0.97471 �2.09141 �0.97322 1.11819

Cl(3,4) �2.09141 �0.97471 �0.97322 0.00149
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critical to the formation of stereochemically active lone-pair elec-
trons in the metal oxides. The closer between two atoms are in
energy, the stronger interaction and the more cation states are
present in the upper valence band, leading to more stereochemi-
cally activity of lone pairs. In this article, the atomic energies of
antimony and halogens are recalculated using the Gaussian09
code.[67] Based on the density functional theory, the LanL2DZ
basis set[68–70] is used to calculate the orbital energy. As shown
in Figure 8, the energy difference between the s-state of the cat-
ion and the p-state of the halogen own the sequence as Sb-
Cl< Sb-Br< Sb-I, consistent with the stereochemical activity
of Sb (III) cations found in ternary and binary post-transition
metal halides described earlier. Hence, the authors believe that
the revised model about lone-pairs can also be suitable in post-
transition metal halides.

Let us turn back to the PDOS of bulk SbX3 compounds.
As for the source of the contribution to the optical properties,
we know that it is related to the electron transitions near the
Fermi surface. In the PDOS diagram, we find that there are
relatively more Sb-p orbitals at the top of the valence band
and at the bottom of the conduction band. Therefore, it is sug-
gested that the p-orbitals of cations play an important role in
determining birefringence. To further verify the contribution
of cation p-orbitals, R(Sb-p) is used to describe quantitatively.
The ratio is defined as

RðSb-pÞ ¼ SðSb-pÞ=ðSðSb-sÞ þ SðSb-pÞ þ SðX-pÞÞ (1)

where R(Sb-p) is the ratio of Sb p states to Sb p (Sb s–X p) * states,
and the S(Sb-s), S(Sb-p) and S(X-p) are the intensities of Sb-s
states, Sb-p states, and X-p states, respectively. The obtained ratio
of Sb-p was shown in Table 4. As shown in Table 4, R(Sb-p) owns
the sequence as SbCl3 (0.094)< SbBr3 (0.11)< SbI3 (0.12),
consistent well with the trend found in birefringence, indicating
the Sb-p states play an important role in determining the
birefringence.

4. Conclusion

In this article, the electronic structures and birefringence of post-
transition metal halides ASbF3Cl (A¼ K, Rb, Cs) and SbX3

(X¼ Cl, Br, I) were investigated using the first-principles
method. Some conclusions are listed as follows: 1) The asymmet-
ric lone-pair electronic distribution is found around the anti-
mony cations, and the stereochemical activity of antimony
cations in these compounds gradually decreased from Cl to I.
The degree of stereochemical activity of lone pairs is determined
by the energy difference between the s-state of the cation and the
p-state of the halogen, implying the revised model about the ste-
reochemical activity of lone pairs in metal oxides is also
appropriate for metal halides. 2) The birefringence of these

Figure 5. The projected density of states (PDOS) of ASbF3Cl (A¼ K, Rb, and Cs).
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compounds gradually increased from Cl to I. The real-space
atomic cutting and Born effective charges show that the anti-
mony cations and halogen closer to Fermi level give the
main contribution to birefringence. And the occupied p states
of antimony and halogen atoms play an important role in

determining the birefringence which can be confirmed by the
ratio of p-states. The obtained conclusions can help to design
and synthesize novel nonlinear optical materials, photovoltaic
materials, and antimony halide compounds with excellent optical
properties.

Figure 6. The projected density of states (PDOS) of SbX3(X¼ Cl, Br, I).

Figure 7. The SbX3(X¼ Cl, Br, I) electron density map of orbital nearing Fermi level.
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