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ARTICLE INFO ABSTRACT

Keywords: The post-transition metal cations are widely used in rechargeable batteries, solar-cells, and birefringent com-

A first-principles investigation pounds. In this paper, the electronic structures and birefringence of ternary CsSnXs (X = Cl, I), CsPbX3 (X = Cl, Br,

f‘ref““gence 1), and binary MX, (M = Sn, Pb; X = Cl, Br) compounds are investigated using the first-principles methods. The
one-pair

results show that these metal halides own different mechanism in stereochemical activity and birefringence, i.e.,
the stereochemical activity of lone-pair electrons are determined by energy difference between cation s states and
halogen p states, and the stereochemical activity decreases from Cl to I. While the cation p states play an

Post-transition metal halides

important role in determining the birefringence, and the birefringence increased from Cl to I.

1. Introduction

Nonlinear optical (NLO) materials have potential application in op-
tical information processing [1-3], photolithography, precise micro-
machining, and so on [4-6]. During the past decades, hundreds of novel
NLO compounds have been invented, including commercially widely
used p-BaB,04 (BBO) [71, LiB305(LBO) [8], CsB30s (CBO) [9], CsLiBgO10
(CLBO) [10,11], KBey(BO3)Fo(KBBF) [12]and lots of borates [13] and
fluorooxoborates [4,5,14-22], carbonates [23-25], phosphates [26-29].
Generally speaking, excellent nonlinear materials should have suitable
band gap, birefringence, and large SHG response [5]. Hence kinds of
functional chromophores, like anionic groups, d° or d'° transition metal
cations [30,31], post-transition metal cations containing stereochemi-
cally active lone pair electrons [32-36], were introduced to get enhanced
response [37].

Post-transition metal cations, locating at the bottom of Group 13, 14,
and 15, like Pb(II) and Sn(II), are widely used in rechargeable batteries
[38], solar cells [39-42], and nonlinear optical (NLO) compounds [28,
29,43-49]. The stereochemically active lone-pair electrons are beneficial
to get enhanced birefringence and/or second-harmonic generation (SHG)
response. For example, PboBsOgl compound owns relative large SHG
response as 13.5 times that of KDP [32], PbyBO3sX(X = Cl, Br, and I) own
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SHG response as 9 x , 9.5 x , and 10 x KDP, respectively [33-35]. The
birefringence of BaSny(POy4), is reported as 0.071@1064 nm [50], the
birefringence of SnyBs09Cl is reported as 0.168@546 nm [51]. Using the
first-principles method, Wash et al. pointed out that the interaction of
cation p states and cation s-O p states results in asymmetric lone-pair
electron distribution [38,52-55]. The asymmetric lone-pair electrons
can help metal oxides get enhanced birefringence or SHG response
[56-59].

Excepting metal oxides, metal halides can also give relatively large
birefringence and/or SHG response. Recently, Guo et al. reported that the
birefringence of PbCl,, SbCls, and o-SnF, are 0.046, 0.172, and 0.177,
respectively [44]. As for ternary metal halides, a series of perovskite
ABX3 (A = Cs, Rb; B= Ge, Cd; X = Cl, Br, I) [60-66] have been reported.
While to best of our knowledge, there is still no reports about the elec-
tronic structures and birefringence of these perovskite ABXs. In this
paper, the electronic structures and optical properties of ternary CsSnX3
(X = Cl, I), CsPbX3 (X = Cl, Br, I) compounds and binary MX, (M = Sn,
Pb; X = Cl, Br) compounds have been investigated using the
first-principles methods. For Sn(I) (or Pb(II)) compounds, the asym-
metric lone-pair electronic distribution gradually decreased from CI to I,
while birefringence gradually increased. The results show that energy
difference of cations-s and halogens-p states play an important role in the
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Fig. 1. The orbital cross-sectional diagrams of CsSnClz(left) and CsSnlz(right) compounds near the Fermi surface.
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Fig. 2. The orbital cross-sectional diagrams of SnX, (X = Cl, Br) compounds near the Fermi surface.

lone pair effect, and the birefringence have closely relationship with p

orbital of cations.

2. Numerical calculations details

In this paper, the electronic structures and optical properties of the
ternary CsSnX3 (X = Cl, I), CsPbX3 (X = Cl, Br, I), and binary MX; (M =
Sn, Pb; X = Cl, Br) compounds were calculated using the CASTEP

software package based on the first-principles
generalized gradient
dew-Burke-Ernzerhof

approximation
(PBE) functional

(GGA) using
[68,69]

and

methods [67]. The

the Per-

the

norm-conserving pseudopotentials (NCPs) [70] were adopted. For these
compounds, the following valence electron configurations were used:

Cs(5525p66sl),
Br(4sz4p5), I(5525p5). The cut-off value of kinetic energy were set to 830
eV(CsSnClg), 440 eV(CsSnlg), 910 eV(CsPbX3), 830 eV(SnCly), 280
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Fig. 3. The PDOS (projected density of states) and birefringence of CsSnX3 (X = Cl, I) obtained using PBE functional.
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Fig. 4.

eV(SnBry), and 910 eV(PbXj), with the span of the Brillouin zone were
selected as 0.04 A™! and the Monkhorst-Pack k points were 2 x 3 x
4(CsSnCl3), 2 x 1 x 5(CsSnl3), 3 x 3 x 2(CsPbX3), 3 x 3 x 6(SnCly), 3 x
6 x 2(SnBry), 3 x 6 x 3(PbCly), and 3 x 5 x 3(PbBry). Based on the
results obtained by GGA-PBE calculation, the refractive indices were
examined via calculating the dielectric function e(0) = &1(®) + iez(w),
where €1(w) and ey(w) are the real and imaginary part of dielectric
function, respectively. More details about how to calculate €;(w) and
eo9(m) are shown in SI. Herein, the scissors, defined as the bandgap dif-
ference between the HSE06 and GGA-PBE, were used to get the refractive
indices.The HSEO6 functional [71-73] implemented in the PWMAT [74,
75] package was also chosen to get reliable bandgap comparable with
experimental value [13], [59,76,77]. During the PWMAT-HSEO6 calcu-
lation, the Monkhorst-pack k points were set as CASTEP-PBE calculation,
and the cutoff energies were set as 816 eV.

3. Result and conclusion
3.1. The asymmetric lone-pair electronic distribution

The asymmetric lone-pair electronic distribution of ternary com-
pounds CsSnCls, CsSnlz, CsPbX3 (X = Cl, Br, I), and binary compounds
MX, (M = Sn, Pb; X = Cl, Br) were firstly determined using the orbitals
nearby the Fermi level. The obtained orbitals of these compounds are
shown in Figs. 1 and 2, and Figs. S4-S5. Take CsSnX3 (X = Cl, and I) for
example. As shown in Fig. 1, there are obvious semicircular or lobe-
shaped electron clouds around Sn atoms, indicating asymmetric lone-
pair electronic distribution can be found around Sn(II) cations. Like
CsSnX3 (X = Cl and I) compounds, the asymmetric lone-pair electronic
distribution can also be found around Sn(II) cations in SnX5 (X = Cl, Br)
compounds (shown in Fig. 2). While unlike CsSnX3 (X = Cl, and I) and
SnX, (X = Cl, Br) compounds, the asymmetric lone-pair electronic dis-
tribution around Pb(II) cations in CsPbX3 (X = Cl, Br, and I) and PbX; (X
= Cl, Br) compounds are inconspicuous. As shown in Fig. S4 and Fig. S5,

Birefringence
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The PDOS (projected density of states) and birefringence of SnX, (X = Cl, Br) obtained using PBE functional.

there were elliptical electrons around Pb(II) cations.

To deeply understanding the origination of the different electron
distribution around Sn(II)/Pb(II) cations, the band structures (described
in SI) and projected density of states (PDOS) of these compounds are also
obtained. According to the revised model of metal oxides suggested by
Walsh et al. [52], the authors would pay more attention to the states
about Sn(II)/Pb(II) and halogens locating at the top of the valence band.
As shown in Figs. 3 and 4, according to the interaction between Sn(II) and
halogens, the states at the top of valence band can be divided into three
different energy region. Take CsSnCls for example. At the region I whose
energy below —4 eV, there are mainly Sn-s states and Cl-p states (around
—6 eV), indicating the hybrid Sn s-Cl p states are found in this region. For
the region II, there are mainly Sn-p states, Cl-p states, and few Sn-s states.
As for region III nearby the Fermi level, there are mainly Sn-s states, Cl-p
states and relatively few Sn-p states. The states locating in region III
should be the Sn p-(Sn s-Cl p)* states, which shows asymmetric lone-pair
distribution (shown in Fig. 1). Similar conclusion can also be found in
CsSnls, and binary compounds SnX; (X = Cl, Br, shown in Figs. 3 and 4).
While unlike CsSnX3 and SnX; compounds, more Pb-p states are found in
region III of CsPbX3 and PbX; compounds (shown in Fig. 5 and Fig. 6),
which would weaken the stereochemical activity of lone pair electronic
distribution around Pb(II) cations (shown in Fig. S4 and Fig. S5).

For metal oxides, Walsh et al. pointed out that the energy separation
between cations-s and O-2p plays an important role in determining the
stereo-chemical activity of the lone pair, that’s the smaller the energy
separation is, the stronger the stereochemically activity has. Hence in
metal oxides, the post-transition metal owns the sequence of stereo-
chemical activity of lone pair as: Sn > Pb > Sb > Bi > Te > Po [52].
Herein, the authors have recalculated the atomic energy of Pb, Sn and
halogens using B3LYP [78,79]/(ECP)LanL2DZ [80] level with Gaussian
09 software package [81]. The obtained atomic orbital energy and the
energy difference between different states are shown in Fig. 7.

As shown in Fig. 7, one can immediately find that, for given halogens,
the energy difference between tin and halogens is smaller than that of
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Fig. 5. The PDOS (projected density of states) and birefringence of CsPbX3 (X = Cl, Br, I) obtained using PBE functional.

lead and halogens. For example, the energy difference of Pb-Cl is 3.12
eV, while the energy difference of Sn—Cl is 1.44 eV. According to the
revised model suggested by Walsh et al., the smaller energy difference is
beneficial to get stronger chemical activity of asymmetric lone pair
electron distribution. That’s why obvious lobe-like electronic distribu-
tion can be found around Sn(II) cations. Similarly, for given cations, the
energy difference between Sn(II) (or Pb(I)) cation and halogens gradu-
ally increased from Cl to I, so the stereochemical activity of asymmetric
lone-pair electrons gradually decreased (shown in Figs. 1 and 2, and
Figs. S4-S5).

3.2. The relationship between birefringence and p states

Using the methods described above, the refractive indices and bire-
fringence of these ternary compounds are also obtained (shown in
Figs. 3-6). The obtained birefringence of CsSnCls and CsSnlg are 0.037
and 0.160@1064 nm. The birefringence of CsPbX3 (X = Cl, Br, I) were

0.101, 0.195, and 0.382, respectively. One can immediately find out that
the birefringence of these compounds is gradually increased from Cl to L.
Similar conclusions can also be found in binary metal halides SnX, and
PbX,. The birefringence of SnCly, SnBry PbCly, and PbBry were 0.188,
0.269, 0.030, and 0.119 (in Figs. 4 and 6). The calculated birefringence of
PbCly is slightly smaller than the experimental value [44]. Noting that as
described above, the stereochemical activity of lone pair electronic dis-
tribution gradually decreased from Cl to 1. As described elsewhere [50,
56,82], the lone-pair electronic distribution is beneficial to get enhanced
birefringence. Curiously, how can different trend be found in stereo-
chemical activity and birefringence of these post-transition metal
halides?

It is well known that the optical properties have relation with the
electron transition among the states nearby the Fermi level. Hence let us
go back to the states at the bottom of conduction band and the top of
valence band. For CsSnXs (X = Cl, I), the top of the valence band are
mainly the hybrid Sn-s and X-p orbitals with few Sn-p orbitals, and the
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bottom of conduction band are mainly Sn-p states; implying the Sn-p
states would play an important role in determining the optical proper-
ties. Similar conclusions can also be found in other post-transition metal
halides. For CsPbX3 (X = Cl, Br, I), the top of the valence band is mainly
the Pb-sp and X-p orbitals, and the bottom of the conduction band are
mainly the Pb-p orbitals. For the MXy (M = Sn, Pb; X = Cl, Br), the cation-
p states also give contribution to the optical transition near the Fermi
surface. In a word, the authors believe that the cation-p states would play
an important role in determining the refractive indices and birefringence
[56]. Hereafter, the authors would give a quantitative description using
the formula like R(M-p) = S(M-p)/[S(M-s) + S(M-p) + S(X-p)] (S is the
integral area of corresponding states at the top of valence band, M are

Sn/Pb cations, and X are halogens). Electron transitions coming from the
deep energy give minor contribution to the optical properties of com-
pounds, so the energy smaller than —10 eV were omitted. The obtained
ratio of M-p (M are Sn(II) and Pb(II) cations) are shown in Fig. 8.

As shown in Fig. 8, for ternary CsPbX3 (X = Cl, Br, and I) and CsSnX3(X
= Cl, and I) compounds, the ratio of Pb-p(Sn-p) states own similar ten-
dency like birefringence, that’s they all increase from Cl to I. Similar
conclusion can also be found in binary PbXj, (X = Cl, Br) and SnX, (X =Cl,
Br) compounds (shown in right part of Fig. 8). While according to the
revised model suggested by Walsh et al. (as described in section 3.1), the
stereochemical activity of lone-pair electrons has relation with energy
difference between cation-s and halogen-p states. The authors also
calculate the ratio of Pb-s(Sn-s) using the formula as R(M-s) = S(M-s)/
[S(M-s) + S(M-p) + S(X-p)] (S is the integral area of corresponding states
at the top of valence band, M are Sn/Pb cations, and X are halogens). The
obtained ratio of Pb-s(Sn-s) are also shown in Fig. 8. Asshown in Fig. 8, the
ratio of Pb-s(Sn-s) is disordered, unlike the stereochemical activity of lone-
pair electron distribution and birefringence. In a word, for post-transition
metal halides discussed in this paper, the stereochemical activity of lone-
pair electrons are determined by energy difference between cation s states
and halogen p states, and the stereochemical activity decreases from Cl to
I. While the cation p states play an important role in determining the
birefringence, and the birefringence increased from CI to I.

4. Conclusions

In this paper, the electronic structures and optical properties of the
ternary CsPbX3 (X = Cl, Br, I), CsSnX3 (X = Cl, I), and binary MX; (M =
Sn, Pb; X = Cl, Br) are detailed investigated using the first-principles
methods. The results show that for these post-transition metal halides,
the stereochemical activity of Sn(II) cations is stronger than Pb(II) cat-
ions. For post-transition metal halides discussed in this paper, the
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Fig. 8. The obtained birefringence, R(Pb/Sn s), R(Pb/Sn p) of ternary and binary compounds.

stereochemical activity of lone-pair electrons are determined by energy
difference between cation s states and halogen p states, and the stereo-
chemical activity decreases from Cl to I. While the cation p states play an
important role in determining the birefringence, and the birefringence
increased from Cl to I. The obtained conclusions can help to design
enhanced birefringent metal halides.
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