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ABSTRACT

The 65> lone-pair electrons (Pb**, Bi**) and 5s* lone-pair electrons (Sn**, Sb>*) show different responses to birefringence than they do to
second harmonic generation (SHG). In the current work, different mechanisms of birefringence and SHG responses induced by Pb**/Sn**
cations were investigated using the first-principles method on AB,OsF, (A =Ba, Sn, Pb). The obtained birefringence and SHG coefficients
were in good agreement with the experimental values. The anisotropic lone-pair electron distribution was found at the states near the Fermi
level containing cation sp-oxygen p states. Our analyses showed the birefringences of the AB,OsF, (A =Ba, Sn, Pb) compounds to be
directly affected by the anisotropic lone-pair electron distribution, however, the SHG responses of these three compounds have a more
complicated relationship with the hybrid cation-oxygen states. The expanded hybrid cation-oxygen states including the lone-pair states were
concluded to endow the PbB,OsF, compound with a stronger SHG response than those displayed by the other compounds.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0022878

. INTRODUCTION

Due to the demand for novel nonlinear optical (NLO) materi-
als with strong second harmonic generation (SHG) responses and
suitable levels of birefringence, there has been a steady impetus to
design and synthesize new kinds of NLO compounds.'”” In the
past few decades, borates have attracted a lot of attention, not only
because they come in so many different structural variations and
include favorable structural units with large nonlinear susceptibili-
ties, but also because they have been used to obtain a good supply
of NLO materials with excellent optical properties,”"” with exam-
ples including KBe,(BO3)F5(KBBF),'™'"”  Sr,Be,B,0,(SBBO),”’
LiB;05(LBO),”" CsB305 (CBO),” etc.

As a general strategy, replacing alkali metal/alkaline earth metal
cations with lone-pair electron cations has been thought to be beneficial
for achieving enhanced birefringence and/or SHG response.” ™
Enhanced SHG responses have been found, for example, in Pb,B;0¢X
(X=C}, Br, )* Pb,BO;X(X =Cl, Br, 1), Pb,Ba;(BO;);X(X = Cl,

Br),”** a-BiB;Os (BIBO),”™*° Cd,BiO(BO;);,”” and so on. Previous

reports demonstrated that introducing lone-pair electron cations can
simultaneously yield an enhanced SHG response and birefringence.”
Along with the increasing amount of new NLO compounds, the differ-
ent responses to birefringence and SHG coefficients induced by ns’
lone-pair electrons are also available. For example, birefringence values
of a material made out of Sn,Bs0,Cl have been measured to be as high
as 0.168 at 546 nm, but the SHG response of this material is only
0.5 x KDP.” Recently, two isomorphic compounds containing lone-
pairs electrons, namely, PbB,OsF, and SnB,O;F,, were synthesized(m
Interestingly, they showed considerably different birefringence values
and SHG responses. PbB,O;F, achieved a favorable SHG response of
13 x KDP, 3.25 times that of SnB,OsF, (4 x KDP), but the birefringence
of SnB,O5F, (0.130 at 1064 nm) was 7.6 times that of PbB,OsF, (0.017
at 1064 nm). These results have led to several unresolved questions. Do
these compounds display anisotropic ns® lone-pair electron distribu-
tions? What is the origin of their enhanced/reduced birefringence levels
and SHG responses? What is the role played by the ns® electrons in
their levels of anisotropic birefringence and SHG response?
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We set out to answer these questions in the current work.
Specifically, the electronic structures and optical properties of a
series of AB,O3F, (A =Ba, Sn, Pb) compounds were investigated
using the first-principles method. An anisotropic lone-pair electron
distribution was confirmed according to the projected density of
states, the projected band structures, the electron localization func-
tion (ELF), and the states near the Fermi level. The atomic and
group contributions to birefringence and SHG response were
further investigated using the real-space atom-cutting method and
the band-resolved SHG method. The results showed the anisotropic
lone-pair electron distribution close to the Fermi level to be the
main contributor to the birefringence, and the expanded hybrid
cation sp-oxygen p states play a key role in determining the
enhanced SHG response.

Il. NUMERICAL CALCULATION DETAILS

To further elaborate the electronic structures and optical prop-
erties of the AB,OsF, (A =Ba, Sn, Pb) compounds, first-principles
calculations were performed on them using the CASTEP
package.”"*> Norm-conserving pseudopotentials were chosen,””**
and the valence electrons were set as B:2522p1, O:2s22p4, F:3523p5,
Sn:5s%5p%, Pb:5s%5p®5d'%6s°6p?, and Ba:5s*5p°6s”. The Perdew-
Burke-Ernzerhof (PBE) functional under the generalized gradient
approximation (GGA)**** with a high kinetic energy cutoff of
940 eV was adopted and Monkhorst-Pack k point meshes with
6 x 6 x 3(BaB,0O5F,), 6 x 6 x 6(SnB,0O3F,), and 6 x 6 x 6(PbB,OsF,)
points in the Brillouin zone of the unit cell were used.

Based on the electronic structures obtained using CASTEP,
the refractive indices and the birefringence values were further
calculated using the program OptaDOS."””*® The SHG tensors of
AB,OsF, (A=Ba, Sn, Pb) were further investigated using the
method described in Refs. 49 and 50.

lll. RESULTS AND DISCUSSION
A. The lone-pair electron distribution

Based on the above calculations, the band structures of
AB,O;F, (A =Ba, Sn, Pb) along the high-symmetry points of the
first Brillouin zone were obtained and are shown in Fig. 1. As
shown in this figure, BaB,OsF, was determined from these calcula-
tions to be an indirect bandgap compound with a bandgap of
6.67 €V and to have the valence band maximum (VBM) and the
conduction band minimum (CBM) located at G and Y, respectively.
SnB,05F, and PbB,OsF, were calculated to have direct bandgaps
of, respectively, 4.02 and 5.15¢V, with their VBMs and CBMs
located at M. The obtained GGA-PBE bandgaps were smaller than
the experimental values. The underestimation of the bandgap in
the GGA-PBE functional has been related to the discontinuity of
the exchange-correlation energy functional.”">

For comparison, the band structures were also calculated
using the HSE06 functional’’™” implemented in the program
PWMAT™®"" with 6 x 6 x 3(BaB,0sF,), 6x 6 x 6(SnB,0;F,), and
6 x 6 x 6(PbB,O3F,) Monkhorst-Pack K-points and an energy
cutoff of 816 eV. As shown in Table I, using HSE06 yielded bandg-
aps of 7.55eV (BaB,0sF,), 5.66eV (PbB,OsF,), and 5.00eV
(SnB,0;F,). The HSE bandgaps of SnB,0;F, and PbB,O;F, were
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found to be comparable to the experimental values. Note that the
DUV absorption edge of BaB,O;F, has been described by Huang
et al. to be below 180 nm,”® and the bandgaps of some different
phases of BaB,O;F, have been pointed out by Zhang et al. to be
about 8.12-9.0 eV." Hence, the authors believe the obtained HSE
bandgap of BaB,O;F, is rational.

The projected densities of states (PDOSs) of these compounds
were also obtained (Fig. 1 and S1). As shown in Fig. 1, the
cation-sp, O-p, F-p, and B-sp states were found at the top of the
valence band and the bottom of the conduction band of each of
these compounds. Our main purpose in the work described in this
article was to investigate the role played by the lone-pair electrons
in the birefringence and SHG response and hence we paid more
attention to the states near the Fermi level and the cation sp -O p
hybrid orbitals. As shown in Fig. 1, the hybrid cation-oxygen states
were found at the energy levels ranging from —10eV (BaB,OsF,),
—8.6 eV (PbB,OsF,), and —10.3 eV (SnB,O3F,) to the Fermi level.
Interestingly, at region I in the valence band from —1eV to the
Fermi level, different electronic state features were calculated for
these compounds: mainly, O-p states were calculated in this region
for BaB,OsF,, implying its states near the Fermi level to be non-
bonding states of oxygen atoms; in contrast, Pb-sp states hybridized
with O-p states were observed here for PbB,O;F,, and would repre-
sent lone-pair electron distributions according to the revised model
of lone-pair electrons;’>”® similar to the case for PbB,O;F,, an
Sn-sp state hybridized with O-p states was also found near the
Fermi level for SnB,0;F,, indicating that these states may be the
lone-pair states of Sn>" cation. The states near the Fermi levels of
SnB,0;F, and PbB,O;F, did nevertheless show a couple of differ-
ent features: only one sharp peak for SnB,OsF,, but two split peaks
for PbB,OsF, and the Sn>" peak being larger (1.06) than the Pb**
peaks (0.18) according to integral calculation results.

The states near the Fermi level were further confirmed using
the projected band structures (shown in Fig. 2 and Fig. S2 in the
supplementary material). In Fig. 2, only the O-p orbitals appeared
near the Fermi level of BaB,OsF,, indicating the O-p orbitals to be
the main contributors to the BaB,OsF,. However, for SnB,O5F, and
PbB,0;F,, not only O-p orbitals but also F-s and Sn-sp/Pb-sp orbit-
als were calculated to be present near the Fermi level. Furthermore,
compared with the case for PbB,0OsF,, more cation-sp states hybrid-
ized with O-p states were found at the Fermi level of SnB,O;F,,
implying the presence of more lone-pair electrons in SnB,O;F,.

To further characterize the lone-pair electron distributions
around the Sn and Pb atoms, the orbitals near their Fermi levels
and their electron localization functions (ELFs) were also investi-
gated (shown in Fig. 3 and Fig. S3 in the supplementary material).
As shown in Fig. S3 in the supplementary material, lobe-shaped
distributions of electrons around Pb atoms were found at four dif-
ferent states (energy levels of —1.54, —0.81, —0.56, and 0 eV below
the Fermi level), while there was only one state in which a lobe-
shaped electron distribution around Sn was found. To better
compare and display the characteristics of the lone-pair electrons, a
superposition of the lone-pair electrons Pb>" with an energy range
from 0 to —1.54eV was made, as shown in Fig. 3(b). Note the
completely different isosurface values of these two compounds, i.e.,
isosurface values of 0.1 and 0.22 for PbB,Os;F, and SnB,Os;F,,
respectively. That is to say, the distribution of lone-pair electrons
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FIG. 1. Band structures and the projected densities of states (PDOSs) of AB,O3F, (A =Sn, Pb, Ba) determined using CASTEP.

for Sn was calculated to be much obvious than that for Pb. This asymmetric lone-pair electron distributions around these atoms.
relationship was also derived from the electron localization function Such asymmetric lone-pair electron distributions could lead to
(ELF) analyses, shown in Figs. 3(c) and 3(d). Here, crescent-shaped enhanced birefringence and other optical properties (described
ELFs were observed around the Sn and Pb atoms, indicative of below).
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TABLE I. Bandgap values determined using various functionals. indices and birefringence values are plotted in Fig. 4 and listed in

Table II. At a wavelength of 1064 nm, for example, a higher bire-

SnB,0;F, PbB,O;F, BaB,OsF, fringence value was obtained for SnB,O;F, (0.130) than for
EgHSE05 (eV) 5.00 566 755 PbB,05F, (0.017) and for BaB,O;F, (0.014).
ESP (eV) 4.96 5.64 To better understand the contributions of the atoms and
EEBE (eV) 4.02 5.15 6.67 anionic groups to the total birefringence, a real-space atom-cutting
method was also used.”” The cutting radii of Ba, Sn, Pb, B, O, and
L . . F were set to 1.5, 1.2, 1.4, 0.8, 1.1, and 1.2 A, respectively. The
B. Refractive indices and birefringence values

obtained contributions of various ions and anionic groups are

Using the method described above, the refractive indices and shown in Table II. Regarding BaB,O;F,, the anionic group BOF
birefringence values of AB,O;F, (A =Ba, Sn, Pb) were further and Ba contributed nearly equally and in each case very little to the
calculated using the program OptaDOS. The obtained refractive  total birefringence. The contributions of the BOF groups in the
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FIG. 2. The projected band structures of AB,OsF, (A =Ba, Sn, Pb) calculated using the HSEO6 functional implemented in PWMAT. The red, orange, pink, and blue points
represent the s, py, py, and p, states, respectively.
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FIG. 3. (a) and (b) Distributions of lone-pair electrons and (c) and (d) electron
localization functions (ELFs) around [(a) and (c)] Sn and [(b) and (d)] Pb atoms
of the examined compounds.

SnB,0;F, and PbB,O;F, compounds were indicated to be almost
negligible. The main contribution to the birefringence was indi-
cated using the atom-cutting method to derive from the SnO/PbO
and PbF groups. At a wavelength of 1064 nm, a much stronger
birefringence was indicated for the SnO group (0.177) than for the
PbO group (0.017). Note the larger distribution of lone pair
electrons around the Sn** cation than around the Pb*" cation
(shown in Fig. 3), and the 5.9-fold greater integral value of the
peak in region I of SnB,O;F, (1.06) than of that of PbB,O;F,
(0.18). Hence, we believe the lone-pair electrons shown in region I
(near the Fermi level) to be the main contributors to the enhance-
ment of birefringence of SnB,O3F, in comparison with those of
PbB203F2 and BaB203F2.

C. SHG responses

The SHG tensors and evaluated effective SHG coefficients of
AB,O;F, (A =Ba, Sn, Pb) were also obtained (shown in Table III
along with the experimental values). The effective SHG coefficient
was evaluated using the method described in Refs. 60-62
(with more details provided in the supplementary material). The
obtained maximum SHG tensors of PbB,O3F, and SnB,OsF, were
4922 (12.6 xKDP) and 0.962pm / V (2.5x KDP), respectively.

ARTICLE scitation.org/journalljap

The obtained effective SHG responses of PbB,O3F, and SnB,O;F,
were 13.0 and 2.2 times that of KDP. As for the experimental
values, the obtained effective SHG coefficients and maximum
values of the SHG tensor of PbB,OsF, were found to be much
larger than those of SnB,OsF,.

The atomic contribution to the SHG response was also investi-
gated using the real-space atom-cutting method (with the result
shown in Table V). During the calculation, the scissors were set as
the difference between the HSE06-gap and GGA-PBE gap. As
shown in Table IV, for the SnB,03F, and PbB,OsF, compounds,
the main contributions were indicated to derive from the SnO/PbO
and PbF groups, with a nearly negligible contribution from the
BOF group. Furthermore, the contribution from the PbO groups
was indicated to be much greater than that from SnO groups,
resulting in the stronger SHG response displayed by PbB,O;F,
than by SnB,Os;F,. Considering the above-described larger
distribution of lone-pair electrons around Sn** cations than around
Pb** cations, it was curious to us how the PbO groups (and
hence PbB,OsF, compound) could display a much stronger
SHG response than the SnO groups (and hence the SnB,Os;F,
compound).

To achieve a deep understanding of the different response
mechanisms for SHG and birefringence in SnB,O3;F, and
PbB,0;F, compounds, the contributions from each atom and each
state were further investigated using the SHG density method and
band-resolved SHG response analysis (with the results shown in
Figs. 5 and 6). As described elsewhere,”’ total SHG response
derives from virtual-electron (VE) and virtual-hole (VH) processes.
The contributions of the VE process to the SHG response of
AB,Os3F, (A =Ba, Sn, Pb) were shown from the obtained results to
be 75.9%, 154.0%, and 51.4%, respectively. Here, we discuss the
main contribution of AB,OsF, (A=Ba, Sn, Pb) compounds to
the SHG density. Figures 5(a) and 5(b) show the SHG densities of
the VE processes for BaB,OsF, and SnB,O;F,, respectively. Due
to the VE process providing a contribution nearly equal to that
provided by the VH process, Figs. 5(c) and 5(d) show the SHG
densities of the VE and VH processes for PbB,O;F,. As shown in
Fig. 5(a), the O and F atoms were indicated to play an important
role in determining the SHG response of BaB,O;F,. As for
SnB,0sF, and PbB,OsF,, the oxygen atoms and lone-pair cations
Sn/Pb were indicated to provide the main contribution to the total
SHG response.

The obtained contributions from each band are shown in
Fig. 6. As shown in this figure, the states near the Fermi level were
determined to provide the main contribution to the total SHG
response. For example, the relatively large peak for SnB,OsF, was
found at region I. The SHG response from the states in region I of
SnB,0;F, was found to be stronger than that of PbB,OsF, (Fig. 6),
which may be due to the distribution of lone-pair electrons in
region I. However, unlike SnB,0;F,, with its local peak of SHG
response mainly in region I, the local SHG response peak for
PbB,O;F, was found in both region I and region II (from —2.5eV
to the Fermi level), with the integral value of the peak in region II
stronger than that of the peak in region I. Furthermore, the results
showed a negative contribution made by the VH process to the
total SHG response of SnB,0;F,, and nearly equal contributions of
the VH and VE processes to the total SHG response of PbB,OsF,.
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The contributions from states in region I and from VH process
were concluded to endow the PbB,OsF, compound with a much
stronger SHG response than that displayed by SnB,O5F,.

A detailed revisit of the results shown in Figs. 1, 2, and 6 is
instructive. We paid relatively considerable attention to the states
from cations and oxygen atoms, which can help us to form the
lone-pair electron distribution. As shown in Figs. 1 and 2,
anisotropic lone-pair electron distributions were found at the
states in region I (close to Fermi level), while hybrid
cation-oxygen states were found in region I and region II. The
integral of the peak in region I of SnB,O5F, (1.06) was found to
be greater than that of PbB,OsF, (0.18), leading to a larger

lone-pair electron distribution for SnB,0;F, than for PbB,0O;F,
and hence endowing SnB,O;F, with a relatively strong birefrin-
gence due to the relationship between the anisotropic refractive
index and the anisotropic electron distribution. The SHG
response showed a more complicated relationship with the states
near the Fermi level, not only the lone-pair electron distribution
found in region I, but also the hybrid cation-oxygen states in
region I and region II (even in the low-energy region, such as the
states shown in Fig. 6). For the PbB,O;F, compound, more
hybrid states were indicated to contribute to the total SHG
response, hence endowing it with an SHG response stronger than
that of SnB203F2.
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TABLE II. The obtained refractive indices and birefringence values for AB,O3F,
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TABLE lll. The calculated SHG tensors and powder SHG measurement values of

(A=Ba, Sn, Pb). AB,03F, (A=Ba, Sn, Pb).
Compound Ny n, n, An Calculated Calculated effective ~ Powder SHG
SHG t SHG t
BaB,0;F, Origin 1.675 1.670 1.661 0.014 Crvstal ( me/1\1]s)o ® ( Irs{)/()mse meif;fer? -
BOF 1499 1493 1488 0011 i P P
Ba 1.264 1.261 1.254 0.010 BaB,Os;F, d;s=—0.348; 0.45 (1.4 x KDP)
SnB203F2 ne n, An dzz =0.922;
Origin 1.815 1.685 0.130 d,3 =—0.387;
BOF 1.534 1.514 0.020 d;,=-0.019
SnO 1.691 1.514 0.177 SnB,O3F,  di5=-0.037; 0.73 (2.2 x KDP) 4 x KDP
PbB203F2 nNe n, An d22 = 0.962;
Origin 1.843 1.826 0.017 ds3 =—0.693
BOF 1.545 1.545 0.000 PbB,OsF, d;5=-2.712; 4.30 (13.0 x KDP) 13 x KDP
PbO 1.699 1.682 0.017 d,, = —2.796;
PbF 1.581 1.553 0.028 ds; =—4.922
TABLE IV. The obtained SHG coefficients of AB,O3F, (A =Ba, Sn, Pb).
d16 d22 d23 d14 dlS d22 d33 dlS d22 d33
Origin —0.348 0.922 —0.387 -0.019 Origin —0.037 0.962 —0.693 Origin —-2.712 —2.796 —4.922
BOF —0.333 0.666 —0.389 0.044 BOF —0.039 0.122 —1.890 BOF —0.035 —0.578 —2.664
Ba 0.002 0.112 0.028 —0.023 SnO —0.101 0.765 0.296 PbO —3.259 —2.091 —4.375
PbF —0.425 —1.044 —1.315
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FIG. 5. The main contribution of
Y z AB,O3F, (A=Ba, Sn, Pb) compounds
T -3 to the SHG density. (a) and (b) The
! SHG densities of the VE processes for
p( (a) BaB,OsF, and (b) SnB,0sF,. (c)
(d) and (d) The SHG densities of the (c)
VE and (d) VH processes for
PbB,0sF,.
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FIG. 6. The band contributions to the total SHG responses of SnB,0;F, (top) and PbB,O3F; (bottom).

IV. CONCLUSIONS

In summary, the electronic structures and optical properties of
AB,05F, (A =Ba, Sn, Pb) were investigated using the first-principles
method. The results showed anisotropic lone-pair electron distribu-
tions in AB,O;F, (A = Sn, Pb) in the states, particularly hybrid cation
sp-oxygen p states, near the Fermi level. The lone-pair electron distri-
bution of SnB,OsF, was calculated to be stronger than that of
PbB,O;F,. The obtained birefringence values of AB,O;F, (A =Ba,
Sn, Pb) followed the sequence Sn > Pb > Ba, while the obtained SHG
responses of AB,Os;F, (A=Ba, Sn, Pb) followed the sequence
Pb>Sn>Ba. The expanded hybrid cation-oxygen states endowed
PbB,O;F, with a stronger SHG response than those of the other
compounds. The difference between the mechanisms for

birefringence and SHG response is expected to be beneficial for
obtaining novel NLO compounds.

SUPPLEMENTARY MATERIAL

See the supplementary material for band structures and the
projected densities of states (PDOSs) of AB,OsF, (A =Ba, Sn, Pb)
with HSE and PBE functionals, the projected band structures by
PBE functional, the detailed analysis about orbital diagrams of
PbB,0O;F, around the Fermi level, the VE and VH contribution of
BaB,OsF, from each band, and the formula of effective SHG
coefficient.
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