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Birefringent materials are widely applied as photoelectric functional field devices to modulate the polariz-
ation of lasers. The introduction of a halogen into the structure of crystals could balance the relationship
between the band gap E4 and nonlinear optical (NLO) coefficient owing to their outstanding electro-
negativity and control the optical anisotropy. In this work, the optical properties of phosphohalides o/
B-Cd,PsX (X = Cl, Br, 1) were studied. It was found that the birefringences of a/p-Cd,PsCl (0.23/0.24 @
1064 nm) are unexpectedly 8 times larger than those of a/p-Cd,Psl (0.04/0.03 @ 1064 nm). To find the
optical property origins and explore the contributions of microscopic groups to the optical anisotropy
and NLO responses in Cd—P-X (X = Cl, Br, 1), the first-principles, real-space atom-cutting, and polarizabil-
ity anisotropy analysis methods were used. This reveals that the electron distribution is susceptible to
halogen electronegativity. Halogen atoms can modulate the polarization anisotropy of the active polyhe-
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dron and influence the birefringence significantly, owing to the synergistic effect of the anion size and
strong covalent interactions between halogens and metal cations. This work clarifies the optical an-
isotropy origin mechanism and provides a general strategy for finding promising birefringent crystals in
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1. Introduction

Birefringence is an essential component of the performance
estimation of nonlinear optical (NLO) materials, which plays
an important role in modulating light polarization, and is
widely utilized in laser fields such as in optical communi-
cations, polarizing microscopic observations, and phase-
matching etc." * After decades of unremitting efforts, a series
of commercial birefringent crystal materials with excellent per-
formance have been obtained, such as typical representatives
a-BaB,0,," YVO,,'® CaCOs,"” TiO,,'® MgF,," Ca(BO,), > and
Li,Na,B,05,>" etc. However, they remain inadequate for
meeting the growing market and technical demand; for
example, CaCO; ' and TiO, '® are difficult to synthesize artifi-
cially as minerals and YVO, ' has stringent growth tempera-
ture standards.
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The structure-property relationship is inextricably inter-
twined and the microgroups of the material will determine the
macroscopic properties. There is no denying that birefringence
is a macroscopic manifestation of microscopic polarizability
anisotropy, which could be enlarged in several ways such as by
(I) introducing some functional chromophores with large
optical anisotropy;** e.g., like the coplanar and dense groups
with m-conjugation systems (BOj3, B3O, CO3, C3N;03, etc.),>> >’
in  Cay(BO3),,”"”  a-BaB,0,'  CaCO;' and  KLi
(HC3N;05)-2H,0.”® Besides, the synergism of the anionic
groups such as BO; + BO;F renders apparent structural an-
isotropy, for instance, in the structures of NH,B,OF,*
NaB,OgF,** CsB,O¢F,*" RbB,OGF, etc.** (1) adding d° cations
(zr**, Ti**, Nb**, V¥, etc.)*** with an obvious second-order
Jahn-Teller effect such as LiNbO;,**” KTiOPO, (KTP) etc.;**
(111) choosing cations with lone electron pairs (Sn>*, Pb**, Bi*",
As®", etc.) such as a-SnF,,*> Sn,B;0,Cl,*° Sn,B;04Br*” etc.; (IV)
using high polarization d'° cations (Hg>', etc.) such as
LiHgPO,,*® BaHgSe,,*® and AgsHgSiSe; *° etc.; and (V) utilizing
the synergistic action of diverse chromophores, such as
SbB;06 *' and HgAsQ,X**** (Q = S and Se; X = Cl, Br, and I).
Among them, SbB;O¢ exhibits a remarkable birefringence (An
=0.290 @ 546 nm) which can be attributed to the stereochemi-
cally active lone pair (SCALP) cations Sb®>" and the B-O anionic
groups. In HgAsQ,X (Q = S, Se; X = Cl, Br, and I), the synergis-
tic effect of the d'° cation Hg?*, the SCALP cation As®*" and the
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mixed anions Q®7/X~ co-determine their birefringence. In
addition, recent research has shown that the strong inter-
actions between the 0,>” anions and the V®" 3d orbitals in
Rb,VO(0,),F have a significant effect on birefringence.*?
However, the mechanism of halogen regulation of birefrin-
gence is not immediately available.

In this paper, the origin of the optical properties of o/
B-Cd,P;X (X = Cl, Br, and 1)** has been explored by multiple
analysis methods. Experimental birefringences are hardly
obtained because of the difficulties in growing large crystals
but could be easily calculated from dielectric functions by the
first-principles method. Based on the available Born effective
charges,*>*® a larger Aq index of X (X = Cl, Br, and I) reflects a
larger influence on polarization. Through polarizability an-
isotropy analysis,*® it is found that the halogen atoms lead to
different birefringences of the title compounds by modulating
the polarizability anisotropy of the polyhedral active group
elements due to the synergistic effect of the anion size and
covalent interactions.

2. Computational details

Electronic structures and optical properties of the target com-
pounds were calculated by first-principles calculations based
on the density-functional theory (DFT) method*® implemented
in the CASTEP package.’® The Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional® was used within the general-
ized gradient approximation (GGA). The norm-conserving
pseudopotentials (NCPs)>* were selected for structural optimiz-
ation and calculating the electronic and optical properties.
The following electronic configurations were treated: Cd
4p®4d"°5s%, Hg 5p°5d'°6s”, P 3s5%3p°, Cl 3s*3p°, Br 4s5%4p°, and
I 55°5p°; the cutoff energy was set to 830 eV for o/p-Cd,P;Cl
and Hg,P;Cl, 660 eV for o/p-Cd,P;Br, o/p-Cd,P;1, and Hg,P;Br,
respectively. Furthermore, to reach the convergence of this cal-
culation, the Brillouin zone comprised a 3 x 3 x 3 Monkhorst-
Pack k-point sampling with a separation of 0.025 A™'. The
other calculation parameters and convergent criteria used
were the default values of the CASTEP code.

The so-called length-gauge formalism derived by Aversa and
Sipe®* was adopted. At a zero frequency, the static second-
order nonlinear susceptibilities can be ascribed to the virtual-
hole (VH) and virtual-electron (VE) processes. The formulas for
calculating the contributions from VE and VH are as follows:>*

2 2 2
X ((l/gy =X ((lﬂ)}/ (VH) + 7. ((l/}>y (VE)
where,
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Here, a, 3, and y are Cartesian components, v and v’ denote
the valence bands, ¢ and ¢’ denote the conduction bands, and
P(afy) denotes full permutation. The band energy difference
and momentum matrix elements are denoted as hw; and P;J"-,
respectively.

3. Results and discussion
3.1. Crystal and electronic structure

By investigating the inorganic crystal structure database (ICSD,
Version 4.5.0, build 20201130-0717), eight cadmium/mercury
phosphohalides M%,P,x (M?° = Cd and Hg; X = Cl, Br, and
I) were screened. Among them, cadmium phosphohalides have
two phases, namely o/f-Cd,P;X (X = Cl, Br, and I), which crys-
tallize in the space groups of Cc and C2/c, respectively. The
space groups of Hg,P;Cl and Hg,P;Br’®> are C2/c and Phcn,
respectively. For a-Cd,P;Cl, the Cd atoms are coordinated tet-
rahedrally to three P atoms and one Cl atom, while in
a-Cd,P;Br and a-Cd,P;lI, each Cd atom bonds with two equi-
valent halogen atoms and three P atoms, forming a distorted
triangular-bionic structure (Fig. 1c). In both phases, the Cd-P
bonds form one-dimensional helical chains along the c-axis
(Fig. 1b), and the P-P bond bridges the neighboring helical
chains into a three-dimensional structure (Fig. 1a).
Meanwhile, relative to the Cc space group, there is only one
position for Cd in the $-Cd,P;X phase of the C2/c group, and
the rest of the frame is approximately the same. Moreover,
different halogen atoms exhibit diverse coordination environ-
ments, namely Cl is linked to two Cd to constitute a zero-
dimensional (0D) isolated group, while Br and I are connected
to four Cd in the ab plane as 2D layers.

The electronic structures of the title compounds were calcu-
lated using the GGA and HSE06 hybrid functionals®®®” (listed
in Table S2}). They are all indirect gap materials with calcu-
lated band gaps (HSE06) of a-Cd,P;Cl (1.99), a-Cd,P;Br (1.93),
a-Cd,P;1 (1.85), p-Cd,P;Cl (1.98), p-Cd,P;Br (1.91), B-Cd,P;l
(1.89), Hg,P;Cl (1.86), and Hg,P;Br (1.71 eV), respectively
(Fig. S17), which are larger than those calculated by the GGA
method due to the discontinuity in the derivative of exchange-
correlation energy within the GGA functional.”* The band gaps
obtained by the HSE06 function match better with the experi-
mental value.®

The total and partial density of states of the title phospho-
halides are calculated to analyze the distribution of atom orbi-
tals in the energy range of —20 to 20 eV, as shown in Fig. S2.f
Similar electronic structures are demonstrated for the target
compounds. The contributions at the top of valence bands
(VBs) are primarily dominated by the P 3p and Cl/Br/I 3p/4p/
5p orbitals. The bottom of conduction bands (CBs) is mainly
occupied by the Cd/Hg 4p/5p and P 3p orbitals. It is noted that
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Fig. 1 Crystal structures of (a) a-Cd,P3X (X = Cl, Br, and 1) viewed along the c axis. (b) The one-dimensional helical chain of Cd—P bonds. (c) The

coordination environment of the Cd?* cation.

the halogen and P atomic orbitals have much occupancy
around the Fermi level, which means that they will play an
important role in the optical properties of the title
compounds.

3.2. Optical properties

The birefringences of o/f-Cd,P;X (X = Cl, Br, and I) crystals are
estimated based on the first-principles method. The calculated
birefringences of a/p-Cd,P;X (X = Cl, Br, and I) are given in
Table S3.7 In both phases, the birefringence decreases from Cl
to Br to I, namely 0.24 and 0.29 for a/p-Cd,P;Cl, 0.19 and 0.18
for a/p-Cd,P;Br, and 0.04 and 0.03 for o/p-Cd,P;I at 1064 nm.
Hg,P;Cl and Hg,P;Br exhibit moderate birefringences of about
0.09 and 0.10 at 1064 nm. In general, the polarizability an-
isotropy of a metal cation polyhedron has much influence on

12008 | Dalton Trans., 2021, 50, 12006-12015

the birefringence and further halogens will affect the polariz-
ability anisotropy of the metal cation polyhedron.>® A series of
halide crystals have been reported and their birefringences are
summarized in Table S4,f including HgX, (X = Cl and Br),*
Hg,X, (X = Cl, Br, and I),°° CsEX; (E = Ge and Pb; X = Cl, Br,
and 1),°" (Cu(PS;As;),)X (X = Cl and Br),*®> NaSb;Xy, (X = F, CI,
Br, and 1),°® SbX; (X = F, Cl, Br, and 1),°*”®* and M,B;0oX (M =
Ca, St, Ba, and Pb, Sn; X = CI, Br, and 1).>**”°® Taking CsPblg
as the example, Zhang et al. demonstrated that the [Pbls] octa-
hedral unit determines the birefringence of CsPbls with a per-
ovskite-like structure and the polarizability anisotropy of
CsPbX; (X = Cl, Br, and 1) is listed in Table S5.1°'* Besides,
among these isostructural halides, an increasing trend of bire-
fringence from ClI to I (listed in Table S47) could be observed,
which shows a contrasting phenomenon in the title com-

This journal is © The Royal Society of Chemistry 2021
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pounds. Upon analyzing the polarizability anisotropy of the
polyhedral, it is found that in the title compounds, from CI to
I, the calculated Aa data show a decreasing tendency (Table 1).
The NLO coefficients, SHG response origins, and the effect
of halides on the NLO properties of the title compounds have
also been calculated and the results are shown in the ESL

3.3. Origins of linear optical properties

The first-principles calculations were used to determine the
refractive index values by calculating the dielectric constants

£.°® The constants e of uniaxial and biaxial crystals are
e 0 0 e 0 0
0 & O]and |0 & O |, respectively. The values of
0 0 £3 0 0 €3

the optical permittivities Ae of the title compounds are listed
in Table S3.f It can be seen that larger dielectric constant
values result in larger birefringence.

The RSAC operation was used to analyze the properties of
the “changed crystal structure” by setting the band wave func-

Table 1 Static polarization and polarization anisotropy of a/$-Cd,PsX (X =

View Article Online

Paper

tion as zero in the zones that belong to a specific ion or a
cluster. The cutting rule follows the basic principle of “keeping
the atomic spheres in contact with each other without overlap-
ping”,*” and the cutting radii are shown in Table S6.} After
cutting the halogen atoms, the residual parts in all the struc-
tures are Cd-P frameworks. However, the birefringences calcu-
lated from the remaining Cd-P frameworks show large differ-
ences, as shown in Fig. 2.

In addition, the birefringences before and after cutting the
halogens change significantly, especially in a-Cd,P;I (from
0.04 to 0.17 @ 1064 nm), as shown in Fig. 3. The same
phenomenon occurs in Hg,P;Cl, namely, its birefringence
changed from 0.20 to 0.29, after cutting the Cl atoms in the
structure, which matches well with our results. The perform-
ance is inextricably related to the microstructure.

To have deeper insights into the mechanism of the halide-
induced modulation of the birefringence of Cd-P-X (X = Cl,
Br, and I), Born effective charge and polarizability anisotropy
analyses are applied to identify the effect of halogens on the

Cl, Br, and ) series

Static polarization (a.u.)

Compound Space group Species Aa xx Xy yy Xz yz 2z
a-Cd,P5Cl Cc CdIP3Cl] 125.47 170.94 —68.88 155.78 —14.66 13.18 176.52
CdHP3C1] 124.48 170.56 68.19 159.40 —-9.97 —-18.14 177.97
o-Cd,P;Br Cc Cd'P;Br,] 103.28 178.49 -58.23 172.79 -3.46 11.66 180.76
CdHP3Br2] 104.29 198.74 50.03 185.54 —22.47 —23.60 184.96
a-Cd, P51 Cc CdIP3IZ] 45.89 206.99 —-16.71 204.64 -11.31 13.95 188.61
CdHPglz] 62.63 205.50 29.18 214.31 —6.98 —15.47 188.80
$-Cd,P5Cl C2/c CdP3Cl] 118.95 171.71 —65.15 161.24 —-12.35 16.09 176.36
$-Cd,P;Br C2/c CdP3Br2] 85.86 199.78 —44.62 193.16 —-10.25 16.78 182.10
$-Cd, P51 C2/c CdPglz] 59.84 212.07 —26.88 211.55 —10.05 14.32 189.59
0.0155 0.360
== An of after RSAC —@— Ap of [CdP] units
0.32
A ] 0.31
o ]
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£ ° 0.28 o 295
= 0.01506 H 0.27 9
= 0.01502 | =
o )
=
= E
O, 00147 F ) * {0230 &
S i 0.01468 =
> ==}
~—
e
»n
5 0.17
= 00143 = ¢ o6
o
=
=
Y ®
0.01404 0.01406
0.0139 ! . 1 L L ! . ! - ! 0.100
6¢-Cd,P;C1  @-Cd,P;Br a-Cd,P;1  B-Cd,P;Cl  B-Cd,P;Br  B-Cd,P;I

Fig. 2 The [CdP] unit density of the corresponding compounds and the birefringence after RSAC.
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Birefringence

¢-Cd,P;C1  B-Cd,P,Cl

a-Cd,P;Br

[ Before-RSAC
[ After-RSAC

B-Cd,P;Br 0-Cd,P;1  P-Cd,Pyl

Fig. 3 Comparison of birefringence before and after by RSAC of a-Cd,PsX (X = Cl, Br, and I) and p-Cd,PsX (X = Cl, Br, and I).

birefringence. The Born effective charge tensor was calculated,
which could directly illustrate the microscopic origin of the
birefringence. The formula could be written as

qﬁorn _ 9 %
v e/ bd;
Born

in which g;°™ is the Born effective charge, £ is the unit cell
volume, e is the electronic charge, and dp; is the change in
polarization along the displacement direction éd;. The Born
effective charges of each atom in «-Cd,P;Cl are listed in
Table 2. It is obvious that the CI atoms have the largest value
of Ag, which means that the Cl atoms have the strongest influ-
ence on the birefringence. The influence of halogens in other
compounds on birefringence is the same as that in a-Cd,P;Cl,
and the calculated results for other compounds are shown in
Table S7 in the ESI.f The results also reflect that the Born
effective charges increased from ClI to Br to I, and are 0.808,
1.011, and 1.302 in a-Cd,P3;X (X = Cl, Br, and I), respectively.
The increase in Ag is mainly caused by the intensified electron
distribution, which becomes more and more susceptible to
polarization and sensitive to birefringence.

The birefringence originates from the structural anisotropy
and at the microscale, it originates from the polarizability an-

Table 2 Born effective charges of a-Cd,PsX (X = Cl, Br, and I) under
DFPT calculations

Compounds Atoms Gxx dyy Gz Agq

a-Cd,P;Cl Cd, 2.264 2.178 2.175 —0.002
Cd, 2.285 2.174 2.190 0.016
cl —1.998 -1.879 -1.071 0.808
Py —0.876 —-0.811 —1.418 —0.607
P, —0.786 —-0.831 —0.440 0.391
P; —0.890 —-0.830 —1.437 —0.607

12010 | Dalton Trans., 2021, 50, 12006-12015

isotropy (Aa) of fundamental building blocks (FBBs). Herein,
how halogen atoms adjust the Aa value of FBBs is analyzed.
The Aa values can be acquired from static polarization accord-
ing to the following formula:**

Aa

= \/[(lex - ayy)ZJr(axx - azz)2+(ayy - azz)2+6 (ag? + ax® + ayzz)z] /2

where « is static polarization and Aa is polarizability an-
isotropy. The Aa values of the [CdP;X]/[CdP;X,] groups

Fig. 4 The schematic diagram of the coordination of halogens with
adjacent Cd atoms.

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1dt01168e

Published on 16 July 2021. Downloaded by National Taiwan University on 11/2/2021 11:15:14 AM.

Dalton Transactions

View Article Online

Paper

Fig. 5 Electron density maps of a-Cd,PsX (X = Cl, Br, and ) (a—c), and p-Cd,PzX (X = Cl, Br, and 1) (d—f).

decrease from Cl to I (as shown in Table 2). Taking the
a-Cd,P;X (X = Cl, Br, and I) series as the examples, the Aa
values are 125.47 ([Cd'P;Cl]), 103.28 ([Cd'P;Br,]) and 45.89
([Cd'P;1L,)). The differences could be glimpsed from the struc-
tural perspective. As shown in Fig. 1c, in the structures of
a-Cd,P;X (X = Cl, Br, and I), the Cd-P framework is planar,
and has large anisotropy. The insertion of halogen atoms
between the layers will absolutely decrease the whole an-
isotropy. Besides, the Cd-X bond lengths increase from Cl to
Br to I, which renders the halogen atom closer to the center of
the four surrounding Cd atoms (Fig. 4), and finally weakens
the anisotropy as a whole. From the charge density diagram
(Fig. 5), it could be obviously seen that the electron cloud dis-
tributions between Cd and the halogens are more and more
dispersive from CI to Br to I, which form weaker interactions
and show a decreasing trend of Aa of [CdP;X]/[CdP;X,]
polyhedra.

The contribution of Cd to optical properties is not ignored.
Fig. S31 displays the electron-density difference map for
a-Cd,P;Cl. This clearly reveals that the highly asymmetric elec-
tron distribution of the Cd*>" cations influences the optical
anisotropy.®®

4. Conclusion

In summary, we have successfully studied the optical pro-
perties and explored the contributions of microscopic groups
to optical anisotropy and NLO response on the crystal structure
of the synthesized cadmium phosphohalides. Through the
first-principles, real-space atom-cutting, and polarization an-
isotropy analysis methods, it was found that halogens can
obviously influence the optical properties and modulate the
polarizability anisotropy of the polyhedral active group by the
synergistic effect of anion size and covalent interactions. This
work provides an afflatus for the comprehension of the optical
anisotropy origin mechanism.
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