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Phosphates possessing a rich variety of structural types and intriguing properties are widely used in fields
such as ionic conductors, phosphors, and nonlinear optical materials. In this paper, two novel rare earth
phosphates, AzSc(PO4), (A = Li, Na), were successfully predicted using the artificial bee colony (ABC)
algorithm along with ab initio total-energy calculations. The results of electronic structure and optical
property calculations indicate that AzSc(PO,), (A = Li, Na) not only retains the advantage of the large
bandgap (Eg) of phosphates but also ameliorates the defects of the smaller birefringence (An) of phos-
phates (LizSc(PO4)z: Eq = 6.077 eV and An = 0.046@1064 nm; NazSc(PO,),: E5 = 5.085 eV and An =
0.058@1064 nm). The real-space atom-cutting (RSAC) results show that the birefringence of AszSc(POy,),
(A = Li, Na) is mainly derived from the ScOg group. This study enriches the variety of rare earth phosphates
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Introduction

Phosphates possess a rich variety of structural types, including
PO, tetrahedra, P,0, dimers, (PO;), chains, and super-anionic
groups [M(PO,),] (M = Be*', B**, AI*", etc.)."”* This structural
diversity endows phosphates with a range of intriguing pro-
perties, which are widely utilized in fields such as laser hosts,
phosphors, ionic conductors, and birefringent materials.>™ It
is well known that phosphates have relatively large bandgaps,
for example, KH,PO, (E, = 7.04 V), LiCs,PO, (Ey = 7.12
eV),"" LiRb,PO, (Ey = 7.29 €V),'* BazP;0,0X (X = Cl, Br) (Eq =
6.89 eV and >6.22 V)"’ and NH,H,PO, (E, = 6.74 eV),'*"
among others. Unfortunately, similar to SO, and SiO, tetrahe-
dra, PO, functional basic units (FBUs) with regular tetrahedra
have small birefringence due to poor optical anisotropy. For
example, LiCs,PO; (An(cal) = 0.01@1064 nm),"" LiPbPO,
(An(cal) = 0.021@1064 nm),'®"” (H;0)Ca,Zn; 5(PO,), (An =
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with a balance of a large bandgap and suitable birefringence.

0.002@1064 nm),"® and a-LiZnPO, (An = 0.005@1064 nm) all
demonstrate small birefringence values."

To overcome the drawback of the relatively small optical an-
isotropy coming from regular PO, tetrahedra, many strategies
have been proposed.”’°>* In terms of anionic groups, the sub-
stitution of F~ and S*> for O®>~ of PO, tetrahedra has been
employed to disrupt their high symmetry, resulting in FBUs
like [POSF]*~, [PO;S]*7, etc. This strategy could yield com-
pounds with enhanced birefringence such as (NH,),PO;F (An
= 0.035@532 nm),” Na,PO,F (An = 0.036@532 nm),>* NazPO;S
(An = 0.08@1064 nm),> and so on. On the cationic side, intro-
duction of d°/d"® cations or post-transition metal containing
stereochemically active lone pairs was thought to be a good
strategy to control the arrangement of PO, tetrahedra, as seen
in compounds like BaSn,(PO,4), (An = 0.071@1064 nm)>® and
LiHgPO, (An = 0.068@1064 nm).>” However, this strategy inevi-
tably leads to a redshift of the bandgap. Therefore, it is of sig-
nificant importance to seek strategies that can better balance
the bandgap and birefringence in phosphates.

In recent years, rare-earth cations have become one of the
important components in the design of new birefringent
materials due to their unique electronic configurations and
flexible coordination.”®*>> As shown in Fig. 1, rare-earth
cations are capable of effectively balancing the bandgap and
birefringence in phosphates. On one hand, cations such as
sc®, ¥**, La**, and Lu®*" have closed-shell electron configur-
ations, which can avoid d-d or f-f orbital transitions, thereby
ensuring a large bandgap, as seen in compounds like LiCs,Y

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 The balance of the bandgap and birefringence of several orthophosphates.

(POy), (Eg = 6.20 eV)** and YBa,(PO,); (Ey = 6.25 eV).** On the
other hand, polyhedra formed from rare-earth cations can
effectively control the arrangement of PO, tetrahedra, resulting
in the enhancement of birefringence. For instance, Pan et al.
have discovered a zipper-like arrangement in rare-earth phos-
phates that can effectively increase birefringence,® as in
a-ScLu(PO,), (Ey(cal) = 6.94 eV; An(cal) = 0.120@1064 nm).
Our group has also found enhanced birefringence in XPO, (X =
Sc, Y, La, Lu); for example,ScPO, exhibits E,(cal) = 7.61 eV and
An(cal) = 0.123@1064 nm and YPO, exhibits Ey(cal) = 8.75 eV
and An(cal) = 0.093@1064 nm,*® in which the X-O bonds are
perpendicular to the P-O bonds. The results mentioned above
indicate that the strategy of introducing rare-earth cations is
effective in balancing the bandgap and birefringence in phos-
phates. Consequently, rare-earth phosphates have become an
important candidate system for ultraviolet (UV)/deep-ultra-
violet (DUV) birefringent materials.

Hence, based on the inspiration from the reported DUV
NLO material A;Sc(SO,), (A = K, Rb, Cs),*” this article success-
fully predicts a new type of rare-earth phosphate A;Sc(PO,), (A
= Li, Na) using the artificial bee colony (ABC) algorithm®® com-
bined with density functional theory (DFT) calculations.®®
Phonon spectrum analysis has proven its dynamic stability,
and the electronic structure and optical properties of A;Sc
(PO,), (A = Li, Na) indicate that they both have excellent band-
gaps and suitable birefringence (Li;Sc(PO,),: Eq = 6.077 €V, An
= 0.046@1064 nm; NasSc(PO,)y: E, = 5.085 eV, An =
0.058@1064 nm). The electronic structural analysis and real-
space atom-cutting (RSAC) results show that the birefringence
of A3Sc(PO,), (A = Li, Na) is mainly derived from the ScOg
group. This research can help develop good nonlinear optical
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phosphates with a balance of a large bandgap and suitable
birefringence.

Calculation details
Crystal structure screening

This paper utilizes the artificial bee colony (ABC) algorithm®®
implemented in the CALYPSO code®®*' in conjunction with
first-principles total energy calculations implemented in the
VASP code”®™ to screen and obtain the lowest energy structure
of A;Sc(PO,), (A = Li, Na). This method is capable of predicting
the steady-state structures of given compounds under specified
environmental conditions. During the screening process, the
structures of A;Sc(PO,), (A = Li, Na) were subjected to multiple
searches with simulation cell sizes ranging from 1 to 2
formula units.

The crystal structure screening process is set as follows: (1)
for each generation, the CALYPSO code*®*' generates candi-
date structures, which are then locally optimized using the
VASP code.*>** The number of candidate structures per gene-
ration is set to 50. (2) In the first generation, the code ran-
domly generates different cells, and atoms are filled into
random positions using symmetry constraints to produce the
first generation of structures. In the subsequent generations,
60% of the structures are generated based on the character-
istics of the previous generation, while the remaining 40% of
the structures are generated using the same method as the
first generation. (3) After 50 generations of structural evol-
ution, the stable structure of A;Sc(PO,), (A = Li, Na) is ulti-
mately obtained.

Dalton Trans., 2025, 54, 9778-9787 | 9779
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The dynamic stability of A;Sc(PO,), (A = Li, Na) is further
evaluated using the phonon spectrum obtained with the VASP
code.”>** The geometries obtained using the CALYPSO code
are relaxed using the conjugate gradient (CG) method***’
until the force is less than 0.02 eV A™'. During the geometry
relaxation, the cutoff energy is set to 400 eV, with the Perdew-
Burke-Ernzerhof (PBE)*® functional under the generalized gra-
dient approximation (GGA)"” and the norm-conserving pseu-
dopotentials (NCP)*®, To harmonize calculation standards, the
Monkhorst-Pack k-point grids*® in the computational codes in
this paper (including VASP,**** CASTEP,”® and PWmat>"*?) are
all set to an accuracy of 0.04 A™". The phonon spectrum is
then obtained using the perturbation method.

Electronic structure and optical properties

The electronic structure and optical properties of A;Sc(PO,), (A
= Li, Na) were further calculated using CASTEP software.’® The
structure of A;Sc(PO,), (A = Li, Na) was obtained through the
crystal structure screening method described above. During
the computation, the exchange-correlation functional is
chosen as the GGA-PBE functional,*®*” and the pseudopoten-
tial was selected as the NCP.*® The valence electron configur-
ations were as follows: Li: 2s*, Na: 25*2p°3s’, Sc: 35*3p°3d’4s?,
P: 35°3p>, and O: 2s*2p”. The cutoff energy is set to 830 eV,
and the Monkhorst-Pack k-point grids of those compounds
were set as 5 x 5 x 4 (LizSc(PO,),-C2/m) and 5 x 5 x 5 (NasSc
(PO,4),-R3m). To achieve convergence in geometry optimization,
the total energy convergence criterion was set to 5.0 x 10~° eV,
and the convergence criteria for maximum atomic force,
maximum stress, and maximum displacement were set to 0.01
eV A, 0.02 GPa, and 5.0 x 10™* A, respectively. All other calcu-
lation parameters and convergence criteria were set to the
default values of the CASTEP® software package.

Due to the discontinuity of the exchange-correlation func-
tional, the bandgap obtained using GGA-PBE*®*” is often
underestimated.”® Therefore, in this paper, the hybrid func-
tional (HSE06)°*>® band structures of the materials were also
calculated using the PWmat code.’™** During the calculation
process, the CG method is used for structural optimization
and the cutoff energy is set to 70 Ry. The Monkhorst-Pack
k-point grids of the compounds were set as 5 x 5 x 4 (LizSc
(PO,),-C2/m) and 5 x 5 x 5 (NazSc(PO,4),-R3m). The convergence
criterion for atomic forces was set to 0.01 eV A™%, and the con-
vergence criterion for lattice stress was set to less than 0.01 eV
per N atom. The other computational parameters and conver-
gence criteria retained the default values of the PWmat
code.’%?

The refractive index of A;Sc(PO,), (A = Li, Na) is obtained
through CASTEP calculations, and then the birefringence is
determined. During the calculation process, the scissors oper-
ator is set to 1.421 eV (Li3Sc(PO,4),-C2/m) and 1.726 eV (NasSc
(PO,),-R3m), respectively. The contribution of each group in
the material to its optical properties was analyzed using the
real-space atom-cutting (RSAC) method.>® The underlying prin-
ciples are explained in ref. 56 and the ESI.{ According to the
principle that the cutting spheres touch but do not overlap,
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the atomic cutting radii were set as follows: Li: 0.68 A, Na:
1.095 A, Sc: 1.82 A, P: 1.06 A, and O: 1.10 A.

Results and discussion
A3Sc(PO,); (A = Li, Na) crystal structure

Using the method described above, the most stable and meta-
stable candidates of A;Sc(PO,), (A = Li, Na) were obtained.
Interestingly, during the structural screening process, approxi-
mately 6740 candidates of Li;Sc(PO,), were identified. These
candidates were distributed across only 79 space groups (as
shown in Fig. 2a), of which 55.9% belong to non-centro-
symmetric (NCS) space groups. For NazSc(PO,),, 3385 candi-
date structures were obtained, which are primarily distributed
across 62 space groups (shown in Fig. 2¢). Among these, candi-
date structures belonging to the NCS space groups account for
55% of the total number of structures. According to the total
energy of these candidates, about 15 lower-energy structures of
A3Sc(PO,), (A = Li, Na) were selected (shown in Fig. 2b and d).

The formation energy calculations for the structures with
lower energy are shown in Table S1 of the ESIL.{ According to
Fig. 2b, the most stable structure for LizSc(PO,), is the C2/m
space group. For NazSc(PO,),, the most stable structure is the
R3m space group. The results show that the formation energies
of A;Sc(PO,), (A = Li, Na) are all less than zero, proving that
both structures have the possibility of experimental synthesis.
The dynamic stability of these candidates is further evaluated
using the phonon spectrum. The obtained phonon spectra of
the candidate structures of Li;Sc(PO,),-C2/m and NazSc(PO,),-
R3m are given in Fig. 3. As shown in Fig. 3, all these candidate
structures are dynamically stable because no imaginary fre-
quencies are found in their phonon spectra. Hereafter, the
authors would pay more attention to the electronic structures
and optical properties of these candidate structures.

The crystal geometries of these candidate structures of
A3Sc(PO,), (A = Li, Na) are illustrated in Fig. 4. For A3Sc(PO,),
(A = Li, Na), as shown in Fig. 4, a Li (Na) atom is connected to
six surrounding O atoms to form a Li(Na)Os polyhedron,
which serves as a filler module in the structure. A Sc atom is
connected to six surrounding O atoms to form a ScOg octa-
hedron, and a P atom is connected to four surrounding O
atoms to form a PO, tetrahedron. The ScOg octahedron and
the PO, tetrahedron are functional modules in the structure.
Baur's method®” implemented in the VESTA code®® was
employed to calculate the distortion indices of various groups
in A3Sc(PO,4), (A = Li, Na), and the results are presented in
Table S2.f The formula for calculating the distortion index is
as follows:

1< ‘liflm‘
D=2 It "mi
n; Im

Here, D is the distortion index, with a larger value indicat-
ing more severe distortion; n is the total number of bonds in
the polyhedron; /; is the length of the i-th bond; and [, is the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) and (c) The distribution of space groups in AsSc(PO,), (A = Li, Na) structures; the color scale in the figure represents the number of struc-
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Fig. 3 The phonon spectra of the candidate structures of LizSc(POj,), (a) and NazSc(PO,); (b).

average bond length of the n bonds. From the data in
Table S2,T the functional module ScO¢ octahedron does not
exhibit distortion and has a regular octahedral structure; the
PO, tetrahedron has a very small distortion, with a value of
0.016. Six PO, tetrahedra are arranged axially symmetrically
around the Sc atom to form a “pinwheel” structure; similar
“pinwheel” structures have also been found in other rare earth
phosphates, such as Kz;RE(PO,), (RE = Sc, Y, La, Lu) and so
on.>*"®" The Li (Na) atoms fill the structural interstices and
serve to balance the charge. In the three candidate structures
of A;Sc(PO,), (A = Li, Na), the PO, tetrahedra and ScOg octahe-

This journal is © The Royal Society of Chemistry 2025

dra are connected through corner-sharing to form a two-
dimensional layered structure.

It is noteworthy that in LizSc(PO,),-C2/m and NazSc(PO,),-
R3m, the PO, tetrahedra exhibit an interleaved distribution,
which is a zipper-like arrangement (as shown in Fig. 4(b) and
(d)). In their study of rare-earth phosphates, Pan and col-
leagues® found that the zipper-like arrangement of PO,
groups, regulated by rare-earth cations, is very helpful in
improving the small birefringence of phosphates. Therefore,
even with a small distortion index in the functional modules,
the A;Sc(PO,), (A = Li, Na) obtained in this paper can still

Dalton Trans., 2025, 54, 9778-9787 | 9781
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Fig. 4 (a) and (b) The crystal structure of LizSc(PO4),-C2/m and the arrangement of the PO, groups; (c) and (d) the crystal structure of NasSc

(PO4)2-R3m and the arrangement of the PO,4 groups.

achieve excellent birefringence (further details are discussed
below).

Electronic structure of A;Sc(PO,), (A = Li, Na)

The band structures are also obtained (as shown in Fig. 5).
Fig. 5a and c show the obtained GGA-PBE band structures of
Li;Sc(PO,),-C2/m and NazSc(PO,),-R3m. For LizSc(PO,),-C2/m,
the maximum of the valence band (VBM) is located at the
high-symmetry point G, and the minimum of the conduction
band (CBM) is located at the high-symmetry point M, with an
indirect bandgap value of 4.656 eV. For NazSc(PO,),-R3m, the
VBM is located at the high-symmetry point F, and the CBM is
located at the high-symmetry point G, with an indirect
bandgap value of 3.359 eV. Considering the discontinuity of
the GGA-PBE exchange-correlation functional, which inevita-
bly leads to an underestimation of the bandgap, we calculated
the HSE06 bandgaps for title compounds using the PWmat
code.”™* As shown in Fig. 5b and d, the HSE06 band structure
results indicate that both compounds remain indirect
bandgap semiconductors, whose HSE06 bandgaps are 6.077
eV (Li3Sc(PO,),-C2/m) and 5.085 eV (NazSc(PO,),-R3m), imply-
ing that these compounds could be used as UV optical
materials. Notably, although the introduction of d°/d"°® cations
or cations with stereochemically active lone-pair distribution
can enhance birefringence, this strategy could lead to the red-
shift of bandgaps, for example: KTiOPO, (E, = 3.54 eV),°
LiPbPO, (E4 = 4.60 €V),'®"” LiHgPO, (E4 = 4.03 eV),”” K,TeP,0g
(Eg = 4.59 eV),*”’> CsMgPO,-6H,0 (E, = 4.80 €V),** and so on.
In contrast, the introduction of rare-earth cations
effectively maintains the advantage of the large bandgap in

9782 | Dalton Trans., 2025, 54, 9778-9787

phosphates, with their working wavelength region close to the
DUV region.

We obtained the PDOS (projected density of states) of A;Sc
(PO,), (A = Li, Na), as shown in Fig. 6. For Li;Sc(PO,),, the top
of the valence band (VB) is primarily contributed by O-p orbi-
tals and a small number of Li-s, P-p, and Sc-d orbitals. The
bottom of the conduction band (CB) is mainly contributed by
Sc-d orbitals and a small number of Li-s, O-p, and P-p orbitals.
Near the Fermi surface, there are Sc-O and P-O hybridized
orbitals, which exhibit the characteristics of Sc-O and P-O
covalent bonds. For Na;Sc(PO,),, its PDOS is similar to that of
Li3Sc(PO,),, as shown in Fig. 6b. The PDOS results indicate
that the large bandgap is primarily determined by the O-p
orbitals at the top of the valence band (VB) and the Sc-d orbi-
tals at the bottom of the conduction band (CB). It is note-
worthy that the presence of Sc-O covalent bonds near the
Fermi surface indicates that the ScOg groups are the determin-
ing factor for the optical effects in A;Sc(PO,), (A = Li, Na).

Birefringence and its origin in A;Sc(PO,), (A = Li, Na)

Table 1 and Fig. 7 list the refractive indices and birefringence
values of A;Sc(PO,), (A = Li, Na) calculated at wavelengths of
532 nm and 1064 nm. As shown in Table 1 and Fig. 7, the
Li3Sc(PO,4),-C2/m crystal belongs to the centrosymmetric space
group C2/m and is a biaxial crystal. The calculated refractive
indices are 1.807(ny), 1.801(n), and 1.755(n,)@532 nm, and
1.773(ny), 1.764(ny), and 1.726(n,)@1064 nm, respectively, dis-
tributed according to the rule n, > n, > n,. The calculated bire-
fringence values are 0.052@532 nm and 0.046@1064 nm.
Na;Sc(PO,),-R3m crystallizes in the centrosymmetric space

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 The PDOS for AzSc(PO,), (A = Li, Na): (a) LizSc(PO4), and (b) NazSc(PO,4),.

group R3m and is a uniaxial crystal. The calculated refractive
indices are 1.846(n,) and 1.741(n.)@532 nm, and 1.741(n,)
and 1.674(n.)@1064 nm, respectively, distributed according to
the rule n, > n.. Based on the definition of birefringence, the
calculated birefringence values are 0.067@532 nm and

This journal is © The Royal Society of Chemistry 2025

0.058@1064 nm. Compared with compounds such as
LiCs,PO, (E, = 7.12 €V; An(cal) = 0.01@1064 nm),"" LiRb,PO,
(Eg = 7.29 eV; An = 0.009@1064 nm),"? (H30)Ca,Zn; 5(PO,), (Eq
= 5.69 €V; An = 0.002@1064 nm),'® BPO, (E, = 9.25 €V; An =
0.007@1064 nm),*”> and Bas(ZnB;0,0)PO, (E, = 6.89 eV; An
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Table 1 The refractive index and birefringence of AszSc(PO,), (A = Li,
Na)

Refractive index

Birefringence
Compound Space group 7y ny n, An
LizSc(PO,), C2/m 1.772 1764 1.726 0.046@1064 nm
1.807 1.801 1.755 0.052@532 nm
ne Ne An
Na;Sc(PO,), R3m 1.715 1.657 0.058@1064 nm
1.741 1.674 0.067@532 nm

0.033@1064 nm),*® which also exhibit large bandgaps, the
strategy of introducing rare-earth cations as predicted in this
paper is thought to be a good strategy as it can maintain a
large bandgap and enhanced birefringence.

To further investigate the origin of the large birefringence
in A3Sc(PO4), (A = Li, Na), this study employed the RSAC
method®® to analyze the contributions of each group to the
material’s birefringence. The results are presented in Table 2.
According to the combination of cation and anion groups,
A3Sc(PO,), (A = Li, Na) is composed of Li(Na)Og groups, ScOg
groups, and PO, groups. According to the data listed in

(a)2 5 LiSe(PO,),-C2/m

View Article Online
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Table 2, we can observe the following results: (1) the alkali
metal cation group (LiOg and NaOg polyhedra) contributes less
to the birefringence of the title compound, with the LiOg con-
tribution to birefringence being only 22% (0.023@1064 nm),
and the NaOg contribution to birefringence being 20%. (2) The
rare-earth cation group (ScOg octahedra) is the main contribu-
tor to the material’s birefringence. In LizSc(PO,),, the ScOg
group contributes 54% to the birefringence (0.055@1064 nm,
comparable to the birefringence of the LizSc(PO,), crystal),
and in NazSc(PO,),, the ScOg group contributes 60% to the
birefringence (0.100@1064 nm). (3) The influence of the
anionic group (PO, tetrahedra) on the birefringence of the
material cannot be ignored, being 24% in Li;Sc(PO,),
(0.024@1064 nm) and 20% in NazSc(PO,), (0.033@1064 nm).
Additionally, Tables S2 and S3t record the calculated Born
effective charges of A;Sc(PO,), (A = Li, Na), which further con-
firms the contribution of the functional modules, the ScOq
group and the PO, group, to the birefringence. It is well known
that the electronic structure and arrangement for functional
modules are crucial factors influencing the birefringence of
materials. In terms of crystal structure, this study found that
the PO, tetrahedra in A;Sc(PO,), (A = Li, Na) exhibit a zipper-
like arrangement, which has been confirmed to effectively
enhance the birefringence of phosphates. In terms of elec-
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Fig. 7 Refractive index and birefringence of A3Sc(PO,4), (A = Li, Na): (a) LizSc(PO4), and (b) NazSc(PO,),.

Table 2 Refractive index and birefringence of groups in AzSc(PO,), (A =

Li, Na)

Refractive index

Birefringence

Compound Space group Group Ny ny n, An (@1064 nm)
Li3Sc(PO,), C2/m LiOg 1.512 1.509 1.489 0.023
ScOq 1.501 1.491 1.446 0.055
PO, 1.649 1.648 1.625 0.024

N, Ne An (@1064 nm)
Na;zSc(PO,), R3m NaOg 1.541 1.406 0.035
ScOg 1.517 1.417 0.100
PO, 1.619 1.586 0.033
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tronic structure, our analysis through PDOS has revealed that
the presence of Sc-O bonds near the Fermi level is a determin-
ing factor for the optical effects of A;Sc(PO,), (A = Li, Na).

Conclusion

In summary, this paper successfully screened two new types of
rare earth phosphate compounds, A;Sc(PO,), (A = Li, Na),
using a structural search method that combines the ABC algor-
ithm with DFT calculations, and their dynamic stability was
proven through stability assessments. The crystal structure of
A3Sc(PO,), (A = Li, Na) indicates that under the control of the
ScOg group, the PO, groups exhibit a zipper-like arrangement.
Electronic structural studies indicate that A;Sc(PO,), (A = Li,
Na) maintains the advantage of the large bandgap typical of
phosphates, with values of 6.077 eV (Li3Sc(PO,),) and 5.085 eV
(Na3Sc(PO,),), respectively. PDOS analysis shows that the large
bandgap in A3Sc(PO,), (A = Li, Na) is mainly contributed by
the O-p and Sc-d orbitals. Subsequently, the birefringence and
its origins in A3;Sc(PO,), (A = Li, Na) were investigated. The
results show that the introduction of rare earth cations signifi-
cantly enhances the birefringence of phosphates, with values
of 0.046@1064 nm (LizSc(PO,),) and 0.058@1064 nm (NasSc
(PO,),), respectively. The real-space atomic cutting method
analysis further confirms that the ScOg octahedra are the main
source of the birefringence gain in A;Sc(PO,), (A = Li, Na).
This study predicts that A;Sc(PO,), (A = Li, Na) exemplifies a
good balance between the bandgap and birefringence in rare
earth phosphates, further enriching the variety of rare earth
phosphates.
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