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The development of birefringent materials, especially infrared (IR) birefringent crystals, has been limited by
conflicting microstructural requirements, such as broad transmission range, wide band gap, and large
birefringence. In this work, we propose a “low-dimensional motif intercalation” strategy for designing
high-performance birefringent materials. Utilizing the layered selenophosphorus BazP,Seg as a prototype
compound, a novel IR birefringent crystal Ba;HgP,Se o with enhanced birefringence was successfully syn-
thesized by the intercalation of the linear [HgSe,]>~ moieties, while the outstanding optical properties
such as wide band gap and long IR cutoff were maintained. Notably, the BasHgP,Se o crystal exhibits the
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largest band gap among known selenophosphorus compounds, accompanied by a wide IR transmittance
range and substantial birefringence. Theoretical calculations reveal that the outstanding optical properties
of BasHgP,Se o arise from the synergistic interaction between Ba?* cations, [HgSez]z‘ anions, and the
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Introduction

Birefringent crystals, which can modulate the polarization
states of light, play an important role in laser technology and
optoelectronics including polarizers, isolators, and phase
retarders."”” Current commercial birefringent crystals can
meet the application demands in the short-wave ultraviolet
(UV), visible, and near-infrared (IR) regions. However, birefrin-
gent crystals suitable for the IR region remain scarce. In recent
years, the rapid advancement of IR laser technology has heigh-
tened the demand for IR birefringent crystals.® Generally, a
qualified IR birefringent crystal must not only exhibit high
birefringence but also have a large band gap and a wide IR
transmission range.®® Unfortunately, these properties
impose conflicting requirements on the microstructure,
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TElectronic supplementary information (ESI) available: Crystallographic data
and structural data (Tables S1-S4), figures presenting the calculation results of
Ba,P,Seg (Fig. S1), and figures presenting the measurement results and details
of Ba,HgP,Se,, (Fig. S2-S8). CCDC 2413877 for Ba,HgP,Se,,. For ESI and crystal-
lographic data in CIF or other electronic format see DOI: https://doi.org/10.1039/
d5dt00186b
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layered selenophosphorus framework.

making it challenging to design them simultaneously in a
single crystal.

Traditional birefringent crystals are primarily composed of
halides and oxides. Among them, oxide crystals have long
been the focus of research due to their excellent birefringence
and large band gaps. Many outstanding oxide birefringent
crystals, such as YVO,,'" LiNbO;,'* CaCO;,"* TiO,,'* and
a-BaB,0,4,'” have been developed over the years. However, the
absorption vibrations of metal-oxygen bonds in these oxide
crystals severely limit their IR transmission range, not suitable
for IR wavelength range applications. In contrast, the halide
crystal MgF, not only has a large band gap but also exhibits
high transparency from the UV to IR region. Unfortunately, its
practical application is significantly restricted by its weak bire-
fringence (0.012@1064 nm)."® Therefore, there is a pressing
need to develop birefringent crystals for IR applications.
Sulfides, phosphides, and selenides have long been studied as
classical candidates for IR optoelectronic materials. Among
these, selenides typically exhibit a wider IR transmission range
than phosphides and sulphides, as the heavier atomic mass of
selenium can effectively reduce lattice vibrational phonon
energy.'” In recent years, several excellent selenide IR crystals
have been developed, such as BaGa,Se,,'® PbGa,Se,,"’
BaGa,GeSeg,”° NaAsSe,,”' BaHgGeSe;,>”> and PbGa,GeSeg.>
However, due to the selenium’s relatively weak electro-
negativity, the most reported selenide crystals have a smaller
band gap with a low laser damage threshold, making them

This journal is © The Royal Society of Chemistry 2025
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susceptible to photorefractive damage. Therefore, the explora-
tion of an effective strategy to balance the three key properties
—wide transmission range, high birefringence, and large band
gap—is critical for the design of high-performance IR birefrin-
gent crystals.

According to the functional motif theory, the macroscopic
optical properties of crystals are closely related to the micro-
scopic optical properties of the constituted functional motifs
and their arrangements.”* In general, low-dimensional func-
tional motifs, such as two-dimensional (2D) planar groups and
one-dimensional (1D) linear units, typically exhibit high polar-
izability anisotropy, which promotes the formation of large
birefringence.”® Additionally, heavy elements can effectively
lower the phonon energy of lattice vibrations, thereby extend-
ing the IR transmission range. Functional motifs with a strong
covalent character typically exhibit a large HOMO-LUMO gap,
which contributes to broadening the band gap.>*>' A crystal
that incorporates all these characteristics can achieve a
balance between IR transmission, birefringence, and band
gap. In principle, these features can be simultaneously realized
by integrating functional motifs into a suitable and easily
modifiable structural framework.

In this work, we propose a “low-dimensional motif interca-
lation” strategy, which involves constructing a multifunctional
2D layered framework suitable for the IR region and introdu-
cing low-dimensional functional motifs between its layers.
This is mainly based on the following three considerations: (i)
the balance between the band gap and the IR cutoff can be
achieved by selecting appropriate building blocks for the
layered framework; (ii) the weaker binding energy between
adjacent layers provides significant flexibility for introducing
additional functional units with high polarizability anisotropy,
offering a unique opportunity to enhance birefringence; and
(iif) the layered framework itself exhibits relatively high an-
isotropy, which also contributes to the birefringence. To
implement this strategy, we focused on selenophosphorus for
the selection of the layered framework construction templates.
On the one hand, the heavier atomic mass of selenium con-
tributes to a broader IR transmission range in crystals. On the
other hand, the similarity in electronegativity between phos-
phorus and selenium enables the formation of relatively strong
covalent bonds, contributing to the expansion of the band
gap. Furthermore, considering that the introduction of alka-
line earth metal elements can effectively reduce the dispersion
of the compounds, the Ba** ion was selected as a counter ion
to further increase the atomic mass. Based on these consider-
ations, a selenophosphorus compound Ba;P,Seg with a layered
structure was screened as a prototype compound, as expected,
which can achieve a balance between a large band gap and a
long IR cutoff (Fig. S17). To further enhance its birefringence
(theoretical calculations show that its birefringence is
0.095@1064 nm), guided by the above design strategy, the
linear [HgSe,]>” unit was further introduced into the inter-
layer, while hoping that its heavier mass can further extend
the IR transmission range. Accordingly, a novel birefringent
crystal Ba,HgP,Se,;, was successfully synthesized. Notably, the
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synergy between the selenophosphorus layered framework and
[HgSe,]*~ units resulted in a broad IR transmission range, a
large birefringence (0.152@1064 nm), and a wide band gap
(2.45 eV), achieving an optimal balance among the three key
performance parameters. In particular, the band gap of
Ba,HgP,Se;, was the widest observed among selenopho-
sphides to date. Herein, we report its synthesis, crystal struc-
ture, optical properties, and theoretical calculations.

Experimental section

Reagents

P (Alfa Aesar, 99.9%), Se (Alfa Aesar, 99.99%), HgSe (Alfa
Aesar, 99.99%), and BaSe (Alfa Aesar, 99.7%).

Synthesis

Powder samples of Ba,HgP,Se;, were synthesized using a
high-temperature solid-phase method. The reaction mixture,
consisting of 1 mmol HgSe, 4 mmol BaSe, 2 mmol P, and
5 mmol Se, was ground and sealed in a quartz tube, and then
heated to 600 °C. After 10 hours, the mixture was cooled to
room temperature, resulting in the formation of pure-phase
Ba,HgP,Se;, powder. Single crystal samples of Ba,HgP,Se;,
were obtained by a similar method. A mixture of 1 mmol
HgSe, 4 mmol BaSe, 1.5 mmol P, and 6 mmol Se was prepared,
ground, and sealed in a quartz tube. The tube was then heated
to 900 °C to induce melting. After 3 days, the mixture was
slowly cooled to room temperature at a rate of 4 °C h™", result-
ing in the formation of Ba,HgP,Se;, crystals.

Power X-ray diffraction (PXRD)

The PXRD data of Ba,HgP,Se;, were recorded on a Bruker D8
powder X-ray diffractometer with Cu Ko radiation (4 =
1.5418 A) in the 26 range from 10 to 70°.

Energy-dispersive X-ray spectroscopy analysis

Microprobe elemental analyses were conducted on a field
emission scanning electron microscope (FESEM, SU-8010)
with an energy-dispersive X-ray spectroscope (EDS).

Single-crystal X-ray diffraction

Single-crystal X-ray diffraction data were collected using a
Rigaku XtaLAB Synergy diffractometer, equipped with graph-
ite-monochromated Mo-Ka radiation (1 = 0.71073 A). The
crystal structure of Ba,HgP,Se,, was solved using ShelXT and
refined using ShelXL, both within the OLEX2 software
package.?® Crystallographic data and structure refinements for
Ba,HgP,Se;, are provided in Table S1.f Atomic coordinates,
equivalent isotropic displacement parameters, and selected
bond lengths and angles, as well as anisotropic displacement
parameters, are presented in Tables S2-S4.
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Thermal analysis

The thermal properties of Ba,HgP,Se;, samples were investi-
gated using a Labsys TG-DTA1600 simultaneous thermal analy-

zer under vacuum at a heating/cooling rate of 20 °C min™".

UV-Vis diffuse reflectance spectroscopy

The diffuse reflectance spectrum of Ba,HgP,Se;, was recorded
on a Cary 7000 UV-vis-NIR  spectrophotometer.
Polytetrafluoroethylene (PTFE) was used as a 100% reflectance
standard.

Infrared spectroscopy

Infrared (IR) spectra were recorded using a Bruker VERTEX 70
Fourier IR spectrometer in the range of 400-3000 cm™'.
Polycrystalline samples and KBr were ground and pressed into

transparent pellets for the measurement.

Theoretical calculations

The band structures of Ba,HgP,Se;, and BazP,Seg were calcu-
lated using the CASTEP package based on density functional
theory (DFT).** The exchange-correlation energy was treated
with the generalized gradient approximation (GGA) using the
Perdew-Burke-Ernzerhof (PBE) functional.®® The following
orbital electrons were considered as valence electrons: Ba 5s°
5p°® 6s% Hg 5d'° 65 P, 3s® 3p% and Se 4s” 4p®. The energy
cutoffs for Ba,HgP,Se;, and BazP,Seg were set to 400 eV and
350 eV, respectively. The Monkhorst-Pack grid sizes for
Ba,HgP,Se;, and BazP,Seg were 2 x 1 x 1 and 1 X 2 x 1, respect-
ively.*® The polarizability anisotropy values of the [HgSe,] and
[PSes] units were calculated using the B3LYP/def2-TZVP
method.

Results and discussion

Yellow colored Ba,HgP,Se;, crystals were prepared using a
high-temperature method. The obtained crystals can remain
stable in air for several months. The powder XRD pattern
aligns closely with the spectrum derived from the crystal struc-
ture, confirming that the as-synthesized samples are of pure
phase (Fig. S21). EDS confirmed that the crystals were com-
posed of Ba, Hg, P, and Se elements (Fig. S3t). Thermal ana-
lysis indicates that the Ba,HgP,Se,, crystals are stable up to
531 °C, demonstrating excellent thermal stability (Fig. S4t).
BasP,Seg crystallizes in the centrosymmetric space group
P2,/a of the monoclinic crystal system. The structure features
two distinct environments for P atoms (P1 and P2) and two
environments for Ba ions (Bal and Ba2). Both P1 and P2
atoms coordinate with four Se atoms to form [PSe,] tetrahedra,
with P-Se bond lengths ranging from 2.208 to 2.220 A. Two
[PSe,] tetrahedra extend along the a- and b-axes through the
connection of Bal ions, forming two nearly opposite polar
layers (Fig. 1a and b). These polar layers are interconnected via
Bal ions to create a double-layer framework (Fig. 1a). This
framework is further stabilized along the c-axis by Ba2 cations,
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ultimately resulting in the three-dimensional (3D) crystal struc-
ture of BazP,Seg (Fig. 1b).

Ba,HgP,Se;, crystallizes in the centrosymmetric space
group P1 of the triclinic crystal system. In the structure, there
are nine crystallographically independent atoms with one Hg
atom, two Ba atoms (Bal and Ba2), five Se atoms, and one P
atom. Each P atom is coordinated to four Se atoms, forming a
[PSe,] tetrahedron with P-Se bond lengths ranging from 2.208
to 2.220 A. Each Hg atom, in turn, is bonded to two Se atoms,
forming a linear [HgSe,] unit with an Hg-Se bond length of
2.440 A. Due to the symmetry restrictions of the space group
P1, the [PSe,] tetrahedra adopt two opposite orientations
within the structure (Fig. 1c and d). Similarly to its parent com-
pound Ba;P,Seg, the two [PSe,] tetrahedra in Ba,HgP,Se;,
extend along the a- and b-axes through the connection of Ba1l
ions, thereby forming two oppositely oriented polar layers
(Fig. 1c and d). The introduction of the [HgSe,] units leads to
the isolation of the two oppositely oriented [PSe,] units, effec-
tively inserting a non-polar layer composed of [HgSe,] units
and Bal ions between the two polar layers of BazP,Ses. These
three layers are interconnected via Bal ions, forming a non-
polar three-layer structural framework (Fig. 1c and d). This
framework is further extended along the c-axis by Ba2 ions,
resulting in the formation of the 3D crystal structure of
Ba,HgP,Se;, (Fig. 1d).

As shown in Fig. 2a, the diffuse reflectance spectrum
reveals a band gap of 2.45 eV for Ba,HgP,Se,,, corresponding
to a cutoff wavelength of 506 nm. To the best of our knowl-
edge, this is the widest band gap observed among selenopho-
sphorus compounds, significantly greater than those of others
including K,P,Se, (2.08 €V),>® Rb,P,Se, (2.32 €V),>® KZrPSe,
(2.2 eV),”” RbZrPSe, (2.2 €V),%” CsZrPSe, (2.3 eV),”” KPSe, (2.16
eV),*®*° RbPSe, (2.18 eV),***° K;.,Cso.4PSes (2.1 eV),*°
B-CsPSeq (1.9 €V),*® KNb,PSe;, (1.19 eV),*" RbNb,PSe;, (1.16
eV),"’ CsNb,PSe;, (1.07 eV),*" CssBiP,Se;, (1.85 eV),*?
CssPsSeq, (2.17 eV), K,GeP,Se;, (2.0 eV),** Rb,GeP,Se;, (2.0
eV),** and Cs,GeP,Se;, (2.0 eV).** To further understand the
origin of this wide band gap, we calculated the band gap and
PDOS curves of Ba,HgP,Se;, and compared them with those of
its parent compound, BazP,Seg. As shown in Fig. S5,7
Ba,HgP,Se;, exhibits a higher calculated band gap compared
to BazP,Seg. Interestingly, the PDOS analysis shows that the
top of the valence band and the bottom of the conduction
band in both compounds are mainly composed of Se-p, P-s,
P-p and Ba-d states, indicating that the band gap in both com-
pounds is governed by the [PSe,] unit and the ionic inter-
actions between [PSe,] units and Ba®>" ions (Fig. S6t1). To
further elucidate the microscopic mechanism underlying this
band gap difference, we analyzed the electron density maps of
the two compounds. As shown in Fig. S7,1 the introduction of
[HgSe,] units in Ba,HgP,Se;, effectively isolates the adjacent
[PSe,] tetrahedra, resulting in no overlap of the electron clouds
between neighboring layers. It is likely that this structural
difference inhibits electronic interactions between the adjacent
[PSe,] units, thus contributing to the widening of the band

gap.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Measured optical band gap of BasHgP,Sejo. (b) IR transmit-
tance spectrum of BasHgP,Ses,.

To characterize the transmission range of Ba,HgP,Se o, IR
spectra were measured. As shown in Fig. 2b, the IR cut-off
edge of Ba,HgP,Se,, is approximately 21.5 pm. Notably, this IR
cut-off edge exceeds those of many well-known birefringent
crystals, such as MgF, (7.04 pm),'® CaCO; (2.3 pm),"* YVO,
(5 pm),"* TiO, (4.5 pm),** LiNbO; (5 pm),"* and a-BaB,O,
(3.5 pm)." 1t also outperforms several previously reported
phosphide and sulfide crystals, including CdSiP, (9 pm),*?
ZnGeP, (12.5 pm),*® MgSiP, (10.3 pm),*”*® AgGas, (13 pm),*°
and AgGaSe, (16 pm).*® More importantly, such a long IR cut-
off combined with a large band gap allows Ba,HgP,Se;, to

This journal is © The Royal Society of Chemistry 2025
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exhibit a wide transmission range superior to those of all com-
mercial birefringent crystals to date (Fig. 4). Since the IR trans-
mission range of materials is closely related to the phonon
energy of lattice vibrations, we speculate that the exceptional
IR transmission range of Ba,HgP,Se;, is due to the relatively
high atomic masses of Ba, Hg, P, and Se. These heavier atoms
likely lower the phonon energy of lattice vibrations, thereby
broadening the IR transmission range.

To characterize the birefringence of Ba,HgP,Se,,, refractive
index dispersion curves were calculated. As shown in Fig. 3a,
the refractive indices of Ba,HgP,Se;, are n[100] = 2.68, n[010] =
2.77, and n[001] = 2.62 at a wavelength of 1064 nm, respect-
ively, indicating that the birefringence of Ba,HgP,Se;, at
1064 nm is 0.152 (Fig. 3b), significantly higher than that of its
parent compound BazP,Seg (0.093 at 1064 nm). Notably, the
experimental refractive indices of Ba,HgP,Se;, will be obtained
using the devices by cutting from the bulk crystal in the
future. To elucidate the mechanism behind the enhancement
of birefringence, the electron density maps of both com-
pounds were calculated. As shown in Fig. S7,T although the
electron density around the [PSe,] unit is nearly isotropic, the
laminar framework of Ba;P,Seg leads to significant interlayer
voids that reduce the electron density along the c-axis. This
results in a marked difference in the electron density between

Dalton Trans., 2025, 54, 8152-8158 | 8155
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Fig. 3 (a) Triaxial ellipsoid of three refractive indices along the crystallo-
graphic axes of BasHgP,Sejp at 1 = 1064 nm. (b) Calculated birefrin-
gence of BajHgP,Se;o and BazP,Ses. (c) The arrangement of [HgSe,]
units in BasHgP,Se,. (d) Calculated electron density in the bc plane for
BasHgP,Sejo. (e) Calculated electron density in the ac plane for
BasHgP,Seso.

the c-direction and the in-plane direction, which may be the
primary origin of birefringence in BazP,Seg. In contrast, the
interlayer gap in Ba,HgP,Se,, is further expanded due to the
incorporation of the [HgSe,] unit, which further decreases the
electron density in the c-direction. This further enhances the
electron density contrast between the c-direction and within
the layer, contributing to an enhanced birefringence mecha-
nism. Additionally, apart from the contribution from the
layered framework, the electron cloud around the [HgSe,] unit
in Ba,HgP,Se;, exhibits significant anisotropy. Gaussian calcu-
lations indicate that its polarizability anisotropy is as high as
117.5, which is substantially greater than the anisotropy value
of 9.0 of the [PSe,] unit, suggesting that the [HgSe,] unit also
plays a significant role in enhancing birefringence.
Furthermore, since all the [HgSe,]| units in the structure are
arranged in parallel and their projection along the b-axis is sig-
nificantly larger than those in other directions (Fig. 3c), the
electron density along the b-axis is substantially higher com-
pared to the a- and c-axes (Fig. 3d and e). This may lead to a
significantly stronger response in the b direction than those in
the a and c directions when interacting with the incident light,
causing the wave velocity in the b direction to decrease more
significantly than those in the a and ¢ directions, and thus the
refractive index along the b direction is significantly higher
than those along the a and ¢ directions, which could be
another main reason for the large birefringence of
Ba,HgP,Se;, and is consistent with the calculated refractive
index dispersion curves (n; > n, > n.) (Fig. S87). That is, the co-
operation of the laminar framework and the linear [HgSe,]
unit creates the large birefringence of Ba,HgP,Se,,. Notably,
the birefringence of Ba,HgP,Se,, exceeds those of many com-
mercially available birefringent crystals, such as a-BBO (An =
0.116 at 1064 nm),"®> LiNbO; (An = 0.089 at 1064 nm),"> and
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Fig. 4 Performance comparison chart of BasHgP,Se o with commercial
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MgF, (An = 0.012 at 1064 nm)'® (Fig. 4). Moreover, it also pos-
sesses a large band gap and a wide IR transmission range.
These results indicate that Ba,HgP,Se;o should be a promising
IR birefringent crystal.

Conclusions

In summary, a “low-dimensional motif intercalation” strategy
was employed for the successful synthesis of Ba,HgP,Se;, by
introducing linear [HgSe,] units into the layered selenopho-
sphide BasP,Seg. A promising novel IR birefringent crystal,
Ba,HgP,Se o, was successfully synthesized. Ba,HgP,Seq,
achieves a balance between a wide IR transmission range,
large birefringence, and a wide band gap, making it a potential
IR birefringent crystal. The bulk crystal growth of Ba,HgP,Se;,
will be performed to accurately determine the refractive
indices. This work provides a new synthesis strategy for design-
ing novel IR birefringent crystalline materials.
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