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Exploring new materials and enhancing their optical properties is an endeavor of great significance.
Combining different types of optical functional groups, such as borate and tellurite anions, into the same
compound can produce a new material of novel structure with enhanced optical performance. In the RE
(m)—Te(iv)-B—O system, a borate tellurite, namely, p-LaTeBOs (B-LTBO) and a series of lanthanide borotel-
lurites, namely, RETeBOs (RE =Y, Gd, Tb), have been successfully synthesized by using a high-tempera-
ture solution method. B-LTBO crystallizes in the space group of P2;/c (no. 14) and its structure features
[LaTeOs]., layers composed of La®* cations and [TeOs]?~ anions, where these layers are interconnected
by }[BO,l., chains consisting of [BOsI*~ planar triangles to form a novel 3D structure. RETeBOs (RE = Gd,
Th, Y) features 0D [Te,B,040]%~ clusters in which a central [Te,Ogl*~ dimer connects with two [BOs]*~
groups on both sides of the dimer via Te—O-B bridges, and these 0D [Te,B,010]°~ clusters are intercon-
nected by lanthanide ions to form the 3D structure. A phase transition from the p phase to the a phase
was observed at 700 °C for LaTeBOs based on DSC and temperature-dependent XRD studies. Excitingly,
the birefringence of p-LTBO of 0.134@546 nm is much larger than that of RETeBOs (RE =Y, Gd) (0.08,
0.074@546 nm), which is the largest in the borate tellurite system. Theoretical calculations indicate that
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Furthermore, the luminescent and magnetic properties of RETeBOs (RE = Y, Gd, Tb) were also studied.
The present study proposes that the investigation of the metal-Te(iv)-B-O system may potentially result

rsc.li/frontiers-inorganic in the identification of numerous novel multifunctional materials.

limited to, the phase transition and facile deliquescence of
a-BaB,0,, the challenge of growing substantial single crystals

Introduction

Birefringent materials are of great importance in applications
such as optical sensors, optical isolators and optoelectronic
modulators.’® Despite the availability of commercial birefrin-
gent materials, such as «-BaB,04, YVO,, CaCO; and MgF,,
their utility in high-end optical applications is constrained by
a number of issues.” These issues encompass, but are not
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of YVO, and CaCOj;, and the markedly diminished birefrin-
gence of MgF, observed.® Therefore, the development of new
high-performance birefringent materials is still a hot research
topic.

According to anionic group theory, anionic fundamental
building blocks (FBBs) play pivotal roles in the context of
optical materials.® Anionic FBBs can be primarily classified
into two categories: the m-conjugated groups (e.g., [BO;]*,
[CO;]*7, [NO;]7, [C3N30;5])°7) and the non-n-conjugated groups
(e.g., [TeO3]*", [Se0;]*, [105]7, [PO4]*", [SO4*7).*'>'" Among
these, the [BO;]*~ group has been the focus of researchers’
attention due to its great structural diversity and stability, wide
transmission range, and large birefringence.'>"* In 2022,
LiBO, featuring '[BO,]., chains, the shortest ultraviolet cutoff
edge (164 nm) and the largest birefringence (>0.168@266 nm)
among all of the reported borate-based DUV birefringent
materials was described by Pan’s group.™ It can therefore be
proposed that highly polymerized '[BO,]., chains represent an
effective birefringent active unit.***"* In addition, the [TeO3]*~
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group is a member of another important class of functional
groups, which possess sterically active lone-pair electrons, that
have susceptibility to second-order Jahn-Teller distortion and
substantial microscopic polarizabilities."®'” Compared to
other non-r-conjugated systems, such as the [PO,J’” and
[SeO;]*~ groups, the [TeO;]*~ group demonstrates significantly
greater anisotropy of polarizability, lower phonon energy, and
a broader infrared transmission range.'®'® In 2024, our
research group reported Hg,(Te,05)(SO,), which features novel
[Hg,(Te,05)]s layers and [Te,Os]*~ dimers, as well as a large
birefringence of 0.542@546 nm.>°

The combination of these above two types of functional
groups into the same compound can lead to new optical
materials.”"** This is reflected by the borotellurite-like borose-
lenites, such as Se,B,0,,>* ASeB;0, (A = Na, K),>* M(B(SeO;);)
H,0 (M = Al, Ga),” etc.”® Among these, Se,B,0, featuring a
neutral 3D framework composed of [B,0,]°” dimers and
[SeO;]*” units exhibits a moderate SHG efficiency of about 2.2
x KDP. In comparison, the borate-tellurite system is much less
explored, mainly due to the possible oxidation of Te(wv) to Te
(vi) during high-temperature solid-state reactions.**° This is
reflected by Na,RE,TeO,4(BO;), (RE =Y, Dy-Lu), whose struc-
tures feature a 0D linear [TeO4(BO;),]*” cluster composed of a
[TeOg]° unit and two [BO;]>~ groups.® To date, only six cases
of borotellurites have been reported including Te(B4Os),*>
Te,B,0,,*® A;BaTeB,O;5 (A = K, Rb),*** PbTeB,0,,*® and
LaTeBOs.*” In addition, a mixed-valence Te (Te"", Te'") borate,
namely, Ca;;Te,4,015(BO3)4(OH);,*® has been reported. The
only lanthanide borotellurite reported, LaTeBOs (Pbca), fea-
tures 0D [Te,04(BO;),]®” groups composed of a [Te,O]*”
dimer corner-sharing with two [BO;]>~ groups, and has a mod-
erate birefringence value of 0.08@1064 nm.*” Regrettably, no
compounds with birefringence values surpassing 0.1 have
been documented within borate-tellurite systems to the best
of our current knowledge.

In order to better understand the structure-property
relationship of the lanthanide B-Te(v)-O system and to
further enhance the birefringence of borate tellurites, we
initiated systematic exploration of RE-B-Te-O system. Our
research efforts afforded another form of lanthanum borate
tellurite, namely, f-LaTeBOs (B-LTBO) and a series of lantha-
nide borotellurites, namely, RETeBOs; (RE = Y, Gd, Tb). The
structure of the B-LTBO (space group P2,/c) features a novel
3D network composed of [LaTeOjs],, cationic layers intercon-
nected by '[BO,]., anionic chains. Rare earth borate tellurites
RETeBO; (RE =Y, Gd, Tb) are isostructural with a-LaTeBOs
and exhibit 0D [Te,B,04,]°" clusters composed of a central
[Te,0¢]*~ dimer attached to two [BO;J’~ groups on both
sides of the layer via a Te-O-B bridge. A phase transition
from B-LTBO to o-LTBO was observed at 700 °C. More impor-
tantly, B-LTBO exhibits a broad UV transmission range
(0.4-6.5 pm) and demonstrates the largest birefringence
among  borate-tellurite systems, with a value of
0.134@546 nm. In addition, the photoluminescence, radiolu-
minescence and magnetic properties of RETeBOs (RE =Y,
Gd, Tb) were also studied.
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Experimental

Reagents and instruments

TeO, (Sigma-Aldrich, >99.0%), H3;BO; (Sigma-Aldrich,
>99.5%), Na,CO; (Sigma-Aldrich, >99.0%), Tb,0, (Sigma-
Aldrich, >99.0%) and RE,0; (RE = La, Y, Gd, Sigma-Aldrich,
>99.0%) were used as received without further purification.

A Rigaku Miniflex 600 X-ray diffractometer with graphite-
monochromated Cu-Ka radiation in the 26 range of 10-70°
was used to record powder X-ray diffraction (PXRD) patterns of
the samples. Thermogravimetry (TG) and differential scanning
calorimetry (DSC) studies were carried out on a NETZCH STA
449F3 thermal analyzer in the temperature ranges of 30 to
1000 °C and 30 to 800 °C with a heating rate of 10 °C min™*
under a nitrogen atmosphere. Infrared (IR) spectra were
recorded on a Nicolet Magna 750 FT-IR spectrometer with air
as background in the range of 4000-400 cm™" and at a resolu-
tion of 2 cm™". A PerkinElmer Lambda 950 ultraviolet-visible-
near infrared (UV-vis-NIR) spectrophotometer was used to
acquire UV-vis-NIR spectra in the wavelength range of 190 to
2500 nm with BaSO, as the 100% reflectance reference. A field
emission scanning electron microscope (FESEM, JSM6700F)
with an energy dispersive X-ray spectroscope (Oxford INCA)
was used to perform microprobe elemental analyses.
Photoluminescence studies were performed on an Edinburgh
FLS980 fluorescence spectrometer. Radioluminescence (RL)
emission spectra were recorded using an X-ray source (12 W,
TUB00146-W06, Magpro) and a fiber-optic spectrometer
(PG2000 Pro, Ideaoptics, China). The light yield, defined as the
ratio of the number of produced photons to the energy of
X-rays (MeV), was assessed by a relative method where a com-
mercial Bi,Ge;0,, (BGO) single crystal (8000 ph MeV ") scintil-
lator was used as a reference. Magnetic susceptibility measure-
ments on polycrystalline samples were performed with a
PPMS-9 T magnetometer at a field of 1000 Oe in the tempera-
ture range of 2-300 K. The birefringence values were measured
by using a polarizing microscope (Nikon Eclipse LV100N POL)
equipped with a Berek compensator. The wavelength of the
light source was 546 nm. Before scanning, small and transpar-
ent crystals were chosen to be measured, in order to improve
the accuracy of the birefringence. The thickness of selected
crystals was measured on the polarizing microscope.

Syntheses

Single crystals of p-LaTeBOs; and RETeBOs (RE =Y, Gd, Tb)
were synthesized by high-temperature solution reactions utiliz-
ing Na,CO; as flux. A mixture of 1:3 molar ratio TeO, and
H;BO; was achieved through a ball milling process, compris-
ing 30 minutes of forward and 30 minutes of reverse rotation
at 1200 rpm. Subsequently, the resulting mixture (0.7 g),
RE,O; (RE = La, Y, Gd) or Tb,0,, (0.4 mmol) and Na,CO;
(1 mmol) were ground evenly and added to a @ 2 x 2 cm plati-
num crucible. The platinum crucible was heated to 820 °C over
the course of one day and held at this temperature for a
further three days. It was then cooled to 300 °C over the course
of ten days, after which the furnace was switched off. After
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washing the products with deionized water and ethanol, col-
ourless sheet-shaped crystal of p-LaTeBOs and block-shaped
crystals of RETeBOs (RE = Y, Gd, Tb) were obtained (Fig. S1t)
in the yields of approximately 10% in terms of the RE element.
The purities of the samples were verified by powder X-ray diffr-
action (PXRD) analysis (Fig. S2t). The EDS analysis demon-
strates the presence of the RE, Te, B and O elements (Fig. S37).

Single-crystal structure determination

Single-crystal X-ray diffraction data of f-LaTeBOs and RETeBO;
(RE = Y, Gd, Tb) were acquired using a Rigaku Oxford
Diffraction SuperNova CCD diffractometer with a 293/150 K
(Mo) X-ray source (A = 0.71073 A). Data reductions were per-
formed using CrysAlisPro and absorption corrections were
applied on the basis of a multi-scan approach. All structures
were solved with the ShelXT 2018/2 solution program®® using
direct methods and by using Olex2-1.5*° as the graphical inter-
face. The models were refined with ShelXL 2018/3*" using full-
matrix least-squares minimization on F. All of the non-hydro-
gen atoms were refined with anisotropic thermal parameters.
By using the program PLATON,** a check for possible missing
symmetries in the four structures was performed, but none
were found. Crystal data and structure refinements for the four
compounds are listed in Table S1,t and selected bond lengths
are reported in Tables S2 and S3.t

Computational description

Theoretical calculations for the electronic structure and optical
properties of p-LaTeBOs, YIeBOs and GdTeBOs were per-
formed using the first-principles plane wave pseudopotential
method of density functional theory (DFT), which was
implemented by the total energy code CASTEP.**** The DFT
calculations employed the GGA-PBE exchange-correlation
function.”® The interactions between the ionic nuclei and the
electrons were described by the norm-conserving pseudopo-
tential.*® La 5d'6s?, Y 4d"'5s%, Gd 5s>5p°®4f”5d"6s?, Te 5s5°5p*, B
2s”2p" and O 2s”2p* were considered as valence electrons. The
numbers of plane waves contained in the basis set of all com-
pounds were determined with cutoff energy values of 750 eV
(La, Y) and 820 eV (Gd) and Monkhorst-Pack k-point sampling
of 2 x 3 x 3 (La) and 2 x 4 x 2 (Y, Gd) being used for numerical
integration in the Brillouin zone. The default values of the
CASTEP code were applied for the other calculation parameters
and convergence criteria used in the calculations. Gaussian
09*” was mainly employed to calculate the polarizability an-
isotropy () of the microscopic units. Density functional theory
was selected as the calculation method, and 6-31G/LANL2DZ
was used as the basis set. Multiwfn*® was used to extract the
polarizability anisotropy in the Gaussian 09 output file.

Results and discussion

Crystal structure descriptions

p-LaTeBOs (B-LTBO) is a borate-tellurite mixed-anion com-
pound, which crystallizes in the centrosymmetric monoclinic
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space group P2,/c (no. 14). Its structure features a novel 3D
network composed of [LaTeO;]. layers interconnected by
'[BO,]. chains (Fig. 1a). The asymmetric unit of B-LTBO com-
prises two La atoms, two Te atoms, two B atoms and ten O
atoms, which occupy the 4e Wyckoff position. Both Te*" ions
are in three-coordinated [TeO3]*” trigonal pyramidal geometry
while both boron atoms are in [BO;]*~ planar triangular geo-
metry. The Te-O bond distances and O-Te-O bond angles are
1.850(3) A to 1.866(3) A and 91.90(14)° to 103.03(14)°, respect-
ively. The B-O bond lengths are in the range of 1.305(6)-1.396
(6) A and the O-B-O angles fall within 114.4(4)-128.4(4)°. The
two La®" cations in the asymmetric unit are coordinated by
nine O atoms, forming an [LaOo]'®~ triangular prism (TTP)
structure with La-O bond distances ranging from 2.429(3) A to
2.929(3) A (Fig. S4a and S4bt). These bond lengths and angles
are in close agreement with those reported in the
literature.>”**=>? The calculated bond valence sums for La*",
Te*", B*" and O*~ of 3.201-3.228, 4.116-4.123, 3.044-3.077 and
1.793-2.238 (Table S4%), respectively, correspond to the
expected oxidation states.

The interconnection of La(1) atoms and Te(1)O; groups
results in a 2D [La(1)Te(1)O;]. layer (Fig. 1b), as does the La(2)

Fig. 1 Crystal structure of p-LaTeBOs: (a) a [BO.l,, chain linked by
[BOsI*~ units; (b) a 2D [LaTeOsl,, layer; (c) the 3D network structure
viewed along the b-axis.

This journal is © the Partner Organisations 2025
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atoms and Te(2)O; groups. The interconnection of B(1)O; and
B(2)O; groups via corner-sharing leads to '[BO,], chains
(Fig. 1a). The two different [LaTeOj;],, layers are interconnected
by '[BO,]. chains via B-O-La bridges and formed into a 3D
network structure (Fig. 1c). In terms of connectivity, the layer of
B-LTBO can be described as a neutral framework comprising the
following units: {2[TeOy/304/301/4]2[BO3/3]2[La04,,05/303.4]}. In
accordance with the dipole-dipole interaction model, the
polymerization of [BO;]*~ planar triangles within the same
plane has the potential to enhance the average anisotropy of
polarizabilities. It can be reasonably deduced that the highly
polymerized '[BO,],, chains will have larger average anisotropic
polarizabilities than those of isolated [BOs]*~ groups, which will
in turn result in a larger birefringence.

RETeBOs (RE =Y, Gd, Tb) are isomorphic with the borotel-
lurite o-LaTeBO; previously reported and crystallize in the
orthorhombic crystal system with the centrosymmetric space
group Phca (no. 61).>” GdTeBO; will be used here as a repre-
sentative example to illustrate the general characteristics of
this family of compounds. Two [TeO,]*” groups form a
[Te,06]*” dimer via edge-sharing, and the two [BO;]>~ groups
are attached on both sides of the [Te,O6]*~ groups through
corner-sharing, thereby forming the 0D [Te,B,04,]®" anion
cluster (Fig. 2a). Each 0D [Te,B,0;,]°~ cluster is connected to
ten Gd** ions (Fig. 2a), thereby forming a 3D network structure
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Fig. 2 Crystal structure of GdTeBOs: (a) a OD [Te,B,0:0]°" cluster; (b)
the 3D network structure viewed along the b-axis.
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(Fig. 2b). The bond lengths of B-O, Te-O and RE-O in
RETeBO; (Table S31) are in the range of 1.343(7)-1.419(8) A,
1.868(5)-2.181(5) A and 2.307(4)-2.501(4) A, respectively, which
are close to those observed in o-LTBO. As illustrated in
Fig. S5,1 a reduction in the radius of rare earth ions in eight-
fold coordination was observed, resulting in a linear relation-
ship between the lattice parameters (which includes the a, b, c,
and V parameters) and the changes in lanthanide ionic radius.

Structural comparisons

It is interesting to compare p-LaTeBOs; and RETeBOs (RE =Y, Gd,
Tb) with reported borotellurites. Among the six examples of boro-
tellurites that have been reported, the ternary compounds TeB,Og
and Te,B,0;, were synthesized in a high-temperature and high-
pressure environment.*>** TeB,Og (C2/c) features a 3D network
composed of borate double layers of corner-sharing [BO,]>~ tetra-
hedra, which are seesaw-shaped coordinated with Te*" ions,*®
whereas the polar Te,B,0; (Pna2,) exhibits a different 3D network
composed of 1D chains of corner-sharing [BO,]>” groups,
[B,O,]*~ dimers, 1D chains of corner-sharing [TeO,]*~ groups,
and [Te,06]*" dimers composed of two edge-sharing [TeO,]*"
groups. AzBaTeB;0;5 (A = K, Rb) and PbTeB,O, display two
different layered structures. A;BaTeB,O;5 (A = K, Rb) exhibits a
[B,O43]>~ double layer with 1D tunnels of eight member-rings
where the[TeO5]*~ motifs are attached on both sides of the borate
double layer via corner-sharing, while PbTeB,O, features a
[B4Os) layer with [TeO;]*~ groups grafted to the side of the
borate layer by forming three-membered rings.**?® 0D
[Te,B,040]°” borotellurite clusters were found in o-LaTeBO;*’
and RETeBO;s (RE =Y, Gd, Tb). It is of note that the introduction
of charge-balance cations normally reduces the dimensionality of
the borotellurite anions. In the case of borate tellurite, there is
only one mixed-valence Ca;3Te,4,0;5(BOs)4(OH);. It consists of
separate [BO,J*~, [TeO,]*” and [Te;Oq]*" trimers forming the
anionic backbone.*® In contrast, p-LTBO consists of [BO,J*~
groups in a co-corner to form a '[BO,],, chain, which further con-
nects the La-Te-O layers to form a 3D structure.

It is also instructive to compare the structures of our lantha-
nide B-Te-O compounds with those of La(TeO3)(NO;3) and
AKTeO,(CO;) (A = Li, Na).>*>* La(TeO;)(NO;) has a La-Te-O
layer similar to that of f-LTBO, but the [NO;]™ groups are iso-
lated with respect to each other. AKTeO,(CO;3) (A = Li, Na)
structures have similar 0D [Te,C,040]*" clusters, similar to
those of [Te,B,04,]°” in RETeBO; (RE =Y, Gd, Tb). The replace-
ment of the two [BO;]>~ groups by [CO;]*~ groups results in
different negative charges for the clusters.

Thermal analysis and phase transformations

The thermal stability of p-LTBO and RETeBO; (RE =Y, Gd, Tb)
was analyzed with decomposition temperatures of 860, 870,
884, and 882 °C, respectively (Fig. S61), which are similar to
that of a-LTBO (887 °C). The DSC curve of p-LTBO was further
investigated below the decomposition temperature (Fig. 3a),
and an endothermic peak appeared at 736 °C, whereas the TG
curves remained unchanged, suggesting a possible phase
transition.
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Fig. 3 (a) TG and DSC curves of p-LaTeBOs. (b) Simulated and experi-
mental PXRD patterns of LaTeBOs at different temperatures.

In order to ascertain whether a phase transition occurs,
B-LTBO was heated to 650, 700, 710, 720, 730, 740 and 750 °C
and maintained at each temperature for a period of one day.
The resultant samples were subjected to X-ray diffraction
(XRD) analyses (Fig. 3b). At 650 °C, the peaks at 11° (blue area)
and 27° (red area) correspond to the § phase, while the peak at
26° (green area) is attributed to the o phase. This suggests that
a portion of the p phase has undergone a transformation into
the o phase. When the temperature is raised to 700 °C, the
peak at 11° disappears, while the peak at 41° (red area)
remains, proving that the phase transition is not yet complete.
Upon reaching 730 °C, the product undergoes a complete
transformation into a new phase, corresponding to the inflec-
tion point at 700 °C and the peak at 736 °C in the DSC curve.
The XRD patterns of the melted samples are consistent with
those of o-LTBO, indicating that B-LTBO has the phase
transition.

Spectral measurements

The infrared and UV-vis-NIR diffuse reflectance spectra of
f-LTBO and RETeBOs (RE = Y, Gd, Tb) are presented in
Fig. S7a and S7b.f All of these compounds display a broad
infrared transmission spectrum, exhibiting complete transmis-
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sivity within the range of 0.4-6.5 pm. The pronounced absorp-
tion bands observed at 1503, 1319-1328, and 1170-1181 cm™*
can be ascribed to the asymmetric stretching of the [BOs]*~
groups. The peaks at 916-943 cm™" can be attributed to the
symmetric stretching vibration of B-O in the [BO;]’~ units.
The bands associated with the [BO;]>~ bending modes are
located at 582-592 cm™". The absorption peaks at 705-653 and
470-445 cm™' are attributed to the doubly degenerate anti-
symmetric stretching and symmetric stretching vibration
modes of the [TeO;]*” units. The IR spectra confirm the exist-
ence of the B-O and Te-O units (Table S4f), and their absorp-
tion bands are consistent with those previously reported for
borates and tellurites in the literature.>*’ B-LTBO and
RETeBOs (RE =Y, Gd, Tb) exhibit their ultraviolet cutoff edge
at 256, 240, 244, and 259 nm, and have estimated experimental
band gap values of 4.08, 4.46, 4.42, and 3.74 eV according to
the Kubelka-Munk function, respectively (Fig. S7ct), which are
analogous to those observed for a-LTBO (246 nm, 4.20 eV).*’

Photoluminescence (PL) and radioluminescence (RL)

Irradiation of the four crystals under a UV lamp at 365 nm
revealed that only TbTeBOs exhibited robust luminescence
characteristics. The solid-state photoluminescence (PL) spectra
of TbTeBOs were investigated at room temperature (Fig. 4a).
The emission of TbTeBOs is primarily attributable to tran-
sitions between the °D, state and the 7F/ (J =6, 5, 4, 3) states.
The °D, — 'F, transition, occurring at a wavelength of approxi-
mately 480-500 nm, exhibits multiple sub-peaks, while the *D,
— "Fs, 'F,, and “F; transitions generate fine-structure peaks at
wavelengths of approximately 540-550 nm, 580-590 nm, and
610-630 nm, respectively. This splitting is caused by the strong
influence of the crystal field on Tb®" energy levels and the

(a) 1373 nm

Il
I

EX (=545 nm)
Em (=373 nm)

Intensity (a.u.)

300 400 500 600 700
‘Wavelength (nm)

700 01 02 03 04 05 06 07 08

~
()
~
~
=
~'

1E+0 Aex =373 nm, A, =545 nm ThTeBOg
—_ - BGO
z 1E-1 =.
~ « LY =428 ph MeV™!
-
gl]“-l )
2 =
g T,ye = 0.24 ms 2
E1E3 3
= i, 92, oL o o =
DRI 0 Y00 6 3 6] o
1E-4
o -
B l 4 5 400 500 600 700 800

2 3
Time (ms) Wavelength (nm)

Fig. 4 (a) Steady-state PL excitation (left) and PL emission (right)
spectra of TbTeBOs at RT. (b) The corresponding CIE coordinate and the
corresponding photoluminescence image (inset). (c) PL decay of
TbTeBOs by monitoring the emission at 545 nm (lex = 373 nm). (d)
Comparison of the radioluminescence spectra of BGO and TbTeBOs.
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asymmetric coordination environment around the ion.**>>°
The strongest emission band is at 545 nm, and the chroma-
ticity coordinate is (0.36, 0.57), which corresponds to green
light (Fig. 4b). The decay curve obtained from the polycrystal-
line sample of TbTeBOs upon 373 nm near ultraviolet exci-
tation indicates that the effective lifetime of TbTeBO; is
0.24 ms for 545 nm emission (Fig. 4c). Furthermore, the
photoluminescence quantum yields (PLQYs) were measured as
high as 44.06%, indicating that TbTeBOs may be a promising
luminescent material for green-light emission.

The possible existence of radioluminescence (RL) in
TbTeBOs was investigated after confirming its PL properties.
TbTeBO; produced RL with the same emission bands related
to PL, as reported above (Fig. 4d). The integral emission of
TbTeBOs was compared with that of the commercial scintilla-
tor BGO, yielding a relative luminosity of 5.4% at room temp-
erature. In accordance with the aforementioned scintillator,
the light yield (LY), defined as the ratio of the number of pro-
duced photons to the energy of the X-rays, was 428 ph MeV ™"
in ThTeBOj; calculated with respect to BGO.*”

Birefringence

The birefringence of B-LTBO, YTeBOs and GdTeBOs5 was deter-
mined by employing a cross-polarizing microscope. The bire-
fringence of the crystal can be calculated using the following
formula: R = An x d, where R, An and d represent retardation,
birefringence and thickness, respectively. As illustrated in
Fig. S8,f crystal thicknesses are approximately 4.84, 109.74
and 51.62 pm, respectively. According to the chart of Michal
Levy, the respective retardation values are approximately 615,
8461 and 3625 nm. Accordingly, the birefringence values of
0.127, 0.077 and 0.070@546 nm are derived from the afore-
mentioned formula, which are almost equal to the values from
theoretical calculations. It is worth noting that the birefrin-
gence of B-LTBO is close to that of borates containing '[BO,]s
chains, such as LiBO, (0.126@1064 nm),'* Ca(BO,),
(0.124@1064 nm),>® and  LiysNagsAlB,0O4F, (LNABF)
(0.108@546 nm)." It can also be concluded that the birefrin-
gence of B-LTBO is the largest among those of compounds in
B-Te-O and other systems composed of the Te element and
n-conjugated planar triangle groups (Fig. 5). More significantly,
a comparison is conducted between B-LTBO and commercially
available birefringent crystals, such as YVO, and a-BaB,0,. At
546 nm, the birefringence of f-LTBO is 0.65 times that of YVO,
and 1.10 times that of a-BaB,0,. Additionally, f-LTBO exhibits
excellent stability in air and possesses a wide transmission
range from 0.4 to 6.5 pm, making f-LTBO a promising candi-
date for commercial birefringent materials.

Magnetic properties

We measured the temperature dependence of the magnetic
susceptibility (y) of our samples in the temperature range of
2 K to 300 K under an applied magnetic field H = 1000 Oe. For
GdTeBOs, y(T) increases monotonically upon cooling, showing
typical paramagnetic behavior in the range of 2-300 K
(Fig. 6a). This good linear behavior can be observed in the
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Fig. 5 Birefringence values of the reported compounds containing Te
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corresponding plot of the temperature-dependent inverse sus-
ceptibility (y~') over the whole temperature range. The behav-
ior of (T) can be well-fitted by a standard Curie-Weiss law (y =
C/(T — 6c-w)), which yields a small negative Curie-Weiss temp-
erature (Oc-w = —2.16 K), suggesting the existence of mainly
weak antiferromagnetic exchange interactions between mag-
netic Gd ions in this compound. The fitted effective magnetic
moment pg is about 7.93up per Gd ion. This value is in excel-
lent agreement with the magnetic moment of picac = 7.94up for
Gd*" (with J = § = 7/2) calculated using Hund’s rules. For
TbTeBOs, x(T) increases upon cooling at high temperature,
while below 4 K, it drops rapidly, suggesting an antiferro-
magnetic (AFM) transition (Fig. 6b). The corresponding Néel
temperature (Ty) is close to 4 K. The corresponding good line-
arity for y '(T) is well maintained in the high-temperature
paramagnetic range. The value of y(T) is well-fitted by the C-W
formula in the high-temperature range (above 30 K), yielding a
positive Ocw (15.38 K), suggesting the presence overall of
mainly ferromagnetic exchange interactions between neighbor-
ing Tb ions in this compound. The fitted effective magnetic
moment u.e is about 9.35u5. This value is very close to that of
Tb*" (feale = 9-72up With J = 6 and gy = 3/2), rather than that of
Tb*" (Ucate = 7.94ug with J = S = 7/2 and g; = 2), confirming triva-
lent Tb ions as the majority in our compound.>*>%:¢°

Theoretical studies

Theoretical calculations were performed using density func-
tional theory (DFT) methods. The band structure calculations
revealed that B-LTBO is an indirect band gap compound with a
gap of 3.37 eV (Fig. S9at), while YTeBO; and GdTeBOs are
direct band gap compounds with gaps of 3.66 and 3.69 eV

View Article Online
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(Fig. S9b and S9ct). The experimental band gaps of three com-
pounds are slightly lower than the measured values due to the
limitations of the GGA functional. Subsequently, the optical
property calculations were verified by employing the scissor
correction of 0.71 (La), 0.80 (Y) and 0.73 (Gd). As illustrated in
Fig. S10,} the density of states (DOS) of p-LTBO, YTeBOs and
GdTeBOs are analogous in terms of proximity to the Fermi
level. The top-most valence band, situated at —10 to 0 eV, is
predominantly characterized by the participation of O-2p, Te-
5s5p and B-2p orbitals. In addition, Gd displays a strong spin-
polarized characteristic and Gd-4f orbitals are involved in the
formation of the valence band. The bottom of the conduction
band, located at 0 to 10 eV, is primarily attributed to the invol-
vement of Te-5p, La-5d/Y-4d/Gd-5d4f and B-2p orbitals. The
density of states (DOS) of B, Te, RE and O exhibit a high
degree of overlap in the B-O, Te-O and RE-O bonds. The
optical properties of f-LTBO, YTeBO5s and GdTeBOs were calcu-
lated. The results demonstrate that the birefringence (An)
values of B-LTBO are 0.134@546 nm and 0.118@1064 nm
(Fig. 7a), which are the maximum values among compounds
containing Te(v) and n-conjugated group systems (Table S57).
Additionally, the birefringence (An) values of YTeBOs and
GdTeBO; are 0.080 and 0.074@546 nm, which are similar to
that of a-LTBO (0.083@532 nm) (Fig. 7b and c).

The origin of the large birefringence in B-LTBO was further
analyzed. From the perspective of group arrangement, the di-
hedral angles between the B(1)O; and B(2)O; motifs on the
'[BO,]s chain are 9.8° and 17.7°. The chain is completely
coplanar and oriented in the same direction with large struc-
tural anisotropy, which is beneficial to large birefringence.
From the perspective of its electronic structure, the electron
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density difference (EDD) map of B-LTBO was calculated
(Fig. 7d). There is a continuous accumulation of electron
density outside the '[BO,]., plane, extending across the entire
group plane, suggesting highly delocalized = electrons in the
vertical direction. The cross-sectional view in this direction
vividly revels the delocalized nature of the = electron cloud, as
indicated by the red-shaded area along the '[BO,], chain. In
contrast, the localized distribution of the ¢ bond along the B-
O direction within the plane highlights the localized electronic
property of the ¢ bond. Thus, the charge density forms a large
contrast between the in-plane and out-of-plane regions, result-
ing in huge anisotropy. Furthermore, we analyzed the EDD
diagram for the [TeO;]*” group. As illustrated in Fig. S11,} it is
evident that the lone-pair electrons of the [TeO;]>~ group are
aligned along the c-axis, while the n-conjugated delocalization
direction of the '[BO,],, chain is oriented along the b-axis.
Unfortunately, these two directions are nearly perpendicular to
each other, which does not facilitate favorable synergistic
effects on the birefringence performance. Consequently, the
birefringence of B-LTBO is primarily attributed to the '[BO,].
chain.

In order to show the effect of [BO;]’~ group aggregation
into the '[BO,],, chain on birefringence, we calculated the
polarizability anisotropy values of B,O,,.q (2 = 1, 2, ..., 20),
namely Soal(n(s))- The results show that dyocain(s)) increases lin-
early with chain elongation (Fig. 7e). Compared with the dis-
crete [BO;]*7, the promotion effect of n-conjugated delocaliza-
tion on the '[BO,]., chain can be expressed by Scotai(n(e)/(1(B) *
Op(n-1)), Which is denoted the permutation contribution rate
(PCR). As shown in the Fig. 7e, the PCR increases steadily with
the increase of the number of [BO;]*~ groups until it converges
and reaches a plateau value of 1.61. The 8y is much larger
than the sum of dp(,-1), indicating that the n-conjugated delo-
calization effect can maximize the superposition of FBBs in
the chain direction, thereby maximizing the birefringence.
Compared with LANBF, which has similar '[BO,]., chains, the
Stotal(n(m)) and PCR values of B-LTBO are better than those of
LANBF. This indicates that the n-conjugated electron delocali-
zation of the '[BO,],, chain in B-LTBO is improved, and
optimal coplanarity in chains of the same type is exhibited,
which further leads to the increase of birefringence.

Conclusions

In summary, p-LaTeBOs and RETeBOs (RE =Y, Gd, Tb) have
been successfully synthesized by using a high-temperature
solution method. p-LaTeBOs comprises two homozygous
[TeLaOs]., layers interconnected by a '[BO,]., chain into a 3D
structure. RETeBO; (RE =Y, Gd, Tb) exhibits 0D [Te,B,010]°~
clusters bridged by lanthanide ions into a different 3D struc-
ture. A phase transition from the f phase to the a phase at
700 °C was observed for LaTeBO;. The birefringence of f-LTBO
of 0.134@546 nm is much larger than that of RETeBO; (RE =
Y, Gd, Tb), which is due to the '[BO,],, chains of [BO;]*~
groups in p-LaTeBOs. Additionally, p-LTBO demonstrates the
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largest birefringence within the borate-tellurite system.
TbTeBOs emits green light with a long lifetime of 0.24 ms.
This work demonstrates that explorations in metal-Te(iv)-B-O
systems may lead to the discovery of numerous novel multi-
functional materials.
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