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Nonlinear optical (NLO) crystals serve as indispensable components in laser technology. Many modifi-
cations of sulfate-based NLO materials rely on introducing a single type of functional cation, which in
some cases leads to an imbalanced improvement in either NLO response or birefringence. To enable sim-
ultaneous improvement of these key properties, we designed and synthesized a novel sulfate compound,
Nb,O,(TeO3),(SO4), using a double second-order Jahn-Teller (SOJT) strategy that introduces both Nb>*
(d® cation) and Te** (lone-pair cation) into the sulfate framework. Remarkably, the introduction of dis-
torted [NbOg] octahedra and [TeOs] pyramids enables the material to achieve a remarkable birefringence
of 0.197 at 546 nm and a second-harmonic generation (SHG) response 0.82 times that of KH,PO,4 (KDP).
Furthermore, the compound exhibits high thermal stability (>600 °C), maintains chemical stability in both
water and concentrated sulfuric acid, and possesses an ultraviolet (UV) cutoff edge at 305 nm. Theoretical
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analyses confirm that the synergy between the [NbOg] octahedra and the [TeOs] pyramids is the key
mechanism for the enhanced SHG response and birefringence. This work demonstrates the potential of
Nb,O,(TeO3),(SO4) as a UV-NLO material and validates the effectiveness of the multi-component syner-
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Introduction

In modern laser science and technology, ultraviolet (UV) non-
linear optical (NLO) materials serve as critical components for
laser wavelength conversion and are widely used in precision
micromachining, photolithography, and biomedical
imaging."™ This is because they can effectively extend the
wavelength range of commonly used laser sources through fre-
quency conversion processes such as second-harmonic gene-
ration (SHG).® As is well known, high-performance NLO
materials are typically required to possess a non-centro-
symmetric (NCS) structure, a relatively large SHG coefficient, a
wide UV transparency window, appropriate birefringence, good
stability, and crystal growth ability.”*° However, these per-
formance parameters are often subject to restrictive relation-
ships, which pose severe challenges to the design and prepa-
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gistic strategy in designing advanced NLO crystals.

ration of high-performance UV-NLO materials."*™* Therefore,

the exploration of novel UV-NLO candidate compounds is
required.

Traditionally, the design strategies of NLO materials have
primarily focused on incorporating =n-conjugated planar
anionic groups, such as [CO;], [BOs], [NOs], [B3;O¢], and
[C3N303], due to their capacity for strong SHG response and
birefringence.””* However, such materials generally suffer
from narrow UV transparency windows and poor thermal stabi-
lity. In recent years, researchers have shifted their attention to
non-n-conjugated [SO,] tetrahedral groups, which can endow
materials with a wider UV transparency window and higher
thermal stability,>*>* such as LigNazRb,(SO4),*®> and
NH,NaLi,(SO,),.>° However, due to the small microscopic
second-order polarizability and weak structural anisotropy of
tetrahedral groups, most of these crystals exhibit weak SHG
signals and/or small birefringence. For instance, the birefrin-
gence of LiNH,SO, is only 0.0078 at 532 nm,>” which severely
limits its practical applications.

To overcome the inherent limitations of sulfates, the intro-
duction of cations susceptible to second-order Jahn-Teller
(SQOJT) distortions has proven to be an effective strategy, such
as stereochemically active lone pairs of electrons (SCALP) (e.g.,
Bi**, Te*", and Sb®")""***° and octahedrally coordinated d°
cations (e.g., Nb**, Ti**, and Mo®").?>°® SCALP cations such as
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Te*" typically form asymmetric coordination polyhedra (e.g.,
[TeO;] pyramids or [TeO,] polyhedra), whose intrinsic struc-
tural anisotropy, amplified by the directional arrangement of
lone pairs, is highly effective for generating large birefrin-
gence, as observed in various sulfate-tellurite systems.?”*
Meanwhile, d° cations like Nb>" ions tend to form distorted
[NbOg] octahedra, and such structural units can generate sig-
nificant local polarization, effectively promoting the formation
of NCS structures and enhancing macroscopic nonlinear
optical responses.***'™*> Many current modifications still rely
on introducing only one type of SOJT-active cation, which in
some cases results in selective enhancement of either birefrin-
gence or NLO response, such as In3(SO,4)(TeO3),F3(H,0) (0.11 x
KDP, 0.0876@1064 nm)*® and K,Sb(SO,);Cl (0.1 x KDP,
0.068@546 nm)."* Theoretically, the co-incorporation of these
two distinct types of SOJT-active units within a common
sulfate matrix could enable coupling between the geometric
anisotropy driven by SCALP cations and the electronic polariz-
ation induced by d° cations, potentially leading to improve-
ment of both key optical properties.*>*® However, research on
sulfate systems capable of integrating both SCALP cations and
d’ cations remains limited. Therefore, there is significant
potential to grow high-performance NLO crystals using a dual-
SOJT cooperative strategy.

Motivated by this concept, we herein introduce [NbOg] octa-
hedra and [TeOj;] pyramids into a single sulfate framework to
synthesize a novel sulfate compound, Nb,O,(TeO3),(SO,4), by
the hydrothermal method. Property measurements reveal that
this material retains the wide UV transparency and high
thermal stability (>600 °C) of sulfates, while exhibiting a mod-
erate SHG response of approximately 0.82 times that of
KH,PO, (KDP) and a remarkable birefringence of 0.197 at
546 nm, indicating its great potential as a UV-NLO material.

Experimental details

Reagents

Nb,Os (>99.99%, Aladdin), TeO, (99.99%, Aladdin), and
H,S0, (98%, Chengdu Jinshan Chemical Reagent) are analyti-
cal grade and were used without further purification.

Synthesis

Single crystals of Nb,0,(Te0;),(SO,) were successfully obtained
via a hydrothermal reaction. A mixture of Nb,Os (0.0399 g,
0.15 mmol), TeO, (0.1197 g, 0.75 mmol), H,SO, (2 mL), and
deionized water (1 mL) was stirred magnetically for
15-20 minutes and then transferred into a 25 mL Teflon-lined
stainless-steel autoclave. The sealed autoclave was heated at
230 °C for 3 days and then cooled to 30 °C at a rate of 2 °C
h™". The possible chemical reaction for this reaction should be
Nb,Os5 + TeO, + H,SO, — Nb,0,(Te03),(SO,) + H,0. The reac-
tion product was washed with deionized water and dried in air
at 50 °C for 3 hours. Pure colorless and transparent plate-like
Nb,0,(Te03),(SO,) crystals were isolated under a microscope,
with a yield of about 51% (based on Nb element).
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Single-crystal X-ray diffraction

The single-crystal X-ray diffraction (SCXRD) data of
Nb,0,(Te03),(SO4) were collected using a Bruker D8 Quest
diffractometer with a Phonon III detector and four-cycle kappa
geometry, and an Incoatec InuS 3.0 Mo-Ka microfocus source (4
= 0.71073 A). The measurements were carried out at 296.00 K.
The APEX5 software package was used to conduct data collec-
tion and reduction.”” The structure was solved through direct
methods using SHELXS-1997 and refined with the XL refine-
ment package using least-squares minimization, with the
chemical formula of the compound determined.*® Based on
the diffraction data, two possible space groups, Cc and C2/c,
were considered. Although the refinement results for both
space groups were equally good, Cc was selected due to the
observed SHG response, which dictates that the space group
must be non-centrosymmetric. The structural model was exam-
ined for missed symmetry using the PLATON program, and no
additional crystallographic symmetry consistent with the diffr-
action data was detected.*® The relevant crystal data and struc-
ture refinement details of Nb,O,(TeO;),(SO4) are given in
Table S1. Atomic coordinates, equivalent isotropic displace-
ment parameters, bond valence sums, selected bond lengths,
and bond angles are listed in Tables S2-54.

Powder X-ray diffraction

Powder X-ray diffraction (PXRD) data for Nb,O,(TeOj3),(SO4)
were collected using a Bruker D2 PHASER diffractometer
equipped with graphite-monochromated Cu-Ka radiation (4 =
1.5406 A). The measurement was performed over a 26 range
from 5° to 70° with a step size of 0.02° and a scan rate of 0.1 s
per step.

Thermal analysis

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) measurements of the Nb,0,(TeO;),(SO,)
sample were performed using a NETZSCH STA 449F5 simul-
taneous thermal analyzer under a nitrogen atmosphere.
Approximately 7.14 mg of the sample was loaded into an Al,O;
crucible and heated from room temperature to 1200 °C at a

heating rate of 10 °C-min™".

Infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy of
Nb,0,(Te03),(SO,4) was performed using a Bruker INVENIO R
Fourier transform infrared spectrometer at room temperature,

over the wavenumber range of 4000-400 cm ™.

UV-Vis-NIR diffuse reflectance spectra

The UV-Vis-NIR diffuse reflectance spectra of Nb,O,(TeOs),(SO,)
were recorded at room temperature using a LAMBDA 1050+
UV/Vis/NIR spectrophotometer, covering a wavelength range of
200-2500 nm. The reflectance spectra were converted into absorp-
tion spectra using the Kubelka-Munk function K/S = FR) =
(1 — R)/2R, where S is the scattering coefficient, K is the absorp-
tion coefficient, and R is the reflectance.*®

This journal is © The Royal Society of Chemistry 2026
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Second-harmonic generation measurements

The SHG response of a Nb,0,(TeOs),(SO,4) single crystal was
measured using a home-designed goLite solution-NLO system.
A 1064 nm pulsed fiber laser was used as the excitation source,
and experiments were conducted by varying its output power.
The SHG signals were collected using a spectrometer
(NVOA2S-EX). The system was validated with a KDP single
crystal before starting the measurements. The Bruker D8 Quest
diffractometer was used to determine the crystal plane orien-
tation of the crystal under test. Additionally, the SHG
efficiency of polycrystalline crystals with different particle sizes
was measured under irradiation from a Q-switched Nd:YAG
laser at 1064 nm, using the Kurtz-Perry method.>" Since the
SHG intensity is dependent on  particle size,
Nb,0,(Te03),(SO,) crystals were ground and sieved into several
particle size ranges (30-46, 46-60, 60-75, 75-125, 125-150,
and 150-214 pm), and KDP microcrystals with corresponding
size ranges served as references.

Birefringence measurement

The birefringence of an Nb,0,(TeOs3),(SO,) crystal was
measured using a BX53MTRF-S polarizing microscope
equipped with a Berek compensator. A transparent and clean
flake of Nb,0,(TeO3),(SO,) was selected for the measurement.
The birefringence value (An) was calculated using the formula
AR = An x d, where AR is the optical path difference and d is
the thickness of the selected crystal.>

Theoretical calculations

First-principles calculations based on density functional
theory (DFT) were performed using the Vienna Ab initio
Simulation Package (VASP).”>** The DFT method has proven to
be one of the most accurate methods for the computation of
the electronic structure of solids.”>®' The projector augmen-
ted wave (PAW)°* pseudopotential method and the generalized
gradient approximation (GGA)** of the Perdew-Burke-
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Ernzerhof (PBE) exchange-correlation energy functional were
used. The cutoff energy was set as 500 eV. For geometry optim-
ization, the first Brillouin zone was sampled using a I'-centered
k mesh of 5 x 5 x 5. The convergence threshold was set to be
1% 10° eV in energy and 0.02 eV A™" in force.

Results and discussion

Single-crystal ~ X-ray diffraction analysis reveals that
Nb,0,(Te03),(SO,) crystallizes in the non-centrosymmetric and
polar space group Cc (no. 9), which corresponds to crystal class
m (Schonflies symbol Cs). The lattice parameters are a =
20.0326(7) A, b = 6.5977(3) A, ¢ = 7.6438(2) A, § = 107.220(2) °
Z=4and V= 964.99(6) A* (Table S1). The asymmetric unit con-
tains two unique Nb atoms, two Te atoms, one S atom, and
twelve unique O atoms. Each Te atom is bonded to three O
atoms, forming a [TeO;] pyramid containing SCALP electrons,
with the Te-O bond lengths ranging from 1.814 to 1.954 A
(Table S3). The S atom is coordinated by four O atoms, generat-
ing a typical [SO4] unit with S-O bond lengths ranging from
1.409 to 1.530 A. Six O atoms coordinate the Nb atom to form
a typical [NbOg] octahedron, with Nb-O bond lengths in the
range of 1.773-2.171 A. In the crystal structure, the [NbOg]
octahedra share O atoms to form one-dimensional (1D) chains
(Fig. S1). These chains are interconnected by [TeOs] pyramids,
giving rise to [(NbO,0s/,),(TeO3,),] layers parallel to the bc
plane (Fig. 1a). These layers are further interconnected along
the g-axis by [SO,] tetrahedra to form a 3D framework of
Nb,0,(Te0s),(SO0,) (Fig. 1b). It is noteworthy that one Nb atom
in Nb,0,(TeO3),(SO,4) exhibits crystallographic disorder, occu-
pying two distinct positions with site occupancy factors of 78%
and 22%, corresponding to Nb2 and Nb2A, respectively. As
shown in Fig. S2, influenced by the SOJT effect, all [NbOg] octa-
hedra exhibit clear separation into three long and three short
Nb-O bonds, forming an asymmetric coordination environ-
ment, with bond length ranges of 2.014-2.127 A and
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Fig. 1 Crystal structure of Nb,O,(TeO3),(SO,4) viewed along the (a) [100] and (b) [010] directions.
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1.816-1.946 A for Nb1, 2.029-2.172 A and 1.773-1.966 A for
Nb2, and 2.028-2.172 A and 1.773-1.954 A for Nb2A. Notably,
the three long Nb-O bonds are preferentially oriented toward
one side of the octahedron, while the three short bonds are
clustered on the opposite side, resulting in an off-center dis-
placement of the Nb atom. According to the classification pro-
posed by Halasyamani,®® the out-of-center distortion of the
[NbO¢] octahedron in this structure can be classified as
Cs[111]-type distortion. The calculated magnitudes of the octa-
hedral out-of-center distortion (Ad) are 0.63 for the [Nb1Og]
octahedron, 0.60 for the [Nb20Og] octahedron (78%), and 0.62
for the [Nb2AOg] octahedron (22%), which is a moderate dis-
tortion. The calculated bond valence sums (BVSs) for Nb®*,
Te', S°, and O* in Nb,0,(Te0;),(SO,) are 5.18-5.32,
3.73-3.94, 6.10, and 1.65-2.22, respectively, which are consist-
ent with their oxidation states (Table 52).5>%°

PXRD analysis of Nb,0,(Te0O;),(SO,) was carried out to
evaluate its phase purity. The experimental PXRD pattern
matches well with the simulated pattern generated from the
single-crystal X-ray diffraction data, confirming the phase
purity of the sample and validating the accuracy of the refined
crystal structure (Fig. S3). To assess the chemical stability, the
samples were respectively immersed in water and concentrated
sulfuric acid for 15 days and exposed to air for 6 months. No
noticeable change in mass, appearance or morphology was
observed, and the PXRD patterns remained consistent with
those before treatment, confirming its excellent chemical
stability in both water and concentrated sulfuric acid, as well
as outstanding long-term environmental stability (Fig. S4).

To further investigate the thermal stability of
Nb,0,(Te05),(SO,), TGA and DSC analyses were performed.
The TGA curve indicates that the Nb,O,(TeO3),(SO,4) crystal
exhibits almost no weight loss below 600 °C, and no obvious
endothermic or exothermic peaks are observed in the DSC
curve before 600 °C, suggesting that no decomposition occurs
in this temperature range (Fig. S5). The thermal decompo-
sition of Nb,0,(Te0;),(SO,) proceeds in two stages. The first
stage starts at approximately 600 °C and ends at 750 °C, with
an observed weight loss of 12.54%, which agrees well with the
theoretical value of 12.03% corresponding to the release of
SO;. The second stage occurs between 750 °C and 1200 °C and
can be attributed to the decomposition of TeO,. However, the
tellurite species are not completely removed even at 1200 °C.
According to previous reports, the thermal stability of this
compound is second only to that of Y,(Te,0,0)(SO4) among the
known tellurium-sulfate systems (Table S5).*° These results
collectively demonstrate that Nb,O,(TeO;),(SO,) possesses
excellent thermochemical stability, providing a reliable struc-
tural basis for subsequent optical property measurements.

The IR spectrum of Nb,O,(TeO3),(SO,) (4000-400 cm™,
Fig. S6) provides stronger evidence for its structural model. No
obvious characteristic absorption bands were observed
between 4000 and 1350 cm™*. The strong absorption bands in
the range of 1200-950 cm™" can be attributed to the stretching
vibrations of S-O bonds, confirming the presence of [SO,] tet-
rahedra. The characteristic peaks observed at 850-600 cm ™"
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and 400-510 cm ™" are attributed to the stretching vibrations of
Te-O bonds, whereas the absorption band at 584 cm™ orig-
inates from the characteristic stretching of Nb-O bonds. The
positions of these characteristic bands are consistent with
those reported for related compounds, further supporting the
structural analysis results.>%3%3%¢7

Fig. 2 presents the UV-Vis-NIR diffuse reflectance spectra of
Nb,0,(Te05),(SO,). The result shows an optical band gap of
3.2 eV, corresponding to an absorption edge at approximately
305 nm, indicating that Nb,O,(TeO3),(SO,) is a potential UV
optical material. The band structure diagram from DFT calcu-
lations indicates that Nb,O,(TeOj3),(SO,) is a direct band-gap
semiconductor with a band gap of 2.8 eV (Fig. S7), 0.4 eV lower
than the experimental one owing to the well-known disconti-
nuity of the exchange-correlation potential within DFT-GGA
calculations.®®

The second-order NLO property of Nb,O,(TeO;),(SO,) was
evaluated by measuring the SHG response of the (100) crystal
face under 1064 nm laser irradiation at varying power using an
integrated frequency-doubling measurement system. The
results demonstrate a marked increase in SHG intensity with
incident laser power (Fig. 3a and Fig. S8). Furthermore, the
logarithmic plot in Fig. 3b reveals that the SHG intensity exhi-
bits a good linear relationship with the incident laser power,
with a fitted slope of 1.96, consistent with the characteristics
of a second-order NLO process.

To investigate the phase-matchable behaviour, the SHG
intensities of Nb,0,(Te0;),(SO,) samples with different par-
ticle sizes were measured and compared with those of KDP. As
shown in Fig. 3c, the SHG signals of Nb,O,(Te0;),(SO,) gradu-
ally increase with the particle size, indicating a phase-match-
able behaviour. Quantitative analysis reveals that in the
150214 pm size range, the SHG intensity of
Nb,0,(Te05),(SO,) reaches approximately 0.82 times that of
KDP, demonstrating a moderate frequency-doubling efficiency
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Fig. 2 UV-Vis-NIR diffuse reflectance spectra of Nb,O,(TeOs),(SOy,).
The inset shows the band gap at ambient pressure.
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Fig. 3 (a) SHG intensity of Nb,O,(TeO3),(SO4) under 1064 nm laser irradiation. (b) SHG intensity as a function of pump power on a logarithmic
scale. (c) SHG intensity versus particle size for Nb,O,(TeOs3),(SO4) and KDP under 1064 nm laser irradiation. (d) Oscilloscope traces of the SHG
signals of Nb,O,(TeO3),(SO4) and KDP in the same particle size range of 150—-212 pm.

and confirming its good NLO activity (Fig. 3d). To gain deeper
insight into the structural origin of its NCS nature, which is a
prerequisite for SHG activity, the dipole moments of the indi-
vidual structural units were calculated (Table S6). The analysis
reveals that the polarizations of the [NbOg], [TeOs], and [SO,]
units cancel each other along the y-direction but constructively
superimpose along the x- and z-directions. This NCS align-
ment of local dipoles results in a net macroscopic polarization,
consistent with the observed SHG response. This polarization
primarily stems from the synergistic contributions of the dis-
torted [NbOg] octahedra, the lone-pair-active [TeO3] pyramids,
and the [SO,] tetrahedra.

A sufficiently large birefringence (typically >0.02) is essen-
tial to ensure phase-matchable capability for potential NLO
crystals.’’ The birefringence of Nb,0,(TeO;),(SO,) was
measured using a BX53MTRF-S polarized optical microscope
equipped with a Berek compensator. A clean and transparent
single crystal was selected for measurement, and the measured
crystal plane is the (100) plane. The original interference color
of the Nb,0,(Te03),(SO,) single crystal observed under cross-
polarized light is fourth-order green, corresponding to an
optical path difference of 1831.31 nm for a crystal thickness of
9.288 pm (Fig. 4a-c). Based on the optical path difference
formula, the birefringence of the (100) plane was calculated to
be approximately 0.197 at 546 nm. DFT calculations reveal that
the refractive indices along the three optical principal axes
follow the relationship n, > n, ~ n, (Fig. 4d). The computed
birefringence value is 0.195 at 546 nm, in good agreement

This journal is © The Royal Society of Chemistry 2026

with the experimental observation. As shown in Table S7, in
sulfate NLO crystals, although the birefringence of
Nb,0,(Te03),(SO,4) (0.197@546 nm) is surpassed by those of a
few Ce-based compounds, this value significantly exceeds
those of most known sulfate NLO materials, which is almost
twice that of Hg,0,S0, (0.100@546 nm) and substantially
larger than those of other prominent systems like KBiCl,SO,
(0.098@1064 nm) and RbSbSO,CI, (0.110@1064 nm).*>’° This
remarkable birefringence not only ensures phase-matchable
capability but also demonstrates the effectiveness of combin-
ing [NbOg] and [TeOj3] units for enhancing optical anisotropy
in sulfate systems.

First-principles calculations were conducted to obtain
deeper insight into the relationship between the internal
structure and the optical properties of Nb,0,(TeO3),(SO,4). The
total and partial density of states (TDOS/PDOS) of
Nb,0,(Te03),(SO,) are presented in Fig. 5a. The results reveal
significant overlap between the electronic states of Nb and O
from the valence band (VB) to the conduction band (CB),
alongside moderate Te-O overlap. This indicates that the
Nb-O bonds possess strong covalent character, whereas the
Te-O bonds exhibit partial covalency. The top of the valence
band (-6 to 0 eV) is predominantly constituted by O-2p and
Te-5p orbitals. In comparison, the bottom of the conduction
band (2 to 7 eV) is dominated by Nb-4d states with a minor
Te-5p contribution, suggesting that Nb and O primarily deter-
mine the band gap. Since the optical properties of the com-
pound are mainly governed by orbitals near the Fermi level,
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Fig. 4 (a) The original interference color of the Nb,O,(TeO3),(SO,4) single crystal under cross-polarized light. (b) The extinction of the
Nb,O,(TeO3),(SO,4) single crystal. (c) The thickness of the single-crystal sample. (d) Calculated refractive index dispersion curves of
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Fig. 5 (a) Total and partial density of states for Nb,O,(TeO3),(SO,). (b) Electron density difference map of Nb,O,(TeOs),(SO,).

the calculations indicate that its optical response arises pri-
marily from the [NbOg] and [TeOs;] units. Furthermore, the
electron density difference (EDD) map confirms the strong
covalent interactions between the Nb and O atoms, where the
electron clouds will exhibit directional stretching and contrac-
tion along the external optical field, giving rise to a pro-
nounced polarization effect (Fig. 5b). These features underline
that the Nb-O bonds play a dominant role in the NLO activity.
Additionally, it is clearly described that Te** has SCALP elec-
trons. Therefore, the primary origin of this large birefringence

5194 | Dalton Trans., 2026, 55, 5189-5196

is the highly anisotropic polarizability tensor produced by (i)
directional Nb-O covalent bonds that induce strong electronic
delocalization along specific crystallographic axes and (ii) the
SCALP electrons on Te*", which increase local polarizability
and reinforce optical anisotropy; together these effects gene-
rate a large difference in refractive index between orthogonal
directions (An), accounting for the measured birefringence.
Consequently, these analyses indicate that the [NbO¢] and
[TeO;] groups significantly enhance SHG response and bire-
fringence in sulfate-based systems.

This journal is © The Royal Society of Chemistry 2026
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Conclusions

In conclusion, we successfully synthesized a novel UV-NLO
sulfate crystal Nb,O,(TeO;),(SO,) guided by a double SOJT
strategy. This compound overcomes the inherent limitations of
sulfates by exhibiting an exceptional combination of a remark-
able birefringence (0.197@546 nm), a moderate SHG response
(0.82 x KDP), and a wide UV transparency window. Also, its
practical applicability is further underscored by outstanding
thermochemical stability. First-principles calculations reveal
that the synergistic effect between the [NbOg] octahedra and
the [TeO;] pyramids is the fundamental origin of the enhanced
optical properties. This work not only presents a good-per-
formance candidate for UV-NLO applications but also validates
an effective strategy for the rational design of functional
materials.
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