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Ag(Te2O3)(PO4): The first Ag-containing phosphate-tellurite nonlinear
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A B S T R A C T

Based on a functional group composite strategy, the first Ag-containing phosphate-tellurite nonlinear optical
(NLO) crystal, Ag(Te2O3)(PO4), was synthesized via a subcritical hydrothermal method. This crystal crystallizes
in the noncentrosymmetric space group Pmn21, featuring a unique zigzag two-dimensional [(Te2O3)(PO4)]∞
layer. It possesses the strongest powder second-harmonic generation (SHG) response among all reported
phosphate-tellurite compounds, reaching 2.1 × KH2PO4, along with a moderate birefringence of 0.045@546 nm.
Theoretical calculations indicate that the TeO4 group with stereochemically active lone-pair electrons, together
with AgO7 polyhedra and PO4 group, synergistically contributes to its optical properties. This functional group
composite strategy not only facilitates the integration of phosphate and tellurite units with Ag+ cations, but also
offers a versatile route for designing NLO materials across diverse inorganic systems.

Nonlinear optical (NLO) materials play a crucial role in solid-state
lasers, enabling the generation of tunable laser outputs via their fre-
quency conversion properties, which are widely used across various
fields such as medical equipment, optical communications, sensors,
optical storage, and high-precision devices [1–4]. Metal oxides are
commonly employed in the development of NLO crystals operating
across the deep-ultraviolet (DUV, < 200 nm), ultraviolet-visible-near
infrared (UV-Vis-NIR), and even mid-infrared (2.5–5 μm) regions [5]. In
these bands, a high-performance second-order NLO crystal typically
requires to meet the following conditions: 1) a non-centrosymmetric
(NCS) structure; 2) a wide transparency range with the largest
possible bandgap (Eg), which is usually beneficial for achieving a high
laser damage threshold; 3) a large second-harmonic generation (SHG)
coefficient (KH2PO4 (KDP) with d36 = 0.39 p.m. V− 1 is usually used as a
reference); 4) a sufficient birefringence (Δn) for optimal phase matching
capability; 5) good crystal growth habit; 6) stable physical and chemical
properties [6,7]. However, crystals that can meet all these conditions
simultaneously are very rare. Although many excellent NLO crystals
have been developed, the rapid advancement of laser technology keeps
the development of novel NLO crystals a focal point and an active
frontier in materials science.

The rapid development of NLO crystals has benefited from the pro-
posal of anionic group theory, which states that the macroscopic NLO
properties of crystals originate from the geometric superposition of
microscopic functional units [8]. It implies that the selection of micro-
scopic functional groups and the control of their spatial arrangement are
crucial for obtaining ideal NLO crystals. Currently, commercially
available NLO crystals mainly include β-BaB2O4 (β-BBO), LiB3O5 (LBO),
CsLiB6O10 (CLBO), BiB3O6 (BIBO), KDP, KTiOPO4 (KTP), LiNbO3 (LN),
etc. [9–15]. Such crystals are predominantly derived from borates,
phosphates, and certain transition-metal oxides, because these com-
pound systems can offer a remarkably rich structural diversity for the
exploration of NLO crystals. Particularly, in borates and phosphates [4,
16,17], the triangular π-conjugated BO3 and tetrahedral BO4 and PO4
are widely recognized as two types of the most classic microscopic
functional groups for NLO crystals, which can assemble into rich and
diverse structures through flexible connection modes. In addition, their
compounds often exhibit favorable physicochemical properties. Based
on these two types of functional groups, a series of outstanding NLO
crystals have been found in carbonates, nitrates, guanidine salts, cya-
nurates, sulfates, fluorooxoborates, fluorophosphate, polar tetrahedral
organic molecular crystals, and so on through the isomorphic functional
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group substitution (CO3, NO3, C(NH2)3, C3N3O3, and SO4) and local
group modification (e.g., BO3F, PO3F, SO3F, NH2SO3, SO2(NH2)2) stra-
tegies [18–46].

In recent years, mixing two types of NLO-active groups into a single
crystal has emerged as an effective strategy for designing new NLO
materials [3,47–59]. Moreover, the properties of crystals can be pre-
cisely tuned through the combination of functional groups with distinct
characteristics. For example, introducing transition-metal
oxide/fluorine octahedra (e.g., NbOxF6–x, VOxF6–x, and MoOxF6–x)
capable of generating Jahn-Teller distortions, or incorporating groups
(e.g., IO3, TeO3, and TeO4) and cations with stereochemically active lone
pairs (SCALP) (e.g., Pb2+ and Bi3+), can significantly enhance the SHG
response of crystals [60–67].

In our previous studies, a variety of crystals were synthesized via the
functional group composite strategy, including the first metal borate-
iodate NLO crystal Be2(BO3)(IO3) [68], the niobium-tellurite LiNb-
TeO5 [69], the germanate-niobate K3Nb3Ge2O13 [70], the mercury-
based tellurite-nitrates Hg3(TeO3)2(NO3)2 and Hg3(Te2O5)2(NO3)2
[71], as well as the guanidinium sulfamate [C2N4H7O][NH2SO3] [72],
etc. In this work, we further applied the same strategy to explore the
phosphate-tellurite system and successfully incorporated the d10 tran-
sition metal cation Ag+, leading to the synthesis of the first
Ag-containing phosphate-tellurite, Ag(Te2O3)(PO4). It should be noted
that the reported phosphate-tellurites are scarce, which may be attrib-
utable to the synthetic difficulties. As a new member of the
phosphate-tellurite family, the titled compound features a unique zigzag
two-dimensional (2D) layered structure and exhibits the strongest SHG
response of 2.1 × KDP, along with a moderate birefringence of
0.045@546 nm.

Single crystals of Ag(Te2O3)(PO4) were prepared by the subcritical
hydrothermal method (see details in the Supporting Information (SI)).
The phase purity was confirmed by powder XRD diffraction (Fig. S1(a)),
and energy-dispersive X-ray spectroscopy (EDS) analysis confirmed the
existence of Te, P, Ag, and O (Fig. S1(b)). Besides, bond valence calcu-
lations gave valence states of +1.0 for Ag+, +3.79 for Te4+, and +4.84
for P5+, which agree well with their ideal values. Detailed crystallo-
graphic data and structural refinement parameters are listed in
Table S1–4 of the SI.

Ag(Te2O3)(PO4) crystallizes in the NCS orthorhombic space group
Pmn21 (No. 31) with cell parameters a = 8.7625(6), b = 7.3886(7),
c = 4.7013(3) Å and Z = 2. The asymmetric unit is composed of one P
atom, one Te atom, one Ag atom, and five O atoms. All the Te atoms are
connected to four O atoms to form seesaw TeO4 groups with Te–O bond
length ranges from 1.897(6) to 2.077(7) Å. The Ag atom coordinates

with seven O atoms to form the AgO7 polyhedron, and the bond length of
Ag–O varies from 2.41(2) to 2.94(7) Å. All the P atoms are coordinated
by four O atoms to form PO4 groups with the P–O bonds in 1.526(9)–
1.565(6) Å. As shown in Fig. 1(a), Ag(Te2O3)(PO4) features a 2D
layered structure, in which PO4 and TeO4 groups interconnect through
corner-sharing oxygen atoms, forming a zigzag [(Te2O3)(PO4)]∞ 2D
layer. The Ag+ are located between the layers to balance the charge.
Viewed along the b-axis, the TeO4 groups are connected by sharing O
atoms, forming 2D layers with 12-membered rings (MRs), within which
the PO4 groups are located (Fig. 1(b)). The calculated dipole moment of
an individual TeO4 is 15 Debye. The net dipole moment of all TeO4
groups is enhanced by superposition along the c-axis. As Fig. 1(c) plots,
the lone pair electrons on all TeO4 units in this structure tend to point in
the positive direction of the c-axis with an angle of ±38◦, and such
arrangement is favorable for enhancing the SHG effect.

Thermogravimetry-differential thermal analysis of Ag(Te2O3)(PO4)
was performed in an argon atmosphere over the temperature range of
30–1200 ◦C. As shown in Fig. S2(a), a slight weight loss of ~1.6%
observed at 360 ◦C is attributed to the cracking and fly-off of crystals
during the heating process. An obvious endothermic peak appears at
548 ◦C without weight loss. The drastic weight loss occurring above
758 ◦C can be ascribed to the decomposition of TeO2.

The UV-Vis-NIR diffuse reflectance spectrum of Ag(Te2O3)(PO4)
powder samples was characterized (Fig. 2(a)). Its UV absorption cutoff
edge is located at 274 nm. The corresponding band gap is 3.98 eV based
on the transformation of the Kubelka-Munk function. As the infrared
(IR) spectrum (Fig. S2(b)) of Ag(Te2O3(PO4) shows, the asymmetric and
symmetric stretching vibrations of the PO4 group were observed at
915–990 and 1096 cm− 1. Absorption peaks in the range of
418–627 cm− 1 were attributed to the vibrations of Te–O bonds. These
values match well with other compounds containing P–O and Te–O
functional groups.

The powder SHG effect of Ag(Te2O3)(PO4) was evaluated using the
Kurtz-Perry method with a Q-switched Nd:YAG solid-state laser [73]. As
shown in Fig. 2(b), the sample within the particle size range of
150–212 μm exhibits an SHG intensity of 2.1 × KDP@1064 nm. The SHG
signal increases with particle size, indicating that Ag(Te2O3)(PO4) is
phase-matchable.

To better understand the microscopic mechanism of the interaction
between optical properties and electronic structures, the first-principles
calculations were performed based on the density functional theory
(DFT) [74–77]. As shown in Fig. S3, the top of the valence band (VB) and
the bottom of the conduction band (CB) are located at different positions
in k-space, indicating that Ag(Te2O3)(PO4) is an indirect bandgap

Fig. 1. Crystal structure of Ag(Te2O3)(PO4). (a) The layered structure of Ag(Te2O3)(PO4) viewed along the c-axis; (b) The [(Te2O3)(PO4)]∞ layer viewed along the b-
axis; (c) The structure of Ag(Te2O3)(PO4) viewed along the a-axis with the arrangement orientation of TeO4 marked out.
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compound. Due to the discontinuity of the generalized gradient
approximation (GGA) and the Perdew-Burke-Ernzerhof (PBE) func-
tional, the theoretical bandgap was underestimated as 2.849 eV,
compared to the experimental value of 3.98 eV [78]. Therefore, a scis-
sors operation with a value of 1.041 eV was applied to adjust all con-
duction bands upwards to be consistent with experimental values [79].
Under the restriction of Kleinman symmetry, Ag(Te2O3)(PO4) has three
independent nonzero SHG coefficients d15, d24, and d33, which are
calculated as 0.437, 1.206, and 0.760 p.m. V− 1 (Fig. S3(b)). Among
them, d24 is the largest tensor, which is approximately 3.1 × KDP.

Because the optical properties hinge on the electronic transitions
near the Fermi level, we calculated the total density of states (DOS) and
partial density of states (PDOS) for each element in Ag(Te2O3)(PO4). As
shown in Fig. 2(c), the top of VB (− 3–0 eV) is mainly occupied by O-2p
and Ag-4d orbitals. In this region, Te-5p and P-3p orbitals made a minor
contribution. As for the bottom of CB (0–5 eV), it is mainly occupied by
Te-5p and O-2p. Both Ag-5s and P-3p orbitals made small contributions.
It can be concluded that the optical properties of Ag(Te2O3)(PO4) are
mainly determined by the TeO4 groups. Meanwhile, AgO7 polyhedra
made non-negligible contributions, and the contribution of PO4 is the
least. Given that the SHG-weighted electron densities of occupied and
unoccupied states in the virtual electron (VE) process predominantly
govern the SHG response, the largest tensor d24 was analyzed to

intuitively elucidate the origin of the SHG effect. The result (Fig. 2(d))
further confirmed that the synergistic effect of TeO4, PO4, and AgO7
polyhedra leads to the SHG effect of the crystal.

To determine the birefringence (Δn), a randomly oriented plate-like
crystal of Ag(Te2O3)(PO4) with a thickness d = 16.5 μm was analyzed
using a polarizing microscope equipped with a 546 nm monochromatic
light source (Fig. 2(e)). The optical path difference Rwas measured to be
750 nm. Based on the relationship R = Δn × d, the birefringence of the
selected Ag(Te2O3)(PO4) crystal was determined to be Δn = 0.045@546
nm. The calculated refractive index dispersion curve of Ag(Te2O3)(PO4)
is shown in Fig. 2(f) with the order of refractive indices being
nb > na > nc, and the birefringence being 0.037@546 nm, which is quite
close to the experimental result. Additionally, Ag(Te2O3)(PO4) has been
identified as a biaxial crystal.

Based on data from the Inorganic Crystal Structure Database (ICSD),
a total of 14 phosphate-tellurites have been reported to date, of which 9
are centrosymmetric. The remaining 5 compounds are NCS but exhibit
only very weak SHG responses, rarely exceeding 0.2 × KDP. As sum-
marized in Table 1, Ag(Te2O3)(PO4) achieves a remarkably high SHG
response of 2.1 × KDP, which represents the current record for this
material system. It also possesses a comparably short UV cutoff edge
(274 nm) and a large band gap (3.98 eV). However, its birefringence
(0.045@546 nm) is the smallest among these compounds with available

Fig. 2. Properties of Ag(Te2O3)(PO4). (a) The UV-Vis-NIR diffuse reflectance spectrum of Ag(Te2O3)(PO4); (b) The powder SHG measurements of Ag(Te2O3)(PO4)
and KDP at 1064 nm; (c) Calculated total and partial DOS for Ag(Te2O3)(PO4); (d) SHG-weighted electron density maps of the occupied and unoccupied states in the
VE process; (e) Crystal with interference colour for measuring the birefringence; (f) Calculated refractive index and birefringence for Ag(Te2O3)(PO4).

Table 1
Optical properties of some phosphate-tellurites.

Compound Space group Absorption edge (nm) Band gap (eV) SHG efficiency Birefringence Reference

K2TeP2O8 P21212 \ 4.6 < 0.1 × KDP > 0.05@546 nm [80]
NaTePO5 P1 \ 3.83 \ 0.212@1064 nm [81]
SrTeP2O8 P21/c \ 4.09 \ 0.133@1064 nm [81]
Ba2TeP2O9 P1 \ 4.28 \ 0.126@1064 nm [81]
K2(TeO)P2O7 P21 299 4.16 0.1 × KDP 0.07@1064 nm [82]
Rb2(TeO)P2O7 P21212 292 4.26 0.1 × KDP 0.09@1064 nm [82]
Cs2(TeO)P2O7 Pnma 317 3.92 \ 0.06@1064 nm [82]
Cd3(PO4)(TePO6) P21/c \ 3.52 \ 0.075@1064 nm [83]
Na3Ca4(TeO3)(PO4)3 P63 \ 3.6 0.2 × KDP 0.05@1064 nm [84]
Sr2Zn3Te2P2O14 P21/c 275 \ \ \ [85]
Pb2Zn3Te2P2O14 P21/c 330 \ \ \ [85]
Ba2Zn2TeP2O11 P21/c 278 \ \ \ [85]
Te2O(PO4)2 Cc \ 4 50 × α-SiO2 \ [86]
β-Te3O3(PO4)2 P21/n 248 4.04 \ \ [87]
Ag(Te2O3)(PO4) Pmn21 274 3.98 2.1 × KDP Cal. 0.037@546 nm This work

Exp. 0.045@546 nm
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data. This indirectly indicates that compounds in this class generally
exhibit relatively large birefringence.

In conclusion, based on the functional group composite strategy, the
first Ag-containing phosphate-tellurite NLO material, Ag(Te2O3)(PO4),
has been successfully synthesized via the subcritical hydrothermal
method. This crystal exhibits an excellent powder SHG effect
(2.1 × KDP) and a moderate birefringence (0.045@546 nm). Theoretical
calculations demonstrate that the synergistic effect of TeO4, AgO7, and
PO4 was responsible for the SHG effect. This work not only provides a
promising NLO candidate crystal but also offers new references for
exploring new phosphate-tellurite NLO materials.
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