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A defect pyrochlore-like acentric cubic lead
titanium-tellurate crystal exhibiting strong second
harmonic generation activity and an extended
transparent window
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Non-centrosymmetric (NCS) oxides have attracted considerable attention owing to their versatile appli-
cations in the optoelectronic field. However, tailoring oxide-based NCS crystals with a wide transparency
range remains a challenge. Here, we present an acentric cubic lead titanium-tellurate crystal Pb,TizTeO;3
(PTTO), identified via spontaneous crystallization using the traditional pyrochlore structure as a template.
Notably, PTTO features a defect pyrochlore-like structure, characterized by the presence of distorted [Ti/
TeOgl octahedra and [PbO;] polyhedra, endowing it with a strong second harmonic generation (SHG)
activity of about 0.4 x AgGasS,. More importantly, the notable merit of heavy elements Pb and Te lies in
their inherently low phonon energy, which effectively redshifts the infrared (IR) transmission cutoff edge
exceeding 7.6 pm, thereby surpassing the majority of previously reported tellurate-based acentric crystals.
Additionally, a combination of theoretical and structural analyses was employed to elucidate the origin of
optical activity in PTTO. These findings inspire a way to extend the IR transmittance range of oxide non-
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Introduction

Design and synthesis of non-centrosymmetric (NCS) oxides are
of great significance in versatile industrial and scientific
domains, primarily attributable to their notable stability and
exceptional performance in frequency conversion, ferroelectri-
city, pyroelectricity, and piezoelectricity, among others. In par-
ticular, nonlinear optical (NLO) crystals have attracted much
attention due to their frequency conversion capability, facilitat-
ing the extension of the spectral range of existing lasers, which
has found extensive applications such as optical communi-
cation, laser processing and laser medical treatment.'® Over
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linear optical crystals with enhanced SHG efficiency.

several decades, significant progress has been achieved in the
exploration of excellent NLO oxide materials. Notable examples
include KH,PO, (KDP), KTiOPO, (KTP), B-BaB,O, (BBO),
LiB3;05 (LBO) and KBe,BO;sF, (KBBF), which have been widely
applied spanning the near-infrared (IR), visible, and ultraviolet
wavelength regions.”"" However, the availability of high-per-
formance materials in the mid-IR range (3-5 pm) remains
limited. Presently, commercially available mid-IR NLO crystals
are mainly chalcopyrite-type compounds including ZnGeP,,
AgGaSs, and AgGaSe,. Unfortunately, these materials undergo
several inherent limitations like undesired two-photon absorp-
tion and weak laser-induced damage threshold (LIDT).
Consequently, there is an increasing need for the fabrication
of oxide-based mid-IR NLO crystals with desirable
performance.'>™*

Recent studies have elucidated that the IR transparency
cutoff edge of a material relies predominantly on two or multi-
phonon absorptions, along with the atomic composition and
the intricate interplay among them. For instance, a notable
example is La;SnGa;0,4, where the replacement of the B-site
element Nb in La;Gas sNb, ;0,4 with the Sn element induces a
remarkable redshift in the IR transmission cutoff edge
(>10 pm). This distinctive shift can be attributed to the larger
atomic radius and increased atomic mass of Sn.'*'® Similarly,
a heterovalent substitution strategy implemented in Li,MTeOg
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(M = Zr, Ti, Sn), where Nb is substituted with heavier elements
such as Te and Zr, Ti, or Sn, not only amplifies their LIDT
capability but also extends their IR transmission cutoff edge
(>6 um)."”'® Moreover, remarkably wide transmission
windows are also observed in niobium-containing tellurates
like LiNbTeO5; and Cd,Nb,Te,O,5, where the introduction of
the heavy element Te contributes to an extended IR transmit-
tance range. Hence, the rational selection of elemental con-
stituents and the interatomic connection mode can effectively
diminish phonon frequencies, thereby enhancing the capabili-
ties of wide IR transparency.'>°

The pyrochlore structure, characterized by the chemical
formula A,B,0;, exhibits a diverse range of compositions,
where the A site showcases metals with 8-fold coordination
and the B site forms distorted [BOg] octahedra.>* Notably, the
disparity in the radius ratio between A and B elements plays a
critical role in determining the structural configuration. This
inherent structural flexibility, determined by distinct compo-
sitions, provides a versatile platform for designing functional
materials.*>** Inspired by these ideas, we focus on enhancing
the properties of oxides within the A,B,0, system through
compositional and structural modifications, achieved by
partial or complete substitution of A or B cations. Taking into
account the multifunctional effect, the introduction of heavy
elements such as Pb and Te with large ionic radii into the A
and B sites, respectively, facilitates a broader IR transmission
range due to their inherently low phonon energy.”*?
Moreover, the distortion-active characteristics of Pb—O and Te-
O polyhedra further promote the formation of NCS structures.
In parallel, the incorporation of Ti*" cations into the B site is
of particular interest, as their unique d° electronic configur-
ation exhibits a tendency to adopt distorted [TiOs] octahedral
geometries with a highly average distortion magnitude,
thereby contributing to the generation of enhanced second
harmonic generation (SHG) activity.?®° Building upon these
insights, we present a rational design approach for a new NCS
cubic lead titanium-tellurate crystal, Pb,Ti;TeO,3 (PTTO), by
incorporating distorted [TiO4] octahedra into a system com-
prising heavy elements Pb and Te with low phonon frequencies
with A,B,0; as a template. Notably, PTTO exhibits a defective
pyrochlore structure, resulting in a notably wide transmittance
window beyond 7.6 pm and a strong SHG intensity of 0.4 x
AgGaS,.>" In this study, we report the synthesis, structural ana-
lysis, thermal stability, optical behavior, and electronic struc-
ture of PTTO, combining experimental techniques with theore-
tical calculations.

Methods

Polycrystalline sample synthesis

The PTTO polycrystalline sample was prepared via the solid-
state reaction process with the chemical reagents of PbO
(99.9% purity), TiO, (99.9% purity) and TeO, (99.9% purity).
These raw materials in the stoichiometric ratio were weighed,
thoroughly mixed and ground, and then placed in a platinum
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crucible and subjected to a pre-heating step at 350 °C for 1
day. After the initial heating, the mixture was reground and
homogenized, and then heated to 600 °C for an additional 1
day. Finally, the sample was slowly heated to 720 °C and main-
tained at this temperature for at least 2 days, yielding the
target PTTO compound.

Powder X-ray diffraction

The powder X-ray diffraction (PXRD) analysis of PTTO was con-
ducted using a Rigaku SmartLab 9 kW X-ray diffractometer
with Cu Ka radiation (4 = 1.5418 A). The data were collected in
10-70° with a step size of 0.01° and a step time of 2 s. The
data were further analysed utilizing FullProf software, which
enables the refinement of the results. These refined results
were then utilized to ascertain the purity of the sample.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis was performed
on PTTO samples using an ESCALAB250Xi X-ray photoelectron
spectrometer (Thermo Scientific) with an Al Ka source as the
excitation source.

Thermal properties

Thermogravimetric (TG) and differential thermal analysis
(DTA) of PTTO were conducted on an HTC-4 thermal analyzer.
The target sample was heated from 30 °C to 1200 °C at a
default rate of 10 °C min~" under a fully N, environment.

Single-crystal XRD measurement

The crystal structural data of PTTO were recorded using a
Bruker D8 VENTURE CMOS X-ray source with Mo Ka radiation
(2 =0.71073 A). The data collected were further processed and
corrected using APEX III, and then refined using the SAINT
program.** The SHELXTL crystallographic software was used
to resolve the preliminary crystal structure data.>* The detailed
crystallographic data for PTTO are presented in Table S1.7
Additionally, Tables S2-S4f provide more extensive infor-
mation, including atomic coordinates, equivalent isotropic dis-
placement parameters, atomic occupancy factors, bond dis-
tances, bond angles, bond valence sums (BVSs) and aniso-
tropic displacement parameters.

Energy-dispersive spectroscopy

To verify the elemental distribution and atomic proportions of
the PTTO compound, energy-dispersive spectroscopy (EDS)
analysis was performed using a FEI Quanta FEG 250 field
emission scanning electron microscope.

Optical spectrum measurements

The ultraviolet-visible-near infrared (UV-vis-NIR) diffuse reflec-
tance spectrum of PTTO was measured using a Hitachi
UH4150 spectrophotometer spanning the wavelength region of
300-1800 nm. The experimental energy gap of PTTO was
further determined using the Kubelka-Munk formula.>* The
IR spectrum of PTTO was analyzed using a Frontier Mid-IR
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FTIR/STA6000-TL9000-Clarus SQ8 transform IR spectrometer

in the wavenumber range of 400-4000 cm ™.

Second harmonic generation evaluation

The SHG response intensity of PTTO was evaluated using a
laser operating at a wavelength of 2 pm radiation, followed by
the Kurtz-Perry method.*®> During the measurement, AgGas,
of the same size was used as a reference for comparison.

Computational details

To investigate the correlation between structure and perform-
ance, the density functional theory (DFT) method was
employed to analyze the electronic structure of PTTO.***” The
exchange-correlation potential was analyzed using the
Perdew-Burke-Ernzerhof (PBE) functional within the frame-
work of the generalized gradient approximation (GGA).*® The
modeling of the interaction between electrons and ionic cores
utilized norm-conserving pseudopotentials. To ensure data
accuracy, a plane-wave basis with a cutoff kinetic energy of 810
eV was employed, along with a Monkhorst-Pack k-point grid of
4 x 3 x 2 for sampling and numerical integration in the
Brillouin zone.

Results and discussion
Synthesis and thermal characterization

The PTTO polycrystalline sample was synthesized using the
high-temperature solid phase method. The Rietveld profile
fitting of the PTTO sample is depicted in Fig. 1a. The charac-
teristic diffraction peaks of PTTO correspond to the standard
patterns, indicating its high purity. The thermal behavior of
PTTO was assessed by the utilization of DTA-TG analysis. As
illustrated in Fig. 1b, the TG and DTA curves demonstrate that
PTTO displays excellent thermal stability, with significant
endothermic peaks and mass loss observed before 877 °C.
Additionally, the PXRD patterns of both the initial and melted
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PTTO samples exhibit incongruence (Fig. S17), indicating that
PTTO is an incongruently melting compound.

Crystal structure determination

Remarkably, despite the PTTO compound being discovered in
1986, its structure was found to crystallize in the centro-
symmetric Fd3m space group, in contrast to its unexpected
NLO-active behavior.>® In light of this finding, we undertook a
reevaluation to corroborate and validate the structural charac-
terization of the compound. In this work, single crystal XRD
reveals that the structure of PTTO closely resembles that of the
conventional CS pyrochlore A,B,0,. However, PTTO crystallizes
in the NCS cubic space group F43m (No. 216) with cell para-
meters of a = 10.3488(2) A, b = 10.3488(2) A, ¢ = 10.3488(2) A
and V = 1108.33(6) A’. Each asymmetric unit of PTTO contains
a unique Pb atom, a unique Ti/Te atom and three unique O
atoms. Notably, the Ti and Te atoms occupy the same site in a
3:1 ratio, resulting in a disordered structure. As illustrated in
Fig. 2a, Pb exhibits coordination with seven O atoms, resulting
in the formation of a highly distorted [PbO;] polyhedron,
attributed to the second-order Jahn-Teller effect. In this
coordination environment, the Pb-O bond lengths vary signifi-
cantly, ranging from 2.283(2) to 2.644(6) A. These [PbO,] poly-
hedra are interconnected through edge-sharing interactions,
forming the [Pb,0,,]. spatial structural network as displayed
in Fig. 2b. The Ti/Te atoms exhibit a disordered arrangement,
and they are surrounded by six oxygen atoms, forming a dis-
torted octahedron configuration with the Ti/Te-O bond length
range of 1.948(5)-1.961(4) A. These adjacent [Ti/TeOg] octahe-
dra are interconnected to each other through edge-sharing
oxygens, resulting in the formation of the [Ti/Te,045]., Spatial
network structure (Fig. 2b). Subsequently, the designated
[Pb,0,;5]e and [Ti/Te4045]s clusters are further linked through
corner-sharing oxygens, yielding the overall 3D spatial struc-
tural framework of PTTO, as depicted in Fig. 2c.

Considering that the crystal structure of PTTO can be
regarded as a derivative of the traditional pyrochlore, it is
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Fig. 1 (a) Rietveld refinement plots of PTTO. (b) DTA and TG curves of the PTTO polycrystalline sample.
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Fig. 2 Structural characterization of PTTO: (a) [PbO-] and [Ti/TeOg] motifs. (b) Presentation of [Pb405;],, and [Ti/Te4O1gl,, fragments. (c) 3D spatial
network structure of PTTO. (d) 3D spatial structural network of Cd,Nb,O5. (e) Rigid [CdOg] polyhedra. (f) Distorted [PbO;] polyhedra.

necessary to make a comparison of both structural features.
Fig. 2c and d present the crystal structures of PTTO and the
pyrochlore Cd,Nb,0,, respectively.’” Notably, PTTO and
Cd,Nb,0O, exhibit similar fundamental structural configur-
ations. Moreover, the Ti/Te atoms in PTTO are located at the
octahedral sites, which are occupied by Nb atoms in
Cd,Nb,O,. However, the coordination environments of the Pb
atoms in PTTO and the Cd atoms in Cd,Nb,O, are noticeably
different. The Pb atoms tend to exist in a highly distorted form
of [PbO;] polyhedra. In contrast, the Cd atoms in Cd,Nb,O,
are bonded to eight oxygen atoms, forming rigid [CdOg] poly-
hedra (Fig. 2e and f). This disparity between both the polyhe-
dra leads to a change in the spatial symmetry of their struc-
tures, that Cd,Nb,O; crystallizes in the CS space group Fd3m
and transforms into NCS space group F43m in PTTO.
Moreover, the calculated oxidation valence states of Pb, Ti/Te
in PTTO were determined using BVS approach, yielding
average values of +2.08 and +4.44, respectively. Also, XPS
measurements are employed to precisely analyze the chemical
states of the elements, as illustrated in Fig. 3a. Notably, the
characteristic peaks at 586.3 and 576 eV were observed in
PTTO, corresponding to the Te®" cations (Fig. 3b). Moreover,
the peaks detected at 142.8 and 137.9 eV were attributed to the
Pb>" cations (Fig. 3c), while those at 463.4 and 457.8 eV corres-
pond to the Ti*" cations (Fig. 3d).*'™** The obtained valence
states of the elements were found to be in good agreement
with the structural data of PTTO.

Besides, the composition and distribution of the Pb, Ti, Te
and O elements in PTTO were further ascertained according to
EDS analyses. As depicted in Fig. S2,T the atomic molar ratio
of Pb, Ti, Te and O was determined to be around 4.2: 2.8: 1:
12.9, respectively, closely consistent with the PTTO’s structure

This journal is © the Partner Organisations 2024

analysis. The distribution mapping of these elements indicates
a homogeneous distribution, further confirming the rationality
of the crystal structure of PTTO.

Optical properties

The UV-vis-NIR diffuse reflectance spectra of PTTO polycrystals
are shown in Fig. 4a, in which its UV absorption cutoff edge is
observed at around 403 nm. According to the Kubelka-Munk
formula, the band gap value of PTTO was determined to be
2.49 eV (inset of Fig. 4a). To obtain the IR absorption edge, the
IR spectrum was recorded ranging from 400 to 4000 cm™". It is
obvious from Fig. 4b that there are no significant absorption
peaks within the broad range of 4000 to 730 cm .
Considering the multi-phonon absorption theory, it can be
inferred that the infrared transmittance cutoff of PTTO is at
7.6 pm. Remarkably, the transmittance performance of this
compound exceeds that of most commercially available oxide
NLO crystals (<5 pm). Moreover, for a more rational evaluation
of the IR transmittance performance of PTTO, we conducted a
comparative analysis with tellurite compounds Li,ZrTeOg and
Li,TiTeOs, which have wide IR absorption edges exceeding
6.72 pm. As can be seen in Fig. 4b, the obvious IR absorption
peaks in Li,ZrTeOs and Li,TiTeOg were observed at 718 and
760 ¢cm™', respectively, notably higher than that of PTTO
(650 cm™"). Accordingly, this attribute highlights the potential
of PTTO as an NLO crystal especially in the wide mid-IR wave-
length region. Besides, a thorough examination of PTTO’s IR
spectrum absorption peaks reveals that the peaks observed at
652, 616 and 448 cm™" correspond to the symmetric stretching
and anti—stretching vibrations of the Te-O bond, while those
near 500 cm™~" originate from the vibration mode of the Ti-O
bond. These results align with earlier studies reported on
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Fig. 3 (a) The survey XPS spectrum of the PTTO sample. (b—d) The element XPS spectra of Te, Pb and Ti, respectively.
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these compounds, reinforcing the credibility of the experi-
mental results.** ™

SHG measurement

To experimentally characterize the SHG behavior of PTTO,
polycrystalline samples were subjected to illumination using a

7378 | Inorg. Chem. Front, 2024, 1, 7374-7381

laser operating at a wavelength of 2 pm radiation. As a conse-
quence of its crystallization in the cubic crystal system, PTTO
was anticipated to demonstrate non-phase-matching behavior
under the conditions of this experiment. Furthermore, Fig. S31
illustrates a comparison of the SHG intensity of PTTO and
AgGaS, within the same particle size range of 100-150 pm.
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Notably, the results revealed that PTTO exhibits a strong SHG
intensity of 0.4 x AgGaS, under 2 pm laser radiation. Likewise,
the cubic CsCaBO; and K¢Cd;(C3N3;0;), compounds demon-
strate intense SHG effects of approximately 1 x and 3 x KDP,
respectively.’”*® These observations suggest that PTTO dis-
plays enhanced NLO properties despite its high level of
symmetry.

Structure-property relationship

To elucidate the underlying origin of the substantial SHG
activity exhibited by PTTO, a comprehensive analysis of the
structure-property relationship was implemented utilizing
first-principles calculations. As shown in Fig. 5, PTTO can be
identified as an indirect bandgap semiconductor compound,
as evidenced by the obvious disparity in the positions of the
conduction band minimum and the valence band maximum
within the Brillouin zone. The theoretically determined
bandgap of PTTO (1.52 eV) is expected to be smaller than the
corresponding experimental value (2.49 eV), primarily attribu-
table to the inherent tendency of the GGA algorithm to under-
estimate bandgaps. Moreover, the analysis of density of states
(DOS) and partial density of states (PDOS) results reveals that
the top of the valence band is primarily occupied by Ti 3d and
Pb 6p orbitals, while the electronic states at the bottom of the
conduction band are predominantly contributed by O 2p, Ti
3d and Pb 6p orbitals (Fig. 5). As the optical characteristics of
a material largely originate from electronic transitions in close
proximity to the Fermi energy, it can be inferred that the
observed NLO properties in PTTO mainly stem from the dis-
torted [TiOg] octahedra and [PbO,] polyhedra. To further shed
light on the role of the [TiOe] octahedra in the enhanced SHG
effect in PTTO, an investigation utilizing the flexible dipole
model was conducted as the positive correlation between the
flexibility index and the strength of the SHG effect.”” As
respected, the analysis revealed a notable flexibility index of
0.132 for the [TiO] octahedra in PTTO, which is close to that
of [ZrOg] (0.146) octahedra in the NLO crystal Li,ZrTeOg
(Table S5t). This finding further highlights the influential role
of the [TiOg] octahedra in enhancing the NLO activity in PTTO.

Energy (eV)

r Y M A r

DOS (a.u.)

Fig. 5 Band structure and DOS analysis for the PTTO crystal.
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Conclusions

In summary, we have successfully synthesized an acentric
cubic lead titanium-tellurate crystal, PTTO, using flux
methods. This compound features a distinctive pyrochlore-like
3D framework composed of the distorted [Ti/TeOg] octahedra
and the [PbO,] polyhedra. Notably, powder SHG measure-
ments revealed that PTTO displays a strong SHG intensity of
0.4 x AgGaS, under 2 pm laser radiation. Moreover, PTTO
demonstrates a wide transparent window, with a UV absorp-
tion cutoff at 403 nm and an IR transparency cutoff at around
7.6 pm. Besides, first principles calculations and flexible
dipole model analysis of SHG-active units provided an elucida-
tion of the NLO activity exhibited by PTTO. These attributes
highlight the potential of PTTO as a promising candidate for
NLO applications with a wide transparency range.
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