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A B S T R A C T

High-performance dielectric materials are essential for production of electrical storage capacitors used in electric 
vehicles, solar converters, and aerospace power conditioning applications where power systems and electronic 
devices must operate reliably at elevated temperatures. This study investigates PNb9O25 as a high-temperature 
dielectric material and reports our liquid-phase sintering method that utilizes interfacial reactions between 
SiO2–P2O5 glasses and Nb2O5 to form PNb9O25 with SiO2-rich amorphous boundaries. The synthesized 
SiO2–PNb9O25 composites show a denser microstructure than PNb9O25 synthesized through the solid-state re
action. PNb9O25 synthesized via our liquid-phase sintering approach exhibits a high dielectric constant (376), 
superior high-temperature capacitance stability (within ±15% up to 300 ◦C), and low electrical conductivity (≤
10− 7 S cm− 1 below 300 ◦C). These high-temperature capacitance stability and insulating properties are attrib
uted to its amorphous–crystalline microstructure, where SiO2–rich amorphous phase performs multiple func
tions, including the suppression of grain growth and oxygen-vacancy formation. SiO2–PNb9O25 composites 
synthesized using our liquid-phase sintering method are promising materials for high-temperature dielectric 
applications.

1. Introduction

The advancement of electrical storage devices used in high- 
temperature environments, such as those in electric vehicles, aero
space, and military equipment, requires dielectric materials that can 
maintain a high dielectric constant (high energy density), low capaci
tance variation, and good insulating properties over a wide temperature 
range extending to 200 ◦C or even 300 ◦C [1–4]. So far, relaxor dielectric 
materials are mostly based on perovskite-structured solid solutions, such 
as (Ba,Ca)TiO3, (K,Na)NbO3, and (Bi, Na)TiO3, as end members and 
have been reported to exhibit good dielectric temperature stability 
[5–7]. These dielectric materials with highly stable capacitance over a 
wide temperature range have been prepared by combining multiple 
perovskite-structured dielectric materials and optimizing their compo
sitions. However, combining multiple perovskite-structured solid solu
tions leads to compositional complexity, and the volatility of alkali 
components further hinders the synthesis of high-quality, dense dielec
tric materials.

Recently, Wadsley–Roth phase PNb9O25 synthesized using spark 
plasma sintering (SPS) method has been reported to exhibit a high 
dielectric constant (> 1000), low dielectric loss, and good thermal sta
bility, indicating that PNb9O25-based materials are promising candi
dates for high-temperature dielectric applications [8]. Although the 
crystal structure of PNb9O25 was determined in the 1960s, studies on its 
physical properties remained scarce until the 2000s [9,10]. To the best 
of our knowledge, the referenced above report was the first report on the 
dielectric properties of PNb9O25 [8]. In addition, the study indicated 
that controlling oxygen vacancies remains challenging, as synthesis via 
SPS method can reduce Nb, necessitating post-annealing in an oxygen 
atmosphere. At the same time, the presence of oxygen vacancies can 
degrade capacitance stability and insulating properties at elevated 
temperatures. The dielectric properties of PNb9O25 synthesized via the 
solid-state reaction method, which is commonly used in the fabrication 
of multilayer ceramic capacitors, have also been reported [11]. In 
addition to Nb reduction and rapid grain growth during sintering, 
solid-state reaction method yields a coarse-grained microstructure, 
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which increases dielectric loss and degrades dielectric stability at 
elevated temperatures.

Superior insulating properties and low dielectric loss typically orig
inate from a dense and fine-grained microstructure. Glass–ceramics, 
synthesized through glass crystallization, consist of dielectric crystals 
surrounded by amorphous phases, a microstructure that can achieve 
excellent insulation [12–14]. However, their dielectric constant is 
relatively low due to the low volume fraction of the dielectric crystals 
and the precipitation of secondary phases. To overcome these limita
tions, the volume fraction of the dielectric crystals should be increased 
and the formation of undesirable secondary phases should be 
minimized.

To increase the volume fraction of target dielectric crystals and form 
an amorphous–crystalline microstructure, we utilized interfacial re
actions between glasses and oxides during liquid-phase sintering. Con
ventional liquid-phase sintering is widely used for the fabrication of low- 
temperature co-fired ceramics (LTCC), in which pre-synthesized 
dielectric crystals are combined with low-melting glasses to reduce the 
sintering temperature (Fig. 1(a)). Low-melting glasses are typically 
multicomponent systems designed to possess a low melting points, 
which increases the number of possible reaction pathways with dielec
tric crystals and promotes the formation of secondary phases. For 
example, multiple impurity phases, including BaTi(BO₃)₂ and 
MgLaB5O10, are formed during the liquid-phase sintering of BaTi4O9 
using B2O3–La2O3–MgO–TiO2 glasses [15]. Thus, suppressing the pre
cipitation of secondary phases requires appropriately design of both the 
glass composition and the synthesis method. In contrast to conventional 
liquid-phase sintering, in our approach, the target crystalline phase is 
synthesized through glass–oxide interfacial reactions owing to the 
design of glass compositions and the overall system composition based 
on the reaction pathways (Fig. 1(b)). We expected that the formation of 
the target crystalline phase and a microstructure consisting of grains 
bonded by amorphous phases can enhance grain-boundary resistance, 
improving capacitance stability and insulating properties at elevated 
temperature. In the present paper, PNb9O25 was synthesized via inter
facial reactions between precursor glass and raw oxide, and its micro
structure, as well as dielectric and electrical properties, were 
investigated.

2. Experimental procedures

2.1. Synthesis of precursor glass and characterization

The nominal composition of the melt-quenched sample synthesized 
in this study was 50SiO2–50 P2O5. Commercial powders of reagent- 
grade SiO2 and NH4H2PO4 were mixed and melted in an alumina cru
cible at 1400 ◦C for 20 min in an electric furnace. The melt was cooled to 
room temperature by removing the crucible from the electric furnace 
and placing it on a firebrick. The endothermic dip due to the glass 
transition (Tg), the exothermic peak due to crystallization (Tp), and the 
endothermic peak due to melting (Tm) were determined using 

differential thermal analysis (DTA; Burker AXS TG-DTA2020SA) at a 
heating rate of 10 K min− 1.

2.2. Synthesis of PNb9O25 and characterization

The nominal compositions of the samples, together with the syn
thesis method and crystalline phases, were summarized in Table 1. 
PNb9O25 was synthesized using both liquid-phase sintering and solid- 
state reaction methods, as shown in Figure S1. For the sample synthe
sized through liquid-phase sintering, the composition was designed 
based on the stoichiometry of PNb9O25 using a mixture of 
50SiO2–50 P2O5 glass powder and Nb2O5. Commercial powders of 
reagent-grade Nb2O5 and 50SiO2–50 P2O5 glass powder (prepared in a 
previous process as precursor glass) were weighed and mixed through 
ball milling for 24 h using ethanol and zirconia balls. After drying, the 
mixture was compacted through biaxial pressing at 20 MPa for 2 min, 
followed by cold isostatic pressing at 250 MPa for 5 min, and then sin
tered at 1300 ◦C for 5 h (Figure S1(a)). The sample of stoichiometric 
PNb9O25 was synthesized via the solid-state reaction. Commercial 
powders of reagent-grade NH4H2PO4 and Nb2O5 were weighed and 
mixed through ball milling for 12 h using ethanol and zirconia balls. 
After drying, the mixture was calcined at 1000 ◦C for 2 h, followed by 
pulverization via ball milling for 24 h using ethanol and zirconia balls. 
After drying, the calcined mixture was compacted using biaxial pressing 
at 20 MPa for 2 min, followed by cold isostatic pressing at 250 MPa for 
5 min, and then sintered at 1300 ◦C for 5 h (Figure S1(b)).

The apparent densities were measured using the Archimedes 
method, with distilled water as an immersion liquid. In addition, the 
true densities of the samples after pulverization were measured using a 
He pycnometer (Shimazu AccuPycII). The crystal structures and chem
ical states were analyzed via XRD (Rigaku SmartLab, Cu Kα) and XPS 
(Kratos Ultra2, Al Kα) at room temperature, respectively. The micro
structure was observed using the field emission-scanning electron mi
croscopy (FE-SEM; Hitachi High-Tech SU8600) coupled with the energy 
dispersive X-ray spectrometer (Oxford Ultim Extreme and Ultim Max 
100). The local structures of the grains and grain boundaries were 
observed using a transmission electron microscope (TEM; FEI Titan 
Cubed G2 60-300). The dielectric and electrical properties were char
acterized using an LCR meter (Keysight E4980A) and the pyZwx 
impedance analysis software [16]. As electrode, gold films were sput
tered on both sides using a quick coater (Sanyu Denshi SC− 701AT).

Fig. 1. Schematic diagram of the (a) conventional liquid-phase sintering and (b) our liquid-phase sintering approach.

Table 1 
Compositions and crystalline phases of the samples synthesized via the solid- 
state reaction and liquid-phase sintering.

Compositions (mol. %) Crystalline phase Synthesis method

SiO2 P2O5 Nb2O5

​ 10 90 PNb9O25 Solid-state reaction
9.1 9.1 81.8 PNb9O25 Liquid-phase sintering
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3. Results and discussion

3.1. Glass formation and thermal properties of precursor glass

The obtained 50SiO2–50 P2O5 sample was optically transparent, and 
XRD analysis confirmed that it was amorphous as shown in Fig. 2(a). 
The DTA profile for the 50SiO2–50 P2O5 glass sample is shown in Fig. 2
(b). The glass transition temperature (Tg), crystallization temperature 
(Tp), and melting point (Tm) were 622, 860, 1243 ◦C, respectively. The 
optical photographs before and after heat treatment are provided in 
Fig. 2(b). The 50SiO2–50 P2O5 glass powder formed a liquid phase 
during heat treatment at 1300 ◦C for 5 h under the same conditions as 
liquid-phase sintering, yielding a glassy sample.

3.2. Synthesis of PNb9O25 and its microstructure

The powder X-ray diffraction (XRD) patterns of the samples syn
thesized via the solid-state reaction and liquid-phase sintering, together 
with a theoretical pattern of PNb9O25 calculated from the pristine 
PNb9O25 crystal structure [9], are shown in Fig. 3. PNb9O25 crystals 
having a tetragonal structure were obtained via both solid-state reaction 
and liquid-phase sintering.

The measured apparent densities at room temperature of the samples 
synthesized through the solid-state reaction and liquid-phase sintering 
were 4.1 g cm–3 and 4.0 g cm–3, respectively. The corresponding true 
densities were 4.56 g cm–3 and 4.35 g cm–3. The true density of the 
sample synthesized using the solid-state reaction is in good agreement 
with values reported in previous study [9]. The lower true density of the 
sample synthesized via liquid-phase sintering, compared with that 
synthesized via the solid-state reaction, can be attributed to the presence 
of amorphous phases in addition to PNb9O25. The relative densities of 
the samples synthesized via the solid-state reaction and liquid-phase 
sintering, calculated as the ratio of the apparent density to the true 
density, were 89% and 93%, respectively. The higher relative density of 
the liquid-phase sintered sample compared with the solid-state sintered 
sample can be attributed to the wetting of Nb2O5 particles by the molten 
50SiO2–50 P2O5 glass during sintering, which generates capillary forces 
that enhance dentification [17].

Fig. 4(a) and (b) show scanning electron microscopy (SEM) photo
graphs of the fracture surface of PNb9O25 samples synthesized via the 
solid-state reaction and liquid-phase sintering, respectively. The samples 
synthesized through the solid-state reaction and liquid-phase sintering 
exhibit different microstructures. In the PNb9O25 synthesized using the 
solid-state reaction, the grain size is larger than 20 µm, and numerous 
intragranular pores with sizes of ≤ 1 µm are observed. In contrast, the 
grain size of PNb9O25 synthesized via liquid-phase sintering is ≤ 10 µm, 
with pores mainly present at grain boundaries and triple junctions of 

grains. In the liquid-phase sintering system designed in this study, 
PNb9O25 is synthesized through the reaction between the 
50SiO2–50 P2O5 glass and Nb2O5, with SiO2 remaining as a residual 
phase at the grain boundaries. During sintering, the consumption of P5+

ions from the glass for the formation of PNb9O25 increased the viscosity 
of the SiO2-rich phase, which likely suppressed the growth of PNb9O25 
grains by acting as a barrier phase. A similar phenomenon has been 
reported during glass crystallization, where the consumption of crystal- 
forming components from the glass during crystallization increases the 
viscosity of the remaining glass phase. As a result, a high-viscosity phase 
forms around the precipitated crystals, acting as a barrier phase that 
restricts further grain growth [18,19]. To visualize ion diffusion at the 
50SiO2–50 P2O5 glass–Nb2O5 interface, the 50SiO2–50 P2O5 glass 
compact and Nb2O5 compact were sintered in contact at 1300 ◦C for 5 h, 
as shown in Figure S2(a). Figure S2(b) shows the energy dispersive 
X-ray spectrometry (EDS) line scan in SEM across the 50SiO2–50 P2O5 
glass–Nb2O5 interface, revealing that P diffused approximately 1 µm 
into the Nb2O5 side, whereas Si shows negligible diffusion. These results 
indicate that P migrates from the glass into Nb2O5 during sintering, 
while Si remains in the glass phase.

The elemental mappings of the sample synthesized using liquid- 
phase sintering, obtained by SEM-EDS, are shown in Fig. 4(c). The 

Fig. 2. (a) XRD Pattern and (b) DTA profile for the 50SiO2–50 P2O5 precursor glass.

Fig. 3. Powder XRD patterns of the samples synthesized via the solid-state 
reaction and liquid-phase sintering.
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grains consist of P, Nb, and O, whereas the grain boundary contains Si 
and O. P and Nb detected at the grain boundary were considered to 
originate from grains overlapping the grain boundary, suggesting that 
the grain boundary is mainly composed of Si and O. Calculations of the 
oxygen atomic fractions indicate that PNb9O25 (≈71.4 at%) contains a 
higher proportion of oxygen than SiO2 (≈66.7 at%). Thus, in the 
elemental mapping of O, the bright regions correspond to PNb9O25, 
while the dark regions correspond to SiO2. Fig. 4(d) shows high- 
resolution transmission electron microscopy (HRTEM) image of the re
gion around a grain boundary in the liquid-phase sintered sample. In the 
grain areas, lattice fringes associated with the crystals were observed. In 
contrast, lattice fringes in the grain boundary area were unclear, sug
gesting the presence of an amorphous phase. The interplanar distances 
are measured to be 0.77 nm on the HRTEM image, matching very well 
with the 200 crystallographic plane of PNb9O25.

The Nb 3d X-ray photoelectron spectroscopy (XPS) spectra of 
PNb9O25 samples synthesized thorough the solid-state reaction and 
liquid-phase sintering are shown in Fig. 5. Whereas the sample synthe
sized using the solid-state reaction contains both peaks corresponding to 
Nb4+ and Nb5+, the sample synthesized via liquid-phase sintering ex
hibits only the peak corresponding to Nb5+. In the photographs of the 
samples (insets in Fig. 5), the central region of the sample synthesized 
via the solid-state reaction shows a dark blue coloration, which is 
consistent with the Nb 3d XPS spectra. This indicates that oxygen va
cancies were generated during solid-state reaction, leading to the 
reduction of Nb5+ to Nb4+ ions. The generation of one oxygen vacancy is 
counterbalanced by the incorporation of two Nb4+ ions into the crystal 
structure to maintain electroneutrality. The corresponding reaction 
could be described using the Kröger–Vink defect notation. 

2Nb5+
+O×

O→2Nb4+
+V..

O + 1
/
2O2 (g) (1) 

In contrast, the reduction of Nb ions was suppressed in the sample 
synthesized via liquid-phase sintering, suggesting that this sample con
tains fewer oxygen vacancies than the sample synthesized through the 
solid-state reaction. Previous studies have investigated oxygen diffusion 
behavior using 18O tracer in crystalline–amorphous microstructures, 
revealing that amorphous layers act as barriers that suppress oxygen 
migration [20]. Similarly, herein, the high-viscosity SiO2-rich phase 
surrounding the grains is considered to act as a barrier that suppresses 
oxygen migration and hinders oxygen release. Therefore, the 

high-viscosity glass phase can restrict oxygen permeation and protect Nb 
ions against reduction.

3.3. Dielectric properties of PNb9O25

Fig. 6(a) shows the dielectric constant (ε) and dielectric loss (tan δ) 
as a function of frequency at room temperature. In the sample synthe
sized via liquid-phase sintering, a stable ε and low tan δ are observed 
below approximately 100 kHz. Above this frequency, ε decreases while 
tan δ increases. This dielectric behavior is a typical Deby-like (Maxwell- 
Wagner) dielectric response [21–23]. In contrast, the sample synthe
sized via the solid-state reaction showed an increase in both ε and tan δ 
at low frequencies. The temperature dependence of ε and tan δ are 
shown in Figure S3(a)–(d). In the sample synthesized via the solid-state 

Fig. 4. SEM images of the fracture surface of PNb9O25 synthesized via the (a) solid-state reaction and (b) liquid-phase sintering. () SEM image and corresponding 
elemental mappings of the grain boundary in PNb9O25 synthesized via liquid-phase sintering. (d) HRTEM image of the grain boundary and grain in the sample 
synthesized via liquid-phase sintering.

Fig. 5. Nb 3d XPS spectra of PNb9O25 synthesized via the solid-state reaction 
and liquid-phase sintering. The insets show the photographs of the samples.
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reaction, a broad dielectric peak appears at approximately 210 ◦C in ε–T, 
and a corresponding relaxation peak appears at approximately 250 ◦C in 
tan δ–T. This frequency-dependent dielectric response, as well as the 
increase in both ε and tan δ at low frequencies, can be attributed to space 
charge polarization and increased conductivity [24–26], both of which 
are closely related to oxygen vacancies. Such a behavior has been re
ported in various perovskite materials and PNb9O25 [8,27,28]. In the 
sample synthesized via liquid-phase sintering, a broad and poorly 
defined dielectric peak was observed at approximately 250 ◦C, while the 
corresponding relaxation peak was not clearly observed. The difference 
in the appearance and position of the dielectric peak observed in the 
sample synthesized via liquid-phase sintering may be attributed to fewer 
oxygen vacancies and improved grain-boundary structure.

Fig. 6(b) shows the capacitance variation rate (⊿C) and tan δ as a 
function of temperature for PNb9O25 synthesized via liquid-phase sin
tering. For practical application as a capacitor, ⊿C should be within 
15% [29]. The obtained results indicate that the sample synthesized via 
liquid-phase sintering meets this requirement over a wide temperature 
range of 25–250 ◦C or more at the frequencies below 100 kHz, with the 
corresponding tan δ being less than 0.3. Fig. 6(c) summarizes the ⊿C at 
1 kHz for previously reported dielectric materials [29–31]. The degra
dation in the capacitance stability of dielectric materials at elevated 
temperatures can be attributed not only to the structural phase transi
tion from the ferroelectric phase to the paraelectric phase but also to 
space charge polarization and an increase in electrical conductivity in
crease, which are closely related to oxygen vacancies [8,27,28]. Mean
while, PNb9O25 synthesized via our liquid-phase sintering approach 
maintains ⊿C within ±15% up to 300 ◦C, exhibiting better capacitance 
stability at high temperatures than other dielectric materials. This can be 
attributed to PNb9O25 not undergoing structural phase transitions, as 
well as to the suppression of oxygen vacancies by the amorphous phase 
at the grain boundaries.

3.4. Electrical properties of PNb9O25

The electrical properties of PNb9O25 synthesized through the solid- 
state reaction and liquid-phase sintering were investigated using com
plex impedance spectroscopy. Polycrystalline materials typically show 
both grain and grain boundary effects with different time constants, 
resulting in two successive semicircles in a complex plane plot (Z″ vs. Z′). 
Figure S4 shows the complex plane (Nyquist) plots of Z″ versus Z′ 
measured at several temperatures. The sample synthesized via liquid- 
phase sintering showed two overlapping semicircles at 302 ◦C. In the 
two overlapping semicircles, the high-frequency semicircle corresponds 
to the bulk resistance (Rb), while the low-frequency semicircle corre
sponds to the grain-boundary resistance (Rgb) [32]. At the other 

measurement temperatures, a distinct broadening of the semicircles was 
observed for both samples. This broadening can be attributed to the 
overlap of the two semicircles caused by small time constants.

In most cases, the experimental data reveal a deviation from ideal 
R–C behavior, which is observed as a deformation of the semicircles. 
This deformation of the semicircles has been reported to be caused by 
inhomogeneities in the local distribution of defects and the presence of 
ionic charge carriers. For example, high-purity quartz glass with inap
preciable electronic and ionic conductivity shows an ideal semicircle 
[33]. In contrast, lithium borate glasses with appreciable ionic con
ductivity exhibit a deformed semicircle [33]. Following a previous 
report, the bulk and grain-boundary resistance of the samples were 
analyzed using R-CPE (Constant Phase Element) equivalent circuits 
[33]. The DC conductivity (σ) of the samples was calculated based on the 
resistance values obtained from the Nyquist plots (Fig. 7(a)). The con
ductivity follows the Arrhenius equation. 

σ = A exp(− Ea/kBT) (2) 

where A is the pre-exponential factor, kB is Boltzmann’s constant, T is 
the temperature, and Ea is the activation energy of the conduction 
process. For the sample synthesized via the solid-state reaction, the 
activation energies of bulk conduction (Ea(b)) and grain-boundary con
duction (Ea(gb)) were 0.34 and 0.65 eV, respectively. For the sample 
synthesized via liquid-phase sintering, the corresponding energies were 
0.38 and 0.89 eV, respectively. These Ea values are in good agreement 
with previously reported activation energies for the single- and doubly- 
ionized oxygen vacancies, which are typically in the ranges of 0.1–0.5 
and 0.6–1.2 eV, respectively [34,35]. The values of Ea(b) for the samples 
synthesized via the solid-state reaction and liquid-phase sintering are 
nearly identical, indicating that the underlying charge-transport mech
anisms within the bulk are essentially the same. In contrast, Ea(gb) of the 
sample synthesized via liquid-phase sintering is higher than that of the 
sample synthesized through the solid-state reaction, suggesting that the 
amorphous–crystalline microstructure would act as a barrier phase for 
oxygen-vacancy formation.

Fig. 7(b) compares the electrical conductivity of PNb9O25 synthe
sized in this study with that of other dielectric materials for high- 
temperature applications [8,35–38]. The electrical conductivity of 
PNb9O25 considerably depends on the microstructure. In our 
liquid-phase sintering method, which utilizes interfacial reactions be
tween the glass and oxide, grain refinement and the formation of an 
amorphous–crystalline microstructure occur simultaneously. Therefore, 
the sample synthesized via liquid-phase sintering exhibits better insu
lating properties than samples prepared via other synthesis methods, 
which was attributed to microstructural features. Moreover, the elec
trical conductivity of PNb9O25 synthesized through liquid-phase 

Fig. 6.. (a) Dielectric constant and dielectric loss as a function of frequency at room temperature for PNb9O25 synthesized via the solid-state reaction and liquid- 
phase sintering. (b) Capacitance variation rate ⊿C ((CT − C25 ◦C) / C25 ◦C) and dielectric loss as a function of temperature for PNb9O25 synthesized through 
liquid-phase sintering. (c) Comparison of the capacitance variation rates (⊿C) of various dielectric materials [29–31].
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sintering is comparable to or lower than that of other promising 
dielectric materials, such as (K,Na)NbO3-SrZrO3 and Bi0.5(Na, 
K)0.5TiO3-(Na,K)NbO3, indicating its potential as a dielectric material 
for high-temperature dielectric applications.

4. Conclusion

Herein, SiO2–PNb9O25 composites were synthesized using our liquid- 
phase sintering method from 50SiO₂–50 P₂O₅ glass and Nb₂O₅, and their 
chemical states, microstructure, and dielectric and electrical properties 
were investigated. Compared with PNb9O25 synthesized via a conven
tional solid-state reaction, PNb9O25 synthesized via our liquid-phase 
sintering method showed higher densification, which was attributed to 
the effect of capillary forces induced by molten 50SiO2–50 P2O5 glass 
during sintering. The interfacial reaction between molten 
50SiO2–50 P2O5 glass and Nb2O5 promoted the formation of PNb9O25 
through the diffusion of P5+ ions from the glass phase, with the 
SiO2–rich amorphous phase suppressing grain growth, inhibiting Nb 
reduction, and restricting the formation of oxygen vacancies. Owing to 
the effects of an amorphous–crystalline microstructure, PNb9O25 
maintained capacitance stability within ±15% and DC conductivity 
below 10− 7 S cm− 1 up to 300 ◦C. These results indicate that the strategic 
utilization of glass–oxide interfacial reactions in liquid-phase sintering is 
an effective approach for controlling microstructure, enhancing dielec
tric properties, and improving insulating characteristics. PNb9O25 syn
thesized via our liquid-phase sintering method is a promising candidate 
for high-temperature dielectric applications.
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