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ABSTRACT =
(Zr,Ta;_,),0s_, was prepared by a solid-state reaction of ZrO, and Ta,Os, and the L'-Ta,05 phase was obtained by cooling the H-Ta,Os g
phase. High-temperature x-ray diffraction measurements showed that the starting materials, ZrO, and low-temperature L-Ta,Os, formed 5
the high-temperature H-Ta,O5 phase when heated above 1360 °C. Upon cooling, this phase sequentially transformed into L”-Ta,Os, the 8
high-temperature L'-Ta,Os phase, and L'-Ta,Os phases. As the Zr content, x, decreased, the transition from the H-Ta,0Os phase to the 3
L"-Ta,O5 phase slowed. The temperature dependence of the dielectric constant revealed a maximum value, which is attributed to the phase
transition from L'-Ta,Os to L”-Ta,0s. This transition temperature decreases by approximately 50 °C for every 0.01 increase in the x value.
The L'-Ta,05 phase exhibited negative volumetric thermal expansion (NTE) behavior near the phase transition temperature. As x decreased,
the NTE coefficient increased from —1.09 x 107%/K (77-127 °C) for x=0.10 to —2.06 x 107>/K (327-427 °C) for x =0.05. The substitution
of Zr into Ta,Os stabilized the non-centrosymmetric L'-Ta,O5 phase and controlled the phase transition temperature and thermal
expansion behavior.
© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0312634
I. INTRODUCTION facilitates the transition from the H-Ta,Os phase to the L-Ta,Os
Dielectric materials are essential to a wide variety of technolo- phase.""" These two phases have complex structures with various
gies, including microelectronics, medical devices, and energy reported cry Stfil structures. For the H-Ta,O5 phase, the.proposed
storage systems.'™ Ta,Os is a significant dielectric material recog- space groups include 12, Imma, C2/m, and I4,/amd, while for the
nized for its high dielectric constant, nonlinear refractive index, L-Ta,O5 phase, Pmm2, Pccm, and P 2mm have been sugagested. The
and wide bandgap.” Therefore, it is used in dynamic random-access ~tetragonal I4,/amd structure (a=3.86 A and c=36.18 A) is widely
memory (DRAM) applications and antireflection coatings.*’ accepted for the H—T?ZOS phase, w?ereas the orthor}zombic P2mm
Ta,Os exists primarily in two different phases based on the structure (a=6.198 A, b=40.290 A, and c¢=3.888 A) is for the
temperature: the high-temperature H-Ta,O5 phase and the low- L-Ta,05 phase.'>"”
temperature L-Ta,Os phase, with a phase transformation occurring Cation substitution can change the crystal structure and
at T=1360°C."" This transformation is reversible and occurs physical properties in Ta,Os-based materials. The compounds
slowly; annealing below 1360 °C and/or slow cooling effectively (Si,yTa;_,),0s_, form the L-Ta,O5 phase for x=0.00-0.11, which
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has a dielectric constant of ~30."* By contrast, (Zr,Ta;_,),0s_, can
form either the L-Ta,Os or H-Ta,Os phase for x=0.00-0.14,
depending on heating conditions, exhibiting dielectric constants of
roughly 30 and 50, respectively.]3 For (Ti,Ta,_,),0s5_,, the
H-Ta,05 phase forms within the composition range of x=0.0-
0.25, corresponding to dielectric constants of 20-126 depending on
substitution concentrations.'®'” Notably, (Tip04T.96)204.96 shows
a high dielectric constant of 126 owing to structural distortion.'”'®

Recently, we identified a new dielectric material, refined as the
L'-Ta,Os5 phase, in (Zrg10T29.90)204.90, which was synthesized by
heating a mixture of Ta,Os and ZrO, powders at 1700 °C for
10h."”” This material has a C-centered orthorhombic structure
(a=63717 A, b=10.8003A, and c=3.87058 A) related to the
L-Ta,Os structure. The L'-Ta,0s phase exhibits a strong second-
harmonic generation (SHG) signal, which is not present in the con-
ventional L-Ta,Os phase. It also shows a higher dielectric constant
of ~55, compared with 33 for the L-Ta,Os phase fired at 1200 °C
for 10h. Moreover, high-temperature x-ray diffraction (HTXRD)
measurements revealed the high-temperature L”-Ta,Os phase,
which has a pseudo-hexagonal structure. The dielectric constant
depends on temperature and exhibits a maximum value of 60 at
87°C, corresponding to this phase transition. These findings indi-
cate the potential of L'-Ta,Os as a new non-centrosymmetric
dielectric material. As it stands, the L'-Ta,Os phase has only been
synthesized for the specific composition of (Zry 19T2.99)204.90; 1O
research has been conducted on the synthesis and characterization
of other compositions within the (Zr,Ta;_,),0s_, family.
Moreover, why heating at 1700 °C results in the formation of the
L'-Ta,Os phase instead of the previously observed L-Ta,Os or
H-Ta,0s phases in (Zr,Ta;_,),0s_, systems remains unclear.

In this work, we investigated the composition range that leads
to the formation of the L'-Ta,Os phase within the (Zr, Ta;_,),0s_,
system. We found that a pure L'-Ta,O5 phase formed in the com-
position range of x=0.05-0.11 by optimizing the heat-treatment
conditions. To investigate the formation pathway of the L'-Ta,Os
phase from the starting materials, ZrO, and L-Ta,Os, we con-
ducted HTXRD measurements. We report the formation process
and composition-dependent properties of non-centrosymmetric
L/-Ta205 type (erTal_x)205_x.

Il. EXPERIMENTAL

(Zr,Ta;_,)205_x (x=0.04-0.13) was synthesized via a solid-
state reaction using ZrO, (rare metallic, >99.99% purity, <2% Hf)
and Ta,Os (rare metallic, >99.99% purity, low-temperature
L-Ta,05) powders as starting materials in a stoichiometric ratio.
The powders were mixed with ethanol using an agate mortar, then
dried at 120°C, and pressed into ¢ 7mm or ¢ 10mm pellets.
These pellets were sintered at 1700 °C for either 10 or 5h at a
heating rate of 2.6°C/min and cooling rate of 1.2°C/min.
Subsequently, the pellets were heated at 1200 °C for 10 h. In both
heating processes, the pellets were heated in air. XRD measure-
ments were performed for phase identification using a PANalytical
X’Pert’ powder diffractometer (Cu Ko, A = 0.15418 nm). To investi-
gate the formation process of the L'-Ta,0Os phase, in situ HTXRD
measurements were performed over a temperature range of 28-
1450°C using a Bruker AXS D8 ADVANCE diffractometer
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equipped with a high-temperature stage (Cu Ko, A =0.15418 nm).
The starting material consisted of a mixture of ZrO, and L-Ta,Os
powders in a stoichiometric ratio corresponding to
(Zro.10Ta9.90)204.90- The sample was placed on a Pt heater and
directly heated under a nitrogen atmosphere. Synchrotron powder
XRD was conducted for the sample with x=0.05 from —173 to
800°C wusing Debye-Scherrer-type powder diffractometer at
SPring-8 (BL13XU, A=0.375695nm). The sample powder was
packed into a quartz glass capillary with an outer diameter of
0.1 mm and a wall thickness of 0.01 mm.

SHG measurements were performed at room temperature to
confirm the non-centrosymmetry. A modified Kurtz nonlinear
optical (NLO) system using 1064 nm light (Nd:YAG laser) was
used for the SHG measurement.”’ To measure the dielectric cons-
tant, ¢ 7 mm gold electrodes were deposited on both sides of the
pellets using a direct-current sputtering method. The dielectric
constant was measured using an inductance-capacitance-resistance
(LCR) meter (4284A; Agilent, Palo Alto, CA, USA) at frequencies
of 1kHz, 10kHz, 50 kHz, 100 kHz, 200 kHz, 500 kHz, and 1 MHz
with an applied signal of 1V in the temperature range of 30—
370°C in air.

lll. OPTIMIZING THE HEATING CONDITIONS
TO FORM THE L'-Ta,Os PHASE IN (Zr,Ta;_),0s5_x
FOR x=0.05-0.11

Figure 1 shows the XRD patterns of (Zr,Ta;_,),05_,
(x=0.04-0.13) obtained by heating at 1700°C. The reference
pattern for the L-Ta,O5 phase (P2mm) is included for compari-
son."” For the compositions with x = 0.06-0.13, the two prominent
peaks around 26 = 28° were inverted in relation to the peak intensi-
ties of the L-Ta,O5 phase. This inversion indicates the formation of

the L'-Ta,0s phase. Among these compositions, the samples with :

x=0.09-0.11 formed a single L'-Ta,Os phase without any impurity
phases. However, the ZrsTa,0;; phase was observed as an impurity
in the samples with x=0.12-0.13. Note that the ZrsTa,0,; phase
remained even after re-heating at 1700°C for 10h (not shown
here). Therefore, the solid-solution limit of ZrO, to Ta,O5 was esti-
mated to be x=0.11 in (Zr,Ta;_,),05_,. For compositions with
x=0.05-0.08, the H-Ta,05 phase was formed. The weight fraction
of the H-Ta,O5 phase relative to the L'-Ta,0O5 phase increased with
decreasing ZrO, substitution, and only the H-Ta,Os phase was
obtained for the samples with x = 0.04-0.05.

Based on the binary phase diagram of Ta,Os and ZrO,, the
H-Ta, 05 phase is formed at 1700 °C during heating.'>*" This indi-
cates that the L'-Ta,0s phase is formed by cooling the H-Ta,Os
phase. Additionally, the L'-Ta,Os phase has a high-temperature
L”-Ta,O5 phase, as mentioned in a previous report."” Therefore,
the phase transitions during cooling are expected to proceed as
H-Ta,05 — L"-Ta,05 — L'-Ta,0s, as illustrated in Fig. S1(a) in the
supplementary material.

The transformation from the H-Ta,Os phase to the conven-
tional L-Ta,0s phase is sluggish; therefore, the phase transition to
the L”-Ta,Os5 phase is also expected to be slow.'’™'* For composi-
tions with x = 0.04-0.08, the H-Ta,05 phase could be fully or par-
tially quenched to room temperature, even with a slow furnace
cooling rate of 1.2 °C/min. This indicates that the activation energy
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FIG. 1. XRD patterns of (Zr,Ta;_,),0s_, heated at 1700 °C for 10 h, with a
reference pattern of L-Ta,Os (P2mm, ICSD No. 9112). The filled circles and tri-
angles represent reflections from the H-Ta,Os phase and ZrgTa,04,
respectively.

barrier required for the transition from the H-Ta,Os phase to the
L"-Ta,Os phase is relatively high in this composition region. To
promote this phase transition, either slowing the cooling rate
further or implementing an additional annealing process is neces-
sary, as shown in Figs. S1(a) and S1(b) in the supplementary
material.

To produce the 1'-Ta,Os phase, samples of x=0.04-0.08,
which initially formed the H-Ta,O5 phase when heated at 1700 °C
for 10 h, were subsequently heated at 1200 °C for 10 h. This tem-
perature was chosen because it is slightly lower than the stabiliza-
tion point of the H-Ta,Os phase at 1360 °C and is expected to
promote the phase transition to the L”-Ta,Os phase. Figure 2 dis-
plays the XRD patterns of (Zr,Ta;_,),0s_, (x=0.04-0.08) after
re-heating. The two prominent peaks around 260=28° were
inverted, indicating the formation of the L'-Ta,Os phase. A pure
L'-Ta,Os phase was obtained for samples with x=0.05-0.08,
whereas an additional impurity L-Ta,Os phase was formed for
x=0.04. Based on Figs. 1 and 2, a single L'-Ta,0O5 phase was con-
firmed for the samples with x=0.05-0.11. Moreover, the SHG
responses observed for these compositions support the formation

ARTICLE pubs.aip.org/aip/jap
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FIG. 2. XRD patterns of (Zr,Ta;_,).0s_, heated at 1700 °C for 10 h, followed
by additional heating at 1200 °C for 10 h. Reference pattern is L-Ta;Os with a
P2mm structure (ICSD No. 9112). The filled squares indicate reflections from
the L-Ta,05 phase.

of the L'-Ta,05 phase, as shown in Fig. S2 in the supplementary
material.

IV. FORMATION PROCESS OF THE L'-Ta,Os PHASE
CONFIRMED BY HTXRD MEASUREMENT

The expected formation sequence of the L'-Ta,Os phase, illus-
trated in Figs. Sl(a) and S1(b) in the supplementary material,
begins with a mixture of ZrO, and Ta,Os as the starting materials.
Upon heating, this mixture transforms into a solid solution of the
high-temperature H-Ta,Os phase.'™*' As it cools, it transforms
into the L”-Ta,O5 phase, followed by a transition to the L'-Ta,Os
phase."”

To verify this expected formation process, HTXRD analysis
was conducted according to the pathway outlined in Fig. S1(b) in
the supplementary material. ZrO, and Ta,Os powders mixed in a
stoichiometric ratio corresponding to (Zrg10T40.90)204.90 Were used
as the starting materials. The whole time series of the HTXRD
results is shown in Fig. 3 as a 3D diagram. The horizontal and ver-
tical axes represent the 26 angle and time, respectively, while the
temperature at each time point is drawn on the right. Yellow
dashed lines separate the obtained phases at each time scale.
Reference patterns for the L-Ta,Os phase (P2mm) and H-Ta,0s
phase (I4;/amd) are also included in the figure above. Figure S3 in
the supplementary material presents the raw XRD data collected at
each measurement step.
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FIG. 3. HTXRD patterns of a sample consisting of mixed Ta,Os and ZrO, powders as a function of the temperature in the range of 28-1450 °C. The lower-right figure indi-
cates the temperature profile as a function of time during the measurement. The upper figure is the reference diffraction patterns of L-Ta;Os (ICSD No. 9112), H-Ta,0s
(ICSD No. 157683), L'-Tay0s(Zro.10T30.90)204.90 Measured at 27 °C'], and L”-Ta,0s [(Zro10Ta0.00)204.00 Measured at 800 °C'°]. The diffraction peaks observed near

260=40° and 45° originate from the Pt heater used during the measurement.

At room temperature, the observed XRD peaks were those of
starting materials of ZrO, and Ta,Os. With an increase in tempera-
ture, the peak from ZrO, observed at 260=31.5° disappeared at
1200 °C, indicating that ZrO, was dissolved in Ta,Os as shown in
Fig. $4 in the supplementary material. This dissolution resulted in
a change in the diffraction peak positions of the L-Ta,O5 phase.
Additionally, a small amount of the impurity ZrsTa,O,, phase
formed, as shown in Fig. 3. This ZrsTa,0;; phase remained even
after the HTXRD measurements were completed.

The binary phase diagram of (Zr,Ta;_,),05_, at x=0.10 and
1200 °C reveals the phase segregation of L-Ta,Os (Zr-substituted
L-Ta,05) and Zr¢Ta,0;,,"" which is consistent with our results.
Although this phase diagram describes the L-Ta,Os phase, the
XRD peak at 1200 °C closely resembles the L”-Ta,O5 phase, as the
gap between the two diffraction peaks around 260 =28° narrowed
and merged into a single peak. However, the L'-Ta,O5 phase did
not form after 1200 °C heat treatment for 10 h, confirming its iden-
tity as the L-Ta,Os phase. The transition from the L-Ta,Os to
H-Ta,0s phase was confirmed at 1400 °C, aligning with a previous
report that this phase forms above 1360 °C."” The H-Ta,Os5 phase
remained the main phase when the temperature was held at
1450 °C and subsequently decreased to 1150 °C.

During the holding process at 1150 °C, peaks corresponding
to the L”-Ta,05 phase emerged. With increasing holding time, the
peak intensity increased, while the peak intensity of the H-Ta,O5
phase decreased. This observation indicates that the H-Ta,Os
phase gradually changed into the L”-Ta,O5 phase. After holding at
1150°C for 5h, the L"-Ta,Os phase became the main phase.
However, the H-Ta,Os phase remained, indicating that the phase
transition was incomplete owing to the limited holding time. Upon
cooling to 30°C, peaks corresponding to the L’-Ta,Os phase
emerged at 200 °C, indicating a transition from the L”-Ta,O5 phase
to the L’-Ta,05 phase. Notably, the phase transition temperature
observed here differs from that reported previously (ca. 400K,
127 °C), estimated from the observable change in the XRD peak
pattern of HTXRD measurement.'” This discrepancy can be attrib-
uted to the fact that the amount of Zr in the composition of
L'-Ta,Os is lower than in (Zrg0T2g.90)204.90 Owing to the forma-
tion of ZreTa,0,5, as shown in Fig. 3. The correlation between Zr
substitution content and phase transition temperature will be dis-
cussed later.

For compositions with x=0.09-0.11, the single L'-Ta,Os
phase was achieved by heating at 1700 °C for 10 h, while for com-
positions with x = 0.05-0.08, both the L'-Ta,O5 phase and impurity
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H-Ta, 05 phase were obtained, as shown in Fig. 1. According to the
HTXRD measurement, the L'-Ta,Os phase forms through a
sequence of phase transitions during cooling: first from the
H-Ta,05 phase to the L”-Ta,05 phase and then from the L”-Ta,O;
phase to the L'-Ta,O5 phase. Notably, if the H-Ta,05 phase cannot
transition into the L”-Ta,Os phase at high temperatures, it is
quenched to room temperature. Therefore, the formation of the
H-Ta,0s phase for x = 0.05-0.08 might be derived from the incom-
plete phase transition to the L”-Ta,Os phase. This phase transition
is kinetically controlled, as indicated by the requirement for a cons-
tant holding time of 1150 °C to complete the transition. The peak
intensity of the H-Ta,Os phase increases with decreasing ZrO,
content, indicating that the transition of the H-Ta,Os phase into
the L”-Ta,Os phase slows with decreasing Zr content. In other
words, a lower Zr content leads to a higher activation barrier for
this phase transition. Therefore, additional heat treatment is
required to overcome this activation barrier to obtain the L'-Ta,Os
phase for the compositions with x = 0.05-0.08, as shown in Fig. 2.

V. COMPOSITIONAL DEPENDENCE OF THE PHYSICAL
PROPERTIES

A. Lattice parameters

The lattice parameters of the L'-Ta,Os phase for x = 0.05-0.13
were refined using the Le Bail method.”” Figure 4 shows the com-
positional dependence of the lattice parameters. All data values
including errors are shown in Table S1 in the supplementary
material. The lattice parameters exhibit an increase in a and a
decrease in b as the amount of ZrQO, substitution increases within
the range x = 0.05-0.11, where the L’ -Ta,0s phase is observed as a
single phase. Moreover, ¢ decreases in the composition range of

x=0.05-0.08, while it remains nearly constant between x=0.08 |
and 0.11. The unit-cell volume also decreased upon increasing x ;

from 0.05 to 0.06, followed by an increase when x was raised from

400
350

(b) .

0.05 0.06 0.07 0.08 0.09 0.10
xin (Zr,Ta, ),05.,

FIG. 5. (a) Compositional and temperature dependence of real part of dielectric constant of (Zr,Tas_,)205_y (x = 0.05-0.10) measured at 1 MHz. (b) Compositional depen-
dence of phase transition temperature between L’-Ta,O5 and L”-Ta,05 for (Zr,Tas_)205_y (x = 0.05-0.10).
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0.08 to 0.11. At x=0.12-0.13, where the impurity ZrsTa,0;; is
produced as shown in Fig. 1, a and b remain constant, while ¢
increases. These variations in lattice parameters would be derived
from not only the Zr substitution effect but also the formation of
oxygen vacancies. However, a comprehensive structural analysis of
each composition has not been conducted. A detailed structural
determination by neutron diffraction measurements will reveal
these specific changes in the future.

B. Dielectric constant

Figure 5(a) presents the temperature dependence of the real
part of the dielectric constant measured at 1 MHz for x = 0.05-0.10
in (Zr,Ta;_,),0s_,. The dielectric constant and tand measured at
varying frequencies are shown in Fig. S5 in the supplementary
material. With increasing ZrO, content, the dielectric constant at
30 °C rises from 42 for x=0.05 to 50 for x=0.10. The dielectric
constant exhibits a temperature dependence, reaching a maximum
value at the specific temperature associated with the phase transi-
tion from L'-Ta,O5 to L"-Ta,0s."” Figure 5(b) shows the composi-
tional dependence of the phase transition temperatures determined
from the maximum value of the dielectric constant displayed in
Fig. 5(a). The phase transition temperature decreased linearly from
370°C for x=0.05 to 100°C for x=0.10 with increasing ZrO,
content, corresponding to a reduction of ~50°C for each 0.01
increment in x.

C. Negative thermal expansion

Synchrotron HTXRD measurements were conducted at
SPring-8 (BL13XU, A =0.375 695 nm) to investigate the tempera-
ture evolution of the L'-Ta,Os-type phase (x=0.05). This study
examined a temperature range of —173 to 800 °C, as shown in
Fig. S6 in the supplementary material. The phase transition tem-
perature for the transformation of the L'-Ta,0Os into the L”-Ta,05
phase, determined from the HTXRD data, is ~427 °C for x = 0.05.
By contrast, a previous study reported a transition temperature of
127°C for x=0.10."" This indicates that samples with a lower
ZrO, substitution exhibit a higher phase transition temperature,
consistent with the findings from dielectric constant
measurements.

The obtained lattice parameters are shown in Fig. 6 and data
values including errors are shown in Table S2 in the
supplementary material. The data for x=0.05 are represented by
red circles, while the data for x =0.10 are plotted as black squares
for reference.'” For the samples with x=0.05, the parameter b
increases, while the parameters a and ¢ decrease up to 400 °C.
Above this temperature, all parameters gradually increase.
Therefore, the phase transition temperature is estimated to be
approximately 427°C based on HTXRD measurements. The
observed difference of about 50 °C in phase transition temperature
between dielectric constant and HTXRD measurements arises
from the distinct phenomena each technique detects. Dielectric
constant measurements are highly sensitive to polarization fluctu-
ations, whereas XRD measurements detect changes in the average
crystal structure. Since polarization fluctuations become apparent
before structural changes, the phase transition temperature
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FIG. 6. Temperature dependence of the unit-cell volume and lattice parameters
for (ZryTas_,)205_ (x=0.05 and 0.10). The filled red circles and black squares
represent the data for compositions of x=0.05 and 0.10, respectively. The
errors are within the circle and square data points.

determined by dielectric constant measurements tends to be lower
than that determined by XRD.

The lattice volume decreases between 327 and 427 °C in the
vicinity of the phase transition temperature, indicating negative vol-
umetric thermal expansion (NTE). Here, the volumetric thermal

expansion coefficient, «@,, was calculated as a, = (VLO) (‘;:%‘)’),

where T represents the final temperature, T the initial temperature,
and the corresponding volumes are V and Vj, respectively. At
x=0.05, &, was calculated to be —2.06 x 107°/K from the lattice
volumes V, and V at 327 and 427°C in Table S2 in the
supplementary material. This value is comparable to that of
ZrW,0g, a well-known NTE material with o, =—2.7 x 107°/K.*’
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For x =0.10, the thermal expansion coefficient o, was —1.09 x 10"/K
in the temperature range of 77-127 °C. The sample with x =0.05
had a wider NTE temperature range than x=0.10 along with a
larger thermal expansion coefficient.'” The unit-call volume sig-
nificantly shrinks before the phase transition from L'-Ta,Os to
L"-Ta,05 when the amount of ZrO, substitution is low. Uniquely,
the NTE temperature range of the L'-Ta,Os type (Zr,Ta;_,),05_,
varied by ~200 °C (~473 K) through composition control, making
it a promising candidate material for negative thermal expansion
applications.

V. CONCLUSION

In this study, we investigated the formation process and
composition-dependent properties of L'-Ta,Os type (Zr,Ta;_,),05_,.
HTXRD measurements indicated that the mixture of starting materi-
als, ZrO, and Ta,Os, formed the H-Ta,O5 phase upon heating above
1360 °C. As the H-Ta,0O5 phase cooled, it changed into the L”-Ta,Os
phase, followed by the formation of the L'-Ta,Os phase. A single-
phase L'-Ta,Os was obtained within the composition range of
x=0.05-0.11. The material properties depended on the composition
in the following ways:

o The lower the amount of ZrO, substitution, the slower the phase
transition from the H-Ta,Os phase to the L”-Ta,Os phase,
making the H-Ta,O5 phase more likely to be quenched.

o With increasing extent of ZrO, substitution, the lattice parame-
ters a and c increase, while b decreases.

o The dielectric constant at 30 °C increases with increasing extent
of ZrO, substitution, ranging from &, =42 to 50. The tempera-
ture dependence of the dielectric constant revealed a maximum
that corresponds to the phase transition from L'-Ta,Os to
L"-Ta,0s. This transition temperature decreases by ~50°C for
every 0.01 increase in x.

o The L'-Ta,05 phase shows NTE behavior near the phase transi-
tion temperature. Specifically, as the extent of ZrO, substitution
decreases, the negative volume expansion coefficient increases.
For the x =0.10 sample, the thermal expansion coefficient, ¢,, in
the 77-127°C range is —1.09 x 107K, and for the x=0.05
sample, a, is —2.06 x 107°/K in the 327-427 °C range.

In conclusion, (Zr,Ta;_,),05_, (x=0.05-0.10), which forms
the L'-Ta,Os phase, is a material that allows for control over the
dielectric constant, phase transition temperature, and thermal
expansion behavior based on its composition.

SUPPLEMENTARY MATERIAL

See the supplementary material for the predicted phase transi-
tion pathway to the L’-Ta,0s phase from the starting materials of
ZrO, and L-Ta,0s, SHG signals for (Zr,Ta;_,),0s_, (x=0.05-
0.11), temperature dependence of HTXRD profiles of
(Zro.10T0.90)204.00, lattice parameters with error bars for samples
with x values ranging from 0.05 to 0.13 as well as for x =0.05 and
0.10 during HTXRD measurements, and temperature dependence
of real part of the dielectric constant for (Zr,Ta;_,),05_, (x=0.05-
0.10) and raw synchrotron XRD data of (Zrg5T4a0.95)204.95.
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