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ABSTRACT

We report on temperature-dependent dielectric behavior of disordered ternary A6B2O17 (A¼Zr, Hf; B¼Nb, Ta)-form oxides in the GHz fre-
quency range. The microwave dielectric properties including relative permittivity, dielectric loss, and temperature-dependent relative permit-
tivity were characterized using cylindrical dielectric resonators using a resonant post measurement technique. Dielectric measurements
through the resonant post method approach generally agree with dielectric measurements of A6B2O17 bulk ceramics measured through stan-
dard resonant post techniques. Coefficients describing the temperature-dependent relative permittivity for ternary A6B2O17 phases are
strongly positive, suggesting contributions to polarizability arising from long-range mechanisms potentially associated with structural disor-
der. These observations support the working hypothesis that material functionality can be engineered by the chemical diversity and structural
disorder possible in high configurational entropy A6B2O17 phases.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0219964

The A6B2O17 (A¼Zr, Hf; B¼Nb, Ta) phases have captured the
ceramics community’s interest due to their complex structure, which
tolerates substantial atomic disorder and chemical diversity (Fig. 1).1–4

Foundational reports2–4 demonstrate the entropic contribution to
structural stability and pave the way for property studies. While sub-
stantial attention is fixed on A6B2O17 high-temperature thermal and
chemical transport and mechanical properties,5–8 recent reports high-
light opportunities for these phases as electronic materials.9–11

Microwave frequency dielectric properties suggest promise for electro-
ceramic applications, but characterization has hitherto been limited to
room-temperature performance.

As discussed by Harrop,12 materials tend to exhibit temperature-
dependent relative permittivity behavior underpinned by fundamental
differences in structure and bonding. Therefore, relative permittivity

temperature coefficient measurements form a phenomenological basis
for classifying materials. Comparisons between materials with dissimilar
dielectric behavior will highlight any unique property effects derived
from chemistry and structure. The recent focus on entropic contribu-
tions to material structure and performance gives heightened impor-
tance to fundamental property studies for disordered systems.13–15

Characterizing the temperature-dependence of relative permittivity in
A6B2O17 represents an important opportunity for entropy-assisted elec-
troceramics engineering. We report on temperature-dependent bulk
dielectric properties of ternary A6B2O17 phases and contextualize their
performance relative to similar crystalline ionic inorganics; we discuss
connections between structural disorder and dielectric properties.

Bulk ceramics are synthesized via solid-state reactive sintering as
described in the literature.4 Stoichiometric amounts of as-received
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oxide powders (ZrO2, TOSOH, 99.87%; Nb2O5, Sigma Aldrich,
99.99%; HfO2, Sigma Aldrich, 98%; Ta2O5, Sigma Aldrich, 99.5%) are
ball milled in methanol (Fisher Scientific, Grade: Certified ACS
Reagent) using yttrium-stabilized zirconia media for 30h, followed by
air drying at 100 �C to drive off methanol for at least 2 h.

Powders are compacted via uniaxial pressing at �172MPa
(�25 000psi) in a 0.5 in. diameter steel die to form �2 g green bodies
and are subsequently sintered in air at 1500 �C for 12h. Reacted pellets
are examined with x-ray diffraction (Panalytical Empyrean, Bragg-
Brentano optic, h�2h geometry, Cu ka source k¼ 1.54 Å) to confirm
A6B2O17 phase formation. Approximate density measurements are
made using calipers to confirm small volume fraction porosity for reli-
able dielectric measurements.

Separately, reference samples of TiO2 and CaTiO3 (for which
dielectric properties have previously been well-characterized) are syn-
thesized; these serve as comparison metrics for the A6B2O17 phases.
As-received powders (Alfa Aesar) for each reference sample are com-
pacted under �62MPa (�9000 psi) pressure to form �0.5-in. diame-
ter green bodies. These are subsequently sintered at 1600 �C for 24 h.

Relative permittivity and dielectric loss were characterized for a
ceramic, cylindrical resonator using the TE011 mode, whereas the

temperature-dependent relative permittivity coefficient was deter-
mined from a resonant post inside a cavity using the similar TE01d
mode. For the temperature-dependent measurements, samples are
individually placed on a Styrofoam substrate inside a silver-painted
fused silica cylindrical cavity to prevent thermal expansion. A metallic
plate screwed into the sample cavity provides boundary conditions for
measuring the TE01d mode. The sample cavity is connected via coaxial
cables to a vector network analyzer, which records sample resonant
peaks at the TE01d mode from which relative permittivity is calculated
(see the supplementary material). The sample cavity sits on a hot plate,
which is adjusted for elevated temperature measurements at 50, 75,
and 100 �C. An additional (empty) sample cavity is situated on the hot
plate adjacent to the active sample cavity; this empty cavity is con-
nected to an isolated thermocouple, which provides accurate tempera-
ture monitoring. This setup is diagramed in the supplementary
material.

X-ray diffraction results (Fig. 2) confirm near-complete reactions
in A6B2O17 ternary ceramics under the given thermal budget, similar
to other literature reports.4 More refractory systems (i.e., Hf6Ta2O17

and Hf6Nb2O17) possess larger residual precursor phase fractions as
indicated by the secondary diffraction peaks. Logarithmic XRD plot-
ting amplifies low-intensity residual precursor peaks. Prior literature
reports diminishing returns for A6B2O17 yield above a �96wt. %
threshold from solid-state powder reactions at high synthesis tempera-
tures (e.g., �1200 �C).7,16 Achieving higher yields may require long
hold times at elevated temperatures or successive milling and re-
sintering. Nonetheless, ceramics are sufficiently well-reacted for accu-
rate A6B2O17 property characterization.

With the exception of Hf6Ta2O17, sintered pellets are dense
(>95% qTheoretical) with minimal anticipated contributions from poros-
ity to measured relative permittivity for the Zr6Nb2O17, Zr6Ta2O17,
and Hf6Nb2O17 permutations; Hf6Ta2O17 is difficult to densify under
these sintering conditions, though other reports observe densification
at higher temperatures.7 Scanning electron microscopy (supplemen-
tary material) highlights densified microstructures in polished sintered

FIG. 2. XRD scans indicate high-temperature A6B2O17 phase stabilization for each
ternary composition. Residual precursor peaks labeled (�).

FIG. 1. A6B2O17 model highlighting structural disorder (CrystalMakerVR model
adapted from Spurling;11 structure solution by Galy and Roth1 and McCormack and
Kriven2).
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ceramics with relatively small, isolated internal porosity in Zr6Nb2O17,
Zr6Ta2O17, and Hf6Nb2O17; Hf6Ta2O17 is under-dense and has a
much larger evident volumetric fraction of porosity. Companion
energy dispersive spectroscopy confirms compositional homogeneity
and approximate stoichiometry for sintered ternary A6B2O17 ceramics
(supplementary material). This suggests that any secondary diffraction
peaks as observed by XRD are associated with small, dispersed frac-
tions of unreacted precursor phase from the as-received powders; this
is consistent with other literature reports for high-temperature solid-
state A6B2O17 reactive sintering.

4,7,10,16

Based on this structural data, we conclude that the Zr6Nb2O17,
Zr6Ta2O17, and Hf6Nb2O17 ceramics are sufficiently reacted and densi-
fied for reliable dielectric property measurements. Hf6Ta2O17 is also
well-reacted but possesses a much lower relative density and higher
internal porosity. We still report dielectric data for Hf6Ta2O17 and
observe a similar temperature-dependent dielectric phenomenological
behavior as the companion ternary phases; however, due to this larger
porosity, we note a much lower magnitude for the measured relative
permittivity.

Figure 3 shows relative permittivity measurements and resonant
frequencies as a function of temperature for each ternary A6B2O17 per-
mutation measured in the GHz frequency range. Measurements in this
frequency regime will include polarization from ionic and electronic
mechanisms and exclude any interfacial or orientational effects.
Overall, relative permittivity values are similar to measurements for
Zr6Nb2O17 and Zr6Ta2O17 using a standard Hakki-Coleman
approach.10,17 Measured relative permittivities are strongly linear with
temperature across the tested range. Based on prior classifications by
Harrop12 and A6B2O17 room-temperature dielectric measurements,10

we anticipate a large negative temperature-dependent relative permit-
tivity coefficient (TCer � �500) typical for an ionic paraelectric.

Surprisingly, we observe a strongly positive temperature coefficient
(TCer) for each ternary A6B2O17 permutation (Table I).

To contextualize and validate these results, we measured temper-
ature coefficients for similar known oxides including TiO2 and
CaTiO3. We select these materials as comparison metrics because they
are high er dielectrics with similar ionic bonding character to A6B2O17

(see the supplementary material). As ionic paraelectrics, they should
have large negative temperature coefficients, similar to (albeit larger
than) expected values for the A6B2O17 phases. Additionally, measure-
ments for ordered structures like TiO2 and CaTiO3 will highlight
dielectric anomalies associated with a disordered structure as in
A6B2O17. TiO2 and CaTiO3 measurements (Table I) are consistent
with literature reports12,18,19 for each oxide and fall within expected
ranges for paraelectrics based on Harrop’s classifications. While TiO2

and CaTiO3 possess large relative permittivities and similar ionic
bonding character to A6B2O17 (see the supplementary material), both
exhibit large negative temperature coefficients typical for ionic para-
electrics; these data contrast with A6B2O17 results.

Both Harrop’s report12 and Bosman and Havinga’s study on
cubic ionic compounds20 show that most conventional solid-state high
er materials should exhibit a negative temperature-dependent relative
permittivity coefficient (Fig. 4). The large positive temperature coeffi-
cients exhibited by A6B2O17 phases are, therefore, uncharacteristic of
high er ionic inorganics. This dissimilarity is underscored by contrast-
ing results for A6B2O17 and both TiO2 and CaTiO3. The unique
A6B2O17 response must arise from an intrinsic polarization mecha-
nism associated with the chemistry and structure, which remains active
in the high frequency (GHz) regime. Isolating the precise mechanism
driving this behavior in A6B2O17 is challenging, not least because it
likely derives from structural factors which are not relevant in materi-
als examined in some prior reports.12,20 However, comparisons
between ordered and disordered structures give us a basis for assessing
unique property behaviors in A6B2O17.

Positive relative permittivity temperature coefficients have been
documented in other systems, including bismuth-based pyrochlore-
derivative niobates and tantalates,21–24 alkaline-earth and rare-earth
zirconates,25–27 and disordered glasses.12 Unique local crystal structure
contributes to positive temperature-dependent relative permittivity
coefficients in these materials; in orthohombic (perovskite-derivative)
CaZrO3 and SrZrO3, for example, tilting by ZrO6 octahedra at elevated
temperatures has been suggested to drive additional polarization,
resulting in a positive TCer.

26,27 Cockbain and Harrop note that struc-
tural disorder is associated with wide distributions in relaxation times

FIG. 3. Dielectric relative permittivity and resonant frequency measurements for
A6B2O17 samples as a function of temperature.

TABLE I. Dielectric relative permittivity and temperature coefficient measurements
for each A6B2O17 permutation as well as crystalline inorganic reference samples.

Material
Slope of er vs
T (1/�C)

Avg.
Meas. er

TCer
(ppm/�C)

Zr6Nb2O17 0.0093 52 179
Zr6Ta2O17 0.0092 53 173
Hf6Nb2O17 0.0079 44 179
Hf6Ta2O17 0.0017 13 131

TiO2 (rutile) �0.0653 83 �787
CaTiO3 (perovskite) �0.1743 121 �1446
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resulting in unique macroscopic temperature-dependent dielectric
responses.28 We propose that the disorder and unique local coordina-
tions in the A6B2O17 structure could contribute to long-range polariza-
tion mechanisms, which change the temperature-dependent dielectric
response.

The temperature-dependent derivative of the Clausius–Mossotti
Equation provides a mathematical basis for identifying structure-
derived contributions to TCer.

28 The Clausius–Mossotti Equation
defines the relation between relative permittivity (e) and the total
polarizability of constituent ionic species (a) in a defined volume (V),

e� 1
eþ 2

¼ a
3Ve0

: (1)

An initial treatment by Havinga29 identified the following
temperature-dependent Clausius–Mossotti Equation derivative at con-
stant pressure:

1
e

@e
@T

� �
P
¼ e� 1ð Þ eþ 2ð Þ

e

"
� 1
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� �
P

" #

þ 1
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" ##

¼ e� 1ð Þ eþ 2ð Þ
e

Aþ Bþ Cð Þ: (2)

Equation (2) highlights three factors impacting the temperature-
dependent dielectric constant: (A) the decrease in polarizable particles
per unit volume as a result of thermal expansion, (B) the increase in
particle polarizability for a fixed number of particles contained in an
increasing volume with increasing temperature, and (C) the
temperature-dependence of polarizability at fixed volume.

While this treatment is sufficient for ordered isotropic cubic
materials (such as the alkali halide salts examined by Havinga29 and
Bosman and Havinga20), Cockbain and Harrop28 note the limitations

inherent in applying this approach to disordered materials. They pro-
pose an additional term (D) encompassing polarization contributions
from disorder and defect-related mechanisms,

1
e

@e
@T

� �
P
¼ D ¼ Ktand � 0:05 tan d: (3)

The K parameter (which encompasses relaxation times for a given
defect or disorder feature) has slightly different forms in initial deriva-
tions by Gevers30 and Hersping;31 however, in both cases,
K� 0.05 �C�1. Cockbain and Harrop28 present an additional fifth “E”
term comprising relaxation times of certain dipoles, which impacts the
relative permittivity behavior with temperature; however, they note
that this has limited applicability across most systems and so, given
our current focus on the disorderD term, we refer the reader to the lit-
erature for additional detailed discussions. Equation (3) demonstrates
that contributions to dielectric loss arising from disordered states will
impact the magnitude of the temperature-dependent relative permit-
tivity coefficient.

Noticeably, this D term neither appears in derivations for nor is
needed in the explanation of temperature-dependent relative permit-
tivity coefficients for simple ordered materials, such as the alkali hal-
ides.20,29 However, for disordered systems, including A6B2O17, this D
term becomes significant. Mechanistically, the disordered structure
can produce localized dipole states, which supply an additional polari-
zation mechanism not present in ordered materials. The effect of these
dipole states on the overall temperature-dependent relative permittiv-
ity behavior can be easily observed in the high frequency (GHz) range,
since active dielectric polarizability contributions are limited to ionic
and electronic phenomena. The loss tangent values for A6B2O17 and
CaTiO3 and TiO2 reference samples are presented for each tempera-
ture in Table II. We note that the loss values for each ternary A6B2O17

permutation are an order of magnitude higher than both the CaTiO3

and TiO2 reference samples; moreover, the D term magnitude
obtained for A6B2O17 (assuming tand � 0.002) is 100ppm/�C, which
is the same order of magnitude as the TCer for each A6B2O17 permuta-
tion. Therefore, the D term magnitude is large for A6B2O17 (compared
to relatively small values for ordered CaTiO3 and TiO2) and could be
sufficient to drive TCer positive. Overall, this behavior is consistent
with expectations assuming activity from disorder-based polarization
mechanisms represented in Eq. (3). These results highlight key connec-
tions between the unique structure and material properties of disor-
dered A6B2O17 phases.

Our results, coupled with the experimental observations for
chemical relatives and the mathematical theory support, suggest strong
connections between structure (manifesting both as sublattice disorder
and unique local coordination environments) and electronic properties
in A6B2O17 phases. However, because this structure combines unique
coordination environments with substantial cation sublattice disorder,
there are likely complex, multi-faceted contributions to the structure–
property relationships studied here. Therefore, further studies are mer-
ited focusing on local structure in the A6B2O17 phases.

As noted by Harrop,12 materials that exhibit anomalous
temperature-dependent relative permittivity often display other
unique, frequently nonlinear, electronic properties. Additionally, any
disorder and structure contributions to the A6B2O17 temperature-
dependent permittivity behavior may be realized in other high-entropy
or disordered oxides, making this a potential area for further study.

FIG. 4. Reproduction of the temperature coefficient plot by Harrop12 with permission
from Springer Nature with A6B2O17 superimposed. A6B2O17 phases exhibit
temperature-dependent dielectric behavior, which is atypical of ionic inorganics in
this regime.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 125, 092901 (2024); doi: 10.1063/5.0219964 125, 092901-4

Published under an exclusive license by AIP Publishing

 10 Septem
ber 2024 19:00:16

pubs.aip.org/aip/apl


Further research can identify specific mechanisms associated with the
structural disorder, which produce this unique contribution to
temperature-dependent permittivity behavior. However, regardless of
the exact mechanism at play, these results demonstrate that the unique
characteristics of A6B2O17 phases are not relegated simply to structure.
This opens the door to electronic property exploration in A6B2O17

phases and other oxides with a focus on disorder-assisted materials
design for emerging functional electroceramics.

We report a strong positive temperature dependence of dielectric
permittivity in A6B2O17 (A¼Zr, Hf; B¼Nb, Ta) disordered oxides.
This anomalous behavior contrasts with similar ionic inorganics such
as TiO2 and CaTiO3, which adopt strongly negative temperature coef-
ficients. This suggests long-range mechanistic contributions to polariz-
ability likely associated with the A6B2O17 disordered structure and
unique local environments. A6B2O17 shows increasing promise for
electroceramic material applications and merit continued
investigation.

See the supplementary material for further discussions/diagram
of the experimental setup for bulk temperature-dependent permittivity
measurements; scanning electron microscopy and energy dispersive
spectroscopy microstructure and chemical analysis for the sintered
bulk ceramics; and basic ionic bond calculations.
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