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Improper relaxor state in (Ca;_,Sr,)s[AlO;];2(M0QOy),
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Dielectric and elastic properties of aluminate-sodalite-type oxides, (Ca;_,Sr,)s[AlO,];2(M00Oy), with x =
1/16 and 1/4, are investigated in the present study. A well-defined improper ferroelectric phase transition is
demonstrated in the composition of x = 1/16 by the onset of spontaneous strain and sharp anomalies in the
dielectric and elastic responses around 600 K. As the Sr concentration increases to x = 1/4, strong frequency
dispersion appears in the dielectric and elastic responses, indicating that the system changes into a short-range
ordered state. The dielectric and elastic anomalies are found to follow a single Vogel-Fulcher equation over
a wide frequency range from 107! to 10° Hz. The present results suggest an improper relaxor state at the
composition of x = 1/4, in which polar nanoregions form under spatially heterogeneous strain due to differences

in the local coordination environments around Ca and Sr.
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I. INTRODUCTION

Nonperovskite-type oxides have recently attracted increas-
ing attention as a new frontier of ferroelectric materials. A
recent report of ferroelectricity in fluorite-type oxides, for
instance, has inspired the development of novel nonvolatile
memories [ 1-3]. Several oxides with a x-Al,O3-type structure
show an unconventional polarization mechanism, providing
a different design principle for ferroelectric materials [4—6].
Since the discovery of high-T; ferroelectricity in Bi,SiOs, in
which the polar fluctuation of one-dimensional SiO4 chains
drives ferroelectric phase transition [7-10], materials with a
network of oxygen tetrahedra have become fascinating targets
when developing new ferroelectrics. A close competition be-
tween ferroelectric and antiferroelectric instabilities found in
Bi,Si05 suggests the rich tunability of dielectric properties in
this system [11].

Aluminate-sodalite-type compounds are potential can-
didates in the design of nonperovskite-type ferroelectric
materials with unique functionalities. Their general compo-
sition is given by Mg[AlO;]12(XOy4),, and there are plenty
of available elements for M and X sites. Depending on the
selection of M- and X -site elements, various crystal structures
and physical properties emerge [12—17]. An improper ferro-
electric phase transition was found in Srg[AlO,];2(CrOy);
[18]. This improper ferroelectricity was also reported in
(Ca;_,Sry)3[AlO2]12(WO4)2, (Cai—Sry)s[AlO2]12(M00O4 ),
and (Ca;_,Sry)3[AlO,]12(SO4), at Ca-rich compositions
[19-21]. To elucidate the mechanism of improper ferroelec-
tricity, the correlation among multiple physical quantities is
of primary interest in aluminate-sodalite-type oxides. It was
suggested that, particularly in (Ca;_,Sr,)3[AlO,]12(SO4),,
an antiferroelectric phase transition takes place at Sr-
rich compositions [22]. From an application viewpoint, a
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pyroelectric energy harvesting property with excellent ef-
ficiency has been proposed in (Ca;_,Sr,)g[AlO2]12(WOy4),
and (Ca;_,Sr,)g[AlO,]12(MoQy), [19,20]. Furthermore, di-
rect observations of the P-E hysteresis loop have re-
cently been achieved in multilayer ceramics capacitors of
(Caj_,Sr,)3[AlO2]12(Mo00Qy4),, paving the way for their prac-
tical applications [23].

In the present study, we investigated the dielectric and elas-
tic properties of (Caj_,Sry)g[AlOz]12(M00O4), withx = 1/16
and 1/4 as a function of temperature to obtain insight into
the phase transition properties of aluminate-sodalite-type ox-
ides. (Ca;_,Sry)g[AlO;]12(Mo0Qy), is hereafter abbreviated as
(CS)AM-x. In contrast to the sharp anomalies in the dielectric
and elastic responses observed in (CS)AM-1/16, broad and
frequency-dependent dielectric/elastic anomalies have been
found in (CS)AM-1/4, indicating that the system results in
a short-range-ordered state in a low-temperature region. Since
the Ca end-member of (CS)AM-x undergoes an improper fer-
roelectric phase transition [20], the short-range-ordered state
in (CS)AM-1/4 is suggested to be a so-called improper re-
laxor, where polar nanoregions are collaterally induced by
short-range-ordering of a certain primary-order parameter dif-
ferent from polarization.

II. EXPERIMENTAL METHODS

(CS)AM-x polycrystalline samples were synthesized with
a conventional solid-state reaction method. Stoichiometric
powder mixtures of CaCOj3 (99.99%), SrCO;3 (99.9%), Al,O3
(99.99%), and M0oOs3 (99.9%) were ground with an agate mor-
tar and a pestle in ethanol and pressed into the shape of a rod.
The rods were fired at 1400 °C for 12 h, followed by furnace
cooling to room temperature. The sintered rods were sliced
using a diamond saw (Model 650, South Bay Technology) for
the elastic and dielectric measurements. Pieces of the sam-
ples were reground and subjected to powder x-ray-diffraction
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FIG. 1. Powder x-ray-diffraction patterns of (a) (CS)AM-1/4
and (b) (CS)AM-1/16, observed at room temperature. (c) The cal-
culated pattern for the Ca end-member.

measurements using a Miniflex600 (RIGAKU) to check the
quality of the samples.

Dielectric measurements were performed with a precision
LCR meter 4284A (Hewlett Packard) on the samples with
Ag electrodes baked to both surfaces. The temperature of
the samples was controlled by THMS600 (LINKAM). Elastic
properties were measured using DMA Q800 (TA Instruments)
with a single cantilever mode. The dimensions of the samples
used for the elastic measurements were 300 x 7 x 0.6 mm?.
Note that the temperature dependence of the dielectric and
elastic properties was investigated on cooling.

III. RESULTS AND DISCUSSIONS

Figures 1(a) and 1(b) show powder x-ray-diffraction pat-
terns of (CS)AM-1/4 and (CS)AM-1/16 observed over a 26
range from 20° to 50°. The overall features of the diffraction
profiles for both samples agree with the calculated pattern for
the Ca end-member shown in Fig. 1(c), indicating that the
present samples have sufficient quality for dielectric and elas-
tic measurements. Under close examination of the diffraction
profiles of (CS)AM-1/4 and (CS)AM-1/16, several peaks are
seen to disappear in (CS)AM-1/4. Furthermore, split peaks,
for instance around 26 ~ 39°, merge into single peaks as
x increases from 1/16 to 1/4. These results suggest that a
macroscopic symmetry at room temperature increases with
the Sr substitution.

The dielectric responses of (CS)AM-1/16 and (CS)AM-
1/4 are presented in Figs. 2(a)-2(d) as a function of
temperature. Each dielectric permittivity is shown in Figs. 2(a)
and 2(c), whereas the (dielectric) loss tangent, tan §, is shown
in Figs. 2(b) and 2(d). All measurements were performed
at several frequencies, 103, 10%, 10°, and 10° Hz, to investi-
gate the frequency dispersion of the dielectric response. As
shown in Fig. 1(a), a sharp peak is seen at 566 K on cool-
ing. This peak indicates the ferroelectric phase transition of
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FIG. 2. Temperature dependence of dielectric responses ob-
served at frequencies 103, 10*, 10°, and 10°Hz in (CS)AM-x with
(a),(b) x =1/16 and (c),(d) x = 1/4. Panels (a),(c) and (b),(d)
present the permittivity and tan §, respectively.

(CS)AM-1/16. The permittivity culminates with a value of
approximately 14.5, which is considerably smaller than the
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typical value for a conventional proper ferroelectric phase
transition. This result suggests the improper nature of the fer-
roelectric phase transition in (CS)AM-1/16, as also claimed
in previous studies [19-22]. Synchronized with the permittiv-
ity anomaly, a distinct cusp also appears in the temperature
dependence of tan §, as presented in Fig. 2(b). Note that lit-
tle frequency dispersion is seen in the dielectric anomalies
observed in (CS)AM-1/16, indicating an onset of long-range
ordering at the phase transition. In the (CS)AM-1/4, on the
other hand, there is contrasting behavior in the tempera-
ture dependence of the dielectric response. As presented in
Fig. 2(c), the peaklike anomaly of permittivity, which is seen
around 350 K, strongly broadens. The corresponding anomaly
in tan§ shown in Fig. 2(d) also spreads over several tens
of degrees Kelvin. The most significant variation due to the
increment of x is the appearance of frequency dispersion in
the dielectric anomaly. As presented in Figs. 2(c) and 2(d), the
specific temperatures at which the permittivity and the tan §
culminate increase as the measurement frequency increases.
Such behavior is typically seen when the macroscopic phase
transition is perturbed by some sort of disorder to render
the system short-range ordered. The extra anomaly observed
around 250 K is an extrinsic signal due to the slight humid-
ity of the sample. Note here that the dielectric anomalies in
CSAM-1/16 and CSAM-1/4 are discussed under the assump-
tion that they stem from the same phase transition, although
the transition temperatures for CSAM-1/16 and CSAM-1/4
are largely different. This can be justified by the results of
dielectric measurements on CSAM-x (x = 0.10, 0.15, and
0.20), where a systematic variation of the dielectric anomaly
has been found with a progressive increase of Sr content x, as
shown in Fig. 3.

Since (CS)AM-x undergoes an improper ferroelectric
phase transition, of which the primary order parameter is other
than polarization, the dielectric measurements give an indirect
clue to the mechanism of phase transition. We thus performed
elastic measurements to obtain complementary information
to the dielectric response. Figures 4(a)—4(d) present the tem-
perature dependence of the storage modulus [Figs. 4(a) and
4(c)] and (elastic) loss tangent, tan$ [Figs. 4(b) and 4(d)],
of (CS)AM-1/16 and (CS)AM-1/4 observed with load fre-
quencies of 0.1, 0.3, 1.0, 3.0, and 10.0 Hz. The insets in
Figs. 4(c) and 4(d) denote magnified views for the tempera-
ture range over which the elastic anomalies were found. As
shown in Fig. 4(a), a pair of sharp dips were detected in
the storage modulus at 566 and 561 K on cooling. These
anomalies indicate that two phase transitions take place suc-
cessively in a narrow temperature range. Note that the elastic
anomaly observed at the lower temperature is not detected in
the dielectric measurements. A reason for this discrepancy
is probably due to the difference in their phase-transition
properties. In the Ca end-member of (CS)AM-x, there are
three phase transitions above room temperature with succes-
sive changes of symmetry: /43m to P4c2(1) at T; = 624K,
P4c2(1) to P4c2(2) at T» = 614K, and P4c2(2) to Aea2 at
T3 = 590K [24]. Among these transitions, the structural vari-
ation across 73 is the slightest from the viewpoint of crystal
symmetry. Therefore, it would be reasonable to assign 75 to
the lower-temperature elastic anomaly at 561 K, which has
a corresponding dielectric anomaly below the detection limit
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FIG. 3. Temperature dependence of dielectric permittivity for
(CS)AM-x (x = 0.10, 0.15, and 0.20), which was measured at the
frequencies of 10%, 10°, and 10° Hz.

of the present dielectric measurement. Then, the higher one
at 566 K can automatically be attributed to 7;. Signs of T}
and 75 have also been found in the temperature dependence of
elastic tan §, as presented in Fig. 4(b). Note here that a weak
and broad bump can be seen in the temperature dependence
of the storage modulus around 500 K. This anomaly has been
suggested to be a trace of 73. With increasing x to 1/4, as
shown in Fig. 4(c), these anomalies merge into a single broad
bump. The inset shows that the minimum of the broad bump
shifts to a higher temperature as the load frequency increases.
This feature is consistent with that observed in the dielectric
measurements, indicating again the short-range-ordered state
of the system. This strong frequency dispersion has also been
seen in the anomaly of elastic tan §, as shown in Fig. 4(d). It
should be mentioned here that, as described above, the crystal
symmetries for the two intermediate phases were proposed to
be nonpolar P4c2 [24]. If this is true, then the phase transition
at 77 is not the improper ferroelectric phase transition. How-
ever, the previous pyroelectric measurement for CSAM-0.16
has clearly demonstrated the polar symmetry below 7; [20].
Although further investigations are necessary to determine the
crystal structures below T; conclusively, the misassignment of
crystal symmetries for the intermediate phases has little influ-
ence on the present discussion, since the structural variation
across T is subtle in any case.

Figure 5 shows the temperature dependence of the shear
strain for (CS)AM-1/16 and (CS)AM-1/4, which were mea-
sured on heating without mechanical stress after cooling under
the application of shear stress at 10 MPa. In (CS)AM-1/16,
as shown in the figure, spontaneous strain disappears at 7} =
566 K, synchronized with the anomalies in the dielectric per-
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FIG. 4. Temperature dependence of the elastic responses ob-
served with several frequencies in (CS)AM-x with (a),(b) x = 1/16
and (c),(d) x = 1/4. Panels (a),(c) and (b),(d) present the storage
modulus and tan 8, respectively. Insets in panels (c) and (d) present
magnified views.
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FIG. 5. Temperature dependence of the shear strain observed in
(CS)AM-1/16 and (CS)AM-1/4, which was measured on heating
without bias stress after cooling under the loading of bias stress.

mittivity and storage modulus. This result demonstrates that
the phase transition at 77 has a ferroelastic nature. Further-
more, an additional bump is seen around 500 K, suggesting
successive evolution of the strain at 73. As for 75, on the other
hand, little anomaly was found in the present study, probably
due to overlap with the anomaly at 7} and/or a change in
the crystal structure at 7, that is too subtle to be detected.
In (CS)AM-1/4, on the other hand, only a slight strain was
detected below the temperature around which the dielectric
and elastic anomalies were found. Such a negligibly small
spontaneous strain along with the dispersive anomaly in the
susceptibility also manifests the short-range-ordered relaxor-
like state of (CS)AM-1/4.

To obtain further insight into the phase transition of
(CS)AM-1/4, the dielectric and elastic anomalies were ana-
lyzed quantitatively. Plotted in Fig. 6 are the test frequencies
against the inverse of the specific temperatures for (CS)AM-
1/4 at which extrema were observed in the temperature
dependence of dielectric permittivity and storage modulus.
As shown in the figure, the data points deviate from the
Arrhenius-type behavior that is denoted by the broken line.
This trend implies the existence of interacting clusters of
nanoscopic scale in the system. To examine this possibility,
further analyses were performed with the Vogel-Fulcher law,

—E, :|
ks(To — Tp) |’
where E,, Ty, T;, and wy are the activation energy necessary
for reorientation of clusters, the temperature at which the
extremum is observed, the freezing temperature of fluctuating
clusters, and a high-frequency limit of cluster reorientation,
respectively. As shown by the solid curve in Fig. 6, the
data points were able to be reproduced by a single Vogel-
Fulcher equation over the entire frequency range covered
in the present experiments with the dielectric and elastic
measurements. This result suggests dielectric and elastic in-
teractions among the nanoclusters in (CS)AM-1/4. Note that,
although the best fit was obtained with seemingly reasonable
values for E, and T of 545 meV and 179.5 K, respectively,

w:woexp[
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FIG. 6. The measurement frequencies used in the dielectric and
elastic measurements vs the inverse of the specific temperatures
obtained in (CS)AM-1/4 at which extrema were observed in the
temperature dependence of dielectric permittivity and storage modu-
lus. The solid curve denotes the most adequate fit obtained with the
Vogel-Fulcher law (see text for detail).

wo resulted in an unreasonably large value on the order of
10" Hz. There would thus be an unconventional interaction
among nanoclusters in (CS)AM-1/4 beyond the basis of the
Vogel-Fulcher law. As the ferroelectricity in (CS)AM-x is
improper, the interaction of clusters and their dynamics are
expected to be different from those for the canonical relaxor,
which has nanoclusters that interact through the strong po-
lar fluctuation in the matrix of large permittivity [25-28].
Since the primary order parameter for the phase transitions
of the aluminate-sodalite-type family was proposed to be the
orientational ordering of the X O, anions [13,19], mutual cor-
relation among MoO, anions would play a significant role in
the system of (CS)AM-x.

To discuss the correlation in orientations of MoQO4 an-
ions, here we focus on the coordination environments of
Ca/Sr cations. Figure 7 depicts schematic illustrations for
local structures around Ca and Sr in both end-members of
(CS)AM—)C, Cag [AlOz]]z(MOO4)2, and SI’g [AlOz]]z(MOO4)2,
according to their crystal structures reported in previous
studies [13,24]. The left side of the figure presents the high-
temperature /43m and the low-temperature Aea2 phases for
the Ca end-member, while the right side shows the high-
temperature /m3m and the low-temperature /4 /acd phases
for the Sr end-member. Illustrations in the upper and lower
rows are respectively projected onto planes perpendicular and
parallel to a [111] direction of the cubic Im3m structure,
which has crystallographic axes indicated by arrows in the
figure. In the cubic phases with I43m and Im3m symme-
tries, as shown in the upper row of Fig. 7, Ca/Sr locates
at the center of a noncentrosymmetric/symmetric hexagonal
configuration of six oxygen anions, which are involved in
a CaOg(SrOg) polyhedron. As depicted in the lower row,
the CaOg(SrOg) polyhedron shares top and bottom apical
oxygens with MoQy tetrahedra in (CS)AM-x. Due to this char-
acteristic local structure, the difference in the site symmetry
between Ca and Sr in the high-temperature phase exerts a

Cag[AlO,],,(MoO,), Srg[AlO,],,(M00,),

Im3m 14,/acd

o

FIG. 7. Schematic illustrations of the local environments around
Ca and Sr in the Ca and Sr end-members of (CS)AM-x showing their
high- and low-temperature structures. See text for details.

significant influence on the ordering of MoO;, tetrahedra in
the low-temperature phase. In the cubic phases, the MoQO4
tetrahedra reorient among six equivalent orientations due to a
strong thermal fluctuation [12]. When the thermal fluctuation
is sufficiently suppressed, each MoQy, tetrahedron freezes in
the most comfortable orientation in association with the de-
formation of the corner-shared CaOg(SrOg) polyhedron. In
the end-member compositions, the freezing of reorientation
results in a certain ordering pattern of MoQy, tetrahedra with
a long-range correlation, to induce the macroscopic structural
phase transition into the lower symmetry phase. Examples of
the resulting MoQO, orientations in Ca and Sr end-members
are depicted in Fig. 7 for the 14, /acd and Aea?2 structures.
In the mixed composition of Ca and Sr, on the other hand,
the long-range periodic arrangement of MoOy orientations is
expected to be strongly perturbed, since the most comfort-
able orientation of the MoOy tetrahedron crucially depends
on the shape of the corner-shared polyhedra. Thus, the ge-
ometric difference between CaOg and SrOg would induce
disordering in the MoOy orientations. Such a specific local
situation of (CS)AM-x would cause short-range-ordered “ori-
entational” nanoclusters with an unconventional interaction
among them through the deformation of adjacent coordination
polyhedra.

IV. CONCLUSIONS

Dielectric and elastic properties of the aluminate-sodalite-
type oxides (Caj_,Sr,)s[AlO;2]12(M00Oy4), ((CS)AM-x) with
x =1/16 and 1/4 have been investigated as a function of
temperature over the wide frequency range from 10~! to
10° Hz. In contrast to the well-defined improper ferroelec-
tric phase transitions in (CS)AM-1/16, the diffusive phase
transition with short-range ordering was demonstrated in
(CS)AM-1/4 by the broad and frequency-dependent anoma-
lies found in dielectric and elastic responses. The observed
frequency dispersion of dielectric/elastic anomalies imply an
unconventional interaction among nanoclusters in the short-
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range-ordered state found in (CS)AM-1/4. The origin of
nanoclusters is suggested to be correlated orientations of
MoO, tetrahedra, which are perturbed by geometric het-
erogeneity due to the difference between shapes of the
corner-shared CaOg and SrOg polyhedra. As the freezing of
the MoOy orientation is the primary trigger for the improper
ferroelectric phase transition of (CS)AM-x, the ground state
of (CS)AM-1/4 is the so-called improper relaxor state, which
is induced by the freezing of the MoO, fluctuation with the
short-range-ordered arrangement of their orientations. The pe-
culiar local environment of the aluminate-sodalite-type oxides

enables intuitive control of the spatial correlation of polariza-
tion with the geometric design of the constituent polyhedra.
This provides a useful platform for the development of ferro-
electric materials.
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