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Abstract

Ca(Fe,;Ta ;)O3 complex perovskite ceramics have been prepared and characterized in the crystal structure and microstructures, and the
dielectric characteristics have been evaluated over a broad temperature and frequency range. There are two dielectric relaxations in low and high
temperature ranges, respectively. Differing from the situation for Ba(Fe,,;Ta;/»)O3, Sr(Fe/,Ta; )O3 and Ba(Fe,,Nby,»)O03, O,-annealing has little
effect on the dielectric properties of Ca(Fe;,;Ta;»)O3, and the much lower dielectric constant and low loss are ascribed to the low concentration of
Fe** according to the XPS measurements. The microwave dielectric properties (at 5.38 GHz) for Ca(Fe;,;Ta;,»)O5 ceramics are obtained as:

& =30.7, Of = 3070 GHz.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The complex perovskites have been intensively investigated
over the past 20 years. These kinds of materials possess excellent
properties with intriguing physical phenomena. In lead-based
complex perovskites, the relaxor ferroelectric properties [1] and
piezoelectric response [2] make Pb(Mg;,;3Nb,y3)05 and
Pb(Zr,Ti)O3 suitable for practical applications. The relaxor
ferroelectric behaviors in Pb(Mg;,3Nb,/3)O5 ceramics [3] have
attracted increasing scientific interests in understanding the
physical nature of such unique dielectric characteristics in lead-
based complex perovskites [4].

On the other hand, in lead-free system, most of the Ba-, Sr-,
and Ca-based complex perovskites, such as Ba(Mg,,3Ta,/3)03,
Ba(Zn;3Tay/3)03 and Ca(Zn;3Tay3)03, are generally known as
low-loss microwave dielectric materials [5—7]. Recently, some
Fe-containing perovskites with B-site 1:1 disordered structure
were extensively investigated due to the giant dielectric
response. These materials generally exhibit a giant dielectric
constant step followed by a sharp drop in dielectric constant
without any detectable phase transition [8—10]. The giant
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dielectric response has been observed in Ba(Fe;,Ta;»)0s3,
Sr(Fe,»Ta;»)O5 and Ba(Fe;,,Nb;,»)O3 ceramics, and similar
dielectric relaxation behavior but much lower dielectric
constant step is observed in Ca(Fe;,Nb;,;)O3 ceramics [11].
There are two dielectric abnormities in these materials, usually
one of the abnormal dielectric constant peaks at higher
temperature will disappear after annealing in the oxygen.

In the present work, Ca(Fe,,Ta;,»)O3 ceramics are prepared
and characterized. The crystal structure and microstructures are
determined, and the dielectric characteristics are evaluated over
a wide temperature and frequency range. The mixed-valent
structure is investigated by XPS measurements.

2. Experimental

Ca(Fe;/;Ta;»)O5 ceramics were prepared by a standard
solid-state reaction process from reagent powders of CaCO;
(99.99%), Fe,03 (>99%) and Ta,Os5 (99.99%) as the raw
materials. The raw materials were mixed by ball milling with
zirconia media in ethanol for 24 h, and then the mixtures were
heated at 1473 K in air for 3 h after drying to yield Ca(Fe,,
Ta/3)O5. The calcined powders with 5% of polyvinyl alcohol
(PVA) were pressed into the disks measuring 10 mm in
diameter and 2 mm in height under a pressure about 98 MPa,
and then sintered at 1523 K in air for 3 h. After cooling from the
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sintering temperature to 1373 K at a rate of 2 K/min, the
ceramics were cooled with furnace. The bulk density of
specimens was higher than 98% of theoretical density.

The crystal structure of sintered samples after crushing was
determined by powder X-ray diffraction (XRD) analysis, using
Cu Ko radiation (Dmax 3B, Rigaku, Tokyo, Japan). The
Rietveld refinement for the XRD data was performed using the
FULLPOF program [12]. The microstructures were observed
by scanning electron microscopy, SEM (S-1800, Hitachi,
Tokyo, Japan), and X-ray photoemission spectroscopy (XPS)
experiments were carried out to evaluate the mixed-valent
structure on a PHI-5000C ESCA system (Perkin Elmer, MA)
with Mg Ko radiation (hv =1253.6eV) or Al Ka radiation
(hv = 1486.6 eV). The experimental curve was fitted with a
program (XPS-PEAK4.1) that made use of a combination of
Gaussian—Lorentzian lines.

The dielectric characteristics of the present ceramics were
measured with a broadband dielectric spectrometer (Turnkey
concept 50, Novocontrol Technologies, Germany) in a broader
range of temperature (133-573 K) and frequency (10-
10,00,000 Hz), and the silver paste was adopted as the
electrode. The microwave dielectric constant ¢ and quality
factor Q were evaluated by Hakki—Coleman method and cavity
method using vector network analysis (Agilent 8753ES,
Agilent Technologies Inc., Palo Alto, CA), respectively [13].
Because Q factor generally varies inversely with the frequency
in the microwave region, the product of Qf was used to evaluate
the dielectric loss instead of Q. In order to understand the
origins of the dielectric characteristics, some samples were
annealed at 1273 K for 6 h in oxygen.

3. Results and discussion

Microstructures of the as-sintered surfaces of Ca(Fe;,;Ta;»)03
ceramics are shown in Fig. 1. Dense ceramics with homogenous

Fig. 1. SEM micrograph of Ca(Fe;,Ta;;;)O; dense ceramics.

microstructure are obtained. The grain size of the ceramics is about
1.8 pm.

Fig. 2 shows the results of Rietveld analysis for the XRD
profiles of Ca(Fe;,Ta;;,)O5 ceramics, where a single-phase
with orthorhombic crystal structure in space group Pbnm (62) is
determined. The lack of reflection at 26 = 18.8° in the XRD
pattern indicates that the B-site cations are disordering [14].
According to XRD results, the cations ordering is similar to the
B-site cation ordering of Ca(Fe;,Nb;,;)O3 [11]. But as the
increasing of the B-site cations diameter ratio the ordering
degree increases. The experimental parameters of XRD and the
refined structural parameters are given in Table 1 Moreover, the
selected bond lengths and angles are summarized in Table 2
The tolerance factor (¢) of the ceramics is 0.947, which is less
than 0.965. According to Reaney’s report [15], the tilting of
oxygen octahedra occurs in both anti-phase and in-phase. The
superlattice reflections (marked in bold) which indicate that
oxygen octahedrals around Fe**/Ta>* in Ca(Fe,;»Ta,;»)O5 are
detected in the XRD patterns. According to Glazer’s theory
[16], the anti-phase tilting along pseudocubic [1 0 0] direction
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Fig. 2. Profile fits for the rietveld refinement of Ca(Fe;/;Ta;,»)O5 dense ceramics. The inset is the enlargement of profile fits at low 26 ranges.
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Table 1

Refined Structure Parameters of Ca(Fe;,»Ta;;»)03"

Atom Site X y z Biso (10%2) Occupancy
Ca 4c —0.0140 (84) 0.45782 (39) 0.25000 1.344 (51) 0.500

Ta 4a 0.00000 0.00000 0.00000 0.655 (19) 0.250

Fe 4a 0.00000 0.00000 0.00000 0.655 (19) 0.250

o1 8d 0.70806 (100) 0.21152 (98) 0.05204 (72) 0.356 (88) 1.000

02 4c 0.07534 (120) 0.02940 (137) 0.25000 0.356 (88) 0.500

“Lattice parameters: a = 5.4513 (2) 1&, b =5.5499 (2) 10\, c=7.76268 (3) A, V =1234.856 (0) 1&3, space group Pbnm (62). Agreement indices: Ry, (%) =7.82, R,

(%) =5.62, x*=3.30.

Table 2
Selected bond distance for Ca(Fe;»Ta;/,)05.

Bond distances (A) Bond angles (°)

Ca-0(1) 2.555 (6) x 2 O(1)-Fe/Ta-0O(1) 88.7 (4) x 2
2.801 (6) x 2 91.3 (4) x 2
2.338 (6) x 2 180.0 (5) x 2
3413 (6) x 2 O(1)-Fe/Ta-0(2) 85.4 (4) x 2

Ca-0(2) 2.427 (8) 89.2 (4) x 2
2.424 (8) 90.8 (3) x 2
3.086 (8) 94.6 (3) x 2
3.209 (8) x 2 0(2)-Fe/Ta-0(2) 180.0 (14)

Fe/Ta-0(1) 2.003 (6) x 2
2.018 (5) x 2

Fe/Ta-0(2) 1.9903 (15) x 2

(a™) of the oxygen octahedra is related to the reflections of odd—
odd—odd with k # [ and the in-phase tilting along pseudocubic
[0 1 0] direction (b*) is related to the odd—even—odd reflections
with i £ 1. So the (1 3 1), (1 1 3) reflections indicate a™ tilting
and the (10 3) reflection indicates ab* ftilting. Therefore,
according to Glazer’s notation [17], the tilting mechanism is
consistent with the orthorhombic a“a~b* tilt system. The
remaining bolded in the XRD patterns reflections (2 0 3),
041),(205), which N=13, 17 and 29 not being consistent
with the tilting mechanisms. As a result, it is suggested that
these reflections arise from antiparallel cation displacement
[17]. These reflections are related with the Ca atoms displace
exactly along the (110) pseudocubic directions. Fig. 3 gives the

1st Layer

crystal structure of the Ca(Fe,Ta;/»)O3. The arrows indicated
the direction of Ca displacements (at height 1/4c).

The dielectric constant (¢') and dielectric loss (tan §) for
the as-sintered Ca(Fe;,;Ta;»)03 ceramics are shown as
functions of frequency and temperature in Fig. 4. A dielectric
abnormity with strong frequency dispersion is observed in
the present ceramics in the temperatures ranged 153-382 K,
and the critical temperature for the dielectric abnormity
increases with increasing frequency. The ¢ (T) peak
corresponding to the low temperature dielectric abnormity
is not so obvious and only a quite small step can be detected
in the magnitude of dielectric constant. Meanwhile, the tan §
(T) shows strong frequency dispersion and moves toward
higher temperature with increasing frequency. While the
considerable increase in both ¢ (T) and tan$ (T) at the
temperature above 400 K is observed for the as-sintered
Ca(Fe,,;Ta;,,)O3 ceramics at low frequencies, and this differs
from that observed in R(Fe;,M;,,)O3 (R =Ba, Sr; M =Ta,
Nb) ceramics [8—11], where a high temperature dielectric
relaxation is also observed.

The low temperature dielectric relaxation can be modeled
with the Arrhenius law as shown in Fig. 5:

—E,
f = fo exp <kT) (1)

where f is the pre-exponential term, E,, is the activation energy,
and k is the Boltzmann constant. The best fit to Eq. (1) yields

2nd Layer

Fig. 3. Crystal structure of Ca(Fe;,Ta;;;)O; ceramic drawn with VENUS [19].
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Fig. 4. Temperature dependence of (a) dielectric constant, the inset is the
enlargement of dielectric constant at low temperature ranges and (b) dielectric
loss for Ca(Fe;,Ta;/,)O;3 dense ceramics at different frequencies.
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Fig. 5. Frequency dependence of the peak temperature of dielectric loss for low
temperature dielectric relaxation in as-sintered Ca(Fe;,,Ta )O3 ceramics. The
experimental data have been fitted by Arrhenius law.

E,=0.37 eVandfy = 7.0 x 10° Hz. As reported previously [8],
the activation energy in Sr(Fe;,Nb;,;)O5 ceramic is 0.38 eV.
The close activation energy E, for the present material and
Sr(Fe,,Nb;,)O5 indicates that the physical origin of the low
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Fig. 6. Effects of oxygen annealing upon (a) dielectric constant and (b)
dielectric loss of Ca(Fe;,,Ta;,»)O3 dense ceramics.

temperature dielectric relaxation in Ca(Fe,,,Ta;,»)O3 should be
similar to that in Sr(Fe,Nb;,»)Os.

As shown in Fig. 6, the effects of oxygen annealing upon
dielectric constant and dielectric loss Ca(Fe;,;Ta;,»)O3 cera-
mics are very weak compared with R(Fe;,M;,,)O3 (R = Ba, Sr;
M =Ta, Nb). The low temperature dielectric relaxation is
almost not affected by O, annealing. The shoulder-like high
temperature dielectric anomality is little smaller than the as-
sintered ceramics, and only a very slight decrease is detected in
dielectric loss. To figure out the physical origin of the two
dielectric relaxations, the mixed-valent structures in as-sintered
Ca(Fe »Ta; )03 and O,-annealed Ca(Fe;,»Ta;»)O5 ceramics
were investigated by XPS.

Fig. 7 shows the XPS spectra of Fe 2p of as-sintered Ca(Fe,,
Ta; ;)O3 ceramics and annealed Ca(Fe;,Ta;;;)O3 ceramics.
The 2p3,, peak for Fe can be split into two peaks by a Gaussian—
Lorentzian curve fitting, which shows the existence of Fe> in
addition to Fe** ions. The binding energy for Fe** 2ps,, and
Fe™* 2ps), is 710.5 eVand 711.6 eV, respectively. By fitting the
peaks, the oxidation states of Fe>* and Fe?* in as-sintered and
annealed ceramics are 16:5 and 17:5 (2 x* are smaller than 1) by
XPSPEAK Version 4.0, respectively. The results of the XPS
measurement indicate that the O,-annealing have little effect in
reducing the O, vacancies in Ca(Fe,;Ta;,;)O5 ceramics, which
is in good agreement with the effects of oxygen annealing upon
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Fig. 7. XPS spectra of Fe2ps/, for Ca(Fe;;,Ta;»)O5 dense ceramics: (a) as-
sintered and (b) annealed in oxygen for 6 h.

Table 3

Microwave dielectric characteristics of Ca(Fe;,,Ta;»)O3 dense ceramics.
Samples fo (GHz) & Of (GHz)
As-sintered 5.38 30.7 3070
Annealed 5.38 30.6 3450

dielectric constant and dielectric loss of Ca(Feq,Tai,)O3
dense ceramics in Fig. 6. Furthermore, the oxygen vacancy in
Ca(Fe;»Ta; »)O3 ceramics is much less than that in Ba(Fe;,,
Nby/»)O3 ceramics [18].

The microwave dielectric properties of Ca(Fe;,Ta;;;)O3
ceramics are listed in Table 3 The as-sintered and O,-annealed
Ca(Fe;,;Ta;»)O5 ceramics have almost the same fj (5.38 GHz)
and dielectric constant (~30.6), while the O,-annealing slightly
improved the Qf of Ca(Fe;/;Ta;,,)O3 ceramics. The Qf for O,-
annealed Ca(Fe,,Ta ;)03 ceramics is 3450 GHz, which is
slightly higher than that in the as-sintered Ca(Fe,,Ta;;;)O3
ceramics (3070 GHz). The results are also in good agreement
with the XPS results.

4. Conclusions

The complex perovskite Ca(Fe,;Ta; ;)O3 dense ceramics can
be obtained by sintering at 1523 K in air for 3 h. Two dielectric

relaxations are observed in the low and high temperature ranges,
respectively. Compared with Ba(Fe,,,Ta;,;)O3, Sr(Fe,,Ta ;)05
and Ba(Fe;»Nb;,,)O5, the much lower dielectric constant and
lower dielectric loss are determined in Ca(Fe,;Ta;,»)O3 because
of the obviously weaker Fe®*/Fe’* mixed-valent structure.
The microwave dielectric properties (at 5.38 GHz) for Ca(Fe),
Ta;»)O3 ceramics are obtained as: ¢ = 30.7, Of = 3.07 GHz.
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