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Abstract

The influence of the sintering temperature (Ts) on the structure, dielectric and valence-state properties of (Ba1�xEux)TiO3 (x¼0.05)

ceramics was investigated using X-ray diffraction (XRD), scanning electron microscopy (SEM), electron paramagnetic resonance

(EPR), Raman spectroscopy, and dielectric temperature measurements. An increase in Ts can increase the solubility limit of Eu in

BaTiO3. When the Ts was increased to 1450 1C, a high-k ‘Y5V’ (e0RT¼8500) ceramic (C-BE5T) with a single-phase cubic structure was

obtained. The dielectric peak shifted rapidly toward lower temperatures with increasing Ts at a rate of �0.46 1C/K. A symmetric (200)

XRD peak, exaggerated grain growth (5.6 mm), a mixed valence of Eu2þ/Eu3þ , an asymmetric main Raman band at 2494 cm�1 and a

weak sharp band at 1516 cm�1 in the high-wavenumber region are characteristics of cubic symmetry of C-BE5T. The formation of a

solid solution of C-BE5T and defect chemistry are discussed.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Europium-doped barium titanate (BaTiO3) ceramics or
powders have drawn a great deal of attention because of their
luminescence properties [1–4]. In 2005, however, a low-
porosity, highly-insulating, dielectric-ageing-resistant, and
fine-grained (Ba1�xEux)Ti1�x/8O3 (x=0.05) ceramic that
exhibited dielectric-temperature stability in a lower tempera-
ture range of �100 to 50 1C was obtained, accompanied by
the appearance of a secondary phase, Eu2Ti2O7, which was
formed due to the solubility limit of x=0.03 at a powder
sintering temperature of 1300 1C [5]. Since then, the valence
state and site occupation of Eu ions in the BaTiO3 lattice and
the dielectric properties associated with different charge-
compensation mechanisms have been successively investigated
[6–10]. Europium may occupy Ba sites as Eu3þ [6–8] or as
mixed Eu3þ /Eu2þ [6,9], or may occupy both Ba and Ti sites
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. A
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as Eu3þ [9,10]. Eu has been reported to prefer Ba sites to Ti
sites but can transfer from Ba sites to Ti sites depending on the
Ba/Ti ratio [10]. Electron paramagnetic resonance (EPR)
investigations suggested that a self-compensation mode with
the amphoteric behavior of Eu ions can occur in (Ba1�x/2

Eux/2)(Ti1�x/2Eux/2)O3 (x¼0.05) and results in no reduction
of Eu3þ to Eu2þ occurring [9]. For (Ba1�xEux)TiO3 ceramics
prepared via a solid-state method, however, no evidence for
the valence change of Eu3þ to Eu2þ was provided [8]. Eu-
doped BaTiO3 generally exhibits a tetragonal structure and its
dielectric peak cannot reach room temperature because of the
solubility limit of x¼0.03 [5]. A single-phase and high-k ‘Y5V’
(Ba1�xEux)TiO3 (xr0.05) has not been reported to date.
(Note: Y5V specification: �82%r(e0 �e0RT)/e0RTrþ22%
in a temperature range of �30 to 85 1C)
In this work, (Ba1�xEux)TiO3 (x¼0.05) ceramics were

prepared at different sintering temperatures (Ts) using a cold-
pressing ceramic technique. Our objective is to increase the Ts

to increase the solubility limit of Eu in BaTiO3 to obtain a
single-phase cubic ceramic and realize a high-k Y5V behavior.
The structural, dielectric and valence-state properties of the
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Fig. 2. Gaussian fitting of the XRD peaks in the vicinity of 451 in Fig. 1.
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Fig. 1. XRD patterns of BE5T ceramics prepared at different sintering

temperatures (Ts¼1250–1450 1C).
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cubic (Ba1�xEux)TiO3 ceramic were investigated using XRD,
SEM, ESR, Raman spectroscopy, and dielectric measure-
ments to elucidate the solid solution formation and the defect
chemistry. The high-wavenumber Raman and EPR spectra in
the cubic phase showed novel features.

2. Experimental procedures

(Ba1-xEux)TiO3 (x¼0.05) ceramics (abbreviated BE5T)
were prepared using a cold-pressing ceramic technique
described elsewhere [5]. The final sintering conditions were
chosen as 1200, 1250, 1300, 1350, 1400, and 1450 1C for
3 h. Eu2Ti2O7 and Eu2O3 ceramics were prepared at
1300 1C under the same route as that used for BE5T for
Raman scattering analyses and comparison. Powder X-ray
diffraction (XRD) measurements were performed between
201r2yr1001 in steps of 0.021 using a DX-2700 X-ray
diffractometer (Dandong Haoyuan Inc.). Lattice para-
meters and unit cell volume were calculated by MS
Modeling software package (Accelrys Inc.) using Cu Ka1
radiation (l¼1.540562 Å). Scanning electric microscopy
(SEM) images were obtained using a JSM-6490 SEM
(JEOL) operated at 25 kV. The temperature dependence
of the dielectric permittivity and loss was measured from
�75 to 200 1C with a weak 1 kHz ac electric field using an
RCL meter (Fluke PM6306). Electron paramagnetic reso-
nance (EPR) spectra were measured at an X-band fre-
quency of 9.148 GHz from 25 to 150 1C in the sweep range
of 50–550 mT using a JES-RE3X spectrometer (JEOL)
equipped with a Mn2þ standard marker. The gyromag-
netic values (g values) were calculated in terms of the third
and fourth lines of the Mn2þ standard sextet marker
(g3¼2.0327 and g4¼1.9810). Raman spectra of the cera-
mic powders were measured at room temperature using a
LabRAM XploRA Raman spectrometer (Horiba Jobin
Yvon), with a 532 nm laser focused on a spot of approxi-
mately 3–5 mm in diameter. The Raman spectrometer was
equipped with a Linkam-600 heating and cooling stage for
temperature-dependent Raman measurements from �150
to 180 1C.

3. Results

Powder XRD patterns of all the BE5T ceramics sintered
at different sintering temperatures (Ts) are shown in
Fig. 1. The main perovskite phase was formed at each
Ts. When the Ts was less than 1400 1C, a small amount of a
second phase separated from the main tetragonal perovs-
kite phase. A pyrochlore phase, Eu2Ti2O7 (JCPDS: no. 23-
1072), appeared at Ts¼1250 1C and the quantity of this
phase gradually decreased with increasing Ts. For the main
tetragonal perovskite phase, the separate (002) and (200)
peaks shift toward each as Ts is increased, as shown in
Fig. 2. This shift indicates a decrease in tetragonality.
When the Ts was increased to 1450 1C, the Eu2Ti2O7 phase
disappeared and a single-phase ceramic formed, with a
symmetric (200) peak characteristic of a cubic structure.
The unit-cell volume (V0) of the cubic BE5T sample (called
C-BE5T in the following) was determined to be 64.31 Å3,
which is significantly less than the V0 (65.50 Å3) of the
cubic BaTiO3 (JCPDS: no. 31–174). C-BE5T can therefore
be considered as a sufficient incorporation of Eu ions into
Ba sites in the BaTiO3 lattice; otherwise, an expansion of
the crystal cells would be observed if Eu entered the Ti sites
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as Eu3þ [9]. An increase in Ts from 1300 to 1450 1C
resulted in an increase in the solubility limit of Eu ions in
BaTiO3 from x¼0.03 [5] to 0.05.

The grains in BE5T grew rapidly with increasing Ts, as
shown in the SEM observations in Fig. 3. BE5T exhibited a
high porosity when Tsr1300 1C. In the Ts range of 1250–
1400 1C, BE5T became denser and exhibited medium-sized
grains (1.5–2.6 mm) and a homogeneous grain size distribution.
A striking grain growth (g¼5.6 mm) and closest sintering
behavior occurred in C-BE5T sintered at 1450 1C (Fig. 4).

The temperature dependences of the dielectric permit-
tivity (e0) and the dielectric loss (tan d) for BE5T are shown
in Fig. 5(a) and (b). The dielectric-temperature character-
istics of BE5T exhibited a diffuse phase transition (DPT)
behavior. The maximum permittivity (e0m) increased with
increasing Ts (Fig. 5(a)). The dielectric-peak temperature
(Tm) decreased linearly with Ts at a rate of �0.46 1C/K, as
shown in the inset in Fig. 5(a). For C-BE5T, the e0m was as
high as 9000 at Tm¼19 1C and its room-temperature
permittivity (e0RT) was 8500. The high-k Y5V dielectric
Fig. 3. SEM images for BE5T ceramics sintered at (a) 1200 1C, (b)
specification can be realized in C-BE5T. The tan d value of
all the BE5T ceramics were significantly lower (o0.03) at
temperatures less than 140 1C (Fig. 5(b)).
1250 1C, (c) 1300 1C, (d) 1350 1C, (e) 1400 1C and (f) 1450 1C.
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Room-temperature EPR spectra of BE5T are shown in
Fig. 6. When Tsr1400 1C, a signal with g¼2.000 was
observed and was synchronous with the appearance of
Eu2Ti2O7 in BE5T. This signal is associated with Ti-
vacancy defects (VTi) [9,11–13] induced by Eu3þ ions at
Ba sites.

Eu2þ appeared at TsZ1300 1C because a broad g=1.98
signal is the signature of Eu2þ (4f7) in the BaTiO3 lattice [6,9].
The line intensity of this signal increased with Ts, which
indicates that an increase in Ts can contribute to the conver-
sion of Ba-site Eu3þ into Eu2þ . No Eu2þ was detected by
EPR at Tsr1250 1C. This result implies that a mixed valence
of Eu3þ /Eu2þ exists in the BE5T ceramics sintered at
TsZ1300 1C on the basis of the evolution of the g=1.98
signal.

Mn impurities usually exist in BaTiO3 ceramics [9,14].
The Mn2þ (3d5) sextet signal was very weak when
Tsr1400 1C (Fig. 6). However, a strong Mn2þ signal
was observed in C-BE5T, which indicates that a large
number of Mn4þ or Mn3þ impurities in C-BE5T were
reduced into Mn2þ .

The g¼2.000 signal related to Ba-site Eu3þ is sensitive
to the tetragonal-cubic phase transition. This signal is
weaker in the tetragonal phase, whereas it is clearly visible
in the cubic phase [6,9,13]. To investigate whether Eu3þ

exists in C-BE5T, EPR signals for all BE5T samples were
measured at different measuring temperatures (T), as
shown in Fig. 7. The g¼2.000 signal of BE5T was
activated markedly at 150 1C above each Tm when
Tsr1400 1C. This fact suggests that Eu3þ exists in
BE5T samples sintered at Tsr1400 1C. However, no
signal at g¼2.000 was observed for C-BE5T, which implies
that almost all of the Eu ions exist as Eu2þ in C-BE5T.
Room-temperature Raman spectra of the BE5T ceramic

powders are shown in Fig. 8(a) and (b). It is well known
that the tetragonal BaTiO3 in the low-wavenumber region
of 100–1200 cm�1 shows the four phonon modes that peak
at approximately 260 cm�1 [A1 (TO2)], 520 cm�1 [A1

(TO3)], 720 cm�1 [A1 (LO3)þE (LO3)], and 305 cm�1

[B1þE(TOþLO)] [15]. The first three modes appeared in
all the BE5T samples. A band at 308 cm�1 is an indication
of tetragonality for Tsr1400 1C. As evident from the
spectra in Fig. 8(a), the intensity of the 308 cm�1 band
decreased as the Ts was increased, which indicates a
decrease in tetragonality. This result is in good agreement
with the XRD results. The 308 cm�1 band disappeared in
C-BE5T with cubic symmetry.
A band at 840 cm�1 appeared in BE5T. We attributed this

band to an internal deformation of the BO6 octahedron
caused by the charge difference of different types of ions
(Eu3þ ) at equivalent sites (Ba2þ) in the BaTiO3 lattice [9,15].
The intensity of this band may be considered as an indication
of the amount of Eu3þ ions incorporated into the BaTiO3

lattice [16]. The Eu3þ content increased with Ts until 1400 1C
(Fig. 8(a)). It was found that the equivalent substitution of
divalent ions, such as Sr2þ [17] and Ca2þ [18] at Ba sites,
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could not cause Raman activity at 840 cm�1. A reasonable
assumption was made that Ba-site Eu2þ would not induce
the 840 cm�1 band. The 840 cm�1 line intensity of C-BE5T
was so high that its intensity was not lower than that
observed in BE5T sintered at 1400 1C and in La-doped
BaTiO3 ceramics [15,16], which suggests that almost all of the
Eu ions exist as Eu3þ in C-BE5T. This conclusion is contrary
to that based on the EPR results, i.e, that Eu ions exist as
Eu2þ in C-BE5T. This contradiction will be discussed further
in the Section 4.

An additional band at 778 cm�1 appeared when
TsZ1250 1C. Lazarevic et al. observed this band in
undoped BaTiO3 and attributed it to a multiphonon
(305 cm�1þ453 cm�1) [19]. This band was also observed
in Ba(Ti1�xZrx)O3 [20–22]. We assign the 778 cm�1 band
to a multiphonon (250 cm�1þ525 cm�1) here for the two
reasons: (1) the 778 cm�1 band also appeared in the
spectrum of C-BE5T, which exhibits a cubic structure,
and the 308 cm�1 band did not appear in the spectrum of
C-BE5T; and (2) the 453 cm�1 optical mode [E (TO3)þE
(LO2)] is weak-swelling [15], which means it is not
sufficiently strong to induce such an band at 778 cm�1

through overlap of the 308 cm�1 band.
An interesting phenomenon observed for BE5T is that

several strong bands appear in the high-wavenumber
region of 1200–4000 cm�1 (Fig. 8(b)) and that the inten-
sities of these bands are approximately 10 times greater
than those observed in the low-wavenumber region of
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100–1200 cm�1. We have never observed these bands in
the spectra of other rare-earth-doped BaTiO3 samples. The
spectrum of C-BE5T shows a weaker sharp band, two
broad and strong bands, and a weak band, with peaks at
1516, 1900, 2494, and 3439 cm�1, respectively.

Because BE5T sintered at Tsr1400 1C contains
Eu2Ti2O7 and possible Eu2O3, the room-temperature
Raman spectra of Eu2Ti2O7 and Eu2O3 ceramics were
measured, as shown in Fig. 9(a) and (b), which includes the
Raman spectra of C-BE5T for comparison. The Eu2O3

showed astonishing Raman activity; its line intensity at
2743 cm�1 was 700 times greater than that of the main
band at 250 cm�1 in the perovskite phase. The intensities
in the high-wavenumber Raman spectrum of Eu2Ti2O7

were weaker. The comparison in Fig. 9 verifies that, when
the Ts is increased to 1450 1C, both Eu2Ti2O7 and the
starting material Eu2O3 were completely incorporated into
the lattice to form a single-phase C-BE5T. The four high-
wavenumber bands may represent the structural nature of
C-BE5T. For the two tetragonal BE5T ceramics sintered at
1350 and 1400 1C, the bands at 1900 and 2494 cm�1

consisted of three and two peaks, respectively (Fig. 8(b)).
In fact, the 1900 cm�1 broad band of C-BE5T also showed
a three-peak nature.

The temperature-dependent Raman spectra of C-BE5T
are shown in Fig. 10. Similar to two other bands at 250
and 520 cm�1 in the spectrum of C-BE5T, the multi-
phonon mode at 778 cm�1 and the band at 840 cm�1

persist beyond Tm (¼19 1C) (Fig. 10(a)) and are attributed
to disorder in the cubic phase. The evolution of Raman
spectra in the high-wavenumber region shows two features
(Fig. 10(b)): (1) when the measuring temperature (T) was
lower than Tm, C-BE5T could be considered as entering
the ferroelectric phase. The sharp band at 1516 cm�1

exhibited a high intensity. (2) When T4Tm, this sharp
band attenuated rapidly. The main band at 2494 cm�1

exhibited an asymmetric unimodal pattern and its intensity
decreased with increasing T. When T decreased below Tm,
this band split into two peaks (�30rTr0 1C) and
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Fig. 9. Room-temperature Raman spectra of Eu2Ti2O7, Eu2O3 ceramics, and

and (b) the high-wavenumber region of 1200–4000 cm�1.
further into three peaks (Tr�60 1C). Thus, in addition
to the disappearance of the 308 cm�1 band that indicates
tetragonality, an asymmetric main band at 2494 cm�1 and
a weaker sharp band at 1516 cm�1 in C-BE5T can also be
considered indications of cubic symmetry.
4. Discussion

4.1. Solid solution formation of C-BE5T

C-BE5T [(Ba1�xEux)TiO3 (x¼0.05)] sintered at 1450 1C
is a single-phase ceramic with a cubic perovskite structure.
Europium would exist as metastable Eu2þ if Ti ions were
relatively stable in their 4þ oxidation state. A broad EPR
signal at g¼1.98 verified that Ba-site Eu exists predomi-
nantly as Eu2þ in C-BE5T. However, the existence of the
840 cm�1 Raman band leads to the opposite conclusion,
i.e., that Eu exists as Eu3þ in C-BE5T. These two
conclusions obviously contradict each other. We under-
stand and resolve this contradiction in terms of the
analysis of the formation of a solid solution of BE5T.
When Ts¼1250 1C, Eu ions as Eu3þ are incorporated

into the perovskite lattice to induce Ti-vacancy (VTi)
defects, and a small amount of a Eu2Ti2O7 phase appears:

2Eu2O3þ3TiO2-4Eu3þBa þ3Ti
4þ
Ti þ12O

2�
O þVTi ð1Þ

The maximum concentration of Ti vacancies is 1.25% in
BE5T if all of Eu ions (x¼0.05) exist as Eu3þ in the
perovskite lattice. The solubility limit is x¼0.03 at
Ts¼1300 1C [5], which means that the ratio of Eu3þ to
Eu in BE5T is not less than 60%, whereas that in Eu2Ti2O7

is approximately 40%, which corresponds to x¼0.02.
The sintering effect of the cold-pressing ceramic techni-

que at higher temperatures (TsZ1300 1C) is similar to that
of the solid-state reaction under high pressure and at a lower
temperature (4.0 GPa, 1090 1C) [23]. High-temperature sin-
tering in air can reduce a certain amount of Ti4þ ions to
Ti3þ ions and partially decompose the Eu2Ti2O7 phase into
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lattice ions:

2Eu2Ti2O7-4Eu3þBa þ4Ti
4þ
Ti þ12O

2�
O þO2m ð2Þ

One Ti3þ ion can concatenate one Eu3þ ion to form a
Ti3þ–Eu3þ defect complex incorporated in its entirety into
the perovskite lattice. The instability of Ti3þ (Eq. (3)) can
indirectly convert Eu3þ into metastable Eu2þ (Eq. (4)) to
maintain a dynamic equilibrium expressed by Eq. (5).

Ti3þTi 2Ti4þBa þe ð3Þ

Eu3þBa þe2Eu2þBa ð4Þ

Eu3þBa þTi
3þ
Ti 2Eu2þBa þTi

4þ
Ti ð5Þ

A stronger Eu2þ signal in BE5T sintered at Ts¼1300 1C
was detected (Figs. 6 and 7). This stronger signal implies
that the conversion of Eu3þ to Eu2þ (Eqs. (4) and (5))
occurred at this temperature. This conversion will reduce
the Ti-vacancy concentration and increase the solid solu-
bility of Eu2Ti2O7 into the perovskite lattice.

As Ts is increased, the internal conversion of Eu3þ to
Eu2þ becomes more active; consequently, the Ti3þ con-
centration in Eq. (5) increases, and the concentration of
the Eu2Ti2O7 phase gradually decreases. When the Ts is
increased to 1450 1C, the Ti3þ concentration is sufficiently
high to be able to concatenate all Eu3þ ions (x¼0.02, i.e.
Eu3þ /Eu¼40%) in the residual Eu2Ti2O7 phase, which is
then completely incorporated into the perovskite lattice.
The Ti vacancies (VTi) also disappear due to the increase in
convertibility of Eu3þ to Eu2þ as Ts is increased. The
instable Ti3þ and metastable Eu2þ can be stabilized by the
dynamic equilibrium (Eq. (5)). A single-phase solid solu-
tion of C-BE5T is formed and is relatively stable.
An EPR signal with g¼1.9612 is associated with Ti3þ

(3d1) in BaTiO3 [24]. However, the nature of this signal is
still under debate [24]. This signal was not detected in
C-BE5T, which is most likely because Ti ions tend to be
observed as Ti4þ (3d0) ions because of the dynamic
equilibrium or because the Ti3þ signal is too weak to be
observed relative to the Eu2þ and Mn2þ signals.
4.2. Defect chemistry of C-BE5T

The defect chemistry of C-BE5T is closely related to the
above solid solution formation. In C-BE5T, the defects are
Eu3þ , metastable Eu2þ at Ba sites and Ti3þ at Ti sites.
O-vacancy defects can be ruled out owing to high insulation
(4108 Om) and a much lower dielectric loss. The molecule
can be expressed by ðBa2þ1�xEu

2þ
x�dEu

3þ
d ÞðTi

4þ
1�dTi

3þ
d ÞO3. The

compensation mode can be described by the dynamic
equilibrium in Eq. (5). The self-compensation mode [9]
can be not formed owing to the limit of (BaþEu)/Ti¼1.
Europium ions in C-BE5T exhibit a dual character of

both Eu2þ and Eu3þ because of the dynamic charge
equilibrium. Hence, the opposite conclusions drawn with
respect to observations related to Eu2þ and Eu3þ based
on the EPR and Raman results does not create a
contradiction.
The e0-T curve of C-BE5T exhibits a high-k Y5V

behavior because DPT occurs at approximately room
temperature. A dipolar nano-domain (or order-disorder)
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mode [25] is responsible for DPT in C-BE5T, as evidenced
by its Raman response.

As intrinsic defects, a large number of Mn4þ or Mn3þ

impurities in C-BE5T can trap electrons in the dynamic
equilibrium to be reduced into Mn2þ , i.e., Mn4þTi þ2e-
Mn2þTi or Mn3þTi þe-Mn2þTi . As a result, a strong Mn2þ

sextet signal was observed. The reduction of Mn4þ or
Mn3þ to Mn2þ greatly depresses the conduction caused
by electronic hopping between instable Ti3þ and Ti4þ and
between Eu3þ and metastable Eu2þ . Therefore, C-BE5T
exhibits a significantly lower dielectric loss (o0.03) at
temperatures less than 140 1C.

4.3. Effect of the microstructure, Eu2þ/Eu3þ ions, and

Mn2þ impurities on the dielectric properties of C-BE5T

The maximum permittivity (e0m) and average grain size
(g) of BET increases with increasing Ts (Fig. 5).
A relationship apparently exists between g and e0m.
A decrease in ceramic porosity is well known to increase
dielectric permittivity [5]. The variations in e0m and in the
ceramic density (r) as a function of Ts for BE5T are
depicted in Fig. 11. When Tsr1350 1C, the parallel
relationship between the e0m–Ts and the r–Ts curves
demonstrates that, with increasing Ts, a decrease in
ceramic porosity, in addition to the grain size, plays a
predominant role in the increase in permittivity. The
ceramic density is nearly constant for TsZ1350 1C, and
the increase in e0m with increasing Ts is consistent with the
increase in g with increasing Ts. However, we hypothesize
that an exaggerated grain growth in C-BE5T is not the
main reason for obtaining the highest e0m among all of
the BE5T ceramics, but rather the common effect of both
the Eu3þBa �Ti

3þ
Ti complexes and the dynamic equilibrium in

Eq. (5) is responsible for the high-k behavior in C-BE5T:
this hypothesis is discussed further in the following
paragraph.

The Tm of BE5T decreases linearly with Ts at a rate of
�0.46 1C/K (Fig. 5 inset), which is equivalent to a dramatic
rate of �21 1C/at% Eu for C-BE5T. This rate is analogous
to that caused by La3þ [26] and Ce3þ [27] doping at Ba sites.
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Fig. 11. Variations in e0m and in the ceramic density (r) as a function of

Ts for BE5T.
On the basis of the XPS results for (Ba1�xEux)TiO3 synthe-
sized under high pressure and temperature [23], a reasonable
assumption is made that the concentrations of Eu2þ and
Eu3þ in C-BE5T are identical (2.5%). The ionic radius of
Eu2þ (1.43 Å) is the same as that of Sr2þ (1.44 Å). Strontium
doping in BaTiO3 induces a very low peak-shifting rate of
�3 1C/at% Sr [28,29]. The Eu2þ ions are therefore most
likely not responsible for the rapid peak-shifting rate.
The rapid peak-shifting rate in C-BE5T is mainly due to

the common effect of both the Eu3þBa �Ti
3þ
Ti complex and

the dynamic equilibrium shown in Eq. (5). In detail, the
dynamic equilibrium shown in Eq. (5) can make Eu3þ/
Eu2þ in C-BE5T exhibit the nature of Eu3þ because of the
dual character of Eu ions. With an increase in Ts, the
increase in the Eu3þ concentration causes a rapid decrease
in Tm and an increase in e0m. In addition, the existence of
the mixed valence of Ti4þ/Ti3þ at Ti sites can accelerate
the shift of the dielectric peak toward lower temperatures.
This effect is similar to the case of (Ba1�xLax)(Ti1�y-x/4

Cey)O3 [30].
Although a very strong Mn2þ sextet signal was observed

in the EPR spectrum of C-BE5T, Mn impurities play an
important role in depressing electronic conduction and
further dielectric losses by trapping electrons in the
ceramic. Manganese impurities are the background impu-
rities. The concentration of Mn2þ impurities is so low
(several ppm) that their effect on the dielectric permittivity
can be neglected.
In summary, the low porosity, the dual character of

mixed Eu2þ /Eu3þ ions, and the dynamic equilibrium in
Eq. (5) are responsible for the high-k Y5V behavior of C-
BE5T.

5. Conclusions

The sintering temperature (Ts) strongly affects the
structure, dielectric and valence-state properties of
(Ba1�xEux)TiO3 (x¼0.05) ceramics (BE5T). When
Tsr1400 1C, BE5T consists of the main tetragonal per-
ovskite phase and a small amount of the Eu2Ti2O7

pyrochlore phase. An increase in Ts leads to rapid grain
growth. When Ts is increased to 1450 1C, a single-phase
ceramic (C-BE5T) is formed, which exhibits a cubic
structure, a course-grained feature (5.6 mm), a low
dielectric loss (o0.03), and high-k Y5V behavior
(e0RT¼8500). The dielectric peak shifts rapidly toward
low temperature with increasing Ts at a rate of
�0.46 1C/K. The C-BE5T features a mixed valence of
Eu2þ/Eu3þ rather than Eu2þ only. A dynamic equili-
brium of Eu3þBa þTi

3þ
Ti -Eu2þBa þTi

4þ
Ti in C-BE5T is

responsible for this rapid peak-shifting rate, low dielectric
loss, and high-k diffuse phase transition that occurs near
room temperature. An asymmetric main band at
2494 cm�1 and a weak sharp band at 1516 cm�1 are
considered as a novel indication of cubic symmetry in
C-BE5T. The dynamic equilibrium enables Eu ions to
exhibit a dual character of both Eu2þ and Eu3þ .
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