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Microwave dielectric relaxation process in doped-incipient ferroelectrics
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Abstract

The electrical permittivity properties in the microwave frequency range were investigated in incipient and relaxor compositions of Sr1−xCaxTiO3

ceramics from 60 to 440 K. The results revealed that the origin of microwave dielectric relaxation process lies in the appearance of nanometric
polar regions rather than any other ferroelectric or piezoelectric mechanism. The experimental data also showed that the relaxation frequency
is reasonably independent of the correlation length. The occurrence of more stable polar phase into the grain bulk induced by dipole moment
related to the grain boundaries was also verified.
© 2005 Elsevier Ltd. All rights reserved.
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. Introduction

Over the last decades, the investigation of microwave di-
lectric properties of ferroelectric materials has been one of

he most challenging tasks of ferroelectricity. Rather, mi-
rowave dielectric relaxations have been observed in the
o-called “normal” ferroelectrics and relaxor ferroelectrics
relaxors). The occurrence of such relaxation process in
o different kinds of ferroelectric materials has encouraged
he development of several models to explain this physical
henomenon.1–7For instance, the relaxation phenomenon for
normal” ferroelectrics has been modeled in terms of a sim-
le harmonic oscillator, in which the relaxation frequency
fR) is dictated by the ratio between the force constant and
ffective mass of domain walls.8,9 However, studies in the
urrent literature reporting microwave dielectric properties
n incipient-ferroelectric systems are scarcely found.

Strontium titanate (SrTiO3) has been revealed a suitable
aterial to investigate the microwave dielectric properties

n ferroelectric systems. It is a well-known incipient-
erroelectric, in which some ferroelectric order can be

host lattice.10–12 Indeed, it is reported that the substitut
of Sr2+ by Ca2+ produces random electric fields that ind
dipoles in a region with a correlation lengthrc and, within
this correlation length, polar nanodomains embedded
non-polar matrix are formed.13,14 Moreover, the continuou
addition of Ca2+ induces a gradual formation of po
nanoregions and the appearance of a progressive inter
with a glass-like relaxor state.13,14 Thus, Ca-modifie
strontium titanate, Sr1−xCaxTiO3, permits much flexibility
to investigate the relationship between the microw
dielectric relaxation process and the dynamics properti
nanometer polar regions in incipient and relaxor ferroele
materials.

The objective of this work is to investigate the microw
dielectric properties of Sr1−xCaxTiO3 ceramics withx= 0.01
and 0.10 in a wide range of temperature. The dependen
microwave dielectric relaxation process on the formation
growing of polar nanodomains via Ca2+ chemical substitutio
is discussed.
nduced by chemical substitution into its highly polarizable

∗ Corresponding author. Tel.: +55 16 260 8227; fax: +55 16 261 4835.
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2. Experimental procedure

The solid state reaction method was used to prepare
Sr0,99Ca0,01TiO3 and Sr0,90Ca0,10TiO3 ceramics, hereafter
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labeled as SCT-0.01 and SCT-0.1, respectively. According to
the proposed Sr1−xCaxTiO3 phase diagram these composi-
tions are incipient and relaxor ferroelectrics, respectively.14

Briefly, SrCO3, CaCO3 and TiO2 powders were mixed for
96 h by ball milling in isopropyl alcohol. The powders were
calcined at 1000◦C for 2 h and X-ray diffraction analysis
revealed only the perovskite phase. After calcination, the
powders were uniaxially pressed at 20 MPa and sintered at
1300◦C for 8 h. Scanning electron micrographs analysis of
polished samples revealed that the average grain size for both
compositions was around 1.5�m.

In addition, laser heated pedestal growth technique was
utilized to prepare single crystals with the same nominal
compositions. The pulling rate was 0.30 mm/min. Aiming
to avoid the presence of cracks, the diameter of the fiber was
controlled to be smaller than 0.5 mm. The samples were cut
and polished and after that heat-treated at 600◦C for 20 min.
Gold electrodes were sputtered on the ceramic samples in
form of discs with 2.0 and 0.45 mm in diameter and thick-
ness, respectively. For the single crystals the electrodes were
sputtered on disc-shaped samples with 0.45 mm in diameter
and 0.50 in thickness.

High frequencies dielectric measurements were per-
formed on cooling using a Network Analyzer HP-8719C in
a frequency and temperature range from 60 MHz to 2 GHz
and from 440 to 90 K, respectively. Details of the experimen-
t
i each
d f the
s were
m e of

1 K/min employing an Impedance Analyzer HP 4194A and
a cryogenic refrigeration system (APD Cryogenics Inc.).

3. Results and discussion

Fig. 1(a)–(d) show representative curves of the frequency
dependence of the real (ε′) and imaginary (ε′′) components of
the relative dielectric permittivity measured at different tem-
peratures for the SCT-0.01 and SCT-0.1 ceramics. In addi-
tion, it is also shown the dielectric spectrum of the respective
single crystals measured at room temperature. The results re-
veal strong temperature dependent dielectric relaxations for
both ceramic compositions in the entire temperature range
investigated. However, for the single crystals, no relaxation
is observed for the SCT-0.01, while a very subtle one is notice
for the SCT-0.1.

Fig. 2(a) and (b) show the temperature dependence of the
relaxation frequency (fR) and the relaxation strength (�ε) for
both ceramic samples. The data reveal that at low tempera-
tures�ε is higher for SCT-0.1 than for SCT-0.01, whilefR
is quite similar for both compositions. It is also verified that
the microwave dielectric relaxation persists at higher temper-
atures for the SCT-0.1. A quick inspection in the relaxation
frequencies for both compositions curiously reveals that they
are remarkably comparable to those found for other relaxors
a -
s iffer
s

T ults

F mittivit
S symbo
al apparatus were described in details elsewhere.15,16 Dur-
ng the cooling process, it was waited 5 min between
esired temperature to guarantee the thermal stability o
ample. Dielectric characterizations performed at 1 kHz
ade on cooling from 300 to 15 K with a continuous rat

ig. 1. Real (ε′) and imaginary (ε′′) parts of the relative dielectric per
r0.1Ca0.90TiO3 ceramics (opened symbols) and single crystals (solid
nd “normal” ferroelectrics,2,4,5,17 although the size of re
pective polar regions as well their correlation length d
ignificantly.

Fig. 3 shows the double-logarithmic plots of 1/ε′ versus
−Tm for SCT-99:1 and SCT-90:10 ceramics. The res

y as a function of the frequency and temperature for Sr0.01Ca0.99TiO3 and
ls).
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Fig. 2. Temperature dependence of the relaxation frequency (fR) and the
relaxation strength (�ε) for: (a) Sr0.01Ca0.99TiO3; and (b) Sr0.1Ca0.90TiO3

ceramics.

show that SCT-99:1 and SCT-90:10 present a discernible de-
viation from the Curie–Weiss law at≈80 and≈110 K, re-
spectively. Hysteresis loop measurements (not shown here) at
room temperature revealed a characteristic slim loop, which
means no measurable remanent polarization (〈Pr〉 = 0).

It is verified that the dielectric properties of SrTiO3
are strongly dependent of the Ca-content, which induces
gradually in the host lattice nanometric polar regions. Thus,
the concept of appearance, growing and correlation length

Fig. 3. Log–log plot of the temperature dependence of the electrical permit-
t ′ )
c

of polar nanoregions seems to be central to understand the
microwave dielectric relaxation process. Then, based on the
experimental results, the following scenario can be drawn
to explain the microwave dielectric relaxation process of
Ca2+-doped-strontium titanate. In the very dilute case, which
means low concentration of dipolar impurities and defects
(SCT-0.01), there is a small amount of weakly correlated
polar nanoregions embedded in a relative large paraelectric
matrix. Thus, it may be assumed that their contribution to
the dielectric response is small, being responsible for the low
relaxation strength observed in the entire temperature range
investigated. On other the hand, for higher amount of Ca2+

(SCT-0.1), higher is the concentration of dipolar impurities
and defects in relation to the host paraelectric matrix, thus
increasing the amount of polar nanoregions. Consequently,
it may be assumed that their contribution for the dielectric
response is higher and, consequently, the relaxation strength
is higher.

Our data also reveal that the relaxation strength is much
lower and persists up to lower temperatures for the single
crystals than for the respective bulk ceramic samples. This ef-
fect suggest the existence of defects connected with the grain
boundaries, which induce a polar phase in the grain bulk, as
recently suggested by Petzelt and co-authors through infrared
and Raman characterizations.18 This process would be anal-
ogous to the Ca2+ doping. However, our data show clearly
t -
s , the
p ndary
i more
s e data
p ctric
r be di-
r

ns,
i ture
� spe-
c hat
w g of
r them
i bic
i the
i o be
a ing-
p and,
i ra-
t ming
t a
d up to
h t the
d igher
t rsists
u e
C
f there
i tures
ivity (ε ) of Sr0.01Ca0.99TiO3 (SCT-99:1) and Sr0.1Ca0.90TiO3 (SCT-90:10
eramics.
hat whereas the polar phase induced by Ca2+ off-center po
itions disappears due to the high thermal fluctuations
olar phase induced by defects connected the grain bou

s able to persist up to higher temperatures, inducing a
table polar phase in the SCT ceramics. Therefore, thes
rovide supportive evidence that the microwave diele
esponse and, consequently, the relaxation process can
ectly related to the existence of polar nanoregions.

Concerning the correlation length of the polar regio
t is experimentally noticed that decreasing the tempera
ε increases for both SCT compositions. Rather, for a

ific amount of doping, it is reported in the literature t
ith decreasing the temperature, the rapidly increasin

c increases the size of nanodomains, thus coupling
nto growing polar domains and increasing their Coulom
nteractions.12,13 Consequently, it may be supposed that
ncrease of�ε with decreasing the temperature can als
ssociated with a major participation of more interact
olar nanodomains in the dielectric response. On other h

t is observed that�ε tends to zero at much higher tempe
ures for the SCT-0.1. This result can be explained assu
hat the correlation length of polar regions for highly C2+

oped samples is stronger, thus being able to persist
igher temperatures. In addition, our data also show tha
ielectric relaxations persist up to temperatures much h

hanTm. It has been reported that polar nanoregions pe
p to the Burns temperature (TB), where deviation from th
urie–Weiss law is noticed,19 as observed inFig. 3. There-

ore, these results corroborate the concept that although
s no measurable remanent polarization at high tempera
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(〈Pr〉 = 0), the dielectric relaxation can be related with the
condensation of polar nanodomains atTB.

Curiously while the relaxation strength was significantly
higher for the samples with higher amount on Ca2+ doping,
the relaxation frequency (fR) is almost independent of the
composition (Fig. 2). Moreover, the relaxation frequencies
observed in the incipient and relaxor ferroelectrics are
very similar to those reported in the literature for “normal”
ferroelectrics2,17 in which micro sized domains with ferro-
electric long-range order prevail. Therefore, it seems that
the relaxation frequency is reasonably independent of the
size of polar regions as well as their correlation length.
Nevertheless, it has been suggested thatfR depends on the
degree of order20,21 and, consequently, on the range order.
Undoubtedly, these preliminary results reveal interesting
features aboutfR and demand further investigations.

4. Conclusion

In summary, it was shown that the key questions concern-
ing the microwave dielectric relaxation process in incipient
and relaxor ferroelectrics lie in the appearance, growing and
correlation length of polar nanoregions. The experimental
results suggest that the occurrence of such relaxation process
depend only on the presence of polar nanoregions. The clue
t ctric
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4. Arlt, G., Böttger, U. and Witte, S., Emission of GHz shear waves by
ferroelastic domain walls in ferroelectrics.Appl. Phys. Lett., 1993,
63, 602–604.

5. Kamba, S., Bovtun, V., Petzelt, J., Rychetsky, I., Mizaras, R., Brilin-
gas, A.et al., Dielectric dispersion of the relaxor PLZT ceramics in
the frequency range 20 Hz–100 THz.J. Phys. Condens. Matter, 2000,
12, 497–519.

6. de los Santos Guerra, J. and Eiras, J. A., Dielectric anomalies in La-
modified PbTiO3 ferroelectric ceramics in the microwave frequency
range.Ferroelectrics, 2003,294, 25–31.

7. Lente, M. H., de los Santos Guerra, J. and Eiras, J. A., Investigation of
microwave dielectric relaxation process in the antiferroelectric phase
of NaNbO3 ceramics.Solid State Commun., 2004,131, 279–282.

8. Fousek, J. and Brezina, B., Relaxation of 90◦ domain walls of BaTiO3
and their equation of motion.J. Phys. Soc. Jpn., 1964,19, 830–838.

9. Arlt, G. and Pertsev, N. A., Force constant and effective mass of
90◦ domain walls in ferroelectric ceramics.J. Appl. Phys., 1991,70,
2283–2289.

10. Müller, K. A. and Burkard, H., SrTiO3: an intrinsic quantum para-
electric below 4 K.Phys. Rev. B, 1979,19, 3593–3602.

11. Ang, C., Yu, Z. and Jing, Z., Impurity-induced ferroelectric relaxor
behavior in quantum paraelectric SrTiO3 and ferroelectric BaTiO3.
Phys. Rev. B, 2000,61, 957–961.

12. Ang, C., Yu, Z., Vilarinho, P. M. and Baptista, J. L., Bi:SrTiO3:
a quantum ferroelectric and a relaxor.Phys. Rev. B, 1998, 57,
7403–7406.

13. Venturini, E. L., Samara, G. A. and Kleemann, W., Pressure as a
probe of dielectric properties and phase transition of doped quan-

1 s of
rro-

1 PLT
z).

1 char-

1 ible
s and

1 ifert,
of

.

1 tion
.

2 fre-

2 cy di-
o the origin of such process was provided by diele
easurements in Sr1−xCaxTiO3 in the reasonable absen
f defects (grain boundary), in the very diluted case
boveTB, which corroborated such concept. This pict
ill be checked and extended in further works. In particu

he influence of domain size and, consequently, the
nd long-range order on the structure of the diele
pectrum of “normal” and relaxor ferroelectrics will
ompared.

cknowledgements

The authors thank FAPESP, CAPES and CNPq for
nancial support.

eferences

1. Von Hippel, A., Ferroelectricity, domain structure, and phase tr
tions of barium titanate.Rev. Mod. Phys., 1950,22, 221–237.

2. McNeal, M. P., Jang, S.-J. and Newnham, R. E., The effect of
and particle size on the microwave properties of barium tita
(BaTiO3). J. Appl. Phys., 1998,83, 3288–3297.
tum paraelectrics: Sr1−xCaxTiO3 (x= 0.007).Phys. Rev. B, 2003,67,
214102.

4. Ranjan, R., Pandey, D. and Lalla, N. P., Novel feature
Sr1−xCaxTiO3 phase diagram: evidence for competing antife
electric and ferroelectric interactions.Phys. Rev. Lett., 2000, 84,
3726–3729.

5. Bassora, L. A. and Eiras, J. A., dielectric relaxation in
(Pb1−xLaxTiO3) ceramics in the microwave region (0.05–2.0 GH
Ferroelectrics, 1999,223, 285–293.

6. de los Santos Guerra, J., Garcia, D. and Eiras, J. A., Dielectric
acterization of materials at microwave range.Mat. Res., 2003, 6,
97–101.

7. Bolten, D., B̈ottger, U. and Waser, R., Reversible and irrevers
piezoelectric and ferroelectric response in ferroelectric ceramic
thin films. J. Eur. Ceram. Soc., 2004,24, 725–737.

8. Petzelt, J., Ostapchuk, T., Gregora, I., Rychetsky, I., Hoffmann-E
S., Pronin, A. V.et al., Dielectric, infrared, and raman response
undoped SrTiO3 ceramics: evidence of polar grain boundaries.Phys
Rev. B, 2001,64, 184111.

9. Viehland, D., Jang, S. J., Cross, L. E. and Wuttig, M., Devia
from the Curie–Weiss behavior in relaxor ferroelectrics.Phys. Rev
B, 1992,46, 8003–8006.

0. Kazaqui, S., Ravez, J., Elissalde, C. and Maglione, M., High
quency dielectric relaxation in BaTiO3 derived materials.Ferro-
electrics, 1992,135, 85–99.

1. Chu, F., Setter, N., Elissalde, C. and Ravez, J., High frequen
electric relaxation in Pb(Sc1/2Ta1/2)O3 ceramics.Mater. Sci. Eng. B,
1996,38, 171–176.


	Microwave dielectric relaxation process in doped-incipient ferroelectrics
	Introduction
	Experimental procedure
	Results and discussion
	Conclusion
	Acknowledgements
	References


