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bstract

olar relaxation processes in Lanthanum doped SrTiO3 (STO) ceramics, with general formulae Sr(1−1.5x)LaxTiO3, were studied by undertaking
eld-induced thermally stimulated currents measurements below room temperature.
The experimental results obtained for doped ceramic (x = 0.0133) were analysed by using dipolar and space-charge relaxation thermally stimulated
epolarization currents (TSDC) models in order to determine the nature of the relaxation processes involved.
Our results reveal the existence of different relaxation processes in the temperature range 60–300 K. Whereas at low temperature, a relaxation
echanism of a dipolar type was disclosed within the temperature interval centred around 100 K, a space-charge relaxation process could be

dentified in the temperature range 120–300 K. The temperature dependence of the relaxation parameters will be also discussed in detail.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Strontium titanate SrTiO3 (STO) undergoes at T ∼ 100K a
tructural phase transition from a paraelectric phase with cubic
erovskite symmetry to a tetragonal antiferrodistortive state.1

rTiO3 exhibits at low temperatures quantum behaviour, being
ne of the best known examples of a quantum paraelectric mate-
ial. Owing to its significant polarisable crystalline structure,
igh dielectric permittivity that increases on cooling, and low
icrowave losses, SrTiO3 is one of the most attractive materials

or many high frequency and microwave applications, particu-
arly at low temperatures.1

Great attention has been paid lately to the study of SrTiO3
eramics, although the permittivity values at low temperatures
re several times smaller in ceramics than in single crystals,
nd the microwave losses in ceramics are higher and grain size
ependent.1,2 The lower permittivity, which implies a smaller
oftening of the soft mode, is established to be mainly related to

he existence of micro-polar regions in undoped STO ceram-
cs, apparently due to frozen dipole moments at the grain
oundaries.
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E-mail address: amalmeid@fc.up.pt (A. Almeida).

s
w
w
5
w
2
w

955-2219/$ – see front matter © 2007 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2007.02.021
Recently detailed pyroelectric thermal cycles and dielectric
easurements carried out in La doped STO ceramics, with gen-

ral formulae Sr(1−1.5x)LaxTiO3
3 reveal a complex non-ergodic

ehaviour related to the existence of different relaxations pro-
esses related to bulk and grain boundary dipoles and surface
harge release.

In order to get a better knowledge of the relaxation behaviour
n Lanthanum doped STO ceramics, we have carried out a field-
nduced thermally stimulated current study in the temperature
ange between 12 K and room temperature, for x = 0.0133. A
etail discussion addressed to the nature of the relaxation pro-
esses associated with thermally activated polarization, and to
he temperature dependence of their characteristic parameters is
resented.

. Experimental and modelling

The lanthanum doped STO ceramics were prepared by solid-
tate reaction. Chemical reagents of SrCO3, TiO2, and La2O3
ere used. The weighed batches were mixed and wet milled
ith alcohol in agate pots on a ball mill of a planetary type for

h and dried in an oven at 70–80 ◦C for about 12 h. The samples
ere then calcined in a furnace between 950 and 1200 ◦C for
h at a rate of 5 ◦C/min. After calcinations, the powders were
et-milled again in agate pots with a planetary mill for 5 h. The

mailto:amalmeid@fc.up.pt
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illed and dried calcined powders were mixed with binder to
mprove the forming process. Then, they were uniaxially pressed
nto disks of Φ = (10–15) mm × (1–2) mm at 50 MPa and then
sostatically pressed at 300 MPa. The pressed disks were sintered
etween 1240 ◦C and 1400 ◦C for 2 h in air and then furnace-
ooled.4

The study of thermally stimulated depolarization currents
as carried out in sequential thermal cycles as follows: (i) field

ooling – cooling down from room temperature while a polar-
zing electric field Ep is applied; (ii) zero field heating – heating
o room temperature under zero electrical field. The current was

easured as a function of temperature, with a standard short cir-
uit method,5 while keeping a temperature rate of about 1 K/min.
he temperature dependence of the corresponding polarisation
as obtained by time integration of the electrical current. The

ample temperature was measured with accuracy better than
.1 K.

TSDC data were analysed by using the theoretical model
resented in Ref. 6–8. According to this model the temper-
ture dependence of the current density (JD) during a TSDC
xperiment can be expressed as

D(T ) =
(

Pe(T )

τ0

)
exp

(−Ea

kT

)

× exp

[
−

(
1

q
τ0

) ∫ T

T0

exp

(−Ea

kT

)
dT ′

]
, (1)

here Pe is the equilibrium polarisation, T0 the polarizing tem-
erature, τ0 the relaxation time at infinite temperatures, Ea the
ctivation energy, q the temperature rate, and k is the Boltzmann
onstant. The temperature dependence of the relaxation param-
ters was found by fitting a straightforward expression for JD(T)
resented in Ref. 9, to the experimental data.

The dipole density (Nd) of the sample was obtained by using
angevin equation:

e = sNdp
2
μκFp

kT0
(2)

here s is a geometrical factor, which depends on the possible
ipolar orientation, pμ their electric moment (κFp) the local
lectric field operating on the dipoles.

. Results and discussion

Fig. 1 shows the temperature dependence of TSDC and cor-
esponding polarisation P in a x = 0.0133 doped STO ceramic,
or different fixed magnitudes of the polarising electric field Ep.

The results presented in Fig. 1 give clear evidence for two
ell detached anomalies: the anomaly (I) that occurs around
m1 ∼ 80 K, and the other one (II), which is observed around
m2 ∼ 200 K. The band structure observed below 50 K reflects
ost probably the effect of a complex low-temperature, elastic
nd electrical domain configuration, which was previously put
n evidence in pure STO. In the following we shall address our
ttention just to the results concerning anomaly I and anomaly
I.

t
i
a
a

ig. 1. TSDC and polarization as a function of the temperature at different fixed
olarizing field Ep.

By observing Fig. 1, we conclude that anomaly I amplitude
ncreases with increasing electric field Ep, while keeping fixed
he temperature corresponding to its maximum amplitude. As
an be seen in Fig. 1, anomaly II has completely different charac-
eristics as compared to those of anomaly I. Anomaly II is much
ider, and we observe that its amplitude starts to increase with

ncreasing applied field, but then remains constant as the field is
urther increased. As it is still seen from Fig. 1, the temperature
f its maximum amplitude is strongly field-dependent.

The field dependence of some peak characteristics can pro-
ide relevant information relatively to the nature of their own
elaxation processes. One of the arguments advocated by Van-
erschueren and Gasiot,7 for distinguishing relaxation processes
ike dipolar relaxation and space-charge relaxation, is based
n the field dependence of thermally stimulated depolariza-
ion currents. TSDC peaks corresponding to dipole relaxation

echanisms are characterized by field-independent maximum
mplitude temperatures, and by maximum amplitudes that are
trictly proportional to the field strength. A different pattern is
btained from processes involving space-charge polarization,
ince generally the build-up, release and equilibrium spatial dis-
ribution of the charge are strongly dependent on the applied
eld.

Fig. 2 shows the field dependence of the maximum amplitude
2a) and of the maximum amplitude temperature (2b) concerning
nomaly I and anomaly II.

Accordingly to the theoretical predictions referred to above,7

e can state that anomaly I is most probably associated with a
ipolar type relaxation process, as the linear behaviour of the
aximum amplitude (Fig. 2a) and the invariance of the maxi-
um amplitude temperature (Fig. 2b) versus the applied field,

learly confirm.
The corresponding parameters for anomaly II have a marked

ifferent field-dependent behaviour, which reveals that anomaly
I is most probably due to a space-charge relaxation process. This
ssumption is strongly supported by results previously reported
see Fig. 5 of Ref. 3), where we can observe just above ∼100 K

hat the field-heating current becomes increasingly larger by
ncreasing the temperature. This behaviour is commonly associ-
ted with space charge depolarisation mechanisms, where bulk
nd surface charge displacements play a major role.



A. Almeida et al. / Journal of the European C

Fig. 2. Field dependence of the maximum amplitude (a) and of maximum
amplitude temperature (b) of anomaly I and anomaly II.
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ig. 3. Field-dependence of the activation energy (Ea) and relaxation time at
nfinite temperature (τ0) of anomaly I.

We have used the model of Bucci et al.6 to calculate the char-
cteristic parameters of the dipolar relaxation process associated
ith anomaly I. The results are summarized in Fig. 3, where we

an observe the activation energy (Ea) and the relaxation time at
nfinite temperatures (τ0) concerning anomaly I, as a function
f the polarizing electric field Ep.

Ea increases by increasing the field magnitude, and then

eaches a constant value of ∼0.14 eV for Ep > 240 V cm−1. For
eld intensities less than 240 V cm−1, the relaxation time at infi-
ite temperature is field-dependent, but as the field increases, a
early constant value of ∼4.7 × 10−7 s is attained.
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In order to estimate the relaxation time τ at room temperature,
e have used the expression of Arrhenius law7: τ(T)=τ0 eEa/kT,

nd the constant values of Ea and τ0 referred to above. The
alculated value of the relaxation time at room temperature is
300 s. This too low value of τ clearly excludes the applica-

ion of our system to the processing of electret-devices, at room
emperature.

By using the Langevin Eq. (2) and high-field values of
he relaxation parameters concerning anomaly I, we have esti-

ated the average value of the dipole density (Nd), where
ypical values for the electric moment (2 × 10−29 cm) and s (1/3)
ere assumed. A dipole density of ∼1 × 1017 dipoles/cm3 was
btained.

In order to get a better knowledge about the type and origin
f such dipoles, further experimental work is still needed.
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