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bstract

he changes induced by the different stoichiometries in Ba0.9Sr0.1TiO3 solid solutions, with (Ba,Sr)/Ti = 1 and (Ba,Sr)/Ti > 1, on the dielectric,
erroelectric and ac tunability characteristics are investigated. A small difference in the (Ba,Sr)/Ti ratio causes a shift of the Curie and Curie–Weiss
emperatures of 16 and 19 ◦C, respectively, but does not change the diffuse character of the phase transitions. The FORC method is used for
escribing the local switching properties and the ac tunability characteristics. Irrespective of the stoichiometry, no clear separation between the
eversible and irreversible contributions to the polarization are visible on the FORC diagrams. The maximum of the FORC distribution is located
n almost the same position, at low fields, meaning that small fields are necessary to switch the majority of the dipolar units of these systems. The
iagram obtained for the solid solutions with (Ba,Sr)/Ti = 1 shrinks towards smaller coercivities in comparison with the Ba-rich samples, due to
he smaller Curie temperature, making it closer to the ferro–para phase transition. The tunability determined in the FORC experiment depends not

nly on the actual field, but also on the reversal field. A dependence of the FORC susceptibility on the two maxima corresponding to the reversal
eld was found for the stoichiometric samples, while one single maximum at low reversal fields is characteristic of the Ba-rich samples. These
esults are interpreted in relationship to domain wall mobility, which is higher for the ferroelectric sample, close to its ferro–para phase transition.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

In the last few years, electric field-tunable dielectrics have
ttracted much interest for their potential applications as vari-
ble capacitors, phase shifters, tunable filters and voltage-
ontrolled oscillators,1 particularly in circuits and devices
eeded by the wireless communications industry, for scientific,
pace, commercial and military use. Among them, SrTiO3- and
aTiO3-based solid solutions like (Ba,Sr)TiO3, (Pb,Sr)TiO3,

a(Zr,Ti)O3, (Ba,Sn)TiO3 are the most reported materials, due

o their high dielectric constant, low losses and high tunabil-
ty, but also for their low cost, high integrability and poten-

∗ Corresponding author. Tel.: +40 32 144760; fax: +40 32 213330.
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ial for device miniaturisation.1–10 Various structures of these
aterials were studied, as single-crystals,1,10 polycrystalline

eramics,2,3,9 thick4,10 or thin films.5–8,10 The electric field-
nduced tunability describes the ability of a material to change
ts permittivity by the electric field and is defined as the relative
ariation of permittivity under the applied field:

(E) = ε(0) − ε(E)

ε(0)
, (1)

here ε(0) is the dielectric constant in the absence of a field and
(E) is the dielectric constant under the applied field E.
The properties of the solid solution Ba1−xSrxTiO3 (BST)
ave long been investigated, particularly the relationship
etween their compositions and microstructural characteristics,
ith a view to applications in frequency agile microwave circuit

mailto:lmtsr@uaic.ro
dx.doi.org/10.1016/j.jeurceramsoc.2006.02.025
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Fig. 1. The definition of the First Order Reversal Curves (FORC) curves
p−

FORC(Er, E) on a schematic representation of the P(E) hysteresis loop. Dotted
line: major hysteresis loop (MHL).
916 L. Mitoseriu et al. / Journal of the Euro

evices.1–5,10 Therefore, basic aspects related to tunability are
till unclear. For example, in the review of Tagantsev et al.,1

few fundamental questions have been formulated and only
ome of them partially clarified: if the tunability is higher in
he ferroelectric phase, in which the spontaneous polarization
f the ferroelectric is higher; if there is direct interplay between
he dielectric constant ε and the tunability t(E); if the high tun-
bility and low losses are contradictory requirements or they
an be simultaneously obtained in a given material; how to
mprove the tunability in films, which is much smaller than in
ulk ceramics of the same material; how to define and describe
orrectly the tunability of one material and its relationship with
he microstructural parameters; what is the frequency depen-
ence of t(E) and losses (i.e. to know if good tunability and
ow losses at low frequencies lead to a high tunability and low
osses in the microwave range), etc. In spite of a large volume
f publications on the properties of these materials, there is still
eed for a fundamental approach to describe their tunability
nd particularly to understand its relationship with composi-
ion, microstructures and other parameters (like the electrical
nd mechanical history and boundary conditions) in particular
tructures.

The ability of a ferroelectric to change its dielectric con-
tant under an electric field (tunability) is directly related to
ts non-linear properties, i.e. to the variation of polarization P
and implicitly of the dielectric constant ε) with the applied field
. The polarization process of a ferroelectric under an elec-

ric field P(E) is a hysteretic phenomenon involving reversible
nd irreversible domain dynamics, strongly influenced by the
omposition and microstructures and by external factors such
s: temperature, pressure, field amplitude, frequency and phase,
eld sequence and its history, etc. The non-linear electrical prop-
rties of a material can be obtained by different experiments as:
y recording of the P(E) hysteresis loops under various types of
eld sequences, determination of the dependence ε(E) by capac-

tance measurements, of the Z(V) curves under ac excitation by
mpedance analysis, by R(V) and I(V) dependences, etc. In addi-
ion to the classical methods, the new approach based to the First
rder Reversal Curves (FORC) (related to the Preisach model

n ferroics11,12), is able to describe the reversible/irreversible
i.e. non-switching/switching) contributions to the polarization
nd the field-dependence of the differential susceptibilities by
sing the same experimental data.13–17 The experiment involves
easurement of minor hysteresis loops between the positive sat-

ration +Esat and a variable reversal field Er ∈ (−Esat, +Esat)
ccording to the following sequence (as presented in Fig. 1): (i)
aturation under a positive field E ≥ +Esat; (ii) ramping down to
he reversal field Er, along the descending branch of the major
ysteresis loop (MHL); (iii) increasing the field back to +Esat,
hen P is a function of the fields E and Er (this is called a
ORC curve). The FORC family starting on the descending
HL branch is denoted as p−

FORC(Er, E) (Fig. 1) and the differ-
ntial susceptibilities measured along the FORCs χ− (E , E)
FORC r
re given by:

−
FORC(Er, E) = ∂p−

FORC(Er, E)

∂E
. (2) Fig. 2. SEM micrographs of the ceramic samples: (a) BST1: (Ba,Sr)/Ti > 1 and

(b) BST2: (Ba,Sr)/Ti = 1. Bar = 10 �m.



pean

T
t
w

ρ

T
i
fi
t
c
t
u

F
a
t

t
m
F
c
i
(

2

L. Mitoseriu et al. / Journal of the Euro

he FORC diagram represents a contour plot of the FORC dis-
ribution, defined as the mixed second derivative of polarization
ith respect to E and Er

13,18:

−(Er, E) = 1

2

∂2p−
FORC(Er, E)

∂Er∂E
= 1

2

∂

∂Er
[χ−

FORC(Er, E)] (3)

he 3D-distribution ρ(Er, E) describes the sensitivity of polar-
zation with respect to both the reversal Er and actual electric
eld E, while the FORC susceptibility χ−

FORC(Er, E) is related

o the ac tunability of the ferroelectric system. By changing the
oordinates from (Er, E) to {Ec = (E − Er)/2, Ei = (E + Er)/2},
he function ρ(Ec, Ei) becomes a distribution of the switchable
nits over their coercive Ec and bias fields Ei, which is identical

ig. 3. The evolution with temperature of the dielectric characteristics of BST1
nd BST2 ceramics measured at f = 1 Hz: (a) dielectric constant ε and (b) dielec-
ric losses (tan δ).
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o the Preisach distribution for systems satisfying the require-
ents of a Classical Preisach model only.12,18 In this paper, the
ORC method is used to describe the switching and ac tunability
haracteristics in ceramics of BaxSr1−xTiO3 with x = 0.90 hav-
ng two slightly different nominal (Ba,Sr)/Ti ratios: BST1 with
Ba,Sr)/Ti > 1 and BST2 with (Ba,Sr)/Ti = 1.

. Ceramic preparation and experiments

Powders with nominal composition Ba0.9Sr0.1TiO3 were
btained by a modified-low temperature aqueous synthesis
LTAS)19 performed at 80 ◦C and atmospheric pressure under
nert gas via the reaction:

0.9Ba(OH)2 + 0.1Sr(OH)2 + TiCl4 + 4NaOH

→ Ba0.9Sr0.1TiO3 + 4NaCl + 3H2O (4)

he resulting powders were washed, dried and calcined in air at
50 ◦C/2 h, then pressed by cold isostatic pressing at 150 MPa
nd finally isothermally sintered at temperatures of 1350 ◦C for
h in air. The phase purity was checked by X-ray diffraction

XRD, Co K� radiation, Philips PW1710, Philips, Eindhoven,
he Netherlands) and the microstructures examined by scan-
ing electron microscopy (SEM, LEO 1450VP, LEO Electron
icroscopy Ltd., Cambridge, UK) of the polished surfaces

without etching). It was previously observed19,20 that during
he LTAS procedure, the cationic ratio A/B of the ABO3 per-
vskite phase is affected by the washing step, mostly through the
issolution of some amount of the A ions from the surface of the
articles in water. In order to compensate this depletion, samples
ith an excess of 2.5 at.% of Ba (denoted as BST1) were also

repared together with the stoichiometric ones (Ba,Sr)/Ti = 1
denoted as BST2). For the electrical measurements, gold elec-
rodes were sputtered on the polished surfaces of the ceramic
amples. An impedance Spectroscopy system (Solartron, SI

ig. 4. Curie–Weiss analysis of the dielectric constant data obtained for BST1
nd BST2 samples at f = 1 Hz.
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260) was used for dielectric characterization in the frequency
ange 1–106 Hz and temperatures from 20 to 160 ◦C, while the
(E) loops and FORC data at room temperature were recorded
nder a sinusoidal waveform of amplitude of E0 = 4 kV/mm and
requency f = 1 Hz by using a modified Sawyer–Tower circuit.

. Results and discussions

The microstructures of the ceramic samples are presented in
ig. 2a and b: (a) for BST1: (Ba,Sr)/Ti > 1 and (b) for BST2:
Ba,Sr)/Ti = 1. The main microstructural characteristics of the
wo categories of samples are similar, with the exception of
he grain size (around 5 �m for BST1 and >10 �m for BST2).

herefore, the possible grain size influence on the dielectric and

erroelectric properties in this range are negligible,21 so that
he (Ba,Sr)/Ti ratio will mainly control the macroscopic proper-
ies of the two types of ceramics. The dielectric data and losses

C
e
e
t

ig. 5. A family of experimental FORCs p−
FORC(Er, E) under a sinusoidal waveform w

Ba,Sr)/Ti > 1 and (b) BST2: (Ba,Sr)/Ti = 1 ceramic samples at room temperature. Th
Ceramic Society 26 (2006) 2915–2921

tan δ) of BST1 and BST2 represented in Fig. 3a and b show
ndeed a difference in the absolute values (higher dielectric per-

ittivity at room temperature and at the transition point for
he sample BST1) and a shift of the Curie temperature TC of
6 ◦C, from 79 ◦C in BST2 to 95 ◦C in BST1 (Fig. 3a). This
ehavior is explained by the fact that the Curie temperature
C of BaxSr1−xTiO3 solid solutions increases with the Ba con-
entration × (linear in single-crystals and almost linear in the
eramics3) from 75 K at x = 0.1 to 395 K for x = 1 (BaTiO3),
.e. with ∼3.5 K for 1% variation in x. A difference of the
urie–Weiss temperatures of 19 ◦C is also found: T0 = 64 ◦C

or BST1 and T0 = 45 ◦C for BST2 (Fig. 4). The Curie–Weiss
nalysis gave almost the same value for the Curie constant of

= 1.13 × 105 K in both samples, meaning that the small differ-

nce in the (Ba,Sr)/Ti ratio does not cause local differences of the
lectrical properties of the ceramic grain boundaries in the two
ypes of samples, nor any important changes of the ferroelectric

ith the amplitude E0 = 4 kV/mm and frequency f = 1 Hz obtained for: (a) BST1:
e inset corresponds to the 3D-FORC distribution.
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ipolar order. In addition, the dielectric constant and losses of
oth ceramics do not show any dispersion in the investigated
ange of frequencies 1–106 Hz. The observed diffuse charac-
eristics of the ferro–para phase transition can be described by
mpirical equations (modified Curie–Weiss laws) as in the case
f the ferroelectric relaxors, for example22:

= εm

1 + ((T − Tm)/δ)η
, (5)

n which εm and Tm correspond to the permittivity peak, δ has
temperature dimension representing the extension interval of

he diffuse phase transition and η is a phenomenological param-
ter equal to 1 in case of ferroelectrics, 2 for full relaxor state
nd η ∈ (1, 2) for an intermediate character of the diffuse phase
ransition. For the present samples, the values obtained by fit-
ing are: η = 1.05, δ = 33 ◦C for BST1 and η = 1.02, δ = 34 ◦C for
ST2, respectively, showing no change in the extension of the
iffuse phase transition and practically full ferroelectric char-
cter (η ≈ 1), independent of the (Ba,Sr)/Ti ratio. The dielectric
osses are slightly lower for BST1, but generally low for both
amples: <1.2% in the ferroelectric state and <2% in the whole
ange of temperatures (Fig. 3b).

The FORC analysis yields other important information on the
ST ceramics. The experimental P(E) MHL loops and FORCs,
btained according to the sequence previously described, are
epresented in Fig. 5a and b, together with the 3D-FORCs
btained by using the numerical procedure described in Ref.
8. The two FORC distributions look very similar, but some dif-
erences are visible on the FORC diagrams (2D-contour plots) in
igs. 6a and b. The P(E) loops are slightly biased (E−

c > E+
c ) and

ST1 shows a higher coercivity and slightly lower polarization
han BST2. This is due to the fact that at room temperature, BST2
s closer to its ferro–para phase transition than BST1 ceramics.
y considering the temperature evolution of the P(E) loops in a

erroelectric material, in which the coercivity and the MHL area
re reducing by approaching the ferro–para phase transition,
he difference between the two hysteresis loops (Fig. 5) can be
nderstood in terms of difference in the (Ba,Sr)/Ti ratio and from
he consequent shift of TC. The FORC diagrams (Fig. 6) show a
mall bias for both samples (the maximum of the FORC diagram
hifted down towards the bias field, located at Ei ∼ 60 V/mm)
nd overall small coercivity (the maximum of the FORC dis-
ribution being located at low values of Ec). The field values
orresponding to the maximum of the FORC diagram are low
n both ceramics, indicating that rather low fields are needed to
vercome the energy barriers for the irreversible domain walls
ovements. Since there is no net separation of the FORC dis-

ribution between the reversible (along the bias axis Ec = 0) and
he irreversible (for Ec �= 0) components of the polarizations as
ound for other ferroelectrics, like PZT,13,14 it results in a con-
inuous distribution of energy barriers from zero to non-zero
alues, which are characteristic of this BST composition at room
emperature. This is related to the high degree of local com-

ositional inhomogeneity of the solid solutions, giving rise to
road distributed Curie temperatures (having as a consequence
he broadening of the phase transition and ε(T) curves) and broad
istributed coercivities (visible on the broad FORC distribu-

b
e
i
s

ig. 6. FORC diagrams calculated for (a) BST1: (Ba,Sr)/Ti > 1 and (b) BST2:
Ba,Sr)/Ti = 1 ceramic samples using the experimental data from Fig. 5.

ions). The main difference between the FORC diagrams of the
wo compositions is the contraction of the distribution towards
ower Ec for the sample BST2 (Fig. 6b) in comparison with
ST1 (Fig. 6a), in spite the fact that the position of the peak

s almost unchanged. This can be explained by the tendency
f the ferroelectric to reduce the energy barriers separating the
i-stable states ±Ps (i.e. to reduce the local coercivities) while
pproaching the transition temperature and is a consequence of
he stoichiometry difference. In both cases, the FORC diagrams
how rather inhomogeneous switching characteristics due to the
ocal variation of composition in the present solid solutions.

Other important information available from the same set of
he experimental FORCs is the field dependence of the differ-
ntial FORC susceptibility related to the ac tunability of the
erroelectric systems. The differential susceptibilities measured
long the FORCs χ−

FORC(Er, E) are shown in Fig. 7a and b. It
an be seen that the dynamic susceptibilities are functions of

oth reversal and actual fields (Er, E). In addition, for a given
xperiment, the susceptibility is also influenced by the mechan-
cal and electrical history of the sample, this being also valid for
tatic experiments (i.e. for the estimation of the dc tunability).
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ig. 7. The normalized distribution of the FORC susceptibilities obtained for
a) BST1: (Ba,Sr)/Ti > 1 and (b) BST2: (Ba,Sr)/Ti = 1 ceramic samples.

t means that a simple definition of tunability given by Eq. (1)
s insufficient without defining the experimental conditions and
he history of the ferroelectric sample. The maximum tunability
s normally obtained along the MHL (i.e. for Er = −Esat) and
or practical reasons this tunability is often used for comparing
he performances of various samples. Therefore, in case of the
resent Ba0.9Sr0.1TiO3 ceramics, this is valid only for the sample
ST1 (Fig. 7a), for which the maximum of the FORC sus-
eptibility χ−

FORC(Er, E) is located at (Er = −Esat = −4 kV/mm,
∼ 0.3 kV/mm). The tunability of the sample BST2 is not a
onotonous function of the reversal field Er since the FORC

−
usceptibility χFORC(Er, E) diagram has two maxima, located
t the same value of E ∼ 0.9 kV/mm, and two different reversal
elds Er: ∼−1 kV/mm and ∼−3 kV/mm. One might take into
onsideration the possible influence of computational errors pos-

d
i
t
e

ig. 8. The FORC susceptibility of the Ba0.9Sr0.1TiO3 ceramics obtained on the
ajor hysteresis loop (for Er = −Esat = −4 kV/mm).

ibly affecting the FORC analysis,18 particularly in case of the
ample BST2 for which a slimmer P(E) loops was recorded.
herefore, in the authors’ opinion, this is excluded since the
econd derivatives, giving the FORC distributions, show well-
efined unique maxima for both samples (Figs. 5–6). Rather,
t is possible that the permittivity of the sample BST2 is less
omogeneous than that of the sample BST1 due to composi-
ional fluctuations that do not significantly affect the switching
haracteristics revealed by the FORC diagrams. Therefore, it
s impossible at this stage to propose an explanation for this
urprising behaviour of the FORC susceptibility of the sample
ST2. However, it is clear that the dependence of the dynamic

usceptibility of the reversal field might be more complicated
han expected; this needs to be carefully investigate. In addition,
here is no direct relationship between the switching properties
btained from the FORC distribution and the tunability found
rom the FORC dynamic susceptibilities.

Finally, a rough comparison of the FORC susceptibilities of
ST1 and BST2 samples calculated for Er = −Esat = −4 kV/mm

Fig. 8) shows that BST2 has a better ability to change its dielec-
ric constant with the applied field (higher tunability), in spite
f the fact that this sample has at room temperature lower Ec
nd permittivity. This can be explained by the effect of reducing
he energy barriers for the irreversible domain wall movement
ogether with increasing their mobility while approaching the
erro–para phase transition, giving rise to this difference in their
unabilities. For this reason, there is a tendency to use the ferro-
lectric materials for tunable elements at temperatures close to
heir phase transition or even in their paraelectric state, but this
eaves other technical problems to be solved.1 In fact, there is no
eneral agreement concerning the use of materials for tunable
pplications in the ferroelectric or paraelectric states or close to
he ferro–para phase transition. Nevertheless, it is clear that there
s no direct relationship between the polarization, coercivity or
ermittivity and the tunability of the ferroelectric material, as

emonstrated for this compositions of BST ceramics. Another
mportant observation is that the ac tunability is not identical to
he dc tunability and both of them might result from different
xperiments on the same sample, because the dynamics of the
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omain walls under the applied electrical field can be seriously
ffected by experimental conditions and sample’s history. Thus,
he FORC analysis is a very useful instrument for giving indi-
ations about the ac tunability in a specific experiment, but its
ependence on the dc tunability needs to be further investigated.

. Conclusions

The dielectric, ferroelectric and tunability properties of the
olid solution Ba0.9Sr0.1TiO3 with slightly different stoichiome-
ries, (Ba,Sr)/Ti = 1 and (Ba,Sr)/Ti > 1, are presented. The dielec-
ric constant shows a diffuse ferro–para phase transition with the
ame degree of diffuseness (temperature extension for the phase
ransition) due to the variation of the local Curie temperature
nd ferroelectric character of both ceramics. A shift of the Curie
nd Curie–Weiss temperatures of 16 and 19 ◦C, respectively,
ppears as a consequence of the different (Ba,Sr)/Ti ratios. The
ORC method is used for describing the switching and the ac

unability characteristics of the BST ceramics. The FORC dis-
ributions have a diffuse character, indicating a high degree of
ocal compositional inhomogeneity and giving rise to a large dis-
ribution in the local interactions and coercive fields. A higher
evelopment of the FORCs towards larger coercivities is char-
cteristic of the Ba-rich sample. The maximum is located at
ather low fields, independently of the stoichiometry and conse-
uently, no clear separation between the reversible/irreversible
ontribution to the polarization are visible on the FORC dia-
rams. The FORC differential susceptibilities, related to the ac
enability, have been estimated from the same set of experimen-
al data. Different behaviour was found for the two samples:
maximum ac tunability on the major hysteresis loop (i.e. for
r = −Esat = −4 kV/mm) for sample BST1 and a more compli-
ated dependence with two maxima at E ∼ −0.9 kV/mm and
r: ∼−1 kV/mm and ∼3 kV/mm, respectively, for BST2. The
ORC tunability determined on the major hysteresis loop is sen-
itive to the stoichiometry, being higher for the sample with the
atio (Ba,Sr)/Ti = 1, that is closer to its ferro–para phase transi-
ion. This probably results from a higher mobility of the domain
alls when approaching the phase transition than in the ferro-

lectric state. It was demonstrated that in a dynamic experiment
he tunability is dependent on both the actual and reversal fields,
hus a correct definition of this characteristic in well-defined
onditions has to be used.
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6. Cima, L. and Labouré, E., A model of ferroelectric behavior based
on a complete switching density. J. Appl. Phys., 2004, 95, 2654–
2659.

7. Bartic, A. T., Wouters, D. J., Maes, H. E., Rickes, J. T. and Waser, R.
M., Preisach model for the simulation of ferroelectric capacitor. J. Appl.
Phys., 2001, 89, 3420–3425.

8. Pike, C. R., Roberts, A. P. and Verosub, K. L., Characterizing interactions
in fine magnetic particle systems using first order reversal curves. J. Appl.
Phys., 1999, 85, 6660–6667.

9. Viviani, M., Nanni, P., Buscaglia, M. T., Leoni, M., Buscaglia, V. and
Centurioni, L., Impedance spectroscopy of n-doped (Ba,Sr)TiO3 ceramics
prepared by modified low temperature aqueous synthesis. J. Eur. Ceram.
Soc., 1999, 19, 781–785.

0. Nanni, P., Leoni, M. and Buscaglia, V., Low-temperature aqueous prepa-
ration of barium metatitanate powders. J. Eur. Ceram. Soc., 1994, 14,
85–90.

1. Akdogan, E. K., Leonard, M. R. and Safari, A., Size effects in ferro-
electric ceramics. In Handbook of Low and High Dielectric Constant
1999, pp. 61–110.
2. Santos, I. A. and Eiras, J. A., Phenomenological description of the diffuse

phase transition in ferroelectrics. J. Phys.: Condens. Matter, 2001, 13,
11733–11740.


	Influence of stoichiometry on the dielectric and ferroelectric properties of the tunable (Ba,Sr)TiO3 ceramics investigated by First Order Reversal Curves method
	Introduction
	Ceramic preparation and experiments
	Results and discussions
	Conclusions
	Acknowledgements
	References


