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Abstract

The changes induced by the different stoichiometries in Bay¢Sro;TiO3 solid solutions, with (Ba,Sr)/Ti=1 and (Ba,Sr)/Ti> 1, on the dielectric,
ferroelectric and ac tunability characteristics are investigated. A small difference in the (Ba,Sr)/Ti ratio causes a shift of the Curie and Curie—Weiss
temperatures of 16 and 19 °C, respectively, but does not change the diffuse character of the phase transitions. The FORC method is used for
describing the local switching properties and the ac tunability characteristics. Irrespective of the stoichiometry, no clear separation between the
reversible and irreversible contributions to the polarization are visible on the FORC diagrams. The maximum of the FORC distribution is located
in 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
diagram obtained for the solid solutions with (Ba,Sr)/Ti=1 shrinks towards smaller coercivities in comparison with the Ba-rich samples, due to
the smaller Curie temperature, making it closer to the ferro—para phase transition. The tunability determined in the FORC experiment depends not
only on the actual field, but also on the reversal field. A dependence of the FORC susceptibility on the two maxima corresponding to the reversal
field was found for the stoichiometric samples, while one single maximum at low reversal fields is characteristic of the Ba-rich samples. These
results 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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1. Introduction tial for device miniaturisation.'”' Various structures of these
materials were studied, as single-crystals,’!? polycrystalline

In the last few years, electric field-tunable dielectrics have ceramics,>>? thick*19 or thin films.>%19 The electric field-
attracted much interest for their potential applications as vari-  induced tunability describes the ability of a material to change

able capacitors, phase shifters, tunable filters and voltage- its permittivity by the electric field and is defined as the relative
controlled oscillators,! particularly in circuits and devices variation of permittivity under the applied field:

needed by the wireless communications industry, for scientific,
space, commercial and military use. Among them, SrTiO3- and (E) = e(0) — E(E)’ (1)
BaTiOs-based solid solutions like (Ba,Sr)TiOs, (Pb,Sr)TiO3, £(0)

Ba(Zr,Ti)O3, (Ba,Sn)TiO3 are the most reported materials, due
to their high dielectric constant, low losses and high tunabil-
ity, but also for their low cost, high integrability and poten-

where £(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 Ba;_,Sr,TiO3 (BST)
have long been investigated, particularly the relationship
* Corresponding author. Tel.: +40 32 144760; fax: +40 32 213330. between their compositions and microstructural characteristics,
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devices.!>10 Therefore, basic aspects related to tunability are
still unclear. For example, in the review of Tagantsev et al.,!
a few fundamental questions have been formulated and only
some of them partially clarified: if the tunability is higher in
the ferroelectric phase, in which the spontaneous polarization
of the ferroelectric is higher; if there is direct interplay between
the dielectric constant ¢ and the tunability #(E); if the high tun-
ability and low losses are contradictory requirements or they
can be simultaneously obtained in a given material; how to
improve the tunability in films, which is much smaller than in
bulk ceramics of the same material; how to define and describe
correctly the tunability of one material and its relationship with
the microstructural parameters; what is the frequency depen-
dence of #E) and losses (i.e. to know if good tunability and
low losses at low frequencies lead to a high tunability and low
losses in the microwave range), etc. In spite of a large volume
of publications on the properties of these materials, there is still
need for a fundamental approach to describe their tunability
and particularly to understand its relationship with composi-
tion, microstructures and other parameters (like the electrical
and mechanical history and boundary conditions) in particular
structures.

The ability of a ferroelectric to change its dielectric con-
stant under an electric field (tunability) is directly related to
its non-linear properties, i.e. to the variation of polarization P
(and implicitly of the dielectric constant &) with the applied field
E. The polarization process of a ferroelectric under an elec-
tric field P(E) is a hysteretic phenomenon involving reversible
and irreversible domain dynamics, strongly influenced by the
composition and microstructures and by external factors such
as: temperature, pressure, field amplitude, frequency and phase,
field sequence and its history, etc. The non-linear electrical prop-
erties of a material can be obtained by different experiments as:
by recording of the P(E) hysteresis loops under various types of
field sequences, determination of the dependence ¢(E) by capac-
itance measurements, of the Z(V) curves under ac excitation by
impedance analysis, by R(V) and I(V) dependences, etc. In addi-
tion to the classical methods, the new approach based to the First
Order Reversal Curves (FORC) (related to the Preisach model
in ferroics'"12), is able to describe the reversible/irreversible
(i.e. non-switching/switching) contributions to the polarization
and the field-dependence of the differential susceptibilities by
using the same experimental data.'3~!7 The experiment involves
measurement of minor hysteresis loops between the positive sat-
uration +Eg; and a variable reversal field E; € (—FEgy, +FEsat)
according to the following sequence (as presented in Fig. 1): (i)
saturation under a positive field E > +FE,; (ii) ramping down to
the reversal field E;, along the descending branch of the major
hysteresis loop (MHL); (iii) increasing the field back to +FEj,,
when P is a function of the fields E and E; (this is called a
FORC curve). The FORC family starting on the descending
MHL branch is denoted as ppopc(Er, E) (Fig. 1) and the differ-
ential susceptibilities measured along the FORCs xpopc(Er, E)
are given by:
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Fig. 1. The definition of the First Order Reversal Curves (FORC) curves
Prorc(Er, E) on a schematic representation of the P(E) hysteresis loop. Dotted
line: major hysteresis loop (MHL).
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Fig. 2. SEM micrographs of the ceramic samples: (a) BST1: (Ba,Sr)/Ti> 1 and
(b) BST2: (Ba,Sr)/Ti=1. Bar=10 pm.
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The FORC diagram represents a contour plot of the FORC dis-
tribution, defined as the mixed second derivative of polarization
with respect to E and E,'318:

1 prore(Er, E) 1 9 _
P (Er, E) = 5% = 33 UrorcEe. Bl )
The 3D-distribution p(E;, E) describes the sensitivity of polar-
ization with respect to both the reversal E; and actual electric
field E, while the FORC susceptibility xporc(Er, E) is related
to the ac tunability of the ferroelectric system. By changing the
coordinates from (E;, E) to {E.=(E — E;)/2, E;=(E+E)/2},
the function p(E., E;) becomes a distribution of the switchable
units over their coercive E. and bias fields E;j, which is identical
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Fig. 3. The evolution with temperature of the dielectric characteristics of BST1
and BST?2 ceramics measured at f= 1 Hz: (a) dielectric constant ¢ and (b) dielec-
tric losses (tan §).

to the Preisach distribution for systems satisfying the require-
ments of a Classical Preisach model only.!>!8 In this paper, the
FORC method is used to describe the switching and ac tunability
characteristics in ceramics of Ba,Sr;_,TiO3 with x=0.90 hav-
ing two slightly different nominal (Ba,Sr)/Ti ratios: BST1 with
(Ba,Sr)/Ti>1 and BST2 with (Ba,Sr)/Ti=1.

2. Ceramic preparation and experiments

Powders with nominal composition BagygSrpTiO3 were
obtained by a modified-low temperature aqueous synthesis
(LTAS)' performed at 80 °C and atmospheric pressure under
inert gas via the reaction:

0.9Ba(OH);, + 0.1Sr(OH), + TiCly + 4NaOH
— Bag9Srg 1 TiO3 + 4NaCl + 3H,0 (@)

The resulting powders were washed, dried and calcined in air at
950 °C/2 h, then pressed by cold isostatic pressing at 150 MPa
and finally isothermally sintered at temperatures of 1350 °C for
2h in air. The phase purity was checked by X-ray diffraction
(XRD, Co Ka radiation, Philips PW1710, Philips, Eindhoven,
The Netherlands) and the microstructures examined by scan-
ning electron microscopy (SEM, LEO 1450VP, LEO Electron
Microscopy Ltd., Cambridge, UK) of the polished surfaces
(without etching). It was previously observed!®? that during
the LTAS procedure, the cationic ratio A/B of the ABO3 per-
ovskite phase is affected by the washing step, mostly through the
dissolution of some amount of the A ions from the surface of the
particles in water. In order to compensate this depletion, samples
with an excess of 2.5 at.% of Ba (denoted as BST1) were also
prepared together with the stoichiometric ones (Ba,Sr)/Ti=1
(denoted as BST?2). For the electrical measurements, gold elec-
trodes were sputtered on the polished surfaces of the ceramic
samples. An impedance Spectroscopy system (Solartron, SI
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Fig. 4. Curie-Weiss analysis of the dielectric constant data obtained for BST1
and BST2 samples at f=1 Hz.
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1260) was used for dielectric characterization in the frequency
range 1-10% Hz and temperatures from 20 to 160 °C, while the
P(E) loops and FORC data at room temperature were recorded
under a sinusoidal waveform of amplitude of £y =4 kV/mm and
frequency f= 1 Hz by using a modified Sawyer—Tower circuit.

3. Results and discussions

The microstructures of the ceramic samples are presented in
Fig. 2a and b: (a) for BST1: (Ba,Sr)/Ti>1 and (b) for BST2:
(Ba,Sr)/Ti=1. The main microstructural characteristics of the
two categories of samples are similar, with the exception of
the grain size (around 5 pm for BST1 and >10 wm for BST?2).
Therefore, the possible grain size influence on the dielectric and
ferroelectric properties in this range are negligible,?! so that
the (Ba,Sr)/Ti ratio will mainly control the macroscopic proper-
ties of the two types of ceramics. The dielectric data and losses

L. Mitoseriu et al. / Journal of the European Ceramic Society 26 (2006) 2915-2921

(tan8) of BST1 and BST2 represented in Fig. 3a and b show
indeed a difference in the absolute values (higher dielectric per-
mittivity at room temperature and at the transition point for
the sample BST1) and a shift of the Curie temperature 7¢c of
16°C, from 79°C in BST2 to 95°C in BST1 (Fig. 3a). This
behavior is explained by the fact that the Curie temperature
Tc of Ba,Sri_,TiOj3 solid solutions increases with the Ba con-
centration X (linear in single-crystals and almost linear in the
ceramics’) from 75K at x=0.1 to 395K for x=1 (BaTiO3),
i.e. with ~3.5K for 1% variation in x. A difference of the
Curie—Weiss temperatures of 19 °C is also found: Tp=64°C
for BST1 and 7o =45 °C for BST2 (Fig. 4). The Curie—Weiss
analysis gave almost the same value for the Curie constant of
C=1.13 x 10° K in both samples, meaning that the small differ-
ence in the (Ba,Sr)/Tiratio does not cause local differences of the
electrical properties of the ceramic grain boundaries in the two
types of samples, nor any important changes of the ferroelectric
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Fig. 5. A family of experimental FORCs prqp - (Er, E) under a sinusoidal waveform with the amplitude Ey =4 kV/mm and frequency f= 1 Hz obtained for: (a) BST1:
(Ba,Sr)/Ti> 1 and (b) BST2: (Ba,Sr)/Ti=1 ceramic samples at room temperature. The inset corresponds to the 3D-FORC distribution.
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dipolar order. In addition, the dielectric constant and losses of
both ceramics do not show any dispersion in the investigated
range of frequencies 1-10° Hz. The observed diffuse charac-
teristics of the ferro—para phase transition can be described by
empirical equations (modified Curie—Weiss laws) as in the case
of the ferroelectric relaxors, for example22:

Em

IR @ =T ©
in which e, and Ty, correspond to the permittivity peak, § has
a temperature dimension representing the extension interval of
the diffuse phase transition and 7 is a phenomenological param-
eter equal to 1 in case of ferroelectrics, 2 for full relaxor state
and n € (1, 2) for an intermediate character of the diffuse phase
transition. For the present samples, the values obtained by fit-
ting are: n=1.05, §=33 °C for BST1 and n=1.02, §=34°C for
BST?2, respectively, showing no change in the extension of the
diffuse phase transition and practically full ferroelectric char-
acter (n =~ 1), independent of the (Ba,Sr)/Ti ratio. The dielectric
losses are slightly lower for BST1, but generally low for both
samples: <1.2% in the ferroelectric state and <2% in the whole
range of temperatures (Fig. 3b).

The FORC analysis yields other important information on the
BST ceramics. The experimental P(E) MHL loops and FORCs,
obtained according to the sequence previously described, are
represented in Fig. 5a and b, together with the 3D-FORCs
obtained by using the numerical procedure described in Ref.
18. The two FORC distributions look very similar, but some dif-
ferences are visible on the FORC diagrams (2D-contour plots) in
Figs. 6a and b. The P(E) loops are slightly biased (E; > E})and
BST1 shows a higher coercivity and slightly lower polarization
than BST2. This is due to the fact that at room temperature, BST2
is closer to its ferro—para phase transition than BST1 ceramics.
By considering the temperature evolution of the P(E) loops in a
ferroelectric material, in which the coercivity and the MHL area
are reducing by approaching the ferro—para phase transition,
the difference between the two hysteresis loops (Fig. 5) can be
understood in terms of difference in the (Ba,Sr)/Ti ratio and from
the consequent shift of 7¢c. The FORC diagrams (Fig. 6) show a
small bias for both samples (the maximum of the FORC diagram
shifted down towards the bias field, located at E; ~ 60 V/mm)
and overall small coercivity (the maximum of the FORC dis-
tribution being located at low values of E;). The field values
corresponding to the maximum of the FORC diagram are low
in both ceramics, indicating that rather low fields are needed to
overcome the energy barriers for the irreversible domain walls
movements. Since there is no net separation of the FORC dis-
tribution between the reversible (along the bias axis E. =0) and
the irreversible (for E. # 0) components of the polarizations as
found for other ferroelectrics, like PZT,!3-14 it results in a con-
tinuous distribution of energy barriers from zero to non-zero
values, which are characteristic of this BST composition at room
temperature. This is related to the high degree of local com-
positional inhomogeneity of the solid solutions, giving rise to
broad distributed Curie temperatures (having as a consequence
the broadening of the phase transition and ¢(7) curves) and broad
distributed coercivities (visible on the broad FORC distribu-
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Fig. 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.

tions). The main difference between the FORC diagrams of the
two compositions is the contraction of the distribution towards
lower E; for the sample BST2 (Fig. 6b) in comparison with
BST1 (Fig. 6a), in spite the fact that the position of the peak
is almost unchanged. This can be explained by the tendency
of the ferroelectric to reduce the energy barriers separating the
bi-stable states +P; (i.e. to reduce the local coercivities) while
approaching the transition temperature and is a consequence of
the stoichiometry difference. In both cases, the FORC diagrams
show rather inhomogeneous switching characteristics due to the
local variation of composition in the present solid solutions.
Other important information available from the same set of
the experimental FORCs is the field dependence of the differ-
ential FORC susceptibility related to the ac tunability of the
ferroelectric systems. The differential susceptibilities measured
along the FORCs xporc(Er, E) are shown in Fig. 7a and b. It
can be seen that the dynamic susceptibilities are functions of
both reversal and actual fields (E;, E). In addition, for a given
experiment, the susceptibility is also influenced by the mechan-
ical and electrical history of the sample, this being also valid for
static experiments (i.e. for the estimation of the dc tunability).
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Fig. 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.

It means that a simple definition of tunability given by Eq. (1)
is insufficient without defining the experimental conditions and
the history of the ferroelectric sample. The maximum tunability
is normally obtained along the MHL (i.e. for E; = —Eg,) and
for practical reasons this tunability is often used for comparing
the performances of various samples. Therefore, in case of the
present Bag 9Srp 1 TiO3 ceramics, this is valid only for the sample
BST1 (Fig. 7a), for which the maximum of the FORC sus-
ceptibility xporc(Er, E) is located at (E; = —Egy = —4 kV/mm,
E~0.3kV/mm). The tunability of the sample BST2 is not a
monotonous function of the reversal field E; since the FORC
susceptibility xporc(Er, E) diagram has two maxima, located
at the same value of E ~ 0.9 kV/mm, and two different reversal
fields E;: ~—1kV/mm and ~—3kV/mm. One might take into
consideration the possible influence of computational errors pos-
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Fig. 8. The FORC susceptibility of the Bag 9Sro 1 TiO3 ceramics obtained on the
major hysteresis loop (for E; = —Eg = —4 kV/mm).

sibly affecting the FORC analysis,'® particularly in case of the
sample BST2 for which a slimmer P(E) loops was recorded.
Therefore, in the authors’ opinion, this is excluded since the
second derivatives, giving the FORC distributions, show well-
defined unique maxima for both samples (Figs. 5-6). Rather,
it is possible that the permittivity of the sample BST2 is less
homogeneous than that of the sample BST1 due to composi-
tional fluctuations that do not significantly affect the switching
characteristics revealed by the FORC diagrams. Therefore, it
is impossible at this stage to propose an explanation for this
surprising behaviour of the FORC susceptibility of the sample
BST2. However, it is clear that the dependence of the dynamic
susceptibility of the reversal field might be more complicated
than expected; this needs to be carefully investigate. In addition,
there is no direct relationship between the switching properties
obtained from the FORC distribution and the tunability found
from the FORC dynamic susceptibilities.

Finally, a rough comparison of the FORC susceptibilities of
BST1 and BST2 samples calculated for E; = —Egy = —4 kV/mm
(Fig. 8) shows that BST2 has a better ability to change its dielec-
tric constant with the applied field (higher tunability), in spite
of the fact that this sample has at room temperature lower E
and permittivity. This can be explained by the effect of reducing
the energy barriers for the irreversible domain wall movement
together with increasing their mobility while approaching the
ferro—para phase transition, giving rise to this difference in their
tunabilities. For this reason, there is a tendency to use the ferro-
electric materials for tunable elements at temperatures close to
their phase transition or even in their paraelectric state, but this
leaves other technical problems to be solved.! In fact, there is no
general agreement concerning the use of materials for tunable
applications in the ferroelectric or paraelectric states or close to
the ferro—para phase transition. Nevertheless, it is clear that there

is no direct relationship between the polarization, coercivity or
permittivity and the tunability of the ferroelectric material, as
demonstrated for this compositions of BST ceramics. Another
important observation is that the ac tunability is not identical to
the dc tunability and both of them might result from different
experiments on the same sample, because the dynamics of the
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domain walls under the applied electrical field can be seriously
affected by experimental conditions and sample’s history. Thus,
the FORC analysis is a very useful instrument for giving indi-
cations about the ac tunability in a specific experiment, but its
dependence on the dc tunability needs to be further investigated.

4. Conclusions

The dielectric, ferroelectric and tunability properties of the
solid solution Bag ¢9Srq 1 TiO3 with slightly different stoichiome-
tries, (Ba,Sr)/Ti=1 and (Ba,Sr)/Ti> 1, are presented. The dielec-
tric constant shows a diffuse ferro—para phase transition with the
same degree of diffuseness (temperature extension for the phase
transition) due to the variation of the local Curie temperature
and ferroelectric character of both ceramics. A shift of the Curie
and Curie—Weiss temperatures of 16 and 19 °C, respectively,
appears as a consequence of the different (Ba,Sr)/Ti ratios. The
FORC method is used for describing the switching and the ac
tunability characteristics of the BST ceramics. The FORC dis-
tributions have a diffuse character, indicating a high degree of
local compositional inhomogeneity and giving rise to a large dis-
tribution in the local interactions and coercive fields. A higher
development of the FORCs towards larger coercivities is char-
acteristic of the Ba-rich sample. The maximum is located at
rather low fields, independently of the stoichiometry and conse-
quently, no clear separation between the reversible/irreversible
contribution to the polarization are visible on the FORC dia-
grams. The FORC differential susceptibilities, related to the ac
tenability, have been estimated from the same set of experimen-
tal data. Different behaviour was found for the two samples:
a maximum ac tunability on the major hysteresis loop (i.e. for
E; = —Eg=—4kV/mm) for sample BST1 and a more compli-
cated dependence with two maxima at £~ —0.9kV/mm and
E;: ~—1kV/mm and ~3 kV/mm, respectively, for BST2. The
FORC tunability determined on the major hysteresis loop is sen-
sitive to the stoichiometry, being higher for the sample with the
ratio (Ba,Sr)/Ti=1, that is closer to its ferro—para phase transi-
tion. This probably results from a higher mobility of the domain
walls when approaching the phase transition than in the ferro-
electric state. It was demonstrated that in a dynamic experiment
the tunability is dependent on both the actual and reversal fields,
thus a correct definition of this characteristic in well-defined
conditions has to be used.
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