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bstract

a(ZrxTi1−x)O3 ceramics with x = 0.10 and 0.18 prepared via solid state, with high-density, homogeneous microstructures and similar grain size
ere investigated. The dielectric data showed that the relaxor properties are induced by increasing the Zr vs. Ti fraction x, both compositions

howing a combined relaxor–ferroelectric character. The AFM-piezoresponse experiments revealed a few interesting characteristics, as follows:
1) none of the samples could be totally poled or switched, like the normal ferroelectrics; (2) the samples locally present different types of responses
ferroelectric with a strong piezoresponse, field-induced ferroelectric, polar but non-switchable and non-polar regions); (3) both the regions with

natural strong piezoresponse and the ones obtained after poling are larger in size and more stable in time for the sample with x = 0.10 than for
= 0.18; (4) the sample having x = 0.18 has a smaller piezoresponse than the one with x = 0.10. The observed local features are confirming the

erroelectric–relaxor crossover with increasing x, as observed by the analysis of the dielectric data.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

A large number of BaTiO3-based solid solutions have been
tudied in the last years due to environmental concerns which
re driving the exploration for new Pb-free piezo/ferroelectric
aterials with superior performances.1,2 Substitution of other

ons for host cations at the A or B site in BaTiO3 perovskite cell
eads to remarkable changes of its characteristics.3,4 Despite
he fact that it was discovered in the sixties and being a main
onstituent of the commercialized multilayer ceramic capaci-
ors (Z5U, Y5V2), the system Ba(ZrxTi1−x)O3 (BZT) became
nteresting for more fundamental studies and also for some
ovel applications, due to the excellent dielectric, tunability and
romising piezoelectric/electrostrictive properties.5–11 The fer-
oelectric properties of BZT are largely dependent on the amount

f Zr substitution.6,7,11 The system exhibits a pinched phase tran-
ition with increasing Zr concentration (at x ≈ 0.15, the three
hase transitions are merged into one broad peak). Normal fer-
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oelectric behavior for 0 < x < 0.10, relaxor when x > 0.25 and
ntiferroelectric properties for high Zr addition were observed.
hese limits are sensitive to the preparation method, the pres-
nce of secondary phases and to microstructural characteristics
s porosity degree, grain size, etc.6,7,12,13 To characterize the
erroelectric–relaxor crossover, the dielectric data obtained at
arious frequencies are typically used. In the present paper, in
ddition to the dielectric study of Ba(ZrxTi1−x)O3 ceramics,
careful AFM-piezoresponse investigation was undertaken in

rder to find peculiar local switching characteristics induced by
ncreasing x. Ceramics with x = 0.10 and 0.18 prepared via solid
tate, with high-density, homogeneous microstructures and sim-
lar grain size were selected to be comparatively investigated by
his method.

. Experiment
Pure perovskite Ba(ZrxTi1−x)O3 ceramics were prepared by
olid-state reaction technique, as described in Refs. [12,13].
he microstructures were characterized by scanning electron
icroscopy (SEM, LEO 1450VP, LEO Electron Microscopy

mailto:lmtsr@uaic.ro
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td., Cambridge, UK). The electrical characterization was per-
ormed in plan-parallel configuration on the polished (down to
.5 mm) and electroded (Ag–Pb) samples by using a Solartron
I1260 impedance analyzer in the frequency range 1–106 Hz
t temperatures of 30–200 ◦C with a heating/cooling rate of
.5 ◦C/min. Nanoscale switching characterization was per-
ormed by using a FCE ferroelectric tester (Toyotechnica) which
an alternatively be connected to a conventional needle probe
s well to an Autoprobe CP-R multitask AFM (PSI, Veeco) via
lock-in amplifier or an amplifier with fast offset cancel.14 As
FM tips, Si cantilevers coated with Rh, with a large elastic

onstant of 20 N/m have been used. In order to confirm the
olarization reversal mechanism at local scale, a sequence of
oling-imaging experiments on a 25 �m2 area of the ceramic
its size was selected so that it includes several grains), was
erformed. The entire area has been initially pre-poled with
pward-oriented polarization by scanning with a bias voltage
f −200 V applied to the AFM tip. The polarization reversal
as afterwards induced in the previously poled area by apply-

ng a +200 V bias voltage. The typical piezoresponse force
icroscopy technique (PFM) has been used for the domain

maging experiments in each state. We have used the in-phase
cos(�) signal measured by the lock-in amplifier for a 1.1 kHz

eference signal.

. Results and discussions

The SEM micrographs of the investigated BZT ceramics
resented in Fig. 1a and b show dense and homogeneous
icrostructures, with average grain sizes of∼3.3 �m for x = 0.10

nd ∼1.54 �m for x = 0.18 compositions.
The dielectric permittivity of the Ba(ZrxTi1−x)O3 ceramics

ith x = 0.10 and 0.18 for a few frequencies is shown in Fig. 2a
nd b,. The composition x = 0.10 (Fig. 2a) shows a permittiv-
ty vs. temperature dependence with a well-defined maximum
ocated at around Tm ≈ 90 ◦C, with almost no shift when the
requency increases and slightly diffuse character. In the ferro-
lectric phase (for T < Tm), the permittivity presents a relaxation
n the range of (1–0.5 × 105) Hz. As expected,5–7,11 the relaxor
haracter is predominant for higher Zr addition. The composi-
ion x = 0.18 has a more diffuse phase transition with a higher
hift of the temperature corresponding to the permittivity maxi-
um Tm ≈ 60 ◦C (Fig. 2b) with increasing frequency. Therefore,

oth samples show a mixed relaxor–ferroelectric character, with
higher weight of the relaxor state when increasing x. This is also
emonstrated by the results of fits with the empirical equation15:

= εm

1 + ((T − Tm)/δ)η
, (1)

here the parameter δ is related to the temperature extension of
he phase transition and η ∈ (1, 2) is a parameter giving infor-

ation on the character of the phase transition (η = 1 for full
erroelectric state with Curie–Weiss law, while η = 2 describes
complete diffuse phase transition and full relaxor behav-
or). The fits of the dielectric data at the frequency f = 80 kHz
ave the values: η = 1.5 and δ = 20 ◦C for x = 0.10 and η = 1.7
nd δ = 36 ◦C for x = 0.18 demonstrated that both compositions

c
a
a
s

ig. 1. Surface SEM images of: (a) BaZr0.10Ti0.90O3 (bar = 2 �m) and (b)
aZr0.18Ti0.82O3 (bar = 1 �m) ceramics sintered at 1500 ◦C/2 h.

ave a mixed ferroelectric–relaxor character and the increasing
elaxor character with increasing the Zr content. However, fur-
her analysis based on the Vogel–Fulcher laws usually used to
escribe the ferroelectric–relaxor crossover is unadequate for
he present data. Extrinsic effects (Maxwell–Wagner16) proba-
ly related to local stoichiometry variations (mainly related to
xygen vacancies) resulting in uncompensated bounded charges
n the sample’s volume give some contributions mainly at high
emperatures. The present BZT solid solutions do indeed exhibit
uch a behavior, which manifests by a frequency-dependence of
he dielectric constant in the paraelectric state (Fig. 2b). Due to
uch contributions, discussions on the relaxor character on the
asis of the dielectric data only are improper.

At microscopic level, the relaxor character is related to the
egree of order/disorder and the scale or coherence length of the
rdered nanodomains.17 The relaxors show a negligible macro-
copic polarization, in spite of local polarized nanoregions with
hort range ordering (SRO). These nanoregions tend to grow and
nlarge by decreasing the temperature, in a dynamical process.
owever, as they are inhibited by the quenched compositional
uctuations and by the induced random fields, they are unable to
stablish adequate interaction among the neighbors to result in
long range ordering (LRO) like true ferroelectrics. The system

an be turned from a SRO relaxor into a LRO ferroelectric by
pplying an external field or by forming a solid solution with
ferroelectric. In the case of our system, from the ferroelectric

tate of BaTiO3 ceramics, the addition of Zr breaks the LRO
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Fig. 4. Poling experiments of a surface area of 25 �m2 of BaZr0.10Ti0.90O3: (a
and c) negative voltage poling, (b and d) positive voltage poling by scanning
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ig. 2. Permittivity vs. temperature at a few frequencies in Ba(ZrxTi1−x)O3

eramics with two compositions: (a) x = 0.10 and (b) x = 0.18.

esulting in a SRO relaxor state. This trend should result in
ome characteristics of the switching properties at nanoscale
hat can be probed by PFM experiments. Similar domain imag-
ng of ferroelectric relaxor ceramics by PFM technique has been
erformed by Kholkin et al.18

The domain structure of a 25 �m2 sample area, for a BZT
eramic with x = 0.10, as resulted after a room temperature
oling experiment consisting in scanning with negative and pos-
tive voltage applied to the conductive AFM tip, is presented

n Fig. 4a and b. Simultaneous with the piezoelectric domain
mages, topography profiles of the two BZT ceramic samples
ave been acquired and are presented in Fig. 3. The poling was

ig. 3. AFM topography images for Ba(ZrxTi1−x)O3 ceramics with two compo-
itions: (a) x = 0.10 and (b) x = 0.18, taken simultaneously during PFM domain
maging experiments. Scan size is 5 �m.
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ith (a and b) 2 Hz and (c and d) 0.5 Hz frequency.

erformed for about 2 min by the tip scanning (with a frequency
f 2 Hz, yielding a poling time of about 1.95 ms/pixel) and the
maging around 15 min by scanning at 0.3 Hz. The domain struc-
ure obtained by the scanning fields with opposite orientations is
ell reproduced after repeating the experiment in similar condi-

ions, showing that this is indeed a written domain structure and
ot artifacts due to any space charge effects. The high intensity
oling field causes changes of the domains in the BZT ceramic
ample (i.e. the contrast in Fig. 4a is mostly darkish while bright
ontrast domains are visible in central part of Fig. 4b). Overall,
e remark that it was not possible to fully reverse the polar-

zation by high field poling. Specifically, there are regions for
hich the domain contrast cannot be changed by the applica-

ion of the scanning voltage. The marked regions maintain their
right (marked # 1) and respectively dark (marked # 2) contrast
fter the application of either way oriented bias scanning field.
uch a behavior can be ascribed to frozen-in polarization region
ssociated to some of the smaller grains visible in Fig. 3a, where
ossibly polar defects might pin the domain walls and impose
frozen-in polarization direction. A peculiar feature of these
ZT ceramic sample is the presence of 180◦ domains in the state
oled with positive voltage on the AFM tip. These are probably
ormed due to the residual depolarization field caused by incom-
lete penetration of domains over sample thickness. However,
n the negatively poled state the domain contrast becomes inter-

ediate, as in this case the polarization screening appears to
e mediated by charged defects (oxygen vacancies) present in
he sample volume that favor tail-to-tail vertical distribution of
omains. In addition to the above-described structural distribu-
ions and domain interactions that are characteristic for a large
lass of normal ferroelectric materials, one cannot exclude the
ontribution of the Zr doping present in our ceramic samples to

he observed domain patterns behavior: the SRO and the fluctu-
ting polar nanoregions are also likely to prevent homogeneous
ontrast in PFM images.
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Fig. 5. Poling experiments of a surface area of 25 �m2 of BaZr0.18Ti0.82O3: (a)
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A few further poling experiments were performed in same
ocations of the BZT sample with 10% Zr substitution in per-
vskite B-site positions. We have seen in Fig. 4b that the result
f positive poling is to induce a bright contrast (correspond-
ng to downward oriented remanent polarization) in the central
art of the scanned area. Experiments performed in the same
rea with four times slower scanning frequencies during poling
0.5 Hz by comparison with 2 Hz, corresponding to 7.8 ms/pixel)
emonstrated that a larger fraction of the scanned area can be
witched by the same poling field if the poling time is longer (see
ig. 4c and d). The bright area is not confined to a single grain
although the reversed domains appears to nucleate close to the
arge grain boundary in Fig. 4b) as it enters several adjacent
rains in Fig. 4d. These results demonstrate that the polarization
egions within the BZT samples have rather distributed relax-
tion times (referring to the polarization relaxation and not to
ther charge relaxation processes possible present within the
ample). Besides such regions, there are also zones that com-
letely switch immediately, i.e. with small relaxation time, as
here are regions keeping their original polarization irrespective
f the larger poling time. These latter regions might have even
igher relaxation times than the waiting time of these experi-
ents. This complex behavior is probably related to the mixed

elaxor–ferroelectric character of this composition, as demon-
trated also by the dielectric results.

We have additionally measured dynamical piezoelectric dis-
lacement hysteresis loops (reversed butterflies strain–field
urves) by connecting the conductive AFM tip to the ferro-
lectric tester via an amplifier with fast offset cancel. These
xperiments (data not shown here) consisted in point-by-point
inear scanning over the sample surface every 100 nm, by a pro-
edure similar with that described in Ref. [14]. Examining the
eld dependences of the piezoelectric displacement loops, we
ave identified three types of locations in our BZT ceramic sam-
le: (i) typical ferroelectric regions with normal hysteresis loops,
etaining their ferroelectricity after applying electric fields, with
ell-defined characteristics by repeating the experiment (satura-

ion and coercive voltage); (ii) some regions initially not showing
erroelectric behavior turned into ferroelectric after the region
as subjected to a few switching cycles. These are regions with a
eld-induced ferroelectric switching from an initial relaxor state;
iii) some regions that are never ferroelectric, neither before,
or after applying a large number of switching cycles. Although
imultaneous PFM imaging was not performed in this experi-
ent, the regions identified as (i) would be expected to appear
ith bright contrast as in the central part of Fig. 4b and d, those

dentified as (ii) to the regions marked with 3 in Fig. 4c and
, and those identified as (iii) to the regions marked with 1, 2
nd 4 in Fig. 4b and d. These observations demonstrate a com-
lex nanoscale switching behavior, with local inhomogeneity
nd mixed ferroelectric–relaxor character.

Similar experiments were performed for the x = 0.18 BZT
omposition, as seen from Fig. 5, with some particularities and

ifferences mentioned below. For both compositions the domain
tructure does not usually correspond to the grain structure and
orphology, i.e. one can find large grains with a multidomain

tructure or a group of small grains with the same domain

Z
a
c
[

egative voltage poling and (b) positive voltage poling by scanning with 0.5 Hz
requency.

ontrast. In particular, it is clearly demonstrated by compar-
ng Figs. 4 and 5 that in a grain with a similar size, the spatial
xtent of ferroelectrically active areas is much smaller in a BZT
eramic sample with a high Zr content. This supports the asser-
ion that the different behavior of the two types of ceramic
amples is due to unit cell level breaking of long range order,
s expected for relaxor materials, and not to any grain size
ffects.

A few important differences between the BaZr0.10Ti0.90O3
nd BaZr0.18Ti0.82O3 ceramics were observed: (a) the compo-
ition x = 0.18 has a smaller piezoresponse than the ceramics
ith composition x = 0.10, meaning an overall “lower ferroelec-

ricity” for higher Zr addition; (b) the regions with a strong
iezoresponse (attributed to natural ferroelectric regions) and
he ones obtained after poling (attributed to regions with fer-
oelectricity induced by the poling field) are larger in size for
he sample with x = 0.10 than for x = 0.18; (c) both the regions
ith natural and induced strong piezoresponse are more stable

n time for the sample with x = 0.10 than for one with x = 0.18
retention data not shown here). The fact that none of the two
ompositions cannot be totally switched even by high poling
elds and after a long waiting time proves the “imperfect” fer-
oelectricity even in the sample x = 0.10, considered by some
uthors in literature as being fully ferroelectric.6,11 The lower
iezoresponse, together with the smaller dimensions and lower
tability of the ferroelectric domains for the sample x = 0.18
onfirm the results of the dielectric data, i.e. the higher local
olar disorder and higher relaxor character induced by higher
r compositions. Extended studies regarding the relaxor char-

cteristics and ferroelectric–relaxor phase transition in a more
omplete series of BZT ceramic samples are presented in Ref.
19].
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. Conclusions

In the present work, Ba(ZrxTi1−x)O3 ceramics with x = 0.10
nd 0.18 prepared via solid state, were comparatively inves-
igated with the aim to evidence the role of Zr addition
n inducing a predominant relaxor behavior. The dielec-
ric data proved that both compositions show a combined
elaxor–ferroelectric character and the relaxor properties are
ndeed enhanced by increasing the ratio of Ti substitution by
r. The AFM-piezoresponse experiments revealed a few com-
on characteristics, as follows: (1) none of the two compositions

ould be totally poled or switched, like the normal ferroelectrics
nd (2) the samples locally present different types of responses
ferroelectric with a strong piezoresponse, field-induced ferro-
lectric, polar but non-switchable and non-polar regions) and
mportant differences: (i) the sample x = 0.18 has a smaller
iezoresponse than x = 0.10 and (ii) the regions with a natural
trong piezoresponse and ones obtained after poling are larger
n size and more stable in time for the sample with x = 0.10
han for x = 0.18. The local switching investigations confirm the
onclusions of the dielectric study.
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