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Abstract

Dense nanocrystalline BaTi@BT) ceramics with grain sizes (GSs) below 100 nm obtained by spark plasma sintering (SPS), were investigated

by micro-Raman spectroscopy in order to obtain information about the changes in the local order induced by size effects. The obtained spectra
in the range 80—700 K showed the presence of all the crystalline phases of:Ba¥éd in the finest structure (50 nm grain size ceramic),

with particularities attributed to the high density of non-ferroelectric grain boundaries. The AFM piezoresponse study incontestably proved
the ferroelectric switching at local scale in nanocrystalline Bg Ti€@amics at room temperature.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction of GS-dependence of the residual stresses, domain walls den-
sity, depolarising fields and surface/interface effécts.’

The finite-size effects in ferroelectrics have attracted On the fundamental point of view, it is interesting to
renewed interest in the frame of recent achievements of determine the smallest structure still exhibiting ferroelectric
nanotechnology allowing to prepare ultrafine powders, properties. Different values for such a critical size were
ultrathin films and dense nanostructured ceramics and duereported for BT powders, films and ceramics, depending on
to the developing of nanoscale investigation technidues. the preparation techniques and on the mechanical and elec-
The properties of fine ferroelectrics are different and often trical boundary condition Reliable data for the GS effects
superior to those of conventional materials with coarse on the BT ceramics have been mostly reported for ceramics
sizes. Therefore, the main limitation in microelectronics with GS above 0.p.m; due to the difficulty of obtaining
applications is related to the stability of the polar phase as fully dense ceramics below this size, many of the GS effects
well as the presence of a high density of interfaces with previously reported in this range are strongly affected by
reduction of spatial dimensiorisThe dielectric properties of  porosity! Dense BT ceramics with grains below 100 nm
BaTiOs (BT) ceramics as a function of grain size (GS) were have been obtained only recently, using special densification
extensively investigated and theoretically explained in terms methods®8° The properties of nanocrystalline BT ceramics

prepared by spark plasma sintering (SPS) technique were
mpondmg author. Tel.: 40 32 144760; fax: 40 32 213330 studied by XRD, (_:alorimetric, and diel_ectric investigatiéns.
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in comparison to 1.01 reported in BT ceramics with GS 2400) was connected in series with the tip for the hysteresis
above 1Qum was found at room temperature together with measurements’

a lowering of the Curie temperature with decreasing'GS.

This strongly supports the existence of an important GS

effect in addition to a “dilution” of ferroelectricity caused 3. Results and discussion

by the high density of non-ferroelectric grain boundafies.

The broadening of the anomaly of dielectric constant  The unpolarized Raman spectra of a 50 nm BT ceramic
versus temperature and a small dispersion in the kHz rangereduced by the Bose—Einstein temperature fadty.(2)
suggested possible GS-induced relaxor characteritics. show all the main characteristics of the Raman activity in
However, no hlgh values of the dielectric constant as Sing|e-c|’ysta|s and in coarse Ceran’ﬁé‘sl;ﬁproving the exis-
normally exhibited by the relaxors were found. In this study, tence of all the polar phases and the succession of transitions
information on the local polar character, phase transitions rhombohedral-orthorhombic—tetragonal—cubic (r—o—t—c) of
and switching properties of dense nanocrystalline ceramics,BT, with some differences in the temperature range of sta-
in addition to the overall macroscopic observations, were pjlity of each phase. The main spectral features observed
obtained by micro-Raman spectroscopy and by piezore-for 50 nm BT ceramics are: (a) two intense broad bands
sponse force microscopy. The results obtained for ceramicsa1(TO1) at~265 cnt? (which is a stiffened component of
with mean grain size of around 50 nm are presented andthe soft mode phonon) and A1(TO4) a613cnt?, (b) a
discussed. sharp peak (silent) at306 cnm! (TO3-LO3) and the LO4

band at~717 cnm 1, both stable up to high temperaturesinthe

c phase, (c) a small peak E(TO4)-a487 cn ! present only
2. Sample preparation and experiment inrand o phases, (d) E(TO1) and unresolved TO2-LO2 peaks

at~166-186 cm! and some continuous scattering between

Ultrafine high purity powders with narrow size distribu- the TO1 and TO2 modes even in the cubic phase, which was

tion, prepared by precipitation from aqueous solutiomere not observed in the coarse grained cerarhfc&) a small
used for obtaining dense nanocrystalline ceramics with 97% broad mode~650cnT® not present in single crystal and
relative density by SPS method (using Dr. Sinter 2050 — Sum- coarse ceramics, but also found in polycrystalline fifrhs,
imoto Coal Mining furnace}? The parameters of sintering  which was considered as being activated by a high degree
and the microstructural characterisation of the SPS ceramicsof granularity in these system8 A gradual softening of the
were described elsewhété. The microstructure of the ce-  main modes together with a broadening and decrease of the
ramic with 50 nm average grain size is presenteffig 1 intensity with increasing temperature is observed. Unlike in
The unpolarized Raman spectra of the ceramic samples weresingle crystal and coarse cerami¢dew modes (TO3-LO3
obtained using a micro-Raman spectrometer Renishaw in theand LO4) persist at temperatures few hundreds degrees above
temperature range of 80—800 K. The local polarization state the t—c phase transition. This feature is not only due to sec-
was probed via converse piezoelectric effect using scanningond order Raman spectra at high temperatures, but mainly to
force microscopy (Autoprobe CP Research, Thermomicro- the broken translation symmetry by the high density of grain
scopes; lock-in EG&G Instruments, 7260¥he mechan-
ical oscillations were induced by ac voltage (0.4Y at

16 kHz) to the tip (Micromash, CSC11B-series@koated); AI(TO1) AI(TO4)
the spring constant of the cantilever was 6 N/m and the free B o2/\ 103, 103
resonance frequency 150 kHz. A dc source (Keithley, model . 1 ETod) LO4 T (K)
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Fig. 1. Scanning electron image for nanocrystalline dense Badé@amic Fig. 2. Unpolarized reduced micro-Raman spectra of a BT ceramic sample
(chemical etching) with average grain size of 50 nm. with average grain size of 50 nm, at various temperatures.
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Fig. 4. Local piezoelectric hysteresis loops of the BT ceramic with grain
Fig. 3. Temperature dependence of the intensity ff®;) soft mode. The size of 50 nm in regions of the sample marked as “grain) @nd “grain
phase transitions in 50 nm BT are indicated wi).(The temperature range 2" (—).
of each structural phase in BT single-crystal (r, o, t, ¢) is shown with dotted

lines. grain “1” in Fig. 4, together with non-hysteretic behaviour
found in other places (grain “2"). The non-hysteretic

boundaries, defects or by possible short-range polar order re_beha’\’/iour can be ascribed to the non-ferroelectric or “dead-
gions existing in the cubic state, as commonly reported for l2yer” regions presentin very small grains or at the border of
relaxorst® It does not mean that diminishing GS at nanoscale 9rains. It resulted that 50 nm BT ceramics clearly preserves
level, a superparaelectric state is simply obtained in BT, but atlocal scale regions with ferroelectric behaviour that coexist
rather that a large number of regions with frozen polarization With non-ferroelectric and with field-induced polarization
(ascribed probably to grain boundari®sare presentinthe ~ régions. Macroscopically, the system shows in average
system. They could be non-switchable and not flipping be- & Proad but well-defined ferro—para phase transition, as
tween metastable states nor breathing and consequently nofhdicated by the spectroscopic and dielectric investigations.
causing in this way a high dielectric response as in relaxors.
~ Some modes shows clear anomalies (frequency, inten-4  conclusions
sity, damping) at the phase transitions, as for example the

A1(TO1) soft mode Kig. 3), allowing to determine the Raman activity and the switching properties of dense
characteristic transition temperatures (apart o—t which is BaTiO3 ceramics with 50 nm average grain size obtained by
hardly detectable). The phase transitions take place withgpg technique were investigated. All the symmetry phases
probable coexistence of mixed phases in a large range ofpresent in single crystal and coarse BT ceramics were found,
temperatures’ A clear reduction of the t-c phase transition ith particularities associated to the high density of grain
temperature from the value of micrometric ceramics (398 K) poundaries. The phase transitions take place in a large range
to around 368 K in the 50 nm BT ceramic is indicated by the s temperatures in which the phases might coexist. The
strong decrease of the AL(TO1) mode strenfig.(2), con-  reduction of grain size causes a shift of the Curie temperature
firming the results of the dielectric dafta. _ to 368 K, but 50 nm BT is macroscopically weakly tetragonal
The presence of the non-centrosymmetric phases below,t 300 K. The system shows local switching with hysteretic
the Curie temperature shown by the Raman results is acharacter coexisting with non-hysteretic regions. The present
necessary, but not sufficient condition for the existence of yagyts indicate that the critical GS for the ferroelectric be-

ferroelectricity. In order to probe the local ferroelectricity nayiour in dense BT nanocrystalline ceramics is below
characteristics (i.e. the polarization switching), piezore- ggpm.

sponse (PRS) force microscopy experiments were performed

at room temperature. The observed PRS signal was much

weaker that in the bulk B as a consequence of the reduced Acknowledgements
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