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bstract

ense nanocrystalline BaTiO3 ceramics with grain size (GS) down to 50 nm were studied by X-ray diffraction (XRD), differential scanning
alorimetry (DSC), impedance spectroscopy and Raman spectroscopy. A continuous reduction of the tetragonal distortion towards the pseudo-cubic
tate was obtained when the GS was reduced. Therefore, even the finest structure (ceramic with average GS of 50 nm) is still non-centrosymmetric.
he dielectric constant (K) shows relative thermal stability in a large range of temperatures and is strongly depressed in the nanocrystalline ceramics,

n comparison with the micrometric ones (K being below 1000 for the ceramic with 50 nm GS). The losses are smaller than 5% in the frequency
ange of 102–106 Hz and temperatures below 200 ◦C. As the GS decreases, the structural phase transitions assume a more diffuse character. A
ecrease of the Curie temperature with reducing the GS was confirmed by X-ray, calorimetric and permittivity data. The Raman spectra collected
or the range 80–800 K provided evidence for the presence of all the crystalline phases of BaTiO3, as in single-crystal and micrometric ceramics;
few differences can be attributed to GS effects and to the high density of the non-ferroelectric grain boundaries. Evidence for the different
hase transitions were provided by the disappearance of some bands and by anomalies in positions and intensities of selected Raman modes. The
verall properties of the nanocrystalline BaTiO3 ceramics can be explained as a combination of intrinsic effects, associated with the decrease of
etragonality and heat of transition with reducing GS, and extrinsic contributions due to the non-ferroelectric grain boundaries causing a “dilution”
f the ferroelectric properties.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Barium titanate BaTiO3 (BT) is one of the ferroelectrics
sed at the largest scale as base material for multilayer ceramic
apacitors, piezoelectric transducers, wireless communication
evices, pyroelectric elements and positive temperature coef-
cient (PTC) sensors. The tendency of the electronic industry

owards miniaturization and the need to achieve higher perfor-

ances in smaller structures lead to high interest in understand-

ng the changes of properties while passing from bulk to the
anosized systems, as well to determine the ultimate structure

∗ Corresponding author. Tel.: +40 32 144760; fax: +40 32 213330.
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particle or grain size (GS), thickness, etc.) whilst still preserv-
ng ferroelectric properties.1,2 The dielectric properties of BT
eramics as a function of GS were extensively investigated, start-
ng in the 1960s, and explained in terms of GS-dependence of
he residual stresses, domain wall density, depolarizing fields
nd surface/interface effects.1,3–7 In spite of the large volume
f literature dedicated to GS effects in BT ceramics, reliable
ata have been mostly obtained for ceramics with GS ≥300 nm,
ue to the difficulty of producing fully dense ceramics below
his size. Results previously reported for samples with smaller
rains are likely to be strongly affected by the high degree of

orosity.1

Dense BT ceramics with grains below 100 nm have been
btained only in recent years, using special densification meth-
ds like ultra-high pressure sintering in a multianvil press (GS

mailto:lmtsr@uaic.ro
dx.doi.org/10.1016/j.jeurceramsoc.2006.02.005
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own to 70 nm, 98% relative density)8 or by a combined sin-
ering method (GS down to 90 nm, 99% relative density).9 A
urther step towards the production of dense nanocrystalline BT
eramics was made quite recently by using the spark plasma
intering (SPS) technique. Ceramics with GS down to 50 nm
nd 97% relative density10,11 were produced by this process.
ielectric measurements8–10 have shown a significant lowering
f the relative dielectric constant in these ceramics in compari-
on to the coarse ones. This behaviour was interpreted in terms
f the presence of a low-permittivity non-ferroelectric GB layer.
ince in the studies mentioned above no secondary phases were
ound, it follows that such a “dead” layer could correspond either
o a paraelectric state of BT or to a polar non-switchable state
frozen dipoles) at the surface of the grains.8–11 However, the
eal nature of this “modified” region at the GBs and its effect on
he properties of the nanosystems is still unclear.

At high temperature BT has a paraelectric cubic (C) per-
vskite phase; as the temperature decreases, it undergoes three
uccessive transitions to ferroelectric phases with tetragonal
T), orthorhombic (O) and rhombohedral (R) symmetries at
round 403, 278 and 183 K, respectively (values characteristics
or the single-crystal).12–14 All these structural modifications
orrespond to small deformations of the cubic lattice. With
ecreasing GS, the phase transitions assume a more diffuse
haracter and display a lower transition enthalpy (in particu-
ar the R–O and the O–T transitions).1,4 Although there is not
eneral agreement, there are indications that the relative sta-
ility of the different phases is also affected by GS: the C–T
ransition is shifted towards lower temperatures and the O–T
ransition to higher temperatures with decreasing GS.1,9 The
ossible coexistence of different BT structural modifications in
ubmicron ceramics at room temperature (T and O, C and T)
as been also proposed to explain some anomalies observed in
he X-ray diffraction (XRD) patterns or discrepancies between
RD and Raman data.4,15–17 In coarse BT ceramics, the loca-

ion of the phase transitions is indicated by anomalies of the
elative dielectric constant and of other physical properties.16

owever, in nanocrystalline ceramics, this method is less sensi-
ive because the anomalies corresponding to the R–O and R–T
ransitions are very weak or even absent.1,12–14 Raman spec-
roscopy gives information on the composition and structure of

aterials, being able to detect modifications of short-range order
elated to changes in the chemical bond length and angles, thus
epresenting a very useful tool to study order–disorder phenom-
na and phase transitions.18 Due to its ability to detect local
ynamic symmetry in small regions (coherence length lower
han 2 nm19), it is particularly useful for probing phase transi-
ions which are barely detectable by other methods, as in case of
elaxors,18,20 to prove non-centrosymmetric local structures in
pparent pseudo-cubic nanopowders21 and nanopolar regions
n incipient ferroelectrics22 or composition-induced structural
ransitions between rhombohedral, monoclinic and tetragonal
hases in Pb(Zr,Ti)O3 in the range of the famous and still

ontroversial morphotropic phase boundary composition.23 In
ddition, in case of ultrafine BT structures, mostly the ferro–para
hase transition was investigated and no information on the
ther low-temperature transitions was found in literature.1 In the
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resent work, Raman spectroscopy was used in addition to the
RD, calorimetric and dielectric investigations in order to find

vidence of the structural phase transitions in dense nanocrys-
alline BaTiO3 ceramics.

. Experiment

Ultrafine BaTiO3 powders were prepared by precipitation
rom an aqueous solution of the metallic chlorides in strong alka-
ine conditions (pH 14) as described elsewhere.24,25 The specific
urface area of the powders was ≈30 m2/g, corresponding to pri-
ary particles of ≈35 nm. The Ba/Ti ratio of the powders was

ontrolled to 1.00 ± 0.01, as confirmed by inductively coupled
lasma spectroscopy. The main impurities in the powders were
a (≈400 ppm) and Sr (below 50 ppm). The powders were then

intered as disks of 1.2 cm diameter and 0.1–0.2 cm thickness
y SPS (Dr. Sinter 2050, Sumitomo Coal Mining Co., Tokyo,
apan).26 The powder was poured into a graphite die, heated at
00 ◦C/min up to the sintering temperature with an applied pres-
ure of 100 MPa and held at constant temperature (800–1000 ◦C)
or 2–5 min. Rapid heating is provided by a pulsed DC current.
he electric power was switched off and the sample cooled at
bout 400 ◦C/min with no pressure. The as-sintered ceramics
ere finally polished and then annealed in air for 1–10 h at a

emperature of 700 or 800 ◦C, depending on GS. This treatment
hould guarantee the relief of residual stresses (arising either
rom the SPS process or from polishing), the removal of sur-
ace carbon contamination and the elimination of excess oxygen
acancies possibly produced during SPS. Three nanocrystalline
eramics with different GS were prepared by SPS: ∼50, ∼100
nd ∼300 nm. Coarser ceramics were obtained by conventional
ressureless sintering in air from the same powders: ∼500 nm,
intered at 1285 ◦C and ∼1200 nm, sintered at 1310 ◦C. Like the
PS samples, the coarse ceramics were annealed after polishing

o minimize residual stresses arising from polishing.
The density of the ceramics was measured by the Archimedes

ethod and a theoretical density of 6.02 g/cm3 was assumed.
he relative density was ≥97% for all samples, with the excep-

ion of the sample with GS ≈ 500 nm (94%). Microstructures of
he samples were examined by scanning electron microscopy
SEM) both on fracture surfaces and on polished surfaces after
hemical or thermal etching. The average GS was determined as
he mean intercept length on the basis of ∼250 intercepts. XRD
as used to check the phase purity and to determine the lat-

ice parameters by means of Rietveld refinement. The patterns,
ncluding all reflections from (1 0 0) to (4 0 0), were collected
rom polished surfaces at room temperature with Co K� radi-
tion, using a 2θ step of 0.03◦ and a sampling time of 10 s.
RD patterns from a narrower angular range containing the

1 0 1), (1 1 1) and (2 0 0) reflections were also collected for a
ample with GS = 50 nm from room temperature to 473 K using
diffractometer equipped with a heating chamber. Differen-

ial scanning calorimetry (DSC) measurements were performed

n samples of ∼100 mg cut from the sintered disks in the
ange 253–453 K at a heating/cooling rate of 10 K/min. The
nthalpy of transition was estimated from the area of the DSC
eaks. For the electrical measurements, Pd–Ag electrodes were
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Fig. 2. Part of the X-ray diffraction pattern (Co K� radiation) for BaTiO ceram-
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pplied on the upper and lower surfaces of the sintered disks
fter polishing. The permittivity measurements were carried out
n air at 102–106 Hz using an impedance analyzer (Solartron
260) in the temperature range 40–180 ◦C (heating/cooling
ate of 0.5 ◦C/min). FT-Raman spectra obtained from crushed
anocrystalline ceramics placed in a capillary were collected
rom room temperature up to 525 K using a Bruker RFS100 spec-
rometer equipped with Nd-YAG laser (1064 nm). The unpolar-
zed Raman spectra in back scattering geometry were obtained
rom the surface of nanocrystalline ceramics using a micro-
aman spectrometer (RENISHAW RM 1000) with a laser beam
f 514.5 nm focused to a spot of 1–2 �m in diameter, with a
epth of field of about 10 �m. The spectra were recorded in the
pectral range of 80–1000 cm−1 at temperatures between 80 and
00 K, using LINKAM thermal cells. Due to the instrumental
ut-off, soft modes with wave numbers below 80 cm−1 could
ot be observed.

. Results and discussions

.1. Microstructure and crystalline symmetry

The average GS of the series of samples determined by SEM
as 51, 94, 282, 530 and 1200 nm. Representative SEM pic-
ures illustrating microstructures of samples with various GS
re shown in Fig. 1. The crystallite size of the nanocrystalline
amples was also estimated from the broadening of the (1 1 1)
nd (2 2 2) XRD peaks, after correction for instrumental broad-

d
d

(

ig. 1. SEM micrographs for BaTiO3 samples having the grain sizes: (a) GS = 1200 (
nd (d) GS = 50 (chemical etching).
3

cs with different grain size (50–1200 nm) at room temperature.

ning, by means of the Scherrer formula. The obtained values
re 54 and 96 nm, respectively, in a good agreement with the
EM observations. Measurement of the crystallite size before
nd after the post-annealing process did not reveal any signifi-
ant change, meaning that no appreciable grain growth occurred

uring this process. Secondary phases, if any, are below the XRD
etection limit (≈1%).

The portion of the diffraction pattern corresponding to the
1 1 1) and to the (2 0 0)/(0 0 2) reflections is reported in Fig. 2

thermal etching); (b) GS = 500 (thermal etching); (c) GS = 100 (fractography);
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ig. 3. Apparent full-width at half maximum (FWHM) of the (1 1 1) and
2 0 0)/(0 0 2) reflections obtained for a BaTiO3 ceramic with grain size of 50 nm
s a function of temperature.

s a function of GS. The splitting of the (2 0 0)/(0 0 2) lines grad-
ally decreases, meaning that the tetragonality c/a (a and c being
he lattice parameters) is progressively reduced with decreasing
S.10 A good fit of the whole diffraction pattern of samples with
S ≥300 nm could be obtained by the Rietveld method using

he tetragonal structure. The splitting is no longer observed for
he nanocrystalline ceramics with GS ≈ 100 nm and GS ≈ 50 nm
nd the patterns apparently correspond to (Pm3m) cubic symme-
ry. However, an indication of the existence of low crystalline
ymmetry is provided by the pronounced broadening of most
f the diffraction peaks in comparison to the (h h h) reflections,
hich are not subjected to splitting during the C–T transfor-
ation. Such anomalous broadening disappears at higher tem-

erature when the cubic structure is expected to be stable. The
volution of the apparent full-width at half maximum (FWHM)
f the (1 1 1) and (2 0 0)/(0 0 2) XRD lines with temperature is
hown in Fig. 3 for the ceramic with GS ≈ 50 nm. A progres-
ive decrease of the FWHM with increasing temperature and the
ather diffuse character of the phase transition can be observed.
he apparent pseudo-cubic structure becomes fully cubic above
23 K, when the FWHM of the (1 1 1) and (2 0 0) lines are com-
arable (the (0 0 h) reflections are not permitted in the (Pm3m)
ymmetry). From the data of Fig. 3, the average Curie tem-
erature can be estimated to be ≈378 K. Thus, the apparent
ubic XRD pattern exhibited by the nanocrystalline samples at
oom temperature is the consequence of a very small distortion
rom the cubic lattice and of the broadening effect related to
he small GS. However, the true symmetry of the polar phase
n the nanocrystalline samples (GS ≈ 50 nm and GS ≈ 100 nm)
t room temperature cannot be determined unambiguously from
he present XRD results alone: Rietveld refinement gave a com-
arable fit with either T or O symmetry at room temperature. In
ny case the distortion of the perovskite structure from the ideal
ubic lattice (defined as the ratio of the O–O distance along the
-axis to the O–O distance along x- and y-axes in the TiO6 octa-

edron) is very low for the sample GS ≈ 50 nm: c/a ≈ 1.003 in
omparison to the spontaneous strain observed in coarse ceram-
cs: c/a = 1.01.4,12–14

c
G
c

ig. 4. Differential scanning calorimetry traces for BaTiO3 ceramics illustrating
he dependence of orthorhombic–tetragonal (O–T) and tetragonal–cubic (T–C)
tructural transitions on the grain size.

.2. Differential scanning calorimetry data

Typical DSC traces for the different ceramics are reported
n Fig. 4. For the coarser sample, the endothermic features near
83 and 403 K can be attributed to the O–T and T–C transi-
ions, respectively. It is evident that, with decreasing GS, the
SC peaks are progressively weakened and broadened. As a

esult, the corresponding heat of transition is reduced. For the
ample with GS ≈ 300 nm, the enthalpies of the O–T and T–C
ransformations are 23 and 161 J/mol, respectively. For the sake
f comparison, the reference values reported for single-crystals
re 92 and 210 J/mol, respectively.12–14 For the finest ceramic
GS ≈ 50 nm), the enthalpy of the T–C transition is reduced to
nly 20% of the single-crystal value, being ≈45 J/mol. The aver-
ge T–C transition temperature corresponding to the maximum
f the DSC peak is progressively shifted towards lower values,
rom 400 K for GS ≈ 1200 nm to 378 K for GS ≈ 50 nm (Fig. 4).
he O–T transition is no longer observed in the case of nanocrys-

alline ceramics (GS ≤ 100 nm). Although the most likely reason
or the apparent absence of the phase transition is the instrumen-
al detection limit (5–10 J/mol), the possible suppression of one
f the polar phases in the nanocrystalline ceramics cannot a pri-
ri be discarded.

The evolution of the shape of the XRD peaks (Figs. 2 and 3)
nd the shift of the T–C transition temperature determined
y DSC (Fig. 4) cannot be explained on the basis of a sim-
le model of the ceramic corresponding to ferroelectric grain
ores with the same properties of a macroscopic single-crystal
eparated by a GB layer with cubic structure (c/a = 1), even
ssuming that the fraction of the ferroelectric phase decreases
ith decreasing GS. On the contrary, the above results indi-

ate a gradual reduction of the spontaneous tetragonal distortion
directly related to the spontaneous polarization) and of the non-

entrosymmetric character of the BT lattice with decreasing
S, and support the existence of an intrinsic size effect in BT

eramics.10
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Fig. 5. Relative dielectric constant (K) at 10 kHz and loss tangent (tan δ) of
BaTiO ceramics with various grain sizes (GS = 50, 100, 300, 1200 nm) as a
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anisotropy at room temperature) continues its softening down to
3

unction of temperature. Tan δ is reported for the 50 nm sample at three frequency
alues: 102, 104 and 106 Hz.

.3. Dielectric characteristics

The relative dielectric constant (K) and the dielectric losses
tan δ) of the BaTiO3 ceramics with GSs of ≈50, 100, 300
nd 1200 nm are reported in Fig. 5. A dielectric anomaly
s clearly observable for all samples, indicating ferroelectric
ehaviour. The permittivity is strongly depressed for fine-
rained samples. For example, at the temperature of 70 ◦C
nd frequency f = 10 kHz, K = 2520 for GS ≈ 1200 nm, K = 2200
or GS ≈ 300 nm, K = 1680 for GS ≈ 100 nm, and K = 780 for
S ≈ 50 nm. These values are lower than those reported by
rey et al.15 but comparable with the trend found by Arlt et
l.4 The dielectric permittivity of the nanocrystalline samples is
emarkably less sensitive to temperature in contrast to the coarse
eramics. The dielectric losses of the fine-grained ceramics
50–300 nm) are rather small, <5% in the whole frequency range
nd comprised between 1 and 2% in the range (3–300) kHz.
hese figures give an indication of the dielectric quality of the
amples. The losses (tan δ) of the finest sample GS ≈ 50 nm,
elected as representative, are reported in Fig. 5. Despite the sig-
ificant broadening of the permittivity peak, the position of the
aximum of the permittivity can be still considered as an indica-

ion of the ferroelectric–paraelectric transition temperature, TC.
he Curie temperature is progressively lowered with decreasing
S, from 125 ◦C (GS ≈ 1200 nm) to ∼90 ◦C (GS ≈ 50 nm), as

hown in Fig. 6. For a given GS, TC is almost unaffected by
requency, the variations being within 1–2 ◦C. In the paraelec-
ric region, the permittivity of all fine-grained ceramics closely
ollows the Curie–Weiss (CW) law for T > 125 ◦C. The CW tem-
erature (θ) gradually decreases with decreasing GS: from 96 ◦C
GS ≈ 1200 nm) to −48 ◦C (GS ≈ 50 nm), as shown in Fig. 6.
he Curie constant (C) is nearly the same, (1.5–1.6) × 105 K,

or all samples with GS ≥ 100 nm. For the GS ≈ 50 nm sam-
le, C is slightly lower: 1.3 × 105 K. The CW temperature and

he Curie constant are practically independent of frequency
n the range 3 kHz–1 MHz. At lower frequencies a moderate
ncrease of C (up to 1.7 × 105) and a decrease of θ (down to

t
s
c

ig. 6. Critical temperatures of BaTiO3 ceramics as a function of grain size.
urie temperature (TC) was determined from (©) dielectric measurements; (�)
SC measurements; and (�) Curie–Weiss temperature (θ).

76 ◦C for GS ≈ 50 nm) is observed. The diffuse character of
he ferroelectric–paraelectric phase transition with a broad max-
mum at ∼90 ◦C found in the finest ceramics GS ≈ 50 nm is
elated to the local inhomogeneity of the system. Due to the local
etragonality changes related to the GS distribution, various dis-
ributed Curie temperatures are expected locally and as a result
here are very broad features in the dielectric and calorimetric
haracteristics of the nanocrystalline ceramics (Figs. 4 and 5).
s mentioned before, the gradual reduction of the tetragonal dis-

ortion and of the heat of transition with decreasing GS support
he existence of an intrinsic size effect in BT ceramics.10 How-
ver, a high density of non-ferroelectric GBs (“dead layer”) can
e responsible for extrinsic size effects. For instance, the depres-
ion of the permittivity in nanocrystalline BT ceramics and the
trong reduction of the CW temperature can be largely ascribed
o a “dilution” effect of the non-ferroelectric GBs.8,10 Using an
ffective permittivity model, the thickness of the “dead layer”
n the present ceramics was estimated to be of 2–3 nm.10 Thus,
he volume fraction of the grain-boundary dead layer increases
ith decreasing GS and attains a value of 10–20% for a GS of
0 nm. The non-ferroelectric GBs are probably responsible also
or some peculiar features found in the Raman activity.27

.4. Raman spectroscopy

In spite of the large number of studies, the allocation of
he vibration modes in BT is still a matter of debate.28–32 In
he cubic phase, the BT lattice dynamics is strongly anhar-

onic and the soft mode is overdamped.28–35 At the C–T
hase transition, the triply degenerate soft mode splits into
ell-separated components A1(TO1) and E(TO1) at ∼260 and
50 cm−1, respectively.32 In the T phase, the overdamped E-

omponent of the soft mode (responsible for the high dielectric
he T–O transition, when the double-degenerate E-component
plits into B1 (∼250 cm−1) and overdamped B2 (∼60 cm−1)
omponents.32,33 At the O–R transitions these components
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modes in the range (200, 350) cm−1 and (450, 650) cm−1 merge
into broad features (denoted as “X”, “Y” and “Z”). Unlike the
behaviour for single-crystals,28–31 few modes (B1/TO3-LO3,
LO4 and the band “2”) persist at temperatures few hundreds
894 V. Buscaglia et al. / Journal of the Euro

hange into underdamped doubly degenerate E-component of
he stiffened component at ∼250 cm−1.33 The stiffened A1
omponent keeps its wavenumber at ∼260 cm−1 across all the
hase transitions. It is worth noting that these values for the
igenfrequencies are approximate, due to the lack of data for
onodomain single-crystals in the low symmetry phases (R

nd O) and to the ambiguous interpretation of the unpolar-
zed spectra of polydomain structures. This scenario of the soft

ode behaviour correlates with the temperature dependence
f the static permittivity12–14 and corresponds to the symme-
ry changes of BT.34 Some specific effects, not present or of
arginal importance in single-crystals, have to be considered for

he interpretation of Raman spectra in polycrystalline systems
as ceramics and films). Due to the random grain orientations, the
irections of the phonon wave vectors are randomly distributed
rom one grain to another with respect to the crystallographic
xes, causing relatively broader Raman modes as a result of
ixing and long-range electrostatic force effects.31 By compar-

son with coarse ceramics, the small GS also causes confinement
esulting in off-Brillouin zone center k 	= 0 phonons and a change
n the spectral distribution of the Raman modes. As a result,
n additional broadening and shifting of modes are expected
n the nanocrystalline ceramics32 together with possible shifts
owards lower/higher frequencies caused by tensile/compressive
ocal stresses. Due to these effects, the allocation of vibration

odes to each observed band is even more difficult and to some
xtent, arbitrary. In spite of this, the main lattice dynamics char-
cteristics and evidence of the phase transitions in the present
anocrystalline BT ceramics have been obtained by a detailed
nalysis of the Raman activity at various temperatures.

Spectra collected at various positions were identical and well
eproducible in time, proving that at micrometer level the SPS
anocrystalline ceramics are highly homogeneous materials and
hat the special features are not solely due to surface inhomo-
eneity or to possible surface stresses. Figs. 7 and 8 show the
T-Raman and the micro-Raman spectra of the ceramic with
S ≈ 50 nm (reduced by the Bose–Einstein temperature fac-

or), respectively. The evolution with temperature of the wave
umbers of the main Raman modes, calculated using a coupled
amped-oscillator model are presented in Fig. 9, and a compari-
on of the spectra obtained for nanocrystalline and micrometric
eramics with those for the single-crystal at selected significant
emperatures are shown in Fig. 10.

The main spectral features in these spectra are (a) two intense
road bands A1(TO1) in the range 253–265 cm−1 (stiffened
omponent of the soft mode) and A1(TO4) at ∼513 cm−1; (b) a
harp peak (IR-inactive “silent mode”) at ∼306 cm−1 (B1;TO3-
O3) and a well resolved band at ∼717 cm−1 (LO4); (c) a small
eak E(TO4) at ∼487 cm−1 considered a stretching mode due
o changes in the length of some Ti–O bonds28–30 which is
etected only in the R and O phase and vanishes into a broad
eature (denoted as “Y”) for temperatures above 300 K; (d) the
eak at ∼166 cm−1 (denoted as “1”) attributed to the rhombo-

edral E(TO1)/orthorhombic B1(TO1) symmetry and the band
2” at ∼170–186 cm−1 formed by some unresolved TO2-LO2
odes; and (e) a small broad mode at ∼630 cm−1 (denoted as

3”), not yet attributed to a phonon vibration.27 More than one
F
a

ig. 7. FT-Raman spectra for the BaTiO3 ceramic sample with average grain
ize of 50 nm at temperatures in the range 298–503 K.

rreducible phonon mode was assigned to the observed peaks
ue to the very close values of the A1 and E modes and due
o the impossibility of selecting the modes in the unpolarized
pectra of the present polycrystalline ceramics. With increasing
emperature, a regular broadening and decreasing of intensity
s observed together with a softening of the main modes. The
ig. 8. Micro-Raman unpolarized spectra for the BaTiO3 ceramic sample with
verage grain size of 50 nm at temperatures in the range 80–770 K.
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Fig. 9. The evolution with temperature of the wave numbers of the main Raman
modes of the BaTiO3 ceramic with average grain size of 50 nm.
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Fig. 10. Comparison between the micro-Raman spectra of BaTiO3 ceramics with va
T = 253 K; (c) T = 300 K; and (d) T = 470 K.
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egrees above the T–C phase transition (Figs. 8 and 10d). The
resence of these bands well above the ferro–para phase transi-
ion was also confirmed by the FT-Raman spectra collected from
he crushed sample; the behaviour was reproducible after succes-
ive heating/cooling cycles (Fig. 7). Thus, it appears that residual
tresses, possibly related to polishing or surface contamination
oming from the SPS treatment, are not responsible for the per-
istence of the Raman bands above TC. More likely, it is due to
he broken translation symmetry due to the high density of GBs,
efects or by short-range polar order (superparaelectric state)
egions existing even in the cubic state, as commonly reported
or relaxor materials.36 It seems that the overall properties of the
ystem are strongly affected by a large percentage of regions with
rozen polarization, which are assumed to be located at GBs.
his interpretation is motivated by the specific dielectric prop-
rties of the GB region in BaTiO3, as extensively discussed in
ecent works.8,10,38 Evidence of the existence of non-switchable
non-ferroelectric) and field-induced switchable regions besides
he normal ferroelectric areas in the present ceramics was pro-
ided by a piezoresponse force microscopy study;11 this gives

n idea of the complex local properties in this system. A frozen
olar character of the GB regions, as reported for other systems
ike SrTiO3,37 can be responsible for the symmetry breaking of

rious grain sizes and single-crystal at selected temperatures: (a) T = 80 K; (b)
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he selection rules in the cubic phase, causing first-order Raman
ctivity at very high temperatures far away from the T–C phase
ransitions.

The asymmetry of the intense broad modes A1(TO1) and
1(TO4) becomes more evident at high temperatures and was

onsidered in the fits by including the broad features “X”, “Y”
nd “Z”, which are increasingly separated as the temperature
ncreases. These broad features are also present in the spectra of
ingle-crystal and coarse ceramics (Fig. 10d). It was previously
ound that the intensity of the A1(TO1) mode (at ∼265 cm−1)
trongly diminishes around the temperature of 370 K, which was
onsidered as an indication of the Curie temperature,27 in good
greement with the XRD, DSC and dielectric data.10 However,
ore recent results obtained for another group of BT nanocrys-

alline ceramics did not reveal the same clear evidence, so that
his analysis need to be further developed.

The whole micro-Raman spectra obtained for the GS ≈ 50 nm
eramics (Fig. 8), which is very similar with one of the sample
ith GS ≈ 100 nm, does not show any dramatic modifications

ssociated with the structural phase transitions of BT, but rather
continuous change of the spectrum from the situation typ-

cal of the lower symmetry R phase to that corresponding to
ighest symmetry C state. Therefore, some instabilities of the
pectra in particular ranges of temperatures, the disappearance
f modes and anomalies in positions, intensity changes or damp-
ng allowed us to conclude that the finest ceramic of this study
GS ≈ 50 nm) still exhibits all the structural phase transitions
f BaTiO3.27 Overall, the collected results (XRD, dielectric,
alorimetric, Raman) confirm the tendency of phase transitions
o become more diffuse at small GS. As Fig. 10(a–d) show,
here are no evident differences between the Raman spectra
f the nanocrystalline (with 50 and 100 nm GS) and those of
oarse (GS ≈ 1000 nm) BaTiO3 ceramics. Therefore, specific
ehaviour can be identified, particularly by comparing with the
pectra of single-crystals:

(a) At low temperature (Fig. 10a), the relative intensity of the
A1(TO1) peak and the modes denoted as “1” and “2” in
Fig. 8 strongly increase with reducing GS (this ratio is <2
for the single-crystal, ∼2 in the coarse ceramic and >3 in
the fine nanocrystalline ceramics). Particularly, mode “1”
is very sharp and intense for the single-crystal, but slightly
reduced in intensity and broadened for the coarse ceramics
and strongly reduced in the spectra of nanoceramics. Since
this mode is for the vibration of Ti against the distorted
oxygen octahedron, and its intensity is connected with the
distortion of the unit cell (and polarization),39 the lower-
ing of its intensity with decreasing GS is a consequence of
the reduction of the acentric distortion in the fine-grained
structures.

b) The intensity of the mode LO4 is inversely related to GS,
particularly at temperatures of 253, 300 and 470 K (Fig. 10c
and d). The modes LO4 and B1;TO3-LO3 completely van-

ish at 470 K in the spectra of the single-crystal while they are
still present in case of ceramics. They are probably activated
by polar regions, and still present even at high temperatures
at the GB regions.

5
s
c
h
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(c) At T = 300 K, a softening of the component A1(TO1) is
observed for ceramics in comparison with the single-crystal
(Fig. 10c). According to mean-field and self-consistent
model calculations,40,41 the frequency of this soft mode
component in the T phase of the perovskite ferroelectrics
is proportional to the spontaneous polarization. Since for
the present nanocrystalline ceramics, a gradual reduction of
the tetragonal distortion with decreasing GS occurred, we
expected to find a corresponding reduction of the frequency
of the A1(TO1). Practically, there is only a softening in the
ceramics in comparison with the single-crystal, but the dif-
ferences between the coarse and very fine-grained ceramics
are not very evident.

d) There was no evidence of GS effects on the spectral regions
of modes “1” and “2” at room temperature (Fig. 10c),
considered by other authors,15,17 to support the idea of a
predominant O phase instead of the T one in ultrafine ceram-
ics. There was a strong reduction of mode “2” in passing
from the single-crystal to the ceramic state. There were evi-
dent differences at T = 253 K where the single-crystal is O
(Fig. 10b), and a strong reduction of peaks “1”, “2”, and the
antiresonance dip between them, when reducing the GS.
This antiresonance dip was considered as a signature of
the T phase,15 while a positive peak at ∼193–196 cm−1

was strictly attributed to the O phase.15,17 In the present
ceramics, there were no significant changes in the room
temperature data as GS is reduced. More probably, some of
the small differences in this range of frequencies can arise
from contributions from the GBs. Due to the ambiguity in
interpretation of the complex spectral region 170–186 cm−1

(including the interpretation of the band “2” and of the
antiresonance feature), it is practically impossible to estab-
lish the crystalline symmetry on the basis of the comparison
of selected bandshapes at fixed temperatures alone. Rather,
the evolution with temperatures of all the modes and partic-
ularly the disappearance of E(TO4) confirms that the O–T
structural phase transition still takes place (at around 293 K
for 50 nm GS), so that at room temperature a predominant T
phase (even with some possible O traces) is more probable in
the nanocrystalline BaTiO3 ceramics than a predominant or
exclusively O one. Thus, the structural phase transitions in
nanocrystalline BaTiO3 can be better described as a gradual
change of the average symmetry through local coexistence
of neighbouring phases over a finite temperature range.
From the unpolarized Raman spectra, taking into account
the broadening effects and interferences caused by the small
GS and, without adequate modeling tools, it is not possible
to estimate the relative percentage of the coexisting phases
at a given temperature.

. Conclusions

Nanocrystalline BaTiO3 dense ceramics down to a GS of

0 nm were prepared from fine nanopowders by SPS. They
how all the structural modifications of single-crystal and coarse
eramics (R, O, T and C), with differences resulting from the
igh density of grain boundaries. With decreasing GS, the phase
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ransitions progressively assume a more diffuse character, tak-
ng place in a broader temperature range. A shift of the average
urie temperature with decreasing GS towards lower values

TC ≈ 370 K in the ceramic with GS ≈ 50 nm) was found by
RD, dielectric and calorimetric investigation. This behaviour

uggests the existence of an intrinsic size effect responsible for
he decreasing tetragonality c/a with reducing GS. In turn, the
rogressively reduced c/a implies a smaller spontaneous polar-
zation and a lower enthalpy for the ferro–para phase transition,
hich was indeed demonstrated by DSC data. The persistence
f the Raman activity at higher temperatures in nanocrystalline
eramics has been interpreted in terms of the stability of some
olar structures in the average cubic phase. These can be ascribed
o GB regions with a frozen polar character (non-ferroelectric).
he collected results obtained in the present study support the
xistence of combined intrinsic and extrinsic size effects in dense
anocrystalline BaTiO3 ceramics: the progressive reduction of
he spontaneous lattice distortion, heat of transition and Curie
emperature support the idea of an intrinsic GS effect. Specific
eatures of the dielectric properties, like the lowering of the per-
ittivity, the strong reduction below 0 ◦C of the CW temperature

nd of the Raman activity are ascribed to the existence of polar,
ut non-ferroelectric GB regions (extrinsic effect). However, the
xact nature, origin and structure of the polar character of these
Bs and their role in the overall macroscopic properties of the
anocrystalline BaTiO3 ceramics has to be further investigated.
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