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Theoretical models for small ferroelectric particles predict a progressive decrease of the Curie temperature,
spontaneous lattice strain, and polarization until the critical size corresponding to transition to the cubic phase
and disappearance of ferroelectricity is reached. In contrast, the behavior of nanocrystalline BaTiO3 ceramics
with a grain size of =30 nm is dominated by extrinsic effects related to the grain boundaries which mask the
expected downscaling of properties. While the noncubic crystal structure, the high dielectric constant
(=1600) and the variation of permittivity with temperature suggest a ferroelectric behavior, very slim, and
nearly linear polarization hysteresis loops are observed. Evidence for the existence of a ferroelectric domain
structure with domains extending over several grains and of polarization switching at local scale is given by
piezoresponse force microscopy. The suppression of macroscopic ferroelectric hysteresis and switching origi-
nates from a frozen domain structure stable under an external field owing to the effects exerted by the grain
boundaries, such as the clamping of the domain walls and the hindrance of polarization switching. Further-
more, the depolarization field originated by the low-permittivity nonferroelectric grain boundaries can cause a
significant reduction of polarization. If the grain size is small enough, the ceramic is expected to undergo a
“phase transition” to a polar phase with nonswitchable polarization. The BaTiO; ceramics with grain size of

30 nm investigated in the present study are deemed to be close to this transition.
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I. INTRODUCTION

Among the ferroelectric materials, polycrystalline barium
titanate (BaTiO;, BT) finds extensive application (yearly
production: =11 000 tons) in the electronic industry as di-
electric in ceramic capacitors and, particularly in multilayer
ceramic capacitors (MLCCs) because of its high relative di-
electric constant (1500 to 5000 depending on grain size) and
low losses.! The continuous advance in microelectronics and
communications is gradually leading to the miniaturization
of ferroelectric components and of MLCCs. To be able to
achieve high capacitance in a small volume, the dielectric
layer thickness has to be reduced while increasing the total
number of layers. The dielectric thickness will become
<1 um in a very near future and the number of layers could
exceeds 1000.> The permittivity (g,) of BT ceramics in-
creases with decreasing grain size, passing through a maxi-
mum (g,~5000) around 0.8—1 wm.>* On further decreasing
the grain size, a rapid decrease of €, is observed. This drop
can pose important limitations to the miniaturization of
MLCC:s. If the dielectric layer has to be comprised of at least
5-7 grains for reasons of mechanical strength and to achieve
a uniform thickness, it is clear that the grain size in layers of
the order of 0.7 um or less will be <100 nm. Consequently,
it is of large practical interest to prepare dense nanocrystal-
line BaTiOj; ceramics and to investigate their dielectric char-
acteristics. This should provide important indications for the
design of next generations MLCCs.

1098-0121/2006/73(6)/064114(10)/$23.00

064114-1

PACS number(s): 77.84.—s, 81.07.—b, 68.37.—d

From a fundamental point of view, there is a general
agreement that the reduction of the physical sizes of ferro-
electrics such as BaTiO3 and PbTiO; leads to a progressive
decrease of the spontaneous polarization. Models based on
the Landau-Ginzburg-Devonshire theory of ferroelectrics
where surface and gradient effects are taken into account
predict a critical size from a few nm to a few tens of nm
(Ref. 5) for disappearance of ferroelectricity (suppression of
spontaneous polarization) in isolated particles. The surface
effect is also responsible for other phenomena, such as the
smearing of the phase transition observed in ferroelectric
thin films.® Experimental studies give some support to the
existence of such a critical size, even though there is a very
broad dispersion in the data owing to the influence of several
extrinsic effects which change with the size of the system.”?
In general, the mechanical and electrical boundary condi-
tions as well as the presence of defects can have a strong
influence on the ferroelectric and dielectric properties when
the dimensions of the system are reduced below 100 nm.”*-1°
New results obtained on thin films and first-principles atom-
istic calculations suggest that ferroelectric behavior should
still persist down to a size of few nm.!' Accordingly, Saad
et al.'? reported no variation of dielectric and phase transi-
tion behavior in free-standing thin BaTiO; single crystals
down to a thickness of 75 nm. In ceramics, the surface ef-
fects are less important, while the internal stresses originated
during the cooling through the Curie temperature'® and the
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grain boundaries play a major role in determining a change
of the properties with decreasing grain size. In the case of BT
ceramics, the critical size has been estimated to be in the
range 10—30 nm.'* Concerning the dielectric properties, re-
cent studies'*~!” have shown that the “dilution effect” related
to the presence of a lower permittivity nonferroelectric grain
boundary (dead) layer can considerably contribute to the
drop of permittivity in submicron and nanocrystalline BT
ceramics and thin films. Such a dead layer not necessarily
corresponds to the presence of a secondary phase, but could
be accounted for by a shell of BT with disordered/defective
structure or nonswitchable polarization close to the surface
of the grains. The estimated thickness of the dead layer is
comparable to the correlation length in ferroelectric perovs-
kites (1-3 nm), i.e., the scale on which the polarization
changes near the surface.

In this study we report the dielectric and ferroelectric
properties of dense nanocrystalline BaTiO5; ceramics with a
grain size of 30 nm. No previous results are available in the
literature for dense materials with such a small grain size.
Even a moderate porosity level can strongly depress the per-
mittivity of the ceramic'® and, as a result, porous materials
have a marginal interest. The very recent study of Guo
et al." concerns the electrical conductivity of a ceramic with
similar grain size, but ferroelectric properties were not re-
ported.

II. EXPERIMENTAL

Ultrafine particles of BT were prepared by solution pre-
cipitation as described in detail elsewhere.”’ The synthesis
conditions were selected in order to have a small TiO, ex-
cess. It is well known that the presence of a small TiO,
excess in barium titanate inhibits grain growth below the
temperature (=1250 °C) corresponding to the onset of ab-
normal grain growth and this is advantageous for obtaining
fine-grained ceramics.?! The Ba/Ti ratio of the powder was
estimated to be =0.995 by inductively coupled plasma spec-
troscopy. The main impurity contained in the powders was
Na (=600 ppm), while Sr was <50 ppm. The specific sur-
face area of the powder was measured by nitrogen adsorption
according to the BET method and was ~75 m?g~!. The
equivalent particle diameter was 16 nm, in agreement with
the crystallite size (13 nm) determined from x-ray diffraction
(XRD). Observation by transmission electron microscopy
has shown well defined single-crystal particles of 10—20 nm.

The powder was densified for 3 min at 1000 °C in the
form of disks (1.2 cm diameter, 0.1-0.2 cm thickness) by
means of spark plasma sintering (SPS) using the same setup
described in a previous paper.'* After sintering, the ceramics
were polished and then annealed in air for 2 h at 700 °C.
This treatment was intended to relieve the residual stresses
(arising either from the SPS process or from polishing) and
remove the surface carbon contamination. The graphite die
used as sample holder can induce reducing sintering condi-
tions with oxygen loss from the lattice and formation of oxy-
gen vacancies in the ceramic. Therefore a further result of
the post-annealing treatment is the removal of the excess
oxygen vacancies possibly produced during SPS treatment.
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Microstructure was characterized by scanning electron
microscopy (SEM) (LEO 1450VP, LEO Electron Micros-
copy, Ltd., Cambridge, UK) and atomic force microscopy
(AFM) (DI-Enviroscope, Veeco Instruments, Santa Barbara,
CA) equipped with SuperSharp Silicon tips from Nanosen-
sors (Neuchatel, Switzerland). Phase composition and crystal
structure were investigated by x-ray diffraction (XRD) (Co
Ka radiation, Philips PW1710, Philips, Eindhoven, The
Netherlands). Sputtered gold electrodes were applied on the
upper and lower surfaces of the polished and post-annealed
sintered disk obtaining a parallel-plate capacitor configura-
tion. Permittivity, resistivity and impedance measurements
were performed at 10°—103 Hz using an impedance analyzer
(Solartron ST1260) in the temperature range 40-180 °C
(heating/cooling rate of 0.5 °C/min) with an applied voltage
of 1 V. Macroscopic-polarization-electric-field P(E) hyster-
esis measurements were performed at room temperature us-
ing a modified Sawyer-Tower circuit for different field am-
plitudes from 10—-80 kV cm™' at a frequency of 50 Hz. Local
switching properties were investigated by piezoresponse
force microscopy. A computer-controlled lock-in amplifier
(Signal Recovery, Model 7265) was connected to the AFM
via a signal access module. To apply the voltage to the
sample, conductive cantilevers CSCI1A (spring constant
0.6 N/m) coated with semiconductor W,C from Micromash
(Portland, USA) were used. An ac testing voltage (32 kHz,
0.5 V for imaging and 0.25 V for local hysteresis) was ap-
plied between the tip and the bottom electrode of the ceramic
sample. Hysteresis measurements were obtained by superim-
posing the output of a voltage amplifier (model SA10 from
Sensor Technology, Collingwood, ON) over the ac testing
voltage. The input of the amplifier was fed to an auxiliary
digital to analog converter of the lock-in amplifier, computer-
controlled using custom software developed under the
Testpoint platform.

III. RESULTS AND DISCUSSION

Microstructure. The relative density of the samples, deter-
mined by Archimedes’ method, resulted in =97% of the the-
oretical density (6.02 g cm™). Observation on fracture sur-
faces by SEM and of polished surfaces of post-annealed
samples by AFM revealed an homogeneous microstructure
with average grain size of =30 nm, as shown in Fig. 1. The
AFM tips having a tip radius at the apex below 5 nm (ac-
cording to the manufacturer, typically 2 nm), enabled the
detection of grains having 3 nm in lateral size, on a surface
with a roughness of 2 nm over 1 um X1 um area. More
than 90% of the grains have sizes between 10 and 50 nm, as
can be appreciated from Fig. 1(c). Similar distributions were
obtained in other locations of the sample. The XRD patterns
of the ceramics (Fig. 2) do not show the characteristic split-
ting of tetragonal BaTiO5 and correspond, at a first glance, to
the Pm3m cubic symmetry. However, an indication about the
existence of a lower crystal symmetry is provided by the fact
that the peaks corresponding to the 111 and 222 reflections,
which are not subjected to splitting during the cubic to te-
tragonal transformation, are narrower than the other peaks.
Therefore, the observed pseudocubic XRD patterns are the
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FIG. 1. AFM topography of the surface of a dense nanocrystal-
line BaTiO3; ceramic with mean grain size of =30 nm. (a) Scan
image, low magnification (scan area 2000X 2000 nm?). The
scratches on the surface come from polishing. (b) Phase image, high
magnification (scan area 500X 500 nm?). (c) Grain size
distribution.

result of a small spontaneous lattice strain and the broaden-
ing effect related to the small grain size. The crystallite size
determined from the broadening of the 111 and 222 peaks
using Scherrer equation was 34 nm. Secondary phases, if
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FIG. 2. Comparison of the x-ray diffraction patterns of a
BaTiO; ceramic with grain size of =30 nm obtained by spark
plasma sintering (lower trace) and of a coarse ceramic prepared by
conventional sintering at 1350 °C (upper trace) from the same pow-
der. (a) Region around the 111 reflection. (b) Region around the 222
reflection.

any, are below the XRD detection limit. The tetragonal de-
formation of the lattice, defined as 100(c/a-1) (¢ and a are
the tetragonal lattice parameters) was evaluated by the Ri-
etveld refinement method to be =0.25, i.e., only % of the
value (1) reported for coarse ceramics and single crystals.??
The tetragonal structure (c/a=1.01) is fully restored after
sintering the powder at 1350 °C (Fig. 2). According to the
phase diagram of Rase and Roy>* and to electrical conduc-
tivity measurements>* as well as to high-temperature anneal-
ing experiments we have carried out on BT powders contain-
ing different amounts of excess titania, the solubility of TiO,
in the perovskite lattice is roughly estimated to be =1 at. %.
Consequently, excess titania contained in the present samples
is likely to be accommodated in the homogeneity range of
BaTiO; with creation of barium and oxygen vacancies rather
than forming second phase particles. However, the segrega-
tion of a very thin layer of a Ti-rich phase at the grain bound-
aries can not be excluded.

Dielectric properties. The relative dielectric constant &, of
nanocrystalline BT [Fig. 3(a)] is remarkably high (1500-
1650 at 70 °C) considering the very small grain size of the
ceramic. The dielectric loss tan & is rather low, less than 5%
for the whole temperature and frequency range investigated
[Fig. 3(b)]. Measurements carried out at room temperature
showed that tan & is of the order of 2% in the range
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FIG. 3. Dielectric properties of a dense nanocrystalline BaTiO4
ceramic with grain size of =30 nm at different frequencies. (a)
Relative dielectric constant. (b) Loss tangent tan &.

0.1—-10° Hz. The dc resistivity is =~10'3 (0 cm at room tem-
perature. The high temperature (350-750 °C) conductivity
data showed an activation energy of 0.96 eV, in accordance
with the value of 0.99 eV recently reported for nanocrystal-
line BaTiO; ceramics fabricated by hot pressing.'” In agree-
ment with the general behavior reported in the literature, the
decrease of grain size leads to the broadening and flattening
of the permittivity anomaly located at the ferroelectric-to-
paraelectric transition temperature (7). Thus the sharp peak
of &, centered at T typical of coarse ceramics is replaced by
a rounded maximum, suggesting a more diffuse character of
the phase transition. As a result, the variation of &, with
temperature is strongly reduced, with a variation within 5%
in the range 40— 130 °C. The maximum of the dielectric con-
stant is located at 106 °C. For comparison, T, in coarse
grained ceramics (>10 um) is 125—130 °C.??> The lowering
of T, with decreasing grain size reported in previous
studies'*!7 is thus confirmed, even though the shift seems
less pronounced in the present case. The permittivity data in
the paraelectric region (T>T.) are well described by the
Curie-Weiss law above 125 °C, with a Curie constant of
~2 X 10° K. The Curie-Weiss temperature 6 turns out to be
~-30 °C, to be compared to the reference value of
~110 °C reported for single crystals and coarse grained
ceramics,? i.e., a lowering of =140 °C. As shown by Frey
et al."> and, more rigorously, by Emelyanov et al.,'® the low-
ering of € with decreasing grain size is only apparent and

PHYSICAL REVIEW B 73, 064114 (2006)

6000
® Ref. 4, HPS

A Ref.15, HIP

ORef.17, CSM

m Ref.17, HPS

+ Ret.26, SPS

© Ref.14, SPS

- # This study
A’H

%] B w

= = <

= = =]

[ [ (=]
1 1

Relative dielectric constant

0 T T T T T

10 100 1000 10000
Grain size (nm)

FIG. 4. Relative dielectric constant of BaTiO5; dense ceramics
obtained by different methods versus grain size at 70 °C. HPS:
hot-pressing sintering, HIP: pseudoisostatic pressing in a multianvil
press, CSM: combined sintering method, SPS: spark plasma
sintering.

related to the presence of a grain boundary dead layer. A shift
of the Curie-Weiss temperature was also observed in the case
of polycrystalline Ba(,_,Sr,TiO5 thin films and ascribed to
an “interface” effect.”> The effective permittivity of fine
polycrystalline BaTiO3, considered as composed of ferro-
electric grains with high permittivity separated by a continu-
ous network of nonferroelectric grain boundaries with lower
permittivity, still follows the Curie-Weiss law above T pro-
vided that the Curie constant and the Curie-Weiss tempera-
ture are properly renormalized as a function of grain
size.!4~10 The thickness d of the grain boundary dead layer is
estimated using the analytical expression proposed by Eme-
lyanov et al.'® as

o= g S0 [¢’ - (¢ —2d)°]

" egl287+ (s~ 24)° W

where g is the grain size, Cy and 6, are the Curie constant
and the Curie-Weiss temperature of the ferroelectric region,
respectively, and g, the relative dielectric constant of the
grain boundary layer. The reference Curie-Weiss parameters
of BaTiO; were taken to be 6,=110°C and Cy=1.8
X 10° K.!'>16 The experimental value of #=-30 °C can be
reproduced by setting £,~100 and d=1 nm. The value
adopted for e; was selected by considering that a relative
dielectric constant of the order of 100 is typical of nonferro-
electric perovskites and TiO, at room temperature. However,
the measured value of 6 can be also reproduced by setting
e4~50 and d=0.5 nm or £,~200 and d =2, which are still
physically sound combinations. A dead layer thickness of
~1 nm seems typical of high-quality dense ceramics.'>'7 In
agreement, the relative dielectric constant of ~1600 dis-
played at 70 °C by the 30 nm ceramics compares well with a
value of =1700 that can be extrapolated from the permittiv-
ity data reported by Frey et al.'> and Polotai et al.'” (Fig. 4).

Irrespective of temperature, an almost constant difference
of =150 in the values of &, measured at 0.1 and 100 kHz
(Fig. 3) is found. This behavior is generally not observed in
coarse BaTiO; ceramics, where the frequency dispersion in
the paraelectric regime is usually lower than in the ferroelec-
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tric phase. Even in systems showing a diffuse phase transi-
tion such as BaTiOj; solid solutions or in relaxors, the dis-
persion, if present, is observed at temperatures lower than
that corresponding to the maximum of the dielectric con-
stant. Since the ceramics are insulating, the dispersion can
not be related to residual electronic conduction. The peculiar
response of the nanocrystalline ceramic is probably related to
the different dielectric properties of the core of the grains and
of the grain boundary region. This can lead to charge accu-
mulation at the grain boundaries and Maxwell-Wagner polar-
ization mechanism. The increase of the loss tangent at
100 Hz observed at temperatures above 140 °C (Fig. 3) may
be an indication of such space charge effects.

The previous dielectric data show that properly processed,
high-quality nanocrystalline BaTiO; ceramics can retain a
high dielectric constant down to a grain size of a few tens of
nm. It is clear that to meet this goal the thickness of the grain
boundary dead layer has to be =<1 nm. The sensitivity of the
dead layer thickness to the processing conditions and to the
nature of the starting powders can explain the broad disper-
sion of permittivity data for BaTiO5 ceramics with grain size
below 500 nm,*!4-1726 a5 shown in Fig. 4. According to the
available, albeit limited experimental data, it appears that the
thickness of the dead layer is strongly dependent on the den-
sification technique adopted for sintering!” as well as on the
stoichiometry (Ba/Ti ratio) of the ceramic. In a recent and
detailed study, Riihle and co-workers?’ have investigated the
grain boundary structure of BaTiO; ceramics sintered at a
relatively low temperature (1250 °C) and containing a small
TiO, excess by means of high-resolution transmission elec-
tron microscopy (HRTEM) and electron energy loss spec-
troscopy (EELS). The results reveal the existence of a well-
defined grain boundary structure. Many grain boundaries are
faceted with small steps and long segments parallel to the
{111} planes. These features are related to the presence of an
ordered and very thin (thickness <0.8 nm) grain boundary
layer. The EELS spectra show that the Ba/Ti ratio and the
atomic bonding at the grain boundaries are different from
those typical of the grain cores. Faceted grain boundaries
were also observed by Lee et al.?® These observations pro-
vide a strong indication about the physical nature of the dead
layer, at least in Ti-rich barium titanate. The addition of a
small TiO, excess might be an effective method to control
the grain boundary structure and the thickness of the dead
layer. Although a careful HRTEM investigation on stoichio-
metric and Ba-rich BaTiO; ceramics has not been performed
yet, it is quite clear that in that case the grain boundary
structure is completely different, with formation of more dis-
ordered and atomically rough grain boundaries.?!>” A further
effect of a TiO, excess can be the modification of impurity
segregation at grain boundaries. Acceptor species, such as
Na* (the main impurity of our powders), have a strong ten-
dency to segregate at grain boundaries of BaTiO; and
SrTiO5 ceramics.”” However, in Ti-rich BaTiO5 samples, the
sodium impurities react with the excess of TiO, with forma-
tion of discrete Na,TiO, particles.” In the light of the pre-
vious considerations a profound influence of the Ba/Ti ratio
on the grain boundary structure and the thickness of the grain
boundary layer is not unlikely. Therefore, is not surprising
that the relative dielectric constant of the present samples
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FIG. 5. Polarization-electric field loops of a dense nanocrystal-
line BaTiO; ceramic with grain size of =30 nm collected at 50 Hz
and at different values of the field amplitude 35, 60, and
80 kVem™.

with grain size of 30 nm is about twice that of the ceramics
with grain size of 50 nm reported in the previous study.'*

Macroscopic polarization hysteresis. Figure 5 shows the
as-measured, noncompensated macroscopic P(E) loops un-
der a sinusoidal wave of 50 Hz for three different values (35,
60, and 80 kV cm™!) of the field amplitude. The system ex-
hibits very small hysteresis with almost linear dependence of
P(E) below 40 kV cm™'. A small deviation from linearity is
observed at higher field amplitudes. For the highest value of
the field amplitude the remnant polarization (P,) is
~0.7 uC/cm? and the coercive field (E,.) is =5 kV cm™.
[Note: for the P(E) loops reported in Fig. 5 is not completely
appropriate to speak of remnant polarization and coercive
field because there is no evidence of macroscopic switching.
In this case, P, and E,.. simply denote the polarization at zero
field and the field at zero polarization.] For comparison, in
good quality coarse (grain size >10 um) ceramics P,
~10 uC/cm? and E.~3-5 kV cm™!, with good saturation
of polarization above 10 kV cm™'. A progressive lowering of
remnant polarization and hysteresis with decreasing grain
size, as well as the gradual tilting of the P(E) loop, was
reported by Frey et al.'> and by Takeuchi et al.?® For bulk
dense ceramics with grain size of the order of 100—200 nm,
P, was =2 uC/cm? and E.~1 kV cm™' (field amplitude up
to 25 kVcem™). The Landau-Ginzburg-Devonshire theory
predicts that the square of the spontaneous polarization is
proportional to the tetragonal lattice strain.’! However, this
intrinsic effect alone can not explain the observed behavior.
Given the value of c/a—1 of the present nanocrystalline
BaTiOs, the spontaneous polarization in nanocrystalline ce-
ramics is predicted to be still rather large, half of the value
reported for coarse ceramics. Therefore it should be admitted
that the macroscopic ferroelectric properties of nanocrystal-
line BT ceramics are dominated by extrinsic effects, while
intrinsic effects have only a marginal influence.

A remarkable increase of P, with increasing annealing
temperature has been observed for polycrystalline thin films
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of BaTiO5,%? SrBi,Ta,0,,%} and PbTiO5.3* This behavior can
be correlated to the growth of the grain size with the anneal-
ing temperature. At low annealing temperature, when the
grains have a size comparable to that of the single domain,
the domain structure becomes very stable under an external
field, meaning that domain wall movement and nucleation of
new domains becomes difficult.’* The absence of 90° do-
mains can strongly affect the polarization behavior and the
piezoelectric properties of ferroelectric ceramics. It is known
that for grain sizes below 300—500 nm there is a reduced
number of 90° domains®!'*!> in BaTiO;. According to
Damjanovic,® a strong reduction of the remnant polarization
and of the Rayleigh constant in ceramics is expected if 90°
domains are absent or pinned by defects. The measurement
of the direct piezoelectric effect in coarse and submicron
(grain size: 0.7 wm) BaTiO; ceramics has shown a contribu-
tion of 90° domain walls in both materials.?® However, the
activity of the domain walls in the fine grain ceramics was
weaker than in the coarse samples. It was concluded that the
domain walls in fine grain ceramics are clamped to a consid-
erable degree. In any case, the fine grain samples displayed
well-defined piezoelectric effect and could be poled under a
field of 20 kV cm™!, in agreement with the well-saturated
hysteresis loops still observed in ceramics with submicron
grain size.>? Therefore, even if the domains are already
considerably clamped in submicron materials, the suppres-
sion of macroscopic switching is a feature of ceramics with
grain size well below 100 nm.

A further effect which can contribute to the depression of
the ferroelectric properties has to be considered when there is
a high density of grain boundaries, as in nanocrystalline ce-
ramics. Because of the existence of a low-permittivity, non-
ferroelectric grain boundary layer, the polarization decays at
the surface of the ferroelectric grains and this variation cre-
ates a depolarization field. According to theoretical
considerations’” as well as modelling of polarization switch-
ing with grain boundary effect,®® this depolarization field
causes a decrease of the effective polarization with respect to
the bulk value. Therefore, poor ferroelectric properties are
expected in polycrystalline ceramics with very small grain
size (<50 nm), as those investigated in the present study. On
the basis of the above considerations, it is proposed that the
combined effect of (i) a simple domain structure which can-
not readily deform under an external field, (ii) the pinning of
the domain walls and the suppression of large-scale domain
switching induced by the grain boundaries and/or the defects
segregated at grain boundaries, and (iii) the depolarizing
field arising from the presence of a low-permittivity nonfer-
roelectric grain boundary layer, results in a strong depression
of the ferroelectric character and, consequently, in the ob-
served slim and nearly linear P(E) loops.

In order to check if the recorded P(E) loops really corre-
spond to those expected for a ferroelectric with strongly
pinned domains and to find their characteristics, a quantita-
tive Rayleigh analysis was performed. The phenomenologi-
cal law of Rayleigh originally proposed for magnetic
materials®* and later extended to other hysteretic
processes**#? describes the irreversible movement of do-
main walls under an ac field in a medium with randomly
distributed defects acting as pinning centers. In the Rayleigh
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region, the P(E) loop can be expressed by two parabolic
functions*?

P(E) = (8, + 2aEy)E + a(E} — E?), (2)

in which &, is the zero-field (or initial) permittivity, c the
Rayleigh coefficient, E, the field amplitude, and E the actual
value of the electric field. The + stands for decreasing field
and the — for increasing field. A polynomial regression of
the P(E) data at each field amplitude by Eq. (2) has allowed
to obtain the field amplitude-dependence of the permittivity
g,(Ep) and to calculate the value of the Rayleigh constant for
the present nanocrystalline BaTiO5 ceramics. The expression
of the permittivity in the Rayleigh region is

e(Ep) = iy + 2ak,. (3)

Three regimes of dielectric behavior, defined by the thresh-
old fields E,; and E, ,, were identified in the &,—E| plot, as
usually observed in polycrystalline ferroelectrics.*> In the
low field region, Ey<E, |, £, was nearly independent of the
field amplitude. In this region, permittivity is due to intrinsic
lattice contribution and reversible domain wall vibrations.*?
Large scale domain wall mobility is inhibited by the pinning
effect of charged defects. An increase of the zero-field per-
mittivity from g;,=1304 at 100 Hz to 1365 at 1 Hz was
found, in agreement with the trend observed in the permit-
tivity data of Fig. 2. The value of E,; was 5-10 kV cm™,
and can be compared with threshold fields of less than
0.1 kV cm™! in coarse BaTiO; ceramics and =3 kV cm™ in
commercial acceptor-doped hard PZT ceramic.*>* In the in-
termediate (Rayleigh) region (E, | <Ey<E,,), a linear de-
pendence of €, on the field amplitude is observed, according
to Eq. (3). The values of « obtained from the fit 1-2
X 1071 F/V, are much smaller than the value of 6.5
X 107" F/V reported for a pure coarse BaTiO; ceramic.*?
Values closer to the present results were reported for hard
PZT ceramics [5.9X 10~ F/V (Ref. 42) and PZT thin films
[6.9X107'® F/V (Ref. 40)]. Deviation from the linear be-
havior started at fields larger than E,,=25-30 kV cm™. Val-
ues of E,, reported in the literature are ~0.8 kV cm™' for
pure BaTiO; ceramics, =5 kV cm™ for acceptor-doped
BaTiO; ceramics, 17 kV cm™ for a commercial acceptor-
doped hard PZT ceramic*? and =50 kV cm™! for thin film
PZT.* According to the conventional interpretation, E, , rep-
resents the critical field required to initiate partial domain
switching.*> However, in the present case, it is not clear if the
deviation from the Rayleigh behavior is related to the incipi-
ent switching process or to other nonlinearities and dissipa-
tion processes possibly activated at such high values of the
applied field.

The previous analysis gives evidence that the polarization
hysteresis of nanocrystalline BT ceramics up to a field am-
plitude of 25-30 kV cm™ is typical of the subswitching field
region in ferroelectric ceramics. According to the statistic
theory of Boser,* an inverse proportionality between the co-
efficient a and the concentration of defects in ferroelectric
materials exists. Therefore, the low value of the Rayleigh
constant and the expected large value of the coercive field
(>80 kV ecm™) indicate that the irreversible domain wall
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FIG. 6. Piezoresponse mesurements of dense nanocrystalline BT ceramic with grain size of =30 nm. (a) Piezoresponse image (scan area
55 um?). (b) Frequency distribution of domain sizes. (c) Piezoelectric hysteresis loops recorded at different frequencies. (d) Piezoresponse
image (scan area 5 X5 um?) after the application of a 40 V poling voltage.

displacement and switching in nanocrystalline BaTiO; is
strongly inhibited by defects.?® It is proposed that the defects
responsible for the pinning of the domains and the hindrance
of large-scale switching are strictly related to the grain
boundaries. As shown in the next section, piezoresponse
force microscopy has revealed transgranular domains with
average lateral size of =250 nm. Consequently, each domain
comprises many grains, and the charged defects at the grain
boundary can exert a strong influence on domain wall mo-
bility and switching, leading to a frozen polarization.

It is also worth noting that the low permittivity, nonferro-
electric grain boundaries lead to a reduction of the effective
field acting on the ferroelectric cores in comparison to the
applied field. Using a brick-wall model for the ceramic, tak-
ing e,~ 100 as proposed in the foregoing discussion on the

Curie-Weiss analysis and assuming a permittivity of =3000
for the ferroelectric cores (a reasonable value, according to
Ref. 15), the effective field in the ferroelectric region was
calculated to be only =50% of the applied field. This means
that the values of the maximum field amplitude and the
threshold fields E;; and E,, should be divided by a factor
of 2.

Local piezoresponse measurements. The high sensitivity
of piezoresponse force measurements even at nanoscale,
makes this method suitable to study the local switching prop-
erties in nanostructured ferroelectrics.'%*-47 A typical piezo-
response image corresponding to the out-of-plane component
of polarization is shown in Fig. 6(a). Owing to the relatively
large radius of the tip, estimated to be of the order of 50 nm,
the lateral resolution is limited and finer details of the do-
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main structure, if any, cannot be observed. The image shows
a relatively strong black/white contrast, an indication of the
presence of a ferroelectric domain structure in the as-
prepared ceramic samples. The lateral size of the domains is
apparently between 50 and 500 nm and the average size is of
the order of 250 nm [Fig. 6(b)]. Therefore a single domain
comprises of a considerable number of grains. Because the
resolution is limited by the tip radius, we cannot exclude the
presence of smaller domains, having the size of the grains or
even smaller in those areas which appear gray in the image.
Repeated scanning of the surface with an ac voltage on the
tip often results in the destruction of the original domain
structure, suggesting that the applied testing voltage of
0.25 V amplitude is large enough to switch the domains in
the near vicinity of the surface. This is the consequence of
the very high permittivity of the sample and of the particular
geometry of the tip-sample system,*® making the field highly
nonuniform near the tip apex. Indeed, an estimation of the
electric field distribution in the sample using a simple elec-
trostatic model*’ shows that, for our experiment, the electric
field below the tip drops by four orders of magnitude over
the first 50 nm layer of the sample below the surface.

Local hysteresis measurements were performed by keep-
ing the AFM tip fixed above the surface and applying a large,
low frequency (0.01 to 0.1 Hz) bias superimposed over the
small ac excitation while recording the piezoresponse signal
in various locations. Figure 6(c) shows a typical hysteresis
loop collected at different frequencies. The coercivity in-
creases with increasing frequency while the saturation piezo-
response is practically unchanged. This is an indication that
the observed loops are not induced by charge accumulation
under the AFM tip (which should have an additive effect and
therefore leading to a stronger signal at maximum voltage for
longer cycling periods) but more likely, related to the local
ferroelectric behavior of the sample. As the dc bias is applied
for longer periods of time, the induced polarization relaxes
under the influence of both the ac testing voltage and of the
depolarizing field produced by the surrounding medium with
a high concentration of grain boundaries. As suggested by
the time scale of the hysteresis loops, this relaxation time is
of the order of few 100 s. Indeed, application of high voltage
(40 V) poling pulses to the sample surface resulted in the
formation of domains with a lateral size in the 1 wm range
[Fig. 6(d)], which disappeared within 5—10 min after the re-
moval of the voltage. In a previous piezoresponse micros-
copy investigation®*> performed on BT ceramics with a grain
size of 50 nm the induced domain structure was stable for
rather long times (at least 8 h). This means that the grain size
(30 nm) of the present samples is close to a critical value
required for the stability of the field-induced domain struc-
ture.

The apparent contradiction between the quasilinear P(E)
macroscopic loops (Fig. 5), and the evident local switching
(Fig. 6) and nonlinear character at local scale can be under-
stood by considering the particularities of the experimental
setup of the AFM-piezoresponse system by comparison with
the plane-parallel configuration of the macroscopic switching
experiment. The switching mechanism in the two cases
might be very different from the first moments of nucleation-
growth process, since the highly inhomogeneous field in the
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AFM experiment causes itself a nucleation in the region un-
der the tip, whereas in the macroscopic experiments nucle-
ation starts at defective zones as grain boundaries and the
ceramic/electrode interface.*® Moreover, the very high fields
acting in the small region under the tip apex, which causes
the complete local switching at nanoscale, are inaccessible
experimentally in the macroscopic switching experiments.
Finally, it should be considered that the mechanical boundary
conditions of grains on the surface are rather different from
those in the interior of the ceramic. Very likely, local switch-
ing occurs even in the macroscopic experiments at locations
where nucleation of domains with opposite polarization ori-
entation is energetically favorable.

The overall results of this investigation suggest a some-
what different behavior of nanocrystalline ceramics in com-
parison to that anticipated by the thermodynamic theory for
isolated ferroelectric particles’ when the grain size is reduced
to the nanometric scale. The theory predicts a progressive
decrease of the Curie temperature, of the spontaneous lattice
strain and of the intrinsic polarization with decreasing par-
ticle size until a critical size corresponding to the transition
to the cubic paraelectric phase and disappearance of ferro-
electricity is reached.” In contrast, for nanoceramics, the
downscaling of properties with grain size is masked by the
extrinsic effects exerted by the grain boundaries, such as the
pinning of the domain walls and the blocking of the polar-
ization. Therefore, even though the material retains a polar
crystal structure, it will exhibit very poor ferroelectric prop-
erties. In the limit case, the ferroelectric behavior will be
absent and a polar phase with nonswitchable polarization (as
in a pyroelectric system) will be obtained. The BaTiO; ce-
ramics with grain size of 30 nm investigated in the present
study are deemed to be close to this kind of “phase transi-
tion.”

A further consequence of the frozen domain structure is
that the superparaelectric behavior cannot be induced in
ferroelectric ceramics by simply reducing the grain size. Up
to now there is not yet a convincing evidence of size induced
superparaelectric behavior in ferroelectrics, although this
was postulated by analogy with magnetic systems.”® The su-
perparaelectric behavior implies that the system can easily
flip, at local level, between states with different polarization
orientation separated by small energy barriers comparable
with the thermal energy. In contrast, for the present nanocer-
amics, the energy barrier is extremely high. It turns out that,
at least in dense ceramics, the superparaelectric state can be
hardly realized by decreasing the grain size.

IV. SUMMARY AND CONCLUSIONS

The dielectric properties as well as the macroscopic and
local ferroelectric properties of dense (97% relative density)
nanocrystalline BaTiO5 ceramics with grain size of =30 nm
prepared by spark plasma sintering were investigated. There
are no previous reports on the properties of bulk dense ce-
ramics with such a small grain size. The main results and
conclusions of the present work can be summarized as fol-
lows.

(1) The high dielectric constant (about 1500-1600), the
low losses (=2% in 107! to 10° Hz) and the high electrical
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dc resistivity (=10'3 Q cm) at room temperature make nano-
crystalline BaTiO5 a potential candidate for the realization of
multilayer ceramic capacitors with very thin (<1 um) lay-
ers. The field-independent permittivity up to an ac field am-
plitude of =10 kV cm™!, the small ferroelectric hysteresis
and the expected high breakdown field are significant advan-
tages for dielectric applications. The measured permittivity
and the observed shift of the Curie-Weiss temperature are
compatible with the existence of a non ferroelectric grain
boundary layer with a thickness of =1 nm.

(2) The measurement of the dielectric properties as a
function of temperature (which show a maximum in the per-
mittivity, and a Curie-Weiss behavior at temperatures above
the maximum) and the noncubic (polar) crystal structure re-
vealed by XRD indicate a ferroelectric behavior. On the con-
trary, the polarization hysteresis show very slim and nearly
linear loops without evidence of macroscopic switching up
to the maximum field amplitude used in this study
(80 kV cm™'). It is proposed that the suppression of ferro-
electric hysteresis in nanocrystalline BaTiO5 ceramics results
from a frozen domain structure which is stable under an ex-
ternal field, meaning that domain walls movement and nucle-
ation of new domains becomes difficult when the grain size
attains values of few tens of nanometers. Rayleigh analysis
of the measured P(E) loops supports this interpretation. The
threshold field corresponding to the onset of the irreversible
domain wall movement as well as the Rayleigh constant
takes value which are typical of doped ferroelectric ceramics
with strongly pinned domain walls rather than of pure coarse
barium titanate. Grain boundaries and charged defects segre-
gated at grain boundaries are considered to be responsible for
the clamping of the domain walls and the hindrance of po-
larization reversal. The absence or a low density of 90° do-
mains in nanocrystalline BaTiO; ceramics can significantly
contribute to the depression of the ferroelectric properties. In
addition, the effective polarization in nanocrystalline ceram-
ics is expected to be reduced by the depolarization field as-
sociated to the lowpermittivity nonferroelectric grain bound-
ary layer.

(3) Out-of-plane piezoresponse hysteresis loops recorded
by piezoresponse force microscopy provide evidence of po-
larization switching and ferroelectric behavior at local scale.
Piezoresponse images show as-grown domains extending
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over a considerable number of grains. Application of local
poling voltage pulses induces formation of domain structures
which disappear in a time of minutes after removal of the
voltage. These results indicate that even in the macroscopic
experiments only local switching at some locations of easier
nucleation of domains with opposite orientation of polariza-
tion is probably realized. In any case, comparison with the
macroscopic polarization experiments is not straightforward
because the boundary conditions, the distribution and ampli-
tude of the applied field as well as the switching mechanisms
are radically different.

(4) The overall results indicate that the dielectric and
ferroelectric behavior of dense nanocrystalline BaTiO5 ce-
ramics is dominated by extrinsic effects exerted by the grain
boundaries. These extrinsic effects mask the progressive
downscaling of ferroelectric properties with grain size ex-
pected from the theory of small ferroelectric particles. When
the grain size is small enough, transition to a polar phase
with non-switchable polarization (as in a pyroelectric sys-
tem) is expected. In other words, suppression of ferroelec-
tricty in ceramics is not related to the size-induced stabiliza-
tion of the cubic paraelectric phase as predicted by theory
but, rather, to the existence of a completely frozen domain
structure. It is deemed that the present nanocrystalline ce-
ramics with grain size of 30 nm are very close to this limit.

(5) The existence of a frozen domain structure implies
that the superparaelectric behavior cannot be induced in
ferroelectric ceramics by simply reducing the grain size. The
superparaelectric behavior implies that the system can easily
flip, at local level, between states with different polarization
orientation separated by small energy barriers comparable
with the thermal energy. In contrast, for the present nanocer-
amics, the energy barrier is extremely high, as proved by the
impossibility of switching the macroscopic polarization even
at very high fields.
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