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Grain-size effects on the ferroelectric behavior of dense nanocrystalline BaTiQceramics
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A progressive reduction of tetragonal distortion, heat of transition, Curie temperature, and relative dielectric
constant has been observed on dense Ba€&amics with grain size decreasing from 1200 to 50 nm. The
correlations between grain size, extent of tetragonal distortion, and ferroelectric properties strongly support the
existence of an intrinsic size effect. From the experimental trends the critical size for disappearance of ferro-
electricity has been evaluated to be 10—30 nm. The strong depression of the relative permittivity observed for
the nanocrystalline ceramics can be ascribed to the combination of the intrinsic size effect and of the size-
dependent “dilution” effect of a grain boundary “dead” layer.
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[. INTRODUCTION PbTiO;.2# In ferroelectric thin films and ultrafine particles,
mainly inhibition and occasionally enhancing of polarization
Ferroelectric ceramics with perovskite structure, likewas reported.Both types of behavior have been explained in
barium titanate (BaTiO;) and lead zirconate titanate the frame of modified LGD theoty.
[Ph(Zr,Ti)Os], are extensively used in the electronic indus- However, there are many causes for size effects in ferro-
try for the fabrication of multilayer ceramic capacitors, pi- €lectrics and is often difficult to separate true size effects
ezoelectric transducers, pyroelectric elements, and ferroelefom other factors that change with the size of the system.
tric memories. The continuous advance in microelectronic§©r instance, the extreme spreading of the results reported in
and communications is leading to the miniaturization anditer_ature apout the si_ze effect in ferroelectric particles is as-
integration of ferroelectric components. However, the reducSOciated with the variety of synthesis routes and processing
tion of the physical sizes of ferroelectrics seems to have &£chniques adoptetiThe stability of the ferroelectric phase
significant effect on polarization and this could represent an be deterr_nmed by addmonal factors like defect chemis-
limitation for the miniaturization process. Beside the techno- Iy, incorporation of foreign atoms and bulk hydroxyl groups,

logical implications, the existence of a critical size for ferro- aggregation level of the particles, porosity level, residual
gical imp ’ ) stresses, ett® Generally, in ferroelectrics the boundary con-
electricity is of great fundamental interest.

) N s ditions can have a strong influence on the stability of the
Above the Curie temperatuldc~130°0, the structure _ polar phase and on the nature of the size effé@ecause of

of barium titanate is cubic and paraelectric. Below the Curige |arge electrostrictive coupling between spontaneous lat-
point, the structure is slightly distorted and three ferroelectrigjce strain and polarization, the elastic boundary conditions
polymorphs with nonzero dipole moment exist depending ommust be considered. Compressive or tensile stresses are ex-
temperature. The tetragonal modification is stable betweepected to change the transition temperature of a ferroelectric
~10°C and 130°C. Below 10°C the structure becomesnaterial. For instance, it is well known that the application
orthorhombic and a further transition to rhombohedral strucof a hydrostatic pressure shifts the Curie temperature of
ture occurs at=—80°C. The size dependence of polarization,BaTiO; of ~-5.8X1073°C/atm® In contrast, the applica-
Curie temperaturg(Tc) and tetragonal distorsioic/a-1,  tion of a bidimensional pressure to a single crystal of BaTiO
wherec and a are the unit cell edgesof the ferroelectric rises the transition temperature, since the spontaneous strain
phase has been calculated by means of theoretical moded$ the lattice is increased and the crystal is prevented to
based on the Landau-Ginsburg-Devonsliit€D) theory in  become cubic. These trends can be correctly reproduced
the case of isolated particléThe instability of the ferroelec-  within the LGD theony It should be noted that the mechani-
tric phase(suppression of polarizatigim isolated particles is cal boundary conditions of isolated particles, particles em-
mainly the consequence of the surface effect in a confineddedded in a nonferroelectric matrix, grains in a ceramic, and
system. According to this approach, a transition from thethin films are quite different. This explains why the behavior
ferroelectric phase to a cubic paraelectric phase at room tenof powders, composite materials, ceramics, and films is gen-
perature for a critical particle size from a few nanometers taerally distinct®=2 In the same way, the size effect in films

a few tens of nanometers is predicteRecent local piezore- rigidly clamped to a substrate may deviate from that of the
sponse force microscopy measurements have indicated same film when removed from its support. This because
critical size of the same order of magnitu@e-20 nm) for growth stresses, as well as lattice and thermal expansion mis-
isolated PbTiQ nanograins 2. Critical sizes in the range match between film and substrate impose appreciable in-
10—-100 nm were reported in previous studies on BgE@  plane stress on the film. An additional consideration concerns
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the electric boundary conditions in ferroelectric materials.a “dilution” effect due to a large number of nonferroelectric
The spontaneous polarization creates depolarization fieldgrain boundaries. However, the authors give no details on the
that require compensation charges near or at the surfaceskstal structure as well as on the tetragonal/cubic transition
interfaces. Consequently, the properties of the system are e¥f their samples, i.e., on the possible existence of intrinsic
pected to strongly depend on the electric boundary condisize effects in addition to the apparent size effect induced by
tions limiting the ferroelectric phase. Two types of interfacesgrain boundaries.

can be considered in ferroelectric materials like polycrystal-" | this paper, the results of a systematic investigation of
line ceramics or films: ceramic/electrode interfaces and graifhe size effect on tetragonal distortion, phase transitions, and
boundaries. The first ones are highly important in the case Qfjg|ectric properties of dense BT ceramics with GS of
ferroelectric thin(<1000 nn) films, because the distribution 50—1200 nm are reported and discussed. The main objec-
of screening charges in the electrodes, very near to the int(;{l- .

. . . . ve is to show the existence of an intrinsic size effect on the
face with the dielectric, leads to thickness-dependent electri, . - 1octric behavior of bulk nanocrystalline BaTiGeram-
cal properties:® However, in the case of bulk ceramics, with

thickness of the order of £0m or more, the influence of the ics. Particular attention was devoted to_the p_reparatior] of
depolarization field related to the screening charges in th ense samples, bec'ause structure gnd dielectric properties of
electrodes is negligible and the main depolarizing effect iéﬁar?ocry_stalllne BaTi@can be significantly affected by po-
coming from charges located at the grain boundaries. ThEPSIty- First, grains partially surrounded by pores have in-
depolarization field is normally reduced by domain pattern<réased possibility to accommodate the strain resulting from
formation, but this process is not energetically favorable inthe paraelectric to ferrolectric transition. Second, gas/solid
fine grained ceramicghe grains of BaTi@ are essentially interfaces have a different energy in comparison to solid/
single domain when their size is reduced belowSolid interfacesigrain boundaries Finally, since a porosity
500—300 nnit®land compensation only via surface chargeslevel >5% generally leads to a strong depression of the ap-
and/or polarization gradients is thus possible. Another imporParent dielectric constant, a high density guarantees a mean-
tant effect which has to be considered is related to the dipolendful comparison between different samples.

dipole interaction which is quite different depending on the

location of dipoles(grain core or grain boundaryAs the Il. EXPERIMENT

physical size of the confined system is redu@esl, decreas-

ing the grain sizg the fraction of dipoles located at inter-  Dense nanocrystalline BaTiOceramic samplegdiam-
faces increases substantially and changes on the dipolar igter: 1.2 cm; thickness: 0.1-0.2 gwith GS in the range
teraction in nanosized system may be expected. 50—-300 nm were produced by spark plasma sinte(8fS.

The dielectric properties of bulk ferroelectric materials The ability of SPS in producing fully dense materials with
result from the combination of the intrinsic response of thefine and sometimes unique microstructure at relatively low
system(i.e., the appropriate directional average of the re-temperatures in a time of a few minutes has been demon-
sponse expected from a single domain crystal with wellstrated for a wide variety of ceramics and ceramic
defined boundary conditionand extrinsic effects, like those composites? Very fine, undoped BaTiQpowders for the
associated with domain structure, grain boundaries, and d&PS process were obtained by a chemical aqueous method
fects. Both contributions are, in general, influenced by thedescribed elsewheré.The powders had a specific surface
grain size(GS). Nevertheless, ceramic seems a more convearea of =30 n?/g and a particle size of 30—40 nm. The
nient system to study size effects in comparison to thin filmgnain impurity(as determined by inductively coupled plasma
and powders for the reasons discussed before and for tt&Pectroscopy contained in the powders was Na
average isotropic characteristics. The size dependence of the-400 ppm), while Sr was<<50 ppm. The Ba/Ti atomic ra-
relative permittivity(e) in dense BaTi@ ceramics has been tio was controlled within 1+0.01 for all the powders. The
well characterized for materials with GS~0.5 um 371912 BaTiO; powder was loaded directly into a cylindrical graph-
The room-temperature permittivity has a pronounced maxiite pressure die. The samples were heated20®°C/min
mum for a GS of=1 um which was considered to be causedin a SPS equipmeriDr. Sinter 2050, Sumitomo Coal Mining
by the increase of the domain walls mobility at this particularCo., Tokyo, Japanby allowing a pulsed direct current to
grain size'® Further reduction of GS leads to a decrease ofpass through the pressure die, while an uniaxial pressure of
permittivity. For really nanocrystalline ceramics there arel00 MPa was applied. Sintering was carried out in a
scanty data available. This is mainly related to the difficultyvacuum. No sintering aids were added. The holding time at
to obtain fully dense materials with GS0.5 um. In arecent  the sintering temperatur@00—-1000°C was 2—5 min. The
study, Freyet all! reported the dielectric data of dense BT samples were cooled at a rate of 4@)'min with no pres-
ceramics with GS from 70 to 1700 nm fabricated by sure. The sintered ceramics were finally polished and then
pseudoisostatic hotpressing in a multianvil press at a pressnnealed in air for 1-10 h at a temperature of 700 or 800°C,
sure of 8 GPa. The progressive suppression of the relativdepending on GS. This treatment should guarantee the relief
dielectric constant for GS below500 nm was explained by of residual stresses and the elimination of excess oxygen
a brick-wall model of the ceramic corresponding to a dipha-vacancies possibly produced during SPS. Samples S50 and
sic system consisting of ferroelectric grain cores of size-S100 were translucent.
independent permittivity separated by a lowergrain- The ceramic samples were characterized with different
boundary region. In other words, the size effect in densdechniques. Microstructure was observed by scanning elec-
BaTiO; nanoceramics would be only apparent, coming fromtron microscopySEM) and atomic force microscogfAFM)
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FIG. 2. Room temperature tetragonal deformatidy), heat of
transition of the tetragonal to cub{®) and of the orthorhombic to
tetragonal(CJ) transformations of BaTi@as a function of grain
size. The full circleq®) represent the heat of transition calculated
from Eq. (4).
on fracture surfaces as well as on polished surfaces after
chemical etching. Phase composition, crystallite size, an§roadening of the(111) and (222 peaks was 96 nm for
crystal structure were investigated by x-ray diffraction Sample S100 and 54 nm for sample S50, in good agreement
(XRD) using the C, radiation. Differential scanning calo- With SEM results. Measurements of the crystallite size be-
rimetry (DSC) measurements were performed in the rangdore and after postannealing of ceramics did not show any
~20-180°C at a heating/cooling rate of°X/min. The heat S|g|_1|f|cant change, meaning that there was not appreciable
of transition was obtained from the area of the DSC peaksJrain growth during heat-treatment. The splitting of the XRD
Permittivity measurements were carried out in the frequenc eaks characteristic of coarse-grained Baland related to
range 16-10 iz using an impecance anaizeioaon 1 [eagone ceformation of e srucre s ees and e
S11260. Pd-Ag electrodes were applied on the upper an . TR
lower surfaces of the sintered disk after polishing obtaining comes progressively less tetragonal. Splitting is no Ipnger

FIG. 1. MicrostructuréSEM, after polishing and chemical etch-
ing) of a ceramic with average grain sizes50 nm. Bar: 100 nm.

were performed in air in the range 40-180%Beating/  ,onounced broadening of most of the diffraction peaks in
cooling rate of 0.3C/min) with an applied voltage of 1 V. comparison to théhhreflections, which are not subjected to
. RESULTS splitting during the cubic to tetragonal transition. With in-
’ creasing temperature this broadening effect gradually re-
The mean G§mean intercept length measured by SEM duces and, abové&, it disappears indicating a fully cubic
of the samples obtained by SPS was 28200, 94 (S100, structure. The cubic cell edge of S50 at 200°C was 4.013 A,
and 51 nm(S50. The microstructure of sample S50 is in agreement with literature values reported for single
shown in Fig 1. The ceramic exhibits a grain size distribu-crystals® The stability of the tetragonal modification of
tion: grains from=~20 to ~100 nm can be observed. The BaTiO; around room temperature in S50 and S100 was con-
grain size distribution measured from the AFM topography isfirmed by a detailed study of the infrared and Raman activity
in reasonable agreement with the SEM results. A multidoin the range —190—300° & which also proved the existence
main structure could be observed only on few larger grain®f the orthorhombic and rhomboedral phases at lower tem-
(=500 nm of sample S300 after proper chemical etching ofperature. Tetragonal lattice parameters were obtained by Ri-
the polished surface, meaning that the grains in the nanocry€tveld refinement of the full XRD pattern, including all re-
talline ceramics essentially consist of single domains. Imagflections from (100 to (400). The tetragonal distorsion
ing by piezoresponse force microscopy revealed no multido(c/a-1) decreases from 0.83% to 0.26% as the GS decreases
main structures on sample S50.These results are in from 1200 to 50 nm(Fig. 2). The value measured for the
agreement with previous observations of the disappearand&® nm sample is aboui of the reference valuél %) re-
of multiple domain grains for a grain size of ported for single crystals and ceramics with S$0 um 51°
300-500 nmt%t Coarser ceramic$S500, GS of 530 nm, The lowering ofc/a is the result of the decrease oand the
and S1200, GS of 1200 nmvere obtained by conventional increase ofa, likewise the behavior observed for isolated
sintering in air of powders produced with the same methodarticles®>® Thus, the decrease of grain size produces an ef-
as those used for SPS. The relative density w83% (ref-  fect qualitatively similar to an increase of temperatia,
erence density: 6.02 g ¢f) for all samples with the excep- the sense that both reduce the spontaneous strain and the
tion of S50Q94%). stability of the ferroelectric phase.
Secondary phases, if any, are below the XRD detection The heat of transitioiQ) corresponding to the tetragonal
limit (=1 wt.%). The crystallite size determined from the to cubic(T/C) and to the orthorhombic to tetragon(@/T)
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FIG. 3. Critical temperatures of BaTi&eramics as a function
of grain size. Curie temperatufé&c) from: (O) dielectric measure-
ments,(CJ) DSC measurements/\) Curie-Weiss temperaturg).

The solid curves are a guide for the eyes.
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A dielectric anomaly is clearly observable for all samples,
indicating a ferrolectric behavios. is strongly depressed for
fine grained samples; at 70°C and*Hy, ¢ is 2520 for
S$1200, 2200 for S300, 1680 for S100, and 780 for S50.
These values are lower than those reported by Etegi !

but comparable with the trend found by Ast all® The
dielectric constant of nanocrystalline samples is remarkably
less sensitive to temperature in contrast to coarse ceramics.
The maximum variation for S50 in the range 40-170°C is
<30% of the room temperature value, because the permit-
tivity peak is remarkably broadened and rounded in compari-
son to coarse ceramics. The dielectric losses of the fine
grained ceramic$50—300 nm are rather smalk<5% in the
whole frequency range and comprised between 1% and 2%
in the range X 10°-~3x 10° Hz. These figures give an indi-
cation of the dielectric quality of the samples. It is worth
noting that the strong increagabout one order of magni-
tude of tan § and the deviation from the Curie-Weiss behav-
ior noticed at frequencies below 1 kHz in the as sintered
samples were completely removed by the postannealing
treatment. The losses of the S50 sample, selected as repre-

transformations was measured. The results are shown in Figentative, are reported in Fig. 4. Despite the significant
2. Likewise thec/a ratio, the GS has a remarkable effect on broadening of the permittivity peak, the position ofmaxi-

Q. For theT/C transformationQ of the samples with a GS mum can still be considered as an indication of the
of 50 nm(44 J/mo) is only 20% of the value measured for ferroelectric/paraelectric transition temperaturg, The Cu-

the 1200 nm ceramic, 220 J mé&l The value reported for rie temperature is progressively lowered with decreasing
single crystals is 210+20 J mél® The temperature corre- grain size, from 128.200 nn) to 88°Q50 nm), as shown in
sponding to the maximum of the DSC peak is graduallyFig. 3 (10* Hz). For a given grain siz€T¢ is almost unaf-
shifted to lower temperatures with decreasing grain sizefected by frequency, being the variations witdir2°C.

from 127° C for the 1200 nm sample to 105° C for the 50 nm

samplegFig. 3). The latent heat of th®/T transition could
be measured only for ceramics with @800 nm. The maxi-
mum of the differential thermal analysis peak lies at1/e is plotted against temperature. The Curie-Weiss tempera-
14-18°C. For the finer ceramics, the thermal effect, if anyture (¢) gradually decreases with decreasing grain size: from
is below the instrumental detection lint=5—10 J moi?).
The relative dielectric constant and the dielectric losse§10* Hz). The Curie constantC) is nearly the same,
(tan 6) of the nanocrystalline ceramics are reported in Fig. 4(1.5-1.6 x 10° K, for all samples with GS-100 nm. For
The behavior of a coarser ceramic is shown for comparisonhe 50 nm sampleC is lower: 1.3x10° K. 6 and C are

In the paraelectric regiorg of all fine grained ceramics
closely follows the Curie-Weiss lawg=C/(T-6), for
T>125°C, as proved by a series of parallel lines obtained if

96°C(1200 nm) to —-48°Q50 nm), as shown in Fig. 3

practically independent of frequency in the range B to

5000 | = [ 04 10° Hz. At lower frequencies a moderate increas€afip to
Y [ 1.7x 10°) and a decrease af (down to —=76°C for S5pis
o 40004 : observed.
£ 1 - 0.3
B 3000 1200 nm [
g ] [ IV. DISCUSSION
2]
o 2000 300 L 0.2§ i indivi ins i
2 [ -8 As the surface to volume ratio of the individual grains in
5 ] 105?1'm’/_\ i a ceramic increases with decreasing grain size, the observed
5 1000 1 _ [ variations of tetragonal strain, heat of transition, and Curie
=) 1 30nm 10,12 r 0.1 temperature can be ascribed to an intrinsic size effect. How-
01 10% Hz tan §, 50 nm —> ever, the internal stresses originated in the ceramic when
1 = ~== [ cooled through the Curie point might also play an effect. The
T ' T ' T ' 0 transition from the cubic to the tetragonal structure of barium
40 60 80 100 120 140 160 180 titanate is accompanied by a spontaneous strain and a small

Temperature (°C)

volume increase. In a perfect, single domain crystal, if the
surfaces are not constrained, the full strain can be developed
without stress generation. If the surfaces of the crystal are

FIG. 4. Relative dielectric constant) at 1¢* Hz and loss tan-
gent(tan 8) of BaTiO; ceramics as a function of temperature. Tan  constrained, like a grain in a dense ceramic, the change of
is reported for the 50 nm sample at three frequency valuek: 10dimensions and the internal stresses can be minimized by
104, and 16 Hz. twinning (formation of 90° domain patterpsHowever, in

024107-4



GRAIN-SIZE EFFECTS ON THE FERROELECTRIC PHYSICAL REVIEW B 70, 024107(2004)

fine grained(<500 nm BaTiO;, 90° twins are absent and decrease oPg with decreasing grain size observed by Frey
the grains essentially consist of single domains. Conseet all! and by other& can be ascribed to the reduction of
quently, the resulting stresses cannot be longer relieved bigtragonality. The heat of transition 8¢ is related toPg by
the twinning process. The stress distribution in an individuathe relationship
grain will in general be very complex, depending on the

e : : . . Q 1 , 1
orientation of the neighboring grains. In average, however, it —=-pP.+ —AP‘S‘, (3)
is expected that the stresses are of compressive type because Te 2 4

of the volume increase, thus tending to suppress the spontgmerea is the derivative(dy/ JT). Insertion of Eq(2) in Eq.
neous deformation and forcing the grains back toward th

) . -3 - 1(3) gives
cubic state. This effect can be assimilated to the applicatio )
of an hydrostatic pressure, as considered by Mitosatrall’ Q_B N A, @)
The magnitude of the internal stresses can be roughly evalu- Te - 2k77 4k27] :

ated using the elastic properties of Bafi®and assuming a ) ) o
volume change aT. of 0.062 A.6 The result is a stress of The lattice deformation of BaTiQ is temperature

the order of 0.06 GPa. Malinowskit all® have measured dependent. Therefore, the tetragonality of samples S500,
the lattice parameter of BaTias a function of hydrostatic S300, and S50 was measured also 10°C befgwThe re-
pressure at room temperature. They found a cubic lattice fopulting values were introduced in E¢) and the heat of
pressures higher than 2.1 GPa, in agreement with the dielefansition calculated using=7.5x 10° 3 mC? K™ and lit-
tric measurements of Sama&. erature valués for k (016 ”ﬁ/CZ) and A(l5
According to their results, for an applied pressure of* 10" J nPC™* K™). The results are shown in Fig. 2 as full
0.1 GPa, the decrease of the tetragonal strain is e of  circles. The agreement with experimental values is reason-
the spontaneous strain at ambient pressure. This is a sm&ble and supports the idea of a direct influence of GS on the
variation in comparison to the reduction of tetragonality ob-ferro/para transition. A size dependencefoan not be ex-
served for the present nanocrystalline ceramics. cluded; nevertheless the contribution of the second term on
Although the earlier considerations are rather approxithe right hand side of Eq4) is relatively small(10-259%.
mate, they reasonably indicate a minor role of the residual’he combination of a well know result of the LGD theb#y
stresses resulting from the tetragonal deformation on the beénd Eq.(2) leads, neaflc, to
havior of the fine grained ceramics. Thus, the existence of an
intrinsic size effect in nanocrystalline barium titanate ceram- Pi=- BY= 1],
ics is strongly supported. Extrapolation of the experimental 5 k

trends(Fig. 2) suggests a critical size in the range 10-30 nmMyhereB is a numeric constant of the order of unit. It results
for disappearance of ferroelectricity in dense Bag@®ram-  that the ratioy/ 8 is affected by GS and, nedg., it displays
ics, in agreement with theoretical studieklsing some re-  the same GS dependencepEquationg4) and(5), have a
sults of the LGD thermodynamic theory of ferroelectrics it isyery general meaning because they show the interplay
possible to show, at least qualitatively, how the variation ofamong tetragonal strain, ferroelectric to paraelectric transi-
tetragonality induced by the intrinsic grain size effect cantion, and spontaneous polarization. A change of grain size,
influence the ferroelectric properties in this system. Thejkewise a change of temperature or an external stress, pro-
Gibbs free energyG of the ferroelectric phase is usually duces a variation of the tetragonal strain and a modification
written as a power series of the polarizatiBras of the spontaneous polarization and, consequently, affects the
1 1 1 hase transition and the related ferroelectric properties.
G=Go+ 38(T = O)P?+ 4yP"+ 5P, ® ° The effect of GS orl¢ and on the dielectrig cgnstant is
wherep, y, ands are phenomenological coefficients apgs Ot easy to be correlated_ to the tetragonality .change. In con-
the Curie-Weiss temperature. The paramgtés directly re-  trast to Freyet al,** an evident lowering ofc with decreas-
lated to 1.C. On the basis of the present resufiss virtually ~ INg GS has been observed in the present samples, even from
independent of G®at least for GS>50 nm). Because of the the_ (_:alonmetrlc measurements. The stuqu of_ the Raman
electrostrictive coupling between lattice strain and polariza@Ctivity™® also supports the shift of the Curie point at lower
tion in BaTiO,, the deformation of the lattice along taeand ~ temperature¢95°C for S50 and shows, in addition, that all
¢ tetragonal directions is proportional to the square of thdh€ phase transitions becomes more diffuse with decreasing
spontaneous polarizatioP,82! Therefore, the tetragonal 9rain size. The shifting of the phase transition temperature as

distortion 5 can be written, with good approximatigerror ~ Well as the broadening, lowering, and rounding of the per-
<0.3%), as mittivity anomaly described for the present nanocrystalline

ceramics are characteristic features expected for intrinsic size
effects?* A decrease ofT¢ is reported by most papets;®
including also some recent studies carried out on fine grained
dense ceramics obtained from high-purity commercial hy-
wherek is the differenceQ;;—Q;, of the electrostrictive co- drothermal powder& A decrease off with particle size is
efficients. Irrespective of the caugeariation of temperature, predicted also by modified forms of the LGD theory where
external stress, grain size, 8f@ change in lattice deforma- surface and gradient effects are includeBrom the LGD

tion determines a variation of polarization. As a result, theapproach it turns out that the dielectric constandirection)

(5

C
n—a-l—kpﬁ, (2
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of the ferroelectric phase ned@, is directly relate&?* to the 1.8E+05 150

ratio 1/ 8. Therefore, an intrinsic effect of GS on the dielec- I

tric properties of BaTi@ ceramics is qualitatively expected 1 > 100

from Eq. (5). A more quantitative interpretation of the size 1.2E405 - I

dependence of dielectric properties in the ferroelectric re- c 05

gime is not an easy task as it would require an expression for -3 <

the effective permittivity of the ceramics. Such an expression U
. 6.0E+04 I

should account for the temperature and size dependence of

the coefficientsy and § and for the anisotropy of permittivity - -50

in BaTiO; (e11=e9,7 £33). However, the evaluation of and I

& separately cannot be carried out from the present data and ~ 0-0E+00 ' ' ' ' ' -100

requires direct measurement of other properties, like sponta- 0 200 400 600 800 1000 1200

neous polarization. The grain size distribution of the ceram- Grain size (nm)

ics can pontribute to the rounding anq broadening of the  pg 5 Apparent Curie constaf€’) and apparent Curie-Weiss
permlttlv!ty a}nomaly .because, _accordmg _to our resuns’temperature(e*) of BaTiO; ceramics as s function of grain size.
grains with different size have dlffe'r(.an.t Curle temperatures(D) Curie constant(O) Curie-Weiss temperature. Solid lines: com-
Consequently, the observed permittivity will correspond tOputed from Eqs(6) and(7) using the model of Emeliancet al. (in

the superposition of all the contributions and to the direCRef. 25. The involved parameters were taken to d%110°C, C
tional average of the dielectric response. Furthermore, the1 53x 10°K, £4=80, andd=2.5 nm.

presence of a continuous low-permittivity nonferroelectric

grain boundary laye(*dead” layey can contribute to the example is shown in Fig. 5. Although the model does not
depression of permittivity with decreasing grain size, as sugexactly reproduce all the observed features, it strongly sup-
gested in Ref. 11. According to the series dielectric mixingports an extrinsic effect of the grain boundaries on the di-

rule, even a dead layer ef1 nm can significantly reduce the electric properties. A good fit of the data reported by Frey
apparent permittivity when its relative dielectric constant iset al!! can be obtained by takingsq=100, and d

much smaller than that of the ferroelelectric phase and GS is0.7—0.8 nm. Therefore, the low permittivity grain bound-
<200-300 nnt! ary layer in the present samples is at least three times thicker
Although the calculation of the effective permittivity of a than in the ceramics investigated in Ref. 11. The volume
ferroelectric nanocrystalline ceramic is beyond the scope ofraction of the grain boundary layer in the 50 nm ceramic
this paper, some insight into existence of an apparent sizgorresponds to 20% —30% of the whole sample volume.
effect related to the grain boundaries can be gained from thgych a large volume cannot be accounted for by the presence
observed strong decrease dfvith decreasing G$see Fig.  of a secondary phase located at grain boundaries, because
3). Indeed, even if a shift of with decreasing GS is imposed this is incompatible with the level of impurities and the
by the conditionT¢> 6 (the T/C transition of BaTiQ is @  maximum deviation from stoichiometri#1 mol%) of the
first order transitiopy a drop of6 of ~150°C is hardly jus-  present samples. Rather, it should be admitted the existence
tified by the intrinsic size effect alone. Recently, an expresof 5 paraelectric or quasiparaelectric shell on the surface of
sion of the effective permittivity as a function of grain size the BaTiQ, grains near the grain boundary. This interpreta-
for a polycrystalline material composed of ferroelectric tion is reasonable and coherent with the grain size indepen-
grains separated by a continuous low-permittivity layer hagjent thickness of the dead layer assumed in Bsand (7).
been obtained in the paraelectric regime by Emelyanoyowever, the different value af found for the samples of
et al?® The solution is based on the effective medium ap-frey et alll indicates a possible stabilizing/destabilizing ef-
proximation and results in the renorma*lization of the Curie-fect of the grain boundary layer related to segregation of
Weiss law. The apparent Curie constantand the apparent specific impurities or defects. The existence of a layer with
Curie-Weiss temperaturé of the ceramic can be calculated reduced polarization at the surface of ferroelectric particles is
as a function of the grain sizgand of the thicknesd of the  predicted by theoretical model as a result of the depolariza-
grain boundary layer as tion field! It should be also noted that, for the finest ceram-
[g°+ 2(g - 20)°] ics, the grains with a size below the critical value corre-
O —— (6) sponding to suppression of ferroelectricity can contribute to

[2g°+ (g - 2d)%]’ the dead layer.
Recently, measurements of the local switching properties
. C [g®-(g-20)°] of dense BaTi@ nanocrystalline ceramics were performed
o =0- S_dm () by means of piezoresponse force microsctpyhe applica-

tion of electric fields induced stable domain structures and
whereC and ¢ are the Curie constant and the Curie-Weisstypical piezoelectric hysteresis loops were recorded. Changes
temperature of the ferroelectric region, respectively, &and  in the polarization state far away from the probed area and
the relative dielectric constant of the grain boundary layer. Irelated to transgranular dipole interaction, as reported for
is worth noting thaC" is independent ofy4. The experimen-  coarser ceramic®,were observed in many experiments. This
tal trends can be reasonably reproduced by settthg is an indirect evidence that the presence of a grain boundary
=110°C C=1.53x10° K,g4=70-120, andi=2—-3 nm. An  dead layer does not hamper the long-range interaction of
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domains separated by grain boundaries. As a result, thgressively less tetragonal and the heat of the tetragonal
boundary conditions of the grains in a nanocrystalline ce{ferroelectrig to cubic (paraelectrig transition is gradually
ramic are significantly different from those experienced byreduced. The Curie temperature, either obtained from permit-
isolated crystallites embedded in a low-permittivity matrix, tivity measurements or from calorimetric measurements, is
like the situation encountered in BaTj@lass ceramic¥. shifted to lower values. The effect of grain size on the ferro-
The nature and the properties of the interfaces in ceramicgjectric properties can be qualitatively described on the basis
are sometimes very different than expected. For example, igf the corresponding variation of the tetragonal strain in the
the case of ceramics of the incipient ferroelectric SE[iO framework of the Landau-Ginsburg-Devonshire theory. A
there are convincing evidences of the existence of frozeRpange of grain size, likewise a change of temperature or an
dipole moments at the grain boundarle%%/vh]ch induce a polgg,erna stress, produces a variation of the tetragonal strain
Frgizﬁﬂnlig;igi géﬁe'gt:);:krﬁg?gvséimpirtitdieés’l'%g'\fgsgrl:g\'sg th atnd a modification of the spontaneous polarization and, con-
Py equently, affects the phase transitions and the ferroelectric

there are two kinds of interfaces in SrE@ith different properties. The critical grain size corresponding to suppres
ies® ial” grai ies h Il defi ' L . )
properties” “Special” grain boundaries have a well defined on of ferroelectricity is estimated to be 10—30 nm. In ad-

structure, contain oxygen vacancies and show a substantiai. AN .
lattice relaxation near the interface. On the contrary, “ran- ition to the intrinsic size effect, some properties of nano-

dom” grain boundaries reveal the existence of an amorphou%rySta"i”e ferroelectrics can be also affected by the extrinsic
or disordered film with a thickness of the order of 1 nm.€ffect of grain boundaries. In particular, the permittivity of

With respect to the earlier considerations, the interpretatiof@Ti0s ceramics with grain size below 500 nm seems quite
of grain boundaries and interfaces simply as dead layers i§€nsitive to the presence of a low permittivity, nonferroelec-

maybe, too restrictive and probably needs to be reconsidereH{iC grain boundary layer. The strong decrease of the Curie-
Weiss temperature with decreasing grain size supports the

V. CONCLUSIONS presence of such a dead layer. As a result, the effective per-
mittivity will be determined by the combination of the intrin-
The results of a systematic investigation on crystal strucsic size effect and of the “dilution” effect due to the nonfer-
ture, phase transitions, and permittivity of dense Balé®  roelectric grain boundaries. As a general conclusion, the
ramics with grain size in the range 50-1200 nm give evi-measurement of the dielectric properties alone can not pro-
dence of the existence of size effects. With decreasing graimide a conclusive evidence about the origin of the size effects
size, the crystal structure at room temperature becomes pro? ceramics.
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