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The effects of particle size on the structure and Raman spectra of lead lanthanum titanate
nanocrystalline particles are investigated. Samples with different particle sizes were prepared by the
sol—gel process using different calcination temperatures. The sizes of the crystallites of particles
were determined by x-ray diffraction with the aid of Scherrer’s equation. Raman vibration modes of
samples with various particle sizes were also studied by Raman scattering at room temperature. The
results show that the tetragonal distortion of the unit cell apparently decreases with decreasing
particle size: the soff\;(1TO) phonon mode which is related to the spontaneous polarization of
ferroelectric materials shifts toward lower frequency, and other peaks exhibit broadening and
intensity changes with decreasing particle size. These are attributed to a phase transformation from
the ferroelectric tetragonal to the paraelectric cubic phase. The above phenomena are related to a
grain size-induced structural phase transition. 2@01 American Institute of Physics.
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I. INTRODUCTION fluoride/trifluoroethylene copolymdiP(VDF-TrFE)] matrix

éo form 0—3 nanocomposités.

" In this study, a nanocrystalline system PLT was prepared

he sol—gel process. The average crystallite size was cal-

rr(I:_ulated from x-ray diffractioriXRD) data using the Scherrer
uation, the particle size and morphology were observed in

A transmission electron microscoEEM), and the tetrago-

Due to the advance in nanoparticle synthesis technique
some researchers have come to realize that nanomateri%ls
possess many new characteristics with different sizeand
there has been great interest in the application of nanoco
posites to electronic devices as ultrasonic transducers a

pyroelectric infrared sensors. These applications include bot | distorti 4R h d . tigated
fabrication of the fine ferroelectric particles of nanometer"&' dIStortion and kaman phonon modes were investigated.

size and understanding nanoparticle properties. Therefor(::l-,he meChamSm_ of a grain size-induced structural phase
the study of size effects on the structural phase transition Ot(ansformatlon will be discussed.

ferroelectric nanocrystalline particles has recently become

very important because of their potential applications. Il. EXPERIMENTAL PROCEDURES

The effects of particle size on the physical properties of Nanocrystalline (Phod.ap19TiOs powders, denoted
ferroelectric materials have been investigated theoretﬂ:allprTlO, were prepared by the sol—gel process from a sto-
and experimentally:® F_reyet_al.5 and McCaulejet al® stud-  jchiometric mixture of leadl) acetate, lanthanurfur) ni-
ied the effect of particle size on the crystal S}rUCt”r? andrite, and tetrabuty(iv) titanate as the raw materidfSFirst,
dielectric properties of BaTi§) and Ishikaweet al.” investi- o5 acetate trihydrate was dissolved in 2-methoxyethanol
gated the effect of particle size on the Curie temperature "EC3H802) in a reaction flask at 80 °C, and then the solution
PbTO; (PT). However, the origin of the size effect and struc- a5 heated to 118°C to remove residual water. When the
tural phase transition in ferroelectric materials has not beeﬂemperature of the vapor reaching the top of the reflux con-
clarified, and there have been few reports on the size effeCl§anser rose from 100 to 124 °C. residual water had been
for the structure and ferroelectric properties of lead 'a”tha'completely removed. After cooling to 80 °C, a stoichiometric
num titanate (Pp.,La,)TiOs (x=10mol %). This material  5maunt of tetrabuty! titanate was added to the lead acetate
was reported to have very good pyroelectric propefties,sojyiion and the solution was refluxed at 124 °C for 3 h.
hence it was incorporated into a pyroelectric vinylideneagier cooling the Pb—Ti complex alkoxide solution to room
temperature, a stoichiometric amount of lanthanum nitrate
dElectronic mail: 00z1@psu.edu dissolved in GHgO, was added and the solution was
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stirred at room temperature for 2 h, thereby forming a Pb—
La—Ti complex alkoxide solution. By controlling the hy- s
drolysis condition of the solution and adjusting i value =
of the solution was about 11 during the polymerization and
precipitation of metal alkoxide, the gel was then dried at a
designated temperature and time. This dry gel was subjected
to differential thermal analysi€DTA) and thermogravimet-

ric analysis(TGA), and the formation temperature for PLT10
was thereby found to be about 500 °C. PLT nanocrystalline
powder with various crystallite sizes was obtained by calcin-
ing the gel powder at different temperatures between 400 and
900 °C.

Structure and phase transformation analyses were inves- ﬂ

850°C

S

tigated by XRD using a Philips Yert diffractometer with
CuKa radiation in the range of 20°—6@8can speed of 0.2°
min~1). The average crystallite size was calculated from the
full width at half maximum(FWHM) of the diffraction lines
using Scherrer’s relation which assumes the small crystallite

size causes line broadenifhy,
H ’ 700°C

d=(K\)/(Bcos#), (1)

whered is the crystallite diameten the x-ray wavelengthg

the diffraction angleB the FWHM of the diffraction peak, 600°C
and K the Scherrer constant which is 0.89 for a Gaussian \ )

distribution. By comparing with the widths of the diffraction

peaks of a standard materi{&@i), the width due to the instru-

ment can be evaluated, and the true width of the finite crys-

tallite size can be obtained. The morphology of the particles J 500°C
was observed by a JEOL-100cTEM. The powder was dis-

persed in ethanol using an ultrasonic bath, and the solution

|

0
was dropped onto a carbon film evaporated on a microgrid W_,,.»"’"“‘\\_ 400°C
supported by a copper mesh. The average particle size was
calculated by computer simulation. 0 30 4  s0 & 70
The Raman vibrational modes of powders with different 2

grain sizes were measured by a SPEX-1403 double spec-

trometer at room temperature. An Ar-ion laser with wave-FIG. 1. XRD patterns of PLT gel powder annealed at various temperatures
length of 514.5 nm in a backscattering configuration wad® "

used as an exciting light. The spectrum was scanned from

100 to 1000 cm™.

80 — T T T T T

IIl. RESULTS AND DISCUSSIONS 70

The crystallization process of the PLT gel powder was
monitored by XRD at various annealing temperatures, shown
in Fig. 1. The samples annealed below 450 °C exhibit the
typical amorphous pattern, showing broad peaks around 30°;
when the annealing temperature reaches 500 °C, crystalline
diffraction peaks appear. This indicates that the sample has
been transformed into a crystalline phase. TB62 and
(200 peaks of the PLT powder appear clearly split while the I
annealing temperature reaches 850 °C. The average crystal- 20k O
lite size of the powder was calculated using EQ. Figure 2 I
shows the variation of the grain size with annealing tempera- ob— . .
ture. In general, the growth mechanism of grains under dif- 40 S0 e 70 &0 0 100
ferent annealing temperatures has mainly two stages, the first
stage includes the removal of internal stress and the interface
structure relaxation at lower temperature; the second iS FIG. 2. Variation of the grain size with the annealing temperature.
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FIG. 3. Relation of the grain size on a log scale with the inverse of the
calcined temperature.

mainly the growth of grains at high temperature. The energy
for the interface structure relaxation is usually smaller than
that for the growth of the grains, so the grains grow slowly at
low annealing temperature. On the other hand, the grains
grow rapidly at high annealing temperature. The growth of
grains is also described by the following equatidn:

d=doexp(—E,/kgT), 2 30 40 50 60 70 80

whered is grain sized, a constantE, the activation energy, (b) Particle size (nm)

andkg the Boltzmann constant. The activation energy can be

calculated from Eq(2) using the data in Fig. 2. Figure 3 FIG. 4. (a) TEM micrograph of PLT annealed at 850 °C for 1(h) Distri-

. . . . bution of the diameter of PLT particles.
shows the grain size on a log scale with the inverse of the
calcined temperature. The growth process of grains can evi-
?heeni);:me|gI\Q:r?db:amgb?;v'(r)]:(;agesi:n-gg? iCt:\éng;negﬁggynogdly when the particle size is below about 57 nm, shown
curves(lg)and(Z) of Ei 3' Resu)Iltslshow thgﬁ isl 0 ,46 e\\/N i Fig. 6. In the case of random grain orientation, the diffrac-
9. o al ' tion intensity of XRD from both(200 and (020 crystal

when the annealing temperature of the sample is below : . . )
750°C andE,, is 2.35 eV when the temperature is over Planes is about twice the intensity from elongai@b?)

750°C, respectively. planes. When lattice constants neara, the (002 and(200)

Figure 4a) shows a TEM micrograph of the sample an-
nealed at 850 °C. The magnification is 80 k, and the nano- i : . . .
crystalline PLT particles are nearly spherical. Figure)4 04044 i
shows the distribution of the particle size obtained from Fig.
4(a) by computer simulation. The average particle size is
about 54 nm. Hence, the particle size determined by TEM is
in fairly good agreement with the crystallite size determined
by XRD if the annealing temperature is not very high and the
soft agglomeration of particles is dispersed. On the other
hand, the particle size measured by TEM is larger than the
crystallite size measured by XRD if agglomeration exists or
if multidomain grains have formed. 0.396

The lattice constants of PLT10 particles were calculated \ a
using a peak profile analysis from the XRD data in Fig. 1. 0.394 \\o\, .
Figure 5 shows the variation of the lattice constamtndc - - - . .
with grain size at room temperature. It is seen that the lattice 2 80 40 50 60
constantc decreases and increases with decreasing grain

size, and tha‘? is nearly equal t@ Wher! the grain size is 20 g, 5, particle size dependence of lattice constamsdc of PLT at room
nm. Meanwhile, the tetragonal distortiatha decreases rap- temperature.
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FIG. 6. Relation of tetragonal distortiazia with the particle size of PLT.
(b)
diffraction peaks appear to overlap. On the other hand, when
ais smaller evidently than in which the grain size is larger, (a)
shown in Fig. 5, th¢200) and(002) diffraction peaks appear ' - .
to split, and this is confirmed by XRD. From Fig. 6, the 200 400 600 8;10 1(;00
tetragonality factofc/a ratio) was 1.02 when the crystalline
size was about 60 nm; this value is smaller than that of bulk Raman Shift (cm'1)

tetragonal PbTi@ (1.063. It was shown that the crystallite

structure of PLT10 powder was strongly influenced by dop_FIG. 7. Raman spectra of PLT with different grain sizes at room tempera-
ing with La, and the tetragonality factorc/a) decreased ture: (3) 21.6, (b) 25.4,(c) 28.2, and(d) 57.6 nm.

with decreasing grain size. The lattice constaig equal to

a when the grain size is below 20 nm of PLT powder. The _, o . ,
results suggest that the transformation from tetragonal pha§én . at a grain size of 57 nm is in good agreemept W'th our
to cubic phase will occur at room temperature when the gra"ﬁ)rewous result of tetragonal F¥ However, the main differ-

size is smaller than 20 nm. Similar results in a PCLT systerﬁences "? theA_l(lTO) phonqn moqle petwe_en_PT "”?d .PLT
were also observed in previous work. are the intensity changes with grain sizes; its intensity in PT

Raman spectroscopy is one of the powerful tools avail-is larger than in PLT with similar g_rain size. This is because
able to experimental condensed matter phy¥ds.is well ~ N€A1(1TO) phonon mode &=0 in the tetragonal perov-
known that spontaneous polarizatioRgf and spontaneous skite system cor.respon_ds to wbrgtlons of th(_a Ieaq lon with
strain are related to the ferroelectric crystah ratio in the respect to the slightly distorted Ti@ctahedra in which the
perovskite system. According to mean-field as well as to
self-consistent phonon model calculatidAst’ The fre-
guency of theA;(1TO) mode is thought to be proportional to
an order parameter which is the spontaneous polariz&tion
for a ferroelectric® Fontanaet al*® assigned the\;(1TO) 155 | A,(1TO) mode -
phonon mode as a result of polarization characteristics. The
softening of this mode ofA;(1TO) phonon is believed to be
indicative of the displacive nature of the phase transition.
However, almost nobody has given any explanation of the
nanocrystalline size induced structure phase transformation
of the A;(1TO) soft mode. Thus, it is very important to
explore the relationship between the grain size and structure
phase transformation by Raman scattering.

Figure 7 shows the Raman spectra of PLT samples with
various grain sizes at room temperature. It is obvious that 135 4
particle size has a significant effect on the Raman vibrational S
modes. The soft mod&;(1TO) shifts downwards in low
frequency as the grain size decreases, shown in Fig. 8. The

inte_nSit_y O_f theA;(1TO) phonon mode weakens when the fig. g peak frequency of thee;(1TO) phonon mode as a function of grain
grain size is smaller, and the peak wave number of about 15§ze.
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displacement polarization is determined by the tetragonal As we know, there is not yet a completely quantitative
distortion (c/a).?* In PT,c/a of 1.063 is one of the largestin theory to calculate the grain size effect in nanocrystalline
ferroelectric materials, howevet/a of PLT decrease¢see ferroelectric particles. However, we may quantitatively un-
Fig. 6) after Pb2 is replaced by L&® in La-doped PT, and derstand the mechanism of nanocrystalline particles using
its structure will be transformed from tetragonal phase tgprevious experimental data and theory. Ishikaatal.” ob-
cubic phase with increasing La contéAfThus, theA;(1TO) served that the Ramdi(1TO) soft mode of PT shifts toward
mode of PLT is very sensitive to the addition of La and graina low frequency region and that the Curie temperatdig (
size. Franttiet al?! suggested the soft-mode character of thedecreases from its bulk value as the size decreases. The re-
A1(1TO) line of Nd-doped PZT thin films as an explanation lation of the temperatur&, with critical size is described by
for the disappearance of the mode at about 135cat  an empirical expression from experimental data. Zhong
higher temperature, and confirmed the mode relative to thet al?’ observed that the phase transition temperature of PT
addition of Nd to replace Pb in Nd-doped PT. Fosterl?®>  decreases and diffused as the particle size decreases using a
found that the line shape of th#g (1 TO) peak broadens with specific-heat method, and also gave an empirical formula
increasing temperature to a superposition of many subpeaketween T, and the grain size. Chattopadhyast al?®
as a consequence of the anharmonic nature of the lattichowed that thd . of PT decreases gradually and the tran-
in PT. sition becomes increasingly diffused with decreasing size by
Figure 7 also shows that there is an evident change in thdielectric measurements. These results indicate that small
relative intensity ofA;(3TO) and E(4LO) phonon modes size will induce a phase transition. In the perovskite ferro-
with particle size. The intensity o&;(3TO) is smaller than electrics, phase transformations are usually from ferroelectric
that of theE(4LO) phonon mode when the grain size is abouttetragonal phase to paraelectric cubic phase when the grain
20 nm. It indicates that thé;(3TO) phonon mode is also size is very small, as shown by our results above. It will
sensitive to the grain size of the sample. Meanwhile, thecause theT; to shift toward low temperature. Therefore, we
peaks evidently broaden with decreasing size. Riehel?*  suggest that the size effect on the nanocrystalline particle
also observed Raman peak broadening in a small grain siz&ill directly induce its structural distortion and phase trans-
silicon film prepared by the plasma transport method. Theyormation.
chose a Gaussian attenuation factor expr@/L?) near at the In general, ferroelectricity is intrinsically a long-range
boundary of the spherical microcrystal with a diameter cooperative process. The existence of a ferroelectric soft de-
The calculation result indicated that the existence of thepends on the balance of the short-range force and the long-
broader mode in smaller crystalline particles is caused byange Coulomb forc&’ in which the short-range force will
finite size effects. Liuet al?® suggested that the Gaussian cause the unable of soft mode. The long-range force depends
phonon confinement function with an amplitude of expon the fieldEg due to the dipole summation and the depolar-
(—47) at the boundary of a spherical crystallite yields con-ization field E4. In the simple casek, andE4 can be ex-
sistent results for nanocrystallite Zs@articles. The low fre- pressed, respectively, & =4mP/3, whereP is the polar-
qguency shifts and broadening with a decrease in grain sizeation andey= — yP, wherey is a constant. For an infinite
are caused by the size-dependent relaxation ofjth@ se-  crystal,E, is near 0, and is much larger than that of the
lection rule due to the phonon confinement in a grain. short-range force, so the ferroelectric phase is stable. How-
It is almost impossible to measure ferroelectric proper-ever, for nanocrystalline particle§g is greatly weakened
ties of nanocrystalline powder directly. However, we maybecause the numbers of dipoles decreaSgss not equal to
observe directly the second harmonic generat®dG) sig- 0, and the short-range force is greatly strengthened because
nal of PLT samples with different sizes. A Nd:YA®  of the increase in surface atoms. B&jand the short-range
switched pulse laser with a wavelength of 1,0, a pulse force directly destroy the ordering of the dipoles, so ferro-
duration of 10.8 ns, and a single pulse energy of 100 mJ waslectricity disappears even at low temperature because of the
used. It was observed that the SHG signal intensity evidentlgize effect induced structural phase transition.
decreases with decreasing grain size. The green light begins
to disappear when the grain size is about 2@ in PLT
powder. According to the literatufthe SHG signal can be IV. CONCLUSIONS

expressed as We have studied the structural change and Raman scat-

ting of nanocrystalline PLT particles with different grain
I =NdF%, (3)  sizes. The results show the tetragonal distortion apparently

decreases with decreasing size. The activation energy of
where N is the concentration of ferroelectric crystalliteas, grain growth is obtained for two different growth stages. The
the grain size, and®s spontaneous polarization. Since the XRD results show that the transformation from tetragonal
intensity depends on the squareRf, a weak SHG signal phase to cubic phase will occur at room temperature when
indicates thatP is very small. This phenomenon was ob- the grain size is smaller than 20 nm. TAg(1TO) phonon
served by SHG and is in good agreement with above resultsnode, which is related to the spontaneous polarization, shifts
So we chose the PLT powder with grain size of about 57 nntoward lower frequency with decreasing grain size. An evi-
which has good ferroelectric properties to fabricate a 0—3lent change in the relative intensity of t#el(3TO) and
nanocomposite pyroelectric sensor to elicit good propertie&(4LO) phonon modes with particle size is also observed.
in our previous experimerit. Finally, the mechanism of the grain size induced structural
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