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High-resolution transmission electron microscopy studies of hydrothermally derived
platelike lead titanate nanoparticles reveal that below a critical size of approximately
70 nm, the single ferroelectric domain polarization axis reorients from perpendicular to
parallel to the plate. We suggest that during particle growth, ions in the hydrothermal
processing medium compensate for the ferroelectric depolarization energy. When the
processing medium is removed by washing and drying, single domain nanoparticles
minimize their depolarization energy by c-axis flipping.

The effects of particle size on ferroelectricity in
perovskites have been known since the 1950s.'* Due to
the application of ferroelectric perovskites in nonvolatile
memory,”” the size effects in ferroelectric materials have
been extensively studied experimentally’'* and theoreti-
cally.'*™'” Research has focused on size effects on the
Curie temperature, spontaneous polarization, dielectric
response, and phase stability. As the grain size decreases,
the Curie temperature and the spontaneous polarization
typically decrease.>’-*-1%-17

In recent years, new synthesis technologies have made
it possible to study size effects in isolated nanocrystalline
particles. For example, as the particle size in ZrO, de-
creases to the nanometer range, the high-temperature te-
tragonal phase becomes stable at room temperature.>®
Similar phenomena have been reported for ferroelectric
perovskites. Bulk BaTiO; has a Curie temperature of
about 130 °C. However, the paraelectric phase is stable at
room temperature for particles less than a critical size
ranging from 30 to 115 nm, depending on the study.”-*"!
The critical size of PbTiO; ranges from 7 to 13.8 nm in
experimental studies”®'®?! and 4.2 nm according to a
theoretical model.'” In nonferroelectric systems, size-
driven phase transitions may be attributed to the large
surface energy contribution to the total free energy. De-
termining the origin of phase stabilization in ferroelectric
materials is complicated by spontaneous polarization, the
presence of ferroelectric domains, and piezoelectricity.
The mechanisms proposed for the size effects in ferro-
electric materials, summarized by Frey and Payne,'" fall
into four categories: depolarization effects, correlation
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length of ferroelectric interaction, influence of point de-
fects, and elastic constraints. Also, the surface layers of
ferroelectric particles may behave differently from the
ferroelectric core.'” Recent work suggests that depolar-
ization effects may dominate phase stabilization,?* > as
indicated by the observation that individual nanoscale
BaTiO; particles were observed in the cubic paraelectric
phase, while clusters of the same particles were tetrago-
nal and ferroelectric.”® Also, coating the same nanopar-
ticles with Cu stabilized the tetragonal phase.>* Both
clustering and coating with a conductive material com-
pensate for the depolarization energy and stabilize the
bulk phase.

The majority of research on size effects in ultrafine
ferroelectric perovskites has been conducted using nano-
particles prepared by processes requiring a high-
temperature calcination step to form crystalline par-
ticles.®'%"'2 These-high temperature processes have at
least four effects. First, the particles will go through the
Curie temperature, which might introduce some undesir-
able residual strain due to the phase transition. Second,
the high temperature will also increase the electrical con-
ductivity of the particles and reduce the depolarization
effect by compensating the polarization charges through
carrier conduction. Third, the particles will typically
have a spherical or spherelike polyhedral morphology,
eliminating any effects of anisotropy on the depolariza-
tion geometry factor. Fourth, particularly for PbTiO5, the
high-temperature process tends to introduce lead defi-
ciency in the particles, thus altering their properties.

In the present work, PbTiO; nanoparticles were syn-
thesized by a hydrothermal process through which high
crystallinity and high phase purity can be achieved at
temperatures much lower than the Curie temperature of
493 °C. The hydrothermally derived particles used in this

© 2005 Materials Research Society



Rapid Communications

study are typically faceted, enabling study of depolariza-
tion geometry effects that appear in the form of a novel
phase transformation.

Nanocrystalline TiO, (P25, Degussa, Dublin, OH) was
mixed with lead acetate trihydrate [Pb(CH;COO),- 3H,0,
Aldrich, 99+% purity] at a 1:1 molar ratio, then sus-
pended in 1.0 M aqueous potassium hydroxide (KOH,
Mallinkcrodt, 88%, Phillipsburg, NJ) in a Teflon lined
autoclave (Model No. 4748, Parr Instrument Co., Moline,
IL). The autoclave was then sealed and placed into a
preheated force-air oven at 200 °C for reaction under
autogenous conditions for 6 h. The suspension was
vacuum-filtered and washed repeatedly with CO,-free
de-ionized water. The collected powders were dried
overnight at 90 °C. The phases of the collected powders
were identified by x-ray diffraction (XRD; Siemens
D500 diffractometer, New York, NY) using Cu K ra-
diation. To characterize the morphology of the nano-
particles, 2-3 mg dried powder samples were dispersed
ultrasonically in methanol for 5 min and then collected
on carbon films supported on 200 mesh copper grids for
investigation by transmission electron microscopy
(TEM; JEOL 2000/FX/EX, Peabody, MA).

X-ray diffraction (XRD) showed that after hydrother-
mal processing, the powder consisted of PbTiO5 and un-
reacted anatase or rutile TiO,. TiO, and PbTiO; were
easily distinguished by TEM because the TiO, particles
were spherical and had a diameter of approximately
25 nm, while the PbTiO; particles were typically faceted
rectangular plates with sizes ranging from 20 to 200 nm.
Size is defined as the average of the sides of the rect-
angle. Estimates of the aspect ratio of the PbTiO; par-
ticles, made by tilting, ranged from 3:3:1 to 5:5:1, and
selected-area electron diffraction (SAED) indicated that
the particles typically had {100} facets. Considering the
isotropic growth environment and the tetragonal symmetry
of the PbTiO; lattice, it is reasonable to conclude that the ¢
axis is perpendicular to the plate while the a axis lies within
the plate. If we assume that the particle shape represents a
local energy minimum during growth, the surface energy
ratio of 100):Y010y:Yoo1, ranges from 3:3:1 to 5:5:1.

For particles greater than 70 nm in size, SAED showed
that the ¢ axis was perpendicular to the plate, in agree-
ment with the symmetry argument presented above
[Fig. 1(a)]. However, for particles smaller than 70 nm,
high-resolution transmission electron microscopy
(HRTEM) showed that the ¢ axis often lay in the plane of
the plate [Fig. 1(b)]. HRTEM was used to measure the axial
ratio of the two perpendicular interatomic spacings for
approximately 50 PbTiO; nanoparticles ranging from
20 nm to 200 nm in size. The axial ratio of each HRTEM
lattice was obtained by computing a Fourier transform of
the lattice image, then measuring the distance between
the relevant intensity maxima (Fig. 1, insets). The results
are summarized as a plot of particle size versus axial ratio

(b)
FIG. 1. HRTEM images of PbTiO;: (a) particle with the ¢ axis per-
pendicular to the plate and (b) particle with the ¢ axis parallel to the
plate.

(Fig. 2). While the particles with axial ratio close to 1.0
had sizes widely spread over the range of 20 to 200 nm,
the particles with axial ratio close to 1.07 (i.e., the c/a
ratio of bulk PbTiO;) displayed a much narrower size
distribution, with no particles exceeding 70 nm. The ob-
servation indicates that there exists a critical size, be-
tween 50 and 70 nm, above which the ¢ axis of the

J. Mater. Res., Vol. 20, No. 3, Mar 2005 559



Rapid Communications

300
After Drying

After Drying &
250 +- - Large Smal -

—
S
=
o 200 7= ===T37 37" Durnggrowth "~~~ T~~~ ~~~
N
150 +————t - ——————————————— ————— ——

(7] ¥ .
Q «° .
O 100 —m T e
E 50 i * i
o * 03“ Re & ¢

0 T T

0.98 1 1.02 1.04 1.06 1.08 1.1

Axial Ratio

FIG. 2. Particle size versus axial ratio. The majority of particles with
size less than 50 nm have an axial ratio close to 1.07. The majority of
particles with size greater than 50 nm have their ¢ axis perpendicular
to the plate.

particles lies within the plane of the plate. The ferroelec-
tric phase is stable below the critical size but adopts a
morphology in which the crystal symmetry and the par-
ticle symmetry are different.

The observed morphologies could result from thermo-
dynamic (equilibrium) effects or from kinetic processes
that occur at higher rates than the relaxation processes
that would return the system to equilibrium. A kinetic
process resulting in the growth of rectangular-shaped
plates with the ¢ axis in the plane of the plate implies that
the growth rate in the (100) and (010) are different by a
factor of 3-5 times. This is unlikely considering that the
hydrothermal growth medium is isotropic, and the (010)
and (100) directions for PbTiO; are identical both physi-
cally and chemically. Also, particles above the critical
size were never observed with the ¢ axis lying within the
plate. Large and small particles with in-plane ¢ axes
should have the same probability of formation if the se-
lection mechanism is related to the mode of growth.

Since the processing temperature of 200 °C is below
the PbTiO; Curie temperature of 493 °C, the PbTiO;
particles grow in the ferroelectric phase. Normally, the
domain size in ferroelectrics is determined by the mini-
mization of depolarization energy (favoring the forma-
tion of many small domains) and domain wall energy
(favoring the formation of a single domain). In a con-
ductive environment, or for a conductive ferroelectric
crystal, the depolarization energy can be fully compen-
sated by free charge flow.?® Consequently, the ferroelec-
tric interaction will dominate over the depolarization en-
ergy favoring a single domain structure. The 1.0 M KOH
solution in which the PbTiO; nanoparticles grow is rich
in ions that may compensate the depolarization energy,
thereby resulting in single-domain nanoparticles. Under
hydrothermal processing conditions the polarization di-
rection, or ¢ axis, will be perpendicular to the plate dur-
ing particle growth regardless of size (see illustrations in
Fig. 2). When the particles are washed with de-ionized

water and dried, the compensating ions are desorbed
from the nanoparticle surface, allowing the buildup of
depolarization energy. In larger particles, alternating
multiple domain structures can form to minimize the to-
tal free energy, and the ¢ axis will still be perpendicular
to the plate. However, in smaller particles only a single
domain can exist. The BaTiO; particles were found
to be monodomain for particle sizes smaller than 100-
400 nm.%° The corresponding size for sol-gel processed
PbTiO, is 20 nm."'? For the anisometric PbTiO; particles
in our study, the depolarization energy will dominate the
ferroelectric interaction and may destabilize the ferro-
electric phase if the ¢ axis is perpendicular to the plane of
the plate. However, because of the greater separation of
the positive and negative charged particle surfaces, and
their smaller area, the polarization energy with the ¢ axis
parallel to the plate is much lower than the polarization
energy with the ¢ axis perpendicular to the plate. There-
fore, the total free energy can be minimized by flipping
the domain axis into the plane of the plate and maintain-
ing the ferroelectric phase. Our observations suggest that
particles smaller than ~70 nm undergo a flipping of the
¢ axis from lying perpendicular to the plate to lying par-
allel within the plate.

The platelike morphology of the particles indicates
that the (100) and the (001) surface energies are very
different. Therefore, changes in surface energy must be
overcome for domain flipping to occur. Assuming that
the (100) and the (001) have a surface energy of 1 and
0.25 J/m?, respectively, for particles of size 40 x 40
x 10 nm, the total surface energy will be 2.4 x 107'% J
when the ¢ axis is perpendicular to the plate surface.
After the c¢ axis flips, the surface energy will be 4.2 x
107" J. Therefore, the surface energy change will be on
the order of 2.0 x 107'° J.

Using the parallel plate capacitor approximation, the
energy associated with the ferroelectric surface charge
can be expressed as

10° 1(P/ey)* X A le »
T 2C 2 Allegd)  2¢ ’

where Q is the charge, P is the polarization, A is the plate
area, V is the volume, €, is the relative dielectric constant,
and €, is the permittivity of a vacuum. However, when
the polarization direction lies within the plate, edge ef-
fects cannot be excluded and the approximation is no
longer valid. For a single ferroelectric domain, the depo-
larization energy is>°

E:lfﬁﬁpzdv :
2J ¢

where L is a geometry factor ranging from O for a long
rod to 1 for a thin disk. The depolarization energy for-
mulation includes the edge effects in the geometry factor
L. Generally, the polarization P is not the spontaneous
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polarization P, due to the existence of the depolarization
field. For a thin slab with a linear dielectric response,
P = PJe.. However, since the response of ferroelectric
PbTiO; is nonlinear, the determination of P requires a
self-consistent calculation because the depolarization
field E, and the polarization P are mutually dependent.
Also, the dielectric constant €. is known to be size-
dependent, and drops quickly when the particle size is
less than about 40 nm. The reported €, ranged from 40 to
120 for nanocrystalline PbTiO; specimens.'®*’ If r is
considered to be anisotropic, with €., an order of mag-
nitude larger than ersc,6’26 the reported value of €, corre-
sponded to a bulk polycrystalline specimen, which can
significantly overestimate €_.. Assuming €, . = 40 and
P, > 50 wC/cm??® P is approximately 1.5 wC/cm?. To
simplify the calculation, L is approximated using an el-
lipsoid with the same aspect ratio. According to
Osborn,?® for an aspect ratio of 1:4, L ~ 0.7, while for
4:1, L ~ 0.15. Thus the energy difference due to the
geometry factor will be L? or 0.40. For a 40 x 40 x 10 nm
particle, the polarization energy change is —4.0 x 107'% J,
which is about 2 times higher than the surface energy
change. The depolarization energy may be significantly
underestimated due to simplifying assumptions. There
are several theoretical calculations of polarization in
nano-ferroelectric particles based on the Landau-
Ginsburg—-Devonshire approach showing that the polari-
zation will be 1/2 to 1/5 of the P_."” If this is taken into
account, the polarization energy can be 2 orders of mag-
nitude higher. Domain flipping is therefore energetically
favorable.

The critical size for domain flipping is about 70 nm.
Considering that the particles have an aspect ratio of
3:3:1 to 5:5:1, the particles of critical size will have a
thickness of 14-24 nm. This number agrees well with
literature reporting a 7-13.8 nm critical size for a size-
driven ferroelectric-paraelectric phase transition in
spherical PbTiO; nanoparticles.>®'>*! The geometry
factor for a sphere is 0.333, which is between the two
geometry factors of the platelike particle (0.7 and 0.15 in
the above calculation, respectively). Thus, the critical
size in the thickness direction for a platelike shape will be
larger than that of a spherical shape, and the critical size
parallel to the plate will be much smaller. Therefore, the
ferroelectric phase will be stable in the direction parallel
to the plate even when it is not stable in the perpendicular
direction.

Our TEM observations show that hydrothermally de-
rived PbTiO5 nanoparticles have a rectangular platelike
morphology. The HRTEM studies indicate that there is a
new type of size effect for such ferroelectric particles.
Below a critical size of about 70 nm, the single ferro-
electric domains of the particles will flip into the plane of
the plate. We attribute this to the strong depolarization
effect.
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