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Nanoscale BaTiO; particles (10 nm) prepared by ball-milling a mixture of oleic acid and heptane have
been reported to have an electric polarization several times larger than that for bulk BaTiO;. In this work,
detailed local, intermediate, and long-range structural studies are combined with spectroscopic measurements to
develop a model structure of these materials. The x-ray spectroscopic measurements reveal large Ti off-centering
as the key factor producing the large spontaneous polarization in the nanoparticles. Temperature-dependent
lattice parameter changes manifest sharpening of the structural phase transitions in these BaTiO; nanoparticles
compared to the pure nanoparticle systems. Sharp crystalline-type peaks in the barium oleate Raman spectra
suggest that this component in the composite core-shell matrix, a product of mechanochemical synthesis,
stabilizes an enhanced polar structural phase of the BaTiO3 core nanoparticles.
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I. INTRODUCTION

Perovskite barium titanate BaTiOs is a classical ferroelec-
tric perovskite material known since the 1940s, and has a
well-defined structure-property relationship. It undergoes sev-
eral phase transitions upon cooling from high temperature,
including a high-symmetry paraelectric cubic to tetragonal
ferroelectric phase at 393 K, a transition to an orthorhombic
ferroelectric phase at 278 K, and a transition to a rhombohe-
dral ferroelectric phase at 183 K. The key mechanisms of such
structural transformations are based on cation displacements
and oxygen octahedra rotations around different axes of the
high-symmetry parent cubic phase. In the bulk system, the off-
centering of Ti and O ions from the high symmetry positions
in the cubic phase drives the ferroelectric state.

With reduced size, perovskite nanoparticles often possess
unique electronic, optical, and magnetic properties compared
to their bulk form [1-3]. Nanoparticles have very promis-
ing potential usage in many areas, including data storage,
biorelated imaging, and targeted drug delivery [4]. Clas-
sical theoretical models predict that as the particle size
is reduced, the transition temperature and ferroelectric po-
larization should be reduced monotonically [5-11], as has
been demonstrated experimentally [11]. BaTiO3; has also
been reported to have a linearly ordered and monodomain
polarization state at nanometer dimensions, as well as room-
temperature spontaneous polarization down to particles of size
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~10 nm [2] in cube-shaped particles. However, the piezoelec-
tric coefficient (d33) in these particles is found to be & 2% of
the bulk value.

It was later proposed and experimentally demonstrated
that ball-milling of micron-sized BaTiO3; powder in oleic
acid and heptane resulted in small nanoparticles (= 10 nm)
with an extremely large spontaneous polarization [12-16].
This “top-down” approach is explicitly suitable for ferro-
electric materials, where the ferroelectric properties could be
substantially modified by mechanical means: pressure and
shear [10]. Previous work involved doping of a liquid crys-
tal (LC) host with ball-milled BaTiO3 nanoparticles, which
reported on a class of nematic ferroelectric LC nanocolloidal
suspension [17-20]. Systematic electrical characterization of
nanoparticles ball-milled in a mixture of heptane and oleic
acid revealed up to a fivefold enhancement of the sponta-
neous polarization (yielding values of 100—120 uC/cm?) at
room temperature [12,15]. More recent work has provided
support for crystalline barium oleate being responsible for
maintaining the ferroelectric properties of BaTiOs nanopar-
ticles (i.e., spontaneous polarization of 130 uC/cm?), which
is formed in a mechanochemical reaction during ball-milling
[16,21]. In particular, in Ref. [16], it was inferred from spec-
troscopic studies that nanosized BaTiOj3 particles (= 10 nm)
and mechanochemically synthesized crystalline barium oleate
formed from oleic acid in a mechanochemical reaction during
ball-milling form a core-shell type structure; it was suggested
that the interface of the crystalline shell and core particle was
the source of surface stress. It was argued that the presence
of such a crystalline shell plays the crucial role in the main-
tenance and even an enhancement of ferroelectricity on the
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nanoscale. It was suggested that the core-shell structure is
created via the formation of specific bonding between surface
atoms of the nanoparticle and carboxylate ions of organic
ligands at the interface, which results in a lattice mismatch
between the crystalline shell and core [17]. Note that the
core-shell systems described in Refs. [16,21] are used for
the work described in this current paper; they are also very
similar in nature to the materials that were investigated in
Refs. [10,12,14,15,17-20]. No direct structural measurement
has yet been given in support of the existence of the core-shell
model. The previous studies suggest a model mechanism but
provide no direct structural proof.

Although it is known that these nanoscale materials ex-
hibit an electric polarization significantly exceeding bulk
values [12,15,16], prior to this work direct structural in-
formation (such as bond length changes, distortions, and
structural changes with temperature) has not been available
for this system. This current work aims to provide a de-
tailed understanding of the atomic-level structure of the final
nanoparticles prepared using the ball-milling process (i.e., the
mechanochemical synthesis process). This will help enable
the development of a general approach for the stabilization
and enhancement of the ferroelectric state in bulk systems
when the size is reduced to the nanoscale. The primary results
of the analysis in this work is that a significant Ti off-centering
is present concomitant with the appearance of polar phonon
modes and a ratio of BaTiO; to barium oleate of 0.7 & 0.1:1.0
is found, suggesting a coating of the BaTiOj3 particles by the
crystalline barium oleate.

II. SAMPLE PREPARATION, EXPERIMENTAL
APPROACH, AND MODELING METHODS

The 10-nm nanoparticles were prepared by mechanical
ball-milling commercial bulk BaTiO3 for 25 h in heptane and
oleic acid using a Retsch! planetary high energy ball-mill
(PM 200) with zirconia crucibles and 2-mm zirconia beads.
The ratio of BaTiOs, oleic acid, and heptane used was 1:1:20
by weight [14]. The final particle size was determined by
transmission electron microscopy (TEM) as well as powder
x-ray diffraction (XRD) refinement. In this work, the particle
diameter from ball-milling was determined to be 9 £2 nm
(using the Scherrer method [22] within a Rietveld refinement
[23]; see Supplemental Material Fig. S3 and Table S1 [24]).
The primary samples used in the measurements were washed
with anhydrous ethanol to remove excess unreacted freestand-
ing oleic acid/carboxylate from the colloidal suspension. The
Supplemental Material [24] presents data for both washed and
as-prepared samples. Unmilled BaTiO3 nanoparticles with
700- and 50 nm diameter (actual size is 70 + 3 nm (Scherrer
method); see Table S1 [24]) were purchased commercially
from Alfa Aesar and are used as reference samples. The un-

!Certain commercial equipment, instruments, or materials are iden-
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of Standards and Technology, nor does it imply that the materials
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purpose.

milled 700 nm BaTiOs is considered to be a bulk standard in
this work. Commercial barium oleate (Alfa Aesar) was milled
and used as a reference sample.

Laboratory XRD measurements were combined with
synchrotron-based diffraction and spectroscopy experiments
to determine the structural details of this system. More details
on the specific measurement systems and modeling used, as
well as detailed Raman measurements and x-ray diffraction
modeling, can be found in the Supplemental Material [24].

III. RESULTS AND DISCUSSION

A. Raman measurements

The results from Raman measurements are shown in Fig. 1
and in Figs. S4 and S5 of the Supplemental Material [24].
Figure 1 shows the room temperature Raman spectra for the
unmilled 700-nm (bulk) and 50-nm reference samples and
the milled 10-nm BaTiOs. Also shown in Fig. 1 are data
for barium oleate; for comparison, oleic acid data are pre-
sented in Fig. S4 [24] (taken from Ref. [25]). Note that the
oleic acid starting material is converted to a metal carboxy-
late (i.e., barium oleate) during the ball-milling process via
mechanochemical synthesis [16,21].

The arrow in Fig. 1(a) reveals that for both the 50- and
10-nm samples, there is an additional peak near 190 cm™ !,
which is not present in the 700-nm (bulk) sample indicating
a reduction in symmetry. This feature is known to become
enhanced in the rhombohedral low-temperature phase in bulk
samples (below & 183 K) with micron-scale grains, but it is
evident in these nanoparticles at room temperature. This peak
corresponds to an Al (TO) mode in the tetragonal system
as seen by Marssi et al. in Ref. [26], which is significantly
sharpened in the 10-nm sample. These modes are character-
istic of a polar phase in perovskite systems and their strong
enhancement indicates a profound symmetry reduction in the
10-nm sample consistent with polar-type space groups.

It can also be seen that there are additional peaks in the
spectra of the 10-nm sample, and a strong similarity in peaks
in the barium oleate sample above ~ 800 cm™! [see Fig. 1(b)
and Figs. S4 and S5 of the Supplemental Material], which
are not present in the 50- and 700-nm samples. Note that
oleic acid also shows similarities to this (see Figs. S4 and
S5), but there are significant deviations over the range 800 —
1200 cm~!. The high intensity of these features in the 10-nm
sample indicates the presence of a significant contribution of
organic components. A complete set of measurements for all
samples between 50 and 3400 cm~! is shown in Supplemental
Material Figs. S4 and S5.

The assignment of the aforementioned spectral features is
as follows: the high-frequency peaks are due to light atoms
and hence the spectra at these frequencies do not provide
information of bonding to heavy atoms (such as the Ti or Ba
atoms in the starting material); in systems containing carbon
chains, the C-C single bonds generate modes near 1000 cm ™!,
while double-bonded carbon produces modes near 1600 cm™!
[27]; peaks near A 3000cm~' correspond to C-H bonds.
Incidentally, the set of features that show a significant differ-
ence between the samples is over the range 1000-1150 cm™!
[Fig. S4(b)]; in this case, the barium oleate sample shows
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FIG. 1. Room temperature Raman measurements for 700-nm
bulk (blue), 50-nm (green), and milled 10-nm (red) BaTiO; samples
are compared with barium oleate (black open triangles). Spectra are
shown for the range (a) 150—750cm™~! and (b) the higher energy
region 800—1200 cm™~!. Data for the range 50—3400 cm™~! are given
in Supplemental Material Figs. S4 and S5. Data for the 10-nm sam-
ples match barium oleate over the spectral range 800—3400cm™!
[Fig. 1(b) and Figs. S4 and S5 of the Supplemental Material]. The
peaks of the 10-nm sample are significantly sharper, indicating a
high degree of crystalline order. The arrow in Fig. 1(a) identifies
an additional peak near 190 cm~! for the 50- and 10-nm samples,
indicating a reduction in symmetry; this peak is not present in the
700-nm (bulk) sample. In (b) the 10-nm nanoparticle and barium
oleate samples are shown for comparison.

the strongest resemblance to the 10-nm nanoparticles. This
suggests that barium oleate may be playing a more significant
role in the nanocolloids than the oleic acid; this is in agree-
ment with the Fourier-transform infrared spectroscopy (FTIR)
results in Refs. [16] and [21], which demonstrates that nearly
all of the oleic acid is converted to a metal carboxylate (i.e.,
barium oleate) during the milling process via mechanochemi-
cal synthesis. For this reason, the discussion below is centered

around barium oleate as the primary organic component in the
ferroelectric nanocolloid (milled 10-nm sample).

A comparison of the peaks above 800cm™! for the 10-
nm nanoparticle and barium oleate samples reveals that all
features are present [Fig. 1(b)] for both cases; these features
are absent in the unmilled 50- and 700-nm reference samples.
The sharpening of the peaks in the 10-nm sample is due to
a significantly higher degree of structural order compared
to crystalline barium oleate. The results point to a complex
BaTiOs/barium oleate composite mixture (possibly a core-
shell configuration as suggested in Ref. [16] or nanoparticles
embedded in a barium oleate host). Details of the structure
were found by systematic x-ray absorption and x-ray pair
distribution function measurements, which are preferentially
sensitive to heavy atoms (see below).

B. X-ray absorption measurements and simulations (local
structure about Ti and about Ba)

Figure 2(a) shows the Ti K-edge x-ray absorption near-
edge structure (XANES) for the 700- and 50-nm reference
samples compared to the milled 10-nm sample. These spec-
tra are the result of averaging three consecutively measured
scans. The statistical variations in the scans are the level of
the line thicknesses since these are concentrated samples. The
r-space curves in Fig. 2(c) and 2(d) were extracted from the
corresponding averaged spectra. The 700- and 50-nm XANES
spectra exhibit sharp peaks in the region near 4960 eV [near-
threshold; see Fig. 2(a) inset] as expected for bulklike systems
with high atomic order, while the 10-nm sample is broadened
due to reduction in long-range structural coherence relative
to the bulk sample. Focusing on Fig. 2(a), it is seen that the
pre-edge peak near 4968 eV (feature A) of the 10-nm sample
is broadened (and more intense) compared to both the 700-nm
(bulk) and 50-nm samples. This feature is well known to be
related to the degree of off-centering of the Ti sites (relative
to the cubic structure) in ATiO; systems concomitant with
a polar phase (see Refs. [28-31]). These multiple pre-edge
features near & 4970 eV correspond to transitions from a Is
core level to levels composed of hybridized Ti 4p, Ti 3d, O 2p
states (analogous to the well-studied perovskite manganites
[32-34]). Feature A in the spectrum corresponds to a transi-
tion to the e, band, and the unlabeled lower energy shoulder
(left side of feature A) is related to the #,, band. The e, peak
in the XANES spectra of ATiO; systems is sensitive to local
distortions (i.e., coordination of the Ti sites) and is found to
have an integrated intensity proportional to the mean square
displacement amplitude of the Ti atom off the ideal (cubic)
site [29-31,35]. In Fig. S1 we show that fits of the main
pre-edge peaks to a Lorentzian function, which will produce
results independent of normalization, indicate that the width
and area of the 10-nm sample peak approach values twice that
of the corresponding values for the 50-nm peak. Hence the
higher intensity of this peak in the 10-nm sample reveal larger
off-centering than in the reference samples. This is revealed
more clearly by the simulations below.

XANES measurements are most sensitive to local struc-
tural changes (disorder and off-centering of Ti), as opposed
to a difference in long-range order between orthorhombic
and tetragonal structures. For this reason, either tetragonal or
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FIG. 2. (a) Curves for Ti K-edge XANES spectra for 10-nm BaTiO; (red), 50-nm BaTiO; (green), and 700-nm BaTiO; (blue). (b) Simu-
lated XANES pre-edge spectra for bulk BaTiO; (orthorhombic) referred to as “normal,” BaTiO3 (orthorhombic) with 0.12-A z-displacement
amplitude, and BaTiO5 (orthorhombic) with random displacements of all atoms with 0.06- and 0.15-A average values. The spectra of BaTiO;
with no distortion (cubic) and with 0.15-A average atomic distortion to cubic BaTiO; are also given. (c) Ti K-edge structure function for 10-nm
(red), 50-nm (green), and 700-nm BaTiO; (blue) samples. Distances are relative to the average titanium atom position. (d) The corresponding
Ba L; structure functions for the same samples as in part (c). The blue, green, red, and black curves correspond to 700-nm, 50-nm, 10-nm, and
barium oleate samples, respectively. Distances are relative to the average barium atom position. Note that (c) utilizes the same x-axis scale and
range used in (d). In both (c) and (d), note that x (k) is dimensionless while the wave vector k has units of At

orthorhombic structures can be used to provide insight on
local structural changes. Choosing a well-established bulk
structure and applying three-dimensional (3D) distortions al-
lows us to capture the local distortions and study the effect
of both disorder and local displacements. XANES simula-
tions for the pre-edge region are shown for specific structural
changes in Fig. 2(b); see Ref. [28] and the Supplemental
Material [24] for computational methods. Simulations were
conducted using the RELXAS full multiple scattering code
[36]). The Ti K edge core natural width (0.94 eV, full width
at half maximum) was included in the simulations [37]. In-
put structural data used for the simulated phases were taken
from Ref. [38]). The results of these simulations produce the
XANES pre-edge spectra for the given BaTiO3 input struc-
tures with either a 0.12-A Ti z displacement (amplitude) or
with random displacements in x, y, and z directions [with a
3D random displacement of all atoms giving average displace-
ment amplitudes (W) of 0.06 or 0.15 A]; these displacements
are relative to the room temperature orthorhombic atomic
positions in the lattice. The spectra of cubic BaTiO3; with
no distortion and that for cubic BaTiO; with a 0.15-A aver-
age atomic distortion are also given as a reference. Note the
weakest main peak amplitude (feature A) is obtained for the
undistorted cubic phase, while the peak amplitude is signifi-

cantly enhanced for both the Ti off-centering in the “normal”
orthorhombic phase and random (incoherent) disorder char-
acteristic of amorphous phases (see amorphous example in
Ref. [29]). It is noted that for the case of Ti displacements
(Az), feature A is enhanced while feature B is suppressed.
The sample is not cubic since there are polar Raman modes.
We also observe that the Raman data reveal no significant peak
broadening in the nanoscale material; there is also no evidence
of a cubic structure found below in standard XRD or pair
distribution function (PDF) measurements. The milled 10-nm
sample is not amorphous. As seen in the PDF measurements
below, the peaks in the radial distribution function beyond the
first shell are not suppressed. Hence, the enhanced peak area
of the main pre-edge feature A, seen in the 10-nm BaTiO3
sample compared to bulk BaTiOs3, is due to Ti off-centering
in a crystalline phase characteristic of the polar ferroelectric
state. (It should be noted that the 50-nm reference sample
has a weakly enhanced area relative to the 700-nm bulklike
sample.)

The extended x-ray absorption fine structure data are con-
sistent with the XANES results. Figure 2(c) shows the Fourier
transform of the fine structure over the k range (2.00 < k <
7.70 A=") for a qualitative comparison. This structure func-
tion has peaks that correspond to the atomic shells about
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the average Ti site. The results at the Ti K edge indicate a
strong Ti-O first shell coordination, but there is a significant
reduction of structural order for the second shell Ti-Ba and
higher shells in the 10-nm sample (the Ti-Ba and Ti-Ti peaks
are suppressed in the 10-nm sample). This reduction is due to
structural disorder or lowering of symmetry about the Ti sites
(variation in nearest neighbor Ti-Ba and Ti-Ti distances), lead-
ing to destructive interference of the higher shell scattering
signals. Ti-Ba and Ti-Ti signals with different bond distances
interfere destructively and suppress the peak amplitudes. This
suggests large structural disorder or highly reduced symmetry
in the nanoparticles. Examining Figs. 2(a) and 2(c), it is seen
that from the perspective of the Ti sites that new chemical
phases containing Ti are not evident. The primary change in
the 10-nm sample is the reduction in structural correlation
between Ti and higher neighbors beyond O. Combined with
the Ti XANES results, the characteristic structural feature of
the milled 10-nm sample with respect to bulk (orthorhombic)
BaTiOs is the large Ti off-centering.

For a qualitative comparison, Fig. 2(d) shows the Fourier
transform of the fine structure for the Ba L3 edge over the k
range 1.98 A~ < k < 9.43 A~'. This structural function has
peaks that correspond to the atomic shells about the average
Ba site. The 700- and 50-nm reference samples show similar
structure relative to Ba sites (as in the case of the Ti site),
however, the 10-nm sample has a first shell peak shifted to
lower R values. Also shown in Fig. 2(d) are data for barium
oleate. We note that the shift and position of the Ba-O first
peak in the 10-nm sample are consistent with that of barium
oleate (black curve). The results suggest that a significant
component of barium oleate is present in the sample, con-
sistent with the Raman results (above) and the FTIR data
presented in Ref. [21]. The diffraction measurements in the
following paragraph provide strong support for this assertion.

C. Wide angle x-ray diffraction (long-range structure)

Figure 3 shows the results from laboratory XRD mea-
surements, including data for the 10-nm, 50-nm, and barium
oleate samples. Barium oleate has peaks primarily below 30 °
(20). Further details can be seen by expanding the figure; see
Fig. 3(b), where the barium oleate sample is compared with
the 10-nm sample; it becomes evident that there is a structure
present that is similar to barium oleate, although some of
the peak intensities do not fully match. This suggests that
a derivative of barium oleate (with minor changes in atomic
position) is present and possibly coating the BaTiO3 particles
or hosting them in a matrix. Some possible modifications may
be due to the formation of chelate or bidentate structures as
suggested in Ref. [16].

It is important to note that the sharp Bragg peaks in
Figs. 3(a) and 3(b) for the 10-nm BaTiO3; sample indicate that
both the milled 10-nm BaTiO5 and the milled “barium oleate”
type components are highly crystalline. No broad maxima,
typical of amorphous components, are seen in the data. It
should also be noted that the peak widths in barium oleate and
the 10-nm BaTiO3 samples are quite similar indicating a high
degree of crystallinity in the nanoscale material with respect
to the heavy atom sites which dominate the x-ray diffraction
pattern. To further elucidate the nature of the structure of
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FIG. 3. (a) XRD measurements of the 10-nm (red) and 50-nm
(green) samples of BaTiO3 and barium oleate (black). (b) Expanded
region between 15° and 30° in 2@ for the 10-nm and barium oleate
samples.

10-nm BaTiO3 samples for both local (<=~ 5 A) and interme-
diate ranges, x-ray PDF measurements were conducted.

D. Pair distribution function measurements and modeling

Total scattering x-ray PDF measurements (which includes
both the Bragg scattering and diffuse scattering due to lo-
cal distortions) were conducted to investigate the details of
the structure [39—42]. The atomic pair distribution func-
tions G(r) are displayed in Fig. 4. Note that G(r) is the
reduced pair distribution function, which oscillates about
zero and is obtained directly from the scattering data S(Q).
G(r) = %fooo QO[S(Q) — 1]sin(Qr)dQ is related directly to
the standard pair distribution function defined as G(r) =
4 r(p(r) — py), where p(r) is the atomic number density
and pg is the average atomic number density. We note that
p(r) = pog(r) with g(r) being the radial atomic distribution
function (see the Supplemental Material text and Fig. 4). In
Fig. 4(a), it is seen that for a radius r greater than =~ 10A
the shape of the pair distribution function for the 700-, 50-,
and 10-nm samples are fairly similar, although for the 10-nm
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FIG. 4. (a) Experimental PDF G(r) curves for the 700-nm (blue),
50-nm (green), and 10-nm (red) BaTiO;. The inset is the expanded
region between 10 and 20 A. (b) Experimental PDF curve (red),
refinement model (blue), and the residual (green) for 10-nm BaTiOs3.
The experimental PDF curve of barium oleate (black) is shown for
comparison. Note the similarity. (¢) An additional barium acetate
phase was added to the region between 1.5 and 10 A to model the
short-range features of the PDF.

sample, peaks and troughs are broader due to the particle size
effect. Below ~ 10 A, there is a significant difference between
the milled 10-nm sample and the unmilled 50- and 700-nm
samples. As in the case of the high-frequency Raman data,
laboratory XRD data, and Ba L3;-edge x-ray absorption fine
structure (XAFS) data (Figs. 1-3), the difference between the
10-nm sample and the BaTiO3 model indicates the existence
of another compound with a significant organic component
similar to the barium oleate reference sample. Note that the
residual (i.e., the signature of an additional species that is
observed when the model fit results are subtracted from the
10-nm BaTiO; data) has sharp and well-defined peaks below
10 A indicating that both the BaTiOj3 and the extra component
(second phase) are highly ordered structurally. Barium oleate
was used as a possible second phase by comparison to the
residual of the fit of the data to the BaTiO; model. PDF
measurements were conducted under the same conditions as
for the BaTiO3 samples.

To obtain a better understanding, structural refinements
with models were conducted [43]. Specifically, in order to
model the system with a limited set of free parameters, a

tetragonal model was utilized. We note that the real system
may be orthorhombic. The main point is that the 10-nm sys-
tem was found to be noncubic (a and ¢ are not equal).

Experimental PDF patterns are shown in Fig. 4(a). Model
fits of the region between 10 and 20 A were conducted for
a tetragonal model of BaTiOs. For the 10-nm sample, the
refined structural parameters were then used to calculate the
G(r) for r < 10 A; the result is shown in Fig. 4(b). In this
panel the red curve is the experimental PDF, the blue curve
is the model, and the green curve is the difference between
the data and the model (residual). It is clear that the residual
profile (data minus the fit for the 10-nm sample) matches well
with the G(r) of the barium oleate (black curve).

To quantify the amount of barium oleate relative to
BaTiOs3, a barium acetate phase structural model (which pos-
sesses similar short-range structure to barium oleate) was
included in the structural refinement. Hence the model in-
cluded BaTiO5 and barium acetate (model for barium oleate).
The result is shown in Fig. 4(c). As shown in Fig. 4(b), the
residual is the difference between the data and the model. The
extra features in the low-r range now can all fit well, except for
the full amplitude of the nearest neighbor Ba-Ba ~ 4 A. The
ratio of the two components (BaTiO3 and the barium acetate
model) acquired from refinement is 1:0.76, indicating a very
significant amount of barium oleate existing in the BaTiO3
10-nm ball-milled sample. The exact form of barium oleate
is not known. However, as seen from the very sharp peaks
in the barium oleate component from Raman measurements,
it may be bonded to the BaTiO; nanoparticles. The results
suggest that the BaTiO3 particles are coated by barium oleate
(consistent with optical data in Ref. [17]) with &~ 1:1 BaTiOs.
More accurately, the Ba site:Ba site ratio (i.e., barium oleate
sites to barium in the core BaTiO3) in both components is
0.7 £ 0.1:1.0 (by volume or number of Ba atoms; see the
Supplemental Material [24]).

To understand the phase transitions in the BaTiO3
core-shell samples, the lattice parameters derived from
temperature-dependent PDF refinements were determined be-
tween ~ 100 and ~ 500 K. Nonlinear variations in the lattice
parameters (or their ratios) are expected at the cubic to tetrag-
onal transition near 393 K, the tetragonal to orthorhombic
transition near 278 K, and the orthorhombic to rhombohedral
transition near 183 K (see the structural transitions in bulk
BaTiOs; in Ref. [37]). Changes (slope changes or discontinu-
ities) are expected at structural phase transitions in the lattice
parameter vs temperature curve. In Fig. 5, the temperature
dependence of the c/a lattice parameter ratio is given. For the
(unmilled) 700-nm reference sample (bulk), inflection points
(indicated by arrows) are seen at the appropriate positions for
the phase transition temperatures. For the (unmilled) 50-nm
reference sample, the transitions are broadened significantly
and are indistinguishable. In particular, the low-temperature
tetragonal to orthorhombic and orthorhombic to rhombohe-
dral transitions are merged. This broadening of the transition
with reduced particle size was observed for free-standing
BaTiOj; particles for sizes down to 28 nm in previous work
[44,45], where the broadening was assigned to loss of struc-
tural coherence of the local distortions. In contrast to the
50-nm sample, the transitions in the milled 10-nm sample are
readily visible. Also, a c/a ratio with significant deviations
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FIG. 5. The c/a lattice parameter ratio of the 700-nm (blue), 50-
nm (green), and 10-nm (red) BaTiO; core-shell nanoparticles. The
left y axis is for the 700- and 50-nm reference samples, and the right
y axis for the 10-nm milled sample. The error bars are at the level of
the scattering of the points in the dense data for the 700- and 50-nm
systems. An estimated upper limit error (red bar) is given for the
10-nm sample.

from unity (right scale of Fig. 5) exists for the temperate range
~150 to 500 K. These results suggest that the 10-nm sample
possesses a strong bulklike behavior including stabilization of
the polar ferroelectric phase.

IV. SUMMARY

BaTiO3 nanoparticles (* 10 nm) prepared by ball-milling
in oleic acid are studied together with unmilled 50- and
700-nm (bulk) particles as a reference. Raman spectroscopy,
laboratory XRD, synchrotron-based XAFS, and PDF analysis
have been conducted to understand the structural mecha-
nism behind the unusually large electric polarization in the
nanoparticles. Compared to free-standing barium oleate, the
corresponding component in the 10-nm sample matrix ex-
hibits sharp Raman peaks consistent with a highly crystalline
form, which is presumed to be crystalline organic coating
(shell) around the BaTiO3 core with a coating to core ratio

of ~ (0.7£0.1:1.0 by volume. Local structural measurements
show large Ti off-centering in the milled 10-nm samples
[enhanced beyond orthorhombic (bulk) BaTiO3]. Moreover,
bulklike sharp structural transitions are observed in the milled
10-nm nanoparticles, in contrast to the 50-nm unmilled
nanoparticles. A complex crystalline BaTiOs/Ba oleate type
composite material exists, which stabilizes a high a/c lat-
tice asymmetry and, in turn, generates a strong ferroelectric
effect.

Considering this nanoparticle system to be core shell in
configuration, the recovery of bulklike behavior is attributed
to stress provided by the barium oleate outer shell, i.e., a
lattice mismatch between the crystalline organic shell and
inorganic core, which is responsible for sustaining and en-
hancing the ferroelectric effect (spontaneous polarization) in
these nanoparticles. Surface stress is demonstrated experi-
mentally by Cook et al. in Ref. [10]. Surface stress-enhancing
ferroelectric properties is supported theoretically by Moro-
zovska et al. (Ref. [9]) and Ederer and Spaldin (Ref. [45]).
Both in-plane compression and in-plane tension are known to
enhance ferroelectricity in BaTiO; thin films [46]. The same
mechanism is expected in this case. We note that studies of
CoFe,04 nanoparticles reveal that oleic acid molecules bond
to metal sites on the surface of the particles and produce sur-
face strain resulting in enhanced coercivity [47,48]. In the case
of BaTiOs3, the strain enhances the Ti off-centering resulting
in an enhanced spontaneous polarization.
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