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nderstanding the fundamental as-

pects of nanoscale ferroelectricity

is important for various applica-
tions of ferroelectric materials, such as non-
volatile memories and pyroelectric and pi-
ezoelectric devices.!® Ferroelectricity is a
cooperative phenomenon of interacting di-
poles stemming mainly from ionic polariza-
tion, that is, the relative displacement of the
positive and negative sublattices in an ionic
crystal. For example, in the perovskite pro-
totype material BaTiO; (BTO), ferroelectric-
ity arises due to a displacement of Ti atoms
from their centrosymmetric position in the
unit cell. At the nanoscsale, and in particu-
lar at NCs that are strongly confined in
three-dimensions the regular domain struc-
ture becomes energetically unfavorable
due to the energy penalty for forming do-
main walls. On the other side, since single
domain structures would also be unstable
due to large depolarization fields, devia-
tions from “bulk” properties are expected.
This leads to the idea of a critical correlation
volume below which ferrolelectricity can-
not be sustained.” Some theoretical®~"" and
experimental'? reports address the size-
dependent phase transition properties but
only few concentrate specifically on indi-
vidual NCs. While several studies of perov-
skite nanoparticles,'® thin films,'* and multi-
domain ferroelectric lamellae cut by
focused ion beams down to ~70 nm'® indi-
cate a bulk-like phase transition behavior,
other reports on nanopowders,'®'® grained
ceramics,'® nanowires,?® and thin films?3>2!
indicate a drop in Curie temperature (T¢)
with decreasing grain size or film thickness.
However, for individual well-separated NCs
the critical volume has not been conclu-
sively established. Values reported for BTO
estimate a critical size of the order of 10 nm

Www.acsnano.org

ABSTRACT A new technique for probing the temperature dependence of the dielectric constant of ferroelectric

nanocrystals (NCs) using shifts in the localized surface plasmon resonance (LSPR) wavelength of gold nanoparticles

attached to the surface of the ferroelectric NCs is demonstrated. This technique can selectively probe the surface

of the NCs and was used to study the ferroelectric-to-paraelectric phase transition of barium titanate (BT0)
nanocubes in three size regimes of 16 * 4, 47 = 11, and 220 * 140 nm. Temperature-dependent Raman

spectroscopy was also applied to probe the whole volume of the NCs. The LSPR-based technique revealed that

the ~16 nm BTO NCs were dominated by surface effects, and as the NCsize increased bulk BTO behavior governed.

This supports recent propositions about the lack of intrinsic size dependence of the transition temperature.
Therefore, the surface chemistry/structure probably affected the ferroelectric behavior rather than finite size

effects. A distinct phase transition at the surface characterized by a very long relaxation time was detected by

the LSPR-based technique.

KEYWORDS: barium titanate nanocrystals - ferroelectric size effects - thermal
hysteresis - surface effects - local surface plasmon resonance

while others estimate only a few unit cells
for thin films'"?'~23 that may possibly ex-
hibit novel geometric ordering.?* Studies on
grained BTO ceramics even argue that no
size limit exists but rather the ferroelectric-
ity weakens exponentially with size.?> Dis-
crepancies in the size-dependent phase
transition temperature may arise from ex-
trinsic effects, for example, composition,?
defects,'” strain,?” and surface charging.?®
Some investigations indicate that nanoscale
ferroelectrics exhibit a smeared or diffuse
phase-transition still having bulk-like T¢;"
however, this has been explained as a pure
surface effect, related to local compositional
surface potential inhomogeneity at the
surface.?3°

Early studies by Tanaka on powder X-ray
diffraction data (XRD) of BTO NCs'® and later
studies by Hoshina et al.3" and others sug-
gested that the surface of such NCs is al-
ways relaxed to the cubic paraelectric phase
while the core is in the tetragonal ferroelec-
tric phase and that at small enough NCs
the surface effect dominates and the
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nanocrystals lose their ferroelectricity. Raman scatter-
ing was also used to study structural transitions in fer-
roelectric materials and determine T¢ in ferroelectric
bulk, thin films, and nanoparticles.>?

Volume-averaging structural characterization tech-
niques such as XRD and Raman scattering are insensi-
tive to NC surface effects. In particular, as NC size de-
creases and the surface layer takes a substantial part of
the volume an average over surface and interior would
be measured using these techniques.'?°3334 Scanning
probe microscopy based methods are widely used to
examine ferroelectric surfaces and provide valuable in-
formation on surface potential and local electrome-
chanical properties with high lateral resolution 573540
Noncontact techniques such as scanning surface poten-
tial microscopy and electric force microscopy are sensi-
tive to surface charges, which for ferroelectric surfaces
originate in a mixture of fast dipolar polarization and
slower mobile charges which may be partially resolved
by analyzing temporal behavior.*' To resolve the funda-
mental questions regarding nanoscale ferroelectricity
and the nature of the ferroelectric phase transition on
going to the nanoscale, a technique which would be se-
lectively sensitive to the ferroelectric polarization be-
havior at the surface of the ferroelectric NCs, without in-
terference of mobile charges, is required. Such a
technique, utilizing gold nanoparticles (GNPs) as plas-
monic probes of surface ferroelectric transitions in BTO
NCs is presented in this paper.

GNPs exhibit a strong visible extinction band due
to their LSPR.#2~%> LSPR excitation results in enhanced
local electromagnetic fields near the surface of the
GNPs. The peak wavelength, Ay, Of the LSPR spec-
trum is dependent not only on the size, shape, and free
electron density of the GNPs but also on their local en-
vironment high frequency dielectric properties (e.g., re-
fractive index).*~*° Plasmonic metal nanoparticles have
attracted great attention due to their potential applica-
tion in chemical®® and biochemical®'*? sensing and en-
hancement of various optical effects.**** The sensitivity
of Amax to the dielectric environment strongly decays as
a function of distance away from the surface of the
GNPs, with a decay length of the order of a few nano-
meters. Accordingly, a plasmonic sensor, such as a GNP,
is sensitive to dielectric changes only adjacent to its
surface.

Consequently, in the present work we demonstrate
an indirect method capable of selectively probing near-
surface dielectric changes of ferroelectric NCs using a
LSPR sensing approach. Temperature-dependent LSPR
absorption peaks of metal nanoparticles attached to
ferroelectric NC surfaces were used to probe the ferro-
electric to paraelectric phase transition of the BTO NCs.
Since the probing is done at optical frequencies the
technique is insensitive to relatively slow compensat-
ing charge motions but susceptible to tightly bound
electron distribution changes due to nuclear distor-
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tions. The phase transitions of BTO single crystal nano-
particles were studied for three size regimes: ca. 16 nm,
47 nm, and >0.1 wm, where the latter is commonly ac-
cepted as having ferroelectric bulk-like properties.'

The static dielectric constant of ferroelectric materi-
als is known to sharply peak on passing through their
Tc. The optical dielectric constant, e(w) = n? where n is
the refractive index, is also influenced by this transition
in a similar manner, but with a more moderate change.
In bulk BTO it is commonly accepted that there is an in-
crease of ~0.1 units of refractive index (RI) across the
phase transition,*>> which should significantly shift the
plasmon absorption peak of the GNPs attached to the
BTO NCs toward longer wavelengths. Several studies es-
timate the dependence of the LSPR peak position of
spherical GNPs in the wavelength range of 500—600
nm on the environment'’s refractive index to be about
70—200 nm per Rl unit.##° Similar results were ob-
tained also in studies on the refractive index effect of
the substrate on the LSPR of adsorbed gold and silver
nanoparticles.”®*” This leads to an expected GNP plas-
mon peak red-shift of the order of 10 nm due to the
change in the Rl of BTO with temperature going
through T, considering also that the BTO fills only a
fraction of the GNP surroundings.

RESULTS AND DISCUSSION

For the present study, surfactant-free BTO single
crystal nanocubes were prepared by a molten hydrox-
ide synthesis according to Liu et al.*® The temperature
of the synthesis was used to control the average NC size
(see Methods section for synthesis details and Figure
S1(a—f) in the Supporting Information showing TEM im-
ages of BTO NCs and their size distribution). Well-
dispersed colloidal GNPs of about 10 nm in size were
synthesized using a chemical reduction process. The
GNPs were coated with charged bifunctional surfac-
tant molecules containing both carboxylate and thiol
groups, such as thioctic acid and mercaptopropionic
acid that possess a strong affinity to the BTO surfaces,
probably through electrostatic or hydrogen bonds be-
tween the carboxylates and the surface ions. Two types
of samples were prepared: the smaller (~16 nm and
~47 nm BTO) BTO—Au hybrid particles could be stud-
ied as colloidal dispersions in polar solvents, such as tet-
raethylene glycol, while the larger bulk-like BTO—Au
hybrids were deposited as a thin film on fused silica
substrates. TEM images of the BTO—Au hybrid particles
formed by mixing the aqueous dispersions of the GNPs
and BTO NCs, with varying BTO NC size are shown in
Figures 1a (16 = 4 nm BTO), 3a (47 = 11 nm BTO), and
4a (220 = 140 nm BTO). While the aggregation in the
BTO-GNP hybrids seen in the above-mentioned TEM im-
ages originates in the deposition of these hydrophilic
BTO—Au hybrids on the carbon coated TEM grids from
solution, the BTO—Au hybrids dispersed in liquid used
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Figure 1. (a) TEM image of ~10 nm GNPs attached to the 16 nm BTO NCs. (b) Temperature-dependent plasmon peak wave-
length of the GNPs shown in panel a. (c) Experimental plasmon peak at 10 and 20 °C of the GNPs attached to the 16 nm BTO
NCs. Inset is the FDTD calculated optical response for a 10 nm gold nanoparticle attached to the facet of a ~20 nm BTO nano-
crystal. A red-shift of ~6 nm in \,.x was observed. (d) The FDTD calculated average electric field intensity map for a GNP at-
tached to a ~20 nm BTO NC. The color scale bar corresponds to the relative field enhancement factor. The plasmonic field de-
cay profile from the GNP—BTO interface in to the BTO is shown in panel e. The Rl values of BTO at room temperature and

at bulk Tc were taken from ref 54.

in the experiments did not suffer from substantial ag-
gregation and were stable over a period of 2 weeks.

The temperature dependence of the optical dielec-
tric constant of the BTO NCs could be followed on a
semiquantitative level by monitoring the shift in GNP
LSPR peak wavelength, A\, as a function of
temperature.

LSPR spectra were measured at several tempera-
tures (raw data shown in Figure S2 in the Supporting In-
formation). The LSPR spectra of the thin film samples
were noisier due to the large scattering from the larger
BTO NCs. Thus, a Gaussian fit to the LSPR peak in each
spectrum was used to better estimate the peak location
(see Supporting Information Figure S4). Figure 1b de-
picts the plasmon absorption peak position of ~10 nm
GNPs attached to 16 = 4 nm BTO NCs as a function of
temperature, measured in a tetraethylene glycol disper-
sion. As the temperature reached ~25 °C, a sharp in-
crease in the plasmon absorption peak wavelength, of
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~7 nm, from ~557 to ~565 nm was seen, followed by
a decrease to ~560 nm around 30 °C and remaining
constant with further temperature increase. The blue-
shift above 30 °C is probably due to increasing the tem-
perature further above T¢ where the optical dielectric
constant is supposed to decrease. The dielectric con-
stant usually peaks around Tc in ferroelectrics. Figure 1c
demonstrates the experimental plasmon absorption
peak wavelength shift between 10 °C—20 °C.

To verify that the magnitude of the LSPR red-shift
on going through Tc conforms with the expected RI
change we have performed finite difference time do-
main (FDTD) simulations of light extinction in a single
10 nm GNP attached to a 20 nm BTO NC. As seen in the
inset of Figure 1c a Ayay shift of ~6 nm was obtained
in the simulation when using an estimated bulk BTO re-
fractive index change of about 0.15 Rl units.***® This cal-
culated shift is similar to the shift observed in Figure
1b. The calculated electric field intensity map in
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Figure 2. (a) Raman spectra around the 306 cm~" band at
different temperatures for the 16 nm BTO NCs. (b) Full width
at half-maximum of the ~306 cm~' Raman peak as a func-
tion of temperature.

Figure 1d showed that the local electric field produced
by the LSPR decays within ~1 nm (see Figure 1e) into
the BTO NC, and thus probed only the near surface layer
of the BTO NCs.

Two control experiments of heating GNPs only and
GNPs attached to SrTiO; (STO), a well-known paraelec-
tric ternary oxide, within the temperature range used in
the measurements, resulted in a negligible shift of the
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Figure 3. (a) TEM image of ~10 nm GNPs attached to the 47 nm BTO
NCs. (b) Temperature dependent plasmon peak wavelength of the
GNPs shown in panel a. (c) Raman spectra around the 306 cm™~' band
at different temperatures for the 47 nm BTO NCs. (d) Full width at half-
maximum ~306 cm~' Raman peak as a function of temperature.
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order of ~1 nm (see Supporting Information Figures
S4 and S5, respectively) which is roughly the experi-
mental error limit, indicating that the LSPR shift shown
in Figure 1b was due to the change in the dielectric con-
stant of the BTO NPs. The intrinsic temperature depen-
dence of the LSPR of small GNPs was studied by Dore-
mus>® and Link and El-Sayed®® and found to be
negligible within the range of temperatures used in
this work.

Complementary temperature-dependent high reso-
lution Raman spectroscopy experiments were also car-
ried out on the same BTO NC samples (see Supporting
Information Figure S6). A series of temperature-
dependent Raman spectra of the 16 + 4 nm BTO NPs
is shown in Figure 2a. The spectrum is focused on the
mixed E(LO + TO) and B;(TO) soft mode at ~306 cm ™'
which appears to decrease in intensity and broaden
sharply as the temperature increases through ~30 °C.
These spectral changes were previously used to charac-
terize Tc in bulk BTO.32 Figure 2b displays the change
in the line width of the ~306 cm™~' Raman peak with in-
creasing temperature exhibiting a sharp transition at
about ~30 °C similar to the LSPR shifts displayed in Fig-
ure 1b. The line width continues to moderately in-
crease and finally levels at about 90 °C. It is well estab-
lished, that while ideally the Raman lines of BTO should
completely disappear above Tc, they usually only de-
crease in magnitude and broaden, in particular in NCs,
possibly due to an order—disorder transition compo-
nent and local distortions related to the NC surfaces®'%2
which will be discussed later on.

Consequently, it appears that both the LSPR peak
shift, through the electronic response of the BTO NCs,
and the Raman peak intensity and line width, which di-
rectly probe structural changes in the BTO nanocryst-
als, were able to detect close transition temperatures in
the range of ~25—30 °C for the 16 = 4 nm BTO NCs
which is in agreement with early estimates on size-
dependent T of BTO nanopowders.'® The similarity be-
tween the temperature dependent LSPR data obtained
on the BTO-GNP hybrids and the Raman data obtained
on the pure BTO NCs indicates that the attached GNPs
do not significantly affect the phase transition at the
BTO NGs.

The LSPR peak position in the Au—BTO samples is
in the range of 555—565 nm instead of the ~525 nm
for a solution of ~10 nm isolated GNPs. This red-shift is
due to both the higher dielectric constant of the BTO,
relative to the solvent, and due to inter-GNP interac-
tions occurring when the GNPs are densely adsorbed
on the BTO NC surfaces, which cause LSPR peak red-
shifting and broadening.®®

The plasmon peak of the GNPs coating the rela-
tively larger BTO NCs of 47 = 11 nm shown in Figure
3a continuously shifts to the red with increasing tem-
perature up to a temperature of ~90 °C (Figure 3b).
The line width of the 306 cm™' Raman peak increases
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gradually with temperature and undergoes a major
change from about 90 °C and up.

BTO NCs of size >0.1 wm with presumably bulk-like
properties were coated with GNPs as depicted in Fig-
ure 4a. The temperature-dependent A, of the GNPs
coating the bulk-like BTO NCs plotted in Figure 4b mod-
erately shifts to longer wavelengths until a sharp red-
shift is clearly seen when the temperature reaches
~130 °C, in accordance with bulk Tc. The existence of
a continuous shift in the temperature range of 50—90
°C, much lower than the jump occurring at 130 °C, can
be explained by the BTO NC size distribution which is
broad enough to contain smaller NCs of ~50 nm. The
line width of the ~306 cm™' Raman peak also displays
a continuous increase as a function of temperature (Fig-
ure 4d) which levels above 120 °C. The relatively smaller
steps starting at 20 °C and at 50 °C probably also origi-
nate in the size distribution of the BTO NCs in the bulk-
like sample.

In general, it seems that the changes in the optical
dielectric constant, which represents the electronic re-
sponse, and the transitions in the nuclear configuration
(Raman) with temperature follow closely. Both LSPR
and Raman signal results on the 47 = 11 nm and bulk-
like BTO agree well with the previous reports on size-
dependent T¢ of BTO.'617:20

The phase transition observed in both signals in
the 16 = 4 nm BTO NCs at ca. 25—30 °C is surprisingly
sharp in contrast to the much more gradual transitions
observed in the signals from two larger BTO NC
samples. Assuming a size-dependent Tc model, and
considering that the 16 = 4 nm NCs are close to the
proposed critical size, one would expect that the size,
stoichiometry, and defect distributions for these NCs
would cause a complete smearing of the phase transi-
tion as a function of temperature.?® Hence, the observa-
tion of a sharp transition indicates against this model,
and supports the notion of the domination of surface
contribution to the transition at this size regime, which
is not size dependent.'® The influence of stoichiometry
deviations on T, possibly occurring at the smaller NCs
or at the surface of the larger NCs, is rather hard to
probe? and may potentially affect the phase transition
temperature of the NCs.

At the small size regime (16 = 4 nm), where both
probes sample the whole NC volume, they should both
display a similar temperature dependence as indeed
was observed. For the two larger BTO NC samples the
situation is different, where the LSPR probe would only
be sensitive to the surface of the NCs while the Raman
probe still samples the whole NC volume.

To understand the results for the two larger NC
samples we classify them as pertaining to two size re-
gimes, categorically different from the small size re-
gime. The two probes roughly show the same behav-
ior for the bulk-like NC size regime, which exhibits a
transition at the bulk Tc (120—130 °C), as expected from
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Figure 4. (a) TEM image of ~10 nm GNPs attached to the bulk-like BTO
NCs. Inset shows the GNPs attached to the facet of a BTO crystal. (b)

Temperature-dependent plasmon peak position of the GNPs s

hown in

panel a. (c) Raman spectra around the 306 cm~' band at different tem-
peratures for the bulk BTO NCs. (d) Full width at half-maximum of the

~306 cm~' Raman peak as a function of temperature.

>100 nm NCs, with additional transitions at lower tem-
peratures, probably corresponding to smaller NCs from
the intermediate size regime.

The intermediate size regime (47 = 11 nm) is char-
acterized by somewhat different temperature depend-
ences of the LSPR and Raman probes. This is probably
due to competing surface and interior, bulk-like behav-
iors of the ferroelectric-to-paraelectric transition. A pos-
sible explanation for the difference between the re-
sults of the two probes in the intermediate size regime
is that the BTO NCs have interiors and surfaces that be-
have differently and undergo the ferroelectric-to-
paraelectric transitions at different temperatures.

Interestingly, on cooling the samples after the heat-
ing cycle the LSPR measurements revealed a thermal
hysteresis in the plasmon peak position of the GNPs at-
tached to the BTO NCs. The hysteresis appeared in all
the three 16 nm (Figure 5a), 47 nm (Figure 5b), and
bulk-like BTO particle sample (Figure 5c), while for the
Raman probe a small hysteresis only appeared for the
small size regime (16 = 4 nm BTO shown in Figure 5d)
around 30—280 °C. This significant difference in hyster-
esis between the two techniques, in spite of the similar-
ity in the observed changes in LSPR peak shift and Ra-
man line width as a function of temperature, again
indicates the fundamental difference between the two
techniques. It should be stressed that also in this case
the LSPR experiments with the control samples of GNPs
only and GNPs attached to STO spread on a silica sub-
strate or dispersed in tetraethylene glycol did not show
any visible hysteresis.

Unlike the small hysteresis in the bulk-like BTO
sample, the larger hysteresis in the small and interme-
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Figure 5. Thermal hysteresis in the BTO NCs. (a—c) Hysteresis in the LSPR
peak shift on heating vs cooling of the GNPs attached to the 16 nm, 47
nm, and bulk-like BTO samples, respectively. The arrows indicate the
measured A at room temperature 24 h after cooling. (d—f) Linewidth
of the 306 cm~" Raman peak as function of temperature on heating vs
cooling for the 16 nm, 47 nm, and bulk-like BTO samples, respectively.

diate size BTO NC samples did not disappear at low
temperatures. The simpler explanation to this phenom-
enon is that the Tc for the bulk-like NCs is higher than
the other two samples, and cooling to room tempera-
ture in this sample takes the system farther down from
Tc, to return to the polar state. Furthermore, repeating
the LSPR measurement 24 h after cooling in the smaller
NC samples revealed that the plasmon peak returned
to its original wavelength, depicted by the arrows in
Figure 5 panels a and b.

The large hysteresis appearing at the smaller BTO
NC samples (16 and 47 nm) when probed by the LSPR
but absent from the Raman data reflects the unique
sensitivity of the LSPR probe to the NC surfaces and in-
dicates that the polarization at the surface of the NCs in
the small and intermediate size regimes behaves differ-
ently than in their interior. The small hysteresis in the
Raman signal for the small size regime shows that the
whole NC transition is affected by the surface. On the
other hand, the small hysteresis observed by the LSPR
for the bulk-like sample indicates domination of the in-
terior over the surface in this size regime.

It seems that while the transition temperatures of
the near surface volume and the whole NC volume are
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typically close, in particular at the small size regime,
the ferroelectric relaxation processes could be very slow
for the near-surface volume. Theoretical work by Moro-
zovska and Eliseev demonstrated that the relaxation
times among other correlation functions and related
dynamical properties strongly depend on the surface
energy and finite size effects, which increases with par-
ticle size decrease.®* The polarization in ferroelectric sur-
faces is compensated by mobile charge carriers in the
crystal and adsorption of molecules, such as water, on
the crystal. Studies by Kalinin, Johnson, and Bonnell*' of
BTO single crystal (100) surfaces using scanning probe
methods revealed that temperature- and time-
dependent behavior of surface potential are governed
by the rapid nuclear polarization dynamics (i.e. within
the interior part of the ferroelectric) and slow screen-
ing charge dynamics (i.e. at the surface). The observed
LSPR hysteresis on cooling from the paraelectric state of
the BTO NCs originates from slow changes of the sur-
face polarization which should be strongly temperature
dependent. The LSPR shifts are due to optical dielec-
tric constant changes that are dominated by the tightly
bound electrons which respond to the changes in
nuclear configurations.

The general observation of a residual Raman signal
in BTO crystals above T¢ has been attributed to remain-
ing nanoscale polar regions.% This is also clearly ob-
served in the BTO NC samples of the present work. An
interesting difference can be noted between the small
size NC sample and the larger samples, as reflected in
the magnitude of the line broadening on crossing Tc.
The sharp broadening of the Raman line of the 16 = 4
nm sample is almost twice the maximal broadening ob-
served for the other two samples. This roughly
temperature-independent large broadening (and inten-
sity, see Figure 2a) beyond T¢ is probably purely a sur-
face contributed signal which is induced by disordered
polar-distortions.®? In the larger NCs this surface contri-
bution is probably small and the temperature-
dependent broadening and intensity drop (Figures 3¢
and 4c) may be related to the above-mentioned or-
dered polar nanodomains within the interior of the NCs.
These regions produce narrower Raman lines that dis-
appear with increasing temperature above T.

CONCLUSION

A new technique to probe the temperature-
dependent surface behavior of ferroelectric materials
has been demonstrated, which together with a Raman
spectroscopic probe provides an interesting picture on
the size dependence of the ferroelectric-to-paraelectric
phase transition in nanoscale ferroelectrics. In the
smaller BTO NCs the surface (LSPR data) and volume
(Raman data) correlate well due to dominance of the
surface over the whole NC behavior. Also at the bulk-
like NCs the surface and volume data agree, due to
dominance of the volume over the whole NC behavior,
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but at the intermediate sizes the surface and volume
behave differently. The volume T¢ is probably close to
bulk-like in all but the smallest NCs where it decreases
significantly relative to the bulk value. The surface ferro-
electricity seems to behave differently from the vol-
ume ferroelectricity and is characterized by very long
relaxation time scales. This behavior could be the re-
sult of a stoichiometry deviation and/or the intrinsic
high defect concentration at the surface. This work
strengthens the concept of having different surface
and interior, bulk-like contributions to the ferroelectric-
ity and to the phase transition and agrees well with a

METHODS

Preparation of BaTi0; (BT0) Nanocrystals (NCs). BTO NCs prepara-
tion is based on a synthesis published by Liu et al.*® The BTO
NPs were prepared in a molten eutectic mixture at relatively low
temperatures without using an organic dispersant or capping
agent. Size selectivity was attained by changing the procedure
temperature. Molten eutectic potassium hydroxide and sodium
hydroxide mixtures at ~180 and ~230 °C yielded BTO NCs of 47
+ 11 and 200 = 140 nm (commonly accepted as bulk-like) in
size, respectively. A molten eutectic CsOH and RbOH mixture at
~120 °C yielded BTO NPs of 16 = 4 nm in size. In a typical prepa-
ration, 20 g of mixed hydroxides (NaOH/KOH = 51.5/48.5) was
placed in a 25 mL Teflon vial. A mixture of BaCl, salt and TiO, NPs
(5—20 nm), 0.5 mmol each, was used as the raw material for re-
action. The raw material was placed on the top of the hydroxide
in the vial. The vial was put into a preheated oven at the appro-
priate temperature according to the required NC size. After the
hydroxides melted, the vial was shaken to ensure uniformity of
the mixed reactants. After reacting for 48 h (96 h for the bulk-like
BTO sample) the vial was taken out and cooled to room temper-
ature. Deionized (D) water was added to the solid product. The
product was filtered and washed with DI water.

Coating BTO NCs with GNPs. Two different approaches were
implemented to coat the BTO NCs with ~10 nm Au nanoparti-
cles (GNPs).

First Method, Used for Coating the Bulk-like BTO NCs with GNPs: GNPs were
synthesized by reduction of 10 mL of HAuCl, 2.0 mM with 375
L of NaBH, 0.11 M in the presence of thioctic acid (TA) as a sur-
factant (100:1 Au:TA) and tuning the pH to ca. 8—9 using 0.1 M
KOH solution. The BTO and GNPs were mixed (1:2—5 BTO:Au vol-
ume ratio) for two days, allowing the two types of particles bind.
Thereafter, the solution was centrifuged and redispersed in DI
water twice to exclude GNPs that were not attached to BTO crys-
tals. The solution was filtered and washed with DI water, finally
receiving pure BTO NCs coated with GNPs.

The BTO NCs coated with GNPs were then deposited on a
fused silica substrate by a modified layer by layer (LBL) method.%
The silica was first cleaned in a piranha solution (H,SO4:H,0, 3:1
volume ratio) for roughly 1 h. After washing with DI water and
drying with N,, the substrate was dipped into 1 wt %
aminopropyltrimethoxy-silane (APTMS) in methanol for 2 h, act-
ing as an anchor for GNPs to attach to the silica. Thereafter, the
substrate was alternately dipped, 10 min to 1 h, in the
BTO—GNPs dispersion and in poly-L-lyzine solution for 10—30
min each for about 5—10 cycles. The substrate was then washed
with DI water between the dipping steps. In this way GNP aggre-
gates that red-shift and broaden the plasmon peak were
avoided, unlike the attempts of using drop casting or spin-
coating methods to produce the films.

Second Method, for the 16 and 47 nm BTO NCs: A two-step preparation
technique was implemented: first, gold seeds (1—2 nm) were
prepared by reduction of HAuCl, with NaBH, in the presence of
mercaptopropionic acid (MPA) as the surfactant. Coating the
BTO NCs with these GNPs was performed as with the previously
mentioned GNPs made with the TA surfactant. Second, the gold
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similar notion already discussed with respect to ferro-
electric thin films.' It thus indicates the absence of an
intrinsic size-dependence of the transition temperature.
Owing to the high scattering cross-section of the gold
coating the BTO NCs, this LSPR-based sensing tech-
nique could be extended toward probing single ferro-
electric NCs coated with GNPs by combining high reso-
lution optical microscopy with temperature dependent
spectroscopy. Studying the ferroelectric phase transi-
tion on a single NC level may further enrich our knowl-
edge on the nature of this elusive type of phase
transition.

seeds on the BTO NCs were grown to ~10 nm GNPs by mixing
them with a previously prepared solution containing 250 pL of
HAuCl, 2.0 mM, 0.8 g of CTAB surfactant, and 212 pL of sodium
ascorbate 0.33 mM in 8 mL of H,0, while keeping the solution
around 35 °C to avoid precipitation of CTAB. The advantage in
this procedure is that the gold ions in the solution are reduced
locally only on the previously prepared gold seeds that are al-
ready coating the BTO NPs. The gold-coated BTO NCs were then
washed, filtered, and dispersed in tetraethyleneglycol, which
has a relatively higher boiling temperature than water so
temperature-dependent LSPR experiments were enabled di-
rectly on the solution. (Caution! piranha, APTMS, sodium borohy-
dride, and chlorauric acid present potential health or fire haz-
ards. Appropriate precautions should be observed at all times).

Coating SrTi0; (STO) NCs with Au NPs. STO NCs were purchased
from Sigma Aldrich Co. The preparation of GNPs coated STO
NCs and their characterization by LSPR is the same as for the
bulk-like BTO NCs.

LSPR Measurements. Temperature dependent absorbance mea-
surements were performed (1) on a Chirascan spectrometer (Ap-
plied Photophysics) equipped with temperature-controlled cell
holder in a standard fused silica cell for the Au-coated BTO NCs
in solution and (2) using a fiber-coupled array spectrometer
(Ocean Optics, S2000) connected to a home-built temperature-
controlled sample holder unit for the Au-coated BTO NCs depos-
ited on the silica substrates. Spectra were taken at selected tem-
peratures after stabilizing the temperature. The plasmon band
peak position was estimated by fitting a Gaussian function.

Raman Spectroscopy. The Raman system comprised a Jobin-
Yvon LabRam HR 800 micro-Raman system, equipped with a
liquid-N,-cooled detector. The excitation source was a He—Ne la-
ser (633 nm) with a power of 5 mW on the sample. The laser
was focused with an X50 long-focal-length objective to a spot
of about 2 wm. Measurements were taken with a 1800 grooves
per mm grating and a confocal microscope with a 100 wm pin-
hole and a typical exposure time of 2 min. The temperature con-
trol unit is Linkam TMS 94 with a THMS600 stage spanning the
range of —196 to 600 °C. A spectrum from a Si wafer was taken
at every two to three temperatures in order to verify the stabil-
ity of the Raman system. The line profiles were fitted with Lorent-
zian functions.

Transmission Electron Microscopy (TEM). TEM imaging was done
on a Tecnai F20 (FEI).

Simulation of the GNP LSPR Peak Shift with Change in BTO Refractive
Index on Reaching T. Finite difference time domain (FDTD) numeri-
cal solution of Maxwell’s equations using the Lumerical software
package (Lumerical Solutions, Inc.) was used to simulate the ex-
tinction spectrum of a 10 nm GNP attached to the center of a
facet of a 20 nm BTO nanocube immersed in tetraethylene gly-
col. The Rl values of BTO at room temperature and at bulk Tc
were taken from ref 47.
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