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Abstract

Improvement of both solution and vapor-phase synthetic techniques for nanoscale ferroelectrics has fueled progress in fundamental under-
standing of the polar phase at reduced dimensions, and this physical insight has pushed the boundaries of ferroelectric phase stability and
polarization switching to sub-10 nm dimensions. The development and characterization of new ferroelectric nanomaterials has opened new
avenues toward future nonvolatile memories, devices for energy storage and conversion, biosensors, and many other applications. This pro-
spective will highlight recent progress on the synthesis, fundamental understanding, and applications of zero- and one-dimensional ferroelec-

tric nanomaterials and propose new directions for future study in all three areas.

Introduction

Since the discovery of ferroelectricity in Rochelle salt nearly a
century ago, ferroelectrics have transitioned from an academic
curiosity to serious contenders in the fields of nonvolatile mem-
ory devices, actuators for microelectromechanical systems
(MEMS) devices, mechanical energy conversion, and many
other applications at the forefront of modern science.l'
Although research on ferroelectrics remains primarily confined
to the realm of epitaxial thin films, new methods for the synthe-
sis, processing, and integration of ferroelectric nanomaterials in
zero and one-dimensional forms is poised to reinvigorate re-
search on both the applications and fundamental science of fer-
roelectric materials. The last decade has witnessed the rapid
development of new synthetic pathways to low-dimensional fer-
roelectric nanomaterials, and these synthetic developments have
both transformed our understanding of the fundamental physics
of nanoscale ferroelectricity and spawned tantalizing new appli-
cations in solar energy conversion,*! biosensing,”®! and many
other areas. In this review, we summarize these recent achieve-
ments related to the synthesis, physics, and applications of these
nanomaterials. In addition, we highlight areas in which the con-
current development of powerful new characterization tools,
new synthetic pathways offering improved material control,
and an improved base of fundamental understanding offer new
opportunities to address longstanding questions within the field.

An introduction to ferroelectrics
Prior to reviewing recent developments in the field of ferroelec-
tric nanomaterials, we shall begin with a brief overview of the

basic properties of ferroelectrics for the unfamiliar reader. As
the dielectric analog of more familiar ferromagnetic materials,
ferroelectrics possess many of the basic characteristics of the
latter class of materials, including an order parameter with
multiple stable states, hysteresis during cycling between
these states, and the formation of domain structures (Fig. 1).
In analogy with ferromagnets, which exhibit a permanent
magnetic moment that may be reoriented with a sufficiently
strong magnetic field, the order parameter in ferroelectrics is
a spontaneous electrical polarization that can be similarly
reoriented under a sufficiently strong electric field.l*™®
Different spatial orientations of the spontaneous polarization,
as with ferromagnets, give rise to domain structures. To under-
stand the origin of this spontaneous polarization, we turn to the
archetypal inorganic ferroelectric, BaTiO3. As the material is
cooled below a critical temperature, known as the Curie tem-
perature in analogy with ferromagnets, the originally cubic
crystal undergoes a spontaneous symmetry-breaking distor-
tion to a tetragonal phase through the relative displacement
of the Ti ionic sublattice with respect to the negatively charged
oxygen sublattice, leading to the separation of the centers of
negative and positive charge in the unit cell and an electric
dipole moment (Fig. 1). The alignment of many of these
dipole moments across an entire crystal, like the coherent
alignment of electronic spins in a ferromagnet, leads to a
net, macroscopic polarization. In some cases, the orientation
of this spontaneous dipole moment can be reversed by appli-
cation of an electric field without inducing dielectric break-
down. We term these crystals ferroelectric, and we label
those crystals with a spontaneous polarization that cannot be
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Figure 1. An introduction to the basics of ferroelectricity. (a) Unit cell of the prototypical perovskite ferroelectric BaTiO3 above (left) and below (right) the Curie
temperature (T;). The tetragonal distortion and displacement of the Ti cations (red arrow) below T; result in a separation of the centers of negative and positive
charge, leading to a spontaneous electric dipole moment. Alignment of these dipole moments across an entire crystal leads to a net macroscopic spontaneous
polarization. (b) Schematic illustration of the domain structure of a ferroelectric material. Domains with the same polarization orientation (red arrows) form to
minimize electrostatic energy, similar to the formation of ferromagnetic domains. (c) Polarization switching in a ferroelectric. Cycling of the electric field results in
switching of the direction of the spontaneous polarization and a characteristic hysteresis loop resembling the magnetization-magnetic field hysteresis loops of

ferromagnetic materials.

reoriented as pyroelectric. These two classes of materials,
which we refer to as polar materials, are the focus of this re-
view. The utility of these materials arises not only from the ex-
istence of multiple stable polarization states, but also from the
fact that all pyroelectric crystals are necessarily piezoelectric
by symmetry, allowing for interconversion of mechanical
and electrical impulses.

The vast majority of common ferroelectrics are complex
oxide materials, and most of these are based on the perovskite
structure, defined by the general formula ABOs, and, in many
cases, a small symmetry-breaking distortion from a cubic
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phase.””) Many other classes of ferroelectrics exist, however, in-
cluding semiconductors such as GeTe and SbSI and hydrogen-
bonded materials such as potassium dihydrogen phosphate
(KDP).®! In addition, in materials with a magnetic sublattice
such as BiFeO; and YMnOs, ferroelectric ordering may be ac-
companied by ferromagnetic ordering, in many cases leading to
magnetoelectric coupling between the order parameters.!”! The
discovery of new ferroelectrics remains an active area of re-
search, and these new semiconducting and multiferroic materi-
als continue to push the frontiers of ferroelectricity in the
present day.
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Synthesis of ferroelectric
nanomaterials

The last three decades have featured an explosion in the devel-
opment of both zero and one-dimensional nanostructures.’:'"}
The vapor-liquid—solid (VLS) growth scheme, colloidal chem-
istry, and hydro/solvothermal techniques have exhibited partic-
ular versatility. Despite the considerable successes of these
methods for a broad range of materials, quality syntheses of fer-
roelectric nanomaterials have been noticeably lacking in the lit-
erature, and most of the successes have been confined to a
single material, BaTiO3. This dearth of literature is curious
given the rapidly increasing interest in ferroelectrics and related
polar materials such as multiferroics, and is rendered still more
curious by the success of both vapor and solution-based tech-
niques in the synthesis of complex oxides with other function-
alities, including the magnetic spinel ferrites.!' ! In this section,
we shall examine progress in the synthesis of ferroelectric
nanomaterials using colloidal chemistry, hydrothermal and sol-
vothermal methods, and an aqueous/organic two-phase ap-
proach that is beginning to yield exciting results. We will
also examine the prospects for vapor-phase growth of one-
dimensional nanostructures and future challenges in ferroelec-
tric nanomaterial synthesis.

Colloidal synthesis

Early attempts at the synthesis of ferroelectric nanomaterials
employed colloidal techniques involving decomposition of re-
active organometallic precursors in the presence of long-chain
surfactant molecules that passivate particle surfaces and prevent
aggregation in solution. Early work by O’Brien et al. demon-
strated the synthesis of monodisperse BaTiO3; nanocrystals
via hydrolytic decomposition of a bimetallic alkoxide precursor
in the presence of oleic acid ligands (Fig. 2)..'*) A subsequent
study by Urban et al. demonstrated the synthesis of single-
crystal nanowires of both BaTiO; and the incipient ferroelectric
SrTiO; through hydrolysis and subsequent high-temperature
growth using a simpler bimetallic alkoxide (Fig. 2).!'* The
synthesis of the binary semiconductor ferroelectric GeTe has
recently been demonstrated through reaction of Ge(Il) precur-
sors with a trioctylphosphine—Te complex in the presence of tri-
octylphosphine and dodecanethiol stabilizers, and weak
ferroelectric ordering has also been detected in nanorods of
the ferroelectric semiconductor Sb,S3.[1+15] Despite these nota-
ble successes, the synthesis of monodisperse, soluble ferroelec-
tric nanoparticles by standard organic-phase colloidal methods
remains enormously challenging. These challenges may be due
in part to the paucity of bimetallic alkoxide precursors for hy-
drolytic synthesis and the presence of a spontaneous polariza-
tion, which may drive aggregation in solution.

Hydrothermal and solvothermal synthesis

Hydrothermal and solvothermal methods have yielded a greater
range of ferroelectric materials than those produced by colloi-
dal chemistry, although size dispersion and aggregation remain

serious challenges. Nanostructures of BaTiO3, PbTiO3, and Pb
(Zr, Ti; _, )O3 (PZT) have been prepared by hydro/solvothermal
means, often through reaction of Ti isopropoxide with Ba metal
or acetate salts.["®'” Wong and co-workers also prepared both
BaTiO; and SrTiO; using oxalate chemistry at high pressure
(Fig. 3).I'8 This general approach involving high-temperature,
high-pressure reaction of metal salts has also been employed
for synthesis of other perovskites, such as the colossal magne-
toresistive material Lal,xBaanO}[lg] In addition, Caruntu
and co-workers have recently reported the growth of reasonably
well-dispersed nanocrystals of the ferroelectric (and leading
nonlinear optical material) LiNbO3 via decomposition of a
single-source precursor under high pressure.'*”! The hydrother-
mal approach has recently shown promise for the synthesis of
the multiferroic perovskite BiFeO; through reaction of Bi and
Fe salts in the presence of tartaric acid or ethylene glycol fol-
lowed by calcination (Fig. 3).*'?* Templated growth proce-
dures using either pre-existing arrays of nanowires, such as
TiO, or ZnO, or lattice-matched substrates have also enjoyed
modest success in the formation of quasi-one-dimensional
nanostructures.’> 21 Although solvothermal techniques have
broadened the range of available ferroelectric nanomaterials,
these techniques generally yield products with poor size disper-
sion and serious agglomeration, rendering these materials of
limited use for either applications requiring uniform particles
or fundamental studies at the single-particle level.

Aqueous/organic multiphase synthesis

The development of a new synthetic method by Li and co-
workers using both an aqueous and an organic phase at high
pressures has enabled the high monodispersity and ligand pas-
sivation provided by colloidal techniques to be combined with
the versatility of the hydrothermal approach.”””! In this method,
metal salts are dissolved in the aqueous phase, and organic
capping ligands such as oleic acid are dissolved in the organic
phase (Fig. 4). Decomposition of the metal carboxylates
formed in-situ at high temperature and pressure results in
oxide nanocrystals capped with carboxylate ligands that segre-
gate in the organic phase. This method was leveraged by Do,
Gao, and others to create highly monodisperse, organic-soluble
nanocrystals of rare-earth oxide nanocrystals, particularly
Ce0,.2%2] Recently, two-phase techniques have been applied
to the synthesis of ferroelectric oxides by Caruntu and co-
workers, with impressive results (Fig. 4).°% Adireddy et al. re-
ported the synthesis of highly monodisperse nanocrystals of
BaTiO; with controlled sizes and shapes. In this work, the re-
action of Ti butoxide with Ba nitrate in the presence of oleic
acid at elevated pressure produces nanocrystals capped with
oleic acid ligands that are well dispersed in organic solution.
Broader application of this method may provide a promising
path forward for the synthesis of other types of ferroelectric pe-
rovskites with controlled sizes, shapes, and surface structures
that can be readily redispersed.
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Figure 2. Single-crystal BaTiO; nanomaterials synthesized via organic-phase colloidal chemistry. (a) Transmission electron microscope (TEM) images of
monodisperse BaTiO3; nanospheres capped with oleic acid ligands synthesized by hydrolysis of a bimetallic alkoxide precursor. Reproduced with permission
from Ref. 12, copyright 2001 American Chemical Society. (b) Single-crystal BaTiO; nanowires synthesized through hydrolysis of another bimetallic alkoxide,
also in the presence of oleic acid stabilizers. Selected area electron diffraction patterns (top panel) and high-resolution TEM images (bottom panel) indicate that
the wires are single crystals. Reproduced with permission from Ref. 13, copyright 2002 American Chemical Society.

i 2 mr‘

Intensity (a.u.)

Energy (keV)
@) (b)

Figure 3. Perovskite nanostructures produced by hydrothermal synthesis methods. (a) Nanocrystals of the multiferroic material BiFeO3 synthesized by a
hydrothermal reaction in the presence of ethylene glycol. The four panels include a low-resolution TEM image, an electron diffraction pattern, a high-resolution
TEM image, and an energy dispersive x-ray spectroscopy scan illustrating the stoichiometry (clockwise from top left). Reproduced with permission from Ref. 22,
copyright 2007 American Chemical Society. (b) Scanning electron microscope images of hydrothermally prepared nanostructures of both BaTiO; (top panel)
and the incipient ferroelectric SrTiOz (lower panel). Reproduced with permission from Ref. 18, copyright 2003 American Chemical Society.
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Figure 4. An aqueous/organic two-phase method for producing ligand-passivated and monodisperse ferroelectric nanocrystals. (a) Schematic illustration of the
synthesis process. Metal salts in the aqueous phase form metal carboxylates in-situ that subsequently decompose to nucleate nanocrystals. The growing
nanocrystals are passivated by long-chain organic ligands dissolved in the organic phase, in which the particles remain. Reproduced with permission from
Ref. 27, copyright 2005 Nature Publishing Group. (b) TEM image of monodisperse BaTiO; nanocubes prepared by this agueous/organic two-phase synthesis
procedure. Nanocubes capped with oleic acid ligands dissolved in an organic phase with sizes as small as ~5 nm can be obtained. Reproduced with permission

from Ref. 30, copyright 2010 American Chemical Society.

Future directions in ferroelectric nanomaterial
synthesis
Although considerable progress has been made in the synthesis
of high-quality nanostructures of ferroelectrics, these materials
continue to lag far behind the state of more common metal and
semiconductor materials. Notably, promising solution-phase
synthesis routes have thus far not been accompanied by signifi-
cant progress in the vapor-phase growth of one-dimensional
nanostructures. While nanowires of the semiconducting ferro-
electrics GeTe and Sb,S; have been synthesized by several
groups using vapor-phase methods, few reports exist for tradi-
tional perovskite oxide materials.”*'** Nanotubes and epitaxial
nanowires of PbTiO3 and PZT have been grown by templated
MOCVD growth on ZnO nanowires'**! or vapor—solid growth
on SrTiO5 substrates,!*>) respectively, but reports of the growth
of single-crystal perovskite nanowires of controlled, uniform
diameter by vapor-phase methods are practically nonexistent.
A great deal of open territory thus exists for the development
of syntheses of high-quality nanowires by vapor-phase means.
The field of ferroelectrics would also benefit from an expan-
sion of the library of available materials, particularly those ex-
hibiting multiferroic properties. Given the difficulty of
ambient-pressure colloidal synthesis for traditional oxides and
the relatively poor size and shape control afforded by solvother-
mal techniques, the expansion of two-phase aqueous/organic
synthetic methods to traditional ferroelectrics with larger polar-
ization such as PbTiO5 and multiferroics such as BiFeO3; and
YMnO; would appear an area ripe for intense exploration.
The nanoscale synthesis of polar complex fluoride compounds

also remains, to the best of our knowledge, almost entirely un-
explored. Numerous ferroelectric (and even multiferroic) com-
plex fluorides exist, such as BaMnF, and related materials.?!
Monodisperse colloidal nanocrystals of other complex fluo-
rides, including doped compounds with the same general for-
mula ABF,, have been grown successfully for photonic
upconversion applications.*¥

The development of heterostructures, particularly of the
core—shell variety, may provide another strategy to enhance
polar phase stability and expand functionality. It would be par-
ticularly exciting to examine the strain-mediated magnetoelec-
tric coupling in nanostructures composed of perovskite oxides
and magnetic spinel ferrites, similar to BaTiO;—CoFe,O,4 nano-
composites examined in thin film structures.”> It is conceivable
that a well-established colloidal synthesis protocol for ferrites
could be adapted for heterogeneous nucleation on perovskite
nanocrystals grown through the two-phase route.!' ! Strain engi-
neering in nanoparticle heterostructures may also be exploited to
stabilize novel material phases under ambient conditions. An in-
triguing step in this direction was recently reported by Chu and
co-workers, who reported the growth of heterostructures com-
posed of BiFeO; nanodots in the non-equilibrium tetragonal
phase on LaAlO5 nanoparticles formed by laser ablation.*®!

An improved ability to tailor nanomaterial size and mor-
phology may also enable the stabilization of non-equilibrium
phases in single-component nanostructures under ambient con-
ditions. Many common ferroelectrics, including BaTiO,,B"!
PZT,'™ and BiFeO}**! exist near morphotropic phase boundar-
ies separating phases with different crystallographic symmetry.
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The addition of a surface energy term to the free energy and in-
ternal strain arising from the free surface can lead to dramatic
changes in the phase diagram of materials at reduced dimen-
sions.*”! Non-equilibrium phases have been stabilized in sim-
ple oxide materials such as ZrO, that exist close to a
tetragonal-monoclinic phase boundary,*” and phases not oth-
erwise observed in nature have been seen in other systems,
most notably the epsilon phase in Co nanoparticles.!*"]
Indeed, a recent study by Louis et al. on BaTiO3; and KNbO;
nanowires reported a previously unobserved monoclinic ferro-
electric phase not known to be present in bulk material.1**! It
will be interesting to see whether size and morphological con-
trol can be leveraged in other ferroelectric nanostructures to sta-
bilize novel material phases, such as the tetragonal phase of
BiFeO; with one of the highest spontaneous polarization values
yet reported.t*!

Fundamental science of ferroelectric
nanomaterials

We now switch our attention to the physics of such ferroelectric
nanocrystals, with a particular focus on work examining the
stability of the polar state as a function of size. As synthetic
techniques have evolved to produce higher-quality materials,
so too has our understanding of the behavior of ferroelectricity
at reduced dimensions. Early work on nanocrystalline ceramics
suggested a rapid decay of ferroelectric polarization below a
size scale of ~100 nm,**! while more recent studies have com-
plicated the picture by suggesting a dissolution of the coherence
of local ferroelectric distortions™*>~*"! or even the formation of
exotic polarization states with continuous polarization rota-
tion.*®*°) In addition, our picture of other basic ferroelectric
properties, such as the evolution of domain structure with
size and the size-scaling of the ferroelectric phase transition,
is also becoming clearer due to both improved synthetic tech-
niques and characterization tools. We highlight in this section
new insights into the size-scaling of ferroelectric domain struc-
tures, phase transitions, and the stability of the polar phase. We
further examine emerging areas of research, in particular stud-
ies of individual, discrete nanocrystals and the search for exotic
polarization states. Finally, we will describe outstanding ques-
tions relating to the fundamental physics of low-dimensional
ferroelectricity and propose future strategies for addressing
these questions.

Ferroelectric stability at the nanoscale

Early studies of size effects in ferroelectrics on nanocrystalline
ceramics frequently noted the apparent decline in the overall
ferroelectric polarization as a function of particle size at size
scales less than approximately 100 nm."*>°>% This decline
in polarization was generally attributed to the influence of the
depolarization field at small dimensions, and it was widely be-
lieved that screening of the polarization-induced surface char-
ges by metallic electrodes was necessary to stabilize the
ferroelectric state. A seminal study by Spanier et al., however,
demonstrated a stable ferroelectric polarization in single-crystal
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BaTiO; nanowires down to diameters of only a few nanome-
ters.>>! Calculations using density functional theory in this
work showed that molecular adsorbates on the surface provided
an even greater screening effect than that provided by metallic
electrodes, and subsequent work on thin films highlighted the
dramatic effects of atmospheric moisture and other adsorbates
in manipulating the domain arrangements in two-dimensional
systems.’®) Rigorous structural studies by the groups of
Steigerwald,'**! Petkov,***”! and others using atomic pair-
distribution function analysis confirmed the presence of ferro-
electric structural distortions in particles as small as 5 nm,
and recent work has demonstrated a net polar distortion in sin-
gle nanocrystals with sub-5nm dimensions using direct
atomic-scale imaging.'>’* The realization that ferroelectricity
can be preserved down to far smaller dimensions than previous-
ly imagined opened up new territory for both fundamental
study and practical applications.

Evolution of domain structure with size

Although the evolution of domain structure with size in ferro-
magnetic materials had been well described theoretically by
Kittel and verified experimentally, the scaling of domain struc-
ture in ferroelectrics has been subject to rigorous experimental
investigation only more recently.[! The domain spacing, which
was predicted to scale approximately as the square root of the
sample dimensions, is a delicate balance among electrostatic
energy, domain wall formation energy, and internal strain.t)
Studies by Gregg and co-workers on individual free-standing
pieces of BaTiO; cut from a bulk single crystal by a focused
ion beam have yielded considerable insights into the evolution
of domain patterns with both size and morphology
(Fig. 5).°77°! Studies of the size-scaling of domain structures
demonstrated the validity of the classical Kittel scaling relation
over orders of magnitude in size, down to a size limit of approx-
imately 100 nm."*! A study of discrete nanodots fabricated
using the same method illustrated the presence of quadrant-like
domain structures, although no simple flux-closure structures
could be observed.'®” An additional study by this team demon-
strated control of 90° domain arrangements by varying the mor-
phology and size of single-crystal nanowires.'°!! Additional
work by Luk’yanchuk et al. attributed the presence of ferroelas-
tic 90° domain walls, for which no electrostatic driving force
exists, in such structures to the presence of internal strains aris-
ing from a surface “dead” layer created by ion milling.[*”
Internal strains may thus play a much larger role than previous-
ly thought in governing the size-scaling of ferroelectricity. This
body of work has yielded powerful insights into the influence
of size, morphology, and surface structure on domain arrange-
ments at dimensions approaching the nanoscale. Owing to the
use of focused ion beam milling, which creates a damaged sur-
face layer several nanometers in thickness and is limited to
structure dimensions of ~100 nm, these studies were unable
to explore the possibility of a transition to a single-domain re-
gime, and separating the effects of surface damage from intrin-
sic depolarization effects remains challenging. Recent work on
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Figure 5. Domains in freestanding ferroelectric nanostructures. (a) Domain patterns in fabricated ferroelectric nanodots show complex configurations that
persist down to the smallest length scales studied (~100 nm). Reproduced with permission from Ref. 60, copyright 2007 American Chemical Society.

(b) Scaling of domain periodicity with size in freestanding nanostructures. Domain spacing scales with the square root of side length for both nanodots and
nanorods for all sizes observed experimentally, consistent with classical scaling laws. Reproduced with permission from Ref. 59, copyright 2006 American

Physical Society.

GeTe nanocrystals demonstrated a transition to a single-domain
regime at a size scale of approximately 30-50 nm.!"*! Other re-
cent studies on BaTiO; nanocubes also point to stable single-
domain states in discrete nanocrystals at a size scale of <~50
nm.[**! Finer control over morphology and size will be neces-
sary to fully elucidate the transition from the monodomain to
the multidomain regime in nanomaterials with both size and
morphology. The monodisperse BaTiO3 nanocubes described
in the previous section on synthesis would appear to provide
in this respect a promising starting point for such a detailed
analysis.

Ferroelectric coherence at the nanoscale

Implicit in much early work on low-dimensional ferroelectricity
was the assumption that a decline in ferroelectric polarization at
a global scale reflected a decline in ferroelectric distortions at a
local scale. Spectroscopic experiments on BaTiOj thin films fre-
quently showed the presence of tetragonal symmetry above the
Curie temperature, and studies of BaTiO; nanocrystals with
Raman spectroscopy, which is highly sensitive to local symme-
try, in many cases showed tetragonal symmetry in particles oth-
erwise believed to be in the cubic state.l** Recent studies
combining a probe sensitive to global structure, such as
Rietveld refinement of powder x-ray diffraction data, with a
probe sensitive to local structure, such as atomic pair distribu-
tion function (PDF) analysis, have yielded powerful new in-
sights into the fundamental changes that occur in ferroelectric
ordering at the nanoscale.> 7! These studies demonstrated
the presence of clear tetragonal distortions in BaTiO; down to
particle sizes of only a few nanometers and illustrated clear

structural changes relative to bulk material below a size scale
of ~100 nm, as demonstrated in previous work. Importantly,
however, although measurements with Rietveld refinement of
powder diffraction data showed a decline in the overall tetrago-
nal distortion with decreasing size, PDF measurements illustrat-
ed ion displacements on a local scale that were often larger than
those for bulk material (Fig. 6). This disparity arises from a
decline in the coherence of ferroelectric distortions across the
particle volume. Recent work on monodisperse BaTiO; nano-
crystals with different morphologies indicates a profound influ-
ence of particle shape on this structural coherence, implicating
internal strains as an additional cause of disordering.”®! Cubic
particles with more low-energy surface facets were found to
have far greater coherence lengths for tetragonal distortions
when compared with spherical particles, even those with larger
volumes. Despite the decline in ferroelectric coherence, a net
polarization in nanocrystals as small as 5 nm has been confirmed
to be stable by both atomic-resolution imaging and electrical
switching.®®! Atomic-resolution transmission electron micro-
scope (TEM) images illustrated a significant net, coherent polar-
ization in both GeTe and BaTiO; nanocrystals grown by
solution-phase techniques (Fig. 7). More recent work with elec-
tron microscopy has also illustrated a tetragonal distortion in
BaTiO3 nanocubes that is larger than that for bulk material with-
in the particle core but accompanied by a nearly undistorted
“shell” region near the surfaces that reduces the overall distor-
tion to more bulk-like values.[*! These structural studies reveal
a picture of ferroelectric order that, although robust down to
nanometer-scale dimensions, becomes markedly inhomoge-
neous in nature.
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Figure 6. Coherence of ferroelectric distortions at the nanoscale. (a) Unit cell parameters of BaTiO3 nanoparticles as a function of size obtained from Rietveld
refinement of powder x-ray diffraction patterns. Although the overall tetragonal distortion defined as the ratio of the ¢ axis ([001]) lattice constant to the a axis
([100], [010]) lattice constant decreases for smaller BaTiO; nanoparticles (top panel), the local Ti cation displacements (Given here in fractional coordinates,
where a value of 0.500 represents the Ti position for the undistorted, cubic phase) increase with decreasing size (bottom panel), suggesting larger but less
spatially coherent local ferroelectric distortions. (b) Changes in the unit cell parameters of BaTiO3 nanoparticles with sizes of 26, 45, and 70 nm and bulk material
through the phase transition. The phase transition (near 130 °C) becomes noticeably more diffuse as particle size decreases. Both panels reproduced with

permission from Ref. 45, copyright 2008 American Chemical Society.

Toroidal polarization states

As recent experimental work has changed the picture of nano-
scale ferroelectrics as miniaturized bulk materials with dimin-
ished but coherent polarization, theoretical studies using ab
initio techniques have uncovered still more intriguing behavior.
At reduced dimensions, ferromagnetic materials frequently
form flux-closure domain structures to reduce magnetostatic
energy stored in fringing fields.') Below the single-domain
limit, energy may be minimized by formation of toroidal mag-
netization states characterized by continuous rotation of mag-
netic flux around a central core. Such toroidal magnetization
states have been elegantly demonstrated experimentally by,
for example, Snoeck et al. using off-axis electron hologra-
phy.[*! The anisotropy energy of the spontaneous polarization
in ferroelectrics, however, is, in general, far greater than the an-
isotropy of the spontaneous magnetization in ferromagnets,™
although this anisotropy may become vanishingly small in
the vicinity of a morphotropic phase boundary.[*® The sponta-
neous polarization is thus far more difficult to reorient along an
arbitrary axis, leading many to believe that toroidal polarization
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states requiring continuous flux rotation would not exist in na-
ture. A seminal ab initio study by Naumov et al. on PZT nano-
structures, however, demonstrated stable vortex polarization
states in nanodots and periodic arrangements of vortices in
nanowires (Fig. 8).*! An ultimate limit for the stability of
the toroidally ordered polar state of 2.6 nm was also reported,
further pushing the size limits of the polar phase. Subsequent
work expanded these results to BaTiO{*”? and GeTe!®” and
demonstrated a smooth transition between vortex and conven-
tional polarization states with increasing polarization screen-
ing.[®! In an effort to aid the search for toroidal ordering,
Bellaiche and coworkers have also provided a list of properties
that should be exhibited by such nanodots, including a c/a ratio
(tetragonal distortion) of less than one for tetragonal ferroelec-
trics that could be observed by standard diffraction tech-
niques.'®”’ The existence of continuous flux rotation and
flux-closure-like domain structures has recently been directly
demonstrated in ferroelectric thin films using atomic-resolution
microscopy. Nelson et al. demonstrated the first example of a
flux-closure-like structure with continuous flux rotation in a
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Figure 7. Atomic-scale mapping of ferroelectric polarization in individual nanocrystals. (a) Atomic-scale analysis of local polarization patterns in individual GeTe
nanocrystals. Mapping of local atomic displacements obtained from atomic-resolution TEM images (top panel) reveals a coherent and linearly ordered
polarization along the [111] axis (bottom panel). (b) Atomic-scale analysis of local polarization patterns in individual BaTiO3 nanocrystals. Mapping of local
atomic displacements also shows a coherent and linearly ordered polarization along the [001] axis (bottom panel). Reproduced with permission from Ref. 58,

copyright 2012 Nature Publishing Group.

BiFeOj thin film grown on an insulating TbScOs substrate,!””!

and Jia et al. followed up this study with a detailed analysis of
continuous flux rotation in PZT thin films also grown on insu-
lating TbScOj3 using a combination of atomic-resolution mi-
croscopy and rigorous image simulations (Fig. 8).”"! Despite
these breakthroughs in thin-film systems, true single-domain
vortex polarization states in discrete nanodots have yet to be ob-
served conclusively. A notable effort by Rodriguez et al. dem-
onstrated piezoresponse force microscope (PFM) data
consistent with a flux closure-like domain arrangement in fab-
ricated nanodots, but the size scale of these dots (~100 nm) is

significantly above the single-domain regime.l”?! Studies with
electron holography similar to the work of Snoeck et al. on fer-
romagnetic nanocubes have shown evidence of a linear polari-
zation state and external fringing fields, but no evidence of
toroidal ordering has yet been uncovered."*7* The lack of
single-domain vortex states may be attributable to the afore-
mentioned efficient screening of polarization-induced charges
by surface adsorbates. It is notable that examples of continuous
flux rotation in thin films occurred in films grown on insulating
substrates rather than on a more typical metallic SrRuO; back
electrode that provides effective screening. Stabilizing vortex
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Figure 8. Novel polarization states in ferroelectric nanomaterials. (a) Schematic illustrations of polarization patterns in PZT nanodots of various shapes. Despite
the large anisotropy energy of ferroelectrics, vortex-like polarization states with a stable toroid moment have been predicted theoretically in small, single-domain
ferroelectric nanostructures. Reproduced with permission from Ref. 69, copyright 2007 American Physical Society. (b) Direct observation of continuous flux
rotation in a PZT thin film on an insulating TbScOs substrate by atomic-resolution TEM. Local polarization vectors are indicated by the small yellow arrows.
Reproduced with permission from Ref. 71, copyright 2011 American Association for the Advancement of Science.

states in freestanding nanocrystals may thus require an analo-
gous arrangement consisting of a ferroelectric core surrounded
by a highly insulating epitaxial shell.

Size-dependent polar phase transition

Like the question of the stability of the polar state at finite di-
mensions, the nature of the phase transition from the high-
temperature prototype phase to the low-temperature polar-
ordered phase has also been the subject of some contention.
Studies of nanocrystalline ceramics and nanopowders of
BaTiO; and PbTiO; have frequently shown a decrease in
Curie temperature with particle size below a size scale of
~100 nm, but estimates for the degree of suppression of the or-
dering temperature vary considerably."*>* Some reports have
suggested a critical size for the disappearance of the polar phase
transition as small as 10-30 nm,®? while others cite values
closer to 50 nm or even larger.>*! The study of the phase tran-
sition in individual BaTiO3 wires by Spanier et al. cited earlier
found a suppression of the Curie temperature to below ambient
temperature at a diameter of 3 nm.> Although wide scatter ex-
ists in measurements of the Curie point, a shift in the tempera-
ture of the paraelectric-ferroelectric phase transition with
decreasing particle size has been consistently observed, often
following a 1/d trend (where d is the particle diameter). The sig-
nificantly lower critical size for the suppression of ferroelectric-
ity in the Spanier study may be related to effective passivation
of the wires with oleic acid ligands. A change to a more diffuse
phase transition with decreasing size has also been consistently
observed. Analysis of the polar phase transition with
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differential scanning calorimetry (DSC) and Raman spectro-
scopy in particular has often shown a pronounced broadening
of the temperature range of the phase transition.*>**! Some
portion of this effect may be related to inhomogeneity in parti-
cle size, but studies on relatively monodisperse particles have
shown significant broadening of the transition as well.** The
increasing diffuseness of the phase transition with decreasing
particle size is thus likely to be at least to some extent of intrin-
sic origin. The results of detailed structural studies with
PDF and TEM mentioned earlier suggest increasing inhomoge-
neity of polarization as a likely cause of this broadening.
Deconvoluting size inhomogeneity from intrinsic effects, how-
ever, will ultimately require single-particle studies. An interest-
ing effort in this direction was recently presented by
Szwarcman et al. on individual BaTiO; nanocubes.”* The lo-
calized surface plasmon resonance of gold nanoparticles grown
on the nanocubes was used in this work as a local probe of the
material phase. The group concluded that surface effects dom-
inated the behavior of the smallest (~16 nm) nanocubes, but
particle aggregation makes interpretation of the results some-
what problematic. The precise physical origins of the increas-
ing diffuseness of the phase transition at finite size also
remain at issue. Although depolarization effects have been tra-
ditionally implicated, a recent study of the size-dependent polar
phase transition in highly conducting GeTe found a similar
decrease in the polar phase transition temperature with decreas-
ing size and a significant decrease in the magnitude of the polar
distortion.®”! The metallic conductivity of GeTe provides
strong internal screening of depolarization fields; it is thus
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likely that internal strain effects at finite size also contribute to
the suppression of the phase transition temperature and stability
of the polar state.

Future possibilities for fundamental study
Although much progress has been made towards developing a
clear picture of ferroelectricity at the nanoscale, many impor-
tant questions remain. The parallel development of synthetic
techniques for monodisperse ferroelectric nanocrystals with
well-defined morphologies and new tools for nanoscale in
situ characterization with TEM and scanning-probe microscopy
provide, in our view, rich opportunities.

In situ studies of the ferroelectric phase transition and ferro-
electric switching in individual particles represent a particularly
exciting route for future exploration. The recent development of
MEMS-based heating holders for the TEM allows for
atomic-resolution imaging at elevated temperatures with mini-
mal thermal drift and rapid stabilization.”>! In situ heating of
monodisperse BaTiO; nanocubes, such as those demonstrated
by Caruntu and co-workers,*” could allow the ferroelectric
phase transition to be characterized at the single-particle level
for the first time. A combination of a global structural probe,
such as electron diffraction, with a probe sensitive to local sym-
metry breaking, such as electron energy loss near edge struc-
ture, could allow the evolution of both local and global
ferroelectric distortions through the phase transition to be ana-
lyzed free from ensemble averaging effects. Analysis with di-
rect atomic-resolution imaging could yield even more
exciting conclusions. The parallel development of new in situ
electrical biasing sample holders could provide another excit-
ing new direction. A simple parallel plate capacitor-like struc-
ture patterned using electron beam lithography on a silicon
nitride heating chip could be used to apply an electric field
across individual ferroelectric nanocubes to observe polariza-
tion switching in situ at atomic resolution. The use of discrete
nanocubes provides an opportunity to study polarization
switching at the simplest level, free from interference from sub-
strates, other domains, and other complicating factors.

The combination of topographic information and nanoscale
spectroscopy provided by recently developed instruments inte-
grating AFM/PFM with tip-enhanced Raman spectroscopy
may provide another powerful pathway to studies of polariza-
tion switching and phase transitions on a single-domain
scale.’®! The sensitivity of Raman spectroscopy to subtle
changes in crystallographic symmetry may allow detection of
local (and incoherent) structural perturbations accompanying
ferroelectric phase transitions that would be highly challenging
to resolve with TEM. In addition, the ability to readily combine
this high sensitivity to local structure with polarization switch-
ing may furnish new insights into switching mechanisms at the
single-domain scale and the origins of fatigue/retention effects.

The demonstration of polarization switching in thin BaTiO3
nanowiresl®” and more recently in sub-10 nm BaTiOs nano-
dotsP®® raises questions regarding the stability of the polarization
as a function of time. The so-called superparamagnetic effect is

well known in ferromagnetic nanocrystals at reduced size.”*"]

In the superparamagnetic regime, ambient thermal energy be-
comes comparable with the anisotropy energy of the magnetiza-
tion, which scales with particle size, allowing for random,
thermally induced collective reorientation of all spins within a
single-domain particle. The existence of an analogous super-
paraelectric effect remains an open question. Analysis of indi-
vidual sub-10 nm BaTiO; nanocubes with PFM could provide
an avenue for exploring this question. The PFM phase signal
provides direct information on the direction of the spontaneous
polarization, with a 180° phase shift corresponding to a 180°
flip in the direction of the spontaneous polarization. Random,
rapid flips in the phase signal by 90° or 180° over time would
provide a clear signature of superparaelectric behavior.

A final area ripe for future study centers around the search
for toroidal polarization states in nanomaterials, which incorpo-
rates synthetic, theoretical, and characterization challenges.
Given the effective screening of surface charges that produce
the depolarization fields necessary to generate polarization vor-
tices, it will likely be necessary to generate core—shell structures
in which polarization charges are trapped at an epitaxial inter-
face with an insulating shell layer, analogous to ferroelectric
layers on insulating substrates in which flux rotation has been
observed. Overgrowth of SrTiOj; shells on BaTiO; (or prefera-
bly PbTiO5) nanocubes may provide an appropriate system for
observation of vortex states. Both BaTiO; and SrTiO; have
been made using solution-phase synthetic techniques, so het-
erogeneous nucleation of SrTiO3; on BaTiO3 nanocubes may
not be prohibitively difficult. The observation of novel polari-
zation states in nanodots also presents challenges for theoretical
modeling. Thorough understanding of polarization screening
by capping ligands is lacking, as is work on the influence of in-
ternal strains on polarization coherence and character. A thor-
ough theoretical treatment of screening provided by typical
capping ligands and nanomechanical modeling to analyze the
influence of morphology on internal strain fields and polariza-
tion would be quite beneficial in this area. A good step in this
direction has recently been taken by Yasui and Kato, who an-
alyzed in detail the effects of surface adsorbates and microstrain
on ferroelectric ordering in small BaTiO; nanocubes,!””! but
further studies along these lines will be necessary to provide
a complete picture of the size and shape-dependent interplay
of depolarization effects, polarization, and internal strain.
Characterization of appropriately engineered nanostructures
with atomic-resolution TEM may then provide the first experi-
mental evidence of true monodomain vortex states.

Applications of ferroelectric
nanostructures

The drive to understand nanoscale ferroelectrics is motivated to
a large extent by applications of their unique spontaneous po-
larization and exceptional piezoelectric properties. While
much attention within the ferroelectrics community has tradi-
tionally been focused on nonvolatile memory devices,!"*"®! re-
cent years have seen the emergence of new applications for
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nanoscale ferroelectrics in mechanical and solar energy conver-
sion,***! high-energy density nanocomposites,’’” and biosens-
ing."™ In this section, we will highlight some of the recent
achievements in these emerging fields and examine future chal-
lenges and prospects. Both improved techniques for the con-
trolled synthesis of well-defined, high-quality ferroelectric
nanomaterials and new fundamental insights into the nature
of low-dimensional polar order will continue to fuel research
on these technologies for many years to come.

Ferroelectric nanomaterials for nonvolatile
memories

For many years, the possibility of high-density, low-power
nonvolatile memory devices has been a major driving force be-
hind the study of ferroelectric nanomaterials. Although memo-
ry devices based on ferromagnetic bits have long been the
mainstay of the industry, magnetic memories are rapidly ap-
proaching fundamental physical limits associated with super-
paramagnetic effects. Ferroelectrics, which exhibit a much
larger anisotropy, can maintain a thermally stable polarization
down to size scales of only a few nanometers.[*®3°°%] Recent
experimental confirmation of ferroelectric phase stability at
such dimensions in freestanding nanodots would in principle
allow storage densities in the Tbit/in® range.’>®! Realizing
such devices, however, remains a daunting challenge.

The development of techniques for the templated growth of
nanodots, particularly on doped SrTiOj; substrates, has recently
provided an interesting avenue to high-density memory devic-
es. Deposition of ferroelectric nanoislands and nanorods using
block copolymerst’®#% and titania nanotube!®'! templates has
led to potential storage densities exceeding the Tbit/in® thresh-
old, and formation of PbTiO; and BiFeO; nanodots with di-
mensions of the order of ~10nm has been realized in a
controlled fashion using dip pen lithography on SrTiO; sub-
strates (Fig. 9).5%831 BiFeOj also offers the possibility of multi-
ferroic switching, potentially allowing for multistate devices.
Robust ferroelectric switching has been observed in such nano-
islands down to lateral dimensions of less than 10 nm.[**) A
new solution-phase approach employing block copolymer mi-
celles filled with PbTiO5 precursor has also yielded promising
results for memory arrays. In this approach, a solution of dis-
crete micelles can be spin-cast onto a substrate, and PbTiO;
nanoislands with diameters of about 20 nm can be created via
subsequent thermal annealing.®> The development of well-
dispersed nanocubes of BaTiOj; raises the possibility of self-
assembled memory devices as well. Monodisperse BaTiO;
nanocubes have recently been organized into densely packed
layers using an evaporative self-assembly approach,®®) allow-
ing for potentially unprecedented storage densities.

The discovery of robust ferroelectric order down to ~5 nm
size scales in GeTe, and the more recent discovery of ferroelec-
tric switching in GeTe, raises new possibilities for memory de-
vices. Recently demonstrated multiferroic switching in
Mn-doped GeTe may allow for multistate memory devices,®”)
and combining the ferroelectric and amorphous-to-crystalline
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phase-change properties of GeTe, as proposed by Durgun
et al., may provide an avenue to tri-state memory devices.[*”!

Ferroelectric nanomaterials for energy
conversion

In addition to a spontaneous polarization, ferroelectrics also
possess large piezoelectric (relating strain and polarization)
and pyroelectric (relating temperature changes and polariza-
tion) coefficients that have garnered attention in recent years
for conversion of either mechanical or thermal energy, respec-
tively, to electrical current. In addition, the discovery of photo-
voltaic effects in ferroelectrics,®® often accompanied by
anomalously large above-band-gap voltages,) has attracted in-
terest for solar energy conversion as well, although ferroelectric
nanomaterials have yet to be explored for this purpose.

Recently, a significant body of literature has emerged on pi-
ezoelectric nanogenerators in which mechanical motion can be
converted into electrical current by arrays of piezoelectric nano-
wires (Fig. 10).5979%1 A generic device consists of aligned pie-
zoelectric (especially PZT) nanowires spanning an electrode
array. In some cases, nanowire mats span interdigitated elec-
trodes or are embedded in a polymer matrix to form a compos-
ite structure.”! Aligned nanowire arrays may also be formed
by growth and subsequent patterning on an inorganic substrate
followed by transfer to polydimethylsiloxane.””?! In many cases
these arrays are sandwiched between flexible polymer layers to
enable deformation of the entire device, leading to deformation
of the nanowires and consequent piezoelectric charge genera-
tion. Although many nanowires are composed of the classic pi-
ezoelectric material PZT,’!! other nanogenerators have been
demonstrated using more environmentally friendly ZnO,%-*"}
KNbO3,! and NaNbO;.*! When a mechanical force is ap-
plied to a nanogenerator device, the deformation-induced pie-
zovoltage results in a voltage spike across the electrodes and
a corresponding transient current (Fig. 10). Release of the ap-
plied mechanical stress then results in a current pulse of oppo-
site polarity. Cyclic application of mechanical force can then
result in the generation of an alternating current that could po-
tentially be used for powering devices. Such piezoelectric
nanogenerators could provide an efficient means of converting
random vibrations, including those produced by the human
body, into useful electrical energy. Applications of such nano-
generators have already been envisaged in the form of running
shoes that harvest the energy produced during the compression
of the sole and in the form of in-vivo biosensors powered by
mechanical motion inside the body.™!

The use of the pyroelectric effect, in which a change in tem-
perature induces a change in polarization, for conversion of
thermal energy has also been recently explored. Several groups
have reported pyroelectric energy conversion devices based on
aligned arrays of polar nanowires composed of ZnO and
KNbO5.>%! Changes in the spontaneous polarization in
these nanowires in response to a change in device temperature
generate a voltage across planar electrodes between which the
nanowire arrays are sandwiched. Temperature cycling can
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Figure 9. Nanoscale ferroelectric nonvolatile memory arrays. (a,b) Atomic-force microscope image (a) and high-resolution TEM image (b) of discrete nanodots
of PbTiO3 fabricated using dip-pen lithography. Epitaxial dots smaller than 10 nm can be fabricated. Reproduced with permission from Ref. 83, copyright 2009
American Chemical Society. (c,d) Arrays of PZT nanodots formed using a block copolymer template. The nanodots can be individually electrically addressed,
potentially leading to information storage densities exceeding 1 Thit/in®. Reproduced with permission from Ref. 78, copyright 2008 Nature Publishing Group.

then produce an alternating current for powering nanoscale de-
vices in a manner analogous to that for piezoelectric devices.
Such nanogenerators could prove quite useful for small-scale
waste heat recovery applications.

Nanoscale ferroelectrics for high-energy
density nanocomposites

High-energy density nanocomposites have emerged as a major
direction in nanoscale ferroelectrics research and may provide a
promising avenue toward high-performance capacitors for en-
ergy storage applications. Achieving a maximum possible ener-
gy density in such a capacitor requires maximizing two
important factors: the breakdown field of the structure and
the dielectric constant.’””) Inorganic ferroelectrics such as
BaTiO; and PZT have exceptionally large static dielectric con-
stants, often measuring in the tens or even hundreds or thou-
sands,®! but generally have subpar breakdown fields.
Polymers, on the other hand, in many cases have superior
breakdown fields but relatively low dielectric constants. A
common approach to high-energy density capacitors has thus
been to disperse high-permittivity nanoparticles of ferroelec-
trics within a matrix of a polymer with an exceptionally large
dielectric strength.l”’~'%* The ferroelectric polymer polyvinyli-
dene difluoride (PVDF) is by far the most common choice due

to its high breakdown strength (~500 MV/cm) and relatively
large dielectric constant (~65) arising from its ferroelectric or-
dering.[! Nanocomposites based on PVDF have been made
most frequently with BaTiO; nanoparticles,’”” %! although
PZT-based composites have also been realized.””) The use of
nanorods of Ba,Sr;_,)TiOs, the dielectric constant of which
can be compositionally tuned to values of well over 1000,
has also recently been demonstrated.!®!

A key challenge in the development of high-energy density
nanocomposites is the aggregation of ferroelectric nanoparti-
cles due to the low surface energy of PVDF.[””) Nanocrystal ag-
gregation results in electrical leakage pathways through the
inorganic component and increases porosity in the polymer
phase, both of which limit the attainable energy density.
Much research has thus focused on improving the dispersal
of the ferroelectric nanoparticles within the polymer matrix.
Hydroxylation of BaTiO3 using a hydrogen peroxide treatment
has been employed,'*”! and ethylene diamine functionalization
has been used successfully for both BaTiO; nanoparticles''**’
and high aspect ratio Ba,Sr(; _,TiO; nanorods.””® Functional-
ization with phosphonic acids!'°'! has also recently been used
in BaTiOs-based composites. A second approach to improving
the dispersal relies on shielding the inorganic nanocrystals with
polymer layers polymerized directly on the surfaces of
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Figure 10. Mechanical energy harvesting and biosensing using piezoelectric nanowires. (a) Schematic illustration of a typical nanowire energy harvesting

device. Nanowires (shown in red) span arrays of electrodes and are often imbedded in a flexible matrix. Reproduced with permission from Ref. 91, copyright
2010 American Chemical Society. (b) Operation of a piezoelectric nanogenerator. Application and removal of force from the structure results in current pulses
arising from the generation of a piezovoltage by mechanical strain. Such structures can be employed to harvest mechanical energy, such as that produced by
biological motion. Reproduced with permission from Ref. 91, copyright 2010 American Chemical Society. (c) Detecting mechanical motion of individual cells
using a piezoelectric PZT nanoribbon array. The nanoribbons measure mechanical deformations of cells in response to electrical signals applied via a glass
pipette (PPT). (d) Measuring simulated respiration in cow lung tissue. An array of PZT nanowires embedded in PDMS is placed in contact with cow lung tissue
(top photo), and mechanical motion during the simulated respiration is recorded via induced piezoelectric voltage spikes (bottom plot). Reproduced with

permission from Ref. 5, copyright 2012 Nature Publishing Group.

particles. This approach has been employed for BaTiO;—PVDF
composites using a polymer bilayer!'®” and for BaTiO;—
polystyrene composites using block copolymer shells.[
Although particle dispersal and lowered breakdown voltages
remain problematic, ferroelectric nanoparticle/polymer com-
posites are already starting to yield impressive results, with
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some devices already exceeding the performance of
commercial polypropylene-based capacitors. A recent report
of an energy density of 14.86 J/cm® (versus 1.2 J/cm® at 640
MV/cm for a standard polypropylene device) suggests these
nanocomposites are poised to overtake conventional

technologies.[**!
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Emerging and future applications of
nanoscale ferroelectrics

As existing technologies based on nanoscale ferroelectrics have
matured, exciting new applications continue to emerge. The ap-
plication of ferroelectric nanowires to force sensing in biolog-
ical systems is a particularly intriguing area for future study.
A few approaches to nanoscale biological force sensing have
been previously devised, including a luminescent stress sensor
based on CdSe/S tetrapods,!'® but the strong piezoelectric
properties of nanoscale ferroelectrics, which allow small forces
to be converted into easily measurable electrical signals, appear
ideally suited to measuring stresses exerted by cells on their
surroundings. In a recent experiment, McAlpine and coworkers
employed arrays of PZT nanoribbons to measure the small de-
formations of neurons due to triggered action potentials and
stresses exerted in cow lung tissue during a mimicked respira-
tion process (Fig. 10).1! Such devices could allow sensitive
detection of biological processes at the single-cell scale. In ad-
dition, the use of mechanical-to-electrical signal transduction
makes ferroelectrics well-suited to large-scale parallel devices
integrated with existing CMOS technology.

The integration of ferroelectrics into nanophotonic devices
may provide another fruitful area for future research. The
large birefringence that accompanies the spontaneous polariza-
tion has already been exploited in two-dimensional plasmonic
devices to create electrically controllable optical switches, %>
and perovskites have served as the basis for metamaterial super-
lenses operating in the THz regime.!'® The transparency of
most ferroelectrics throughout the visible spectrum (and often
into the UV region) also renders them suitable for nanopho-
tonic applications. Ferroelectric nanowires could be employed
as tunable or reconfigurable nanophotonic waveguides, and
the large nonlinear coefficients of ferroelectrics make them
ideal candidates for second harmonic generation and other non-
linear optical processes. Efficient second harmonic generation
has already been demonstrated in individual LiNbO3 nano-
wires,'”) and integration of LiNbO; nanowires with a plas-
monic metal has been proposed theoretically to harness
plasmonic field enhancement for high conversion efficien-
cies.['%) Second harmonic generation in BaTiO5 nanocrystals
has also been examined, and biofunctionalization of these ma-
terials could lead to new bioimaging applications.['*!10]
Vortex polarization states, if they could be realized experimen-
tally, may have intriguing optical properties as well. It would be
interesting to see if the inherent “handedness” of a vortex polar-
ization state could lead to chiral optical properties, including
circular dichroism.

Conclusions

The development of facile procedures for the synthesis of nano-
scale ferroelectrics has yielded powerful new insights into the
fundamental physics of ferroelectricity at reduced dimensions
that continue to fuel new applications. On the fundamental
front, our understanding of nanoscale ferroelectricity has

evolved from an early picture focused on quenching of the
polar state at finite dimensions to a new paradigm incorporating
polarization inhomogeneity at nanometer length scales and
even vortex-like polarization states. Meanwhile, on a practical
front, nanoscale ferroelectrics have risen from academic curios-
ities to leading candidates for the next generation of nonvolatile
memories, energy conversion and storage devices, and biosen-
sors. Despite this immense progress over the last two decades,
much work remains to achieve the level of synthetic control
common for many semiconductors and metals, to use this syn-
thetic control for rigorous studies of nanoscale ferroelectricity,
and to integrate these materials into practical devices.

The development of techniques for producing monodis-
perse, monocrystalline nanomaterials with controlled shapes,
sizes, and surface terminations appears to be the key challenge
in the realm of synthesis. This level of synthetic control, com-
mon for many colloidal quantum dots, metal nanocrystals, and
even magnetic complex oxides has thus far largely been elusive
for ferroelectrics. The polydisperse aggregates with high defect
densities and irregular morphologies typical of many ferroelec-
tric nanomaterials hinders deconvolution of intrinsic physics
from factors related to material processing and renders scalable
device fabrication impractical. Recent progress on the synthesis
of monodisperse BaTiO; nanomaterials of controlled morphol-
ogies may spark rapid progress on synthesis, fundamental sci-
ence, and applications as well.

New characterization tools, including atomic-resolution
TEM and scanning-probe microscopes combining AFM/PFM
with tip-enhanced Raman, may fuel new breakthroughs in fun-
damental understanding of nanoscale ferroelectricity.
Single-particle studies at atomic resolution could soon resolve
longstanding questions regarding the existence of monodomain
vortex polarization states, the nature of the polar phase transi-
tion at finite dimensions, and polarization switching in nanoma-
terials. Nanoscale ferroelectrics appear poised to make exciting
progress toward functional devices in the next few years as
well. The limits of room-temperature ferroelectric switching
have been pushed below the 10 nm limit, allowing for unprec-
edented information storage densities, ferroelectric nanogener-
ators have already begun finding applications in converting
mechanical motion and waste heat into useful energy, and fer-
roelectric/polymer nanocomposites are on the cusp of overtak-
ing conventional capacitor technologies. The tantalizing
prospects of these technologies and outstanding fundamental
questions promise to continue to fuel intense interest in nano-
scale ferroelectrics for many years to come.

References
1. J.F. Scott: Applications of modern ferroelectrics. Science 315, 954
(2007).

2. J.F. Scott and C.A. Paz de Araujo: Ferroelectric memories. Science 246,

4936 (1989).

Z.L. Wang: Self-powered nanotech. Sci. Am. 82, 82 (2008).

4. S.. Yang, J. Seidel, S.J. Byrnes, P. Shafer, C.-H. Yang, M.D. Rossell,
P. Yu, Y.-H. Chu, J.F. Scott, JW. Ager Ill, LW. Martin, and

ad

MRS COMMUNICATIONS - VOLUME 5 - ISSUE 1 - www.mrs.org/mrc 1 41



M k o

10.

11.
12.
13.

14,

15.
16.
17.
18.
19.
20.
21.
22.

23.

24.

25.

26.

271.

28.

42m

rs fflCommunications

R. Ramesh: Above-bandgap voltages from ferroelectric photovoltaic de-
vices. Nat. Nanotechnol. 5, 143 (2010).

T.D. Nguyen, N. Deshmukh, J.M. Nagarah, T. Kramer, P.K. Purohit,
M.J. Berry, and M.C. McAlpine: Piezoelectric nanoribbons for monitor-
ing cellular deformations. Nat. Nanotechnol. 7, 587 (2012).

C. Kittel: Introduction to Solid State Physics (John Wiley and Sons,
Hoboken, NJ, 2005).

K.M. Rabe, C.H. Ahn, and J.-M. Triscone: Physics of Ferroelectrics: A
Modern Perspective (Springer-Verlag, Berlin, Germany, 2007).

M.E. Lines and A.M. Glass: Principles and Applications of Ferroelectrics
and Related Materials (Oxford University Press, New York, NY, 2001).

C.B. Murray, C.R. Kagan, and M.G. Bawendi: Synthesis and characteri-
zation of monodisperse nanocrystals and close-packed nanocrystal as-
semblies. Annu. Rev. Mater. Sci. 30, 545 (2000).

M. Law, J. Goldberger, and P. Yang: Semiconductor nanowires and
nanotubes. Annu. Rev. Mater. Res. 34, 83 (2004).

S. Sun, H. Zeng, D.B. Robinson, S. Raoux, P.M. Rice, S.X. Wang, and
G. Li: Monodisperse MFe,04 (M=Fe, Co, Mn) nanoparticles. J. Am.
Chem. Soc. 126, 273 (2004).

S. O’Brien, L. Brus, and C.B. Murray: Synthesis of monodisperse nano-
particles of barium titanate: toward a generalized strategy of oxide nano-
particle synthesis. J. Am. Chem. Soc. 123, 12085 (2001).

J.J. Urban, W.S. Yun, Q. Gu, and H. Park: Synthesis of single-crystalline
perovskite nanorods composed of barium titanate and strontium tita-
nate. J. Am. Chem. Soc. 124, 1186 (2002).

M.J. Polking, H. Zheng, R. Ramesh, and A.P. Alivisatos: Controlled
synthesis and size-dependent polarization domain structure of
colloidal germanium telluride nanocrystals. J. Am. Chem. Soc. 133,
2044 (2011).

J. Varghese, S. Barth, L. Keeney, R.W. Whatmore, and J.D. Holmes:
Nanoscale ferroelectric and piezoelectric properties of Sb,S; nanowire
arrays. Nano Lett. 12, 868 (2012).

K. Page, T. Proffen, M. Niederberger, and R. Seshadri: Probing local di-
poles and ligand structure in BaTiO; nanoparticles. Chem. Mater. 22,
4386 (2010).

J. Moon, J.A. Kerchner, H. Krarup, and J.H. Adair: Hydrothermal synthe-
sis of ferroelectric perovskites from chemically modified titanium iso-
propoxide and acetate salts. J. Mater. Res. 14, 425 (1999).

Y. Mao, S. Banerjee, and S.S. Wong: Large-scale synthesis of single-
crystalline perovskite nanostructures. J. Am. Chem. Soc. 125, 15718
(2003).

J.J. Urban, L. Ouyang, M.-H. Jo, D.S. Wang, and H. Park: Synthesis of
single-crystalline La;_,Ba,Mn0Q3 nanocubes with adjustable doping lev-
els. Nano Lett. 4, 1547 (2004).

D. Mohanty, G.S. Chaubey, A. Yourdkhani, S. Adireddy, G. Caruntu, and
J.B. Wiley: Synthesis and piezoelectric response of cubic and spherical
LiNbO5 nanocrystals. RSC Adv. 2, 1913 (2012).

S. Ghosh, S. Dasgupta, A. Sen, and H.S. Maiti: Low-temperature synthe-
sis of nanosized bismuth ferrite by soft chemical route. J. Am. Ceram.
Soc. 88, 1349 (2005).

T.-J. Park, G.C. Papaefthymiou, A.J. Viescas, A.R. Moodenbaugh, and
S.S. Wong: Size-dependent magnetic properties of single-crystalline
multiferroic BiFeO3 nanoparticles. Nano Lett. 7, 766 (2007).

Z. Zhou, H. Tang, and H.A. Sodano: Vertically aligned arrays of BaTiO3
nanowires. ACS Appl. Mater. Interfaces 5, 11894 (2013).

H. Fujisawa, R. Kuri, S. Nakashima, M. Shimizu, Y. Kotaka, and
K. Honda: Synthesis of PhTiO3 nanotubes by metalorganic chemical
vapor deposition. Jon. J. Appl. Phys. 48, 09KA05 (2009).

Y.-Z. Chen, T.-H. Liu, C.-Y. Chen, C.-H. Liu, S.-Y. Chen, W.-W. Wu, Z.
L. Wang, J.-H. He, Y.-H. Chu, and Y.-L. Chueh: Taper PbZryTigg03
nanowire arrays: from controlled growth by pulsed laser deposition to
piezopotential measurements. ACS Nano 6, 2826 (2012).

P.M. Rarvik, T. Grande, and M.-A. Einarsrud: Hierarchical PbTiO5 nano-
structures grown on SrTiO; substrates. Cryst. Growth Des. 9, 1979
(2009).

X. Wang, J. Zhuang, Q. Peng, and Y. Li: A general strategy for nanocrys-
tal synthesis. Nafure 437, 121 (2005).

S. Yang and L. Gao: Controlled synthesis and self-assembly of CeO,
nanocubes. J. Am. Chem. Soc. 128, 9330 (2006).

MRS COMMUNICATIONS - VOLUME 5 « ISSUE 1 « www.mrs.org/mrc

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

T.-D. Nguyen and T.-0. Do: General two-phase routes to synthesize col-
loidal metal oxide nanocrystals: simple synthesis and ordered self-
assembly structures. J. Phys. Chem. C 113, 11204 (2009).

S. Adireddy, C. Lin, B. Cao, W. Zhou, and G. Caruntu: Solution-based
growth of monodisperse cube-like BaTiO; colloidal nanocrystals.
Chem. Mater. 22, 1946 (2010).

D. Yu, J. Wu, Q. Gu, and H. Park: Germanium telluride nanowires and
nanohelices with memory-switching behavior. J. Am. Chem. Soc. 128,
8148 (2006).

R.B. Yang, J. Bachmann, E. Pippel, A. Berger, J. Woltersdorf, U. Gosele,
and K. Nielsch: Pulsed vapor-liquid-solid growth of antimony selenide
and antimony sulfide nanowires. Adv. Mater. 21, 3170 (2009).

J.F. Scott and R. Blinc: Multiferroic magnetoelectric fluorides: why are
there so many magnetic ferroelectrics? J. Phys.: Condens. Matter 23,
113202 (2011).

A.D. Ostrowski, E.M. Chan, D.J. Gargas, E.M. Katz, G. Han, P.J. Schuck,
D.J. Milliron, and B.E. Cohen: Controlled synthesis and single-particle
imaging of bright, sub-10 nm lanthanide-doped upconverting nanocrys-
tals. ACS Nano 6, 2686 (2012).

H. Zheng, J. Wang, S.E. Lofland, Z. Ma, L. Mohaddes-Ardabili, T. Zhao,
L. Salamanca-Riba, S.R. Shinde, S.B. Ogale, F. Bai, D. Viehland, Y. Jia,
D.G. Schlom, M. Wuttig, A. Roytburd, and R. Ramesh: Multiferroic
BaTiOs—-CoFe,04 nanostructures. Science 303, 661 (2004).

H.-H. Kuo, L. Chen, Y. Ji, H.-J. Liu, L.-Q. Chen, and Y.-H. Chu: Tuning
phase stability of complex oxide nanocrystals via conjugation. Nano
Lett. 14, 3314 (2014).

G.H. Kwei, A.C. Lawson, S.J.L. Billinge, and S.-W. Cheong: Structures of
the ferroelectric phases of barium titanate. J. Phys. Chem. 97, 2368
(1993).

R.J. Zeches, M.D. Rossell, J.X. Zhang, A.J. Hatt, Q. He, C.-H. Yang,
A. Kumar, C.H. Wang, A. Melville, C. Adamo, G. Sheng, Y.-H. Chu,
J.F. lhlefeld, R. Erni, C. Ederer, V. Gopalan, L.Q. Chen, D.G. Schlom,
N.A. Spaldin, L.W. Martin, and R. Ramesh: A strain-driven morphotropic
phase boundary in BiFeOs. Science 326, 977 (2009).

S.H. Tolbert and A.P. Alivisatos: High-pressure structural transforma-
tions in semiconductor nanocrystals. Annu. Rev. Phys. Chem. 46, 595
(1995).

K. Sato, H. Abe, and S. Ohara: Selective growth of monoclinic and tetrag-
onal zirconia nanocrystals. J. Am. Chem. Soc. 132, 2538 (2010).

S. Sun and C.B. Murray: Synthesis of monodisperse cobalt nanocrystals
and their assembly into magnetic superlattices (invited). J. Appl. Phys.
85, 4325 (1999).

L. Louis, P. Gemeiner, |. Ponomareva, L. Bellaiche, G. Geneste, W. Ma,
N. Setter, and B. Dkhil: Low-symmetry phases in ferroelectric nanowires.
Nano Lett. 10, 1177 (2010).

J. Wang, J.B. Neaton, H. Zheng, V. Nagarajan, S.B. Ogale, B. Liu,
D. Viehland, V. Vaithyanathan, D.G. Schlom, U.V. Waghmare,
N.A. Spaldin, K.M. Rabe, M. Wuttig, and R. Ramesh: Epitaxial BiFeO3
multiferroic thin film heterostructures. Science 299, 1719 (2003).

K. Uchino, E. Sadanaga, and T. Hirose: Dependence of the crystal struc-
ture on particle size in barium titanate. J. Am. Ceram. Soc. 72, 1555
(1989).

M.B. Smith, K. Page, T. Siegrist, P.L. Redmond, E.C. Walter, R. Seshadri,
L.E. Brus, and M.L. Steigerwald: Crystal structure and the
paraelectric-to-ferroelectric phase transition of nanoscale BaTiOs.
J. Am. Chem. Soc. 130, 6955 (2008).

S. Tripathi, V. Petkov, S.M. Selbach, K. Bergum, M.-A. Einarsrud,
T. Grande, and Y. Ren: Structural coherence and ferroelectric order in
nanosized multiferroic YMnOs. Phys. Rev. B 86, 094101 (2012).

V. Petkov, M. Gateshki, M. Niederberger, and Y. Ren: Atomic-scale struc-
ture of nanocrystalline Ba,Sry_,Ti0O3 (x=1, 0.5, 0) by x-ray diffraction
and the atomic pair distribution function technique. Chem. Mater. 18,
814 (2006).

I.I. Naumov, L. Bellaiche, and H. Fu: Unusual phase transitions in ferro-
electric nanodisks and nanorods. Nature 432, 737 (2004).

H. Fu and L. Bellaiche: Ferroelectricity in barium titanate quantum dots
and wires. Phys. Rev. Lett. 91, 257601 (2003).

M.H. Frey and D.A. Payne: Grain-size effect on structure and phase trans-
formations for barium titanate. Phys. Rev. B 54, 3158 (1996).



Prospective Articles

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

. D. Fu, H. Suzuki, and K. Ishikawa: Size-induced phase transition in PbTiO3
nanocrystals: raman scattering study. Phys. Rev. B 62, 3125 (2000).

Z. Zhao, V. Buscaglia, M. Viviani, M.T. Buscaglia, L. Mitoseriu,
A. Testino, M. Nygren, M. Johnsson, and P. Nanni: Grain-size effects
on the ferroelectric behavior of dense nanocrystalline BaTiO3 ceramics.
Phys. Rev. B70, 024107 (2004).

S. Schlag and H.-F. Eicke: Size driven phase transition in nanocrystalline
BaTiOg. Solid State Commun. 91, 883 (1994).

S. Chattopadhyay, P. Ayyub, V.R. Palkar, and M. Multani: Size-induced
diffuse phase transition in the nanocrystalline ferroelectric PbTiOs.
Phys. Rev. B52, 13177 (1995).

J.E. Spanier, A.M. Kolpak, J.J. Urban, I. Grinberg, L. Ouyang, W.S. Yun,
A.M. Rappe, and H. Park: Ferroelectric phase transition in individual
single-crystalline BaTiO3 nanowires. Nano Lett. 6, 735 (2006).

J. Shin, V.B. Nascimento, G. Geneste, J. Rundgren, E.W. Plummer,
B. Dkhil, S.V. Kalinin, and A.P. Baddorf: Atomistic screening mechanism
of ferroelectric surfaces: an in situ study of the polar phase in ultrathin
BaTiO3 films exposed to H,0. Nano Lett. 9, 3720 (2009).

M.J. Polking, J.J. Urban, D.J. Milliron, H. Zheng, E. Chan, M.A. Caldwell,
S. Raoux, C.F. Kisielowski, J.W. Ager Ill, R. Ramesh, and A.P. Alivisatos:
Size-dependent polar ordering in colloidal GeTe nanocrystals. Nano Lett.
11, 1147 (2011).

M.J. Polking, M.-G. Han, A. Yourdkhani, V. Petkov, C.F. Kisielowski,
V.V. Volkov, Y. Zhu, G. Caruntu, A.P. Alivisatos, and R. Ramesh:
Ferroelectric order in individual nanometre-scale crystals. Nat. Mater.
11, 700 (2012).

A. Schilling, T.B. Adams, R.M. Bowman, J.M. Gregg, G. Catalan, and
J.F. Scott: Scaling of domain periodicity with thickness measured in
BaTiO5 single crystal lamellae and comparison with other ferroics.
Phys. Rev. B74, 024115 (2006).

A. Schilling, D. Byrne, G. Catalan, K.G. Webber, Y.A. Genenko, G.S. Wu,
J.F. Scott, and J.M. Gregg: Domains in ferroelectric nanodots. Nano Lett.
9, 3359 (2009).

A. Schilling, R.M. Bowman, G. Catalan, J.F. Scott, and J.M. Gregg:
Morphological control of polar orientation in single-crystal ferroelectric
nanowires. Nano Lett. 7, 3787 (2007).

I.A. Luk’yanchuk, A. Schilling, J.M. Gregg, G. Catalan, and J.F. Scott:
Origin of ferroelastic domains in free-standing single-crystal ferroelectric
films. Phys. Rev. B79, 144111 (2009).

D. Szwarcman, S. Prosandeev, L. Louis, S. Berger, Y. Rosenberg,
Y. Lereah, L. Bellaiche, and G. Markovich: The stabilization of a single
domain in free-standing ferroelectric nanocrystals. J. Phys.: Condens.
Matter 26, 122202 (2014).

Y. Shiratori, C. Pithan, J. Dornseiffer, and R. Waser: Raman scattering
studies on nanocrystalline BaTiO3 Part |l—consolidated polycrystalline
ceramics. J. Raman Spectrosc. 38, 1300 (2007).

E. Snoeck, C. Gatel, L.M. Lacroix, T. Blon, S. Lachaize, J. Carrey,
M. Respaud, and B. Chaudret: Magnetic configurations of 30 nm iron
nanocubes studied by electron holography. Nano Lett. 8, 4293 (2008).
G.A. Rossetti, A.G. Khachaturyan, G. Akcay, and Y. Ni: Ferroelectric solid
solutions with morphotropic boundaries: vanishing polarization anisot-
ropy, adaptive, polar glass, and two-phase states. J. Appl. Phys. 103,
114113 (2008).

E. Durgun, P. Ghosez, R. Shaltaf, X. Gonze, and J.-Y. Raty: Polarization
vortices in germanium telluride nanoplatelets: a theoretical study. Phys.
Rev. Lett. 103, 247601 (2009).

|. Ponomareva, I.1. Naumov, I. Kornev, H. Fu, and L. Bellaiche: Atomistic
treatment of depolarizing energy and field in ferroelectric nanostruc-
tures. Phys. Rev. B 72, 140102(R) (2005).

S. Prosandeev and L. Bellaiche: Characteristics and signatures of dipole
vortices in ferroelectric nanodots: first-principles-based simulations and
analytical expressions. Phys. Rev. B 75, 094102 (2007).

C.T. Nelson, B. Winchester, Y. Zhang, S.-J. Kim, A. Melville, C. Adamo,
C.M. Folkman, S.-H. Baek, C.-B. Eom, D.G. Schlom, L.-Q. Chen, and
X. Pan: Spontaneous vortex nanodomain arrays at ferroelectric heteroin-
terfaces. Nano Lett. 11, 828 (2011).

C.-L. Jia, K.W. Urban, M. Alexe, D. Hesse, and |. Vrejoiu: Direct obser-
vation of continuous electric dipole rotation in flux-closure domains in
ferroelectric Pb(Zr,Ti)03. Science 331, 1420 (2011).

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

B.J. Rodriguez, X.S. Gao, L.F. Liu, W. Lee, I.I. Naumov, A.M. Bratkovsky,
D. Hesse, and M. Alexe: Vortex polarization states in nanoscale ferroelec-
tric arrays. Nano Lett. 9, 1127 (2009).

D. Szwarcman, A. Lubk, M. Linck, K. Vogel, Y. Lereah, H. Lichte,
and G. Markovich: Ferroelectric effects in individual BaTiO3
nanocrystals investigated by electron holography. Phys. Rev. B 85,
134112 (2012).

D. Szwarcman, D. Vestler, and G. Markovich: The size-dependent ferro-
electric phase transition in BaTiO3 nanocrystals probed by surface plas-
mons. ACS Nano 5, 507 (2011).

L.F. Allard, W.C. Bigelow, M. Jose-Yacaman, D.P. Nackashi, J. Damiano,
and S.E. Mick: A new MEMS-based system for ultra-high-resolution im-
aging at elevated temperatures. Microsc. Res. Tech. 72, 208 (2009).
S. Berweger, C.C. Neacsu, Y. Mao, H. Zhou, S.S. Wong, and
M.B. Raschke: Optical nanocrystallography with tip-enhanced phonon
Raman spectroscopy. Nat. Nanotechnol. 4, 496 (2009).

K. Yasui and K. Kato: Influence of adsorbate-induced charge screening,
depolarization factor, mobile carrier concentration, and defect-induced
microstrain on the size effect of a BaTiO3 nanoparticle. J. Phys. Chem.
€117, 19632 (2013).

W. Lee, H. Han, A. Lotnyk, M.A. Schubert, S. Senz, M. Alexe, D. Hesse,
S. Baik, and U. Gdsele: Individually addressable epitaxial ferroelectric
nanocapacitor arrays with near Th inch—2 density. Nat. Nanotechnol.
3, 402 (2008).

S. Ducharme: An inside-out approach to storing electrostatic energy.
ACS Nano 3, 2447 (2009).

J. Kim, J. Hong, M. Park, W. Zhe, D. Kim, Y.J. Jang, D.H. Kim, and K. No:
Facile preparation of PbTiO; nanodot arrays: combining nanohybridiza-
tion with vapor phase reaction sputtering. Adv. Funct. Mater. 21, 4277
(2011).

B. Im, H. Jun, K.H. Lee, S.-H. Lee, I.K. Yang, Y.H. Jeong, and J.S. Lee:
Fabrication of a vertically aligned ferroelectric perovskite nanowire array
on conducting substrate. Chem. Mater. 22, 4306 (2010).

W.-H. Kim and J.Y. Son: BiFeO3 nanodots prepared via dip-pen lithogra-
phy on Nb-doped SrTiO; and highly ordered pyrolytic graphite sub-
strates. Appl. Phys. Lett. 103, 052905 (2013).

J.Y. Son, Y.-H. Shin, S. Ryu, H. Kim, and H.M. Jang: Dip-pen lithography
of ferroelectric PbTiOz nanodots. J. Am. Chem. Soc. 131, 14676 (2009).
Y. Kim, Y. Kim, H. Han, S. Jesse, S. Hyun, W. Lee, S.V. Kalinin, and J.
K. Kim: Towards the limit of ferroelectric nanostructures: switchable
sub-10 nm nanoisland arrays. J. Mater. Chem. C 1, 5299 (2013).

Y. Kim, H. Han, Y. Kim, W. Lee, M. Alexe, S. Baik, and J.K. Kim: Ultrahigh
density array of epitaxial ferroelectric nanoislands on conducting sub-
strates. Nano Lett. 10, 2141 (2010).

K. Kato, K. Mimura, F. Dang, H. Imai, S. Wada, M. Osada, H. Haneda, and
M. Kuwabara: BaTiO3 nanocube and assembly to ferroelectric supracrys-
tals. J. Mater. Res. 28, 2932 (2013).

H. Przybylinska, G. Springholz, R.T. Lechner, M. Hassan,
M. Wegscheider, W. Jantsch, and G. Bauer: Magnetic-field-induced fer-
roelectric polarization reversal in the multiferroic Ge;_,Mn,Te semicon-
ductor. Phys. Rev. Lett. 112, 047202 (2014).

T. Choi, S. Lee, Y.J. Choi, V. Kiryukhin, and S.-W. Cheong: Switchable
ferroelectric diode and photovoltaic effect in BiFeOs. Science 324, 63
(2009).

Z.L. Wang and J. Song: Piezoelectric nanogenerators based on zinc
oxide nanowire arrays. Science 312, 242 (2006).

Y. Qin, X. Wang, and Z.L. Wang: Microfibre-nanowire hybrid structure
for energy scavenging. Nature 451, 809 (2008).

X. Chen, S. Xu, N. Yao, and Y. Shi: 1.6 V nanogenerator for mechanical
energy harvesting using PZT nanofibers. Nano Lett. 10, 2133 (2010).
Y. Qi, N.T. Jafferis, K. Lyons Jr., C.M. Lee, H. Ahmad, and
M.C. McAlpine: Piezoelectric ribbons printed onto rubber for flexible en-
ergy conversion. Nano Lett. 10, 524 (2010).

J.H. Jung, C.-Y. Chen, B.K. Yun, N. Lee, Y. Zhou, W. Jo, L.-J. Chou, and
Z.L. Wang: Lead-free KNbO; ferroelectric nanorod based flexible nano-
generators and capacitors. Nanotechnology 23, 375401 (2012).

J.H. Jung, M. Lee, J.-I. Hong, Y. Ding, C.-Y. Chen, L.-J. Chou, and
Z.L. Wang: Lead free NaNbO5 nanowires for a high output piezoelectric
nanogenerator. ACS Nano 5, 10041 (2011).

MRS COMMUNICATIONS - VOLUME 5 - ISSUE 1 - www.mrs.org/mrc 1 43



mrs fCommunications

W0

95. Y. Yang, W. Guo, K.C. Pradel, G. Zhu, Y. Zhou, Y. Zhang, Y. Hu, L. Lin,
and Z.L. Wang: Pyroelectric nanogenerators for harvesting thermoelec-
tric energy. Nano Lett. 12, 2833 (2012).

96. Y. Yang, J.H. Jung, B.K. Yun, F. Zhang, K.C. Pradel, W. Guo, and
Z.L. Wang: Flexible pyroelectric nanogenerators using a composite
structure of lead-free KNbO3 nanowires. Adv. Mater. 24, 5357 (2012).

97. H.Tang, Y. Lin, C. Andrews, and H.A. Sodano: Nanocomposites with in-
creased energy density through high aspect ratio PZT nanowires.
Nanotechnology. 22, 015702 (2011).

98. H. Tang and H.A. Sodano: Ultra high energy density nanocomposite ca-
pacitors with fast discharge using Bag »Srq gTiO3 nanowires. Nano Lett.
13, 1373 (2013).

99. M.N. Aimadhoun, U.S. Bhansali, and H.N. Alshareef: Nanocomposites of
ferroelectric polymers with surface-hydroxylated BaTiOs; nanoparticles
for energy storage applications. J. Mater. Chem. 22, 11196 (2012).

100.J. Li, J. Claude, L.E. Norena-Franco, S. Il Seok, and Q. Wang: Electrical
energy storage in ferroelectric polymer nanocomposites containing
surface-functionalized BaTiO; nanoparticles. Chem. Mater. 20, 6304
(2008).

101.P. Kim, N.M. Doss, J.P. Tillotson, P.J. Hotchkiss, M.-J. Pan,
S.R. Marder, J. Li, J.P. Calame, and J.W. Perry: High energy density
nanocomposites based on surface-modified BaTiO3 and a ferroelectric
polymer. ACS Nano 3, 2581 (2009).

102.L. Xie, X. Huang, Y. Huang, K. Yang, and P. Jiang: Core@double-shell
structured BaTiOz—polymer nanocomposites with high dielectric cons-
tant and low dielectric loss for energy storage application. J. Phys.
Chem. C 117, 22525 (2013).

103.H.M. Jung, J.-H. Kang, S.Y. Yang, J.C. Won, and Y.S. Kim: Barium tita-
nate nanoparticles with diblock copolymer shielding layers for high-
energy density nanocomposites. Chem. Mater. 22, 450 (2010).

104.C.L. Choi, K.J. Koski, A.C.K. Qlson, and A.P. Alivisatos: Luminescent
nanocrystal stress gauge. Proc. Natl. Acad. Sci. USA107, 21306 (2010).

105.M.J. Dicken, L.A. Sweatlock, D. Pacifici, H.J. Lezec, K. Bhattacharya, and
H.A. Atwater: Electrooptic modulation in thin film barium titanate plas-
monic interferometers. Nano Lett. 8, 4048 (2008).

106.S.C. Kehr, Y.M. Liu, LW. Martin, P. Yu, M. Gajek, S.-Y. Yang,
C.-H. Yang, M.T. Wenzel, R. Jacob, H.-G. von Ribbeck, M. Helm,
X. Zhang, L.M. Eng, and R. Ramesh: Near-field examination of
perovskite-based superlenses and superlens-enhanced probe-object
coupling. Nat. Commun. 2, 249 (2011).

107.F. Dutto, C. Raillon, K. Schenk, and A. Radenovic: Nonlinear optical re-
sponse in single alkaline niobate nanowires. Nano Lett. 11,2517 (2011).

108.F.F. Lu, T. Li, X.P. Hu, Q.Q. Cheng, S.N. Zhu, and Y.Y. Zhu: Efficient
second-harmonic generation in nonlinear plasmonic waveguide. Opt.
Lett. 36, 3371 (2011).

109.R. Le Dantec, Y. Mugnier, G. Djanta, L. Bonacina, J. Extermann, L. Badie,
C. Joulaud, M. Gerrmann, D. Rytz, J. Wolf, and C. Galez: Ensemble and
individual characterization of the nonlinear optical properties of Zn0O and
BaTiO3 nanocrystals. J. Phys. Chem. C 115, 15140 (2011).

110.E. Kim, A. Steinbriick, M.T. Buscaglia, V. Buscaglia, T. Pertsch, and
R. Grange: Second-harmonic generation of single BaTiO3 nanoparticles
down to 22 nm diameter. ACS Nano 7, 5343 (2013).

44 W MRS COMMUNICATIONS - VOLUME 5 « ISSUE T - www.mrs.org/mrc



	Synthesis, physics, and applications of ferroelectric nanomaterials
	Introduction
	An introduction to ferroelectrics
	Synthesis of ferroelectric nanomaterials
	Colloidal synthesis
	Hydrothermal and solvothermal synthesis
	Aqueous/organic multiphase synthesis
	Future directions in ferroelectric nanomaterial synthesis

	Fundamental science of ferroelectric nanomaterials
	Ferroelectric stability at the nanoscale
	Evolution of domain structure with size
	Ferroelectric coherence at the nanoscale
	Toroidal polarization states
	Size-dependent polar phase transition
	Future possibilities for fundamental study

	Applications of ferroelectric nanostructures
	Ferroelectric nanomaterials for nonvolatile memories
	Ferroelectric nanomaterials for energy conversion
	Nanoscale ferroelectrics for high-energy density nanocomposites
	Emerging and future applications of nanoscale ferroelectrics

	Conclusions
	References




