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Ferroelectric order in individual nanometre-

scale crystals

Mark J. Polking', Myung-Geun Han?, Amin Yourdkhani®#, Valeri Petkov®, Christian F. Kisielowski®,
Vyacheslav V. Volkov?, Yimei Zhu?, Gabriel Caruntu®#, A. Paul Alivisatos’®*

and Ramamoorthy Ramesh’*

Ferroelectricity in finite-dimensional systems continues to arouse interest, motivated by predictions of vortex polarization
states and the utility of ferroelectric nanomaterials in memory devices, actuators and other applications. Critical to these
areas of research are the nanoscale polarization structure and scaling limit of ferroelectric order, which are determined
here in individual nanocrystals comprising a single ferroelectric domain. Maps of ferroelectric structural distortions obtained
from aberration-corrected transmission electron microscopy, combined with holographic polarization imaging, indicate the
persistence of a linearly ordered and monodomain polarization state at nanometre dimensions. Room-temperature polarization
switching is demonstrated down to ~5nm dimensions. Ferroelectric coherence is facilitated in part by control of particle
morphology, which along with electrostatic boundary conditions is found to determine the spatial extent of cooperative
ferroelectric distortions. This work points the way to multi-Tbit/in> memories and provides a glimpse of the structural and
electrical manifestations of ferroelectricity down to its ultimate limits.

terials and new nanoscale characterization tools have rapidly

expanded knowledge of fundamental physical properties at
finite dimensions over the past two decades. A recent acceleration
of this trend has been fuelled in part by a transition from traditional
ensemble measurements to single-particle studies, which reveal
powerful new insights previously obscured by statistical averaging.
Although much progress has been made in the understanding of
nanoscale photophysical?, magnetic> and many other functional
properties, understanding of the basic physics of ferroelectric
nanomaterials remains far less advanced, despite the immense
practical potential of these materials in nonvolatile memory devices,
high-performance dielectrics and many other applications*®. The
picture of nanoscale ferroelectricity has continued to evolve, from
the earliest reports indicating complete suppression of ferroelectric
behaviour®” to more recent studies® '’ demonstrating an enhance-
ment of local ferroelectric distortions coincident with a decline
in the overall polar distortion, and finally to theoretical work
predicting toroidal polarization patterns'"'?. Understanding of the
physical mechanisms responsible for these profound changes in
ferroelectric behaviour at finite dimensions is similarly unsettled,
with literature reports implicating depolarization fields, internal
strains, and other driving forces for the size-dependent decay of
polar order’>'®. Progress in understanding these questions has
been hindered in part by the relative paucity of high-quality,
monocrystalline ferroelectric nanomaterials'®'® with well-defined
sizes, shapes and surfaces, and by the reliance on ensemble-averaged
measurement techniques, which obscure the local behaviour of

N ew synthetic strategies for nanostructures of functional ma-

individual crystals. Here, ferroelectric order is examined down to
its ultimate scaling limit in individual, isolated nanocrystals of
the semiconducting ferroelectric GeTe and the archetypal oxide
ferroelectric BaTiO; consisting of a single ferroelectric domain.
Examination of individual colloidally synthesized nanocrystals with
regular shapes and atomically flat surfaces enables the intrinsic
physics of ferroelectric order to be revealed free from substrate
effects, statistical averaging, and artefacts induced by processing
damage, providing for the first time a detailed glimpse of the local
structural and electrical behaviour of ferroelectric nanomaterials at
the smallest accessible length scales. Aberration-corrected transmis-
sion electron microscopy (TEM) is employed to map local ferro-
electric distortion patterns at the unit-cell scale with picometre-level
precision. These detailed TEM studies are complimented with off-
axis electron holography studies of individual BaTiO; nanocubes
that enable direct imaging of the ferroelectric polarization. We
find that a monodomain ferroelectric state with an overall, linearly
ordered polarization remains stable in these nanocrystals down to
sub-10 nm dimensions, albeit with significant degradation of the
structural coherence revealed by ensemble-averaged atomic pair
distribution function (PDF) studies. Direct electrical measurements
of individual BaTiO; nanocrystals demonstrate room-temperature
polarization switching of sub-10nm nanocubes and reveal the
disappearance of ferroelectric behaviour below a critical size of
5-10nm, indicating the ultimate limit for the size-scaling of the
polar phase. Comparisons between highly conducting GeTe and
insulating BaTiO; nanocrystals and between BaTiO; nanocrystals
with different sizes and morphologies enable the influences of
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Figure 1| Ferroelectric distortions of the GeTe and BaTiO3 conventional unit cells. a, Conventional unit cell of GeTe in the rhombohedral phase; a
[110]-type projection used for atomic-resolution TEM is shown. The rhombohedral distortion of the unit cell results in an angular distortion of the principal
axes accompanied by a relative displacement of the Ge sublattice with respect to the Te sublattice (small red arrows). b, Conventional unit cell of
tetragonal BaTiOs; a [100]-type projection used for atomic-resolution TEM imaging is shown. The ferroelectric phase transition results in a tetragonal
distortion of the unit cell along a [001]-type axis and a displacement of the titanium cation from the centre of the unit cell, removing the inversion
symmetry. Structural data are taken from refs 25 and 30. The small red dots denote the positions of the Ge cations before the sublattice shift; the black
bars and corresponding small red arrows indicate the magnitude and direction, respectively, of the sublattice displacements.

the depolarizing field and surface structure to be independently
examined, providing a means of identifying the fundamental factors
governing the nature of the polar state at finite dimensions. The
results described here provide an atomic-scale picture of local
polarization structure and enable new nanoscale devices based on
individual, isolated ferroelectric domains.

Germanium telluride (GeTe), a narrow-gap semiconductor, is
the simplest material to undergo a ferroelectric phase transition,
with one anion and one cation per primitive unit cell'®'. Below
its Curie temperature of ~625K, GeTe spontaneously transforms
from the rock salt structure to a polar rhombohedral structure
with an angular distortion of ~1.65° between the principal axes
and a relative displacement of the Ge and Te sublattices along a
[111] direction (Fig. la; ref. 22). GeTe exists naturally in a non-
stoichiometric phase with a high density of Ge vacancies, leading
to a density of free holes often exceeding 10*' cm™ (refs 21,23).
Although this high free carrier density inhibits practical switching of
the spontaneous polarization, GeTe undergoes a spontaneous polar
ordering transition like the better-known perovskite ferroelectrics
and s thus regarded as a ferroelectric in a broader sense?*. Despite its
practical limitations as a ferroelectric, GeTe presents an interesting
test case of a ferroelectric metal with strong internal screening of
the spontaneous polarization and minimal depolarization effects.
The classic perovskite ferroelectric BaTiO;, in contrast, is an
insulating oxide with a Curie temperature of around 400 K (ref. 25).
Below this temperature, the cubic prototype phase undergoes a
tetragonal distortion along a [001]-type axis with a corresponding
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displacement of the central Ti cation along the same direction
(Fig. 1b), producing a spontaneous polarization®

Monocrystalline nanoparticles of both materials were prepared
using colloidal synthetic techniques. GeTe nanocrystals with an
average diameter of 8nm (Supplementary Fig. S1) were pre-
pared through reaction of Ge(1r) bis-bis(trimethylsilyl)amide and
trioctylphosphine-tellurium in the presence of a 1-dodecanethiol
surfactant, as described in a previous paper'®. Nanocubes of BaTiO;
with average side lengths of 8, 10, and 15nm (Supplementary
Fig. S1) were prepared using a two-phase aqueous/organic synthesis
procedure in a pressure vessel, following a previous literature
report!’, and quasi-spherical particles with an average diameter of
10 nm (Supplementary Fig. S1) were prepared using a modification
of this procedure in which the polarity of the reaction medium was
decreased through addition of a supplementary volume of decanol
in the mixture formed by water, ethanol and decanol, respectively.

Ferroelectric order arises from a spontaneous distortion of
the crystal lattice, leading to relative displacements of the ionic
sublattices, generally on the order of 0.05-0.4 A (refs 24,26,27).
Direct, atomic-resolution imaging of these displacements provides
a powerful means of analysing local polarization patterns®®?’.
Nanocrystals of GeTe, with an average diameter of 8 nm, and
nanocubes of BaTiO;, with an average size of 15nm, were
imaged under negative C, imaging conditions using the aberration-
corrected TEAM 1 microscope, a modified FEI Titan 80-300
with an information limit of ~0.5A. Through-focus series of
high-resolution TEM images of GeTe nanocrystals in [110]
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Figure 2 | Atomic-resolution reconstructed phase images and polar displacement maps of individual GeTe monocrystalline nanoparticles.

a,b, Reconstructed phase image of a GeTe nanocrystal (a) and corresponding polar displacement map (b) illustrating a nearly linear, coherent displacement
pattern along a [111] axis. Inset: magnified view of a GeTe unit cell from the particle demonstrating resolution of Ge (yellow) and Te (blue) columns (scale
bars in a and b are 3 nm, vector magnitudes are given by the colour scale). ¢,d, Reconstructed phase image of a GeTe nanocrystal (¢) and corresponding
polar displacement map (d) illustrating an inversion domain boundary. Inset: magnified view of a GeTe unit cell from the particle demonstrating resolution
of Ge and Te columns (scale bars in ¢ and d are 3 nm, vector magnitudes are given by the colour scale). All images were taken along a [110]-type projection.

orientations and BaTiO; nanocrystals in [100]-type orientations
were reconstructed using the Gerchberg-Saxton algorithm to
recover the phase of the electron wavefunction at the exit plane
of the specimen, which contains directly interpretable information
about the atomic structure down to the information limit of
the microscope?®*. Unit cell-scale maps of the local ferroelectric
atomic displacements were extracted from the reconstructed phase
images using Gaussian fitting of atomic column positions followed
by calculation of the relative displacements of these columns for
each unit cell (Supplementary Fig. S2). Further details of the analysis
are provided in the Methods. To minimize potential artefacts due
to crystal tilt, only complex exit waves exhibiting highly symmetric
Fourier transforms were employed in the analysis.
Atomic-resolution phase images of GeTe nanocrystals (Fig. 2a,c)
provide information transfer beyond 0.7A and allow simple
discrimination between Ge and Te atomic columns. The high
atomic masses of the constituent elements enable the positions
of these columns to be determined with an accuracy of a few
picometres. Maps of local polar displacements obtained from these
reconstructions (Fig. 2b,d) indicate a primarily linear polarization
state, albeit with evidence of domain formation in a small
fraction of the particles. The polar displacement map illustrated
in Fig. 2b, similar to those extracted from the vast majority of
reconstructions, illustrates local polar displacements aligned in
parallel along a [111]-type direction, consistent with a linear,
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monodomain polarization state. The local displacements have an
average magnitude (||d;||) (where d; is the local polar displacement
vector of unit cell i) of approximately 0.31 A with a standard
deviation of 0.09 A, consistent with displacements theoretically
predicted for bulk material (~0.35 A; ref. 30). The magnitude of
the overall average polar displacement vector (||(d;)|| = 0.29 A)
defines the extent of the coherent polar distortion of the
entire particle. The ratio |{(d;)||/{|ld;|]|} provides a quantitative
metric for assessing the degree of linear correlation among
local displacement vectors (||(d;)||/{||d;|]|) = 0 indicates no linear
correlation, |[(d;)]|/{|ld;||) =1 implies perfect linear correlation).
This ratio has a value of approximately 95% for the GeTe
nanocrystal in Fig. 2a, indicating strong linear correlation of the
local polar displacement vectors. A small portion (<10%) of
the polar displacement maps exhibit evidence of more complex,
nonlinear patterns. The polar displacement map of Fig. 2d reveals
a displacement pattern with two antiparallel polarization domains
separated by a (111) plane, consistent with an inversion domain
boundary with rotational twinning’!, confirming the ability of this
technique to resolve more complex patterns. ||{(d;)|| is reduced
considerably (0.04 A) compared with the value for the particle in
Fig. 2a, reflecting the presence of two approximately equal halves
with opposing displacement fields.

Phase reconstructions for individual BaTiO; nanocubes
(Fig. 3a,c) provide an atomic-resolution picture of the local
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Figure 3 | Atomic-resolution reconstructed phase images and titanium displacement maps of individual BaTiO3 monocrystalline nanocubes.

a,b, Reconstructed phase image of a BaTiO3 nanocube (@) and corresponding titanium displacement map (b) illustrating a nearly linear, coherent
displacement pattern along the [001] axis (scale bars in a and b are 5 nm, vector magnitudes are given by the colour scale). Inset: magnified view of a
BaTiOs3 unit cell from the particle demonstrating resolution of Ba (green), Ti/O (blue), and O (red) columns. ¢,d, Reconstructed phase image of a BaTiO3
nanocube (¢) and corresponding titanium displacement map (d) illustrating no clear displacement pattern with small displacements, suggesting an
out-of-plane polarization orientation (scale bars in ¢ and d are 5 nm, vector magnitudes are given by the colour scale). Inset: magnified view of a BaTiO3
unit cell from the particle demonstrating resolution of Ba, Ti/O, and O columns. All images were taken along a [100]-type projection.

structure down to an information limit of around 0.7 A, as for
GeTe. All atomic columns, including low-contrast oxygen columns,
can be readily distinguished in the images, allowing for precise
extraction of the small local titanium displacements that produce
the spontaneous polarization. We focus our analysis here on the
relative displacements of the Ti/O columns with respect to the Ba
sublattice. The direction of the Ti displacement in the unit cell
coincides with the direction of the spontaneous polarization in
all ferroelectric phases of BaTiO; and thus provides meaningful
insight into the local polarization structure. Titanium displacement
maps obtained from these images indicate a primarily linear, mon-
odomain polarization state, as for GeTe, in contrast with theoretical
expectations of a toroidal state!!. The titanium displacement map
of Fig. 3b illustrates clear alignment of the Ti displacements for each
unit cell along a [001]-type direction, consistent with a ferroelectric
tetragonal structure with a linearly ordered polarization. The
average magnitude of the local Ti displacements ({||d;||) =0.09 A
with a standard deviation of 0.04 A) is near the bulk value (~0.09 A;
ref. 25) but smaller than values reported for nanosized BaTiO;
(~0.14 A), for which local Ti displacement magnitudes can be
enhanced relative to bulk material®®. Calculation of the magnitude
of the overall average titanium displacement vector ||(d;)|| vields
a value of 0.08(8)A and a correlation ratio |(d;)||/(lldi|l) of
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~93%, which indicates clear linear order. The relatively small Ti
displacements measured for BaTiO; compared with the large polar
displacements for GeTe are consistent with the larger spontaneous
polarization of GeTe (~60 uC cm~? calculated)'? relative to BaTiO;
(26 uCcm™%; ref. 32), although potential contributions of the
oxygen sublattice to the polarization have not been considered
in our analysis. No clear pattern is observed in the local Ti
displacements presented in Fig. 3d, suggesting a polarization
perpendicular to the image plane. The magnitude of the average Ti
displacement vector (|| (d;)|| =0.02 A) and correlation ratio (~39%)
are greatly reduced from those of the particle in Fig. 3b, further
supporting this interpretation. The small residual Ti displacement
vector calculated for this orientation provides an estimate of the
error in the determination of ||(d;)|| for the particle shown in
Fig. 3a. Multislice image simulations for BaTiO; nanocubes with
similar truncated cubic shapes (Supplementary Fig. S3) agree well
with experimental reconstructions and indicate a pronounced
apparent displacement of the oxygen columns with respect to the
Ti/O and Ba columns, even for small tilts (<10 mrad), providing
a highly sensitive probe of crystal tilt. The apparent shift of the
Ti/O columns, in contrast, is much less pronounced under these
tilt conditions. The minimal shift of the oxygen columns at the
midpoints between the Ba columns in our experimental phase
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images suggests a maximum tilt of less than 10 mrad for these
crystals. We note, however, that a small shift of the oxygen sublattice
can be observed in Fig. 3¢, suggesting a residual tilt of the crystal.
The lack of a clear corresponding shift of the Ti/O columns in this
image agrees well with our simulation results and indicates that the
observed Ti displacement pattern illustrated in Fig. 3b is unlikely to
be an artefact of crystal tilt.

Detailed in situ studies of individual BaTiO; nanocubes with
nanometre-resolution off-axis electron holography provide further
evidence of the linearly ordered, monodomain polarization state
and enable direct imaging of the ferroelectric polarization. In
off-axis holography, the electron beam from a field emission
source is separated into two beams, one passing through the
sample and the second passing through vacuum®. The overlap
of these beams beneath the sample then produces an interference
pattern from which the relative phase shift of the sample electron
wavefunction can be reconstructed. Electric fields and ferroelectric
polarization induce phase shifts of the sample beam with respect
to the reference beam from which maps of the local electrostatic
potential can be extracted®**.

Phase images of BaTiO; nanocubes suspended over vacuum
exhibit a clear electrostatic fringing field, emanating from a
[001]-type face at room temperature (Fig.4a), characteristic of
a linear polarization along this axis. On heating the sample
above the ferroelectric Curie temperature (130°C), this field
disappears (Fig. 4b), reflecting the non-polar state. In situ poling
of individual particles with a scanning tunnelling microscope
(STM) tip Fig. 4c—e) results in the appearance of a strong, linear
polarization along the [001]-type axis perpendicular to the carbon
support. Before the application of a bias, the particle exhibits no
clear electrostatic fringing field and a flat potential profile in the
interior (Fig. 4c,f), suggesting a polarization oriented perpendicular
to the image plane. On application of a +3 V bias, a strong fringing
field appears parallel to the axis of the STM tip (Fig. 4d), and a
strong linear potential gradient can be observed in the particle
interior (Fig. 4f), indicating a linear ferroelectric polarization along
this axis. The observed phase images are in quantitative agreement
with theoretical images obtained from electrostatic calculations (see
Methods) for a particle with a linear, monodomain ferroelectric
polarization (Supplementary Fig. S4). The absence of a fringing
field before the application of a bias discounts charging due to the
electron beam as a source for the observed fringing field, and further
evidence is provided by the disappearance of the fringing field above
the Curie temperature.

Piezoresponse force microscope (PFM) studies provide further
evidence for the persistence of a coherent ferroelectric polarization
in these particles at room temperature and capture the ultimate
stability limit of the ferroelectric state. PEM, a scanned-probe tech-
nique that detects local piezoelectric deformations in response to an
oscillating electric field*®, has been widely used for nanoscale map-
ping of ferroelectric domains® and local polarization switching®.
Differences in polarization orientation can be discerned through
differences in the phase of the material piezoresponse, with a 180°
phase shift with respect to the applied field indicating two an-
tiparallel polarization states®. Polarization switching experiments
on individual 10 nm BaTiO; nanocubes illustrate the presence of
a clear hysteresis and 180° phase switching at room temperature
(Fig. 5a), indicating polarization switching between two antipar-
allel polarization states. Although the value of the piezoelectric
coefficient (d3; = 1.55pm V™) is significantly reduced from the
bulk value (d;; = 75 pm V~1; ref. 38), these results are comparable
to those obtained for BaTiO; dots formed through nanosphere
lithography with an edge length of 220 nm and a height of 40 nm
(ds3 = 2pm V™5 ref. 39), which suggests superior preservation
of piezoelectric properties for our colloidal nanomaterials. These
measurements indicate that stable ferroelectric switching char-
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acteristics are clearly maintained at room temperature down to
dimensions of less than 10 nm.

Temperature-dependent and size-dependent PFM measure-
ments reveal the ultimate stability limit of the ferroelectric state.
The hysteresis loop for 10 nm nanocubes closes at approximately
80°C (Fig. 5b,c), but a highly nonlinear curve with a 180° phase
shift is maintained. PFM measurements of 5 nm nanocubes (Sup-
plementary Fig. S5) demonstrate similar behaviour down to room
temperature, with no detectable hysteresis. The sharp transition
between polarization states without hysteresis resembles the su-
perparamagnetic state of small magnetic nanoparticles’, in which
aligned local spins undergo collective reorientation under ambient
thermal energy, more closely than the paraelectric state of bulk
BaTiO; above the Curie temperature, characterized by a gradual
change in polarization with applied field*’. Our static experiments,
however, are unable to distinguish definitively between a conven-
tional paraelectric state and superparaelectric behaviour. Time-
resolved measurements will be necessary to determine whether the
observed polarization decay is indeed attributable to a dynamic,
superparaelectric effect or a consequence of other factors.

The origins of the reduced piezoresponse in our nanocrystals
can be elucidated in part through atomic PDF analysis, a powerful
X-ray diffraction technique that has been employed for analysis
of ferroelectric distortions in nanocrystal ensembles®!?. Atomic
PDFs were obtained from synchrotron diffraction patterns on 8
and 15nm BaTiO; nanocubes, 10 nm BaTiO; nanospheres, and
8 nm GeTe nanocrystals. The approximate shapes and sizes of these
particles are illustrated schematically in Fig. 6d—f. Comparisons of
the experimental atomic PDFs for BaTiO; nanocrystals of all types
(Fig. 6a,b and Supplementary Fig. S6) with a tetragonal structural
model confirm the presence of local tetragonal distortions at
room temperature. The tetragonal distortions maintain local
coherence over a length scale of approximately 10 A for the BaTiO;
nanospheres, with an irregular surface structure, but persist to at
least 20 A for the 8 nm nanocubes and beyond 40 A for the 15 nm
nanocubes. Comparison between atomic PDFs of GeTe (Fig. 6¢)
with both cubic and rhombohedral structural models indicates
the presence of rhombohedral distortions. Calculations of atomic
PDFs for 20, 35, and 50 A length scales (Supplementary Fig. S7)
demonstrate the persistence of spatial correlation among these
local dipoles to distance scales of ~5nm, close to the average
particle diameter. These results are in agreement with the TEM
measurements indicating a coherent, monodomain polarization
state in most GeTe particles.

The significant local structural deviations, particularly for
BaTiO; nanomaterials, observed in our experiments can be
attributed to a combination of surface-induced phenomena and
depolarization effects. The role of the former is highlighted by
comparison of spherical and cubic BaTiO; nanocrystals of similar
size. The very similar geometrical depolarization factors and
equivalent material parameters and surface passivation for these
samples enable surface phenomena to be examined independently
of depolarization effects. A marked decline in the spatial coherence
of ferroelectric dipoles can be observed for the spherical sample
in our atomic PDF studies, even when compared with cubic
particles smaller in size. The cubic particles exhibit nearly atomically
flat, low-index surfaces, whereas the spherical particles possess
an irregular surface structure with many high-index segments.
Internal stresses imposed by free surfaces proportional to 2y /r—in
which y is the surface energy and r is the particle radius—may
approach values of several GPa in sub-10 nm particles'® and have
been found to reduce the magnitude of the cooperative polar
distortion in nanosized perovskites*’. The preponderance of high-
energy surface facets and irregular surface structure of the spherical
particles probably enhance both the overall internal stresses and
the inhomogeneity of the strain field, resulting in a reduction of
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Figure 4 | Direct polarization imaging of individual BaTiO3 nanocubes with off-axis electron holography. a,b, Phase images of an individual BaTiO3
nanocube above (b) and below (a) the ferroelectric Curie temperature (130 °C) illustrating a fringing field emanating from the [001] face that disappears
above T. (scale bars, 10 nm). ¢,d, Reconstructed phase images of a second individual BaTiO3 nanocube before application of an electrical bias (¢) and after
application of a 43V bias (d, scale bars, 10 nm). No fringing field can be observed before application of a bias; clear fringing fields emanating from the
[001] face can be observed after electrical poling. e, TEM image of the integrated STM tip nearing contact with the individual BaTiO3 cube imaged in
panels ¢ and d (scale bar, 25 nm). f, Corresponding line profiles for ¢ and d (green arrows) demonstrating the appearance of a strong linear phase gradient
on electrical poling. All phase images have been amplified for clarity (six times for a and b, three times for ¢ and d).

the cooperative polar distortion and an enhancement of structural
disorder, leading to the observed reduction in spatial coherence.
It is notable that cubic particles smaller in size (but with a greater
surface area and surface-to-volume ratio) retain markedly stronger
spatial dipole correlations. The surface effect here is thus not
simply a function of surface-to-volume ratio, but rather a more
complex effect governed by the specific energies and arrangements
of surface facets. These results indicate that careful control over
surface terminations and particle shape control, a key advantage
of colloidal synthetic procedures, may provide a pathway to the
stabilization of ferroelectric order in nanoscale crystals.
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Insight into the influence of depolarization effects may be
obtained from the comparison of highly conducting GeTe with
strongly insulating BaTiO; nanocrystals of comparable sizes and
shapes. The large free carrier density (~10?' cm™) of GeTe is
expected to provide metallic conduction and strong internal
screening of the polarization, minimizing depolarization effects.
PDF analysis indicates markedly enhanced spatial correlations in
GeTe (correlation length of ~5nm for 8 nm particles) relative
to BaTiO; (correlation length of ~2nm for 8 nm nanocubes),
although the correlation range does not span the entire diameter
of the particles. These observations suggest a strong stabilization of

705

© 2012 Macmillan Publishers Limited. All rights reserved


http://www.nature.com/doifinder/10.1038/nmat3371
http://www.nature.com/naturematerials

ARTICLES NATURE MATERIALS Do1:10.1038/NMAT3371

a 25°C b 60 °C c 80°C

~ 250 ~ 200 1 ~ 250

o o b

2 200 2 1501 % 200

ey ey <

Q [s % [e%

g o] & 1007 g 150

S Initial 5 s

Q nitia Q. Q

§ 1001 state y; § >0 § 100

2 R S

20 507 K] 04 2 50

[a o [a W
0 . —— — -50 — — 04 —— —
-20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20

Bias voltage (V) Bias voltage (V) Bias voltage (V)

CS e 2

£ 30/ £ 20 <

] ] 3

=] 25* 3 3

3 g 3

g 20 £ €

© © ©

3 151 3 10 b

c C C

2 10 g s

g - 8 05 8

3 05 2 g

L @ @

& 00+ & 004+——r . . — & 00 +— — .
-20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20

Bias voltage (V) Bias voltage (V) Bias voltage (V)

Figure 5 | Temperature-dependent PFM measurements of individual BaTiO3 nanocubes. a, Piezoresponse phase (top) and amplitude (bottom) for a
single 10 nm BaTiO3 nanocube at room temperature. A clear hysteresis and 180° phase switching can be observed. b, Piezoresponse phase (top) and
amplitude (bottom) for the same 10 nm BaTiO3 nanocube at 60 °C. A markedly decreased hysteresis is observed. ¢, Piezoresponse phase (top) and
amplitude (bottom) for the same 10 nm BaTiO3 nanocube at 80 °C. Although sharp 180° phase switching is maintained, the hysteresis collapses.
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nanospheres (b) compared with cubic (blue, top) and tetragonal (red, top) structural models. Residual curves for both the cubic (blue) and tetragonal
(red) structural models are shown at the bottoms of the plots. ¢, Atomic PDF for 8 nm GeTe nanocrystals compared with cubic (blue, top) and
rhombohedral (red, top) structural models. Residual curves for both the cubic (blue) and rhombohedral (red) structural models are shown at the bottom of
the plot. d-f, Model structures for 8 nm BaTiO3 nanocubes (d), 10 nm BaTiO3 nanospheres (e), and 8 nm GeTe nanocrystals (f). The model PDFs featuring
cooperative polar distortions (tetragonal for BaTiO3 and rhombohedral for GeTe) yield a superior though imperfect match to the experimental data.

the linearly ordered polar state in GeTe by internal carriers. Both  Previous work*' indicated a decline in the overall rhombohedral
the PDF analysis and TEM studies, however, indicate considerable lattice distortion with decreasing particle size, further supporting
structural disorder and inhomogeneity in the polarization patterns  this interpretation. It is clear from these experiments that both
of GeTe nanomaterials, suggesting a strong surface contribution.  surface structure and depolarization effects exercise a profound
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influence on the stability and nature of the polar state in low-
dimensional nanosystems. Minimizing the contributions of both
mechanisms sets an ultimate limit for the size-scaling of the polar-
ordered phase. The highly conductive GeTe nanocrystals employed
in this experiment, with atomically flat, well-passivated, and low-
index surface facets and maximal compensation of depolarization
effects, provide nearly ideal conditions for the preservation of
ferroelectric order at finite dimensions. The dissolution of spatial
correlations among local ferroelectric dipoles beyond ~5nm in
our 8nm GeTe nanocrystals thus suggests an ultimate, intrinsic
lower bound for the existence of cooperative ferroelectric order
in nanomaterials. Previous literature has indicated a decay of
the spontaneous polarization in the vicinity of a free surface
over a distance scale known as the extrapolation length!*%.
The correlation range of ferroelectric dipoles measured in our
experiments (~5nm) relative to the particle diameter (~8nm)
is consistent with a coherent, linearly ordered polarization state
with reduced polarization in an exterior shell with a thickness of
~1.5nm, in strong agreement with typical extrapolation lengths
measured experimentally?. The stability of the polar state under
near-perfect screening conditions is thus ultimately restricted to
a length scale of approximately 3 nm, although reduction of
the spontaneous polarization throughout the particle volume via
surface-induced internal pressure will probably further limit the
experimentally achievable stability range of the polar state. This
result is consistent with theoretical predictions'' of an ultimate
size limit of 2.6 nm for the preservation of (toroidal) ferroelectric
correlations in ideal perovskite nanodots.

The decline in dipole correlations in BaTiO; nanocrystals
of all types relative to GeTe suggests incomplete screening of
polarization-induced surface charges in the former material,
leading to depolarization fields. Although molecular adsorbates
probably provide partial screening, consistent with previous work
on micrometres-long BaTiO; nanowires*, the observation of elec-
trostatic fringing fields in our holography experiments is strongly
suggestive of incomplete screening of these polarization-induced
charges. This interpretation is in strong agreement with observa-
tions indicating a 1/d,,,, scaling relationship between the Curie tem-
perature and the nanowire diameter, d,,, attributed to incomplete
compensation of polarization charges*?. The stability of a linear
polarization state under incomplete screening conditions contrasts
with theoretical reports predicting a toroidal state for all screening
conditions with the exception of nearly perfect short-circuit
boundary conditions*. Despite imperfect screening conditions,
the classical nearly linear, monodomain polarization state remains
surprisingly stable, persisting at room temperature down to particle
sizes of less than 10 nm. These findings also contrast with previous
experimental studies of local polarization patterns in thin-film
samples indicating flux-closure, in some cases through continuous
rotation of local polarization vectors””**. Flux-closure in these
structures is facilitated by the growth of thin ferroelectric layers on
highly insulating substrates, such as SrTiO; and TbScOs;, leading
to substantial polarization charges at the film—substrate interfaces.
Transferring these results to free-standing nanostructures may
provide a promising pathway towards stabilizing novel polarization
patterns in these materials. Replacing molecular adsorbates bound
to the surfaces of the ferroelectric core with an epitaxial shell
layer of an inorganic, insulating oxide, such as SrTiO; on BaTiOs,
may inhibit polarization charge screening and enable experimental
realization of true monodomain toroidal polarization states.

It is also notable that the polarization generally exists in a
monodomain state. Several recent works on ion-milled single
crystals of BaTiO; have demonstrated the formation of complex
domain states, including flux-closure arrangements, down to the
smallest dimensions accessible in these experiments (~100nm;
refs 45,46). The rich domain structures examined in these
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experiments, with periodicities generally consistent with the classic
domain scaling laws first described by Kittel, contrast with the
monodomain polarization states observed here. Our experiments
thus suggest that these scaling laws, valid over more than six orders
of magnitude in size, ultimately break down at nanometre length
scales, consistent with a previous study demonstrating a transition
to a multidomain state at particle sizes of ~30 nm (ref. 18). It should
be noted, however, that the distinction between monodomain and
multidomain states may be a more complex function of both size
effects and surface conditions. A previous study of nanomilled
samples, for example, pointed to internal strains imposed by
surface tension as a driving force for an additional ferroelastic
contribution to domain formation in free-standing samples*’. The
pronounced differences in surface structure between our materials
and nanomilled samples exhibiting complex domain structures may
thus also contribute to this contrast in experimental results.

This work provides atomic-scale insight into the fundamental
nature of ferroelectric order down to its ultimate size limit. Atomic-
resolution mapping of local ferroelectric distortions indicates a
coherent, nearly linear, monodomain state accompanied by local
structural distortions. The persistence of ferroelectric coherence
in BaTiO; is further supported by single-particle studies with
off-axis electron holography and PFM measurements of individual
nanocubes demonstrating ferroelectric switching behaviour at
room temperature. These PFM studies further demonstrate the
ultimate stability limit of ferroelectric order. Careful atomic PDF
studies point to the parallel roles played by surface-induced relax-
ation and depolarization effects in the dissolution of ferroelectric
order at finite dimensions and indicate considerable structural
disorder and dipole decoherence, even in conductive GeTe with
strong polarization screening. These studies also demonstrate the
utility of colloidal morphology control as a means of stabilizing the
polar state at nanoscale dimensions. These experiments reveal the
ultimate limit of the ferroelectric state and provide a pathway to
unravelling the fundamental physics of nanoscale ferroelectricity at
the smallest possible size scales.

Methods

Synthesis of GeTe and BaTiO; nanomaterials. GeTe nanocrystals were prepared
following a previous literature report'®. In a typical synthesis, a flask containing
0.1 g of Ge(11) bis—bis(trimethylsilyl)amide dissolved in 6 ml of squalane and

1 ml of trioctylphosphine (TOP) was heated to 230 °C under argon. 1 ml of a
10 wt% solution of Te in TOP mixed with an additional 0.5 ml of TOP and
0.03 g of 1-dodecanethiol was injected into the flask. The reaction mixture was
then held at 220 °C for 1-2 min. BaTiO; nanocubes were prepared following
ref. 17. In a typical synthesis, a Teflon-lined autoclave vessel (Parr Instruments)
was loaded with solutions of Ba(NO;), (1 mmol) in 5ml of deionized water,
NaOH (12.5 mmol) in 5 ml of deionized water, Ti(1v) n-butoxide (1 mmol)

in 5ml of 1-butanol, 2.5 ml of oleic acid, and 5 ml of 1-butanol and heated

to 135°C for 18 h. To prepare quasi-spherical BaTiO; particles, the reaction
temperature was held at 150 °C for 24 h, and the molar ratio between water and
1-butanol was decreased.

Atomic-resolution TEM. Atomic-resolution high-resolution TEM image series
of BaTiO; and GeTe nanocrystals were acquired using the TEAM 1 microscope
at the National Center for Electron Microscopy, a modified FEI Titan 80-300
equipped with a combined spherical and chromatic aberration corrector on the
imaging side, a special high-brightness field emission gun, and a Gatan Image
Filter. Through-focus series consisting of 30 images were taken at defocus values
ranging from 300 to —300 A with a negative coefficient of spherical aberration
of approximately —15 um. BaTiO; images were acquired at an accelerating
voltage of 300kV, and GeTe images were acquired at 80 kV. All samples were
imaged on ultrathin carbon grids from Ted Pella. The electron wavefunction at
the exit plane of the specimen was reconstructed using the Gerchberg—Saxton
algorithm implemented in MacTempas X by Total Resolution. The resulting
phase images were Fourier filtered using the background subtraction filter feature
in MacTempas; this filtering did not alter the observed displacement patterns.
Atomic column positions were extracted using the peak finding and Gaussian
fitting routines of MacTempas. Polar displacement maps were constructed from
the fit peak positions using custom Matlab code, which groups these peak positions
into unit cells and calculates the displacement between the centre points of Ge
and Te atomic columns for GeTe or the displacements of the Ti/O columns
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with respect to the Ba columns of each unit cell for BaTiO;. Source code is
available on request.

Off-axis electron holographic imaging of BaTiO; nanocubes. Holographic
images of individual BaTiO; nanocubes were acquired using a JEOL 3000F TEM
at Brookhaven National Laboratory operated at 300kV equipped with a field
emission gun, Gatan Image Filter, Lorentz lens, and biprism. Holograms were
acquired with a biprism voltage of 50V, and reference images were taken over
vacuum. Holograms were taken of particles suspended over vacuum on the edge of
a lacey carbon grid. Phase images were reconstructed using custom Gatan Digital
Micrograph scripts; source code is available on request. Nanocubes were heated
above the Curie point using a Gatan heating holder, and individual nanocubes
were poled using a Nanofactory probe holder with an integrated tungsten STM tip.
To enable access to particles on the carbon grid for the poling experiments, the
copper/carbon grid was cut in half, leaving several copper grid squares exposed.
The phase profiles presented in Fig. 4f were calculated in Gatan Digital Micrograph
using the line profile tool.

Simulated phase images for BaTiO; nanocubes were numerically calculated on
the basis of the phase shift of the electron wave due to the variation of the projected
electrostatic potential or field. The spontaneous polarization charge (Ps) on one
side of a BaTiO3 nanocube was treated as a square sheet charge with uniform charge
density Ps. For a square with a side length of 2a and a uniform surface charge Ps, the
centre of which is the origin, the potential V (x,y,z) can be obtained by summing
the contributions of elementary charges Psdx’dz’:

P / a /‘ a dx'dz’
A Eo6r J o -a \/(x—x’)z +y2+(Z—Z/)2
P a atx+,/(x+a)+y>+(z—2') ,
In dz
A E0br Ja —a+x+,/(x—a)+y>+(z—z2')
In this equation, &, represents the permittivity of free space and ¢, the dielectric
constant. The electron wave passing near the nanocube will be perturbed by the

above potential fields along the beam path (z-axis) and give rise to a corresponding
phase image (Ag(x,y)) according to the following equation:

V(x.y.z) =

Ap(x.y) = CE/ V(x.y,2)dz

00
CePs [™ [© at+x+,/(x+a)+y*+(z—2)
= S / /ln dz'dz
TEoEr J—ooJ—a —a+tx+/(x—a)+y2 +(z—2')*

Here, Cg is an energy-related constant with a value of 6.526 mrad V™' nm™! for
300 keV electrons. The above double-integration problem was solved numerically
using a Gatan Digital Micrograph script to generate the simulated phase images.
In addition, to address the contact of the BaTiO; nanocube with the conducting
carbon grid, a mirror square charge was set up to ensure zero potential on the
carbon surface. This manipulation is equivalent to complete compensation of the
spontaneous polarization charge on the side of the BaTiO; nanocube in contact
with the carbon grid. Inside the BaTiO; nanocube, the mean inner-potential
experienced by incident electrons yields a constant phase shift. A value of 17.9V
was extracted from the phase profile to fit the experimental data. Quantitative
agreement with experimental phase images was achieved for &, = 60.

Piezoresponse force measurements of individual BaTiO; nanocubes. The
polarization switching and local piezoelectric response of BaTiO; nanocrystals
were studied at room temperature with an Asylum Research MFP-3D atomic
force microscope working in contact mode. An AC240TM cantilever made of a
tetrahedral silicon tip coated with platinum/titanium was used to apply a small
a.c. voltage with an amplitude of 40 mV. Measurements were performed by
applying two oscillating voltages with frequencies below and above resonance
(270 kHz), operating the cantilever in the dual a.c. resonance tracking mode*. The
piezoresponse of the nanocubes was detected as the first-harmonic component
of the deflection of the tip, d = d, + Acos(wt + ¢), where ¢ is the phase of the
piezoelectric signal, d, is an initial deflection, A the amplitude, ¢ the time, and

o the frequency. The photodetector signal amplitude was demodulated with a
lock-in amplifier and the values of the piezoelectric coefficient were obtained after
calibrating the photodetector signal.

Atomic PDF analysis of BaTiO; and GeTe nanocrystals. X-ray diffraction (XRD)
measurements were carried out at beamline 11-ID-C at the Advanced Photon
Source at Argonne National Laboratory using X-rays with an energy of 115.232 keV
(A=0.1076 A) and a large-area detector. Several scans were taken and averaged to
improve the XRD data statistics. The XRD data were reduced to atomic PDF (G(r))
using the program RAD (ref. 49). The atomic PDFs were fit with structure models
featuring long-range ordered dipoles and no dipoles. The fits were completed with
the help of the program PDFgui®.
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