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Abstract

Ferroelectric Ordering in Colloidal Nanocrystals
by
Mark Joseph Polking
Doctor of Philosophy in Engineering - Materials Science and Engineering
and the Designated Emphasis in
Nanoscale Science and Engineering
University of California, Berkeley

Professor A. Paul Alivisatos, Chair

The size-stability and fundamental nature of ferroelectric ordering in low-dimensional
nanomaterials are explored using colloidal nanocrystals of the ferroelectric semiconductor
germanium telluride (GeTe) and the archetypal perovskite ferroelectric barium titanate (BaTiOs).
The synthesis of size-controlled colloidal GeTe nanocrystals is first explored, and the evolution
of a polarization domain structure with increasing size is examined with transmission electron
microscopy (TEM) and electron diffraction. The size-dependent ferroelectric ordering in
ensembles of GeTe nanocrystals is then examined using a combination of temperature-dependent
synchrotron x-ray diffraction, Raman scattering, and aberration-corrected TEM. Finally, the
polarization state in individual nanocrystals of GeTe and BaTiOs is elucidated using atomic-
resolution TEM, off-axis electron holography, and piezoresponse force microscopy (PFM). The
nature of the polar state and the correlations among local ferroelectric distortions are compared
for the cases of GeTe and BaTiOs, the former a highly conductive semiconductor and the latter
an electrical insulator, to deconvolute the influences of surface-induced strains and
depolarization fields on the nature of the polar state.

GeTe nanocrystals with sizes ranging from 8 nm to 500 nm and size distributions of
approximately 10-20 percent are prepared using divalent germanium (Ge) precursors and
trioctylphosphine-tellurium (TOP-Te). GeTe nanocrystals with widely varying sizes are
prepared using Ge precursors with different reduction kinetics. Particles of all sizes are
confirmed to exist in the rhombohedral phase characteristic of the ferroelectric state.

The evolution of a polarization domain structure is examined in GeTe nanocrystals with
average sizes of 8, 100, and 500 nm. Dark-field TEM and electron diffraction experiments



indicate a monodomain state for the 8 nm particles, a transition to a bidomain state for the 100
nm particles, and the emergence of a polydomain state for the largest (500 nm) particles.

The size-dependent ferroelectric ordering in 8, 17, 100, and 500 nm average diameter
GeTe nanocrystals is examined using synchrotron x-ray diffraction, Raman scattering, and
atomic-resolution TEM. Rietveld refinement of room-temperature synchrotron diffraction
patterns indicates a monotonic decrease in the lattice constant and the rhombohedral angular
distortion of the unit cell with decreasing particle size, and temperature-resolved synchrotron
diffraction experiments demonstrate a reversible rhombohedral-cubic ferroelectric phase
transition. Raman scattering confirms the broken inversion symmetry of particles of all sizes and
indicates a substantial displacive component of the phase transition down to the smallest sizes
studied. In addition, analysis with atomic-resolution TEM suggests the preservation of a
substantial linear component of the ferroelectric polarization.

Individual nanocrystals of GeTe with an average diameter of 8 nm and nanocubes of
BaTiO; with an average side length of 10 nm are then imaged with aberration-corrected TEM
and off-axis electron holography. These experiments suggest that the polarization exists in a
largely linear, monodomain state, in contrast with theoretical reports indicating a transition
towards a toroidal polarization state. In addition, analysis with PFM demonstrates the
preservation of polarization switching at room temperature in BaTiO3 nanocubes smaller than 10
nm in size and indicates a transition to a superparaelectric state below a critical length scale of
approximately 5-10 nm.

These studies of individual GeTe and BaTiO; nanocrystals are complimented with atomic
pair distribution function analyses, which indicate correlations among ferroelectric dipoles that
are stronger in the case of GeTe, but reduced relative to bulk material. Comparisons between
GeTe and BaTiOs; nanomaterials of comparable size and between BaTiO; nanocrystals with
varying morphologies indicate strong contributions to ferroelectric size effects due to both
electrostatics and internal strain and demonstrate a shape-dependence of the stability of the
ferroelectric state.

Overall, these experiments demonstrate the surprising stability of a coherent, linear, and
monodomain polarization state in the smallest ferroelectric nanomaterials ever characterized.
The overall polarization is weakened significantly due to a combination of both surface-induced
strains and depolarization effects, although the local ferroelectric distortions in both GeTe and
BaTiO; nanocrystals remain close to the bulk values. Although limited evidence for a rotational
tendency of the polarization is observed in the atomic-resolution TEM studies, no clear evidence
for a vortex polarization state was found, in contrast with theoretical expectations.
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Introduction

Since the discovery of ferroelectricity nearly nine decades ago, polar materials have
emerged as a subject of widespread fundamental and practical interest. Polar materials, as we
shall define them here, are those materials that undergo spontaneous symmetry-breaking
distortions from a higher symmetry “prototype” structure that lead to local electric dipole
moments with long-range ordering. Adjacent local moments may be oriented antiparallel with
respect to one another, leading to an antiferroelectric phase, or may be aligned in parallel,
leading to a ferroelectric or pyroelectric phase with a macroscopic polarization'.

Ferroelectrics in particular, the spontaneous polarization of which may be reoriented
under an applied electric field, have attracted great interest for nonvolatile information storage
devices and many other applications™. Practical applications of these materials require room-
temperature stability of the polar phase and a detailed understanding of polar ordering at the
nanoscale. Despite voluminous work on ferroelectric nanomaterials, the questions of polar phase
stability and the fundamental nature of the polar state in low-dimensional materials have
remained elusive. Early reports indicated complete quenching of the polar state due to
depolarization fields, surface layers, and other effects*’. More recent studies®™ on ensembles of
ferroelectric perovskite nanoparticles using atomic pair distribution function analysis combined
with detailed Raman and Rietveld refinement experiments have painted a more complex picture
of nanosized ferroelectrics, according to which the overall distortion of the particle is
diminished, as seen in earlier work, but the local ferroelectric distortions are enhanced relative to
bulk material. Recent theoretical work has added a new dimension to this story: The emergence
of stable toroidal polarization patterns in ferroelectric nanodots”'® has been predicted using first-
principles calculations. Despite intense research over the last few decades, conclusive answers
to the question of the fundamental nature of ferroelectric ordering in low-dimensional
nanosystems have been hindered in part by the lack of high-quality, monocrystalline ferroelectric
nanomaterials''"* and the paucity of methods for the analysis of individual nanocrystals at a
local scale. Experimental confirmation of polar phase stability and phase transitions in
unconstrained low-dimensional nanosystems is noticeably lacking, and characterization of polar
ordering at a local, unit-cell level in these systems is practically nonexistent. In addition, the
mechanisms governing the nature of the polar state in these systems are not entirely understood,
with literature reports pointing to depolarization fields, internal strains, and other driving forces
for the size-dependence of polar ordering">™"".

This study, motivated by these holes in current experimental knowledge, focuses on three
basic questions of fundamental importance to this field. The first, and most basic, of these
questions concerns the feasibility of synthesizing high-quality, monocrystalline, and size-
controlled nanocrystals of a polar material. The second question focuses on the ultimate size-
stability of the polar phase, the occurrence of polar phase transitions in these materials, and the
size-dependence of the overall polar order parameter. The final question regards the nature of
polar ordering in these systems at the unit-cell scale.
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In order to explore the first of these questions, colloidal chemistry methods have been
extended to the synthesis of nanocrystals of polar materials. Colloidal techniques, which have
emerged as a powerful tool for the exploration of novel size-dependent phenomena in optical,
magnetic, and other functional nanomaterials, provide an economical, highly scalable, and low-
temperature route to a wide range of materials'®'"’. These methods, which rely on the
decomposition of reactive organometallic precursors in the presence of long-chain organic
surfactant molecules, also provide a means of producing nanomaterials of uniform, controlled
sizes with variable morphologies®®. While colloidal chemistry has enjoyed many successes in
the preparation of functional nanomaterials, these successes have not extended to the synthesis of
a polar nanomaterial of controllable size. Previously, the synthesis of highly polydisperse
nanorods of BaTiO; with lengths of several microns remained the only example of a colloidal
polar nanomaterial®. To remedy this dearth of nanocrystalline ferroelectrics, this study has
focused on the synthesis of colloidal nanocrystals of the IV-VI semiconductor GeTe. This
material, with only a single anion and cation per primitive unit cell, is the simplest possible
material that may undergo a polar phase transition and thus serves as a convenient basis for this
study'. In addition, while the controllable colloidal synthesis of perovskite oxides—the family to
which most classic polar materials belong—has remained elusive, considerable progress has
been made on the synthesis of other IV-VI semiconductors, including the closely related
materials PbTe and SnTe*' 2,

Following the synthesis of monodisperse nanocrystals of several sizes, analysis of polar
ordering in this system has focused sequentially on three relevant length scales. The first
experiments have been conducted at the ensemble level on colloidal nanocrystals of the simple
model ferroelectric GeTe using in-situ temperature-dependent x-ray and Raman scattering.
These experiments provide complementary pathways to the confirmation of polar phase stability
and the existence of a polar phase transition and to the elucidation of the size-scaling of the
overall ferroelectric distortion in nanocrystal ensembles.

Characterization of the system has then been extended to the single-particle level to
provide direct confirmation of polar behavior, free from ensemble averaging. Direct
measurements of the structural distortion leading to polar ordering, enabled by recent advances
in aberration-corrected transmission electron microscopy (TEM), have provided evidence of an
overall, coherent ferroelectric distortion in individual nanocrystals of the model ferroelectric
GeTe. These experiments have also indicated a transition from a polydomain to a monodomain
state with decreasing particle size in analogy with ferromagnetic materials.

Finally, characterization of individual nanocrystals has been extended down to atomic
length scales using aberration-corrected TEM and off-axis electron holography. Using exit-wave
reconstruction of image series obtained by aberration-corrected TEM, atomic column positions
have been directly extracted to probe variations and correlations of local structural distortions,
providing a local picture of ferroelectric ordering at the single-particle level. Nanocrystals of
both GeTe, which exhibits nearly metallic conduction23, and BaTiO;, a traditional insulating
oxide ferroelectric, have been analyzed to deconvolute the contributions of depolarizing fields
and surface-induced strains to the size-dependence of ferroelectric ordering. The correlations
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among ferroelectric dipoles have also been analyzed with complimentary atomic pair distribution
function studies.

Overall, these experiments indicate that a coherent, linear polarization state can be stable
even at nanometer length scales in both insulating and conductive ferroelectrics, in contrast with
theoretical expectations of a toroidal state'®*. The linear order, however, is disrupted by
decoherence of ferroelectric dipoles and coherent local polarization rotations that reduce the
magnitude of the polar distortion. This arises from both internal strains and from depolarization
fields, pointing to a picture of the driving force for ferroelectric size effects that is more complex
than previously believed.
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Chapter 1: Controlled Synthesis of Germanium Telluride
(GeTe) Nanocrystals

Reproduced in part with permission from: Mark J. Polking, Haimei Zheng, Ramamoorthy
Ramesh, and A. Paul Alivisatos, “Controlled Synthesis and Size-Dependent Polarization Domain
Structure of Colloidal Germanium Telluride Nanocrystals” Journal of the American Chemical
Society 2011, 133, pp. 2044-2047. Copyright 2011 by the American Chemical Society.

1.1. Introduction:

Semiconducting IV-VI nanocrystals have received attention recently due to their strong
quantum size effects’ > and rich array of phase transitions that influence their electronic,
optical, and phononic properties®*®. The semiconductor germanium telluride (GeTe) in
particular has garnered interest due to its reversible amorphous-to-crystalline phase transition®’~°
and ferroelectric phase transition, which leads to a spontaneous polarization along a <I111> axis
below ~625 K*'*. This polar distortion also leads to the formation of polarization domain
boundaries, which influence its mechanical, electronic, thermal, and other properties34. The
simplest possible ferroelectric, GeTe provides a simple model system for the study of polar
ordering phenomena at reduced dimensions. Although the high bulk carrier density of GeTe
hinders direct measurement of the spontaneous polarization, the interplay of structural, optical,
electronic, and other properties make this an important system for further study.

Despite interest in GeTe, methods for the synthesis of high-quality nanomaterials of
GeTe are relatively unexplored, and little is currently known about its nanoscale properties.
While vapor-phase syntheses of GeTe nanowires and solution-phase syntheses of micron-scale
crystals and amorphous nanoparticles have been reported®™’, the size scales of these materials
are far from the quantum regime, and the formation of crystalline GeTe of controlled sizes has
remained elusive. In addition, while colloidal chemistry has proven highly successful for the
synthesis of semiconducting and metallic nanomaterials with tunable optical, magnetic, and other
functionalities, few syntheses of low-dimensional nanostructures of materials exhibiting
spontaneous polar ordering exist'*'*, hindering fundamental study of polar phenomena at
nanoscale dimensions. In this chapter, a simple and highly adaptable colloidal synthesis of GeTe
nanocrystals of sizes ranging from 8 to 100 nm is described. These nanocrystals have narrow
size distributions and exhibit the rhombohedral structure characteristic of the polar phase down
to particle sizes of less than 10 nm.



1.2. Materials and Methods:

Reagents and Reagent Preparation:

Germanium(II) chloride-1,4 dioxane complex (1:1), tellurium powder (30 mesh, 99.997
%), 1-dodecanethiol (1-DDT, >98 %), anhydrous 1,2 dichlorobenzene (DCB, 99 %), 1-
octadecene (ODE, 90 %), oleylamine (70 %), squalane (99 %), anhydrous acetonitrile (99.8 %),
and anhydrous chloroform (99 %) were purchased from  Sigma-Aldrich.
Bis[bis(trimethylsilyl)Jamino]Ge(Il) ((TMS,;N),Ge) was purchased from Gelest, and
trioctylphosphine (TOP, 97 %) was purchased from Strem. A 10 wt% stock solution of Te (shot,
99.999% from Sigma-Aldrich) in TOP for 8 nm particles was prepared by dissolving Te shot in
TOP at room temperature. Stock solutions of Te in TOP with a concentration of 10 wt% were
prepared for all other particles under argon on a Schlenk line by dissolving Te powder in TOP at
200 °C for two hours. These stock solutions were then stored in an argon glovebox. Squalane,
I-octadecene, and oleylamine were dried under vacuum at 110 °C for 1 hour, and 1-
dodecanethiol was dried under vacuum at 90 °C for 1 hour. All other reagents were used without
further preparation.

Synthesis of 8§ nm GeTe Nanocrystals:

6 mL of dried squalane was added to a 50 mL 3-neck reaction flask in a glovebox. The
flask was then sealed and attached to a Schlenk line under constant argon flow. In the glovebox,
0.1 g of (TMS,N),Ge was mixed with 1 mL of TOP and 1 mL of dried squalane and added to the
flask at room temperature. Then, 0.03 g of dried 1-DDT was mixed with 1.5 mL of a 10 wt%
TOP-Te solution. The squalane/TOP/(TMS,N),Ge solution was then heated to 230 °C under
constant argon flow and rapid stirring, and the 1-DDT/TOP-Te solution was immediately
injected. After injection, the temperature dropped to ~220 °C and was held at this value for 1.5-2
minutes. The flask was then rapidly cooled with compressed air to room temperature.

Synthesis of 17 nm GeTe Nanocrystals:

3 mL of dried ODE and 3 mL of dried oleylamine were loaded into a 50 mL 3-neck
reaction flask inside a glovebox. In the glovebox, 0.1 g of (TMS,;N),Ge was mixed with 1 mL of
dried 1-octadecene and 0.5 mL of TOP-Te. The reaction flask was sealed inside the glovebox
and attached to a Schlenk line under argon flow. The flask was then heated to 250 °C under
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constant argon flow and rapid stirring, and the (TMS,;N),Ge/TOP-Te injection solution was then
rapidly injected. The reaction mixture was held at approximately 235 °C for 1.5 minutes and
allowed to cool to room temperature.

Synthesis of 100 nm GeTe Nanocrystals:

1.5 mL of dried 1-DDT, 4.5 mL of DCB, and 10 mg of GeCl,-dioxane were loaded into a
50 mL 3-neck reaction flask inside a glovebox. The reaction flask was sealed inside the
glovebox and transferred to a Schlenk line under continuous argon flow. The reaction mixture
was heated to 180 °C under argon flow and rapid stirring, and 0.7 mL of TOP-Te was then
injected into the reaction mixture. The reaction mixture was held at approximately 177 °C for 2
minutes and allowed to cool to room temperature.

Cleaning Procedure:

The nanocrystals were transferred from the reaction vessel into vials under argon flow
and cleaned under air-free conditions in a glovebox. In a typical cleaning procedure, ~2 mL of
nanocrystal solution/suspension was mixed with 10-20 mL of anhydrous chloroform and an
amount of anhydrous acetonitrile sufficient to induce flocculation. The particles were then
centrifuged and redispersed in anhydrous chloroform with sonication. This centrifugation and
redispersal procedure was repeated, and the particles were redispersed in chloroform.

Transmission Electron Microscopy:

Low-resolution transmission electron microscope (TEM) images were taken with an FEI
Tecnai G2 Super Twin microscope operated at 200 kV and equipped with a LaBg filament.
High-resolution TEM (HRTEM) images of the 8 and 17 nm particles were then taken with an
FEI monochromated F20 UT Tecnai microscope with a field emission gun operated at 200 kV.
TEM images of the 100 nm particles were taken using a Philips CM 300 microscope operated at
300 kV and equipped with a field emission gun. Measurements of particle sizes for size statistics
were performed in Image-Pro Plus 4.5.



Powder X-ray Diffraction:

Powder x-ray diffraction (XRD) was performed with a Bruker AXS GADDS D-8
diffractometer (Co K, 1.79026 A) operated at 45 kV and 35 mA. Scans were collected for 3000
seconds. The background signal from the plastic substrate was subtracted from the data
collected for the nanocrystal films.

Rietveld Refinement:

Rietveld refinements for the 8 nm nanocrystals were completed with the program
MAUD, v. 2.072. The refined parameters included three background parameters, the lattice
constant, rhombohedral angle, atomic positions, B factors, and peak broadening.



1.3. Results and Discussion:
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Figure 1.1. Transmission electron microscope (TEM) images and size statistics for GeTe
nanocrystals. (A, B, C) Low-resolution TEM image (A), high-resolution TEM (HRTEM) image
(B), and size statistics (C) for 8 nm GeTe nanocrystals; (D, E, F) low-resolution TEM image (D),
HRTEM image (E), and size statistics (F) for 17 nm GeTe nanocrystals; (G, H, I) low-resolution
TEM image (G), HRTEM image (H), and size statistics (I) for 100 nm GeTe nanocrystals. N is
the number of particles measured.

GeTe nanocrystals with average sizes of 8, 17, and 100 nm were synthesized by reaction
of the divalent germanium precursors Ge(Il) chloride-1,4 dioxane complex and
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bis[bis(trimethylsilyl)amino]Ge(II) ((TMS,N),Ge) with trioctylphosphine-tellurium (TOP-Te).
Phase-pure GeTe nanocrystals can be prepared in a variety of solvents, including 1,2
dichlorobenzene, 1-octadecene, phenyl ether, and others. The basic chemistry is also compatible
with other surfactants, including 1-dodecanethiol, oleylamine, and phosphonic acids.

Nanocrystals with an average diameter of 8 nm were synthesized by the reaction of
(TMS;N),Ge with TOP-Te in the presence of 1-dodecanethiol and excess trioctylphosphine at
230 °C, and nanocrystals with a 17 nm average diameter were prepared using the same
precursors in the presence of oleylamine at 250 °C. The synthesis of nanocrystals with an
average size of 100 nm was accomplished through the use of GeCl,-dioxane complex and TOP-
Te in the presence of 1-dodecanethiol at 180 °C. Prior to the syntheses, solvents were dried and
degassed where appropriate, which was found to be crucial to the production of phase-pure
GeTe.

Figure 1.2. Transmission electron microscope images of Ge(0) nanocrystals formed through
reduction of Ge(II) precursors with oleylamine. (A) Image of ~15 nm Ge(0) nanocrystals formed
through reduction of GeCl,-dioxane complex; (B) image of ~3 nm Ge(0) nanocrystals formed
through reduction of bis[bis(trimethylsilyl)amino]Ge(II).

Typical transmission electron microscope (TEM) images for 8, 17, and 100 nm
nanocrystals are shown in Figure 1.1. High-resolution TEM (HRTEM) imaging indicates that
particles of all sizes are crystalline, and size statistics collected on samples of over 250 particles
demonstrate size distributions of 10-20 percent, typical values for many colloidal syntheses.

The production of GeTe nanocrystals in two size regimes is facilitated by the use of two
precursors, GeCl,-dioxane complex and (TMS;N),Ge, with vastly different reaction kinetics.
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The latter precursor often yielded nucleation within several seconds in many different
surfactant/solvent systems whereas the former reacted sluggishly, if at all, under the same
reaction conditions. Both precursors are readily reduced in the presence of primary amines and
alkanethiols to yield Ge(0) nanocrystals. GeCl,-dioxane reacts sluggishly with pure oleylamine
at 300 °C and produces germanium nanocrystals with an average size of approximately 15 nm
(Figure 1.2A); reduction of (TMS;N),Ge under the same reaction conditions results in rapid
nucleation of ~3 nm particles (Figure 1.2B). Similar trends are observed at lower temperatures.
Although the precise reaction mechanism is not fully understood, this large increase in the Ge(Il)
reduction rate may contribute to the increase in particle nucleation rate and decrease in diameter
from GeCl,-dioxane to (TMS;,N),Ge, consistent with a previous study indicating the vital role of
Ge(II) reduction kinetics in GeTe formation®®
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Figure 1.3. Powder x-ray diffraction patterns for 8, 17, and 100 nm GeTe nanocrystals. The
patterns indicate the presence of phase-pure GeTe in the rhombohedral R3m (160) space group.
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Powder x-ray diffraction (Figure 1.3) confirms the presence of phase-pure GeTe. The
polar phase transition in GeTe from a rock salt structure to a rhombohedral structure results in
the splitting of the 111 and 220 diffraction lines (in the cubic indexing system) into 003-021 and
024-220 doublets (in the rhombohedral indexing system)’>~°. The XRD patterns of the 17 and
100 nm particles exhibit clear splitting of the 111 and 220 doublets characteristic of the
rhombohedral phase. Significant peak broadening for the 8 nm particles, however, complicates
determination of the material phase, necessitating analysis by Rietveld refinement (Figure 1.4).
This analysis confirms the presence of the rhombohedral phase with a rhombohedral angle of
approximately 88.5°. Multiple trials consistently indicated a rhombohedral distortion.

e

Intensity (a.u.)
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Figure 1.4. Rietveld refinement for the 8 nm GeTe nanocrystals. The Rietveld fit indicates a
rhombohedral angular distortion of approximately 88.5°.

This chapter demonstrates the synthesis of nanocrystals of the semiconductor GeTe with
controlled sizes and narrow size distributions using colloidal techniques. Divalent Ge precursors
with drastically different reduction kinetics were employed to produce GeTe nanocrystals over a
broad range of sizes. Analysis with powder x-ray diffraction indicates that particles of all sizes
exist in the rhombohedral phase characteristic of the ferroelectric state, suggesting that some
degree of ferroelectric order is maintained down to nanometer length scales.



Chapter 2: Evolution of a Polarization Domain Structure in
Germanium Telluride Nanostructures

Reproduced in part with permission from: Mark J. Polking, Haimei Zheng, Ramamoorthy
Ramesh, and A. Paul Alivisatos, “Controlled Synthesis and Size-Dependent Polarization Domain
Structure of Colloidal Germanium Telluride Nanocrystals” Journal of the American Chemical
Society 2011, 133, pp. 2044-2047. Copyright 2011 by the American Chemical Society.

2.1 Introduction:

The presence of domains having well-defined orientations of the order parameter is one
of the most important and fundamental characteristics of ferroic materials'*’. The shape, relative
orientation, and periodicity of ferroic domain boundaries exert an enormous influence on the
macroscopic behavior of the order parameter, and these boundaries often exhibit material
properties vastly different from the bulk material''**. Size-dependent behaviors of ferroic
domain structures have long been studied in thin-film samples, with a characteristic decrease in
domain wall periodicity with decreasing film thickness®.

Freestanding magnetic nanocrystals exhibit a transition from a monodomain state to a
polydomain state with increasing crystal volume™. Significant work has recently been devoted
to elucidating the analogous ferroelectric domain behavior in freestanding nanoscale crystals of
the archetypal ferroelectric BaTiOs* . These studies suggest a reduction in domain periodicity
with decreasing side length similar to that observed in thin-film samples down to length scales of
approximately 100 nm. The behavior of ferroelectric domain structures at nanometer length
scales, however, has yet to be characterized experimentally, perhaps due to the paucity of high-
quality single crystals of ferroelectric materials within this size regime. It is not clear to what
length scale the domain scaling behavior observed for freestanding nanodots extends, and the
fundamental nature of the polar state at these dimensions remains a subject of continuing
controversy.

In this chapter, the evolution of the polarization domain structure in GeTe nanocrystals
with average sizes of 8, 100, and 500 nm is examined using a combination of dark-field
transmission electron microscopy and electron diffraction. A transition from a primarily
monodomain state to a multidomain state is observed for length scales above ~30 nm, indicating
a critical size scale for the emergence of a polarization domain structure.



2.2 Materials and Methods:

Synthesis of 8 and 100 nm GeTe Nanocrystals:

The synthesis and cleaning procedure for 8 nm and 100 nm GeTe nanocrystals are as
described in Section 1.2.

Synthesis of Highly Faceted 500 nm Nanostructures:

For the synthesis of highly faceted 500 nm nanostructures, seed particles were first
prepared by adding 10 mg of GeCl,-dioxane to 1.5 mL of 1-DDT and 4.5 mL of DCB in a three-
neck flask in a glovebox. 0.9 mL of TOP-Te was then combined with a solution of 0.15 g of
(TMS;N),Ge in 0.9 mL of ODE. The GeCl,/1-DDT/DCB mixture was then heated to 180 °C
under argon, and 0.1 mL of TOP-Te was rapidly injected into the flask. After 2.5 minutes, 0.2
mL of the solution containing (TMS,;N),Ge and TOP-Te was injected every 2 minutes until
consumed. The reaction was then held at 180 °C for a further 10 minutes and allowed to cool to
room temperature.

Transmission Electron Microscopy and Electron Diffraction:

Dark-field images and electron diffraction patterns for the 8 nm nanocrystals were taken
using the TEAM 1 microscope, a modified FEI Titan 80-300 equipped with a field emission gun
and a combined spherical and chromatic aberration corrector operated at 300 kV. Electron
diffraction patterns and TEM images of the 100 nm particles and highly faceted 500 nm crystals
were taken using a Philips CM 300 microscope operated at 300 kV and equipped with a field
emission gun.

2.3 Results and Discussion:

Dark-field TEM and electron diffraction studies (Figures 2.1, 2.2, 2.3, and 2.4) reveal the
size-dependent evolution from a primarily monodomain state to a state with multiple polarization
domains. Many IV-VI materials form in low-symmetry structures with weak bonding along
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certain crystallographic directions, leading to stacking faults, twin boundaries, and other
defects””*". GeTe in the rhombohedral phase forms {100} and {110} twin boundaries as well as
inversion boundaries separating domains with different <111> polarization axes®’. HRTEM
investigations presented in Chapter 1 indicate that the 8 and 17 nm particles primarily consist of
a single domain. Electron diffraction patterns of the 100 nm particles, in contrast, reveal splitting
of diffraction spots consistent with the formation of {100} and {110} twin boundaries (Figure
2.2).
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Figure 2.1. Electron diffraction patterns and dark-field TEM images of 8 nm GeTe nanocrystals.
(A) Electron diffraction pattern of a single ~ 8 nm GeTe nanocrystal in the [111] zone axis
orientation and corresponding dark-field TEM image taken with g = -220; no splitting of
diffraction spots can be observed, indicating a monodomain state; (B) electron diffraction pattern
of a single ~7 nm GeTe nanocrystal in the [111] zone axis orientation showing a single set of
diffraction spots and corresponding dark-field TEM image taken with g = -220.
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The change in lattice orientation across {100} and {110} domain boundaries leads to
pronounced diffraction contrast in dark-field images®. The breakdown of Friedel symmetry for
noncentrosymmetric crystals leads to differences in background contrast between inversion
domains in dark-field images, and observation using complementary g and - g diffraction vectors

results in a reversal of the relative contrast®. Dark-field TEM images of the 100 nm particles
(Figure 2.2) reveal the presence of all three types of domain boundaries and the spatial
relationships between domains. These images suggest that the 100 nm particles are largely
bidomain. The electron diffraction patterns of the 8 nm particles (Figure 2.1), in contrast,
contain a single set of spots, and dark-field TEM images reveal largely uniform contrast,
confirming the monodomain structure.
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Figure 2.2. Polarization domains in 100 nm GeTe nanocrystals. (A, B, C) Bright-field TEM
image (A), dark-field TEM image taken with g= 002 (B), and corresponding electron diffraction

pattern (C) consistent with a (100) twin boundary (109° domain wall); (E, F, G) bright-field
TEM image (E), dark-field TEM image taken with § = 422 (F), and corresponding electron
diffraction pattern (G) consistent with a (110) twin boundary (71° domain wall); (I, J, K) bright-
field TEM image (I), dark-field TEM images taken with g= 002 (J) and g=002 (K),

respectively, indicating reversal of domain contrast characteristic of an inversion domain
boundary (180° domain wall); (D, H, L) schematic illustrations of the relationships between
polarization vectors across 109°, 71°, and 180° domain walls.
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Figure 2.3. Transmission electron microscope (TEM) images and corresponding electron
diffraction patterns of highly faceted GeTe nanostructures. (A) TEM image and (B)
corresponding electron diffraction pattern of a particle near a [100] zone axis orientation.
Splitting of diffraction spots parallel to 200-type g vectors can be observed, consistent with the
presence of {100} twin boundaries; (C) TEM image and (D) corresponding electron diffraction
pattern of a particle near a [111] zone axis orientation. Splitting of diffraction spots parallel to -
220-type g vectors is apparent, indicating the presence of {110} twin boundaries.

15



To study the domain structure in still larger particles, additional precursor was injected
into a solution containing seed particles, resulting in the formation of highly faceted
nanostructures of regular diameter exhibiting surface features with a length scale of
approximately 30 nm (Figure 2.3). Electron diffraction patterns of these crystals reveal similar
splitting of diffraction spots indicative of {100} and {110} twin boundary formation (Figure 2.3)
and exhibit no evidence of diffraction rings characteristic of polycrystals. Dark-field TEM
imaging (Figure 2.4) shows a complex contrast pattern with many strongly diffracting regions,
suggesting the presence of numerous polarization domains in the particles. This is consistent
with the observed splitting of diffraction spots along multiple directions (Figure 2.3) indicating a
polydomain state. Sequential addition of precursor to these structures thus results in the
formation of networks of polarization domains rather than simple conformal addition of material
to the particle surface. These observations suggest an average domain size of approximately 20-
50 nm, consistent with literature reports on GeTe thin films’.
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Figure 2.4. Electron diffraction patterns and corresponding dark-field TEM images of highly
faceted GeTe nanostructures. (A) Electron diffraction pattern and (B) corresponding dark-field
TEM image taken with g = -220 for a GeTe nanostructure near a [111] zone axis; (C) electron
diffraction pattern and (D) corresponding dark-field TEM image taken with g = -220 of another

GeTe nanostructure near a [111] zone axis. The background contrast is due to the lacey carbon
support film.
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The formation of domain boundaries in polar-ordered materials arises from a balance
among electrostatic energy, elastic energy, and the energy of domain wall formation'. Periodic
arrays of ferroelastic domain walls form to alleviate epitaxial strains in thin films ' or strains
imposed by surrounding grains in ceramic materials’>. Ferroelastic domain formation is
disfavored, however, in unconstrained crystals53 but has nonectheless been observed in free-
standing BaTiO; films due to the intrinsic tension imposed by a surface layer with different
structural properties™. Domain formation in our GeTe nanocrystals may proceed via a similar
mechanism. Although the high carrier density in GeTe may significantly screen the polarization,
an additional electrostatic driving force for domain walls may be present. The formation of
purely ferroelectric 180° walls' suggests an electrostatic influence on domain formation.

The scaling laws observed for freestanding ferroelectric nanodots*® thus break down at
length scales of around ~30 nm in GeTe, leading to the formation of a monodomain state below
this critical length scale (Figure 2.5), as observed for magnetic nanocrystals. In this size regime,
the energetic cost for the formation of a ferroelastic domain wall becomes too large to offset the
associated reduction in strain energy. It should be noted, however, that the analogy between
magnetic and ferroelectric nanocrystals is not strictly accurate, given the drastically larger wall
thicknesses of magnetic materials (~50 nm) compared with ferroelectric materials (~2 nm)"**.
The formation of multiple polarization domains is thus not constrained by the finite thickness of
the domains walls at the length scales of this experiment, and a multidomain state could in
principle exist under appropriate electrical and mechanical boundary conditions. The ~30 nm
length scale for the emergence of a multidomain state indicates that this finite wall thickness has
little influence on the domain structure.
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Figure 2.5. Schematic illustration of the emergence of a polarization domain structure in
colloidal GeTe nanocrystals. The smallest (8 nm) particles exist in a monodomain state, which
undergoes a transition to a bidomain state in nanocrystals of 100 nm average diameter. A
polydomain state can be observed in GeTe nanocrystals with diameters of several hundred
nanometers.

This chapter demonstrates the emergence of a polarization domain structure in
nanocrystals of the semiconductor GeTe with controlled sizes and narrow size distributions.
Below a characteristic size scale of ~30-50 nm a monodomain state emerges, as for
ferromagnetic nanocrystals. The emergence of a polarization domain structure is attributed to a
ferroelastic mechanism driven by long-range internal strain fields imposed by the particle
surfaces. These results indicate the breakdown of the scaling laws observed by Schilling,
Catalan, and others at length scales below ~30-50 nm***’.
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Chapter 3: Analysis of Size-Dependent Ferroelectric
Ordering in Colloidal Germanium Telluride Nanocrystals

Reproduced in part with permission from: Mark J. Polking, Jeffrey J. Urban, Delia J.
Milliron, Haimei Zheng, Emory M. Chan, Marissa A. Caldwell, Simone Raoux, Christian F.
Kisielowski, Joel W. Ager III, Ramamoorthy Ramesh, and A. Paul Alivisatos, “Size-Dependent
Polar Ordering in Colloidal GeTe Nanocrystals” Nano Letters 2011, 11, pp. 1147-1152.
Copyright 2011 by the American Chemical Society.

3.1 Introduction:

Practical applications of ferroelectric nanomaterials require room-temperature stability of
the polar phase and a detailed understanding of polar ordering at the nanoscale. As mentioned
previously, the fundamental nature of the polar state in low-dimensional nanomaterials has long
remained a subject of controversy, with conflicting literature reports indicating incoherent local
polar distortions”®, the emergence of a toroidal polarization”'’ or complete quenching of the
polar state *>**. In addition, while considerable attention has focused on perovskite thin films,
the nature of polar ordering in other classes of ferroelectrics, including the IV-VI family of
materials, remains largely unexplored.

Germanium telluride has received much attention for its potential in phase-change
memory devices”, thermoelectrics™’, and other applications. A semiconductor with a band gap
of 0.1 eV in the bulk®’, GeTe is also the simplest possible ferroelectric material’, comprising one
cation and one anion per primitive unit cell, making this material an interesting model system for
the fundamental study of ferroelectricity. Below ~625 K, the cubic rock salt lattice of GeTe
undergoes a spontaneous symmetry-breaking distortion into a rhombohedral structure (space
group R3m), which yields a polar phase®~®. This distortion may be represented as an angular
distortion of the unit cell with a concurrent displacement of the Ge sublattice’”?, which
generates a spontaneous polarization along a [111] axis of the original cubic lattice (Figure 3.1).

In this chapter, the size-dependent polar ordering in size-controlled nanocrystals of GeTe
is examined in both ensembles and individual nanocrystals. Atomic-scale evidence is provided
of a room-temperature polar distortion retained at over 70 percent of the bulk value in
nanocrystals less than 5 nm in size using aberration-corrected transmission electron microscopy
(TEM) and detailed Rietveld refinement studies. In addition, temperature-resolved synchrotron
diffraction and Raman spectroscopy studies demonstrate a reversible size-dependent polar phase
transition. The polar distortion arises via a polar phase transition that is displacive in nature.
The observed size-dependence of the polar ordering is attributed to surface-induced internal
strains. The work described in this chapter demonstrates the persistence of polar order at
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nanometer dimensions and the preservation of a displacive, reversible ferroelectric phase
transition in a low-dimensional nanomaterial.

Figure 3.1. Schematic illustration of the spontaneous polar distortion in GeTe. The primitive
unit cells for the cubic phase of GeTe (left), stable above ~625 K, and the low-temperature
rhombohedral phase (right) are illustrated. The distortion results in a relative displacement of the
Ge and Te sublattices that induces a spontaneous polarization (large red arrow) along a <I111>
axis. The displacement of the Ge cation is exaggerated for clarity. (Structural parameters
obtained from ref. 30).

3.2 Materials and Methods:

Synthesis of 8, 17, and 100 nm GeTe Nanocrystals:

The synthesis and cleaning procedure for 8 nm, 17 nm, and 100 nm GeTe nanocrystals
are as described in Section 1.2.
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Synthesis of 500 nm GeTe Nanocrystals:

Prior to the synthesis, oleic acid (Sigma-Aldrich, 90%), 1-octadecene (Sigma-Aldrich,
90%) and oleylamine (Sigma-Aldrich, 70%) were dried by heating under vacuum at 110 °C for 1
hour. A 10 wt% solution of Te in TOP (TOP-Te) was prepared by dissolving Te powder
(Sigma-Aldrich, 30 mesh, 99.997%) in trioctylphosphine (Strem, 97%) at 200 °C for 2 hours
under constant argon flow. 1 mL of dried oleic acid, 1 mL of dried oleylamine, 3 mL of dried
octadecene, and 50 mg of GeCl,-dioxane were then added to a 50 mL 3-neck flask inside a
glovebox, and the flask was sealed and attached to a Schlenk line under argon flow. The
reaction mixture was then heated to 300 °C under constant argon flow and stirring. At 300 °C, 1
mL of TOP-Te was rapidly injected into the flask. The mixture was held at approximately 290
°C for 2 minutes and allowed to cool to room temperature. Particles were cleaned by
centrifugation and redispersal in anhydrous chloroform.

Transmission Electron Microscopy:

Focal series for exit wave reconstruction were taken using the TEAM 0.5 and TEAM 1
microscopes at the National Center for Electron Microscopy, modified FEI Titan microscopes
operated at 80 kV and equipped with high-brightness field emission guns, Gatan Image Filters,
and CEOS aberration correction systems on the imaging side. Exit wave reconstructions were
completed using focal series consisting of 20 images with the Gerchberg-Saxton algorithm in the
program MacTempas X by Total Resolution. All focal series were recorded with a negative
coefficient of spherical aberration (C;) of -0.02 to -0.01 mm and a residual chromatic aberration
0f 0.002-0.003 mm.

Analysis of the rhombohedral angle for GeTe nanocrystals in a [100] orientation was
performed in MacTempas X using the peak finding routine and lattice fitting tool. For this
analysis, the fast Fourier transform (FFT) of the reconstructed phase image was first calculated,
and an annular mask was applied to the resulting FFT to remove a portion of the background
signal from the amorphous carbon support. An inverse Fourier transform was then calculated,
and a background subtraction filter was applied to further remove background signal due to the
amorphous carbon. The modulus of the Fourier transform of the resulting image was computed,
and the diffraction peaks in the FFT were then fit using the peak finding tool. A best-fit lattice
was then computed for the array of diffraction spots using the lattice fitting routine with a
tolerance of 0.1.
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Synchrotron X-ray Diffraction:

The powder diffraction file mentioned in the text (00-047-1079) was obtained from the
ICDD PDF-2 database (2006 release). The rhombohedral diffraction lines mentioned in the text
refer to the unit cell described in this file. Temperature-dependent x-ray diffraction
measurements were conducted at beamline X20C at the National Synchrotron Light Source at
Brookhaven National Laboratory. The beamline is equipped with a high-throughput synthetic
multilayer monochromator and delivers 10" photons/s at a wavelength of 1.797 A. The
endstation includes a BN heater stage, and samples were heated in a purified He atmosphere.
The intensity of diffracted x-ray peaks was recorded over a 2-theta range of 15° using a fast
linear diode array detector which was centered at either 2-theta = 31° or 51° for study of the
003/021 and 024/220 doublets, respectively. Heating and cooling rates were 1 K/s.

Peak positions of the 024/220 doublet were fit with a double Gaussian expression using
the Multipeak Fitting package in Igor Pro 6.1. The relative area of the 024 peak with respect to
the 220 peak was constrained to within £10 %. The doublet was considered to have collapsed
when the least squares fit failed to converge using the above constraint or when the chi squared
values of the fits diverged. The resulting single peak was fit using a single Gaussian expression.

Samples of GeTe nanocrystals of similar sizes to those presented in Figure 3.2 were
prepared by spin coating a dispersion of the nanocrystals in chloroform onto a silicon substrate.
The resulting nanocrystal films were subsequently coated with ~10 nm of amorphous SiO, using
RF sputtering.

Rietveld refinements were performed in the program X’Pert HighScore Plus by
PANalytical Inc. A background determined by the method of Sonneveld and Visser using a
granularity constant of 15 and a bending factor of zero was subtracted from the original data for
presentation in Figure 3.6. Parameters refined to produce the Rietveld fits included a zero shift
for 2-theta offset, a scale factor, the lattice constants and Ge atom Z position (sublattice
displacement), and the Caglioti profile factor W (peak broadening). In addition, a polynomial
background fit with three parameters was employed in the Rietveld refinements. A silicon
standard was employed to account for instrumental broadening. The error values reported in
Table 3.1 are those given by the fitting software.

Raman Spectroscopy:

Raman spectra were obtained using a home-built system with an argon ion laser operated
at 514.5 nm with a laser power of 100 mW. A cylindrical lens with a spot length of several
millimeters was used to minimize laser-induced heating. Spectra were collected using a SPEX
triple spectrometer with a 2400 lines/mm diffraction grating and CCD. Low temperature (87-

23



280 K) measurements were done in a Janis VPF-100 liquid nitrogen cryostat with a silicon diode
sensor. High-temperature (>280 K) measurements were taken in a home-built resistive heating
cell under constant argon flow.

Batches of nanocrystals for Raman spectroscopy similar in size to those illustrated in
Figure 3.2 were deposited on silicon substrates in an argon glovebox. Samples were coated with
50-100 nm of amorphous silica using an RF sputtering system to prevent loss of tellurium at high
temperatures and minimize sintering.

Raman peaks were fit against a sloping background with PeakFit version 4 by Jandel
Scientific using the Gauss*Lorentz fitting routine. For the 8, 17, and 100 nm particles, three
peaks were used in the fitting procedure; for the 500 nm particles, two peaks were employed in
the fit. For the spectra presented in Figure 3.8, a sloping background was subtracted in PeakFit
using the NParm routine.

Modeling of the Crystal Structure:

To establish the directions of the polarization vectors shown in Figure 3.3, a model of the
crystal structure was generated using the structural parameters provided in ref. 30 with the
program ChemCeraft, version 1.5. The polar distortion removes the equivalence of the different
[110] zone axis orientations: For orientations with the polarization lying in the viewing plane, a
staggering of the {111} planes can be observed, and for orientations with the polarization vector
lying in a (110) plane perpendicular to the viewing plane, no such staggering is evident.
However, a small displacement of the Ge sublattice along a [100]-type direction can be observed.
The in-plane component of this displacement is parallel to the in-plane component of the
polarization vector. To measure the sublattice displacement, line profiles for all rows were
calculated in MacTempas X. The column positions were then extracted by fitting the peaks in
these line profiles with Voigt functions in the program PeakFit version 4 by Jandel Scientific.
Subsequent comparison with the aforementioned structural model enabled the assignment of the
polarization vector directions shown in Figure 3.3.

The displacement of the Ge cation from the center of the unit cell can be determined in
the left half of the particle from the staggering of {111} planes, which are perpendicular to the
viewing plane. The Ge sublattice displacement is parallel to the trigonal axis (see Figure 3.1),
which lies in the viewing plane, and is perpendicular to this set of {111} planes. The magnitude
of the sublattice displacement is then one half of the difference between the spacings of adjacent
pairs of {111} planes.

Simulations of the phase of the electron exit wave for Figure 3.4 were computed in
MacTempas X. A model structure was generated using the structural parameters for the
primitive unit cell in ref. 30 and custom MATLAB code. The simulated particle is a cube
truncated along {111} planes, a shape consistent with [100], [110], and [111] projections, viewed

24



along the [1-10] direction. Multislice simulations were run using the same imaging parameters
used for the acquisition of the experimental images (e. g. 80 kV accelerating voltage, Cs =-0.015
mm), 35 slices per unit cell (defined as the entire particle), and a Gy.x value of 2. Absorption
was simulated using inelastic scattering factors, and Debye-Waller factors of 0.6 and 0.69 were
used for Ge and Te, respectively, based on ref. 32.

3.3 Results and Discussion:

3.3.1. Nanocrystal Synthesis:

Spontaneous polar ordering was probed using several different populations of
monodisperse colloidal GeTe nanocrystals synthesized as described in Chapter 1. Nanocrystals
with average diameters of 8 and 17 nm were prepared by reaction of the divalent germanium
precursor  bis[bis(trimethylsilyl)amino]Ge(I) with trioctylphosphine-tellurium (TOP-Te).
Nanocrystals with an average diameter of 100 nm were prepared by reaction of a precursor with
slower nucleation kinetics, GeCl,-1,4 dioxane complex, with the same tellurium source. In
addition, particles of ~500 nm average size were prepared as a reference sample by reaction of
GeCl,-1,4 dioxane complex with TOP-Te at 300 °C in the presence of oleylamine and oleic acid
surfactants. Typical TEM images of these nanocrystals are shown in Figure 3.2.
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Figure 3.2. Transmission electron microscope images of the 8, 17, 100, and 500 nm GeTe
nanocrystals studied in this chapter. The size distributions for all syntheses were between 10 and
20 percent.

3.3.2 Atomic-Resolution Transmission Electron Microscopy:

Atomically-resolved images of individual 4.5-8 nm GeTe nanocrystals provide direct
evidence of the polar distortion in the smallest crystals synthesized. Exit wave reconstructions of
high-resolution TEM (HRTEM) focal series obtained with the aberration-corrected TEAM 0.5
and TEAM 1 microscopes conclusively demonstrate the existence of both the spontaneous
angular distortion and sublattice displacement in nanocrystals less than 5 nm in diameter at room
temperature. Fast Fourier transform (FFT) analysis of the reconstructed phase image of a single
~4.5 nm particle viewed along the [100] zone axis (Figures 3.3A, 3.3B) illustrates an angular
distortion of ~1.1°. Lattices fit to the FFTs of numerous particles using a least-squares procedure
consistently indicated an angular distortion of 1-2° with an error of approximately 0.5° (Figure
3.5), consistent with synchrotron x-ray diffraction data described below. Analysis of
reconstructed phase images also demonstrates the centrosymmetry-breaking sublattice
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displacement: A phase image of a ~5 nm nanocrystal containing a (111) twin boundary (Figure
3.3C) shows two distinct sections in a [110] orientation with {111} planes perpendicular to the
viewing plane. Separate germanium and tellurium columns can be distinguished in the image,
and a sublattice displacement, manifested in a staggering of the {111} planes perpendicular to
the polarization axis, measuring approximately 0.2 A can be measured in the left section of the
particle. This is reduced from the value of ~0.3 A predicted theoretically’®. No such staggering
can be observed in the right section, consistent with a polarization vector that lies in a (110)
plane perpendicular to the viewing plane. Additional reconstructed phase images of GeTe
nanocrystals in a [110] orientation (Figure 3.4) indicate similar staggering of perpendicular
{111} planes.
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Figure 3.3. Atomically-resolved polar distortion in individual colloidal GeTe nanocrystals. (A)
Phase of the reconstructed electron exit wave for a single ~4.5 nm GeTe nanocrystal in the [100]
zone axis orientation; (B) corresponding fast Fourier transform demonstrating an angular
distortion of ~1.1°; (C) phase of the reconstructed electron exit wave of a single ~5 nm GeTe
nanocrystal with a (111) twin boundary; (D) corresponding line traces from the left (top) and
right (bottom) sides. Separate Ge (smaller peaks) and Te (larger peaks) columns can be
observed. The alternation of {111} plane spacings arising from the Ge sublattice displacement is
clearly apparent in the left section of the particle. No such staggering can be observed on the
right side of the particle, consistent with a polarization vector in a (110) plane perpendicular to
the viewing plane.
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Figure 3.4. Sublattice displacement in experimental and simulated images of the phase of the
electron exit wave. (A) Reconstructed phase image of a single GeTe nanocrystal in a [110]
orientation. Coherent displacement of the {l111} planes perpendicular to the image can be
readily observed; (B) corresponding line trace illustrating the polar sublattice displacement; (C)
simulated phase image for a GeTe nanocrystal with a coherent sublattice displacement; (D)
corresponding line trace for the simulated image illustrating the polar sublattice displacement.

Moreover, these reconstructions are consistent with simulated phase images for a
structure with a coherent sublattice displacement (Figure 3.4) generated using structural
parameters from the literature®®. Although the exact nature of spatial correlations is not entirely
clear, these images suggest the persistence of a sizeable coherent, linear component of the polar

29



distortion, in contrast with literature reports indicating a transition to a toroidal state in both

perovskite and GeTe nanodots’'°.

Figure 3.5. Rhombohedral angle measurements for individual GeTe nanocrystals in a [100]
orientation. (A) Reconstructed phase images of GeTe nanocrystals in a [100] orientation; (B)
corresponding fast Fourier transforms after background subtraction with fit positions of
diffraction spots; (C) corresponding least-squares lattice fits to arrays of diffraction spots.

3.3.3. Synchrotron X-ray Diffraction Measurements of the Size-Scaling of the Polar Ordering
and Phase Transition:

The existence of a polar phase transition in ensembles of nanocrystals was subsequently
confirmed by temperature-resolved synchrotron x-ray diffraction (Figure 3.6). The cubic-to-
rhombohedral phase transition in GeTe splits each of the 111 and 220 diffraction peaks (of the
cubic system) into distinct 003/021 (parent 111) and 024/220 (parent 220) rhombohedral
doublets. This splitting provides a clear signature of the structural phase transition. Ensembles
of GeTe nanocrystals were analyzed using synchrotron powder x-ray diffraction. The resulting
patterns indicate the presence of phase-pure germanium telluride in the rhombohedral phase
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(Figure 3.6A). Analysis with Rietveld refinement (Table 3.1) indicates a monotonic increase in
the rhombohedral angle («) from 88.40 to 88.81 degrees with decreasing particle size, indicating
>70 percent retention of the polar distortion down to dimensions of a few nanometers. In
addition, the lattice constant (a) of the smallest (8 nm) nanocrystals (5.93 A) is significantly
reduced from the value of 6.023 A found for the largest (500 nm) particles. The rhombohedral
structural model consistently yielded a superior fit to the x-ray diffraction patterns for particles of
all sizes, and the presence of an overall rhombohedral distortion in the smallest nanocrystals
studied (8 nm) is further supported by our atomic-resolution TEM results indicating both an
angular distortion of the cubic prototype lattice and a polar sublattice displacement.

Size (nm) a(A) a (degrees)

8 5.93+0.03 88.814+0.02

17 5.96+0.01 88.72+0.01
100 6.017+0.005 88.599+0.004
500 6.02310.005 88.395+0.005

Table 3.1. Structural parameters for GeTe nanocrystals obtained by Rietveld refinement of
room-temperature synchrotron x-ray diffraction patterns. A substantial reduction in the lattice
constant is evident for the smallest nanocrystals. In addition, a monotonic increase in the
rhombohedral angle is observed.

Temperature ramps were then executed to follow the evolution of the 202 diffraction
peak and of the 024/220 doublet. The 202 (rhombohedral) peak remains a singlet throughout the
transition and may thus be used to monitor nanocrystallite size. During the temperature ramp,
the width of this peak does not change significantly for the 100 nm and 500 nm nanocrystals.
The peak does narrow, however, for the 17 nm and 8 nm diameter nanocrystals beginning around
495 K and 450 K, respectively, and this narrowing does not reverse upon cooling (Figure 3.7).
This result is most consistent with sintering. For the 17 nm particles the width decreases by less
than 10 %, reflecting only limited crystallite growth, while for the 8 nm particles the decrease is
~40 %. Analysis of the polar phase transition was thus restricted to the 17, 100, and 500 nm
nanocrystals that exhibited little sintering during the measurement. For all particle sizes, the
peak position moved smoothly to smaller diffraction angle over the entire temperature range
(Figure 3.6C). In addition, no discontinuity is evident near the expected phase transition

temperature (~625 K), consistent with previous reports”’59 indicating a minimal volume change.
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At room temperature, all nanocrystals exhibit splitting of the 024 and 220 diffraction
peaks (Figures 3.6B, 3.6D) that decreases in magnitude for smaller particles, reflecting a reduced
angular distortion. Upon heating the splitting decreases monotonically for all sizes as the
nanocrystals approach the cubic phase. For the 100 and 500 nm particles, the splitting collapses
gradually at lower temperatures, then more rapidly near the expected phase transition
temperature (~625 K). At higher temperatures, the doublet peaks can no longer be resolved,
reflecting the structural transformation to the cubic phase. For the 17 nm particles the doublet
collapses more smoothly over the entire temperature ramp, with increasing rapidity starting as
low as 425 K. Upon cooling, the doublets reappear, indicating recovery of the rhombohedral
phase.
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Figure 3.6. Temperature-dependent synchrotron x-ray diffraction studies of the polar phase
transition in GeTe nanocrystals. (A) Room-temperature synchrotron powder x-ray diffraction
patterns of GeTe nanocrystals; (B) plots of diffracted intensity versus 2-theta diffraction angle
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and temperature for the 024/220 doublet. Convergence of the doublet peaks into a single peak of
higher intensity characteristic of the cubic phase can be seen with increasing temperature; (C)
position of the 202 (rhombohedral) diffraction peak as a function of temperature; (D) peak
positions of the 024/220 (rhombohedral) doublet peaks as a function of temperature. The room-
temperature peak splitting decreases for smaller particle sizes, and the doublet collapses as the
rhombohedral to cubic phase transition is approached.
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Figure 3.7. Sintering analysis of GeTe nanocrystals. The full width at half maximum of the 202
(thombohedral) peak, which remains a singlet over the entire temperature range studied, is
plotted as a function of temperature for both the heating and cooling stages of the experiment.
Negligible changes in the width of the peak are evident for the 100 and 500 nm nanocrystals. A
coarsening of the 17 nm nanocrystals of less than 10 percent and a coarsening of the 8§ nm
nanocrystals of approximately 40 percent can be observed.
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3.3.4. Temperature-Dependent Raman Measurements:

Further evidence of the displacive character of the phase transition was obtained through
temperature-resolved Raman studies. Many materials with a displacive polar phase transition
possess a “soft” zone-center optical phonon that decreases rapidly in energy as the phase
transition temperature is approached®. In GeTe, the polar distortion splits a single triply
degenerate Raman-inactive F;, symmetry optical mode in the cubic structure into an A,
symmetry transverse optical mode (~125 cm™ at 300 K) and a doubly degenerate E symmetry
transverse optical/longitudinal optical mode (~90 cm™ at 300 K), both of which are Raman-
active’’. The former (A;) mode was determined to be the “soft” mode, and concurrent softening
of the E symmetry mode was observed with increasing temperature. Since no Raman-active
modes exist in the cubic-symmetry undistorted structure, the disappearance of these modes with
increasing temperature and a pronounced decline in mode energies provide a spectroscopic
signature of the phase transition.
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Figure 3.8. Temperature-dependent Raman scattering studies of GeTe nanocrystals. (A) Typical
Raman spectra for films of 8§ nm, 17 nm, 100 nm, and 500 nm GeTe nanocrystals at ~87 K. All
spectra contain strong peaks that can be assigned primarily to the A; and E symmetry optical
phonon modes of crystalline GeTe; (B) plot of the energies (in cm™ units) of these two most
prominent bands (primarily arising from the optical phonon modes of crystalline GeTe) as a
function of temperature. Clear softening of both bands is observed for all particle sizes.

Raman analyses of nanocrystal films (Figure 3.8) demonstrate clear mode softening
characteristic of a displacive phase transition. The two most prominent peaks near 85 and 130
cm’™ in the spectra are assigned primarily to the two optical phonon modes of crystalline GeTe.
Additional peaks of lower intensity around 165 and 230 cm™ were observed in the spectra of the
8, 17, and 100 nm nanocrystals. The additional modes can be assigned to a contribution from a
low-coordination surface layer.

Raman characterization of a reference sample of amorphous GeTe nanoparticles (Figure

3.9) revealed four peaks around 85, 125, 165 and 230 cm”, similar to the peak positions

observed in the spectra of the 8, 17, and 100 nm particles”. However, the band around 85 cm’!

is far more prominent for the crystalline samples, and the bands at 165 and 230 cm™ become

relatively weaker at progressively larger crystal sizes. The spectra of the nanocrystals can thus

be understood as containing overlapping contributions from the crystalline interiors and low-
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coordination surfaces. The temperature dependencies of the positions and intensities of the 85
and 130 cm’ features support this interpretation. While these peaks shift only a few
wavenumbers (cm™') between 82 K and 373 K for amorphous GeTe”, in crystalline GeTe their
rapidly vanishing intensities and redshifts of tens of wavenumbers provide further support for
observation of the displacive phase transition’’. For 100 nm and 500 nm nanocrystals, a rapid
decline in the peak energies and the scattering intensities of the 85 and 130 cm™ bands occurs
with increasing temperature, indicative of the approaching phase transition. For the 8 and 17 nm
nanocrystals, the 85 cm™ band softens continuously from 87 K through 400 K; however, the
position of the 130 cm™ band is stable above ~350 K. This is ascribed to a rapid decline in
scattering intensity of the crystalline A; phonon approaching the phase transition, so that the
weakly temperature-dependent contribution from the surface dominates at higher temperatures.
The smooth softening of the phonon mode energies mirrors the smooth changes in structural
distortion determined by the diffraction measurements and indicates significant retention of the
displacive character of the phase transition down to nanometer dimensions.
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Figure 3.9. Raman spectra of a control sample of ~5 nm amorphous GeTe nanoparticles during a
temperature ramp to 660 K. (A) Raman spectra taken during the heating stage of the temperature
ramp; (B) Raman spectra taken during the cooling stage following the ramp to 660 K. The
particles crystallized during the temperature ramp, leading to the appearance of the E symmetry
crystalline phonon mode peak during the cooling stage of the experiment. Both the 165 and 230
cm™' modes remain after the temperature ramp.
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3.3.5. Discussion of Results:

The size effects observed throughout all experiments may be rationalized with a simple
model based upon heightened surface-induced internal pressure. Several reports on nanosized
perovskites implicate such internal strains in explaining reductions in the observed structural
distortions and transition temperatures'®>**"2. A spherical particle of radius r with surface
energy y experiences an internal stress given by p = 2y/r that may be on the order of 10°-10'° Pa
for common values of surface energy'®. Internal strains arising from free surfaces have been
found to induce a phase transition from a tetragonal phase to a disordered cubic phase in isolated
BaTiO; nanoparticles” and to suppress ferroelectric ordering in BaTiO; wires™.
Phenomenological modeling using Landau-Ginzburg-Devonshire theory by Morozovska, et al.
further indicates sizeable shifts in bulk transition temperatures and suppression of ferroelectric
ordering in spherical particles due to such surface stresses for positive values of the surface
energy coefficient (i.e. compressive stress)'®. This result is consistent with our diffraction
results, which indicate both a lattice contraction for the smallest particles and a monotonic
decrease in the angular distortion as a function of particle size. Literature reports describe
similar trends in GeTe under hydrostatic pressures of between 0-10 GPa™>*** and transition
pressures as low as 3.5 GPa have been reported for GeTe compressed in a solid medium®.
Using the bulk modulus of GeTe reported in the literature (K = 49.9 GPa) as a guideline, an
estimated effective pressure of ~2.7 GPa can be calculated for the 8 nm particles”. These
observations are also consistent with the Raman results, which indicate a ~25 % reduction in the
energy splitting of the E and A; symmetry peaks at low temperatures. The convergence of these
peaks towards the triply degenerate F;, mode of the cubic phase provides further evidence of the
partial suppression of the polar distortion in the smallest particles. The temperature-dependence
of the structural parameters is also consistent with this interpretation. Due to the reduced room-
temperature structural distortions, it is anticipated that the temperature required to transform
nanocrystals to the cubic phase would be reduced relative to bulk material. These trends are
clearly manifest in the temperature-dependence of the 024/220 doublet peak positions. While the
gradual nature of the change in angular distortion and the broadened peaks prevent an
unambiguous identification of the size-scaling law governing the transition temperature, the
collapse of the doublet at lower temperatures for smaller particles supports this interpretation.

The pronounced stability of the polar state may arise from screening of the polarization
due to the high bulk conductivity of GeTe. Bulk GeTe contains Ge vacancies that lead to a high
(10* cm™) concentration of free holes™. At this carrier concentration, several free carriers are
expected to be present in each nanocrystal, even for particles with an average diameter of 5 nm.
These free carriers may screen induced surface charges and thereby minimize the depolarizing
field. The stability of the polar state may also be attributable to effective compensation of
polarization-induced surface charges by organic capping ligands®. These mechanisms are not
reflected in theoretical calculations demonstrating vortex polarization states in GeTe'®, which
may explain the discrepancy with our experiments.
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This chapter provides atomic-scale evidence of the room-temperature stability of the
polar phase in colloidal nanocrystals down to at least 5 nm in size and suggests the persistence of
linear order at nanometer length scales. Synchrotron x-ray diffraction and Raman spectroscopy
studies demonstrate a reversible polar-nonpolar phase transition leading to a size-dependent
polar distortion that is displacive in nature, which has been directly confirmed with aberration-
corrected transmission electron microscopy. This work reveals the surprising stability of polar
distortions in freestanding nanometer-sized crystals and provides a platform for developing
future fundamental studies of the nature of polar ordering at atomic length scales.
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Chapter 4: Characterization of Ferroelectric Ordering in
Individual Colloidal Nanocrystals

Reproduced in part with permission from: Mark J. Polking, Myung-Geun Han, Amin
Yourdkhani, Valeri Petkov, Christian F. Kisielowski, Steve Volkov, Yimei Zhu, Gabriel
Caruntu, A. Paul Alivisatos, and Ramamoorthy Ramesh, “Coherent Ferroelectric Ordering in
Individual Nanoscale Single Crystals” [in preparation] 2011.

4.1 Introduction:

New synthetic strategies for nanostructures of functional materials and new nanoscale
characterization tools have rapidly expanded knowledge of fundamental physical properties at
finite dimensions. While 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. Conclusive answers to
the questions of the fundamental nature of the polar state at finite dimensions and the
mechanisms for ferroelectric size effects have been hindered in part by reliance on ensemble-
averaged measurement techniques, which obscure the local behavior of individual crystals.

The work described in this chapter aims to remedy these shortcomings through analysis
of ferroelectric ordering at a local, unit-cell scale. In this chapter, detailed imaging of local
structure 1is achieved using atomic-resolution aberration-corrected transmission electron
microscopy and nanometer-resolution mapping of ferroelectric polarization with off-axis
electron holography. Ferroelectric ordering arises from a spontaneous distortion of the crystal
lattice, leading to relative displacements of the ionic sublattices in the unit cell'. Direct, atomic-
resolution imaging of these displacements, generally on the order of 0.1 A, provides a powerful
means of analyzing local polarization patterns®”’’. Coordinating this analysis with direct
imaging of the corresponding electrostatic potential gradients through holographic imaging of
the resulting phase shifts’’ enables both the structural and electrostatic manifestations of the
polar state to be uncovered in individual nanoscale crystals at a local scale, recovering crucial
details obscured by ensemble-averaged measurement techniques. Combining this local-scale
imaging of ferroelectric ordering with direct electrical measurements of individual nanocrystals
then enables the defining characteristic of a ferroelectric, namely the reorientation of the
spontaneous polarization under an applied electric field, to be directly examined and provides a
complete, nanoscale picture of the ferroelectric behavior of nanometer-scale single crystals.

In this chapter, the ferroelectric properties of individual nanocrystals of semiconducting

GeTe and the archetypal oxide ferroelectric BaTiO3 prepared using colloidal chemistry methods

are probed. Aberration-corrected transmission electron microscopy (TEM) is employed to map
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local ferroelectric cation displacements at the unit-cell scale in both materials with picometer-
level precision. These detailed TEM studies are complimented with off-axis electron holography
studies of individual BaTiO; nanocubes, which enable the direct imaging of the ferroelectric
polarization. These experiments indicate that a monodomain ferroelectric state with an overall,
linear polarization is readily stabilized in these nanocrystals, albeit with evidence of polarization
rotation. In addition, piezoresponse force microscope (PFM) measurements of individual
BaTiO; nanocrystals demonstrate polarization switching of sub-10 nm nanocubes and reveal
superparaelectric behavior at room temperature below a critical size of 5-10 nm, indicating the
ultimate limit for the size-scaling of the polar phase.

As described in Chapter 3, germanium telluride is the simplest material to undergo a
ferroelectric phase transition, with one anion and one cation per primitive unit cell’’’2. This
polar distortion in GeTe, manifested by a relative displacement of the Ge and Te sublattices
along a [111] direction (Figure 4.1A, top)****, can be readily imaged in a [110]-type projection
(Figure 4.1A, bottom). GeTe exists naturally in a nonstoichiometric phase with a high density of
Ge vacancies, leading to a density of free holes exceeding 10%° per cubic centimeter™’”.
Although this high carrier density has inhibited practical ferroelectric switching, GeTe presents
an interesting test case of a ferroelectric metal with strong internal polarization screening. The
classic perovskite ferroelectric BaTiOs, in contrast, is an insulating oxide with a Curie
temperature of around 400 K. Below this temperature, the cubic prototype phase undergoes a
tetragonal distortion along a [001]-type axis with a corresponding displacement of the central Ti
cation along the same direction (Figure 4.1B, top), producing a spontaneous polarization’*. This
distortion can be observed in [100]-type projections (Figure 4.1B, bottom).
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Figure 4.1. Ferroelectric distortions of the GeTe and BaTiO; conventional unit cells. (A)
Conventional unit cell of GeTe in the rhombohedral phase; a [110]-type projection used for
atomic-resolution transmission electron microscopy (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 BaTiO;; 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 center of the unit cell, removing the inversion symmetry. Structural data are taken from
references 30 and 74.
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4.2 Materials and Methods:

Nanocrystal Synthesis:

Monocrystalline nanoparticles of both materials were prepared using colloidal synthetic
techniques. GeTe nanocrystals with an average diameter of 8 nm were prepared through reaction
of Ge(Il) bis-bis(trimethylsilyl)amide and trioctylphosphine-tellurium in the presence of a 1-
dodecanethiol surfactant as described in Section 1.2 (Figure 4.2A). Nanocrystals of BaTiO;
were prepared using a two-phase aqueous/organic synthesis procedure in a pressure vessel
following a previous literature report (Figure 4.2B)'2. Nanocubes with average side lengths of 8,
10, and 15 nm were prepared using this procedure, and quasi-spherical particles with an average
diameter of 10 nm were prepared by decreasing the polarity of the reaction medium through
addition of a supplementary volume of decanol in the mixture formed by water, ethanol and
decanol, respectively’”.

Figure 4.2. Transmission electron microscope (TEM) images of GeTe and BaTiOs nanocrystals.
(A) TEM image of 8 nm average diameter GeTe nanocrystals; (B) TEM image of 15 nm average
size BaTi03 nanocubes.
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Atomic-Resolution Transmission Electron Microscopy:

Nanocrystals of GeTe with an average diameter of 8 nm and nanocubes of BaTiO3 with
an average size of 10 nm were imaged under negative phase contrast conditions using the
aberration-corrected 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, a special high-brightness field emission gun, and a Gatan Image Filter (GIF).
Through-focus series consisting of 30 high-resolution TEM (HRTEM) images of GeTe
nanocrystals in [110]-type orientations and BaTiOs; nanocrystals in [100]-type orientations were
taken at defocus values ranging from 300 A to -300 A with a negative coefficient of spherical
aberration of approximately -15 pm. These focal series were reconstructed using the Gerchberg-
Saxton algorithm implemented in MacTempas X by Total Resolution, Inc. to recover the phase
of the electron wave function at the exit plane of the specimen, which contains directly
interpretable information about the atomic structure down to the information limit of the
microscope’®’’.  The resulting phase images were Fourier filtered using the background
subtraction filter in MacTempas X; this filtering did not alter the observed polarization patterns.
Unit cell-scale maps of the local ferroelectric polarization 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 (Figure 4.3). To avoid potential
artifacts due to crystal tilt, only complex exit waves exhibiting highly symmetric Fourier
transforms were employed in the analysis. BaTiO; images were acquired at an accelerating
voltage of 300 kV, and GeTe images were acquired at 80 kV. All samples were imaged on
ultrathin carbon grids from Ted Pella. Simulated phase images for GeTe and BaTiO;
nanocrystals were calculated as described in Section 3.2.
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Figure 4.3. Quantitative analysis of atomic-resolution reconstructed phase images. (A)
Reconstructed phase image of a GeTe nanocrystal displaying peak positions determined by the
Gaussian peak fitting function in MacTempas X (Total Resolution, Inc.); (B) reconstructed phase
image with the best-fit lattice calculated using a least-squares routine.

Off-Axis Electron Holographic Imaging of BaTiO3; Nanocubes:

Holographic images of individual BaTiO3; nanocubes were acquired using a JEOL 3000F
transmission electron microscope operated at 300 kV equipped with a field emission gun, GIF,
Lorentz lens, and biprism. Holograms were acquired with a biprism voltage of 50 V, 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. 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 Figure 4.8 were calculated in Gatan Digital Micrograph using the
line profile tool.

Simulated phase images for BaTiO; nanocubes were numerically calculated based on
electrostatics. 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
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of 2a with a uniform surface charge Ps, the center of which is the origin, the potential can be
obtained by summing the contributions of elementary charges Psdx'dz":

V(x,y,z) =

s dx dz

ame, J‘—af—a\/(x—x')z +y2+(z-2)2
_ b jaln at+x+(x+a)+y2+(z—2z)2
e, —a+x++(x—a)2+y*+(z—2)?2

1dz’

The electron wave near the nanocube will be perturbed by the above potential field along the
beam path (z-axis) and give rise to a phase image (A@(x, y)) according to the equation:

Ap(x,y) = Cg foo V(x,y,z)dz

CEPSff a+x+(x+a)+y2+(z—2z)2
e, J_o ) g —a+x+\/(x—a)2+yz+(z—z')2

|dz'dz

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 BaTiOs 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 BaTiO3; nanocube, the mean-inner-potential experienced
by incident electrons yields a constant phase shift.

Piezoresponse Force Measurements of Individual BaTiOz Nanocubes:

The polarization switching and local piezoelectric response of BaTiOs 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 AC voltage with an amplitude of 40 mV.
Measurements were performed by applying two oscillating voltages with frequencies below and
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above resonance (270 kHz), operating the cantilever in the dual AC resonance tracking (DART)
mode’®. The piezoresponse of the nanocubes was detected as the first-harmonic component of
the deflection of the tip, d=do+Acos(mt+¢), where ¢ is the phase of the piezoelectric signal. 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.

4.3 Results and Discussion:

4.3.1 Atomic-Resolution TEM Imaging of Individual GeTe Nanocrystals:

Atomic-resolution phase images of GeTe nanocrystals (Figure 4.4) provide information
transfer beyond 0.7 A and allow facile 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 picometers. Maps of local polar displacements obtained
from these reconstructions (Figures 4.4B, 4.4D) indicate a primarily linear polarization state,
albeit with evidence of complex rotational patterns in some particles. The polar displacement
map illustrated in Figure 4.4B, similar to those extracted from the majority of reconstructions,
illustrates local dipoles aligned in parallel along a [111]-type direction, consistent with a linear,
monodomain polarization state, in agreement with the results of Chapters 2 and 3.
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Figure 4.4. 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 polarization pattern along a [111] axis. Inset: magnified view of a GeTe unit cell from
the particle demonstrating resolution of Ge and Te columns; (C, D) reconstructed phase image of
a GeTe nanocrystal (C) and corresponding polar displacement map (D) illustrating an inversion
domain boundary with flux closure in the center. Inset: magnified view of a GeTe unit cell from
the particle demonstrating resolution of Ge and Te columns.
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The displacements have an average value of approximately ~0.2 A, consistent with but
smaller than displacements reported for bulk material’’**. A portion of the polar displacement
maps exhibit evidence of more complex, non-linear patterns. The polar displacement map of
Figure 4.4D reveals a displacement pattern consistent with two antiparallel polarization domains
separated by a (111) plane. The polarization points along opposite <111> directions on each side
of the interface, consistent with an inversion domain boundary with rotational twinning®*. In the
central region of the particle, the displacements appear to rotate about the core, suggestive of
toroidal polarization patterns predicted theoretically”'®. Multislice image simulations and
subsequent phase reconstructions for GeTe particles with the same truncated cubic shape (Figure
4.5) indicate that crystal tilt is unlikely to be responsible for these patterns.

Figure 4.5. Simulated phase images for § nm GeTe nanocrystals. Simulations were performed
for GeTe nanocrystals with a homogeneous linear polarization and a tilt angle of 10 mrad with
respect to the beam direction at angles of 0-315° with respect to the vertical direction of the
image plane.

4.3.2 Atomic-Resolution TEM Imaging of Individual BaTiO; Nanocubes:

Phase reconstructions for individual BaTiO3; nanocubes (Figures 4.6A, 4.6C) provide an
atomic-resolution picture of the local 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
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displacements that produce the spontaneous polarization. The corresponding polar displacement
maps indicate a primarily linear, monodomain polarization state, as for GeTe, in contrast with
theoretical expectations of a toroidal state'’. The polar displacement map of Figure 4.6B
illustrates clear alignment of the displacements for each unit cell along a [001]-type direction,
consistent with a ferroelectric tetragonal structure with a coherent polarization. The average
magnitude of the local Ti displacements (~0.1 A) is near the bulk value (~0.09 A)™* and in
agreement with previous reports indicating an enhancement of local Ti displacements in
nanosized BaTi037’8.
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Figure 4.6. Atomic-resolution reconstructed phase images and polar displacement maps of
individual BaTiO3; monocrystalline nanocubes. (A, B) Reconstructed phase image of a BaTiOs
nanocube (A) and corresponding polar displacement map (B) illustrating a nearly linear,
coherent polarization pattern along the [001] axis. Inset: magnified view of a BaTiO; unit cell
from the particle demonstrating resolution of Ba, Ti/O, and O columns; (C, D) reconstructed
phase image of a BaTiOs; nanocube (C) and corresponding polar displacement map (D)
illustrating no clear polarization pattern with weak dipoles, suggesting an out-of-plane
polarization orientation. Inset: magnified view of a BaTiO; unit cell from the particle
demonstrating resolution of Ba, Ti/O, and O columns.
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No clear pattern is observed in the displacements presented in Figure 4.6D, suggesting a
polarization perpendicular to the image plane. The average magnitude of the displacements is
greatly reduced from that of Figure 4.6B, further supporting this interpretation. Multislice image
simulations for BaTiO; nanocubes with similar truncated cubic shapes (Figure 4.7) indicate a
pronounced apparent displacement of the oxygen columns with respect to the Ti and Ba/O
columns, even for small tilts (<10 mrad), providing a highly sensitive probe of crystal tilt, and a
minimal relative shift of the Ti columns. The precise centering of the oxygen columns at the
midpoints between the Ba/O columns in the experimental images demonstrates a minimal tilt of
these crystals, suggesting that crystal tilt cannot be responsible for the observed polarization
patterns.
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Figure 4.7. Simulated phase images for 10 nm BaTiO; nanocubes. Simulations were performed
for BaTiO3; nanocrystals with a homogeneous linear polarization and a tilt angle of 10 mrad with
respect to the beam direction at angles of 0-315° with respect to the vertical direction of the
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image plane. A shift of the oxygen columns with respect to the Ba/O and Ti columns can be
observed, providing a sensitive indicator of crystal tilt.

4.3.3 Off-Axis Electron Holographic Imaging of Ferroelectric Polarization in BaTiO;
Nanocubes:

Detailed in-situ studies of individual BaTiO; nanocubes with nanometer-resolution off-
axis electron holography provide further evidence of the linear, monodomain polarization state
and enable direct imaging of the spontaneous 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 wave
function 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’".
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Figure 4.8. Direct polarization imaging of individual BaTiO3 nanocubes with off-axis electron
holography. (A, B) Phase images of an individual BaTiO; 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.; (C, D) reconstructed phase images of an individual BaTiOs
nanocube before application of an electrical bias (C) and after application of a +3 V bias (D). No
fringing field can be observed before application of a bias; clear fringing fields emanating from
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the [001] face can be observed after electrical poling; (E) TEM image of the integrated STM tip
nearing contact with the individual BaTiO; cube imaged in panels C and D; (F) Corresponding
line profiles for panels C and D demonstrating the appearance of a strong linear phase gradient
upon electrical poling. All phase images have been amplified for clarity (6 times for A and B, 3
times for C and D).

Phase images of BaTiO; nanocubes suspended over vacuum exhibit a clear electrostatic
fringing field emanating from a [001]-type face at room temperature (Figure 4.8A) characteristic
of a linear polarization along this axis. Upon heating of the sample above the ferroelectric Curie
temperature (130 °C), this field disappears (Figure 4.8B), reflecting the non-polar state. In-situ
poling of individual particles with a scanning tunneling microscope (STM) tip (Figures 4.8C,
4.8D) results in the appearance of a strong, linear polarization along the [001]-type axis
perpendicular to the carbon support. Prior to the application of a bias, the particle exhibits no
clear electrostatic fringing field and a flat potential profile in the interior (Figure 4.8F),
suggesting a polarization oriented perpendicular to the image plane. Upon application of a +3 V
bias, a strong fringing field appears parallel to the axis of the STM tip, and a strong linear
potential gradient can be observed in the particle interior, indicating a linear ferroelectric
polarization along this axis. The observed phase images are in strong agreement with theoretical
images (Figure 4.9) constructed using electrostatic calculations for a particle with a linear,
monodomain ferroelectric polarization. The absence of a fringing field for the particle in Figure
4.8C prior to the application of bias discounts charging due to the electron beam as a source for
the observed fringing field, and additional evidence is provided by the disappearance of the
fringing field above the Curie temperature.
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Figure 4.9. Comparison of experimental and simulated holographic phase images. (A)
Theoretical phase image for a BaTiO; nanocrystal with a linear, monodomain polarization state
(P; = 25 uC/em?); (B) experimental phase image (3 times amplified) for a BaTiO; nanocrystal
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poled at +3 V; (C) line profiles obtained for the regions indicated with arrows in A and B. The
solid green line represents the calculated phase shift in the electron wave due only to the surface
charge (Ps). The solid red line represents the calculated total phase shift due to the surface
charge and the mean-inner-potential (17.9 eV) of the BaTiO; nanocube. Strong agreement
between the experimental and theoretical images can be observed.

4.3.4 Piezoresponse Force Measurements of Individual BaTiO3; Nanocubes:

Piezoresponse force microscopy 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 (Figures 4.10, 4.11). PFM, a scanned-probe technique that
detects local piezoelectric deformations in response to an oscillating electric field®, has been
widely used for nanoscale mapping 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 indicating two antiparallel polarization states™.
Polarization switching experiments on individual 10 nm BaTiOs; nanocubes (Figure 4.10A)
illustrate the presence of a clear hysteresis and 180° phase switching at room temperature,
indicating polarization switching between two antiparallel polarization states. While the value of
the piezoelectric coefficient (dsz= 1.55 pm/V) is significantly reduced from the bulk value (d3; =
75 pm/V)*, these results are comparable to those obtained for BaTiO; dots formed through ion
milling with an edge length of 220 nm and a height of 40 nm (ds; = 2 pm/V)*. These
measurements indicate that a stable ferroelectric state is clearly maintained at room temperature
down to dimensions of 10 nm, in line with experimental work suggesting a preservation of the
local dipole distortions in nanosized BaTiO36’8.
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Figure 4.10. Temperature-dependent piezoresponse force microscope (PFM) measurements of
individual 10 nm BaTiO; nanocubes. (A) Piezoresponse phase (top) and amplitude (bottom) for
a single 10 nm BaTiOs; 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 BaTiOs; nanocube at 60 °C. A markedly decreased hysteresis is observed; (C)
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, indicating a
transition to a superparaelectric state.

Temperature-dependent and size-dependent PFM measurements reveal the ultimate
stability limit of the ferroelectric state. The hysteresis loop for 10 nm nanocubes shrinks at 60
°C (Figure 4.10B) and closes at approximately 80 °C (Figure 4.10C), but a highly non-linear
curve with a 180° phase shift is maintained. PFM measurements of 5 nm nanocubes (Figure
4.11) demonstrate similar behavior down to room temperature, with no detectable hysteresis.
The sharp transition between polarization states without hysteresis closely resembles the
superparamagnetic state of small magnetic nanoparticles™, in which aligned local spins undergo
collective reorientation under ambient thermal energy, rather than the paraelectric state of
BaTiO; above the Curie temperature, characterized by a gradual change in polarization with
applied field*®. Previous work®® has suggested a transition to a paraelectric state, characterized
by uncorrelated local dipoles, with decreasing particle size, leading to the disappearance of
ferroelectric order. These results suggest, in contrast, that the polarization decays not due to the
complete decoherence of local dipoles, but rather due to a transition to an analogous
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superparaelectric state in which local dipoles maintain transient spatial coherence but rapidly
undergo collective reorientation under ambient thermal excitation.
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Figure 4.11. Temperature-dependent piezoresponse force microscope (PFM) measurements of
individual 5 nm BaTiOs nanocubes. (A) Plot of piezoresponse phase vs. applied bias for an
individual 5 nm BaTiOs nanocube at 25 °C; (B) corresponding plot of piezoresponse amplitude
vs. applied bias for an individual 5 nm BaTiO; nanocube. No hysteresis is evident at room
temperature, indicating the disappearance of a stable ferroelectric polarization.

4.3.5 Discussion of Results:

This work provides atomic-scale insight into the fundamental nature and stability of
ferroelectric ordering down to its ultimate size limit. Atomic-resolution mapping of local
ferroelectric distortions indicates a coherent, linear, and monodomain state accompanied by local
structural distortions and some evidence of local polarization rotation. 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 behavior at room temperature. These PFM studies further demonstrate the ultimate
stability limit of ferroelectric ordering, at which a transition to a superparaelectric state is
observed. These experiments provide a glimpse of ferroelectric ordering down to its ultimate
limits, revealing the nature of the polar state in individual particles down to atomic length scales.
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Chapter 5: Comparing GeTe and BaTiO;: Understanding
the Mechanisms for Ferroelectric Size Effects

Reproduced in part with permission from: Mark J. Polking, Myung-Geun Han, Amin
Yourdkhani, Valeri Petkov, Christian F. Kisielowski, Steve Volkov, Yimei Zhu, Gabriel
Caruntu, A. Paul Alivisatos, and Ramamoorthy Ramesh, “Coherent Ferroelectric Ordering in
Individual Nanoscale Single Crystals” [in preparation] 2011. Figure 5.4 reproduced with
permission from Prashant K. Jain.

5.1 Introduction:

The decay of ferroelectric ordering with decreasing crystal size is a phenomenon that has
been known for decades, although only recently have its origins begun to be uncovered. Early
ensemble studies of ferroelectric ceramics, primarily with x-ray scattering techniques, suggested
a complete collapse of the ferroelectric state below a critical length scale of around 100 nm,
temporarily dimming the prospects for nonvolatile memory devices and other applications
demanding miniaturization of ferroelectric bits**>*. Debate raged, however, over whether the
observed size effects were truly an intrinsic quality of a nanoscale ferroelectric or merely the
consequence of extrinsic “dead layers” arising from surface damage due to poor processing
conditions™.

The advent of molecular beam epitaxy for the growth of ferroelectric thin films and the
development of solution-phase routes to the preparation of high-quality freestanding single
crystals'>'* have enabled the study of nearly pristine nanoscale ferroelectrics, free from the
mysterious “dead layers” that had previously plagued the field. Work on ferroelectric thin films
with thicknesses of only a few atomic layers® *® demonstrated the persistence of ferroelectric
ordering in two-dimensional systems far beyond the critical length scales reported in previous
work. Work by Spanier and Urban on individual BaTiO3; nanowires then extended this result to
a one-dimensional system, further reviving hope for applications of nanoscale ferroelectrics®.

These results fueled further debate about the fundamental origins of size effects in
ferroelectric materials. Earlier work had suggested two fundamental mechanisms that lead to a
reduction in ferroelectric polarization at finite dimensions, one involving the free surface and the
second involving fundamental electrostatics. Seminal work by Kretschmer and Binder'
developed the concept of an extrapolation length near the free surface, within which the
polarization undergoes a linear decay as the surface is approached from within. The concept of a
depolarizing field was then outlined in the work of Batra, Silverman, and Wurfel, which
examined the effects of incomplete screening of polarization-induced surface charges.
Incomplete electrical compensation at the surface, as found in this work, leads to an electric field
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opposing the spontaneous polarization, known as the depolarizing field, which increasingly
quenches the spontaneous polarization as film thickness is reduced'’. Experimental confirmation
of the former mechanism was provided by atomic-resolution TEM work by Jia, et al.*’, which
clearly illustrated a linear decline in ferroelectric distortion near the surface of a lead zirconate-
titanate thin film, and depolarization effects have been implicated as the cause of vortex
polarization states predicted by theoretical calculations™*. In previous studies, however, the two
mechanisms have been examined separately, and the relative contributions of each mechanism to
the changes in polar order at finite dimensions are not entirely clear.

Deconvolution of the effects of these two mechanisms requires systematic study of
nanosized ferroelectrics with varying sizes, shapes, and electrostatic boundary conditions.
Careful comparison of particles with similar compositions and sizes but variable morphologies
enables elucidation of the influence of surface structure on ferroelectric order, and comparison of
ferroelectric order between materials with different degrees of polarization screening helps to
separate the influences of depolarization and surface effects. In the work described in this
chapter, the former comparison is achieved using monocrystalline BaTiOs particles with both
spherical and cubic morphologies and similar average sizes. The question of the relative
influences of depolarization and surface effects is addressed using 8 nm particles of the highly
conductive ferroelectric GeTe and 8 nm cubes of insulating BaTiO;. These comparisons
demonstrate the vital role of particle morphology on ferroelectric order and the dual influences of
surface and depolarization effects on the coherence of the ferroelectric state.

The validity of the second comparison, however, depends on the highly conductive nature
of GeTe at finite dimensions. GeTe, with an intrinsic bulk carrier density of 10° cm? , 18
unlikely to be useful as a practical ferroelectric, but it may nonetheless prove useful as a test case
of a ferroelectric metal with strong polarization screening. Evidence for the high density of free
carriers in the nanocrystalline samples may be obtained from infrared absorbance measurements.
Recent work on highly Cu-deficient Cu,S samples has revealed strong, sharp localized surface
plasmon resonance (LSPR) modes arising from the high density of free holes in this material,
which exceeds 10°° per cubic centimeter®. The resonant wavelength of such a LSPR mode may

be calculated using the following equation:

1

Ne?
EoMe (€ + 281,)

Here, N represents the carrier density, &) the dielectric constant of the material, ¢, the dielectric
constant of the surrounding medium, and m, the effective mass of the carriers. Using literature
values for the dielectric functions and effective mass23’90, one can obtain an estimate of the
carrier density of the semiconductor material. Analysis of GeTe nanocrystals with FTIR

60



absorption measurements and discrete dipole approximation (DDA) simulations demonstrates a
well-defined localized surface plasmon resonance mode and a free carrier density exceeding 10%°
cm”, comparable to bulk material.

5.2 Materials and Methods:

Synthesis of Amorphous and Crystalline GeTe Nanoparticles:

Crystalline GeTe nanoparticles with an average diameter of approximately 8 nm were
prepared using the procedure presented in Section 1.2. Amorphous nanoparticles with the same
average diameter were prepared using a modified version of this procedure in which a portion of
the 1.5 mL of TOP-Te used in the crystalline synthesis was replaced with an equal volume of
pure TOP. All other reaction parameters were the same as those for the synthesis of crystalline
particles. Nanoparticle samples for subsequent experiments were cleaned using the procedure
outlined in Section 1.2.

Fourier Transform Infrared Spectroscopy of GeTe Nanoparticles:

Absorbance measurements of GeTe nanoparticle films in both amorphous and crystalline
forms were acquired using a Thermo Nicolet Nexus 870 Fourier transform infrared (FTIR)
spectrometer. Data were acquired over a wavenumber range of ~500 cm™ to 7500 cm™ using a
KBr beamsplitter and IR source. The absorbance of GeTe films dried from chloroform was
analyzed in attenuated total reflectance (ATR) mode with averaging over 256 scans. Amorphous
GeTe particles were crystallized by heating a film of nanoparticles on a silicon substrate under
an argon atmosphere at 250 °C for 30-60 seconds.

Atomic Pair Distribution Function Analysis of BaTiO; and GeTe Nanocrystals:

Atomic pair distribution function 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. Samples were prepared by evaporation of
a concentrated solution of nanocrystals into 1.5 mm quartz capillaries. Capillaries containing
air-sensitive GeTe were sealed under argon using epoxy to prevent sample oxidation.
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Commercial GeTe from Alfa Aesar was used as a standard for comparison with the
nanocrystalline powders. Several scans were taken and averaged to improve the x-ray diffraction
(XRD) data statistics. The XRD data were reduced to atomic pair distribution functions (PDF,
G(r)) using the program RAD’'. The atomic PDFs were fit with structure models featuring long-
range ogglered dipoles and no dipoles. The fits were completed with the help of the program
PDFgui ™.

5.3 Results and Discussion:

5.3.1 Amorphous and Crystalline GeTe Nanoparticles:

Samples of both amorphous and crystalline GeTe nanoparticles with an average size of
around 8 nm were synthesized by varying the ratio between trioctylphosphine-Te (TOP-Te) and
the germanium(II) amide precursor with a constant concentration of TOP in the reaction flask. A
large excess of TOP-Te yielded crystalline particles, as determined by powder x-ray diffraction,
TEM, and electron diffraction measurements, whereas more stoichiometric mixtures of the
precursors yielded amorphous particles, as determined by the same series of measurements.
Further reduction in the concentration of TOP-Te yielded highly Ge-rich amorphous particles, as
confirmed by energy dispersive x-ray analysis (EDAX). A typical TEM image and electron
diffraction pattern for the amorphous particles are shown in Figure 5.1.

While the cause of the transition between amorphous and crystalline states is not entirely
clear, a systematic increase in crystallization temperature of the amorphous particles was
observed with decreasing Te content. Samples prepared with a nearly stoichiometric mixture of
Ge and Te precursors crystallized readily under the heat treatment described in Section 5.2 (250
°C for 30-60 seconds). The Ge-rich samples, in contrast, remained amorphous following the
same heat treatment. It is thus possible that crystallization of samples with lower Te content is
inhibited at the injection temperature (230 °C), and certainly at the growth temperature (220 °C),
leading to crystalline particles at higher Te levels. This result is consistent with thin film
measurements by Raoux, et al.”.
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Figure 5.1. Amorphous GeTe nanoparticles. (A) TEM image of 8 nm amorphous GeTe
nanoparticles. No lattice fringes are evident; (B) electron diffraction pattern of 8 nm amorphous
GeTe nanoparticles. Only broad features can be observed, consistent with an amorphous phase.

5.3.2 Fourier Transform Infrared Spectroscopy of GeTe Nanoparticles:

Fourier transform infrared spectroscopy (FTIR) measurements of both amorphous and
crystalline GeTe nanoparticles demonstrate a clear localized surface plasmon resonance in the
crystalline phase that is absent in the amorphous phase. FTIR measurements of amorphous
particles (Figure 5.2A) show a gradual increase in absorbance with increasing energy with sharp
absorption lines assigned to 1-dodecanethiol surfactant molecules™ near 3300 cm™ (0.37 eV).
The absorption spectrum of the crystalline particles (Figure 5.2B), in contrast, exhibits the same
spectral features due to 1-dodecanethiol ligands and a band gap absorption onset at higher
energies seen in the amorphous samples, but includes an additional broad, approximately
Gaussian absorption feature centered around ~0.5 eV with a line width of ~0.3 eV. This
absorption feature closely resembles the plasmon mode observed previously in highly doped (>
10*" em™) Cu,S samples and is in strong agreement with the position of the free carrier
absorption onset observed in thin film samples®’".
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Figure 5.2. Fourier transform infrared spectroscopy (FTIR) absorption measurements of
amorphous and crystalline GeTe nanoparticles. (A) FTIR absorption spectrum of 8§ nm
amorphous GeTe nanoparticles. A gradual increase in absorption due to excitation across the
band gap can be observed along with sharp features attributed to 1-dodecanethiol ligands; (B)
FTIR absorption spectrum of 8 nm crystalline GeTe nanoparticles. An additional broad, nearly
Gaussian feature centered around 0.5 eV can be observed; this feature is assigned to a localized
surface plasmon resonance mode.

FTIR measurements on the same sample of GeTe particles taken before and after
crystallization (Figure 5.3) demonstrate the appearance of this broad mode after crystallization,
excluding differences in surface coverage as a source of this feature. In addition, low-
temperature absorption spectra reveal no significant shifts or variations in the intensity of this
peak, indicating that excitonic absorption is unlikely to be responsible for this feature. Further
support for this argument can be obtained from discrete dipole approximation (DDA) simulations
of the absorption spectra for both material phases (Figure 5.4). The simulated absorption
spectrum of the crystalline material including the Drude contribution due to free carriers shows a
clear absorption peak around 0.3 eV with a line width similar to that for the plasmon feature
observed in experiments. This feature disappears when the Drude contribution to the dielectric
function is ignored, indicating that this feature is indeed plasmonic in nature. The discrepancy in
peak position may be attributable to a difference in free carrier density between the simulations
(5 x 10 cm™) and the actual particles. Comparison between simulation and experiment thus
suggests a carrier density on the order of 10*” — 10%! ¢cm™, well within the regime of metallic
behavior.
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Figure 5.3. FTIR absorption spectrum of crystallized amorphous GeTe nanoparticles. The
plasmonic absorption feature centered around ~0.5 eV reappears upon crystallization, indicating
that differences in surface coverage or organic contamination are not responsible for this peak.
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Figure 5.4. Simulated absorption spectra for amorphous GeTe nanoparticles and for GeTe
nanocrystals with and without the Drude contribution to the dielectric functions. The simulated
spectra, obtained from discrete dipole approximation methods, demonstrate the appearance of a
well-defined absorption band similar to the plasmon feature observed in experiments in the
crystalline material when the Drude (free carrier) contribution is considered. This feature
disappears when the Drude contribution is ignored, indicating that this feature arises from free
carrier (i.e. plasmonic) absorption.
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5.3.3 Atomic Pair Distribution Function Measurements of GeTe Nanocrystals:

Atomic PDFs were calculated from synchrotron diffraction patterns for 8 nm GeTe
nanocrystals. Comparison between atomic PDFs of GeTe (Figure 5.5) with both cubic and
rhombohedral structural models yields a superior fit to the rhombohedral model, indicating the
presence of local rhombohedral distortions. The best fit is obtained for a lattice constant of 5.891
A and a rhombohedral angle of 88.25°, in good agreement with the Rietveld results for 8 nm
GeTe nanocrystals presented in Chapter 3. In addition, the PDF analysis allows the magnitude
of the polar sublattice displacement to be extracted, yielding a value of x = 0.240 (compared with
0.250 for the undistorted structure) for the position of the Ge cation. This corresponds to a
sublattice displacement of approximately ~0.1 A, considerably reduced from the magnitudes of
the displacements observed in atomic-resolution TEM studies, approximately 0.2 A. This
suggests a partial disordering of the ferroelectric distortions across the particles.
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Figure 5.5. Atomic pair distribution function analysis of GeTe nanocrystal ensembles. (A)
Atomic pair distribution function (PDF) for 8 nm GeTe nanocrystals compared with cubic and
rhombohedral structural models; (B) model structure for 8 nm GeTe nanocrystals.

Insight into the length scale over which these rhombohedral distortions remain spatially
correlated can be obtained by comparing the quality of fit for both the undistorted cubic model
and the ferroelectric rhombohedral model over different length scales. Calculations of atomic
PDFs for 20, 35, and 50 A length scales (Figure 5.6) indicate the persistence of spatial
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correlation among these local dipoles to distance scales of ~5 nm, close to the average particle
diameter. Although spatial correlations are weakened in the nanocrystalline samples, some
degree of linear coherence is maintained. These results are in agreement with the TEM
measurements indicating a coherent, monodomain polarization state in most GeTe particles that
is accompanied by local distortions and polarization rotation.

68



o Experimental data
Cubic Model
Rhombohedral Model

Atomic PDF G(r)
o o
o a

1
o
a

Il

'1 .0 L) LJ LJ
0 5 10 15 20
2.0
o Experimental Data
1.5 Cubic Model
= Rhombohedral Model
o
'S
(=)
o
L
€
S
<

2.0 o Experimental Data
Cubic Model

— 1.51 Rhombohedral Model
(&}

w 1.0-

(]

o

£

8

<

0 5 10 15 20 25 30 35 40 45 50
Radial Distance (A)

Figure 5.6. Comparison of atomic pair distribution functions for 8§ nm GeTe nanocrystals at
different length scales. Atomic PDFs for GeTe are compared with both cubic and rhombohedral
models for length scales of 20, 35, and 50 A. The rhombohedral model yields a superior fit at
the shorter length scales, but the quality of fit becomes comparable for both models at longer
length scales.
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5.3.4 Atomic Pair Distribution Function Measurements of BaTiO3 Nanocrystals:

Atomic PDFs were calculated from synchrotron diffraction patterns for 8 nm and 15 nm
BaTiOs nanocubes and 10 nm BaTiOs; nanospheres. Comparison of BaTiO; particles with
similar sizes and different shapes was conducted in order to elucidate the impact of particle
surface structure on the nature of the polarization state. Comparisons of the atomic PDFs for
BaTiOs; nanocrystals of all types (Figure 5.7) 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 up to approximately 20 A for the 8 nm nanocubes and
beyond 40 A for the 15 nm nanocubes.
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Figure 5.7. Atomic pair distribution function analysis of BaTiO3; nanocubes and nanospheres.
(A) Atomic pair distribution function (PDF) for 8 nm BaTiO; nanocubes compared with cubic
and tetragonal structural models; (B) atomic PDF for 10 nm BaTiOs nanospheres compared with

cubic and tetragonal structural models; (C, D) model structures for 8§ nm BaTiO; nanocubes (C)
and 10 nm BaTiOj; nanospheres (D).

The atomic PDF measurements indicate correlation among local ferroelectric dipoles
consistent with some degree of ferroelectric order, but indicate the presence of strong structural
distortions, particularly for the spherical particles. This high degree of structural disorder is
likely responsible for the observed reduction in piezoresponse for individual nanocubes
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described in the previous chapter. Further comparison between BaTiO; nanocubes of two
different sizes, 8 and 15 nm, indicates a marked enhancement in the spatial correlation among
dipoles in the 15 nm sample, evidenced by a higher quality of fit to the tetragonal structural
model. The PFM measurements presented in the previous chapter reveal a marked decline in
piezoresponse from 10 nm to 5 nm cubes. It is clear that there exists a strong relationship
between the structural disorder discerned from PDF analysis and the magnitude of the material
piezoresponse determined from PFM, but the origins of this structural disorder require further
elucidation.

5.3.5 Discussion of Results:

Experimental evidence on individual nanocrystals points to the preservation of a
coherent, linear ferroelectric state at nanometer dimensions, albeit with significant local
structural deviations and a decline in overall polarization. These trends can be attributed to a
combination of surface-induced phenomena and depolarization effects. The role of the former is
highlighted by the comparison of spherical and cubic BaTiOs nanocrystals of similar size. A
marked decline in the spatial coherence of ferroelectric dipoles can be observed for the spherical
sample in the atomic PDF studies, even when compared with cubic particles smaller in size. The
cubic particles exhibit nearly atomically flat low-index surfaces, while the spherical particles
possess an irregular surface structure with many high-index segments. As discussed in Chapter
3, internal stresses imposed by free surfaces proportional to 2y/r—in which vy 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 polar distortion in nanosized perovskites®**.
The preponderance of high-energy surface facets and the irregular surface structure of the
spherical particles likely enhance both the overall internal stresses and the inhomogeneity of the
strain field, resulting in a reduction of the overall 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 greater surface area) retain stronger spatial dipole correlations.
The influence of the surface here is thus not simply dependent on surface area or strictly a
consequence of the well-known reduction in polarization near a ferroelectric surface described
by Kretschmer and Binder'”>. The comparisons between cubes of different sizes and particles
with different surface structures thus points to a more complex, specific surface effect governed
not only by the surface area, consistent with the classical picture of Kretschmer and Binder, but
also by the specific energies and arrangements of surface facets. These results suggest 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 ordering in
nanoscale crystals.

Insight into the influence of depolarization effects may be obtained from the comparison
of highly conducting GeTe with strongly insulating BaTiO; nanocrystals of comparable size.
The large intrinsic free carrier density (>10°° cm™) of GeTe is expected to provide metallic

72



conduction and strong internal screening of the polarization, minimizing depolarization effects,
and sidesteps the notoriously difficult problem of electrical doping of colloidal nanomaterials.
PDF analysis indicates markedly enhanced spatial correlations in GeTe (correlation length of 5
nm for 8 nm particles) relative to BaTiOs (correlation length of 2 nm for 8 nm nanocubes),
although the correlation range does not span the entire diameter of the particles. These
observations suggest a strong stabilization of the coherent polar state in GeTe by internal
carriers. Both the PDF analysis and TEM studies, however, indicate considerable structural
disorder and inhomogeneity in the polarization patterns of GeTe nanomaterials, suggesting a
strong surface contribution. The results of Chapter 3 indicate a decline in the overall distortion
magnitude with decreasing particle size, further supporting this interpretation. It is clear from
these experiments that both surface structure and depolarization effects exercise a profound
influence on the stability and nature of the polar state in low-dimensional nanosystems.

The marked decline in dipole correlations in BaTiO3; nanocrystals of all types relative to
GeTe suggests incomplete screening of polarization-induced surface charges, further confirmed
by the observation of electrostatic fringing fields in the holograms arising from polarization-
induced surface charges presented in the previous chapter. 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 linear polarization
state remains surprisingly stable, persisting at room temperature down to particle sizes of less
than 10 nm. It is also notable that the polarization generally exists in a monodomain state.
Several recent works on ion-milled single crystals of BaTiO; have revealed scaling laws
describing the decrease in domain periodicity with decreasing side length down to dimensions of
around 100 nm*™*’. These scaling laws thus break down at the length scales observed in our
experiments.

Given that neither perfect charge screening nor polarization domain formation occur to
compensate the polarization, the persistence of the linear, monodomain state at nanometer
dimensions lends itself to two rationalizations. The first arises from incoherent structural
disorder leading to the frustration of local ferroelectric dipoles and a reduction of the overall
polarization, as suggested in previous work®®. The second involves local coherent polarization
rotations that similarly weaken the overall linear polarization. Our polarization maps suggest
polarization rotation, and in some cases flux closure, in some fraction of the observed particles.
Such rotational tendencies further reduce the apparent spatial correlations of local dipoles and
overall polarization. Both mechanisms likely contribute to the decline of ferroelectric order at
finite dimensions, although the factors governing the dominant mechanism remain unclear and
are the subject of ongoing investigation.

The work described in this chapter provides atomic-scale insight into the fundamental
nature and stability of ferroelectric ordering down to its ultimate size limit. Careful atomic PDF
studies point to the parallel roles played by surface-induced relaxation and depolarization effects
in the dissolution of ferroelectric ordering at finite dimensions and indicate considerable
structural disorder and dipole decoherence, even in conductive GeTe with strong polarization
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screening. Strong polarization screening is provided by the high density of free carriers in GeTe,
as evidenced by the observation of a well-defined localized surface plasmon resonance mode.
These studies additionally demonstrate the utility of colloidal morphology control as a means of
stabilizing the polar state at nanoscale dimensions. The experiments described in this chapter
indicate a complex driving force for ferroelectric size effects involving significant contributions
from both free surfaces and depolarization fields and provide a pathway to unraveling the
fundamental physics of nanoscale ferroelectricity at the smallest possible size scales.
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