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ABSTRACT

Atomic-Scale Visualizations of Charge Order Phenomena

Ismail El Baggari, Ph.D.

Cornell University 2019

In materials where electrons strongly interact with other degrees of freedom, novel

electronic patterns and properties emerge. One of the most fascinating manifestations is

charge ordering, whereby electrons form superstructures which break the translational

symmetry of the atomic lattice. Charge order is under intense scrutiny due to its

relationship to unconventional superconductivity, the colossal magnetoresistance effect,

metal-insulator transitions, and phase transitions in general. Often, these electronic

states have complex spatial variations at the nanoscale and subtle microscopic details

which are difficult to ascertain.

The lattice response in these phases– how atoms move upon entering the charge-ordered

state– is deeply entwined with the electronic behavior but has not been visualized at the

atomic scale. In this thesis, we apply scanning transmission electron microscopy (STEM)

to map the lattice behavior in charge-ordered materials. We develop a methodology to
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extract tiny atomic shifts, on the picometer scale, and reveal the underlying ground states

of charge ordering in various systems.

Many exotic electronic phases, including charge ordering, typically emerge at low

temperatures, yet STEM measurements have been limited to room temperature due to

stringent stage stability requirements. We demonstrate for the first time cryogenic STEM

with sub-Angstrom resolution and picometer precision which enables novel studies of low

temperature phenomena. We map topological defects and elastic deformations of stripes

in a manganite material near its transition temperature and visualize emergent coherence

upon cooling. These measurements also determine the nature of temperature-dependent

incommensurate charge order in which the wavevector is an irrational fraction of the

reciprocal lattice. We find that incommensuration reflects phase disorder and that locally

charge ordering is commensurate with the lattice.

Next we address the microscopic nature of charge and orbital order in a half-doped

manganite, an ordered phase that occurs below 150 K and requires cryogenic STEM.

Both site-centered (stripe) and bond-centered (bi-stripe, Zener polaron) orders have

been proposed in the half-doped compounds. They differ by the charge and orbital

arrangement within the superlattice and are expected to behave differently because

they have distinct symmetries. By measuring picoscale periodic lattice distortions using

cryogenic STEM, we find two distinct ground states coexisting over tens of nanometers.

The first is consistent with site-centered order. The second represents bi-stripes which,

unlike the proposed Zener polaron, are not purely bond-centered. Instead, the bi-stripes

are intermediate between bond- and site-centered order and break inversion symmetry.

We extend these microscopy techniques to the layered material TaTe2 which con-

tains a complex stacking of distorted, trimerized tantalum clusters. This complicates

interpretation of the modulated state since we cannot measure lattice displacements
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as was done for the manganites; the staggered arrangement of atoms in this material

blurs structural information due to the projection nature of STEM. We develop new

tools to extract structural information from contrast modulation in the atomic resolution

STEM image and visualize an additional, orthogonal trimerization involving Ta sites and

subtle distortions of Te sites at low temperature. Coupled with density functional theory

calculations and image simulations, this approach overcomes limitations of projection

imaging and opens the door for atomic-scale visualization of complex stacking order in a

variety of layered systems.

Together, these atomic-scale measurements and methodologies solve fundamental

problems about the nature of electronic orders and their fluctuations. More broadly, the

successful demonstration and application of low temperature STEM provides unprece-

dented access to exotic electronic phases.
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Chapter 1

Introduction

The experimental approach taken up in this dissertation, namely visualization, rests

on centuries of developments in microscopes, instruments that lay bare hidden, small

worlds around us. During the 17th century, breakthroughts in crafting glass lenses not

only opened the microscopic world for seeing but also the cosmos, ushering the scientific

revolution. Since then, visualizations have time and time again preceded incredible

discoveries about the natural world and have enabled deeper understanding of the inner

workings of natural objects.

In Robert Hooke’s Microgrophia (1665), drawings of magnified objects showed the

beauty of biological structures in the bee sting, the dronefly eye and others, with

unprecedented detail [1]. Yet most of his observations dealt with uncontentious matter,

that which is visible to the naked eye; a hidden world still lurked in the shadows. Then

came Antonie Philips von Leeuwenhoek, a dutch businessman, lens crafter, and scientist,

who made his own glass lenses and unique single-lens microscopes. The resolution of

his microscopes was impressive, reaching micron sensitivity. In addition to visualizing

ordinary objects with incredible detail, he was the first to discover a microscopic world

1



a b c

Figure 1.1: Earliest microscopic discoveries of tiny objects. a. Robert Hooke’s Micro-
graphia drawing of the fly [1]. The magnification of Hooke’s compound microscope could
reach ∼ 20-40x. b. Illustration of von Leeuwenhoek’s single lens microscope which could
reach over 200x magnification. c. Leeuwenhoek’s drawing of microscopic, biological
objects he observed [2]. These drawings of what he termed ’animalcules’ represent various
bacteria and protozoa visualized for the first time. The figure is from Welcome to the
Microbiome (Yale University Press, 2015) [3].

beyond the reach of the eye [2, 4]. In his ‘Letter on the Protozoa’, he writes [5]

In 1675 I discovered living creatures in Rain water which had stood but few

days in a new earthen pot, glased blew within. This invited me to view this

water with great attention, especially those little animals appearing to me

ten thousand times less than those represented by Mons. Swamerdam.

He went on to discover and experiment with living bacteria, protists, blood cells, laying

the foundation for microbiology.

Nowadays, light microscopes are ubiquitous. New imaging modalities have emerged

since the 19th century including polarized light microscopy, phase-contrast microscopy,

and fluoresence microscopy. With improvments in resolution and contrast mechanisms,
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visualizations underlie numerous modern discoveries and theories of how objects behave.

Polarized microscopy, for instance, allowed the observation of beautiful topolgical defects,

complex domains, and voltage-driven contrast reversal in liquid crystals, phases of matter

which revolutionized display technology and built bridges to statistical physics concepts

of symmetry breaking and elasticity [6–8].

Visible light has wavelengths larger than 400 nm, which limits the achievable resolution

in conventional light microscopes to, at best, hundreds of nanometers. Abbe’s diffraction

limit (1873) states that the achievable resolution, d, is limited by the wavelength of the

light and the numerical aperture, and for incoherent imaging is given by

d = 0.61 λ

sinα (1.1)

where α is the convergence semi-angle which is related to the numerical aperture. Even

with ultra-violet sources and large semi-angles, the nanoscale world is fundamentally

beyond reach. We note, however, that super-resolution techniques which rely on localizing

the photoactivity of molecules or adavanced computational processing have overcome the

diffraction limit.

1.1 Electron Microscopy

The title of the dissertation specifies that the visualizations are performed at the atomic

scale. In order to get there, it is important to realize that one of the most important

discoveries of the 20th century is that electrons, and particles in general, behave like

matter-waves. This is best exemplified by the fact that electrons diffract and interfere

[9, 10]. The wavelength of an electron is given by the de Broglie relation

λ = h

p
= h

mv
(1.2)
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1.1. Electron Microscopy

where h is Planck’s constant, p is the particle momentum, m is the particle mass and v

is the particle velocity.

Electrons have extremely small wavelengths especially at high energy. At 80 kV, the

electron velocity is ∼ 50% the speed of light and the wavelength with the relativistic

correction is ∼ 4 pm. At 200 kV, the electron velocity is ∼ 70% the speed of light and

the wavelength with the relativistic correction is ∼ 2.5 pm. Thus, by replacing light with

electrons, the diffraction-limited resolution is easily within and beyond the atomic realm.

Another advantage of electrons is that they are easily manipulated by magnetic and

electric fields per Maxwell’s equations of electromagnetism. An electron beam may be

deflected, focused, and magnified by changing the strength of the fields. These magnetic

fields thus play the role of a lens, with the added benefit of on-the-spot tunability of the

strength and spatial profiles of the fields. Note that despite the sub-atomic wavelength

of high energy electrons, aberrations arising from imperfections in the magnetic lenses

degrade the achievable resolution of electron microscopes.

With these factors combined– small wavelengths and electron optics– the transmission

electron microscope (TEM) was assembled by Max Knoll and Ernst Ruska in 1932

[11, 12]. In TEM, a broad, parallel beam passes through the sample and forms an image

in the focal plane. Post-sample projection lenses magnify the image onto a screen, a

photographic plate, or a detector. With this, it became possible to directly visualize

nanoscale structures, such as viruses, with hitherto unimaginable resolution.

Going further, lattice fringes and crystalline imperfections were imaged in a platinum

phthalocyanin crystal (Fig. 1.2a), along a specific orientation with large lattice spacing

(∼12 Å) by Menter et al. (1956) [13] . While visualizations lay bare subtle and beautiful

structures of matter, it is critical to understand the contrast mechanism which generates

the images. In their closing paragraphs, Menter et al warn [13]
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dislocation

a b

Figure 1.2: TEM imaging of atomic-scale fringes and their defects. a. First TEM image
of atomic lattice fringes in a platinum phthalocyanin crystal. The fringe spacing is
approximately 12 Å. A crystalline dislocation was seen for the first time. Adapted from
[13]. b. Fringes associated with the charge-ordered phase in a manganite, formed by
selecting electrons with momentum transfer corresponding to the charge order wavevector.
The period is twice that of the host crystal. The details of the stripes, however, have
been a long-standing controversy. The fringe spacing in this image is 16.5 Å. Adapted
from [14].

In discussing the Abbe theory of image formation in the optical microscope,

Porter (1906) drew attention to the caution needed in the interpretation of

images. In addition to causing general obscurity in image detail, the exclusion

of spectra from the image may also create apparent structures which bear no

direct relation to the true physical structure of the object.

By "spectra", the authors mean the zero-order and first-order diffraction peaks which form

an interference pattern or lattice fringes. Over many decades, TEM observations have

enriched our understanding of biological and crystalline matter, however, the contrast

mechanism often obfuscates subtle structures especially in periodic atomic lattices. The

contrast depends on external factors such as thickness, defocus, aberrations and crystalline

tilt and often requires simulations for more grounded interpretation.
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1.2. Scanning Transmission Electron Microscopy

Charge-ordered phases, the subject of the dissertation, have been visualized extensively

with TEM but the intimate microscopic details have not been determined conclusively

due to the complicated contrast mechanism in TEM (Fig. 1.2b). For instance, TEM

measurements yielded unrealistic bond distortions and orientations when a material

entered its charge-ordered phase. Using a derivative electron microscopy technique–

scanning transmission electron microscopy (STEM)– we shall overcome the interpretability

problem and reveal microscopic insights into charge-ordered phases, at the nanometer,

atomic, and picometer scales.

1.2 Scanning Transmission Electron Microscopy

Manfred von Ardenne realized the first STEM in 1938 [15, 16]. Unlike TEM which uses

a broad, parallel electron beam, STEM utilizes a series of lenses before the specimen

to focus the electron beam to a fine spot and scan it across the sample (Fig. 1.3a).

No image-forming lenses after the specimen are necessary. A two-dimensional image is

formed serially, by assigning a pixel value for each scanned position. The intensity of each

pixel depends on the scattering cross-section which is collected in the back-focal plane

(diffraction plane). Modern STEM utilizes field emission technology, developed ∼30 years

after the first STEM, which generates sufficient current in a small probe [17–20].

STEM can house various detectors that measure electrons scattered to a range of

angles, typically using hollow, annular detectors (Fig. 1.3a). The most popular detector

is the high-angle annular dark-field (HAADF) detector which collects electrons that have

scattered to high angles. In this regime, the cross-section depends strongly on the atomic

number, Z; heavier atoms scatter more electrons to high angles and lighter atoms scatter

fewer electrons. Therefore, the obtained images are more directly interpretable in terms
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of the atomic arrangement and chemical composition. For a given convergence semi-angle,

α, the HAADF inner collection angle is typically ≥ 3α to ensure incoherent imaging.

Figure 1.3b shows a HAADF-STEM image of a CaRuO3 crystal epitaxially grown on

NdGaO3. In the top part of the image, Ru (Z=44) atomic columns appear brighter than

Ca (Z=20) atomic columns. In the bottom part, the substrate also exhibits Z-contrast

with Nd (Z=60) appearing much brighter than Ru or Ca. Oxygen (Z=8) is not visible

in HAADF since it has a much lower cross-section than the heavier elements in the

crystal. For reasonably thin samples, the relative contrast is robust against thickness

variation and defocus. Thus, not only are the images interpretable but they also offer

some chemical information.

A fledgling imaging technique is annular bright-field (ABF) imaging which collects

electrons that have scattered to angles between ∼ 1
2α and α. The scattering cross-

section contains some phase-contrast, rendering the light oxygen atoms visible [21–23].

Figure 1.3c shows an ABF-STEM image where oxygen rotations in the crystal are visible.

Despite its improved sensitivity, ABF-STEM is more susceptible to unphysical artifacts

such as apparent displacements due to extraneous factors which include slight sample

mistilt and residual aberrations [24–26]. Careful interpretation is paramount.

By using a spectrometer, electrons can be segregated by the energy they lost through

their interaction with the specimen, a technique known as electron energy loss spectroscopy

(EELS). With this atom-by-atom chemical maps may be obtained. Even more powerful

is the ability to resolve subtle chemical bonds and electronic states by analyzing the

fine structure of spectra. Other excitations such as plasmons, phonons and excitons also

manifest in EELS data.

The images shown in Fig. 1.3 were taken in a modern, aberration-corrected STEM

which can achieve sub-Angstrom resolution. Geometric aberrations arise from imper-
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CaRuO3/NdGaO3

Ru
Ca

Nd
Ga

HAADF Detector

Electron beam

lenses

sample

ABF Detector

a b c

Figure 1.3: Atomic-resolution scanning transmission electron microscopy. a. Diagram of
the scanning transmission electron microscope (STEM). A sub-angstrom electron probe
is scanned across the sample. Various detectors can collect electrons scattered to the
back-focal plane (diffraction plane). Annular detectors are popular because they can
avoid or utilize diffraction contrast, depending on the angles of collection. The high-angle
annular dark-field (HAADF) detector collects and integrates electrons that have scattered
to high angle for each scan position. Annular bright field (ABF) detectors collect electrons
that have scattered to smaller angles and can detect lighter elements. b. HAADF-STEM
image of CaRuO3 crystal epitaxially grown on NdGaO3. The Z-contrast (Z being the
atomic number) is evident; For instance, Ru (orange) is heavier than Ca (blue) and hence
appears brighter. c. Simultaneously acquired ABF-STEM image. In addition to the
heavy cations, oxygen atoms are visible (blue arrows).
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fect magnetic lenses which focuses electrons with different momenta to different spots,

generating phase shifts between them. Aberration correctors are magnetic lenses which

compensate for the relative shifts, and hence distortions, of the electron probe. Aberration

correction followed decades of developments and investigations and hinged on the arrival

of fast electronics and computing power. Visualizing atomic lattices is now a reality.

In order to quantitatively utilize sub-Angstrom electron beams, the stability of the mi-

croscope, sample stage, and room environment must be optimized [27, 28]. Unfortunately,

small instabilities remain despite instrumental optimization. Therefore, a variety of post-

processing algorithms have been deployed to minimize the effect of leftover mechanical,

electromagnetic, thermal, and acoustic instabilities and to improve the signal-to-noise

ratio of the final image, enabling high precision, quantitative STEM analysis [29–40].

The simplest approach is to acquire rapid frames, which minimizes stage drift, and align

the image series in post-processing. Methods to align, or register, signals are applicable

to electron microscopy, scanned probe microscopy, medical imaging, computer vision, and

gravitational wave detection [41–48]. These methods have proven to be invaluable for

cryogenic electron microscopy (cryo-EM) of biological matter close to atomic resolution

[49, 50].

In STEM, image registration tends to average out scan noise, Poisson noise, and

stage instability. More extended techniques such as rotation of the scan direction have

been used to diagnose and correct for constant or linearly varying sample drift [29].

Registration methods which allow for continuous, or ‘non-rigid’, distortion of the probe

position during scanning are also promising [51].

In addition to resolving individual atomic columns in materials, STEM can now

determine their positions with picometer precision [51, 52]. Consequently, it has become

possible to directly map lattice parameters and strain in crystalline materials or directly
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measure functional structural order parameters. Ferroelectric systems have especially

benefited from numerous atomic-scale studies. In a ferroelectric, some atoms distort from

their high-symmetry location and break the inversion symmetry of the crystal, which

manifests as a useful property called ferroelectric polarization. By directly measuring these

tiny distortions, the polarization can be mapped for each unit cell [53]. Such measurements

led to discoveries of unconventional ferroelectric behavior in complex materials including

the smooth rotation of polarization vectors, the formation of flux-closure structures, and

polar vortices [54–56].

Many correlated electronic states, such as charge and orbital order, present significant

challenges for STEM characterization including the fact that they typically occur below

room temperature. As discussed, stringent stability requirements have limited STEM use

to high temperature, precluding studies of exotic states under cooling conditions. Further,

quantification of picoscale ferroelectric displacements use a well-defined reference lattice:

distortions are measured relative to other cations within the unit cell. Charge ordered

phases, on the other hand, do not have clear-cut reference lattices, a fact exacerbated

by the presence of complex displacement patterns and nanoscale phase inhomogeneity

affecting both the intra- and inter-unit cell structure. Another severe complication in

STEM is its projection nature which requires that the atoms and the order parameter

align coherently along the imaging directions. Many exotic materials, including some

correlated oxides and two-dimensional materials, have layered structures and, as a result,

they exhibit weak or disordered correlations in the out-of-plane direction, making STEM

analysis significantly more challenging.
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1.3 Charge Order

1.3.1 Conventional and Unconventional Electronic Materials

One of the hallmarks of solid state physics is the band theory of electrons which underlies

the properties of various technologically-relevant materials such as semiconductors, metals

and insulators. In a 1 cm3-sized crystal, there are 1022 atoms, each surrounded by electrons,

which renders a brute-force solution of the many-body Schrödinger equation impossible. In

band theory one constructs eigenstates of a single electron Hamiltonian in the presence of

a periodic potential representing the atomic lattice while electron-electron interactions are

ignored. From this, electronic bands describing the energy dependence of single-particle

states on momentum emerge. These bands govern the many properties of electronic

materials. As a side note, the concept of electrons is replaced by electron quasiparticles

that represent the eigenstates of the Hamiltonian with the periodic potential.

In insulators and metals, the lowest bands are filled (valence band) and are separated

from empty bands (conduction band) by a band gap; the chemical potential or Fermi

level lies within the band gap. In metals and semimetals, a band is half-filled and the

chemical potential lies within a band. For most conventional electronic materials, one

can easily predict whether a compound is insulating or metallic simply by counting the

number of electrons in the unit cell.

Adding interactions, however, can quantitatively or qualitatively modify the properties

of the many-body electron system. In many correlated metals where interactions between

electrons are relatively strong, the bare properties of the electron quasi-particle, such as

the effective mass, are renormalized [57]. In heavy fermion compounds, for instance, the

effective quasiparticle mass can be as much as a 100-1000 times heavier than the bare
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quasiparticle mass [58].

In other interacting systems, more dramatic and fundamental changes occur; the

metallic ground state becomes unstable and undergoes a transition into qualitatively

distinct states. The most celebrated example is the Mott insulator which undergoes

a metal-insulator transition [59, 60]. For instance, NiO, expected to be a metal per

band theory, was found to be insulating due to interacting, localized electrons occupying

d-orbtials [60]. Electronic reconstructions also occur when symmetry-breaking transition

occurs. Cataloguing and understanding broken symmetries in interacting systems lie at the

heart of condensed matter research. Some of the symmetries that maybe broken in a solid

are crystalline translational symmetry (charge/spin density wave), rotational symmetry

(nematic), inversion symmetry (ferroelectric), time-reversal symmetry (antiferromagnet),

gauge symmetry (superconductors) and so on.

1.3.2 Charge Order

Charge- and spin-ordered phases are fascinating manifestations of spontaneous symmetry

breaking whereby superstructures with new periodicities break the translation symmetry

of the underlying crystal. The simplest cartoon picture is the charge disproportionation

on lattice sites. We start with a chain of atoms with uniform charge density corresponding

to the high temperature, high symmetry phase (disordered phase). Assuming low enough

temperature and strong repulsion between electrons, the charge may localize at atomic

sites and form an ordered superlattice of electron-rich sites and electron-depleted sites.

This superlattice breaks the translational symmetry of the original, high-symmetry system.

The order parameter is the density modulation whose periodicity is distinct from that

of the crystalline lattice. We also expect coupling of the charge to the atomic lattice

which would generate periodic lattice distortions of the atoms away from their high
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symmetry positions. In a real system, depending on the character of orbital degrees of

freedom, the displacements may exhibit more complicated patterns. The microscopic

origin of such charge-ordered phases is under intense debate and scrutiny and all evidence

points to a range of mechanisms which depend of material-specific details. That said,

the phenomenology of these states, such as their fluctuations and defects, contains some

universal aspects which illuminate the behavior of these fascinating phases.

In 1936, Rudolf Peierls argued that a half-filled (metallic), one-dimensional (1D) chain

is unstable to a charge density wave modulation. Indeed, the 1D electronic susceptibility,

χ(k) diverges at Q=2kf where kf is the Fermi wave vector, hinting to an electronic

instability. Let us assume that the atoms deviate from their positions and form a doubled

unit cell. A simple derivation based on degenerate perturbation theory applied to a 1D

Hamiltonian with a periodic doubling potential V(r) gives the following energy correction

near the Fermi level

ε± = 1
2(E0

k + E0
k−Q)±

√√√√(E0
k − E0

k−Q
2

)2
+ |VQ|2 (1.3)

The degeneracy comes from states at k = ±π/2a separated by Q = π/a, E0
k is the bare

energy (without the perturbation from V (r)) and VQ is the dominant Fourier component

of V (r). This k, k−Q degeneracy is known as the nesting of the Fermi surface. Summing

energy levels up to ε− yields a change in energy

∆E ∼ |VQ|2 ln |VQ| (1.4)

The elastic energy, on the other hand, scales as Eel ∼ |VQ|2 in the harmonic approximation.

For arbitrarily small |VQ|, the electronic component is large and negative due to the

ln |VQ| term and hence the system is unstable towards a doubling of the unit cell.

The argument has been extended to higher dimensions where the concept of nesting

is generalized to Fermi lines and surfaces instead of points. Thus, many investigations
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1.3. Charge Order

a

b

Figure 1.4: Peierls distortion in a 1D metal. a. Lattice and electronic structure in the
high-symmmetry, undistorted phase. b. Lattice and electronic structure in the distorted
phase. The two-fold superlattice causes a gap to open, lowering the system’s total energy.
Reproduced from [61].
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into the origin of charge order or charge density waves focus on finding nested or parallel

Fermi surfaces separated by the wave vector. It turns out, however, that the story is much

more complicated. Oftentimes, the Fermi surface does not match the periodicity of the

modulated phase which makes the Peierls picture a limited conceptual framework [62, 63].

The closet realizations of Peierls-distorted compounds are quasi-one-dimensional materials

such as TTF-TCNQ organics and some transition-metal trichalcogenides (NbSe3) which

contain linear chains of atoms that are weakly coupled to each other [64].

A more realistic framework is momentum-dependent electron-phonon coupling which

induces displacement modes upon entering the charge-ordered phase [65–67]. One

advantage of this argument is that it is amenable to experimental observation using a

combination of inelastic X-ray, neutron scattering, and angle-resolved photoemission

spectroscopy. Phonons exhibit softening at the correct wavevector concomitantly with

electronic reconstructions at the transition temperature. Thus, the origin of these phases

is a detailed coupling between the charge and the lattice which does not necessarily

depend of the Fermi surface nesting. This argument has been applied to NbSe2, cuprate

superconductors, 2H-TaSe2 and more [65, 66, 68–71].

Charge order phases may also emerge from strong interactions in correlated systems

with localized electrons such as transition-metal oxides with partially occupied d orbitals.

The tendency for these phases to occur reflects the ability of the transition metal to

accommodate various oxidation states. In mixed compounds containing intermediate

valence states, the charge may segregate into periodic arrangement of hole-rich and

electron-rich sites. The prototypical compound is magnetite, Fe3O4, which undergoes a

significant change in its electrical resistivity at 120 K. Verwey proposed that two species

of iron, Fe3+ and Fe4+, order below the transition temperature [72–74]. Following many

decades of study, it is more and more apparent that the charge segregation is much
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smaller than full electron localization owing to the covalent character of the metal-oxygen

bonds, large Coulomb repulsion, and the presence of other degrees of freedom involving

the lattice (polaron), angular momentum (orbital order) and localized spins (magnetic

order) [75]. Manganites, nickelates and cobaltites undergo charge order transitions which

couple to interesting magnetic properties, while cuprates were found to host charge order

which competes with the coveted high-temperature superconductivity [76, 77].

Various orbital and spin textures may exist within the charge-order superlattice and

their coupling to competing states is expected to depend on the symmetry of the order

parameter. Fundamental questions under scrutiny include: (1) what does the microscopic

ground state look like? (2) is the charge order centered on the site or on the bonds? (3)

which point-group symmetries are broken and what functional orders emerge as a result?

(4) what are the fluctuation modes? (5) how does charge order interact with competing

states? Microscopic visualization is capable of addressing these fundamental questions, as

demonstrated by an impressive body of scanning tunneling microscopy experiments which

can measure the electronic degree of freedom on the surface. The role of unconventional

lattice behavior, however, has not been explored despite its strong coupling to charge

and orbital textures.

1.3.3 Nomenclature: Charge Order, Charge Density Wave, Stripes

Unfortunately, the literature regarding these ordered phases in inconsistent in naming

conventions; charge order, stripes, charge density waves are used interchangeably. His-

torically, charge density waves is associated with nesting-driven states and states that

undergo sliding under an applied field (NbSe3, blue bronze...). However, it has also been

used extensively in transition-metal dichalcogenides despite the lack of clear nesting and

sliding. Charge order, on the other hand, tends to imply a real space origin based on
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strong interactions and localization of charge. It is also used as a general umbrella term.

Oftentimes, charge order or charge density waves appear as stripes with unidirectional

correlations and hence stripes or charge-order stripes are common terms. However, in the

fields of nickelates, cuprates and manganites, stripes has a specific meaning: the ordering

of doped holes which form antiphase domain walls in an antiferromagnetic matrix 1. We

note that stripes are distinct from spin density waves entwined with charge density waves

(for instance in elemental chromium) because they have distinct temperature dependence

and charge-spin coupling. In this dissertation, we will refer to the ordered phases in

manganites as stripes, charge order or charge-ordered stripes and refrain from calling them

charge density waves 2. The rationale is that manganites exhibit strong electron-electron

and electron-lattice interactions (hence charge order applies) and exhibit magnetic order

with temperature dependence which is distinct from the charge order (hence stripes

applies). In the last chapter, the modulated phase is a trimerization, the clustering of

three metal sites, which can be understood from a chemical bonding perspective.

1.3.4 Overview of Manganites

Perovskites, described by ABO3 where A is a cation, B is a transition metal and O is

oxygen, are structurally and electronically complex compounds with tunable properties

that span superconductivity, metal-insulator transitions, ferroelectricity, ferromagnetism

and more. The metal site is at the center of the unit cell and is surrounded by an octahedral

cage of oxygen atoms. The A-sites sit in the corners of the cell. Depending on the relative

sizes of the A and B cations, the perovskite lattice adopts various distorted structures,

driven by cation offsets, oxygen octahedral rotations, and compression/expansions. Due
1Manganites also contain orbital order
2Note that in our published work we did refer to these states as charge density wave. That said, we

clarified that we do not imply a specific microscopic origin by using the term.
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1.3. Charge Order

Figure 1.5: Crystal field splitting in perovskite oxides. The d-orbitals split into a three-
fold degenerate manifold (t2g) and a two-fold degenerate manifold (eg), the latter being
higher in energy. Reproduced from [78].

to the octahedral coordination and crystal-field splitting, the transition-metal d-orbitals

are split into t2g and eg manifolds, separated by an energy scale of ∼ 1 eV. The t2g

manifold is three-fold degenerate and the eg manifold is two-fold degenerate. For partial

occupation of a given manifold, a degeneracy occurs which may be lifted by coupling to

a structural distortion such as a Jahn-teller distortion.

The incredible tunability of these compounds also hinges on the hiearchical filling of

the d-orbitals and intra- and inter-site exchange couplings between the electrons. Hund’s

coupling dictates that, within a site, the spin of electrons orders such that the system

maximizes its spin angular momentum, S. Through oxygen ligands linking metal sites,

superexchange interactions favor antiferromagnetic coupling for 180◦ metal-oxygen-metal

bonds and ferromagnetic coupling for 90◦ metal-oxygen-metal bonds, if the d-orbitals are

half filled. The combinations of these and other interactions generate a bewildering array

of structural, orbital and magnetic orders.
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Figure 1.6: Orbital and Structural Order in Manganites. a. LaMnO3 has one electron in
the eg manifold which causes an electronic degeneracy. Jahn-Teller distortion, in this
case the expansion in the z-direction, lifts the degeneracy of the eg manifold, lowering
the dz2 energy and increasing the dx2−y2 energy. Despite the elastic energy of deforming
the lattice, the system lowers its total energy by lowering of the electronic energy. b.
The rigid octahedral network induces cooperative distortions which in turn couple to
orbital order. c. Given the orbital arrangement in LaMnO3, the system also forms A-type
antiferromagnetic order in which spins (arrows) couple ferromagnetically within the basal
plane and antiferromagnetically between the planes. Adapted from [79].

Manganites capture much of the complexity of oxides. Starting with the parent

compound LaMnO3 (La3+, Mn3+), the electronic configuration is expected to be t32ge1
g

based on Hund’s rule (maximize S) [80]. The eg orbital is partially occupied and hence a

degeneracy occurs; the electron can occupy either the dz2 orbital or the dx2−y2 orbital. A

structural distortion known as Jahn-Teller distortion may lift the degeneracy, however, due

to the rigid octahedral network, the expansion of one octahedron implies the compression

of its neighbor. Hence, an ordered pattern of structural distortion and orbital occupation

emerges. The ground state of LaMnO3 is further enriched by magnetic order since

superexchange between oriented orbitals favors A-type antiferromagnetism: the spins are

coupled ferromagnetically with the basal plane and antiferromagnetically between the

planes.

By doping these compounds with divalent cations (eg Ca2+, Sr2+), holes are introduced
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1.3. Charge Order

Figure 1.7: Phase diagram of manganites with different A sites. In both systems,
increased hole doping traverses various incompatible states including metallic, insulating,
ferromagnetic, paramagnetic, or antiferromagnetic phases. Adapted from [86].

and the parent electronic structure is destabilized, unleashing a broad array of novel

properties. Such solid solutions and their magnetic properties were first studied in the

1950’s [81, 82]. Following decades of characterization, it is now clear that manganites

exhibit rich phase diagrams, hosting various arrangements of antiferromagnetic order,

ferromagnetism, metallicity, and insulating ground states [83–85]. Exemplary phase

diagrams of RE1−xSrxMnO3 (RE = La, Nd) are shown in Fig 1.7 [86]. At high temperature,

the material is a paramagnetic insulator for a wide doping range. At low temperature

and for doping between x = 0 and x = 0.2, the system enters a ferromagnetic, metallic

phase mediated by the double-exchange mechanism. An eg electron can delocalize to

a neighboring empty eg manifold but Hund’s coupling requires spin alignment which

induces ferromagnetic coupling (Zener double-exchange [87]). For increased doping

(x ≥ 0.5), the holes may order periodically forming insulating, charge-ordered phases

with antiferromagnetic order.
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In the 1980’s, the discovery of the colossal magnetoresistance (CMR) effect, whereby

the resistivity changes by many orders of magnitudes with the application of a magnetic

field, stimulated investigations of the microscopic ground states in manganites [88, 89].

The CMR effect manifests as a result of nanoscale competition between insulating, charge-

ordered patches and ferromagnetic, metallic patches, suggesting that these distinct ground

states are close in energy. The application of a magnetic field aligns the ferromagnetic

islands and enhances the hopping of eg electrons via the Zener double-exchange mechanism.

This discovery shadowed the observations of charge order stripes in nickelates and

high-temperature cuprate superconductors, which unleashed concerted theoretical and

experimental efforts towards understanding the microscopics of these ordered phases.

In particular, the exact orbital and structural motifs within the charge order supercell

mediate the types of magnetic exchange that occur and the point-group symmetry of the

system, which in turn determines the coupling of charge order to other ferroic states.

For large enough hole doping (x ≥ 0.5), the extra charge may form various periodic

patterns. The conventional Goodenough model proposes localization of Mn3+ and Mn4+

cations into a checkerboard pattern, followed by orbital zig-zag chains. A dizzying array

of models and corrections have been proposed subsequently. For instance, spectroscopic

studies ruled out full electronic localization in favor of fractional change in the electron oc-

cupation. In overdoped samples, early TEM visualizations proposed more exotic patterns

such as bi-stripes in which the charge order maintains the x = 1/2 pattern but forms

domain walls which compensate for the off-stoichiometry [90]. Other studies suggested

that the charge-order is a continuous charge density wave with uniform periodicity, partly

because many manganites exhibit incommensurate periodicities in bulk measurements

which are difficult to reconcile with discrete charge order [91–93]. To complicate matters

further, some structural refinements produced a radically different ordered phase at half-
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a b

c d

e

Figure 1.8: Charge order in hold-doped manganites. a, b. Proposed charge/orbital
patterns hole-doped manganites with x = 1/2 and x = 2/3. c. Transmission electron
microscopy (TEM) measurement of bond modulation in a half-doped, charge-ordered
manganite. Unrealistic distortions are observed, with bonds modulating by as much
as 0.7 Å. d. Early TEM observation of striped pattern in the charge-ordered phase
for x = 2/3. The contrast mechanism, however, is complicated and the details of the
microscopic ground state have been a subject of debate. e. Nanoscale inhomogeneity
observed with TEM which further complicates the study of charge-ordered manganites.
Adapted from [14, 90].

doping which was termed the Zener polaron [94]. In this model, the ordering is centered

on the bonds instead of the sites (Mn), which inspired subsequent studies supporting or

questioning this model.

These ordered phases tend to be highly disordered and exhibit temperature dependence

in their electronic anisotropy, superlattice periodicity, and long-range correlations. These

wildly differing perspectives are difficult to reconcile experimentally, especially given that

most investigations have relied on bulk-averaged measurements. Previous microscopy

measurements also suffered from poor resolution and unruly contrast mechanisms, as

demonstrated by the unrealistically large bond length variations measured in a half-doped

manganite (Fig. 1.8a,c). With the STEM technique, we shall overcome these complications

and address fundamental questions about the nature and behavior of charge-ordered
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systems, including manganites with different doping levels and a layered material.

1.4 Thesis Outline

The overwhelming majority of STEM measurements have been performed at room

temperature, as stage stability is crucial for obtaining high resolution, high signal-to-

noise data. In the field of condensed matter physics, many families of materials exhibit

fascinating behavior directly tied to the quantum-mechanical nature of the electrons and

their interactions with the lattice or with each other. These phenomena often occur well

below room temperature because at high temperatures electrons have enough thermal

energy to wash out the more subtle, exotic effects. Achieving cryogenic capabilities

in STEM is therefore paramount to accessing and probing low temperature phases

including high-temperature superconductivity, charge order, multiferroics, metal-insulator

transitions, magnetic transitions, and more.

The main experimental achievement of this dissertation is the development of cryogenic

STEM with high resolution and picometer precision, which enables unprecedented visual-

izations of subtle and exotic electronic matter. We will focus on applying novel STEM

techniques to visualize and understand charge-order phases including their microscopic

ground state and their complex phenomenology.

Chapter 2 introduces a model charge-ordered system, a manganite with a tunable

transition temperature. Through chemical modification, this material transitions into

its charge-ordered phases right above room temperature. Using STEM, we develop a

method to extract tiny displacements, trillionth of a meter in magnitude or a hundred

times smaller than bond length, which emerge with charge ordering. This helps us clarify

the underlying ground state of the charge-ordered phase and visualize fluctuations in the

23



1.4. Thesis Outline

ordered field including phase elasticity and competition between two states.

Chapter 3 demonstrates the first cryogenic STEM results with sub-Angstrom resolution

and picometer precision. We study the same material from the previous chapter under

cooling and observe how the fluctuations change with temperature. Our measurements lay

bare the beauty of phase fluctuations which underlie macroscopic properties of complex

order parameters containing a phase and an amplitude. Despite a well-defined amplitude

near the transition temperature, phase fluctuations destroy long range ordering. Lowering

temperature diminishes topological defects and establishes more phase coherence. At

the same time, we present insights into the nature of incommensurate charge order in

which the period of modulations appear as non-integer multiple of the crystalline lattice

parameter. It turns out the charge order is locally commensurate but is disturbed by

specific phase defects which cause the measured periodicity to seemingly deviate from its

true value in bulk measurements.

Chapter 4 addresses the microscopic nature of charge and orbital order in a half-

doped manganite. This phase occurs below 150 K, making cryogenic STEM an absolute

necessity. In these compounds, both site-centered (stripe) and bond-centered (bi-stripe)

orders have been proposed, the latter being termed the Zener polaron. Using cryogenic

scanning transmission electron microscopy, we map the charge-ordered structure in a

Nd1/2Sr1/2MnO3 thin film by measuring picoscale periodic lattice distortions. We find

two distinct ground states coexisting over tens of nanometers. The first is consistent with

site-centered order. The second represents bi-stripes which, unlike the Zener polaron, are

not purely bond-centered. Instead, the bi-stripes are intermediate between bond- and

site-centered order and break inversion symmetry. Such detailed and local observations

reveal the underlying ground states and symmetries of charge- and orbital-ordered states.

Chapter 5 introduces transition-metal dichalcogenides, compounds with a layered
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structure and putative two-dimensional character. When the chalcogen is tellurium, these

materials exhibit prominent interlayer character and significant electronic-lattice modu-

lations such as dimerization and trimerization. Using cryogenic scanning transmission

electron microscopy (STEM), we map the atomic-scale structures of the high temperature

(HT) and low temperature (LT) modulated phases in 1T’-TaTe2. At HT, we directly

show in-plane metal distortions which form trimerized clusters and staggered, three-layer

stacking. Unlike manganites where the atoms and the displacements stack coherently

along the imaging direction, this system contains complex stacking which is problematic

due to the projection nature of STEM. We develop new tools to extract structural

information from contrast modulation in the atomic resolution STEM image and visualize

an additional, orthogonal trimerization involving Ta sites and subtle distortions of Te

site at low temperatures. Coupled with density functional theory calculations and image

simulations, this approach overcomes limitations of projection imaging and opens the door

for atomic-scale visualization of complex stacking order in a variety of layered systems.
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Chapter 2

Competition, Bending and Breaking

of Charge-Order Stripes

2.1 Background

In order to determine the ground state of charge-ordered manganites, we first develop

a method to map the lattice behavior below the transition temperature. The system

we choose utilizes bismuth (Bi) in the A-sites instead of a rare-earth element because

Bi increases the transition temperature to above room temperature [96–99]. In fact,

the transition temperature can be as high as 500 K in Bi-based compounds whereas

rare-earth compounds typically transition at temperatures below 200 K [100]. The origin

of the enhanced charge ordering temperature in Bi compounds likely reflects the enhanced

covalent character of Bi, which comes from lone pair 6p2 electrons that further hybridize

The work constituting this chapter is published in Nature Communications (2017) [95]. The article
is co-authored by Benjamin H. Savitzky and Ismail El Baggari with equal contribution.
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with oxygen and Mn valence states [98, 100]. Furthermore, by tuning the divalent cation

(Ca2+, Sr2+) composition, the transition temperature can be modified continuously from

below room temperature to very high temperature, allowing investigations of the charge

order correlations near, above, or well below the transition temperature all while operating

the TEM at stable room temperature [92, 96, 101]. It was proposed that the charge

order structure in Bi1−xCaxMnO3 for x ∼ 2/3 is bi-striped order, based on TEM contrast

observations [96]. However, as pointed out in that same article and elsewhere, the TEM

contrast deviates dramatically with external factors like defocus and thickness, making

interpretation of the ground state suspect [92, 96, 102, 103].

In this chapter, we use room temperature STEM in a Bi-based manganite whose

transition temperature is tuned to slightly above room temperature. We obtain inter-

pretable, Z-contrast images of the atomic lattice and evidence for the presence of a

modulated state. We will discuss in great detail a novel and robust method which enables

the extraction of periodic structural modulations with picometer precision. Not only

do we directly visualize the ground state, which deviates from the proposed bi-stripe

model, but also observe fascinating fluctuations of the order parameter. Indeed, since the

imaging is performed slightly below the transition temperature, these fluctuations are

expected, however, they have not been characterized with high precision. The methods

developed in this chapter allow us to investigate a variety of fundamental questions about

the nature and behavior of electron-lattice order.

2.1.1 Methods – Growth and Characterization

Sample Preparation Bi1−xSrx−yCayMnO3 (BSCMO) single crystals were grown using

the flux method, using Bi2O3, CaCO3, SrCO3, and Mn2O3. Sample preparation for

electron microscopy and energy dispersive X-ray spectroscopy (EDX) were performed on
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a FEI Strata 400 Focused Ion Beam (FIB). From EDX, the composition was determined

to be approximately x = 0.65 and y = 0.47 (Fig. 2.1) with negligible variations over the

whole sample (size 0.34 × 0.28 mm).

A thin, electron transparent cross section of BSCMO was extracted using FIB lift

out, with estimated thickness in the imaging region ranging from 10 to 30 nm. Reflective

polarized optical microscopy reveals approximately 100 µm crystal twin domains (Fig. 2.2);

FIB liftout was performed within one domain to avoid the complications of crystal

twinning. Moreover, the STEM data presented in this chapter is representative of many

datasets acquired over an area of ∼2 µm extent, suggesting that the phenomena we

observe cannot be the result of imaging along a twin boundary. Based on electron

diffraction, the orientation of the sample was along the b-direction (orthorhombic axis) in

the Pnma space group. No evidence of crystal twinning exists in any diffraction patterns

of the regions examined, indicating the area of study did not include twins of the a/b

or b /c axes. At room temperature (293 K), BSCMO exhibits satellite peaks (arrows),

indicating the presence of charge ordering.

Electron Microscopy We performed atomic-resolution imaging in an aberration

corrected scanning transmission electron microscope (FEI Titan Themis) operating at

300 kV. The beam convergence angle was 30 mrad or 21.4 mrad. For Z-contrast imaging,

we collected high-angle annular dark field images where the inner and outer collection

angles were 68 and 340 mrad, respectively. During STEM imaging the sample experienced

an approximately 2 T magnetic field due to its position inside the objective lens, as

determined from a Hall bar measurement. In order to minimize the effect of scan noise

and stage drift, we acquired 20 to 30 images in rapid succession with a 2 µm/s dwell time.

We registered and averaged stacks of images using both rigid registration and non-rigid

registration methods and found similar results. Data was acquired at 27.4 pm/pixel, and
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acquisition was optimized for pixel density, field of view and Fourier space sampling. We

performed atom-tracking with picometer precision by fitting two-dimensional Gaussians

to atomic columns using various optimization packages (scipy, photutils, MATLAB) and

found consistent results. Atomically resolved EELS spectroscopic mapping was performed

in an aberration corrected NION UltraSTEM at an accelerating voltage of 100 kV and a

beam convergence angle of 30 mrad.

2.1.2 Thermodynamic Evidence for Charge Order at Room

Temperature

The chosen composition, especially the use of bismuth in lieu of a rare-earth element,

increases the charge ordering transition temperature to above room temperature [96–99].

Temperature-dependent resistivity and magnetic susceptibility measurements on the host

BSCMO crystal reveal an anomaly at Tc = 315 K and 318 K, respectively (Fig. 2.3 and

Fig. 2.4). Instead of a sharp phase transition, we observe a broad and gradual transition.

The anomaly indicates the formation of charge ordering in this compound above room

temperature. The nominal critical temperature was determined by finding the minima of

the four d(log ρ)
dt curves following a mild Gaussian smoothing, yielding Tc = 315± 0.5K.

Transport curves measured at zero field are nearly identical to those measured under

application of a 2 T magnetic field, comparable to that of the microscope objective at the

position of the specimen (Fig. 2.3). Note that resistivity measurements are performed on

single crystals (∼0.5 × 0.5 mm) with multiple orthorhombic twin domains (typical size

∼100 µm).

Room-temperature electron diffraction (Fig. 2.5) shows the presence of superlattice

peaks accompanying crystalline Bragg peak, which is evidence for the presence of a
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Figure 2.1: Energy Dispersive X-ray Spectroscopy. The sample composition
was determined using energy dispersive X-ray spectroscopy. We determined the
Bi1−xSrx−yCayMnO3 composition to be approximately x = 0.65 and y = 0.47. We
observed negligible variations in the composition across the sample.

Figure 2.2: Linear polarized optical microscopy of BSCMO twin domains. Linear polarized
optical microscopy shows orthorhombic twin domains of ∼100 µm extent in the crystals
under study. Left and right images are taken under different analyzer angles (A) with
fixed light polarization direction (P). In contrast, the electron diffraction data shown
corresponds to a ∼1 µm diameter selected area, and the HAADF-STEM data has a ∼30
nm field of view.
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Figure 2.3: Temperature dependence of the electrical resistivity at 0 T and 2 T. Electrical
resistivity of Bi0.35Sr0.18Ca0.47MnO3 (BSCMO) as a function of temperature and thermal
cycling. As shown in the inset, a resistivity anomaly associated with charge-ordering
occurs just above room temperature (315K) and has thermal cycling dependence (color
indicates heating or cooling). The charge-ordering critical temperature is seen more
clearly in the d(log ρ)

dt plot. Measurements were repeated in the absence and presence of a
∼2 T applied magnetic field comparable to that of the objective lens at the position of
the specimen.

modulated structure. Field-free electron diffraction, with the objective lens turned off,

showed no discernible changes in the superlattice structure (Fig. 2.5a) , consistent with

the magnetic field dependent resistivity measurements and suggesting the charge ordered

state is robust to the applied magnetic field. While charge ordering is known to compete

with ferromagnetism in manganites, the transport and diffraction data indicates that

the 2 T magnetic field is insufficient for triggering changes in the charge order structure.

This is also the case in other overdoped compounds (x > 0.5) where charge ordering

is robust to relatively small magnetic perturbation. These bulk measurements are the
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Figure 2.4: Temperature dependence of the magnetic susceptibility. Magnetic susceptibil-
ity (left axis, filled symbols) and its temperature derivative (right axis, open symbols) of
Bi0.35Sr0.18Ca0.47MnO3 as a function of temperature. A phase transition is apparent as a
peak in the derivative curve at Tc ∼ 318 K, which is comparable to that indicated by
resistivity measurements.

first line of attack for discovering and understanding the basic properties of charge-

ordered compounds. A microscopic understanding, however, requires local, atomic-scale

visualizations, especially given that multiple ground states consistent with bulk data

have been proposed. Another complication is the prevalence of local fluctuations which

profoundly alter macroscopic behavior and require local probes. The rest of this chapter

will develop a powerful methodology to map the lattice response in charge-ordered

systems. In particular, we will directly visualize and identify the correct ordering model

of manganite systems, map beautiful defects and fluctuations which are intrinsic to the

order parameter, and postulate a theory for the interaction between competing states –

in this case, two orthogonal modulations. The new method is applicable to other order

parameters, especially those that have a finite wavevector and break the translational

crystalline symmetry.
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aa ab

Figure 2.5: Electron diffraction at 0 T and 2 T. a, b. Electron diffraction in the presence
of an applied magnetic field of ∼0 T and ∼2 T, respectively. The latter measurement is
representative of the sample conditions during STEM imaging, during which the objective
lens of the electron microscope induces a strong magnetic field perpendicular to the
sample plane. The former measurement was performed with the objective lens turned
off, under an estimated magnetic field of < 3 mT. Note that the slight bending of the
diffraction pattern in a results from the imperfect electron optics in field-free conditions.
The two diffraction patterns are otherwise comparable, further indicating that the ordered
structure under study are robust to the object lens’ magnetic field.

2.2 Methods – Periodic Lattice Displacement Mapping

2.2.1 Structure factor

To visualize the nature of the charge-ordered state in real space, we first derive the Fourier

transform, or the structure factor, of an atomic lattice modulated by periodic lattice

displacements. We will find that such modulations have clear signatures in reciprocal

space. Further, the presence of both amplitude and phase information in the Fourier

transform will enable the extraction of the precise periodic displacement pattern in real
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space. Let I(r) be the input STEM image, where r ∈ R2, let R be the set of all atomic

column positions R, and let δ(r) be the Dirac delta function. We write the image I(r) as

I(r) =
∑

R∈R
f (r−R) (2.1)

= f (r) ∗
∑

R∈R
δ (r−R) (2.2)

where ∗ indicates a convolution and f(r) is a form factor describing the STEM signal

about each atomic site, incorporating the scattering cross section of high energy electrons

with the projected potentials of the atomic columns, the finite point spread function of

the electron beam, and channeling effects. For simplicity we consider the case of a single

atomic species here, however, it is possible to include multiple form factors fi(r).

Above, the set R is generic; let R{0} be the set of all lattice points in an unmodulated

lattice, which we here take for simplicity to be a Bravais lattice in two dimensions,

R{0} ≡ {R{0}ij = ia1 + ja2 | i, j ∈ Z}. For a lattice with a single sinusoidal modulation

given by a modulation wavevector q1, we then write the set of all lattice points as R{q1},

for a lattice with two coexisting modulations q1 and q2 we write R{q1,q2}, and for a

general set of modulation wavevectors Q ≡ {qi | i ∈ 1 . . . N}, we write RQ to indicate the

set of all lattice points in the lattice modulated by all q ∈ Q. Then RQ ≡ {RQij | i, j ∈ Z},

where modulated lattice sites may now be written in terms of the unmodulated lattice

sites as

Rq
ij = R{0}ij + A sin

(
q ·R{0}ij + φ

)
(2.3)

RQij = R{0}ij +
∑
q∈Q

Aq sin
(
q ·R{0}ij + φq

)
(2.4)

Here we focus on the case of sinusoidal modulations, but periodic modulations with more

general waveforms are implicitly included by allowing Q to include higher order Fourier

components.
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Taking the Fourier transform of an image given by Equation 2.1 with modulated

lattice sites defined in Equation 2.4, we find

FIQ(r) = F

f(r) ∗
∑

R∈RQ

δ (r−R)

 (2.5)

= F (f(r))F

 ∑
R∈RQ

δ (r−R)

 (2.6)

= f(k)
∑

R∈RQ

(F (δ (r−R))) (2.7)

= f(k)
∑

R∈RQ

(
eik·R

)
(2.8)

Using Equation (2.4),

∑
R∈RQ

(
eik·R

)
=

∑
R∈R{0}

exp

ik ·
R +

∑
q∈Q

Aq sin (q ·R + φq)

 (2.9)

=
∑

R∈R{0}

exp [ik ·R] exp

ik ·∑
q∈Q

Aq sin (q ·R + φq)

 (2.10)

=
∑

R∈R{0}

exp [ik ·R]
∏

q∈Q
exp [ik · (Aq sin (q ·R + φq))] (2.11)

The Jacobi-Anger expansion may be written as

eiz sin θ =
∞∑

α=−∞
Jα(z)eiαθ (2.12)

where Jα(z) is the α’th Bessel function of the first kind. Then

∑
R∈RQ

(
eik·R

)
=

∑
R∈R{0}

exp [ik ·R]

·
∏

q∈Q

∞∑
α=−∞

Jα (k ·Aq) exp [iαq ·R] exp [iαφq] (2.13)
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Expanding the product over the N elements in Q,

∑
R∈RQ

(
eik·R

)
=

∑
R∈R{0}

exp [ik ·R]
∞∑

αq1 =−∞
· · ·

∞∑
αqN

=−∞

∏
q∈Q

(
Jαq (k ·Aq)

exp [iαqq ·R] exp [iαqφq]
)

(2.14)

=
∞∑

αq1 =−∞
· · ·

∞∑
αqN

=−∞

( ∑
R∈R{0}

exp [ik ·R] exp

∑
q∈Q

iαqq ·R


·
∏

q∈Q

(
Jαq (k ·Aq) exp [iαqφq]

))
(2.15)

=
∞∑

αq1 =−∞
· · ·

∞∑
αqN

=−∞

( ∑
R∈R{0}

exp

i
k +

∑
q∈Q

αqq

 ·R


·
∏

q∈Q

(
Jαq (k ·Aq) exp [iαqφq]

))
(2.16)

=
∞∑

αq1 =−∞
· · ·

∞∑
αqN

=−∞

( ∑
b∈B{0}

δ

k−

b−
∑
q∈Q

αqq


·
∏

q∈Q

(
Jαq (k ·Aq) exp [iαqφq]

))
(2.17)

where in the last step we’ve used the fact that ∑R∈R{0} exp [ik ·R] = ∑
b∈B{0} δ (k− b),

where B{0} is the reciprocal lattice of Bravais lattice R{0}.

DefiningMαq,q(k) ≡ Jαq (k ·Aq) exp [iαqφq] yields

FIQ(k) =f(k)

·
∞∑

αq1 =−∞
· · ·

∞∑
αqN

=−∞

∑
b∈B{0}

δ

k−

b−
∑
q∈Q

αqq


·
∏

q∈Q
Mαq,q(k) (2.18)
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where B{0} is the reciprocal lattice of R{0}, and

Mαq,q(k) ≡ Jαq (k ·Aq) exp [iαqφq] (2.19)

where Jα(z) is the α’th Bessel function of the first kind. Related calculations of the

Fourier transform of a modulated lattice are found in [104, 105]. Here, the important

observation is that for each of the Bragg peaks on the reciprocal lattice sites, δ (k− b)

for b ∈ B{0}, there are an additional set of satellite peaks offset from the Bragg peak by

the linear combinations of the modulation vectors q ∈ Q, which encode the PLD. The

PLD is thus effectively decoupled from the underlying lattice in Fourier space.

Transverse vs. Longitudinal PLDs in Fourier Space

PLDs have several Fourier space features that are distinct from the Fourier space structure

of similar phenomena, including form factor modulations and superlattices of atomic

species. The experimental features of a PLD are:

• Bragg spots are decorated by satellite spots at ±q and possibly ±αq with high

enough signal-to-noise ratio.

• Bragg spot and satellite spot intensities are modulated by J0(k.A) and J1(k.A)

respectively. As k.A increases, Bragg spot intensities decrease while satellite

intensities increase.

• Clear signatures if the modulation is transverse or longitudinal due to the Jα(k.A)

term which modulates the intensities of superlattice peaks. In other words, the

intensity of the superlattice peak varies from Brillouin zone to the next and as a

function of the k-space coordinates. Part of the challenge in deducing displacement
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patterns from diffraction is the need of collecting superlattice peak intensties from

multiple sectors in reciprocal space.

Distinguishing transverse from longitudinal PLDs is readily accomplished in Fourier

space by observing the intensity pattern of the satellite peaks with varying k. For

simplicity, consider the first harmonic term, α = 1, which experimentally dominates

higher order terms. Using Eq. 2.19, the factors damping each satellite peak are given

here by

c±,i = J1 (k ·Aqi) exp (±iφqi) (2.20)

|c±,i| ≈ k ·Aqi (2.21)

For some modulation wavevector q, consider the satellite peaks about a Bragg peak

b‖ parallel to the modulation q ‖ b‖. At the satellite positions k ≈ b‖ the damping

factor is then |c±,‖| ≈ b‖ ·Aq. Thus |c±,‖| is maximal for a longitudinal PLD where

q ‖ Aq, while |c±,‖| ≈ 0 and the satellite peaks vanish for a transverse PLD where

q ⊥ Aq. In contrast, consider the satellite peaks about a Bragg peak b⊥, perpendicular

to the modulation vector q ⊥ b‖. Now |c±,⊥| is maximal for a transverse PLD where

q ⊥ Aq, while |c±,⊥| ≈ 0 and the satellite peaks vanish for a longitudinal PLD where

q ‖ Aq. These cases are illustrated schematically in Fig. 2.6 assuming a square lattice

for simplicity. Both the STEM Fourier transforms and diffraction patterns (Fig. 2.5) of

BSCMO clearly indicate transverse periodic lattice displacements in BSCMO.

If we have a non-displacive modulation such as cation ordering, then the modulation

takes place in the atomic form factor rather than in the argument of the exponential.

FI(r) =
∑

R∈R{0}

(f0 + f1 sin(q.r))eik.R

=
∑
j

f0eik.Rj +
∑
j

f1 sin(q.r)eik.Rj

(2.22)
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Figure 2.6: Longitudinal vs. transverse periodic lattice displacements (PLDs) in Fourier
space. a, b. Reciprocal space structure of a square lattice modulated by a longitudinal,
displacive modulation along x and y, respectively. c, d. Reciprocal space structure
of a square lattice modulated by a transverse, displacive modulation along x and y,
respectively. STEM Fourier transforms and diffraction of BSCMO indicate transverse
PLDs.
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FI(r) = f0
∑

R∈R{0}

eik.R + 1
2if1

∑
R∈R{0}

ei(k±q).R (2.23)

The f0,1 terms are the atomic form factors. Non-displacive modulations also exhibit

satellite peaks but only at ±q. However, there is no k-dependence in the intensity of the

Bragg peaks nor the satellite peaks. The signatures of periodic lattice displacements are,

therefore, distinct from those of form factor modulations, which allows us to establish,

based on reciprocal space information, which type of order occurs in a given system.

2.2.2 Displacement mapping

Overview

Extracting local atomic positions with picometer precision is a well established and

powerful tool for analysis of high resolution scanning transmission electron microscopy

(STEM) data, and has been used to great effect in describing, for example, local po-

larization in ferroelectrics, interfacial coupling in oxide heterostructures, and tunable

octahedral rotations [53–56, 106–109]. However, the ability to measure the positions of

atomic nuclei is a necessary but not sufficient condition to locally map periodic lattice

displacements. The key challenge is defining a reference lattice: in order to calculate the

atomic displacements, each atomic position measured in the raw data must be compared

to some suitable reference position. In ferroelectrics, defining a reference is comparatively

straightforward, for example by measuring the displacements of a central B-site atom

with respect to a surrounding A-site cage or an oxygen cage in a unit cell of ABO3

[53–56, 106]. Here, in contrast, there exists no simple reference against which to measure

the displacement of a given atomic site, further exacerbated by the possibility of disorder,

distinct sublattice behavior, and multiple modulation wavevectors.
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2.2. Methods – Periodic Lattice Displacement Mapping

The method used in this report defines a reference lattice against which the displace-

ments of interest can be measured by leveraging the convenient decoupling of the periodic

lattice displacement (PLD) from its underlying unmodulated lattice in Fourier space: the

unmodulated lattice appears in Fourier space as the usual Bragg peaks, and the PLD

as satellite peaks decorating each Bragg peak. By carefully damping the satellite peaks

in Fourier space, the contribution of the PLD only is removed, and a reference lattice

can be extracted. In addition to making local PLD mapping tenable in the first place,

this approach has two notable advantages: first, multiple independent modulations can

be individually extracted and mapped because they are decoupled in Fourier space; and

second, local distortions from the imaging process are naturally accounted for because

they are present in both the original and reference images.

Below, the details of the method are described. First, the data processing procedure

itself is presented. Next, the validity of the approach is confirmed by comparison to

lattice displacements calculated using a coarser approach which involves only real space

measurements from the raw data. The limits and regime of validity of the approach

are then discussed and illustrated using a variety of simulated datasets, and rigorous

interpretation of the extracted displacements is addressed. The importance of judiciously

choosing an appropriate Fourier space mask is then discussed. Finally, we discuss

important analytical details of our approach relating PLDs in real space and Fourier

space.

Data Processing

The algorithm used to produce periodic lattice displacement maps begins with a single

high resolution STEM image. Let I(r) be the input STEM image. Atomic columns in

I(r) are fit to two dimensional Gaussian functions and their positions extracted. This
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process can be considered a transformation which accepts an image I(r) of the form in

Equation (2.1) and outputs the set of all atomic positions in the image, R. That is

G (I(r)) = G
(
f (r) ∗

∑
R∈R

δ (r−R)
)
≡ R (2.24)

The displacement of atomic column (i, j) for a lattice with a single modulation vector

q1 can then be written as ∆q1
ij = Rq1

ij −R{0}ij . More generally, for a lattice with multiple

coexisting modulations Q, the displacement of each atomic column resulting solely from

modulation vector qp is

∆qp

ij = RQij −RQ\qp

ij (2.25)

where Q\qp indicates the set Q with element qp removed. Thus, Equation (2.25) simply

defines the displacement at each atomic column due to a single modulation as the

difference between atomic positions with and without that modulation present.

Once the lattice positions RQij have been extracted by fitting Gaussians to each atomic

site from an experimental image I(r) = IQ(r), via G
(
IQ(r)

)
= RQ, all that remains is

to find the positions of a reference lattice in which the single modulation vector of interest

qp has been removed, RQ\qp . This may be obtained by fitting the atomic columns of an

image IQ\qp(r) in which qp has been removed, because G
(
IQ\qp(r)

)
= RQ\qp . The task

is therefore to obtain image IQ\qp(r) from an experimental image IQ(r).

Removing the contribution of a single modulation is most naturally approached

in Fourier space. With an image IQ(r) defined according to Equations (2.1,2.4), we
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reproduce the Fourier transform in Eq. 2.18:

FIQ(k) =Ff(k)

·
∞∑

αq1 =−∞
· · ·

∞∑
αqN

=−∞

∑
b∈B{0}

δ

k−

b−
∑
q∈Q

αqq


·
∏

q∈Q
Mαq,q(k) (2.26)

where B{0} is the reciprocal lattice of R{0}, and

Mαq,q(k) ≡ Jαq (k ·Aq) exp [iαqφq] (2.27)

Again, the important feature is that for each of the Bragg peaks on the reciprocal lattice

sites there is an additional set of satellite peaks offset from the Bragg peak by the linear

combinations of the modulation vectors q ∈ Q, which encodes the PLD. The PLD is thus

effectively decoupled from the underlying lattice in Fourier space.

In the experimental BSCMO STEM data here, only first order peaks for the two

modulation vectors q1, q2 are observed, due to the damping of the higher order harmonics

according to |Mα(k)| ≈ 1
α

(
1
2k ·Aq

)α
, where we’ve used the fact that the argument

k ·Aq � 1 (here, |Aq| ≈ 10 pm and k ≤ (1Å)−1, thus k ·Aq ≤ 0.1). Including only the

experimentally observable peaks reduces Equation 2.18 to

FIq1,q2(k) = Ff(k)
∑

b∈B{0}

c0δ (k− b) + c−,1δ (k− (b− q1)) + c+,1δ (k− (b + q1))

+ c−,2δ (k− (b− q2)) + c+,2δ (k− (b + q2))

(2.28)

for complex constants c.

We then define a transformation Dqp which removes the contribution of modulation

qp from a Fourier transform. By definition

Dqp

(
FIQ(k)

)
≡ FIQ\qp(k) (2.29)
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Specifically

Dq1 (FIq1,q2(k)) = Ff(k)
∑

b∈B{0}

c0δ (k− b)

+ c−,2δ (k− (b− q2)) + c+,2δ (k− (b + q2)) (2.30)

Dq2 (FIq1,q2(k)) = Ff(k)
∑

b∈B{0}

c0δ (k− b)

+ c−,1δ (k− (b− q1)) + c+,1δ (k− (b + q1)) (2.31)

Obtaining Dq1 and Dq2 thus requires carefully removing the relevant peaks from the

experimental Fourier transform. Algorithmically, the positions of all detectable satellite

peaks corresponding to a single modulation wavevector q of interest are extracted. A

mask radius is chosen, and the background level for each satellite peak is calculated by

finding a 2D linear fit to the Fourier space amplitude in an annulus about that mask.

The amplitudes inside each masked region is then scaled down to this background level,

while leaving the phase information unaltered, yielding Dqp .

An inverse Fourier transform is taken to obtain a q–damped reference image,

F−1
(
Dqp

(
F
(
IQ(r)

)))
= IQ\qp(r) (2.32)

where F−1 is the inverse Fourier transform. The positions of all atomic sites in IQ\qp(r)

are then extracted by fitting Gaussians to each site, i.e.

G
(
F−1

(
Dqp

(
F
(
IQ(r)

))))
= RQ\qp (2.33)

With both sets of atomic positions RQ and RQ\qp in hand, ∆qp

i,j (r) may then be

directly calculate via Equation 2.25.

As with any processing performed on raw data, in order to correctly interpret the

results of this approach it is necessary to carefully understand precisely its limits, regime
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of validity, and any possible artifacts. The Appendix at the end of this chapter discusses

these points through a combination of simulation, experimental control datasets, and

theoretical considerations.

2.2.3 Phase Mapping

It is possible to demodulate the PLD field (signal) and extract the amplitude or phase

separately. This allows for coarse grained visualizations of the individual components and

their correlations, which is a powerful approach for understanding the fluctuations of the

order parameter. In addition, this method does not rely on measuring displacements on

each atomic column with high accuracy and can be applied to single acquisition images

with noise, large field of view images with limited pixel density, or as an alternative way

of analyzing defects.

We now describe a method to extract the coarse-grained phase field, φ(r), associated

with the order parameter.

∆q1 = A sin(q1 · r + φ(r)) (2.34)

We interpret the phase field as deviations of the q1 modulation from perfect periodicity

(i.e. where φ(r) = φ0 = const). For the PLD in BSCMO, we Fourier filter regions near a

q1 superlattice peak, typically one near the 200 (002) Bragg peak, using a Gaussian filter

with a width σ = L−1 where L is the coarsening length scale in real space. For other

applications, any arbitrary Bragg peak or superlattice peak can be selected, generating

information about different aspects of disorder in the crystal or the order parameter.

We obtain a real space image where all periodicities in the image, except for those

approximating q1 modulation, are removed. Roughly, the filtered image may be described
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Figure 2.7: Connection between disturbed periodicities and phase variations. a. HAADF-
STEM image of an edge dislocation in a SrTiO3 crystal. One atomic plane abruptly
terminates creating the well-known dislocation shape. The Burger’s vector is [100]. b.
Phase map extracted using the phase lock-in method. The phase winds by 2π around
the dislocation core, as expected for an edge dislocation. The lock-in method is able,
therefore, to isolate the phase component from the full order parameter which in this
case involves the periodicity of the crystal and the intensity of the atomic columns. c.
HAADF-STEM image highlighting an antiphase domain boundary. Following the yellow
arrows, it is clear that the upper section is shifted by half a unit cell relative to the
bottom section.

47



2.2. Methods – Periodic Lattice Displacement Mapping

Figure 2.7: (continued) Recall that a unit cell shift corresponds to 2π given the transla-
tional symmetry of a crystal. In this particular antiphase boundary, the phase must have
shifted by ±π d. Map of the phase near the antiphase boundary. The map shows a clear
π shift between the bottom to the top of the image. We also note that the phase lock-in
method was able to extract the phase with high spatial resolution; the phase boundary is
localized to less than 1/2 unit cell and no ringing artifacts were observed.

by

Ĩ(r) ∼ sin(q1 · r + φ(r)) (2.35)

In order to extract φ(r), we use the phase lock-in technique described in [110], where

we generate two reference signals sin(q1 · r) and cos(q1 · r) with perfect q1 periodicity

and multiply them by Ĩ(r) to get X(r) and Y (r) where


X(r) = sin(q1 · r) sin(q1 · r + φ(r))

Y (r) = cos(q1 · r) sin(q1 · r + φ(r))
(2.36)


X(r) = 1

2 (cosφ(r)− cos(2q1 · r + φ(r)))

Y (r) = 1
2 (sinφ(r) + sin(2q1 · r + φ(r)))

(2.37)

We subsequently low pass filter X(r) and Y (r) to get rid of the second high frequency

terms obtaining: 
X̃(r) ≈ cosφ(r)

Ỹ (r) ≈ sinφ(r)
(2.38)

The coarse-grained phase is thus given by

φ(r) = arctan[Ỹ (r)/X̃(r)] (2.39)

The coarsening length must be chosen judiciously in order to simultaneously optimize

the resolution and signal to noise ratio of the resulting coarse grained phase field.
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To illustrate the power of this method and build intuition about its meaning, we apply

it to conspicuous crystalline defects in a SrTiO3 crystal. A crystalline dislocation, with a

burgers vector ~b = [100], is apparent in Fig. 2.7a. Demodulating the signal associated

with the [100] periodicity and extracting the phase yields a phase map (Fig. 2.7b) showing

a beautiful vortex. As shown in Figs. 2.7c and d, this method is also able to visualize

antiphase boundaries with high resolution (∼ unit cell resolution). We shall apply this

technique to extract the PLD phase in BSCMO. The phase variations are more subtle

since they are not visible in the raw data unlike the conspicuous crystalline defects.

2.3 Results – Picoscale Displacement Patterns

The BSCMO orthorhombic perovskite lattice (space group Pnma, Fig. 2.8a) is imaged

in projection along the b-axis with aberration-corrected high-angle annular dark-field

(HAADF)-STEM (Fig. 2.9a), which is sensitive to the Coulomb potential of the atomic

nuclei; heavier Bi/Sr/Ca atomic columns (A-sites) appear brighter than lighter Mn

columns (B-sites) in the Z-contrast image. Electron diffraction (Fig. 2.8b) shows a

constellation of satellite peaks indicating two transverse, displacive PLDs (Figs. 2.8c)

offsetting the atomic lattice with displacements

∆i(r) = Ai sin (qi · r + φi) , i ∈ {1, 2} (2.40)

where Ai, qi, and φi are the PLD amplitude vector, wavevector, and phase, respectively,

and |qi| ≈ 1
3 reciprocal lattice units. Note that valence modulations have been found

to be minimal here and elsewhere [92], therefore the state giving rise to the observed

satellite peaks and accompanying the resistivity anomaly is referred to empirically as the

charge-ordered, agnostic to a particular underlying model. Diffraction shows coexistence

of the two orthogonal PLDs within a 1 µm selected area. A STEM Fourier transform
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(Fig. 2.8c) shows coexistence within a 30 nm field of view. In order to further investigate

the local PLD structure, we extract the displacement vectors associated with each of the

two modulations at every atomic site to generate the PLD maps shown in Fig. 2.9.

Figure 2.8: Periodic lattice displacements in reciprocal space. a. The perovskite structure
of Bi0.35Sr0.18Ca0.47MnO3 (BSCMO) and the projection of the unit cell along the b-axis.
b. High-angle annular dark-field scanning transmission electron microscopy projection
image along the b-axis. The heavier (Bi, Sr, Ca)-sites (green) appear brighter than the
lighter Mn-sites (red). b. Electron diffraction over a 1 µm selected area and the Fourier
transform of a 30 nm field of view scanning transmission electron microscopy image of
BSCMO along the b-axis. Satellite peaks corresponding to two transverse and displacive
modulations with perpendicular wavevectors q1 ≈ 1/3 a∗ and q2 ≈ 1/3 c∗ are indicated
by blue and red arrows, respectively. The intensity of a satellite peak is reduced when
its reciprocal vector, k = (kx, ky), is not parallel to the modulation polarization Ai and
vanishes when k ·Ai = 0, as expected for transverse polarization.

To calculate the PLD fields ∆i(r) shown in Fig. 2.9, we first fit all atomic positions

in our STEM data with approximately 2 picometer precision, an approach which has

recently emerged as a powerful, quantitative characterization tool [51, 55, 56]. However,

in contrast to prior STEM atom tracking work, the key challenge in mapping PLDs

is defining an appropriate reference lattice, which is complicated by the presence of
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Figure 2.9: Mapping picometer scale, periodic displacements of atomic lattice sites. a.
High-angle annular dark-field scanning transmission electron microscopy projection image
along the b-axis. b. Mapping picometer scale periodic lattice displacements (PLDs)
∆1(r) at each atomic lattice site in response to a single modulation wavevector q1. PLD
maps indicate a displacive modulation rather than an intensity modulation (cation order,
charge disproportionation) with transverse polarization and 3a periodicity. Triangles
represent displacements, with the area scaling linearly with displacement amplitude. The
color represents the angle of the polarization vector, A1, relative to the modulation
wavevector, q1, where blue (yellow) correspond to 90◦(-90◦) as indicated in the colorbar.
c. Map of ∆2(r) displacements at each atomic lattice site in response to q2 in the same
region as (a,b). The significantly weaker ∆2(r) response is characteristic of locally striped,
rather than checkerboard, ordering.

local PLD phase variations and multiple interpenetrating modulations. Our approach

generates a reference image in which the contribution of a single modulation has been

selectively removed, by damping all of the relevant satellite peaks from the Fourier

transform of the original image, as is described in great detail in the previous subsections.

Fitting and subtracting corresponding lattice positions from the image pair yields ∆i(r)

quantitatively. Damping the q1 satellite peaks (Figs. 2.8b,c, blue arrows) generates a

map of ∆1(r) (Fig. 2.9b), while damping the q2 satellite peaks (Figs. 2.8b,d, red arrows)

maps ∆2(r) (Fig. 2.9c). Simulations indicate that our method accurately reconstructs

the PLD structure everywhere except at lattice sites directly adjacent to atomically sharp
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discontinuities in the PLD field. Analytical and algorithmic details, simulations, and

error analysis are in the previous subsections.

The displacements appear to stack coherently along the b-direction (imaging direction).

In addition to the scaling of HAADF intensity with the atomic number, the scattering

cross section also depends on the electron beam propagation in the crystal, i.e., electron

channeling. If the atomic displacements stack incoherently along the b-direction, we

expect changes in the intensity of the modulated atomic columns in projection as compared

to the unmodulated columns [111–115]. Since the A-sites contain multiple elements (Bi,

Sr, Ca) and hence display different intensity values due to varying concentrations, we

focus instead on Mn sites. Figure 2.10 shows Mn intensity as a function of position; no

periodic changes in Mn intensity appear along the modulation wavevector, within the

experimental detection limit.

We perform additional STEM measurements along new zone axes and find no evidence

of out-of-plane lattice modulations. We thinned a new sample along a different direction

(45 degrees relative to the previous sample), which allows access to the [110] direction.

Tilting the stage gives access to the [100] and [111] directions in the same newly-prepared

sample. The stability of the holder worsened at high tilts so we did not acquire multiple

fast-acquisition images when imaging the [100] zone axis.

Along all these new imaging orientations, charge-lattice modulations are not detected

(Fig. 2.11b-d). The Fourier transforms of the real space images show no superlattice

peaks that correspond to charge ordering within the detection limit; only Bragg peaks

associated with the orthorhombic cell are present (green circles). We also performed

electron diffraction for the [110] and [100] zone axes, to increase the signal-to-noise of

potential superlattice peaks. However, no peaks are detected along the new zone axes.

We confirmed that modulations are indeed present by imaging the [010] axis (Fig. 2.11a,
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Figure 2.10: Absence of intensity modulation of displaced Mn-columns. a. Mapping
of PLDs in a well-ordered region at room temperature. b. Fitting two-dimensional
Gaussians to the whole image, we obtain the intensities on Mn-columns and plot them as
a function of atomic column position. We observe no intensity variations in the displaced
columns (red) compared to the neighboring, non-displaced columns (blue), suggesting
that the atoms stack similarly along the b-direction.

red arrows) in the same newly-prepared sample. The data suggest that there are no

significant out-of-plane (b-axis) displacements.

We also note that previous neutron powder diffraction refinements on related com-

pounds (La1/3Ca2/3MnO3 and Pr1/2Ca1/2MnO3) show that bond length changes occur

primarily in the ac-plane of the Pnma space group [116, 117]. In Fernandez-Diaz et al.

[116], the ab-plane is in the Pbnm notation, which corresponds to the ac-plane in Pnma

notation.

The microscopic structure of charge-ordered phases in manganites remains contested

[94, 117, 118]. While the periodicity of charge-ordered phases are well-determined,
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Figure 2.11: Absence of out-of-plane (b-axis) lattice modulations. The b-axis corresponds
to the [010] direction.
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Figure 2.11: (continued) a-e. HAADF-STEM images (left) of the [010],[110], [111]
and [100] zone axes and their respective FT amplitudes (right). Red arrows highlight
superlattice peaks due to charge order modulations and green circles highlight peaks
associated with the orthorhombic crystalline lattice. The modulations appear only in the
[010] axis, suggesting that the displacement do no exhibit an out-of-plane component.
The FTs are taken from larger regions and are not on the same scale.

most electron, X-ray and neutron diffraction data have not conclusively determined the

exact intra-unit-cell arrangement in the ordered phase [90, 96, 102, 119, 120]. Similarly,

dark-field and conventional TEM have visualized striped superstructures but could not

determine the origin and the microscopic details within the stripes. Here, the ∆1(r) map

in Fig. 2.9b furnishes real-space evidence for displacive lattice modulations of both the

Bi/Sr/Ca sites and the Mn sites, with respective amplitudes of 6.2 pm and 8.2 pm on

the maximal sites. The three-fold superstructure emerges from alternating displacements

which are transverse to the modulation wavevector. Further, the displacement pattern is

sinusoidal, as determined by a fit to aggregated displacements Fig. 2.14.

In the case of manganites with x ∼ 2/3 doping, two distinct models have bee proposed.

The first is the so-called Wigner crystal model, in analogy to Wigner crystallization in

dilute metals, where excess charge is localized as far apart as possible due to Coulomb

repulsion (Fig. 2.12a,b) [119]. An alternative model is the bi-stripe model which was

deduced based on transmission electron microscopy data [90, 96]. The system adopts the

orbital and charge arrangement of half-doped manganites, forming a 2 unit-cell orbital

zig-zag pattern, and compensates for the off-stoichiometry by forming charge-depleted

domain walls (Fig. 2.12c,d and Fig. 2.13). A careful crystallographic study by Radaelli

et al. argued that the proposed bi-stripe model is likely an imaging artifact, given that

unrealistic bond-length modulations appeared in the TEM images [119]. Using neutron

and X-ray crystallography, and considering two crystal models representing plausible
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Figure 2.12: Orbital and structural models for charge ordering near x ∼ 2/3 doping. a.
Orbital arrangement in the Wigner model. In analogy to Wigner crystallization in low
density metals, the localized charges maximize their separation due to Coulomb repulsion.
The three-fold supercell emerges from such orbital arrangement. b. Displacement pattern
in the Wigner model. Structural refinements find a dominant transverse component
to the displacements. The superlattice emerges from a sinusoidal modulation of these
displacements. c. Orbital arrangement in the Bi-stripe model. The orbital adopts the
arrangement of the half-doped compounds (see next figure) and create stacking faults
or domain walls to compensate for the missing charge. In this picture, the various
doping-dependent periodicities observed in manganites simply reflect different sequences
of these domain walls. d. Displacement pattern in the Bi-stripe model. The displacement
pattern is non-sinusoidal.

Figure 2.13: Orbital and structural models for charge ordering near x ∼ 1/2 doping.
a. Orbital arrangement at half doping, assuming the canonical Goodenough model. b.
Displacement pattern at half doping, forming a two-fold superlattice. This supercell is
the basic building block of other periodicities in the bi-stripe model for x ≥ 1/2.
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Figure 2.14: Sinusoidal periodic lattice displacements in agreement with the Wigner
model. Blue dots represent aggregated displacements for each column of atomic sites and
the red line is a sine function fit. The bi-stripe structure has a non-sinusoidal displacement
pattern which we do not osberve in our data.

Wigner and bi-stripe order, the authors favored the Wigner model. They found strong

signatures of transverse displacements and generated bi-stripe and Wigner displacement

patterns, the latter showing a better agreement with their data. Yet they could not

confidently rule out the bi-stripe model. In their own words (emphasis added), they say

[119]

The present work, based on the analysis of the crystal and magnetic struc-

tures, establishes with a good degree of confidence that the ordering of the

Mn3+ and Mn3+ cations corresponds to the Wigner-crystal arrangement. Al-

though the data do not allow us to preclude the transverse bi-stripe

modulation entirely, we do not believe that the evidence supports this

model.

Using STEM and atom tracking, we are able to directly visualize the intimate details
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of the three-fold superlattice and avoid common pitfalls associated with area-averaged

diffraction such as contributions from twin domains and phase defects. In the well-ordered

region shown in Fig. 2.9, we therefore obtained a direct visualization of the Wigner-

crystal model which involves sinusoidal transverse displacements. We did not observe a

bi-stripe structure despite mapping multiple, large fields of view and sample regions. The

non-sinusoidal nature of the bi-stripe order, including sharp domain walls, should appear

in the Fourier transforms of large fields of view, yet we do not observe such phenomena.

2.4 Results – Domains

The superposition of multiple modulations can further mask the underlying microscopic

mechanism behind charge order formation. For instance, distinguishing bi-directional

modulations from spatially anti-correlated unidirectional domains (stripes) is essential

but challenging, as both have the same average reciprocal-space structure and introduce

complications for structural refinements (Fig. 2.15) [121–125]. Our data clearly indicates

that locally, BSCMO forms striped states: where one PLD is suppressed, the other is

strong, starkly illustrated in the ∆1(r) and ∆2(r) maps of identical regions in Figs. 2.9b,c.

Zooming out, Fig. 2.16 maps the combined displacement field ∆(r) = ∆1(r)+∆2(r) over

a 30 nm field of view, in which a ∆1–dominant region, readily identified by its transverse

polarization relative to q1 (blue/yellow triangles), occupies the right side of the frame,

while a ∆2(r)–dominant region occupies the upper left corner (red/green triangles). We

reiterate that the imaged regions of the sample do not contain crystalline twins so the

orthogonal PLD domains are due to intrinsic fluctuations of the order parameter.

Notably, regions in which both ∆1(r) and ∆2(r) are present are also observed, such

as the bottom left corner of Fig. 2.16. Quenched disorder tends to broaden phase
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Figure 2.15: Unidirectional vs bi-directional order. a. Electron diffraction over a micron
selected area. Satellite peaks corresponding to two transverse and displacive modulations
with perpendicular wavevectors q1 ≈ 1/3 a∗ and q2 ≈ 1/3 c∗ are indicated by red and
blue arrows, respectively. c,d. (left) Bi-directional states contain overlapping modulation
whole striped states contain locally unidirectional modulations. (right) The spatially-
averaged reciprocal space structure cannot definitively determine the local symmetry.
Both 90 degree-rotated domains of stripes and bi-directional order are consistent with
the reciprocal space data in which two orthogonal directions are present.

transitions and favors enhanced isotropy in the nascent ordered state, and theoretically

has been shown to induce apparent fourfold symmetry in 2D striped phases [124–126].

We believe the bi-directional regions we observe result from quenched disorder and

attendant fluctuations; varying intensity of atomic columns clearly indicates frozen cation

disorder in our data. That said, we do not observe a direct correlation between the

chemical arrangement and the variations in the order parameter, suggesting that the

impurity coupling is in the weak-coupling regime. The bi-directional ordering could also

result from projection through stacked ∆1(r) and ∆2(r) domains in the out-of-plane

(b-axis) direction. In either case, the two modulations are predominantly anti-correlated

in our data with some regions exhibiting coexistence of both and we conclude that
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the symmetry breaking in the disorder-free “clean” limit in this system is very likely

striped/unidirectional.

Figure 2.17 shows another field of view in which we observe bi-directional order. In

this case, the ∆2(r) order parameter is embedded within the ∆1(r) field and no well-

defined geometric boundary occurs, ruling out orthorhombic, crystalline twinning. The

∆1(r) map exhibits significant fluctuations, most notably regions where the displacement

amplitude is reduced (Fig. 2.17a). It is in those exact regions that ∆2(r) emerges which

is indicative of nanoscale competition (Fig. 2.17b). Let us define complex-valued, coarse-

grained fields, ∆̃1(r) and ∆̃2(r) which may be extracted by Fourier filtering regions near

the q1 and q2 superlattice peaks

∆̃1(r) = 1
2π2

∫
dqF(q) exp[iq.r] exp[−(q − q1)2/2Λ2]

∆̃2(r) = 1
2π2

∫
dqF(q) exp[iq.r] exp[−(q − q2)2/2Λ2]

(2.41)

where Λ−1 is the coarsening length scale and F(q) is the Fourier transform of the image.

We then define the stripy-ness parameter

Σ(r) = |∆̃1(r)| − |∆̃2(r)|
|∆̃1(r)|+ |∆̃2(r)|

(2.42)

which indicates local ordering along the q1 (q2) direction for Σ = 1(Σ = −1). The

parameter Σ(r) is plotted in Fig. 2.19 where blue (red) corresponds to +1 (-1). We can

see very clearly that the two order parameters are anti-correlated but we also observe

regions of overlap where |Σ| is much smaller than 1 (white regions). Again, the map does

not have a well-defined crystalline geometry which supports that the two modulations

fluctuate locally and exhibit repulsive interactions with one another.
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Figure 2.16: Nanoscale domain structure and local symmetry of periodic lattice
displacement (PLD) stripes. Combined PLD map showing the displacements ∆(r) =
∆1(r) + ∆2(r) at all ∼9,000 atomic sites in the 30 nm field of view. Colors indicates the
displacement polarizations relative to q1 following the colorbar in Fig. 2.9, and triangle
areas scale linearly with the displacement magnitudes. Thus, the green/red arrows
corresponds to the ∆2(r) modulation. The amplitudes and colors of the displacements
reveal that the two PLD’s are predominantly anticorrelated: when one is strong, the
other is weak.
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Figure 2.16: (continued) Therefore, the PLDs are locally stripe-ordered, segregated into
nanoscale domains, except for some regions where there is overlap (white delimiters).
The regions indicated by the white delimiters also contain local defect structures which
are analyzed in the next section.

a b

10 nm10 nm

Figure 2.17: Nanoscale PLD defects and domains. a. Map of the ∆1(r) displacements
over a 40 nm x 40 nm field of view. These PLDs correspond to the q1 superlattice
peaks in the next figure. Regions of defects, including amplitude suppression (within
oval) and dislocations are visible. b. Map of the combined ∆1(r) + ∆2(r) displacements.
∆2(r) displacements appear in regions where the ∆1(r) amplitude is suppressed including
within and near dislocations. They also appear short-range and embedded within the
∆1(r) field, ruling out orthorhombic crystal domains as their origin.

2.5 Results – Defects and Elasticity

Charge order nucleation near the transition temperature remains a poorly understood

process, particularly in the presence of disorder [126, 127]. We observe that the PLD

domain boundaries and nascent domain structures are tied to elastic and plastic deforma-

tions in the ∆1 order parameter. An elastic theory for charge order stripes was developed
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Figure 2.18: Nanoscale domain structure and short-range order a. Fourier transform
amplitude showing the presence of two orthogonal modulations. b. Zoom-in of the q1
superlattice peaks. c. Zoom-in of the q2 superlattice peaks. The peaks are diffuse
and elongated towards the Bragg peak, indicating short-range correlations for this order
parameter.

in the 1980’s and here we are able to observe such phenomena with unprecedented

resolution and sensitivity. Figure 2.20 magnifies the region containing a ∼5 nm island of

∆2 order embedded in a ∆1 domain (Fig. 2.15, upper white delimiters). Inspection of

the ∆1 + ∆2 map (Fig. 2.20a) reveals a shear deformation in ∆1 as it passes through

the ∆2 island, evident in the offset of the wavefronts by ∼2 atomic rows. Mapping ∆1

only (Fig. 2.20b) accentuates the shear deformation, and exposes ∆1 attenuation in the

strained region, along with rotation of the displacement vectors to roughly align with the

local wavefront orientation. To quantify these observations we map the elastic shear strain

field, εs(r), reflecting local bending in the ∆1 PLD, along with the magnitudes of the

two modulations |∆1| and |∆2| (Fig. 2.20c-e). εs(r) is calculated by extracting the local

PLD phase (φ→ φ(r) in Eq. 2.40) [110] then computing εs(r) = 1
2

q̂⊥
|q| · ∇φ(r) [128, 129].

The shear defect plainly coincides with abatement of ∆1 and strengthening of ∆2. As far
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Figure 2.19: Local anisotropy parameter, Σ(r). Red/blue, or Σ(r)→ 1/− 1, indicates
that ∆1(r)/∆2(r) dominates locally. Regions of overlap (more white) suggest some
overlap between the two order parameter, especially when ∆1(r) exhibits local defects.

as we can tell, previous local studies of phase competition observed such phenomena only

within topological defect cores where the amplitude of one phase collapses completely;

our data show that shear deformations provide another mechanism for local competition

between orthogonal stripes.

We also observe topological defects in the PLD stripes. Figure 2.21 magnifies a domain

boundary (Fig. 2.15, lower white delimiters). Exclusive ∆1 order occupies the right

side of the frame in Fig. 2.21a, while the displacements to the left suggest an intricate

interweaving of two the modulations. Mapping ∆1 only (Fig. 2.21b) reveals a prominent

dislocation in the PLD, in which a single wavefront abruptly terminates. Analogous to

edge dislocations in crystalline solids, where the abrupt termination of a row of atoms

is accompanied by elastic deformation in the surrounding lattice, we observe elastic
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Figure 2.20: Shear deformation coincident with a nascent periodic lattice dis-
placement (PLD) grain. (a) A complete ∆ = ∆1 + ∆2 map of a ∼5 nm region of
incipient ∆2 order, and a coinciding shearing of the ∆1 modulation. (b) A ∆1 map
of the same region highlights the bending wavefronts, and reveals attenuation of the
PLD amplitude and some rotation of the displacement vectors in the defective region.
(c-e) The shear strain εs, |∆1|, and |∆2|, respectively, in the same region. The maximal
shearing aligns with attenuation of ∆1 and emergence of ∆2.

deformation of the PLD about the singularity, evident in the warped wavefronts flanking

the dislocation core. No defects in the underlying lattice are observed (Fig. 2.22), and

the PLD phase φ(r) exhibits an expected 2π winding about the discontinuity (Fig. 2.21c).

The interface between the ∆1 dominant domain and the mixed region occurs within

a single PLD wavelength of the defect core, as once again disorder in one modulation

accompanies commencement of order in the other. Plots of the PLD amplitude |∆1|

and |∆2| reinforce these observations. Moreover, theory predicts modulation amplitude

collapse at singularities to prevent divergence of the energy density, and the |∆1|-map

exhibits a narrow inlet of collapsed amplitude extending from the upper left to the defect

core, suggesting complex domain restructuring to accommodate the high energy feature

[128–131]. While displacements at atomic sites directly adjacent to a true singularity will

not be accurately reconstructed, we believe the displacements extracted by our method
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Figure 2.21: Topological singularity coincident with a periodic lattice displace-
ment (PLD) grain boundary. (a) A complete ∆ = ∆1 + ∆2 map of the interface
between a ∆1-dominant region and coexisting ∆1 and ∆2 order. (b) A ∆1 map of the
same region reveals a dislocation in ∆1, with a burgers vector of one PLD wavelength,
λPLDq̂1. Analogous to the elastic deformation of an atomic lattice about crystal disloca-
tion, the elastic response of the PLD includes bending and compression of wavefronts and
local displacement rotations. Some attenuation of ∆1 is apparent in the mixed region.
(c-e) The phase φ1, |∆1|, and |∆2|, respectively, in the same region. ∆1 weakens and
∆2 grows within ∼ λPLD of the defect core, where φ1 exhibits an expected 2π winding.
A narrow inlet of |∆1| amplitude collapse extends from the upper left to the singularity.

are valid everywhere, because damping and distortion in the defect’s central region yields

reasonably smooth variations of the displacements.

2.5.1 Theory for Phase Competition

Our observations of PLD domains mediated by phase defects advance our understanding

of the onset of order near the transition temperature. In particular, the ∆2 domains

which emerge in the core of defects are short-range, according to both the real space maps

and the Fourier transform amplitude. The latter shows that the q2 superlattice is broad

and elongated, an indication of small domains or short range correlations. Of course, the

q1 is also disturbed by phase defects and in a strict sense lack long-range correlations.
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Typically, charge order in manganites is squarely tied to the a-axis of the orthorhombic

unit cell. The observed competition between orthogonal order parameters may be due to

small energy differences between the two states or to a small crystalline anisotropy in

BSCMO. For a phenomenological treatment of the emergence of competition between

the two order parameters, we propose a minimal Ginzburg-Landau free energy density

f(r) = [a1|ψ1(r)|4 + b1|ψ1(r)|2 + c1|∇ψ1(r)|2]

+ [a2|ψ2(r)|4 + b2|ψ2(r)|2 + c2|∇ψ2(r)|2]

+ ν|ψ1(r)|2|ψ2(r)|2

(2.43)

where ψ1,2 = ∆1,2 exp[iφ1,2(r)] is the order parameter. We neglect the periodicity-

dependent energy terms since we are not interested here in capturing the microscopic

origin of its value. The first two terms within each bracket are the customary terms

in a Ginzburg-Landau expansion. The third term within each bracket represents the

spatial variation of the amplitude and the phase. The ai, bi and ci are phenomenological

constants with ai > 0, ci > 0, and bi = αi(T − Tc)/Tc < 0 for T < Tc. The third

line represents the interaction between the two order parameters and, since we observe

competition between them, we assume that the interaction parameter, ν is positive. A

negative ν indicates that the two states can coexist without disturbances whereas a

positive ν indicates competition between the two order parameters. We assume that

a1=a2=a, c1=c2=c and b1 < b2 so that ψ1 is the dominant order parameter.

Minimizing the free energy F =
∫
d2rf(r) with respect to ψ∗1 and ψ∗2, we obtain

0 = a|ψ1|2ψ1 + b1ψ1 − c∇2ψ1 + νψ1|ψ2|2

0 = a|ψ2|2ψ2 + b2ψ2 − c∇2ψ2 + νψ2|ψ1|2
(2.44)
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which uses the fact that∫
d2r

1
2δ(∇y)2 =

∫
d2r∇(δy∇y)−

∫
d2r∇2yδy

=
∫
∂V
ds(δy∇y)−

∫
d2r∇2yδy

(2.45)

and that δy = 0 at the boundary.

Inspired by similar Landau theories for the competition between superconductivity and

magnetism, we search for a vortex solution of ψ1. We postulate ψ1 =
√
−b1
a f(r) exp[iφ]

and ψ2 =
√
−b2
a g(r) where we assumed that the vorticity is m = 1 for the sake of

simplicity.

Plugging these solutions into Ed. 2.44 and after some algebra and redefinitions

Λ2
1(f ′′ + 1

r
f

′) = Λ2

r2 f + f3 − f + η1g
2f

Λ2
2(g′′ + 1

r
g

′) = g3 − g + η2f
2g

(2.46)

where Λ2
1 = −c/b1, Λ2

2 = −c/b2, η1 = νb2/ab1 and η2 = νb1/ab2.

Far away from the defect (r →∞), the equations simplify

Λ2
1f

′′ ∼ 2(f − 1)

Λ2
2g

′′ ∼ g(−1 + η2)
(2.47)

In the asymptotic limit, we obtain f(r →∞) = C1(1− exp[−
√

2r/Λ1]) and g(r →∞) =

C2 exp[−
√
η2 − 1r/Λ2].

For r → 0, the equations become

f
′ ∼ f/r

Λ2
2
1
r
g

′ ∼ −2g
(2.48)

and the solutions are f(r → 0) = C3r and g(r → 0) = C4r
2 + C5. The Ci are constants

which can only be solved numerically. This phenomenological treatment has little
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predictive power, however, it highlights how multicomponent coupling may allow the

unfavorable order parameter, ψ2, to emerge in the core of a ψ1 defect. Within the defect,

both order parameters coexist and their amplitudes are lower than their non-defected

value, as observed in our experiment.

Such solutions have been studied extensively in superconducting systems, where

magnetic order might develop in the core of the superconducting vortex [132]. Recently,

Kogar et al. applied the same phenomenology to explain the observation of a competing,

orthogonal charge density wave that emerged in LaTe3 following light excitation [133]. In

our data, we were able to directly visualize such competition. In the future, we hope to

quantitatively obtain the parameters in the Ginzburg-Landau energy using a combination

of experimental data and density functional theory. With the latter, we may be able to

calculate the energy of the orthogonal ∆2 displacements.

2.6 Outlook

In summary, we have developed a powerful method to extract picoscale lattice displace-

ments in ordered materials such as charge-ordered manganites. The method directly

unravels the exact displacement pattern associated with the charge-ordered phases, al-

lowing us to pinpoint the correct ordering model, and is robust against artifacts. These

picoscale displacements, which are two orders of magnitude smaller than atomic bond

lengths, are fundamentally entwined with subtle charge and orbital degrees of freedom,

and are essential in understanding the symmetries of ordered phases. Microscopically,

the symmetries dictate how charge order couples to other order parameters and may

be key to generating novel functionalities such as charge-order-driven polar phases or

modulated magnetic order. A key advantage of microscopic visualization is that we can

69



2.6. Outlook

Figure 2.22: HAADF lattice image of BSCMO. a. Original, unrotated HAADF
image corresponding to results in Fig. 2.16. b. Raw data corresponding to the region
containing the shear deformation shown in Fig. 2.20. c. Raw data corresponding to the
region containing the dislocation shown in Fig. 2.21. No dislocations are observed in the
underlying lattice, supporting that observed PLD defects in main text are intrinsic to
the modulations. HAADF data are unprocessed except for registration and alignment
of image series. The A-sites exhibit varying intensities indicating quenched impurity
disorder due to Bi/Sr/Ca doping.
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Figure 2.23: Short-range antipolar distortion in Pnma perovskite a. HAADF-
STEM image of La0.2Sr0.8MnO3 (LSMO) grown on SrTiO3 (STO). Bulk LSMO is expected
to be in the Pnma structure while STO is in the cubic Pm3̄m structure. The former is
supposed to adopt the symmetry of the latter when grown in thin film form. b, d, e.
Fourier transform amplitude from the color-coded regions in the full image. The orange
region shows extra peaks corresponding to the Pnma structure. c. Map of the lattice
displacement associated with the extra peaks. These displacements are consistent with
antipolar displacements which are known to emerge in the Pnma space group. They
are described by a secondary order parameter at the X-point. Unlike charge ordering in
manganites, these displacements have a periodicity along the pseudo-cubic direction. The
absence of the peaks from other parts of the sample indicates nanoscale inhomogeneity of
the order parameter and highlights the usefulness of the PLD tracking method for phases
beyond charge ordering.

rule out external effects such as domain structures and local defects and focus instead on

the bona-fide microscopic model, a task which is extremely difficult in volume averaged

measurements. In the case of BSCMO, alternating transverse displacements generate a

three-fold superlattice consistent with the so-called Wigner model but not with bi-stripe

order.

We have also visualized for the first time the elastic behavior of stripes and provided
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vivid mappings of charge-order dislocations, domain competition and bending of stripes.

These fluctuations seem independent of crystalline lattice defects; the STEM images

of the lattice appear perfect except for quenched cation disorder. On the other hand,

the charge-order stripes undergo dramatic variations at the nanoscale. These variations

govern the long range correlations of the nascent ordered state.

Finally, the PLD tracking method is applicable to many order parameters beyond

charge ordering; any order parameter which breaks translational symmetry of the crystal

(zone-boundary mode) may be extracted. For instance, in tilted perovskites with Pnma

symmetry, a secondary order parameter whose wavevector is located at the X-point

develops. This mode appears as antiploar displacements of the A-sites, and may couple

to other functional properties such as hybrid improper ferroelectricity. Figure 2.23 shows

a map of antipolar displacements which run along the pseudo-cubic [100] direction in

a La0.2Sr0.8MnO3/SrTiO3 film. We are able to visualize nanoscale fluctuations of this

order parameter, in particular the presence of regions where it is completely suppressed.

This method may be applicable to oxygen rotations, antiferroelectric distortions, periodic

polar vortex lattices, trimerization in hexagonal oxides and more.

2.7 Appendix: Methods Checks and Limits

2.7.1 Comparison with Direct, Real Space PLD Measurement

In order to confirm that the measured PLDs are not an artifact of the Fourier space

damping procedure, we calculated the displacement vectors directly from the data,

unprocessed except for cross correlation, in real space. In Figure 2.24, the transverse

component of the displacement vectors obtained using the modulation damping approach

(red) are compared to the transverse distances of atomic centers from a line fit to the
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positions of all centers (black) along a column in the q-vector direction (lines, D-F)

spanning two PLD wavelengths. This real-space approach useful for confirming the

validity of the method, however, it is only possible in well-ordered regions containing a

single modulation. Three different well-ordered regions of an experimental dataset, in

which a single modulation dominates, are shown. Circles and error bars in the line profiles

(Fig. 2.24a-c) represent the mean and standard deviations of the transverse displacements

along a single row perpendicular to q.

The results are in good agreement on average, clearly indicating that the modulation

damping approach is indeed reconstructing a displacement field present in the data.

Notably, the real space approach has significantly larger error bars than the Fourier

damping approach. We attribute this to three factors. First, the real space approach

does not account for distortions resulting from the imaging process, limiting its accuracy.

Second, using a best-fit line as a reference position is a somewhat coarse approach,

however, more systematic real-space methods such as a global coordinate rotation were

untenable, likely due precisely to image distortion. Third, the reference lattice defined by

the Fourier space method effectively represents a locally averaged reference structure,

thus, sufficiently localized features in the displacement field may be smoothed out. The

following sections explore this last possibility in greater detail, and demonstrate that all

but the very sharpest features in the PLD field are well described by the Fourier damping

approach.

2.7.2 Method Limits, Regime of Validity, and Interpretation

For a perfect lattice modulated by a perfect sinusoidal displacement field, both the Bragg

and satellite peaks are delta functions. Local disorder in the PLD field causes the satellite

peaks to deviate from perfect impulses. The size scale of the local features in the PLD
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Figure 2.24: Comparison to periodic lattice displacement measurement without Fourier
damping. a-c. Line profiles of the transverse component of the displacements are
calculated using both the modulation damping approach (red) and by defining a local
reference line in real space, without any Fourier space modifications (black). Circles and
error bars represent the mean and standard deviations, respectively, of the transverse
displacement measurements across a single row of 8-12 lattice sites. (d-e.) Three well-
ordered regions where we compared our method to directly measuring the PLD. The two
approaches yield consistent results. We believe the larger error bars of the real-space
approach primarily reflect that, unlike the modulation damping approach, this method
does not account for image distortions, as well as the relative imprecision of using locally
defined lines as reference positions.
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structure relate to the degree of blurring observed in the satellite peaks, therefore the

size of the damping mask used determines the sharpness of the PLD features the method

is able to reconstruct with good fidelity. To capture the highest frequency variations in

the PLD field possible, the largest mask size which does not interfere with other Fourier

space features should be chosen. In this work we used masks that extended halfway to

the nearest Bragg peaks. The mask radius is therefore approximately |12q|, and we expect

to correctly capture any PLD disorder features of size & 2λPLD. For PLD disorder of size

scales . 2λPLD, our reconstructed displacements may deviate from the true displacement

magnitudes somewhat. The simulations discussed below demonstrate that this effect

is only appreciable at atomically sharp disorder in the PLD field, and we believe our

reconstructed displacements are correct everywhere, with the possible exception of the

atomic sites located precisely at topological defect cores.

To carefully understand these effects and ensure correct interpretation of our results,

we simulated data with a single sinusoidal modulation, and an antiphase domain boundary

separating regions in which the PLD phase shifts by π. Four datasets were simulated,

varying the abruptness of the antiphase domain boundary by first generating a step

function domain boundary and then blurring with a Gaussian kernel with four different

values of σ. Figures 2.25a-d show the results for σ = 0.25λPLD, σ = 0.5λPLD, σ = λPLD,

and σ = 2λPLD, respectively. Each shows the simulated and calculated transverse

displacement components along the line profile shown in Figure 2.25e, along with their

residuals. In every case, the residuals fall inside our estimated ∼ ±2 pm precision within a

few lattice spacings of the interface. Further, in every case the reconstructed displacements

accurately capture the qualitative structure of the antiphase boundary everywhere except

for at the lattice sites precisely at the center of the interface. Quantitatively, the

reconstructed displacements accurately capture the simulated data everywhere for the
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Figure 2.25: Effect of abrupt PLD features. a-d. Simulated data with antiphase domains
in the PLD phase were generated with varying domain boundary width, by blurring a
step function phase field with Gaussian kernels given by σ = 0.25λ, σ = 0.5λ, σ = λ,
and σ = 2λ. e. Line profiles of the transverse displacement components are plotted
for the simulated (black) and calculated (color) PLDs (a-d, above), along with their
corresponding residuals (a-d, below). Dark/light gray boxes in a-d indicate ±σ/± 2σ
about the domain boundary. Dark/light regions in e indicate PLD phase values of 0/π,
with the σ = 2λ case shown here. The PLDs are accurately captured everywhere for
σ = 2λ. The remaining cases all capture the PLDs accurately far from the domain
boundaries. For σ = λ the phase jump is correctly captured qualitatively, but incorrectly
damps the displacement amplitudes near the boundary. For σ = 0.25λ and σ = 0.5λ the
method fails at the atomic sites on the boundary.
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σ = 2λPLD case. For smaller σ, the residuals are somewhat larger within ∼ λPLD about

the interface, as expected. For very sharp interfaces (σ = 0.25λPLD and σ = 0.5λPLD)

the reconstructed displacements are incorrect at the center of the interface, where the

atomically sharp discontinuity in the simulated displacement field is averaged out in the

reconstruction to yield incorrectly small displacements.

We conclude that for local PLD disorder of size & 2λPLD, our approach is valid

everywhere. At smaller features, our approach correctly captures qualitative structure

but tends to underestimate displacement amplitudes near the feature center. The approach

fails entirely only at atomically abrupt features in the PLD field. We contend that this

approach therefore reasonably reflects the PLD structure everywhere in the data presented,

with the possible exception of the topological defect cores. We believe the reconstructed

displacements about defect cores are likely correct, because of smoothing and amplitude

damping of the total displacement vectors near phase singularities, however, we cannot

discount the possibility that we have averaged over a sharp discontinuity at a defect

core. In this scenario, the reconstructed displacements would only be incorrect at the

sites directly adjacent to the core, and the amplitudes at these sites may be considered a

lower bound on their true displacement amplitudes. Note that we cannot experimentally

discount atomically sharp disorder elsewhere in the PLD field, however, we believe such

features to be unlikely on energetic grounds.

2.7.3 Effect of Fourier Mask Size

We tested the effect of varying the mask size on experimental data, in both a well ordered

region and a disordered region containing a topological defect, shown in Figs. 2.26 and

2.27, respectively. In both cases, a very small mask does not damp the full intensity of

the satellite peak. In ordered regions, this leads to artificially reduced PLD amplitude
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relative to the other PLD maps of the same data (Figs. 2.26a and 2.27a). A very large

mask begins to introduce greater noise, observable at the modulation minima, and likely

resulting from beginning to damp some of the Fourier space intensity in the tails of

the nearby Bragg peak. In the intermediate range of mask sizes which cover the entire

satellite peak but remain far from the Bragg peak, the reconstructed PLD is insensitive

to mask size variation. We additionally tested the effect of introducing noise into the

Fourier space damping level comparable to the noise observed nearby in Fourier space,

with negligible effect.

In order to further understand the effect of the Fourier mask size, we varied the mask

size used to reconstruct a simulated dataset containing an antiphase domain boundary

in the PLD phase. To test how our PLD reconstruction approach behaves in the worst

case scenario, in this simulated data the 0 to π transition in the PLD phase is given by

a perfect step function. Figure 2.28 shows the results for 7 mask sizes, corresponding

to real space diameters of 1.3 nm, 1.5 nm, 1.7 nm, 2.1 nm, 2.7 nm, 3.8 nm, and 6.4 nm.

In Fig. 2.28a, the transverse components of the simulated displacements (black) agree

well with their reconstructed counterparts far from the boundary. The single atomic sites

directly adjacent to either side of the boundary are incorrect in all cases, as expected

for an atomically sharp feature and discussed in the previous section. The fidelity of the

reconstruction in the intermediate region is evident in the residuals, Figure 2.28b. The

vertical scale is indicated by the colored horizontal bars, which correspond to the gray

horizontal bar in Figure 2.28a and represent the ±2 pm error bars. The smallest Fourier

space mask (red, 6.4 nm) displays damped periodic ringing in the residuals reminiscent

of a sinc function. This artifact is gradually reduced as the mask size is increased (and

its corresponding real space distance is decreased), with residuals for the largest masks

falling inside the ±2 pm error bars within 2-3 lattice spacings of the interface. The
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Figure 2.26: Effect of varying mask size on real data. a-f. Typical Fourier peaks
with reciprocal space mask diameter varying from (5.2 nm)−1 to (1.7 nm)−1 and their
respective PLD maps. When the mask size is too small (a), the amplitude of the PLD is
diminished since the mask does not reflect the total intensity of the satellite peak. Once
the peak is fully captured by the mask, the mapping is insensitive to increasing mask
size.
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Figure 2.27: Effect of varying mask size on mapping of a topological defect. a-f. Typical
Fourier peaks with reciprocal space mask diameter varying from (5.2 nm)−1 to (1.7 nm)−1

and the respective PLD maps of a topological defect. The topological defect is missing in
a because the mask does not fully capture the satellite peak. For mask sizes that fully
capture by the satellite peaks, the mapping is insensitive to increasing mask size.
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a

b

c

Figure 2.28: Effect of varying mask size on simulated data. a. Line profiles of the
transverse displacement components are plotted for the simulated (black) and calculated
(color) PLDs. The data was simulated using a Heavyside function antiphase domain
boundary in the PLD phase and the PLD was reconstructed using 7 different mask
sizes. b. Corresponding residuals. c. Chosen sites from the PLD map.. The horizontal
bars in a (gray) and b (colors) indicate ±2 pm. All mask sizes accurately capture the
displacements far from the interface, and fail to capture the true displacements of the
two sites at the atomically sharp antiphase interface. Very small Fourier space masks
(red, brown) result in artifacts in the residuals several lattice spacings or more from the
interface. For large Fourier space masks (light blue, dark blue, purple) the residuals are
on the order of the ±2 pm error bars 2 lattice spacings from the interface. The typical
mask size used on experimental data is bolded (light blue, (1.7 nm)−1.
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typical mask size used on experimental data, corresponding to 1.7 nm in real space,

is highlighted (bold, light blue), and captures the true displacements well everywhere

except at the atomic sites directly adjacent to the boundary. We re-iterate that while a

simulated step-function π phase slip is useful to evaluate the effectiveness of our approach,

energetically we would not expect such high frequency features in experimental PLDs,

with the exception of topological defect cores. As a site note, the sharp phase domain

wall boundary introduces a dense array of superlattice peaks, which look like lines, due to

the necessity of higher order harmonics to capture the boundary. In principle, damping

these Fourier components will begin to reconstruct the domain boundary more faithfully,

however, in practice it is difficult to perform such processing. The fact that we do not

observe lines in the Fourier transform is another indication that sharp features do not

occur in the physical data.

2.7.4 Method Comparison with SrTiO3

To ensure our Fourier damping approach was not introducing artificial periodic structure

or other artifacts in the lattice displacements, we performed our method on STEM data of

cubic SrTiO3 (STO). The results are shown with identical analysis of comparable BSCMO

data in Fig. 2.29. A single Bragg peak from the Fourier transform of the STO data

(Fig. 2.29a) shows no satellite peaks, while a single Bragg peak from the Fourier transform

of the BSCMO data has two satellite peaks (Figure 2.29d) corresponding to a single

PLD modulation in this dataset. After finding the q-vector for the BSCMO data, an

equivalent vector scaled to the STO reciprocal lattice was calculated. The peak damping

procedure was then performed for both the STO and BSCMO data (Fig. 2.29b,e), and

PLD maps were generated (Fig. 2.29c,f). The scalebar and displacement vector scales

are identical for the two PLD maps. The BSCMO data shows periodic stripes of ∼10
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Figure 2.29: PLD mapping in STO vs BSCMO a. The Fourier transform of SrTiO3
(STO) data does not contain satellite peaks about the Bragg peaks. b. The Fourier peak
damping procedure was performed on STO data. The chose wavevector was comparable
to that of BSCMO. c. The resulting PLD map for STO data shows displacement vectors
with a mean magnitude of 0.390 pm and no clear periodic structure d. The Fourier
transform of BSCMO data contains strong superlattice peaks. e. The Fourier peak
damping procedure was performed on BSCMO data. f. Strong PLD structure observed
for BSCMO. The image and displacement vector size scales are identical for c and f.

pm transverse displacements. In the STO data the mean displacement magnitude is

0.390 pm, 90% of the displacement magnitudes are ≤ 0.83 pm, 99% of the displacements

magnitudes are ≤ 2.08 pm, and no clear periodicity is observed.
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Chapter 3

Origin of Incommensurate Order

and Phase Coherence

Armed with this new method, we can now visualize how the stripes behave as we

cool below the transition temperature. A key technical achievement in this chapter is

the demonstration of atomic-resolution STEM near liquid nitrogen temperature. While

cryogenic STEM measurements had been performed before, the quality and resolution

were severely limited due to stage instability, precluding measurements of picoscale lattice

behavior. In our work, we not only achieve the highest resolution under cryogenic condi-

tions, but also obtain high signal-to-noise data and map the periodic lattice displacements

in BSCMO with picometer precision. We address two fundamental problems about the

nature of charge ordering and phase transitions in general. First, we directly show how

phase fluctuations, such as topological defects, affect long range correlations as a function

of temperature. This situation is not limited to charge ordered phases but to any complex

The work constituting this chapter is published in PNAS (2018) [134]. The methods for image
registration are published in Ultramicroscopy (2018) [135]. The section about image registration is taken
from the published work and has been abridged and modified for the purposes of the thesis.
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order parameter described by an amplitude and a phase. Despite the condensation of a

finite amplitude, phase fluctuations determine key properties about the ordered phase,

including its onset, macroscopic strength and correlation length. Second, we show how

incommensurate periodicities emerge from locally commensurate order and how specific

phase profiles can cause an apparent incommensuration on average. These observations

are relevant to numerous debates about the nature of modulated phases and motivate

a real-space approach to understand incommensurate order and emergent correlations.

From a technical standpoint, cryogenic STEM opens new realms for electron microscopy

investigations.

3.1 Background

Across many material systems, the precise microscopic mechanism behind charge ordering

remains under intense scrutiny. An almost-universal behavior, however, is the tendency to-

wards incommensurate order, as determined by scattering experiments which can measure

the position of superlattice peaks with high precision [14, 136–142]. Incommensuration

means that the wavevector is an irrational fraction of the reciprocal lattice vector. The

presence of incommensurate order coincides with the emergence of competing electronic

phases such as superconductivity and has motivated numerous interrogations of the

role of Fermi surface instabilities [137, 143–146]. Scattering experiments, for instance,

have measured changes in the positions of incommensurate wavevectors as a function

of temperature, pressure, or doping, which is thought to reflect changes in the nesting

of the Fermi surface. This picture, however, is untenable since nested vectors rarely

match the charge order periodicity. Alternatively, one may adopt a real space approach

to understand the origin of incommensurate order. For instance, coupling to quenched
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Figure 3.1: Cartoon of commensurate, incommensurate, and discommensurate order. a.
Commensurate modulation with q=1/3 (2π

a ) where a is the lattice spacing. Blue dots
represent high-symmetry atomic positions and gray lines highlight the three-fold repeat
sequence. In a commensurate modulation, the wavevector is a rational fraction (1/3)
of the reciprocal lattice vector. In real space, the modulation has a integer multiple
of the atomic lattice periodicity. b. Incommensurate modulation with an irrational
wavevector q=0.31 (2π

a ). The modulation wave does not align periodically with the atomic
lattice unlike in the commensurate case. c. Discommensurate modulation with a locally
commensurate wavevector q=1/3 (2π

a ). A phase slip occurs near the tenth atomic site
after which the modulation wave has lost its initial registry to the lattice.

impurities and attendant order parameter fluctuations profoundly alter ordered states

and complicate experimental interpretations of reciprocal space behavior [125, 142, 147].

As shown in the previous chapter, Bi1−xSrx−yCayMnO3 (BSCMO) is a model charge-

ordered manganite with a high, tunable transition temperature (Tc) [100, 151]. We

revealed transverse, periodic lattice displacements associated with charge ordering at

room temperature in BSCMO (Tc ∼ 300K) and visualized nanoscale inhomogeneity in
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Figure 3.2: Incommensurate order across many material families. a. Procedure for
determining the value of a superlattice wavevector. Line cuts across a superlattice peak
in a diffraction pattern, which represents the amplitude of the structure factor, may be
fitted using a Lorentzian or Gaussian function. The obtained value for q in the case of a
manganite turns out to be incommensurate. b. Universal dependence of the wavevector on
doping level in charge-ordered manganites indicates incommensurate ordering. Adapted
from [148]. c. Temperature dependence of the charge order wavevector in manganites
with various doping levels. Upon cooling, the wavevector increases monotonically and
eventually locks in to a value determined by the doping. The temperature dependence is
another indication of incommensurate order. The correlations of the superlattice peak
also depend on the temperature. Adapted from [149]. d. Temperature dependence of
the charge order wavevector across multiple material families. Incommensuration seems
to be a general feature in charge-ordered systems. Adapted from [150].
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the modulation field [95]. The nanoscale inhomogeneity reflected topological defects,

wherebey the phase of the modulation winds by 2π and shear strain, whereby the phase

varies rapidly in the transverse direction. Here, we demonstrate cryogenic STEM imaging

with sub-Angstrom resolution (∼0.78 Å) and sufficient signal-to-noise ratio to visualize

the charge-ordered state in BSCMO well below Tc.

To understand the local structure of incommensurate modulations, we map picometer-

scale lattice distortions associated with charge ordering near and well below Tc. At

both temperatures, we find that the lattice modulations tend to form locally lattice-

commensurate structures interspersed with regions of disorder and changing periodicity.

By extracting the phase of the lattice modulations, we uncover nanoscale temperature-

dependent phase variations which govern long-range ordering. The presence of phase

slips and defects locally change the periodicity of the modulations, resulting in a smaller

wavevector at room temperature as observed in area-averaged diffraction measurements.

Upon cooling, the phase field becomes more homogeneous and the wavevector increases

accordingly. The observations underscore the importance of lattice locking in a manganite

model system, and provide a visualization of the real space structure of supposed incom-

mensurate order. More generally, cryogenic STEM paves the way for direct visualization

of complex order with picometer precision over atomic and nanometer scales.

3.2 Methods – Cryogenic STEM and Image Alignment

For cryogenic experiments, we use a Gatan Model 636 double-tilt liquid-nitrogen holder

(Fig. 3.3). The microscope is equipped with a cryogenically cooled box which encloses

the sample during low temperature imaging to reduce ice buildup. To maintain good

insulation between the cryogen and the room environment we baked the dewar vacuum
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at 100◦C for 12 hours prior to imaging. After the sample is inserted, we add liquid

nitrogen to the holder dewar and wait ∼2 hours for the holder to stabilize and for drift

to subside. After two hours, we get some short periods where the holder is relatively

stable. Quantifying the drift, we find that it is about 1-2 Å/s, which is worse than room

temperature. Due to reduced stability at cryogenic temperatures, stacks of 20 to 40 fast-

acquisition (0.5 µs/pixel dwell time) images are collected, registered by cross-correlation,

and summed to minimize the deleterious effects of stage drift and noise.

In a routine room temperature STEM dataset, all images in a series may be aligned to

a single image or using more complicated schemes such as sliding or iterative alignments.

The alignment typically uses the cross correlation between two signals (images) to

determine the optimal shift. In low signal-to-noise data, however, incorrect alignments

may occur more frequently, spoiling an entire acquisition series. Incorrect alignments

can introduce subtle artifacts and result in spurious analysis. The most pernicious

error is unit cell hop (Fig. 3.5). Due to the periodic nature of lattice images, the cross

correlation function contains multiple local maxima connected by the lattice vectors

or linear combinations thereof (Fig. 3.5a). If the algorithm identifies the wrong cross-

correlation maximum (Fig. 3.5b), a unit cell hop occurs and scrambles physical information

such as chemical arrangement (atomic column intensities), displacement patterns (atomic

column positions), or the phase of functional order parameters. This is especially common

if the image does not contain sharp features such as a crystalline interfaces or blatant

defects. The situation is exacerbated under low signal-to-noise situations. For instance,

even though a STEM image of BSCMO contains quasirandom intensity variations due

to quenched cation disorder (Fig. 3.4c), a single image acquired at 0.5 µs/pixel appear

featureless (Fig. 3.4a). An example of an incorrect alignment is shown in Fig. 3.4b, where

unphysical diffuse stripes appear in the Fourier transform.
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To avoid unit-cell hops and ensure that all relative shifts correspond to the physical

position of the stage, we developed a new method in which we correlate all pairs of images,

generating redundant and self-consistent measurements. The shifts are calculated by

assuming rigid displacements between frames and, despite the simplicity of this approach

compared to non-rigid registration schemes or complicated scan patterns, we achieve key

advantages and reliable results.

First, construction of the matrix Rij of shifts between all image pairs (i, j) allows

straightforward determination of incorrect alignments, which may then be audited and

corrected. For a stack of N image frames, we calculate the relative shifts Rij = Xijx̂+Yijŷ

between all image pairs (i, j) from their cross-correlations. Figure 3.4b shows Xij and

Yij for an atomic resolution, experimental cryogenic STEM dataset with N = 40, as

described in more detail in the methods section. Here, the i’th row describes all measured

shifts relative to the i’th image. Assuming all images are related by a simple translational

offset determined by the stage positions (ri, rj) during the two acquisitions, the ideal shift

matrix is Rij= rj −ri, which is manifestly skew-symmetric (Rji = −Rij). By eye, it is

apparent that the shift matrices contain smoothly varying backgrounds, and a number of

aberrant pixels. The Xij and Yij shift are shown in Fig. 3.4b (right) and a mask (black

pixels) indicates identified outliers. The smooth backgrounds directly encode the stage

movement during image acquisition (Fig. 3.4c).

Second, it is possible to calculate the optimum image shifts based on more complete

information of all relative image shifts. We determine the optimum shifts by calculating

the most likely stage position during each of the N acquisitions, given the set of all

measured relative image shifts. The problem is analytically tractable, and the optimum
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Liquid nitrogen dewar

sample mount rod

tilt motor 

Figure 3.3: Cryogenic side-entry, double-tilt holder. The sample sits at the tip and the
is cooled via a stainless steel rod in contact with the cryogen (liquid nitrogen). As one
might suspect, the long rod couples significant thermal drift and vibrations from the
cryogen.

shift ri for image i is

ri = 1
N

∑
j

Rij (3.1)

The result is intuitively satisfactory: the optimum shift for image i is simply the mean of

the i’th row of Rij .

To derive Eq. (3.1), we must find a matrix of the form R′ij = rj−ri which is closest

to the measured relative image shifts Rij . Thus, we are interested in finding

min
{ri}
‖Rij + ri−rj‖2

Direct computation yields

0 = ∂

∂rk

∑
ij

(Rij + ri − rj)2

=
∑
ij

(Rijδik−Rijδjk−riδjk−rjδik + riδik + rjδjk)

rk = − 1
N

∑
j

Rkj + 1
N

∑
j

rj
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Figure 3.4: Referenceless cryo-STEM image alignment. a. All possible image pairs in
a stack of fast acquisition cryo-STEM images are cross correlated to determine their
relative shifts. b. The shift matrices Rij visualize the calculated shifts between all image
pairs (i, j) (left), from which the optimum global image shifts may be calculated. The
smoothly varying background encodes the stage movement during acquisition, while
the aberrant pixels are incorrect calculated alignments resulting from the low-SNR of
cryogenic STEM imaging. False correlations can then be identified (right) and corrected.
c. Characterization of stage drift during acquisition can be extracted directly from the
shift matrices, including both the stage position (top) and instantaneous velocity (bottom)
as a function of time. In this case the stage drifted preferentially along the x-direction,
changed direction multiple times, and had a maximum velocity of ∼2 Å/s during the
25.2 s stack acquisition.

where δij is the Kronecker delta. Choosing 1
N

∑
j rj as the origin yields Eq. (3.1).

How do we deal with incorrect relative shifts or outliers in the shift matrices? Xij and

Yij are N ×N matrices, comprised of N(N−1)/2 measurements of relative image shifts,

with the remaining (N + 1)N/2 elements determined by skew-symmetry. However, to

first order, these measurements correspond to only N distinct physical quantities namely

the stage positions. The redundancy physically requires that the shifts preserve additive

transitivity (Rij + Rjk = Rik). In practice, this condition rarely holds for imperfect,
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Figure 3.5: Unit cell jumps and sampling error. a. The cross correlation between a pair
of atomic resolution cryogenic STEM images contains many local maxima, corresponding
to crystal lattice vector offsets between the images. b. In this case, the intensity of the
correct maximum (left, black box) has been distributed among four adjacent pixels, while
the intensity of the incorrect maximum (right, red box) falls primarily in a single, central
pixel. As a result, the brightest pixel in the cross correlation is found in the red region,
shown in the line profiles (bottom). c. The x-shift matrix obtained by identifying the
maximum pixel in each cross correlation contains incorrectly identified shifts (top), many
of which result from the sampling-induced unit cell hops seen here. Calculating the same
matrix by identifying the cross correlation maximum with gaussian fits to the brightest
several local maxima removes 50% of the erroneous matrix elements (bottom). This
additionally yields the relative image shifts with subpixel resolution.
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Figure 3.6: Avoiding subtle artifacts in atomic resolution cryogenic STEM image regis-
tration. a. A single fast acquisition (0.63 s) frame from a 40 image series of an oxide
material imaged at low temperature.. In the full field of view (left) and zoom-in (mid-
dle) the brighter A-sites of the perovskite lattice are identifiable but noisy while the
dimmer B-sites cannot be clearly distinguished. The Fourier transform (FT) amplitude
(right) shows clear information transfer to 1.38 Å, and very weak reflections at 1.08 Å. b.
Registering all frames to a single reference frame and averaging significantly enhances
the SNR, however, this registration is subtly flawed due to unit cell jumps and any
subsequent analysis is flawed.. c. The optimum registration, obtained by determining the
optimal shifts from all image pairs, shows information transfer to 0.72 Å. The incorrect
registration contains artifacts.
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Figure 3.6: (continued) First, variation in the A-site intensity is apparent in the correctly
registered image and corresponds to quenched A-site disorder in the sample. This chemical
information has been averaged out in the incorrect registration. Second, artificial peaks
in the incorrectly registered FT amplitude (right inset, red arrow) are suppressed in the
optimally registered data. Finally, this material supports an ordered state which results
in periodic, picometer scale shifts of the atomic columns, with a wavelength of 3 unit
cells. Unit cell hops have therefore introduced diagonal streaks in the diffuse background
of the FT amplitude of incorrectly registered data, while the diffuse background of the
optimally registered data decays monotonically.

experimental data. In such cases, the information surplus may be leveraged both to

identify and remove incorrect correlations, and to determine the optimal shifts in spite of

missing shift matrix elements. Outliers are determined by identifying elements of Rij

which break additive transitivity. For each element (i, k), there are 2N−2−1 equations of

the form

Rik = Rij1 + Rj1j2 + ...+ Rjnk (3.2)

which must hold for an ideal shift matrix, for some integer n ∈ [1, N−2]. Physically,

each corresponds to a stage trajectory involving a subset of the imaging positions. As

a practical matter, it is unnecessary and computationally prohibitive to use all such

paths so we use a small subset for each matrix element. Empirically, approximately

5 relationships are sufficient to ensure consistency. The equations selected to evaluate

the physical consistency of each shift matrix element are chosen to preference more

trustworthy measurements. Outliers are identified by calculating the mean absolute

difference between the left and right sides of Eq. (3.2) over all selected paths for each

matrix element, then performing a simple threshold. Our code includes several additional

outlier detection approaches, including comparison to nearest neighbor elements, as well

as deviation from a background fitting function. Incorrect Rij elements are then replaced

with values that best enforce transitivity, using Eq. (3.2) over paths containing only
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Figure 3.7: Information redundancy and outlier handling in cryogenic STEM image
registration. a. The Rij matrices often contain incorrect correlations, particularly in
image pairs acquired a long duration of time apart, i.e., the upper right and lower left
corners ofRij (top). Calculating the deviation of each matrix element from perfect
transitivity with Eqs. 3.2 and thresholding identifies incorrect correlations (middle).
Physically consistent values for missing elements can then be determined using transitivity,
and the optimal shifts calculated with Eq. 3.2 (bottom). b. The resulting registered and
averaged 27 image stack of 512 × 512 pixel images and 0.58 s frame times of the layered
material Nb3Cl8, imaged in cross section. c. A zoomed-in image illustrates the benefit
of achieving high signal-to-noise STEM images – every Nb and Cl column is clearly
distinguishable, in spite of their disparate atomic numbers and projected interatomic
spacings of 1.66 Å to 2.07 Å. d. The Fourier transform amplitude shows information
transfer to 1.06 Å.

correct correlations. Finally, optimal shifts are determined from Eq. (3.1) .

More details, applications and open-source Python code can be found in the article by

Savitzky et al. [135]. In particular, we refer the reader to the important discussion about

choosing a sensible Fourier mask type and size for the cross-correlation step. The mask

determines how information is weighted and requires a balance between including enough

high frequency information (lattice spacings), mitigating unit cell hops, and achieving

high precision in determining image shifts. This approach now allows us to routinely
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achieve high signal-to-noise results and record resolution under cryogenic conditions.

3.3 Results – Average Superlattice Correlations at Low

Temperature

Previous reports on manganites have observed that the charge ordering wavevector,

q, varies with doping, with q ≈ 1 − x reciprocal lattice unit (r.l.u.) [136, 137]; here,

the doping level slightly deviates from x = 2/3 doping and we expect incommensurate

ordering. Figure 3.8a shows a typical, room temperature (293 K) electron diffraction

pattern of BSCMO, which we index in the Pnma space group. In addition to crystalline

Bragg peaks, we observe superlattice peaks at ±q indicating the presence of a periodic

modulation at both 293 K (Fig. 3.8b) and 93 K (Fig. 3.8c). The projected intensity of

the (-2+q,0,2) peak along a∗ at 293 K (red) and 93 K (blue) is shown in Fig. 3.8d. At

each temperature, the intensity profile is obtained by integrating between the tick marks

in Figs. 3.8b and 3.8c, and is normalized by the respective integrated intensity of the

2̄02 Bragg peak. Based on the line profiles, we note a clear shift in the superlattice peak

position upon cooling, from q = 0.318 r.l.u. at 293 K to q = 0.331 r.l.u. at 93 K (Fig. 3.9).

We also observe such shift by fitting multiple satellite in the two-dimensional diffraction

pattern and calculating the average wavevector and its uncertainty at each temperature.

The average wavevector is q = 0.314± 0.003 r.l.u. at 293 K and q = 0.332± 0.001 r.l.u.

at 93 K. The magnitude of the wavevector shift is δq = 0.018± 0.003 r.l.u.. Temperature-

dependent wavevector variations, as observed here, are typically considered an indication

of incommensurate order.

In addition to a shift in the wavevector, the superlattice peak exhibits a clear increase

in intensity, I, and a decrease in the full-width-at-half maximum, σk, at low temperature.
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Figure 3.8: Long range order and wavevector variation upon cooling from 293 K to 93 K.
a. Typical electron diffraction pattern of Bi1−xSrx−yCayMnO3 at 293 K. b.,c. Section
of the diffraction pattern from 2̄02 to 202 at 293 K and 93 K, respectively. d. Projected
intensity of the superlattice peak, q, near the 2̄02 Bragg peak along the a∗ direction. The
intensity is integrated between the tick marks in b and c and is normalized by the 2̄02
Bragg peak intensity. Upon cooling, there is a change in the wavevector, from q= 0.318
reciprocal lattice units (r.l.u.) at 293 K to q=0.331 r.l.u. at 93 K, a behavior typically
associated with incommensurate order. e. Projected intensity near the 2q peak along
the a∗ direction. The intensity is integrated between the tick marks in b and c and is
normalized by the 2̄02 Bragg peak intensity.
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Figure 3.9: Lorentzian and linear background fit to the superlattice peak profile near
the 2̄02 Bragg peak at 293 K (left) and 93 K (right). The Lorentzian function is given
by f(k, I, q, σk) = I

π
σk

(k−q)2+σ2
k
where I is the intensity (amplitude), q is the wavevector

(center), and σk is the width. The profile is obtained by integrating between the two ticks
in Fig. 3.8c,d) and the intensity is normalized by the intensity of the Bragg peak. Upon
cooling from 293 K to 93 K, there is a clear increase in the superlattice peak intensity and
a decrease in the full-width-at-half-maximum (2σk). Note the difference in the scale of
the intensity axis. We also observe a shift in the superlattice peak position from q = 0.318
r.l.u at 293 K to q = 0.331 r.l.u at 93 K.

Fitting a Lorentzian function and a linear background to the projected q peak, we find

that I(93K)/I(293K) ∼ 1.46 and σk(93 K)/σk(293 K) ∼ 0.57 (Fig. 3.9c). The weaker

2q peak, while almost undetectable at room temperature, is relatively sharp and well

defined at 93 K (Fig. 3.8e)). These observations indicate that charge order strength and

correlations increase well below Tc.

From previous real space measurements at room temperature, we uncovered periodic

lattice displacements (PLD) associated with charge ordering in BSCMO [95]. Periodic

lattice displacements, ∆(r), may be described by the order parameter

∆(r) = Re{A(r)eiφ(r)eiq.r} (3.3)

where A(r) is the displacement vector, q is the wavevector, and φ(r) is the phase. The

modulations give rise to complex-valued satellite peaks in the Fourier transform (FT)
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which are given by S(k) ∼ J1(k.A) ∑
{r}

exp[i(k± q).r] exp[iφ(r)] where {r} is the set

of lattice positions. Phase information not only encodes the particular realization of

∆(r), but also its disorder. Since diffraction experiments probe the intensity (I(k) ∼

|S(k)|2), they are insensitive to phase information and provide instead globally-averaged

measurements of correlation lengths, intensities, and wavevectors [152]. However, the

microscopic picture of incommensurate modulations and their temperature (or doping)

dependence may be linked to phase information [142].

How does broadening of diffraction peaks emerge from phase fluctuations? The

squared amplitude of the structure factor, I(q) = |S(q)|2, is the measurable quantity in

intensity-based experiments and is averaged over a volume. Using the structure factor

for the superlattice peaks, we get

I(k) = S∗(k)S(k)

= J2
1 (k.A)

∑
{r}

exp[i(k± q).r] < exp[i(φ(r)− φ0)] >

= J2
1 (k.A)δ(k± q − b) ∗ F−1[< exp[i(φ(r)− φ0)] >]

(3.4)

Therefore in the presence of phase disorder, the superlattice peaks, which would be sharp

in a perfect case, are convolved by the inverse Fourier transform of the phase-phase

correlation function. Topological defects, as shown in the previous chapter, typically

cause the correlations to decay exponentially < exp[i(φ(r)− φ0)] >∼ exp[−r/Λ] where Λ

is the correlation length. The superlattice peaks would then be described by a Lorentzian

(if the resolution of the diffraction setup is very high) and the width of the Lorentzian is

inversely proportional to the correlation length. Much can be learned from the shape and

width of the superlattice peaks, however, diffraction provides only average information;

extracting the specific phase configuration, φ(r), can shed light on many unsolved puzzles.

To overcome challenges associated with intensity-based techniques, we characterize
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Figure 3.10: Atomic-Resolution Cryogneic STEM data. a. A single cryogenic HAADF-
STEM image acquired with a 0.5µs pixel dwell time. b. A high signal-to-noise image
obtained from averaging 40 rigidly-registered fast-acquisition images. The Bi/Sr/Ca
columns (bright) and Mn columns (dim) are clearly resolved. Both a and a are small
sections from the full frame image (orange box). c. The full frame, rigidly-registered
HAADF image. Atomic-scale features are well resolved including intensity variations due
to cation doping on the A site. d. The Fourier transform amplitude contains both Bragg
peaks and satellite peaks (inset, arrows). The information transfer limit estimated from
the Fourier transform is ∼ 0.78Å.

∆(r) using phase-sensitive, real space STEM. Figure 3.10c shows a high-angle annular

dark-field (HAADF) STEM lattice image at 93 K; Bi/Sr/Ca columns (green) appear

bright, Mn columns (red) appear faint, and O atoms are invisible. The contrast is due to

the dependence of the scattering cross-section in HAADF-STEM on the atomic number.

The high-resolution data was obtained by aligning and summing multiple fast frames

(such as Fig. 3.10a), using the new image registration technique from the previous section.

The temperature of the sample (∼ 93 K) is directly read from a thermocouple near the

tip of the sample rod, but the true temperature may be slightly higher.

The FT (inset) of the lattice image exhibits sharp superlattice spots (Fig. 3.10d),

arrows in inset), allowing mapping of lattice modulations associated with the superlattice
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peaks [95]. We damp the amplitude of the superlattice peaks to the background level and

apply an inverse Fourier transform. The result is a reference lattice image in which the

targeted modulation has been removed. By fitting atomic columns using two-dimensional

Gaussian functions in both the original lattice and the reference lattice, we may obtain

lattice shifts associated with the charge-ordered state. As previously discussed, the

method accurately yields the structure of the modulation except at atomically sharp

discontinuities in the modulation field [95].

Figure 3.11c shows a STEM image at 93 K overlaid with lattice displacements at

93 K. The arrows correspond to displacements of atomic columns in the original image

relative to the generated reference lattice, and the color represents the angle of the

displacement vector relative to q, with blue (yellow) corresponding to 90◦(-90◦). Thus,

the low temperature ordered state in BSCMO involves transverse, displacive modulations

of both the Bi/Sr/Ca sites and the Mn sites, with amplitudes in the range of 6−11 pm. For

comparison, Fig. 3.11b shows a STEM image and the corresponding PLD mapping at 293

K. At both temperatures, the lattice displacements are visually lattice-commensurate with

3 unit cell periodicity, but only over 4 to 5 PLD wavelengths. They are both consistent

with the Wigner model (Fig. 3.11a ) To understand temperature-dependent differences

and resolve the discrepancy between area-averaged diffraction and local imaging, we must

visualize the PLD patterns over larger length scales.

3.4 Results – Phase Coherence

Larger field of view images and their Fourier transforms reveal clear changes in superlattice

peak intensity. At low temperature (Figs. 3.12a and b), the Fourier transform amplitude

exhibits sharp superlattice peaks, an indication of long-range correlations. In contrast, the

103



3.4. Results – Phase Coherence

Figure 3.11: Locally commensurate, picometer-scale periodic lattice displacements at
room and cryogenic temperatures. a. Three-fold superlattice consistent with the Wigner-
crystal model of charge order. Bi/Sr/Ca columns are green while Mn columns are red.
b,c. HAADF-STEM images at 93 K and 293 K, respectively, overlaid with displacements
associated with the charge order phase. At both temperatures, the displacements are
transverse and their period is commensurate with the crystalline lattice. Blue (yellow)
arrows correspond to cation displacements oriented 90◦(-90◦) relative to the wavevector.
Area of arrows scales linearly with the magnitude of displacements.
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Figure 3.12: Emergent phase coherence at low temperature. a. Cryogenic STEM image
of the atomic lattice. b. Cryogenic STEM image over a larger field of view near the edge
of the sample. The inset shows a section of the Fourier transform amplitude where sharp
superlattice peaks are visible. c. Room-temperature STEM image of the atomic lattice.
The superlattice peaks in the inset are much more diffuse. The edge of the sample was
used to align the image relative to the room temperature acquisition. Despite this effort,
the sample drifted away by a few nanometers so the images are not aligned to each other
with atomic precision.

room temperature data (Fig. 3.12c) shows diffuse and weaker superlattice peak intensity,

reflecting more short-range correlations. The STEM observations are in agreement with

the micron-scale, electron diffraction data but they afford a more local picture. The

imaged regions are roughly aligned to each other using features at the edge of the sample.

The sample drifted by a few nanometers despite efforts to register them with atomic

resolution.

To visualize changes in real space, we map PLDs over larger areas and show that

they undergo spatial variations in their shape and strength (Fig. 3.13). In particular, we

observe intrinsic stripe defects including shear deformations, dislocations, and amplitude

reduction. A shear deformation is a bending of a wavefront. Both the 293 K map and

the 93 K map reveal such deformation, with the latter exhibiting a milder and more
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Figure 3.13: Temperature-dependent nanoscale fluctuations in the PLD field. a. STEM
image of the atomic lattice at 293 K overlaid with the PLDs. Significant fluctuations
are apparent over the 40 nm x 40 nm field of view, including amplitude suppression,
dislocations (red ovals) and shear deformations (black oval). b. Cryogenic (∼ 93 K)
STEM image over a 40 nm x 40 nm field of view. The PLD field generally appears much
more uniform, lacking large numbers of topological defects. A mild and extended shear
deformation occurs in the middle of the field of view (black oval). In contrast, the shear
deformations at room temperature are much more localized.

extended instance (Fig. 3.13). We also observe other forms of disorder in 293 K data

including multiple stripe dislocations in a which where a PLD wavefront terminates

abruptly. Displacement magnitudes reduce near defect sites, with dislocations showing a

more pronounced reduction.

Analysis of the demodulated order parameter, A(r) exp[iφ(r)], unearths nanoscale

phase inhomogeneity that coincides with the deformations and dislocations of stripes.

Phase variations encode deviations from perfect, long-range modulations; they can be

extracted using the phase lock-in technique described in chapter 2 and applied previously

on spectroscopic scanning tunneling microscopy (STM) data to visualize density wave
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fluctuations in cuprates [110, 141]. Figure 3.14a displays a room temperature phase

configuration, φ(r), overlaid with π/4 constant phase contours (black lines). The φ(r)–

map reveals significant spatial inhomogeneity, with ±π phase changes, or more than 4

contours, occurring within regions as small as 5 nm. Even more dramatic variations occur

near topological defects (dislocations) where the phase winds by ±2π around the defect

site (circles). In contrast, we observe in Fig. 3.14b a more uniform, slowly varying phase

configuration at 93 K with a dearth of ±2π phase change over tens of nanometers.

Phase variations are better visualized via the compressive phase strain [128]:

εc = q
q
· ∇φ(r). (3.5)

Phase strain is normalized such that a ±2π phase shift over one wavelength (λ=2π/q)

corresponds to ±1, and a positive (negative) phase strain represents a local compression

(expansion) of the wavefronts. In Figs. 3.14c and d, we show εc maps overlaid with

phase contours at 293 K and 93 K, respectively. We observe at room temperature a

moderate background strain, punctured by regions of large, localized phase gradients,

notably near dislocations (circle) and shear deformations (rectangle). The εc–map at 93

K exhibits mild variations and much smaller strain values throughout the full field of

view, an indication of emergent phase homogeneity well below Tc.

Having revealed temperature-dependent phase disorder, we address the relative weights

of amplitude and phase variations by calculating their respective autocorrelations. In

Fig. 3.15, we observe that amplitude correlations quickly plateau to ∼ 0.9 at 293 K and

∼ 0.8 at 93 K over accessible length scales (∼ 10 nm for reasonable statistics); their slow

decay at both temperatures suggests they do not influence the correlation length of stripes.

Phase correlations, on the other hand, decay rapidly at 293 K, becoming completely

uncorrelated beyond ∼ 8 nm. At 93 K, they remain finite and relatively significant (∼ 0.5)
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Figure 3.14: Emergent phase coherence at low temperature. a, b. Maps of the coarse-
grained phase, φ(r), at 293 K and 93 K, respectively. Black lines represent constant π/4
phase contours. The phase configuration is much more uniform at low temperature. c,
d. Maps of the phase strain, εc, at 293 K and 93 K, respectively. Circles correspond to
dislocations and boxes correspond to shear deformations.
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Figure 3.15: Autocorrelations of the phase component and the amplitude component at
293 K (red) and 93 K (blue). Lines are guides for the eye. The slow decay of amplitude
correlations at both temperatures suggests that the amplitude is not the main driver
of long range order. In contrast, the strong temperature-dependent decay of phase
correlations supports that phase variations govern long range order.

beyond 10 nm. The strong temperature dependence of phase correlations suggests that

the phase component is the primary driver of long range order. In other words, the decay

of phase correlations is responsible for the broadening of superlattice peaks as shown in

Eq. 3.4. These phase fluctuations invite an analogy to disordered superconductors where

the loss of phase coherence can cause a superconductor-to-insulator transition despite

the persistence of a finite amplitude [153].

The modest temperature dependence of amplitude correlations may be attributed to

their coupling to large phase gradients. Local inspection of amplitude fields at 293 K and

93 K reveals an interaction between phase variation and amplitude variation (Fig. 3.16).

From a mean field perspective, amplitude fluctuations should be suppressed because they
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Figure 3.16: Correspondence between large phase gradients and amplitude reduction.
a, b. Square of the phase gradient, |qq · ∇φ(r)|2 at 293K and 93K, respectively. c,
d. Amplitude field, A(r), at 293K and 93K, respectively. The circle corresponds to
a dislocation (phase singularity) and the rectangles correspond to shear deformations
(phase gradients). We observe amplitude reduction in regions of large phase gradients,
suggesting a coupling between phase fluctuations and amplitude fluctuations.
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cost finite energy. When the phase varies slowly, the amplitude is expectedly robust and

uniform. However, in regions of large phase gradients, the amplitude weakens, particularly

at dislocation sites where it collapses completely. Phase deformations increase the elastic

energy density by an amount proportional to |∇φ(r)|2, which may require amplitude

suppression in regions of diverging phase gradients [131, 154]. Our observations are

consistent with this picture, and attest to the importance of phase fluctuations in shaping

the strength and correlations of charge order.

We propose a simple Ginzburg-Landau (GL) theory that captures the interplay

between phase disorder and amplitude variation. Consider the order parameter given

by ψ(r) = A(r)eiφ(r), where, for simplicity, we neglected the vectorial nature of the

amplitude component. The GL energy density, f , is given by [130, 154, 155]

f = a|ψ(r)|4 + b|ψ(r)|2 + c|∇ψ(r)|2 + fimp

The first two terms are the customary terms in a GL expansion. The a, b and c are

phenomenological constants with a > 0, c > 0, and b = (T − Tc)/Tc < 0 for T < Tc. The

third term represents the energy due to order parameter variations, and the fourth term

represents the energy due to coupling to impurities. We assume that an impurity at

site Ri fixes the value of the phase component to Θ(Ri). There may be other sources

for phase distortion including boundary conditions, applied fields, and inhomogeneous

charge. The GL functional becomes

f = aA4(r) + bA2(r)+c|∇A(r)|2 + cA2(r)|∇φ(r)|2−∑
i

V0 cos
(
φ(Ri)−Θ(Ri)

)
where V0 controls the coupling strength to the impurity.

The amplitude is expected to vary negligibly due to the quadratic term in the GL

energy [128, 130]. In other words, the amplitude is associated with the condensation energy
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gain, or gap, due to the formation of the ordered state. In contrast, phase variations only

appear in the gradient term and are more likely to occur. However, near regions of large

phase gradients, the energy density can diverge due to the |∇φ(r)|2 term, necessitating

changes in the amplitude [131, 154]. At a dislocation site, the phase singularity forces

amplitude collapse altogether. Phase variations thus provide a mechanism for the local

destruction of the amplitude, which may permit a competing order to emerge, as shown

in the previous chapter.

3.5 Results – Wavevector Shifts From Phase Disorder

Area-averaged diffraction yields an incommensurate wavevector at 293 K and an (almost)

commensurate wavevector at 93 K (Fig. 3.9). To understand the nature of incommensurate

order, it is important to determine whether the periodicity from diffraction data reflects a

long range incommensurate state with uniform periodicity or some other local structures.

To address whether the real space structure of the modulation has the same periodicity as

the area-averaged wavevector, we measure the superlattice peaks from the FT amplitudes

of multiple STEM datasets at room and cryogenic temperatures. The fields of view in

the STEM data range from 17 nm to 40 nm. We focus on superlattice peaks near the 020

and 02̄0 Bragg peaks because they are the strongest and hence give the best precision.

The error bars represent the standard deviation of measured Bragg and superlattice

peaks. The measurements are performed across different regions of the sample and are

summarized in Fig. 3.17.

At room temperature, the wavevector spans a wide range of q values ranging from

q = 0.308 r.l.u. to q = 0.331 r.l.u., but generally remains smaller than qc = 1/3

r.l.u.. Room temperature selected area diffraction gives an incommensurate wavevector
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Figure 3.17: Local variations of the charge ordering wavevector. Measured wavevector
q from the FT amplitudes of various STEM datasets at room temperature (red) and
cryogenic temperature (blue). The wavevectors from selected area diffraction are also
included (square markers). We observe local variations of the wavevector that do not
necessarily mirror the area-averaged wavevectors from diffraction. At room temperature,
the wavevectors range from q = 0.308 r.l.u. to q = 0.331 r.l.u. and are smaller than
the lattice-locked value (gray dashed line) of q = 1/3 r.l.u.. At low temperature, the
wavevectors range from q = 0.331 r.l.u. to q = 0.335 r.l.u. and are generally larger than
the commensurate wavevector. The wavevectors remain smaller than the q value expected
from the empirical q ≈ 1− x ≈ 0.35 relation (green dashed line), which suggests that the
wavevector may continue to increase at much lower temperatures (T<93 K). The error
bars represent the uncertainty of determining superlattice peaks near the 200 and 002
Bragg peaks and the uncertainty of determining the Bragg peaks.
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q = 0.314± 0.003 r.l.u. (red rectangle). At low temperature, the wavevector measured

in diffraction is q = 0.332 ± 0.001 r.l.u. (blue rectangle), which is much closer to the

lattice-commensurate value of qc = 1/3 r.l.u.. Locally, we find that the STEM FT

wavevector varies from region to region as well and that it is generally greater than

q = 1/3 r.l.u.. We also note that the wavevector remains smaller than the value expected

from ionic counting (q ≈ 1− x ≈ 0.35 r.l.u.), which suggests that the wavevector may

continue to increase upon further cooling.

Remarkably, we observe local wavevector variations within one field of view, by taking

the FT of cropped subregions of a room temperature dataset. Note that the cropped

regions cannot be arbitrarily small due to sampling limitations and to the decrease in

peak tracking precision. Figure 3.18a shows a map of the compressive phase strain,

εc = ∇φ · q/q, and the calculated q values for subregions therein. Qualitatively, we

observe that, when the phase varies negligibly (black rectangle), the wavevector is lattice-

commensurate (within the experimental precision). Regions with large negative phase

gradients correlate with a statistically significant decrease in the wavevector (red, green

and blue rectangles). The trend is best visualized by plotting the average compressive

phase strain as a function of the wavevector, as measured from multiple cropped regions

(Fig. 3.19). Here, wavevector variations, δq = q − qc with qc = 1/3 r.l.u., seem to evolve

linearly as δq ≈< ∇φ · q/q >. The absence of average phase variations yields a more

lattice-locked value (dashed lines). In the region with negligible phase variation (inside

the black rectangle), PLD mapping shows that the modulations appear lattice-locked up

to 7 PLD wavelengths (Figure 3.20). These observations expose a discrepancy between

local (tens on nanometers) and global (micron scale) measurements of the modulation

wavevector, and suggest that incommensuration reflects spatially complex textures and

periodicities.
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Figure 3.18: Variations of the wavevector correlate with phase disorder. a. Room
temperature STEM image spanning a 40nm field of view . b. Mapping of PLDs in the
same region. c. Compressive phase strain, εc, exhibiting complex textures including
regions of negligible phase variation (black rectangle) and regions of significant disorder
(red, green, and red rectangles). The measured wavevectors from cropped subregions
are included. Negligible phase variations yield a more lattice-commensurate wavevector
while a negative εc yields a smaller wavevector.
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Figure 3.19: Wavevector shifts follow average phase gradients. Plot of the average
compressive phase strain as a function of the measured wavevector from regions of varying
phase disorder. The trend appears linear with q = qc + δq ≈ qc+ < ∇φ(r) · q/q > and
qc = 1/3 r.l.u.. Larger, more negative average phase gradient yields a smaller wavevector.
When average phase variations are zero, the wavevector approaches qc.

To better understand how phase fluctuations cause shifts in the wavevector, we derive

of the structure factor in the presence of phase gradients. Assuming phase variations are

approximately linear over the scattering volume, we have

φ(r) = φ0 +∇φ(r) · r + .... (3.6)

Plugging into the structure factor, the satellite peaks are given by

S(k) ∼
∑
{R}

δ(r−R)exp
[
i(k± q).r

]
exp

[
i
(
φ0 +∇φ(r) · r

)]
∼
∑
{R}

δ(r−R)exp
[
i
(
k± q +∇φ(r)

)
· r
]
exp

[
iφ0
] (3.7)

The linear term causes an anisotropic shift of the wavevector with δq = ∇φ(r). If

gradients over the scattering volume average to zero, the net effect is a blurring of the
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Figure 3.20: Lattice-locked modulations in the absence of phase variations. a PLD map
of a well-ordered subregion within the black rectangle in Fig. 3.18. The region shown here
has been rotated for better visualization (rotated by 50 degrees). The modulations appear
lattice-locked with 3 unit cell periodicity over 7 PLD wavelengths at room temperature.
b Map of the compressive phase strain in the same region, showing that phase variations
are small.

superlattice peak. Higher-order terms in the expansion of φ(r) contribute instead to peak

broadening.

We now illustrate how phase gradients cause a shift in the superlattice peak position,

causing incommensurate order to emerge. Consider a one-dimensional displacive mod-

ulation given by ∆(x) = A sin
(
qx + φ(x)

)
where q = 1/3 (2π/a) is the commensurate

wavevector, A is the displacement amplitude, and φ(x) is the phase. A constant phase

corresponds to an ideal sinusoidal modulation as shown in Fig. 3.21a. We observe in our

data, however, localized regions of significant phase change (Fig. 3.14b). A positive (neg-

ative) gradient in the phase compresses (expands) wavefronts, which increases (decreases)

the number of wavefronts, as shown in Fig. 3.21b and Fig. 3.21c .

We also calculate the FT amplitude of simulated modulated lattices in the presence

117



3.6. Outlook

of phase variations. We generate various phase profiles with smooth, local variations

occurring, without loss of generality, every 25 unit cells, and calculate the Fourier

transform (FT) amplitudes of the resulting lattices. The FT amplitudes are convolved

with a Gaussian kernel of width 0.01(2π/a) to simulate the effect of the resolution function.

The black, dashed line in Fig. 3.22a represents a constant phase profile. As expected, the

Fourier transform amplitude (black, dashed line) is peaked at the ordering wavevector

q, as shown in Fig. 3.22c . The blue (red) line corresponds to a phase profiles where all

variations have positive (negative) phase gradients (Figs. 3.22b and 3.22c ). In Fig. 3.21c,

the FT amplitude appears shifted away from q, with the blue line moving to a higher

q and the red line moving to a lower q. Since a positive (negative) gradient decreases

(increases) the wavelength, the wavevector increases (decreases), in agreement with the

calculated FT amplitudes. In the green phase profile, the gradients average to zero,

yielding a FT amplitude which peaks at q.

The results of this chapter show that amplitude-based probes do not directly reflect the

underlying periodicity of a modulation. The presence of local phase variations may cause

anisotropic shifts in the position of superlattice peaks. Real-space, phase sensitive probes

including STEM or scanning tunneling microscopy allow direct and local measurements

of the periodicity and phase inhomogeneity of ordered states[141, 142].

3.6 Outlook

Based on these results, we propose that experimental observations of coincident incom-

mensuration and emergent competing states are related to the local disordering of the

phase component; phase gradients account for (i) the reduction of the correlation length,

(ii) changes in the average wavevector, and (iii) the local quenching of the amplitude
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a

b

c

Figure 3.21: Expansion and compression of wavefronts due to phase gradients. a-c. Phase
profiles (φ(x), dashed lines) and resultant sinusoidal modulations (∆(x) = A sin(qx+φ(x)),
gray lines). A constant phase (black) corresponds to an ideal sinusoidal modulation. A
positive gradient in the phase corresponds to a compression of the wavefront (blue, dashed
line). A negative gradient in the phase corresponds to an expansion of the wavefront
(red, dashed line). Empty black circles represent the ideal atomic lattice and red circles
correspond to the modulated lattice. The wavelength of the modulation is λ = 3a.

which may allow another order to materialize. This may explain the competition be-

tween ferromagnetism and incommensurate charge order in manganites [14], or even the

granular interplay between short range incommensurate charge density waves and super-

conductivity in cuprates or transition metal dichalcogenides. One can easily construct a

Ginzburg-Landay theory with two competing order parameters; the first represents charge

order, ψ, while the second represents a competing state, η. Solving for spatially varying

phase, as observed in our data, generates incommensuration by having q→ q +∇φ, and

locally quenches the amplitude, allowing η to acquire a finite value. One such analysis

has been performed on manganites by Milward et al. [137] and on transition-metal
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a

b

c

Figure 3.22: Phase gradients result in wavevector shifts in reciprocal space. a. 1D phase
profiles, φ(x), with local variations. The black, dashed line represents a constant phase.
The red (blue) line represents a step profile with negative (positive) gradients. The green
line represents a step profile with gradients averaging to zero. The wavelength of the
modulation is λ = 3a. b. Gradients of aforementioned phase profiles. c. Fourier transform
amplitudes of a 1D lattice modulated by ∆(x) = sin(qx + φ(x)) with q = 1/3(2π/a).
The color corresponds to phase profiles described before. The dashed line, peaked at q,
corresponds to a constant phase profile.
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dichalcogenides by Chen et al. [156].

A successful microscopic theory for charge order, and the many exotic states it

affects, should account for all relevant degrees of freedom and for the possibility of

inhomogeneity. Using cryogenic STEM on a manganite, we have directly measured the

lattice component and found that the cations undergo transverse displacements relative

to the modulation wavevector. Models based solely on separation of charge or orbital

ordering are therefore insufficient. Atomic displacements change bond distances, bond

angles, and hence exchange interactions, and may be key to explaining how charge

order impacts other electronic states. We have also visualized the interplay between

incommensuration, phase defects, and lattice-locking, reinforcing both the importance of

charge-lattice coupling and the fundamental effects of nanoscale phase inhomogeneity on

macroscopic behavior. Importantly, we have demonstrated that we can perform highly

sensitive STEM under cryogenic conditions, a key milestone for the electron microscopy

of exotic electronic materials. We envision that mapping the lattice component using

cryogenic STEM in correlated materials will elucidate structural ground states and reveal

connections between atomic displacements and various symmetries of electronic and

orbital order.
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Chapter 4

Site- vs Bond-Centered Order

Following the successful application of cryogenic STEM for the visualization of emergent

phase coherence of the charge-ordered state in BSMO upon cooling, we set out to

map ordered states which only appear well below room temperature. Rare-earth based

manganites exhibit magnetic and orbital transitions only below room temperature, making

cryogenic STEM an absolute necessity. In this chapter, we demonstrate how mapping the

lattice component in a charge-ordered manganite at low temperature reveals intimate

details about the charge and orbital order textures. In particular, half-doped manganites

have puzzled researchers for decades since various models for charge and orbital order are

consistent with previous data and theoretical calculations. This is unlike the overdoped

regime, where the signatures of distinct models are less subtle and most of the bulk

studies favor the Wigner-crystal model, in agreement with our data in the previous

chapters. Based on mapping the patterns of displacements, group theory arguments,

and phase-sensitive Fourier analysis, we show a remarkable nanoscale coexistence of two

different orbital order models in a Nd1/2Sr1/2MnO3 thin film, which highlights why it

The results of this chapter form the basis of a manuscript in preparation. David J. Baek acquired
the STEM data.
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has been difficult to distinguish between them using phase-insensitive, bulk-averaged

measurements.

4.1 Background

Charge order instabilities, the ordering of electrons and spins into periodic structures,

occur in many classes of correlated quantum matter including cuprates, nickelates,

manganites, layered chalcogenides, and charge-transfer salts. The primary signature of

charge ordering is the breaking of the translational symmetry of the underlying crystal via

superlattice formation. Within a superlattice, charge-ordered states may consist of various

electronic patterns and symmetries due strongly entwined orbital, spin, and structural

degrees of freedom [122, 157–163]. In many oxides, for instance, both site-centered

modulations, which are centered on the metal site, and bond-centered modulations, which

are centered on the oxygen ligand, have been predicted and reported [94, 140, 164–173].

Further, intermediate states involving both types of modulations as well as novel orbitally

and magnetically ordered textures may occur [170, 171, 174]. Discriminating between

the various intra-cell ordering patterns is essential for understanding the origin of charge

ordering in any particular system yet it remains a difficult task since the signatures of

the different patterns are subtle.

Charge-ordered manganites, known for the colossal magnetoresistance effect, contain

complex charge order phases entwined with orbital and spin textures due to partially

occupied eg orbitals, sizable exchange interactions, and large structural responses (po-

larons) [175]. The strong coupling to the lattice makes detection of superlattices relatively

straightforward yet the microscopic details have been the subject of back-and-forth debate.

At half doping, the prototypical model is the localization of charge on Mn sites into a
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checkerboard (CB) structure, accompanied by unidirectional zig-zag orbital chains and

antiferromagnetic order [165, 176, 177]. Despite the name, the CB state represents a uni-

directional modulation along the [110] ([100]) direction of the pseudocubic (orthorhombic)

cell due to orbital order. Other experiments and predictions have proposed a new type of

bi-striped order, the Zener polaron, in which Mn sites form dimers with equal valence

and orbital occupations [94, 178–181].

Experimental evidence for either model comes predominantly from neutron or X-ray

structural refinements, where measured bond lengths are mapped to charge and orbital

order patterns [182, 183]. Resonant X-ray scattering at the Mn K-edge also evidences

structural distortions, while measurements at the Mn L2,3-edge (hν = 640 eV) have not

conclusively disentangled electronic modulations from structural ones. The patterns of

the periodic lattice distortions (PLD) and their corresponding effects on bond lengths

thus represent an avatar of the intra-unit cell ordering model [94, 165, 174].

In terms of real space probes, conventional or dark-field transmission electron mi-

croscopy has been used extensively to visualize stripes and their rich phenomeonlogy in

manganites, however, the limited spatial resolution of the technique and its complicated

contrast mechanism obfuscate intimate microscopic details of the stripes [90, 136]. Scan-

ning tunneling microscopy, which has provided vivid visualizations of the intra-unit cell

structure of charge order in cuprates and layered systems, has not been applied extensively

in manganites due to sample preparation limitations [184–186]. Alternatively, high-angle

annular dark-field (HAADF) scanning transmission electron microscopy (STEM) may

provide projection images of atomic columns and is sensitive to picometer-scale lattice

distortions, a relevant length scale in charge-ordered systems. In the previous chapters,

we directly mapped periodic lattice displacements (PLD) in a manganite near x = 2/3

doping and provided evidence for the so-called Wigner crystal in lieu of bi-stripe order.
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Here we use cryogenic HAADF-STEM to map the charge-ordered structure in a

half-doped Nd1/2Sr1/2MnO3 thin film at low temperature. By measuring picoscale lattice

distortions at low temperature (∼ 93 K), we observe transverse modulations with 2 unit

cell periodicity along the a-axis of the orthorhombic cell. Remarkably, we find two types of

PLD patterns coexisting over tens of nanometers. The first pattern is consistent with the

prototypical Goodenough/stripe order while the second represents bi-stripes. Unlike the

Zener polaron bi-stripes, which are purely bond-centered, the bi-stripes are intermediate

between bond-centered and site-centered ordering. The observation of coexisting states

with distinct broken symmetries enriches our understanding of the microscopic details of

charge and orbital order in manganites and other oxides as well.

4.2 Methods

Pulsed Laser Deposition Growth For the growth of Nd1/2Sr1/2MnO3 thin films,

TiO2-terminated SrTiO3 (110) substrates were pre-annealed at 950◦C under oxygen

partial pressure of 5.0× 10−6 Torr for 30 min. The particular substrate orientation of

SrTiO3, namely the (110) orientation, is necessary for the charge order phase to emerge,

since rotational anisotropy is required. Subsequently, 80-nm thick Nd1/2Sr1/2MnO3 films

were grown on top using a 248-nm KrF excimer laser. During the thin film deposition,

the growth temperature was maintained at 825◦C under p(O2) of 2.0× 10−3 Torr, using

0.40 J cm−2 laser fluence and 11 mm2 spot size.

Magnetization The magnetization data were measured using a superconducting

quantum interference device (SQUID) magnetometer with in-plane magnetic field.

Scanning transmission electron microscopy (STEM) High-angle annular dark-

field (HAADF) STEM imaging was performed in an aberration-corrected FEI Titan
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Themis microscope operating at 300 kV and 50 pA probe current. The convergence

angle was 21.4 mrad and the inner collection angle was 68 mrad. Cryogenic STEM

measurements were performed in a Gatan double-tilt side-entry liquid nitrogen TEM

holder (Model 636) with a base temperature of ∼ 93 K. We acquired multiple fast-

acquisition images (0.5 or 1 µs per pixel) to overcome sample drift which occurs at low

temperature, and aligned the image series using rigid registration optimized for noisy

images [135]. We obtained high-quality cryogenic STEM data with information transfer

below 1 Å.

4.3 Results – Phase Transitions and Group Theory

4.3.1 Low Temperature Phase Transitions

The 80 nm thick films are grown using pulsed laser deposition on a SrTiO3 substrate

oriented along the (110) orientation. The particular substrate orientation is necessary

for the charge order phase to emerge since it couples to an anisotropic, orthorhombic

distortion. Figure 4.1a shows the magnetization curve as a function of temperature.

Below T = 260 K, we note a transition to a ferromagnetic phase with peak magnetization

of 1.5 µB/Mn at 200 K. Another transition, which we associate with the charge-ordered

state, occurs below 150 K and is characterized by a drop in the magnetization. The data

on the film is similar to measurements on bulk samples except that the magnetization is

not completely suppressed once the charge-ordered state emerges, suggestive of nanoscale

phase competition [187–189].

Figure 4.1b shows a projection HAADF-STEM image of the crystal along the [010]

orientation at 93 K. The atomically-resolved Nd/Sr columns (green) appear brighter than

the Mn columns (red), since the contrast in HAADF scales to first order with the atomic
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Figure 4.1: Low temperature phase transition. a. Magnetization showing transitions
from a paramagnetic to a ferromagnetic to an antiferromagnetic ground state. Imaging
is performed at 93 K (blue arrow), well within the antiferromagnetic phase in which
charge ordering is expected. b. High-angle annular dark-field (HAADF)-STEM at
93 K. Nd/Sr columns (green) are brighter than the Mn columns (red). c. Fourier
transform amplitude showing superlattice peaks (blue circles), indicating the formation
of a modulated structure. The period of the modulation is twice that of the crystalline
lattice, as expected for charge ordering at half doping.

number. In the Fourier transform amplitude (Fig. 4.1c), superlattice peaks (blue circles)

emerge at low temperature and indicate the formation of a modulated structure. The

superlattice peaks are located at q = (1/2, 0, 0), as expected for charge ordering at half

doping.

Before mapping the charge-ordered state in detail, we characterize structural fluc-

tuations in the film, namely the occurrence of crystal and charge order domains and

short-range cation ordering. Similar structural inhomogeneities have impeded structural

refinements in scattering experiments [190]. Figure 4.2a shows a 40 nm region of the film

in which we observe superlattice peaks along two orthogonal directions, q1 and q2, in the

FT amplitude (Fig. 4.2b). By Fourier filtering superlattice peaks near the (200) and (002)

Bragg reflections, we obtain the local amplitude of the modulation along each direction,

Aα(r) with α = 1, 2. The local stripness parameter, ΣCO(r) = [A1(r) - A2(r)]/[A1(r) +
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Figure 4.2: Short-range cation order along the [100]pc direction. a. HAADF-STEM
image over a large field of view (40 nm x 40 nm). b. Fourier transform amplitude
highlighting orthogonal charge order peaks (blue/red). Broad cation order peaks are
highlighted by green circles. c. Stripeness parameter ΣCO(r) shows that the charge
order domains are separated by a well-defined domain boundary. The two domains are
perfectly anti-correlated spatially. c. Coarse-grained cation order peak. The cation
ordering is short-range and does not correlate locally with the strength of either charge
order domain.
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Figure 4.3: Crystal and charge-order domains are correlated. a. HAADF-STEM over the
same field of view as Fig. 4.2. b. Fourier transform amplitude highlighting orthogonal
charge order peaks (blue/red). c. Zoom-in of a high-frequency crystal Bragg peak. A
clear splitting of the peaks is evident indicating the presence of a crystalline orthorhombic
twins. d. Stripeness parameter for the charge order peak. e. Local amplitude parameter
of the split crystalline peak. Note that the Fourier filtering window has to be small due to
the small separation of the peaks in the Fourier transform and as a result the resolution
in real space is low. That said, the crystalline map shows clearly that a well-defined
crystalline domain boundary occurs in the sample. Further, this boundary tracks perfectly
the charge domain boundary, indicating that the observed charge order twinning is due
to crystal twinning and not to anomalous clustering nor overlapping order.
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A2(r)], determines whether the ordering pattern in locally unidirectional (positive for

q1, negative for q2 and close to zero for overlapped). The two charge order domains

are separated by a well-defined boundary, suggestive of a crystal twin effect rather than

anomalous competition between unidirectional order parameters. Indeed, we observe a

splitting of Bragg peaks which indicates the presence of orthorhombic twins. A spatial

map of a different anisotropy parameter based on the crystal peaks, ΣCrystal(r), shows

that it correlates with the charge order domains. We believe that twinning is due to the

relaxation of the epitaxial film, since it occurs along the growth direction.

In addition to orthorhombic domain formation in the film, we note broad superlattice

peaks which occur along the pseudocubic direction at qcation = (1/2,0,0)pc. These exist

above and below the charge ordering transition temperature and are associated with local

A-site cation ordering. Mapping the local Fourier amplitude of these peaks shows that

the cation order is short range, with domain sizes spanning a few nanometers. We find

no obvious correlation between the charge order amplitude and cation ordering, which

suggests that the ordering of the A-sites does not significantly affect the strength or

correlations of the charge order.

4.3.2 Order Parameter and Symmetry

The main result of this work concerns the nature of the charge-ordered state in half-

doped manganites. The observable order parameter can either be the arrangement of

the electronic charge and the orbitals in the superstructure or the patterns of atomic

displacements and associated bond lengths. The first view is generally adopted in

theoretical investigations or in resonant X-ray studies because they are mainly concerned

with the electronic degree of freedom. The second view is adopted in structural refinements

of bond lengths and angles, which may be subsequently mapped to charge densities and
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Figure 4.4: Charge and orbital order models at half doping. a. Goodenough model, or
stripe model, in which extra charge is localized on Mn sites. This model represents site-
centered ordering. The red and blue colors represent distinct Mn sublattices. The orbital
represents extra charge localized on the eg orbital. b. Bi-striped, bond-centered orbital
order. This state is also known as the Zener polaron with Mn on different sublattices
showing similar bonding environment. c. Bi-striped, intermediate state mixing site and
bond order. The clover-shaped orbital represents an additional site-centered modulations
on top of a predominantly bond-centered state.

orbital textures. Despite the distinction, these two views are dual to each other since the

electronic and lattice degrees of freedom are intertwined in holed-doped oxides.

The prototypical Goodenough model, hereafter referred to as the stripe model, is

shown in Fig. 4.4a where excess charge is located on Mn sites and the orbitals are

arranged in a zig-zag pattern. This picture represents site-centered ordering. To connect

this orbital picture to structural distortion, we consider the high temperature phase

which has Pnma symmetry. Doubling the unit cell along the [100] direction requires a

displacement mode with the wavevector k = (1
2 , 0, 0). The order parameter is given

by the two-dimensional X1 mode, where each dimension corresponds to a sublattice

in the high-symmetry cell (Fig. 4.5b). The stripe model has P21/m symmetry, which

is obtained by X1 displacements along the first or second dimension, DX1 = (a, 0) or

DX1 = (0, b) (Fig. 4.6a). We will focus on cation distortions only since oxygen atoms are

not visible in high-angle ADF STEM, and despite this oversight, we will find that the

cationic response will be highly illuminating.
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Figure 4.5: Group-subgroup relations for the doubled cell in the low temperature phase.
a. High-symmetry zone-boundaries of the orthorhombic Pnma cell. b. Cartoon of
the high symmetry unit cell, with green circles representing Mn atoms and red circles
representing Nd/Sr atoms. c. Group-subgroup relations for modes that transform like
the X1 irreducible representation with wavevector k = (1/2 ,0,0). The X1 displacement
modes, DX1 = (a,b), are given by a two-dimensional order parameter. The first/second
dimension corresponds to displacements in the α-/β-sublattice. For a 6= 0 and b = 0 (or
the opposite), the resulting structure has P21/m symmetry. For a = b 6= 0, the resulting
structure has Pmn21 symmetry. For a 6= 0 and b 6= 0 and a 6= b, the resulting structure
has Pm symmetry lacking an inversion center.
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Figure 4.6: Displacement patterns in the various ordered models. a. P21/m structure
driven by displacements in one sublattice. b. Pmn21 structure driven by displacements
in both sublattices with equal amplitude. a. Pm structure driven by displacements in
both sublattices but with different amplitudes. This structure lacks an inversion center
and is technically multiferroic. All displacements have been represented by transverse
distortions on the Mn atoms. In reality, the structure allows for other displacement
modes including longitudinal modes, however, they are much smaller than the transverse
modes.

A competing theory for charge order in ∼ 1/2-doped manganites is the so-called Zener

polaron, as shown in Fig. 4.4b. In this case, the charge is distributed equally between

Mn sites with pairs of Mn atoms forming orbital dimers. This orbital-order model may

be viewed a purely bond-centered modulation, with no charge modulation at the Mn

sites. In terms of the crystal structure, this state corresponds to X1 distortions along

both directions and with equal amplitude, DX1 = (a, a), which lowers the symmetry of

the high-temperature phase to Pmn21 symmetry (Fig. 4.6b). Daoud-Aladine et al. first

reported this structural model, and its corresponding orbital picture, based on neutron

scattering refinements, generating excitement for new forms of "charge order" textures

[94]. Despite many subsequent reports supporting or questioning this structure, the

controversy around site-centered (stripe) and bond-centered (Zener polaron) order is not

resolved.

The story is further complicated by the fact that the initial reports of the Zener polaron
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assumed the orthorhombic Pmn21 symmetry for refinements despite the data showing

a monoclinic Pm symmetry [94]. This complication may be relieved by considering

an intermediate state which mixes both site-centered and bond-centered modulations

(Fig. 4.4c). Theoretical calculations by Efremov et al. showed that such intermediate

structure can exist over a wide doping range near x ∼ 0.5 and that it may be ferroelectric

[170]. Structurally, a structure with Pm symmetry may be generated from the high

temperature phase by condensing the X1 mode along both directions and with different

amplitudes DX1 = (a, b), as shown in Fig. 4.6c. Such mixed ordering is appealing because

it elevates the roles of both the metal d-orbitals and the oxygen ligand, which may be

a general feature in other hole-doped oxides. This phase explicitly breaks inversion

symmetry and may couple to a novel polar ferroic state.

4.4 Results – Atomic Scale Evidence for Coexistence of

Two Distinct Models

We now map the nature of the charge-ordered phase using high-angle ADF-STEM

which is highly sensitive to picometer-scale lattice distortions. The presence of an

order parameter which breaks translational symmetry via supercell formation generates

additional superlattice peaks in reciprocal space. In the case of a modulation with a

well-defined periodicity, the Fourier transform amplitude of a real-space STEM image

will exhibit superlattice peaks at G ± nq, where {G} is the set of Bragg peaks, q

is the modulation wavevector, and n is an integer representing the harmonics of the

modulation. To precisely measure the microscopic behavior adopted by the lattice in

the low temperature ordered phase, we canvas the Fourier transform amplitude for all

superlattice peaks associated with the q = (1/2, 0, 0) modulation. We then damp the
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amplitude of these superlattice peaks to the background level and apply an inverse Fourier

transform, generating a reference image in which the modulation wave is removed, as

described in great detail in Chapter 2. Fitting and subtracting the lattice positions in the

image pair, namely the original image and the reference image, resolves the structural

modification that takes place at low temperature.

Using the atom tracking method, we extract the PLD pattern in Nd1/2Sr1/2MnO3 at

low temperature (∼ 93 K). Figure 4.7a shows a STEM image over a 3.5 nm x 3.5 nm

region overlaid with arrows indicating atomic column displacements. The area of the

triangles denotes the magnitudes of displacements and the color represents the angle

of the displacement relative to the wavevector, q. The displacements have transverse

polarization and generate a two-fold superlattice.

The modulation shown in Fig. 4.7a is consistent with site-centered, striped ordering,

in which the maximum displacement amplitude occurs on one sublattice and much

smaller displacements occur on the other. The Mn displacements are sinusoidal (Fig. 4.7b,

triangles) and may be described by ∆(r) = A sin(q.r + φ) where ∆(r), A, q, and φ is

the displacement, amplitude vector, wavevector, and phase, respectively. The amplitude

of the transverse component of ∆(r) is 8.4 pm and the amplitude of the longitudinal

component is negligible (∼ 0.4 pm). The mean displacement amplitudes on the α-/β-

sublattices are 8.2 ± 0.9 pm/1.3 ± 0.6 pm. The phase determines the relative centering

of the modulation with respect to the lattice. Site- and bond-centered order correspond

to φ = nπ (n is an integer) and φ = nπ/2 (n is an odd integer), respectively. The fit

confirms that the displacements are predominantly site-centered with φ ∼ 0.94π.

Remarkably, we discover that some regions exhibit bi-stripe order (Fig. 4.8a); trans-

verse Mn displacements occur on both the α-sublattice and the β-sublattice. Furthermore,

the displacements have different amplitudes on each sublattice, unlike in the Zener polaron
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Figure 4.7: Site-centered stripe order. a. Periodic lattice displacement (PLD) map
showing transverse modulations on Mn and Nd/Sr sites. Triangles represent displacements
of the atomic columns, with the area scaling with the amplitude of the distortion. The
color represents the angle of the amplitude vector, A, relative to the wavevector q =1/2
a∗. In this region, one sublattice has large displacements whereas the other has much
smaller displacements, indicative of the stripe model. b. Aggregated Mn displacements
(green dots) and sine function fit (green line) in the stripe phase. The displacements
appear site-centered with the maximum of the sine wave occurring on one sublattice and
the node occurring on the other sublattice (dashed line). From the fit, we obtain A =
8.4 ± 0.1 pm and φ = 0.94π. The latter parameter indicates that the modulation in
site-centered
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Figure 4.8: Bi-stripe order consistent with the intermediate phase. a. PLD map showing
transverse distortions on both sublattices, which indicates bi-stripe ordering. Focusing
on Mn columns, the displacement amplitudes on the sublattices are not equal which
is consistent with the intermediate bi-stripe phase. b. Aggregated Mn displacements
(magenta dots) and sine function fit (magenta line) in the bi-stripe phase. The displace-
ments appear more bond-centered with the maximum of the sine wave occurring between
two sublattices and as a result both sublattices have finite displacements. From the fit,
we obtain A = 6.3 ± 0.1 pm and φ = 0.35π. The latter parameter indicates that the
modulation is in the intermediate phase since φ deviates from π/2 (purely bond-centered)
or π (purely site-centered).
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Figure 4.9: Nanoscale coexistence of stripe and bi-stripe order. PLD map over a larger
field of view showing a transition from the site-centered, stripe phase to the intermediate
bi-striped phase. The green/magenta box corresponds to the stripe/bi-stripe regions
from which the PLD maps in Figs. 4.7 and 4.8 were extracted.

model where they should be equal. This data provides the first direct evidence for the

intermediate charge-ordered phase in a half-doped manganite. Figure 4.8b shows the

aggregated Mn displacements and their fit using the sinusoidal function. The intermediate

structure is readily apparent since the maximum of the sinusoidal function is not centered

on Mn sites (stripe) nor exactly at the middle (Zener). The extracted value for the phase

is φ = 0.35π, a significant deviation from the purely site-centered or bond-centered phase.

In this structure, the amplitude of the modulation envelope is 6.3 ±0.1 pm and the mean

displacement amplitudes on the α and β sublattices are 2.9 ± 0.9 pm and 5.8 ± 0.7 pm,

respectively.

Due to the projection nature of STEM, we must clarify whether the bi-stripe model

comes from an averaging of stacked, phase-shifted stripe structures along the b-direction.

If so, Mn atoms within a column will distort by different amounts and, due to electron
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Figure 4.10: Transition from a striped to a bi-striped ground state. Plot of the amplitude
of displacements on each sublattice across the transition region where the stripe phase
transforms into the bi-stripe phase. The relative strengths of the α/β sublattices determine
whether the ground state is striped or bi-striped.

channeling effects, the HAADF scattering cross-section will differ from the perfectly

stacked case [111–115]. By comparing Mn column intensities in the striped and bi-striped

phase, we find no correlation between the ordering model and atomic column intensities

or widths, supporting that the bi-stripe model occurs throughout the volume (Fig. 4.11).

Further, the displacements of the Nd/Sr columns in the bi-stripe structure are distinct

from those of the stripe phase or stackings thereof, indicating that the bi-stripe is a

genuine intermediate state and not a projection artifact.

An important result from these visualizations is that the two models coexist on the

nanoscale and within the same 27 nm wide field of view (Fig. 4.9) . Furthermore, the

stripe phase can be smoothly transformed into a bi-striped phase over multiple unit
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stripe Bi-stripe

Figure 4.11: Mn column intensities and sizes in a region containing both striped and
bi-striped ordering. 2D histogram of the Mn intensity (top) as a function of a parameter
that describes whether the modulations are more or less striped. This parameter is defined
as the ratio of the smaller sublattice displacement to the larger sublattice displacement.
For a pure striped phase, it should be closer to 0 since one sublattice has negligible
displacements. For a pure bi-stripe phase, it should be closer to 1. We find negligible
correlation between the Mn intensity and whether the state is striped or bi-striped. Note
that the Mn intensity is normalized by the mean of the four nearest-neighbor A-site
intensities. The 2D histogram of the Mn size (bottom) also shows no correlation to the
local ground state. Due to electron beam channeling, the Mn column intensity and size
depend on whether the Mn atoms stack coherently or incoherently. The histograms rule
out stacking of shifted striped phases along the beam direction (incoherent stacking)
given that no significant intensity or size variations occur.
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cells. Figure 4.10 shows the amplitude of Mn displacements averaged over each sublattice

and across multiple unit cells. Starting from the stripe phase (green shaded area) in

which the α-sublattice has a much larger distortion amplitude than the β-sublattice,

Mn displacements in the former sublattice slowly decay in favor of the latter. At the

other end, both the β- and α-sublattices have finite displacements, with the β-sublattice

showing larger amplitudes. Given the nanoscale coexistence of both models, techniques

averaging over a macroscopic volume cannot easily differentiate between them, a situation

exacerbated by crystalline domains, charge order domains, chemical inhomogeneity, and

incommensurate wavevectors. We also suspect that these two ground states are close

in energy. Indeed, both phenomenological theories and Hartree-Fock calculations have

shown the striped and intermediate phase are only a few milli-electronvolts apart in

energy, however, the calculations were also very sensitive to slight changes in parameters,

including the amount of Hartree-Fock exchange and lattice constants [170, 174, 191, 192].

With real space measurements, we can not only determine the picoscale displacement

pattern, and hence the underlying charge order model, but also examine the reciprocal

space structure locally. We calculate complex-valued Fourier transforms centered on the

stripe or bi-striped regions and distinguish the two phases by their broken intra-unit-cell

symmetries [193]. In particular, we utilize the imaginary part of the Fourier transform,

Im{S̃(k)}, which is sensitive to the odd part of a signal and hence can be used to

detect the breaking of inversion symmetry. In a real image, Im{S̃(k)} has contributions

from imperfect centering of the signal and arbitrary phase offsets. However, since both

charge-ordered structures occur within the same image, and hence suffer from the same

experimental distortions, we can look for prominent differences between the two models.

If one structure lacks inversion symmetry, the associated odd component will render ±k

Bragg peak pairs inequivalent by adding intensity to one and subtracting intensity from
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Figure 4.12: Phase-sensitive, reciprocal space evidence for inversion symmetry breaking
in the bi-stripes. a, b. Fourier transform (FT) amplitude, |S(k)| of the striped and
bi-striped phase, respectively. These regions were isolated by applying a Hann mask
centered at the center of these sub-regions. Both FT amplitudes exhibit superlattice
peaks associated with the charge-ordered phase at k = (1/2, 0, 0), in accordance with the
real space mappings. c, d. Integrated linecut across the imaginary part of the Fourier
transform, along the two pseudocubic directions. In the stripe phase, the ±k Bragg peak
pairs have the same amplitude. In the bi-stripe phase, clear asymmetry between the ±k
Bragg peaks emerges, indicating the breaking of inversion symmetry. The black line is a
Lorentzian fit to the line profiles. The real part of the Fourier transform does not exhibit
any asymmetry between ±k coordinates.

the other.

Figures 4.12c and d show integrated line cuts through Im{S̃(k)} along the pseudocubic

apc and cpc directions, respectively. In the stripe phase (green), the imaginary component
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has roughly the same amplitude at ±k coordinates for both pseudo-cubic directions. On

the other hand, we observe a clear asymmetry between ± k Bragg peak pairs in the bi-

stripe phase (magenta), an indication of inversion symmetry breaking. Based on the earlier

group theory arguments, the striped P21/m phase retains inversion symmetry whereas

the bi-stripe phase has Pm symmetry which lacks an inversion center, in agreement with

the Fourier analysis. Our data, therefore, presents direct evidence for the intermediate

charge order phase based on both the displacement patterns and whether inversion

symmetry is broken.

4.5 Outlook

An oft-neglected component in the controversies regarding the nature of charge ordering --

whether they are site- or bond-centered, commensurate or incommensurate, unidirectional

or bi-directional-- is the behavior of the lattice in these broken symmetry phases. The

coupling of orbital textures to lattice responses is relevant to many material systems,

from cuprate superconductors to stripe-ordered nickelates, from layered dichalcogenides

to charge-transfer salts. In a relatively recent turn of events, however, refinements of the

lattice displacements in cuprate superconductors and STM studies of transition-metal

dichalcogenides have acknowledged the intimate link between structural responses and

the symmetry of density waves [194, 195]. Mapping picoscale lattice displacements locally

is therefore a promising methodology to better understand the nature of ordered phases.

To that end, our cryogenic STEM results on the half-doped manganite provide

novel microscopic insights which may illuminate universal charge order phenomenology.

First, we have reported real space observations of striped and bi-striped modulations

corresponding to distinct orbital textures in a manganite at half doping. A promising
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follow-up is to measure other manganite systems with A-sites spanning the rare-earth

series, to establish the stability of various orders as a function of chemical pressure and

oxygen distortions. Additionally, slightly off-stoichiometric samples can shed light on

incommensurate ordering and the emergence of intrinsic defects such as solitons. Second,

we have discovered that the bi-striped model does not necessarily correspond to a purely

bond-centered modulation but rather to a intermediate phase mixing both site- and

bond-centered order. Such mixed structure is extremely appealing because it may help

settle the controversy about the centering of charge order not only in manganites but

also in cuprates where various textures have been debated. Finally, we have shown that

modulated structures with different symmetries and orbital arrangements may coexist over

nanometer scales, importuning real space probes that can directly visualize microscopic

models for ordered phases of matter.
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Chapter 5

Visualization of Trimerized States

and Stacking in a Layered

Ditelluride

5.1 Background and Methods

Transition-metal dichalcogenides, of the chemical formula MX2 where M is a transition

metal (Ti, V, Nb, Ta,...) and X is a chalcogen (X=S, Se, Te), are layered materials

with relatively weak out-of-plane interlayer bonds. Since the 1970’s, investigations

by Wilson and company ushered an impressive body of experimental and theoretical

investigations into the electronic and structural properties of these materials [104]. Some

of these properties include metal-insulator transitions, excitons, charge density waves,

The results of this chapter form the basis of a manuscript in preparation. Nikhil Sivadas and Craig
Fennie performed the density functional theory calculations.
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superconductivity, and magnetic transitions. In particular, the discovery of charge density

waves 1T-TaS2 and other compounds continues to shape investigations into the nature of

electron-lattice couplings in these intriguing states. Transition-metal dichalcogenides can

form multiple polytypes depending on the arrangement of the metal-chalcogen bonds and

the interlayer stacking, further enriching the diversity of their electronic and structural

properties.

These compounds often undergo symmetry-breaking phase transitions by spatially

modulating their electronic and structural degrees of freedom. As mentioned earlier, the

modulations may take the form of charge density waves (CDW) which induce concomitant

periodic lattice displacements (PLD). These broken-symmetry states couple strongly to

electronic behavior, mediating for instance superconductivity or metal-insulator transi-

tions [144, 145, 196], and have taken a central stage in understanding and manipulating

competing ground states. Structurally, these states exhibit dizzying complexity whereby

the PLD patterns and periodicities vary with the valence of the compound or by exter-

nal parameters such as temperature, pressure, intercalation or strain [104, 197]. Some

well-known superstructures include
√

13×
√

13 clustering in 1T-TaS2 and 1T-TaSe2, 3×3

in 2H-TaSe2, and 2×2×2 in 1T-TiSe2 [104]. Most of the investigations into modulated

phases have focused on sulfur- or selenium-based compounds which may be viewed as

nominally two-dimensional systems with weak interlayer interactions.

On the other hand, tellurium-based compounds (MTe2, M = V, Nb, Ta, Ir) exhibit

markedly distinct electronic and structural features. First, they often exhibit short

interlayer Te-Te bonds and a strong covalent character. Second, due to the lower

electronegativity of tellurium compared to sulfur or selenium, there is significant electron

transfer to the metal site. Hence, the nominal valence of the metal site deviates from

4+ and hence new intra-layer bonding patterns can emerge from these extra electrons.
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Typically this results in the formation of one-dimensional chain structures within a layer

and complex stacking sequences which dramatically alter the electronic behavior. This is

the reason why compounds such as WTe2 or MoTe2 have distinct structural distortions

and crystalline symmetries which are responsible for many exotic, recently-discovered

electronic phenomena such as topological transitions, ferroelectricity and non-saturating

magneto-resistance.

Other transition-metal ditellurides contain CDW-like transitions whereby novel super-

lattices form upon lowering the temperature. Unlike CDW transitions in TaS2 or TaSe2,

these broken symmetry states contain large distortions and a strong anisotropic character.

More importantly, they have significant out-of-plane bonding and correlations. Despite

these novel features, they have not been investigated as extensively as the sulfides or

selenides. [197–202]. MTe2 compounds hosting modulated phases at low temperature

are therefore a new playground to investigate complex interactions between in-plane

and out-of-plane ordering tendencies. In IrTe2, for instance, the low temperature phase

involves the formation of in-plane Ir-Ir dimers and distortions in interlayer Te bonding

[203–206].

The related 1T’-TaTe2 has a distorted, monoclinic structure (space group C2/m) at

high temperatures [201, 207, 208]. The metal atoms form trimerized clusters with short

bonds, which are also known as ribbon-chain structures or double zig-zag structures.

Upon cooling, an anomaly appears in the resistivity and magnetic susceptibility at Tc

∼ 170 K which coincides with the formation of a modulated structure according to

X-ray diffraction [202, 207]. Pressure and Se substitution were found to destabilize the

modulation in favor of superconductivity [209–211]. In the quest to visualize the local

structure, scanning tunneling microscopy (STM) was used to image the high temperature

(HT) phase and low temperature (LT) phase on the surface. Striped contrast in the HT
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phase was proposed to represent chains of Ta dimers instead of trimers [212], however,

the stripes are also consistent with the surface Te atoms undergoing the bulk distortion

[213, 214]. Mapping the 3D structure and disentangling lattice displacements from charge

modulations are thus required for resolving the nature of density waves in 1T’-TaTe2

[215–217].

In high-angle annular dark-field (HAADF) scanning transmission electron microscopy

(STEM), 2D projection images of atomic column positions can be obtained at sub-

Angstrom resolution, even under cryogenic conditions [51, 134]. Previously, we mapped the

superstructure in a charge-ordered manganite at low temperature by directly measuring

the picoscale PLD of atomic columns [134]. In that particular system, both the atomic

structure and the displacements were aligned coherently along the viewing direction.

Layered materials present additional challenges since the superstructures may exhibit

periodic and staggered out-of-plane stacking sequences or even disordered stacking

[105, 218, 219]. These interlayer orders are increasingly pertinent for understanding and

manipulating the electronic ground states of layered systems, and require atomic-scale

probes that are sensitive to both intralayer and interlayer order.

In this chapter, we perform cryogenic HAADF-STEM measurements to visualize the

atomic-scale structure of the HT and LT phases in 1T’-TaTe2. We first confirm that the

HT phase involves trimer distortions of Ta sites in agreement with earlier refinements of

the bulk structure [201, 207]. In the LT phase, we observe the formation of a three-fold

superstructure, which appears as periodic intensity modulations in STEM data. In

the previous chapters, we used cryogenic STEM to directly measure displacements of

individual atomic columns in charge-ordered manganites, however, this method requires

that both the atoms and the displacements stack coherently along the imaging direction.

Unfortunately, this is generally not the case in layered materials, and especially in
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tellurides, which exhibit complex interlayer order. By analyzing the pattern of the

intensity modulation, we overcome the challenge of projection imaging and show that the

real space structure involves longitudinal displacements of Ta sites along the b-axis, an

indication of an additional trimerization at low temperature. Our new approach based on

mapping contrast modulations in cryogenic STEM paves the way to understanding charge-

lattice modulated states including their 3D arrangement and overcomes complications

arising from the projection-nature of STEM imaging. We utilize density functional theory

(DFT) calculations, image simulations, and cross-sectional imaging to further resolve the

3D PLD pattern in the LT phase.

For plan-view imaging, we exfoliated (in air) thin specimens from bulk crystals (HQ

Graphene) and transferred them onto silicon nitride membranes with patterned holes.

These top-most layers degrade in air so samples are prepared immediately before imaging

and are stored in an inert atmosphere when not in use. For cross-sectional imaging, flakes

were exfoliated on silicon, with the final exfoliation step occurring in high vacuum to

preserve the surface. The sample was then capped by sputtering permalloy, as described

elsewhere [220]. High-angle annular dark-field (HAADF) STEM imaging was performed

in an aberration-corrected FEI Titan Themis microscope operating at 300 kV and 45 pA

probe current. The convergence angle was 21.4 mrad and the inner collection angle was

68 mrad. Cryogenic STEM measurements made use of a Gatan double-tilt side-entry

liquid nitrogen TEM holder (Model 636) with a base temperature of ∼ 93 K. We acquired

multiple fast-acquisition images (0.5 or 1 µs per pixel) to overcome sample drift which

occurs at low temperature, and aligned the image series using rigid registration optimized

for noisy images (Fig. 5.10) [135]. We obtained high-quality cryogenic STEM data

(Fig. 5.10c,d), with information transfer reaching 0.64 Å. We applied a Hann window on

the real space data before taking a Fourier transform to suppress image edge artifacts.
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Figure 5.1: (a), (b) Room temperature structural model and HAADF-STEM image
of 1T’-TaTe2, respectively, viewed in cross section and along the b-direction of the
monoclinic cell. The white brackets delineate trimerized clusters of Ta atoms. (c), (d)
Structural model and HAADF STEM image in plan-view at 293 K. The Te atoms appear
bright and round while Ta atoms appear elongated and dimmer.
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Crystal structure visualization and displacement mode analysis were performed using

VESTA [221], ISOTROPY [222], and the Atomic Simulation Environment [223] codes.

5.2 Results – Trimerization in the High Temperature

Phase

Figures 5.1a and b show the room temperature structural model and high-angle annular

dark field (HAADF) STEM image of 1T’-TaTe2, viewed along the b-axis of the monoclinic

cell. The contrast in HAADF-STEM scales, to first order, with the atomic number, Z, so

Ta columns (Z= 73) appear bright and the Te (Z = 52) columns are dimmer. When the

crystal is oriented along a high-symmetry axis, the electron probe can channel along the

atomic columns before scattering onto the detector, which further affects the contrast

between heavy and light columns [113].

The room temperature structure appears highly distorted compared to the 1T phase

due to displacements of some Ta columns towards a stationary Ta column, forming

trimerized clusters (white bracket). The Ta-Ta column distance within a timer is

shortened while the inter-trimer Ta-Ta bond distance is elongated. To quantify the Ta-Ta

bond distances, we first measure the Ta column positions by fitting two-dimensional

Gaussian functions [51]. Figure 5.2a shows the STEM image overlaid with Ta column

positions. We then compute nearest-neighbor distances and find that there are short

Ta-Ta column distances within the trimerized clusters and long Ta-Ta column distances

between trimers 5.2b). Assuming that the b-axis lattice constant is 3.647 Å, these

column distances correspond to Ta-Ta bond lengths of 3.23(6) Å (short) and 4.25(6) Å

(long). The error represents the standard deviations of the measured distances. Note

that we calibrated the pixel size in our images using the Fourier transform of a reference
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Figure 5.2: a. Cross-sectional STEM image at room temperature overlaid with positions
of Ta columns. These were obtained by fitting two-dimensional gaussian functions to
the atomic columns. b. Histogram of Ta-Ta nearest neighbor column distances. A
separation between short and long Ta-Ta column distances is apparent in the histogram.
Assuming that the b-axis lattice constant is 3.647 Å, we find that the short/long Ta-Ta
bond distance is 3.23(6)Å/4.25(6)Å. The b-axis points into the page.

SrTiO3 STEM dataset for which the lattice constant is known. We also observe attendant

distortions of tellurium atoms, particularly those that move towards the gap between

neighboring trimers. Moreover, the trimerized clusters are staggered between the layers,

forming a three-layer repeat sequence (ABC stacking).

The cross-sectional STEM image in Fig. 5.3a shows well-ordered high-temperature

(HT) trimers (yellow brackets) over a larger field of view. The ABC stacking is maintained

without stacking faults or alternative stacking orders, suggesting that the interlayer

ordering of the trimers is important. Figure 5.3b shows the sample morphology over

a larger field of view. The bottom 3-4 layers, denoted by the red bracket, have been

exposed to air during the sample fabrication process and exhibit amorphous features [220].

As a result, the trimer distortion does not occur in the damaged area. The unexposed

crystalline layers, which include the bulk of the flake as well as the topmost layers, exhibit

the HT trimer distortion. We also note bright contrast above the top crystalline layer
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a b

1 nm 5 nm

Figure 5.3: a. STEM image at room temperature showing the out-of-plane ordering
(ABC stacking) of Ta trimers (yellow brackets). Even the top layer of the film maintains
the trimerized distortion. b. Over large fields of view, the ABC stacking sequence is
undisturbed except in the layers which have been exposed to air (red arrowst) during
the sample preparation. Even the crystalline top layers were preserved because it was
exposed under high vacuum and capped in-situ by permalloy [220]. We believe that the
bright contrast above the top crystalline layer represents the remnant of a TaTe2 layer
that was damaged by the permalloy sputtering process. This damage is localized to that
layer only and is consistent throughout the film. The b-axis points into the page.

which we believe is a remnant of a 1T’-TaTe2 layer that was modified by the permalloy

sputtering process [220].

In STM visualizations of surface layers in tellurides, distorted chain structures appear

as periodic striped contrast reflecting both electronic and lattice contributions. While

the the stripes were interpreted as Ta dimer chains by Feng et al. [212], the contrast

more likely reflects the tellurium distortions in the top layer which can occur in both

dimerized and trimerized states. Complementing previous refinements of the structure

[207, 213, 214], our data unequivocally shows that 1T’-TaTe2 forms trimer distortions.

Further, these trimers occur throughout the sample including in the top layer of the film.

The bottom layers in contact with silicon oxide are exposed to air and show defects and

amorphous features. The top layer which is exposed under high vaccuum and capped

with permalloy maintains the trimerized distortion [220].
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In plan-view, the Te atoms stack on top of each other whereas the Ta atoms are

misaligned (Fig. 5.1c) due to the trimerization and the ABC layer stacking 1. Figure

5.1d shows the STEM image at room temperature in which the Te columns appear round

and the Ta columns appear elongated. The elongation, which occurs in the direction

perpendicular to the b-axis, reflects the projection nature of STEM. Furthermore, despite

having a larger atomic number, Ta columns are now dimmer than Te columns. In STEM,

the presence of imperfections along the beam direction, such as atomic displacements

or chemical disorder, may cause the probe to de-channel leading to measurable changes

in the scattered intensity [111–115]. The dramatic reduction in Ta column intensity is

a direct illustration of how STEM contrast can be sensitive to the 3D arrangement of

distorted clusters.

5.3 Results – Visualizing Low Temperature Trimers in

Plan-view

Figures 5.4a and b show plan-view images at room temperature and at 93 K, respectively.

Before inspecting the real space data, the presence of a modulated structure at low

temperature can be confirmed by comparing Fourier transforms (FT) of the two images.

Figure 5.4c shows the FT amplitude in the HT phase, where the Bragg peaks associated

with the crystalline lattice are visible. The FT amplitude of the LT STEM image (Fig.

2(d)) reveals the presence of superlattice peaks (blue circles). The superlattice wavevector

amplitude is q = 1/3 reciprocal lattice units (r.l.u.) ( 5.4d, inset), which indicates the

formation of a three-fold superstructure.

1Using convergent beam electron diffraction pattern, we estimate the thickness of the specimen to be
between 18 and 22 nm (27-33 layers).
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Figure 5.4: a, b. STEM image at 293 K and 93 K, respectively. The insets show
zoomed-in views of the images, over a ∼ 1 nm x 1 nm field of view. c, d. Amplitude
of the Fourier transform (FT) at 293 K and 93 K. The inset shows linecuts of the FT
amplitude from (c) (red) and (d) (blue) along the b∗ direction. At low temperature,
superlattice peaks with q = 1/3 reciprocal lattice units appear in the FT, reflecting the
presence of a modulated structure.
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Figure 5.5: a. Room temperature cross-sectional STEM image of 1T’-TaTe2, oriented
with the b-axis parallel to the electron beam direction. b. Fourier transform (FT)
amplitude of the room temperature image. c. Cryogenic cross-sectional STEM image of
the crystal oriented as in (a). d. Fourier transform (FT) amplitude of the low temperature
image. In this orientation, we do not observe a superstructure in the real space image
nor in the FT amplitude upon cooling. The b-axis points into the page.

The STEM data directly reveals structural distortions at low temperature. The inset

in Fig 5.4a shows a zoomed-in image at room temperature which exhibits the elongation

of Ta columns in the HT phase. Upon cooling, additional deformations are observed in

the shapes of Ta columns. Some Ta columns exhibit moon-shaped distortions, pointing

towards an undistorted Ta column. By considering the projection nature of STEM, the

data indicates that a fraction of Ta atoms in the distorted columns have shifted towards

the central Ta site.

In viewing the structure in cross section and with the electron beam oriented along the

b-axis, we did not observe a superlattice at low temperature. Figures 5.5a and c show the
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STEM images at 293 K and 93 K. No additional superlattice peaks are observed in the

FT amplitude at 93 K (Fig. 5.5d). This is expected if the periodic lattice displacements

associated with the LT trimerization occur along the beam direction (parallel to the

b-axis), as revealed in the planar data (Fig. 5.4).

Alternatively, we can image the structure with the b-axis within the imaging plane.

Figures 5.6a and b show the high-temperature (HT) and low-temperature (LT) structural

models obtained from structural optimization in that orientation. Figures 5.6c and e

show the room temperature structure and its FT amplitude, respectively. Upon cooling,

we see additional peaks with q = 1/3 b∗. Line cuts across Ta sites (Fig. 5.6g) from the

HT image (Fig. 5.6c) and the LT image (Fig. 5.6d) show that the superlattice emerges

from intensity and width modulation of Ta columns. In the LT phase, two Ta columns

have broader profiles and lower intensity and the third column is sharp and bright. The

intensity profile is consistent with longitudinal periodic lattice displacements along the

b-axis.

Ideally, we would like to directly measure the displacements on individual columns,

however, the projection nature of STEM requires coherent stacking of both the atoms

and their displacements. For the more complex atomic arrangement in 1T’-TaTe2, atom

tracking approaches will therefore fail. To overcome this limitation, we instead analyze

HAADF contrast variations which arise from the sensitivity of electron beam channeling

to distortions in the lattice. The intensity modulations in the image can be extracted by

comparing the LT image, I(R), to a reference, un-modulated lattice image, Iref(R). We

generate such reference image by damping the amplitude of the superlattice peaks in the

FT to the background level and applying an inverse FT [95, 134]. The resulting Iref(R)

159



5.3. Results – Visualizing Low Temperature Trimers in Plan-view
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Figure 5.6: a,b. DFT-optimized structures of TaTe2 in the high temperature phase
and the low temperature (LT) phase, respectively. The structures are viewed in cross
section and with the b-axis in the plane of the page. The LT Ta trimerization, which
involves longitudinal displacements of Ta along the b-axis, is visible within each layer. c,
d. Corresponding STEM data at 293 K and 93 K, respectively. The data were acquired
on different days and the reduction in contrast in (d) is due to sample mistilt during
cryogenic acquisition. e, f. Fourier transform (FT) amplitude of the 293 K and 93 K
data, respectively. At 93 K, additional superlattice spots with q = 1/3 b∗ are clearly
visible (black circles). The streaks in the FT amplitude are due to edge effects in the
image and not to real structural features. g. Average intensity line cut of Ta columns
along the b-axis. At 93 K, we note a reduction of intensity of two consecutive Ta column
followed by a sharper Ta column, which forms a three-fold superlattice.

160



Visualization of Trimerized States and Stacking in a Layered Ditelluride

has no periodic component associated with the q = 1/3 r.l.u. superlattice 2.

By subtracting the reference lattice image (Fig. 5.7b) from the raw image (Fig. 5.7a),

we obtain an intensity map (Fig. 5.7c), which encodes the real space pattern of the

intensity modulation at low temperature. The green (brown) pixels represent an increase

(decrease) in HAADF intensity at low temperature. The threefold superstructure (black

bracket) emerges from periodic variations in the intensity of the STEM image (Fig. 5.7e).

Focusing on Ta columns (black dots), we observe three kinds of intensity modifications.

The first appears as a dumbbell and involves a decrease of the intensity on the left side

of the Ta column and an increase on the right (Fig. 5.7d). The second, a mirror of

the first, involves a decrease of the intensity on the right side of the Ta column and

an increase on the left. The intensity redistribution of Ta-1 (Ta-3) is consistent with a

longitudinal displacement to the right (left) along the b-axis (in the monoclinic cell). On

Ta-2 columns, the change in intensity is smaller and is consistent throughout the field of

view. However, it is not easily interpretable in terms of lattice displacement or stacking

disorder. Together, the displacement pattern on the Ta columns may be viewed as an

additional trimerization along the b-axis at low temperature.

The superstructure is also comprised of periodic intensity modulations on the tellurium

sites. In particular, the Te columns which flank Ta-2 columns have lower intensity. The

lower peak-to-background intensity ratio of these Te columns indicates that the stacking

of Te atoms is more distorted in the LT phase. While the tellurium distortions seem

subtle compared to tantalum distortions, they can dramatically affect the electronic

behavior of MTe2 systems by modulating the interlayer bonding network [198]. The

other tellurium sites, namely those surrounding Ta-1 and Ta-3 columns, show a negligible

2While it is tempting to equate the generated structure with the HT phase, only changes associated
with the superlattice peaks are removed from the reference image while contributions with different
periodicity, such as volume change, will remain.
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5.3. Results – Visualizing Low Temperature Trimers in Plan-view

Figure 5.7: a. Section of the low temperature STEM image, I(R) spanning a projection
of the monoclinic unit cell. The field of view is ∼ 2 nm x 2.4 nm. b. Generated, reference
image, Iref(R), in the same field of view, as described in the text. Black dots represent
Ta columns and crosses represent Te columns. c. Difference map between I(R) and
Iref(R). The map encodes the modulations in STEM contrast which are responsible
for the superlattice peaks. The bracket delimits a single low temperature trimerized
cluster. d. Zoom-in on the Ta-1, Ta-2 and Ta-3 columns and their respective intensity
modifications. e. Large field of view of the difference map showing periodic intensity
modulations.
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Figure 5.8: (a) Low temperature structure obtained from DFT structural optimization.
Tantalum atoms undergo longitudinal periodic lattice displacements along the b-axis,
forming additional trimerized clusters. More subtle tellurium displacements occur as well.
(b), (c) Multislice simulation of STEM images of the high temperature and LT phase,
respectively. The dashed lines highlight distortions in the column shapes on Ta sites. (c)
Difference image showing periodic intensity modulation that emerges at low temperature.
The bracket delimits the low temperature trimers and the arrows highlight changes in
the Te column intensity.

change in STEM intensity.

5.4 Results – Density Functional Theory and Multislice

Calculations

To gain more insight into the nature of the LT phase, we compare the real space measure-

ments to DFT structural optimization. We use the Vienna ab-initio simulation package

(VASP) [224] code with projector augmented waves [225] and the PBEsol exchange-

correlation functional [226] which is known to yield accurate equilibrium structural

parameters. A regular 12×12×6 grid with a plane-wave cutoff energy of 600 eV was

employed and structural relaxation force convergence was better than 1 meV/Å. Starting

from the hypothetical 1T-TaTe2 (space group P 3̄m1), we computed phonon frequencies

using the supercell frozen-phonon approach and found displacement modes with imaginary

frequencies, which indicates that the 1T phase is unstable and may may lower its energy
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5.4. Results – Density Functional Theory and Multislice Calculations

by condensing combinations of these modes.

The HT phase (space group C2/m) is driven by in-plane Ta trimerization and out-

of-plane ABC stacking, which are described by the wavevector k = (1/3, 0, 1/3) and

displacements with D1 symmetry condensed along the (a, 0, 0, 0, 0, 0) direction. The

energy is E=-117 meV/cell relative to the 1T phase. A metastable structure with AAA

stacking of the trimers may be obtained by condensing the SM1 mode with wavevector

k=(1/3, 0, 0), however, it is higher in energy (E = -109 meV/cell).

Condensing the D1 mode along two orthogonal directions yields a tripled supercell

(LT phase) along the b-axis. Its energy is slightly lower than the HT phase (∆E =

-1.7 meV/cell) and its space group is also C2/m. By decomposing the LT phase in

terms of the symmetry-adapted modes of the HT phase, we find that the structural

transition is driven predominantly by longitudinal Ta displacements in the Ta-1 and

Ta-3 columns. They can be described by a trimerization mode with k=(0, 2/3, 0) and

LD1 symmetry. The transition also involves Te displacements with LD1 symmetry and

zone-center modes. The total displacement amplitude of the LD1 modes is 0.46 Å.

Remarkably, the difference in energy between the two structures is small despite the

significant structural reconstructions, suggesting an interplay between the elastic energy

of the LT trimerization and the electronic energy. The LD1 modes that generate the LT

phase are consistent with the displacement patterns measured in the STEM data.

To firmly establish the link between these lattice distortions and STEM contrast

modulations at low temperature, we perform multislice simulations on the DFT-optimized

structures. In addition to simulating fully relaxed structures, we simulated images with

only Ta or Te displacements, to assign specific displacement patterns to specific contrast

features in the data. We used the MuSTEM implementation of the multislice algorithm

to calculate STEM images [227]. The input structures are from the DFT structural
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Figure 5.9: a. Multislice simulation of HAADF-STEM image of the HT phase, IHT of
1T’-TaTe2. b. Multislice simulation of HAADF-STEM image (top) of the LT phase, ILT. ,
(d) c, d. Multislice simulation with LT Ta distortions and LT Te distortions, respectively.
e. Difference between the HT and LT image, highlighting the contrast modifications
that occur at low temperature. f. Difference between the HT image and the image
with LT Ta displacements only, highlighting the dumbbell-shaped contrast modifications.
g. Difference between the HT image and the image with LT Te displacements only,
highlighting the Te intensity modifications at low temperature.

optimization. We use parameters similar to our experiment which include a 300 kV

acceleration voltage and a 21.4 mrad convergence angle. At the chosen real space

sampling, the maximum scattering angle was 317 mrad. We included a third-order

spherical aberration value of 1 µm. The collection inner and outer angles were 68 mard

and 317 mrad, respectively. The sample thickness was chosen to be 27 layers, which

corresponds to 18 nm and is close to the estimated thickness of the sample (27-33 layers).

We also blurred the final image by a gaussian kernel with a width of ∼ 0.7 Å to simulate

the effect of finite source size.
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Figure 5.10: a. Single image slice taken with a 0.5 µs/pixel dwell time, 45 pA probe
current and 13 pm/pixel spatial sampling. This acquisition was done under cryogenic
condition (∼93 K). b. Section of the registered image over the same field of view as the
single slice. The image series was aligned using a rigid-registration method optimizied for
low signal-to-noise data [135]. c. Full cryogenic STEM image over a 9 nm x 9 nm field of
view. d. Fourier transform (FT) amplitude showing superlattice peaks (black circles)
at low temperature. A Hann window was applied before taking the Fourier transform
to suppress edge artifacts. The estimated information transfer is ∼ 0.64 Å (red circle).
The upper right quadrant is on a logarithmic scale to better highlight the high frequency
peaks in the FT amplitude.

Figure 5.9b shows the calculated STEM image in the HT phase, where we observe

bright, round tellurium columns and the elongation of tantalum columns, in accordance

with the experimental data. The calculated STEM image based on the fully relaxed

LT structure is shown in Fig. 5.9c and the difference between the HT and LT images

is shown in Fig. 5.9d. The LT trimerized distortion appears as a deformation of the

shape of Ta columns along the b-axis. In the difference image, the distortion generates

the dumbbell-shaped intensity patterns on Ta-1 and Ta-3 columns. The Ta-2 columns

show negligible change in contrast unlike in the experimental data where we saw a small

change in intensity. The minor discrepancy might reflect the fact that Iref(R) does

not exactly correspond to the HT phase since other modes present in the structural
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transition are not captured by the q = 1/3 r.l.u. Fourier components. Alternatively,

experimental imperfections such as crystal mis-tilt, aberrations, or surface damage may

account for the difference. That said, the dominant LT contrast modifications on Ta

sites are well-explained by displacements with LD1 symmetry which correspond to an

orthogonal trimerization.

Additionally, both the LT image and the difference image show a reduction in STEM

intensity on Te sites flanking the Ta-2 column (black arrows), reflecting the variations

observed in the experimental data. The other Te sites exhibit a minuscule increase in

intensity, which we do not observe in our data likely due to its negligible magnitude.

Based on the positions of Te atoms in the LT phase, the decrease in STEM intensity on

the Te columns reflects less coherent stacking of the atoms due to LD1 displacements.

The qualitative agreement between the experimental STEM contrast and simulations

confirms that the LT phase in 1T’-TaTe2 is driven by Ta trimerization along the b-axis

and attendant Te distortions.

Probing the 3D structure in layered systems is pertinent for understanding the

electronic properties of nominally quasi-2D TMD systems. While interlayer interactions

are prominent in MTe2 compounds, recent studies on 1T-TaS2, a prototypical 2D CDW

system, also suggest that the out-of-plane ordering of CDW clusters may be responsible for

its insulating ground state and its exotic, metastable phases. These interlayer structures,

however, have proven difficult to visualize at atomic resolution [216]. As demonstrated

here, cryogenic STEM is sensitive to 3D order despite the complication of projection

imaging and allows us to disentangle and map complex displacement patterns based

on contrast modifications. In 1T’-TaTe2, we were able to directly map both the high

temperature trimer distortion and its low temperature, orthogonal counterpart.
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Chapter 6

Conclusions and Outlook

Atomic-scale visualizations are powerful because they can isolate the microscopic origins

of bulk properties, from how dislocations affect the strength of materials, to how the

arrangement of domains and domain boundaries modify electronic transport, to how

cation diffusion alters electronic and magnetic properties of interfaces. With the STEM

technique, even smaller length scales are accessible; we can visualize tiny distortions, a

hundred times smaller than bond lengths, that generate novel electronic and structural

functionalities including ferroelectricity and magnetic transitions.

In this dissertation, we demonstrated two significant technical breakthroughs. First, we

developed a new and robust method which extracts peridic lattice displacements in charge-

orderd materials and showed how picoscale distortions are essential to understanding the

ground state of charge ordering. Compared to conventional studies of ferroelectrics, charge-

ordered systems have unique challenges such as the lack of a well-defined, undistorted

reference structure, nanoscale inhomogeneity, and complex polaronic distortions involving

every atom in the unit cell. Our method overcomes these issues.

Second, we achieved cryogenic STEM with sub-Angstrom resolution and high precision.
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A few studies attempted STEM at low temperature but mechanical distortions and low

signal-to-noise precluded measurements of picoscale lattice behavior. In strongly correlated

systems, exotic ground states typically emerge below room temperature, which has left

electron microscopy out of the game. Our results demonstrate clear capabilities and

opportunities in cryogenic electron microscopy of unconventional electronic materials.

We presented clear evidence for the so-calledWigner model in an overdoped manganite

and provided vivid visualizations of intrinsic fluctuations and elasticity of charge-order

stripes. We also showed that temperature-dependent phase fluctuations govern long range

ordering and are responsible for apparent incommensurate periodicities. In a half-doped

manganite, we visualized the intra-unit-cell details of charge order and discovered site-

centered order coexisting with intermediate, bond-centered order. By analyzing subtle

contrast variations in a layered transition-metal dichalcogenide (TaTe2), we visualized a

low temperature trimerization of tantalum atoms.

Many opportunities lie ahead. In manganites, cryogenic STEM measurements on

systematic doping series and A-site chemistry may finally settle the debate about the true

ground state of charge ordering. Will we discover alternative structures and novel defects

for intermediate doping levels? Extending these measurement to other oxides will likely

enrich our understanding of ordered phases. In stripe-ordered nickelates, for instance,

charge ordering is described as antiphase domain walls consisting of holes separating

antiferromagnetic order. The role of polaronic reponses, however, has not been established.

Further, nickelates also show doping and temperature-dependent incommensuration whose

nature is still debated. While challenging, cuprates may also be measured using our

technique. X-ray scattering experiments suggest that lattice distortions are very small,

so achieving high-signal to noise and resorting to the averaging of many unit cells within

a STEM image may be required.
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Conclusions and Outlook

Besides charge ordering, STEM under cryogenic conditions can shed light on the

coupling between structural, ferroic and electronic degrees of freedom in many systens.

Metal-insulator transitions, as seen in nickelates or V2O3, continue to provide surpises,

many of which have emerged from local, real space measurements [228]. Scanning

near-field optical microscopy, for instance, has shown that the metal-insulator state

is highly inhomogeneous and that it couples to complex structural motifs. Cryogenic

STEM may reveal unit-cell resolved details about the structrual modifications that occur.

Multiferroics, in which structural degrees of freedom entwine with electric and magnetic

order, are yet another important class of materials. Except for a limited number of

artifically-grown materials, multiferroic coupling typically occurs below room temperature.

Visualizations under cryogenic conditions may provide clues about the role of fluctuations

in suppressing the transition temperature.

To go beyond high resolution cryogenic imaging to spectroscopic mapping is signifi-

cantly more challenging. A spectrum with sufficient signal-to-noise ratio requires a dwell

time of a few of milliseconds, orders of magnitude larger than typical imaging dwell

times. Thus, low temperature electron energy loss spectroscopy (EELS) experiments

have focused on collecting area-averaged spectra or line profiles [229, 230]. However, the

tendency of emergent states towards nanoscale inhomogeneity and spatial modulation

requires atomically-resolved spectroscopic maps at low temperatures.

In addition to ongoing improvement in holder stability, more efficient detectors hold

great promise for atomic-resolution EELS mapping under challenging conditions [231].

Unlike indirect, scintillator-based detectors, direct electron detectors collect electron-

hole pairs and, consequently, improve the detector quantum efficiency, the point spread

function, and the signal-to-noise ratio. The improvements are especially critical for EELS

applications that require low-dose or rapid-acquisition such as when operating in cryogenic
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conditions or when performing monochromated measurements. In a recent demonstration

from our group, even relatively short dwell times (∼ 2.5 msec/pixel) in a direct electron

detector provide high enough signal-to-noise ratio, allowing, for instance, atomic-resolution

elemental maps of an interface near liquid nitrogen temperature [232]. Future studies will

undoubtedly map fine structure changes associated with exotic orderings of spin, charge,

and lattice.

So far, the cryogenic STEM and spectroscopy efforts have been limited to the abso-

lute temperature of the holder in the presence of the cryogen. Accessing intermediate

temperature is paramount; it can provide access to intermediate phases as in the case

of Nd1/2Sr1/2MnO3 where a ferromagentic phases precedes charge ordering [233, 234].

Equally important is obtaining the temperature dependence of whatever quantity is

being measured, which can provide deep insights into the emergence of exotic states.

How do topological defects spawn or annihilate? How do correlation lengths scale with

temperature and can we identify universality classes of phase transitions? Can we utilize

temperature cycles as a tuning knob for electronic properties? These are some of the

questions that keep me occupied.
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