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ABSTRACT
Advancements in the electron microscopy capabilities – aberration-corrected
imaging, monochromatic spectroscopy, direct-electron detectors – have enabled routine
visualization of atomic-scale processes with millisecond temporal resolutions in this
decade. This, combined with progress in the transmission electron microscopy (TEM)
specimen holder technology and nanofabrication techniques, allows comprehensive
experiments on a wide range of materials in various phases via in situ methods. The
development of ultrafast (sub-nanosecond) time-resolved TEM with ultrafast electron
microscopy (UEM) has further pushed the envelope of in situ TEM to sub-nanosecond
temporal resolution while maintaining sub-nanometer spatial resolution. A plethora of
materials phenomena – including electron-phonon coupling, phonon transport, first-order
phase transitions, bond rotation, plasmon dynamics, melting, and dopant atoms
arrangement – are not yet clearly understood and could be benefitted with the current in
situ TEM capabilities having atomic-level and ultrafast precision. Better understanding
of these phenomena and intrinsic material dynamics (e.g. how phonons propagate in a
material, what time-scales are involved in a first-order phase transition, how fast a
material melts, where dopant atoms sit in a crystal) in new-generation and
technologically

important

materials

(e.g.

two-dimensional

layered

materials,

semiconductor and magnetic devices, rare-earth-element-free permanent magnets,
unconventional superconductors) could bring a paradigm shift in their electronic,
structural, magnetic, thermal and optical applications.
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Present research efforts, employing cutting-edge static and dynamic in situ
electron microscopy resources at the University of Minnesota, are directed towards
understanding the atomic-scale crystallographic structural transition and phonon transport
in an iron-pnictide parent compound LaFeAsO, studying the mechanical stability of fast
moving hard-drive heads in heat-assisted magnetic recording (HAMR) technology,
exploring the possibility of ductile ceramics in magnesium oxide (MgO) nanomaterials,
and revealing the atomic-structure of newly discovered rare-earth-element-free ironnitride (FeN) magnetic materials. Via atomic-resolution imaging and electron diffraction
coupled with in situ TEM cooling on LaFeAsO, it was found that additional effects not
related to the structural transition, namely dynamical scattering and electron channeling,
can give signatures reminiscent of those typically associated with the symmetry change.
UEM studies on LaFeAsO revealed direct, real-space imaging of the emergence and
evolution of acoustic phonons and resolved dispersion behavior during propagation and
scattering.
Via UEM bright-field imaging, megahertz vibrational frequencies were observed
upon laser-illumination in TEM specimens made out of HAMR devices which could be
detrimental to their long-term thermal and structural reliability. Compression testing of
100-350 nm single-crystal MgO nanocubes shows size-dependent stresses and
engineering strains of 4-13.8 GPa and 0.046-0.221 respectively at the first signs of yield
accompanied by an absence of brittle fracture, which is a significant increase in plasticity
of a brittle ceramic material. Atomic-scale characterization of FeN phases show that it is
possible to detect interstitial locations of low atomic-number nitrogen atoms in iron
v

crystal and hints at a development of novel routes (without involving rare-earth elements)
for bulk permanent magnet synthesis.

Captions for Supplementary Videos in Chapter-4
Video S4.1 Propagating acoustic phonons in a thin [001] oriented LaFeAsO crystal.
The video illustrates a transitory nature of the contrast waves which originates at the
vacuum-specimen interface and propagates down towards the thicker specimen regions at
the base of the frame. The images were acquired with a 50-kHz repetition rate and a 10-s
integration time per frame. The video illustrates dynamics at 1-ps steps spanning -35 to
340 ps (376 total frames) and plays at 60 frames per second (fps) (i.e., dynamics slowed
by 1.7 x 1010 times).

Video S4.2 Propagating and decaying acoustic phonons in a thin [001] oriented
LaFeAsO crystal. The video illustrates a transitory nature of the contrast waves which
originates at the vacuum-specimen interface and propagates down towards the thicker
specimen regions at the base of the frame. The contrast waves seem to scatter and vanish
after 500-ps in the thicker specimen regions at the base of the frame. The images were
acquired with a 50-kHz repetition rate and a 15-s integration time per frame. The video
illustrates dynamics at 1-ps steps spanning -60 to 689 ps (750 total frames) and plays at
60 frames per second (fps) (i.e., dynamics slowed by 1.7 x 1010 times).
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Video S4.3 Propagating acoustic phonons in a thin [100] oriented LaFeAsO crystal.
The video illustrates a transitory nature of the contrast waves which originates in the topcentral and propagates towards the upper-left portions of the specimen. The images were
acquired with a 50-kHz repetition rate and a 12-s integration time per frame. The video
illustrates dynamics at 2-ps steps spanning -200 to 600 ps (401 total frames) and plays at
60 frames per second (fps) (i.e., dynamics slowed by 8.3 x 109 times).

Captions for Supplementary Videos in Chapter-5
Video S5.1 Real-space dynamics showing the diffraction contrast motion in the
sapphire surrounding the gold disk. The video illustrates dynamics at 1-ns steps
spanning -20 to 500 ns (521 total frames) and plays at 20 fps (i.e., dynamics slowed by a
factor of 5 x 107). The oscillatory nature of motion in the diffraction contrast is clearly
visible. Note that the video is made out of drift-corrected raw images and there is no
Gaussian filtering involved.

Video S5.2 Real-space dynamics showing the diffraction contrast motion in the
sapphire surrounding the gold disk. The video illustrates dynamics at 40 ns steps
spanning -1000 to 0 ns (26 total frames) and at 1-ns steps spanning 0 to 2331 ns (2331
total frames), and plays at 60 fps (i.e., dynamics slowed by factors of 4.17 x 105 for
negative time-points and by 1.67 x 107 for positive time-points). The oscillatory nature
of the diffraction contrast motion is clearly visible. Note that the video is made out of
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drift-corrected raw images and there is no Gaussian filtering involved. This video is from
a different set of experiment than Video S5.1.
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Chapter 1

Introduction

The birth of electron microscopy happened in the first part of 20th century roughly
around the same time when the wave character of electrons was under extensive
investigation. Soon after de Broglie’s hypothesis in 1924 that matter exhibits wave-like
behavior, it was proposed that the resolution limit of light microscopes could be
surpassed by the microscopes using smaller-wavelength electrons. However, scientists
were not sure how to focus electrons, preventing the idea of electron microscopy from
turning into reality. In 1932, Knoll and Ruska made a breakthrough and developed the
first electron lenses [1]. Since then the field of electron microscopy has advanced from
being a proof-of-concept, lab prototype to a commercial instrument routinely used for
research purposes around the globe.
Currently, modern electron microscopes can routinely achieve sub-nanometer and
even sub-angstrom spatial resolutions with aberration correctors [2-6].

A unique

advantage of achieving real and reciprocal space information by manipulating postspecimen electron optics in TEM also enables crystallographic information, similar to
information obtained from X-ray scattering techniques, from nanoscale volumes of
materials.

An integration of complementary spectroscopic techniques – including
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electron energy-loss spectroscopy (EELS) and X-ray energy dispersive spectroscopy
(XEDS) – with imaging capabilities allows comprehensive atomic-scale characterization
of the structure, chemical composition, and electronic properties of materials [7, 8].
Recent advances in electronics, fabrication techniques, and specialized TEM holders have
introduced an era of in situ electron microscopy where dynamic experiments at video-rate
temporal resolutions can be performed directly in the TEM. These include observation of
materials under otherwise vacuum-incompatible conditions [9-11] such as liquid and gas
phases, allowing direct observation of chemical reactions at atomic-scale [12-15]. In
addition, conditions including temperature and pressure control [16-19], electrical
biasing, and mechanical deformation [20-22] are also achievable in TEM. However, the
temporal resolutions for these in situ experiments are still in the millisecond range even
with the latest digital-detector technology [14, 23-25].
While millisecond temporal resolutions of state-of-the-art detectors are reasonable
to study various atomic-scale phenomenon, there are many intrinsic materials dynamics –
including megahertz mechanical oscillations in micro- and nano-structures, terahertz
molecular vibrations, phonon transport, electron-phonon coupling, first-order phase
transitions, melting, bond rotation, and spin/charge/orbital ordering – occurring on
timescales well below 1 nanosecond.

In order to probe ultrafast (sub-nanosecond)

materials dynamics on nanoscale spatial resolutions, a stroboscopic, time-resolved pumpprobe approach employing fast (relativistic) electrons of TEM has been developed [2640], referred to as ultrafast electron microscopy (UEM) in this document.

UEM

experiments usually comprise coherent optical excitation (pumping) of a specimen
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followed by imaging (probing) with fast TEM electrons. The pump and probe pulses
generally have durations of a few hundred femtoseconds, which enable visualization of
dynamics relatively slower than this time scale, therefore providing temporal resolutions
from few hundred femtoseconds to milliseconds (video-rate) and seconds. The timedelay between pumping and probing is precisely controlled via an optical delay line.
Much of the work contained herein relies on the advances in time-resolved, in situ,
and aberration-corrected TEM. Using ultrafast and probe-corrected electron microscopy
imaging capabilities along with spectroscopy techniques, static and dynamic materials
processes are observed as they occur in oxides, iron nitrides and complicated devices.
Chapter 2 provides an overview of various techniques and discusses the instruments
employed in my research: CTEM, STEM, spectroscopy, UEM, specimen preparation,
SEM, nanoindentation, AFM. Chapter 3 demonstrates the effects of multiple scattering
and electron channeling on intensity modulation of atomic columns and Bragg spots with
crystal thickness in high-angle annular dark-field scanning TEM (HAADF-STEM)
images and parallel-beam diffraction (PBED) patterns from tetragonal and orthorhombic
LaFeAsO. I demonstrate the thickness-dependent modulation of intensities within the
(Fe,O) and (La,As) columns along the [001] zone axis at 300 K

and show how

reflections arising from the {100} planes (forbidden in the P4/nmm space group of the
tetragonal structure) can be made to appear and disappear by moving to crystal regions of
differing thickness, independent of a structural phase transition. Via cryo-TEM and
PBED, I further demonstrate the same such effects in the orthorhombic structure (Cmme)
along the [001] zone axis at 90 K, wherein the intensities of forbidden {110} reflections
3

are shown to be thickness dependent.

The results are supported with multislice

simulations of atomic-column and Bragg-spot intensities from LaFeAsO.
Chapter 4 examines the ultrafast structural dynamics of tetragonal LaFeAsO and
describes preliminary results on real-space phonon propagation and scattering in singlecrystals. Real- and reciprocal-space nanosecond dynamics depict megahertz mechanical
vibrations.

Reciprocal-space femtosecond dynamics require more statistics for any

conclusions. Chapter 5 describes the photo-actuation of heat-assisted magnetic recording
(HAMR) devices. I report the direct visualization of laser-induced nanoscale megahertz
vibrations in these devices.

The results are supported with finite element method

simulations. Chapter 6 explores the possibility of ductile ceramics at the nanoscale and
studies the size-dependent mechanical response of magnesium oxide nanocubes. The
results suggest an inverse size dependence of yield stresses and engineering strains and
represent an observation of extended plasticity in magnesium oxide single-crystals.
Chapter 7 shows the static TEM characterization of iron-nitrogen-carbon compounds
which are potential candidates to replace permanent magnets made out of rare-earth
elements. A discovery of a new phase is also reported.
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Chapter 2

Methods and Equipment

This chapter gives an overview of the various techniques and equipment used for
the work reported in the following chapters. When necessary, additional descriptions of
experimental parameters specific to work reported in a particular chapter will be given in
the corresponding chapter. For more details of the techniques, standard textbooks can be
consulted [7, 41-43].

2.1 Conventional Transmission Electron Microscopy
In conventional transmission electron microscopy (CTEM), electrons originating
at the electron source, i.e., gun system, are guided to the specimen such that a coherent
and collimated beam of electrons passes through the specimen. The transmitted electrons
are collected using an objective lens and a system of projection lenses. Figure 2.1(a)
shows the relative positions in a TEM column of an electron source, a condenser system
to guide the electrons to the specimen, an objective system to form a CTEM image or
diffraction pattern, and a projection system to change magnification.
CTEM is analogous to various optical microscopy modes where a parallel beam
of light illuminates the specimen, and the corresponding images or diffraction pattern are
recorded in parallel. But CTEM takes the advantage of the fast (relativistic) electrons
with picometer wavelengths and therefore has resolution on the order of few angstroms
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which is not achievable with optical microscopy due to its diffraction limit. In the
following chapters, an FEI Tecnai G2 F30 (S)TEM,

an FEI Tecnai G2 F30 Cryo

(S)TEM, an FEI Tecnai T12 TEM, and an FEI Tecnai Femto UEM were used for CTEM
imaging and diffraction.

Figure 2.1 (a) Schematics for CTEM imaging and selected-area diffraction modes.
Adpated from ref [41]. (b) A picture of the FEI Tecnai G2 F30 (S)TEM at the Shepherd
Labs, UMN characterization facilities.

2.1.1 Imaging in CTEM.
The transmitted beam through the specimen, centered on the objective diaphragm
(or aperture), produces bright-field CTEM images (Figure 2.1(a)). The resulting brightfield CTEM images have mass-thickness, diffraction, and phase contrast. When a smaller
6

objective aperture is used to select the non-diffracted central beam, the aperture excludes
diffracted electrons and leads to strong mass-thickness contrast. In the present work,
bright-field CTEM imaging has been extensively used.

Figure 2.2 shows a high-

resolution CTEM image acquired with FEI Tecnai G2 F30 (S)TEM without an objective
aperture and therefore has mass-thickness, diffraction, and phase contrast in it. Note that
the objective aperture is present in the back focal plane of the objective lens where the
diffraction spots are formed. When the non-diffracted central beam is excluded with an
objective aperture, a dark-field CTEM image with both mass-thickness and diffraction
contrast contributions is formed.

Selection of a diffraction spot with the objective

aperture allows only diffraction-contrast contributions and is useful for grain mapping
and defect characterization in crystalline materials.
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Figure 2.2

A high-resolution CTEM image of [110]-oriented silicon single-crystal

prepared by mechanical wedge polishing. Inset shows the FFT of the image.

2.1.2 Diffraction in CTEM.
Diffraction patterns in the CTEM mode provide information about the crystal
structure of the specimen. Electron diffraction in TEM is analogous to X-ray diffraction
for structural characterization of crystalline materials. Figure 2.3 shows representative
electron diffraction patterns from both polycrystalline and single-crystalline specimens.
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Figure 2.3 (a) A CTEM diffraction pattern from polycrystalline aluminium prepared by
DC magnetron sputtering. Sample courtesy of Daniel Cremons. (b) A CTEM diffraction
pattern from [110]-oriented silicon single-crystal prepared by mechanical wedge
polishing.

Using the selected-area (SA) aperture, located in the first image plane and after
the back focal plane of the objective lens, crystal structure information from localized
regions of the specimen can be obtained by excluding rays originating from regions
outside the aperture. However, the smallest regions of interest that can be selected with
SA apertures are roughly 300 nm in the microscopes at the University of Minnesota.
Therefore, convergent beam electron diffraction (CBED) can be employed to collect
diffraction information that is more spatially localized than the selected-area diffraction.
In CBED, the electron beam is converged on a region of interest in the specimen leading
to a spreading of the central and diffracted spots into disks proportional to the
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convergence angle of the incident beam. Overlap of diffraction disks may occur for
higher convergence angles and/or smaller reciprocal lattice vectors.

2.2 Scanning Transmission Electron Microscopy
In scanning transmission electron microscopy (STEM) mode, a combination of
condenser and upper-objective lenses focus the electron beam into a small, coherent
probe with a full width at half maximum (FWHM) on the order of an angstrom (Figure
2.4(a)). With the help of scan coils shown in Figure 2.4(a), the probe is rastered across a
region of interest to form the images. Images can then be formed in a serial manner from
the various signals produced at each point in the scan area. The signals from specimen
include the direct electrons resulting in a bright-ﬁeld STEM image, low-angle-scattered
electrons creating a dark-ﬁeld diffraction contrast image, high-angle scattered electrons to
form a high-angle dark-ﬁeld image, inelastically scattered electrons to form an electron
energy-loss spectrum, and generated X-rays to produce an X-ray energy-dispersive
spectrum. In the following chapters, an FEI Tecnai G2 F30 (S)TEM and an FEI Titan G2
60-300 (S)TEM were used for STEM imaging.
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Figure 2.4 (a) A schematic of the STEM imaging mode. Adapted from ref [42]. (b) A
picture of the FEI Titan G2 60-300 (S)TEM at the Shepherd Labs, UMN characterization
facilities.

2.2.1 Bright-Field and Annular Dark-Field STEM.
The STEM imaging mode can be classified into bright-field (BF) and annular
dark-field (ADF) imaging. Both BF and ADF detectors are located in a conjugate plane
to the back focal plane to intercept the direct and scattered electrons from the diffraction
patterns (Figure 2.5(a)).

Since BF-STEM mainly uses the direct electrons, the image

contrast thus mimics that of CTEM image. ADF-STEM utilizes a detector with inner and
outer collection angles such that Bragg scattered electrons are collected. Consequently,
gold particles diffracting the electron beam appear dark in the BF-STEM image in Figure
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2.5(b) whereas the same particles appear bright in a simultaneously acquired ADF-STEM
image in Figure 2.5(c). The ADF-STEM images, when acquired at collection angles of
typically 54-300 milli-radian (mrad), are often referred as Z-contrast or high-angle ADF
(HAADF) images since the elastic scattering intensity depends on powers of the atomic
number such as found in Rutherford scattering, I ∝ Z1.5–Z2 [42]. In the present work, FEI
Titan G2 60-300 (S)TEM and FEI Tecnai G2 F30 (S)TEM were used for BF-STEM and
ADF-STEM imaging.

Figure 2.5 (a) A schematic showing the detector locations in the STEM imaging mode.
(b) Bright-field (BF) and (c) annular dark-field (ADF) images of gold particles acquired
simultaneously in the STEM mode. Adapted from ref [7].

2.2.2 Aberration-Correction.
For the high-energy, relativistic electrons of a TEM with wavelengths of 2–5 pm,
theoretically a spatial resolution of less than 10 pm can be achieved. However in
conventional electron microscopes, achieving this diffraction-limited resolution is
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prevented by aberrations induced by imperfect lenses and incoherent electron sources.
The inability of electromagnetic lenses to focus rays of different axial positions to the
same point causes a point object to be imaged as a disk of ﬁnite size and is referred to as
spherical aberration. In conventional electron microscopes, which exhibit signiﬁcant
spherical aberration, an optimal resolution of 150 pm or greater is obtained at a
convergence angle of approximately 10 mrad.
In the past twenty years, the development of spherical aberration correctors has
signiﬁcantly improved the resolution of TEM. As a result, diffraction-limited imaging is
possible out to convergence angles of 30 mrad and larger, and now it is routinely possible
to image sub-angstrom features. To date, resolution below 50 pm has been demonstrated
in STEM imaging [5]. Figure 2.6 shows how with aberration-correction the neighboring
atomic-columns in [110] oriented silicon dumbbells could be resolved [44]. In the
present study, a spherical aberration-corrected FEI Titan G2 60-300 (S)TEM was used
for atomic-resolution STEM imaging.
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Figure 2.6 (a) A non-aberration-corrected and (b) an aberration-corrected STEM image
of silicon dumbbells along [110] crystal orientation. The distance between two silicon
atoms in a dumbbell is 1.36 Å. Adapted from ref [44].

2.3 Spectroscopy
Spectroscopy in conjunction with imaging in TEM provides useful information
about material composition, thickness, bonding, etc. Carrying out spectroscopy and
imaging simultaneously is often referred to as analytical electron microscopy [7]. In the
present work, two spectroscopy techniques – electron energy-loss spectroscopy and Xray energy dispersive spectroscopy – were used.

2.3.1 Electron Energy-Loss Spectroscopy (EELS).
When high-energy electrons pass through a specimen, they lose energy
inelastically by exciting various electronic transitions in the specimen. In EELS, these
inelastically scattered electrons transmitted through the specimen are dispersed with
magnetic prisms to different angles depending on their energy loss, which are then
magnified and detected by a CCD.

Since inelastically scattered electrons are

predominantly in the forward direction whereas ADF-STEM signal falls on an annular
detector, it is possible to collect ADF-STEM images and EELS spectra simultaneously.
Figure 2.7 shows a schematic of ADF-STEM imaging and EELS acquisition in parallel.
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Figure 2.7 A schematic showing analytical STEM-EELS capability. Adapted from ref
[45].

The zero-loss peak in EEL spectra contains direct beam electrons and therefore
reflects the energy resolution of the electron source and magnetic prism. The low-loss
spectrum from 0-50 eV is due to weakly bound outer-shell excitations and predominantly
features plasmon-loss and valence-to-conduction interband transitions. From the lowloss spectrum, the local specimen thickness, local dielectric constant, band gap, and band
structure can be derived. The core-loss spectrum above 50 eV results from core electron
excitations to states above the Fermi level. These transitions are used to determine
elemental compositions and coordination states. In the present work, low-loss EELS was
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used to determine local specimen thicknesses, and core-loss EELS was used for
elemental mapping. In the present work, a Gatan Enfinium spectrometer was used in FEI
Titan G2 60-300 (S)TEM and a Gatan Enfina spectrometer was used in FEI Tecnai G2
F30 (S)TEM.
2.3.2 X-ray Energy Dispersive Spectroscopy (XEDS).
The incident electron beam excites electrons from the inner shell of atoms,
creating a hole that can be relaxed by emission of Auger electrons or secondary X-rays.
In XEDS, secondary X-rays, characteristic of an element, are detected using XEDS
detector systems. In the present work, a Super-X detector system was used in FEI Titan
G2 60-300 (S)TEM, a rTEM EDAX detector system was used in FEI Tecnai G2 F30
(S)TEM, and an Oxford Inca system was used in FEI Tecnai T12 TEM.

2.4 Ultrafast Electron Microscopy
Ultrafast electron microscopy (UEM), established in the last decade, combines the
concept of pump-probe femtosecond spectroscopy with the relativistic electrons of TEM
[31, 32, 34, 46, 47] and is currently operating in handful of places in the world including
the Flannigan group at the University of Minnesota, the Zewail group at the California
Institute of Technology, the Carbone group at the École polytechnique fédérale de
Lausanne in Switzerland, the Ropers group at the University of Göttingen in Germany,
the Banhart group at the University of Strasbourg in France, the Institute of Physics at the
Chinese Academy of Sciences in China, and the Tanimura group at the Osaka University
in Japan. Several other research institutions and groups including the van der Veen group
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at the University of Illinois at Urbana Champaign, the Ortalan group at the Purdue
University, the Ruan group at the Michigan State University, and the Yurtsever group at
the Institut National de la Recherche Scientifique in Canada are attempting to build their
own UEM lab. Therefore, this technique is described in a little more detail in this chapter
than the other state-of-the-art electron microscopy and characterization techniques, and
the equipment details in this chapter are mostly specific to the UEM lab in the University
of Minnesota. The concept of UEM is universal.
From Figure 2.8, it can be seen that a FEI Tecnai Femto UEM is positioned right
next to an optical table. The optical table is a research-grade Newport optical table with
four-point tuned damping and has dimension 4 feet × 8 feet × 24 inches. Both the
microscope and optical table rest on a vibration isolation slab that is completely
decoupled from the building. This is necessary for accurately studying the atomic-scale
phenomenon on sub-picosecond timescale and decoupling the intrinsic materials
dynamics from various external noises.
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Figure 2.8 A picture of the UEM lab at the University of Minnesota. A FEI Tecnai
Femto UEM (right side in the picture) and LASER systems on a Newport optical table
(left side in the picture) constitute a major portion of the UEM apparatus.

In UEM, potentially all the imaging and diffraction signals from the CTEM mode
are available for the time-resolved investigations. Currently spectroscopy capabilities are
not available in the UEM lab at the University of Minnesota. Image acquisitions are
exactly similar to routine CTEM acquisitions with a Gatan Orius SC200B video-rate
CCD camera, except photoelectron packets (generated from LaB6 filament upon pulsed
laser excitation) are used and the image acquisition time is usually 2-10 times higher than
that for a normal thermionic CTEM acquisition due to a lower electron beam intensity
originating from the pulsed nature of probing laser. Figure 2.9(a) shows the optical ports
for the entry of the pump and probe-extracting pulses in the microscope.

Probe-

extracting photon pulses go to the LaB6 filament and extract photoelectrons. Note that in
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the UEM experiments, the LaB6 filament is not heated from external power supply (like
CTEM operation); therefore, all the probing electrons are generated with pulsed
excitation, and the time-delay between pump and probe pulses is precisely controlled
with an optical delay line (Figure 2.9(b)).

Figure 2.9 (a) A FEI Tecnai Femto UEM at the University of Minnesota. The points of
entry of the probe and the pump pulses are highlighted by blue and red arrows,
respectively. (b) Simplified schematic of the UEM experimental layout. Several critical
pieces of equipment and points of interest are labelled. Adapted from ref [46].

The optical delay line comprises a Newport broadband retroreflector attached to
an Aerotech linear motorized translation stage which can potentially cover 270 fs to 6.7
ns temporal range with a 1 meter travel range. The experiments performed in this
temporal regime have been referred to as femtosecond UEM experiments. In addition to
19

the motorized stage with a retroreflector, the delay line also consists of a wide range of
optics on the table. To cover from 700 ps to video-rate temporal regime, a nanosecond
laser is used, and all the experiments in this time regime have been referred to as
nanosecond UEM experiments. The optical delay line for nanosecond experiments does
not employ the movement of motorized delay stage but comprises a digital delay
generator to precisely control the time delays between pump and probe pulses. Figure
2.10 summarizes the layout of the optical table for both femtosecond and nanosecond
UEM experiments.
For both nanosecond and femtosecond UEM experiments, a Yb:KGW (1030-nm
fundamental output), diode-pumped, solid-state Light Conversion PHAROS laser and a
custom Light Conversion HIRO harmonics generation module were used to generate the
pump pulses. The HIRO harmonics generation module takes the fundamental output of
PHAROS and generates second and third harmonics. In femtosecond experiments, to
generate the probing photoelectron packets, the pump line is split, and a portion of the
515-nm pulses was frequency doubled to 257.5-nm and focused into the gun region of the
microscope. For nanosecond experiments, probe-extraction pulses were generated with a
Nd:YAG (1064-nm fundamental output), Q-switched, diode-pumped, solid-state laser.
The fourth harmonic was generated on the laser table with frequency-doubling BBO
crystals and was used to generate the photoelectrons out of the LaB6 cathode for image
formation. A custom Newport breadboard is used for delivering light from laser table to
the pump and probe optical ports in the microscope. For nanosecond experiments, the
pump line is kept constant, and a delay in probe line via digital delay generator dictates
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the time delay of the experiments. On the other hand, in femtosecond experiments, the
probe line is kept constant, and a delay in pump line via a precise movement of the
motorized translation stage controls the time delays.

Figure 2.10 A schematic showing the layout of LASER systems, motorized stage, and
non-linear optics mounted on the optical table.

Red beams originating from the

femtosecond and nanosecond lasers are their fundamental output (1030-nm for
femtosecond and 1064-nm for nanosecond).

Green, blue and violent beams are

respectively the second, third and fourth harmonics of the fundamental output generated
on the optical table. Figure courtesy of Professor David Flannigan.

With UEM, it is possible to reach far below the conventional limits of imaging to
only a few hundreds of femtoseconds (i.e., 10-15 seconds, the timescale of atomic bond
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vibrations). This is accomplished using a pump-and-probe approach in which the timedependent behavior is initiated with a change-inducing agent (the pump; e.g., a laser
pulse) and subsequently followed with an imaging agent (the probe; e.g., shortwavelength electron packets). Analogous to a strobe light, the electron packets in the
pump-and-probe approach act as a very brief flash of illumination to capture snapshots
only a few hundred femtoseconds apart. This equates to having the ability to capture
more than 1013 frames per second. The imaging component in UEM is realized by
applying the pump-and-probe approach with a transmission electron microscope and
acquiring the images with the standard CCD cameras by building the image signal-tonoise over the multiple frames and integration times of usually a few seconds, as shown
in Figure 2.11. After sufficient image signal-to-noise is achieved, the time-delay is
changed. An image acquisition time depends on the numbers of electrons contained in a
probing photoelectron packet, i.e., the repetition-rate of the experiment and pulse-width
of the probing electon packet, and the number of photoelectrons scattered off the TEM
specimen, i.e., dependent on specimen thickness. Therefore, a higher repetition-rate and
a ‘thin’ TEM specimen are usually ideal for a lower UEM image acquisition time. But at
higher repetition-rates, the specimen may not have time to thermally and mechanically
relax to its ground state before the arrival of the next pulse. Therefore, choosing a
repetition-rate that is suitable for an UEM experiment is highly dependent on the intrinsic
thermal, optical, and mechanical properties of the specimen and its boundary conditions
(e.g., type of TEM grid used) which dictate the thermal relaxation.
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Figure 2.11 A schematic representing the image acquisition concept in UEM. Pumping
photons and probing photoelectrons are shown in green and violet, respectively. f is the
repetition-rate of pump and probe lasers used in an experiment, and Δt is a time-delay
between the pump (photon) and the probe (photoelectron) pulses. Figure courtesy of Dr.
David Valley.

The stroboscopic image acquisition concept in UEM allows visualization of
reversible materials dynamics up to few hundreds of femtoseconds. This mode is often
referred to as stroboscopic imaging mode and usually contains 1 to 103 electrons in a
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photoelectron packet as shown in Figure 2.12 [48].

Imaging irreversible materials

phenomenon is also possible with UEM but in a different mode referred as single-shot
(Figure 2.12) [46, 48]. However, the temporal resolutions achievable in the single-shot
mode are currently up to nanoseconds. Using both stroboscopic and single-shot modes
could provide a comprehensive view of the structural dynamics of materials. In the
present work, only stroboscopic UEM mode has been used.

Figure 2.12 A schematic showing the three distinct modes of UEM operation and their
corresponding parameters. Adapted from ref [48].

2.5 Specimen Preparation Techniques
2.5.1 Focused Ion Beam.
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Specimen preparation is an integral part of conducting high-quality electron
microscopy research. In the present work, focused ion beam (FIB) machining was used
to a great extent. LaFeAsO and iron-nitride specimens obtained for the present studies
were bulk crystals on the order of few millimeters in width and height and a thickness of
approximately 100 µm. Therefore, a unique approach was adopted as summarized in
Figure 2.13 where bulk crystals were directly attached to a TEM grid and were polished
in the FIB. After attaching the bulk crystals to the TEM grids with silver epoxy, they
were cured for 2-3 hours on a hot plate at 100 ºC or were left at room temperature for at
least a day. This allowed for a nearly permanent attachment of crystals to the TEM grid.

Figure 2.13 A schematic showing the TEM specimen preparation via FIB to make
electron transparent regions in bulk crystals without lifting-out the specimen with
Omniprobe® micromanipulator. The resulting SEM and TEM images of an electron
region are also shown.
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On multiple occasions when iron-nitride specimens had thicknesses of few
millimeters and were irregular shaped (other than close to rectangular), a standard FIB
lift-out

approach

shown

in

Figure

2.14

was

adopted

where

Omniprobe®

micromanipulator was used to lift the lamella out of the bulk crystals and attach them to
TEM grids. This approach was very useful for the iron-nitride specimens because their
magnetic nature severely deflected the TEM electron beam when the specimen approach
described in Figure 2.13 was used. The lift-out approach was also useful for preparing
LaFeAsO specimens with crystal orientations other than their original [001] orientation.
LaFeAsO crystals obtained from the collaborators at Oak Ridge National Lab had
[001] orientation perpendicular to the plane of paper, therefore the approach shown in
Figure 2.13 was useful to get [001] oriented TEM specimens. To get [100] oriented
LaFeAsO specimens with similar boundary conditions (i.e., clamped on three sides and
free on the fourth side) as that of [001] oriented LaFeAsO specimens prepared via nonlift-out FIB approach, an additional step is proposed. It would be useful to cut the
crystals along their edges followed by careful flipping and attachment such that [100]
crystal orientation is perpendicular to TEM grid plane. After this step, the usual FIB
protocol shown in Figure 2.13 could be used. This would be useful to compare the
ultrafast structural dynamics of [001] and [100] oriented LaFeAsO in future.
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Figure 2.14 (a) A SEM image of lamella prepared via FIB in a bulk crystal. The
contrast in the lamella is due to grain boundaries. (b) A SEM image showing a lift-out of
lamella with Omniprobe® micromanipulator. Platinum welding via gallium ion beam
was employed to attach micromanipulator to the lamella. (c) A TEM image of a lamella
after final polishing and attached to a Omniprobe® lift-out copper TEM grid with three
posts. The contrast in the lamella is due to a variable specimen thickness in the centre
and on the sides. (d) An optical image of the Omniprobe® lift-out copper TEM grid. In
the present work, all the lamellae were attached to the central post indexed as B.
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2.5.2 Mechanical Wedge Polishing.
The wedge-polishing technique is described in detail by Voyles et al. [49]. This
method is useful to examine specimen cross-sections of thin films, hetero-structures, bulk
crystals whose substrates could be well-bonded to a glass polishing stub. An Allied
Multiprep™ Polishing System was used. Samples are cleaved into small sections of
nearly 1 cm × 1 cm, and two small sections are glued together using M-Bond™. The
glue-line thickness should be minimized to ensure mechanical stability of the sample
during polishing, and this is achieved by applying an external pressure using a custom
made spring-loaded clamping system. The clamping system is then placed in a vacuum
oven at 100 ºC for 1 hour to cure the glue. The specimen is then attached to microscope
slide using Crystalbond™ wax. The specimen is cut into small pieces about 2 mm × 2
mm with a dicing saw and then attached to a glass stub with Crystalbond™ wax. The
specimen is then polished on both sides as described by Voyles et al. [49]. Once the
specimen is sufficiently thin, optical fringes could be seen at the edges as shown in
Figure 2.15(b), which suggest that polishing could be stopped. After finishing the second
side polishing, the polished specimen attached to glass stub is glued using M-Bond to a
slot copper TEM grid as shown in Figure 2.15(a) and then cured in the vacuum oven for 1
hour at 100 ºC. After curing, the whole assembly shown in Figure 2.15(a) could be
detached from glass stub by immersing it in acetone for 5-10 minutes. Finally, a wedgepolished specimen attached to TEM grid is ready to use in TEM.
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Figure 2.15 (a) A schematic of a wedge-polished specimen attached to a slot copper
TEM grid having 1 mm × 2 mm slot dimensions.

(b) An optical image of a silicon

wedge (having silicon dioxide at the interface running vertically) after final polishing.
Note the presence of optical fringes at the edge of wedge, which hints a ‘thin’ electron
transparent region.

2.5.3 Drop-Casting.
This technique was used for depositing MgO nanocubes and iron-nitide
nanoparticles on substrates and TEM grids. The nanoparticles are mixed in organic
solutions (e.g., isopropanol, ethanol, and propanol) which are non-reactive to the
particles. Then the whole solution was ultra-sonicated for 30-120 minutes to detach the
agglomerated particles.

Finally, using a thin hypoderm needle few drops of

ultrasonicated solution was immediately dropped on substrates or TEM grids, which were
left to dry in ambient conditions.
2.5.4 Direct Deposition of Nanoparticles.
MgO nanocubes synthesized by burning Mg turnings were sometimes directly
deposited onto TEM grids or sapphire substrates by letting them face the burning plume.
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At some occasions, the collected dry smoke or dry nanoparticles in a vial were scraped
with a sharp needle and then sprinkled onto the TEM grids and substrates.

2.6 Scanning Electron Microscopy
SEM produces images of a specimen by scanning a focused beam of electrons.
Electron beam interaction with the specimen produces various signals including
secondary electron (SE), back-scattered electron (BSE), and X-rays. SE signals are
especially useful for determining the specimen surface topography. SEM images are
produced by combining the electron beam position with the detected signals and can
reveal details less than 1 nm in size. SEMs are frequently interfaced with XEDS for
investigating the chemical composition of the specimen. A major advantage of SEM
over TEM is that it does not require a preparation of electron transparent specimens but it
can only probe the surface properties. In the present study, JEOL 6500 and 6700 FEG
SEMs were used in SE mode along with XEDS whenever required.

2.7 Nanoindentation
Indentation testing is a method that consists of touching the materials of interest
whose mechanical properties, such as elastic modulus and hardness, are unknown with
another material whose properties are known [43].

Mechanical characterization of

nanoscale volumes is based on nanoindentation. The prefix “nano” in nanoindentation
refers to the fact that the length scale of the indenter penetration is on the order of
nanometers. Figure 2.16(a) represents a schematic of nanoindentation for a bulk sample
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and for a cube on substrate. Indenters, generally made up of the hardest-known material,
diamond, and having different geometries with varying radius of curvature (rtip), are used
according to experimental needs.
A Hysitron Triboindenter® in the UMN Characterization Facility (Figure 2.16(c))
was used to perform nanoindentation, which is referred to as ex-situ indentation because
the facility of simultaneously capturing images and load-displacement data is not
available. It consists of an optical microscope, a piezoelectric XYZ scanner, a translating
stage, and a 2-dimensional (2D) transducer. The TriboIndenter® uses top-down optics
with a maximum resolution of 50 μm to locate areas of interest on the sample. The
indentation location can be further refined using the TriboIndenter® scanner, which is
controlled by piezoelectric ceramics and allows placement of indents within ±20 nm.
The scanner can be also used to image the surface topography similar to scanning probe
microscopy. The resolution, however, is limited by the sharpness of the indenter tip. The
indentation is performed using a high voltage, parallel plate transducer.

The load-

displacement curves can be generated using load or displacement feedback control.
Nanoindentation allows for observation of events during testing, such as formation of
cracks and nucleation of discrete numbers of dislocations. These events correspond to
load drops in displacement feedback control and displacement jumps in load feedback
control.

Figure 2.16(b) shows a representative load-displacement curve in the load

feedback control on bulk (100) MgO. After reaching the applied maximum load P max or
displacement δmax, the diamond tip retraces back and follows the unloading segment of
the load-displacement curve leaving a residual displacement in the sample.
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The

unloading slope can be analyzed using the Oliver-Pharr method [43, 50, 51] based on
Hertzian contacts in order to calculate hardness and elastic modulus.

Figure 2.16 (a) A schematic showing the layout of nanoindentation experiment for bulk
crystal and nanocube. (b) A representative load-displacement plot from a bulk MgO
crystal in a load feedback control mode. Pmax is the maximum load applied, δmax is the
displacement of the indenter in the crystal at Pmax and δr is the residual displacement in
the crystal after unloading of the indenter.

(c) A close-up view of the Hysitron

Triboindenter® showing the experimental stage and the transducer for load-displacement
measurements.

Red rectangle highlights the indenter and the sample attached to a

magnetic substrate with epoxy.
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2.8 Atomic Force Microscopy
Atomic force microscopy is a method to see the shape of a surface in three
dimensional (3D) details down to the nanometer scale [52]. The surface morphology is
determined by measuring surface height at each point or pixel within a 2D array over the
surface using a sharp solid force probe. In the present project AFM was utilized for
comparing the surface morphology of nanocubes before and after ex-situ indentation.
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Chapter 3

Effects of Dynamical Scattering on Atomic-Resolution
TEM Images and Electron Diffraction Patterns of
Orthorhombic and Tetragonal LaFeAsO

3.1 Introduction
Observation of superconductivity in the iron pnictides [e.g., LaFeAsO1-xFx]
opened a new avenue to study high-temperature superconductors [53-55]. Indeed, the
normal states of the undoped parent compounds (e.g., LaFeAsO), have received much
attention owing to the possibility that understanding their properties may shed light on
the superconducting state [56, 57]. Inspection of the general temperature-composition
phase diagram of the iron pnictides reveals the suppression of both a structural and a
magnetic phase-transition temperature with increased electron doping of the parent
compound [55, 58-61]. For example, for undoped LaFeAsO, a structural phase transition
[orthorhombic (Cmme; a = 5.682 Å, b = 5.710 Å, c = 8.719 Å) ↔ tetragonal (P4/nmm; a =
4.032 Å, b = 8.741 Å)] occurs at approximately 160 K, while a magnetic transition
(antiferromagnetic ↔ paramagnetic) occurs somewhat below this near 140 K [62-64].
The relationship of these transitions and their potential link to superconductivity are of
particular interest owing to the proposal that the structural transition is not driven by the
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lattice but by electronic degrees of freedom that spontaneously undergo a mesoscale
organization into a nematic phase analogous to those observed in liquid crystals [65-68].
In particular, the electronic nematic phase is characterized by an inhomogeneous ordering
of electrons such that translational symmetry is preserved while rotational symmetry is
broken [69, 70]. Indeed, electronic nematicity in the iron pnictides is thought to be
present over a wide doping and temperature range, bordering the superconducting dome
within a particular phase space [71-73], thus suggesting this state may influence
superconductivity.
In the layered iron pnictide compounds, the change in unit-cell symmetry due to
nematic order results in in-plane (FeAs) anisotropic behavior arising in several
observables. For example, such behavior has been observed in the a and b lattice
parameters [74], the magnetic susceptibility and electrical resistivity [65, 67, 75], and the
density of states [66, 76].

Accordingly, much attention has been focused on

experimentally probing the correlated structural and electronic nature near this phase
transition. Indeed, a variety of methods have been employed to study these and other
aspects of LaFeAsO, including transport measurements [64, 77, 78], spectroscopic
techniques [79, 80], and structural probes (e.g., X-ray and neutron scattering) [62, 64, 81,
82]. In contrast, transmission electron microscopy (TEM) has been employed to a lesser
extent, with some studies reporting the observation of the structural phase transition via
bright-field imaging and parallel-beam diffraction [77, 83-87].

In this regard, the

appearance and disappearance of particular Bragg spots, as well as variation in diffraction
contrast, have been pointed to as indicators of a phase change. One might expect,
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however, that artifacts arising from thickness-dependent effects (e.g., multiple scattering,
electron channeling, etc.) [8, 88] and deviations of sample orientation due to temperaturedependent tilting [89] would be convoluted with changes arising from the phase
transition, thus rendering direct interpretations challenging. Despite such challenges, the
relative dearth of TEM studies on LaFeAsO is noteworthy because the technique enables
local probing of electronic properties, chemical composition, and lattice structure, all
with atomic-scale spatial resolutions [90, 91].

Further, the effects of time-varying

experimental parameters – namely, temperature, strain, and electrical bias – on such
properties can be directly followed in situ with little to no compromise on spatial
resolution [11, 92]. Consequently, high-resolution in situ TEM is potentially well-suited
for studying nanoscale processes associated with the structural and electronic phase
transitions in LaFeAsO and the iron-based superconductors in general.
In this chapter, we report the effects of crystal thickness and dynamical scattering
on atomic-resolution TEM images and diffraction patterns for low-temperature (90 K)
orthorhombic and room-temperature tetragonal LaFeAsO. Via aberration-corrected highangle annular dark-field scanning TEM (HAADF-STEM) of LaFeAsO single crystals
oriented along the [001] zone axis, we observe modulation of atomic-column Z-contrast
strength in the tetragonal structure arising from dynamical electron scattering with
varying lamella thickness. In relatively thin specimen regions, intensity differences in the
(Fe,O) and (La,As) atomic columns is observed, with commensurate Bragg-spot-intensity
variations also apparent in parallel-beam electron diffraction patterns (PBEDs). With
HAADF-STEM, a crystalline transition region is identified, demarcating relatively thin
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and thick specimen sections. At room-temperature, HAADF-STEM images from the
thick region show a leveling of intensity, independent of the chemical composition of the
atomic column, thus obscuring spatial differentiation of the (Fe,O) and (La,As) columns.
This, too, is apparent in PBEDs, resulting in an apparent disappearance of particular
Bragg spots, which could be inadvertently interpreted as a manifestation of a structural
phase transition with decreasing temperature. To illustrate this effect, we performed
cryo-conventional TEM experiments on the relatively thick and thin lamellae, the results
of which demonstrate the challenges associated with intensity-only interpretations and
highlighting the importance of variations in d-spacing (as opposed to Bragg-spot
intensity) as an indicator of the structural phase transformation.

3.2 Methods
3.2.1 Specimen Preparation.
Single crystals of undoped LaFeAsO were grown following previously-reported
methods [93]. For TEM studies, LaFeAsO single crystals were attached to a copper slot
grid (1 mm × 2 mm) using silver epoxy. Electron-transparent lamellae were prepared for
TEM studies using an FEI Quanta 200 3D focused-ion-beam system (FIB) operated at 30
kV with a gallium-ion source. For all specimens, a protective coating of polycrystalline
platinum (1.5-m thick) was deposited from a trimethyl(methylcyclopentadienyl)
platinum(IV) [(CH3)3Pt(CpCH3)] precursor gas via gallium-ion sputtering in the FIB prior
to milling in order to avoid excess ion damage to the crystal surface.
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3.2.2 TEM Imaging, Diffraction, and Spectroscopy.
The HAADF-STEM images, X-ray dispersive spectroscopy (XEDS; Super-X
EDX spectrometer) elemental mapping and line scans, and electron energy-loss spectra
(EELS; Gatan Enfinium ER) were acquired with a probe-corrected FEI Titan G2 60-300
(S)TEM microscope operated at 200 kV. A probe convergence angle of 18 mrad was
used, producing an electron-beam probe size of approximately 0.8 Å on the specimen. A
detector collection angle of 46.8 to 200 mrad was used for the HAADF-STEM images.
A probe convergence angle of 25.3 mrad and a collection angle of 43 mrad were used for
low-loss EELS. An FEI double-tilt holder was used for the room-temperature HAADFSTEM, XEDS, and EELS experiments.
The PBED and conventional TEM (CTEM) images were obtained with an FEI
Tecnai G2 F30 microscope operated at 300 kV. For in situ experiments conducted on
tetragonal and on orthorhombic LaFeAsO, a Gatan 626 single-tilt cryo-transfer holder
was used. In order to minimize drift, to ensure the crystallographic phase transition was
complete, and to ensure the entire specimen had reached thermal equilibrium for the lowtemperature studies, the holder and specimen were kept at 90 K for four hours prior to
image and diffraction-pattern acquisition.

For PBED experiments, selected-area

apertures of 1,200 and of 200 nm (diameter, as measured on the image plane) were used.
In order to enhance signal-to-noise in the atomic-resolution images, a series of 10
HAADF-STEM Z-contrast images were acquired, cross-correlated, and summed. An
additional method involving Fourier filtering was also used to enhance signal-to-noise,
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wherein spatial-frequency spots in fast-Fourier transforms (FFTs) of the acquired images
were masked followed by image reconstruction.
3.2.3 Image and Bragg-Spot Intensity Simulations.
Simulations of atomic-resolution HAADF-STEM images and diffraction-spot
intensities were performed using a multislice computational method [88, 94].

For

simulated HAADF-STEM images and PBED patterns, the same instrument parameters as
those employed in the experiments were used. Atomic thermal vibrations at 300 K were
simulated by averaging 10 frozen-phonon configurations for each image [95]. Rootmean-square (RMS) thermal displacement values of 0.052, 0.054, 0.051, and 0.060 Å at
300 K for La, Fe, As, and O were used, respectively [96]. For PBED simulations,
thermal effects were not included, as phonons only weakly dampen the diffraction spots
at 300 K for atomic vibrations with RMS values of 0.1 Å and smaller [95].

3.3 Results and Discussion
Methods aimed at initially characterizing structure and composition were
performed on electron-transparent lamellae prepared from bulk LaFeAsO crystals, the
results of which are summarized in Figure 3.1. Via relatively low-magnification brightfield imaging, a region of interest was identified in the tetragonal phase at 300 K and was
found to be structurally well ordered and compositionally homogeneous.

Using a

selected-area aperture, PBEDs were generated from the edge of a lamella along the [001]
direction, and it was consistently observed for this particular region that the 100
forbidden reflection (space group P4/nmm; No. 129) was present [Fig. 1(b)]. As will be
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illustrated in detail below, observation of forbidden reflections is attributed to dynamicalor multiple-scattering events, the particular appearance of which is sensitive to crystal
thickness [8]. Within this particular region of interest, atomic-resolution HAADF-STEM
images were acquired, the appearance of which further illustrate the structural ordering.
Importantly, the (Fe,O) and (La,As) columns are resolved and can be differentiated in the
image [Figure 3.1(f)]. Because contrast in high-resolution HAADF-STEM images arises
from differences in Z of the elements comprising the columns, the intensity modulations
for sufficiently thin crystal sections are due to differences in chemical composition,
where larger-Z elements (e.g., La and As) will give rise to brighter columns in dark-field
mode [42]. This, coupled with chemical mapping, enables unambiguous assignment of
the structure when compared to the crystallographic information file for tetragonal
LaFeAsO [53], provided one is approximately within the kinematic regime.
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Figure 3.1

Overview of the crystalline order, atomic structure, and chemical

composition of the tetragonal LaFeAsO specimen at 300 K. (a) Crystal structure of
tetragonal LaFeAsO as viewed along the [001] (top) and [010] (bottom) zone axes, as
generated from the crystallographic information file [53]. (b) Bright-field image of an
LaFeAsO lamella. The black ring denotes the position of the selected-area aperture used
to generate the PBED pattern in panel (c), and the white asterisk to the right of the ring is
to orient the reader to the specimen configuration with respect to the highermagnification image shown in panel (e). The scale bar represents 1 μm. (c) A PBED
pattern obtained along the [001] zone axis.

The allowed 110 and forbidden 100

diffraction spots are labeled. The contrast has been reversed for added clarity, and the
scale bar represents 5 nm-1. (d) Bright-field STEM image, HAADF-STEM image, and
41

corresponding XEDS elemental maps of La (blue, Lα), Fe (green, Kα), As (red, Ka), and
O (teal, Kα). The scale bar in the CTEM image represents 500 nm and is applicable to all
frames. (e) A HAADF-STEM image of the region of interest in this study. The red
dashed square denotes the region from which the atomic-resolution HAADF-STEM
image in panel (f) was generated. The platinum protective capping layer is labeled. The
white asterisk in the lower-right corner of the panel is to orient the reader to the specimen
configuration with respect to the lower-magnification image in panel (b). The scale bar
represents 100 nm. (f) An atomic-resolution HAADF-STEM image obtained along the
[001] zone axis, with the (Fe,O) and (La,As) atomic columns labeled. An overlaid
schematic crystal structure viewed along the [001] zone axis is shown in the upper-right
corner of the panel, with the color coding matching that in panel (a). A simulated
HAADF-STEM image, with atomic columns labeled, is shown in the lower-right corner
of the panel. The scale bar represents 1 nm; the separation between the (Fe,O) and
(La,As) columns is 2.02 Å.

The remainder of the studies focused on the region of interest shown in Figure
3.1(e). Within this region, it was found that two distinct areas [labeled (i) and (ii) in
Figure 3.2(a)] could be identified, which appear in the HAADF-STEM images to have
distinct morphologies separated by a relatively narrow (~5 nm) transition region running
approximately vertically with respect to the frame orientation [Figure 3.2(a,b)]. That is,
the identified transition region is distinct, in that the structure does not appear in the
images to match either area (i) or (ii). Further, the region does not correspond to a grain
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boundary, as no additional Bragg spots were observed in the PBED pattern obtained from
the overall region of interest [Figure 3.1(b,c)].
In order to determine whether this apparent structural variation across the
transition region arises from thickness and/or compositional effects, which could then
affect the observed contrast, both EELS and XEDS were employed. In low-loss EELS,
comparison of the intensity of the zero-loss peak and entire low-loss region to 50 eV can
be used to determine specimen thickness [97]. The result of such an approach applied to
the LaFeAsO specimen region of interest is shown in Figure 3.2(c). It can be seen that
the specimen thickness was found to decrease from 80 to less than 60 nm spanning a 550nm distance and moving toward the crystal edge (i.e., from the interior of the crystal to
the platinum capping layer). Such a gradient is known to arise during FIB milling, as
beam intensity decreases with increasing specimen depth - in the milling direction owing to increased scattering.

In addition to the observed thickness variation, this

process could result in creation of a step, where the atomic columns are not oriented
along the [001] zone axis, as in areas (i) and (ii), and would therefore not be discernible
in the images.

The results of the XEDS chemical map, however, indicate the

composition is uniform across the transition region [Figure 3.2(d)].

Thus, it was

concluded from this and the structural-overview studies discussed above that any
apparent modulation in contrast across the transition region stems from the effects of
thickness and morphology on electron scattering rather than on the presence of different
phases or compositions.
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Figure 3.2

Transition region spatial-thickness variation and spatial chemical

composition in the LaFeAsO region of interest. (a) Low-magnification HAADF-STEM
image. The transition region runs roughly vertically from the top to the bottom of the
panel and passes through the dashed red box and the approximate centers of the
horizontal dashed arrows. Areas to the right and to the left of this region are labeled (i)
and (ii), respectively, at the top of the panel. The polycrystalline platinum capping layer
is also labeled. The position and direction from which the thickness and chemical
composition were spatially characterized [panels (c) and (d), respectively)] are denoted
with a dashed black and dashed blue arrow, respectively. The scale bar represents 100
nm. (b) Higher-magnification HAADF-STEM image of the specimen region outlined
with the dashed red box in panel (a). Regions (i) and (ii) are again labeled, as defined
above. The scale bar represents 2 nm. (c) Thickness variation of the LaFeAsO crystal in
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moving from area (ii) to area (i), as illustrated with the dashed black arrow in panel (a).
Note that the position at 0 nm corresponds to the origin of the arrow. The inset shows a
representative low-loss EEL spectrum used to determine crystal thickness. (d) An XEDS
line scan showing the spatial dependence of composition across the identified transition
region, as illustrated with the dashed blue arrow in panel (a). Note that the position at 0
nm corresponds to the origin of the arrow.

To investigate the effects of specimen thickness on image contrast and
diffraction-pattern appearance, HAADF-STEM and PBED experiments were performed
at 300 K on areas (i) and (ii) (Figure 3.3). As can be seen, differences in both the
HAADF-STEM Z-contrast images and the intensity of the forbidden 100 reflection in the
PBED patterns obtained from each region are apparent. For the HAADF-STEM images,
this behavior was consistent throughout the overall region of interest [i.e., both areas (i)
and (ii) produced HAADF-STEM images similar in appearance to that displayed in
Figure 3.3(a) and (b), respectively], with variations only in total intensity. That is, the
behavior of the relative intensities of the atomic columns, while clearly different from
area (i) to (ii), were the same within each area. Note, however, that the PBED patterns
were observed to have variable 100 Bragg-spot intensities regardless of area. That is,
isolation of the two areas with a selected-area aperture proved challenging owing to the
relatively large specimen area over which signal was averaged. Accordingly, patterns
containing both strong and weak 100 reflections could be obtained across the overall
region of interest. Nevertheless, this illustrates the precarious nature of relying solely on
45

Bragg-spot intensities and appearance/disappearance for following the tetragonal ↔
orthorhombic phase transition.

Figure 3.3 Atomic-resolution HAADF-STEM images and PBED patterns from areas (i)
and (ii) (defined in Figure 3.2). (a) A HAADF-STEM image (left) and a PBED pattern
(right) from area (i) (labeled in upper-left corner of the panel), obtained along the [001]
zone axis. An overlaid schematic crystal structure viewed along the [001] zone axis is
shown in the upper region of the left panel, with the colors corresponding to those shown
in Figure 3.1(a). The (Fe,O) and (La,As) atomic columns are labeled. The dashed yellow
square represents the unit cell ab-plane (4.03 x 4.03 Å). The scale bar represents 5 Å. In
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the corresponding PBED pattern (right), the allowed 110 and

and the forbidden 100

and 010 Bragg spots are indexed. The dashed blue rectangle represents the region of
interest from which the intensity profile (blue) in panel (c) was generated. The contrast is
reversed for added clarity. The scale bar represents 2 nm-1. (b) A HAADF-STEM image
(left) and a PBED pattern (right) from area (ii) (labeled in upper-left corner of the panel),
obtained along the [001] zone axis. The dashed yellow square represents the unit cell abplane. The scale bar represents 5 Å. In the corresponding PBED pattern (right), the
allowed 110,

, and

and the forbidden 010 Bragg spot are indexed. The dashed

red rectangle represents the region of interest from which the intensity profile (red) in
panel (c) was generated. The contrast is reversed for added clarity. The scale bar
represents 2 nm-1. (c) Spatial intensity profiles generated from the dashed rectangles in
the PBED patterns in panels (a) and (b). Peaks arising from the 110, 010, and

spots

are labeled for orientation purposes. Note the significant reduction in intensity of the
forbidden 010 spot from area (ii) compared to area (i). The apparent slight shift in dspacing (compare the

peaks) is attributed to a minor variation in the specimen

eucentric height from one experiment to the next. This could also arise from slight
variations in alignment or the presence of lens hysteresis, with potential contributions
from each resulting in an effective change in camera length and corresponding expansion
or contraction in the observed PBED pattern.

Inspection of the atomic-column spacings in the HAADF-STEM images, as well
as the PBED patterns in Figure 3.3, generally match those expected from the LaFeAsO
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tetragonal structure, as viewed along the [001] zone axis. For example, the dashed
yellow squares shown in both HAADF-STEM images are the same size, each
representing one unit cell (ab-plane) of the tetragonal structure. Likewise, the PBED
patterns from areas (i) and (ii) match those expected from the tetragonal structure along
the [001] direction and the allowed reflections for P4/nmm (hk0: h + k = 2n; h00: h =
2n). Further, the position of the forbidden 100 reflection also matches that expected for
the tetragonal structure with a = 4.032 Å and b = 8.741 Å. Thus, despite the differences
in atomic-column contrast and the presence or absence of the forbidden 100 reflection, it
was concluded that the entire region of interest is single-crystal LaFeAsO oriented along
the [001] direction. This structural information, in addition to the XEDS chemical
mapping, which indicated a homogeneous composition within the region of interest,
indicates the contrast variations and appearance of the 100 reflection arise from thickness
effects, dynamical scattering, and electron channeling.
To determine the effects of LaFeAsO crystal morphology and thickness on the
images and PBED patterns, multislice simulations were performed [88, 94], the results of
which are summarized in Figure 3.4. In the simulated HAADF-STEM images of one
LaFeAsO unit cell along the [001] direction, it can be seen that the normalized intensity
of the (Fe,O) atomic columns increase with crystal thickness (from 20 to 200 nm) relative
to the (La,As) columns. This observed monotonic decrease in contrast strength is due to
the dependence of electron-beam-channeling behavior on specimen thickness [98-100].
Note that it is not straightforward to compare the thicknesses reported in the simulations
to the experimental results, as additional effects arising from the generation of an
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amorphous layer during FIB preparation of the lamellae are not taken into account, nor
are effects arising from spatial incoherence [100-102]. Such effects can significantly
reduce contrast strength in atomic-resolution HAADF-STEM images, especially for
relatively thick specimen regions. Further, it is known that contrast strength is also
dependent on the particular crystal structure being studied, precise orientation along a
zone axis, and the chemical composition of the atomic columns [103]. Accordingly,
differences in the atomic-resolution HAADF-STEM images between areas (i) and (ii) are
attributed to the combined effects of specimen-thickness variation, the presence of an
amorphous layer, and possible mis-orientation with respect to the precise [001] zone axis.

Figure 3.4 Simulated Z-contrast images and relative 100 Bragg-spot intensities as a
function of LaFeAsO lamella thickness.

(a) Simulated HAADF-STEM images

representing one unit-cell of the LaFeAsO tetragonal phase along the [001] direction.
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The corresponding crystal thicknesses are labeled.

Atomic-column intensities are

normalized to the incident beam intensity. The positions of the (Fe,O) and the (La,As)
columns are labeled. (b) Relative 100 Bragg-spot intensity as a function of lamella
thickness. Intensity is normalized to that of the incident beam.

In addition to HAADF-STEM images, the intensity of the 100 forbidden
reflection as a function of specimen thickness was simulated [Figure 3.4(b)]. There are
two distinct behaviors to note. The first is that the overall normalized intensity increases
with specimen thickness, as is expected to occur due to dynamical diffraction [8].
Second, the normalized intensity oscillates with a thickness period of approximately 10
nm; that is, the intensity goes from a local minimum to a local maximum and back to a
local minimum over a specimen-thickness range of 10 nm. The particular behavior
shown in Figure 3.4(b) is unique to the LaFeAsO tetragonal crystal structure, as such
periodic intensity oscillations depend on the chemical composition of the material [104].
Experimentally, the intensity of the 100 reflection was also found to vary across the
region of interest owing to variations in specimen thickness. In addition, as with the
HAADF-STEM images, mis-orientation of the specimen with respect to the zone axis
will affect the intensity of the dynamically-diffracted Bragg spot [8]. Accordingly,
matching the simulations to experiments with respect to absolute specimen thickness is
challenging.
The results discussed thus far are meant to: (1) illustrate the challenges associated
with identifying structural phase changes from atomic-resolution TEM images and
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electron-diffraction patterns and (2) to provide information specific to the tetragonal
LaFeAsO phase at 300 K for comparison to similar studies conducted on the
orthorhombic phase at 90 K. Accordingly, Fourier-filtered atomic-resolution CTEM
images and corresponding spatial FFTs of orthorhombic LaFeAsO at 90 K, also oriented
along the [001] zone axis, were acquired with a liquid-nitrogen specimen holder (see
Methods). As with the tetragonal structure at 300 K, images were acquired within areas
(i) and (ii), the results of which are summarized in Figure 3.5. So that direct comparisons
can be made, Fourier-filtered CTEM images and corresponding spatial FFTs of tetragonal
LaFeAsO at 300 K were also acquired on the same specimen regions. As with the
tetragonal structure [Figure 3.5(a,b)], intensities of forbidden reflections were observed to
vary for the orthorhombic structure (e.g., the 110 spot; space group Cmme, No. 67; hk0:
h, k = 2n) and were dependent upon position within the overall region of interest [Fig.
5(c,d)].

That is, the appearance and disappearance of forbidden reflections occurs

independent of the structural phase transition. It is important to emphasize here that the
images in Figure 3.5(a) and Figure 3.5(c) (tetragonal and orthorhombic LaFeAsO,
respectively) were acquired from the same area in the specimen, as was the case for the
images in panels (b) and (d).
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Figure 3.5

In situ CTEM images and corresponding FFTs of tetragonal and

orthorhombic LaFeAsO illustrating the independence of forbidden-reflection intensity
and pattern appearance on structural phase transition. (a) Fourier-filtered CTEM image
and corresponding FFT of tetragonal LaFeAsO at 300 K. The d-spacings of particular
(100) and (110) planes are labeled. The allowed 110 and forbidden 100 reflections are
indexed in the corresponding FFT. (b) Fourier-filtered CTEM image and corresponding
FFT of tetragonal LaFeAsO at 300 K but from a different crystal region than that shown
in panel (a). The d-spacings of particular (

) and (110) planes are labeled, and these

allowed reflections are also indexed in the corresponding FFT. Note the absence of a
forbidden 100 reflection. (c) Fourier-filtered in situ CTEM image and corresponding
FFT of orthorhombic LaFeAsO at 90 K acquired from approximately the same region as
shown in panel (a). The d-spacings of particular (110) and (020) planes are labeled. The
allowed 020 and forbidden 110 reflections are indexed in the corresponding FFT. (d)
Fourier-filtered CTEM image and corresponding FFT of orthorhombic LaFeAsO at 90 K
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from approximately the same region as shown in panel (b) but from a different region
than that shown in panel (c). The d-spacings of particular (200) and (020) planes are
labeled, and these allowed reflections are also indexed in the corresponding FFT. Note
the absence of a forbidden 110 reflection.

The results summarized in Figure 3.5 indicate that the appearance or
disappearance of forbidden reflections, or an overall change in the FFT itself, can occur
independent of the LaFeAsO structural phase transition. Rather, variations in the images
and FFTs can be entirely dependent upon the region from which the data is acquired.
This behavior is especially noteworthy when one considers the non-trivial shifting of
specimen position and tilt orientation that can occur during in situ heating and cooling
experiments [89].

This becomes particularly challenging when noting the extreme

sensitivity of diffraction contrast and Bragg-spot intensity on changes in either
reciprocal-lattice orientation or Ewald-sphere position [8].
The similar overall appearance of the CTEM images, corresponding FFTs and
PBED patterns [Figure 3.6] of the two structural phases of LaFeAsO is to be expected
considering the minor differences in lattice d-spacings, as viewed along the [001] zone
axis.

Note for example, that in the tetragonal phase, d-spacings giving rise to the

forbidden 100 and allowed 110 and

reflections are similar to the forbidden 110 and

allowed 020 and 200 reflections from the orthorhombic phase (tetragonal:
Å,

=

= 2.852 Å; orthorhombic:

= 4.028 Å,

= 2.855 Å,

= 4.033
= 2.841 Å)

[63, 64]. This – in addition to the challenges associated with the presence of forbidden
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reflections detailed above – suggests that differentiation of the two phases (and
observation of the phase change in situ) requires a stable system and a large camera
length, such that few-pixel (or even sub-pixel) shifts in Bragg-spot positions can be
observed and differentiated from artifacts arising from variations in specimen eucentric
height and lens hysteresis. Differentiation and deconvolution of such effects with respect
to observing the structural phase change in situ will be the focus of a future study.

Figure 3.6 In situ PBED patterns of tetragonal and orthorhombic LaFeAsO illustrating
the independence of forbidden-reflection intensity on structural phase transition. (Left)
PBED pattern of tetragonal LaFeAsO at 300 K. The allowed 110,

and forbidden

100 reflections are indexed. (Right) PBED pattern of orthorhombic LaFeAsO at 90 K.
The allowed 200, 020 and forbidden 110 reflections are indexed.
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3.4 Conclusion
The effects of specimen-thickness on atomic-resolution HAADF-STEM and
Fourier-filtered CTEM images and PBED patterns of [001]-oriented LaFeAsO single
crystals at 300 and 90 K (i.e., the tetragonal and orthorhombic phases, respectively) have
been studied. It was shown that nanoscale thickness variations in LaFeAsO lamellae can
produce significant variations in contrast strength of (La,As) and (Fe,O) atomic columns
in the HAADF-STEM images, as supported by multislice simulations. In addition to
thickness effects, it was speculated that the presence of an amorphous layer arising from
FIB preparation of the lamellae, as well as specimen mis-orientation with respect to the
[001] zone axis, could also be contributing factors to the observed atomic-column
intensity modulations. Additionally, the appearance and disappearance of forbidden
reflections in the PBED patterns was attributed to dynamical diffraction (as supported by
simulations) and was found to be independent of the phase transition. Importantly, it was
found by direct comparison of the tetragonal and orthorhombic phases via atomicresolution Fourier-filtered CTEM across different specimen regions that the phase change
did not produce a change in the observed spatial FFT; the appearance of the image
contrast and corresponding FFTs was independent of the structural phase change. These
results indicate that processes associated with dynamical diffraction and electron
channeling in high-resolution and in situ TEM studies must be quantified and
deconvoluted from images and diffraction patterns in order to identify effects arising
from structural phase changes in LaFeAsO and other materials.
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3.5 Future Directions
Foremost work should aim to differentiate and deconvolute specimen eucentric
height and lens hysteresis effects from the in situ structural phase change along [001]
orientation. It was also noticed in the preliminary testing that the in situ structural phase
change could be observed more easily along [100] crystal orientation of LaFeAsO than
the [001].

Figure 3.7 summarizes these preliminary results.

A significant shift of

approximately 30-40 pixels could be seen at sufficiently large camera lengths along [100]
orientation because the lattice spacing of diffraction spots from tetragonal and
orthorhombic phases are apparently very different.

Therefore in the future, [100]

oriented specimens could prove more useful than the [001] oriented specimens in
understanding the in situ structural phase transition of LaFeAsO after carefully
understanding the specimen eucentric height and lens hysteresis effects.
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Figure 3.7 (a) A PBED pattern obtained close to the [100] zone axis of tetragonal
LaFeAsO at 300 K. The dashed red rectangle represents the region of interest from
which the intensity profile (red) in panel (c) was generated. (b) A PBED pattern obtained
close to the [100] zone axis of orthorhombic LaFeAsO at 90 K. The dashed blue
rectangle represents the region of interest from which the intensity profile (blue) in panel
(c) was generated. (c) Spatial intensity profiles generated from the dashed rectangles in
the PBED patterns in panels (a) and (b). Note the significant shift in peak position due to
the structural phase transition.

At 300 kV, significant specimen damage was found in the STEM imaging and,
therefore, all the experiments to study dynamical effects were conducted at 200 kV.
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Figure 3.8 summarizes the electron beam damage results. Another avenue to explore
would be to systematically carry out an electron beam damage study on layered LaFeAsO
at 300 kV, as performed on other layered materials like zeolites [105]. This would
expand the atomic-resolution imaging space of LaFeAsO.

Figure 3.8 (a) A raw HAADF-STEM image, after a 10 s acquisition at 300 kV, from
relatively thicker region of LaFeAsO and not showing Z-contrast in atomic columns.
Note that the STEM probe was not rastered onto this region before acquisition. (b) Raw
HAADF-STEM image acquired right after the acquisition in panel (a) with a 10 s
integration time. Note that the disappearance of atomic-columns is a consequence of
electron beam damage, not a deposition of carbon contamination on TEM specimen with
electron beam because this disappearance of atomic-columns was not observed at 200
kV.

To experimentally understand the proposed electronic origins of nematic
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fluctuations in literature, an in situ EELS study would be useful because EELS has the
capability to study the electronic properties and density of states of a wide variety of
materials at the atomic-scale [97, 106, 107]. By performing cryo-EELS and analyzing
the near-edge fine structure of Fe, O, La edges various interesting electronic properties of
LaFeAsO could be discovered in situ. In the present study, EEL spectra from LaFeAsO
were acquired at room temperature on multiple occasions, and a representative spectrum
in Figure 3.9 clearly shows the O K, Fe L3, La M4 and La M5 EEL edges of tetragonal
LaFeAsO.

Figure 3.9 Core-loss EEL spectrum of tetragonal LaFeAsO.

It was also seen in the present study while examining the Z-contrast strength in the
atomic-columns of HAADF-STEM images that the roles of amorphous layer around FIBmilled TEM specimens and of crystal mis-orientation varies from material to material and
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are not clearly known for tetragonal LaFeAsO. Therefore, to quantitatively understand
the role of amorphous layer and crystal mis-orientation on the Z-contrast strength of
LaFeAsO atomic-columns, an in-depth multislice simulation study on HAADF-STEM
images could be carried out as done in literature for other materials [102, 103].
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Chapter 4

Ultrafast Structural Dynamics of the Iron-Pnictide
Parent Compound LaFeAsO

4.1 Introduction
Unconventional superconductors are known to exhibit superconductivity by
undergoing a spin density wave (SDW) transition at low temperatures. The SDW state is
a low-energy ordered state of solids that occurs at low-temperature in anisotropic, lowdimensional materials and in metals having a high density of states at the Fermi level.
The orthorhombic phase of LaFeAsO is one such SDW phase. It is not known whether
the tetragonal-to-orthorhombic transition is a regular structural transition driven by lattice
vibrations (phonons) or driven by electronic origins [70, 108]. Moreover, if electrons are
driving this transition, charge/orbital fluctuations or spin fluctuations may be responsible
[70, 108]. Figure 4.1 shows the theoretical nematic order and fluctuations present above
the structural phase transition temperature, but these nematic phases have never been
observed in real-space. The holy grail of performing the ultrafast studies on LaFeAsO is
to observe these nematic phases using UEM by heating the liquid-nitrogen cooled
specimens with laser above their structural phase transition temperature and to determine
the timescales involved with these reversible transitions. This chapter lays the foundation
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for imaging the nematic phases by studying the structural dynamics of tetragonal
undoped LaFeAsO in UEM.

Figure 4.1 Schematic phase diagram of the iron pnictides. SDW denotes the spindensity wave state, SC the superconducting phase, PM the paramagnetic phase.
Structural phase transition (orthorhombic ↔ tetragonal) occurs around 160 K in undoped
LaFeAsO. Adapted from ref [108].

4.2 Methods
4.2.1 Specimen Preparation.
Single crystals of undoped LaFeAsO were grown following previously-reported
methods [93]. For UEM studies along [001] orientation, LaFeAsO single crystals were
attached to a copper slot grid (1 mm × 2 mm) using silver epoxy. Electron-transparent
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lamellae were prepared for UEM studies using an FEI Quanta 200 3D focused-ion-beam
system (FIB) operated at 30 kV with a gallium-ion source. For UEM studies along [100]
orientation, LaFeAsO lamella were cut from the single crystals with gallium-ion beam
and lifted-out with Omniprobe® micromanipulator inside FIB, and attached to a
Omniprobe® lift-out TEM copper grid with three posts and then finally milled with
gallium-ion source to get an electron transparent LaFeAsO lamella. For all specimens, a
protective coating of polycrystalline platinum (1.5-m thick) was deposited from a
trimethyl(methylcyclopentadienyl) platinum(IV) [(CH3)3Pt(CpCH3)] precursor gas via
gallium-ion sputtering in the FIB prior to milling in order to avoid excess ion damage to
the crystal surface.
4.2.2 Microscope Parameters.
All the UEM experiments, thermionic imaging and diffraction were performed in
a Tecnai Femto ultrafast electron microscope (FEI Company) operated at 200 kV in both
thermionic and photoelectron modes. In these emission modes, a truncated, 150 µm flat
LaB6 cathode (Applied Physics Technologies) was used. A Gatan Orius 2048 × 2048
CCD camera was used to record the images with integration times ranging from 1 to 15
seconds per frame. A custom 1,250 μm condenser aperture was employed for all the
femtosecond experiments in order to maximize the capture of photoelectrons on the CCD
camera.

Low-Loss EELS experiments for specimen thickness measurement were

performed in an FEI Tecnai G2 F30 microscope operated at 300 kV and equipped with a
Gatan Enfina spectrometer.

Scanning Electron Microscopy (SEM) imaging was
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performed in the secondary electron mode at 5 kV in a FEG-SEM JEOL 6500
microscope at around 10 mm working distance.
4.2.3 Laser Parameters.
LaFeAsO TEM specimens were optically excited in situ with a pump pulse of 250
fs duration full-width at half-maximum (FWHM), centered at 515 nm for nanosecond
experiments and centered at 1030 nm for femtosecond experiments. A Yb:KGW (1030
nm fundamental output), diode-pumped solid-state laser and a custom harmonics
generation module were used to generate the pump pulses for both nanosecond and
femtosecond experiments. Pump fluences of 31.6 mJ/cm2 were incident on the specimen
for nanosecond bright-field imaging and PBED experiments. For femtosecond UEM
studies along [001] orientation, pump fluences of 5.1 mJ/cm2 were incident on the
specimen for bright-field imaging and PBED experiments with 5 ps (-160 to 240 ps) and
20 ps (-360 to 2040 ps) time-steps, and pump fluences of 4.6 mJ/cm2 were incident on the
specimen for PBED experiments with 0.5 ps (-20 to 100 ps) time-steps. For femtosecond
UEM studies along [100] orientation, pump fluences of 1.5 mJ/cm2 were incident on the
specimen for bright-field imaging experiments.
Probe pulses were generated with a Nd:YAG (1064 nm fundamental output), Qswitched, diode-pumped solid-state laser for nanosecond experiments.

The fourth

harmonic was generated on the laser table and was used to generate the photoelectrons
out of the LaB6 cathode for image formation. To generate the probing photoelectron
packets in femtosecond experiments, the pump line was split, and a portion of the 515 nm
pulses was frequency doubled to 257.5 nm and focused into the gun region of the
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microscope.

Nanosecond and femtosecond UEM experiments were performed at a

repetition rate of 5 kHz and 50 kHz respectively to ensure maximum mechanical and
thermal relaxation before each subsequent excitation. Nanosecond UEM bright-field
imaging experiments were performed with 1 ns time-steps, and PBED experiments were
performed with 1 ns (-56 to 184 ns) and 10 ns (-116 to 9984 ns) time-steps. For [001]
orientation, femtosecond UEM bright-filed imaging experiments were performed with 1
ps time-steps, and PBED experiments were performed with 5 ps (-160 to 240 ps), 20 ps (360 to 2040 ps) and 0.5 ps (-20 to 100 ps)

time-steps.

For [100] orientation,

femtosecond UEM bright-filed imaging experiments were performed with 2 ps timesteps.
4.2.4 Control Experiments.
A series of control experiments were performed immediately after the scans in
which femtosecond bright-field and PBED dynamics was observed along [001]
orientation. These experiments were performed at the same experimental parameters to
exclude artifacts and instabilities of the UEM experimental system as the reason of the
observed propagating contrast waves in bright-field imaging and PBED dynamics in the
femtosecond experiments along [001] orientation. (1) Control experiments to replicate
the dynamics were performed by acquiring bright-field images and diffraction patterns
with randomized time-points.

This resulted in similar dynamics as non-randomized

acquisitions. (2) Control experiments, for the origin of bright-field dynamics at the
vacuum-specimen interface and the downward propagation direction of waves, were
conducted by rotating the specimen 180º on TEM holder and then carrying out the
65

experiments. This resulted in similar dynamics as without rotating the specimen. (3)
Control experiments for probe beam instabilities in both bright-filed imaging and PBED
due to movement of delay stage were performed by acquiring 61 images four times
without specimen excitation but still translating the delay stage as if a UEM scan (-100 to
200 ps with 5 ps steps) was being performed. This resulted in no dynamics of any kind.
(4) Control experiments for specimen drift/tilt in both bright-filed imaging and PBED
were conducted by acquiring 111 images each at four constant time delays of -150, -75, 50 and 50 ps to emulate the duration of a scan. This resulted in no dynamics of any sort.
(5) Control experiments for image intensity fluctuations due to LaB6 filament instabilities
in both bright-filed imaging and PBED were performed by acquiring 101 images (-50 to
50 ps with 1 ps steps) without specimen excitation but delay stage moving. This again
resulted in no dynamics of any sort.
4.2.5 Data and Image Processing.
In order to accurately depict and analyze the real-space UEM dynamics, all the
raw bright-field images were drift-corrected with sub-pixel resolution and then passed
through a 2-pixel Gaussian 3D low-pass filter. Frequency maps in Figure 4.2 for brightfield images were obtained by first drift-correcting all the images and then performing a
fast Fourier transform (FFT) on the image intensity versus time plot for each pixel. The
image intensities were normalized with respect to a vacuum region in the images to
exclude instabilities in the probe beam intensities with time.
Finite element method (FEM) simulations in Figure 4.3 were performed with
Structural Mechanics module of COMSOL Multiphysics®. An LaFeAsO plate (clamped
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on three sides and free on one end) of dimensions 8.5 µm × 4.5 µm × 70 nm with
Young’s modulus of 141.5 GPa, Poisson’s ratio of 0.259 and mass density of 6.7 g/cm3
was taken into account for simulations. The length and width of the plate were measured
from the bight-field images, and a constant thickness of 70 nm was assumed. Young’s
Modulus and Poisson’s ratio values were taken of polycrystalline LaFeAsO from the
work of Shein and Ivanovskii [109], and mass density was calculated from the unit-cell
of LaFeAsO.
A Gaussian fitting was done to all the diffraction spots in PBED patterns and the
distances between the various diffraction spots were tracked with time to observe their
dynamics. Normalized reciprocal d-spacing changes in Figures 4.5-4.7 and 4.21-4.23
were obtained by taking an average of data-points over negative time (called davg-1) and
then calculating the reciprocal d-spacing changes with respect to that average value based
on the following equation:
𝑑(𝑡)−1 − 𝑑𝑎𝑣𝑔 −1
∆𝑑 −1
(%) =
× 100
𝑑−1
𝑑𝑎𝑣𝑔 −1
All the d-spacing changes were calculated on the reciprocal space (or diffraction
space).

The error bars are the standard deviation values from the multiple

scans/experiments performed.

Same procedure was adopted for calculating the

normalized diffraction spot intensity changes in Figures 4.18-4.20 based on the following
equation:
𝐼(𝑡) − 𝐼𝑎𝑣𝑔
∆𝐼
(%) =
× 100
𝐼
𝐼𝑎𝑣𝑔
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Megahertz frequencies in panel (c) of Figures 4.5-4.7 were obtained by fitting a
third order polynomial to the data-points in panel (b) over positive time and then
performing the FFT on the residual data-points. Space-time plots in Figures 4.9, 4.11 and
4.15 were calculated by drawing a line in the direction of propagating contrast waves and
integrating image intensity over 50 pixels across that line at every pixel of its length. The
integrated image intensity in that 1 pixel × 50 pixel box is tracked with time. This was
done for the whole dashed blue and red box regions in Figures 4.8 and 4.14.

4.3 Results and Discussion
4.3.1 Nanosecond Bright-Field Imaging.
UEM imaging and diffraction were performed on electron-transparent lamella
prepared from bulk LaFeAsO crystals. The results are shown in Figure 4.2 and this area
was selected as the region of interest for all the nanosecond bright-field imaging and
PBED experiments. Diffraction contrast and an absence of 100 forbidden reflections can
be clearly seen in the UEM bright-field image and PBED pattern, respectively.
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Figure 4.2 A representative UEM bright-field image and a UEM PBED pattern along
[001] orientation (inset) of a LaFeAsO TEM lamella for nanosecond experiments. The
inset scale bar is 5 nm-1.

Nanosecond bright-field imaging dynamics (over -57 to 483 ns) were observed in
the region of interest. It was seen that for negative time-points there was not any change
in the diffraction contrast features, but for positive time-points severe changes in the
diffraction contrast were seen. Frequency mapping (see Methods section for details) was
performed to extract the frequencies associated with the movement of the diffraction
contrast features. The results are summarized in Figure 4.3. Frequencies on the order of
tens of megahertz were observed in the dynamics.
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Figure 4.3 Frequency maps from a UEM bright-field imaging data-set showing the
nanosecond dynamics. Each image depicts the spatial distribution of a frequency, written
on its top right.

In conjunction with experiments, FEM simulations were conducted to understand
the origin of the diffraction contrast motion and to see if there is a direct correlation
between the experimentally observed frequencies of diffraction contrast motion and the
Eigen frequencies of a vibrating plate. Figure 4.4 summarizes the Eigen modes and
frequencies associated with a vibrating LaFeAsO plate. Interestingly, a close match
between the experimental and simulation frequencies was found. This suggests that the
origin of the diffraction contrast motion and the nanosecond dynamics is the oscillatory
nature of the LaFeAsO TEM lamella upon laser illumination which continuously changes
the angle between the specimen and the probing electron pulse. This causes a continuous
change in the Bragg condition of the lamella resulting in a change in local bright-field
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intensity and hence leading to a relocation of the diffraction contrast feature with time, as
illustrated by the Howie-Whelan equation.[41] It is important to note here that the spatial
and temporal resolutions offered through UEM resulted in the determination of these
megahertz photoinduced mechanical vibrations in real-space which is currently not
possible with other ultrafast techniques.

Figure 4.4 FEM simulation results showing the transverse Eigen frequencies and Eigen
modes of a thin vibrating plate of LaFeAsO which is clamped on three sides and free on
one end.

F denotes a free boundary, C denotes a clamped (also known as a fixed)

boundary, and n, f stand for Eigen mode and Eigen frequency respectively.

4.3.2 Nanosecond Electron Diffraction.
The response of the LaFeAsO TEM lamella, used to understand the nanosecond
bright-field dynamics, was also studied in reciprocal-space on nanosecond time-scales.
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Figures 4.5-4.7 summarize the results. It can be clearly seen from the panels (a) and (b)
of Figures 4.5-4.7 that that there is a reduction in reciprocal lattice vector, which suggests
an expansion in the LaFeAsO lattice upon laser illumination. This decrease is followed
by an oscillatory behavior and can be clearly seen up to 10,000 ns in panels (b). The
relaxation of the curve to nearly 0 in panels (b) of Figures 4.5 and 4.6 signifies a thermal
recovery of the lattice heating in 10,000 ns.

Figure 4.5 (a, b) Nanosecond PBED dynamics showing the changes in distance between
200 and 2̅ 00 diffraction spots on the reciprocal space (or diffraction space). The error
bars in panel (a) are standard deviation values from 5 scans/experiments. The plot in
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panel (b) shows the average values from two scans/experiments. (c) FFT of the dynamics
shown in panel (b).

A FFT from Figure 4.5(b) yields megahertz frequencies which is in close
proximity to the Eigen frequency for n = 2 of a LaFeAsO vibrating plate. No clear
frequency was observed in the FFT of Figure 4.6(b) which might be due to a noisy data.
A FFT from Figure 4.7(b) yields megahertz frequencies which are in close proximity to
the Eigen frequencies for n = 2, 5, 7 of a LaFeAsO vibrating plate. This points to the
presence of mechanical vibrations which were also seen in the bright-field dynamics and
hence not surprising. Therefore, it can be concluded from the PBED dynamics that there
is a convolution of thermal recovery with the mechanical vibrations in the LaFeAsO
TEM lamella. The results from PBED dynamics point-out that there are d-spacing
changes at megahertz frequencies associated with mechanical vibrations.
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Figure 4.6 (a, b) Nanosecond PBED dynamics showing the changes in distance between
110 and 1̅ 1̅ 0 diffraction spots on the reciprocal space (or diffraction space). The error
bars in panel (a) are standard deviation values from 5 scans/experiments. The plot in
panel (b) shows the average values from two scans/experiments. (c) FFT of the dynamics
shown in panel (b).
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Figure 4.7 (a, b) Nanosecond PBED dynamics showing the changes in distance between
020 and 02̅ 0 diffraction spots on the reciprocal space (or diffraction space). The error
bars in panel (a) are standard deviation values from 5 scans/experiments. The plot in
panel (b) shows the average values from two scans/experiments. (c) FFT of the dynamics
shown in panel (b).

4.3.3 Femtosecond Bright-field Imaging.
Femtosecond experiments were performed on a different LaFeAsO TEM lamella
than the one used for nanosecond experiments. Figure 4.8 shows the lamella used in the
femtosecond experiments. It would be ideal to use a relatively thinner TEM lamella for
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femtosecond experiments than nanosecond, owing to a lowered number of photoelectrons
in a femtosecond probing packet. In the present study, the exact thickness of TEM
lamella used in the nanosecond experiments was not measured.

Figure 4.8

A representative UEM bright-field image obtained with femtosecond

photoelectrons and a CTEM PBED pattern along [001] orientation (inset) obtained with
thermionic electrons from a LaFeAsO TEM Lamella. The dashed blue box represents the
region to calculate the time-resolved integrated image intensity in panel (a) of Figures
4.9, 4.11 and 4.12.
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In the femtosecond experiments, an altogether different dynamics was observed in
comparison to the nanosecond experiments (refer Video S4.1). Coherent propagating
contrast waves, originating at the vacuum-specimen interface and moving down towards
the thicker regions of the lamella, were seen. The origination of dynamics at the vacuumspecimen interface and the wave propagation direction was found to be independent of
the specimen orientation on TEM holder with respect to the probing electron beam. The
results are plotted in the panel (a) of Figure 4.9 as a 3D space-time plot. It can be seen
from the space-time plot that there are certain intensity maximas originating after timezero and going downwards in space while oscillating with time. Each of these intensity
maxima going down in space is referred here as a wave-front and there are nearly 7 such
wave-fronts noticeable in the space-time plot which are also indexed in Figure 4.12. It
can also be noticed from the panel (a) of Figure 4.9 that the slope of each subsequent
wave-front changes. Also, the width of individual wave-fronts and the time delay among
wave-fronts seem to change spatially from top to bottom of the plot, which is reflected as
the spatially varying FFT frequencies in the panel (b).

77

Figure 4.9 (a) Space-time plot of the integrated image intensity obtained from the
dashed blue box in Figure 4.8 up to 340 ps. Complete video of the real-space dynamics
out to 340 ps can be found in Video S4.1 of the Supporting Information. (b) FFT of the
space-time plot in panel (a). The red arrows in panels (a) and (b) highlight the topmost
region/slice for the plots in Figure 4.10.

From the 2D plot in Figure 4.10, intensity modulations can be easily seen with
time.

Interestingly, this intensity modulation doesn’t start right after time-zero and

initiates around 30 ps. The exact reasons for this delay in dynamics are not known yet.
Once the dynamics start after 30 ps, each intensity maxima represents a wave-front and
the frequency of this intensity modulation is on the order of gigahertz, three orders of
magnitude larger than the frequencies observed in the nanosecond experiments. This
suggests that the coherent contrast wave propagation in the specimen is not from the
transverse Eigen modes.
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Figure 4.10

(a) Plot showing the variation of image intensity with time for the

region/slice highlighted with red arrow in panel (a) of Figure 4.9. (b) Plot depicting the
FFT from the region/slice highlighted with red arrow in panel (b) of Figure 4.9.

Importantly, the intensity modulation due to coherent contrast wave propagation
decays after 500 ps in the thicker regions of the specimen and can be seen in the Figure
4.11 (refer Video S4.2). Therefore, 500 ps could be approximately considered as the
relaxation time for the decay of coherent contrast wave propagation (in the thicker
regions) in the bright-field femtosecond dynamics of LaFeAsO. This relaxation time
would be useful in the future to understand the role of lattice vibrations (phonons) on the
tetragonal-to-orthorhombic transition by comparing the time-scales involved with the
structural transition and the phonon relaxation.
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Figure 4.11 (a) Space-time plot of the integrated image intensity obtained from the
dashed blue box in Figure 4.8 up to 689 ps. The red arrow highlights the region/slice for
the plot in panel (b). Complete video of the real-space dynamics out to 689 ps can be
found in Video S4.2 of the Supporting Information. (b) Plot showing the variation of
image intensity with time for the region/slice highlighted with red arrow in panel (a).

Wave-front velocities were estimated from Figure 4.12 and are in the range 6 – 22
nm/ps (or 6000 – 22000 m/s). It can be seen from the panel (b) that the estimated
velocities decrease with subsequent wave-front number due to a decrease in the slope. In
other words, wave-front velocity is decreasing over time (Figure 4.12 (b)) and the
frequency of their oscillation is decreasing as we move towards the thicker regions of the
specimen (Figure 4.9 (b)). Although the order of the estimated velocity (except 22 nm/ps
and 12 nm/ps) is close to the theoretical speed of sound (longitudinal 5090 m/s and shear
2900 m/s) in polycrystalline LaFeAsO [110], but a more rigorous velocity calculation
approach is required to quantify the wave-front velocity from experiments because the
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longitudinal speed of sound in diamond is 18000 m/s and the present estimated velocity
of 22 nm/ps is exceeding it. Currently, an absence of the literature value of speed of
sound in single-crystal LaFeAsO doesn’t allow for an explanation of the very high values
of 22 nm/ps and 12 nm/ps. But the close correspondence of the high-order wave-front
velocities to the bulk, in-plane speed of sound indicates that the contrast dynamics arise
from propagating acoustic phonons in LaFeAsO.

Figure 4.12 (a) Plot from panel (a) of Figure 4.9. The numbers highlight the sequence
of wave-front originating at the top of the dashed blue box in Figure 4.8. (c) Velocity
estimation for each wave-front marked in panel (a) based on the slope of line passing
through the intensity maxima of each wave-front from top to bottom of the dashed blue
box in Figure 4.8.

To quantify the spatial variation of specimen thickness, a low-loss EELS line-scan
was acquired in the direction of contrast wave propagation which yielded a relative
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variation in thickness. To get the absolute thickness values, SEM images along the topview of LaFeAsO TEM lamella were taken to elucidate the thickness of the topmost part
of TEM lamella. Therefore, low-loss EELS in conjunction with SEM images showed the
complete spatial thickness variation as summarized in Figure 4.13. This spatial thickness
mapping is helpful in comprehending the slowing down of the acoustic phonon
frequencies in the thicker specimen regions, and suggests a presence of multiple phonon
modes leading to morphologically dependent dispersion and hence splitting of phonon
modes in the thicker regions.

Similar behavior was observed on another layered

materials WSe2 [111].
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Figure 4.13 (a) SEM images showing the top-view of the LaFeAsO TEM lamella. The
dashed red box represents the region of interest for the low-loss EELS measurement in
panel (b). The thickness of the top-most part of lamella is 41 nm as marked in the
zoomed view of the red dashed box. (b) A HAADF-STEM image showing the side-view
of the region of interest in the dashed red box of panel (a). The red arrow shows the
direction of low-loss EELS measurement. (c) Plot showing the thickness of the LaFeAsO
TEM lamella along the red arrow in the panel (b). Note that the position at 0 nm
corresponds to the origin of the arrow.
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Femtosecond bright-field imaging experiments were also performed along a
different crystal orientation of LaFeAsO which is very close to [100] as depicted in the
inset PBED pattern of Figure 4.14. In this configuration also the propagating contrast
features were observed similar to that of [001] orientation, but not originating from the
vacuum-specimen interface (refer Video S4.3). The exact reasons for the origin of
dynamics at another interface are not clear yet. Spatial variation of specimen thickness
has not been studied yet along this crystal orientation with low-loss EELS.

Figure 4.14 A UEM bright-field image obtained with femtosecond photoelectrons and a
CTEM PBED pattern nearly along [100] orientation (inset) obtained with thermionic
electrons from a LaFeAsO TEM Lamella. Note that this TEM lamella was made based
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on the lift-out technique. The dashed red box represents the region to calculate the timeresolved integrated image intensity in panel (a) of Figures 4.15 and 4.16.

Interestingly, spatial and temporal variations in the intensity of propagating
contrast waves can be seen from the panel (a) of Figure 4.15 which again leads to a
morphologically dependent dispersion and hence splitting of phonon frequency modes
(Figure 4.15 (b)). Velocity estimation for various wave-fronts yield 8 – 58 nm/ps (Figure
4.16), which is significantly higher than the longitudinal speed of sound in diamond.
This again suggests the development of a more rigorous method for velocity estimation.

Figure 4.15 (a) Space-time plot of the integrated image intensity obtained from the
dashed red box in Figure 4.14 up to 600 ps. Complete video of the real-space dynamics
out to 600 ps can be found in Video S4.3 of the Supporting Information. (b) FFT of the
space-time plot in panel (a).
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Figure 4.16 (a) Plot from panel (a) of Figure 4.15 up to 340 ps. The numbers highlight
the sequence of wave-front originating from the bottom of the dashed red box in Figure
4.14. (c) Velocity estimation for each wave-front marked in panel (a) based on the slope
of line passing through the intensity maxima of each wave-front from bottom to top of
the dashed red box in Figure 4.14.

4.3.4 Femtosecond Electron Diffraction.
The LaFeAsO response in reciprocal-space was also studied along [001]
orientation. Figures 4.17-4.23 summarize the results.

In Figures 4.18-4.20 diffraction

spots from three different crystallographic families – {220}, {110} and {200} – were
studied over 3 different time regimes. In Figures 4.21-4.23 three pairs of diffraction
spots symmetric about the central beam were studied over 2-3 different time regimes.
This was done to get a comprehensive picture of the diffraction behavior for each lowindex diffraction spot.
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A decrease in diffraction spot intensity upon laser illumination depicts lattice
heating as suggested by the Debye Waller effect studied with UEM previously [112].
This was clearly seen for the {220} family of diffraction spots (Figure 4.18 (a)), but not
precisely for {110} and {200} family of diffraction spots (Figure 4.19 (a) and Figure 4.20
(a)). An increase or an oscillation in diffraction spot intensity after time-zero doesn’t
convey a physical meaning yet. Moreover, a thermal recovery after lattice heating is
expected which means a relaxation of the decreased diffraction spot intensity to the pretime-zero values. This behavior is not obvious for {220}, {110} and {200} family of
diffraction spots (panel (c) of Figures 4.18-4.20). Therefore, more experiments are
required to get better statistics and/or improvements in the present data analysis
techniques might give a clearer picture.

Figure 4.17 (a) A representative PBED pattern for experiments with 5 ps (-160 to 240
ps) and 20 ps (-360 to 2040 ps) time-steps and acquired with femtosecond photoelectrons.
(b) A representative PBED pattern for experiments with 0.5 ps time-steps (-20 to 100 ps)
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and acquired with femtosecond photoelectrons. The faint circles around the beam block
in panel (a) and (b) might be due to the photoelectrons ejected from the uneven surfaces
on the LaB6 filament and/or due to amorphous layers around LaFeAsO crystal in the
TEM lamella from FIB specimen preparation.

Figure 4.18 (a, b, c) Femtosecond PBED dynamics showing the changes in intensity of
220 family of diffraction spots over three different time regimes. The error bars in panels
(b) and (c) are standard deviation values from 10 scans/experiments, and in panel (a)
from 6 scans/experiments.
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Figure 4.19 (a, b, c) Femtosecond PBED dynamics showing the changes in intensity of
110 family of diffraction spots over three different time regimes. The error bars in panels
(b) and (c) are standard deviation values from 10 scans/experiments, and in panel (a)
from 6 scans/experiments.
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Figure 4.20 (a, b, c) Femtosecond PBED dynamics showing the changes in intensity of
200 family of diffraction spots over three different time regimes. The error bars in panels
(b) and (c) are standard deviation values from 10 scans/experiments, and in panel (a)
from 6 scans/experiments.

Changes in the d-spacing values were also tracked in the reciprocal space for 3
pairs of diffraction spots. A decrease in the magnitude of the reciprocal space vector
after laser illumination indicates lattice heating which can be seen in Figures 4.21-4.23
but significant oscillations after time-zero can’t be explained yet for all the 3 pairs and no
physical explanation could be attributed to it now. Therefore, more experiments and/or
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improvements in the present data analysis techniques are recommended to get a clearer
picture.

Figure 4.21 (a, b, c) Femtosecond PBED dynamics showing the changes in distance
between 020 and 02̅ 0 diffraction spots on the reciprocal space (or diffraction space) over
three different time regimes. The error bars in panels (b) and (c) are standard deviation
values from 10 scans/experiments, and in panel (a) from 6 scans/experiments.
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Figure 4.22 (a, b) Femtosecond PBED dynamics showing the changes in distance
between 200 and 2̅ 00 diffraction spots on the reciprocal space (or diffraction space) over
two different time regimes. The error bars in panels (a) and (b) are standard deviation
values from 10 scans/experiments.

Figure 4.23 (a, b) Femtosecond PBED dynamics showing the changes in distance
between 110 and 1̅ 1̅ 0 diffraction spots on the reciprocal space (or diffraction space) over
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two different time regimes. The error bars in panels (a) and (b) are standard deviation
values from 10 scans/experiments.

4.4 Summary
Nanosecond bright-field imaging and PBED structural dynamics along [001]
crystal orientation of LaFeAsO suggest that there are transverse vibrational megahertz
frequencies present after laser illumination. Thermal recovery of LaFeAsO happens in
nearly 10 μs and is coupled with the megahertz transverse mechanical vibrations.
Nanomechanical vibrations result in d-spacing variations at megahertz frequencies in the
diffraction patterns due to the changes in the eucentric height of the specimen on TEM
holder, and this should not be considered as a new structural phase and not be confused
with the d-spacings of nematic phases in future studies.
Femtosecond bright-field imaging dynamics along [001] and [100] crystal
orientations show the propagation of acoustic phonons in the form of coherent contrast
feature movement. For the [001] oriented crystals, initiation of the phonon dynamics
occurs at the vacuum-specimen interface in the absence of initial bend contours, and the
acoustic phonon wave propagation direction is towards the thicker regions of the TEM
specimen irrespective of the specimen orientation on TEM holder. Phonon dynamics
were found to decay after 500 ps in the thicker specimen regions. For the [100] oriented
crystals, phonon dynamics appear to originate inside the TEM specimen rather than at the
vacuum-specimen interface and to propagate towards the thicker specimen regions.
Spatially varying specimen thickness was found in the TEM lamella of [001] oriented
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crystal which is expected to result in variable phonon frequencies and suggest a presence
of multiple phonon modes in different parts of the crystal. PBED dynamics are not fully
understood at this time, but more experiments and refinement in the present data analysis
techniques is underway. The current, real-space, ultrafast results on LaFeAsO are the
first of its kind and could provide a reference starting point for future detailed studies.

4.5 Future Directions
There are multiple future research possibilities with the femtosecond experiments.
Firstly, it would be interesting to understand why dynamics appear to originate at the
vacuum-specimen interface for [001] oriented tetragonal LaFeAsO crystal but not at the
vacuum-specimen interface for [100] oriented crystal. This might require fabrication of
TEM specimens of [100] orientation with the same boundary condition as that of [001]
orientation (clamped on three sides and free on one end) to eliminate the additional
variables. With bright-field imaging experiments, understanding the presence of various
phonon modes and their frequencies in tetragonal LaFeAsO along different orientations –
[001], [100], [110] – as a function of crystal thickness might be interesting to look into.
This could be a stepping stone towards understanding the role of electron-phonon
coupling in the correlated magnetic and structural phase transitions via experiments.
Performing PBED femtosecond experiments in tandem with bright-field imaging could
also provide further insights into the electron-phonon coupling in tetragonal LaFeAsO
since diffraction spot intensities are a good measure of lattice heating. Similar studies on
another iron-pnictide parent compound, BaFe2As2, have already been conducted [113,
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114].
Performing all the above experiments with a liquid-nitrogen TEM holder could
allow the real- and reciprocal-space observation of structural phases around the nematic
ordering. These time-resolved experiments could also determine the rate of the structural
transitions around nematic ordering, which is a topic of intense debate [70]. Ultrafast
studies on the low-temperature orthorhombic phase of BaFe2As2 have already been
carried out in the literature, which suggests a way to quantify the coupling between
structural and nematic degrees of freedom [115]. If femtosecond EELS experiments
[116-118] could be performed around the nematic ordering, the electronic and structural
transitions can be clarified and may explain the unconventional superconductivity in ironpnictides. Carrying out the femtosecond experiments on doped LaFeAsO and comparing
the rate of structural and electronic transitions with undoped LaFeAsO may also be
necessary to understand the origins of unconventional conductivity.
calculations to support the UEM data might also be necessary [117].
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Ab initio

Chapter 5

Visualization of Laser-Induced Mechanical Motion in a
HAMR Lamella with Ultrafast Electron Microscopy
and Mass Density Mapping via Static TEM

5.1 Introduction
Metal-dielectric interfaces have found far-reaching applications in the electronics
industry, especially in ICs and FETs [119].

Much emphasis has been placed on

understanding the thermal and electrical stability of these interfaces [119]. Due to their
unique electrical, thermal and photonic properties, these interfaces are being tested
extensively for their use as an optical near-field transducer in an emerging technology
called heat-assisted magnetic recording (HAMR) [120, 121]. This technology aims to
increase the storage capacity of magnetic hard drives by several orders of magnitude. To
make HAMR feasible for commercial applications, an understanding of the interfaces’
reliability and response to laser irradiation on ultrafast (femtosecond to microsecond)
timescales is required because this technology uses temporary laser heating at these
ultrafast timescales to boost the hard drive storage density [120, 122]. There are various
studies focused on understanding the optical energy conversion and heat transfer across
these metal-dielectric interfaces [121, 123-125]. However, the mechanical stability of
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these interfaces on the order of picoseconds to microseconds has never been studied due
to the lack of techniques that can non-destructively test the devices comprising the metaldielectric interfaces, but photomechanical actuation of various types have been reported
for numerous crystals [126].
Modern electron microscopes and direct-electron detection cameras can probe the
dynamics of material systems at the atomic-scale with millisecond temporal resolution [6,
127].

However, the limited read-out rate of these state-of-the-art cameras prevents

traditional electron microscopes from observing motion with frequencies on the order of
kilohertz to gigahertz [127]. On the other hand, ultrafast techniques (e.g. spectroscopy,
diffraction) can indirectly probe material dynamics with frequencies on the order of
kilohertz to terahertz, but do not provide direct real-space visualization of phenomena
occurring on these fast timescales [47, 128]. UEM combines the spatial resolution of
electron microscopy with the temporal resolution of other ultrafast techniques, offering
an unprecedented, stroboscopic, nondestructive method to observe motion on nano- and
femto-second timescales [31, 34-36, 46].
Using UEM, various nanomechanical vibrations with frequencies on the order of
megahertz have been observed, including the drumming of graphite sheets [129], the
musical overtones of nanoharps and nanopianos [130], and the cantilever motion of
individual copper 7,7,8,8-tetracyanoquinodimethane [Cu(TCNQ)] single crystals [131].
However, these systems, which have simple boundary conditions, were mostly
prototypical demonstrations of UEM. In this chapter, UEM is employed on a more
involved metal-dielectric system obtained out of a HAMR device having complex
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boundary conditions and geometry. Mechanical vibrations were directly observed for the
whole system in the form of an oscillating diffraction contrast and the frequencies of its
vibrational modes are reported. Furthermore, finite element method (FEM) simulations
were performed to calculate the natural frequencies of vibration for this complicated
system and a close agreement between the simulated and observed frequencies is
reported. The close match between UEM experiments and FEM simulations reveals the
exact nature of the fundamental (resonance) oscillations in the gold-sapphire TEM
specimens. This study provides insight on phenomena unobservable via other ultrafast
techniques that could greatly enhance the performance of HAMR devices. In addition,
three different signals – high-angle incoherently scattered electrons (HAADF-STEM),
low-angle inelastically scattered electrons (EELS), X-rays (XEDS) – scattered off the
HAMR lamella were collected via static TEM and were used to map the mass density of
the gold near-field transducer (NFT), present in the HAMR devices. An inhomogeneous
mass density distribution was found which could potentially prove useful in tailoring the
synthesis process of gold NFT in HAMR devices.

5.2 Methods
5.2.1 Specimen Preparation.
The specimens were cut out of a HAMR device into TEM lamella using focused
ion beam (FIB) milling and were transferred to silicon nitride TEM grids using a
micromanipulator. A coating of platinum was applied during focused ion beam (FIB)
milling to protect the gold-sapphire metal-dielectric system from gallium ion beam
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damage.

The TEM specimen preparation was done at Seagate Technology LLC,

Bloomington, MN.
5.2.2 Microscope Parameters.
All the UEM experiments were performed in a Tecnai Femto ultrafast electron
microscope (FEI Company) operated at 200 kV in both thermionic and photoelectron
modes.

In these emission modes, a truncated, 150 µm flat LaB6 cathode (Applied

Physics Technologies) was used. A Gatan Orius 2048 × 2048 CCD camera was used to
record the images with integration times ranging from 1 to 20 seconds per frame.
HAADF-STEM imaging, low-loss EELS and XEDS experiments were performed
in an FEI Tecnai G2 F30 microscope operated at 300 kV, and equipped with Gatan
Enfina EEL spectrometer and EDAX rTEM XEDS system having an ultrathin-window
Si(Li) detector.

For HAADF-STEM imaging, a low camera length of 80 mm was

employed to avoid the exposure of diffraction spots on the HAADF detector. This was
needed to get intensity solely from the Z-contrast of specimen. Another FEI Technai G2
F30 operated at 300 kV and having a 4096 × 4096 ultrascan CCD camera was also used
for bright-field imaging and selected area diffraction patterns.
5.2.3 Laser Parameters.
The gold-sapphire specimens were optically excited in situ with a pump pulse of
250 fs duration full-width at half-maximum (FWHM) and centered at 515 nm.

A

Yb:KGW (1030 nm fundamental output), diode-pumped solid-state laser and a custom
harmonics generation module were used to generate the pump pulses. Pump fluences of
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15.4 mJ/cm2 were incident on the specimen. At these incident wavelengths, gold and
platinum are the primary absorbers of the pump pulses.
Probe pulses were generated with a Nd:YAG (1064 nm fundamental output), Qswitched, diode-pumped solid-state laser. The fourth harmonic was generated on the
laser table and was used to generate the photoelectrons out of the LaB6 cathode for image
formation. All the UEM experiments were performed at the slowest possible repetition
rate of 2 kHz currently available in our system to ensure maximum mechanical and
thermal relaxation before each subsequent excitation, and all the UEM images were
acquired with 1 ns time-steps.
5.2.4 Data and Image Processing.
In order to accurately depict and analyze the real-space UEM dynamics, we first
drift-corrected the raw images with sub-pixel resolution and then passed them through a
10-pixel Gaussian low-pass filter.

5.3 Results and Discussion
5.3.1 Visualization of Mechanical Vibrations via UEM.
The morphology of a HAMR lamella is depicted in Figure 5.1 where the electron
transparent region at the center of the lamella contains sapphire, the gold NFT, and a
platinum capping layer. The HAMR lamella is placed on a silicon nitride (Si3N4) TEM
window. Furthermore, the geometry and crystalline order of the HAMR lamella before
and after laser illumination is discussed in detail in Figures 5.2 and 5.3, respectively.
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Figure 5.1 Bright-field TEM image showing an overview of HAMR lamella lying on
silicon nitride TEM grid.

Figure 5.2(a) shows a HAMR lamella before performing the UEM pump-probe
experiments with laser illumination on specimen.

Figure 5.2(b) depicts a higher-

magnification image of the lamella where the crystalline gold NFT is embedded in
amorphous sapphire. The diameters of the gold NFTs studied were found to be between
200 and 300 nm. Figure 5.2(c) shows a higher-magnification image of the surrounding
regions of gold NFT. Corresponding selected-area diffraction patterns (SADPs) from the
representative regions of gold, tungsten and platinum confirm their crystalline nature.
The platinum capping layer is polycrystalline as confirmed by the presence of DebyeScherer rings for all the expected Bragg planes, as is the tungsten in proximity of gold
NFT. The gold NFT embedded in the sapphire matrix is a randomly-oriented crystal (not
101

along a definite crystal zone-axis) having approximately 2-5 grains.

The grain

boundaries in the gold could be seen from the higher-magnification image in Figure
5.2(b). Sapphire surrounding the gold NFT was confirmed to be amorphous from the
texture and Fourier transform of a higher-magnification bright-field image, and also from
a complete absence of diffraction contrast.

Figure 5.2

Geometry and crystalline order of the HAMR lamella before laser

illumination. (a,b,c) Bright-field images of the HAMR lamella. The red, dashed square
in (a) denotes the region for image acquisition of (b), and the one in (b) denotes the
region for image acquisition of (c).

The colored, solid square and circle in (b) - blue,

yellow - depict the positions for image acquisition and of selected-area aperture for (i)
bright-field image of amorphous sapphire (Al2O3) and for the acquisition of diffraction
pattern from a representative region of (ii) crystalline gold embedded in amorphous
sapphire (Au + Al2O3), respectively. The colored, solid circles in (c) – pink, green 102

depict the positions of the selected-area aperture for the acquisition of diffraction patterns
from a representative region of (iii) polycrystalline tungsten in proximity of gold (W +
Au) and (iv) polycrystalline platinum (Pt), respectively. Note that the smallest selected
area aperture is larger than the tungsten region in HAMR lamella.

Figure 5.3(a) shows the specimen used for UEM pump-probe experiments. Upon
laser illumination, a transition in crystalline morphology occurred. Figure 5.3(b) depicts
a higher-magnification image of the specimen where a gold disk approximately 260 nm
in diameter is embedded in sapphire. Corresponding selected-area diffraction patterns
(SADPs) from the representative regions of platinum, sapphire and gold confirm their
crystalline order – the platinum is predominantly polycrystalline (incomplete formation
of Debye-Scherer rings for all the expected Bragg planes), the sapphire is nearly
polycrystalline (faint and missing Debye-Scherer rings for the expected Bragg planes),
and the gold disk embedded in the sapphire is a randomly-oriented crystal (not along a
definite crystal zone-axis). The small particles of the platinum were used as stationary
reference points to drift-correct the raw images for showing UEM dynamics. It was
concluded that a crystallization of sapphire (leading to an origin of diffraction contrast
features around gold NFT) and a coalescence of small platinum grains into larger ones
occurred after laser illumination. Damage to tungsten region can also be observed, and it
is hypothesized that a diffusion of elements may have occurred after laser illumination.
For the UEM studies, the specimen shown in Figure 5.3 was used.
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Figure 5.3 Geometry and crystalline order of the HAMR lamella after laser illumination.
(a,b) Bright-field images of the metal-dielectric system. The red, dashed square in (a)
denotes the region for image acquisition of (b). The colored, solid circles in (b) - green,
blue, yellow - depict the positions of the selected-area aperture for the acquisition of
diffraction patterns from a representative region of (i) platinum (Pt), (ii) sapphire (Al2O3),
(iii) gold embedded in sapphire (Au + Al2O3), respectively.

Figure 5.4 shows the real-space dynamics of the specimen via a sequence of
difference images. Images at negative values of time are taken before the arrival of the
clocking (pumping) laser pulse, which strikes the specimen at t = 0 ns, and images at
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positive values of time show the dynamics resulting from the laser excitation. The
difference images are produced by subtracting the reference image, taken 10 ns before the
arrival of the clocking laser pulse (t = -10 ns), from the images taken at the times
specified by the timestamps in the upper-left corner of each frame. Each difference
image corresponds to a point in time after the arrival of the clocking laser pulse. When
features in the UEM images evolve with time, the features manifest as dark and bright
regions in the difference images. The platinum particles and gold disk did not exhibit
observable dynamics and hence appear stationary after the arrival of the clocking laser
pulse.
The primary dynamic feature of the images in Figure 5.4 is the oscillatory motion
of the diffraction contrast in the sapphire. The absence of contrast features in the
difference image at t = 0 ns indicates that negligible motion was present before the arrival
of the clocking laser pulse. After the arrival of the clocking laser pulse, the position of
the diffraction contrast begins to oscillate. Figure 5.4(a) outlines the oscillations of the
diffraction contrast shortly after the arrival of the clocking laser pulse, and Figure 5.4(b)
shows the continued behavior over a longer period of time. It will be hypothesized later
that this movement of the diffraction contrast results from mechanical vibrations within
the specimen induced by the incident laser. As the specimen bends and rotates with time,
the angle between the specimen and the probing electron pulse changes. Consequently,
the region of the sapphire that satisfies the Bragg condition continuously changes,
resulting in a change in local bright-field intensity and hence leading to a relocation of
the diffraction contrast with time, as illustrated by the Howie-Whelan equation [41]. We
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will demonstrate that the natural frequencies of mechanical vibration within the specimen
agree with oscillation frequencies observed in the diffraction contrast.

Figure 5.4

Ultrafast electron micrographs of an oscillating diffraction contrast within

the polycrystalline sapphire. Two sequences of difference images outline the real-space
dynamics observed via UEM. (a) A reference image at t = -10 ns and a sequence of
difference images between t = 0 ns and t = 32 ns. The scale bar corresponds to 100 nm in
all the images.

(b) Long-term dynamics out to a time of 305 ns.
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The scale bar

corresponds to 100 nm in all the images. Complete videos of the real-space dynamics out
to 500 ns and 2331 ns can be found in Videos S5.1 and S5.2, respectively, of the
Supporting Information.

Figure 5.5 outlines the process by which the oscillation of the diffraction contrast
is quantified. As shown in Figure 5.5(a) and 5.5(b), we begin to analyze the real-space
dynamics by extracting a line-profile of integrated pixel intensity across the diffraction
contrast in the sapphire. The horizontal-axis of Figure 5.5(b), labeled as X, corresponds
to the X-axis of the red, solid rectangle in Figure 5.5(a). The integrated pixel intensity
across this rectangle along the X-axis is plotted in red in Figure 5.5(b). We use the
nearest neighbor interpolation for determining pixel intensity along diagonal lines. We
then fit a Gaussian curve to the leftmost peak of the intensity profile. The center of this
Gaussian fit defines the position of the left edge of the diffraction contrast, which is
highlighted with a white, dashed ellipse in the inset of Figure 5.5(c). Our UEM imaging
data-set comprises 2357 images, and we rotated the data-set such that the red, solid
rectangle in Figure 5.5(a) was horizontal across the field of view. For each image we
repeat the process of extracting the integrated pixel intensity and fitting a Gaussian curve.
As the diffraction contrast displaces with time, the location of the center of the Gaussian
fit also changes with time. We produce Figure 5.5(c) by plotting the change in the
position of the center of the Gaussian fit, labeled as ΔX, with respect to time over the
interval -20 to 500 ns. We define the reference value for calculating ΔX to be the average
(mean) position of the Gaussian fits on the time interval -20 to 0 ns. As observed in
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Figure 5.4 qualitatively, Figure 5.5(c) displays quantitatively a minimal displacement of
the diffraction contrast before the arrival of the clocking laser pulse at t = 0 ns, at which
point an oscillatory motion takes place.
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Figure 5.5 Quantification of the motion of the diffraction contrast with respect to time.
(a) A representative ultrafast electron micrograph acquired at 400 ns time delay. The red,
solid rectangle traversing the diffraction contrast represents the region over which pixel
intensity is integrated along the marked X-axis. The scale bar corresponds to 100 nm. (b)
Plot of integrated pixel intensity (in red) as a function of position along the X-axis of the
red rectangle in (a) and a Gaussian fit (in blue) to the leftmost peak of the intensity
profile. The integrated pixel intensity is plotted in an arbitrary unit in which darker pixels
correspond to higher intensity. (c) Plot of relative position of the center of the Gaussian
fit, defined as ΔX, for each image in the data-set as a function of time. The inset in (c) is
a close-up of the region under inspection. The left edge of the diffraction contrast is
highlighted by a white, dashed ellipse, and the two blue arrows with + and – symbols
denote the directions of motion of the diffraction contrast which we associate with
positive and negative ΔX. The inset scale bar corresponds to 100 nm.

Figure 5.6 extends the methodology outlined by Figure 5.5 to a set of images
ranging from -20 to 2331 ns. A notable feature of Figure 5.6(a) is that the center of the
oscillation does not remain around 0 nm, but initially displaces upward to approximately
10 nm then appears to settle at about -10 nm. We conceive two possible explanations for
this behavior. First, there may be vibrational modes present in the metal-dielectric
specimen at frequencies too low to observe using time points out to 2331 ns. Secondly,
as heat dissipates from the gold disk to the polycrystalline sapphire, thermal expansion
and/or development of residual stresses within the sapphire due to temperature rise may
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result in a gradual shift in the location of the diffraction contrast. A more in-depth study
of the thermal behavior of the system and a longer period of observation would be
necessary to verify either of these possibilities. Nonetheless, the gradual change in
position of the center of the oscillation occurs on a time-scale orders of magnitude slower
than the high frequency vibrations that are the focus of the present study. Figure 5.6(b)
shows a Fast Fourier Transform (FFT) of the plot in Figure 5.6(a) over the time period 0
to 2331 ns. We observe the fundamental frequency at 33.4 MHz, followed by a sequence
of overtones at 63.9, 88.3, 114.5, and 119.6 MHz. These frequencies constitute a profile
by which we can identify the physical mechanism underlying the mechanical vibrations
that cause the oscillation of the diffraction contrast.
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Figure 5.6 Real-space dynamics and vibrational frequencies of the diffraction contrast
motion in the HAMR lamella. Using the method described in Figure 5.5, in (a) we plot
the relative position of the diffraction contrast, ΔX, as a function of time over the interval
-20 to 2331 ns with a step size of 1 ns. The inset scale bar corresponds to 100 nm. (b)
shows the vibrational frequencies of the diffraction contrast motion, obtained by
performing a FFT over all the positive time-points plotted in (A).

We observe 5

prominent frequencies at 33.4, 63.9, 88.3, 114.5, and 119.6 MHz. The FFT has a
sampling (or frequency) resolution of 0.2 MHz.
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We account for the observed vibrational frequencies in the diffraction contrast by
modeling the sapphire and platinum region of the specimen as a thin vibrating plate. As
with other structures, such as Euler-Bernoulli beams, which have been the subject of
other UEM studies [131], a given thin plate supports a unique set of natural frequencies
[132]. The set of frequencies that a given thin plate can support depends on several
structural parameters including geometric dimensions, boundary conditions, and material
properties [132]. Figure 5.7(a) shows the geometry and boundary conditions that we use
to approximate the vibrating region of the specimen. The thin region of the plate is
highlighted with a blue, solid square.

A solid, blue circle is used to indicate the

orientation of the plate in the simulations. We measure this thin region to be a 3.2 μm
square and assume a constant thickness of 60 nm. The sapphire region is 2.5 μm wide
and the platinum edge is 0.7 μm wide. We model the gold disk as cylinder with a
diameter of 260 nm and a thickness of 60 nm. As indicated by the letters C in Figure
5.7(a), we approximate the edges where the vibrating plate region adjoins to the thicker
sapphire and platinum sides as clamped (also known as fixed) boundaries. The fixed
boundary condition describes boundaries at which no rotation or transverse displacement
occurs. We model the remaining two edges with the free boundary condition, denoted by
the letter F in Figure 5.7(a), which describes boundaries at which there is neither applied
force nor torque.

Three material properties are necessary to determine the natural

frequencies of a thin vibrating plate: Young’s modulus (Y), Poisson’s ratio (ν), and
density (d). For the materials in our specimen, these material properties are well known
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and were obtained from Wikipedia. For polycrystalline sapphire: Y = 390 GPa, ν = 0.25,
and d = 3.97 g cm-3; for polycrystalline gold: Y = 79 GPa, ν = 0.42, and d = 19.3 g cm-3;
for polycrystalline platinum: Y = 168 GPa, ν = 0.39, and d = 21.45 g cm-3. Here, we take
the material properties of polycrystalline gold for simplicity, as the gold disk is randomly
oriented along an undetermined crystal-axis.
Using the foregoing material properties, geometry, and boundary conditions to
approximate our specimen as a vibrating thin plate, we perform a FEM simulation via
COMSOL Multiphysics® to determine the natural frequencies of the transverse
vibrations of the system. The finite element model produces a fundamental frequency for
the first mode of vibration (n = 1) at 26.1 MHz and overtones at 62.9, 63.9, 88.8, and
113.8 MHz.

We compare the simulated natural frequencies (n) to the observed

frequencies graphically in Figure 5.7(b). There is excellent agreement between the
simulated and observed frequencies, especially given the simplicity of our model. The
thin plate defined by the above parameters serves as a first order approximation of the
actual mechanical system; a more detailed analysis would account for non-ideal boundary
conditions,

inhomogeneous

material

properties,

heat

transfer,

and

geometric

irregularities. The frequency agreement demonstrates that the observed oscillation in the
diffraction contrast in the polycrystalline sapphire results from a mechanical drumming
throughout the entire specimen. Figure 5.7(c) shows the mode shapes for each of the
natural frequencies predicted by the FEM simulation. The actual vibration present in the
specimen is a superposition of these mode shapes that causes the observed oscillation in
the diffraction contrast.
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Figure 5.7 Comparison of the vibrational frequencies observed via UEM to the natural
frequencies (n) given by a thin plate model of the specimen. The blue 3.2 μm square in
(a) encloses the region that we model as a thin vibrating plate. The letters adjacent to
each edge of the square indicate the boundary condition applied to each edge. F denotes
a free boundary, and C denotes a clamped (also known as a fixed) boundary. A solid,
blue circle is used to compare the orientation of the plate with the simulated images in
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(C). In (a) we compare the natural frequencies of the FEM simulation to those observed
via UEM. The blue curve is the FFT discussed in Figure 5.6(b), and the dotted red lines
indicate the natural frequencies (n) given by the FEM simulation. Above each dotted line
the mode number, n, for each natural frequency is given. In (c) there is a series of
simulated images that illustrates the mode shape corresponding to each natural frequency.

The results shown here depict that there are certain transverse vibrational modes
in HAMR TEM lamella upon laser illumination. We expect that if an actual device were
operated at these resonant vibrational frequencies for a longer period of time, then there
could be early failure, hence restricting their long-term use. The study shown here could
be extended to other, similar interfaces and devices to determine their mechanical
stability upon laser illumination.

5.3.2 Mass Density Mapping via Static TEM
Another study determining the density variation in gold NFT was carried out via
static TEM imaging and spectroscopy capabilities. This was necessary to understand the
outcome of the gold NFT synthesis process. In order to do that, three different signal
scattered off the gold NFT were collected inside TEM using a HAADF detector, EEL
spectrometer and an X-ray energy dispersive spectrometer. The high-angle incoherent
electrons signal (HAADF-STEM) intensity is shown in Figure 5.8 which represent a
relative density map in gold NFT, assuming that there is a uniform specimen thickness of
NFT and there is only one element – gold – present. This is possible because contrast in
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HAADF-STEM images arises from differences in Z of the elements comprising the
specimen for sufficiently thin crystal sections [42], and if a uniform specimen thickness
and elemental composition is assumed then the image intensity is a representation of
mass density or packing of material.

Figure 5.8 Contrast enhanced HAADF-STEM image showing the spatial distribution of
HAADF-STEM intensity in gold NFT.

To quantify the relative mass density of material across gold bead, a line scan in
the HAADF-STEM image was performed and the results are summarized in Figure 5.9.
To support the results of HAADF-STEM imaging, a low-loss EEL spectra was also
acquired across the gold NFT along the same line and the results are presented in Figure
5.10.

It can be clearly from Figures 5.9(b) and 5.10(b) that both the high-angle
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incoherently scattered electrons signal (HAADF-STEM) and low-angle inelastically
scattered electron signal (EELS) show a similar trend. This confirms that the brighter
regions in HAADF-STEM image have larger mass density, considering uniform
specimen thickness of gold NFT.

Figure 5.9 (a) Contrast enhanced HAADF-STEM image of gold NFT. The blue arrow
shows the direction for HAADF-STEM intensity measurement. (b) A HAADF-STEM
intensity line scan showing the spatial dependence of mass density across the gold NFT,
as illustrated with the blue arrow in panel (a). Note that the position at 0 nm corresponds
to the origin of the arrow.
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Figure 5.10 (a) Contrast enhanced HAADF-STEM image of gold NFT. The blue arrow
shows the direction for low-loss EELS measurement. (b) A low-loss EELS line scan
showing the relative thickness variation across the gold NFT, as illustrated with the blue
arrow in panel (a). Note that the position at 0 nm corresponds to the origin of the arrow.

X-ray signals scattered off the gold NFT were also analyzed using XEDS and the
results show a similar trend as that of HAADF-STEM intensity distribution (Figure 5.11)
which again points that the brighter regions in HAADF-STEM image have larger mass
density, considering uniform specimen thickness of gold NFT. Here, the assumption of
uniform thickness of gold NFT seems to be reasonable because NFT dimensions are
relatively very small (200-300 nm diameters).

For other specimens having larger

dimensions, this approach for density mapping should be used with a caution considering
that a drastic variation in specimen thickness and elemental composition could happen.
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Figure 5.11 (a) HAADF-STEM image acquired at 15º alpha tilt in TEM holder. The
blue arrow shows the direction for HAADF-STEM intensity and XEDS measurement.
(b) A HAADF-STEM intensity line scan showing the spatial dependence of mass density
across the gold NFT, as illustrated with the blue arrow in panel (a). Note that the position
at 0 nm corresponds to the origin of the arrow. (c) An XEDS line scan showing the
spatial dependence of gold M and Lα signal intensity across the NFT, as illustrated with
the blue arrow in panel (a). Note that the position at 0 nm corresponds to the origin of the
arrow.

5.4 Conclusion
In this study, we used UEM to observe nanomechanical vibrations within a metaldielectric system. The metal-dielectric system of HAMR lamella consists of a 260-nm
diameter gold disk embedded in a sapphire plate with a protective platinum layer on one
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edge. We characterized the geometry and crystalline order of the specimen via TEM. A
pulsed laser induced a mechanical response in the specimen. Using real-space, brightfield UEM images with 1 ns time steps, we observed oscillatory motion in the diffraction
contrast surrounding the gold disk. Subsequently, we applied image analysis techniques
to the ultrafast electron micrographs, revealing vibrational frequencies at 33.4, 63.9, 88.3,
114.5, and 119.6 MHz. An FEM simulation of the specimen identified the natural
frequencies of mechanical vibration at 26.1, 62.9, 63.9, 88.8, and 113.8 MHz. The strong
agreement between the simulated and observed frequencies indicates that the observed
oscillations in the diffraction contrast surrounding the gold disk were direct
manifestations of mechanical vibrations throughout the entire sapphire plate. In short, we
utilized the high spatial-temporal resolution of UEM to observe ultrafast nanomechanical
vibrations of a metal-dielectric system.
A quantitative and qualitative approach to map the density of gold NFT was
demonstrated using HAADF-STEM, EELS and XEDS signals. From the present study, it
is clear that any of the three signals could be used to get the density maps in gold NFT.
For specimens with larger dimensions, non-uniform elemental composition and nonuniform specimen thickness, this approach should be used with a care.

5.5 Future Directions
Because the UEM at the University of Minnesota is routinely exciting acoustic
phonons in diverse materials, it would be very interesting to look at the femtosecond
phonon dynamics around gold NFT. For such studies, thinner specimens than the present
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ones would be helpful since photoelectron intensity is lower in femtosecond imaging
compared to nanosecond. Moreover, these thick specimens currently necessitate the use
of a slow repetition rate of 2 kHz for maximum thermal and mechanical recovery before
subsequent laser excitation, which results in poor signal-to-noise ratio when performing
femtosecond imaging and hence not ideal. A systematic study to elucidate the laser
fluences and repetition rates that do not damage the HAMR lamella upon laser excitation
would be also useful for future UEM work and for actual operational devices. This could
be helpful in understanding the crystallization behaviour of sapphire too.
It might be beneficial in future to know how diffusion of various elements in
HAMR lamella happens upon laser heating. This is necessary to understand the temporal
variation of elemental composition and could be studied via a combination of UEM with
static TEM spectroscopy capabilities (STEM-EELS, STEM-XEDS) to map the elemental
distribution before and after laser incidence. Another approach could be to perform in
situ TEM heating experiments with a Gatan heating holder or a Protochips Aduro heating
holder, combined with analytical techniques of STEM-EELS or STEM-XEDS for
elemental mapping before and after heating.
Determination of thermal boundary conductance (TBC) [133] of the goldsapphire interface via time-resolved convergent beam electron diffraction (CBED)
experiments in UEM could reveal the thermal transport behaviour across the metaldielectric interface in HAMR devices.

In literature, UEM-CBED approach was

demonstrated on silicon as thermometry [112] and could be used with HAMR lamella
too, seeing the advantage of a nanometer sized probe in CBED for localized temperature
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monitoring of gold NFT. This study was already initiated in the present work via a finite
difference modelling simulation to see a temporal temperature variation in gold and
sapphire upon laser heating in UEM. The simulation results are summarized in Figure
5.12, and show a temperature decay in gold bead and temperature rise in sapphire upon
laser illumination, as a function of TBC. A laser fluence of 101.9 mJ/cm2, incident laser
wavelength of 1030 nm and an incident laser spot size of 50 µm were assumed in the
simulations as UEM parameters, which are experimentally possible to achieve. The gold
bead is the primary absorber at 1030 nm laser wavelength, so there is an initial
temperature rise from 298 K to 387 K in gold instantaneously upon laser incidence.
These simulations results, when fitted with UEM-CBED experimental results, could lead
to determination of TBC and could open a new regime of thermal transport studies in
HAMR devices.

Figure 5.12 (a,b) Temporal variation of temperature decay and rise instantaneously after
laser incidence in gold NFT and sapphire matrix, respectively, for various TBC values.
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Chapter 6

Size-Dependent Plastic Response of Single-Crystal MgO
Nanocubes

6.1 Introduction
It is known that beyond the brittle-ductile transition temperature (BDTT) brittle
materials become ductile and can develop substantial plasticity. Therefore, developing
ductile ceramics and semiconductors at room temperature has always been a challenging
and active area of research [134-138]. Recent studies on Si [136] and GaAs [134] pillars
have shown that the BDTT can be brought to room temperature by decreasing the size of
the specimen, but the possibility of micro- and nano-scale ductile ceramics has been
explored by few studies [139-144]. Reduction in size has been shown to enhance both
the ductility as well as the yield strength [145, 146]. This behavior has been extensively
studied using both in situ and ex situ scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) for various metals [147-150] and alloys [147,
151, 152]. These studies have been conducted at the micro- and nano-scale for different
specimen geometries in compression and tension. With dimensional and microstructural
constraints the change in mechanical behavior is often referred to as ‘size effects’ [145,
153]. Few semiconductor materials like Si spheres [154], Si and GaAs pillars [135, 136]
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have also exhibited a size-dependent changes in yield strength and ductility. Several
studies [147, 154-156] have offered explanations for this size-dependent mechanical
behavior for metals, metallic alloys and semiconductors ranging from 50 nm to 50 µm.
Ceramics, unlike metals and semiconductors, being prone to cracking and fracture
at room temperature are more difficult systems for plasticity studies, and hence microand nano- scale ceramics’ geometries have not been explored extensively. Additionally,
very limited conductivity of ceramics makes it almost impossible to utilize Focused Ion
Beam (FIB) machining to prepare micro- and nano-scale specimens. In the present study
we report the compression testing experiments on individual MgO cubes obtained by
burning Mg and collecting smoke particles, thereby avoiding the difficulties and damage
of FIB machining. This has enabled the size regime of 100-350 nm, not achieved
previously. Additionally, the one-step synthesis of nano-scale MgO cubes with uniform
cross-sectional area and aspect ratios of one enable homogenous deformation making
them excellent candidates for size-dependent plasticity studies of ceramics at room
temperature. Moreover, single crystal MgO does not show any phase transition up to 227
GPa [157], so it is easy to attribute any permanent deformation to dislocation plasticity.
We extend the size range of experimental measurements of yield stress and ductility from
those reported on compression testing of 250-5000 nm MgO pillars [140, 141] and bridge
the gap to multiscale modeling with molecular dynamics (MD) simulations on sub-10 nm
cubes [158, 159].
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6.2 Methods
Commercially available Magnesium turnings (99.95% pure, Aldrich Chemical
Co.) were burned using a propane gas flame in ambient air of a fume hood producing assynthesized smoke particles.

For TEM characterization the as-synthesized smoke

particles were collected directly on a standard copper TEM grid with carbon supporting
film.

For SEM characterization, the as-synthesized smoke particles were collected

directly on sapphire substrate coated with about 50 Å carbon to minimize specimen
charging during imaging. Sapphire was chosen due to its significantly higher hardness
and elastic modulus then MgO [160]. Individual MgO cubes for compression testing
were obtained by ultra-sonication of the as-synthesized smoke particles placed in
isopropanol (99.5% pure) for 90 minutes and then drop-casting on the carbon-coated
sapphire substrates.

Similarly the drop-casted solution, containing individual MgO

cubes, was characterized in TEM. Compression tests were carried out using a Hysitron
Triboindenter® in the displacement-controlled feedback mode.

6.3 Results and Discussion
Figure 6.1(a) shows a SEM micrograph of the as-synthesized smoke particles
depicting agglomerated cubic-shaped MgO crystallites and also drop-casted individual
MgO cube after ultra-sonication in isopropanol. A TEM diffraction pattern recorded
from a MgO cube aligned along incident electron beam direction (Figure 1(b)) shows
single crystallinity of cubes with {100} orientation. It has been shown that almost all
MgO cubes obtained from smoke do not contain dislocations [161] and, therefore, for our
125

purposes can be considered dislocation-free. Extensive exposure to water and humidity
from the air cause dissolution of MgO cubic crystals by developing first {110}
truncations on the <110> edges and then {111} cuts at the corners without considerable
hydroxylation [161-163]. For the MgO cubes studied here no detectable truncations and
cuts were observed (see Figure 6.1).

Figure 6.1 (a) A SEM image of as-synthesized MgO cubes collected from the smoke
directly on carbon-coated sapphire. Inset shows a SEM image of individual MgO cube
prepared by ultra-sonication of agglomerates in isopropanol for 90 min. (b) A TEM
electron diffraction pattern and a bright-field image (inset) recorded from an individual
MgO cube showing the single-crystallinity and {100} orientation of the cube. Insets in
(a) and (b) have scale bar of 100 and 10 nm respectively.

Elemental compositions of cubes were also detected.

Figures 6.2 and 6.3

summarize the results. Figure 6.2 shows a stark difference in the composition of cube
and substrate, as expected. Cube comprises mainly of magnesium and oxygen, and the
aluminum signal from the point and shoot XEDS acquisition on cube is expected to come
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from the sapphire substrate beneath it. Carbon signal is due to the 50 Å coating on
sapphire substrate, and a feeble silicon signal is coming from the Si(Li) detector.

Figure 6.2 (a) A SEM image for the point and shoot XEDS acquisition from Spot 1 (on
MgO cube) and Spot 2 (on sapphire substrate). (b) XEDS spectrum from Spot 1 (top)
and Spot 2 (bottom) as marked in the panel (a).

Figure 6.3 shows an XEDS elemental mapping.

It can be seen that the

magnesium Kα signal is localized inside the cube and the aluminum Kα signal is outside
of the cube. Oxygen and carbon are spread over the whole spectrum acquisition region.
Overall, a nearly uniform elemental composition of MgO cube was confirmed and a
quantitative analysis confirmed nearly 1:1 elemental ratio in MgO cubes.

XEDS

acquisitions in TEM were also performed which also suggested a uniform elemental

127

composition and 1:1 elemental ratio (the results are not shown in this document for
brevity).

Figure 6.3 (a) A SEM image for the XEDS elemental mapping of a MgO cube located
on sapphire substrate. (b) An XEDS elemental map in SEM for Mg (yellow), Al (red), C
(blue) and O (green).

Figures 6.4-6.6 show typical load-displacement plot recorded from MgO cubes
with associated SEM micrographs recorded before and after compression. In this study
all MgO cubes were compressed using a cube corner diamond tip with Rtip = 190 nm
radius of curvature.

Constant nominal strain rates of 0.04 s-1 were used for all

compression tests by adjusting the displacement and loading time. The yield stress,
can be evaluated as:
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,

(1)
where FY is the load at the yield point and aeff an effective in plane cube-indenter contact
radius (see Figure 3) [164]:
(2)
where

is the displacement along the compression axis from the top of the cube and Reff

is effective radius of tip indenting cube of size d0:
(3)
This approximation for evaluating yield stress is based on the fact that in these
experiments the sizes of the indenting tip and cubes are of the same order, and after initial
contact the radius of the tip changes to effective radius Reff. Figure 6.7 shows a schematic
describing the compression experiments and highlights the various experimental
parameters used in the calculation of yield stress.
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Figure 6.4

(a) Load-displacement plot obtained from a 206 nm MgO cube upon

compression. Black arrow indicates the point on the curve that depicts yielding. SEM
micrographs of the cube (b) before and (c) after compression. No fracture of the MgO
cube was observed even at engineering strain eng = 0.3.

Figure 6.5 (a) Load-displacement plot obtained from a 111 nm MgO cube. Black arrow
indicates the point on the curve that depicts yielding. SEM micrographs of the cube (b)
before and (c) after compression. No fracture of the MgO cube was observed even at
engineering strain eng = 0.3.
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Figure 6.6 (a) Load-displacement plot obtained from a 331 nm MgO cube. Black arrow
indicates the point on the curve that depicts yielding. SEM micrographs of the cube (b)
before and (c) after compression. No fracture of the MgO cube was observed even at
engineering strain eng = 0.3.

Yield strength values from these experiments were deduced from the point of first
major load drop in the load-displacement data, which is due to a dislocation avalanche
under displacement-controlled experiments [145]. Multiscale modeling and atomistic
MD simulations on single crystal nano-scale ideal MgO cubes confirms that yield
strength indeed corresponds to first major load drop that is due to dislocation nucleation
and propagation [158, 159]. It should be noted that small load drops occurring before
load reaches yield strength point (see Figures 6.4-6.6) could be attributed to limited
dislocation nucleation and propagation due to surface roughness of the cubes and
indenter. It was also consistently seen in SEM after all the compression experiments that
there was no fracture of the MgO cubes even up to engineering strain eng = 0.3, which
depicts a significant enhancement in the plasticity of MgO cubes from the pillars and
bulk.
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Figure 6.7 (a) Schematic representing the compression experiment and a deformation of
cube upon loading.

(b) An edge-on view of the indenter tip and a cube upon

compression. (c) A top-view showing the circular contact area of indenter and cube.

The results of the compression experiments conducted on the cubes ranging from
100 to 350 nm are presented in Figure 6.8. As can be seen the yield stress has inverse
power-law dependence on cube size. For comparison, yield strength values measured
from single crystal {100}-oriented 0.5 to 5 m [140] and 0.25 to 4.5 m MgO pillars
[141], and from bulk single crystals {100}-oriented MgO [165] are also shown. Here
offset stresses at 0.2% strain was used to deduce yield strengths. The critical resolved
shear stresses (CRSS), c, for these cubes and pillars can be evaluated using
corresponding Schmidt factors.

Schmidt factors of the soft <110>{110} and hard

<110>{100} slip systems in MgO for <001> applied compression are 0.5 and 0,
respectively. The value of CRSS for the soft slip system is indicated in Figure 6.8(a).
The dependence of engineering strains on the MgO cube size evaluated at yield point is
shown in Figure 6.8(b).

132

Figure 6.8 (a) Yield stress and CRSS for <110>{110} soft slip system as a function of
MgO cube size. (b) Engineering strain at yielding as a function of cube size. For
comparison, the results from Refs. [140] and [141] on MgO pillars are also indicated.
The experimental values of the yield stress and engineering strain for bulk MgO [165] are
indicated. Estimated theoretical yield stress for bulk MgO [166] is also plotted in panel
(a).

The yield strength of bulk single-crystal MgO at room temperature when
compressed along {100} orientation is 120 MPa and an engineering strain of 0.00076 at
yielding leading to brittle failure at eng = 0.075 [165]. Engineering strain up to 0.270 at
brittle fracture has also been observed around 1200 °C in bulk {100}-oriented single
crystals under compression [167]. The {100}-oriented 100-350 nm MgO cubes when
compressed at room temperature exhibit yield stresses and engineering strains at yielding
of 4.0 - 13.8 GPa and 0.046-0.154 respectively (Figure 6.8). They rarely show any brittle
fracture at engineering strains up to 0.300 evaluated from load-displacement plots (see
Figures 6.4-6.6 for an example).

Reports by Korte and Clegg [140] and Zou and
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Spolenak [141] on 250-5000 nm pillars also compressed along {100} indicate yield
stresses of 0.6-6.1 GPa and engineering strains of 0.008-0.040, without brittle fracture for
engineering strain up to eng = 0.180. This increase of yield strength with decrease in
MgO cube size can be attributed to a dislocation back stress, dislocation exhaustion, or
creation of dislocation nucleation sources inside cubes also discussed by Nowak et al.
[154]. The increase of engineering strain at yielding with decrease of MgO cube and
pillars sizes indicates enhancement of crystal ductility with reduction of crystal size.
Such size dependence of ductility at room temperature was also observed in Si [136] and
GaAs [134] pillars and was explained by size dependent changes of the driving force for
cracking [134]. Howie et al. [168] have suggested that cracking of Si and GaAs as well
as in MgO, InAs, MgAl2O4 micro-pillars is due to through-thickness axial splitting which
determines the brittle-to-ductile transitions.
The theoretical CRSS of a bulk single crystal MgO can be approximated as [166]:
(4)
where G is the shear modulus, d200 and d110 are {200} and {100} interplanar spacings.
For MgO <110>{100} slip system, G = 121.9 GPa [169], d200 = 2.106 Å and d110 = 2.978
Å [170] and it gives a theoretical CRSS of τc = 9.1 GPa. A Schmid factor of 0.5 gives
theoretical bulk compressive yield strength of Y = 18.3 GPa. As can be seen from
Figure 6.8(a) simple extrapolation of a power-law size dependence of yield strength
versus crystal size suggests that at about 60 nm single crystal MgO will potentially reach
theoretical bulk yield strength. From Figure 6.8(a), it can also be noted that for 100-155
nm MgO cubes τt and CRSS lie in the expected theoretical shear strength range of G/30134

G/2π (or 4.1-19.4 GPa) [171]. Xiong et al. [158] and Xiong and Chen [159] estimated
the average compressive yield strength of 63.5 GPa for ~3×3×3 nm cube using multiscale
modeling and atomistic MD simulations. Interestingly, their yield strength of 63.5 GPa
was achieved near 0.110 engineering strain which is much more than 0.00076 for bulk
MgO. Note that such simulations are not capable of producing brittle fracture. When
experimental results were extrapolated to 63.5 GPa with power-law fit, an effective cube
size of 11 nm is achieved. It should be noted that a large disparity in strain rates exists
between the experiments reported here (0.04 s-1) and the modeling and simulations
referred above (~1010 s-1). Even though extrapolated experimental results lay close to
such simulations, it is premature to expect such few atoms represent the complexities of
friction, multiple slip and image forces encountered experimentally. Additionally, in the
absence of studies showing the strain-rate sensitivity of yield stress for nano-scale MgO,
it should be expected that yield stress values are lower at a strain rate of 0.04 s-1 than the
~1010 s-1 used for the 3 nm cube simulation. Also noteworthy is that the size exponent of
-0.74 (slope of linear fit in Figure 6.8(a)) for the size dependence of yield strength for
MgO cubes and pillars (cf. Figure 6.8(a)) is similar to that of fcc metals [147]. The
power-law fit, extrapolated to larger length scales, gives a cube size of 50 µm at the bulk
yield strength. Such a transition to bulk properties has been observed for Ni [145, 172]
and predicted for Ni alloy [145] microcrystals for diameters of 20 µm and larger.
Multiscale modeling and atomistic MD simulations predict surface dislocation
nucleation and propagation along {110} slip planes to be the prominent plastic
deformation mechanism for sub-10 nm defect free MgO cubes [158, 159] and we expect
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the same for the MgO cubes in the 100-350 nm regime. TEM studies by Korte and Clegg
[140] and SEM studies by Zou and Spolenak [141] also demonstrated that for
compression of <100> MgO pillars, plastic deformation occurs along the <110>{110}
soft slip system. However, a final caveat is that the MgO cube synthesis process may
introduce unknown impurities. It was shown in literature that 40 mole parts per million
(ppm) of Fe+3 impurities can increase the compressive yield stress in bulk {100}-oriented
single crystal MgO by approximately 5 times [173].

Energy-dispersive X-ray

spectroscopy (EDS) was attempted in TEM for impurities, but ppm level impurities
cannot be detected. For better understanding of size effects in nano-scale single crystal
MgO, effect of impurities should also be considered.

6.4 Conclusion and Future Directions
Compression testing of 100-350 nm {100}-oriented single crystal MgO cubes
resulted in size-dependent yielding at stresses of 4-13.8 GPa and engineering strains of
0.046-0.154 without any significant brittle fracture at least up to 0.300 engineering strain.
These values are significantly higher than the bulk compressive yield strength of 120
MPa and fracture strain of 0.075. A theoretical bulk compressive strength of 18.3 GPa is
estimated and if extrapolated from the power-law relation, a cube size of nearly 60 nm for
the theoretical bulk yield strength would be attained. While the power-law extrapolation
of experimental results lay in the vicinity of multiscale modeling and atomistic MD
simulations for sub-10 nm cubes, there are too many unknowns to ascribe significance.
However, the general scheme of dislocation nucleation and growth is consistent. Surface
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dislocation nucleation and motion through the complete crystal is expected to be the
plastic deformation mechanism for the MgO cubes studied.
In future, performing in situ TEM compression experiments with Hysitron PI 95
Picoindenter in conjunction with molecular dynamics simulations on MgO and other
ceramic nanoparticles could provide a clear picture of the atom origins of their
deformation mechanisms [174-176].

This would be helpful in tailoring the

microstructure of nano-scale ceramics for their future applications.

The molecular

dynamics simulations on MgO nanocubes are underway to understand the deformation
mechanisms from the present study. Figure 6.9 shows a 6.5 nm MgO cube at various
stages of a compression experiment in molecular dynamics simulations.

Figure 6.9 Snapshots of a 6.5 nm (or 32768 atoms) MgO cube at various deformation
levels

of

a

compression

experiment
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in

molecular

dynamics

simulations.

Chapter 7

Static Electron Microscopy Investigations of Fe-N-C
Compounds

7.1 Introduction
The search for viable alternatives to non-renewable sources of energy (e.g., crude oil,
coal, etc.) is a critical human endeavor that must succeed if we are to sustain quality of
life without decimating the environment. In 2013 alone, the United States consumed 6.89
billion barrels of petroleum products or 18.88 million barrels per day [177].

The

extraction of energy from carbon bonds in petroleum products is realized primarily by
combustion, and this process produces greenhouse gases that are leading to rapid changes
in the global environment.

Further, extraction of these fossil fuels is becoming

increasingly difficult, and the resulting geopolitical climate produces strained
international relationships and – at worst – violent conflicts.
Sustained research efforts have generated several methods for reducing use of nonrenewable energy sources [178].

For example, harvesting wind energy with large

turbines and the use of electric vehicles (EVs) powered by efficient batteries are
increasingly prevalent. While these technologies reduce overall fossil fuel use, they are
currently quite costly due to reliance on motors and generators based on permanent
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magnets (i.e., materials displaying persistent magnetism in the absence of an applied
field) which can retain their properties at elevated working temperatures. Such magnets
are often made from alloys of magnetic transition metals (Fe, Co, Ni) and rare earth
elements (REEs) like neodymium (Nd), dysprosium (Dy), and samarium (Sm). The high
costs of obtaining REEs limits the proliferation of technologies based on these materials
[179].
The high costs of REEs stem from their geographic isolation as well as challenges
associated with mining and processing. In 2010, approximately 97% of the world’s REE
supply came from production in China, and current processes for extraction and isolation
rely on chemically-aggressive methods involving ammonia, sulfates, chlorides, and
radioactive elements [180]. The current geopolitical climate, as well as an increasing
need for permanent-magnet-based technologies for energy and defense, has prompted the
U. S. Department of Energy (DOE) to call on researchers to identify, synthesize, and
characterize sources of rare-earth-free permanent magnetic materials [181].
At the University of Minnesota, research is focused on developing low-cost
permanent magnets comprised of earth-abundant elements such as iron (Fe) and nitrogen
(N) that can be produced on large scales. An especially promising compound is Fe16N2,
which has been shown to have magnetic properties comparable to REE-based magnets
and can be synthesized as nanoparticles (diameters < 100 nanometers) and made into thin
films (thicknesses < 500 nanometers) [182]. To date, however, high-purity Fe16N2 has
not been produced on bulk scales (e.g., dimensions of centimeters). The challenge lies in
developing synthetic protocols which allows N to be retained in the Fe crystal structure.
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This in turn requires clear understanding of the crystal structure of the synthesized bulk
iron nitride (FeN) compounds in order to confirm the presence and distribution of N.
Recently, Prof. Jianping Wang’s group in Electrical and Computer Engineering have
developed synthetic methods for producing bulk quantities of FeN compounds, but
precise understanding of their crystal structure and purity is needed. Moreover, the hightemperature stability of the FeN compounds, an important property for application in
motors and generators, is not fully understood. The cutting edge electron microscopic
capabilities at the University of Minnesota can be used to address these questions. In this
chapter my research is therefore focused on using state-of-the-art electron microscopic
capabilities to determine the crystal structures, purities, thermal stabilities, and structural
and magnetic dynamics of these FeN compounds, and to understand how structure affects
magnetic properties. This understanding is necessary to develop and refine synthetic
methods for producing bulk quantities of high-purity Fe16N2 having magnetic properties
that are at least comparable to commercially-available REE permanent magnets.

7.2 Methods
7.2.1 Image Simulations.
Simulations of atomic-resolution HAADF-STEM images were performed using a
multislice computational method [88, 94]. Both aberration-corrected (nearly 0.5 Å probe
size) and non-aberration-corrected (nearly 1.2 Å probe size) images at an accelerating
voltage of 300 kV were simulated. Convergence angles of 25 mrad and 9 mrad were
used

for

aberration-corrected

and

non-aberration-corrected
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image

simulations,

respectively. Cs(3), Cs(5) and df were taken as zero, and only convergence angle was
varied to control the STEM probe size on specimen. A detector collection angle of 54 to
340 mrad was used for all the HAADF-STEM image simulations. Atomic thermal
vibrations at 300 K were simulated by averaging 10 frozen-phonon configurations for
each image [95]. Root-mean-square (RMS) thermal displacement values of 0.112 and
0.060 Å at 300 K for N and Fe were used, respectively.
7.2.2 Specimen Preparation.
TEM specimens from ball-milled powders were prepared via ultrasonication in
ethanol solution for 60 minutes followed by drop-casting onto holey carbon TEM grids
made out of copper. TEM specimens from all the other bulk samples were made via an
FEI Quanta 200 3D focused ion beam (FIB) operating at 30 kV of gallium ion beam. An
OmniProbe® micromanipulator within the FIB chamber was used to lift-out the TEM
lamella and attach them to OmniProbe® lift-out copper TEM grids with three posts.
7.2.3 Microscope Parameters.
An FEI Tecnai G2 F30 (FEG-TEM) operated at 300 kV (extraction voltage of
4,000 V), and equipped with Gatan Enfina EEL spectrometer and EDAX rTEM XEDS
system having an ultrathin-window Si(Li) detector was used for conventional bright-field
TEM imaging, HAADF-STEM imaging, EELS, XEDS and selected-area electron
diffraction.

Another FEI Technai G2 F30 (Cryo FEG-TEM) operated at 300 kV

(extraction voltage of 4,000 V) and having a 4096 × 4096 ultrascan CCD camera was
also used for conventional bright-field imaging and selected-area diffraction patterns. In
this microscope, a Gatan 652 double-tilt heating holder was used for in situ thermal
141

experiments. In this model of heating holder temperature is measured via a type R
thermocouple (platinum-13% rhodium vs. platinum).

7.3 Results and Discussion
7.3.1 Multislice Image Simulations.
The crystal structure of Fe16N2 has thus far only been hypothesized; there is no
clear understanding where the nitrogen atoms sit in the unit-cell [183]. Therefore, the
initial efforts in this work were directed towards developing methods and techniques to
elucidate the interstitial position of nitrogen atoms in the Fe16N2 crystal structure. Figure
7.1 shows a body-centered tetragonal (BCT) crystal structure of Fe16N2 with a = 5.72 Å, c
= 6.29 Å from the literature [183].

Figure 7.1 Crystal Structure of Fe16N2 (space group I4/mmm; No. 139). Nitrogen (light
blue) and iron (red) atoms are visible. Indexing 1, 2, and 3 on iron (red) atoms depict the
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three different types of locations of iron in the crystal structure. Unit-cell parameters are
taken from ref [183].

As there is a significant difference in the atomic numbers of iron (Z: 26) and
nitrogen (Z: 7), it was proposed that the Z-contrast of HAADF-STEM imaging could
provide insights into the location of interstitial nitrogen atoms. To test this hypothesis,
multislice simulations were performed.

Figure 7.2 shows a qualitative Z-contrast

between iron atomic-columns indexed 1 (center of image) and 2 in the cartoon at 0 K in
both non-aberration-corrected and aberration-corrected images.

This Z-contrast is

because of the difference in the number of iron and nitrogen atoms along those columns
(see Figure 7.1 for visualization). But this Z-contrast was not present in the simulated
images at 300 K due an averaging of intensities upon thermal vibrations (Figure 7.3).
Therefore, for the rest of the studies simulated images at 300 K were used to closely
match the experimental conditions.
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Figure 7.2 Crystal structure cartoon, a non-aberration-corrected HAADF-STEM image
and an aberration corrected HAADF-STEM image of [001] oriented Fe16N2. Unit cell
dimensions are marked in the non-aberration-corrected image which is also applicable for
the cartoon and aberration-corrected image. Note that the simulated images do not
include frozen-phonon configurations and hence are at 0 K. Atomic-column intensities
are normalized to the incident beam intensity.

Figure 7.3 Aberration-corrected HAADF-STEM images of [001] oriented Fe16N2 at 0 K
and 300 K. Unit cell dimensions are marked and are also applicable for the aberrationcorrected image at 300 K. Atomic-column intensities are normalized to the incident
beam intensity.

To de-convolute the iron and nitrogen atomic-column intensities in the HAADFSTEM images, multislice simulations were performed for [100] orientation having “pure”
nitrogen columns (without any overlap of iron atoms). The results are summarized in
Figures 7.4-7.6. Iron atomic-columns are clearly visible in Figure 7.4, but nitrogen
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atomic-columns at the center and corner of unit-cell seem to be invisible to the naked eye.
Therefore, intensity line-scans were performed in the images (Figures 7.5-7.6) to check
for any evidence of the nitrogen signal.

Figure 7.4 Crystal structure cartoon and an aberration corrected HAADF-STEM image
of [100] oriented Fe16N2. Unit cell dimensions are marked in the aberration-corrected
image which is also applicable for the cartoon. Note that the simulated image includes 10
frozen-phonon configurations at 300 K. Atomic-column intensities are normalized to the
incident beam intensity.

From Figure 7.5 it could be seen that there are peaks in the intensity line-scan at
the position of nitrogen atoms for a diagonal scan but not for a vertical scan. The
presence of iron atoms along the vertical line-scan suppresses the feeble intensity peaks
from nitrogen atoms as can be seen from the zoomed-view of the vertical intensity linescan (Figure 7.5(c)). However, the absence of iron atoms along the diagonal line-scan
allows visualization of intensity maxima at the nitrogen atom locations. This intensity
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maxima hints that the nitrogen atoms are visible in the HAADF-STEM images. In order
to confirm the visibility of “pure” nitrogen columns, control experiments were also
performed. Figure 7.6 summarizes the results from a control experiment.

Figure 7.5 (a) A simulated aberration corrected HAADF-STEM image of [100] oriented
Fe16N2 at 300 K. The diagonal and vertical blue lines represent the directions for 1-pixel
and 4-pixels intensity integration in panels (b) and (c), respectively. Atomic-column
intensities are normalized to the incident beam intensity. (b) HAADF-STEM intensity
integrated for 1-pixel along the diagonal blue line in panel (a). The red circles highlight
the peaks arising at the location of nitrogen atoms in the crystal structure. (c) HAADFSTEM intensity integrated for 4-pixels along the vertical blue line in panel (a). The red
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rectangle highlights the region where nitrogen atom is present in the crystal structure and
from where the zoomed-in intensity is shown.

Figure 7.6 represents a control for image simulation. HAADF-STEM Intensity
scans were performed in the crystal structures of Fe16N2 with and without nitrogen. An
absence of intensity maxima at the location of nitrogen atoms (Figure 7.6(c)) and their
presence at the location of nitrogen atoms (Figure 7.6(b)) confirm that indeed nitrogen
could be visible in the HAADF-STEM images if viewed along specific crystallographic
orientations.
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Figure 7.6 (a) A simulated aberration-corrected HAADF-STEM image of [100] oriented
Fe16N2 at 300 K. The diagonal blue line represent the direction for 1-pixel integration in
panels (b) and (c). Atomic-column intensities are normalized to the incident beam
intensity. (b) HAADF-STEM intensity integrated for 1-pixel along the diagonal blue line
in panel (a) when nitrogen atoms are present in the crystal structure. The red circles
highlight the peaks arising at the location of nitrogen atoms in the crystal structure. (c)
HAADF-STEM intensity integrated for 1-pixel along the diagonal blue line in panel (a)
when nitrogen atoms are absent in the crystal structure. Note the absence of peaks at the
red circles.

Based on the present simulation results, it is proposed that the presence of “pure”
nitrogen atomic-columns along [101] and [111] crystal orientations could potentially
allow the visibility of nitrogen in the experimental HAADF-STEM images of Fe16N2.
This might require taking intensity line-scans in the directions without iron atoms in
them. This would be helpful in elucidating the precise location of nitrogen atoms in the
Fe16N2 crystal structure.
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Figure 7.7 Fe16N2 crystal structure along [101] and [111] orientations depicting the
presence of “pure” nitrogen atomic-columns.

The static TEM characterization results from hereon are on the specimens
synthesized by various routes in the Prof. Jianping Wang’s group. The aim is determine
the crystal structures, purity levels and thermal stabilities of the synthesized FeN
compounds. Dynamic TEM characterization on FeN compounds using UEM has not
been systematically carried out yet.

7.3.2 Ball-Milled Specimens.
The synthesis protocol of ball-milled specimens is mentioned in detail elsewhere
[184].

TEM characterization shows that the particles are agglomerated even after an

ultrasonication of 60 mintues (Figure 7.8(a)) which hints that there is a significant
welding of particles during ball-milling. The diffraction contrast in the powder particles
denotes their crystalline nature.

Kikuchi band and PBED pattern from a particle

represent its single-crystallinity (Figures 7.8(b,c)) and shows a random crystal orientation
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(Figure 7.8(c)). A higher-order Laue zone (HOLZ) could also be seen along with the
Kikuchi band in Figure 7.8(b) which again confirms the single-crystalline nature of
powder particles. These particles were found to be thick and randomly oriented for
atomic-resolution imaging and diffraction.

Figure 7.8 (a) A bright-field CTEM image of ball-milled specimens. Red circle denote
the position of selected area aperture for the acquisition of Kikuchi band and PBED
pattern in panels (b) and (c), respectively. (b) Kikuchi band from the powder particle
highlighted with red circle in panel (a).

(c) PBED pattern along a random crystal

orientation of the powder particle highlighted with red circle in panel (a). Panel (a) is
adapted from ref [184].

This sample received from Prof. Wang group had the

identification number: FeN104.

Elemental composition of the ball-milled specimens was tested with XEDS.
Figure 7.9 shows the presence of iron and nitrogen along carbon and oxygen which could
be the impurities in the synthesis protocol. A significant presence of oxygen and carbon
hints that the particles are getting oxidized and contain impurities, which could be
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deleterious for their large-scale applications. A small nitrogen XEDS peak is potentially
due its low fluorescence yield. Copper and silicon signals are coming from the copper
TEM grid and an X-ray excitation of Si(Li) detector, respectively.

Figure 7.9 X-ray energy dispersive spectra (XEDS) acquired in CTEM mode from ballmilled specimens. This sample received from Prof. Wang group had the identification
number: FeN104.

EELS, better for detecting low-Z elements than XEDS, was employed to detect
the presence of various elements and to study the nano-scale distribution of iron and
nitrogen in the ball-milled specimens. Figures 7.10 and 7.11 summarize the results. Iron
and nitrogen were easily detected (Figure 7.10). Presence of oxygen signifies a possible
oxidation of particles (Figure 7.10). EELS spectrum mapping in Figure 7.11 depicts a
heterogeneous distribution of nitrogen and a nearly homogenous distribution of iron.
These results show that it is difficult to keep nitrogen intact in the bulk specimens
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uniformly and improvements are required in synthesizing the high-purity iron-nitride
compounds.

Figure 7.10 Electron energy-loss spectra (EELS) acquired in STEM mode from ballmilled specimens. Adapted from ref [184]. This sample received from Prof. Wang group
had the identification number: FeN104.

Figure 7.11 Elemental mapping of iron and nitrogen in ball-milled specimens with
STEM-EELS.

This sample received from Prof. Wang group had the identification

number: FeN104.
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7.3.3 Ball-Milled and Shock Compacted Specimens.
Alternate routes to synthesize bulk quantities of Fe16N2 having superior
permanent magnetic properties than ball-milled powders were also employed in Prof.
Wang group.

Another such synthesis protocol was ball-milling followed by shock

compaction of powders. The synthesis steps are mentioned in detail elsewhere [184]. In
addition to determine crystal structure and purity, the synthesized samples were also
tested for their thermal stability. Figure 7.12 shows the microstructure at two different
temperatures and the grain boundaries could also be seen. Grains with sizes 80-200 nm
were found at 23 ºC and no significant change in their size was observed with increasing
temperature.

We did not expect a change in grain size with temperature as the TEM

specimens were kept only for 10 minutes at 275 ºC. Interestingly, a drastic change in the
phases was observed upon heating as can be seen from the PBED patterns (Figure 7.13).
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Figure 7.12 Microstructure of ball-milled and shock compacted specimens at 23 ºC (left)
and 275 ºC (right). Adapted from ref [184]. This sample received from Prof. Wang
group had the identification number: FeN120#3.

Figure 7.13 shows a decomposition of phases and hence a poor thermal stability
of Fe16N2 phase in the ball-milled and shock compacted specimens. It has been observed
in the literature [185, 186] and in the present study (Figure 7.13) that α´´- Fe16N2
decomposes into α-Fe and γ´- Fe4N upon heating above 190 ºC. From Figure 7.13, it can
be seen that the intensity of Fe, Fe4N and iron oxide phases increase and of Fe16N2
decrease at 275 ºC, indicating a phase transformation Therefore, thermal stability of
Fe16N2 phase is still a concern for their high-temperature applications and more work
needs to be done for improvements.
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Figure 7.13 PBED patterns of ball-milled and shock compacted specimens at 23 ºC (left)
and 275 ºC (right). Adapted from ref [184]. This sample received from Prof. Wang
group had the identification number: FeN120#3.

7.3.4 Strained-Wire Specimens.
The strained-wire synthesis method to prepare rods is detailed in [187]. From
TEM characterization, alternating grains of two different phases having 300-500 nm size
were observed (Figure 7.14).

One of the two phases was iron with [113] crystal

orientation (Figure 7.14(center)) and the second phase with lattice spacing - 6.60 Å and
1.62 Å - was also found. Interestingly, these lattice-spacing values did not match with
those of Fe, FeO, Fe2O3, Fe3O4, Fe4N, Fe3N, Fe2N phases and were found to be very
close to d001 and d123 of Fe16N2. This hints the presence of Fe16N2 grains. To support the
structural analysis, it would be necessary to perform spectroscopic analysis (EELS,
XEDS) in future for determining the elemental distribution.

Figure 7.14 (Left) A bright-field CTEM image of a strained-wire specimen. Red and
blue circles denote the location of selected area aperture in each grain for the acquisition
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of PBED patterns. (Center) A representative PBED pattern from red circles marked in
CTEM image. (Right) A representative PBED pattern from blue circles marked in
CTEM image. This sample received from Prof. Wang group had the identification
number: FeN48.

Figure 7.15 summarizes the high-resolution bright-field CTEM imaging results.
The d-spacing values measured from both CTEM image and its FFT are same as
measured from the PBED pattern in Figure 7.14(right). From both the diffraction and
imaging results (Figures 7.14 and 7.15) it can be concluded that there are grains
comprising different phases in them and hence there is a heterogeneous distribution of
phases. In future, a spectroscopic analysis would be the next logical step to support the
structural analysis results.

Figure 7.15

(Left) A high-resolution bright-field CTEM image from the grains

highlighted with blue circles in Figure 7.14(left). (Right) FFT of the high-resolution
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CTEM image. This sample received from Prof. Wang group had the identification
number: FeN48.

7.3.5 Melt Spun Foil/Ribbon Specimens.
The synthesis protocol is summarized in [188]. A grain size of 2-10 µm was
observed in these specimens (Figure 7.16(a)). In TEM characterization, individual grains
were tested for their crystal structure determination and orientation with selected area
apertures of different sizes (Figure 7.16(b)). It was observed from the PBED patterns that
there are grains consisting of different phases and having multiple crystal orientations
(Figure 7.16(bottom panel)). One of the phases was iron with [001] crystal orientation
(Figure 7.16(bottom left)) and with [011] crystal orientation (Figure 7.16(bottom center)).
Another phase with lattice spacing – 13.51 Å and 2.11 Å – was also found. Interestingly,
these lattice-spacing values did not match with those of Fe, FeO, Fe2O3, Fe3O4, Fe4N,
Fe3N, Fe2N phases and were found to be very close to 2 × d001 and d202 of Fe16N2. This
hints the presence of Fe16N2 grains. To support the structural analysis, it would be
necessary to perform spectroscopic analysis (EELS, XEDS) for determining the
elemental distribution.

However, these results show that the grains in melt spun

foil/ribbon have a heterogeneous distribution of phases consisting of iron and possibly
Fe16N2.
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Figure 7.16 (a) A SEM image acquired with secondary electrons. (b) A bright-field
CTEM image. Red, blue and green circles denote the selected area aperture location for
the acquisition of PBED patterns in the bottom panel. (Bottom left) A representative
PBED pattern from the red circles highlighted in panel (b).

(Bottom center) A

representative PBED pattern from the blue circle highlighted in panel (b). (Bottom right)
A representative PBED pattern from the green circle highlighted in panel (b). This
sample received from Prof. Wang group had the identification number: FeNM063a2.

7.3.5 Discovery of a New Phase - Minnedust.
During the synthesis of different types of iron-nitride specimen geometries
ranging from ball-milled powders to melt spun foil/ribbon, a new phase (named
158

Minnedust) having very different magnetic properties (high saturation flux density, high
relative permeability and low coercivity) than αʹʹ-Fe16N2 was discovered in Prof. Wang
group. The synthesis protocol involves a cold crucible casting and is described in detail
elsewhere [189]. This new phase Minnedust consists of iron, nitrogen and carbon. It is
proposed that Minnedust could have one of the four possible elemental constitutions and
structures: a mixture of αʹ-Fe8N and αʹ-Fe8C, a compound αʹ-Fe8(NC), a mixture of αʹʹFe16N2 and αʹʹ-Fe16C2, or a compound αʹʹ-Fe16(NC)2 [189]. The proposed crystal structure
(BCT) and d-spacing values of Minnedust are expected to be similar to that of αʹʹ-Fe16N2
[189].

But the magnetic properties of the synthesized specimens are significantly

different than that of αʹʹ-Fe16N2 which suggests that this new phase of Minnedust is
present.

In the present work, static TEM characterization was performed on the

synthesized specimens containing Minnedust which confirmed that it is currently difficult
to conclusively elucidate the crystal structure of Minnedust. In this chapter, Minnedust is
written as a mixture of αʹʹ-Fe16N2 and αʹʹ-Fe16C2. In a synthesized specimen containing
Minnedust, various phases – pure iron, iron oxides, iron nitride and iron carbide – were
observed (Figure 7.17). This shows that it is not possible yet to get pure Minnedust, and
avoid the presence of iron oxides and pure iron in the synthesized specimens.
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Figure 7.17 (Left) PBED pattern showing the various constituents in a synthesized
specimen containing Minnedust. (Right) Radially integrated peak intensities from the
PBED pattern. Note that the peaks of αʹʹ-Fe16N2 and αʹʹ-Fe16C2 are indistinguishable.
Adapted from ref [189].

The high-resolution TEM image in Figure 7.18 shows a crystalline structure and
the presence of multiple grains with different orientations in the synthesized specimens.
From the inset, lattice spacing of (002) plane of BCT α″-Fe16N2 could be seen. From the
magnetic property measurements and TEM characterization [189], it is concluded that
there are additional phases in the synthesized specimens apart from α″-Fe16N2 which
suggests a discovery of new phase – Minnedust.
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Figure 7.18

A high-resolution bright-field CTEM image of Minnedust specimen.

Yellow dotted rectangle is the region for acquisition of inset. Inset shows d002 of αʹʹFe16N2. Adapted from ref [189].

7.4 Conclusion and Future Directions
HAADF-STEM images of αʹʹ-Fe16N2 were simulated using a multislice code.
Results show that it is possible to detect interstitial nitrogen and confirm the literature
crystal structure of αʹʹ-Fe16N2 through atomic-resolution HAADF-STEM imaging
experiments.

To image the nitrogen it is necessary to integrate along specific
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crystallographic orientations, including [100], [101], [111], having “pure” nitrogen
columns in them. This is meaningful to de-convolute iron and nitrogen atomic-columns
and to precisely observe the interstitial location of nitrogen to elucidate the crystal
structure of αʹʹ-Fe16N2.
Various specimen geometries containing Fe-N-C phases were studied via static
TEM. It was found that these methods were unable to produce pure αʹʹ-Fe16N2 and
thepresence of iron and iron oxides hinder the synthesis. It was observed that the grain
size depends on the synthesis protocol. There is a heterogeneous distribution of nitrogen
and other phases. It was noticed that smaller grain size samples,i.e. ball-milled and ballmilled + shock compacted specimens, contained more αʹʹ-Fe16N2
In future, a combination of PBED, HR-TEM and spectroscopy from localized
regions should be employed to determine crystal structures and purity levels, and to
understand how structure affects magnetic properties.

To study thermal stabilities,

structural and magnetic dynamics of these FeN compounds, in situ TEM heating and
UEM could be used [190]. All these characterization will give a comprehensive picture
of the intrinsic structural, thermal and magnetic properties of synthesized FeN
compounds.
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