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ABSTRACT 

Recent advances in characterization techniques with high spatiotemporal resolution 

have opened a new landscape of ultrafast phase transitions and structural dynamics to 

explore.  Strongly correlated materials experience electron-phonon coupling and structural 

deformation at the nanometer-picosecond regime.  Ultrafast electron microscopy (UEM) 

has been developed as an excellent tool to elucidate these dynamics at the nanoscale.  

Considerable maintenance, operation and advancement was put into the current capabilities 

of the instrument which will be discussed throughout.  Additionally, thorough 

characterization of the spatiotemporal capabilities for each component of the technique is 

included.  Specifically, I examine the role of defects on charge-density wave (CDW) 

formation in 1T-TaS2 using diffraction and bright field imaging.  During photoexcitation, 

ultrafast heating causes destruction of the CDW superlattice with an exponential decay 

away from defects.  Additionally, phonon generation during photoexcitation was examined 

due to the competition which may occur during the induced phase transition.  I discuss 

localized acoustic phonons which are visible in distinct specimen regions.  Specifically, 

phonon propagation appears separated by local morphological defects along the examined 

viewing direction.  These modes are induced by an initial c-axis longitudinal mode which 

causes in-plane modulations.  Within each layer, independent phonons travel with 

properties representative of longitudinal and transverse motion.  The phonons propagate 

with velocities agreeing with the longitudinal speed of sound for 1T-TaS2 in a direction 

parallel to the motion of an oscillation in the crystallographic planes.  In diffraction, in-

plane breathing modes oscillate with frequencies matching phonon propagation.  However, 

there is also an out-of-plane structural distortion which bends the specimen in the shape of 
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a transverse wave.  As a result, I present the mechanism for phonon propagation in a single 

layer as a combination of simultaneous structural distortions.  Each of the topics herein 

focus on the role of defects on photoexcited responses in 1T-TaS2. 
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1. Introduction 

The simultaneous push for size reduction and performance enhancement has 

allowed implementation of new materials into devices as small as tens of nanometers.1  

Moore’s law has accurately predicted the spatial reduction of electronic components for 

more than 50 years, such that some transistors are smaller than 5 nm.2-4  The rapid 

development of nanoscale electronics has enhanced data transfer speeds and computation 

performance by orders of magnitude during recent years.5  Minimizing the size of these 

devices has caused complications such as confinement effects where electron tunneling 

reduces the reliability of electron transport.6  Heat generation and electron scattering in 

nanoscale devices further reduce the efficiency.7,8  Some electronic processes occur at the 

nanometer-picosecond regime and are characterized via spectroscopy and microscopy (i.e. 

Raman spectroscopy and electron microscopy).  These techniques are exceptional at 

individually examining the temporal or spatial domains, but not simultaneously.9-12  This 

causes ensemble averaged observations in the temporal domain or a static representation 

of the structural mechanism. 

Heating and cooling causes a myriad of structural processes which force the specimen’s 

topology, morphology and structure to alter during excitation.13-17  One such example is 

temperature-dependent structural phase transitions that transform the specimen’s crystal 

structure to a more stable configuration.18,19  Another process is the generation and 

propagation of coherent acoustic phonons which reduce the electrical efficiency of 

devices.20,21  These structural modulations have been studied extensively from a large-scale 

perspective.22-24  However, they are still poorly understood in regards to their formation 

and behavior around defects.25,26  Nanoscale structural modulations act as the dominant 
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thermal carriers in electronic materials and induce mesoscale transformations, including 

lattice fluctuations.27  The ability to control propagating phonons via wave guiding or other 

manipulation techniques could enable applications which enhance electrical conversion 

efficiency in devices.28-30  However, these processes have been hidden from direct 

observation due to limited experimental capabilities, until recently. 

The research discussed here utilizes ultrafast electron microscopy (UEM) to 

achieve extraordinary spatiotemporal resolutions capable of capturing coherent acoustic 

phonons and structural phase transitions during photoexcitation.  The observed dynamics 

are initiated via impulsive photothermal heating over hundreds of femtoseconds.  I explore 

structural transitions in the transition metal dichalcogenide (TMD), 1T-TaS2,  then conduct 

detailed studies of the initiation and propagation of photoexcited phonon modes.  I 

demonstrate direct visualization of localized phonons separated by thickness dependent 

boundaries with identical launching mechanisms.  The structural distortions caused by 

these acoustic phonons are also illustrated and correlated to their real-space positions using 

diffraction.  I will finish with a discussion on the elucidation of the excitation mechanism 

by combining perspectives of diffraction and direct imaging. 

 

1.1 Layered Transition Metal Dichalcogenides 

Since the isolation of graphene, the layered TMDs have emerged as a class of 

materials with recently revamped interest.31-35  The layered designation originates from the 

ability to easily peel single-unit-cell thick specimens from a bulk specimen.36,37  When the 

specimen approaches a single layer, new electronic and physical properties emerge.38,39  

Specifically, single-layer MoS2 transitions from an indirect to direct semiconductor and 
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exhibits photoluminescence when thinned to a monolayer.40,41  Furthermore, TMDs contain 

a vast collection of properties and phases including semiconductors, metals, charge-

density-waves (CDWs) and superconductors.42-49  Since each material has similar structure, 

they can be stacked or bonded together to develop unique material properties.50,51  The 

amount of combinations of chemical composition and structure sequencing enables new 

avenues of research into these materials. 

The simplicity in isolating single layer, high quality thin films makes TMDs of 

interest for future and current device fabrication.52  Structurally, TMDs contain a network 

of transition metal (M) centers sandwiched on the top and bottom by chalcogens (X= S, 

Se, Te).  The unit cell has an MX2 structure with each chalcogen at the corner of a triangular 

prism as shown in Figure 1.1.53  The transition metal is centrally located inside of the 6 

chalcogens.  The unit cell can be oriented in an octahedral or trigonal prismatic orientation, 

where both have hexagonal symmetry.  For the octahedral orientation, the chalcogens have 

inversion symmetry through the transition metal, so they appear to be offset from one 

another by 60°.54  The trigonal prismatic orientation contains a horizontal plane symmetry 

through the transition metal. In this orientation, each chalcogen atom is positioned above 

or below another when viewed from the top.  These two configurations make TMD layers 

strong,  due to the network of covalent bonds between the transition metal and chalcogen 

atoms.55  Each layer is loosely bound to adjacent layers via weak van der Waals forces.56 
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Figure 1.1.  Comparison of trigonal prismatic and octahedral crystallographic 

configurations.  (a) The trigonal prismatic orientation for layered TMDs with the transition 

metal sandwiched between two layers of chalcogens.  When viewed from the top, the 

bottom chalcogen layer is hidden from view by the top layer.  This is displayed by the 

vertical lines in the unit cell.  (b) The octahedral configuration for layered TMDs.  The 

chalcogen layers are offset from one another by 60°. 

 

Due to the two orientations, the unit cell of a homogeneous TMD can orient itself 

into multiple structures by stacking different combinations of the trigonal prismatic and 

octahedral configurations.57,58  These structures are identified from one another using a 

two-character code preceding the chemical formula of the material.  The first character is 

numeric and designates the number of stacked layers composed of one period in the unit 

cell.  The second character represents the symmetry (e.g.,  T - Trigonal - 𝐷3𝑑, H - 

Hexagonal - 𝐷3ℎ, or R - Rhombohedral - 𝐶5𝑣
3 ).59-61  Examples of frequently observed TMD 
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polytypes are shown in Figure 1.2.  Each polytype exhibits different electrical and 

mechanical properties even with the same chemical composition.53,62,63  For example, 1T-

TaS2 contains CDW transitions around 180 K and 350 K, but the 2H polytype has one 

CDW phase which forms at 75 K.64-69  For WS2, the 1T and 2H polytypes are metallic and 

semiconducting, respectively, even when all morphological and compositional aspects of 

the materials are similar.70  In all TMDs, the 1T phase has an octahedral orientation and the 

2H phase is trigonal prismatic meaning the differences in electronic properties arise as a 

result of the structural modulation.50,71  The formation of each polytype is energetically 

favorable at specific temperatures and pressures for each composition.  However, rapid 

cooling techniques such as quenching have enabled pseudo-stability of nearly all polytypes 

at room temperature.58 
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Figure 1.2.  Sampling of polytypic configurations for layered TMDs.  The 1T, 2H and 

3R configurations are three examples of TMD polytypes.  Yellow atoms represent 

transition metals and maroon atoms represent chalcogens.  Unit cells are outlined by 

polygons for the top and side views.  The top views are illustrations of a single layer.  The 

first digit in the label corresponds to the number of layers in the unit cell.  The symmetry 

difference is most obvious by comparing the top view of the 1T and 2H phases.  In the 2H 

phase, chalcogen columns are aligned above one another causing lower atoms to be hidden.  

The chalcogen atoms at the top of the 1T unit cell are offset 60° from the bottom.  Note 



7 

 

that each top view contains only one layer because additional layers would result in all 

three top views appearing identical. 

 

The most frequent fabrication techniques for TMDs are exfoliation and chemical 

vapor deposition (CVD).72  Mechanical exfoliation (ME) is known for producing high 

quality, single-layered specimens through repetitively scraping away layers until the 

desired thickness is achieved.37,73  Liquid exfoliation (LE) inserts an intercalant between 

layers of the TMD, then is sonicated at frequencies exceeding 20 kHz.74,75  Both techniques 

take advantage of the weak forces between layers to separate them from one another 

repeatedly.36,37,42,72-77  In LE, the layers break apart from one another to create thin 

specimens suspended in the solvent.  The process is made more efficient by intercalating 

large ions between the layers before sonication.74  ME requires fewer steps and time, but 

has more wasted material and less scale-up potential.  LE retains most of the starting 

material in the sonicated vessel, but it requires additional procedures and time to effectively 

isolate specimens of a certain thickness.  CVD is becoming the most prominent technique 

for large scale fabrication of TMD specimens.78-81  Most preparations place chalcogen 

powder and transition metal oxide at the entrance of a tube furnace with an inert gas flowing 

over it.82  When heated, the precursor materials ionize and are carried along the tube before 

being deposited onto a substrate.  The ions settle onto the substrate into the configuration 

of a TMD polytype.  Parameters such as the flow rate, temperature and separation of 

materials can strongly influence the polytype of the synthesized crystal.83  Here, I examine 

1T-TaS2 because it undergoes three CDW transitions in addition to exhibiting a metallic 

phase. 
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1.2 Introduction to Charge-Density Waves (CDWs) 

When first theorized, CDWs were developed as an exercise on an infinite one-

dimensional (1D) chain of atoms.84,85  A thorough derivation of CDW formation in one, 

two and three-dimensional cases are in Appendix B.  The process is demonstrated for the 

two- and three- dimensional cases as well.  For a monatomic linear chain, the dispersion 

relation follows the same formula as a free electron gas..86-93  Figure 1.3 takes an evenly 

spaced chain and distorts it such that the atoms form pairs, the energy band breaks around 

the Fermi Energy (Ef).
90  The distorted structure has a lower energy making it more stable 

than the original structure.  The distortion is known as a periodic lattice distortion (PLD) 

due to the repetitions throughout the infinite 1D crystal.  The consequences of this PLD 

affect the electrical properties of the chain, reducing the conductivity.  Additionally, the 

stability of the structural distortion is temperature dependent indicating that a threshold, Tc, 

is required for the PLD  to form.94  As a result, a metal-insulator transition can be controlled 

by the temperature of the atomic chain.  As well, the PLD in a CDW is accompanied by a 

redistribution of charge across the lattice.  The lines above and below the atomic chain in 

Figure 1.3 approximate the charge density at various positions along the chain before 

(below) and after (above) the PLD.  Similar derivations were completed for two- and three-

dimensional systems but fail to stabilize like the 1D case.86  Many questions regarding the 

stability and mechanisms of CDWs in multi-dimensional systems remain unanswered; 

however, many two-dimensional (2D) TMDs contain this phenomenon. 
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Figure 1.3.  Schematic of a CDW forming in the 1D case.  (a) The high (red) and low 

temperature (blue) orientations of a chain of monatomic atoms and their corresponding 

electron density.  At high temperatures, each atom is evenly spaced with its nearest 

neighbor.  The electron density is distributed uniformly because of the equal spacing 

between atoms.  When cooled, the atoms distort into pairs, and the distance between repeat 

units, doubles in magnitude.  Electron density is increased near each pair and reduced 

between pairs resulting in a sinusoidal distribution.  (b) Dispersion for each configuration.  

For the undistorted case, the dispersion is continuous around Ef.  When the distortion 

occurs, a gap centered on Ef emerges, causing the chain to transition from a metal to an 

insulator. 

 

For the 1D case, researchers have been experimenting with CDW conductivity and 

efficiency for many years using single chain polymers and carbon nanotubes.95,96  In the 

TMDs, CDWs were first observed via an anomalous first-order resistive transition during 

cooling.64  The anomalous behavior was associated with structural phase transitions 

resulting in a hexagonal PLD.  Numerous studies have continued to elucidate the CDW 

formation and destruction from a microscopic viewpoint using emerging techniques which 

operate on the necessary spatial and temporal domains.97-111  However, the question of 
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whether charge reordering or the structural PLD occurs first is still open.  Most of the 

Group V TMDs (e.g., NbSe2, TaSe2 and TaS2) have at least one polytype containing CDW 

phases.112-114  Due to the hexagonal symmetry shared between TMDs, the resulting PLDS 

are often similar but contain small differences in the final structure.86  Specifically, 12 and 

6 Ta atoms are displaced during the PLD of 1T-TaS2 and 2H-TaSe2, respectively.  Here, I 

examine 1T-TaS2 in order to explore some of the unique structural dynamics which are 

influenced by the CDW phase transitions. 

 

1.3 1T-Tantalum Disulfide (1T-TaS2) 

1T-TaS2 has emerged as a viable candidate for applications including memristors 

and hydrogen evolution catalysis due to its unique structural phase diagram.115-117  At room 

temperature, the unit cell is one layer thick (c = 5.6 Å) with equal basal plane lattice 

parameters (a = b = 3.36 Å) and the space group, P3̅m1 (𝐷3𝑑).118  The 1T polytype is the 

dominant structure above 550 K, but can remain stable at room temperature when rapidly 

quenched under an inert atmosphere.59  The 2H polytype is energetically favorable when 

the material is slowly cooled or formed under atmospheric conditions.59  The 2H and 1T 

polytypes have different electronic and mechanical properties, so it is important to fully 

characterize each specimen before conducting experiments.  A full list of physical and 

electrical properties of 1T-TaS2 can be found in Table 1.1. 
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Property 160 K Reference 300 K Reference 

a (Å) 3.357 119 3.3649 118 

c (Å) 5.919 119 5.897 118 

Crystal Structure Trigonal 65 Trigonal 65 

Absorbance 0.21 97 0.21 97 

Thermal Conductivity (W/mK) 3.4 120 2.2 120 

Density (g/cm2) 6.86  121 6.86 121 

Molar Mass (g/mol) 245.1 121 245.1 121 

Expansion Coefficient ∥ (K-1) 12.7E-6 119 12.7E-6 119 

Expansion Coefficient ⊥ (K-1) Non-Linear 119 Non-linear 119 

Table 1.1.  Physical, optical and electronic properties of 1T-TaS2.  The values provided 

are taken directly from the references adjacent to each parameter. 

 

Most of the attention to 1T-TaS2 is from three CDW phases and a Mott insulating 

state during cooling.98,122-125  Transitions to each CDW phase contain different mesoscale 

coverage of a PLD where 12 Ta atoms converge towards a central 13th atom.126-128  The 

distortion coincides with the formation of a 100 meV band gap.127  In 1T-TaS2, there are 

three distinct CDW phases with different long range symmetries that were first detected by 

resistivity measurements.64,129-131  Figure 1.4 contains the temperature-dependent 

resistivity of a 1T-TaS2 specimen prepared via ME.  At temperatures above 550 K, 1T-

TaS2 is difficult to study due to an irreversible transformation to the 2H polytype.132  Below 

550 K, 1T-TaS2 forms an incommensurate (IC) CDW.133-135  At 350 K, a first order rise in 
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resistivity corresponds to the nearly commensurate (NC) phase.136-138  A fully 

commensurate (C) CDW transition occurs at 180 K during the final resistivity increase.122  

The C phase is stable as shown by the hysteretic gap during the heating cycle.139  These 

resistivity measurements were one of the initial results which led to further exploration of 

the unique electronic and structural phases of 1T-TaS2. 

 

Figure 1.4.  Resistivity of 1T-TaS2 with respect to temperature.  (a) During cooling, 1T-

TaS2 undergoes two first order structural phase transitions.  The NC and C CDW phases 

form at 350 K and 180 K, respectively.  The 20 K hysteresis loop demonstrates the high 

stability of the C phase.  (b) The PLD occurring during formation of the CDW phases.  The 

nearest and next-nearest neighboring Ta atoms distort inwards towards a central stationary 

pinning site.  The distorted atoms follow the shape of a Star of David, as shown by the 

outline. 
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1.3.1 Physical and Electronic Structure of CDWs in 1T-TaS2 

The C CDW is the most researched phase in 1T-TaS2 due to the rigid structure and 

high degree of symmetry.  The structure consists of an array of Ta pinning sites given by 

the lattice vectors in Equation 1.86 

𝑎𝑐𝑑𝑤 = 4𝑎 + 𝑏  and 𝑏𝑐𝑑𝑤 = 3𝑏 − 𝑎  (1) 

Here a and b are the primitive lattice vectors as shown in Figure 1.5.  The new lattice 

parameters are rotated 13.9° from the primitive cell, and the magnitude of acdw is 

approximately 1.2 nm.132  Within the Star of David configuration, the Ta atoms displace 

by a maximum of 2.5 Å (8% of the original lattice length).140  Within the Star of David, 

electron orbital overlap is strong suggesting that these pockets may contain very high 

conductivities.141  However, because of the increased distance between adjacent stars, the 

overall conductivity across the C phase is heavily reduced.  The NC and IC phases are 

illustrated in a variety of ways, but papers often report metallic zones of differing spatial 

sizes that surround regions containing the PLD.142-148  The most dominant representation 

of the NC phase is a network of domains containing the Star of David structure.  Between 

these domains, the original unit cell exists as shown in Figure 1.5.  Each first order 

resistivity increase is suspected to be a threshold of specimen coverage by the PLD.149  As 

a sufficient amount of the specimen experiences the PLD, the conductive pathways are 

closed off.  In the IC phase, the high conductivity correlates with a mostly undistorted 

specimen lattice. 
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Figure 1.5.  Structural configuration of CDW phases in 1T-TaS2.  (a) Expansion of the 

initial lattice parameters after the PLD.  When the PLD forms, the lattice vectors expand 

nearly four times in length and rotate by 13.9° (acdw and bcdw).  (b) The C phase completely 

distorts the specimen into an interlocking array of the PLD.  The NC and IC phases have 

more undistorted regions in the specimen which are conductive.  The arrow in the IC phase 

represents the free conduction of electrons, since a high percentage of the specimen does 

not experience the PLD. 

 

 Angle resolved photoemission spectroscopy (ARPES) has been used to reveal a 

100 meV band gap which opens concurrently with the formation of the PLD.127  Above the 

CDW temperature, the conduction band crosses the Fermi energy at multiple locations.150  

In the C phase, the basal plane bands form a gap in the Brillouin zone.  However, along the 

c-axis, one band crosses the Fermi energy between the Γ and A points.151  Since the PLD 

is mostly in-plane, the resulting conduction becomes strongly anisotropic.110  Numerous 

calculations and band structure measurements have been used to identify the relationship 

between the physical and electronic properties which compose each phase.152,153  Currently, 

the multi-dimensional mechanism driving CDW formation still is not well understood, and 

the reasons for their stability has yet to be uncovered. 
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The full unit cell for the C phase is shown in Figure 1.6a.86  Here, there are three 

different types of Ta atoms based on their proximity to the pinning site of the CDW.  When 

the CDW forms, the Brillouin zone remains hexagonal as shown in Figure 1.6b.  During 

this transition, the nearest band to the Fermi energy decreases creating the small band gap 

shown in Figure 1.6c.  Some density functional theory (DFT) calculations have predicted 

that layer offset and pinning site displacement cause CDW suppression due to orbital 

texturing and spin polarization.154-156  To complement many of these simulations, time 

resolved ARPES has emerged as an effective method to study electronic structure 

dynamics on their native temporal scales.157  Specifically, the bands around the Fermi 

Energy have been studied during the first few picoseconds of photoexcitation in 1T-

TaS2.
127,157-159  Hubbard band splitting causes an instability in the CDW superlattice above 

the transition temperature.160  Overall, the electronic and physical structures have been 

independently studied with thorough detail, but there have not been substantial 

opportunities to examine both simultaneously. 

 

 

Figure 1.6.  Reciprocal space and electronic structure of 1T-TaS2.  All components are 

modified from Rossnagel 2011.86  (a) Schematic of the resulting unit cell of the C CDW 

phase in 1T-TaS2.  (b) Brillouin zone of the 1T-TaS2 superlattice.  Arrows indicate the in-

plane CDW wave vector.  (c) Experimental ARPES spectra demonstrating the decrease in 
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energy for the bands directly below Ef.  The 390 K (left) spectrum corresponds to the 

metallic/undistorted phase and the 50 K (right) spectrum corresponds to the C CDW phase. 

 

1.3.2 CDW Destabilization by Structural Modification 

 Until this point, only pristine specimens at normal atmospheric conditions have 

been discussed.  Tuning specimen parameters such as thickness, composition, defect 

concentration and strain can influence the formation of the CDW phases.38,80,161-165  

Initially, the C phase was discovered to disappear in specimens thinner than 24 nm.115  

However, excessive surface oxidation caused the PLD to be less energetically favorable 

than the NC phase.  When 1T-TaS2 is prepared in an inert environment, specimens as thin 

as 3 nm maintain the PLD at low temperatures.164  The specimens described herein have 

thicknesses ranging from 50 to 80 nm, as determined by electron energy loss spectroscopy 

(EELS). 

 Reduction of thickness in 1T-TaS2 has been of interest due to the layer-dependent 

properties in other TMDs.  Regardless of thickness, the IC and NC phases continue to form 

at similar temperatures to a bulk crystal.73,80,162,164  However, the hysteresis loops between 

both CDW phase transitions shifts based on the thickness of the specimen.  For the bulk 

crystal, there is 1 K hysteresis for the IC to NC transition at 350 K.115  Once the specimen 

reaches 40 nm, the hysteresis loop expands to 10 K.115  This thickness range falls within 

the domain of specimens discussed throughout this thesis.  It is still unclear whether this 

hysteresis is based on an abrupt thickness threshold or instead occurs gradually.  For the 

NC to C phase transition, the transition temperature upon heating remains constant for all 

thicknesses.162  During cooling, the transition temperature gradually decreases from 180 K 
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to 100 K.115 In many instances, the NC phase is retained at temperatures down to the 

experimental limits regardless of oxidation or thickness, so the PLD must be stable in some 

regions of the specimen. 

 While oxidation and thickness have a large impact on CDW formation, there has 

been extensive computational studies on the effect of interlayer pinning site translation.154  

The purpose is to evaluate whether CDW stabilization requires an alignment of undistorted 

Ta atoms along the c-axis.  The band gap fails to emerge for stacking sequences when the 

central Ta atoms are offset from one another.154  Specifically, when the Ta pinning sites 

are offset between layers, DFT simulations show that the electronic bands cross the Fermi 

energy.154 It is still unclear how these simulations affect the structural distortion, because 

execution requires a fixed input structure.  Here, I examine structural modulations which 

interfere with the CDW superlattice.  For example, Sections 4 and 5 will demonstrate how 

CDW formation and acoustic phonon generation compete in the same spatial locations with 

one another. 

 The composition and defect concentration also alter the electronic and physical 

properties of 1T-TaS2 in the CDW phases.166-169  One example is the substitution of 

fractional quantities of Se into S positions resulting in 1T-TaS2-xSex.
169  The C phase in 1T-

TaSe2 is identical to 1T-TaS2, but only the latter exhibits the formation of an NC phase.  

When x is close to 1, the C phase fails to form due to lattice mismatch caused by the size 

difference between the two atoms. The NC phase is unaffected up to 80% Se until the 

composition of 1T-TaSe2 dominates.  This phenomenon is observed when a high defect 

concentration is present in a material.  Electron beam bombardment and specimen 

quenching over extreme temperatures causes vacancies and wrinkling, respectively.166  
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Each technique suppresses the C phase, but the NC phase is retained.  The stability of the 

PLD at defect positions will reveal the structural requirements for CDWs to form, allowing 

a more in-depth understanding of their formation.  Ensemble averaged techniques 

consistently show that the C phase requires strict structural and morphological 

consistencies to be retained in the phase diagram.166  Section 3 will discuss the topological 

dependencies of CDW formation in 1T-TaS2. 

 

1.4 Photoexcited Structural Responses in Layered Materials 

At the most fundamental level, phonons are a collective lattice oscillation.170  In 2D 

materials, these structural phenomena manifest themselves as periodic modulations which 

act as breathing modes and elastic deformations.171-174  Experimentally, a myriad of time-

resolved diffraction and spectroscopy techniques have been developed to enable phonon 

observation on their native time scales.11,175,176  Most TMDs absorb strongly in the visible 

portion of the spectrum, causing electron thermalization.177-180  These hot carriers couple 

to phonons which initiate breathing modes during the first 10 ps following excitation.181,182  

The excess energy in the lattice excites coherent and incoherent phonons causing structural 

oscillations which dissipate energy until equilibrium is achieved.183  Section 1.4 will 

discuss the structural responses in layered materials then proceed to the specific dynamics 

in 1T-TaS2. 

 

1.4.1 General Structural Responses 

 The bonding along the c-axis in 2D materials causes an anisotropic structural 

response during photoexcitation.  The absorbed energy transfers to the lattice causing 
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structural modulations including expansion, eigenmode distortions and acoustic phonon 

propagation.184  The initial energy transfer causes the lattice to expand which propels a 

mass displacement through the thickness of the specimen.185  Specifically, van der Waals 

bonding modulates a strain-driven c axis compression in MoS2 which initiates phonon 

propagation between the top and bottom layers of the specimen.186  This compression 

occurs as a consequence of thermalization and induces coherent intra-layer phonon 

modes.186  When excited via an ultrafast laser pulse, the energy is absorbed in the same 

time frame as the duration of the laser pulse.  The ultrafast energy increase induces 

structural deformations in short, medium and long temporal domains.  For the first 

nanosecond, acoustic phonons are generated as a byproduct of the principle axis 

compression.187-191  The phonons travel with velocities that agree with the longitudinal and 

transverse speeds of sound in the material.  These are localized deformations with well-

defined directions, velocities and positions in the specimen.  Within a couple of 

nanoseconds, the phonons decay and the lattice response transforms into mechanical 

drumming.  These are macroscale oscillations at the frequencies of the fundamental 

eigenmodes.192-195  After this domain, thermal carriers and ultrafast lattice distortions have 

dissipated most of the excess energy.  After the first nanosecond, the frequencies and 

velocities shift and broaden because the excited modes become incoherent in diffraction 

techniques.192,196  In Chapters 4 and 5, I will provide succinct descriptions of physical 

mechanisms of photoexcited phonon modes in 1T-TaS2 relative to topological and 

morphological features. 
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1.4.2 Photoinduced Structural Responses in 1T-TaS2 

The CDWs in 1T-TaS2 further complicate the structural responses during 

photoexcitation.  The superstructure within the specimen induces a competing time-

dependent stability that is absent from other materials.  Specifically, each CDW transition 

becomes more rigid due to the stabilized PLD.197  Differences in the elastic moduli 

influence the frequency and velocity of acoustic phonon propagation.  In 1T-TaS2, the 

phonon modes induce structural deformations which have the potential to disrupt the CDW 

lattice.  Dynamics associated with the formation and destruction of the CDW superlattice 

have been examined.98,126,198  However, the competition between the CDW superlattice and 

phonon propagation has not been studied prior to this work.  During a CDW phase 

transition via cooling, the elastic moduli increase.197  The improved rigidity would result 

in faster phonon velocities.  Secondly, heating via ultrafast techniques absorbs all the 

thermal energy in less than 1 picosecond.  The disappearance of the CDW has been 

examined extensively with the destruction of the superlattice ranging from 1 to 10 

ps.104,123,199-203  Unfortunately, the cooling dynamics for CDW formation have not received 

the same level of attention.  Furthermore, photoexcited acoustic phonons in 1T-TaS2 have 

not received an equivalent attention compared to the CDW transitions.  Photoexcited 

acoustic modes exhibit similar behavior to other layered materials in the high temperature 

regime.189  The electronic and physical dynamics agree with other TMDs, indicating that 

the modulations are also relatable.  Even the elastic moduli in the high temperature phases 

are similar to those in MoS2, resulting in phonon modes with similar frequencies and 

velocities.197,204,205  However, the competition between the PLD and phonon relaxation 

mechanisms have not been deconvoluted from one another. 
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1.5 Transmission and Ultrafast Electron Microscopy 

 Transmission electron microscopy (TEM) and the time-resolved analog, ultrafast 

electron microscopy (UEM), are direct imaging techniques capable of elucidating 

structures smaller than 1 nm.  To create an image, electrons are scattered from a thin 

specimen (<100 nm) and collected at the camera.  Here, the analyses examine elastically 

scattered electrons at the imaging and back-focal-planes to generate bright field images and 

diffraction patterns respectively. 

 

1.5.1 Contrast Mechanisms in Electron Microscopy 

The terms intensity and contrast will be used frequently throughout image analysis 

in the subsequent sections of this thesis.  Intensity will refer to the amount of electron 

counts detected by the camera at a specified location.  Contrast is a measurement in 

intensity differences between two locations as quantified in Equation 2.10 

𝐶 = 
𝐼2−𝐼1

𝐼1
= 

𝛥𝐼

𝐼1
  (2) 

I1 and I2 are the intensity of the two locations being compared.  Note that there is no 

distance parameter in this equation, so it characterizes intensity changes between any two 

locations in an image.  During the imaging techniques used in this thesis, most of the 

contrast is classified as amplitude contrast.10  Further, it can be broken into mass-thickness 

contrast and diffraction contrast.  Mass-thickness contrast governs the loss of electron 

transmission when the specimen is thicker or has higher atomic mass.10  Diffraction 

contrast is dependent on the relative orientation between the electron beam and the 

specimen.  When the orientation of the specimen satisfies the Bragg angle for a specific set 

of crystallographic planes, electrons scatter more frequently.  A flat, uniform specimen 
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would appear to have a certain intensity when imaged in TEM.  Due to diffraction contrast, 

tilting the specimen will change the observed intensity even though the thickness and 

composition are the same.10  The orientations of the specimen which appear the darkest are 

the angles which best satisfy the Bragg condition.  In real materials, the morphology is not 

always flat or uniform.  As a result, diffraction contrast reveals bends, dislocations and 

other structural features present in a specimen.  The contrast arising from structural features 

is a side-by-side- comparison of locations which experience strong elastic scattering and 

those that do not. 

Elastically scattered electrons deflect away from their original trajectory without 

losing kinetic energy.10  Most of the imaging capabilities in TEM rely on the detection of 

elastically scattered electrons.  When a material is crystalline, the atomic planes cause 

electrons to scatter under the jurisdiction of Bragg’s law.206,207  The positions of each 

scattered beam determined by the crystallographic structure and the planar distances.    The 

magnitude of scattered electrons is dictated by the alignment of the electron beam with 

each family of crystallographic planes.  Scattered electrons can be correlated to the 

thickness, orientation and structure of the specimen.208-210  Thicker specimens elastically 

scatter more electrons, forcing the quantity of unaffected electrons to decrease for 

conservation purposes.  The ability to elucidate complex crystallographic structure from 

scattered electrons remains one of its most powerful capabilities.  For example, the 

diffraction pattern (DP) of 1T-TaS2 yields spots which are positioned hexagonally around 

the direct beam.  Further, the symmetry of the CDW superlattice has its own periodicity, 

which translates to additional diffraction peaks.  Diffraction operates in an inverted space 

compared to imaging, so the planes with the largest spacing appear closest to the direct 
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beam in diffraction.10  Overall, diffraction provides the possibility to examine 

morphological variations in TEM imaging. 

Many of the contrast features within TEM imaging arise from local alterations in 

specimen orientation.  Bend contours are one example since they exist in most TEM 

specimens.211,212  Figure 1.8 contains the schematic of a bent specimen and some 

highlighted crystallographic planes.  In this example, the planes oriented closest (but not 

aligned with) the optic axis experience the strongest scattering for the current orientation.  

The images below contain two dark bands aligned with the strongly scattering planes.  

Portions of the specimen oriented further away from the strongly scattering position 

experience minimal scattering and appear bright.  Figure 1.7b demonstrates how the image 

changes when the specimen is tilted.  Here, the strongest scattering planar orientations have 

the same relative alignment as Figure 1.7a.  However, they are in different positions on the 

specimen resulting in a shift of the dark contrast bands.  Because this specimen has an 

elliptical shape, the dark bands move to the region of the specimen which meets the Bragg 

condition.  Sharp contrast features are one of the most useful aspects of TEM imaging, but 

care must be taken when assigning physical and structural phenomena to these 

observations. 
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Figure 1.7.  Schematic of bend contour formation in TEM images.  (a) Bend contour 

position of an example specimen orientation.  Arrows indicate the direction of electron 

propagation towards the specimen.  The red lines correspond to orientations of maximum 

scattering relative to the incident electron beam.  The two black bands appear in the image 

below the location of the red planes due to the high scattering alignment.  (b) When the 

specimen is tilted such that different planes maximize the scattering condition, new 

locations on the image appear dark.  By tilting the specimen, contrast features appear to 

move through the specimen even though the specimen morphology is constant.  

 

1.5.2 Imaging Modalities 

 Scattered electrons can be used to create bright field (BF), dark field (DF) and DP 

images in a TEM.213  Figure 1.8 contains a simplified schematic illustrating the formation 

of each type of image.  In all three modes, the electron beam is transmitted through the 

specimen causing scattering.10  Then, electromagnetic lenses direct electrons scattered by 

at the same scattering vector to the same position on the back-focal plane (BFP).  For BF 



25 

 

and DF imaging, the objective aperture (OA) is placed at the BFP.214  The direct beam (BF) 

or a scattered beam (DF) pass through the OA with all other electrons blocked.  DPs are 

generated by placing the camera at the BFP.10  In reality, the camera and OA are fixed in 

position while the electromagnetic lenses manipulate the electron beam to change the 

location of the BFP.  In BF imaging, strongly scattering regions appear dark on the camera.  

In contrast, high scattering regions appear bright in DF imaging 10  This enables a single 

set of planes to be examined via DF imaging.  For structural characterization, diffraction 

is the most useful and efficient modality.215  In diffraction, the electromagnetic lenses 

ensure that each electron with the same scattering vector is directed to the same spot on the 

BFP.10  This results in spots that correspond to all the possible scattering vectors within the 

specimen as shown in Figure 1.8c.  The large spot in the center of image is the direct beam 

and contains electrons that reached the camera without elastically scattering.  The first 

order planes are closest to the direct beam and higher order spots fade the further away 

they are.  The position of each spot provides the angular and radial components of the 

corresponding set of planes within the material’s unit cell. 
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Figure 1.8.  Comparison of imaging modalities in TEM.  (a-c) Simplified schematic of 

BF (a), DF (b) and DP (c) image formation.  In each imaging modality, the electron beam 

scatters when interacting with the specimen.  The scattered and direct beams are redirected 

by electromagnetic lenses such that all electrons with the same scattering recombine at the 

BFP.  In BF and DF imaging, the OA is positioned at the BFP allowing only one electron 

beam to pass to the detector.  In diffraction, BFP is imaged resulting in the spotted pattern 

shown.  Note that these are simplifications and there are more focusing lenses between the 

BFP and camera.  As well, the camera and OA are fixed in position and the lenses are 

adjusted in order to position the location of the BFP. 
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1.5.3 Conversion to an Ultrafast Electron Microscope (UEM) 

 The development of the UEM was initiated by applying the principles of time-

resolved spectroscopy to a TEM.175,196,216-218  The fastest high speed cameras are able to 

detect phenomena occurring within a few microseconds.219  However, the described 

photoinduced processes occur at least three orders of magnitude faster.  Inserting two 

ultrafast laser pulses into a TEM enables the stroboscopic capture of the dynamics 

occurring at temporal domains down to femtoseconds.192-194,196,216,217,220-226  Here, a cold 

LaB6 cathode is illuminated by ultrafast laser pulses which photoelectrically extracts 

electron packets of proportional size.227  The incident pulse energy must exceed the work 

function of the LaB6 (2.86 eV) cathode in order to extract electrons.228  Initially, the 

electron packets have similar durations to the incident laser pulse, but coulombic 

interactions and dispersed emission directions cause them to spread out.227  The extracted 

electrons propagate along a similar path to thermionic operating conditions with a much 

lower flux, but higher local densities.  In thermionic operation, the LaB6 cathode is heated 

uniformly, resulting in uniformly emitted electron density.229,230  During UEM operation, 

electrons are only emitted when the cathode is illuminated by a laser pulse resulting in 

decreased signal and spatial coherency.231 

 The mechanism of electron propagation and image creation is identical between 

thermionic and UEM imaging.  Figure 1.10 illustrates the implementation of the laser 

pulses in order to include temporal resolution during image acquisition.  Laser pulses are 

sent into the TEM through two ports attached near the gun (probe) and specimen (pump) 

regions.187  The pump excites the specimen and the probe extracts electrons from the 

cathode.  The pump and probe are operated with a given repetition rate which allows the 



28 

 

specimen to fully relax before next pump pulse arrives.  UEM imaging fails to form if the 

specimen is not at equilibrium upon the arrival of each subsequent laser pulse.  For a 20 

kHz repetition rate, the specimen is illuminated every 50 µs meaning it must fully relax in 

less time.  The probe is aligned relative to the pump so that the difference in arrival at the 

specimen is Δt is the delay.  When Δt = 0 ps, the pump and probing electron packets reach 

the specimen at the same time.  Negative and positive time-points correspond to the arrival 

of the probe electrons before and after the excitation, respectively.  Figure 1.9 illustrates 

the procedure of acquiring a single UEM image.  Many pump-probe repetitions (greater 

than ten-thousand) are required to capture enough electrons to form suitable contrast in an 

image.  Each repetition must reproduce an identical snapshot of the dynamics, otherwise 

the final image will contain a convolution of multiple phenomena.  Note that the temporal 

resolution of each image is determined by the size of the electron packets when they 

interact with the specimen.  For temporally broadened packets, the spatial and temporal 

resolution worsen because each snapshot contains a larger spread of the dynamic process.  

This technique requires each process to be reversible due to the equilibration requirement 

between each pump-probe cycle.  Using this technique, propagating acoustic phonons and 

other structural modulations caused by optical excitation will be examined. 
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Figure 1.9.  Schematic describing the logic of UEM operation.  A traditional TEM has 

been modified to include two input ports for insertion of the pump and probe laser pulses.  

The probe is directed towards the cathode which photoelectrically extracts electron packets 

that propagate similarly to thermionic conditions.  The pump pulse is directed onto the 

specimen and is used for photoexcitation.  The temporal difference of arrival time at the 

specimen between the pump and probe is the delay (Δt).  For each cycle, a pump pulse 

interacts with the specimen inducing a response.  The probe captures a snapshot of the 

specimen response determined by the delay.  Next, the specimen is allowed to equilibrate 

before arrival of the subsequent pump pulse.  The procedure is repeated until each image 

contains enough contrast as shown by the 10 s acquisition. 
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2. Methods 

 The research performed at the University of Minnesota was primarily conducted on 

the FEI Tecnai Femto UEM (Thermo Fisher Scientific) which is operated and maintained 

by the Flannigan research group.  Techniques which are supplementary to the UEM were 

utilized, but are described briefly when the data is presented.  Here, I discuss the important 

requirements for a successful UEM experiment starting with specimen preparation and 

finishing with instrument characterization.  This chapter will finish with characterization 

of some general characterizations of 1T-TaS2 using the UEM setup. 

 

2.1 Specimen Preparation – Mechanical Exfoliation 

 As described previously, ME is a fast and easy technique used to prepare thin TMD 

specimens.  The technique’s greatest strength is the ease of preparing high-quality 

specimens.  However, the technique is not capable of fine control over the shape and 

morphology, nor currently suitable for industrial scale up.232  Techniques such as CVD 

address the scale up issue and creates specimens which conform to the shape of a substrate.  

Here, I use ME to cheaply and effectively thin 1T-TaS2 specimens until they were able to 

be used in the UEM.   

In UEM experiments, specimens must be thin (< 100 nm) for a high percentage of 

the electron beam to transmit to the detector.  The weak bonding along the principal axis 

of 1T-TaS2 allows layers to be peeled away from one another by applying Scotch tape to 

the basal plane of the bulk specimen.  The procedure known as the Scotch tape method can 

be followed schematically in Figure 2.1.32  The tape adhesive is strong enough to peel away 
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many layers from a bulk 1T-TaS2 crystal when attached to it.  The first time the tape is 

adhered to the bulk crystal, the flakes which transfer to the tape are visible without 

magnification.   Applying a second piece of tape to the first one, cleaves more of the 1T-

TaS2 layers producing thinner flakes.  The procedure is repeated until the the 1T-TaS2 

flakes are barely visible in an optical microscope.  At this point, they are typically thin 

enough for UEM experiments, but can be thinned further if necessary.  Once an appropriate 

crystal thickness has been achieved, the tape is adhered to a NaCl substrate.  The structure 

is washed with isopropyl alcohol (IPA) and heated repeatedly until the adhesive on the tape 

completely dissolves.  The tape is peeled away, leaving the 1T-TaS2 flakes on the NaCl 

crystal.  A drop of Poly (methyl methacrylate) (PMMA) in Anisole (4% wt.) is placed on 

the top face of the NaCl substrate.  When heated, the PMMA polymerizes, forming a carbon 

network which entangles the 1T-TaS2 specimen.  The film can be handled easily and placed 

over a TEM grid capable of supporting the TaS2 flakes.  Acetone is added dropwise to 

dissolve the PMMA network, releasing the 1T-TaS2 specimens onto the grid before being 

dried for multiple hours. 

 

 



32 

 

Figure 2.1.  Mechanical exfoliation procedures for layered TMDs.  Scotch tape is used 

to pull away thin flakes of 1T-TaS2 from a bulk crystal which is then adhered to a NaCl 

crystal.  The adhesive is dissolved using IPA, then dried leaving the 1T-TaS2 flakes on the 

NaCl.  One drop of  PMMA is placed onto the NaCl crystal and heated, causing it to 

polymerizae over the flakes which entangles the 1T-TaS2 specimens.  The salt crystal is 

dissolved in deionized water and the remaining PMMA network is placed over a TEM grid.  

The PMMA is dissolved using acetone and the grid is washed to minimize the amount of 

polymer residue.  The flakes remaiing on the TEM grid are dried for multiple hours in 

ambient conditions.  

  

2.2 Characterizing an Ultrafast Electron Microscope 

 The UEM is a recently developed instrument which expands on the imaging 

capabilities of TEM by implementing the principles of ultrafast spectroscopy.  This section 

will discuss the characterization parameters necessary to utilize the principles illustrated in 

Figure 1.10.  I will discuss the setup and characterization of the Flannigan group UEM at 

the University of Minnesota. 

 

2.2.1 Setup of the Laser System 

 The two primary components required for UEM setup are a pulsed laser source and 

conventional TEM.  The pathways for the laser pulses are shown in Figure 2.2.  The 

Flannigan group uses a 1030 nm, diode-pumped, Yb:KGW, solid state laser (PHAROS, 

Light Conversion) with a maximum power of 6 W and variable repetition rates up to 1 MHz.233  

Directly after the output of the PHAROS, a harmonics module (HIRO, Light Conversion) 
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frequency doubles the original beam to 515 nm.  After exiting the HIRO, the laser beam travels 

through a home-built alignment system which directs it to the TEM entry ports.  The first and 

second harmonics are separated using dichroic mirrors specific to each wavelength.  Note that 

it is possible to use a portion of the second harmonic as the pump, but none of the experiments 

within this thesis utilize this feature, so it will not be discussed.  The second harmonic is 

frequency doubled in a beta barium borate (BBO) crystal (Eksma Optics) to produce the 

fourth harmonic (257.5 nm) which exceeds the work function of the LaB6 electron source 

(433 nm).234-236  Delays are achieved using path-length changes along a one-meter variable 

delay stage (PRO165LM-1000, Aerotech) with a retroreflector.  The delay stage has a 

mechanical error of ±2.5 μm (8.3 fs), which is smaller than the pulse limited resolution of 

the laser.  The delay stage has a 6.7 ns range when the maximum length of the path is used 

for the entry and exit of the beam.  To achieve temporal delays longer than 6.7 ns, a Q-

switched, Nd:YAG laser (Wedge HF, Light Solutions) replaces the original probe with a 

fundamental frequency of 1064 nm and repetition rates up to 100 kHz.237  Similar 

frequency doubling occurs except a lithium triborate (LBO) crystal replaces the harmonics 

module.  This laser is electronically triggered by a delay generator (DG353, Stanford 

Research Systems) relative to the pulses in the PHAROS.  The electronic communication 

occurs much slower than the propagation of light pulses within the system, so the Wedge 

pulses are triggered off the pulse directly following the pump pulse it is intended to align 

with.  This process does not operate differently than when the pump and probe originate 

from the same source.  A magnetic mount is used to switch between the configurations of 

the two lasers as shown in Figure 2.2.  Two lenses are positioned directly before the TEM 

in order to control the sizes of the pump and probe on the specimen and cathode 

respectively. 
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Figure 2.2.  Setup of the laser system used in UEM.  The PHAROS outputs a first 

harmonic of 1030 nm, which is frequency doubled using the HIRO.  The first harmonic is 

split from the second harmonic and directed along the delay stage using a dichroic mirror.  

The second harmonic is split such that half of the beam travels a collinear path with the 

fundamental frequency.  The other half is frequency doubled to the fourth harmonic, 

thenboth beams are directed to a top table.  Only plane mirrors are on the top table which 

direct the beams to the height of the TEM entry ports.  The first harmonic is used for 

specimen excitation and the fourth harmonic photelectrically extracts electrons from the 

cathode.  This graphic contains the option to use the second harmonic for specimen 

excitation, but will not be used in this thesis. 
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2.2.2 Adaptations and Consequences 

 The two critical adaptations to the 

traditional TEM is the installation of two 

entry ports at the gun and specimen regions 

as shown in Figure 2.2.  The two ports are 

located on the left side of the schematic in 

Figure 2.2b and the laser pulses are shown 

at the top (probe) and bottom (pump).  The 

cathode remains cold during UEM 

operating conditions so that electrons are 

only extracted when a laser pulse is 

incident.  Consequently, the electron beam 

becomes pulsed as shown by the electron 

packets (right) propagating down the 

column instead of the continuous emission (left) in Figure 2.3.  For the Tecnai Femto, 

periscopes consisting of two alignment mirrors controlled by piezo electric motors were 

fastened to the sides of the microscope with windows enabling the pump and probel to 

enter.  Additionally, small mirrors in the gun and specimen region are used to direct the 

final beams onto the cathode and specimen with 4° incident angles.  Due to the size 

constraints in these regions, the positions and size of these mirrors must be small in order 

to prevent interfering with the electron beam as it passes.  However, the size also makes it 

more difficult to complete laser alignments.   

Figure 2.3.  Modifications required to 

convert a TEM into a UEM.  (a) 

Schematic of an unmodified TEM.  (b) 

Schematic of the UEM configuration, 

containing two optical ports near the 

cathode and specimen, enabling the 

insertion of ultrafast laser pulses. 
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The cathodes used in the Tecnai Femto are larger than traditional LaB6 cathodes 

and have a different composition.  Typical LaB6 cathodes have a 15 μm emission surface, 

but the tips used here range between 50 and 100 μm.238,239  The larger size enables complete 

absorption of the laser pulse due to the increased surface area.  A higher number of 

photoelectrons increases the signal to noise ratio of acquired images.  As well, simulations 

have shown that the increased size should not result in a loss of the overall collection 

efficiency.240  Furthermore, the LaB6 cathode is surrounded by a graphite coating for 

stabilization purposes.  Most UEM experiments require multiple hours to complete, and 

traditional cathodes will drift over this time period.  The graphite coating retains the 

stability of the cathode position during constant bombardment of incident laser pulses.  The 

Wehnelt and condenser apertures are larger than typical TEM setups, so that the amount of 

electrons which make it to the specimen is increased.  Most apertures in a TEMare used to 

increase the spatial coherency of the electron beam, however in UEM the increase in 

electron counts is more beneficial than the resolution reduction.10  Typical repetition rates 

in UEM experiments are around tens of kHz depending on the excitation lifetime of the 

material.  As such, over 99% of the acquisition is the background of the camera.  The 

tradeoffs with each adaptation focus on increasing the number of photoelectrons to enable 

the ability to capture dynamics at the femtosecond regime.  Ultimately, the  theoretical 

limit is equal to the duration of the laser pulses.  However, each adaptation increases the 

spread of the electron beam and lowers spatial resolution.  Therefore, the balance between 

acquisition signal and spatial resolution becomes a compromise for UEM experiments. 
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2.2.3 Laser Pulse Quantification 

 The pump and probe are used to excite and image structural dynamics within solid 

state materials, respectively.  Parameters such as the laser pulse duration, spot size and 

power can significantly affect the results of a UEM experiment.227  Pulse duration is one 

of the most obvious candidates for experimental variation during UEM experiments..  From 

the pump perspective, a long pulse duration can induce dynamics at any time within its 

interaction with the specimen.  For a long interaction, dynamics could be induced at 

different times causing internal interference in the specimen.  Interfering dynamics are not 

reproducible and will have different structural mechanisms between each UEM cycle.  In 

contrast, short pulses induce repeatable responses where the incident laser light is absorbed 

much faster than the resolution of the instrument.  The duration of the laser pulses used to 

extractelectron probe packets is equally important, because it correlates to the temporal 

resolution of the instrument.227  When each pulse is absorbed by the LaB6 cathode, the front 

and rear are absorbed at different times.  This causes the electrons to be extracted in a 

distribution which matches the temporal profile of the laser pulse.  As the packet propagates 

down the column, electrons repel one another causing packet broadening.  In order to detect 

factual responses, the interaction time of the electron packet and specimen must be much 

shorter than the photoinduced response.  As a result, the duration of each incident laser 

pulse is critical for evaluating the temporal responses within UEM. 

To determine the pulse duration of the pump and probe, second harmonic 

generation frequency-resolved optical grating (SHG FROG) was used as shown in Figure 

2.4.241  The laser is directed through a 50/50 beam splitter resulting in two equal intensity 

outputs travelling normal to one another.  The probe pulse is directed towards a fixed set 
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of mirrors while the gate pulse travels along a delay stage.  Both pulses are realigned after 

the delay mechanism so they are a half-inch apart, and parallel to one another.  Next, they 

are focused by a converging lens such that they cross in the center of a LBO crystal.  When 

the two pulses are temporally and spatially overlapped in the crystal, they combine to create 

an output pulse of double the energy.  The new pulse exits the crystal along the optic axis 

as shown in Figure 2.4a.  When the distance on the delay stage matches the distance of the 

fixed mirrors, the amplitude of the frequency doubled beam reaches a maximum.  Here, 

the frequency doubled signal was measured on a silicon photodiode connected to an 

oscilloscope.  Figure 2.4b contains the frequency doubled spectrum and intensity profile 

taken directly from the PHAROS laser source.  The autocorrelation intensity spectrum is 

described by Equation 3 which is the square of the equation for two identical pulses.242 

𝐼(𝜔, 𝑡) =  |∫ 𝐸(𝑡, 𝜏)
∞

−∞
𝑒−𝑖𝜔𝑡𝑑𝑡|

2
  (3) 

Here, E(t, τ) is the time-dependent overlap between the two pulses at a given time 

difference (τ).  When the signal is deconvoluted, the pulse duration is extracted from the 

full-width at half-maximum (FWHM).  Here, the FWHM of the autocorrelation spectrum 

is 724 fs and the deconvoluted pulse duration is 514 fs. 
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Figure 2.4.  Setup of the home-built SHG FROG autocorrelator used to identify laser 

pulse duration.  (a) A laser pulse with an unknown temporal duration is directed towards 

a 50/50 beam splitter causing half the beam to be reflected towards a delay stage and 

transmit the rest to a set of fixed mirrors.  The beams are aligned parallel to one another 

before entering opposite sides of converging lens.  The LBO crystal is positioned at the 

cross-over of the two beams.  When the delay stage is positioned such that the probe pulse 

and gate pulse travel the exact same distance, they are overlapped in space and time, 

resulting in a frequency doubled beam represented by the green beam.  The intensity of the 

frequency doubled beam is detected by a silicon photodetector at each position along the 

delay stage to acquire the convoluted autocorrelation signal.  (b) Example autocorrelation 

spectrum of the laser pulses used in UEM experiments on 1T-TaS2.  The solid black line is 

the raw data and the red dashed line is a Gaussian fit.  The spectrum observed here is the 

convolution of the unknown pulse with itself corresponding to a FWHM of 724 fs.  The 

deconvolution yields the duration of a single pulse which was 514 fs for this example. 

 

 Another important UEM parameter is the size of the laser pulse when it interacts 

with the cathode and specimen.  The beam waist is the minimum radius of the laser once 

passed through a converging lens and measured at the focal point.243  When incident on a 

specimen, the size of the pump contributes to the excitation profile and dictates which 

regions will experience elevated temperature increases.  Here, the specimens examined are 

much smaller than the spot size, so uniform heating is a valid approximation.  Additionally, 

decreasing the spot size, increases the fluence on the specimen for a constant incident 

power.  Most often, more absorbed energy results in amplification of visible UEM 
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dynamics.  Techniques such as ultrafast electron diffraction (UED) have used large spot 

sizes for many years as an effective method to identify coherent structural oscillations in 

large uniform specimens.175  However, the development of UEM enables the discoveries 

of UED to be explored further with finer spatial resolution.  This includes defect mediated 

phenomena that eluded previous capabilities.  Secondly, photoelectron extraction 

efficiency is dependent on matching the pulse size of the probe to the diameter of the 

cathode.  Small spot sizes result in oversaturation and potential damage at the center of the 

cathode.  Large spot sizes do not direct all of the light onto the cathode, reducing the 

quantity of extracted electrons.  The spot size in each experiment was measured using a 

knife edge procedure.244  The laser is directed past a sharp edge on a motorized motion 

stage, such that the edge cuts portions of the beam when it is partially obstructing it.  The 

laser light which passes the edge reaches a photodetector which reads the intensity.  When 

the edge is sufficiently away from the beam, a maximum intensity is detected.  As the edge 

moves across the beam, the intensity diminishes.  The derivative of the profile has a 

Gaussian function form where the FWHM is the spot size of the laser pulse. 

 

2.2.4 Laser Alignment and Calibration 

 The laser parameters drive the resulting dynamics and enable efficient 

photoelectron extraction for UEM imaging.  When the instrument is not under vacuum, the 

column and gun region can be opened and aligned using targets near the cathode and 

specimen locations.  During operation, alignments within the column cannot be accessed 

as easily, and are equivalent to random trial and error..  This section will discuss techniques 
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that have been developed in order to assist in the final alignments of the pump and probe 

pulses. 

 Probe alignments are the simpler alignments, because the extracted electrons have 

a larger spatial range where they can be detected.  The cathode is heated until the 

thermionic beam is barely seen on the camera.  When the laser is first directed into the gun, 

it typically will extract electrons from the Wehnelt aperture or another object in the gun 

assembly.  Electrons from each of these locations are detectable on the camera.  Using the 

camera, the final mirrors are manipulated to direct the laser onto the cathode instead of the 

erroneous locations..  The primary issue with electrons emitted from the Wehnelt is the 

timing difference between the pump and probe.  The Wehnelt aperture is positioned 

hundreds of microns in front of the tip which decreases the path length of the electrons. 

The pump requires a more robust technique because the location of the pump is not 

directly observable in the microscope.  Carbon based films are destroyed easily when 

illuminated with 1030 or 515 nm light as shown in Figure 2.5.245  Here, three brands of 

Quantifoil and one carbon film from Ted Pella were compared.  Each image is the 

difference between the carbon films, before and after laser excitation with 9 mW of 1030 

nm light at 200 kHz.  The mirrors in the periscope are used to manipulate the pump around 

the grid until it is the proper location.  To identify which carbon films respond strongest to 

the first harmonic, four types were tested.  Here, Protochips Quantifoil proved to be the 

most effective for locating the pump due to the magnitude of the difference images.  Once 

the pump is close to the center of the grid, the alignment can be further refined by increasing 

the magnification.  Most specimens are imaged at higher magnifications than those shown 

in Figure 2.5, so ensuring the pump is still aligned at higher magnifications is critical. 



42 

 

 

 

Figure 2.5.  Comparison of laser induced contrast changes in various carbon 

architectures.  (a) Difference images of each brand of Quantifoil tested.  Each image is 

the difference between the film when the laser is on and off.  The highest contrast was 

observed in the Protochips Quantifoil using 9 mW of power at 200 kHz.  These burnt 

regions are used to identify the location of the laser pulse on the specimen before an 

experiment is begun.  (b) Normalized intensity difference of each burn region for each film 

shown in (a).  The total contrast change observed by aligning the incident laser is highest 

when using the Protochips Quantifoil. 

 

 The final alignment is the linearization of the delay stage for every accessible time 

delay.  For every position of the retroreflector, the laser must reflect off the same position 

when entering and exiting.  Small deviations result in significant beam displacementson 

the specimen due to the path lengths of the UEM setup.  If the laser is moving throughout 

the image acquisition as a result of the delay stage, the specimen will not heat identically 
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for each pump-probe cycle.  In some instances, the large spot size of the incident laser 

beam mitigates these issues, but only for specimens much smaller than the amount of drift 

occurring.  Here, the retroreflector ensures that the beams exiting and entering the delay 

stage are always parallel to one another, even if not aligned properly.  As a result, the initial 

direction of the laser pulse is the only modular parameter.  This pulse must be parallel to 

the translation of the delay stage in order to eliminate mechanical beam drift in the UEM.  

The setup can be followed in Figure 2.6.  To perform this alignment, an iris is placed 

beyond the exit location of the delay stage.  Initially, the retroreflector begins at the front 

of the stage and the iris is positioned with the beam in the center.  Two alignment mirrors 

are placed before the delay stage and adjusted to overlap the positions of the beam for all 

locations of the retroreflector.  The first mirror is used to position the beam while the 

retroreflector is near the front of the stage (Position 1) and the second mirror for the back 

(Position 2).  The retroreflector is moved back and forth repeatedly until the laser position 

on the iris does not appear to fluctuate by eye.  At this point, the Quantifoil is used to refine 

the alignment within the TEM.  The procedure is repeated using the Quantifoil in place of 

the iris and a much longer path length.  At the end, the laser appears at the same position 

of the Quantifoil regardless of the delay stage position. 

 



44 

 

 

Figure 2.6.  Fine alignment of the delay stage and retroreflector insidue of the UEM.  

Alignment of the delay stage is performed by directing the laser beam from the source 

through two variable mirrors and an automated delay stage with a retroreflector.  When the 

retroreflector is near the front of the stage (Position 1), the mirror labeled 1 is used to orient 

the laser beam onto the iris.  When the retroreflector is moved to the back of the stage 

(Position 2), mirror 2 is used for alignment to the iris.  The stage is moved back and forth 

using the same mirrors for each position until the laser beam is centered on the iris for 

every location of the delay stage.  Due to the large distances between the delay stage and 

specimen, variations are still expected when directing the beam into the TEM.  As a result, 

Quantifoil replaces the iris for finer alignement in the UEM, at the position where the 

specimen would be.  The process is repeated until delay stage movement causes minimal 

movement of the beam.  The images show the amount of beam translation for delays 

separated by 1 m.  The white circle has been positioned in the exact same location on each 

frame for reference of the position of the laser beam.  The two white arrows point to some 

additional contrast which occurs on opposite sides of pump position, indicating there is still 

a minimal difference in beam trajectory at the two positions used here. 
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2.2.5 Time-Zero Determination and Instrument Response Function 

 Two terminologies which describe the timing of UEM experiments known as 

experimental time-zero and true time-zero.  Experimental time-zero is material dependent, 

and is defined as the first image where dynamics are observed from an image sequence.  In 

some instances, a material does not produce a discernable photoexcitation response until 

significantly after the excitation.  True time-zero refers to the position of the delay stage 

causing the pump and probe arrive at the specimen simultaneously.  Determination of true 

time-zero requires a material response which is much faster than the temporal resolution 

of the operating conditions.  In some UEM systems, photo-induced near-field electron 

microscopy has been employed to identify the spatiotemporal overlap of the pump and 

probe pulses.246,247  However, this technique requires a spectrometer capable of measuring 

the electron energy losses, which is not available here.  Instead, a high energy laser pulse 

is positioned incident on a metallic surface which generates an electron rich region that 

deflects the probe when it is temporally overlapped with the pump.248  Figure 2.7 

deomnstrates electron deflection towards the center of the opening as represented by 

reduction in the hole width.  Since the relaxation is much faster than the resolution, the 

response forms an error function, where the differentiated FWHM correlates to the 

instrument response function (IRF). 
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Figure 2.7.  Time-zero and IRF determination via plasma lensing in UEM.  (a) Example 

BF image of a 1000 mesh copper TEM grid (Ted Pella).  (b) The intensity line scan taken 

along the red line in (a) with the width of the hole indicated.  (c) The hole width with 

respect to pump-probe delay.  Before the laser pulse has interacted with the copper grid, 

the width remains steady.  When the laser pulse arrives, the hole shrinks and each side can 

be fit to an error function with variable position, amplitude, background and FWHM 

parameters.  The position and FWHM parameters govern the location of time-zero and the 

IRF respectively. 

 

 The IRF and temporal resolution is most impacted by the size and density of each 

electron packet.  Electrons at the front and back of each packet scatter during interaction 

with the specimen at different times.  Each temporal variation between electrons, develops 

a  different snapshot of the final image.  Even small separations cause scattering at different 

times within the material response which blur an image.  Image acquisitions require 

hundreds of thousands of repetitions, so every image contains the scattering signal of the 

entire length of the electron packet.  This results in broadened dynamic signals andblurry 

images.  Reduction of the size of the electron packet increases the spatiotemporal resolution 

of each image, but cannot be considered alone.  Compressing many electrons into a single 
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packet simultaneously reduces the resolution because it strengthens the columbic 

repulsion.  The best resolution would be achieved by photoemitting a single electron using 

an infinitesimally small pulse.  This would ensure that identical dynamics are observed 

with every repetition and the theoretical resolution would be identical to thermionic 

operating conditions.  Unfortunately, current limitations in laser pulse duration and time 

restraints for an experiment require a balance between photoelectron extraction. 

 

2.2.6 Automation and Acquisition 

Acquisition of UEM images require a sensitive camera capable of leaving its shutter 

open longer than typical electron microscope acquisitions.  Here, a Gatan Orius SC200B 4 

megapixel fiber-coupled charge-coupled device (CCD) camera and a Gatan OneView 16 

megapixel completely metal-oxide semiconductor (CMOS) camera were used for UEM 

imaging.  The Gatan Digital Micrograph Suite (DM) is used to operate the cameras and 

performe analysis on the the images acquired.  However, many DM restrictions reduce the 

capture capabilities of UEM dynamics.  Scripts were developed to avoid restrictions built 

into DM analysis software.  One problem is the frame rate features built into their capture 

mode.  These cameras take the sum of many smaller acquisitions to format the final image.  

Due to this, the readout noise compounds with every sub-acquisition during the exposure.  

For an acquisition of 10 s, the resulting noise compounds 2500 times, resulting in noisy 

images that are not resolvable.  To bypass these restraints, a home-built DM script was 

created which allows the CMOS chip to continuously capture until the time expires.  The 

quality of images were improved by a factor 4 as seen in Figure 2.8. 
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Figure 2.8.  Comparison of image acquisition modalities on the Gatan OneView 

Camera.  Comparison of three image acquisition techniques using UEM.  (a-c) Images 

captured using 10 s acquisitions on the Gatan OneView camera using imaging mode (a), 

diffraction mode (b) and the home-built DM script (c).  The differences in acquisition 

modality are the amount of readouts per frame.  The imaging, diffraction and script contain 

2500, 40 and 1 readout per image, respectively.  The Quantifoil holes are not visible when 

using the two standard operation acquisition techniques.  After constructing a DM script 

which disabled the read-out capabilities of the camera, the Quantifoil became visible for 

the same acquisition time.  (d) Color coded intensity line scans across each beam for the 

three different imaging conditions.  All three acquisition modalities capture the same 

average intensity line scan, but the noise levels increase with the amount of readouts per 

frame.  (e) The signal to noise ratio of each line scan by dividing the mean of the intensity 
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within the beam by the standard deviation.  The home-built script provided the best results 

and will be used for all UEM acquisitions herein. 

 

Creation of UEM image sequences require numerous images to reconstruct the 

dynamics.  Each image requires a longer acquisition time than traditional TEM images 

because of low beam currents.  For example, electrons are captured for 10 µs during a 1 s 

acquisition using a 500 fs pulse duration and 20 kHz repetition rate. The rest of the time 

between pulses detects no electrons.  The requirement of many images and long acquisition 

times causes prolonged UEM scans.  As a result, automation was developed to enable 

efficient collection of UEM image sequences.  Human error in a non-automated systems 

also increases in any experiment with high repetitions.  Some UEM scans contain more 

than 500 images and each subsequent capture increases the probability of user mistakes.  

Specifically, missing a delay or naming an image incorrectly propagates the mistake to 

every subsequent image.  The last benefit of automation in UEM imaging, is the increased 

stability of experiments when the user is absent.  Operating the UEM requires researcher 

movement and breathing which cause vibrations in the room.  Over time, 

manualexperiments have a higher chance of specimen or laser drift due  to the presence of 

the researcher.  To subdue these problems, a LabView script was developed to sequentially 

acquire images from the movement of the delay stage.  Figure 2.9 describes the automation 

connections and how they operate with the UEM. 
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Figure 2.9.  Automation connections for the UEM system.  Two computers connected 

to the delay stage and camera are linked with one another through a LAN connection.  The 

delay computer (client) sets up each time point and positions the delay stage, while the 

camera computer (server) acquires the images when instructed to do so. 

 

The next component in the automation scheme was the program that acquired and 

name images correctly for each delay stage position.  The interface was developed in 

LabView 2019 because of  the pre-developed compatibility with the delay stage.  Figure 

2.10 contains the logical procedure used in the software starting with activation.  The left 

side of the schematic contains the user operations on the client and server (delay stage and 

camera computers respectively).  These operations include activating the LabView 

software and inserting the parameters which are going to be used for acquisition such as 

time, binning and delay.  The user also creates a list of time-points which the delay stage 
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will move to during each step in the experiment.  The client is started first and it creates an 

open connection which waits for the server.  Once ready, the server is activated and 

completes the connection to the client.  The laser parameters, time-points and acquisition 

parameters are freely passed between the two computers so that each program has the same 

information.  Once the correct parameters are set, the client is run, sending an initiation 

packet to the server.  This initiation packet is responsible for opening DM, bringing it to 

the front of the screen, then starting the DM script developed in Figure 2.8.  The camera 

will begin to view the electron beam, but will not capture an image until instructed to do 

so.  When the camera is ready for the first image, the client will be pinged and move the 

delay stage to the correct position.  The client assigns the naming parameters for the current 

acquisition including the delay, sequence and scan number.  When the delay is set, the 

client sends the naming parameters to the server, then goes idle.  Upon receiving the 

naming parameters, the server will acquire the image and name it accordingly.  After the 

server recognizes that an image has been saved with the specified name from the client, it 

sends the signal back.  This process cycles through each time-point until the last position 

is achieved, then all the scripts are stopped automatically.  Some advantages to this 

procedure are the capability to run multiple scans and randomize the time points.  These 

will be discussed in more detail in Section 2.2.7. 
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Figure 2.10.  Logical flow diagram for UEM software developed using LabView.  On 

the left, the server and client are activated and the input parameters for the camera and 

delay stage are determined.  When ready, the two computers are connected, and the delay 

stage moves to the first time-point.  When at the time point, the client creates a file which 

signals the server that it is time to acquire the image.  The server acquires the image and 

saves it using the delay parameters sent from the client.  Once the file is saved, the client 

is instructed to repeat the loop for the next time-point.  This process repeats until the last 

time point is acquired and all the scripts are terminated. 

 

2.2.7 Control Techniques 

 One of the largest complications of UEM experimentation is differentiating 

between non-reversible artifacts and structural dynamics.  Drift, tilting and morphological 

shifts can occur during laser excitation which are not a result of photoexcitation.  To 
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account for some of these, controls such as randomizing time points or probing with the 

thermionic beam can eliminate non-reversible artifacts.  Collecting the images in random 

order and reordering them during post-processing causes reversible dynamics to appear 

coherent and artifacts, incoherent.  The incoherent contrast fluctuations are ignored or 

accounted for during the analysis of reversible structural dynamics.  Figure 2.11 illustrates 

the benefits of image randomization on a DP image sequence.  When the images are 

analyzed in the order they are acquired, the signal appears as random noise.  When they 

are reordered, an exponential intensity decay emerges.  This verifies that the dynamics 

observed are reversible within the defined temporal domain.  In most instances, a UEM 

scan is acquired in randomized order initially, but the final sequence is captured in temporal 

order.  This ensures that the analysis of non-randomized experiments retains a high signal 

strength while eliminating false dynamics.   

 

 

Figure 2.11.  Randomization of time-point acquisition as a control experiment.  (a) The 

DP corresponding to the first time-point (t = -10 ps) in the image sequence.  Some of the 

CDW superlattice spots are apparent in the image before time-zero.  (b) The DP of first 

image acquired during the experiment (t = 40 ps).  Nearly all of the intensity from the super 

lattice peaks has disappeared.  (c) Comparison of the intensity of the spot indicated by the 
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red box in (a) and (b).  When the intensity is plotted in image acquisition order, there is no 

discernible trend in the experiment.  However, when the intensities are reordered based on 

their time-point designation, an exponential decay is observed.  Randomization of time-

points is an effective measure for isolating time-resolved dynamics from irreversible 

changes over the course of the experiment. 

 

 Randomizing the collection of images is the most robust procedure enabling 

elimination of false artifacts.  Other methods require at least one component of traditional 

TEM and eliminates temporal resolution.  By heating up the cathode, the acquired images 

are a convolution of the entire dynamic relaxation.  As a result, each image appears 

identical within the sequence.  Any dynamics are false artifacts caused by steady-state 

heating or drift.  Secondly, blocking the pump causes the same result.  When the specimen 

is not being excited, it remains in its equilibrium state indefinitely.  Dynamics arising from 

this control correspond to damage by the electron beam and are false.  Most of these control 

experiments are conducted before or after a corresponding UEM sequence to act as a 

comparison.  In most UEM scans, the specimen will drift, bend or contain other motion 

which can be accounted for with the evidence of control experiments. 

 

2.2.8 General Image Manipulation and Analysis 

 Due to the long acquisitions of UEM images, features such as x-rays and drift cause 

images to require processing before analysis.  MATLAB and ImageJ are the two most 

frequently used programs for procedures such as filtering and image alignment.  For an 

acquisition time of 10 s, the amount of incident x-rays in the image can be much greater 
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than for 1 s.  These manifest as some of the brightest spots in the image with intensities 

much higher than the counts from vacuum regions.  To combat this, every image undergoes 

a filtering procedure which compares the original data and the data when mean filtered 

with a 3x3 window.  Any pixels which have a difference larger than twice the standard 

deviation of the pixels of the adjacent 3x3 windows are replaced with the local mean.  This 

procedure does not require image blurring while also removes outliers caused by x-rays. 

 A typical UEM image sequence contains more than 400 images which require 20 

seconds or longer each to acquire.  The entire procedure requires multiple hours and the 

specimen is continuously bombarded by photons and electrons throughout.  As a result, 

specimen drift is common through the duration of an experiment.  The Template Matching 

plugin available in ImageJ uses intensity comparison procedures such as squared 

difference, cross correlation or correlation coefficients to detect where specimen edges 

appear in the image.  The software then translates each image such that the specimen edges 

are aligned with previous images in the sequence.  This procedure is performed on every 

UEM experiment to ensure that the analysis is performed at the same specimen location 

for each delay.  Figure 2.12 contains the first and last image of an image sequence before 

the template matching procedure was applied.  For randomized image sequences, template 

matching is applied to the randomized and temporally ordered image sequences..  This 

verifies that the data analysis is performed in relation to a reference image (t < 0 ps).   
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Figure 2.12.  Illustration of template matching for UEM images.  (a) Image 

corresponding to the first time-point in a non-randomized image sequence (t = -50 ps).  The 

arrows indicate the distance between the specimen and camera edge in the y and x 

directions.  (b) Last image from the image sequence (t = 350 ps).  The difference between 

the edges detected by the Template Matching plugin is 5 pixels in the x direction and -136 

pixels in the y direction. 

 

 Specific analysis techniques used to create each figure will be discussed in each 

section where the data is presented.  However, there are analysis precautions which must 

be presented as a general reminder for UEM experiments.  One of the most prominent 

problems with current UEM image analysis is the removal of individual bias.  Most UEM 

image sequences do not have consistent features which general code packages are suitable 

for, so the researcher is responsible for selecting locations to analyze.  Specifically, the 

placement of regions of interest (ROI) an image sequence is arbitrary in most instances.  

Most current analyses place a ROI onto the image and collect the intensity over time from 
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the selected area.  This procedure is capable of producing false positives that are not 

representative of the entire specimen if the ROI selection is changed by a few pixels.  

Figure 2.13 contains an example of two single-pixel intensity spectra separated by less than 

100 nm.  The dynamics are similar, but there are minor differences such as the amplitude 

of the extracted oscillation.  The amplitude differs because of different topological 

orientations which modifies the scattering condition at each location.  Different placement 

of the two pixel selections can also modify the alignment of the intensity peaks in Figure 

2.13.  For example, if two pixels fall on a line which is parallel to a propagating strain-

wave, one of the signals will be delayed.  However, if the line connecting the two points 

runs perpendicular to the direction of propagation the intensity profiles will appear in-phase 

(i.e. Figure 2.13b).  This principle holds true when examining linear, square or elliptical 

ROIs.  As a result, the field still requires development of robust analysis procedures which 

will prevent researcher biases. 
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Figure 2.13.  Illustration of variation in user selection during UEM image sequence 

analysis.  (a) BF image of a 1T-TaS2 specimen acquired during a UEM image sequence.  

The region in white is magnified in the inset.  (b) Intensity profiles from the locations 

labeled BF1 and BF2 in (a).  The intensity profiles oscillate with the same frequency and 

phase.  However, the pixel located at BF2 experiences smaller amplitude oscillations.  This 

could be caused by the initial orientation of the specimen if BF1 was initially more aligned 

with the Bragg condition. 

 

When analyzing DPs, the Bragg spots were analyzed by fitting peaks to the 2D 

Gaussian function used in Equation 4. 

𝑓 = 𝐴 ∗ 𝑒
−
(𝑥−𝑥0)

2

2𝜎𝑥
2 −

(𝑦−𝑦0)
2

2𝜎𝑦
2
+ 𝐵   (4) 

Here A is the amplitude, σi is the directional FWHM, x0 and y0 are translations from the 

origin and B is the baseline shift.  The amplitude is representative of the scattering intensity 

and can be changed by tilting or thermalization of the specimen.  The positions of each 

spot designates the planar spacing and the symmetry.  When the spots encroach on the 

direct beam, it signifies the lattice is expanding.  The opposite is representative of 

compression.  An increase in the FWHM correlates to an increase in inelastic scattering, 

which could correlate to Debye-Waller effects or reductions in crystallinity.  Here, the 

position and amplitude will draw most of the focus when examining the unit cell. 

 

2.3 Specimen Characterization 

 In order to fully understand the dynamics initiated within a specimen, quantitative 

characterization of the morphology and structure is essential.  Differences in thickness, 
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composition or structure modify the dynamics.  Initially, verification of a high-quality 1T-

TaS2 specimen is confirmed through the structural profile via diffraction.  The material 

properties and morphology are fully characterized using a myriad of techniques. 

 

2.3.1 Temperature Dependent Characterization  

 The first characterization of each specimen was a temperature dependent 

confirmation of the CDW phases through diffraction.  At high temperatures, the 1T and 2H 

phases have similar structures.  Furthermore, increasing the temperature of a 1T-TaS2 

specimen above 550 K, causes is an irreversible transition to the 2H phase.132  This 

temperature is possible using the ultrafast laser pulses; therefore, verification of the 

specimen polytype is essential before and after each experiment.  When the 1T-TaS2 

specimen is cooled, SAED is capable of identifying each CDW phase through the 

observation of superlattice spots.  Figure 2.14 shows a collection of temperature dependent 

selected area electron diffraction (SAED) patterns during a heating cycle of a 1T-TaS2 

specimen.  The radial intensity profile differs between specimens, but there are some 

characteristics which always are observed.  For temperatures much lower than the C phase 

transition temperature, the 90 K DP is almost always observed.249  For the specimens that 

do not experience the PLD, the cause is not always known.  Another similarity is the 

appearance of the second order superlattice spots at room temperature.  Many samples 

contain the second order spots over a wide temperature range, but the first order spots fail 

to form at low temperatures.  I include these examples because Section 3 will focus on 

localization and variation of the CDW super lattice in different specimen morphologies. 
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Figure 2.14.  Local structure of a 1T-TaS2 specimen at different temperatures.  (a) A 

BF image and five DPs at different temperatures of a 1T-TaS2 specimen.  The red circle is 

the location of the selected area aperture used for DP acquisition.  At 90 and 160 K (C 

phase), each Bragg spot is surrounded by 6 first order and 12 second order super lattice 

peaks.  At 220 K (NC phase), the 6 first order peaks disappear, but the second order peaks 

remain.  At 350 K, all superlattice peaks disappear and only the Bragg spots remain.  Note 

that the Bragg spots retain a similar intensity at every temperature.  (b) Radial integration 

of the DPs shown in (a) from the direct beam.  The first peak corresponds to the 6 first 

order superlattice peaks.  The second and third peaks corresponds to the second order super 

lattice peaks.  The fourth peak is a combination of first and second order super lattice peaks 

from the neighboring Bragg spots. 

 

2.3.2 Static Characterization Techniques 

 Two characterization techniques contained within a TEM are high-angle annular 

dark-field scanning transmission electron microscopy (HAADF-STEM) and electron 

energy loss spectroscopy (EELS).  Both techniques use a scanning probe meaning that the 
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electron beam is converged to a point and rastered along the specimen.  HAADF-STEM is 

effective at visualizing thickness differences in heavy materials because it utilizes 

inelastically scattered electrons.250  The HAADF-STEM detector is ring which collects 

inelastically scattered electrons at high angles.  When the direct beam is at a position, the 

HAADF-STEM detector sums the total amount of electrons the reach it in order to form 

the intensity value for the current pixel.  The resulting images contain sharp contrast 

differences for small morphological variations in thickness.  EELS is able to detect 

thickness and composition with high quantitative precision.251,252  For this technique, the 

direct beam travels down a curved tube with a detector at the end.  Electromagnetic coils 

apply a force on the electrons to direct them onto the detector.  Electrons with high kinetic 

energy will reach the detector at a different position than those with low kinetic energy.  

As a result, the distribution of energetic losses is extracted at every pixel in an image.  The 

electrons which do not change in kinetic energy are known as the zero-loss peak (ZLP).  If 

the direct beam is not over vacuum, a plasmon peak exists at a lower energy.  At even 

lower energies, there are drop-offs which enable elucidation of the chemical composition 

of the specimen.  The thickness of a specimen is determined from the ratio of elastically 

scattered electrons and the ZLP as shown in Equation 5. 

𝑡 = 𝜆 ln (
𝐼

𝐼0
)  (5) 

Here, I and I0 are the integrated intensity total spectrum and zero loss peak respectively.  

The mean free path (λ) of an electron interacting with a spectrum given by Equation 6. 

𝜆 =  
𝐴

𝜌𝜎
  (6) 

Here, A is the atomic mass of the material, ρ is the density and σ is the scattering cross 

section.  If the structure and composition of the specimen are known, then the mean free 
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path can be determined.  For this research, EELS spectra have been captured on the FEI 

G2 TITAN aberration corrected TEM (Thermo Fisher Scientific) at the Characterization 

Facility of the University of Minnesota. 

 Lastly, EELS can be used to verify chemical composition of a specimen.  The 

chemical composition of each specimen should be verified after each preparation to check 

for contamination.  During 1T-TaS2 preparation, polymer films are used during the transfer 

process which leave a carbon based residue on the film.  The quantity of concentrations 

left behind can fluctuation between preparations.  Additionally, specimens can be used for 

long periods of time and repeat use subjects them to oxidation and other environmental 

effects. As such, checking specimen purity using composition identification in EELS is 

required regularly. 

 

2.3.3 Characterization of Dynamics 

 Once the specimen morphology fully characterized, a material’s photoexcitation 

lifetime needs to be characterized in order to determine the range of repetition rates which 

can be used in UEM.  As discussed previously, the response initiated by the pump needs 

to return to equilibrium faster than the arrival of the subsequent pulse.  If it does not, the 

second pulse will initiate a different response than the first.  The differences will propagate 

through each cycle resulting in a blurry convolution of each pump-probe cycle.  In order 

to determine the relaxation lifetime of 1T-TaS2, the Wedge laser line (~700 ps probe) is 

used because it yields greater signal and the required resolution is nanoseconds.  

Furthermore, the PHAROS is limited by the 6.7 ns window accessible from the length of 

the delay stage and most mechanical oscillations extend into the microsecond 
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regime.192,193,195  Figure 2.15 the mechanical response of a 1T-TaS2 specimen until 

complete equilibrium.  Equilibrium is achieved in less than 40 μs which corresponds to a 

maximum repetition rate of 25 kHz.  Here, the bend contour in the 1T-TaS2 specimen 

oscillates violently which corresponds to macroscale mechanical oscillations by the 

specimen.193,195  Mechanical oscillations occur much slower than phonon propagation and 

CDW phase transitions which is why the longer temporal domain is required.  The 

mechanical oscillations are difficult to predict for a given specimen because they are 

dictated by specimen morphology and contact with the grid.  This requires a new temporal 

characterization for each specimen in order to verify that a proper repetition rate is being 

used.   

 

 

Figure 2.15.  Nanomechanical motion of a 1T-TaS2 specimen to determine excitation 

lifetime.  (a) BF image of a 1T-TaS2 specimen before photoexcitation.  The red line crosses 

a bend contour which experience the largest displacement in the image sequence.  (b) 

Position of the bend contour in (a) with respect to time over a short domain.  Images are 

acquired with 1 ns steps and the motion of the bend chaotic appears chaotic.  (c) Long term 

decay of the nanomechanical dynamics in the 1T-TaS2 specimen.  Images were acquired 
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every 10 ns and the return to equilibrium happens in under 4 μs.  This indicates that 

repetition rates less than 25 kHz are acceptable for UEM experiments on 1T-TaS2.  
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3. Defect Mediated CDW Stability 

Nanoscale imaging enables comparative spatial representations of the NC and IC 

CDW phase using in situ excitation to switch between states.  The dynamics of each 

transition have been explored using time-resolved diffraction and spectroscopy 

techniques.98,109,126,201,203,253-255  Each of these results analyze large specimen regions,so the 

results are reprentative of ensemble-averaged dynamics.  In most specimens, defects, 

interfaces and morphological variances are infrequent compared to the pristine structure.  

Dynamics arising from these locations are frequently overwhelmed by what is present in 

the pristine regions.256  This chapter explores the stability of CDWs around defects and 

boundaries.  The results in this section have been modified from S. A. Reisbick, E. Engen, 

D. J. Flannigan, 2020 (in preparation). 

 

3.1 Experimental Parameters 

 Each experiment in this section was conducted on the FEI Tecnai Femto using the 

femtosecond setup described in Section 2.  Specimens were prepared via ME from a bulk 

crystal.  Once the laser and TEM were aligned to the specimen, a 1T-TaS2 specimen was 

centered in the 1030 nm ultrafast laser pulses.  The specimen was excited with a fluence of 

4.5 mJ/cm2 and repetition rate of 20 kHz.  A reference image was acquired before excitation 

of the specimen.  Then, a shutter was opened enabling passage of the ultrafast laser pulses 

into the TEM.  The specimen was allowed to equilibrate for 10 s, before being imaged.  

The shutter was closed and the specimen was allowed to equilibrate for 10 s, then imaged 
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again.  Multiple trials of each sequence were acquired to build up additional statistics.  The 

procedure was performed using BF imaging and diffraction. 

 

3.2 Morphologically Dependent CDW Localization 

 During initial characterization of a 1T-TaS2 specimen, diffraction was used to 

verify the structure.  Most of the literature uses large sample areas when they discuss the 

structure.  By doing so, the resulting characterization is a sum over the entire specimen, 

and local variations go undetected.  Figure 3.1 contains a 1T-TaS2 specimen with DPs 

acquired from two different SA aperture placements.  These locations have different CDW 

spot intensities, even though they are separated by less than 5 μm in the same specimen.  

The DP acquired from the maroon circle does not contain any superlattice peaks, and the 

DP acquired from the gold position, agrees with the expected CDW structure of 1T-TaS2.  

The variation in superlattice intensity arises as a result of the position of the SA aperture 

because the specimen does not contain a uniform PLD.  An aperture large enough to contain 

both regions would yield a DP that is the sum of Figures 3.1b and 3.1c.  For techniques 

such as time-resolved diffraction or pump-probe spectroscopy, the detection media is much 

larger than the specimen.  Without the spatial selectivity of the small SA aperture, the 

region without the PLD would be unknown.  UEM examines smaller spatial scales 

allowing the variation in local structure to be identified and explored.  Here, contrast 

features appear to affect the local CDW intensity profiles differently when viewed from 

the same direction. 
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Figure 3.1.  Comparison of CDW intensity profiles at different locations in a 1T-TaS2 

specimen.  (a) BF image of a 1T-TaS2 specimen with two SA apertures indicated.  (b) DP 

acquired from the maroon SA aperture in (a).  No CDW spots are detectable at this location.  

(c) DP acquired from the gold SA aperture in (a).  Typical DP for room temperature 1T-

TaS2 with the superlattice spots visible. 

 

 The differences in CDW spot intensities between different specimens can be more 

drastic than demonstrated in Figure 3.1.  Morphology, strain, and thickness effect the 

stability of the PLD and the formation of CDWs.166,167,257  Specimens prepared via ME are 

not reproduced reliably because the abrasive processes are not easily replicated.  As a 

result, each subsequent specimen has a unique defect concentration and strain profile.  

Figure 3.2 contains three different 1T-TaS2 specimens prepared using the ME procedure.  

The DPs for each specimen were acquired in the C and IC phases at 160 and 350 K 

respectively.  All six DPs were acquired using the same size SA aperture and aligned along 

the [001] zone axis.  Each 1T-TaS2 specimen shown here experiences a different structural 

transformation between the low and high temperature phases. 
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Figure 3.2.  Comparison of 1T-TaS2 specimens and corresponding DPs in the C and 

IC phases.  The left column contains the BF images for three separate 1T-TaS2 specimens 

prepared using the same procedure.  The circle is the SA aperture for each set of acquired 

DPs.  The middle and right columns are the DPs for each specimen at 160 and 350 K 

respectively.  The top specimen demonstrates the NC to IC phase transition discussed 

frequently in the literature.112  The middle row contains the specimen from Figure 2.11 
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with the systematic emergence of CDW spots near each Bragg spot.  The bottom row has 

does not experience any of the CDW phases at low temperatures. 

 

 The specimens in Figure 3.2 demonstrate three of the common DPs observed while 

working with 1T-TaS2.  In the top row, the specimen has a dark appearance and the contrast 

features are difficult to differentiate because they overlap.  At low temperatures, the DP 

contains first and second order superlattice peaks.  When the temperature is increased, the 

second order peaks disappear, but others remain.112  The first order peaks rotate by 12° 

indicative of the IC phase in some portions of the literature.64,112  The middle row contains 

another set of CDW phase transitions which have not been discussed in the literature as 

frequently.139  Here, the first and second order peaks are present at the lowest temperatures.  

As the temperature increases, the first order peaks fade near 180 K, followed by the second 

order spots at 350 K.  The bottom row is an anomalous sequence which only occurs in 

specimens with the appearance in the BF image.  At high and low temperatures, only Bragg 

spots are visible.  It is possible that some, or all of the specimens with this appearance 

irreversibly transitioned to the 2H polytype.  If the specimen as been heated over 550 K, it 

can irreversibly transform to the 2H structure.142  Overall, a material’s morphology and 

features cause destruction or reorganization of the CDW superlattice.  Currently the cause 

for these variations are not understood. 

The spatial scales in TEM cause specimen drift to be one of the largest issues with 

long experimental setups.  To demonstrate the effects of specimen motion, tilt sequences 

were used to systematically analyze the CDW intensities at different orientations.  Figure 

3.3 contains a sample of BF images and DPs acquired from different orientations away 
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from the [001] zone axis.  The two arrows in the BF images point at two positions 

experiencing contrast changes.  Initially, there is minimal scattering at both regions, but 

when tilted, bend contours darken the region.  The arrow in the 0° tilt image of the 

diffraction sequence is used as a visual reference for the alignment CDW spots in Figure 

3.3c.  The CDW spots parallel and perpendicular to the arrow have been differentiated from 

one another to show the relative effects from tilting.  The spots perpendicular to the tilting 

direction maintain constant intensity throughout the tilt series.  In contrast, the CDW spots 

parallel to the tilting direction approach a maximum intensity when the orientation is 

closest to the [001] zone axis.  The effect of tilting demonstrates the care required during 

in situ experiments when examining contrast changes in BF imaging. 

 

 

Figure 3.3.  Tilt sequence of a 1T-TaS2 specimen and the corresponding DPs.  (a) Four 

BF images at different tilt angles relative to the [001] zone axis.  The arrows correspond to 

regions experiencing large contrast differences between the first and last tilts.  (b) Three 

DPs at different tilt angles relative to the [001] zone axis.  The arrow is a reference for 
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CDW spot alignment in (c).  At 0° tilt, the DP is symmetric around the direct beam.  When 

tilted, the Bragg and CDW spots in the direction of the rotation fade with increased tilt 

magnitudes.  (c) CDW spot intensity with respect to tilt and alignment.  Circular points 

correspond to CDW spots parallel to the direction of the tilting direction.  The squares 

show the intensity of the orthogonal CDW spots.  At 0° tilt from the [001] zone axis, the 

intensity is maximized for the parallel orientation.  For the perpendicular orientation, the 

CDW intensity remains constant because these planes are not being interfered by tilting the 

specimen. 

 

3.3 The NC to IC Phase Transition 

 The NC to IC phase transition in 1T-TaS2 is most accessible because it occurs near 

room temperature.53  A 1T-TaS2 specimen was heated incrementally from 160 K to 360 K 

using a Gatan 636.F double tilt liquid nitrogen holder to demonstrate the structural 

differences between each CDW phase.  Heating above the transition temperature causes 

the second order superlattice peaks to completely disappear.  The first order spots remain 

until 360 K, but rotate by 12° during the transition. The observed rotation coincides with 

the first-order increase in resistivity around 350 K.  The Bragg superlattice spots maintain 

their respective distances from the direct beam (accounting for thermal expansion).  Diffuse 

rings emerge in agreement with previous reports for the IC phase.112  The IC phase has a 

pseudo-random orientation compared to the NC phase causing diffuse scattering to 

increase.258  The entire structural process is shown in Figure 3.4.  The difference between 

the radial and azimuthal positions of the CDW spots are illustrated for the NC and IC 

phases.  Likewise, heating via ultrafast laser pulses induce the transition when the 
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absorption of thermal energy exceeds the required temperature.  Here, optical excitation 

induces a similar structural response to the systematic temperature increase.  In both 

examples, the first order CDW spots rotate and decrease in intensity.  Furthermore, the 

second order CDW peaks completely disappear during both heating methods.  Figure 3.4 

confirms that the optical excitation matches the 12° rotation during systematic heating.  

Optical excitation can also induce structural states that are different than systematic 

heating.159,259,260 

 

 

Figure 3.4.  Comparison of the NC and IC phases in 1T-TaS2 using optical excitation 

and systematic heating.  (a, d) DPs acquired in the NC phase of a 1T-TaS2 specimen 

before optical excitation (a) or systematic heating (d).  The inset shows the difference 

between DPs at 300 and 360 K from the region in the box.  The image corresponding to 
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the NC phase has been subtracted from the IC phase so each inset shows a clockwise 

rotation around the Bragg spot.  (b, e) Radial intensity distribution from the Bragg spot in 

each inset.  In the NC phase, the first order CDW peaks have a higher intensity.  The 

intensity differences between the four radial distributions occur from the equilibrium 

waiting periods.  Each temperature step requires time to reach equilibrium allowing the 

electron beam to drift.  (c, f) Azimuthal intensity profiles at 0.9 nm-1 from the Bragg spots 

in the insets of (a, d).  During the NC to IC phase transition, the CDW spots experience a 

12° rotation similar to what is reported in the literature.112 

 

 The transition from the NC to IC phase causes a reduction in specimen regions 

experiencing the PLD.138,261,262  However, there is little discussion of preferential pinning 

at locations within the specimen.  For a given PLD, the pinning site could select any of 13 

Ta atoms as the center of the Star of David configuration.125  However, the reason behind 

one pinning site being selected over another is still unknown.  The energetics that cause 

positions to be more energetically favorable remains unknown.  One way to evaluate 

energetically favorable pinning sites is through in situ BF imaging.  Use of an ultrafast 

heating source minimizes the errors associated with temperature dependent phase 

transitions in TEM.   Table 3.1 contains the experimental differences between optical and 

systematic heating.  First, a change of temperature causes thermal expansion of the holder 

resulting in positional shifts of the specimen on the camera.  The specimen can move by 

nearly 1 μm/K, causing the translation can be larger than the camera’s field-of-view for 

some temperature changes.  Ultrafast pulses cause an average translation less than -0.01 

μm/K in relation to the camera.  Thermal equilibrium using a heating holder requires more 
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time than via an ultrafast laser pulse.  Specimen and electron drift due to heating are random 

and cannot be removed by post-processing.  As a result, ultrafast heating is a superior 

method to evaluate the origin of BF contrast from DP spots in 1T-TaS2. 

 

Parameter Heating Holder Optical Excitation 

Spatial Drift (x) per 60 K -59.79 ± 2.16 μm -0.28 ± 0.03 μm 

Spatial Drift (y) per 60 K -3.87 ± 0.95 μm -0.08 ± 0.01 μm 

Time Between Equilibrium 11 ± 1 min 1 ± 1s 

Alignments Simple Difficult 

Heating Distribution Uniform Gaussian 

Table 3.1.  Experimental comparison of systematic and optical heating using in situ 

TEM.  The middle column contains averaged results of four different temperature 

increases using the heating holder.  The right column has four trials using a 4.5 mJ/cm2 

incident fluence.  The resulting temperature increase of the optical pump is 60 K, so the 

spatial drift in each technique has been normalized for a temperature increase of 60 K.  The 

specimen drifts nearly 300 times more during use of the heating holder than during optical 

excitation meaning that sampling identical regions of the specimen is more reliable.  The 

additional time required for the heating holder to achieve equilibrium is much longer.  This 

extra time can cause beam drift which alters the resulting images.  Use of the heating holder 

is simple because it only requires alignments of the TEM.  Optical excitation requires 

additional alignment of the external laser which is non-trivial for inexperienced users.  

Lastly, heating via heating holders are reliable due to the thermocouple near the specimen.  

As well, the conductivity of the holder allows efficient thermal energy transfer between the 
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holder and specimen.  The ultrafast laser pulses are Gaussian shaped making it possible for 

different specimen regions to thermalize by different amounts. 

 

 Due to the low intensity of the CDW spots, optical excitation proves to be an 

effective way to mitigate errors associated with specimen heating.  The amount of time and 

readjustments required to effectively use the heating holder result in a higher probability 

of user mistakes during the experiment.  Optical excitation induces the NC to IC phase 

transition via the same mechanism as the heating holder over a faster time scale.  As well, 

the DPs collected during optical excitation include less spatial drift and beam fluctuation.  

Note that the experience required to effectively use the optical excitation method is higher 

due to the additional alignments.  Also, the shape of the heating profile should be taken 

into account for optically induced experiments.  Here, the specimen is less than 10 μm in 

diameter and the beam width is greater than 100 μm, so beam profile will be close to 

uniform because of the difference in size and Gaussian nature of the beam. 

The next formal analysis was a qualitative comparison of each scattering spot type 

in the DPs between the NC and IC phases.  Figure 3.7 compares the intensity differences 

for each spot type in 1T-TaS2.  The Bragg spots, direct beam and CDW peaks were fit to 

2D Gaussians.  The first and second order CDW spots were subdivided by their distance 

from the Bragg spots.  Here, first order spots are within 1 nm-1 of a Bragg spot and second 

order peaks are further.  The intensity change of each spot was calculated from the 

difference between the integrated Gaussian fits for the IC and NC phases.  Figure 3.7 

contains the average for each peak type in the series of images acquired.  Note that some 

of the peaks increase or decrease by significant percentages because of drift onto or off of 
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bend contours.  As a result, the largest and smallest changes observed were discarded.  

Figure 3.5 demonstrates both sets of CDW spots fade during the excitation.  The intensity 

of the first order spots decrease by 20%, and the second order spots completely disappear.  

Here, an 80% intensity reduction is reported, but the remaining intensity matches the 

background intensity of the image.  Both sets of spots experience intensity reductions 

which manifest as an increase during BF imaging.  This is only valid if the electrons 

proceed through the OA.  The intensity lost from the CDW spots could transition into the 

Bragg peaks, but this would not correlate to contrast changes in BF imaging.  As a result, 

the diffuse scattering increases due to a broadened FWHM from the Gaussian fits.  These 

electrons proceed through the OA and are not filtered out in the Tecnai Femto.  Ultimately, 

it is possible that the electrons scattered by the CDW superlattice in the NC phase become 

diffusely scattered in the IC phase.  As a result, BF detection of the CDW superlattice by 

examining reduced intensity regions is plausible. 

 

 

Figure 3.5.  Comparison of photoinduced intensity fluctuations by DP spot type.  (a) 

DP of a 1T-TaS2 specimen before photoexcitation.  (b) DP of a 1T-TaS2 specimen 

illuminated by ultrafast laser pulses.  Fewer CDW spots appear in the image and the 

remaining ones have reduced intensity.  (c) Intensity fluctuation for various types of 
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diffraction spots.  The Bragg spots increase in intensity corresponding to an increase in 

scattering.  The intensity of the direct beam is reduced during photoexcitation and 

corresponds to increased scattering.  Both processes cause dark regions to appear in the 

specimen during photoexcitation.  The CDW spots decrease in intensity with different 

magnitudes and mechanisms.  The first order spots lose a portion of their intensity but 

include the 12° rotation.  The second order spots are not visible in the IC phase, but the 

remaining intensity matches the background of the image.  The reduction of intensity for 

both spots corresponds to reduced scattering assuming the electrons pass through the OA.  

An increase in diffuse scattering suggests that the electrons originally scattered by the 

CDW superlattice are being diffusely scattered during photoexcitation. 

 

3.4 Characterization of Defects and Boundaries 

 So far, I have discussed the role of contrast features affecting the measurements in 

BF imaging and diffraction.  The following describes a method used to characterize 

contrast features into types of defects, contours and boundaries.  Bend contours are easy to 

identify within the specimen because they typically exist in pairs as shown in Figure 1.8.  

These appear as dark regions that strongly scatter electrons during BF imaging.  However, 

they are easy to separate from most defects because their intensity reduction is gradual.  

Here, dislocations refer to specimen regions containing sharp contrast regions that break 

up a continuous crystallographic orientation.  The last type of contrast I utilize is vacuum-

specimen and substrate-specimen interfaces.  Vacuum regions are always the brightest, so 

they can be masked easily.  These specimens are transferred to a thick copper mesh grids 

during ME causing the substrate to appear as the darkest regions in the image.  The grid is 
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also easy to mask by detecting regions of consistently low pixel intensities.  Utilizing the 

maximum and minimum pixels, kernel clustering was used to isolate pixel intensities into 

groupings of similar values.263,264  This procedure was introduced to minimize user bias 

when applying the masks to the specimen for edge detection.  This eliminates edge 

detection from identifying interfaces which cannot be associated with the CDW phases.  

The pixels located outside of the mask are ignored if they are designated as edges.  Figure 

3.6 contains two BF images with different contrast features in order to illustrate the myriad 

of contrast changes being examined. 

 

 

Figure 3.6.  Illustration of contrast features in 1T-TaS2 specimens.  Contrast features 

occur when there is intensity changes between nearby pixels.  Regions containing the 

substrate (vacuum) have the lowest (highest) intensity pixels in an image.  These 

boundaries are located at the positions with the largest short range contrast in most 

instances.  These boundaries can be eliminated by applying an interior mask to the 

specimen.  Specimen dependent contrast features such as bend contours and dislocations 
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are more difficult to extract.  Bend contours typically occur in pairs due to the ellipsoidal 

shape of the curvature.  Dislocations have very small widths and sudden contrast changes. 

 

Canny edge detection was used to identify dislocations and contours in the 

specimen.265-267  The edge detection methods were influenced by background noise, so the 

images were filtered using a 3x3 median filter.  Controlling the threshold determines the 

amount of contrast features that are identified in each BF image.  Bend contours have a 

gradual intensity reduction and dislocations exhibit an instantaneous drop off.  Dislocations 

disrupt the local structure of a crystalline lattice inducing mechanical strain and stress.  

Since TEM images are a projection of the entire specimen, the observed dislocations could 

be in one layer of 1T-TaS2 or throughout bulk sections.  The contrast strength in Figure 3.6 

suggests that more than one layer is involved.  The initial 1T-TaS2 bulk sample is expected 

to be pristine, but is abrasively peeled during preparation.  This process creates large strains 

on the specimen inducing fractures and slips.  If the forces did not fragment the specimen 

during preparation, the specimens would not be electron transparent.  Figure 3.7 contains 

a BF image of 1T-TaS2 and three examples of Canny edge detection maps for different 

thresholds.  Each image was used to characterize the positions of each dislocation and bend 

contour.  White pixels show where the contrast exceeds the necessary threshold to be 

considered an edge.  As the threshold is increased, fewer edges are detected owing to the 

increased gradient requirement. 
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Figure 3.7.  Extraction of dislocations and bend contours using Canny edge detection 

in 1T-TaS2.  (a) BF image of the 1T-TaS2 specimen containing dislocations of different 

contrast.  (b-d) Canny edge detection images which identify dislocations in the image.  

Increasing the threshold reduces the number of pixels which satisfy the necessary intensity 

gradient.  For the highest thresholds, only dislocations with the largest contrast magnitude 

are detected. 

 

 Figure 3.8 compares the difference between the NC and IC phases for three 

example locations.  In the difference image, pixels corresponding to the grid bar, vacuum 

and artifacts from image misalignment are nearly zero.  Within the specimen, the are bright 

regions corresponding to an increase in pixel intensity and dark regions corresponding to a 

decrease.  Most of the bright regions in the different image appear to be located in areas 

containing similarly shaped dark features.  Figure 3.8c shows the center position of the 

pixel intensity distributions when fit to a Gaussian function.  For the full difference image, 

the distribution is centered at 0 and is uniformly shaped, represented by the small error 

bars.  The bright and dark regions are shifted away from neutral intensity.  Note that the 

displacement of the bright region is closer to zero because of the adjacent deficient regions 

for each corresponding intensity increase.  The area indicated as the dark region in Figure 

3.8 was selected for CDW intensity analyses because it had the most negative intensity 
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reduction of the locations sampled.  Locations associated with destruction of the CDW 

lattice appear dark in the difference image according to the results in diffraction. 

 

 

Figure 3.8.  Distribution of pixel intensities for different sampling regions of a 

difference image.  (a) BF image of 1T-TaS2 before optical excitation.  (b) Difference image 

comparing the NC and IC phases of 1T-TaS2 from the BF perspective.  (c) Position of the 

intensity distribution functions for the indicated regions in (b).  The full image distribution 

is located at zero with a small standard error due to uniformity of the Gaussian shape.  The 

dark region has a negative position because the average pixel intensity is lower in the NC 

phase.  The bright region is positive for the opposite reason.  The standard error of the 

fitting parameters are larger for the dark and bright regions because the Gaussian functions 

became asymmetric. 

 

 The region selection to evaluate CDW phase transitions in BF was determined 

using the procedure in Figure 3.7.  Most of the pixels in the difference image are close to 

zero meaning that the NC and IC appearance stays relatively constant during 

photoexcitation.  As a result, the histogram of pixel intensity is located at zero with a small 

standard error.  The standard error of each fit is representative of asymmetries in the 
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histogram for each ROI.  For ROIs containing a representative sample, the shifted Gaussian 

fits have an identical shape. However, every location in the image has many pixels near 

zero in the difference image.  As a result, there is always an asymmetric slant towards zero 

causing the standard error of the fit to increase.  The two selections in Figure 3.7 are 

representative of extrema positions of the pixel intensity distribution.  The bright region 

has a smaller displacement from the full image because it corresponds to orientation 

changes in the specimen.  With each modification, there is a corresponding dark region 

which cancels out many of bright pixels.  Since the distribution contains a significant 

quantity of dark spots, the displacement shift is smaller than the dark region.  The region 

represented by the pink square was used because it contained the largest distribution 

position shift of all the ROIs examined.  This indicates that this location has the maximum 

quantity of pixels experiencing intensity decrease between the NC and IC phases in BF 

imaging.  As a result, the large quantity of negative pixels best represents the increase in 

intensity from the DPs.  As a result, the ROI indicated by the pink box will be examined to 

quantify the effect of dislocations on local CDW contrast. 

 

3.5 Defect Induced CDW Destabilization 

 The identification of BF regions which match the intensity response of the DPs 

allow high resolution examination of the dislocations and CDW contrast.  In this region, 

the intensity increases around defects mimics the CDW spot intensity reduction in 

diffraction.  To correlate BF to structural changes, conservation of electrons must be 

maintained.  The changes in counts absorption, back-scattering or other processes which 

prevent electrons from reaching the detector are assumed to be minimal.  Most of these are 
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dependent on composition rather than structural phase or temperature.  Figure 3.4 

illustrated the intensity modulations to the diffraction spots during the NC-IC transition.  

However, the specimen drifts during photoexcitation and is difficult to account for without 

visualization of the specimen.  Here, the effective radius of the SA aperture is 1.2 μm in 

the BF imaging projection.  Template matching during optical heating yielded translations 

around 85 pixels (0.27 μm) as shown in Table 3.1.  The expected overlap of the SA aperture 

during photoexcitation is 89% using the BF translation values for a 60 K increase.  The 

11% difference could contain a myriad of alternate morphologies, orientations and contrast 

features.  As a result, quantitative claims are not suitable at this time until more controls 

performed to reduce effects of the SA translation.  Instead, we can examine the trends 

occurring in regions containing intensity reduction. 

 

During ultrafast photoexcitation, metallic and semiconducting materials achieve a 

steady-state temperature.268-270  When a specimen is excited, its temperature increases 

based on the absorption and incident pulse energy.  Over time, it cools back down to an 

equilibrium state.  Since energy must be conserved, it is redistributed through the specimen 

and items in contact.  For the first few pulses, the specimen rises in equilibrium 

temperature.  After a few cycles (material dependent), the rate of energy dissipation 

matches the absorption per pulse.271,272  The specimen oscillates between an excited and 

relaxed temperature in a steady-state.  Both temperatures the specimen oscillates between 

are higher than the transition temperature for the laser parameters used here.  The steady-

state temperature is achieved much faster than it takes to set up an acquisition, so it is not 

worrisome for these experiments.  The specimen was allowed to equilibrate for 10 s 
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regardless of whether the laser was incident or withdrawn.  The difference image in Figure 

3.8 compares the NC and IC phases in 1T-TaS2 through their BF intensities.  Only the 

regions of large deficient pixels can be correlated for CDW comparison.  In the selected 

ROI, the maximum contrast differences are localized near dislocations.  Furthermore, 

regions which do not experience substantial changes have minimal initial contrast.  

Furthermore, the intensity change diminishes further away from each dislocation as shown 

in Figure 3.9.  The intensity difference is reduced at positions further from each dislocation.  

Initially the intensity difference between the two phases is largest at pixels closest to the 

dislocation.  The pixels further away from the dislocations do not experience contrast 

increases of the same magnitude.  Each curve was calculated using the edge detection maps 

created in Figure 3.7.  The difference magnitude was radially averaged out to 0.15 μm for 

every dislocation.  This limit was set because greater distances cause detection of nearby 

dislocations in the ROI.  Increases to the edge detection threshold result in a slight 

magnitude increase in the difference intensity.  Reduction of the quantity of sampled edges, 

provided an additional verification of the analysis technique.  One control procedure was 

used in the same region of the specimen.  Here, edge detection was not performed.  Instead, 

5000 random pixels were selected for the radial averaging procedure.  The result is shown 

in Figure 3.9 by the rising curve.  This is intuitive because there are more pixels which do 

not correspond to edges than pixels that do.  So, many of the random points will be away 

edges and the difference will be maximized whenever each radial integration reaches a 

dislocation.  However, the selection causes the maximum differences to occur at random 

positions away from the initial point.  Executing the control procedure multiple times yields 

different curves on each trial, but they rise during each execution. 
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Figure 3.9.  BF comparison of steady state NC and IC phases in 1T-TaS2 during 

photoexcitation.  (a) BF image of 1T-TaS2 specimen at a steady state temperature 

following constant photoexcitation.  (b) Radial averaged intensity difference from 

dislocations in (a).  The different values correspond to the threshold used to create the edge 

detection images.  The highest difference intensity occurs near the dislocation and 

diminishes further away.  The rising curve is a control trial where 5000 random pixels were 

selected instead of using edge detection.   (c) Comparison of fitting functions which 

correlate to decays in other physical processes for threshold limit of 0.4. 

 

 Each threshold yielded similar decays corresponding to an intensity reduction 

during the NC-IC phase transition.  Two candidates to explain the decay profile of the 

CDW intensity reduction in the BF images are induced stress on regions adjacent to each 

dislocation and PLD stability near structural irregularities.  The induced stress on regions 

adjacent to each dislocation follows the form of a multiplicative inverse.  Equations 7 and 

8 are two examples of the relationship between stress and distance from edge and screw 

dislocation respectively.273,274 

𝜎 = −
𝜇𝑏

2𝜋𝑟
  (7) 
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𝜎 =
𝜇𝑏

2𝜋(1−𝜈)

sin (𝜃)

𝑟
  (8) 

Here, b correlates to the size of the dislocation and r is the distance from the edge and 

screw dislocations.274  In both scenarios, the stress decays with the form of a multiplicative 

inverse.  As a result, CDW phases appear to destabilize near dislocations due to the stress 

profiles at these positions.  Higher resolution imaging will be required to identify whether 

the CDW lattice is still stable in the rest of the specimen or has completely transformed.  

In many materials, CDW intensity is enhanced near defects and interfaces using 

scanning tunneling micrsocopy.275-277  Specifically, the CDW intensity increases near 

defects in the TMD, NbSe2.
277  Assuming this holds true in 1T-TaS2, the CDWs would be 

localized around the dislocations.  Further, the static stability of CDWs has been shown to 

follow an exponential decay.275  In the NC phase, the regions adjacent to dislocations would 

have the most CDW scattering because of the enhanced stability of the PLD.  During 

excitation, the phase transition causes scattering near dislocations to be disrupted because 

of the loss of the superstructure.  Since the CDW stability decreases exponentially away 

from defects, so would the intensity differences detected in figure 3.9.  Table 3.2 compares 

the exponential and multiplicative inverse fits for the two hypotheses presented.  Each 

functional form agrees with the literature.  However, the exponential enhancement of CDW 

intensity near dislocations in the NC phase has more literature to support the claims.  

Overall, a thorough evaluation of the dislocations in these materials is required to further 

confirm or reject one of the proposed hypotheses. 
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Equation 𝑎𝑒−𝑐𝑥 + 𝑏 
𝑎

𝑥 − 𝑐
+ 𝑏 

Threshold 0.3 0.4 0.5 0.3 0.4 0.5 

a 12.3±0.4 17.6±0.5 16.3±0.6 0.92±0.1 2.2±0.3 1.7±0.3 

b 18.9±1.7 13.8±1.2 15.5±1.7 54.3±0.7 50.9±1.1 53.1±1.2 

c 58.3±0.3 57.9±0.6 59.1±0.6 -0.05±0.01 -0.08±0.01 -0.07±0.01 

R2 0.9904 0.9944 0.9893 0.9920 0.9957 0.9909 

Table 3.2.  Comparison of exponential and multiplicative inverse functional forms 

when fit to each CDW intensity loss curve.  Fitting parameters for exponential and 

multiplicative inverse functions when fit to the data in Figure 3.8.  Here, a is the amplitude, 

b is the background and c is an additional parameter in order to complete each fit.  For the 

exponential curve it is the decay parameter.  The multiplicative inverse requires a shift of 

the x-axis because the procedure always calculates a finite value at x = 0.  Both equations 

fit the data well and yield reasonable parameters for the curves.  However, there are no 

clear trends when applied to different thresholds. 

 

 The decaying CDW intensity is intuitive regardless of the mechanism that is 

causing the reduction.  At a steady-state temperature above the NC-IC phase transition 

temperature causes CDW scattering to disappear in diffraction and BF imaging.  Here, the 

NC-IC transition effects the regions adjacent to dislocations more significantly than the 

pristine portions of the specimen.  This examination of the local CDW superstructure 

reveals some of the insight into preferential pinning positions of the PLD.  It is still unclear 

whether dislocations and other defects cause a disruption in the formation of the lattice, but 

it is clear that the superlattice is modified in their presence.  Additional experiments are 



88 

 

also required to further refine the quantitative effects of the Bragg lattice on the CDW 

stability.  Due to specimen translation during optical heating, the OA is not always on the 

same region in the NC and IC phases.  For a small OA, this effect is exaggerated, but should 

be taken into consideration for quantitative measurements.  This study is a first step at 

revealing the fundamental physics governing the formation of the CDW lattice at the 

atomic scale. 

  

3.6 Conclusions 

 The results presented in this section demonstrate CDW destruction during the NC-

IC phase transition which is impacted more heavily near dislocations than in pristine 

regions of a 1T-TaS2 specimen.  More experimentation is necessary to identify the source 

of the scattering reduction between the NC and IC phases, but the disappearance of the 

CDW lattice in these regions is strongly supported.  Further, the scattering reduction 

follows the functional form of many decaying physical properties including stress fields 

and static CDW intensities.  These results open a variety of new experiments regarding 

CDW stability, because they suggest that defects mediate the formation of the PLD.  As 

well, energy loss and time-resolved scattering experiments could reveal the timing 

mechanisms between the PLD and charge redistribution with sufficient spatial resolution. 
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4. Spatial Localization of Acoustic Phonons 

 Photoinduced acoustic phonons cause distortions in the lattice as they propagate 

across the specimen.278-280  Due to the minimal displacement of Ta atoms during the PLD, 

the Bragg reflections arising from the primitive lattice are orders of magnitude more intense 

than the CDW superlattice.  Further, phonon dynamics propagate throughout the specimen, 

causing the CDW intensity to be overwhelmed during time-resolved imaging.  As such, 

UEM still requires enhancement to sufficiently detect CDW dynamics via BF imaging.  

This section will examine acoustic phonons which appear spatially localized on either side 

of a 26 nm terrace.  During phonon propagation, atomic positions are shifted while coherent 

waves move across the lattice.107,111,163,281,282  The development of UEM enables direct 

observation of individual modes and the ability to characterizethe location, phase and 

propagation direction separately.  Through a combination of direct imaging and diffraction, 

it is possible to observe the effect of structural morphologies on phonon propagation 

dynamics in 1T-TaS2. 

 Layered materials similar to 1T-TaS2 have been studied using UEM to observe 

propagating acoustic modes from boundaries and interfaces with velocities dictated by the 

elastic moduli of the material.187-191,282-284  Specifically, photoexcited acoustic phonons 

emerge and propagate perpendicular to specimen-vacuum interfaces in WSe2 and MoS2.
189-

191  Due to the CDW phase transitions in 1T-TaS2, propagating acoustic phonons have 

remained relatively unexplored.  At the CDW phase transitions, phonon softening causes 

the elastic moduli to decrease, reducing the stiffness.  As a result, phonon propagation is 

expected to slow down at the transition temperatures.  Further, it is still unclear how the 

rigidity of the CDW superlattice distorts the excited acoustic modes.  As such, exploring 
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the excitation of acoustic phonons in 1T-TaS2 can provide insight into the in situ relaxation 

mechanisms competing with PLD formation. 

 This chapter analyzes the initiation of localized acoustic phonons which appear on 

opposite sides of a terrace.  Two unique frequencies are induced and confined to their 

respective positions by the topological boundary.  The spatial resolution in UEM enables 

direct visualization of the acoustic phonons separated by nearly 500 nm.  Although 

different frequencies are observed at either spatial position, the two phonon modes travel 

at similar velocities in agreeance with the expected speed of sound in 1T-TaS2.  The 

difference in frequency arises from the thickness variations of the specimen.  The separate 

frequencies from BF imaging compose a convoluted intensity signal in reciprocal space, 

because both thicknesses are present in the SA aperture.  However, the convoluted signal 

in reciprocal space fails to spatially separate the two phonon modes or prescribe a direction.  

The results discussed in this chapter are adapted from “Influence of Discrete Defects on 

Observed Acoustic-Phonon Dynamics in Layered Materials Probed with Ultrafast Electron 

Microscopy”, S. A. Reisbick; Y. Zhang; D. J. Flannigan, 2020 and S. A. Reisbick, D. J. 

Flannigan, 2020 (in preparation).282 

 

4.1 Experimental Parameters and Analysis 

The 1T-TaS2 specimen used in this chapter was thinned until it was electron 

transparent via the ME method described in Section 2..  The specimen was inserted into 

the TEM and oriented such that a myriad of bend contours became visible from a single 

viewing direction.  The orientation was near the [001] zone axis, and a bend contour was 

visible crossing the center of the specimen.  The time-resolved experiments were conducted 
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using the femtosecond setup described in Section 2.  The specimen was photoexcited from 

room temperature using 1030 nm pulse trains with a fluence of 4 mJ/cm2 and a repetition 

rate of 20 kHz.  The beam diameter was approximately 100 µm with a pulse duration of 

350 fs.  Images were captured using BF imaging and diffraction with 5 and 15 s acquisition 

times respectively.  Images were aligned to the first acquired delay using the Template 

Matching plugin in ImageJ.  Figure 4.1 contains a schematic of the UEM experimental 

procedures along with the fundamental structure which will be used for correlation in 

Section 5. 

 

 

Figure 4.1.  UEM schematic of acoustic phonon generation in 1T-TaS2.  (a) Top and 

side (bottom) views of the unit cell of 1T-TaS2.  (b) General UEM schematic used for the 

experiments in Sections 4 and 5.  The electron probe packets scatter through the specimen 

while the ultrafast pump excites the specimen.  Acoustic phonons are excited and travel 
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within the basal plane of the specimen.  The DPs are collected at the back focal plane while 

BF images are acquired at the image plane.  Note that in the real setup, the electromagnetic 

lenses are adjusted so that the camera position is constant and the two plane positions 

change.  (c) Reference image of the 1T-TaS2 specimen at t = 0 ps.  (d) STCP extracted from 

the red lawn drawn in (c) along the direction indicated.  The white dashed lines follow the 

slope of the resulting bands and correlate to the velocity of the induced acoustic phonons. 

 

Figure 4.1b demonstrates the UEM procedure used here to correlate the 

photoexcited phonon dynamics in 1T-TaS2 using diffraction and real space imaging.  BF 

images are acquired at the image plane and DPs at the BFP.  Figure 4.1c and 4.1d contain 

a BF image of the specimen and resulting space-time contour plot (STCP) along the arrow.  

Each column in a SCTP is the intensity line scan along the linear ROI for a single delay.  

When each time-point is included, they construct an image which represents the time-

dependent intensity shifts in the specified location.  The slanted features in the STCP 

correspond to bend contour motion (i.e. acoustic phonon propagation).  The slope and 

vertical widths of these features is equal to the propagation velocity and wavelength of the 

phonons respectively. 

 

4.2 Morphological Characterization of 1T-TaS2 

 Morphological characterization of the 1T-TaS2 specimen was performed using 

EELS and HAADF-STEM imaging on the FEI G2 TITAN aberration-corrected TEM 

(Thermo Fisher Scientific) at the University of Minnesota Characterization Facility.  To 

characterize acoustic phonon propagation in 1T-TaS2, it is essential to fully characterize 
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the morphology of the specimen.  An EELS thickness line scan through the entire ROI is 

shown in Figure 4.2.  Here, the average thickness of the thin portion of the specimen is 66 

nm while the terrace is around 92 nm.  The line scan evaluated regions from the vacuum 

to the thickest portion of the specimen.  The distance covered by the line scan extends 

beyond the width of the SA aperture to verify the morphology contained within. 

 

 

Figure 4.2.  Thickness uniformity of the 1T-TaS2 specimen.  (a) BF image of the 1T-

TaS2 specimen and the corresponding DP (inset) acquired from the circle.  The specimen 

was tilted off the [001] zone axis to enhance the contrast in the bend contours visible in the 

BF image.  (b) EELS-HAADF image of the 1T-TaS2 specimen.  (c) Thickness line scan 

acquired along the ROI drawn in (b).  The two regions maintain a uniform thickness during 

the entire length of the ROI. 

 

Because the HAADF-STEM and BF images were acquired on different 

microscopes, the specimen is positioned at a different rotation orientation in each 

technique.  A series of procedures were used to align the specimen and each morphological 

feature onto the UEM image sequence.  The orientation difference and inverted intensity 

between EELS and HAADF-STEM compared to BF images prevented the template 
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matching method in Section 2.1 from being compatible.  Instead, a series of Hough 

transforms were used to identify the Cartesian coordinates corresponding to the edges of 

the specimen.  For each image, Canny edge detection using high threshold identified each 

vacuum-specimen interface.  This created a binary map of all the edges in the specimen.  

An explanation of the Hough procedure on an example binary image is shown in Figure 

4.3.  At each non-zero pixel, the coordinates for lines which can contain that point are 

plotted as a single curve in Hough space.  As the number of non-zero pixels in the image 

increases, more lines are plotted.  For each line in the binary image, a bright intersection 

point appears in the Hough plot shown in Figure 4.1b.  In this example, the two brightest 

spots in Figure 4.3b correspond to the two longest edges.  The Hough transforms 

throughout this chapter were evaluated using 0.5° angular steps with 0.5 pixel radial 

resolution.  The following process describes the procedure to identify the exact placement 

of morphological features when observed in a one imaging modality. 

 

 

Figure 4.3.  Graphical representation of the Hough transform method.  (a) The 

rotational axis of the Hough coordinate system with an example binary image containing 



95 

 

dashed blue and red lines corresponding to two extended edges.  For each edge, a defined 

theta and radius are defined such that the resulting vector is normal perpendicular.  (b) 

Hough transform plot of the binary image used in (a).  Each non-zero pixel in the binary 

image corresponds to an orange line in the plot and intersections appear as bright points, 

known as Hough peaks.  The Hough peaks corresponding to the red and blue have been 

labeled for reference. 

 

Figure 4.4 contains BF and HAADF-STEM images of the same 1T-TaS2 specimen 

at different rotational orientations.  The described Hough process was implemented on both 

images with a threshold of 0.5 for both images.  The Hough peak location was identified 

as the highest intensity pixel in the narrowest band and bright spots.  For most locations 

this was in the center of the Hough peak.  However, edges with bends cause the peak to 

spread out making the selection more difficult.  As a result, the position was always 

selected by the brightest pixel in each region.  The edges were rotated -62° and -29° from 

the horizontal axis in the BF and HAADF-STEM images respectively.  As a result, the 

HAADF-STEM image must be rotated 33° clockwise in order to align with the UEM 

images.  After the applied rotation, the edges were parallel to one another. 
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Figure 4.4.  Rotation correction between BF and HAADF-STEM images of a 1T-TaS2 

specimen.  (a) UEM and (b) HAADF-STEM images of a 1T-TaS2 specimen in their initial 

orientations.  The arrows indicate the longest edge of the specimen which correlates to the 

brightest Hough peaks after the transform process.  (c, d) Binary images created from 

Canny edge detection on (a) and (b) .  (e, f) Hough transforms of each binary image with 

the Hough peaks corresponding to the longest edge indicated by the green boxes.  The 

HAADF-STEM image requires a 33° rotation clockwise to align with the BF image. 

 

Following the rotation, the specimen positions are different within each frame 

relative to the top left corner.  This was corrected by assigning a new origin at the 

intersection of the two edges indicated in Figure 4.5.  These binary images were created 

from cuts of the original images to reduce the number of edges identified.  The contrast 

threshold was 0.5.  The pixels in the HAADF-STEM image were offset from the BF image 
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by 35 and 78 pixels in the x- and y- directions respectively.  The SA aperture was acquired 

on a third image using BF imaging conditions.  Because the contrast and orientation was 

the same, the SA aperture was placed using the Template Matching plugin available from 

ImageJ. 

 

Figure 4.5.  Magnified region of 1T-TaS2 used for translation alignment between BF 

and HAADF-STEM images.  (a, b) Cut specimen region with two edges labeled and color 

coded for clarity.  (c, d) Corresponding binary images for each image via the Canny edge 

detection method.  (e, f) Hough transforms for each corresponding binary image with the 

peaks for each edge indicated.  The resulting vectors were converted to Cartesian 

coordinates, and each intersection was determined.  The two intersection points were offset 

from one another by 35 and 78 pixels in the x- and y- directions respectively. 
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 After the majority of the specimen has been aligned, there is a terrace which runs 

through the center of the specimen.  This feature is visible in the HAADF-STEM images, 

but not the BF images.  The intensity difference between the thick and thin regions of the 

specimen is smaller than the vacuum-specimen interface, so the terrace needed to be cut 

from the full image.  The thickness was determined pixel-by-pixel using the EELS analysis 

described in previously.  The average mass for 1T-TaS2 (Z = 35) was used to calculate the 

mean free path using an 18.2 mrad convergent semi-angle and 13.9 collection semi-angle.  

A threshold of 0.4 was used in order to convert the images to the binary format which were 

then passed through the Hough transform algorithm.  Figure 4.6 contains the terrace and 

corresponding Hough plot with five edges labeled.  Each of intersection was converted to 

Cartesian coordinates and the location was identified.  The absolute distance and angle of 

each point was calculated relative to the origin point so that they could translated to the BF 

image sequence properly. 

 

Figure 4.6.  Exact positional extraction of the crystal terrace in a 1T-TaS2 specimen.  

(a) Rotated and translated HAADF-STEM image with the region containing the terrace 

indicated.  (b) Magnified region of the terrace highlighted in (a).  (c) Binary image of (b) 

using Canny edge detection with five edges labeled and color coded.  (d) Resulting Hough 
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transform containing the previously labeled edges.  The positions were extracted and used 

to place the terrace onto BF image sequence. 

 

 Before the final placement of the topological features from each imaging technique, 

a scaling factor which accounts for tilt dependent elongation or shortening was identified.  

Because TEM is a projection technique, orientation differences makes the specimen appear 

to be a different size when along the direction perpendicular to the axis of rotation.  The 

calibration constants for each image determines the pixel-to-micrometer conversion for 

measurement.  The ratios of the calibration constants between the two figures were used in 

order to calculate the exact distances between features in an image.  The differences were 

determined by converting these values back into pixel counts.  The calibration constant 

was 1.315/pixel between the BF and HAADF-STEM images.  Specifically, every 100 

pixels separating features in the HAADF-STEM images, corresponds to a 131.5 pixel 

separation in the BF images. 

 

4.3 Direct Imaging of Localized Acoustic Modes 

 The photoexcited 1T-TaS2 specimen experienced propagating phonon modes as 

shown in Figure 4.7.  Contrast oscillations in the center of the specimen emerge after time-

zero.  Two different positions, designated BF1 and BF2, experience intensity fluctuations 

during the lifetime of the excitation at frequencies of 24.9 and 17.5 GHz, respectively.  The 

frequencies differ from one another by nearly 7 GHz from the fast Fourier transform (FFT) 

of the intensity signal.  The FFTs were calculated using the subroutine available in 

MATLAB with a sampling window equal to the length of the data set and 1 ps steps.285  
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The only noticeable difference between the locations is the thickness dictated by the 

terrace, but it is not clear in the BF image sequence.  The abrupt difference in layer numbers 

causes a discontinuous boundary at the location enabling the launch of propagating 

acoustic phonons.  In diffraction, SAED was acquired from the region in the dashed circle 

and contains the structural dynamics from BF1, BF2 and all other pixels within the 

aperture.  The FFT of the 110 Bragg spot intensity yields a convoluted spectrum of the two 

BF signals.  Additionally, the phase of the BF intensity profiles are offset from the 110 

peak by φ(t) = π due to the inverse mechanism of image formation.  Since the scattering 

mechanisms are opposite one another, the intensity profile are as well. 

 

 

Figure 4.7.  Intensity traces from BF and SAED image sequences of 1T-TaS2 following 

ultrafast photoexcitation.  (a) UEM image of the specimen at t = -50 ps with the SAED 

pattern from the region within the dashed circle.  The inset is the DP from the SA with the 

110 and direct beam labeled.  The dots labeled BF1 and BF2 mark the positions where 

dynamics are quantified in (b).  (b) Comparison of the transient counts at BF1 and BF2 

compared to the behavior of the 110 Bragg spot.  The plots are offset for clarity and a time-

varying background subtraction was applied to the diffraction intensity.  The background 

reduction was subtracted in order to account for non-reversible tilting in the specimen.  (c) 
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Computed FFTs from the time-resolved intensity profiles in (b).  The two BF peaks are 

normalized to one another and the 110 peak is normalized to the intensity of BF1.  The 

FFT spectra for each BF position was fit to a Gaussian function with corresponding 

frequencies of 24.9 (BF1) and 17.5 (BF2) GHz respectively.  The response from the 110 

Bragg peak is a convolution of the BF peaks as shown by the shoulder on the low-frequency 

side of the peak.  As a result, the induced phonon dynamics are resolvable in BF imaging, 

but not as easily using diffraction. 

 

 Elucidation of structural dynamics through SAED extracts the motion of the 110 

set of planes in 1T-TaS2.  However, diffraction alone fails to detect numerous phononic 

observations which require direct imaging of the specimen.  One example is the separation 

of the two BF frequencies.  The 110 peak hints at a second peak on the shoulder of the 

primary frequency, but the amplitude is not strong enough to confirm the presence of the 

low frequency mode without additional filtering.  Both phonon modes are detected and 

clearly separated when using BF imaging.  Also, only BF imaging is able to detect the 

separation of the two phonon modes.  In diffraction, the phonons are all treated as if they 

are in the same location because they are both in the SA aperture.  As well, BF imaging 

demonstrates that the two frequencies never interact with each other.  Both acoustic 

phonons propagate within their respective regions and propagate in different directions 

from one another.  As a result, UEM imaging demonstrates the spatial localization of 

phonon modes which enables single pixel analysis within a specimen.  This allows a more 

in-depth structural characterization of time-resolved phonon dynamics. 
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 The terrace is not visible in the BF image sequence, but the contrasting frequencies 

suggest that it plays a major role in the excitation of acoustic phonons.  Figure 4.8 shows 

a high magnification representation of the 1T-TaS2 specimen with the SA aperture, crystal 

terrace, BF1 and BF2 indicated.  Specifically, BF1 and BF2 are on opposite sides of the 

crystal terrace causing the shift in the acoustic frequency.  The resulting shift supports a 

thickness dependent generation of acoustic phonons.  The region inside of the square was 

used to develop FFT maps with single pixel resolution.  To generate each FFT map, the 

intensity profile for each pixel through the image sequence was placed into a 3D array 

stack.  Then, the FFT subroutine was run along the time domain at every pixel within the 

stack.  A new 3D stack was created where each frame contains the spatially resolved 

intensity of a given frequency.  Figure 4.8b contains the two frequencies that yield the 

highest array intensity when every pixel is summed together.  The blue arrows point to the 

same location in each FFT map in order to point out the intensity shift on either side of the 

terrace.  The intensity for each phonon mode is separated and contained within the regions 

outlined by the terrace. 
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Figure 4.8.  Separation of acoustic phonon dynamics across a terrace in a 1T-TaS2 

specimen.  (a) UEM BF image of the 1T-TaS2 specimen analyzed in Figure 4.7.  The SA 

aperture (dashed circle), BF1, BF2 and crystal terrace are indicated for reference.  The blue 

box contains the spatial region used to generate the FFT maps analyzed in (b).  The terrace 

has a thickness differential of 26 nm between the thick (upper) and thin (lower) regions.  

The inset is a HAADF-STEM image of the specimen with the terrace indicated and 

respective thicknesses.  (b) Spatial frequency maps at 16.3 and 23.9 GHz (upper and lower 

panels respectively).  Bright pixels represent oscillations occurring in the region for the 

specified frequency.  The 16.3 GHz phonon oscillations are above the position of the 

terrace and the 23.9 GHz phonons stay below.  Arrows are for visualization reference and 

have been positioned in the same location for each FFT frame. 
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 The average spatial separation of the two phonon modes is nearly 500 nm.  In this 

domain, neither the composition nor the elasticity are different between the two regions.  

The thickness difference suggests that the oscillation variance arises from acoustic transit 

times along the principle axis of the specimen.  Acoustic modes travelling along the c-axis 

are assumed to travel with a constant velocity through the entire thickness.  The resulting 

velocity for this scenario is described by Equation 9. 

𝑣𝑐 = 2𝑡𝑓  (9) 

Here, t is the local thickness and f is the experimentally observed frequency.  Doubling 

arises from the round trip travel time of the phonon mode after reflection from the opposite 

surface.  The thickness around BF1 and BF2 were determined by averaging a 10 pixel 

diameter surrounding each location.  The thicknesses were 65.9 ± 5.1 nm (BF1) and 92.2 

± 9.0 nm (BF2) resulting in interlayer propagation velocities of 3.1 ±0.2 and 3.0 ± 0.2 

nm/ps respectively.  These velocities agree with the expected speed of sound for 

longitudinal acoustic phonons along the c-axis.69,197,286  Thus, the acoustic phonons 

propagate the thickness of the specimen at the same velocity.  However, the increased 

oscillation frequency indicates that the thicker region requires more time to complete the 

transit. 

 A longitudinal acoustic phonon travelling the c-axis is expected to be invisible to 

electron scattering when viewed along the orientations near the [001] zone axis.  Only 

planes satisfying the Weiss zone law will scatter.10  In the current orientation, only parallel 

to the c-axis cause scattering.  As each phonon mode propagates along the c-axis, it induces 

structural modulations in the layers it interacts with.  Each layer is stressed and distorted 

causing an apparent wave to ripple away from the initiation source.  The distortion of each 
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layer must accompany the perturbation imparted on it by the initial c-axis phonon.  Each 

in-plane mode propagates away from the initial launching position at 4.7 nm/ps.  The 

resulting velocity agrees with the longitudinal speed of sound of 1T-TaS2 in the basal 

plane.69,286  The frequency of the contrast oscillation corresponds to the initiation cycles of 

basal plane acoustic phonons.  Figure 4.9 contains the time-dependent intensity profile of 

the 16.3 GHz acoustic phonon along the ROI.  In the center of the path multiple bright and 

dark bands emerge and are slanted towards the top left of the image.  For the selected 

position, the breaks between bands correspond to different bend contours that the phonons 

propagate through during the image sequence.  The dashed lines correspond to two 

locations separated by 523 nm which experience different initial interactions with the 

excited acoustic phonons.  The moment of first observed dynamics are separated by 110.1 

ps corresponding to an in-plane velocity of 4.7 nm/ps in agreement with the SCTP method. 

 

 

Figure 4.9.  Extraction of acoustic phonon velocities in the basal-plane via the 

generation of a STCP from UEM images.  (a) UEM reference image of a 1T-TaS2 

specimen with a 1-µm length ROI used to create the STCP shown in (b).  (b) Resulting 

STCP with colored dashed lines from two locations separated by 523 nm.  (c) Line profiles 

from (b) used to extract the 4.7 nm/ps phonon propagation velocity.  The slope of the dark 
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bands in the STCP are not clear enough to properly extract a slope along the entire distance.  

The breaks in vertical contrast correspond to bend contours in the specimen.  The resulting 

moment of first dynamics are at 23.3 and 133.4 ps as determined by linear fitting at the 

intersection of dashed lines. 

 

 The specimen was at 300 K before laser excitation, then heated to approximately 

365 K.  The anisotropic acoustic velocities are representative of the directional bond 

strength.  Typically, measurements of directional elastic moduli requires reorienting the 

specimen.  Here, extraction of the speeds of sound along the principle axis and basal plane 

can be performed simultaneously using UEM.  Further, the frequency measurements of 

photoexcited phonon modes has the potential to act as a reliable thickness measurement in 

TEM.  Albeit a more complicated and difficult technique to execute, the fundamental 

frequency could provide the thickness without an external measurement.  Instead, it will 

be detected simultaneously during the observation of similar structural dynamics. 

The ratio of velocities within the basal plane compared to the principle axis is 

approximately 1.5 ± 0.3.  At 290 K, neutron scattering has shown that the acoustic 

velocities in 1T-TaS2 are isotropic indicating that the anisotropy occurs during the IC phase 

transition.69,286  Bond stiffening along the principle axis during the CDW transition causes 

the ratio to increase.  Evidence of structural softening has been observed in other TMDs 

such as TaSe2.
114,287,288  In this scenario, melting the CDW lattice results in weaker 

interactions between layers upon photoexcitation.  The loose interactions between layers 

reduces the stiffness causing the elastic moduli to decrease.  Note that it is possible for 

residual strain or uncharacterized defects to cause additional anomalous velocities, but 
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would require further studies.  Surface oxidation or artifacts from mechanical exfoliation 

also influence the CDW superlattice and their possible effects cannot be neglected either. 

 The initial excitation induces directional acoustic phonons from thickness 

mismatch at the terrace interface.  As the pump pulse is absorbed, thermal expansion causes 

displacement of the structural morphology by small amounts.  The initial expansion 

launches longitudinal acoustic phonons along the c-axis which until equilibrium is 

achieved. As the phonons traverse the thickness, the morphology modulation initiates 

additional acoustic modes within the basal planes of the specimen.  As a result, the modes 

along the principle axis is invisible in this experiment, but can be detected by the frequency 

at which in-plane waves are generated.  As the specimen continues to relax, the c-axis 

longitudinal mode will decay, and subsequent basal plane oscillations will progressively 

weaken.  A more thorough description of the mechanism will be the focus of Section 5 and 

will correlate the macroscale dynamics observed to the independent motion within each 

layer.  The separation of phonon modes by local boundaries is a concept which has been 

missing from the literature.  Classical phonons have been assumed to encapsulate the entire 

specimen during the relaxation mechanism of a material.  Instead, the propagation of 

phonon modes are location dependent for specific viewing directions.  As well, the phonon 

modes are contained by topological barriers preventing modes from interacting with one 

another.  This does not account for additional modes excited later in the excitation lifetime 

of the specimen, which should also be examined. 
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4.4 Conclusions 

 I have shown the emergence of localized acoustic phonons which are spatially 

separated by a 26 nm terrace.  Phonons have been assumed to encompass entire specimens 

during the oscillation, but spatially resolved imaging shows the precise positions of these 

phenomena.  Further, the photoexcited phonons have well-defined directions, velocities 

and positions in the specimen as demonstrated by the FFT maps and SCTPs.  The in-plane 

phonons are launched by an initial longitudinal phonon along the c-axis which.  In different 

thicknesses, the velocities are similar to one another, even though the detected frequencies 

are not.  Chapter 5 expands on the observations here by elucidating the mechanism of 

photoexcited acoustic phonons. 
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5. Single Layer Phonon Propagation Mechanism 

 Chapter 4 discussed localized acoustic phonons following photoexcitation of a 1T-

TaS2 specimen.  Specifically, thickness discontinuities such as terraces and interfaces 

appear to induce longitudinal phonons along the c-axis.  These force basal plane phonon 

propagation away from the initiation sites.  This chapter will examine the mechanism 

driving photoinduced acoustic phonons using correlative techniques in BF imaging and 

diffraction.  The experimental parameters are identical to Section 4.1.  Many of the analysis 

techniques were adapted in order extract the mechanism of the propagating acoustic 

phonons.  For this chapter, only the 23.9 GHz from Section 4 is evaluated because both 

frequencies are expected to experience identical mechanisms.  The results discussed in this 

chapter are adapted from S. A. Reisbick, D. J. Flannigan, 2020 (in preparation). 

 

5.1 Determination of the Crystallographic Orientation  

 Following the characterization of the specimen morphology, the exact orientation 

of the specimen was determined through tilt experiments and simulations.  The specimen 

was oriented along a high index zone axis in order to increase the quantity of contrast 

features during BF imaging.  As a result, the DP in Figure 5.1 does not look symmetric 

along all directions.  The DP was compared to over 900 simulations using CrystalMaker© 

for tilt combinations from 0° to 3° in the alpha and beta directions from the [001] zone 

axis.  Figure 5.1c the difference between each simulated DP and the experimental 

orientation.  Tilt combinations with dark blue pixels are the best matches to the 

experimental pattern.  White pixels and red pixels have progressively worse correlation to 
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the experimental pattern.  The global minimum is located at α = 1.4° and β = 0.8° 

corresponding to a zone axis of [30 70 11].  The simulated DP for this tilt angle is shown 

in Figure 5.1b.  This result demonstrates that minimal tilting is required to enhance the 

contrast of bend contours while simultaneously remaining close to the [001] zone axis.  The 

tilting angles will be used to describe the directional components of propagating acoustic 

phonons in later sections. 

 

 

Figure 5.1.  Zone axis identification of the 1T-TaS2 specimen used during 

experimentation.  (a) Experimental DP of the 1T-TaS2 specimen shown.  (b) Simulated 

DP at tilt angles of α = 1.4° and β = 0.8° from the [001] zone axis.  (c) Correlation map 

showing the percent match of the experimental DP to every simulated tilt combination from 

0° to 3° in the alpha and beta directions.  The global minimum is at α = 1.4° and β = 0.8° 

as indicated by the circle. 

 

 In addition to the tilt orientation, the directions associated with real and reciprocal 

space are not necessarily aligned to one another during an acquisition.  The rotation 

direction was determined in both imaging modalities so that the crystallographic directions 

could e aligned.  The direction of rotation in real space was determined via a tilt series as 
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shown in Figure 5.2.  The specimen was tilted in the alpha direction using a single tilt 

holder.  For this rotation, dimensions of the specimen parallel to the axis will elongate or 

shrink.  If the specimen lays parallel to the projection plane, it will appear elongated 

compare to a tilted orientation.  Three specimen edges in Figure 5.2 were detected using 

Canny edge detection and the Hough transform procedure discussed in Section 4.  The 

distance between the intersections determined the apparent edge length shifts and the axis 

of rotation.  The specimen shrank by -0.039/pixel in the x-direction and -0.001/pixel in the 

y-direction.  For each intersection, the shrinking dimensions were normalized by the 

amount of pixels in the initial separation.  The magnitude difference indicates that the 

tilting direction is nearly parallel to the x-axis.  Figure 5.2 contains two BF images from 

the tilt series used for correlation.  It also contains the Hough transforms used to identify 

intersections between the edges where the resulting direction of rotation is shown by the 

unlabeled arrow. 
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Figure 5.2.  Real space determination of rotation direction in 1T-TaS2.  (a, c) BF images 

at two different tilt orientations before template matching.  Three edges are labeled in order 

to identify the two intersections and calculate the distance between them.  (b, d) Resulting 

Hough transforms of the BF images and peaks corresponding to each edge.  The projection 

of the specimen decreased by -0.039/pixel in the x-direction and -0.001/pixel in the y-

direction resulting in clockwise rotation of 2.2° about the horizontal axis. 

 

In addition to the real space rotation direction, the tilting direction of the DP was 

determined using a correlative technique.  Figure 5.3 contains the DP and difference 

coefficient technique used to identify the rotation direction in reciprocal space.  The 

experimental DP was flipped vertically, then rotated by 1° increments up to 360°.  Each 
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rotated modification was compared to the original DP by subtracting them from another.  

DPs have a minimum of two-fold symmetry for every orientation, allowing the modified 

image to match at least one possible rotation.  When a specimen is tilted, the DP spots 

orthogonal to the direction of rotation disappear while the parallel symmetry diminishes.  

The line of symmetry through the direct beam yields the direction the specimen has been 

rotated from the original symmetry.  Here, Figure 5.3b shows the difference coefficient for 

each rotated image compared to the original image using Equation 10. 

𝐷𝐶 =  ∑√(𝑥𝑖0 − 𝑥𝑖)2  (10) 

The DC is the difference coefficient between the original and rotated images (xio and xi 

respectively).  Three peaks emerge at 73°, 163° and 253°, all separated by 90°.  The 

orientation corresponding to each peak has agreement with the first order Bragg peaks.  

The global minimum at 73° has additional agreement with the higher order peaks.  Due to 

the initial flip in the image, the resulting rotation direction must be halved, resulting in an 

angle of 36.5° counter-clockwise from the horizontal.  The resulting rotation direction was 

subtracted from that of the BF tilt sequence resulting in difference of 38.7°.  As a result, 

the DP must be rotated clockwise by 38.7° in order to align each set of planes with their 

physical orientation in the specimen. 
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Figure 5.3.  Determination of rotation direction in reciprocal space using DP 

symmetries.  (a) Enhanced DP to show the difference in magnitude of each Bragg spot.  

(b) Difference correlation between the original image and rotated image using 1° 

increments.  Peaks at 73°, 163° and 253° correspond to positions of good agreement for 

the first order Bragg spots.  The global minimum is at 73° indicates that the original DP 

matches all Bragg spots. 

 

 The alignment between real and reciprocal space is crucial in understanding the 

directional propagation of acoustic phonons in 1T-TaS2.  The remainder of this chapter will 

analyze the dynamics emerging during photoexcitation and the ability to correlate observed 

phenomena to the unit cell.  Further, the mechanism of macroscale structural dynamics is 

explained from the unit cell perspective.  Both diffraction and BF imaging are used to 

reveal components of the overall mechanism which are invisible from the other.  In 

reciprocal space, I will focus on the modulation of the unit cell during phonon propagation.  

The complimentary real space data reveals the direction and location of the acoustic 

phonons relative to their origins. 
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5.2 Dynamics in Real Space Imaging 

 The results in BF image sequences reveal the direction, location and macroscale 

appearance of acoustic phonon propagation in electronic materials.  Section 4 examined 

how photoexcitation induces localized acoustic phonon propagation in specific regions of 

the specimen.  Here, the macro scale mechanisms are evaluated during the excitation 

process from initiation to relaxation.  Figure 5.4 shows the direction of propagation for 

induced acoustic phonons in a more robust procedure than Section 4.  Specifically, this 

technique eliminates user bias associated with line selection during ROI placement.  A 

center point in the photoexcited phonon mode was selected.  Lines with angles ranging 

from 45° to 135° by 1° increments centered on the point were drawn with a 200 pixel 

length.  SCTPs were generated for each line as shown in Figure 5.4.  In each STCP, the 

contrast bands were fit to Gaussian functions to identify the central point of each band.  

The centers were fit to a linear function in order to extract the slope of the contrast band.  

The slope of each SCTP is plotted in Figure 5.4c where the global minimum corresponds 

to the direction and velocity of phonon propagation.  The minimum velocity was 4.7 nm/ps 

at 86° clockwise from the horizontal axis. This result corroborates the findings in Section 

4 indicating using the manual selection of the ROI.  However, the procedure in Figure 5.4 

yields more accurate spatial and directional propagation parameters.  Further improvement 

of the method requires automated detection of the center point.  But, due to the magnitude 

of the phonon size and contrast, user selection was sufficient in this scenario. 
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Figure 5.4.  Direction and velocity of acoustic phonon propagation in 1T-TaS2.  (a) BF 

image of the photoexcited 1T-TaS2 specimen.  Lines are the bounds of line ROIs used to 

create a series of STCPs by 1° increment of rotation.  (b) STCP with the minimum velocity 

at a rotation of 86° clockwise from the horizontal axis.  The box contains the magnified 

region in Figure 5.5.  (c) Extracted velocity with respect to angle of each STCP generated.  

The minimum velocity was 4.7 nm/ps at an angle of 86°. 

 

The SCTP extracted the velocity and propagation direction of acoustic phonons.  

However, it still fails to capture the shape of the excited modes.  Figure 5.5 presents 

difference images of the acoustic phonons propagating along the black line.  Each image 

subtracts the designated time point (t) from the reference image (tref). Dark regions (red) 

indicate that the reference image has higher local scattering.  Figure 5.5 captures one period 

of the propagating phonon modes from 214 to 230 ps.  A band appears in the 214 ps image, 

then travels further downwards in each subsequent frame.  The position of the black dot 

and arrow are constant between images in order to illustrate the relative motion of the 

phonon within the specimen.  This contrast pattern repeats through multiple cycles in the 

image sequence until the specimen has returned to equilibrium.  Each subsequent cycle 

causes lower contrast changes in the difference images indicating that the structural 
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modulations decay over time.  Here, the induced phonon modes are assumed to have 

identical mechanisms regardless of their position in the specimen.  This enables isolation 

of a single frequency in diffraction for analysis.  For the following procedures, only the 

magnitudes of dynamics oscillating at 24 GHz are evaluated. 

 

 

Figure 5.5.  Direct visualization of acoustic phonon propagation in 1T-TaS2.  (a) 

Reference image acquired at time-zero of the 1T-TaS2 specimen.  The box corresponds to 

the spatial regions illustrated in (b-e).  (b-e) Difference images created by subtracting the 

reference image from each time point.  Dark (red) regions correspond to local intensity 

increase coinciding with phonon propagation.  The circle and arrow annotations have been 

positioned in the same location for each image to serve as reference.  At different time 

points, the circle appears at the front (214 ps), center (222 ps) and rear (230 ps) of the 

phonon.  (f) Magnified STCP acquired 86° clockwise from the horizontal axis in the box 



118 

 

of Figure 5.4.  The dark bands have a slope of 4.7 nm/ps which agrees with the elastically 

driven speed of sound in the material. 

 

 Section 4 was able to identify the location of the photoinduced acoustic phonons 

through the use of the FFT maps.  Each of the parameters agree with the direction and 

velocity extracted here.  For different materials, the excitation response is mediated by 

alterations in the elastic moduli.  Additionally, an initial longitudinal acoustic phonon 

propagates along the thickness of the specimen.  However, the evaluated viewing direction 

was used to elucidate the single layer propagation dynamics.  As a result, the c-axis 

dynamics would require an additional viewing direction to fully characterize.  Furthermore, 

the observation of phonon modes opens additional questions which are be explored using 

diffraction.  Examples include the influence of acoustic phonon propagation on the unit 

cell via the alignment and contrast magnitudes. 

 

5.3 Dynamics from the Unit Cell Perspective 

 Time resolved diffraction techniques are powerful tools used to elucidate 

fundamental structural dynamics occurring as a result of photoexcitation.24,175  Figure 5.6 

contains the labeled DP for the 1T-TaS2 specimen at the photoexcited orientation.   The 

distance of the Bragg spots from the direct beam are inversely related to the planar 

separation within the unit cell of the specimen.  The FFT of the planar separations for each 

Bragg spot is in Figure 5.6 with the 24 GHz mode highlighted.  The 110 and 1̄1̄0 Bragg 

spots contain the strongest planar separation oscillation.  The neighboring spots oscillate 

with a reduced magnitude at the same frequency.  These results indicate specific planar 
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families experience larger distortions during phonon propagation than others.  

Furthermore, the orthogonal directions do not have amplitudes at the 24 GHz frequency.  

Instead, they have peaks arising at different frequencies (i.e. 22 and 30 GHz for the 11̄0 

spot).  It should be noted that the planar separation used here is the percentage change and 

not an absolute distortion due to the initial dimension differences for different sets of planes 

in the unit cell.  The other fit parameters yield similar trends except for the background.  

From the BF image sequence, propagating acoustic phonons appear mono-directional and 

consistently travel along the same trajectory.  As such, it follows that only the planes in 

directions aligned with or against the acoustic phonons would be significantly affected. 

 

  

Figure 5.6.  Extraction of unit cell parameters using FFT analysis on a single acoustic 

phonon mode.  (a) Experimental DP with the first and second indices labeled and colored 

according to (b).  (b) Corresponding FFT spectra of the percentage change in the distance 

of each Bragg spot from the direct beam.  The dominant frequency in BF was the 24 GHz 

phonon mode which agrees with the strongest oscillations in reciprocal space.  The percent 

change of the 1̄1̄0  spot indicates larger induced stresses during phonon propagation. 
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 The resulting amplitudes of each FFT are capable of separating the influence of the 

24 GHz mode on the unit cell from others.  Due to the size of the selected area aperture, 

multiple photoexcited modes are present in the sampled region.  Additionally, non-

reversible dynamics are present in the analysis which must be accounted for by 

implementing background subtraction.  The 1̄1̄0 spot contains the convolution of many 

frequencies within the intensity spectrum.  Each adds together in the original spectrum 

causing the magnitude changes to appear larger. 

Each FFT magnitude was weighted with the direction normal to the planar faces.  

The sum of the weighted directions resulting in the vector shown in Figure 5.7.  Due to the 

symmetry across the direct beam, comparison of opposite dynamics cancel one another 

out.  Therefore, only half of the Bragg spots were used to determine the weighted direction.  

Additionally, the direction of the vector can be manipulated towards any Bragg spot 

through the selection of particular peaks.  The 1̄1̄0  spot was set as the center of the 

weighted average because it had the largest magnitude oscillation.  From this direction, an 

equal number of neighboring spots on both sides were used in the calculation.  This enabled 

an accurate shift based on the relative magnitude of each Bragg spot.  Due to the symmetry 

of the FFT amplitudes shown in Figure 5.6b, the resulting direction was nearly parallel to 

the reciprocal lattice vector for the 1̄1̄0 direction.  Furthermore, the absolute intensity and 

planar separation over time were compared to one another to identify the source of the dark 

contrast bands in the BF image sequence.  These parameters are in phase with one another 

indicating that the specimen is bending and expanding simultaneously as the acoustic 

phonons traverse the region.  This is reasonable because many structural modulations will 

induce stress to the specimen causing an apparent expansion.  As well, the phonon features 
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in BF imaging appear to be rounded swells on the surface of the specimen.  The magnitude 

of the intensity fluctuation agrees best with localized tilting. 

 

 

Figure 5.7.  Dynamic unit cell comparison using diffraction on photoexcited 1T-TaS2.  

(a) Indexed DP from the 1T-TaS2 specimen at a delay of -50 ps.  The arrow corresponds to 

the weighted direction of the oscillation strengths in the DP image sequence for half of the 

Bragg spots.  (b) Relative magnitude of planar displacement for different Bragg spots.  The 

highest percentage displacement is experienced by the 1̄1̄0 spot.  The inset contains high 

magnification examples of 3 planes as a visual explanation for the values provided.  (c) 

Phase comparison of the planar displacement and spot intensity over time.  The oscillations 

are in phase, suggesting that the unit cell bends and expands simultaneously during phonon 

propagation. 

 

 Ultimately, the changes in planar separation are nearly ten times larger than the 

expected thermal expansion of the unit cell for a 65 K temperature increase.  As a result, 

the photoexcited acoustic phonons induce substantial localized strain in the specimen 

during propagation.  As well, the alignment of the DP with the real space imaging revels 

that the direction of acoustic phonon propagation is parallel to the largest expansions in the 
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system.  This agrees with many UED experiments which observe preferential phonon 

excitation.107,174,289  Waves travelling by this process are longitudinal due to the in-plane 

motion of the lattice.  Furthermore, the velocities extracted from BF imaging agree with 

the longitudinal speed of sound for the 110 direction in 1T-TaS2.  A full description of the 

dynamics occurring within a single layer of the 1T-TaS2 specimen is illustrated in Figure 

5.8.  Here, only the top view is used because the diffraction data does not contain planes 

parallel to the c-axis.  Each set of planes in Figure 5.8 correlates to a Bragg spot in Figure 

5.7 to demonstrate their positions relative to the BF image sequence.  Additionally, the 

absolute displacement of the first order planes is larger than the 110 expansion due to the 

initial position.  The initial separation of the first order planes is nearly 1.7 times larger 

than the second order planes, causing the absolute displacement to result in less strain.  As 

a result, the [110] direction experiences the most strain when phonons propagate through 

the region.  However, the direction is only specific for the morphology of this specimen.  

For a different shape, it is possible that the direction of propagation aligns with a different 

set of crystallographic planes.  Figure 5.8c contains the two-step process of photoexcited 

phonons as determined by the combination of diffraction and BF imaging.  First, a c-axis 

longitudinal mode travels along the thickness as described in Section 4.  As each layer 

interacts with the mass displacement, it induces strain driven acoustic phonons that travel 

away from the source.  The planes parallel to the phonon mode expand and contract with 

each pass of the c-axis mode while simultaneously tilting out of the original plane.  The tilt 

causes dark contrast bands to appear with a wavelength of nearly 117 nm.  The magnitude 

of the wavelength appears to be dictated by the thickness of the specimen due to the 

excitation of in-plane modes at opposite ends of the specimen.  Since each image is a 
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projection, the sum of each layer is compounded into one frame.  The compilation of many 

phonon modes on top of one another would increase the wavelength of the phonon. 

 

 

Figure 5.8.  Structural schematic of acoustic phonon propagation in photoexcited 1T-

TaS2.  (a) Top view of 1T-TaS2 with the first and second order planes labeled with a generic 

direction of wave propagation.  (b) Three example planar sets selected to demonstrate 

expansion during phonon propagation.  Planes parallel to the atomic position displacement 

experience expansion.  As planes deviate from parallelism, they experience less stress 

during interaction with the phonon modes. Note that the absolute displacement is not 

representative of the percentage displacement or induced strain.  (c) Two-step schematic 

of acoustic phonon generation in 1T-TaS2.  First, a c-axis longitudinal mode travels along 

the thickness of the specimen.  During its progression, it induces basal plane acoustic 

phonons which propagate away from the origin.  The layers simultaneously bend and 
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expand during acoustic phonon propagation to produce the contrast bands observed in BF 

imaging. 

 

5.4 Verification of Experimental Procedures 

 The time-resolved dynamics here arise from photoinduced phonons propagating 

though the specimen.  However, it is important to discuss potential artifacts in the data.  

Such examples include out-of-plane sample motion or Debye-Waller effects which would 

cause positional and intensity changes in the Bragg spots respectively.  The 2D Gaussian 

fits use sub-pixel resolution in order to identify the positions and intensities.  Slight 

modifications in region selection can alter the resulting fits by small amounts.  This section 

disproves the possible experimental situations which would cause false positives to occur 

in the data. 

 The scale of each DP is governed by the effective camera length of the diffracted 

beam.  Any vertical motion of the specimen causes the Bragg spots to converge or diverge 

from the direct beam depending on the direction.  The effective camera length can be found 

in Equation 11.10 

𝑅𝑑 =  𝜆𝐿  (11) 

Here, R is the distance between Bragg spots at the back focal plane, d is the planar 

separation, λ is the electron wavelength and L is the effective camera length.  As the 

specimen moves towards the camera, the Bragg spots converge towards the direct beam.  

If the specimen was moving in an oscillatory motion relative to the stationary position of 

the camera, a similar displacement spectrum would be expected to occur.  Here, the 200 

kV accelerating voltage yields and electron wavelength of 2.51 pm.  The second order 
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planes experience smaller magnitude oscillations, which are a lower bound of specimen 

motion.  These Bragg spots oscillate between 3.88 and 3.92 mm away from the direct beam 

during the experiment.  Equation 11 yields a vertical displacement of 2.8 mm in order for 

the positions to be an artifact.  Dividing the distance by the period of each oscillation 

returns an unfeasible specimen velocity of 6.8 x107 m/s during the experiment.  This result 

corroborates that the dynamics observed in the DP image sequence arise as a result of 

distortions in the unit cell and not extraneous phenomena.  

  Additionally, intensity reduction is frequently associated with Debye-Waller 

effects in most diffraction experiments.24,290  The amplitude oscillations fluctuate between 

50 and 70 counts during the oscillation of the spots.  As a primitive example, a low bound 

of 10% was used to calculate the atomic mean square displacement during the intensity 

oscillations.  One commonly used expression for analyzing relative intensities to Debye-

Waller effects is shown in Equation 12.291 

𝐼

𝐼0
= exp (

−4𝜋2

3
∗
〈µ〉2−〈µ2〉0

𝑑𝐵𝑟𝑎𝑔𝑔
)  (12) 

Here, I represents the intensity, µ is the atomic mean square displacement and d is the 

planar separation of the examined Bragg spot.  When the intensity reduction is 10%, the 

difference in mean square displacement is nearly 70 pm.  This value is significantly larger 

than the 2.7 pm displacement which was measured from the planar positions.  As a result, 

the Bragg spot intensity oscillations are further supported to arise from tilting of the 

specimen in localized regions rather than an anomalous artifact. 
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5.5 Correlation between Real and Reciprocal Space 

 The structural response of a single layer during photoexcitation of 1T-TaS2 has been 

discussed in detail throughout this section.  However, correlating the atomic scale structural 

modulations to the macroscale phenomena is also novel to the field.  Separately, UEM and 

UED have captured the individual components in agreement with one another.  Figure 5.9 

contains the directional components of the propagating acoustic phonons in both real and 

reciprocal space given by the two arrows.  The DP has been properly aligned such that the 

faces of the planes are parallel to the Bragg spots.  The rotations identified in Section 5.2 

enable propagation vectors to be placed and compared with one another.  The two 

directions agree, indicating that the propagating acoustic phonons have longitudinal form 

with respect to the unit cell.  Additionally, the contrast waves travel with a velocity of 4.7 

nm/ps which agrees with the longitudinal speed of sound for 1T-TaS2 along the 100 

direction.69,197,286  The intensity comparison demonstrates that some transverse motion 

occurs out of the plane of phonon propagation.  This is suspected to arise from the induced 

strain from the initial c-axis mode.  The structural distortion extends out of the basal plane 

in order to sufficiently relax following the modulation enforced during initiation.  Figure 

5.9b illustrates the progression of the initial induced acoustic phonons via a timing map.  

Pixel values represent the moment of first detected dynamics at each location.  Blue pixels 

indicate that no dynamics greater than the S/N ratio were detected, and that contrast change 

over time is not substantial.  Other colors signify that there is a contrast change which is 

greater than the S/N ratio in the first few images.  In the dashed circle, there is a 

concentration of pixels corresponding to 0 ps.  This location is representative of the first 

initiation of the photoinduced acoustic phonons before they travel away from the crystal 
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terrace.  The position suggests that the phonon modes originate from the thickness 

discontinuity as hinted at previously. 

 

 

Figure 5.9.  Correlation of acoustic phonon propagation at the atomic and macro 

scales.  (a) Comparison of the direction of acoustic phonon propagation in the BF image 

sequence and DP (inset).  The arrows align with one another indicating that photoinduced 

phonon modes cause longitudinal expansion during propagation.  (b) Timing map 

illustrating the moment of first observed dynamics from the box in (a).  Colors indicate the 

first moment when induced dynamics exceed the average S/N ratio for the data set.  Blue 

pixels indicate that the resulting fluctuations do not yield substantial contrast differences 

compared to the reference sample.  Here, the reference sample was the average of the first 

twenty time-points of the image sequence.  (c) Correlation spectrum comparing BF and DP 

dynamics.  The BF spectrum contains only the pixels within the SA aperture. 

 

 The results in BF and diffraction are directly compared in Figure 5.9c.  Following 

the previous discussion, this plot is used to correlate the dynamics in both imaging 

modalities.  The spectra agree on the position, amplitude and decay around the 24 GHz 

peak.  Both spectra have extra modes below 24 GHz, which arise from the thicker specimen 
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regions.  The peaks are not as well defined in the BF image sequence because of the noise 

associated with single pixel analysis.  Many of the pixels in the SA aperture do not exhibit 

contrast oscillation, resulting in a noisy FFT spectrum.  When many of these are summed 

together, it will dilute the intensity causing some peaks to become overwhelmed by the 

noise.  In the DP image sequence, this is overcome because averaging occurs before the 

FFT is applied.  This occurs as a side effect of the large size of the aperture which averages 

specimen regions of different thickness.  Specifically, the SA aperture contains nearly 25% 

of the thick portion of the terrace and 75% of the thin region.  The resulting spectrum was 

a convolution of the two modes excited within each thickness.  The reduction of intensity 

after the 24 GHz mode is caused by the placement of the SA aperture.  If the aperture had 

been placed in a region thinner than 66 nm, higher frequency modes would have been 

discovered.  This validates that the thinnest portion of the region analyzed was also the 

spatial majority. 

 

5.6 Conclusions 

 The photoexcitation mechanism of basal plane acoustic phonons were elucidated 

through a combination of BF imaging and diffraction.  Upon absorption of the ultrafast 

laser pulse, a longitudinal phonon propagates along the c-axis and initiates in-plane 

acoustic phonons travelling near the longitudinal speed of sound in 1T-TaS2.  Each phonon 

moves away from the initiation point with a combination of longitudinal and transverse 

shape.  Planes perpendicular to the direction of propagation expand and compress 

longitudinally, while mesoscale bends create out-of-plane contrast.  The full modulation 

travels with a velocity that agrees with the longitudinal speed of sound in 1T-TaS2.  
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6. Outlook and Conclusions 

 In conclusion, the development and enhancement of UEM during my time at the 

University of Minnesota has revealed a vast new landscape at visualizing structural 

transformations in 1T-TaS2 on its native spatiotemporal scale.  I have utilized this technique 

to reveal that defects mediate the localization of CDWs with a heavy dependence on 

morphology.  Further, I have shown that the CDW superlattice destabilizes at positions 

closer to dislocations in a 1T-TaS2 specimen.  These findings indicate that structural 

distortions change the topological landscape of the surrounding areas.  Further, I discussed 

localized acoustic phonons propagating away from a crystal terrace with a velocity near 

the material’s speed of sound.  During propagation, the phonons retain their position within 

a constant thickness specimen region.  This study revealed that phonon propagation does 

not encompass an entire specimen, but instead morphological barriers contain the induced 

deformations.  Further, the mechanism for acoustic phonon within a single layer has been 

described in detail.  A longitudinal acoustic phonon is initiated from a thickness variance 

which propagates along the principle axis of a specimen.  During each cycle, basal plane 

phonons are excited which travel away from the origin.  The observed phonons are 

composed of a competing longitudinal strain-wave and out-of-plane structural distortion. 

 The consequences of light-matter interactions is becoming a more important avenue 

of research every year.  Faster transport mechanisms which are more efficient and reliable 

is one of the largest current technological pushes.  This work discusses the thermal 

mechanisms at play during device operation.  Potential applications such as wave guiding 

become more achievable due to the elucidation of the photoinduced structural mechanisms 

at play here.  Further, 1T-TaS2 and its rich electronic phase diagram has the potential to be 
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used in a myriad of applications.  Some of which include memristors and transistors due to 

the ability to switch between phases with ultrafast laser pulses.  The timing associated with 

these transitions have the potential to increase device speeds by orders of magnitude due 

to the speed of the metal-insulator transition in 1T-TaS2.  Specifically, understanding the 

role of dislocations and other defect features on the CDW lattice can be applied to specimen 

fabrication quality scalable processes. 

The development of devices continues to move at tremendous speeds due to the 

increasing demand for consumer electronics.  At the fundamental understanding thermal 

transport and energy flow within these devices are going to continue to push modern 

technologies to unprecedented performance.  Light-matter interactions have never been as 

important as modern day due to the spatiotemporal limits of classical electronics.  It has 

been a pleasure to assist in the development of UEM and observe processes on their native 

spatiotemporal.  The operation and maintenance of the equipment resulted in considerable 

difficulties which required endless hours of troubleshooting.  The experiences at the end of 

the journey were invaluable because very few people will have the opportunity to diagnose 

UEM problems similarly.  Working with the members of the Flannigan group has provoked 

insightful discussion and created life-long memories which will continue to cultivate my 

professional career. 
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Appendix A – List of Acronyms 

ARPES – Angle resolved photoemission spectroscopy 

BBO – Beta barium borate 

BF – Bright field 

C – Commensurate 

CCD – Charged-coupled device 

CDW – Charge density wave 

CMOS – Completely metal-oxide semiconductor 

CVD – Chemical vapor deposition 

DF – Dark field 

DFT – Density functional theory 

DM – Digital Micrograph 

DP – Diffraction Pattern 

EELS – Electron energy-loss spectroscopy 

FFT – Fast Fourier transform 

FG – Field-emission gun 

FWHM – Full-width at half-maximum 

HAADF – High angle annular dark field  

IC – Incommensurate 

IPA – Isopropyl alcohol 

LBO – Lithium triborate 

LE – Liquid exfoliation 

ME – Mechanical exfoliation 

NC – Nearly commensurate 

OA – Objective aperture 

PINEM – Photon-induced near-field electron microscopy 

PLD – Periodic lattice distortion 
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PMMA – Polymethyl methacrylate 

ROI – Region of interest 

SA – Selected area 

SAED – Selected area electron diffraction 

SHG-FROG – Second harmonic generation frequency-resolved optical grating 

SNR – Signal-to-noise ratio 

STCP – Space-time contour plot 

STEM – Scanning transmission electron microscopy 

TEM – Transmission electron microscopy 

TG – Thermionic gun 

TMD – Transition metal dichalcogenide 

UED – Ultrafast electron diffraction 

UEM – Ultrafast electron microscopy 

ZLP – Zero loss peak 
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Appendix B – Derivation of CDWs 

Current is a measure of electron motion electronic materials which loses efficiency 

for high temperatures and current densities due to electron–phonon interference.  Materials 

exhibiting CDWs having electron-phonon coupling resulting in periodic electron density.  

Understanding CDW nature has the potential to reduce resistivity and electrical losses of 

newly developed devices.  To derive CDWs, the classical discussion begins with a free 

electron gas. 

   

B.1 Free Electron Gas 

 The free electron gas model assumes the lack of an exterior potential; simplifying 

the Schrödinger equation to 

−
ℏ2

2𝑚
𝛻2𝛹(𝒓, 𝑡) =  𝑖ℏ

𝜕

𝜕𝑡
𝛹(𝒓, 𝑡) 

resulting in a dispersion relation and density of states of 

𝐸(𝑘) =  
ℏ2𝑘2

2𝑚
 

where the Fermi Energy is E(kF) and the free electron wave function is 

𝛹0(𝒓, 𝑡) = 𝑉−1/2𝑒𝑖𝒌𝒓−
𝑖𝐸(𝒌)𝑡
ℏ  

where V is the volume.  In this model, we are unable to distinguish insulators from metals; 

however when we introduce an additional periodic potential 

(−
ℏ2

2𝑚
𝛻2 + 𝑉)𝛹(𝒓, 𝑡) =  𝑖ℏ

𝜕

𝜕𝑡
𝛹(𝒓, 𝑡) 
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band gaps appear in the dispersion relation in addition to a periodic modulation of the 

charge density.  In addition, we will be dealing with electrons; therefore, we will need to 

recall the Fermi-Dirac distribution defined as 

𝑓(𝐸) =  
1

𝑒
𝐸(𝒌)− 𝜇
𝑘𝐵𝑇 + 1

 

Where kB is Boltzmann’s constant, T is temperature and μ is the chemical potential of the 

system where μ = EF at T = 0. 

  

B.2 The Lindhard response function (LRF) 

 The Lindhard response function (LRF) is used to introduce a weak potential to the 

free electron gas of 

𝑉(𝒓, 𝑡) = 𝑉𝒒𝜔𝑒
𝑖𝒒𝒓−𝑖𝜔𝑡+𝑎𝑡 + 𝑉𝒒𝜔

∗ 𝑒−𝑖𝒒𝒓+𝑖𝜔𝑡+𝑎𝑡 

where a is an additional parameter forcing Vqω → 0 as t → -∞ and the corresponding wave 

function solved using perturbation formalism is  

𝛹(𝒓, 𝑡) = 𝛹0(𝒓, 𝑡) + 
𝑉𝒒𝜔𝑒

𝑖𝜔𝑡+𝑎𝑡

𝐸(𝒌) + ℏ𝜔 − 𝑖ℏ𝑎 − 𝐸(𝒌 + 𝒒) 
𝑒𝑖𝒒𝒓 

in which the charge density can be calculated by 

𝜌 =  
1

𝑁
∑|𝛹(𝒓, 𝑡)|2 

to be 

𝜌𝒒𝜔 = 
1

𝑁𝑉
∑1+ 

𝑉𝒒𝜔𝑒
𝑖𝜔𝑡+𝑎𝑡

𝐸(𝒌 + 𝒒) − ℏ𝜔 − 𝑖ℏ𝑎 − 𝐸(𝒌) 
𝑒𝑖𝒒𝒓 + 𝑐. 𝑐 

where N is the number of electrons in the system.  At this point, the Fermi-Dirac 

distribution must be taken into account because the electrons in any state, k, must be able 

to transition to another available state, k+q.  This can be incorporated into the summation 
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with each of the corresponding states present in each term.  Noticeably, the constant after 

the sum is the uniform density of the metal so the remaining terms after rearrangement 

yields 

𝛿𝜌𝒒𝜔 = −
𝑉𝒒𝜔

𝑁𝑉
∑

[𝑓(𝐸(𝒌 + 𝒒)) − 𝑓(𝐸(𝒌))]𝑒𝑖𝒒𝒓

𝐸(𝒌 + 𝒒) − 𝐸(𝒌) − ℏ𝜔 − 𝑖ℏ𝑎
+ 𝑐. 𝑐. 

as the change in charge density due to the applied perturbation.  Here, a is a holding 

variable for later in the derivation.  In addition, the Fourier relation between δρ and ρ is 

𝛿𝜌𝒒𝜔 = 
1

𝑉
∑𝜌𝒒𝜔𝑒

𝑖𝒒𝒓

𝒒

 

where 

𝜌𝒒𝜔 = 𝜒𝒒𝜔𝑉𝒒𝜔 

in which χqω is the LRF.  χqω can then be obtained via substitution as  

𝜒𝒒𝜔 = 
1

𝑁
∑

𝑓(𝐸(𝒌 + 𝒒)) − 𝑓(𝐸(𝒌))

𝐸(𝒌 + 𝒒) − 𝐸(𝒌) − ℏ𝜔
𝒌

 

because a was inserted as a holding variable resulting in, a → 0.  If we choose to analyze 

T = 0, and change from a discrete summation to integration, there are real and complex 

components to χqω, however looking at a static potential, ω → 0, all the complex 

components reduce to 0 and only the real component remains.  In addition, the distribution 

components enforce only nonzero solutions where E(k) and E(k+q) are on opposite sides 

of E(kF).  In the 1D case,  

𝜒𝒒𝝎
1𝐷 = −

𝑒2𝑘𝐹
𝒒

𝐷(𝐸(𝑘𝐹)) ln |
𝒒 + 2𝑘𝐹
𝒒 − 2𝑘𝐹

| 

with 

𝐷1𝐷(𝐸(𝑘)) =  
2𝑚

𝜋ℏ2𝒌
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as the density of states.  In 2D, the LRF becomes 

𝜒𝒒𝝎
2𝐷 = 

{
 
 

 
 −𝑒

2𝐷(𝐸(𝑘𝐹))                                                  for     𝒒 < 2𝑘𝐹

−𝑒2𝐷(𝐸(𝑘𝐹)) [1 −
2𝑘𝐹
𝒒
[(

𝒒

2𝑘𝐹
)
2

− 1]

1
2

]   for     𝒒 > 2𝑘𝐹 
 

and the density of states is 

𝐷2𝐷(𝐸(𝑘)) =  
𝑚

𝜋ℏ2
. 

The 3D case shows 

𝜒𝒒𝝎
3𝐷 = −

𝑒2

2
𝐷(𝐸(𝑘𝐹)) [1 + (

𝑘𝐹
𝒒
−

𝒒

4𝑘𝐹
) ln |

𝒒 + 2𝑘𝐹
𝒒 − 2𝑘𝐹

|] 

and the corresponding density of states as 

𝐷3𝐷(𝐸(𝑘)) =  
𝑚𝑘

𝜋2ℏ2
  . 

Plotting each LRF line shape in Figure B1 demonstrates instabilities in all three 

dimensions.  The 1D and 2D cases have much higher degree of instability than the 3D case 

as shown in Figure B2. 
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Figure B1.  Resulting LRFs for one-, two- and three-dimensional CDW derivations.  

In the 1D case, the LRF reaches an infinite instability at 2kF causing the original lattice to 

destabilize and form the CDW lattice.  In higher dimensions, the discontinuity remains, but 

the instability is less significant. 

 

In the 1D case, there is a discontinuity in the LRF.  Both the 2D and 3D scenarios 

only exhibit a discontinuity in the derivatives.  Increasing the temperature attenuates the 

instabilities, but it also means there should be a phase transition upon cooling in 1D and 

pseudo-1D materials.   
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B.3 The Kohn Anomaly and Electron-Phonon Interactions 

 Normally phonon modulation is responsible for the restoring forces of a material 

after being acted upon by an external potential; however, the instabilities in the LRF reduce 

these restoring forces.  The lattice becomes shielded and the electron density will retain its 

periodicity producing a “locked” lattice distortion, known as the Kohn anomaly.   

The phonon frequency is directly proportional to the magnitude of lattice restoring 

forces following a perturbation.  The columbic interactions between atoms push a 1D 

lattice towards even spacing between all the atoms; however, the electron density is 

dependent on the LRF which has a discontinuity at q = 2kF.  The phonon frequency is 

calculated by the phonon operator, ηq, using the Fröhlich Hamiltonian, 

𝐻 = ∑𝐸(𝒌)𝑎𝒌
+𝑎𝒌

𝒌

∑𝒒𝜔𝑏𝒌
+𝑏𝒌

𝒒

∑𝑔(𝒒)𝑎𝒌
+𝑎𝒌

𝒒,𝒌

(𝑏𝒌
+ + 𝑏𝒌) 

where 

−ℏ2�̈�𝒒 = [[𝜂𝒒, 𝐻], 𝐻] 

is the equation of motion for the phonon operator.  The arising phonon frequencies with 

respect to temperature for the 1D scenario is shown in Figure B2. 
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Figure B2.  Kohn anomaly for a 1D chain of linear monatomic atoms.  Figure modified 

from Zhu, et. al. 2015,92  A 1D chain of linear, monatomic atoms experiences strong 

phonon softening at the CDW transition temperature around the Fermi wavevector. 

 

The phonon frequency has a minimum at q = 2kF when the temperature of the system 

matches the CDW transition temperature, Tc.  As the temperature approaches the transition 

temperature the energetic well deepens, further stabilizing the CDW lattice.  As a result, 

the lattice deformation becomes a stable deformation. 
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B.4 Peierls Transition 

The LRF, Kohn anomaly and electron phonon interactions all result in singularities 

at q = 2kF which are enhanced as T → Tc.  The Peierls transition forces the lattice to undergo 

a PLD which lowers the overall lattice energy.  The resulting transition creates an insulating 

band gap around the Fermi energy.  Figure 1.3 demonstrates the resulting deformation and 

the corresponding energy diagram on either side of Tc.  The transition extends the lattice 

parameter from a → 2a and forms a CDW wave with a wavelength of 

𝜆𝐶𝐷𝑊 = 
𝜋

𝑘𝐹
 

and charge density distribution equal to  

𝜌(𝑥) =  𝜌0 + 𝜌1 cos (2𝑘𝐹𝑥 + 𝜙). 
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Appendix C – Electron Sources in TEM 

Different experiments discussed in this thesis used different microscopes which 

have different electron sources.  This appendix discusses the difference between each 

electron source and the reasons for use.  All of the experiments were performed using 

thermionic (TG) and field emission (FE) guns where the filament is parallel to the optic 

axis.  For the TG setup, electrons are extracted by resistive heating, then accelerated by an 

applied potential between the filament and anode with a small bias coming from a Wehnelt 

assembly.  The bias applied to the Wehnelt reduces the dispersion of emitted 

electronsIncreasing the bias tightens the gun crossover until the forces are excessive.  At 

the optimum bias, the crossover in the gun is midway between the anode and Wehnelt.   

The FE configuration uses a smaller tip which does not require heating.  The 

electron beam is more coherent before being accelerated. This configurations has higher 

spatial resolution, energetic coherency and current density, but is not as robust or easy to 

align.  Most importantly, the TG configuration is more suitable for UEM experiments 

because heating can be replaced with ultrafast laser pulses for electron generation.  Table 

1.2 lists the uses of each gun configuration within this thesis. 

 

Technique Type of Cathode Relevant Section Hot/Cold 

BF/DF/DP Imaging Both 2, 3, 4, 5 Hot 

UEM Imaging LaB6 (T) 2, 4, 5 Cold 

EELS W (FEG) 2, 4 Cold 



171 

 

HAADF W (FEG) 2, 4 Cold 

Table C.1.  Cathode configuration and use for various techniques.  Description of 

cathode type for each experimental setup used throughout this thesis. 

 


