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ABSTRACT

ELECTRONICALLY INDUCED STRUCTURE TRANSFORMATIONS
IN GRAPHITE & SILVER, STUDIED USING ULTRAFAST
ELECTRON CRYSTALLOGRAPHY

By
Ramani K. Raman

Electronically induced structure transformations are a unique class of phenomena. in
which material transformation can be effected by impulsive excitation of the electronic
system, often resulting in exotic structural phases and transformation pathways inac-
cessible to thermodynamic channels. Using ultrafast electron crystallography (UEC),
we have directly observed such photodinduced atomic dynamics in two systems -
graphite and silver nanocrystals (Ag NC) that appear to be driven by the strong cou-
pling between the laser excitation and lattice perturbations in the form of strongly
coupled optical phonons and laser induced electron redistribution.

In graphite, structural changes resulting from photoexcitation with p-polarized,
near-IR, femtosecond laser pulses are observed to lead to the nonthermal creation of
a transient state with sp3 like bonding characteristics. At laser fluences approaching,
but below the damage threshold, the average inter-layer spacing contracts along with
creation of new inter-layer distances at ~ 2 A while the lattice is only moderately
heated. The advantage of using electrons (which carry a charge) as a probe is demon-
strated, as it reveals the transformation to be driven by a hitherto unobserved surface
dipole field, observed here via a Coulomb refraction shift of the scattered electrons
within the sub-surface region. Ab initio density functional theory calculations are
employed to relate these structural changes to a nonthermal heating of the electrons,
followed by a photoinduced charge separation causing a compressive Coulomb stress.

To quantify the role and dynamics of electrons emitted from photoexcited sur-

faces, a novel ‘point-projection method’ is introduced, capable of directly imaging



the spatiotemporal evolution of such photoemitted electron bunches. The method is
shown to provide sufficient sensitivity to image electron bunches (as small as 1010
e/ cm3 ) and permit quantitative investigation of the electron emission from photoex-
cited graphite surface. It is shown that such photoemission plays a minor role in the
refraction shifts observed in the UEC study and a sub-surface dipole field is sufficient
to explain the structural and charge relaxations observed. Investigations utilizing
scanning electron microscope imaging of structures generated from laser ablation of
graphite reveals the creation of geometrically faceted crystalline features, whose Ra-
man spectrum exhibit sp3 like characteristics, though unambiguous identification of
diamond structures generated requires further study.

In the case of silver nanocrystals (Ag NC), photoexcitation near the surface plas-
mon resonance (SPR) is observed to lead to fragmentation at fluences below their
melting threshold. By isolating each NC from other neighboring NCs in a sur-
face supported geometry, the normally irreversible process becomes reversible and
amenable to multi-shot pump-probe diffraction investigations just below the frag-
mentation threshold. Transient structural, thermal and Coulombic signatures of the
pre-fragmented state are extracted from the UEC investigation and combined with a
progressive Reverse Monte-Carlo structure refinement scheme to visualize the atomic
dynamics leading up to the fragmentation. Such multi-faceted analysis reveals the
fragmentation to proceed through the creation and growth of undercoordinated de-
fect sites along which the lattice is weakened. These defects are likely seeded by the
strong coupling between SPR dephasing pathways and inter-band transitions that can
lead to bond-softening effects and local valence instabilities. The creation of sufficient
number of such defect sites at elevated fluences are believed to lead to the eventual
fragmentation of the entire NC.

This thesis also details the design and principle of UEC systems employed in a

surface probing geometry for the study of nanostructures and interfaces.
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4.10 Signature of sp3-like bonding in HOPG. (a) Molecular interference pat-
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in (a) and F = 56 mJ /cm2 in (b, c¢) for different offset distances
z(), as illustrated by the inset cartoons. (d) Dynamics of integrated
intensity and (e) angular shift of the diffraction maxima, with F' =
23 mJ /cm2 and zy = 2.4 mm. (f) Angular shift of (008) maxima at
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Angular shift of (006) maxima at 2 different fluences, showing a unique
double-hump feature that is as yet unexplained. The two curves are

vertically offset for clarity; dashed lines represent respective zero-level.

(a) Snapshot shadow images of photoemitted electron bunch obtained
with g = 4.3 mm. The cross-sectional line profiles (black curves)
are extracted along the dashed line in the second panel. (b) Model
used to construct an analytical expression for the shadow image 2 line
scans in Eqn. 4.4. The shadow intensity on CCD is related to the
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propagation trajectory. (c) Fitting curves (lines) of cross-sectional line-
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along with the estimated effect of VSC in that study, based on the
VSC dynamics extracted here. . . . .. ... ... ... .......

Optical reflectivity data from HOPG. (a-d) Transient reflectivity 6R/R
at different fluences, as labeled. (e) Reflectivity data at various flu-
ences with maximum change in §R/R self-normalised to unity. The
timescales of initial reflectivity drop and subsequent relaxation are
largely fluence independent. (f) Maximum change in reflectivity plot-
ted as a function of irradiated fluence, showing saturation beyond 10
mJ /cmz. .................................

127

130

132

134



4.20 (a) Optical reflectivity data acquired with good S/N (70 scans) for 2 flu-
ence limits with fits to convoluted growth & decay ~ {1—exp(t/m)} exp{(t—
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t1)/m}. (b) Transient reflectivity from HOPG at F = 13 mJ Jem?
reported by Downer & co-workers [197]. (c) Long-time dynamics at
F =17 mJ /cm2, showing no long-term response (note the break in
the abscissa). The optical signal relaxes completely within 10 ps. A
weak oscillatory signal, possibly due to acoustic waves triggered in the
graphite surface layers is detected. Solid line represents fit to a de-
caying sine function. (d) Long time optical response from HOPG. No
noteworthy dynamics are observed at these long timescales. . . . . .

Morphology of laser-ablated graphite at F=100 mJ/ cm?. (a) Low-mag
SEM image of the entire spot. (b, ¢) Higher magnification views of the
centrally ablated area marked by a square in (a), showing creation of
crystalline like nanostructures. (d) Similar result obtained by Huang
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Raman spectrum from laser-ablated HOPG. (a) Optical micrograph
of the laser ablated region with 4 regions labeled. (b) Raman spec-
trum obtained from the 4 regions labeled in (a). (¢) Raman spectrum
obtained from pristine HOPG and from region 4 in (a) in this study
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Electron energy loss spectrum acquired from 3 types of carbon - graphite,
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Analysis of laser-ablated xGNP sample. (a) SEM Image of xGNP sam-
ple on the lacey carbon grid. Inset shows 1 full grid covered in xGNP.
(b) Diffraction pattern from a small select area (= 100 nm) acquired
in a TEM from the unablated sample. Dashed quadrilateral marks
the reciprocal cell expected from the honeycomb structure of graphite
layers. (c) Low-mag image of the edge of laser-induced damage. Inves-
tigations were carried out within this grid, just inside the edge. (d) A
small region adjacent to the laser damage edge (as marked by the ar-
row emanating from (c), which showed interesting results summarized
in following panels. (e) Diffraction pattern from spot 2 labeled in (d)
showing the presence of new spots marked by arrows, created symmet-
rically on either side of the dashed line suggesting lattice contraction.
The central (00) spot is digitally added for reference. (f) Normalized
EEL spectra acquired from spots labeled 1, 2, 3 in (d), showing the
change in intensity of the 7* peak. . . ... ... ... ... .....

Analysis of diffraction and EELS signatures from unablated GNP. (a)
High resolution TEM image of GNP, with 3 spots marked. (b) Nor-
malized EEL spectra recorded from adjacent regions labeled in (a),
showing change in the 7* peak. (c-e) Diffraction patterns recorded
from spots labeled in (a). Diffraction from spot 1 agrees well with
pristine graphite, whereas those from spots 2 & 3 show distortions
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along directions marked by the arrows, which are features similar to
those seen in the ablated sample. (f-h) Simulation of TEM diffraction
pattern from a perfect graphite lattice, for varying angles (6) between
the graphite’s c—axis and the electron beam direction. Note the cre-
ation of additional spots in (g) and the stretching of the hexagon in
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(a-c) High resolution TEM images of 3 different crystalline nanostruc-
tures with size in the 10-20 nm range observed near the laser ablated
region within the XGNP samples. Each nanostructure appears to be
surrounded by few layers of amorphous-carbon. (d) A high-resolution
TEM image of a flat xGNP sheet, provided for comparison. . . . . .

UEC investigations of exfoliated graphite nanoplatelet (xGNP) sam-
ples. (a) Ground state transmission UEC diffraction pattern. (b) 1d
diffraction curve obtained from radial averaging of rings in (a) (c)
Mean-square atomic vibrations within the basal plane, extracted from
(100) and (220) maxima in (b) compared with that along c-axis dynam-
ics acquired from HOPG. Fluence in both cases is F = 20 mJ /cm2 (e)
Comparison of rms vibrations along the basal and the c-axis. Dashed
lines only a guide totheeye. . . .. . ... .. ... ... ..., .
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Sample geometry employed in the UEC investigation of nanopaticles.

Steps to deposit colloidal nanocrystals on silicon surface. (a) Hy-
droxyl terminated silicon surface. (b, ¢) Surface functionalization (d,
e) Nanocrystal deposition. (f) SEM image showing typical sample
morphology obtained using 20 nm Au NCs here as example. . . . . .

Controlling areal density of NCs on organosilane covered Si-111 sub-
strate. (a-b) Changing pH of Ag colloidal suspension using acetic acid.
(c-f) Changing hydrophobicity of Ag colloidal suspension using ethanol.
(g) NC counting statistics averaged over two separate 1 ,um2 areas.

Importance of Buffer SAM layer for UEC investigations of surface
supported nanoparticles. (a) Sample morphology obtained with un-
successful or incomplete surface functionalization, with corresponding
diffraction pattern (b) and rocking curve (c). (d) Ideal sample mor-
phology, showing uniform coverage of isolated NPs, with corresponding
diffraction pattern (e) and rocking curve (f). . ... .. ... ....

Ground state characterization of 40nm Ag NC using UEC. (a) SEM
images of the Ag NC sample. (b) Theoretical distance list for fcc Ag
lattice using lattice constant ap = 4.08 A (c) UEC diffraction pattern
obtained from ground state of sample in (a). (d) sM(s) pattern ob-
tained from radial averaging of diffraction pattern in (b), as described
in Sec. 2.2.1. Characteristic fcc peaks are labeled. (e) Atom-atom pair
correlation function G(r) in the ground state, obtained through Fourier

analysis of (c). The peaks agree well with theoretical predictions in (b).

SEM Investigation of Ag NC fragmentation. (a) Sample before irra-
diation (b-f) Random areas of the sample within the laser footprint.
Excitation at 400nm, F=30 mJ /cm2. (g) Similar fragmentation of Ag
NCs observed in the solution based study by Kamat et al. [99]. (A) -
before; (B) after excitation by a 355 nm pslaser. . .. ... ... ..

UEC Data (a) Time evolution map of the normalized structure factor
sM(s) of Ag NCs excited at SPR at F = 17 m.]/cm2, with sM(s) at
select times explicitly overlayed. (b) Pair correlation function G(r,t),
corresponding to the select times in (a). The arrows point to the
medium range order peaks, which completely dephase by t = + 13 ps,
before their eventual revival at long times. . . . . ... ... ... ..
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6.12

Thermal signatures of NC fragmentation process. NC temperature
estimated from Debye-Waller analysis of peak intensity drop in (331)
and (311)+(220) peaks. Inset shows W = (1/s2) In (I/Iy) determined
for the same two peaks, and exhibits anisotropy at short times. The
oscillatory curve is drawn as a guide to the eye, representing acoustic
oscillations of the NC. . . . . . . ... ... ... ... . .......

Simulation of Ag NC fragmentation and associated signatures in diffrac-
tion pattern. (a) Planar slice along the center of a Ag 15 x 15 x 15
supercell, that is progressively subdivided into smaller pieces. The indi-
vidual fragments are displaced from each other and oriented randomly
to remove any correlation between the fragments. (b) W parameter
estimated from the computed sM(s) from these fragmented NC. (c)
Computed sM(s) from these fragmented NCs for select fragmentation
degree, showing the similar dramatic drop in (111) & (220) peaks as
observed in the UEC data shownin (d). . ... ............

Determining photoemission (PE) yield from Ag NC sample using the
point-projection imaging technique described in section 4.7.1. (a) Nor-
malized shadow images of the PE cloud. The cloud profile is shown
on the right. (b) Evolution of PE cloud profiles along z direction nor-
mal to Si-111 surface both with and without the Ag NCs. Significant
enhancement of PE is seen in presence of Ag NCs. . . ... ... ..

Monitoring NC charging dynamics through SAM (001) peak shift. (a)
Refraction shift of SAM (001) peak due to interfacial charge transfer.
(b) Total shift of the SAM (001) peak along with the TSV-induced shift
deduced from Fourier phasing algorithm. Difference between the two
yields the contribution to the interfacial field from the SAM layer alone.
(c) The shift of the SAM peak correlated to the degree of NC charging,
based on the calculations in (d, e). (d) Finite element simulations of
the field generated by the NC charged to unit positive voltage. The
SAM layer =~ 1 nm is too small to be seen on this scale. (e) 2D surface
plot of the interfacial voltage, and its effect on the SAM peak. Note the
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(a-h) Prefragmentation states of Ag NC at select times, determined
using the PRMC structure refinement scheme described in the text.
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6.13 Growth and decay dynamics of defect sites in the PRMC refined su-

Al

percell structure. (a) Evolution of the number of atoms with given
coordination number following photoexcitation. Counts of Perfect fcc
coordinated atoms (Ne = 12) decreases as the number of undercoor-
dinated sites increase. (b, ¢) Evolution of total number of defect sites
characterized by Ne < 10 showing their growth and percolation at
short times, and decay at long times. Long time decay in (c) is fit to
a biexponential function, with the 1/e timescales shown. . . ... .. 176

Graphite Unit Cell. (a) Views along the 001 (top) and 010 (bottom) to

help visualize the 3D structure of graphite, showing the ABAB. .. stacking

of the individual graphene layers. The shaded pink region represents

the unit cell and the green atoms labeled 1-4 are the basis atoms com-
prising one unit cell. (b) Magnified view of the unit-cell and the con-
stituent basis atoms. . . . . .. ..o oL 185
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Chapter 1

Introduction

Structural changes are commonly achieved by applying pressure or heat. In such cases,
the system absorbs energy from the external agency, evolving slowly under quasi-
equilibrium conditions, driven by the principle of free-energy minimization. With the
advent of short-pulse lasers capable of producing intense bursts of photon packets
of femtosecond (fs) durations, it is now possible to deposit significant amount of
energy in to a system within a very short time. This offers controlled exploration
of the complex energy landscape of materials. The intense femtosecond (fs) laser
pulse can ‘shock’ the electrons in the material by exciting the valence electrons into
non-equilibrium configurations before the atoms (which are heavier) have any time
to respond. Since the lattice structure is predominantly determined by the valence
electrons that participate in bonding, the modified far-from equilibrium electronic
configurations can result in strongly perturbed inter-atomic potentials, affecting bond
strength and sometimes even bond orders. This can lead to structural change, melting
or even a solid-solid phase transformation on very short time scales. Such phenomena,
where phase transformations are triggered on timescales shorter than the electron-
phonon coupling times cannot be explained by a thermal picture, and are broadly

classified as electronically induced phase transitions. This offers a powerful method
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to access novel states of matter that might not be accessible through conventional
thermodynamic means. Furthermore, even if complete structural transformation is
not evidenced, perturbation of the system and the consequent relaxation mechanisms
can provide fundamental insights into the nature of bonding in materials, and the
intimate couping between electrons on the lattice on the ultrafast timescales. Such
studies gain even more importance with the emergence of strongly correlated materials
where novel physics arises from the strong coupling between the electronic, spin, and
lattice degrees of freedom.

The study reported here focuses on electronically induced structure transforma-
tions in two systems - graphite, and silver nanocrystals. In graphite, recent studies
have pointed toward the possibility of inducing a graphite - diamond transition via
an ultrafast destabilization of the graphite lattice [1, 2]. Using ultrafast electron
crystallography as a probe of transient structures, we will show that such a transfor-
mation is indeed possible, and appears to be driven by hitherto unexpected transient
hole-doping effects caused by charge redistribution in the graphite layers. In silver,
we explore the photoinduced fragmentation of surface-supported silver nanocrystals
(Ag NC) excited at surface-plasmon resonance. By combining the diffraction probes
with structure refinement schemes, we are able to ‘image’ the fragmented domains
within a photoexcited Ag NC. The fragmentation is found to be seeded by inho-
mogeneous creation of defect sites within the Ag NC whose growth and percolation
lead to fragmentation of the NCs well below their melting threshold. As in the case
of graphite, interfacial charges are also observed to play an important role in these

transformations.



1.1 Electronically Induced Structure Transforma-
tion

The concept of electronically induced structure transformation has its roots in the
discovery of laser annealing in the 1970s [3-5]. Efforts to understand the under-
lying mechanisms of laser-induced material transformation in semiconductors such
as Si and GaAs led to two contrasting viewpoints - the thermal model [6, 7] which
involved laser induced heating of the material leading to melting and eventual recrys-
tallization, and the more intriguing plasma annealing (PA) model. Proposed by Van
Vechten et al. [8, 9], the PA model attributed laser annealing to lattice instabilities
resulting from the photoinduced promotion of a large number of (bonding) valence
band electrons into the (anti-bonding) conduction band. The sudden depletion of
bonding electrons was shown to lead to the weakening of covalent bonds, allowing the
atoms enhanced mobility to anneal any defects. Since then, several experimental and
theoretical efforts [10], have shown that for pulse durations of ns or several tens of ps,
the thermal model satisfactorily describes the laser induced phase transformations.
Since electronic energy relaxations typically occur within sub-ps timescales, the entire
energy carried by a ps or ns laser pulse can be transferred to the lattice within the
pulse duration itself. Any subsequent phase transformations then proceed with a hot

lattice, through thermal channels.

The situation becomes more complex however, when pulse durations approach
the fs domain. Femtosecond lasers allow the impulsive excitation of a large num-
ber of electrons to elevated energies well-before any appreciable transfer of energy
to the lattice has commenced. In such cases, the plasma annealing model becomes
more appealing. Electronically induced lattice instabilities could conceivably trigger
structural phase transitions on the sub-ps timescales even as the lattice remains vibra-

tionally cold. A simple calculation is instructive here - a gold nucleus (mass number
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~ 196) at room temperature of 300 K posses an an average nuclear thermal velocity
of ~ 130 m/s (estimated from classical equipartition theorem). If the bonds holding
the Au atoms in place in its lattice were to momentarily vanish, the Au atoms could
move in 0.5 ps as much as 0.6 A, which is close to 20% of the bond-length. Lighter
atoms like Si would move even more on account of their increased thermal velocity.
It is easy to see that such a scenario could lead to significant disorder in the lattice
without ever heating it up.

Several phase transitions have been identified that are evidenced to be electron-
ically initiated, such as nonthermal melting in semiconductors [11], amorphous-to-
crystalline transformations in films [12, 13], ionic-neutral switching in organic molec-
ular crystals [14-16], insulator-metal transitions in Mott insulators {17, 18], melting
of charge-ordered states in perovskite manganites [19] & charge density wave ma-
terials [20], and possible transition to superconducting states in high-T¢ cuprates
[21]. However, despite a large body of work in this area, the fundamental origins and
the driving force behind of electronically induced structure transformations remains
elusive, in part due to the multitude and complexity of ultrafast processes in solids
that involve non-equilibrium dynamics of both electronic and the lattice sub-systems.
Hence, before we attempt a mini-review of this field, it is worthwhile to briefly exam-
ine the complex processes that occur on such short time scales and various methods

devised to probe these processes.

1.2 TUltrafast Laser-Matter Interaction

The interaction of ultrashort laser pulses with matter involves a complex cascade
of energy relaxation processes as illustrated in Fig. 1.1 (adapted from Ref. [11]).
When a photon is incident on a solid, the energy is first absorbed by the electrons,

causing the electrons to be promoted from their ground state to an excited state at
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Figure 1.1: Sequence of processes following ultrafast excitation of solids. Adapted
from Ref. [11]

higher energies. In semiconductors, this translates to a promotion from the valence
band into the conduction band across the band gap whereas in metals, free-carrier
absorption promotes electrons to higher energies within the same (conduction) band.
This electronic excitation is nearly instantaneous, occurring on the 1-10 fs timescale,
and hence completed within the duration of the pulse. It results in the creation
of a non-thermal distribution of electrons whose population is not describable by
a conventional Fermi-Dirac (FD) distribution. The excited electrons ‘thermalize’
(typically on the 10 - 100 fs timescale) via carrier-carrier scattering and relax back
to the band-edge. At this point, the carrier population can be described by a FD
distribution function with a well defined electronic temperature T¢ - the carriers are
said to have ‘thermalized’. Concurrent with this carrier-carrier scattering processes,
carrier-phonon scattering processes also commence leading to transfer of energy to the
lattice vibration modes via emission of incoherent phonons. Phonons typically carry

very little energy and so, the transfer of energy to the lattice requires many phonon
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emissions ranging over several ps. This energy transfer between the electronic and
lattice sub-systems allows them both to come into thermal equilibrium with each
other at a common temperature T. Finally, the excess carriers in the conduction
band are removed by recombination (radiative and non-radiative such as Auger) or
by carrier diffusion out of the photoexcited volume.

These processes, as evident in Fig. 1.1 do not occur sequentially, but often in
parallel. Electron-phonon scattering commences even before carrier thermalization
is complete. Process such as impact ionization and Auger recombination alter car-
rier densities in complex ways. The high carrier densities modify the effective ionic
potential and hence the bonding parameters. In some systems, carrier relaxation
might be preferentially coupled to a subset of phonon modes termed strongly cou-
pled optical phonons that drive the lattice in a coherent fashion. Thus, mapping the
electronic and structural dynamics of photoexcited solids from start to finish requires
experimental investigations of many different processes occurring over a wide time
scale ranging from the first few fs following photoexcitation to longer ns, along with

accurate theoretical modeling of the various energy relaxation processes.

1.2.1 The Pump-Probe Paradigm

Investigation of ultrafast phenomena require experimental methods capable of resolv-
ing events occurring on the fs-ps time scale. With the significant advancement in
short-pulse laser technology over the last 3 decades [22], ultrafast lasers have served
as an ideal tool in such investigations. A plethora of experimental approaches have
been formulated and perfected, each with their unique advantages. While the specifics
of different approaches may vary, most of them rely on the fundamental concept of
the pump-probe paradigm illustrated in Fig. 1.2. Two laser pulses are employed - one
acting as a ‘pump’ and another as the ‘probe’. The pump pulse serves to initiate the

ultrafast process of interest by providing an impulsive kick to the (electronic) system
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Figure 1.2: Experimental appraoch to study ultrafast phenomena: The pump-probe
paradigm

away from its ambient equilibrium condition. The arrival of the pump pulse at the
sample position thus fixes the ‘time-zero’ for the experiment. As the system relaxes
back to the ground state, a time-delayed probe pulse interrogates the sample and
the response is recorded using appropriate detectors. The ultrashort duration of the
probing pulse ensures that the sample response depends solely on the instantaneous
state of the system at the moment of interrogation, thus lending the ultrafast time
resolution to the experiment. Data is accumulated for a series of pump-probe delay
settings that can be controlled by the use of translational delay stage as illustrated
in the figure, thus mapping out the complete temporal response of the system over

timescales of interest.

This probing paradigm is almost universal amongst all ultrafast experimental tech-
niques. The diversity in pump-probe approaches arises purely by varying the nature
of the probe. Experiments utilizing optical probes relate the time-resolved reflectivity
or transmission signals from the photoexcited sample to the electronic configuration

based on suitable a priori assumptions on the material’s dielectric function. Ad-
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vanced optical probes such as 2-angle broadband reflection/transmission go a step
further and measure the dielectric response of the material. Electron spectroscopy
methods such as angle resolved photoemission spectroscopy (ARPES) [20, 23] and
electron energy loss spectroscopy (EELS) (24, 25] directly probe the transient elec-
tronic configurations.

Structural dynamics on the other hand, require alternate approaches. One ap-
proach based on optical probing is the detection of ‘second harmonic generation’
(SHG), where the experimentally relevant signal is the second harmonic of the fun-
damental probe frequency. SHG is a non-linear optical process [26] in which the EM
fields of two photons of fundamental frequency w couple through the non-linear po-
larization induced in a material to generate a photon of frequency 2w. The process is
mediated through the second order susceptibility x(2), which is an intrinsic quantity
that reflects the crystalline symmetry of the material. Thus, changes in the second
harmonic signal can be related to the structural symmetry of the crystal. The most
direct approaches however to study structural dynamics utilize scattering of X-rays
[27] or electrons [28] from a photoexcited solid. An optical probe-pulse is used as
the generator of ultrafast X-rays/electron packets which are made to diffract off the
sample in either reflection or transmission geometries. Since these diffraction patterns
(collected on a CCD) serve as fingerprints of the instantaneous lattice structure, any
change in them with the pump-probe delay carries information on structural dynamics

of the system.

1.3 Non-Thermal Melting in Semiconductors

Non-thermal melting in semiconductors has served as a quintessential test-bed for the
study of electronically induced structure transformation in materials. The first re-

ports came from Shank & co-workers in 1983 [29] who observed a rapid sub-ps rise in
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Figure 1.3: Optical signature of non-thermal melting in silicon. (a) Increased linear
reflectivity; From Ref. [29] (b) Polar plot of SHG signal; From Ref. [30] (c) From Ref.
[31] - (i) Crystalline-order dependent and (ii) and order-independent SHG signal. (iii)
Pump-probe autocorrelation signal (iv) Linear p-polarized reflectivity.

reflectivity from silicon surface excited by a 90 fs laser pulse as shown in Fig. 1.3(a).
This rise was attributed to a Drude-like response from a dense electron-hole (e-h)
plasma that causes the refractive index to go negative on account of the increased
carrier density. The subsequent short-time modulation and eventual saturation in
reflectivity was attributed to the creation of a layer of molten silicon. This interpre-
tation was supported by second harmonic generation (SHG) studies. Since atoms on
Si-111 are arranged in a hexagonal pattern, the SHG signal exhibits 3-fold symmetry
about the surface normal (maxima every 120°). The SHG signal from Si-111 was
observed to become nearly isotropic within 1 ps following photoexcitation [30] [See
Fig. 1.3(b)] thus suggestive of a loss in crystalline order. In an improvement of this

technique, Tom, Aumiller and Brito-Cruz reported the vanishing of the crystalline-

9




order-dependent s-polarized SHG signal from Si-111 surface in less than 150 fs [31]
[See Fig. 1.3(c)]. Similar rapid disappearance of SHG signal within 100 - 200 fs
indicating ultrafast lattice disordering has been observed in GaAs as well [32].
While these observations offer compelling evidence, observing macroscopic struc-
tural disorder in times as short as 150 fs is rather surprising, as they are comparable
to a single atomic vibration period in solids that typically range of a few hundred fs
timescale [33, 34]. Since, optical probes interact directly with the electronic system
and not the lattice, any conclusions about photoinduced structural transformations
are inferred indirectly, and non-structural sources of optical response need to be ac-

counted for. For example,

1. In case of solid-liquid transitions, an increase in reflectivity need not necessarily
suggest transition to a molten metal-like state since the properties of a dense

electron-hole plasma resemble those of a simple metallic liquid.

2. At high pump-fluences, the depopulation of a large number of electrons from
the valence band can lead to signal ‘bleaching’ effects in which the probe-pulse
is unable to excite any transitions due to lack of electrons in the valence band.

This can lead to increased transmission or reduced SHG signals.

3. Free-carrier effects such as screening of the lattice ionic potential (which could
occur in a structurally intact solid), could alter the dielectric function e(w) and
hence the optical response, in a time-dependent manner as the carriers relax.
As a result, the linear reflectivity response may not be related to a Drude-like
response of e-h plasma, but to band-structure changes [35]. Similarly, the SHG
signal may not be related only to crystal symmetry, as it depends not only on
x(2), but also indirectly on the linear dielectric constants at both funda.m.ental

and second harmonic frequencies [36].

Several optical experiments that have accounted for these effects have revealed the
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complexity of electronically induced processes. Mazur & co-workers reported a band-
gap collapse in photoexcited GaAs on the 0.5 ps timescale based on their explicit
determination of the transient dielectric function €(w, t) [35, 37], and related this to
structural disorder [38]. Free-carrier effects were discounted, as these effects would be
most dominant at time-zero when the carrier density is at its maximum. However, the
similarity in timescales over which SHG intensity vanishes for all materials including
the lighter Si [31], heavier GaAs [32, 39] and the much heavier InSb [40] have led to
a two-step model of order-disorder transitions. In this model [39], the initial optical
responses (< 100 fs) are shown to arise largely from significant modifications of the
optical constants, while the structural disorder proceeds later on the timescales of
several hundreds of femtoseconds or longer. Experiments employing optical [41] and

time-resolved microscopy probes [42] have also supported this view.

From these reports, it is apparent that while optical probes are extremely adept
in resolving the early fs response of a system, the attribution of the observed changes
to a causative phenomena, particularly when it entails structural change, relies on a
careful choice of appropriate theoretical models and a priori assumptions as to the

behavior of material’s dielectric function and band structure.

The development of ultrafast X-ray [27, 43] and electron [28] probes have thus
offered a powerful alternative to directly probe lattice dynamics of photoexcited solids.
In such diffraction studies, lattice disorder and melting is normally inferred via the
Debye-Waller (DW) drop in Bragg peak intensities that occurs on account of increased
atomic vibrations. Based on this, nonthermal melting has been reported in many
systems such as organic films [44], Ge [45], GaAs [46] and InSb [47, 48], where the
relevant Bragg peaks show abnormally large DW drops that are unaccountable from a
superheated lattice. However, the extent of lattice disorder induced in these processes
is unclear. The Bragg peaks never completely diffuse as they should for a liquid, [See

Fig. 1.4(a)], thereby suggesting the retention of some degree of long range order.

11



250 0 250 500

|
i 2 T v —
210 b2 12{(b)
g -
= i @ ool
> 0.8 8V
3 -
= ' 5 0.6 :
Eo.s E £ o3
] H c .34 .
E ' e
S 04 - 0.0 - 111
voog - 220
] (Y] ’
i
!
¢

Time (fs)
F_ 210
1+
5. 1.00; 208 n=13% (d)
‘2 0.95} < 206
S 0.90} g T
g 085t = 158 n=10%
%0.80-3 .., g 156
§ 0'75'g st & 1107 “.n=079%. [
FO070 522} , ] 108} N\
E 065} & 0469 0472 64 n=04% ]
2 ot 62 ~—
T
-15-1-050 05 1 15 2 0 .

0465 0.470 0475 0.480

Time (ps) Atomic Position, x

Figure 1.4: Ultrafast X-ray diffraction studies of non-thermal melting. (a) From Ref.
[48] - Normalized X-ray diffraction intensity from InSb excited at ~ 120 mJ Jem?
for three probing depths: 3500 A (open circles), 1700 A (filled circles) and 1200 A
(open triangles). (b) From Ref. [49]. Atomic root mean square displacements of InSb
atoms along the 111 and 220 directions. (c, d) From Ref. [50]; (c)Diffraction signal
from photoexcited Bi, showing generation of coherent Alg phonons at increasing
excitation fluences. Inset shows measured phonon frequency as a function of inversion
asymmetry (x=0.5 = perfectly symmetric), which is measured by the baseline shift
in intensity. (d) Calculated inter-atomic potentials as a function of carrier density n.
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X-ray studies have also identified the importance of coherent phonons [34, 46, 47,
51-53] and bond-softening effects [49, 50] in driving these processes. Lindenberg et al.
[49] reported the atomic dynamics in InSb following photoexcitation to be inertial,
in that, the atomic displacements increased linearly for several hundred femtoseconds
with room temperature thermal velocities [Fig. 1.4(b)]. This was attributed to the
lattice evolving over a modified potential energy surface (PES) with ‘softened’ restor-
ing forces, before large scale phonon excitations perturb the lattice. Fritz et al. [50]
on the other hand have studied photoinduced structural dynamics in Bismuth along
the Peierls distorted body diagonal. Photoexcitation leads to impulsive oscillation
of the atoms about this Pierls distorted configuration which they attribute to a car-
rier denisty dependent ‘displacive’ shift of the PES to a new minima accompanied
by bond-softening effects evident from the red-shift of coherent Ay g phonons. [See
Fig. 1.4(c, d)).

There has also been a significant thrust from the theoretical side to understand
the origins of such nonthermal processes. Initial approaches utilizing the plasma an-
nealing model attempted to relate the phonon frequencies to increased carrier density
(albeit under equilibrium conditions) and minimize the electron-phonon component
of the free-energy [54]. The free energies thus calculated indicated possibility of phase
transition at elevated carrier density despite only nominal increase in lattice temper-
atures. More recently, Stampfli & Bennemann have used molecular dynamics (MD)
simulations to model the non-equilibirum aspects of these processes [55-57]. Cal-
culations are based on a tight-binding Hamiltonian that employs phenomenological
force field models for bonding in semiconductors. Importantly, their model incorpo-
rates a carrier density dependent repulsive interaction between the atoms that was
not addressed in the PA model. They observed [See Fig. 1.5(a, b)] that promotion
of 15% of the charges in silicon can lead to the atoms gaining significant kinetic en-

ergy within 100 fs with average atomic displacements as large as 1 A [56]. On the
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other hand, Parinello & co-workers have performed ab initio MD simulations based on
finite-temperature density functional theory (DFT) to model the laser melting of Si
[58]. The approach incorporates self consistently the effects of electronic excitations
and fractionally occupied states without the need for any phenomenological force-
field models [59]. Their calculations also reveal [See Fig. 1.5(c)] a rapid increase in
atomic displacement along with a concomitant rise in lattice temperature, which they
differentiate from a simple transfer of energy from electrons to lattice [58, 60]. The
liquid-like phase thus generated on the ps timescale has properties unlike ordinary
liquid Si [61] and is hence proposed to be a unique transient state. While Benne-
man et al. attribute the lattice instabilities to softening of phonon modes [55-57],
Parrinello et al. do not observe significant effects of photoexcitation on the phonon
modes and instead attributes the phase transformation to the forces generated by a
modified PES [60].

Despite some disagreement over the disorder initiating mechanisms within the first
100 - 200 fs, there is overall consensus that order-disorder transitions in semiconduc-
tors at fluences exceeding the damage threshold are nonthermal in nature. The key
idea emerging from these studies is that under the right excitation conditions, lattice
disorder can proceed under the impetus of room-temperature thermal motion. It is
however important to remember that complete obliteration of bonds is unlikely on the
ultrafast timescales as ab initio MD simulations have shown that covalent bonding

character is preserved even in the liquid state [61].

1.4 Ultrafast Solid-Solid Phase Transformations

The studies reported thus far concentrated on matter under intense excitation, often
at limits twice over the damage threshold. Recently, another interesting avenue of

materials research has opened up involving solid-solid phase transitions that occur at
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Figure 1.5: Theoretical modeling of Nonthermal melting in silicon. (a, b) From Ref.
[56]. Time evolution of (a) average atomic displacement from the ideal ‘diamond
lattice’ positions and (b) average kinetic energy of Si atoms following photoinduced
creation of e-h plasma of density £ =0.15. (c) From Ref. [60]. Time evolution of ionic

temperature T, ,,, free energy F' and atomic mean square displacement R2 following
initial electronic temperature Te set to 25000 K, corresponding to photoexcitation at
~ 2.15eV.

fluences below the material damage threshold without melting.

Solis & co-workers have observed the enhanced crystallization of amorphous GeSb
films when excited by sub-ps laser pulses [12]. The reflectivity from amorphous film
rose following photoexcitation to eractly crystalline-like values (thus discounting e-
h plasma effects) within 250 fs [13] [See Fig. 1.6(a, b)]. While the complete phase
transformation occurred on the ns timescale, they observed a strong spatial correlation
between the region that exhibited initial fs reflectivity rise and that which eventual
transformed completely on the ns timescale [panel (b)]. The lattice thus seemed
to ‘remember’ the spatial region over which the sub-ps phase transformation was
initiated.
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Figure 1.6: Ultrafast Solid-Solid Phase Transformations. (a, b) From Ref. [13].
Amorphous-to-crystalline transformation in GeSb films. (a) Time evolution of re-
flectivity from three positions A, B and C corresponding to local excitation fluence
of 45, 20 and 12 mJ/ cm? respectively. (b) Cross sections of time-resolved reflectiv-
ity across a pump-excited region at 3 different time delays. (c, d) From Ref. [16].
Ionic-to-Neutral phase transformation in a molecular charge transfer crystal. X-ray
diffraction patterns recorded before (¢) and after (d) photoexcitation. Emergence of
the (030) peak on the ns timescale suggests macroscopic phase transformation.

Another interesting example of such electronically induced phase transformations
is the reversible phase change between ionic and neutral phases of molecular charge
transfer crystals. Optical experiments have reported the macroscopic conversion from
ionic to neutral phases on the tens of ps timescales [14, 15] when the excitation exceeds
a certain critical threshold intensity. This has been confirmed by time-resolved X-ray
studies of the process [16], where the appearance of a new Bragg peak identified the
structural transformation [See Fig. 1.6(c, d)]. The process has been explained by the

concept of macroscopic cooperativity where the creation of a critical number of neutral
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domains allows the system to act in a concerted fashion, triggering a macroscopic

change.

Recently, Cavalerri and coworkers using optical reflectivity in conjunction with
time-resolved X-ray diffraction have identified an optically driven solid-solid insulator-
to-metal phase transitions in VOq [62]. At fluences of 25 mJ/ cm? (sample damage
threshold ~ 63 mJ /cm2) the phase transition was initiated within 300 fs. Experi-
ments involving extremely short 15 fs pump pulses revealed the phase transition to be
delayed relative to the pulse excitation [17], thus indicating a structural origin to the
observed change. This was further confirmed by diffraction signatures obtained from
ultrafast electron crystallography (UEC) study. UEC allows the tracking of multiple
Bragg reflections simultaneously, in contrast to X-rays studies where often only one
or two Bragg peaks are co-present. By studying the time-evolution of multiple VOq
Bragg peaks following photoexcitation, Zewail and co-workers revealed [18] that the
initial mechanism responsible for the structural change lies in the V-V bond dilation.
Since the initiating 1.55 eV excitation primarily involves the d-band which arises from
bonding between the vanadium pairs, excitation of this d-band weakens the bond-
ing between adjacent V-V pairs, leading to the bond dilation and unit cell shearing
that triggers the phase transformation. Furthermore, while the bond-dilations were
observed on the fs timescale, lattice shearing, which is essential for the phase trans-

formation proceeded on much longer ns timescales.

These studies raise important unresolved questions. On what timescales do macro-
scopic structural changes occur within photoexcited systems? While it is undeniable
that they are initiated on the fs timescale, how long does it take for the initiated
processes to come to fruition on the macroscopic scale? The persistence of Bragg
peaks under nonthermal melting conditions suggest that some degree of long range
lattice order may preserved even on longer ps timescales. Furthermore, what is the

driving force behind such atomic motion? Is it a displacive excitation that shifts the
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PES minima, or bond-softening that alters the inter atomic forces, or both? What is
the role of coherent phonons in mediating these processes?

In this study, we will utilize UEC to examine two such electronically induced
structural transitions - the photoinduced graphite-to-diamond transition and the pho-

toinduced fragmentation of silver nanocrystals.

1.5 Graphite-Diamond Transition

The interconversion between graphite and diamond is important from a technological
as well as scientific viewpoint on account of the widely contrasting properties of
the two, despite the chemical similarity. Graphite is soft, opaque, black, and good
electrical conductor, whereas diamond is hard, transparent, lustrous, and an electrical
insulator. These differences arise solely from their different structural motifs.
Graphite is a layered structure composed of sp2 hybridized carbon atoms engaged
in strong in-plane o-bonds to form a planar hexagonal net structure. The loosely
bound electrons in the out-of-plane m-oribitals are delocalized over the entire sheet
and form weak van der Walls bonds with adjacent layers [63]. The relatively weak
inter-layer bonds renders the material soft with easy cleaving properties and the
delocalized 7 electrons make it a very good electrical conductor. Diamond, on the
other hand is composed of sp3 hybridized C atoms in which all 4 valence electrons
are engaged in strong o-bonds. Each C atom is tetrahedrally coordinated and the
lattice structure can be described as 2 inter-penetrating fcc structures with one fcc cell
displaced by 1/4th along the body diagonal. This rigid crystalline structure imparts
to diamond its industrially prized hardness and the lack of any loosely-bound or free

electrons makes it an excellent electrical insulator.
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1.5.1 Thermodynamic Pathways

Both graphite and diamond are extremely stable forms of carbon and are separated by
a large activation barrier between them. The phase diagram of carbon [64] shown in
Fig. 1.7(a) reveals that while lower pressures favor graphite, the high pressure region
is dominated by diamond. Thus, artificial synthesis of diamond has relied on creat-
ing extreme temperature and pressures in laboratories to produce what are termed
as HPHT (high pressure high temperature) diamonds. The first such successful and
reproducible synthesis of HPHT diamonds was reported by a team at General Electric
research lab in 1950s [65, 66]. Subsequently, diamond was also produced by shock-
compression of graphite [67] and the use of elevated temperatures saw the creation
of a novel hexagonal form of diamond [68]. Such process relied on the spontaneous
crystallization of carbon into the preferred diamond structure at high pressures. They
thus lacked precision, and were almost always accompanied by atomic defects - nitro-
gen, in particular. Of late, chemical vapor deposition (CVD) techniques have been
utilized to grow diamond-like thin films in which a gaseous source of carbon, such as
methane (CHy) is dissociated under application of RF fields, and the carbon allowed
to condense on a substrate in the diamond-form. Inhibitors such as atomic hydrogen
are used to suppresses the formation of sp2 bonded graphitic structures. CVD dia-
mond films are typically of nm thickness. Pulsed laser ablation using ns lasers have
also yielded diamond in the micron scale [69]. A recent study involving compression
of graphite within diamond anvil cell up to pressures of ~ 25 GPa revealed that or-
dinary graphite turned into a transient super hard graphite with almost 50% bonds
reportedly converted into sp3 like state [70]. However, complete diamond structure
was not attained and the super hard graphite reverted to ordinary graphite once the

pressure was released.

The need for such extreme conditions for diamond conversion has its roots in the
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Figure 1.7: Thermodynamic Pathways For Graphite - Diamond Transitions. (a)
Carbon phase diagram, from Ref. [64]. A = region for catalytic transformation of
graphite(g) to diamond(d). B = spontaneous fast g-d. C = spontaneous fast d-g. D =
spontaneous slow martensitic tranformation of hex-g to hex-d. (b) Cartoon depicting
the sliding and buckling of graphite layers, necessary for its conversion into diamond.

enormous activation barrier between the two phases. A look at the relative structures
of graphite and diamond reveals that graphite-to-diamond conversion requires two
essential steps as illustrated in Fig. 1.7(b). (1) The relative sliding of two adjacent
layers followed by (2) buckling of the layers to form interlayer tetrahedral bonds. Both
of these steps appear to be energetically costly from the thermodynamic viewpoint.
Energy minimization calculations within the framework of ab initio DFT have shown
that at ambient temperatures and pressures, graphite and diamond structures sit at
a PES minima separated by a significant activation barrier of 0.33 eV/atom [71]. In
the same study, graphite was ‘observed’ to transform into diamond under isotropic
pressures of 80 GPa, provided persistence of rhombohedral symmetry (ABC stacking)
was enforced. At this pressure, the interlayer distance approached a critical value

of ~ 2.1 A at which, significant inhomogeneity in 7-orbital charge density tended
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to favor the formation of tetrahedral sp3 bonds. Diamond formation through the
rhombohedral structure has been observed in experiments as well involving pulsed
laser ablation of graphite in a liquid environment [72]. The rapid quenching of ablated
products in this experiment have revealed the presence of rhombohedral graphitic
(ABC stacking) forms, presumably frozen midway during the conversion process. On
the other hand MD simulations that relaxed the stringent rhombohedral symmetry
preservation condition reported a preference for the orthorhombic pathway resulting
in hexagonal diamonds [73] as realized by Bundy & Kasper [68]. However, the MD
calculation also reported similar conversion pressures of 80 GPa as the DFT study,
at which, the interlayer sliding was observed to become barrierless, with the graphite

layers freely transforming between the hexagonal and orthorhombic stacking.

1.5.2 Electronically Induced Diamondization

The difficulty in implementing in situ monitoring of structure modifications during
the graphite-diamond transformation has limited the understanding of the process at
the atomic level, and the subject has been mainly addressed theoretically [1, 71, 73—
75]. Recently, Banhart and colleagues have made significant contributions in mon-
itoring nanoscale diamond synthesis under electron beam irradiation inside a TEM
[See Fig. 1.8(a, b)]. Under conditions of high temperature and intense irradiation
from a highly energetic (~ 1.25 MeV) electron beam, carbon onions were found to
undergo self-compression leading to nucleation of diamond crystals within the core,
where pressures could exceed 100 GPa [76]. Surprisingly, once a diamond struc-
ture nucleated within the core, diamond formation proceeded unhindered even in the
outer layers of the onion where high pressures are not expected [77]. The only es-
sential criteria for the sustenance of the conversion process was continual generation
of defects under constant irradiation. The authors proposed that radiation induced

bond-breaking in carbon specimens due to electronic excitations and knock-on effects
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Figure 1.8: Graphite - diamond transitions through electronically induced pathways.
(a, b) Complete transformation of carbon onions into diamond under 1.25 MeV elec-
tron beam irradiation inside a TEM [77] (c, d) Formation of nanodiamond following

electron injection into Ar8™ irradiation damaged area [2]. (c¢) STM images and (d)
Scanning tunneling spectroscopy I-V curves.

together with the increased temperatures of 850-1050 K may lower the energy barrier
for graphite-diamond conversion. Such irradiation induced diamond formation was
also observed on planar graphite surfaces [78], suggesting that the graphite-diamond

transition might be feasible on a general scale and not restricted to carbon structures

with specific geometry.

Around the same time, Meguro and co-workers also reported the creation of nano-
domains of diamond within an extended graphite lattice [2] following electron injection
(using an STM) into an area damaged by highly charged Ar®t jon irradiation [See
Fig. 1.8(c, d)]. The need for electron injection suggested that the diamond formation
proceeded through some sort of modification of the local electronic states. Wang
and co-workers were also able to synthesize nanocrystalline diamond purely by Art

irradiation of graphite. A first principles time-dependent DFT study modeling these
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processes has suggested that enhanced charge transfer from the collision of AT with
the carbon atoms perturbs the lattice significantly leading to creation of vacancies
and large atomic displacements leading to not only sp3—like bonds but also a variety
of other structures [79].

These studies have revealed the promise of inducing the graphite-diamond tran-
sition via an electronic destabilization of the graphite lattice. Interestingly, a first
principles DFT calculation has suggested that graphite structure becomes greatly
destabilized when holes are excited in the valence m band [1]. As the m electrons
stabilize the in-layer o bonds, the generation of holes within this valence 7 band can
break the o bonds and allow the atoms to diffuse vertically, providing the possibility
of sp3 bond formation. The study found that at a critical hole density of 0.1 per
atom, the graphite-diamond transition became barrierless.

Thus, as mentioned earlier, it appears that formation of diamond requires two
essential conditions - (1) The sliding of the layers relative to one another and (2)
Seeding of valence holes that can distort the lattice, creating defect sites around which
new diamond structures can nucleate. Laser photoexcitation of graphite lattice can
serve as an ideal way to generate both criteria necessary for diamondization. Ultrafast
photoexcitation in graphite is known to be strongly coupled to the E2g phonons that
represents the interlayer shearing mode that can effect local layer sliding [33, 80, 81].
This allows efficient concentration of the energy within these layer shearing modes.
Additionally, p-polarized light preferentially interacts with the m-electrons, and can
be used to generate valence holes to seed defects within the graphite lattice. As will be
shown in this study, such electronic excitation of the graphite system triggered by our
p-polarized laser can indeed lead to the creation of new sp2 - sp3 hybrid structures
evidenced via our diffraction probing of transient structures. Similar formation of
nanodomains of sp3 structures in photoexcited graphite has since been evidenced

using STM investigations as well [82].
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1.6 Photoinduced Fragmentation of Silver

Nanocrystals

Nanostructures are another class of promising system for the study of such elec-
tronically induced transformations. They exibit novel electronic configurations and
enhanced coupling between the electronic and atomic degrees of freedom on account
of their reduced size and dimensionality. Significant effort has been expended on
understanding the interaction of these NCs with light in the ultrafast regime. It is
now well known that the photophysics of metal NCs is dominated by the creation
of surface plasmon resonance (SPR), which is a collective oscillation of the conduc-
tion electrons within the NC in response to the incident electromagnetic radiation
(83, 84]. Excitation of metallic NCs at SPR is highly selective, with the NC response
dependent on their shape, size and dielectric environment [85-89] which affect their
structural [90], optical [91] and sensing [92] capabilities.

At low power levels, SPR excitations can lead to the triggering of impulsive c¢oher-
ent oscillations of the NCs, which are experimentally observed through the resulting
modulation of dielectric constants of the NC [93, 94]. Most of the optical studies
have focussed on elucidating fundamental material properties such as electron-electron
[87, 89, 95] and electron-phonon scattering rates [96, 97] and heat dissipations [88],
which can be temperature dependent. Consequently, most of these studies have been
conducted in the regime of low excitation levels.

Upon turning up the laser power levels, further interesting physics can be uncov-
ered. At SPR excitation, the optical near field can build up values far exceeding those
illuminating the NC, causing in the process, charging [98], fragmentation[99-103], and
surface ablation [104] even at moderate fluences. Such optically induced fragmenta-
tion of nanoparticles has been a source of debate and has been attributed variously to

thermal ablation, in which the NPs recondense from vapor following explosive boiling
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Figure 1.9: NC fragmentation pathways - explosive boiling and Coulomb explosion.

[100] and also to Coulomb explosion, in which rapid NP charging is induced either
by thermionic [102] or multiphoton ionizations [99, 103] forming transient charged
aggregates, as outlined in Fig. 1.9. For bulk materials, both pathways have been
extensively investigated [105], and the threshold for laser ablation was found to be
an order of magnitude higher than the limits for material melting, depending on the
pulse duration of the laser. Using nanosecond (ns) pulse irradiation, the thermal
mediated process usually dominates, whereas with pulse duration less than 100 fem-
tosecond (fs), nonthermal channels were considered, such as plasma formation and
optical breakdown phenomena in dielectrics [105], and bond softening caused by in-
terband transitions in metals [106], reached within the timescales for electron-phonon
and lattice thermalizations. In contrast, for NPs, significant reduction of the thresh-
old for photoinduced disintegration was observed [99, 101, 104], especially near SPR,

representing a new class of phenomena.

The reaction pathway of such light - NC interactions on the atomic scale has re-
mained elusive, in part due to the inability of optical probes to directly trace atomic
motions. As a result, the mechanism bridging the femtosecond (fs) optical seeding

to the picosecond (ps)-to-nanosecond (ns) macroscopic structural changes remains a
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central topic to be elucidated, With the development of ultrafast X-ray sources, scat-
tering based experimental techniques have forged in, attempting to fill this gap by
providing direct access to the atomic structures. Plech and co-workers have investi-
gated the structural dynamics of photoexcited, surface supported nanoparticles using
time-resolved X-Ray diffraction and observed particle heating by fs laser and subse-
quent cooling on the nanosecond time scales. They have also observed evidence for
initial nonthermal effects in the NC response, though the instrumental resolution of
100 ps has prevented a detailed study of the initial structural dynamics. More recently,
diffractive imaging using coherent ultrashort X-rays from free-electron lasers is fast
emerging as an attractive technique to obtain 3-dimensional snap-shots of nanoscale

structures [107, 108], though atomic scale resolution has not yet been achieved.

1.7 Summary

Understanding the dynamics of such complex structure rearrangement processes on
the nanoscale from the femtosecond initiation to their eventual conclusion on longer
ns timescale requires the ability to image the atomic rearrangements [14, 16, 109)
and their redistribution along with dynamics of charges in real time. Diffractive
structure probes can fill in major pieces of the puzzle, augmenting optical investiga-
tions to elucidate the complete material transformation pathway. Here we have used
ultrafast electron crystallography (UEC) [110], to directly probe the photoexcited
transient structures in graphite and Ag NC up to the ablation limit, and identified
the transient dynamical structures and the charge states. UEC offers some desirable
advantages over X-ray and optical approaches. (1) It is a structure probe that di-
rectly follows atomic dynamics. (2) Experiments are on table-top scale allowing high
degree of instrumentation flexibility. (3) Since electrons interact strongly through

the Coulombic interaction with the nuclei and electrons in a material, the scattering
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cross-sections are orders of magnitude larger than that for X-rays allowing sensitive
probing of nanostructures and materials with low mass (such as carbon). (4) Due to
this strong interaction, the scattering depth of electrons in systems better matches
the optical penetration depth (~ 10-50 nm) leading to reduced contamination of the
time-resolved signal from unpumped regions of the sample. (5) Electron bunches are
easier to manipulate than X-rays leading to well-developed schemes to strongly focus
them along transverse (spatial) as well as longitudinal (time) directions and thus ob-
tain tightly focused femtosecond electron probes. (6) The charged electrons interact
with, and are sensitive to the dynamics photoinduced interfacial charges which play
an important role in structure transformation processes occurring on or near surfaces.

For these reasons, the development of ultrafast electron diffraction (UED) [28, 111,
112], crystallography (UEC) [113] and microscopy (UEM) [114] along with that of the
Dynamic Transmission Electron Microscope (DTEM) [115] serve as powerful tools to
study structural dynamics of systems ranging from gaseous moleculér to nanoscale

condensed phases and bulk materials.

27



Chapter 2

Diffraction Theory & Data

Reduction Procedures

Diffraction has served as one of the most powerful experimental tools in determin-
ing unknown structures, and has been part of pivotal moments in scientific history
(See table 2.1). It is hardly a new concept and several seminal references provide a
detailed and rigorous treatment of the subject [116-120]. Nevertheless, an attempt
has been made in the following sections to provide an intuitive feel for diffraction and
the interpretation of diffraction patterns. The aim here is to provide a conceptual
introduction to the phenomena of diffraction, which the experts may conveniently
overlook. Mathematical rigor has been suppressed in favor of conceptual clarity. Fol-
lowing the basics, Sec. 2.2 lays down the data-reduction formalisms specific to the

experimental geometry employed in this study.

2.1 Diffraction Basics

Diffraction is a term given to the interference of waves scattered by a collection

of objects or scatterers placed in its path. When these scatterers are arranged in
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Year Recipients Field Citation
1914 | Max Von Laue Physics for the discovery of diffraction of
, X-rays by crystals
. - . for their services in the analysis
1915 3;;111\?; ﬁilimB};Bragg, Physics of crystal structures by means of
) g8 X-rays
. . for their experimental discovery
1937 gl;:::o:PJ"I‘h?) ?:;Z?n’ Physics | of the diffraction of electrons by
ge crystals
Francis H. C. Crick for their discoveries concerning
1962 | James D. Watson’ Medicine | the molecular structure of nucleic
. ' oy acid and its significance for infor-
Maurice H. F. Wilkins mation transfer in living material
1962 | Max F. Perutz, John Chemistry for their studies of the structures
C. Cowdery of globular proteins
for her determinations by X-ray
1964 | Dorothy C. Hodgkin | Chemistry | techniques the structures of im-
portant biochemical substances
Bertram N. Brock- for pioneering contributions to
1994 | house & Ciiffor d G.| Physics the development of neutron scat-

Shull

tering techniques for studies of
condensed matter
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Table 2.1: List of Nobel prizes awarded for diffraction-related work




a regular periodic arrangement, such as atoms in a crystal lattice, then there exist
certain specific directions along which the waves scattered from the different scatterers
are in-phase with each other and interfere constructively. This gives rise to a pattern
on a screen / detector placed far away that comprises of bright maxima and dark
minima. The directions of maxima and minima of scattered waves and consequently
their location on the screen depends on the internal arrangement of the scatterers.
It is in this sense that the analysis of diffraction patterns can, in principle, provide

insights into the internal structure of the material that scatters the waves.

2.1.1 Scattering & Momentum Transfer

(b)

Figure 2.1: (a) Elastic scattering from 2 identical scatterers. Vectors k; and k¢ denote
the initial (incident) and final (scattered) wave vectors. (b) Pictorial definition of
momentum transfer s - the vectorial change in the wave-vector of incident wave as a
result of scattering along a given direction.

Consider a simple scattering geometry consisting of 2 scatters located at A and B
separated by vector a as shown in Fig. 2.1. Let radiation of wavelength A be incident
upon them at an angle 6;. The condition for constructive or destructive interference

along any specific direction 6 f in the far-field region would depend on the relative
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phase ¢ between the waves scattered from points A and B, which is given by

¢ = 2{ (path difference)

= 2% (acosef —acosb;)

= kacosﬁf — kacosb; where k = 27/
= kp-a-kj-a

= s-a wheres=kf—ki

k; and kg represent the initial (incident) and final (scattered) wave-vectors, and the
quantity s = kg — k; is conventionally called momentum transfer. This is because s
is a measure of the vectorial change in the de Broglie momentum p = hk of the wave
due to scattering, as illustrated in Fig. 2.1(b) and serves as a convenient and indeed
appropriate measure to parameterize scattering process. While absolute values of k¢
and k; are specific to the experimental geometry and choice of reference frames, s,
which denotes the relative change in the wave propagation direction is not, and is thus
an intrinsic descriptor of the scattering process. As a result, diffracted intensities are

always expressed as a function of momentum transfer s.

For now, we will be concerned only with elastic scattering, in which the scatterer
merely alters the direction of propagation of the incident wave, without absorbing /
rejecting any energy from / to the wave. This type of interaction is the dominant con-
tributor to the strong Bragg peaks observed in various diffraction patterns. Inelastic
scattering, in which the incident wave exchanges energy with the lattice affects the
intensities of these Bragg peaks and is certainly an important effect to be considered
in quantitative diffraction studies. However, such energy transfer typically occurs on
much smaller eV energy scales, which is negligible compared to the keV probes used
in this study. Hence, the energies of the incoming and outgoing waves are nearly equal

with k = k; = k = 2m /). In such a scenario, it is useful to relate the magnitude s of

31



momentum transfer s to the scattering angle fg.. From Fig. 2.1(b), we can deduce

using the trigonometric law of cosines

s = kG +kE - 2kpk;cosfg,
= 2k2(1—cosé’sc)

=  4k?sin? (05./2)

Thus the momentum transfer s and scattering angle 6g. are related in elastic

scattering as

_ 4m (g,
s = ~sin (—2—> (2.1)

2.1.2 Scattering from a 1-D Lattice - the Laue Function

Let us now augment the two scatters by adding more identical scatters at a uniform
repeat distance of a, forming a 1-D lattice along the z-axis as shown in Fig. 2.2.
Without loss of any generality, let us assume the first scatterer to be located at the

origin £ = 0. The basis vector defining this lattice is a = aZ, and the location of

th

m""* scatterer is given by ma. Then, the total phase of the scattered wave along any

direction indexed by s would be given by

N-1
&= E gim(s-a)

m=1
_ (1 +e2is-a+e4is-a...+e2(N—1)is-a)

This is a simple geometric series, which can be analytically summed to give

| — ¢i2N8
q>=1—22ﬁ where ﬁ=s-a/2
—€
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If Ay were to denote the scattering due to a single scatterer, then the total scat-
tering amplitude, and the corresponding intensity along the momentum transfer di-

rection specified by s is given by

sinz(Nﬁ) s -

_ iNg sin(NB) _ . g_sa
A®) =40 M DS 5 10 =t o s =T ()
(a) (b) T 11 T T 1 T T 7 T 1 7T
100 ! L ! N=10
ky
- 3 ?
— 3
OO -0 @----0--//---0--> X s
0 1 2 4 N é‘
k; 5
£ ! 1t

'llllllllllr"ll'rll
2% -7 0 T 2n

B = (s-a)/2

Figure 2.2: (a) Scattering geometry for a 1-D chain of N identical scatterers. (b)
Diffraction intensity expected from the geometry in (a) and described by the Laue
function (Eqn. 2.2), graphed for N = 10 (solid blue) and N=5 (dashed red). The two
curves are vertically displaced for clarity.

The functional form of /() in Eqn. 2.2 is sometimes referred to as the Laue function
and occurs frequently in analysis of diffraction patterns, including those obtained
from a diffraction grating. It is worthwhile to examine the analytic behavior of the
Laue function as its provides conceptual insights in the interpretation of diffraction
patterns.

The Laue functions for N = 5 and N = 10 are graphed in Fig. 2.2(b). They are
composed of a series of strong primary mazima, separated by many weaker secondary
mazima. To examine how this pattern arises, let us consider for sake of mathematical

simplicity, the functional form of scattering amplitude in Eqn. 2.2, instead of the Laue
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function itself.

6(8) = o) 23)
e Primary mazima: £ attains a sharp maxima whenever 3 approaches a multiple
of .

e Zeroes: & reaches zero whenever sin(N3) = 0 while sin3 # 0, which occurs

whenever N3 is a multiple 7 while 3 is not i.e. 8 = mn/N where m/N is not

an integer.
sin(NB) e np_ T 2m 3m (N-Dmr (N+1)m
Sin g =0 lfﬁ_N’N’N"” N N (2.5)

This tells us that between any two consecutive primary maxima of £, there
exist N — 1 zeroes. Since any analytic function must posses at least one max-
ima/minima between two zeroes, the Laue function (i.e. ~ 52), will exhibit

N — 2 secondary maxima between any two primary maxima.

e Secondary mazima The location of secondary maxima of £ are determined by

the condition

_d_(sin(Nﬁ)) 0 = sin(NB) . cos(N@)

ds \ sinpf sin@ N cosf3 (2:6)

This is an example of transcendental equation which is not analytically solvable,
and often solved numerically. However, it can be shown that the intensity of these
secondary maxima varies as N, as opposed to the intensity of primary maxima that
varies as N2 as suggested by Eqn. 2.4.

Based on these observations about the behavior of the Laue function, the following

important conceptual insights are apparent.
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1. Diffraction contrast ratio: From equations 2.4 and 2.6, as the intensity of
primary maxima (referred to henceforth as diffraction mazima) varies as ~ N 2,
while that of the secondary maxima varies as ~ N, an increase in the number of
scatterers N will lead to an increase in the contrast ratio between the primary

and secondary peaks, making the primary peaks stand out better.

2. Diffraction maxima width: The zero immediately following any diffraction
maxima at 8 = mw occurs at § = mmw + 7/N. Thus the width of the primary
maxima varies as ~ 1/N. Hence, an increase N makes the primary maxima

sharper.

3. Diffraction as a measure of lattice periodicity: Any two successive diffrac-
tion maxima are separated in the (-space by A3 = As-a/2 = w, where As
denotes the difference between the momentum transfer vectors associated with
each maxima. Given that our 1-D chain of scatters was oriented along z direc-

tion, we can then write
27

a=-—
AS:I;’

where Asz denotes the projection of the change in momentum transfer asso-
ciated with adjacent diffraction maxima along the z direction. To state this
in more general terms, if the diffraction pattern obtained from any unknown
structure exhibits a family of bright maxima equidistant in the s or 3 space,
then that periodicity in s-space is inversely related to the periodicity of the
real-space lattice along the same direction. This is the essence of diffraction.
By measuring the spacing between the maxima in the s-space, we can determine

the unknown structure of materials.
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2.1.3 Equivalence of Laue Function Formalism and Bragg

Law

(] (]
L] o
@ o
|
®© L]
; .
Laue Picture Bragg Picture

Figure 2.3: (a) Laue formalism of scattering, for the special case of specular scattering
where 6; = 6o = 6g,/2. (b) The same scattering geometry of (a), with multiple
rows of atoms, highlighting the essential equivalence between the Laue and Bragg
formalisms of diffraction. The vertical line indicate the lattice planes

It can readily shown that the maxima predicted by the Laue function are exactly
equivalent to the celebrated Bragg equation. The Laue function, as we saw above,

predicts a diffraction maxima whenever

ﬁ=§;=mw:s-a=2mn (2.7)

Consider Fig. 2.3, where we explicitly look for a diffraction maximum along the spec-
ular direction defined by 6; = 6y = 0g./2. This results in the condition that s || a,
and so, s - a in Eqn. 2.7 reduces to a product of the scalar magnitudes of s and a.

Then, combining Eqns. 2.1 & 2.7 we get,

sa= 47” sin (0g./2) a=2mn = 2asinfg = mA (2.8)

6; has been renamed here [and in the Bragg picture in Fig. 2.3] as g as this angle
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is conventionally referred to as the Bragg angle. Starting from the condition for Laue
maxima in Eqn. 2.7, we have thus obtained the well-known Bragg condition. This
equivalence becomes apparent in Fig. 2.3(b), where the row of scatterers in the Laue
picture, when reproduced along the y—direction, will essentially generate a family
of lattice planes that Sir William H. and William L. Bragg originally envisaged to

describe the diffraction from crystalline lattices.

Additionally, Eqn. 2.8 highlights another important aspect of diffraction. Diffrac-
tion maxima will be clearly apparent if and only if a ~ A. If this condition is not
satisfied and if A > a, then there will be no 8, capable of satisfying the Bragg equa-
tion. On a fundamental level, what this means is that if A > a, the relative path
differences between the waves scattered from different atoms will be much smaller
than A (and consequently the phase difference much less than 27) resulting in the
interference effect getting washed out with no diffraction pattern visible. One can
now appreciate why it required the discovery of X-rays (1901) that are characterized
by A ~A to enable the observation of diffractions from crystals (1913), in which the

inter-atomic spacings indeed vary on the A scale.

2.1.4 Reciprocal Space & The Ewald Construction

Atoms in such crystalline materials are arranged in a regular, well-defined, periodic
lattice. Such lattices can be defined as an infinite array of points whose positions are
given by

R =nja+ng9b +ngc (2.9)

where, (n1, ng, n3) are integers and vectors (a, b, c) are linearly-independent vectors
referred to as primitive vectors or lattice vectors. While such a 3D structure appears
more complex than a single 1-D chain we have considered so far, the fundamental

principles of diffraction still hold, in that, the scattered intensity along any given
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direction is determined by the sum of the phase-factors introduced along that direction
by each atom. Using subscript m to index the atoms, the diffracted intensity may be

evaluated as

00 2

Z exp(is-Rm)

m=1
00

Z erp(is- Rmn)

mn=

where Rmn = Rm — Rn defines a lattice vector connecting two lattice sites. From
this expression, it is apparent that the most intense maxima would be observed for
those values of s which satisfy the condition s - Rmn = 2m7 simultaneously for
all vectors Rmn. To perform such a check quickly and elegantly, we utilize the
symmetry inherent to the lattice. {Rmn} is essentially an infinite set of vectors that
can be generated by the set of primitive vectors (aj, ag, ag) by a process of integral
multiplication. Such a construct in mathematics is termed as a vector space that
is spanned by (aj, ag, ag). Let us, for a moment, consider another vector space

spanned by a new set of vectors (by, bg, bg) such that
a; - bj = 27“51']' where, i, j =1, 2,3 (2.10)

Then, if 8 belongs to this new dual space, i.e. s = hby+kbg+lbg, where h, k, | are

some integers, then for every lattice vector Rmn = nja + ngob + ngc,
s-Rmn =2mn  with m = hnj + kng +ing

This implies that a diffraction maxima will be observed for those scattering directions
along which momentum transfer vector s is a member of this dual space spanned by
(b1, bg, bg). Noting from Eqn. 2.10 that b; ~ 1/a;, the dual space is suitably termed

reciprocal space, and the corresponding lattice generated by it is termed a reciprocal
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Figure 2.4: (a) Ewald construction concept for a 2D lattice. (b) Ewald construction
for a RHEED geometry. (c¢) RHEED pattern obtained from a clean Si(111) surface,
from Ref. [121].

lattice. Equation 2.10 forms the fundamental definition of the reciprocal space and

can be used to obtain {b;} for any given {a;} using the following relations:

T 2m (a2 X a3) - 2T (a3 X al) e 2 (a2 X a3)

= = = 2.11
ay-(agxag) 2 aj-(agxag) ° aj-(agxag) ]

Thus, if G represents a reciprocal lattice vector, the condition for observation of

diffraction maxima can be expressed as

s=kf-k;j=G —  Condition for diffraction maxima (2.12)

This result motivates the formulation of an important and useful geometrical
construct termed FEwald construction that facilitates in the interpretation of often
complex diffraction patterns. This is illustrated in Fig. 2.4 for a simplified square
lattice. Consider a 2D reciprocal lattice and a circle of radius k; positioned such
that the tip of the vector k; coincides with some arbitrary reciprocal lattice site
A. Since we are considering only elastic scattering, all other points on the circle

represent different scattering directions kg. Now, if the circle were to pass through
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any other reciprocal lattice point B, by the nature of the construction, the vector
AB which represents the momentum transfer s shall also represents some reciprocal
lattice vector G. Thus a diffraction maxima will be observed along the direction OB
along which the diffraction condition s = G is satisfied. Generalizing to 3 dimensions,
the reciprocal lattice becomes a 3-dimensional grid and the circle is now the Ewald
sphere. As in the 2D case, the intersection of this Ewald sphere with any reciprocal
lattice will represent a scattering direction (relative to the origin O) along which
a diffraction maximum will be observable. This Ewald sphere construction proves

extremely useful in the interpretation of diffraction patterns.

For example, in the case of diffraction from a 2D surface, the reciprocal lattice
is no longer 3D grid of discrete points, but a 2D array of infinite rods. Recall that
the reciprocal lattice is nothing but the composition of spatial periodicity defined
by the Laue function along the 3 independent lattice repeat directions. For a 3D
system which involves numerous scatters (very large N) in all 3 directions, this 3D
Laue function is composed of sharp peaks that represent the discrete reciprocal lattice
sites. However, when we go from a 3D to a 2D surface diffraction scenario, the number
of scatterers along the surface normal direction is severely reduced, which implies that
the Laue function along this direction is broadened. In the extreme case where only
one surface layer contributes, there is no inter-layer interference and we end up with
reciprocal lattice ‘rods’ (also called ‘crystal truncation rods’) that extend to oo in the
surface normal direction, as shown in Fig. 2.4(b). The Ewald sphere would intersect
multiple rods at different heights leading to a diffraction pattern similar to that shown
in Fig. 2.4(c) (from Ref. [121]). It is important to note that these diffraction patterns
do not contain any information on the lattice repeat along the surface normal and
represent purely the lattice periodicity within the 2D planar surface. Such a probing
geometry is employed in reflection high energy electron diffraction (RHEED) setups

which is often used to quantify the degree of surface order in thin films. It will be
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shown later in Sec. 4.2.1 that the surface probing UEC geometry differs from a pure
RHEED setup in that, UEC can probe the sub-surface periodicity as well that is
inacessible through RHEED.

2.1.5 Diffraction From Lattice With Basis - Form Factor &

Structure Factor

So far, we have only considered the effect of scattering from a discrete set of lattice
sites without any attention to ‘how’ the scattering happens. Inherent to our discussion
has been the assumption that scattering along different directions is equally probable.
However, this assumption is not entirely valid. The scattered intensity will posses
a directional dependence based on how the incoming radiation interacts with the
scatterer. This directional dependence of scattering is parametrized in a functional
form known as the atomic form factor commonly denoted by f(s). To determine
f(s), one needs to model the interaction forces that lead to the scattering process,
which requires quantum mechanical picture of scattering. In the case of electron
diffraction, where the probe is an electron wave, the incident electron wave function
p(r) is scattered by the interaction potential V(r) to a new scattered state 9/ (r).
The stationary state wave-function of the electron waves in the far-field region is then
represented by ¢ = 1 + ¢/ which should satisfy the Schrédinger equation

52
2m

V24— eV(r)¢ = Ed (2.13)

where V/(r) defines the interaction potential between the incident radiation and the
scatterer i.e. atom. For electrons, this interaction potential is the Coulomb potential
of the outer valence electrons surrounding the lattice sites. The steady-state solution

can be obtained by assuming a plane-wave solution of the form ¥y = exp(ikg - r)
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which yields [119] the asymptotic solution in the far-field limit as
, exp(iknr
6~ g+ S2ERD (214)

where f(s) is given by the relation

f(s) = :11; % V(r) exp(—is-r)dQ2 (2.15)

The integration here is over all space. In essence, f(s) is a Fourier transform of the
interaction potential V(7). Once f(s) is known, the scattering amplitude due to a

lattice described by the vectors {Rn} can be written as

A(s) =Y Jn(s)exp(is-Rn) (2.16)

The exact form of f(s) has been calculated theoretically by Doyle & Turner for
various elements [122] by determining the interaction potential V(r) for various ele-
ments within the Hartree-Fock framework of calculating ground state electron wave
functions. They also expanded f(s) into a Gaussian series whose coefficients are now
known as Doyle- Turner coefficients, which are an indispensable tool in computational

modeling and in fitting electron and X-ray diffraction patterns.

Another aspect we have so far ignored in the discussion of diffraction is that
often, a crystal lattice may not be a Bravais lattice, i.e. it may not be describable
by a choice of three vectors as demanded by Eqgn. 2.9. In such cases however, the
lattice can be described by a composition of two sub-lattices in which each Bravais
lattice site described by R is connected to additional finite number of sites by the
translation vector uy, called the basis. For example, the honeycomb lattice adopted
by the carbon layers in graphite shown in Fig. 2.5(a) cannot be described by one set

of primitive vectors. Using the edges of the hexagon as lattice vectors would generate
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(a) (b)

Figure 2.5: The lattice & basis for an (a) honeycomb lattice and (b) fcc lattice

additional lattice sites at the hexagon centers, which is not a part of the honeycomb
lattice. Instead, by decomposing the lattice into a sub-unit (shown by the shaded
rhombus) that repeats along to the lattice vectors (a, b), with each sub-unit being
associated with the basis (0, uj), one can reproduce the entire honeycomb lattice
exactly. In other cases, the set of Bravais lattice vectors describing a given crystal
lattice may not be a convenient representation of the lattice and it may be suitable
to adopt a different convention involving a basis. For example, in the case of an fcc
lattice shown in Fig. 2.5(b), while the vectors (uj, ug, ug) can describe the entire
lattice, it is often convinient to adopt the cubic unit cell of side-length a as shown,
with (0, up, ug, ug) forming the basis. In all such cases involving a lattice and a
basis, the scattering amplitude A(s), which is a summation of phase factors over all
the atoms can be broken down into contributions from the lattice {R}} and basis
{up,} as follows.

Assuming homonuclear lattice for simplicity, where all sites are occupied by the

same atomic species and hence can be represented by identical atomic form factors

f(s)
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A(s) = Z f(s)exp {is (R + ub)}
b

= f(s) Z exp(is - up) Z exp(is - Ry)
b l

In the case of heteronuclear lattice, f(s) is replaced by ( f(s) ).ej; that represents the
atomic form factor averaged over all the different atoms within one unit cell. The
second term in this equation is the lattice sum, which leads to the Laue formalism of
diffraction as discussed earlier. The first term in brackets that sums up the contri-
bution to the phase from the basis atoms is called as the structure factor, commonly
denoted by F(s). As is evident from the expression, F' modulates the intensities of
the Bragg peaks whose directional location is determined by the lattice sum. Often
cases arise in which the internal symmetry of the unit cell causes the structure factor
along certain Bragg directions (defined by the lattice sum) to be 0. Such Bragg peaks
which are expected for the given lattice, but are missing on account of the structure
factor being 0 are termed kinematically forbidden (See Appendix A for example).
Furthermore, note that a change in the long range lattice repeat of the unit-cell will
affect the Bragg peak positions, whereas a change within the unit cell that does not
affect the long range order (such as the generation of an optical phonon, say) will

only affect the Bragg intensities, and not their position.

While this concept of lattice & a basis helps in understanding the qualitative
aspects of diffraction, computational fitting/modeling of diffraction patterns does not
require such a segregation into lattice and basis, and the total diffraction intensity
can be expressed simply as a summation over all the atomic sites in the crystal lattice
as:

I(s)=|AG)2 = Y fm f}exp(is- Rmn) (2.17)

m,n

where m and n range over all atomic sites. Since we are dealing only with homonuclear
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lattice, fm = fn = f, and the above expression for I(s) can be broken down into
two contributions - those arising from n = m, which are the isotropic self-scattering
terms, and the other from n # m, which represent the interference of waves scattered

from different atoms.

ITOt(s) = IA(S) + IM(S) (2.18)
where
Io) = N2, Iye)= Y fmfiesp(is-Rmn)  (219)
m#n

where N denotes the number of scatterers. I 4 does not posses any structure-related
information and purely forms an incoherent background signal in the diffraction pat-
tern. All the information about the internal structure of the material is buried within
Ipg. Furthermore, in practical cases, I 4 also includes contributions from inelastic
scattering that does not have (under normal circumstances) any directional pref-
erence. Hence, it contributes toward the isotropic background signal within any

diffraction pattern.

2.2 Diffraction Data Extraction & Analysis

We now discuss the data reduction procedures adopted in the UEC lab to extract
structural information from the diffraction patterns. While the specifics of data re-
duction procedures usually depend on the choice of probe (X-ray, electron, neutron)
and diffraction geometry (reflection, transmission), they essentially involve distilling
from raw diffraction intensity I7,:(s), the probe-independent normalized structure
function S(s) via the removal of incoherent background and atomic self-scattering
contributions followed by normalization using the probe scattering form factor. S(s)
is then directly related to the pair correlation function G(r) by a Fourier transform.

We will focus on scattering from two different samples - (a) silver nanocrystals de-
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Graphite Substra—tkeu

Figure 2.6: Diffraction geometry employed, along with the accompanying ground
state diffraction patterns from (a) surface supported nanocrystals and (b) graphite.

posited on a silicon substrate, and (b) graphite surface. In both cases, the diffraction
patterns are acquired from an electron beam incident on the sample at glancing angles
as shown in Fig. 2.6. In such cases, the background signal arising from self scattering
terms also contains other systematic surface artifacts such as absorption of scattered
electrons and diffusive background from surface scattering, which does not permit
the direct use of the well-tabulated Doyle-Turner coefficients to extract the coherent
scattering signal from these patterns. We have developed empirical data reduction
procedures that allow us to extract structural information from such small-angle elec-
tron diffraction patterns. The procedures outlined below are specific to this geometry

and follow from Ref. [123].

2.2.1 Data Reduction: Surface Supported Nanocrystals

The electron diffraction patterns from the surface supported NCs are similar to

powder-diffraction patterns, consisting of Debye-Scherrer rings as shown in Fig. 2.6(a).
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This is because the NCs are randomly oriented on the surface allowing the electron
beam to probe various crystal orientations in one shot. To model this diffraction
pattern, we convert the summation in Eqn. 2.19 over the discrete lattice sites into
a continuum integral over the isotropic atomic number density p(r) by effecting the

following substitution:

z — / p(r)r2dr d(—cosf)d¢ where Rmn — (7, 0, ¢)
m all space

As all unit cells are identical (by definition), the second summation in Eqn. 2.19
serves only to provide a multiplicative factor of N. Furthermore, since the NCs are
randomly oriented, all orientations of 6 are equally probable. Ips in Eqn. 2.19 can

hence be expressed as

T 2
Ipg(s) = N{ f2)Awr2p(r) dr/o exp (isr cos ) d(— cos 6) 0 71’qu

which leads to the relation

Ing(s) = N(f2) /o “R(r) @5—’3 dr (2.20)

where R(r) = 47rr2p(r), ( f2) is the average atomic form factor for the unit cell,
and the sine term is a result of orientation averaging over §. We can then relate
the normalized structure function S(s) = sM(s) where M(s) = Is(s)/N( f2) to
the atom-atom pair correlation function G(r) by a simple sine Fourier transform as

follows:

G(r) = %AOOS(S) sin(sr)ds (2.21)

where G(r) = 47rp(r).
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G(r) is a measure of the probability of finding two atoms separated by a distance
r and closely related to the pair-distribution function formalism prevalent in X-ray
and neutron diffraction literature [124]. G(r) is in effect a 1D representation of the
3D lattice distances. While not a unique descriptor of the 3D lattice structure, it is

nevertheless enormously useful in interpreting structural dynamics in solids.

In light of this model, the data reduction procedure for UEnC outlined in Fig. 2.7
is aimed at deducing S(s) from the experimentally recorded diffraction pattern. The
first step is to obtain the total scattering intensity function I (s) by a radial av-
eraging of the Debye-Scherrer rings in the powder diffraction patterns. To do this,
we need to locate the center of these rings, which is done using a guided theoretical
simulation. The simulation recreates the theoretical polycrystalline diffraction rings
from a known bulk fcc ground state structure of the NC on the diffraction imaging
plane. It takes into account the electron incidence angle, sample orientation, camera
distance, and the projection onto the imaging plane. These parameters are then fine
tuned so as to match three key features in the observed and simulated diffraction pat-
tern - (a) the main beam location, which is recorded prior to the experiment, (b) the
substrate shadow edge and (c) the diffraction pattern themselves (location of Bragg
peaks / rings etc). Once a satisfactory fit is obtained, the ring center is known and

the ring averaging performed to determine I, (s).

To extract the structure function S(s), we first evaluate M(s) as (IT,+—Ip g) /14.
The incoherent background I g;. g is composed of contributions from both atomic self-
scattering I 4 = N(f )2 and inelastic scattering I inelastic 4 is a smoothly varying,
monotonically decreasing function described by Doyle-Turner coefficients [122]. How-
ever, in case of small-angle surface diffraction geometries, the scattering is strongly
modified by near-surface effects such as surface absorption. This is evident in the
sharp turn-around of the background profile in Fig. 2.7(a) near the shadow edge.
This effect is multiplicative, modifying I 4, and hence I, Since I Bkyg is largely
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Figure 2.7: Data reduction procedures employed in UEC studies of surface supported

NCs, illustrated here with a specific example of 2 nm Au NCs. (a) Diffraction intensity

I, recorded from ring-averaging of UEnC diffraction data along with empirically
fitted polynomial background Igj g The arrow points to the sharp turn-around in-

troduced in the intensity profile due to surface absorption effects. (b) Background
subtracted intensity. (c) M(s) = (IT,+ — Ip kg) /1 Bkg along with secondary back-
ground fitting to remove offsets introduced due to inelastic scattering. (d) sM(s)
curve obtained from (c). (e¢) G(r) obtained from sine transform of sM(s) in (d).

contributed from I 4, it too is affected by these effects to a similar degree. Since this
effect is difficult to model precisely, we use an empirical background removal proce-
dure. We fit a polynomial background /g kg to I, by requiring the background to
pass through the baselines of observable peaks. Normally, I gj g should pass through
the center of the oscillation pattern, but since the center is ill defined here, we find
it more robust to fit the baselines. This is followed by a second stage of low-order
polynomial background removal to correct for the offset, and the resulting curve mul-
tiplied by s to yield the sM(s) curve, shown in Fig. 2.7(d). Finally, G(r) can then
be deduced via Eqn. 2.21. Other background subtraction procedures involving dif-
ferent functional forms for the fitted background and fitting procedures through the
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Figure 2.8: Data reduction procedures employed in case of graphite. (a) Intensity
profile along central (00) rod (boxed in inset), along with the empirically fitted back-
ground. (b) Normalized structure function S(s) extracted from (a). (c) Cosine trans-
form of (b) to yield layer density function (LDF), £(z).

centers of oscillation pattern have also been produced. It is seen that the sM(s) so
determined is robust agaisnt adoption of these various schemes [110, 125].

While empirical, this formalism has been remarkably successful in distilling the
structural data from diffraction patterns of surface supported NCs, which can also be
treated by standard crystallographic refinement software used in X-ray and neutron
diffraction studies [125]. UEnC investigation of 2 nm and 20 nm Au NCs employing
this data extraction methodology has enabled clear identification of the Au NCs to
possess cuboctahedral structures, distinct from other possible structural motifs such
as decahedra and icosahedra [126]. Furthermore, the G(r) obtained in the ground

state of Au NCs agrees very well with the theoretical distance list expected from an

fce lattice.

2.2.2 Data Reduction: Graphite

The diffraction pattern from graphite shown in Fig. 2.6(b) consists of diffraction

maxima along the central (00) streak accompanied by weaker streaks on the side.
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The origin of this pattern is discussed in detail in Sec. 4.2. For now, it suffices to note
that these peaks, which are oriented along the surface normal direction, arise from the
constructive interference between electron waves scattered from the different layers
of graphite. The orientation averaging as applied in the case of NCs is no longer

applicable, and this diffraction pattern is conveniently modeled as follows.

Ing(s) = f2 Y ezp(is- Rmn)

m#n

_ f2 Z erp(is-Rmn) + exp(—is- Rmn)
m#n 2

=f2 S cos(s- Rmn)
m#n

Here, we have utilized the fact that for each scattering pair (m, n), the summation
also takes into account the pair (n, m). Interchange of indices leads to Rpnm =
—Rmn. Explicit summing of both these terms will lead to double counting over the
(m, n) indices, and so the factor of 1/2 is introduced to negate this double-counting,
resulting in the cosine term. In this study, we primarily focus on the periodicity of the
graphite lattice along the c-axis, perpendicular to the basal planes. This periodicity
is represented by the diffraction maxima occuring on the (00) rod, along which, we
can express s = (0, 0, s). Adopting a cylindrical (r, ¢, z) coordinate system whose
z axis is oriented along graphite c* (or equivalently c) axis that is perpendicular to

graphite’s basal planes, we obtain

Ipng(s) = f2 Z cos(szmn) (2.22)

m#n

where zmn denotes the projection of Rmn along the c* axis. As before, we can
convert the discrete summation into a continuum intergal by effecting the following

substitution.
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Z - / p(r,z)rdrd¢dz where Rmn — (7, ¢, 2)
m all space

Once again, as in the case of nanocrystals, the second summation in Eqn. 2.22 merely
yields a multiplicative factor N, which is the total number of scatterers. Furthermore,
the anisotropy of graphite’s structure implies that the atomic number density p(r, 2)
can be completely decoupled into a product of two atomic number densities - one

within the basal plane pr(r) and that perpendicular to it pz(z) such that

o0 2w i 00 p
r)yrdrd¢ = Ny ; / 2)dz=N ; NrNy=N
/r=0 ¢=OPT() o r z=0pz() 2 r Nz

where Ny represents the number of scatterers in a single plane, N, is the number
of scattering planes, N is the total number of scatters and z = 0 represents the top

surface layer. Using this formalism, we obtain

2T
S(s)=M(s) = IWM% = /Ooo rdr pr(r) /0 do /OOO pz(z) cos(sz)dz

The first two integrals together amount to Ny by definition. Consequently, we can
express M(s) as
00
M(s) ~ /O L(z) cos(sz) dz (2.23)

where £(z) = Nr pz(z) denotes the total number of scattering pairs separated by the
perpendicular distance z. From this relation, we can obtain a ‘layer density function’

(LDF) that represents the inter-layer periodicity of the graphite planes as
00
L(z)= /0 M(s) cos(sz)ds (2.24)

The LDF curve L(z) represents the probability of finding two graphite planes sep-

arated by distance z and is thus a measure of the inter-layer separation along the
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c-axis. Inherent to this formalism is the assumption that every graphite layer is iden-
tical, which, while valid in the ground state, may not always be true in the excited
state where the lattice undergoes structural change. Nevertheless, as long as the lat-
tice distortion along the c-axis is not significant and each scatterer retains allegiance
to its original parent layer, this formalism can be used to ascertain the inter-layer
structural dynamics in graphite.

Following this formalism, the data extraction from the graphite diffraction pat-
terns proceeds in a similar fashion as before and is illustrated in Fig. 2.8. After fitting
the diffraction pattern taking into account the geometrical experimental parameters
as described earlier , we extract the intensity profile along the (00) rod and proceed
with identical background normalization procedures as before. However, difference
arises in the final step, where the S(s) is defined differently for graphite [S(s) = M(s)]
as compared to UEnC [S(s) = sM(s)] and a cosine Fourier transform of S(s) [Eqn.
2.24] is performed as opposed to a sine transform in UEnC. This procedure yields
the layer density function (LDF) curve £(z) which represents the periodicity of the
graphite lattice along the c— axis. The LDF obtained from the ground state diffrac-
tion pattern of graphite is shown in Fig. 2.8(c) and exhibits a strong peak at 3.35 A
and weaker peaks at its multiples representative of well-established inter-layer sepa-
ration in graphite, thus illustrating the validity of the data reduction scheme. This
primary LDF peak will be subsequently used in the UEC investigations to monitor

the inter-layer expansion and contraction of photoexcited graphite layers.
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Chapter 3

Experimental Apparatus - Design

& Development

The past two decades have seen significant development of ultrafast electron diffrac-
tion (UED) systems. Early development of time-resolved electron diffraction was
carried out inside a transmission electron microscope (TEM) in 1970s and 1980s
employing stroboscopic methods such as repetitive beam blanking [127] and pulsed
cathode TEM [128]. Mourou and Williamson pioneered the use of pulsed-laser gen-
erated electron packets inside a modified streak camera in the early 1980s to record
electron diffraction patterns from a thin Al foil from a 100 ps electron source [129],
which was subsequently improved to 20 ps {130]. The concept of replacing the optical
probe in femtochemistry experiments by an ultrashort electron pulse was proposed
by Ahmed Zewail’s group at Caltech [131] in 1991 and demonstrated the following
year [132]. Around the same time Ewbank et al. modified existing gas-phase electron
diffraction setup with a pulsed laser generated electron source and a linear diode ar-
ray detector and recorded changes in total scattered intensities from laser-generated
transient species of various molecules with ~ 20 ns time resolution [133]. The first ul-

trafast electron diffraction experiments was reported in the gas-phase by Williamson
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et al. where the photoinduced dissociation of diiodomethane (CHpl9) was observed
in real time [134]. More recently, independent development of gas phase UED have
also been employed [135, 136]. These pioneering results were achieved on the back of
several technical and theoretical advancements during the intervening years [137-140]
and ultimately reached a robust stage and fruition of applications [111, 141]. While
initial UED systems focused on gas-phase reactions in molecular species, the recently
developed systems have aimed at studying more complex systems including surfaces,
adsorbates and surface grown solids. The development of ultrafast electron crystal-
lography (UEC) [113, 142] extends UED into these new areas [18, 21, 143-145]. Other
developments have included the design of improved pulsed electron sources to reduce
space-charge broadening of electron packets [146, 147] and the single-shot limit has
been reached [148-150]. Recently, the laser-generated pulsed electron source utilized
in UEC and UED has been coupled with a transmission electron microscope (TEM)
in the development of ultrafast electron microscopy (UEM) [114]. The rather long
electron drift region in a TEM column where the focusing and imaging optics are
placed accentuates the space-charge effect that degrades the spatio-temporal resolu-
tion of the pulsed electron beam. The UEM developers opt to operate in the single
electron mode with high pulse repetition rate (~ 100 MHz) to eliminate this space
charge broadening, while a parallel development of dynamic transmission electron
microscope (DTEM) [115, 151] focuses on single-shot investigation of material pro-
cesses on the nm-ns scales. An exhaustive account of the development of UED, UEC
and UEM systems from their inception to current capabilities can be found in Refs.

28, 111, 112, 152].

Building on these advancements emanating from Caltech, we here at MSU have
developed over the last five years a UED system focused on investigations of transient
structural dynamics in nanocrystals [126] and condensed systems [153] near interfaces

[154], attaining spatiotemporal resolution of (~ 0.01 A <1 ps). The conceptual lay-

%)



ymm—————————-

Optical Spectroscopy

- - wn - em - e wm w— wn - . -— = = e -

Timing
Electronics

¥

cco
Detection <

Timing
Electronics

L T R Y T Y g

Probe

Beam s | Detector
Routing ample
Optics I Probe
800 nm e
Frequen eam
%?p'ercy 400 nm Routing
800 nm M) Optics
45fs
Ultrafast Electron Diffraction
Pump
Ultra High Vacuum Chamber

System

/O -
Sample Holder

Electron

Vacuum
Pumping
System

Probe
Generator

|
|
|
/

- o o o - - = - - - ——

Figure 3.1: Global layout of various sub-systems comprising the UEC Lab
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out of the laboratory is shown in Fig. 3.1 and is a confluence of various subsystems
acting in unison. The UEC system is driven by an amplified Ti:Sapphire femtosec-
ond laser system (Spectra Physics, ‘Spitfire’) generating 45 fs ultrashort laser pulse
centered at 800 nm with 2.5 mJ per pulse and operating at a 1kHz pulse repetition
rate. This primary laser pulse is fed into a frequency tripler (Minioptic Technologies)
that generates ultrafast pulses of higher harmonics i.e. 400 nm and 266 nm through
non-linear frequency upconversion in a §-Barium Borate (BBO) crystal. Any of these

three wavelengths may be utilized as the pump pulse.

The experimental setup is composed of 2 stations - one for diffraction investiga-
tions and another for optical spectroscopy. Driven by the same femtosecond laser
system, the two stations operate independent of each other, allowing diffraction and

spectroscopic experiments to be conducted simultaneously.

For diffraction experiments, the chosen pump and probe pulses are suitably routed
through a combination of mirrors, lenses and other optical assemblies towards the
experimental station, inside an ultrahigh vacuum (UHV) chamber. The pump beam is
focused onto the sample placed at the center of the UHV chamber. A pulsed electron
source is generated through photoemission from a semi-transparent photocathode,
accelerated to 30 keV, collimated and focused onto the sample. The probe is allowed
to scatter from the sample and the signal collected at the opposite end of the UHV
chamber using an intensified CCD camera system that is capable of single-eleqtron

detection.

For the optical spectroscopy experiment station, a small fraction of the primary
laser is split off and directed into the routing optics, where it is further split into the
pump and probe pulses. The pump and probe are subsequently directed onto the
sample with the pump pulse being routed through a dedicated translational delay
stage to adjust the pump-probe delay. The sample can be positioned either perpen-

dicular to the probe beam for reflection/transmission experiments or in a grazing
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Figure 3.2: Conceptual construction of an ultrafast laser system utilizing regenerative
chirped pulse amplification, similar to the system in use in the MSU UED lab.

incidence geometry for optical probing of near-surface electron dynamics.
In the following sections, we shall discuss the design, construction and performance

of these various sub-systems in some detail.

3.1 The Laser System

The amplified laser system (Spectra Physics, Spitfire) is a chirped pulse amplification
system consisting of 4 separate sub-units illustrated in Fig. 3.2 that act together
to generate the final amplified pulsed laser output. An excellent introduction to
principles of femtosecond pulse generation and their applications can be found in
Ref. [155]. The system is described here briefly.

The creation of high power fs laser pulses can be separated in two stages - pulse

generation and amplification. Initially, low-power (~ nJ/pulse) seed fs laser pulses are
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generated within an oscillator cavity (T'sunami) that consists of a Titanium doped
Sapphire (Ti:S) crystal as the gain medium pumped by a continuous wave (CW)
diode-pumped Nd:YVOy laser (Millenia). The Nd:YVOy gain medium in Millenia
lases at 1024 nm that is frequency upconverted to 512 nm in a non-critically phase
matched Lanthanum Triborate (LBO) crystal in order to match the absorption spec-
trum of Ti:S in the Tsunami. Femtosecond pulses are generated within Tsunami by
active modelocking to produce 45 fs laser pulses with 200 mW average power at a
pulse repetition rate of 80 MHz. This corresponds to roughly 2 nJ/pulse. These seed
pulses then enter the Spitfire where they are first stretched in time using a 4-pass
stretcher grating. This is done to avoid non-linear effects such as self-focusing that
can set in at high laser peak-power and possibly damage the optical components. The
stretched pulse is then allowed to enter the amplifier cavity consisting of a Ti:S gain
medium that is pumped by a Q-switched Nd:YLF laser (Empower) that provides ~
15 W pulsed output at 1 kHz repetition rate. As in the case of Millenia, since Nd:YLF
lases at 1054 nm, the output is upconverted to 527 nm in an LBO crystal to once
match Ti:S absorption peak. This intense 15 W laser pulse sets up the population in-
version in the Ti:S crystal, following which, the seed fs laser pulses from the Tsunami
are allowed to enter the amplifier cavity. The seed laser picks up gain each time it
passes through the pumped Ti:S gain medium and builds up in strength over mul-
tiple cavity round trips. Once the population inversion in Ti:S has been completely
consumed and no further amplification is possible, the amplified pulse is directed out
of the cavity into a pulse compressor where it is compressed back to fs duration. The
final pulse train exiting the system posses the following characteristics: 45 fs, 800 nm

center wavelength, 2.5 mJ/pulse and 1 kHz pulse repetition rate.
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3.2 The Ultra High Vacuum Chamber

The UHV chamber at MSU is equipped with a diverse set of experimental and sample
characterization tools. The vertical layout of the chamber can be separated into levels
1, 2 and 3, with level 1 being the topmost section. The chamber is equipped with a
commercial XY Z manipulator mounted on top of a differentially pumped rotatory
feedthrough system that allows rotational motion of the sample manipulator about
the Z— axis (6—direction), while still preserving the vacuum within the chamber.
The XY Z directions are controlled by stepper motors (Anaheim Automation, 23L
series), allowing accurate sample positioning to within ~ 10 um, while the 0 axis
is driven by a worm/gear assembly. All 4 axes are computer controlled (National

Instruments, MID-760x series).

3.2.1 UHYV Chamber Instrumentation

Level 1 contains an Argon sputtering gun for sample cleaning, a quadrupole mass
spectrometer (QMS) to monitor the residual gasses present inside the chamber and
a baking lamp used to de-gas the chamber of water and other accumulated contami-
nants. Additionally two diode lasers are also mounted outside the chamber, aimed at
the experimental location in level 2 through Quartz viewports. These 2 non-collinear
laser beams are used during the pump-probe alignment procedure as explained in
Sec. 3.5.

Level 2 is where the UEC experiment is conducted and houses the pulsed electron
gun and the intensified CCD camera at diametrically opposite ends. An optical cam-
era is mounted outside the chamber near-perpendicular to the probe beam direction
so as to afford a clear view of the sample surface. This camera is useful during pump-
probe alignment procedures and in calibration. In addition, this level is also equipped

with a molecular doser system capable of dosing the sample with adsorbates such as
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Figure 3.3: Details of experimental and sample characterization tools incorporated
into the UED chamber at MSU, broken down by each level. The UED experiment is
carried out at level 2.

water and organic molecules. The doser is a custom home-built system, the details
of which can be found in Ref. [156]. The level also contains a hemispherical electron
energy analyzer, that can be utilized to observe photoemission spectra from excited

samples.

Level 3 contains the sample-transfer system that permits insertion and removal
of samples from the chamber, without the need to vent the system to air. The
sample insertion proceeds through a load-lock system that is isolated from the main
chamber by a mechanical gate valve. It is pumped by a separate turbo-molecular
pump allowing pumping and venting of the load-lock independent of the chamber. An

optical camera mounted at this level is aimed at the sample insertion location so as to
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provide live-feedback of the sample insertion process. The level also contains a LEED
/ Auger setup to examine sample surface quality, a high voltage feedthrough providing
the 30 kV acceleration voltage for the electron gun, other electrical feedthroughs
providing the electron beam deflector voltages and current for the magnetic lens
focusing the electron pulse along with a fluid feedthrough for circulating water that

cools the magnetic lens within the electron gun.

3.2.2 Chamber Pumping Schematics

Studies involving surfaces and interfaces generally require extremely clean UHV sur-
roundings due to the high reactivity of surfaces. In addition, the presence of high
acceleration field (= 6-7 MV/m) in the electron gun also mandates the presence of a
good vacuum. To achieve and maintain a high quality of vacuum, the UHV chamber
is served by a turbo molecular pump, backed by a dry scroll pump. The pumping
scheme of the entire UHV chamber and associated extensions is illustrated in Fig. 3.4.

The roughing pump is an oil-free scroll pump (BOC Edwards, XDS385) with a
pumping speed of 35 m?3 /hr and a base pressure of ~ 7.5 mTorr, that can evacuate
the chamber from 1 atm to mTorr pressures within a few minutes. Once this base
pressure is attained, turbo molecular pump (Pfeiffer Vacuum, TMH 065) operating
at 1000 Hz takes over, attaining typical chamber pressures of ~ 1 x 10~8 Torr.
Further reduction in pressure is achieved through the use of ion-pump, resulting in
chamber base pressure of < 1 x 1079 Torr, though lower pressures of 1010 Torr can
be attained following extensive baking. All vacuum pumps employed here are oil-free
in order to eliminate any potential hazard that could be inflicted on the chamber by

an accident oil back stream.
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Figure 3.4: Pumping schematics for the UHV chamber.

inside the chamber, such as the electron gun, the sample holder and others have been

omitted for sake of clarity. For details of the molecular doser, see Ref. [156]
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3.3 Proximity Coupled Pulsed Electron Gun

The construction of the ultrafast pulsed electron source employed here in the UED
lab is shown in Fig. 3.5. Ultrafast electron packets are generated by impinging an fs
laser (typically 266 nm, 4.6 eV) on a semi-transparent thin film (~ 40 nm ) of silver
(Work function ~ 4.4 eV ) that is thermally evaporated onto a transparent sapphire
substrate. Instantaneous photoelectric effect from the silver film generates an electron
pulse that preserves the ultrashort time duration of the incident laser pulse. This
electron packet is accelerated to 30 kV within a short extraction distance of ~ 4 mm
to the anode and directed into the central bore of a magnetic pole piece through a
small beam limiting 100 ym aperture. A fine Au mesh (1500 mesh) is employed just
prior to the aperture to effectively screen the internal bore of the lens from the high
extraction field. The magnetic lens pole piece is made of soft-iron with solenoidal
current carrying coils in its interior. The pole piece contains a small break in its
interior mid-section where the magnetic field lines, which normally remain confined
within the soft-iron, penetrate into the central bore while jumping across the break.
It is in this region that the electron pulse is spatially focused to smaller sizes. The
focused electron packet exits the pole piece through a final ~ 50 — 200 um aperture,
beyond which, biased deflector rods (~ 1-2 kV) placed immediately outside the pole
piece deflect the electron packet and guide it towards the sample at the center of the

chamber.

The main challenge in developing a short-pulse electron gun is in overcoming the
inherent repulsion between the electrons. This so-called space-charge effect tends
to broaden the temporal resolution of the electron packet in the drift region as it
propagates to the sample. Several schemes have been proposed to overcome this
limitation including the use of short flight distance gun [146], use of high acceleration

voltage to reduce the drift time [147], radio-frequency bunching of electron packets
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[157, 158], electron-pulse self compression [159], and operation in the single-electron
mode [160] where the space charge effect is eliminated completely. Here, we have
resorted to the use of a short flight distance gun by designing a miniature gun in which
the distance from photocathode to sample is < 5 cm. Effort has been expended on
careful optimization of the break in the pole-piece where the focusing action occurs
to achieve strong focusing. Field calculations were performed using finite element
numerical methods (Field Precision, ‘EMP suite’) for various pole-piece geometries,
paying particular attention to optimization of central bore diameter and design of the
pole-piece break. the angles defining the central break were systematically varied.
Focusing effect of the lens was quantified based on single electron trajectory tracking
through these simulated fields. The final optimal geometry is shown in Fig 3.5 (b)
which was observed in the simulations to focus an initially 300 um electron pulse
(prior to entering the lens) down to < 10um at the sample position at lens currents
of > 300 A-turns. Figure 3.5 (c) shows the electron gun assembled just prior to

installation inside the UHV chamber.

The characteristics of the electron packet generated by this source are detailed in
Figure 3.6 and compared to those of the first generation electron gun. The first gen-
eration gun, also designed here at MSU consisted of two separate, smaller pole pieces
optimized for 15 keV electron pulses. Consequently, using this lens to focus 30 keV
beams resulted in larger electron probe size despite increased lens currents. Addi-
tionally, the increased currents were close to the upper operation limit of the current
carrying wires (Kapton coated Cu wire, Accu Glass, 100680), with the lens requiring
significant water cooling and increased wait times between diffraction exposures to
prevent lens overheating. The new gun reported here aimed to overcome these limita-
tions. A knife edge scan of the focused electron packet at the sample location yielded
a minimum electron probe FWHM of ~ 5 um with the operating at current set to

322 A-turns and proper optimization to define the beam [see Fig. 3.6(b)]. This agrees
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Figure 3.6: Characterization of the proximity coupled electron gun. (a) Comparison
of 15¢ and 2"% generation electron gun performances. (b) Knife edge scan of the

electron beam-size (2"d-gen gun) at sample location showing ~ 5um FWHM. (c)
Estimation of detector (CCD) response to a single electron event. Inset is a CCD

image acquired at low-light levels showing ‘blips’ representing isolated single electron
events.

well with the capability predicted from the earlier simulations. This reduction in
beam size is important from an experimental point of view as it significantly reduces
the detrimental effects of velocity mismatch [159] that can lead to the reduction in
the temporal resolution of the system. Experiments are routinely performed with
nominal electron pulse diameters of ~ 10 — 20 um. Furthermore, the performance
of this new gun as compared to the previous 15t generation gun is also significantly

improved in all aspects, as evident from Fig. 3.6(a).
We also estimated the number of electrons generated per electron packet. This
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was done by operating the gun in a single electron mode by reducing the UV laser
intensity to extremely low levels. This enabled the detection of isolated single electron
events at the CCD. Measuring the detector response over multitude of such recorded
events allowed us to determine the average detector response per single electron event.
Based on this estimate, we obtained a maximum probe pulse intensity of 103 e~
per pulse, though normal operating conditions range in the 102-103 range. While
this is not sufficient for single shot diffraction acquisition, which typically requires
10° — 108 electrons per pulse, it is sufficient for multi-shot diffraction investigations.
The low electron count ensures that the probe does not significantly perturb the
system and the prospect of radiation damage to the sample is minimal. Furthermore,
multi-shot probing also averages over statistical fluctuations that might be present in
reversible processes. Most importantly, operation in this low electron density regime
significantly reduces the effect of space charge broadening of the pulse, allowing the
electron pulses to remain within the sub-ps regime despite the rather long 5 ns drift
duration required for the 30 keV electrons (ve ~ 107 m/s) to reach the sample (~5

cm away from photocathode) [146].

3.4 5-Axis Cryogenic Sample Holder

The sample holder for the UED system was designed with the following goals.

1. Atm-UHYV sample transfer capability allowing quick, efficient transfer of
samples in and out of the UHV chamber, without a need to vent the UHV
system to air. This is essential to maintain and preserve UHV conditions and

to the long term performance of the system.

2. Low temperature capability to facilitate diffraction experiments at low tem-

peratures (< 50 K), opening the doors to investigations of exotic and complex
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systems such as high-T. superconductors, charge density wave materials and

dosed adsorbates.

3. In-plane sample rotation capability to allow rotational control over the
sample’s azimuthal ¢ orientation, about the sample’s surface normal. This is
useful to enable probing the sample along the symmetric directions specified by

its zone-axes.

4. Transport experiments capability to enable in situ electrical transport ex-
periments by bridging the sample of interest across the two electrically insulated

halves of the sample holder.

3.4.1 Overall Design

The sample holder is designed as an extension to the cold-finger tip of a commer-
cially purchased closed-cycle helium cryostat (APD Cryogenics, DE-202), as shown
in Fig. 3.7. The tip of the cryostat was benchmarked to attain 4K. A rather long
extension (~ 12”) was necessitated by the need for the sample to access both levels
2 (UED experiment) and 3 (sample transfer). The transverse width of the extension
[along the probing electron beam direction, see panel (b)] was set not to exceed 1”
in order to position the sample as close as possible to the electron gun and mitigate
space-charge broadening of the electron pulse. The cold finger extension, ~ 12” long
was fabricated entirely out of oxygen free high conductivity (OFHC) copper as a sin-
gle piece. A rigid cuboid framework that serves as a housing for the sample docking
station was machined separately (material: OFHC) and silver soldered onto the end of
the cold-finger extension. The use of silver solder to fuse these two parts ensures good
thermal contact between the pieces and minimal thermal resistance at the junction
allowing the heat from the docking station to be easily transported to the cryostat

for rejection. Furthermore, as the large surface area of such an extended piece can

69




(@)

b c
To Chamber Port (b) (©)
A —
m Helium Cryostat | Sample Stage Closeup Alignment Thermocouple
9 Cold Finger Tip b b Needle
Electrodes /]
Cold Finger _6 |
Extension !
% Stainless Steel _ |
Radiation Shield —_
e
¥ Level 1
A
o
[ILILALL
—> Docking
2 18 Station Worm
\ Level 2
A Experiment
o No Radiation Shield
o With Radiation Shield
.| == Unaided Warm-up
el oo
St. Steel
Cables
Yy Level 3
Sample Transfer
Q
b UHV Motor 1
v

To Chamber Bottom Time (Hr)

Figure 3.7: (a) Overview of the cryogenic sample holder, with sample transfer and
sample-plane ¢ rotation capability. All dimensions shown are in inches. (b) Close-up
of the sample stage on which the sample is mounted and ferried in and out of the
chamber. (c) Front & side-view photographs of the docking station. (d) Measure of
low temperatures attained by the sample stage with and without the radiation shield.
Solid line represents the time taken for the sample stage to warm up once the cryostat
has been switched off.
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act as a source of significant heat gain from the ambient through radiation heating,
the entire extension was enclosed in a stainless steel radiation shield, with only the
area near the sample exposed to the ambient. The temperature of the system was
monitored with a Chromel-Au/Fe type thermocouple capable of measuring down to
~ 2 K, which was mounted directly onto the side of the copper framework as shown
in Fig. 3.7(c).

This setup so constructed, was able to reach a low base-temperature of 19 K as
shown in Fig. 3.7(c). When the cryostat was switched off and the system left to recover
on its own, the temperature rose rapidly to 50 K initially, followed by a much slower
heating rate, indicating good thermal insulation of the system. The importance of
the radiation shield is apparent from the temperature curve obtained in the absence

of the radiation shield, where the lower limit of temperature barely reached 225 K.

3.4.2 Sample Stage Construction

The sample holder can be thought of as consisting of two parts - a docking station
that is housed inside a recess within the cuboidal Cu framework referred to earlier
that remains permanently inside the UHV chamber, and a sample stage on which
the sample is mounted and ferried in and out of the chamber through a long transfer
arm. The sample stage is designed to dock on to the station, thus allowing sample
transfer.

To enable rotational capability, the docking stage is mounted directly on top of the
gear in a sandwich-like construction, as shown in Fig. 3.8. 24 ball-bearings (Be-Cu,
0.078” diameter) sit around the gear’s circumference in between the gear surface and
the walls of the Cu framework allowing for smooth rotation. The ‘base-plate’ seals
the ball-bearings in their cavity.

To enable in situ transport experiments, the top half of the sandwich is broken into

two electrically insulated halves, which are separated from the underlying components
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Figure 3.8: Construction of the dockable sample holder. (a) An exploded view of
the docking station, showing the sandwich style construction to allow rotation. See
Sec. 3.4.2 for detailed explanation of the features. (b) Transverse cross-section of
the assembly, showing the location of the ball-bearings to enable smooth rotation of
the entire station relative to the cold-finger extension.
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(at ground potential) by a 75 pm thick mica sheet. Mica being a good conductor of
heat and poor one of electricity allows the entire system to be thermally connected.
This entire assembly is held in place by 4 #00-90 threaded rods screwed into tap
holes on the underside of docking station (2 rods per half), running through the
length of the sandwich structure before being bolted with lock nuts behind the gear’s
bottom surface. The section of the threaded rods below the mica sheet are protected
by machinable ceramic (MACOR (®)) to preserve the electrical isolation of the top

halves. The bottom plate (Be-Cu) serves to lend strength to the framework.

3.4.3 Sample Docking & Rotation

The sample stage docking configuration is adapted from reference [161] and illustrated
in Fig. 3.9. The docking stage is provided with a #4-40 tapped hole which can be
engaged by the transfer arm. The docking station is carefully positioned at level 3
using the (z, y, z,0) motion control so that the sample mounting screws enter the holes
marked A & B in Fig. 3.9(a). Once the sample stage is completely flush against the
docking station (evident from the emergence of the mounting screws from A & B), the
sample holder is moved up in 2, so as to move the sample stage downwards relative to
the mounting screws. This causes the head of mounting screws to position on top of
the shaded platform in Fig. 3.9(b). The sample stage is now loosely held in position
by the mounting screws, and so the transfer arm can be safely unscrewed without any
fear of dropping the sample stage, thus disengaging the arm from the sample stage.
The tip of the transfer arm is equipped with a # 2 allen-key, which can now be used
to firmly tighten the mounting screws (one at a time), thus fastening the sample stage
firmly onto the docking station. The entire process is monitored by a video camera
mounted on level 3 alluded to in section 3.2, providing the user with live feedback to
carefully control the process. The docking process is relatively straightforward and

can be accomplished typically within in a few minutes. Dismounting the sample is
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Figure 3.9: Sample docking mechanism. (a, b) The docking stage, engaged by the
transfer arm, is hooked onto the docking station. The mounting screws prevent
rotation of the system while the transfer arm is disengaged by unscrewing. The
transfer arm tip, can be then used to tighten the mounting screws. (c) A still picture
acquired from the video camera monitoring of the sample docking process.

simply the reverse of the mounting steps described here.

To enable the sample rotation, the gear on which the docking station is mounted
is driven by a worm assembly attached to the shaft of a specialized UHV stepper
motor (MDC Vacuum, Model # SM13-UHV). Since the motor can be a significant
source of heat, it is displaced far away from the sample holder by hanging it from the
bottom of the radiation shield by means of stainless steel (SS) cables, as illustrated
in Fig. 3.7(a). The motor shaft is connected to a thin SS rod (0.063” diameter) to
whose end, we attach worm that engages the gear, as seen in Fig. 3.7(c). The small
diameter of the rod ensures it serves as a thermal bottleneck, thus preventing any
significant heat transfer from the motor to the sample holder. The two ends of the
worm are held in place by a firm wall at one end, and a spring-loaded support at the
other, seen in Fig. 3.7(¢)

Finally, the electrical contacts to the two insulated halves of the docking station
are provided by a cantilever type electrode machined from Be-Cu, that maintains

tangential contact with the sample holder even as the sample holder rotates. These
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contacts are marked in Fig. 3.7(c). Firm contact is established by the inherent tensile

strength of the cantilever.

3.5 Pump-Probe Alignment

Observing transient diffraction signatures from the photoexcited region of the sample
under investigation requires the spatial and temporal overlap of the pump & probe
pulses on the sample surface. Effecting such an overlap between the invisible electron
pulse and the pump laser, both of which are a few hundred um in size at a point inside
the UHV chamber that is out of physical reach is a delicate task and requires some
elaboration. To facilitate this task with relative ease, the UHV chamber is specifically
equipped with 4 utilities: an optical video camera and, two non-collinear diode lasers
operating in the visible light spectrum [see Fig. 3.3(b, c)] and a sharp-tipped needle
suitably mounted adjacent to the sample [Fig. 3.7(b)]. The sequence of steps involved
in the aligning the pump with the probe is illustrated in Fig. 3.10 and can be broken
down into 2 steps - a coarse alignment, followed by a fine adjustment of the pump
relative to the probe.

The optical camera used to monitor the alignment procedure is mounted outside
the UHV chamber and aimed at the area immediately outside the electron gun’s exit
aperture, where the UEC experiment is conducted. Figure 3.10 (a) shows the view
seen by the camera showing the exit port of the electron gun and the sample positioned
adjacent to it. The horizontal dotted line drawn across the central axis of the gun
represented the approximate propagation trajectory of the electron beam, projected
onto the sample plane. The sample is positioned suitably close to the electron gun’s
exit port, following which, the y value of the sample manipulator is fixed and not

altered.

The sample stage is moved in x and z directions so as to intercept the sharp tip
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Figure 3.10: Coarse pump-probe alignment procedures. (a) View of the sample sur-
face seen b the optical camera mounted outside the chamber. See Fig. 3.3(b). (b)
Cartoon depicting the method adopted to intercept the electron beam with the sharp
tip (diameter~ 75 pum) of an in situ mounted needle. (c) Plot of normalized inte-
grated intensities of the electron beam as the needle cuts across its path. The inset
show the appearance of the electron beam on the CCD at two representative needle
locations as marked. The electron beam is clearly seen to be occluded by the needle
tip at z ~ -14.56 mm. (d) Directing the 2 non-collinear diode laser beams to intersect
on the needle tip while the needle tip intercepts the electron pulse path in the cham-
ber. (e) Overlapping the pump laser with the probing electron beam on the sample
surface while using the intersection of the two diode lasers (DL1 & DL2) as guides.

of the installed needle with the electron beam, as illustrated in Figs. 3.10 (b) &
(c). This is done by repeatedly scanning the needle across the electron beam and
monitoring the occlusion of the electron beam on the CCD. When the electron beam
intensity falls to roughly half the original intensity, the electron beam is occluded by
the sharp tip of the needle, and the two diode lasers are directed onto the needle tip

[See Fig. 3.10(d)]. The point of intersection of these two diode lasers now marks a

unique location in free space through which the electron beam passes through.



The next step is to bring the pump laser also to this same point defined by the
diode laser intersection. We avoid exposing the needle tip to the focused pump laser
spot so as to not accidentally damage the sharp needle tip. Instead, we move the
sample manipulator in z and z so as to bring a flat metallic surface such as that of
the sample stage in view. The IR pump laser becomes visible on such metallic surfaces
on account of fluorescence, as do the 2 diode lasers. All three are visible from the
camera. The sample manipulator is moved in z direction so as to bring the 2 diode
laser spots on the surface to overlap with each other. Then, the pump laser is adjusted
so as to coincide with the two diode lasers, as illustrated in Fig. 3.10(e). This ensures
that the pump laser is positioned close to the electron beam, though it may still not
be perfectly aligned. The final alignment is executed on the sample surface directly

by attempting to maximize the pump-induced change in the diffraction pattern.

We use a reference sample of graphite permanently installed inside the chamber
to bring the pump laser into exact alignment with the electron pulse i.e. have pump
and probe co-centric on the sample surface. We bring the reference graphite sample
to the experimental level and alter the x such that the two diode lasers overlap on
the graphite surface. Our prior coarse alignment procedure ensures that the laser and
electron beam would be in close proximity to each other on the graphite surface. We
scan the excitation laser in both 2DY and 2DX direction as illustrated in Fig. 3.11(a)
by moving the focusing lens that is controlled by stepper motors. We monitor the
diffraction pattern at some fixed delay which is known to be beyond the time-zero.
If the approximate position of time-zero is not known beforehand, it is advisable to
perform a full pump-probe delay scan first. Even though the pump and probe may
not be perfectly aligned, if the coarse alignment is performed carefully, some degree of
alignment is expected and some change will be detectable in the diffraction patterns
using which time-zero may be ascertained. Thereafter, optimal overlap of pump

and probe is performed by maximizing the changes in diffraction maxima at a fixed
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Figure 3.11: Fine pump-probe alignment procedures. (a) Raster scan pump laser (red
spot) across the surface region probed by the electron pulse (green spot) by moving
the focusing lens mounted on stepper-motor controlled stage. (b) Graphite diffraction
pattern. We acquire diffraction pattern at a fixed pump-probe delay for a sequence
of 2DY and 2DX lens positions. In each pattern, we integrate the intensity along sz
direction within the central streak region specified by the dashed box to produce a 1D
curve, which are all then stacked in sequence to form a 2D map image shown in (c)
that visualizes the change in diffraction pattern. The location of maximum change
defines optimal pump-probe overlap. (d, e) The variation in intensity and position of
the brightest Bragg spot seen in (b) as a function of 2DX and 2DY position. Both
plots suggest an optimal overlap of pump and probe at (2DX, 2DY)=(-0.4, 0.5)
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positive time-delay in both position as well as intensity, as illustrated in Fig. 3.11.

Following this, the pump and probe are perfectly aligned.

3.6 Diffraction Acquisition System

The diffraction acquisition system is a highly sensitive device capable of detecting in-
dividual electron events (single electron detection), allowing detection of weak diffrac-
tion signals. This high degree of sensitivity is obtained by using a Peltier cooled CCD
camera (Princeton Instruments, PI-SCX-1300) operating at -35° C (to reduce ther-
mal noise), whose front end is coupled to an image intensifier that acts as an electron
multiplier in order to amplify weak diffraction signals. The construction of the system
is shown in Fig. 3.12. There are several stages through which the signal represented

by the incident electron proceeds to achieve amplification, and eventual detection.

3.6.1 Intensified CCD Camera

At the front end of the image intensifier is a 60 nm aluminum layer that serves to
block any light from entering the detection system while allowing the electrons to
pass through. The penetration depth of visible light in Al ranges from 7-15 nm [162],
while that for 30 keV electrons is of the order of several um [163]. Thus most of
the ambient light and any reflected laser light that may be present in the chamber is
blocked by this layer. The electrons penetrate the layer, losing about 3 keV energy
in the process and strike a phosphor screen behind, stimulating fluorescence in the
visible region. These light photons are collected by a 2:1 tapered fiber optic assembly
and transported to the image intensifier where signal amplification occurs.

The light photons are reconverted back into electrons at the front end of the image
intensifier by allowing them to impinge on a photocathode. The photoelectrons so

generated are then accelerated and closely focused within a short distance by 10 to
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Figure 3.12: Construction of the Intensified CCD detector, capable of single elec-
tron detection. (a) The Intensified CCD camera (b) Image Intensifier (c) Electron
multiplication in a Microchannel plate array.
15 kV and enter the micro channel plate (MCP) assembly. The operation of MCP
is analogous to that of a photomultiplier tube; electron amplification is achieved
by generation of multitude of secondary electrons each time an electrons strikes the
electrically conductive boundary layer. These amplified electrons then strike another
phosphor screen to convert the electrons back into light, which may then be detected
by the CCD. The phosphor screen has a dual-layer protection against signal corruption
by spurious light. A special absorptive layer absorbs any of the light that might
leak through the semi-transparent photocathode, while the aluminium reflection layer
seeks to block any light generated near the phosphor screen from returning to the
photocathode. Each MCP can provide an amplification of up to 1000 e/e, and an
image intensifier can have upto 3 MCPs between the photocathode and the phosphor
screen, thus allowing a gain of upto 109. Finally, the amplified signal, in the form of
light photons is incident on the CCD screen, where it is detected in the usual way.
The use of image intensifier allows one to control the amplification/gain of the
detection system by increasing the bias voltage between the MCPs. As a result, even
weak diffraction signals can be enhanced by increasing the gain of the system suitably.
However, in order to avoid over exposure of the CCD and prevent accumulation of
noise during the period in between two electron pulses, it is prudent to implement

time-gated data acquisition, in which the image intensifier switched just in time to
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Figure 3.13: Operation Principle Of The IC LS123. (a) Connection Diagram. (b)
Function Table. [Source: Fairchild Semiconductors DM74LS123 Data sheet]

record the arrival of the electron pulse.

3.6.2 Time-Gated Data Acquisition

The synchronization of diffraction acquisition with the arrival of electron pulses at
the CCD is controlled by a the 1 kHz clocking pulse produced by the fs laser system’s
timing electronics. This master clock is a 1kHz 5V digital signal that corresponds to
the generation of ultrafast laser pulses in the cavity. Owing to the finite time delay
between the creation of the laser pulse and the arrival of the electron pulse at the CCD,
timing the image intensifier to turn on precisely with the arrival of electron pulse at the
CCD requires a control over the delay and width of the gating pulse, relative to master
clock. This is achieved using an IC LS123, which is a dual, retrigerrable monostable
multivibrator. The multivibrator generates a digital pulse every time it is triggered, as
illustrated in Fig. 3.13. The duration of the pulse is determined by the time constant

of an RC circuit at its output. The implementation of the delay-generator circuit
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Figure 3.14: Circuit layout of the timing generator For Time-Gated Diffraction Ac-

quisition
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using the LS123 is shown in Fig. 3.14 where the two multivibrators are connected
in a ‘master-slave’ fashion. The 1kHz clock from the laser, represented by the SYNC
line drives the master multivibrator, whose @ output acts as the clock for the ‘slave’
multivibrator. Both, master and slave have their B and Clear signal held high, and
so trigger on a negative edges [See Fig. 3.13(b)]. Thus, when the SYNC signal goes
low, the master multivibrator generates a pulse, whose duration is determined by
R1, C1. The falling edge of this pulse triggers the slave multivibrator, which in turn
generates its own pulse of duration specified by R2,C2. The Qo-output of this slave
is used as the ‘Gate’ signal over whose duration the image intensifier remains active.
It is apparent from this that the master multivibrator controls the ‘Delay’ of the
gate-pulse relative to the laser’s clocking pulse, while the slave multivibrator controls
the pulse-width. The use of a variable 50k{2 potentiometers in the RC circuits of the

multivibrators allow the delay and width of the gate signal to be varied continuously.

3.7 Optical Experiment Station

The instruments described so far were all involved in diffraction experiments con-
ducted in this lab. In addition to this, we have also established an optical experiment
station capable of conducting transient reflection and transmission experiments on
any sample of interest. Such optical investigations provide insights into the initial
electronic dynamics on the fs scale and augment the insights gained from diffraction
studies of the same system. The layout of the optical experimental setup is shown in
Fig. 3.15.

A small fraction (=~ 200 mW) is tapped out from the primary 800 nm laser using
a 90/10 beam splitter and routed into the optics area where it is further split by a
second 90/10 splitter to form the pump (90%) and probe (10%). The pump beam is

directed through a translational delay stage and subsequently focused onto the sample
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Figure 3.15: Optical experiment station. (a) Optic table layout of components. The
numbers along axis are inch markers, used to approximately locate each component.
(b) Box diagram outlining the detection system; Time-gated data acquisition and
exponential averaging of data performed by a box-car integrator. (c) Response time
of the integrator over which the average output settles to a new value when the input
signal changes. 10k sample averaging provides best S/N but requires longer sampling

periods to reach true average value.
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at a 45° incidence angle. The probe pulse =~ 10 mW which is still quite strong for
most detectors is further attenuated to ~ 1-10 uW using neutral density quotient
(NDQ) filters and then focused onto the sample at near-normal condition. The pump
and probe are orthogonally polarized by the introduction of a half-wave plate in the
probe path. This, combined with a polarizer in front of the detector selectively allows
only the probe pulses to be detected, thus eliminating any coherent artifacts between
pump and probe that might arise near time-zero, and also minimizes the pump-scatter

seen by the detector.

3.7.1 Detection System

The detection system is composed of either a fast PIN photodiode ( Thorlabs, DET10A)
or a photomultiplier tube (Hamamatsu, R928) as the detector whose output is coupled
to a box-car integrator (Stanford Research, SR250) system. We opted for a box-car
integrator (BCI) system over a phase-sensitive detection scheme due to the low duty
cycle of the signal. The detector response to the fs laser pulse typically lasts for ~ ns,
while the laser pulses are separated by 1 ms leading to a signal duty cycle of 10~6.
Phase-sensitive or lock-in detection schemes are unsuitable in such limits.

The BCI generates a synchronized ‘Gate’ signal of user specified width, which can
be positioned precisely over the detector response corresponding to the probe pulse.
Once the gate is so positioned, the integrator sums up the detector response within the
gate width, and averages the signal over multiple laser shots to produce an averaged
voltage output. The use of such gated averaging prevents noise accumulation within
the detector in between laser pulses and thus aids in increasing the signal to noise
(S/N) ratio.

The BCI is triggered externally by the 1kHz clock of the laser system to ensure
zero jitter between the probe pulse and the gate. In order to accurately position

the gate over the signal, the integrator provides 3 outputs: (a) an internally delayed
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(3.5ns) ‘Signal Out’, (b) ‘Gate’ and (c) ‘Busy’. These are fed into a 300 MHz fast
oscilloscope by means of equal length co-axial BNC cables and the oscilloscope is set
to trigger externally by the Busy signal. The Gate can now be positioned over the
Signal Out by adjusting the ‘Delay’ and ‘Width’ controls of the integrator shown in
Fig. 3.15(b). Once this is achieved, the integrator integrates the signal within the
gate period and calculates an ezponential moving average (EMA) of the stream of
data signal arriving from the detector. EMA is essentially a weighted average of N
samples, with maximum weight alloted to the most recent sample and exponentially
decreasing weights to older samples. To clarify terminology, setting the integrator
averaging to N = 10k samples implies that the output will reach 66.67% of its true
average value in 10,000 samples (i.e. in 10 s, given the laser’s 1kHz pulse repetition
rate). To reach within 99.9% of the true value, one needs to average longer, typically
60 s, as evident from Fig. 3.15(c). The effect of this averaging option is evident in
Fig. 3.16 where we have plotted the BCI average output when the probe laser pulse is
incident directly on the detector. With photomultiplier tube (PMT) as the detector,
and no averaging option (N = 1) selected, the data shows large fractional spread of
o~ £10~1. This spread reduces to < 10~3 when 10k sample averaging is selected.
This reduction agrees well with the v/N scaling expected from a shot-noise limited
setup. Curiously though, similar scaling is not seen while using the photodiode (PD)
as the detector, where no improvement in S/N is seen going from 300 samples to
10k samples. This indicates that the noise while using a PD may be limited by the
detector noise, and not by statistical shot-noise as in the case of PMT. As a result, the

choice of detector is an important aspect of the detection system, which is discussed

further in Sec. 3.7.3.
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Figure 3.16: Effect of exponential moving average (EMA) option of the box-car inte-
grator. Fluctuation in averaged integrator output for 3 different EMA options while
using (a) Photomultiplier tube (PMT) with control gain set to 1.0 V and (b) Photo-
diode (PD) to probe the unperturbed ground state of HOPG. (c¢) Standard deviation
of data in (a) and (b) expressed in 7% Note: The data was acquired at the rate of 1
sample per ms using a DAQ board (National Instruments), though (a) and (b) plot
only selected data points 500 ms apart. The numbers in (c) are estimated based on
the complete data.

3.7.2 Optical Pump-Probe Alignment

Effecting a pump-probe overlap with the optical set up requires careful considera-
tions. In most optical setups, overlap is typically achieved through the use of second
harmonic generation in a non-linear crystal such as f—Barium Borate (BBO). In such
a setup, the pump & probe are allowed to spatially overlap inside a thin BBO crystal.
Temporal overlap is established by scanning the relative delay between the pump &
probe while looking for the second harmonic output, which occurs only when the
two pulses arrive at the BBO crystal simultaneously. Here, we have used a different
approach. Typically, transient optical responses are extremely fast and often decay
completely on a timescale of ~ 1-5 ps. Thus, a precise determination of time-zero
requires scanning the translation stage at ~ 100 fs resolution. However, if time-zero
is not known in advance, it is impractical to carry out such a fine scan over a range

of several ns; the determination of an approximate time-zero is an essential first step.
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Figure 3.17: Overlapping pump & probe pulses. (a) Align pump and probe lasers
through a 100um aperture. (b) Detect using photodiode (PD), the simultaneous
pump and probe scatter from a business card placed at the experimental position. (c)
Evolution of PD response in (b) as the translational delay stage is scanned, showing
the merging of pump & probe signals. The numbers (in ps) indicate delay stage
position. (d) Width of the 1-Gaussian fit to the oscilloscope traces (points) along
with a quadratic polynomial fit (solid line). The insets shows the signal profile and
the fitted Gaussian curve at two select time points. (e) Determining time-zero with fs
resolution based on monitoring in situ pump-probe change in reflectivity signal from
graphite. Time-zero is clearly established as 2667.5 &+ 0.1 ps

The pump & probe are first spatially overlapped by mounting a small 100 ym Pt:Ir
aperture (Ted Pella) at the experiment location and directing the pump and probe
laser beams through the aperture, as illustrated in Fig. 3.17(a). Overlap is optimized
by maximizing the intensity of the lasers transmitted through the aperture. The
plane of the aperture now defines the experimental location where pump & probe
are spatially overlapped. Next, to obtain an approximate time-zero, the aperture is
replaced by an ordinary business card that scatters incident light from both pump

& probe in all directions. The scattered light is detected by a PD placed away from
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the specular reflection directions of both pump & probe, and the signal fed into a
fast 300 MHz oscilloscope. The PD signal shows two distinct peaks, each arising
from the detector’s response to scattered pump and probe respectively. The pump &
probe intensities are adjusted (typically by reducing the size of iris in their respective
paths) to make both peaks roughly equal in strength. As the translation stage is
scanned and the pump-probe delay altered, the two peaks begin to merge, as seen in
Fig. 3.17(c). A sequence of such traces is obtained for different pump-probe delay,
and each trace fitted with a single Gaussian profile. Clearly, the trace for which the
1-Gaussian width is the least corresponds to a perfect overlap in time of the detector’s
response to pump & probe, and hence indicates temporal overlap of the two pulses at
the business card. As shown in Fig. 3.17(d), this minimum width condition yields
an approximate estimate of time-zero which can be reliably trusted to within £+ 25
ps.

Finally, precise determination of time-zero with fs resolution is obtained by mon-
itoring the in situ sample response. The business card is replaced by a graphite
sample while taking care to translate the graphite sample surface onto the plane of
pump-probe overlap. The detector (photodiode) is positioned so as to intercept the
specularly reflected probe signal, and the response fed into the detection system.
Employing nominal pump fluence of =~ 20 - 30 mJ /cm2, ensures strong reflectivity
response. Time-zero is precisely determined following a pump-probe reflectivity scan
with 100 fs time step spanning the time-window around the approximate time-zero
obtained earlier. Such an fs response in the reflectivity signal from photoexcited

HOPG is shown in Fig. 3.17(e), identifying time-zero clearly.

3.7.3 Choice Of Detector: Photodiode Or PMT?

As mentioned earlier, choosing the appropriate detector is an important aspect of

the system design. The v/N scaling of averaged signal from PMT seen in Fig. 3.16
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suggests the noise to be limited by the statistical shot-noise, whereas that from PD is
instrument limited. On the flip side however, PMT is an extremely sensitive device
with an internal gain of ~ 10% — 107, and consequently operable only in very low
light conditions. To reduce any ambient light which can significantly affect PMT
signals, the PMT is housed inside a light-tight box ( Thorlabs, PXT-1) and a 30 um
aperture limits the light incident on the photocathode. Indeed, for the data presented
in Fig. 3.16, the PMT photocathode was exposed to light levels 4 orders of magnitude
lower than that incident on the photodiode. Such low light levels are necessary to
prevent the PMT from getting saturated with light photons and preserve its high
sensitivity.

The effect of PMT saturation on the measured signal is illustrated in Fig. 3.18.
Panel (a) shows the fs pump-probe dynamics obtained from graphite excited at F = 5
mJ /cm2 using a photodiode as detector and extremely low probe power levels 1 we
observe a maximum change in reflectivity of 7% at ¢ = 400 fs. We subsequently
swapped the photodiode with a PMT, without changing any optics upstream and
monitored the maximum reflectivity change at ¢ = 400 fs as a function of the PMT
internal gain. We observe that the PMT is insensitive to the pump-induced transient
reflectivity change at high gain and the true dR/R is obtained only at extremely low
gain settings. This is indication that even at such low light levels, the PMT anode is
getting saturated.

We benchmark the performance of our PMT based on a low power CW He-Ne
laser source with average power of ~ 1 mW. The gain curve obtained is shown in
Fig. 3.18(c) and found to agree excellently with the manufacturer supplied data sheet
over light levels spanning several orders of magnitude. However, when the same is per-
formed using the fs probe pulse, the relative gain agrees well with the data sheet only

for the lowest light levels, and shows deviation from the typical gain curve, indicating

INDQ 300 filter (% transmission = 10_3) was used in the probe path
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Figure 3.18: (a) Pump-probe dynamics from graphite excited at F = 5 mJ /cm2
using photodiode (PD) and PMT as detectors. At high gain, the PMT saturates, and
is insensitive to the pump-induced reflectivity drop. (b) Maximum dR/R measured
at t = 400 fs while varying the PMT’s internal gain via the supply voltage. (c)
The PMTs gain curve while using a CW He-Ne Laser (1 mW average power). Data
points (right axis) represent the gain obtained at different supply voltage relative
to that at 700 V, while the dashed line represents typical gain (left axis) provided
by manufacturer. (d) The same as (c), except using the fs probe laser pulse now.
Deviation from the linear behavior is seen even at the lowest of light levels.

saturation. Based on the PMTSs anode saturation current of 100 A, photocathode
quantum efficiency of 3% at A = 800 nm and an anode sensitivity of 7.4 x 10° A/W,
we determine an average saturation threshold for the PMT (when operating under
the CW mode) as 18 photons / ns. By contrast, for the fs laser pulse, even a very
weak probe of 1 mW average power corresponds to 1010 photons per pulse. The
insertion of NDQ 4004300 filter reduces the intensity by 7 orders of magnitude to
~ 103 photons per pulse. Further reduction is achieved by the 30 ym aperture in

front of the PMT. Consequently, the PMT remains in the linear regime only at the
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Figure 3.19: Baseline drift of signal. 3 delay scans, acquired in rapid succession show
the shift of the reference baseline during the data acquisition. Each scan is composed
of 31 time-points and requires about 5 minutes to complete.

very lowest of light levels and gain settings. From these results, it is clear that a PMT,
while extremely sensitive, is not the ideal choice for reflectivity and/or transmission
experiments where the light levels are quite high. PMT would be better suited to
low-light applications such as photon counting experiments. All optical experiments

reported in Ch. 4 are obtained using a photodiode as the detector.

Another problem in accurate detection of transient reflection or absorption signals
is the low-frequency signal drift that occurs due to modulation of the source signal
i.e. the laser. This signal drift is illustrated in Fig. 3.19 that shows 3 delay scans
obtained consecutively in rapid succession. As is evident from the figure, the base-line
signal is constantly drifting during the scan, and needs to be corrected for in order to
accurately determine the fractional change in signal R AR/R). Normally, such low
frequency drift can be eliminated by normalizing the detected signal against a second
reference probe signal scattering from an unperturbed area of the sample. However,
this would requires the use of 2 box-car integrators, which was unavailable. As a
result, data is acquired by moving the delay stage back to negative times after every
positive time point and the fractional change R/ Ry calculated. Since no significant

improvement in S/N is obtained for photodiode beyond 300 sample averaging, we set
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this as the sample averaging option in the BCI and consequently adopt a 5 s wait
time after delay stage motion at each time-point to allow the output to settle to its
true value [see Fig. 3.15(c)] before readout though the GPIB interface. Thus, every
positive time point and corresponding reference data at negative time is recorded
5—10 s apart, during which time, the laser does not drift significantly. This fractional
measure 6 R/ Ry is averaged over many scans to improve the S/N. Tests have shown

that no significant S/N improvements are obtained beyond 30 — 40 scans.
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Chapter 4

Ultrafast Dynamics Of Graphite
At Near-IR Photoexcitation

There is a growing interest in displacing atoms in materials by photo-excitations [14],
as evident from the introduction to electronically induced structure transformations
in Ch. 1. Observations of transient structures thus formed offer a glimpse into the
transformation pathways between different structures and into the nature of bonding
in solids. Study of such processes allow us to explore novel structural configurations of
materials that might otherwise be unfeasible under thermodynamic conditions. Car-
bon, in particular, with its propensity to form a wide range of bonding networks (sp,
sp2, sp3) is ideal to study the dynamics of bond formation and rupture. Of particular
interest is the conversion of graphite to diamond [1, 2], which is believed to involve the
rhombohedral phase of graphite as an intermediate state [71, 72]. While pioneering
ultrafast optical studies of graphite have provided evidence for photo-induced melting
[164, 165] and generation of coherent phonons (80, 166] in graphite, the direct deter-
mination of lattice structural dynamics from optical data proves difficult, especially
in the far-from-equilibrium regime. X-ray diffraction has been successful in observing

ultrafast structural changes in semiconductors [27], though a direct observation of
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atomic motion in nanostructures with low atomic number, such as carbon, has not
yet been achieved. Here, we employ ultrafast electron crystallography (UEC) to study
photoinduced structural dynamics in graphite. UEC on account of its enhanced scat-
tering cross-section (five orders of magnitude greater than X-rays) is well-suited for
this study. Combined with the advanced schemes to achieve femtosecond temporal
resolution in table-top setups [28, 112, 126, 167}, UEC offers a new window into the
realm of photo-excited structural dynamics, with surface sensitivity down to ~ 1 nm

[28, 126, 168).

4.1 Experimental Details

UEC investigations of graphite were carried out using highly oriented (ordered) py-
rolytic graphite or HOPG, which is composed of micro-crystals of graphite with grain
size ranging from 1 — 10 um, all of whose c-axis are oriented parallel to each other.
The angular spread of the c-axis between the different grains is 0.4° £ 0.1°, indicat-
ing the high degree of order along the c-axis. Thus, HOPG serves as an excellent
candidate to study the inter-planar dynamics in graphite.

Freshly cleaved samples of HOPG (SPI supplies, ZYA Grade) were placed inside
the UHV chamber through the load lock system at room temperature. The sample
was photoexcited by an 800 nm ultrashort laser pulse (45-fs) with p-polarization,
operating at a 1 kHz repetition rate. The pump laser was marginally focused (=~
600 um diameter) onto the sample at =~ 45° relative to the HOPG c-axis. Prior to
carrying out structural investigations, we determined the threshold for photoinduced
degradation of HOPG surface. Permanent structural damage was evident on the
sample surface upon multi-shot exposure at F = 120 mJ/ cm? indicating irreversible
structure change, arising from ablation and/or melting of graphite surface. This in

situ determined damage threshold agrees well with values determined in prior optical
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studies [165]. Subsequent UEC investigations were carried out in the fluence range
05< F <90 mlJ /cm2, below the optical damage threshold.

The photo-generated 30 keV electron beam (wavelength Ae = 0.069 A), was fo-
cused using the proximity coupled electron gun down to =~ 10 — 20 pum, and directed
onto the sample at grazing incidence of 2.4° to serve as the probe. The pump and

probe were aligned on the sample surface using procedures outlined earlier in Sec. 3.5.

4.2 Ground State Characterization

The electron diffraction pattern from the ground state of HOPG was recorded by
physically blocking the pump-laser from entering the UHV chamber, and is shown
in Fig. 4.1(a). The pattern is dominated by diffraction maxima along the central
(00) rod along with weaker reflections on the side streaks. The indexing scheme for
the diffraction pattern is shown in Fig. 4.1(b). The (00) rod is dominated by even
ordered maxima such as (006), (008) and (00 10); the odd order peaks of type (001),
(003), (005) are kinematically forbidden as each unit cell contains 2 graphite layers
which interfere destructively along these scattering directions. Similarly, the even
order peaks on the (10) and (10) are also forbidden (see Appendix A). The maxima
visible in the diffraction pattern represent the intersection of the Ewald sphere with
the periodic modulations imposed upon the reciprocal lattice rods due to interference
among the finite graphite layers that participate in scattering. The weaker side streaks
on either side of the (00) rod represent Ewald sphere intersections with the rods
adjacent to (00), which can vary with the choice of zone-axis. In graphite, the two
characteristic zone-axes that give rise to strong diffraction patterns are the (10) and
(11) zone-axes as shown in Fig. 4.1(c). We see the presence of both (10) and (11)
rods in the diffraction pattern suggesting that the electron beam probes multiple

zone-axes. This is indeed plausible as HOPG is composed of = 10 um graphite flakes
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Figure 4.1: Ground state UEC characterization of HOPG. (a) Raw diffraction pattern
from graphite and (b) the corresponding maxima indexing scheme. The (00) and (10)
rods in (a) are digitally attenuated to reduce contrast and simultaneously view all
diffraction maxima. (c) The two characteristic zone axis (ZA) in graphite basal plane
giving rise to strong diffraction maxima. Dashed line represents the Ewald sphere. (d)
Ground state structure function M (s) obtained from (00) rod in (a). (e) Layer density
function (LDF) obtained from the Fourier transform of M(s). Peaks at multiples of
3.35 A represent inter-layer spacings in graphite.

arranged in a random mosaic spread in the basal plane. Given that the electron beam
footprint on the sample surface at such grazing incidence is &~ 200 pm, it is expected
to sample many different flakes, thus allowing for the simultaneous presence of both

(10) and (11) rods.

In order to extract the lattice parameters, we fit this ground state diffraction
pattern, taking into account the specifics of the scattering geometry such as electron
beam incidence angle, sample-to-camera distance, location of the unscattered direct
beam on the camera plane, and crystal orientation. We then measured the momentum

transfer vector (sz, sy, s 2) associated with each diffraction maxima and found the
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reflections along the c* direction to be equally spaced. Adjacent maxima on any one
rod were separated by 1.868 A—110.04 A1 corresponding to a c- axis repeat of 6.72
A £ 0.01 A, which agrees well with the established graphite c-axis lattice constant
[169).

To enable quantitative estimates of c—axis dynamics, we extract the intensity
distribution along the (00) rod to determine the structure function M (s) as described
in Sec. 2.2.2 and shown in Fig. 4.1(d). Fourier transform of M(s) yields the layer
density function (LDF) shown in Fig. 4.1(e) revealing a primary peak at 3.35 A and
less pronounced peaks at 6.7 A and ~ 10 A, which are in good agreement with
the inter-layer distances in bulk graphite [169]. The decay of higher order LDF peaks
suggest a probing depth of ~ 1 nm, which is consistent with the ~ 100 nm penetration
depth expected for 30 keV electrons within bulk graphite; the reduced penetration
depth accounted for by the grazing incidence (; = 2.4°). The use of full spectrum
M(s) to monitor the inter-layer dynamics as opposed to monitoring the dynamics
of one or two isolated diffraction maxima is extremely important. It will soon be
shown that extracting lattice dynamics by tracking isolated Bragg peaks is fraught
with danger as the peak positions are susceptible to photoinduced surface charging

artifacts.

4.2.1 Why Surface Diffraction is not RHEED

At this point, we briefly digress to address an important difference between the diffrac-
tion patterns obtained here in the UEC setup from those obtained in reflection high
energy electron diffraction (RHEED) setups. RHEED is a surface sensitive probe
[119] also involving diffraction of electrons incident on surfaces at glancing angles (as
in UEC), and typically used in molecular beam epitaxy systems as an in situ measure
of surface quality during film growth [170]. However, unlike UEC, RHEED patterns

are used to study the surface order, and not order along the c-axis of the structure.
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The difference arises due to the nature of surfaces the two techniques probe.

In RHEED, the surfaces studied are ‘grown’ under controlled conditions and often
nearly flat and pristine with little or no mosaic patterns, thus possessing a large
lattice persistence length Lg > a* along the lateral surface direction. As a result,
the lateral width of the reciprocal lattice rods along the [ direction [Fig. 4.2(a)] is
extremely narrow; for any given electron incidence angle, the Ewald sphere intersects
typically with only one maxima on the (00) rod, giving rise to a specular diffraction
maxima satisfying the condition 6; = 6p = 65./2 as shown in Fig. 4.2(a). The other
non-specular maxima along the s | direction arise not from the (00) rod, but from
modulations on adjacent rods. Thus, the periodicity along the vertical direction in the
RHEED pattern is not related to the c-axis lattice order. Furthermore, as the crystal
is rocked relative to the electron beam (thus altering 6,), the Ewald sphere first goes
out-of-phase with respect to the reciprocal rod leading to vanishing of the diffraction
maxima. Upon further rocking, the Ewald sphere comes in-phase again and the next
higher order maxima appears at a larger s value. By gating the diffraction around
the (00) rod and plotting the diffraction intensity profile along the s direction as
a function of incidence angle 6;, a RHEED rocking curve would be similar to that

shown in Fig. 4.2(c) with discrete spots along the g, = 26;.

In contrast, surfaces such as HOPG do not posses long range lattice persistence
lengths (Lg > a*). The surfaces are typically quite rough, composed of stepped ter-
races and randomly oriented islands. The diffraction from such surfaces is more akin
to transmission rather than reflection as illustrated in Fig. 4.2(b). Furthermore, the
reduced lattice persistence along the surface direction causes the reciprocal lattice
rods to be stretched out along the S| direction, permitting the simultaneous inter-
section of Ewald sphere with more than one modulation on the (00) rod, resulting
in multiple maxima along the central streak region. Since these peaks arise from the

same rod, they are representative of the c-axis lattice repeat. Unlike the specular

99



ol
(@) Ewald Sphere " Non-Specular
Out-Of-Phase : Maxima
In-Phase
. _-¥ Specular
Reciprocal Space ““" Maxima
Rock

et L 2 7 -/ Sc S1

1 = -0 | _
I i * (b) Transmission
| :c : & . Si Pattern
! |

] o= )b

: —”a “« )" E g

: | "b*

i Real Space s

______________ J -,

a*

U B ——— o . —— e 1 U
& F (0 Qy &

[ ) [
el & ,\/i « In-Phase | 2
< &y Out Of Phasas &

o o
£ £

a ]

e g
A A

8
7 8
7
B ° =6
3T 5 8 5
o
® 5 A3
2 2
1 1
0
0 S E e (e e P
0 1 2 3 4 0
0, (deq) 6; (deg)

Figure 4.2: Surface Diffraction vs. RHEED. (a) Ewald sphere construction in a
RHEED geometry. Inset shows an Si-111 RHEED pattern from Ref. [121]. (b)
Surface diffraction from a rough surface. (c¢) Rocking curve expected from flat, pristine
surfaces studied in RHEED and (d) from surface diffraction off rough surfaces, such
as this study. (e) Rocking curve ‘map’ of the (00) rod for surface diffraction from
Si-111 surface and (f) HOPG surface, both obtained using the UEC setup. Insets
show the gating of the (00) rod.
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Diffraction Difference Images

Figure 4.3: Diffraction difference images from HOPG at various pump-probe time
delays as labeled, along with the ground state diffraction pattern used as reference.

condition in RHEED, these maxima are characterized by the fundamental diffraction
condition s = G, where G represents the reciprocal lattice vector normal to the sur-
face. This essentially translates to the condition 6 g, = constant, which manifests as
horizontal streaks in the rocking curve, as shown in Fig. 4.2(d).

In light of this distinction between RHEED and surface diffraction evidenced
through the rocking curve, we present the rocking curves obtained using the UEC
setup from a flat Si-111 surface and the HOPG surface in Fig. 4.2(e, f) respectively;
the gating of (00) rod shown in the inset. The rocking curve from the flat Si-111 sam-
ple displays the discrete peaks along a line with slope 2, as expected for a RHEED
geometry. However, the HOPG rocking curve shows maxima appearing as horizon-
tal streaks, illustrating that they are characterized by the condition 6g,. = constant
expected from rough surfaces. Consequently, these diffraction maxima are represen-
tative of the c-axis repeat and can be robustly used to monitor the c-axis dynamics

in graphite.

4.3 Time-Resolved Raw Diffraction Data

Having characterized the ground state, we now allow the pump laser to photoexcite
the graphite sample, and record the diffraction pattern as a function of pump probe

delay. Figure 4.3 shows the diffraction difference images obtained by subtracting the
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diffraction patterns at positive delay times (when probe arrives after the pump) from
those at negative time when graphite is in its ground state. These difference images
show an instantaneous change at ¢t = 0 ps, with the diffraction maxima seen to shift
towards the shadow edge. This shift is evident from the diminished intensities of
the maxima at their original location with corresponding enhancement just beneath.
Figure 4.4(a) shows the time-evolution map of the (00) rod, for a range of irradiated
fluences, with the horizontal direction representing time. All maxima are seen to
impulsively shift at ¢{) with lower order maxima exhibiting larger shifts. The max-
ima are also broadened with their intensities diminished, and they relax back to the

original ground state conditions at long times.

To quantify these dynamics, we fit the peak profile at each time-point with a
Gaussian curve and trace the evolution of the peak centre. The evolution of the
(006) maxima is shown in Fig. 4.4(b), where the magnitude of maximum shift is
seen to increase monotonically with irradiated fluence. At the highest fluence of
F=90mJ/ cm2, the shift is almost instantaneous, with a transition time of =~ 500 fs,
illustrating the sub-ps time resolution of the apparatus. Ordinarily, such a shift of the
(006) maxima along the —c* direction would suggest a corresponding c-axis lattice
expansion occurring on sub-ps time scales for the highest fluence. This is rather
surprising since any large scale rearrangement of the lattice is expected to proceed on
the phonon time scales of 1 - 10 ps. Furthermore, the maximum shift of ds = —0.7
Alin (006) (sg = 5.61 A~1y at a moderate fluence of F = 40 mJ /cm2 would
correspond to a lattice expansion of dc/c = —ds/s = 12.5% which is an exorbitantly
large amplitude. Atomic motions of such large amplitude occurring over macroscopic

lengths scales would likely cause the system to melt, which is not observed here.

A closer examination of the data reveals that these observed shifts in the diffrac-
tion maxima do not arise purely from structural change. Figure 4.4(c) shows the

photoinduced shift of the maxima on the (00) rod at an exemplary fluence of F = 21
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Figure 4.4: Raw data from UEC investigation of HOPG. (a) Diffraction evolution
maps from the central streak in the HOPG diffraction pattern for 3 fluences of 18,
40 and 90 mJ/ cm?. Horizontal axis represents pump-probe delay time. (b) Shift of
the (006) maxima for various excitation fluences. The inset plots the maximum shift

observed at different fluence. (c) Diffraction evolution map for F' = 21 mJ/ em?. (b)
Center-position of maxima, tracked from (c)

mJ /cm2 which are traced as before and shown in panel (d). All three maxima shift
abruptly at ¢t = 0 ps, with (006) exhibiting the most shift while the maxima at larger s
displaying progressively lesser shifts. Such a behavior is incompatible with structural
change, in which, a change of lattice spacing d will result in a proportional change
in scattering angle i.e. (6d)/d = (66g.)/0g.- In other words, a lattice structural
change will cause the diffraction maxima at larger s (or equivalently, larger 6g.) to

shift a greater extent than those at smaller s. However, what we observe here in the
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Figure 4.5: Cartoon depicting the Coulomb refraction of a grazing incidence electron
beam as it interrogates a sub-surface region where a laser-induced transient surface
voltage Vs exists. The refraction shift is exaggerated here for clarity. Adapted from
Ref. [156]

experiment is the eract converse, thus discounting structural change as the cause of

these observed shifts.

4.4 Coulomb Refraction

The observed shift of the diffraction maxima can be satisfactorily explained by the
following thought experiment in which we assume the creation of an interfacial field
near the graphite surface as illustrated in Fig. 4.5. Let us first consider the scattering
in the ground state. The electrons, incident on the sample surface at a grazing angle
penetrate beneath the surface (typically a few nm) and scatter from the various layers
within the probe depth, generating diffraction maxima on the CCD. The scattering
angle is determined by the fundamental diffraction condition s = G, which depends
on the inter-layer distance d. Now, if we ‘switch on’ an interfacial field E aligned
along the surface normal, the electrons will respond to this additional electrical field
as they propagate within the sub-surface region. The additional momentum kick

along the surface normal direction imparted by E will bend, or ‘refract’ the electrons
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downwards, thus increasing incidence angle seen by the sub-surface lattice planes.
Since the scattering angle needs to be conserved, the scattered electrons will exit the
sample at a lower exit angle 0{,’ , Which will manifest on the CCD screen as a shift of

the Bragg reflections downwards, i.e. towards the shadow edge.

Such refraction effects were observed by the earliest electron diffractionists [171]
who observed the diffraction maxima from thin films to occur at scattering angles
different from those predicted by the Bragg law. Refraction effects were also ob-
served in gas-phase electron diffraction patterns from MgO and CdO smoke where
several Debye-Scherrer rings were observed to occur as doublets [172]. These effects
were attributed to the electron beam being refracted by the average inner potential
of the lattice [173], and are now a well studied effect in surface electron diffraction
[120]. However, until recent work done in this lab [154, 156] this issue and its asso-
ciated implications had not been addressed within the field of time-resolved electron

diffraction, which often utilizes a surface diffraction geometry.

One of the telltale signs of refraction effects in UEC experiments is the magnitude
of peak-shift that is observed for different diffraction maxima - the maxima at low s
suffer greater deflection on account of their smaller scattering angle. This is appar-
ent if we consider the motion of charged particles while crossing from vacuum into
the crystal (where the interfacial field exists). The charged particle will undergo a

‘refraction’ at the interface analogous to optical refraction, with the refractive index

Vo + Vs
M RAL 4.1
=\ (1)

where V[y denotes the energy of incident electrons in eV and Vs = E - [ denotes the

n taking the form

interfacial potential sampled by the electron within its probe-depth I. If 0’0 denotes
the ‘take-off’ angle of any scattered electron inside the crystal [Fig. 4.5], we can relate

it to the final exit angle 6/ via ‘Snell’s law’ as cos 6/ = ncos@). Since n > 1, lower
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order maxima characterized by smaller 0,', will be deflected by a greater amount by

the interfacial field.

This thought experiment provides convincing arguments supporting the view that
the shift of the diffraction maxima observed in graphite is a consequence of the cre-
ation of a transient surface voltage (TSV) within the near-surface layers in graphite.
To compute the overall TSV-induced shift of any diffraction maxima, it is essential to
consider the deflections introduced both before and after the scattering event as the
electron propagates within the field region. Using simple kinematic arguments [156]
one can arrive at the expression relating the interfacial potential Vs to the angular

shift § of the diffraction maxima as

Vs _ (608 — 860 +6%/2)2 — 62(8) + 9)*

Vo (6; + 60)2 “2)

This derivation is based on the concept of conserving the total scattering angle
85, = 6; + 00 under the influence of the Coulomb refraction effect - an approach vali-
dated by the earlier discussion on the origin of these diffraction maxima in Sec. 4.2.1.
0; and V[y are fixed experimental parameters in Eqn. 4.2, while 6, and § are experi-
mentally measurable quantities. Knowledge of these parameters allows us to measure
Vs - an approach that has been employed successfully to investigate the interfacial
charging dynamics of photoexcited Silicon surfaces [156]. The robustness of this ap-
proach has been verified by the fact that the TSV generated from different diffraction
maxima all yield the same value despite the angular shift dynamics for each maxima
being different from each other [154]. However, this formalism is applicable as is, only
under low absorption conditions where there are no significant structural alterations
and the entire shift of the maxima can be safely attributed to the interfacial field. For
the study reported here, HOPG absorbs strongly at 800 nm (absorption coefficient

-1

o~ * =~ 30 nm) compared to Silicon (c»z_1 ~ 1 pym) and the pump fluence ranges
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up to 90 mJ /cm2, which is within 75% of the damage (melting) threshold. Hence,
the field dependent shift of the diffraction maxima are expected to be convoluted
with those arising from structural changes that are inevitable at such high fluences.

Deconvolution of these two effects is essential before further analysis of the data.

4.5 Fourier Phasing Technique

Deconvolution of the TSV-induced and structure-induced shift is achieved here through
a computational scheme that takes advantage of the cosine Fourier relationship be-
tween the real and reciprocal space periodicity [110]. Referring to the earlier discus-
sion on data reduction procedures in Sec. 2.2.2 we know that the real space LDF
and reciprocal space M(s) in graphite are related by a cosine Fourier transform
(Eqn. 2.24). The creation of an interfacial field however imparts an s—dependent
‘phase’ shift to the M (s) which destroys this cosine symmetry. Consequently, the re-
verse Fourier transform curve of the LDF will no longer be ‘in-step’ with the original
M (s) due to the TSV induced phase shift. To correct for this, we compute a high res-
olution LDF* curve as a Fourier transform of a new M™(s) curve that is obtained by
‘stitching’ together the original M(s) with the inverse transform of LDF augmented
with zero-padding at larger s to attain better resolution. If the two stitched curves
do not match smoothly in periodicity, the peaks in LDF* become asymmetric.

The Fourier phasing scheme is an iterative procedure whose goal is to minimize
this asymmetry in the LDF* by correcting for the TSV induced phase shift. Since
structural changes may also lead to asymmetry of the LDF peak, we use the low-
resolution LDF as a guide to try and match LDF* as best possible with LDF, so as
to not over-correct. The procedure starts with an ‘assumed’ Vg, from which an s-
dependent phase shift §(s) is calculated using Eqn. 4.2. The reverse phase shift —d(s)

is applied to the M(s) and the corresponding LDF and LDF* are computed. The cost
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Figure 4.6: Demonstration of the Fourier phasing technique to correct TSV induced
effects in diffraction patterns. (a) HOPG ground state structure function M (s) and
the distorted (see text) M’(s) curve. (b) LDF curves and (c) high-resolution LDF
* curves obtained from Fourier transform of curves in (a). Asymmetry in LDF*
obtained from M’ is apparent. (d) The Fourier phasing algorithm along with the
plot of X2 used to correct the TSV-effect introduced within M’(s). (e) The ‘phase-
corrected” M (s) compared with M(s) and M’(s). (f) The LDF curves and (g)
LDF* curves corresponding to the M (s) curves in (e). The Fourier phasing algorithm
recovered the original M(s) from the shifted M’(s).
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function x2 for the minimization procedure is crafted as the square-deviation between
LDF and LDF* within a user specified r-range. By scanning Vs over a wide range of
values that is tunable based on the Vg ‘search step size’ the procedure attempts to
seek the optimal Vs at which LDF* asymmetry is minimum.

The result of such a procedure is illustrated in Fig. 4.6. Using the HOPG ground
state M (s) as the starting curve, we intentionally impart an ad-hoc non-linear scaling
function s’ = s(1 — 8/s) on the abscissa and shift M’(s) = M(s’) as shown in panel
(a). This abscissa scaling function is designed to produce larger shifts at lower s
values as would be expected in the case of TSV. Furthermore, using such a scaling
function that is unrelated to Eqn. 4.2 used in the ‘correction scheme’ allows us to
demonstrate the ‘robustness’ of the correction scheme. The asymmetry introduced in
the LDF and LDF* is apparent in panels (b) & (c). We now process this M’ through
the Fourier phasing algorithm outlined in panel (c) and minimize the asymmetry
between LDF and LDF* for various assumed Vs values. The final result based on
minimized asymmetry is shown in panels (d, e) where both LDF and LDF* recover
their original asymmetry and the corrected M "and M are nearly overlapped.

Such a Fourier phasing scheme is applied to all the transient M (s) curves obtained
from the UEC data to generate the corrected M(s) at each time-point. The necessary
phase correction required at each time step is a measure of the magnitude of tran-
sient surface voltage Vs(t) and the phase-corrected M(s) reveal the true underlying

structural change in HOPG.

4.6 HOPG Structural Dynamics

4.6.1 Low Fluence Response

We first examine the photo-induced structure dynamics in HOPG at the near equi-

librium regime i.e. low fluences of 0.5 < F' < 21 mJ /cm2, where the lattice is not
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drastically perturbed. We monitor the laser-induced temperature rise within the
crystal by monitoring the intensities of the diffraction maxima. It is well known that
random thermal vibrations of atoms about their ‘perfect’ (T = 0 K) lattice sites
diminish the intensity of the diffraction spectra by the Debye-Waller factor e—2M

where 2M = —s2 ﬁ%_ where ﬁi is the mean-square displacement (MSD) of the atoms

bl

perpendicular to the set of diffracting planes, characterized by the momentum trans-
fer value s. Here, we measure the time averaged MSD (Aﬂg) perpendicular to the
basal planes from the reduction in intensities of the diffraction maxima along the (00)

rod as

I(s, 1) \ _ _ 2,..2

The measured increase in (Aﬁg) can then be related to a rise in lattice temperature.
Here, we monitor the integrated intensity of the (006), (008) and (00 10) maxima
as shown in Fig. 4.7(a). The intensity of higher s (00 10) peak drops proportionally
greater than the lower s (006) peak in accordance with the 52 dependence expected
from a Debye-Waller loss. This is more apparent in panel (b) where the (Aﬁ%) is
plotted that takes into account the 52 dependence. The (Aﬁg) estimated from all 3
maxima rise within a common timescale of 8 & 1 ps, indicative of increased thermal
motion perpendicular to the basal planes. We also measured the MSD within the
basal plane (ﬁg’ b) using the transmission diffraction geometry to probe the in-plane

lattice dynamics for comparison [See Sec. 5.3].

Recent optical studies have associated near-infrared optical excitations in graphite
with a femtosecond generation of coherent Egg phonons [80, 166] that produce an in-
terlayer shearing motion, which have been shown to couple strongly to the electronic
excitation of the graphitic 7 system [81]. The 8 ps timescale for increased inter-
layer thermal vibration is thus a direct measure of the phonon-phonon interactions

in HOPG, and is in good agreement with reports of hot phonon relaxation times in
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Figure 4.7: Low fluence response of HOPG: Debye-Waller analysis. (a) Decay of
diffraction intensities for F' = 21 mJ/ cm?. (b) Mean-square amplitude of vibration
(Aﬁg) estimated from (a) via the Debye-Waller relation Eqn. 4.3 (c) Experimentally
measured mean-square vibration amplitudes from different maxima on the (00) rod for
a range of excitation fluences. Dashed line only a guide to the eye. (d) Experimental
measure of temperature dependent vibrational amplitudes in graphite using X-ray
scattering corrected for thermal diffuse scattering - from Ref. [174]

graphite [81].

The measured root-mean square (rms) vibration amplitude for a range of exci-
tation fluences is plotted in Fig. 4.7(c) and indicates a linear rise in the low fluence
regime. The (&c)rms measured from different maxima for any given fluence yield
similar values though the relatively larger deviation of (006) peak might be on ac-
count of surface scattering effects that may not be completely subtracted out during
the empirical data reduction procedure. Comparing our data to a theoretical model

of temperature dependent vibration amplitudes in graphite benchmarked with X-ray
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scattering studies [174] shown in Fig. 4.7(d), we estimate a temperature rise of ~ 800
Kat F =21 m] /cm2. This measure is in reasonable agreement with temperature
estimates in previous optical studies that relied on HOPG’s heat capacity and optical

absorbance [165].

4.6.2 High Fluence Response

As we enter the far-from-equilibrium regime by increasing the excitation fluence be-
yond 21 mJ /cm2, the amplitude of atomic vibrations are found to saturate, as seen
in Fig. 4.7(c). This is rather surprising, for one would expect a monotonic increase
in the thermal motion as graphite approaches its melting threshold at 130 mJ /cm2
[165]. We examine the amount of surface voltage generated at these fluence. The
time-dependent surface voltage Vs(t) measured during the Fourier phasing correction
scheme is plotted in Fig. 4.8(a) for three fluences. All 3 datasets exhibit a rapid rise
following photoexcitation in =~ 10 ps, followed by a slow recovery. The magnitude of
maximum Vg generated at different fluence shown in Fig. 4.8(b) rises linearly. This

is in contrast to the thermal response which saturates above F' =21 mJ/ cm?.

We believe that the key effect of the optical excitation is the depopulation of
electronic states, causing re-bonding and redistribution of charges at the surface. This
charge redistribution gives rise to a near-surface dipole field which induces a collective
shift of the electron diffraction pattern. The linear rise of Vi indicates that the surface
charging is mainly driven by the non-equilibrium diffusion of photogenerated carriers
rather than multiphoton ionization or internal thermionic emission. We model the
decay of this transient surface potential to be caused by the recombination of surface

charges denoted by o(t) following a simple rate equation

da_ﬂ

Ti-t—~Tr
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Figure 4.8: Charging dynamics near photoexcited HOPG surface (a) The transient
surface voltage Vs measured in the case of 3 excitation fluences, as labeled (b) Maxi-
mum Vs as function of excitation fluence showing linear trend. (c) Log-log plot of the
Vs relaxation dynamics (dots) with fit to a drift-diffusion model (lines) demonstrating
power-lay decay of Vs with exponent ~ -1.

with the space-charge recombination time 7 = [,_} /(1E) dependent on the tran-
sient field E(t) = o(t)/2. Here, I,_j denotes the electron-hole recombination
length and p their mobility. This leads to the solution o(t) = o/ {1 +t/7¢}, with
Te = lo_p/(LE). Hence, o(t) and consequently Vs, exhibits a power-law exponent of
-1. We fit the decay of the Vs in Fig. 4.8(c) to the drift diffusion model and obtain
recombination times 7 = 16 and 26 ps for F' = 21 and 77 mJ /cm2 respectively.

Thus, the photogenerated charges near the surface typically decay on the timescale

of =~ 20 ps.

4.6.3 Observation Of Transient sp>-Bonds in Graphite

To examine the effect of optical excitations on the atomic structure at these elevated
fluences, we monitored the interlayer separation by tracking the temporal evolution
of the primary 3.35 A LDF peak, as shown in Fig. 4.9(a, b). Contrary to an
expected thermal expansion of the graphite layers on account of laser heating, we

observe the interlayer separation to contract rapidly. The rate and magnitude of
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contraction increase with the fluence followed by eventual relaxation to the ground
state values. At elevated fluence F' > 21 mJ /cm2, the relaxation overshoots and a
slight expansion is observed. At the highest fluence of F = 90 mJ/ cm2, a pronounced
_expansion of ~ 0.1 A is observed, suggesting significant heating of the lattice. Based
on graphite’s coefficient of thermal expansion along the c-axis ac = 2.7 x 10~°
[175, 176], we obtain a lattice temperature rise of ~ 1,100 K. Notice however that the
expansion has not yet saturated and the lattice is likely to heat up to much higher
temperatures at this fluence that approaches the sample damage threshold. Figure 4.9
(c) plots the observed maximum values for interlayer contraction and expansions. The
contraction is found to rapidly increase as the fluence increases, whereas the expansion
remains nearly stationary for F < 80 mJ/ cm?. This suggests that the effects of layer
compression might persist on several 100 ps timescales, thus preventing significant

expansion associated with lattice heating.

Figure 4.9(d) plots the change in the interlayer spacing Ad along with the transient
surface voltage Vs at F = 77 mJ/ cm? and the two curves are found to correlate well.
Notably, Vs is observed to rapidly relax back to =~ -2 V within 100 ps, followed by
a slow relaxation back to ground state. This supports our earlier conjecture about
the long-time persistence of Vs and associated contraction effects. We measure a
maximum value of Vs = 12 V to correspond to an interlayer contraction of ~ 6%.
Assuming an electron probe depth of 1 nm, Vs = 12 V amounts to an internal field
of E ~ 1.2 V/ A, which is the source of Coulombic stress that drives the layer
contraction. Using this value of E and relative permeability e, = 10 for graphite,
we estimate a maximum electrostatic energy density stored within the system as
Ue = ereOE2/2 = 0.2 eV/atom. This is close to the ~ 0.3 eV/atom activation

barrier for graphite-to-diamond transformation calculated from DFT [1, 71].

To further elucidate the structural evolution, we examined closely the diffraction

spectra. Figure 4.10 (a) shows time evolution of M(s) and the corresponding LDF
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Figure 4.9: Interlayer structural dynamics in graphite. (a) Contraction of primary
LDF peak at various fluences for short times and (b) for long times. (¢) The maximum
contraction of LDF peak at short times, and maximum expansion (overshoot) at
longer times. (d) Correlation of the measured TSV with inter-layer contraction at
F=T7Tml]/ em?.

curves at F' = 77 mJ /cm2, just below the damage threshold. Starting at ~ 6 ps,
as Vg rises beyond 4 V, we observe the onset of peak shouldering and broadening
in the M(s) curve and appearance of a new peak at ¢ ~ 1.9 A in the LDF curve.
Concurrent with this, we also observe a drastic change of relative intensities of the
(00 2!) maxima in M (s) between maxima with even | and odd {. The observed higher
intensity of the (00 12) peak relative to(00 10) in Fig. 4.10(b) cannot be explained by
thermal vibrations which would produce a monotonic decrease and instead suggests a
structural change. Given that the interlayer separation in diamond is 2.05 A < 3.35
A, the diminishing of even order peaks is akin to the near doubling of lattice constant
along the c-axis. Based on this and the observation of a well-defined interlayer bond at
¢~ 1.9 A, we conclude that the transient structure generated here is consistent with

sp3 bonding. We find the transient sp3-like structure, associated with the relative
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Figure 4.10: Signature of sp3-like bonding in HOPG. (a) Molecular interference pat-
tern M(s) and the corresponding LDF curves at selected time stances following strong
photo-excitation. The transient peak at 1.9 A in the LDF indicates formation of an
interlayer bond. (b) Ratio of peak intensities obtained from the diffraction patterns.
The enhancement of the (00 12) with respect to the (00 10) peak cannot be explained
by thermal vibrations and indicates a transient structure consistent with sp3 bonding.
(c) Ratio of peak intensities at R = 1.9 A and 3.35 A in the LDF.
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intensity of the ¢ ~ 1.9 A peak in the LDF curve, to reach a maximum fraction of

2 _ sp3 hybrid structures have also

47% at 14 ps, as seen in Fig. 4.10(c). Similar sp

been identified in pressure-driven pathways of graphite-to-diamond transition [70], in

which 50% of the bonds in graphite were observed to transform into sp3-like nature

leading to the formation of superhard graphite. Complete diamond formation was

not evidenced as the structure returned to its ground state configuration upon the

release of pressure. Similarly, in this UEC study, the transient structure recovers
2

its sp“ character by 45 ps, but remains hot even after 3 ns with an average value

(A )rms = 0.09 A, corresponding to a lattice temperature T ~ 700 K.

4.6.4 Density Functional Theory Calculations

To clarify the origin of the structural changes, we studied the effect of laser pulses on
the electronic structure and bonding in hexagonal graphite using ab initio DFT cal-
culations in the local density approximation (LDA). While much of the basic physics
underlying photo-induced structural changes can be understood in the bulk struc-
ture, we also considered graphite slabs for quantitative predictions. The total energy
was determined using the ABINIT plane-wave code [177] with a 64 Ry energy cutoff,
Troullier-Martins pseudopotentials, and the Ceperley-Alder form of the exchange-
correlation functional. The Brillouin zone of the 4—atom bulk unit cell was sampled
using a fine mesh of 24x24x12 k-points that included the K — H line at the Bril-
louin zone edge, close to the Fermi surface. This approach correctly reproduced
the observed [169] in-layer bond length dpo = 1.42 A and the interlayer spacing
dg = 3.34 A in the bulk system at T = 0, shown schematically in Fig. 4.11(a). The
electronic density of states of graphite near the Fermi level is shown in Fig. 4.11(b),
and the total charge density is depicted in Fig. 4.11(c) in a plane normal to the lay-
ers. In the following, we will study the effect of two types of photo-induced electronic

excitations on the structure.
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First, we will consider the thermalization of the initial nonequilibrium population
of electronic states in the laser-irradiated target over a sub-picosecond time scale
[178] to that of a very hot electron gas [58]. The electronic temperature (Te) is
probably lower than the limiting value kgTe ~ hv = 1.55 eV and depends on the
laser fluence. For the sake of illustration, we compare the Fermi-Dirac distribution in
graphite at kgTe = 0 and kgTe = 1.0 eV in Fig. 4.11(b), indicating the electronic
excitations in the 7 — 7* manifold of the hot electron gas. Populating initially empty
conduction states by valence electrons leads to a change in the total electron density
Ap(r) = p(r; kgTe) — p(r;0), which is depicted in Fig. 4.11(d) for kgTe = 1.0 V.

As stipulated by DFT, changes in the charge density modify the force field in
the system. Our results in Fig. 4.11(d) suggest an increased population of C2p,
orbitals that may hybridize to ppo bonding states connecting neighboring layers,
increasing their attraction. The depopulation of in-layer bonding states, on the
other hand, should cause an in-layer expansion. To obtain a quantitative estimate of
photo-induced structural changes, we performed a set of global structure optimiza-
tion calculations of graphite with electrons subject to effective temperatures in the
range 0 eV< kgT < 1.55 eV. We used a stringent convergence criterion, requir-
ing that all stress components lie below 5.0x 10~7 Ha/ ag and that no force exceeds
5.0x10~° Ha/aq. In bulk graphite, we indeed found that nonzero electronic tempera-
ture leads to a maximum interlayer contraction Ad/dy = —1% and in-layer expansion
Arco/roc = +1% for kgTe~1.0 eV. In the slab geometry, we obtained a slightly

larger interlayer contraction of up to Ad/dy = —1.5%.

To further take into account the effect of Coulomb stress induced by the laser pulse,
we represent the charge separation in the electronic ground state, corresponding to the
observed internal field of ~1.2 V/A. To model this system, we immersed three-layer
graphite slabs, separated by 30 A, in a uniform electric field and adjusted its strength

to reproduce the observed field value. With the polarized charge distribution frozen
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Figure 4.11: Electronic structure changes during photo-excitations in graphite. (a)
Schematic view of the structure. (b) Electronic density of states (solid line) and
the Fermi-Dirac distribution of graphite at T = 0 (dashed line) and kgT = 1.0 eV
(dotted line). (c) Total pseudo-charge density p(r) and (d) change in the pseudo-
charge density Ap(r) due to an electronic temperature increase to kg7 = 1.0 eV.
The plane used in (c) and (d) intersects the graphene layers along the dashed lines
in (a).

in, the external electric field was switched off. Then, the internal field was only due
to the polarized charge distribution. The slab calculations were performed using the
SIESTA code [179] with double-polarized triple-¢ local basis and a fine 24x24 k-point
mesh. The charge density was obtained on a real-space grid with a mesh cutoff energy
of 250 Ry. From total energy calculations at different interlayer separations, we found
that charge density redistribution associated with the internal field may further reduce

the interlayer separation by 2 — 3%. Combined with the contraction induced by the

initial non-equilibrium electron heating, we thus can explain the observed contraction
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of the topmost interlayer separation by up to ~5%.

4.7 Role Of Surface Charge: Photoemission Imag-
ing Study

One of the key experimental observation in the UEC investigations of HOPG that
identified sub-surface charges to play a dominant role in the structural transformation
was the observation of a Coulomb refraction shift experienced by the probing elec-
tron beam. However, such refraction effects could also possibly occur from electron
emission from a photoexcited surface. Even though the excitation laser (1.55 eV)
is well below the ~ 5 eV work function of graphite, non-linear 3 photon absorption
processes and thermionic emission from the photogenerated hot eléctron gas could
contribute to a vacuum space charge (VSC) emission from the surface, thus affecting
the UEC data. To quantify the amount of such VSC emission from the photoexcited
graphite surface and study its contribution to the observed refraction effects on UEC
data, we developed a novel technique to directly image and track the spatiotemporal
evolution of the photo-emitted electron bunch generated over a femtosecond laser ex-
cited surface. The method possesses sufficient sensitivity to image electron bunches

as small as 1010 3

e/cm® and permits quantitative measurement of the instantaneous
electron bunch density distribution and its translational and expansion velocities in
the picosecond and micrometer regime.

Besides the obvious relevance to this study, understanding the mechanisms of VSC
emission [180-182] and surface charge formation is also central to the development
of pulsed laser driven electron technologies such as time-resolved photoemission [180,
181, 183], scanning probe microscopy [184, 185], electron diffraction [28, 110-112, 167,
186, and microscopy [114, 151]. While the vacuum space charge has been studied

both theoretically [146, 187-189] and experimentally [111, 180, 181, 190], the role
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of subsurface electron dynamics within the materials and the nature of the early
development of VSC remain topics of high interest. Transient vacuum electric fields
established by generation of VSC have been investigated based on the influence of the
field on a pulsed electron beam [191, 192]. The method employed here differs from
these techniques in that it allows a direct ultrafast imaging of the evolution of the

photoemitted electrons.

4.7.1 The Point-Projection Imaging Technique

The experiment is based on a novel probing geometry derived from conventional
pump-probe UED geometry, as illustrated in Fig. 4.12. Instead of overlapping the
pump & probe spatially on the sample as UED experiments demand, we intentionally
displace the pump laser laterally by a distance x(y relative to spot P that is being
probed by the electron pulse. We shall refer to this distance x() as the offset distance.
The incident electron beam now scatters from an unperturbed region of the sample,
generating a stream of forward scattered electrons. The pump-laser on the other hand,
lands at point G and generates the VSC cloud that is ejected into the vacuum depicted
as a disc in Fig. 4.12. The forward scattered electrons originating at P are intercepted
by the VSC cloud over point G leading to a reduction in the signal intensity at the
CCD, that is best viewed as a dark shadow in diffraction difference images. The
typical values of z(j ~ 2 — 4 mm are much larger than the dimension of the electron
beam footprint on the sample (= 200 um), allowing us to treat P as a point-source.
This forms a projection imaging geometry where the shadow cast on the CCD is an
image of the VSC cloud, with the shadow’s darkness being a measure of the electron
density within the VSC cloud. Given that the sample-to-camera distance L of our
UHV chamber is 150 mm, this projection imaging geometry yields a magnification of
L/zg =~ T5.

The temporal evolution of the VSC cloud is tracked in the usual way by adjusting
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x( = Offset distance
L = Camera distance
I2Dx,y= Distance moved by lens

Figure 4.12: Schematics of the electron point-projection imaging technique. Typical
values are r() ~ 1 - 4 mm, L ~ 150 mm. The dashed arrows illustrate the effect of
the photo-emitted electron bunch on the coherently scattered electrons constituting
the diffraction maxima.

the relative pump-probe delay and capturing the shadow images at different times
relative to the initial VSC cloud creation instance. From these shadow images we
can extract the cloud’s propagation velocity vz, expansion velocity ve and the charge
density within the cloud. Such quantitative analysis requires accurate control over
the offset distance. To achieve this, we first obtain perfect pump-probe overlap at
point P as described earlier in Sec. 3.5. Thereafter, the laser is shifted relative to
the electron probing spot by moving the focusing lens mounted on a stepper motor
controlled stage, as illustrated in Fig. 4.12. This allows accurate positioning of the
laser relative to P. A high magnification camera mounted outside the chamber with
a clear view of the sample surface records the motion of the laser spot as it traverses
across the surface. Accurate calibration of z() is obtained by using the known length

of the HOPG sample (1 cm) as an in situ scale bar.
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4.7.2 Imaging VSC Cloud Over HOPG Surface

The shadow images obtained from an HOPG surface photoexcited at F = 75 mJ/ cm?
is shown in Fig. 4.13. Change is clearly visible in the central streak region at t = 2 ps
as a shift of the diffraction maxima towards the right, away from the shadow edge. By
t = 7 ps, we see the emergence of a thin dark strip near the shadow edge representing
the VSC cloud. The cloud rapidly builds in strength and is clearly visible by t = 17
ps. It steadily moves away from the shadow edge, accompanied by an expansion in
width along the z-direction. By ¢t =~ 272 ps, the cloud is sufficiently diffuse and cannot
be discerned clearly any longer. However, the effect of the cloud is still apparent in

the shift of the maxima.

Focusing on the behavior of the three maxima momentarily, they all are observed
to instantaneously shift to the right at time-zero when the VSC cloud is generated.
However, the deflection of each maxima reverses sign as the VSC cloud crosses the
maxima. This is apparent in the panels from ¢t =72 - 172 ps. At 72 ps, the VSC
shadow is located in-between (006) and (008). Consequently, the (006) maxima is
shifted to the left, whereas (008) and (00 10) remain shifted to the right. As the
cloud crosses (008) around ¢t = 122 ps and (00 10) around ¢ = 172 ps, the shift of

these maxima reverse.

This effect is prominently illustrated in Fig. 4.14. Diffraction evolution maps
are generated from two regions within the shadow images - one along the region in-
between (00) and (10) rod where there are no diffraction maxima, and one along the
(00) rod that include the (00 2/) maxima. The map from the former in panel (b)
shows a dark streak representing the generation, evolution and propagation of the
VSC cloud with time on abscissa. Contrast this with panel (c) that is obtained from
the central (00) rod. The three diffraction maxima appear as horizontal stripes prior

to the creation of the VSC cloud. They exhibit a slight shift at the instant of VSC
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Figure 4.13: Shadow images obtained from a photoexcited HOPG surface (using offset
distance z() = 2.4 mm), illustrating the creation, emergence and evolution of vacuum
space charge (VSC). The numbers indicate the pump-probe delay in ps.

+
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:

VSC Cloud

Figure 4.14: Time-evolution map of VSC Cloud at F = 75 mJ /cm2. (a) Typical
shadow image obtained. Dashed boxes indicate the regions chosen to create the
diffraction evolution map shown in panels (b) and (c) as labeled. (b) The dark streak
in panels (b) and (c) represents the propagation trajectory of VSC cloud with time
on abscissa. The maxima show a clear shift as each is crossed by the VSC at separate
time instances marked by the arrows in (c).

creation, followed by a pronounced and abrupt reversal in their position as the VSC
cloud intersects with the stripe, clearly demonstrating the effect of the VSC cloud on
the maxima.

This behavior of diffraction maxima is evident from the inset to Fig. 4.12. Each
maximum is produced by electrons scattered along a well defined directions emanating
from P, which we shall refer to as ‘Bragg rays’. Initially, when the VSC cloud is close
to the HOPG surface, it lies below all the Bragg rays, thus deflecting them away from
the surface. As the VSC cloud reaches the height of each of each Bragg ray above
the sample surface, the field direction reverses, leading to the reversal in the shift of
maxima on the CCD. For a given offset distance, the height of the Bragg rays above
the surface is known. Consequently, measuring the time required for the reversal of

shift allows us to determine the propagation velocity of VSC cloud.

125



4.7.3 Qualitative Analysis Of Shadow Image Data

We first examine the dynamics of angular shifts of the diffraction maxima introduced
in this projection imaging geometry (zy # 0) and contrast it with those typically
observed in the pump-probe geometry (zg = 0). The angular shift under 3 different
offset conditions are shown in Fig. 4.15(a-c). At the perfectly aligned condition (with
F=35mJ /cm2), we observe all maxima to shift by ~ 6 mrad on a rapid timescale
of < 10 ps. In contrast, for the off-aligned cases in panels (b, c¢), the dynamics are
observed to be much slower, occurring on several 100 ps timescale. Furthermore,
the magnitude of angular shift is an order of magnitude smaller, even though the
applied fluence is larger as compared to the perfectly aligned case. Interestingly, the
dynamics of all 3 maxima coincide in the case of £y < 0 [panel (c)] but are separated
when z > 0 [panel (b)]. This behavior is evident from the inset cartoons in the two
panels depicting the probing geometry. For r(y < 0, the VSC cloud interacts with the
probing electron beam prior to surface incidence. Consequently, all scattered Bragg
rays are deflected by the same amount. For z( > 0, this is not the case and the
VSC cloud interacts with the scattered Bragg rays individually, thus leading to the
separation in the dynamics. Furthermore, we also observe a shift in time-zero for the
mis-aligned experiment relative to the aligned experiment, which is expected since
the time-zero is defined by the location in space where the pump laser and probing

electron pulse arrive simultaneously.

Another feature that distinguishes effect of VSC from that of sub-surface charge
dynamics is the observed drop in integrated intensities of the diffraction maxima. As
evident from Fig. 4.15(d-e), the intensity of the three maxima reach their respective
minimum at different times that correspond well with the time instant of their respec-
tive angular shift reversal. This clearly suggests that the intensity drop results from

the VSC cloud crossing scattered electrons constituting the maxima. More impor-
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Figure 4.15: Qualitative analysis of VSC induced changes in diffraction pattern. (a-c)
Angular shift of (00 2/) diffraction maxima at F' = 35 mJ /cm2 in (a) and F' = 56
mJ/ cm? in (b, c) for different offset distances z(), as illustrated by the inset cartoons.
(d) Dynamics of integra,ted intensity and (e) angular shift of the diffraction maxima,
with FF = 23 mJ /cm and g = 2.4 mm. (f) Angular shift of (008) maxima at
different excitation fluence while holding z(y = 2.4 mm constant and (g) the same
at different z) while holding F' = 56 mJ /cm2 constant. (h) Angular shift of (006)
maxima at 2 different fluences, showing a unique double-hump feature that is as yet
unexplained. The two curves are vertically offset for clarity; dashed lines represent
respective zero-level.
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tantly, the lower-order (006) peak drops the most in intensity, since the VSC cloud is
dense near the surface and becomes more dilute by the time it reaches the heights re-
quired to intercept the (008) and (00 10) Bragg rays. This is exactly opposite to what
is seen in the case of perfectly aligned pump-probe data discussed earlier in Sec. 4.6.1
where the intensity drop followed the §2 dependence set forth by the Debye-Waller
relation.

Finally, Fig. 4.15(f-h) illustrate some salient features of VSC induced dynamics.
Figure 4.15(f) shows the effect of increasing the photoexcitation fluence on the degree
of angular shift produced for the (008) peak. The initial positive shift appears to be
largely fluence independent, at least beyond F=20 mJ/ cm2, though the reversed down
swing shows some fluence dependence. This is possibly due to the fact that during the
stage of positive shift, when the VSC cloud is below the maxima, the effect of VSC
electrons is compensated for by the corresponding image charges and holes within the
HOPG surface, thus leading to a very weak fluence independent shift. Only at very
low fluences (F =7 mJ/ cm2), where the screening may not efficient is any variation
observed. However, as the VSC cloud rises above the maxima, the probing electron
beam experiences the combined field from charges both above and below, leading to
the observed effect. Increasing z() leads to slower and weaker dynamics as seen in
Fig. 4.15(g), which is to be expected. Finally, a note on the curious behavior of the
(006) peak shift seen in Fig.4.15(h). The peak shift exhibits a unique double-hump
feature, that is as yet unexplainable based on the scenario constructed so far. The
behavior is robust, occurring at all excitation fluences and various offset distances. It
also exhibits similar dependence on the offset distance as the (008) maxima in panel
(g). These could possibly arise from strong recoil effects arising from interaction
between the (006) ray and the dense VSC cloud or a systematic near-surface artifact.

Further experiments are required to clarify the role of this behavior.
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4.7.4 Quantitative Analysis: VSC Cloud Dynamics

Proceeding to the quantitative analysis of this VSC imaging data, the shadow images
offer two complementary methods to extract information regarding the dynamics of
VSC cloud over the HOPG surface. One involves the analysis of the shadow pattern

directly, while the other utilizes the information content within the peak deflections.

To analyze the shadow images, we obtain a line-scan profile of the VSC cloud
from the shadow images as illustrated in Fig. 4.16. The cross-sectional line scans
obtained along the dashed lines shown in the figure consist of a strong peak near
the shadow edge, followed by a broad depletion profile. The strong peak is caused
by enhanced surface scattering and bending of near-surface electrons that results in
electron accumulation near the shadow edge. The depletion profile represents the
VSC cloud and is modeled as a Gaussian evolving in space over time. To extract
the spatiotemporal dynamics of the electron bunch, we need to relate the line scans
extracted from the shadow images on the CCD to actual parameters of the VSC cloud.
This is done by treating the intensity depletion at a point d along the z direction on the
CCD screen as the integrated strength of the Gaussian cloud along probing electron’s
propagation direction, as illustrated in Fig. 4.16(b). This formalism, along with the
accumulation peak modeled as an exponential decay yields an analytical form for the

z-direction line scans as

[ __(dzg—Lz )2 ]
TP ( 2(d2A%+L2AZ))

I(d) = Aexp(—d/Ag) + BEzﬂ (4.4)
AZ 1 + d2
| VaiTal

where d is the distance on screen measured from the shadow-edge. The charge distri-
bution p(z,y, z,t) is modeled as a 3D Gaussian in z, y and z directions with a sheet

electron density ¥ in the zy-plane, 1/e half-widths Az, Ay, Az and a CoM position
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Figure 4.16: (a) Snapshot shadow images of photoemitted electron bunch obtained
with £y = 4.3 mm. The cross-sectional line profiles (black curves) are extracted
along the dashed line in the second panel. (b) Model used to construct an analytical
expression for the shadow image z line scans in Eqn. 4.4. The shadow intensity on
CCD is related to the integrated strength of the Gaussian VSC cloud along the probe
electron propagation trajectory. (c) Fitting curves (lines) of cross-sectional line-profile
data (circles) using a Gaussian model considering the projection geometry.

(zg, yo, 20)- By fitting the line-profile of the transverse size of the VSC cloud, we
determine Ay =~ 500 um which remains nearly unchanged and corresponds well with
the width of laser illumination on the surface. To extract the cloud dynamics along
the z direction, we fit the z direction line-scans extracted from the shadow images as
shown in Fig. 4.16(a) and fit the profile using Eqn. 4.4, as shown in Fig. 4.16(c). From
these fits, we extract the parameters 2 and A as a function of time, from which
we can estimate instantaneous values of the cloud’s propagation speed v; and expan-
sion speed ve. The evolution of VSC cloud’s position and width along z direction is

shown in Figs. 4.17 (a, b) and summarized in Table 4.1 for fluences F' =7, 23 and 56
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mJ/ cm?. The results indicate the electron cloud CoM to follow a projectile-like tra-
jectory caused by the attractive forces from image charges and holes within HOPG,
with an initial translational CoM velocity vy = dzp/dt at earliest times (where the
VSC cloud can be clearly resolved) as listed in table 4.1. Interestingly, the cloud ap-
pears to undergo free-expansion as indicated by the nearly constant expansion speed
ve = dAz/dt in Fig. 4.17(b) without any acceleration that might be introduced by

space-charge effects.

From the Gaussian shape of the velocity distribution and the lack of a power-law
enhancement of ¥ over increasing F', we believe a thermionic emission scenario is
best to describe the dynamical parameters observed here. For a steady-state thermal
emission, the initial translational speed v; and the expansion speed ve of the bunch
is related to the electronic temperature (T¢) at the surface via the relations: v; =
VkpgTe/2tme , and ve = /kgTe/me. The observation of a v significantly higher
than ve in Table 4.1 suggests an electron acceleration and cooling during the initial
adiabatic expansion of the cloud. This scenario is supported by the observation of
an apparent shift of the zero-of-time extracted from the linear extrapolation of cloud
expansion to intercept with the time axis [Fig. 4.17(b)], indicating a rapid decrease of
ve within 10 um (resolution-limited) of the expansion. This cooling process converts
part of the electronic enthalpy (Ah = 5/2kgAT) to the kinetic energy of the bunch,
and under such an adiabatic model we can deduce the initial electron temperature
(T;) using 1 /2me(vg - vl2) = Ah. The T; deduced from our experiment shows a
saturation at high fluence, and the highest electronic temperature obtained is just
above the laser pulse energy 1.55 eV (18,000 K), further confirming a thermally
limited emission. During the same period, by assuming an initial cloud size of 30 nm
(comparable to the laser penetration depth) and X = 2 x 108 e / cm2, we estimate the
possible heating effect arising from space-charge driven acceleration of the electrons

at the expense of Coulomb self-energy to be at most 0.2 eV. Thus Coulomb explosion
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Figure 4.17: Photoemission from graphite surface: Dynamics along the z-direction,
with zg = 2.4 mm. (a) Time-evolution of the electron bunch’s center-of-mass (CoM)
and (b) 1/e-width. (c) Spatiotemporal evolution of the diffraction maxima and the

electron bunch at F' = 56 mJ /cm2, showing the bunch CoM (black dots) and its
spread (1/e-width) relative to the CoM (gray circles).

cannot provide the observed high initial CoM velocity.

In addition to the imaging, we also analyze the trajectory of the (006), (008) and
(00 10) diffraction maxima in the central streak region of the diffraction pattern.
The instantaneous vacuum electric field E(z,t) established by the two opposing fields

associated with the VSC p(z,t) and its mirror-charges on the surface can be described

by
o0
E(z,t) = 2—:6 (a(z)zo =3 / p(z’,t)dz’) (4.5)

where a(z) ~ z/1/22 + A2 is the proximity effect factor [191], describing the re-

duction in local electric field from mirror charges with a finite-sized slab, which is
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(1-a(2)]eXq/(2¢g). The Bragg ray located at a height z¢ above the surface interacts
with VSC and exhibits an inversion, as shown in Fig. 4.17(c) when the CoM of the
electron bunch reaches a height 2 = z¢ — vAz, such that the local electric field at
ze, E(z¢) = 0. Carrying out the integration in Eqn. 4.5, we obtain the condition for
Bragg ray inversion as v = 1.6, 1.3, 1.1 for 29 = 50 pm, 100 um and 150 um cor-
responding to the (006), (008) and (00 10) diffracted beams respectively. Inspecting
the trajectories A;(t) and 2((t) in Fig. 4.17(c) at the point of Bragg ray inversion, we
measure vy = 1.0 £ 0.4, 1.2 £ 0.2 and 1.2 £ 0.2, which is in good agreement with the
predicted values above. The deviation in the case of (006) ray is believed to be caused
by the recoil effect, which plays a more significant role here. Given this confirmation,
we can reliably obtain the sheet electron density ¥ for the three fluences studied
here (Table I), and compare them with the initial electron temperature T;. ¥ scales
linearly with T} to a satisfactory degree, agreeing with the thermionic emission model
proposed by Downer and coworkers [193]. The electron bunch dynamics measured
here reveals that the majority of the electrons will return to the surface within 1
ns, see tretyrn in Table 4.1, with only a very small portion (< 10_4) of the cloud

remaining in vacuum beyond 3 ns.

Finally, to relate these VSC studies to our original HOPG data, we shift the
the laser spot back to the aligned condition of z(y = 0 without modifying any other
aspect of the experiment and observe a dramatic increase in the electron refraction

(68g,) [154], as shown in Fig. 4.18(a). With the knowledge gained about the electron

Table 4.1: Results of fitting experimental data to the projected Gaussian model.
F Y0 Ve T; Te X0 treturn
x100 %100 x103 x103 x108
(mJ/cm2) m/s m/s K K e/cm2 ps

56 1.06 0.27 19 5.0 1.93 350
23 091 0.22 14 3.3 1.61 400
7 051 015 4.7 1.5 0.39 820
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Figure 4.18: Comparison of TSV and VSC effects in UEC investigations of HOPG.
(a) Shift of the (006) maxima in case of perfect pump-probe alignment (zg = 0)
and projection imaging geometry with (rg = 2.4 mm). (b) Comparison of the TSV
measured by the probing electron beam submerged beneath the HOPG surface in the
UEC study (Ref. [153]) along with the estimated effect of VSC in that study, based
on the VSC dynamics extracted here.

density within the VSC cloud and its propagation dynamics, we simulate the effect
of VSC under this aligned condition. The effect of simulated VSC and the total
Coulomb refraction shift measured from the original pump-probe HOPG experiment
is shown in Fig. 4.18(b) and clearly indicates that VSC alone is not sufficient to
explain the observed large and rapid 10 V rise in the transient surface voltage of
fs-laser excited graphite surface [153]. This consequently mandates the presence of
a surface dipole field that is invisible in vacuum to account for the full refraction
effect. Based on the observed deflection of electrons at the aligned condition and a
parallel plate capacitor model for the surface dipole field within the probe-electron
depth of ~ 1 nm, we deduce a ps retention of surface charge density in graphite on
the order of 1014 e/cm2, which is comparable to the typical surface/interface state
density. The thermionic emission on a sub- to a few picosecond timescale is likely
mediated by the image/interlayer states of graphite, which has a strong 3D character

[194]. These states above the vacuum level can efficiently transport electrons to
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vacuum and create the dipole field near the surface. Following the electron cooling,
the coherent interlayer transport normal to the basal planes of graphite is essentially
turned off, causing the slow decay of the surface dipole field, which plays a major role

in influencing the surface structure dynamics [82, 153, 195].

4.8 Optical Investigation of HOPG

We have seen thus far the important role played by charges in the near-surface dy-
namics of graphite. The ultrafast carrier dynamics in graphite is by no means a
new topic and has historically been investigated optically by many authors focusing
on both the high-fluence regime above the melt threshold [164, 165, 196], and the
low-fluence regime [197] in bulk graphite. Recent studies have focused on measur-
ing quasi-particle lifetimes [198] as well as carrier dynamics in free standing graphite
films [199, 200] and epitaxial graphene [201]. All these experiments have focused on
the fs time scale of electronic excitation. To relate our results to the wider optics
community, we are also in the process of obtaining time-resolved reflectivity response
from the graphite sample using the setup described in Sec. 3.7

Figure 4.19 shows the transient reflectivity recorded from HOPG surface excited
by p-polarized, 800 nm, 45 fs laser pulse. The reflectivity was monitored at near-
normal incidence while the pump was incident on the surface at 45°. The transient
decrease in reflectivity is found to rise initially with increasing fluences and saturates
rather quickly beyond F' = 10 mJ /cm2. Fig. 4.19(e) shows the transient response
at various fluence conditions with the maximum change in each curve normalized to
unity. All curves lie on top of each other despite the fluence spanning a wide range,
indicating a fluence independent relaxation dynamics. By fitting the 58 mJ/ cm? data
with a functional form representing exponential growth convolved with subsequent

exponential decay, we obtain a relaxation time scale of 7 < 1 ps.
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Figure 4.19: Optical reflectivity data from HOPG. (a-d) Transient reflectivity 6R/R
at different fluences, as labeled. (e) Reflectivity data at various fluences with max-
imum change in R/ R self-normalised to unity. The timescales of initial reflectivity
drop and subsequent relaxation are largely fluence independent. (f) Maximum change

in reflectivity plotted as a function of irradiated fluence, showing saturation beyond
10 mJ/ cm?.

To obtain reflectivity data with high quality S/N, we repeated the experiment at

2 fluences of 4 and 15 mJ/ cm?

, averaging the data over 70 scans. The result of such
long scans are shown in Fig. 4.20(a). Fitting the data as before yields a time constant
for the initial reflectivity drop as 0.2 ps, while that of the relaxation exhibits a very
weak fluence dependence with 79 ~ 0.5 ps. These data are in fairly good agreement
[see panel (b)] with a previous exhaustive study of carrier dynamics in graphite by
Seibert et al. [197]. It is evident from these data that the optical reflectivity relaxes
back to the ground state within 4 - 5 ps. This relaxation dynamics has been attributed

in the optics study to the relaxation of electron-hole plasma created by the laser back

to the band extremum. However, UEC studies have pointed towards the long-lived
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Figure 4.20: (a) Optical reflectivity data acquired with good S/N (70 scans) for 2
fluence limits with fits to convoluted growth & decay ~ {1 — exp(t/y)} exp{(t —

t1)/m}. (b) Transient reflectivity from HOPG at F = 13 mJ /cm2 reported by

Downer & co-workers [197]. (c) Long-time dynamics at F' = 17 mJ /cm2, showing
no long-term response (note the break in the abscissa). The optical signal relaxes
completely within 10 ps. A weak oscillatory signal, possibly due to acoustic waves
triggered in the graphite surface layers is detected. Solid line represents fit to a
decaying sine function. (d) Long time optical response from HOPG. No noteworthy
dynamics are observed at these long timescales.

charges near the HOPG surface which are not reconcilable with this optics datasets.
We believe that the main reason for this discrepancy between optics and UEC results
is that charging dynamics is localized to within a few sub-surface layers which the
normal incidence probe (optical penetration depth ~ 30 nm) is not sensitive to. We
have extended the optical investigation to longer timescales ~ 1 ns and observed no
noteworthy dynamics. Hints of a weak oscillatory signal, possibly due to acoustic

oscillations of the graphite layers launched along the c axis are observed.

Based on this investigation, we conclude that optical investigations employing
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near-normal incidence may not be the ideal geometry to study the structural dynam-
ics in HOPG which are focused near the surface. A grazing incidence reflectivity
experiment which might be better suited to shed some light on the near-surface elec-

tronic dynamics is currently under execution.

4.9 Summary

In conclusion, we have observed a nonthermal pathway for photo-induced struc-
tural changes in graphite through multidimensional crystallographic determination in
space, time and energy. The use of electrons as a probe has revealed the photoinduced
creation of hitherto unobserved surface dipole field that is invisible in vacuum but
exerts significant influence in the dynamics of the surface layers. Beyond a threshold
fluence of F =~ 21 mJ/ cm2, transient sp3—like structure with well-defined interlayer
bonds are observed, where the layer compression is driven by the Coulombic stress
generated by the surface dipole field. Based on diffraction analysis of transient states
generated at a fluence of F = 77 mJ /cm2, nearly 50% of the probed volume is ob-
served to be converted into an sp3 bonding network, with an inter-layer compression
of =~ 6%, with the lattice being only moderately heated; though the original graphite
structure is recovered at long times. Ab initio DFT calculations confirm that the
depopulation of the bonding electrons along with the creation of a surface dipole field
brought about by the fs laser can lead to a layer compression of = 5% similar to that
observed experimentally. These structural responses in graphite arise from a strong
coupling of electronic excitation to the inter-layer shearing mode (E2g). Optical ex-
periments utilizing THz [81] and Raman [202] probes have revealed that nearly 90%
of the laser excitation energy is transfered to these strongly coupled optical phonons
(SCOP) on a sub-ps time scale. Such layer sliding has also been identified as one of the

essential precursors in a possible pressure driven pathway of graphite-diamond con-
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version [73]. The ‘pressure’ here is generated however through an inter-layer Coulomb
stress caused by the surface dipole field. Due to the small penetration depth of ~
30 nm, photoexcitation can results in a strong gradient of carrier populations among
the different layers, which are preserved over timescales of several ps owing to weak
inter-layer coupling [197] preventing vertical charge migration.

Such sp3

bonded domains as reported here have since been observed in another
study of graphite as well via scanning tunneling microscopy (STM) observations of
the surface structure following 800 nm fs photoexcitation [82]. Long-lasting sp3-like
domains were generated in their work above a threshold fluence of 60 mJ /cm2 with
p-polarized fs laser excitation. demonstrating the electronic origin of such transfor-
mations. The authors propose the formation of interlayer charge-transfer (CT) exci-
tons spanning neighboring layers that can self-localize and distort the lattice around
themselves, thus causing buckling of the graphite 6-membered ring and inter-layer
contraction [203]. When sufficient number of such CT excitons are created, condi-
tions become favorable for the formation of sp3 nanodomains.

While the complete pathway connecting sp2 and sp3

structures is likely to be com-
plex requiring further detailed study, UEC investigations reported here have provided
a first glimpse into a possible all-optical pathway for diamond formation and iden-
tified the role of interfacial charges in driving this process, thus opening up another

fascinating avenue for the study of material transformations.
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Chapter 5

Further investigations of

Graphite-Diamond Transition

While the UEC study confirmed the creation of transient sp3 bonds, there was no
permanent formation of macro or microscopic diamond, and the lattice returned to
the graphite ground state at long times (= ns) following photoexcitation. We have
attempted to explore the conditions suitable for a laser induced graphite-diamond
structure transition in two types of graphitic systems - (a) bulk HOPG and (b) ultra-
thin graphite nanoplatelets, which are graphite sheets as thin as 10 - 30 atomic layers.
We have studied the effect of intense p-polarised fs lasers in both these samples and
studied the resulting morphologies. While these efforts have not yielded conclusive
evidence of permanent or long-lasting diamond formation, there are sufficient promis-
ing hints that such a path may be viable. The results reported here could serve as
a launching ground for subsequent efforts targeting the search for a photoinduced

pathway to diamond formation.

140



Figure 5.1: Morphology of laser-ablated graphite at F=100 mJ /cm2 . (a) Low-mag
SEM image of the entire spot. (b, ¢) Higher magnification views of the centrally
ablated area marked by a square in (a), showing creation of crystalline like nanos-

tructures. (d) Similar result obtained by Huang & co-workers at F' = 170 mJ /cm2
[204].

5.1 Pulsed Laser Ablation Of HOPG

Freshly cleaved HOPG surface was exposed in air to p-polarized 800 nm fs laser at an
irradiated fluence of F = 100 mJ/ cm? for 10 s. The sample was subsequently imaged
under the scanning electron microscope (SEM), and the images acquired are shown in
Figs. 5.1 & 5.2. The central region within the laser footprint is shown in Fig. 5.1 and
seen to undergo significant surface damage. We see the formation of linear striations
which appear to be formed by the melting and resolidification of graphite. Such
‘grating like’ features have been observed by other groups as well [204] whose results
are shown for comparison in Fig. 5.1(d). A closer inspection of the features generated

in our work [panels (c, d)] reveals the linear striations to be decorated with smaller
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Figure 5.2: Morphology of nanostructure created from fs laser ablation (F = 100

mJ /cm2) of graphite, in areas surrounding the central ablation spot. (a) Low-mag
SEM image of the ablation spot. (b-e) Magnified views of nanostructures from differ-
ent surrounding regions labeled in (a). The nanostructures exhibit regular crystalline

facets suggesting the creation of sp3 bonded diamond-like carbon structures. (f) The
‘cauliflower’ like texture commonly observed in ns pulsed laser diamond-like-carbon
films obtained from ns pulsed laser deposition using 248 nm KrF laser [205]. The film
texture produced in this study in (b-e) resembles this ‘cauliflower’ pattern.

structural features with well defined domains ranging over 10-20 nm. Such nanoscale
features were more apparent around the edges of the ablation spot shown in Fig. 5.2.
The entire surface appears to be covered in regular geometrically faceted crystal-like
features. Such features were observed at different locations all around the central
ablated spot, suggesting that they arise from the deposition of material ablated from
the center. Furthermore, the surface morphology of these features resembles very
closely that of the so-called ‘cauliflower’ pattern seen in diamond-like carbon films
generated by pulsed laser deposition utilizing ns pulsed lasers, shown in Fig. 5.2(f). It
is interesting to note however, the features created in our study are on the nanoscale,
while those in the ns pulsed laser ablation study range on the pum scale.

3

To determine whether these nanostructures contain any sp° carbon in them, we

obtained Raman spectra from the ablated areas. The Raman spectrum of graphite
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consists of a strong G-peak at 1580 cm’“l, while that of diamond contains a sharp
narrow peak at 1332 cm™ L. These peaks serve as fingerprints of the bonding structure
in the material and can be used to distinguish graphite from diamond. The spectrum
recorded from 4 different regions of our laser-ablated area is shown in Fig. 5.3(a, b).
The spectrum from outside the ablation area agrees well with that of pristine graphite,
showing a strong G-peak at 1582 cm™! and the second order 2D-peak at 2719 em™!
(not shown here). As we move into the ablation region, we see the emergence of a

second peak near =~ 1350 em™1

, which abruptly increases in strength as we cross into
the centrally ablated region. This is accompanied by a broad tail down extending
to 1000 cm ™! and a drop in G-peak intensity. The reduction in G-peak indicates a
reduction in perfectly ordered HOPG structure. However, the bandwidth of the new
emergent peak is too broad to be unambiguously attributed to diamond (1332 cm‘l).
This is because the Raman spectra of small graphite crystallites is known to exhibit
an additional ‘disorder’ D-line at 1354 cm ™1 [206] which originates from disordered
graphitic structures. Since pulsed laser ablation of graphite would generate a host of
carbonaceous materials, the new peak could well arise from a combination of both
disordered graphite as well as nanoscale diamonds. However, the broad tail in the
1000-1300 cm ™! is suggestive of nanoscale diamond features - the Raman spectra of
nanoscale diamond [207] and diamond nanosclusters [208] show peaks at 1140 and
1120 cm™! respectively. The Raman spectra from a fully sp3 bonded amorphous
carbon network is expected to posses a strong peak at 1265 em™! [209]. These
comparisons indicate that the structures generated in this study could be diamond

like sp3 bonded carbon nanostructures.

We also compare our Raman spectrum with that obtained by Meguro et al. from
the nanodiamonds generated in their work (2] in Fig. 5.3(c) and find them to be
very similar. Meguro et al. were able to confirm the creation of nanodiamonds

based on STM measurement of I-V curves showing a 5 eV band-gap similar to that
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Figure 5.3: Raman spectrum from laser-ablated HOPG. (a) Optical micrograph of the
laser ablated region with 4 regions labeled. (b) Raman spectrum obtained from the 4
regions labeled in (a). (¢) Raman spectrum obtained from pristine HOPG and from
region 4 in (a) in this study overlayed on top of that recorded by Meguro et al. [2].
Meguro characterized their spectrum as originating from creation of nanodiamonds.

expected from diamond. The similarity of our Raman spectra with their work is
further indication of the creation of sp3 bonded structures.

Despite strong evidence presented here for the formation of sp3 bonded carbon
from laser ablation of graphite, the evidence remains circumstantial. A conclusive test
might be obtained by devising a scheme to collect the nanostructures on a TEM grid
for examination by nanodiffraction and EELS. These tests could serve as unambiguous
probes of the origins of nanostructures generated. It is speculated that the ablation

in air could possibly enable sp3 bond formation due to the presence of oxygen that

stabilizes the dangling bonds in graphite. A comparative study of nanostructures
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generated by ablation in air and UHV environments might also shed light on the
sp3 bond formation pathway. Furthermore, the role of temporal profile of the pulse,
which can affect the ablation characteristics [210], is another parameter that could

be explored.

5.2 Graphite Nanoplatelets

While HOPG is an excellent system to study the inter-layer dynamics of graphite, it
is not ideal to study the basal plane dynamics. The signal to noise ratio of the side
streaks of (10) and (11) rods observed in the UEC patterns of graphite [Sec. 4.2] is
insufficient to afford investigations of basal plane dynamics in that surface probing
geometry. As a result, we have attempted to perform UEC experiments in the trans-
mission mode using ultra-thin exfoliated graphite nanoplatelets (xGNP). These sam-
ples consist of ultra-thin sheets of graphite, typically 4 - 10 nm thick (10 - 30 atomic
layers) deposited on a TEM grid. The samples were prepared by an acid-exfoliation
technique [211] in which bulk graphite samples are intercalated with strong acids
such as nitric and sulphuric acid, and exposed to microwave radiation. The inter-
calated graphite undergoes exfoliation to yield these ultra-thin exfoliated graphite
nanoplatelets (xGNP). These xGNPs are thin enough to allow transmission diffrac-
tion experiments in which the probing electrons are directed along the graphite c-axis
and thus sensitive to the basal plane dynamics. xGNPs are also amenable to local

structure investigations in a TEM.

5.2.1 xGNP Laser Ablation

Local structure investigation of xGNPs in a TEM to search for creation of nano-
diamonds is allowed through two powerful probes - nanodiffraction and electron en-

ergy loss (EEL) spectroscopy. The nanometer sized electron probe in a TEM allows
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Figure 5.4: Electron energy loss spectrum acquired from 3 types of carbon - graphite,
amorphous carbon and diamond. The absence of m* peak along with the the rather
sharp dip around 300 eV can be used as a fingerprint of diamond-like structures.

site-specific investigations of nanoscale features, which might be averaged over when
probed by the micron sized electron pulse of the UEC system. EELS in particular
offers a powerful means to distinguish between graphite and diamond bondings truc-
tures. The EELS spectra of graphite, amorphous carbon and diamond is shown in
Fig. 5.4. Graphite and amorphous carbon EELS spectra consist of a small 7* peak
arising from a 1s-m* transition. This peak is present only in m bonded structures
and consequently, absent in the case of diamonds. Thus, acquiring EEL spectra from
laser-ablated regions of xGNP can provide valuable information about any bonding

change induced by the fs laser.

xGNPs were deposited on a TEM grid with an ultrathin lacey amorphous carbon
support, as shown in Fig. 5.5(a). Diffraction patterns acquired from these samples
reveal the characteristic regular hexagonal pattern in Fig. 5.5(b). The sample was
subsequently ablated in air at F' = 100 mJ /cm2. Since the XGNP is rather fragile,
laser exposure led to the complete disintegration of the sample in the center, where
the laser peak intensity is quite high. Subsequent TEM examination was performed
at the edge of the damaged area where the laser intensity was not high enough to

cause disintegration, as shown in Fig. 5.5(c). Exhaustive search for non-graphite like
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structures was performed based on site-by-site diffraction investigation. Most areas
produced either a perfect graphite-like diffraction, or a diffraction pattern replete with
multiple peaks that were unanalyzable. However, we observed a curious behavior as
detailed in Figs. 5.5 (d-f). Panel (f) in this figure shows a small region within which
diffraction patterns and EEL spectra were acquired from spots labeled as 1, 2, 3. The
diffraction pattern from spot 1 agreed well with perfect graphite lattice, while that
from spot 2 shown in panel (e) exhibited the creation of additional diffraction maxima
(as marked by the arrows) symmetrically on either side of the central (00) location
aligned along one direction. The original maxima arising from perfect graphite lattice
at spot 1 completely disappeared at spot 3 (not shown) and only the new maxima
remained. The diffraction patterns were fitted to theoretically simulated patterns
and the ‘new’ maxima were measured to be distorted from the perfect position by
6%. Furthermore, the EEL spectra obtained from these three spots shown in panel
(f) showed changes in the strength of 7* peak.

These changes in the diffraction pattern and EEL spectra can be attributed to
the coexistence of normal and asymmetrically distorted graphite sheets in the sample,
thus highlighting the difficulty in characterization of possibly novel structures. The
‘new’ diffraction maxima along certain direction arise from the xGNP sheets not lying
flat on the TEM grid (perpendicular to the probing electron beam) but distorted along
some arbitrary direction, leading to expansion of the reciprocal lattice rod along that
particular direction. Such signatures were observed in unablated xGNP samples as
well as shown in Fig. 5.6. Panel (a) shows a region of xGNP from which diffraction
and EEL spectra was recorded. The diffraction patterns shown in panels (b-d) show
the creation of 2 sets of diffraction maxima similar to that seen earlier from ablated
GNP samples. The EEL spectra too showed a change in the 7* peak intensity despite
the sample being composed purely of XxGNPs. These results can be attributed to the

relative angle between the TEM electron beam and the graphite c-axis. Since these
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Figure 5.5: Analysis of laser-ablated xGNP sample. (a) SEM Image of xGNP sample
on the lacey carbon grid. Inset shows 1 full grid covered in xGNP. (b) Diffraction
pattern from a small select area (=~ 100 nm) acquired in a TEM from the unablated
sample. Dashed quadrilateral marks the reciprocal cell expected from the honeycomb
structure of graphite layers. (¢) Low-mag image of the edge of laser-induced damage.
Investigations were carried out within this grid, just inside the edge. (d) A small
region adjacent to the laser damage edge (as marked by the arrow emanating from
(c), which showed interesting results summarized in following panels. (e) Diffraction
pattern from spot 2 labeled in (d) showing the presence of new spots marked by
arrows, created symmetrically on either side of the dashed line suggesting lattice
contraction. The central (00) spot is digitally added for reference. (f) Normalized
EEL spectra acquired from spots labeled 1, 2, 3 in (d), showing the change in intensity
of the 7* peak.
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Figure 5.6: Analysis of diffraction and EELS signatures from unablated GNP. (a)
High resolution TEM image of GNP, with 3 spots marked. (b) Normalized EEL
spectra recorded from adjacent regions labeled in (a), showing change in the 7* peak.
(c-e) Diffraction patterns recorded from spots labeled in (a). Diffraction from spot 1
agrees well with pristine graphite, whereas those from spots 2 & 3 show distortions
such as creation of multiple Bragg spots and stretching of the hexagon along directions
marked by the arrows, which are features similar to those seen in the ablated sample.
(f-h) Simulation of TEM diffraction pattern from a perfect graphite lattice, for varying
angles () between the graphite’s c—axis and the electron beam direction. Note the
creation of additional spots in (g) and the stretching of the hexagon in (h).
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Figure 5.7: (a-c) High resolution TEM images of 3 different crystalline nanostruc-
tures with size in the 10-20 nm range observed near the laser ablated region within
the XGNP samples. Each nanostructure appears to be surrounded by few layers of
amorphous-carbon. (d) A high-resolution TEM image of a flat xGNP sheet, provided
for comparison.

XGNPs are very thin, it is possible that they have ripples on the surface due to the
folding of ultrathin graphite sheets. Also, the sheets might not be relatively flat near
the edges and may stand up. This can explain the variation in the intensity of the
of 7* peak in panel (b), which depends on the relative orientation of the c-axis and
the electron beam. The distortion seen in the diffraction pattern can also be explain
based on this misalignment. Panels (f-h) simulate the TEM diffraction pattern from
a graphite lattice for various angles of electron beam incidence. At 6 = 23°, we see
the creation of maxima doublets and the stretching of the hexagon seen in (h) can be
attributed to arise from the 111 plane. These investigations reveal that TEM studies
of XGNP require further care to account for the ripple on the sheets. The artifacts in
the EEL spectra could presumably be eliminated by acquiring spectra from the same

spot at different incidence angles, though such data is very hard to acquire.

Finally, we also observed the creation of a few nanocrystals shown in Fig. 5.7.
These structures are dissimilar from the surrounding xGNP substrate seen in panel
(d), and appear to posses a more 3-dimensional structure. Characterization of these
nanocrystal might possibly require EELS investigation in the Scanning TEM mode,
which was not performed. Furthermore, the yield of such nanocrystals was extremely

low - only 3 or 4 such features were observed following an exhaustive search around
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the laser ablated spot. Thus, finding these structures becomes a matter of chance

rendering a systematic study quite difficult.

5.3 UEC Investigations Of GNP

The disadvantage of the preceding TEM investigation lay in the fact that it is not
in situ. Consequently relating any observed nanoscale features to the effect of laser
becomes quite difficult. We also performed UEC investigations of these xGNP samples
employing diffraction in the transmission mode. Figure 5.8 (a) shows the typical
diffraction pattern obtained from these samples in the UEC system. Since the electron
probe is ~ 20um in size, it samples many different randomly oriented xGNPs to
produce diffraction rings. The xGNP appears to be randomly oriented not only
within the 2D plane as some maxima due to symmetry along c-axis are also observed.
We however focus on two such maxima (100) and (220) arising purely from basal
plane order. We determined the damage threshold for these samples ez-situ to be
F=40mJ/ cm? and consequently, probed the transient dynamics in the fluence range
5<F<20mJ /cm2. The diffraction rings were averaged to produce 1-d diffraction
curve shown in Fig. 5.8(b). Any long range lattice transformation is expected to
show up as a radial breathing of these rings. However, no such effect was observed
within the fluence range probed. We monitored the diffraction intensity of these
rings to extract the laser-induced increase in the in-plane vibrational amplitudes.
The increase in the in-plane mean-square vibration amplitude observed here is found
to be significantly smaller than that observed along the c-axis in the UEC study of
bulk graphite, though the timescale for hot-phonon relaxation is still measured at 8
ps, consistent with the HOPG data. The discrepancy in the intensity drops can be
attributed to the greater strength of in-plane o bonds compared to the van der Walls

bonds along the c-axis. Thus large amplitude vibrations are not as easily excited
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Figure 5.8: UEC investigations of exfoliated graphite nanoplatelet (xGNP) samples.
(a) Ground state transmission UEC diffraction pattern. (b) 1d diffraction curve
obtained from radial averaging of rings in (a) (¢) Mean-square atomic vibrations
within the basal plane, extracted from (100) and (220) maxima in (b) compared with
that along c-axis dynamics acquired from HOPG. Fluence in both cases is F = 20
mJ/ cm? (e) Comparison of rms vibrations along the basal and the c-axis. Dashed
lines only a guide to the eye.

in-plane. This difference between the in-plane and c-axis vibrations agrees well with
the previous X-ray diffraction analysis of equilibrium vibration amplitudes in graphite
[see Fig. 4.7(d)]. The lack of significant changes in the position of the diffraction rings

suggests that the graphite layer maintains its structural integrity within the fluence

regime probed here.
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5.4 Summary

We have listed here different attempts at evidencing the graphite-diamond transition.
While the laser ablation of bulk graphite yielded some promising results, further sys-
tematic study is warranted to detail the origins of the fs-laser ablated nanostructures
created therein. UEC investigations of xGNP samples is still a work in progress.
While the bulk graphite showed transient sp3 bonds to be created around F = 77
mJ/ cm2, the fragile nature of XGNP prevents investigation at such high pump flu-
ences in a multi-shot setup. Further studies will be aimed at detailing the differences

2 3

in the structural dynamics along the c-axis and the basal plane during this sp® — sp

transition.
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Chapter 6

Photoinduced Fragmentation In

Silver Nanocrystals

Optically induced fragmentation of nanoparticles has been characterized by explosive
boiling [100] and also by Coulomb explosion [99, 102, 103] at low laser excitation
thresholds near the surface plasmon resonance (SPR) [99, 101, 104]. Such low thresh-
old fragmentation was first reported by Kamat et al. . who observed breakup of
40-60 nm Ag NCs and attributed the cause to NP charging based on picosecond (ps)
transient bleaching and absorption signals in the plasmon band [99]. Plech et al. ex-
amined the melting transition of 38 nm Au NPs using time-resolved X-ray scattering
and found evidence of ablation below the melting threshold within 1 ns [104]. Con-
versely, Yamada et al. showed Au NPs size reduction from 8 nm to ~ 3 nm using a
focused ns laser pulse and attributed it to Coulomb assisted evaporation mediated by
thermionic emission [102] with estimated NC charging up to 700 e+ per NC. At ex-
ceedingly high fluences, Koda and coworkers have achieved size reduction of Au NPs
from 20-50 nm into sub-10nm, and suggested the causes to be evaporative ejections
of atoms and small clusters followed by recondensation [100]. Pulse-length dependent

NPs reshaping and resizing were also reported by El-Sayed and coworkers [103], who
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attributed Coulomb explosion as the main cause for fragmentation with fs excitation
and a thermal mechanism with ns pulses. The rivalry between the Coulomb and
thermal mechanisms is fuelled by the competing heating and charging rates of the
NC, and the exact pathway of NC disintegration can be affirmed directly by imaging
the transition state structures at the onset of fragmentation. Using ultrafast elec-
tron crystallography (UEC) [110], transient dynamical structures and charge states
of the NCs near the SPR induced fragmentation limit were probed to elucidate these

competing mechanisms as described in the remainder of this chapter.

6.1 Ultrafast Electron Nanocrystallography

One of the key steps in a successful investigation of transient structures in pho-
toexcited nanocrystals (NCs) is the design of the sample geometry. Some of the

considerations that necessitate careful control are:

1. Reduced particle-particle interaction: While studying an ensemble of NCs,
it is important to have them widely separated from each other in order to
reduce any inter-particle interactions. With SPR in particular, the reduction
in particle-particle distance enhances the near-field coupling amongst the NCs
leading to additional resonances at lower energies [83, 212] and can also lead to

long range inter-particle interactions [213].

2. Prevention of NC agglomeration: Once the NCs are excited, they may
gain sufficient energy to move around in their vicinity. Furthermore, with the
increased energy, they may have propensity to aggregate and coalesce to form

larger NCs or clusters.

3. Reversible probing methodology: Multi-shot exposures over several pump-

probe cycles are beneficial to average out statistical fluctuations in the process
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Figure 6.1: Sample geometry employed in the UEC investigation of nanopaticles.

and achieve superior S/N diffraction data with high degree of data reproducibil-
ity. This will be necessary later while employing structure refinement schemes
to visualize the diffraction data. As a result, sample integrity must be preserved

over multiple such pump-probe cycles.

Any controlled investigation of particle dynamics should attempt to achieve the
above mentioned goals. Optical investigations do so typically by utilizing a dilute
solution of NCs in water or other non-interacting liquids such as cyclohexane, toluene,
o-xylene and chlorobenzene [99]. Such liquid samples however are untenable for most
electron diffraction studies which require vacuum environments. Powder NC samples
are often used in steady-state structure investigations, but are not ideal for dynamical
studies due to the possibility of melting and coalescence at elevated excitation levels.
Electron diffraction is possible from NCs deposited on a TEM grid with an ultrathin
amorphous carbon support. However, the instability and low damage threshold of
these membranes to laser excitation prevent study at even moderate fluences of 20 -
30 mJ/ cm?.

The sample geometry employed in this lab is one that attempts to addresses all
concerns raised above, in which the NCs are sparsely distributed and firmly anchored

to a substrate via a self-assembled monolayer (SAM) of organo-silane molecules, as
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shown in Fig. 6.1. This geometry, which is compatible with UHV settings, ensures
minimal inter-particle interactions and prevents any surface diffusion of the NCs. The
electron beam is incident on the sample at grazing angles (6; < 1.5°) and samples
an ensemble of NCs within its footprint. Given that the penetration depth of 30 keV
electrons in silver NCs is = 1.5 um, at these grazing angles, the electron probes a ver-
tical depth of = 40 - 50 nm, thus ensuring that the significant fraction of the scattered
signal arises from the NCs. The presence of the SAM layer further suppresses any
substrate scattering which would otherwise be significant at such grazing incidence

experiments, as will be soon highlighted.

By isolating NCs from their neighbors and eliminating direct contact between
the NCs and the substrate, the normally irreversible phase transformations become
reversible, allowing multi-shot pump-probe diffraction to map out their full course.
Such implementation allows the use of a low-density electron pulse to avoid the pulse-
broadening effect [214] and has high data reproducibility compared with single-shot

experiments where a much higher density electron pulse is required [215].

6.1.1 Sample Preparation

The sample preparation procedure has been adapted from wet chemistry methods
pioneered by Alivsatos and co-workers [216] that are now commonly employed in
fabricating ordered 2D assembly of nanoparticles on substrates [217-222]. The process
can be broken down into 3 major steps as described below.

1. Surface pre-treatment: Silicon wafers are cleaned by ultrasonic agitation in
acetone and then in methanol to remove macroscopic contaminants. Thereafter, they
are carried through a modified RCA-like process [223, 224] to throughly clean the
surface of all organic and inorganic residues. This involves immersion in the following

solutions for 10 min each:

157




1. H3SO4/H909 (7:3), at 90°C to remove organic residues.

2. 40% NHy4F solution in deionized (DI) water at room temperature, to remove

the native oxide layer on silicon.

3. NH4OH/H909/H9O (1:1:6) at 90°C to remove metallic contaminants and es-
tablish a fresh, thin (1-2 nm) oxide layer with hydroxyl (-OH) coating.

4. HC1/H909/H9O (1:1:5) at 90°C to remove final trace metal & ionic contami-

nants introduced in the steps above.

The substrate is throughly rinsed in copious amounts of DI water in between each
of the above mentioned steps, which finally results in a clean, hydroxyl (-OH) termi-

nated silicon substrate.

2. Surface functionalization: The organic molecule used in this study for sur-
face functionalization (creation of the SAM layer) is (3- Aminopropyl)trimethoxysilane
[HoN(CHg)3Si(OCHg)3] abbreviated as APTMS. Other organosilane molecules with
differing alkane chain lengths may also be employed. The clean substrate is immersed
for 60 min in a dilute solution (=~ 9mM) of APTMS in DI water, with some acetic
acid to enhance functionalization. (APTMS:Acetic Acid:DI water = 1:5:480). This
is followed by a thorough rinse in DI water and drying under dry-nitrogen gas, as
shown in Fig. 6.2(b-c). It is then heated to 120°C to strengthen the siloxane (Si-O)

bond between the terminal silane group of the SAM and the Silicon substrate [218].

3. Nanocrystal deposition: Finally, the surface functionalized substrate is im-
mersed in a citrate stabilized colloidal nanocrystal solution for a period of 1-2 hours
to allow the NCs to anchor onto the SAM surface [Fig. 6.2(d-e)]. Immersion of the
substrate in the solution protonates the terminal amine (NHg) groups of the SAM

molecules to form positively charged NH.:,)" end groups [221]. The NCs on the other
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500 nm

Figure 6.2: Steps to deposit colloidal nanocrystals on silicon surface. (a) Hydroxyl
terminated silicon surface. (b, ¢) Surface functionalization (d, e) Nanocrystal depo-
sition. (f) SEM image showing typical sample morphology obtained using 20 nm Au
NCs here as example.
hand, are covered by negatively charged citrate ligands that stabilize them against
agglomeration via mutual repulsion. These negatively charged ligands bind electro-
statically to the protonated NH;‘ groups of the SAM, thus immobilizing the NCs on
the surface [222]. There would of course be a large number of SAM molecules un-
derneath a single NC to help anchor the nanocrystal firmly onto the substrate. Any
loosely bound nanocrystals are removed by a final rinse and dry cycle. Figure 6.2 (f)
shows the typical sample morphology obtained by this procedure. The NCs (20 nm
Au, in this case) are seen to be isolated and uniformly dispersed on the substrate,
albeit with inter-particle distances on similar scales as the particle dimension.

The density of the NC coverage can be tuned by controlling 3 parameters during
the final NC deposition step - (1) the immersion duration, (2) the pH, and (3) the
concentration of ethanol in the NC colloidal solution. The deposition rate of citrate-

stabilized colloidal NC on aminosilane surfaces is known to be limited by diffusion,
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Effect Of pH Effect Of Hydrophobicity - DI Water: Ethanol @ 500
5 Sl (d) 500 nm

400 -

acdef

Figure 6.3: Controlling areal density of NCs on organosilane covered Si-111 substrate.
(a-b) Changing pH of Ag colloidal suspension using acetic acid. (c-f) Changing hy-
drophobicity of Ag colloidal suspension using ethanol. (g) NC counting statistics

averaged over two separate 1 ,qu areas.

exhibiting a ¢1/2 dependence [217]. Changing the pH on the other hand alters the
protonation rate of the amine group [221] while an increased concentration of ethanol
increases the hydrophobicity of the colloidal solution [220]. The effects of changing
pH and hydrophobicity are shown in Fig. 6.3. In this case, we altered the pH using
the addition of acetic acid. Lower pH and increased ethanol content leads to increased

NC coverage.

6.1.2 Importance Of SAM layer

The presence of the organic aminosilane layer underneath the NC is vital in this
experiment. (1) It firmly anchors the NCs at one spot, preventing agglomeration
[225]. (2) It acts as a barrier preventing diffusion of NC into the underlying substrate
[226]. (3) It isolates the NC from other surrounding NCs, thus preventing any fusion
or agglomeration of multiple NCs that might occur at elevated temperatures as the
NCs are excited far from equilibrium. This ensures that the isolated NC returns to the
original configuration after each pump pulse. (4) It screens the underlying substrate

from the probing electron beam, thus suppressing substrate scattering.
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Figure 6.4: Importance of Buffer SAM layer for UEC investigations of surface sup-
ported nanoparticles. (a) Sample morphology obtained with unsuccessful or incom-
plete surface functionalization, with corresponding diffraction pattern (b) and rocking
curve (c). (d) Ideal sample morphology, showing uniform coverage of isolated NPs,
with corresponding diffraction pattern (e) and rocking curve (f).

The importance of the SAM layer is illustrated in Fig. 6.4. If the surface function-
alization is unsuccessful, the NCs no longer have a firm anchor. Consequently, as the
NC colloidal solution evaporates after the final NC deposition step, surface tension
forces tend to drag them together to form coalesced clusters, as shown in Fig. 6.4(a).
The diffraction pattern and the rocking curve from this sample is shown in Figs.
6.4(b, c) exhibit peak periodicity similar to that observed in RHEED patterns [See

Sec. 4.2.1] arising from a flat surface.

In contrast, when the surface functionalization is successful, the NCs are deposited
uniformly on the surface as seen in Fig. 6.4(d), using 20 nm Au NCs as an example.
Most importantly, they are isolated and well-separated. The diffraction patterns from

this sample consists of powder-like diffraction pattern consisting of Debye-Scherrer

161



rings showing no dependence on the incidence angle of the probing electron beam.
This is expected as the electron beam samples an ensemble of randomly oriented NCs
within its footprint to produce transmission diffraction patterns. Additionally, the
Debye-Scherrer rings are found to be in good agreement with the fcc symmetry ex-
pected from Au, indicating that the diffraction pattern indeed arises from the surface
suppofted NCs. The substrate signal has been effectively suppressed by the SAM

layer.

6.2 Silver Nanocrystals - Ground State Character-
ization

Colloidal silver NCs (Ted Pella, 40 + 7 nm) were dispersed ez-situ on a Si-111 sub-
strate functionalized with an APTMS SAM as described in the previous section.
SEM characterization of the sample showed uniform coverage, with low mean areal
density of 7 NC per umz [Fig. 6.5(a)]. The NCs were well separated with average
inter-particle separations of = 200 - 300 nm, far exceeding the particle dimensions,
as desired.

The ground state diffraction pattern from this sample consisting of the Debye-
Scherrer rings [Fig. 6.5(c)] was averaged radially to obtain the normalized 1D struc-
ture function sM(s) [Fig. 6.5(d)], as described in section 2.2.1. Since the electron
beam samples an ensemble of NCs, the sM(s) carries information about the average
structure of the NCs in reciprocal space. Fourier analysis of sM (s) yielded the atom-
atom pair correlation function G(r), which denotes the probability of finding 2 atoms
in real space separated by a distance r. For an ideal fcc structure, the atom-atom
distance list can be expressed analytical by the expression r; = (i/2) a(2), where a) is
the lattice constant of the cubic fcc sturcture. We find a good agreement between the

experimentally obtained G(r) peaks with the theoretically predicted distance lists for
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Figure 6.5: Ground state characterization of 40nm Ag NC using UEC. (a) SEM
images of the Ag NC sample. (b) Theoretical distance list for fcc Ag lattice using
lattice constant ag = 4.08 A (¢) UEC diffraction pattern obtained from ground state
of sample in (a). (d) sM(s) pattern obtained from radial averaging of diffraction
pattern in (b), as described in Sec. 2.2.1. Characteristic fcc peaks are labeled. (e)
Atom-atom pair correlation function G(r) in the ground state, obtained through
Fourier analysis of (c). The peaks agree well with theoretical predictions in (b).
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(a) Before'lrradiation

500 nm

200 nm 100 nm

Figure 6.6: SEM Investigation of Ag NC fragmentation. (a) Sample before irradiation
(b-f) Random areas of the sample within the laser footprint. Excitation at 400nm,

F=30 mJ/ cm?. (g) Similar fragmentation of Ag NCs observed in the solution based
study by Kamat et al. [99]. (A) - before; (B) after excitation by a 355 nm ps laser.

silver lattice based on the accepted fcc lattice constant of ag =4.08 A [227).

The NC sample is now irradiated using the ultrafast laser pulse (50 fs, p-polarized,
45° incidence) at 400 nm, which is within the SPR bandwidth (385+40 nm), to check
for traces of fragmentation. At a critical fluence F' = 30 mJ /cm2. multi-shot SPR
excitation leads to fragmentation into predominantly 2 nm NCs as shown in Fig. 6.6.
The fragmentation of NC seems to be accompanied by a ‘trail’ in these SEM images,
which we speculate to be the result of damage to the underlying SAM layer. The lack
of any solution environment that might facilitate explosive boiling and recondensation

indicate the fragmentation mechanism to be internal to the NC. Such photoinduced
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fragmentation of silver NCs have also been observed in solution based studies; the
result of one such study [99] is shown in the figure.

Having confirmed the fragmentation of the NCs, we attempt to observe the tran-
sient structures and the atomic rearrangements leading to the fragmentation by prob-
ing a fresh sample just below the critical fragmentation fluence. In such a case, the
NC would approach the fragmentation threshold but not posses sufficient energy to
cross the activation barrier, and thus return to the ground state. This allows multi-
shot probing of the reversible atomic rearrangement of the pre-fragmentation state.
Sample integrity was retained during pump-probe cycles of UEC, as confirmed by

SEM imaging following the conclusion of experiment.

6.3 Diffraction Signatures From Pre-Fragmented

State

UEC investigation of Ag NC prefragmentation dynamics was performed at an irradi-
ated fluence of F =17 mJ/ cm? and the transient diffraction patterns recorded. As is
in the case of graphite, structural changes within the UEC diffraction are convolved
with a transient surface voltage (TSV) induced Coulomb refraction shift that is in-
evitable in all UEC reflection experiments. Hence, prior to analyzing the data, this
refraction shift needs to be corrected. For a Debye-Scherrer diffraction pattern, struc-
tural change such as lattice expansion or contraction will induce a radial breathing
of the rings with the ring center unchanged, whereas a refraction shift will induce a
lateral shift of the rings in a direction normal to the surface (or shadow edge). Fur-
thermore, the lateral shift will depend on the polar exit angle of the electron, but be
independent of the azimuthal exit angle. Keeping this in view, a 2D Fourier phasing
algorithm was implemented to correct for the TSV induced refraction shift directly

in the 2D diffraction patterns before radial averaging. The correction procedure also
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Figure 6.7: UEC Data (a) Time evolution map of the normalized structure factor
sM(s) of Ag NCs excited at SPR at F = 17 mJ/cm2, with sM(s) at select times
explicitly overlayed. (b) Pair correlation function G(r,t), corresponding to the select
times in (a). The arrows point to the medium range order peaks, which completely
dephase by ¢t = + 13 ps, before their eventual revival at long times.

yielded the average transient surface voltage (TSV) seen by the electron beam, which

will be utilized later in determining the interfacial charging dynamics.

The TSV-corrected diffraction patterns are radially averaged to obtain sM(s,t)
and G(r,t) which are shown in Fig. 6.7. These sM(s,t) and G(r,t) represent the
photoinduced structural changes occurring within the NCs. The transient alteration
of the sM(s) in Fig. 6.7(a) reveal that by t = +13 ps, the initial fcc ordered diffraction
maxima diminish along with a concomitant rise of diffusive scattering in between the
peaks to form multiple peak like pattern, indicating a departure from the cubic fcc

symmetry. The dramatic drop in the intensity of (111) peak relative to the other
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Figure 6.8: Thermal signatures of NC fragmentation process. NC temperature esti-
mated from Debye-Waller analysis of peak intensity drop in (331) and (311)+(220)

peaks. Inset shows W = (1 /32) In(I/I) determined for the same two peaks, and
exhibits anisotropy at short times. The oscillatory curve is drawn as a guide to the
eye, representing acoustic oscillations of the NC.

peaks at larger s values is also noteworthy and will soon be examined in detail.
The corresponding pair correlation functions G(r,t) shown in Fig. 6.7(b) reveal
a reduction in long-range order. The atom-atom correlation peaks greater than 10
A smear out completely by t = +13 ps, while the short-range peaks (r <10 A)
retain their strength. This indicates the persistence of short-range order during this

pre-fragmentation process.

6.3.1 Thermal Signatures of Fragmentation

To identify the origins of this structural disorder, we first calculate from each Bragg
intensity a parameter W = (1 /32) In(I/Iy). W is closely related to the mean-
square displacement of atoms Aa? (3W = Aﬁ2) - a tool often used in cases of quasi-
equilibrium conditions to extract lattice temperature via the Debye-Waller relation

[118]. In such cases, A2 is independent of the diffraction order used, as observed
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earlier in the case of graphite [153]. However, we find here [inset to Fig. 6.8] that for
t < 50 ps, the W determined from higher order (331) peak is smaller than that from
the lower order (311)+(220) peaks! indicating the nonthermal nature of the structure
disordering process. We will argue that this anisotropy in W is the manifestation of
a structural change that destroys long-range coherence in the NCs and acts as a pre-
cursor to the fragmentation observed above the critical fluence. It is also interesting
to note the appearance of a transient oscillatory signal of period =~ 14 ps in the 331
peak, which agrees well with the timescale of the fundamental radial breathing mode
oscillations measured for silver NCs [94].

At longer times (¢ > 50 ps), W shows no s-dependence, and so, we can reliably
extract the lattice temperature from W by relating it to the Debye-Waller factor.
Using values tabulated in literature for temperature dependence of a2 [228], we scale
the experimentally obtained quantity Aﬁ2(t, T) = ﬁz(t, T)- ﬁ2(t0, 300K), to obtain
the instantaneous temperature of the NC, as shown in Fig. 6.8. Focusing only on
the data beyond ¢t > 50 ps for which this Debye-Waller analysis is applicable, the
temperature decays exponentially with an average time constant of 7 = 200+40 ps.
We model this heat loss from the NC as an interface conductance limited thermal
transport across the SAM layer into the Si bulk. Based on the bulk specific heat
of silver Cy = 232 J/kg/K = 8.2 x 10~7J /K, we obtain an interface thermal con-
ductance of G = 4.8 x 10~7 W/K, which is in good agreement with values for
single-molecule thermal conductance and average areal densities of APTMS molecule
[219, 229]. Furthermore, extrapolating the temperature decay trend to earlier times,
we obtain a maximum temperature rise within the NC at ¢ = 0 ps of at most 450 +
25 K, which is well below the melting threshold of silver NC.

Reverting our attention back to the short-time dynamics, we now seek to explain

the observed anisotropy in the W values calculated from different Bragg peaks. To

1See Fig. 6.5(d) for peak indexing
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show that this anisotropy is a characteristic fingerprint of the NC undergoing frag-
mentation, we carry out a simulation of the diffraction signatures expected from a
pre-fragmented NC. Starting from a 15 x 15 x 15 supercell structure for the NC, the
supercell is fragmented (subdivided) into smaller units as illustrated in Fig. 6.9(a).
The separation between fragments and their relative orientations are altered randomly
so as to remove any inter fragment correlations. Such fragmented assemblies are gen-
erated for several fragmentation numbers, following which, the sM(s) intensity from
the fragmented assembly is computed for each case. The lattice temperature is main-
tained (at 300 K), so that any changes evident in the sM(s) intensities arise solely
from the fragmentation process. The W parameter extracted from these ‘simulated’
sM(s) is shown in Fig. 6.9(c), and remarkably, exhibits the same anisotropy trend
seen in the experimentally determined W [inset to Fig. 6.8]. A qualitative agreement
between the scale of anisotropy seen in experiment and simulation is. reached when
the number of fragments exceed 100, corresponding to an individual fragment size
of ~ 2 nm, which is close to the average fragment sizes observed in the SEM image
[Fig. 6.6]. Furthermore, from Fig. 6.9(b, d), the (111) & (220) peaks in both ex-
periment and simulation show similar features such as the dramatic drop in intensity
and appearance of new bifurcations in the peaks. These results indicate that the
anisotropy seen in W is indeed a signature of pre-fragmentation dynamics within the
NC. A similar Debye-Waller anisotropy has been observed in the non-thermal melt-
ing of InSb and calculations show that the time scale and the fluence dependence
of the observed dynamics from InSb are consistent with a carrier induced disorder-
ing process. However, the calculations do not reproduce the experimentally observed
anisotropy [230]. Our simulation here suggests that such anisotropy in diffraction
might be a universal representation of a prefragmented state consisting of domains or
nucleation pockets that destroy the long range correlation along certain preferred di-

rections. This W-anisotropy in conjunction with the reduced temperatures of the NC
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Figure 6.9: Simulation of Ag NC fragmentation and associated signatures in diffrac-
tion pattern. (a) Planar slice along the center of a Ag 15 x 15 x 15 supercell, that is
progressively subdivided into smaller pieces. The individual fragments are displaced
from each other and oriented randomly to remove any correlation between the frag-
ments. (b) W parameter estimated from the computed sM(s) from these fragmented
NC. (c) Computed sM(s) from these fragmented NCs for select fragmentation degree,
showing the similar dramatic drop in (111) & (220) peaks as observed in the UEC
data shown in (d).

indicate that the pre-fragmentation dynamics in silver NCs can be better described

by a nonthermal restructuring rather than thermal disorder.

6.3.2 Role of Charges in Fragmentation

Thus far, we have focussed on the diffraction signatures from the pre-fragmented
state of Ag NC. However, it is known that charges can play a significant role in
photophysics of nanoparticles and in ultrafast processes near interfaces, as evidenced

in the case of graphite. To find out the role of charges and Coulombic forces in the
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Figure 6.10: Determining photoemission (PE) yield from Ag NC sample using the
point-projection imaging technique described in section 4.7.1. (a) Normalized shadow
images of the PE cloud. The cloud profile is shown on the right. (b) Evolution of PE
cloud profiles along z direction normal to Si-111 surface both with and without the
Ag NCs. Significant enhancement of PE is seen in presence of Ag NCs.

fragmentation process, we examine two relevant processes leading to charging of the

NCs: photoemission and charge transfer between the NCs and the supporting surface.

To determine the photoemission yield, we use the projection imaging method [231]
as outlined earlier in section 4.7.1 to determine the fraction of charges ejected from
the NCs. By analyzing the normalized shadow images of the electron cloud generated
over the Ag NC sample, we extracted the density of photoemitted electrons to be
7.9% 107 e/ cm?. This number is nearly double the value obtained from a bare Si-111
surface, as evident from Fig. 6.10(c). Such enhancement in photoemission is signifi-
cant considering the NCs occupy less than 1% of the surface. Similar photoemission
enhancement from Ag NCs has been observed in other studies as well and attributed
to SPR assisted multiphoton processes [98].

The second source of NC charging - a charge transfer between the NC and the
substrate is monitored via the strong (001) diffraction peak at s = 2.75A~1 arising
from the ordered SAM layer underneath the Ag NC as illustrated in Fig. 6.11(a). Any
interfacial charge transfer between the Ag NC and the substrate leads to the creation
of a transient field at the Ag NC/SAM/Si interface, causing a Coulomb refraction

shift of probing electron beam traversing the region in between. However, the Bragg
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Figure 6.11: Monitoring NC charging dynamics through SAM (001) peak shift. (a)
Refraction shift of SAM (001) peak due to interfacial charge transfer. (b) Total shift of
the SAM (001) peak along with the TSV-induced shift deduced from Fourier phasing
algorithm. Difference between the two yields the contribution to the interfacial field
from the SAM layer alone. (c) The shift of the SAM peak correlated to the degree
of NC charging, based on the calculations in (d, €). (d) Finite element simulations of
the field generated by the NC charged to unit positive voltage. The SAM layer ~ 1
nm is too small to be seen on this scale. (e) 2D surface plot of the interfacial voltage,
and its effect on the SAM peak. Note the intensity of the SAM peak relative to the
Debye-Scherrer rings from Ag.
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scattered electron is also affected by the TSV induced shift that is generally present
everywhere near the surface. Thus, we subtract the TSV induced shift (TSV is known
from the Fourier phasing correction of the diffraction patterns) to isolate the refraction
shift of the SAM (001) peak purely due to NC charging, shown in Fig. 6.11(b). The
peak exhibits a positive shift away from the shadow edge, indicative of the creation of
positive charges within the NC. Interestingly, the NC charging occurs through a two-
step process with a short fs rise, followed by a delayed ps rise with larger amplitude.
Such delayed charging is not observed in the case of Au NPs on a similar interface (See
pp. 139, Fig. 6.12 in [156]) leading to the speculation that these charging dynamics
are intimately linked to the SPR excitation, which in the case of Au NPs is centered
closer to ~ 500 nm [232]. This SPR enhanced localized charge transfer between NCs
and the substrate leads to a pronounced charging of the NCs, as will be quantified

soon.

To correlate this observed peak shift with NC charging, we numerically compute
the electric field distribution surrounding a charged NC using finite difference field cal-
culations. The sample geometry was modeled using the Static Field Analysis Toolkit
Educational software (Field Precision, SATE) with a variable-size conformal mesh
spanning 1,000 nm with 12,000 nodes. The 40 nm NC was treated as a metallic
sphere held at a constant potential with the silicon surface grounded. The citrate
passivating ligand around the nanoparticle and the SAM layer on silicon were each
taken to be 1 nm long with dielectric constant of 2.5. By ray-tracing electron tra-
jectories through the electric field solution thus obtained, we estimated a refraction
shift of 0.0234 A~ to be introduced in the SAM peak per 1 V rise in NC voltage.
Furthermore, numerical integration of the field energy density yielded an interfacial
capacitance of C=7.5 attoFarad. Based on these results and the maximum observed
s-shift of the (001) peak, we determined a maximum charging per NC of ¢ ~ 400 et,

which is significantly higher than the 0.2 et estimated from the vacuum emission
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Figure 6.12: (a-h) Prefragmentation states of Ag NC at select times, determined
using the PRMC structure refinement scheme described in the text. Growth of local
disorder is apparent from the increase in number of undercoordinated atoms (black)

(i) Final G(r) fits obtained after PRMC convergence.
measurement.

Multiply charged NCs are known to be unstable and prone to Coulomb explosion
when the disruptive Coulomb force exceeds the attractive cohesive force between the
atoms. This instability is parametrized within the liquid drop model by a ‘fissility
ratio’ X defined as X = q2 /n, where q is the amount of charge and n is the number of
atoms within the NC. Muto & co-workers [233] have determined the fissility regime
required for Coulomb explosion of NCs to be within 0.3 < X < 1. Based on our
estimates of charges within the 40 nm NC, we determine a Coulomb fissility ratio of
X =~ 0.08 <0.3, withn ~2x 106. Thus, it appears unlikely that fragmentation of

Ag NC occurs through Coulomb explosion.
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6.4 Progressive Reverse Monte-Carlo Modeling

To visualize transient atomic processes associated with electronic excitation, we em-
ploy a Reverse Monte Carlo (RMC) structure refinement scheme to construct 3D
structure models of the transient pre-fragmented states of the NC based on observed
diffraction signatures. RMC is an iterative procedure, that seeks to minimize the dif-
ference between the diffraction pattern computed from a theoretical structure model
(also called a ‘supercell’) and the experimentally obtained diffraction via random
moves of randomly selected atoms within the supercell. The cost-function xn, for the

nth jteration step is calculated as

16n(s) — 1E(s) 2
X% = Z { 0‘(3)2 } (6.1)
S

where I denotes diffraction intensities, C and E denote ‘computational’ and ‘exper-
imental’ respectively. o is a control parameter defining the confidence limits desired
at convergence. If xn < x,,_1, then the move is definitely accepted; otherwise it
is accepted with a probability exp (—[x% - X?z—l]/ 2). This finite probability of ac-
cepting ‘false’ moves allows RMC to wriggle out of local minima, where it would

otherwise get stuck.

Here, we specifically employ the RMC++ implementation {234, 235] of the RMC
algorithm using a 15 x 15 x 15 Ag supercell. At each iteration step, we attempt
to fit both sM(s) as well as G(r) simultaneously and the cost function is defined
as a sum of the cost functions for both curves. While sM(s) and G(r) in principle
posses identical ‘information’ content, they are inherently weighted differently. The
dominant peak positions and intensities in the sM(s) represent long range order while
G(r) are better suited to represent the short-range order. As a result, employing both

these in the fitting routine allows tight constraints on allowed moves, preventing any
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Figure 6.13: Growth and decay dynamics of defect sites in the PRMC refined super-
cell structure. (a) Evolution of the number of atoms with given coordination number
following photoexcitation. Counts of Perfect fcc coordinated atoms (Ne = 12) de-
creases as the number of undercoordinated sites increase. (b, ¢) Evolution of total
number of defect sites characterized by Ne < 10 showing their growth and perco-
lation at short times, and decay at long times. Long time decay in (c) is fit to a
biexponential function, with the 1/e timescales shown.

rapid divergence of the structure. Since RMC is a global structure solver, it is prone
to yielding non-unique solutions, especially for excited states with increased disorder.
Hence, an efficient implementation of RMC requires physical constraints to restrict
the search space [236]. This constraint is imposed here via a progressive refinement
scheme in which the RMC refined structure at time t; serves as the starting structure
for the refinement at t;+1- First, we confirm that the data has sufficient signal-to-
noise ratio by noting that the RMC result for ground state (¢ <0) retains a robust fcc
structure, as shown in Fig.6.12(a). The time-intervals between frames are suitably
close such that structural difference between adjacent frames are not expected to be
large. Consequently,we restrict the search space by constraining the atoms to move <
0.05 A per atom per iteration step. This maintains the structural correlation between
the frames, thereby allowing changes to be tracked progressively and reliably within
a restrictive search space, without need for a global search. Convergence is typically

obtained in < 100,000 moves.

Select RMC results are depicted in Figs. 6.12 (a-h) with a planar slice cut off

from the 3D supercell to expose the degradation of the pristine fcc lattice over time.
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The atomic sites colored in black represent defect sites with coordination number
N¢ < 10, whereas the fully coordinated ones have N¢ = 12 corresponding to the fcc
structure. These defects, which are negligible in the ground state, are instantaneously
seeded within the first few ps following SPR photoexcitation. They subsequently
grow and percolate into strips and saturate within 10 ps. This results in the creation
of fragmented nanocrystalline domains of average size % 2 nm with a structurally
ordered core surrounded by ‘weak’ undercoordinated periphery. This disordered state
persists for nearly 15 ps before a slow recovery to fcc on a time scale of ~ 100 ps. This
lattice degradation is in contrast to the response of Au NCs, where PRMC refinement
shows only surface melting with a structurally intact core [110].

Quantitative analysis of atomic coordination numbers from these PRMC refined
structures in Fig. 6.13 show the growth and decay of undercoordinated defect sites
following SPR excitation. At t = +1 ps, we see an instantaneous drop in the number of
perfect 12-coordinated fcc atoms accompanied by a corresponding rise in the number
of undercoordinated atoms (N¢ < 10). The growth of these defect sites occurs rapidly
on a timescale compatible with the 6 ps NC charging incubation period prior to charge
redistribution within the Ag NCs. The slow recovery back to ground state proceeds
with a biexponential rate of 8 ps and 120 ps that is commensurate with the timescale

of NC discharging.

6.5 Proposed Fragmentation Pathway

Summarizing the UEC experimental observations from the pre-fragmented state of

SPR excited Ag NCs:

1. Estimates of NC temperatures at t = 0 ps from Debye-Waller analysis is ~ 450

K which is too low for thermal ablation or melting.

2. Anisotropy in diffraction intensity drop from different Bragg peaks are consis-
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tent with a disordered pre-fragmented state of the NC.

3. The NC charging due to near surface charge transfer to the substrate is initially
inhibited for nearly 6 ps, following which, the NC charges upto = 400 e™ within
10 ps.

4. Progressive Reverse Monte-Carlo refinement shows the fragmentation to be
seeded by the creation of undercoordinated defect sites within 1 ps, followed
by growth and percolation on the 10 ps timescale leading to the creation of

nanocrystalline domains surrounded by weak undercoordinated boundaries.

5. The dynamics of defect growth and relaxation agree well with that of NC charg-

ing and discharging.

These observations are consistent with a progressive Coulomb-induced fragmentation
scenario proposed by Kamat and co-workers [99]. They proposed, based on optical
investigations of Ag NCs in a laser flash photolysis setup, that SPR photoexcita-
tion led to the generation of charges within Ag NCs over ps timescales leading to
eventual fragmentation. Here, we observe similar timescales for the creation of the
pre-fragmented state. The initial 6 ps incubation period for charging represents the
timescale for charge redistribution at NC interface which is absent at non-SPR excita-
tions [110]. It is thus indicative of transient trapping of hot electrons at the excitation
sites.

Earlier studies of fs laser induced melting in metals using optical and photoemis-
sion techniques have revealed that interband transitions [106] and thermionic emission
[237] can both lead to rapid bond softening within the initial non-equilibrium time
scales of core hole lifetime (~ 100 fs) and electron-phonon coupling time (= 1 ps)
[238]. In Ag, the nonlinear interband excitation involving inner valence shell (d — sp)

is found to be strongly coupled to the SPR dephasing pathway [97]. These excitations
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can provide seeds for valence destabilization through SPR. Such a process would be
inhomogeneous in nature and proceed on a phonon timescale.

The migration of charges to the interface and the accompanied rise of interfa-
cial field seen by the electron beam is hindered as the lattice is undergoing atomic
restructuring during this incubation period, which also coincides with the period of
W - anisotropy (Fig. 6.8). The observed correlation between the atomic process and
charge trapping suggests that local valence instabilities which cause bond softening
[50] lead to structural defects and charge localization as seen in our studies.

In summary, an electronically driven, progressive fragmentation of Ag NCs is
presented. We suggest that the fragmentation process is triggered by the creation of
local valence instabilities, caused by redistribution of local charge density, facilitated
in Ag through the strong nonlinear coupling between SPR and interband transition.
When sufficient valence instabilities are instigated at a high fluence (F > 17 mJ/ cm2),
the electronic states are strongly perturbed, leading to a prolonged ps lifetime of the
local charge redistribution associated with valence excitation due to an insufficient
dynamical screening. Such a dynamical localization feature is central to the creation
and growth of the topological defects, which can persist on the phonon timescales,

and could be common in nonequilibrium photoinduced structural phase transition.
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Chapter 7

Conclusion

The results presented here have demonstrated the development of an ultrafast electron
crystallography (UEC) system specifically aimed at studying photoinduced structural
changes in nanostructures and interfaces. Robust data extraction formalisms have
been developed allowing quantitative investigations of nanostructures as small as 2
nm [110, 126]. Building up on the earlier work of ultrafast diffractive voltametry
[156] that is sensitive to photoinduced surface charges, a Fourier phasing algorithm is
developed to correct for Coulomb refraction shifts in UEC data to reveal the under-
lying structural dynamics. This also yields in the process a measure of the transient
surface voltage generated by the optical excitation. UEC data is combined with a
progressive reverse Monte-Carlo (PRMC) scheme to enable 3D structure refinement
and visualization of average atomic dynamics within an ensemble of nanostructures.
Finally, on going efforts to build optical experimental capabilities to complement data

acquired from the UEC system is also detailed.

Using this approach, electronically induced structure transformations have been
studied in graphite (HOPG) [153] and silver nanocrystals (Ag NC) [239] by extracting
from the UEC data, transient thermal, structural and charge dynamics in the non-

equilibrium regime. Following near-IR p-polarized photoexcitation in graphite, a new
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inter-layer distance at ~ 2 A is observed along with a reduction in the c-axis lattice
constant revealing the creation of transient sp2 - sp3 hybrid structures. This transfor-
mation is observed to be driven by an inter-layer Coulomb stress generated from the
creation of hitherto undetected surface dipole field, whose observation has been made
possible here by the Coulomb refraction effect on the probing electrons. Vacuum
emission of charges from the photoexcited graphite surface is shown to play only a
minor role and hence, the refraction effects on the electron probe arise predominantly
from the sub-surface charge redistribution [231]. This result strengthens the previous
reports of effecting a graphite-diamond transition through electronic destabilization
of the graphite lattice [1, 2, 77]. However this optically induced transformation is
not long-lasting and the hybrid structure reverts back to the ground state sp2 con-
figuration on the ~ 100 ps time scale - a structural reversal seen in another pressure
induced equilibrium study as well [70]. The structural dynamics of Ag NC excited
at their surface plasmon resonance (SPR) just below the SPR induced fragmentation
limit are also studied, enabled by a judicious choice of sample geometry involving
surface supported NCs. The anisotropic response from different diffraction maxima
are shown to be consistent with a lattice fragmentation picture and the PRMC data
refinement scheme reveals the pre-fragmented state of Ag NC to be seeded by the in-
homogeneous creation of undercoordinated defect sites. The growth and percolation
of these defect sites correlate with a slightly delayed interfacial charging dynamics
indicating transient trapping of photogenerated hot electrons at the excitation sites.
The creation of sufficient such defect sites at elevated excitation fluences provide the

lattice with an incentive to fragment.

The underlying feature in these processes is that they are driven by electron
redistribution effects arising from photogenerated hot electron populations in the
system while the lattice remains relatively cold, below the melting threshold. While

optical probes reveal the initial electronic excitations to proceed on the ~ 100 fs
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timescale, the electron redistribution occurs over longer time scales of a few ps. In
both silver and graphite, this electron redistribution correlates well with the lattice
restructuring dynamics, but is found to be uncorrelated in the case of photomelting of
gold nanoparticles [110]. Such electronically induced processes can be identified with
a larger class of photoinduced phase transitions (PIPT) [14]. It is also heartening
to note that the UEC results on graphite have been replicated in other independent
studies as well. Carbone et al. also observed the photoinduced contraction of the
graphite layers in a similar UEC study [144] while Tanimura and co-workers observed

the creation of isolated sp3

nanodomains from STM investigations of photoexcited
graphite surface [82]. Employing theoretical efforts to understand the process based
on total energy minimization calculations, Nasu and co-workers have proposed the
creation of an interlayer CT excitons that self-localize and deform the local graphite
lattice leading to buckling of the 6-membered carbon ring [203] and predicted the
existence of a hybrid structure termed ‘Diaphite’ [82]. Similar charge-trapping as
proposed by Nasu in the form of a CT exciton and evidenced in the UEC study of

both graphite and silver indicate the possible universality of such charge redistribution

processes in electronically induced structure changes.

Looking towards the future, the creation of transient diamond-like structures in
this study and the diamond-like nanodomains generated in other studies leads to
the obvious question - how can permanent transformation into diamond be achieved
through optical means? This is likely to form the object of future research efforts in
this direction, requiring controlled exploration of novel photoexcitation schemes em-
ploying multiple shaped pulses with tunable frequencies (energy) to guide graphite
and the transient intermediary structures toward the final desired structure, say di-
amond. Such studies would also require the excitation to be coupled to in situ
structure probes such as UEC and UEM systems to monitor the transient species

in real time. Electron spectroscopic techniques, particularly EELS would also serve
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as a sensitive probe of the bond re-structuring dynamics, particularly in the graphite-
diamond transition. Similarly, in the case of nanostructures, while the study reported
here utilizes nearly monodisperse NCs, the effect of surface morphology of individ-
ual NC is not considered. To this effect, there is a need for an ultrafast nanoscale
probe with sufficient brightness to allow investigations of non-equilibrium processes
in single nanostructures. Since the electrons in such probes will be strongly confined
spatially, the development would have to be coupled with electron pulse compression
schemes designed to overcome the detrimental effects of the resulting space-charge
effects. The transmission electron microscope offers a natural template from which
to springboard the further development of UEC and UED systems as it allows the
confluence of electron diffraction, spectroscopy and imaging in one system, providing
a versatile probe of ultrafast processes on the nanoscale. The need for such systems
has already been acknowledged, as evident from the furious pace of development of
UEM at Caltech [25, 114, 160, 240-242] operating in the single-electron mode, the
conception and on-going efforts to build the high-brightness ultrafast electron mi-
croscope Spartan-1 here at MSU utilizing radio-frequency pulse compression scheme,
and the development of DTEM at Lawrence Livermore National Lab [115, 243, 244].
As these systems mature, they will provide the diverse probing schemes to allow the
exploration of non-equilibrium processes involving the interplay of charges and lattice

from the inception on the fs time scale to eventual fruition on the ps - ns time scales.
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Appendix A

Graphite Structure Factor

The graphite lattice can be mathematically represented by a hexagonal unit cell
defined by the lattice repeat vectors (a, b, c) with each unit cell comprised of 4 basis
atoms located at (uy,ug,ug,uy) as shown in Fig. A.1. To calculate the structure
factor F(hkl) from this graphite lattice, we need to evaluate the sum ) ezp (i K- u;)

over all 4 basis atoms.

Combining Fig. A.1(b) with some elementary algebra, we can deduce the lattice

and basis vectors defining the graphite structure as:

a=V3do_¢ a+b
u; = —
aza(¥ 1 ’
S\ 272 up =0
and c
b= (‘/§ _1) ug =3
2 2
u4_a+b+g
c=(0,0,¢) 3 2

Correspondingly, let the reciprocal lattice vectors be denoted by (a*, b*, c¢*), that
by definition, satisfy the usual reciprocal relation i.e. v-v* = 2mo; i1 where v=a, b,

c. Now, if K = ha* + kbx + lcx represents any arbitrary family of lattice planes,
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(010)

Figure A.1: Graphite Unit Cell. (a) Views along the 001 (top) and 010 (bottom)
to help visualize the 3D structure of graphite, showing the ABAB. . .stacking of the
individual graphene layers. The shaded pink region represents the unit cell and the
green atoms labeled 1-4 are the basis atoms comprising one unit cell. (b) Magnified
view of the unit-cell and the constituent basis atoms.

then by employihg the above stated orthogonality we calculate the structure factor

of the Bragg peaks associated with the hkl family of planes as

4
F(hkl) =) exp(iK - u5)
i=1

5§ el O (—%—’E) i ez‘21r(i§—k-+§)

Using this expression of F'(hkl) we can deduce those Bragg reflections that are kine-

matically forbidden.

Case 1 - (0,0) rod: Using h = k = 0 in the above expression for F'(hkl), we obtain

F(OOl) =1+ €™ 41 4 ¢t
; 0 iflis odd
=12 (1 + e"d) =

4 ifl is even
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Thus, odd order Bragg reflections on the (0,0) rod such as (001), (003), (005)
and so on are forbidden and do not appear in the diffraction pattern. Even though
the Bravais lattice allows for a Bragg maxima along these directions, the internal
symmetry within the unit cell is such that the electron waves scattered from the 4
basis atoms all interfere destructively along these odd order (00!) directions, thus

precluding the possibility of a Bragg maxima.

Case 2 - (1,0) rod: Using h = 1, k = 0 in the above expression for Sj;,;, we obtain

. 2T 2T .
FQ10) =1+ €™ 4 e75F 413 il

—V31i iflis odd

0 if [ is even

Thus, along the (10), and by syminetry, 10 rods, the even order Bragg reflections
shall vanish. Furthermore, the intensity of the even order maxima along these rods
that are visible is diminished from those along the (00) rod by a factor of 3/16 (since
intensity is proportional to |F (hkl)|2)

We can extend this calculation further to show that on the (11) rod, once again,
the odd order maxima shall vanish. These results explain the ground state diffraction

pattern obtained from graphite.

Case 3 - (1,1) rod: Using h =1, k =1 in the expression for S;,;, we obtain

. _ AT Ar .
Fll) =1+ 4743 173 il

=1+ 4+ 3 +e "3 €7
Vv3i iflis odd

3 if [ is even

Note that even though the odd reflections on the (11) rod are not prohibited,
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they are relatively weak. This, combined with the reduced scattering cross section at
larger scattering angles renders these peaks extremely weak and difficult to observe

experimentally.
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