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Recent developments in abilities to produce, parse, and measure the electron’s wave function within the trans-
mission electron microscope (TEM) and scanning TEM (STEM), have sparked renewed theoretical interest
in quantum mechanical treatments of inelastic electron scattering observables and the information they con-
tain. Optical selection rules, originating from the intrinsic spin and linear momentum degrees of the photon,
are commonly leveraged in optical-based spectromicroscopies. Although quantum mechanical treatments of
inelastic electron scattering have been well understood in core-loss electron energy loss spectroscopy (EELS)
for decades, recent demonstrations shaping the electron wave function in the low-loss regime has driven re-
newed interest in quantum mechanical treatments of the electron probe. Borrowing ideas from the field of
quantum optics, the creation and manipulation of transversely structured vortex (or twisted) electron beams
has enabled vectorially-resolved electron energy loss and gain measurements of nanoscale and quantum ma-
terials. Additionally, the preparation of free electron qubits endowed with quantum information in the form
of quantized energy or topological charge, via structured laser pules, spiral phase plates, and holographic
masks, has contributed to the recognition of electrons as potential carriers of quantum information. This
dissertation explores the quantum electrodynamics of inelastic electron scattering, with particular emphasis
placed upon the investigation and development of novel electron scattering observables and the information

they encode.
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Glossary

TEM: Transmission Electron Microscope

STEM: Scanning Transmission Electron Microscope
EELS: Electron Energy Loss Spectroscopy

EEGS: Electron Energy Gain Spectroscopy

LG: Laguerre-Gauss

HG: Hermite-Gauss
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Foundations



Chapter 1

Introduction

1.1 A Brief Historical Prologue

In the first quarter of the 20th century, Louis de Broglie theorized that matter can exhibit wave-like
properties [10]. The experimental demonstration of the wave-nature of matter was confirmed a few years
later in 1927, by Clinton Davisson and Lester Germer, as well as George Thompson and Alexander Reid.
These two groups independently observed electron diffraction patterns, a distinguishing hallmark of wave-like
behavior, by performing electron scattering measurements on crystalline nickel targets [11], and thin metallic
films [12], respectively. This all came a couple decades after Max Planck postulated in 1900, that light waves
could only gain or lose energy in finite and incremental amounts related to their frequency [13]. Subsequently,
it was Albert Einstein who employed the concept of light quanta in 1905 to explain the photoelectric effect [14],
and shortly thereafter in 1923 Arthur Compton experimentally demonstrated the particle-like behavior of
light [15]. The demonstration of the particle nature of light came nearly 100 years after Thomas Young first
performed his double slit experiment in 1803, providing direct evidence for the wave phenomena of light [16].

Around this time in the mid-1920s, Erwin Schrédinger, using the matter wave concept put forth by de
Broglie, introduced the Schrodinger equation to describe the time evolution of what is known as a quantum
mechanical wave-function, due to the Hamiltonian governing the system [17]. In 1927, Paul Dirac built
upon these new developments, and was able to accurately explain the emission and absorption of radiation
by matter through modeling the interaction between electromagnetic fields and atoms using a quantum
mechanical treatment [18]. In the next year, Dirac introduced a wave equation for the interaction of a electron
with the electromagnetic field, correctly taking into account special relativity and the spin-1/2 quantum
number of the electron [19]. These works birthed the field of quantum electrodynamics, a unification of
quantum theory and electrodynamics, which would lay the ground work for what became known as quantum
field theory. Following these monumental experimental and theoretical results, Hans Bethe employed the

Schrodinger equation to model electron diffraction in the non-relativistic limit [20]. A depiction of an electron
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Figure 1.1: Wave-particle duality of electrons as demonstrated by a double-slit interference experiment.
Reprinted from [26], with permission from Elsevier.

diffraction experiment is shown in Fig. (1.1), highlighting the wave-particle duality of electrons as evident
by the presence of interference fringes. In the following years, other forms matter were shown to exhibit
wave-particle duality, such as the neutron [21,22], as well as atoms [23], and even molecules [24].

Before the debate of wave-particle duality of light and matter was settled, Maxwell’s equations, in ad-
dition with Lorentz’s force law, had provided a mathematically rigorous description for the interactions of
electromagnetic waves and charged matter. Known as classical electrodynamics, these four partial differential
equations describe the dynamics of interacting electric charges and currents, and ultimately the electromag-
netic fields which they source [25]. In tandem with the quantum mechanics revolution of the 20th century,
the knowledge and application of these equations helped to lay the foundations of modern chemistry, physics,
as well as interdisciplinary subjects such as nanoscience and optics.

Prior to the development of quantum mechanics during the early 20th century, it had been known since
the late 1800s, that the resolution of light had a physical constraint. This was illuminated in late 1882, when
Ernst Abbe introduced the optical diffraction limit [27], showcasing that the smallest diameter d that light

may be focused to is given by

A
= 5’ (1.1)
where n is the refractive index of the material, # is the half-angle of the focused cone of light, and \ is the
wavelength of light. As a result, the spatial resolution of optical microscopes is fundamentally limited by the
corresponding wavelength of light. In stark contrast to the behavior of light waves, due to the revelation of

de Broglie, electron waves can reach a far greater spatial resolution depending upon the momentum of the

electron. When considering matter waves, the de Broglie wavelength is given by

A= (1.2)

with h Planck’s constant and p the momentum of the particle. Hence, the wavelength of matter particles is

governed by their momentum, the product of their mass and velocity. This realization was in part, a driving
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force that helped launch the fields of electron optics and electron microscopy.

The transmission electron microscope, first developed by Max Knoll and Ernst Ruska in 1931, utilized
electromagnetic lenses, akin to how glass lenses can be used to focus or disperse light, to focus electrons
generated from an cathode ray tube [28,29]. The first version of the transmission electron microscope
was limited in spatial resolution to ~50 nm. However, subsequent variations and improvements to the
electromagnetic lenses improved the spatial resolution, and it was in 1933 [30] that the resolution reached
~10 nm, surpassing the spatial resolution of ~200 nm inherent to optical microscopes. This new found level
of spatial resolution permitted the visualization of the world at an unprecedented magnification. In addition
to viewing biological cells and their larger organelle counterparts, the electron microscope unearthed an entire
new world composed macromolecules [31], crystal structures [32], and eventually individual atoms [33].

In the beginning, transmission electron microscopes were primarily reliant on elastically scattered elec-
trons, i.e., electrons which may change trajectory as they interact with the target, though remain energetically
unchanged. However, following the advancements of the electron microscope in the 1930s and 1940s, it be-
came apparent that in addition to imaging at the nanoscale, the measurement of the energy distribution of
inelastic scattered electrons could also be of great scientific significance. Building upon the work of others,
Kai Siegbahn developed the first high resolution of, what is now known as X-ray photoelectron spectroscopy,
in the 1950s and 1960s to understand the binding energies of atomic electrons in various chemical samples [34].
This experimental technique relied upon the photoelectron effect, whereby X-rays would eject electrons from
a target sample, whose energy would then be recorded by an electron spectrometer. He was able to perform
high (energy) resolution measurements on target specimens, showcasing the powerful insight provided by
electron energy analyzers [35]. These developments of electron preparation and subsequent measurement,
including both spatial and energy resolutions, help build the foundations for electron energy loss spectroscopy.

The theoretical description of electron energy loss was first formulated by Hans Bethe in 1930, to describe
the energy loss suffered by charged particles as they traverse matter targets. Known as the stopping power of
a material, Bethe’s formula related the inelastic scattering cross section for electrons, to the optical properties
of the matter they were probing, specifically the inverse dielectric function [20,36]. This helped to set the stage
for work to come by David Bohm and his graduate student David Pines in the early 1950s on the collective
electromagnetic excitations in electron gases due to long range Coulomb interactions [37-39]. These so called
plasmons, could be observed in the low-loss part of the EELS spectrum. Furthermore, Bohm and Pines were
able to make distinctions between low-loss inelastic scattering events due to plasmons, and individual particle
(core-loss) excitations due to ionization events. The typical electron energy loss regimes for these inelastic
scattering events is < 50 eV and 50-100s of eV for low-loss and core-loss, respectively. Taken together,
low-loss and core-loss electron energy loss spectroscopies provide detailed insight into the various excitations,
be them vibrational (as in the case of phonons), or electromagnetic, as well as the chemical structure of
matter targets. In the many decades since, electron microscopies and spectroscopies have revolutionized our

understanding of the complex structure of the universe at the nanoscale. Though these were monumental
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achievements, iterations and improvements to the electron microscope and their corresponding technologies
would pave the way for not only for improved spatial and energy resolutions, but the transverse shaping of
the electron wavefunction as well.

It was experimentally proven by Richard Beth in 1936 that photons can posses spin angular momen-
tum [40]. This was done by measureing the torque exerted on quartz wave plates subject to circularly
polarized light, demonstrating that right and left circularly polarized light carry +h and —A units of spin
angular momentum, respectively. In addition to photon spin, optical beams can also be endowed with spatial
structuring, such as orbital angular momentum. In 1992 it was theoretically shown by Les Allen and col-
leagues that specific laser modes with a helical phase front, referred to as Laguerre-Gauss modes, possessed
such orbital angular momentum [41]. They showed that these states of light can carry ¢4 units of orbital an-
gular momentum, with ¢ being the topological charge of the optical beam, i.e., the number of times the phase
of the wave rotates around the principle axis during a single period of propagation. This was experimentally
confirmed only a few years later in 1997, by Miles Padgett et al. whereby the authors were able to rotate
an optically trapped particle via the transfer of orbital angular momentum from a Laguerre-Gauss optical
mode [42]. In the three decades since, the ideas utilized to create, manipulate and measure these exotic
modes of light, so called vortex states or beams, have made their way to the field of electron microscopy.

Inspired by the concept of optical beams carrying orbital angular momentum, scientists at RIKEN (The
Institute of Physical and Chemical Research) developed a semiclassical description of electron vortices in
2007, starting from the Schrodinger equation for a matter-wave packet [43]. This groundbreaking work was
subsequently followed by direct experimental evidence of electron vortices in 2010, where researchers generated
electron beams with orbital angular momentum by passing plane wave electrons through a holographic
mask [44] and spiral phase plate [45]. In the following year, electron vortex beams with orbital angular
momentum of up to +100A were also created [46]. Nearly a decade later in 2021, electrostatic orbital angular
momentum sorters for the electron beam were developed. These sorters, specifically for transmission electron
microscope, allowed for the post-selection of the electron wave function carrying specific orbital angular
momentum content [47]. Taken together, the ability to pre- and post-select the electron wave function based
upon orbital angular momentum quantum number, has opened the door for the measurement of the angular
momentum content of target specimens using the transmission electron microscope [48,49]. Combined with
the spatial and energy resolution, the additional capability to track this newfound degree of freedom has

begun to impart a lasting impact on the field of electron microscopy.
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Figure 1.2: Overview of light-matter interactions involving various light (cavity) and matter degrees of
freedom. These include atomic, molecular, plasmonic, and excitonic forms of matter, interacting with multiple
types of nanophotonic cavities that host optical excitations. Highlighted in green are the different coupling
strength regimes between light-matter degrees of freedom and the physical phenomena associated with weak,
strong, and ultrastrong coupling strengths. The bottom panel shows diagrammatic processes commonly
involved in light-matter interactions. Straight arrows represent initial (|¢)) and final (]f)) material states,
whereas sinusoidal arrows represent initial (k) and final (k') optical wave vectors. Figure taken from Ref. [2].
Copyright (©)(2024) American Chemical Society. All rights reserved.

1.2 Outline of Dissertation

The contents of this dissertation are organized into parts, each part containing individual chapters. Part
I is devoted to the background knowledge and theoretical foundations relevant to the research projects I've
contributed to over the years, as well as the scientific papers found in part II. The material contained
in the latter half of Part I is (collectively) pulled from textbooks I've found useful over the years in my
graduate coursework and research endeavors [50-53]. Figure 1.2 provides a succinct overview of the types of
nanophotonic targets (coupled or uncoupled) that are frequently investigated with optical and electron beam
spectroscopies. Part II presents the scientific papers that constituted a significant portion of my PhD work,
with each chapter devoted to a single paper.

Overall, Ch. 2 contains a small collection of organized notes on the topic of modeling optical and electron

beam spectroscopies (specifically in the low-loss limit), as well as the dynamics of coupled nanophotonic
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systems. None of the material presented in this chapter is novel. Section 2.1 details the basics of Lagrangian
and Hamiltonian mechanics. It includes a brief introduction to isolated and coupled harmonic oscillators
in the classical limit. Maxwell’s Equations are introduced in Sec. 2.2, accompanied by an overview of
gauge invariance and short walk-through of the paraxial wave equation derived from the aforementioned
electrodynamic equations. Classical descriptions for the modeling of absorption, scattering, and extinction
are presented in Sec. 2.3 for the case of a dipole harmonic oscillator driven by an external electric field.
Lastly, Sec. 2.4 briefly touches upon the necessary quantum mechanical background, covering a revisitation
of the harmonic oscillator, unitary transformations, absorption of a charged particle in an external field, and,
finally, electron vortices.

Chapter 3 introduces transversely phase-shaped electron energy gain spectroscopy as a tool to probe the
spatial dependence of optically excited nanophotonic target specimens. In this work, the authors propose
to combine the energy resolution of optical probes in the continuous-wave limit, with the spatial resolution
inherent to electron beam spectroscopies. The electron wave function is treated quantum mechanically as
a scalar wave function, rather than as a point charge, as is more common in modeling low-loss electron
spectroscopy measurements. Furthermore, building upon recent advancements to pre- and post-select the
electron wave function in the orbital angular momentum basis, the authors demonstrate the additional
information that can be obtained about the material target when utilizing vortex electron states. Specifically,
the nanophotonic target is selectively pumped with an optical plane wave pulse to excite a chosen optically
bright mode, which is then spatially resolved with a vortex electron beam. This work highlights the benefits
of cross-polarized measurements using optical probes and transversely phase-structured electron beams.

Building upon the previous paper, Ch. 3 unearths a connection between a recent paper concerning
low-loss inelastic vortex-electron scattering [48] and the measurement of circular dichroism [54] in the core-
loss electron energy loss spectroscopy literature. Specifically, this work draws connections between what
is known as the transition current density for the electron beam and the polarization vector of free space
light as it appears in optical based scattering observables. Herein, the authors demonstrate that by using a
superposition of electron states, in either the focused beam or wide-field limit, the electron probe is capable
of retrieving chiral information about the target specimen if pre- and post-selection of the electron state is
possible. This is done without the aid of an optical pump as in the case of Ch. 3, as it specifically focuses
on electron energy loss, rather than electron energy gain spectroscopy. Overall, the authors establish that by
monitoring specific transitions between different electron superposition states — whether wide-field (plane
waves) or focused (Laguerre-Gauss or Hermite-Gauss transverse modes) — circular dichroism measurements
can be obtained using only the electron beam.

Finally, Ch. 5 extends the work found in the previous two papers and calculates the inelastic electron
scattering observables for transitions between a variety of defocused (plane wave) and focused beam (vortex)
electron states. These include measurements of electron energy gain and loss probabilities for focused electron

beams, as well as the double differential scattering cross section for cases involving plane wave electrons. In
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this work, the authors derive the transition current density, relevant to all inelastic scattering observables,
between arbitrary plane wave, Bessel, Laguerre-Gauss, and Hermite-Gauss electron states. Lastly, as a proof
of concept, select electronic transitions are implemented in the electron-driven discrete dipole approximation

code.
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Chapter 2

Theoretical Background and Review

2.1 Lagrangian and Hamiltonian Mechanics

In this section, we very briefly introduce the concept of Lagrangian and Hamiltonian formalisms as
outlined in [53]. For a more complete description, we refer the reader to Chapter 1T and Complement Ay of
the aforementioned reference. When discussing a system made up of n degrees of freedom, one can describe
the dynamics of the system if the coordinates g;(t),..., ¢, (t) and velocities ¢;(),..., ¢, (t) at a specific time ¢, are
known. These dynamical variables can be used to acquire the accelerations §;(t),..., §n(t) and subsequently
the equations of motion for a system. By integrating the equations of motion, one can obtain the position of
a system as a function of time.

Alternatively, the principle of least action can be employed to understand the dynamics of a system. This
variation principle states that the possible paths a system can take as it progresses from some initial point
A at time ¢; to a final point B at time ¢5, will be the path ¢;(¢) that minimizes the action S. The action is

commonly expressed in terms of the Lagrangian

S:/zdtL(q,;(t),q,;(t),t), (2.1)

t1

where L depends upon the dynamical coordinates ¢;(¢) and velocities ¢;(t), and can furthermore be dependent
explicitly upon time (though not always). Depending upon the specifics of the system in question, the
coordinates and velocities may themselves be a function of time. In the case of a simple point particle, the
Lagrangian is the difference between the kinetic and potential energies of the system L =T — V', where T

and V are the kinetic and potential energies, respectively. Lagrange’s equations are given by

d [ OL OL
dt(aq) Tog 22)

Equation (2.2) can be employed to obtain the equations of motion for a particular system. Lagrange’s

17



equation will be further explored in the context of coupled. and uncoupled harmonic oscillators in Sec. 2.1.1.

The momentum conjugate to ¢;, and it’s time derivative are obtained from the Lagrangian L

oL
Pi = 5=

0¢;
oL (2.3)
Di = 6%‘.

The Hamiltonian associated with the Lagrangian L(g;, ¢;,t) is given by the sum of the kinetic and potential

energies H =T + V, which is obtained from the Lagrangian via
H(pi,qi) = > dipi — L{di, 4i)- (2.4)

When considering Hamiltonian mechanics, the dynamical variables are instead the coordinates ¢;(t) and
momenta p;(t) rather than the coordinates and velocities. Hamilton’s equations are acquired by taking

partial derivatives of Eq. (2.4) with respective to the dynamical variables

. oH
f Opi

_oH (2:5)

bi ==

As will be seen in subsequent sections and chapters, the Hamiltonian of a system will be the starting point
for modeling the interaction of light and matter. Additionally, modeling the dynamics of interaction cavity
modes as seen in [1], begins with a Lagrangian formalism, before moving on to describe the system dynamics
in terms of a Hamiltonian. Finally, the interaction of charged particles with an electromagnetic field is
accurately described the the minimal coupling Lagrangian and Hamiltonians; a simple description of this is

discussed in Sec. 2.4.

2.1.1 Harmonic Oscillators in Brief

Harmonic oscillators are ubiquitous in nature. In this section, we briefly touch upon the concept of
the harmonic oscillator, and apply the Lagrangian and Hamiltonian mechanics formalisms presented in the
previous section to understand the dynamics of uncoupled and coupled harmonic oscillators.

For a system of ¢ uncoupled oscillators, the Lagrangian is
Lo 1 2 2

and thereby the Hamiltonian is

I o 1 2 2
H= Zl: Tmiqi + 5w G - (2.7)
As evident by the previous two equations, the kinetic energy of a simple, single harmonic oscillator is propor-
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tional to the velocity of the displacement squared, whereas the potential energy term is proportional to the
displacement squared. For the case of a single harmonic oscillator ¢ = 1 in Egs. (2.6) and (2.7), producing

the following equation of motion (employing either Lagrange’s or Hamilton’s equations shown in Sec. 2.1)
G +w’q =0. (2.8)

The frequency w is related to the spring constant k from Hooke’s law via the relationship w = y/k/m. Upon
defining the initial conditions ¢(0) = go and ¢(0) = qo, whereby go and ¢o are the coordinate and velocity at

time t = 0, the solution to this differential equation is given by
do .
q(t) = qo cos (wt) + — sin (wt). (2.9)
w

Therefore, if one knows the Hamiltonian or Lagrangian of a system, its subsequent motion and dynamics can
be understood. It goes without saying that in the case mentioned, the energy of the system is conserved.
This will not always be physical however, and one may need to account for dissipation. To include the effects
of dissipation, we can postulate the following Lagrangian

1
—mw?ge, (2.10)

1
L= —mgie — 3

2

which produces the equation of motion for a damped harmonic oscillator
G+ 741 +w’qr =0. (2.11)

As will be shown in subsequent sections, much of physics and chemistry makes use of harmonic oscillators.
For the purposes of this dissertation, we will primarily deal with either a single driven harmonic oscillator
representing the collective motion of bound electrons in an atom or charge in a dielectric material, or alterna-
tively, the collective dynamics of coupled harmonic oscillators. This will not be a tutorial in solving various
differential equations, however we will walk through select cases as they ultimately relate to work in [1].
Additionally, a brief and illustrative example of harmonic oscillators is detailed in Sec. 2.3 for the case of
localized surface plasmons driven by an external electromagnetic field. This is important for the calculation
of the absorption, scattering, and extinction observables produced by oscillating charges, and is related to
material explored in [6], which concerns the investigation of cavity fields coupled to matter when employing

a microbubble cavity.

2.1.2 Coordinate Coupled Oscillators: Equations of Motion

For starters, as a proof of concept, we can write down a generic Lagrangian describing two coupled

harmonic oscillators, which are coupled through their coordinates (as opposed to say their velocities as would
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be the case of a double pendulum), and subsequently find the supermode eigenfrequencies w of the system.
We will refer back to this section when discussing harmonic oscillators in the context of quantum mechanics
(and unitary transformations). For such a system, the Lagrangian is

1 1
miwig} — Smawis + 9qgs- (2.12)

1. 1 .
L= g+ ymaid L :

2 2
where ¢ is taken to be a constant (and not a function of the frequencies themselves). The corresponding
Hamiltonian is

1 1

1 1
H= Tmlp% + ngpg + imlw%q% + §m2w§q§ — 99142- (2.13)

With this in hand, employing Lagrange’s equations, Eq. (2.2), we arrive at equations of motion for ¢; and

q2, respectively

. g
G +wign — ——q2 =0
mi

(2.14)
. 2 g . _
G2 +wyq2 — —q1 = 0.
ma
When written in matrix form, the above becomes
d? —w? 9
%§Q1: om0 (2.15)
42 m% —wj q2
It is convenient to recast the above as
4=Mq, (2.16)

where M is the matrix appearing on the right hand side of Eq. (2.15) and q = [g1 ¢2]*. The goal is now to
diagonalize the matrix appearing on the right hand side of Eq. (2.15). In the unique case where the masses
are equal m; = mo = m, no scaling is needed, and only the rotation matrix R is required for this procedure.
However, in the scenario where mj # msy, an additional scaling matrix S is needed to complete the procedure.

The rotation and scaling matrices are

cosf) —sinf
R= , (2.17)
sinf cos6

and .
(m)" o
s=|[\m™ - (2.18)
;)
ma
It is important to note that the matrix R obeys RR™! = 1, where R~! refers to the inverse of the matrix

R. The same can be said of the scaling matrix S. Inserting resolutions of the identity in the form of SS™1,
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and performing some algebraic manipulation, Eq. (2.16) becomes

& = M, q.. (2.19)

Here, s = S™'q and the previously asymmetric matrix M is now symmetric and of the form

—UJ2 g
M, = ! e ) (2.20)
e W2

Since the matrix is now symmetric, we are in a place to perform a rotation and subsequently diagonalize.

Now we can insert resolutions of the identity in the form of the rotation matrix to arrive at

q+ = M1 qs, (2:21)
with
M w? cos? § + w3 sin® § — —L— sin 20 1 (wf —w?)sin20 — \/ﬁ cos 26 (2.22)
4+ = — . .
1 (w? —w?)sin20 — e c08 20 w? cos? O + wisin? 0 + s Sin 20

It is evident from the above, that upon the condition where

1 2g
6= =tan"? 2.23
2 an ( myma (w3 w%)>7 ( )

the off-diagonal terms appearing in Eq. (2.22) are zero. In such cases, the equations of motion defined by

Eq. (2.15) are said to be diagonalized, and the supermode frequencies of the coupled system wy are readily

given as
M, — - w%c0s29+w§sin29—\/ﬁsin20 0
0 w?cos? 0 + wisin? 0 + =L— sin 20
(2.24)
oﬁr 0
0 w? 7
with
w? = wi cos? O + w3 sin® § — —=——sin 20 (2.25a)

g
/1Mo
g

2 2 .2 2 o2 .
w? = wj cos” § + wi sin® § + ———sin 26. (2.25b)
Vimima

mims

Thus, the supermode frequencies of the composite system have been obtained via a simple diagonalization

procedure. Section 2.4 will walk through a similar procedure when dealing with two coupled quantum

21



harmonic oscillators. Therein, the same result for the supermode eigenfrequencies will be obtained.

2.2 Electrodynamics

2.2.1 Maxwell’s Equations and Gauge Invariance

This section introduces and reviews the basis of electromagnetic theory, and has collectively been sourced
from [52,53]. For a more complete understanding, the interested reader is encouraged to search out the

previously mentioned books. To begin, Maxwell’s equations in Gaussian units, for sources in vacuum are

given by
V- -E=4mp (2.26a)
V-B=0 (2.26b)
10B
10E 4w,

where E and B are the respective electric and magnetic fields, which are sourced by the charge p and current

j densities [52,53]. These quantities are related via the continuity equation for electric charge

Ip o
o V=0 (2.27)

We can imagine further, that the electromagnetic fields are sourced by two different forms of material, (i)
free charge, i.e., ions and charged particles, and (ii) bound charges in the form of a polarizable medium. In
this case, the source terms appearing in Eqgs. (2.26) can be further decomposed into free (denoted f) and

bound (denoted b) charges that are due to presence of free and bound charges such as

p=ps+py (2.28a)

5=+ (2:280)

Furthermore, in the microscopic case, we can assume that p; can be written as a sum over individual charge

carries, such that

Py = Z qi0(x — x;) (2.29a)

if =Y aivid(x — x;), (2.29b)
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where v; = X%; is the velocity of the ith charge. When considering the bound charge, per usual [cite], we

assume that the bound charge is related to the polarization of a material via
pp=—V P, (2.30)

realizing the relationship j, = P. Making use of Egs. (2.26a), and Eq. (2.28) we arrive at V- D = 4mpy,
where we have introduced the displacement field D = E + 47P. Thus, Maxwell’s equations for macroscopic

medium are

V- -D =4mpy (2.31a)
V-B=0 (2.31b)
10B

B__1 2.31

V x 5t (2.31c¢)
10D  4r

H=-——+—j 2.31d

V x o + s (2.31d)

where we have chosen to set the magnetic permeability p equal to 1, such that B = yH = H. In the case of
a linear and isotropic material, P = x(x)E, where x(x) is the linear susceptibility. Here, D = ¢(x)E, with
€(x) = 1+ 4mx(x). Equations (2.26b) and (2.26¢) hint that electric and magnetic fields may be decomposed
into

10A

B=VxA, (2.32b)

where A and ¢ are the vector and scalar potentials, respectively. Insertion of these forms for the electric and

magnetic fields into Egs. (2.32), produce equations of motion for the potentials

1
V3¢ + Egt (V : A) = —d7p (2.33a)
1 8%A 10 4,

It can be shown that Eqgs. (2.33) are unaltered upon the transformation of the vector and scalar potentials

as

A A+VA (2.34a)
10A
L (2.34b)

with A(x,t) an arbitrary function of space and time. The invariance of the fields under these transformations

is known as gauge invariance [52,53]. A common Gauge used when investigating the interactions of light-
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Figure 2.1: Optical vortex beams. Panel (a) displays a schematic of structured beams, such as the Laguerre-
and Hermite-Gauss optical modes. Here, R(z) is the radius of curvature at the axial position z, w(z) is the
beam waist, and wq is the beam waist at z = 0. The optical states propagate along the z direction, with
transverse components in the {x,y} plane.

matter is the Coulomb (alternatively known as the transverse gauge) gauge is given by

V-A(x)=0. (2.35)

In this scenario, Eq. (2.33a) becomes the well-known Poisson’s equation in electrostatics V2¢ = —4mp, which,
in the absence of free charge, reduces to Laplace’s equation V2¢ = 0. When polarizable material is present,
see Egs. (2.31d), it can instead be helpful to work in what is known as the generalized Coulomb gauge
whereby

V- e(x)A(x) =0, (2.36)

with e(x) representing the dielectric material of the target.

2.2.2 Paraxial Wave Equation

When considering electromagnetic waves propagating in a uniform isotropic linear media, Maxwell’s

equations are reduced to the form

V.-E=0 (2.37a)
V-B=0 (2.37b)
10B
_ OB
VxB= L (2.37d)

where € and p are the electric permittivity and magnetic permeability of the material, respectively. Taking
the cross product of Egs. (2.37¢) and (2.37d), and then making use of the following identity V x V x v =

V(V - v) — V2v, where v is a generic 3-dimensional vector, we arrive at the well known Helmholtz wave
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equation

{VQ—G’“?Q} Bl (2.38)

The most general form for a circularly polarized plane wave (linear combination of two plane waves) propa-

gating in the k = kn direction is
]‘E(X7 t) = (élEl + EAQEQ)ei(k'xi‘m). (239)

Here Ey and E5 are complex amplitudes containing the phase information of the propagating linear waves,
and € the corresponding polarizations. When E; = E,, Eq. (2.39) represents the electric field with linear
polarization. However, when the amplitudes differ in their phases, Eq. (2.39) represented elliptically polar-
ization. If F; and E5 have the same magnitude but differ in a phase by 7/2, the electric field is said to be

k-x—wt

circularly polarized, such that E(x,t) = Ey(é; & iéy)e’l ). If a solution is proposed to Eq. (2.38) of the

form E(x,t) = Eyu(x)ée! k=291 e arrive at
V2 + 2z'k;23 u(x) = 0. (2.40)
0z

In cases such that [0%u(x)/02?| << |VZu(x)| and 2k.|0u(x)/0z| << |VZu(x)|, Eq. (2.40) reduces to the

well known paraxial wave equation

(v’j + Qik:zai)u(x) = 0. (2.41)

In the cylindrical coordinate system, vortex solutions are given by

up(x,t) =

1| 2
2t+1p! 2R < \/5[)) (e [ 2p } ok gilksz—wt) yild ,—p* [w(2)’
T[] +p)! /22 + 22 \w(2) P lw(2)?

% eikzp22/2(z%+z2)—i(2p+|€\+1)tan*1(z/zR)
)

(2.42)

which are known as the Laguerre-Gaussian modes [41]. Here, the waist of the beam is w(z) = wo+/1 + (22/k.w3)?,
and Rayleigh range 2z = k,w2/2 are written in terms of the beam radius at the focus wy = w(z = 0). Dis-
played in Fig. 2.1 is a schematic of a paraxial optical beam. When working in the weak-focusing limit whereby
the beam waist is independent of the z-coordinate, the Laguerre-Gauss and Hermite-Gauss transverse states

take a more simplified form [48]

1 2 ntm 2 2] -2
QHG (z,y) = — 9= "% H, M H,, M e wi
m wo V mn!m! wo wo

| || 2 ) 2242
UFS(R, ¢) = L 2p! V2R Q) g Gild o~ o
v wo \[ w(|€] +p)!\ wo Pl wd

(2.43)
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Figure 2.2: Absorption, scattering, and extinction cross sections for a single dipole. Panel (a) depicts a
schematic of a point dipole driven by an optical plane wave represented Ecyi. Shown in panel (b) are the
absorption, scattering, and extinction cross sections for a single driven dipole. For the present example,
hwo = 2.5eV, Ay, = 0.05eV, hyy = 0.005eV, and m = 8.31 x 10~ "m, where m, is the electron mass. The
trace colors for o,ps and ogcay correspond to the non-radiative and radiative dissipation processes depicted
in panel (a), respectively.

When considering a charged particle in a magnetic field, these are known as Landau states or levels. Therefore,
in the context of electron spectroscopies, Eq. (2.43) are mathematically convenient, being highly idealized

cases.

2.3 Cross sections for an externally driven dipole.

In this section, we build upon the previous sections involving Harmonic oscillators and Maxwell’s equa-
tions. This is specifically relevant to some of the work done in [6] and the works that preceded it. The
collective electromagnetic response of bound atomic electrons in a polarizable material, subject to external

driving electric field, can be modeled as a driven harmonic oscillator via the equation of motion
mx(t) + myorX(t) + mwix(t) = F(t), (2.44)

where F(t) is a yet to be defined electromagnetic driving force. The driving force can be due to an optical
plane wave, or alternatively the electric field of a passing free electron. The damping terms can be composed

of both radiative v;,q and non-radiative vy, terms, such that the Yot = Yrad + Tnr- For the example case
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presented here, the forcing terms are: (i) the restoring force of the oscillator Frestore = mw%x, (ii) the radiative

force Fraq = —2€%/3¢® X = mpaq%, (iil) the non-radiative force F,, = mvy,,%, and (iv) an external driving
force due to the applied electromagnetic field F(t) = eEext(t). When the fields vary harmonically in time
with w, such that x(¢) = x(w)e™ ™! and Eey(t) = €Ege™ !, the steady-state solution to Eq. (2.44) is

e éE()

x(w) = (2.45)

Ewg — WYgot — w2
The induced dipole moment (of a single bound electron) is thus p = ex. We can relate this to the atomic
polarizability of a metal under the influence of an applied electromagnetic field via p(w) = a(w)Eext,

e? 1

— . 2.46
mwa — iwYter — w2 ( )

a(w) =

The power radiated by a dipole harmonic oscillator can be obtained by integrating the force F; projected
onto the velocity x
T/2
(P;) = —/ F, - xdt. (2.47)
T J_ 12
With this in mind, we can find the absorption, scattering, and extinction cross section by normalizing the

powers acquired from Eq. (2.47) by the incoming energy flux

g; = (248)

where S = cEZ /87 is also known as the time averaged Poynting vector. Due to the complex time-dependence
of the variables, the real-part of the variables must be taken in the integrand of Eq. (2.47). If we return to
the single driven oscillator, Eq. (2.44), and assuming that the dissipation is a combination of radiative and

non-radiative, we can calculate absorption and scattering cross sections. Furthermore, we assume that the

dipole is oriented in the % direction, and the force is applied along the same axis such that F(t) = exEge~ .
Therefore, the equation of motion reduces to
. . e
M + (Yraa + Yavs)E + Wi = —Fp. (2.49)

Using the relations between the induced dipole excitation and the electromagnetic field (i) p(w) = ex(w) and

(ii) p(w) = a(w)Eext, we find for the absorbed power

1 T/2
<Pabs> = */ Re{Fabs} . RG{X} dt
T -T/2

1 T/2 ] 9
= —(m’ym)/ Re{ — iwz(w)e ™"} dt (2.50)
T —7/2

_ Mnr wky ? 2
=T (250 o)

(&
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where we have used the polarizability defined by Eq. (2.46). Likewise, the scattered power is given by

1 [T/2
<Pscat> = */ Re{Frad} . RG{X} dt
s 2.51
2 (2.51)
_ Mrad wEo |a(w)|2
2 e
All together, the absorption and scattering cross section are
drw? ('m 2
Tabs(w) = (2>'ym’o¢(w)|
‘ ‘ (2.52)
drw? (m 2 ’
Jscat(w) - c 6*2 ’)/rad|0é(w)| .

The total extinction cross section is obtained by the sum of the absorption and scattering cross sections

Jext(w) = Uabs(w) + Jscat(w)- (253)

The absorption, scattering, and extinction cross sections for a single dipole harmonic oscillator are displayed
in Fig. (2.2) as a proof on concept. We can work through a similar procedure when dealing with two coupled
harmonic oscillators. Here we will lay out the procedure and show that the frequency and damping of the
first oscillator are influenced by the presence of the second dipole harmonic oscillator. In this scenario, we
will find that the atomic polarizability for one oscillator dresses the other. The equations of motion for the

coupled system are described by

may () + miy oeXa (1) + miwix () — gxa(t) = F(t)
(2.54)

Mok (t) + Mmoo torX2(t) + mawsxa(t) — gx1(t) = 0

where we have implicitly assumed that there is only coordinate-coordinate coupling in the Lagrangian. For
simplicity, we have chosen to drive only the first dipole. Again, it is assumed that the dipole harmonic
oscillators are oriented along the X direction, as well as the driving force F. Working in the steady state limit
x;(t) = z;(w)e™?, and projecting onto the dipole axis X we arrive at
. g e
( — W — w1 ot + wf):m — 1y = —Ep

i i (2.55)

2 . 2 g
( — W — WY kot T+ wz)ffz ——z;=0.
)
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Solving for 1 and xo

eEO/m1
xl(w) = 5 . 5 g% /mims
Wi — WY1 kot — W — S T ev—
2 e (2.56)
g(eEp)/mims
2(w) = 2 _ 2V(12 _ s 2 g2
(@ — it ot — wP) (@ — W gor — W2) — oo

Inserting x5 into the equation for z1 and repackaging the frequencies and damping into the dressed parameters

for the first oscillator, we arrive at

eEy { ~2 2 - }
r1(w) = = wy —w?) + 1w 2.57
1( ) D ( 1 ) ( 'Yl,tot) ( )
where we have introduced
2
~2 2 g 2 2
W] = wy —7<w2—w )
m1m2D2
) (2.58)
Y1,tot = V1,tot T ———"72,to0t
m1m2D2

with a denominator functions defined as D; = (w? — w?)? + w2, and D; = (@7 — w?)? + w?42,,,. As a
result, it is apparent that calculated absorption, scattering, and extinction cross sections for the first dipole
would inherit features from the second dipole. In such cases, as seen in the dressed parameters, the cross
section peaks would be shifted due to the presence of a second oscillator. For a detailed investigation on the

observables when a second oscillator is included, see Ref. [2].

2.4 Quantum Mechanics Background

2.4.1 Unitary Transformations

When dealing with coupled quantum systems, it can be useful to employ the method of unitary transfor-
mations [55] to obtain the eigenvalues of the coupled system. In such cases, the goal is to acquire a closed
and analytic relationship between a canonical operator O, and it’s transformed counterpart O. This can be

accomplished via the Baker-Campbell-Hausdorff formula and a unitary transformation operator U = e,

o =Utou
1 ) (2.59)
=0 +10,5]+ [0,5], 5] + a[[[O,S],S],S} 4+

where the unitarity of U, UUT = UTU = 1, preserves all commutation relations. For unitarity to be satisfied,

the generating function S must be anti-Hermitian, ST = —S. Following from the transformation of an
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operator O given by Eq. (2.59), the state |¥) transforms as

) = UT|w)
(2.60)
= e 9|W).

Due to the unitarity of U, it is evident that the matrix elements are unchanged under unitary transformations,
(U|O|W) = (U|UTOUUT|®) = (U|O|¥). This strategy has recently been employed in the investigation of

coupled photonic molecules [1].

2.4.2 Coordinate Coupled Oscillators Revisited

Here we detail the the case of coordinate coupled oscillators, similar to Sec. 2.1.1, though for the case of
quantum harmonic oscillators. We will show how to obtain the supermode eigenfrequencies for two coupled,
quantum harmonic oscillators by means of unitary transformations as presented in the previous section. With

begin with the Hamiltonian for two arbitrary bosonic modes (in = and p), analogous to Eq. (2.13),

1 1 1 1
H=—p’+ —p2+ —mw’z? + —mewiz? — gz1xo. 2.61
2m1p1+2m2p2+2 111‘*‘2 2Wa Ty — gT1T2 (2.61)
Returning to the unitary transformations, when the system Hamiltonian is of the form Eq. (2.13), with
either coordinate-coordinate or momentum-momentum, the following generating function can be used to
diagonalize the system and obtain the supermode frequencies w4
i0

S = 7 (1x1p2 — agxap1), (2.62)

where a1 and «g are considered the squeezing parameters. The commutation relationships between the

momenta pi, ps, coordinates x1, o and the generating function S; are

[p1,S1] = baips, [p2, S1] = —Baspa,
(2.63)

[1, 51] = s, [2, S1] = —Oaszq,

where [x;, p;] = ihd;;. We are now in a position to work out the higher order commutation relations needed

by Eq. (2.59). The following series identities for cos ¢ and sin ¢ will prove useful:

2 4 6
cosqbzl—%—i—%—%—&—...
_ = (_l)n 2n
_z_% (2n)!¢ )
"= (2.64
3 5 7
sin(b:(b—%-i-%—%—&-...
_ - (71)’” 2n+1
7;}(2714—1)!(;5 o
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Working out the algebra, we arrive at the transformed operators Z;, p; in terms of the old operators

7 cos \ /g—f sin @ 1

To —,/ % sinf cos 6 To
as

I cos A /3—; sin 6 m

Do -\ /Z—f sin 0 cos 6 Do

where we have imposed the product of the squeezings to be unity ayas = 1. We can preform an inverse

(2.65)

matrix operation to obtain the old coordinates and momenta x;, p; in terms of the new transformed operators

_ Jaz g ~
T cos o sin @ )

To +/ 2L sinf cos 6 To
g
m cos 0 - /%sin@ I

P2 \/ 3—? sin 6 cos 0 P2

Using the relationships above, the Hamiltonian given by Eq. (2.61) can be expressed in terms of the new

(2.66)

transformed variables. The old Hamiltonian expressed in terms of these new variables is

H:f<icos 9+——251n 9) —l—l(iCOS 0+ — 1sm 9)

mq meo 1 2 mo miy Qo

a [a
+ = (mlwf cos? 0 + meg—l sin? @ — 2g =L cosfsin 6) 2
2 (65) (65)

1 /
+ = (meg cos? 6 + mlwf% sin? 0 + 2g @2 cos 0 sin 9) 53% (2.67)
2 (051 Qg

1 1
—1—(—,/%——1/%) cos @sin 6 p1p
mo a1 mq 9
Q] o Q2 o . 2 . 92 S
+ gl (may/ —w; —my a—wl)cosﬁsmﬁ—g(cos 0 — sin“ 0) | T1 .
Q2 1

From Eq. (2.67) we see that the Hamiltonian is decoupled when the following conditions are satisfied:

052 041
m2 aq
aq a2 . .
may [ —wj —my, |/ —w;i) cosfsin — g(cos® § — sin? ) = 0.
Q2 231

Invoking the unity condition ajas = 1, in combination with the first equation above, yields the results for

squeezing parameters: a; = y/mj/ms and as = y/ma/m;. Inserting these findings into the second equation

produces the result for the mixing angle

(2.68)

1 2g
6 == tan . 2.69
g vt ( mymag(ws — w%)) ( )



This result for 6 needed to decoupled and diagonalize two quantum harmonic oscillators is the same as that
which was previously found in the classical case when using and equation of motion approach, see Eq. (2.23).

When Eqgs. (2.68) are satisfied, Eq. (2.67) reduces to a more simplified form

H= ﬁ;ﬁ% + ﬁ;ﬁ%
+ %ml (wf cos? 0 + w3 sin® 6 — \/ﬁ sin 20) 1 570
+ %mg (w% C0520+wf sin? 6 + ﬁsin20)f% =
— ﬁﬁ% + %ﬁ% + %mlwiﬁ + %m%«dgiﬁ%,

with wy defined by Eq. (2.25). To better understand the physics at play, we can explicitly express the
eigenfrequencies appearing in Eq. (2.70) in terms of the bare system parameters, as opposed to trigonometric

functions with the mixing angle 6 as the argument. The trigonometric functions can be rewritten as
1 1 1 1 492
2 2 2
cos Hzf(cos29—|—1):f(7+1):— ws —wi +4/62 +
2 2\{/1+ 22 9.,/62 + —49° 2 ! mime
w mimes
1 1 1 1 492
-2 2 2
sin 92—7(00529—1)2—7(7—1):— wi —w; +4/62 + 2.71
2 2\ /1 22 9 /62 +74g2 1 2 — ( )
w mi1mso

20 T 1 4g
sin 20 = =
V14 x2 2\/53_’_ 492 Vmimg

mima

with z defined as © = 2g//m1ma (w5 — w?), and where we introduced &, = w3 — w? inside the square roots.

We find for w:

1 2 492
wi = 2<wf+w§ - \/(wg —wi) + i

1 2 4g?
- 2<W%+w§+ \/(wg_w%> i m1m2>.

These forms for the supermode eigenfrequencies, along with those present in Eq. (2.70), are identical to

(2.72)

S
|

wy as discovered in the classical case in Sec. 2.1.1, see Egs. (2.25). There may be physical systems which
exhibit both momentum (or said differently velocity coupling) coupling in addition to coordinate coupling. A
coupled pendulum system is one such system, as well as coupled photonic cavities as demonstrated recently
in [1]. For a complete procedure on the decoupling and diagonalization of a system with momentum and

coordinate coupling, the interested reader is encouraged to seek out the aforementioned paper.
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Figure 2.3: Schematic depiction of optical absorption by a matter target. In this case, the matter target is
treated quantum mechanically, while the electromagnetic field is classical. The energy associated with the
transition dipole is represented by Awy; and the electromagnetic vector potential is labeled by A.

2.4.3 Charged Particle in an External Field

The Hamiltonian for a free nonrelativistic particle in an external electromagnetic field is given by

1 de 2
H=—((p-—A e, 2.73
5 (P— " A) +4o (2.73)
where c is the speed of light, m the mass of the particle, and g = —e with e the elementary charge. An

illustrative example of light-matter interactions at first order, and relevant to Chapter 4, can be found in
section 5.8 of [50]. In this scenario, we are dealing with the absorption and emission of classical radiation by
atomic electrons. For a single bound electron, we begin with the Hamiltonian described by Eq. (2.73), and
choose to work in the Coulomb gauge as previously defined by Eq. (2.35), where A is a classical field, and
p the linear momentum if a single atomic (bound) electron. Under these circumstances, and neglecting the
A2 we have ,

p=2

N 2.74
2m = mec P ( )

where ¢ has no contribution in the absence of free charge describing the matter. For a monochromatic plane

wave, the vector potential is

A= AOé [ei%ﬁ-xfiwt + efi%ﬁ-x+iwt], (275)

with € the linear polarization of light and n the direction of propagation. The two terms appearing in
Eq. (2.75) have a different physical meaning: the first term containing et is responsible for stimulated

—wt ig responsible for absorption. We first focus on the case of

emission, whereas the second term with e
absorption. Here, the transition rate from an initial target state |i) to a final state |f) is proportional (see
previous section) to the matrix elements given by

eA N iChx| -
Wﬁugf@mm i) (2.76)
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The transition rate thus takes the form

2 GA ? 2 <h-x|
w??s—;T(qch) |<f|(s.p)e c |Z>|25(EffEi7hw). (2.77)

We can acquire an absorption cross section by dividing the total energy per unit time absorbed by the
target matter as it transition from |i) — |f) by the energy flux of the electromagnetic field. Recalling the
relationship between the electric and magnetic fields and the vector potential in the Coulomb gauge (see Egs.

(2.32) and (2.35) ), the energy flux is

1
U=—(E®+ B?
1671'( + )
9 (2.78)
1w 2
=g [l
The absorption cross section is thus given by
472 ¢? w s 2
abs e A P2 hAx] -
o (w):T} m26|<f|(€~p)e c \z>’ S(Ef — E; — hw). (2.79)

When the wavelength of the electromagnetic radiation A is much greater than the physical dimensions of the
atomic target we cam we can make the electric dipole approximation. This amounts to Taylor expanding the

exponential e?“%* and retaining the zeroth order term. In this scenario, Eq. (2.79) can be expressed as

Uabs(w) _ ﬁ qg

. NP

- D 6(FEr — E; — hw). 2.80
T | (flpli)|*5(By — By — h) (2:80)
As evident in Eq. (2.80), located inside the matrix elements is the transition dipole moment of the matter
pri = (f|p|i), dotted into the polarization unit vector € of the applied driving electric field. One can imagine
reversing the roles of the probing optical field and matter target: using an electron (matter) probe to gain
insight into the polarization content of the electromagnetic fields produced by a target structure. This is the

basis of optical polarization analogs as introduced in [48] and further elaborated on in [3,4].

2.4.4 Electron Vortices

When considering non-relativistic scalar wave-functions descriptions of the free electron (i.e., neglecting
the electron spin such that we are not dealing with spinors), the Schrodinger equation can be used to describe
the dynamics of the free electron. For example, as shown in [26,56], vortex electron beams are solutions to
the Schrodinger equation.

Hwk(x7 t) = Equbk(xzt)a (281)
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where ¥ (x,t) is the electron state, and Ej is the associated kinetic energy, given by Ej = pi/Qm, with p

the linear momentum. Rearranging Eq. (2.81),
(V2 + kQ)z/Jk(x, t) =0, (2.82)

where k% = 2mE}, /h%. Tt is apparent that Eq. (2.82) bears a striking resemblance to Helmholtz wave equation
presented as Eq. (2.38). In cylindrical coordinates, the solutions to the Schrédinger equation take the form
of axially symmetric states

e k(%) o Jygy(rr)e’Pett=o1, (2.83)

where the time dependence has been dropped, i.e., 1y (x,t) = 15 (x)e " (Fx/Mt and Jyg) (k1) are Bessel func-
tions of the first kind. Here, k is the transverse wave number and r the radial coordinate. Due to the
azimuthal phase factor, these states are eigenfunctions of the z-component orbital angular momentum oper-
ator: Ez¢g7k(x) = Uiy 1(x). Therefore, vortex electron states carry well-defined longitudinal orbital angular
momentum [26]. In order to arrive at Laguerre- and Hermite-Gauss states, the paraxial approximation for
the electron wave function must be applied to Eq. (2.82), similar to that done in Sec. 2.2.2. For a more

detailed discussion, see Refs. [26,56].
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Chapter 3

Polarization-Resolved Electron
Energy Gain Nanospectroscopy With

Phase-Structured Electron Beams

e Marc R. Bourgeois, Austin G. Nixon, Matthieu Chalifour, Elliot K. Beutler, and David J. Masiello.
Polarization-resolved electron energy gain nanospectroscopy with phase-structured electron beams.

Nano Lett., 22(17):7158-7165, 2022. [5]
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3.1 Abstract

Free-electron-based measurements in scanning transmission electron microscopes (STEMs) reveal valuable
information on the broadband spectral responses of nanoscale systems with deeply sub-diffraction limited
spatial resolution. Leveraging recent advances in manipulating the spatial phase profile of the transverse
electron wave front, we theoretically describe interactions between the electron probe and optically-stimulated
nanophotonic targets in which the probe gains energy while simultaneously transitioning between transverse
states with distinct phase profiles. Exploiting the selection rules governing such transitions, we propose phase-
shaped electron energy gain nanospectroscopy for probing the 3D polarization-resolved response field of an
optically excited target with nanoscale spatial resolution. Considering ongoing instrumental developments,
polarized generalizations of STEM electron energy loss and gain measurements hold the potential to become
powerful tools for fundamental studies of quantum materials and their interaction with nearby nanostructures
supporting localized surface plasmon or phonon polaritons as well as for non-invasive imaging and nanoscale

3D field tomography.
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3.2 Introduction

Optical selection rules based on the polarization degree of freedom of light are indispensable tools for
probing mode symmetries in nanophotonic systems, but are fundamentally limited in spatial resolution by
diffraction. Below the diffraction limit, near-field based imaging techniques such as scanning near-field
optical microscopy [57,58] and photoemission electron microscopy [59-63] have been used to spectrally and
spatially map plasmonic excitations with spatial resolution below 10 nm [64,65]. STEM nanospectroscopies
such as electron energy-loss (EEL) spectroscopy have also been used extensively to map coupled localized
surface plasmons (LSPs) [66-72] and LSP-based exciton polariton systems [73-75] with even greater spatial
resolution. Although the connection between the photon polarization in X-ray absorption measurements and
the momentum exchange during core-loss inelastic electron scattering measurements is well-known [54,76-79],
it has largely been ignored in investigations of low-energy STEM measurements of nanophotonic systems. In
the low-loss regime, it is conventional to adopt the non-recoil approximation and to neglect transverse recoil
entirely [68]. STEM-EEL observables evaluated quantum mechanically under these assumptions or classically
for a uniformly moving point electron depend only on the component of the electromagnetic local density
of optical states (EMLDOS) of the target specimen projected along the STEM electron trajectory [80,81].
Thus, no information on the transverse EMLDOS components is retained by the measurement. Consequently,
STEM-based 3D field tomography currently requires collecting a series of EEL measurements with varying
relative angles between the electron trajectory and the sample. This information can be used to numerically
solve the inverse problem to acquire knowledge of the 3D field profile of a target [82-86].

Building on early hints at an optical polarization analog for electron beams in low-loss measurements
[49,87-89], a recent theoretical work [48] has shown that careful structuring of the transverse spatial profile
of the incident electron beam into first order Laguerre-Gauss (LG) vortex states or Hermite-Gauss (HG)
states along with post-selection of the outgoing transverse Gaussian state produces an EEL signal that
depends only on the target’s projected EMLDOS polarized linearly or circularly in the plane perpendicular
to the electron propagation axis. In this sense, an analog to plane wave polarization states on the Poincaré
sphere has been established for EEL via the introduction of transverse degrees of freedom of the incoming
and outgoing STEM electron states combined with the measurement of specific pre- and post-selected state
channels. This polarized version of EEL (EEL ) spectroscopy stands in stark contrast to conventional EEL
(EELj) measurements, and provides a route to probe the full EMLDOS with deeply sub-diffraction limited
spatial resolution.

In this letter we leverage phase-structured free electron beams combined with continuous-wave (cw)
laser excitation to develop phase-shaped electron energy gain (EEG ) nanospectroscopy capable of probing
the 3D polarization-resolved response field of an excited target with nanoscale spatial resolution. This
transversely polarized EEG nanospectroscopy further expands the rapidly developing electron microscopy
toolset and unlocks a previously unattainable detailed view into nanophotonic systems such as local chirality,

the 3D polarization-resolved mode profiles, and polarization singularities. Through an appropriate definition
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of a transition current dictated by the probe’s transverse wave function degrees of freedom, we find also
the one-to-one mapping between Bloch and Poincaré spheres in the fully-retarded laser-stimulated EEG
observable and discuss its connection to the transition current derived in the quasistatic limit for EEL
measurements [48]. Indeed, by monitoring specific transitions between phase-structured transverse electron
states, we show the resulting EEG, probability spectrum depends only on the components of the laser-
stimulated response field projected onto the direction of the transverse transition current. After deriving the
EEG probability spectrum expression we present analytic and numeric EEG calculations for prototypical

nanophotonic systems including an isolated sphere, a sphere dimer, and a chiral rod dimer structure.

3.3 Results

During the interaction between a STEM electron and an excited target, the probing electron can inelasti-
cally scatter to both lower (spontaneous loss and stimulated loss) as well as higher (stimulated gain) kinetic
energies [90-93]. In the spontaneous EEL process the evanescent field of the probe couples to both bright and
dark modes of the target. As a consequence, the final states contributing to the total EEL probability include
all outgoing longitudinal plane wave electron states |k;) and all target modes |¢), where £ is a collective index
denoting the state of the target, see Figure 3.1a. In the laser-stimulated EEG and EEL processes, energy
is transferred to or from the probe from the optically excited state of the target |¢),, the mode composition
of which is dictated by the optical polarization €. Importantly, while the loss portion of the spectrum is
an incoherent sum of spontaneous and stimulated loss contributions, the stimulated gain spectrum on the
anti-Stokes side of the zero-loss peak (ZLP) is free of contamination by other responses beyond the ZLP tail.
It should be noted that EEG spectroscopy has been performed with cw optical excitation and in STEMs
without a pulsed electron gun [92,94,95], which considerably simplifies the experimental setup as compared
to photon-induced near-field electron microscopy (PINEM) measurements that employ laser and electron
pulses with a controllable time delay [96-101]. Figure 3.1b presents a scheme of the cw laser-stimulated EEG
experiment with a single Ag nanoparticle (NP) excited optically and probed with a STEM electron. We take
the wave vector k of the stimulating plane wave (red) to be along the z-oriented electron trajectory (blue).
Linearly € = X,y and circularly € = n,,n_ polarized cases with hy = (f{ + zy)/ﬁ are explicitly shown.

Owing to their large initial longitudinal momentum the paraxial approximation can be invoked to facilitate
the separation of the STEM electron’s transverse R and longitudinal z coordinates such that r = (R, z). The

probe wave function thus becomes
ikz
e’L

ﬁa

where L is the quantization length along z, k is the longitudinal wave vector magnitude, and U(R) is the

Yal(r) = U(R) 3.1

transverse wave function. Tight focusing in the transverse direction has typically been employed in STEM
EEL and EEG measurements to achieve high spatial resolution, and it is conventionally assumed that the

incident and transmitted electrons are characterized by the same Gaussian transverse state Woo(R). In
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Figure 3.1: Polarized electron energy gain spectroscopy. (a) Interaction schematics illustrating the contribu-
tions to measured conventional electron energy loss and gain measurements. Electron and plasmon modes
are represented by blue and gray arrows, respectively. The phase fronts of the stimulating laser field are
represented as red planes. (b) Schematic diagram enumerating the possible photon polarization states € as
well as the unit vectors J #i associated with transitions between various first order Hermite-Gauss (¥; = WHG)
and Laguerre-Gauss (¥; = \I'%f’ ) transverse electron states to the outgoing Gaussian state Wy = W.
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the narrow width limit |¥go(R)|? = 6*(R — Ry) for impact parameter Ry, the conventional EEG (EEG))

probability spectrum is given by [90-92]

2
/dz e/ Be(Ro, 2) - 2| 6(w — wy), (3.2)

FL‘DEG(W) = (h(ig) 2

where —e is the electron charge, v is the electron speed, and wy and € are the stimulating laser frequency and
polarization state, respectively. E¢(Ry, z) is the positive-frequency component of the response field generated
by the target along the electron trajectory oriented in the z direction at Ry.

By generalizing the EEG observable to include the degrees of freedom associated with the initial |¥;) and
final |¥'s) transverse states of the probe, it can be shown (Supporting Information (SI)) that the generalized

EEG probability spectrum within the non-recoil approximation can be written as

2 2
1 2 —iwz /v I
TEgg(w) = <M> |Jfl-| /dz e / E:(Ro,2) - Jpi| 0(w — wy) (3.3)
expressed in terms of the transition current
ihe 1mu .
) = 5| 0 W 1)+ T g )a, (3.4

which is completely determined by the initial and final transverse states of the electron. Note that J i will be
purely longitudinal along z when |¥;) = |¥ ;) and entirely transverse when |¥;) # |¥s) and (V| V | |¥;) # 0.
Critically, the orientation of the transition current dictates which components of E¢(Ryg, z) contribute to the
gain signal along the electron trajectory. When (R |¥;) = (R|¥f) = (R |¥q) and [(R[¥qo) |* = 6*(R—Ry),
as in the conventional case described above, J;(w) = ez recovering Eq. (3.2). If, instead, (Vf|¥;) = 0, the
transition current vector will be contained within the 2D transverse plane perpendicular to the electron
trajectory. Lourengo-Martins and coworkers discovered [48] that by selecting |¥;) as one of the first-order
HG or LG states and [¥;) = |[Wgq), then the J;; vectors derived in the quasistatic limit for the EEL
observable coincide with the basis vectors typically employed to describe linearly and circularly polarized
light. In the SI we show that this connection between transverse state transitions and the Poincaré sphere
remains for the definitions of J; in Eq. (3.4) (Figure 3.1b). In this sense, we have extended the work of
Ref. [48] to establish an analog to plane wave polarization states on the Poincaré sphere in the context of the
fully-retarded laser-stimulated EEG observable.

For suitably defined first order HG and LG transverse states, the magnitudes of the transition cur-
rents associated with transitions to the outgoing Gaussian state are of equal magnitude (SI). Thus, since

(¥#|W¥;) 2z = 0, this motivates the definition of the transverse EEG probability spectrum

2
/dz eV Ee(Ro, 2) - I 5| 0(w — we), (3.5)

2
e
) = (o
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Figure 3.2: Conventional and transverse EEG spectrum images for a 90 nm diameter Ag sphere in the
dipolar limit. Each row considers optical excitation polarization described by unit vector €. Column 1
presents the optical response field of the excited target, column 2 (red) contains spectrum images resulting
from conventional EEG measurements, and columns 3-6 (blue) present transverse gain spectrum images for
the J i cases presented in Figure la. All results are evaluated at the dipole localized surface plasmon energy
of 3.25 eV for electrons traveling along z at v = 0.7c.

where m is the electron mass, wg is the beam waist at the focus, and jfi € {x,y,0n1} (Figure 3.1b).
Evidently, the EEG, observable measures the Fourier transform of the response field projected onto J #i
along the electron trajectory. The feasibility of detecting the EEG_ signal can be assessed using the ratio
of transverse to conventional gain probabilities. Assuming a 60 keV electron, with a STEM electron beam
waist of wyg = 1 A, we estimate the ratio of EEG | to EEG) can be as large as ~ 10~%. While this ratio
is small, both the EEG| and EEG, spectrum amplitudes scale with the stimulating laser intensity and
could be detected on zero background with the development of high-quality state sorters [26,47,102—104].
Indeed, transitions between a first order HG and outgoing plane wave state have already been experimentally
observed in the EEL observable [49]. Comparable EEG| and EEL signal amplitudes have been demonstrated
experimentally [105] with stimulating cw laser intensities up to Iy ~ 5 x 108 W/m? before the onset of
photothermal heating induced particle melting.

Mode symmetries of the target can be observed directly in conventional and transverse EEG spectrum
images, which can be acquired experimentally via hyperspectral imaging. For a single spherical target in the

fully-retarded dipole limit, Egs. (3.2) and (3.5) can be evaluated analytically for the various combinations
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of optical polarization state € € {X,¥,n4} and initial and final electron transverse states such that J fi €
{%,y,04} when |¥,) # |U;) and J;; = z when |¥;) = ) (SI). Spectrum images are presented in Figure 3.2
for a single 90 nm diameter Ag sphere. Each row considers optical excitation polarization described by unit
vector €. The first column presents the optical response fields E; of the excited target in the plane through the
sphere center. The gray vector field superimposed on each surface plot shows the in-plane response field at a
point in time where E¢ is primarily oriented along x. In the top panel, the underlying color map corresponds
to |Ex(R)| within the z = 0 plane. In the circularly polarized cases é = n., the bright-to-dark contrast
represents the field magnitude, while the phase of the response field at position R when E; is oriented along
R is indicated by the underlying color map.

Spectrum images resulting from EEG| measurements are presented in the second column (red) of Figure
3.2, which depend only on the J fi = z components of the response fields. It is worth noting that EEG
spectroscopy cannot distinguish between € = ny cases for achiral targets [106]. Columns 3-6 (blue) present
normalized transverse gain spectrum images for the specific J i transitions presented in Figure 3.1b. The
EEG, spectrum images arising from the spherical target each exhibit left-right and top-bottom reflection
symmetries. FEach optical polarization € produces unique EEG spectrum images that are distinguishable
from one another in all cases, illustrating the utility of EEG, nanospectroscopy for directly interrogating
excited mode symmetries.

To calculate EEG spectra and spectrum images for more realistic systems beyond spherical particles in
the dipole approximation, we developed a fully numerical solution procedure stemming from the optically
induced target response field calculated via numerical solution of Maxwell’s equations [107]. Both EEG;
and EEG | spectra are evaluated using Eqs. (3.2) and (3.5), respectively, by numerically integrating the
target’s optically induced response field projected onto the direction of the transition current J i dictated by
the selection of incoming and outgoing transverse electron states over the electron trajectory (SI). We next
investigate a dimer system composed of two 50 nm diameter Ag spheres separated by a 10 nm surface-to-
surface distance in a background refractive index of unity. Its optical extinction, spontaneous EEL, EEG,
and EEG spectra are presented in Figure 3.3. The dimer is excited by a plane wave with wave vector along
z and polarization along the dimer axis € = x. Its response field E; in the z = 0 plane is presented in the
top panel of Figure 3.3a at 3.2 eV, corresponding to the spectral location of the optically bright, in-phase
collinear dipole LSP mode.

The resonant modes of plasmonic dimers have been investigated previously using EEL; and EEG
nanospectroscopies [95, 108, 109]. Placing the electron beam on the dimer axis precisely halfway between
the spheres, the position labeled by the dark blue circle in Figure 3.3a, yields the dark blue EEL spectrum.
At this impact parameter the lowest-energy excitation the probe couples to is the optically dark out-of-phase
collinear dipole LSP mode near 3.5 eV. Alternatively, placing the electron beam at one end of the structure,
indicated by the light blue circle in Figure 3.3a, excites both the in-phase and out-of-phase collinear dipole
LSP modes at 3.2 eV and 3.5 eV, respectively, as well as higher-order coupled LSP modes as observed in
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Figure 3.3: Electron energy loss and gain for an Ag sphere dimer. (a) Normalized EEL| and EEG| spectra
for selected impact parameters indicated as colored dots in the top panel showing the LSP response field
E; near the dimer at 3.2 eV for € = %x. The overlaid green arrows indicate the in-plane xy components
of the response field. The marked impact parameters are each 5 nm from the NP surfaces. Normalized
optical extinction spectra for the dimer (black) and individual sphere (gray) are included for comparison.
The stimulating plane wave field, when present, is polarized along € = % and the electron speed is v = 0.7¢
in all cases. (b) Normalized EEL and EEG| (red border) and EEG, (blue border) spectrum images for the
sphere dimer system excited by light polarized along X at 3.2 eV. The transition current unit vector J fi ls
labeled at the bottom right of each spectrum image.
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the EEL spectrum traced in solid light blue. The EEG spectrum at this impact parameter (dashed light
blue trace) is dominated by the optically-bright dimer mode near 3.2 eV as expected based on the differences
between EEL| and EEG|| measurements (Figure 3.1a). The EEG | spectra at the light blue impact parameter
(SI) are found to be qualitatively similar to the EEG| spectrum in Figure 3.3a.

Figure 3.3b shows the normalized EEL|| and EEG|; spectrum images (red border) alongside the normalized
EEG | spectrum images (blue borders) at 3.2 eV for € = % and jfi € {x,y,n,}. Notably, both EEL| and
EEG| spectrum images exhibit negligible probability in the gap between the NPs despite the response electric
field associated with this mode having the largest amplitude in this region. The elevated enhancement of the
EEL) probability at the top edges of the spheres (i.e., the points furthest from the dimer axis) relative to
the EEG| probability at the bottom edges is indicative of coupling to nearby higher-energy dimer modes in
the EEL|| observable, such as the in- and out-of-phase dipolar LSP modes oriented transverse to the dimer
axis. Signatures of the transverse modes are absent in the EEG observables as they are not stimulated by the
€ = X plane wave excitation. In the J fi = ¥ case, the regions of space where this EEG probability is high
at 3.2 eV closely track those where the response field in Figure 3.3a possesses an appreciable ¥ component.
Similarly, if |¥;) = [UHEG) or |ULS)), making jfz- = X or ny, the spectrum image at 3.2 eV is strongly
localized along the dimer axis between the spheres where the response field is predominantly polarized along
%. This dimer example highlights the additional wealth of information regarding the spatially-varying vector
content of the laser stimulated field that can be accessed using EEG | nanospectroscopy.

The electron transition helicity degree of freedom associated with [W%§)) — [Wgg) transitions can addi-
tionally be leveraged to probe the chiral responses of targets such as the double rod Born-Kuhn structure [110]
considered in Figure 3.4. The scheme in Figure 3.4a shows the left-handed dimer composed of two 30 nm
by 100 nm Au rods arranged in an L-shape with a 40 nm relative displacement of the rod centers along z.
Figure 3.4b shows the optical extinction spectra for incident wave vectors along z and polarizations € = ny
(red) and n_ (blue). As observed for related rod structures [111,112], both incident field helicities couple,
albeit with unequal strengths, to the bonding and anti-bonding rod modes, marked as vertical dashed gray
lines, at 2.03 eV and 2.12 eV, respectively. The optical circular dichroism (CD) spectrum, the difference
between extinction spectra for € = n4 polarized plane wave excitation, is shown in black and exhibits the
rod system’s chiral response.

While optical CD probes the global chirality of the target, EEG, nanospectroscopy allows the local
helicity of the laser-stimulated response field to be probed directly on the nanometer length scale. Figure
3.4c presents the J;; = fny (left) and n_ (right) EEG, spectra of the rod system under € = f; plane wave
excitation. The EEG spectra clearly exhibit a strong dependence on the impact parameter and on the
helicity of the electron transition current. In analogy to the optical CD observable, we define the position-
dependent EEG CD as CD&pq (R, w) = FggG:ﬁ*(R,w) - F'];fEC:;n’ (R,w). The EEG CD spectra at each of
the impact parameters indicated in Figure 3.4a are plotted in Figure 3.4d. Unlike the optical CD which

is positive-valued at the energy of the bonding mode, the sign of CDEEG varies with position. Figure 3.4e
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Figure 3.4: EEG characterization of a chiral plasmonic rod system. (a) Scheme of the Au rod system with
colored arrows indicating locations of various electron trajectories. The EEG| spectrum image at 2.03 eV
is included below the structure for € = n. (b) Optical extinction spectra for incident wave vectors along z
and € = ny (blue) and n_ (red). The optical CD spectrum, scaled by a factor of 2 for improved visibility, is
shown in black. (¢) EEG spectra for € = n; and jfi =n, (left) and n_ (right). Trace colors correspond
to the electron trajectories marked in panel (a). (d) EEG CD spectra for each of the electron trajectories in
panel (a). (e) Spatial maps of the EEG CD at 2.03 eV. (f) Spatial variation of the local response field CD at
z=0nm and 2.03 eV.
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presents EEG CD images in the vicinity of the nanorods for stimulating laser fields of both helicities.

As shown in the SI, CDgp (R, w) o |Ee(R,q,w) - 04 |2 — |E¢(R, ¢,w) - i_|?, which in turn is related to
the optical spin density of the component of the target’s near-field with wave vector equal to the transfer
momentum ¢ = w/v. While the EEG CD is nonlocal, i.e., it depends on the response field at every point
along the electron trajectory, it is reminiscent of the local field CD, which is defined here as CD]%(R7 zZ,w) =
|Ec(R,z2) - 1y |? — |Ee(R,2) - n_|?>. This quantity is of physical interest as it dictates, for example, the
differential coupling strength of a chiral emitter at position r = (R, z) and with transition dipole vectors ny
to Ee(R, z) [113]. Spatial maps of CDg(R) are presented in Figure 3.4f in the z = 0 plane located halfway
between the displaced rod centers for both incident optical helicities. Direct comparison of the EEG and local
field CD spatial maps shows that while there are observable differences, they are qualitatively similar. This
similarity is reasonable given that the response field evaluated along the electron trajectory attains its largest
amplitude in the vicinity of the target, meaning these locations provide the dominant contributions to the
EEG, signal (SI). Indeed, the connection between CDg(R, z,w) and CD%pq (R, w) mirrors the connection
between the local EMLDOS of physical importance and the longitudinally nonlocal generalized EMLDOS
probed directly by conventional EEL measurements [80,81].

3.4 Discussion

By leveraging transitions between phase-structured free electron transverse states combined with continuous-
wave laser excitation we have developed a version of EEG nanospectroscopy capable of probing the 3D
polarization-resolved response field of an excited target with nanoscale spatial resolution. We derive a gen-
eral expression for the EEG probability spectrum for transitions between arbitrary incoming and outgoing
transverse electron states that is valid in the fully-retarded regime. By monitoring selected transition channels
between incoming and outgoing Hermite-Gauss and Laguerre-Gauss transverse states, specific vector compo-
nents of the laser-stimulated response field can be selectively probed. Example calculations for several proto-
typical nanophotonic systems are investigated to highlight the utility of phase-shaped EEG nanospectroscopy
for determining mode symmetries, which is currently challenging using other experimental techniques. We
also demonstrate that EEG | measurements allow the local helicity of the target’s laser-stimulated response
field to be probed directly. Although this work considered only cw laser-stimulated EEG measurements,
which are only sensitive to bright modes of the target, the excited target states could also be populated
by other means, for example thermally [114-116], which may allow optically dark modes to contribute to
the EEG signal. This is an example of one key advantage of phase-shaped EEG relative to polarized EEL
for 3D field tomography — the identity of the source generating the response field produced by the excited
target is fully decoupled from the probing electron in EEG processes. Taken together, phase-shaped EEG
nanospectroscopy builds on recently-developed STEM technology, such as vortex beam generation and state-

sorters, and will constitute a powerful addition to the rapidly-developing nanoscale field imaging toolset in
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the near-future.
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4.1 Abstract

Advances in the ability to manipulate free electron phase profiles within the electron microscope have
spurred development of quantum-mechanical descriptions of electron energy loss (EEL) processes involving
transitions between phase-shaped transverse states. Here, we elucidate an underlying connection between two
ostensibly distinct optical polarization analogs identified in EEL experiments as manifestations of the same
conserved scattering flux. Our work introduces a procedure for probing general tensorial target characteristics

including global mode symmetries and local polarization.

4.2 Introduction

Inherently necessitating the exchange of both energy and momentum, measurements involving the ab-
sorption and scattering of optical waves and energetic particles provide a wealth of information characterizing
atomic, molecular, and nanoscale systems. Selection rules based on the optical polarization degrees of free-
dom, in particular, are indispensable tools for probing target excitation symmetries, albeit with spatial reso-
lution limited by optical diffraction. With their atomic-scale de Broglie wavelength, high-energy (100 — 200
keV) electrons in the scanning transmission electron microscope (STEM) offer superior spatial localization but

lack polarization degrees of freedom since they are accurately described by the scalar Schrodinger equation.
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Despite this deficiency, it was shown early on that transverse linear momentum transfer fiq, in widefield
near-edge electron energy loss (EEL) processes could be exploited to selectively probe atomic inner shell
excitations with distinct symmetries [78] and more recently to probe transversely polarized electric fields
on the atomic length scale [117]. A formal connection between the photon polarization € in X-ray absorp-
tion measurements and hq, during core-loss inelastic electron scattering measurements was established in
the electrostatic limit [76,77,79,118,119], culminating in the experimental realization of magnetic circular
dichroism measurements within a TEM [54,120].

Improved monochromation and aberration correction technologies, on the other hand, have enabled
STEM-EEL characterization of plasmonic [70, 121], nanophotonic [122,123], and phononic [115, 116, 124]
systems in the low-loss (< 10 eV) regime with nanometer-scale spatial resolution. At such low ener-
gies [68,101], the STEM-EEL observable primarily probes the component of the generalized electromagnetic
density of optical states (EMDOS) of the target specimen projected along the TEM axis [80,81]. How-
ever, following the demonstration of vortex electron beams carrying quantized orbital angular momentum
(OAM) [44,45], there has been considerable interest in studying OAM transfer between vortex free electron
states and atomic [125,126] as well as nanophotonic [87-89] targets. In particular, it was demonstrated that
the symmetries of excited plasmonic modes could be controlled by pre- and post-selection of the transverse
wave functions of the probing free electrons [49,127]. More recently, a quasistatic theory was presented in
which the transition dipole &J%Z arising during transitions between spatially localized phase-shaped transverse
electron states plays the role of an optical polarization analog (OPA) in EEL processes, allowing access to
additional components of the target’s generalized EMLDOS [48]. Despite the coexistence of the cAlﬁ OPA
in low-loss STEM-EEL measurements, and the q; OPA in core-loss scattering processes, the connection
between these two OPAs has yet to be made explicit.

Here we present a general theoretical framework for describing fully retarded inelastic electron scat-
tering and elucidate the notion of and relationships between OPAs in such measurements. Employing a
formalism that explicitly accounts for the swift electron transverse degrees of freedom, we uncover an un-
derlying connection between the two ostensibly distinct OPAs previously identified in linear momentum-
(LM-) and OAM-resolved measurements under wide-field and focused beam conditions. Despite their ap-
parent differences and regimes of applicability, the ¢, and &ﬁ OPAs arising during LM and OAM transfer
processes are both manifestations of the transverse components of the transition current density arising in
our current-current response formalism. Numerical calculations highlighting the utility of phase-shaped EEL
nanospectroscopy for determining mode symmetries and probing the 3D polarization-resolved response field

of a plasmonic dimer target with nanoscale spatial resolution are presented.
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Figure 4.1: Electron energy loss and optical extinction processes. (A) Scheme showing the EEL
process within the current-current response picture. (B) Scheme depicting the optical plane wave extinction
process within the current-current response picture. Electromagnetic radiation sourced by a point dipole
current density Je located at position x, and polarized along € interacts via the target with a mirrored
observer dipole at —x, (C) Free space optical polarization states € represented on the Poincaré sphere.
Underlying color maps represent the transverse phase profiles E¢(x,z3 = 0) - 7, where 7 is a unit vector
within the x plane.

4.3 Results

Within the first Born approximation, the rate of scattering from the initial light-matter state |i) |0),
describing initial electron state |i) and target ground state |0), to a given final state |f)|n) is equal to that
found using Fermi’s golden rule with the interaction potential V= (e/ 2mc)(A -p+p- A) in the generalized
Coulomb gauge [128] defined by V- [e(x)A(x, t)] = 0 with zero scalar potential. The electron charge is —e and
Gaussian units are used throughout this work. Employing a mode expansion of the target’s vector potential
Ax,t)=>, af AL (x)etiont 4 an ALY (x)e~ ™t the state-to-state frequency-resolved EEL transition rate

becomes (see Materials and Methods).

2

Wi ) = 35 L |5 [ dx A0 3500 6o — i)l =)
= _%/dx dx’ Im{ ;Z(x) CG(x, X, w) 'in(xl)}d(w — wif) (4.1)
42

=+ dxdx J3;(x) - o(x,x",w) - T 5 (x)0(w — wif),

where E;; = hw;s is the energy difference between initial |i) and final |f) electron states, o(x,x’,w) =

(—2w/m)Im{G(x,x’,w)} is the generalized EMDOS tensor, and G(x,x’,w) is the induced vector Helmholtz
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Green’s tensor. The free electron transition current density,

ihe

35ix) = 2 { V5 OVi(x) — i (x) Vi (x0) }, (4.2)

is fully determined by the initial and final electron states and its orientation determines which components
of the generalized EMDOS tensor contribute to w}oiss (w) at each point in space (Figure 4.1A). Meanwhile,
the optical extinction cross section is often presented as Tex(w) = 4m(w/c)Im{€* - a(w) - €}, where a(w) is
the polarizability tensor characterizing the response of the target located at x; to plane wave excitation with

polarization unit vector €. The optical cross section can be alternatively expressed in a form very similar to

Eq. (4.1), e.g., (see Materials and Methods)
1
Oext (W) = 47r1m{ — /dx dx' Ji(x,w) - G(x,x',w) ~Jg(x’,w)}, (4.3)

by imagining that the incident plane wave field E¢ is sourced by a point dipole with amplitude p located far
away from the target at position x,, and characterized by current density Je(x,w) = —iwpd(x —x,)€ as shown
in Figure 4.1B. Here, Je is locked to €, which is in principle any arbitrary free photon pure polarization state
described by a point on the Poincaré sphere (Figure 4.1C), where antipodal points {€;,€é>} and {€é,,€é_}
describe linearly and circularly polarized light, respectively. Spatial maps of the plane wave electric field
E¢(x1,23 = 0) (green arrows) with wave vector along X3 are shown for each of the four antipodal points
indicated. Underlying color maps show the transverse phase profiles E¢(x),z3 = 0) - 7, where 7 is a unit
vector within the x; plane and is noted within each plot.

The connection between € in optical measurements and J ]%Z in EELS is determined by the identities of
the initial and final free electron states. If the electron wave function can be separated within an orthogonal
coordinate system with x = (z1, 22, 23) and translational invariance along 3, then the wave function can
be written as ¥(x) = W(x )e*s%s = Uy (z1)Ws(x2)e*®* and the transition current density decomposes into
transverse and longitudinal parts Jp;(x) = J5;(x 1 )e" @™ + J]ui(x)fcg, where g = kj — k} is the longitudinal
momentum transfer. These conditions on 1(x) may be satisfied within the Cartesian as well as polar, elliptical,
and parabolic cylindrical coordinate systems [129]. Given the ability to perform EEL measurements with
pre- and post-selection of free electron transverse states with rationally sculpted phase profiles, full control
may be exerted over the characteristics of J j;i(x), permitting the construction of conventional OPAs as
well as other more exotic structured light analogs [130], including radially and azimuthally polarized J j;l(x)
(Supplementary Materials). In particular, OPAs can be defined by identifying pairs of initial and final states
such that J f(x1) = J #; is position-independent and described by a point on the Poincaré sphere shown
in Figure 4.1C with antipodal points constructed from unit vectors x; and X;. To do so, we note that
Jsi(x)-%; (j = 1,2) vanishes provided (1) ¥;(z;) remains unchanged during interaction with the target, and
(2) Arg{\Ifj(xj)} is constant. Necessary conditions and a general OPA construction are discussed more fully

in the Materials and Methods.
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Figure 4.2: Optical polarization analogs in phase-shaped EELS. Schemes showing (A) plane wave
|00) — ki), LM-resolved and (B) Laguerre-Gauss [00); o — |LG); OAM-resolved EEL measurements.
(C) Schematic representation of transitions between the |00) transverse plane wave state with constant
phase (sphere center) and other states with transverse wave vector magnitude k£, and non-uniform phase
arranged around the Poincaré sphere. Reciprocal space probability densities and real space transverse phase
profiles over one transverse wavelength A; = 27 /|q | are shown for the states at the four antipodal points
indicated. (D) Spatial maps of the transition current density J j;l(x 1,23 = 0) (green arrows) for transverse
state transitions represented by white arrows in panel (C). Underlying color maps represent the phase profiles
of J ]%Z(X 1) - M, where 7} is noted within each plot. (E) Schematic representation of transitions between the
|00), state and superposition states with i/ units of OAM arranged around the Poincaré sphere. Real
space probability density and transverse phase profiles are shown for the states at the four antipodal states
indicated for £ = 1. The radius of the white circle is equal to the beam waist wq. (F) J7;(x1,23 = 0) (green
arrows) for transverse state transitions represented by white arrows in panel (E) for A =1 (red) and A¢ = 2
(blue). Underlying color maps represent the phase profiles of J j;i(x 1)-n.
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Importantly, the requisite pre- and post-selection transverse phase measurements underlying the OPA
construction presented here are currently achievable; LM- and OAM-resolved EEL processes, shown schemat-
ically in Figures 4.2A and 4.2b, respectively, constitute two well-known examples of such measurements. In
its simplest realization, the LM-resolved measurement involves the preparation of an initial plane wave state
|k;), which evolves into a different superposition of plane wave states via interaction with the target specimen.
Post-selection of the final transverse state |ky) fixes the LM transfer hq = i(k; —ky) and can be accomplished
via spatial filtering within the diffraction plane [117,131]. Similarly, figure 4.2B depicts OAM-resolved EEL
processes, where OAM state generators [104, 132—134] and sorters [47,102] perform selection of initial and
final vortex states with well-defined OAM. An expanded discussion of experimental considerations concerning
phase-shaped EELS measurements is provided in the Supplementary Materials.

Consider, for example, transitions between electron plane wave states |k) = |k, ) |ks), where |k ) = |k k2)
denotes the transverse LM state with |00) defining the plane wave oriented along the TEM axis. Figure 4.2C
shows a Poincaré sphere with the surface composed of all transverse plane wave states with fixed transverse
wave vector magnitude &, , and the |00) state characterized by constant spatial phase profile at the sphere
center. For any transitions between the |00) state and a state on the sphere surface, the transverse linear
momentum transfer hq; = hk, fixes the radius of the sphere. Spanning the equatorial plane are the |k, 0)
and |0k, ) states characterized by phase profiles independent of x5 and z1, respectively. The superposition
states |kT) = (1/v/2)[|k1 0)+i |0k )] are located at the vertical pair of antipodal points. The reciprocal space
wave function density and real space transverse phase are shown over one transverse wavelength A | = 27/|q |
for the four antipodal points indicated.

Although [00) — |00) transitions lead to J;(x) purely along %3, J 7;(x) = (—he/2mL?)(2k; — q)e'4™
if the final state consists of a single plane wave component with wave vector k¢, where J }2 (x) oc g efa™
and L is the box quantization length. Figure 4.2D presents Jf;i(xJ_, x3 = 0) for transitions between the |0 0)
state and the four antipodal states on the surface of the sphere in Figure 4.2C (marked as white arrows).
The spatial periodicity of the plane wave wave functions is inherited by J ﬁ (x1), leading to spatial variation
of the sign of the X; and X, components of J j;i(x 1) at the equatorial antipodal points, as well as sign and
orientation variation at the vertically oriented antipodal points. However, when |q|d < 1, where d is
the characteristic transverse length scale of the target, the magnified regions in Figure 4.2D show J J%Z (x)
becomes approximately independent of position and is oriented along @, in the vicinity of the target. Thus,
the resulting J ﬁ ~ q, Poincaré sphere becomes equivalent to that used to characterize optical plane wave
polarization states in Figure 4.1C. This is precisely the dipole limit discussed previously in the core-loss
literature identifying g, as the OPA in plane wave based measurements [54,77,79,118].

Meanwhile, another Poincaré sphere can be constructed using the cylindrically symmetric and trans-
versely localized Laguerre-Gauss (LG) [¢p);, transverse states (Figure 4.2E), where Af is the OAM, p
labels the number of radial nodes, and wg is the beam waist. The |££0);, and superposition states

100), = (1/vV2)(|+€0) ¢ +|—£0) ) and [€0)_ = (1/iv/2)(|+£0); ¢ —|—L0) ¢ ) are located at the vertical
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and equatorial antipodal points, respectively. As in Figure 4.2C, the |00), . state with constant transverse
phase is positioned at the sphere center such that transitions between the state at the center and states on
the sphere surface are associated with transfers of A units of OAM. The real space wave function densities
and transverse phase profiles are presented for A¢ = 1. Js;(x) acquires components transverse to Xz only
when there is a transition between transverse free electron states. Figure 4.2F shows J ﬁ(x 1) for transitions
(marked as white arrows in Figure 4.2E) between the uniform phase state at the sphere center and the four
antipodal points shown on the surface for A¢ = 1 (red) and A¢ = 2 (blue). While the A¢ = 2 transition
current densities possess the symmetries required to excite quadrupolar target excitations, they do not con-
stitute an OPA as defined here due to the spatial variation of J f;i (x1). This situation reflects the general
relationship [41] between the LG OAM states and the Hermite-Gauss (HG) states, the latter of which are
separable in the Cartesian coordinate system. Only in the particular case of A¢ = 1 are the equatorial
antipodal states related to the first order HG states, characterized by phase profiles independent of y and
x, respectively, by [¢ =10), = |§9)gq [48]. In this case, the orientation and spatial phase profiles of jﬁ at
the four A¢ = 1 antipodal points of Figure 4.2F are identical to those associated with the electric field of
circularly polarized light presented in Figure 4.1C, satisfying the necessary OPA conditions.

Due to the delocalized (localized) nature of the plane wave (LG/HG) states, it is conventional to describe
EEL measurements involving plane wave and LG/HG states in terms of the double differential scattering
cross section %0 /OE; ;O and the state- and energy-resolved EEL probability I'; observables, respectively.
Specializing to the Cartesian coordinate system with (x,y, z) = (R, z) and impact parameter R = Ry, both

loss

observables are related to w ™ (w) in Eq. (4.1) by (see Materials and Methods)

8%c _L6<2m2)2(ﬂ>fd(ﬁw)
OE; ;002 — 4mh g I{ci1 27 % w;oiss(w)7 (44)
fi(Ro, ) ey

where ;5 = 1/\/W7 kijg =mu; ¢ /h = 'yi/fmv?/f/h, v?/f are the initial and final electron speeds,
and the non-recoil approximation d(w — w;y) ~ (1/v;)d(q — w/v;) is invoked in the lower expression. These
observables are compared for a representative nanophotonic system composed of two 60 nm x 30 nm x 15
nm Ag rods with a 10 nm surface-to-surface gap along the dimer (y) axis.

Figures 4.3A,B show normalized §%0/0E; ;92 spectra (log scale) for 200 keV electrons in the loss energy
window containing the rods’ coupled surface plasmon modes, which were computed by adapting the e-DDA
code [135,136] to evaluate the observables in Eq. (4.4) using Eqs. (4.1) and (4.2) as described in the
Supplementary Materials. In Figure 4.3A, the incoming electron plane wave is aligned along the TEM axis
(6,¢9) = (0,0) and the outgoing plane waves emerge at angles (6, ¢) = (0 — 20 prad,7/2) such that q, is
purely along y. In this low-loss regime, the dipole limit with d,, < 0.05X (Figure 4.2C) is achieved for § <1
urad. As expected, the spectrum in Figure 4.3A for # = 1 urad is dominated by the bonding dipole mode

at 2.31 eV, which is accessible by optical plane wave excitation polarized along q; = y (see Figure S1). A
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Figure 4.3: Phase-shaped EEL measurements of an Ag rod dimer system. (A) Double differential
inelastic scattering cross section in the low-loss spectral region for scattering angles (6,¢) = (0 — 20 urad,
7/2) such that q; = ¢, y. (B) Same as (A) but for scattering angles (0, ¢) = (0 — 80 prad, 0) such that
q; = ¢ % (C) I'y;(R,w) within the spectral region containing the bonding (2.31 V) and antibonding (2.64
eV) hybridized dipole modes for Ry on (solid) and off (dashed) the center of mass position. Trace colors
denote J s, where iy = (1/v/2)(% £iy). (D) Optically-induced response field at the bonding mode energy
for incident wave vector along z and polarization along y. In-plane xy components of the vector field are
shown in red. (E) Polarization-resolved spectrum images of bonding (left) and antibonding (right) modes

for transitions between first order LG/HG states and the Gaussian state. J f; is labeled in each spectrum
image.

direct comparison is presented in Figure S2 of the double differential inelastic electron scattering and optical
extinction cross section spectra for small electron scattering angles. As the detection angle increases in Figure
4.3A, A, decreases and higher order excitations such as the y oriented antibonding mode at 2.64 eV grow into
the spectra [137]. Figure 4.3B presents §%0/0E; ;0N spectra for detection angles (6,¢) = (0 — 80 prad, 0),
such that q, is along X. Besides the longitudinally oriented modes above 3.5 eV that dominate at § = 0 in
panels (A) and (B), the modes near 3.25 eV in the optical extinction spectra under X polarization appear
for g, # 0 (see Figure S1). A clear connection between optical oext(w) and 9%0/OE; 00 exists at small
detection angles consistent with the dipole limit (Figure 4.2D). The required angular resolution (< 1 prad in
the present case) is currently achievable experimentally [131,132,138,139].

In the case of localized LG state transitions (Figure 4.2E), I'f; can be put into the form

-1
I'ti(Ro,w) = 7TthRe{ /dez J5HR, z,w) - Efi(R,z,w)} (4.5)

by introducing the induced field Ey;(x,w) = —47iw [ dx G(x,x’,w) - Jp;(x’,w) sourced by the transition
current density Jg;(x,w) = (mL/hk;)Jri(x) in the presence of the target, with w = g v; within the non-
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recoil approximation as explained in the Materials and Methods. When wy is small such that E;(x,w) ~
Efi(R()aZ?W)u

CpiRaw) = ohed T [ Bp(Ro, e/ (16)

where Jy; = [dRJIp(R,w) e /v = (—e/mu;){ (¥s|PLI¥;) + [(2p; — hqy)/2] (¥ f|¥;) 2}. Therefore, in
the narrow beam limit, the observable I';(Ry,w) is proportional to the real part of the Fourier expansion
coefficient of the target response field for the particular plane wave component propagating along the TEM
axis with wave vector magnitude equal to the longitudinal transfer momentum ¢ = w/v; and polarization
direction 57; In this limit, :7;_7 = 0 unless A¢ = +1 in which case :7; = jjc-l = &j;l (see Supplementary
Materials) as shown in Figure 4.2F. Figure 4.3C presents I';(R, w) evaluated numerically with the e-DDA
code [135,136,140] as discussed in Supplementary Materials using Eq. (4.6) for .:7; at the antipodal points
in Figure 4.2F as well as J ; | z for the transition |00); o — [00); within the spectral region containing
the bonding and antibonding hybridized dipole modes. Trace colors denote T i, while solid and dashed lines
indicate R positioned at, or displaced from, respectively, the dimer center of mass. At the center of mass
position, a conventional EEL process with no transition between transverse state (solid black) does (does not)
couple to the optically dark (bright) antibonding (bonding) mode. In contrast, when T fi = T j[i, the loss
functions exhibit peaks at the bonding, but not antibonding, mode. When Ry is displaced to a position of
lower symmetry, all electron scattering processes considered couple to both bonding and antibonding modes.

Polarization-resolved spectrum images can be collected via hyperspectral imaging by scanning Ry over
the target specimen. Although T'f;(R,w) is nonlocal in the z-direction [80,81], conventional (J f; = 2) and
polarization-resolved (ff fi = T ;) spectrum images can often be rationalized by considering the electric field
(Figure 4.3D). Figure 4.3E presents polarization-resolved spectrum images for loss energies matching the
bonding (left) and antibonding (right) mode energy, and for transitions between electron transverse states
indicated by the transition current unit vector T ri labeled in each image. It is evident upon comparison of
the spectrum images at the bonding mode energy and Figure 4.3D that the regions of space where I'f; (R, w)
is large closely track positions where E - T ti is appreciable. The polarization-resolved spectrum images
at the antibonding energy exhibit the expected nodal behavior at the origin for each T ti- This example
demonstrates the additional wealth of information that can be accessed using OPAs in phase-shaped EEL
measurements, highlighting commonalities and differences arising for pre- and post-selection of transverse

plane wave and LG/HG states.

4.4 Discussion

Owing to recently developed experimental techniques for manipulating free electron wave functions, inelas-
tic electron scattering between selected phase-shaped transverse states is emerging as a powerful addition to
the rapidly-developing nanoscale imaging toolset. By employing a fully quantum mechanical treatment that

explicitly accounts for the transverse electron degrees of freedom with fully-retarded light-matter interactions,
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we show that the transition current density J # plays the role of OPA in EEL measurements, and provide a
general prescription for constructing OPAs that mimic the polarization properties of free space optical plane
waves. The insight gained from the perspective suggested by our approach is used to demonstrate an un-
derlying connection between the two ostensibly distinct OPAs previously identified in the core- and low-loss
regimes under wide-field and focused beam conditions, respectively, and discuss the conditions required to
most closely approximate ideal OPAs. Example calculations for a plasmonic rod dimer are presented to high-
light the utility of phase-shaped EEL nanospectroscopy for determining mode symmetries and for probing the
3D polarization-resolved response field of a target with nanoscale spatial resolution. Although primary focus
is placed on developing free space photon OPAs, the procedure outlined for constructing J j;z along arbitrary
curvilinear coordinate directions is general and can be applied to generate more exotic structured light [130]
analogs that can couple to other desired target mode symmetries. The fully-retarded formalism employed
here is consistent with that used to describe laser-stimulated phase-shaped electron energy gain measure-
ments [5], setting the stage for time-resolved phase-shaped measurements in ultrafast TEMs [101,141]. The
ability to perform high-fidelity pre- and post-selection of the free electron state, as well as understanding
the role of transverse state coherence and its ability to be manipulated, in conventional and ultrafast TEM
experiments remains a current area of interest to experiment and theory. These techniques complement other
methods with state-of-the-art time and space resolution such as interferometric time-resolved photoemission
electron microscopy [63], which has been employed to image nanoscale spin and field textures with nontrivial

topology [142].

4.5 Materials and Methods

4.5.1 State- and Frequency-Resolved Electron Energy Loss Rate

Within the first Born approximation, the rate at which a free electron prepared in initial state |i) tran-
sitions to a final state |f), while simultaneously depositing a single excitation into the ¢th target mode (i.e.,
|0¢) — |1¢)), is given by Fermi’s golden rule

loss __

2
e = 21

- NP .
([lne|V[0g) i) ["6(E! — Efo). (4.7)
Using the identify (B! — Ef°%®) = h~! [ dw6(w — wif)d(w — wy), where hw;y is the energy loss of the
free electron and hwy is the energy of the excited target mode, the frequency-resolved transition rate can be

expressed as

Wl () = 22 | ULV I0010) (e = wig)3(e = ). (43)

Working in the generalized Coulomb gauge [128] defined by V - [e(x)A(x,t)] = 0 with zero scalar potential,
the interaction potential is V = (e/2me)(A - p + p - A), and the matrix element for an arbitrary electron

transition (]¢) — |f)) can be written in terms of the transition current density Jy; defined in Eq. (4.2).
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Explicitly,

(V1) = 5o [ dxax! (71 1A B+ b - Al xl)

= ;;ff / dx A (x) - 7 (x) Vi (x) - ;imec dx (5 (<)) [V - A + Ax) -0 (0 Vii(x)
= _2?;7(7;6 /dxA(x) (X)) Vi(x) — QZ::C dx 1 (x) 1 (x) [V - A(x)]
= 2 i A 030V + e [ A ) - {5 000 (6) + 0560V )

- / ax A - DL () V() — (X Ve x) )
= /dxA( ) - J5i(x).
‘ (4.9)

In going from the third to fourth lines of Eq. (4.9), the surface term generated by integrating by parts
has been assumed to vanish. The total transition rate associated with electron energy loss hw;; is found
by summing over all possible final excited states of the target, which are denoted by ¢ in Eq. (4.8).
This is facilitated by expanding the vector potential as A(x,t) = >, dLA%_)(x)e”“"t +a,ASY (x)e~iwnt
where A = c\/m f,(x) and A( = c\/m (x) are the positive and negative frequency
components of the vector potential written in terms of spatial mode functions f,(x), which satisfy the
generalized Helmholtz equation. Since we are considering only electron energy loss, Z€<14|A(x’ ,t)|02> =
S/ 2mhjwe £ (X)) et S, = S, AL (x’) and consequently for the conjugate process, > ,(0, |A(x, t)|1e)*
Y one c\/m fo(x)e “rigy =5 AE;F) (x). Inserting these matrix elements into Eq. (4.8) yields main text
Eq. (5.9), i.e

=3 C%Mu\ [ ax A 316010050 — i)t )
=3 g | i [AL00- 3300 [ALD 60 3]0 — e )
4;; e T30 | 32 0B 0)8e —)| 31 060500 ) (4.10)
[ axax gyt {— 2] Gx) | 355000 )

/dxdx I3 (x) - 0(x, X', w) - T i (x")0(w — wiy),

where G(x,x’,w) is the dyadic Green’s function [101], which connects the electric field produced at point x

to the sourcing current density J(x’,w) through the relationship

E(x,w) = —47riw/dx’(}(x,x',w) J (X w). (4.11)
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Due to the reciprocity property of the Green’s dyadic G(x1, X2, w) = GT(x2,%1,w),

/dxdx’.]*-i(x) ~Im{G(x,x’,w)} Jp(x) = /dx dx' Im{J%;(x) - G(x,x",w) - Ip:(x) }, (4.12)

and Eq. (4.10) can be alternatively expressed as

42 2
wiP(w) = % /dxdx’J}i(x) : [— Im{G(X, x’,w)H T pi(x")0(w — wiy)

T

g (4.13)

= —% dx dx’ Im{ Hi(x) - G(x,x,w) - in(x')}é(w — wif).
4.5.2 Optical Extinction Cross Section
The optical plane wave extinction cross section for an isolated dipolar target is
Oext (W) = 47T%Im{€* ca(w) - €}, (4.14)

where a(w) is the dipole polarizability tensor characterizing the target response to plane wave excitation

with polarization unit vector €. This expression can alternatively be expressed as
Oext(W) = 47rIm{E2 (xt,w) - a(w) - Eé(xt,w)}, (4.15)

where E¢(x;) is the plane wave electric field at the position of the target x;. A plane wave with polarization
€ directed along k can be viewed as though sourced by a point dipole at position x, with current density

Je(x,w) = —iwpd(x — x,)€ and k= —%, [101], since

E:(x,w) = —4m'w/dx'G0(x,x’7w) Je(x',w)
ik|x—x,| (416)
[1&’1 + vv} SR

x — x|

: péa

where J¢ and E; are understood to oscillate harmonically as e~** and the free space Green dyadic is

1 eik\x—x'|
G W)= ——— K1 —_— 4.17
O(XaX ,(U) A2 |: +VV:| |X*X/| ( )
Taking the source dipole position x, to be a large distance from the target and using the fact that k= —Xp,
Go(x, X’ Bt 418
- :
0(x,x',w) Arw? |x —x/| (4.18)
and
i , 2€ik\x7x'\ ,
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which establishes that E¢ || J¢ || € as desired. The optical extinction cross section can therefore be written as

d ! T (x,w) - Tiw x,%¢) - a(w) - (—4miw x4, %) - Je(x',w
UCXt(W)47Tc|Eé(xt,w)|2hn{/dde Ji(x,w) - (H4miw)Go(x, %) - a(w) - (—4miw)Go(xs, X') - Je(x/, )}

w 1 = . - / /
= —4ﬂcwlm{ /dxdx Ji(x,w) - (+47miw)Go(x,x¢) - a(w) - (—4miw)Go(xt, X') - Te(x ,w)}

! "Tix,w) - G(x,x,w) - Je(x/,w
—4ﬂcwlm{/dxdx T3(%w) - G %, w) - Te(x, )}
(4.20)
where

G(x,x',w) = (+471iw)Go(x, X;) - a(w) - (—4miw)Go(x¢, X), (4.21)

with the form of Gg defined in Eq. (4.18).
Target responses beyond the single dipole approximation can be evaluated using the discrete dipole
approximation [140], whereby the continuous target is represented by a collection of dipoles interacting self-

consistently under a driving field E¢. In this case, G(x,x’,w) can be expanded as [48,87]

-1
G(x,x',w) = Z(+47riw)G0(x,xj,w) : (al + 4ﬂ'w2G0) - (—Amiw)Go(x/, X', w). (4.22)
.y jjl

JJ
4.5.3 Optical Polarization Analogs

Suppose that the free electron wave function can be separated within an orthogonal coordinate system
with variables x1, z9, x5, i.e., ¥(x) = ¥i(x1)Pa(x2)Ps(x3), then the transverse transition current can be

expressed as

TH0) = e {2 060) [V 013 0c1)] = W) (T )] W3 o) ()
- 12?761{ 17 (1) V54 (72) [V LW(21)Wai(x2)] — Wri(m1) Wa;(22) [VJ_\IIIf(xl)\Ilgf(xz)] }\Ilgf(x3)\113i(gg3)

ihe 1 0Wy,(xq) R 1 OVa;(xa) .
= 27n{ lf(.’L'l)\I/Qf(.’L'Q) |:h,1 T@Qi(fﬂQ)Xl + E@ll(x )872 2|+
1 00 (1) 1, OW5(x2) .
= Wy (z1) Wa4(z2) {hl %Il\llgf(qf?)xl + hQ‘Iﬁf(iUl);;Q?Q] }‘1’3f($3)‘1’3i(113)
12 OV, oV (z1)] .
_ mne { hl \I/2f(l‘2)\1121($2) |:\I/>1kf(.’1,‘1)alx(1xl) — \I]h(xl)éfx(ll)] X1+
- U Oy (w2)] . ) .
-+ h—2\111f(x1)\111i(xl) |:\I/2f(:c2)a2x(22) — \IIQZ(I’Q);;?} XQ}‘I’?)f(I’g)\I’gi(ZEg)

(4.23)
where h,, is the scale factor associated with coordinate x,. It is evident that the %X, component of the

transition current density vanishes when

v
OV ! “} =0, (4.24)

0, [\Iffu = Uiy 7,
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where p,v = 1,2 with u # v. Provided ¥}, ¥;, # 0, and writing the wave function in polar form ¥, =

A(z,,)e®@n) with A € Ry and ¢ € [0, 2], this condition can be rewritten as

04; . 0p; 0Ay . loys
A i A =Ai| 5 —igrA : 4.25
f Ox,, +ig 81@] [8xﬂ i f@xu ( )
If f =4 and ¢; = ¢y = ¢, then this becomes
0¢ 1910)
=— . 4.26
Oz, Oz, ( )

This condition is satisfied if the phase ¢ is strictly constant. In summary, the %, component of J ]%i vanishes
provided (1) W;,(z,) = ¥y, (x,), and (2) Arg{V¥,(z,)} is constant.
OPAs can be defined, therefore, provided that pairs of initial ¥, ; and final ¥ ¢ free electron transverse
states can be identified such that the conditions
o, o
Wiy ovy,

- \Iliu
ox, o0x,

(4.27)

Us, Wiy [\II}V } #0

may be simultaneously satisfied. In such cases, a Poincaré sphere may be defined from J }%Z € {fcl, X9, X4 =
(1/v/2)(x1 £ if(g)}, and it is possible to realize J j;z at an arbitrary point on this Poincaré sphere using
suitable coherent superpositions of the initial and final wavefunctions used to define the antipodal points.
Two examples of such a Poincaré sphere construction within the Cartesian coordinate systems are presented
in Figures 4.2D,F, which involve transitions between wave functions constructed from states with well-defined
linear momentum (Figure 4.2C) and OAM (Figure 4.2E), respectively. The cases of radially p and azimuthally

¢ polarized J )%i are discussed in the Supplementary Materials and shown in Figure S3.

4.5.4 Fully-Retarded Double Differential Inelastic Scattering Cross Section

The total frequency-resolved inelastic scattering cross section o(w) can be defined by dividing the state-
and frequency-resolved loss rate w}oiss (w) from Eq. (4.13) by the incoming plane wave particle flux hk; /mL3

and summing over final electron states with Zkf — (L/ 277)3 [ dk¢, which gives

mL3 L3 loss
o(w) = ik <%) /dkfwfi (w)

e T (4.28)
2, loss
= (52) /dekfkfwﬁ ().
The angular- and frequency-resolved cross section is then
do(w) mL3 /L3 oss
Pt = (5) /dkfk}w;i (). (4.29)
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In addition to integrating out the explicit frequency dependence, the integral over the final wave vector
magnitude can be expressed as an integral over loss energy F;y due to the relativistic energy-momentum free

particle dispersion relation. Explicitly, dE;; = —(h?/m)ksdky, and

%:_ (4 h2) /dE (@)/d(h@ Wi (W), (4.30)

where k;/ p = muv;/; = vi/fmv?/f/h and v,/ =1/,/1— (v?/f/c)z. Consequently,

820 6 2m ? kf d<hw) loss
DB 00 - (47rh2> (k)/ o Wi (@)

2m h [k
_ 6 f loss
=L (47rh2> 27T<k‘ )wﬁ (wis),

which is identical to the double differential inelastic scattering cross section given in main text Eq. (4.4).

(4.31)

Explicit analytic double differential cross section expressions in the case of an isolated dipolar target, dis-
cussion of the quasistatic limit of this theory, and additional details concerning numerical evaluation of the

double differential cross section are included in the Supplementary Materials.

4.5.5 Fully-Retarded State- and Energy-resolved EEL Probability and the

Narrow Beam Limit

The energy-resolved loss probability is found by multiplying the frequency-resolved loss rate in Eq. (4.13)
by the time required for the electron to traverse the quantization length (mL/hk;), and by summing over all
the possible final electron momenta directed along the TEM axis (with &7 || ¢;), and dividing by 5, giving

mL2 qu 1
th w oss(w)

ff—/dqu/dxdx Im{mL J(x) - G(x,x',w) - hkL Jpi(x )}5(Wwif)a

I'ri(Ro,w) =
(4.32)

which is equivalent to the form given in main text Eq. (4.4). This state- and energy-resolved EEL probability
can be re-expressed in terms of the induced electric field sourced by Jy; in the presence of the target using

(4.11) with Jp;(x,w) = (mL/hk;)J r;(x). This yields

I'ti(Ro,w) = - dg Im{/dxhk.]fi(x)o <4mw)Ef1(x,w)}5(wwzf)

~ [ red B [ T a0 Bt ol )

The integral over longitudinal momentum transfers can be performed trivially by invoking the non-recoil

(4.33)

approximation [68], whereby the energy associated with transverse recoils is neglected during the consideration

of the trailing energy-conserving delta function in Eq. (4.33). The connection between w;; and ¢ is found
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within the limit of ¢ < k;, ky as

mc? mc?
1 [ chk;\° 1 [ chks\>

~ 2 < i . 2 < f 4.34
me|i g () |- mei+ 2 (5 | 439
1 (chki\? 1 ( chiky

o 02 mc? 2\ mc?

h2

= o (k7 = k3),

such that w;y =~ v;q).

As a result,

Ffz(R07

{ [ 33:00- B oo~ )
— hzw /dqu Re{/dez hk; J5H(R, 2) - Efi(R,Z,w)}(S(ql —w/vi) (435)

= Re{/alezJ}?i(R,Z,w)-Efi(R,z,w)}7

which is main text Eq. (4.5). In the final line, the longitudinal momentum transfer appearing in J5;(R, z,w)
and Ef;(R, z,w) is locked to ¢ = w/v;. The explicit connection between this fully-retarded form of the loss
function and the quasistatic version in Ref. [48] is presented in the Supplementary Materials.

When the beam waist of the electron probe wq is small compared to the length scale over which the
response field changes, then Ey; is approximately constant over the spatial domain where the current density
is appreciable, allowing E;(R, z,w) = Ef;(Rg, z,w) in the last line of Eq. (4.35). The EEL probability in

the narrow beam width limit, therefore, is

Lyi(Ro,w) =~

7T;wRe{ /dez T3 (R, z,w) - Epi(Ro, z,w)}

_ W;;wRe{/dz :/dRJ}i(R,z,w)} 'Efi(Ro,z,w)}

= el [ [ [ TR e e B )} 30
- w;wRe{/dz :/dRJ?(R’”)}E_W“" 'Eﬁ(Rmz,w)}

= ﬂ;;wRe{J*l /dzEfi(Ro,z w) —iwz/vi}’

where jfi = desz(R, w) e~ wz/vi — (_e/mvi){ <‘1/f|f)J_|\I/i> + [(Qpi—th)/Q] <\I’f|\lfi> i} is z-independent.

Additional details and analytic expressions for J ¢;(x,w) and J y; in the case of transitions between localized
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Hermite-Gauss and Laguerre-Gauss transverse states are included in the Supplementary Materials.
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Chapter 5

Inelastic scattering of transversely
structured free electrons from
nanophotonic targets: Theory and
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5.1 Introduction

Leveraging recent instrumental advancements in energy monochromation and aberration correction, in-
elastic scattering of free electrons has become an effective technique to spectroscopically characterize and
image atomic and molecular [143-145], biological [146-148], solid state [124,149-152], and nanophotonic
[153,154] systems with unprecedented spatial resolution. Simultaneously, optical spectroscopies and micro-
scopies based upon the absorption, scattering, extinction, and emission of electromagnetic waves continue to
be indispensable tools used to probe the same systems, albeit with spatial resolution limitations imposed by
the optical diffraction limit. Light-based spectromicroscopies can often be enhanced by taking advantage of
optical selection rules stemming from the intrinsic linear and spin angular momentum degrees of freedom of
the photon [155]. In addition to the polarization degrees of freedom arising from the intrinsic spin angular

momentum, photons can also be prepared in specific orbital angular momentum (OAM) states defined by
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the azimuthal phase ¢**¢ [41]. Due to the helical nature of their spiralling phase fronts, light beams charac-
terized by such a quantized topological charge ¢ are commonly referred to as optical vortex or twisted light
beams [156,157]. Motivated in part by the infinite dimensional Hilbert space offered by the OAM basis [158],
the ability to prepare [159], sort [160], and measure [161] these optical OAM states has driven applications
in quantum information science using photons with quantized azimuthal and radial labels [157, 162-166].
Moreover, transverse sculpting of the radiation field in general, has lead to the development of new gauge
transformations, such as the twisted light gauge [167, 168], construction of free space optical skyrmionic
beams [169], excitations of forbidden transitions in atomic isotopes [170], and the use of vortex « ray photons
to selectively probe high energy resonances in photonuclear reactions [171].

Unlike photons, electrons prepared and measured in currently available TEMs, STEMs, or ultrafast TEMs
(UTEMSs) are accurately described by the spinless free particle Schrodinger equation and consequently lack
intrinsic polarization degrees of freedom [157]. Despite this limitation, linear-momentum-based selection
rules based on quantum mechanical treatments of the inelastic scattering process have been long understood
and exploited in core-loss EEL spectroscopy [76,79,172,173] and have enabled measurements of magnetic
circular dichroism [54, 77,118, 174-176], characterization of site-specific defects in atomic crystals [177], as
well as visualization of the electromagnetic fields of atomic-scale systems [117]. Inspired by the creation and
manipulation of optical vortex states, developments of techniques for shaping the transverse phase profile [178]
and OAM content of free electrons via holographic masks [44, 46, 179], spiral phase plates [45], and shaped
laser pulses [133, 180] has been at the forefront of low-loss EEL spectroscopy (< 50 €V) [68]. Furthermore,
borrowing ideas from quantum optics, the preparation of free electron qubits carrying information in the form
of quantized energy or OAM states using laser pulses [100,181,182], holographic masks, or spiral phase plates
[183-185], has driven the continued development of free electrons as holders and propagators of quantum
information. In parallel, the ability to generate phase-structured incident electron states and sort them based
upon their OAM content [47] has fueled numerous investigations of inelastic electron scattering between states
with pre- and post-selected transverse phase profiles in the low-loss regime [4,5,48,49,87-89,127,186, 187].

In this paper, we expound upon a recently introduced theoretical framework describing the fully retarded
inelastic scattering of phase-shaped free electron beams in the electron microscope [4]. Specifically, with
emphasis placed on the low-loss regime, we investigate the theory of transversely phase-shaped EEL spec-
troscopy in both narrow beam and wide field limits and laser-stimulated EEG spectroscopy in the narrow
beam limit. Sec. 5.1 presents a derivation of the energy-resolved inelastic electron scattering rate, including
both EEL and EEG processes. Transversely structured free electron states that can be prepared within
currently available TEMs and STEMs are subsequently reviewed in Sec. 5.2. Section 5.3 introduces the
transition current density associated with transitions between such states. Expressions for EEL and EEG
observables are derived in Sec. 5.4 for both wide field and focused electron beams, including those with
nonuniform transverse phase-structure, such as twisted electron beams. Numerical implementation of the

presented inelastic electron scattering theory based on the method of coupled dipoles is described in Sec.
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(a) delocalized (b) localized
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Figure 5.1: Scheme showing the inelastic scattering of transversely delocalized and localized free electrons
with wave functions of the separable form W(x, )e?*173. (a) Initial electron plane wave (red) with wave
vector k = (ki ,k)) interacting with the vector potential (shaded green) of a target specimen. Following
the interaction, the electron is post-selected for the plane wave state k' = (k' , k|) (blue). The momentum

recoil wave vector associated with this transition is ¢ = k — k’. (b) A transversely localized electron beam
with pre-selected transverse wave function ¥;(x ) (red) interacting with the same target and post-selected
in \I’f(Xl) (blue)

5.5, including EEL and EEG probabilities and the EEL double differential scattering cross section (DDCS).
Numerical calculations are presented for prototypical nanophotonic systems, underscoring particular advan-
tages of our numerical approach, including its: (1) flexibility regarding target size, shape, composition, and
number, (2) facile extension to accommodate arbitrary initial and final free electron transverse states, and
(3) ability to capture signatures of matter-wave diffraction and interference arising from scattering from

individual and multiple nanoscale targets. Gaussian units are used throughout.

Inelastic free electron scattering: State- and energy-resolved EEL

and EEG rates

Here we review the retarded theory of inelastic electron scattering for the calculation of EEL and laser-
stimulated EEG processes [4, 5, 68, 75, 80,90-92,94]. The target material is described through its bound
electromagnetic responses characterized by dielectric function £(w), while the electron probe is examined for
both delocalized and localized electron wave functions. The light-matter potential governing such interactions

takes the form

v=_1F (A-f}+f)~A) (5.1)

under minimal coupling in the generalized Coulomb gauge [128] V - £(x)A(x,t) = 0, where the p® term
makes no contribution in the absence of free charges describing the target. The probing electron’s charge
and mass are —e and m, and c is the speed of light in vacuum. A and P are quantum mechanical operators

for the vector potential of the target and linear momentum of the free electron probe, respectively.
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Owing to the inherently weak nature of electron-photon coupling, the inelastic scattering probability
can be obtained using first order time-dependent perturbation theory. The transition rate describing the
scattering of an electron from initial state |¢;) to final state |¢;) while simultaneously exciting/de-exciting

the target from initial state |®,) to final state |®,/) is given by
Z (@l V) )| 5(By — B, (5.2)

where E; = he; + hw, and Ey = hey + hw,s are the initial and final energies of the composite system,
heijp = 'yi/fmc2 represents the initial/final energy of the probing electron, and v;/; = [1 — (vi/f/c)z] —1/2
are the initial/final Lorentz contraction factors. Sec. 5.2 details specific TEM and STEM electron states,
including those that are phase-shaped transversely to their propagation direction (see Fig. 4.1), but for now

we remain agnostic to their identity. After some algebra, the transition matrix elements of the scattering

potential in Eq. (5.1) can be expressed as

Vi ui(t) = (@ur (05 [V (1) [43) |21,)

1 (5.3)
— (@]~ ¢ [ dxAGD)Tpx0l,)
where J f;(x,t) = J i(x)e~ =€t is the transition current density [4] with
the ., x
Jri(x) = o [0 (x) Vb (x) — i (x) V7 (x)] (5.4)

defined in terms of the probe scattering states 1;(x,t) = v;(x)e ™" and ¢ (x,t) = ¢s(x)e **s*. By con-
tinuity, i.e., V- Jpi(x,t) = —pri(x,t), Jyi(x,t) is connected to the transition charge density ps;(x,t) =
—ep}(x, t)i(x,t).

EEL and EEG scattering rates each derive from Eq. (5.3), but involve different vector potentials of

distinct physical origin. In the case of EEL, solving the vector Helmholtz equation on the domain of the target

produces a set of eigenmode functions f, (x) and associated eigenmode frequencies w, ', which serve as a basis

to expand the target vector potential [128]. In terms of this set {f,(x)},, A(x,t) = ZU[A,(,H (x)a, e vt 4

Aﬁ)(x)alei‘*’"t], with A(+ = ¢/ 2mh/w, £, (x (x) = e/27h/w, £ (x), and A(Jr It = = ALY, where

al (a,) are creation (annihilation) operators responsible for inducing optical excitations (de-excitations) in

the vth target mode. In the case of EEG, the target vector potential can still be expanded onto the {f,(x)},

basis, however, it is the response vector potential induced by a stimulating laser field. In either case, Eq.

1 As presented, the eigenmode expansion of the vector potential is rigorously correct only for lossless dielectric cavities. Losses
can be incorporated from the outset by instead expanding the vector potential onto the basis of quasinormal modes [188-190].
The resulting EEL rate expressions exhibit equivalent dependence on the Green’s dyadic irrespective of the presence or absence
of losses
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(5.3) becomes

1 )
Vl,/fm;(t) = —E |:\/TLV5V/7V_1 /dX A(U+)(X) -in(X)eilw”t

(5.5)
+ vV, + 10, pq1 /dx A (x)- in(x)ei‘””t} eiEiEnt

where n,, is the occupancy of the vth target mode. When carrying out the derivations of inelastic electron
scattering processes, the first and second terms in Eq. (5.5) correspond to EEG and EEL events, respectively.

The energy conserving delta function in Eq. (5.2), when written in the following equivalent forms

5B E)) - 1 /dw O(w—€if)d(w—wy,) (EEL) (5.:6)
L §(w+ e1)6(w — wpw) (EEQG),

with €;5 = €; — €5 and wy,,» = w, — w,r, will aid in this connection to EEL and EEG.
In EEL events, the probing electron may transfer energy to and retrieve energy from any of the target
modes which must be summed over to account for all such loss processes where the electron acts as both

pump and probe. After summing over target states v, v/, the EEL scattering rate becomes
2
Wi = il > / dxdx' J%,(x) - AP (x)AS) (%) - T 1i(x)O(Ef — E), (5.7)
c

while, in the case of EEG, the stimulating laser field is taken to populate the specific target state v leaving
only a sum over final target states v’ to be performed, resulting in

wi = % / dxdx' J%;(x) - AL (x)ASD (%)) - T ps(x)6(Ey — Ey). (5.8)
Again note that the target vector potentials A,(,i)(x) in the EEG rate in Eq. (5.8) are understood to
originate in response to external laser stimulation and are not induced by the probing electron’s transition
current Jg;(x).

From Egs. (5.6) and (5.7), together with the relationship wy; = [ dwwy;(w), the frequency-resolved EEL
rate w}oiss(w) can be derived. By expressing the target vector potential in terms of mode functions, i.e.,
Al(,+)(x)Al(,_)(x’) = (27hc? Jw,)f, (x)f5 (x'), Eq. (5.7) can be written in terms of the target’s electromagnetic
Green’s tensor, @(x x,w) =Y £,(x)f;(x")/(w? —w2+i0"). More specifically, the EEL rate is formulated
in terms of the imaginary part of the Green’s dyadic, Im{ﬁ(x, x' w)} ==, (72w, ()£ (X)) 6 (w—wpr).

As a result, the state- and frequency-resolved EEL transition rate then becomes

loss *—8—7T xdx' J%. (x) - Im x,x,w)| - Jp(x)(w—¢;
wit() = =7 [ e 37,00 1[G )] - I )00 - 23 oo

= 78% dxdx’ Im[J’}i(x) : ﬁ(x,x’,w) ~in(x')] S(w —eif),
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where the bottom line holds for reciprocal media characterized by <a(x, X, w) = ﬁT(x’ ,X,w). Note that
for general phase-shaped EEL processes described by Eq. (5.9), the transition current density can point
arbitrarily in 3D space and is not restricted to lie along the TEM axis.

Alternatively, for the case of laser-stimulated EEG, Eqgs. (5.6) and (5.8) determine the frequency-resolved
EEG rate. The positive (negative) frequency portion of the target’s laser-induced response field can be
expressed in terms of its induced vector potential as E,(,i)(x) = (Fiwy/c) Al(,i)(x). When the stimulating

laser excites a coherent state of the target |a,), the frequency resolved EEG rate

W™ (@) = 2 (Licfu')’ [ B0 350 6+ 10030 i) (5.10)

is proportional to the volume integral of the 3D vector transition current density J;(x) projected onto the
laser-induced electric field E(U+) (x) of the target. For simplicity, the applied monochromatic continuous-wave
laser field is chosen to couple to the target’s vth excited state only. In the low photon occupancy limit

(Jaw| & 1), this coherent state description yields

/degH(x) T 14(0)| 8(w + 24)3(w — wow), (5.11)

. 1 \?
i) =2 (-

which has been stated previously [5]. As will be shown in Section 5.4.1, if the appropriate choices for the
initial and final electron states are made, Eqgs. (5.9) and (5.11) reduce to the conventional EEL and EEG
probabilities found in the literature [5,68,90,91], but, as expressed here, are generalized to potentially describe
polarized EEL and EEG measurements where the wave function of the probing electron is phase-structured
in the plane orthogonal to its motion. Therefore, the approach producing Eqgs. (5.9), (5.10), and (5.11) casts
phase-shaped EEL and EEG interactions both within the same framework and on equal footing.

5.2 Transversely phase-structured free electron states

This section introduces various spinless free electron states relevant to the forthcoming discussion of
phase-structured EEL and EEG measurements in TEM and STEM instruments. The states are: (i) energy
eigenstates and thereby separable into spatial and temporal parts as 1(x,t) = 1)(x)e~ %" and (ii) separable
within an orthogonal coordinate system x = (x1,z2,23) into transverse and longitudinal functions (x) =
U(z1,72)e*1%3. The electron wave functions are translationally invariant along the TEM axis, defined as 3 =
z. Transversely delocalized states are investigated first, beginning with plane wave and vortex Bessel beam
states originating as separable solutions in the Cartesian and cylindrical coordinate systems, respectively.
Subsequently, transversely localized and nondiffracting wave functions, including Hermite-Gauss (HG) and

twisted electron Laguerre-Gauss (LG) states, are presented.

Plane wave solutions are separable in Cartesian coordinates with well-defined linear momentum p = hk.
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Figure 5.2: Transverse free electron states. Wave functions ¥(z,y) are visualized in the z = 0 plane with
position-dependent phase indicated by the color of the respective intensity profiles. Black represents low
wave function density. (a) Plane wave states with k| along % (top) and y (bottom). (b) Bessel beam states
Uy, (p,¢) with £ = 1, and radial wave number &k, (top) and 2k, (bottom). (c) LG states Uyy,(p, ¢) with
¢=1,and p =0 (top) and p = 1 (bottom). (d) HG states ¥,,,,(x,y) with n = 1 and m = 0 (top), and
n =0 and m =1 (bottom). (e) In the £ = £1 OAM subspace, the first order LG states |L/R) can be used
as basis states spanning the Bloch sphere with antipodal points {|0), [1)}, {|+),|-)}, and {|L),|R)}; states
with constant spatial phase are defined as |G) and placed at the sphere center. Colored arrows represent
transitions between |G) and the states at the labeled antipodal points.

The spatial wave function describing a free electron in the 3D Cartesian space x = (x,y, 2) is

by, ) = (\g) (5.12)

where k = (ki , k) is the wave vector and L is the box quantization length. Phase plots of two transverse
plane wave states, ¥y (z,y) and ¥y (z,y), with orthogonal wave vectors k; = k,x and k; = k,y and
corresponding transverse wavelengths A, = 2n/k; and A, = 27/k,, and are displayed in the upper and
lower panels of Fig. 5.2(a) for A1, = A1y = Ay, respectively. Electrons can also be prepared in coherent
superposition states, with one example of such a state being wiky (x,y,2) = L™3/? [eikw’” —l—eikyyei’(] etz /42,
where the relative phase x between the two orthogonal electron wave vector components k; and &, can take
values 0 < x < 27 [54,77,118].

When expressed in the cylindrical coordinate system defined by x = (p, ¢, z), the separable solutions are

nondiffracting Bessel waves of the form [126,191-193],

Wm (p7 ¢,Z> X J\Z\(kLp)eiZ¢eik“z' (513)

Here, Jj(kLp) are Bessel functions of the first kind, £ is the azimuthal quantum number of the cylindrically
symmetric state, while k, is the radial wave vector component and k) is the longitudinal wave vector
component, respectively [26]. Such states are eigenstates of the z-component of the OAM operator L., =
—ihd/0¢ with eigenvalue ¢h. Specific examples of Bessel states are shown in Fig. 5.2(b) for two different

values of k£ .
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Transversely localized free electron states can be constructed within the paraxial approximation to the
Schrédinger equation, where the electron momentum along the TEM axis is much greater than its transverse
momentum, i.e., k) < |k|. Since they are eigenstates of the L. operator, LG states carry a quantized
azimuthal component ¢. In the nondiffracting, i.e., collimated, limit defined by infinite Rayleigh range, the

LG wave functions have the form of quantized Landau states [26,191] given by

¢fp(p7 ¢7 Z) =

2

[£] ! 2 2
(\/ip/wo) 2p! ] <2P > eﬂ%geiweikuz, (5.14)
Wy

L -
wovVL \ w([f +p)F

where Lifl are the Laguerre polynomials, with £ and p being the azimuthal and radial quantum numbers,
respectively, and wy is the z-independent beam waist. Fig. 5.2(c) displays two different LG modes with finite
beam waists wy.

Similarly, the HG family of transversely localized wave functions are solutions to the paraxial wave equa-
tion in the Cartesian coordinate system. Since the nondiffracting LG and HG states each comprise a complete
orthonormal basis, any LG (HG) state can be synthesized from the appropriate coherent superposition of HG
(LG) states [194]. Unlike the LG transverse states, the HG states lack a well-defined azimuthal phase, and
owing to the fact that they are not eigenstates L., do not carry a single OAM unit of £. In the nondiffracting
limit, the HG states take the form

n+m 2 2

2= "2 2 2 2 _z7+ty .

Ynm (2, Y, 2) = _ Hn<$f>Hm<M>e wg o etkiE (5.15)
woV L V mnlm! wo wo

and are labeled by the indices n and m, corresponding to the order of the z- and y-dependent Hermite
polynomials, H, and H,,, respectively. Fig. 5.2(d) displays the first-order z- and y-oriented HG modes with
beam waists wo, in contrast to the corresponding delocalized ¥y, (z,y) and ¥y, (z,y) plane waves displayed
in Fig. 5.2(a).

Mirroring applications of optical OAM states, free electrons with quantized transverse degrees of freedom
have recently been recognized as potential carriers of quantum information, specifically as free electron
OAM qubits. Realization of such OAM qubits has been made possible via holographic masks and spiral
phase plates [44—46, 179] or through tailored light sources [133,180]. Stemming from the separability of
the electron wave function following condition (ii), the orthogonal transverse degrees of freedom can be
used as orthonormal basis states |0) and |1) on the Bloch sphere (Fig. 5.2(e)). Known as the horizontal
and vertical basis states, respectively, linear combinations of |0) and |1) assemble the remaining antipodal
points |[L/R) = (1/v/2)[|0) £i|1)] and |£) = (1/v2)[|0) £[1)]. One example are the first order LG states
Uy10(p,d) = (x122|L/R) which span the truncated ¢ = +1, two dimensional Hilbert space [184,185,194],
and lie on the north and south poles of the Bloch sphere. Owing to the fact that Uy10(p, ¢) can be expressed
as linear combinations of the first order HG states [41], ¥1o(x,y) = (z122]|0) and Yo (x,y) = (z122|1) are the

wave functions associated with the vertical and horizontal basis states, respectively. At the center of the Bloch
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sphere lies the Gaussian mode Woo(z, y) = Woo(p, ) = (2122|G) = /2/mwle~ v/ ws — | /2 /mu2er" /w5,
More generally, higher order electron vortex states with topological charge of +¢ can be used to construct
Bloch spheres for £ values other than unity [158]. Following the work of Ref. [4], under the appropriate limits,
certain superpositions of electron plane wave states can likewise be mapped onto points on the Bloch sphere

(Fig. 5.2(e)). In this scenario, the horizontal and vertical plane wave wave functions ¥y (z,y) = (z122|0)

and Wy (x,y) = (w122]1) can be used to construct the north and south antipodal point wave functions
\I/Zrk/f(x,y). Specifically, \I/:kt:k/f(x,y) = (12| L/R) = (1/V/2) [\I/;w (7,y) + Yy, (m,y)eix] with x = +7/2. At

the center of the Bloch sphere is located the electron plane wave Wy, (z,y) = (z122|G) = 1/L with spatially
uniform transverse phase and purely longitudinal wave vector k = kz. As will be shown in the following
section, transitions between OAM or linear momentum electron states residing on the Bloch sphere produce

transition current densities with unique vector and phase profiles.

5.3 Transition current density

Here the transition current density J¢;(x) defined in Eq. (5.4) is examined for selected transitions between
electron states introduced in the previous section. This section begins with a summary of general properties
of J4;(x) that arise from the restrictions imposed on the forms of the wave functions, then highlights several
general and specific forms of the transition current density for transitions involving delocalized and localized
electron states. A note regarding the arguments of the transition current density: recall that the origin of
time dependence in Jf;(x,t) = Jg;(x)e’/it as seen in Eq. (5.3) is a consequence of condition (i) imposed
upon the electron wave functions introduced in the first paragraph of Sec. 5.2. Therefore, as a matter of
convenience and unless stated otherwise, we work with the time-independent version of the transition current
density. In addition, when discussing the transition current density for Bessel, LG, and HG free electron
states, the subscripts of Jy;(x) refer explicitly to the final and initial transverse electron states. Panels (a)
and (b) of Fig. (5.3) present LG and Bessel beam transitions, respectively, panel (c) involves transitions
between plane wave states, panels (d) and (e) showcase the transition current density using focused first
order HG states.

Stemming from conditions (i) and (ii) required of the electron wave functions as stipulated in Sec. 5.2,
the transition current density given by Eq. (5.4) can be re-expressed as the sum of longitudinal (]|) and

transverse (L) contributions, defined relative to the TEM axis, according to

Jpi(x) = Tpi(xy)e'? -
= [J;z(xj_) + J}Uz(xj_)i] equZ, .
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Figure 5.3: Transition current density vector fields Jy;(x) in the z = 0 plane. The arrows within each panel
show the direction and strength of the transverse component J ﬁ (x), while the underlying color map indicates
the phase (J j;i(x) -7) and intensity (|J j;z(x)|) 7 is displayed in the bottom right hand corner of each panel.
The initial transverse wave functions for the transition current density vector fields are labeled in the top-
center of each panel, while the final state is shown at the bottom of each column. (a) Transition current
densities involving LG ¥y, (p, ¢) initial and final states. The top panel shows the case of U19(p, ¢) — ¥10(p, ¢)
with no transverse transition; the Wy1(p, ®) — W1o(p, @) transition in the lower panel involves a transition in
radial, but not OAM, quantum numbers. (b) Transitions between Bessel states Wy, (p, ¢). The top panel
shows the transition current density for Wyx, (p, ) — Y1, (p, #) with no transverse state transition, while
the lower panel considers the transition current density for Wiy, (p, ¢) = Yor, (p, ¢) with an OAM change of
Al =1. (c) Incoming electron plane wave states transitioning to the pin hole state ¥ K| (z,y). The initial state

is characterized by q; = k. X in the top panel, while the lower panels involve the incident superposition plane

/2

wave state W, (:U, y). The lower panel is a magnified view of the middle panel in the vicinity of the origin.

(d) Tran51t10n current densities for first-order HG and LG wave functions transitioning to the Gaussian state.
Al
(e) Transition current densities for transitions from selected HG and LG states to the pin hole state. (f) J 4,

for transitions between free electron OAM or linear momentum states which create transition current vector
fields resernbhng the polarlzatlon vectors of light on the Poincaré sphere. The antipodal points {J 0 ,J 1 }

{J+, g _}, and {JL,JR} are color coded to match the box colors outlining the panels in columns (c)
through (e), as well as the electron state transition arrows in Fig. 5.2(e).
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Explicitly, these components are

Jri(x1) = ;mLeL (O3 (x 1)V W(x1) — @(x1) VL TG (x1)] (517)
Thx0) = - e QU (x) Wi,

where Q) = k| + k\/l' It can be seen from the perpendicular component of Eq. (5.17), that interchange of

the initial and final transverse states is equivalent to conjugation of the reciprocal scattering process, i.e.,

Jip (%) = I7;(%)-

5.3.1 Plane wave states

First we consider transitions between individual incoming vy, (z,y,2) and outgoing ¥, (x,y,z) plane
wave states of the probe, defined in Eq. (5.12), such that fiq = hi(k; — k) is the momentum recoil associated

with the transition. The transition current density associated with this case is

eh

—W(Qki — q)e'rx, (5.18)

ik (2,9, 2) =
Inspection of Eq. (5.18) reveals that the transverse component of the transition current density is directly
proportional to the transverse recoil momentum, i.e., J ifki (z,y,2) < q1. The phase and vector structure
of the transition current density for an initial plane wave state with transverse wave vector k, = k,X
transitioning to the outgoing plane wave state wki\ (z,y,2) = L=3/2¢™%1% is shown in the first panel of Fig.
5.3(c). This final state is referred to as the pin hole state as it is selected by placement of a pin hole on the
TEM axis in the Fourier plane. In Fig. 5.3(c), it is evident that the periodicity of the plane wave states
apparent in Fig. 5.2(a) is inherited by the transition current density.
When prepared in a superposition plane wave state wi‘m ky (x,y, z) and post-selected in the diffraction plane
for the pin hole state, the resulting transition current density of the probe is

eh
J?g,

(o Kaky (,y,2) = *m [kxeik’:mf( + kyeixeikyyy + QH (eikwm + eixeikyy)i] ez, (5.19)

The phase and vector information of this transition current density are displayed in the final two panels
of Fig. 5.3(c) for x = w/2 at two different magnification levels. Owing to the spatial dependence of the
wave functions, the X, y-components of Eq. (5.19) are functionally dependent upon x and y. It was shown
in Ref. [4] when working in the dipole scattering regime, whereby q, is such that |q,|d < 1, with d the
transverse length scale of the target, J J%Z(x 1) becomes approximately independent of position in the vicinity
of the target. Under these circumstances when the perpendicular components of the transition current
density become independent of position, J ]%i(x )= J ﬁ After normalization, J ; =J ﬁ /| T ﬁ| can thus
be mapped onto the Poincaré sphere (Fig. 5.3(f)) [4]. In this limit, for x = 7/2, the transverse component

of Eq. (5.19) becomes circularly polarized such that it mimics the polarization of a left-handed circularly
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polarized photon, evident in the final panel of Fig. 5.3(c) boxed in red. All together, when |q,|d < 1, the
transition current densities given by Eqgs. (5.18) and (5.19) can be tailored through appropriate pre- and

post-selection to resemble any polarization state of light on the Poincaré sphere as shown in Fig. 5.3(f).

5.3.2 Bessel and Laguerre-Gauss states

By virtue of the ability to prepare free electrons in defocused vortex (Bessel) or focused vortex (LG) states,
the corresponding transition current density can exhibit both radial and azimuthal transverse vector com-

ponents. The transition current density associated with transitions between Bessel beam states 1, (p, ¢, 2)

and Yy (p, ¢, 2) is [4]

ih k
o a1, (0:0.2) = oo Vo (0. Vi, (0.0 |{ 55T 010 Uiga(k2) = Ty )]

. (5.20)
/

* — * * A~ ¢ n - S iq| 2z
- 7LJ|4/|(/€/LP) 2 (RLp) = Jir 4 (KLp)] }P + ;(Z +0)p +iQz|e' M,

for arbitrary ¢,k; and ¢, k' . The transition current density for ¢ = ¢ =1 and k| = k., with Al =0 is
displayed in the first panel of Fig. 5.3(b), showcasing the expected azimuthal character inherent to twisted
electron beams. Bessel beam states can also lead to unique phase and vector profiles as seen in the lower
panel of Fig. 5.3(b), wherein A¢ = 1 resulting in a transition current density with a phase-structure similar
to that of circularly polarized light, as well as to the wave functions shown in Fig. 5.2(b).

Additionally, the focused LG states in Eq. (5.14) can also produce transition current densities with well-
defined units of OAM transferred. The transition current density for an initial LG electron state ¢, (p, ¢, 2)
transitioning to a final state ¢, (p, ¢, 2) is given by

il 1
Ty p(0:6.2) = B9, )W} (0, ) [p{(w —1e)

SR () (G () - (e (32)) o

+ f(e +0)+ ini} el

g (5.21)
valid for arbitrary £,p and ¢,p’. Stemming from the commonalities in the underlying wave functions, it is
unsurprising that Eq. (5.20) and Eq. (5.21) look similar. This resemblance is most obvious when considering
events wherein no transverse transition occurs, as seen when comparing the first panels of Fig. 5.3(a) and
Fig. 5.3(b), for transitions between LG and Bessel states, respectively. Here, shown in the top panel of Fig.
5.3(a), is Eq. (5.21) for p’ = p =0 and ¢ = ¢ = 1, which highlights the azimuthal vector component of the
LG transition current density and is similar to the corresponding Bessel beam case displayed in the top panel
of Fig. 5.3(b) for 1k, transitioning to 1k, . The bottom panel of Fig. 5.3(a) shows the transition current

density for Ap = 1. For inelastic scattering events where the electron does not transfer OAM to the target,
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¢ =/{ and p’ = p, and Eq. (5.21) reduces to

he 20 . 1 o
Jé/:Ap/:p(pv ¢, Z) = —27”7[1|\I/ep(p, ¢)|2 [;d) + QHZ} el , (522)

which is the focused vortex beam form of the transition current density of a free electron moving along
¥ = 2 [26,56]. The azimuthal component of Eq. (5.22) is responsible for the spiraling behavior of the
electron current typical for vortex beams, and upon spatial integration over (p, ¢) yields an electron current

with an axial inertial OAM equal to ¢ [26].

5.3.3 Hermite-Gauss states

Transitions between transverse HG states that are naturally expressed in the Cartesian basis provide
transition current densities with any desired X, y-vectorial structure. Following the approach of Ref. [4], a
general form for J,,/ s nm (2, ¥, 2) involving arbitrary HG states can be derived from Eq. (5.4). The transition
current density for ¥, (x,y, z) transitioning to ¥,/ (x,y, z) is
~ ihe
"~ 2mwoL

- manm(‘r7 y)‘ll:;’—l,m’ (JJ, y) + v n' + 1\I/nm(x7 y)\ll:’+1,m’ (J?, y)}f(
+ {\/%\Iln,mfl (.’I}, y)\IJ;‘l,m, (.’IJ, y) —vm + 1\I/n7m+1 ($7 y)\prﬂm' (-7;7 y) (523)

= VIV (2, Y)Y 1 (2, y) + VI + 1 (2, 9) W g1 (@, y)}y

{\/E\Ijn—l,m(xa y)\p:(z’m’ (’JJ, y) —Vvn+ 1\Ijn+1,m(x; y)q’:/m/(% y)

Jn’m’,nm(‘raya Z)

+ szQH \I/nm(;ﬂ, y)\Il:;/m/ (1’, y)i equZ,

for arbitrary n,m,n’,m’. As seen in the form of the perpendicular component of Eq. (5.23), careful choice
regarding the pre- and post-selection of the initial/final HG transverse electron states can be intuited to
yield a transition current density with non-trivial %X, y-vectorial behavior in the plane orthogonal to the
direction of propagation. Working in the ¢ = £1 OAM Hilbert space, J,/m/ nm (2,9, 2) is displayed in the
columns of Fig. 5.3(d) for first order electron wave functions ¥10(z,y, z) and ¥o1(z,y, z), and their linear
combination wi‘(fglﬂ(x, y,2) = (1/v2L) [V10(2, Y, 2) + Y01 (2, y, z)e”/Q], respectively, all transitioning to the
final Gaussian wave function oo (x,y,2) = (1/vL)¥go(z, y)eik\'\z. In the zero width limit whereby wg — 0,
for the first order transitions discussed above, the transverse components of the transition current density
become spatially independent and J j;l(x) - J ]%Z Under these constraints, the transition current density
unit vector J ﬁ can thus imitate the polarization vector € of free space light, as illustrated on the electron
analog of the Poincaré sphere presented in Fig. 5.3(f). When no transverse transition of the probe occurs,

ie., n’ =n and m' = m in Eq. (5.23), the transition current density reduces to

eh 2 iqizs
Jn’:n,m/:m(x,yvz) = _MQ\||an(x,y)| el z, (524)
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which is oriented parallel to the TEM axis regardless of the values for n and m. In the zero width limit,
Eq. (5.24) reduces to the classical current of a point electron source [68] when n = m = 0. Overall, the
purely longitudinal behavior of Eq. (5.24) differs from the vortex electron beam case in Eq. (5.22) wherein
the current density has a (]Ab—component perpendicular to the electron’s direction of motion.

Alternatively, when the nm HG state transitions to the forward directed pin hole state rather than a
transversely focused Gaussian state, the transition current density becomes

ihe

" 2muwL?

+ {VmVy, 1 (2, y) = Vm + 1V, i1 (z,y) by (5.25)

+ iwo Q) Vn,m (2, y)i] eIz,

|:{\/’r>l\11n_1,m(5€, y) - \/m\pn—&-l,m(xa y)}&

Jk"‘ ,nm(xa Y, Z)

Eq. (5.25) is displayed in Fig. 5.3(e) for the same initial HG states as those used in Fig. 5.3(d), tran-
sitioning instead to the pin hole state ¢kh (z,y,2). For the focused superposition state wi‘0701(aﬁ,y,z) =
(1/V2L) [¥10(z, y, 2) + Yo1(z, y, 2)e’X] transitioning to the pin hole state @Z)k‘f‘ (7,9, 2), the transition current
density explicitly has the form

Jf"‘,m,m(‘”vy’z) = 2\/§ZZOL2 {Woo(z,y) — V2Ws(2,y) — Uri (2, y)eX %
+ { (Yoo (z,y) — \/illloz(x,y))eix — Uy (z,9)}y (5.26)

+ iwo Q) {‘Plo(% y) + Vo (z, y)eix}i et

The difference between Eqgs. (5.19) and (5.26) originates from the choice of the initial electron wave function
being either a superposition of linear momentum or OAM states, respectively. Imposing the same condi-
tions placed upon the wave functions in Eq. (5.23) to obtain a transition current density whose transverse
vectorial components are spatially independent, Egs. (5.25) and (5.26) can be used to construct transition
current densities on the surface of the Poincaré sphere as presented in Fig. 5.3(f). Therefore, transitions
between specific states on the Bloch sphere (Fig. 5.2(e)) produce transition current densities which mimic

the polarization structure of free space light and can thus be mapped onto the Poincaré sphere (Fig. 5.3(f)).

5.4 State- and energy-resolved Observables

Building from Secs. 5.1, 5.2, and 5.3, in this section the EEL, EEG, and DDCS observables between phase-
shaped states of the electron probe are derived. Measurements of EEL and EEG processes are discussed first,
including the narrow beam width limit common in the low-loss electron scattering regime, before moving on
to presentation of the DDCS. A comparison of the EEL and EEG scattering processes, and their relation
to the properties of the transition current density under interchange of initial/final electron states is briefly

presented. We illustrate that the transversely phase-shaped EEL, EEG, and DDCS observables, reduce to
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the familiar forms found in the literature under the appropriate limits.

5.4.1 Electron energy loss and gain probabilities in the narrow beam width
limit
In considering low-loss EEL and EEG scattering events in the narrow beam width limit appropriate to
the STEM it is customary to work within the nonrecoil approximation, where the change in the energy of

the electron is dictated entirely by its momentum change along the axis of propagation [68]. In this limit, the

forward recoil momentum fg)z is small compared to the electron’s initial momentum 7k; so that its change

in energy can be approximated by he;y = /(mc2)2 + (hck;)? — \/(mc2)? + (he(k; — q))? ~ hv; - q, where
hk;/m = ~;v; and hk; = p; for relativistic matter waves. Upon insertion of £;; = v; - q into the trailing delta

function in Eq. (5.9), the state- and frequency-resolved EEL rate becomes

8
Fwi

wles (w) = / dxdx' Im [J;i (%) G (x,x,w)-J fi(x')} 5(qy — w/vi), (5.27)
where ﬁ(x,x' ,w) is the target’s electromagnetic Green’s tensor introduced in Sec. 5.1. The state- and
energy-resolved EEL probability P}?SS (w) = (L/ vi)w}(’fs (w) is obtained by integrating Eq. (5.27) over the
time it takes the probe electron to traverse the path length L as it interacts with the target specimen. From
P}‘;SS(w), the state- and energy-resolved EEL probability is determined by summing over all possible final

oo

electron states with -, 7 — +(L/27) [ ., dq and dividing by %, resulting in the EEL probability per unit
I

energy

I (w) = —%/dxdx/ Im{(i)*’%(xm = v%) G x ¥ w) (i)sz‘(X/5ql = ,U%) : (5.28)
Here Jfi(x; q = w/vi) = J5i(¥) g =w/v, = J£i(X 1) N3 g —ujv, = I i (x1 )e!«@/v)% makes explicit the locking
of the longitudinal recoil wave number ¢ to w/v; imposed by the nonrecoil approximation in Eqgs. (5.27) and
(5.28). Due to the frequent appearance of the L/v; factor here and in the following equations, we define a
new transition current as Jy;(x,w = qyvi) = (L/v;)J i(x; q = w/v;) with dimensions of charge flux per unit
frequency. For clarity, we also abandon the general notation x = (x , 2) in favor of x = (R, z) as is common
in the low-loss STEM EEL and EEG literature.
Using the current Jz;(x,w = ¢|v;), the EEL probability can also be cast in terms of the target’s transition
electric field Ef;(x,w = qv;) = —4miw [ dx’ ﬁ(x, x',w) - Jpi(x',w = qv;) resolved in frequency. Ey; repre-
sents the electric field produced by the target in response to stimulation by the probing electron. Expressed

in terms of this field, the EEL probability per unit energy becomes

1
mh2w

Flj?iss(w) = — Re {/de;i(x,w = qquv;) - Bpi(x,w = qui) |, (5.29)

which recovers the classical relationship [68,195] between I‘lfoiss(w) and the work performed by the electron
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against its own induced field. When the electron beam waist wq is negligible compared to the length scale
over which the response field changes, Ef; can be taken as constant over the spatial domain where the current
density is appreciable and approximated by its value Ef;(R, z,w = q|v;) = Ef;(Ro, 2,w = qjv;) at the impact

parameter Rg. In this narrow beam width limit, Eq. (5.29) becomes

0SS 1 * wz/v; —iwz /v,
1 7 (Ro,w) = 71_}_ﬂwRe{/dz</dRJﬂ(R,z,w = qvi)e / 1)6 /v Ei(Ro, z,w = q|vi)
(5.30)

1 * —iwz /v,
:—mRe{Jﬁ~/dzEfi(R0,z,w:q|vi)e / 1],

where the transition current J s; = [ dR J (R, z,w = q”vi)e*i“’z/”i = (—e/muvy) [(V [P i) +(hQy/2) (Vs |T,)2]
is z- and w-independent. It has the transverse and longitudinal components J J%Z = —(e/mv;)(VYs|pL|¥;) and
J‘}i = —(heQ /2mv;)(V ;| W¥;)z, respectively, which allow the EEL probability in Eq. (5.30) to be separated

into the perpendicular and parallel contributions

0ss 1 * —iwz /v,
I‘IfiJ_(Ro,w) = —%Re [.7}‘2 '/dz E;i(Ro, z,w = qu;i)e / }

) (5.31)

Flos‘ls(RO,w) = —ﬂ_h [Jl* /dz Efi(R07 2w = q”vi)eiwz/vi} '

Based on the forms of .’7}} and Jlj‘ci above, it is evident that J}‘i = 0 and J% = —(heQ)/2mv;)z in the
event of no transverse transition (i.e., ¥; = ¥y and FIJ?ZSJS_ = 0), while ch‘i # 0 and jl}i = 0 when a transition
occurs in the probe’s transverse wave function (i.e., ¥; # ¥ and I‘IJ?;'T = 0). In the former case, I‘;ﬁ’fﬁ(Ro, w)
in Eq. (5.31) reduces to the the well known classical form for the EEL probability [68,80,81,101] in the zero
width limit wy — 0. Specifically, Flfc’f”s(Ro,w) — Ta(Ro,w) = —(2¢/h)? [ dzdz'Im|z - <a(Ro,,2';1:{0,;;’,w) :
ze—w(z==")/ i), which is the EEL probability per unit energy for a uniformly moving classical electron with
current density J(x,w) = —ed(R — Rg)e™?/V 7 at impact parameter Ry.

To construct the laser-stimulated phase-shaped EEG observable in the narrow beam width limit, we again

introduce €;; = v; - q into the trailing delta function in the frequency-resolved EEG rate presented in Eq.

(5.11). As a result, the state- and frequency-resolved EEG rate and scattering probability is

- ()

and Pffin (w) = (L/ vl)wfgjm (w). In parallel to loss, the EEG probability per unit energy is determined from

5(q‘| +w/v;)0(w — wy) (5.32)

/dXEH Ji(x)

Pj%?in () after integrating over final states Y, ; — +(L/27) [~ _dg and dividing by h, resulting in
I

ain 1 1 ?
F?i (w) = h(hwl,>

As in the case of loss, if the target’s induced electric field varies little over the spatial domain of the probe’s

25(0.) — Wyt ). (5.33)

/dx EE,H(X) Jpi(x,w = —qvy)

transition current density, then E(" (R,2) ~ E(VH(RO, z) to lowest order and the state- and energy-resolved
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EEG probability takes the form

2
0w — wyp)

/dZEE/JF)(RO,Z)e*in/Ui . |:/dRJf1(R,z7w = qlvi)eiwz/vi]

‘ 1/ 1\°
gain o
% (Ro,w) = h(hwl,>

()
(5.34)

with z- and w-independent transition current J y; defined below Eq. (5.30). As in the case of EEL, the EEG

2
0w — wyrr ),

/ dze @ VEF) Ry, 2) - T 4

probability can also be broken into perpendicular and parallel components

ain 1 1 g —iwz /v, L ?
I (Ro,w) = h(hw > }jfﬂQ /dze MBS (Ro, 2) - T 44| 6(w — wiur)

| N | e (5.35)
F??i“(Rom:h(m) TAP| [ dzem =B Ra2) - T 8w =)

where Jy; = jfi\Jm = jfijfi. Similarly, when the transverse wave functions ¥; = Uy, F’ff;in(RO,w) =
I‘ff;‘iln(Ro, w) and recovers the conventional EEG probability [5,68,90-92] in the narrow beam limit wg — 0.
Through combination of optical polarization and pre- and post-selection of the probe’s transverse phase
profile to define its polarization, cross-polarized measurements in the STEM can be leveraged to directly
interrogate optically-excited target mode symmetries in 3D with nanoscale spatial resolution [5].

The above expressions for EEL and EEG probabilities involve interrogation of the target’s induced re-
sponse field by the transition current densities Jz;(x,w = +¢qv;) and Jz;i(x,w = —q)v;) of the probe. It is
natural to consider the relationship between these currents upon interchanging initial and final probe states
in both the transverse and axial directions. The reciprocal behavior of pre- and post-selection of the probe’s
transverse states, i.e., J ﬁ-(R) =J ff* (R), were discussed previously in Sec. 5.3. Additionally, along the TEM
axis, the longitudinal component lec‘i(R) = JZH;(R) expresses the relationship between anti-Stokes (EEG)

and Stokes (EEL) scattering processes at the level of the transition current density. Taken together,

Jrilx,w = +qvi) = (f) [ (R) + J) (R)z] ell/v0=
- (v£> ([335®) + Ji“f(R)i]e’““/“i)z)* (5.36)

= J;‘f(x,w = —q)v;)-

These symmetries of the transition current density under interchange of initial and final states, and their

effect on the observables, is detailed further in the Appendix.
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5.4.2 Double differential inelastic scattering cross section in the wide field
limit
When dealing with plane wave electron states, the scattering cross section is a common observable of
interest. It is attained from the EEL transition rate w}"fs(w) in Eq. (5.9) by first summing over the elec-

tron final states 3-, — (L/ 2m)? [ dks and subsequently dividing by the incoming plane wave particle flux

hk;/mL3. The total frequency-resolved scattering cross section is given by

mL? ;L \3 ,
ow) = G (%) /dﬂfkfdkfwfi(w), (5.37)

and by integration over frequency, the angle-resolved scattering cross section is

oo mIL3 /L \3 9
5, = I (%) /dwkfdkfwﬂ(w)

mL3 ;L \3 VMmoo

where dE;; = —(h?/m)ksdks and dQy = sin@dfddy. Lastly, noting that 9o /0Q = [ dE;;0%0 /(OE;0Qy),

(5.38)

the double differential scattering cross section (DDCS) is defined as

0% m2L3  L\3 (kg
0E;00; BB (%) (ki)/dwwﬁ(“)

_ (mL?’)Q(kf) /dw dxdx' Tm |T7,(x) A (x,xw) 3508w = =),

(5.39)

7Tﬁ2 ki

which reduces to the DDCS common for an isolated dipolar target Eq. (5.41) in core-loss EEL scattering
[4,118,196] when the electrostatic limit where ¢ — oo is taken. Further analytic progress is possible in the
case of a single target dipole located at position x4 and characterized by frequency-dependent polarizability
tensor ‘@ (w). In this case, the induced Green’s function reduces to ﬁ(x, x w) = —(4770.12)80 (x,Xq,w) -
o (w)- <80(Xd,x’,w), where <80(3(, x,w) = —1/(47‘1‘&)2)[((0/0)2? + VV]eiw/ax=x"l /Ix — x'| is the vacuum
dipole Green’s function, and the DDCS can be expressed analytically. Specifically, with a single incoming
plane wave scattering to a single outgoing plane wave as described by the transition current density given by

Eq. (5.18), the fully retarded DDCS becomes

9% B e2 ke 1 €if 2 <a>(€1,/f) eif 2.,
m - h277</€z>612f1m{Q |:(c> I —qq:| . m . {<c) I —qq:| Q}7 (5.40)

where Q = 2k; — q. In the quasistatic limit (¢ — o0), Eq. (5.40), reduces to the more familiar form [50]

loates e? ]{if 1 W(Eif)
aEifaQ_m(k)ggflm[Q'qq' 7 "lQ'Q} (5.41)
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5.5 Numerical Implementation

This section details the numerical implementation of the inelastic scattering observables presented above
in Secs. 5.4.1 and 5.4.2 for transversely phase-structured free electrons in both the focused beam and wide field
limits. Our implementation generalizes the electron-driven discrete dipole approximation (e-DDA) [135,136],
built on top of the DDCSAT [140] framework, which previously utilized the vacuum electric field E?i of a point
electron as the source instead of an optical plane wave field. Other fully retarded and quasistatic numerical
methods for simulating extended nanophotonic targets have been formulated to model low-loss electron
beam interactions, such as the finite-difference time-domain [197,198], metal nanoparticle boundry element
(MNPBEM) [199], and finite element [200,201] methods. In addition, transversely structured electron beams
have been implemented in MNPBEM [48,89,127,187], albeit in the quasistatic limit only. Our treatment of the
inelastic scattering of transversely structured electron beams in e-DDA is distinguished by its incorporation
of fully retarded electron-sample interactions in both focused beam and wide field limits.

e-DDA /DDA originate from the method of coupled dipoles [202], whereby the target is discretized into a
finite collection of point electric dipoles

pi@) =Y [B (@)~ (~amA) Tw)] B (a,0) (5.42)

kl
=1

of polarizability <a>((.u), each driven by the vacuum transition field E%, (x;, w) at frequency w and mutually in-
teracting via their fully-retarded electric dipole fields —4rw? Y, ﬁ%l (w) - pi(w) until reaching self-consistency
at that same frequency. Here <821@1) are the kl-matrix elements of the vacuum dipole Green’s function
ﬁo(x, x', w).

Upon inversion of Eq. (5.42), all EEL observables described above may be calculated from the resulting
pi(w) together with the applied field E, (xj, w) (Eq. (5.47)) evaluated at each dipole. Specifically, the focused
beam EEL probability and the wide field DDCS expressions in Eq. (5.28) and Eq. (5.39), respectively, can
be adapted to a form that is compatible with the e-DDA code via the EEL rate per unit frequency

wles (w) = 78% /dxdx’ Im [J}i(x) G x,x,w) ~Jﬂ(x’)]5(w —eif)
2 (v;\2 (5.43)
=z (f) Im[ZEO’;(xk,w) . pk(w)}é(w —&if).
k

Here the target’s induced Green’s function ﬁ(x, x',w) is expanded in terms of the polarizabilities of the N
dipoles representing the target. That is

-1

33’

ﬁ(x, X' w) = —4mw? Z ﬁo(x, xj,w) - [& 7 Hw) - (—47rw2)<80(w)] : ﬁo(xj/,x’,w), (5.44)

which can be derived from the response field of a polarizable body described in terms of its induced Green’s
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function 8(){, x’, w) driven by the external current density J°(x) or by the free propagation (via Qo (x,x",w))
of the target’s induced current density J(x) = > (—iw)p;(w)d(x—x;) as E(x,w) = —4miw [ ax’ <a(x, x', w)-
JO(x') = —4miw [ dx’ ﬁo(x7 x' w) - J(x').

5.5.1 Numerical evaluation of state- and energy-resolved EEL and EEG
probabilities

From Eq. (5.43), the state- and energy-resolved EEL probability can be obtained following the same
procedure in Sec. 5.4.1. Specifically, the transversely phase-shaped EEL probability becomes

0ss 1 *
Flfi (w) = mlm[ZE?pi (xXk,w = qui) - Pr(w = qui) |, (5.45)
e

when working within the nonrecoil approximation introduced in Sec. 5.4, as appropriate to focused beams
prepared in the STEM configuration. The vacuum transition electric field Eg)ci appearing within Eq. (5.42)
and Eq. (5.45) can, in principle, be any of the fields sourced by the transversely focused transition current
densities described in Sec. 5.3. However, due to their complexity, only those transitions involving OAM
transfers A¢ = 1 depicted as colored arrows in Fig. 5.2(e), and more specifically the resulting electric
fields sourced by the transition current densities seen in Fig. 5.3(c) and 5.3(d), have been implemented
within the e-DDA code. Explicit forms for these fields are provided in the Appendix. Phase-shaped EEG
probability spectra of nanophotonic targets under continuous-wave laser stimulation can also be evaluated
numerically using the e-DDA as detailed previously [5]. Briefly, the EEG probability in Eq. (5.34) is
numerically integrated by quadrature using the optically-induced response field of the target El(,+) calculated
using DDCSAT and the J i defined by selection of a specific pair of incoming and outgoing free electron
states.

Figure 5.4 presents a comparison of normalized focused beam EEL and EEG spectra for a 25 nm radius
silver sphere calculated using e-DDA with dielectric data taken from Ref. [203]. Probing electrons have a
speed of 0.7¢c. Panel (a) shows phase-structured EEL (solid traces) and EEG (dashed traces) spectra at impact
parameter Ry = (1/v/2)(40 nm, 40 nm). The optical excitation polarization é in the EEG calculations is along
%. Gray and magenta colors correspond to pre- and post-selection of HG transitions Woo(z,y) — Yoo(z,y)
with :7'}1 = 2z, and Uyo(z,y) — Yoo(z,y) with ff}; = X, respectively. While the e-DDA calculations can
capture coupling to the higher-order multipoles, as seen in Fig. 5.4(a), the dipolar localized surface plasmon
(LSP) is clearly evident near 3.4 eV. Here it is apparent that both transitions with T #; oriented parallel
and perpendicular to the electron trajectory couple to the quadrupolar LSP mode near 3.6 eV, albeit with
different strengths. The EEG spectra, meanwhile, are dominated by the optically bright dipolar response of
the sphere, whereas the higher-order, dark modes are inaccessible by the stimulating optical pump field.

EEL spectrum images obtained by plotting FIJ?iSS(RO, w) as a function of the impact parameter Ry at the
dipole LSP energy 3.4 eV are shown in Fig. 5.4(b). In the conventional EEL case, where jj{l = 0 resulting
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Figure 5.4: Phase-shaped EEL and EEG point spectra and spectrum images of a silver plasmonic sphere of 25
nm radius evaluated using e-DDA. (a) Phase-shaped EEL (solid) and EEG (dashed) point spectra, evaluated
in the narrow beam limit, at impact parameter Rg = (1/1/2)(40 nm, 40 nm). The optical polarization is
€ = x in the laser-stimulated EEG calculations. Gray and magenta colors correspond to T ti along z and
X, respectively. (b) Phase-shaped EEL spectrum images at the dipole LSP resonance energy of 3.4 eV. Each
column corresponds to the labeled T ri- (c) Phase-shaped EEG spectrum images at 3.4 eV. The optical
excitation polarization state € varies between rows, while each column corresponds to the labeled T - For
e = {x, ﬁ}, the optical axis is chosen to be along z, while for € = Z it is chosen to be along X. Panels with
T fi=1%9, I:} and with € = {x, f;} share a common scale, while panels with J ti = Z are separately scaled.
The incident velocity of the probing electron is v; = 0.7¢ 2 in all cases.
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in J fi = J \)I% = 7 (gray, left), the spectrum image exhibits the expected circular symmetry. Meanwhile,
when J jc_z # 0, producing a J jc_z oriented along X (y), and outlined in magenta (green), the spectrum image
shows slight elongation along the direction of the transition current density. As required by symmetry, the
circularly-polarized T ; =L (red) couples with radial symmetry to the spherical target. In Fig. 5.4(b), the
T Llcl = 2 plot is normalized to a maximum of 10~2 eV~!, while the J ; € {%,y,L} cases share a common
normalization factor of 1078 eV~! for a beam waist of 1 nm. The small perpendicular to parallel ratio of
signals represents a hurdle to phase-shaped EEL spectroscopy measurements regarding limits of detection,
although measurements of this type have been achieved previously [49]. Phase-shaped EEG spectrum images
at the same dipole LSP energy 3.4 eV are presented in Fig. 5.4(c). The optical excitation polarization state
€ varies between rows, while each column corresponds to the labeled component of T ri. For € = {x, ﬁ}, the
optical axis is chosen to be along z. There T ; =X, ¥y, and L share a common scale factor, while T i =2
is separately scaled. The ratio of the transverse to longitudinal EEG probabilities is F‘?a;if / Fff;‘iln ~ 1075,
for a 200 keV electron beam with a waist 1 nm. These findings are consistent with earlier theoretical [5]
and experimental [105] studies. For the € = Z case, the optical axis is chosen to be along X and the ratio of
transverse to longitudinal EEG signals remains similarly small (~ 107%), but all signals are smaller by ~ 1073
in this excitation geometry. Comparison of Figs. 5.4(b) and 5.4(c) highlights the differing identities of the
excitation sources and roles played by J; in EEL and laser-stimulated EEG processes. When considering
EEL events, the STEM electron acts as both a spatially dependent pump and probe sourced by the transition
current density J;;(Ro) at impact parameter Rg. In stark contrast, as alluded to in Sec. 5.1, the pump and
the probe are decoupled for laser-stimulated EEG processes. Specifically, as seen in Eq. (5.11), the pump is

)

the optical source exciting the target’s induced field El(,Jr , which is then probed by the electron’s transition

current density J¢;(Ro) at Ry.
5.5.2 Numerical evaluation of the inelastic double differential cross section
From Egs. (5.39) and (5.43), the wide field inelastic DDCS can be expressed as

820 m2L6 kf loss
0E;00;  (2m)3h? (k> /d”wfi ()

1 ky (v;mL2\? .
f( K2 > Im[ZEOi(Xj>w:5if)'pj(wzfif)]
J

(5.46)

47T3 k’l

We have implemented within e-DDA the plane wave transition fields defined in Appendix Egs. (5.50) and
(5.52), sourced by the transition currents Eqgs. (5.18) and (5.19), respectively, for the cases of scattering from
either a single or a coherent superposition of two incident plane waves, to a single outgoing plane wave state.

The DDCSs for inelastic scattering of wide field plane wave electron states from plasmonic nanorod
monomers and dimers are presented in Fig. 5.5. Probing electrons have an initial kinetic energy of 200 keV

and wave vector directed along the TEM axis, i.e., k; = 2, while the outgoing wave vectors k; possess a
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Figure 5.5: DDCSs for plasmonic nanorod monomer and dimer systems evaluated using e-DDA. (a) Numeri-
cally calculated DDCS (logarithmic scale) for a silver nanorod with Cartesian dimensions of 30 nm X 60 nm
x 15 nm. The incident electron is directed along z with 200 keV kinetic energy and the collected scattering
direction is varied from 6; = 0 urad (along z) to 8y = 200 prad, with ¢y = m/2 fixed such that q; = ¢, ¥.
The quantity d/A; (upper horizontal axis) is the rod length (60 nm) along the momentum recoil direction
divided by the transverse recoil wavelength A} = 27/g,. (b) Lineout of the DDCS in panel (a) at 2.5 eV
(green). The gray trace is the DDCS of an anisotropic point dipole evaluated using the analytic expression
in Eq. (5.40). Vertical gray dashed lines indicate single particle diffraction minima. Insets show schematic
depictions of the scattering and target geometries. (c) Same as (a), but for a homodimer target composed of
two copies of the nanostructure considered in (a) and (b) arranged tip-to-tip along the y-axis with an s = 10
nm gap. (d) Lineouts from (c) at 2.30 eV (red) and 2.65 eV (blue). Vertical gray dashed lines indicate single
slit diffraction minima, while solid gray lines denote double slit interference minima at 2.30 eV.
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nonzero y-component such that the transverse momentum recoil hq, is along y. Working in the low loss
energy regime in order to observe the plasmonic modes of interest, Fig. 5.5(a) shows the calculated DDCS
(logarithmic scale) for an anisotropic silver rod with Cartesian dimensions 30 nm x 60 nm x 15 nm (width,
length, height) as a function of scattering angle 6; and loss energy. The nanorod is orientated with its longest
dimension d, along the direction of collected transverse recoils (¢ = 7/2), leading to the lowest energy long-
axis dipole mode near 2.50 eV dominating the DDCS. Since the transversely polarized components of the
transition field ES)%. in Eq. (5.50) are proportional to q, transversely oriented LSP modes of the nanorod do
not contribute to the DDCS at 6y = 0 prad. The apparent features at 0y = 0 urad and energies above 3.50
eV in Fig. 5.5(a) arise from longitudinal multipoles oriented along z.

Figure 5.5(b) shows a lineout from panel (a) at the long-axis dipole LSP energy marked by the dashed green
line. The gray trace in Fig. 5.5(b) is calculated using the analytic form of the DDCS given in Eq. (5.40) for a
single point dipole representing the target. The anisotropy of the nanorod response is captured by detuning
the shorter axis dipole LSP energies above 2.50 €V in the dipole’s effective polarizability. As a consequence,
0?0 /0B ;00 o |EY, - y|?, which ensures 0°0/0E;;0Q¢|g,—o = 0. At moderate opening angles (2 5 prad)
the DDCS decreases as the opening angle increases, which starting from Eq. (5.50) and Q) > |QL| = |q.]|
can be shown by EY, -y o< Qa1 - y/(a —|—qﬁ —w?/c?) = Qq)|ky|sinfy/ [|ks|?sin® Oy +w?(1/0? —1/c?)].
For a 200 keV electron with loss energy fie;r = 2.5 eV, |ks|sinf; > w/(v;v;) at opening angles > 5 urad,
leading to 9%0/0F;;dy oc1/sin® @y This effect exists independent of the target geometry and represents
the decreasing probability of low loss events with moderate transverse recoil. Separately the lineouts in 6
on the order of 5 urad range are primarily dictated by the growing in of the transverse LSP mode, as at
smaller angles E?ci -y x q-y = |ks|sinf; and the lineout is taken at the § oriented dipole mode energy.
Unlike in the narrow beam limit, the DDCS observable has equal magnitude contributions from transverse
and longitudinal recoils, which is a well known experimental and theoretical result of EEL DDCS on an
anisotropic target [196,204]. In addition to tracking the angular scattering behavior predicted by the point
dipole model at small scattering angles (< 25 urad), the lineout shown in green exhibits a progression of
diffraction maxima/minima with increasing 67 arising from the finite extent of the target. The single particle
diffraction minima, indicated by vertical gray dashed lines, are located nearby angles 6,, corresponding to
single slit diffraction minima predicted using d, sin 8,,, = mA., where integers m index the diffraction minima,
and A, is the de Broglie wavelength of the electron.

Figures 5.5(c) and 5.5(d) consider a nanorod dimer consisting of a pair of the silver rods from Figs. 5.5(a)
and 5.5(b) displaced along y such that there is an s = 10 nm gap between the rod tips. The dimer’s DDCS
is presented in Fig. 5.5(c), where the bonding (red) and antibonding (blue) hybridized long-axis dipole LSP
modes are visible at energies slightly below and above 2.5 eV, respectively. Lineouts from Fig. 5.5(c) at loss
energies corresponding to the bonding and antibonding dimer modes are shown in Fig. 5.5(d), again displaying
multiple diffraction minima/maxima. In analogy to the double slit experiment, each nanorod is a source of

single-particle diffraction in addition to matter-wave interference arising from the d; + s = 70 nm center-to-
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center displacement of the the nanorods. For example, each DDCS minimum observed at the bonding mode
energy (2.30 eV) occurs at an angle corresponding to either one of the single-particle diffraction minima
from Fig. 5.5(b) marked by vertical gray dashed lines, or at angles 6,, satisfying the double slit interference
condition nA; = dy + s, which are indicated by vertical gray solid lines. The condition for constructive
interference at the antibonding resonance energy is (n +1/2)A| =d, + s.

An investigation of inelastic scattering involving superposition plane wave electron states interacting with
a chiral nanophotonic target is presented in Fig. 5.6. Specifically, the target is the well-understood Born-Kuhn
structure (BK) [110], composed of two gold nanorods arranged in an L-shape with a relative displacement
¢ between the rods centered along z, as demonstrated in Fig. 5.6(a). Here, the long and short axes of each
nanorod are 100 nm and 30 nm, respectively, = 40 nm, and tabulated gold dielectric data are taken from the
literature [203]. Fig. 5.6(b) shows the optical extinction spectra of the BK target for incident wave vectors
along 2z and polarizations € = L (red) and R (blue). As is well-understood (see Appendix) [111,112] both
incident field helicities couple, albeit with unequal strengths, to the bonding and antibonding LSP modes

near 2.0 ¢V involving the long-axis dipoles. The optical circular dichroism CD,,, = 2(05(t —al))/ (ag(t —|—U§;¢)
spectrum is shown in black, which exhibits the BK system’s chiral response and serves as a point of comparison
against the electron-based observables.

As depicted in Fig. 5.6(a), free electron plane wave superposition states 1/},’51 k, (x,y,2) are incident from
the left, while an aperture situated in the diffraction plane post-selects the outgoing free electrons along
the TEM axis with ki = 0, ie, qpkil (z,y,2). It has been shown previously that the response of targets
as measured by wide field EEL spectroscopy with pre- and post-selection of such states with k, = &, and
X = £7/2 in many ways mimic the optical response under circularly polarized optical excitation [4,54,118].
Indeed, Fig. 5.6(c) presents DDCS spectra of the BK target for 1/1,’§mky (z,y,2) — 1/1;% (z,y, z), producing the
transition current density given by Eq. (5.19), for the scenarios of x = 7 /2. The circular dichroism CDggy,
(black) is again defined as twice the difference in the x = £7/2 DDCS spectra normalized by the sum, and
strongly resembles the CD,y,, spectrum in Fig. 5.6(b). Panel (c) presents the CDggy, spectra as a function of
convergence angle #;. Like the nanorod dimer presented in Fig. 5.5, the BK system exhibits both single slit
diffraction and double slit interference effects (Fig. 5.6(d)), though the superposition state excitation and BK
target geometry conspire to produce more complicated beating patterns than those observed in Fig. 5.5(c).

The vertical dashed gray line in Fig. 5.6(d) indicates the convergence angle 6; of the spectra presented in
panel (c).
5.6 Conclusions

Development of capabilities to prepare, parse, and measure transversely phase-structured electron states
in the electron microscope has opened the door to state- and energy-resolved inelastic scattering observables,

adding to the rapidly evolving toolkit used to interrogate nanoscale systems in the low-loss regime. Here we
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Figure 5.6: Numerical evaluation of the circular dichroic response of a chiral nanorod structure probed using
wide field EEL spectroscopy within e-DDA. (a) Scheme showing the gold nanorod BK structure and probing
geometries. Superposition plane wave electron states are incident from the left, while an aperture (black)
post-selects the outgoing electron state along the TEM (z) axis. (b) Optical extinction spectra for incident
plane wave wave vectors along z with circular polarization states € = R (blue) and L (red). The optical
circular dichroism CDgpy is shown in black and shares its secondary y-axis with panel (c). (¢) DDCS spectra
of the same BK structure for superposition plane wave electron states with x = +7/2 (red) and y = —7/2
(blue). The CDEggy, spectrum is shown in black. (d) Angle 8;-resolved CDggr, spectra. The dashed gray line
in (d) indicates the fixed angle of the lineouts in (c¢). The incident electron kinetic energy in (c,d) is 200 keV.
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present general expressions for transversely phase-shaped EEL and continuous-wave laser-stimulated EEG
spectroscopies for transversely localized vortex and non-vortex electron states, and the DDCS for wide field
electron plane waves under minimal assumptions regarding the magnitudes of electron velocity and energy
exchange. By exploiting a quantum mechanical treatment that accounts explicitly for the transverse degrees
of freedom of the probing electron wave functions, we have showcased the ability to retrieve information
about the optical near-field and electromagnetic response of nanophotonic targets using inelastic scattering of
phase-shaped free electrons following energy-momentum post-selection. A numerical procedure for evaluating
derived observables is presented that allows for flexibility regarding particle number, size, geometry, and
material composition. Example calculations for several prototypical plasmonic monomer and dimer systems
are investigated to highlight the utility of our approach to analyze mode symmetries, local response field
characteristics, chiral responses, and matter-wave diffraction phenomena. The general procedures outlined
for constructing wide field plane wave and nondiffracting twisted and non-twisted electron beams with distinct
transverse polarization and topological textures, in addition to the state- and energy-resolved observables,
can be readily applied to many areas of atomic, molecular, and materials physics. In particular, we have
drawn attention to an application of free electron qubits, whereby transitions between different OAM qubit
states produce transition current densities with unique polarization and vector profiles, including analogs
of optical polarization states and other more general forms of structured light. The theoretical framework
presented can be extended to describe beam coherence in electron holography [205,206] via a density matrix
formalism [207], and utilized to explore the role of pure and mixed electron states in inelastic scattering and
the concurrent transfer of quantum information in the form of quantized energy and OAM [182,184,185,208].
Furthermore, the use of transversely phase-structured free electron states realizable in TEMs, STEMs, and
ultrafast TEMs can lead to additional manifestations of unique electromagnetic fields [167,168] and electron
paraxial skyrmionic beams [169], all of which could play vital roles in the investigation of novel optically

forbidden atomic, molecular, material, and topological excitations [142,170,209-211].
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5.8 Appendix

5.8.1 Vacuum Transition Vector Potentials and Electric Fields

The transition vector potentials and electric fields associated with each of the transition current densities

in Sec. 5.3 are presented below. Specifically, the vacuum electric field

; 2
B0~ £[(2)"T +95) s
i ey gl py e
_w/dx [(0) i +vv]|x_x,| (vi)sz(x) (5.47)
L

= —4riw [ dx’' 80(x, x' w)- ( )in(xl)

v
plays an important role in the observable EEL and EEG processes and depends upon the vector potential
1 ei(w/c)|x—x’\ L
AY(x,w) = E/sz’ £ (f)Jf,»(x’) (5.48)

|x — x/| v;

presented here in the Lorenz gauge. Beginning with the transition current density in Eq. (5.18) associated
with the transition between single plane wave states 1, (z,y, ) and ¢, (2, ¥y, z) where k; and k are arbitrary

wave vectors, the vacuum vector potential

2meh elax
AL i, (xw) = et ? (]) q2Q (5.49)
and electric field . .
Bl (0.0) = Z;Zi <w/f;x— e (2)Tad-q (5.50)
are readily obtained upon using the integral identity [ dx’e!(@/x—xeFiax’/jx — x/| = —4mweFiax/[(w/c)? —
¢*].

The vacuum transition vector potential sourced by the superposition plane wave state transition current

density in Eq. (5.19) takes the form

2mweh ’ kyetha® k,eiXethvy
AX X,w) = etI? [ id %+ Y 5
b, 00 ) V2mev; L? w/e)" — k2 —qf W/ =k - i

eikxa: eixeikyy .
e <(w/c>2 “E g @/ -k - qﬁH

for the superposition state w,fmku (z,y,2) = (1/V2L) [V, (z,y) + Yy, (z,y)e’X]e*1* introduced in Sec. 5.2,

(5.51)

transitioning to the final pin hole state P (z,y,2) = L=3/2¢™*1% oriented along the TEM (z) axis. Associated
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with this vector potential is the superposition plane wave state transition electric field

—2mieh [k2+Quq — (£)* ky +Quq — (2%
EXO X,w) = |: z c k_leikTIf(_'_ Y c’ J eikyyerA
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(5.52)
where Q = k; + ky and q = k; — ky are the same total and recoil wave vectors defined previously.

In the case of focused beams, more specifically in the small beam-width limit, we present only the
vacuum transition fields involving one unit of OAM exchange between initial and final electron scattering
states. The narrow beam limit, whereby the transverse electron wave function reduces to the transverse delta
function [68], is adopted in all expressions. The transition vector potential and electric field associated with

the HG transition current density in Eq. (5.23) describing the scattering from ¥10(x,y, z) to ¥oo(z,y, 2) is

2ieh QAR . .qQui Ax qARo
A? =———""|K K; RIES .
00,10 (X, w) — { 0 ( " X+ 1, AR 5 } (5.53)
and
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he dw? 4 Az® QAR | qy (Az? — Ay?)
- 2mw0wvi{([ c? (4+qHQHwO)AR3}KO i * ¥(4+qHQHw8) AR} Ky
H AzAy qHARO . i Ax 20.) QHARO iqnz
+,712(4+Q\|Q\|w0) ARZ 2( ~ )Y AR {qHQuwo 2 q\|(1+q||Q\|wo)}K1 - } o,

(5.54)
where ARy = |R—Ry| and Az = |z — x| and Ay = |y—yo|. By symmetry, scattering from HG g1 (2, y, 2) to
Yoo(x,y, z) can be obtained from Eqs. (5.53) and by (5.54) interchanging % with ¥, resulting in Agj o (x,w)
and E80701(x,w). If the transverse state does not change in the scattering process, as is the case in the
conventional EEL signal, the vacuum vector potential and electric field associated with the current density

in Eq. (5.24) where n’ =n =0 and m’ = m = 0 become

Afo 00(x,w) = (J;C)Q|Ko<qliRo)ieiq'z (5.55)
and
Ego,oo(xaw) = wfneviQ” %-flRo K, (qliRo) (AZ‘X + Ayy) + l( w? I)Ko(qlAvRo)i etz (5.56)

The latter is the well known classical field of a uniformly moving point electron [68,80] in the nonrecoil
approximation where ¢ = w/v; and Q| = 2kﬁ.

Transitions between LG states ¢,(p, ¢, 2) and v, (p, ¢, z) involving one unit of OAM can be derived
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from the above HG transitions by linear combination. Specifically,

1 .
Ag/:O,p’:O,Z::I:l,p:O(pa ¢)’ 2, w) = \ﬁ [Ago,lo(x, (.d) + ZA80,01(X7 UJ)] (557)

and

1 .
E?/:O,pfzo,e:ﬂ,p:o(foa ¢, 2,w) = ﬁ [E80,10(X»W) + Z]380,01(3’<7 W)] (5.58)

All electric fields introduced in the Appendix are coded within the e-DDA and can be used to calculate the
presented EEL observables in both wide field and focused beam limits.

5.8.2 Observables Under Interchange of Initial and Final States

The EEL rate wy; is proportional to [ dxdx'J%,(x) - 8(x,x’,w) - J;;(x'). By interchanging the 3D

. , . . . o ;N ,
coordinates x and x’, and invoking reciprocity, i.e., Gog(x,x',w) = Ggo (X', x,w),
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(5.59)
where o, f = z,y, z and Einstein summation notation has been used. Eq. (5.59) can be equivalently expressed
as wyi(q)) = wip(—q)) provided Gup(x,x’,w) = Gga(x',x,w). Said differently, interchanging the initial and
final transverse states together with changing the sign of the recoil momentum wave vector ¢ leaves the
EEL observable invariant in a reciprocal medium. In the case of an isolated dipolar target at position x4
characterized by frequency-dependent polarizability <a>(o.)), <a(x, x',w) satisfies the reciprocity condition
when the polarizability tensor is complex symmetric, i.e., when <E>( = WT(

w) w).

5.8.3 Laser-Stimulated Coherent States of the Target

Under the assumption that the stimulating laser field couples to a single target mode (labeled ¢), which
is driven into the coherent state |ay), the rate at which the probing electron gains energy as the target

transitions to the sum of final Fock states |nj}) is
in 27 —iw 2
Wit = S Y|S0 [ dxdgitxt) (AL e o) | 8(Es - )
o " , (5.60)
— o5 2 fatuilan) [ ax AP ) -35:00] o(Es - B

4
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Coherent states can be written as |a) = e~1I°/2 S (@™/v/nl)|n), where |n) = [(aT)™/v/nl]|0). When ex-

pressed in terms of the electric field Egi) (x) = x(iwp)/c AEi) (x) together with | (nylae) |2 = (|ozg|2712 /n%!)e"‘”'z,
Eq. (5.60) can be cast as

Ty (5.61)
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