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Introduction

Our surrounding is governed by the microscopic world in many ways. On the one
hand, atomic arrangements and the interaction between electrons naturally give rise
to macroscopic properties such as electric, optic and magnetic properties of materials.
On the other hand, technological advancements lead to ever increasing miniaturization
to the point where transistors or magnetically stored data bits often measure only a
few atoms in diameter. Moreover, many global challenges revolving around energy
efficiency and energy storage could potentially be solved by nanotechnology. Conse-
quently, studying, understanding and shaping materials on the nanometer scale is of
the utmost importance.

However, due to the diffraction limit in combination with the wavelength of visible
light, conventional optical microscopy does not provide sufficient spatial resolution to
study features below ~ 100 nm. Therefore, other imaging techniques and instruments
were developed. Omne of those was the transmission electron microscope (TEM) as
first described by Knoll and Ruska in 1932 [3]. Owing to the very short de Broglie
wavelength of fast electrons (A &~ 2.5 pm for electrons accelerated by V' = 200kV to
v = 0.7¢), the theoretical spatial resolution limit lies well below the Bohr radius.

Unfortunately, this theoretical spatial resolution given by the diffraction limit was
far beyond the experimental reality for a long time. Aberrations, in particular the
spherical aberration, drastically limited the usable opening angles (to the order of a few
mrad); poor coherence of the electorn beam and low electronic stability made matters
worse. Consequently, the achievable spatial resolution was rather in the nanometer
than in the picometer regime. In 1959, Richard Feynman said: “It would be very easy
to make an analysis of any complicated chemical substance; all one would have to do
would be to look at it and see where the atoms are. The only trouble is that the
electron microscope is one hundred times too poor.” [4]

A lot of progress has been made since then, both in terms of the optical performance
and in terms of beam coherence, brightness and stability. A very nice overview of
important historical events in the development of electron microscopy until the early
2000s can be found in [5]. A particularly notable milestone was the invention of the
aberration corrector [6, 7], which paved the way for sub-A spatial resolution. The
latest generation of aberration correctors already allows for a spatial resolution close
to! 15X [9].

In order to go beyond simple imaging, a wide variety of analytical instrumentation
and detectors was developed as well, giving rise to a multitude of techniques includ-

L) is the electron wavelength. Typical values in a TEM are somewhere between 8.59 pm at 20kV
acceleration voltage and 1.97 pm at 300kV [8].
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ing electron energy-loss spectrometry (EELS), energy-dispersive X-ray spectroscopy
(EDX), Auger spectroscopy, cathodo-luminescence (CL), and interferometry.

With ever improving instrumentation and the development of new detectors comes
the need for advances in methodology and characterization techniques. While at
low magnification, it may be justified to interpret an electron micrograph in first
approximation as simply a shadow image of the sample akin to an optical transmission
microscopic image, such an interpretation soon breaks down at high magnifications
as used for atomic resolution imaging. At this scale, the image formation has to
be treated as a quantum mechanical scattering process of (relativistic) electrons?.
Similarly, special scattering geometries can be chosen to, for example, visualize point
defects in a crystal lattice. Again, the required setup as well as the methods to analyze
and quantify the results go far beyond what is needed for a “simple shadow image”.
A similar situation arises when looking at analytical techniques such as EELS.

In EELS, the energy of the electron beam after passing through the sample is
analyzed, typically by a sector magnet. The resulting energy spectrum provides infor-
mation about which transitions are possible in a specific sample region. In the context
of so-called core-losses (i.e., transitions from a tightly bound “inner shell” electron
to above the Fermi energy) the energies of these transitions are characteristic for the
chemical element participating in the inelastic interaction. Thus, mapping transition
energies over the sample produces chemical maps.

However, a closer look at the energy spectrum reveals much more information in the
fine structure of the excitation edges than “just the chemical composition”. The shape
of the fine structure is influenced by many factors including the local surrounding (i.e.,
the crystal field), the valence state, and the spin state of the atom. Thus, mapping the
details of the fine structure can reveal localized information about these properties.
As above, exploiting the full potential of the wealth of data available with modern
instruments requires advanced methodology to properly design, simulate and analyze
experiments.

Therefore, my research work is dedicated towards the development of advanced char-
acterization techniques in TEM. This encompasses both the advancement of existing
techniques as well as the development of entirely new approaches.

This thesis is composed of 12 selected (peer-reviewed) papers focusing on the devel-
opment of advanced characterization techniques in TEM, to which I have contributed
significantly and which had a profound impact on their respective field. A full list of
all my scientific publications can be found, e.g., via my ORCID 0000-0003-0080-2495.
Each paper in this thesis is represented by its own, consecutively numbered chapter to
ease cross-referencing and discoverability. The chapters, in turn, are grouped themat-
ically into four parts (numbered with roman numerals), each of which starts with a
short introduction into the respective research topic, and are ordered chronologically
in each part. While each part discusses a separate technique, later parts typically

?Depending on the acceleration voltage and the accuracy level required, either the classical
Schrédinger equation, a relativistically corrected Schrodinger equation, or the Dirac equation
have to be be used.
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build upon previous ones.

The first two parts include progress on two related topics, namely the mapping and
characterization of electronic states of the target. Part I — which is a continuation
and advancement of my PhD work — deals with the real-space mapping of electronic
transitions at and beyond atomic resolution (colloquially referred to as “orbital map-
ping”). It includes the first proof-of-principle experiments showing that a mapping of
individual electronic states inside a (bulk) specimen is indeed possible.

Complementary to mapping the spatial part of electronic states, part II deals with
the characterization of spin states using the energy-loss magnetic chiral dichroism
(EMCD) technique. It includes significant improvements to the spatial resolution and
the signal-to-noise ratio (SNR) of the technique, as well as the derivation of a formalism
that facilitates the designing of experiments as well as investigating magnetic phase
transitions.

Part III deals with designing, generating and using a new class of electron beam
shapes, namely electron vortex beams (EVBs). The study of EVBs has its roots
in EMCD, where EVBs occur naturally in the inelastic scattering process. Based
on this observation, considerable research has been devoted over the last couple of
years to deliberately creating and manipulating EVBs in an endeavor to enhance the
capabilities and signal strength of EMCD as well as broaden the range of systems for
which it can be used. The papers included in this part report on significant advances
in producing EVBs and in understanding how they scatter inside amorphous samples.

Building in part on the beam shaping techniques first developed for the study of
EMCD, part IV deals with fundamentally new prospects of quantum microscopy. The
fact that beam shaping nowadays allows the experimenter to arbitrarily manipulate
the quantum wave function of the probe beam both before and after it interacts with
the sample opens many doors to entirely novel approaches for setting up a (scattering)
experiment and for optimally measuring a quantity of interest. Going beyond the clas-
sical imaging and diffraction modes, this enables problem-specific custom approaches
by suitably transforming the probe beam’s quantum state.

Two crucial aspects of quantum microscopy are highlighted in part IV, namely devel-
oping mechanisms to arbitrarily transform the beam and to understand the quantum-
mechanical intricacies of the propagation of a general beam through “conventional”
electron-optical lenses. The results, in particular those on arbitrary transformations,
promise to solve one of the overarching problems of most advanced techniques (includ-
ing those discussed in parts I and II): the low SNR.

All the papers in this thesis fall into one of two categories. They either signifi-
cantly advance existing methods (in particular EMCD (part II) and electron vortices
(part III)), or they pioneer novel techniques in new or emerging fields (in particu-
lar “orbital mapping” (part I) and “quantum microscopy” (part IV)). In all cases, I
was particularly involved in the methodology: defining the research question, design-
ing the experiments and/or simulations, performing the data analysis, as well as in
the in-depth theoretical description of the underlying physical processes and numer-
ical simulations. My focus lay on furthering the quantum mechanical understanding
of the interaction between the three key actors in electron microscopy: the electron
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beam itself, the electron optical elements of the microscope, and the sample. This
allowed me to simulate existing methods more accurately and in hitherto unexplored
regimes (such as convergent-beam EMCD), while at the same time sparking new ideas
(such as “how could the measurement basis be transformed to give more signal and
less background?”).



Part |
Real-space Mapping of Electronic
States
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Electronic states shape the world around us. Almost all macroscopic properties
of matter are influenced or governed by them, including chemical binding, crystal
structure, as well as electric, optic and magnetic properties. While methods exist to
map the total charge density (e.g., using elastically scattered electrons [10, 11]) and
surface states (e.g., using scanning tunneling microscopy (STM) [12]), direct mapping
of information concerning individual electronic states in the bulk has remained elusive.

One approach that can fill this gap in characterization techniques is core-loss EELS.
Fundamentally, EELS provides access to the energy distribution of the probe beam
after it traversed the sample. Core-loss EELS deals with probe electrons that have
transferred a relatively large amount of energy (2 50eV) to the sample. This typically
occurs when in exciting a tightly-bound (core) electron of a sample atom to a free state
above the Fermi level.® Assuming different final states of interest lie at sufficiently
different energies?, specific transitions can be picked out, e.g., by a slit aperture in an
energy-dispersive plane or in post-processing if an entire spectrum is recorded.

Thus, the real-space distribution of the probability to excite transitions to the chosen
states can be mapped. While a single atom’s scattering distribution is delocalized due
to the long range Coulomb interaction [13], it is distinctly peaked around the scattering
center [14]. This implies that real-space EELS data should allow Angstrom and sub-
Angstrom features to be visible, albeit on some background. Strictly speaking, such
high-resolution EELS maps only map the scattering probability of the incident probe
beam. Practically speaking, under typical conditions they closely resemble the shape
and orientation of the sample’s final states as demonstrated below.

To understand the image formation, the quantum mechanical scattering process
has to be modeled. In order to elegantly handle partial coherence effects, the density
matrix formalism [14, 15] is used. A more exhaustive description of the theory can be
found in the author’s PhD thesis [16], but the general approach is as follows.

Before the inelastic interaction, the system (comprised of the probe beam and the
target) is in the initial state given by

yjpf 1) (1) @ [i) ] 1)

1

where small letters denote the (sub)system of the probe beam and capital letters
denote the (sub)system of the target, and p; is the occupation probability of the state
|I). For simplicity, an effective one-electron model of the target will be adopted in
the following. The (incoherent) sum over / implies that a multitude of sample states
could be realized, whereas the probe beam is assumed to be in a pure state (i) (i])
initially.

3In addition, multiple scattering can occur, caused, e.g., by an additional phonon or plasmon exci-
tation. Such a situation will not be included here as the phonon/plasmon excitation intensity is
expected to be very weak compared to the zero-loss peak at the sample thicknesses required for
acquiring interpretable real-space maps of electronic states.

4T.e., they are not degenerate in energy and their splitting is large enough to be well-resolved
experimentally, typically at least 1eV to 2eV.
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After the interaction, mediated by the Coulomb operator V, the system is in the

state . X
oV 1) 1) Gl 11V )

Since the target’s final state is not observed separately, it has to be traced out, leaving
the probe beam’s density operator after the inelastic interaction (for a specific energy
transfer £) in the form

pr(E) = Ipz(l —pr) (FIVIL) |i) (| (I|VT|F) §(Ep — E; — E) (3)

Calculating the density matrix in a reciprocal space basis yields

(kK E / / (’; Z,; pi(k + q. k' + q')dqdq’ (4)

with the incident density matrix of the probe beam

pi(k, k') = (ki) (il k') , (5)
the mixed dynamic form factor (MDFF) [14, 17, 18]

S(a.q . E) = Z:pz(l —pe) (K| (FIVII) [k + q) (K + ¢| (I]VT|F) |K')

§(Er — E; — E)
- Im —pr) (Fle ORI (11" B|F) §(Ep — Er — E)  (6)

and the momentum transfer vectors q, q’.

The density operator of the probe contains the complete information fully charac-
terizing the electron beam. Thus, it allows predicting any kind of measurement per-
formed on the beam, be it a simple intensity measurement (determining the beam’s
probability distribution in real-space (imaging) or reciprocal space (diffraction)), an
interferometric measurement (for determining phase differences) or a measurement of
its energy spectrum (EELS).

There is one caveat, however: eq. 4 relates the pure state wavefunction of the beam
incident on the target atom (eq. 5) to the beam’s state directly after the inelastic
scattering event. These are not the states typically available experimentally as the
beam has to traverse part of the sample (as well as the microscope’s gun and condenser
systems) to get to the target atom, and the rest of the sample (as well as the remainder
of the microscope) to get to the detector. For a complete and correct treatment of
the entire process, elastic scattering both before and after the inelastic event has to
be modeled.
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An efficient way of calculating the MDFF for atoms in a crystal and for interfacing
the results with elastic scattering calculations based on the multislice approach [19]
can be found in chapter 1 and in my PhD thesis [16].

The formalism was first applied to study the hole distribution in a chain-ladder
superconductor of Sry; ,Ca,CuyOy4 (SCCO) type (see chap. 2). Without Ca doping,
the material is electrically resistive, while superconducting behavior emerges for higher
doping. Unlike other Cuprate-based (high-7,) superconductors, this system does not
feature 2D CuO planes, but rather quasi-1D CuO chains and ladders. The fact that
superconductivity is still observed is remarkable and understanding the underlying
physics may very well shed new light on the nature of superconductivity.

An accurate description of the physical properties of SCCO naturally hinges on
the knowledge of the electron/hole distribution in the compound. Yet, no microscopic
investigations were available, with electron/hole distributions proposed based on meso-
and macroscopic measurements varying widely. In EELS, the holes give rise to a pre-
peak to the O-K edge, which was mapped with atomic resolution across several unit
cells. Indeed, more holes appeared to be on the “chain-atoms” than on the “ladder-
atoms”.

However, an accurate quantification at atomic resolution can easily be precluded
by, e.g., elastic scattering as mentioned above. For example, when using a very small,
highly convergent beam (as in scanning transmission electron microscopy (STEM)),
beam spreading can occur. This means that even though the experimenter positions
the beam on a particular atomic column, atoms in many neighboring columns could
contribute to the overall EELS intensity. Furthermore, the beam’s quantum state (in-
cluding its propagation direction) when hitting an atom can influence the probability
with which various transitions are excited, thus also influencing the spectral shape
and the overall quantification.

Only detailed simulations including both elastic and inelastic scattering effects such
as with the formalism outlined above allow predicting such “artifacts”®. Using com-
bined elastic and inelastic scattering simulations, I was able to quantify the contri-
bution of neighboring atoms in the experiment in chapter 2 to amount to around
16 %. This allowed an accurate and reliable determination of the hole distribution in
Sr3Cayy CugyOyq, with ~ 4 holes (= 0.4 holes per Cu) in the chains and ~ 2 holes
(=~ 0.14 holes per Cu) in the ladders.

In addition to predicting the complex interplay between elastic and inelastic scat-
tering to simulate conventional high-resolution STEM-EELS experiments, eqs. 3-6
also enable the design and evaluation of new experiments with unprecedented spa-
tial resolution. Eq. 3 indicates that the electron beam will predominantly scat-
ter into final states |f) for which the matrix element (f| (F|V|I)|i) is large. For
an incident plane wave (i.e., the case of ideal energy-filtered TEM (EFTEM); with

5T.e., the difference between the theoretical spectrum of a single, “ideal”, free-floating atom hit by
a perfect plane wave, which is closely related to the atom’s DOS, and the real spectrum expected
for a real sample with finite thickness through which the beam has to propagate.
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pi(k, k') = 6(k — ko)d(k' — ky)), eq. 4 reduces to

S(ko — k. ko — k', E)
ko — k[?|ko — K'|?

pf(k:,k/,E) = (7)
Assuming ky || z, k. = k. = ko, — gp, and performing a Fourier transform {k,, k,} —
{z,y} yields

pr(r, v’ E) = F[S(ko — k, ko — k', E)] x (Ko(rqe)Ko(r'qr)). (8)

where qp = koE/(ymoc?) is the characteristic momentum transfer due to the energy
loss [8], Ky is the modified Bessel of second kind and order zero, and * denotes a
convolution. As the Fourier transform of eq. 6 essentially results in §-distributions in
space, it is reasonable to assume that the outgoing density matrix is large in places
where both |I) and |F) are strong. Indeed, initial calculations corroborated this
conclusion (see chapter 1).

To design a suitable experiment, two key ingredients are crucial: spatial resolution
of the instrument and energy separation of the investigated states. The importance
of spatial resolution is obvious: the characteristic length scale of the features can
be expected to be of the order of the size of the overlap region between |I) and |F),
which is generally smaller than half the chemical bond length (i.e., half the inter-atomic
distance), which is typically a few A. Therefore, obtaining maps with well-resolved
orbital information requires a spatial resolution of the maps of well below 1 A.

The importance of the energy-separation of the states is less obvious at first glance.
Naturally, when the states overlap in energy, they cannot be mapped separately using
EELS. This, in turn, has severe implications for the possibility of distinguishing their
effects on the map. Fig. 1 shows exemplary images calculated for graphene. In the
300 keV case®, it is immediately apparent that no sp? directional information is visible
when viewing the graphene perpendicular to the plane while such information is visible
when viewing the sample parallel to the plane.

The visibility of the orientation dependence in graphene can also be derived analyt-
ically. The transitions are of the form |s) — |sp?), with the real-space representations

(R|T) = (R|s) = fr(R)Y{(R/R)
_ fr(R)
V3

where Y;™ are spherical harmonics and ¢, determines the orientation of the sp? orbital.

(9)

(R|F) = (R|sp”) (Yo' (R/R) + e Y (R/R) — €Y, (R/R))

In the following, p; = 1, pr = 0 are assumed. In addition, the explicit energy-
dependence of the MDFF is omitted for brevity. Thus, eq. 6 takes the form
S(a.q') = > (sp°|e T Bs) (s]e" F|sp?) (10)

po€{a,a+3F 0+ 47}

6This case is included for illustrative purpose only. Due to beam damage, graphene gradually
becomes more and more unstable above around 80keV [21-23]. Therefore, real experiments
should be performed below that threshold. The case of 60keV will be discussed below.
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Figure 1.: Simulated real-space maps for the K-Edge of graphene. a) pDOS and total

10

EELS spectrum as calculated with WIEN2k [20]. The arrow indicates the
energy of the target’s final states used in the maps. b-d) Calculated maps
for a viewing direction perpendicular (b,d) and parallel (c,e) to the plane
for an incident plane wave with an energy of 300keV (b,c) and 60 keV (d,e),
respectively. All calculations were performed without aberrations and with
an acceptance angle of f = 50 mrad.
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with the global sample orientation given by «. Using the Rayleigh expansion [24],

¢ —dny "N Y (g/q) YL (R/R)jr(¢R), (11)

A=0 p=—-X\

the angular integrals of the individual terms can be evaluated and written using
Wigner-3j-symbols [24], resulting in

3 / YO(R/R)'Y}(R/R)Y}" (R/R)dS (12)
A

I AL

2L+1) (0o L L\ (0 L L
=/ 00 o)lo —m ar)onedu-u 14

—1\M
G N (15)

Var

Direct evaluation then yields

5(a,4") = 90(9)90(d") + 391(0)g1(¢') cos(pg — @y ) sin(b,) sin(by)

= 90(9)90(q") + 391(0)91(¢') (42, + ay4,,) (16)
with R R
a(a) = / L\g()jx(qR)RQdR (17)

Note that the first term, which stems from the s — s monopole transitions, is spheri-
cally symmetric, while the second, stemming from s — p dipole transitions, is not.

When viewing graphene perpendicular to the lattice plane, i.e., the diffraction plane
corresponding to the ¢, ¢, plane with ¢, = ¢g, the diffraction intensity is proportional
to

S(a,q) = 90(q)* + 393 (q)q? , (18)

i.e. it is rotationally symmetric’. Thus, no orientation dependence can be seen,

corroborating the results in fig. 1.

When viewing graphene parallel to the lattice plane, e.g., the diffraction plane
corresponding to the ¢, ¢. plane with ¢, = gg, the diffraction intensity is proportional
to

S(a,q) = 90(q)* + 343 (a)ap + 345 (0)d2, (19)

i.e. it features a distinct x-dependence, further corroborating the results in fig. 1.

It should be emphasized that the lack of orientation dependence when mapping
graphene perpendicular to the plane is by no means obvious. In fact, fig. 1 shows that
in the more realistic case of 60 keV, a pseudo-orientation-dependence seems to emerge

"The same holds for mapping in real-space as can be seen by Fourier-transforming the MDFF.

11
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with an increased image intensity along the sp? bonding directions. This, however,
comes solely from the (incoherent) superposition of ring-shaped features around each
atom, just with a larger ring diameter due to a larger ¢g.

This illustrates nicely that in-depth simulations are necessary both to accurately
predict and correctly interpret real-space maps of electronic states, and that such
maps can depend on many factors, including sample orientation and symmetry.

Symmetry implicitly enters into the pre-factors of the ¢, and ¢, terms. In the ex-
ample of pristine graphene as shown above, the threefold rotational symmetry implies
that the ¢, and ¢, terms have identical prefactors, thus giving rise to the ring-like
2+ qz image dependence.

Chapter 3 explores the situation when the symmetry is deliberately broken, e.g., by
dopant atoms or vacancies in graphene. As can be seen there, the symmetry breaking
should indeed allow to distinguish electronic states close to the defect. As many
interesting effects and applications usually happen at interfaces and defects rather
than in perfect single crystals, this is a very valuable outcome.

The first experimental evidence of the novel method for mapping electronic states
in real-space is described in chapter 4. In that work, rutile was used as it features a
tetragonal unit cell, is more stable and easier to prepare and handle than graphene.

Chapter 5 highlights a very recent publication in which the in-plane graphene ex-
periment described above was performed in a multi-layer graphene stack sandwiched
between SiC and BisSes. This work demonstrates the excellent quantitative agreement
between the simulation and the experiment achievable with the approaches described
above.

As shown in chapters 3-5, a crucial factor in the real-space mapping of electronic
states is the inherently low SNR. This comes from the fact that even in low-symmetry
cases, the energy-splitting between different states is a few eV at best. Therefore, very
narrow energy ranges need to be used to selectively image individual states, resulting
in a relatively low image intensity even for high incident doses. One possible approach
to potentially overcoming the challenge of low SNR in the future will be discussed in
part IV.

In summary, my work presented in this part substantially furthered the understand-
ing of the interaction between the electron beam and the sample, in particular in the
context of inelastic scattering. This not only allows to dramatically improve the accu-
racy of EELS quantifications on the atomic scale, it also allowed me to develop a new
method for mapping the real-space distribution of individual electronic states inside
the sample.

12
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A pure state decomposition approach
of the mixed dynamic form factor for
mapping atomic orbitals
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This makes it possible to use matrix diagonalization methods to reduce the number of terms that need to
be taken into account when calculating the inelastic scattering of electrons in a crystal. It also leads in a
natural way to a new basis that helps elucidate the underlying physics. The new method is applied to
several cases to show its versatility. In particular, predictions are made for directly imaging atomic

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, simulations are indispensable both for planning and
for interpreting experiments in the transmission electron micro-
scope (TEM), in particular when working with electron energy loss
spectrometry (EELS). The key quantity for simulating inelastic
electron scattering is the mixed dynamic form factor (MDFF)
[1-4]. In many cases, this complex quantity is simplified by several
approximations, like, for instance, the dipole approximation.
Recently, it has been shown, however, that this can lead to quite
severe errors [5]. Furthermore, with recent advances of aberration
corrected microscopes, more accurate calculations of the MDFF
will become essential for future experiments.

In this work, we will give a brief repetition of the mixed
dynamic form factor. It has been well known for a long time that in
dipole approximation, the MDFF can be written in the form aq - q’
(+q x q’ in the case of magnetism; see, e.g., [6,7]). Our work goes
beyond this approximation by showing that all multipole orders
can be written as a quadratic form. This is followed by an analysis
of how a basis transformation can bring it into a simpler, diagonal
form that is much easier to handle numerically. Furthermore, the
physical significance of this procedure will be outlined. The
general concept of factorizing and diagonalizing density matrices
(i.e., writing the corresponding density operator as an incoherent
sum of pure states) is well known [8,9] and is also applied in other

* Corresponding author. Tel.: +43 15880113815.
E-mail address: stefan.loeffler@tuwien.ac.at (S. Loffler).

0304-3991/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.ultramic.2013.03.021

fields (e.g., [10]). However, to the best of our knowledge, it was not
yet applied in the way presented here to simplify the MDFF.

In the last part, the new formalism will be applied to both
existing and new measurement setups to study its applicability
and versatility.

2. The mixed dynamic form factor and its pure state
decomposition

In the most general approach, the quantum mechanical system
consisting of both the probe electron and the sample can best
be described by a density operator p or its matrix elements, the
so-called density matrix p [8]. Adopting the density matrix
formalism instead of the simpler wave function approach is greatly
beneficial as one cannot observe the target's final state directly.
This ignorance of a part of the system after an inelastic interaction
gives rise to a mixed state which can be described very effectively
using the density matrix [3,4,8].

Before the interaction, the probe and the target systems can be
considered independent. For the sake of simplicity, we will
furthermore assume that both systems are initially in a pure state,
i.e., each can be described by a single wave function. Then, the
density operator of the whole system before the interaction is
given by

Proro = DI = DKL, 1)
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where ® denotes the direct product. Throughout this paper, we
use small letters when referring to the probe beam and capital
letters when referring to the target.

In first order Born approximation, the density operator after the
inelastic interaction mediated by an interaction potential V is
given by

Drot = VIV SCE + Er—Er), @

where E is the “energy loss” of the probe beam (i.e., the energy
transferred from the probe beam to the target electron), and Ej, Er
are the initial and final state energies of the target. Since the target
system is not observed directly, one has to construct the reduced
density operator for the probe beam by summing incoherently
over all possible final states of the target. This reduced density
operator is given by

p= §<F|\‘/u>|i><i|<1|\7*|F>5<E + E;—Ep), ©)

which can then be propagated elastically through the crystal and
be used to predict the outcome of measurements in different
geometries. It must be emphasized that the ordering of the terms
is vital here, since V in general acts on both the probe and the
target states, which results in an entanglement of the two.

In EELS experiments, the interaction operator V is the Coulomb
interaction operator. Its two most common basis representations
are in configuration space,

e2 5(R-R’)
4rey |r—R|
=V(P)s(r-r'), 4

vV ry=Viry= s(r—r’)

and in reciprocal space,
e2 eitk—l-R

Vik, k’)_(k\V\k>— e k= k\z S(R-R")
e2 eldR
47[6‘ \q|2

=V(q). (5)

Here, e is the elementary charge and ¢ is the permittivity of vacuum.
In these two representations, the reduced density matrix reads

S(R-R)

p(rr) =42 S [ dREEVIEIDED
F
/ A (WG 1) F)S(E + Ei—Er)
_ _4;:2;<F|V(r)u><l|\7’(r')|F>

(rli)(ilr)s(E + E|—EF)
=S(r, r)(rli)(ir)

plele) =473, [ dk(FiGkiv Rl
F
/ die(ilfe ] 1\ie |V 1Y IFYS(E + E—Ep)

— -4 [dq dg FIV @IV @)IF)
(k + qli)(ilk’ + q')5(E + E;—EF)
= [[dq dq'S(q.q")k + qli)ilk' +q'). (6)

Here, the MDFF S(q,q’) and the real-space MDFF (rMDFF) S(r,r")
were introduced which are related by a Fourier transformation.’

! Contrary to the convention adopted in previous works, we include the
1/q*q* term in the definition of the MDFF as it makes the definition more concise
and easy to use.

It is noteworthy that — due to the particular properties of the
Coulomb operator — the rMDFF can be multiplied on the initial
probe wave functions, whereas the MDFF has to be convolved
with them.

In order to perform calculations, one not only has to specify a
basis for the probe states, but also for the target states. Usually,
one chooses a spherical harmonics basis which is particularly
useful for describing the tightly bound initial states that give rise
to EELS core losses. Hence, the initial state is written as |I1 1jin2
while the final states are expanded in terms of [LM1S). In
the following, we will also sum incoherently over j, since that
quantum number of the initial state is typically unknown. In the
Kohn-Sham approximation, the MDFF is then given by [11-13]
saa)=-42% = (Fumys)(gsiv@isi.)

F}l LMSLM'S'

<ll iV @im 15'> <L’M’ L §Fys(E + E—Ep)

m'LMSL'M'S'ud'u’
i"/2i+ D2V + HRL+ DL + 1)
Yi(q/0* G (@)es Y @ /a6, )ews;

( I 2 L> ( I L/>
00 0/\0 O O
I 2 L I » r
-m u M -m o M
1L I 1 j
-1 m+m 2 . 2 .
ser(L 1 4)( 44

ZDZ\I}IS s ) S(E + Enji—Egn). @)

g 5 2(21+1)(21+1)2 > X

Here,
Ga@)ers = / s (), (qrRy(ryr? dr ®

is the weighted radial wave function overlap [11,14] with the
initial state's radial wave function R;(r), the final state's radial
wave function u;s(r)*> and the spherical Bessel function j,. The
TienDFIo(DER o )* (over a shell of constant energy) is the cross-
density of states (XDOS) and the ({ . ) are Wigner 3j symbols.

While this choice of basis is very convenient as a starting point
(asitis used, e.g., in WIEN2k [15]), it is by no means the only or the
optimal choice. This can be seen by collecting terms depending on
q and terms depending on q’. With the abbreviations

a=uL,S)

a'=@,u,L,5)

g9 =— Y”(q)(l;(q))ELs]

[

et .
w=—" @+ D2+ DY ¥
€o mm'MM’

"V 22+ D2V + DL+ H2L + 1)
I 2 LN/l » L
<0 0 o)(o 0 0>

I 1L Y
(on 2 ) (o 2 )

2 This takes into account the spin-orbit coupling of the tightly bound core
states [11].

3 This is to be understood as the radial wave function of the projection of the
(delocalized) final Bloch state onto an LS state at the scattering center, e.g., a
muffin-tin state.
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Z(_l)m+m’ I % ] ! % ]

- m S —j, m S —j,

ZDffis(Dffs )*S(E + Enc=Ei) ©)
n

the MDFF can be rewritten as
5q.9) = 220" Eaw8s (@)
=g@ = 2@) (10)

where the matrix £ collects all q,q’ independent terms and can be
computed in a straight-forward way once the XDOS is known (e.g.,
from DFT calculations; note that this is a property of the
target alone, and therefore has to be calculated only once). The
g, in turn, can be interpreted as a vector of functions. Eq. (10) is a
well-known quadratic form and an extension of the often-used
simple dipole approximation S(q.q')=q-A-q' [5-7,16] to arbi-
trary momentum transfers and multipole orders. In particular, it is
noteworthy that = is hermitian (as is shown in Appendix A).

With the default settings, the program WIEN2k produces data
with 0<L, L'<3. When including transitions up to quadrupole order
(A=2), £ is a 72 x 72 matrix, resulting in up to 5184 terms in the
MDEFF that in principle would all have to be handled separately. In
practice, some of the entries vanish due to selection rules,
while for some others the hermiticity of = can be exploited. Still,
many off-diagonal elements generally remain. These off-diagonal
elements imply correlations between the basis vectors [4] and
hence represent additional information (e.g., symmetries) about
the underlying system that can be used to simplify the problem.

To exploit this additional information, one can insert a unitary
matrix U in the following way:

S(q.9)=g@"-U'U.£.U'U-g@q). n

Since for any hermitian matrix, a unitary matrix exists such that
UZU" is a diagonal matrix D, one only has to find such a U. This is
straight forward using, e.g., eigenvalue solvers, a singular value
decomposition, or a Schur decomposition. With the abbreviation
2(q)=U - g(q), the MDFF becomes

S(q.q)=8@" -D-g(@q). 12)

In terms of quadratic forms, the transformation U is a principal
axis transformation. In quantum mechanical terms, it is a basis
transformation into the eigensystem of the MDFF. In essence, it
recovers the “physical” basis of independent — i.e., uncorrelated
because of vanishing off-diagonal terms — transitions.* With the
default settings of WIEN2k, this means that the problem was
reduced from at most 5184 terms to at most 72 terms. This is
related directly to the internal crystal symmetries that are taken
into account in WIEN2k. The information theoretical aspect of the
effect (general) symmetry groups have on inelastic electron
scattering has recently been studied by Dwyer [17].

In practical applications, knowing the “physical” basis is impor-
tant for understanding how the excitation process works. A priori,
it is not clear how the independent transitions look like. One could
have, e.g., a py-like transition as one would expect from s—p
transitions, or a coherent superposition like a vortex-like transi-
tion similar to (px—ipy)/«/z or something like an s-p hybrid
transition, or something even more complicated. Of course, all
this information is present in the = matrix, but it is not readily
accessible in general. However, knowing it is very important when

4 Note that, depending on the EELS-edge and multipole orders considered, it
may or may not be possible to determine the “physical” basis |F) of the target from
these transitions. Considering, e.g., a dipole-allowed transition from an initial p
state to a final d state, one has only three transition elements (xv€{-1,0,1}), but
5 final states. Under these circumstances, not all information about the final states
can be probed, unless one takes into account other multipole orders or final states.

planning experiments (e.g., for knowing the diffraction angles at
which to place an objective aperture, or to interpret recorded
images in terms of these transitions and possibly different
involved final states of the target). For this, the diagonalization
can help as it produces exactly these uncorrelated transitions.

In numerical simulations, it is usually beneficial to work
with the rMDFF as it can be multiplied directly onto the incident
density matrix. Since the rMDFF is related to the MDFF by a Fourier
transformation and the q and q dependencies have been
decoupled, the rMDFF simply reads

Sr,ry =g’ -D-g@) (13)

with the same matrix D as for the MDFF and g(r) = FT4[g(q)]. By

renormalizing the g such that g,(r)=+/D..&,(r), the MDFF can be

further simplified to

S(r.r) =g - g1 = TE,)*E,r) (14)
Hence, the reduced density matrix of the probe electron after

the inelastic interaction in configuration space can be written as

p(r,1) = TE(OPI)E()p(), 15)

where we wrote ¢(r) = (r|i) for the incident probe electron wave
function. It is quite obvious that the diagonalization of the rMDFF
has resulted in a pure state decomposition of the density operator
p = YalaXal. This is formally equivalent to the spectral decom-
position of the cross-spectral density of quasi-monochromatic
wave fields in optics [10]. However, contrary to the case in optics,
we are dealing with the effects in electronic transitions. In
particular, this results in the entanglement of the probe electron
and the target, and thus in the necessity to construct the reduced
density matrix of the probe beam.

Finally — when measuring a real space image —, the measur-
able intensity I is given by®

1) =p(r,1) = TIZ,("p(r)|? (16)

In the description above, elastic scattering of the probe beam
after the inelastic scattering event has not been included for the
sake of simplicity. Since each |a) in itself is a pure state, it can
be propagated elastically through the rest of the crystal with
existing methods (e.g., the multislice approach [18]) in a straight-
forward way.

For the simulations in Section 3.3, the multislice approach was
used first to propagate the incident beam through the crystal.
At each atomic position, an inelastic interaction was simulated by
calculating the (diagonal) reduced density matrix in Eq. (15). The
resulting independent pure states (or rather their corresponding
wave functions) were then propagated through the rest of the
crystal using the multislice approach again. Here, the diagonaliza-
tion is of utmost importance as the number of multislice steps to
perform is O(NL?) where N is the number of non-negligible terms
in the MDFF (which can be reduced significantly by the diagona-
lization procedure) and L is the number of layers (which is fixed by
the geometry).

Obviously, the final image must be independent of the basis in
which the inelastic scattering is described. However, using the
diagonalization method presented here, the number of terms to
calculate and hence the numerical complexity can be reduced
considerably. In particular, it must be emphasized that this
diagonalization has to be done only once, as a preprocessing step,
but reduces the number of scattered wave function in each slice of

5 Here, an ideal lens system is assumed. Real lenses will reduce the level of
detail transferred to the image, but do not change the coherence properties of the
partial waves.



Die approbierte gedruckte Originalversion dieser Habilitationsschrift ist an der TU Wien Bibliothek verflgbar

The approved original version of this habilitation thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

42 S. Liffler et al. / Ultramicroscopy 131 (2013) 39-45

the multislice calculation. Hence, it has a huge impact on the
overall computation time.

3. Applications

In this section, we will apply the method outlined above to
some model systems. The first two are included for didactic
reasons as they demonstrate that the new method is consistent
with previous findings. The third one is a more complicated real
system.

3.1. Single atom

For single, individual atoms, all final states are independent of
one another and hence uncorrelated. In addition, in the absence of
a (strong) external magnetic field, states with the same L, but
different M or S can be considered degenerate. For the XDOS, this
means

> Dl s(Dfhys)* = Did1u S Sss . a7
kn

In the case of no spin-polarization, the {j,) also do not depend on S,
the sum over S, S’ can be carried out, and the spin-dependence of «
can be dropped. Using the orthogonality relations for the Wigner
3j symbols, a short calculation then yields

I 2 L\?
00 0 D86 b1rs (18)

B =472L+ 1)(2j + 1)(
Hence, for single, isolated atoms, £ is diagonal in the (4,u,L,S)
basis, i.e., no correlations occur, even in the untransformed basis.
More precisely, for the case discussed later, it is 2(24+ 1) fold
degenerate in x4 and S (but not in L, in general). This is intimately
connected to the fact that £ commutes with the rotation group of
the single atom, and the Ath irreducible representation of the full
infinitesimal rotation group is 2(24 + 1) dimensional.

The angular dependence in the image is influenced only by the
(azimuthal part of the) spherical harmonics.® Since all off-diagonal
terms (u#p’) vanish and all 4 have the same weighting, the
incoherent summation over different |a) in Eq. (16) gives terms
of the form Y, Y4(q/q)*Y%(q/q). Since g, is given by the energy-loss
and is constant [5], this can be rewritten as Y,Y4(0,$)*Y:(0,¢")
with constant 6. Fourier transformation into real space transforms
exp(iu¢) into exp(iug) up to a constant phase factor [19]. So,
measuring in real space (this implies ¢ = ¢') gives ¥, [e#?|? = (21 +
1)/(4z) which is constant. This gives rise to circular intensity
profiles regardless of the symmetries of the target's initial or final
states.

3.2. Energy-loss magnetic chiral dichroism

Since its discovery in 2006 [11], interest in the energy loss
magnetic chiral dichroism (EMCD) technique has been growing
steadily. Using EMCD, one can determine the magnetic proper-
ties of the sample [20], similar to the X-ray magnetic circular
dichroism which is a standard method in the synchrotron. The
pure state decomposition approach outlined here can also be
applied to EMCD.

For the sake of simplicity, we assume here a fully spin-
polarized (65%65,%) dipole-allowed (A1=4'=1) transition from an
initial p (I=1) to a final d (L=L'=2) state, as is the dominant
contribution to the L-edge in most common magnetic materials. In
addition, we assume that states with same L, but different M are
(mostly) degenerate, as in the isolated atom case. Hence, the XDOS

6 Assuming elastic scattering effects are negligible.
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Fig. 1. (a) Schematic of the unit cell for Rutile (gray: Ti, red: O). The lattice
constants are a =4.594 A and ¢ = 2.958 A. The arrows show the symmetry-adapted
local coordinate systems (red: x, green: y, blue: z). (b) pDOS of the oxygen states as
calculated by WIEN2k. The gray bars show energies used for simulations in this
work. (For interpretation of the references to color in this figure caption, the reader
is referred to the web version of this paper.)

reads

YDk (DKL o) = D26128128mm 355y 19)
kn

Under these assumptions, £ becomes a 3 x 3 matrix for both

Jj=1/2 (corresponding to the L, edge) and j=3/2 (corresponding
to the L3 edge)

ap, (100
= )
Ej_ip=-32(020
00 3
ap, (500
Ej_3p= ”32 040 (20
00 3

As in the single-atom case, £ is already diagonal in the spherical
harmonics basis. Here, however, different 4 have different weights.
This means that transforming to any other basis will introduce
off-diagonal elements (only (scalar multiples of) the identity
matrix is invariant under rotations). Hence, the spherical harmo-
nics basis is the only “physical” basis for EMCD.

Moreover, the £ matrices given above can be interpreted as a
homogeneous average signal on which the y—dependent EMCD
signal is superimposed

a, [ (200 -1 00
Ei_ip= ’;2 020|+|0 00
00 2 0 01
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a 4.594 A

b_

4594 A

Fig. 2. Real-space intensity of the exit wave after propagation of an incident plane wave through a one unit-cell thick Rutile crystal oriented in [0 0 1] zone axis at 200 kV
acceleration voltage. Only dipole-allowed transitions were taken into account. (a) shows the image at an energy loss of Er + 4 eV, whereas (b) shows the image at an energy
loss of Er + 7 eV. The insets show the projected unit cell with Ti atoms in gray and O atoms in blue. (For interpretation of the references to color in this figure caption, the

reader is referred to the web version of this paper.)

0
47D, 0

4 00 10
04 0|]+]0 0 (21)
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This immediately shows two features common to EELS and EMCD.
On the one hand, the homogeneous average signal exhibits the
typical, statistical 1:2 intensity ratio of the L,:L; edges. On the
other hand, the EMCD signal (the absolute magnitude of which is
independent of j in this simple case) shows the typical sign
reversal between L, and L3 edges.

3.3. Crystals

In crystals, the situation is more complicated and simple toy-
models are insufficient to grasp it completely. Hence, one needs
sophisticated calculations to derive the XDOS that take into
account the full crystal structure [13,21].7

Hence, we will use the oxygen K-edge of Rutile (TiO;), a
tetragonal system, as test case in this work. Fig. 1a shows a
schematic of the unit cell, while Fig. 1b shows the partial density
of states (pDOS) for oxygen as calculated by WIEN2k. From it, the
lifting of the degeneracy of the different p orbitals is already
evident.

For this system, WIEN2k produces 89 non-negligible® XDOS
components at Er + 4 eV, whereas at Er + 7 eV, it produces 100
non-negligible elements in the spin-unpolarized case. In the
simplest case of taking into account only dipole-allowed transi-
tions (A=1"=1), the 3 x 3 matrix £ has 5 non-vanishing entries,
which are reduced to 3 after diagonalization.

Fig. 2a shows the simulated exit wave function intensities
(corresponding to an ideal lens system) for a single unit cell after
an energy loss of Er + 4 eV. The p type character of the transitions
is clearly visible to be pointing in the directions of the green axes
in Fig. 1a. Because of the simple, spherically symmetric 1 s nature
of the initial state of the oxygen, these p, type transitions
correspond directly to py type final states of the oxygen.

Likewise, Fig. 2b shows the simulated exit wave function
intensities at an energy loss of Er + 7 eV. There, p type transitions
pointing along the blue axes in Fig. 1a corresponding to oxygen p,

7 The complete investigation of the effects of crystal symmetries on the XDOS
and £ is beyond the scope of this work.

8 Here, elements are considered non-negligible if they are larger than 1%, of
the largest element.
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Fig. 3. Real-space intensity of the exit wave after propagation of an incident plane
wave through a 10 nm thick Rutile crystal oriented in [0 0 1] zone axis at 200 kV/
acceleration voltage. A 24 mrad objective aperture was used. Only dipole-allowed
transitions were taken into account. The image is taken at an energy loss of
Er + 4 eV. The inset shows the projected unit cell with Ti atoms in gray and O
atoms in blue. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

orbitals are clearly visible. Naturally, they are rotated by 90° with
respect to the p, orbitals.

Fig. 3 shows the situation for a 10 nm thick crystal and an
objective aperture of 24 mrad. For these calculations, elastic
scattering both before and after the inelastic interaction was taken
into account using the multislice approach [18]. This demonstrates
that these results are not only of theoretical interest, but should be
measurable in real instruments. The contrast can be estimated to
be 96% (after subtraction of the pre-edge background, e.g., using
the three-window method).

More importantly, non-dipole transitions can easily be taken
into account as well. For the oxygen K-edge, the most relevant
non-dipole transition is the monopole transition from the 1 s state
to final states with s symmetry.® Here, the number of non-
negligible terms was reduced from 10 to 4 after diagonalization.

9 The pDOS for d states as produced by WIEN2k that would be accessible by
quadrupole-allowed transitions is negligibly small.
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Fig. 4 compares the intensities and images of monopole-allowed
transitions, dipole-allowed transitions, and the coupling term
between the two. A similar effect was predicted recently for
X-ray absorption spectrometry [22].

Interestingly, the coupling term gives intensity variations of
about + 10% of the dipole-allowed transitions, which is compar-
able to the monopole transitions. Because the coupling term has a
sign, this means that at some positions, it roughly cancels the
monopole contributions, whereas at other positions, it can even

a 4594 A

double it. This acts in a way very similar to s-p hybridization,
yielding an asymmetric image.

4. Conclusion and outlook
In this work, we demonstrated a method to diagonalize both

the MDFF and the rMDFF leading to a pure state decomposition of
the density operator. This was shown to yield obvious numerical
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Fig. 4. (a)-(d) Real-space intensities of the exit wave after propagation of an incident plane wave through a one unit cell thick Rutile crystal oriented in [0 0 1] zone axis at
200 kV acceleration voltage. (a) shows only monopole contributions (contrast-enhanced by a factor of 15), (b) shows only dipole contributions, (c) shows the total intensity,
and (d) shows the coupling contribution (contrast enhanced by a factor of 15; red indicates positive values while cyan represents negative ones). The images are taken at an
energy loss of Er + 5.2 eV. The inset shows the projected unit cell with Ti atoms in gray and O atoms in blue. (e) Traces over the different contributions. The places of the
trace are marked by yellow lines in (a)-(d). (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)
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advantages by reducing the number of terms to include in image
calculations. Moreover, the diagonalization leads to a new set of
basis vectors that are helpful to elucidate the physics underlying
the scattering process.

The new pure state decomposition method was applied to the
isolated atom case, EMCD, and a Rutile crystal to show its
versatility. In particular, the isolated atom and the EMCD cases
could be treated analytically, giving results from which important
properties such as the L,:Ls ratio or the sign reversal of the EMCD
effect could be seen immediately.

For the Rutile crystal, it was shown that with latest-generation
TEMs, it should be possible to directly map atomic orbitals, e.g.,
using energy filtered TEM (EFTEM) with high spatial resolution.
However, contrary to the common assumption that non-dipole
transitions are unimportant, it was shown that the monopole as
well as the monopole-dipole coupling terms can change the signal
measurably. The necessary condition to achieve this is to have a
system with sufficiently low symmetry (otherwise off-diagonal
terms vanish due to symmetry considerations [13,21]).

Based on this, the situation for other low-symmetry cases
should be the same. Hence, this new technique gives rise to
exciting new possibilities like directly studying the electronic
structure of defects (see, e.g., [23]), interfaces, or other low-
symmetry objects.
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Understanding the physical properties of the chain-ladder Sr3Caq1Cu4041 hole-doped superconductor has been
precluded by the unknown hole distribution among chains and ladders. We use electron energy-loss spectrom-
etry (EELS) in a scanning transmission electron microscope (STEM) at atomic resolution to directly separate the
contributions of chains and ladders and to unravel the hole distribution from the atomic scale variations of the O-K
near-edge structures. The experimental data unambiguously demonstrate that most of the holes lie within the
chain layers. A quantitative interpretation supported by inelastic scattering calculations shows that about two
holes are located in the ladders, and about four holes in the chains, shedding light on the electronic structure of
Sr3Caq1Cuz404:. Combined atomic resolution STEM-EELS and inelastic scattering calculations is demonstrated as
apowerful approach toward a quantitative understanding of the electronic structure of cuprate superconductors,

offering new possibilities for elucidating their physical properties.

INTRODUCTION

The quasi-one-dimensional chain-ladder cuprate Sry,_,Ca,Cu,,04;

has attracted much attention over the past decades for its appealing

physical properties. While it is electrically resistive for x = 0, it becomes

conductive upon Ca doping. A superconducting behavior has been

predicted (1-3) and then experimentally demonstrated (4) under high pres-

sure (3 GPa) and at a high doping level (x = 13.6). Abbamonte et al. (5)

suggested the existence of a hole Wigner crystal originating from

electronic correlations within the hole-doped ladders of the parent com-

pound Sr;,Cu,404; (SCO), thereby demonstrating the competition be-

tween superconductivity and an insulating phase within the ladders.

Sr14-Ca,Cuy40y, is also unique from a structural point of view. In

all other cuprate superconductors, copper oxide units are solely ar-

ranged in CuO, planes. In contrast, Sry4 ,Ca,Cuy,O,; is composed of
two alternating stacked copper oxide planes: corner-shared CuO,

chains and edge-shared Cu,0j; ladders interleaved with Sr(Ca)

cation planes (Fig. 1). Following the conventional valency rules of Sr
and Ca (2+), O (2-), and Cu (2+), there must be missing electrons
(added holes) that are responsible for the conductive properties of
Sr14-Ca,Cus0 4t

Understanding the physical properties of this chain-ladder com-
pound requires the knowledge of the exact hole distribution within
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the chains and the ladders. SCO is naturally doped with six holes per
formula unit (f.u.), and the total number of holes does not vary with
isovalent Ca substitution for Sr. Several estimates of the hole distribu-
tion have been reported in literature, using different approaches such
as x-ray absorption spectroscopy (XAS) (6-9), x-ray emission spectros-
copy (XES) (10), nuclear magnetic resonance (NMR) (11, 12), Hall ef-
fect measurements (13), infrared reflectivity (14), and bond valence sum
analysis based on structural coordination data extracted from x-ray (15)
or neutron (16, 17) diffraction measurements. However, they present a
wide disparity as a result of major differences in the interpretation of the
results. Most studies indicate that more than 5 holes per f.u. are confined
within the chains of SCO and that only a fraction of holes is transferred
from the chains to the ladders upon Ca doping. In contrast, the anal-
ysis of optical measurements of Osafune et al. (18) indicates a transfer
to ladders of ~2 holes per fu. upon doping with x = 11, a result supported
by the bond valence sum analysis of Deng et al. (17). Finally, O 1s XAS
analysis indicates an equal distribution of holes among chains and
ladders in SCO and the transfer to ladders of more than 1 hole per
f.u. upon Ca doping (7). Nevertheless, all studies seem to agree on the
linear dependence of the hole number in chains (or ladders) on Ca
doping.

The vast majority of spectral information available on cuprate su-
perconductors is gathered using probes with spatial resolutions of
typically a few micrometers or several hundred nanometers, such as
XAS, XES, angular-resolved photoemission spectroscopy, or x-ray
photoemission spectroscopy, thus integrating over all Cu-O planes in
the structure and making the distinction among the contributions
of nonequivalent Cu planes challenging. It should be mentioned that
electron energy-loss spectrometry (EELS) has also been used to study
the character (19, 20) and symmetry (21, 22) of the hole states in cup-
rate superconductors with high critical temperature (7,) but without
atomic plane resolution. However, EELS combined with aberration-
corrected scanning transmission electron microscopy (STEM) is highly
spatially selective. The technique allows the probing of the chemical
bonding and the electronic structure at the atomic scale (23, 24) by
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Fig. 1. Crystal structure of SCCO and O-K near-edge structures. (A) SCCO structure. (B and C) Annular dark-field (ADF)-STEM images viewed along the
[100] (B) and [001] (C) zone axes. Ca and Cu elemental maps (bottom) were obtained using the Ca-L; 5 and Cu-L;, ; edges, respectively. Weighted principal
component analysis (PCA) was applied to reduce the noise level. Unlabeled scale bars, 1 nm. (D) O-K edge onset recorded along the [100] and [001] zone axes. H
and U indicate the O 2p hole and upper Hubbard band peaks, respectively. The energy resolution was obtained using a monochromator and was comparable

to XAS measurements.

using inelastically scattered electrons from a sub-angstrom probe and
is therefore perfectly suited to separate signals from individual
independent Cu planes (25-27). Furthermore, the energy-loss near-
edge structures (ELNES) arising from transitions to unoccupied states
of a particular energy allow the mapping of electronic orbitals (28) and
the localization and identification of the relevant electronic structure
information at the atomic scale. Recently, the qualitative real-space map-
ping of holes has been demonstrated in a series of YBa;CuiOg.s
compounds (27). Whereas a direct visualization of holes can be relevant
in itself, the quantification of hole concentrations with atomic resolution
is of paramount interest to further understanding the electronic struc-
ture and physical properties of hole-doped superconductors from the
nano- to the macroscale. To date, this challenge has not been met.

RESULTS

Here, the hole distribution in the chain-ladder superconductor
Sr3Ca;;Cu,0,; (SCCO) is investigated with STEM-EELS at the atomic
level, at room temperature and a pressure of about 10~® mbar, using
the O-K pre-edge ELNES (see Fig. 1D). The O-K pre-edge ELNES is
composed of the hole band (peak H) associated with the O 2p orbitals
(19, 20) involved in the Zhang-Rice singlets (29) and the upper
Hubbard band (peak U). The small anisotropy observed in the mono-
chromated spectra is largely related to the averaging of orientation-
dependent effects associated with the use of large convergence and
collection angles in STEM-EELS. However, spectral features are in

Bugnet et al. Sci. Adv. 2016;2:e1501652 25 March 2016

excellent agreement with previous data recorded in polarized XAS
(6, 7). Spectrum image (SI) data cubes were recorded with the incident
electron beam along the [100] and [001] zone axes of SCCO, simulta-
neous with the annular dark-field images shown in Fig. 2. After
correcting for spatial drift during acquisition (see the Supplementary
Materials for details), the spectral information contained in each SI is
projected along the direction parallel to the chains and ladders; the
data recorded in the [001] zone axis are projected along [100] and vice
versa. It is apparent that the O-K fine structures at the edge onset sig-
nificantly vary from chains to ladders for both specimen orientations:
peak H strongly fluctuates as a function of the spatial position, reaching
its maximum intensity on the chains and its minimum on the ladders.
This observation is further confirmed by a similar experiment at the Cu-
L; edge (fig. S4), indicating that most holes lie within the CuO, chains of
the structure.

To evaluate the relative hole concentration within the chains and
the ladders, we quantified the spatial variation of the O 2p hole band
by modeling the O-K pre-edge ELNES. The spatial separation of the chains
and ladders achieved using STEM-EELS is highly important because it
avoids having to resort to comparison with pure chain and pure ladder
reference spectra (9), which can induce some material-dependent effects.
Gaussian functions have been used to quantify the spectra following the
methodology commonly used in XAS (7). Note that the present spatially
resolved EELS data have been acquired with a lower energy resolution
compared to typical XAS experiments, further justifying this choice as a
reasonable approximation. Two Gaussian functions were used to fit
the O 2p hole band and the upper Hubbard band, respectively. The
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Fig. 2. Qualitative hole distribution. (A and B) ADF-STEM images and O-K edge onset in the [001] (A) and [100] (B) zone axes. The O-K edge onsets
highlight intensity variations of the O 2p hole (H) and upper Hubbard (U) bands, whose positions are indicated by red and black arrows, respectively.
The ADF-STEM images are represented after alignment (see the Supplementary Materials). Scale bars, 5 A.

continuum of states at higher energy was modeled by a step function (30).
The energy of the Gaussian functions was determined after modeling
monochromated EELS data, as shown in Fig. 3, B and F, and their full
widths at half maximum (FWHM) were evaluated by accounting for
the energy resolution decrease between the monochromated and the
non-monochromated electron source (see the Supplementary Mate-
rials). The spatially resolved data were fitted with the determined energy
position and the extrapolated FWHM, leaving the peak intensities as the
sole free parameters. It should be mentioned that the independent oxy-
gen sites in chains and in ladders have different O 1s core electron
binding energies, which would lead to different energies for the doped
holes. However, the relative core-level shift estimated from electronic
structure calculations in SCO is negligible (8), and the experimental
chemical shift arising from hole doping in other cuprates such as
La,_, S, CuO,_; is a few tenths of electron volts for doping levels of a
few tenths of holes per Cu (31). In comparison with the spectral width of
the present experimental peak H (~1.9 eV), the differences in O Ls core
electron binding energy can be safely neglected.

Examples of the resulting fits of the STEM-EELS data are shown
in Fig. 3. The intensity of the Gaussian function used to model the O 2p
hole peak decreases from chains to ladders, as shown in Fig. 3, C and D,
for [001] and Fig. 3, G and H, for [100]. The fitting process was applied
to 10 SI data sets acquired in both zone axes. The hole concentrations
obtained from this fit are reported in Table 1. Assuming a total of 6 holes
per f.u., and that the hole number is directly related to the intensity of
peak H with the same spectral weight for ladders and chains, the
relative hole concentration within the chains and the ladders along
[001] ([100]) is evaluated to be 4.08 + 0.26 (4.01 + 0.28) and 1.92 +
0.26 (1.99 + 0.28), respectively. As expected, the hole concentrations
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determined in the [100] and [001] zone axes are similar within the
range of error, leading to average values of ~4 holes in the chains
and ~2 holes in the ladders, corresponding to ~0.4 hole per Cu in
chains and ~0.14 hole per Cu in ladders (considering a 10:14 ratio
of Cu atoms in chains/ladders). Accordingly, the upper Hubbard
band, which should decrease with higher doping, is weaker in the
chains than in the ladders as shown in Fig. 31. These measurements
are consistent with a lower doping per Cu for the ladders, as suggested
in La,_,Sr,CuO,_;5 (32).

A reliable quantitative interpretation of the O-K ELNES requires
taking into account the channeling of the electron beam along the
atomic columns and the relative sensitivity of the O 2p hole peak in
chains and in ladders (that is, the spectral weight per hole in chains
versus ladders). The nearly identical Cu-O interatomic spacing and
similar chemistry in chains and ladders suggests that the hole sensi-
tivity of the chains is similar to that of the ladders. To quantitatively
evaluate the influences of electron-beam channeling and orientation
dependence, we performed inelastic channeling scattering calcula-
tions (see the Supplementary Materials for details). The results are
summarized in Table 2. On one hand, the inelastic intensity coming
from the ladders when the electron beam is on the chains (and vice
versa), which we will refer to as cross terms, represents less than ~17%
of the total inelastic intensity, which is of the order of experimental un-
certainty. In other words, a very good spatial separation of the chain
and ladder signals is achieved under these experimental conditions.
This result confirms the validity of the experimental STEM-EELS ap-
proach used here. On the other hand, these cross terms are of the
same magnitude as the small differences in calculated inelastic inten-
sities coming from the chains when the electron beam is in a chain

30f7

se[o1Ie sse0oy uad( 103 3deoxe ‘papruited j0u A[JOLIIS ST UOHNALISIP PUR 9sn-8Y *[1Z0Z/Z1/L0] U0 -SYVV Ag *B10'00ustos mmm//:sd1y wolg pepeofumod ‘Z ‘910z ‘ApeIos



Die approbierte gedruckte Originalversion dieser Habilitationsschrift ist an der TU Wien Bibliothek verflgbar

The approved original version of this habilitation thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

RESEARCH ARTICLE

A [001]
Gs _00s_100

© 0-0
0 0-0

-]
o

E [100]

900000000000000000000
000000000000000
06000000000000080
?ogoogegegeogog

0000000000000000000

000000000000000
.5.55.5...58.5.
90‘?--.9%090‘?-.- 009

Intensity (a.u.)

m

Intensity (a.u.)

+ O pre-edge (EELS)
0 2p peak
HB

Step function
——Model

C | * OKpreedgein chains (EELS) D | * OKpre-edgein ladders EELS)

0 2p peak 0 2p peak a
—— UHB ——UHB

_ Step function _ Step function

S | — Model S | —Model

s s

2 2

Z &

2 2

2 2

£ £

f . L "
526 528 530 532
Energy-loss (eV)

s
534

s n " "
526 528 530 532
Energy-loss (eV)

526 528 530 532
Energy-loss (eV)

534

+ O-K pre-edge (EELS)
0 2p peak
UHB

Step function
——Model

+ O-K pre-edge in chains (EELS)

+ O-K pre-edge in ladders (EELS)

G 0 2p peak H 0 2p peak
—— UHB ——UHB

. Step function _ Step function
S | — Model S | ——Model

s L

2 2

£ £

2 2

2 2

£ £

526 528 530 532
Energy-loss (eV)

534

Intensity (a.u.)

N

s

526 528 530 532
Energy-loss (eV)

534

526 528 530 532
Energy-loss (eV)

534

Fig. 3. Spectral fitting and quantitative hole distribution. (A) SCCO structure in the [001] zone axis. (B) Modeling of the monochromated O-K edge onset
in SCCO in the [001] zone axis. (C) Modeling of the spatially resolved O-K edge onset in SCCO corresponding to chains in the [001] zone axis. (D) Same as in (C)
for spectra corresponding to ladders. (E to H) Same as in (A) to (D) for the [100] zone axis. Two Gaussian functions were used to model the O 2p hole band (red
solid lines) and the upper Hubbard band (UHB) (green solid lines). The edge onset at higher energy (gray solid lines) was modeled using a step function (30).
The energy and FWHM of the Gaussian functions were determined from the monochromated spectra in (B) and (F), and only the intensity of the functions was
left as free parameters during the fitting process. (I) O 2p hole band and upper Hubbard band fit over a full spectrum image acquired in the [001] zone axis.

Table 1. Hole concentrations (per f.u.) in chains and ladders. The error
bars correspond to the SD over all data sets analyzed and adjustment of the
absolute energy positions of the O 2p hole band and the upper Hubbard band.

Ladders Chains
[100] 1.99 + 0.28 401 + 0.28
[001] 1.92 + 0.26 4.08 + 0.26

position and from the ladders when the electron beam is in a ladder
position. This suggests that the O-K ELNES has similar sensitivity to
holes in chains and ladders under our experimental conditions and
confirms that the expected inelastic intensities recorded in [100] and
[001] are comparable.

Bugnet et al. Sci. Adv. 2016;2:e1501652 25 March 2016

DISCUSSION

The inelastic channeling calculations confirm the hole concentrations
that were directly estimated from Gaussian fitting. First, it is important
to highlight that this theoretical approach strongly suggests a spectral
weight of 1:1 in chains/ladders, which validates the general assumption
made to interpret the XAS data (6, 7). Second, the extracted STEM-EELS
data for x = 11 are compared with literature values in Fig. 4. Overall, the
value of ~2 holes in the ladders follows the general tendency that most of
the holes are in the chains upon heavy Ca doping. Specifically, this value
is slightly higher than those reported in most of the existing studies
(6, 9, 11, 13). It is also lower than those extracted from optical measure-
ments (18) and neutron diffraction using bond valence sum calculations
(17). The present study qualitatively and quantitatively shows a higher
hole concentration within the chains as compared to the XAS investi-
gation of Rusydi et al. (7), where it was reported that the holes are

40f 7

so[o1Ie sse00y uadQ 103 3deoxe ‘papruiied J0u A[JOLIIS ST UOHNALISIP PUR 9sn-8Y "[1Z0Z/Z1/L0] UO -SYVV Ag *B10°00ustos mmm//:sd1y Wwoly pepeofumod ‘Z ‘910z ‘ApeIos



Die approbierte gedruckte Originalversion dieser Habilitationsschrift ist an der TU Wien Bibliothek verflgbar

The approved original version of this habilitation thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

RESEARCH ARTICLE

Table 2. Calculated contributions of chains and ladders to the total inelastic intensity.

Orientation Beam position

Inelastic intensity from ladders (a.u.)

Inelastic intensity from chains (a.u.)

[100] Ladders

155,956 (~84%)

28,902 (~16%)

Chains 17,683 (~7%)

240,596 (~93%)

[001] Ladders

139,527 (~84%)

26,567 (~16%)

Chains 35,524 (~17%)

177,920 (~83%)

Hole number in ladder layer (per f.u.)
w
T
[ ]
1

Ca content (x)

Fig. 4. Hole distribution within the ladders versus Ca content in
Sr14-xCa,Ch404,. The hole distribution from this work (red cross) is indi-
cated in comparison with room-temperature data taken from published
works [green triangle: optical measurements, Osafune et al. (18); orange
star:O 1s XAS, Nuicker et al. (6); purple diamond: Hall effect, Tafra et al. (13);
black circle: Cu2p XAS, Huang et al. (9); blue square: O 1s XAS, Rusydi et al. (7);
dark cyan square: ®*Cuand 'O NMR, Piskunov et al. (71); gray hexagon: neu-
tron diffraction, Deng et al. (17)].

mainly localized in the ladders for x = 11, inducing a large hole transfer
from chains to ladders upon Ca doping. It is important to stress that
STEM-EELS coupled to inelastic channeling calculations is the only
approach used so far that permits direct visualization and evaluation
of hole concentrations in ladders and chains independently,
highlighting the relevance and significance of the results reported here.

A major consequence of the STEM-EELS analysis is that the data
reveal an apparent incompatibility between the hole distribution in
superconducting SCCO and the presence of a hole Wigner crystal in
SCO that was suggested by resonant x-ray scattering (5) and explained
with a nearly equal distribution of holes (7) in chains and ladders for
x=0. However, note that the Wigner crystallization of holes has been
reported on the parent compound (x = 0), in contrast to the present
STEM-EELS experiments, and this calls for complementary experi-
ments using both STEM-EELS for hole localization and resonant x-ray
scattering on a wide range of Ca doping levels. Polarization-dependent
work with sufficient spatial resolution to resolve chains and ladders is

Bugnet et al. Sci. Adv. 2016;2:e1501652 25 March 2016

not possible with current instrumentation, but could be exploited in the
future to further understand earlier experiments.

In summary, the hole distribution among chains and ladders in
SCCO has been probed by STEM-EELS at atomic resolution. In con-
trast to XAS and other techniques that probe both chains and ladders
simultaneously, STEM-EELS directly distinguishes the signals coming
from chains and ladders independently. A qualitative analysis of the
results indicates that the chains hold most of the holes. A quantitative
analysis is proposed based on the Gaussian fitting of the O-K ELNES
pre-edge structures and supported by inelastic channeling calcu-
lations, which account for both channeling effects and spectral weight
differences in ladders and chains. The combination of the electronic
structure fingerprint in the ELNES, atomic resolution in the aberration-
corrected STEM, and inelastic scattering calculations opens the way
to a better understanding of the electronic properties of cuprate
superconductors.

MATERIALS AND METHODS

Crystal growth

Single crystals of SCCO were grown by the optical floating zone (OFZ)
method (33). The starting materials were pre-annealed powders
of CaCO;(99.9, CERAC), SrCOs3 (99.9, AlfaAesar), and CuO (99.9,
CERAC). The appropriate stoichiometric mixture of powders was
crushed and ground using mortar and pestle to ensure pulverization of
the powders and homogeneous mixing, and then the mixture was
transferred into a rubber tube. A vacuum pump was used to extract air
from the rubber tube, and the material was placed in a hydrostatic press
under 60 MPa for 20 min. This produced cylindrical rods of powder that
were approximately 11 cm in length and 8 mm in diameter. These rods
were sintered in a tube furnace in air for 48 hours at 1200°C and then
cooled to room temperature before being removed from the furnace.
High-quality single crystals were grown in the OFZ Canon furnace with
9 atm of O, overpressure, at a growth rate of 1 mm/hour. The feed and
seed rods were counter-rotated at 20 rpm. As SCCO melted incongruently,
a flux pellet made of 30 wt % SrO and 70 wt % CuO (0.5 g in total) was
used to initiate growth.

Assessment of sample purity and stoichiometry

Energy dispersive x-ray experiments conducted in an FEI Titan 80-300
TEM, operated at 80 kV, confirmed the doping level, with a Sr/Ca con-
tent of ~3.1:10.9.

STEM-EELS

The SCCO crystal was oriented by Laue x-ray diffraction. Two specimens,
with [100] and [001] orientations, were prepared by focused ion beam (FIB)
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cutting using a Zeiss NVision 40 dual beam apparatus. The specimens
were subsequently thinned down by ion milling (Fischione Nanomill)
at liquid nitrogen temperature with Ar beam energies in the range of
500 to 900 eV to remove the damaged areas from the FIB and to reach
electron transparency. The thickness of the areas probed in high-resolution
STEM-EELS were determined using EELS (34, 35) as ~30 and ~45 nm
in the [100] and [001] zone axes, respectively.

The STEM-EELS experiments were performed on an FEI Titan
Cubed 80 300 TEM, equipped with C, probe and image correctors,
operated at 80 kV acceleration voltage, and fitted with a Gatan GIF
Quantum Energy Filter. The SI data and the ADF signal were simulta-
neously acquired with a beam current of ~40 to 50 pA, a convergence
semi-angle of 19 mrad, a GIF collection semi-angle of 55 mrad, and a
pixel dwell time of 25 ms to maximize the signal while minimizing drift
and beam damage artifacts.

Data processing

The elemental atomic resolution maps shown in Fig. 1 were processed
by weighted PCA to minimize noise contributions. Data extraction for
Figs. 2 and 3 was carried out on raw data. The spatial distortion and
drift in the SIs were corrected using a homemade script in the Gatan
Digital Micrograph software before projection along one crystallo-
graphic direction. See the Supplementary Materials for details. The
crystal structure of SCCO is visualized using the computer program
VESTA (36).

Simulations

Elastic scattering effects were taken into account before and after the
inelastic scattering event using the multislice approach. Inelastic
scattering was modeled by diagonalizing the mixed dynamic form
factor (37) obtained from density functional theory calculations
(FP-LAPW WIEN2Kk) (38) at the generalized gradient approxima-
tion level (39). A simplified 224-atom face-centered cubic unit cell,
Ca 10Cuy70,9, was used (40), assuming x =14 (that is, Sr was fully
substituted by Ca), to maintain a reasonable computing time. See
the Supplementary Materials for details.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/3/€1501652/DC1

Comparison with x-ray absorption spectroscopy

Quantitative evaluation of the hole distribution

Inelastic scattering calculations

Drift correction

Qualitative hole distribution from Cu 2p excitation

Table S1. Fitting parameters: SD and relative energy positions of Gaussian functions.
Fig. S1. Comparison of O-K XANES and ELNES.

Fig. S2. Inelastic channeling calculations.

Fig. S3. Spatial drift correction on the STEM-EELS data.

Fig. S4. Qualitative hole distribution from Cu 2p excitation.
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Mapping Atomic Orbitals with the Transmission Electron Microscope:
Images of Defective Graphene Predicted from First-Principles Theory
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Transmission electron microscopy has been a promising candidate for mapping atomic orbitals for a long
time. Here, we explore its capabilities by a first-principles approach. For the example of defected graphene,
exhibiting either an isolated vacancy or a substitutional nitrogen atom, we show that three different kinds of
images are to be expected, depending on the orbital character. To judge the feasibility of visualizing orbitals
in a real microscope, the effect of the optics’ aberrations is simulated. We demonstrate that, by making use
of energy filtering, it should indeed be possible to map atomic orbitals in a state-of-the-art transmission

electron microscope.

DOI: 10.1103/PhysRevLett.117.036801

The possibility to see atomic orbitals has always attracted
great scientific interest. At the same time, however, the real
meaning of “measuring orbitals” has been a subject that
scientists have long and much dwelt upon (see, e.g., [1] and
references therein). In the past, significant efforts have been
devoted to the development of experimental approaches and
theoretical models that allow for orbital reconstruction from
experimental data [1]. Based on the generation of higher
harmonics by femtosecond laser pulses, a tomographic
reconstruction of the highest occupied molecular orbital
for simple diatomic molecules in the gas phase was proposed
[2]. Directimaging of the highest occupied molecular orbital
and the lowest unoccupied molecular orbital of pentacene on
a metallic substrate was theoretically predicted and exper-
imentally verified with scanning tunneling microscopy
(STM) [3]. More recently, real-space reconstruction of
molecular orbitals from angle-resolved photoemission data
has been demonstrated [4]. This method has been sub-
sequently further developed to retrieve both the spatial
distribution [5] and the phase of electron wave functions
of pentacene and perylene-3,4,9,10-tetracarboxylic dianhy-
dride adsorbed on silver [6].

The reconstruction of charge densities and chemical
bonds using transmission electron microscopy (TEM) has
been considered [7-11], but only recently the possibility of
probing selected transitions to specific unoccupied orbitals
by using energy-filtered TEM (EFTEM) was demonstrated
theoretically. A first example for the capability of this
approach was provided with the oxygen K edge of rutile
TiO, [12]. However, the interpretation of experimental

0031-9007/16,/117(3)/036801(5) 036801-1

TEM images for systems like rutile would be complicated
because of the multiple elastic scattering of electrons that
occurs in thick samples.

In this Letter, we suggest defective graphene [13—17] as
the prototypical two dimensional (2D) material to demon-
strate the possibility of mapping atomic orbitals using
EFTEM. We break the ideal sp> hybridization by intro-
ducing two different kinds of defects, namely a single
isolated vacancy and a substitutional nitrogen atom. This
lifts the degeneracy of the p states, inducing strong
modifications to the electronic properties compared to
the pristine lattice [15,18-24]. By selecting certain scatter-
ing angles, dipole-allowed transitions dominate the electron
energy loss spectroscopy (EELS) signal [25]. A single-
particle description can be safely adopted, since many-body
effects do not play a major role in the excitation process.
Overall, TEM images of these systems can be interpreted in
terms of bare s-p transitions.

In an EFTEM experiment, an incoming beam of high-
energy electrons (of the order of 100 keV) is directed to the
target where it scatters at the atoms either elastically or
inelastically. The outgoing electron beam is detected and
analyzed. State of the art image simulations generally only
include elastic scattering of the electrons using the multi-
slice approach [26]. In the case of EFTEM for a thin
sample, the influence of elastic scattering becomes negli-
gible, and inelastic scattering gives the dominant contri-
bution to the formation of the images.

The key quantity to describe the inelastic scattering of
electrons, which is probed by EELS, is the mixed dynamic

© 2016 American Physical Society
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form factor (MDFF). It can be interpreted as a weighted
sum of transition matrix elements between initial and final
states ¢; and ¢; of the target electron [27-29]:

S(q.q%E) = Z<¢i|€iq'r|¢j><¢j|9_iq/‘r|¢i>5(Ej -E —E)
ij
(1)

with energies E; and E;. E is the energy loss of the fast
electron of the incident beam, q and ¢’ are the wave vectors
of the perturbing and induced density fluctuations, respec-
tively. If many-body effects can be neglected, this picture
can be simplified for dipole-allowed transitions. In this
case, using the spherical harmonics as basis for the target
states and referring to transitions originating from a single
state (as in s-p excitations), the MDFF is [12]

S(q.93E) Z <ji:1(q)>LE<ji:1(q/»L’EYg:l(q)*Yf{:l(q/)EA:IyLM,i:Iy’L’M’(E)v (2)

uLMy'L'M

where Y/_,(q) are spherical harmonics, (j;—;(g)), is an
integral of the spherical Bessel function j;_;(g) weighted
over the initial and final radial wave functions. L and M
indicate the azimuthal and magnetic quantum number of the
final state of the target electron, and 1 and y are the angular
momenta transferred during the transition. Zj,7 s 213 (E)
is a quantity that describes crystal-field effects and is
proportional to the cross-density of states (XDOS)

> _Di%(Dk,)'5(E, (k) ~ E). 3)

where D7X is the angular part of the final wave function, n is
the band index, and k is a k point in the first Brillouin zone.
Compared to the density of states (DOS), the XDOS
includes also nondiagonal terms connecting states with
different angular momenta. As =y, p—1,m(E) is a
Hermitian matrix [12], the MDFF can be diagonalized.
Therefore, assuming that the target’s final states of the s-p
excitation are not degenerate, the transition matrix elements
reflect the azimuthal shape of the final single-particle states
and can thus be separated by using energy filtering.
Ground-state calculations are performed using density-
functional theory and the full-potential augmented plane
wave plus the local-orbital method, as implemented in
exciting [30]. Introducing a vacancy or a substitutional
atom, a 5 x 5 supercell is set up, hosting 49 and 50 atoms,
respectively (Figs. 1 and 2 in the Supplemental Material
[31]). The space group and thus the number of inequivalent
carbon atoms (13) is the same in both cases. We adopt a lattice
parameter of a = 4.648 bohr, corresponding to a bond length
of 2.683 bohr, while the cell size perpendicular to the
graphene plane is set to ¢ = 37.794 bohr in order to prevent
interactions between the periodically repeated layers.
Exchange-correlation effects are treated by the Perdew-
Burke-Ernzerhof functional [32]. The Brillouin zone is
sampled with an 8 x 8 x 1k-point grid. The structures are
relaxed down to a residual force lower than 0.0005 Ha/bohr
acting on each atom. Interatomic distances between atoms of
the relaxed structures, up to the seventh nearest neighbor, are
given in Table I. Upon relaxation, the atoms surrounding the
vacancy move slightly away fromit, thus shortening the bond

I

lengths with the next nearest neighbors, d;_,, compared to
the unperturbed system. The effect of the vacancy extends up
to the fourth neighbors, whereas it is almost negligible for
more distant atoms (more information about the relaxed
structures can be found in the Supplemental Material [31]). In
the case of nitrogen doping, the substitutional atom does not
strongly influence the atomic configuration of the system.
This happens because the nitrogen-carbon bond length is just
slightly shortened with respect to the carbon-carbon bond
length in pristine graphene. For all the systems, we have
investigated dipole-allowed transitions at the K edge of
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FIG. 1. Local projected density of states (PDOS) of carbon in
pristine graphene (upper panel), and of the first nearest-neighbor
atom for nitrogen-doped graphene (middle panel) and graphene
with a single vacancy (bottom). p,, p,, and p. states are indicated
by the red, green, and black lines, respectively. Note that, in the
lower panel, the peak close to the Fermi energy exceeds the
boundary of the box, with a maximum at about 2 states/eV. In
the case of pristine graphene, the red line indicates the sum of p,
and p,. The three colored areas labeled as A, B, and C indicate the
energy ranges for which the TEM images have been calculated.
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FIG. 2. Simulated real-space intensity of the electron’s exit
wave function after propagation of an incident plane wave
through a graphene layer in presence of a nitrogen substitutional
atom (upper panels) and a vacancy (bottom panels). The colored
lines indicate the energy regions highlighted in Fig. 1.

carbon, assuming an incoming electron beam perpendicular
to the graphene plane.

InFig. 1, the projected density of states (PDOS) of pristine
graphene (upper panel) and of the first nearest-neighbor
atom for nitrogen-doped graphene (middle panel) and
graphene with a single vacancy (bottom), respectively, is
plotted for empty states up to 12 eV above the Fermi energy.
Here, x, y, and z represent the local Cartesian coordinates at
the individual atomic sites as determined by the point-group
symmetry. In particular, z is the axis perpendicular to the
graphene, i.e., (x, y) plane. All the other atoms of the
defective systems exhibit a PDOS with very similar char-
acter as in pristine graphene, besides the second and third
nearest neighbors which are slightly affected by the defect

TABLE 1. Bond lengths between atoms up to the seventh
nearest neighbor, dy_;, d_», dy_3, dr_y, d4_g, and dg_q, for
graphene doped with nitrogen (top row) and with a vacancy
(bottom row). Ad are the relative deviations from those of pristine
graphene. 0 indicates the defect site.

System dooy diy dy3 dyy dyg dig
N-doped d [bohr] 2.675 2.675 2.683 2.689 2.683 2.692
Ad -03% -03% --- +02% --- +03%

Vacancy d [bohr] 2.689 2.665 2.678 2.712 2.676 2.687
Ad  4+0.2% —0.7% —0.2% +1.1% —0.3% +0.1%

[31]. In pristine graphene, antibonding z* and ¢* states are
clearly recognizable at about 2 and 9 eV, respectively. As
already reported in the literature [33-36], the introduction of
a vacancy or a substitutional nitrogen has a significant
influence on the electronic structure. A consequence of the
doping atom is lifting the degeneracy of p, and p, that is
significant for the first nearest neighbors (middle panel in
Fig. 1). This effect is particularly evidenced by the appear-
ance of bands at about 5 eV, which exhibit Dy character.
Here, three different regions can be easily identified:
(a) From O to 4 eV, the bands have only p, character;
energy ranges that present such DOS character will be
referred to as T, . (b) For energies higher than 6 €V, there are
contributions from p,, py, and p.. The only difference to
ideal graphene is the lifted degeneracy of p, and p,. This
defines a new kind of region, named 7', . (c) Between 4
and 6 eV, the p, character of the first nearest neighbor is
much less pronounced than that of p,, while all the other
atoms have only p, character; this region will be referred to
as T, . In the case of graphene with a vacancy, the same
kinds of regions can be identified, but corresponding to
different energy ranges. Here, the T, type is found between
0.5and7eV; T, _encompasses energies above 7eV; T,
is a small energy window, just a few tenths of eV close to
the Fermi energy. We find similar kinds of DOS characters
also for damaged nitrogen-doped graphene, i.e., graphene
with a substitutional nitrogen and a vacancy located near it;
such defects have been reported recently in TEM measure-
ments of nitrogen-doped graphene [37]. Details of this
calculation and the corresponding simulated TEM images
can be found in the Supplemental Material [31].

To investigate the impact of the local electronic structure
(PDOS) on the EFTEM images, we first consider the ideal
case of a perfect microscope with an acceleration voltage of
300 keV. In this case, the recorded images correspond to the
intensity of the exit wave function in the multislice
simulation [38]. The finite resolution of the spectrometer
is taken into account by simulating images every 0.05 eV in
2 eV-broad energy ranges (regions A, B, and C in Fig. 2)
and then summing them up to get the final images. Each
image is shown in contrast-optimized gray scale.

First, we analyze graphene with nitrogen doping
(Fig. 2, upper panels). Here, in the region close to the
Fermi level (A in Fig. 1) there are only contributions from
p. orbitals. The image is then formed by disklike features
where their arrangement clearly visualizes the missing
atoms (upper left panel in Fig. 2). At an energy loss
between 4 and 6 eV above the carbon K edge (region B in
Fig. 1), there is a T, -like region. We expect to see
contributions from p, of the atom closest to the nitrogen,
but no (or very little) signal coming from the other atoms.
This happens because p, lies on a plane perpendicular to
the incoming electron beam and its magnitude is more
intense than the one of p_; thus, its contribution to the final

036801-3



Die approbierte gedruckte Originalversion dieser Habilitationsschrift ist an der TU Wien Bibliothek verflgbar

The approved original version of this habilitation thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

PRL 117, 036801 (2016)

PHYSICAL REVIEW LETTERS

week ending
15 JULY 2016

signal overcomes the one from p, states. Consequently,
only the p, orbitals of the three atoms surrounding the
nitrogen are visible, which are pointing towards the defect,
as imposed by the local D5, symmetry (upper middle panel
in Fig. 2). At an excitation energy between 8 and 10 eV
above the K edge (region C in Fig. 1), instead, there are
contributions from all the p states. Since, however, p, and
py lie in a plane perpendicular to the beam axis, their
contribution to the final signal dominate over the one from
p, states. As a consequence, the image is composed of
ringlike features, stemming solely from p, and p, states,
arranged in hexagons (upper right panel in Fig. 2). Because
of symmetry breaking, the intensity is not uniform, neither
along a ring (since p, and p, states are nondegenerate) nor
among different rings (due to nonequivalent atomic sites).

The corresponding images for the system with a vacancy
(bottom panels in Fig. 2) appear nearly identical to the ones
above, but at different energy ranges. This can be under-
stood by comparing the PDOS of the two systems. Between
0 and 2 eV, for instance, we have a T, -like region in the
case of nitrogen-doped graphene, and both 7', and 7', in
the case of graphene with a vacancy. Because of the
similarity of the two systems, we will, in the following,
focus on doped graphene and show the corresponding
analysis for graphene with a single vacancy in the
Supplemental Material [31].

In order to predict the outcome of real experiments, we
now visualize the effect of the optics’ aberrations and
of a more realistic acceleration voltage on these images.
We have simulated an electron-beam acceleration voltage
of 80 keV and the operating parameters of two different
kinds of microscopes, the FEI Tecnai G> F20 and FEI
Titan G 60-300. The former has a spherical aberration
Cs = 1.2 mm, corresponding to a an extended Scherzer
defocus of 849 A, while the latter is a last-generation
aberration-corrected microscope, i.e., exhibiting no spherical
and chromatic aberrations. In view of that, chromatic
aberrations are not included in the calculations. The images
corresponding to the energy regions A, B, and C are shown in
Fig. 3. Because of the lower resolution of the Tecnai
microscope, all the features are blurred (lower panels)
compared to the ideal images. Therefore, neither the atomic
positions, nor the orbital shapes can be retrieved from them.
On the other hand, images simulated by taking into account
the aberration-corrected optics of the Titan microscope are
very sharp and let us identify all the features already observed
for the idealized situation previously described. This can be
easily seen, comparing the upper panels of Figs. 3 and 2. In
particular, atan energy loss of 5 eV (region B), the p, orbitals
are visible, as in the ideal images. This clearly demonstrates
the potential ability of aberration-corrected microscopes to
visualize atomic orbitals with EFTEM, especially in a system
like graphene. This conclusion also holds when considering
noise caused by the finite electron dose (see Supplemental
Material [31] for corresponding images).

FIG. 3. Simulated TEM image of nitrogen-doped graphene. The
colored lines indicate the energy regions highlighted in Fig. 1.
80 keV incident beam energy and lenses as in a Titan (upper
panels) and a Tecnai microscope (bottom panels) were assumed.

In summary, we have predicted the possibility of
performing orbital mapping in low-dimension systems
using EFTEM and we have demonstrated it with the
prototypical example of defective graphene. In particular,
we have shown that, as far as the optics is concerned,
reasonable image resolution may already nowadays be
experimentally achievable with last-generation aberration-
corrected microscopes like a FEI Titan G? 60-300 and even
more with improved instruments of the next generation.
However, additional work is necessary to reduce artifacts
such as noise, drift, instabilities, and damage. The inelastic
cross section for the carbon K-edge ionization is about a
factor of 10 smaller than the elastic scattering cross section
on a carbon atom [39]. The intensity collected within an
energy window of 2 eV as in Fig. 2 is < 5% of the total
K-edge intensity. So, order-of-magnitude-wise, in order to
obtain the same signal-to-noise ratio as in elastic imaging,
we need at least 200 times more incident dose which means
a dwell time of the order of several minutes for last-
generation TEMs in the EFTEM mode. There is no
fundamental law that would forbid such an experiment
with today’s equipment; however, it is hampered by drift
(which must be well below the interatomic distance during
the exposure time), instabilities, and radiation damage. A
new route to circumvent radiation damage based on an
EFTEM low-dose technique was proposed recently [40].
This may solve the problem in the future.
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We have identified three different kinds of images that are
expected to be acquired in an EFTEM experiment, depending
on the character of the DOS: When only p, states are present
in the electronic structure, the corresponding images are
composed of disklike features. When the DOS is charac-
terized by contributions from all p states, ringlike features are
seen that, however, only originate from a convolution of p,
and p, states, while the p, character is not visible. When the
py character strongly exceeds the one of p,, only a single
orbital is recorded. We expect this work to trigger new
experiments on defective graphene and similar systems.

Financial support by the Austrian Science Fund (Projects
No. 1543-N20 and No. J3732-N27) and the German
Research Foundation within the DACH framework is
acknowledged.
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Electronic states are responsible for most material properties, including chemical bonds, electrical and
thermal conductivity, as well as optical and magnetic properties. Experimentally, however, they remain
mostly elusive. Here, we report the real-space mapping of selected transitions between p and d states on
the Angstrom scale in bulk rutile (TiO,) using electron energy-loss spectrometry (EELS), revealing infor-
mation on individual bonds between atoms. On the one hand, this enables the experimental verification

Keywords: of theoretical predictions about electronic states. On the other hand, it paves the way for directly inves-
EELS tigating electronic states under conditions that are at the limit of the current capabilities of numerical
STEM simulations such as, e.g., the electronic states at defects, interfaces, and quantum dots.

Orbitals

Electronic states © 2017 Elsevier B.V. All rights reserved.

Mapping

1. Introduction

Electronic states shape the world around us as their character-
istics give rise to nearly all macroscopical properties of materials.
Be it optical properties such as colour and refractive index, chemi-
cal properties such as bonding and valency, mechanical properties
such as adhesion, strength and ductility, electromagnetic proper-
ties such as conductance and magnetisation, or the properties of
trap states: ultimately, all these properties can be traced back to
the electronic states in the material under investigation. Therefore,
it is not surprising that electronic states are of paramount im-
portance across many fields, including physics, materials science,
chemistry and the life sciences. It does come as a surprise, how-
ever, that while some of their aspects can be inferred indirectly
from macroscopical material properties or some diffraction tech-
niques, the direct observation of individual electronic states in real
space so far has succeeded only under very special circumstances
(e.g. on an insulating surface using a scanning tunnelling micro-
scope (STM) with a specially functionalised tip [1]) due to both
experimental and theoretical challenges. In this work, we endeav-
our to remedy this situation by using a combination of transmis-

* Corresponding author at: Department for Materials Science and Engineering,
McMaster University, 1280 Main Street West, L8S 4M1 Hamilton, Ontario, Canada.
E-mail address: stefan.loeffler@tuwien.ac.at (S. Loffler).

http://dx.doi.org/10.1016/j.ultramic.2017.01.018
0304-3991/© 2017 Elsevier B.V. All rights reserved.

sion electron microscopy (TEM), electron energy-loss spectrometry
(EELS), and state-of-the-art simulations.

TEM is a well-known technique for studying materials on the
nanoscale while EELS adds element-specific information. Both are
widely-used on a regular basis in many fields and are readily com-
mercially available. Owing to these two techniques, tremendous
progress has been made over the last decade in mapping atom po-
sitions with ~ 10 pm accuracy [2-4], determining charge densities
[5-7], and performing atom-by-atom chemical mapping [8-12].
Furthermore, the fine-structures of the spectra allow the determi-
nation of the local chemical and structural environment as well as
the hybridisation state of the scattering atoms [11-18] in the bulk,
which can be substantially different from the surface states probed
by STM. This suggests to use the EELS signal to probe the local
environment in real-space and map, e.g., crystal fields, conduction
states, bonds, and orbitals. Recently, it has been shown on theo-
retical grounds [19,20] that such real-space mapping of transitions
between orbitals on the Angstrém scale should indeed be possi-
ble, even though the experimental realisation was expected to be
extremely challenging.

The method of choice to demonstrate the possibility of this
real-space mapping used throughout this work is high-resolution
scanning TEM (STEM) together with EELS. In STEM, an electron
beam is typically produced by a high-brightness field-emission
gun, accelerated to a kinetic energy of the order of 100 keV, and
subsequently focused to an Angstrom-sized spot on the sample
(see Fig. 1c and [21]). Inside the specimen, the probe electrons
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Fig. 1. Maximally-localized Wannier functions in rutile corresponding to unoccupied orbitals of Ti-e; character (x? — y?-like Wannier function (a), z?-like Wannier function
(b)). (c) Sketch of the measurement setup. The incident beam is focused onto and scanned over the sample. It can exchange energy and momentum with the specimen,
leading to a mixture of states in the scattered beam. Using a spectrometer comprised of a sector magnet and a subsequent imaging system, maps can be formed of all
electrons that have transferred a certain amount of energy E corresponding to transitions to different unoccupied orbitals inside the sample. The blue and red planes
symbolize the real-space distribution of the transition probabilities to different final states. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

scatter off the nuclei and sample electrons via the Coulomb inter-
action.

Scattering by the nuclei is predominantly elastic, i.e., only mo-
mentum but no energy is transferred from the lattice (which is
assumed to be infinitely heavy) to the probe electron. This gives
rise to atomic column contrast in high-resolution TEM, as well as
to channeling and dechanneling effects in samples that are thicker
than a few tens of nanometres [22,23]. Dechanneling, which can
be visualised as a hopping of the electron beam between adja-
cent columns, destroys the direct spatial correlation between the
measured scattering intensity and its point of origin. Consequently,
very thin specimens, as well as simulations taking elastic scattering
into account, are needed to reduce artefacts and arrive at a reliable
interpretation of the data.

Here, the interaction of primary interest is the scattering of the
probe electrons on the sample electrons. Both energy and mo-
mentum can be transferred between the beam and the sample.
Of particular importance for the real-space mapping of electronic
transitions is the so-called core-loss regime of energy transfers of
2 100 eV. They trigger an excitation of a sample electron from an
initial, occupied core state to a final, unoccupied conduction-band
state. The initial states are typically localised in close proximity
to the nucleus and are characterised by a large binding energy.
Therefore, crystal-field effects are mostly negligible for core states,
which typically exhibit atomic character. The final states, on the
other hand, lie close to the Fermi energy, and are strongly influ-
enced by the local environment (see Fig. 1a, b).

Due to the strong localisation of the probe beam, it is possi-
ble to map the position and energy-dependent transition matrix
elements between the initial and the final states using STEM-EELS
(see Fig. 1c). If the initial state is known — either from first prin-
ciples or experiments [24]| — it is furthermore possible to obtain
both the angular and the radial dependence of the final states
[19,25,26] and, thus, bonding information on individual atomic
columns [15,27]. To that end, specific transitions can be selected
by using a sufficiently narrow energy range.

2. Results
2.1. Experiments
As a model system, we have chosen rutile (TiO,). It has a rel-

atively simple, tetragonal unit cell and, together with the other ti-
tanium oxides, has great practical importance, e.g., in renewable

energy and energy storage applications, photocatalysis, or as coat-
ing material (for a review, see [28] and other articles published in
the same issue). Its tetragonal structure leads to a strong crystal-
field splitting. In particular, the different Ti-O bond lengths give
rise to a strong asymmetry and splitting [29] of the eg and tyg
states. Most noticeably, the asymmetric shape of the orbitals is ro-
tated by 90° for adjacent Ti atoms due to the crystal symmetry
(see Fig. 2). We concentrate here solely on mapping the eg states
since the ty, peak has a much lower intensity. Throughout its nar-
row energy range [30], there is always a sizeable eg contribution
(see the fitted Gaussian peaks in Fig. 2a), making it impossible to
identify an unequivocal tpg signal with todays instruments due to
signal-to-noise ratio (SNR) limitations. Also note that in our simu-
lations, the tyg Wannier states are much more localized around the
nucleus, which strongly reduces the asymmetry caused by crystal-
field effects for tyq states.

A rutile single crystalline sample (MTI corporation) was me-
chanically thinned down to electron transparency by using the
wedge polishing technique with a Multiprep polishing apparatus
(Allied High Tech Products Inc.). Further ion milling with a Gentle
Mill (Technoorg Linda Ltd.) was performed for ion beam energies
in the range of 500-900 eV to remove the damaged regions from
the mechanical polishing and provide large, thin, and clean sur-
faces.

The experiments were performed at 80 kV acceleration voltage
on a FEI Titan 80-300 TEM equipped with spherical aberration cor-
rectors and a Gatan GIF Quantum Energy Filter. During the exper-
iments, the single-crystalline sample was oriented in [0 0 1] di-
rection and the thickness was determined to be 20 nm using EELS
[31,32]. A spectrum image (SI) data cube (see Fig. 2a) was recorded
over several unit cells, together with the elastic dark-field (DF) sig-
nal (see Fig. 2c). The SI data and the DF signal were acquired si-
multaneously with a convergence semi-angle of 19 mrad, a GIF col-
lection semi-angle of 20.7 mrad, and a pixel dwell time of 5 ms
to maximize the signal while minimizing drift and beam damage
artefacts. Optimising the acquisition conditions is essential for ac-
quiring data with sufficient spatial and energy resolution, as well
as sufficient SNR for the subsequent data analysis.

The residual lateral drift [33] was corrected using the DF data
and the resulting data cube was averaged over 12 unit cells to im-
prove the SNR. Finally, the map corresponding to L, transitions
with energy transfers in the range 466.6 + 1 eV was extracted.
This corresponds to transitions from initial states with 2p;j, char-
acter to final states with an energy in the range of 6 + 1 eV above
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Fig. 2. (a) Ti Ly3 edge extracted from a single pixel (dots), and averaged over all
14000 pixels (line) of the data set. The energy window used for the energy-filtered
e, maps is highlighted in yellow. Gaussian least squares fits representing the indi-
vidual shapes of the e; and t,; contributions are depicted in blue and green. (b)
Projected DOS above the Fermi energy Er at the position of the Ti atoms as cal-
culated by WIEN2k. (c) Dark field image acquired simultaneously with the spec-
trum image dataset. The spatial distortion, highlighted with yellow lines, is cor-
rected and the unit cells are subsequently averaged. The scale bar indicates 5 A.
(d) Unit cell along the [0 0 1] direction used in the experiment with the summed
three-dimensional charge density of the e; Wannier functions in Fig. 1a, b. Also
shown are the projected positions of Ti (blue) and O (orange) atoms as well as yel-
low ellipses indicating the nearest O neighbours of each Ti (due to the projection,
only two of the four nearest neighbours are visible). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of
this article.)

the Fermi energy, which have mainly eg character (see Fig. 2b and
[30]). Fig. 3b shows the resulting energy-filtered map, while Fig. 3¢
shows the same map after Gaussian smoothing. The asymmetry
around each Ti column is clearly visible, as is the expected 90°
rotation between nearest neighbours, owing to the different elec-
tronic environment caused by the Ti-O bonds.

2.2. Simulations

As stated above, comparison to theory is indispensable for
a reliable interpretation. To check the results, we simulated the
energy-filtered image for the selected energy range and the exper-
imental parameters. To that end, we used the mixed dynamic form
factor (MDFF) approach [19,26,34] based on density functional the-
ory data obtained from WIEN2k' [35] to model the inelastic inter-
action between the probe beam and the sample electrons, while
the elastic scattering before and after the inelastic scattering event
was taken care of using the multislice algorithm [39,40]. The re-
sulting maps were blurred using a Gaussian filter to account for
the finite source size in the experiment. Moreover, noise? equiva-

1 The simulations were done based on WIEN2k [35] calculations with the PBE-
GGA [36] exchange-correlation potential. Maximally-localised Wannier functions
were computed from the e; bands using the wien2wannier [37] and Wannier90
[38] packages and the disentanglement procedure to separate the target bands from
the tyg band which crosses them near I'.

2 Gaussian noise with o = 0.15x, i being the mean value of the map, was used.

intensity (arb.u) =

o
©

intensity (arb.u.)

e
3

intensity (@bu) 5

e
3

Fig. 3. (a) Charge density for the unoccupied e, orbitals projected along the [0 0 1]
crystallographic axis as calculated by WIEN2k. (b) Experimental energy-filtered map
for the Ti L ionization edge for final states with ey character after unit-cell averag-
ing. (c) Same as (b), but after Gaussian smoothing. (d) Simulated energy-filtered
map using the multislice algorithm and the MDFF approach after Gaussian blurring.
(e) Same as (d) with added noise to better mimic the experimental conditions. (f)
Same as (e) after Gaussian smoothing. (g)-(i) Same as (d)-(f) assuming indepen-
dent atoms without bonding. All maps are replicated in a 3 x 3 raster for better
visibility. Overlays show the projected positions of Ti (blue) and O (orange) atoms
as well as yellow ellipses indicating the nearest O neighbours of each Ti (due to
the projection, only two of the four nearest neighbours are visible). All scale bars
indicate 5 A. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

lent to the experimental conditions was added to facilitate a visual
comparison with the measured data. The resulting simulated map
is shown in Fig. 3e. The map after Gaussian smoothing, with the
same parameters as in Fig. 3c, is shown in Fig. 3f, where the in-
tensity variations between nearest neighbours are a consequence
of the added noise.

The resulting simulated images (see Fig. 3e and f) are found to
be in very good agreement with the experimental data (see Fig. 3b
and c). In particular, the intensity distribution around the Ti atoms
is not circular but has a distinct asymmetry towards the nearest O
atoms (those which lie in the plane of the x2 — y> Wannier orbital
in Fig. 1a). In a cubic crystal, there would be no such asymme-
try between the [1 1 0] and [110] directions. Therefore, the ex-
perimental data shows the preferential bond direction towards the
nearest O atoms. This is confirmed by the calculated charge density
of the ey conduction states as depicted in Fig. 3a which exhibits
the same asymmetry as the experimental map.

To verify that the observed asymmetry is not an artefact, we
also performed the same simulation assuming no bonds, i.e. inde-
pendent, spherically symmetric individual atoms at the same lat-
tice sites. The resulting data was processed as before to ensure
comparability. The resulting maps are shown in Fig. 3g-i. In con-
trast to the e; maps in Fig. 3d-f, the independent-atoms maps in
Fig. 3g-i cannot reproduce the distinct asymmetry found in the
measured data. Thus, it can be concluded that while elastic scat-
tering does affect the signal in principle, under the conditions used
in this work, elastic scattering alone is insufficient to describe the
experimental eg maps (Fig. 3b—c). As they can only be reproduced
when taking into account inelastic scattering on realistic electronic
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states, the peculiar asymmetric shapes can clearly be attributed to
the orbitals.

3. Conclusions and outlook

In this work, we have demonstrated that the real-space map-
ping of electronic transitions to specific orbitals is possible in a
high-end TEM using EELS, thereby revealing information about
both the electronic states themselves and the bonds between
atoms. This method — together with soon realisable improvements
in the SNR and accompanied by simulations — opens the road to
studying electronic states in real-space, such as defect states at
bulk grain boundaries, bonds at interfaces, or confined electron
waves in quantum dots.
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The spatial distributions of antibonding z* and ¢* states in epitaxial graphene multilayers are mapped
using electron energy-loss spectroscopy in a scanning transmission electron microscope. Inelastic
channeling simulations validate the interpretation of the spatially resolved signals in terms of electronic
orbitals, and demonstrate the crucial effect of the material thickness on the experimental capability to
resolve the distribution of unoccupied states. This work illustrates the current potential of core-level
electron energy-loss spectroscopy towards the direct visualization of electronic orbitals in a wide range of
materials, of huge interest to better understand chemical bonding among many other properties at interfaces

and defects in solids.

DOI: 10.1103/PhysRevLett.128.116401

The vast majority of physical and chemical properties of
crystalline materials originates from electronic states gov-
erning chemical bonding. In addition, defects, interfaces,
and surfaces have a direct influence on macroscopic
material properties. Imaging electronic states, such as
chemical bonds at crystal imperfections and discontinuities
in real space, is thus of fundamental and technological
interest to enable the development of new materials with
novel functionalities. While total electronic charge den-
sities have been reconstructed using either electron dif-
fraction [1,2] or high-resolution imaging [3] in the
transmission electron microscope, and more recently
imaged with atomic-scale resolution using four-dimensional
scanning transmission electron microscopy (STEM) [4-6],
the direct observation of individual electronic states has been
achieved primarily using scanning tunneling microscopy
[7-10], albeit with surface sensitivity only. Electron energy-
loss spectroscopy (EELS) in an electron microscope is a
spectroscopy technique probing site- and momentum-
projected empty states in the conduction band [11].
Following the development of aberration correctors and
high stability electron optics, atomic resolution EELS in the
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scanning transmission electron microscope has become
routinely available, leading to elemental (chemical) mapping
[12-14], and providing real-space atomic scale localization
of electronic states [15-21] using the energy-loss near-edge
structure (ELNES) of the spectroscopic signal.

The ELNES, or spectrum fine structure, arising from
core-level excitation provides a wealth of information on
chemical bonding between atoms, and can be interpreted
by first-principles calculations in favorable cases.
However, a quantitative interpretation of ELNES maps
at atomic resolution requires to also take into account the
channeling characteristics of the swift electron beam
before and after the inelastic event [15,22-25], and
resulting EELS signal mixing. The appropriate description
and/or deconvolution of the electron beam propagation
allows for the precise determination of the origin of
spatially resolved variations in fine structures arising from
orbital orientation [26] and localization [27]. It has been
theoretically predicted that aberration-corrected STEM-
EELS should allow for the mapping of electronic orbitals
[24]. A first experimental proof of principle was reported
through real-space mapping of electronic transitions to Ti
d orbitals in bulk rutile TiO, [27], but thus far, mapping
electronic orbitals in real space remains extremely chal-
lenging and elusive, be it in bulk crystals or at crystal
imperfections and discontinuities.

Graphene, a flagship two-dimensional material with
exceptional physical and mechanical properties, has
received tremendous scientific interest for potential

Published by the American Physical Society
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electronic applications [28,29]. The atomic scale analysis
of individual graphene flakes is almost exclusively
achieved in the top surface view, thus enabling a path to
probe single atom chemical bonding [30-32] and phononic
response [33]. The chemical bonding in graphene can be
described as in-C-plane (¢) and orthogonal out-of-C-plane
() covalent bonds. The ELNES of the C-K edge therefore
represents the excitation of core states probing in-C-plane
c* (ls — 2p, ) orbitals and out-of-C-plane z* (1s — 2p_)
orbitals, as illustrated schematically in Fig. S1 [49]. While
#* state distributions around nitrogen and boron dopants
in monolayer graphene have been evidenced from the
ELNES [34], the prospect of mapping orbitals at vacancies
and nitrogen dopants in a single graphene sheet has
been explored theoretically only a few years ago [35].
Nevertheless, even if this is intuitively the appropriate
direction to observe individual in-C-plane ¢ bonds, inelas-
tic channeling computations show that the STEM-EELS
mapping of ¢* orbitals in top surface view in pristine
graphene is not possible due to symmetry constraints
[35,36]. The observation of graphene layers in side view,
however, provides a pathway to directly visualizing the
distribution of z* states at the atomic scale using STEM-
EELS. While the description of the atomic scale distribu-
tion of out-of-C-plane z* and in-C-plane o* states may
appear simple enough from a chemical bonding perspec-
tive, experimental evidence using STEM-EELS is lacking.
Moreover, considering the aforementioned subtle effects
associated with the localization of the EELS signal, due for
instance to channeling of the incident electron beam, the
interpretation of energy-filtered real-space maps can be
very complex and must be validated through careful
numerical work.

In this Letter, real-space maps of z* and ¢* states in
epitaxial graphene multilayers are recorded in side view,
combining state-of-the-art high spatial and energy resolu-
tion STEM-EELS with inelastic channeling calculations.
The interpretation of the spatial distribution of orbital
signals, based on the excellent agreement between com-
puted and experimental data, highlights the successful
direct mapping of the z* state distribution at atomic reso-
lution in the transmission electron microscope. The theo-
retical approach provides a powerful platform to determine
the origin of the energy-filtered signal.

The epitaxial graphene/SiC specimen was synthesized
by thermal decomposition of SiC at 1300°C in ultrahigh
vacuum (UHV). For completeness, and as shown in
Fig. 1(a), we note that a thin capping film of Bi,Se;
was additionally deposited on top of the graphene layers by
molecular beam epitaxy at 275-325 °C [37]. This specimen
was selected due to the convenient cross-section geometry
of the graphene layers; the properties and electronic
structure of interfaces with the 6H — SiC substrate and
the Bi,Se; capping film are the subject of separate studies
and not discussed here. This results in a structure
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FIG. 1. (a)High resolution STEM-HAADF image of a six-layer
epitaxial graphene assembly, grown on 6H — SiC and topped
with Bi,Se;, simultaneously acquired with core-loss EELS data.
(b) C-K edge spectra corresponding to the probe positionned in-
C-plane (solid orange line) and between layers (solid blue line),
as indicated in (a). Spectra are integrated over the width of the
whole image, presented after background subtraction, and shifted
vertically for visualization.

comprising of a so-called graphene “buffer layer” (BL)
in contact with the underlying SiC substrate, capped with a
number of layers of “epitaxial” graphene [here five such
layers are seen in Fig. 1(a)], whose macroscopic properties
are known to be nigh-on identical to those of free-standing
graphene [38,39].

The cross-section STEM lamellae were prepared by
focused ion beam milling. The thickness of the specimen
in the regions of investigation was evaluated to ~25 nm by
Fourier-Log deconvolution of low-loss EELS spectra [11].
The STEM-EELS experiments were carried out using a
Nion HERMES microscope, equipped with a high-energy-
resolution monochromator, a Cy aberration corrector up to
the fifth order, a Gatan Enfinium spectrometer, and oper-
ated at 60 kV. The convergence and collection semiangles
were 30 and 66 mrad, respectively. The specimen was
oriented in the [1 12 0] zone axis of SiC, corresponding to
the [1 010] zone axis of graphene (see Fig. S1 [49]). The
C-K edge was acquired with a 1.1 A probe size and a step of
~0.3 A, providing high spatial sampling while preserving

116401-2
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FIG.2. (a),(b),(c),(d) Experimental 7*, 6*, 7* /6" maps, and HAADF image, respectively. (e),(f),(g),(h) Theoretical z*, 6*, z*/c* maps
with shot noise, and ADF image, respectively. The position of atomic planes from the HAADF signal is indicated with green circles.
(i) n* /o* profiles from (c),(g), and HAADF intensity integrated in the range indicated by the vertical orange, blue, and red bars in (c),(g),

and (d). All scale bars indicate 1 nm.

the specimen from electron beam damage. The monochro-
mator slit width was adjusted to provide an effective energy
resolution of ~100 meV, as measured at the zero-loss
peak full width at half maximum. While not the highest
achievable resolution on the instrument, these conditions
provided a good compromise of beam current (given the
chosen probe size) while still being narrower than expected
spectral features. The presented STEM-EELS dataset was
acquired from a region of 4.8 x 3.9 nm?, with a sampling
of 110 x 88 pixels®. Subpixel scanning (16 x 16) was
employed, hence leading to a 1760 x 1408 pixels? simul-
taneously acquired HAADF image in Fig. 1(a). The
experimental EELS maps and HAADF image in Fig. 2
are directly cropped from a 88 x 88 pixels” region in the
original dataset. The dwell time was 0.2 s, at a dispersion of
0.05 eV /pixel. The experimental maps were obtained after
background extraction (modeled with a power-law func-
tion), and energy filtering with a 2 eV window for 7* and ¢*
states.

The spatial variations of the C-K ELNES are highlighted
in Fig. 1(b), where spectra corresponding to in-C-plane
(solid orange line) and out-of-C-plane (solid blue line)
probe positions are displayed. It is noteworthy that the
instrumental broadening of the electron source is narrower
than the intrinsic linewidth of the fine structures. This is
expected to facilitate orbital mapping since the spectral
features are not limited by the energy resolution of the
electron source but by physical phenomena linked to, e.g.,
the excited state lifetime broadening, core-hole screening,
or other multielectronic interactions. The z* and ¢* fine
structures are in good agreement with existing work on
free-standing graphene layers [39,40], with a sharp exci-
tonic feature visible around 294.5 eV. Although the edges
overall look comparable for the in- and out-of-C plane
probe positions, the z* intensity increases noticeably

between the epitaxial graphene layers at out-of-C-plane
positions. This behavior was systematically observed and is
characteristic of all C-K near-edge structures between the
epitaxial graphene layers Gr2—-Gr6 (see Fig. S2 [49]). The
ELNES of the BL and between the graphene BL and Gr2
are influenced by significant covalent bonding between the
graphene BL and SiC [39], and thus are not considered
here. In a first approximation, the spectral variations
observed for the Gr2-Gr6 graphene layers can be related
to the simple picture of out-of-C-plane delocalization of z*
states, in contrast to the in-C-plane nature of o* states.
Indeed, while the z* bonding takes place between C
neighboring atoms of a single graphene layer, the lobes
of the antibonding z* orbitals are delocalized around the C
planes, as shown schematically in Fig. S1 of the
Supplemental Material [49]. On the contrary, the ¢* orbitals
are contained essentially within the graphene planes.
Nevertheless, the magnitude of this out-of-C-plane delo-
calization measured by fine structure mapping, and the
ability to spatially distinguish z* from ¢* states using a
convergent electron-probe in STEM-EELS are nontrivial.

In order to rationalize experimental findings, we carried
out extensive numerical calculations of the fine structure
maps. The effect of the graphene-SiC interface, partially
influenced by covalent bonding, and of the graphene-
Bi,Se; interface on orbital mapping are beyond the scope
of this Letter, therefore a structure made exclusively of
graphene layers was considered for inelastic channeling
calculations. For simulating the elastic electron propagation
both before and after the inelastic scattering events, the
multislice algorithm [41,42] was used. For the inelastic
interaction between the probe beam and the sample
electrons, we calculate the mixed dynamic form factor
[24,43], based on density functional theory data obtained
with WIEN2k [44]. All simulated STEM-EELS maps were

116401-3
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FIG. 3. (a) Charge density for the energy interval between 0.73 and 3.46 eV above the Fermi level. (b) Projected density of states in
graphite. The z axis corresponds to the crystallographic ¢ axis of graphite, perpendicular to the carbon layers. (c) z* maps for projected
thicknesses of 0.43 (left), 12.8 (middle), and 25.6 nm (right). The position of atomic planes is indicated with green circles. (d) 6* maps
for the same thicknesses. All maps are shown without noise and instrumental broadening. All scale bars indicate 5 A.

calculated with the same parameters (acceleration voltage,
convergence or collection angle, orientation, sampling,
etc.) as used in the experiments. For Fig. 2, the simulated
ideal maps were blurred using a Gaussian filter with a
standard deviation of 1.1 A to mimic instrumental broad-
ening due to partial coherence of the electron source [45].
Subsequently, shot noise was added based on the exper-
imental noise characteristics, which were evaluated from
the electron intensity in the experimental maps; z*:
31676.4, 6*: 40026.5e /nm>.

The experimental z* and ¢* maps, shown in Figs. 2(a)
and 2(b), respectively, both display higher intensity where
the C planes are located. The localization of the ¢* states on
the C planes is expected. For the z* states (which one might
expect to be stronger around the C planes), the apparent,
counterintuitive localization on the planes can be explained
by channeling effects of the electron beam. These obser-
vations are confirmed in the computed maps obtained by
inelastic channeling simulations in Figs. 2(e) and 2(f).

Rather than analyzing the absolute intensities, we inves-
tigate the ratio between the z* and the ¢* intensities as
shown in Figs. 2(c) and 2(g), as a way to normalize the z*
intensity variations. The ratio is maximized between the C
planes in these maps, as exemplified by the vertical z*/¢*
profiles plotted versus the HAADF intensity in Fig. 2(i).
HAADF intensity minima coincide with z*/c* intensity
profile maxima, which are almost exactly equidistant
from two graphene layers. The visual agreement between
the calculated and experimental z*, 6%, and z*/¢* maps is
supported by the remarkable overlap of the calculated
and experimental z*/c* line profiles. This successful

reproduction of the experimental data underlines the
robustness of the inelastic channeling calculations per-
formed in this work to interpret the experimental spectral
data. Most importantly, this result provides an undeniable
proof that the contrast obtained from z* and ¢* real-space
fine-structure maps at high resolution does match the
expected localization of corresponding unoccupied elec-
tronic orbitals. It also highlights that beyond the atomic site
where core-level excitation takes place, the localization of
the 7* and ¢ orbitals in two-dimensional maps is inti-
mately linked to the channeling of the electron beam, and is
thus strongly affected by the specimen projected thick-
ness [46].

While the channeling of the swift electron beam pri-
marily depends on the alignment of the electron beam path
with the atomic columns, the projected thickness also
strongly modifies the atomic-scale contrast in fine structure
maps. To evaluate the influence of the projected thickness
on the expected 7* and ¢* orbital contrast, we performed
inelastic channeling calculations using the same simulation
parameters as in Fig. 2 but considering specimens with
different thicknesses: 0.43 (a single graphene unit cell),
12.8, and 25.6 nm. The latter corresponds to the estimated
thickness of the TEM lamella considered experimentally.
The #* and ¢* maps corresponding to these projected
thicknesses under ideal conditions (no noise, no instru-
mental broadening, etc.) are presented in Figs. 3(c) and
3(d), respectively. These maps differ from those displayed
in Figs. 2(e), 2(f), which contain noise and instrumental
broadening. The z* map of the thinnest specimen displays
lobes outside the C planes, in agreement with the z* charge

116401-4



Die approbierte gedruckte Originalversion dieser Habilitationsschrift ist an der TU Wien Bibliothek verflgbar

The approved original version of this habilitation thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

PHYSICAL REVIEW LETTERS 128, 116401 (2022)

density in Fig. 3(a). Additional intensity is also visible on
the C columns, and becomes more prominent for larger and
more realistic projected thicknesses. At a thickness of
25.6 nm, the intensity of the z* states on the C columns
is stronger than outside the C planes, in agreement with the
experimental z* maps in Fig. 2. For all thicknesses, it is
noteworthy that the intensity in the z* maps is expected to
fade out beyond ~1 A away from the C planes. The
intensity in the ¢* maps is, as expected, exclusively
contained within the C planes, and peaked on the C
columns. In addition, it is noteworthy that the atomic
resolution contrast is smoothed out with increasing thick-
ness. It should be noted that the 6* maps also contain some
intensity from p, states, i.e., states with z* symmetry, as
shown in the PDOS in Fig. 3(b).

These simulated fine structure maps, in which the elastic
channeling conditions of the electron beam were taken into
account, highlight the fact that the specimen thickness must
be considered carefully to interpret STEM-EELS orbital
mapping experiments successfully. Halving the projected
thickness down to 12.8 nm is expected to lead to a result
similar to the current experimental thickness of 25.6 nm.
The direct comparison of 7* orbital maps with the z* charge
density plot in Fig. 3(a) is not reasonable for the exper-
imental thickness considered, nor even for 12.8 nm, but
only for an unrealistically small thickness of the order of
0.43 nm. Therefore, it is suggested that smaller projected
thickness will only be meaningful below few nm to provide
better visualization of electronic orbitals using STEM-
EELS in the present case. The noise level is also a major
hurdle to overcome, and is clearly visible when comparing
the z* and ¢* maps in Figs. 2(e) (shot noise added) and 3(c)
(no shot noise), and Figs. 2(f) (shot noise added) and 3(d)
(no shot noise), respectively. It is expected that orbital
mapping in STEM-EELS might benefit from a new gen-
eration of detectors with improved sensitivity and lower
noise level [47,48].

In conclusion, the spatial distribution of antibonding 7*
and o* orbitals in epitaxial graphene multilayers was
mapped successfully by electron energy-loss spectroscopy
in the aberration-corrected scanning transmission electron
microscope. Inelastic channeling calculations unambigu-
ously reproduce the experimental z* and ¢* orbital maps
with high level of accuracy, and demonstrate the decisive
effect of the specimen thickness on the orbital mapping
capabilities in graphene. The real-space visualization, at
atomic resolution, of unoccupied electronic states with
different symmetry defines a pathway to better understand
chemical bonding at interfaces and defects in solids. This is
particularly relevant to foster defect engineering and tune
the properties of solids for a wide range of promising
applications where physical and chemical phenomena
occur at surfaces (e.g., photocatalysis) or interfaces (e.g.,
spintronics). This work further illustrates the potentiality of
orbital mapping using STEM-EELS.
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Figure 2.: Left: schematic principle of EMCD. Right: idealized intensity distribution
in the diffraction plane for different y-components in an incident two-beam
case with overlaid contours (gray, logarithmic spacing), Thales circle (dotted
yellow) and two detector positions (red/blue circles).

The characterization of the spin state can be just as important as the mapping
of the real-space probability distribution of electronic states discussed in part I. One
method for achieving this goal is EMCD [25, 26]. EMCD exploits the fact that in
spin-polarized samples, the MDFF becomes spin-dependent. This, in turn, results
in different weights for different p components in the Rayleigh expansion eq. 11 (see
chapter 1 as well as, e.g., [16, 27]). Owing to

LY(Q) = huYf(9),

each p-component corresponds to an orbital angular momentum (OAM) transfer of an
integer multiple of A and results in a scattering component with an e#¥ phase factor
where ¢ is the polar angle in the plane perpendicular to the direction of propagation.
Such components are EVBs.

The key to EMCD thus is to determine the relative weights of the different e'#¢
scattering components. The classical way to achieve this is by interferometry, as
shown schematically in fig. 2. After inelastic interaction with the scattering atom,
an incident plane wave can obtain OAM, turning it into an EVB. This EVB is
subsequently sent through a beam splitter and a retarder which (globally) modifies
the beam’s phase. In practice, this happens automatically in any crystalline sample,
as the crystal lattice acts as beam splitter by diffraction, and each diffracted beam
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accumulates a different phase shift [8]. Finally, the two beams are superimposed
again and measured. This typically occurs in the diffraction plane. Owing to the
quasi-Lorentzian scattering distribution [28, 29], there is a small, but non-negligible
overlap between the momentum distributions of the two beams in the area between
the diffraction spots. There, interference effects occur.

It was shown [16, 30, 31] that under some idealizing assumptions (considering only
dipole-allowed transitions in an isotropic material), the MDFF in the spin-polarized
case can be written as

/

q-q9 .
S(q,q',F) = Alq, ¢, E) 7 +iB(q,q, E)

gxq m

qq/ Mgat

: (20)

where m is the magnetization vector, msg,; is the saturation magnetization when all
spins are oriented parallel to one another, and A(E,q,q¢), B(E,q,q’) are material-
dependent real pre-factors. From eq. 20, it is clear that the magnetic information
is contained in the imaginary part of the MDFF. Additionally, it is evident that
the largest contributions of the magnetic part of the MDFF occur for ¢ L q’, where
q X q = qq and q - q¢' = 0. This occurs slightly inside the Thales circle through the
adjacent /strong diffraction spots (depicted in fig. 2) due to the fact that ¢, = ¢, = qr
is fixed.

Using eq. 20 together with beam propagation algorithms, it is in principle straight-
forward, albeit time-consuming, to numerically predict the diffraction pattern and,
hence, the expected EMCD signal strength for a given material and orientation. How-
ever, there are two major caveats: the low SNR and the geometry dependence.

For the classical plane wave method outlined above, the SNR is inherently very
low. As indicated in fig. 2, measurements are typically performed far away from the
diffraction spots where the intensity is extremely low. Paired with the fact that one is
looking for small variations due to interference effects on top of a sizable background
signal makes matters even worse. Therefore, classical EMCD often features long ex-
posure times that can easily reach minutes for a single exposure, thus putting extreme
demands on the stability of both the TEM and the sample.

The second major caveat of EMCD is its complicated geometry dependence. As
EMCD is inherently an interferometric method, its outcome crucially depends on the
relative phase shift between superposed beams. This relative phase shift depends on
many factors, including which plane wave components are contributing and how far
the waves travel through the sample before and after reaching the scattering atom.
Therefore, the EMCD signal strength depends on the chosen sample orientation as
well as the sample thickness in a complex manner. Thus, finding an optimal or even
suitable geometry typically requires an exhaustive numerical search in a vast parameter
space.

To overcome the SNR problem in EMCD, two possible methods are presented in this
part (an additional, more general future approach is discussed in part IV). In chapter 6,
the possibilities and current limitations of an alternative to classical interferometry
are investigated. Instead of superposing several diffracted beams, the central beam
is sent directly through a holographic mask (a “vortex filter”) designed to modify
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the wavefunction based on its OAM distribution, i.e., based on the e*¥ components.
The result is a series of ring-like intensity distributions where the EMCD effect can
be derived from the central intensities of the m = =+1 rings. The paper shows that
measuring EMCD with a vortex filter setup works in principle, but requires a relatively
unusual alignment of the lenses. This result contributed to resolving a long-standing
discussion in the community regarding the reproducibility of the first vortex-EMCD
experiments [32]. In addition, the vortex-filter method also allows to study EMCD in
amorphous samples (which cannot be used as beam splitter and retarder) without the
need for, e.g., a biprism.

In chapter 7, another method to reduce the SNR issue is shown, namely convergent-
beam EMCD. Convergent beams have been used experimentally to qualitatively im-
prove the signal and/or the spatial resolution (see, e.g., [30, 33-38]). However, how
the use of convergent beams changes the achievable EMCD signal strength as well as
the SNR had not been explored before. My results show that while using a convergent
beam slightly decreases the expected maximal EMCD signal, it allows to dramati-
cally increase the SNR, with the additional benefit of an improved spatial resolution.
Additionally, the paper gives a recipe for the optimal range of convergence angles.

The challenge of the complex geometry dependence is overcome in the paper in
chapter 8. There, a complete analytical derivation of the EMCD signal strength in-
cluding elastic scattering both before and after the inelastic scattering event is given
for the classical “plane wave” method. This not only allows to predict the orientation
and thickness dependence of EMCD without extensive numerical simulations, it also
accurately describes the pertinent features of the EMCD thickness dependence, i.e.,
its oscillatory nature and dampening. Furthermore, the paper investigates the acceler-
ation voltage dependence of EMCD, which can be used, e.g., to study magnetic phase
transitions [39].

In summary, my work presented in this part substantially improved the understand-
ing of EMCD, describes concrete recipes for using vortex filtering and convergent
beams for the measurement, and gives simple, quantitative predictions for optimizing
the achievable signal and SNR.

52



Die approbierte gedruckte Originalversion dieser Habilitationsschrift ist an der TU Wien Bibliothek verflgbar

The approved original version of this habilitation thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

=== Chapter 6 =

EMCD with an electron vortex filter:
Limitations and possibilities

T. Schachinger, S. Loffler, A. Steiger-Thirsfeld, M. Stoger-Pollach, S. Schnei-
der, D. Pohl, B. Rellinghaus, and P. Schattschneider

Ultramicroscopy 179 (2017) 15-23

10.1016/j.ultramic.2017.03.019

This work is used under the Elsevier sharing policy

93



Ultramicroscopy 179 (2017) 15-23

Contents lists available at ScienceDirect

Ultramicroscopy

journal homepage: www.elsevier.com/locate/ultramic

EMCD with an electron vortex filter: Limitations and possibilities

@ CrossMark

T. Schachinger®P+ S. Loffler®, A. Steiger-Thirsfeld®, M. Stéger-Pollach?®®, S. Schneider®,
D. Pohl¢, B. Rellinghaus®¢, P. Schattschneider?P
2 Institute of Solid State Physics, TU Wien, Wiedner HauptstrafSe 8-10, 1040 Wien, Austria

b University Service Centre for Transmission Electron Microscopy, TU Wien, Wiedner HauptstraRe 8-10, 1040 Wien, Austria
¢ Institute for Metallic Materials, [FW Dresden, P.O. Box 270116, 01171 Dresden, Germany

ARTICLE INFO ABSTRACT

Article history: We discuss the feasibility of detecting spin polarized electronic transitions with a vortex filter. This ap-
Received 6 April 2016 proach does not rely on the principal condition of the standard electron energy-loss magnetic chiral
Revised 2 March 2017 dichroism (EMCD) technique, the precise alignment of the crystal in order to use it as a beam split-
Acc.ePtEd 15 MarCh 2017 ter, and thus would pave the way for the application of EMCD to new classes of materials and problems,
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like amorphous magnetic alloys and interface magnetism. The dichroic signal strength at the L, 3;-edge
of ferromagnetic Cobalt (Co) is estimated on theoretical grounds using a single atom scattering approach.
To justify this approach, multi-slice simulations were carried out in order to confirm that orbital angu-
lar momentum (OAM) is conserved in amorphous materials over an extended range of sample thickness
and also in very thin crystalline specimen, which is necessary for the detection of EMCD. Also artefact
sources like spot size, mask tilt and astigmatism are discussed. In addition, the achievable SNR under
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typical experimental conditions is assessed.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The discovery in 2006 that electron energy-loss magnetic chi-
ral dichroism (EMCD) can be observed in the transmission elec-
tron microscope (TEM) [1] provided an unexpected alternative to
X-ray magnetic circular dichroism (XMCD) in the synchrotron. Both
EMCD and XMCD are based on the fact that in spin-polarized
(magnetic) samples, the interaction of the probe beam with the
target electrons depends on the transfer of orbital angular mo-
mentum (OAM) between the two. This has its origin in the spin-
orbit-interaction of the target electrons’ initial states. By means of
sum rules [2], it is even possible to determine the spin and or-
bital magnetic moments. EMCD has seen tremendous progress [3-
7], achieving nanometre resolution [8], and even sub-lattice reso-
lution [5,9,10].

The discovery of electron vortex beams (EVBs) [11,12] has
spurred efforts to use them for EMCD because of their intrinsic
chirality. In spite of much progress in the production and applica-
tion of vortex beams [13-18], it soon became clear that atom-sized
vortices incident on the specimen are needed for EMCD experi-
ments [19-21]. Attempts to produce such beams and to use them
for EMCD measurements did not show an effect so far [22]. Nev-

* Corresponding author.
E-mail address: thomas.schachinger@tuwien.ac.at (T. Schachinger).

http://dx.doi.org/10.1016/j.ultramic.2017.03.019
0304-3991/© 2017 Elsevier B.V. All rights reserved.

ertheless, faint atomic resolution EMCD signals have been shown
without the need for atom-sized EVBs using intelligent shaping of
the incident wavefront with a Cs corrector instead [23,24].

The fact that OAM can be transferred to the probing electron
when it excites electronic transitions to spin polarized final states
in the sample manifests itself in a vortical structure of the in-
elastically scattered probe electron. The latter could be detected
by a holographic vortex mask (HVM) after the specimen and vari-
ous other techniques like triangular shaped apertures, knife edges,
astigmatic phase shifts [25] and pinhole arrangements [26]. We
are focusing on using a HVM because the other techniques men-
tioned show drawbacks, like that the analysis is fundamentally
more complicated or that they are not practical for beams which
are not OAM eigenstates or incoherent superpositions of different
OAM states as is the case in EMCD. Additionally, using a HVM as
chiral filter is already well-established in optics [27-29]. If success-
ful, this ansatz would open up the possibility to measure magnetic
properties of amorphous materials, since the specimen no longer
needs to act as a beam splitter itself. Also, technologically interest-
ing questions like interface magnetism could be an application of
this technique. Additionally, it could provide an alternative method
to determine the magnetic properties of nano-crystalline samples
[30].
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diffraction
plane

intermediate
image

m= -1

Fig. 1. Principle of the vortex filter: The red dot represents the scattering centre,
i.e. the atom in the object plane, with its three scattering channels, i = +1, 0. The
resulting vortices are then incident on a HVM in the far-field, adding topological
charges m € Z, thereby creating a line of vortices of topological charges i +m in
the image plane. Subsequently, the EMCD signal can be derived from the difference
in the vortex orders m = +1, according to Eq. (6). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

2. Possibilities

In order to get an idea of the achievable EMCD signal strength
of a vortex filter setup, first, an experimental scheme using a HVM
in the diffraction plane (DP) as a vorticity filter will be described
by means of an idealised single atom scattering model. Subse-
quently, an alternative experimental setup, similar to the one used
in [12], where the HVM is placed in the selected area aperture
(SAA) holder will be described and its ability to filter the vortic-
ity of an incident electron beam will be shown. At the end of this
section, multi-slice simulation results on the conservation of OAM,
which is an important prerequisite for detecting an EMCD signal
using a vortex filter, in an extended specimen (an amorphous mag-
netic alloy) will be shown in order to justify the single atom scat-
tering model.

2.1. Principle and experimental setup of a HVM in the DP

As stated above, the key aspect of EMCD is the transfer of OAM
between the probe beam and the target electron. Assuming the in-
cident beam has no OAM, the inelastic scattering event will trans-
form it into a vortex or, more generally, a superposition of several
vortex orders. Thus, it is natural to use a vorticity filter such as a
HVM to separate the different OAM components and measure their
respective weights (see Fig. 1). Ideally, one would place the HVM
in the sample’s far-field (i.e. the DP) so that it operates on all out-
going vortices irrespective of their point of origin and measure in
the image plane.

Dealing with transition metals, dichroism measurements typi-
cally involve 2p-core to d-valence excitations at the L, 5 ionization
edges. The L,3-edges are used due to their strong spin-orbit in-
teraction in the initial state. Besides, their dichroic signal is an or-
der of magnitude higher compared to using K-edges, which were
originally used in X-ray magnetic circular dichroism measurements
to show the dichroic effect [31,32]. The most dominant contribu-
tion to the ionisation edges are electric dipole-allowed transitions.
Higher multi-pole transitions show low transition amplitudes con-
tributing less than 10% at scattering angles of < 20 mrad relevant
in electron energy-loss spectrometry (EELS) [33-35].

In case of an L-edge dipole-allowed transition which transfers
an OAM of Au and, thereby, changes the magnetic quantum num-
ber of an atom by w, an incident plane wave electron transforms
into an outgoing wave [36]

Y (r) = e f, (1) (1)

''''' - @12
— S04l @, |2

arb.u.

0.4r

0.2f

q[nm™]

Fig. 2. Scattering profiles of [(o|> and |y/:1|> and their sum 3", _ 1 [¥,[%, giv-
ing the Lorentz profile for non-magnetic isotropic transitions in momentum space
for the Co L3-edge. The radius of the HVM @ = 3.16 nm~!, which was used to
estimate the SNR in Section 3.3, is indicated by the grey shaded area terminated
by the full vertical line, g is indicated by the dashed vertical line and the magenta
shaded area. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

where @, is the azimuthal angle, and

ino oo gl+ln (i .

fu(r) = Eq; \lt\/o q J|;4|(QQ)3<]1(Q))ELSJ dq, )
with (j;(Q))gs; the matrix element of the spherical Bessel function
between the initial and final radial atomic wave functions, and Q =
VI + q%, Here, q is the transverse scattering vector that relates to
the experimental scattering angle 6 as q = ko6, and hqg = hko6g is
the scalar difference of linear momenta of the probe electron be-
fore and after the inelastic interaction, also known as the charac-
teristic momentum transfer in EELS [37]. The characteristic scatter-
ing angle O is given by 6 ~ AE[2Ey, with AE being the threshold
energy of the dipole-allowed L-edge and E, the primary beam en-
ergy. For the Co-L3 threshold energy of 779 eV, the characteristic
scattering angle 6 amounts to ~ 2 mrad at an acceleration voltage
of 200 kV.

The dichroic signal in the diffraction plane can readily be calcu-
lated via Fourier transforming Eq. (1). According to a theorem for
the Fourier-Bessel transform of a function of azimuthal variation
e~ [38], one has

. in 00
D@ = 50 [ L 3)

The outgoing electron in the DP still carries topological charge u,
showing that the wave function is topologically protected. The ra-
dial intensity profiles |1/~/,L(q)|2 for the possible transitions with
ne{-1,0,1} and their sum },__4¢; |1/7u|2, which represents
the Lorentz profile for non-magnetic isotropic transitions, for the
Co L3-edge are shown in Fig. 2.

A HVM adds topological charges m € Z to the incident beam of
topological charge . Due to the grating nature of the HVM, the m-
dependent deflections are separated by 20p..e = A/g, where A is
the electrons’ wavelength and g is the HVM periodicity. Thus, such
a mask creates a line of vortices of topological charge m + w in the
image plane, see Fig. 1. The radial profiles in the image plane are
given by the back-transform of Eq. (3) with the respective vortex
order m added by the mask:

Y1) = 5 e 1m0 [ @ aradg (4)
m 7 o 2 [m-p|

where G5k = koOmask i given by the mask aperture limiting the
maximum momentum transfer. The observed vortices are finally
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Table 1

Coefficents C* for the L;-edge taken from [9]. The weighting factors for the transitions when
the final states are completely up-spin polarized show an asymmetry for m + =0, i.e. in

the centre of the m = +1 vortices.

m -1 \ 0 +1
I3 -1 0 +1 -1 0 +1 -1 0 +1
m+p -2 -1 0 -1 0 +1 0 +1 +2

c 0278 0222 0167 | 0278

0222 0167 | 0278 0222 0167
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Fig. 3. Radial intensity profiles of a m = +1 filtered image of a single atomic ioni-
sation, for the fully spin polarized case according to Eq. (6), with a defocus of 0 pm
and 4 pm, respectively. The resulting r-dependent EMCD signal is given by the dot-
dashed curves, according to Eq. (7), and amounts to 50% at r=0 nm for both defocus
values. The signals are normalised to their respective total intensities.

calculated with Eq. (4), but now including the defocus df and the
spherical aberration C;:

I ime
wmu(r) = o e e x

Amask ..

wu (Q)]\m+u| (qr) x

i@ 2ko+Ga*/4k3) g dg. (5)

The respective intensities are azimuthally symmetric with distinct
radial profiles. Fig. 1 shows schematically the central three vortices
for the three dipole-allowed transition channels. Note that the cen-
tral vortex (m = 0) does not show any asymmetry for 4 = +1 and
n = —1. This is the reason why such transitions cannot be distin-
guished with standard EELS.

Each panel of Fig. 1 describes the situation where only one
transition channel () is present. For several transition channels at
the same energy, as is usually the case, the outgoing probe elec-
tron is in a mixed state, described by the reduced density matrix
[39,40] and the paths of the rays cannot be visualized in such an
easy way. Note that the total intensity is the trace of the matrix,
i.e. the sum over all intensities in the respective channels. For fully
spin-polarized systems (i.e. ideal EMCD)

1
= Y O [ ? ®)

=1

where the C* are derived from the Clebsch-Gordan coefficients
[9,41] and given in Table 1.

In Fig. 3, the resulting radial intensity profiles are drawn with
no additional broadening added (which will be discussed in more
detail in Section 3.1). The radial extension of the intensity profiles
in Fig. 3 is considerably broader than it is directly at the scattering
atom, due to the limited extent g, of the vortex filtering mask
shown in Fig. 1.

In this geometry, we define the EMCD signal as the relative dif-
ference of the intensities with m = +1
EMcD —2. ik

Ly +14
The EMCD signal is a function of the radius which has been omit-
ted for clarity here.

Fig. 3 shows an ideal case for a single atom excitation and a
HVM radius of ¢q = 3.16 nm~! for the focused case and for a
defocus value of 4 um. The EMCD signal is strong in the centre of
the vortices but rapidly decreases above r ~ 1 nm. For this ide-
alised approach, it reaches 50% for both defocus values in the cen-
tral region of the vortices. Note that, especially for the df=0 pm
case, not only the central regions of the radial profiles show dis-
tinct differences but there is also an apparent difference of the po-
sitions of the maxima. This is due to the asymmetry in the OAM
content of the respective vortex order.

(7)

2.2. Experimental setup of a HVYM in the SAA plane

Even though there are proposals to use spiral-phase-plates in
the DP, e.g. to determine chiral crystal symmetries and the local
OAM content of an electron wave [42,43], to date no successful im-
plementation of a vortex mask in the DP of a TEM has been shown.
This can be attributed to the fact that placing the vortex filtering
HVM in the DP is not straightforward because strip apertures are
used due to the limited space in the pole piece gap. These strips
cannot be loaded with conventional 3 mm frame apertures. In-
stead, the whole strip needs to be replaced each time, including
all commonly used contrast apertures.

Instead, here we describe a setup that is functionally equivalent
to the one described in the previous section, but with a HVM po-
sitioned inside the SAA holder. Obviously, changing the HVM po-
sition also requires changing the experimental settings. The HVM
in the SAA holder creates a demagnified virtual image in the eu-
centric plane with small lattice constant (see Fig. 4a). In order that
the virtual image of the mask remains in the sample’s far field, the
specimen has to be lifted in height by dz.

Due to the limitations discussed in Section 3.1, it is essential
for obtaining a large EMCD effect to minimize the illuminated area.
Typically, this can be achieved by focussing the beam. In that case,
the C, condenser lens needs to be adjusted to account for the dif-
ferent sample position (see Fig. 5). Note that focusing the beam
onto the specimen guarantees that the probability density current
is essentially aligned parallel to the optical axis all over the illu-
minated area such that the scattering “light cones” all point in the
same direction towards the vortex filter mask. This is due to the
fact that the Rayleigh range of the incident beam! is of the order
of 600 nm (for a convergence semi-angle of 3.8 mrad) which is
much larger than the sample thickness, e.g. ~ 70 nm, and thus the
incident wavefronts are almost flat everywhere inside the speci-
men, see Fig. 4b and c. It can be seen that the tilt angle at a radial
position of 0.7 nm in the entrance plane amounts to ~ 70 prad

! Note that the Rayleigh range was determined using the diffraction limited spot
size of the C, aperture [44,45].
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Fig. 4. Scattering geometry, intensity, phase gradient and tilt angles of the wavefront of the incident focused probe: (a) Inserting a HVM in the SAA creates a virtual image of
the HVM in the eucentric plane. The specimen is lifted by dz such that the HVM is in the far field, subtending an angle 6. It creates a linear series of atom sized vortices.
Their virtual images in the object plane, separated by 265, are sketched in green here. The observation plane is df below the object plane, in order to obtain sufficient radial
resolution. (b) Intensity of the focused probe with a convergence semi-angle of 3.8 mrad incident on the specimen (the red atom in (a)), given in green, and its phase
gradient represented by the blue arrows. The red rectangles represent atomic columns, with a spacing of 250 pm and a thickness of 70 nm. Qualitatively, it can be seen that
the atomic columns practically see a plane wave front (arrows aligned parallel to the atomic columns) because of the relatively high Rayleigh range ~ 600 nm of the beam.
(c) quantifies the residual tilt of the incident wavefront. The solid blue line represents the tilt angle of the electron wavefront at 35 nm above the focus, whereas the dashed
orange line indicates the lateral beam profile at that position. At the beam’s waist, the tilt angles are as low as 70 prad, justifying the assumption of an incident plane wave.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Ray diagrams (not to scale) of (a) a standard TEM diffraction setup, (b) a standard STEM setup and (c) the EMCD vortex filter setup. Full and dashed black lines
represent rays of elastically scattered electrons whereas red lines depict inelastically scattered ones. FFP and BFP stand for front-focal plane and back-focal plane, respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

which can be considered negligible compared to the characteristic
scattering angle 6 ~ 2 mrad of e.g. Co.

Lifting the specimen ensures that the (virtual) HVM is now in
the far field of the excited atom and creates a series of images of
the ionization process as depicted in Fig. 4a. Practically, this setup
is comparable to a standard STEM geometry but with the spec-
imen lifted far off the eucentric plane. For better understanding
the scattering setup, Fig. 5 compares the standard TEM setup in

diffraction, Fig. 5a, and the standard STEM setup, Fig. 5b, to the
setup described here, Fig. 5¢. Note that there are slight changes in
the focal position of elastic- to inelastically scattered electrons in
Fig. 5b. It can be seen that when the vortex filter mask is placed
in the SAA holder, diffracted beams emerge from the vortex mask
in Fig. 5a and c but not in Fig. 5b because there the image of the
inelastically scattered electrons in the SAA plane (~ 8 nm) is much
smaller than the grating periodicity (~ 500 nm) such that the vor-
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incident vortices

Fig. 6. Proof of vortex filter functionality in vacuum: In order to verify the working
principle of the vortex filter in the EMCD vortex filter geometry, EVBs produced by
a HVM in the condenser aperture holder (; = +1,0) were incident on a the vortex
filter HVM placed in the SAA holder (m = +1,0). Due to the orthogonal orientation
of the two HVMs, one can beautifully see the addition and subtraction of OAM.

tex mask is not illuminated. Lifting the specimen by dz (of the or-
der of 100 pm) as depicted in Fig. 5¢ ensures that the vortex fil-
ter mask is properly illuminated. Moreover, due to electron optical
reasons, this lifting is essentially reducing the size of the first im-
age of the focused probe on the (lifted) specimen, comparable to
the reduction of the effective source size in the condenser system
of a TEM by adjusting the C; lens excitation.

In order to verify that the setup in Figs. 4a and 5c is capable
of filtering the OAM content of an incoming electron wave, it was
tested using EVBs incident on the SAA HVM, comparable to the
work done in [25]. These incident EVBs were produced by a second
HVM placed in the C, condenser aperture holder and, as the beam
has to be focused on the lifted specimen in the actual experi-
ment, the incident EVBs were massively over-focused by ~ 100 pm.
Due to the roughly orthogonal orientation of the two HVMs, one
can beautifully see the addition and subtraction of OAM in Fig. 6,
where p = 41,0 denote the incident EVB and m = £1, 0 represent
the vortex orders stemming from the SAD HVM. This clearly shows
the applicability of the proposed setup to filter the vorticity of the
incoming electron beam, and, thus measure EMCD.

2.3. OAM conservation

As shown in [15,20], the expectation value of the angular mo-
mentum (L) = (Y |L,|y¥)/(¥|¥) of an (atom sized) EVB propagat-
ing through a crystal lattice can be subject to strong changes, in-
dicating OAM exchange with the specimen via elastic scattering
processes. The single atom scattering approach is neglecting elas-
tic scattering of the EVBs produced in the ionisation process in
the specimen, thus, one could question its applicability here. How-
ever, it has been reported that atomic sized EVBs (when aligned
exactly at the atomic columns) do channel along atomic columns
over tens of nanometres [15,46]. As the vortices produced in the
inelastic scattering event are intrinsically centred on the atom, suf-
ficiently thin crystalline samples in zone axis (ZA) should give an
EMCD signal in reasonably good agreement with the simple single
atom scattering ansatz used above.

In amorphous materials with their non-existent long range or-
der, one can expect the exchange of OAM to be minimal. To fur-
ther clarify if the OAM of the inelastically scattered probe electron
is indeed conserved when propagating through an amorphous ma-
terial, multi-slice simulations [47] were carried out. Fig. 7 shows
the propagation of an atomic scale EVB (waist radius: 114 A and

m = 1) incident on a 70 nm FegySigB13C;. It can be seen that the
colour coded phase structure of the EVB does not change signif-
icantly upon propagation through the material. Also, the expecta-
tion value of the angular momentum (L) deviates only moderately
over the course of the propagation. Especially for material thick-
nesses below 30 nm, the OAM of the EVB evolving from the in-
elastic scattering process is hardly affected by the sample.

Thus, the multi-slice simulation results shown in Fig. 7 strongly
support the assumption that neither the expectation value of the
angular momentum operator (L), nor the single OAM components,
see Fig. 7c, show strong OAM transfer to the amorphous sample
for thicknesses below 30 nm, justifying the single atom scattering
approach. Nevertheless, effects like incoherent broadening must be
taken into account by additional means and will be discussed in
the following section.

3. Limitations

The situation described in Section 2 is, of course, an idealisa-
tion. In order to estimate if and under which conditions EMCD sig-
nals can be detected in practice, we analyse the most important
limitations in this section.

3.1. Mlluminated specimen area

If more than one atom is illuminated by the focused electron
probe, there will be an incoherent superposition of signals from
all excited atoms. The fine details of the radial profiles will be
smoothed by the convolution with the spot shape,? thus reducing
the expected EMCD effect [19,20]. This incoherent broadening ef-
fect caused by the finite illuminated area of the specimen is taken
into account by a convolution with a Gaussian as described in [48].
Thus, the final simulated radial intensity distribution is given by

o , '
lg(r)ze-ﬂ/z)(r/ﬂzfo In(r") e—“/2>(r/“>210(ﬁ>r’drc (8)

where I, represents the modified Bessel function of first kind of
order zero and o the amount of incoherent broadening. The re-
sulting illuminated area (FWHM) at the specimen is ~ 2.4 0. This
incoherent broadening effect strongly reduces the expected EMCD
signal as shown in Fig. 8 for the focused case and Fig. 9 for the
defocused case.

Fig. 8 is a simulation of this effect for an atomic monolayer.
The central dip in the focused case disappears completely and the
EMCD signal drops from 50% to 3%. In the defocussed case, Fig. 9,
the dip remains, but the EMCD signal also decreases to 3%. This
emphasises the need for a small spot in order to be able to obtain
a sufficiently large EMCD effect in the centre.

Going to smaller spot sizes seems to be a rewarding route but
one has to be aware that smaller spot sizes inherently decrease
the Rayleigh range of the incident beam, therefore putting stronger
limitations on the sample thickness. For example, a typical probe
corrected beam with a semi-convergence angle of 20 mrad has
a Rayleigh range of ~ 35 nm demanding a much thinner speci-
men than that for a straight forward interpretation. In addition, the
derivation in Section 2.1 assumed that the incident wave was con-
stant over the scattering atom. If that is not fulfilled, the scatter-
ing cross-section becomes position-dependent. Also, for ultra-thin
specimens, not only the inelastic signal drops drastically but also

2 This is comparable to the incoherent source size broadening effect. Note that
the signal from atoms at different depths will also exhibit a slight defocus. However,
this defocus (< 40 nm) is small compared to the Rayleigh range (~ 600 nm) and
gives only negligibly small changes in the centre of the vortices as confirmed by
simulations (not shown). The main changes caused by this defocus naturally occur
in the tails of the vortices where no EMCD effect is expected.
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Fig. 7. OAM conservation: (a) Elastic multi-slice simulations showing the propaga-
tion of a 1.14 A m = 1 EVB incident on an amorphous Fe-based alloy (FegySigB13Cy
x 1022, atoms/cm3) of 70 nm thickness. Even though the propagation distance
is 70 nm, no significant changes are visible in the vortical phase structure of the
EVB which is represented by the relatively good conservation. Only a phase noise
is added by the amorphous material. (b) Expectation value (L,) for the m = 1 EVB
for different probe positions (indicated in the 5 x 5 nm? inset) as a function of
penetration depth. Up to a thickness of ~ 30 nm there are reasonably low changes
visible. (c) Shows the relative intensities of different OAM components after prop-
agation through 70 nm. Note that the relative intensity of all m # 1 vortex orders
stays well below 3%.
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Fig. 8. Effect of incoherent broadening by a Gaussian with o = 0.8 nm and a de-
focus value of 0 pm. The EMCD is strongly affected by the spot size effect and the
signal drops to 3%.

the likelihood of beam damage increases. However, the require-
ment for ultra-thin specimens may be relaxed by the application
of non-diffracting Bessel beams [49-51].

So far, the question of lateral extended illumination was elu-
cidated. We also tested the case when the single atom scatter-
ing centres sit at various z-positions, by incoherently summing up
multiple defocused wave functions. The results (not shown here)
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Fig. 9. Effect of incoherent broadening by a Gaussian with o = 0.8 nm and a defo-
cus value of 4 um. The EMCD signal is strongly reduced by the spot size effect and
the signal drops also to 3%.
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Fig. 10. Effect of 100 nm defocus difference between left and right vortex order of
a hypothetical non-dichroic signal at 4 pm defocus. The radial profiles were nor-
malized to the respective total intensity. The difference signal in the centre is 5%
and its maximum is as high as 8%.

indicated that no significant contribution to the EMCD signal be-
low r < 1 nm from this longitudinal arrangement of scattering cen-
tres can be observed.

3.2. Vortex size differences, mask tilt and astigmatism

Besides the broadening effects mentioned above, there are sev-
eral ways of unintentionally introducing an artificial intensity dif-
ference that could easily be misinterpreted as an EMCD effect.
They all have in common that the position of the maxima (i.e., the
vortex size) is different for the m = —1 and the m = +1 vortices.
Upon normalization, this can lead to differences in the centre of
the beam. In the simplest case, this can effectively be modelled as
a defocus difference between the different vortices. Fig. 10 shows
the case of a non-magnetic simulation (i.e,, m= -1 and m = +1
should have the same radial profiles) but with a defocus difference
of 100 nm between the two vortices. This gives rise to a relative
difference signal which reaches a maximum of 8% at r=1.2 nm
and still amounts to 5% in the centre. With that, it grows nearly
twice as strong as the EMCD signal predicted for the fully spin-
polarized case for the same simulation parameters without defocus
(see above). Perhaps the most obvious candidates for a vortex or-
der dependent defocus are a geometric tilt of the optical axis and
OAM-dependent differences in the lenses’ focal lengths. A trivial
geometric estimation of the amount of the defocus differences ex-
pected from image tilts of the order of mrad shows that this effect
is of the order of ~ 0.5 nm, and thus negligible. Defocus changes
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Fig. 11. An experimental test showing the influence of tilting a HVM in the sample
holder + 5° relative to the electron beam. A significant defocus difference between
left and right diffraction order can be observed for both tilt angles. Profiles normal-
ized to respective maxima.

due to Zeeman splitting in the magnetic field of TEM lenses are
between 1 pm and 0.5 nm, and thus also negligible [52].

In contrast to that, we found that a tilt of the HVM with re-
spect to the optical axis (of the order of a few degrees) due to
mounting misalignments and/or bending of the thin membranes
can induce significant maxima shifts equivalent to effective de-
focus differences of the order of a few hundred nanometres, see
Fig. 11. In this experiment, a HVM was inserted into the speci-
men holder such that its primary grating was aligned parallel to
the a-tilt axis of the specimen holder. Fig. 11 shows that for mask
tilts as small as + 5°, there are significant changes in the radial
profiles of the m=—1 and m = +1 vortices, amounting to inten-
sity differences in the centre of 25% for 5° and —50% for —5°. Note
that this experiment was conducted in vacuum (there was no spec-
imen present), but produces a signal that appears to be roughly 8
to 16 times larger than the EMCD effect predicted above. This can
possibly be attributed to electron-wall interactions, e.g. electrostat-
ically induced image charge formation in the grating bar walls, see
[53,54]. Alternatively, the tilted grating geometry could resemble a
kind of blazed grating, which also redistributes the diffraction or-
ders intensity, see for example [55].

This effect can be compensated by preparing the HVM on
strong support membranes and carefully mounting it in the aper-
ture holder. Also, the absence of this artefact can be verified before
conducting an EMCD experiment by using the elastically scattered
electrons which should not exhibit any intensity asymmetry of the
different vortex orders.

An additional source of artificial EMCD signals has been found
to be the astigmatism of the objective lens. Fig. 12 exemplifies that
behaviour for two opposing settings of the objective astigmatism
corrector coils (the value of a; denotes the corrector excitation
value as shown in the Tecnai user interface).> Again, these radial
profiles are attained from EVBs in vacuum, no sample was used
in this experiment. Still, the artificial EMCD effects amount to 90%
for the positive a; setting and —20% for the negative one — that
is more than 7 to 30 times larger than the predicted EMCD effect.
Two dimensional image simulations (not shown here) also exhibit
the same behaviour of introducing an EMCD-like artefact by chang-
ing the astigmatism of the objective lens.

This artefact can be corrected by a thorough pre-alignment of
the EVBs at zero energy loss (but with the high tension increased
by the energy loss of the respective element of interest to en-

3 Note that at these settings, the vortices still look sufficiently round.
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Fig. 12. An experimental test, without a sample, shows the influence of the
(twofold) objective astigmatism (denoted by a;) on the radial profiles (especially
their centres) of m =41 vortex orders. Strong differences between left and right
diffraction order can be observed. The profiles are normalized to their respective
total intensity.

sure equal imaging conditions) prior to the actual EMCD experi-
ment where special care must be taken that the central regions of
the vortices show a highly symmetric radial intensity profile for
m==+1.

3.3. Noise level

The detection of faint EMCD signals in the vortex filtering setup
proposed in Section 2 strongly depends on the achievable SNR.
Therefore, we carried out a trial experiment using a ~ 70 nm
thin layer of Co placed in a FEI TECNAI FEG TEM equipped with a
GATAN GIF Tridiem spectrometer (GIF) and a high-brightness XFEG
to assess the typically achievable SNR. The sample was lifted by
dz = 75 pm. The acceleration voltage was set to 200 kV, whereas
the condenser system was set up in a way to achieve a high beam
current at a sufficiently small spot size on the sample, i.e. provid-
ing a beam current of ~ 500 pA incident on the sample in a ~
1.9 nm probe (FWHM, ¢ = 0.8) with a convergence semi-angle of
3.8 mrad.

The vortex filtering SAA HVM was prepared by FIB milling, it
was a m=1 HVM with a diameter of 10 pm, a primary grating
periodicity of 500 nm (back-projected: 9.4 nm) and an orthogo-
nal secondary stabilisation grating with a periodicity of 4 pm. The
primary grating Bragg angle 6=>5 prad separated the central spot
from the first vortex orders in the eucentric plane by ~ 20 nm.*
As a result, the vortex orders m = +1 are still well separated from
the central peak for defocus values of df = 4 pum and higher, see
Fig. 13. The HVMs collection angle was qqe = 3.16 nm~! (0051 =
1.2 mrad).

Fig. 13 shows the experimental energy filtered image using the
SAA HVM at an energy threshold of 780 eV and an energy select-
ing slit of 15 eV. This image was acquired taking four frames with
an acquisition time of 100 s per frame using four fold binning.
Subsequently, the frames were stacked and aligned using Image ]
[56]. Then, Digital Micrograph scripts were used to determine the
exact vortex orders’ centres, to crop them and to extract the ro-
tational (azimuthal) average from each image of the aligned stack.
The rotational averaged radial profile of each vortex order was then
normalized using the total intensity of the respective vortex order
Jo~ Im(r)rdr. With that, we obtained an error estimate by calculat-
ing the root-mean-square (RMS) value for each radial pixel. Using

4 The separation distance was calculated using 26 gqg, dz, with a camera-length of
dz=75 pm and the back-projected grating periodicity g = 9.4 nm.
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20 nm

Fig. 13. Experimental energy filtered image showing the well separated vortex or-
ders m = +1 (left) and m = —1 (right) next to the intense central m = 0 beam (mid-
dle), produced by the SAA vortex filter at the Co L3-edge defocused by 4 pm.

the stacked images to get the RMS value pixel by pixel has the ad-
vantage that systematic errors, e.g. stemming from the azimuthal
intensity variations of the vortices, are minimized. We have done
two dimensional image simulations to clarify that the azimuthal
intensity variations are systematic effects due to the presence of
the stabilisation bars used in the HVM design.” The resulting in-
tensity values of each vortex orders’ rotational average (I.;) and
absolute RMS values (op,,) of that analysis have been used to es-
timate the relative RMS value of an EMCD signal o gycp by error
propagation [57]. The relation

O I+1—11‘ (14-1"'12 )(61 +all)
e La+14 2 —12))?
~ V20 (9)

I SNR

uses the approximation that the differences between I,; and I_;
are small, thus I,; ~ 1 ; and that their RMS values are approxi-
mately the same oy, ~ oy ;. The radial dependency was omitted
for clarity.

The averaged counts of both vortex orders and their RMS value
for the central region (r<0.7 nm) amount to 108 + 9 (SNR =
12).5 Using Eq. (9) leads to a relative error of the difference sig-
nal ogpyep = 12%. Hence, using this experimental parameters (HVM
size, spot size, dz), the SNR must be improved by an order of mag-
nitude in order to be able to discern the theoretically predicted
EMCD signal of 3%.

In view of these results, it is clear that further measures to en-
hance the SNR have to be taken. One possibility to achieve this
goal would be to increase the diameter of the HVM to at least
30 pm while maintaining the high quality and stability. Addition-
ally, reducing the spot size is the second route towards SNR en-
hancement, see Figs. 8 and 9.

4. Conclusions

In this work, we investigated the feasibility of detecting an
EMCD signal when incorporating a HVM as a vortex filter, either in
the DP or in the SAA holder of a standard field emission TEM. By
lifting the sample far above the eucentric position, a vortex filter
mask in the SAA plane can be properly illuminated and produces
well separated vortex orders which carry the EMCD information in
the asymmetry of their respective central intensities.

Vortex filtering is a promising method for studying magnetic
properties of amorphous materials, without the need for the crys-
tal to act as a beam splitter as in the classical EMCD setup. Using a
single atom scattering approach, which was justified showing the
OAM conservation in amorphous materials via multi-slice simula-
tions, theory predicts an EMCD effect of 50% for (non-broadened)
single atom illumination, which drops to 3% for relatively broad

5 Also the sixfold symmetry visbile can be attributed to that.
6 The SNR is defined as the quotient of the intensity and the RMS value.

beams of 2 nm. This is a tempting aspect in terms of high reso-
lution EMCD measurements, but the very short Rayleigh range of
atomic sized beams would call for extremely thin samples with all
their drawbacks considering core loss EELS measurements.

Experimentally, it was shown that the SAA HVM setup de-
scribed is capable of filtering the OAM content of incident vor-
tices. Also, artefact sources like HVM tilt and astigmatism have
been identified and routes towards their elimination have been
suggested. A trial experiment demonstrates that the SNR is cur-
rently ten times too low and that for a successful experimental
realisation, substantial progress in the experimental conditions is
compulsory. For example, to improve the SNR, future experiments
should incorporate larger SAA HVMs. On the one hand, such HVMs
would increase the acceptance angle. On the other hand, the sam-
ple could be lifted further without strong reduction of the collec-
tion angle, which would strongly increase the predicted EMCD ef-
fect due to the resulting reduced effective source size.

Hence, despite its current limitations, post-specimen vorticity
filtering offers considerable possibilities for new, technologically
important EMCD applications, thus encouraging future work in this
exciting field.
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Abstract

Energy-loss magnetic chiral dichroism (EMCD) is a versatile method for studying magnetic
properties on the nanoscale. However, the classical EMCD technique is notorious for its
low signal-to-noise ratio (SNR), which is why many experimentalists have adopted a
convergent-beam approach. Here, we study the theoretical possibilities of using a conver-
gent beam for EMCD. In particular, we study the influence of detector positioning as well
as convergence and collection angles on the detectable EMCD signal. In addition, we ana-
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lyse the expected SNR and give some guidelines for achieving optimal EMCD results.

Key words: EMCD, convergence angle, collection angle, aperture position, signal-to-noise ratio, STEM

Introduction

Electron magnetic chiral dichroism (EMCD), the electron
microscopic equivalent to X-ray magnetic circular dichro-
ism (XMCD), is a very versatile tool for investigating mag-
netic materials on the nanometer scale. Ever since its
theoretical prediction [1] and subsequent realization [2],
EMCD has been gaining popularity in many fields, includ-
ing magnetic nano-engineering and spintronics.

There are, however, two severe limitations with the clas-
sical EMCD approach: spatial resolution and signal-to-noise
(SNR) ratio. In the classical EMCD approach, one sends a
plane wave into a crystal that was tilted into systematic row
condition and subsequently measures the inelastically scat-
tered electrons at particular points of the diffraction plane
far away from the diffraction spots (see also Fig. 1). While
plane waves are well suited for an elegant theoretical treat-
ment, they are not so useful in practice. First of all, from a

fundamental point of view, it is impossible to actually cre-
ate or measure true plane waves, due to the limited extent
of the microscope and the apertures, as well as the beam
rotation induced by the magnetic lenses [3]. Secondly,
from an experimental point of view, a (quasi) plane wave
has a very low current density at the sample. Together with
the fact that the signal has to be measured off-axis — where
it can be orders of magnitude smaller than on-axis — with
(ideally infinitely) small detectors, this results in a notori-
ously low SNR. Another issue is resolution. When acquiring
spectra in diffraction mode, the spatial resolution is usually
defined by using a selected area aperture (typically of the
order of 100 nm), thereby reducing the signal even further.
Alternatively, one can measure in image mode using energy-
filtered TEM (EFTEM) [4,5]. Due to the required energy-
slit, this again leads to low intensity, in addition to poor
energy resolution.

© The Author(s) 2018. Published by Oxford University Press on behalf of The Japanese Society of Microscopy. All rights reserved.
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Fig. 1. Sketch of the convergent beam setup. (a) The incident beam with convergence
semi-angle a is centered on a crystal plane. (b) Sketch of the general positions of the
areas with ‘positive’ (i.e. higher than non-magnetic) signal I, and ‘negative’ (i.e. lower than
non-magnetic) signal I_. (c) Schematic elastic diffraction pattern for large a. (d) Schematic
elastic diffraction pattern for small a. The diffraction spots are labeled 0, G and —G.
Diffraction disks are depicted as black dashed lines, the Thales circles are depicted as gray
dotted lines. a is the convergence semi-angle, § is the collection semi-angle. The four
detector positions A-D are described in the text.
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To overcome these limitations, several new approaches
have been proposed and tested, ranging from alternative meas-
urement geometries in scanning transmission electron micros-
copy (STEM) [6-10], over vortex beams [11-13], to the use of
aberration correctors to manipulate the phase of the electron
beam [14,15]. However, all these methods exhibit very low
signal are typically limited to atomic resolution [16,17], and
may require changing components of the microscope or oper-
ating it under non-standard conditions. Thus, these new meth-
ods are not yet usable for many practical applications.

However, there is a third alternative that has gained
increasing popularity in experimental EMCD in recent
years: convergent-beam EMCD. It improves both the spa-
tial resolution and the SNR at the same time while still
making use of the original, straight-forward measurement
setup by using a convergent beam and finite collection
apertures instead of plane waves. This method has been
used experimentally to boost the spatial resolution of clas-
sical EMCD (see, e.g. [18-24], and it has long been known
that large collection apertures can improve the SNR [25].
Therefore, it is surprising that, to our knowledge, the influ-
ence of the convergence angle and the effect the interplay
between convergence and collection angle has on both the
signal and the SNR has not been studied extensively from
a theoretical point of view so far (although it has been
studied, e.g. for aberrated probes [26]).

In this work, we present simulations that show that con-
vergent beam EMCD is in many ways superior to classical
EMCD. In particular, we present simple rules of thumb for
how to obtain close-to-optimal SNR while at the same time
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improving the spatial resolution to close to atomic resolution.
This is expected to open new avenues for optimizing EMCD
measurements in general, but particularly for the characteriza-
tion of fine grained materials, thin films, as well as the mag-
netic structure in the vicinity of interfaces and defects. Thus, it
is expected to lead to great advances in material science.

Methods

In this work, we present extensive simulations for the model
system of a 10 nm thick bec Fe crystal, tilted 10° from the
[0 0 1] zone axis (ZA) to produce a systematic row case
including the (2 0 0) diffraction spot. All simulations were
performed using an acceleration voltage of 300 kV without
spherical aberration. (The spherical aberration is not expected
to play a major role here, though, as we are working mostly
in the diffraction plane.) The beam was focused (with vary-
ing convergence semi-angle @) onto the entry surface of the
sample and positioned on an atomic plane. The complete
measurement setup is depicted in Fig. 1.

The inelastic scattering was performed using the mixed
dynamic form factor (MDFF) approach [2,27,28]. The
MDFF was modeled with an idealized fully spin-polarized
cross-density of states [28] and Slater-type orbital wave-
functions [29], taking into account the dipole allowed tran-
sitions 2p — d. The elastic scattering both before and after
the inelastic scattering was taken into account using the
multislice algorithm [30]. A 2048 x 2048 grid with
ca. 0.09 A/px was used together with a slice thickness of
1 A and the electrostatic potentials given by Kirkland [30].
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For extracting the EMCD effect, one needs to measure
and compare the signal strengths at two different positions
I, I_. In the context of this work, two different (albeit
closely related) definitions of the EMCD effect are used.
On the one hand, we use the ‘difference signal’, sometimes
also referred to as ‘absolute EMCD effect’, defined as

Aly=1, + L. )

On the other hand, we use the ‘quotient signal’, some-
times also referred to as ‘relative signal’, defined as

s=2. =L AL i 1=
I+ 1 Iy

L+ 1

@

The quotient signal is the one originally proposed (up to the
prefactor of 2) and used in several later works [1,5,7,31-33].
By dividing by the average intensity Iy, it is automatically
normalized to the incident dose — although it still depends
on the sample thickness. For quantitative work, the differ-
ence signal is the method of choice as it allows for the appli-
cation of sum rules for determining the /m; ratio [34-36].

To find the optimal conditions for extracting an EMCD
signal, two different schemes were used. On the one hand,
a point-wise comparison of corresponding points on the
upper/lower or left/right halves of the diffraction plane was
performed to obtain a visual indication of the distribution
of the EMCD effect. On the other hand, circular collection
apertures (of varying collection semi-angle ) were cen-
tered at four different sets of points of the diffraction
plane: (A) on the Thales circle, (B) at the intersection of
adjacent elastic diffraction disks (in case the elastic diffrac-
tion disks did not overlap, the apertures were centered on
the systematic row), (C) just outside the elastic diffraction
disks such that the collection aperture touched adjacent
diffraction disks (in case such a touching configuration
was not possible, the apertures were positioned on the sys-
tematic row), (D) in an ‘optimal position’, i.e. at a conver-
gence and collection angle dependent point where the
maximal EMCD effect can be obtained as determined by a
downhill simplex optimization algorithm [37]. All four
positions are also depicted schematically in Fig. 1.

Results
Position of the EMCD effect

In order to check the applicability of convergent beam
EMCD, it is first necessary to determine where an EMCD
effect can be expected in the diffraction plane (if at all). To
that end, Fig. 2a-d shows simulated energy-filtered diffrac-
tion patterns for the Fe L edge for different convergence
angles. For classical EMCD (i.e. the first column in Fig. 2), it

is well known that there are four areas exhibiting magnetic
information, one in each quadrant of the diffraction plane.
Therefore, in Fig. 2e-h, we plotted the difference EMCD
effect AI calculated pixel by pixel from the difference of the
upper and the lower half-plane. Likewise, Fig. 2i-l shows the
difference EMCD effect AT calculated pixel by pixel from the
difference of the right and the left half-plane. Figure 2m-p
shows the quotient EMCD effect S calculated from the dif-
ference of the upper and lower half-plane, while Fig. 2q-t
shows the quotient EMCD effect S calculated from the dif-
ference of the right and left half-plane.

The first main result from those maps is that with increas-
ing convergence angle, the areas where the quotient EMCD
is strong is ‘pushed out’ such that it can generally be found
close to the rim of the elastic diffraction disks. The same is
mostly true also for the left/right half-plane subtracted differ-
ence signal (Fig. 2i-1). Only the top/bottom subtracted differ-
ence signal (Fig. 2e-h) exhibits strong signal inside the
diffraction disks which can be attributed to artifacts caused
by the Ewald sphere curvature as discussed below.

The fact that the areas with strong EMCD signal are
‘pushed out’ can be explained qualitatively by considering
the relative contributions of the different scattering vectors.
Assuming ideal conditions, a point-like detector, and using
the dipole approximation [7,38,39], the EMCD difference
signal is proportional to

qx9q
So-diqd’q, ©)
a’q

where one has to integrate over all combinations of scatter-
ing vectors connecting points inside the convergence disks
(with radii a, see Fig. 1) with the point-like detector. Due
to the 1/(g%q'*) dependence, contributions from short scat-
tering vectors are dominant and due to the ¢ X ¢’
dependence, contributions are strongest for perpendicular
scattering vectors.

In the limit of small convergence angles, only one pair
of scattering vectors is possible and the situation reduces to
the case of classical EMCD: the perpendicularity require-
ment suggests that the signal is strongest close to the
Thales circle. (The exact position depends on the character-
istic momentum transfer, as well as the details of the elastic
scattering.) For large convergence angles, this explanation
no longer holds as then, many combinations of scattering
vectors can contribute.

First, we consider detector positions inside the diffraction
disks. Without loss of generality, we will assume a detector
position inside the 0 diffraction disk. As stated above, the
dominant contributions stem from short scattering vectors.
For the sake of simplicity, we assume that the complex
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arF prefactor coming from elastic scattering is approximately ~ from a point inside the diffraction disk to the detector, the

. . . . . —_ . . . .
constant in the immediate surrounding of the detector where scattering vector —q also connects a point inside the diffrac-
I is small. For any sufficiently short scattering vector g tion disk to the detector. As the contributions of (¢, 7) and
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(=4, q") are equal in magnitude but opposite in sign for any
scattering vector g, all these contributions will average out.
This implies that inside the elastic diffraction disks, the differ-
ence EMCD effect will be small. In addition, the very strong
total intensity inside the diffraction disks will cause the quo-
tient EMCD effect to be suppressed even stronger than the
difference EMCD effect.

Secondly, if the detector is positioned far away from
large diffraction disks, neither the perpendicularity con-
straint nor the shortness requirement can be fulfilled, thus
leading to an asymptotically vanishing EMCD effect.

Thirdly, if the detector is positioned close to the inter-
section of the diffraction disks, there are always pairs of
scattering vectors that are short and fulfill the orthogonal-
ity requirement, thus yielding an appreciable EMCD effect.

From Fig. 2, it is also obvious that the upper/lower differ-
ence shows severe left/right differences, particularly for larger
scattering angles. The origin of these different symmetry
properties can be found in the tilting of the Ewald sphere
with respect to the crystal and the influence of higher order
Laue zones (HOLZs), causing an inherent upper/lower asym-
metry of the signal [40-42]. Some artifacts introduced by the
HOLZ can be seen particularly well close to the edges of
Fig. 2m. (Note that the figures show only a subset of the
total simulated area, so the ‘artifacts’ close to the edge are
not calculation artifacts but actually coincide with HOLZ
reflections consistent with the chosen scattering geometry.)
Due to the asymmetric Ewald sphere and the HOLZ contri-
butions, the intensity in the upper half-plane is slightly lower
than the corresponding intensity in the lower half-plane.
While this intensity difference is not caused by the spin-
polarization of the sample, it can easily be misinterpreted as
a ‘fake’ EMCD effect. While this is of some concern already
for classical EMCD, where one typically measures at the
Thales circle, it does become a vital issue for larger conver-
gence angles, where one is forced to measure at larger scat-
tering angles. Especially when dealing with the difference
EMCD signal, the upper/lower asymmetry can give rise to
very large artifacts (see Fig. 2g and h). One way to overcome
this could be to use the double-difference technique [35].

However, as the setup is symmetric with respect to a
right/left mirror operation (provided the sample is oriented
in a perfect systematic row condition [4,42]), the right/left
difference maps do not suffer from this effect. Therefore, in
the remainder of this work, we use the right/left difference
method to extract EMCD signals.

EMCD signal strength and SNR

In this section, we will analyse both the achievable signal
strengths Al and S as well as the SNRs AI/SAI and S/5S
associated with them as a function of convergence and

collection angles for the four detector positions A-D defined
above. This is conceptionally similar to previous studies that
included estimations for the SNR for plane wave illumin-
ation [25] and for aberrated probes [26]. To calculate the
SNR, we will include the pre-edge background intensity B,
which does not contribute to the signal but does increase the
noise. We will also use the jump ratio defined by

Iy+ B

B “

r =

to simplify the equations.

Note that while we will give general formulas that
should be applicable to all cases at the beginning of each
section, further derivations will be based on the assump-
tion of pure Poissonian shot noise to derive simplified for-
mulas and actual numbers. This neglects other noise
sources such as readout noise and electronic noise (which
will be low compared to the shot noise for the intensity
requirements derived below), or uncertainties introduced
by the background subtraction process [43]. Nevertheless,
the numbers calculated below will give a good rule of
thumb for the intensity necessary to obtain a statistically
significant EMCD signal.

In addition, the EMCD signal strength itself will depend
on a number of parameters, including the sample material,
sample thickness, and scattering geometry. Therefore,
angles will be discussed in relation to the Bragg angle
(here: 05 ~ 6.9 mrad) and may differ in different systems.

Difference EMCD effect

First, we will treat the difference EMCD effect AI which is
most useful for quantifying EMCD signals using sum rules [34].
Figure 3a—-d shows the difference EMCD signal depend-
ence on the convergence and collection semi-angles for the
four sets of detector positions A-D defined above. The first
thing that catches the eye is the fact that if the convergence
or the collection angle (or both) are small, both the differ-
ence EMCD signal and the SNR vanish. This is to be
expected as in those cases the overall intensity decreases
rapidly, which is why experimentalists started using con-
vergent beam EMCD in the first place. However, using
extremely large collection angles is usually not recom-
mended either, as then positive and negative contributions
to the difference EMCD signal could average out.

From Fig. 3, it is apparent that positioning the detectors
on the Thales circle (position A) gives a large signal (albeit
not the best SNR) when both the convergence and collec-
tion angle are slightly larger than the Bragg angle. This is
due to the ‘pushing out’ of the area of strong difference
EMCD signal with increasing convergence angle (see also
Fig. 2), combined with the increasing intensity for larger
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Fig. 3. Difference signal Al (a-d) and SNR AI/SAI (e-h) for the four sets of detector positions A-D as a function of convergence and collection
semi-angles. The SNR is given for a jump ratio of r= 2 in fractions of the maximum SNR.

convergence angles. Compared to the Thales circle pos-
ition, the intersection position (position B) gives both bet-
ter overall signal and better SNR. In fact, one can reach
80% of the optimal signal at about 70% of the optimal
SNR in the present case. The adjacent position (position C)
yields a lower signal overall, but a nearly optimal SNR. In
addition, it allows to use a relatively large range of conver-
gence and collection angles with little to no impact on sig-
nal strength and SNR. Finally, the optimum position
(position D) data are shown for reference.

To calculate the SNR, the following approach was
used. If shot noise dominates over other noise sources
(such as readout noise), I, follows a Poisson distribution.
By the central limit theorem, this can be approximated
well by a Gaussian distribution with a standard deviation
of 6I. = I, + B for sufficiently large signal, where B is
the background intensity. Then, the variance (SAI)? of the
signal AT is given by

(6AD? = (81> + I =1, + I_ + 2B =2(Ip+ B). (5
Therefore, the SNR reads

AL _ L -1 8D
SAI  \[(L)* + GL)*  J2Uo + B)

Q)

Not surprisingly, the SNR increases with average intensity
Iy and dichroic fraction (quotient signal) S while it decreases
with pre-edge background B. A similar expression was also

reported for maps with an aberrated probe [26], although
for larger convergence angles.

To answer the question of how many counts need to be
recorded to achieve a certain statistical significance, one
naturally needs to consider the ratio between the elemental
edge and the pre-edge background (which increases the
noise level but not the signal). Assuming a jump ratio r of

_I()+B©

B=— opsB=1.
r—1

B r—1

the SNR can be rewritten as

Al Sy -1 )
DN

If B = Iy, i.e. for a jump ratio of r = 2, the SNR takes
the form

AL _ AL _SVD
sal 21y 2

®

To reach a SNR of k, one needs to achieve a total inten-
sity of

2r2k?

Iy+B> —"———
0T =S )2

(10

counts. This prediction is in good agreement with the
order of magnitude of the intensity threshold found

@Downloaded from https://academic.oup.com/jmicro/article-abstract/67/suppl_1/160/4822195
y Bibliothek der Technischen Univ user
19 July 2018



Die approbierte gedruckte Originalversion dieser Habilitationsschrift ist an der TU Wien Bibliothek verflgbar

The approved original version of this habilitation thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

i66 Microscopy, 2018, Vol. 67, No. S1

experimentally [24]. For the special case of k =3 and  the Thales circle position in terms of the quotient signal.

r = 2, this gives Finally, the optimum position (position D) is shown for
reference.

I+B> 775 ain qu calculan.ng the SNB, the same assumpt‘lon as for

N the difference signal case is used. Here, the variance (5S)?

of the signal S can be calculated by error propagation to

i.e. for an expected dichroic fraction of § = 10%, an inten- ... 4
sity of at least 7200 counts needs to be achieved in this case.
272, 12 2
Quotient EMCD effect (68 =16 % 12
Figure 4a—d shows the dependence of the quotient EMCD T
effect on the convergence and collection angles for the four -} o\R of
different sets of detector positions A-D defined above. As
was already noted in the Section "Position of the EMCD s 2_p
effect", placing the detectors on the Thales circle (position — = £ . (13)
08 2 (I + 12 (51)*

A) only gives a large EMCD signal for small convergence

and collection angles. For angles larger than roughly 65,

the signal decreases rapidly as one is then measuring Assuming only shot-noise as above, the former can be sim-

‘inside’ the elastic diffraction disk, which will increase I plified to

and therefore decrease S. Putting the detectors on the inter-

section of the elastic diffraction disks (position B) gives an (58)? = 16l . L+12 ) (14)
extremely low quotient signal, unlike the difference signal. dy + 1)} dy + Ly

Again, this is due to the fact that there is a strong contribu-
tion to Iy inside the diffraction disks which will strongly By virtue of
decrease the quotient signal. Putting the detectors adjacent

to the elastic diffraction disks (position C) gives a medium L —I=SI

quotient EMCD effect, but over a large range of conver- L+ =2l

gence and collection angles, similar to the difference AL =154 - $?

EMCD signal. Also like the difference signal, the SNR is 22+ 1) =14+ $Y (15)

close to optimal in this case. In addition, it is interesting to
note that the adjacent position is mostly complementary to  this can also be written as
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Fig. 4. EMCD effect S (a—d) and SNR S/5S (e-h) for the four sets of detector positions A-D as a function of convergence and collection semi-
angles. The SNR is given for a jump ratio of r = 2 in fractions of the maximum SNR.
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(4 -SH+B-4+S$%)

(68)* = 2 (16)
Thus, the SNR becomes
S V25 . (17)
58S JIy4 - S)+B-4+ 8%
This can also be written in terms of the jump ratio as
S 218 82 - DIy 18)

88 J4_52+4’+__s]2 C Jra -8 287

If B = Iy, i.e. for a jump ratio of r = 2, the SNR takes
the same form as for the difference EMCD signal, i.e.

88

S S/l 19)
7

To reach a SNR of at least k, Iy must be chosen such
that

k? 4+ §2
Ip> —5|4-8+ —— 20
0255 ( - ] (20)
or, equivalently, that the total intensity fulfills
k2r 4+ 82
Iy+B>—— |4-8+ . 21
’ ‘232(7—1)( —1) @b

For the special case of k = 3 and r = 2, this again gives

I+B> g—f 22)

Discussion
Difference EMCD effect vs. quotient EMCD effect

As mentioned above, the difference EMCD signal is the
one typically used for quantification due to the applicabil-
ity of sum rules. However, in some cases, determining the
my/mg ratio may not be required. Instead, it might be suffi-
cient to check if there is any dichroic signal at all or how it
changes, e.g. with the position across defects. In such cases,
using the quotient signal instead of the difference signal
may even be beneficial in terms of SNR, as a comparison
of Egs. 17 and 6 shows:

J2 81, - Sl 03)

Jh4 -8 +B- -4+ 2o+ B)
4Ty +B) <4 -SH+B-4+ 5% 24)
0<S8%-(B-1I. 25

This means that only for B > [j & r < 2, i.e. for thick
specimens, using the difference signal is actually better
than using the quotient signal in terms of SNR. However,
thick specimens typically yield a low overall EMCD effect
owing to oscillations and sign reversal caused by the elastic
scattering and pendellosung [32,39]. Therefore, the quo-
tient signal should be preferred unless the application of
sum rules is required.

Beam position dependence

In this section, we investigate the dependence of the conver-
gent beam EMCD signal on the beam position. For small
convergence and collection angles, one can expect that the
EMCD signal is largely independent of the beam position due
to the large illuminated area and, consequently, the low spa-
tial resolution. For convergence and collection semi-angles
significantly larger than the Bragg angle, however, one can
expect a position dependence [10]. To study the effect this
has on the signal strengths at the various detector positions as
well as on the SNR, we also performed calculations with the
beam displaced by half a lattice plane distance so that it was
positioned directly in-between adjacent lattice planes.

Figure 5 compares the energy-filtered diffraction patterns
and point-wise EMCD effects for on-plane and off-plane
beam positions for a large convergence angle. While there
are obvious differences, it is remarkable that both difference
and quotient EMCD effects with the same sign can be found
at similar positions adjacent to the diffraction disks. While
these contributions from adjacent positions are weaker for
the difference signal (with stronger contributions with
reversed sign showing up close to the Thales circle), the quo-
tient EMCD effect is even stronger for the off-plane condi-
tion than for the on-plane condition. Qualitatively, this can
be understood from the fact that the inelastic scattering ker-
nels contributing to EMCD have the same shape as electron
vortex beams: an azimuthal phase ramp combined with a
donut-shaped intensity distribution [28,44,45]. Thus, the
highest probability for exciting a transition that contributes
to the EMCD signal with a very small probe is actually not
on the atomic nuclei, but in the area surrounding them.
(This can also be understood from the fact that the initial
p-states contributing to the L-edge have vanishing probabil-
ity density at the position of the nucleus.) Of course, the
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question of how much which atom contributes to the
EMCD effect depends crucially on how the incident and out-
going electron beams channel through the crystal [46,47].
However, a full quantitative description of the resulting
thickness dependence is beyond the scope of this work.
Figure 6 shows the convergence and collection semi-
angle dependence of the EMCD signals for a probe beam
positioned between atomic planes, together with the

by Bibliothek der Technischen Univ user
on 19 July 2018

corresponding SNR (which, for the chosen jump ratio of
r =2, is the same for the difference and for the quotient
signal). Qualitatively, it looks similar to the on-plane case
depicted in Fig. 4. In particular for small convergence and
collection semi-angles, the maps are identical, as is to be
expected. However, at larger angles, several changes are
visible. Note that this is actually wanted in order to be able
to perform lattice-resolved EMCD experiments [10].

Downloaded from https://academic.oup.com/jmicro/article-abstract/67/suppl_1/160/4822195



Microscopy, 2018, Vol. 67, No. S1 i69

Intersection (pos. B) Adjacent (pos. C)

(b) ©)

Thales circle (pos. A)

Optimum (pos. D)
- r 100

3 80 3
£ K
[--§
2 60 9
o =
@ w
L 40 ©
= (<
8 20 E

0

35
- 30
el
1] =
E 25 &
: 8
% 20 =
c w
z 15 &
£ o
5 2
8 10 S
= o
Q
°© 5

0

100
g 80
£ -
[--§ o"
o 60 5
2 z
b 40 2
: °
n
3 20

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

conv. semi-angle o [mrad] conv. semi-angle o [mrad] conv. semi-angle o. [mrad] conv. semi-angle o [mrad]

Fig. 6. Difference EMCD effect (a—d), quotient EMCD effect (e-h) and SNR (i-I) for the four sets of detector positions A-D as a function of conver-
gence and collection semi-angles for a beam position in-between atomic planes. The SNR is given for a jump ratio of » = 2 in fractions of the

Die approbierte gedruckte Originalversion dieser Habilitationsschrift ist an der TU Wien Bibliothek verflgbar

The approved original version of this habilitation thesis is available in print at TU Wien Bibliothek.

thEk)
wledge hub

Siblio

Your kn

maximum SNR.

Perhaps the most striking difference is the large difference
signal enhancement at the Thales circle for large convergence
and collection angles. This is in agreement with Fig. 5, which
shows the well-known strong position dependence of the
intensity in the regions of overlapping diffraction disks, lead-
ing to the appearance of a strong EMCD difference signal
close to the Thales circle. In addition, for the intersection
and adjacent positions, the difference signal is somewhat
decreased. Interestingly, the quotient signal shows an
increase at the same positions. Regarding the SNR, the same
general trend is seen at the off-plane beam position as at the
on-plane beam position: the highest values can usually be
achieved at medium angles, in this case particularly with con-
vergence angles of approximately 260p (i.e. slightly larger
than on-plane) and collection angles of ca. 6p (i.e. slightly
smaller than on-plane).

Concluding remarks

In this work, we have explored the possibilities of convergent-
beam EMCD using numerical simulations. We found that
this method gives similar EMCD signals as the classical,

parallel beam EMCD method while having superior SNR
characteristics, in accordance with previous works. As a rule
of thumb, choosing a convergence semi-angle slightly larger
than the Bragg angle, a collection angle close to the Bragg
angle, and positioning the collection aperture just outside the
elastic diffraction disks should give close to optimal results. In
addition, we estimated that more than approximately 7200
counts at the edge under investigation are required (the exact
value will depend on the peak-to-background ratio and the
expected dichroic fraction, which, in turn, will depend on the
sample material, thickness, and orientation as well as the scat-
tering geometry).

Especially the improvements in SNR, as well as in spa-
tial resolution, open exciting new possibilities for EMCD
that may soon lead to an even broader applicability of this
exciting technique for material science.
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Exploiting the Acceleration Voltage Dependence of EMCD

Stefan Loffler 1*(, Michael Stoger-Pollach 1, Andreas Steiger-Thirsfeld !, Walid Hetaba 2
and Peter Schattschneider 13

University Service Centre for Transmission Electron Microscopy, TU Wien,
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Max Planck Institute for Chemical Energy Conversion, Stiftstrafie 34-36,
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3 Institute of Solid State Physics, TU Wien, Wiedner Hauptstraf3e 8-10/E138-03, 1040 Wien, Austria

*  Correspondence: stefan.loeffler@tuwien.ac.at

Abstract: Energy-loss magnetic chiral dichroism (EMCD) is a versatile method for measuring mag-
netism down to the atomic scale in transmission electron microscopy (TEM). As the magnetic signal
is encoded in the phase of the electron wave, any process distorting this characteristic phase is
detrimental for EMCD. For example, elastic scattering gives rise to a complex thickness dependence
of the signal. Since the details of elastic scattering depend on the electron’s energy, EMCD strongly
depends on the acceleration voltage. Here, we quantitatively investigate this dependence in detail,
using a combination of theory, numerical simulations, and experimental data. Our formulas enable
scientists to optimize the acceleration voltage when performing EMCD experiments.

check for Keywords: EMCD; TEM; EELS; magnetism; acceleration voltage
updates

Citation: Loffler, S.; Stoger-Pollach,
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Schattschneider, P. Exploiting the 1. Introduction
Acceleration Voltage Dependence of Circular dichroism in X-ray Absorption Spectroscopy (XAS) probes the chirality of the
EMCD. Materigls 2021, 14, 1314. scatterer, related either to a helical arrangement of atoms or to spin polarized transitions as

https://dolorg/10.3390/mald081314 g4y djed in X-ray Magnetic Circular Dichroism (XMCD). Before the new millenium, it was

considered impossible to see such chirality in electron energy-loss spectrometry (EELS).
On the other hand, the formal equivalence between the polarization vector in XAS and
the scattering vector in EELS tells us that any effect observable in XAS should have its
counterpart in EELS. For instance, anisotropy in XAS corresponds to anisotropy of the
double differential scattering cross section (DDSCS) in EELS. A well known example is
the directional prevalence of either s — 77 and s — ¢ transitions in the carbon K-edge of
graphite, depending on the direction of the scattering vector [1,2].

In XMCD, the polarization vector is helical—a superposition of two linear polarization
vectors ey +iey orthogonal to each other—resembling a left- and right-handed helical
photon, respectively. However, what is the counterpart of photon helicity in EELS?

In 2002, one of the authors and their postdoc speculated about what the counterpart of
photon helicity could be in EELS—an arcane issue at the time. This led to a keen proposal to
— study spin polarized transitions in the electron microscope [3]. Closer inspection revealed
that in EELS, a superposition of two scattering vectors orthogonal to each other with
a relative phase shift of +77/2 is needed, exactly as the formal similarity with XMCD
dictated. This, in turn, called for a scattering geometry that exploits the coherence terms in
the DDSCS [4,5]. These insights led to the CHIRALTEM project [6].

The multidisciplinary team elaborated the appropriate geometry for the analysis of
conditions of the Creative Commons _i0nization edges in the spirit of XMCD. The first EELS spectrum was published in 2006 [7]. In
Attribution (CC BY) license (https://  that paper, the new method was baptized EMCD—Electron (Energy Loss) Magnetic Chiral
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no circular polarization in EELS. The experiment confirmed that the physics behind EMCD
is very similar to the physics of XMCD. Rapid progress followed: consolidation of the the-
ory [8,9], optimization of experimental parameters [10], dedicated simulation software [11,12],
and spatial resolution approaching the nm [13,14] and the atomic scale [15-23].

A genuine feature of EMCD is the ability to probe selected crystallographic sites [18,24],
e.g., in Heusler alloys [25], ferrimagnetic spinels [26], or perovskites [27,28]. The high spa-
tial resolution of the method allows the study of nanoparticles [14], 3d—4f coupling in su-
perlattices [29], specimens with stochastically oriented crystallites and even of amorphous
materials [30]. EMCD has also been used to investigate spin polarization of non-magnetic
atoms in dilute magnetic semiconductors [31], magnetic order breakdown in MnAs [32],
GMR of mixed phases [33] and magnetotactic bacteria [34]. A key experiment on magnetite,
exploiting the combination of atomic resolution in STEM with the site specificity showed
the antiferromagnetic coupling of adjacent Fe atoms directly in real space [16]. An overview
of EMCD treating many aspects of anisotropy and chirality in EELS can be found in [35].

To date, EMCD measurements have predominantly been performed at the highest
available acceleration voltages—typically 200 keV to 300 keV—which has several advan-
tages such as better resolution, a larger inelastic mean free path, and optimal detector
performance resulting in a reasonable signal-to-noise ratio. However, by limiting oneself
to a specific acceleration voltage and hence electron energy, EMCD cannot be used to its
full potential.

One example where choosing a lower acceleration voltage can be tremendously helpful
is the reduction or avoidance of beam damage [36-39]. Another is the investigation of the
magnetization dependence: in a TEM, the sample is placed inside the objective lens with a
typical field strength of the order of 2T for 200 keV electrons. By changing the acceleration
voltage, the objective lens field applied at the sample position is changed as well [40],
thereby enabling magnetization-dependent investigations. This can even be used to drive
magnetic field induced phase transitions [27]. Moreover, EMCD is strongly affected by
elastic scattering, and, hence, thickness and sample orientation [8,11,25,41]. Therefore,
changing the electron energy and therefore the details of the elastic scattering processes
enables EMCD measurements even at a thickness and orientation where no significant
EMCD effect is observable at a high acceleration voltage. This proposition is corroborated
by early numerical simulations [42], which to our knowledge have not been followed up
on or widely adopted by the community.

2. Results
2.1. Theory

The general formula governing EMCD has already been outlined in the original
publications theoretically predicting the effect and demonstrating it experimentally [3,7].
Detailed ab initio studies soon followed [8]. However, those formulations all aimed at very
high accuracy; none of them gave a simple, closed form to quickly calculate the EMCD
effect and easily see the influence parameters such as, e.g., the acceleration voltage have
on the outcome. Recently, Schneider et al. [41] published such a formula; however, they
neglected any elastic scattering the beam can undergo after an inelastic scattering event by
approximating the outgoing wave by a simple plane wave.

Here, we present a derivation of a simple formula taking into account elastic scattering
both before and after the inelastic scattering event. In the process, we will make four
major assumptions:

1. We limit the derivation to an incident three-beam and outgoing two-beam case in the
zero-order Laue zone of a sample that is single-crystalline in the probed region with a
Centro-symmetric Crystal structure;

2. We assume that the sample is a slab of thickness f with an entrance and an exit plane
essentially perpendicular to the beam propagation axis;

3. We assume that the inelastic scattering process is at least four-fold rotationally sym-
metric around the optical axis and that the characteristic momentum transfer g, is
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much smaller than the chosen reciprocal lattice distance |G|. This implies that the
inelastic scattering in the chosen geometry is only dependent on the scattering atom’s
spin-state, but not influenced significantly by any anisotropic crystal field;

4. We assume that the atoms of the investigated species are homogeneously distributed
along the beam propagation axis and that G - x = 2m7, m € Z for all atom positions
x and the chosen lattice vector G.

Assumption 1 comes from the conventional EMCD setup: the (crystalline) sample is
tilted into systematic row condition and the detector is placed on (or close to) the Thales
circle between neighboring diffraction spots. In a symmetric systematic row condition, the
strongest diffraction spots are the central one (0) and the two diffraction spots at —G, G,
which have the same intensity. Any higher-order diffraction spots are comparatively weak
and will therefore be neglected.

To understand the reason behind the outgoing two-beam case, we follow the reci-
procity theorem [43,44]. A (point-like) detector in reciprocal space detects exact plane-wave
components. If we trace those back to the exit plane of the sample, we can expand them
into Bloch waves. For the typical EMCD detector positions, they correspond exactly to
the Bloch waves we get in a two-beam case (where the Laue circle center is positioned
somewhere along the bisector of the line from 0 to G.

The probability of measuring a particular state |(out) (a “click” in the detector corre-
sponding to a plane wave at the exit plane of the sample) given a certain incident state
|¢in) (a plane wave incident on the entry plane of the sample) is given by Fermi’s Golden
rule [45-49]:

p= IZF;PI(l = PE) Woutl (EIVIT) [$in) (Pinl (IIVTIF) [$out) 6(EF —Er —E), (1)

where I, F run over all initial and final states of the sample, py, pr are their respective
occupation probabilities, Ey, Er are their respective energies, E is the EELS energy loss, and
V is the transition operator. In momentum representation, V for a single atom is given by

eiqf?

(k|V|k) = P with g=k—k. )

With the mixed dynamic form factor (MDEFF) [45,49-51],

S(q,4',E) = IZF:PI(l — pe) (k| (FIeR|1) i) (k'] (Tle™ "R (F) |K') 6(Er — E1 — E), (3)

the probability for a “click” in the detector can be written as [8,45,48-50]

_ i(g—q')-x 7.\ * 7! S(q'q//E) A% BTt A4
p= / /// ;ew )% (k) lPout(k)Wlﬁm(k)l/’m(k) dkdk'dkdk’,  (4)

where the ), ¢il1-4)* stems from the summation over all atoms (of the investigated
species) in the sample and the MDFF is taken to be the MDFF of a single such atom located
at the origin.

Specific expressions for the MDFF for various models under different conditions and
approximations are well known (see, e.g., [7,49,52]), but their details will be irrelevant for
the majority of our derivation for which we will keep the general expression S(q, 4, E).

Using the Bloch wave formalism [8,36,53-55], the three-beam incident wavefunction
and the two-beam outgoing wave function can be written as

[Yin) = ) Y, CiCiglx+rn+g ®)
je{1,23} ge{-G,0,G}
W’out) = Z Z C~Ifoeimtcl,h ‘X + 7t + h> ’ (6)

1€{1,2} he{0,G}
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where j, [ are the Bloch wave indices, g, h run over the diffraction spots, the leg are the
Bloch wave coefficients, the y; are the so-called anpassung, # is the surface normal vector, ¢
is the sample thickness, and y, ¥ are the wave vectors of the incident and outgoing plane
waves, respectively.

The derivation of the EMCD effect can be found in Appendix A. The final expression is

_ Asin?(xt) — Bsin?(x't) S[S(q1, 95, E)]

t+ Csin(2xt) S(41,941,E) @

where t is the sample thickness and the coefficients A, B, C, k, ' are defined in Equation (A18)
(with Equations (A1) and (A3)).

Figure 1 shows a comparison of the thickness dependence predicted by Equation (7)
and a full simulation based on Equation (4) for some typical, simple magnetic samples.
Owing to the approximations made in the derivation, there naturally are some small differ-
ences (which are more pronounced at small thicknesses), but they are well within typical
experimental uncertainties.

Fe, G=(200) Co, G=(110)

EMCD n [%]

—— 200 keV
—— 60 keV

40 60 80 100 0 20 40 60 80 100
t [nm] t[nm]

Figure 1. Comparison of the thickness dependence of the EMCD effect 7 predicted by Equation (7) (solid lines) and by the
“bw” software using Equation (4) (dotted lines) for different acceleration voltages for bee Fe and hep Co.

Two main conclusions about the thickness-variation of the EMCD effect can be drawn
from Equation (7). On the one hand, the numerator nicely shows the oscillatory nature of
the effect. On the other hand, the denominantor clearly implies that the strength of the
EMCD effect decreases approximately as 1/¢.

The numerator is composed of two oscillations with different amplitudes (A, B) and
the frequencies

2 _ 2 2 - -
k=J1"72 _ \/(|G‘ taa)” +8Ug and /= 1-72 _ Us_ 8
2 4x -n 2 2x -7

which are closely related to the extinction distances for the incident and outgoing beams.
As the wavevectors yx, ¥ scale with the square root of the acceleration voltage V'V, the
frequencies of the oscillations of the EMCD effect scale with 1/ V/V. This is corroborated by
Figure 2.
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Figure 2. EMCD effect 7 for various acceleration voltages V and thicknesses ¢ for bee Fe as simulated
with “bw”. The dashed lines show (arbitrary) curves with t e v/V as guides for the eye.

Both the oscillations and the 1/t decay can be understood from the fact that EMCD
is essentially an interferometry experiment. As such, it crucially depends on the relative
phases of the different density matrix components after traversing the sample from the
scattering center to the exit plane. Some scattering centers are positioned in a way that the
resulting components contribute positively to the EMCD effect, other scattering centers
are positioned such that their contribution to the EMCD effect is negative. As a result,
there are alternating “bands” of atoms contributing positively and negatively [11], where
the size of the bands is related to the extinction length. With increasing thickness, more
and more alternating bands appear—the non-magnetic signal increases linearly with ¢, but
the magnetic EMCD signal of all but one band averages out, ultimately resultingina 1/t
behavior of the relative EMCD effect.

Our theoretical results have several important implications. First, the EMCD effect
can indeed be recorded at a wide variety of acceleration voltages as already proposed
on numerical grounds in [42], thereby enabling magnetization-dependent measurements.
Second, the thickness dependence scales with 1/t, thus necessitating thin samples. Third,
for a given sample thickness in the region of interest, a candidate for the optimal high
tension yielding the maximal EMCD effect can easily be identified based on any existing
simulation and the v/V scaling behavior (note, however, that other effects such as multiple
plasmon scattering can put further constraints on the useful range of sample thicknesses,
particularly at very low voltages).

2.2. Experiments

To corroborate our theoretical finding, we performed experiments at various high
tensions to compare to the simulations. The experiments were performed on a ferrimagnetic
magnetite (Fe304) sample [56], which has the advantage over pure Fe that it is unaffected
by oxidation (it may, however, be partially reduced to Wiistite by prolonged ion or electron
irradiation). The individual recorded spectra are shown in Figure 3. It is clearly visible that
the EMCD effect changes with the high tension as predicted in Section 2.1. A quantitative
comparison between the calculations and the experiments is shown in Figure 4 and shows
excellent agreement.
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Figure 3. EMCD spectra for different acceleration voltages (as indicated) after background subtrac-
tion and post-edge normalization using the Fe L-edge in Magnetite tilted to a (400) systematic
row condition. The sample-thickness was determined to be t ~ 35nm for the 40kV and 60 kV
measurement positions and ¢ ~ 45nm for the 200 kV measurement position.

0 20 40 60 80 100
t[nm]
Figure 4. Comparison between numerical EMCD simulations (“bw”, solid curves) and experiments
(points) for Magnetite for three different acceleration voltages. For the experimental points, 7 was
calculated from the data in Figure 3 according to Equation (9), the measured thickness values are
given in the caption of Figure 3, and the error bars were determined as described in [57,58].

3. Discussion

Although Equation (7) is—to our knowledge—the first complete, analytical, closed
form predicting the EMCD effect, several assumptions and approximations were made in
its derivation. As such it is no replacement for full simulations with sophisticated software
packages if ultimate accuracy is vital. Nevertheless, it can be a good starting point for
EMCD investigations, and it helps elucidating the underlying physical principles and
understanding the effects the experimental parameters have on EMCD. In this section, we
will discuss the limits of the theoretical derivation based on the approximations made.

Assumption one deals with the scattering geometry and the crystal structure. The
incident three-beam and outgoing two-beam case is the simplest approximation taking
into account elastic scattering both before and after an inelastic scattering event. Adding
more beams to the calculation can, of course, improve the results somewhat. However, the
effect was found to be very small and well within typical experimental uncertainties [11],
owing primarily to the 1/4%¢’ % term in Equation (4) (any additional beams would give
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rise to much longer g vectors). The crystal structure was assumed to be centro-symmetric,
resulting in Ug = U_g. While this limits the applicability of the formula to relatively
simple crystals, very complex, non-symmetric crystals will likely violate some of the other
assumptions as well. In addition, the constraints implied by centro-symmetry are necessary
in the first place to arrive at a reasonably simple final formula.

Assumption two requires the sample’s surface to be essentially perpendicular to the
beam direction. This requirement is necessary to avoid complex phase factors down the
line. A small tilt of up to a few degrees is not expected to cause any major issues, and larger
tilts of 245 °C are not recommended (and often not even possible) in practice anyway.

Assumption three requires the inelastic scattering process to be invariant under rota-
tions around the optical axis by integer multiples of 90°. Strong anisotropy would lead to a
distinct directional dependence of the MDFF [48,59,60], thereby making it impossible to
reason about the intensities at the various detector positions. In such cases, however, the
classical EMCD setup would fail to properly measure the magnetic properties anyway. In
addition, assumption three states g, < |G|, which implies $[S(q4, 4,, E)] < R[S(q1,4,,E)]
in dipole approximation [11,61]. This is fulfilled reasonably well for typical EMCD ex-
periments (for example, for Fe (200), |G| ~ 7nm~!; for the Fe L-edge, g, =~ 0.8nm~! at
200keV and g, =~ 1.5nm ™! at 40keV).

Assumption four requires the investigated atoms to be distributed homogeneously
and fulfill the condition G - x = 2mm. The homogeneity requirement excludes involved
situations such as multi-layer systems and ultimately allows to replace the sum over all
atoms by an integral over the sample thickness. In practice, homogeneity is facilitated
by tilting into a systematic row condition and probing a large area of the sample, as a
large probed volume and a (small) tilt mean that some atoms can be found in each of the
investigated lattice planes at any depth z.

The condition G - x = 2mm Vx is perhaps the most severe limitation as it implies that all
atoms fall exactly onto one of the probed set of lattice planes. This excludes, e.g., G = (100)
for Fe (which is forbidden anyway), or G = (100) for Co, as for these, only some (for Fe)
or none (for Co) of the atoms fulfill the condition. The reason for requiring G - x = 2m7m
is that it implies that phase factors of the form exp(iG - x) are all 1. If that is not the case,
different phases have to be applied to different components, thereby reducing the EMCD
effect [41]. Hence, choosing a G vector not fulfilling the condition is unfavorable anyway.

As can be seen from Figure 1, Equation (7) reproduces sophisticated numerical simu-
lations quite well for reasonably simple samples despite all approximations. The strongest
deviations can be found for small ¢, as can be expected. For larger sample thicknesses and,
consequently, many atoms, small differences that might arise for individual atoms tend to
average out.

4. Materials and Methods

The numerical simulations were performed using the “bw” code [11], a software
package for calculating EELS data based on Bloch waves and the MDFE. The crystal
structure data for magnetite was taken from [62], all other crystallographic data was taken
from the EMS program (version 4.5430U2017) [63].

The wedge-shaped magnetite sample was prepared by a FEI Quanta 200 3D DBFIB
(FEI Company, Hillsboro, OR, USA) from a high-quality, natural single crystal purchased
from SurfaceNet GmbH (Rheine, Germany) [64] and subsequently thinned and cleaned
using a Technoorg Linda Gentlemill.

The EMCD measurements were performed on a FEI Tecnai T20 (FEI Company, Hills-
boro, OR, USA) equipped with a LaBg gun and a Gatan GIF 2001 spectrometer (Gatan Inc.,
Pleasanton, CA, USA). The system has an energy resolution (full width at half maximum)
of 1.1eV at 200kV which improves down to 0.3 eV at 20kV [65]. First, a suitable sample
position with a sample thickness around 40nm and an easily recognizable, distinctly-
shaped feature nearby was found and the sample was oriented in systematic row condition
including the (400) diffraction spot (see Figure 5). At each high tension, the instrument
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was carefully aligned, the sample position was readjusted, the EMCD experiment was per-
formed, and a thickness measurement was taken. Both the convergence and the collection
semi-angle were approximately 3 mrad [58].

(400)

Figure 5. TEM bright-field overview image (left), corresponding diffraction pattern in (011) zone axis (middle) and
schematic of the EMCD measurement positions in systematic row condition (right). The sample position used for the EMCD

experiments is marked by a yellow circle in the bright-field image, the positions for I and I are marked by the orange
and blue circles. Both the image and the diffraction pattern were recorded at 200 kV. Note that the weak, kinematically
forbidden (200) reflections can be attributed to double diffraction [36] in the thicker part of the sample visible at the bottom
of the bright-field image; they are negligible in the thin part of the sample used for the EMCD measurements.

For data analysis, all spectra were background-subtracted using a pre-edge power-law
fit and normalized in the post-edge region. The EMCD effect was calculated based on the
L3-edge maxima according to the formula [9,58]

L -1
T L+l
2

)

The errors were estimated as described in [57,58].

5. Conclusions

In this work, we have derived an analytical formula for predicting the EMCD effect,
taking into account elastic scattering both before and after inelastic scattering events.
This formula not only helps elucidate the physics underlying EMCD, it also allows to
directly predict the influence of various parameters on the EMCD effect. In particular, we
have focused on the acceleration voltage V and on the thickness t. We showed that the
periodicity of the EMCD effect scales with v/V, while its total intensity decreases as 1/t. In
addition, we have performed experiments at different acceleration voltages to corroborate
these predictions. Our results will not only help to optimize the EMCD effect for a given
sample thickness by tuning the high tension accordingly, it will also pave the way for
magnetization-dependent measurements by employing different magnetic fields in the
objective lens at different acceleration voltages.
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Abbreviations

The following abbreviations are used in this manuscript:
DDSCS  Double-differential scattering cross-Section
EMCD  Energy-loss magnetic chiral dichroism

EELS Electron energy-loss spectrometry

MDFF  Mixed dynamic form factor

TEM Transmission electron microscopy

XAS X-ray absorption spectroscopy

XMCD  X-ray magnetic circular dichroism

Appendix A. Derivation of the EMCD Effect
In the following, we will extensively use the abbreviations

p=d6 5o Uc (A1)
2x -n 2x -7
Usg — |G
V= A2
2Ug (A2)
(IG|? = Upg)? + 8UZ
W= v ¢ _\v2yo, (A3)
2Ug
where the Uy are the Fourier coefficients of the crystal potential V(r) = % Yo Uge?m8'r

with Planck’s constant /1, electron mass m and elementary charge e. We note in passing that
in the present case, Ug = Ug = U_g.

With these abbreviations and the assumptions mentioned above, the Bloch wave
parameters can be calculated analytically and take the form

G+ U
N = (VW) 72 =a(V—W) e~
1 1 1
G e=——— C g=———— GC c=——7x
T VWP +2 T Vewp+2 T T2 (Ad
V=W VW o —o )
"o v-wp+z viwp+z P
1 1 1
Clg=—o Copg=—— Cig = —
VT VWP 2 T VI WE L2 RV
for |ii,) and
Nn=a Y2 = —&
. 1. 1
Cluffz Cz,ofﬁ (A5)
. 1 1
Clo=— Cog=-——
1,G > 2,G \/E
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for |out)-
Inserting Equations (5) and (6) into Equation (4), evaluating the integrals, collect-
ing all terms with the same Bloch wave index, and neglecting the weak dependence of

S(q,4',E)/(¢%q'*) onj,j',1,1' [8,41,55] yields

* YK i(o—o — ’.S,I,E
r=Y. Y Dng,DhDh,el(g g —hth') x% (A6)
x g,g’,h,h’ q q
with . i B
Dg = ZC;OCj,geW/n-x Dg — chfoeimtcz,hewf"‘x A7)
i 1
and
q=0x+g—h 4 =Mx+g W  Mx=x-% (A8)

Direct summation results in

D_g=D¢g = %ei”‘v”"‘ sin(aWn - x)

iaVn- iV .
Do = V" | cos(aWn - x) — W sin(aWmn - x) (A9)

Dy = cos(&(it-x —t))

Performing the complete sums over g, g’, i, b’ in Equation (A6) produces very many
terms, some of which are very small. This can be understood from the fact that Ax - G =
+G/2 in the chosen setup. Therefore, Ax and Ax — G have the same magnitude, whereas
Ax + G and Ax — 2G are significantly larger. Owing to the 1/ qzq’z term, large g are
strongly suppressed. Hence, only the combinations g —h = 0 and g — h = —G are retained
(the same applies to the primed versions as well). Hence, we end up with two distinct g
vectors, namely

g, =Ax and g, =Ax—G. (A10)

Note that, due to the symmetry of the setup q; = |q;| = |4,| = 2.
Using S(q,9',E) = S(q',q, E)* [45], Equation (A6) now takes the form

1 ~ ~x 12
p= qT;Z[lDoDS +DeDg|"S(41, 41, E) +
1 x

|D—Dg + DOD*G‘ZS(qZ' 4, E) +
2R[(DoDj + DgDg) (D Do + D3 De )€ “*S 4y, 4, )| | (A1)

1
= qT;[ A115(q1,q1, E) + A2S(q,, 92, E) + 2R[A125(q1, 95, E)]]
1

1
= E[ (A1 + A22)S(qy, 91, E) +2R[A125(qy, 9, E)]]-
1

In the last line, the four-fold rotational symmetry was used, ie., S(q;,4;,E) =
S(q,, q,, E) since g2 = C4[q1] with Cy as the operator performing a 90° rotation around the
optical axis.

To calculate the probability for a “click” in the detector at the second EMCD position,
we have to replace g, — C3[q,] = C2[g,] and q, — Culg,] = C?[q;]. Owing to the as-
sumed rotational symmetry of the MDFFE, this replacement results in S (CZ (9,), CZ 41, E) =
542,91, E) = 5(qy,4,, E)" and hence

1
P = qT;[(All + A2)S(q1, 91, E) + 2R[A125(q, 92, E)]]- (A12)
1
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Thus, the quotient EMCD effect is

p—r —23[A12]S[S (41, 92, E)]
=2. —2. Al13
7 ptyp (A1 + A2)S(q1, 91, E) + 2R[A12]R[S(qy, 95, E)] .

Assuming that the scattering vectors were chosen such that S(q,, q,, E) is purely
imaginary (technically, (in dipole approximation) this occurs slightly inside the Thales
circle where q§ = G?/4 —¢%; as g, < G in typical EMCD experiments, the real part of
S(44,4,, E), which is of the order 42, can be neglected compared to S(q,, 4, E), which is of
the order of G2/2), this can be simplified further to

S[An) 984,82 E)

— _4. Al4
An+An  S(q1,91EF) (A1)

The coefficients can be calculated directly as

1 .2
An+Ap=Y |1- 7z sin (aWn - x)
X
1

S[A] = ; 5 Kl - % sin?(aWn - x)) sin(2&(f - x — t)) (A15)

f% sin(2aWn - x) cos(2&(i1 - x — t))} .

with the assumptions 2 and 4, the dot products can be evaluated and the sums can be
replaced by integrals over z, yielding

1 sin(2tWa
A+ Ap = t(l - 72W2> + 74(W3“ )
1 3@\ .,
QA = ] {_ <2a + W) sin?(aWt) (A16)

+ (7(3 - 2;\/2)“2 F2%at a)) sinz(at)]

Hence the full formula for the EMCD effect reads

4W3a [(204 + %) sin? (aWt) — ((anﬂ +2(a+ 54)) sinz(&t)] . S(S(qy, 4, E)]

= (W2a2 — 32) 2W(2W2 — 1)at + sin(2tWa) S(qy q1, E)
_ Asin?(xt) — Bsin?('t) S[S(41,9,E)] (A17)
t+ Csin(2xt) S(q1,91,E)
with drerc!
KK K
A=C (2WQ+3>
4xck! K 3x2 > K2
B:C~7K2_K,2 <2WP+F+2W <1fﬁ>>
.1 (A18)
26(2W2 — 1)
_ _Mm—-"
K=aW = 3
I~ T1— 72
K=8= 0
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As discussed in part II, EVBs play a crucial role in EMCD. They are characterized
by their peculiar phase structure in the plane perpendicular to the direction of propa-
gation. A pure vortex with an OAM of mh is described by the real-space wavefunction

(rl) = flro, z)e™Pe’=2, (21)

where (7, ¢, z) are the cylindrical coordinates, f(r,,z) describes the evolution of the
radial dependence, €% is the characteristic EVB phase factor, and e¢'** describes
the fast-oscillating plane wave part in propagation direction (taken to be the z axis).
It can readily be verified that this wavefunction is an eigenstate of the L, operator,
namely R

L. [¢) = mh|y) . (22)

In addition to their natural occurrence in EMCD and being eigenfunctions of the
OAM operator ﬁz, EVBs form an eigenbasis of the free-space Hamiltonian in cylindri-
cal coordinates, and are, thus, of fundamental interest (on par with plane waves (an
eigenbasis in Cartesian coordinates) and spherical waves (an eigenbasis in spherical co-
ordinates)). These facts ultimately gave rise to a new field of research focusing directly
on the creation, manipulation and analysis of EVBs independently of EMCD [32, 40—
50]. Proposed (and partly realized) applications include — apart from EMCD [51-55]
— the study of free-electron Landau states [56-59], nanoparticle manipulation [60],
crystal chirality measurements [61], the probing of plasmon symmetry [62] as well as
detecting dark plasmon modes [63], and even spin-polarization [64, 65].

While the majority of research focuses on EVBs, many other beam shapes have been
proposed and demonstrated [66], including Hermite Gauss beams [67], 7 beams [62,
68], self-accelerating/Airy beams [69, 70], aberration-corrected beams [71, 72|, caustics
[73], and 3D beam shapes [54, 74], each with its own unique physical properties.
Recent work even features first designs for programmable phase manipulators [75-78]
which in principle allow to change the beam shape “on-the-fly” during an experiment.
However, as EVBs form an eigenbasis of the Hamiltonian, all of these other shapes
can, in principle, be described by a coherent superposition of EVBs.

The first step in studying and using EVBs is producing them. Several methods
exist for this purpose, from holographic fork masks [32] to phase masks [40, 79, 80]
to employing electro-magnetic fields [42, 64]. All of these methods face the same
challenges: producing a reproducible, single, intense, pure vortex that ideally is easy to
use for the experimenter, “switchable” (between different OAM modes, e.g., between
m = +1 and m = —1), and does not require extensive changes to the microscope.
While each method excels at some of the requirements, generally none excels at all of
them.

Another, hitherto mostly overlooked possibility for creating EVBs is mode conver-
sion (see fig. 3) as described in detail in chapter 9. EVB creation by mode conversion
uses the close relation between Hermite-Gauss (HG) and Laguerre-Gauss (LG) beams,
i.e., a relative phase shift of the horizontal component with respect to the vertical one,
similar to the relation between linearly and circularly polarized light. In fact, mode
conversion was originally proposed and demonstrated for producing optical vortices by
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Figure 3.: Schematic principle of the mode converter. A HG beam rotated by 45° (left)
enters a lens system comprised of a pair of cylindrical lenses (which can be
realized in the TEM as a combination of a round lens and a quadrupole).
One component goes through the focus, resulting in a phase shift that can
be tuned to produce an LG EVB (right).

means of cylindrical lenses [81, 82]. In a TEM, HG-like beams can be generated, e.g.,
with very simple phase masks without the need for high-precision mask patterning
or adding custom electro-magnetic devices to the TEM [83, 84]. Subsequent mode
conversion allows for the creation of a single, pure EVB with high brightness (due to
the absence of beam-blocking devices) [83]. The OAM of the EVB produced this way
can be switched easily and fast by adjusting the settings of the mode converter. As
only the existing TEM lenses are used, the operation of the mode converter should be
straight-forward for an experienced TEM operator. The general formalism developed
in chapter 9 details how the lenses have to be set up and how they can be tuned to
accommodate varying input or output beam sizes requirements.

Apart from EVB production, another crucial, but so far relatively little studied as-
pect of EVBs is their propagation through and interaction with matter. For crystalline
samples, it was shown that the wavefunction of EVBs will generally change as the beam
scatters elastically inside the sample [85, 86]. Naturally, this complicates any appli-
cation of EVBs. Apart from crystalline structures, amorphous areas are frequently
observed in TEM as well, be it as samples in their own right, as protective layers at
the surface of the sample, or in the form of an (unwanted) damage layer caused, e.g.,
during sample preparation. For amorphous magnetic samples, EVB-based EMCD is
a promising candidate for magnetic characterization on the nanoscale [50]. But also
for crystalline regions of interest with (intentional or unintentional) amorphous sur-
face layers, the question how EVBs incident on the sample or produced in the crystal
are modified when traversing through the amorphous areas is very important. Af-
ter all, the incident beam will scatter when propagating through an amorphous layer
analogously to the propagation through a crystal. This potentially changes the EVB
characteristic of the beam, meaning that the beam reaching an inelastic scattering
center may be different from the intended ideal EVB sent into the sample.
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In chapter 10, the propagation of EVBs through amorphous samples is studied in
detail. For this purpose, I developed a cylindrical multislice algorithm to elucidate
OAM transfer during propagation. My numerical simulations for various materials
show how the average OAM as well as the OAM spread depend on sample composi-
tion, sample thickness, and beam convergence angle. This allows making quantitative
predictions of the EVB quality after propagation through a given amorphous layer.

In summary, my work presented in this part made substantial contributions to the
field of studying EVBs and, thus, to using them efficiently and routinely in advanced
characterization techniques. On the one hand, it contains a detailed description of and
recipe for using the mode-conversion for producing single, intense, pure, and switchable
EVBs. On the other hand, it improves our understanding of the propagation of EVBs
through matter by developing a new formalism for modeling the elastic scattering of
EVB in amorphous materials.
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ARTICLE INFO ABSTRACT

Keywords: In optics, mode conversion is an elegant way to switch between Hermite Gaussian and Laguerre Gaussian beam

Electron microscopy

profiles and thereby impart orbital angular momentum onto the beam and to create vortices. In optics such

Vortex beams vortex beams can be produced in a setup consisting of two identical cylinder lenses. In electron optics, quad-

Mode conversion
Orbital angular momentum

rupole lenses can be used for the same purpose. Here we investigate generalized asymmetric designs of a
quadrupole mode converter that may be realized within the constraints of existing electron microscopes and can

steer the development of dedicated vortex generators for high brilliance electron vortex probes of atomic scale.

1. Introduction

A vortex beam can be characterized by a discontinuity in the phase
that dictates a central void in the intensity profile. Further it features a
quantized orbital angular momentum (OAM) in units of 7. The asso-
ciated magnetic moment and chirality make electron vortex probes
sensitive to magnetic excitations and even give them the ability to
discriminate chiral crystals [1-3]. The development in the field was
propelled by the close analogy to the established methods for optical
vortex generation [4-6] as well as their application in helical spectro-
scopy [7-9]. While light optics has stimulated several methods of
electron vortex generation [10-12], electron vortices can also be
formed by multipoles [13] or magnetic fields [14,15]. Each of these
methods has its own merits and challenges, but none of them offers a
pure singular OAM state without the need to block out unwanted por-
tions of the intensity.

Yet one particular optical setup holds the promise to work on the
entire beam in high purity, so that there would not be any need to filter
out other diffraction orders or spurious unwanted angular states: the 5t/
2 mode converter (MC) [16] converts Hermite Gaussian (HG) beams to
corresponding Laguerre Gaussians (LG) ones and vice versa. The first
order cases are:

x4

HG(x,y) x 2x-e  w? , 1)
2

LG(r, §) « 2r-e w?-e'®. 2

(x, ¥) and (r, ¢) are the Cartesian and polar coordinates, respectively. w

* Corresponding author at: TU Wien, 1040 Wien, Austria.

is the width defining parameter. While two-way LG to HG beam con-
version was demonstrated in a proof of principle experiment for elec-
tron beams [17], mode matching could not be achieved. Therefore the
donut profile was only transient and could not be projected to another
plane.

To picture how mode conversion occurs we can replace an incident
beam with a straight central phase jump of = (a Hilbert beam) by two
sub-waves that possess the same mirror symmetry as vertical and hor-
izontal HG modes. Fig. 1 demonstrates quite generally the essence of
mode conversion: The two subwaves propagate independently from the
entrance to the exit, where they will have accumulated a relative phase
(i.e. Gouy shift) of /2. Thus their coherent superposition creates an
azimuthal ‘stair case’ phase ramp and a corresponding ring current.
The beam has now non-zero OAM.

We propose that the quadrupole lenses in existing aberration cor-
rectors can be re-purposed to realize a fully functional 5t/2 MC. When
an incoming beam is prepared with a suitable wavefront pattern, it
would be completely transformed into a vortex beam without sacrifi-
cing intensity. Switching between left and right handed helical opera-
tion would be as stable and reproducible as setting electron lenses. The
ability to perform mode conversion on electron beams will doubtlessly
also open new avenues in mode sorting [18], especially in conjunction
with programmable phase masks [19].

We present an analytical treatment of general asymmetric setups
and also run simulations for entire electron optical setups of different
/2 MCs.
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2. Gaussian mode converters
2.1. The optical /2 mode converter

We reproduce shortly the principle of the symmetric t/2 MC given
in Ref. [16]. The schematic of the setup is illustrated in Fig. 2. There is
an astigmatic beam waist located at z = 0 and two cylinder lenses at
positions z = —a and z = a with a separation of d = 2a. The symmetric
cylinder lenses have a focal length of f. In light optics with static lenses
this separation is the only adjustable degree of freedom in the setup.
Apart from the incident Gaussian beam, there are 3 conditions to be
fulfilled. The conditions are:

e The widths of Gaussian profile evolve as

“ zY [2
=1+ /=
v \ +(Zr) Vok 3)

Here z, is the Rayleigh range. The wavenumber k and wavelength A
follow kA = 27. The widths in the xz and yz cuts must be equal at the
exit plane z = +a:

wy(a) = wy(a). “4)

The Gouy phase difference of the xz and yz components accumu-
lated at the second cylinder lens must be /2. Due to center sym-
metry this is equivalent to:

tan’l(i) - tan’l(i) =z
Zrx Zry 4 (5)

The radii of curvature

R(z) = z(l + (5)2]
z (6)

in the xz and in the yz cuts after the second cylinder lens must fulfill

Rx,z(a) = Ry,z(a) = _R(_a)- @)

Egs. (4) and (5) give immediately

=a(2 = 1), zp=a(2 +1). ®)
With this result, the widths at the entrance and exit planes follow as:
w(—a):w(a):\j%‘ ©
With Newton’s equations,

RN NS S

R R(-a) [ R(-a) 10)

and the previous results for the width Eq. (9) and the Rayleigh ranges
Eq. (8), this gives

d=2f an

for a symmetric optical xt/2 MC.
2.2. The quadrupole /2 mode converter

The key differences between electron and light optics are that the
distances and positions are fixed but the focal lengths can be controlled
via lens excitations. Also, quadrupoles (QPs) are widely available. For
electrons we thus propose to replace the cylinder lenses with QPs. This
has no effect on Egs. (4) and (5) and hence on the Rayleigh ranges zx. If
the QPs are always focusing the xz component and defocusing the yz
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component, then Newton’s equations read as:

11 1 11
R R(-a) [ R(-a) f 12)
This modifies the relation from Eq. (11) to

f=+2d 13)
and the widths at the entrance and exit plane scale accordingly:

[2:42-

w(—a):w(a):v‘ \/]:d. 14)
Notably, the curvatures of the incident and outgoing beam simplifies to
Ri=—R, = —d. (15)

Replacing cylinder lenses with QPs simplifies the solutions of the mode
matching conditions considerably. The incoming and outgoing curva-
tures and the quadrupole focusing (or defocusing) are functions of the
distance d only, and not of the wavenumber k. Only the beam widths
scale with \/d/k . The actions of round lenses and QPs correspond to two
orthogonal Zernike polynomials (Z{ and Z3, respectively), while a cy-
linder lens is a superposition of the two. QPs are therefore better suited
for aligning a 7t/2 MC.

2.3. The asymmetric w/2 mode converter

If the constraint of equal focal lengths of the two QPs is relaxed,
then the beam waists will be at different positions for the xz and yz
component. In addition, the incoming and outgoing widths will differ,
but the radii of curvature in Eq. (15) are not affected.

If Egs. (4) and (7) are met, (i.e. the astigmatism is canceled) then the
relative Gouy shift W is given by the distance d as well as the QPs focal
lengths f; and f,,.

2u ,_ ik

tan¥ = , uwr=-—-1
1- w2 £ ae)

In a properly aligned /2 MC, W is w/2 and the dimensionless para-
meter u becomes 1. The conditions read (see supplementary informa-
tion):

Sy =2d% an
e _ 24
MENTE WENT as)

The proper choice of quadrupole focal lengths Eq. (17) for an incoming
beam width w; according to Eq. (18) allows to achieve u =1 with a
magnification of w,/w;. A schematic example is sketched in Fig. 3.

2.4. Practical considerations
When it comes to electron optical alignment, the very appealing

benefit of the asymmetric 7t/2 MC design is, that there is only one prior
requirement on the non-astigmatic incoming beam. Its curvature has to

404

® < -
o -

~

Fig. 1. principle of /2 mode conversion. The output beam of a Hilbert device
can be split into a sum of two HG-like components. Acquiring a Gouy shift of 7t/
2 in one of the components produces a stepwise azimuthal phase ramp.
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w; = +/2f [k wo = +/2f/k

Fig. 2. Symmetric optical 7t/2 mode converter. The blue shaded yz component
is a quasi-collimated beam. The identical cylinder lenses only act on the red
shaded xz component. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

cylinder

Fig. 3. Schematics of an asymmetric 5t/2 MC for electrons with w,/w; = 2.12 as
in the simulations in Figs. 6 and 9. The preceding round lens provides the
correct curvature. The quadrupoles (QP1 & QP2) focus the xz component (red
shading) and defocus the yz component (blue shading). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

be centered onto the principal plane of QP2. This can be readily
achieved by focusing a wide enough beam onto QP2. If the incoming
width w; is several times larger than the width w that would be required
in a symmetric t/2 MC (Eq. (14)), 2, < < d will also hold, and the
required lens excitations can be found by minimizing the effects of
wobbling QP2. Then a smaller condenser aperture can be used with the
same lens settings, to provide a smaller w; with the correct curvature. If
the reduced w; is comparable to the w of the symmetric /2 MC, the
required f; and f, will also be comparable. Since the outgoing radius of
curvature does not depend on the Gouyshift, pairs of f; and f, can be
realized by choosing any one and adjusting the other one, until u from
Eqn. 16 becomes 1. There is no need to match the width of the sym-
metric /2 MC exactly.

3. Spherical mode converters
3.1. Gouy phase

Sculpting a Gaussian intensity profile is impractical if not impossible
in electron microscopy. Instead we consider standard spherical waves
as an input. The Gouy phase of an astigmatic higher order HG,,,, beam
follows a tan~! function.

Y= (n + l)tan’l(ﬁ) + (m + l)tan’l(ﬂ]

2 Zrx 2 Zry 19)
where z, and z, are the positions of the line foci and z,, and z, are the
respective Rayleigh lengths. A spherical wave has a different Gouy
phase. A typical example of an incoming electron beam in the geometric
optic regime is shown in Fig. 4.

It is linear around zero defocus [20], and for small defocus values up
to one Rayleigh range it approximates well that of a HGoo beam with
the same focus under the condition that the aperture radius is ~/2 times
as large as the width w of the incoming Gaussian. The traces for the
Gouy phase at roughly 1/3 and 2/3 of the radius of the Airy disk are
also very linear up to z = zg. This comparison illustrates that a Gaussian
input for the 5t/2 MC can be replaced by a spherical wave with a scaled
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Fig. 4. Gouy phase of a spherical wave (full lines) and an HG(, beam (dashed)
at different radii. A lens with a focal length of 120 mm is positioned at
z=—119.4 mm. The aperture radius and Gaussian width at the lens are
w = r/y/2 = 1250 nm. Acceleration voltage U, = 200 kV. The inset shows the
Gaussian waist and Airy disk formed at z = 0, the dots correspond to the dif-
ferent radii. Horizontal gridlines are at /4, /2 and 3m/4, vertical gridlines
count Rayleigh ranges z, = 7.3 mm of the Gaussian beam.
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Fig. 5. Solid: numerical Gouy shift for a split Hilbert beam (see Fig. 1) after a 5t/
2 MC. The horizontal grid line marks the targeted phase shift of t/2. The shared
dashed radial intensity profile is taken along the mirror axis.

diameter.

3.2. Hilbert beams

A feasible approach to produce an electron beam similar to a HG is a
Hilbert plate that induces a phase shift of &t between the two halfs of a
round aperture. One may also use a magnetic bar to this aim [21,22]. In
the following, we shall refer to such a phase shifter as a Hilbert device,
independent of the principle used. Beams produced with such a device
are henceforth called spherical Hilbert beams.

The Gouy shift of HG beams in the mode converter can be calculated
analytically with Eq. (19). For spherical Hilbert beams we have to resort
to wave optical simulations. To this aim we performed two independent
simulations of an asymmetric QP 5/2 setup for the horizontal and
vertical components as suggested in Fig. 1. The magnification is the
same as in Figs. 6 and 9 with r = 357 nm, d = 120 mm and quadrupole
focal lengths of f; = 80 mm and f, = 360 mm. The acceleration voltage
is U, = 200 kV.

The propagated components were rotated so that their symmetry
axis coincide. The difference in Gouy phase is traced in the direction of
the aligned symmetry axis. The Gouy shift obtained in that way oscil-
lates around the ideal value of 7/2 that would be the outcome for an
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Fig. 6. Vortex beams produced by a 5/2 MC. Isophasal lines are superimposed
on the intensities and angular spectra immediately before (left) and after (right)
QP2 in the same setup as in Fig. 5. Upper row: HG beam with width
w, = 537 nm, Lower row: spherical Hilbert beam with radius r, = 759 nm. Scale
bar: 500 nm. The dashed circle (r = 650 nm) marks the area selected for de-
composition into azimuthal eigenmodes.
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Fig. 7. Propagation of an incident rotated HG,; with width w = 367 nm and
U, = 200 kV through cylinder lenses with f = 84.9 mm and round lenses with
f=409.7 mm. The last frame is a Laguerre Gaussian (LG) with the same w. The
scalebar is 500 nm. The wavefront is shown for every 10 mm.
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ideal HG input. The radial intensity profile shows that an acceptable
average Gouy shift can be achieved at the most relevant radius.

3.3. Orbital angular momentum

When expanding the wave function of the propagating beam y in a
given plane into fz eigenfunctions

(r,¢) = o (r)eim?,
P(r, ¢ ;a r)e 20)

the expectation value of the OAM can be calculated as

@Llp) _, T [ len P rr

=" S JeaPrar 1)

Fig. 6 shows the phase structure before and after the second quadrupole
for a HGo; and a Hilbert beam. The parameters for the w/2 MC are
identical to those in Figs. 5 and 9. Note that the phase structure has
been compensated for the diverging curvature Eq. (15). The remaining
purely azimuthal phase structure at the entrance to QP2 is visibly as-
tigmatic for both beam profiles. Indeed, the decomposition according to
Eq. (20) reveals a broadened distribution. After QP2 the astigmatism is
corrected, and the m =1 contribution increases. The HGo; beam is
transformed into a clean m = 1 LG state. QP1 did already exert the full
torque of (m) =1, while QP2 establishes mode purity. The Hilbert
beam picks up angular momentum on QP1 and QP2 and does also ac-
quire a total of (m) = 1, albeit with a slightly lower m = 1 mode purity.
The mode purity may be further increased by another aperture, as the
central region shows an ideal linear azimuthal phase spiral.

4. Numerical simulations

So far the setups for 5t/2 MCs were very much simplified. They were
modeled by a composite input of an aperture, a Hilbert device, a lens
and a QP followed by one single propagation step and a composite
output of a lens and a QP. The analytic treatment of Gaussian beams
passing through such stylized 5t/2 MCs as well as the very similar be-
havior of HG and Hilbert beams in test scenarios suggest that vortex
generation is possible in an actual aberration corrected TEM. Numerical
simulations on more realistic and complete setups are indispensable to
confirm and possibly retune the parameters for real world electron
optical designs. The obvious challenge of simulating an entire electron
optical setup, is keeping track of multiple optical devices and propa-
gation steps in between them.

4.1. Rescaled propagation

In an extended optical system, like an entire TEM column, different
sections of the beam have very different lateral extend or magnification.
One very efficient way to adapt the lateral scale to a propagating beam
can be to replace the combined action of a lens with focal length f and
further propagation over a distance d with the combined action of a
propagation over a distance d’, a lateral rescaling and a lens with focal
length f'. So instead of propagating forward to the imaging plane, the
incident wavefront is propagated backwards to the object plane. Then
the magnification of the imaging and a new lens with focal length f are
applied. The transformed distance d does not need to be the full dis-
tance to the next lens or aperture. In fact it can be chosen freely, and the
signs of the rescaled and remaining distance are arbitrary. With the
introduction of s and s’ for the original and the re-scaled grid resolution,
the transformations can be written as:

1_1_1
dd f (22)
s_,_4d
s f (23)
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fr=f-d 4)

Sign changes in d are equivalent to propagating backwards. Sign
changes in f and s trigger a mirror inversion and a phase shift of .

4.2. Virtual microscope

In this section, we present a detailed numerical study of the pro-
pagation behavior of HG and Hilbert beams through an ensemble of
lenses and QPs. To this aim, we have developed a java plugin for
ImageJ. The graphical user interface represents a fully editable virtual
microscope. Different setups can be stored in human readable and
editable xml files which define among other parameters a unique order
in which lenses, apertures and propagation distances are applied to an
initial plane wave. Wavefronts of the propagated beam can be viewed
as stacks of images.

Numerically, lenses £, apertures, quadrupoles QP and other de-
vices are represented as a complex map for the real and the imaginary
part of their action, respectively.

L xy) = eXP[l*(x2 + y@%]

f (25)

f

The simulation starts with a plane wave with phase 0 at z = 0. At every
plane, the current cross section y, is multiplied with the complex sheets
at this plane. This step can account for arbitrary apertures, gratings,
Hilbert devices, wavefront deformations by lenses and multipoles. It
can also define for instance a Hermite Gaussian. Then the wavefront is
propagated through free space to the next plane. The propagation over
a distance d from y, to ¢, ; can be individually configured to be carried
out in customizable steps. We always employ the par-axial approx-
imation, since lateral dimensions are um and relevant distances are at
least mm. Each step can be propagated in frequency or spatial domain.

Pppa = FT P @D FTE)) 27)

k
QP(f, x, = ii(x2 — p2).—
(%) exp[l =y 3. ] @6)

(=X + G -yP

dx'dy
2d ] Y

Yoralo ) == [ 4G, y'>~exp[z‘

(28)

F7 denotes Fourier transformation and the propagator # in Eq. (27) is
defined in frequency range X,

AN Y N2 d
P, x,y) = exp[z-(x +) )V2-k] (29)
Propagation steps in spatial domain (Eq. (28)) may also contain a
custom zoom between the planes at z and z + d.

The custom splitting and scaling and per step choice between spatial
and frequency domain are found to be versatile in circumventing the
need for excessive oversizing or oversampling of the complex sheets
and wavefronts. All simulations could be carried out on a grid of
512x512 pixels with dynamic resolution. The phase information is
consistent with the Gouy shift, but there is an arbitrary global phase
factor for different planes. The first test case for the virtual microscope
is the symmetric cylinder lens setup. Fig. 7 illustrates the propagation of
the phase colored wavefronts through a basic symmetric /2 MC setup.
The incoming rotated HG o (U, = 200 kV) has a width w; = 367 nm. The
round lenses with f; = 409.7 mm are on the inside but share the same
plane with the cylinder lenses with f, = 84.9 mm which are 120 mm
apart. In this ordering the effects of the first and second cylinder lens
are not obscured by the isotropic curvature. The first cylinder lens in-
troduces horizontal bands and a vertical phase curvature. The following
intermediate wave fronts visualize the continuous mode conversion.
And finally the second cylinder transforms the asymmetric phase pat-
tern after the second lens into the exact LG pattern for m = 1.
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Fig. 8. Complete optical setup for vortex generation. This setup is used in Fig. 9.
Lenses (purple) and quadrupoles (red/blue) focus an incoming Hilbert beam.
Black and gray dots mark real images, the red/blue dot mark the real/virtual
astigmatic line focus of the first quadrupole. The given diameters g; are ac-
cording to geometric optics. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Propagation from a Hilbert device in the condenser to a STEM probe
with orbital angular momentum =+ #. Captions are explained in the text. The
hue coloring is identical to Fig. 7.

4.3. Spherical waves and multi-scale simulation

Moving towards a more realistic virtual setup necessitates to include
round apertures and spherical waves as well as the condenser and the
objective lens systems.

The full asymmetric 5t/2 MC setup is sketched in Fig. 8. The Hilbert
device is assumed to be mounted in the condenser system and has a
diameter of 10 um. The black dots mark actual images. The lens labeled
”demag” would form another image (gray dot) at the principal plane of
the second QP (QP2). The first QP (QP1) introduces astigmatism and
forms one real line focus (red dot). The corresponding perpendicular
line focus is virtual (blue dot). After the second QP (QP2) the beam is
mode matched and appears as if emanating from an image (gray dot) in
the principal plane of QP1. It is refocused in another real image in front
of the condenser/objective system. The last black dot is in the focus of
the objective.

The full wave optical simulation for the extended asymmetric /2
MC setup in Fig. 8 is shown in Fig. 9. The simulation takes advantage of
variable resolution on a fixed size grid. It starts from a Hilbert device in
an aperture with a diameter of 10 pm. A 1 ym wide magnetic bar in-
duces a phaseshift of st between the two sides. Similar devices have
been demonstrated [21,22]. At the exit of the lens ”demag” the wave-
front is demagnified and rather reminiscent of a HG beam. The de-
magnification at QP1 is 14.0 fold and the center of the converging
curvature is at QP2 (Eq. (15)). The distance d between the QPs is
120 mm. The quadrupoles are excited asymmetrically with f; = 80 mm
and f, = 360 mm to match the incoming width (Eq. (18)) and to pro-
vide the correct Gouy shift (Eq. (16)). The output of the x/2 MC is
clearly a vortex beam and the spiraling phase pattern has a diverging
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Fig. 10. Isophasal contours and angular mode distribution of the same STEM
probe as in Fig. 9. The scalebar is 1 nm. The upper spectrum is for the beam
inside the smaller circle (r = 0.55 nm) and the lower spectrum is for the beam
inside the bigger circle (r = 0.85 nm).

curvature centered at QP1. The magnification inside the w/2 MC is
w,/w; = 2.12. The next frames are before the “mag” lens and after the
condenser. The magnified beam is focused by the objective lens to form
a donut shaped STEM probe. Changing the helicity of the STEM probe is
as straight forward and reproducible as rotating the QPs by 90°, which
is an crucial aspect for measuring dichroism [23].

Notably the central bar in the Hilbert device and its diffractive
blurring upon propagation to the first QP contribute to the resemblance
of a HG; o beam. Except for the magnification the cross sections from
the interior of the 7/2 MC closely resemble the internal cross sections
shown in Fig. 7. The differences in the spiraling phase pattern before
(120 mm) and after QP2 might seem subtle in direct phase coloring, but
they are the same as in the isophasal representation shown in Fig. 6.
The second QP is crucial for canceling the astigmatism introduced by
QP1 and hence stabilizing the vortex state. The donut profile is then
magnified and focused by the objective lens. This is very well demon-
strated by the collection of vortex profiles at various magnifications in
Fig. 9.

The resulting STEM probe is shown in more detail in Fig. 10. Its
azimuthal spectra show a very similar mode distribution for the two
selected different radii. More importantly, both spectra clearly show
that the vortex beam is stable and can be projected all the way from the
second QP to the focus of the objective lens.

We assumed realistic distances and respected minimum focal
lengths for the simulation in Fig. 9. So the predicted donut diameter of
~ 1 nm at ~ 2 mrad should be achievable in existing electron micro-
scopes. We confirmed numerically that the effects of spherical aberra-
tions C, with a typical value of a few mm and a finite source size of
50 nm are not detrimental to the predicted donut probe.

5. Conclusion

We have explored the realm of possible designs for w/2 MCs in
electron optics based on reconfiguring well established and relatively
wide spread probe correctors. Using already existing quadrupoles is an
appealing aspect, because there is no need for mechanical modifications
of the TEM column and helicity switching would be straight forward.
The most relevant parameters are the distance between the two quad-
rupoles d, the possible excitations of the quadrupoles or minimal f; and
fo, as well as the incident virtual aperture size. Allowing for asymmetry
in the quadrupole excitations introduces a magnification or de-magni-
fication and leads to an effective decoupling of the constraints on
achieving isotropic width and curvature as well as 5t/2 mode conversion
at the exit plane. We propose that a /2 MC can be used to generate a
very pure, and switchable m = +1 vortex beam. The design of the
Hilbert device we have considered here numerically is minimalistic,
and there are conceivable aperture designs that could mimic a HGq
input beam even more closely. Significantly smaller probe diameters
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could be envisaged in dedicated setups with intermediate magnification
stages and additional apertures.
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This work studies the elastic scattering behavior of electron vortices when

propagating through amorphous samples. A formulation of the multislice
Edited by L. D. Marks, Northwestern University, approach in cylindrical coordinates is used to theoretically investigate the
UsA redistribution of intensity between different angular momentum components
due to scattering. To corroborate and elaborate on our theoretical results,
extensive numerical simulations are performed on three model systems (SizNy,
FeosBo,, Pt) for a wide variety of experimental parameters to quantify the
purity of the vortices, the net angular momentum transfer, and the variability of
the results with respect to the random relative position between the electron
beam and the scattering atoms. These results will help scientists to further
improve the creation of electron vortices and enhance applications involving
them.

Keywords: electron vortex beams; amorphous

materials; elastic scattering.

1. Introduction

The study of electron vortex beams (EVBs) is a highly active
field of research in the context of transmission electron
microscopy (TEM). Pure EVBs are characterized by a phase
distribution proportional to the azimuthal angle and can thus
be written in the form ¥/(r, ¢) = f(r) exp(img), where (r, ) are
polar coordinates, f is the radial amplitude function and m is
the so-called topological charge. It can directly be verified that
EVBs are eigenfunctions of the orbital angular momentum
(OAM) operator I:Z with 1:21// = hmy, which implies that
EVBs carry angular momentum and, by extension, a magnetic
moment of muy (Bliokh et al., 2011).

The fact that these EVBs carry OAM has led to the
proposition and demonstration of many applications
ranging from the measurement of magnetic properties with
atomic resolution (Verbeeck et al, 2010; Rusz et al., 2014;
Schattschneider, Loffler et al., 2014; Idrobo et al., 2016; Scha-
chinger et al., 2017), the study of the dynamics of Landau
states (Schattschneider, Schchinger et al., 2014; Schachinger
et al., 2015), sample chirality (Juchtmans et al, 2015) and
symmetry properties of plasmon resonances (Guzzinati
et al., 2017), to the manipulation of nanoparticles (Verbeeck
et al., 2013). Despite the huge potential of EVBs and the
fact that their creation and propagation through vacuum are
well understood (Schattschneider & Verbeeck, 2011; Schatt-
schneider et al., 2012; Schachinger et al., 2015), knowledge of
their propagation through matter is still somewhat lacking.
This is especially surprising since earlier studies showed that
elastic scattering in crystals can drastically change the OAM of

@ the beam (Loffler & Schattschneider, 2012; Xin & Zheng,
aw OPEN @& ACCESS 2012; Lubk et al., 2013).
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Particularly important — and little investigated — is the
propagation of EVBs through amorphous materials. Firstly,
such materials are used increasingly often for producing EVBs
by means of specially designed phase masks (Harvey et al.,
2014; Shiloh et al., 2014; Grillo et al., 2014). Secondly, they are
a common support, e.g. for nanoparticles. Thirdly, EVBs
would allow techniques such as energy-loss magnetic chiral
dichroism (EMCD) for measuring magnetic properties down
to the nanoscale in crystalline samples to be applied also to
amorphous materials (Schachinger et al., 2017). However, it is
usually assumed that an as-produced, ideal vortex beam stays
that way and propagates practically unperturbed through the
sample. Whether or not that is the case and, if so, to what
extent is studied in this work.

This paper is structured as follows: first, we give a brief
overview of the theory in Section 2. To that end, we rewrite
the multislice approach used throughout this work in a
cylindrical coordinate system suitable for the analysis of
EVBs. From that, we deduce some general statements about
the propagation behavior of EVBs. In Section 3, we give a
detailed account of the numerical simulations performed
in this work. In Section 4, the results of the numerical simu-
lations are presented, which are subsequently discussed in
Section 5.

2. Theory

The starting point for describing the propagation of electrons
through matter is Schrédinger’s equation. Throughout this
work, we will adopt a paraxial multislice approach (Kirkland,
1998). In this approach, the sample is cut into thin slices and
the propagation of an electron wavefunction through slice 7 is
given by

V() = exp (i A) expl—iov.,(t ), @) (1)

where r; is the 2D coordinate vector in the x—y plane
perpendicular to the main propagation direction z, ¥,_,(r, ) is
the wavefunction incident on the nth slice, ¥,(r,) is the
wavefunction exiting the nth slice, k_ is the z component of the
wavevector, t, is the thickness of the nthslice, A is the Laplace
operator, o is the so-called interaction parameter and v_,,(r )
is the electrostatic potential of the slice projected along
the z direction. In equation (1), the exp[—iov_,,(r )] term
describes (instantaneous) elastic scattering, while the
expl(it, /ZkZ)A] term describes the free-space Fresnel propa-
gation through the slice. To propagate the electron beam
through the entire sample, many such individual propagation
steps have to be performed. Note that A and v,,(r;) do not
generally commute, so the exponentials cannot easily be
reordered.

Here, we are primarily interested in the evolution of the
different OAM components, so we expand the terms in
equation (1) into the eigenstates exp(img) of the OAM
operator I:z = —ih 0/0¢:

V(1) = 3 f, (1) exp(ime)

exp[—iov, ,(x )] = XV, (1) expling),

with

2
1
Jom(r) = o / ¥, (7, ) exp(—imy) dp
0

2

Vo) = / exp[—iov_,(r, p)lexp(—ing)de,  (2)
0

where (r, ¢) denote the polar components of r,. In physical
terms, m denotes the topological charge of a vortex compo-
nent with an OAM of mh. With these definitions, equation (1)
reduces to

Zf,,,m(r) exp(img)

- exp( ) SV, Oy expliln + )]

m,

—exp( )Z[Z - M(r)fnl.m} exp(img)

= exp(

i.e. the elastic scattering transforms the set of radial compo-

nents {fn—l.m(r)}m'_> {gn,m(r)}m'
The action of the Laplacian operator, ie. the Fresnel

propagation between the slices, is best viewed in reciprocal
space. There, the 2D Laplacian reduces to |k, |* and the OAM
distribution is maintained (Schattschneider et al., 2012), giving

3" fon(P) explimg)

- Fki—nl |:6Xp(

with the Hankel transforms

) 37 g explimg), )

) 3 g (®) exp(zmwk)}

o0
8um(K) =" [ 8,,u(r),, (kr)r dr
0

17 (it
Jom() =— / eXp( . )gn,m(k)Jm(kr)k dk 4)
i 2k,
0

where (k, ¢,) are the polar coordinates of the vector k,
F, -, denotes the 2D Fourier transform from reciprocal to
real space and J,, is the Bessel function of the first kind of
order m.

It can be seen that the redistribution of intensity between
different OAM components happens due to the elastic scat-
tering in the electrostatic potential v_ [see equation (3)], while
during the Fresnel propagation, only the radial distributions
evolve but no intensity is transferred between different OAM
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components. The potential scattering term can also be written
in vector form as

g,(n =V, £,_,(),
where
Vu s = Vi (1)

is a Toeplitz matrix, ie. a matrix in which the values along
each diagonal are constant, or, equivalently, where adjacent
columns (and rows) are identical apart from a shift by one
element.

There are several noteworthy points here. First of all,
scattering from a component m to a component m + dm takes
place only if there exists some r for which V, 5, (r) and f,_, ,,(r)
are both non-negligible. On the one hand, this reflects the
obvious fact that only those areas of the potential affect the
beam in which the beam intensity is non-vanishing. On the
other hand, it also implies certain symmetry properties (see
Section 2.1).

Secondly, one can expect §m = 0 to be the dominant term
for thin slices. This results from the fact that, for thin slices, v,
is small. Thus, the potential can be written in weak-phase-
object approximation as

BXp[—l’O'Vz_n(l'L)] ~1- iavz,n(rL)v

showing that there is a large constant term, which results in a
large ém = 0 contribution.

2.1. Symmetry constraints

Symmetry plays an important role in the scattering behavior
of electron beams, especially in crystalline specimens. Even
though the potential typically does not exhibit strict symme-
tries in amorphous materials, it can still show certain
‘approximate’ symmetries, ie. atomic arrangements that
deviate only slightly from a symmetric case. In fact, while in
crystalline samples symmetries typically only hold for certain
special, high-symmetry points such as atomic columns and are
severely broken if the electron beam is positioned off-column,
the random distribution of atoms in amorphous systems means
that the same symmetry properties hold in an approximate
sense fairly independently of the beam position. Thus, a closer
investigation of the symmetry constraints for OAM transfer
seems worthwhile. We want to emphasize that this subsection
does not only pertain to amorphous materials but also to
crystalline ones.

Here, we consider the inherently 2D case in the plane
perpendicular to the beam axis (i.e. in a slice). More precisely,
we study the transformation properties of the potential scat-
tering term exp[—iov,_,(r, ¢)] under the point group O(2),
which contains rotations and reflections (as well as arbitrary
combinations of them).

For the case of rotations, we assume that the potential has a
v-fold rotational symmetry, ie. v_,(r, ¢ +2m/v) =v_,(r, ¢).
Inserting this into equation (2) yields

27

/ exp[—iov_,(r, p)] exp(—ipg) dg
0
7(j+1)

G+
v—1 ’
=Y [ ewliov., o lexpi-ing)do

=0

27
a

2

p v—1
, . N
- / expl—iov, ,(r, @)l exp(~ing)dg Y exp(~27i% )
0 =0
0 w/ve¢Z

27

v [expl—iov_,(r, p)lexp(—ipg)de p/veZ
0

using the summation formula for finite geometric series.
Therefore, in the case of a v-fold rotational symmetry of the
potential around the beam axis, V, , =0 Vu ¢ VZ, i.e. inten-
sity can only be redistributed between OAM components
which differ by an integer multiple of vh.

For the case of reflections, we assume that the potential is
symmetric with respect to a mirror line inclined by an angle ¢,
with respect to the x axis, i.e. v_,(r, ¢y — @) = v_,(r, ¢, + ¢).
Inserting this into equation (2) yields

[
S expl—iov, ,(r, )] exp(—ing) dp

Po—T

= [exp[—iov,_,(r, ¢, — @)] exp[—iu(g, — ¢)]dg
0
T
+ [expl—iov, (v, ¢, + @) exp[—iu(p, + )] dg
0
= 2exp(—ing,) [ exp[—iov_ ,(r, g, + )] cos(ug) dg.
0

Since the cosine is a symmetric function, it follows that, in the
presence of a reflection, V, ,(r) = exp(=2iu@y)V,, _,(r), ie.
the +u and —p components differ only by a phase factor.

The case in which the scattering coefficients for +x and —p
components have the same absolute value may lead to the
hypothesis that, in such a case, no net OAM can be transferred
as both scattering events happen with the same probability.
However, this hypothesis clearly cannot be true as an arbitrary
potential exhibiting only a mirror symmetry is not circularly
symmetric and hence does not commute with the Hamiltonian.
Therefore, Heisenberg’s equation of motion together with
Ehrenfest’s theorem dictate that the net OAM has to change
over time. The solution to this conundrum lies in interference
effects.

While the train of thought of equal probabilities is correct
for single scattering, it breaks down when considering multiple
scattering as depicted in Fig. 1 (for © = %1). There, it is clearly
visible that, after a single potential scattering event in the first
slice, the m — 1 and the m + 1 components have the same total
intensity even though their phase structure is obviously
different. The propagation behavior of the two components is
also different, owing to the different orders of Bessel functions
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in equation (4). However, as the Fresnel operator is unitary,
the total intensity does not change during propagation.

The situation is different after the second slice, though.
After the second potential scattering event, the m + 1
component is given by the coherent superposition of two
contributions. The first one stems from the portion of the
beam that was first scattered with §m = 1, then propagated as
m + 1, and then scattered again with §m = 0. The second one
stems from the portion that was first scattered with ém = 0,
then propagated as m, and then scattered with dm = 1. The
situation for the m — 1 component is analogous, but not
identical. Since propagation and potential scattering do not
commute and the propagation is dependent on m, the inter-
ference patterns emerging from the coherent superpositions
can be different for the m — 1 and the m + 1 components, thus
leading to different intensities of the two components as
indicated in Fig. 1. This, in turn, leads to a change of the OAM
expectation value and, hence, to a net transfer of OAM,
even though each individual potential scattering event is
(quasi-)symmetric in amplitude for positive and negative ém.

2.2. Radial dependence

Another interesting question is how the OAM transfer
depends on the radius, which translates into the question of

k4

/2

371'/2

7)m 1V 1¢

P Vo)

VoPm—1V_19
-+ V—175mVo¢

% A
VoPm Votp

Figure 1

Prny1 Vi1 ¥

, Y S
\Vo'Pm+1V+1¢'
+ Vi1 P Vo

how the behaviors of smaller and larger beams differ. For
increasing r, larger and larger OAM transfers will become
important. In fact, it is reasonable to assume that the dominant
OAM transfer §mh # 0 should scale proportionally to r. This
can be deduced by comparing the mean atomic distance a with
the circumference of a circle with radius r. Since the mean
distance is constant throughout the sample but the circum-
ference scales linearly with r, the ratio of the two scales as 1/r.
For large r, this can be seen in a very crude approximation as
the average period p ~ a/(2nr) of a periodic oscillation of the
potential as a function of ¢. Thus, the frequency of this
oscillation (which corresponds to the OAM transfer) is
proportional to 1/p oc r. Consequently, one can expect that
larger OAM transfers become more important with increasing
beam size.

Obviously, for large r, there is also more room for varia-
tions, ie. deviations from a perfect periodic oscillation with
period p. Therefore, it can also be expected that the spread of
possible OAM transfers should increase with increasing r. As
an alternative argument leading to the same conclusion, one
can invoke the uncertainty principle ofglo[L,] ~ const.
(Franke-Arnold et al, 2004): since angle and OAM are
complementary variables, any localization in angle has to lead
to a delocalization in OAM. Scattering on an atom produces a
localized disturbance in the wavefunction with an initial

Schematic of the evolution of different OAM components upon transmission through two slices. The second column represents the (intially pure) vortex
of order m (the images show m = 1), the first column shows the m — 1 component, the third column shows the m + 1 component, the fourth column
shows the total wavefunction for reference, and the fifth column shows the scattering potential (where applicable). Blue arrows depict potential
scattering while red arrows indicate Fresnel propagation (P). For clarity, propagation distances are exaggerated and simple single-atom model potentials
are used. Dashed arrows symbolize additional scattering contributions that are omitted here. The numbers in the first and third columns give the
components’ intensities (with the total wavefunction normalized to 1). The index for the slice number » and the coordinates r, ¢ were omitted. Brightness
signifies amplitude, color signifies phase as depicted in the inset in the top left.
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Table 1
Densities of the materials and number of random configurations used in
the simulations.

The mass densities were used as reference. The atom densities were the ones
used in the simulations.

Mass density Atom density

(gem™) (1 x 102 cm™) Configurations
SizNy 3.17 9.5 40
Fe)sBo.» 7.18 9.0 40
Pt 21.5 6.5 60

angular extent of the order of o¢] ~ a/r. Thus, one can expect
the standard deviation of the OAM, o[L.], to scale roughly
proportionally to r as well.

2.3. Expectation value

For some applications such as nanoparticle manipulation,
the individual components of the OAM play only a secondary
role compared with the expectation value of the OAM
operator I:z, which corresponds to the total, net OAM of the
beam. Directly in front of the nth slice, this expectation value
is given by

o0
(L) = m [ Uy P rdr,
m 0
while behind the slice it is given by
(L)=nYm [V, rdr =0 m [ g, (Frdr
m 0 m 0

where the last equality holds due to Parseval’s theorem
(namely that the integrals over the absolute value squared of a
function and its Fourier transform are identical), or, equiva-
lently, due to the closure relationship of Bessel functions.
Clearly, (i,z) is affected by asymmetries in the OAM
component intensity distribution. From the derivations above,
one can therefore expect that (I:Z) changes more for larger
beams (which produce a wider spread of OAM component
intensities) as well as for strongly scattering materials (for

which |V, | is relatively large for p # 0).

3. Numerical simulations

We performed extensive numerical simulations for three
amorphous model systems: Si;N,4, which is commonly used as
support material and for phase masks; Pt, which is commonly
used as a focused ion beam (FIB) protection layer and in
absorption masks; and Fe( B, a magnetic material used, e.g.,
in transformers, which could be interesting for EMCD. All
simulations were carried out multiple times (see Table 1) for
randomly different atom arrangements to get an idea of the
variations of the various results. The simulations were
performed in Cartesian coordinates using a multislice code
based on the one described by Kirkland (1998). Likewise, the
atomic potentials were also taken from Kirkland (1998).

For all samples, a 100 x 100 A area was simulated with 512
X 512 pixels using thicknesses in the range of 0 to 500 Awith a

slice thickness of 2 A. All simulations were performed with a
200 keV incident beam which initially was in an OAM
eigenstate with L, = A. The convergence angles were in the
range of 1 to 25 mrad, corresponding to waist radii in the
range of approximately 10 Ato04 A (see Fig. 2). For the sake
of straightforward interpretation, the experimental conditions
were assumed to be ideal, i.e. the microscope lenses were
assumed to be perfectly aberration-corrected and no broad-
ening due to a partially incoherent source or motion of the
atoms was included.

The atomic positions were generated at random, taking care
that the overlap between adjacent atoms was as small as
possible (i.e. rejecting atoms that were too close to already
placed atoms). The used densities are summarized in Table 1.

All simulations were carried out using an in-house multi-
slice code (Loffler & Schattschneider, 2012; Loffler et al., 2013)
based on the work by Kirkland (1998).

To evaluate the OAM components, the resulting wave-
functions ¥, (r,) after each slice were first transformed to a
polar representation ¥, (r, ¢) using a fixed (r, ¢) grid with 256
x 1024 pixels. Then, the transformation ¢i—m was carried out
by separately Fourier-transforming each line of constant r,
yielding ¥, (r, m). Finally, the result was summed over the
radius to obtain the total intensities

Im,n = f |Wn(r7 m)lzrdr

of each OAM component, which span the range from
m = —511 to m = 512. From these intensities, one can in turn
calculate several physically relevant parameters such as the
OAM expectation value

<i‘z>n: h Zmlm,n

and the OAM variance
) 2
AL = (L] ot (o) |

i.e. the squared standard deviation. Since all calculations were
carried out for several randomly generated amorphous
structures, we can also estimate the ‘error bars’ associated with

10

r(A)

0 T T T T
0 5 10 15 20 25
. a (mrad)
Figure 2
Dependence of the m = 1 beam waist radius 7 on the convergence semi-
angle « for 200 keV electrons (Loffler, 2013).
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the physical quantities due to the fact that no two samples and
no two positions on a sample are identical.

4. Results

Fig. 3 shows some examples of the data produced by the
simulations and during the analysis. In particular, it shows
that, as predicted, the redistribution of intensity between
different OAM components produced by the scattering
potential is approximately symmetric but the resulting
wavefunction has a distinctly non-symmetric OAM compo-
nent distribution around the initial m =1 component.
Under the given conditions, the m = 1 component still exhi-
bits the highest intensity /;, 2~ 0.15, but the components
m e {—2,—1,0,2,3} have considerable intensities of the
order of I, ,/2. Therefore, their sum greatly exceeds [, ,. Even
higher orders in the range —20 < m < 20 also have sizable
intensities, and even higher orders (not depicted) still have
tiny contributions, further emphasizing the broadness of the m
distribution. Interestingly, though not surprisingly, different m
components contribute strongly at different radii. In addition,
the theoretically predicted linear increase of both the domi-

-10

r (A)

0.0 0.5

10

15

z=500A

0
x (A)

nant m # 0 contributions as well as the m spread in the
scattering potential are clearly visible.

Fig. 4 shows the dependence of several key quantities on the
convergence semi-angle « (which is related to the beam size,
see Fig. 2) of the incident beam as well as the thickness of the
sample for the three simulated systems.

The most striking property is that while the overall features
of the graphs are comparable between the three different
systems, the numerical values differ greatly. Taking the
maximum O‘[iz] as an example, it changes from ~16 for Si;N,
to ~36 for Fe( 3B, to 66 for Pt. A similar trend is visible for
(i,z). This phenomenon correlates nicely with the mass density
of the three systems. Even though the atom density is
comparable for SizN,and Fe,gB, and is lower for Pt, the mass
density increases from Si;N, to FeygBg, to Pt (see Table 1),
owing to the fact that Pt atoms are much heavier than, e.g., Fe
atoms. Since heavier atoms generally scatter more strongly, it
is logical that such systems produce stronger OAM deviations.

With respect to the changes of the expectation value (iz),
Fig. 4 shows that the largest net OAM transfers occur for small
and large convergence angles and the smallest deviations
occur typically around the range 5-10 mrad, especially for

expliovz,n)
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Figure 3

m

Some examples of the data produced by the simulations and during the analysis. Left: wavefunction at the incident plane of the sample, z = 0; center:

wavefunction at the depth of z = 500 A; right: scattering potential exp(iov,

) of one slice. First row: data in Cartesian coordinates; second row: data in

polar coordinates; third row: intensity of the exp(img) components as a function of m and r; fourth row: total OAM intensities integrated over r. For the
wavefunctions shown in the first two rows, the phase is displayed as color (see Fig. 1) and the amplitude is displayed as brightness. For the scattering
potential in the first two rows of the right column, the argument of the complex exponential is shown. The incident beam was a pure m = 1 vortex with a
convergence semi-angle & = 10 mrad incident on the amorphous Pt sample. In all cases, only a subset of the entire data set is shown and the contrast was

enhanced to improve visibility.
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small to medium thicknesses. This can be related to the size of
the beam as it propagates through the sample. For small «,
already the incident beam is large compared with interatomic
distances and it stays that way all throughout the sample. Thus,
large ém are possible from the very beginning of the propa-
gation. For large «, the diameter of the incident beam is small,
but the beam size increases considerably during propagation.
Thus, although initially only small §m are viable, larger and
larger dm become dominant as the beam propagates further
through the sample. Conversely, a beam with a mid-range o
represents a good compromise between small initial size and
small growth during propagation, thereby restricting the
maximal significant dm and, consequently, the variation of
(f,z). A similar result was also found for classical EMCD
(where vortex beams are generated during inelastic scattering
and subsequently analyzed interferometrically) in crystalline
samples (Loffler & Hetaba, 2018).

For a[ﬁz], i.e. the OAM uncertainty or, equivalently, the
spread of the m distribution, the picture is very similar. Small
o lead to a very large increase in o with thickness. For medium
« in the range of 7 to 13 mrad, o is smallest, while it increases
again for large o.

Interestingly, the o dependence is different for the m =1
intensity, which gives an indication of ‘how much’ of the
original, incident-beam structure actually is present at a given
thickness. Fig. 4 shows that /,, obviously decreases with
thickness, but is mostly independent of «. In other words: even
though the net OAM and the m distribution depend strongly
on the beam size through the convergence angle and although

there is complex multiple scattering going on back and forth
between different m components at different radii (as visible
from Fig. 3), the overall intensity of the m =1 component
seems to be fairly predictable.

To investigate the intensity of different 72 components as
well as the expectation value in more detail, Fig. 5 shows
graphs of the intensity of m =1 as well as the adjacent
components m = 0, 2 and (i,z) for different convergence semi-
angles « as a function of thickness. The adjacent components
were selected because, for applications that depend on the fact
that the beam is in an m = 1 eigenstate (such as, e.g., EMCD),
typically close-lying other components are more difficult to
separate than far-removed ones. As an example, an m = 100
vortex would have practically zero intensity everywhere where
an m = 1 vortex is strong, thus making it easy to separate and
block, e.g., by an aperture.

As before, the overall behavior of the curves is roughly
similar for the m components of all three studied systems,
except for the scale of the thickness dependence, which, again,
is more dramatic for heavier specimens. Nevertheless, there
are several noteworthy aspects visible in the graphs. In the
first several angstroms, the decay of the m =1 intensity as
well as the increase of the adjacent components are practically
linear. This is to be expected as, for a dominant m =1
component, the transitions 1+—0 and 1—2 will be much
more probable than the scattering O—1, O— —1 etc.
However, after several angstroms, all depicted components
start to deviate from their linear behavior. The m = 1 intensity
decrease starts to slow down as soon as it reaches >~70% of
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Figure 4

Behavior of the OAM as a function of thickness z and convergence semi-angle « for an incident m = 1 vortex beam for three different samples. Left:
Si3Ny, center: FeqgBy», right: Pt. Top: OAM expectation value (L_), middle: standard deviation of the OAM o[L_], bottom: intensity of the m =1
component. Note the different color bar ranges. All data were averaged over multiple simulation runs.
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the initial intensity, while the m = 0,2 intensities become
almost constant somewhere in the range of 10-30%. As the
thickness increases, the m = 0,2 components seem to
asymptotically tend towards a similar behavior as the m =1
component, as is visible for Pt at « = 25 mrad and, to some
degree, already at @ = 10 mrad. Note that, in all cases, the
variation over several runs clearly indicates that the results are
statistically significant, although the variability naturally is
larger for larger mass density.

As already shown in Fig. 4, the decrease in m = 1 intensity
does not depend strongly on the convergence angle. However,
the increase of the adjacent components is influenced by the
convergence angle. At the same time, the statistical uncer-
tainty increases for increasing convergence angles (i.e. smaller
beam waists). This can be attributed to the fact that for
sufficiently small beams (i.e. smaller than the interatomic
distance), the propagation behavior is crucially dependent on
the (random) relative position of the beam with respect to
close-by atoms, whereas for large beams, the effect is averaged
over many atoms.

Another interesting result can be found in the behavior and
statistical variation of the expectation value (lA,Z). For Si3Ny,
the deviation from # is marginal and fairly well contained in
the statistical error. For heavier systems, the deviation from #
becomes much stronger — with a general trend towards

a=1 mrad
1.2

a =10 mrad

decreasing (L_) — but also the statistical variation between
different simulations increases dramatically.

5. Discussion

Whether the results presented here are encouraging or
discouraging depends on the application at hand, the system
under investigation, and the chosen experimental parameters.

If pure vortex beams are required, low mass densities as in
the case of SizN, and low thicknesses are definitely preferable
in order to retain a high intensity in the m component of the
incident beam as well as little variation for different atom
configurations. This also implies that holographic phase masks
fabricated on a thick Siz;N, membrane can be subject to a
considerable loss of mode purity.

If a high net OAM transfer is sought (e.g. in the case of
nanoparticle manipulation), high mass densities as in the case
of Pt as well as thick samples and medium convergence angles
should be used. This ensures a large OAM transfer while
retaining moderate statistical variations for different atom
positions.

It should be noted that real sample densities, interatomic
bond lengths and scattering strengths may differ from the ones
presented here, e.g. due to the use of different materials. In
addition, the sample density is influenced by deposition and

a =25 mrad
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Expectation value (L) and total intensities of the m = 0, 1, 2 components for Si;N, (top), FeqsBg» (middle) and Pt (bottom) for o = 1 mrad (left), o =

10 mrad (center) and « = 25 mrad (right) as a function of thickness z. The intensities of the = = 0 and the m = 2 components have been magnified by a
factor of 5 as indicated in the legend to improve visibility. The shaded areas indicate one standard deviation as derived from multiple simulations.
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preparation parameters. However, the simulations presented
in this work span from fairly low to quite high mass densities
and scattering strengths, thus giving a general insight into how
other samples will behave in general.

All the simulations presented in this work were performed
under ideal conditions, including no incoherent source size
broadening (ISSB), no atom movement and no lens aberra-
tions. Both ISSB and atom movement would lead to an
effectively different relative position between the beam and
the atoms for each electron in the beam. This is conceptionally
equivalent to the averaging over several random atom
configurations as done in this study. Lens aberrations gener-
ally lead to a coherent broadening of the beam compared with
the ideal case. While in such a situation the details of the
amplitude and phase of the beam change, the overall results
should be the same as those presented here when considering
the appropriate beam size (see Fig. 2).

6. Conclusion and outlook

In this work, we presented extensive simulations of the
propagation of electron vortex beams through amorphous
materials. To that end, we have rewritten the multislice
approach in cylindrical coordinates to get some theoretical
insight into the vortex propagation, such as the beam-size
dependence of the redistribution of intensity between
different m components and the possibility of net OAM
transfer despite the fact that the probabilities for transferring
+8mh are (approximately) equal. In addition, we have also
described the influence of the point-group symmetry on the
vortex propagation.

The numerical simulations were performed for the three
amorphous model systems SizNy, FeysBo, and Pt for a wide
range of convergence semi-angles and thicknesses. Besides
corroborating the theoretical results, the numerical data
allowed us to quantify the net OAM transfer, the spread of
vortex components that is related to the uncertainty principle
and, thus, the purity of a vortex state, as well as the intensity
behavior of the most important vortex components. The
results showed that in order to retain high purity upon
propagation, low-mass-density samples with small thickness
should be chosen, while large net OAM transfers can best be
achieved in heavy, thick samples. In both cases, intermediate
convergence semi-angles around o ~ 10 mrad proved bene-
ficial.

The results presented in this work will allow theoreticians
and experimentalists alike to choose the material for their
studies with electron vortices more efficiently. Although this
work does not completely replace full simulations for future
studies, it does give some general insight into the propagation
behavior of EVBs and makes predictions for a large range of
systems and experimental parameters. As such, it promises to

contribute to future enhancements not only of the fabrication
but also of the applications of EVBs.
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Advanced TEM characterization techniques come in many shapes, forms, and fash-
ions, all with their unique benefits and drawbacks. At the same time, all such tech-
niques have a few things in common. Most noteworthy in the context of this work
are the following two fundamental aspects: first, novel methods need to be based on a
thorough theoretical foundation to be reliable, quantifiable, and reproducible. Second,
the experimentally achievable SNR needs to be good enough to distinguish the signal
of interest — which is often faint — from any background and artifacts.

In light of the necessity of a solid theoretical foundation, it may be surprising that
a process as fundamental and ubiquitous as the deflection of an electron beam in a
magnetic lens is typically not modeled fully quantum-mechanically. In most cases,
either the trajectory of a classical, point-like particle is used, or the action of the lens
is replaced by a Fourier transform (to map the incident wavefunction to the back-focal
plane) with any small deviations from perfect focus subsequently being realized by
short-range Fresnel propagation. While this has worked well for “classical TEM”, it
is not at all guaranteed to work in general, especially with modern peculiarly shaped
beams (such as EVBs), or with spin-polarized beams [65].

In chapter 11, a full quantum-mechanical simulation of a magnetic lens based on
a Landau-state expansion is described. Landau states are non-diffracting Laguerre-
Gauss states, which form an orthonormal basis and are eigenfunctions of the Hamil-
tonian with a homogeneous magnetic field. For an inhomogeneous magnetic field (as
present in a lens), time-dependent scattering needs to be introduced between different
Landau states. The numerical treatment is still quite challenging due to the large
number of Landau components that need to be considered. However, the results of
this new method agree well with existing calculations (e.g. based on particle trajec-
tories or Fourier transforms) for conventional beams, while also predicting interesting
new behavior for “unusual” beams to be experimentally observed in the future. Hence,
my work paves the way for a full quantum-mechanical treatment of the electron beam
all the way from its source through the microscope and sample to the detector.

The second aspect — the need to improve the achievable SNR — is ubiquitous
in TEM and EELS. Especially for any kind of atomic resolution work, regardless of
whether one employs well-established, “classical” techniques or novel methods, the
achievable signal is limited by instrument and sample stability in the broadest sense.
For instance, drift and beam jitter limit the maximum effective exposure time per
data point. To increase the signal (and therefore the SNR), one could increase the
beam current, but only up to the point where the sample is significantly damaged
by the beam in a time frame comparable to the measurement duration. With the
high currents and small foci available nowadays, this limit — which has long been a
major hurdle when investigating beam-sensitive materials and biological samples —
can even be reached in routine experiments on resilient material science samples such
as SrTiOs.

It is worth noting that there are ways to reduce or even eliminate certain damage
mechanisms (e.g., by reducing the acceleration voltage [22] or working in aloof mode
[13]), but usually at the cost of worse spatial resolution. Recent advancements in
detector instrumentation, most notably the development and increasing adoption of
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direct electron detection to avoid read-out noise, have improved matters. Of course,
this is most beneficial when measuring with an overall low dose per data point in
which case the read-out noise with conventional detectors is significant. Especially in
cases in which (drastic) oversampling can be employed!, having a purely shot-noise
limited dataset enables the efficient use of all sorts of post-processing techniques such
as principle component analysis (PCA). However, in cases in which oversampling is
not possible or not desirable and in which the measured signal needs to be large (and,
therefore, the shot-noise is the dominant noise contribution anyway), the benefits of
direct detection are far less obvious. One example of such a case is the real-space
mapping of orbital information (see part I), which naturally operates at the limit of
the current instrumental spatial resolution, thereby preventing oversampling while still
requiring sufficient signal to distinguish (potentially small) fine structure variations.
Another example is EMCD (see part IT), which also requires the identification of small
changes in the fine structure and, thus, large signals. As EMCD is generally recorded
at high energy-losses and at at least two different places (far) away from the diffraction
spots, long exposure times are necessary which preclude useful oversampling.

Apart from increasing the incident dose, using better detectors, and employing
post-processing on oversampled data, there is another way to improve the SNR that
is largely unused in electron microscopy so far: using a better measurement basis. All
quantum mechanical measurement processes project the beam’s state onto a specific
basis — the measurement basis — determined by the detector as well as any post-
specimen lenses. Typical examples include the real space basis |r) in imaging mode or
the reciprocal space basis (momentum basis) |k) in diffraction mode. To understand
how powerful the correct basis is, consider the toy example of determining the lattice
spacing of a single crystal (fig. 4). When measuring in a real-space basis (e.g., using
high-resolution TEM (HRTEM)), the resulting signal can be a small oscillation on
a large background signal, especially when facing low stability without aberration
correction. Hence, shot-noise is dominantly caused by the large background signal
and can easily eclipse the small signal of interest. Conversely, switching just a single
lens in this setup is enough to measure in a reciprocal space basis, where clearly visible,
distinct diffraction spots are present. These diffraction spots rise well above the noise
level and enable an easy determination of the lattice spacing. This simple example
shows how powerful the choice of measurement basis can be: if the basis is chosen
poorly, electrons are distributed more or less evenly over the entire field of view and
the signal of interest is hidden in minute variations that are often at or below the
noise threshold. Conversely, choosing a good basis results in all electrons that carry
the information of interest to be focused in (ideally) a single measurement channel,
with all other electrons being recorded in other channel(s). With such a correlation

ITypical examples include mapping a property such as chemical composition at a spatial resolution
significantly better than the length scale at which the investigated property varies and fitting a
well-established model with few free parameters such as an EELS power-law background to many
(energy) channels. As oversampling generally implies redundancy, it allows to spread a given
number of electrons over many channels. This may lead to, e.g., reducing beam-induced damage
to the sample.
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Figure 4.:
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electrons. a) Ideal HRTEM (without aberrations, instabilities, decoherence,
etc.). b) HRTEM image simulated for an uncorrected ThermoFisher Tec-
nai microscope. ¢) HRTEM image for a Cs-corrected ThermoFisher Titan
microscope. d) Diffraction pattern. a—d were simulated for infinite incident
dose using the program JEMS [87]. The scale bars in a—c denote 2 A, the
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between the measurement channel and the property of interest, determining the value
of the property comes down to the relatively trivial task of identifying how many
electrons were recorded in which channel.

In general, the solution is not as simple as switching a lens as in the example outlined
above. But the key requirement to optimal measurements fundamentally is the same:
one needs a suitable unitary transformation that transforms the beam’s quantum
state in such a way that the detector channels correspond to the chosen measurement
basis. In the example above, switching the lens effectively resulted in performing a
Fourier transformation of the wave function, resulting in the detector measuring the
wave’s different Fourier components (i.e., its momentum distribution). An example
of a less-commonly used unitary transformation is the log-polar transformation for
measuring the OAM distribution of EVBs [49]. However, for arbitrary wave functions
(and possibly density matrices in the case of inelastic scattering), no general unitary
transformation formalism is known, yet.

In chapter 12, I take a first step towards the development of general unitary trans-
formations by describing a way of implementing arbitrary unitary transformations for
the special case of a two-state quantum system. My approach builds on and gener-
alizes the method described in chapter 9 for creating EVBs, but allows for arbitrary
mappings of states on the Bloch sphere. It is noteworthy that the described method
works in commercially available TEMs without any modification or addition of custom
elements. As such, my work paves the way for the future development of more general
unitary transformations on higher-dimensional quantum systems that may one day
lead to vastly improved SNR as well as emerging new characterization techniques.

In summary, my work presented in this part significantly advanced the quantum
mechanical understanding of how electron beams propagate through the microscope
and how quantum-mechanical transformations can be used to optimize measurements.
This paves the way for improving the efficiency and SNR of all advanced character-
ization techniques and for designing custom quantum scattering experiments in the
future.
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1. Introduction

Lens designers generally rely on classical approaches assuming point
like electrons, implicitly neglecting diffraction effects. On the other hand,
in almost all applications of electron microscopy, diftraction effects are
central to many questions and problems. The “missing link” is normally
filled by invoking Fourier transforms between object and image or diffrac-
tion planes, including defocus, astigmatism and other lens aberrations as
phase factors. This thinking inherently takes for granted that electrons
in a magnetic field behave as light does in an optical lens. In the classi-
cal geometric-optical limit this has been demonstrated many times (e.g.
Glaser, 1952; Hawkes & Kasper, 2017; Pozzi, 2016; Reimer, 2008; Rose,
2009). Although the formal similarity of the Schrédinger equation with the
Helmbholtz equation in paraxial approximation suggests the applicability of

Advances in Imaging and Electron Physics, Volume 215 Copyright © 2020 Elsevier Inc. 89
ISSN 1076-5670 All rights reserved.
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classical wave optics for electrons, this is less evident for the non-paraxial
case or for thick lenses where the object might be situated in the lens
field. Apart of some formal solutions (Dattoli, Di Lazzaro, & Torre, 1990
Jagannathan & Khan, 1996; Khan & Jagannathan, 1995) of the general case
of an electron in magnetic and electric lens fields, explicit formulations of
the electron propagator in round lenses (e.g. Hawkes & Kasper, 2017; Pozzi,
1995) are still based on the work of Glaser (1952) and Glaser and Schiske
(1953), published in 1952 and 1953, using a Fresnel propagator ensuing
from a spherical basis.

An obstacle to this approach of using a Fresnel propagator is the need
to rescale the propagation distances. To this aim, two particular solutions of
the Schrédinger equation must be found. They correspond exactly to the
tield and axial rays in the geometric-optic description which are calculated
classically beforehand.

The Glaser-Schiske solution was published in German and went largely
unnoticed in the field. Thanks to a profound review of the multislice ap-
proach as compared to Glaser’s work by Pozzi (1995, 2016), many details
and subtle differences between electrons in a lens field and the wave optical
approach were revealed.

The increasing importance of phase shaping in electron microscopy
(Grillo et al., 2014; McMorran et al., 2011; Uchida & Tonomura, 2010;
Verbeeck, Tian, & Schattschneider, 2010) necessitates a rethinking of
how electrons can be described better than in a spherical wave basis.
For instance, the peculiar rotation characteristics of electrons with quan-
tized angular momentum was explained assuming propagation in a con-
stant magnetic field (Bliokh, Schattschneider, Verbeeck, & Nori, 2012;
Guzzinati, Schattschneider, Bliokh, Nori, & Verbeeck, 2013; Schachinger,
Loftler, Stoger-Pollach, & Schattschneider, 2015; Schattschneider et al.,
2014) whereas in reality, the experiments were performed in the ap-
proximately bell-shaped magnetic field of an objective lens in a trans-
mission electron microscope (TEM). It is not known so far to which
extent the non-constant field changes the predictions. Another problem
is the accumulation of the Gouy phase in a convergent beam, important
for vortex generation with quadrupole lenses (Kramberger et al., 2019;
Schattschneider, Stoger-Pollach, & Verbeeck, 2012). An exact solution is
only known for Laguerre-Gauss beams in free space or in a constant mag-
netic field. As a third example, we mention a recent proposal suggesting the
use of electron vortices in a two-state Landau basis for the manipulation of
qubits in the electron microscope (LofHer, 2020). Almost a century after
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the birth of electron microscopy, such questions revitalize the search for
an alternative quantum description of the electron propagator in magnetic
lenses.

A first clue in this quest is the realization that spherical waves and the
Fresnel propagator are both good for describing electron propagation in
free space but not necessarily for modeling propagation in the presence of
a magnetic field where a rescaling of the propagation distances in terms of
field and axial rays is mandatory. An obvious approach is to attack the prob-
lem numerically with a finite element code, feeding in the 3D- (or 2D-,
in case of cylindrical symmetry) magnetic field of the lens. First trials were
promising, but severe failure was observed close to focal points, without
any doubt caused by the breakdown of the WKB approximation. (A pre-
requisite of the WKB approximation is that the amplitude varies slowly
relative to the phase which is not the case close to a focal point.) Looking
for an alternative, it is not too far fetched to choose a Landau state basis set.
Already in 1983, Howie (1983) advertised this idea but to our knowledge
it was not followed any further. Indeed, in a Landau basis, solutions are
harmonic oscillators, and many features such as the well known oscillations
of an electron wave packet in a constant magnetic field are easily derived.

The difficulty lies in the field variation along the electron trajectory in
a TEM, a fact that renders the basis functions time dependent as the wave
packet passes the lens. To our surprise, we find that even in this case, the
Hamilton operator remains simple, allowing rapid diagonalization.

In order to demonstrate the method, we choose a condensor-objective
— a typical thick lens — which is important from a practical point of view
in electron microscopy, and is at the same time sufficiently clear to show
the salient features of the present approach. It should be stressed that we
do not pretend to solve the general case of a round lens numerically in this
work. Questions of numerical stability, higher order relativistic corrections,
as well as the inclusion of spin and aberrations go beyond the scope of this

paper.

2. Theory

The classical Hamilton operator in the presence of an electromagnetic

field reads

. p2
H=—+¢l (1)
2m



Die approbierte gedruckte Originalversion dieser Habilitationsschrift ist an der TU Wien Bibliothek verflgbar

The approved original version of this habilitation thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

92 Stefan Loffler et al.

where ﬁ =f5 — ¢A is the covariant or mechanical momentum operator, m
is the electron rest mass, and e = |e| is the elementary charge. We note for
later use that in real space, f; = —ihV.

The Schrodinger equation is not Lorentz invariant. The Dirac equation
gives a fully relativistic account of charged particles in a field. Expansion
of the small component of the Dirac spinor (“x”) up to g =v/c yields the
Pauli equation. Expansion up to 8 yields (Schiff, 1999)

35 W
H.P p

=~ gas eV HLS+D.

The second term is the relativistic correction to the kinetic energy, I is
the electrostatic potential, LS is the spin-orbit coupling term, and D is the
Darwin term. The 3 last terms are absent in our problem. (We assume
a vanishing electrostatic field and deal with scalar electrons without spin.
Note that this is the relativistically corrected Pauli equation (Schiff, 1999).)
We can write

p2 P’

A= (1--"—
2m 4m2c2

For narrow wave packets of well defined kinetic energy Ejy;, — which we

will use here —, the bracket can be approximated as
1 p2 ~1 Egn 3E—-E 33—y
4m? 2 ZE() B ZE() - 2 ’
and so
. p2
H~
2m*
with
. 2
mt=m- ——.
3-vy

(Note that lim,, 1 2/(3 — y) = 1 4+ Eyin/(2Ey) which is Reimer’s relativistic
correction factor (Reimer, 2008).) Separating the in-plane components,
the Hamiltonian can be written as

N >
HNHL+2m*pZ’
with
i = (L — eA)? 2
=5 L —ed). )
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(Here, we assume that z variations of the magnetic field are small com-
pared to those of the (narrow) electron wave packet and can therefore be
neglected.) The Hamiltonian in turn gives rise to the propagator

f)(t) = fz"Ci>
with
“ 1 ~

which will be the central quantity in this paper as it allows to obtain the
time dependent wave function

[y () = P(t) [¥o)

from an initial condition .

Assuming that the magnetic field is uniform within the narrow wave
packet and the paraxial region, the vector potential in Coulomb gauge
takes the form
rB.

2 €p- (4)

Thus, Eq. (2) transformed into a co-rotating coordinate system can be

A=

rewritten in paraxial approximation as (Howie, 1983)

22 22
HL=2;* (ﬁ§+efz&2+fa§+%ﬂ). (5)
This 1s the Hamilton operator of a harmonic oscillator, the solution of
which are Hermite-Gauss functions (or Landau states). Whereas Cartesian
coordinates are appropriate for objects with translational symmetry such as
crystals, we prefer to use cylindrical coordinates for obvious reasons. The
solutions are now Laguerre-Gauss functions (Bliokh et al., 2017), charac-
terized by two discrete quantum numbers n, [:

Al 272 2 ;
LG, = <E> L,'f' (W) exp <_E) ¢l (6)

Here, LIl are generalized Laguerre functions, and the magnetic waist is

4h

W=,/ & (7)
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The eigenvalue of the canonical angular momentum is i/, and N = n+|l| +
[+ 1 denotes the Nth Landau energy level.

The structure of F suggests a basis system consisting of Landau states
[nl) in the plane perpendicular to the cylinder axis z and plane waves |k)
propagating along z. In the |k) subspace, H is diagonal:

2m*

A A s
(ﬂlk|H|ﬂ/l/I€/> = Opw <”l|HJ_|”/l/> + 8w dr5— |-

With the vector potential Eq. (4) and squaring the momentum operator,

(—ihV, —eA)? = —H*V2 +ihe(V - A+ A- Vi +A-V)+A-A, ()
———
0
the in-plane Hamiltonian (in cylindrical coordinates (r, ¢)) takes the form
’r>B?

. 1 2on , €T°BI . 1B

With the Larmor frequency (the relativistic correction replaces m by m*)

eB.
Q= ot (10)
this can be written as
. > m* Q2 >
Hi=—a Vi + 2L + ihQ2.9,. (11)

As stated above, we observe a narrow wave packet, initially prepared at
z =0, propagating with velocity v along z in a magnetic field slowly varying
with z. According to Ehrenfest’s theorem (Ehrenfest, 1927), at time f, the
packet arrives at z = vf, with an intensity that is essentially zero outside a
narrow z range — see the subsection below. This means that in order to
propagate the electron from zy =0 to zy, we need the propagator P(t =

z1/v).

2.1 Wave packet

To get a general feeling for the possible dispersion of a narrow electron
wave packet, we consider a Gaussian wave packet traveling through free
space. Such a Gaussian wave packet in one dimension (2),

| Z(z, t=0)]> = ¢ /27
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2

with variance o, remains Gaussian, dispersing with time giving a proba-

bility distribution (Wikipedia contributors, 2020)

| Z(2, D)2 = e~ G0?/Qo ) 12

s heo\?
o)y’ =0 (l+(2m002) .

At 200 keV, the time to pass the column of a TEM is ca. 1 x 1078 s.
A wave packet of initially 0.1 pm extension (after the anode) spreads to
~ 1 pum at the objective lens, which is still a very small value compared to
the extension of the lens field of some mm.

with

2.2 Time dependent Hamilton operator

As stated above, in order to describe the electron at any position z, one
needs the time evolution from t=0 to t = z/v. Thus, H; becomes implic-
itly time dependent because B.(z) = B.(vt):

(13)

A 1 ) erB.(vf) . \°
HJ_(t) = % <—thJ_ — €¢> .

With the definition of the Larmor frequency (Eq. (10)) and the magnetic
waist (Eq. (7)) at z =0,

W= \/4_h= \/27"'i (14)
eBy m*$21.(By)

we may transform to the dimensionless variable p = r/w:

H (H=

1 1> w?e® B.(vt)? .
o (—EVE + ?,02 + thL(Bz(Vt))aw- (15)

With a little algebra
R V2
H, (t) = 21 (Bo) (—T" +g(H%p* + t'g(t)f)w) (16)

where
() = Qr(B:(vt)) _ B.(vt)
ao= Q1.(By) By

(17)
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and B.(0) = By. Note that for t =0, Eq. (16) is identical to Eq. (11).
From here on, we assume that the electron wave is independent of ¢, i.e.,
[=1 =0, because we are dealing with electrons of vanishing topological
charge. Therefore, the last term on the right hand side of Eq. (16) disap-
pears.

2.3 Electron propagator
The phase factor (Eq. (3)) in the electron propagator can be evaluated as

. 1[4 1
o= E/ Hy(t)dt =Qr(Bo)t (ﬁz G(1) — Zvi> (18)
0
with
1 t
G =~ f () dr. (19)
0
In the Landau basis {|n0)}, the operators Vg and 52 are both tridiagonal:
[2 2 0 0 i
2 6 4 0
V2= (n0|VZm0)y=—|0 4 10 6
0 0 6 14

1
02:=<n0|ﬁ2|m0>=§ 0 -2 5 =3

It is at once evident that H, (t = 0) = hS2,.(By)(p? — %Vﬁ) is diagonal with
matrix elements

(OIFLL (= 0)m0) = Eyom,
and eigenenergies
E,o=hQ(By)(2n+ 1)

which are a special case of the general expression (Bliokh et al., 2017)

I+
E,; = h$2;.(By) (2n + ||7+ + 1) .
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For t #0, H, (as well as ®) is no longer diagonal because of the fac-
tor G(f). However, since ® is tridiagonal, the time evolution operator
p= exp(—i&)(t)) can easily be diagonalized. A unitary transform U that
diagonalizes ®

Diag[®(1)] = Ud(» (11
also diagonalizes P, such that
oy =0 0] ¢y (20)

For a Glaser field with half width at half maximum (HWHM) d and

By
B.(z) = ———, 21
=1 @D
the time integral in Eq. (19) can be evaluated analytically, yielding
1 1 d
=—|——=5 + —arct : 22
G(1) > (1 ) + o arc an(vt/d)) (22)

(The Gouy phase arctan(vt/d) appears here intrinsically.)

3. Results

As a demonstration example, we choose a condensor-objective lens
(lens parameter k* = 3) at 200 kV and By = 1.9 T, a typical value for modern
minilens-objective combinations. This case is of particular interest in the
present context because it resembles a thick lens, i.e. the focal point is
situated in a strong magnetic field, and we expect deviations from a wave
optical approach that is based on thin lenses with constant refractive index.
For the chosen parameters, the half width of the magnetic field Eq. (21) is
calculated to (Glaser, 1952) d = 3.0065 mm. We assume a microprobe setup,
i.e., parallel illumination at z = 0, where the object is normally situated.
In this case, the geometric focal point is at 2 = d. The initial wave with
an aperture of 300 nm radius is expanded into a Landau basis up to 42
coefticients, shown as dots in Fig. 1. Since sharp rims cause very slow
convergence, the wave has been constructed with a slight apodization to
suppress high orders (Fig. 2).
Evidently, the series expansion has a cutoff at coefficient number ~ 35.
The wave is propagated to the focus via Eq. (20). The resulting radial prob-
ability distribution is shown in Fig. 3.
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Figure 1 Expansion coefficients of the input wave (dots) and of the propagated wave at
the focus (full curve).
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Figure 4 Radial phase structure atz=1.015d.

Gouy phase
o

z/d

Figure 5 Gouy phase, linear in z as expected for a spherical wave close to the cross
over (Born & Wolf, 1999).

The focus, found by inspection of the flat radial phase structure shown
in Fig. 4, is at 1.017 d, confirming the expected phase jumps of 7 at the
wave function nodes. The profile agrees well with the Airy disk computed
from the wave optical convergence angle. The small deviations are caused
by numerical problems with the high order Landau functions, evidenced
by the kink at n =20 in the otherwise smooth decay of the coefficients in
Fig. 1.

The Gouy phase in the vicinity of the focus is linear in z as expected
for a convergent spherical wave (Born & Wolf, 1999), see Fig. 5.

Our main result is Fig. 6, showing the evolution of the beam from the
input plane to the focus and beyond. The geometric-optical ray starting at
the beam radius (taking into account the apodized rim) is shown in red for
comparison. The classical result is very close to the envelope of the prop-
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Figure 6 Convergent beam from the aperture (at z = 0) to the focus (at z = d) and be-
yond. The red line is the Glaser trajectory for the effective beam radius, taking into
account the apodizing effect. The tangent defining the geometric convergence angle
is dashed. The vertical line shows the principal plane for the exit wave in the geometric-
optical approach.

n.e 0.9 1.0 1.1 1.2

Figure 7 Zoom into the focal point of the coherent electron at 1.017 d. The deviation
from the classical trajectory (red line) is clearly visible.

agating coherent electron. The bending of the beam in the Glaser field is
clearly seen. However, the classical trajectory has a higher curvature in the
left part, then becoming almost straight whereas the envelope homes in on
the focus with slightly negative bending. This causes a flatter tangent at the
tocus and explains the smaller divergence thereafter. The wave packet is in
tocus shortly after the classical focal length. This can be better visualized
when zooming in (Fig. 7). The effective focal width is 1.7% longer than
the classical focus indicated by the red trajectory. The reason is probably
twofold: numerical due to the limited number of the Landau expansion
coefficients, and caused by the slightly difterent approximations for the rel-
ativistically corrected Schrodinger equation and for the classical trajectory
which inevitably yields a point focus.
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Figure 8 Radial intensity profiles at z=0, 0.1, 0.2, 0.3, 0.4 d. Note the Fresnel fringes at
the rim.

Figure 9 Radial intensity profiles close to the focus, at distances of z = 0.92d to 1.02d,
numbered from 1 to 6. The dots are the results of the wave optical simulation, the full
lines are cuts through Fig. 7 at the respective distances, squeezed by a factor of 1.33.

For completeness, we show some intensity profiles shortly after the ini-
tial plane (Fig. 8) and close to the focus (full lines in Fig. 9). For comparison,
the dotted curves in Fig. 9 were obtained from a wave optical software
based on the Fresnel propagator, developed in our group (Kramberger et
al., 2019). The radial profile in focus — an Airy disk — is exactly recov-
ered. However, it turned out that the decrease of the central maximum
when withdrawing from the focus is steeper in the wave optical simulation.
We found almost perfect agreement after rescaling the z values by a factor
of 1.33. The reason for this discrepancy is not known. An indication is the
flatter tangent of the convergent bundle seen in Fig. 6, a typical charac-

teristic of Gaussian beams close to focus. It might also be that the weaker
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Figure 10 Evolution of the electron wave with an input aperture with 50 nm radius.

magnetic field at 2 = d demands an expansion into a new Landau basis for
better numerical stability.

Finally, we present the propagation with an aperture of 50 nm ra-
dius where diffraction eftects should be strong, completely invalidating the
geometric-optic interpretation. Indeed, Fig. 10 shows a completely difter-
ent evolution of the beam. The envelope is drastically difterent from the
geometric-optic prediction, with the narrowest waist at ~ 0.3 d.

4. Conclusion

We have shown that a full quantum-mechanical treatment of the co-
herent propagation of an electron in a round lens field is surprisingly simple
in a Landau basis. The envelope of the beam during propagation follows
very accurately the geometric optic result, but shows differences that can be
traced back to diffraction. The shift of the narrowest beam profile — a con-
sequence of diffraction not present in ray optics — is clearly seen. The Airy
disk expected from the Fourier transform of an aperture-limited plane wave
is retrieved with high precision. We do not observe singularity problems as
encountered within the WKB approximation, but small focus difterences
hinting towards different relativistic corrections. The steeper decrease of
the axial maximum when withdrawing from the focus, seen in the wave
optical simulation, is surprising. It might be related to higher order expan-
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sion coefticients, or to the fact that Fresnel propagation after the principal
plane of a lens implicitly assumes a refractive index of 1 (vacuum) whereas
the present approach works also for thick lenses, which is a condition delib-
erately defined for the chosen microprobe mode in a condensor-objective.
Higher order approximations may shed light on this interesting finding.

It might be argued that an experiment to find the focus can clearly tell
which of the two approaches is correct. Curiously, such an experiment is
not as evident as it seems, for the simple reason that real lenses do not have
the idealized bell-shaped magnetic field. In addition, the post-specimen
optic shifts the real focal point to a virtual one. Finally, lens aberrations
and the difficulty to measure the absolute position of the focal plane to an
accuracy of 50 pm create prohibitive experimental conditions.

The calculations were carried out on a standard PC; diagonalization
and propagation of the wave takes less than a second. However, numerical
problems are encountered with Landau basis functions of order higher than
about 30-40 due to the large magnitude of the competing r*" and exp(—r?)
terms, limiting the present implementation to simple cases for didactic pre-
sentations of the principle.

The salient feature of the present approach is the simple form of the
Hamiltonian (Eq. (16)) and the propagator phase (Eq. (18)) in a Landau ba-
sis. It 1s at once evident that the varying magnetic field induces transitions
between the basis states. This is of interest for some recent suggestions,
e.g. when the electron is to interact with microwave radiation (Poppe &
Dunin-Borkowski, 2020), or the question whether or not cyclotron elec-
trons can decay by spontaneous or induced emission of photons (Gabrielse
& Dehmelt, 1985; Kaminer et al., 2016). An extension to realistic fields
including lens aberrations, and to electrons with topological charge will be

treated in a follow-up paper.

Acknowledgments

We thank G. Pozzi, P. Hawkes, and H. Kohl for most valuable discussions. Financial
support by the Austrian Science Fund under projects P29687-N36 and 14309-N36
is gratefully acknowledged.

References

Bliokh, K., Ivanov, I., Guzzinati, G., Clark, L., Van Boxem, R., Béché, A., ... Verbeeck,
J. (2017). Theory and applications of free-electron vortex states. Physics Reports, 690,
1-70. https://doi.org/10.1016/j.physrep.2017.05.006.



Die approbierte gedruckte Originalversion dieser Habilitationsschrift ist an der TU Wien Bibliothek verflgbar

The approved original version of this habilitation thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

104 Stefan Loffler et al.

Bliokh, K., Schattschneider, P, Verbeeck, J., & Nori, E (2012). Electron vortex beams in
a magnetic field: A new twist on Landau levels and Aharonov-Bohm states. Physical
Review X, 2(4). https://doi.org/10.1103/PhysRevX.2.041011.

Born, M., & Wolf, E. (1999). Principles of optics. Cambridge University Press.

Dattoli, G., Di Lazzaro, P, & Torre, A. (1990). A spinor approach to the propagation in
self-focusing fibers. Il Nuovo Cimento B, 105(2), 165-178. https://doi.org/10.1007/
BF02723075.

Ehrenfest, P. (1927). Bemerkung tiber die angeniherte giiltigkeit der klassischen mechanik
innerhalb der quantenmechanik. Zeitschrift fiir Physik, 45(7-8), 455—457. https://doi.
org/10.1007/BF01329203.

Gabrielse, G., & Dehmelt, H. (1985). Observation of inhibited spontaneous emission. Phys-
ical Review Letters, 55(1), 67—70. https://doi.org/10.1103/PhysRevLett.55.67.

Glaser, W. (1952). Grundlagen der Elektronenoptik. Berlin, Gottingen, Heidelberg: Springer.

Glaser, W., & Schiske, P. (1953). Elektronenoptische Abbildung aufgrund der
Wellenmechanik 1. Annalen der Physik, 12(3), 240. https://doi.org/10.1002/andp.
19534470408.

Grillo, V., Gazzadi, G. C., Karimi, E., Mafakheri, E., Boyd, R. W., & Frabboni, S. (2014).
Highly efficient electron vortex beams generated by nanofabricated phase holograms.
Applied Physics Letters, 104(4), 043109. https://doi.org/10.1063/1.4863564.

Guzzinati, G., Schattschneider, P, Bliokh, K., Nori, E, & Verbeeck, J. (2013). Observation
of the Larmor and Gouy rotations with electron vortex beams. Physical Review Letters,
110(9). https://doi.org/10.1103/PhysRevLett.110.093601.

Hawkes, P. W., & Kasper, E. (2017). Principles of electron optics (second edition). Academic
Press.

Howie, A. (1983). Problems of interpretation in high resolution electron microscopy. Journal
of Microscopy, 129, 239-251. https://doi.org/10.1111/j.1365-2818.1983.tb04181 x.

Jagannathan, R., & Khan, S. A. (1996). Quantum theory of the optics of charged particles. Advances
in imaging and electron physics: Vol. 97 (pp. 257-358).

Kaminer, I., Mutzafi, M., Levy, A., Harari, G., Sheinfux, H. H., Skirlo, S., ... Soljacic,
M. (2016). Quantum Cerenkov radiation: Spectral cutoffs and the role of spin and or-
bital angular momentum. Physical Review X, 6(1). https://doi.org/10.1103/PhysRevX.
6.011006.

Khan, S. A., & Jagannathan, R. (1995). Quantum mechanics of charged-particle beam
transport through magnetic lenses. Physical Review E, 51(3), 2510-2515. https://doi.
org/10.1103/PhysRevE.51.2510.

Kramberger, C., Loffler, S., Schachinger, T., Hartel, P, Zach, J., & Schattschneider, P.
(2019). /2 mode converters and vortex generators for electrons. Ultramicroscopy, 204,
27-33. https://doi.org/10.1016/j.ultramic.2019.05.003.

Loffer, S. (2020). Unitary two-state quantum operators realized by quadrupole fields in the
electron microscope. Submitted for publication. Retrieved from arXiv:1907.06493.
McMorran, B., Agrawal, A., Anderson, 1., Herzing, A., Lezec, H., McClelland, J., & Un-
guris, J. (2011). Electron vortex beams with high quanta of orbital angular momentum.

Science, 331, 192—195. https://doi.org/10.1126/science.1198804.

Poppe, U., & Dunin-Borkowski, R. (2020). Private communication.

Pozzi, G. (1995). Multislice approach to lens analysis. Advances in imaging and electron physics:
Tol. 93 (pp. 173-218).

Pozzi, G. (2016). Particles and waves in electron optics and microscopy. Advances in imaging and
electron physics: Tol. 194. Academic Press.



Die approbierte gedruckte Originalversion dieser Habilitationsschrift ist an der TU Wien Bibliothek verflgbar

The approved original version of this habilitation thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

A quantum propagator for electrons in a round magnetic lens 105

Reimer, L. (2008). Transmission electron microscopy. Springer.

Rose, H. (2009). Geometrical charged-particle optics. Springer.

Schachinger, T., Loffler, S., Stoger-Pollach, M., & Schattschneider, P. (2015). Peculiar rota-
tion of electron vortex beams. Ultramicroscopy, 158, 17-25. https://doi.org/10.1016/j.
ultramic.2015.06.004.

Schattschneider, P., Schachinger, T., Stoger-Pollach, M., Loffler, S., Steiger-Thirsfeld, A.,
Bliokh, K., & Nori, E (2014). Imaging the dynamics of free-electron Landau states.
Nature Communications, 5. https://doi.org/10.1038/ncomms5586.

Schattschneider, P, Stoger-Pollach, M., & Verbeeck, J. (2012). Novel vortex generator and
mode converter for electron beams. Physical Review Letters, 109(8). https://doi.org/10.
1103/PhysRevLett.109.084801.

Schift, L. (1999). Quantum mechanics. McGraw-Hill.

Uchida, M., & Tonomura, A. (2010). Generation of electron beams carrying orbital angular
momentum. Nature, 464(7289), 737=739. https://doi.org/10.1038/nature08904.

Verbeeck, J., Tian, H., & Schattschneider, P. (2010). Production and application of electron
vortex beams. Nature, 467(7313), 301-304. https://doi.org/10.1038/nature09366.

Wikipedia contributors (2020). Wave packet — Wikipedia, the free encyclopedia.
Online. Retrieved from https://en.wikipedia.org/w/index.php?title=Wave_packet&
0ldid=943842438. (Accessed 11 March 2020).



Die approbierte gedruckte Originalversion dieser Habilitationsschrift ist an der TU Wien Bibliothek verflgbar

The approved original version of this habilitation thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

=== Chapter 12 ==

Unitary Two-State Quantum
Operators Realized By Quadrupole
Fields in the Electron Microscope
S. LofHer

Ultramicroscopy 234 (2022) 113456

10.1016/j.ultramic.2021.113456
This work is used under the CC-BY license

139



Die approbierte gedruckte Originalversion dieser Habilitationsschrift ist an der TU Wien Bibliothek verflgbar

The approved original version of this habilitation thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

Ultramicroscopy 234 (2022) 113456

journal homepage: www.elsevier.com/locate/ultramic

Contents lists available at ScienceDirect

Ultramicroscopy

=

Ultramicroscopy
P

Unitary two-state quantum operators realized by quadrupole fields in the

electron microscope
Stefan Loffler

University Service Centre for Transmission Electron Microscopy, TU Wien, Wiedner Hauptstrafse 8-10/E057-02, 1040, Wien, Austria

ARTICLE INFO ABSTRACT

Keywords: In this work, a novel method for using a set of electromagnetic quadrupole fields is presented to implement

Electron microscopy
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arbitrary unitary operators on a two-state quantum system of electrons. In addition to analytical derivations of
the required quadrupole and beam settings which allow an easy direct implementation, numerical simulations
of realistic scenarios show the feasibility of the proposed setup. This is expected to pave the way not only for
new measurement schemes in electron microscopy and related fields but even one day for the implementation

of quantum computing in the electron microscope.

1. Introduction

Unitary operators play a vital role across quantum mechanics and
related fields as they model transformations between orthonormal
bases. In transmission electron microscopy (TEM), the best-known such
transformation is the Fourier transform which relates position space
and reciprocal space and can be realized easily using a standard, round
lens [1]. Going from position space representation into reciprocal space
representation allows the efficient determination of crystal structures
and orientations with better accuracy and signal-to-noise ratio (SNR)
than, e.g., when using high-resolution TEM images acquired in imaging
mode. One primary reason for this is the fact that all electrons carrying
a certain information — e.g., about the lattice plane distance — are
focused in one spot in reciprocal space, while being distributed over the
whole micrograph in position space. Thus, measuring a few electrons in
a specific reciprocal space point already gives quantifiable information
about the lattice plane spacing, whereas measuring the same (low)
number of electrons in a position space image will just give a few counts
scattered over the entire field of view.

Another example of a unitary transformation is the use of a quadratic
phase plate for measuring the orbital angular momentum (OAM) of a
pure electron vortex beam [2]. Recently, an effective basis transforma-
tion was also employed to measure the OAM spectrum of an electron
beam by means of a log-polar transformation [3]. In that instance, too,
a setup was found that transformed different OAM components in such
a way that they showed up in unique measurement channels — similar
to diffraction spots —, rather than producing small variations on an
otherwise fairly large signal.

E-mail address: stefan.loeffler@tuwien.ac.at.
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The idea of having a direct one-to-one correspondence between
the intensity in a channel and the sought information is closely re-
lated to the concept of sparsity commonly found in compressed sens-
ing applications (see, e.g., [4-6] and references therein) and blind
source separation (see, e.g., [7]). These methods, however, are post-
processing techniques that in many cases require prior knowledge
about the measured quantity. Above all else, however, their outcome
strongly depends on the quality of the measured data, which in turn is
heavily influenced by various noise sources, including shot noise and
different electronic noise contributions in the read-out and process-
ing components. However, unitary operators do not suffer from this
problem.

Unitary operators can be applied directly to a (quantum) system
before a measurement, thus allowing the measurement to be performed
in a basis with optimal signal sparsity and SNR. The key requirement
for this, however, is to find a way to perform the necessary unitary
transformations directly in the instrument.

It must be emphasized that the use of unitary operators is not
limited to the measurement process. It can also be used for shaping
the beam. For example, a specific transformation has been used for
producing electron vortex beams [8-10].

In this work, a setup is described that allows to realize arbitrary
unitary operators on a two-state quantum system in a TEM. Two-state
quantum systems are of particular importance as they model qubits, the
building blocks of quantum computers. Such free electron qubits [11]
would have many beneficial properties, from easy manipulation down
to the sub-Angstrom regime in a TEM to well-established measurement
devices to very weak interaction with the environment to (in principle)
easy storage, e.g. in a magnetic storage ring. Additionally, interactions
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with photons or quantum dots or other physical qubit implementations
can be triggered easily [12]. Moreover, recent advances also outline
potential roads towards scaling this from one to several qubits [13-16].

Apart from the fundamental research aspects, the two-state system
acts as an important model for the future development of setups for
unitary operators on higher-dimensional systems. Such developments
could give rise to new optimized measuring schemes with improved
SNR as outlined above which would be of great practical importance
in electron microscopy.

2. Theory

Here, we use the vector space V spanned by the two orthonormal
states |0), |1) given in position representation as
2w
(FI0) = HG y(F) x x - & w@? . e 2R@ .elr(2)

2 @

ik .
(FIly=HGy;(PH < y-e w@? . e 2RG . 7@

where HG, ,, denotes the Hermite-Gaussian mode of order (n,m) [9,17,
181, w(z) = wyy/1+(z/zg)? is the propagation-dependent beam size
with the minimal beam waist w, = 1/2z/k and the Rayleigh range z,
k is the wave number, R(z) = z(1+(zg/z)?) is the curvature radius, and
7(z) = arctan(z/zp) is the Gouy phase. Due to their primary orientation,
|0) will be referred to as “horizontal” and |1) will be referred to as
“vertical” in the following.

Apart from a global phase factor, all normalized states |y) € ¥ can
be written as

ly) = cos(6/2)[0) +sin(8/2)e|1) @

with 6 € [0, z], ¢ € [0,27). Thus, all such states lie on the Bloch sphere
(with the polar angle ¢ and the azimuthal angle ¢) as depicted in Fig. 1.
Unitary operators are simply those changing 6 and ¢, i.e. rotations
on the sphere. Following the scheme of (extrinsic) Euler angles, it is
well-known that any arbitrary rotation can be decomposed into three
successive rotations around cardinal axes, e.g. in the order x—z-x.

From Fig. 1 it can be seen that rotations around x correspond to
changing 6. As is evident from Egs. (1) and (2), such an operation in
the chosen basis corresponds to a rotation of the coordinate system
in the plane perpendicular to the optical axis by an angle of 56/2,
i.e. 7 = R7F, which can be realized in two ways: either one rotates
the experimental setup (electro-magnetic fields, image, sample, etc.),
which may even be achievable in post-processing in some cases, or
one uses the well-known Larmor rotation [19-23] in the magnetic field
of round lenses ubiquitous in electron microscopy. Note that the first
approach, i.e., rotating the electro-magnetic fields, is easy in the case
of quadrupole fields as those can be rotated simply by changing the
excitation of the four poles.

The second ingredient to realizing arbitrary unitary operators on V
is the ability to change ¢, i.e., rotations around z in Fig. 1. From Eq. (2),
it is evident that this corresponds to a relative phase shift between the
two basis states. Here, a scheme for creating electron vortex beams
(EVB) can be extended upon: the so-called “mode conversion” [8-10],
which is based on the idea of the optical mode converter [17] and uses
a set of two quadrupole lenses to convert a HG,; beam into a LG .,
beam by means of the specific phase shift of 6o = +x/2. Here, this
approach will be generalized to arbitrary phase shifts.

Fig. 2 shows the principle setup of a relative phase shifter, consisting
of two quadrupole lenses. The first quadrupole (QP1) produces an
astigmatic beam from an incident round beam. The beam is focused in
one direction (say, horizontally) before the second quadrupole (QP2),
while it is defocused in the orthogonal direction. Due to this difference,
the horizontal and vertical components (corresponding to the basis
states |0) and |1), respectively) acquire different Gouy phase shifts, thus
resulting in a relative phase shift by the time they reach QP2. QP2
then has to be set up to compensate the action of QP1 and produce
a non-astigmatic beam again.
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Fig. 1. (a) Schematic of the Bloch sphere for the vector space described in the text.
(b) Selected states for various values of 6,¢ according to Eq. (2). For all depicted
states, intensity represents amplitude and color represents phase as indicated in the
color wheel inset.

To model the propagation of the beam through the QP lens setup, it
is beneficial to introduce the complex beam parameter ¢(z) = z—zy+izg
for the two components, where z, is the position of the component’s
focus [18]. Without loss of generality, z, = 0 will be assumed in the
following. The complex beam parameter completely defines a Gaussian
beam and allows to calculate all its properties such as

2 2
2|q| R(z) = lql

*Sla] = Riql y(z) = —argliq]. 3)

w(z) =

Additionally, both the propagation and the action of a lens can be
modeled easily. Propagation over a distance 6z transforms g — g + 6z,
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Fig. 2. Sketch of a relative phase shifter consisting of two quadrupoles (QP1, QP2).
Two different settings leading to different phase shifts are shown (blue and orange). The
top panel shows the horizontal (full lines) and vertical (dashed lines) beam diameters.
The bottom panel shows the relative phase shift. In the shown scenario, the incident
beam size was fixed.

while a lens with focal length f transforms g — 1/(1/q—1/f). A QP
can then be modeled as a lens with focal length f for one component
(e.g., the horizontal one) and —f for the other component (e.g., the
vertical one) [24].

The mode matching condition, i.e., the condition that the beam
is round and non-astigmatic after QP2, results in the two conditions
wy(zy) = w,(z,) and R,(z,) = R,(z,), where the subscripts h, v denote
the horizontal and vertical components, respectively, and z, is the
position of QP2. The first of the two conditions ensures that the beam
is round at QP2, while the second condition ensures that it stays round
even when propagating further after QP2 (i.e, it is non-astigmatic). It
is easily seen that mode matching is achieved if g,(z,) = ¢,(z,) [9]. A
lengthy but straight-forward calculation (see Appendix) shows that for
two quadrupoles with focal lengths f/, f, at a distance d, this can be
achieved for an incident beam with

fi+idu N

‘Iin=_dflf12+d2u2 with u=—sgn[f|]{/ =5~ -1, ()]

d2

with a relative phase shift of

5 = arctan [ 2u ] . (©)]
u? -1

Solving for u gives

_1x V1 +tan’se 6
“= tan ¢ ’ ®
This allows to calculate u for any given relative phase shift 5¢, where
the sign has to be chosen appropriately for the quadrant in the x-y-plane
in which points with polar angle ¢ lie (corresponding to the normal-
ized point u21+l (u? - 1,2u) according to Eq. (5); see also Appendix). As
shown in Fig. 3, for 6¢ € [0,7/2] U [3x/2,2x] the + branch of Eq. (6)
has to be taken whereas for ¢ € (r/2,37/2) the — branch has to be

taken. Knowing u in turn fixes the relation between f, and f, according

to Eq. (4).
As a first example, consider 6¢p = 7z/6. tandp = 1/\/5 ~ 0.577,
resulting in the two solutions u = \/3 +2~3732andu=1V3-2=x»

—0.268. The first solution corresponds to the (correct) point (0.866,0.5)
in the first quadrant, while the second solution corresponds to the
(incorrect) point (—0.866, —0.5) in the third quadrant. Therefore, in this
case, u = /3 + 2 is the correct solution. Since u is positive, f; must
be negative (diverging the horizontal component). This is also seen in
Fig. 2.

As a second example, consider the phase shift ¢ = —2x/3. tan¢p =
\/3 ~ 1.732, resulting in the two solutions u = \/5 ~ 1.732 and u =
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Fig. 3. Plot of u over 6¢. The color represents the branch (the + or — variant of
Eq. (6)) that produces the correct result.

-1/ \/_ ~ —0.577. The first solution corresponds to the (incorrect) point
(0.5,0.866) in the first quadrant, while the second solution corresponds
to the (correct) point (—0.5, —0.866) in the third quadrant. Therefore, in
this case, u = -1/ \/5 is the correct solution. Since u is negative, f| must
be positive (converging the horizontal component).

Several distinct values require special attention. These are 6¢ €
{0,+x/2,x}. For 0 and =, Eq. (6) is indeterminate. Taking the limits
of 69 — 0 and 6¢ — =, gives the values 0 and +0. For u = 0, Eq. (4)
gives f,f, = d* and ¢q;, = —d, meaning a negligible small Rayleigh
range and diverging beam size. This corresponds to the geometrical
limit, i.e. a very large beam (compared to its waist size) far from its
focus (compared to the Rayleigh range). One component goes through
focus while the other one does not, resulting in a relative phase shift
of r in the far field. u = +o0, on the other hand, corresponds to infinite
focal lengths, i.e., switched off quadrupoles and no relative phase shift.

8¢ = +x/2 is the special case used for vortex creation. For these
values, Eq. (6) is also indeterminate. Taking the limits results in the
values u = +1. Taking the corresponding limits in Eq. (5) shows that
u =1 corresponds to ¢ = 7/2 and u = —1 corresponds to §¢ = —x /2.
In both cases, Eq. (4) gives the well-known condition f, f, = 24> for
vortex creation [9].

Another lengthy but straight-forward calculations shows that the
beam parameter of the outgoing beam (directly after QP2) reads

—fo +idu
Gout = —d fr—="—r. Q)
out 2 fzz +d22
Noteworthy properties of the incident and the outgoing beam are
2k N
2 1 1
- = =)=t R, =—d
[qin flz T Win ku in
(€))

. 2/
[Gouel” = m Wout = " hu Roye = d.

With these values, it is possible to express f| as a function of w;, and

u, thus yielding the following alternative form of the incident beam

parameter

—dKk>w? + 2id%kw?
in n

9

G =
" KRw? +4d?
mn
with
kuw?, a2,
fi=- 3 and f2=f—(u +1) (10)
1

To sum up, for given ¢, the dimensionless parameter u is uniquely
determined and Eq. (10) gives the QP settings required to obtain 6¢ for
a given incident beam (with size wy, and curvature —d).
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Fig. 4. Simulations of the phase shifter setup for the same values of 6, ¢ as in Fig. 1.
In all cases, the incident beam was a HG,, beam rotated by 6/2. For each ¢, the
incident beam size w, the QP1 focal length f,, and the global phase compensation y
are indicated. For illustration purposes, a symmetric setup with wy, = w,, and f, = f,
was used. For f, = oo, a numerical value of 1km was used. Amplitude and phase are
shown as in Fig. 1.

3. Simulations

To corroborate the theoretical results, numerical simulations were
performed using the virTUal TEM software package [9]. All optical
elements were modeled as effective phase plates (i.e., thin elements)
and the propagation was performed in paraxial approximation using
a Fourier-space Fresnel propagator (owing to the small beam diame-
ters and convergence angles). All simulations were performed for an
incident HG | beam rotated by #/2 with an energy of 200keV using
a setup as shown in Fig. 2. For simulation simplicity, a symmetric
setup (i.e., f; = f,) was chosen in all cases. To achieve the required
curvature radius of the incident beam, an initially non-diffracting beam
was transformed into a convergent beam using a round transfer lens
before QP1. For clarity, a matching round lens after QP2 was included
to flatten the phase front to ease comparability. The two QPs had a
spacing of d = 120 mm.

For numerical reasons, both the focal lengths and the beam sizes
were bounded. The focal length was limited to |f,| < 1km, resulting
in a minimal achievable phase shift of §¢ ~ 0.24 mrad, while the beam
size was limited to wj, <2 pum resulting in phase shifts between 3.09 rad
and 3.19rad being unachievable with a single phase shifter setup.

The results are summarized in Fig. 4. A comparison to Fig. 1 shows
perfect agreement. It should be noted that in all cases except ¢ = 0, the
beam acquired a global phase y as indicated in the figure. This stems
from the propagation distance between the QPs, similar to the optical
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path length in light optics. As the global phase is inconsequential in
this work (and can be compensated for by physical flight paths, lens
systems, or temporarily changing the speed of the electrons), it is
removed from the images in Fig. 4 for better comparability.

In terms of practical applicability, the chosen parameters, while
not specific to any particular instrument, are in a realistic order of
magnitude range. Also the beam sizes of a few hundred nanometers are
readily achievable in a TEM. As far as the incident beam is concerned,
no perfect Gaussian beams have been produced to date, but sufficiently
close approximations are possible [2,8,9,21].

4. Discussion & outlook

Some properties of this setup are worth emphasizing. First, in order
to achieve mode matching, the incident beam must have a curvature
at QP1 of —d, meaning that in the geometric limit (for large beams),
it is focused at QP2 (although for small beams, the focus will be in
front of QP2). This can easily be achieved by a transfer lens before the
quadrupoles.

Second, focal lengths f}, f, (and therefore the beam sizes wj,, W)
are coupled by the phase shift. Thus, while it is possible for a given
phase shift to choose either the incident or the outgoing beam size,
it is not possible to choose both at the same time. Again, this can be
compensated if needed by a transfer lens system.

Third, phase shifts close to 0 lead to a very large magnitude of u and,
hence, of the focal lengths. Such long focal lengths typically require
very small excitations of the QPs which may not be controllable with
suitable accuracy. This can be worked around by a two-step process: to
achieve a small relative phase shift ¢, first shift by a large « and then
by —a + €. Similarly, phase shifts around = lead to very small u and
therefore require very short focal lengths (or very large beam sizes).
This, too, can be worked around by a two-step process: to achieve a
phase shift of @ ~ 7, one can instead perform two shifts by a/2.

The setup in this work, i.e. two quadrupoles acting on a specific
two-state quantum system, is, of course, a simple model system for
studying unitary transformations. One big advantage of this system is
that it can readily be investigated in existing TEMs [10] without the
need for any changes to the instrument or the development of custom
electron-optical elements. In the future, however, it will certainly be
beneficial to expand this concept to other systems, in particular higher-
dimensional quantum systems. On the one hand, this will facilitate
enhanced measurement schemes with improved SNR for common mi-
croscopy tasks (which are usually not confined to a two-state quantum
system). On the other hand, this will allow for the handling of n-state
qudits (as opposed to 2-state qubits). Such a system will likely have
to rely on advanced — and probably adaptive — methods for phase
manipulation, such as programmable phase manipulators [13,25,26]
akin to spatial light modulators (SLMs) in optics.

Performing quantum computations in an electron microscope in
the future will require the realization of so-called universal quantum
gates [27] — similar to universal logic gates such as NAND in conven-
tional computing. One key ingredient to this is unitary transformations
(or so-called one-qubit gates) which can arbitrarily change the state
of a single qubit as presented in this paper. The other ingredient is at
least one two-qubit gate such as CNOT. It can be shown that such a
gate is entangling [27], i.e. it creates entanglement between previously
unentangled systems. One common way this is achieved in electron
microscopy is scattering [28,29]. However, it is still an open question
how scattering experiments could be designed — e.g. using wave front
shaping of the electron beams before and after scattering — such that
most electrons scatter into an (entangled) state inside the vector space
spanned by the chosen basis vectors (HG,, and HG,; in the case
discussed in this work).

Additionally, in a quantum computing scheme, one will eventually
want to increase the number of quantum gates. As far as pairs of
quadrupoles (and higher-order multipoles that can be driven to act
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as quadrupoles) are concerned, current TEMs are limited to at most
a handful, spread between the condensor/probe corrector system, the
imaging lenses/image corrector system, and potentially an imaging
filter. Similarly, there is a very limited number of (aperture) planes
in which programmable phase manipulators could be inserted by de-
fault. Thus, large-scale quantum computation applications will require
additional custom elements added to a TEM or even a complete cus-
tom instrument. However, for the time being, many open questions
and tasks remain that can easily be investigated with the handful of
elements at our disposal in a general-purpose TEM.

5. Conclusions

In this work, a novel concept for using mode converters in the
TEM was presented that allows the realization of arbitrary unitary
operators on a two-state quantum system. This paves the way for
the realization of higher-dimensional unitary operators, which in turn
will open entirely new possibilities for electron microscopy and all
fields it is applied in, from physics to material science and chemistry
to biology. Instead of post-processing data and looking for tiny sig-
nals in a huge, noisy background, the realization of unitary operators
will allow much more efficient experiments by enabling scientists to
devise measurement schemes where the electron beam is quantum-
mechanically transformed into a basis in which the sought information
can be read out directly. Moreover, together with the recent progress
in understanding entanglement of free electrons, this work may well
contribute one day to performing quantum computations in the electron
microscope.
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Appendix. Derivation of the mode matching condition and the
phase shift

In this section, the matrix transfer method [18,24] is heavily used
to derive the general mode-matching criteria for Hermite-Gaussian
waves in a two-quadrupole setup. For a closely related treatment in
a charged-particle formalism, see e.g. [24].

The effect of lenses (L) and free space (T) is modeled by matrices

L(f)=<ll ?) 10=(y 1) a1

where f is the lens’ focal length and d is the distance the beam
propagates through free space. An optical system of several components
can be described by the product of the individual component matrices.
Assuming a system described by

A B
M:(C D), A2)

a complex beam parameter g, is transformed according to

Agy, + B

= —. A.3
dout Cain + D (A.3)
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Mathematically, this corresponds to a projective transform which can
be modeled in matrix notation by

Gou = M - <q§“> =M -Gy, a4

if all vectors that only differ by a non-zero scalar factor are treated as
equivalent.

The two quadrupole setup discussed in this work can therefore be
modeled by two matrices

M), = L(fy) - T(d)- L(f1)
M, = L(-f,)-T()  L(-f))

(A.5)
owing to the fact that quadrupoles act differently on horizontal and
vertical components. The mode matching condition thus becomes
Mh’?in x Mu‘_iin (A.6)
or, equivalently,

M;'M G, = Ay (A7)
where the proportionality comes from the equivalence of vectors that
are scalar multiples of one another. Thus, finding an incident beam that
is mode matched at the output is equivalent to finding an eigenvector

of Eq. (A.7). Note that the eigenvectors of a matrix of the form given
in Eq. (A.2) — given C # 0 — can be directly derived as

q\ _ (Aq+B\ _(4q\ _, (4
()= (578)-()-+()
Ci+(D—-Agq-B=0 (A.9)
A-D++\/(A- D2 +4BC
q= .

2C
In the present case, the relevant matrix reads

My, = L ([ 420 1A =) 211 fd? (A1)
PN 22 20 2 o+ ) SHE 20140+ d)

(A.10)

and thus
B ffd + | filsgnlfrldVd? - f1f,
2= 12— 111, '

Note that only one of the two solutions results in a sensible Rayleigh
range (i.e. strictly positive imaginary part) and only if f, f, > d>. Thus,
it makes sense to rewrite the expression as

e

(A.12)

in

@ (A.13)
" P+ -
This is identical to Eq. (4). For future reference, note that
d2f2
lainl? = ————. A14)
fi+hif-d

To calculate the relative phase shift, one needs to calculate the beam
parameters directly after QP1 (q; 4,¢;,) at z; and directly before QP2
(92.-92,,) at z,. Direct calculation yields the expressions

0= 4in /1 _dfi+ (1 - D
Y = G " S1 = 4in (A.15)
_ g _dfi+ (1 +Din
ql,U = 7 L. Z.U - 7z .. -
1+ Gin 1+ ain

The relative phase shift is thus
o = —argliqy ] + argliq .| + arg[iqy ] — argliq, ;]

=arg [—q]’"qz'h] =arg [q* 91,9219 ]
109, Ladlwt2a%
=arg [(df; + (f1 = Dai)d f1 + (1 + Dgin)*]|

=arg [d2f] + (f} = dP)ain|* + 2d f 3R 3] — 2id” £, Slgin ]|
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= arctan 242 /1Sl4in] (A.16)
A2 2+ (fF = dD)lgin|” + 2d [ R [g1]

where the fact that a positive (real) factor does not change the ar-
gument of a complex number was used. Note that it is important to
keep the minus sign in the numerator (rather than moving it to the
denominator or in front of the fraction) to ensure the correct quadrant
can be determined (as arctan is unique only up to an integer multiple
of 7). Applied to the specific case of Eq. (A.13) gives

_ 2dsenlfilVHh—d?

tan 8¢ (A.17)
fify—2d?
By the introduction of the dimensionless parameter
u=—sgn[f] M—ly (A.18)
d2
the phase shift can be rewritten as
tansg = 24, (A.19)
ur -1

which corresponds to Eq. (5).
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Conclusion

TEM, together with analytical tools such as EELS, is a vital instrument for sample
characterization on the nanometer and the atomic scale. Therefore, it is a crucial tool
for the design of novel and improved materials such as stronger and more durable
steel, more efficient catalysts, and powerful energy storage approaches. In addition to
its use in material science, TEM is also widely used in electrical engineering as well as
in biology, to name just a few areas of application.

Apart from ever improving hardware, improvements to the existing methods as well
as the development of novel characterization techniques are essential to cater for the
ever-expanding applications and needs. In this thesis, several such improvements and
developments are presented. These range from the first ever mapping of individual
electronic states inside the sample with TEM-EELS (part I) to improvements in the
understanding and the prediction of EMCD (part II) to contributions to the emerging
field of EVBs and beam shaping (part I1I) to the exciting new possibilities of using the
TEM as a toolkit for quantum-mechanical experiments, rather than a “mere sample
analyzer” (part IV).

Each work presented here advances the fields of TEM and EELS and pushes the
limits of what is currently possible. One noteworthy challenge throughout this thesis
— and cutting-edge TEM in general — is the low SNR, particularly when employing
advanced measurement schemes. Quantum microscopy, while far from commercial
applicability at the moment, may pave the way to overcome or at least greatly reduce
this challenge.
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Acronyms

CL cathodo-luminescence

EDX energy-dispersive X-ray spectroscopy
EELS clectron energy-loss spectrometry
EFTEM energy-filtered TEM

EMCD energy-loss magnetic chiral dichroism
EVB electron vortex beam

HG Hermite-Gauss

HRTEM high-resolution TEM

LG Laguerre-Gauss

MDFF mixed dynamic form factor

OAM orbital angular momentum

PCA principle component analysis

SCCO Sry4,Ca,CuspyOp

SNR signal-to-noise ratio

STEM scanning transmission electron microscopy
STM scanning tunneling microscopy

TEM transmission electron microscope
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