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Prospects for out—of—plane magnetic field
measurements through interference of electron
vortex modes in the TEM

~
Giulio Guzzinati'lf, Armand Béché', Damien®McGrouther?, Jo
Verbeeck!

L EMAT, University of Antwerp, Groenenborgerlaan 171, 2020 "Antwerp, Belgium
2 SUPA School of Physics and Astronomy, University of. Glasgow, Glasgow G12 8QQ,
UK

Abstract. Magnetic field mapping in gransmission electron microscopy is common-
place, but all conventional methods provide onlysd¥projection of the components of
the magnetic induction perpendicular to the electron trajectory. Recent experimental
advances with electron vortices have shown that it is possible to map the out of plane
magnetic induction in a TEM setup via interferometry with a specifically prepared elec-
tron vortex state carrying high orbital angular momentum (OAM). The method relies
on the Aharonov-Bohm phasesshift that the electron undergoes when going through a
longitudinal field. Here we show how the same effect naturally occurs for any electron
wave function, which can always be described as a superposition of OAM modes. This
leads to a clear conneetion between the occurrence of high-OAM partial waves and the
amount of azimuthal*rotation in the far field angular distribution of the beam. We
show that out of plane magnetic field measurement can thus be obtained with a much
simpler setup consiqing of /a ring-like aperture with azimuthal spokes. We demon-
strate the experimental setup and explore the achievable sensitivity of the magnetic
field measurement.

Keywords: rotational DPC, magnetometry, 4DSTEM, TEM, electron vortex beams,
Aharanov-Bohmy Zeeman shift
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1. Introduction

Electron beams are used in many characterisation techniques to exploréthe properties
of materials, ranging from spectroscopies (e.g. Auger, energy loss spectroseopy, energy
dispersive X-ray spectroscopy, ...) to diffractive methods (e.g. low.energy electron
diffraction, reflection high energy electron diffraction, ...). Electron_ eptiesistudies the
control, focusing and manipulation of electron beams and has seen tremendeus progress
since transmission and scanning electron microscopes were invemtedy with continuous
improvements to the lenses and the sources, the development/of new methods such as
holography and new components such as aberration correctozs 1.

Despite the many parallels with light optics, the differentproperties of electron
beams mean they exhibit unique physics, yielding many interesting applications
[2, 13, 4, [5, 6]. The charge makes them interact with stafieelectromagnetic fields, and the
short wavelength of fast electrons makes it possible to focus them down to sub-Angstrom
resolution [2, [7]. Thanks to this, electron beamsqin, transmission electron microscopes
have been used to quantitatively measure microscopic fields inside materials, i.e. the in-
plane components of electrical and magnetic fields, through different techniques (electron
holography, Lorentz microscopy differential phase contrast, and, more recently, center-
of-mass shift detection). All these methods,regardless of the technical details, rely on
the lateral forces that in-plane fieldstexert on\the electrons inducing a deflection that
can be measured either directly, or asha phase gradient. Measuring the out-of-plane
component of the magnetic field, however, was elusive so far.

In the past we have studied how electron vortex beams, carrying orbital angular
momentum (OAM), do interact withna magnetic field parallel to the propagation
direction, resulting, depending\on the exact configuration, in a variation of the kinetic
OAM, or in an energy shift [8 O] Both effects however vanish as the electron beam
leaves the magnetic field, resullting only in a remaining phase shift. More recently, Grillo
et al. have demonstrated a holegraphic scheme to measure this phase shift, allowing to
access the out of plane.magnétic field component [10].

Here we present an alternative and simplified method based on a superposition of
electron vortexgsbeams (EVB) to bring out these phase shifts allowing to measure the
out of plane magnetic field. The proposed methodology is first exposed, then tested
experimentally/both/in a uniform magnetic field, and on a magnetic sample. We then
discuss its applications, properties and perspectives.

2. /Theoretical description

2.1. Blectron Vortex Beams in a magnetic field

Before outlining our experimental setup, we will briefly recall a few relevant results on
the interaction of electron vortex beams with magnetic fields 8, 11, [10]. Two limiting
cases for an EVB interacting, in its propagation, with a longitudinal magnetic field have
been derived. The first considers a uniform magnetic field, the second a magnetic flux
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: concentrated in a single flux line passing through the center of the vortex. To study the
6 process for a general wave function it is convenient to use the (complete) basis set of
; Bessel functions. The basis consists of terms in the form:

% Ue(r, ¢, 2) = Jg(kor) expli(€p + k,2)] (1)
11 where r,¢, z are the cylindrical coordinates, k; is the transverse wave number. It is
:g well known that the individual terms are non-diffracting and are eigenstates of forward
14 momentum and orbital angular momentum operators with eigemvalue p,/ = hk, and
15 L, = ¢h [8 12, 13, [14]. As such, they also each carry an assogiated'magnetic moment
1? n = —fo;L = —lupz where e, m, and up are the elementary charge, the electron’s
18 mass and the Bohr magneton. In the presence of a uniform longitudinal magnetic field
19 B = Bz the Bessel terms each undergo an energy shift due to the Zeeman effect equal
;? to

;g AE;,=—-u-B = Blug. (2)
24 This energy shift is of the order of £ x 107* eV and is extremely small compared to
;2 the kinetic energy of the electrons which is, in'standard TEMs, of the order of 50 to
57 300 keV'. This energy shift therefore has nowsignificant impact on the trajectory of the
28 electron beam. Such a small energy shift 1s effectively undetectable not only due to its
29 magnitude but also because it disappears when the electron leaves the magnetic field,
30 . .

31 before it can actually be detected [§}The témporary change in energy does however
32 induce a phase shift in the electron wave which remains after leaving the field region. If
2431 the magnetic field has an extension d along the beam’s propagation direction, the total
35 phase shift accumulated can be expressed as

36

;73 070 = B%B% (3)
39 where ¢ is the speed of light{in vacuum and (¢ is the electron velocity.

40 The case of a single flux'line carrying a finite flux (an infinitely thin solenoid)
2; oriented along therbeam’s,propagation direction and containing the flux ¢, shows
43 significant differences. Supposing the flux line coincides with the central axis of the
44 Bessel beam temms)the gircular symmetry is maintained, and the (canonical) orbital
22 angular momentum is conserved. Nevertheless the flux line changes the kinetic OAM
47 L, by an amount equal to the magnetic flux parameter o = % i.e. the amount of flux
48 quanta gontained in the flux line, yielding (£.) = h({ — «), changing also the radial
:g amplitude distribution of the term [§]. If the magnetic flux is removed (e.g. if the
51 flux line is a'very thin and long solenoid where the current is then reduced to zero,
52 or‘a very elongated magnetic needle which can be schematised as a flux line with two
;31 monopoles at the ends), the original kinetic OAM is restored to the same value as the
55 canonical one, leaving us again with no directly measurable effect of the magnetic field’s
56 presence. Due to the change in kinetic OAM however, the beam will have again acquired
;73 a propagation dependent phase (this can be heuristically thought of as a difference in
59

§ Assuming the field is localised in the vicinity of the sample and does not include the detector.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JOPT-106501.R1

Page 4 of 12

Prospects for out—of-plane magnetic field measurements through interference of electron vortexr modes in the

optical path due to the OAM change) which depends on both the topological ¢hargey/
and the flux parameter a [10]:

m,w( a2 )(£+a)2. @)

Tp*m,

were A is the wavelength of the electron and p the radius of the ring,of maximum
intensity. In a superposition of two opposite OAM modes ¥ o gy + _; the phase
difference between the two components becomes

AHAB,E ~ ( A >4€a by (5)

TP*Me

which shows a phase difference which is linearly proportional ton.

2.2. Decomposition of wave functions

These results have a few implications for a more generic wave function. Let’s suppose
for simplicity that the wave function under study ean be written as the product of a
radial, an azimuthal and a longitudinal part ¢(r, @, z) =.A(r)f(<;5) exp (—ikz). While
this seems a strong hypothesis, it is sufficient to'describe the experiments presented
below. The electron wave can then easily be written as a sum of OAM components:

o0

¢l o)=Y cA@)e (6)

l=—00

where the coefficients ¢, are caleulated by integrating

o= [ 1AwE o) s do. )

As shown numerically in Figuk this allows to reconstruct waves with an arbitrary
azimuthal profile as a superposition of OAM eigenstates.

As we have shown abovepin' both field configurations considered, the accumulated
phase shift is proportional to,the value of /. When such phase shifts act on all the
components of a superposition of OAM modes, this causes a uniform rotation of the
whole wave func¢tion. In particular if all components are shifted by 6, the wave function
is rotated by/d = =0y (see Figure [lb ). This carries the important consequence that we
don’t need to create an electron vortex beam state with a definite ¢ in order to exploit
these phase shifts;@ simple measurement of a rotation in the far field pattern already
carries information on the magnetic fields experienced by the samples, and represents
an imtéresting alternative to the far more elaborate interferometric scheme presented by
Grillo et ol [10].

The higher sensitivity given by using high-¢ vortex beams is here guaranteed by
the presence of sharp edges in the aperture, which ensures that high-¢ modes will have
assignificant weight |c,|? in the superposition.

In the case of the uniform magnetic field, using Equation [3| we can write:

Bug d

07 = T% = wrt (8)
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43 Figure 1. Decomposition of wave functions into orbital angular momentum (OAM)

44 modesh A wave function A(r)®(¢) can be decomposed into OAM components in the
45 form A(r)exp (il¢), obtaining the coefficients ¢y. Panel (a) shows an example wave
function (left) together with the resulting OAM spectrum |¢;| and the reconstructed
wave function. The absolute values of the coeffiecients ¢, are displayed here for better
visibility, and not the real mode weights |c,|.? which are required to follow >~ , |c,|.2 = 1.
The bottom row shows the wave functions for the lowest order relevant modes (¢ = n-5
51 with —3 < n < 3), with the color intensity encoding the wave amplitude and the
52 colour encoding the phase. The successful reconstruction depends on both moduli and
53 phases of the ¢, coeflicients. In order to rotate the reconstructed wave by an angle
54 0o as in panel (b), each OAM component must be shifted by a different phase ¢6,.
55 As the example wave function chosen here has five-fold azimuthal symmetry, the only
56 coefficients ¢, different form zero will be the ones for £ = n -5 with n integer. In
57 both cases we have displayed the OAM spectrum for —20 < ¢ < 20, though we have
58 employed for the reconstruction components covering the range —150 < ¢ < 150.
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Aperture Rotation as a function of the field variation
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Figure 2. Rotation of an electron vortex beain superposition in a uniform magnetic
field. (a) A segmented annular aperturé, imaged hef® with an ion beam microscope, is
fabricated out of a platinum film with the ion beam of the microscope. The aperture is
then inserted in the illumination system of aftransmission electron microscope and
its image is projected on a CCD, camera, after passing through the lenses of the
microscope. The region within the objectivelens can be thought of as a large (compared
to the electron wavelength) region.of uniform magnetic field. (b) In a uniform magnetic
field, the different OAM compenents of the beam undergo an energy shift proportional
to the OAM, resulting in a rotation of the whole image. Variations in the current
flowing through the objective lens cause the rotation angle to vary, allowing us to
measure its dependency on,the field.

2?7166 is the well k}own Larmor frequency and ¢t = 5% is the time spent

in the field [15, 16]. Thatds to/say in a uniform magnetic field any electron wave

where w; =

rotates, upon propagation, atiexactly the Larmor precession frequency. This interesting
phenomenon is counterintuitive, as one might intuitively expect such rotation to have
cyclotron frequency w. =2wy. While this fact is well known in electron microscopy the
usual derivation is more cumbersome [2], while this approach offer a simpler alternative
point of view,

3. Experiments

3. 1. dest in. Vacuum

In‘order to test the proposed setup experimentally, we fabricated an annular aperture
with fivessupport bar, similar to that shown in Figure [Ib, by milling a 1 gum thick gold
film with the focused ion beam of a FEI Helios dual beam instrument (Figure [2n).
We then inserted the aperture in the illumination system of a FEI Titan® transmission
electron microscope operating at 300 kV'. Through the action of the illumination lenses
the Fourier transform of the aperture transmission function is projected onto the sample



Page 7 of 12 AUTHOR SUBMITTED MANUSCRIPT - JOPT-106501.R1

1
g Prospects for out—of-plane magnetic field measurements through interference of electron vortexr modes in the
: position. For a conventional round aperture, this wave function would take thefform of
6 an Airy disc, while for a very thin annulus, it would be an approximate electron Bessel
; beam [17, [I§]. Our current case is intermediate and can be modelled with a integral.of
9 Bessel modes beam depending on the width of the annulus. The probe shows significant
10 rippling compared to an Airy disc, owing to the presence of the largemon-transparent
:; central part of the aperture similar to a Bessel beam, but only modestextension of the
13 depth of focus.
14 Modern electron microscopes employ a twin-lens designg where the sample is
12 immersed in the magnetic field of the lens, similarly in concept to what happens in an
17 optical oil-immersion lens. This magnetic field has an extension of several millimeters,
18 a very long extension compared to both the wavelength (2 pm) and the Rayleigh range
;g of the beam. Thanks to this, we can use a simple Zeeman shift model to describe the
2 interaction between the magnetic field and the electron beam. " When the microscope is
22 operated in diffraction mode, the projection system$performs asecond Fourier transform
;i thus conjugating the detection stage of the microscope to the aperture plane, though
25 with a magnetic field dependent rotation. Small changes il the current flowing through
26 the lens, and thus in its magnetic field, cause this rotation to vary slightly. We therefore
;é record images of the aperture while varying slightly the current flowing through the
29 objective lens, then quantify this rotation through image registration methods. By
30 using a [-B (current-field) characteristiéseurve; obtained by introducing a Hall probe
31 in the sample plane, [19], we can assessithe image rotation as a function of the field
32 .. . . . .
33 variation as shown in Figuré . The rotation, though small (the average rotation
34 between two successive images is‘only 0.6 mrad), is retrieved reliably and with very low
35 noise. We can take two approaches in estimating the sensitivity of this technique. The
g? first one is by calculating the'preportionality factor between rotation, field and distance
38 travelled inside the magnetic fields

w e
;E b = BLC ~ S, ~ 878madT ! (9)
42 and appears very dow for mic¢roscopic scale measurement. This implies that a field of
43 1T, over the length of T um gives only a rotation of about 0.4 mrad. However, given
44 the quality of the data in Figure [2b this seems to be well within the present detection
o limits.
47
22 3.2. Test on magnetised nanopillars
50 A segond and more realistic test of this approach can be done by attempting to measure
g; the rotation induced by a magnetic sample, which we fabricated for this purpose using
53 focused electron beam induced deposition, such as in Franken et al[20]. We fabricated
>4 three nanopillars with an approximate diameter of 100nm and lengths of 0.3, 0.7
gg and 1.5 microns respectively, and with a separation of 3 ym, as shown in Figure
57 (further images in the Supplementary Material). Special precautions must be taken
gg when observing this type of sample in a TEM since the high magnetic fields in the

sample plane is likely to severely disrupt magnetic materials. To this end, we switched
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Figure 3. Rotation induced by a localised, out-of-plane, magnetic field. (a) By using
electron beam induced depositiomywe fabricated iron nanopillars of different height.
(b) We then projectediover the sample the beam generated by the aperture in Figure
[2h, slightly unfocused so that the intensity has a ring-like envelope and is wider than
the nanopillars. (¢) In this configuration, the beam is wider than the pillar and can
‘encircle’ it. Westhennscanned the beam collecting an image of the far field intensity
(i.e. an imagg of the aperture) per each position. (d) The total transmitted intensity
(in blue) allows t6 identify the pillars’ positions, and by measuring the rotation of the
images weé can estimate the flux through the nanopillars, and from that the magnetic
fields. The approximate value obtained is ~ 37T

off the objective lens entering the 'Lorentz’ mode, where the field generated by the lenses
in the samplé position is minimised. In this mode, since the objective lens is turned
off, angles are much lower than usual and the convergence angle of the focused beam
is about«140 pradsxWe then tuned the illumination system so that the beam would be
focused above the sample’s position, and the beam would already have a more ring-like
intensity distribution on the sample position as in Figure [Bp. We then moved the beam
in @ linear4ashion over the three pillars, recording the far-field intensity distribution for
300 beam positions.

By integrating the collected intensity we can compute the so-called bright-field
signal (Figure , in blue), corresponding to the total intensity transmitted through
the sample, which appears to have three ring-like dips corresponding to the pillar’s
positions. The ring-like shape is expected, as it is an obvious consequence of the intensity
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: distribution of the impinging defocused beam. Through the same image registration
6 procedure used before, we can measure the rotation of the far-field intensity (Figure
; Bb, in red). Clear peaks can be observed in correspondence to the pillars, and their
9 intensity appears to scale in the expected manner with the height of thespillars. When
10 the beam is centered on the nanostructure we have circular symmetrytand we can use
:; the description outlined above to describe the Aharonov-Bohm phase shiftrinduced in
13 the various pairs of OAM components by the magnetic flux in the pillar, and therefore
14 link the image rotation to the field. The estimated field is comprisedsbetween 2 and 4
12 Tesla, which appears high for FEBID deposited iron (bulk iron has@ saturation field of
17 ~ 2.2T, and the expected Fe content of the wire is 80% or lower), but'is of the correct
18 order of magnitude [21].

2

21 4. Conclusion

22

23 We have recalled the rotational beviour of electroniwortex beam superpositions in the
;g presence of uniform or localised longitudinal magnetic field, and we have demonstrated
26 experimentally how this behaviour cangbe used (as a/probe for said magnetic fields
27 both in a uniform magnetic fields and in"the presence of magnetised nanopillars. This
;g can be done by installing a special modified aperture in the illumination system of
30 a commercial transmission electron mierescope, projecting its Fourier transform on a
31 magnetised sample, then measuring the,apparent rotation of this aperture in the far
gg field of the sample. This constitutes one of the first demostrations of a measurement of
34 out-of-plane magnetic fields in a-TEM.

35 The technique appears to'have a sensitivity comparable to the previous experiments
;? [10], and therefore constitutesgan interesting alternative. The method we present
38 here appears significantly easiér te implement than the previous holographic approach,
39 since there is no needsfor an undisturbed reference that passes outside the magnetic
2(1) field region, which makes it much easier to combine with conventional methods for
42 the measurement ©f in=plane fields (such as DPC/COM, as discussed below), and to
43 straightforwardly'scan the beam over the sample to repeat the measurement in different
2‘; positions, andson different nanostructures. On the the other hand more work will be
46 necessary to make the quantification more accurate and on par with the holographic
47 approach, as the beam has a more complex shape at the sample position. Aside
22 from this the techniques share many of the same strong points and weaknesses. Phase
50 shifts induced by non-magnetic interactions (e.g. out-of-plane electrostatic fields) are
51 independent of ¢, and hence do not contribute to a rotation. The low magnitude of
g g the phase shifts present in both techniques means however that it might be very hard
54 to measure if the beam has to pass through a thick sample, as the strong scattering
55 would_significantly affect the diffraction pattern. The sensitivity of the holographic
g? method could be increased by increasing the value of ¢, while that of our proposal
58 could be increased by optimising the aperture design, adding more thin spokes that
59 would make the detection of rotations easier (and hence maximising the weights |c,|* of
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the high—¢ modes in the beam), but the weak nature of the effect, along with the
Bragg scattering that would severely impact the diffraction pattern, are significant
hurdles for the achievement of sub-nanometer resolutions. Coherencé does not seem
to be a limiting factor in modern instrumentation, and conceivably the main effeet
of limited lateral coherence would be a blurring of the beam in the sample position,
with consequent averaging over the corresponding area. In the €urrentyregime of
high energy and very small rotations, the method proposed here appears analogous
to a technique currently employed in electron microscopy to measure the transverse
component of static electromagnetic fields known as, depending on th?variant, Center
of Mass (COM) or Differential Phase Contrast (DPC). This approach relies on measuring
the far field deflection of the beam due the transverse field, which allows to compute the
fields through Ehrenfest’s theorem. The method proposed here comprises a rotational
extension of this technique, giving access to the longitudinal component, a form of
rotational DPC. These methods could be combined©btaining athree-dimensional DPC,

giving access to all three components of the magnetie. field.
L

Methods

Aperture production

We deposited a 1 um thick Pt layerion toptef & commercial SiN film commonly used
in TEM as a sample support, The aperture was milled into this metallic layer using
the focused gallium ion beam of,a FEI Helios dual beam instrument. This aperture
was then inserted into the illuminatien system of a FEI Titan® transmission electron
microscope.

N

Nanopillars production

Utilising an FEI Helios, G3 equipped with an Fey(CO)g gas injection system, iron
nanopillars of the desired height were deposited on top of an electron-transparent 20 nm
thick amorphous silicon nitride support film by allowing the beam to dwell on a fixed
location for a.eomtrolled @mount of time such as in Franken et al[20].

Acknowledgements

The authors thank V. Grillo and T. Harvey for interesting and fruitful discussion.
GG acknowledges support from a postdoctoral fellow-ship grant from the Fonds
Wetenschappelijk Onderzoek -Vlaanderen (FWO). The Qu-Ant-EM microscope was
partly funded by the Hercules fund from the Flemish Government. This project has
received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 823717 — ESTEEM3. AB acknowledges funding
from FWO project G093417N (’Compressed sensing enabling low dose imaging in
transmission electron microscopy’). DM gratefully acknowledges funding of the FEBID



Page 11 of 12 AUTHOR SUBMITTED MANUSCRIPT - JOPT-106501.R1

1

g Prospects for out—of-plane magnetic field measurements through interference of electron vortexr modes in the
: capability through joint funding by University of Glasgow & EPSRC through a Strategic
6 Equipment Grant (EP/P001483/1).

7

8

9 Author Contributions

10

1 G.G. and J.V. conceived the experiment. A.B. manufactured the TEM aperture and
:g calibrated the objective lens magnetic field. D.M. manufactured the ironémanopillars.
14 G.G., AB., J.V. designed the experimental set-up, and G.GaPperformed the TEM
12 experiments, and analysed the data. All Authors contributed o wrifing the paper.

17

18 Data Availability

19

;? The detected far field patterns are available on Zenodo at.the address

2 https://doi.org/10.5281/zenodo.3232898

23

24 Bibli . 'S

55 ibliographic References

;? [1] Harald H Rose. Optics of high-performance electron microscopes. Science and Technology of
28 Advanced Materials, 9(1):014107, apr 2008.

29 [2] Ludwig Reimer and Helmut Kohl. Transmission Electron Microscopy, volume 36 of Springer Series
30 in Optical Sciences. Springer New YorkyNew York, NY, 2008.

31 [3] Igor P. Ivanov and Dmitry V. Karlovets. Detecting Transition Radiation from a Magnetic Moment.
32 Physical Review Letters, 110(26):264801, jun, 2013.

33 [4] Ido Kaminer, Jonathan Nemirovsky, Mikael Rechtsman, Rivka Bekenstein, and Mordechai Segev.
34 Self-accelerating Dirac particlés and. prolonging the lifetime of relativistic fermions. Nature
35 Physics, 11(3):261-267, mar 2015.

36 [5] Ido Kaminer, Maor Mutzafi, Am.j{Levy7 Gal Harari, Hanan Herzig Sheinfux, Scott Skirlo, Jonathan
37 Nemirovsky, John D. Jéannopoulos, Mordechai Segev, and Marin Soljaci¢. Quantum Cerenkov
gg Radiation: Spectral Cutoffs and the Role of Spin and Orbital Angular Momentum. Physical
40 Review X, 6(1):001006, jan,2016.

41 [6] Konstantin Y. Bliokh; Igor P. Ivanov, Giulio Guzzinati, Laura Clark, Ruben Van Boxem, Armand
42 Béché, Roeland Juchtmansy M.A. Alonso, Peter Schattschneider, Franco Nori, and Jo Verbeeck.
43 Theory and applications of free-electron vortex states. Physics Reports, 690:1-70, may 2017.
44 [7] David B. Williams and C. Barry Carter. Transmission Electron Microscopy: A Textbook for
45 Materials Science. Springer Science & Business Media, 2013.

46 [8] Konstantin Y« Bliokh, Peter Schattschneider, Jo Verbeeck, and Franco Nori. Electron Vortex
47 Beams, in‘a Magnetic Field: A New Twist on Landau Levels and Aharonov-Bohm States.
48 Physical Review X, 2(4):041011, nov 2012.

49 [9] Giulio Guzzinati, Peter Schattschneider, Konstantin Y. Bliokh, Franco Nori, and Jo Verbeeck.
50 Observation of the Larmor and Gouy Rotations with Electron Vortex Beams. Physical Review
g; Letters, 110(9):093601, feb 2013.

53 [10] Vincenzo Grillo, Tyler R. Harvey, Federico Venturi, Jordan S. Pierce, Roberto Balboni, Frédéric
54 Bouchard, Gian Carlo Gazzadi, Stefano Frabboni, Amir H. Tavabi, Zi An Li, Rafal E. Dunin-
55 Borkowski, Robert W. Boyd, Benjamin J. McMorran, and Ebrahim Karimi. Observation of
56 nanoscale magnetic fields using twisted electron beams. Nature Communications, 8(1), dec
57 2017.

58 [11] Colin Greenshields, Robert L Stamps, and Sonja Franke-Arnold. Vacuum Faraday effect for
59 electrons. New Journal of Physics, 14(10):103040, oct 2012.


https://doi.org/10.5281/zenodo.3232898

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JOPT-106501.R1

Page 12 of 12

Prospects for out—of-plane magnetic field measurements through interference of electron vortexr modes in the

[12]
[13]

[14]
[15]
[16]
[17]
18]
[19]

[20]

[21]

Jim Durnin and J. J. Miceli. Diffraction-free beams. Physical Review Letters, 58(15):1499-1501,
apr 1987.

Jim Durnin. Exact solutions for nondiffracting beams. I. The scalar theory. J&Opt. Soe. Am. A,
4(4):651-654, 1987.

Vincenzo Grillo, Jérémie Harris, Gian Carlo Gazzadi, Roberto Balboni, Erfan MafakheripMark R:
Dennis, Stefano Frabboni, Robert W. Boyd, and Ebrahim Karimi. Generation.and application
of bessel beams in electron microscopy. Ultramicroscopy, 166:48-60, 2016:

Joseph Larmor. Aether and Matter. Cambridge University Press, Cambridge, England; 1900.

Leon Brillouin. A theorem of larmor and its importance for electrons in_magnetic fields. Physical
Review, 67(7-8):260-266, 1945. —

Koh Saitoh, Kazuma Hirakawa, Hiroki Nambu, Nobuo Tanaka, and Masaya Uchida. Generation of
Electron Bessel Beams with Nondiffractive Spreading by a Nanofabricated Annular Slit. Journal
of the Physical Society of Japan, 85(4):043501, apr 2016.

Giulio Guzzinati, Wannes Ghielens, Christoph Mahr, ArmandyBéché, Andreas Rosenauer, Toon
Calders, and Jo Verbeeck. Electron Bessel beam diffraction. for precise and accurate nanoscale
strain mapping. APL In Review, feb 2019.

Giulio Guzzinati. FEaxploring electron beam shaping in transmission electron microscopy. PhD
thesis, University of Antwerp, 2015.

Jeroen H. Franken, Mark A. J. van der Heijden, Tim H. EllisjRéinoud Lavrijsen, Carsten Daniels,
Damien McGrouther, Henk J. M. Swagten, and Bert/ Koopmans. Beam-Induced Fe Nanopillars
as Tunable Domain-Wall Pinning Sites. {Advanced Functional Materials, 24(23):3508-3514, jun
2014.

Reinoud Lavrijsen, Rosa Cérdoba, F J Schoenaker, Tim H. Ellis, Beatriz Barcones, Jirgen T
Kohlhepp, Henk J. M. Swagten, BertolKoopmans, José M. De Teresa, Cesar Magen, Miguel R.
Ibarra, Piet Trompenaars, and J J L'Mulders.“Fe:O:C grown by focused-electron-beam-induced
deposition: magnetic and electric properties. Nanotechnology, 22(2):025302, jan 2011.



