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Electron vortex beams carry orbital angular momentum and have use in electron microscopy for
characterizing the magnetic and chiral properties of materials [1, 2]. For these applications it is
preferable to have a single isolated vortex beam to simplify the interpretation of scanning probe
measurements. However, the first-used fork-like grating masks for producing vortex beams [1] produce
multiple beams off-axis and thus require an additional selection aperture, ideally accompanied with
additional lenses or a monochromator, to produce a single beam for scanning [3]. To avoid this
requirement for additional hardware and to produce brighter vortex beams, thus increasing the collected
dichroic signal strength, alternative approaches to producing vortex beams on-axis are being
investigated, including: continuous thin-film phase plates; spiral-like apertures; carefully tuned electron
microscope aberrations in combination with an annular aperture; and using a narrow ferromagnetic rod,
magnetized along its long axis, partially inserted into the beam path [4, 5].

The ferromagnetic rod based approach (Fig. 1(a)) offers the advantage of producing a beam-energy
independent, single electron vortex beam on-axis with high intensity. However, a potential perceived
disadvantage that is experimentally addressed here is the quality of the vortex beam at focus which has
not been clear in earlier observations [4], where the apparent quality of the produced beam may have
been limited by the imperfect spiral-like nature of the produced phase-shift or other artefacts such as
charging and dispersion in structures surrounding the rod. Other evidence of vortex beams produced by
ferromagnetic rods has used defocussed probe observations, with this condition alleviating the obscuring
of the beam point spread function by the finite coherence of the illumination, or equivalently by
convolution with the electron source image, while also allowing beam rotation observation [5].

In this work, cantilevered ferromagnetic rods were formed by sputter deposition of 10 nm CosoFeso with
Ta adhesion and capping layers, upon one side of a series of micro-machined cantilevers which were
subsequently coated in Au (Fig. 1(b)). Following magnetization in an external magnetic field, electron
holograms were collected in the region of the rod-tip to determine the form of the electron phase-shift
produced by the stray magnetic field and the flux-contained in the rod. From this we found that though
not all the rods had the desired single domain arrangement and related helical phase shift, which could
likely be remedied by improved fabrication processes, the majority of rods behaved in the desired
manner and proved able to produce vortex electron beams.

With the sample rods in a standard transmission electron microscope sample holder, a 10 um diameter
selected area aperture was centered upon a single rod-end, employing conventional low magnification
imaging (i.e. with the objective lens off) and images were collected of the focused beam, occurring
about the imaging-lens diffraction plane. Images of the beam at its minimum diameter ‘waist’, for rods
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determined from electron holography to contain a magnetic flux nh/e with n near 2, 3 and 4 (Figs. 2(a —
c)), show the vortex nature of the beam, with a clear central minimum through focus.

The average radial intensity profile of these beams (Fig. 2(d)) shows fair agreement with a simple
aberration-free model, once finite electron source size effects are included. Adding further aberrations
would enable a better model fit. The source size, or the related finite coherence of the electron
illumination over the region of the rod, manifest in these observations, need not dominate in higher
resolution probes when greater source demagnification can readily be employed with high-brightness
electron sources. Indeed, the observations presented here, which directly show that it is possible to
achieve high quality vortex beams at focus with a ferromagnetic rod, indicate that it is worthwhile to
investigate such arrangements to further the application of electron vortex beams for characterizing and
understanding magnetic and chiral material behavior.
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Figure 1. Schematic arrangement of (a) the ferromagnetic rod and aperture used to create an electron

vortex beam, and (b) the rod and its cross-sectional composition.
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Figure 2. At focus images of 300 keV vortex beams produced from ferromagnetic rods containing a
magnetic flux of ~nh/e with n = 2, 3, and 4 (a, b, and c) and the (d) average radial intensity profiles
(solid-lines) and simple aberration free modelled intensities (dashed-lines) with source convolution.
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