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Production and application of electron vortex beams

J. Verbeeck!, H. Tian' & P. Schattschneider?

Vortex beams (also known as beams with a phase singularity)
consist of spiralling wavefronts that give rise to angular
momentum around the propagation direction. Vortex photon
beams are widely used in applications such as optical tweezers to
manipulate micrometre-sized particles and in micro-motors to
provide angular momentum'?, improving channel capacity in
optical’ and radio-wave* information transfer, astrophysics® and
so on®. Very recently, an experimental realization of vortex beams
formed of electrons was demonstrated’. Here we describe the
creation of vortex electron beams, making use of a versatile holo-
graphic reconstruction technique in a transmission electron
microscope. This technique is a reproducible method of creating
vortex electron beams in a conventional electron microscope. We
demonstrate how they may be used in electron energy-loss spec-
troscopy to detect the magnetic state of materials and describe
their properties. Our results show that electron vortex beams hold
promise for new applications, in particular for analysing and
manipulating nanomaterials, and can be easily produced.

It is well known in optics that photons carry angular momentum of
+h when circularly polarized. This is called spin angular momentum
and was demonstrated experimentally by Beth® in 1935. Linearly
polarized beams can also carry angular momentum of /1 when they
have a so-called topological charge® I. This angular momentum is
called orbital angular momentum (OAM) and was surprisingly only
recently discovered and exploited’. A typical demonstration of OAM
in optical beams consists of making absorptive particles rotate in the
same sense as the angular momentum carried by the beam'. The
discovery of OAM in optics has led to a wide range of applications
and many more are expected®>'’.

Optical beams carrying OAM can be produced with phase plates,
computer-generated holograms, spatial light modulators or even by
constructing lasers that only emit helical Laguerre—Gaussian
modes''. These Laguerre—~Gaussian modes have azimuthal helical
wave functions given in radial coordinates as:

Pr(r.p)oce™ L(r)

where ¢ is the azimuthal angle, r is the radial coordinate and L is a
Laguerre function. I determines the topological charge. Here we
demonstrate our ability to transpose this idea to the field of accelerated
particle physics by creating OAM in beams of fast electrons.

In addition to their spin, electrons may carry angular orbital
momentum, as in atomic bound states. Free electrons, on the other
hand, are rarely considered as carrying OAM. We show here how to
prepare a free electron that is initially in a plane wave state into an
angular-momentum eigenstate. A typical electron beam can be made
into a plane wave with wavelength determined by the acceleration
voltage, which can be of the order of picometres for acceleration
voltages of hundreds of kilovolts.

This plane wave can be converted into an Laguerre-Gaussian beam
carrying OAM by using a helical phase plate. This idea has been
discussed recently’. In practice, however, such a phase plate is very

difficult to produce because it requires a spiralling thickness profile
fabricated with nanometre precision. Even if we could make such a
phase plate, it would hardly be reproducible and might suffer from
contamination and beam damage.

Side effects such as Bragg scattering and thermal diffuse scattering in
the material will likewise complicate the situation. The best approach at
present available is the macroscopic production of graphite sheets with
varying thickness, and then looking for a favourable location on such a
sheet, that is, where the stacking of two or more layers comes close to a
spiral structure’. This approach is also inevitably limited to a low
topological charge I in view of the absorption of electrons in a phase
plate that otherwise would become too thick. We have therefore chosen
a new approach, based on computer-generated holograms.

A computer-generated hologram—as also used in optics'>"’—is
by far more suitable for electrons, because one can work with a binary
mask that either blocks or passes the electrons in specific places. The
masks can easily be produced with focused ion beam instruments,
and one has complete control over the phase and amplitude of the
electron beam.

In order to do so, one specifies a target complex wave function ¥,
containing OAM:

¥, =e"f(r)

for which we omit the dynamic phase ¢* dependence along the

beam propagation direction, with ky= - the incoming electron

wavevector. Interference is created with a reference plane wave that
is tilted:

' f_eiani.rl
ret —

where k| is the component of the wavevector that is perpendicular to
the incoming wavevector k, expressing the tilt. A virtual hologram is
then computed as the interference between the target wave and the
reference wave:

Tholo = W’t + lﬁref‘z

This hologram is transformed into a binary mask by clipping.

1< Iholo > 0.5 and 7 < Ryax
Imask =
0<-elsewhere

and a maximum radius R, is defined. A computer-generated holo-
gram aperture defined like this for /= 1and k; =4/ Ry, is shown in
Fig. la, which shows an edge dislocation as already discussed
theoretically by Nye'* for arbitrary waves. The far-field behaviour
of this mask when illuminated with a plane wave can be calculated
as the Fourier transform shown in Fig. 1b. Because the mask function
is real, we observe two sidebands which are each other’s complex
conjugate and a central band. The two sidebands carry the target
angular momentum /= *1, while the central beam carries no angu-
lar momentum. We note that the production of any topological
charge [is, in principle, possible in this way.
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Figure 1| Calculated holographic reconstruction of a wavefunction
carrying angular momentum. a, Binary mask. b, Theoretical far-field
intensity showing two sidebands carrying topological charge I = *1.

In a next step, we produce the mask from a thin Pt foil, making use
of a dual-beam focused ion beam instrument. We created masks with
a diameter of 2R, =5um and 2.5um in a Pt foil thickness of
approximately 100 nm. A scanning electron microscope picture
showing the 5-pum mask is given in Fig. 2a.

When this mask is placed in a sufficiently coherent electron beam,
we can visualize the far-field behaviour in the focal plane of the
electron optical lens system of a transmission electron microscope
(a Philips CM30 UT with a field emission gun and accelerating volt-
age of 300 kV). The observed far-field pattern is shown in Fig. 2b and
resembles the theoretical far-field intensity in Fig. 1b very closely. We
note that the observation of this far-field pattern also proves that the
phase vortex is present for each doughnut-shaped sideband, because
only in that case do both mask and observed pattern form a Fourier
transform pair. A direct experimental proof of the phase vortex in
each sideband is obtained by the Fresnel effect of a sharp slightly
defocused (Az=700nm with 300-kV electrons) aperture, similar
to the work of ref. 15 for X-rays. This technique is known as inline
holography, and in general a simulation is needed to understand how
the phase information is transferred into the observed fringe pattern
shown in Fig. 3a. A simulation of the fringe pattern shown in Fig. 3b
shows that the observed fringe pattern is indeed the signature of two

30 prad n—

Figure 2 | Experimental realization of the holographic reconstruction
technique. a, Scanning electron microscope image of a 5-jim phase
dislocation aperture made in a thinned Pt foil. b, Diffraction pattern
obtained in the far field of the vortex aperture when illuminated with a plane
wave of 300-kV electrons. The pattern clearly shows the doughnut-shaped
sidebands, each carrying opposite angular momentum.
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Figure 3 | Experimental proof of the angular momentum in the sidebands.
a, Experimental Fresnel fringes created by a sharp aperture edge (indicated
by a dashed line) showing opposite edge dislocations in the fringe pattern of
the two sidebands. A defocus of Az~ 700 nm is used with 300-kV electrons
recorded via a scintillator on a charge-coupled device (CCD). b, Simulated
Fresnel fringes to prove that the phase vortex in both sidebands leads to the
observed fringe pattern.

opposite phase vortices with /= %1 in the sidebands, whereas the
central beam does not show a phase discontinuity.

This demonstrates a new way to prepare an electron beam carrying
arbitrary OAM following a relatively simple ‘recipe’. We note that the
discretization of the mask leads to higher-order sidebands with mul-
tiples of the initial angular momentum /%, as shown in more detail in
the Supplementary Information.

Having demonstrated the ability to create electron beams carrying
OAM efficiently, we discuss some of the properties of these beams,
which set them apart from photon vortex beams. A theoretical com-
parison between electron and photon vortex waves has already been
made'®. Most notably, electrons carry charge; have mass and a frac-
tional spin angular momentum of *#/2. The helical wave fronts
define a spiralling quantum mechanical probability current that gives
rise to interesting magnetic effects.

Here we demonstrate how these vortex beams can be applied to
energy-loss magnetic circular dichroism, a recently established
method of studying magnetic circular dichroism in the electron
microscope'”. In the standard energy-loss magnetic circular dichroism
geometry, spin-polarized 2p;— 3d electronic transitions are mapped
in angle-resolved energy-loss spectrometry'®. The time-reversal sym-
metry broken by the external magnetic field induces a slight asym-
metry of the energy-dependent inelastic cross-section in the
diffraction plane. The asymmetry has opposite sign for the j=1/2
and j = 3/2 transitions and is equivalent to the X-ray magnetic circular
dichroism effect usually obtained in a synchrotron. In X-ray magnetic
circular dichroism, the spin angular momentum of the X-ray photons
*+h is equivalent to the orbital angular momentum of =7 in our spin
unpolarized electron beams. This asymmetry is related to a slight
preference of Am = 1 over Am = —1 dipole transitions via spin-orbit
coupling (or vice versa, the inelastic cross-section must be different for
incident electron beams with L, = = 1). That is, a thin ferromagnetic
film in the specimen plane of Fig. 4a serves as a chiral filter for the
I=1/1= —1 vortices when observing the energy-loss spectrum, ana-
logous to a polarizer/analyser combination in optics. It should be
noted that the effect hinges on a slight defocus z between the mask
and the image plane of the specimen, as indicated in Fig. 4a. This
defocus creates a coherent patch in the plane of the binary mask that
enables it to act as a chiral analyser.

In more technical terms, transitions from a core state to a final
unoccupied state are typically determined by spherical harmonic matrix
elements that can provide OAM to the inelastically scattered fast elec-
trons". Taking into account the generalized reciprocity theorem? (stat-
ing that the order of polarizer and sample can be exchanged for inelastic
scattering) and making use of the holographic mask, we can now detect
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Figure 4 | Application of the vortex beam to EELS. a, Sketch of the set-up.
The spectrometer is placed on either the left or right sideband, and a defocus
of z= 750 nm is applied between the sample and the binary mask. b, Fe L, 5
EELS signal obtained in the left and right sideband showing clear differences
due to chiral selection rules. The sample is 50-nm-thick homogeneously
magnetized ferromagnetic body-centred cubic Fe and shows clear
dependence of the signal on the chirality of the transition. ¢, Far-field
diffraction pattern showing the position of the 40-prad spectrometer
entrance aperture for the left and right sidebands.

the OAM of the inelastically scattered coherent partial wave emitted
from a scattering centre in a way equivalent to probing excitations with
circularly polarized X-ray beams in X-ray magnetic circular dichroism.
Indeed, if a spectrometer is set up to determine the energy of the elec-
trons in either the left (1= —1) or right (1= +1) sideband, one achieves
a discrimination for transitions with the two symmetries e"”. This is
because a selection rule applies that only allows transitions for which
I+ m= 0. (The condition I + m = 0 states that the angular momentum
of the closed system is a constant of motion.)

The resulting Fe L, and L; (with L, and L; indicating a 2p;,,—3d
and 2ps,,—3d transition) spectra are shown in Fig. 4b. The collection
angle was 40 prad (shown in the far-field pattern in Fig. 4c), slightly
defocused to z= 750 nm, and the exposure time was 60 s. The energy
resolution was 0.7 eV and the effective diameter of the region of the
sample participating in the spectra is approximately 250 nm. The Fe
sample is homogeneously magnetized along the optical axis by the
magnetic field of the objective lens and has an approximate thickness
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of 50 nm. The difference spectrum shown in Fig. 4b is also known as
the energy-loss magnetic circular dichroism spectrum'’. It shows the
typical characteristics of spin-polarized transitions in ferromagnetic
materials (also known from X-ray magnetic circular dichroism
experiments). Changing the sign of the magnetization direction in
X-ray magnetic circular dichroism would be identical to changing the
order in which we subtract both spectra.

This experiment demonstrates both the vortex nature of the elec-
tron beams produced by the holographic mask, and the usefulness of
electron vortex beams in the study of chirality in inelastic transitions.
In comparison to the standard method of obtaining energy-loss mag-
netic circular dichroism spectra'’, we expect a much higher signal-to-
noise ratio and the possibility of using these vortex beams (in a
different set-up, as presented here) for atomic resolution scanning
with magnetic sensitivity. Theoretical simulations of such a set-up
show an improvement of the discrimination between Am = *1 tran-
sitions by a factor of ten as compared to the standard geometry,
opening the road for mapping the local magnetic state in materials
with atomic resolution in a transmission electron microscope.

Holographic OAM beams of fast electrons should allow many new
applications in fundamental and in applied physics. A possible
experiment would be a variant of the Aharanov—Bohm effect when
creating interference between the left and right sidebands'®. The
magnetic effect could potentially serve to create electronic tweezers
holding atoms in the centre of the doughnut-shaped beam, with
diameters of the order of a few atoms. Similarly to the focused ion
beam technique, vortex beams could open new possibilities for nano-
patterning. The transfer of angular momentum mediated by the
torque of the spiralling Poynting vector®' can accelerate nanoparticles
to a spinning rate close to centrifugal decomposition®, certainly
revealing new interesting physics. Superposition of the two side
bands (for example, by a biprism or a crystal beam splitter) creates
fast electrons with p-symmetry, having potential applications for the
study of directional bonds in electron energy-loss spectroscopy
(EELS).
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