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Measuring the orbital-angular-momentum (OAM) states of electron beams is of great importance in
diverse applications. Here, we demonstrate a method to effectively measure the OAM spectrum of an
electron beam by exploiting a two-dimensional Dammann vortex grating (DVG). This grating enables us
to simultaneously measure an input electron beam in a transmission electron microscope using its OAM
components with values between —107% and 107 (OAM spectrum). We then experimentally evaluate the
performance of the DVG OAM analyzer when measuring electron beams generated by spiral zone plates
and nanofabricated magnetic needles. Our evaluation supports the validity of this approach, which paves
the way toward enabling a wide range of electron OAM applications, including in nanoscale imaging and

in materials science.
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I. INTRODUCTION

The orbital angular momentum (OAM) of free elec-
trons is a new degree of freedom that has attracted
considerable attention in the past decade in fundamen-
tal research and for potential applications and is now an
established area of research [1-9]. For instance, OAM
allows us to probe the nanoscale magnetism of mate-
rials [10,11]. An electron beam with a spiraling phase
structure exp(img) carries a well-defined quantized OAM
value of mh per electron, where m is an integer, # is the
reduced Planck constant, and ¢ is the azimuthal angle in
the plane transverse to the beam axis. Such a character-
istic phase structure yields ring-shaped intensity profiles.
A variety of methods for generating electron beams car-
rying OAM have been reported, including by a phase
plate [1], amplitude and phase forked gratings [2,3,12],
spiral zone plates (SZPs) [13,14], nanoscale magnetic nee-
dles [15,16], polygonal slits [17], electrostatic generation
[18,19], and so on. Electron OAM can be transferred via
various scattering processes between an incident beam and
a scatterer, such as an atom and a solid. As is the case
for generation methods, the techniques and devices used
to measure the OAM of electrons are of great signifi-
cance to novel scattering and spectroscopy experiments
[11,20-25].
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In general, the OAM of electrons can be detected by
observing the interference patterns [1,21,22]. However, it
is not easy to simultaneously measure the OAM content of
an input electron beam consisting of various OAM states.
For example, it would be necessary to use noninterfer-
ometric methods in order to measure OAM for inelas-
tic scattering experiments with electron beams involving
OAM. Recently, a nondestructive method using induced
currents has been proposed to measure electron OAM [24].
Very recently, Grillo et al. have demonstrated the perfor-
mance of a device based on nanoscale holograms, which
is realized by means of a log-polar coordinate transfor-
mation for measuring electron OAM components [11]. In
their study, two delicate nanofabricated phase plates were
implemented. Previously, based on the principle of reci-
procity, we measured electron OAM by using a nanofabri-
cated forked grating in a transmission electron microscope
(TEM) [20]. Our experimental results indicated that it was
possible to count electrons in response to their individ-
ual OAM values. Though this method was quite simple,
the forked grating hindered us from obtaining high-order
diffractions. In order to solve this problem of obtaining the
entire OAM spectrum, here we propose a method for effec-
tively measuring electron OAM via a two-dimensional
(2D) Dammann vortex grating (DVG), which can generate
an equal-intensity array among all of the desired diffraction
orders. By using this device analyzer, we demonstrated the
extraction of superposed OAM components of electrons
with OAM values between —10# and 107.
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I1. GRATING DESIGN AND METHODS

The DVGs we used here measure electron OAM in the
same way as the forked grating we proposed previously
[20]. The forked grating with a topological charge b trans-
fers the OAM of nbh to the nth diffracted beam. A vortex
beam with nonzero OAM has a ring-shaped intensity with
zero intensity at the beam center, whereas a beam with zero
OAM has nonzero intensity at the beam center. Therefore,
the OAM of an input beam could be obtained by measur-
ing the intensity at the beam center of the diffracted beam
after it passes through the forked grating. We used DVGs
in place of the forked grating. Dammann gratings, which
have been used in the field of optics, are binary-phase opti-
cal gratings capable of generating one-dimensional (1D)
or 2D equal-intensity beam arrays with high uniformity
[26-28]. By combining Dammann gratings with forked
gratings (i.e., DVGs), equal-intensity OAM beams among
all of the desired diffraction orders can be obtained [29,30].
The application of DVGs to electrons has not been reported
previously. Such DVGs enable us to measure the OAM
content of input electrons for the desired OAM values in
a single round.

Conventional Dammann gratings are binary-phase grat-
ings with phase values of 0 and 7. Although phase gratings
for electrons are possible, they easily suffer from problems
of charging and contamination in electron beams. There-
fore, we elected to make binary-amplitude DVGs (see the
Supplemental Material [31]). Although the diffraction effi-
ciency of the amplitude grating is lower than that of the
phase grating, and the relative intensity of the transmit-
ted beam is enhanced more than that for a phase grating
with a (0, &) binary-phase structure, an amplitude grat-
ing is simple to make. An additional advantage of an
amplitude grating is its smaller dependence on the wave-
length of input electrons. Figure 1(a) shows a designed 2D
DVG pattern that generates a 2 x 2 diffraction beam array,
integrating the grating pattern with m =1 and m =4.

A binary-amplitude 2D DVG is fabricated using a
focused-ion beam (FIB) instrument (Hitachi FB-2100)
from a 2-um-thick platinum/palladium (PtPd) film
deposited on both sides of a thin (50 nm) silicon nitride
membrane. We use a TEM with a field-emission gun
(JEOL JEM-2100F) for the OAM measurements, and
operate it at an acceleration voltage of 200 kV. The
nanofabricated DVG is inserted into a selected-area aper-
ture position which is the first image plane of the TEM
objective lens. The electron diffraction pattern is recorded
at a camera length of 100 cm.

ITI. RESULTS AND DISCUSSION

Figure 1(b) is a TEM image of the binary-amplitude
2D DVG. The bright regions show holes where the film
was completely removed by FIB fabrication. Figure 1(c)

Generator (SZP or magnetic needle)

Electron beam carrying OAM

DVG analyzer

FIG. 1. (a) Two-dimensional DVG pattern designed by super-
posing the two 1D DVGs with m=1 and m=4. The DVG
pattern was slightly modified by expanding the black region for
FIB fabrication. (b) A TEM image of a binary-amplitude 2D
DVG with a diameter of about 15 um, fabricated using a FIB
instrument. (c) Experimental electron diffraction pattern from the
DVG shown in (b) under a plane wave illumination. (d) The num-
ber at the location corresponding to each diffracted beam of the
DVG in (c) denotes the OAM value detected for an input beam.
The bold numbers in red denote spots used in the spectrum anal-
ysis. (e) Schematic illustration of the experiment for measuring
electron OAM content via a DVG.

shows a diffraction pattern when the DVG was illumi-
nated by a plane wave. The diffraction pattern reveals an
equal-intensity array within the second order of diffraction,
except for the transmitted beam. The diffracted beams have
ring-shaped intensities, and their radii increase in direct
proportion to the absolute values of OAM. In Fig. 1(d),
the number at the location corresponding to each diffracted

064062-2



ORBITAL-ANGULAR-MOMENTUM SPECTRUM...

PHYS. REV. APPLIED 12, 064062 (2019)

beam of the DVG shown in Fig. 1(c) denotes the OAM
value detected for the input beam. This result indicates
that the DVG correctly produces beams with the desired
OAM values between —10% and 10%. Phase analysis of
the diffracted beams using a diffractive imaging method
[32—34] is consistent with the present result [31].

In order to evaluate the performance of the DVG OAM
analyzer, we inject electron beams carrying OAM gener-
ated by SZPs into the DVG. The experimental setup for
measuring the OAM content of electron beams is shown
in Fig. 1(e). The electron diffraction patterns are captured
on the charge-coupled device (CCD) camera of the TEM
after the electrons pass through the DVG. As mentioned
previously, the OAM content of the electron beam can be
analyzed by measuring the intensity at each beam cen-
ter of the diffracted beams passing through the DVG. Our
simulation results indicate that lateral misalignment of the
incident beam [35-38] should be less than one-eighth of
the diameter of the Dammann grating to achieve OAM
measurement with an error less than 17 (see Ref. [31]). The
coherence of the incident beam also affects the accuracy of
OAM measurement. Our simulation study shows that the
coherence length at the grating plane should be more than
50% of the diameter of the grating to achieve the OAM
accuracy of 17 (see Refs. [31,39]).

We use a FIB instrument to fabricate SZPs with vari-
ous topological charges as described previously [14]. Fig-
ures 2(a) and 2(b) display scanning ion microscope (SIM)
images of the SZPs with topological charges of 6 and
10, respectively. The SZPs are inserted into the condenser
aperture position of the TEM. The SZP produces a series of
electron beams carrying different OAMs, which are aligned
in the direction of the beam propagation [14]. Because the
focal depth from the SZP located at the condenser aper-
ture is large, electron beams carrying OAMs of 0, £67,
... (0, £107, ...) from the SZP with a topological charge
of 6 (10) are incident onto the DVG altogether. Here, the
illumination condition is set by adjusting the convergence
angles of the input electron beam, changing the excitation
and alignment of the lens system. Figures 2(c) and 2(d)
show the electron diffraction patterns where the electron
beams from the SZPs with topological charges of 6 and
10, respectively, are incident onto the DVG [31,40]. The
diffraction beams are denoted with (%, k), where 4 and &
are integers. In Fig. 2(c), sharp bright center spots repre-
senting beams with zero OAM can be clearly observed,
as indicated by the arrows at (h, k) =(—-2, —1), (-2, 2),
(2, —=2), and (2, 1), indicating an OAM of +67. In Fig.
2(d), these spots appear at (h, k)=(—2, —2) and (2, 2),
indicating an OAM of £10%. The OAM components can
be deduced from the integrated intensity of the regions
of interest at each beam center. Figures 2(e) and 2(f)
depict the normalized intensity of each center spot as a
function of OAM values (OAM spectra). Each of the inte-
grated intensities is obtained from a circular region with

(b)
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Normalized intensity
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OAM ()

-10-8-6-4-20 2 4 6 8 10
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FIG. 2. SIM images of the SZPs fabricated by FIB with a
topological charge of (a) 6 and (b) 10, respectively. Electron
diffraction patterns when the electron beams through the SZPs
with topological charges of 6 (c) and 10 (d) were incident onto
the DVG (magnified images and intensity profiles are shown in
Supplemental Material [31]). The arrows indicate the detected
OAM components. OAM spectrums (e),(f) are obtained from the
electron diffraction patterns (c) and (d), respectively, produced
with the SZPs.

a radius of 1/4dpvg, where dpyg indicates the diameter
of the DVG. Our simulation studies indicate that the inte-
grated radius should be smaller than half the beam waist
of the nonvortex beam diffracted from the DVG, which
is 1/dpyg, to obtain a sharp OAM spectrum [31,41]. The
sharpness of the OAM spectrum does not change signif-
icantly when the number of electrons used to record the
diffraction patterns is more than 10*. Normalized spectra
are prepared by dividing the integrated individual intensity
by a reference intensity when the incident beam is a plane
wave, after subtracting background noise. As expected,
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the electron beams carry OAMs of 0 and £6#, as shown
in Fig. 2(e), and of 0 and +107%, as shown in Fig. 2(f).
The ratio of OAM components £67 (+107%) is changed
by the illumination condition, here especially focusing of
the beam into the DVG and the position of the DVG [31].
These experimental results verify that the DVG-OAM ana-
lyzer proposed in this study successfully separates an input
electron beam, even one composed of multiple OAM com-
ponents, into its OAM components. We also verify that the
DVG works correctly by numerical simulation [31].

One of the significant applications of electrons carrying
OAM is to employ them as nanoscale probes in mag-
netic materials. Conventional methods of probing mag-
netic materials via electron beams are Lorentz microscopy,
electron holography, and the transport of intensity phase
imaging [42,43]. Recently, Grillo ef al. used an electron
beam carrying an OAM of 2007 to measure a nanoscale
out-of-plane magnetic pillar [10]. The magnetic fields of
a magnetic bar were examined using a device based on
nanoscale holograms for measuring electron OAM compo-
nents [11]. Here, we use a DVG OAM analyzer to measure
the OAM states of electrons affected by a nanofabricated
magnetic needle. It has been previously demonstrated that
magnetic needles can be used to generate electron beams
carrying OAM [15,16]. Magnetic monopoles act as OAM
ladder operators, either increasing or decreasing the ini-
tial electron OAM state by v =e®/(2%), where v is the
integer topological charge of the monopole and @ is
the magnetic flux passing through the area enclosed by
the path [10,11]. Figure 3(a) shows an SIM image of the
magnetic needle fabricated by using an FIB instrument.
The magnetic needle is extracted and fabricated from bulk
nickel (Ni) with a thickness of 1 ym by FIB and mounted
onto a molybdenum (Mo) circular aperture. The strong
shape anisotropy of the magnetic needle leads to a situa-
tion where only a single on-axis magnetic domain occurs
[16]. The nanofabricated magnetic needle is inserted at
the condenser aperture of the TEM. We investigate the
electron beams after passing them through a magnetic
needle illuminated by a plane wave. First, conventional
off-axis electron holography measurements are carried out
in order to obtain the phase distribution by the magnetic
field around the magnetic needle. A hologram is recorded
using a 200 kV TEM (Hitachi HF-2000) equipped with an
electron biprism and a cold field-emission gun. Figure 3(b)
shows a reconstructed phase distribution around the tip
of the magnetic needle. It can be observed that the phase
change is spiraling around the tip of the magnetic needle
and reaches 6 x 2 rad. This phase change must be mainly
due to monopolelike magnetic fields.

Next, a beam passing through the magnetic needle
is introduced to the DVG, as shown in Fig. 1(e). The
beam center is adjusted to be at the center of the DVG.
Figure 3(c) shows an electron diffraction pattern of the
DVG after passing through the magnetic needle. The
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FIG. 3. (a) SIM image of a Ni magnetic needle positioned onto
a Mo circular aperture, forming a monopolelike magnetic field.
The needle length is about 15 um, and the tip diameter is about
500 nm. (b) The reconstructed phase distribution around the tip
of the magnetic needle by electron holography, obtained in a
magnetic field-free condition. White and black regions corre-
spond to phases of 27t and 0, respectively. The phase change due
to the magnetic field is spiraling around the tip of the needle and
reaches 6 x 27 rad. (c) The electron diffraction pattern when the
electron beams passing through the magnetic needle are incident
onto the DVG. The arrows indicate sharp center spots involving
OAM components. (d) The OAM spectrum extracted from the
electron diffraction pattern.

diffraction pattern shows sharp spots at (4, k) =(—2, —1)
and (2, —2), indicating an OAM of 64. The transmitted
beam at (4, k)= (0, 0) is not closed, unlike a ring shape,
which is expected in ordinary vortex beams. This may
be due to the electric charging effect. Figure 3(d) depicts
the normalized intensity as a function of OAM. The pre-
sented OAM spectrum displays a peak around an OAM
of 67. The intensity-weighted mean and standard deviation
of the peak are evaluated as 6.17% and 0.67, respectively.
Such a sharp spectrum suggests an ideal needle shape.
The only positive value of OAM is due to the monopole-
like magnetic field induced by the magnetic needle. This
result is consistent with that of the phase measurement
we obtained through electron holography [31,44]. We note
that the shape and thickness of magnetic needles affect the
OAM distributions in OAM spectrums. The phase distribu-
tion by electron holography can yield a sample’s magnetic
information and an OAM spectrum. On the other hand, the
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proposed OAM detection method allows more direct and
informative measurements of a sample’s magnetic infor-
mation. The use of a nonvortex beam with a subnanometer
spot size as an incident beam, in conjunction with scanning
electron probes, provides an alternative TEM technique to
characterize the magnetic properties at the atomic scale.

IV. CONCLUSION

We successfully design and nanofabricate a binary-
amplitude 2D DVG for measuring electron OAM states.
The proposed DVG-OAM analyzer proves its effective-
ness by providing the electron OAM spectrums from the
nanofabricated SZPs and magnetic needles. The improve-
ment yielded by the presented method and device could
enable the mapping of magnetic distributions of materials
at the atomic scale. Furthermore, the proposed configura-
tion could be used for the OAM detection of arbitrary elec-
trons if sufficiently coherent, for instance, in such an atom
and a graphene, to measure the OAM of photoelectrons in
photoelectron spectroscopy.
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