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The present study experimentally examines how an electron vortex beam with orbital angular

momentum (OAM) undergoes diffraction through a forked grating. The nth-order diffracted electron

vortex beam after passing through a forked grating with a Burgers vector of 1 shows an OAM transfer of

n@. Hence, the diffraction patterns become mirror asymmetric owing to the size difference between the

electron beams. Such a forked grating, when used in combination with a pinhole located at the diffraction

plane, could act as an analyzer to measure the OAM of input electrons.
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The discovery of the electron vortex beam, i.e., electrons
propagating through free space with quantized orbital
angular momentum (OAM) [1], attracted a substantial
amount of attention owing to the unique physical proper-
ties of the beams and their potential applications to new
electron microscopy and spectroscopy [2,3]. Electron vor-
tex beams with OAM are easily generated in conventional
microscopes by a phase plate [1], a forked grating [2,3],
and spiral zone plates [4,5]. Furthermore, McMorran et al.
[3] and Saitoh et al. [5] independently reported that it is
possible to generate electron vortex beams with OAM as
high as 100@ and 90@.

Both angular and linear momentum can be transferred via
various scattering processes between an incident beam and a
scatterer, such as an atom and a solid. In both elastic and
inelastic scattering processes, linear and angular momentum
are conserved in a closed system. The angular-resolved
electron energy-loss spectroscopy (EELS) technique is a
prominent application of the conservation rule of linear
momentum; a particular excited state of the atom can be
probed by analyzing the angular dependence of the scattered
waves [6–10]. Electron OAM can be thought of as new
degrees of freedom for free electrons, as in the case of photon
OAM [11,12]. For example, one expects that measuring
scattered electron OAM would allow probing of electronic
states with particular OAM quantities in an atom [13,14]. In
this context, techniques to measure the OAM of free elec-
trons are needed for applications such as scattering and
spectroscopy experiments. In the present Letter, we seek to
explore the measurement of electron OAM by using a nano-
fabricated, forked grating.We also seek to explain the results
of recent experimental studies by Verbeeck et al., in which
the observation of dichroism is reported in EELS of ferro-
magnetic Fe thin films using electron vortex beams [2].

A series of diffracted electronvortexbeamswith quantized
OAM is formed by forked gratings [2,3] and spiral zone
plates [4,5]. In the present experiment, we inject electron
vortex beams into a forked grating and observe how the

output beams propagate [Fig. 1(a)]. Figures 1(b) and 1(c)
show a schematic diagram of the experimental setup of the
present study. The binary masks of the spiral zone plates
[Fig. 1(d)] and the forked gratings [Fig. 1(e)] were fabricated
from Si3N4 membranes with a thickness of 50 nm, on which
PtPd films with a thickness of about 100 nm were deposited
on each side of the membrane using a focused-ion-beam
instrument (Hitachi FB-2100). The spiral zone plates and
forkedgratingswere inserted into the condenser lens aperture
position and selected-area aperture position, respectively, of
a transmission electron microscope (JEOL JEM-2100F),
which was operated at an acceleration voltage of 200 keV.
The diffraction patterns were recorded at a camera length
of 100 cm by a 16-bit CCD camera with 2k� 2k pixels,
mounted at the end of a Gatan imaging filter. This imaging
filter is effective for observing detailed features of the pat-
terns because of its intrinsic high magnification.
A spiral zone plate with a topological charge of 10

[Fig. 1(d)] was inserted at the condenser lens system.
The spiral zone plate produces a series of electron vortex
beams with different topological charges, which focus into
or diverge from points located at different positions along
the propagation direction [5]. The nth-order electron beam
that is produced by the present spiral zone plate has an
OAM of 10n@. The convergence angles of the electron
vortex beams can be adjusted by changing the excitation
of the condenser lens system. Here the 1st- or �1st-order
electron vortex beam was set to satisfy the parallel illumi-
nation condition onto the forked grating. It should be noted
that when the 1st-order electron vortex beam satisfies the
parallel illumination condition, the �1st-order beam does
not, and vice versa. A grating with a forklike dislocation
with a Burgers vector of 1 [Fig. 1(e)] was inserted at the
selected-area aperture position.
Figure 1(f) shows a diffraction pattern created by a

forked grating that is illuminated by a plane wave with
zero OAM. The pattern shows a sharp spot (where m ¼ 0)
at the center as a transmitted beam, and ring-shaped peaks
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with OAM of �@ are observed at either side of the
transmitted electron beam.

Figures 2(a) and 2(b) show electron vortex beams with
OAMs of 10@ and �10@, respectively, produced by the
spiral zone plate. Each of the electron beams show a ring
composed of 10 peaks at the center. The electron OAM can

be determined by the number of peaks in the ring when the
beam is produced by a spiral zone plate [5].
We then investigated how an electron vortex beam with a

particular OAM quantity undergoes diffraction in the forked
grating. Figure 2(c) shows an electron diffraction pattern for
an incident electron vortex beam with m ¼ 10@. Here the
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FIG. 1 (color online). (a) Schematic drawing of the present experiment. (b),(c) Ray-path diagrams of the present experimental
setups. Electron vortex beams of m ¼ 10 (b) and m ¼ �10 (c) are set to satisfy the parallel beam condition and are diffracted by the
forked grating, forming a diffraction pattern at the screen. (d) A spiral zone plate with a diameter of about 20 �m introduced to
the condenser lens aperture position. (e) A forked grating with a diameter of about 30 �m introduced to the selected-area aperture
position. (f) Diffraction pattern created from the forked grating shown in (e).
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incident electron beam can be set to satisfy the parallel
illumination condition with the forked grating by adjusting
the excitation of the condenser lens system. The diffraction
pattern shows a series of diffracted rings, aligned in the
horizontal direction, as indicated by the arrows. The central
ring, composed of 10 peaks, is the transmitted beam with
m ¼ 10@. The 1st- and�1st-order diffracted electron beams
show similar ringlike features, but have 11 and 9 peaks with
larger and smaller diameters than the transmitted ring,
respectively. This indicates that the electron OAMs of the
1st- and �1st-order diffracted beams are 11@ and 9@,

respectively. The 3rd- and �3rd-order diffracted beams,
denoted as 3 and �3 in Fig. 2(a), show faint ring features
having even larger and smaller diameters than the 1st- and
�1st-order rings, respectively. The 2nd- and �2nd-order
diffracted beams are not observed because of destructive
interference for all even orders. Up to 10th- and�10th-order
diffracted beams are observed in the present experiment.
Fringes surrounding the diffracted rings are caused by the
transmitted beam through the spiral zone plate, which are not
focused at the observation plane. The fringes are overlaid,
interference with the diffracted rings occurs, and the peak

FIG. 2. Incident electron vortex beams with m ¼ þ10 (a) and m ¼ �10 (b), and diffraction patterns of the vortex beams with
m ¼ 10 (c) and m ¼ �10 (d) generated by the forked grating shown in Fig. 1(e). A series of diffracted rings are aligned in the
horizontal direction. In the case of an incident beam where m ¼ 10, the diameters of the diffracted rings increase with the diffraction
order, whereas in the case where m ¼ �10, the diameters decrease with diffraction order.
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intensities in the rings are modulated. Therefore, some of the
peaks in the rings are not clearly observed and the original
rotational symmetry of the rings is broken.

The diffraction pattern for a vortex beam corresponding
to m ¼ �10@ is shown in Fig. 2(d). The observed pattern
shows a series of diffracted rings aligned in the horizontal
direction, as in Fig. 2(c). However, the diffraction pattern is
horizontally inverted from that shown in Fig. 2(c). The
transmitted (0th-), 1st-, and �1st-order diffracted rings
show 10, 9, and 11 peaks, respectively, indicating that the
electron OAM of the 1st- and �1st-order beams are �9@
and �11@, respectively. Our experimental results indicate
that the forked grating with a Burgers vector of b ¼ 1
transfers not only linear momentum but also OAM, where
the electron OAM transfer of the nth-order diffracted
electron beam is n@ [15–18].

As a check on our experimental results, we carried out a
simulation study based on Fresnel propagation theory [19].
Figures 3(a)–3(c) show simulated diffraction patterns from
the forked grating that was used in the present experiment
[Fig. 1(b)], in which the OAMs of the incident beams,mi, are
assumed to be 0, þ@, and �@, respectively. Color coding
indicates the phase distribution from 0 (red) to 2� (purple).
The line profile shown in the lower part of each figure is an
intensity profile along the horizontal line passing through the
centers of the diffraction peaks, indicated by the white lines.
We can see that the diffraction patterns are mirror asymmet-
ric, as observed in the present experiment. Here we calcu-
lated integrated intensities of the diffraction peaks of �1,
�3,�5, and�7 for the incident beams ofmi ¼ 0,þ@, and
�@ [Fig. 3(d)]. Importantly, regardless of the OAM of the
incident beam, the total intensities of the nth- and �nth-
order diffracted beams formed by the forked grating are
almost identical. Indeed, the difference in the integrated
intensities of the 1st- and �1st-order beams is about 0.2%
in the case ofmi ¼ �@. This result suggests that it is difficult
to measure the OAM by simply comparing the total inten-
sities of the �1st-order diffracted beams. The difference
between the nth- and �nth-order diffracted intensities
increases as n grows larger. The difference reaches up to
2% by taking the 7th- and�7th-order diffracted beams. Such
small differences can be enhanced by reducing the integra-
tion area, as is expected from the asymmetric diffraction
patterns. The largest differences are obtained by taking only
the central positions of the diffracted beams because the
diffracted vortex beam with nonzero OAM has zero intensity
at the beam center and the diffracted beam with zero OAM
has nonzero intensity at the center.

A forked grating that transfers electron OAM becomes
an effective tool for the OAM measurement of free
electrons when used in combination with a pinhole. This
technique is reminiscent of the single-mode fiber in optics
[15]. Assuming that an electron vortex beam with an OAM
of m@ is incident upon a forked grating with b ¼ 1, the
mth-order diffracted beam is a plane wave with a sharp
peak corresponding to an electron OAM transfer of m@.

FIG. 3 (color online). Simulated diffraction patterns of the
forked grating used in the present experiment, where OAMs of
the incident beams mi are set to be (a) mi ¼ 0, (b) þ1, and (c)
�1. Color coding indicates the phase distribution from 0 (red) to
2� (purple). The intensity profile along the line passing through
the centers of the diffraction peaks is symmetric for mi ¼ 0, but
is asymmetric for mi ¼ þ1 and �1. (d) Integrated intensities of
the diffracted beams for m ¼ 0, þ1, and �1. One of the
integration areas is indicated by the dotted white squares in
Fig. 3(a). Note that the integrated intensities of the nth and�nth
diffracted beams are almost identical, regardless of the OAM of
the incident beam.
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Furthermore, if we place a pinhole at the position of the
mth diffraction peak on the diffraction plane, it selects only
sharp diffraction peaks corresponding to electrons with
zero OAM. That is, the forked grating combined with the
pinhole could act as an analyzer (sorter) to measure the
OAM of input electrons.

Such an electron OAM analyzer has a broad range of
applications, most notably in materials science. In a par-
ticular inelastic scattering process accompanied by inner-
shell excitations of an atom, a momentum transfer between
the scattered free electron and the excited atomic electron
can be anisotropic, reflecting an anisotropy of the initial
and/or final states of the excited atomic electron [6–10]. The
excitation from the initial state to the final state is regarded
to a good approximation as a dipole transition, which
accompanies an angular momentum transfer of �l ¼ �1.
Therefore, OAM can be transferred to the free electron via
inelastic scattering during the recoil of the transition of the
atomic electron. A forked gratingwith b ¼ �1, which is set
at a post-specimen plane, can be used to distinguish such
inelastically scattered electrons with OAM of @ or �@ by
observing the 1st- and �1st-order diffracted beams. In
addition, one can use a pinhole to select only electrons
with zero OAM (or another particular OAM quantity).
Because magnetic spin is coupled to the final state of the
excitation, that is, spin-up and spin-down states are corre-
lated to the transitions of�l ¼ þ1 and�1, respectively, the
magnetic spin can be probed by measuring the OAM of the
inelastically scattered electron using the forked grating.
Furthermore, we note that one can apply the electron
OAM analyzer for not only dipole interactions but also
quadrupole and higher-order multipole interactions.

The present results provide an important clue to under-
stand the recently observed dichroism by Verbeeck et al.
[2]. They affixed the forked grating posterior to a Fe thin
film and observed a significant difference in EELS signals
of the Fe-L23 peaks between the 1st- and �1st-order dif-
fracted electron beams of the forked grating. If the inelas-
tically scattered electrons leaving the Fe film form a vortex
beam where m ¼ @, the 1st- and �1st-order diffracted
beams correspond to m ¼ 2@ and m ¼ 0, respectively; on
the other hand, if the inelastically scattered electrons
leaving the Fe film form a vortex beam where m ¼ �@,
the 1st- and�1st-order beams correspond tom ¼ 0 and 2@,
respectively. As shown in Fig. 3, the diffraction patterns in
both cases will be mirror asymmetric. However, for the
above mentioned reasons, the dichroism in the EELS sig-
nals cannot be explained simply by comparing the total
intensities of the entire �1st-order diffracted beams, even
if there are differences in the probability of a transition
occurring between �l ¼ þ1 and �1. One might need to
consider ‘‘pinhole effects’’ for selecting the central part of
the ‘‘sharp’’ diffracted beams in EELS experiments.

In conclusion, we investigated the OAM transfer of
electron vortex beams by a forked grating. The nth-order
diffracted electron vortex beam generated by a forked grating

with a Burgers vector of 1 showed an OAM transfer of n@.
Such a forked grating, when used in combination with a
pinhole, could be used as an electron OAM analyzer. Our
results could lead to new approaches in electron microscopy
and spectroscopy. The present method can be applied not
only to magnetic materials, but also to nonmagnetic materi-
als. For instance, it is interesting to measure the OAM of
secondary electrons in electron microscopy and photoelec-
trons in photoelectron spectroscopy. Furthermore, it could
also be applied to the measurement of electric and magnetic
fields because nonuniform electric andmagnetic fields would
lead to an OAM transfer.
The present work was partially supported by Grant-in-

Aid for Scientific Research (A) (No. 23241036), the
Ministry of Education, Culture, Sports, Science and
Technology, Japan, and the Mitsubishi Foundation.

[1] M. Uchida and A. Tonomura, Nature (London) 464, 737
(2010).

[2] J. Verbeeck, H. Tian, and P. Schattschneider, Nature
(London) 467, 301 (2010).

[3] B. J. McMorran, A. Agrawal, I.M. Anderson, A. A.
Herzing, H. J. Lezec, J. J. McClelland, and J. Unguris,
Science 331, 192 (2011).

[4] J. Verbeeck, H. Tian, and A. Beche, Ultramicroscopy 113,
83 (2012).

[5] K. Saitoh, Y. Hasegawa, N. Tanaka, and M. Uchida,
J. Electron Microsc. 61, 171 (2012).

[6] R. F. Egerton, Electron Energy-Loss Spectroscopy in the
Electron Microscope (Plenum, New York, 1996).

[7] R. D. Leapman, P. L. Fejes, and J. Silcox, Phys. Rev. B 28,
2361 (1983).

[8] G. A. Botton, J. Electron Spectrosc. Relat. Phenom. 143,
129 (2005).

[9] K. Saitoh, K. Nagasaka, and N. Tanaka, J. Electron
Microsc. 55, 281 (2007).

[10] K. Saitoh, K. Momonoi, N. Tanaka, and S. Onari, J. Appl.
Phys. 112, 113920 (2012).

[11] L. Allen, M.W. Beijersbergen, R. J. C. Spreeuw, and J. P.
Woerdman, Phys. Rev. A 45, 8185 (1992).

[12] L. Allen, M. J. Padgett, and M. Babiker, in Progress in
Optics XXXIX, edited by E. Wolf (Elsevier Science BV,
New York, 1999), p. 291.

[13] M. Babiker, C. R. Bennett, D. L. Andrews, and L. C.
Dávila Romero, Phys. Rev. Lett. 89, 143601 (2002).

[14] S. Lloyd, M. Babiker, and J. Yuan, Phys. Rev. Lett. 108,
074802 (2012).

[15] A. Mair, A. Vaziri, G. Weihs, and A. Zeilinger, Nature
(London) 412, 313 (2001).

[16] J. Leach, M. J. Padgett, S.M. Barnett, S. Franke-Arnold,
and J. Courtial, Phys. Rev. Lett. 88, 257901 (2002).

[17] I. Moreno, J. A. Davis, B.M. L. Pascoguin, M. J. Mitry,
and D.M. Cottrell, Opt. Lett. 34, 2927 (2009).

[18] A. Y. Bekshaev and O.V. Orlinska, Opt. Commun. 283,
1244 (2010).

[19] M. Born and E. Wolf, Principles of Optics (Pergamon,
New York, 1970).

PRL 111, 074801 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

16 AUGUST 2013

074801-5

http://dx.doi.org/10.1038/nature08904
http://dx.doi.org/10.1038/nature08904
http://dx.doi.org/10.1038/nature09366
http://dx.doi.org/10.1038/nature09366
http://dx.doi.org/10.1126/science.1198804
http://dx.doi.org/10.1016/j.ultramic.2011.10.008
http://dx.doi.org/10.1016/j.ultramic.2011.10.008
http://dx.doi.org/10.1093/jmicro/dfs036
http://dx.doi.org/10.1103/PhysRevB.28.2361
http://dx.doi.org/10.1103/PhysRevB.28.2361
http://dx.doi.org/10.1016/j.elspec.2004.09.023
http://dx.doi.org/10.1016/j.elspec.2004.09.023
http://dx.doi.org/10.1093/jmicro/dfl038
http://dx.doi.org/10.1093/jmicro/dfl038
http://dx.doi.org/10.1063/1.4768728
http://dx.doi.org/10.1063/1.4768728
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1103/PhysRevLett.89.143601
http://dx.doi.org/10.1103/PhysRevLett.108.074802
http://dx.doi.org/10.1103/PhysRevLett.108.074802
http://dx.doi.org/10.1038/35085529
http://dx.doi.org/10.1038/35085529
http://dx.doi.org/10.1103/PhysRevLett.88.257901
http://dx.doi.org/10.1364/OL.34.002927
http://dx.doi.org/10.1016/j.optcom.2009.12.012
http://dx.doi.org/10.1016/j.optcom.2009.12.012

