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ABSTRACT: The electron vortex beam (EVB)-carrying quantized
orbital angular momentum (OAM) plays an essential role in a series of
fundamental research. However, the radius of the transverse intensity
profile of a doughnut-shaped EVB strongly depends on the topological
charge of the OAM, impeding its wide applications in electron
microscopy. Inspired by the perfect vortex in optics, herein, we
demonstrate a perfect electron vortex beam (PEVB), which completely
unlocks the constraint between the beam size and the beam’s OAM. We
design nanoscale holograms to generate PEVBs carrying different quanta
of OAM but exhibiting almost the same beam size. Furthermore, we
show that the beam size of the PEVB can be readily controlled by only
modifying the design parameters of the hologram. The generation of
PEVB with a customized beam size independent of the OAM can

promote various in situ applications of free electrons carrying OAM in electron microscopy.
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he wave-like behavior of electrons can be described as a
complex-value wave function whose degrees of freedom
corresponding to the radial and azimuthal indices determine
their spatial structure." By controlling these parameters and
leveraging recent advances in nanofabrication and electron
microscopy techniques, remarkable progress has been realized
toward generating structured electron beams with tailored
wave packets including the electron vortex beam (EVB),>™**
electron Hermite—Gaussian beam,'*'* electron Airy beam,">'°
and electron Bessel beam.'”™"” Particularly, the generation of
EVBs in free space has garnered considerable attention owing
to their potential to extend the functionalities of electron
microscopy.20
Considering the formal equivalence of the Schrodinger and
paraxial Helmholtz equations, analogous to the optical
*172% the electron vortex can be derived from a
Laguerre—Gaussian-form solution and exists in a freely
propagating electron beam.” In polar coordinates (p, ¢), the
form of a conventional EVB at the transverse plane is expressed

2,3
as

i
(i
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(1)

where G(p) is the Gaussian function, LZ' is the generalized
Laguerre polynomial, [ is the topological charge, p is the radial
index, and wj is the beam waist. The wave function in eq 1
describes an EVB possessing a helical wavefront that carries a
quantized OAM of I# (i.e., 71 is the reduced Planck’s constant)
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in free space. The transverse intensity distribution, I¥1%, of an
EVB exhibits a characteristic doughnut-shaped annular profile.
Various techniques, such as using nanostructured materials* ™
and electrostatic elements,'"'* have been employed to
generate EVBs; in all cases, the beam radius is proportional
to the topological charge |ll. This dependence is nonideal for
electron microscopy applications that require illumination of
EVBs with a different OAM values (for example, in
quantitatively detecting transition radiation™” or probing chiral
plasmon resonances>’). Although other approaches, such as
changing the EVB generator’s footprint or the electron’s
acceleration voltage (i.e, equivalent to changing the electron
wavelength), can slightly adjust the size of the EVB, they can
also increase the complexity of the experimental setup and
have a limited scope of applications. Similarly, the above
characteristic of EVB exists in an optical vortex beam.”® In the
field of optics, the concept of a perfect optical vortex beam has
been proposed to overcome this limitation by implementing
Fourier transformation on a Bessel beam.’’ Based on this
approach, perfect optical vortex beams with ring radii
independent of the topologic charges have been successfully
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generated using spatial light modulators® ~**

metasurfaces comprising subwavelength nanostructures.
However, this unique vortex beam has not been demonstrated
for electron waves because the generation methods used in
optics are inappropriate to be analogously adopted for
modulating electron beams due to the very short de Broglie
wavelength of electrons, typically in picometer scales.

Herein, inspired by the concept of a perfect optical vortex
beam, we experimentally demonstrate the generation of perfect
electron vortex beams (PEVBs) using nanoscale diffraction
holograms. Mathematically, an ideal PEVB can be defined as
an electron beam possessing a complex transverse amplitude
satisfying the following equation:

(o, ) = 5(p — p,)e" )

where §(p — p,) is the Dirac delta function and pj is the radius

or photonic
34-36

of the EVB. Eq 2 is exactly of Bessel form in Fourier space (see
details in Supplementary Note 1). The Bessel beam is a well-
known solution to the Helmholtz equation of photons or the
Schrédinger equation of electrons in free space.”” " There-
fore, the PEVB can be generated in Fourier space by
implementing a Fourier transform on an electron Bessel
beam in real space, where the functionality of the Fourier
transform can be realized by using the magnetic lens in a
transmission electron microscopic (TEM) column. Unfortu-
nately, it is impossible to experimentally produce an ideal
electron Bessel beam with infinite energy or, equivalently, a
Dirac delta field. Therefore, hereinafter, we only consider a
finite electron Bessel beam expressed as a Bessel wave packet
multiplied with a Gaussian function expressed in cylindrical
coordinates (r, 6, z):*

q)(r, 9) Z) — e—r /a)OII(krr)eikzzeilé) (3)

where k, and k, are the radial and longitudinal wave vectors

that are confined by k = \k>+ k> = 27/Adys k is the

magnitude of the free electron’s wave vector, and Ay is the de
Broglie electron wavelength. After the electron Bessel—
Gaussian beam propagates through a magnetic lens of focal
length f, the transmitted wave packet at the back focal plane
with a beam waist, w; is derived using a standard integral and
Bessel function identity (see Supplementary Note 2):

-1
T(pr ¢) = wLe_(/’_ﬂo)z/(ufzeil(/)
N (4)

From eq 4, it is evident that the PEVB’s transverse intensity
distribution, [WI?, is shaped by a Gaussian profile with a
maximum at p = p,. Radius p, is independent of topological
charge and can be expressed as p, = f sin 6, where
6, = arcsin(k,/k) is the diffractive polar angle of the electrons.

For example, Figure la presents the calculated transverse
intensity and phase distribution of the proposed PEVBs
carrying different OAMs (I = +1, +S, and +10) at the focal
plane. As expected, these PEVBs are characterized by a thin
annular intensity distribution along their boundary, and their
radii are independent of the topological charge. Compared
with our work, the finite electron Bessel beam used for the
Fourier transform in ref 41 has few radial modes, which would
not satisfy the condition required for the generation of PEVB.

We use a binary phase modulation hologram'>'”**
composed of nanoscale forked gratings to produce a higher-
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Figure 1. (a) Calculated transverse intensity (top panels) and phase
(bottom panels) distributions of proposed perfect electron vortex
beams (PEVBs) with topological charges of I = +1, +5, and +10 at the
focal plane. Scale bars: S prad. (b) Design flow of binary phase
holograms for generating a higher-order electron Bessel—Gaussian
beam.

Proio

Binary hologram

order Bessel—Gaussian beam and employ a magnetic lens to
perform a Fourier transform to generate a PEVB carrying an
arbitrary OAM (see Figure S1). The binary phase mask can
impart a transverse composite phase profile @, ,(r,6), which is
the superposition of a spiral phase qospiml(e), axicon focusing
phase @icon(r), and Bragg carrier phase @pg(r0) to the
incident electron beam, which are shown in the Figure 1b (see
details in Supplementary Note 3). The spiral phase term and
axicon focusing phase term control the topological charge and
ring radius of the PEVB, respectively. The Bragg carrier phase
term can separate different diffraction orders and avoid
crosstalk between them. According to phase term y,,(r,0),
the holographic masks can be constructed using the following

equation:
1)

©)
where Hj is the height of holographic grating, sgn is the sign
function, D is a duty cycle (the ratio of one grating spine” width
to one grating period), T = 27/k, is the axicon period and
controls the electron Bessel—Gaussian beam, and A is the
carrier period.

We design and fabricate three masks (Figure 2a) with the
hologram parameters of axicon period T = 800 nm and carrier
period of A = 200 nm. The fork dislocations in the holograms
indicate that the encoded topological charge numbers are |ll =
1, S, and 10 (see the insets in Figure 2a). A field emission gun
TEM (FEG-TEM) is used to experimentally characterize the

H(r, 0) = %Ho{sgn[cos(lﬂ - 2?”1‘ + zxﬂr cos 9) +D
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Figure 2. (a) Transmission electron microscopic (TEM) images of
three fabricated nanoscale holograms encoding different amounts of
topological charges of lll = 1, S, and 10. Scale bars: 2 ym. Insets are
the enlarged middle portions of TEM images. Scale bars: S00 nm. (b)
Recorded intensity distribution of generated electron vortex beams for
three holograms corresponding to +1 and —1 orders in the y—z plane.
(c) Recorded annular intensity profiles of six generated electron
vortices corresponding to +1 and —1 orders at the back focal plane
(depicted by the orange dashed lines in panel b). Scale bars: § prad.

performance of the fabricated devices. The transverse intensity
distributions of the generated PEVBs are recorded along the
propagation direction (z-axis) at a nominal step of 1.5 um.
Figure 2b displays the intensity distribution of the generated
PEVBs (+1 and —1 diffraction orders) along the y—z plane by
stitching all the captured x—y plane images together. For the
+1 order (right panels of Figure 2b), three diffracted PEVBs
with different topological charges of | = +1, +5, and +10 exhibit
almost identical beam radii and beam divergences. Due to the
diffraction property of the binary phase mask, the PEVBs of the
—1 diffraction order predictably possess opposite topological
charges of I = —1, =5, and —10. Additionally, their spatial
intensities and beam divergences in the y—z plane (left panels
of Figure 2b) show mirror symmetry with respect to the +1
diffraction order, implying that PEVBs of positive order are
complex conjugates of the negative order. The radii of PEVBs
for the +1 order become larger as the distance z increases from
the back focal plane, signifying that the PEVB generated in
Fourier space no longer has nondiffracting features (see details
in Supplementary Note 4). Moreover, the spatial intensity
distribution of PEVB is of conical shape, which looks similar to
the conical illumination in a scanning transmission electron
microscope (STEM). Nevertheless, compared with conical
illumination, the PEVB has a helical phase wavefront and
possesses an OAM, which may be used to further extend the
functionality of STEM. Figure 2¢ shows the recorded annular
intensity distributions of PEVBs at the back focal plane. As
expected, the intensity profiles for six electron vortices are
nominally identical. To quantitatively analyze the size of
PEVBs, the cross sections of in-plane intensity profiles along

2438

the y-direction are shown in Figure S2. The diffracted polar
angle can instead substitute the radii of the electron vortices,
0, owing to the relatively constant focal length of the Fourier
transform lens during measurements. The measured 6, of
electron vortices are (3.08 + 0.08) urad for I = +1, (3.21 +
0.07) urad for [ = +5, and (3.35 & 0.07) urad for I = +10. The
uncertainties are standard deviations for repeated measure-
ments. Although these experimental results are all close to the
designed value of 6, = 3.14 prad, their beam radii are not
identical. This is because the binary phase mask with small
aperture size leads to the generation of a quasi-Gaussian—
Bessel beam rather than a standard Gaussian—Bessel beam. To
further explore the aperture size effect on the generation of
PEVBs, the results for the Fourier transform of the binary
phase masks with different aperture sizes are calculated and
compared with the results for the Fourier transform of the
standard Gaussian—Bessel beams with different beam sizes,
which are shown in the Figure S4 (see details in
Supplementary Note S5). The hologram-generated PEVBs
with different topological charges can have almost identical
beam radius if the aperture size of the binary phase mask is
large enough.

Additionally, we record the interference patterns at the back
focal plane without the Bragg carrier phase term imparted on
the holograms (Figure SS). As the generated electron vortices
of +1 diffraction order are complex conjugates, the recorded
petal-like annular pattern has a lobe number of [2ll. The
topological charge of the generated PEVBs can be directly
distinguished from the lobe number of petal-like interference
patterns, further validating the designed topological charge
numbers 1, 5, and 10. For comparison, we also fabricate three
holograms with the same footprints to generate conventional
EVBs with identical topological charges (Figure S6a). The
measured transverse intensity distributions of these EVBs at
the focal plane are given in Figure S6b. Indeed, the diffracted
polar angle, 8, rapidly grows from (0.34 + 0.06) urad for I =
+1 to (1.31 % 0.07) urad for | = +10, confirming that the
radius of conventional EVB is proportional to the magnitude of
topological charge. Subsequently, we calculate the growth
factor # of the radii of two-electron vortices with topological
charges of I = +1 and I = +10 as 7 = (6, ;10 — 6,,21) /0, 1=1-
For conventional EVB, 1 & 285.3%, whereas for PEVB, 5 &
8.7%. These results clearly indicate that the radii of PEVBs
generated by the proposed approach are nominally insensitive
to the topological charge number.

Next, we leverage this unique characteristic to demonstrate
the superposition of PEVBs with different OAMs. Here,
considering two PEVBs with topological charges of I, and I,
the complex amplitude of the superposed electron vortices can
be expressed as U=1W + ¥, whose transverse intensity

profile should exhibit a petal-like annular pattern with I, — 1,/
lobes due to interference between the two PEVBs. The
morphology of the nanoscale hologram mask fabricated for
creating a superposed state of electron vortices is determined
by the product of transmission phase functions of the two
binary phase holograms. We fabricate three hologram masks to
generate three different superposed electron vortices (U, U,,
and U,). The TEM images of fabricated holograms are shown
in Figure S7. The states of U;,, U, and Uj; are the
superpositions of PEVBs with different topological charges
corresponding to Uy =% _,, + ¥ __s, U, =%, + ¥ 1o

and Uy =Y _,s+ ¥ __o respectively. The transverse
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intensity distributions of the three states at the back focal plane
are shown in the left panels of Figure 3a—c. As expected, the

+
lplz= -5

U=

I1=+1

0

Figure 3. (a—c) Results of the three superpositions Uj, U,, and Uy of
different PEVBs with topological charges I;= +1 and l,= =5, I;= +1
and L,= —10, and ;= +5 and L,= —10, respectively. Left panels:
experimental results. Right panels: calculation results. Scale bars: §
prad.

measured intensity distribution of U,, U,, and Uj exhibits
petal-like annular patterns with 6, 11, and 15 lobes,
respectively. Moreover, the edge contours of the patterns are
of identical size owing to the radii-independent topological
charge characteristic of PEVBs. The experimental results
presented are consistent with the expected theoretical
predictions (right panels of Figure 3). Notably, the super-
position of conventional EVBs at the focal plane with
considerably different topological charge numbers cannot be
realized due to the significant difference in their sizes (Figure
S6b). The PEVB obtained using the holographic reconstruc-
tion technique presents a simple and elegant avenue for
generating a superposition of electron vortex states carrying
different quantized OAM values.

Finally, unlike the conventional EVB, the PEVB radius can
be arbitrarily controlled by only modifying the axicon factor of
the hologram mask without changing the device footprint or
the acceleration voltage of the electron. To illustrate this, we
designed and fabricated two groups of hologram masks with
the same footprints but different axicon periods: T = 1,200 and
400 nm, respectively. Each group was encoded with three
different topological charge numbers of lll = 1, 5, and 10
(Figure S8). The transverse intensity distributions of the
PEVB:s for the +1 diffraction order at the back focal plane are
shown in the right panels of Figure 4a and b. For each group,
the intensity profiles of PEVBs carrying different OAM values
are considerably similar and agree with the calculated results
shown in Figure S9. The cross sections of in-plane intensity
profiles extracted from Figure 4a and b along the y-direction
are shown in Figure S10. For these two groups, the values for
6, were measured as follows: for T = 1200 nm, 6, = (2.08 +
0.08) prad for I = +1, 6, = (2.17 + 0.09) prad for I = +5, and
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0

Figure 4. Results of holograms with (a) T = 1200 nm and (b) T =
400 nm for generating different PEVBs with two types of predesigned
beam diameters and topological charge number of lll = 1, S, and 10.
Scale bars: 10 prad.

0, = (246 % 0.08) prad for I = +10; for T = 400 nm, 6, = (6.09
+0.07) prad for I = +1, 0, = (6.16 + 0.09) purad for [ = +5, and
0, = (6.44 + 0.08) purad for I = +10. These experimental results
are close to the theoretically predicted values of 6, = 2.09 urad
for T = 1,200 nm and ¢, = 6.28 prad for T = 400 nm. The
growth factors 7 of two types of PEVBs with [ = +1 and [ = +10
were calculated as # & 18.3% for T = 1,200 nm and n & 5.7%
for T = 400 nm, which were much less than the conventional
EVB growth factor. The ability to control the beam size
through simple design modification further enhances the
usability of the proposed PEVB.

In conclusion, we experimentally demonstrate the gen-
eration and manipulation of PEVB, whose ring radius is
independent of the OAM. By designing nanoscale holographic
masks, we create and observe PEVBs with different quanta of
OAM but constant radii. As the electron OAM beam
possessing charges can interact with external fields, they can
be potentially applied to perform various fundamental physics
studies via an electron microscope. Some applications include
quantitatively measuring a nanoscale out-of-plane magnetic
field with large OAM values,*** probing plasmon resonances
and chiral biomolecule with OAM-induced dichroism,'**° and
observing the weak polarization radiation produced by electron
beams with high OAM values.” In contrast to the traditional
EVB, the PEVB with a controllable radius may offer a
convenient and simple method for generating a free-electron
Landau state.”® Furthermore, the “OAM-unbalanced” super-
position of PEVBs with a considerable difference between their
nonzero topological charge numbers can be successfully
generated with smaller distortions, which might be used to
study the various Gouy rotations of different EVB super-
positions and improve the measurement accuracy of its Gouy
rotation angle.”” Moreover, we envision that the PEVB may be
used to study electron spin—orbit coupling in the relativistic
regime.48_50

B METHODS

Sample Preparation. The binary phase holographic
grating masks are designed and fabricated on 100 nm-thick
silicon nitride membranes using focused ion beam (FIB)
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milling. The FIB tool utilizing Ga-ions is operated at an
acceleration voltage of 30 keV and ion beam current of 7.7 pA.
The patterning is performed with a minimum step size of 4 nm
and a dwell time of 0.42 ms. The milling is performed over an
area of 8.5 X 8.5 um?” for each grating.

TEM Measurement. The evolution of EVB is observed
using a Tecnai TF20 FEG-TEM, producing a relatively
coherent monoenergetic electron beam with an energy of
200 keV, corresponding to the relativistic de Broglie
wavelength of ~2.51 pm. The holographic grating masks are
placed at the front focal plane of the magnetic objective lens,
which can perform the Fourier transforms of the hologram-
generated finite electron Bessel beams. The diffraction patterns
are recorded at a FEG-TEM low-angle diffraction mode
(LAD), for which the magnetic objective lens is operated at a
low current. The LAD mode enables long camera length;
hence, a polar angle of diffraction for electrons <1 prad can be
measured. A charge-coupled device camera, along with another
magnetic lens system, is used to capture the propagation
dynamics of the generated EVB. Relationship between current
and defocusing distance of the magnetic objective lens in LAD
mode can be determined by Bragg diffraction experiment in
TEM.">”! Thus, we can estimate the z-axis spacing distance
between each recorded image of the generated PEVB.
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