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Modulation of high-energy electrons with a nanopore matter lens

Guangyi Huang,* Wenhao He,* Xian Li, and Changlin Zheng †

State Key Laboratory of Surface Physics and Department of Physics, Fudan University, Shanghai 200438, China

(Received 31 December 2023; accepted 3 June 2026; published 26 June 2026)

We demonstrate the modulation of high-energy electrons using a nanosized pore in solid as a strong electro-
static lens. The inner Coulomb potential of matter decreases rapidly from the edge of the pore toward the center,
creating a strong electric field on the order of 10 GV/m. This electric field strongly modulates the phase of the
incident electron beam and deflects the beam as a defocusing lens. We measure the strength of the electric field
by combining electron holography with quantitative scanning transmission electron microscopy. We also observe
changes in the transmitted probe through the nanopore using electron confocal imaging. The shrinking electron
Airy patterns on the detector plane indicate that the exit probe’s convergent angle increases under the deflection
of the nanolens. This behavior corresponds to an effective concave lensing effect that cannot be achieved with
rotationally symmetric electromagnetic fields in vacuum due to fundamental constraints imposed by the govern-
ing field equation. This demonstration of electron matter lensing shows the potential to manipulate high-energy
electrons at the nanometer scale, expanding conventional electromagnetic lensing into nanoelectron optics.
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I. INTRODUCTION

Transmission electron microscopy (TEM) is a leading sci-
entific instrument used to study condensed matter at the
nanoscale and atomic scale [1–4]. In TEM, electrons are
accelerated to tens or hundreds of kilo-electron-volts (keV),
resulting in an extremely short wavelength of only a few
picometers. Since the wavelength is much shorter than the
atomic spacing in solids, high-energy electrons are exten-
sively used to analyze the crystallographic structure of solids.
In comparison to x-rays and thermal neutrons [5,6], electrons
have a unique advantage: They can produce extremely high-
resolution real-space images through electromagnetic lensing,
while electric or magnetic fields can readily alter the trajecto-
ries of electrons [7]. Therefore, TEM can offer both averaged
crystallographic structure in diffraction space and localized
structural changes in real space. The latest generation of TEM
has achieved a spatial resolution surpassing 0.5 Å [8,9], al-
lowing for the imaging and spectroscopy of individual atoms
[10–12], the detection of atomic fields and charge transfers
between bonded atoms [13–17], and even the observation of
single-atom magnetization [18].

Despite the continuous improvement of resolution in
TEM [19–21], the fundamental architecture of the TEM has
remained unchanged since its invention in 1933 [22]. High-
energy electrons are primarily focused using magnetic lenses,
which produce a magnetic field by a set of winding coils
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carrying large electric currents [7,23]. The strength of the
magnetic field generated is limited to about 2 T. This results
in a finite flux density and restricts the focusing capability
for high-velocity electrons (∼0.8 speed of light in vacuum at
300 keV). The focal length of the magnetic lens in TEM is typ-
ically in the millimeters range. Additionally, the rotationally
symmetric fields of conventional TEM objective lenses intro-
duce severe positive third-order spherical aberration (Cs), and
the Cs coefficient is in the same order as the focal length, sig-
nificantly limiting the achievable resolution in an uncorrected
TEM [24]. Unlike visible-light optical systems, there is also
a lack of concave magnetic lenses to directly compensate for
the positive spherical aberrations. Current aberration correc-
tors use multiple poles to generate a nonrotational magnetic
field for cancelling out spherical aberrations [25]. To achieve
atomic imaging with sufficient magnification, it is necessary
to integrate multistage magnetic lenses and correctors, further
increasing the complexity and volume of modern electron
microscopes.

Recently, different types of electron lenses have been
developed to improve the focusing power for high-energy
electrons. A discharge-capillary active plasma lens can
achieve field gradients of over 3 kT/m [26], and a plasma
wakefield lens can further reach 1 MT/m [27]. Despite this,
these applications are currently limited to particle accelera-
tors. Electron manipulation and lensing based on free electron
quantum optics have also been developed [28], coupling
free electrons with intense lasers in a vacuum or through
nanostructures [29,30]. For instance, direct diffracting and
phasing of electrons using the ponderomotive potential gen-
erated in a strong light field has been demonstrated [30]
and developed as a phase plate for enhancing the contrast
for biological electron imaging [31]. Theoretical studies also
reveal the electron lensing properties of the ponderomotive
potential generated by Bessel and Laguerre-Gaussian beams
and the future applications for spherical correction in TEM
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FIG. 1. (a) Illustration of high-energy electrons transmitting
through a subnanometer pore in matter, deflecting due to the strong
local electric field, analogous to (b) light deflected by a concave lens.

[32]. However, engineering these lenses remains a signifi-
cant challenge due to the requirement of electrons precisely
interacting with a highly intense laser. A laser-driven, di-
electric laser accelerator-based electrodynamic lens has also
shown promise in focusing high-energy electrons over short
distances [33]. However, it only applies to pulsed electrons
and not continuing beams. Therefore, it is crucial to continue
developing varieties of electron lenses.

In this work, we explore the potential of modulating and
lensing free electrons by utilizing the inherent Coulomb
potential of matter at the nanometer scale. Electron phase
modulation using the internal Coulomb or magnetic potential
of materials has been developed and applied for enhanc-
ing phase contrast in TEM. For example, Boersch [34,35],
Zernike [36], and Volta-type phase plates [37], as well as
tunable Ampere phase plates [38], have been developed to
improve contrast in low Z materials (particularly biological
samples). The phase modulation by utilizing matter Coulomb
or magnetic potential of matter has also been applied for
correcting aberrations in TEM or generating singular electron
beams like Bessel or vortex beams [39–48]. However, the
interaction range has remained in the micrometer scale. In this
work, we further push the field constraint into the subnanome-
ter range, enhancing the field strength and phase gradient by
up to 3 orders of magnitude. This opens the possibility of ex-
tending conventional electromagnetic lensing into nanoscale
electron optics.

II. METHOD AND EXPERIMENTAL RESULTS

The basic principle of nanoscale electron lensing is il-
lustrated in Fig. 1(a). When high-energy electrons transmit
through a nanosized pore embedded in amorphous carbon,
they will be deflected by the inner electric field within the
pore, similar to light deflected by a concave lens [Fig. 1(b)].

The preparation of the nanopore, imaging of electrostatic
potential distributions within the nanopore lens, and obser-
vation of electron deflecting effects were conducted using a
double aberration-corrected field-emission S/TEM (Thermo
Fisher Themis ZS/TEM) operating at 300 kV. The microscope
is equipped with a CEOS SCORR probe and a CETCOR
image corrector, and a Gatan 1066 imaging filter (GIF). To
prepare a subnanosized pore, a high-current electron probe
(200 pA) was incident into an amorphous carbon to sputter the
carbon atoms for 30 s, as shown in Fig. 2(a). The full width at
half maximum (FWHM) of the high-angle annular dark-field

FIG. 2. Morphology and structure of nanopore lens. (a) Quanti-
tative STEM thickness mapping of the amorphous carbon and the
subnanometer pore. (b) BF-TEM image of the nanopore imaged
with a 25◦ tilt. The dark line reveals the tubular hole in the carbon.
(c) The low-energy EEL spectrum of the amorphous carbon shows
the plasmon excitation peaking at 25.3 eV. (d) 3D reconstruction
of BF-TEM tomography of a similar nanopore and the surrounding
area. Inserted: TEM image at 0◦.

scanning transmission electron microscopy (HAADF-STEM)
intensity line profile across the nanopore is approximately
0.8 nm, revealing an extremely small pore. The details of the
pregrowth of amorphous carbon along the edge of monolayer
MoS2 are given in Supplemental Material [49].

Since the HAADF-STEM image only provides a two-
dimensional projection of the object, we used quantitative
STEM to measure the carbon thickness and the pore length
along the beam direction [50–53]. This was performed by nor-
malizing the scattered electron density falling on the HAADF
detector to the total incident beam. The resulting fractional
intensity was then compared to a precalculated dataset as a
function of carbon thickness. For electron dynamical scatter-
ing calculation with a multislice approach, we constructed
the amorphous structure of carbon using an average mass
density of 2.0 g/cm3, which is extracted from the peak loca-
tion of plasmon excitation at 25.3 eV in electron energy loss
spectroscopy (EELS) [Fig. 2(c)]. The plasmon loss in EELS
provides information about the valence electron density and,
consequently, the mass density of the carbon.

The quantitative STEM measurement shows that the amor-
phous carbon film surrounding the pore has an average
thickness of 69 ± 1 nm, suggesting that the carbon has grown
columnar. Despite the lateral size of the entire carbon showing
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only ∼10 nm from the top view, the nanopore forms a long
tube with an aspect ratio of ∼90. To further confirm this,
the sample was tilted by 25◦ and reimaged in bright field
(BF-TEM) mode, as shown in Fig. 2(b). The BF-TEM image
confirms the presence of a nanosized pore (dark contrast) with
a large aspect ratio that penetrates through the carbon. In ad-
dition, a BF-electron tomography experiment was conducted
on a similar sample to reconstruct the three-dimensional (3D)
morphology of the nanopore. The reconstructed 3D morphol-
ogy in Fig. 2(d) depicts a long nanotube embedded in the
carbon.

With respect to the vacuum energy level, each isolated car-
bon atom has a positive Coulomb potential due to the presence
of a positively charged nucleus screened by the negatively
charged electrons. When these carbon atoms bond into a solid,
the solid exhibits a positive mean inner Coulomb potential. In
the case of nanopores embedded, the mean inner Coulomb
potential is expected to rapidly decrease from the edge to
the vacuum, resulting in a strong local electrostatic field. We
used off-axis electron holography with parallel beam illumi-
nation to map the Coulomb potential and the electric field.
The holography experiment was performed in high-resolution
mode, with electron biprism voltage set to 300 V. The gener-
ated holographic interference fringe spacing was measured to
72 pm, with an average fringe contrast of 25%. Phase recon-
struction was performed using the standard Fourier transform
method, and a circular virtual aperture (r = 3.21 nm−1) was
applied to select the sideband in the diffractogram.

Figure 3(a) shows the unwrapped phase image of the
nanopore and its surrounding carbon reconstructed from an
electron hologram. A phase line profile across the center of
the nanopore reveals a significant phase shift of over 5 radians
within a subnanometer distance. To better visualize the phase
changes within the nanopore, an amplified phase image (5×)
is depicted in Fig. 3(b). The spacing between contour lines
corresponds to a 0.4π phase shift. The high-density contour
lines within the nanopore indicate a rapid drop of Coulomb
potential, signifying a strong electrostatic field in that area.
The measured phase shift ϕ is related to the 3D potential
distributions V (x, y, z) as follows:

ϕ = CE

∫
V (x, y, z)dz, (1)

where CE is the interaction constant and CE =
0.006 526 V−1 nm−1 for 300 keV electrons. Using Eq. (1),
the projected Coulomb potential of the nanopore [shown as
color maps in Fig. 3(c)] can be calculated from the phase
image. A differential operation was further performed on
the projected potential to obtain a projected electric field
mapping. The strength and direction of the projected electric
field are indicated by the white arrows in Fig. 3(c). Assuming
that the electric field strength only varies in the x-y plane,
the in-plane field strength can be obtained by dividing the
projected electric field by the length of the pore. The resulting
field strength is plotted in Fig. 3(d). The field strength
within the nanopore reaches the order of 10 GV/m, which
is extremely strong for an electrostatic field. The projected
electric field distribution can also be observed in differential
phase contrast (DPC) imaging in STEM mode. The DPC
imaging of a similar nanopore, exhibiting comparable electric

FIG. 3. Electric potential and electric field mapping of the
nanopore lens. (a) Reconstructed phase image (unwrapped) of the
electron exit wave from electron hologram. Inserted: phase line
profile across the nanopore. (b) Amplified phase mapping (5×)
of the nanopore and the surrounding area. The nanopore region
shows high-density phase contour lines, marked by the white arrow.
(c) Color-mapped projected potential and projected electric field
(white arrows) of the nanopore lens. (d) Strength of the in-plane
electric field inside the nanopore lens.

field distributions within the nanopore, is shown in Fig. S1 of
the Supplemental Material [49].

As shown in Fig. 3(c), the electric field points from the
edge of the pore toward the center, causing the incident elec-
tron beam to deflect outward. The nanopore’s deflection of
negatively charged electrons is analogous to a deflection of
light by a glass concave lens. To directly observe the mod-
ulating and lensing effect, we employed electron confocal
imaging technique to image the changes in the probe when
transmitting through the nanolens. Figure 4(a) shows the dia-
gram of the electron confocal imaging setup [54–56].

A diffraction-limited electron probe was directed into the
nanopore. The probe has a semiconvergent angle of 4.5 mrad,
set by the probe-forming lens aperture. The effective lens
aberrations within the aperture have been carefully tuned
to zero using the probe corrector. The exit probe was then
imaged through an aberration-corrected imaging system and
recorded by a scintillator-based complementary metal-oxide
semiconductor camera of the GIF system. The image of the
probe in vacuum (far away from the sample) and the probe
transmitting through the nanopore are compared in Figs. 4(d)
and 4(e), respectively. Both images exhibit typical diffraction-
limited Airy patterns, consisting of a bright intensity spot
surrounded by a series of concentric rings with decreas-
ing intensity. Significantly, the transmitted probe through the
nanopore exhibits a brighter but smaller central spot sur-
rounded by shrunken concentric rings.
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FIG. 4. Comparison of probe images when the probes transmit through vacuum and the nanopore lens. (a) Illustration of the electron
confocal imaging mode to record the electron probe image on the detector plane. The simplified confocal optics are compared in panels (b) and
(c). In panel (c), the effective convergent angle of the exit electron probe is increased due to the nanopore lens deflection. (d), (e) Experimental
probe images (Airy patterns) on the detector plane: in vacuum and through the nano lens. (f) Radially integrated intensity line profiles from
the center to the edge of the Airy patterns in panels (d) and (e).

Figure 4(f) compares the intensity line profiles across the
center of two Airy patterns. When transmitted through the
nanopore, the FWHM of the center spot intensity is reduced
by 1.4 times compared to that of the probe image in vacuum.
Meanwhile, the peak intensity increases by 1.3 times. This
clearly demonstrates the deflection of incident high-energy
electrons. Surprisingly, the nanopore functions as a concave
lens, but the recorded Airy pattern shrinks. This is because
Figs. 4(d) and 4(e) are magnified images of the electron probe
transferring through the imaging lens system. Under the de-
flection of the outward field, the convergent angle of the exit
probe increased when transmitting through the nanolens [il-
lustrated in Figs. 4(b) and 4(c)]. The electron exit probe with
an enlarged convergent angle formed a smaller Airy pattern
in the final image plane, clearly indicating that the near-field
Coulomb interaction provides a lensing effect for the matter
wave of electrons. Figure S2 of the Supplemental Material
[49] compares a series of probe images taken as the electron
beam scanned over different regions (nanopore, carbon, and
vacuum) on a similar sample.

We further performed an electron dynamical multislice
simulation to confirm the changes in recorded probe images
in confocal mode. Since a full three-dimensional atomic con-
figuration of the nanopore is not experimentally accessible,
we divided the experimental projected potential [Fig. 3(c)]
into 345 layers, assuming that the Coulomb potential within
the pore is uniformly distributed along the beam direction and
only varies in the x-y plane. The total thickness of the structure
is 69 nm, as previously measured with quantitative STEM.
The incident probe’s semiconvergent angle is 4.5 mrad, and
the electron energy is 300 keV. Figure 5 compares the simu-
lated probe intensities on the detector plane with a 3D surface

rendering. In addition, Fig. 5(e) compares the intensity line
profile across the centers of the Airy patterns. It evidences that
a smaller but brighter Airy pattern is formed when the beam is
transmitted through the nanolens, compared to that in vacuum.
This aligns with the experimental results, which indicate that
the effective convergent angle increases due to the deflection
of the nanorange field as a concave lens.

The mean inner potential of amorphous carbon has been
measured to be 10.8 V using electron holography. The po-
tential difference between the matter and the vacuum energy
level is then only in the order of 10 V. However, the potential
drop within the nanopore is confined to a subnanometer range.
This leads to an extremely high field strength in the order
of 10 GV/m, which is 4 orders of magnitude higher than the
breakdown field of the air. For comparison, the electric field
in a conventional electrostatic lens in TEM is limited to the
order of 10 MV/m to avoid high voltage breakdown [57]. The
nanorange field strongly modulates the high-energy electrons,
acting as a powerful electrostatic lens.

Following experimental mapping of the electric field
within the nanopore and the direct observation of the asso-
ciated defocusing lensing effect, we estimate the key optical
parameter—the focal length of the electrostatic concave lens.
In Fourier optics, the lens strength is determined by the phase
modulation imposed on the incident wave. Thus, we derive
the focal length from the measured phase shift φ(ρ) by off-
axis electron holography, as shown in Fig. 3(b), where ρ

denotes the radial coordinate. We fit the radial phase shift to a
parabolic function φ(ρ) = aρ2 (Fig. S3 of the Supplemental
Material [49]), where the focal length f is related to a by

f = − k

2a
. (2)
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FIG. 5. Simulated electron probe intensities in confocal mode. (a) Probe intensity evolution when transmitting through vacuum and (b)
through the nanopore lens. (c), (d) Corresponding intensity distributions at the detector plane after transferring through the imaging lens system.
(e) Corresponding intensity line profiles across the center of the Airy patterns. Red: nanopore; blue: vacuum.

Here, k is the magnitude of the wave vector. For 300
keV electrons, k = 3188 nm−1. Substituting the experimen-
tally determined parameter (a = 5.6 nm−2; see Fig. S3 of the
Supplemental Material [49]) into Eq. (2) yields an effective
focal length of f ≈ −285 nm for the lens. The negative sign
indicates that the nanopore acts as a defocusing (concave) lens
for the incident high-energy electron beam. Remarkably, the
focal length is on the order of only ∼300 nm, reflecting an
exceptionally strong lensing effect. In contrast, conventional
magnetic lenses in TEM typically exhibit focal lengths of
the order of millimeters. More generally, the focal length is
governed by the curvature parameter a, indicating that it can,
in principle, be tuned by adjusting the pore depth or radius,
offering a route to engineered nanoscale electron optics. In
addition, the imperfection of the nanopore structure induces
some low-order nonrotation symmetric aberrations and leads
to some distortions in the intensity of the probe image, as
shown in Fig. 4(e). While the focal length is extremely short,
the effect of the other high-order aberrations including the
third-order spherical aberration can be neglected.

Based on Eq. (2), the influence of geometric size on the
focal length can be analyzed. For a fixed nanopore diameter,
the projected potential, and hence the accumulated phase shift,
increases linearly with the length. Following φ(ρ) = aρ2 and
f = − k

2a , the coefficient a scales linearly with the length,
while the focal length f is inversely proportional to it. Thus,
increasing the nanopore length results in a stronger lensing,
i.e., a shorter focal length.

Further, considering variations in the diameter, and under
the approximation that the total projected phase shift remains
constant, since a1ρ1

2 = a2ρ2
2 and correspondingly f2

f1
= a1

a2
=

( ρ2

ρ1
)2, the scaling relations indicate that the focal length f is

proportional to the square of the diameter. Therefore, a larger
diameter leads to weaker focusing and a longer focal length.

However, this scaling breaks down for sufficiently large diam-
eters. In this regime, the potential variation is significant only
near the nanopore edge, while the central region exhibits an
almost flat potential. Since this flat region contributes negli-
gibly to the phase curvature, the effective lensing strength is
significantly reduced.

III. DISCUSSIONS

Mityureva et al. proposed using a nanohole as a mat-
ter lens for atomic and molecular optics [58], extending
Smirnov’s concept of an atomic-scale corpuscular lens [59].
In this work, we show that a nano-object can indeed func-
tion as an electron lens for wave function modulation and
lensing. Previous experiments and image simulations by
Cowley, Smirnov, Dunin-Borkowski et al. have also demon-
strated atomic focusers for high-energy electrons [60–64].
The Coulomb potential decreases quickly from the nuclei
region to the outer shell, resulting in kilovolt changes over
a sub-Angstrom length. This makes a single atom or a column
of atoms a stronger electrostatic lens for electron lensing than
the nanopore lens described in this work. However, control-
ling a single atom or a column of atoms to precisely focus an
incident electron beam still poses a challenge, and the lens-
ing effect may be influenced by nonboring atomic columns
in crystal. In contrast, our approach employs a nanoscale
structure to scatter and shape the electron beam. This enables
substantially greater control over the relative positioning be-
tween the incident beam and the structure, which is not readily
achievable in atomic focusing system.

More importantly, the nanopore structure considered here
generates a potential gradient with a sign opposite to that
of conventional atomic potentials. Consequently, it acts as
a concave (defocusing) lens for high-energy electrons, in
contrast to the convex (focusing) behavior associated with
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atomic focusers. Achieving a concave lensing effect for high-
energy electrons remains a significant challenge. According
to Scherzer theorem [65], a concave lens for high-energy
electrons cannot be realized using rotationally symmetric
electromagnetic fields in vacuum, due to fundamental con-
straints imposed by the governing field equations. More
specifically, the electromagnetic fields are static and rota-
tionally symmetric, and no space charge is present. Under
these conditions, electromagnetic lenses have positive spher-
ical aberration (i.e., cannot be concave). In vacuum, the
electrostatic potential satisfies Laplace’s equation, which for-
bids local maxima or minima and requires the potential
to be a harmonic function. The present structure, however,
lies outside these constraints. By exploiting the inner po-
tential of matter, the nanopore creates a non-charge-free
electrostatic environment—one not subject to the conditions
underlying Scherzer’s theorem. As the electron beam traverses
the nanopore, its wave function acquires a spatially varying
phase shift determined by the local Coulomb potential of the
nanostructure. This interaction effectively introduces a phase
modulation that acts like a concave lens.

The nanomatter lens demonstrated here also has several
limitations. The fixed geometry restricts the convergence an-
gle of the incident beam, as larger angles would cause the
beam to strike the inner walls of the pore. However, as
in atomic electron lenses, such structures are not intended
for primary focusing but for modulating an already focused
electron beam in ways unattainable with conventional elec-
tromagnetic lenses. The nanomatter lens is also not tunable
and thus acts as a static electron-optical element, and the
long-term stability and radiation tolerance may be limited

in the present implementation. However, the primary aim
is not to realize a fully functional and tunable electron-
optical component, but rather to demonstrate a physical
mechanism—the concave lensing of high-energy electrons by
the inner potential of matter. This demonstration may inspire
future developments of fully functional and tunable nanoscale
electron lenses based on similar underlying principles. The
long-term stability and radiation tolerance could also be im-
proved by using metallic glasses instead of amorphous carbon.

IV. CONCLUSION

In conclusion, we have presented an experimental demon-
stration that the rapid changes of the Coulomb potential within
a sub-nanometer pore in a solid can generate a strong electric
field in the order of 10 GV/m, which effectively deflects the
incident high-energy electrons as a strong electron concave
matter lens. This provides an alternation for conventional elec-
tromagnetic lensing and extends electron manipulation and
lensing to nanoscale electron optics.
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