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ABSTRACT: Circular dichroism spectroscopy is an essential
technique for understanding molecular structure and magnetic
materials; however, spatial resolution is limited by the wavelength
of light, and sensitivity sufficient for single-molecule spectroscopy
is challenging. We demonstrate that electrons can efficiently
measure the interaction between circularly polarized light and
chiral materials with deeply subwavelength resolution. By scanning
a nanometer-sized focused electron beam across an optically
excited chiral nanostructure and measuring the electron energy
spectrum at each probe position, we produce a high-spatial-
resolution map of near-field dichroism. This technique offers a
nanoscale view of a fundamental symmetry and could be employed
as “photon staining” to increase biomolecular material contrast in
electron microscopy.
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These far-field circular dichroism techniques have some
limitations. Because of the diffraction limit, spatial resolution is

hirality, defined as the absence of symmetry under spatial
inversion, is central to a number of open scientific
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questions and technologically relevant materials, including the
biochemistry of life,' the weak force and its potential
connection to the chirality of biomolecules,” magnetic
skyrmions,” and metamaterials.”> Tools to probe chirality
allow us insight into these phenomena; the first structural
information about organic compounds came through studying
the rotation of linearly polarized light in glucose solutions.’
A related technique, circular dichroism (CD), is based on
differences in absorption or scattering of circularly polarized
light.

CD spectroscopy is widely employed to understand
microscopic structure. X-ray magnetic circular dichroism”® is
a routine method for nanoscale magnetic domain imaging.” In
biochemistry, circular dichroism spectroscopy serves as a
molecular structural fingerprinting technique; the combination
of local structural chirality and an optical transition necessary
to produce a peak in a CD spectrum is more selective than just
an optical transition.'” Distinct kinds of molecular structural
information are accessible through circular dichroism depend-
ing on the wavelength range. Secondary structure (e.g., a-
helices and fS-sheets, the small collections of hydrogen bonds
that constitute segments of proteins) produces distinguishable
far-UV CD spectra.11 Near-UV CD spectra are sensitive to
tertiary structure, the global arrangement of all of the
segments.'” Vibrational circular dichroism can retrieve
structural information in conjunction with DFT calculations."
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tied to the wavelength of light. The chiral contribution to
molecular absorption is many orders of magnitude smaller than
the nonchiral contribution; limited sensitivity necessitates the
use of large ensembles of molecules.'”'* One potential route
toward higher sensitivity is to enhance the chiral part of optical
absorption with spatially structured fields."*™>" Another option
is to measure near fields. Scanning near-field optical
microscopy can be employed to measure near-field circular
dichroism at surfaces, but resolution and bandwidth are limited
by the tip and care must be taken to preserve polarization.”>*’
Photoemission electron microscopy can measure optical near
fields with high spatial and temporal resolution®*™** and
illuminate spin-dependent plasmon dynamics;**~>* the techni-
que is also commonly used in conjunction with X-ray magnetic
circular dichroism.>”** Cathodoluminescence polarimetry is
another promising new approach to probe optical interactions
with nanometer resolution and access to polarization.*
Dichroism via exchange of electron orbital angular momentum
and energy offers similar information without light.**~*°
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Figure 1. (a) Schematic of the experiment. The probe electron pulse (e”, green) and circularly polarized optical pulse (CPL, red) are nearly
colinearly incident on the specimen (AuSp, gold). Coupling to the optical field produces electron energy sidebands that are measured in an electron
energy-loss spectrometer (EELS, black). Measurement of the associated coupling coefficient, |f,(r,)l, at each electron probe position produces a
spatial map. (b) Scanning electron micrograph of the specimen measured in Figure 2, 400 nm pitch, 800 nm outer diameter spirals of opposite
handedness milled into a 1 ym-thick gold slab with a 100 nm diameter hole. Insets depict PINEM maps with left-circularly polarized light, as shown
in Figure 2c. (c) Scanning electron micrograph and inset PINEM maps of a different specimen with 800 nm pitch, showing a reversed relationship
between handedness and coupling strength compared to (b). This difference highlights the three-dimensional structural information captured in

these two-dimensional images.

Measurement of externally pumped optical near fields is
possible in transmission electron microscopes. Although free-
space absorption or emission of a photon by an electron is
forbidden as it cannot conserve both energy and momentum,
electrons in optical fields adjacent to or inside materials can
exchange quantized momentum and energy with the field.*>*'
Barwick et al. employed this interaction to map optical near
fields driven by laser illumination of the specimen; they called
this technique photon-induced near-field electron microscopy
(PINEM).* As near fields in an ultrafast transmission electron
microsope can be sufficiently strong that the probability for an
electron to lose or gain one or more units of photon energy is
higher than the probability to exchange no energy,” *
PINEM is a highly sensitive probe of optical near fields and has
been em;)loyed to image single-atom-high step edges,
proteins,”’ cells,*® and nanoparticles.*” While most applica-
tions of PINEM so far have relied on ultrashort electron and
optical pulses to increase the strength of the optical field, the
same interaction is possible with a continuous electron
beam.””*' In this work, we demonstrate a near-field circular
dichroism technique based on inelastic electron-light scatter-
ing. A unitless parameter 8 characterizes the local strength of
the coupling between the near field and the electron
beam,">**>% where

e

Al = oo [ @

heog, (1)
depends on transverse electron beam position r), electron
velocity v,, and the longitudinal component of the electric field
in or near the material E,(r,0,0p). This field depends on
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optical illumination helicity ¢ and photon energy Aw,;. The
exchange of m quanta of energy with the optical field produces
an electron energy distribution with a series of peaks at
energies separated by fiw,, with probabilities given by"”™*
P,=1],,(218)* (see the Supporting Information, page 4, for a
more detailed description of the resulting spectra). A
calculated example spectrum is shown in Figure la.

Because electron beams can be focused to subnanometer
spots in modern electron microscopes, this interaction probes
the optical response of materials with nanometer spatial
resolution. Electron near-field circular dichroism (ENFCD)
then can be defined as the normalized difference in f/ measured
with left- and right-circularly polarized light:

Ip chl - 1p RCPI

A(r)) =
=) Brcpl + Prcpl

)

Spatial variations in A offer insight into the microscopic origins
of chiral optical responses. Access to this information is not
available at high spatial resolution through far-field circular
dichroism, where the response is typically modeled with a
small number of dipole transition moments.”® This contrast
mechanism can be employed for “photon staining” to boost
contrast on biomolecular materials that only weakly scatter
electrons.

We measured ENFCD on a prototypical chiral specimen
that exemplifies this nondipolar spatial variation, as shown in
Figure 1b. We prepared two nearly identical spirals of opposite
handedness by FIB milling a 1 pm-thick gold slab. As the
chirality in this specimen arises from geometry, we sought
insight from optical field simulations. We numerically
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Figure 2. (a) 1D helix model, (b) finite-element simulated, and (c) experimental maps of the coupling coefficient f3,(r, ) across the hole in the left-
handed structure (left) and the right-handed structure (right) with left-circularly polarized (LCP, top) and right-circularly polarized (RCP, bottom)
light. (d) Modeled, (e) simulated, and (f) experimental maps of the dichroism A(r,). The scale bar is 40 nm in all images.
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Figure 3. (a) Schematic of the model 1D helix with magnetic polarizability @, along the helix axis and pitch d. (b) Calculated dependence of the
hole-spatial-average coupling coefficients f;cp (blue) and frcp (green) on the pitch of the model 1D helix with a diameter of 100 nm, optical
wavelength of 800 nm, and electron energy of 200 keV. The minima occur at integer multiples of the coupling period 2., = 554 nm. (c)
Calculated electron energy dependence of the average coupling coefficients from the model 1D helix (solid lines) and from finite element
simulations (dashed lines) with helix pitch and optical wavelength both at 800 nm. The same oscillatory behavior occurs as 4, ,;, depends on energy,
although it is only qualitatively similar behavior in the finite element simulation as there are likely other contributions to the response. Note that
when the helix pitch matches the optical wavelength, the resonant coupling energy is infinity, so no maximum occurs here. Relative light intensities

between model and simulations are chosen for visibility of lines.

calculated ENFCD in these structures based on frequency-
domain finite element simulation of the optical fields with the
COMSOL Multiphysics package. The simulations (Figure 2b)
show that the spatial average of f inside the hole in the
structure strongly depends on the optical helicity, and the
relationship flips with the structure’s handedness. In order to
better understand the physical origins of spatial variations in
ENFCD, we also developed a model for the optical response of
the specimen, which we describe in more detail below and on
Supporting Information page 14. The model (Figure 2a) also
shows a helicity-dependent average S.
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We performed measurements using the Goéttingen JEOL
2100F ultrafast transmission electron microscope.”* Circularly
polarized S ps, 42 nJ optical pump pulses with an 800 nm
central wavelength illuminated the specimen at nearly normal
incidence with a 600 kHz repetition rate, as shown in Figure
la. We raster-scanned 1 ps electron probe pulses focused to a
spot size smaller than 10 nm over the hole in the spiral
structures. An electron energy-loss spectrometer recorded an
electron spectrum at each probe position, and we measured
from each spectrum by least-squares minimization with
modeled spectra (see Supporting Information page 4 for a
more detailed description of the f-measurement procedure).

https://dx.doi.org/10.1021/acs.nanolett.0c01130
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The resulting experimental maps of f3,(r, ), shown in Figure 2c,
agree with simulations regarding the relationship between
structure and illumination handedness but show more spatial
variation than both the model (Figure 2a) and simulations
(Figure 2b). The larger spatial variation in the experimental
maps likely arises due to additional contributions to the optical
response from real features (e.g., smoother edges, finite slope
of the spiral cut, and small optical coupling with other features
in the surrounding region) that are not included in the
simulations. These nanoscale spatial variations in ENFCD offer
information about the three-dimensional structure and insight
into the microscopic origins of chirality.

We considered two related descriptions of the spatial
variations in ENFCD. First, for molecules or other specimens
with a finite number of electronic transitions with limited
coupling between them, it may be possible to match measured
ENFCD maps with a model based on a sum of dipole
transition moments. Following previous work,> we derive the
equation for PINEM in this case in the Supporting Information
(equation S26). Second, for specimens where collective
excitations of many states contribute most to the optical
response, we developed a model based on a simplified one-
dimensional structure. At the 800 nm optical wavelength we
used, gold can be treated as a good conductor with a skin
depth much smaller than the size of the holes in the spirals we
fabricated. We therefore represent these spirals as a 1D single-
turn helix with a magnetic polarizability tangential to the edge
of the helix, corresponding to a magnetic polarizability along
the inner edge of the hole in the spiral. The simple helix model
does not include additional features like the cut in the spiral,
which we expect is responsible for the reversal of the sign of
dichroism as a function of pitch (Figure lc and Supporting
Information Figures S1 and S2) that we see in simulation and
experiment.

This model predicts an oscillatory response of the integrated
coupling coefficient as a function of pitch d of the spiral for
both circular polarizations within the hole, as shown in Figure
3b, with a coupling period corresponding to the momentum
mismatch A, = 27,/ @y At d = 4., the integrated relative

dichroism is maximized. When the pitch is an integer multiple
of Ao the spatial symmetries of the coupling coefficient
(Figure S6 in the Supporting Information) suggest that spin-
to-orbital angular momentum conversion’*"*>>® determines
the response: at a pitch d = nl.y, the coupling coefficient
has n + o rotational symmetry, where o is the helicity of the
exciting light. The resonant dependence of the coupling
coefficient on pitch as a function of 1., suggests that we can
boost the strength of dichroism, and therefore structural
information obtained, by tuning either the electron kinetic
energy or the optical wavelength. We have a recipe for
maximization of the coupling coefficient and ENFCD for
specimens with helical structural components such as a-helices
or chiral plasmonic structures.”’~*® Specifically, this can be
done by first setting the optical wavelength to known optical
resonances and then tuning the electron energy to match 4,
to the helical pitch d of the structure. For example, for helical
assemblies of semiconducting particles with a 390 nm pitch
and a peak in optical circular dichroism at 690 nm,** resonant
coupling occurs at 108 keV. This resonant coupling and high
spatial resolution could be em<ployed to image the assembly of
helical nanostructures®>°”°"%>% iy situ, or to visualize optical
coupling between molecules and nanostructures for molecular
sensing.””*® It may be possible to produce stronger dichroism
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using these two knobs than is possible in a linear optical
technique where the light wavelength at which absorption
occurs is far from the characteristic length scales associated
with chirality. This tunable, resonant dichroism could also find
application in dielectric laser acceleration®~"" for helicity-
controlled acceleration.

We have demonstrated a technique to measure circular
dichroism in optical near fields with nanometer resolution. The
spatially varying near-field dichroism we measure offers
nanoscale detail not accessible through far-field optical circular
dichroism. More information will be available with ENFCD
spectroscopy, using a range of optical pump wavelengths to
measure the full spatial and spectral response of a specimen.
The available wavelength range is limited only by the laser
source and optics used to illuminate the sample and can
therefore be very broad. On the other hand, it may be possible
to achieve single-molecule sensitivity over a limited wavelength
range with the Purcell effect through coupling of molecular
electronic states to the substrate or nanostructures. The local
nature of our measurement means that couplin§ to an electric
dipole is sufficient to enhance sensitivity.”~ As inelastic
electron-light scattering is coherent, further sensitivity through
interferometric measurement of the coupling coeflicient is
possible.”>~”> Temporal resolution is also available with
ENFCD. The probe pulses we used in this work always
arrived at the peak of the optical pump pulses, but temporal
measurement of long-lived optical excitations in chiral
materials is straightforward by varying probe—pulse arrival
time. Chiral magnetization, polarization, or structural dynamics
could be probed with ENFCD using a first optical pulse to
pump the specimen and a second, weaker optical pulse
overlapped with the delayed probe pulse. Access to nanoscale
near-field circular dichroism spectra enables high-spatial-
resolution characterization of three-dimensional structure
with straightforward extension to temporal resolution and
possibilities for single-molecule sensitivity.
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