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Direct subwavelength imaging and control of near-field localization in individual silver
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We demonstrate control of near-field localization within individual silver nanocubes
through photoemission electron microscopy combined with broadband, few-cycle laser
pulses. We find that the near-field is concentrated at the corners of the cubes, and
that it can be efficiently localized to different individual corners depending on the
polarization of the incoming light. The experimental results are confirmed by finite-
difference time-domain simulations, which also provide an intuitive picture of polar-

ization dependent near-field localization in nanocubes.
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The localization of optical near-fields in nanostructures holds great promise for many ap-
plications, including sensing!, nonlinear spectroscopy??, and optoelectronic device technology?.
Special attention has been focused on the active spatial and temporal control of localized
fields induced by femtosecond laser pulses in metallic nanostructures®®. Such control may
facilitate ultrafast optical excitation localized on a scale much smaller than the free-space

wavelength, or serve as a basis for plasmonic devices”®

. However, reaching optimum con-
trol of the nanolocalized near-fields requires both well-defined nanostructures and proper

characterization methods.

In recent years, metal nanocubes have shown to be especially interesting nanoob-
jects due to their simple geometry and controlled synthesis in combination with broad-
band field enhancement, thus offering a playground to investigate various plasmon-related
phenomena®? 2%, Single-crystalline nanocubes terminated by {100}-type facets can be ratio-
nally synthesized using a polyol process?'. Cubes support a large number of surface plasmon
modes with dipolar as well as multipolar character, which enables field enhancement across
a wide spectral range'’"'3. However, challenges remain in measuring the local near-field at

a subwavelength scale. Previous experimental studies on metal nanocubes have measured

10,13 3,1

various linear or nonlinear®® optical properties with a spatial resolution limited by
optical diffraction, or studied the surface plasmon modes with high resolution using fast
electron based spectroscopies!®1%1920 Near-field imaging was also performed using indirect
photochemical methods'™'®. These studies have concluded that the optical properties and
the field enhancement of single nanocubes are strongly dependent on the orientation of the

316718~ However, neither of these

particles with respect to the incident laser polarization
methods provided a full and direct access to the optically induced near-field within single
nanoparticles as a function of laser polarization, which requires both optical excitation and
simultaneous spatially resolved detection. Such direct subwavelength imaging of the near-
field can be achieved by multiphoton photoemission electron microscopy (PEEM), which
uses nonlinearly emitted photoelectrons to form an image of the enhanced near-field with
sub-50 nm resolution. During the past decade, PEEM has been used to image localization
and control of the near field in various metallic nanostructured samples®2°5. By further
combining PEEM with broadband few-cycle laser pulses®®, strong localized near-fields re-

sulting from broadband field enhancement can be imaged. Such a combination provides

a powerful characterization tool towards numerous plasmonic applications, ranging from



FIG. 1. (a) Side-view schematic of the experiment, including the definition of the polarization
angle 0 as the deviation (in the clockwise direction as seen in the direction of propagation) from
p-polarization. (b—c) SEM images of two silver nanocubes. The nanocubes have approximately
the same orientation as in the PEEM images shown in figure 2. k|| represents the projection onto
the sample plane of the wave vector of the incoming light relative to the nanocubes in the PEEM
experiments. For each cube, the corners are labelled from 1 to 4 such that corners 1 and 2 are on

opposite sides of the plane of incidence.

ultrafast optics®® to enhancement of solar radiation?”.

In this work, we image the localized near-field in individual silver nanocubes using a
photoemission electron microscope together with a broadband laser oscillator delivering
few-cycle pulses. We find that the strongest near-fields are localized at the corners of the
cubes. The enhanced near-field can further be switched to single corners by adjusting the
polarization of the exciting light. The polarization concentrating the photoemission to a
specific individual corner is found to be close to when the electric field vector is aligned
with the body diagonal passing through that particular corner. The polarization-dependent
photoemission distribution is reproduced using finite-difference time-domain (FDTD) simu-

lations.

Silver nanocubes with a side length of about 250 nm were synthesized by a modified
method simlar to what has been reported in the literature®®. The details can be found in

29 The nanocubes were supported by an indium tin oxide (ITO)

supporting information
coated glass substrate. The experiments were performed using a commercial PEEM instru-
ment (FOCUS IS-PEEM) together with a broadband few-cycle Ti:Sapphire laser oscillator
(VENTEON Pulse-One), delivering pulses with a duration down to 5.5 fs with 1.55 eV cen-

tral energy (800 nm central wavelength), 0.8 eV bandwidth, and 250 pJ pulse energy at
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a repetition rate of 80 MHz. The laser pulse characteristics were monitored in a separate
arm of the optical setup. The sample was illuminated at a 65 degree angle to the substrate
normal, as seen in the schematic of Fig. 1a. The polarization could be adjusted using a
broadband half-wave plate, and measurements were performed by continuously rotating the
polarization in steps of 10 degrees. The nanocubes were imaged in the PEEM using two dif-
ferent light sources. A Hg discharge lamp provided topographic and work function contrast
through 1-photon photoemission and was used to locate the nanocubes. The broadband
laser pulses had a central photon energy of 1.55 eV, which is below half the work function
of Ag(100) (~4.2 eV?), meaning that the absorption of at least 3 photons was required
for each emitted electron. This nonlinear photoemission makes the image contrast sensitive
to regions of enhanced electromagnetic fields, thus providing images of the enhanced near-
field. The same nanocubes studied in the PEEM could afterwards be identified in a scanning
electron microscope (SEM, Fig. 1b—c). We performed full polarization scans of 8 different
cubes with random orientations with respect to the laser plane of incidence. As illustrative
examples, we focus our analysis on the two nanocubes shown in Fig. 1b—c, one with its
faces aligned with the plane of incidence, and one rotated by approximately 45 degrees. The
FDTD simulations were performed using the commercial software FDTD Solutions from
Lumerical. In the simulations, the dielectric function of Ag was fitted to literature data3!
and the nanocubes were lying on a fused silica substrate. The ITO layer was for simplicity
not modeled. The corners of the cube were also kept sharp, as the radius of curvature of
the cube corners has been shown to have minor qualitative effects on the optical response
as long as it is much smaller than the side length®!®. The pulsed plane wave excitation was

set to have a bandwidth matching that of the experimental laser pulses.

In order to compare FDTD simulations with experiments, we first confirmed the expected
3-photon photoemission process by measuring the photoemission intensity as a function of
incident laser power. For a 3-photon process, we assumed that the photoemission yield
originating from a point 7 of the sample surface can be calculated as® Y (7) [ E, (7,t)° dt,
where FE, is the component along the surface normal of the near-field linearly induced by
the short pulse excitation. Only photoelectrons originating from the top face of the cube
were considered in modeling the PEEM images, because any electrons emitted from the
sides of the nanocube would effectively have a high starting angle and therefore be blocked

by the low-pass filtering contrast aperture of the PEEM?2. Using FDTD, we calculated
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the near field at the top face for both p- and s-polarized excitation (s-polarization means
that the electric field is in the plane of the sample, as seen in the schematic of Fig. 1a).
The electric field distribution was further calculated for an arbitrary polarization by making
a linear combination of the simulated near-field induced by p- and s-polarized excitation,
ie. E(F,t,Q) = Ep (7, t) cosf — E, (7,t)sinf. In this expression, Ep and E, are the local
electric fields when the cube is excited by p- and s-polarized light, respectively, and 6 is
the polarization angle as defined in Fig. la. The corresponding photoemission yield was
eventually convolved by a Gaussian filter to account for the finite resolution of the PEEM.

The simulated image intensity I for a polarization angle # was thus calculated as:

1(7,0) = / (E., (7,t) cosf — E, . (7,¢) sin6)° dt

® exp (- |71” /207), (1)

where o is the standard deviation of the Gaussian filter and was set to 25 nm in our case.
Fig. 2 shows the experimental (a—d, i-1) multiphoton PEEM images for 4 different po-
larizations and for the two example cubes. For each polarization, the multiphoton photoe-
mission is seen to be concentrated at the corners of the cubes, as opposed to the sides or
the central part of the top face. Intensity localization is switched between different cor-
ners depending on the polarization of the incoming light, in accordance with both previous
calculations®!® and experiments'™!®. For both cubes, the photoemission is concentrated at
the corners farther away from the excitation source, similar to what has been observed in
studies of other metal nanostructures and attributed to a retardation effect®334. As a result,
the intensity can be selectively localized to three different corners (corners 1 through 3, as
labelled in Fig. 1b) for the rotated cube (Fig. 2a-d) and two different corners (corners 1
and 2, Fig. 1c) for the cube aligned with the plane of incidence (Fig. 2i-1). For both cubes,
photoemission from corners 1 and 2 is cancelled for a polarization close to p (Fig. 2a,i), how-
ever, the photoemission is seen to be simultaneously maximized for corner 3 for the rotated
cube (Fig. 2a). On the contrary, the signal is evenly concentrated to both corners 1 and 2
for polarizations close to s (Fig. 2c,k). For both cubes it is possible to achieve maximum
intensity at corners 1 and 2 separately by using intermediate polarizations between s and p.
The photoemission can then be almost completely concentrated to one single corner within

the experimental signal-to-noise ratio. Therefore, the on/off ratio between the photoemis-
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FIG. 2. (a—d) Experimental and (e-h) simulated multiphoton PEEM images of the nanocube
shown in Fig. 1(b), for different polarizations of the incoming light. (i-1) Experimental and (m—p)
simulated multiphoton PEEM images of the nanocube shown in Fig. 1(c) for different polarizations.
All images are 500 x 500 nm? and the light is incident from the bottom. The polarizations are
indicated with arrows depicting the electric field as seen in the direction of propagation (the angle
0 as defined in Fig. la is increasing to the right). The green dashed lines represent the positions

of the nanocubes in the images.

sion yield from the two different corners is difficult to determine because of the minimum
signal being comparable to the noise floor. However, we estimate a lower limit of 50 for the
on/off ratio between the two different corners by integrating the photoemission signal from
each corner separately. The simulated images, obtained from FDTD simulations followed by
Eq. 1, are shown for comparison in Fig. 2e—h and Fig. 2m—p. The simulated PEEM images
are in excellent agreement with experiment. For the rotated cube, there is a small (up to
~ 15°) discrepancy in the exact polarization angles achieving the optimum concentration of
the near-field into a specific single corner of the top face. Similarly to the cube aligned with
the plane of incidence, this optimum concentration is achieved theoretically for § = /4

(corner 2) and 6 = 37 /4 (corner 1). We attribute this discrepancy to the cube in the exper-
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iment not being rotated by exactly 45 degrees, thus introducing some asymmetry. However,

all features of the experimental images can be qualitatively reproduced in the simulations.

Contrary to previous works*!6718  the experiments were not performed at normal inci-
dence. In addition, the nanocubes were larger than the typical sizes usually considered®? 9.
In order to connect the observed near-field localization to the optical properties of the
nanocubes, we therefore performed additional FDTD simulations, with the rotated cube
(seen in Fig. 1b) as example. Fig. 3a shows field enhancement spectra calculated at the
four corners after excitation by time harmonic excitations of varying frequencies, both for
p (a) and s (b) polarizations. The spectral features are in general broad due to the large
size enabling a high radiative damping. For p polarization, the highest field enhancements
are achieved at corner 3, with two resonances falling within our laser spectral bandwidth
(marked as a red shaded area). Note, however, that the field enhancement is always between
5 and 7 across the laser spectral range. For s polarization, field enhancement is only obtained
at corners 1 and 2, with only one resonance occuring in the laser bandwidth. Fig. 3c—e show
the surface charge distributions associated with each resonance, calculated for p-polarization
(3c—d) and s-polarization (3e). The charge distributions are not symmetric with respect to
the center of the cube, because of the symmetry-breaking substrate and grazing incidence
geometry leading to the resonances not reflecting pure single eigenmodes of the cube!s.
Nevertheless, the two p resonances are both associated with surface charge distributions
symmetric with respect to the plane of incidence, while the s resonance is associated with a

surface charge distribution antisymmetric with respect to the plane of incidence.

The experimentally demonstrated control of the near-field localization can be further
understood in an intuitive picture of linear combinations of field distributions excited by
s- and p-polarized light. The rotated cube is again considered as an example, but the
general principle holds regardless of orientation. Fig. 4a—b show the local electric field
as a function of time at the corners 1 and 2 for excitation by s- and p-polarized light,
as extracted from the FDTD simulations. In accordance with Fig. 3, the fields at the two
corners oscillate in phase for p polarization (green curves), and out of phase for s-polarization.
If the polarization is tuned to § = 37 /4, the total near-field is Egﬂ/4 =1/V2 (Ep + Es>, and
the z-components of the electric fields add constructively in corner 1 and destructively in
corner 2. Using a schematic illustration based on the charge distributions shown in Fig. 3,

this linear combination is visualized in the drawings of Fig. 4c—e, illustrating regions of
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FIG. 3. (a-b) Field enhancement spectra calculated at the four corners of the rotated cube for
both p (a) and s (b) polarizations. The red shaded area corresponds to the experimental laser
bandwidth. (c-e) Surface charge distributions calculated at the resonances indicated by the black

dotted lines in (a-b).

enhanced fields on the top face. A similar sketch corresponding to a polarization of § = 7 /4,
which results in an enhanced field at corner 2 instead of 1 due to the sign change of the
s-polarized component, is shown in Fig. 4f~h. While these pictures do not quantitatively
reflect the time-integrated near field giving rise to the simulated images of Fig. 2, they do
provide qualitative insight into near-field localization to specific corners. In both Fig. 4e and
h, the field is mostly concentrated to a single corner of the top face of the cube. Turning the
polarization by 90 degrees concentrates the near-field to the opposite corner. The highest
field concentration to a single corner is found to be when the electric field vector of the
exciting light is close to being aligned with the body diagonal of the cube. The same

conclusion holds irrespective of the angle of the cube relative to the plane of incidence.

In summary, we demonstrate the subwavelength imaging and spatial control of localized
near-fields within individual silver nanocubes. Through multiphoton PEEM combined with
broadband, few-cycle laser pulses, we image the nonlinear photoemission from individual
corners of nanocubes with various orientations with respect to the plane of incidence. We
show how we can concentrate the photoemission to single corners of the cubes by tuning the
polarization of the excitation light. The results are reproduced using finite-difference time-
domain simulations showing excellent agreement with experiments. The mechanism behind
the polarization switching only results from the geometry of the object, and could thus be

24,25

extended to longer laser pulses>°. Our findings thus generally establish nanocubes as an

efficient as well as simple structure to locally concentrate electromagnetic energy from laser
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FIG. 4. Schematic visualization of the controlled near-field localization. (a—b) Normal component
of the electric field in two opposite corners on the top face, calculated by FDTD for p- and s-
polarization. (c-d) Schematic visualizations of the concentrated near-fields on the top face for
p- and s-polarization, respectively. The cartoon 3D cubes are viewed from the direction of the
incoming light, i.e. at grazing incidence. (e) Schematic of the sum of (c) and (d), corresponding
to a polarization angle § = 37 /4. In analogy to (a—b), the electric fields add constructively at
corner 1 (left) and destructively at corner 2 (right). (f-h) Same as (c—e), but with a negative sign
of the s-polarized component, i.e. corresponding to a polarization angle # = 7/4. k represents the

propagation direction of the incoming radiation, and the polarization directions are labeled with

arrows.

pulses in a deterministic manner. The active control of near-field localization in nanoscale
objects opens up for applications within areas such as sensing, spectroscopy, and plasmonic

devices.
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