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Vector field microscopic imaging of light
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The behaviour of nanoscale optical devices in a variety of
burgeoning research areas, such as photonic crystals'™,
near-field microscopy’”’, surface plasmonics®!! and negative
index of refraction materials!>"'%, is governed by strongly
localized electromagnetic waves. Although such light waves are
analogous to the localized electronic wavefunctions that
determine the properties of solid-state quantum devices, unlike
matter waves, these optical fields are vectorial in nature, and
their orientation and magnitude vary on a subwavelength scale.
In order to obtain a complete description of light in nanoscale
devices, it is therefore crucial to be able to map the field
vectors with subwavelength resolution. Thus far, local field
vectors have mostly been studied by theoretical means. Here,
we describe and demonstrate the first experimental mapping of
vector fields of light on the nanoscale. By directly accessing the
local field in its entirety, new capabilities and applications in
nanophotonics may emerge.

Maxwell’s electromagnetic theory of light was in large part
inspired by Faraday’s curved, moving lines of force traversing all
space!”18. Although the harmonic electromagnetic plane wave,
first derived by Maxwell, is characterized by a single polarization
vector, both the magnitude and orientation of the electric
field generally depend on position: E(r, t)=Re[E (r)e'“!]. Here
E(r) is the local electric field at every position and w is the
angular frequency.

Strong local variations of the electric-field vector are an
essential characteristic of light in any nanostructure, as was
shown, for example, in the pioneering work using polarization-
varying near-field microscopy®. More recently, a polarization-
sensitive sheet of organic molecules was proposed as a sensitive
probe in determining the longitudinal electric-field component of
Bessel beams!®. In the following, we present three examples
representing, to our knowledge, the first mapping of nanoscale
vector fields. This vector mapping uses a scattering-type
near-field microscopic technique?®?!, combined with complete
tip characterization.

We first map the electric-field vector of evanescent
standing waves generated by total internal reflection of two
counter-propagating incident beams inside a prism (Fig. la).
We use a chemically etched glass-fibre tip functionalized
with a 100-nm-diameter gold nanoparticle?? (Fig. 1b). The light
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scattered by this tip into the far-field region is polarization-
analysed. The polar plots of the scattered light, shown in Fig. 1b,
for horizontal and vertical incident polarizations suggest that
this functionalized tip serves as an excellent probe for
measuring local polarization, with the principal axes being
aligned close to the x and z axes. The polarization induced on
the gold nanoparticle by a local electric field can then be
written as*?

o= (5 o )0 0

Here, o, and o, are the polarizabilities along the x and z axes,
respectively. In the data shown in Fig. 1b, «,/a, is 1.18 at a
wavelength of 780 nm, implying that the attached gold
nanoparticle is slightly elliptical in shape?*. When the tip is near
the dielectric interface, it is generally expected that the intricate
interaction of the probe with matter in the near-field zone can
create further polarization components. It is also expected,
however, that scattering from the gold nanoparticle is still
dominated by the induced polarization given by equation (1),
apart from some higher-order correctional terms depending on
the particle size”®. Thus the induced dipole radiation from the
gold nanoparticle carries the full information about the local
vector state of the electric field. Figure lc shows a raster scan
image of the scattered photon intensity, obtained by rotating the
analysing polarizer by 360° at every position. Polar plots at several
selected positions are displayed below the image. The long axis of
the polar plot, with corrections accounting for the ellipticity of
the nanoparticle, directly indicates the orientation and magnitude
of the field at this position. This enables us to perform a vector-
field mapping in the x—z plane (bottom, Fig. 1c). Hereafter, we
represent the polar plot at every point by a single double-arrowed
vector oriented along the long axis. This single vector describes
the local field well as long as the local field is linearly polarized or
strongly elliptically polarized.

Figure 1d and e displays the theoretical and experimental
vector-field maps within a 600 nm X 300 nm scan area. The field
vector rotates as we move along the x direction and the electric
lines of force are explicitly visualized. For an evanescent standing
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Figure 1 Vector-field mapping of an evanescent standing wave. a, Experimental setup. A surface standing wave is created by total internal reflection of two
equal-intensity p-polarized laser beams of 780-nm wavelength inside a prism. The incidence angles are +60°. The light scattered off a gold nanoparticle at the apex
of a fibre tip is polarization-analysed. b, Polar plot showing tip scattering at horizontal (blue circles) and vertical (red circles) incident light polarizations, respectively.
Right panel: a scanning electron microscopy (SEM) image of the tip used in our experiments. ¢, A near-field raster-scan image of the scattered light intensity. At
every position, the polarization analyser is rotated by 360°. Polar plots of the scattered light at a few selected positions are shown below, together with double-arrow
vector plots of the long axes, normalized to the far-field scattering data shown in b. d,e, Vector-field plots of an x—z area (600 nm x 300 nm) of the theoretical and

experimental results respectively.

wave, generated by two counter-propagating p-polarized beams of
equal intensity, the field vector is given by

E(r) = (E,,0,E,) = O(COSkxo—ésmkx) )

where E; is a constant magnitude, k and « are related by
the Helmholtz equation, k* — k* = (w/c)? and are determined
by the angle of incidence and the index of refraction of the
prism. Experiment and theory are in convincing agreement,
demonstrating the vector-field mapping technique on dielectric—
air interfaces.

We now proceed to mapping surface-plasmon polariton
standing waves at the interface between a flat gold surface and
air (Fig. 2a). These standing waves are generated by launching
counter-propagating surface-plasmon polariton waves from two
adjacent nanohole gratings, separated by the flat gold film. The
generation and propagation processes are described in detail in
ref. 26. The electric field of this standing wave can be written in the
same form as equation (2), but now with a much larger k/k ratio

equal to \/(—&p,) where ¢, is the dielectric constant of gold:

E(r) = (Ex7 0, Ez)

= Ey(coskx,0,—/—¢, sinkx)e ™  (3)

With a value of g, of about —25 at a wavelength of 780 nm, the
surface-plasmon polariton field points mainly along the z axis,
with a much weaker electric field along the x axis. In addition, the
image charge of the nanoparticle induced on the metal surface
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can negatively affect the x component scattering even further.
To obtain a good vector-field image in this situation, it is
necessary to have a tip that is more sensitive to the x component
of the field. When used in scattering geometry, an apertured
commercial tip was found to fulfil this requirement, having
approximately twice the sensitivity to the x-axis field intensity, as
shown in Fig. 2b, possibly because apertured tips have relatively
flat apexes.

Figure 2¢ shows a raster-scan image of the flat metal surface
with the analysing polarizer being rotated by 360°. The intensity
maximum occurs near a detector polarization angle of 90°, which
corresponds to the electric-field vector pointing along the z axis.
Shown in Fig. 2d is the vector-plot image of a scan area of
1,140 nm x 500 nm in the x—z plane, with the total electric-field
intensity |E,|* + |E,|>. Figure 2e presents a theoretical vector
plot of an area of 250 nm x 100 nm. Equation (3) appears to be
in quite good agreement with the experimental results
corresponding to the same area, as presented in Fig. 2f. In both
cases, the electric field points predominantly along the z axis and
switches into the x direction only around the total intensity
|E.|> + |E,|* minima.

We now focus on the excitation of surface-plasmon polaritons
when light transmits through a single slit (Fig. 3a). This
generation process is particularly sensitive to the vectorial nature
of light”, because the polarization characteristics of the
transmitted beam and the generated travelling surface-plasmon
polariton waves are expected to be markedly different. Displayed
in Fig. 3b is a near-field raster-scan image. The electric field on
top of the slit is clearly oriented along the x axis, because the
intensity maxima occur near analyser angles of 0°, 180° and 360°.
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Figure 2 Vector-field mapping of the surface-plasmon polariton standing
wave. a, Experimental geometry. Counter-propagating surface-plasmon polariton
waves are created at two adjacent nanohole gratings perforated into 300-nm
thick gold film and separated by 10.6-pum-long flat gold film. The arrays are
illuminated from the bottom by a 780-nm Ti:Sapphire laser, polarized along the
x-axis and focused to a spot size of about 50 um. A metal-coated commercial
tip with a nominal aperture size of 100 nm is used to map the vector field. b,
Polar plot of the light scattered off the metal tip for the horizontal (blue circles)
and vertical (red circles) incident polarization. ¢, Raster-scan image of the
scattered light, rotating the analyser polarization. d, 1140 nm x 500 nm area
scan image of the total electric-field intensity (blue-to-red colour scale) and
electric-field vector. e, Theoretical vector plot of a 250 nm x 100 nm area,
centred around a total electric-field intensity minimum. f, Experimental vector-
plot of the same area as in e, and highlighted as a box in d.

As we move away from the centre of the slit, the intensity maxima
occur at different analyser angles, suggesting that the vector
rotates towards the z direction. Also, the electric-field intensity is
strongly asymmetric in the near field.

Shown in Fig. 3c is a full vector-field image of the electric field
emanating from this single slit. The total electric-field intensity is
plotted on a blue-to-red colour scale. Along the slit axis, the
decay of the E, component with increasing z is gradual. On the
flat metal surface, however, the E, component decays much more
rapidly. This rapid decay and the finding that the field is mainly
oriented along the z axis suggest that we are indeed observing the
generation and propagation of surface-plasmon polariton waves
as light is emerging from the slit?”. These results are in qualitative
agreement with the finite-difference time-domain (FDTD)
technique?® calculations for an asymmetric single slit (Fig. 3d),
revealing both the slower decay of the E, component along the slit
axis and the rotation of the electric-field vector outside the slit.
The main discrepancy between experiment and theory is that the
experimentally measured field is not completely oriented along
the z axis, even on the flat metal surface away from the slit. This
discrepancy most likely originates from the interference between
the light scattered from the gold nanoparticle and a small amount
of residual background light stemming from the reflection from
the glass-fibre tip.
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Figure 3 Vector-field mapping of light emerging from a single slit. a, An
SEM image of the single slit, showing the asymmetric slit shape. b, Constant-
height scan image at z= 100 nm, rotating the polarizer by 360°. ¢, Vector-field
image of a 3 um x 2 um area starting from z= 100 nm, together with the total
electric field intensity plot on a blue—red colour scale. At the bottom is shown
an atomic force microscopic image of the slit profile. d, An FDTD calculation
assuming an asymmetric trapezoidal slit shape. e, Experimental |E,|? plotted

on a (different) blue—red colour scale. f, Theoretical |E,|? profile.

Plotting |E,|*> separately in Fig. 3e (experiment) and 3f
(theory) makes it clear that, indeed, the E, component decays
much faster than the E, component. The fact that surface-
plasmon generation is stronger on the left side, which has a
sharper edge, indicates that the higher generation efficiency
originates from charge localization at sharp edges. This interesting
observation of asymmetric surface-plasmon generation clearly
warrants further experimental and theoretical studies.

Our results provide unprecedented images of light on the
nanoscale and demonstrate that the vector-field mapping of
light is indeed possible for nanosystems where spatially varying
field orientations on a subwavelength scale are the rule rather
than the exception and crucial for the functionality of
nanophotonic devices. The first results reported in this letter
describe imaging of two different vector components of the light
field. Conceptually, an extension to a full three-dimensional
imaging of the vector state seems straightforward, requiring the
use of two independent, orthogonally oriented polarization
detectors. Such tools carry the potential for making vector-
field mapping for nanoscale devices a common laboratory
practice that can find wide applications in physics, engineering,
chemistry, and biology.

METHODS

SAMPLE FABRICATION

The prism used was made of a BK7 glass (Korea Electro-optics, South Korea).
The nanohole arrays used to generate the surface plasmon waves in Fig. 2 are
fabricated by dry etching after electron-beam patterning on a 300-nm-thick
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gold film grown on a A/5 flat sapphire substrate. The optical axis of the
substrate is perpendicular to the metal surface to avoid birefringence effects.
The hole diameter and grating period are 125 nm and 761 nm, respectively.
The single slit is patterned by a focused ion beam machine (QUANTA 200-3D,
FEI, USA) on a piece of a 200-nm-thick gold film. The slit width is 200 nm at
the bottom and 600 nm at the top. The cross-sectional profile is steeper on the
left- than on the right-hand side (Fig. 3a).

EXPERIMENTAL SETUP AND DATA ACQUISITION

The scattered signal from the tip was collected by a long working distance
objective lens (Mitutoyo M Plan Apo 10X, Edmund Optics, Singapore) and
then passed through a spatial filter with a detection area of only a few um?.
This detection area was monitored using a CCD camera to control tip and
sample positions. The signal was measured by a silicon avalanche photodiode
detector (C4777-01, Hamamatsu Photonics, Japan) combined with a lock-in
(model 5210, EG&G, USA) amplifier. A linear polarizer was placed in front of
the signal detector and rotated by 360° at every position in step sizes of 10°.
To create evanescent optical standing waves, two counter-propagating 780-nm
p-polarized laser beams of equal intensity were directed at normal incidence
onto the two facets of the prism. For exciting surface-plasmon polariton
standing waves at the surface of a flat gold film, the excitation beam was
normally incident on the back of the sample and polarized along the x axis.
For the single slit experiment, the incident polarization was perpendicular to
the slit axis. An apertured commercial tip (Cr/Al coating, with nominal
aperture size 100 nm) was purchased from Nanonics Imaging. A gold
nanoparticle was attached to an HF-etched glass tip (FS-SN-4224, Thorlabs,
USA) after chemical (3-aminopropyl-triethoxysilanes, Sigma Aldrich, USA)
treatment. A home-built shear force mode near-field scanning optical
microscope in tip scanning mode was used for scanning and tip attachment.
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