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ABSTRACT The control of optical fields on the nanometer scale is a central theme of plasmonics and nanophotonics. Methods for
characterizing localized optical field distributions are necessary to validate theoretical predictions, to test nanofabrication procedures, and
to provide feedback for design improvements. Typical methods of probing near fields (e.g., single molecule fluorescence and near-field
microscopy) cannot probe both the complex-valued and vectorial nature of the field distributions. We demonstrate that a nanoparticle
probe with isotropic polarizability in combination with polarization control of excitation and detection beams provides access to this
information through the interaction tensor. For a sample consisting of a single nanoparticle we show that the recorded images correspond
to maps of the local Green’s function tensor elements that couple the probe and sample. The tensorial mapping of interacting nanoparticles
is of interest for optical sensing, optical antennas, surface-enhanced Raman scattering, nonlinear optics, and molecular rulers.
KEYWORDS Near-field optical imaging, nanoplasmonics, optical antennas, inverse scattering, nanoparticles
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and strong-tip regimes.22,23 In the former, the tip is used to
map the sample’s near field.23 Since an elongated metal tip
is only sensitive to fields polarized along the tip axis,
interpretation of images is straightforward, but directional
information about polarization is lost. In the latter regime,
a strongly interacting tip establishes a locally enhanced field.
In this case, the fields must be inferred from the interaction
measurements. Without any a priori knowledge about the
sample at hand, the reconstruction process is extremely
challenging.
In this paper, we study a case in which the probe and
sample are equally strong. We use a single gold nanoparticle
as a local probe to characterize the near field interaction
between the probe and sample. The nanoparticle can be
described by a simple dipole model and provides an isotropic polarization response. With a combination of waveplates
and polarizers, we can control the polarization of the incident and detected light. Amplitude and phase of the complex
field are detected by phase-shifting interferometry.20 We
image a sample consisting of a single gold nanoparticle and
show that in this case of two dipoles, the recorded signals
correspond to elements of the Green’s function tensor that
couples the probe and the sample.
A sketch of the experimental situation is shown in Figure 1,
along with typical images obtained from scanning gold particles. Polarizers in the excitation and detection path determine
whether P or S polarization is detected. The included images
are scans of 100 nm gold particles in the case of P-polarized
incident and detected light (b) and the case of S-polarized
incident light and P-polarized detected light (c). We can immediately see that the polarization combinations correspond
to characteristic patterns with the latter exhibiting a double-

he mapping of optical near fields is of central importance for problems in plasmonics and nanophotonics.
The optical near field is generally more complicated
than the optical farfield because of stronger spatial variations,
the possibility of coherence lengths smaller than half the
wavelength,1 and three-dimensional polarization states.2,3 A
general polarization state at a point in space can be represented
by a complex vector that traces out an ellipse.4 To characterize
this ellipse, a measurement must be sensitive to the vector’s
direction,5 as well as its magnitude and phase.
Optical near fields are most commonly characterized by
single-molecule fluorescence detection6,7 or by near-field optical microscopy.4,5,8-16 In single-molecule experiments the local
electric field E is projected on the dipole axis p of the molecule
and the fluorescence intensity I ∝ |p·E|2 is measured. In this
scalar measurement, information about the direction and
phase of the polarization vector is lost. The amplitude and
phase of an optical near-field can be measured with interferometric near-field techniques,8,9,11-17 but the directional information is still typically lost. For example, tip-based techniques
are mostly sensitive to near fields polarized along the tip
axis,13,15,18-21 making reconstruction of the transverse fields
impossible. Phase-dependent transverse near-fields were recently measured with an aperture probe by Burresi et al.,16 but
the reconstruction made explicit use of prior knowledge of the
field distribution, namely the absence of normal fields.
In general, optical near fields can be measured only
indirectly through the interaction between a probe and
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where A is a noninterferometric offset, R is proportional to
the amplitude of the scattered field, and φ is the phase of
the scattered field relative to a constant. A least-squares
fitting algorithm then determines A, R, and φ for each pixel.
In practice, A ≈ 0 after demodulation.
The polarizers and waveplates in Figure 2 control the
incident and reference polarizations. Light from an 831 nm
diode laser passes through a half-wave plate and then
through a linear polarizer, allowing rotation of linear polarization incident on the sample. A quarter-wave plate in the
reference arm rotates the reference polarization when doublepassed. Finally, the combined beams pass through a linear
polarizer, which selects the polarization of the measured
signal. With these elements, combinations of incident and
scattered fields from the probe-sample region, notably P and
S polarization, are analyzed. The experiment is only weakly
sensitive to the angle of the waveplates, which control the
light intensity transmitted by the polarizers.
While metal-coated Si tips are typically used as near-field
probes because of their large scattering cross-section along the
tip axis, we here use a 100 nm gold nanoparticle attached to
the end of a Si tip. This provides two advantages: the ability to
control the polarization and a simple interaction mechanism
between probe and sample. Because of the spherical particle
geometry, the probe interacts with the local field isotropically,
allowing it to scatter energy from both S and P polarizations,
thus providing access to tensorial information about the near
field. The probe can be modeled as a dipole, simplifying the
interaction between probe and sample and allowing straightforward interpretation of the interaction.
To fabricate the gold nanoparticle probes, standard Si
AFM tips are first plasma-cleaned and then placed in a
container with the silane APTMS and heated for one hour at
60-80 °C. This functionalizes the silicon so that gold

FIGURE 1. (a) Configuration of the experiment. A single gold
nanoparticle supported by a silicon tip is used as a local probe. The
sample consists of isolated gold nanoparticles. Polarizers in the excitation and detection path control the polarization state of the incident field Ei and the detected scattered field Escat. Inset: Electron
micrograph of a 100 nm gold nanoparticle probe. (b,c) Amplitudes
of the detected field recorded by raster-scanning the probe particle
over the sample surface. In b, the incident and detected fields are
both P-polarized (PP), whereas in c the incident field is S-polarized
and the detected field is P-polarized (SP). The different polarizer
settings make it possible to extract different elements from the
interaction tensor.

lobe pattern. To interpret these images further, we must
consider the probe-sample interaction.
The probe-sample region is illuminated with a field Ei
(Figure 1a), which interacts with the probe and sample, and
is then scattered away and collected interferometrically as
shown in Figure 2. The probe-sample distance is modulated
at the frequency Ω, and the detected signal is demodulated
at 2Ω. This has the effect of suppressing signals that vary
slowly in probe-sample separation, usually defined as background.24 Since it is necessary to decouple amplitude and
phase measured in the interferometric signal, we use phaseshifting interferometry (PSI).20 At each image pixel, the
reference mirror is translated in incremental steps ∆xi from
a start position to an end position. Each step ∆xi gives rise
to a phase offset δi, allowing the interferometric signal at
each mirror position (denoted by subscript i) to be written

Ii ) A + R cos(φ + δi)
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FIGURE 2. Schematic of the experimental setup, consisting of an
atomic force microscope and a phase-shifting Michelson interferometer, where a combination of waveplates and polarizers allow
control of incident and detected polarizations. The half wave plate
and polarizer 1 select the incident polarization, while the quarter
wave plate and polarizer 2 select the detected polarization. At each
pixel, the piezo-mounted reference mirror is translated, resulting
in several measurements with different phase offsets. From this, the
amplitude and phase of the signal are determined.
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particles can be attached. A dense sample of 100 nm Au
particles is then scanned, and the tip is “pressed” onto the
selected particle using the AFM control electronics.
During a scan, the incident and scattered fields are
analyzed with polarizers set to either S polarization or P
polarization. This renders four distinct polarization measurements, namely SS, SP, PS, and PP (first index refers to
incident light and second index to scattered light). The
background cannot be fully eliminated by demodulation at
2Ω, but the remainder can be subtracted in postprocessing
under the assumption that is nearly constant over the scan
region. It is important to note that such subtraction must be
done in the complex plane to avoid erroneous results, and
thus requires the ability to measure amplitude and phase
independently. We note that the background is in general
unrelated to the noninterferometric offset A from eq 1, but
instead manifests in the measurement of R and φ.
The field scattered from the probe-sample region (Escat in
Figure 1a) is a superposition of fields scattered from the
probe and sample. It has been shown that this field can be
generally represented by22

scattering point dipoles located at rT and rS. Assuming that
the scattering series in eq 2 converges, we obtain a firstorder approximation by truncating the series to n e 2, which
allows us to represent the detected field as

Escat ) (S + T + SS + TT + ST + TS)·Ei

The quantity in parentheses is the (truncated) optical interaction tensor between the probe and sample, and the
incident and detected field polarization states can be used
to select combinations of its elements. In tip-based near-field
microscopy, the probe is usually taken as a dipole in the
direction of the tip axis, so that the polarizability can be
approximated as

( )

100
χtip(r) ) αTδ(r - rT) 0 0 0
000

∑ (S + T)n · Ei

(2)

n)1

χtip(r) ) αTδ(r - rT)I
where the index n denotes the scattering order and T and S
operate on the incident field, Ei. They represent single scattering events from the probe (T) and sample (S) and are defined
by

S · E(r2) ≡ k02

T · E(r2) ≡ k02

∫ G(r2, r1)η(r1) · E(r1)d3r1
∫ G(r2, r1)χ(r1) · E(r1)d3r1,

ω2 1
G(r2, r1)p
c2 0

(3)
S ) k02αSG(rD, rS)

(9)

T ) k02αTG(rD, rT)

(10)

SS ) (k02αS)2G(rD, rS)G(rS, rS)

(11)

TT ) (k02αT)2G(rD, rT)G(rT, rT)

(12)

ST ) k04αSαTG(rD, rT)G(rT, rS)

(13)

TS ) k04αSαTG(rD, rS)G(rS, rT)

(14)

(4)

(5)

The scattering strengths of the probe and sample dictate the
number of terms that must be considered from eq 2.
Our experimental situation simplifies eq 2 considerably.
The probe and sample are assumed to be identical weakly
© 2010 American Chemical Society

(8)

where I is the identity tensor. We here investigate the
interaction of this tip with an identical particle with polarizability η(r) ) RSδ(r - rS), where RS is the sample polarizability. The individual terms of eq 6 can then be written

where k0 is the incident free-space wave vector and η(r) and
χ(r) are the spatially dependent dielectric susceptibilities of the
sample and probe, respectively. G(r2, r1) is the dyadic Green’s
function between the points r1 and r2 and is indirectly defined
by the field E(r2) radiated by a dipole p located at r1 according
to25

E(r2) )

(7)

where RT is the scalar polarizability of the tip. The matrix
indicates that the tip is only polarizable along its axis. By
contrast, the polarizability of a particle probe is

∞

Escat )

(6)

in which rD is the location of the detector. Of the Green’s
functions in these terms, only G(rT, rS) and G(rS, rT) vary
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tal SP and PS cases are similar and identical in theory. They
show two bright lobes in amplitude, but the scans exhibit
an asymmetry in their brightness, most likely due to slight
mixing of the S and P polarization states by the parabolic
mirror. Such a mixing would cause the dipoles of probe and
sample to be slightly misaligned with the scan plane.
Though two bright lobes are seen in all amplitude patterns
except PP, the phase images clearly distinguish between the
SP/PS cases and the SS case. There is a sharp jump of ∼180°
in the SP and PS phases. The SS phase has a complicated
pattern, and the associated low signal makes a comparison
difficult, but the two characteristic bright lobes are present
on the particle, along with a dark central stripe. The noise
in the phase images is due to the vanishing field strength
for larger particle-particle separations. Having experimentally determined G(rS, rT) we can evaluate the field E due to
scattering of an arbitrary field E0 at the sample by E ∝
G(rS, rT) E0
It is interesting to note the effect of truncating the series
in eq 2. Since the scattering series is geometric, calculating
the sum of all interaction terms is straightforward.26 Included in Figure 3 are theoretical images of the scattered
amplitude for each polarization case, taking all terms n g 2
into account. The PP is similar to the n ) 2 image, but the
ring has faded away. Besides a scaling constant, the SP and
PS cases look identical to the n ) 2 images. In the SS case,
the bright stripe in the middle of the n ) 2 case fades away,
which seems to match the experimental data better than the
truncated series.
We have chosen two gold nanoparticles as a simple
system in which tensorial information about amplitude and
phase is important and easily distinguished. In addition to
this, the gold nanoparticle dimer system has applications in
optical sensing,27 optical antennas,28 surface-enhanced Raman scattering,29 nonlinear optics,30,31 and molecular
rulers,32,33 for which the interaction tensor between the
particles is of interest. As opposed to standard tip-based near
field microscopy, our nanoparticle approach makes it possible to retrieve all relevant components of the interaction
tensor. The reason tip-based microscopy is not suitable for
complete vectorial field mapping is the highly anisotropic
polarizability of a tip.18 The dominant polarizability component along the tip axis prevents access to the SS term of the
interaction tensor. There are, however, also limitations of
the nanoparticle approach. First, the illumination and collection directions are not parallel to the surface of the
sample. Therefore, P-polarized light is in fact a mixture of
horizontal and vertical field components. This effect can be
minimized by grazing incidence but it leads to large sample
illumination areas. Second, the complete field mapping of
samples with arbitrary structures (e.g., particle aggregates)
requires tomographic reconstructions,34 which necessitates
measurements from multiple excitation and detection

FIGURE 3. Amplitude and phase images of a single 100 nm diameter
Au particle for various polarization configurations. According to eq
9, the images correspond to different components of the interaction
tensor G(r2, r1), where r1 and r2 denote the coordinates of the two
gold nanoparticles. The arrow indicates the direction of incident
light.

substantially with probe-sample distance. Demodulation at
the second harmonic of the probe-sample modulation
frequency thus suppresses the S, T, SS, and TT terms. Since
these terms vary slowly in x and y, much of the remaining
background can be subtracted in postprocessing.
The ST and TS terms are further simplified by observing
that G(rD, rT) ≈ G(rD, rS) for rD . rS, rT, and that for a
configuration with minimal polarization mixing, they are
scalars. Considering that G(rT, rS) ) G(rS, rT) we obtain

Escat ≈ 2k04αSαTGDTG(rS, rT) · Ei

(15)

where we have defined the constant GDT to be the scalar
version of the Green’s function G(rD, rT). We note that the
quantity RSRT factors out, making Escat sensitive only to their
product and not to the relative strength of the polarizabilities.
It is clear from eq 9 that elements of the Green’s function
tensor can be experimentally determined by polarization
measurements of incident and scattered fields.
Figure 3 shows the amplitude and phase images for all
four combinations of incident and detected polarizations
along with corresponding images of the Green’s function
tensor elements. In our experiments, the probe follows the
topography and therefore the surface profile (gold particle)
has to be taken into account in the theoretical model. Since
the absolute phase offset is arbitrary for each scan, we have
added a global phase to each image in order to match it with
the theoretical predictions.
Several qualitative features of the experimental and
simulated data are evident. In the PP case, a bright center
and a faint ring are visible in the amplitude image, and the
phase is nearly constant across the particle. The experimen© 2010 American Chemical Society
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directions. For example, our experimental scheme can be
extended by introducing sample rotation by arbitrary
angles.
In conclusion, polarization sensitivity in near-field optics
provides insight into the tensor nature of the probe-sample
interaction, and in special cases helps to isolate individual
Green’s function elements. This additional degree of freedom, along with well-defined probe geometries such as gold
nanoparticles used in this work are additional tools for fundamental investigation of plasmonic and photonic systems.
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