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ABSTRACT

The spectral properties of two spherical metallic nanoparticles of 80 nm in diameter are examined with regard to the interparticle distance and
relative polarization of the excitation light. One Au nanoparticle is attached to a scanning fiber probe and the second to a scanning substrate.
This configuration allows three-dimensional and arbitrary manipulation of both distance and relative orientation with respect to the incident
light polarization. As supported by numerical simulations, a periodic modulation of the coupled plasmon resonance is observed for separations
smaller than 1.5 gm. This interparticle coupling affects the scattering cross section in terms of spectral position and spectral width as well

as the integral intensity of the Mie-scattered light.

Spherical metal nanoparticles (MNPs) and their plasmon
resonances are well-known as guinea pigs for their optical
properties,! particularly when examining optical near-fields.?
For instance, substrates partly covered with MNPs are
intensively used for surface-enhanced fluorescence and
Raman scattering experiments.’ If attached to a scanning
probe tip, a single MNP can be ideally used as a well-
confined scattering object for instance in (scattering) scanning
near-field optical microscopy (SNOM).*7 The plasmon
resonance of such an isolated MNP interacting with its
environment was used for scanning probe fluorescence
microscopy,?® scanning particle radiation spectroscopy,'® and
scanning particle enhanced Raman microscopy.!!

Placing two MNPs a short distance apart from each other
is of particular interest as the plasmons of the individual
MNPs couple.!? Because of this coupling, the expected field
enhancement of such “dimers” easily exceeds the single
particle response for resonant excitation.'*'# This may
produce, e.g., high Raman signals.!-!31>16 In such a two-
MNP setup, two cases, A and B, as schematically depicted
in Figure 1 (left), may be considered:

Case A: For an illuminating beam polarized parallel to
the principal axis (i.e., along the line connecting the centers
of the two MNPs), the two particles interact by means of
near-field coupling.'”~' As a rule of thumb, the two particles
strongly couple if they are separated less than the particle
diameter.?® The near-field coupling manifests in a strong field
enhancement between the two MNPs.!"'¢ Additionally, it was
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Figure 1. (left) Sketch of the cos? 6-dependent far-field intensity
distribution of two point dipoles3* separated by 104, illustrating
two relative orientations. (A) The incident polarization is parallel
to the principal axis connecting the two particles. The induced
dipoles (depicted by the gray arrows) are collinear, hence no far-
field coupling is possible. (B) The relative orientation of the induced
dipoles allows for far-field coupling. (right) Illustration of occurring
intensity components: the illumination / is scattered by particles a
and b. Portions of the scattered light /, and I, may be scattered
again by the opposite particles b or a and then caught by the
microscope lens as I, and I,. Behind the lens, the originally
scattered light I, and Iy may interfere with I, and I, at the
spectrometer slit. The relative phase shift between the 7, and the
L, is dependent on the distance d.

shown!22! that the two individual plasmon resonances of the
MNPs couple to an effective and red-shifted resonance. The
precise spectral properties of the overall plasmon resonance
of two coupled MNPs are subject to their material, shape,
size, orientation, distance, and surrounding medium.'??2-26



Case B: For an illumination polarized perpendicularly to
the principal axis, the near-field coupling of the two particles
is very weak,?>?° as the surface-adjacent regions of high near-
fields are pointing away from the neighboring MNP. Alas,
the orientation of the induced dipoles facilitates far-field
interaction of the MNPs, as the two MNPs are located in
the dipolar emission field of its neighboring particle. Taking
retardation effects into full account, a distance-dependent
oscillation of the two-particle plasmon energy and plasmon
line width is expected.?? For that case, an overall blue-shift
of the extinction spectrum was already reported for small
particle separations.?!

In this Letter, we experimentally and theoretically examine
the distance dependence of the spectral scattering cross
section (SCS) of such a system consisting of two 80 nm gold
spheres separated at a variable distance d embedded in a
medium of refractive index n = 1.52. The spectral position
and the spectral line width of the back-scattered light will
be shown to be modulated. To substantiate this expectation,
we perform numerical calculations by means of the multiple
multipole technique.?’~?° The model used here uses plane
waves as the illumination,?? but it takes into account that
the SCS is measured in back-scattering configuration using
a lens of finite numerical aperture.

In our experimental approach, we attach one gold nano-
particle of 80 nm in diameter to the apex of a tapered optical
fiber, the latter serving as a single particle manipulator,
following an established procedure.*!' The fiber is then
mounted on a quartz tuning fork, which serves as a distance-
sensitive feedback control similar to SNOM.® Because both
particles are immersed in an index matching oil (n = 1.52),
unwanted reflections from the substrate’s surface are sup-
pressed. Furthermore, the submerged fiber tip nearly vanishes
optically, thus serving only as a position-sensitive manipula-
tor for the adherent gold particle; the fiber is not used here
for any optical purpose.

The optical quality of all MNPs utilized here is verified
by recording their back-scattering spectra:’! the spectral
position of the back-scattered light provides information on
the size of the particle, while the overall intensity of the
(back-)scattered light ensures that only one particle is
examined, and the shape of the spectra verifies the spherical
property of the particle under examination.

A sketch of the experimental setup is depicted in Figure
2. The tip particle, a, is positioned in the center of the
illumination field of a 100x micoscope lens (Zeiss Plan-
Neofluar, N.A. = 1.3), which is mounted on an inverted
optical microscope (Zeiss Axiovert 200). This particle is kept
at its designated lateral and vertical position using a
shear—force feedback loop for controlling the tip—subtrate
distance.

The illumination is provided by a 150 W Xe arc lamp
covering the whole visible spectrum. Its collimated light is
polarized by means of a Glan—Thompson prism, properly
diverged and imaged through the microscope lens on the
object plane, resulting in a circle of 5 um radius with uniform
intensity and a low divergence angle of <10°. Despite of
the large numerical aperture, the illumination is a reasonable
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Figure 2. Cartoon of the setup. One MNP (a) is manipulated by a
fiber tip, while the second MNP (b) is positioned by moving the
glass substrate. While MNP (a) is kept always in the center of a
white light beam (light gray circle), MNP (b) is moved along the
dashed lines A and B. The collimated light of a Xe white light
lamp (light gray) passes polarizer P and lens L1 and is recollimated
by the microscope lens L2. The back-scattered light (dark gray) is
collected by L2 and focused by L3 on the entrance slit of a
spectrometer.

implementation of a plane wave excitation. Therefore,
contributions from out-of-plane components of the electric
field are negligible. The microscope lens design demands
an immersion liquid between lens and substrate, so the
substrate is sandwiched between two layers of immersion
oil. Both layers improve the signal-to-noise ratio of the
spectrometer by lowering the background light, as reflections
of the illumination caused by the substrate interface are
suppressed. Any back-scattered light is collected by the
microscope lens and deflected on the entrance slit of the
spectrometer.

To examine the near- and far-field interactions of the tip
with a second MNP (b), additional 80 nm MNPs were
dispersed on the glass substrate (BK7 cover slide) with a
lateral spacing of > 10 um. According to the aforementioned
criteria for particle size and shape, individual MNPs were
then selected and moved into the center of the illumination
spot by means of a piezoelectric translation stage, to which
the glass slide was mounted. Confocal scanning of the
substrate (with the tip being retracted) proved that only one
particle was positioned within the illumination field and could
be detected by the spectrometer.

Now, the substrate carrying the second particle (b) is
scanned under the reapproached particle tip, and a full
spectrum of the back-scattered light is taken at every image
pixel. The relative position of the two particles can be
deduced from the topography signal: particle (a) is kept at a
fixed position by means of a fiber probe. If the scanned MNP
(b) touches the tip-adherent MNP (a), the shear-force
controller retracts the tip; this provides the absolute position
of two touching MNP (center—center distance d = 80 nm).
As the substrate carrying MNP (b) is scanned by a gauged
translation stage (Piezosystem Jena, position accuracy <2
nm), the relative distance of the two MNP can be metered
directly by monitoring the translation stage position.

To keep the amount of the collected data reasonable, a
pixel distance of 15 nm was chosen, as this spatial sampling
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Figure 3. (a) Optical spectra both calculated (upper row) and
experimentally recorded (lower row) for cases A (left) and B (right).
In case B, a d-dependent modulation can be identified. The
measured spectra are slightly shifted with respect to the simulation
due to the actual size of the two MNPs.3! (b) Measured spectra,
line sections from (a). Converted to energy presentation for
convenience. In case A (blue), the curves correspond either to
spectra of far-field dominated distances of ~ 400 nm (solid line)
or for d = 95 nm. A spectral broadening and a red-shifted center
position can be identified. For case B (green curves), two curves
of identical height but different centers are chosen (d = 120 nm
(solid) and d = 200 nm (dashed)).

rate is high enough for detecting the spectral modulation,
which is the main subject of this Letter. A detailed review
of the implications of the “last nanometers” and an accurate
examination of nearly touching particles cannot be provided
by this set of parameters and will be presented elsewhere.

In Figure 3, exemplary results are shown for two sections
along lines corresponding to the cases A and B in Figures 1
and 2.

For every distance-related spectrum in Figure 3, the
spectral key properties are determined, consisting of the
maximum’s position Ey and the spectral width using FWHM.
This is done repeatedly for three particle pairs for every
orientation A and B, as in Figure 1.

For each configuration A or B, the distance-dependent fit
parameters FWHM and E,, averaged over three different
MNP pairs, are plotted in Figure 4. Several key features can
be found in our calculations and measurements (Figure 3),
and in the appendant parameters FWHM and E, (Figure 4):

For large interparticle distances, d > 1 um, the magnitude
of the modulation depth decreases and is dominated by the
apparatus drift. This applies for both cases A and B.
Especially the near-field moderated coupling influence on
FWHM and E, (case A) vanishes on a scale of ~600 nm,
corresponding to the wavelength of visible light. Therefore,
we deduce from Figure 3 (solid blue curves) and Figure 4
that for arrangement A, no significant interaction takes place
between the two particles at larger separations.
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Figure 4. Plots of the spectral properties (FWHM and center energy
E)y) of the light back-scattered by two coupling MNPs with variable
interparticle distance d. Whereas for case A, only near-field
mediated coupling for d < 4 occurs, case B shows a modulation
of the spectral features that is caused by far-field effects.

For smaller distances, the two adjacent MNPs couple and
therefore change their spectral properties (Figure 3, dashed
blue curve); while the scattering intensity at the individual
particle resonance (*2.08 eV) is reduced by about 30%, the
SCS increases in the spectral range below ~1.85 eV.
Effectively, this leads to an increase of the overall FWHM.

For a polarization as depicted in case B, the spectral
FWHM shows a very similar behavior as for case A provided
the two spheres are very close, i.e., d < 200 nm (Figure 3,
solid green curve). Additionally, a far-field coupling leads
to a modulation of the spectral properties, with a periodicity
of ~350 nm. According to Figure 1 (right), this spatial
periodicity can be assigned to the phase relation between
different components of the detected light: the interference
of light directly scattered by a selected MNP (e.g., I, scattered
by MNP (a)), and light that was scattered by the other particle
(b) and then rescattered by the first one (/). As depicted in
Figure 1, this mechanism works for both directions, i.e.,
directly back-scattered light from MNP (b) interferes with
light rescattered via (a) and (b).

Bearing in mind that the illumination consists of a
continuous spectrum, any distance-related phase shift will
produce constructive interference for at least one wavelength.
Such a periodic modulation is found, e.g., in the context of
forces between MNPs, t00.3233 It should be noted that the
resonant properties of the particles affect only the modulation
depth and not the periodicity; the latter originates from the
distance-dependent phase difference of the scattered light.

While these aspects are well documented by both experi-
ment and calculations, three certain facets must be empha-
sized:

(1) From calculations, one would expect a distinct far-
field coupling for distances d even larger than 2 um, while
our measurements show such a modulation only up to d ~
1.5 um. This is owed to the fact that the calculations assume
a plane-wave excitation of infinite coherence length, whereas
the used Xe arc lamp provides a bandwidth-limited coherence
length of L. ~ 1 um, thus cutting off the phase-sensitive
interaction between the two MNPs at larger distances.

22,31
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Figure 5. Integral SCS for case A (blue curves) and B (green
curves), both calculated (dashed) and measured (solid, average of
three data sets). While the acquired integral SCS appears to decrease

by 20% for case A, case B shows a more complex behavior, which
is found in our calculation as well.

(2) Because of the averaging of several data sets with
different MNP diameter-related center energies Ey, the
FWHM is larger than expected for a single MNP. In turn,
the modulation depth is smaller than predicted.?>3!

(3) A narrowing of the FWHM was predicted in ref 22
for very close distances (d < 100 nm). This narrowing was
not observed, neither by us nor by other experiments.?! This
is not owed to the averaging over multiple MNP pairs.
Indeed, a closer look at similar calculations!” suggests a
spectral narrowing of the resonance assigned to the single
MNP, but additionally, a second resonance appears slightly
red-shifted to the original peak, which may be assigned to
the strongly interacting two particle system, which behaves
like an elongated particle. When treating both contributions
as one apparent peak, the overall spectral width of the SCS
does not decrease, but effectively increases!

In addition to the spectral FWHM and spectral position
Ey, we also recorded the integral amplitude of the SCS. For
each particle distance, the area of the simulated and measured
SCS was calculated. These results are shown in Figure 5.

A relative polarization according to case A leads to a
decrease of the integral SCS for distances, allowing for near-
field coupling. The coupling introduces a second, red-shifted
resonance caused by the resonance splitting. This red-shift
of the overall resonance reduces the integral SCS as
scattering efficiencies of such small particles are proportional
to 1/4434

For alignment B, the integral SCS increases for distances
around 150 nm. At this position, the overall spectral
broadening (Figure 4) is not very prominent. For this
situation, one may consider the two MNPs to enhance each
other’s SCS. If the two particles are approached further, the
effect of near-field coupling counter-balances this antenna-
like effect, whereby the integral SCS decreases again.

The comparison of our numerical simulations to the
experimental data turns out to be satisfactory: for case A,
the smooth trend of the decreasing SCS is rendered. As for
case B, the increase of the integral SCS for d < 250 nm is
concisely obtained.

In summary, this Letter experimentally and numerically
verifies the distance-dependent modulations of the SCS for
preselected MNP pairs. The modulation affects the spectral
position of the back-scattered light, its spectral width, and
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the overall intensity. In a future application, these effects
could be exploited in order to determine the distance of two
MNPs of known diameter by white light spectroscopy, e.g.,
in probeless experiments'® or in systems of mesoscopic scale,
where distances already are below the diffraction limit but
too large in order to utilize near-field coupling as a ruler.
On the other hand, active devices are imaginable, where a
change of interparticle distances switches the device’s
sensitivity for a certain wavelength or polarization, as for
signal processing. At last, this kind of experiment enables
us to gather information on more complex systems, consist-
ing, e.g., of three and four MNP."?
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