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ABSTRACT: The complex polarizability describes the complete Toaw
optical properties of a nanoobject in the Rayleigh limit, including
its absorption, scattering, and dispersion. A large range of
applications would benefit from the capability to infer the
polarizability on a single-particle level; however, it requires two
complementary measurements to fully determine this quantity, and
the smallness of the signals makes this highly challenging. Here we
use signal enhancement in a tunable high finesse fiber cavity and
apply noise-rejecting differential measurement techniques to

simultaneously obtain the extinction cross section and the I ‘71’
dispersion of individual gold nanospheres, which allows us to

quantitatively obtain the real and imaginary part of the

polarizability with high precision. We achieve a detection limit for extinction cross sections of 1.8 nm* and for the polarizability
of a/e; = (28000 + 200i) nm’. Our method opens the way to a full characterization of the optical properties of individual
nanosystems, with applications ranging from nanomaterial science to biology.

KEYWORDS: nanoparticles, polarizability, extinction, microscopy, microcavity

ptical characterization of individual nanosystems pro- extremely sensitive measurements of the complex dielectric

vides insight into their physical, chemical, and biological constant of single gold nanoparticles used differential
properties. To optimize absorption and scattering properties of interference contrast.'”
nanomaterials for specific applications, such as photovoltaics,' To cope with the extremely small signals, significant efforts
labeling,” or displays,” the quantitative knowledge of in reducing noise by averaging, noise rejection, and signal
absorption and scattering cross sections is crucial. For spherical processing are commonly used. In a different approach, optical
particles in the Rayleigh limit with a size much smaller than the microcavities can provide substantial signal enhancement by
wavelength, the two cross sections are directly related to the recirculating the probe light for multiple interactions with the
complex polarizabili?f, and this quantity fully describes their sample. Monolithic whispering gallery mode resonators
optical properties.”™* To achieve the required high sensitivity achieve the highest sensitivity for dispersion and extinction
for single-particle measurements on nanomaterials, sophisti- of samples.'®'"” Using photothermal transduction, absorption
cated techniques such as spatial modulation SPECtrOS(COPY:7 cross sections can also be measured separately.”” However, the
photothermal imaging," interferometric scattering,” and uncontrolled overlap between the sample and the cavity mode
scanning near-field microscopy' "' have been developed. So generally hinders quantitative measurements. Alternatively,
far, the above techniques cannot measure both absorption and tunable open access microcavities”' > allow one to combine

scattering independently, and extraction of quantitative values
has been shown only for a few cases.'”'® Recently, correlative
transmission and scattering microscopy was used to demon-
strate the quantitative measurement of scattering and
absorption cross sections by combining dark and bright field
microscopy. However, the technique requires precise knowl-
edge of the experimental illumination, sample, substrate, and
collection geometry'”"> and has been limited to a sensitivity
for cross sections of ~500 nm? In a comprehensive way,
spectrally resolved quantitative determination of the complex
polarizability was recently demonstrated for both plasmonic
and dielectric nanoparticles, however, also limited to rather -
large cross sections >>1 X 10° nm?2.'® One of the earliest and

cavity enhancement with microscopy to fully map samples with
a so-called scanning cavity microscope (SCM) and have been
shown to achieve the highest sensitivity for quantitative
measurements of the extinction cross section and near-
diffraction limited spatial resolution.”™** In SCM, due to
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Figure 1. (a) Schematic setup showing the cavity with the laser-machined micromirror at the end-facet of a fiber and a macroscopic plane mirror
carrying the gold particles. (b) Cavity transmission signal when changing the mirror separation. The fundamental TEM, mode is used to evaluate
the extinction (mode profile as inset on the very right), while the frequency differences of the TEM,,, TEM,,, and TEM,, modes (mode profiles
shown (from left to right) in the insets together with a nanoparticle in the center (red dot)) are used to evaluate differential dispersive frequency
shifts. (c) Optical setup, including a probe laser at 780 nm, and two EOMs for high-frequency and low-frequency modulations.

the large tunability of the cavity, the determination of small
frequency shifts is challenging and has been demonstrated only
for low-finesse cavities,”” or in a differential manner to resolve
birefringence,26 which however does not give information
about the absolute value of the polarizability. Alternatively,
within a microfluidic environment, measurements of the real
part of the polarizability and the extinction cross section have
been demonstrated in an open microcavity,29’30 however,
without differentiation between scattering and absorption and
without imaging capabilites.

Here, we use a SCM based on a fiber-based high-finesse
Fabry-Pérot optical microcavity”” to demonstrate quantitative
measurements of the complex polarizability of individual gold
nanoparticles with highest sensitivity. We simultaneously
measure the extinction signal by quantifying the intracavity
loss introduced by the sample and measure the real part of the
polarizability by observing dispersive frequency shifts of the
cavity resonance frequency. The challenge for the Ilatter
measurement is to separate frequency shifts due to the sample,
which correspond to cavity length changes on a picometer
level, from mechanical noise of the widely scannable cavity
setup, which shows typical amplitudes on a nanometer-level.

To overcome these mechanical limitations, we demonstrate
a differential measurement scheme exploiting relative fre-
quency shifts of higher order transverse modes that are
differently affected by a nanoparticle inside the cavity. Without
the need of sophisticated cavity stabilization or vibration
isolation, we are able to resolve frequency shifts below one
cavity line width, while imaging surfaces as large as 100 pm X
100 pm.

We show spatially resolved simultaneous measurements of
the extinction and dispersion of individual S0 nm gold
nanoparticles and use it to retrieve the real and imaginary
part of the polarizability . We achieve a measurement noise
limit of 1.8 nm? for the extinction cross section, and 135 MHz
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or 0.6 cavity line widths for the dispersive frequency shift,
equivalent to a polarizability a/e, = (28 000 + 200i) nm>.

B MEASUREMENT PRINCIPLE

Measuring the complex polarizability o of individual nano-
particles typically requires two independent measurements to
determine its real and imaginary part. First, we measure the
extinction cross section as the sum of the absorption- and
scattering cross section of the particles, in the Rayleigh limit
given by

2
ext sca lal

4
2 2 1
Ot = Ops + O, =—ﬂ5(a)+ =z
abs A€ el
0 0

(1)

with the probe wavelength 4, speed of light ¢, and the vacuum
permittivity €,.*”® To infer this quantity, we measure the
change of the cavity linewidth due to a particle interacting with
the cavity mode having a 1/¢* radius w,. This introduces an
additional loss 2L = 8 6,,/(7awg) (see Supporting Information,
note 1, for more details), leading to an increase of the
resonator linewidth of k = (2L + L; + T} + L, + T,)c/(2 d),
where d is the optical resonator length including field
penetration into the mirror coating and T; and L; are the
transmission and losses of each mirror, respectively.

In a second step, the real part of the polarizability is
measured by observin% the dispersive shift of the cavity’s
resonance frequency,'””" which is given by

R(a) »
Vim = Um
" e AV, "

(x, 5, 2)
X, ), Z (2)

where uj,,(x, y, z) is the normalized Hermite-Gaussian cavity
mode, with transverse mode index (I, m) at the position of the
particle and V,, = [lu;,(r)?d*r = zwid/4 being the mode
volume,**™**
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Figure 2. (a) Raw cavity transmission signal spanning the first three transverse mode orders TEMy, TEM,,;/TEM,,, and TEM,,/TEM,,/TEM,,
under high- and low-frequency modulations. (b) Zoom into the second higher order mode family. The carriers are fully suppressed, and the high-
frequency modulation frequency is chosen such that the second order sidebands of TEM,, and TEM, }, as well as TEM,, and TEM,, have minimal
frequency separation. Resonances belonging to the same modes are indicated by colored brackets centered around the position of the resonances of
an unmodulated laser; regions of the signal used for further evaluations are shaded gray. (d) Additional low frequency sidebands serve as local
frequency markers. A simultaneous fit (red solid line) of the six resonances yields the mode frequency separation, symbols indicate peaks of each
order. The residuum (orange) proves the quality of the fit. (c) Mode frequency splitting of the TEM,,/TEM, (triangles) and the TEM,,/TEM,,
(stars) modes for both linear polarization modes (blue/red) as a function of the cavity length. Note: this measurement has been performed with the
micromirror used to retrieve the presented results. The measurements for (a), (b), and (d) have been done with a different micromirror.

Combining both measurements allows one to retrieve the
polarizability a.

The cavity design used in the experiments is depicted
schematically in Figure la: the resonator consists of a
macroscopic plane mirror and a concave micromirror (radius
of curvature r, = 40 ym) on the end-facet of a single mode
optical fiber machined with a CO, laser.”>* The super-
polished plane mirror substrate (fused silica, rms roughness <
0.2 nm) is coated with a Bragg mirror for a center wavelength
at 780 nm, designed such that the maximum of the cavity
standing wave is slightly above the mirror surface. It has a
design transmission of T} = 30 ppm and a measured combined
absorption and scattering loss L, = 14 ppm. The fiber tip is
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coated for the same center wavelength with T, = 16 ppm and
L, = 16 ppm. At the mirror separation used for the
measurements shown here, d = 8 ym, a cavity built from the
two mirrors achieves a measured finesse of ¥ = 86800,
consistent with the above numbers.

The sensitivity of the cavity for extinction and dispersion
measurements is governed by the cooperativity parameter
C = 3/n>FA*/ (ﬂ'wg ), which serves as the central figure of
merit.”****® It is evident that high-finesse cavities with small
mode cross sections are desired, which is identical to high

quality factors and small mode volumes, ¥/wg ~ Q/V. In our
experiment we achieve state-of-the-art values with ¥ = 86800
and w, = 2.0 pm, leading to C = 1.3 X 10%. The measurement
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signal for extinction, where one compares the empty cavity
linewidth k, with x in the presence of a sample, can be written

as k/k, =1+ 41/(31%)-Cqa,,, which makes the linear

dependence on C explicit. In the same way, the dispersive
cavity frequency shift Av normalized to the cavity linewidth
becomes Av/k, = 41°/(3€,4%)-CR (). With C and the other
constants known, it is straightforward to quantitatively obtain
{a., R(a)} from a quantitative measurement of {x/x, Av/
Ko}, which only involves frequency measurements that can be
highly accurate.

As a reference sample that also allows a calculation of the
polarizability for comparison, we choose gold nanoparticles
(GNP) with a nominal diameter of S0 nm. Note that we probe
at a wavelength that is far detuned from the plasmon
resonance, such that the extinction cross section is about 2
orders of magnitude smaller than on resonance and the
dispersive shift is comparable to a dielectric nanoparticle of
same size. This choice further provides an example of
ultrasmall extinction and scattering cross sections with
comparable size. At the same time, the particles can still be
imaged by dark field scattering microscopy on resonance, such
that proper sample preparation can be monitored non-
invasively. We spin-coat commercially available GNPs (BBI
Solutions, measured diameter (48.5 + 1.9) nm) on the plane
mirror with a low density (<1 X 107> GNP/um?).

In the experiment, the light of a grating-stabilized diode laser
at 780 nm is frequency stabilized, frequency modulated by a
high frequency (up to 40 GHz) and a low frequency (1.747
GHz) electro optical modulator (EOM), and coupled into the
cavity through the fiber, see Figure lc. Light transmitted
through the plane mirror is detected polarization selectively
with two non-counting avalanche photodiodes. We modulate
the cavity length to record the resonances of the fundamental
TEM,, mode and the first two higher order mode families, in
particular, the TEM,, TEM,,, and TEM,, modes, as shown in
Figure 2a. To optimally exploit the dynamic range of the
photodetectors and the digitizer, the transmitted power of each
transverse mode is equalized using an acousto-optic modulator
(AOM). A locking laser at 969 nm that probes the cavity at
very low finesse is used to keep the cavity length offset
constant on a nm scale during the experiment (not shown in
Figure 1c). To initially set the resonator length, the broad
spectrum of a superluminescent diode is sent through the
cavity, and the length is determined by observing the
transmitted spectrum with a grating spectrometer.

We use the signal of the fundamental cavity mode to
measure the sample extinction from the change in the cavity
line width. To obtain a low-noise dispersion signal of the
sample, we exploit the differential frequency shift of the three
second order higher modes, TEMy, TEM,;, and TEM,,.
These modes acquire different frequency shifts from a
nanoparticle due to the different spatial transverse field
distributions, as illustrated in Figure 1b; for example, a particle
located in the center shifts the TEM,, and TEM,, modes that
have a local field maximum there, while the cloverleaf-shaped
TEM,; mode has a field node and thus remains unaffected and
serves as a reference line. For our analysis, we consider the
frequency difference

Av = (Ayy, — Ayy,) + (A, — Avy) (3)
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2 2 2
2,0V, [2uy) = 30 = ugy] (@)
yielding a bloom-shaped pointspread function.

Because of a small ellipticity of the fiber mirror profile, the
degeneracy of the TEM,, TEM,;, and TEM,, modes is
lifted,>” and due to higher-order deviations of the surface
profile, the frequency separation between the three modes is
not equal and depends on the longitudinal mode order. Figure
2c shows the observed spacing for the particular fiber used for
the measurements presented in this work in dependence of the
longitudinal mode order q. We find that the spacings between
the three modes are nearly equal around 46.5 GHz for the
longitudinal mode order q = 21; thus, we take all subsequent
data at that order. It corresponds to an cavity length of d = g4/
2 = 8.19 pm, including in particular the penetration of the
electric field into the dielectric mirrors.

If the cavity resonance is modulated rapidly, then the time
between the occurrence of the three resonances is short, and
only disturbances at high frequencies with small amplitudes
can affect their frequency difference. We have observed,
however, that a too fast modulation itself creates disturbing
high frequency noise, while a slower modulation increases the
temporal separation of the resonances such that more
frequency components disturb the signal. To minimize the
time separation of the resonances without increasing the
modulation speed, we modulate the phase of the probe laser
such that sidebands can be used to probe neighboring
resonances at an arbitrarily short time delay. Figure 2ab
shows the modulated cavity transmission signal.

We modulate with a frequency of 23.5 GHz such that the
second-order sidebands of neighboring modes come close, as
indicated by the gray areas in Figure 2b. For the purpose of
data evaluation, the modulation strength is chosen to suppress
the carrier and to have a large second-order sideband. The
resulting temporal spacing is small enough to be immune
against mechanical noise. To quantify the frequency difference,
we use an additional phase modulation at a frequency of 1.747
GHz to imprint sidebands that are used as a frequency ruler, as
shown in Figure 2d. The frequency splitting between two
subsequent transverse modes is determined by fitting six
Lorentzians to the signal. Furthermore, the multiple copies of
resonances are used to improve signal statistics, especially for
the extinction measurements. Note that, due to fiber damage,
the measurements in the experiment have been done with a
different fiber mirror than the measurements shown Figure
2a,b,d, which illustrate the measurement principle. The latter
fiber has a much higher ellipticity and thus a higher mode
splitting of 150 GHz, thus, requiring a higher sideband spacing
of 37 GHz.

B BACKGROUND SUBTRACTION

To obtain the sample extinction, we measure the cavity
linewidth for the fundamental mode using similar sidebands on
many points on the plane mirror that is boustrophedonically
raster scanned with a step size of 200 nm at a measurement
speed of around 0.25 s/pixel, mainly limited by the online data
processing.

In general, the resulting signal of sampling a sparse
distribution of particles absorbing or dispersing light with
almost 2 orders of magnitude larger resonator modes is a
convolution of the sample and the intensity distribution. Due
to the very different sizes of the cavity modes and the particles,

https://doi.org/10.1021/acsphotonics.1c01131
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Figure 3. (a) SCM measurement of the extinction cross section of individual gold nanospheres before and (b) after background subtraction. (c)
Statistical evaluation of the cavity transmission signal before (blue) and after (red) background subtraction. (d) SCM measurement of the relative
frequency shift before and (e) after background subtraction. A large background variation is visible that can be significantly suppressed by a
differential measurement. For the corrected picture, faulty pixels have been replaced by the mean value of the surrounding ones. (f) Statistical
evaluation of the frequency shift signal before (blue) and after (red) background subtraction. Scale bars S ym.

the point spread functions are determined by the resonator
modes, while the particle size and properties set the maximum
amplitudes. An example of a spatial extinction map is shown in
Figure 3a. A corresponding map for the frequency difference
signal is shown in Figure 3d. The left figures show the signal
for a single measurement, and we observe a significant
background variation in particular for the frequency shift
signal. We have analyzed the origin of this background in detail
and found that it originates from spatial modulation of
transverse-mode mixing due to the local variation of the planar
mirror, in particular, its local curvature, surface gradient, and
nanoscale roughness, see ref 38 for more details.

Here we show that one can suppress this background
variation by an additional differential method: we perform
measurements before and after application of the nanoparticles
at the same location on the mirror and subtract the two
measurements. The right panels (Figure 3be) show the
resulting difference maps. One can see that the background
variations get efficiently suppressed, and even high spatial
frequencies can be removed due to precise overlapping of the
measured areas with the help of markers imprinted to the plane
mirror and subsequently by algorithmic image alignment. The
remaining noise shows nearly no spatial structure. To quantify
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the improvement of the differential technique and the
achievable noise limit, we plot all data as a histogram and fit
it with a Gaussian profile. Figure 3¢ and f show corresponding
histograms and fits for the extinction cross section and the
frequency difference, respectively. We find that the noise in the
extinction contrast varies only marginally from a standard
deviation of Ao, = 1.80 nm? with a background to 1.85 nm®
with subtracted background, despite the visible improvement.
This shows that other measurement noise is dominating for
this signal. Comparing to a gold nanoparticle probed on the
plasmon resonance, this noise level would allow the detection
of a particle with a 5 nm diameter. On the other hand, the
frequency shift noise reduces by a factor of 6.5, and the
remaining noise amounts to A(Av) = 135 MHz or 0.6 cavity
line widths. This corresponds to a minimal detectable
polarizability volume of a, = R(a)/e, = 28000 nm>
comparison, the expected peak frequency shift for a 50 nm
GNP probed at 780 nm amounts to 3.5 GHz. In the
background-subtracted signal, the characteristic bloom-shaped
point spread function becomes clearly visible and can be
quantitatively evaluated.

. For
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B QUANTITATIVE POLARIZABILITY
DETERMINATION

We have performed background corrected measurements on a
large area of the mirror, 300 ym X 300 ym, and analyzed the
peak extinction cross section and the polarizability for 43
GNPs. Figure 3 shows an example area with three isolated
GNPs of slightly different sizes.

The extinction cross section of each particle is determined
by fitting a Gaussian (6(x,y) = 6. exp(—2(x — x)*/wg — 2(y
— y)*/w})) to each point spread function. To do so, the
coordinates of the particles center (x,, y.) are determined using
image processing and a particle detection algorithm.”® To
select individual particles, only those with a point spread
function having a 1/¢* radius of (2 + 0.3) um close to the
expected mode waist of the cavity (w, = (2 £ 0.15) pym) are
considered, which excludes, for example, multiple particles
located at small separation. The resulting distribution of
extinction cross sections is shown in Figure 4a.

Similarly, we fit the frequency shift signal using the function
given in eq 4, which we center on the Gaussian profile of the
simultaneously measured extinction signal. As can be seen
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Figure 4. Measurement results of individual gold nanospheres
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of (a) the extinction cross section, (b) the real part of a, and (c) the
imaginary part of a calculated from the first two measurements. Scale
bars S pm; color bars of the insets are the same as in Figure 3.
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from the eq 4, this directly yields the real part of the
polarizability of the respective particle, and Figure 4b shows a
histogram of the measured polarizabilities.

Knowing the real part of a and the extinction cross section,
we can furthermore extract the imaginary part of & via eq 1 and
thereby fully determine the complex polarizability. Figure 4c
shows the corresponding distribution for F(a).

To compare our measurements, we calculate expected
distributions of the polarizability as well as the extinction
cross section for the particle size distribution specified by the
manufacturer. Starting with parameters for the bulk material,*
we consider effects of the small particle size on the dielectric
function® to calculate the polarizability of a small sphere far
off the plasmon resonance on a dielectric surface®"** (see
Supporting Information, note 2, for further details).

The measured and calculated probability distributions match
very well. The close agreements underline the quantitative
nature of our method. This is related to the precise knowledge
of the intrinsic losses of the empty cavity, the controlled
placement of the particles in the standing wave cavity field, and
the precise calibration of the measured frequency shifts.

To estimate the reproducibility, we have measured the
extinction cross section of one particle 15 times and obtained a
relative standard deviation of 0.5%, giving an estimate for the
precision of the measurement (see Supporting Information,
note 3, for further details). In a second step, we have measured
the extinction cross section of the same particle for subsequent
longitudinal mode orders and repeated this experiment five
times. This yields a larger variation of 5%, originating from
transverse mode mixing effects,*®** which is the dominating
systematic uncertainty in our measurements and limits the
accuracy of the method.

B CONCLUSION

In conclusion, we have shown that scanning cavity microscopy
can be employed to quantify the complex polarizability of
individual nanoparticles with ultrahigh sensitivity and excellent
reproducibility. Quantitative values can be deduced by relying
only on a few quantities that can be determined precisely: the
empty cavity finesse, the cavity line width, and frequency,
which all rely only on frequency measurements, and the mode
waist, which is directly accessible from the measured maps.
This minimizes systematic uncertainties, which we find to be
dominated by transverse mode mixing.”® Notably, the
demonstrated differential method does not rely on active
stabilization of the cavity and is compatible with significant
mechanical noise. Already in the present setting, we achieve a
detection noise limit that is sufficient to study a large range of
nanomaterials, opening the way for the optical characterization
of novel nanomaterials or biologically relevant macromole-
cules. We note that by using the polarization modes of the
cavity, it is straightforward to extend the method to anisotropic
materials which show a tensorial polarizability such as
ellipsoidally shaped nanoparticles.”® With a suitably tunable
narrow-band laser, the technique can also be extended to
spectrally resolved measurements.”*** Further improvements
can be expected when using a mechanical cavity setup with
improved passive stability. We have recently demonstrated a
monolithic three-axis scanning cavity setup® that improves the
passive stability by up to 1000-fold, such that the method
described here could be operated also without the need for
high-frequency phase modulation. With this, scanning cavity
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microscopy could become a powerful tool for the quantitative
characterization of nanomaterials.
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