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ABSTRACT: The development and use of interferometric variable-
polarization Fourier transform nonlinear optical (vpFT-NLO) imaging to
distinguish colloidal nanoparticles colocated within the optical diffraction
limit is described. Using a collinear train of phase-stabilized pulse pairs
with orthogonal electric field vectors, the polarization of nonlinear
excitation fields are controllably modulated between linear, circular, and
various elliptical states. Polarization modulation is achieved by precise
control over the time delay separating the orthogonal pulse pairs to
within hundreds of attoseconds. The resultant emission from gold
nanorods is imaged to a 2D array detector and correlated to the
excitation field polarization and plasmon resonance frequency by Fourier
transformation. Gold nanorods with length-to-diameter aspect ratios of 2
support a longitudinal surface plasmon resonance at approximately 800
nm, which is resonant with the excitation fundamental carrier wavelength. Differences in the intrinsic linear and circular dichroism
resulting from variation in their relative alignment with respect to the laboratory frame enable optical differentiation of nanorods
separated within 50 nm, which is an approximate 5-fold improvement over the diffraction limit of the microscope. The experimental
results are supported by analytical simulations. In addition to subdiffraction spatial resolution, the vpFT-NLO method intrinsically
provides the polarization- and frequency-dependent resonance response of the nanoparticles�providing spectroscopic information
content along with super-resolution imaging capabilities.
KEYWORDS: nonlinear optics, polarization, circular dichroism imaging, Fourier transform spectroscopy, plasmons,
super-resolution microscopy

■ INTRODUCTION
The observation of emission from individual molecules or
particles can reveal subpopulations among the manifold of
heterogeneous states that are often obscured in ensemble
measurements.1,2 Single-molecule detection has also been
foundational for super-resolution imaging through single-
molecule localization microscopy (SMLM). Conventional
diffraction-limited single-molecule images are generated by
projecting emission photons to a two-dimensional array.
Owing to light diffraction, the emission image is distributed
as a 2D Gaussian with dimensions significantly larger than
typical molecular diameters and approximated as half the
emission wavelength. SMLM methods overcome the mismatch
between point source and PSF dimensions through statistical
positional localization of the emitter. In essence, SMLM
reduces the uncertainty associated with the center of the 2D
Gaussian representing the PSF so that the emission source can
be spatially pinpointed. SMLM techniques have become
ubiquitous in visualizing heterogeneous dynamics, structure,
and various other properties of biological and materials
systems. Recently, multidimensional super-resolution techni-

ques have emerged,3 which can enrich the information content
of optical images with additional spectroscopic, temporal, and
polarization observables.4−7

Expansion of the spatial point spread function into one or
more additional dimensions allows super-resolution micros-
copy methods based on single-molecule localization to
distinguish molecules that are unresolvable when only spatial
dimensions are used.8,9 In common single-molecule local-
ization microscopy techniques10−13 the added dimension is
temporal, as the emission from molecules with spatially
overlapping point spread functions (PSFs) is stochastically
separated in time, allowing specific point source positions to be
determined individually. However, spectral or polarization
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dimensions could also be used to separate emitters which are
spatially colocated within the diffraction limit. Polarization-
modulation in combination with deconvolution and recon-
struction algorithms has previously been used as an avenue to
achieving subdiffraction spatial resolution, as well as
information about emission dipole orientation.14−16 In these
cases, the polarization-response is specific to the emission,
typically fluorescence, signals. However, the excitation
resonance response�both spectrally and polarization re-
solved�of an object is informative in many aspects and
therefore desirable to obtain. Polarization-resolved SHG
microscopy has been used to study single plasmonic
nanostructures17 with subdiffraction spatial resolution18 but
does not provide complementary information about the
spectral resonance response. Photothermal circular dichroism
(CD) microscopy provides single-particle sensitivity using
lock-in detection but is not compatible with subdiffraction
spatial resolution.19,20 Here, we demonstrate that single
nanoparticles can be separated and localized based on their
polarization response along with simultaneous resolution of
their spectra.
Alongside multidimensionality, recent progress in super-

resolution microscopy has emphasized label-free methods to
avoid perturbation of the sample and overcome issues of
photobleaching.21 Nonlinear optical microscopy is an ideal
platform for label-free, multidimensional super-resolution
microscopy, as it provides contrast through the structural
and chemical specificity of various nonlinear optical signals,
without the need for fluorescent labels.22,23 Our previous work
has demonstrated that Fourier transform spectroscopy can be
used to distinguish particles with subdiffraction spatial
resolution based on their spectroscopic response.24 In Fourier
transform nonlinear optical (FT-NLO) microscopy, the
intrinsic nonlinear optical response of a particle, such as
harmonic generation or multiphoton photoluminescence
(MPPL), is modulated based on the particle resonance,
allowing subdiffraction spatial resolution while retaining
spectroscopic information. Unlike other SMLM methods, the
temporal modulation is nonstochastic and reports on the
excitation spectrum of an individual particle. However, as it
relies on the spectral heterogeneity of the emitters, this method
is limited to cases when neighboring emitters have sufficiently
distinct resonance responses.
In this work, we expand spectrally determined FT-NLO

super-resolution microscopy to address this limitation through
the addition of a dimension corresponding to the polarization
dependence of the emission. Variable polarization (vp) FT-
NLO microscopy encodes the frequency- and polarization-
dependent emission from a nonlinear-active sample, allowing
emitters to be distinguished based on both their spectra and
responses to different excitation polarization states. Here, we
apply vpFT-NLO microscopy to plasmonic gold nanorods,
taking advantage of differences between resonance responses
of individual particles imparted by their intrinsic structural
heterogeneity. The gold nanorods studied in this work have a
longitudinal surface plasmon resonance (LSPR) resonant with
the broadband laser fundamental centered at 1.55 eV (Figure
S1). However, variations in the nanorod’s aspect ratio, among
other factors, can red-shift or blue-shift the LSPR of an
individual rod with respect to the mean ensemble plasmon
resonance frequency.25 Resonant enhancement of the non-
linear signal by the LSPR also affects the polarization-
dependent response, as the LSPR is only efficiently excited

by electric fields parallel to the long axis of the nanorod,
resulting in a strong linear dichroism. Chiroptical nonlinear
responses have also been observed in individual gold nanorods
in association with the LSPR, arising from small asymmetries
in the nanorod structure.26 Thus, subtle structural variations
among nanorods are expected to produce distinct frequency-
and polarization-dependent nonlinear optical responses.
Although we demonstrate the ability to distinguish gold
nanorods with subdiffraction spatial resolution using vpFT-
NLO microscopy, the technique described in this work should
be applicable for separating any nano-objects with distinct
polarization- or frequency-dependent nonlinear responses. The
vpFT-NLO microscopy technique described here can provide
subdiffraction localization of emitters without the need for
labeling, as in many conventional super-resolution techniques,
while also providing information about the frequency- and
polarization-dependent response that is not obtained in other
methods.

■ EXPERIMENTAL METHODS AND THEORETICAL
BACKGROUND

In vpFT-NLO microscopy, the polarization of the excitation
beam is continuously varied using a pulse replica generator
which has been described previously. A translating-wedge-
based identical pulses encoding system (TWINS)27 controls
the polarization state of light through the Babinet-Soleil effect
by altering the relative phase between x- and y-polarized
components of the electric field.28 The pulse delay generator
(Figure 1a) consists of a series of birefringent optics which
split an incident parent pulse into two phase-stable replicas
with a controllable interpulse delay time, τ. A polarizer is first
used to orient the parent pulse polarization at 45° with respect
to both the ordinary Ex and extraordinary Ey axis of the
nonlinear crystals. The Ex direction will be referred to as the

Figure 1. Generation of variable polarization states in vpFT-NLO
microscopy. (a) TWINS pulse delay generator consisting of a half-
wave plate (HWP) and three α-BBO blocks which split the parent
pulse into its x- and y-polarized components and controls the time
delay between them, as described in the text. (b) Example time delays
and corresponding phase shifts for an 800 nm excitation pulse, which
produce the linear and circular polarization states shown in (c).

Chemical & Biomedical Imaging pubs.acs.org/ChemBioImaging Article

https://doi.org/10.1021/cbmi.3c00008
Chem. Biomed. Imaging 2023, 1, 91−98

92

https://pubs.acs.org/doi/suppl/10.1021/cbmi.3c00008/suppl_file/im3c00008_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbmi.3c00008/suppl_file/im3c00008_si_001.pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00008?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00008?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00008?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00008?fig=fig1&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.3c00008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


laboratory frame hereafter, and will be used as the point of
reference for depicting excitation field polarization states. The
first nonlinear crystal, block A, converts the parent pulse into
two orthogonally polarized pulses with a fixed interpulse time
delay τ. Blocks B and C are used to adjust the interpulse time
delay of the orthogonal pulse pair on the attosecond to
femtosecond times scale. Previous research from our group has
shown the ability to hold τ values of smaller than 12 as for 2 h,
which is more than sufficient for the polarization-dependent
measurements described here. Figure 1b,c contains a schematic
illustrating how the polarization state of a monochromatic
beam with carrier frequency ω0 can be controlled by tuning τ.
The polarization state for light propagation in the z-direction
can be described with a Jones formalism:
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where E(t) is the time-dependent electric field, E0x and E0y are
the amplitudes of the x- and y-electric field components,
respectively, with phases ϕx and ϕy, and k is the wavevector.
Neglecting the zero Ez term, setting ϕx = 0, and defining the
relative phase difference δ = ϕx − ϕy, eq 1 becomes
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where E0 = E0x = E0y. With a zero interpulse time delay, the x-
and y-polarization components will add to generate a pulse
polarized at 45° with respect to the laboratory frame. When τ
corresponds to a π/2 phase shift with respect to the carrier
wave (e.g., τ = 670 as for 800 nm light), the fundamental will
be circularly polarized. To generate the opposite handedness of
circularly polarized light, a −π/2 phase shift (τ = −670 as) is
introduced. A τ value corresponding to a ±π phase shift (τ =
±1.33 fs) will generate an excitation source polarized at ±45°
with respect to the laboratory frame. Other values of τ
corresponding to phase shifts between −π and π will generate
various degrees of elliptically polarized light.28

In order to demonstrate how vpFT-NLO microscopy can be
used for super-resolution microscopy, we first develop a
formalism to describe the interferometic nonlinear optical
signal from a nanoparticle excited with various polarizations. In
this work, the nanorod longitudinal surface plasmon resonance
(LSPR) mode is resonant with the fundamental. The
interaction with a resonant excitation pulse pair generates a
plasmon field, Epl(t,τ), which is the dominant driver of the
nonlinear emission signal. The emitted nonlinear signal is
collected as τ is controllably incremented. The n-th order
nonlinear emission signal is expressed as

S E t t( ) ( ( , )) dn n( )
pl

2

=
(3)

In the following, we assume a second order nonlinear signal (n
= 2). The plasmon field itself is driven by the electric field of
the pulse pair. For broadband pulses, the electric field vector of
the pulse pair as a function of τ where the x-polarized
component is treated as stationary is given by
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where the field of a single pulse, E0(t), is

E t A( ) e i t
0 0

0= (5)

The excitation of the plasmon by polarized light described by
the complex vector above can be modeled using a 2 × 2 Jones
matrix, T. The plasmon field driven by the excitation pulse pair
is
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where ωpl is the plasmon resonance frequency and γ is the
plasmon homogeneous line width, which are treated as
independent of the excitation polarization.
Using the generalized matrix equivalence theorem,29 the

Jones transfer matrix describing the interaction of the plasmon
mode with polarized light, Tgen, can be written as a
combination of elements related to the physical parameters
of the system:

T T T T Tgen CP LP CA LA= (7)

The matrix TCP (TLP) describes circular (linear) birefringence
of the sample, while linear and circular dichroism are described
by TCA and TLA, respectively. In this study, we neglect
birefringence to focus on the dichroic properties of the sample.
Circular dichroism, or circular amplitude anisotropy, has the
Jones matrix
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where R is the difference in absorption of left and right
circularly polarized fields. Similarly, linear dichroism has the
Jones matrix
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where P is the difference in absorption of linear orthogonally
polarized fields and θ is the angle of the major axis with respect
to the lab frame. Multiplication of TCA and TLA gives the
generalized transfer matrix for the nanorod with a given
combination of linear and circular dichroism. For gold
nanorods, linear dichroism is expected to be the main
contributor as the plasmon absorption at the fundamental is
greatest when the polarization of the exciting field is aligned
with the long axis of the rod, corresponding to the longitudinal
plasmon mode. However, circular dichroism in second
harmonic generation, possibly reflecting asymmetric structure
around the tips of the nanorods, has also been reported.26

With this formalism, we can predict the effects of linear and
circular dichroism on the nonlinear interferometric signal
measured in vpFT-NLO (Figure 2). The effects of linear
dichroism are discussed first. Figure 2a shows the predicted
response for a hypothetical particle with a plasmon resonance
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at 800 nm and a linear differential absorption, P, of 1. As the
in-plane angle, θ, of the nanorod longitudinal axis changes
(increases) with respect to the laboratory frame (Ex), the
amplitude of the interference decreases. However, the
normalized Fourier transform spectrum at the fundamental
frequency does not change (Figure S2). At θ = 0 or 90° (not
shown), the response from the particle is constant with respect
to the interpulse time delay. Next, we examine the effect of an
arbitrary amount of circular dichroism on the nonlinear
interferogram. Figure 2b shows the response of a particle at θ =
75°, with a constant P of 0.8. The P value is reduced from 1 in
order to permit circular dichroism effects, but kept significant
to reasonably correspond to the nanorod system considered
here. As the circular dichroism characterized by R increases,
the phase of the interferogram shifts. For a particle with pure
circular and no linear dichroism, we expect a phase shift of ±π/
2. When both linear and circular dichroism are present, as
expected for the gold nanorods studied here, intermediate
phase shifts are observed which are also dependent on the
angle of the nanorod axis. Minor changes to the amplitude of
the interferogram are also observed as R increases. Finally, we
observe the effect of changes to the plasmon frequency in
Figure 2c. As in FT-NLO, the variable polarization Fourier

transform spectrum responds to spectral shifts in the plasmon
resonance. Heterogeneity in the plasmon frequency of the
nanorods studied in this work can be used to distinguish
particles in super-resolution imaging applications, as discussed
later.
From the above discussion, we can draw several qualitative

conclusions about the appearance of interferometric signal
from a nanoparticle with linear and circular dichroism, which
help demonstrate the potential use of vpFT-NLO microscopy
for subdiffraction limited microscopy:
1. In the absence of circular dichroism, and a large constant

linear dichroism, the nanorod behaves much like a polarizer
used in traditional FT-NLO or interferometric autocorrela-
tions. For θ = 45°, an 8:1 ratio between the signal at τ = 0 and
the signal at long time delays is obtained. This is expected
based on the equation for an n-order interferometric
autocorrelation

E t E t tIAC ( ) ( ) ( ) dn n( ) 2= |{ + + } |
(10)

which predicts a ratio IAC (0)

IAC ( )

n

n

( )

( )
of 22n−1.30 For other values of θ,

the modulation of the signal with polarization decreases.
2. In the presence of a large but <1 linear differential

absorption, circular dichroism manifests as a shift in the phase
of the interferogram as well as a change in the modulation
amplitude. The magnitude of the phase shift is dependent on
the relative contribution of circular and linear dichroism in the
measurement.
3. In all cases, the frequency and line width of the

fundamental peak in the spectrum in vpFT-NLO reflects the
characteristics of the plasmon resonance. Therefore, similarly
to FT-NLO, the plasmon response function in the frequency
domain can be extracted using

S R E( ) ( ) ( )n( ) (1) 2= | | (11)

where S(n)(ω) is the signal near ω0, R(1)(ω) is the linear
response function, and E(ω) is the electric field of the
fundamental laser.
Based on the above, we conclude that a single nanoparticle’s

polarization response and plasmon response function will affect
the phase, amplitude, and frequency of the vpFT-NLO
spectrum and may be used as additional axes for detecting
nanoparticles which are spatially colocated in the diffraction
limit. Hence, inspection of NLO interferograms provide rich
details about the sample nonlinear optical response that would
not be attainable from conventional, steady-state measure-
ments. We note that vpFT-NLO provides two new observables
beyond the FT-NLO method. First, the amplitude of the
modulation at ω0 varies with the angle of the nanorod and the
degree of dichroism. The modulation is characterized by the

contrast ratio s
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, which is restricted to 8:1 for a second-order

FT-NLO measurement. In vpFT-NLO, however, the contrast

ratio can have values of 1 2s
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=
, where n is the

photon order of the nonlinear signal. Second, the phase of the
vpFT-NLO interferogram can be shifted by circular dichroism,
whereas the phase is fixed in other Fourier transform
spectroscopies, allowing samples with circular dichroism to
be distinguished from purely achiral samples. While
quantitative extraction of linear and circular dichroism

Figure 2. Modeling the effects of particle parameters on vpFT-NLO
interferogram. (a) Rotating the angle of the nanorod longitudinal axis
(θ) with respect to the lab frame (Ex) from 45 to 85° causes a
decrease in the amplitude of the interferogram for a particle with P =
1 and R = 0. (b) Increasing the amount of circular dichroism, R, for a
nanoparticle with a fixed θ value of 75° and P = 0.8 results in changes
to the phase and amplitude of the interferogram. (c) Changes to the
plasmon resonance frequency result in shifts of the spectrum obtained
by Fourier transformation of the vpFT-NLO interferogram.
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parameters from vpFT-NLO will require complementary
measurements or a priori knowledge of one of the parameters,
these observables offer additional axes through which spatially
and spectrally indistinguishable particles can be resolved. In
this study, we focus on the use of the vpFT-NLO phase to
achieve subdiffraction spatial resolution based on the
individual polarization dependences of gold nanorods.
Super-resolution Imaging with vpFT-NLO Microscopy
To demonstrate the application of vpFT-NLO microscopy to
achieving subdiffraction spatial resolution, two gold nanorods
which are colocated within the optical diffraction limit of ∼250
nm were studied. As shown in Figure 3a, these nanorods have

dimensions of approximately 120 × 60 nm and have centers of
mass that are separated by approximately 80 nm. Upon
excitation with a broadband pulse centered at 1.55 eV, which is
resonant with the LSPR (Figure S1), the nanorods exhibit
multiphoton photoluminescence. The diffraction-limited
MPPL image is shown in Figure 3b; as expected, the two
particles are indistinguishable.
The signal from the two particles is also not separable with

FT-NLO microscopy, which our previous work has demon-
strated can be used to localize particles with subdiffraction
spatial resolution based on variations in their resonance
response. In FT-NLO microscopy, a polarizer is inserted after
the pulse replica generator shown in Figure 1a to generate a
pair of linearly polarized pulses that share a common
polarization plane. A 2D image of the nonlinear optical signal
from the nanorods is collected at a series of time delays to
generate an interferometric data set in which the emission
intensity from each nanoparticle is modulated due to resonant
excitation of its longitudinal plasmon mode. The drift-
corrected data is Fourier transformed along τ to generate a
3D data set consisting of an image of the particles at each
Fourier transform energy step. For particles which can be
distinguished based on their resonance spectra, a shift in the
center of the nonlinear emission point spread function can be
observed as a function of Fourier transform energy, as in ref 24
and Figure S3.24 To test whether FT-NLO microscopy is
sufficient to separate the signal from the particles without the
need for variable polarization, the center of mass of the
emission was determined by fitting the image at each Fourier

transform energy step with a 2D Gaussian function. The x- and
y-coordinates obtained from the fitting are plotted as a
function of energy in Figure 3c. For the particle pair studied in
this work, no clear shift in the x (pink) or y (green) emission
position with energy is observed (Figure 3c). Additionally, the
Fourier transform spectrum of the particles (Figure 3c, blue
line) does not exhibit obvious contributions from multiple
components; the FT spectrum is accurately accounted for
using a single Lorentzian function. From this, we conclude that
the resonance spectra of the two particles are too similar to
allow resolution of the individual particles with FT-NLO
microscopy. This is supported by SEM imaging indicating that
the nanorods both have aspect ratios of approximately 2, which
is expected to result in similar LSPR energies.25

Next, we demonstrate that although the differences in the
resonance energies are insufficient to distinguish the two
particles using standard FT-NLO microscopy, they can be
resolved in vpFT-NLO based on their polarization depend-
ences. Removing the polarizer after the pulse replica generator
creates a fundamental beam with controllably variable
polarization, as shown in Figure 1. As discussed above, the
phase of the Fourier transform is sensitive to the circular
dichroism of the particle. The nanorods in Figure 3 were next
studied with vpFT-NLO. Similarly to FT-NLO microscopy, an
image of the nonlinear emission was collected at various time
delays and Fourier transformed to generate a data set
containing the amplitude of the Fourier transform at each
pixel of the image for each energy step. However, the phase of
the Fourier transform at each pixel was also retained to yield an
additional dimension of information. Figure 4 shows a slice of

the Fourier transform data set at an energy of 1.59 eV. Each
pixel in the image is false colored to indicate the magnitude
(brightness) and phase (hue) of that pixel at a specific energy
in the FT spectrum. From Figure 4, it is readily apparent that
two particles are present which are now distinguishable due to
the phase difference of their vpFT-NLO response. As discussed
in the theoretical section above, while circular dichroism is
expected to cause phase shifts in the vpFT-NLO signal, the
amount of phase shift is also influenced by the linear dichroism
of the nanorod.

Figure 3. (a) SEM image and (b) diffraction-limited MPPL-detected
optical image of two nanorods. (c) FT-NLO analysis of the same
nanorod pair in (a,b) demonstrates no appreciable shift in the x
(pink) and y (green) coordinates of the center of mass of the emission
as a function of Fourier transform energy. The FT spectrum (blue)
also exhibits only one resolvable component, precluding optical
resolution of the two particles imaged in (a).

Figure 4. Analysis of the same nanorod pair in Figure 3 using vpFT-
NLO microscopy at an FT energy of 1.59 eV. The brightness and hue
of each pixel are determined by the magnitude and phase,
respectively, from FT analysis. A gamma correction of 0.8 was
applied to aid visualization.
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In order to determine the position of each particle, a global
fitting algorithm was developed to simultaneously fit the
magnitude and phase data for each FT energy. A 2D Gaussian
function which is independent of energy, Gi(x,y), was used to
approximate the spatial PSF of each particle (with index i) with
fitting parameters of position, width, and diagonal correlation.
The amplitude and phase of each particle at a given FT energy
were additional fitting parameters, denoted as mi(E) and ϕi(E)
respectively. The measured magnitude and phase at a given
spatial coordinate and FT energy were then fit to

M x y E

m E G x y m E G x y

m E m E G x y G x y E

E

( , , )
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The above equations, which assume two emitting particles, can
be extended to include additional particles within a diffraction
limited area. The phase at each pixel was weighted by the
magnitude of the corresponding point for fitting in order to
suppress the fitting of pixels without signal, which exhibit a
random phase.
In order to test the robustness of the method, a half-wave

plate was inserted before the sample to rotate the polarization
of the fundamental with respect to the nanorod longitudinal
axis. The vpFT-NLO signal from the nanorod pair was
measured and analyzed at five different half-wave plate angles.
The signal from two other nearby nanorods was localized by
fitting with a 2D Gaussian point spread function and used to
correlate the results from the vpFT-NLO analysis to the
electron microscopy images (Figure 5 and Figure S4).

Generally, the fitting algorithm is able to differentiate the
two nanorods in the particle pair and determine their positions
within ∼50 nm when compared to addition characterization by
electron microscopy. There is some variation in the retrieved
position of the rods for different experimental trials shown in
Figure S4, which may result from several factors. First, we
approximate the PSF of each individual rod as a 2D Gaussian.
However, the finite size of the nanorods may affect the

assumption that they act as point source emitters. We also
assume that the MPPL emission originates from the center of
mass of the nanorod. However, previous near-field optical
studies have suggested that nonlinear emission may be
localized to the tips of the nanorods.31 Finally, the two
nanorods studied here are close enough that coupling may
occur,32,33 resulting in polarization-selective hybrid modes
which may complicate the localization of the emission to one
of the particles.
Here, we have demonstrated that the polarization resolution

of the vpFT-NLO method can resolve two nanorods which
were not separable spatially in a diffraction-limited measure-
ment or based on their frequency response. The ability to
resolve any two particles using vpFT-NLO will depend on
their spatial separation as well as their distinction in
polarization- and frequency-dependent resonance responses.
The detection of higher order nonlinear optical signals may
enhance the achievable resolutions through the increased
intrinsic contrast between polarization states as the nonlinear
order increases. The extension to other nanoparticle systems,
such as coupled dimers of nanospheres, will require a
consideration of how the particle size, geometry, and coupling
contributes to the polarization and frequency of any hybrid
modes. Large aggregates of particles will further complicate
this analysis, however, vpFT-NLO may provide an avenue to
study the spatial localization of hybrid modes in nanoparticle
assemblies. Additionally, the analysis assumes that the particles
are immobilized on a background-free substrate during the
measurement. Particle movement, or the presence of scattering
media in the sample may degrade the achievable resolution by
decreasing or eliminating the polarization-dependent response.
The effects of circular and linear dichroism on the amplitude

and phase of the vpFT-NLO interferograms discussed above
may offer a route to quantifying the circular dichroism and
orientation of a particle. While previous works have
demonstrated the use of polarization modulation or point-
spread function engineering approaches to resolve the
orientation of single particles,34−37 vpFT-NLO can be used
to distinguish particles through both their polarization- and
excitation-energy-dependent nonlinear optical emission. As
such, vpFT-NLO uniquely simultaneously provides the highly
desirable resonance response of the object.

■ CONCLUSIONS
We have demonstrated a Fourier-transform imaging technique
based on controllable interferometric modulation of the
polarization state of the excitation beam and 2D array
detection of nonlinear optical signals from gold nanorods. In
the vpFT-NLO data, differences in the polarization and
resonance response of nano-objects are encoded in both the
phase and amplitude of the optical interferograms and
corresponding Fourier transform spectra. Through examina-
tion of the phase of the FT data set, particles which were not
resolvable through diffraction-limited microscopy or FT-NLO
are readily distinguishable in vpFT-NLO. In the gold nanorod
case study presented here, nanoparticles separated by less than
50 nm were resolved, which is an approximate 5-fold
improvement over expectations based on the 250 nm
diffraction-limited spot size of the measurement. While the
results in this study were obtained by detection of MPPL from
gold nanorods, the vpFT-NLO method is generalizable to any
nonlinear signal which exhibits a frequency or polarization
dependence. Therefore, extension to other label-free NLO

Figure 5. Comparison of nanorod positions determined optically
through vpFT-NLO (pink crosses) and scanning electron microscopy.
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observables such as harmonic generation and nonlinear Raman
signals should be possible given incorporation of the
appropriate response functions. Extension to higher-order
processes may allow for greater sensitivity of the measurement.
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