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Abstract

While the thermal and electromagnetic properties of plasmonic nanostructures are well
understood, nanoscale thermometry still presents an experimental and theoretical challenge.
Plasmonic structures can confine electromagnetic energy at the nanoscale, resulting in local,
inhomogeneous, controllable heating. But reading out the temperature with nanoscale precision
using optical techniques poses a difficult challenge. Here we report on the optical thermometry
of individual gold nanorod trimers that exhibit multiple wavelength-dependent plasmon modes
resulting in measurably different local temperature distributions. Specifically, we demonstrate
how photothermal microscopy encodes different wavelength-dependent temperature profiles in
the asymmetry of the photothermal image point spread function. These point spread function
asymmetries are interpreted through companion numerical simulations of the photothermal
images to reveal how differing thermal gradients within the nanorod trimer can be controlled
by exciting its hybridized plasmonic modes. We also find that hybrid plasmon modes that are
optically dark can be excited by our focused laser beam illumination geometry at certain beam
positions, thereby providing an additional route to modify thermal profiles at the nanoscale
beyond wide-field illumination. Taken together these findings demonstrate an all-optical
thermometry technique to actively create and measure thermal gradients at the nanoscale below

the diffraction limit.
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Harnessing the thermal response of optically excited noble metal nanoparticles has been used
for a variety of different applications including drug delivery,' photothermal therapies,*®
photocatalysis,”® heat generation from solar energy,’'? heat assisted magnetic recording,'!"!3
and thermal manipulation of materials at the nanoscale.!* In all of these applications, light
interacts strongly with the nanoparticles and drives coherent charge oscillations known as
localized surface plasmon (LSP) resonances. It is through the nonradiative decay of the LSP
that the nanoparticle is heated, which in turn leads to temperature increases in the
environment.'>!” Measuring and understanding the induced nanoscale temperature gradients is
critical for the optimization of many photothermal applications.!3-%!

Current research in nanothermometry has focused on different methods to measure
temperature at the nanoscale. For example, the ratio of Stokes to anti-Stokes
photoluminescence emission spectra has been used to calculate nanoparticle temperatures;
however, it requires the lattice and electron temperatures to be approximately the same to
correctly interpret the results.’>?* Electron energy-loss spectroscopy (EELS) uses phonon
energy shifts combined with ratioing loss-to-gain signals to infer the lattice temperature of the
material. >>?® However, while EELS can map temperature changes at truly nanoscale
dimension, it requires a high-fidelity electron microscope and ultrahigh vacuum conditions
which adds to the complexity of experiments. Alternatively, photothermal microscopy is an
optical, in situ method that relies on nanoparticle and local environment heating to collect
signal.?’"? This method uses two lasers: a heating laser tuned to excite the nanoparticle and
induce nanoscale thermal gradients and a second laser to probe refractive-index changes in the

system induced by these thermal modifications.’**The pump beam is modulated with a low

frequency signal from function generator and as a results the heat generation and temperature



around the nanostructures are modulated by the same frequency. This results in a modulated
refractive index change which causes the intensity of the probe beam that reaches the detector
to have an AC component on top of a DC signal. The AC part is detected using a lock-in
amplifier and is proportional to the heat generated by the pump beam on the nano strcuture.
The probe wavelength can be chosen off-resonance to avoid melting the particles while having
high power to increase the signal to noise ratio (SNR).>**? A previous demonstration of this
method in individual plasmonic nanorod dimers showed that the centroid of the photothermal
signal is biased towards the hotter nanorod within the hybridized dimer, indicating the
sensitivity of the technique to spatially non-uniform thermal profiles.*?

In this work, photothermal microscopy is performed on individual, asymmetric gold nanorod
trimers and the resulting images are correlated with their wavelength-dependent nanoscale
thermal profiles. The nanorod trimer structure is designed to host three unique nanoscale
temperature distributions associated with its three hybrid LSP modes. In imaging these modes,
we find that the full width at half maximum (FWHM) of the photothermal image in both x- and
y-directions of the image plane (obtained by fitting a 2-dimensional Gaussian) varies with
pump (heating beam) wavelength. We explain these trends through LSP mode analysis,
coupled optical and heat diffusion simulation, and photothermal image modeling using a

focused illumination source,’3-3*

revealing their origin in the asymmetric excitation of the
nanorod trimer’s hybrid LSP modes and their associated thermal distributions. It is through this

analysis of the ratio of x- and y-direction FWHM of the photothermal image that we uncover

and herein report upon a new approach for all-optical thermometry at the nanoscale.

Results and discussion



Figure la displays the gold nanorod trimer designed to produce wavelength-dependent,
nanolocalized temperature distributions under steady-state optical excitation (see complete
simulation details in Supporting Information section S1). The nanorod trimer’s three hybrid
LSP modes, labeled A;, 1,, and A3, are illustrated in Figure 1a. The nanorods are each 80 nm
long and 40 nm wide with a 20 nm separation, making the entire system (180 nm % 100 nm),
well below the diffraction limit of the focused probe laser (~360 nm). Each nanorod trimer is
nanofabricated on a glass substrate and immersed in glycerol to provide a low thermally
conductive environment for heat to diffuse. Nineteen such nanorod trimers were
nanofabricated using electron beam lithography (see complete experimental details in
Supporting Information section S2). Absorption and dark-field scattering spectra of all studied
individual nanorod trimers were measured, each having the same general features as the blue
traces shown in Figure 1b. The absorption spectra are obtained using a photothermal
microscope and the scattering spectra are measured using a hyperspectral microscope.>>¢ In
both setups, the nanorod trimers are excited using a numerical aperture (NA) of 1.4 and the
light is collected using a 0.7 NA objective after interacting with the structures. Simulated
absorption and scattering cross-sections resulting from a focused Gaussian beam excitation
source, to mimic the photothermal imaging experiments, using full-wave electromagnetic

simulations in a modified discrete dipole approximation®’-3®

are shown in the orange traces in
Figure 1b. The beam centroid lies at the center of the nanorod trimer and well approximates the
experimental spectrum collected at the same point. The two resonances in the simulated
absorption spectrum correspond to the hybrid LSP modes A; and A,. These bright modes are

indistinguishable in our measurements due to the broad linewidth of the laser (10 nm

determined by the acousto-optic filter that selects the pump wavelength from a white-light



laser), while the third hybrid mode, A3, is inaccessible when the pump beam is focused at the
nanorod trimer center. Due to small imperfections in the otherwise equivalent nanorod trimers,
each of the 19 structures has a slightly different absorption spectrum. Figure l1c shows a

histogram of the wavelength corresponding to the peak in their individual absorption spectra.
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Figure 1. Absorption and scattering spectra of the individual, nanofabricated and simulated
nanorod trimer structures. a) Hybrid dipolar modes of the nanorod trimer are calculated using a
coupled oscillator model. b) Absorption spectrum (top) of one of the nanorod trimers measured
with photothermal spectroscopy using a 532 nm probe laser centered on the nanorod trimer

(blue line). The simulated absorption spectrum (orange line) resolves two modes, labeled A,



and A4,. The highest energy mode, A3, is inaccessible at this beam position. Scattering spectra
(bottom) of the same nanorod trimer measured (blue line) and computed (orange line) are
shown. The resonance at 700 nm is not resolved in experiment likely due to nanofabrication
differences between simulation and experiment. ¢) A histogram depicting the variability in

experimental absorption resonance position of 19 individual nanorod trimers studied.

Our photothermal microscopy approach relies on raster scanning the beam within a 1 pm x 1
um region of interest surrounding an individual structure. Even though the nanorod trimer’s
dimensions are well below the diffraction limit, different centroid positions of the focused
pump beam drive different weightings of the three hybrid LSP modes. Figure 2 depicts the
simulated dependence of the absorption spectrum on the position of the pump beam centroid.
The schematic in Figure 2a labels the location of five different focused beam positions where
absorption spectra are calculated. The schematic (top left) depicts the pump beam waist when
centered at the origin for wavelengths ranging from 600 nm (dark gray) to 900 nm (lighter
gray).

The resulting absorption spectra as a function of beam position are shown in Figure 2b where
the colors and line styles of the spectra correspond to the illustration in Figure 2a. When the
beam is positioned to the left of the nanorod trimer (dashed-dotted red @), above the nanorod
trimer (dashed blue @), and in the center of the nanorod trimer (solid black @), the two lowest
energy modes at A; and A, are approximately driven the same. The third mode is nearly
completely undriven. However, when the beam is positioned beneath the nanorod trimer
(dotted red @), the A, mode is driven most strongly. Lastly, when the beam is positioned to the
right of the nanorod trimer (solid blue @), the previously plane-wave dark A; mode can be

driven nearly as strongly as the other two modes. The pump wavelength specific absorption



cross-section maps in Figure 2c¢ depict this absorption asymmetry at the three LSP mode
wavelengths as a function of beam centroid position. The black contour lines represent

equipotentials of constant absorption.
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Figure 2. The focused pump beam drives different weightings of the three hybrid LSP modes
depending on its centroid position relative to the nanorod trimer structure. a) An illustration of
the five beam positions with respect to the position of the nanorod trimer selected for

simulations. The colors and line styles of the cross hairs correspond to the absorption spectra in



the following panel. The schematic in the top left corner indicates the beam waist size when at
the origin for a 600 nm wavelength pump beam (dark gray) and 900 nm wavelength pump
beam (light gray). b) Different absorption spectra resulting from the focused beam driving the
nanorod trimer at the five labeled beam positions. When the beam is positioned at the dashed-
dotted red @, the dashed blue @, and the solid black @, the two lowest energy modes are
driven approximately equally. However, when the beam is located at the dotted red @ or the
solid blue @, the 4, or A1; modes are strongly driven, respectively. c) Absorption cross-section
maps as a function of beam centroid at the three resonances. The overlaid black lines show
equal contours of the absorption map. The color scale of the 655 nm image has been scaled up
by a factor of two for ease in comparison with the more intense absorption maps at 715 nm and

770 nm.

Each of these absorption profiles underlies different temperature distributions that evolve as
a function of pump beam position and wavelength. Figure 3 depicts the computed thermal
profiles associated with the five beam centroid positions displayed in Figure 2. Here, the
steady-state temperature profiles are calculated using the thermal discrete dipole
approximation,®® and reflect the temperature of the particles above ambient room temperature.
When the structure is probed at the lowest energy LSP mode, 44 = 770 nm, the top two
particles heat up more than the bottom particle at every beam position in the 400 nm wide
window shown. At the second hybrid mode, 4, = 715 nm, the temperature pattern switches
with the bottom particle reaching higher temperatures than the top two for most (although not
all) beam positions. Finally, the last hybrid mode, A3 = 655 nm, produces a more complex

thermal profile that depends on the pump beam position with absolute and relative nanorod



temperatures smaller than those found at A; and A,. See Figure S1 for temperature difference

maps at each beam position.
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Figure 3. Wavelength and beam centroid dependent computed temperature maps of the
nanorod trimer. Steady-state temperature maps of the nanorod trimer at the three hybrid modes
and five unique beam positions labeled in Figure 2a. The temperatures listed are degrees

Celsius above room temperature.

The prediction that the induced temperature shifts between the top region being hotter (when
excited around 770 nm) and the bottom region hotter (around 715 nm) is probed with
photothermal microscopy. The images of 19 nanorod trimers were acquired by raster scanning
the sample across the pump and probe lasers in a collinear focused beam geometry. 180 nm
diameter gold nanodisks were fabricated alongside each nanorod trimer and are expected to

generate uniform heating, thereby acting as a reference. Figure 4 shows the resulting
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photothermal images at two pump wavelengths, 700 nm and 800 nm, near the two lowest
energy LSP modes of a representative nanorod trimer and nanodisk pair. The differences
among the images are quantified by fitting the data to a point spread function (PSF) described

_ (x=x0)®  (y—¥0)?
202 203

by a 2-dimensional Gaussian, I(x,y) = A- exp( ) where (xq,y,) is the

beam centroid, A is the amplitude, and oy, g, are the Gaussian widths in x and y. The Gaussian

widths were converted into FWHM by the relationship FWHM,,,, = 2v21In2 - g, ,. The fits
are shown in the second row of Figure 4. As expected, FWHM, = FWHM,, for the PSFs of the

nanodisks under both 700 nm and 800 nm pump wavelengths. This result serves as a reference
allowing us to correct for any wavelength-dependent asymmetry due to variation within our
imaging setup. The nanorod trimer on the other hand exhibits a different PSF than the
nanodisk. The nanorod trimer image at 700 nm is elongated along the x-direction resulting in
an asymmetry factor (FWHM, /FWHM,) larger than one. At 800 nm, the nanorod trimer
image appears symmetric.

Simulated photothermal images are used to interpret the observed asymmetries in the
experimental nanorod trimer PSFs. The simulated images are obtained by raster scanning a
focused Gaussian beam across a nanorod trimer or nanodisk on glass and integrating the
scattered field over the solid angle (84, ¢4) spanning the detector in the forward direction

according to**-4!

= jf (IEx (8, 9)I2 — |Ex(6, $)I?) d2
©a.9q)

where c is the speed of light, n is the refractive index at the detector, E r (6, ¢) is the probe

electric field scattered through the heated (H) or room (R) temperature system, and 6, ¢ are
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evaluated at the detector located 1 cm away. The collection angle of the photothermal
experiment defines the bounds of integration for the simulation, which are set to be 8,; = 35°
and 0° < ¢p; < 360°. The scattered electric field through the heated system, E;(6,¢), is
calculated by assigning the gold refractive index values according to the temperatures
calculated at each wavelength and beam position. See Supporting Information section S4 for a
description of the experimental temperature-dependent refractive indices of gold and section
S3 for comparison to an alternative image function derived in Ref. 42. The infinite glycerol
background is assigned an increased refractive index corresponding to the average temperature
of the gold particle(s). The resulting simulated photothermal images of the nanorod trimer and
nanodisk are shown in the last row of Figure 4. The simulated PSFs for the nanodisk are
symmetric for both the 700 nm and 800 nm pump, as was the case for the experimental images.
The simulated nanorod trimer PSFs exhibit nearly symmetric PSFs at both 700 nm
(FWHM/FWHM,,, = 0.99) and 800 nm pump (FWHM.,/FWHM, = 1.02), differing from the
experimental results. This apparent contradiction between theory and experiment is further

explored by comparing the spectrally resolved simulations and experimental distributions.
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Figure 4. Photothermal images of a nanodisk (left two columns) and a nanorod trimer (right
two columns) with representative SEM images shown on top. The image sizes of the
experimental, fit, and simulated images are 1 um % 1 um. The first row depicts experimentally
obtained photothermal images of the structures pumped at 700 nm and 800 nm with 190 pW
and 170 uW powers. The second row shows the fit of the raw data to a 2-dimensional Gaussian
function. The asymmetry in the PSF of the nanorod trimer at 700 nm is apparent and
juxtaposed against the symmetric nanodisk images. The last row depicts the simulated
photothermal images of the nanodisk and nanorod trimer. The printed values on the fit and
simulated nanorod trimer images indicate the difference in wavelength between the pump
wavelength and the nanorod trimer’s absorption maximum. Each image has been individually

normalized.
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Statistics of the PSF fit parameters extracted from the photothermal images are shown in
Figure 5 for the 19 nanorod trimers investigated. The values have been corrected to account for
effects of alignment drift and aberrations. The correction involves two steps: first, the PSF
FWHM in each direction is normalized by the value of the nanodisk in the same direction (e.g.,
FWHM

/FWHM ). The nanodisks and nanorod trimers are fabricated next to each

Xtrimer Xdisk
other on the sample and a nanodisk-nanorod trimer pair is always imaged together, thus drift
and aberrations in the system are captured by the nanodisk PSF and corrected for in the
nanorod trimer PSF. In the second step the normalized nanorod trimer FWHM values are
multiplied by the average nanodisk FWHM as a universal scaling factor. Note that even
without normalization and correction we still observe the same signature in the nanorod trimer
images (Figure S2).

Figure 5a presents a histogram of the FWHM in the x- and y-directions from the fits of the
nanodisk and nanorod trimer images at the two pump wavelengths. Just as qualitatively
observed in Figure 4, under 700 nm pump, the FWHM in the x-direction (blue) is larger than
the FWHM in the y-direction (orange) for nearly all nanorod trimers. Similarly, under 800 nm
pump the FWHM in the x-direction is larger than the FWHM in the y-direction, but to a
smaller extent. The statistical test results summarized in Table S1 confirm a statistically
significant difference between FWHM, and FWHM, at 700 nm. Similarly, a smaller yet
statistically significant difference at 800 nm is also observed.

To rule out any effect of scan direction or pump beam polarization, the sample was imaged
in two different scan directions and two sample directions (Figure S3). The results in Figure S4

show that scan direction has no effect on the values of the nanodisk-corrected asymmetry

factor at 700 nm pump. Also, any effect possibly resulting from sample orientation at 700 nm
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pump is negligible as shown in Figure S5. The correlation plot in Figure S6 illustrates that
there is no correlation in scan direction at 800 nm excitation as seen from the data clustering
around (1, 1). Furthermore, the asymmetry factors at the two different pump wavelengths are
negatively correlated (Figure S7). These control experiments verify that the observed PSF
asymmetries are generated by changing the wavelength of the pump beam and not by sample
orientation or scan direction.

To understand the full wavelength-dependence of the photothermal images of the nanorod
trimer, the data from Figure 5a is replotted to show the FWHM ratio (FWHM, /FWHM,,) at the
700 nm pump wavelength (green dots) and at the 800 nm pump wavelength (purple dots)
(Figure 5b). The experimental and simulated data are plotted on a common x axis by
subtracting the pump wavelength (700 £ 2.5 nm and 800 £ 2.5 nm for green and purple dots,
respectively) from the nanorod trimer absorption maximum (illustrated in Figure 1c) to find the
distance of the resonance maximum from the pump wavelength (AA). Specifically, each
nanorod trimer has a different absorption maximum with a range spanning from 690 nm to 780
nm (Figure Ic). By calculating the differences between the pump wavelengths of 700 nm and
800 nm and the resonance maxima of the nanorod trimer, a range of A4 values between -80 nm
and +110 nm is obtained. Using this approach we obtained a wavelength dependence of
asymmetry in the trimer images. This is equivalent to have a single maximum peak for all nano
rods and sweeping the wavelength of the pump beam. Simulated FWHM ratios at different
pump wavelengths for a fixed calculated absorption spectrum (Figure 1b) are overlaid and
given by the black line. These simulated FWHM ratios are obtained by fitting the photothermal

images of the nanorod trimer pumped with a wavelength range of 610 nm to 790 nm. The
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maximum in the simulated absorption spectrum of the nanorod trimer (715 nm) is then
subtracted from the pump wavelength range.

When the pump beam excites the nanorod trimer at wavelengths greater than or equal to the
A1 (A1 = 55 nm) absorption resonance, the FWHM ratio is greater than one (Figure 5b). This
excitation corresponds to the lowest energy hybrid mode, where the upper two nanorods heat
up more than the lower nanorod (Figure 3 Column I). The thermal lens created by the hotter
upper nanorod pair is broader in the x direction than the y direction leading to an elongation in
the photothermal image in the x-direction and an asymmetric PSF. As the excitation
wavelength approaches the A, absorption resonance and goes slightly to shorter wavelengths
(A4 = 0 nm), the FWHM ratio then dips below one (Figure 5b). In this case, the lower nanorod
for most beam positions is significantly hotter than the upper pair (Figure 3 Column II) and the
associated image distorts to slightly favor the y-direction, as evident in a FWHM ratio below 1
at A1l = 0 nm. Finally, as the pump beam excites the nanorod trimer at shorter wavelengths
near the A; absorption resonance (AA = —60 nm), the plane-wave dark mode becomes
optically accessible to the focused beam excitation with a highly spatially-dependent thermal
profile. The excitation of the dark mode results in the increased asymmetry observed at AA =
—60 nm, which occurs when the pump wavelength is blue-shifted 60 nm from the absorption
peak of the nanorod trimer.

The PSF asymmetries induced by beam position and pump wavelength are made more
apparent when comparing the difference in absorption cross-sections at the spatial positions
marked in Figure 2a. Figure 5S¢ demonstrates that the pump wavelength-dependent asymmetry
is qualitatively reproduced by the differences in the spatially-dependent absorption cross-

sections shown in Figure 2b calculated at different focused illumination beam positions. Those
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absorption cross-sections have been reproduced in the insets of Figure 5c. Specifically, we find
that by taking the difference between the absorption cross-sections at (-200 nm, 0 nm; solid
red) and (0 nm, -200 nm; dashed red), the resulting trace (dot-dashed red) changes sign where
the FWHM ratio (black) dips above and below one at nearly the same wavelengths. Further
insight is gained when similarly taking the difference between the absorption cross-sections at
(200 nm, 0 nm; solid blue) and (0 nm, 200 nm; dashed blue). In this case, there is a maximum
at the same position as the dominant peak in the ratio plot. This maximum is due to the
asymmetric driving capability of the focused beam in exciting the plane-wave dark mode A5

Certain beam positions preferentially excite one hybrid mode more strongly than the others,
contributing to the distortion of the photothermal image. This result makes clear how the peak
in the FWHM ratio near 650 nm (AA = —60 nm) is due to the pump beam asymmetrically
exciting the third hybrid mode.

Except for the 4; mode in the lower panel of Figure 5c, we observe that these cross-section
differences change sign (indicated by the shaded spectral regions) at approximately the same
wavelengths where asymmetries in the PSFs occur, as reflected in the plotted FWHM ratio.
Thus, these trends reveal how the measured asymmetry in the FWHM originates from spatial
differences in absorption that depend upon the location of the pump beam. The observed PSF
asymmetries are therefore correlated with asymmetric local heating of the nanorod trimer and
the resulting inhomogeneous temperature changes that ensue. Taken together, these trends in
the FWHM ratio reflect the spatial and wavelength-dependence of the absorbing hybrid LSP
modes as well as their associated spatially- and wavelength-dependent thermal responses.

Therefore, by combining our photothermal imaging measurements with corresponding
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numerical simulations, we have discovered an indirect route to retrieve nanoscale thermal

information using purely optical techniques.
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Figure 5. Spectra and photothermal image fitting results of different nanorod trimer structures.
a) Values of the FWHM in the x- and y-directions corrected by the nanodisk at 700 nm and 800
nm pump wavelengths are shown. b) Experimental x and y FWHM ratios at 700 nm (green
dots) and 800 nm (purple dots). The simulated FWHM ratios are shown by the black line. To
align the experimental and simulated data on the same x-axis, the difference between the peak
absorption and the pump wavelength is used. The width of the datapoints indicates the error in
AA according to the bandwidth of the pump laser (5 nm). The distribution in the asymmetry
values comes from the different absorption maxima of the 19 nanofabricated nanorod trimers
(Figure Ic). c) Differences between the absorption cross-sections (from Figure 2b and
reproduced in the insets) as a function of beam position. Absorption cross-section differences

(dot-dashed curves) between beam positions (-200 nm, 0 nm) and (0 nm, -200 nm) indicated in
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red (upper panel) and beam positions (200 nm, 0 nm) and (0 nm, 200 nm) indicated in blue

(lower panel).

Conclusion

In conclusion, we have demonstrated how asymmetries in the photothermal images of
individual gold nanorod trimers excited at their hybridized LSP resonances are correlated with
the spatially inhomogeneous thermal profiles associated with each mode. In particular, we
show how sub-diffraction-limited thermal gradients within the nanorod trimer can be directed
using focused laser excitation at different wavelengths and how these gradients are encoded as
asymmetries in the FWHM of the 2-dimensional PSFs obtained from the photothermal images.
Theoretical modeling of the nanorod trimer’s optical and thermal responses together with the
imaging optics allows us to explicitly connect the experimental photothermal images with
precise nanoscale temperature values. In this manner, we have demonstrated a new
procedure—combining experimental imaging and photothermal modeling—to perform all-
optical thermometry measurements on individual nanoscale objects that are smaller than the

diffraction limit of light.
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