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Abstract

Control of light-matter interactions is central to numerous advances in quantum
communication, information, and sensing. The relative ease in which interactions can be tailored
in coupled plasmonic-photonic systems makes them ideal candidates for investigation. To exert
control over the interaction between photons and plasmons, it is essential to identify the underlying
energy pathways which influence the system’s dynamics and determine the critical system
parameters, such as the coupling strength and dissipation rates. However, in coupled systems
which dissipate energy through multiple competing pathways, simultaneously resolving all
parameters from a single experiment is challenging as typical observables such as absorption and
scattering each probe only a particular path. In this work, we simultaneously measure both
photothermal absorption and two-sided optical transmission in a coupled plasmonic-photonic
resonator consisting of plasmonic gold nanorods deposited on a toroidal whispering-gallery-mode
optical microresonator. We then present an analytical model which predicts and explains the
distinct line shapes observed and quantifies the contribution of each system parameter. By
combining this model with experiment, we extract all system parameters with a dynamic range
spanning nine orders of magnitude. Our combined approach provides a full description of
plasmonic-photonic energy dynamics in a weakly coupled optical system, a necessary step for

future applications that rely on tunability of dissipation and coupling.
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In 1946 Purcell theoretically demonstrated that the spontaneous emission rate of an emitter
can be enhanced by its dielectric environment,' prompting the birth of what is now known as cavity
quantum electrodynamics (cQED). Following this discovery and its subsequent experimental
confirmation,> cQED has remained an active area of both theoretical and experimental research
and has found application in a variety of fields such as quantum communication and information,*

1-14 and cavity-controlled chemistry.!>?? The development of cQED is intertwined with

19 sensing,
developments in nanoscience and nanofabrication. In particular, recent years have seen a boom in
cQED experiments due to the emergence of sophisticated techniques for fabrication of high-
quality-factor, chip-scale optical microcavities?* and deterministic positioning of “artificial atoms”

such as quantum dots and plasmonic nanoparticles on optical microcavities.>*28

Whispering-gallery-mode (WGM) microcavities are especially attractive due to the
attainable ultrahigh quality factor (up to 10%)**»2° of their optical modes which can allow for
Purcell factors as large as 190.%° In recent work, it has been predicted that this factor may be
improved even further by coupling the cavity modes to the localized surface plasmon (LSP) of a
metal nanoparticle, effectively creating a hybrid plasmonic-photonic resonator which inherits the
ultrasmall mode volume of the LSP while retaining the large quality factor of the WGMs.>!=7 In
order to both understand and leverage the light-matter interactions in such a system, it is imperative
to accurately determine the multiple intrinsic damping rates, the LSP-WGM coupling strength,
and additional extrinsic dissipation rates introduced through the measurement. However, these

quantities can span many orders of magnitude, particularly in weakly coupled systems, making it

difficult for a single experiment to capture all of the information.

Many methods have been used to probe light-matter interactions in cavity-matter systems,
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including far-field detection of emitted or reflected photons,>> measurement of
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transmitted/reflected photons in a waveguide coupled to the system,?* 46-4°

and single-particle
absorption measurements.>!->* Specifically, photoluminescence or scattering measurements collect
radiated energy in the far field, transmission/reflection measurements using a waveguide detects
energy transferred from the WGM to the tapered fiber, and absorption measurements probe
nonradiative dissipation. While these techniques are individually capable of revealing spectral
signatures of the underlying light-matter interaction, each serves as a readout for only a particular
dissipative pathway and cannot simultaneously resolve all parameters that govern energy flow
within the system. For example, nonradiative and radiative damping rates can be inferred from
absorption and scattering spectra, respectively, while a fiber-based one-sided transmission
experiment inherently depends upon the rate of energy exchange between an optically pumped
waveguide and the cavity to which it is coupled. Crucially, the linewidth of any spectral feature
contains information about the total dissipation rate of the system but does not distinguish between
the various dissipative pathways regardless of the observable. Thus, simultaneous measurement of

multiple spectroscopic observables is needed for one to understand how energy is both distributed

and dissipated via multiple pathways in a coupled cavity-matter system.

In this work we demonstrate the ability to simultaneously measure both photothermal
absorption and optical transmission in a coupled plasmonic-photonic cavity consisting of
plasmonic gold nanorods (AuNRs) deposited on a silica toroidal WGM microresonator.?
Specifically, the transmission is measured in a two-sided®! manner, where energy is input through
a free-space pump laser and output through a fiber to which the LSP-WGM system is coupled. In
contrast to previous studies on single AuNRs or quantum dots which have relied on measurements
of scattering or photoluminescence, we measure photothermal absorption and two-sided

transmission using a single photonic waveguide, where an individual AuNR is optically pumped



by a frequency-tunable free-space laser. AuNRs of a high aspect ratio (10:1) are used so that the
longitudinal dipolar LSP is efficiently excited by our tunable, narrow-linewidth near-infrared free-

space pump laser. Taken together, absorption and transmission encode sufficient information about

pump laser

{

Figure 1. Schematic of dissipative coupled AuNR-microresonator system with all parameters (w,,
YonNR> Yo.Rad> & @1, YiNR> Y1Rad» Y1Fib) @ well as experimental observables (inset spectra).
Energy enters the coupled system via pump laser excitation of the dipolar LSP of the AuNR and
is dissipated through various pathways. Once excited, the LSP decays through both radiative
(Yo,raa) and nonradiative (¥oyg) means, and in addition may exchange energy with the
microresonator via LSP-WGM coupling (g). The WGM likewise may exchange energy with the
LSP or decay via outcoupling to the waveguide (y;r;p) In addition to radiative (y;pqq) and
nonradiative (yqyg) dissipation channels. The conservation of energy through these various
pathways in the steady state is reflected by the equality between the extinction cross-section (),
which is a measure of the rate at which energy enters the system, and the sum of the absorption
(0aps), Scattering (0y.,;) and transmission (o) cross-sections (inset equation), each of which probes
a particular dissipative pathway.

the individual damping rates and mutual coupling strength of the LSP and WGM such that all
relevant system parameters (see Figure 1) may be determined. Figure 1 illustrates these system
parameters as well as the complete set of observables that both determine and are defined by their

specific values.



Absorption and Two-Sided Transmission

Figure 2. Experimental setup for simultaneous measurement of absorption and two-sided
transmission. LI: lens I, LII: lens II, GM: galvo mirrors, FXN: function generator, Lock-in: lock-
in amplifier, HWP: half-wave plate, OBJ: objective, LB: lock box, WDM: wavelength division
multiplexer, SP: short-pass optical filter, PDA: adjustable-gain photodiode detector, APD:
avalanche photodiode detector, DAQ: National Instruments LabView data acquisition card, RF:
radio-frequency electrical signal generated from APD, DC: kHz to DC electrical signal generated
from APD. The red box indicates where either an electrical separation (top) or optical separation
(bottom) is implemented. Arrows of different colors represent photothermal absorption (orange)
and transmission (green) measurements or references (black).

As described previously®!: 3% 32

, photothermal absorption spectroscopy is performed with
separate pump and probe beams. As shown in the experimental scheme of Figure 2, a narrow-band
tunable probe laser coupled to a tapered optical fiber interrogates the microresonator WGMs via
evanescent coupling. At the other end of the optical fiber is an avalanche photodiode (APD) to
allow monitoring of probe beam transmission. The probe beam is phase-modulated at radio
frequencies (RF) and locked to the WGM resonance via the Pound-Drever-Hall locking scheme.>°
Simultaneously, a pump beam is focused to a near diffraction-limited spot and overlapped with

individual nanoparticles on the microresonator surface. The pump beam is amplitude-modulated

at kHz frequencies to maximize the signal-to-noise ratio. This double modulation scheme is



capable of resolving resonance shifts down to under one attometer.’® The amount of resonance
shift is then used to compute the power absorbed by the AuNRs with the aid of a FDTD
(COMSOL) simulation of the steady-state temperature increase within the microresonator.’® The
pump laser is raster-scanned over the microresonator to search for single AuNRs sparsely
deposited on the resonator. Once located, an absorption spectrum is obtained by wavelength-
scanning the tunable continuous-wave pump laser polarized along the long axis of the AuNR.
High-resolution photothermal absorption spectra show distinctive sharp Fano antiresonance line
shapes (shown schematically as caps in Figure 1), indicative of mutual interaction between photonic

and plasmonic modes.*!> % 33

Concurrent with photothermal absorption, we now measure the two-sided transmission (o
in Figure 1), i.e., the power transmitted from the free-space pump laser through the plasmonic-
photonic system and into the same tapered fiber used for the above photothermal measurement. In
order to implement the simultaneous measurement of photothermal absorption and two-sided
transmission, we first relied on the use of an electrical signal diplexer in an electrical separation
scheme that can discriminate RF signal from much slower oscillatory signal (kHz to DC, hereafter
called DC), as shown in Figure 2. Both signals are generated by the APD detector. As above, the
photothermal absorption signal is decoded from pump-induced phase shifts in the RF signal
through both the local oscillator used for phase-modulation of the probe beam and a lock-in
amplifier. At the same time, the DC signal is directly connected to a second lock-in amplifier for
measurement of the kHz-modulated two-sided transmission. This strategy relies on the fact that
while the photothermal and two-sided transmission signals are both modulated via the pump
beam’s (kHz) modulation, only the photothermal signal is additionally modulated at RF

frequencies. However, high-resolution spectra collected over several spectral ranges show that



signal measured through the DC channel (Figure 3a, middle) closely follows the asymmetric Fano
line shapes measured through the RF channel (Figure 3a, top). In addition, low-resolution spectra
measured through the two channels both show broad spectral signatures of the LSP (see Figure
S2). The similar spectral line shapes in absorption and transmission (Figure 3a, top and middle)
can be understood by examining the resonance shift induced by photothermal response of the
microresonator, shown in Figure 3b. The DC channel measures the amplitude difference (labeled
with ThEiectrical) in the vertical direction which is proportional to the WGM resonance shift (labeled
with A) in the horizontal direction due to photothermal effect, and therefore, the DC signal
provides a scaled replica of the photothermal absorption spectrum. Thus, this scheme, cannot

discriminate the two-sided transmission from the photothermal signal.



Figure 3. Simultaneous spectral measurements. (a) photothermal absorption (A) measured through
the RF channel from APD (top); transmission (TElectrical) measured through DC channel from APD
(middle); transmission (Toptical) measured with the WDM included and detected via the PDA
(bottom). Note that the resonance “teeth” of transmission (Toptical) are not exactly lined up with
other two observables. In this case, Triectrical and A were measured simultaneously, but Toptical was
measured later and the laser scanning actuator experienced minor motion hysteresis. (b) Schematic
illustration of how photothermal and transmission measurements are conveyed through RF and
DC channels when the pump laser induces a resonance shift.

In comparison, the simple optical separation scheme shown in Figure 2 enables the
distinction between photons transmitted through the coupled plasmonic-photonic cavity system
from the pump beam (A = 1275-1355 nm) and those photons originating in the probe beam (A =
1550-1570 nm) and employed for photothermal spectroscopy. A combination of a wavelength
division multiplexer (WDM), short-pass optical filter, and second photodetector (PDA) then
allows for a simultaneous direct measurement of photons of different wavelengths traveling
through the taper, revealing dramatically distinct spectral features, as shown in the bottom row of
Figure 3a. At each WGM energy position lies a resonant line shape that is conspicuously different
from the Fano antiresonance seen in the absorption spectra. Measurements on different AuNRs
and microresonators show these same phenomena (see Figure S1). High-resolution spectra over a

full spectral range taken through the two channels also show distinct spectral features where the



spectrally broad LSP resonance measured via photothermal absorption is replaced by a series of
resonance “teeth” in the two-sided transmission spectra (see Figure S3). These distinct spectral
behaviors are also robust over a range of pump laser modulation frequencies (Figure S4). The two-
sided transmission signal is highly dependent on taper position relative to the microresonator, with
certain positions rendering some WGMs inaccessible while other modes are viable channels for
outcoupling photons to the taper (see Figures S8 and S12), as expected.>* Taken together, adding
a WDM-filtered detection channel enables one to realize the simultaneous measurement of
absorption and two-sided transmission for a coupled LSP-WGM system using a single optical

waveguide.

Modeling

The spectral features exposed by simultaneous absorption and transmission measurements
can be well-understood through mathematical modeling of the various energy pathways available
to the coupled LSP-WGM system. To that effect, we develop a coupled oscillator model which
includes physically independent system parameters relevant to each dissipative process and, as
will be shown, each spectral observable. While this model is derived from first principles (SI),
simplifications informed by experimental results are made. For example, the distinct line shapes
in transmission spectra indicate that the tapered fiber does not simply play a passive role in the
interrogation of the coupled LSP-WGM system. Instead, the propagating modes of the tapered
fiber are coupled to the WGMs of the microresonator through the mutual overlap of their
evanescent fields. Because this coupling is weak, it manifests itself in the LSP-WGM dynamics as
a taper-induced loss mechanism and the dynamics of the fiber modes need not be explicitly
considered. In addition, quantum fluctuations, while typically included in input-output theory as a

manifestation of the fluctuation-dissipation theorem,’! are ignored here as all excitations are in the
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many-quanta limit where classical effects dominate. Lastly, only a single WGM need be
considered since the modes of the toroid are mutually orthogonal and therefore do not interact
directly. Taking all of these considerations into account, the equations of motion for the LSP-

WGM system may be written as

.o . 2 m . 282... —7 t
mxX + myonrX + mwgx + g 74 =§x+eEexte L
1
11 1, m )
74+ 7 (rine + Vira + Vipn)d + 3 0iq — g 775 =0

where x and m are the oscillator amplitude and effective mass of the dipolar LSP along the AuNR’s

long axis, c is the speed of light, E.,.e 't is the field of the pump laser incident on the AuNR,
and the radiation reaction force (proportional to X and e is the elementary charge) acting on the
LSP has been included.>® Where appropriate, the subscripts 0 and 1 are used to signify LSP and
WGM parameters, respectively. On the second line, V is the mode volume of the WGM and q is

related to its associated electric field by

Var

EG0) = ———q0f @, @)

where the mode function®® 5 f(%) is a solution to a generalized form of the vector Helmholtz
equation appropriate for an isolated WGM resonator. Finally, appearing in both equations of
motion is a term proportional to the coupling strength, g, determined (up to scaling factors) by the

projection of the WGM mode function onto the long axis of the AuNR at its center, 7,

g=e j%f(?o) 7. 3)
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While the equations of motion (Eq. 1) are similar to those used in our previous work>" >, here we
explicitly differentiate between the various physical processes which contribute to the decay of
both the LSP and WGM excitations. Each distinct damping rate is labeled by y with a subscript
denoting the relevant dissipative pathway. The LSP dissipates energy via nonradiative absorption
(Yoxnr) and radiation into the far field (Yo raq = 2€2w?/3mc?), while the WGM can decay through
energy transfer to the fiber (yq ) in addition to dissipative processes intrinsic to the WGM,
including material absorption, bending loss, and surface inhomogeneity scattering. According to
the model, y; pjp, depends upon the mutual overlap of evanescent fields of WGMs and fiber taper
modes. Additionally, energy may be transferred from the WGM to LSPs of undriven AuNRs on
the surface of the toroid which in turn can absorb and radiate. While these taper-independent WGM
decay pathways are each the result of physically distinct processes, all terminate in either heating
the microresonator or liberating energy into the far-field via radiation, and therefore can be
aggregated into a total nonradiative (y; ngr) and radiative (y; r,q) damping rate.

Each dissipative pathway is associated with a distinct experimental observable; absorption
measurements probe nonradiative dissipation, scattering measurements collect radiated energy in
the far field, and the previously described two-sided transmission measurement detects energy
transferred from the WGM to the tapered fiber. Accordingly, expressions for various cross-
sections may be derived by computing the power dissipated in the steady state by the
corresponding damping force in Eq. (1) and normalizing to the intensity of the pump laser incident
on the AuNR (SI). Carrying out this procedure leads to the following expressions for the reduced

absorption, scattering, and extinction (i.e., total) cross-sections
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Oabs _ YoNR o Yo,Rad o Yor
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where the superscript 0 denotes the cross-section of the isolated LSP and

a)ZgZ

Vo j(@) =vo + (w2 Y1) (5

— 2)2 24,2
0)1) tw yl,Tot

is the WGM-dressed LSP damping rate where j indicates a particular decay pathway (nonradiative,

radiative, or total). Each reduced cross-section scales with the function

CIF+62

; (6)
€E+1

F(w) = |

which depends on the scaled and shifted pump frequency e(w) = (w? — Q?)/wI where explicit
forms for 2(w) and I'(w) are given in the SI. In the limit where LSP damping dominates the
coupled LSP-WGM dynamics (i. €.,Yo0Tot > V1,Tot g), the complex-valued function gp(w) =
(0% — wf + iwy; 1) /W becomes approximately constant over the spectral width of the WGM
and can thus be identified as a complex generalization of the Fano asymmetry parameter,’! while
F(w) becomes the familiar Fano line shape®” 3 %8 describing an antiresonant effect at pump

frequencies near the WGM resonant frequency.

Because the two-sided transmission measurement is unique to the LSP-WGM system and
not of the LSP itself, it is not sensible to normalize the transmission cross-section to that of the

bare LSP. Instead, it can be shown (SI) that it takes the form,

oy = Y1,Fib <1 _ }:o,Tot> - %)
V1, Tot Yo, Tot
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This expression, while different in form from the other cross-sections previously discussed, can be
intuitively understood by considering the pathway taken by the transmitted energy prior to its
detection in the tapered fiber: the extinction cross-section a,,; characterizes the total fraction of
energy imparted into the LSP by the incident pump laser per unit time in the steady state, while
the two preceding factors (from right-to-left) describe the fraction of that energy that is transferred

to the WGM and, finally, the fraction that is dissipated into the tapered fiber.

Analysis

While the above model alone yields a qualitative understanding of the physics underlying
the coupled LSP-WGM system and the observables which probe its dissipative pathways,
quantitative estimates of the parameters relevant to those observables may be obtained through a
combination of theory and experimental data through least-squares fitting. Such a quantitative
characterization of the system is compelling for a variety of reasons. An order-of-magnitude
comparison between various parameters elucidates the breadth of timescales which play a role in
the system dynamics, while an analysis of the coupling strength in relation to the dominant
dissipative rates reveals where the system lies in the range of weak-to-strong coupling (our system
is clearly in the weak coupling regime). In addition, an accurate parameter estimation is important
for optimizing hybrid cavity design to control light-matter interactions, such as for maximum

Purcell enhancement.?!
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Figure 4. Simultaneous fits to reduced absorption cross-section (top) and transmission cross-
section (bottom). Though relative energies are plotted here, absolute energies are used for further
analysis.

Due to the multiple order-of-magnitude mismatch between LSP and WGM linewidths,
both low- and high-resolution absorption spectral measurements are taken into consideration. The
low-resolution scan characterizes the spectrally broad Lorentzian “envelope” of the LSP, while the

high-resolution scan reveals spectrally narrow Fano line shapes in absorption®!: 3% 3358

and sharp
resonance “teeth” in transmission, as discussed above. Parameter estimates are obtained through a

two-step fitting procedure. First, LSP parameters (wg, Yo Nr> Yo,Rad) are e€xtracted by fitting low-

resolution absorption spectra to the bare LSP absorption cross-section

2
4Tt YoNR

¢ (w? = w§)?+ w?yiry

(8)

J&S(w) =

Subsequently, remaining parameters (w;, YiNR» Y1Rads> YiFib»J), are obtained through
simultaneous fitting of high-resolution absorption and two-sided transmission spectra to Egs. (4)

and (7) with LSP parameters bound within 95% confidence intervals. Notably, all fits are carried
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out on absolute measurements without artificial scaling parameters. Simultaneous fits over several
spectral ranges that contain a large number of WGM resonances all show an excellent agreement
between experimental measurements and the model, a few of which are shown in Figure 4 and

Figure S7.

The plasmon natural frequency (wq) and nonradiative damping rate (y ygr) obtained from
fits vary minimally between different WGM resonances, as shown in Figure 5a. The stepwise trend
of w, results from the fact that individual, well-separated spectral windows are surveyed, each
containing multiple WGM resonances. Likewise, a similar stepwise trend is observed for the
frequency-dependent LSP radiative damping rate yoraq(w) which here is evaluated at w = w;.
Analyzed WGMs consist of those at resonant frequencies both higher and lower than the frequency
of the LSP (w,). Cavity intrinsic (¥, yr and ¥ raq) and taper-induced (yq fjp) loss rates are less
than those contributed by the LSP by over three orders of magnitude. We calculate the global mean
of individual damping rates obtained from the fitting for each parameter. As shown in Table 1, fits
to simultaneous absorption and transmission measurements make it possible to extract a high
dynamic range of damping rates spread over six orders of magnitude. The LSP damping rates are
comparable to those reported by Refs*> % 0 reported for single AuNRs, while WGM damping
rates are in accordance with typical Q factors (~10°) of higher-order modes measured in toroidal
microresonators with AuNRs deposited on the surface. As expected, the coupled LSP-WGM
system is well within the weak coupling regime as the interaction energy g is multiple orders-of-
magnitude smaller than the system’s total damping rates
(hg~10* eV, Ay 1o~107% eV, Aty 16~107° V). y1 pyp is the smallest among WGM loss rates,
suggesting the taper is under-coupled and can act as a weakly perturbative readout to examine

those WGMs that interact with the LSP.
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As seen by examining the standard deviation of the mean, the variation amongst LSP
parameters is minimal in comparison to the WGM parameters. This is expected as all
measurements were carried out for a single LSP with a well-defined resonance frequency and
linewidth. In contrast, the mean and standard deviation of the mean for the WGM parameters
compiles results across 12 distinct WGM resonances and variation is therefore expected. In
particular, the fiber-induced loss rate y; g, and the coupling strength g depend crucially on the
field profile of the particular WGM in question and therefore the standard deviation of the mean
conveys important information about the range of attainable values for these parameters. Among
all parameters, the most uncertain is the WGM radiative loss rate y; g,q. This is expected as we do
not measure scattering and therefore do not directly probe the energy dissipated through radiative
means. In other words, the absorption and two-sided transmission measurements provide sufficient
information to extract the individual rates y; ng and yq g, respectively, while the line shape in
either observable may be used to determine the total linewidth y; 1. The radiative rate y; g,q 15
inferred through a combination of these independent measurements along with the relation y; g, =
Y1Tot — YINR — Y1,Fib- A more direct determination of y; r,g Would be possible through a scattering

measurement simultaneous with the absorption and transmission measurements.

In order to evaluate the sensitivity of each observable on the coupling strength and the
various damping rates, we compute all derived observables using the global mean of all fit
parameters and examine the effect of the parameters’ variation upon that observable (SI), as shown
in Figure 5b. The LSP damping rates, particularly y, yr, dominate the contribution to gpg, Ogcats
and o,,;. However, or is more sensitive to the variations of WGM damping rates and coupling
strength. Overall, through simultaneous measurement of absorption and transmission, we are able

to fully describe this weakly coupled system even though its parameter space spans nearly nine
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orders of magnitude in energy. This capability provides a foundation for deterministic control and

design of specific dissipative channels for specific purposes.
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Figure 5. (a) All fit parameters in log scale (left side) obtained from simultaneous fits to
experimental data in well-separated spectral windows indicated by dark dashed lines. Scaling these
parameters between frequency and energy units is accomplished by an implicit factor of A. Zoom-
in plots in linear scale (right side) for better clarity. The arrow on the second panel indicates a
range of 5% 107% eV. (b) Computed spectra (left side) based on the global mean of all fit
parameters and pie charts (right side) for the parameters’ contributions to the corresponding cross-
sections.

One example of an application would be to tailor far-field radiation by controlling the
influence of the photonic environment on a single nanorod’s polarizability. A similar scheme was
used in an array of nanorods coupled to a single WGM through backaction.** With the addition of

a far-field scattering measurement and theoretical modeling, a complete accounting of every
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photon entering and exiting the system would be possible. As dictated by energy conservation, the
sum of the powers scattered, absorbed, and transmitted must equal the laser power extinguished
when averaged over an optical cycle. This conservation is made explicit through the sum rule

obeyed by the observables in Egs. (4) and (7),

O-ext(a)) = O-abs(w) + Gscat(a)) + GT(w): ©)

which can be derived by appealing to Newton’s equations (SI). Nevertheless, even without a
scattering measurement, it is possible to extract parameter values from absorption and transmission
measurements and subsequently extrapolate the system’s scattering behavior from the model. This
method of determining system parameters can be combined with previously reported methods for
tuning the plasmonic resonance based on thermal annealing’! to exert unprecedented control over

plasmonic-photonic mode mixing and energy flow.

Table 1. The mean and standard deviation of the mean for all fit parameters.

haw, hw, AyoNR AYo,Rad hg AYinrR  AY1Rad  AV1Fib

(eV) (eV) (meV) (meV) (meV) (ueV) (ueV) (neV)
Mean 09326  0.9426 62.20249 5293  0.332 1.74 0.18 26
S.D. 0.0001  0.0002 0.00009 0.002  0.004 0.04 0.02 1

In general, the emergent properties of cavity-matter systems are determined by the
dissipation rates and couplings such as those quantitatively determined in this work. The balance
of these parameters must often be precisely controlled in order to achieve certain functionality
across a breadth of applications. For example, tunability of LSP and WGM resonance energies in
a coupled plasmonic-photonic cavity is crucial for maximizing Purcell enhancement.>! A perfect

balance of gain and loss is imperative for creation of exceptional points in parity-time symmetric
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systems.!* ¢! To achieve strong cavity-matter coupling, a significant disparity between coupling
and total loss is necessary.> ¢ The ability to dial-in specific coupling strengths and resonance
energies is a critical requirement for creation of nonlinear coupled cavities arrays for quantum

6466 quantum error correction,®’ and optical signal processing.%® Creation of routing

simulation,
systems in photonic circuits requires precise control of photon transfer rates between component
cavities.®” Realization of all these applications depends upon convenient experimental techniques,
such as those presented here, to determine intrinsic system parameters across many timescales.

In summary, using a single tapered optical fiber, we demonstrate the simultaneous
measurement of photothermal absorption and two-sided transmission from individual plasmonic
nanorods coupled to an optical microresonator. These observables allow us to track down the
distribution and dissipation of energy through multiple competing pathways. We also present a
model of the coupled plasmonic-photonic system that we use to fit the measured data and extract
the damping parameters as well as the LSP-WGM coupling strength with a high dynamic range
spanning up to nine orders of magnitude, fully describing the LSP-WGM dynamics in a weakly
coupled system. These combined experimental and theoretical techniques may be useful for future
spectroscopic investigation of weakly or strongly coupled plasmonic, excitonic, and photonic
systems with dissipation and coupling spanning a wide range of timescales. This quantitative

understanding is necessary to leverage light-matter interactions through manipulating specific

dissipation channels and/or coupling for applications in quantum communication and quantum

70,71 15-22

information science,’” single-molecule detection, and cavity-controlled chemistry.

Methods

Sample preparation

21



Toroidal microresonators were fabricated as described previously.”” A vortexed stock
solution of gold nanorods (25x256 nm?, Nanopartz A12-25-1400) was diluted by 200 times in
Millipore water. Prior to deposition onto resonators, the diluted solution was vortexed again. The
solution was then drop-cast onto a chip of resonators and allowed to settle for 5 minutes before

spinning for 1 minute at 3000 rpm.

Spectroscopic measurement

31,50,52 i5 modified for simultaneous measurement of

The previously described apparatus
photothermal and two-sided transmission signal. A tunable laser (Newport TLB-6728) is used as
the probe laser. Unless otherwise stated, a wavelength division multiplexer (Thorlabs, WD1350A,
1310 nm/1550 nm) is used to split two colors of photons (~1310 nm and ~1550 nm) co-propagating
in a single-mode fiber (SMF-28e+, Corning). The photons of two different colors are then
measured by two photodetectors (PDA10CS, APD430C), respectively. A free-space pump beam
(~1310 nm) from another tunable laser (Thorlabs TLK-L1300) is delivered through a high
numerical aperture (NA) air objective (Nikon, 60X, NA 0.95). The pump beam is amplitude-
modulated at kHz and results in heat dissipation from AuNR to the microresonator, which shifts
WGM resonance. The photothermal signal is then de-modulated by a lock-in amplifier (Ametek,
Signal Recovery 7265). The amount of resonance shift is related to the actual power absorbed by
AuNR using COMSOL simulation and AuNR’s photoluminescence quantum yield (assumed to be
zero’®). In contrast to photothermal measurement, the two-sided transmission photons (~1310 nm)
are collected through the other port of WDM and passed through an optical filter (Edmund Optics,
1450 nm, 25 mm, OD 2 Short-pass filter) for blocking photons at ~1550 nm. The filtered

transmitted photons are measured by the PDA photodetector. The transmission signal is then de-

modulated by a second lock-in amplifier. The two lock-in amplifiers are synchronized and
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externally connected with a refence square wave at kHz from the same function generator. More

details in SI.

Supporting Information

Information on (1) experimental details, including (i) experimental setup, (ii) data acquisition
methods and (iii) investigation of pump laser modulation’s effect on spectra. Also (2) modeling
LSP-WGM interaction and derivation of cross-sections and other expressions. Also (3) data
analysis, including (i) fitting details and extra simultaneous fits, (ii) examination of some WGM
damping parameters’ dependence on taper relative position, (iii) method for evaluating
contribution of LSP and WGM parameters to each observable, and (iv) characterization of angular

structure of WGMs via transmission measurement.
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