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Plasmonic cavities represent a promising platform for controlling
light–matter interaction due to their exceptionally small mode volume and high density of photonic states. Using plasmonic cavities
for enhancing light’s coupling to individual two-level systems, such
as single semiconductor quantum dots (QD), is particularly desirable for exploring cavity quantum electrodynamic (QED) effects
and using them in quantum information applications. The lack of
experimental progress in this area is in part due to the difficulty of
precisely placing a QD within nanometers of the plasmonic cavity.
Here, we study the simplest plasmonic cavity in the form of a
spherical metallic nanoparticle (MNP). By controllably positioning
a semiconductor QD in the close proximity of the MNP cavity via
atomic force microscope (AFM) manipulation, the scattering spectrum of the MNP is dramatically modified due to Fano interference
between the classical plasmonic resonance of the MNP and the
quantized exciton resonance in the QD. Moreover, our experiment
demonstrates that a single two-level system can render a spherical
MNP strongly anisotropic. These findings represent an important
step toward realizing quantum plasmonic devices.
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any quantum network and quantum information processing schemes build upon the enhanced light–matter
interaction between a single quantum emitter and a cavity,
enabling the effective conversion between photonic and matterbased quantum states (1–4). For example, if the absorption of
a photon by a single atom placed inside a cavity can render
it transparent to a second photon, then a variety of promising
quantum information processing devices can be envisioned
including quantum phase gates and repeaters (5). Such QED
g2
effects require a high atomic cooperativity c ¼ , where the
γk
coupling strength g2 ∝ 1=V is inversely proportional to the volume of the cavity mode V (6). γ and k are the linewidth of the
atomic transition and the cavity mode, respectively. Typically, a
high cavity quality factor Q (or low k) of conventional photonic
cavities is required to compensate for relatively large (diffraction-limited) mode volumes and comes at a cost: The narrow
linewidth of cavity modes places stringent requirements on
their spectral alignment with the frequencies of quantum
transitions. Plasmonic cavities, on the other hand, achieve high
values of C while maintaining moderate Q values because of
their ultrasmall modal volume (7–10). The relaxed spectral
alignment requirements facilitate the experimental realization
of various quantum phenomena, such as collective photon
emission from a small ensemble of emitters (11) and single
photon sources with tunable statistical properties (12).
Prior experiments exploring cavity QED effects associated with
single emitters coupled to plasmonic cavities or waveguides focused
almost exclusively on the observations of reducing the emitter’s
lifetime due to the enhanced radiative (proportional to FP) and
nonradiative energy transfers (13–15). The realms of quantum
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information science and plasmonics have also been bridged by
demonstrating that photon emission statistics, such as antibunching behavior in the second-order correlation function for single
photon sources, remain intact following the photon–plasmon–
photon conversion process (16–19). The possibility of controlling
the scattering of a plasmonic nanocavity by a single (and inherently quantum and nonlinear) two-level system has also been
proposed (12, 20–22) but never experimentally observed.
In this article we provide, to our knowledge, the first experimental demonstration that a single quantum dot (QD) dramatically modifies the scattering spectrum of a simple plasmonic
cavity comprising a single metallic nanoparticle (MNP). The
MNP–QD hybrid structure is assembled into a well-controlled
geometry using the technique of atomic force microscope (AFM)
nanomanipulation. The coupling between the MNP and QD is
experimentally confirmed by measuring the exciton lifetime,
which is reduced by more than an order of magnitude in the
presence of the MNP. Analyzing the polarization and spectral
properties of light scattered by the MNP-QD hybrid, we observe
that the overall plasmonic cavity scattering is significantly modified over a broad spectral range. A Fano resonance spectrally
aligned with the QD’s quantized exciton resonance is clearly
identified when the polarization of the scattered photon is along
the Fano axis (23) connecting the MNP’s center with the QD.
The anisotropic scattering spectrum observed in our experiments
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Fig. 1. Calculation demonstrating how the near-field coupling modifies the
far-field scattering spectra of a structure placed on a glass substrate. (A) The
scattering spectra of an NP–QD hybrid excited by the unpolarized evanescent
wave coming from the glass substrate side in all azimuthal angles. The angle φA
indicates the orientation of the analyzer in the path of the scattered light. The
Fano feature is the most (least) prominent when the orientation of the analyzer
is parallel (perpendicular) with the in-plane component of the Fano axis, which
connects the QD and MNP centers. (B and C) The field near the NP–QD hybrid at
500 and 552 nm, respectively, as indicated by the black arrows in the scattering
spectrum at φA = 0 in A. The scattering signal at these two wavelengths is the
same (indicated by the dotted line on the blue curve) whereas the MNP is excited
much more strongly in C. This wavelength dependence proves that the presence
of the QD indeed controls the MNP’s scattering and anisotropy resonantly.
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Fig. 2. Assembly and characterization of a strongly coupled MNP–QD hybrid structure. (A–C) Representative steps in a hybrid structure assembly. A
single Au NP (A, Left) was placed in the close vicinity of a single CdSe/ZnS QD
(A, Right). (D) Representative PL lifetime measurement of a single isolated
QD (black) yielding ∼29 ns and lifetime of the assembled hybrid structure
(red) with a fast component of ∼1.6 ns. Solid lines are fits to the data. We
used a single exponential function to fit the bare QD lifetime and a double
exponential function to fit the hybrid structure, yielding a fast decay of ∼1.6 ns
and a slow decay of ∼13 ns.

the QD) of the MNP by the exciton’s dipole. Because the electric
field of a dipole rapidly decays with distance, such extreme depolarization (which can be alternatively interpreted as the excitation of high-order multipoles of the MNP by an exciton) can
only occur if the QD is placed within nanometers from the MNP.
Therefore, it is extremely crucial to precisely position the QD
near the MNP as accomplished in our experiments.
We assemble the hybrid structure using the technique of AFM
nanomanipulation (24–26) (see Methods for details). Whereas other
techniques including self-assembly (bottom-up approaches) and lithography (top-down approaches) can be used to create hybrid
nanostructures, it is difficult to ensure that only one QD is present
in the hybrid structure and to precisely control the distance between
the QD and the MNP. AFM nanomanipulation allows us to carefully tailor the dimensions of an individual structure with <5-nm
precision and to ensure the presence of only one QD.
The assembly process begins by dispersing MNPs and QDs on a
glass substrate randomly. We then simultaneously obtain an AFM
topography image and a photoluminescence (PL) image by scanning the sample on a home-built integrated AFM–confocal microscope. We locate isolated MNPs and QDs in close proximity via the
AFM topography image. We then manipulate a nearby MNP to
approach the chosen QD as illustrated in Fig. 2 A–C. Because of
the tip-convolution effect as well as the size difference between the
MNP (∼30 nm in diameter) and the QD (∼5 nm in diameter), the
lateral resolution of the AFM image is not sufficient to allow direct
measurement of the distance between the MNP and QD in a hybrid
structure. We push the MNP until the QD is no longer visible in the
AFM image (Fig. 2C), and use nearby topography surfaces to estimate the position of the QD underneath with a precision of <5 nm.
Ligand molecules on the surfaces of the MNP and QD prevent
them from physically touching one another.
We then measure the lifetime to confirm that the MNP is indeed
in the close proximity of the QD. Lifetime is, in fact, a rather accurate way to characterize the distance between the MNP and QD
as demonstrated in our previous work (27). For the particular
hybrid structure discussed in the rest of the paper, we measure a
greatly reduced short lifetime (∼1.6 ns for the fast decay component, red curve in Fig. 2D). Compared with the representative bare
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suggests that a polarization-controlled, versatile quantum light
source may be realized in this simple QD–MNP cavity system.
The calculated polarization-resolved scattering spectra by the
QD–MNP (diameters: 2rQD = 6.nm and 2rMNP = 30 nm) hybrid
are shown in Fig. 1A for three polarization angles ϕA of the
analyzer placed in the collection path of the scattering signal to
mimic the experimental setup (see Methods and Supporting
Information for details). In the absence of the QD, all scattering
spectra from a single MNP are independent of ϕA and possess a
single broad peak at λMNP ≈ 520 nm corresponding to the plasmonic dipole resonance of the MNP. The introduction of a QD
under the MNP, with the separation gap of g = 1 nm, modifies the
scattering spectrum: A sharp Fano feature emerges at the exciton
transition wavelength λMNP ≈ 520.nm. The magnitude of the feature is a strong function of the analyzer orientation. If the projection of the Fano axis onto the analyzer plane is perpendicular to
the analyzer direction (ϕA = π=2 in Fig. 1A), then no Fano feature
is predicted by our calculation. The strongest Fano feature is observed for ϕA = 0, and a weaker but finite Fano feature is observed
for intermediate angles. Therefore, what is originally an isotropic
scatterer (a spherical MNP) is transformed into a highly anisotropic
one by the strong hybridization between the QD and the MNP.
The ability of a single QD to modify the scattering spectrum
of a much larger MNP possessing a scattering cross-section of
ðrMNP =rQD Þ6 ≈ 15,000-fold greater in magnitude than that of the
QD seems surprising. Naively, one may expect the effect of a QD
on the scattering spectrum of the hybrid system to be very small.
As pointed out by a number of theoretical studies (12, 20, 21)
and our own numerical calculation shown in Fig. 1, this expectation is not correct. Whereas the exciton dipole moment is too
small to produce significant far-field scattering on its own, it is
sufficient to depolarize the MNP in the near field, thereby dramatically modifying the electric polarizability of the combined hybrid
system at the frequency of the exciton transition.
To illustrate this point, the near-field distributions were calculated for λ1 = 500 nm (Fig. 1B) and λ2 = 552 nm (Fig. 1C),
respectively. These two wavelengths were chosen because the
scattering intensities are the same. The much higher (by almost a
factor of 2) electric field induced on the MNP’s surface at λ = λ2,
is offset by strong near-field depolarization (light-color area near

QD lifetime of ∼29 ns (shown as the black curve in Fig. 2D), the
QD in the hybrid structure shows a lifetime reduction of more than
an order of magnitude, thus confirming the strong coupling between the QD and MNP.
Measured ensemble absorption and PL emission spectra (taken
in solution) of QDs are shown in Fig. 3B. The absorption spectrum
features multiple discrete exciton resonances at lower energies and
a continuous absorption spectrum at energies above the band gap
of the crystal. Although all absorption resonances may influence
the scattering spectrum of the hybrid structure, in the following
analysis we focus on the lowest-energy exciton state featuring the
strongest absorption resonance. This exciton transition is centered
near λQD ≈ 615 nm with an ensemble-averaged spectral FWHM
Δλ1=2 ∼ 15 nm.
The dark-field scattering experiments are performed using a
home-built optical system optimized for small MNP measurements
(Fig. 3A). An unpolarized white-light source incident in a conical
geometry generates evanescent fields and excites the hybrid structure from all directions. An analyzer is placed in the scattered
light’s path to select the polarization of the collected scattering (see
Methods for details of the optical setup and measurement). A series

of such spectra Sðλ, ϕA Þ is displayed in Fig. 3D as a function of the
analyzer angle ϕA. A very sharp Fano feature, with ∂Sðλ, ϕA Þ=∂λ
actually reversing its sign at λQD ≈ 627 nm, can be clearly observed
for ϕA = ϕ1 = 30°. Weaker Fano features are observed for other
polarizer orientations, all in qualitative agreement with our theoretical predictions in Fig. 1A. Remarkably, almost no Fano interference between the inherently quantum (single-exciton) and
classical (plasmonic) transitions is observed for ϕA = ϕ2 = 120°.
Comparing the spectra which show the strongest and weakest
Fano resonance at 30° and 120°, respectively, one observes modifications over a much broader spectral range than the lowest exciton
resonance linewidth because other exciton states and absorption
features in the QD also contribute to the resonantly enhanced depolarization of the MNP. We note that the numerical calculation
presented in Fig. 1 is based on an MNP coupled to a single two-level
system and only serves to illustrate the basic principle of QD controlled plasmonic cavity scattering and anisotropy. The calculation
has incorporated a dipole moment of 50 Debye for the two-level
system, which is an overestimate for a small colloidal QD used in
the experiments. A quantitatively accurate model for calculating the
scattering spectrum of this simplest MNP–QD hybrid structure

Fig. 3. Scattering and anisotropy of a plasmonic cavity (i.e., an MNP) controlled by a single QD. (A) Experimental schematics for scattering measurements.
(B) Experimentally measured absorption (black) and PL emission (red) spectra from an ensemble of colloidal CdSe/ZnS core–shell QDs. (C) Measured scattering
spectra of a bare 30-nm-diameter MNP at different analyzer angles. The small changes near 550 nm or below are likely due to deviations from a perfectly
spherical shape of the MNP. (D) Measured scattering spectra of the assembled QD–MNP hybrid structure at different analyzer angles. The Fano resonance
indicated by the dotted vertical line spectrally aligns with the lowest exciton state measured in the absorption from an ensemble of QDs. The Fano resonance
is most pronounced at ϕA = 30°.
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Methods
Sample Preparation, AFM, and PL Measurement. Colloidal Au nanoparticles (BBI
Solutions, 30 nm suspended in H2O) and QDs (Ocean Nanotechnology, CdSe/ZnS
core/shell suspended in H2O with PL maximum at 621 nm) were selected for the
structure. These particles were spread onto substrates via a drop-casting technique. SiO2 markers (∼10 nm thick) were deposited on the glass substrate to aid
us in locating individual particles.
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We used a home-built, combined AFM/inverted confocal microscope for assembly and characterization. AFM probes used for both imaging and manipulation
had a force constant of ∼14 N/m (Mikromasch NSC-35-B). Typical AFM parameters
used for manipulating MNPs were the following: servo gain of ∼1, an integral
gain of ∼2, a proportional gain of ∼20, a scanning speed of ∼0.3 μm/s for imaging, and a speed of 10 μm/s for manipulation. To obtain simultaneous AFM and
confocal images, we aligned the AFM tip at the focus of a 60× 0.95 N.A. microscope objective to focus the excitation laser and to collect PL. A pulsed femtosecond laser centered at 532 nm from an optical parametric oscillator was used
for excitation. PL signal from individual QDs was directed toward an avalanche
photodiode (APD). The APD signal was fed into a time-correlated single photon
counting system, with a measured impulse response function of roughly 800 ps.
Scattering Measurement. Single-particle scattering measurements were performed with a home-built dark-field microscope consisting of an inverted
dark-field microscope (Zeiss AxioObserver m1, with oil immersion dark-field
condenser N.A. = 1.4) and an imaging spectrograph (Princeton Instruments,
Acton SpectraPro 2150i with Pixis 400BR thermoelectrically cooled backilluminated CCD) mounted atop a programmatically controlled linear translation stage (Newport Linear Acuator model LTA-HL). A halogen lamp was used
as the light source. The unpolarized light from the lamp was focused by the oilimmersion dark-field condenser in a conical geometry to excite nanoparticles
with a large incident angle from the normal of the substrate. Due to the large
incident angle of 67° (greater than the critical angle of 41° at the glass–air
interface) and total internal reflection at the air–substrate interface, the excitation created evanescent waves from all directions with respect to each
nanoparticle. The scattered light from a nanoparticle was collected by an airspaced objective (Zeiss, N.A. = 0.8) and guided through a polarizer into the
spectrograph. The scattering images were taken by moving the spectrograph
on the translational stage so that the slit of the spectrograph scans through the
first image plane of the microscope while taking spectra. Polarized spectra were
taken by rotating the polarizer in the collection path. Integration time was 240
s for each spectrum to increase the signal to noise ratio. All measured singleparticle spectra were corrected for background scattering and normalized by
the intensity of the white light using the following equation:
scattering =

IS − IBG
,
ISTD − IDC

where IS is the spectrum of the nanoparticle, IBG is the background spectrum
with no particle present, ISTD is the spectrum of the lamp, and IDC represents
the detector dark count spectrum measured with the lamp switched off.
Modeling. The simulation performed using COMSOL Multiphysics software
qualitatively explains the origin of the Fano feature observed in the experiment. The diameters of NP and QD were set up to be 2rNP = 30 nm and
2rQD = 6 nm, respectively. The QD was modeled as a sphere with the effective dielectric permittivity eeff ðωÞ derived in the semiclassical approximation by introducing the effective polarizability (29):
α=


−2μ2 Z½2ðω − ωQD Þ + iðγ rad + γ nonrad Þ
4ðω − ωQD Þ2 + ðγ rad + γ nonrad Þ2

3
≡ 4πe0 rQD

eeff − 1
,
eeff + 2

where μ is the exciton’s electric dipole moment, and γ rad (γ nonrad.) is the radiative (nonradiative) damping rate. For illustrative purposes, the following
exciton parameters were used: μ = 1 e · nm, γ rad = 0, and γ nonrad = 0.01ωQD,
where ωQD ≡ 2πc=λQD and λQD = 550 nm is the resonant exciton wavelength.
The permittivity of the gold NP from ref. 30 was used.
The gap between NP and QD, both resting on a glass substrate with the refractive index n = 1.5 as shown in Fig. 1, was assumed to be g = 1 nm in all
simulations. To model the unpolarized isotropic evanescent excitation from the
substrate side, the partial scattering cross-sections dσðθin , ϕin ; θout , ϕout Þ corresponding to the full range of incident azimuthal angles 0 < ϕin < 2π and a fixed
off-axis incidence angle θin = 69° were calculated by integrating the out-flux of
the scattered field over a small solid angle ∂Ωout = dðcos θout Þdϕout directly above
the sample. Scattered light’s polarization with respect to the angular position ϕA
of the analyzer placed above the NP/QD cluster was accounted for. The total
cross-section was then obtained by averaging over ϕin and over the s- and
p-polarizations of the incident light. The resulting scattering spectra are plotted
in Fig. 1A for three values of ϕA. Here ϕA = 0∘ corresponds to the direction of E0
as shown in Fig. 1 B and C, and ϕA = 90∘ corresponds to the out-of-plane
direction in Fig. 1 B and C. Note that the Fano resonance has no effect on the
polarized spectrum (black curve) collected with the analyzer set at ϕA = 90°.
Fig. 1 B and C simulates the NP–QD cluster electric field (color: j~
Ej) at λ1 = 500 nm
and λ2 = 552 nm, respectively, assuming a single s-polarized incident wave within
the y − z incident plane.

PNAS | October 6, 2015 | vol. 112 | no. 40 | 12291

APPLIED PHYSICAL
SCIENCES

remains a challenge. Higher-order multipole effects of the MNP
and QD (28), the nanoparticle’s geometrical deviation from a
perfect sphere, and all relevant electronic transitions in QDs need
to be taken into account to quantitatively reproduce the experimental observations.
To further confirm that the polarization dependence of the
scattering spectra of the hybrid structure indeed originates from
the coupling between the QD and MNP, we show the scattering
spectra of a bare MNP in Fig. 3C. The spectra do not display any
Fano features or analyzer angle dependence in the spectral proximity of the exciton resonance λQD. Therefore, it is indeed the
coupling between a single QD and the MNP that turns an otherwise isotropic plasmonic cavity into a strongly anisotropic one.
Because a single quantum absorber achieves this effect, one can
envision the proposed hybrid system as an experimental platform
for observing a plasmonic cavity anisotropy controlled by optical
nonlinearity at the single-photon level. The small angular variations
of Sðλ, ϕA Þ at shorter wavelengths (around 550 nm or below) in Fig.
3 C and D most likely arise from a small intrinsic deviation of the
MNP’s shape from an ideal sphere. Unlike the extrinsic anisotropy
induced by the QD, it cannot be optically controlled and is not of
interest for nonlinear quantum optics.
The control of scattering and anisotropy of the MNP cavity by a
single QD is not affected by the common photobleaching that puts
severe limits on any fluorescence-based experiment. To confirm this
property, we measure the PL of the hybrid structures again after the
scattering experiments and find no measurable signal. This observation suggests that the QD has been severely photobleached by the
combination of extended atmospheric exposure, strong near-field of
the MNP cavity, and prolonged exposure to the halogen lamp used
as the excitation source. Our experiments clearly demonstrate that
even a photobleached QD may still be used to control the plasmonic cavity scattering by creating the Fano resonance due to its
still intact absorption/scattering capability. Furthermore, the polarization-resolved scattering spectra presented here can be used to
determine the location of a QD with respect to the nearby MNP
based upon the recently developed plasmonic nanoprotractor concept (23). Thus, our work also suggests a hybrid sensor consisting of
a nonfluorescent (photobleached) QD and an MNP.
In summary, we have demonstrated that a single semiconductor
QD coupled to an MNP cavity can effectively control the scattering
spectrum of the latter, as well as render it highly anisotropic. The
speculative implications of such extrinsic anisotropy are very intriguing. On the one hand, it serves as an orientation sensor to
determine the relative locations of the QD and MNP. On the other
hand, it should be possible to observe polarization-dependent
photon statistics of light scattered from the QD-MNP nanohybrid.
Furthermore, the photon statistics are wavelength tunable as previously proposed (12). By tuning the excitation wavelength to the
spectral position corresponding to the destructive (constructive)
interference side of the Fano resonance, strong bunching (antibunching) behavior should be observed in second-order correlation
function g(2) measurements. Furthermore, a single two-level system
is intrinsically highly nonlinear. One may modulate the Fano resonance via such nonlinear effects associated with the single QD at
higher incident light intensity. The studies presented here demonstrate the feasibility of QD–MNP hybrid nanostructures combined with polarization-sensitive detection schemes as a promising
platform for new and exciting opportunities in plasmonic quantum
technologies.

ACKNOWLEDGMENTS. The work was supported in part by the US Army
Research Laboratory and the US Army Research Office W911NF-11-1-0447,
by National Science Foundation (NSF) DMR-1306878, Air Force Office of
Scientific Research FA9550-10-1-0022, and the Welch Foundation F-1662.

S.L. acknowledges support from the Robert A. Welch Foundation (C-1664)
and the Army Research Office (MURI W911NF-12-1-0407). T.M. and G.S.
acknowledge support from the Office of Naval Research (N00014-13-10837) and from the NSF (DMR 1120923).

1. Kimble HJ (2008) The quantum internet. Nature 453(7198):1023–1030.
2. Duan LM, Kimble HJ (2004) Scalable photonic quantum computation through cavityassisted interactions. Phys Rev Lett 92(12):127902.
3. Ritter S, et al. (2012) An elementary quantum network of single atoms in optical
cavities. Nature 484(7393):195–200.
4. Yoshie T, et al. (2004) Vacuum Rabi splitting with a single quantum dot in a photonic
crystal nanocavity. Nature 432(7014):200–203.
5. Waks E, Vuckovic J (2006) Dipole induced transparency in drop-filter cavity-waveguide systems. Phys Rev Lett 96(15):153601.
6. Waks E, Sridharan D (2010) Cavity QED treatment of interactions between a metal
nanoparticle and a dipole emitter. Phys Rev A 82(4):043845.
7. Min B, et al. (2009) High-Q surface-plasmon-polariton whispering-gallery microcavity.
Nature 457(7228):455–458.
8. Miyazaki HT, Kurokawa Y (2006) Squeezing visible light waves into a 3-nm-thick and
55-nm-long plasmon cavity. Phys Rev Lett 96(9):097401.
9. Yang X, Yao J, Rho J, Yin X, Zhang X (2012) Experimental realization of three-dimensional indefinite cavities at the nanoscale with anomalous scaling laws. Nat
Photonics 6(7):450–454.
10. Chang DE, Sorensen AS, Demler EA, Lukin MD (2007) A single-photon transistor using
nanoscale surface plasmons. Nat Phys 3(11):807–812.
11. Temnov VV, Woggon U (2005) Superradiance and subradiance in an inhomogeneously broadened ensemble of two-level systems coupled to a low-Q cavity. Phys Rev
Lett 95(24):243602.
12. Ridolfo A, Di Stefano O, Fina N, Saija R, Savasta S (2010) Quantum plasmonics with
quantum dot-metal nanoparticle molecules: Influence of the Fano effect on photon
statistics. Phys Rev Lett 105(26):263601.
13. Shimizu KT, Woo WK, Fisher BR, Eisler HJ, Bawendi MG (2002) Surface-enhanced
emission from single semiconductor nanocrystals. Phys Rev Lett 89(11):117401.
14. Kühn S, Håkanson U, Rogobete L, Sandoghdar V (2006) Enhancement of singlemolecule fluorescence using a gold nanoparticle as an optical nanoantenna. Phys Rev
Lett 97(1):017402.
15. Anger P, Bharadwaj P, Novotny L (2006) Enhancement and quenching of singlemolecule fluorescence. Phys Rev Lett 96(11):113002.

16. Altewischer E, van Exter MP, Woerdman JP (2002) Plasmon-assisted transmission of
entangled photons. Nature 418(6895):304–306.
17. Akimov AV, et al. (2007) Generation of single optical plasmons in metallic nanowires
coupled to quantum dots. Nature 450(7168):402–406.
18. Fakonas JS, Lee H, Kelaita YA, Atwater HA (2014) Two-plasmon quantum interference. Nat Photonics 8(4):317–320.
19. Di Martino G, et al. (2014) Observation of quantum interference in the plasmonic
Hong-Ou-Mandel Effect. Phys Rev Appl 1(3):034004.
20. Zhang W, Govorov AO, Bryant GW (2006) Semiconductor-metal nanoparticle molecules: Hybrid excitons and the nonlinear Fano effect. Phys Rev Lett 97(14):146804.
21. Chen X-W, Sandoghdar V, Agio M (2013) Coherent interaction of light with a metallic
structure coupled to a single quantum emitter: From superabsorption to cloaking.
Phys Rev Lett 110(15):153605.
22. Wu X, Gray SK, Pelton M (2010) Quantum-dot-induced transparency in a nanoscale
plasmonic resonator. Opt Express 18(23):23633–23645.
23. Shafiei F, et al. (2013) Plasmonic nano-protractor based on polarization spectrotomography. Nat Photonics 7(5):367–372.
24. Junno T, Deppert K, Montelius L, Samuelson L (1995) Controlled manipulation of
nanoparticles with an atomic force microscope. Appl Phys Lett 66(26):3627–3629.
25. Kim S, Ratchford DC, Li X (2009) Atomic force microscope nanomanipulation with
simultaneous visual guidance. ACS Nano 3(10):2989–2994.
26. Kim S, Shafiei F, Ratchford D, Li X (2011) Controlled AFM manipulation of small
nanoparticles and assembly of hybrid nanostructures. Nanotechnology 22(11):115301.
27. Ratchford D, Shafiei F, Kim S, Gray SK, Li X (2011) Manipulating coupling between a
single semiconductor quantum dot and single gold nanoparticle. Nano Lett 11(3):
1049–1054.
28. Yan J-Y, Zhang W, Duan S, Zhao X-G, Govorov AO (2008) Optical properties of coupled metal-semiconductor and metal-molecule nanocrystal complexes: Role of multipole effects. Phys Rev B 77(16):165301.
29. Webb KJ, Ludwig A (2008) Semiconductor quantum dot mixture as a lossless negative
dielectric constant optical material. Phys Rev B 78(15):153303.
30. Johnson PB, Christy RW (1972) Optical constants of the noble metals. Phys Rev B 6(12):
4370–4379.

12292 | www.pnas.org/cgi/doi/10.1073/pnas.1508642112

Hartsfield et al.

