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ABSTRACT: Spontaneous emission of quantum emitters can be
enhanced by increasing the local density of optical states, whereas
engineering dipole—dipole interactions requires modifying the
two-point spectral density function. Here, we experimentally
demonstrate long-range dipole—dipole interactions (DDIs) medi-
ated by surface lattice resonances in a plasmonic nanoparticle
lattice. Using angle-resolved spectral measurements and fluores-
cence lifetime studies, we show that unique nanophotonic modes
mediate long-range DDI between donor and acceptor molecules.
We observe significant and persistent DDI strengths for a range of
densities that map to ~800 nm mean nearest-neighbor separation
distance between donor and acceptor dipoles, a factor of ~100
larger than free space. Our results pave the way to engineer and control long-range DDIs between an ensemble of emitters at room

temperature.
KEYWORDS: dipole—

pontaneous emission and collective dipole—dipole inter-

actions (DDIs) are two paradigms of light—matter
interactions. While enhanced spontaneous emission forms
the basis for devices ranging from low-threshold lasers to
brighter single-photon sources," ™ collective DDIs offer a new
tool to achieve long-range energy transfer, superradiance,”
quantum phases of light and matter,” and strongly correlated
systems.”'® The spontaneous emission decay rate can be
enhanced by modifying the local density of optical states
(LDOS)."""° In contrast, the second paradigm of light—
matter interactions, collective DDIs—between different
quantum emitters sharing the common electromagnetic
mode—depends on the two-point spectral density (TPSD)
function. Distinct from LDOS, the TPSD function is a physical
quantity that can realize dispersive interactions between
quantum emitters without dissipative decay.'”>* Physically,
it captures the delocalized nature of the electromagnetic field
generated by the first quantum emitter at the position of the
second quantum emitter.

Long-range DDIs have been demonstrated in atomic
systems coupled to waveguides,”** superconducting qubits,**
resonance energy transfer across metal thin films and
cavities,””*® quantum phases in optical lattices,”*” and
frameworks to engineer the isosurface in momentum space,
were proposed.”® More recently, super-Coulombic long-range
interactions along material-dependent resonance angles in
hyperbolic metamaterials have been explored for mediating
DDIs over broad spectral ranges.”'®'®* These systems,
however, either rely on emitters with a spectrally narrow
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emission band that matches the zero-group-velocity guided
modes, or have their interaction strength and range practically
limited due to losses, absorption, and finite unit cell size.>'®

Another promising approach is to exploit the spatially
extended collective modes supported by a plasmonic nano-
particle lattice. The collective lattice modes also called surface
lattice resonances (SLRs) arise due to hybridization between
the localized surface plasmon resonances (LSPR) in periodi-
cally arranged metal nanoparticles with diffraction orders in the
plane of the array (so-called Rayleigh anomalies).”*™>* SLRs
have shown to support high-quality resonances® and large
spatial coherence.”® They have been used to achieve strong
couplingfs’36 lasing,3’7_39 magneto-optical responses,40
temperature Bose—Einstein condensates,”** and long-range
energy transport.*> However, spatially extended SLRs and their
unique functionality for TPSD, and thus, long-range DDIs
between multiple emitters have not been explored.

In this letter, we experimentally demonstrate giant collective
DDIs mediated by SLRs at room temperature. The plasmonic
lattice parameters are designed through rigorous numerical
simulations which optimize the TPSD function, as opposed to

room-
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Figure 1. (a) TPSD-LDOS landscape showing the various nanophotonic environments used to demonstrate enhanced spontaneous emission and
collective interactions between emitters sharing a common electromagnetic mode.>'/'#1518247264445 4y i¢ the strength of interaction, and R/4 is
the effective interaction range normalized to the emission wavelength. (b) Schematic of the plasmonic lattice system used in this work. (c)
Simulated angle-resolved extinction spectrum showing the dispersive modes supported by the plasmonic lattice. (d) The normalized energy-transfer
rate between a donor—acceptor emitter pair separated by a distance R. The plasmonic lattice shows enhanced energy-transfer rates in comparison
to the homogeneous environment—glass.

LDOS engineering. We probe the interactions through a frequency of donor emitter, € is the vacuum permitivitty, and ¢
resonance energy transfer (RET) mechanism between two is the speed of light.'® In DDISs, the real part of the interaction
different type of fluorescent dye molecules. The collective potential predicts a cooperative frequency shift, while the
interactions between the dye molecules mediated by SLRs imaginary part predicts a cooperative decay rate between
show significant interactions over ~800 nm mean nearest- resonant emitters. It is difficult to isolate these two effects at
neighbor (N—N) separation between them. This is ~45 times room temperature because inhomogeneous broadening and
larger in comparison to conventional nondispersive homoge- vibrational dephasing mechanisms destroy any coherent effects
neous media. Our results stand out from other literature on between the emitters. However, it is still possible to probe
long-range DDIs and resonance energy transfer (RET) in the DDIs at room temperature through resonance energy transfer
following aspects: (i) We use the TPSD function to design the (RET).
plasmonic lattice to enhance DDIs. This is in contrast to the In RET, the excess energy due to the relaxation of the first
conventional wisdom of enhancing LDOS. (ii) The plasmonic emitter (donor) to a lower energy state is transferred to the
lattice mediates energy transfer over length scales of R/A > 1 at second emitter (acceptor). This transfer is facilitated by DDIs
room temperatures, where R is the distance between the between the donor and acceptor emitters. In homogeneous
emitters and A is the emission wavelength. (iii) In environments, RET scales as 1/R%, where R is limited to a few
homogeneous environments, the interaction strength scales tens of nanometers. Thus, RET is an ideal probe for studying
as 1/RS. Here we notice strikingly different behavior on the the influence of a plasmonic lattice in enhancing the strength
plasmonic lattice. The interaction strength remains significant and range of DDIs. The strength of DDI is related to the DDI
and constant up to a separation distance of ~300 nm. potential and is depicted by the rate of energy transfer, ['y(r,,
Figure 1(a) shows the LDOS-TPSD landscape with different rp; @p) = (27/h*)IVaa(rys, 1p; @p)Pfp(wp) 6a(@wp), where
photonic environments used either to enhance spontaneous fo(wp) and o,(wp) are the emission spectra of the donor
emission' "' ¥'>** or to enhance collective DDIs.>'®**720% emitter and the absorption cross-sections of the acceptor
LDOS only captures “local” spatial variations of the electro- emitter, respectively.*® The energy transfer, and thus collective
magnetic field in the vicinity of the emitter. In contrast, the interactions depend on the DDI potential, Vg, and the
TPSD function captures the “non-local” variations in electro- intrinsic properties of the quantum emitters. TPSD is defined
magnetic modes supported by the environment. The TPSD as Spa = Iny-G(ry, rp; @p)-npl* and is quantified by evaluating
function enhances the electromagnetic modes at the position the dyadic Green’s function G(r,, rp; @p) at the position of
of the second emitter due to emission from the first emitter the second emitter, r,, due to the first emitter located at rp.*°
that is spatially at a different location from the second The TPSD in conjunction with extinction spectra of the
emitter.”"’*® This indicates that dissipation (spontaneous plasmonic lattice form the basis to optimize the design
decay) is detrimental to collective interactions. Thus, TPSD parameters of the plasmonic lattice for enhanced collective
serves as a figure of merit to enhance DDIs analogous to interactions.
LDOS being the figure of merit to enhance spontaneous The plasmonic lattice we propose consists of silver
emission. The subtle differences in dependence of DDIs and nanopillars arranged in a periodic square lattice (300 nm
spontaneous emission on TPSD and LDOS respectively show periodicity) on a glass substrate (Figure 1(b)).* Simulated
that there exists a trade-off between LDOS and TPSD for angle-resolved extinction spectra of the plasmonic lattice
enhancing either spontaneous emission decay rates or shown in Figure 1(c) reveal the dispersive SLR modes that
DDIs, 72122464748 mediate DDIs.*’ The strength of RET between a donor—
The dipole—dipole interaction potential strength is related acceptor dipole pair is estimated using the TPSD framework
to the dyadic Green’s function, V4 (ra, 1p; @p) = —(wp*/€yc*) and is compared to a homogeneous nondispersive environ-
n,G (1, rp; @p)mp, where r, and rp, are the positions of the ment—glass. Figure 1(d) shows the distance scaling of the
two emitters, n, and np are unit orientation vectors of the normalized energy-transfer rate between the donor—acceptor
acceptor and donor emitters, respectively, wp is the radial pair. The normalized energy-transfer rate is calculated using
23 https://doi.org/10.1021/acs.nanolett.1¢02835
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Figure 2. (a) Measured emission spectra of the Alq3 donor molecules and absorption spectra of R6G acceptor molecules. (b) Angle-resolved
extinction of the plasmonic lattice using an unpolarized broadband source. (c) Fluorescence spectra of the donor only, acceptor only, and donors in
the presence of acceptors on the plasmonic lattice. (d) Difference spectra on the plasmonic lattice AI = I, — I, — I, which indicates RET.

the dyadic Green’s function from ab initio finite-difference
time-domain (FDTD) simulations.”” The inset shows the
normalized electric field distribution due to the collective
lattice modes supported by the lattice.

In the experiment, we use Alq3 (0.86 mM) and R6G (0.25
mM) dye molecules as donor and acceptor emitters,
respectively. We embed the donor and acceptor dye molecules
in PMMA polymer thin films on top of the sample.” Figure
2(a) shows the absorption (acceptor) and emission (donor)
spectra. The spectral overlap ensures Forster-type resonance
energy transfer (FRET) with an estimated Forster radius of
~5.1 nm. Measured angle-resolved extinction spectra map the
SLR modes that the plasmonic lattice supports (Figure
2(b)).* The two linearly dispersed branches correspond to
the diffractive orders (DOs) (0, —1) (green line) and (0, 1)
(yellow line) in Figure 2(b), respectively. The hyperbolically
dispersed branch corresponds to the degenerate DOs (1, 0)
and (=1, 0) (red line).*”*° These dispersive modes overlap
with the donor’s emission and acceptor’s absorption spectrum
and thus help in mediating the interactions.

24

Steady-state spectral measurements are performed by
confocally exciting the donor dye molecules with a diode
laser at 402 + 0.2 nm excitation wavelength. Figure 2(c) shows
the fluorescence emission spectrum of donors only (shaded
green), acceptors only (shaded orange), and a mixture of
donors plus acceptors (shaded gray) measured on the
plasmonic lattice. In the absence of donors, the acceptor
fluorescence spectral signal is weak due to the low absorption
cross-section of acceptor molecules at the excitation wave-
length. Quenching at the peak emission of the donors and
enhancement at the peak emission of the acceptors is observed
(shaded gray) when both species of emitters are present in the
PMMA polymer thin film. This is a classic signature of RET. In
the presence of acceptor molecules, a donor molecule in the
excited state can spontaneously decay or transfer its energy to a
neighboring acceptor molecule via virtual photons. Conse-
quent with the interaction between donor and acceptor
molecules through virtual photon exchange, we observe
quenching at the peak emission of the donor molecules and
enhancement in emisson from acceptor molecules. The

https://doi.org/10.1021/acs.nanolett.1c02835
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differential spectra shown in Figure 2(d) provides evidence of
this energy transfer.

Fluorescence decay lifetimes of the donor molecules are
measured to probe the temporal decay dynamics and quantify
the strength of DDIs. The decay lifetime of the donor
molecules at their peak emission wavelength is measured using
time-correlated single-photon counting technique with a
narrow-band filter (520 + 5 nm).* Figure 3(a,b) shows the
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Figure 3. Measured fluorescence lifetime decay of donor molecules in
the presence and absence of acceptors at various concentrations of the
acceptors. (a) On the plasmonic lattice. (b) On glass.

measured decay trace of donors only (denoted as Donor) and
of donors in the presence of acceptors (denoted as Hybrid) at
various acceptor concentrations (denoted as a dilution factor
C,/C) on the lattice and glass substrate, respectively. Varying
the acceptor concentration varies the mean N—N separation
between the donor—acceptor pairs in the mixture.*” This
allows one to probe the range of DDIs mediated by SLRs. The
faster decay dynamics at shorter time scales indicate the
occurrence of DDIs between the donor and acceptor
molecules. The measurements show that DDIs remain
persistent and significant beyond C,/C = 16384 on the
plasmonic lattice (Figure 3(a)). In contrast, the interactions
appear to diminish in strength beyond Cy/C = 16 on glass
(Figure 3(b)). At higher dilution factors, the fluorescence
lifetime decay trace approaches that of the donor-only lifetime
decay on glass. This behavior is in agreement with FRET. The
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persistence of interactions between the donor and acceptor
molecules at very high dilution factors on the lattice clearly
indicates that the plasmonic lattice significantly enhances the
range of DDIs. Moreover, the interactions extend well beyond
the typical FRET distances of tens of nanometers.

To elucidate the enhanced range and strength of DDIs, we
estimate the mean decay rates using the harmonic mean of the
measured decay trace of the donor molecules emission in the
absence and presence of acceptor molecules. The harmonic
mean of the measured lifetime decay trace is given as (y ') = /
1(t) dt, where I(t) is the normalized lifetime decay trace.>

In the presence of acceptors, the total decay rate of the
donor emitters, yp,, is the sum of the spontaneous decay rate
of donor molecules in the absence of acceptor molecules, yp,
and the energy-transfer rate between the donor and acceptor
molecules, ['gr. Thus,

(1)

Figure 4(a) shows the energy-transfer rates estimated using eq
1 at different dilution factors on the plasmonic lattice and glass.
Each data point corresponds to the mean value of the lifetime
measurement at different spots on the sample. The uncertainty
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Figure 4. (a) Mean energy-transfer rates ['yp estimated from the
measured fluorescence decay traces at various dilution factors on glass
and the plasmonic lattice. (b) Mean energy-transfer efficiency 7
estimated from the mean decay rates at various dilution factors on
glass and the plasmonic lattice.
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in each data point denotes one standard deviation in the
estimated energy-transfer rates. The energy-transfer rate
between the donor and acceptor molecules on glass decreases
with increase in the acceptor molecule dilution factor (blue).
The top x-axis in Figure 4 shows the estimated mean N—N
donor—acceptor pair separation.”” The energy transfer
between the donor—acceptor molecules vanishes at approx-
imately 15—20 nm, corresponding to R/A < 0.04, where R is
the mean N—N donor—acceptor separation distance (20 nm)
and 1 is the emission wavelength (520 nm), which is the
typical range of FRET.

On the contrary, the lattice mediates the interaction between
the donor—acceptor molecules at orders of magnitude higher
dilution factors (8000 with respect to Co/C = 64 on glass).
The interactions on the lattice persist beyond ~800 nm,
corresponding to R/A 2 1.54. This clearly indicates that DDIs
mediated by the SLRs significantly extend beyond the typical
FRET range. The energy-transfer efliciency is estimated from
the lifetime measurements as,

Tir
Iir + 1

_1-

yDA

]’] =
(2)

Figure 4(b) shows the estimated energy-transfer efficiency
calculated using eq 2. The energy-transfer efficiency, 7, is
proportional to the strength of DDIs. We observe that this
efficiency remains ~0.33 up to a C/C, = 16 384 dilution factor
(~150—200 nm mean N—N separation distance). This
intriguing result is due to the modified decay lifetime of the
donors (~9.7 ns) and acceptors (~0.87 ns) on the plasmonic
lattice. The comparatively faster decay (~11x) of acceptors
effectively increases the number of acceptors available for
interaction with the ensemble of donors in the excited state.*’
A first-order Taylor series expansion of eq 2 is used to estimate
the uncertainty in each data point. We note that the
uncertainty in # increases with the dilution factor. This
observation indicates the sensitivity of RET on availability of
an acceptor molecule in the vicinity of a donor molecule. As
the dilution factor increases, the mean N-N separation between
the donor—acceptor molecules increases. Thus, at higher
dilution factors the number of acceptor molecules available to
the donor molecules within the laser excitation spot varies
across different regions on the sample, leading to large
uncertainty in the mean decay rates and in the energy-transfer
efficiencies.””

In summary, we have experimentally demonstrated long-
range collective dipole—dipole interactions in a plasmonic
lattice mediated by SLRs. The plasmonic lattice is designed on
the basis of the TPSD framework. Resonance energy-transfer
mechanism is used to probe and quantify the strength of DDIs
in the plasmonic lattice and is compared to a nondispersive
homogeneous environment—a glass substrate. The measure-
ments show that the plasmonic lattice enhances the strength of
DDIs over large donor—acceptor molecule mean nearest-
neighbor separation distances of ~800 nm. We envision that
enhanced interactions will have consequential affects in
creating novel light sources in quantum entanglement schemes,
many-body interactions, biochemical interactions, enzyme
kinetics, new classes of FRET-imaging substrates, and
intercellular signaling in molecules.
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