
Reducing Effective System Dimensionality with
Long-Range Collective Dipole-Dipole Interactions

Ashwin K. Boddeti ,1,2 Yi Wang ,3 Xitlali G. Juarez ,4 Alexandra Boltasseva ,1,2 Teri W. Odom ,3,4,5

Vladimir Shalaev,1,2 Hadiseh Alaeian,1,2,6 and Zubin Jacob 1,2,*

1Elmore Family School of Electrical and Computer Engineering, Purdue University, West Lafayette, Indiana 47907, USA
2Birck Nanotechnology Center, Purdue University, West Lafayette, Indiana 47907, USA

3Graduate Program in Applied Physics, Northwestern University, Evanston, Illinois 60208, USA
4Department of Materials Science and Engineering, Northwestern University, Evanston, Illinois 60208, USA

5Department of Chemistry, Northwestern University, Evanston, Illinois 60208, USA
6School of Physics and Astronomy, Purdue University, West Lafayette, Indiana 47907, USA

(Received 4 May 2023; accepted 14 March 2024; published 25 April 2024)

Dimensionality plays a crucial role in long-range dipole-dipole interactions (DDIs). We demonstrate that
a resonant nanophotonic structure modifies the apparent dimensionality in an interacting ensemble of
emitters, as revealed by population decay dynamics. Our measurements on a dense ensemble of interacting
quantum emitters in a resonant nanophotonic structure with long-range DDIs reveal an effective
dimensionality reduction to d̄ ¼ 2.20ð12Þ, despite the emitters being distributed in 3D. This contrasts
with the homogeneous environment, where the apparent dimension is d̄ ¼ 3.00. Our work presents a
promising avenue to manipulate dimensionality in an ensemble of interacting emitters.
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Introduction.—In a dense ensemble of interacting emit-
ters, each emitter perceives the other neighboring emitters
via position-dependent dipole-dipole interactions (DDIs).
The role of geometry in such position-dependent collective
interactions between an ensemble of emitters has been of
fundamental interest [1–7]. Controlling the dimensionality
is appealing as a lower-dimensional emitter geometry
shows strong quantum fluctuations [8]. This can potentially
provide a host of benefits in realizing platforms to probe
long-range interactions [1,2], quantum phases such as
quantum spin liquids [3,4], transient super solid behavior
[5], and quantum phase transition in transverse Ising
models [9], in addition to providing an advantage in
quantum sensing applications, mitigating decoherence
[1,5], and in long-range energy transport of delocalized
excitons [7]. More recently, interesting physical effects on
Dicke superradiance in 1D, 2D, and 3D arrays of atoms
have been theoretically predicted [6]. Thus, realizing a
lower-dimensional system supporting long-range DDIs is
of significant importance.
While 1D and 2D interacting ensembles of emitters have

been realized in cold-atom systems, it remains largely
unexplored in solid-state platforms. Only recent efforts
demonstrating a thin layer of emitters (spin 1 nitrogen
vacancy (NV) centres and spin 1/2 substitutional nitrogen
(P1) centres) have paved the way for realizing lower-
dimensional systems in solid states [1,2]. The P1 system’s
many-body noise is characterized by the decoherence of
NV center probe spins and shows stretched exponential
decay dynamics [1].

As DDIs are mediated by the underlying electromagnetic
fields, tailoring them provides an alternative route to
manipulate the apparent dimensionality. Recently, interfac-
ing quantum emitters with light within nanophotonic
structures has provided the means to control and study
collective DDIs [10]. This led to the demonstration of long-
range resonance energy transfer in incoherent systems
[11,12], and sub- and superradiant emission dynamics in
coherent systems [13–16].
Here we modify the apparent dimensionality using a

nanophotonic structure that supports dispersive delocalized
resonant modes that mediate the interactions. These modes
lead to modification of the spatial distribution of the
perceived neighboring emitters. We experimentally probe
the apparent dimensionality of the interacting ensemble of
donor and acceptor emitters, encoded in the interacting
emitters’ temporal decay dynamics. While individual emit-
ters decay exponentially, the lifetime decay dynamics of an
interacting ensemble of emitters follow a stretched expo-
nential decay, revealing a noninteger power β in time,

IðtÞ=I0 ¼ expð−γDtÞ expð−αtβÞ; ð1Þ
where γD is the spontaneous decay rate and α is the
effective interaction volume [17–19]. The noninteger
power, β, originates due to DDIs between the emitters
and captures the apparent dimensionality sensed by the
mutually interacting emitters,

β ¼ d̄=S; ð2Þ
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where d̄ is the apparent dimension, and S ¼ 6 for electric
DDIs [18]. Such relaxation decay dynamics arising due to
DDIs are common in other systems such as the kinetic Ising
model below the critical temperature, an interacting ensem-
ble of spins [1], in ultracold atoms, and in ions [20–25]. The
underlying physics that governs DDIs is universal; here, we
focus on DDIs at room temperature, where it is difficult to
discern coherent effects.
The two underlying characteristics that relate to this

intriguing noninteger power, β in the decay dynamics
(and thus the apparent dimensionality) are (i) the distance
scaling law associated with DDIs in the vicinity of a
nanophotonic environment and (ii) the competition between
the characteristic DDI length scale R0 and the system size
Lsys. The interplay between these two characteristic lengths
determines the spatial extent of the emitters sensed by each
donor quantum emitter. Figure 1 conceptually shows the
origin of the reduced apparent dimensionality. In homo-
geneous environments, the DDI potential, Vdd, scales as
∼1=R3. For timescales beyond the coherence times of the
interacting system (i.e., the emitters do not possess memory
of previous interaction events), the noninteger power, β ¼
1=2 (1/3) for the three-dimensional (two-dimensional)
spatial distribution of emitters [12] for timescales beyond
the coherence times of the interacting system (i.e., the
emitters do not possess memory of previous interaction
events). See Supplementary Material for more information
[12,19,26–33].
In contrast to homogeneous environments, a resonant

nanophotonic structure modifies the strength, range,
and characteristic interaction length scale of DDIs

[11,12,14,34,35]. Because of this modification of under-
lying electromagnetic fields, an ensemble of interacting
quantum emitters coupled to such resonant nanophotonic
structures perceive a modified spatial distribution of emit-
ters. Thus, the spatial extent, strength, and confinement of
electromagnetic fields, the hierarchy of distances (and thus
the DDI strength) averaging over all possible sites of the
interacting emitters is modified. This leads to a modifica-
tion in the temporal decay dynamics which is reflected in
the noninteger exponent β and hence the apparent dimen-
sionality of the interacting system.
System.—In this study, we consider the interaction of an

ensemble of donor (Alq3) and acceptor (R6G) emitters in
both resonant and off-resonant nanophotonic structures.
The dipole-dipole interactions (DDIs) between the emitters
lead to resonance energy transfer. The DDI potential is
related to the dyadic Green’s function, VddðrA; rD;ωDÞ ¼
−ðω2

D=ϵ0c
2ÞnA:

¯̄GðrA; rD;ωDÞ:nD, where rA and rD are the
positions of the acceptor and donor emitters, respectively,
nA and nD are unit orientation vectors of the acceptor and
donor emitters, respectively, ωD is the radial frequency of
the donor emitter, ϵ0 is vacuum permittivity, and c is the
speed of light [12,34]. The interaction strength is propor-
tional to the rate of energy transfer, ΓETðrA; rD;ωDÞ ¼
ð2π=ℏ2ÞjVddðrA; rD;ωDÞj2fDðωDÞσAðωDÞ, where fDðωDÞ
and σAðωDÞ are the emission spectra of the donor emitter
and absorption cross section of the acceptor emitter,
respectively. Figure 2(a) shows the spectral overlap
between the donor emission spectrum (Alq3), the acceptor
absorption spectrum (R6G), and the extinction spectrum of
both a resonant and an off-resonant plasmonic lattice. The

FIG. 1. Concept of apparent dimensionality of an interacting ensemble of emitters. The apparent dimensionality is related to the
noninteger exponent of time in the fluorescence decay dynamics IðtÞ=I0 ¼ expð−γDtÞ expð−αtβÞ. In a homogeneous environment,
β ¼ 0.5ð0.33Þ for the 3D (2D) spatial distribution of emitters. A resonant nanophotonic environment modifies the spatial distribution of
the neighboring emitters sensed by each interacting emitter which results in the modification of the temporal decay dynamics. This
reduces the apparent dimensionality experienced by the interacting emitters, which is reflected in the noninteger exponent, β < 0.5,
though, the emitters are distributed in a 3D volume. The green dipoles represent the donor emitters and the orange represents acceptor
dipoles.
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resonant plasmonic lattice modes mediate the DDIs
between the donor and acceptor emitters. The resonant
plasmonic lattice modifies the scaling, strength, and range
of the DDI potential jVddj as shown in Fig. 2(b). The
scaling of the DDI potential jVddj is significantly modified
with distance R ¼ jrD − rAj in a resonant structure,
whereas the DDI potential decays rapidly with distance
in an off-resonant plasmonic lattice. The resonances of the
plasmonic lattice modes can be tuned by altering the lattice
constant.
The relaxation dynamics of the interacting ensemble of

donor-acceptor emitters are governed by nonlinear coupled
rate equations (see Supplemental Material) [26]. Here the
Monte Carlo simulation method is employed to estimate
the temporal decay dynamics of the donor emitters (see
Supplemental Material) [26]. Figure 2(c) shows the esti-
mated temporal decay dynamics for homogenous environ-
ments, i.e., R0 ≪ Lsys, where noninteger exponent is
β ∼ 0.52. This is commensurate to a three-dimensional
interacting system and matches well with the predicted

theoretical value (see derivation in Supplemental Material)
[26]. The inset shows the estimated values of β for various
runs of the Monte Carlo simulations with different random
spatial distributions of the emitters. On the other hand when
R0 ∼ Lsys as shown in Fig. 2(d), the value of the noninteger
exponent is β ∼ 0.42ð12Þ. This is commensurate to an
effective dimension of d̄ ∼ 2.50ð72Þ—lower than a three-
dimensional system. The inset shows the broad distribution
in the values of β with a standard deviation of ∼0.12 for
1024 different iterations of the Monte Carlo simulation.
In practice, a resonant plasmonic lattice aids in realizing

an apparent lower-dimensional system. The modified
scaling of the DDI potential, jVddj coupled with increased
interaction strength, leads to an increase in the character-
istic interaction length scale R0. Under certain conditions
when the system size, i.e., the spatial extent of emitters, Lsys

becomes comparable to the R0 in addition to the scaling
law, the interacting system of emitters (in resonant nano-
photonic structures) perceive an apparent lower dimension.
We explore this effect here to engineer the dimensionality
of collective (many-dipole) DDIs.
Experiment.—To elucidate this, in the experiment, we

measure the fluorescence lifetime decay trace of the interact-
ing emitters in both resonant and off-resonant nanophotonic
structures. The dye molecules Alq3 (0.83 mM) and R6G
(0.25 mM) are embedded in polymethyl methacrylate poly-
mer thin films on the aforementioned samples. We use a
time-correlated single-photon counting technique with a
narrow-band filter [520(5) nm] centered at the peak emission
of the donor emitter to measure the fluorescence lifetime
decay traces (see Supplemental Material [26]). Figure 3
shows the measured lifetime decay when the interacting
emitters embedded in different nanophotonic structures such
as (i) glass substrate (i.e., a homogeneous environment),
Fig. 3(a), (ii) a TiO2 dielectric lattice, Fig. 3(b), (iii) an off-
resonant plasmonic lattice, Fig. 3(c), and (iv) a resonant
plasmonic lattice, Fig. 3(d).Weobserve a striking deviation to
the noninteger exponent in time from the typical β ¼ 0.5 in
3D homogeneous environments to β ∼ 0.37 [an effective
lower dimension d̄ ∼ 2.20ð12Þ] in a dispersive resonant
nanophotonic structure—a plasmonic lattice. We note that
this value is close to that of a 2D system. This elucidates that
the underlying resonant modes supported by the plasmonic
lattice indeedmodify the apparent dimensionperceivedby the
interacting ensemble of emitters. The TiO2 dielectric lattice
has the same geometric features as the resonant plasmonic
lattice but supports no resonances. The measurements on the
TiO2 lattice help rule out effects due to the underlying
geometry of the lattice. On the other hand, the measurements
on the off-resonant plasmonic lattice elucidate that the origin
of the apparent lower dimension is purely due to the lattice
resonance and not from the localized-surface-plasmon reso-
nance of the constituent metal nanoparticles.
The noninteger exponent in time is estimated by fitting the

temporal fluorescence decay trace with a Laplace transform

(a) (b)

(c) (d)

FIG. 2. (a) Acceptor emitter’s absorption spectrum (blue curve),
donor emitter’s emission spectrum (orange curve), extinction
spectrum of a resonant plasmonic lattice with lattice constant
∼300 nm (purple dash curve), and off-resonant plasmonic lattice
with lattice constant ∼350 nm (green dash-dot curve). The
extinction spectrum of the resonant plasmonic lattice spectrally
overlaps with the emission-absorption spectrum of the donor and
acceptor emitters (yellow highlighted region). (b) Calculated
dipole-dipole interaction potential jVddj for the resonant and off-
resonant plasmonic lattice. The resonant plasmonic lattice shows
a strikingly modified scaling law. (c) Monte Carlo simulations
depicting the temporal decay dynamics of donor emitters for
jVddj2 ¼ R6

0=R
6 scaling and R0 ≪ Lsys with β ∼ 0.52. Inset:

values of β for randomized spatial distributions of emitters.
(d) Monte Carlo simulations showing the temporal decay
dynamics of donor emitters for R0 ∼ Lsys. The reduced dimen-
sionality is evident from the estimated values of β ∼ 0.4. Inset:
values of β for randomized spatial distributions of emitters.
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of an underlying probability density function [29],

IðtÞ
I0

¼
Z

∞

0

GδðγÞe−γtdγ
Z

∞

0

HβðΓETÞe−ΓETtdΓET: ð3Þ

In Eq. (3), the first term is associated with the spontaneous
decay of donor emitters, while the second term is associated
with resonance energy transfer (DDIs). GδðγÞ is the prob-
ability density function (PDF) associated with the distribu-
tion of spontaneous emission decay rates, and HβðΓETÞ is
the PDF for resonant energy transfer rates. For a homog-
enous environment, with no significant enhancement in the
local density of optical states (LDOS), GδðγÞ ¼ δðγ − γDÞ,
where δðγ − γDÞ is the delta function, and γD is the decay
rate of the individual donor emitter. In contrast, in an
inhomogeneous environment, each donor experiences differ-
ent LDOS and, thus, different spontaneous emission decay
rates [36]. As the DDI in this particular scenario is a weak
perturbation, the spontaneous decay rate of the donors is
estimated from the fluorescence decay trace of donors in the
absence of the acceptor emitter (see Supplemental Material).
The PDF of resonance energy transfer rates HβðΓETÞ is
estimated by fitting the fluorescence lifetime decay trace
with the spontaneous decay rate PDF GδðγÞ as a fixed
parameter. The underlying probability distributions have a

characteristic long-tail behavior and are related to Lévy
stable distributions [28].
Figure 4 shows the extracted PDF of the resonant energy

transfer rate (ΓET) distribution. The PDFs obtained in the
resonant inhomogeneous environment are observed to
differ from those in the homogeneous and off-resonant
inhomogeneous environments. This directly indicates that
the sensed spatial distribution of emitters is modified. As
the plasmonic lattice supports dispersive delocalized res-
onant modes that can mediate interactions between the
donor and acceptor emitters over larger distances, the
underlying PDFs show a broader distribution of rates.
Furthermore, the number of interaction events in the tail of
the distribution reduces, which indicates a reduction in the
total number of larger magnitude DDI interaction strengths,
ΓET ; see inset of Fig. 4. The plasmonic lattice shows a
higher probability of lower DDI rates. This result may
appear counterintuitive, as the plasmonic lattice enhances
the DDI rates overall. The plasmonic lattice enhances the
interactions at larger distances, i.e., beyond the Förster
resonance energy transfer radius. The experiments were
performed at densities wherein the mean-nearest neighbor
separation between the interacting pair of emitters is
∼5–10 nm. At these distances, ∼1=r6 is more dominant
than the scaling arising due to the plasmonic lattice, thus
the DDI rates are lower on the plasmonic lattice. The
strength of interactions gets enhanced at larger distances as
shown in a previous work [12]. See Supplemental Material
for more details.

(a) (b)

(c) (d)

FIG. 3. Measured fluorescence lifetime decay when the inter-
acting emitters are in different electromagnetic environments:
(a) glass substrate (i.e., a homogeneous environment), (b) TiO2

dielectric lattice (i.e., an off-resonant inhomogeneous electro-
magnetic environment), and (c) a plasmonic lattice (i.e., a
resonant inhomogeneous electromagnetic environment). The
value of β ∼ 0.5 in both inhomogeneous and off-resonant
inhomogeneous environments. This is commensurate with a
3D system. In contrast, the faster-than-exponential decay dy-
namics on a resonant silver (Ag) plasmonic lattice reveals an
exponent value of ∼0.37. This is commensurate to an effective
lower dimension d̄ ∼ 2.20ð12Þ. The emitters were embedded in
∼1 μm thick polymer thin films.

FIG. 4. Extracted probability density function for the resonance
energy transfer rate on various electromagnetic environments:
(i) glass, a homogeneous environment (dash-dot red curve),
(ii) an inhomogeneous environment, TiO2 nanoparticle lattice
having the same lattice constant and dimensions as the resonant
plasmonic lattice (dotted yellow curve), (iii) an off-resonant
plasmonic lattice (purple curve), and (iv) a resonant plasmonic
lattice (blue curve). The PDF of the energy transfer rates on the
resonant plasmonic lattice is not only shifted but also broader.
Inset: reduced number of events having stringer interaction
strength (in the tail).
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Conclusion.—In summary, we experimentally demon-
strated that the apparent dimensionality of an interacting
ensemble of emitters could be modified using a resonant
nanophotonic structure. The temporal fluorescence decay
dynamics show a noninteger exponent β that relates to the
apparent dimensionality of the interacting system. The
value of apparent dimensionality on a resonant plasmonic
lattice shows a stark contrast value of d̄ ∼ 2.20ð12Þ, in
comparison to d̄ ∼ 3.0 obtained on glass, an off-resonant
TiO2 dielectric lattice, and an off-resonant plasmonic
lattice. Further, we extract the underlying distribution of
energy transfer rates for the emitters’ interacting ensemble,
indicating that the interacting emitters’ perceived apparent
dimensionality is modified. This arises due to modifying
the underlying distribution of energy transfer rates. This
work paves the way for engineering interacting systems
with apparent lower dimensionality. Though the presented
results are semiclassical and discernible coherent effects
cannot be observed at room temperatures, they can readily
be applied to regimes where quantum effects are more
prominent such as in ultracold atoms [14], solid-state
emitters systems [1,2], rare-earth ions [37,38], Rydberg
excitons in solids [39], and quantum-dots systems [13].
Such nanophotonic structures can potentially provide an
alternative route to realize two-dimensional systems that
host new quantum many-body phases, help mitigate
decoherence for quantum sensing, memories, and quantum
network applications, realize novel, more efficient light-
harvesting systems, and potentially improve biological
samples imaging.
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