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Abstract

Long-range resonance energy transfer (RET) and controlling energy transfer at the nanoscale
have received considerable attention both experimentally and theoretically during the past few
decades. We have investigated RET between a donor/acceptor pair in the nanocavities based on
our previous theory developed in the framework of macroscopic quantum electrodynamics (QED).
Based on this theory, the enhancements in RET with respect to the rate in vacuum were evaluated
for a Fabry—Pérot (FP) cavity. When the displacement vector between the two molecules is aligned
with the cavity axis of the Fabry—Pérot cavity, we found that cavity modes give less than a factor
of 10 enhancements due to the interference between contributions from resonant and non-resonant
cavity modes. By comparison, when the displacement vector between the two molecules is aligned
in a plane perpendicular to the cavity axis, we found that the cavity modes can induce
enhancements over a factor of 10, and the surface plasmon polariton modes can induce
enhancements up to a factor of 300. We develop a convenient representation for understanding the
effect of the displacement vector between the molecules, and of the molecular dipole directions in
terms of H-dimer and J-dimer properties. To further enhance RET, we propose a square silver
cavity that gives a factor of 280 rate enhancement under cavity resonance conditions, which

provides important insight for developing devices capable of long-range RET.

1. Introduction

Resonant energy transfer (RET) at the nanoscale plays a key role in light harvesting,'”’

11-12

photovoltaics,®!” surface enhanced Raman spectroscopy'!'? and molecular biosensing.!*'* Due to

these important applications, RET and dipole-dipole interactions have attracted extensive interest,
and the enhancement and manipulation of long-range RET rates have become crucial issues in

physical chemistry.!>*! During the past decade, it has been reported that long-range RET rates

could be modified through the design of the dielectric environments including metal surfaces,??*
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nanoparticles?*2®, cavities?®* and other dimensionally constrained nanostructures.’** Among
these dielectric environments, many studies have an emphasis on cavities owing to their tunable
resonance frequency and convenient preparation. In 2000, Barnes et.al. demonstrated that the

energy transfer rate depends linearly on the donor emission rate and hence photonic mode



density.* Recently, the distance independence of RET rates up to 100 nm has been observed in
Fabry—Pérot (FP) cavities with significant light-matter coupling.’® In addition, RET rates in
cavities up to 7 times higher than those in vacuum have been observed.’” These studies believe
that the strongest RET occurs along the cavity axis (the normal direction of cavity surfaces)
without clear evidence. To investigate the mechanism of the phenomena, several theories covering
cavity-mediated energy transfer and polariton-assisted remote energy transfer have been
developed.*®*! In these theories, two important assumptions are made: the consideration of a single
photonic mode and phenomenological dissipation rates. However, the validities of the assumptions
have not been carefully examined. In addition to the single mode model, some theories started
from molecular quantum electrodynamics and applied the perturbation expansion in a vacuum
photon basis to evaluate the coupling of RET.!3: 2% 4143 Nonetheless, when free electromagnetic
fields are strongly coupled to a dielectric environment, the perturbation approach may not be valid

under such a basis.

In fact, without applying the two assumptions above or incorporating high-order
perturbation terms, the RET rate can be evaluated within the framework of macroscopic quantum
electrodynamics (QED). Macroscopic QED enables us to resolve the linear response of photon
dressed by medium polarization (polariton) from external sources, e.g., a dipole source.**>? The
development of macroscopic QED can be traced back to the middle of the twentieth century,->*
but no significant progress has been made until Huttner and Barnett’s breakthrough in 1992.%
Huttner and Barnett established a theoretical framework by incorporating an absorptive dielectric
environment into the Hopfield model.’® After that, Welsch et al. further extended the Huttner-
Barnett model and connected field operators and macroscopic Maxwell’s equations via dyadic
Green’s functions.”’ In this framework, photon dressed by medium polarization can be precisely
described. Through this approach, we have investigated the enhancements in RET coupled with
surface plasmons in bulk metal, a metal thin film and a metal nanosphere, characterizing the spatial
dependence of the RET enhancement.’®%? Moreover, Wenger et. al utilized a similar approach to
analyze rate enhancements for RET in the microwave regime, showing consistency between
analytical solutions and experimental results in cavities.”® Under a nearly lossless cavity, the
strongest rate enhancements measured were around 4 fold at kR > 0.7 where & is the wavevector

of the propagated light and R is the donor/acceptor distance.?” Similar order of magnitude of the



RET enhancement was also observed in the FP nanocavity.®® Such weak rate enhancements imply

that the FP cavity may not be able to enhance RET rates as intuitively thought.

In this study, we focus on whether RET can be enhanced in a nanocavity. In order to clarify

the validities of the assumptions in the previous studies,*3

we consider a realistic cavity, which
resembles a dielectric environment used in the experiments.**>” To evaluate the RET rates, we use
the macroscopic QED approach which allows us to incorporate the effects of dielectric
environments and all the degrees of freedom of photonic modes (both resonant and non-resonant)
into the simulation. The advantage of the present approach is that all variables can be obtained
from experiments or ab initio calculations, i.e., no free parameter. For example, dielectric functions

64-65 or calculated

in our theory can be measured through reflection and transmission measurements
by density functional theory.®**” In addition, the results enable us to clarify issues related to weak

RET enhancements in nanocavities.

This article is organized as follows. Section 2.1 introduces the formalisms of RET based
on the macroscopic QED approach. According to the formalisms, we need to evaluate the electric
field in nanocavities, which is calculated by the Finite-Difference Time-Domain (FDTD) method
introduced in Section 2.2. In Section 3.1, to verify a long-standing physical picture of RET in

cavities, 640 68

we compare the RET enhancements in the perfect FP cavity and those in the silver
FP cavity where the donor is located at the center. In Section 3.2, to clarify how the cavity loss
influences RET processes, we investigate the metal thickness dependence on the RET
enhancements in the silver FP cavity. In Section 3.3, considering the reality that molecules are
distributed in a cavity, we explore the position dependence of the donor on the RET enhancements.
Moreover, according to the displacement vector and dipole alignments of the donor and acceptor,
we summarize different types of RET enhancements in a silver FP cavity, which provides key
insights into exploring RET, dipole-dipole interaction, and polariton chemistry in nanocavities. In
Section 3.4, to demonstrate how to manipulate RET via material structure designs, we propose a

square silver cavity with remarkable RET enhancements. In Section 4, we summarize the above

results and discuss the significance of this work and future perspectives of the long-range RET.



2. Methods

2.1. Formalisms of RET

We applied a general theory of RET based on macroscopic QED,* 46-48. 38, 61 \which considers
retardation and the dielectric properties of materials in determining energy transfer rates. Note that
this theory is not limited to RET coupled with plasmons, and it can be applied to RET in the
presence of dielectric environments with any space-dependent, frequency-dependent, or complex
dielectric functions. We emphasize this advantage because the scope of our theory was
misunderstood by some literature.'® In other words, this theory can include cavity modes and
plasmon polariton modes together. According to this theory, RET rates kgt can be evaluated in
terms of the absorption line shape of the acceptor molecule Wans(¥) and the emission line shape of

the donor molecule Wem(D),'> ¢

h
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Here d” and a’ (d and a) indicate the vibrational modes associated with the electronic excited
(ground) state of donor and acceptor molecules, respectively. [(ddda)> (|(da'|da)?) denotes the
Franck—Condon factor of a donor (acceptor) molecule. Pq (Pa) corresponds to the probability
distribution of donor (acceptor) molecules at thermal equilibrium. pp (pa) represents the transition
dipole of a donor (acceptor) molecule. F(rp, ra, U) is the electromagnetic coupling factor in
wavenumber units. rp and ra denote the positions of a donor and an acceptor, respectively. The

concept of the coupling factor F(rp, ra, D) is not the same as that of |[sV* in Ref. [6] (or related



concepts from other literature),” 7 where s is a factor due to the solvent medium that screens the
direct coupling Vs. The coupling factor is given by eq 3.
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where &4 specifies the transition dipole orientation of the acceptor chromophore, and EP(rp, ra, )
indicates the electric field at ra generated by the donor chromophore at rp with the transition dipole
moment pp(V) = pp(V)ép. Note that the donor (acceptor) chromophore is approximated as a point
dipole in this theory. In addition, the coupling factor F does not correspond to the spectral density
of photons, which is associated with single-point dyadic Green’s function*® (In fact, the pariton
kernel of Eq. (10) in Ref. [48] corresponds to the spectral density of photons). Instead, the coupling
factor corresponds to the two-point dyadic Green’s function in a cavity. Based on the point dipole
approximation, the electric field EP(rp, ra, ) can be solved analytically via the dyadic Green’s
function in Gaussian units.

E” (1,.r,.0) =167°0°G (r,.1,,8) Py (D) 4)

The dyadic Green’s function ﬁ(rD, ra, U) in eq 4 obeys the Maxwell equations

[47ﬂgr (r,0)0’ _VxVx}E(rD,rA,U) =-1,6(r, —1,) )
where &(r, V) is the frequency-dependent dielectric function, I3 is a three-dimensional identity
matrix, and J(ra — rp) is the three-dimensional Dirac delta function. Note that Eq (5) has been
extensively used in the field of nano optics,”! and it is different from the coupling tensor in some
QED studies.'® Under the operation of the Green’s function, the coupling factor F(rp, ra, 7) can
be viewed as involving photon propagation (whether a real photon or a virtual photon) from the
position of the donor chromophore rp to the position of the acceptor chromophore ra. In vacuum,

the analytical solution of the dyadic Green’s function Go(rp, ra, ¥) is given by, 672
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where ra —rp = R-R describes the displacement vector between the donor dipole and the acceptor

(6)

dipole (R is the unit vector of ra — rp), k = 2n0, and dj is the Kronecker delta function. To analyze
the RET enhancement or suppression induced by the dielectric environments, we define the

theoretical enhancement factor (EFw) as the following,

F(r,,r,,D)
F (rD,rA,E)

vac

(7)

where F and Fyac indicate the coupling factor in the system and vacuum, respectively. Note that
the definition of the experimental enhancement factor (EF.xp) is different from EFg,. The former is

defined as

- jdu D)W, (D)F (r,,r,.D)

exp ETvac Jdu )W ( ) (I'D,I’A,U) ®

where ket and kgt,vac indicate the RET rates in the system and vacuum, respectively. The concept
of EFw 1s useful because it provides upper/lower bounds to the EFcxp. The relationship between

EFum and EFex, is listed as follows,

Min[EF, | <EF,  <Max|[EF, ] ©)

where Max[EFu] (Min[EFw]) indicates the maximum (minimum) of EFw. (Recall that EFy is a
function of the wavenumber v). The mathematical proofs of eq 9 are shown in the Supporting

Information. In this work, we focus on the behavior of EF,.
2.2. Finite-Difference Time-Domain (FDTD) Simulation

To solve for the electric field in complex dielectric environments, we apply the computational

electromagnetic software (Lumerical FDTD Solutions)”® based on the finite-difference time



domain (FDTD) method. Several different systems were considered in our study, whose geometry
setup will be described in the results and discussion. Here we provide the general parameters and
settings used in these calculations. All simulations were set to run for 200 fs at which point the
fraction of power remaining in the simulation is less than 10~7. All boundaries are set to be perfectly
matched layers (PMLs). The donor molecule was approximated as an oscillating electric point
dipole source with the wavelength ranging from 200 to 800 nm. The dielectric functions of silver
from Johnson and Christy®* and SiO» from Palik® were used for the silver plates and SiO> medium,

respectively. We set the FDTD domain to be 3000 x 3000 x 2000 nm. A conformal mesh of 0.5
nm was applied on the region to a 500 x 500 x 500 nm covering the dipole source and the monitor

range, while the outside mesh was chosen to be auto-nonuniform with a mesh accuracy of 4 (a

setting in the Lumerical FDTD Solutions).



3. Results and Discussion

3.1. Comparison between the perfect cavity and the silver cavity
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Figure 1. Theoretical RET enhancement (EFw) in a FP cavity with the donor located at the center
of the cavity. The FP cavity is made of two silver thin films (thickness=35 nm) separated by 250
nm. (a) The system with the donor (red) and the acceptor (blue) with the displacement (R) along
the z direction. Both transition dipoles are along the x direction in (a) and (d). (b) and (c) show
contours of the dependence of the enhancement factor for the perfect cavity and silver cavity,
respectively, as a function of R, and wavelength. (d) the system with the donor (red) and the
acceptor (blue) with the displacement along the y direction (Ry). (¢) and (f) show contours of the
dependence of the enhancement factor for the perfect cavity and silver cavity, respectively, as a
function of Ry and wavelength. Note that the vertical bars in (e) and (f) are distinct due to the one
order of magnitude difference of EF .

To validate whether RET rates could be significantly enhanced by FP nanocavities and
what their physical picture is, we analyze the RET enhancements in the perfect cavity and in the
silver cavity. In this section, we would like to elaborate two important issues: First, for a single
donor-acceptor pair along the cavity axis of a silver FP cavity, can RET be significantly enhanced

by cavity modes? Second, is it appropriate to study RET in a realistic cavity by using the concept



of a perfect cavity? Here we started with a system in which the donor is located at the center of a
FP cavity. The theoretical enhancement factors (EFwm) are calculated according to eqs 3-7. In
Figure 1a, we set the cavity length L = 250 nm and the transition dipoles of donor and acceptor
are oriented along the x direction (perpendicular to the cavity axis which corresponds to the z
direction). Using the analytical solution of RET in the perfect cavity (without cavity loss),*® 7* the
EFu were evaluated in Figure 1b as a function of the distance (R;) in the z direction and of
wavelength, showing that the resonance wavelength (A = 500 nm) matches the wavelength of the
lowest cavity mode. Due to the total reflection caused by the perfect cavity, divergence of the
coupling factor (the singularity of the analytical solutions to the perfect cavity) occurs along Ry=
0 and the perfect cavity resonant condition (A = 500 nm). Therefore, we plot the RET enhancement
in the near-resonance situation under the constraint Ry = 0.1 nm, A # 500 nm (we use A = 500.01
and 499.24 nm instead) in Figure 1b. With this small wavelength shift (AA~ 0.01 nm), the
enhancement factor dramatically drops to around 9, i.e., the strong enhancement along the z
direction only exists in a very narrow wavelength interval. More importantly, this indicates that it
is difficult to use the cavity mode to enhance RET for this system. In addition, we found that
significant suppression also occurs around the near-resonant wavelength. Such suppression
together with a weak rate enhancement involving interference between the infinite intermediate
electromagnetic states including the resonant cavity mode and non-resonant cavity modes, is
summarized in Scheme 1. Here the terms “resonant” and “non-resonant” illustrate the energy
alignments between the energy levels of donor/acceptor (degeneracy) and the intermediate states
of the cavity. Moreover, interference between the two types of modes leads to wavelength
dependence in the RET suppression (anti resonance) together with the strong RET enhancement
(resonance) and an asymmetric Fano-like line shape, which has also been reported in the
microwave regime.”’ Detailed derivations are shown in the Supporting Information. In brief, the
pathways of energy transfer through the infinite non-resonant cavity modes are opposite in sign
but similar order of magnitude in their contribution to the coupling factor compared with that
involving the resonant cavity mode, leading to suppression and weak enhancement in RET (Figure
S1). The numerical simulations and analytical solutions indicate that neglect of the infinite non-

resonant cavity modes would lead to overestimation of the rate enhancement.

10



Infinite
Initial state | Intermediate states Final state
DA} | DALY | DA {0})

D,A.{0,0,0,1...})

|D.A,{0,0,1,0..}) i/\/\

Non-Resonant modes

‘D A,{1,0,0,0 }> E i Resonant mode
b 9 b b) 9 PR : :
]

Scheme 1. Schematic illustration of RET through cavity modes in the FP cavity. D and A indicate
the electronic ground states of the donor and acceptor, respectively. * denotes the excited electronic
states. {0} and {1} are the sets of the cavity modes occupied by 0 and 1 photon, respectively. The
red and blue circles represent the donor and acceptor respectively.

In comparison with the EFy, in the perfect cavity, the EFy in the silver cavity shows the
similar interference patterns, but with additional characteristics (Figure 1¢). Here we set the metal
thickness as 35 nm resembling most of the experimental conditions.**” In such a silver cavity, the
resonance wavelength changes from the sharp distribution at 500 nm to a broad distribution
ranging from 560 to 600 nm. The redshift of the resonance wavelength arises from the skin effect,
and its magnitude is related to the calculated skin depths d of the silver thin film in the UV/Visible
regime (6 = 22 ~ 29 nm) (Figure S2). Note that the skin depths in the silver thin film calculated
by the FDTD method are similar to the ones found for circular hole arrays drilled in silver thin
films at wavelengths over 500 nm.” In addition, in the UV/Visible regime, the transmission and
absorption of the silver plates further increases the cavity loss, leading to the smaller EF ~ 2 than
in the perfect cavity. Furthermore, the cavity-resonant wavelength strongly depends on the
dielectric constant of the medium between the two metal plates, which is supported by the

redshifted cavity-resonant wavelength (~870 nm) in the medium SiO; (Figure S3). Similar
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phenomenon has been analyzed in metal spheres coated with dielectric mediums (core/shell
structure).”® Moreover, due to the effect of bulk plasmons (~330 nm), the enhancements at 335

nm are higher as the acceptor approaches the metal surface.’®

In addition to the RET enhancements along the cavity axis, the cavity modes also influence

the RET along the direction parallel to the plane,® 74

which is elaborated in Figure 1d-1f. Figure
1d considers RET enhancement when the acceptor moves along the y direction, with Figure 1e
showing the dependence of EFw on Ry for the perfect cavity, and Figure 1f for the silver FP cavity.
Both cavities exhibit significant enhancements in the intermediate-field regime due to the
contributions from cavity modes. Note that there is no space confinement for the propagating
direction of the cavity modes, like waveguide modes. A previous study reported that the coupling
factors of the cavity modes have 1/ Ry dependence when kRy > 1 (far-field regime),’* and here we
show how this evolves into the near-field. Similar result exhibits in the system with both the
transition dipoles of the donor and acceptor aligned along the y direction (Figure S4). By contrast,
as the transition dipoles of the two molecules and the cavity axis have the same direction, the EFy,
shows negligible enhancements since the direction of the dipoles is perpendicular to the electric
fields of the cavity modes (Figure S5). These results reveal that cavity modes can assist RET
enhancement along the direction with no space confinement once the dipoles are aligned with the
electric fields of cavity modes. In addition, cavity loss for the silver cavity leads to a decrease in
EFw and a broadening of the peak in EFy in the 400-600 nm wavelength domain. In comparison
with the sharp distribution in the perfect cavity, spectral broadening in the silver cavity may
provide a more convenient platform for optimizing the RET enhancement. Here we clearly show
that strong RET enhancements cannot occur when two molecules along the cavity axis in a silver
cavity, but strong RET enhancements can occur when two molecules along the y axis (Figure 1d).

36-40, 68

Our finding subverts the physical pictures in the previous studies, which may provide a key

insight in long-range RET.

12



3.2. Thickness dependence of EF in the silver cavity
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Figure 2. Metal thickness dependence of the EF in the FP silver cavity with the donor located at
the center of the cavity. d denotes the thickness of metal plates. (a) and (b) are the R, dependence
and Ry dependence of enhancement factors respectively.

Tuning metal thickness is a common approach to control the cavity loss in experiments.’”
7 However, almost all studies put emphasis on RET in a perfect cavity, and the effect of cavity
loss on RET rates is still unclear. To clarify the effect of cavity loss on RET, we change the metal
thickness d from 35 nm to 100 nm (Figure 2) of a silver cavity and explore the metal thickness
dependence of the RET enhancements in the silver FP cavity. Based on the wavelength dependence
in Figure 1, we focused on three types of wavelengths: cavity resonance (590 nm), off resonance
(440 nm) and surface plasmon resonance (350 nm) to simplify the discussion. As for the R,
dependence (Figure 2a), under the cavity resonance condition and the surface plasmon resonance
condition, the EFy, slightly increases at long distance (R, >80 nm) as the metal thickness increases.
This could be understood by the fact that the increase in metal thickness can create better
confinement for the cavity modes and enhance the silver intraband absorption (which assists RET).
According to the weak enhancements in Figure 2a, tuning the metal thickness cannot significantly

improve RET rates for the donor and acceptor located along the z direction. Note that we chose to
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study the enhancement factors instead of the coupling factors because the coupling factors cannot

exhibit distinct differences in silver cavities with different thicknesses (Figure S6).

As for the Ry dependence (Figure 2b), the increase in metal thickness significantly
improves the rate enhancement (EFy > 20 at Ry > 100 nm) under the cavity resonance condition
because the direction from the donor to acceptor is parallel to the propagating direction of the
cavity modes. On the other hand, the increase in metal thickness does not affect the EFy in the
plasmon resonance case because the acceptor at the cavity center is far away from the zone of
surface plasmon polaritons (SPPs). The other evidence in the plasmon resonance situation is that
the EFw is smaller than 4 in Figure 2, indicating that the mechanism is not related to SPPs.%
According to the above results, in spite that the Ry dependence of the EFy in the thicker silver
cavity (d = 100 nm) is still far from the one in the perfect cavity, it is no doubt that increasing

metal thickness can enhance the RET enhancements along the y axis.

3.3. Influence of the position of the donor in the silver cavity
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Figure 3. Theoretical RET enhancement (EFw) in the FP silver cavity (d = 35 nm) with the donor
near the metal surface (5 nm). (a) The system with the donor (red) and the acceptor (blue) with the
displacement along the y direction (Ry). The transition dipoles of the donor and acceptor are
located along the z direction. The gray frame denotes the removed silver plate. (b) Ry dependence
of the EFy at the wavelength 350 nm (bulk plasmon resonance). The legend “single plane”
indicates the system without the framed silver plate.
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Previous studies indicate that the highest photonic density of states is located at the center
of the cavity according to the phenomenological single-cavity-mode models.*¢7- 3 However, it is
crucial to re-examine this concept in the framework of the macroscopic QED, which allows us to
consider the effects of infinite photonic modes. In addition, as dipoles are close to the metal
surface, the significant plasmonic effect will arise. As a result, it is crucial to elucidate how

plasmonic modes together with cavity modes affect the RET enhancements at the same time.

Let us now consider the EFw with the donor shifted from the center by 50 nm along the z
direction (75 nm above one of the metal plates). EFw, values for the silver FP cavity are presented
in Figure S7, and it is clear that these show a similar pattern to Figure 2. However, as the donor
approaches the metal surface (5 nm above one of the metal plates in Figure 3) with the transition
dipole along the z direction, a significant enhancement EFn ~ 300 occurs at Ry = 65 nm for a
wavelength of 350 nm. Note that we assume that no electron transfer is involved in the RET
process. To clarify the origin of the enhancement, we evaluated the EF, in the system without the
framed silver plate, which shows almost the same behavior as the one in the cavity (Figure 3b).
The decrease in EFy for Ry > 65 nm arises from destructive interference between the charge
antisymmetric and charge symmetric modes of surface plasmons, as has been discussed in a
previous report.” In addition, the system with both the transition dipoles of the two molecules
aligned along the y direction also shows the significant enhancement EFn ~ 100 occurs at Ry =
100 nm for a wavelength of 350 nm (Figure S8). Due to the contribution of the cavity modes
(Figure S4), the enhancements in the FP cavity are slightly higher than the ones above a single
silver plane. The results, together with the resonance wavelength verifies that the enhancements
are not majorly relevant to the cavity modes but to the SPPs. The overlap of the EF in the cavity
and above a single plate reveals that the enhancements caused by the SPPs are much stronger than
those caused by the cavity modes. According to Figure 2b and 3b, significant long-range energy

transfer can be achieved through the cavity modes or the surface plasmon polariton modes.

It is interesting to summarize the results presented so far in terms of concepts that are
associated with H and J molecular aggregates. Here we use “H/J dimer” to represent the side-by-
side/head-to-tail alignments of the transition dipoles. Based on the above results for the FP silver
cavity, the RET enhancements are summarized in Scheme 2. First, when the displacement vector

between the two molecules is aligned with the cavity axis (H-1 and J-1), the cavity modes cannot

15



give strong RET enhancement (EFw < 10) due either to interference between resonant and non-
resonant cavity modes (H-1 case) or to the orthogonality of the transition dipoles and the electric
fields of the cavity modes (J-1 case). Second, when the displacement vector between the two
molecules is perpendicular to the cavity axis, the large RET enhancements can occur (H-2 and J-
2) for those cavity modes whose electric fields are aligned with the transition dipoles. Third, if the
dimer is near the metal surface (within the range of the SPPs), the surface plasmon modes can
render significant RET enhancements (H-4 and J-3). This information is beneficial to experimental

designs to realize long-range RET in FP cavities.

(a)

H dimer
(side-by-side) ® - i
® ® ® ©
D A ® < <—
H-1 H-2 H-3 H-4
Enhancement < 10 Enhancement > 10 Enhancement < 10 Enhancement > 100
(b) (cavity mode) (SPP mode)
J dimer
(head-to-tail) ‘1’ ‘1’
e — N
D A l’ l’
J-1 J-2 J-3
Enhancement < 10 Enhancement > 10 Enhancement > 100
(cavity mode) (cavity + SPP mode)

Scheme 2. Summarized RET enhancement in the silver FP cavity. (a) The system with the donor
(red) and the acceptor (blue) with the side-by-side alignment (H dimer). The labels “@” indicate
the direction outward from the plane of the figure. H-1 and H-2 correspond to the results in Figure
1. H-3 denotes the result in Figure S5d-5f. H-4 represents the result in Figure 3. (b) The system
with the donor (red) and the acceptor (blue) with the head-by-tail alignment (J dimer). J-1
corresponds to the result in Figure S5a-5c¢. J-2 represents the result in Figure S4. J-3 denotes the
results in Figure S8.
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3.4. EF in a square silver cavity
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Figure 4. Theoretical RET enhancement (EF) in the square cavity with the donor located at the
center of the cavity with the metal thickness d = 100 nm. (a) The structure of the 2D cavity with
the transition dipole of the donor along the x direction. (b) Spatial dependence of the EF under
cavity resonance (A= 427 nm). The origin is set at the center of the square cavity.

How to design photonic structures to control light-matter interactions is a key concept in
nano optics. To demonstrate RET can be significantly changed via material structure designs, we
take a square silver cavity as an example, as shown in Figure 4a. Here we chose the metal
thickness as 100 nm for effective confinement. With these settings, the spatial distribution of the
EFu in the first quadrant of the yz plane is presented in Figure 4b, showing a remarkable EF ~
280 at the location (Rz, Ry) ~ (65 nm, 65 nm) at the wavelength of cavity resonance (A= 427 nm).
This applies to both the H-1 and H-2 cases from Scheme 2, as they are rendered equivalent by the
cavity design. Note that the electric field associated with the cavity modes in this case is always in
the x direction, so the only J-dimer case that would have significant enhancement would occur
when the dipole directions are along x. The resonance wavelength has been examined through a
wavelength scan of EFy with the acceptor at (R,, Ry) = (65 nm, 65 nm) under a wavelength
resolution of 0.25 nm (Figure S9). Note that the inversion symmetry of the square FP silver cavity
(the origin at the center of the square cavity) leads to the same result for EFy, in other quadrants.
Intriguingly, the additional confinement increases the energy of the cavity mode and results in a
blueshift of the cavity resonance wavelength compared with that in the FP cavity. In addition, to

verify whether the enhancements arise from the cavity resonance, we removed one of the plates of
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the rectangular cavity, and the EF returns to the behavior in the FP silver cavity (Figure S10),
i.e., the EFn enhancement by the confinement is associated with the cavity mode. Our simulations
validate that RET can be significantly enhanced by cavity modes in a square silver cavity. In
addition, this result reveals that the FP cavity is not the only choice to modulate the long-range
RET rate. Moreover, through our approach based on the framework of macroscopic QED together
with the FDTD numerical simulation, it is feasible to achieve strong RET enhancements via

theoretical photonic designs before carrying out experiments.
4. Conclusion

In this study, we have investigated RET enhancements in nanocavities using the
generalized RET theory combined with the FDTD method. The main findings can be summarized
as follows. First, when the displacement vector between the two H-dimer molecules is aligned
with the cavity axis (the normal direction to the surface of the FP silver cavity), interference
between resonant and non-resonant cavity modes causes weak energy transfer, with EF, < 10, and
rate suppression in the FP cavities. In addition, for the same alignment, increase in metal
thicknesses or moving of the donor position cannot significantly improve EFw. Suppression of
energy transfer is also found for the J-dimer case, because the dipoles are perpendicular to the
cavity field. Second, when the displacement vector between the two H-dimer or J-dimer molecules
is perpendicular to the cavity axis, the cavity modes can result in large RET enhancement in the
system as shown in some cases, and the surface plasmon polariton modes engender significant
RET enhancements if the molecules are in close proximity to the surface. Third, the square FP
silver cavity seems to be one of the solutions for significantly enhancing long-range energy
transfer. Here we first demonstrate how cavity modes and plasmonic modes influence the RET
enhancements in the UV-Vis regime in the silver cavities (highly dispersive and absorbing, i.e.,
realistic cavities). In addition, we provide a simple but clear approach to simulate the RET
behaviors resembling real systems, which paves ways for experimentalists to design dielectric

environments to achieve highly efficient long-range RET.

Our simulations are reliable because the experimental results together with the analytical

28, 68

solutions to the perfect cavity are consistent with numerical solutions done here based on the

FDTD method (Figure S11). In addition to the system of perfect cavities, our previous study® has
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shown that, for the light-matter coupling strength in plasmonic nanocavities, the coupling strength
given by our theory is quantitatively in agreement with the experimental results from Cavendish
Laboratory.®! Hence, we believe that the scientific value of this work far exceeds the previous
theoretical models using perturbation expansion and cavity QED considering single cavity mode
only because we can describe both multiple cavity modes and plasmon polariton modes at the same
time. Note that our study only clarifies the RET processes with one pair of donor/acceptor in the
nanocavity. In other words, collective RET effects in molecular ensembles or molecular aggregates
are not considered here,*” and this effect deserves further exploration. In addition, this study does
not cover RET processes involving polariton formation for the initial state (strong light-matter
coupling),?”- 3637 3% which is also a key issue concerning RET. Moreover, since the light-matter

8283 it is easier for

coupling is proportional to the square root of the number of molecules,
molecular aggregates to achieve strong light-matter interaction and form molecular polaritons than
for isolated molecules. To investigate this collective RET effect and establish the theory of RET
for strongly coupled molecular aggregates will require additional work, but the present study

provides important steps toward solving these tangled issues.
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Relationship between EFw, and EFeyp, analysis of the RET in the perfect FP cavity, skin depths of
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directions of displacement vectors, coupling factor in a silver FP cavity with different metal
thickness, wavelength scan of the EF¢ for the rectangular silver cavity with the acceptor at (Rz,
Ry) = (65 nm, 65 nm), RET enhancement in the rectangular silver cavity without one silver,
comparison of the EFu between the FDTD method and the analytical solution in a perfect cavity
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