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Plasmonics has been demonstrated to provide fine tuning of the emission properties of single
quantum sources (brightness, polarization, directivity, spectrum, lifetime...). However, sig-
nificantly less is known about the role of surface plasmons in mediating subwavelength
Forster resonant energy transfer (FRET) when a second emitter is introduced. Here, we
report microwave experiments showing that excitation of surface waves on a dedicated
metasurface can strongly mediate FRET in the near-field regime. This work paves the way for
metasurfaces engineered to control dipole-dipole energy transfer with applications in lighting
sources, photovoltaics, quantum information processing and biophysics.
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field nonradiative energy transfer between a quantum donor

and an acceptor!. In the visible range, FRET is the dominant
process governing energy transfer for donor-acceptor distances
between 3 and 20 nm, and as such, FRET plays a key role in solar
light harvesting®3, organic lighting sources®?, single molecule
biophysics®, and biosensing’. FRET is also important in the
context of quantum many-body systems3-10,  strong
coupling!!1-13, and cooperative dipole-dipole interaction!4-16.

For a single quantum emitter, it is well understood that the
spontaneous emission can be controlled by the photonic envir-
onment via the local density of optical states (LDOS)!7:18,
However, the extension of this concept to the control of the FRET
between two emitters (two dipoles) has led to a wide range of
observations and seemingly contradictory conclusions between
enhancement!®=29, no effect39-37 or quenching3$-4°. For very
short dipole-dipole separations R below A/100 (deeply sub-
wavelength), the FRET rate is generally not modified or weakly
modified by the photonic environment?1:3%:3436.37 In contrast,
for large R exceeding several wavelengths (far-field regime), the
presence of propagating surface plasmon*!~#3 or waveguide
modes#44> can dramatically enhance the coupling of energy
between dipoles. However, this is the regime of common radiative
energy transfer with a distance dependence of 1/R2 in free space,
rather than the Forster near-field energy transfer regime with its
characteristic distance dependence of 1/R®. However, much less is
known for intermediate dipole-dipole separations between 1/100
and 1/2, corresponding to the near-field regime#0-48. The direct
energy transfer between donor and acceptor for the distance 1/3
was demonstrated through the use of an optical topological
transition (OTT) in a metamaterial*®. While rich physics is pre-
sent in this near-field regime, FRET experiments in optics fail to
measure the energy transfer rate for separations exceeding 15 nm
or 1/40%7.

Another unanswered question in optics concerns the influence
of surface plasmons on FRET. While the theory for absorption-
less and dispersion-less media predicts that the FRET rate is
unrelated to the LDOS3%3L, the influence of surface plasmons on
real metals has not been settled!%21:24:30.34:42 Whereas a recent
comprehensive theoretical investigation by Cortes and Zubin? is
consistent with experiments, we report experiments that settle
this issue definitively. Experimental demonstrations of this effect
are challenging because the required accuracy of controlling the
positions and orientation of the donor and acceptor molecules is
difficult to achieve.

Here we use the precise control of the experimental conditions
available in the microwave domain to investigate the influence of
the electromagnetic environment and surface plasmons on FRET
in the near-field regime of the emitters (with a separation ranging
from A/20 to A/2). We introduce a dedicated metasurface to
support surface waves similar to surface plasmons on metal
boundaries in optics but at microwave frequencies®->2, The
comparison with the perfect electric conductor (PEC) readily
shows the influence of the surface waves on near-field FRET. We
work in the frequency domain 4-4.5 GHz and all the results are
scaled in units of koR =27R/A to provide relevant information
and guidelines for the optical domain, where such measurements
are not feasible. Our work unambiguously demonstrates the
ability of surface waves to enhance FRET in the near-field regime.

F orster resonance energy transfer (FRET) describes the near-

Results and discussion

The metasurface design supports TM-polarized surface waves
thanks to the square lattice of miniaturized crossed slots cut from
a copper sheet with a subwavelength periodicity in both
directions®>~>%, The metasurface unit cell, shown in Fig. 1a and b,

is etched in a 20 pm-thick copper film placed over an FR-4
substrate with dielectric permittivity &, = 4.9 + 0.1i as depicted in
Fig. 1b. The unit cell has dimensions a=8mm, h=1.9
mm,w; =7 mm, w, =5mm, and w; = 0.5 mm. This metasurface
can be classified as an inductive (aperture-type) frequency-
selective surface supporting plasmon-like surface waves at fre-
quencies below 4.5 GHz as shown by the dispersion curve of the
first propagating mode (Fig. 1c). The design of the unit cell
imposes a Bloch-type surface mode presenting hot spots of the
electric and magnetic field at distances smaller than the period
from the metallization. In Supplementary Note 1 we discuss the
detailed field pattern of the surface wave (calculated using an
eigenmode solver) and show that it explains the near-field
interaction between a dipole with different orientations with the
unit cell. In Supplementary Note 2, we show a close similarity
between the frequency-normalized dispersion relations for the
metasurface in the microwave regime and silver in the optical
regime (Supplementary Fig. 2).

To confirm experimentally the excitation of surface waves on
the metasurface by parallel and perpendicular electric dipoles, we
use a near-field microprobe (Langer EMV-Technik MFA 01) to
map the magnetic field in the vertical plane. The results are
shown in (Fig. 1d)*>. We display the magnetic field in Fig. 1d
since it has the best signal-to-noise ratio in our experimental data.
Electric and magnetic field maps are compared in Supplementary
Note 3. The goal of Fig. 1d is to demonstrate the appearance of
surface waves in the presence of the metasurface, compared to the
PEC mirror. For both dipole orientations, a surface wave is
observed as a field bound to the metasurface far away from the
source, in excellent agreement with the numerical simulations.
When the metasurface is replaced by a copper plate (equivalent to
a perfect electric conductor PEC at microwave frequencies), no
surface wave is detected, again in accordance with numerical
predictions (Fig. 1d). Altogether, these experimental data
demonstrate that surface waves are supported by our metasurface,
in close similarity with surface plasmon polaritons in optics.

To investigate the dependence of the FRET rate and LDOS as
functions of the inter-dipole spacing and their height over the
metasurface, the dipoles are connected to a vector network ana-
lyzer (VNA, Anritsu model MS2036C and the scattering matrix
coefficient S;, for two dipoles?? and coefficient S,, with the
absence of the acceptor dipole. The same quantities S), and S9,
are measured when the same dipoles are placed in homogeneous
space. The LDOS enhancement with respect to the homogeneous
space is defined as>0->8
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where Z;,, and Z)), are the input impedances of the dipole in the
presence of the metasurface and the homogeneous space
respectively normalized to a wave impedance of the connected
port, defined as
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The FRET rate enhancement factor is given by?1-22
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The dipoles are moved by a programmable 3D positioning
system with sub-mm accuracy, corresponding to 1/60, to recon-
struct the dependence of the LDOS and FRET rate enhancement
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Fig. 1 Metasurface supporting surface waves in the microwave regime and its excitation with a horizontal (parallel) and vertical (perpendicular)

dipole. a lllustration of the unit cell (a =8 mm, h=19 mm, w; =

7 mm, w, =5 mm, and w3 = 0.5 mm). b Photograph of the metasurface and probe used as

a dipole source. ¢ Dispersion curve of the first propagating surface mode of the metasurface, calculated using the eigenmode solver of CST Microwave
Studio 2019. The shaded region indicates the range of deviation due to +4% variations in the unit cell dimensions (the influence of the dipole's position
respective to the metasurface unit cell described in Supplementary Note 1). d Simulated and measured magnetic field maps of a parallel and perpendicular
dipoles in the presence of the metasurface and near a plane made of perfect electric conductor (PEC), showing that surface waves are excited near the
metasurface. The source dipole is located 5mm (4/14) from the mirror. We plot the z component for the parallel dipole and the y component for the

perpendicular dipole.

factors with the height z respective to the metasurface plane and
the inter-dipole separation R.

We discussed earlier that the relationship between the LDOS
and the FRET rate has not been definitively settled!®-40. There-
fore, before discussing our FRET measurements we first present
measurements of the evolution of the LDOS enhancement rate
with height z to the boundary (Fig. 2a, b). The copper plate (PEC)
provides the benchmark to test the validity of the experimental
data, as analytical solutions based on the theory are available for
this casel”-18, For both parallel and perpendicular dipole orien-
tations, our experiments are in excellent agreement with the
Green function theory. For the parallel dipole, destructive inter-
ferences with the dipole mirror image lead to vanishing LDOS in
close vicinity to the PEC surfacel”, while for the perpendicular
dipole, constructive interference enhances the LDOS by a factor
of 2. Replacing the copper plate (PEC) with the metasurface
introduces a major difference for LDOS at short distances for
which kyz <1 (Fig. 2a, b). Similar to plasmonic metal mirrors in
optics®®, the excitation of the surface mode introduces novel
energy decay pathways leading to a clear increase of the LDOS for
both parallel and perpendicular orientations, in very good
agreement with the numerical simulations!”>18. Our results also
show that the surface mode decays quickly in z, such that the
source dipole needs to approach the boundary at a distance not
larger than 1/6 (kyz< 1) to excite surface waves.

We now turn to our FRET measurements, showing the evo-
lution of the FRET rate enhancement with the height z to the
surface, keeping the dipole-dipole distance constant at R=1/7
(koR = 0.9). For the PEC plate (Fig. 2c), the FRET is quenched for
the parallel orientation at short distances to the boundary, in a
similar fashion as for the LDOS (Fig. 2a). In contrast, at close

distance to the PEC mirror and for the perpendicular orientation,
the theory predicts FRET rate enhancement factors of up to 4
times, since the dipole and its image add up coherently. Due to
the finite size of our dipole antennas, our experiments could not
approach sufficiently close to the PEC mirror to measure this
enhancement in the perpendicular configuration. Otherwise, the
PEC results for both orientations are in very good agreement with
the theory described in ref. 3! for lossless and weakly dispersive
systems. For the metasurface, high FRET enhancements above
10x are reached for both orientations at heights kyz <1 (Fig. 2d).
The presence of surface waves supported by the metasurface
radically modifies the energy transfer by opening new
dipole-dipole coupling routes in the near-field. This directly
highlights the specific role and influence of surface waves in the
FRET process.

Finally, we show the FRET enhancement as a function of the
dipole-dipole separation R (Fig. 2e, f), keeping the dipole-
surface height constant at z=1/14 for the parallel orientation
and z= 1/10 for the perpendicular case (due to the finite size of
the dipole antennas used in the experiment, we are restricted in
the minimum distance to the boundary for the perpendicular
orientation). The acceptor dipole is then moved away from the
donor dipole, keeping the same orientation and distance to
the boundary. For both parallel and perpendicular orientations,
the results with the metasurface clearly differ from the PEC
case, highlighting again the significant role played by surface
waves in mediating the dipole-dipole energy transfer. For a
lossless PEC mirror, the FRET rate enhancement at distances
(koR > 2) tends to follow the radiative rate enhancement of the
source donor dipole, since for these large koR values the energy
transfer is dominated by the far-field radiative transfer. For a
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Fig. 2 The influence of surface-wave excitation on the near-field interaction processes between two dipoles. a, b Local density of states (LDOS)

enhancement as a function of the height z between the plane of the dipole’s center and the boundary plane for parallel (a) and perpendicular (b) orientation
of the dipoles. ¢, d FRET rate enhancement as a function of the height z between the plane of the dipole’s center and the boundary plane for the same
orientation. The dipole-dipole distance is set at koR = 0.9, corresponding to R=41/7. e, f FRET rate enhancement as a function of the distance R between
the two dipoles. For e, the height is set at koz = 0.47, corresponding to z=1/14, while for f due to the finite size of the dipoles, we switch to koz= 0.6,
corresponding to z=4/10. In ¢, e both dipoles have parallel orientation to the surface and perpendicular orientation in (d, f). In all the graphs, markers
correspond to experimental data while lines are numerical calculations. The technical error associated with measurements is described in the “Methods”

section.

parallel dipole next to the PEC mirror, the source and its mirror
image interfere destructively!”, so the intensity radiated by the
donor dipole is quenched, and the FRET rate constant decreases
as compared to the free space reference. For the perpendicular
case, the source dipole and its mirror image are in phase,
resulting in a doubling of the generated field. Therefore, the
FRET rate enhancement is around 4 at large kyR values.

In the case of the metasurface, the presence of surface waves
and nonradiative losses strongly modify this behavior. For the
metasurface, we observe FRET enhancement in a specific region
of koR between 0.7 and 2.5 corresponding to distances of
between A/9 and A/3. Due to the presence of the discrete unit
cells, oscillations are expected as the acceptor is moved away
from the source (corresponding to the nodes seen in Fig. 1d)).
The numerical simulations also support the oscillations
observed at kopR=1.1, 1.8, 2.5,... in Fig. 2e. We find a typical
oscillation period of 0.7 which corresponds well with the 8 mm
size of the unit cell. The finite size of the dipoles used in our
experiment results in averaging of the measured field over their
surface, thereby reducing the resolution of the field oscillations
in the experimental data. However, the overall trend is still
clearly observable.

Having values for both the FRET rate and LDOS enhance-
ment as a function of the distance to the boundary, we can
reconsider the data in Fig. 2a-d to study the dependence
between FRET and LDOS enhancement factors for both the
metasurface and the PEC (Fig. 3). For the PEC plate and per-
pendicular dipole orientation, the FRET shows no correlation
with the LDOS, experimentally confirming the general theory
in3! for absorption-less and dispersion-less media. For the

metasurface, a trend of linear relationship between FRET and
LDOS is found for both dipole orientations. In this case, the
surface waves play a major role controlling both the LDOS and
FRET in the near-field. The surface waves contribute to enhance
the donor dipole electric field defining the Green’s function
which in turn leads to an increase in both the LDOS and the
FRET ratel. Consequently, an approximately linear relationship
between FRET and LDOS appears in the case of the metasur-
face. This result can be extended to other geometries used in the
visible regime like cylindrical metal apertures?427-2%, plasmonic
nanoparticles?>3¢39, and nanoantennas2>28-37 where surface
waves also play a key role. However, for other geometries where
surface plasmons have a lesser influence—like a resonant planar
cavity for instance— then no direct relationship between FRET
and LDOS is to be expected?1:22:33:3443 The LDOS depends on
the imaginary part of the donor’s field at the source position,
while the FRET rate depends on the square modulus of the
donor’s field at the acceptor’s position21-22, The main difference
of the metasurface as compared to PEC or lossless planar cav-
ities is best seen for intermediate donor-acceptor separations
with kgR around unity. In this case, metasurface waves play a
key role in mediating energy transfer. However, for
smaller separations koR < 0.3, the donor’s field at the acceptor
position remains essentially unchanged as compared to free
space (Fig. 2e, f), so the FRET rate remains unchanged,
although the LDOS may still be affected. A comparison of the
FRET gains and LDOS found with the metasurface relative to
the PEC is shown in Supplementary Note 4 and Supplementary
Fig. 4. Our data contribute to solve the long-lasting debate
about the FRET-LDOS relationship!®30 by settling clearly the
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Fig. 3 The LDOS vs. FRET enhancement factors diagrams. The enhancement factor diagrams for the metasurface (a), and the plane made of perfect
electric conductor (PEC) (b). The data corresponds to the experimental results of Fig. 2a-d, with a dipole-dipole distance R= /7. Empty markers

connected by dashed lines correspond to parallel dipole orientation, while filled markers and solid lines are for the perpendicular ones. The markers are
shown for different heights z to the boundary, the number next to each data point indicates the normalized distance koz = 27z/4. When the distance z

increases, all the curves converge towards the free space (1,1) value.

specific role and influence of the surface waves on planar
mirrors.

Conclusion

In conclusion, we have experimentally and numerically shown the
strong influence of the excitation of surface waves on both LDOS
and FRET. Owing to experimental difficulties in optics, the sur-
face plasmon role was never clearly settled before, leading to a
debate among the community!%21,2430.3442 Here, our data
unequivocally demonstrate the strong influence of the surface
waves on determining the local enhancement for both LDOS and
FRET. The comparison with the PEC case provides direct evi-
dence for the qualitatively different effect of the metasurface and
serves as an independent control following Green’s function
theory. In addition to the deeply subwavelength (R <1/100) and
the far-field (R>\) regimes commonly considered in the litera-
ture, our general methodology based on microwave analogy also
allows to explore the near-field regime with distances between A/
20 and A/2, which remains challenging to measure directly in
optics?”>#8. This work paves the way for new metasurface con-
cepts where the near-field energy transfer is controlled by engi-
neering surface wave propagation in optics, microwaves, and
acoustics. The enhanced energy transfer range can benefit various
applications to improve light-harvesting photovoltaic devices,
quantum many-body interactions studies and biomolecular FRET
imaging.

Methods

In both experiments and simulations, we use dipoles with a
10 mm total length, 2 mm width, and a 2 mm gap between the
branches. We work in the frequency range from 3 to 5 GHz, thus
the dipole resonance frequency remains well outside the fre-
quency range and the dipoles are small enough not to affect the
results while still providing enough signal.

Numerical calculations. A numerical model of the full-size
sample of the metasurface with a size of 25x25 unit cells
(200 x 200 mm?) and dipole antennas was built in the software
CST Microwave Studio 2019. Dipoles were driven by the discreet
ports placed in the gap between the branches. For a computation
of the LDOS and FRET enhancement, we used a transient solver
to obtain scattering parameters.

10 mm dipoles made
of coaxial cabels

Fig. 4 Photo of the electric dipoles used in the experiments. The 10 mm
dipoles are made from a coaxial cable and fixed on the foam spacer.

Experimental methods. For the experiments, we fabricated the
10 mm dipoles from a coaxial cable of 4 cm length and connected
them to a vector network analyzer (VNA, Anritsu model
MS2036C) through 1 m coaxial cable for direct measurements of
the scattering matrix coefficients S;; and S,;. The VNA was
calibrated over the complete frequency bandwidth considering
the presence of the coaxial cables. The two dipoles are held on a
foam spacer of ~¢ =1.08 dielectric permittivity. Dipoles are
shown in Fig. 4. For the measurements of the FRET rate
enhancement and LDOS as a function of the height z, two dipoles
were fixed at a 10 mm distance from each other, and the center of
the plane (copper plane or metasurface) was moved by a pro-
grammable 3D positioning system for near-field measurements.
For the evaluation of the FRET rate enhancement as a function of
the distance R, one of the dipoles was fixed on the plane and the
second one is moved by a 3D positioning system away from the
first dipole and parallel to the plane.

The smallest measured values of the transmission coefficient
for such small dipoles are up to 5%1073 for the parallel dipole
orientation. For the perpendicular case we used the spatialized
electric field probe was used (MVG SAR PROBE SN 17/21
EP353) since the signal power is even lower and it was up to
3*1078 V. A technical error associated with VNA measurement
is around 3*10~% and for the electric field probe is around
1*10~? V, which is smaller than the data points on the graphs
and does not affect the FRET rate enhancement calculations.
We note that we performed direct individual measurements,
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and no statistical analysis was done in this work, thus statistical
or systematic error analysis is not applicable. The highest
measured values for the LDOS near the Metasurfaces are at
f=4.23GHz and f=3.98 GHz for the parallel and perpendi-
cular orientations, respectively. The corresponding simulation
results are f=4.32GHz and f=4.22 GHz, respectively. The
difference between the numerical simulations and experiments
is likely to be due to inaccuracy in the etching dimensions of the
unit cell (the limit of the manufacturing corresponding to an
uncertainty of the unit cell dimensions of about 4%). These
measurements are highly sensitive to the dipole position on the
unit cell, the position of the cables and the position of the
second dipole. All the experiments reported here are performed
at these frequencies.

Received: 21 December 2022; Accepted: 11 August 2023;
Published online: 25 August 2023
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