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n recent years, there have been tremendous advances in the design and fabrication of new types of nanoscale optical
elements displaying surface plasmon resonances. Plasmonic devices have been very
successful in a wide range of applications,
including surface-enhanced Raman1,2 and
biosensing for healthcare, near-ﬁeld optical
spectroscopy,3,4 enhancement of light emission5,6 and photodetectors,7,8 and plasmonic
metamaterials.9,10 Analogous to radiowave
antennas, plasmonic nanoantennas are designed to eﬃciently convert optical radiation
into a nanometer-sized volume.11 Plasmonics
holds promise as a new paradigm for achieving truly nanoscale, ultrafast optical devices
in integrated photonic circuits.1214 Active
control of the properties of electromagnetic
resonances in nanoantennas is generally considered as an important landmark toward the
development of transistor-type nanodevices
capable of manipulating the ﬂow and emission of light.
In addition to standard dipole gap antennas, many new antenna designs have
been developed in recent years to optimize
speciﬁc properties such as directivity and
bandwidth, for example, bowtie antennas,
multiparticle clusters supporting Fanotype resonances,15,16 or 3D, layered antenna
designs.17 These more complex designs also
oﬀer new routes for nonlinear control beyond the standard symmetric dimer structures
because of the appearance of narrower spectral features associated with nonradiative
plasmon modes or, generally, a more intricate
dependence of the mode spectrum on the
nanoscale geometry.18
Recently, a simple new model system has
been proposed theoretically based on the
coupling between two nanorods of diﬀerent
length.1921 Some eﬀects of symmetry breaking have been investigated experimentally in
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ABSTRACT

We investigate theoretically and experimentally the structure of plasmonic modes in
individual asymmetric dimer antennas. Plasmonic near-ﬁeld coupling of high-order modes
results in hybridization of bright and dark modes of the individual nanorods, leading to an
anticrossing of the coupled resonances. For two bright modes, hybridization results in a
capacitive red shift and super-radiant broadening. We show that the properties of asymmetric
dimers can be used for nonlinear control of spectral modes and demonstrate such a nonlinear
eﬀect by measuring the modulation of a hybrid asymmetric dimer;ITO antenna. With use of
full electrodynamical calculations, we ﬁnd that the properties of the near-ﬁeld nonlinear
responses are distinctly diﬀerent from the far-ﬁeld, which opens up new routes for nonlinear
control of plasmonic nanosystems.
KEYWORDS: plasmon . nanoantenna . asymmetric dimer . Fano resonance .
nonlinear response . ﬁgure of merit

colloidal nanoparticle heterodimers consisting of diﬀerent sized nanorods and nanospheres.2224 As an extension of the highly
successful dimer gap antenna concept, asymmetric dimers may be of interest for a variety
of applications, such as sum-frequency generation, multifrequency sensors, and Raman
scattering.2527 Here, we present a combined
experimental and theoretical study to address
the optical response of individual asymmetric
dimers in both the linear and nonlinear regime. Comparison of experimental and calculated spectra conﬁrms the interference and
coupling of higher-order plasmonic modes in
the nanorods,2832 providing evidence of the
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Figure 1. Theoretical (a) and experimental (b) extinction spectra of individual asymmetric antennas composed of metallic
rods of diﬀerent length L1 (short rod) and L2 (long rod). Corresponding SEM images are shown in the center (scale bar, 600 nm).
The antennas are separated by a 20 nm gap; i.e., they are in an eﬃcient coupling regime. The total length of both antenna
arms is kept constant at Ltot = 600 nm excluding the gap. The length of the long rod L2 varies from 360 nm (bottom) to 540 nm
(top), with the length of the short rod L1 decreasing accordingly, as observed in the SEM pictures. A set of surface modes
labeled from A to E are identiﬁed in the theoretical spectra. Dashed lines are guides of the modes for the eye.

existence of two types of coupling depending on the
radiative nature of the modes.
RESULTS AND DISCUSSION
Experimental Spectra of Single Antennas. Figure 1 (center)
shows scanning electron microscopy images of selected asymmetric dimer antennas with a gap of
20 nm. The antennas consist of a short (L1) and a long
(L2) nanorod arm. The length of the long nanorod arm
(L2) is varied from 360 to 550 nm in steps of 10 nm.
Extinction spectra of the individual asymmetric dimer
antennas are shown in panel b of Figure 1, with
corresponding calculations shown in panel a. The
spectra show a pronounced dependence on the degree
of asymmetry, with good agreement between simulations and experiment. Dashed lines are guides for the eye,
ABB ET AL.

and the different labels from A to E mark points of
reference in the spectra for easy comparison with calculations presented further below (Figure 2). We can identify
the spectral peaks B and E as corresponding to the
fundamental dipole mode of the short rod (L1 = λeff/2,
with λeff being the effective resonance wavelength28). As
L1 decreases, L2 increases in length, producing a red shift
of the resonance from B to E. At a length of L2 ≈ 420 nm,
the dipole mode splits into two branches (marked by
points C and D in the graph). For L2 = 460 nm, another
crossing of modes is observed without splitting. The
fundamental dipole mode for the long antenna (L2 =
λeff/2) is located at a longer wavelength, that is, outside of
our experimental window. However, we can identify the
spectral peak at point A as corresponding to a higherorder bright mode of the long antenna (L2 = 3λeff/2).
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Figure 2. (ad) Spectral position of the resonances for an asymmetric dimer of total length Ltot = 600 nm as estimated from
the scaling law by Novotny33 applied to isolated antennas (a), as well as from full electrodynamical calculations of asymmetric
antennas weakly interacting (b), and strongly interacting (c,d). (eh) Same as (ad) for a total length of Ltot = 1000 nm. The
modes of the smaller rod are shown in blue in (a) and (e) and the modes of the longer rod in red. Bright modes are displayed in
solid lines, whereas dark modes are displayed in dashed lines.

Figure 1 conﬁrms experimentally that the crossing
of higher-order modes of the individual nanorods results
in a hybridization of the asymmetric antenna modes. To
get a complete picture of the underlying interference and
coupling between modes, we numerically investigate the
interplay between diﬀerent multipolar modes as a function of the ratio of the lengths of the two antenna
segments (L1/L2) using model calculations of the optical
response of an asymmetric antenna in vacuum. In our
calculations, the antenna dimers are modeled as two
cylindrical rods with radius R = 15 nm and hemispherical
end caps. The total length, including end caps but
excluding the gap, was set to 600 nm as in the experiments. We also calculated the additional case where the
antennas show a total rod length of Ltot = 1000 nm since
this situation reveals the interferences of even higher
modes (up to L1,2 = 5λeﬀ/2).
Modeling of Mode Interactions in Asymmetric Dimers. As a
first step toward the modeling of the mode interactions in the asymmetric dimer, we first study the modes
of each of the segment rods individually. For an overview of the modes sustained by the individual nanorods, we consider the effective wavelength scaling
formula given by Novotny,33 which in the approximation L . R can be expressed as

 
λp εs
nL
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 3
λ
 13:74
4πR
0:12 ε¥ þ 141:04εs

0:12 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
(1)

[ ε¥ þ 141:04εs ] 
εs
π
Here λp ≈ 138 nm is the plasma wavelength of gold,
ε¥ ≈ 11 is the inﬁnite frequency limit of the dielectric
function for gold, εs is the surrounding medium, n is the
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order of the mode, and L is the length of the nanorod
including the end caps.
Figure 2a shows the calculated positions for the
modes of the individual rods L = L1 (short) and L = L2
(long) constituting the asymmetric dimer for the case
where the total length Ltot = 600 nm, calculated according to eq 1. We plot in solid lines the radiative modes and
in dashed lines the nonradiative modes. Modes are
radiative if they have a nonzero net dipole moment;
the dipole moment depends on the order of the mode;
that is, odd multiples of λeﬀ/2 are radiative, and even
multiples are nonradiative.28 The modes corresponding
to the rod on the left blue shift as the rod length L1 is
decreased, while those of the rod on the right red shift
because of the increase in length L2. This situation leads
to the coexistence of modes that belong to each of the
segments of the antenna occurring at the same wavelength, and thus causing interference. Several crossings
between the fundamental mode of L1 and higher-order
modes of L2 are indicated by circles in Figure 2a.
Figure 2a represents the presence of modes in the
system, but the actual excitation of each mode is
determined by how eﬀectively the external driving
ﬁeld couples to the particular mode. Because of the
symmetry, dark modes as the ones represented by the
dashed lines in Figure 2a,e are not observed in simulations or in experiments since they cannot be excited
using standard plane wave incidence conﬁgurations.
Also the simple model of eq 1 does not take into
account the eﬀect of coupling on the position of the
modes but gives a good estimate of the wavelengths
where the coupling of modes occurs. The complete
eﬀect of the interaction can be unraveled with use of
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full electrodynamical calculations. Figure 2bd shows
the results for antennas formed by two asymmetric
segments of two diﬀerent values of the length of the
gap between the rods, 100 nm (b), 20 nm (c), and 2 nm
(d). For the 100 nm gap, where the interaction is small,
the calculations correspond quite well with the expected positions of the individual modes using the
simple model. As expected, the dark modes (dashed
lines) are not observed in the far-ﬁeld extinction. Only a
small dip is observed around the ﬁrst crossing point in
Figure 2b, which is the ﬁrst onset of a hybridization
between dark and bright modes. This hybridization is
observed more clearly in Figure 2c for the case of the
dimer with a 20 nm gap. In such a case, the hybridization is pronounced with splitting of modes at length
ratios of about L1/L2 ≈ 1:2 and 1:4. This behavior
is observed into greater detail for the nanoantenna
with a total length of Ltot = 1000 nm, as shown in
Figure 2eh. For the 2 nm gap, the splitting exceeds
the line width of the resonances, indicating that the
two nanorods are in the strong coupling regime.
To investigate into more detail the induced splitting, we plot both ﬁeld enhancement and phase of the
local near-ﬁelds in Figure 3 for modes C and D. Modes C
and D are spectrally located at each branch of the
mode splitting corresponding to a dimer of total length
Ltot = 600 nm and long arm length L2 = 420 nm. The
near-ﬁeld maps clearly show the bonding nature of the
mode at 950 nm (mode D), while the mode at 870 nm
(mode C) shows an antibonding proﬁle.3436 Another
feature visible in the phases is the induced charges at
the tip of the longer rod caused by the near-ﬁeld
coupling to the bright mode of the short rod.
Strength of Coupling. The strength of the coupling
between modes can be tuned by the distance between
the two antenna segments, as can be observed in
Figure 4a), where we plot the extinction spectrum of
the antenna versus gap size for an asymmetric antenna.
This behavior is confirmed experimentally in Figure 4b,
where the splitting of modes is measured in the
differential reflectance of asymmetric antennas with
different gap sizes of 10, 30, and 40 nm. This splitting
corresponds to the avoided crossing of dark and bright
modes due to coupling and gives rise to electromagnetically induced transparency (EIT).37,38 EIT is an effect
driven by the interference between excitation pathways that can occur in both quantum and classical
oscillator systems. Coupling between a bright and a
dark mode results in a near-perfect transparency of
the system on an otherwise strong absorption line.
The phenomenon is based on the modification of the
radiative mode by the presence of a dark, nonradiative
mode, which is excited through the near-field coupling
with the radiative dipolar mode.
In Figure 4a, we can observe how strongly the EIT
splitting is dependent on the dimer separation. In our
system, the splitting ﬁrst occurs at a separation of

Figure 3. Near-ﬁeld enhancement modulus and phase distribution in the plane perpendicular to the incoming wave
at the spectral position of the splitting modes (modes C and D)
for Ltot = 600 and 20 nm gap.

50 nm. With decreasing separation distances, we see
that the splitting becomes asymmetric. The bonding
mode red shifts in cubic dependence of the gap size, as
expected for dipoledipole interaction. The antibonding mode, however, blue shifts more slowly. This is
caused by the interaction of the plasmon in the shorter
nanorod with plasmons of much higher order in the
other rod, as already found in the case of spherical
nanoparticle dimers.34 The suppression of the bright
mode as a consequence of the coupling with the dark
mode is illustrated in Figure 4c, where the near-ﬁeld
distribution around the antenna is represented for
decreasing gap sizes from 200 nm down to 2 nm and
at a wavelength of 910 nm, that is, in the center of the
EIT window. For the large antenna gap, the short
nanorod shows a strong dipole mode; however, this
mode is almost completely suppressed for a small
antenna gap of 2 nm through coupling with the long
rod. We estimate the amount of energy transfer from
the short rod to the long rod by integrating the square
of the near ﬁeld magnitude |E| in Figure 4c over a
contour around each individual rod at a distance of
2 nm away from the edge of the rod. Figure 4d shows
the resulting values for the integrated |E|2 for the two
rods, normalized to the value for the short rod in
absence of the long rod. At large gap sizes, only a small
fraction of the mode energy is transferred to the long
rod via far-ﬁeld coupling. The integrated |E|2 of the long
rod reaches a maximum value for a gap size around
30 nm. This maximum arises because of the combined
eﬀect of an increased energy transfer and a suppression of the total mode intensity for small gap sizes, as is
illustrated by the black triangles in Figure 4d. In order
to assess the relative eﬃciency of energy transfer from
the short rod to the long rod, we also plot in Figure 4e
the integrated |E|2 for the two rods normalized to their
sum value. This method divides out the variation of the
total mode intensity and thus gives a measure of the
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Figure 4. (a) Extinction cross section of an asymmetric antenna with L2 = 410 nm and Ltot = 600 nm as a function of gap size. (b)
Experimental spectra of diﬀerential reﬂectance for the same asymmetric antenna for three diﬀerent gap sizes. (c) Near-ﬁeld
intensity maps at a wavelength of 910 nm (i.e., the center of the EIT window) were calculated for the same length ratio as in (a),
with gaps from 200 nm (top) down to 2 nm (bottom). Even at large gaps such as 200 nm, there is still an excitation of the
second-order mode of the long nanorod. For very small gap sizes, we observe a suppression of the near-ﬁeld enhancement in
the gap and a stronger excitation of the near-ﬁeld around the longer rod. (d,e) Integrated local-ﬁeld intensity |E|2 at 2 nm
distance around the short and long rods in the asymmetric dimers of (c) as a function of gap size. (d) Normalized to the total
integrated |E|2 of the two rods for inﬁnite gap; (e) same data but normalized to the total integrated |E|2 of the two rods at each
gap size. Energy transfer from the bright λeﬀ/2 mode of the short rod to the dark λeﬀ mode of the long rod is observed with up
to 76% eﬃciency. (f,g) Same as (d,e) as a function of wavelength and for a ﬁxed gap size of 10 nm.

eﬃciency of energy transfer to the long rod. We ﬁnd
a monotonous increase toward shorter gap sizes in
Figure 4e, which levels oﬀ for gaps below 10 nm. A
maximum transfer eﬃciency of 76% is found at a gap
size of 10 nm. The dependence on wavelength of the
integrated |E|2 values, for a ﬁxed gap size of 10 nm, is
shown in Figure 4f,g. Indeed, the maximum of energy
transfer eﬃciency to the long rod occurs at 910 nm
wavelength, that is, the center of the EIT window of
Figure 4a.
On the other hand, crossing of two bright modes
does not result in a splitting, as in EIT. Instead, the
coherent superposition of two bright modes results in
a capacitive red shift and a super-radiant broadening,
as can be most clearly observed in the spectra of
Figure 1 for L2 = 480 nm. In addition, we ﬁnd by
comparing the eﬃcient coupling case in Figure 2c,d
with the weakly coupled case in Figure 2b that the
strength of bright modes is signiﬁcantly aﬀected even
away from the crossings. For example, the 3λeﬀ/2 mode
of the long rod (mode A) is signiﬁcantly suppressed
below and enhanced above the crossing with the
fundamental λeﬀ/2 mode of the short rod (mode B).
This suppression as a function of coupling strength is
also observed in Figure 4a at the wavelength of 0.7 μm
and shows that the short rod couples into the modes of
the long rod and vice versa, even for conﬁgurations
where their individual resonances are not spectrally
overlapping.
Nonlinear Response of Asymmetric Dimers. We now consider the effect of mode coupling and EIT on the
nonlinear response of the asymmetric dimers. We
explore the response of an antennaITO hybrid
ABB ET AL.

system as a way to achieve a large optical nonlinearity
of the combined system,39 as previously reported for
symmetric antennas. The enhancement of the nonlinear response of antennaITO hybrids is based on
picosecond energy transfer of electronic and thermal
excitations generated in the gold antenna by a short
pulsed laser excitation. Fast electrons are excited in the
gold nanoantenna and injected from the antenna into
the ITO. The following thermalization of these electrons leads to heating of the immediate surroundings
and subsequent migration of electrons from the heated
region. This interaction produces a nonlinear refractive
index change of the ITO substrate directly surrounding
the antenna, enhancing the hybrid antennaITO nonlinear response.
We experimentally investigated the nonlinear response of an asymmetric dimer antenna with long rod
length L2 = 420 nm. The diﬀerential reﬂectance corresponding to extinction obtained through the spatial
modulation method is shown in Figure 5a, showing
the EIT crossing of the modes C and D from Figure 1.
The fast picosecond component of the nonlinear
modulation signal (i.e., after subtraction of a thermal
background) is shown in Figure 5b for a delay of 5 ps
between the arrival of pump and probe pulses. The fast
transient modulation has a typical decay time of 200
ps given by the cooling dynamics of the substrate.40
We can observe this time evolution of the nonlinear
response at diﬀerent wavelengths in Figure 5e. In
symmetric antennas, a red shift of the dipolar resonance was previously found resulting from a reduction
in the free carrier density of the ITO substrate.39 In our
case, the response of the asymmetric dimer shows at
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Figure 5. (a) Experimental spectra of diﬀerential reﬂectance ΔR/R acquired by spatial modulation spectroscopy for a dimer
with interference between the ﬁrst-order mode of the shorter rod segment and the second-order mode of the longer rod
segment. (b) Corresponding nonlinear signal for pumping energy of 60 pJ probed with a second pulse at 5 ps delay after the
pump pulse arrives, showing the complex dynamics taking place. Symbols Rε mark the spectral maxima and minima in the
nonlinear response for comparison between experiment and theory. (c,d) Corresponding spectra obtained with FDTD
simulations. In (d), the spectrum represented is the diﬀerential extinction cross section for a variation of ΔN = 6  1019 cm3
in free carrier density in the ITO. (e) Experimental time-resolved trace of the nonlinear signal. (f) Diﬀerence in extinction cross
section for an asymmetric dimer of varying lengths using BEM simulations for the same change of free carrier concentrations
in the ITO.

least three positive and two negative contributions as
marked by the Greek symbols R to ε. Comparison with
the numerical model in Figure 5c,d conﬁrms this trend
around the EIT anticrossing, showing a red shift for
each arm of the splitting. For this calculation, we used
an initial free carrier concentration of N0 = 7.3 
1020 cm3 in the ITO and an induced change in carrier
concentration of ΔN = 6  1019 cm3, consistent
with our earlier ﬁndings.39 The BEM calculation of
the diﬀerential extinction cross section is shown in
Figure 5f and exhibits the same structure of four
contributions to the spectrum for the exact situation
where the splitting occurs (L2 = 420 nm). This eﬀect can
be associated with the red shift of both the upper and
lower branches of the hybridized modes. For these
BEM calculations, we used a geometry where ITO was
present only in the antenna gap; however, the exact
distribution of material around the antenna does not
strongly inﬂuence the behavior for small changes in
the free carrier concentration ΔN.39
Nonlinearity in the Near-Field. While the far-field shows
a nonlinear response characterized by an overall red
shift of the resonance spectrum, a more complex
behavior is found for the near-field. In Figure 6, we
plot the calculated near-field distribution in the proximity of asymmetric antennas at different positions: at
5 nm to the left of the short rod tip (A1), at the midgap
(A2), and at 5 nm to the right of the long rod tip (A3).
The maps of A1 and A3 are governed by the modes of
the short and long rods, respectively, away from the
ABB ET AL.

crossing points. It can be observed in these maps of the
local field that, for the lengths where EIT is produced
due to the crossing of bright and dark modes, the
electromagnetic energy is transferred from the tip of
the short rod (A1) to the long rod (A3) (see the bright
spots in Figure 6c, coinciding with the dark spots in
Figure 6a). This effect can be of interest in many
applications. It would be possible, for example, to
position a molecule at the end point of the long
antenna (A3) which will only be excited through
coupling of the long rod with the bright mode of the
short rod at the EIT condition. As is shown in Figure 4e,
the efficiency of energy transfer can reach 76%; however, the maximum near-field enhancement achieved
in A3 is less than that of the short arm dipole in A1,
most prominently because of the difference in antenna
length and the concomitantly larger mode volume.
The nonlinear response of the local ﬁeld intensity,
ΔI, is shown in Figure 6df for positions A1A3. Here,
ΔI is deﬁned as the diﬀerence of the intensity maps
calculated using the modiﬁed free carrier density
N = 6.7  1020 cm3 compared with those at the
original carrier density N0. The response above 1.2 μm
is associated with the dipole mode of the long antenna
outside our spectral window and will not be discussed.
Signatures of the red shift as found in the far-ﬁeld cross
section are observed at all three positions. Position A3,
however, shows additional eﬀects which cannot be
explained by an overall nonlinear shift of the resonance
wavelength, but which indicate the presence of other
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Figure 6. (ac) Calculated near-ﬁeld intensity maps, for a coupled dimer antenna of Ltot = 600 nm and gap width of 20 nm, as a
function of the long arm length L2. Maps were taken at three positions, respectively, at a distance of 5 nm from the short tip
end (A1), in the center of the gap (A2), and at 5 nm from the long rod of the dimer (A3). (df) Nonlinear change in near-ﬁeld
intensity ΔI = I  I0 as calculated in the points A1A3. For the calculations of I and I0, we used values for the free-electron
density of ITO of N = 6.7  1020 cm3 and N0 = 7.3  1020 cm3, respectively.

contributions in the nonlinear response. Particularly
around the branches C and D, only positive values are
found for ΔI. This positive nonlinear response is the
strongest for the bonding mode (D). We attribute this
eﬀect to an increased coupling strength induced by the
reduction of the refractive index in the antenna gap. It
was observed in Figure 4a that the bonding mode
depends more strongly on the coupling strength than
the antibonding mode, which is consistent with the
diﬀerence in ΔI for points C and D in Figure 6f. Such a
mechanism is of interest as it shows a distinct diﬀerence
in nonlinear response associated with the EIT mode,
which may be further optimized for applications.
Figure of Merit. Various structures supporting EIT
and Fano-type resonances have been proposed and
used in the recent literature. In the dolmen-type, π,
or heptamer-type structures,16 the combination of
dipoles and/or multipoles oscillating in- and out-ofphase results in a cancellation of fields and the appearance of a dark mode. In the asymmetric dimer, the
coupling of a true dark mode with another dipole gives
rise to the EIT transparency in analogy with molecular
systems.38 Applications in nonlinear control are similar
to those in sensing and benefit from a large sensitivity
of the spectral mode structure on local changes in
configuration and refractive index combined with enhancement of optical near-fields. The figure of merit
(FOM) for such applications is defined by the ratio of
the plasmon line shift per refractive index unit, normalized to the spectral width, and allows a comparison of
the performance of different types of structures.41 For
ABB ET AL.

Figure 7. Real part (black line) and imaginary part (red dashed
line) of the nonlinear refractive index change of ITO used to
model the nonlinear pumpprobe spectra of Figure 5 and
Figure 6. Values are obtained using the Drude model by
subtracting refractive index values at free-electron density of
ITO of N = 6.7  1020 cm3 and N0 = 7.3  1020 cm3.

small spectral shifts, the FOM is approximately proportional to the differential pumpprobe cross section
Δσ/σ in the wing of the resonance (assuming a single
resonance without background). This equivalence can
be seen from the fact that Δσ/σ = 0.5 for a resonance
shift equal to half the line width. At the maximum
marked by γ in Figure 5d, we find a value of Δσ/σ = 0.2.
The corresponding refractive index change of the ITO
matrix used in this calculation of Δn = 0.056 þ 0.009i at
the wavelength of 910 nm is shown in Figure 7. This
value results in a FOM of 3.6 at the γ maximum. This
FOM value is comparable to that of other EIT structures reported in literature.41 It should be noted that,
according to Figure 4, the width of the EIT dip, and
therefore the FOM, depends on the gap size. A larger
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CONCLUSIONS
In conclusion, we have investigated both experimentally and theoretically the interference and coupling of electromagnetic modes in asymmetric dimers.
Asymmetric dimers are a relatively simple model system for studying eﬀects of electromagnetically induced
transparency. Their simplicity of design is of interest as
the geometry, in principle, could be achieved using
a variety of techniques including both top-down

lithography as well as bottom-up fabrication methods
such as colloidal chemistry or electrochemical templated
growth. This structure thus opens a path for generation of
simple structures that allow for manipulation of EIT and
control of spectral resonances. In addition to the linear
optical response of the asymmetric dimers, we have
demonstrated the signature of EIT splitting also in the
nonlinear regime through picosecond modulation of the
refractive index of the ITO substrate. The high sensitivity
of coupled asymmetric nanorod dimers to the dielectric
environment is of potential interest for nonlinear devices
and plasmon resonance sensors.

METHODS
Modeling. In order to reproduce the experimental situation
as accurately as possible, the substrate and the fine details of
the rectangular antenna geometry were considered in the full
electrodynamical calculations of the optical response. A finitedifference in time domain (FDTD) method was used (Lumerical)
to obtain the results for the antennas deposited on the substrate, whereas systematic calculations of the dependence of
the coupled resonances on the different antenna parameters
were performed for cylindrical metallic rods in the absence of
substrate with the use of the boundary element method
(BEM).42
Materials. In our experiments, asymmetric dimer antennas of
25 nm thickness were fabricated on an ITO-coated glass substrate using e-beam lithography (JEOL JBX-9300FS) at 100 kV
and a dose of 650 μC/cm2. The width of all of the antennas was
kept fixed at 70 nm.
Single-Particle Spectroscopy. Spectra of individual antennas
were measured using a pulsed supercontinuum light source
(Fianium, 40 MHz, 4 ps) and a spatial modulation microscopy
setup following the method introduced in ref 39. The spatial
modulation method is based on the detection of a small variation
in optical reflection (or transmission) created by periodic displacement of the antenna in the focus of a microscope objective
(Mitutoyo 100 NIR, 0.5 NA).43,44 The modulation signal was
detected using a lock-in amplifier and was directly proportional
to the extinction cross section of the antenna. To obtain extinction
spectra, the optical wavelength was scanned using a double-prism
subtractive mode monochromator. For nonlinear pumpprobe
experiments, we used the same spectroscopy setup in combination with a synchronized ytterbium fiber amplifier, which was
frequency doubled to a wavelength of 530 nm.
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