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Abstract: We establish experimental and numerical evidence that the
refractive index sensitivities of various subwavelength plasmonic sensors
obey a simple universal scaling relation that the sensitivities linearly
increase with A,/n.; (where 4,, is the resonant wavelengths and n,; is the
effective refractive index of the environment) and exhibit a slope equal to 1
instead of 2 predicted theoretically. The universal scaling relation is
independent of the geometrical structures or contributions of multipolar
resonances of individual metal structures (i.e. plasmonic atoms). It is also
independent of spatial distributions or field-enhancements of
electromagnetic hot spots in coupled metal structures (i.e. plasmonic
molecules). The universal scaling relation reveals the fundamental standing
wave resonances for all plasmonic atoms and the predominant near-field
electric couplings for most plasmonic molecules. The established universal
relation also helps to exclude some magnetically coupled plasmonic
molecules for practical applications due to their reduced sensitivities.
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1. Introduction

Subwavelength metal structures exhibiting plasmonic resonances have enabled widespread
interests in their potential applications in chemical sensing and super-resolution imaging.
Since the optical responses of these metal structures are largely determined by their
geometries, each metal structure can be considered as an artificial atom (plasmonic atom) for
light. The great design flexibilities of these plasmonic atoms have led to many extraordinary
optical phenomena that can be manipulated by advanced chemical syntheses or nano-
lithography methods. Because the resonant frequencies of these plasmonic atoms are highly
sensitive to the environmental media, they have been utilized as subwavelength refractive
index sensors [1, 2]. Previous intensive experimental studies on plasmonic atoms of varieties
of geometries, including nanostar [3], nanoshell [4], nanosphere [5], nanocube [6], nanorod
[5], nanorice [5], nanoprism [7], and nanoring [8] etc. have stimulated a lot of interests.
However, these works mainly focus on the specialties of each plasmonic atoms, very few
works have devoted to understanding the universal behavior. Miller and Lazarides have
pointed out that the refractive index sensitivities (expressed as resonant wavelength shifts per
refractive index unit (RIU)) of various plasmonic atoms should linearly increase with A,/n.;
(where A, is the resonant wavelengths and n.; is the effective refractive index of the
surrounding media) [9]. They also predicted that, due to the dispersion of permittivity of gold
at the visible range, the universal scaling relation should exhibit a slope equal to 2 [9].
However, the prediction disagrees with most experimental results that we summarized in Fig.
1, in which the universal scaling appears to fall on a line with a smaller slope for A,,/n.in the
visible and infrared ranges. Moreover, while the refractive index sensitivities of many
plasmonic atoms display an approximately linear relation with respect to A,./n., some results
from nanostars (sensitivity = 594nm/RIU at A,/n.; = 541nm) show anomalous deviations to
the general trend [3]. Although it is argued that the deviations are due to strong multipolar
resonances in nanostars whereas they are absent in other structures, it is still not clear about
the electromagnetic origin.

Plasmonic sensors are not limited to plasmonic atoms. Coupling two or more plasmonic
atoms into plasmonic molecules can lead to rich phenomena, including nontrivial frequency
shifts [10], redistributions of electromagnetic hot spots and the field-enhancements [11].
Although it has been known that the presence of the electromagnetic hot spots are necessary
for enhancing Raman scatterings and fluorescence [12, 13], their roles in sensing the
environmental refractive index remain unclear. Unfortunately, comparing to the intensive
studies on plasmonic atoms, much fewer works were done in plasmonic molecules [14—16].
Besides, it is not clear whether the refractive index sensitivities of plasmonic molecules
would obey a universal relation similar to plasmonic atoms.

Because elucidating the universal phenomena of the plasmonic sensors with diverse
geometries and couplings will be of fundamental importance for practical applications, here
we provide key experimental and numerical evidence that the linear scaling relation is a
universal property of surface plasmons. In fact, the universal scaling relation established in
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Fig. 1 is a direct result of the standing wave resonances of surface plasmons and is insensitive
to geometrical variations of plasmonic atoms or couplings in most plasmonic molecules. Our
experimental results show that it is also independent of the nature of dipolar or multipolar
resonances, the distributions or field-enhancements of the electromagnetic hot spots. The
established universal behavior also helps to exclude some unlikely theoretical or experimental
results reported earlier.
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Fig. 1. Summarized refractive index sensitivities vs. A,/n, of various plasmonic atoms
reported in earlier experiments (Ref [1-8].). The theoretical predictions by Miller and
Lazarides (Ref [9], dotted line) and the standing wave model (Eq. (2), dashed line) are shown
for comparison.

We start the investigation on the simplest plasmonic atoms with geometries like a rod or a
split-ring resonator (SRR). The resonant frequencies of a metal rod or a SRR can be
characterized by the one-dimensional standing wave model of surface plasmons [17]:

L
A, =2n, (—j—% (1)

m

where A, is the resonant wavelength of the m-th harmonic mode, L is the total length of the
rod or the SRR, n, is the effective refractive index of the environment, and A, is a
geometrically dependent offset. The standing wave model has been experimentally and
numerically verified in rods and SRRs at the fundamental mode (m = 1) and at higher
harmonic resonances (m > 1) as well [17-19]. Note that for m = 1, the resonances are
dominated by electric/magnetic dipoles, whereas they contain significant contributions from
multipolar modes when m > 1. From Eq. (1), we can easily obtain the refractive index
sensitivities (dA,/dn.y) of rods or SRRs:

A _ A (A _d o
dn, n, \n, dn,

Equation (2) shows that the refractive index sensitivities increase with A,/n.; with a slope
equal to 1 and an offset —250nm/RIU (obtained from the fit in Fig. 1). Importantly, the
refractive index sensitivity is independent of the harmonic number m. Thus the presence of
multipolar resonances does not affect the universal scaling relation. Finally, generalizing the
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result to two or three dimensions with complex structures will introduce a small geometrical
correction factor to Ay and will yield similar results like Eq. (2). We thus plot the prediction of
Eq. (2) as the dashed line in Fig. 1. Note that n,; = 1.33 for plasmonic atoms suspended in
water. For those dispersed in glass slides, we have employed simulations to determine the n.;
(see supporting information). Clearly, the experimental data of most plasmonic atoms fall on
the dashed line, suggesting that the standing wave model is applicable to diverse geometries
and the geometrical corrections to the complex structures remain small. In addition, we have
found that the anomalous deviations to the universal scaling relation in nanostars can be
attributed to the inconsistencies of the experimental data [3]. Therefore, we conclude that the
standing wave model explains the refractive index sensitivities of all plasmonic atoms known
so far.

2. Methods

It will be interesting to see whether plasmonic molecules would follow identical universal
scaling relation shown in Fig. 1. Naively, one may speculate that due to the strong near-field
couplings, the enhanced multipolar contributions, the field-enhancements, and re-distributions
of electromagnetic hot spots, deviations to the universal scaling relation may occur in
plasmonic molecules. To investigate their effects on the refractive index sensitivities and the
universal relation, we have designed and fabricated three kinds of plasmonic molecules with
asymmetric structures (Fig. 2(a, b) and Fig. 3(a, b)). Coupling two plasmonic atoms into a
plasmonic molecule always leads to complex interactions between different resonant modes.
Recently we have categorized the complex interactions into three types of couplings [10].
Among them, the Type III coupling that contains two redshifts in resonant wavelengths is
particularly interesting because they do not have any mechanical analogies. The fabricated
Molecules A, B, and C all belong to the Type III coupling. Moreover, the distances between
of constituted elements can be artificially designed so that the coupling strength, the resonant
frequencies, the multipolar contributions, the hot spot distributions, and the field-
enhancements can be controlled via advanced electron beam lithography (Elionix ELS 7000).
Experimentally, we fabricated arrays (40um x 40um) of plasmonic molecules by patterning
40nm thick Au films on quartz substrates. The inter-molecular separations (s) were varied
from 11nm to 20nm and their refractive index sensitivities were characterized by measuring
the transmitted spectra using an infrared spectrometer equipped with a broadband light
source. We also employed finite difference time domain simulation using commercial
software CST Microwave Studio to assist our analyses. The electrical conductivity of gold is
described by the Drude model with plasmon frequency 2.175 x 10" Hz and a practical
damping rate 1.2 x 10" Hz.

3. Results and discussions

Figures 2(c-f) show the simulated electric field and surface current distributions of the
fabricated plasmonic molecules (Molecules A and B) with s = 20nm. The asymmetric
structures of Molecules A and B allow both antisymmetric and symmetric resonant modes to
be observed at the far field. Particularly, both the antisymmetric resonant modes of Molecules
A and B exhibit antiparallel surface currents and thereby contain large contributions from
electric quadrupoles. On the other hand, the symmetric modes are dominated by electric and
magnetic dipolar resonances. Moreover, the hot spots appearing at the edges of the structures
exhibit field-enhancements more than 25-fold and they are also dependent on the resonant
modes. As shown in Figs. 2(c-f), the hot spots are much larger in the antisymmetric modes
than those in the symmetric modes. Thus the design of Molecules A and B allows
experimental investigations on the effects of different electric quadrupolar contributions as
well as the hot spot distributions to the refractive index sensitivities.
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Fig. 2. (a, b) SEM images of the fabricated Molecules A and B with inter-molecular separation
s =20nm. (c, d) Electric field (hot spot) distributions of Molecules A and B at the respective
antisymmetric resonant modes. (e, f) Electric field (hot spot) distributions of Molecules A and
B at the respective symmetric resonant modes. The arrows denote the flows of the surface
currents.

50.0
43.6
37.5
3.4
25.3
19.1
13.0
6.89
]
u/n
50.0 =3 a—
= WSS =4
31 N A E = N
25.3 B = = —w‘“ Lo
19.1 ] Gt F i =k
13.0 e 3¢ o =Pp=Pp T ¥
6.89 = o S NN
F || =P > Y

|'
i‘
.

Fig. 3. (a, b) SEM images of the fabricated Molecules C with inter-molecular separation s =
11nm and 20nm. (c, d) Electric field (hot spot) distributions at the respective antisymmetric
resonant modes. (e, f) Electric field (hot spot) distributions at the respective symmetric
resonant modes. The arrows denote the flows of the surface currents. Note that the field-
enhancement is more pronounced for the symmetric mode ats = 11nm.

Because the associated field-enhancements at the hot spots not only depend on the
resonant modes but also strongly correlate with the inter-molecular interactions, we have also
fabricated Molecule C with s varied from 20nm to 11nm. As shown in Figs. 3(a, b), the sharp
edges persist during the experimental lift-off processes even though s is reduced to 1 1nm. For
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the symmetric mode, the field-enhancements shown in Figs. 3(e, f) are at least 30-fold for s =
20nm and can be more than 50-fold when s is reduced to 11nm. Thus the genuine effect of
field-enhancements on the refractive index sensitivities can be investigated in the two
Molecule C’s.

Figures 4(a-d) show measured transmission spectra of Molecules A, B, and C (s = 20nm
and 11nm). The refractive index sensitivities are tested using water (n = 1.33). The resonant
wavelength redshifts (44,,) is 191nm (antisymmetric mode) for Molecule A, A4, = 160nm
(symmetric mode) and 175nm (antisymmetric mode) for Molecule B. For the symmetric
mode of Molecule C, we obtain A44,, = 178nm for s = 20nm and A4A4,, = 206nm for s = 11nm.
The measured spectra are consistent with the simulation results.
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Fig. 4. Experimental (solid curves) and simulated (dashed curves) transmission spectra of
Molecules (a) A, (b) B, (¢) C (s = 11nm), and (d) C (s = 20nm) before (blue curves) and after
(red curves) dropping water refractive index tests.

We note that while most previous experiments on plasmonic atoms were tested in water (n
= 1.33), the plasmonic molecules were generally fabricated on a solid substrate like quartz or
sapphire. To compare the results with those of plasmonic atoms, the contributions from the
substrates should be included (see supporting information). In our work, Molecules A, B, and
C are fabricated on a quartz substrate (n = 1.53). When they are measured in air, the situation
can be equivalent to these Molecules being immersed into a media with homogeneous
effective refractive index (n.;). By employing numerical simulations, we determine 7.;=1.18
for quartz substrates. Similarly, when they are measured in water, they are equivalent to being
immersed into a media with n, = 1.43. After incorporating the corrections on n.5; we can
experimentally determine dA,/dn.;and A,/n.;. The data are plotted in Fig. 5(a).

Clearly, the refractive sensitivities of Molecules A, B, and C still follow the same
universal scaling relation established for plasmonic atoms. In addition, although reducing the
s makes the structure more asymmetric and thereby enhances the multipolar contributions, the
refractive index sensitivities do not deviate away from the universal scaling. Furthermore, the
field enhancements or the redistribution of the hot spots do not affect the universal scaling
relation, either. In fact, hot spot distributions are known to affect the sensitivities to local
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refractive index variations [20], whereas they remain unaffected for bulk refractive index
measurements. We have applied similar methods to plasmonic molecules studied by previous
works (see supporting information) [14—16]. As shown in Fig. 5(a), the universal scaling

relation applies to different geometries of plasmonic molecules studied so far.
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Fig. 5. Summarized (a) experimental and (b) simulated (without substrates) refractive index
sensitivities vs. A,/ng of various plasmonic molecules. The universal scaling relation
established in Eq. (2) is shown as the dashed line.

To understand the universal scaling relation established for plasmonic molecules, we note
that from dimensional analyses, coupling two or more plasmonic atoms into plasmonic
molecules will result in new resonant frequencies expressed by the general formulation:

M(?
0=, +

7o

where @, is the resonant frequency of the uncoupled plasmonic atom, M, is a function
independent of & and M,, is a function independent of £ and . The last two terms of Eq. (3)
together represent the couplings. Experimentally, because no magnetic responses can be
observed at optical frequencies, 4= I and dM,/dn.y= dM,/dn.;= 0. The slope of dA,/dn; vs.
Aw/ney of plasmonic molecules thus follows:

d /lm /dnef/
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Because plasmonic atoms follow (d@./dn.g)/(@./n.z) = —1 and the coupling strengths (M., M,,)
are always smaller than the @,, Eq. (4) can be approximated to

Mm
a)a
The last term denotes corrections to the order of M,/@,. Thus we learn that the slope will be
close to 1 if the interactions of the plasmonic molecules are not dominated by magnetic
interactions. The result is numerically confirmed in Fig. 5(b), in which the effects from the
substrates are removed (i.e. n, = 1) by simulation. From Fig. 5(b), we learn that most
plasmonic molecules studied so far follow the universal scaling relation, suggesting the
predominant electric couplings. Experimentally, so far notable deviations to the universal
scaling are found in complimentary plasmonic molecules only [21]. However, the anomalous
deviation is not confirmed by simulations. From an application’s point of view, we also learn
that plasmonic molecules with strong magnetic interactions will not be suitable for practical

applications due to their reduced refractive index sensitivities.
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In summary, we established a universal scaling relation for refractive sensitivities of
various plasmonic atoms and molecules operating in the visible or infrared ranges. In general,
the refractive index sensitivities increase with respect to A,./n.; and exhibit a slope equal to 1.
The universal scaling is independent of the structures of the subwavelength metals, multipolar
contributions, field-enhancements, hot spot distributions, or couplings in most cases. We find
the universal scaling relation can be explained by the standing wave model of surface
plasmons for all plasmonic atoms and the predominant electric couplings for most plasmonic
molecules studied so far.
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