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Abstract 

Single metallic particles and dimers of nanospheres have been used extensively for sensing, but 

dimers of particles provide attractive advantages because they exhibit multiple modes that can be 

tuned by the dimer geometry. Here we employ correlative microscopy of single self-assembled dimers 

of gold nanorods to study their performance as refractometric sensors. Correlation between atomic 

force microscopy and single-particle white-light spectroscopy allows us to relate the measured 

sensitivity to numerical simulations taking into account the exact geometry of the construct. The 

sensitivity of the antibonding mode is in good agreement with simulations, whereas the bonding mode 

exhibits a reduced sensitivity related to the accessibility of the gap region between the particles. We 

find that the figure of merit is a trade-off between the resonance linewidth and its refractive index 

sensitivity, which depend in opposite ways on the interparticle angle. The presence of two narrow 

plasmon resonances in the visible to near-infrared wavelength regime make nanorod dimers exciting 

candidates for multicolor and multiplexed sensing. 
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Label-free sensors are widely used in analytical laboratories because they can be probed using 

simple optics and provide quantitative information on the concentration and binding kinetics of analytes. 

The principle of a plasmonic label-free sensor is based on the surface plasmon resonance (SPR), a 

collective oscillation of the conduction electrons at the interface of a metal and a dielectric. In 

nanoparticles, the localized SPR results in a high scattering and extinction cross section, providing 

glass and solutions with vivid colors and making the particles straightforward to probe optically. The 

energy of the localized SPR not only depends on the shape, size, and composition of the nanoparticle, 

but also on the volume averaged refractive index in its near-field.1 Modulation of the local refractive 

index therefore results in a shift of the resonance. Compared to commercially available planar plasmon 

sensors, nanoparticle sensors exhibit a strongly confined local electric field enhancement, which 

results in a reduced detection volume which has recently led to the demonstration of label-free single-

molecule detection.2 

The plasmon shift in response to refractive index changes depends on the overlap integral between 

the local electric field and the environment, providing design rules to improve sensitivity by e.g. 

incorporating protrusions or sharp corners to enhance the local field further.3 The gold nanorod 

geometry is therefore widely used as a single-particle sensor because its elongated shape induces a 

narrow longitudinal SPR that is tunable by the aspect ratio of the particle.4–8 The elongated shape of a 

nanorod combined with its narrow longitudinal SPR therefore results in substantially higher sensitivity 

to the local refractive index compared to their spherical counterparts, particularly around the tips of the 

particles.4,9–11 

An alternative avenue is to utilize plasmon hybridization, where plasmon modes of neighboring 

particles hybridize similarly to molecular orbitals.12,13  Here, coupled plasmonic particles produce 

strongly enhanced near-fields in the gap region between particles that can be tuned by the geometry 

of the dimer. The simplest geometry in which such hybridization has been studied is a nanosphere 

homodimer, for which the dipolar modes hybridize to form four plasmon orbitals. The field-

enhancement in the gap between the particles is highest for opposing positive and negative charges 

in the gap region, i.e. for the symmetric bonding mode. The wavelength at which this mode occurs 

depends on particle size and gap spacing14–17 and can be used as a plasmonic ruler allowing for 
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distance measurements ranging from 1-100 nm.18–20  Field enhancements in the gap are typically 2 to 

10-fold higher than for isolated gold spheres21 which has sparked investigations into the use of sphere-

dimers for refractive index sensing,22 fluorescence enhancement,23 and surface-enhanced Raman 

scattering.24,25  

Following these initial findings on gold sphere dimers, self-assembled dimers of nanorods have 

been spectroscopically investigated for their linear,26–28 non-linear29 and chiral optical properties.30,31 

Here we extend these studies and employ correlative single-particle spectroscopy to investigate 

plasmon hybridization and its effect on refractometric sensitivity for self-assembled nanorod dimers. In 

agreement with numerical simulations we find that the observed optical response exhibits a bonding 

and an antibonding mode whose resonance energy and linewidth depend on the dimer angle. We find 

that the refractive index sensitivity of the antibonding mode corresponds well with simulations and is 

nearly independent of the interparticle angle. For the bonding mode we find a lower sensitivity that 

depends on the interparticle angle due to a trade-off between linewidth broadening and accessibility of 

the hotspot. These results indicate that nanorod dimers are promising structures for refractive-index 

sensing, where new approaches to control the gap spacing while maximizing its accessibility may 

further increase the sensitivity. 

Methods 

Correlative microscopy setup 

Correlative measurements were performed using the setup as shown in  

Figure 1a. Here, an unpolarized white-light source illuminates the sample via total internal reflection 

through a 1.49 NA oil immersion objective lens. The evanescent field excites the nanoparticles on the 

glass-water interface, whereas the directly reflected beam was blocked by a beam-block in the back-

focal plane of the objective lens. The scattered light passes through a bandpass filter before being 

imaged on an EMCCD camera. Using a sequence narrowband wavelength filters with different center 

wavelengths we reconstruct the scattering spectrum of all particles in the field-of-view of the 

microscope. The nanoscale geometry of the same particles was obtained by subsequent atomic force 
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microscopy (AFM, Bruker) in peak-force tapping mode, allowing us to directly correlate the measured 

optical response to the geometry of the same particle-dimer. 

Nanorod assembly and immobilization 

Gold nanorod dimers were created using solution-phase self-assembly. To this end we employed 

cysteine coupling following a protocol based on the pH-dependent assembly and disassembly as 

reported by Sun et al.32 A 0.1 nM suspension of 30x72 nm2 nanorods (Nanopartz, Hong Kong; #A12-

30-650) was concentrated 10 times by centrifugation. With a 10 mM CTAB solution in milliQ water, the 

CTAB concentration was adjusted to 7 mM. 10 µL of 10 mM cysteine solution in MilliQ water was added 

to 75 µL of the 1 nM nanorod suspension. With a 1M HCl solution and MilliQ water the volume was 

increased to 100 µL with a pH of 2 and a final 0.75 nM nanorod and 1 mM cysteine concentration.  

This protocol results in the tip-specific coating of the particles with cysteine, which is directed toward 

the tips due to the dense layer of CTAB that minimizes functionalization of the side facets by steric 

hindrance.33–35 The nanorod solution was incubated for 30 minutes at 45 degrees to allow for dimer 

formation. The cysteine binds covalently to the gold via its thiol, and for 1.96 < pH < 8.33 is in a 

zwitterionic state. This allows for electrostatic interactions between the positively charged NH3
+ and the 

negatively charged O- groups. This results in a stable dimer formation that can be reversed by 

increasing the pH to 11.3.32  

Coverslips with dimensions of 21 x 26 mm2 were cleaned by sonication in methanol for 20 minutes, 

and UV/ozone-cleaned for 90 minutes to form reactive hydroxyl groups on the surface. The surface 

was then silanized by incubation in a 5% solution of (3-mercaptopropyl)trimethoxysilane (MPTMS, 

Sigma) in ethanol for 5 min. A 15 µl drop of nanoparticle suspension was then spincoated on the 

MPTMS-coated coverslips and rinsed with milliQ water afterwards. 
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Sensing experiments was performed in mixtures of water (n=1.33) and ethylene glycol (n=1.43) that 

enabled the tuning of medium refractive index by changing the mixing ratio. After each measurement 

the sample was flushed with milliQ water and blow-dried under a N2 flow before a different mixture was 

added.  

Numerical simulations 

We compared the measured optical response of individual dimers to numerical simulations using 

the boundary element method based on the full Maxwell equations.36 Here, two spherically capped 

cylinders were simulated with an angle α between their long axes. The glass substrate was included 

as a flat silica plate placed directly underneath the particles with a refractive index n = 1.52. We 

estimate an interparticle spacing of approximately 0.6 nm based on the size of two cysteine molecules 

 
 

Figure 1 (a) Schematic of the correlative microscope allowing for single-particle spectroscopy and atomic 

force microscopy. The inset shows a microscope image of the sample. The diffraction limited spots are the 

dark-field scattering signal of single assemblies, the shaded background is the outline of the AFM cantilever. 

The brightest spot is the light scattered by the AFM tip. WL: white-light source (Energetiq EQ-99X-FC), BB: 

beam block, BS: beam splitter, EMCCD: electron multiplying CCD camera (Andor Ixon 888), HS: 

hyperspectral filter wheel. (b) Hybridization of the longitudinal SPR in nanorod dimers. Depending on the 

polarization of the excitation the antibonding or bonding mode is excited. The resulting scattering spectra 

exhibit two resonances whose wavelength and relative intensity depends on the relative particle size, 

spacing, and orientation. 

 

(a) (b)
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spacing the particles in the gap region. Although at this gap spacing quantum effects have been 

observed in some reports,37 we do not observe substantial mismatches between simulations and 

measurements on cysteine coated particles (see below). The simulations were performed using the 

actual particle sizes of both rods forming a dimer, as extracted from the AFM images. Due to tip 

convolution the measured width and length of the particles are larger than the actual values. The 

difference between the more accurately measured height and the width of the rod was used to estimate 

the effect of tip-convolution and obtain the underlying particle dimensions. Subsequently, the bonding 

and antibonding plasmon wavelength and linewidth were extracted from a double Lorentzian fit to the 

simulated scattering spectrum. 

Results and discussion 

For nanorod dimers both the transverse and longitudinal modes couple to each-other, which can be 

understood in the context of plasmon hybridization (Figure 1b). The far-field spectra are dominated by 

the hybridized longitudinal SPRs due to their stronger dipole-moment, so here we will focus only on 

those modes. The polarization averaged scattering spectrum (Figure 1b) exhibits two bright plasmon 

modes, a bonding mode at low energy and an antibonding mode at a higher energy.27,28,38–40 The angle 

and spacing between the nanorods determines the wavelength and relative intensity of the two peaks. 

Similarly to the redshift of the bonding mode in sphere dimers, the bonding mode of nanorod 

homodimers redshifts upon decreasing interparticle spacing.  

In Figure 2a-c we show representative AFM images of three self-assembled nanorod dimers, where 

the outlines of the particles are indicated in white. For each dimer we observe a different relative angle 

between the particles, which is the result of the flexible cysteine linkers between the particles, combined 

with the stochastic geometry in which the tip-functionalized particles dimerize and immobilize. In Figure 

2d-f we show the respective measured and simulated dark-field scattering spectra, fitted with a double 

Lorentzian. These spectra clearly show the antibonding (higher energy) and bonding mode (lower 

energy) that arise due to hybridization of the longitudinal SPRs of the individual particles. 
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Figure 2  Correlated measurements of self-assembled gold nanorod dimers that are deposited on 

a glass substrate and immersed in water. (a-c) AFM images of representative self-assembled 

dimers, used to determine the conformation of the dimer. (c-e) Their corresponding scattering 

spectra, showing both the measured spectra (green solid diamonds, normalized) and simulated 

spectra (blue open circles). The spectra are fitted with a double-Lorentzian function. (f-h) Numerical 

simulations showing the distribution of the near-field for horizontal polarization (top images) and 

vertical polarization (bottom images). The arrows indicate the relative phase of the electron 

oscillation as in Figure 2.  
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We find that the measured energy of the antibonding mode is in good agreement with simulations, 

or only exhibits a slight blue-shift. We attribute this small occasional discrepancy in the antibonding 

mode to the exact particle shape (e.g. tip-shape, which was assumed to be a half-sphere here but may 

vary from particle-to-particle) and their nanoscale positioning with respect to each other, particularly 

around the tip-region. Although finetuning of a combination of simulation parameters (tip-curvature, 

gap spacing, particle dimensions) would likely retrieve the correct spectra, we refrained from this 

detailed optimization because the effects on the refractometric sensitivity are expected to be low. 

Surprisingly, the bonding mode systematically exhibits a red-shifted resonance in our 

measurements. To investigate the origin of this mismatch we show in Figure 2g-i the near-field 

enhancement for the bonding mode (top images) and the antibonding mode (bottom images). The 

white arrows denote the orientation of the dipole moment in each nanorod, indicating that the bonding 

mode is most efficiently excited with a horizontal polarization, whereas the antibonding mode is 

predominantly vertically polarized. We find that for the bonding mode the field is greatly enhanced in 

the gap region, whereas for the antibonding mode the enhancement is highest at the nanorod tip region 

outside the gap. We therefore hypothesize that the discrepancy between the calculated and measured 

bonding mode energy is caused by the very thin cysteine coating that was used to induce oriented self-

assembly.  

The effect of a thin coating on the calculated near-field enhancement are shown in Figure 3a-b. For 

the uncoated dimer the field is shown to be maximal at the point where the two rods are closest. With 

the addition of the 0.5 nm cysteine coating the field inside the coating is similarly distributed but now 

has substantial spatial overlap with the coating material that has a higher refractive index (n = 1.47)41 

compared to the medium (n = 1.33). This increased refractive index of the coating therefore results in 

a redshift particularly for the bonding mode.  

Correlative measurements across several nanorod dimers allows us to compare the SPR 

wavelength of the bonding and antibonding mode to simulations. In Figure 3c we show the dependence 

of the bonding and antibonding mode wavelength on dimer angle. For the antibonding mode the 

measured resonance wavelengths match well with the calculated values. The simulations show that 

the antibonding mode is nearly insensitive to the dimer angle and to the presence of the coating, as 
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elaborated above. Residual deviations in the measured resonance wavelength are due to variations in 

nanodimer geometry that cannot be prevented in the experiment, i.e. tip shape, surface roughness, 

and local variations in the cysteine coating thickness.  

For the bonding mode we observed consistent red-shifts compared to the simulations if no coating 

was incorporated. We therefore attribute the red-shifted bonding mode we measured to the presence 

of the (very thin) cysteine coating on the particles. Incorporation of a 0.5 nm cysteine coating gives the 

best correspondence between measurements and simulations, a thickness that is in good agreement 

with previous electron microscopy studies of gold nanorod dimers.32 

 

Figure 3 (a-b) Maps of the near-field amplitude in the gap region for the bonding mode. The 

coating layer is indicated with a thin dashed line in (b) and has a thickness of 0.5 nm and refractive 

index n = 1.47. (c) SPR wavelength of the bonding and antibonding mode in water for nanorod 

dimers. The solid lines show the calculated peak wavelength of the bonding (blue) and 

antibonding (green) mode as a function of angle between the two uncoated nanorods (72 nm 

length, 30 nm diameter) in a dimer with a 0.6 nm interparticle distance. The dashed lines represent 

coated dimers. The symbols represent measurements of the peak wavelength of the bonding 

(blue) and antibonding (green) mode, where the angle between the particles was obtained from 

AFM images. Error bars indicate the fitting uncertainty observed in the double-Lorentzian fits. (d) 

Simulated peak ratio for uncoated (solid line) and coated (dashed line) dimers, compared to 

measurements (open circles). The peak ratio was determined as the ratio of the scattered 

intensities (area under the peak) of the bonding mode to the antibonding mode.  
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We also compared the calculated peak ratio (red lines in Figure 3d) with the measured peak ratio 

(red diamonds). The peak ratio is defined as the ratio of the scattered intensities (area under the peak) 

of the bonding mode to the antibonding mode. The peak ratio barely changes upon inclusion of a 

coating in the simulations. We find a strong dependence of the peak ratio on dimer angle, with a 

difference of more than one order of magnitude over the range of angles we investigated. In agreement 

with previous work by others42 this trend is well reproduced in the experimental data, with slight 

variations likely caused by particle-to-particle differences in tip-shape and relative positioning.  

We now evaluate the performance of single self-assembled dimers in a refractometric sensing 

assay. Dimers consisting of two spherical particles have been used for sensing, showing its promise 

by a strongly enhanced refractive index sensitivity compared to monomers.22,43 In the case of spheres 

this enhanced sensitivity was attributed to a combination of two effects: a strongly enhanced field in 

the gap region, and the shift of the hybridized plasmon resonance away from the interband transitions 

of gold. Here, we focus on nanorod dimers as a new platform for sensing and investigate their 

performance as ultrasensitive refractometric sensors. Focusing on dimers with an internal angle of 0 

or 180 degrees potential scanning has recently shown that the enhanced near-field associated with the 

bonding mode has promise for refractometric sensing.44 Here we study the sensing performance in 

dimers with an arbitrary internal angle, using correlative spectroscopy to directly relate the geometry 

of the dimer to its sensing performance. 

To assess the refractometric sensing performance of individual nanorod dimers we recorded spectra 

of dimers in three different media: water (n = 1.33), a 1:1 mixture of water and ethylene glycol (n = 

1.38) and ethylene glycol (n = 1.43). The recorded spectra of two representative dimers are shown in 

Figure 4. For the all dimers we observe red-shifts when increasing the refractive index of the 

environment, as expected. To quantitatively assess the sensing performance of these dimers we 

extract their sensitivity to refractive index changes, defined as 𝑆𝑆𝐸𝐸 = |𝑑𝑑𝑑𝑑| 𝑑𝑑𝑑𝑑⁄  with 𝑑𝑑𝑑𝑑 the shift in SPR 

energy upon a change in refractive index 𝑑𝑑𝑑𝑑. To enable comparison between the different modes that 

occur at different energies we use the Figure of Merit (FoM) as a dimensionless measure. The FoM 

(units RIU−1) is generally defined as the ratio of the sensitivity 𝑆𝑆𝐸𝐸 and the resonance linewidth 𝛤𝛤, and 

is given by9  
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FoM =  
𝑆𝑆𝐸𝐸
𝛤𝛤

=
1
𝛤𝛤
𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒
𝑑𝑑𝑑𝑑

. 
(5.1) 

The measurements of nanorod dimer spectra in different media yield the FoM by a linear fit of the 

correlation between refractive index and SPR wavelength. In Figure 5 we show the comparison 

between the simulated and measured sensitivity 𝑆𝑆𝐸𝐸, resonance linewidth 𝛤𝛤, and FoM for the bonding 

and the antibonding mode, plotted as a function of the dimer angle. Below we discuss each parameter 

separately.  

Starting with the sensitivity (Figure 5a-b), the simulations indicate that the antibonding mode is 

hardly affected by the presence of the coating, whereas the bonding mode exhibits a ~30% reduction 

in sensitivity in the presence of a coating. This can be understood by considering the fact that the 

refractometric sensitivity is directly proportional to the overlap integral between the solvent and the 

particle’s near-field.45 In other words, the larger the overlap between the near-field and the surrounding 

medium, the higher the refractometric sensitivity. The relatively small effect of the coating on the 

sensitivity of the antibonding mode is thus caused by a less confined near-field that results in a better 

 

Figure 4 Refractometric sensing assay with single gold nanorod dimers. (left column) Measured 

scattering spectra in three different media, (middle column) Corresponding AFM images of the 

same dimers, (right column) simulated spectra using the geometry from the AFM images 

including a 0.5 nm cysteine coating. 
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spatial overlap with the bulk solvent even in the presence of a coating (see Figure 2). For the bonding 

mode the presence of the coating reduces the refractometric sensitivity, an effect that is caused by a 

strongly confined field in the gap region that spatially overlaps with the particle coating and is thus not 

accessible to the solvent (see Figure 3b). In the experiments the sensitivity of the bonding mode 

exhibits a slightly lower sensitivity than expected from the simulations. We hypothesize that this may 

be due to an inhomogeneous distribution of cysteine, which may favor the gap region thereby reducing 

the sensitivity of the bonding mode. This inhomogeneous distribution could have originated from the 

original solution-phase assembly where cysteine may have preferably coated the tips of the particle46 

or may have evolved after assembly by ligand reorganization.  

Regarding the linewidth of the resonances (Figure 5c-d) the simulations indicate that the antibonding 

mode exhibits a broader linewidth due to the proximity of the interband transitions of bulk gold at 

energies > 2eV. The antibonding linewidth further decreases with dimer angle, whereas the narrower 

bonding mode exhibits the opposite trend. This trend is consistent with radiation damping being a 

substantial contributor to the linewidth. As the dimer angle increases the radiative efficiency of the 

antibonding mode reduces due a decreasing net dipole moment. For the bonding mode the opposite 

is observed: at increasing dimer angles the net dipole moment increases leading to stronger dipolar 

radiation from the mode. In the measurements we observe a consistent though slightly broader 

resonance linewidth that varies from particle-to-particle. This indicates that other factors such as 

surface roughness, internal defects, or chemical interface damping may induce additional broadening.  

Defined as the ratio between the sensitivity and linewidth, the FoM for the antibonding mode is then 

nearly independent of dimer angle, see Figure 5e-f. For the bonding mode on the other hand the FoM 

is dictated by an interplay between a decreasing sensitivity combined with an increasing linewidth as 

a function of dimer angle. The measurements indicate a FoM for the antibonding mode that is in good 

agreement with the simulations. For the bonding mode though we find a lower FoM than expected, 
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caused by a combination of a slightly lower sensitivity and slightly broader linewidth in the experimental 

data.  

 

Figure 5 (a-b) Refractive index sensitivity as defined in the main text as a function of dimer 

angle. The open circles (solid triangles) indicate simulations for a coated (uncoated) dimer 

consisting of two particles of 72 nm in length and 30 nm in diameter. (c-d) The linewidth of the 

antibonding and bonding modes of the same particles. (e-f) The ensuing figure of merit (FoM) as 

defined in the main text. 
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Previous single-particle studies reported the FoM for isolated gold spheres and found values ranging 

from 0.5-1.47 Simulations of gold nanoshells reported a slightly higher FOM of 2.5.48 In general, 

elongated gold structures profit from an increased sensitivity as their tips get sharper, and combined 

with a narrow SPR away from the interband transitions in gold results in improved sensing 

performance. Indeed, FoMs of ~5-10 have been reported for individual nanorods and bipyramids.4,9,49,50 

Assemblies of particles that have been investigated for refractive index sensing include sphere dimers 

that have reported values for the FoM that are 2-4 fold higher than for isolated gold spheres.51 We 

therefore conclude that nanorod dimers perform similarly to single gold nanoshells. Although the 

simulations show that dimers of gold nanorods outperform monomers with the same aspect ratio (that 

typically exhibit a FOM ~ 4 for a particle with an aspect ratio of 2.4 deposited on glass)9, experimentally 

this effect can only be harvested if the gap region is fully accessible. Although the use of covalent 

linkers as we did here provides a straightforward route to particle assembly, the use of scaffolds (e.g. 

DNA origami) may provide controlled assembly and better gap accessibility at the expense of 

complexity. 

In conclusion, we have investigated the optical properties and refractometric sensing performance 

of single gold nanorod dimers using correlative spectroscopy. The optical response is in good 

agreement with numerical simulations in terms of the resonance energies and homogeneous 

linewidths. We find a FoM for the antibonding mode of 3.5 +/- 1, whereas the bonding mode exhibits a 

slightly lower FoM of 2.5 +/- 1 caused by the presence of a thin layer of cysteine that partly occupies 

the gap region. We find that the FoM is dictated by a trade-off between an angle-dependent linewidth 

and an angle-dependent sensitivity. Interestingly, for a large range of angles the nanorod dimers 

possess two (nearly) equally narrow plasmon resonances that are spectrally separated. These 

resonances display near-field enhancements at different areas on their surface and may therefore 

provide opportunities for dual-resonance or multiplexed plasmon sensing. 
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