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Abstract 

Nanoparticle-on-mirror (NPoM) configurations have demonstrated enormous enhancements 

toward Raman scattering due to a highly confined and amplified electromagnetic field within the 

nano-/pico-cavity between the gold nanoparticle and the underlying ultrasmooth gold film. While 

the dipolar gap-mode has been often referred to in view of its high Raman enhancement, we 

contend that higher-order plasmonic modes such as the quadrupole mode can contribute 

significantly at the commonly used Raman exciting wavelength of around 633 nm. This finding is 

supported by experimental results performed by exciting the NPoM configuration in the focus of 

a linearly, radially and azimuthally polarized laser, respectively. We demonstrate that both in-

plane and out-of-plane electric fields are suitable for enhancing the Raman scattering of 

Rhodamine 6G (R6G) molecules sandwiched in the NPoM configuration making use of the field 

distribution of the higher-order gap-mode, as confirmed by boundary element method simulations. 

Further, significant variations in the polarization-dependent optical response can be seen for the 

investigated individual NPoMs, which are attributed to variations in the individual NPoM 

geometries. As the probe molecule for our studies is Rhodamine 6G (R6G), Raman spectra show 

peak-specific enhancement factors, which correlate with the tensor properties of individual 

vibrational modes.  
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1. Introduction  

Investigating the optical properties of organic molecules deposited on metal surfaces is of great 

interest to improve the understanding of their applicability in technical solutions. To compensate 

for low signal intensities from small quantities of substance, the molecules can be placed on or in 

proximity to plasmonic substrates for surface-enhanced Raman scattering (SERS).1,2 Typically, 

rough gold or silver surfaces, specifically tailored plasmonic nanostructures, or nanoparticle-on-

mirror (NPoM) configurations are used as the substrates.3,4 To achieve a high electromagnetic 

field, the plasmonic nanostructure needs to be excited by the incident laser radiation by matching 

the localized surface plasmon resonance (LSPR) to the laser wavelength.5-7 Significantly enhanced 

local electromagnetic fields can be generated at the so-called plasmonic ‘hot spots’, i.e. at sharp 

edges, or in nano/picometer gaps. Particularly in the NPoM configuration, the incident electric 

field excites the LSPR of the nanoparticle, which induces charge density shifts at the surface of 

the smooth gold substrate underneath that can be described in the formalism of mirror dipoles. 

These oscillating dipoles interfere with each other in the NPoM geometry to form coupled gap-

modes. A plethora of gap-modes can exist depending on the geometric properties of the gap, which 

have been shown to strongly influence the resonance wavelengths and susceptibility to polarization 

of NPoM configurations.8,9 Resonant excitation of gap-modes results in a strong and highly 

localized electric field in the gap region that leads to enormous electromagnetic enhancement of 

optical signals originating within the gap.10,11 In SERS, the Raman signal enhancement depends 

on the spectral overlap of both the incident radiation and the scattered radiation with the plasmonic 

resonances of the metallic nanostructure. In turn, the Raman intensity of a certain vibrational mode 

depends not only on its intrinsic Raman tensor, but also on how much the incident field is enhanced 
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at the location of the molecule and in turn how much the scattered field which is energetically 

shifted with respect to the incident radiation is enhanced.12,13  

The influence of gap geometries on plasmonic gap-modes has been of great interest for 

theoretical analysis and experimental work in the recent years, highlighting the impact of 

polarizability changes on gap-mode responses.14-16 It has been shown that the SERS enhancement 

factor can vary for different excitation polarizations in NPoM systems.4 This was recently applied 

to obtain polarization-dependent dark-field spectra, SERS spectra and intensity maps of a 

nanocube-on-mirror system where the signal under radial polarization strongly outweighed that 

under azimuthal polarization.9 However, the applicability of higher-order plasmonic modes (i.e. 

multipolar modes) of single nanosphere-on-mirror configurations and their SERS performances 

under different excitation polarizations remains seldomly discussed. 

The target of this work is to explore the applicability of a higher-order gap-mode in SERS, with 

the main focus on the polarization-dependent optical responses of single NPoM configurations. 

We experimentally measure SERS spectra of Rhodamine 6G (R6G) molecules on gold films 

(ultrasmooth and rough films), and NPoM substrates. We use focused azimuthally (APDM) and 

radially (RPDM) polarized doughnut modes and linearly polarized beams to compare the 

polarization-dependent SERS performances at the higher-order plasmonic gap mode resonances. 

We analyze dark-field-scattering spectra of single NPoMs to reveal the higher-order gap-modes 

and perform boundary element method (BEM) simulations to obtain their local field distributions. 

We further discuss the peak-specific SERS enhancement considering the electric field distribution 

and the Raman polarizability tensors of R6G vibrational modes calculated using density functional 

theory (DFT).   
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2. Experimental and Computational Details 

2.1 Sample Preparation 

Following previous works,4,17,18 ultrasmooth gold films were fabricated by electron-beam physical 

vapor deposition of gold with an evaporation rate of 0.15 nm / s and a chamber pressure of 

2 · 10-6 mbar on a polished silicon (1,1,0) wafer. In this work, the gold film thickness is 100 nm. 

To evaluate the roughness of the sample surface, an atomic force microscope (AFM) was used 

(tapping mode, Veeco Nanoscope III system). The root mean square (RMS) of the silicon wafer 

surface roughness was determined as 0.154 ± 0.026 nm, while that of the evaporated gold film was 

2.250 ± 0.113 nm. To achieve the ultrasmooth gold surface, the evaporated gold layer is template-

stripped off from the underlying silicon wafer using UV-activated glue after curing for 24 hours. 

The roughness of the revealed gold film surface after template stripping was determined as 

0.341 ± 0.033 nm, representing a significant improvement of surface smoothness compared to the 

evaporated gold layer.  

As the probe molecule, Rhodamine 6G, a well-studied organic molecule with high Raman 

scattering cross section was used. It has the absorption maximum at 530 nm and the emission 

maximum between 540 and 570 nm.19-21 An ethanolic R6G solution with a concentration of 

1.0 ⋅ 10−6  
mol

L
 was prepared, of which 5 µL were evenly distributed on a 3 ⋅ 3 mm² gold surface 

area by spincoating at 2000 rpm for 10 s. This leads to a maximum of ~ 103 R6G molecules in a 

single NPoM region, corresponding to sub-monolayer coverage. No spacer layer was used between 

the R6G and the gold film to guarantee an optimally flat adsorption surface. Gold nanospheres 

with an average diameter of 115.18 ± 11.78 nm (determined by scanning electron microscopy 

(SEM) of 107 nanoparticles) were used for creating the NPoM configuration. The Raman-active 

stabilizing surfactant was removed by repeated heating of the nanoparticle solution to 80 °C and 
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centrifugation at 500 rpm. The suspension was diluted by a factor of 5 in each repetition, resulting 

in a factor of 125 dilution at the end. This is beneficial to reduce the probability of multimer or 

cluster formation on the sample. The cleanliness of the nanoparticles was proved by their optical 

spectra where only gold photoluminescence was visible and no Raman features from the 

surfactants were observable. A volume of 5 µL surfactant-free gold nanoparticle suspension was 

drop cast onto the R6G layer. The solvent was left to evaporate swiftly at 60 °C.   

A rough gold film was used as the reference SERS substrate, which was prepared by electron-

beam physical vapor deposition of gold with an evaporation rate of 0.15 nm / s and a chamber 

pressure of 2 · 10-6 mbar through a copper grid mask (grid edge length: 60 µm) onto a glass 

surface. The resulting gold film contained periodically ordered gold patches with rough edges, 

serving as a plasmonically active platform for SERS. The introduction of organic molecules 

followed the method described above, however without further gold nanoparticle deposition. 

2.2 Confocal Optical Microscope Setup 

Optical spectroscopy and imaging based on the Stokes-Raman scattering signals were conducted 

in a home-built optical microscope. It was equipped with a 636 nm CW laser for the Raman 

scattering measurements. Laser focusing and optical signal collection were done using a parabolic 

mirror of NA = 0.9986 (in air).22-24 The image intensities were recorded by a PerkinElmer SPCM-

AQR-13 avalanche photodiode. All spectra were recorded using an Acton SpectraPro 300i 

spectrometer coupled to a Roper Scientific LN/CCD-1340/100-EB camera. A 600 lines/mm grating 

was selected for the Raman scattering measurements. All Raman scattering spectra were recorded 

with an acquisition time of 30 s for 10 repetitions. For all Raman measurements with the 636 nm 

CW laser, the laser intensity was determined as 36 µW directly in front of the parabolic mirror. It 

was adjusted with optical density filters for each laser polarization to ensure a similar irradiation 
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intensity in the focal field for the differently polarized modes. Radially and azimuthally polarized 

higher-order laser modes were generated by converting a linearly polarized laser beam with a 

home-built mode-converter consisting of four quarters of a lambda-half waveplate. To obtain a 

high quality of the polarization state, a 20 µm pinhole was used to spatially filter the modified 

beam. The quality of the higher order laser modes was monitored by inspecting the 

photoluminescence images of gold nanocones that were excited with the different excitation 

polarizations (see Fig. S1a-c).25 Such nanocones act as quasi point-like probes for the local electric 

field distribution in the focus and can be selectively excited by in-plane or out-of-plane electric 

field components.26 

2.3 Dark-field Scattering Setup 

The dark-field-scattering spectra were recorded using a commercial Zeiss Axio Scope.A1 

microscope equipped with a Zeiss Epiplan-Neofluar 100x/0.9 air objective in reflection geometry 

where the illumination is provided by an unpolarized white light halogen lamp. Spectra were 

acquired using an Andor SR-303i-B spectrograph equipped with an Andor iDus 416 CCD camera. 

A 150 lines/mm grating was used to collect the scattered light in a range of 500 nm to 1000 nm. 

All spectra were obtained by integrating over 5 s and averaging 5 times. Correction of the spectra 

is achieved by subtracting the background from the raw data and normalizing by the lamp spectrum 

minus the dark current of the CCD camera. Background spectra were taken from an uncovered 

glass slide or a smooth gold film, respectively, directly in the vicinity of the corresponding particle, 

while the lamp spectrum was recorded by back reflection of the source light from a Teflon plate.  

2.4 Computational Methods 

The BEM simulations were performed using the MNPBEM-toolbox v.1727 for the calculation of 

scattering spectra, charge density distributions, electric field distributions as well as field 
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enhancement. The first simulation geometry consists of a gold sphere of 120 nm diameter located 

2 nm above a 100 nm thick gold film with complex refractive index.28 This height was chosen to 

adapt the scattering behavior in the simulation to the experiment. The glass substrate is modelled 

in the lower half-space with the refractive index of glass nglass = 1.5 while the upper half-space is 

chosen as air with nair = 1. The second geometry includes an approximated R6G layer in the gap 

with a thickness of d = 1.5 nm (not the entire gap is filled due to numerical restrictions) and 

refractive index n = 1.9.29 Scattering cross sections are obtained by integrating the far-field 

projection of the Poynting vector over a spherical detection surface enclosing the particle system 

and normalizing by the incident power. Electric field maps are recorded in the plane parallel to the 

substrate in the center of the gap. To approximate the different local electric field orientations 

using radially, azimuthally, and linearly polarized laser excitation in the experiment, excitation 

angles of 89.5°, 0°, and 45°, respectively, were used. Incidence for all cases is defined with respect 

to the optical axis (z) in the y-z-plane of the system (see Scheme 1). To mimic the purely transverse 

electric field distribution in the focus of an azimuthally polarized laser, a 0° y-polarized plane 

wave and an 89.5° s-polarized plane wave were used, which showed similar results. The electric 

field distribution at the location of a NPoM in the focus of a radially polarized laser was simulated 

by an 89.5° p-polarized plane wave representing the dominant longitudinal electric field 

component (see discussion and Fig. 4 in Results). For the focus of a linearly polarized laser, a 45° 

p-polarized plane wave was chosen to represent the combination of a transversal and longitudinal 

electric field component in the focus. The BEM simulation is limited to plane wave excitation and 

cannot perfectly represent the real electric field distribution in the focus of the respective 

polarizations. For azimuthal polarization, the electric field vector is limited to one transverse 

direction and does not represent the real situation with all transverse electric field vectors 
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simultaneously. However, it is a reasonable estimation considering that the NPoM is much smaller 

than the azimuthal focal field, where a plane wave approximation comes close to the local 

experimental situation in the focal field. Likewise, for the focus of a radially polarized laser, the 

weak transverse mode is ignored when approximating the electric field distribution with a 

longitudinal plane wave. Since the Exy electric field component in the focal field of a radially 

polarized laser is distributed around the center of the focal region, while the Ez component is 

strongest directly at the center, an exclusively out-of-plane approximation of the plane wave comes 

close to the experimental situation in the focal field, too. The approximation thus only models the 

dominant local electric field orientations at the point of highest field strength in the focus. It does 

not reproduce the spatial variation and therefore the position dependence of the NPoM excitation, 

making it of limited quantitative predictive power.  

Scheme 1 should be located approximately here 

 

Scheme 1: Incidence angles in the y-z-plane and respective electric field vectors in the plane wave 

approximation used in the BEM simulations. Depicted are 89.5° s- and p-polarized incident plane 

waves (left), a 45° p-polarized plane wave (middle), and a 0° y-polarized plane wave (right). The 

sample plane is defined as the x-y plane. The electric field vectors of s-polarized plane waves are 

perpendicular to the y-z-plane, i.e. parallel to the sample plane, irrespective of the incidence angle. 

Those of p-polarized plane waves are parallel to the y-z-plane, with varying components Ey and 

Ez depending on the incidence angle relative to the optical axis (z).  
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Density functional theory (DFT) calculations were performed to obtain the equilibrium 

geometry of R6G at the ground state without any symmetry restrictions in ethanol, using the 

polarizable continuum model (PCM). The D3-B3LYP functional and 6-311+G(d) basis set were 

employed as implemented in the Gaussian 16.30 Energy minima were confirmed by the absence of 

imaginary frequencies in the vibrational calculations. Raman spectra were computed on the full 

structure with a frequency scaling factor of 0.9680.31 In details, the calculated absorption spectrum 

well reproduced the experimental results, giving an offset of 0.32 eV for the absorption maximum. 

The offset is defined as the energy difference between the experimental absorption maximum 

λmax = 530 nm (2.34 eV)32 and the calculated first transition from S0 to S1 at λ = 466 nm (2.66 eV). 

Therefore, the (pre-)resonance Raman spectra are expected to provide a reliable description for a 

defined excitation wavelength. To study the influence of the adsorption on the smooth gold film, 

the calculation was repeated with D3-B3LYP functional and 6-31+G(d) basis set. Here, the R6G 

molecule was placed in varying geometries on a flat gold surface consisting of two layers of gold 

atoms. The frequency scaling factor was empirically determined as 0.9520.33  

3. Results and Discussion 

3.1 Morphology and Scattering Behaviour of Nanoparticles  

The shape and size of nanoparticles are decisive factors for their plasmonic properties.8,14-16,34-38 

Therefore, we firstly characterized the morphology of the nanospheres by spin-coating the 

suspension onto an ultra-smooth gold film and imaging them in a HITACHI SU8030 scanning 

electron microscope (SEM) at 1 kV acceleration. The median diameter of the nanospheres was 

found to be 113 nm, with a tendency of the distribution to be considerably larger than 100 nm (Fig. 

1a). Further, the particles showed varying geometries (Fig. 1b), including faceted gold particles, 

elongated rod-like structures, pyramidal particles, and more. Perfectly round nanospheres could 
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be found occasionally (Fig. 1c). These different particle morphologies, resulting in varying NPoM 

cavity geometries,6,35,39,40 are expected to influence the sensitivity to excitation polarizations of 

single NPoM configurations in the SERS enhancement. In the photoluminescence images, 

individual gold nanoparticles were clearly visible, showing Airy-disk like patterns when their sizes 

were smaller than the laser focus (Fig. 1d and 1e). 

It is well known that matching the LSPR of nanoparticles used in SERS to the laser excitation 

wavelength, the emission wavelength of the sample, or in optimal cases an overlap of both, leads 

to a stronger signal enhancement.5-7,34,41 To study the LSPR properties of the sample, dark-field 

optical spectra were collected from the surfactant-free nanospheres that were deposited on a glass 

surface (Fig. 1f) and an ultrasmooth gold film (Fig. 1g), respectively. In both cases, no R6G 

molecules were used to (i) prevent spectral influence of R6G absorption or fluorescence and (ii) 

make the cavity systems as homogeneous as possible. For the nanoparticle-on-glass configuration, 

single resonance peaks were found at about λ = 643 nm that were close to our excitation laser 

wavelength of 636 nm. This resonance peak varied in the range of λ = 600 – 690 nm depending on 

the selected nanoparticle (Fig. 1f). This observation agrees well with the fact that particles of 

different geometries are present at the sample surface, which interact with the incident light 

differently.15,39,40 For the NPoM configuration (Fig. 1g), the dark-field spectra were more complex. 

The dominant scattering peaks appeared in the range of λ = 750 – 950 nm, i.e. they were redshifted 

compared to the single scattering peaks in the nanoparticle-on-glass configuration. The large 

variations in the scattering peak maxima agreed well with the literature, where it was shown before 

that the resonances of NPoM configurations are sensitive to the size and shape of the 

nanoparticle,15,39 the substrate underneath,42,43 and especially of the gap widths, and therefore the 

individual geometry of the formed cavity.8,16,35,43 The averaged spectral maximum (highlighted as 
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the red curve with the standard deviation given as a shadow) of these scattering peaks was located 

at λ = 804 nm, with a shoulder at λ = 874 nm. Blue-shifted from this dominant peak, a less intense 

scattering peak appeared at around λ = 607 nm, whose position does not vary much from particle 

to particle. Notably, this scattering peak has an energy that is closer to our excitation laser of 

636 nm than that of the dominant peak. Therefore, great attention has been paid to understanding 

the origins of these scattering peaks.  

Figure 1 should be located approximately here 

 

Figure 1: Dark-field scattering spectra with size and geometry distribution of the used 

nanospheres. (a) Boxplot covering a statistical size distribution of 107 single nanospheres 
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determined by SEM. A median diameter of 113 nm is found, while 90 % of all nanoparticles lie 

within 98 – 136 nm. For asymmetric particles, the longest axis was measured. (b, c) Scanning 

electron micrographs of nanospheres. Widely differing geometries are shown in a large cluster (b), 

while the desired configuration is shown in (c). (d, e) Photoluminescence scans of single NPoMs 

using a radially polarized laser beam with λex = 636 nm. (f) Dark-field scattering spectra of a 

reference of single gold nanospheres deposited on glass without added R6G. Selected spectra of a 

variety of single particles (blue scatter plots) and the scattering intensity averaged over all 

nanospheres (red line) including its standard deviation (pale red area) with a single intensity 

maximum around 643 nm. (g) Dark-field scattering of single gold nanospheres deposited on 

ultrasmooth gold, no R6G added. The plot includes spectra of a few selected NPoM varieties (blue 

scatter plots) as well as the average of all sampled spectra (red line) with standard deviation (pale 

red area). A weak scattering peak can be seen at λmax = 607 nm. A strong scattering peak is found 

ranging from λ = 700 – 950 nm that typically consists of several narrow peaks. On average, the 

maximum of the strong scattering peak is found at λmax = 804 nm, while a shoulder at λ = 874 nm 

persists. 

As shown in the BEM simulations of the NPoM system in Fig. 2, three characteristic modes are 

expected in the investigated range. A perfect sphere with a diameter of 120 nm at 2 nm distance 

above the gold film is assumed, although we emphasize that some deviations are expected in 

practice due to the nanoparticle geometry variations. Scattering resonances are observed at 

λ = 538 nm, 602 nm, and 832 nm (Fig. 2a) with varying electric field enhancements (Fig. 2b). The 

resonances at 602 nm and 832 nm are well in line with our experimental dark-field scattering 

results (Fig. 1g), however the peak at 538 nm cannot be resolved properly in the unpolarized dark-

field scattering experiment. From a numerical evaluation of the surface charge density 
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distributions, the nature of the modes can be clearly deduced. The dominant peak at 832 nm is 

attributed to a vertical dipolar mode that together with its image dipole forms a vertical dipolar 

gap mode (D). The mode at 602 nm can be interpreted as a lateral dipolar gap mode, forming a 

quadrupolar mode (Q) around the gap with its image dipole. The mode near 538 nm is composed 

of a quadrupolar mode in the nanosphere and its image in the gold film and is denoted as an 

octupolar mode (O). Previous theoretical or experimental studies have reported similar scattering 

behaviours for NPoM configurations9,10,39 or plasmonic nanosphere dimers.40,44 

Figure 2 should be located approximately here 
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Figure 2: Boundary element method simulation of the scattering cross section and the electric 

field enhancement of an ideal nanosphere-on-mirror configuration with sphere diameter 

d = 120 nm and gap width of h = 2 nm above the gold surface. (a) Shows the normalized scattering 
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cross sections from 500 nm to 1000 nm for 0° y-polarized excitation, 89.5° p-polarized excitation, 

and 45° p-polarized excitation under incidence in the y-z-plane, approximating azimuthally, 

radially and linearly polarized excitation, respectively. (b) Maximum electric field enhancement 

of the nanocavity system in the x-y-plane (z = 0) in the range of 500 nm to 1000 nm wavelength 

for 0° y-polarized excitation, 89.5° p-polarized excitation, and 45° p-polarized excitation under 

incidence in the y-z-plane, approximating azimuthally, radially and linearly polarized excitation, 

respectively. The locations of maximum electric field enhancement in the x-y plane at the laser 

wavelength depend on the used excitation polarization and are depicted in S2, S3. (c) Maximum 

electric field enhancement in the range of 500 nm to 1000 nm for the NPoM system including a 

R6G layer. Excitation is shown for a 0° y-polarized, 89.5° p-polarized, and 45° p-polarized plane 

wave. 

Following the simulation results, we assign the plasmonic modes that were experimentally 

observed in our dark-field spectra as follows. The redshifted scattering peaks, e.g. the ones at 

around 804 nm, were due to the dipolar coupled mode10,45 or cavity plasmon.4,46 In this spectral 

region, most studies only report a single redshifted mode or do not further elaborate on the 

individual subpeaks,4,9,39 although it has been suggested that it includes the contributions from 

both dipolar and quadrupolar modes that behave differently depending on the polarization of the 

excitation source,4,10 and the nanoparticle geometry.35 Considering the fact that a plethora of 

nanoparticle geometries are present in our sample, and unpolarized light was used for the dark-

field scattering measurements, we attribute individual subpeaks appearing in the broad scattering 

continuum in the range of λ = 750 – 950 nm to the individual dipolar cavity mode, or a coupled 

dipolar mode with different multipolar modes generated in NPoMs of specific geometries.4,8,47 The 

peaks at shorter wavelengths, at around 607 nm, were attributed to the Q-mode.10,45 In previous 
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work, this resonance is sometimes also referred to as transverse mode,35,46 or higher-order cavity 

mode.45,48 This quadrupolar resonance that has good overlap with the excitation laser wavelength 

for the Raman experiments is of great importance for the present study. It has been only rarely 

used for SERS15, and without detailed investigations of the excitation-polarization influences. 

The intensity of each resonance is strongly influenced by the orientation of the incident electric 

field. The Q-mode is excited for all excitation polarizations, but the D-mode is strictly related to 

vertically oriented electric field components and is not excited by in-plane excitation (Fig. 2a). At 

the resonant excitation of the Q-mode, a strong electric field enhancement is observed in the 

sample plane for the plane wave approximation, which contains a small contribution of the O-

mode (Fig. 2b). It should be noted that the Q-mode, which is otherwise assumed to be non-radiative 

for symmetry reasons, has a significant contribution to the scattering behaviour.10 This can be 

explained by the symmetry-breaking effect of coupling to the gold film, where part of the 

plasmonic excitation is transferred via surface plasmon polaritons into the film and by radiating 

into the far-field. We note that also due to the deviations of our nanosphere geometries from a 

perfect sphere, we must consider the influence of cavity symmetry breaking in our NPoM hotspots. 

This can lead to a quadrupolar mode that is not cancelled out by destructive interference in the 

gap39 in our individual nanocavities. The D-mode that is not resonantly excited in this work leads 

to a slightly higher electric field enhancement in the sample plane using the high-angle 

approximation (Fig. 2b). Some spectral overlap with the excitation laser is still given, which 

suggests a notable contribution of the D-mode when using a linearly or radially polarized laser. 

However, experimentally the dark-field scattering spectra indicate that the Q-mode and D-mode 

are clearly separated (Fig. 1g), hence the resonance excited in our SERS measurements appears to 

be predominantly the Q-mode. As the electric field distributions of the different field components 
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for the Q-mode indicate (see Fig. S2, S3), the magnitude of the Ez component appears to be 3 to 

6.1 times larger than that of the x-y-component. A dominant dipolar electric field component is 

present along the symmetry axis of the cavity with a strong and highly confined electric field 

enhancement outside the gap center for p-polarized 89.5° incidence, while a zero-node is found at 

the gap center (Fig. S2a-d, middle). For y-polarized 0° incidence, a dominant electric field 

component in the y-z-plane of the cavity results in a very strong electric field enhancement in a 

two-lobed pattern around the gap center with a zero-enhancement node directly in the center of the 

cavity (Fig. S2a-d, left). 

While this model represents the sample configuration used for the dark-field scattering 

experiments (no R6G added) well, it is necessary to include a dielectric spacer layer in the gap for 

the SERS experiments. When a R6G molecular layer is considered by a refractive index of 

n = 1.9,29 a red-shift of the Q-mode resonance to λ = 656 nm is observed (Fig. 2c), which matches 

the excitation wavelength of our laser even better compared to the case with no dielectric layer. 

The electric field enhancement of the Q-mode seems to be similar irrespective of 0° y-polarized, 

89.5° p-polarized or 45° p-polarized incidence (Fig. S3d). Although the ratios of the out-of-plane 

to in-plane electric field component are altered with the dielectric spacer layer included, the Ez 

component is still 2.3 to 4.0 times larger than the Exy component, and the quadrupolar nature of 

the resonance remains (Fid. S3a-c). It should be noted that while the Q-mode is near-resonantly 

excited by the incident laser at λ = 636 nm (Fig. 2c) and therefore dominates the excitation 

enhancement, some residual spectral overlap with the D-mode is still given. From the experiments 

(Fig. 1g), this overlap seems to be negligible. The Stokes-shifted Raman signal emitted at longer 

wavelengths (in the range of ~ 650 to 720 nm) however decreasingly overlaps with the Q- and 
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increasingly overlaps with the D-mode, i.e., the D-mode is expected to additionally contribute to 

the observed enhancement of the far-field emission.  

These simulations imply that although the NPoM cavity is oriented out-of-plane on the sample, 

high field enhancement can be achieved by both in-plane and out-of-plane excitation, delivering 

high signal enhancement for SERS. Next, we exploit these properties of the Q-mode by harnessing 

it for SERS enhancement. 

 

3.2 Surface-Enhanced Raman Scattering 

 Figure 3 should be located approximately here 
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Figure 3: Surface-enhanced Raman spectra for different substrates and laser polarizations with 

λex = 636 nm, taq = 30 s per spectrum, averaged from 10 acquisitions, and 36 µW laser power. 

(a) Averaged background-adjusted Raman spectra of Rhodamine 6G deposited on ultrasmooth 

gold (blue), rough gold (red) and in a nanoparticle-on-mirror system (black) using a radially 

polarized laser. (b) Representative Raman spectra of Rhodamine 6G in different nanocavities 

using radial polarization. Spectra are offset in y-direction for visual clarity. Strong differences in 

the gold photoluminescence background and Raman enhancement can be observed. (c) Averaged 

background-adjusted Raman spectra of Rhodamine 6G in nanoparticle-on-mirror configuration for 
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linear (black), radial (red) and azimuthal (blue) polarization, compared to a confocal measurement 

without nanoparticles introduced onto the sample (green). (d) Comparison of averaged integrated 

peak areas for linear (black), radial (red) and azimuthal (blue) polarization. While radial 

polarization leads to the strongest enhancement on average, peak-specific polarization-

dependencies emerge. 

After analyzing the nature of the plasmonic modes present in our NPoM configuration, we 

continue with the experimental Raman measurements of R6G molecules deposited on rough gold 

film, ultrasmooth gold film, and in a NPoM cavity. The weakest Raman intensity of R6G is found 

on the ultrasmooth gold film (blue spectrum, Fig. 3a) that can be barely extracted even after 

acquisition times of more than 5 minutes. Although on the rough gold grid film (red spectrum, Fig. 

3a) particularly strong Raman intensities of R6G can be observed on some spots, the average 

intensity is significantly weaker than that from the NPoM configuration (black spectrum, Fig. 3a). 

We emphasize that for the comparison in Fig. 3a, all measured SERS spectra were averaged for 

the respective sample configuration. We note that only few spots on the rough gold grid film 

showed stronger enhancement than that from the NPoM hotspots. This observation indicates that 

the Q-mode is significantly involved in the excitation of the gap-mode responsible for Raman 

scattering. Notably, as shown in Fig. 3b, the level of enhancement differs from particle to particle 

for the NPoM configuration even with the same excitation polarization, which can be well-

understood considering the spectral variability of the Q-mode resonance wavelength and strengths 

revealed in Fig. 1g, which we attribute to varying NPoM geometries. A possible influence by 

varying molecular adsorption geometries in the experiments cannot be completely excluded, 

though the calculated most thermodynamically stable configuration of R6G is the XT-plane lying 

down on the gold surface (Fig. S4). We note that all rotational orientations of the adsorbed R6G 
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molecules within the x-y-plane are equally possible, and therefore expect an average optical 

response across all angles within the sample plane. We estimate this average of statistical angular 

rotation in the sample plane to be similar on different nanoparticle spots, due to the considerable 

number of molecules per hotspot. As future work, molecular thin films with well-ordered 

molecular orientations could be used to clarify this point. 

Since the simulated electric field distribution for the Q-mode has distinct contributions in the x-

y plane and the z-direction, we therefore continue to study the impacts of the excitation 

polarizations on the SERS enhancement by the Q-mode. As shown in Fig. 3c, on average, 

excitation with a radially polarized laser (red) leads to the strongest enhancement, which is 

followed by that from linear polarization (black) and lastly the azimuthal polarization (blue). The 

enhancements for all three polarizations are significant as compared to the confocal reference 

spectrum taken from the ultrasmooth gold film (green). This shows that the used laser polarizations 

are all well-suited to excite the NPoM system. According to our BEM simulations, the maximum 

field enhancement for all laser polarizations at λ = 636 nm (not on maximum resonance) is 

approximated to be similar when the dielectric R6G spacer layer is present. 

To understand the excitation polarization-dependent SERS results shown in Fig. 3c, we consider 

not only the electric field enhancement factors in the gap induced by the Q-mode, but also the 

electric field distributions in the focus of our parabolic mirror. The electric field distributions of a 

linearly, azimuthally, and radially polarized laser beam focused onto a gold surface by a high NA 

parabolic mirror differ significantly. The focal field of a linearly polarized laser beam (Fig. 4a) 

consists of longitudinal (out-of-plane perpendicular to the sample plane, z-direction) and 

transversal (in-plane, x- and y-direction) electric field components in the focus with spatially 

separated intensity maxima, where the maximum intensity of the out-of-plane component at z = 0 
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in the x-y sample plane (|Ez|²) is 2.9 times stronger than the maximum intensity of the in-plane 

component (|Ex,y|²). For a radially polarized beam (Fig. 4b), the longitudinal electric field intensity 

(|Ez|²) is 24.6 times higher than that for the maximum transverse electric field (|Ex,y|²) at z = 0. The 

focal field intensity of an azimuthally polarized laser beam (Fig. 4c) contains no longitudinal 

electric field components (|Ez|²), it is strictly composed of a transverse electric field intensity 

(|Ex,y|²).
49 These distinct spatial distributions of the field intensities in the focal fields of differently 

polarized lasers need to be considered for the excitation of the NPoM configurations in the focus. 

A radially polarized laser will lead to the highest electric field intensity in the sample plane in the 

center of the focus (Fig. 4d), followed by the linearly polarized laser (Fig. 4e). For the SERS 

measurements with a radially or a linearly polarized laser, the NPoM was positioned in the center 

of the focus for excitation. The electric field intensity of the azimuthally polarized laser is zero in 

the center of the focus, it is instead distributed symmetrically on a ring around the optical axis. 

Hence, for excitation with an azimuthally polarized laser (Fig. 4f), the NPoM was positioned to 

the side of the optical axis below the intensity maximum of the ring-shaped field distribution. 

Furthermore, we note that the in-plane electric field component Exy has a node on the flat gold 

surface due to the reflection, and the longitudinal field component Ez has a maximum on the optical 

axis directly on the flat gold surface. 

 Figure 4 should be located approximately here 
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Figure 4: Calculated electric field intensities of longitudinal and transversal components as a result 

of interference of incident plus reflected components in the focal region of a parabolic mirror of 

NA = 0.9986 for a linearly, radially, and azimuthally polarized laser with λ = 636 nm above a gold 

surface with no nanoparticle present. The circular red insets with the black arrows indicate the 

polarization of the incident beam. (a) Shows that the focal field of a linearly polarized laser beam 
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at z = 0 is composed of in-plane (Exy) and out-of-plane (Ez) electric field components. In the focal 

region of the parabolic mirror on a gold surface, the field intensity of the Ez component is 

significantly stronger than that of the Exy component. (b) Shows that the focal field of a radially 

polarized laser beam at z = 0 consists of a very strong out-of-plane electric field component (Ez) 

in the center of the focus, accompanied by a very weak in-plane electric field component just 

outside the center. (c) Shows that the focus of an azimuthally polarized laser beam at z = 0 is 

composed of strictly in-plane electric field components that constitute the total electric field in the 

focus. (d) Electric field intensity distribution in the x-z-plane along the optical axis through the 

focal region of the linearly polarized laser beam. The circle sketches the gold nanosphere and 

shows that it is not in the maximum of the focus field. (e) Section through the focal field 

distribution along the optical axis showing the total electric field intensity formed by a radially 

polarized laser beam. The circle indicates the gold nanosphere and shows that the maximum 

electric field intensity can excite effectively the plasmon oscillation in the NPoM. (f) Electric field 

intensity distribution in a section through the focal region along the optical axis formed by an 

azimuthally polarized laser. The real scale inset gold nanosphere shows that the electric field 

intensity on the NPoM is considerably lower.  

 For a radially polarized laser mode, most of the total electric field intensity is concentrated on 

the center of the focus (Fig. 4b), which is directly in the sample plane (Fig. 4e). The total electric 

field intensity in the focal field of a linearly polarized laser is the strongest around the optical axis. 

Furthermore, due to the reflection of the incident electric field at the smooth gold surface, the 

incident and the reflected horizontal field components cancel at the gold surface and form an 

intensity maximum about 200 nm above the sample plane (Fig. 4d). Likewise for azimuthal 

polarization, the total electric field intensity is distributed along the donut-shaped intensity profile 
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(Fig. 4c), and the maximum of the total electric field intensity is located approximately 250 nm 

above the sample plane (Fig. 4f). Therefore, the far-field laser excitation field at the NPoM position 

is the highest for a radially polarized laser beam, followed by the linearly and then the azimuthally 

polarized laser beams. Considering a similar electric field enhancement 
|E|

|E0|
 of the Q-mode for each 

laser polarization, we attribute the strongest experimental SERS found for a radially polarized laser 

(Fig. 3c, red) to the higher exciting laser beam focus field (far-field) at the NPoM position in the 

focus. Likewise, a weaker SERS enhancement for a linearly polarized (Fig. 3c, black) and then an 

azimuthally polarized laser beam (Fig. 3c, blue) can be attributed to their weaker focus far-field at 

the NPoM position in the focus, respectively. 

In addition to the observed polarization-dependent total enhancement differences, we note that 

the enhancement for each individual Raman peak depends on the excitation polarization (Fig. 3d). 

For polarization-dependent enhancement we consider the ratio of the out-of-plane and in-plane 

electric field components of the Q-mode excited at λ = 636 nm with respect to the sample plane 

quantified as 
|𝐸𝑧,𝑚𝑎𝑥|

|𝐸𝑥,𝑚𝑎x |+|𝐸𝑦,𝑚𝑎𝑥|
 for all three polarizations, including the dielectric R6G layer (see 

Fig. S3a-c). The out-of-plane to in-plane electric field ratio differs for the computed plane wave 

approximations and amounts to 4.0 for 89.5° p-polarized incidence (radial), 3.0 for 45° p-polarized 

incidence (linear) and 2.3 for 0° y-polarized incidence (azimuthal). Although this ratio changes for 

the different simulated excitation polarizations, the out-of-plane electric field component is in all 

cases much higher than the in-plane electric field component.  

The Raman peaks at 610 cm-1 (aromatic C-C-C in-plane bending), 771 cm-1 (C-C-C aromatic in-

plane bending and C-C-H out-of-plane bending) and 1642 cm-1 (aromatic C-C stretching) 

experience the strongest enhancement excited by the focal field of the linearly polarized laser 

beam, very closely followed by the focal field distribution created by the radial polarization (with 
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the radial polarization yielding the highest peak intensities). For the peaks at 1311 cm-1 (aromatic 

C-C stretching, C-N-H in-plane bending) and 1504 cm-1 (aromatic C-C stretching), radial 

polarization induces significantly stronger enhancement than that of the linear polarization, while 

azimuthal polarization leads to the weakest enhancement. For 1358 cm-1 (aromatic C-C stretching, 

C-N-H bending), radial polarization causes the strongest enhancement, followed by azimuthal and 

then linear polarization. At 1189 cm-1 (aromatic C-C in-plane stretching), azimuthal polarization 

causes significantly stronger enhancement than those of the radial polarization and linear 

polarization. The same trend is seen at 1580 cm-1 (aromatic C-C stretching), though less 

significant. To understand these specific enhancement factors for individual Raman peaks, we 

performed DFT calculations of the vibrational modes for an ethanolic solution of R6G and for 

R6G adsorbed on a smooth gold film. The comparison of the Raman calculations for the free 

molecule versus that on the gold surface revealed a significant dependency of frequencies and 

intensities on the surrounding conditions due to the modification of the local chemical 

environment, in particular for those modes which exhibit admixing of C-N-H and C-C-H bending 

motions in the amino groups (see Fig. S4 for details). Furthermore, R6G shows 'clusters' of Raman-

active modes with very similar frequencies, but different vibrational patterns; therefore, many of 

the experimentally observed lines must be considered as multi-component signals. As both factors 

inhibit a precise assignment for these modes, we concentrate in the analysis on modes which solely 

contain aromatic in-plane bending or stretching either in the xanthene (XT) or in the ethyl benzoate 

(EB) units of R6G (see Scheme 2), and, at the same time, do not show clustering.  

 Scheme 2 should be located approximately here 
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Scheme 2: Structural formula of Rhodamine 6G. The molecule is composed of a planar xanthene 

chromophore (blue, XT plane), to which two ethylamine groups and one ethyl benzoate group are 

attached, and it is positively charged. In ethanolic solution, the ethylamine groups are oriented as 

shown here. In adsorbed geometry on gold, they face upwards out of plane, with the C-N bonds 

oriented in the XT-plane. The planar benzene of the ethyl benzoate group forms another plane 

(EB-plane), which is tilted with respect to the XT-plane.  

We follow the suggested adsorption geometry of R6G onto silver and gold surfaces with the 

xanthene (XT) part face-on onto the film, both nitrogen atoms of the ethylamine groups close to 

the surface and the respective ethyl-groups as well as the ethyl benzoate (EB) group bending out 

of plane.50,51 DFT calculations allow us to correlate molecular orientations with SERS 

experiments,12,13 which we do here for the averaged spectra in Fig. 3c-d. Most of the 

experimentally observed Raman lines represent clusters of several Raman-active modes and show 

complex, ambiguous nuclear displacement patterns. Notable exceptions are the vibrational modes 

at 1 = 394 cm-1 and 2 = 610 cm-1 with a significant component perpendicular to the XT-plane, 

and the mode at 3 = 1189 cm-1 with exclusive nuclear displacements within the XT plane. In fact, 

while 3 shows higher Raman intensity with the azimuthal polarization than with the radial 
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polarization, the situation inverts for the Raman modes 1 and 2 (Fig. 3c-d). This is indeed in line 

with the model of R6G molecules lying flat with their XT moiety on the gold surface. 

 A closer look at single NPoM hotspots instead of their total average reveals unique nanocavity 

optical responses. While radial polarization leads to the strongest overall SERS enhancement, 

exactly the opposite can be observed on some individual hotspots. For few hotspots, azimuthal 

(Fig. 5a-b) or linear polarization (Fig. S5a) leads to the strongest signal enhancement, while some 

respond indifferently to the laser polarization (Fig. S5b). Furthermore, polarization-dependent 

changes of the relative intensities of the R6G Raman scattering on individual hotspots can be 

observed, which is most evident for the vibrational modes at  =  cm-1 and  = 1580 cm-1, but 

is not consistent for each respective polarization when comparing individual nanoparticles. Further 

investigations with systematically varied particle geometries will be performed to conclude the 

geometry-dependent SERS response. When considering the raw data without background-

subtraction (Fig. 5c-d), it becomes apparent that there are polarization-dependent optical responses 

also in the photoluminescence for individual nanocavities. These phenomena are due to the 

variations in nanoparticle shape, size and gap distance8,15,16,35,39 for individual NPoM hotspots. 

This has been revealed by previous dark-field-scattering measurements showing different Q-mode 

resonance intensities for varying NPoM configurations excited by different excitation 

polarizations.39 Similar work was recently done for larger gold nanospheres and silver nanocubes 

on ultrasmooth gold with similar geometry-specific polarization susceptibilities and the excitation 

of particular antenna modes depending on the laser polarization.9 Possible chemical enhancement 

due to charge redistribution that occurs for R6G adsorbed on gold substrate is expected to be 

similar over large areas. This assumes that on an ultrasmooth gold surface, where the prevalence 

of lattice disorders or defects is largely negligible, the usual discrepancies of electric surface charge 
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density distributions52 are not present and therefore different R6G molecules should adsorb onto 

the gold film uniformly, as has been suggested in a recent theoretical study for differently charged 

gold surfaces.51 We therefore propose that the main contribution to signal enhancement in Fig. 3a 

is from the electromagnetic enhancement by exciting the Q-mode of the NPoM system resonantly, 

which is effectively possible using linear, radial and azimuthal polarizations. 

 Figure 5 should be located approximately here 

 

Figure 5: Polarization-dependent Raman spectra recorded on selected hotspots with λex = 636 nm,  

taq = 30 s per spectrum, averaged from 10 acquisitions, and 36 µW laser power. (a)-(b) Averaged 

background-subtracted Raman spectra of Rhodamine 6G deposited in two individual nanoparticle-
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on-mirror configurations for linear (black), radial (red) and azimuthal (blue) polarization. Large 

discrepancies in the enhancement factors for different excitation-polarizations are observed 

depending on the individual hotspot. (c)-(d) Unprocessed Raman spectra of individual hotspots 

shown in (a)-(b), respectively. The polarization-dependent Raman enhancement is accompanied 

by a polarization-dependent enhancement of the photoluminescence background. 

 

4. Conclusions 

Our experimental results demonstrate that the excitation of NPoMs for enhanced Raman scattering 

can be achieved through the resonant excitation of the multipole Q-mode. In this case, both in-

plane and out-of-plane electric field components are suitable for exciting the Q-mode and 

enhancing the Raman scattering of R6G molecules adsorbed in the NPoM configuration. These 

findings can be well-explained by the mode-analysis performed by BEM simulations for NPoM 

configurations with and without R6G adsorbates. For all three approximated excitation 

polarizations (azimuthal, radial, and linear polarizations), the simulations show that the out-of-

plane electric field component of the Q-mode is much higher than the in-plane electric field 

component. This distinct electric field distribution heavily impacts the polarization-dependent 

SERS enhancement at the NPoM. Particularly, individual Raman peaks are shown to be enhanced 

differently, which is in line with the tensor properties of the DFT-calculated R6G vibrational 

modes and the local field distribution. We note that while the role of the Q-mode is dominant in 

the SERS excitation enhancement, both Q-mode and D-mode contribute to the enhanced emission 

of the Stokes-shifted optical signal into the far-field. Further, the different polarization-dependent 

SERS enhancement at individual NPoM hotspots highlights that the implementation of higher-

order plasmonic modes (i.e. Q-mode) is also sensitive to the nanoparticle shape, size and gap 
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distance. A quick and simple change of the incident laser polarization leads to significant 

differences of NPoM system polarizability, which could be exploited for applications in other 

systems by tailoring the nanocavity response through their geometry. A further investigation with 

more uniform plasmonic particles to eliminate particle-specific variations and correlative 

microscopy to extract their exact morphology seems promising to further elucidate polarization-

dependent cavity-mode effects for possible applicability in other research challenges. 
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