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      Surface Enhanced Raman Spectra (SERS) recorded on plasmonic substrate is often 

accompanied with broad background, origin of which is extensively deliberated. Moreover, 

fluctuation in the spectra is regarded as a signature of single molecule response. The 

plasmonic junctions typically evolve and so does the local near field, which the molecule 

experiences. The molecular signature indicates presence of complicated near field, as well 

as the background is characterized via electronic Raman of the metal. The understanding of 

the entire spectra is based on the molecular response, metal response and their coupling. 

Polarized SERS measurements on single Au or Ag nanodimer equipped with some reporter 

molecule shows that the emission constituting the continuum is polarized. In a metal, bulk 

states can only result in scattering which is unpolarized, however, the surface states of the 

metal can be responsible for Raman. We assign the continuua to Raman of plasmons. The 

polarization decomposition of the intimately related molecular and plasmonic SERS allows 

mechanistic assignments of the scattering process and the nature of accessible plasmons in 

the prototypical dumbbell antenna. 
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Introduction 

Surface enhanced Raman scattering (SERS) briefly refers to the phenomenon resulting in 

million-fold stronger Raman signal from molecules when they are adsorbed on rough metal 

surfaces. It was in 1974, exactly 40 years ago, when Fleichmann et al.1 reported unusually bright 

Raman scattering from pyridine adsorbed on electrochemically roughened silver electrodes. 

They suggested that the enhancement may be due to the increased surface area of the roughened 

electrode, thereby allowing more molecules to adsorb in the probed area. It was not until 1977 

when Jeanmaire and Van Duyne2 and Albrecht and Creighton3 independently recognized that 

simply increasing the number of scatterers in the interaction volume cannot account for the 

observed large intensities. Jeanmaire and Van Duyne explained the observation based on electric 

field enhancement mechanism, namely surface enhanced Raman scattering (SERS), whereas 

Albrecht and Creighton suggested resonance Raman scattering from molecular electronic states, 

which is more commonly known as chemical mechanism of Raman enhancement. 

Although any metal is potent to generate surface enhancement,4 SERS is primarily 

observed for molecules adsorbed on coinage metals (Ag, Au, Cu) or alkali metal (Li, Na, K) for 

visible excitation.5 The enhancement of Raman signal in SERS generally involves two 

mechanisms: chemical enhancement and electromagnetic (EM) enhancement. Chemical 

enhancement depends on chemical specificity of the molecules which associates changes to the 

adsorbate electronic state due to chemisorption geometry.6 The electromagnetic enhancement 

mechanism on the other hand is associated with the excitation of localized surface plasmons and 

the strength of their electromagnetic fields near the surface. These fields can be significantly 

larger than the incident fields. Together, chemical and EM enhancement may lead to an overall 

average enhancement of ~105-1012. Although the first measurements were performed on Ag 
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electrodes, huge variations of roughened surface and colloidal surface has been used as SERS 

substrates. In such structures, there exist local regions with strongly enhanced electromagnetic 

fields, which are known as hot-spots. The hot-spot can be a sharp corner or a molecular asperity 

or more commonly a metallic junction on ~nm lengthscale. For EM enhancement factor η, local 

electric electric field is Eloc = ηEin, and SERS signal ISERS ~ Iloc
4 ~ η4I0. This led to the concept 

that larger enhancement in SERS is possible if the probing area is selectively chosen to be a hot 

spot created by the excitation. Clear proof of the existence of hot-spots came along from the 

single molecule SERS measurements, when Nie and Emory7 and Kneipp et al.8 claimed intrinsic 

Raman enhancement of the order of 1014. Although an upper limit of 1010 is established9 for 

SERS, huge enhancement of electric field in SERS made single molecule detection achievable. 

Fluctuation in SERS is indicative of single (few) molecule limit. This is predominantly 

due to the evolution of the plasmonic nano-junction. A prerequisite to achieve single molecule 

sensitivity is a junction of size ~ 1 nm. Atomic scale asperity is a characteristic feature at this 

length scale, and cannot be ignored. Additionally, under irradiation intensities of 1 mW/µ2, we 

recognize evolution and fusion of Ag junctions through simultaneous SERS/AFM 

measurements. The first set of measurements in this regard was carried out on chemically 

engineered, bare silver dumbbells. Very similar same observations were also made on silica 

encapsulated gold nansosphere dimers.  In the latter case, we verify through TEM that the 

plasmonic junction evolves and fuses, without a noticeable change to the overall shape of the 

plasmonic object. The evolution is in Å scale, at which fusion occurs. Even though the evolution 

events are stochastic, they possess unique spectroscopic signatures in the form of fluctuations in 

signal from reporter molecules present in that junction.  
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Non-resonant (NR)-SERS can be used to uniquely establish local field and field 

gradients. We identify the fluctuating SERS as gradient driven Raman (GDR) where IR lines 

appear in Raman spectrum.10 More importantly we recognize the presence of significant field 

gradients that generate magnetic and quadrupolar Raman. The formulation is brought to closure 

using electric magnetic dipolar (G’) and electric quadrupolar (A) tensors along with molecular 

polarizability (α) tensor as obtained from Raman optical activity (ROA) calculations. In addition 

to normal Raman spectra (NRS) of the molecule, we see clear signature of surface-enhanced 

dipole-quadrupole Raman (SEQRS) and surface-enhanced dipole-magnetic Raman (SEMRS) in 

the fluctuating spectra.  

The tensor nature of SERS in the single molecule limit has broader implications, beyond 

mere assignment of fluctuating spectra. It is possible to identify the local fields and quantify the 

corresponding enhancement. Local fields and field gradients govern the near field excitation of 

molecules, and they can be dramatically different than than the freely propagating applied EM 

waves in the far field. Once the multipolar spectra of the molecule is assigned, we can deduce the 

molecular orientation with respect to the local electric field, and this can be regarded as the 

equivalent of the molecular Global Positioning System. The most complete description of the 

scattering tensors arises from polarization resolved Raman measurements, which we describe in 

Chapter xx..  

Sub-nm gap size in a plasmonic junction sustains charge transfer plasmons, and these can 

be seen in molecular spectra as charge transfer resonances (CTPR). The effect occurs when 

current tunnels across the junction, and the molecule acts as a bridge. In the limit of field 

plasmons being shorted by molecules, dramatic enhancement in the integrated scattering 

intensity occurs along with spectral broadening due to inelastic electron scattering. 
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SERS is generally accompanied with a broad background, which we identify as 

electronic Raman scattering (ERS) of the metallic nanostructure. We show that the anti-Stokes 

ERS allows the determination of the temperature of the hotspot. In effect, we identify a nano-

thermometer, which measures local temperature. Using this thermometer, we show that Au/Ag 

nanospheres reach their melting point at irradiation intensities of 1mW/µm2. Noting that atomic 

mobility in the bulk of solids occurs near 1/3 melting point, and surface atom mobility is 

significantly lower, the intensity dependent measurements of temperature rationalize the 

observation of surface reconstruction and junction gap fusion during SERS measurements.  

Au nanosphere dimer of diameter ~100 nm is dominated by radiative damping of 

plasmons, as such the ERS of the metal dominates the background. The spectrum can be 

quantitatively understood through as electron-hole scattering among k-states perpendicular to the 

surface. In contrast with all prior measuremenst of SERS which rely on the molecular reporter, 

we now have a method to interrogate the Raman excitation of the metallic structure. Through 

polarization sensitive measurements, we directly relate the (third-order) polarization of the 

antenna and the molecule. We show that the dipolar plasmons carry the molecular signal, and the 

quadrupolar Raman of the nano-antenna does not couple to the molecular SERS. The near field 

response of the antenna has chiral response, which implies very different EM excitation of the 

molecule than that possible with far field transverse EM waves. We show that the handedness of 

the chiral response does not have a trivial relation with the structure of the antenna. The 

generation of chiral fields on seemingly achiral structures is a subject of great interest, with many 

possible applications in light management and in ultrasensitive detection of molecular chirality.  

Having identified ERS of the metal and SERS of the molecule, we can clearly identify 

the cross terms; namely, metal to molecule Raman scattering, what may be regarded as the 
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CTPR of plasmon-molecule coupled system. The signature of this is nonlinear intensity 

dependent response and dispersive lineshapes that dramatically broaden with irradiation 

intensity. 

In effect, this thesis quantitatively addresses details of SERS that up to present were the 

subject of speculation.  
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1.1 Abstract 

 We describe combined AFM/Raman measurements on single nano-dumbbells, consisting 

of silver nano-spheres linked with dibenzyl-4,4'-dithiol (DBDT). The measured surface enhanced 

Raman scattering (SERS) enhancement factor EFexp = 3x107 at 532 nm corresponds to the 

observed signal strength of a single DBDT molecule, the Raman cross-section of which is 

determined as dσ/dΩ = 6 x10-28 cm2/sr. We show that the product of the local field enhancement 

EFP = (Ei/E0)2(Es/E0)2 = 3x106 and the chemical contribution due to reduced detuning EFC = 

(Δ0/Δ)2 = 12 account for the observed effect. The chemical contribution is assessed by exploring 

model structures Agn-S-DB-S-Agm (n,m = 0,3,7,20). The π-π* transition at 287 nm, which 

determines the polarizability of the bare molecule, acquires a DBDT-to-silver charge transfer 

character upon binding to silver. The CT near 400 nm reduces the detuning but remains non-

resonant at 532 nm. We observe a soft polarization dependence, suggesting optical activity, 

which in part is ascribed to coupling between plasmon and conjugated electrons of DBDT. 

Modest enhancement factors are sufficient to detect single molecules through non-resonant 

SERS.  
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1.2 Introduction 

By taking advantage of the large plasmonically enhanced local fields at junctions of 

metallic nano-structures, Raman scattering with single molecule sensitivity can be attained. 

Since the early demonstrations,1–3 there has been significant development of the field as 

highlighted in a recent review.4 Such developments have been made possible through 

enhancement of the feeble Raman effect, through mechanisms collectively identified as surface 

enhanced Raman scattering (SERS). Since its discovery,5,6 SERS has developed as a field of 

wide-impact and applications.7,8 Nevertheless, understanding the underlying coupled dynamics 

between molecular excitations and collective plasmons remains a challenge. Beside its inherent 

interest, exploration of single molecules through SERS (SMSERS) can be expected to lead to a 

deeper understanding of the governing principles in SERS. Multiple approaches have been 

pursued to reach and prove single molecule sensitivity.1,9–11 The common approach is to first 

create plasmonic structures, and to then coax molecules into inter-particle gaps – “hot spots” 

where fields are largest.4,12–15 This strategy generates a distribution of nano-junctions, and 

associated with them, a heterogeneous field terrain over which molecules are sprinkled with 

uncertain orientation. Given the nonlinearity of the SERS response, spatial and orientational 

averaging of observables leads to uncertainty. We take a different approach. To investigate 

molecules at a single well-defined structure, we rely on thiolation chemistry to link two 

nanospheres with the target molecule.16–18 By design, the linker is positioned at the hot spot with 

inter-sphere gap defined by the length of the molecule. The approach yields the required 

sensitivity to interrogate single molecules under ambient conditions, as recently illustrated using 

distyril benzene linked silver nano-spheres in aqueous solution.19 There, the concept was to 

equip molecules with antennae to address them individually. Here, through combined atomic 
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force microscopy (AFM) and Raman micro-spectroscopy, we investigate single dibenzyl-dithio-

linked silver dumbbells, dry-mounted and isolated on a microscope slide. The 1.2 nm sulfur-to-

sulfur length of the π-conjugated dibenzyl-dithiol (DBDT) defines the inter-sphere gap, a 

consistency check of which is provided through TEM images. The immobilized dumbbells, with 

defined structural and spatial alignment, allow analysis of the operative photophysics. The most 

mundane of the considerations is the magnitude and mechanism of the enhancement that enables 

observations at the single molecule level, to which we limit the first of this series of reports.  

Enhancement factors as large as EF = 1011-1014 are reported in SMSERS studies.1,20,21 

Such large values can arise from multiplicative contributions of physical and chemical factors, 

EF = EFPEFC, the latter implying significant modification of the electronic structure of the target 

molecule. If indeed this were necessary, then the utility of SMSERS would be somewhat limited. 

We demonstrate that this is not the case. Rather modest enhancement factors, accessible via 

locally enhanced fields are sufficient to reach single molecule sensitivity. This can be shown 

with some generality. Note, the Raman scattering intensity of a molecule embedded in a medium 

is given in terms of its gas phase, angle-integrated cross section σnm (cm2):22 

I = L(ω)I0σnm             1.1 

in which I is the scattering rate (s-1) integrated over the Raman line profile of the transition 

between vibrational levels m,n of the ground electronic state; I0 is the incident light intensity 

(photons cm-2 s-1), and L(ω) is the local field correction. L(ω) = 1 in rarified media, while in an 

isotropic dielectric such as that of a liquid, the correction is well approximated by the Clausius 

Massotti relation: 

L(ω) = (Ei/E0)2(Es/E0)2 = [(!!! +2)/3]2[(!!!+2)/3]2    1.2 

where ni,s are the indices of refraction at the incident and scattered frequencies. In the standard 
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approximation the SERS intensity is:  

ISERS =(EF)I0σnm = (EFPEFC)I0σnm     1.3 

where EFP ≡ L(ω) is the local field correction, same as in eqn. 1.3 but now arising from the 

plasmonic nano-structure;23–26 while EFC ≡!σ’nm / σnm recognizes that the molecular cross 

section may be modified upon binding to the SERS substrate.27 The incident intensity in eqn. 1.3 

cannot be arbitrarily increased. We show that consistent with prior analyses,28 intensities that 

significantly exceed 1 mW/µm2 (I0 = 2.5×1023 photons cm-2 s-1) perturb the nano-junction 

through light-induced forces. Within this limitation, to observe a single molecule at a count rate 

of 103 s-1 and a detection efficiency of 10-2, the requirement is for the product: EFσnm = 4×10-19 

cm2. For a non-resonant scatterer such as benzene (σ=4πdσ/dΩ = 9×10-29 cm2 at 514 nm)29 an 

enhancement factor of EF = 4×109 is required. With an astute choice of wavelengths, in 

principle, such enhancements can be attained at hot spots of nanosphere dimers, which have been 

extensively analyzed previously through numerical 22,30–32 and analytical 28,33–35 classical 

electrodynamics and quantum 36–38 treatments. The Raman cross section of DBDT is two orders 

of magnitude larger than that of benzene, therefore detectable with a modest EF of ~107, as in 

the closely related distyrilbenzene system.19 For a resonant Raman scatterer, such as the 

extensively used rhodamine dyes for which σ = 4×10-22 cm2,39 an EF of 103 is sufficient to detect 

a single molecules. Clearly, resonant Raman (RR) of single molecules is detectable by modest 

enhancements, and competes with fluorescence. Both processes are determined by spontaneous 

radiation: RR, prior to dephasing; and fluorescence, post dephasing. As such, the branching ratio 

between RR and fluorescence channels, kr/γ,40 is determined by the competition between the 

dephasing rate of the initially prepared state, γ, and the enhanced rate of spontaneous radiation kr 

= (Es/E0)2/τr, the local field effect that can be cast alternatively in terms of the modified vacuum 
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or reradiation.31 Reduction of the ns radiation time of a dye molecule by 103, puts it in the range 

of dephasing times (ps), where RR competes with fluorescence. It would therefore be difficult to 

reconcile much larger enhancement factors with RR scatterers.2 Giant enhancements would be 

expected only if an otherwise non-resonant response were to shift into resonance as a result of 

molecule-substrate coupling.  

Our experimental findings are consistent with the above analysis. We show that a single 

non-resonant DBDT molecule that bridges a nanosphere dimer is observable. Since the molecule 

is chemically attached to silver, we explore the potential role of chemical contributions through 

electronic structure calculations on model systems: Agn-S-DB-S-Agm (n,m = 1,3,7,20).27,41–43 We 

conclude that the contribution of chemical effects to the overall EF is minor (EFC ~ 10). The 

surprising finding is a mild polarization dependence of the Raman response of the dumbbell, 

which we cannot explain by explicit analysis of the local fields of idealized nanospheres. We will 

ascribe this shortcoming to the limitation of analyses that treat the nano-structure as an effective 

medium, ignoring coupling between plasmon and molecule. 

 

1.3 Experimental Methods 

1.3.1 Sample Preparation 

The synthetic strategy and method has been previously reported in some detail.18 Briefly, 

a colloidal suspension of 35±5 nm citrate capped silver nano-spheres is prepared with a narrow 

size distribution. The citrate is then exchanged with bis(p-sulfonatophenyl) phenylphosphine 

(BSPP), which serves as a protective capping agent. A 1mM DBDT solution is added to the 

suspension, allowed to sit for ~3 hrs, followed by centrifugation. The resulting solution consists 

of ~50% nano-sphere dimers, as evidenced by TEM images, see fig. 1.1.  Inspection of 
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suspensions stored over extended periods of time (several months) reveals a gradual increase in 

the monomer fraction. The low yield of aggregates is an indication that few DBDT linkers are 

attached to the surface of a given nanosphere. Although, a variety of inter-sphere gap 

morphologies are observed in TEM images, ranging from sharp protrusions to elongated inter-

sphere planar channels, the inter-sphere gap of inspected dimers is ~1 nm, consistent with the 

length of the linker. While electron microscopy does not resolve the number or location of linker 

molecules, it does establish the success of the synthetic strategy to prepare DBDT-linked silver 

nano-spheres (dumbbells). 

Figure 1.1: TEM image of a freshly prepared sample and close-up of a dumbbell. 
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1.3.2 Combined AFM/Raman Measurements 

Figure 1.2: Schematic of the AFM/Raman setup. The tip and sample are on independent scanning 

stages. The tip is aligned with the laser using backscattered light, which is spatially filtered and 

monitored using a photodiode. Imaging is accomplished by scanning the sample. The spectra are 

recorded in the backscattered geometry, using a spatial filter to establish confocality. Obj: 

objective, BS: beam splitter, PD: photodiode, NF: notch filters, DPSSL: diode-pumped solid-state 

laser. 

 

Joint AFM/Raman measurements are carried out under ambient conditions, on dry 

mounted particles prepared by spin-coating or drop casting a ~5 pM solution on a 150 micron-

thick microscope slide. A dilute solution of polyvinyl alcohol (PVA) is added to the aqueous 

suspension prior to coating, and the slides are either pre-heated or heat cycled on a hot plate after 

preparation. The polymer film provides the mechanical stability required for AFM imaging, and 

serves as the essential heat sink for thermal stability under tightly focused laser irradiation. A 

schematic of the combined scan-probe (NT-MDT) / micro-Raman instrument is shown in fig. 

1.2. The scanning base/head is assembled on an inverted optical microscope frame (Olympus, 

IX71). The AFM tip is aligned with the laser by monitoring back-scattered light. The sample is 

scanned for imaging purposes. Either a tuning fork AFM (TFAFM) or a cantilever is used, both 
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yielding comparable spatial resolution. The TFAFM tips were prepared by electrochemical 

etching a 100 µm-thick tungsten wire, followed by ion-beam milling to produce tips with cone 

radii as small as 20 nm. The excitation source is a continuous wave, single mode laser 

(CrystaLaser) operating at λ = 532 nm. The laser is focused on the sample using a 1.25 NA oil 

immersion lens. Backscattered Raman light is collected using a pair of notch filters (Semrock, 

1:106 extinction). The spatially filtered scattered light is then spectrally dispersed in a 0.25-m 

monochromator and recorded on a CCD array (Andor, V401-BV). The effective instrument 

resolution is 10 cm-1.   

 

1.4 Computational Methods 

Calculations were performed using the methodologies implemented in Gaussian 09.44 We 

truncate the multi-electron problem by approximating silver nanoballs with six different models, 

(i) single silver atoms, (ii) three silver atoms, and (iii) seven silver atoms, on either one or both 

sides of DBDT. Unconstrained geometry optimization was performed using the B3LYP45 

functional. All reported calculations employ the def2-TZVP basis set46 with matching 

pseudopotentials for silver (> 1000 basis functions). The optimized structures are verified to not 

have imaginary vibrational frequencies. Vertical transition energies calculated for all considered 

structures are at the B3LYP/def2-TZVP minima. Three additional functionals were tested: (i) the 

PBE0 functional,47  (ii) the CAM-B3LYP functional,48 and (iii) the M06-HF functional.49 The 

B3LYP functional employs three empirical parameters to combine exact exchange, gradient-

corrected exchange, and local-spin density exchange, whereas the PBE0 functional uses 

perturbation theory to define a ratio of 25% HF exchange and 75% exchange from the functional. 

The CAM-B3LYP functional is a hybrid exchange-correlation function featuring a long-range 
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correction to B3LYP using the Coulomb attenuating method. The M06-HF functional has full 

Hartree-Fock exchange, which eliminates self-exchange interactions at long range. To bridge 

between the current and previous works, we also computed the Raman spectrum of DBDT bound 

to tetrahedral Ag20.50 The B3LYP/def2-TZVP frequency dependent polarizability derivatives 

were computed using the ROA module in Gaussian 09, in which these tensor elements are 

computed as a sum over all electronic states, n:51,52 

!!" = 2 !!!
!"[ ! !! ! ! !! ! ]

!!!! !!!!!!!
        1.4 

where α,β = x,y,z, and ωi is the frequency of the incident light. The polarizability derivatives 

with respect to normal modes are computed at the optimized ground state geometry:52 

!! α!" !!! !!! α!" !! = !
!!!

!!!"
!!! !"
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     1.5 

where !! and !!! are the ground and first excited vibrational state of the pth normal mode. The 

differential Raman scattering cross sections are defined in terms of scattering intensities, Si: 

!"
!" =

(!!)!
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!!!!!!

1− !!
!!!!
!!!

!!
!!     1.6 

where Si = (45!′!! + 7!!!
!) and !′! and !!! are the spherical part and anisotropy of the 

polarizability derivative of the p-th normal mode. Note, this definition is appropriate for 

orientationally averaged scatterers, detected at 90° relative to excitation. For molecules oriented 

in space, individual tensor elements (see eqn. 1. 5) are used, and the factor of 45 is dropped in 

eqn. 1.6.  
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1.5 Results and Discussion 

The AFM image of a dumbbell and its Raman spectrum are shown in figs. 1.3 and 1.4, 

respectively. While the vertical spatial resolution of the AFM is reliable, the lateral resolution is 

determined by tip-convolution. The clearly resolved dumbbell structure (fig. 1.3a) is canted 

relative to the surface plane due, in part, to the asymmetry of the nanospheres. The ellipsoid (fig. 

1.3b) appears as a fused dumbbell, which does not show any Raman activity. The AFM is used 

to establish that the nano-structure is a dumbbell of consistent dimensions, to define its spatial 

orientation, and to ensure that it is isolated in the field of view of the spectrometer. Under typical 

irradiation intensities of ~1 mW/µm2, we do not detect Raman activity on isolated single nano-

spheres. At intensities of ~50 mW/µm2, which leads to melting and fusion of dumbbells, we have 

observed faint spectra on some single nano-spheres. Consistent with our prior report 19, an upper 

limit on the relative intensity of Raman scattering on single sphere versus dimer is ~ 10-3. In few 

cases, e.g., structure (b) in fig. 1.3, we have located what appear as dumbbells that do not exhibit 

Raman activity. This can be ascribed to either loss of the linker during the preparation of the 

slide, or light induced fusion of dumbbells that are not well-anchored by the PVA film. 

Otherwise, Raman intensities of different dumbbells are comparable (~103 photons/s). While the 

synthetic route affords coating of nano-spheres with many DBDT molecules, the absence of 

detectable Raman on single spheres establishes that the observed spectra arise from molecules 

located at the hot spot of dumbbells. The spectrum does not show spectroscopic signatures of 

interacting linkers, such as splittings observed in clusters19. All indications are that the observed 

spectra are those of single molecules. The enhancement factors we obtain are consistent with this 

assumption.  
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Figure 1.3: AFM image showing (a) an isolated dumbbell, on which the spectra in Fig. 1.4 were 

recorded, (b) a fused dumbbell, which does not exhibit Raman activity. The associated line profiles 

are highlighted in the inset. The heights correctly measure the diameter of the nanospheres, while 

the lateral profiles are determined by the tip convolution. 

 

We give two independent determinations of the SERS enhancement factor. The first 

relies on the observed signal strength and the measured cross section of DBDT, the second relies 

on the relative measure of the number equivalent of DBDT molecules that yield the same signal. 

We establish that the Raman cross section of the aromatic C=C stretch of DBDT, at 1580 cm-1, is 

two orders of magnitude larger than the symmetric stretch of benzene. Experimentally, we find 

σ(DBDT)/σ(benzene) = 200, by measuring spectra of liquid benzene and DBDT/ethanol 

solutions contained in a thin cell (30 micron) under identical conditions. The measurement 

agrees with our DFT calculations, which yield a ratio of 100 (dσ/dΩ = 6×10-28 for bare DBDT). 

For a single molecule immobilized in the field of view of the objective, to detect the count rate of 

1.2 ×103 photons s-1 seen in fig. 1.4, the required EF can be determined: 

! = !"!!! !"
!!!Ω!~!10

!!!!!     (7) 
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based on the excitation intensity I0 = 2.5×1023 photons cm-2 s-1 (1 mW/µm2), detection efficiency 

η = 0.1, and a collection solid angle of dΩ = sin ! !"!# =π  (oil immersion lens with NA = 

!"#! !  = 1.25, n = 1.47). We obtain EF = 2(±1)×107. The largest error in this determination is 

the CCD conversion of photons to counts. Separately, we quantify the EF by recording the 

spectra of DBDT dissolved in ethanol using the same apparatus. A 5mM DBDT solution, 

sandwiched between two cover slips, yields a signal comparable to that observed from a single 

dumbbell. To obtain the essential scattering volume of the liquid, we assume the Rayleigh waist 

of the objective (0.4 µm) and we measure the depth profile by recording the Raman signal of a 

silicon wafer by translating it along the z-axis of the objective. The obtained volume, 2.5±0.5 pL, 

yields an experimental enhancement factor of EF = V M NA = 7.5×106 relative to the molecule in 

solution. Taking the liquid local field correction, eqn. 1. 4, into account, [(n2+2)/3]4 = 4, we 

obtain EFexp = 3(±1)×107. The two different determinations are well within the errors of the 

methods.  

As long as the excitation intensity is maintained near ~1 mW/µm2, within our spectral 

resolution, the observed Raman lines do not show spectral fluctuations. This is illustrated 

in fig. 1.4 with the set of consecutively recorded spectra at an exposure time of 10 s per 

spectrum. The subtraction of one of the spectra from the rest shows a slow fluctuation in 

overall intensity, but no spectral shift. That the excitation intensity cannot be increased 

arbitrarily is illustrated by the non-monotonic intensity dependence of the Raman lines shown in 

fig. 1.4b. The sudden drop in spectral intensity is indicative of light-induced change in the 

orientation of the molecular axis relative to the dumbbell. Both spectral and intensity variations 

can be induced optically, leading to both reversible and irreversible Raman trajectories. Here, we 

simply note that the observed intensity threshold for such light-induced manipulation is 
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consistent with prior estimates of field strengths required to move molecules and to collapse the 

dumbbell (26, 27) We limit the present report to unperturbed dumbbells. 

 

Figure 1.4: (a) Raman spectra recorded consecutively on a dumbbell (10 s exposure per spectrum). 

The spectra are vertically displaced for clarity. (b) Power dependent intensity of the 1579 (■), 1492 

(▲), and 1271(●) cm-1 fundamentals. The ordinates are the calibrated count of photons/s.  
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Figure 1.5: Raman spectra: (a) a 5 mM DBDT/ethanol solution, (b) SERS on a single dumbbell, (c) 

orientationally averaged spectrum of Ag7-DBDT-Ag7 computed at  B3LYP/def2-TZVP level, (d) 

computed spectrum for excitation and detecton polarization aligned along the long axis of the 

molecule. Shown next to the individual spectra is a schematic representation of: (a) solvated DBDT, 

(b) dumbbell, (c,d) the electron and hole density of the DBDT-to-silver CT transition. 

 

The Raman spectrum of DBDT on a single dumbbell is nearly indistinguishable from that 

of the solvated molecule, and is reproduced by the computed spectrum shown in fig. 1.5. The 

B3LYP/def2-TZVP spectrum corresponds to the Ag7-S-BP-S-Ag7 model, scaled by a factor of 

0.976 to align the aromatic C=C stretch with its experimental counterpart at 1580 cm-1, and the 

lines are broadened by 10 cm-1 (FWHM) to match the instrument resolution. The agreement 

between the experimental and computed spectra gives confidence to the assignments collected in 

table 1.1. There are small differences in the calculated spectra of the considered silver structures 

(see supporting material). We find the calculated spectral shift of a given mode to vary by ~ 2 
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cm-1 in the considered structures, well within our experimental resolution of 10 cm-1. These 

variations can be associated with the chemical effect in various binding structures, as noted in a 

prior analysis.41 The effects are minor, undetectable in our system, and the binding to the 

nanosphere seems to be captured by the Ag7-S-BP-S-Ag7 model. The similarity between the 

dumbbell and liquid phase spectrum of fig. 1.5a,b is also remarkable, since it is not obvious that 

the spectrum of a molecule fixed in spatial orientation should mimic that of the orientationally 

averaged liquid phase spectrum. This occurs in the aromatic DBDT molecule because the 

polarizability determined by the π−π* transition at 285 nm is strongly anisotropic: for all Raman 

active modes α’xx >>!!"!  where x- defines the long axis of the molecule. The same holds for the 

molecule upon binding to silver, even though now the DBDT-to-silver charge transfer transition 

(fig. 1.5 inset) determines the polarizability. The orientationally averaged spectra are dominated 

by the x-polarized component. Assuming an enhanced local field along the dumbbell axis, the 

appearance of the spectrum in fig. 1.5 is essentially unchanged for  ± 50° angles between 

molecule and dumbbell.  

 

 

 

 

 

 

 

 

 



22 
 

Table 1.1:  The experimental and B3LYP/def2-TZVP vibrational frequencies, relative intensities, 

and spectral assignments. See text for more details. 

 

Mode 

Calculated Experimental 

Assignment Frequency / cm-1 

(Ag(7)-Ag(7)) 

Relative Intensities Frequency / cm-1 

(SERS) 

Relative Intensities 

DBDT Ag(7)-Ag(7) Solution SERS 

1 1579 1 1 1580 1 1 
aromatic C=C stretch 

coupled to C-C stretch 

2 1492 0.03 
0.01 

 
1493 - 0.05 HC=CH rock 

3 1271 0.30 
0.15 

 
1267 0.44 0.28 C-C ctretch 

4 1183 0.05 
0.08 

 
1185 0.06 0.13 HC=CH dihedral bend 

5 1071 0.11 
0.35 

 
1065 0.30 0.24 C-S stretch 

6 1010 0.01 
0.02 

 
994 0.04 0.07 

in-plane aromatic 

ring deformation 

 

 

Given the fact that polarizability along the long axis of the molecule dominates and the 

same holds for the polarization of the dumbbell, a dramatic contrast between excitation parallel 

versus perpendicular to the intersphere axis would be expected. This is not the case, as shown in 

fig. 1.6. We observe a soft polarization dependence with a contrast ratio between maximum and 

minimum intensity of 5-20 observed on different dumbbells. A survey of polarization dependent 

studies of SERS on similar structures shows a great variety of reported results. They range from 

relatively soft dependences of 5:153 or 10:154 to a relatively large (almost infinite55) contrast. 

Two experimental considerations can be suspected to reduce the contrast ratio: tilting of the 
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dumbbell relative to the slide plane, and the longitudinal component of the polarization that is 

generated by high NA objectives. Assuming an input field !! = !!! + !!! projected along the 

dumbbell axes, !∥! + !!!, and a tilt angle α of the dumbbell relative to the plane, the observed 

poarization dependence can be fitted to (!∥!∥!)! + (!!!!!)!. Indeed, small tilt angles and 

longitudinal components can greatly effect the angular dependence of the scattered radiation. 

However, these considerations are not fundamental. The surprise is that the observed polarization 

dependence is not possible unless the enhancements !∥/!∥! and !!/!!!, are comparble: !∥/!! 

range between 1.5 and 2. This finding cannot be explained for idealized nanospheres when only 

linear polarization is assumed, as we show by a careful consideraion of the local field 

components.  

Figure 1.6: Polarization dependence of SERS on the single dumbbell, represented by the intensity 

of the aromatic C=C mode at 1580 cm-1. The fit is to the form (!∥!∥!)! + (!!!!! )!, assuming 

logitudinal and transvers polarization components of the incident field delivered by the microscope 

objective of 0.56 and 0.83. Assuming no optical activity, the observed soft contrast between the 

extrema (and in particular, the non-zero value reached when the field is orthogonal to the dumbbell 

axis) would suggest that !∥/!!!~ 2. 
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Figure 1.7: Local fields for an incident electric field !! = .!"!!+.!"! !!!!!!! , with norm |E0| = 1, 

of a silver nano-sphere dimer mounted on a glass slide: (a) Norm of the electric field on the surface 

of the structure. The maximum enhancement on the surface is |E| =20.65; while the maximum field 

is attained between the nanoballs shown in (b) !! and (c) !!, where the maximum values reach 32.2 

and 19.6, respectively. The fields on the surface of the slide are shown in (d) Ex and (e) !!; the Ey 

component is negligible. The field component !!along the y-axis, which is perpendicular to the 

connecting line between spheres, is shown in (f). 

 

We compute the local fields of an ideal dumbbell using finite-difference time-domain 

(FDTD) methods,56 with the experimentally determined dielectric response of silver as input.57 

Dumbbells have been extensively considered previously,24,28,31–37,58 and we have cross-checked 

the general agreement of our calculations against several prior related studies.59  The enhanced 

local fields of a dumbbell consisting of two perfect Ag spheres of 30 nm diameter, separated by a 

1 nm gap and placed on a glass substrate is shown in fig. 1.7. The assumed incident field is 

meant to represent the polarization delivered by large NA objectives, which with the 

combination of the slide, can produce as much as 35% field polarized along the direction of 
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propagation, !.60 We note that in addition to the hot spot proper, local fields at the contact 

between Ag and glass are also enhanced, as previously pointed out. [25, 26] At the contacts, we 

find |E|/Eo= 2.9, Ex/Eo=1.9, Ez/Eo= 2.4, which are negligible in comparison to the hot spot 

between the spheres where Ex/Ex,o = 32.2, and reaches 42 for the planar structure and incident 

polarization along the long axis. We have considered fused spheres as well. In the crevice of 

such sructures, the fields reach enhancements as high as |E|/Eo = 120. The spectral dependence 

of the enhancement |E/E0|4 for intact and fused dumbbell are shown in fig. 1.7. The spectral 

response is broad, with a gentle decay over the relevant Raman window (532 nm -  580 nm). For 

the largest Raman shift, for long axis of the dumbbell aligned along the polarization of the 

incident laser field: Ep = (E532/E0)2 (E580/E0)2 values of 3x106 and 7×108 are attained for the 

intact and fused dimer, respectively. The range admits the detection of single DBDT molecules, 

with the enhancement accessible in the intact structure being an order of magnitude smaller than 

the experimentally determined value. To attain the full enhancement, the long axis of the 

molecule must lie along the line separating the nanospheres – the observations are only 

consistent with molecules that bridge the two nanospheres. Although the Raman spectrum does 

not contain any signature of interacting linkers, to be complete, we estimate the number of 

scatterers that can be geometrically packed in the hot spot. The profile of EFP in the plane 

separating the spheres is shown in fig. 1.7f. The enhancement drops to 50% of its maximum 

value at r = 1.5 nm. Based on the surface coverage of benzenethiol self-assembled monolayers 

on silver, 3.3×1014 cm-2,62 a radius r’ = 3 Å can be associated with the footprint of DBDT, to 

estimate (r/r’)2 = 25 as the maximum number of scatteres that may be packed into the hot spot. 

Unlikely as this may be, it defines an upper limit. Note, that for polarization along the short axis, 

the fields in the Raman window are actually reduced: |E/E0|4 ~ 10-3. A polarization contrast ratio 
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of ~1010 would be expected, in stark contrast with the experiment. The experiment cannot be 

reconciled within a model limited to linear polarization – polarization rotation is suggested. A 

similar conclusion may account for the polarization dependent studies reported on R6G.15  

Figure 1.8: Spectral dependence of the local field enhancement, |E|4, for input field |E0| =1, at two 

incident polarizations: (blue) !! = !!!!!!!!,  (red) !! = !!!!!!!!. The long axis of the dumbbell is 

along !. The hot spots, where the spectra are computed are indicated in green: (a) 1nm gap, 

spectrum at {0,0,0}, (b) fused nanospheres, spectrum at {0,0,3.9} nm, 2 Å above the crevice. Note, 

for x-polarized field at 532 nm, the enhancement in (a) is 34 = 81 times larger than that in (b). 
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Figure 1.9: (a) Calculated static Raman intensities for the bright 1580 cm-1 vibrational normal 

mode using four density functionals. Shown are the normalized computed intensities for DBDT (●), 

Ag-S-BP-SH (■), and Ag3-S-BP-SH (●). (b) Vertical transition energy calculations performed using 

four density functionals for the seven different model systems outlined in the main text. Shown are 

the computed transition energies for Ag-S-BP-SH (■), Ag-S-BP-S-Ag (□), Ag3-S-BP-SH (●), Ag3-S-

BP-S-Ag3 (○), Ag7-S-BP-SH (▲), Ag7-S-BP-S-Ag7 (∇), Ag20-S-BP-SH (♦). 

 

We explore the chemical contribution to enhancement upon binding of DBDT to silver 

atoms. The initial hypothesis was that a systematic increase in the number of silver atoms might 

show a clear trend. This is not the case. Static scattering intensities calculated at the 

B3LYP/def2-TZVP level of theory is smallest for Ag(1), followed by Ag(7), and largest for 
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Ag(3). Vertical transition energies calculated with TD- DFT (TD B3LYP) show that the effect is 

entirely controlled by the energy of the DBDT-to-Ag CT transition. The CT state, which carries 

the oscillator strength (0.1-0.5) in both singly and doubly substituted structures, dominates the 

sum over states in eqn. 1. 4. This is recognized by noting that the computed scattering intensities 

scale as ! ∝ !!"!!, dictated by the energy denominator in eqn. 1.4. It is recognized that TD-DFT 

gives quantitatively and qualitatively incorrect descriptions of CT transitions between spatially 

separated regions.51 The problem is likely to become more severe with increasingly larger 

clusters. Although no systematic trend is observed when the size of the cluster is increased 

within the same method, a systematic blue shift is observed for a given structure in going from 

B3LYP to M06-HF functional (fig. 1.9). The calculated energies of the CT transition converge at 

the TD M06-HF/def2-TZVP level to ~3.1 eV (~400 nm) as also illustrated in fig. 1.9.63 

Consistent with this finding, we observe fluorescence upon 405 nm excitation of dumbbells and 

DBDT coated silver wires. Although not in direct resonance at 532 nm, the CT state is nearly 

resonant with the dumbbell plasmon, see fig 1.9. Moreover, the CT wavefunction has significant 

amplitude on the terminal Ag atoms (see inset in fig 5). As such, it provides a bridge between the 

oscillating electron densities on individual spheres. Either as current oscillating through the 

molecule, or as a CT in which the electron-hole wavefunction extends beyond the confines of the 

molecule, a significant enhancement in the transition dipole can be expected. Incidentally, since 

the benzene rings of DBDT are staggered, dichroism and therefore rotational activity is to be 

expected. This, we suspect as key to understanding the polarization dependence. It would thus 

appear that the separation of the dumbbell into molecule and effective medium is a poor 

assumption. Nevertheless, ignoring such coupling, we can account for the overall EF. Since in 

both bare and silver-bound molecule a single state dominates the sum over states of the 



29 
 

polarizability:  

! !" = − ! !! !" !" !! !
!!!ℏ! , !ℎ!"!!Δ = ℏ!! − !!"!   1.8 

The principal chemical effect can be associated with the reduction in the detuning, Δ, which 

contributes to the scattering intensities, Si ∝ |α|2, a factor of EFC = (Δ0/Δ)2 = 12. The orders of 

magnitude of the experimentally determined EF = 107 can be parsed as EFP = 106 and EFC = 10.  

 

1.6 Conclusions  

We report SERS spectra obtained from single dumbbells of seemingly single molecules. The 

primary evidence of SMSERS in the present is the agreement of the experimentally determined 

enhancement factor with the absolute signal strength expected from a single molecule. With the 

determined cross section of the bare molecule, 6x10-28 cm2/sr, the observed signal strength 

corresponds to that of a single molecule subject to the measured enhancement of 2X 107. Clearly, 

such a determination carries hello I am Manukh uncertainty. Our analysis puts an upper limit of 

25 for the number of molecules that can be packed in the hot spot of the dumbbell, and this does 

not change the essential conclusions that we make here. We show that physical enhancement 

factors are in effect sufficient to see a single non-resonant scatterer, although an additional factor 

of EFC = (Δ0/Δ)2 = 10 is effective in the measurements at 532 nm. That the chemical effect is 

relatively small is manifested by the unaltered spectrum of DBDT on the dumbbell. In both the 

molecular π−π* transition and the DBDT-to-silver CT state, the polarizability ellipsoid has the 

same anisotropy, dominated by the long axis of the molecule – hence the observed similarity in 

spectra and their independence of orientational averaging. Notwithstanding the successful 

accounting of the enhancement factors, the analysis assumes separation of the dumbbell into 

molecule and plasmonic medium, with an admixture of quantum and classical treatments of the 
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constituting parts. The electron/hole density (fig. 1.5) associated with the CT state suggests that 

at least electronic degrees of freedom of the molecule should be intimately coupled with the 

collective charge density oscillations of the nanostructure. This might be key to resolving the 

observed soft polarization dependence, the resolution of which requires a complete treatment of 

fields and tensor elements of the polarizability, which we take up in the following chapter.  
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Surface(enhanced(Raman(trajectories(on(a(nano2dumbbell:(Transition(

from(field(to(charge(transfer(plasmons(as(the(spheres(fuse(((
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2.1 Abstract 

 By taking advantage of the tensor nature of surface enhanced Raman scattering (SERS), 

we track trajectories of the linker molecule and a CO molecule chemisorbed at the hot spot of a 

nano-dumbbell consisting of dibenzyl-dithio-linked silver nanospheres. The linear Stark shift of 

CO serves as an absolute gauge of the local field while the polyatomic spectra characterize the 

vector components of the local field. We identify surface enhanced Raman optical activity due to 

a transient asperity in the nano-junction in an otherwise uneventful SERS trajectory. During 

fusion of the spheres we observe sequential evolution of the enhanced spectra from dipole-

coupled Raman, to quadrupole- and magnetic dipole-coupled Raman, followed by a transition 

from line-spectra to band-spectra, and the full reversal of the sequence. Gauging by the spectrum 

of CO, the sequence can be understood to track the evolution of the junction plasmon resonance 

from dipolar to quadrupolar to charge-transfer as a function of inter-sphere separation, which 

evolves at a speed of ~1Å/min. The cross-over to the conduction limit is marked by the transition 

of line-spectra to Stark-broadened and shifted band-spectra. As the junction closes on CO, the 

local field reaches 1 V/Å, limited to a current of 1 electron per vibrational cycle passing through 

the molecule, with associated Raman enhancement factor via the charge transfer plasmon 

resonance of 1012. The local field identifies that a sharp protrusion is responsible for room-

temperature chemisorption of CO on silver. The asymmetric photo-tunneling junction, Ag-CO-
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Ag, driven by the frequency tunable charge transfer plasmon of the dumbbell antenna, combines 

the design elements of an ideal rectifying photo-collector.  

 

2.2 Introduction 

 Raman spectroscopy of single molecules is accessible at junctions of metallic 

nanostructures, where local fields are dramatically enhanced by the plasmonic response.1 Since 

Raman scattering is a tensor quantity and local fields of nano-junctions are inhomogeneous on 

molecular length scales, given knowledge of the local field, spectra should be sufficient to track 

the location and orientation of molecules in 3D space. Alternatively, given knowledge of the 

molecular polarizability tensor, spectra should be sufficient to determine the local vector field. 

We implement this proposition through measurements on the prototypical junction formed 

between two metallic nano-spheres.2–5 A chemically engineered nano-dumbbell consisting of 

dibenzyl-dithio-linked silver spheres (~ 30 nm diameter) serves as our experimental platform, 

with all evidence indicating that we are tracking single molecules.6,7 Two illustrative spectral 

sequences will be presented: An uneventful sequence, which highlights optical activity of the 

junction and the spectral sensitivity to orientation that can be attained. A more eventful trajectory 

is recorded during the fusion of the nano-spheres. The sequence identifies line-spectra due to 

surface enhanced dipole-quadrupole Raman (SEQRS), surface enhanced dipole-magnetic dipole 

Raman (SEMRS),8 and band-spectra when the junction gap reaches the conductivity limit of 

plasmons.9–13 In good agreement with recent quantum analysis,12,13 as the junction gap closes, we 

see the progressive tuning of plasmon resonances from the bonding dipole plasmon (BDP) to the 

bonding quadrupole plasmon (BQP), to  the charge transfer plasmon (CTP). The latter is most 

clearly illustrated through SERS of an unintentionally chemisorbed CO molecule at the hot spot. 
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Our analysis clarifies continuua (band-spectra) that commonly appear in SERS arise from CTP 

resonances. The observations of magnetic and quadrupolar Raman spectra confirm surface 

enhanced Raman optical activity (SEROA),14 which although reported15–17 has been contested on 

general grounds.18 The process can be driven by multipolar fields, which arise when nanometric 

asperities decorate the junction. The single molecule nature of the measurements leads to the 

compelling mechanistic assignments of SERS.  

In standard implementations of Raman spectroscopy on molecular ensembles, 

orientational averaging contracts the observables to intensities and depolarization ratios of 

vibrational modes.19 Moreover, the appropriate long-wave limit (<r>/ λ ~ 10-3-10-4, where r is 

the molecular length scale and λ is the wavelength of light) implies that only the local response 

to field amplitudes determines scattering matrix elements. For single molecules immobilized on 

the time scale of detection, the full tensor nature of the scattering process comes to force. The 

intensity of a given vibrational mode is now dictated by the orientation of the molecule relative 

to the vector field. Moreover, since local fields at nano-junctions vary on nm-scale, <r>/λ ~ 1, 

the response is nonlocal.20 Therefore, a multipolar expansion of the molecular response and local 

fields is necessary to interpret spectra. Where either the junction or molecule is not stationary, 

spectra fluctuate, as extensively catalogued ever since the earliest single molecule SERS 

measurements.21 We equate fluctuating spectra to single molecule trajectories tracked through 

far-field measurements akin to global positioning with local antennae. The pre-requisites for 

such tracking are: a) knowledge of local fields, which in the classical limit can be reliably 

obtained through finite element analysis, b) knowledge of the molecular polarizability tensor and 

enhancement factors that may go beyond physical mechanisms.22,23 The limitations of these 

idealizations become clear in the joint SERS and atomic force microscopy (AFM) measurements 
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on single dumbbells that we report. We will find that the structure on finer scale than resolvable 

through AFM controls the photo-physics; moreover, we will find that such structures evolve 

during irradiation of the junction. As expected, classical fields are inadequate to describe 

junctions with gaps < 5 Å, and in the conductivity limit where Raman reduces to photo-current 

scattering on the molecule, reformulation of the observables is necessary.  

 

 

Figure 2.1. A) The geometry of dumbbell and the coordinate system used. B) Raman spectra as a 

function of rotation angle γ, along the z-axis, assuming a single enhanced field along the x-axis. 
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2.3 The framework for interpretations  

 In the effective medium framework, the dumbbell antenna is considered to be a 

polarizable medium in which the molecule is embedded. In the dipole-coupling limit, the 

scattering tensor that controls the SERS intensity is: 

   !!! = !!∗!!!′!!!′!!"!"!
!

! = !!!!′!(Ω)!!!
!

!                             2.1 

!!,!!  are the enhanced local fields along incidence and scattering directions, α’ is the 3×3×n 

tensor of polarizability derivatives for the n-observable vibrations, and Ω={α,β,γ} are the Euler 

angles that determine the molecular orientation relative to the local fields defined on the 

dumbbell frame, described by the R rotation matrices; β  is the matrix of enhancement factors 

along the principle axes of the dumbbell, P is a 2×3 projector that transforms the transverse 

polarization components of the far-field, !!,!, to the image plane. This projection is necessitated 

because we use high NA objectives, which generate and collect longitudinal field components 

with phase shift that varies across the focal plane.24 The essential physics is contained in the α’, 

β  and β’ matrices. The polarizability derivative ellipsoid determines the angular resolution of the 

measurement. Because of the large polarizability associated with π-conjugated electrons, the 

DBDT ellipsoid is an elongated cylinder: for all observable modes, α’xx >> α’yy, α’zz, α’ij(i≠j), 

where x defines the long axis of the molecule (see fig.1). As a result, for a large cone around 

coaxial alignment of molecule and single applied field, the spectra are indistinguishable. This is 

illustrated in Figure 1 for a dumbbell irradiated with light polarized along its long axis. Distinct 

spectra appear when the relative tilt between principle axes exceeds φ = 60°, with concomitant 

drop in intensity. Since the linker is chemically bonded, large angle excursions will be 

accompanied by contraction of the junction gap, which may compensate for variations in 

orientation dependent intensity. As such, consistent time histories of spectral intensities contain 
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important information. Our strategy will be to match experimentally observed spectra, to then 

infer the local fields. 

 

Figure 2.2. A) Local fields in the idealized dumbbell junction, for dumbbell tilted at 45° relative to 

the propagation direction (z) of the excitation laser. B) Electric field profiles at the nano-junction 

along the dotted line in (A) show that the local field and field gradient are comparable. 

 

The local fields are displacements given by the sum of applied field and induced 

polarization: D = E0 + 4πP. In the effective polarizable medium, the E4 law of SERS 

enhancement factors (EF) becomes:25 

 !" = ! !(!!)!!
!
! !(!!)!!

!
                                                     2.2  

The elements of the β matrices determine the vector components of enhancements:  

 !!" =
!!"(!!)
!! = !!"(!!)+ !!"(!!)!!                                         2.3a 

 !′!" =
!!"(!!)
!! = !!"(!!)!!                                             2.3b 

They represent the dielectric response of the dumbbell, in terms of spectral susceptibilities, 

!!"(!). Where appropriate, we rely on numerically computed local fields using FDTD 
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methods.26 This classical treatment, assumption of linear response, and idealized junction 

geometries serve only as guides. For junction gaps  < 5 Å, classical electrodynamics fails.27 

Moreover, the assumption of perfect spheres will prove inadequate. Variations in morphology of 

the junction can dominate observables.28,29 A gainful strategy is to initiate a spectral search with 

local field components based on model considerations, and then carry out an exhaustive search 

of the Euler space. We compute spectral intensities:  

!! ! ∝ (υ! − υ!)!!!!!!"(!)!!!                                                 2.4 

and compare them to intensity normalized spectra: !! = 1! . A faithful reproduction of the 

observed spectrum determines the vector field experienced by the molecule, described by the 

field density matrix: 

!(!) = |!(Ω)!! !!! Ω |                                                    2.5 

which defines the spectrum: !! = !"[!!′ ! ! ].  

 We will find that eqn. 1 is not sufficient to understand many of the spectra. Both 

quadrupolar and magnetic dipole Raman scattering, which can be driven by gradients of the 

enhanced local field,30 will appear. Even for the idealized dumbbell depicted in fig. 2.2, the 

displacement (local field) and its linear dispersion are comparable at the hot spot, D ~ <r>dD/dr. 

Therefore, multipolar response cannot be dismissed. Expansion of the polarizability of the 

dumbbell to first order in spatial dispersion: 20 

!!(!) !, ! = !
!! !!" ! − !!" !! !, ! + Γ!"#(!)∇!!! !, !                           2.6 

generates the electric dipole-magnetic dipole and electric dipole-electric quadrupole Raman 

scattering terms. Their squared matrix elements, to lowest order, are given by: 

! !! = !!
∗!!!′!!!!!!∗!!!′!!!                                              2.7 

! !! = !!
∗!!!′!!!!!!∗!!!"!!                                               2.8 
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in G’, A matrices contain the electric dipole-magnetic dipole !!,!′ =< !!,!!!,! > and electric 

dipole-electric quadrupole !!,!" =< !!,!!!" >matrix elements,31 which we compute through the 

ROA module of Gaussian 09 suite.32 In eqn. 7, Mi represents the incident magnetic field vector, 

Mab=Da∂D/b- Db∂D/a in eqn. 8, the incident quadrupole field vector, Qi, has six elements, three 

diagonal Qaa and three cross terms Qab=Da∂D/b+ Db∂D/a, which only differ from the magnetic 

terms by the relative phase between local fields. The matrix elements and their numerical 

evaluation are described in the literature.33 We have considered a variety of structures to model 

DBDT attached to two silver spheres, and find polarizabilities calculated based on the Ag7-S-

DB-S-Ag7 structure as an adequate representation of the experiments.7 The polarizability tensor 

is computed for the optimized minimum energy structure, in which the staggered phenyl rings 

impose D2 symmetry on the linker, rendering all of its normal modes to be formally Raman 

active. The list of the prominent lines, their symmetries, and the explicit transition matrix 

elements that leads to their observation are given in table 1, in the methods section. In the 

analysis, we only consider overall orientations of the molecule relative to the local field.  

 

2.4 An uneventful trajectory – An asperity in the gap 

 In fig. 2.3 we show a sequence of 35 spectra, consecutively recorded on a single 

dumbbell, with 10 s acquisition time per spectrum. The set was recorded after identifying an 

isolated dumbbell with the AFM, and after aligning the polarization of the applied field along its 

long axis. The field enhancement along this axis dominates by more than a factor of 10 in the 

idealized dumbbell, therefore SERS along this direction should be enhanced by more than 104, 

rendering all other fields negligible. Indeed, the spectrum consisting of the five totally symmetric 

A-modes (1577 cm-1, 1267 cm-1, 1185 cm-1, 1065 cm-1 and 994 cm-1, see table 1) can be 
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reproduced assuming parallel incident and scattered local fields. This, in turn, determines the 

three Euler angles that define the orientation of the molecule relative to the field (see fig. 2.3b). 

Throughout the sequence, the molecule remains confined to the narrow volume in Euler space, Ω 

={α,β,γ} = {90±20º, 0º, 20±10º}. For the ~5 min duration of observation, the molecule behaves 

as expected for a chemically bound linker at the hot spot of the dumbbell.  

Figure 2.3. An uneventful trajectory. A) Spectra in a sequence of 35 consecutive acquisitions, with 

10 s collection time per acquisition. The prominent spectrum is that of DBDT aligned along the long 

axis of the dumbbell (compare to Fig. 2.1). The main fluctuation is the highlighted line at 1495 cm-1. 

B) The fluctuation can be reproduced assuming imaginary field components: !! = [1,0.2i,1], !! = 

[1,1,0.2i], and small variations in orientation. The extracted local field density is defined as 

|εiRT(α,β,γ)><R(α,β,γ)εs|, at rotation angles indicated in the figure.  
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In addition to the normal linker spectrum we see two other lines, at 1496 cm-1 and at 1310 

cm-1, which appear and disappear uncorrelated in time. DBDT contains a symmetric H–C=C–H 

rocking mode associated with ring deformation at 1496 cm-1 (see table 1). The intensity of this 

transition is ~40 times weaker than the main lines when the molecule is aligned with the field. 

Under the assumption of a single enhanced field component, therefore parallel scattering, 

!! ∙ !! = 1, the observed spectrum cannot be reproduced for any orientation of the molecule. It 

can only be reproduced if we assume complex field components in both incident and scattered 

channels. The appearance and disappearance of the 1496 cm-1 peak, without changing intensities 

of the other lines or the overall intensity of the spectrum, can be accomplished with small 

reorientations of the molecule subject to the complex fields, Ei = [1, 0.2i, 1] and Es = [1,1, 0.2i], 

as illustrated in fig. 2.3b. The spectral sensitivity to orientation is remarkable – the observed 

fluctuation can be accomplished by motion within a 5° cone. The essential ingredients of the 

observed fluctuation are: a) more than one active enhancement direction, b) optical activity 

admitted by the complex fields. Noting that the effect is transient (the spectrum reverts to linear, 

parallel SERS subject to one field component) and that the molecular orientation is preserved, 

the structure of the junction must have evolved. Although the vector field density see eqn. 5) is 

fully determined by the fit, there is not a trivial mapping to reconstruct a unique local structure. 

Nevertheless, a sense of the structural change can be obtained by decomposing the spectrum as a 

sum of parallel and perpendicular scattering: !!!! !!! ′ Ω !!
! + !!"! !!! ′ Ω′ !!

!
. The first 

term represents the linker oriented along the long axis of the dumbbell, while in the second term 

we find Ω’ ≅ {0°, 70°, 5°} and βxy/βxx ~ 10, i.e., this scattering component is enhanced by a factor 

of 10 above that of the long-axis. Fields along two different directions and different field 
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strengths suggest the formation and disappearance of an asperity with a radius of curvature of R’ 

~ R|β/β’|~ 3nm and oriented along Ω’ relative to the molecule.  

We can eliminate several other possibilities. It is not likely that the fluctuation is due to 

the appearance of a second molecule(s). To observe perpendicular scattering, !!"′ , two enhanced 

fields are required, which is not equivalent to two different molecules and a single field. Also, 

the absence of correlation between this single line fluctuation and the rest of the spectrum would 

be difficult to rationalize for two independent scattering centers, c1I1 + c2I2, since in all lines 

there would have to be the conservation principle that c1+c2 = 1. We have considered the 

possibility that the fluctuation is an attempt by the molecule to walk, as seen for dithiols through 

scanning tunneling microscopy.34 To this end, we have considered both homolytic and 

heterolytic cleavage of one S-Ag bond, to produce the radical Ag-S-DB-S or the anion Ag-S-

DB-S-. In the radical, the C=C ring modes split, while in the anion the entire peak red-shifts. 

Although many features are common to all three spectra, a satisfactory match cannot be obtained 

for one-sided linkage. 

We cannot account for the 1310 cm-1 line in the present model. It appears to be a splitting 

of the in-plane C-H vibrations. In the staggered geometry, nearly degenerate modes of poorly 

coupled phenyl rings is to be expected. Upon twisting to co-planarity, these modes should split. 

This expectation was not borne out in computed spectra as a function of twist angle. Instead, we 

see shifts and splittings of vibrations that are coupled to the C-S-Ag motion (see table 1). The 

failure of the analysis to account for changes in vibrational frequency highlights the limitations 

of the analysis. Finally, there are minor spectral features that are unaccounted, which are 

extraneous to DBDT. The binder on the silver spheres and the polymer film on the slide are the 

most likely contributors. In addition to their smaller Raman cross sections, we reason that they 
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are not more prominent because of the synthetic strategy. For the spheres to be linked by a 1 nm-

long molecule the facets must be relatively clear of other species. 

 

2.5 As the spheres fuse  

Figure 2.4. AFM images of the dumbbell before and after recording the SERS sequence. The 

resolution is sufficient to identify the isolated dumbbell and its principle axis for the purpose of 

aligning the polarization of the incident field. As the junction fuses during the measured sequence, 

the effective inter-sphere distance becomes negative. 

 

 We consider a sequence of SERS spectra recorded during the fusion of the nanospheres. 

The AFM images of the dumbbell before and immediately after recording the sequence are 

shown in fig. 2.4. The fusion is light induced,35 initiated by the poor anchoring of the dumbbell 

in the PVA film. Otherwise, the irradiation intensity (~1 mW/µm2) is the same as in the first 

sequence. The image plot of fig. 2.5 shows the consecutively recorded spectra, at 10 s acquisition 

per spectrum. Selected spectra are shown in figs. 5b and 6b. The contrast with the trajectory of 

fig. 2.3 is stark. Dramatic variations occur in overall intensity, in relative intensities, and a 

reversible transition from line-spectrum to banded-spectrum is observed. In addition to DBDT, a 

line appears at 2115 cm-1, characteristic for atop chemisorption of CO on silver.36–40 CO is most 

likely derived from the PVA film, analogous to demonstrations of irradiated carbon clusters on  

0.200 µm before 0.200 µm after 
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Figure 2.5. A) Image plot of a sequence of 36 SERS spectra recorded consecutively, during the 

fusion of the dumbbell. The white squares highlight: i) The 50-fold fluctuation in overall intensity of 

the normal SERS line-spectrum, ascribed to tuning across the BDP resonance by the closing 

junction, ii) The development of band-spectra and a dramatic increase in integrated intensity, 

assigned to the transition to the conductivity limit where current passing though the molecule leads 

to Stark shifting and broadening. c) The CO spectral region, which shows evolution that parallels 

but trails that of DBDT. B) Selected spectra from the image plot: #5 – SERS line-spectrum of 

DBDT and CO; #8 – onset of band-spectrum at the DBDT site while the normal SERS of CO is 

observed; #15 and #17 – the dominance of band-spectra at both sites, #27 – re-emergence of lines at 

the DBDT site, while CO remains in the CTP regime, #36 – the normal SERS line-spectrum of 

DBDT, the molecule is now outside the conductivity range of the spheres and appears unscathed by 

the fusion process. C) Decomposition of the CO spectrum into the normal SERS line at 2115 cm-1 

(A) (B) (C) (D) (E) 
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and the broad CTPR band with evolving band center. D) The sequential spectral shift of the CO 

charge transfer resonance (bottom abscissa), and the associated Stark field (top abscissa). The shift 

reaches a limiting value of ~100 cm-1, which corresponds to 1 V/Å. E) The intensity of the normal 

CO SERS line (blue) and the CTPR band (red). Note the 10-fold difference in scales. The curves are 

the fourth power of the local field obtained from the spectral shift in (D).  

 

roughened silver or gold where generation of CO at plasmonic hot-spots is seen.41 At room 

temperature, CO only binds to unsaturated surface atoms of noble metals, as rigorously 

demonstrated through particle size dependent desorption measurements on gold.42 We can be sure that 

CO is attached to an atomically sharp asperity in the junction, otherwise it would desorb. 

Moreover, once formed, we can be sure that the temperature at the CO site does not exceed ~350 

K. Therefore, the fusion sequence we follow is not due to melting, but rather driven by the 

polarization forces at the hot-spot.36 The vibrational frequency of CO is sensitive to its 

adsorption site; and interacting CO molecules, such as can be generated at high surface coverage, 

red-shift and develop a broad red band.39 Here, a broad blue-shifted band appears with intensity 

anti-correlated to the normal SERS line of CO. We will assign the blue band, which shows the 

characteristic Stark shift of CO, to the charge transfer plasmon resonance (CTPR).    

The assignable spectra of DBDT (fig. 2.6b) determine the trajectory of the molecule in 

Euler space (fig. 2.6a). The molecular orientation spans the full Euler space. The trajectory starts 

in the normal linker orientation (#1-5) and reaches the vertical plane bisecting the fusing nano-

spheres (#28). In addition to normal Raman, in which all four field-interactions are dipole 

coupled (table 1 footnote), we see spectra in which one of the fields is either quadrupole 

(SEQRS) or magnetic dipole coupled (SEMRS). These appear before and after the broadening of 

lines seen in spectra #11-20 of the sequence (fig. 2.5). Searches of the Euler space establish that 
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the SEMRS is dominated by a magnetic field along the z-axis, while the SEQRS is due to the qxx, 

quadrupole. Both the intensities and directions of these scattering components are difficult to 

understand in terms of field gradients alone. For example, the SEQRS, which is dominated by 

two lines (fig. 2.6b), makes it clear that this is not a minor component of the overall scattering, 

but rather the only component. The switch from normal dipolar Raman to SEQRS can be 

understood as the tuning of field plasmon resonances. At junction gaps of d ~ 1-2 Å, the dipolar 

plasmon shifts to the IR and the binding qxx quadrupolar plasmon (BQP) comes into resonance 

with the excitation laser (2.3 eV).12,13 Indeed, the entire spectral sequence is most 

consistentlyexplained by recognizing that plasmon resonances tune through the fixed excitation 

frequency as the spheres fuse and this determines the observable elements of the Raman tensor. 

This applies to both the DBDT and the CO spectra, as we expand below. 

During the first 50 s sequence (fig. 2.5, #1-5), the intensity of the entire normal DBDT 

spectrum breathes by a factor of ~50. The implied fluctuation in the local field is a factor of 2.5 ~ 

501/4. During this episode, the spectrum is strictly the dipolar SERS (see #5 in fig. 2.5b). Since 

the linker starts at the hot-spot, aligned along the largest field, the increase in local field must be 

associated with the tuning of the plasmon resonance by contraction of the junction. This can be 

accomplished by the approaching crevice of fusing spheres. Thus, for 30 nm silver spheres 

separated by 1 nm, we calculate an enhancement factor of βxx = 40. At the crevice of a fused pair 

of spheres, 1 nm removed from the contact point, we calculate βxx = 90, which is reasonably 

consistent with the observed intensity fluctuation. The crevice must recede for the intensity to 

revert. Alternatively, and more consistent with the full history, the intensity fluctuation can be 

understood as the tuning-in of the bonding dipolar plasmon (BDP) resonance as the inter-sphere 

gap contracts. At 532 nm, the excitation is to the red of the dipolar plasmon resonance for perfect 
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Figure 2.6. A) SERS trajectory in Euler space. The polar and azimuthal angles are relative to the 

dumbbell frame, while the orientation of the double-sided arrows indicates rotation of the 

molecular plane relative to its principle axis. Structures are shown at selected angle to visualize the 

molecule-junction orientation. Note, the full length of the molecule is 11Å, the orientations make it 

clear that the junction hovers between contact and ~ 5Å. The color code is matched with the 

spectral reproductions in Fig. 2.6B. (B) Spectral matches are color coded to identify the Raman 

scattering process as: dipolar (green), dipole-magnetic dipole (red), dipole-quadrupole (blue) at the 

indicated Euler angles.  
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silver spheres separated by 1 nm.7 The resonance red-shifts as the gap closes.12,13 Note, the AFM 

determined shape of the dumbbell after fusion is equivalent to a negative gap, i.e., the shape 

corresponds to that of overlapping spheres. Accordingly, the sequence captures the cross-over 

region where the effective gap distance changes sign and the BDP resonance tunes down to zero-

frequency. In the process, the BDP resonance must necessarily pass through 532 nm, and this 

would explain the fluctuation in overall intensity of the normal Raman spectrum.   

 The episode of overall intensity fluctuation is followed by the transition to band-spectra 

(#12-20) in which only the parentage of DBDT lines is apparent. The integrated intensity under 

the band-spectra is an order of magnitude larger than the most intense line-spectrum seen in the 

sequence. We associate the onset of band-spectra with the transition to the conductivity limit.43 

In this limit, the field plasmons are shorted by the current carrying CTP, Raman scattering is 

accompanied by photo-current passing through the molecule and vibrational resonances can be 

expected to broaden via inelastic electron scattering. Note, after embedding in the junction, the 

molecule reappears unscathed (#36), therefore the confining junction of the molecule re-opens. 

Characteristically, the multipolar Raman spectra appear at the transition from line-spectra to 

band-spectra. As the junction re-opens, we first see SEMRS (#22-25), then the normal Raman 

spectrum of the molecule in the vertical plane (#28), then the normal linker spectrum in the 

horizontal plane (#36), followed by the SEQRS (#37) before the molecule is lost from sight. The 

fusion sequence appears to track the tuning of plasmonic resonances. As the gap distance passes 

through zero and assumes effective negative values, the BDP, BQP and CTP resonances should 

scan sequentially through the excitation wavelength.12,13 This nicely explains the sequence of 

dipolar Raman, multi-polar Raman, and band spectra (#1-20), and the reversal of the process in 

the same order  (#20-36).   
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2.6 CO as a gauge of local fields 

The above picture is re-enforced and quantified by the CO spectra, the evolution of which 

trails that of DBDT. The faint SERS of CO appears as the DBDT line-spectrum reaches its 

maximum intensity (#3), which we associated with the gap-tuned BDP resonance. The intensity 

of the CO line peaks  (#4) and after fluctuating, it decays while its blue-shifted CTPR band 

grows. The anti-correlated history of the SERS line vs. CTPR band is quantified by decomposing 

the spectrum into two components (fig. 2.5c). The extracted peak shift of the CTPR and 

integrated intensities of SERS and CTPR are plotted in Fig. 2.5D,E. As the SERS intensity 

decays to zero, the CTPR intensity builds-up to its maximum value, to an integrated intensity 

that is an order of magnitude larger than that of the SERS line (see fig. 2.5e). The process 

reverses: the band intensity decays and the SERS line reappears. The CTPR band shifts linearly 

while its intensity grows exponentially, and both spectral shift and intensity reverse sign at the 

same time (fig. 2.5d, e). The sequence identifies the closing and re-opening of the junction at the 

CO site. The contact point is sharply defined in the case of CO, to be contrasted with the DBDT 

where the band-spectra evolve more gradually reflecting the contortions of the molecule (fig. 

2.6a) as the gap closes.  

The CTP resonance is consistent with its assignment to SERS when current is passing 

through the molecule. Since CO is subject to a first order Stark shift of 102 cm-1 (V/Å)-1,44,45 we 

can deduce the local field experienced by it. The peak shift indicates a DC field, while the peak 

width (300 ± 50 cm-1 throughout) should be determined by the combination of AC Stark shift 

and dephasing. Since the junction is asymmetric, due to one-sided chemisorption of CO, it 

should lead to rectification of the optical field.46 The peak shift is used to construct the secondary 

axis in fig. 2.5d. The field reaches a limiting value of 1.1 V/Å, therefore a chemical potential 
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across the 1.1 Å bond length of CO of 1.2 eV. As a single channel conductor, the current passing 

through the molecule would be subject to the quantum of conductance G0 = 2e2/h = 7×10-5  Ω-1. 

Consistent with this, the limiting current J = VG0 = 0.07 mA, which equals 4×1014 e-/s, 

corresponds to the transfer of one electron per vibrational cycle of CO: ω = 3.95×1014 cycles/s  

(2100 cm-1). While the spectral shift is linear with time, the accompanying intensity of the CTPR 

is highly nonlinear, and holds important clues to the nature of the enhanced scattering process. 

Identifying the Raman scattering intensity with the transition current I ~ !!!<uω>4 ~ !!!<J>4, we 

may expect it to evolve at least with the fourth power of the local field, which is indicated in Fig. 

2.5E. This ignores the field dependence of the current, <J>, which if associated with photo-field 

induced tunneling then an exponential dependence on junction gap and field would be expected. 

Indeed, the observed intensity dependence can be better fit to an exponential. Closer inspection 

of the intensity shows a symmetric staircase about the peak, suggestive of quantized conductance 

channels as seen in break-junctions.47 The conductance should be determined by the number of 

contacts between silver atoms during the closing of the junction. In contrast with the field 

measured by the vibrational shift, which gauges current through the CO bond, the intensity 

should be determined by the photo-current sustained across the entire fusing junction. An 

asymmetric metal-insulator-metal photo-tunnel junction, Ag-CO-Ag, corresponds to a rectifying 

photodiode.46,48 The plasmonic nature of the junction endows it with a frequency tunable 

antenna,49 completing the design elements for the ideal photo-collector.49 We will expand on this 

important tangent elsewhere; here, we focus on the spectral analysis of light scattering processes. 

 The determination of the local field by the Stark shift allows a direct measure of SERS 

enhancement factors. Given the irradiation intensity of 1 mW/µm2 (8.6X10-4 V/Å), to reach 1 

V/Å, the field must be enhanced by E/E0 = 1.1×103, with associated Raman enhancement factor 
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in excess of EF = (E/E0)4 = 1012. Such enhancement is necessary to see a single CO molecule in 

SERS given its Raman cross section of 3.3×10-31 cm2/sr,50 which is nearly three orders of 

magnitude smaller than that of DBDT. Evidently, within the same nano-junction the local field 

experienced by CO is nearly 10 times larger than by DBDT: CO must be chemisorbed on an 

atomically terminated sharp protrusion, which we deduced based on the requirement for 

chemisorption at room temperature.42 Previously, ensemble measurements of SERS of CO have 

been used to associate spectra with local structure.41 The large enhancements we ascribe to a 

protrusion within the hot spot of the dumbbell is contained in the fractal structures considered in 

the interpretation of SERS on colloidal preparations.51 

 The field-induced blue-shift of the CO band is informative. The Stark shift of CO 

chemisorbed on metals has been analyzed.52,53 The blue-shift arises at positive applied potentials, 

as a combination of electrostatic shift and reduction of π* back-donation from the metal d-

electrons. The shift suggests a net depletion of back-donated electrons during the CTP excitation, 

which involves electrons near the Fermi edge.54,55 Given the short dephasing time of the CTP, the 

observed linewidth should be determined by non-adiabatic evolution on the ground vibronic 

state, common to damping of molecular vibrations on metal surfaces.56,57 The contrast between 

SERS and CTPR is significant. Based on the 30 cm-1 width of the normal SERS line, the 

observed vibrational dephasing time of CO is 1.1 ps, in line with prior measurements58,59 and 

typical for CO chemisorbed on metal surfaces.60 The dephasing time of the CTPR band is 100 fs, 

on the time scale of electron-phonon scattering in metals. The contrast seems less dramatic if we 

consider vibrational dephasing by the local density of electrons, 1/! = !"(!")!/2, where δn is 

the fluctuation in the number of back-donated d-π* electrons:56 δn = 0.02 would explain the 

normal SERS line, while the CTPR lifetime would suggest a threefold increase: δn = 0.06 
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electrons. This may be a reflection of the fact that d-electrons in silver are deeply buried,40 while 

the current in CTP is principally carried by the sp electrons at the Fermi edge12 with the π* 

orbital of CO acting as a conductive bridge.  

 

2.7 Conclusions 

 Consistent with our prior analysis, the presented SERS trajectories suggest that we are 

observing a single molecule on a single nano-dumbbell. The trajectories illustrate the concept of 

tracking a single molecule in 3D space, in the inhomogeneous local field of a nanojunction. The 

motions we follow are sluggish, matched with the data collection time of a frame per 10 s. 

Principally, they involve the restructuring of the junction. We have seen the appearance and 

disappearance of an asperity nearby the molecule, a process that leads to surface enhanced 

Raman optical activity – linearly polarized excitation leads to elliptic excitation and scattering 

due to sub-structure of the junction. This underscores the challenge in interpreting polarization 

dependent SERS measurements.7,61 

The fusion sequence interrogates the full range of plasmonic activity at a nano-junction 

and the evolution of spectral response during the field to current transition of the junction 

plasmon. The principle motion in this sequence is the closing and re-opening of the gap, at the 

gentle pace of ~ 1 Å/min. The gap, which may not exceed the S-S separation of the linker of 11 

Å, can be gauged by the Euler-space trajectory of the molecule (fig. 2.6). At contact with CO, the 

physical gap would be limited by its bond-length of 1.1 Å. However, the effective inter-sphere 

distance assumes negative values as the neck of the junction widens. In the process we observe 

the sequential evolution of the Raman spectra of the linker from dipolar SERS, to SEQRS and 

SEMRS, to intense band-spectra, tracking the predicted spectral evolution of the dumbbell 
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plasmon from BDP, to BQP, to CTP as a function of gap distance. The assigned multipolar 

spectra identify some of the origins of fluctuations and blinking seen in single molecule SERS. 

We identify the cross-over to the conduction limit as the transition from line- to band-spectra. In 

the case of CO, the normal SERS line converts to a broad blue-shifted band, subject to first-order 

Stark-effect. The spectral shifts of the bands in DBDT are smaller and typically red shaded. In 

the absence of a permanent dipole, DBDT is subject to second order Stark shift, Δυ ∝ α’E2/2, 

therefore mode specific and quadratic in the field. This provides an explanation for some of the 

continua observed in SERS, the origin of which has been extensively deliberated.62–64 The CTPR 

continua are distinct from broadened Rayleigh, in which electron-hole pair excitation of the 

metal leads to scattering on defects and surface states, and leads to a tail originating at the 

excitation origin.65 Mechanistically, the CTPR continua fit the model of ballistic electron-hole 

scattering on interfacial molecules.66 The compelling assignments of spectra and mechanisms in 

the present derive from the engineered nano-structure and the requirement of consistency of 

histories imposed by single-molecule trajectories. The same applies to the observation of CO 

chemisorption on an asperity, which otherwise is difficult to recognize in ensemble 

measurements. We expect quantitative treatments of these prototypical systems to be possible 

with the development of its essential ingredients: coupled molecule-plasmon dynamics and light 

scattering in current carrying junctions.67 Beside fundamental motivations, it may be recognized 

that CTPR in an asymmetric photo-tunneling junction combines the ideal design elements of a 

photo-voltaic cell.68 
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2.8 Methods 

2.8.1 Experimental 

 The synthetic strategy to prepare the nano-dumbbells has been reported previously.69 

Briefly, a colloidal suspension of 35±5 nm citrate capped silver nano-spheres is prepared with a 

narrow size distribution. The citrate is then exchanged with bis(p-sulfonatophenyl) 

phenylphosphine, which serves as a protective capping agent. A 1mM DBDT solution is added 

to the suspension, allowed to sit for ~3 hrs, followed by centrifugation. The resulting solution 

consists of ~50% nano-sphere dimers, which is characterized by transmission electron 

microscopy. The strategy ensures that the linker is at the hot-spot of the nanosphere dimer, but 

does not guarantee that the dumbbell is assembled by one linker alone.  

Joint AFM/Raman measurements are carried out under ambient conditions, on dry 

mounted dumbbells prepared by spin-coating or drop casting a ~5 pM solution on a 150 micron-

thick microscope slide.7 A dilute solution of polyvinyl alcohol (PVA) is added to the aqueous 

suspension prior to coating, and the slides are either pre-heated or heat cycled on a hot plate after 

preparation. The polymer film provides the mechanical stability required for AFM imaging, and 

serves as the essential heat sink for thermal stability. The AFM resolution is limited. It serves to 

identify dumbbells that are isolated in the field of view of the high NA objective, and serves to 

identify the orientation of the dumbbell to align the polarization of the laser with a half-wave 

plate. The excitation source is a continuous wave, single mode laser operating at λ = 532 nm. A 

1.25 NA oil immersion lens is used to focus the laser on the sample, and to collect the 

backscattered Raman light through a pair of notch filters (Semrock, 1:106 extinction). The 

spatially filtered scattered light is spectrally dispersed in a 0.25-m monochromator and recorded 

on a CCD array (Andor, V401-BV). The effective instrument resolution is 10 cm-1.   
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2.8.2 Computational 

 Calculations were performed using the methodologies implemented in Gaussian 09. The 

system is modeled as DBDT attached to seven silver atoms on either side: Ag7-S-DB-S-Ag7. 

Unconstrained geometry optimization was performed using the B3LYP functional.70 The final 

calculations employ the def2-TZVP basis set71 with matching pseudopotentials for silver (> 1000 

basis functions). The optimized structures are verified to not have imaginary vibrational 

frequencies. The polarizability tensors are obtained using the ROA module in Gaussian 09. In the 

relaxed geometry, the phenyl groups of DBDT are staggered. The symmetry of the linker 

(ignoring silver atoms) is reduced to D2, therefore all 60 of its normal modes are formally Raman 

active. In Table 1 we list the prominent lines observed in the spectra, their symmetry 

classification in D2, and the matrix elements of the transitions observed. Note, inclusion of the 

silver atoms into consideration (a total of 102 normal modes are computed), further reduces the 

symmetry to Cs. Accordingly, modes that entail significant C-S-Ag motion (indicated by * in 

table 2.1)  cannot be classified under D2 and are sensitive to the assumed chemisorption model.  
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Table 2.1. Observed and Calculated (B3LYP/def2-TZVP) Vibrational Frequencies and 

their Assignments 
Mode 

# 

Frequency (cm-1) Assignments 

calculateda experimental transitionb Γ(D2)c description 

93 1580 1579 Rxx, Myy A aromatic C=C stretch coupled to C-C 

stretch 

92 1547 1548 Qz,xy Bz ring deformation 

91 1521 1516 Mxz By ring deformation 

90 1492 1493 Rxx, Mxx A HC=CH rock coupled to ring 

deformation 

88 1388 1380 Mxy Bz HC=CH scissor 

86 1300 1298 Mxy Bz HC=CH rock 

84 1271 1267 [Ryy/Mxz]

* 

[A/By]* C-C stretch combined to C-S-Ag 

motion 

83 1243 1242 Mxy Bz aromatic C=C stretch coupled to H-C 

rock 

81 1183 1185 Rxx A HC=CH dihedral bend 

80 1163 1159 [Myx]* [Bx]* HC=CH scissor 

77 1075 1068 Qx,yz Bx C-S stretch coupled to ring expansion 

76 1071 1065 Rxx, Myy A C-S stretch 

75 1010 994 [Rxx]* [A/Bx]* in-plane aromatic ring deformation 

 

a) The calculation model the system as Ag7-S-DB-S-Ag7, in its minimum energy 

configuration. The frequencies are scaled, using the single scaling factor of 0.9675. 

b) The dominant matrix element in observed scattering processes: SERS, !!" =<
!!"!!" >; SEMRS, !!" =< !!"!!" >; and SEQRS, !!,!" =< !!"!!" >. Note, each of 

these elements describe only two field-matter interactions. The scattering probabilities 

are squared quantities, with four field-matter interactions. Our treatment is limited to 

probabilities given by: !!" ! for SERS, !!"!!" for SEMRS, !!"!!,!" for SEQRS. 

c) The irreducible representations are for the linker biphenyl with staggered rings, in D2 

symmetry. Instead of the more common notation B1/2/3 of the asymmetric modes we have 
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indicated the principle axes by the coordinate system used in Fig. 2.1, hence Bx/y/z. (*) 

indicates modes that do not belong to D2 symmetry, due to involvement of motion along 

C-S-Ag.  
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(

(

(

(

!

3.1 Abstract 

 Surface enhanced Raman scattering of molecules adsorbed on metal surfaces is 

commonly subject to intensity fluctuation. This is to be expected in the single molecule limit. As 

such, intensity fluctuations are often interpreted as the signature of small ensembles of 

molecules. The origin of intensity fluctuations remains a subject of deliberation. Here, we 

provide an analysis of a time-series of SERS spectra recorded in the Van Duyne lab, which 

parallel our observations on the same system.  The spectra show fluctuations both in intensity 

and peak position. Main features of the fluctuating spectra can be explained in terms of field 

gradient driven multipolar Raman scattering. The long wave limit does not hold for molecules 

excited in the near-field of nanojunctions, where fields may vary on the length scale of the 

molecule. As a result, field gradient induced Raman transitions, which include magnetic and 

quadrupolar Raman transitions, become comparable in intensity to electric-field driven normal 

(dipolar) Raman transitions. This was shown in our prior work on dibenzyl dithiol on silver 

dumbbells.1 Here, we use the same formalism to interpret the SERS spectra of bipyridyl ethylene 

(BPE) on gold nanosphere dimers encapsulated in silica shells. 
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3.2 Normal Raman Spectra (NRS) 

 We show in fig. 3.3.1 the spectral match for the most commonly occurring SERS 

spectrum of BPE, which characteristically appears at the beginning of time-series studies. The 

spectrum is quite similar to that of the non-resonant Raman of the molecule in the bulk (fig. 

3.1b). We show the spectral match (fig. 3.1a) for the normal dipolar Raman spectrum predicted 

in the present calculation. Note that the relative intensity of the two strongest modes at ~1640 

cm-1 and ~1600 cm-1 are reversed in the simulation. Other than that, all other lines appear to be 

adequately reproduced both in their relative intensities and frequencies. The calculated normal 

mode frequencies and intensities are compared to the matched experimental lines in table 1. The 

mismatches in frequencies range from ±3 to ±30 cm-1. The spectra is calculated according to the 

general form 

!!! = !!∗!!!′!!!′!!"!"!
!

! = !!!!′!(Ω)!!!
!

!                             3.1 
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Figure 3.1. (Left) The normal Raman spectrum of BPE calculated (black) and SERS (red) with 

corresponding frequencies; (Right) Comparison of the experimental spectrum with previously 

established DFT calculation and bulk BPE spectrum 
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Table 3.1. The Experimental and calculated Raman lines of BPE and corresponding intensities 
 Experiment Calculation   

Frequency Intensity Frequency Intensity Frequency error !

A 1635 0.70 1653 1.00 -18 !

B 1613 1.00 1585 1.00 28 !

C 1544 0.09 1548 0.08 -4 !

D 1488 0.05 1485 0.07 3 !

E 1421 0.05 1418 0.03 3 !

F 1339 0.22 1342 0.12 -3 !

G 1317 0.02 1328 0.01 -11 !

H 1261 0.07 1245 0.04 16 !

I 1252 0.04 1226 0.04 26 !

J 1204 0.48 1190 0.30 14 !

K 1064 0.04 1074 0.005 -10 !

L 1024 0.25 996 0.07 28 !

M 886 0.01 883 0.003 3  

 

3.3 Fluctuations in Raman Spectra 

We should be clear at the outset that the scope of the present analysis is limited to identifying the 

spectroscopic origin of the fluctuations. No attempt is made for an exact reproduction of the 

spectra. We will use calculations based on the isolated bare molecule, therefore there will be no 

attempt to explain spectral shifts (meandering). The calculation is in C2h symmetry, the molecule 

has inversion symmetry, therefore the mutual exclusion rule of IR and Raman active lines holds. 

The 13 assigned lines in table 1, which are common to both SERS and the nonresonant Raman 

spectrum of the molecule in the bulk, are ascribed to the g-modes.  Clearly, the u/g consideration 

breaks down when the molecule is strongly perturbed by binding interactions and forbidden 
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modes may become allowed. While this undoubtedly is part of the dynamics behind the 

fluctuations, it alone cannot explain the observed spectral fluctuations. In particular, the strong 

structural perturbation model cannot explain the observation of new modes appearing in the 

spectra that are as strong as the strongest allowed modes, while most other spectral features are 

unperturbed. We should point that, in departing with the earlier work of Schatz and Van Duyne 

on the same molecule2 in which orientationally averaged spectra are used (fig. 3.1c), we evaluate 

the spectrum for a single orientation of the molecule relative to the field (E-field along the long 

axis of the molecule in fig. 3.1a). That the two calculations yield nearly identical spectra is 

characteristic of aromatic molecules with a dominant principle axis, which leads to a 

polarizability ellipsoid that is dramatically stretched along the long axis.  

 A series of fluctuating spectra recorded from an isolated single Au-dumbbell is shown in 

fig. 3.2. The entire sequence of 360 spectra contains four instances in time where they fluctuate, 

what may be associated with four main events. These instances are noted as 1, 2, 3 and 4 on the 

time-series in the image plot (fig. 3.3). The spectra recorded outside these three time-windows 

vary in overall intensity, but do not show significant variation in their spectral pattern - they 

define the base spectrum (Sb), which is nearly identical to the normal SERS spectrum shown in 

fig. 3.1. The fluctuating spectra are grouped as S1 (fig. 3.3a), S2 (fig. 3.3b), S3 (fig. 3.3c) and S4 

(fig. 3.3d) in order of their appearance in time.  
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Figure 3.2. Fluctuating Raman spectra of BPE recorded on a single dumbbell as a function of 
time. 

Figure 3.3. Four time-sections that will be used to elaborate the fluctuation in Raman spectra. 
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 The commonly occurring SERS, or the NRS of bulk BPE, allow the assignment of the 

normal (dipolar) Raman lines. In the fluctuating spectra recorded in regions S1 and S3 of figs. 

3.3a and 3.3c, new lines appear and disappear in time, as exemplified by the set in fig. 3.4. (The 

spectra at the vertical streaks of fig. 3.3a are plotted in fig 4a).  For a close up, consider fig. 3.5. 

Spectrum # 56 is the normal Raman spectrum, with all lines accounted in table 1. A new line 

(C*) appears in spectra # 167 and 335, at ~1580 cm-1. Lines A, B and C are present in the normal 

Raman spectrum, C* is not. 
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Figure 3.4. First second and fourth time segments from the image plot of fig. 3.2. 
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3.4 Raman-forbidden lines and their assignments 

 Another strong line (E*), which is absent in the NRS of BPE, appears at ~ 1390 cm-1 in 

spectra #107 - #121. The fluctuating spectra show many more lines than the NRS, as in # 107, 

116, 121 and 136. The observed number of lines exceeds the total number of Raman allowed g-

modes in this spectral range. The shear count of the observed lines forces the conclusion that 

Raman-forbidden u-modes are being observed in addition to the allowed g-modes. This is not a 

weak effect - some of the new u-lines are as intense as the most intense normal Raman lines. In 

Table 2 we provide all the normal modes of the molecule along with their parity, and the spectral 

range in which their assignments appear.  

 

 

Figure 3.5. Appearance of non-Raman line(C*). 
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Table 3.2. Normal mode analysis of BPE and corresponding parity 

Calculation (ωcalc) ωexpt   

mode 

# 

 

 

As 

calculated 

 

 

Anharmonicity 

corrected 
 

 
 

"g"-

modes 

"u"-

modes 
 

 
 

56 1688 1653  1631-1639 A C=C stretch 

55 1632  1588 
1608-1620 

B Ring deformation with aeromatic H-C=C-

H scissor 54 1627 1585   

53 1590  1553 1573-1590 C* 
aeromatic H-C=C-H rocking 

52 1581 1548  1535-1545 C 

51 1527  1491 1540-1550 
D aeromatic H-C=C-H rocking  

50 1520 1485  1480-1507 

49 1446  1422 1390  E* Ring deformation with aeromatic H-C=C-

H scissor 48 1442 1418  1425,1460-70 E 

47 1375  1346 
1339 

F 
aeromatic H-C=C-H rocking 

46 1365 1342   

45 1343 1328  
1317 

G 
aeromatic H-C=C-H rocking 

44 1326  1295  

43 1281 1245  
1261 

H 
Ring deformation; not complementary 

42 1278  1253  

41 1248  1188 
1252 

I 
aeromatic H-C=C-H scissor 

40 1247 1226   

39 1232  1211 
1204 

J Ring deformation; C-H scissor 

38 1215 1190   Ring deformation 

37 1115 1097  
? 

 
aeromatic H-C=C-H scissor 

36 1113  1093  

35 1090  1086 1064 K Ring deformation 
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34 1090 1074  

33 1010  973 1010 L* 
Ring deformation 

32 1009 995  1024 L 

31$ 1002  987 
1010  

Out of plane aeromatic H-C=C-H wag with H-C=C-

H* twist 

30 998 1008  
 

 
Out of plane aeromatic H-C=C-H twist 

29 998  1019 

28 975 982  
 

 
Out of plane aeromatic H-C=C-H twist 

27 971  977 

26$ 908 917  
 

 Out of plane aeromatic H-C=C-H wag with H-C=C-

H* twist 

25$$ 890 883  886 M Ring deformation with =C-C=* stretch 

24 870  868 880  Out of plane aeromatic H-C=C-H wag 

with =C-C=# stretch 23 866 892   

22$$ 847  845 865 N Ring deformation with =C-C=* stretch 

21 834  835 848  Out of plane aeromatic H-C=C-H wag 

with H-C=C-H* wag (#21)/twist (#20) 20 805 804   

* non-aeromatic; 
 $,$$identical mode pattern with complementary parity; 
 highlighted rows are M-N, L-L*, C-C* are the u-g mode pair that can be distinctly identified 
 
 
 Note, the g/u exclusion principle holds only for dipolar coupling to the electric field. The 

u modes are Raman active in magnetic and electric quadrupolar Raman scattering. Except for the 

1653 cm-1 mode, the g/u modes appear in pairs in table 3.2, as in-phase and out-of-phase 

components of a given normal mode, with ~0.1-20.0 cm-1 energy splitting between the pairs. 

Whether the g or u mode is higher in a given pair is not systematic. Since the frequency 

differences in the pairs are within the accuracy of the calculations, the experimental lines cannot 

be assigned based on frequencies alone. Since most of the g-modes were already assigned in the 
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normal Raman spectrum, the new lines that appear to fluctuate in time will principally be 

assigned to the u-modes. We will use the alphabetic naming of normal modes given in table 3.2. 

 Prior to the simulations, it is useful to consider a few of the assignments more closely, to 

highlight the challenges. In the calculated lines, there is only one u/g pair (1418/1422 cm-1) in a 

span of ~ 150 cm-1 (see table 2) However, several lines (F, G,and H) appear in this range in the 

experimental spectra. F is well established as a normal Raman line. E* appears as a multipolar 

(quadrupolar) line, which is often the brightest line in the entire spectrum. It seems to appear at  

~1470 cm-1 (#352 - #355) and at ~1390 cm-1 (#107 - #126) in the different segments. Also, 

occasionally there is another shoulder present at ~1375 cm-1. The theory cannot account for 

splitting of nondegenerate spectral lines. This can arise either from strong intermolecular 

coupling where there are several molecules, or could potentially be due to the time-sampling of 

bistable sites under the inhomogeneously broadened line. Hence, both E* and its shoulder are 

assigned to the 1418 cm-1 u-mode. By default, the 1470 cm-1 line is assigned to the 1422 cm-1 g-

mode (Table 3.2). The time series S3 is characterized by the meandering of the ~1480 cm-1 line 

and its bifurcation between spectra #280 and ~#290. This main distinguishing feature in S4, 

which is suggestive of intermolecular coupling between two molecules, cannot be addressed by 

the calculations. All other features of the spectra are reasonably explainable. 

 

3.5 Theoretical framework 

 To simulate the spectral patterns, we assume linearly polarized electric field ! = !
1
0
0

 

and a field gradient matrix comprised of only four terms: !′ = !!!
!" = !

0 0 1
0 0 1
1 −1 0

. This choice 
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of field gradient matrix implies B along E: !! = !!"#
!!!
!" −

!!!
!" = !

1
0
0

. This implies a chiral 

local field, E×B ≠0, which can be separately justified (see eqn. 2 below). We allow independent 

rotation of the gradient matrix and the electric field relative to the molecular frame; as such, we 

do not limit the simulations to chiral local fields. Rotation of the molecular polarizability tensor 

by Euler angle {α,β,γ} is equivalent to rotation of the electric field relative to the molecular 

frame E(αβγ) = R(α,β,γ)E, and the operative field gradient matrix is rotated to E'(α’β’γ’)= 

R(α’,β’,γ’)E' RT(α’,β’,γ’). Although we allow for independent rotation of field and field gradient 

matrix, the best spectral matches are obtained for {α,β,γ} ~ {α',β',γ'}, i.e., electric and magnetic 

fields point along the same axis (chiral). This can be easily justified by expanding the incident 

fields to first order in spatial dispersion, !!"# = 1+ !"#. Considering propagation along the z-

axis, we obtain: 

1+ !"# (∂! + ∂!) ! !! = !! ! !! − !!! !!
! + !!!" !!" !!,!!!,!          3.2 

which contains, electric dipole (d), magnetic dipole (m), dichroic (md) cross term under the 

square in eqn. 3.2 and quadrupolar (qiz) transitions. The relative strength of the magnetic and 

quadrupolar transition is given by a and b respectively. The individual terms in 3.2 are evaluated 

as: 

!!! = !!|!′|!! !                                                         3.3a 

!" = !!,! !′!,! !"!,!                                                     3.3b 

!"!! = !!,!|!!,!"|!"!,!"                                                   3.3c 

with α’, G’, A tensors obtained from the ROA suite in Gaussian. 
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3.6 Simulations 

 Spectral reproduction of each and every spectrum will be very tedious. Instead, we pick 

few representative entries from each set in time that contains the fundamental nature of spectral 

fluctuation that the molecule undergoes. A set of these chosen spectra is shown in fig. 3.6, where 

#121 is from S1, #177 & 198 are from S2, #333, 351, 352 & 353 are from S4. 
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Figure 3.6. Representative individual spectra from the entire time series, to which theoretical 

spectra will be simulated. 
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3.6.1 S2 Event: 

 We consider in fig. 3.7 two characteristic spectra, #177 and #198 from the S2 set. The two 

spectra can be reproduced as a combination of only electric and magnetic dipolar Raman (b=0 in 

eqn. 2), with electric field and field gradient pointing in the same direction E||B. Few degrees of 

molecular reorientation, or deviation between E and B axes, leads to subtle spectral variations, as 

in the experiment. To be more precise, consider the strong high frequency lines: A, B, C* and C. 

The A:B ratio stays fairly constant as in normal Raman. C* and C are the u/g symmetry pairs of 

the same mode, predicted to be only 5 cm-1 apart. C* upshifts in frequency and C downshifts in 

frequency making them appear as distinct lines.  E* is absent in the entire sequence; C is weak in 

#177, almost absent in #185 & 198, and clearly absent for the rest of the series. D can vary in 

intensity and can become the strongest line in the spectrum. Although every normal mode has a 

symmetric (g) and a corresponding anti-symmetric (u) counterpart, either, both or none of these 

modes may light up. A is only activated by electric dipolar Raman, D is magnetically active, B 

has contributions from both of these channels. F-G doublet feature around 1320 cm-1, L-L* 

doublet feature around 1110 cm-1 and low lying N mode can be clearly identified. Several other 

lines can also be identified with lesser degree of accuracy as in fig. 3.7. Position of D remains 

ambiguous as it appears at 1504 cm-1 in #177 and 1545 cm-1 in #198.  

At this specific molecular orientation {α,β,γ} ~ {50,75,0}, electric quadrupolar transition 

activates E*, which is absent in the entire S2 set. Absence of E* eliminates the quadrupolar 

contribution to the spectral match (b=0). The spectral reproduction of the set S2 suggests parallel 

electric and magnetic dipolar fields to be operative at the location of the molecule without any 

electric quadrupolar field present. 
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 Figure 3.7. Two representative spectra (# 177 and 198) from the S2 set are shown in panel a1/b1. 

The Euler angle rotation of the molecule with respect to local electric field is indicated in the 

legend, along with the difference in angles between electric and magnetic field. The coefficients, a 

and b, are the relative weights of the magnetic and quadrupolar terms that appear in equation (2). 

The synthetic spectrum assumes 10 cm-1 Lorentzians associated with each line. Note the absence of 

the quadrupolar (blue) lines in the spectra. b=0 implies absence of quadrupolar contribution to the 

Raman spectrum. Stick spectrum of unscaled multipolar components is shown in panel a4, and a3 

contains those scaled by a and b. Without any correction of spectral position leads to spectra 

obtained in a2 which is spectral reproduction on the experimental spectrum a1. Red, green and 
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black lines are drawn to provide visual cue corresponding only electric dipolar Raman, only 

magnetic dipolar Raman and both. 

3.6.2 S4 Event: 

 In the S4 event, the spectral fluctuation is characterized by the varying relative intensity 

of A, B and C. Four different A:B:C intensity patterns are seen in the four selected spectra from 

this time segment, in fig. 3.8. D is absent in the entire series, E* is present in #352, 353 but 

absent/weak in #333, 351. Once again, E* is predominantly a quadrupolar transition, which is 

implied by the indicated "b" value of the fitting function for #333 & 351, which is somewhat 

lower that the b-values seen in #352 & 353. L-L* doublet appears as a broad peak in the 

measurement, and can be identified through the simulation. According to the electronic structure 

calculation, for the doublet near 1010 cm-1, there is a pair (mode 32-33 in table 2) of u- and g- 

modes that are nearly degenerate in the calculated spectrum. Experimentally, we observe a 

Raman line at 1024 cm-1 (L) and occasionally another weak line 1010 cm-1 (L*). Moreover, the 

1010 cm-1 line is accompanied by the lines that are assigned to quadrupolar/magnetic response. 

The discrepancy of 20 cm-1 in splitting between these lines is typical of the mismatch between 

calculation and theory. Similar interpretation holds good for M-N pair where M is assigned to 

886 cm-1 25th mode with g-parity and N is assigned to 865 cm-1, which is 22nd mode with u-

parity. M is one of the normal Raman lines that is present in NRS. Although weak, M is present 

in series S2. N is it's sister mode with u-parity which is very distinct in S4. Two other modes of u-

parity create the low-lying cluster of lines at ~850 cm-1 in S4. Mode# 21 and 24 at 848 cm-1 880 

cm-1 mostly magnetic whereas N at 865 cm-1 has both magnetic and quadrupolar contribution. It 

is also worth mentioning that these low lying modes mostly result from out of plane vibrations. 

These extra modes will disappear if the embedment geometry of the molecule forbids out of 

plane deformations and N will be the only line in this region as in S2. 
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Moreover, throughout the time series there are distinct lines that show splittings. #333 in fig. 3.8 

is one typical example. In this case, line A and B are clearly split, and the splitting in C appears 

as a shoulder. Splittings like these are distinguishable and recurrent. The effect might be argued 

in favor of presence of few molecules. In the case of coupling between two molecules, strongly 

coupled lines split into two components, into an in-phase and out-of-phase pair. In multiple 

coupled molecules, more complicated splitting patterns can be expected, which in the present 

would be expected to lead to asymmetric, split, inhomogeneous line profiles. Indeed, there is 

significant variation and fluctuations in linewdiths and profiles, as can be seen by inspection of 

spectra #351, 352 & 353 in fig. 3.8. It can be seen that the A, B & C lines are sharp (~5 cm-1) in 

#352, moderately broad (~12 cm-1) in #351 and quite broad (~18 cm-1) in #353. Multiple coupled 

molecules is a plausible contribution to this. 
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Figure 3.8. Four representative spectra (# 331, 351, 352, 353) from the S4 set. Note the variation in 

relative intensities of the three main lines A:B:C. The trends can be reproduced by adjusting the 

mag:quad (a:b) ratio, and varying the orientation of the molecule relative to the E field, which is 

taken to be parallel to the B-field. The rest of the spectral features are adequately reproduced, 

especially if one recognizes that the there can be orientational fluctuations on a time scale faster 

than the acquisition time. Over here, the blue and cyan guideline corresponds to only quadrupolar 

vs. both quad-mag contribution to be present. Up-shifted assignment of E*-line should be noted. 
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3.6.3 S1 Event: 

 The E* line, which is prominent in the S1 set (first panel fig. 3.2), is all but absent in S2. It 

appears in S4 (panel c and d in fig. 3.8), and can be clearly identified as quadrupolar. Note 

however that this assignment implies that there is a 60 cm-1 downshift of this assignment 

between the two sets: 1394 cm-1 in S1 (#107, 115, 116, 121) and ~1456 cm-1 in S4 (#352, 353, 

355). It is not possible to assign these lines to different normal modes. The calculation predicts 

only two modes in this spectral range: one g-mode at 1418 cm-1 and one u-mode at 1422 cm-1. 

The large shift of this line may be associated with the fact that in the S1 set, where the down-

shifted E* line is prominent, we also see bright (vertical) streaking. The latter we associate with 

arcing across the junction. As such, it may be the case that the E/E* line undergoes a large shift 

when current passes through the molecule. The discrepancy in the position of the assigned E* 

line in S1 is shown in fig. 3.9. Note also the small separation between E and B field directions 

assumed in that simulation. In spectrum # 121, several other lines can be identified to the 

prediction. 
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Figure 3.9. A spectrum from S1, in which the discrepancy between the predicted 

position of the E*-line and it's down-shifted assignment should be noted. 
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3.7 Concluding remarks 

 Summarizing, the entire time series starts with very bright normal dipolar Raman spectra, 

which decays in intensity during the first ~100 measurements. Then (S1) a few arcing events are 

seen, which may be a possible result of plasmonic current tunneling from metal to metal through 

the molecule. The entire spectrum brightens and extra lines (E* at ~1394 cm-1 and several others 

in the range 1000-1400 cm-1) show up. The spectra can be adequately explained by the inclusion 

of field gradient induced multipolar Raman with comparable magnetic and quadrupolar 

contributions. Following in (S2), C* appears intermittently and D meanders between 1490 cm-1 

and 1540 cm-1 (presence of C* and D is almost complementary; only in #177 both C* and D are 

present but of them are weak) and E* stays mostly absent. The condition for spectral 

reproduction demands presence of only magnetic dipolar spectra along with the electric dipolar 

(normal Raman) spectra. The quadrupolar response at this field-molecule relative orientation 

results in strong E* line, which is absent in S2, thereby confirming the absence of a quadrupolar 

field at the molecular site. E disappears at #220 and starting at #223 (S3) E* appears. E* 

meanders until #265, disappears until #280, when it appears again and evolves as split doublet 

until #300, and disappears thereafter. The physics of meandering and splitting spectral lines stays 

beyond the scope of current analysis. The meandering of spectral lines may be associated with 

variations in molecular environment. A shift in line position, as opposed to line broadening, 

suggests single molecule behavior. Note that asymmetric chemisorption of the molecule (one 

ended) would break the u/g symmetry and could turn on the u modes, along with possible shifts 

of the lines directly affected by binding. At the very end of the sequence (S4) A, B, C, D and E* 

are present with various relative intensity. E* appears at ~1450 cm-1 in this region. With respect 

to electric dipole, spectral reproduction in this region requires comparable magnetic dipolar 
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contribution, and similar or much less quadrupolar contribution (quadrupolar contribution can be 

assessed by the strength of E*). 

 The fluctuating series of spectra undoubtedly reflects an evolving junction, and geometry 

of molecule-junction binding. As the junction evolves, so does the local field and field gradient 

experienced by the molecule.  E/E* modes correspond to large motion of the pyridine (Nitrogen) 

atom. Since the entire molecule is bound through N to the metal, the corresponding modes will 

be seriously affected.  In this particular case, the u-(g-) mode correspond to the N atoms moving 

out of (in) phase. So, symmetric vibration will correspond to physical translation across the 

anchored gap as opposed to the molecule rotating across the junction for anti-symmetric 

vibration. Nevertheless, one of the u-g-pair may undergo large shift over the other. 

 The best spectral matches are obtained with E||B. For few spectra in series S1, there is a 

small angle between the electric and magnetic local fields (as deduced from the required rotation 

angle between the defined field and field gradient matrix) e.g., ΔΩ = {5°, 3°, -2°) in spectrum 

#121. E||B implies plasmon oscillations accompanied with circulation about the dumbbell long 

axis (a vortex at the junction).  
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Chapter 4: 

Electronic Raman Spectrum of Plasmonic Nano Antennae 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1 Abstract 

We characterize the broad background present in the Surface enhanced Raman spectra 

(SERS) to electronic Raman scattering (ERS) of the metal. The background that we observe 

from our gold dumbbell equipped with trans-1,2-bis(4-pyridyl)-ethylene (BPE) as SERS reporter 

molecule is generic. A simple model of joint electron-hole distribution is used to simulate the 

spectrum with good fidelity. Since the occupation probability of the free carriers follow Fermi-

Dirac statistics, The anti-Stokes in ERS can be used to measure the local temperature, on nm-

scale. In effect, the method yields a nano-thermometer.  
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4.2 Introduction 

Surface enhanced Raman spectra (SERS) recorded on plasmonic nanoparticles are almost 

always accompanied with a scattering background. The experiments described here are on silica 

encapsulated gold dumbbells with trans-1,2-bis(4-pyridyl)-ethylene (BPE) as SERS reporter. 

The experimentally obtained SERS consists of sharp vibrational lines of BPE riding on top of a 

background that appears as a broad continuum. The origin of the background continuum is not 

molecular. We  assign it to electronic Raman of the plasmonically active gold nanoparticles that 

comprise the dumbbell structure.  

 

4.3 Electronic-Raman 

Indeed gold has a broad interband transition peaked at about 2.5 eV (500 nm) which 

extends down to 2 eV (620 nm).1 However, based principally on polarization, the Stokes side of 

the Raman spectrum does not contain an emission feature that can be assigned to an interband 

transition. Interband transitions, absorption followed by fluorescence, should be accompanied by 

electron-electron or electron-phonon collisions, which scramble the polarization of the emission. 

The scattering strength of the background continuum is strongly polarized, with little or no 

isotropic component. And the strong dipolar asymmetry of emission implies that the radiation is 

taking place prior to scattering or dephasing. Hence, the emission retains the polarization 

information of the excitation beam and recognizes the physical shape and orientation of the 

dumbbell with which the emission is aligned. Luminescence prior to dephasing, defines Raman. 

We therefore assign the continuum to Raman of the gold nanoparticles. 
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4.4 electron-hole distribution: Mathematical formulation of Electronic Raman 

In the absence of interband transitions, dephasing is the governing mechanism of 

absorption in metals. Assuming a Fermi surface parabolic in the energy-momentum plane, 

vertical transition cannot simultaneously conserve energy and momentum. In a single band, there 

is no vertically accessible state. Hence, electron-electron or electron-phonon scattering must be 

present to conserve momentum (non vertical transition). In the visible region, i.e. below the 

metal plasmon resonance, the optical response of the metal is characterized by its permittivity 

! = ! !! + !!"′′, where !! and !!′ are the real and imaginary part of the dielectric response. !′ 

relates to the elastic response that leads to Rayleigh scattering, while !′′ relates to the dissipative 

absorption. !′′ arises strictly from electron-electron or electron-phonon scattering. Here, we 

focus our attention on inelastic coherent scattering without real absorption, which in Raman is 

often represented to occur via virtual states. This is the so-called R(3) component of the imaginary 

third order polarization, which defines Raman2 This effectively non-resonant Raman scattering 

process may be cast in the form of Fermi's golden rule: 

  ! ω!" = !!
ℏ !!" !! ℏω!" − ℰ!"!!             4.1 

in which !!" = !! − !! is the Raman shift given as the difference between incident and 

scattered photon frequencies, and !!" = !! − !!is the energy difference between initial and 

final states, and the summation is over all initial and final states. Identifying the initial states as 

the occupied electron states of the metal in energy representation, Pe(E), and the final states as 

the available hole states, Ph(E+!nm), the double summation in 4.1 reduces to the integral over the 

joint electron-hole pair distribution:  

  !(ℰ) = !!
ℏ !!! !!(!)! ! !(! + ℰ) 1− ! ! + ℰ !"              4.2 
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The matrix element represents the spatial part of the light matter interaction, ! ∙ ∇. Recognizing 

that only p-polarized light, with electric field normal to the metal surface can lead to excitation; 

and that the penetration depth of the field into the metal half-space is limited to the skin depth 

1/q, and taking A = A0e-qz = A0e-qr
⊥ for electron-hole pair excitation, the matrix element reduces 

to: 

      !!! = !!,!!!,! !!!!!! ! ′ ! + ! !!!! ! ! !!! 

   = !!,!!!,!! ′! !!! !!! ′ !!!!"!"∞
!  

   = !!,!!!,!! ′! !
!!!! !!! ′  

   = !!!
ℏ! ! ! + ! !!,!!!,! !

!!!! !!"/ℏ               4.3 

Note, in the case of a plane wave q = ∞, only Rayleigh scattering is possible, Meh = δ[k,k’]. It is 

the damping function that allows Raman. Assuming a density of states given for a 3D Fermi gas, 

! ! = !, the spectrum reduces to: 

  !(ℰ) = !!!!
ℏ! !!!! !

!
!! ! (! + ℰ)!/! 1− ! ! + ℰ !

!!!ℏ/!!!ℰ
!"        4.4 

Note, both incident and scattered fields appear in this expression, as would be for in stimulated 

Raman. This will be modified below, when we take the explicit form of the scattering into 

account. The scattered field will be replaced either by the vacuum density to treat spontaneous 

Raman, or by the local density of states to treat plasmon enhanced Raman. More importantly, we 

note that the same form would have been obtained if we were to carry out the evaluation of the 

matrix element in energy representation, and were to assume the orthogonality of the Bloch 

states to be relaxed by Landau damping. These two models essentially come out to be the same, 

as verified by numerical calculations because, for dephasing time τ ~ 5 fs and Fermi velocity v = 

1.8*108 cm/s, penetration depth l = vτ ~ 10 nm. In both cases, the spectral profile would be 
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determined by the Lorentzian function. Although qualitatively in agreement with the experiment, 

this model cannot be brought into quantitative agreement with the observed spectra, as illustrated 

in fig. 4.1. The comparison misses in two distinct aspects on the Stokes side: the spectrum is too 

sharp at small shifts and it never decays to zero. The latter is clear from the functional 

composition of eqn. 4.4 The density of states  grows exponentially at  large shifts,  and  therefore  

Figure 4.1: (a) Raman from a single gold particle (inset) parallel (red) and perpendicular (black) to 

excitation polarization. Plasmonic background according to eqn. 4.3 for the correlation function αmn 

being Lorentzian is also shown as a reference with corresponding line-width listed in the panel. (b) 

With a scaling factor the anti-Stokes wing of the spectrum is best reproduced for Γ  = 0.4 with some 

scaling factor, however comparison with (a) reveals this fit will miss the Stokes wing of the 

spectrum by far. 

 

cannot be brought to zero by any power law – the matrix element (eqn. 4.3) must decay 

exponentially with the energy separation between states. Indeed, were we to make this 

assumption, then independent of any assumed density of states, a simple form defines the Raman 

spectral profile: 

!(ℰ) ∝ !!!! ! ! 1− ! ! + ℰ !! ℰ/Δ !"   4.5 
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The comparisons in Fig. 4.2 illustrate that this form can be used to fit the data, with an extracted 

energy decay range of Δ ~ 0.08 eV. The suggestion is that the coherence between electron and 

hole states decays exponentially with their separation in energy. While this seems amenably 

reasonable, we consider whether the effect is spatial or dynamical in origin, i.e., whether it arises 

from the spatial matrix element in eqn. 4.1 or the dynamical correlation, which is hidden in the 

delta function.  

 

Figure 4.2: (a, b) Both parallel (red) and perpendicular (black) channel of Raman from the single 

gold particle can be fitted (black) simultaneously to eqn. 4.3 using exponential correlation function 

as in eqn. 4.5. (c, d) Detailed anti-Stokes wing of the spectrum and corresponding fit is shown. 

Fitting parameter: ΔS = 0.070 eV, TS = 420 K; ΔAS = 0.078 eV, TAS = 384K. 
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The outline of the spatial correlation argument was already made above. In effect, the 

orthogonality of k-states can only be realized when their overlap integral is carried out in full, [-

∞ ,∞]. Since we are interested in states with that terminate on the image potential, which deviate 

significantly from strict   k-states on their turning points, it is important to explicitly  consider   

the 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: The overlap integral as a function of penetration depth (inset) using 1D wavefunctions 

that terminate on an image potential is Lorentzian. The overlap becomes more localized at the 

surface as penetration depth or damping length scale increases. 

 

evaluation of the integral in eqn. 4.5. To this end, we compute the 1D wavefunctions that 

terminate on the image potential (see fig. 4.3), and we explicitly evaluate their overlap integrals 

subject to a damping (penetration) length scale, 1/q: 

!!! ℰ = !!!"∞
! !∗(! + ℰ, !)!(!, !)!"                  4.6 
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The resulting function is shown for several choices of q. In all cases the spatial correlations fit to 

a Lorentzian as in eqn. 4.4, rather than an exponential as in eqn. 4.5. The dependence of the 

energy width of the Lorentzian on the damping length, 1/q, is shown in fig. 4.4. Note, at lengths 

of 20-40 nm, which is the accepted skin depth of gold,3 the energy width of the correlation is Γ ~ 

0.17 eV, and this number should be compared with the Δ value obtained from the experimental 

fit to eqn. 4.5. Despite the different forms of the expressions, the energy widths are well 

motivated by either Landau damping time or a penetration length scale. However, this explicit 

treatment confirms eqn. 4.4 rather than justifying eqn. 4.5. It appears that the picture of single 

particle excitations is not an accurate representation of the observed Raman spectra.  

The failure of the treatment may be traced to the assumption of phase coherence between 

the electron-hole states in evaluating Meh through a strictly spatial overlap. Dynamical scattering 

between particles requires that the random phase approximation (RPA) be made in correlations 

between states. The reproduction of the spectra using eqn. 4.5 leads to the important conclusion, 

that the phase correlation between states decays as a function of their energy separation, with 

decay constant of ~ 0.10 eV. Alternatively, the exponential correlation between electron and hole 

states may be taken to indicate that rather than scattering within the metal half-space, with the 

evanescent field, the observed scattering process is dominated by the external field and surface 

states alone.   
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Figure 4.4: (a) The energy width of the Lorentzian (Γ) is inversely proportional to exponential 

damping length, 1/q. (b) 1/Γ  vs. 1/q is almost a straight line through the origin. The minor change 

on slope may be associated to the artifact of restricting the calculation only to the surface states. 
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Figure 4.5: (a) The energy width (Γ) vs. damping length, 1/q. for variable gap-size, (inset) increase 

in gap size of a metallic junction increases the energy width as well. 
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So far, calculations have been performed on a metal vacuum edge. The energy width Γ = 0.07 eV 

as seen in Raman from single metal particle is decent match according to the modeling. However, we are 

mostly interested on metal-metal junction. In Fig. 4.5 we find that the energy width does dependence on 

penetration depth is a very slow function of gap size. We observe Γ = 0.07 eV for single metal particle 

however, ~ 0.2 eV suits better for the dimers. 

 

The anti-Stokes scattering spectrum perfectly fits eqn. 4.5. The function, 

!!"(!"; !!",!, ! = !! − !!), is given in integral form, and as such is not very convenient for 

direct parametric fitting of the data. In fig 4.6 (b), we show its plot for several different values of 

kT, and for selected values of δ. The semilog plot makes it clear that the function is well 

approximated as an exponential, as is the anti-Stokes wing of the Raman spectra. The latter can 

be fit in the Boltzmann type equation, !!" ! ∝ exp(−ℏ!/!!!). We seek a transformation 

function between effective Boltzmann temperature (TB) and real temperature (T). This is 

obtained by fitting the calculated Raman cross section, !!", at a given temperature, to the 

Boltzmann form. The transformation function is shown in fig. 4.6c.  
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Figure 4.6: (a) Typical anti-Stokes wing of the Raman spectra from the nano-dumbbell (black) and 

decay rate of exponential fitting (red) gives the Boltzmann temperature (TB). Panel (b) shows 

semilog plot of SAS for few δ values as dictated by eqn. 4.5, and exponential fitting of SAS can be 

used to connect TB with Fermi-Dirac temperature (TFD) as in panel (c). 
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Figure 4.7: The experimental data fitted to exponential decay is measure of TB (black dot). This 

temperature converted to more realistic TFD according to the transformation found  in Fig 4.6 (c) 

for δ = 0.4, 0.8, 1.0 and ∞  shows that δ = 0.2 is more appropriate for the range in use. 

 

The implied temperature of the experimental data using this transformation is shown in 

fig. 4.7. The observed turnover in the T vs. I plot, which we associate with the melting of the 

gold dumbbell appears at T = 600° C, to be compared with the known melting temperature of 

1064° C. The sensitivity of the transform to different values of δ is useful to establish whether 

the model is well determined. Based on the criterion of the melting point, we see that δ = 0.2 is a 

better fit. Given the approximations made, and the rather soft criterion for the goodness of the fit 

we can conclude that the surface states of the electrons primarily account for the observed 

Raman scattering, 
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4.5 Concluding Remarks 

The more compelling finding in this chapter is the assignment of the observed scattering 

continuum to Raman scattering of the plasmon, namely the coherent (polarized) collective 

surface states of the metal. The polarization analysis that we will show in the next chapter 

indicates beyond the dipolar plasmon, magnetic, quadrupolar and dichroic contributions are 

clearly seen on the dumbbell antenna. This provides the first clear rationale for seeing the same 

components in SERS spectra of molecules – where the antenna has multipolar character, it will 

amplify the multipolar elements of the molecular polarizability tensor. 
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CHAPTER(5:((

Raman(of(a(nanosphere(dimer(antenna(and(its(molecular(load:(

Multipolar(SERS(and(electronic(Raman(of(plasmons(

 

5.1 Abstract 

We report polarization-resolved Raman scattering studies on TEM characterized 

individual gold nanosphere dimers functionalized with bi-pyridyl ethylene (BPE). The 

measurements allow the characterization of multipolar electronic Raman scattering on the 

nantenna and surface enhanced multipolar vibrational Raman of the molecule. The polarizability 

matrix of the nantenna is determined by the joint angular distribution of parallel and 

perpendicular scattering. Typical asymmetries in structure lead to multipolar response on the 

putative dipolar antenna. The response can be described by expanding the field-matter 

interaction to second order in spatial dispersion, subject to a single scaling factor !! = 0.5 =

2!!!/!!, where !! = !!/12 is the effective wavelength of the nantenna. Chiral plasmons, both 

left-handed and right-handed, can be identified on structurally similar nantennas. While the 

polarization pattern of the molecular SERS identically follows its nantenna, the local vector 

potential sampled by the molecule is not related to the radiation in the far field. This is 

established by assigning the fluctuating spectra of the molecule, to multipolar vibrational Raman 

driven by local field gradients at the intersphere junction. A scaling factor can also be defined for 

effective confinement of light at the junction, ζJ = kJ<r> ~1, by associating the local field 

gradient with the wavevector kJ = |∇!|. In effect, non-resonant vibrational Raman optical 

activity is enhanced by !!!/!!!!~ 2×105 over its long-wave limit, when driven by local fields of the 
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junction. While the silica encapsulated gold dumbbells maintain their gross shape under 

irradiation, the morphology of the junction evolves. Small atomistic variations in the junction 

lead to observable fluctuations in SERS and control the characteristics of the nantenna.  

 

5.2 Introduction 

Plasmonic nanostructures are extensively used as nano-antennas (nantenna) to couple far-

field radiation to molecular receivers.1–3 They generate large local fields by confining radiation 

on spatial scales much smaller than the diffraction limit of light. Among other applications, 

nantennas enable surface enhanced Raman scattering (SERS),4,5 whereby single molecule 

sensitivity is reached.6–10 The nano-analog of the Hertzian dipole antenna, a dimer of metallic 

nanospheres, is among the more commonly used designs for this purpose. As such, it has been 

the subject of extensive experimentation,6,7,11–18 and numerical,19–22 analytical23–26 classical and 

quantum analysis.27–30 Notwithstanding the attractive simplification of the plasmonic response of 

idealized metal spheres, in practice, the system is much richer.  Model assumptions break down 

at the intersphere junction, which is the most critical functional space of the nantenna, where the 

highest fields and currents are generated. Moreover, at junction gaps of < 1 nm, quantum effects, 

such as tunneling plasmons, become important.31–33 Therefore, sub-nanometer scale morphology, 

which is difficult to control or characterize experimentally, can dominate local fields on 

molecular scales. That junction structure on atomic scales matter, was illustrated in a theoretical 

analysis of sodium nano-dumbbells, which allow nearly exact ab initio calculations.34 

Experimentally, the rich photophysics of a real plasmonic junction was highlighted in a study of 

SERS on a silver dumbbell undergoing light induced fusion.17 Magnetic and quadrupolar SERS, 

charge transfer plasmon driven Raman, (CTPR), and rectification of photocurrent recognized 
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through Stark shifted Raman, could be identified. These observations have important 

implications with regard to molecule-plasmon interactions and applications therein: Stark shifted 

SERS demonstrates photo-current rectification at optical frequencies,35 proving the validity of 

the rectenna concept for solar energy conversion;36,37 and serves as a probe of local fields on the 

nanoscale.38 CTPR has been used to track the making and breaking of bonds39 and inter-sphere 

contacts with quantized conductance.40 More generally, CTPR provides a direct connection 

between junction current and light scattering. 41–43 Multipolar SERS probes local field gradients, 

which has been previously recognized as a major source of fluctuations in SERS spectra.44,45 

These findings rest on the scrutiny of the molecular SERS response, and the multipolar response 

emphasizes that the molecule is excited by the near-field of the nantenna, which can be 

dramatically different that the free propagating far field that excites the nantenna. In this regard, 

scant attention is paid to the polarization sustained on the nantenna, which mediates the coupling 

between near and far field. Here, we recognize that the background in our SERS is due to the 

electronic Raman scattering (ERS) on the nantenna, and he induced plasmon can be fully 

characterized through polarization resolved measurements. Remarkably, we show that chiral 

plasmons are launched with linearly polarized plane wave excitation on a nominally achiral 

structure. The simultaneously measured ERS of the nantenna plasmons and the molecular 

vibrational SERS allow scrutiny of the relation between the multipolar response of the nantenna 

and the multipolar SERS of the molecular receiver.   

Magnetic dipolar (M1) and electric quadrupolar (E2) transitions of a molecule are weak 

in comparison to electric dipolar (E1) transitions when driven by free propagating optical fields. 

The ratio of M1/E1 = E2/E1 transitions scales as ς2 ≡ |k<d>|2, where in vacuum k = ω/c = 2π/λ 

and <d> is a molecular length scale (length of the transition dipole). In vacuum, the long-wave 
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limit applies !!! ~ 10-4 << 1, which justifies the neglect of the spatial dispersion of 

electromagnetic waves !!!"# = ! in describing light-matter interactions. As such, the observation 

of multipolar vibrational Raman on plasmonic nanostructures implies enhancements of order 

!!/!!! ~ 104 beyond electric dipolar SERS enhancement factors, which commonly reach 108. 

Such large enhancements can be expected to give access to new physical phenomena, such as 

access to spin forbidden dark states of matter and weak effects, such as surface enhanced Raman 

optical activity46–48 and vibrational dichroism.18,49 It is therefore valuable to understand the 

nantenna mediated coupling of molecular multipolar transitions to the far field.  

We present polarization-resolved Raman measurements on individual gold nano-

dumbbells, which are characterized with ~ 1 nm resolution through transmission electron 

microscopy (TEM). The experimental platform, gold nanosphere dimers functionalized with 

bipyridyl ethylene (BPE) molecules then encapsulated in silica shells (see Fig. 1), has been 

utilized in prior studies,18,50,51 and most recently in time-resolved coherent Raman 

measurements.52 The diameter of the gold nanospheres we use, L~100 nm, is optimal for 

radiative damping of plasmons.53,54 This allows observation of electronic Raman scattering on 

plasmons of the nantenna. The simultaneously recorded electronic Raman of the nantenna and 

the vibrational Raman spectrum of its molecular load allows the dissection of the two-step 

coupling of the field in the far zone, r >> λ, with the static zone, r << L < λ, sampled by the 

molecule. We show that the fields in the two zones are not related. They can be characterized by 

two different scaling factors, !!! and !!!, which can be associated with the effective confinement 

of light on the nantenna and at the junction.  

SERS on plasmonic structures is invariably accompanied by a background, the origins of 

which have been extensively deliberated.55–61 A variety of scattering processes may contribute to 
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the background in different experimental systems and arrangements. Based on the shape 

dependent polarization of the scattering, the background continuum we see on individual gold 

nano-dumbbells can be readily assigned to Raman scattering on plasmons. Both dipolar and 

quadrupolar plasmons can be identified by their polarization patterns. This is understood by the 

fact that the long-wave limit does not apply to the nantenna. At optical wavelengths, for a 

nantenna of effective length <L> ~ 100 nm, the scaling factor reaches unity !!! ~ 1. Therefore, in 

addition to Raman driven by the local third order susceptibility, χ(3), in which all four field 

interactions are dipole coupled to the far field; nonlocal response coupled through multipolar 

transitions and field gradients contribute (see Fig. 1). We show that Raman polarization patterns 

of the nantenna can be understood by expanding the response to second order in spatial 

dispersion, R(2D), with incident fields given as (1+ !"#)!! while retaining scattered fields as 

dipolar, !!. The R(2D) response contains inseparable terms of electric dipole (d), magnetic dipole 

(m), electric quadrupole (q) and the cross term <md> of dichroism, which implies excitation of 

chiral plasmons. Both left-handed and right-handed response can be seen on dumbbells that are 

only distinguished by structural asymmetries typical of real nanospheres.  

In the single molecule limit, the tensor nature of Raman scattering is at full force. In 

contrast with bulk measurements where the vibrational Raman spectrum is characteristic of the 

molecule under study, in the single molecule limit the spectral intensity pattern depends on the 

relative orientation of the molecule and the applied field and its gradients. Given a reliable 

polarizability tensor of the molecule, in principle, it is possible to deduce the vector potential that 

generates a particular vibrational intensity pattern.17,62 We show that the polarization patterns of 

the molecular lines follow those of the nantenna, even when the scattering involves manifestly 

different multipoles. The molecule samples local fields and field gradients driven by 
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displacement currents confined to the junction, and real currents driven by charge transfer 

plasmons. Hallmarks of the latter process are dramatic enhancement in SERS intensity and 

coalescence of line-spectra into band-spectra.17,63 The controlling sub-nanometer morphology of 

the junction, which evolves under irradiation, remains illusive. Nevertheless, it is possible to cast 

the fluctuating spectra in R(2D) response, to extract a single scaling parameter, !! = !! ! , that 

characterizes the local field gradients, !! = |∇!|, which control the intensity of multipolar 

Raman scattering.   

   

 

 

Figure 5.1 Feynman diagram of Raman scattering, showing the time ordered response, R3, that 

distinguishes Raman from luminescence.64 The local response pertains to all fields being coupled 

through electric dipoles (d), while the nonlocal response to second order in spatial dispersion 

couples two of the fields through electric dipole (d) magnetic dipole (m) and quadrupole (q). 
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5.3 Experimental 

 The experimental set-up is shown in Fig. 2. A λ/2-plate is used to rotate the polarization 

of the vertically polarized incident laser. The effect of the plate is to rotate the incident 

polarization by an angle 2φ, relative to the fast axis of the plate. This is equivalent to reflection 

of the field through the plane formed by the fast axis and propagation direction, k = z. The 

backscattered Raman that we collect passes through the same plate. Since the propagation 

direction is reversed, k = -z, the rotation is reversed. Accordingly, independent of the rotation 

angle of the λ/2-plate plate, which determines the direction of the polarization impinging on the 

sample, the double-pass geometry ensures that back-scattered Raman with polarization parallel 

to the excitation field appears vertically polarized (v), while perpendicular scattering appears 

horizontally polarized (h). After passing through the notch filter, a beam displacer is used to 

spatially separate the parallel and perpendicular components of the scattered light, followed by 

dispersing them on a 0.75-m monochromator (Shamrock 750, Andor) and simultaneously 

recording the spectra on a ccd array (Newton, Andor). We use a microscope objective with NA = 

0.65 to attain an overall extinction ratio of 100:1.  To the extent that Raman scattering 

!! ∙ ! ∙ !! ! can be described in terms of transverse incident and scattered electric fields, !!,!, it 

is characterized by the 2X2 polarizability matrix α . With incident field linearly polarized along 

!, the simultaneously recorded maps of the parallel and perpendicular polarized scattered 

radiation over ! ∈ [0,2!] uniquely determine α . This can be verified by noting that the state of 

polarization is completely specified by the Stokes vector, S, whose elements are the projections 

of the Pauli spin matrices, !!: 

! = 1
2 !!!!

!

!!!
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Both spin matrices and their squares generate an orthogonal representation in the two-channel 

measurement; as such, allow determination of the polarizability matrix. This is explicitly shown 

in the appendix.  

 

 

 

 

Figure 5.2: Experimental arrangement for polarization mapping of Raman scattering on single 

nano-dumbbells. We use a 0.75-m grating spectrometer equipped with cooled CCD, (BD) β-BBO 

beam displacer, (NF) notch filter, (λ /2) half-wave plate, (PD) photodiode used with removable glass 

beam-splitter for backscatter imaging. The setup allows rotation of the polarization of the linearly 

polarized laser, and the simultaneous recording of parallel and perpendicular components of the 

back-scattered Raman in the v- and h-displaced channels.   
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The measurements are carried out on trans-1,2-bis(4-pyridyl)-ethylene (BPE) 

functionalized gold nanosphere dimers (dumbbells) that are encapsulated in porous silica. The 

characteristic sphere diameter is 100±5 nm and the typical SiO2 shell thickness is 70±5 nm. TEM 

images prior to irradiation show a typical junction gap of ~1 nm. Invariably, post-irradiation 

images show necking at the junction. The apparent necking is caused in part by the high energy 

electrons used to obtain high-resolution images. And although the contrast in the TEM images is 

reduced by scattering on the silica shell, close-ups of post-irradiated junctions invariably show 

metal junctions that are jagged on nm-scale.  The measurement protocol is predicated by the fact 

that TEM measurements damage organic matter. It consists of: a) SEM mapping of the drop cast 

sample on a TEM grid, b) re-mapping the sample on the microscope using back-scattered light 

and matching the two maps, c) polarized Raman measurements on individual spatially isolated 

dumbbells, d) TEM characterization of the nanostructures on which SERS measurements were 

conducted. SEM allows characterization of structure with a resolution of ~5 nm, sufficient to 

establish the absolute orientation of the nanodumbbells.  
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5.4 Result and Analysis 

 The typical measurement on a single dumbbell is illustrated in Fig. 3. It consists of 

recording complete spectra at incident polarization angles between 0° and 360°, with 2° 

intervals, over the course of 2 hrs total acquisition time. The angle/time dependence of the 

spectral intensity presented in (Fig. 3c,d) shows, in addition to the angular modulation, a slow 

monotonous decay of the overall signal. The evolution preserves the polarization pattern 

determined by the gross shape of the nantenna. We ascribe the slow variation in scattering 

intensity to evolution of the plasmon resonances at 532 nm, which is significantly removed from 

the binding dipole plasmon resonance that peaks near 800 nm.29 At junction gaps of ~1 nm, 

plasmon resonances rapidly evolve with small variations in the gap.33,65,66 Moreover, the local 

field is reduced when shunted by photoinduced tunneling currents. Accordingly, we associate the 

radiation induced monotonous decline in intensity across the spectrum with structural evolution 

at the inter-sphere junction (see close-up in Fig 3f). We fit the intensity for a given spectral 

segment to the joint variables, Ii(!,t) = Ii(!)exp(-t/τi), to extract the evolution corrected angular 

functions, Ii(!). We consider three spectral components: a) background subtracted molecular 

lines, b) the blue wing of the continuum, integrated between Raman shifts of 1700 cm-1 and 1900 

cm-1 c) the red wing of the continuum, integrated between 350 cm-1 and 550 cm-1. The polar 

plots that will be presented are color coded accordingly. 
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Figure 5.3: Raman spectra recorded as a function of excitation polarization angle/time: (a) parallel, 

(b) perpendicular scattering channels. Intensity profiles of The most prominent molecular line 

(1640 cm-1) looses intensity over time (c,d) and the decay constant from exponential fit (red) will be 

used to correct all intensity profiles reported here-after. Spectral slices of characteristic Raman 

spectra and the range of the blue and the red wings of the continuum is shown in (e). TEM image (f) 

of the dumbbell from which the data was collected appear to be relatively spherical, however the 

junction (g) appears to have a narrow adjoining neck, which is only seen after irradiation. 
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Figure 5.4: Polar plots of the line spectra in (a) parallel and (b) perpendicular scattering channels, 

(c,d) SERS of the vibrational line at 1640 cm-1, (e,f) the blue continuum, (g,h) red continuum. The 

joint distribution functions in orthogonal channels are fitted by eq. 1, with the single normalization 

constant !!!! . 

 

5.4.1 Dipolar nantenna 

 The background subtracted molecular SERS spectra as a function of incident polarization 

angle, are shown in the polar plots of Fig. 4a,b for the simultaneously recorded parallel and 

perpendicular scattering channels. All vibrational lines follow the same intensity pattern, which 
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is exemplified by the polar plots of the most intense line, in Fig. 4c,d. The response is 

determined by a single element of the polarizability matrix, αxx, which leads to the joint 

polarization pattern (see appendix): 

 

!!!! = !∥ !
!! ! = !!!! !"#!!

!"#!!!"#!!                           5.1 

 

The simultaneously recorded polarization patterns in the two orthogonal channels are fitted with 

the single normalization constant, !!!! , in Fig. 5.4. And, in reference to the SEM images, it can 

be established that x lies along the long-axis of the dumbbell, to within ~5°. Off-diagonal 

contributions αxy in 5.1 would rotate the angular distribution, while any contribution from αyy 

would add an isotropic component (would convert the figure eight of Fig. 5.4c into a peanut 

shape). All of the molecular lines obey 5.1. The molecular SERS appears to be driven by local 

fields that are coupled along the long axis of the dumbbell. 

The joint angular distributions of the blue wing of the continuum, in parallel and 

perpendicular scattering channels, are shown in Fig. 5.4e,f. They are identical to that of the 

molecular lines. The continuous nature of the spectrum identifies its origin as electronic, its 

polarization identifies it as coherent scattering that recognizes the shape of the dumbbell, its 

Stokes shift distinguishes it from Rayleigh scattering, and the monotonous decay of the spectrum 

and its polarization distinguish it from inter-band fluorescence of gold. Also, the same 

background can be observed on bare dumbbells on which we find no molecular spectra. These 

observations are sufficient to assign the background to electronic Raman scattering of the 

nantenna, namely, Raman of the plasmon. This component of the electronic background reveals 

the susceptibility !(!) = !!!!!(!)  of an ideal dipolar antenna. As such, the blue component of the 
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background can be assigned to Raman of the dipolar plasmon despite the fact that the excitation 

is far from the binding dipolar resonance. 

The red wing of the continuum shows an additional, quadrupolar component in the 

parallel channel (Fig. 5.4g), but not in the perpendicular channel (Fig. 45.h). This observation is 

sufficient to identify the additional scattering term by the Pauli !! matrix (see appendix): 

 

! = !
! (!! + !!)+ !!! =

! + ! 0
0 −!                5.2 

 

with associated joint angular distribution: 

 

!∥ !
!! ! = !!"#!! + ! !"#!! − !"#!! !

!!!"#!!!"#!!!
      5.3 

 

The patterns in the two channels in Fig. 5.4g,h are simultaneously reproduced using 5.3. The 

extracted ratio of the two contributions, b/a = 2/3, shows significant variation, 0 ≤ b/a ≤ 5, on 

different nantennas. We assign this spectrally distinct component to Raman scattering on the 

quadrupolar plasmon. The quadrupolar spectrum, which can be isolated at ! = 90° in the 

parallel channel, is shown in Fig. 5.3e. Remarkably, it does not show any molecular lines. 

Despite the fact that the scattered field intensity by the quadrupolar plasmon can be the dominant 

term on different nantennas, the molecular SERS is only broadcasted by the dipolar plasmon. It 

is useful to note that !! is the Jones matrix of the half-wave plate; as such, it can be recognized 

that the quadrupolar plasmon leads to Raman optical activity – it rotates the polarization of the 

scattered field by 2! relative to the incident field. 
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Figure 5.5/5.6: Nonlocal response: Scattering in the parallel (right column) and perpendicular 

channel (left column) of the molecular SERS (a,b)  and the electronic  background continuua blue 

(c,d) and red (e,f). The fits (solid) are to eqn. 5.6. High resolution TEM images (g,h) reveal faceting 

and deviation from ideal sphericity. 
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5.4.2 Chiral plasmons: 

The same set of measurements, carried out on seemingly similar dumbbells, under similar 

conditions, is presented in Fig. 5.5-6. In distinct contrast with particle 1 (Fig. 5.4), the scattering 

on these particles shows broken symmetry. To the extent that the dumbbell has uniaxial 

symmetry, ignoring asymmetry introduced by irradiation along the z-axis, the material response 

should be symmetric with respect to reflection through any plane that contains the principle x-

axis of the dumbbell. The horizontal axis of the maps in Fig. 5.4 are aligned with the x-axis. 

Clearly, the distributions in the perpendicular scattering channel of Fig. 5.5/6 b,d,f, are not 

symmetric with respect to reflection about the x-axis. We see that the principle scattering poles 

are rotated relative to the long axis of the nantenna by approximately +45° on particle 2 and -45° 

on particle 3. The patterns in the parallel channel are also tilted. The broken symmetry implies 

odd parity, characteristic of magnetic dipoles. The signed rotation of the polarization patterns 

identify chirality with opposite handedness on particles 2 and 3. Remarkably, the polarization 

patterns of the molecular lines follow those of the electronic background (see Figs. 5 & 6, panels 

b, d, f). Inspection of the TEM images reveals that the nanospheres in the dipolar nantenna are 

rounded and similar in size (Fig. 3f,g), while nantennas with multipolar response are more 

asymmetric: the nanospheres in particles 2 and 3 are more facetted and are unequal in size (Fig. 

5.5g, h & 5.6g, h). Of the seven nanosphere dimers that were investigated in detail, particle 1 

was the only one that showed strictly dipolar response. It appears that typical deviations of 

nanospheres from sphericity is sufficient to induce chiral response and to impose definite 

handedness, which is not trivially obvious by inspection of the shapes conveyed by the TEM 

images.  
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The observed polarization patterns in Figs. 5.5/6 can be obtained in Raman scattering by 

taking retardation into account, by expanding the two incident fields to first order in spatial 

dispersion. In effect, the long-wave limit, which allows the assumption of instantaneous field-

matter coupling ! = !!! ∙ ∇, does not hold for excitation of the nantenna. It is necessary to 

include the spatial dispersion of the vector potential, ! = ! ∙ ∇= !!!!!"#∇. Note, four wave 

interactions !!∗!!∗!!!!  describe the Raman process, two fields each to describe an incident (i) 

and scattered (s) photon. Expanding the incident plane wave to first order along its z-propagation 

axis, !!"# = 1+ !"#; and limiting electric and magnetic dipoles to the long axis, the interaction 

of two fields !!∗!!! generates the four coupled terms (see supporting material): 

 

1+ !"# ∂! + ∂! ! = !! !! ! + !! !! ! − 2!" !!!! + !!!! !!" !  5.4 

 

namely, electric dipole, magnetic dipole, dichroic and quadrupolar transitions, in order. Then, to 

second order in spatial dispersion, (2D), the angular functions in the parallel and perpendicular 

channels can be transcribed from (4): 

 

!(!!) ! = !∥
!! ∝ [ !|!|cos! − !|!|!"#$ ! + !!!!|!|!!"#!!]|!|! !"#!!

!"#!!       5.5 

 

In the long-wave limit, k → 0, we retrieve the local response 5.1. The nonlocal terms in (5) scale 

as 〈!"〉 ≡ !!. This is clarified by the substitutions |d| = <ex>, |q| = <exz>, |m| = ω <exz>/2, to 

express the joint distributions  in orthogonal polarizations (5) as a function of the single scaling 

variable: 
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!(!!) ! ∝ [ cos! − !!!"#$/2 ! + !!!!"#!!] !"#
!!

!"#!!                        5.6 

With the exception of the parallel channel in the red wing of the continuum on particle 2 

(Fig. 5e), the observed polarization patterns on particle 2 and 3 can be reproduced by the joint 

polarization distribution (6). The orthogonal pairs of polarization patterns – relative amplitudes, 

rotation, and angular distribution – are simultaneously reproduced with the single fitting 

parameter !!, and normalization constant to convert (6) into equality.  We find !! ≈ −0.5 on 

particle 2, while it shows a spread on particle 3: !! ≈ 0.4 for molecular lines and !! ≈

0.15!and!0.25 on the red and blue wings of the continuum. The sign of !! accounts for the 

reversal of the relative rotation of polarization patterns in parallel and perpendicular channels 

seen on particles 2 and 3 (Fig. 5.5 versus Figs. 5.6). The sign, which is carried by the dichroic 

term !!!!  in (5), determines the helicity of the excited plasmon; namely, by the relative phase 

between the time-harmonic, coaxial electric and magnetic dipole and their associated electric and 

magnetic fields. Clearly,, the handedness of the helical plasmon is reversed on the two particles. 

While deformation of the nanosphere is essential to couple the linear (electric dipole) and 

angular (magnetic dipole) oscillation of the surface charge density wave on the dimer, the 

structural feature that determines the sense of helicity is not obvious in the TEM images. A sign 

change in the chiral response could be associated with the location of the magnetic resonance 

relative to the excitation wavelength;67 which in turn, must be determined by a subtle structural 

difference.   

The parallel scattering channel in the red wing of the electronic background (Fig. 5.5e) 

reveals a magnified version of the quadrupolar plasmon seen on particle 1 (Fig 5.4g). While a 

smaller contribution there, here, it is the dominant term that acts as an independent channel: 
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! ! = !"(!!) ! + !"!! !                                              5.7 

with relative weight b/a ≈ 5/1. Since at 90° the parallel channel isolates the quadrupolar plasmon, 

it is possible to decompose the electronic spectrum into quadrupolar and dipolar components, as 

in Figure 3. The discrepancy in the parallel channel between molecular lines and red continuum 

(Fig. 5a and 5e) is another illustration of the decoupling between quadrupolar plasmon and 

SERS. The converse of this consideration, that SERS is enhanced through the dipolar radiative 

plasmon, and the consistent reproduction of the dataset with minimal parametrization, confirm 

the R(2D) scattering scheme: the excitation of the plasmon is governed by the dispersive nonlocal 

interaction, while the radiation is dipolar.    

It is useful to consider the states responsible for the magnetic and dichroic response. 

Using the well established hyberdization mode, if we limit the plasmon of the dimer to hybrids 

constructed of the l = 1, ml = 0, ±1 monomer states, then ithe dimer states are Λ = 2,1,0 with M = 

Λ, Λ-1,..- Λ where is the projection along the x-quantization axis. The dipolar response arises 

from a transition to |ml=0>1 ± |ml=0>2 states, namely, to the binding or anti-bonding dipolar 

plasmon (not allowed in a perfectly symmetric dumbbell). The dichroic response arises from a 

transition to L = 2, M=1 state, while the magnetic transitions are to the in phase and out of phase 

circulation L = 2, M=0,±2. Note, in small nanospheres, d< 40 nm, the transverse excitations are 

strictly limited to qudrupoles. However, in larger spheres, due to retardation, states with angular 

momentum become accessible.    
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5.4.3 Molecular multipolar SERS: 

 The joint polarization distributions, which define the multipolar scattering mechanism 

and susceptibility of the nantenna, have no information about the scattering mechanism or the 

polarizability of the molecule. That information is contained in the SERS spectra. We show in 

Fig. 7 the vibrational Raman spectra of the molecule observed on the dipolar nantenna . The 

spectrum remains stationary during the acquisition of the data, during several hours of irradiation 

at an intensity of 50 µW/µm2 (see Fig. 3a,b). Save for their overall intensities, the spectra 

observed in parallel and perpendicular channels are indistinguishable. They can only be 

reproduced by the normal Raman spectrum of BPE if we assume the long axis of the molecule to 

be tilted by 40°-60° relative to the field. This is illustrated in Fig. 5.7. For a molecule aligned 

with the long axis of the nantenna, the parallel channel yields the observed spectrum; however, 

the spectrum in the perpendicular channel is two orders of magnitude weaker and the pattern is 

very different.  The difference in intensities reflects the strong anisotropy of the polarizability 

tensor, α' = dα/dq, which is common to aromatic molecules where the polarizability ellipsoid of 

the bright modes is dramatically stretched along the long conjugation x-axis. To see the same 

spectrum with comparable intensities along orthogonal channels, the molecule must be locked at 

the magic angle. While plausible, this is a strong constraint under ambient conditions.  
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Figure 5.7: Parallel (a) and perpendicular (b) channel showing identical spectra on particle 1 (cuts 

from Fig 3). Computed spectra at 0°, 40° and 60° for in plane molecular rotation with respect to its 

long axis. The experimental spectra are consistent with the normal dipolar Raman response of a 

molecule locked in orientation between 40° - 60° relative to the dumbbell axis. 
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Figure 5.8: (a) Raman trajectory of particle 1 and a time integrated spectrum, (b) Sequentially 

recorded series of fluctuating spectra. Multipolar Raman formulation, eq. 8, qualitatively 

reproduces the observed spectral variations (c): at Euler angles {α, β , γ} = {0°, 57°, 34°} or {37°, 

37°, 89°} for spectrum# 20 (blue), {56°, 16°, 72°} or {51°, 23°, 61°} for spectrum# 33 (red) and {52°, 

35°, 77°} or {58°, 74°, 55°} for spectrum# 40 (green), where {0°, 0°, 0°} defines the direction in 

which unity {1,0,0} electric field is applied. 
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After continued irradiation of particle 1, the molecular spectrum starts to fluctuate. The 

spectrum obtained with an integration time of 250 s is shown in Fig. 8a, above the image plot of 

a trajectory constructed from spectra acquired with 10 s integration. Although, recurrences of the 

normal spectrum can be recognized at the beginning (spectra 1-3) and at the end of the trajectory 

(spectra 47-50), the selected spectra at intermediate times (spectra 20, 33, 40) reveal multipolar 

Raman scattering. The spectra can be understood, following the ansatz of the multipolar response 

of the nantenna (Eq. 6): 

!!(!!,!!, !!) != !! − !!!
! !"

!
+ !!!!! !" !                        (8) 

 

where α’,β’,γ’, are the Euler angles of rotation between molecular frame and nantenna, and the 

two fitting parameters (a,b) are now cast in terms of the junction scaling factor, !!. The 

multipolar scattering tensors: 

!!! = !!|!′|!! !                              5.9a 

!" = !!,! !!!,! !"!,!                                   5.9b 

!"!! = !!,!|!!,!"|!"!,!" !!               5.9c 

are evaluated using the polarizability derivative, α’, dichroism, G’, and dipole-quadrupolar 

matrices, A, computed with the ROA module of Gaussian 09,68 and !" are evaluated for assumed 

local field gradient,!∂!!/!". Since the computed matrices implicitly assume the long-wave 

limit, they are expected to be enhanced by, !!!! =
!
!!

, with effective wavevector determined by 

local field gradients !!" = |!!!! ∂!!/!"|. The computed spectra, are for the unperturbed 

molecule, in C2h symmetry. They are in general agreement with a prior analysis of the Raman, 

hyper Raman and IR spectra of BPE.69 Due to the inversion symmetry of the molecule, the 
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normal modes occur in symmetric (g) and anti-symmetric (u) pairs split by 1-20 cm-1, and the 

mutual exclusion of IR and Raman activity is obeyed. As such, the dichroic transitions that arise 

from the cross-term <md><dd> in (8), are absent. The construct is limited to magnetic and 

quadrupolar SERS  driven by field gradients.  

 For the selected, commonly recurring, spectra in Fig. 8, we can find multiple acceptable 

molecular orientations for an assumed set of field-gradients, two of which are shown for each of 

the selected spectra in Fig. 9c. The possible matched orientations are spaced quite apart in Euler 

space, and minimizing molecular walk leads to a trajectory from {37°, 37°, 89°} through {51°, 

23°, 61°} to {52°, 35°, 77°}. For this calculation, the initial assumptions are x-polarized 

excitation [1, 0, 0] and electric field gradient tensor  !!!!" to be composed of only two terms: 

!!!
!" = 2 and !!!!" = 1, which generates y-polarized magnetic field. Determination of molecular 

orientation comes from rotating the molecule to the specified Euler angle in the presence of 

above mentioned field and field gradients. Such a large motion appears unphysical, unless the 

local field experienced by the molecule is defined by an evolving nm-scale asperity in the gap. 

While the origin of the variation in local fields is indirectly inferred, the fits yield reliable 

estimates of the required enhancement of multipolar matrix elements. Acceptable fits are 

obtained for a/b = 15/4 and enhancement !!!! =
!
!!
= !/!! !~!500, which establishes the effective 

local wavelength λe ~ 1 nm. This is the key finding: field gradients on the molecular length scale 

are implied by the observation of fluctuation between dipolar and multipolar Raman.   
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5.4.4 Molecular spectra on the multipolar dumbbell: 

 

Figure 5.9: Parallel (a) and perpendicular (b) channel showing identical spectra on particle 3 (cuts 

from Fig 5). (c) Computed spectra at Euler angles {α, β , γ} = {36°, 7°, 18°} in blue, {18°, 82°, 0°} in 

red, {69°, 80°, 52°} in yellow and {67°, 81°, 36°} in black. The set shows intensity variation of ~1450 

cm-1 and ~1580 cm-1 line as in experiment, while relative intensities of other modes stay fairly 

unaltered. 
 

In Fig. 5.9a,b, we show the Raman spectra of the molecule recorded on particle 3. 

Although the spectra fluctuate, once again, the simultaneously recorded spectra are identical in 

the parallel and perpendicular channels.  Despite the multipolar polarization maps of the 

molecular lines and nantenna seen in Fig. 5.5, the dipolar spectrum intermittently appears, as in 

the spectrum recorded at 252° in Fig. 5.9. Two new prominent lines, near 1450 cm-1 and 1580 

cm-1, can be seen to develop in time, and to fluctuate in synchrony. Closer inspection of their 

trajectories shows correlated meandering: sudden spectral shifts and line narrowing on the time 

scale of acquisition of 10 s/spectrum. The spectral shifts indicate strong perturbations that we do 

not address. Our focus is to understand the intensity patterns. The observed spectra can be 
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adequately reproduced, as illustrated in Fig. 5.9, assuming dipolar Raman driven by elliptically 

polarized local fields in orthogonal planes, !! = [1, 0.6i, 0] and !! = [0, 1, 0.6i]. This would arise 

from a magnetic field with equal Cartesian projections along the molecular ! and ! axes. Be it 

due to the displacement current of oscillating surface charge density across the junction gap, or 

real current due to the charge transfer plasmons, an azimuthal magnetic field !! arises along a 

loop that enclose the current. If we were to assume that the molecule is locked into position, then 

the fluctuation would suggest a slow evolution of the junction that leads to “arcing” near the 

molecule, which in turn generates the circulating local fields. Such events can be commonly 

identified. In fact, the captured episode and its reproduction is nearly identical to the “uneventful 

trajectory” tracked in our prior analysis of the closely related system on silver dumbbells.17  

To underscore the role of junction asperities and photo-current, we show a SERS 

trajectory captured on a fourth dumbbell. The meandering SERS trajectory can be seen in the 

image plot. The fluctuating spectra are very similar to those seen on particle 3, and once again 

we see recurrences of the dipolar spectrum. Since the measurement spans 360° rotation of the 

incident field, the same relative angle between field and dumbbell is revisited after ~ 30 minutes 

of irradiation. The structureless band-spectrum appears at 96° and then again after 180° rotation, 

albeit with somewhat reduced intensity. Accepting this as the signature of Raman scattering 

driven by photo-current passing through the molecule, the sharp angle dependence would 

suggest “arcing” along a well defined protrusion. A single adatom in a ~ 1 nm junction is 

sufficient to close the gap to the tunneling regime of ~ 6-7 Å operative in STM junctions. Similar 

episodes are seen on multiple investigated dumbbells. We present this data to emphasize that 

structure on atomic scales play a defining role in determining fields and currents at the hot spot 
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of the nanojunction.  These features, which evolve under irradiation, play a key role in coupling 

the molecular receiver to the far field. 

 

 

 

 

Figure 5.10: Polarization dependent SERS trajectory on a fourth dumbbell. (a) TEM image of the 

particle. (b) Parallel scattering channel as a function of angle showing the meandering of the 

molecular lines during the measurement and the repeated appearance of a band-spectrum as a 

function of excitation angle (positions shown with red lines). (c,d) Appearance and disappearance of 

“arcing” band-spectrum at sharply defined angles 94o and 274o.  
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5.5 Concluding remarks 

The SERS background seen on individual gold nano-dumbbells can be readily assigned 

to electronic Raman scattering on its plasmons. This is most directly recognized by the 

polarization pattern of the scattering in the far field, where both the dipolar and quadrupolar 

plasmon of the dumbbell can be seen. We showed that the simultaneously recorded angular maps 

of parallel and perpendicular scattering allows retrieval of the polarizability matrix of the 

nantenna, and allows a detailed analysis of the nature of the induced polarization by the applied 

field. As a nonlinear process, Raman is more informative than linear extinction measurements. 

This is underscored, for example, by the identification of chiral plasmons and their handedness. 

Chiral plasmons are valuable meta-material elements for applications in light management,70 

including the generation of left-handed light.71 While we do not have direct measurements, we 

suspect that atomic scale variations in the nano-junction control the sense of the polarization 

rotation on otherwise seemingly achiral and structurally very similar dumbbells (see Figs. 5,6). 

The polarization patterns of the plasmonic Raman was quantitatively reproduced by expanding 

the response to second order in spatial dispersion, R(2D), subject to the single scaling parameter, 

!!, associated with the confinement of light on the nantenna. The inclusion of spatial dispersion 

is equivalent to nonlocal response, a consideration that is most clearly illustrated in the classical 

treatments of dichroism or helical response.72 They can only be sustained on a dumbbell with 

broken inversion symmetry, and we show through electron microscopy that typical asymmetries 

of nanospheres are sufficient to drive these modes. The extracted value of the scaling parameter, 

!! = 0.5 = 2!!!/!!, establishes the effective wavelength of the polarization on the nantenna, 

!! = !!/12 = !42!!", at λ0 = 532 nm for gold dumbbells made of nanospheres of 95 nm 

diameter. The effective wavelength of an antenna plays a key role in its characterization,2 
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therefore a direct method of its experimental determination is valuable. The extracted value is in 

line with theoretical determinations of on nano-rod dipolar antennas. 73 

The present analysis of the BPE molecular SERS on encapsulated gold dumbbells closely 

follows our prior treatment of dithio-linked bare silver dumbbells.17 The conclusions made from 

the analysis of fluctuating spectra are nearly the same, including episodes extracted from 

trajectories that identify commonality in behavior. We ascribe the observed spectral fluctuations 

to variations in fields and field gradients experienced by the molecule, with histories determined 

by structural evolution of the nanojunction on atomic scales. Here, we show that the polarization 

patterns of molecular lines faithfully follow those of the nantenna, despite the absence of 

correlation between the interrogated fields and transitions. We observe fluctuating dipolar and 

multipolar vibrational Raman spectra of the molecule on a dumbbell that shows strictly dipolar 

response; and the same holds for dumbbells that show multipolar response. While perhaps this 

lack of correlation between far fields and static zone measurements is to be expected, the 

experiment illustrates the complexity of plasmonic nanojunctions. We used the R(2D) response 

framework to constrain the analysis of multipolar SERS, subject to the scaling parameter, !!, 

which yields to alternative interpretations. The extracted values serve to quantify the 

enhancement of magnetic versus electric dipole transitions, and we find !!!/!!!!~ 2×105. This 

implies an overall enhancement of a magnetic transition by !!!!!/!!!!= 1013 if we assume a 

typical SERS enhancement factor of EF = 108. The effect is due to the large field gradients 

experienced by a molecule in the near zone, which in turn can be associated with the effective 

confinement of light in the plasmonic junction. Thus, associating the gradient of the vector 

potential sampled by the molecule with an effective local wavevector, !! = |∇!|, we can state 

with generality that !! ! ~1 is implied when spectra fluctuate between dipolar and multipolar 
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Raman. If, instead, the measured multipolar enhancement factor is used to define an effective 

local wavelength, !!,! = !!!!
!!

= !!!!
!!

 ~ 1 nm, we get the practical sense of extremely confined 

light.  

In addition to enhanced electric fields, enhanced magnetic fields can be sustained on 

realistic nanojunctions. They originate from both displacement currents due to the modulation of 

surface charges, and real currents due to conductive nano-bridges and tunneling current driven 

by charge transfer plasmons. Molecules subjected to real current can be recognized by: a) 

dramatic increases in intensity due to oscillator strength borrowed from the plasmon, b) spectral 

broadening and coalescence of lines, which can be understood to arise from strong coupling to 

the metal electrons. Such charge transfer between molecule and metal can be regarded as the 

chemical contribution to SERS,74,75 or tunneling current driven Raman.76 The arcing spectra we 

showed are examples.  
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5.6 Appendix: 

A) The simultaneously measured angular distributions of Raman scattering !! ∙ ! ∙ !! !, along 

parallel !! ∙ !! = 1 and perpendicular !! ∙ !! = 0 channels, fully determine the polarizability 

matrix, α, of the scatterer. This can be recognized by first noting that 2D vector space is spanned 

by the orthogonal basis set of Pauli matrices, !!:  

 

! = 1
2 !!!!

!

!!!
 

 

where  

!! = 1 0
0 1 ,!! = 1 0

0 −1 ,!! = 0 1
1 0 ,!! = 1 −!

! 1  

 

and Si are the parameters of the Stokes vector, familiar in the description of coherency that 

uniquely defines the polarization state of light. For incident field linearly polarized along !, the 

scattered fields in the parallel and perpendicular channels are given as: 

 

!∥!! ! = !"#$ !"#$ !! !"#$!"#$   

 

!!!! ! = !"#$ !"#$ !! !"#$!"#$  

 

The joint angular distributions !!! ≡ !∥!! ! ,!!!! ! | and their associated field intensities 

!!! ≡ [!∥!! ! ]!, [!!!! ! ]!| generate an orthogonal representation:  
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 !!! !!! 

 

σ0 

 

 

1
2!"#$%&!$  

 

1
4!"#!!!"#!!  

 

σ1 

 

!"#!! − !"#!!
0  (!"#!! − !"#!!)!

0  

 

σ2 

 

 

2!"#$%&!$
1  

 

 

4!"#!!!"#!!
1  

 

 

σ3 

 

 

0
!"#!! − !"#!!  

 

 

0
(!"#!! − !"#!!)!  

To illustrate the use of the representation, consider a polarizability matrix given by the single 

element, αxx, therefore α=(σ0 + σ1)/2. Then 

  

!!!! = (!!! + !!!)/2 = 1
2
1+ !"#!! − !"#!!

2!"#$%&!$ = !"#!!
!"#$%&!$  

 

and the observable joint angular distribution is 

 

!!!! = !"#!!
!"#!!!"#!!  
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In addition to unique decompositions that can be made by inspection of the joint angular 

distributions, since the Pauli spin matrices map on the Jones matrices, the decompositions 

acquire physical functional meaning.  

The above applies for strictly local response, where the third order polarization is induced 

by applied electric fields, Pi
(3) = χijkl

(3)EjEkEl. In first order nonlocal response, if only electric 

fields are explicitly noted, then Pi
(3) = ΓijklEjEkδiEm which leads to both magnetic and 

quadrupolar contributions. Explicit accounting of magnetic fields contracts the indices in the 

susceptibility, Pi
(3) = ΓijklEjEkHl to the four waves, and allows a description of the response in 

Pauli matrices. The chiral response is then given more naturally: 

 

!(!) = !!!
!!! !!"
!!" !!!  

 

Since E and H are orthogonal, each action of the H-field can be accounted for by σ1 rotation 

about the z-axis: !! !" = !!!!, while !! !! = !!!!!!. Taking ! = !!/!!as the ratio of 

electric and magnetic dipoles: 

 

!(!) = !!
!! !!!!!

!"!!! !!!!!!!! = !!! + 2!!!!!! + (!!!!!)! 

 

For strictly dipolar response, !! = (!! + !!)/2, the joint polarization distribution, in what we 

refer to as second order in spatial dispersion, is easily obtained:  

 

! !! ! = !"#!!
!"#!!!"#!! + 2! !"#!!"#$!

!"#$!"#!! + !! !"#!!!"#!!
!"#!!  
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which is the chiral response in expression 5.6 of the text. Clearly, the scattering in nonlocal 

response can be decomposed by the expanded table of the products, !!!!!.  
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