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ABSTRACT OF THE DISSERTATION 
 

Single molecules at plasmonic nanojunctions interrogated through space, time and 
frequency domain Raman scattering 

 
By 

 
Kevin T. Crampton 

 
Doctor of Philosophy in Chemistry 

 
 University of California, Irvine, 2018 

 
  Professor V. Ara Apkarian, Chair 

 
 

Surface-enhanced vibrational spectroscopy has emerged as a powerful tool to probe 

the (photo)chemistry and (photo)physics of individual molecules, which may be regarded as 

the primary focus of the field of nanophotonics. Single molecule (SM) sensitivity relies on the 

excitation of localized surface plasmons which confine far-field radiation to molecular length 

scales, ultimately enabling submolecular imaging with chemical selectivity. Over the length 

scales that enable submolecular resolution, localized optical fields cannot be separated from 

the charge density oscillations that sustain them. As such, the interplay between plasmons, 

photons and electrons in plasmonic nano-junctions is of critical importance for the 

development of imaging modalities capable of circumventing the diffraction limit and, more 

generally, for gaining broader insight into the fundamental mechanisms of surface-enhanced 

Raman and tip-enhanced Raman scattering (SERS and TERS).  

In what follows, the SM surface-enhanced parameter space is explored through linear 

and ultrafast optical measurements utilizing nanometer to ångstrom scale plasmonic 

junctions and non-resonant molecular reporters. SERS measurements carried out on the 

prototypical gold dimer nano-antenna highlight the interplay between the molecular Raman 
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scattering channel(s) and coherent luminescence of the plasmon itself. Ultrafast studies 

utilizing 100 femtosecond laser pulses establish the operating principles of the ultrafast 

analog of surface-enhanced spectroscopy, which are then utilized to demonstrated time and 

frequency resolved coherent Raman scattering (CRS) in the single molecule limit. 

The fundamental mechanism of SERS is explored by replacing the continuous-wave 

excitation source with a picosecond pulse train, which probes the non-equilibrium 

population dynamics of SM phonon states. The latter are inferred through the observed 

inverted Stokes/anti-Stokes ratios and verified through stimulated and coherent Raman 

scattering (SRS and CARS) measurements carried out on the same system. Direct plasmon-

molecule energy transfer is dominant over the optically induced and thermal contributions 

to the vibrational population.  

Finally, SM TERS measurements utilizing a metalloporphyrin functionalized silver tip 

are carried out in ultrahigh vacuum and ultralow temperatures (5 K). These measurements 

directly image the atomic lattice of a copper nitride monolayer with 1.5 Å precision. A series 

of measurements recorded on this system highlight the essential role of photoelectrons in 

the TERS process.  
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INTRODUCTION 
 

The first observations1-2 of vibrational spectra emanating from single molecules may 

be considered the birth of the field of nanophotonics3. This development effectively 

accelerated the ongoing quest to exercise optical spectroscopy and microscopy beyond the 

limitations understood through diffraction theory. In what have become the interrelated 

fields of surface-enhanced Raman scattering (SERS) and tip-enhanced Raman scattering 

(TERS), single molecule vibrational spectroscopy relies on the mediation of surface 

plasmons. Surface plasmons mediate the interaction of far-field radiation and near-field 

matter through the collective motion of surface charge, which is provided by the nearly-free 

electrons of coinage metals. This coupling scheme effectively bridges the spatial mismatch 

between focused radiation (~ λ/2 nm) and individual molecules (< 1 nm). In effect, this 

permits spectroscopic explorations on nanometeric, and in what will be presented here, 

atomic length scales.  

Pioneering work over the past four decades has transformed the initial observations 

of single molecules (SM) through SERS into a robust spectroscopy capable of routine 

recognition of individual molecules1-2, 4-13. It is easy to show that the observation of a single, 

non-resonant molecule via Raman requires dramatic enhancement of the involved fields by 

factors on the order of β = 102 to 103, where β is the local field enhancement. Raman, as a 

second order optical process involves the interaction of four fields (incident and scattered 

waves and their complex conjugates)14. As such, the effect of the enhancement in SERS is 

twofold; by coupling to surface plasmon modes, incident radiation is localized to molecular 

dimensions, effectively increasing the photon density by a factor of β2 beyond the vacuum 

density. The reciprocal process is also operative as excited molecules may couple to radiative 
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plasmon modes which broadcast molecular information into the far-field. The latter may be 

regarded as an effective increase in the molecule’s spontaneous scattering cross section. This 

description captures the commonly quoted quartic dependence of the enhancement factor 

on the incident field. That is, β = |E/E0|4, where E is the local field and E0 is the incident field15-

16.  

Nanoscale plasmonic junctions, such as the gap between two metal spheres, provide 

the enhancement required to reach SM sensitivity in Raman17-21. The so-called dimer 

plasmonic nano-antenna (nantenna) represents a seminal prototype for the mechanistic 

description of the SERS effect given the lack of SERS activity on isolated spheres. The 

simplest model to account the large enhancements observed experimentally is rooted in 

electromagnetic theory22-24. The plasmon resonance(s) of single spheres couple when the 

gap between them is narrowed to g0 << D, where g0 is the vacuum gap and D is the diameter 

of the spheres. The bound sphere surface charge may be driven coherently, affording tight 

junction localization for D = 10 to 200 nm. The field inside the vacuum gap is then purely due 

to a displacement current which induces optical transitions in junction-localized 

molecules25. Indeed, this classical mechanism has been utilized extensively to rationalize SM 

sensitivity in SERS16, 26-31. With regard to the rational design of nantennas, the optical 

constants of the metal, parameters g0 and D and the system symmetry are critical 

considerations that determine the location of the plasmon resonance(s) and the attainable 

field enhancement.  

Significant detail regarding the characteristics of the local field may be gleaned from 

SERS spectra. The (frequency dependent) Raman cross section for a given scatterer depends 

on the orientation of the molecule relative to the local field through the transition 
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polarizability, α, which is a tensor quantity32. Generally, ensemble Raman spectra reflect an 

average over the orientations of all molecules present in the focal volume. From a 

computational standpoint, this is equivalent to fixing the vector local field and integrating α 

over all orientations. For SM’s, this description is no longer appropriate and the tensorial 

nature of the Raman polarizability must be expressly considered25, 33-37. The local fields 

deduced from SM SERS signatures imply multipolar electric and magnetic fields and field 

gradients25, 38-40. These observations emphasize that junction fields vary on molecular length 

scales. In this limit, the concept of Raman based on the foregoing discussion of purely 

classical fields is inadequate. Moreover, the interpretation of fluctuating spectra in SERS, 

which is characteristic SM behavior, has identified operative chemical effects that contribute 

to the overall enhancement such as plasmon mediated metal-molecule or molecule-metal 

charge-transfer (CT)41-45. The appearance of CT resonances in metal-adsorbed or 

chemisorbed molecules alters the local enhancement by modifying the Raman polarizability 

relative to isolated molecule42. Note, in addition to the electromagnetic enhancement, the 

motion of 1 electron by 1 ångstrom via CT implies internal fields much stronger than may be 

obtained through any applied field. As such, the interplay between plasmon and electron 

mediated (photo)physics is a relevant consideration for developing a mechanistic 

understanding of SE processes at nanojunctions. Furthermore, there is increasing evidence 

that the observables in SE spectroscopies are dictated largely by atomic, rather than 

nanometeric, detail.  

Arguably, SE scanning probe microscopies such as TERS are ideally suited to address 

concerted, plasmon driven chemical and electromagnetic processes while simultaneously 

providing an efficient route to developing the spatially resolved analog of SM SERS. In this 
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regard, several milestones have been met in near-field plasmon-enhanced optical 

microscopy and spectroscopy, including 1) Raman chemical imaging with sub-nanometer 

precision in ultrahigh vacuum (UHV) and at ultralow temperatures46, 2) hyperspectral TERS 

with angstrom resolution at room temperature40,  and most recently, 3) Raman imaging of 

single atoms and intramolecular charge distributions via apex-bound reporters47. These 

examples share common ground in representing successful combinations of optical 

spectroscopies with cavity plasmonics, permitting multimodal imaging with unprecedented 

resolution in both space and time. For scanning probe applications in the ambient, sharp gold 

or silver tips with cone radii < 50 nm have emerged as standard. Under UHV conditions, tip 

sharpness may be improved beyond 50 nm using ion sputtering techniques and high-voltage 

field emission40, 47, enabling atomic termination and submolecular resolution40, 46-47. In 

addition, these accounts highlight that nanometric surface smoothness is essential for the 

execution of TERS. This ensures that the signal is entirely localized on the tip apex and 

eliminates hot spots that act as loss channels or parasitic SERS sources.  

Extending the foregoing achievements of plasmon-enhanced near-field spectroscopy 

to include general coherence manipulation schemes with ultrafast pulses affords chemical 

imaging with joint ångstrom-femtosecond space-time resolution. Reaching this limit 

requires the development of the non-linear analog of SE molecular spectroscopy. When 

exercised with multiple ultrashort (< 100 fs) laser pulses, coherent spectroscopies are 

capable of monitoring electronic and vibrational wavepackets in real time, which has been 

amply demonstrated on molecular ensembles48-49. A number of techniques involving short 

pulses are commonly employed in the context of SERS, including femtosecond stimulated 

Raman scattering (FSRS)50-53 and coherent Raman scattering (CARS)54-64. The majority of 
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these accounts, however, are implemented in the frequency domain and on ensembles of 

plasmonic junctions. Retrieving the temporal dynamics of SM’s, which was recently 

demonstrated64, poses a greater challenge, largely due to the peak laser intensities 

associated with short pulses. This work, which utilized time-resolved SECARS, captured the 

vibrational motion of a SM. It was shown that SM’s are free from pure dephasing, which 

fundamentally limits the observation period for coherent dynamics in ensembles. This 

fundamental finding implies important distinctions between the ultrafast processes that 

govern molecular dynamics in SM and ensembles, which merits further investigation.  

In what follows, the chronicled experimental and theoretical efforts to more 

thoroughly understand plasmon-mediated phenomena at the nanometeric and atomic scales 

are presented. A variety of methods and apparatus are employed to achieve this, ranging 

from SM SERS exercised in the ambient to UHV SM TERS performed under cryogenic 

conditions. In Chapter 1, experiments revealing the optical properties of isolated nantennas 

are presented in conjunction with multicolor SERS measurements on the same, aimed at 

probing the frequency dependent coupling between plasmons and molecules. The latter 

portion of this chapter is devoted to understanding the fundamental limitations involved in 

ultrafast SE experiments, which are probed through joint femtosecond-continuous wave 

SERS. In Chapter 2, vibrational population dynamics are explored through ultrafast SERS 

executed with 7 ps pulses. In Chapter 0, the principles of ultrafast coherent SE molecular 

spectroscopy are exercised through SECARS experiments executed on individual dimer 

nantennas in the ambient. In Chapter 4, ultimate control and sensitivity in TERS is 

demonstrated through atomically resolved chemical imaging of an insulating monolayer 

crystal surface. Finally, in Chapter 5, a novel photonic crystal fiber-based apparatus for 
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executing time-domain SECARS and more general SE non-linear spectroscopies is proposed 

and developed.  

Reaching the ultimate limit of joint ångstrom-femtosecond space-time resolution in 

molecular spectroscopy represents the principle motivation behind these studies, vide infra.  
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1 Towards time resolved surface-enhanced spectroscopy in the single 
molecule limit 

 

1.1 Introduction 
 

Surface enhanced Raman scattering (SERS), which takes advantage of plasmonic 

nano-antennas (nantenna) to enhance and confine fields, is an established method for 

performing vibrational spectroscopy in the single molecule limit1, 15, 65-68. Conceptually, the 

technique is straightforward: properly designed nantennas allow convenient detection of 

the near-field molecular response with a far-field photo-detector65, 69. Typical 

implementations involve exploring the coupled molecule/nantenna parameter space 

through continuous wave laser excitation and are therefore fundamentally limited to the 

information content available in frequency space. In contrast, non-linear spectroscopies, 

when executed in the time domain with short pulses, have the ability to probe the dynamical 

part of plasmon-molecule interactions, opening up the field of quantum molecular photonics 

by the quantized nature of the interrogated matter. Nonlinear optical manipulations in this 

limit obey quantum logic, and should lead to the realization of applications that have already 

been considered in ensembles, which however suffer from the classicality that dominates 

coherent states of ensembles70.  

As a second order process, time-resolved Raman scattering is useful to consider as a 

step toward the more general nonlinear optical schemes of coherence manipulation in the 

single molecule limit. While it is well established that SERS has the sensitivity to reach the 

single molecule limit, its time domain implementation is subject to fundamental limits, 

principally because of the large local fields involved in generating the SERS signal. 
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It was recently shown that under optimized conditions, molecular vibrational 

information is preserved when the conventional continuous wave (cw) illumination in SERS 

is replaced with short picosecond (ps) pulses71. In nonlinear coherent Raman, however, the 

combined molecule-nantenna system interacts with the multiple fields required to drive a 

given nonlinear process, and the resulting signal is often dominated by the nonlinear 

electronic response of the plasmonic nantenna itself. Although the electronic response of 

plasmonic nanostructures has been studied in the context of nonlinear optical interactions, 

including second harmonic generation (SHG)72, sum-frequency generation (SFG) and 

four-wave mixing73-76, ultrafast studies that probe the molecular response mediated through 

the nantenna are few77. 

To directly clock vibrational motions of individual molecules in real time, it is 

necessary to rely on time-resolved nonlinear spectroscopy that uses at least two short laser 

pulses (pump and probe). The implementation requires the development of the surface-

enhanced (SE) analog of ultrafast nonlinear spectroscopies. To this end, the response of 

plasmonic nantennas to ultrafast laser pulses and the coupling between the nantenna and its 

molecular load are critical considerations, which are most appropriately addressed on 

isolated plasmonic junctions.  

The gold dimer nantenna represents a robust prototype in this regard and is utilized 

in the present in conjunction with a non-resonant Raman reporter molecule to establish the 

principles of SE spectroscopy in the joint single molecule - ultrafast limit. As presented 

below, the dynamic range between detection and destruction of single molecules via SE-NLO 

is rather narrow. The accumulated statistics of measurements carried out on several 
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hundred individual dumbbells provides an exploration of the mechanisms of degradation, 

which can be distilled into fundamental limitations in SE-NLO measurements. 
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1.2 Methods 
 

1.2.1 Sample preparation  
 

 
Figure 1.1 Nantenna ultra-centrifugation results. The abundance of N-core species ranging 
from monomer to > 4 cores are shown as a function of fraction number. These data were 
obtained through SEM characterization of the purified aliquots. The number of samples used 
in the calculation of the abundance is shown to the right of each distribution. Effective 
isolation of the dimer nantennas is evident for fraction 6’ (30%) which represents a five-fold 
increase compared to the unpurified concentration.   
 

The gold dimer nantenna plasmonic substrates utilized here were acquired commercially 

(Cabot Inc.) and consist of a pair of 95 nm gold spheres that are separated by sub-nanometer 

gap. The structures are encapsulated in a 40 – 70 nm thick silica shell post aggregation and 

drop cast onto a TEM grid, consisting of 8 nm thick silicon nitride windows. This permits 

facile post-optical high-resolution electron imaging and also limits optical backgrounds 
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generated by the substrate. Prior to encapsulation, 1,2-di(4-pyridyl)ethylene (BPE) 

molecules are promoted over the spheres in monolayer coverage and serve as a Raman 

reporters. The nantenna samples are polydisperse and consist of aggregates containing N 

cores (N ranges from 2 to ~10). 

To isolate the dimer nantennas an ultracentrifugation procedure was employed78. 

Briefly, a linear gradient of iodixanol centrifugation medium was created in a 15 mL tube. 

The linear gradient ranged from 30% w/v at the top of the tube to 60% w/v at the end. This 

was accomplished using the SC-15 Linear gradient maker (Hoefer Inc.) and 2.5 mL starting 

volumes of each solution. The lower density solution was placed in the reservoir tube and 

the higher density solution was placed in the mixing chamber, along with a 10 mm magnetic 

stir bar. A 200 L volume of 2 % w/v the nantenna stock solution of nantennas was layered 

over the density medium and the mixture was centrifuged at 500 g for 10 min. After 

centrifugation, 50 L fractions were collected from the center of the tube, beginning at the 

top and ending at the bottom. In total, 26 fractions were collected. 

To evaluate the efficacy of the purification process, fractions 3 through 12 were rinsed 

to remove any remaining iodixanol and characterized with SEM. The rinsing procedure is as 

follows: 10 L aliquots of fractions 3 to 12 were isolated and diluted to 1 mL with water. 

Each fraction was vortexed and then centrifuged at 6 k RPM for 15 minutes. Following 

centrifugation, the aqueous supernatant was removed, and each sample was re-diluted with 

1mL of water, vortexed and subsequently sonicated for 3 minutes. For the characterization, 

approximately 1 L of each rinsed fraction was drop casted onto a silicon wafer and was 

allowed to dry prior to performing SEM. The relative abundance of each nantenna type 
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(monomer, dimer, trimer etc.) was identified and tabulated for each fraction. The results are 

summarized in Figure 1.1. 

1.2.2 Single nantenna extinction 

 
Figure 1.2 Correlated (A) SEM and (B) diffraction limited dark field images of the nantennas. 
(C) Overlay of (A) and (B).  
 

Single particle, polarization resolved extinction measurements (see section 1.3) were 

carried out on using a conventional inverted optical microscope adapted for dark-field 

scattering in transmission mode. A tungsten-halogen source was used in conjunction with a 

dark-field condenser lens to illuminate the TEM grid supported nantenna samples. The 

condenser lens contains a Fourier mask which allows only the outmost portion of the full 0.9 

numerical aperture excitation cone angle to reach the sample. A 0.65 NA collection objective 

was used to collect the scattered radiation, which was sent into a monochromator equipped 

with a cooled CCD camera (Andor iDus 401, Shamrock SR303i). This system with equipped 

with a 150 lines mm-1 grating blazed at 800 nm, permitting spectral acquisition over a large 

range (400 to 1000 nm). Individual particles were identified using the spectrograph 

operating in imaging mode (0th order). This is shown in Figure 1.2 which compares an 

electron micrograph acquired through SEM to a diffraction limited dark field image over the 

same region. The spectrograph slit was used to isolate individual dimers for spectral 
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acquisition. Extinction spectra were recorded by subtracting the substrate response from 

the nantenna signal. The former was obtained from equal area regions directly adjacent to 

the particles of interest. In both cases, the integration times ranged from 1 to 10 seconds, 

depending on the apparent contrast. A linear polarizer placed in the detection path allowed 

the long and short axis responses of the dimer to be differentiated.  All spectra were 

normalized to the spectrum of the source.  

1.2.3 Continuous-wave SERS 

Continuous-wave SERS spectra (see Section 1.4) were obtained using an inverted 

optical microscope equipped with a piezo scanning stage. The excitation sources (633 nm 

HeNe or 532 nm diode laser) were focused at the object plane via a high numerical aperture 

objective lens (40x oil, 1.32 NA). Images of the nantennas were acquired by scanning the 

sample stage in the xy plane over an area of 100 x 100 um while recording the transmitted 

light with a photomultiplier tube. Individual particles were identified by comparing the 

transmission images to SEM images acquired either before or after optical studies. Spectra 

were acquired in the back-scattered direction by separating source and Raman photons with 

dichroic beam-splitters that were matched to the excitation wavelength. Paired notch filters 

were also included in the collection path for further filtering of the source. A cooled camera 

spectrograph (Andor iDus 401, Shamrock SR303i) equipped with a 1200 lines mm-1 grating 

was utilized for acquiring spectra. Typical integration times were 1 s.   
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1.2.4 Damage threshold measurements 

Damage threshold measurements were carried out on individual nantennas using the 

optical microscope described in Section 1.2.3 and two different three-color, 100 fs sources, 

designed to carry out background-free measurements in the time domain. The first consisted 

of two home-built non-collinear optical parametric amplifiers (NOPA), pumped with a 250 

kHz regeneratively amplified Ti:sapphire laser (Mira Seed/REGA 9000, Coherent). The 

second consisted of an 79 MHz Ti:Sapphire pumped photonic crystal fiber (PCF), tailor-made 

for SE-NLO79. This will be discussed in detail in Ch. 5. Tolerable local intensities were 

determined by recording cw SERS spectra as time series during ultrafast irradiation. 

Relevant measurement parameters (incident intensities, exposure times etc.) will be noted 

where appropriate.  
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1.3 Characteristics of dimer nantennas  

 
Figure 1.3 Simulated linear spectral response for a nantenna consisting of a pair of 45 nm 
radius Au spheres separated by 1 nm. Longitudinal (A) and transverse (B) excitation are 
shown for the extinction (black trace), absorption (red trace) and field enhancement factor 
(blue trace). Inset: transmission electron micrograph of a prototypical antenna.  
 

A transmission electron micrograph of the typical dumbbell nantenna used in the 

present studies is shown in the inset of Figure 1.3. It consists of two gold nanospheres, of 

~95 nm diameter (D), separated by a junction gap (g0) of 1 nm, and encapsulated in a silica 

shell of 40 - 70 nm thickness. Note, the parameter g0 is taken as the edge-to-edge distance 

between the spheres. The simulated linear spectral response of the idealized version of the 

same structure is presented in Figure 1.3 for two different incident electric field 

polarizations. The extinction spectrum, the absorption spectrum, and the spectral 

dependence of the field enhancement in the middle of the intersphere junction, given by the 

ratio β = EL/E0 of local and applied field are presented. The nantenna sustains three major 

resonances that may be loosely assigned according to the commonly used hybridization 

model17 to: the bonding dipolar plasmon at 816 nm, and the bonding and anti-bonding 



16 
 

quadrupolar plasmons at 618 nm and 555 nm, respectively. Several observations are 

noteworthy at the outset. There is a dramatic difference in enhancement factors between 

longitudinal and transverse excitation. Only quadrupolar resonances are accessed in 

transverse excitation, in which case β < 1 at the intersphere junction. Also, scattering spectra 

are loosely correlated with the spectral dependence of β. This is clearest at 700 nm, which 

corresponds to the valley between scattering resonances (Figure 1.3 A), yet β ~ 400, not very 

different from the peak value β ~ 700 reached at 816 nm. Both values correspond to very 

large SERS enhancement factors of β 4 ~ 1010-1011. The apparent discrepancy is due to the 

fact that the extinction spectrum reflects the induced polarization integrated over the entire 

surface of the dumbbell, while the enhancement reflects the charge density concentrated at 

the junction (at the hot spot). A figure of merit of the efficiency of the nantenna can be 

obtained from its radiation rate, given in which for a given plasmon mode can be extracted 

from the integrated absorption cross section over its resonance: 

 1 𝜏𝑟⁄ =
8𝜋

𝜆2
∫ 𝜎𝑎(𝜈)𝑑𝜈. (1.3.1) 

Over the extracted timescale, 𝜏𝑟 =  10 fs, radiation competes with Landau damping, which 

dominates at this size scale. Note that although the binding quadrupole is nominally dark, it 

radiates (absorbs) through its coupling to the binding dipolar plasmon. The finite element 

simulations reported in Figure 1.3 were carried out using the COMSOL multiphysics suite of 

programs, with the recently revised dielectric function of gold80,  and the literature value of 

silica81   as inputs.  

 The simulations provide a benchmark for the obtainable field enhancement factors 

and optical scattering cross sections for the idealized structure. Deviations from sphericity 

and variations in the junction length alter the nantenna optical properties and the  
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Figure 1.4 Linear extinction spectra recorded on individual dimer nantennas (A-D) through 
dark field spectro-microscopy (see Methods). Spectra under longitudinal and transverse 
excitation are shown in black and blue, respectively.  High resolution electron micrographs 
of the dimer corresponding to the spectrum shown in A are shown in E-F. Bright and dark 
field STEM collection geometries provide the nantenna gross morphology and junction fine 
structure, which is shown in G. The latter reveals a physical gap of 1.15 nm.  
 

spectroscopic observables relevant to SERS. This is highlighted in Figure 1.4 which compares 

experimentally obtained extinction spectra for four different dimer nantennas collected via 

dark field scattering spectro-microscopy. The spectral features observed are generally 

consistent with the simulated extinction shown in Figure 1.3 and may be recognized 

accordingly as the binding dipolar plasmon resonance in the range from 700 to 1000 nm and 

the quadrupolar resonance(s) in the range from 550 to 650 nm. Significant variation in the 

center wavelength of the dipolar resonance is observed from particle to particle. The 

predicted higher order quadrupolar resonances appear as a single broad feature near the 

red tail of the d-band to Fermi surface transition frequency for bulk gold (520 nm) and are 
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relatively stationary80. Overall, the observed polarization contrast emphasizes the character 

of the dipolar plasmon as an inherently junction-localized mode.  

The agreement between the simulated and measured extinction is exemplified by the 

spectrum shown in Figure 1.4 A. Here, the dipolar and quadrupolar resonances are centered 

at 775 and 575 nm, respectively, which are within one standard deviation of the predicted 

extinction values of 580 and 810 nm. Variations between the structural parameters used in 

the FEM simulations, which are based on the idealized pair of equal radii nanospheres, and 

the experimental nantenna geometry lead to the apparent discrepancies in the peak 

positions. Establishing the latter requires high resolution electron microscopies that are 

capable of capturing the nantenna morphology while preserving the fine structure of the 

junction. As a result of the electron energies and current densities required for high contrast, 

conventional transmission electron microscopy (CTEM) imaging eventually leads to fusion 

of the junction and evolution of the spheres themselves. For these reasons, cryogenic 

scanning transmission electron microscopy (cryo-STEM) is preferred over CTEM. STEM 

micrographs acquired at 80 K of the nantenna corresponding to the spectrum shown in 

Figure 1.4 A are shown in Figure 1.4 E-G. The individual spheres appear faceted and are size 

distributed (left: 81 nm, right 100 nm). High resolution imaging of the junction itself reveals 

an isolated physical gap of 1.15 nm (Figure 1.4 G). This example highlights both the efficacy 

of classical computation methods for describing the optical response of the dimer structure 

and the inherent morphological heterogeneity that characterizes surface enhanced 

spectroscopy at the single nantenna level.  

In addition to the intraparticle size and shape variations revealed by electron 

microscopy, the spectra in Figure 1.4 B-D suggest significant interparticle structural  
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Figure 1.5 Calculated gap dependent extinction spectra for an Au dimer of 95 nm diameter 
embedded in a homogeneous medium with a dielectric constant of 1.25. 
 

heterogeneity. The preservation of the general spectral features and the consistency among 

the linewidths across this series suggest similar single sphere polydispersity, which was 

shown above to only weakly modify the position of the resonances.  Instead, the large tuning 

of the position of the dipolar resonance for this set, which ranges from 775 to 1000 nm, is 

indicative of variation in the vacuum gap length, g0. Quite generally, the local field generated 

at the intersphere junction is a strongly varying function of g0. In the present, the gap 

dependent extinction spectra for the dimer nantenna are theoretically considered using 
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generalized multiparticle Mie theory (GMM). GMM has been utilized extensively for 

calculating the optical properties similarly sized plasmonic nanostructures and permits the 

use of g0 as a tunable parameter in the calculation of the multipolar expansion coefficients82-

88. The gap dependent absorption and scattering spectra calculated for 95 nm diameter Au 

spheres are shown in Figure 1.5. Here, g0 was varied from 50 to 0.1 nm and Mie coefficients 

up to 40th order were included to satisfactorily describe the response. There are several 

notable features. First, for large separations, g0 ~ D, the extinction approaches the single 

sphere result, which exhibits a broad dipolar mode centered near 560 nm. With decreasing 

separation, the dipolar mode strongly red shifts. Moreover, the appearance of higher order 

modes is evident for g0 = 2 nm, consequently in the regime where g0<<D. In the absence of 

independent measurements of g0 for the dimers presented in Figure 1.4 B-D, which were 

obtained for the particle presented in Figure 1.4 A, these results allow the gap separation to 

be assigned with confidence based on the wavelength of the dipolar mode. As such, the 

spectra in B, C and E are consistent with g0 = 0.4, 0.2 and 0.16 nm respectively, in effect, 

subatomic.  

 From a conceptual standpoint, the red shifting observed for the dipole and higher 

order modes may be understood in terms of the behavior of coupled dipoles. In the so-called 

quasistatic limit, the sum total of electron oscillators that comprise the free electron density 

of the single sphere are replaced by an individual dipole centered at the sphere origin32. In 

the limit of a coupled sphere pair, attractive interactions between charges at the intersphere 

junction have the tendency to weaken the induced polarization, resulting in a decrease in the 

energy of the bound sphere state89-90. As such, red shifting of the dipolar mode is expected 

with decreasing separation for an induced polarization along the dimer axis (in-phase 
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oscillation). For narrow separations, such as those explored in the GMM simulation, the 

presence of higher order multipoles precludes the use of the quasistatic approximation for 

effectively treating the magnitude of the peak shifts, although the general trend is correct. In 

the narrow gap limit, where g0 <<D, electric fields are distributed inhomogeneously across 

the dimer, reaching their maxima at the center of the junction. This extreme junction 

localization, which is the essential driving force in surface enhances spectroscopies, requires 

several multipole orders to adequately describe with theoretical models91. As a direct 

manifestation, the peak wavelengths calculated via GMM red shift more quickly with 

decreasing gap than predicted through pure dipole-dipole interactions, which go as (g0/D)-3. 

This indicates that quasistatics underestimates the magnitude of intersphere coupling92.  

 Overall, the Au dimer nantenna represents a robust substrate for performing optical 

spectroscopy in the single molecule limit. The properties and characteristics revealed by the 

linear scattering measurements and classical simulations described above will be used 

herein to quantify and rationalize observations relevant to the integrity of the nantenna itself 

and driven junction molecules. In what follows, single nantenna SERS experiments of 

nonresonant molecular reporters will be described. 
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1.4 SERS of plasmonic nantennas and their molecular load 

 
Figure 1.6 Stokes (top) and anti-Stokes (bottom) cw-SERS spectra recorded on a single 
nantenna at 532 nm (light blue trace) and 633 nm (red trace) excitation. Note the absence of 
vibrational lines in the anti-Stokes spectrum at 532 nm. Inset: Magnified C=C stretching 
modes at 1604 cm-1 and 1640 cm-1 revealing Gaussian profiles of FWHM ~20 cm-1. The 
various scattering contributions are indicated schematically: (i) Stokes of metal ERS, (ii) 
anti-Stokes ERS, (iii) Stokes of molecular SERS, (iv) anti-Stokes of molecular SERS, perfectly 
aligned with vibrational Stokes lines, (v) absence of the molecular anti-Stokes lines at 532 
nm, which is ascribed to the competition with molecule-metal scattering through the 
interfacial state resonance. 
 

Ideally, the nantenna serves as a silent mediator between the far-field and near-field 

radiation. However, in optical measurements, electronic Raman scattering (ERS) of the metal 

and the coupled response of the molecule-metal system are integral parts of the observables. 

A synopsis of the information contained in cw-SERS spectra with regard to the interplay 

between molecular SERS and ERS of the nantenna is illustrated in Figure 1.6. The vibrational 
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SERS of the reporter molecule, bipyridyl ethylene (BPE), can be seen to ride over a 

background continuum that can be rigorously assigned to ERS. The vibrational assignments 

have been reported previously93, and an analysis of the continuum was given recently94. 

Here, note that the relative intensity of SERS and ERS depends on excitation wavelength and 

polarization angle. In longitudinal excitation, the ratio changes by a factor of ~20 between 

532 nm and 633 nm, and the background becomes negligible at 785 nm (not shown). 

Transverse excitation at 532 nm, shows ERS only, consistent with the fact that the accessed 

purely quadrupolar plasmon does not generate any significant fields at the intersphere 

junction (Figure 1.3 B). This highlights that ERS arises from the net polarization induced on 

the nantenna, while SERS arises from the hot spot where the field is confined on a scale 

comparable to the molecular dimensions. In transverse excitation, the relative contributions 

of ERS and SERS scale by the spectral dependence of scattering and β discussed above. The 

clearest signature of ERS is the anti-Stokes branch of the continuum, which decays 

exponentially as a function of Raman shift94-96. It perfectly fits the Fermi-Dirac distribution 

of hole states, which serve as the thermally occupied terminal states in ERS (see Figure 1.6 

ii). The fit of the anti-Stokes ERS to the Fermi Dirac distribution yields the temperature of 

the nantenna and its dependence on excitation intensity yields the heating rate, which limits 

the tolerable average irradiation intensity. Remarkably, the vibrational anti-Stokes lines of 

the molecule, which can be seen at 633 nm, are completely absent when excited at 532 nm. 

This is ascribed to the competition between molecular SERS and molecule-to-metal 

scattering94  with a real interfacial state resonance reached at 532 nm (Figure 1.6 v). The 

continuum of final states in this scattering process explains the absence of sharp vibrational 

anti-Stokes lines.  
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Although the location and number of molecules participating in scattering is not 

known, the absence of detectable SERS on single spheres establishes that the observed 

molecule(s) are near the hot spot of the junction in the dimer structures. Given that Raman 

is a feeble effect, the local field enhancement, 𝛽 = 𝐸𝐿 𝐸0⁄ , provided by plasmonic nantennas 

is essential to boost its strength. Making the standard approximation of quartic field 

enhancement, the count rate, R, of spontaneously scattered photons in cw-SERS can be 

estimated as:   

 𝑅𝑐𝑤−𝑆𝐸𝑅𝑆 =
𝜂

ℏ𝜔𝑖

(𝛽𝑖
2𝐼𝑖)(𝛽𝑠

2𝜎𝑠) =
𝜂

ℏ𝜔𝑖
𝐼𝐿𝜎𝑠

∗ (1.4.1) 

in which η is the collection efficiency (~0.1 under optimized geometries); Ii (W/cm2) is the 

incident field intensity, σs(cm2) is the spontaneous scattering cross section, and the 

subscripted β recognizes its wavelength dependence. The enhancement factors have been 

grouped to emphasize that the effect in 𝐼𝐿 = 𝛽2𝐼𝑖 is to reduce the demand on incident 

intensity. Based on the known non-resonant Raman cross section of σs = 5 × 10-28 cm2 for the 

strongest C=C stretching lines near 1600 cm-1 for BPE 13,  the observed count rates of 102-103 

s-1 at an excitation intensity of 30 W/m2 suggests an enhancement factor β4 = 108 at 532 

nm. Within the errors of this determination, the extracted local field enhancement of β =100 

agrees with the calculated value of 50 at 532 nm (Figure 1.3). 
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1.5 Pulsed vs. cw count rates 

The dynamic range between structural evolution and detectability in pulsed SERS 

measurements in limited. This arises from the same enhancement factors that determine 

sensitivity; For pulsed-SERS, the count rate is determined by the peak intensity 𝐼𝐿
𝑝𝑒𝑎𝑘and fill 

factor 𝑓𝑓 = 𝑓𝛿𝑡, given by the product of laser repetition frequency, 𝑓, and pulse width, 𝛿𝑡: 

 𝑅𝑝𝑢𝑙𝑠𝑒𝑑−𝑆𝐸𝑅𝑆 =
𝜂

ℏ𝜔
𝐼𝐿

𝑝𝑒𝑎𝑘𝜎𝑠
∗𝑓𝑓 (1.5.1) 

At a repetition rate of 76 MHz and pulse width of 7 ps, 𝑓𝑓 = 5  10-4. This corresponds to 

𝐼0
𝑝𝑒𝑎𝑘 107 to 108 W/cm2 for average intensities in the micro to milliwatt range under tight 

focusing conditions (~1 µm2). To compensate for the fill factor the peak intensity in the 

pulsed measurements must be increased by four orders of magnitude. Given typical 

intensities used in cw-SERS of 104 W/cm2 (at 633 nm), the required incident peak intensity 

is 𝐼𝐿
𝑝𝑒𝑎𝑘 ~ 108 W/cm2.  The computed value of β ~ 3  102 at 785 nm implies local intensities 

approaching  𝐼𝐿
𝑝𝑒𝑎𝑘~ 1013 W/cm2, which is on the order of the ionization threshold for 

molecular matter97. In what follows, this intensity regime is explored further through 

multicolor SERS experiments involving ultrafast pulses. Mechanisms of signal degradation 

and are understood in terms of (photo)chemical and (photo)physical transformations that 

may dominate spectroscopic observables in the strong field limit.   
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1.6 Mechanisms of signal degradation 

 
Figure 1.7 (A) Set of decay profiles taken on different nantennas depicting the evolution of 
the 1640 cm-1 line, during fs irradiation: 610 nm, 100 fs pulses, 1–5 µW/µm2 at 79 MHz 
(purple, black and blue traces); and 50–100 nW/µm2 at 250 kHz (red, olive and cyan traces).  
(B) Pre- (post-) fs irradiation SERS spectra shown in red and blue, respectively. Top in B 
illustrates the generation of an unfamiliar spectrum; bottom panel in B illustrates loss of the 
molecular signal and preservation of the ERS background. (C/D), SERS trajectories, 
consisting of sequentially recorded spectra at a rate of 1 frame/s, acquired during fs laser 
irradiation, highlighting distinctive behaviors: (C) the disappearance of the molecular 
signature concomitant with the appearance of a new line assigned to CN. (D) Arcing through 
a junction as discerned by jumps in the ERS continuum. 
 

 As mentioned above, the same enhancement that affords single molecule sensitivity is 

responsible for the narrow intensity window between signal quantification and signal 

degradation. In the present, the integrity of the nantenna is interrogated through the anti-

Stokes ERS and that of its molecular load through SERS recorded during fs laser irradiation. 
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Large variations in behavior are observed on different structures under similar excitation 

conditions. Examples that illustrate prototypical mechanisms of signal decay are presented 

in Figure 1.7 A-D. In these measurements, multicolor 100 fs pulsed were applied at t=0 while 

monitoring the molecular SERS in the Stokes region. The variation in the rate of decay of the 

molecular SERS is illustrated in Figure 1.7 A by the intensity of the 1640 cm-1 line. With time 

resolution limited by the SERS acquisition time to 1 s, the observed decay profiles range from 

sudden to gradual, from seconds to many minutes. The latter represent the survivors that 

live long enough to be measured. Before and after SERS spectra are shown in Figure 1.7 B, to 

highlight that in addition to decay of the parent spectrum. Instances of plasmon-driven 

chemistry are evidenced by the appearance of an unfamiliar new molecular spectrum 

(Figure 1.7 B top panel).  In the SERS trajectory of Figure 1.7 C, within one frame at t = 0, the 

BPE spectrum disappears, giving rise to the spectrum of the CN dissociation product, in what 

appears to be plasmon driven rupture of the parent pyridine rings. The excitation is at 800 

nm, at a local intensity nearing IL,max ~ 1013 W/cm2, in the strong field limit of 8 V/nm.  In the 

SERS trajectory of Figure 1.7 D, recorded under similar conditions, arcing across the junction 

by the charge transfer plasmon can be identified by the jumps in the ERS continuum. Such 

arcing events are also seen under cw excitation, at local fields of ~0.1 V/nm98. Arcing is 

typically followed by fluctuations in the molecular SERS spectra, as is evident in the 

trajectory at t = 80 - 100 s (Figure 1.7 D). Among the variety of processes that occur in the 

strong field limit, several may be identified as operative in these experiments: internal field 

emission (arcing), plasmon driven ionization, photo-dissociation, and separation of the 

molecule(s) from the hot spot while maintaining its identity.   



28 
 

1.7 Local intensity limit 

The extensive exploration of intensities at which the signal decays is summarized in 

Figure 1.8, as a function of the fill factor. Within the order of magnitude uncertainty 

associated with defining damage thresholds, a well-defined limit in incident field intensities 

of 108 W/cm2 may be discerned. Under the assumption of a common field enhancement 

factor β = 100, tolerable local fields of 1012 – 1013 W/cm2 is established. In effect, detectability 

in pulsed measurements, as given in (1.5.1), is subject to the fundamental strong field limit97: 

 𝐼𝐿,𝑚𝑎𝑥
𝑝𝑒𝑎𝑘  < 1012 - 1013 W/cm2 (1.7.1) 

In effect, field enhancement reduces the demand on the incident intensity. The limit of ff→1 

is subject to yet another limitation, namely heating and melting of the nantenna, which is the 

origin of the dramatic contrast between cw (𝑓𝑓 = 1) and pulsed excitation intensity limits 

seen in Figure 1.8. Independence of the damage threshold on 𝑓𝑓 implies that the system cools 

between pulses.  
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Figure 1.8 Measured tolerable incident and local intensity versus fill factor for an assumed 
value of β=100. 
 

1.8 Heating in pulsed and cw irradiation 

Heating of the nantenna can be conveniently monitored through the anti-Stokes ERS 

(Figure 1.6). The fit of the anti-Stokes spectrum to the Fermi-Dirac distribution yields the 

steady-state temperature of the nantenna. The cooling rate, dQ/dt, is then obtained from the 

measured steady-state temperature and the calculated absorption cross section (𝜎𝑎): 

 
𝑚𝐶𝑝𝛥𝑇

𝜏
= 𝐼0,𝑐𝑤𝜎𝑎 (1.8.1) 

The slope of the experimental ΔT vs. I plot99 implies τσa/mCp = 106 K μm2/W, which yields a 

cooling time constant of τ = 25 ns (m = 2  10-14 g, σ = 10-9 cm2 = 0.1 μm2, Cp = 0.129 Jg-1K-1). 

The long cooling time reflects the poor thermal conductivity of the silica shell. This can be 

recognized by estimating the rates of heat transfer from gold to silica and heat transport 

within the shell. Assuming contact between the metal and its surrounding shell, the heat 
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exchange time 𝜏𝑥𝑐 may be obtained by setting VCp=AlCs, where A is the surface area and l = 

(Dτ)1/2 is the thermal diffusion length. For a nanosphere, this leads to: 

 𝜏𝑥𝑐 =  (
1

𝐷𝑠
) (

𝑟

3

𝜌𝐴𝑢𝐶𝐴𝑢

𝜌𝑠𝐶𝑠
)

2

 (1.8.2) 

𝜏𝑥𝑐= 0.3 ns for a shell consisting of crystalline quartz, 𝜏𝑥𝑐= 1.2 ns for glass, and longer for 

porous silica. Using conductivity of glass81, the time for heat to diffuse across the L = 70 nm 

shell is τ = L2/D = 14 ns (D = 3.4  10-7 m2/s), in agreement with the measured cooling time 

of 25 ns. Heat diffusion through the shell limits the rate of cooling in these dry-mounted, 

encapsulated nanostructures.  

The heat load under cw irradiation, given by (9), is modified in pulsed excitation to: 

 ∆𝑇(𝑡) =
𝐼0,𝑐𝑤𝜎𝑎

𝑚𝐶𝑝

1

𝑓
∑ 𝛩(𝑡 − 𝑛/𝑓)

𝑛
𝑒𝑥𝑝 [−

𝑡 − 𝑛/𝑓

𝜏
] (1.8.3) 

in which Θ is the Heaviside function, and τ is the cooling time constant. The steady-state 

temperature can be obtained as:  

 〈∆𝑇〉 =
1

𝑡′
∫ ∆𝑇(𝑡)𝑑𝑡

𝑡𝑖+𝑡′

𝑡𝑖

 ~ 
𝐼0,𝑐𝑤𝜎𝑎

𝑚𝐶𝑝

1

𝑓
𝑓𝑓 =

𝐼0,𝑐𝑤𝜎𝑎𝛿𝑡

𝑚𝐶𝑝
 (1.8.4) 

to recognize that the temperature is dictated by the pulse duration 𝛿𝑡 in this limit. 

Note that despite the large temperature rise, the gross shape of the nantenna is 

verifiably preserved by the silica shell until reaching irradiation intensities of 1 mW/m2, 

where phase explosion is observed64. Spectral instabilities set in earlier (at 100 W/m2 at 

532 nm). As a general principle, the onset of bulk diffusion (of vacancies) in atomic solids 

can be taken as TMP/3 = 450 K for gold, and significantly lower for surface diffusion. Note that 

a single gold atom injected in a 1 nm junction gap constitutes a tunneling bridge that may 
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shunt the displacement current. This would explain the observed arcing and catastrophic 

collapse of the junction after a period of irradiation (Figure 1.3). Also, large variations in β 

occur at junction gaps that range between 1 and 0.5 nm, which explain large fluctuations in 

signal that arise during fusion of the gap. Under ambient conditions, given the bulk diffusion 

rate, the requirement of ∆Tmax= 150 K, may be used to define the tolerable average power of 

irradiation: 

 〈I0〉 = I0ff < mCp∆Tmax/σa(ω)δt (1.8.5) 

This translates to 100 W/m2 at 532 nm (ff = 1); and knowledge of the wavelength 

dependent absorption cross section (Figure 1.3) allows generalization of (1.8.5)to different 

excitation colors.  

1.9 Conclusion 

The complementary optical and structural characterizations presented here on 

isolated nantennas underscore the heterogeneity that defines spectroscopic realizations in 

the limit of one molecule.  The vacuum gap length and resulting attainable field enhancement 

was shown to exhibit variation from particle to particle, manifesting as dramatic shifting of 

the plasmon resonance(s) toward the near-infrared. The measured extinction spectra in 

conjunction with FEM and GMM calculations uniquely identify these modes as the binding 

dipolar plasmon and the bonding and anti-bond quadrupolar plasmons, which come into 

play when the particle size approaches the wavelength of light. Molecular SERS, mediated 

through either the quadrupolar or dipolar modes have unique signatures; anti-Stokes 

molecular information is lost when the excitation frequency is tuned to the quadrupolar 
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states of the plasmon. In this regime, a scattering channel involving the bulk transitions of 

the metal, s←d, becomes relevant.   

 Ultimately, the combination of field enhancement and tight focusing requirements to 

isolate single scattering centers, lead to limiting strong local fields 1012 - 1013 W/cm2 with 

what may be regarded as weak laser source: 100 fJ per 100 fs pulse (100 W at 108 Hz). For 

typical nonresonant molecular scatterers, due to the reduced duty cycle of pulsed lasers, the 

dynamic range between observation and damage threshold is rather limited. In effect, 

enhancement factors that dictate the sensitivity of SERS can be detrimental in ultrafast 

measurements. The variety of (photo)chemical and (photo)physical processes that compete 

at these high field intensities were highlighted through examples. In this regard, the 

encapsulated nano-sphere dimer is well suited to interrogate plasmonic chemistry in 

isolation. 
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2 Plasmon driven vibrational population inversion: a ps SERS study 

2.1 Introduction 

Plasmonic nanojunctions effectively confine optical fields on length scales that exceed 

the Abbe diffraction limit by more than three orders of magnitude. This is most directly 

demonstrated in tip-enhanced Raman scattering (TERS) measurements carried out at the 

precisely controllable junction of scanning tunneling microscopes (STM), where optical 

spectro-microscopy of single molecules with submolecular spatial resolution has been 

achieved40, 46-47. Confinement of light is key to single molecule vibrational spectroscopy, as 

has been amply demonstrated in a variety of structures that sustain junction plasmons. The 

TERS measurements show that the effective length scale of the interactions is on atomic 

rather than nanometric scales. On such scales, optical fields cannot be separated from the 

surface charge density oscillations that drive them. The interplay between electron vs. 

photo-mediated coupling of molecule and plasmon is important to disentangle to clarify 

principles of surface enhanced spectroscopies, and more generally, of plasmon driven 

molecular chemistry and physics. This consideration is of particular interest in time-domain 

measurements of vibrational dynamics, which in the single molecule limit, often rely on 

surface-enhanced coherent Raman scattering (SE-CRS) processes64. While frequency 

domain single molecule SERS1, 4-13 and TERS40, 46-47, 100-102 measurements abound, including 

measurements with ultrafast pulses54, 64, 103, their time domain implementation proves to be 

challenging. This challenge, and apparent discrepancies among observations made with 

short pulses, can be attributed to the efficient up-pumping of molecular vibrations in the 

process of plasmon damping. This can be readily concluded from the anti-Stokes versus 

Stokes scattering intensities of SERS spectra recorded with ps pulses and their contrast with 
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their cw analogues. The consistency between observations and interpretation is further 

verified through simultaneous ps-SRS and ps-CARS measurements. The fundamental 

mechanism of SERS is also addressed through the analysis of AS/S scattering intensities. 

Anomalous AS/S ratios in SERS have been reported previously4, 11, 104-110, and are typically 

understood in terms of optical pumping4, 111, although other mechanisms have been 

proposed106, 112. In the present, it is found that the enhancement of scattering rates is 

consistent with the Purcell effect, which for the leaky cavities is fairly color independent.  

2.2 Methods 

The measurements are carried out on the nanoscale analog of the Hertzian dipolar 

antenna, consisting of gold nanosphere dimers. The commercially obtained nanodumbbells 

(Cabot, Inc.) are promoted with 1,2-Di(4-pyridyl)ethylene (BPE) molecules, then 

encapsulated in silica (shell thickness of 40 – 70 nm).  

These experiments were performed using a conventional inverted optical microscope 

equipped with galvo scanning mirrors. For single particle SRS and CARS measurements, the 

microscope was coupled to a coincident pair of 76 MHz pulse trains of 7 ps duration, 

emanating from the tunable output of an Nd:Vanadate pumped optical parametric amplifier 

(PicoTrain, High-Q; Emerald OPO, A.P.E.), which served as a probe pulse. The remaining 

fundamental output at 1064 nm was modulated at 10 MHz and served as the pump pulse. 

The collinear pump and probe pulse train was focused at the object plane via a high 

numerical aperture objective lens (40x oil, 1.32 NA). Images were obtained by raster 

scanning the excitation pulse train in the xy plane at a rate of 10 us per pixel over an area of 

100 x 100 um while recording the transmitted or reflected probe in the forward or 

backscattered directions, respectively. The forward scattered probe was collected with a 
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1.45 NA oil condenser and focused onto a reverse biased silicon photodiode (Thorlabs Inc., 

FDS100). The signal was amplified by 60 dB using a voltage preamplifier (Femto Inc., HVA-

10M-60-B) and demodulated at 10 MHz with a lock-in amplifier (Zurich Instruments Inc., 

HF2LI). CARS spectra were acquired in the back-scattered direction by sweeping the pump 

laser frequency from 905.0 to 913.5 nm with 0.5 nm steps.  

Pulsed and cw spectra SERS were acquired in the back-scattered direction by 

separating source and Raman photons with dichroic beam-splitters that were matched to 

the excitation wavelengths of 785 nm (pulsed) and 633 nm (cw). Paired notch filters were 

also included in the collection path for further filtering of the source. A cooled camera 

spectrograph (Andor iDus 401, Shamrock SR303i) equipped with a 300 lines mm-1 grating 

blazed at 500 nm was utilized for acquiring spectra. Typical integration times were 1 s for 

cw and 30 s for ultrafast excitation. The galvo mirrors were used to reposition the excitation 

laser for targeting individual dimers. By recording the SERS in the backscattered geometry, 

signal photons were relayed to the spectrograph via the excitation galvos. This ensured that 

the system remained telecentric and permitted Raman acquisition from individual, 

diffraction limited objects in the focal volume.  
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2.3 cw-SERS vs. ps-SERS 

 
Figure 2.1 Stokes and anti-Stokes SERS spectra recorded on single nantennas: (A) continuous 
wave excitation (634 nm, 30 µW µm-2), (B,C,D) pulsed excitation (785 nm, 7 ps, 80 MHz, 100 
µW µm-2). In all cases the polarization of the incident field is aligned with the long axis of the 
dimer. Micrographs of each dimer, acquired after the SERS measurements, are shown in the 
insets. 
 

SERS spectra recorded on different nanodumbbells, under cw and pulsed excitation 

with a 7 ps pulse train, is presented in Figure 2.1. Stokes and anti-Stokes branches are 

simultaneously recorded using a notch filter to block the Rayleigh line. An additional 

bandpass filter is used in the ps-SERS spectra, hence the roll-off at shifts of ±1900 cm-1.  
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Under cw illumination, the nantenna and its molecular load can be expected to be in 

thermal equilibrium; and this is verified by the cw-SERS spectrum. In addition to the 

vibrational lines of the molecule, the electronic Raman scattering (ERS) spectrum of the 

metal can be seen in the magnified AS branch (gray trace in Figure 2.1 A). The profile of the 

ERS is determined by the joint density of electron-hole states, which for large spectral shifts 

(∆𝐸 = 𝐸𝑒 − 𝐸ℎ)  reduces to the Boltzmann distribution. The profile can be fitted with 

different levels of sophistication to extract the electron temperature. The extracted 

temperature 𝑇𝑒 = 385 𝐾, is in fairly good agreement with the temperature obtained from the 

AS/S intensity ratios of the vibrational lines: 

 
𝐼𝐴𝑆,𝑣

𝐼𝑆,𝑣
(

𝜔𝑆

𝜔𝐴𝑆
)

3

= 𝑒
−ℏ𝜔𝑣
𝑘𝐵𝑇 =

𝑁𝑣=1

𝑁𝑣=0
 (2.3.1) 

The temperatures extracted from the five prominent vibrations, v, seen in the spectrum of 

Figure 2.1 A agree within a few percent (Tavg = 394 ± 20 K, see Appendix 2.5.2). The relation, 

(2.3.1), seems to hold over the 3000 cm-1 range spanned by the vibration pairs. Similarly, the 

AS-ERS continuum does not show any spectral coloration, as would be expected if nantenna 

resonances determined SERS rates. This holds for over 100 nanodumbbells investigated 

through their cw-SERS spectra, both at 532 nm and at 634 nm excitation, which flank the 

transverse and longitudinal resonances seen discussed in detail in Section 1.3. Note, the 

Stokes branch of the ERS shows strong contributions from scattering on plasmonic 

resonances (coherent luminescence), which have been investigated through polarization 

resolved Raman studies113. Given the spectral inhomogeneity illustrated by the dark field 

spectra (Section 1.3), it would seem that the SERS rates are practically independent of the 

plasmonic resonances seen in the extinction spectra. The same is implied by the utility of 
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(2.3.1), which otherwise is only rigorously valid for normal, spontaneous, non-resonant 

Raman scattering (see Appendix 2.5.1).  

 The contrast between cw-SERS and ps-SERS spectra is rather remarkable. The 

intensity in the AS channel has increased by three orders of magnitude, scaling with the peak 

intensity of the ps-excitation. The electronic temperatures are significantly elevated, evident 

by the slopes of the AR-ERS continua (see Appendix 2.5.2). Moreover, the molecular 

vibrational populations are athermal; and in the case of the spectrum in Figure 2.1 D, the 

vibrational populations are inverted. This is most clearly seen by the inversion of the AS/S 

intensity ratio of the 1600 cm-1 mode, which after correction for all instrumental response 

and using eq. 1, yields 𝑁𝑣=1/𝑁𝑣=0  = 1.2 ± 0.03. While the 1250 mode is not inverted, its 

population ratio 𝑁𝑣=1/𝑁𝑣=0  = 0.52 ±  0.06 would correspond to a 𝑇𝑣 = 3400 𝐾. In contrast 

with the thermally equilibrated AS lines where the intensities/populations are progressively 

lowered as a function of vibrational energy, the highest energy states carry intensity, while 

the lower lines are lost in the ERS of the hot electron background.   

 It is fairly easy to be convinced that the molecular vibrations are not optically 

pumped. To be able to see AS lines in the ps-SERS spectra, ν = 1 must be prepared within the 

7 ps width of the pulse, therefore a SERS pumping rate of 𝐼𝐿𝜎𝑠
∗ = 1011 s-1 is required. As 

indicated by the scale bars in Figure 2.1, the observed average scattering rates are ~ 103 s-1, 

which after accounting for the fill-factor of the ps pulse train, corresponds to 𝐼𝐿𝜎𝑠
∗ = 2x106 s-1, 

nearly 5 orders of magnitude short of the required pumping rate. Indeed, Raman pumping 

can compete with thermal occupation of vibrations upon resonant excitation of bright dyes, 

which is most convincingly demonstrated at cryogenic temperatures104. The effect is 

negligible in the present non-resonant SERS governed by electromagnetic enhancement 
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factors. The Raman cross section of the brightest vibrational mode in BPE is σs = 5 × 10-28 cm2 

and the operative overall enhancement factor is 108, sufficient to observe single molecules, 

but not enough to drive the system away from thermal equilibrium.  An alternative optical 

pumping mechanism with short pulses was recently offered in terms of nanocavity 

optomechanics11, 112. Given the relatively low quality-factors, the mechanism is difficult to 

reconcile with the population inversion in a single mode, or the preferential up-pumping of 

the high frequency modes, or the observed very high electron temperatures.  

 Rather than optical pumping, the data suggests vibrational excitation by electron to 

vibration (e-v) energy transfer. Both the hot vibrations and hot electrons are simultaneously 

seen in the ps-SERS spectra. Indeed, in cavities that involve atomic scale separation between 

molecule and metal, it would be difficult to detach the enhanced local field of the plasmon 

from the surface charge density oscillations that drives it. Scattering on molecular 

adsorbates, or dirty surfaces, is a common mechanism for activating intraband electronic 

transitions and accelerating the damping of surface plasmons. For an e-v pumped vibration 

to develop a line spectrum, after the impulsive excitation, it must be decoupled from the 

electron bath during the observation period, within 7 ps in the present. This provides the 

selection principle for seeing the high frequency vibrations. The impulsive excitation of the 

1600 cm-1 mode would require the dynamic perturbation to have Fourier components on 

1/ν = 20 fs time scale. This is well within the dephasing time of plasmons, ~ 5 fs, but an order 

of magnitude shorter than the thermalization time of electrons through e-e scattering. 

Rather than hot electrons, the inverted vibrations must be prepared by the coherent charge 

density oscillation of the plasmon, during its dephasing. To survive, the vibration must 

remain above the phonon temperature, which develops within the pulse. This explains the  
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Figure 2.2 Simultaneously recorded SR loss and CARS on an ensemble of nantennas. The 
CARS channel tracks the 1604 and 1640 cm-1 mode of BPE. The featureless SRL channel 
reflects the lack of phase coherence between the interrogating pulse and the e-mediated 
preparation.   
 

selective preparation and detection of the high frequency modes, while the low frequency 

modes that are prominent in the cw-SERS spectrum blended in the electronic background in 

ps-SERS.  

The above model is directly verified through simultaneous SRS and CARS 

measurements carried out with the ps pulse train. The experimental arrangement is included 

in Section 2.2. The particular measurements are carried on an ensemble of dry mounted and 

well dispersed nanoantennas, which contain a distribution of dimers and larger aggregates.  

The simultaneously recorded SRS and CARS data are shown in Figure 2.2. The SRS channel 

carries a large signal, which however is entirely featureless. The CARS channel clearly shows 

the 1600 cm-1 doublet. SRS requires phase coherent preparation of the vibrational packet, 

which evidently is not the case. CARS interrogates the SRS prepared packet through the same 
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AS scattering process seen in the ps-SERS spectra. The requirement of coherence between 

preparation and interrogation periods to develop the CARS signal in ensembles, is entirely 

relaxed in the single molecule limit. Single molecules are impervious to pure dephasing, in 

the strong coupling regime they develop a stochastic phase, which does not prevent their 

detection through AS-Raman scattering. A detailed description of CARS in the single 

molecule limit has been presented in prior time resolved measurements64.  

2.4 Conclusion 

Ultrafast and non-linear implementations of the SERS effect directly access dynamical 

coupling between plasmons and molecules. This was demonstrated through cw and ps-SERS 

carried out on the prototypical dimer nantenna in the wavelength range that simultaneously 

accesses the Stokes and anti-Stokes branches. The extracted vibrational populations for the 

cw case are in excellent agreement with the room temperature thermal distribution of 

phonons in conjunction with modest heating via the pump laser. The latter was verified 

independently via Fermi-Dirac statistics for electron-hole pair states extracted from the AS 

branch of the metal coherent luminescence. The far-field AS/S ratio for cw excitation is 

dominated by the cubic dependence of scattering on frequency as opposed to the underlying 

plasmon resonances that enable SM detection. Under pulsed excitation, the AS/S ratios 

indicate vibrational population inversion which cannot be explained by optical pumping. 

Direct plasmon-molecule energy transfer is proposed as a mechanism to account for the 

large ν = 1 population observed. The coherent charge density associated with plasmon 

excitation contains the frequency components necessary to drive a vibrational population 

out of equilibrium, which is not the case for either hot electrons or a large phonon 

population.  
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This model is directly verified by simultaneously acquired SRS and CARS 

measurements on the same system. SRS requires the preservation of phase coherence 

between the preparation and interrogation steps, which is disrupted by driving the 

interrogation step during the vibrational lifetime. In contrast, in the SM limit, CARS only 

requires an incoherent hot vibration to scatter from. As a manifestation, the SRS signals on 

single nantenna are dominated by the electronic response of the metal, which 

simultaneously report AS molecular information via CARS. Overall, these experiments clarify 

the mechanism of vibrational state population in surface-enhanced Raman, which has 

important implications for nanoscale thermometry and for the fundamental mechanism of 

SERS, which involves coherent electrons.  
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2.5 Appendix 

2.5.1 Vibrational populations and enhancement 

In normal spontaneous Raman (SR), the scattering rate: 

 𝑅𝑆𝑅 = 𝐼𝜎 (2.5.1) 

is given by the differential cross section: 

 
𝑑𝜎

𝑑Ω
=

16𝜋4

𝜆𝑠
3𝜆𝑖

〈𝑒̂𝑠 ∙ 𝛼𝑠𝑖 ∙ 𝑒̂𝑖〉, (2.5.2) 

integrated over the experimental solid angle Ω of detection. The 𝜆𝑠
3 recognizes the 

spontaneous nature of the process, with photons scattered into the vacuum density of states. 

The total rate in a given channel is given by the number of scattering centers in the excitation 

volume, in their initial states. For a two-level system, the population ratio N1/N0 can be 

obtained from the AS and S scattering rates (intensities) by taking into account the 

acceleration of AS/S scattering rates due to the increase in the vacuum density:  

 
𝑁1

𝑁0
=

𝐼𝐴𝑆

𝐼𝑆
(

𝜆𝐴𝑆

𝜆𝑆
)

3

. (2.5.3) 

In SERS, it is useful to separate enhancement factors 𝛽𝑖,𝑠 of the incident field and the 

scattering rate: 

 𝑅𝑆𝐸𝑅𝑆 = (𝛽𝑖
2𝐼𝑖)(𝛽𝑠

2𝜎𝑠) = 𝐼𝐿𝜎𝑠
∗. (2.5.4) 

The incident field is enhanced by the ratio of local and applied fields, 𝛽𝑖 = 𝐸𝐿/𝐸0. The 

scattering is enhanced by the local cavity provided by the nantenna, namely by the Purcell 

factor (Note, s stands for scatter, while S stands for Stokes): 
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 𝛽𝑠
2 = 𝐹 =

3

4𝜋2

𝜆𝑠
3𝑄

𝑉
 (2.5.5) 

determined by the quality factor, Q, and mode volume, V, of the cavity. Plasmonic nantennas 

are leaky due to both ohmic and radiative damping. Based on extinction resonances (see 

Figure 1.1), Q ~ 7. The cavity volume is principally geometric, although its estimates greatly 

vary from pico- to nano-volume. This in part is due to the fact that the orientation and 

location of the molecule relative to the cavity determines the coupling. An estimate that 

seems operative here, based on observed enhancements, would be the product of the 

junction gap and surface area occupied by the plasmon, V = 4πr2g. Two extreme limits arise. 

If Q/V is treated as constant, substitute (2.5.5) in (2.5.4) in (2.5.3) to see that the spectral 

corrections disappear: 

 
N1

N0
=

IAS

IS
 (2.5.6) 

This is somewhat odd. Since the cavity will have to ultimately re-emit into the far field, (2.5.3) 

is restored. Thus, in the limit of leaky cavities, (2.5.3) remains valid in SERS. In the limit of 

bright cavities, the ratios are entirely determined by the plasmonic resonances, but in a 

nontrivial way. Not all modes couple to the junction, not all junction modes couple to the 

molecule, and dark modes do not couple to the far-field.  

2.5.2 cw-SERS AS/S ratios 

 The AS/S ratios presented here were extracted by taking the ratio of integrated 

Gaussian fits of the molecular lines. These data are shown in Table 2.1 for the cw experiment 

presented in Figure 2.1. Within the estimated error, the molecular temperatures calculated 

for each mode using (2.5.1) are in agreement. The average temperature of 394 ± 20 K may  
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Table 2.1 Comparison of the experimentally extracted AS/S ratios and temperatures for the 
molecular SERS and AS-ERS.  
 

be compared to the same for the metal extracted by fitting the AS-ERS to an exponential 

decay. This reveals a metal temperature of 430 K. Better agreement is observed, however, 

by including the cubic correction in the exponential fit, which softens the decay constant. The 

extracted value of 385 K is close to the vibrational temperature estimated through the 

AS/S ratio. This is shown graphically in Figure 2.3 A along with the fitted ERS signal.   
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Figure 2.3 (A) Exponential fit to the Anti-Stokes ERS signal corrected for the cubic 
dependence on scattering for far-field radiation. (B) AS/S ratios for each of the prominent 
vibrational modes presented in Figure 2.1 A (open circles) plotted alongside the same for the 
ERS signal. The latter was computed using (2.3.1) and the temperatures extracted though 
pure exponential (purple trace) and cubic corrected exponential (blue) fits.  
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2.5.3 ps-SERS AS/S ratios 

 
Table 2.2 Experimentally extracted AS/S ratios, vibrational populations and electronic 
temperatures for pulsed excitation (data shown in Figure 2.1). 
 

The procedure described above was also utilized to extract the AS/S ratios for pulsed 

SERS experiment (see Figure 2.1). These data are shown in Table 2.2. The AS branches of the 

ERS continua were fit to (2.5.7) and are shown in Figure 2.4. 

 𝑠(𝜐) =  (
𝜐0 + 𝜐

𝜐0
)

3

𝑒
−ℏ𝑐(𝜐0+𝜐)

𝑘𝐵𝑇 . (2.5.7) 

 
Figure 2.4 AS ERS continua for the particles shown in Figure 2.1, fitted using (2.5.7). The 
extracted temperatures are shown for each particle.  
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3 Single molecule coherent Raman in time and frequency  

3.1 Introduction 

Ultrafast implementations of the SERS effect are capable of probing the early-time 

(femtosecond to picosecond) dynamics of molecules in isolation. Such approaches take 

advantage of the enhanced scattering cross sections of molecules in the vicinity of plasmonic 

junctions and the increased sensitivity of third-order nonlinear optical processes over 

conventional Raman54-55. Surface-enhanced coherent anti-Stokes Raman scattering 

(SECARS) represents the non-linear analog of SERS and has emerged as a powerful tool to 

effectively translate the principles of SERS into the ultrafast limit.  

The recent literature includes several accounts of surface-enhanced coherent anti-

Stokes Raman scattering (SECARS)55-58, 60-61, 66, 114 and stimulated Raman scattering 

(SESRS)50, 69 experiments. In all of these cases, although short pulses are used, the 

measurements were carried out in the frequency domain. Frequency domain measurements 

contain information about the shortest time interactions that control ultrafast dynamics, and 

the existing examples suggest important differences between a given nonlinear scattering 

process and its SE analog. For example, the SESRS measurements on colloidal nanosphere 

dimers show dispersive vibrational lines50. In contrast, while heterogeneous ensemble 

SECARS studies report dispersive lineshapes115, SECARS on individual plasmonic 

nanostructures show nondispersive lines114, similar to those seen in cw-SERS. These 

observations contradict expectations based on standard implementations of SRS and CARS 

on ensembles. Since CARS is given as the square of the third order polarization, it shows 

interference between the electronic continuum and discrete molecular transitions116. Along 

the same consideration, since SRS is proportional to the imaginary part of P(3), it does not 
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heterodyne with the background. However, since the phase-shifted signal in SRS co-

propagates with the stimulating beam, interference is unavoidable. These considerations are 

less clear when the interaction with the molecular load is mediated via the nantenna, since 

now a new source of phase delay between molecule and plasmon is introduced. It is then 

valuable to compare SECARS versus SESRS carried out on the same plasmonic nanostructure, 

and more generally to establish design considerations and fundamental limitations of time-

resolved SE nonlinear optics (SE-NLO). As important is the distinction in information content 

of time domain versus frequency domain measurements using short pulses. These are the 

motivations behind the studies reported here.  

In what follows, frequency domain SECARS measurements on the prototypical 

dumbbell nantenna are reported. The nantenna substrates consist of a gold nanosphere 

dimers, the same system used in the reported SESRS measurements50, and on previously 

reported time-domain SECARS measurements using femtosecond (fs) pulses64.  
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3.2 Methods 

3.2.1 ν-domain SECARS 

 
Figure 3.1 Schematic of the CARS microscope. Either galvo mirrors or a scanning stage are 
used to collect backscattered CARS images at each time delay, or at each frequency. The 
images are stacked to extract the photon count rate as a function of the dynamic variable (ν 
or t). The forward scatter channel is dedicated to cw-SERS, detected through a series of filters 
and a fiber-coupled spectrograph. 
 

The system and methods employed in the ν-domain ps-SECARS studies that reported 

here are similar to those utilized for ultrafast SERS (Section 1.2.3)64. These measurements 

employ 7 ps pulses with bandwidths (6 cm-1) much smaller than the ~35 cm-1 spacing 

between the targeted 1604 and 1640 cm-1 lines. The measurements are carried out in 

imaging mode, using an optical microscope adapted to simultaneously measure cw-SERS and 
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tr-SECARS (see Figure 3.3). The nantennas are dry-mounted on the SiN membrane (50 nm 

thick) of a transmission electron microscopy grid. They are first characterized and mapped-

out via scanning electron microscopy, then collocated on the optical microscope using 

backscattered light. A coincident pair of 76 MHz pulse trains is used for the ps-SECARS 

measurements: The 1064 nm output of a Nd:Vanadate laser (PicoTrain, High-Q) serves as 

the Stokes pulse, and a tunable optical parametric oscillator (Emerald OPO, A.P.E.), which is 

scanned from 905.0 to 913.5 nm with 0.5 nm steps, serves as pump and probe. The 

combination generates difference frequencies ranging from 1550 cm-1 to 1660 cm-1, which 

covers the spectrum of the bright C=C modes.  The collinear beams are focused on the grid 

plane with a high NA objective (40x oil, 1.32 NA) in a laser-scanning inverted microscope 

(Fluoview 300, Olympus). At each frequency increment, a 92 µm x 92 µm area of the grid is 

scanned with a dwell time of 10 µs/pixel (Figure 3.1). The approach allows the simultaneous 

interrogation of ~50 dumbbells that fall within the scanned area. The anti-Stokes radiation 

is filtered (875 nm edge, 787 (22) bandpass; Semrock) and detected using a photomultiplier 

tube (R3896, Hamamatsu). 

 



52 
 

3.2.2 t-domain SECARS  

 
Figure 3.2 Schematic of the 250 kHz, 3 color fs laser apparatus for time-resolved SECARS. 
Two home-built NOPA’s are sequentially pumped by a regenerative amplifier seeded by a 
Ti:sapph oscillator running at 80 MHz (40 fs, 800 nm). Each NOPA consists of two stages: 1) 
supercontinuum generation in 3 mm thick sapphire windows and 2) second harmonic 
generation in a 0.3 mm thick type I beta barium borate (BBO) crystal. The resulting WLC seed 
and 400 nm pump are focused into a 3 mm thick type II BBO crystal for NOPA generation. 
The remaining 400 nm pump is collimated and used as the pump source for a second NOPA 
which utilizes the same configuration. The NOPA’s and remaining fundamental are 
temporally compressed to ~ 100 fs using a folded prism configuration.  
 

Time-resolved SECARS measurements on individual nantennas are carried out using 

two different three-color, 100 fs sources, designed to carry out background-free 

measurements. The first consisted of two home-built, sequentially pumped non-collinear 

optical parametric amplifiers (NOPA). The pump source consists of 250 kHz regeneratively 

amplified Ti:sapphire laser (Mira Seed/REGA 9000, Coherent). A schematic of this system is 

shown in Figure 3.2. The second consisted of an 79 MHz Ti:Sapphire pumped photonic 

crystal fiber (PCF), tailor-made for SE-NLO79. This system will be discussed in detail in 
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Chapter 5.  As was established in Chapter 1. the requirement for such measurements is an 

agile source of multicolor fs pulses at high repetition rate and low intensity, with typical 

pulse energies of 100 fJ in 100 fs (100 µW at 100 MHz repetition rate). These specifications 

are based on fundamental limits in peak and average intensity that a nanojunction can 

tolerate. Both sources were configured to prepare and probe the same vibrational 

superposition interrogated in the ps-SECARS experiments. An APD (SPCM-AQRH-25, 

Excelitas) or a PMT (R6358, Hamamatsu) operating in photon counting mode is used for 

detection of the photons emanating from the sample at the anti-Stokes frequency.  

3.3 SECARS spectra  

SECARS spectra recorded on six dumbbells are shown in Figure 3.3, along with the cw-

SERS spectra recorded after the measurement on the same nantennas. Scanning electron 

micrographs recorded before and after the ps measurements did not show a noticeable 

change in the gross structure of these nanostructures. The recorded envelopes of the SECARS 

spectra can be seen to  
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Figure 3.3 SECARS spectra recorded on different dumbbells (red and black traces) and the cw-SERS 
spectra (gray, shaded) recorded on the same structures after the SECARS measurements. 
Consecutive SECARS measurements on each particle are reported: 1st acquisition in red, and 2nd 
acquisition in black. Also shown are the off-particle, background signals associated with each 
measurement. For the SECARS spectra, illumination conditions were as follows: IPu,I = 525 μW μm-2 
and  ISt,I = 260 μW μm-2 corresponding to peak incident intensities of 9 x 107 W cm-2 and 
5 x 107 W cm-2, respectively. The relative orientation between laser polarization and nantenna is 

shown in the insets. The SERS spectra are recorded with a depolarized 633 nm cw laser (Ii = 10 μW 
μm-2 = 1 x 103 W cm-2).  
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be in good agreement with those of the SERS, which exhibit Gaussian lineshapes of ~20 cm-1 

FWHM. The noticeable difference is the jagged appearance of the SECARS spectra, due to 

under-sampling of the heterogeneous distribution betrayed by the Gaussian profiles. The 

cw-SERS spectra are recorded with 10 s exposure, during which the distribution is 

continuously sampled. The accumulated sampling time in the SECARS spectra is ~1.5 ns per 

point (dwell time  rep rate  pulse width). Evidently, the sampling time in the ps-SECARS 

measurement is shorter than the time required to achieve ergodicity of the accessible phase 

space. Another important distinction is the contrast between the spectrum observed in the 

present ν-domain SECARS and the inferred spectrum from the prior t-domain 

measurement64. There, decoherence times as long as ~10 ps were extracted for the two-state 

superposition, equivalent to a linewidth of ~3 cm-1. The discrepancy is understood by 

recognizing the unique difference in t- versus ν-domain measurements in the single molecule 

limit. Recall that CARS measures the square of the third order polarization14:  

 𝑆(𝑡) = |∫ 𝑑𝑡ℰ(𝑡) ∑ 𝑎𝑣exp (−𝑖(𝜔𝑣,0 + Ω)𝑡 − 𝛾𝑣𝑡

𝑣

|

2

 (3.3.1) 

in which ℰ(𝑡) and Ω are the slow envelope and frequency of the probe pulse, and the 

summation is over the vibrational superposition prepared by the pump and Stokes pulses. 

With a pulse duration of 100 fs, much longer than vibrational periods 2π/ωv,0 = 20 fs but 

shorter than the vibrational beat period 2π/(ωv –ωv’) = 1 ps, the probe envelope acts as a 

time window that filters out only the difference terms 𝜔𝑣,𝑣′ = |𝜔𝑣 − 𝜔𝑣′| in the product 

(3.3.1)117.  This reduces the t-domain signal to the cross correlation between vibrations: 

 𝑆(𝑡) = ∑ 𝑎𝑣𝑎𝑣′exp (−𝑖(𝜔𝑣,𝑣′)𝑡 − 𝛾𝑣,𝑣′𝑡𝑣,𝑣′ ). (3.3.2) 
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In contrast, line profiles in SERS, as in spontaneous Raman, reflect the autocorrelation of 

individual vibrations:  

 𝑆(𝜔) = |∫ 𝑑𝑡
∞

0
𝑒−𝑖𝜔𝑡 ∑ 𝑎𝑣exp (−𝑖𝜔𝑣𝑡 − 𝛾𝑣𝑡)𝑣 |. (3.3.3) 

The ν-domain SECARS spectrum recorded with a 7 ps probe pulse, yields the Ω-shifted copy 

of the SERS spectrum, as seen in Figure 3.3 and predicted by (3.3.1).  While not clear at the 

outset, the ν-domain ps-SECARS recorded on a single nantenna does not contain information 

that is not already present in cw-SERS. In contrast with ensemble measurements, in the 

single-molecule limit, ν-and t-domain measurements are not simply Fourier related. In the 

present, the spectral covariance measured in t-domain is much smaller than the variance 

observed in ν-domain spectral linewidths. This is consistent with the two vibrations 

sampling the broad inhomogeneous distribution in a highly correlated fashion, which 

implies that the two vibrations are driven by common environmental fluctuations. Moreover, 

the observation that ps-SECARS does not show any incremental broadening over SERS, 

implies that the light driven forces under the ps pulses are not perceivably different than in 

the case of cw illumination. 
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3.4 Measurement yield 
 

The data shown in Figure 3.3 are those of survivors, which represent ~30% of the 

dumbbells imaged on the grid. The particles are randomly oriented on the grid, while the 

laser polarization is linear and fixed. Consistent with the strong dependence of enhancement 

factors on the polarization of the incident field (see Section 1.3), it is found that the modes of 

signal degradation on individual dumbbells are correlated with their orientation on the grid.  

In Figure 3.4, measurements on 46 dumbbells are summarized by binning them into four 

categories: (i) The set of survivors, exemplified by the data in Figure 3.3, are dumbbells with 

long axis oriented at 45°±15° relative to the incident polarization. (ii) The set in which 

SECARS spectra decay during the course of measurement clump up near 30°±15°. The post  
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Figure 3.4 Statistics of survival organized in four categories, according to behavior illustrated 
in (A) by consecutively recorded ps-SECARS spectra (red and black traces for 1st and 2nd 
acquistions) and subsequent cw-SERS (gray, shaded). The bar graphs show the correlation 
of the categories with orientation of the dumbbells relative to the polarization of incidence: 
(B) At peak pump and Stokes pulse intensities 9 x 107 W cm-2 and 5 x 107 W cm-2 (C) The 
same correlation upon he intensity in each arming the peak intensities to 5 x 108 W cm-2 and 
1 x 108 W cm-2 for pump and Stokes, respectively.  
 

mortem SERS spectra on these dumbbells are either very weak, or strongly perturbed. In 

several cases, the BPE molecular lines are replaced by a new line at ~2350 cm-1, which is 

assigned to CN, and take as evidence for photo-dissociation of the pyridines. (iii) The set 

aligned near 17° shows strong electronic CARS void of any molecular signal. Their post-

mortem SERS is similar to the second category: the spectra  are either highly perturbed or 

exhibit very weak BPE molecular features. iv) Dumbbells that do not yield SECARS are either 

perfectly aligned with the E-field or perpendicular to it. The post-mortem cw-SERS on the 
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aligned nantennas is limited to ERS – the molecular SERS has entirely bleached. Nantennas 

that are perpendicular to the polarization, retain an intact molecular SERS, reinforcing that 

the nano-junction is inaccessible in transverse pumping (see Section 1.3).  

Finally, the fraction of dumbbells that survive measurements is reduced from 30% to 

8% upon doubling the intensity (see Figure 3.4 C). Since the enhanced local field changes 

dramatically with polarization angle of incidence, the observed orientation dependence 

confirms that rather than the incident field, it is the enhanced local field that induces 

degradation of the molecular SECARS signal. Yet, the local field, which plays the most critical 

factor in experimental considerations, is most difficult to quantify; hence the reliance on the 

computed values. 

3.5 Saturation of stimulated steps in tr-SECARS 

The tr-SERS signal considered in (1.5.1) is for spontaneous Raman (SR), a two-photon 

process in which a pump photon is absorbed and a Stokes photon is emitted. CARS is a four-

photon process, which can be decomposed into stimulated Raman scattering (SRS) followed 

by SR. The expected SECARS count rate may be expected to scale as: 

 𝑅𝑆𝐸−𝐶𝐴𝑅𝑆 ∝ (𝛽𝑃𝑢
2 𝐼𝑃𝑢)(𝛽𝑆𝑡

2 𝐼𝑆𝑡)(𝛽𝑃𝑟
2 𝐼𝑃𝑟)(𝛽𝐴𝑠

2 𝜎𝐴𝑠). (3.5.1) 

The first two terms on the right hand side in (3.5.1) correspond to SRS, whereas the last two 

terms represent spontaneous anti-Stokes Raman.  Coherence among scatterers that 

distinguishes CARS in ensembles is irrelevant in measurements on single scattering centers. 

As such, the second step in CARS scales with the rate of SR, but now acting on the 

vibrationally excited molecule(s) prepared through SRS. Therefore, the photon yield in tr-

SECARS must be reduced relative to tr-SERS by the efficiency of the initial SRS process. Yet, 
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the photon count rates of 105 - 106 Hz seen in the ps-SECARS in Figure 3.3 are 2-3 orders of 

magnitude larger than the cw-SERS count rates. Even after making due allowance for 

differences in β-values and ff, the ps-SECARS counts remain 1-2 orders of magnitude larger. 

This necessarily implies that the stimulated steps in SECARS are near saturation. The same 

conclusion can be reached by noting that the rate of stimulated versus spontaneous radiation 

scales by the occupation number of photons, n, in the stimulating mode118:  

 

 
𝑅𝑆𝑅𝑆

𝑅𝑅𝑆
=

(𝑛 + 1)

1
= 𝑛 (3.5.2) 

  

Even if mode confinement by the nantenna is ignored, the typical number of incident photons 

per pulse of n = 107 can be expected to amplify the observed SERS count rate 𝑅𝑅𝑆 ~ 103 s-1 to 

an SRS rate of 𝑅𝑆𝑅𝑆 = 1010 s-1. This is two orders of magnitude larger than the repetition rate 

of the laser. As such, it may be concluded that the interrogated vibrational coherence is 

prepared with every pulse, i.e., the SRS step is saturated. Recent reports, which demonstrate 

SRS saturation of electronically non-resonant molecules at peak intensities of ~1011 W/cm2, 

echo this conclusion119. The applicability of (1.5.1) to tr-SECARS is contingent on saturation 

of the stimulated steps, which is verified by the count rates seen in SERS and SECARS as a 

function of ff.  

Since there usually is a reserve of incident laser intensity in typical pulsed setups, the 

fundamental advantage in tr-SERS reduces to the quadratic enhancement of the cross section 

𝜎𝑠
∗ = 𝛽𝑠

2𝜎𝑠. That is, since stimulated steps are easily saturated (3.5.2), rather than the β8 

enhancement suggested by (3.5.1), detectability in time-resolved SECARS reduces to the 
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consideration of (1.5.1); namely, the quadratic enhancement of the spontaneous cross 

section and maximizing the fill factor. 

3.6 Plasmon mode matching 

 
Figure 3.5  (A) Computed charge density distributions at the junction between the spheres 
for an applied field of 1 V/m at 555 nm (left), 618 nm (center), and 816 nm (right). (B) Linear 
spectral response of the nantenna for longitudinal excitation: extinction (black trace), 
absorption (red trace), and field enhancement factor (blue trace). Time circuit diagrams for 
the three SECARS measurements discussed are superposed over the spectra to highlight the 
resonances underlying the different excitations. They consist of (i) tr-SECARS executed with 
100 fs pulses, using all three plasmon modes; (ii) tr-SECARS utilizing the dipolar plasmon 
(pump and dump) and bonding quadrupolar resonances (probe and emission); and (iii) ν-
domain SECARS using picosecond pulses, with all four waves coincident on the dipolar 
resonance. 
 

In two-color tr-CARS measurements, where the pump and probe pulses are derived 

from the same laser, there is an unavoidable background that arises from the coincidence of 

all three pulses at t = 0. This can be overcome in 3-color measurements, with distinct Pu, St, 
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and Pr colors, hence a unique (background-free) 4-wave mix that generates the targeted AS 

signal.  This was accomplished by two different 3-color, 100 fs laser systems, operating at 79 

MHz and 250 kHz, respectively. In the case of the 250 kHz system, the dramatic reduction in 

fill factor 𝑓𝑓 = 2.5  10-8 makes tr-SECARS measurements on single scattering centers rather 

challenging. Nevertheless, because of the reduction in background, tr-SECARS 

measurements could be done with results identical to those observed at 79 MHz. The 

observed tr-SECARS signal is shown in Figure 3.6. It consists strictly of the instantaneous 

response of the anti-Stokes ERS of the nantenna, with no trace of the time-delayed molecular 

signal. This is in stark contrast with the ps-SECARS data in Figure 3.3, where the molecular 

signal appears with negligible ERS background. The colors used in these measurements are 

contrasted with those of the ps-SECARS measurements against the backdrop of the nantenna 

resonances in Figure 3.5. 

Consistent with all stimulated steps being saturated, the observed count rate in the 

fs-tr-SECARS signal Figure 3.6 can be directly related to the ps-SECARS count rates (Figure 

3.3) through equation (1.5.1). Using the computed enhancement factors, the relative ratio of 

spontaneous scattering rates alone, (𝛽𝐴𝑆
2 𝑓𝑓 𝛽𝐴𝑆′

2 𝑓𝑓′)⁄  ~ 2 × 103, rationalizes the observed 

ratio of count rates between the ps and fs measurements. The contrast of seeing strictly 

molecular response in the 2-color experiment and strictly ERS of the nantenna in the 3-color 

experiment, underscores that enhancement factors alone do not determine the signal in CRS 

mediated via the nantenna. Plasmon mode matching is an important consideration. As in the 

prior fs tr-SECARS measurements64, the present ps-SECARS data were obtained with all four 

waves coupled through the bonding dipolar plasmon. The three-color fs SECARS relies on 

the bonding dipolar plasmon to prepare the coherence, the bonding quadrupolar plasmon to 
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probe, and the anti-bonding quadrupolar plasmon to enhance the anti-Stokes signal (see 

Figure 3.5). As in the cw-SERS spectrum of Figure 1.6, where the molecular anti-Stokes 

scattering is completely absent at 532 nm; here too, only the ERS of the metal is observed. 

The opening of the molecule-to-metal scattering channel, which shows strong nonlinearity94, 

is operative in the 3-color experiment. This dramatic difference in observables can be 

generally ascribed to the requirements of plasmon mode matching in nantenna mediated 

preparation and interrogation of molecular coherences.  

 
Figure 3.6 Time-resolved signal (black trace) from a dumbbell obtained through 3-pulse 3-
color CARS (scheme i Figure 3.5 B), illustrating the metal response at t = 0 and the absence 
of a molecular signal at positive time. Gray curve: The time course of the t = 0 response of a 
dumbbell decays after an induction period of ~15 s, suggesting collapse of the nanojunction. 
 

The electronic anti-Stokes Raman scattering of the nantenna is enhanced by the 

junction plasmon. The signal strength decays when the junction fuses. An example of what 

appears as a catastrophic decay of the t = 0 signal is shown in Figure 3.6 (gray trace). The 

junction collapses after an induction period of ~15 seconds, which underscores that peak 
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intensity arguments alone do not explain the damage. Evidently, irradiation induced slow 

evolution of the junction, e.g., through thermal and electro-migration induced mobility of 

surface atoms, precedes the catastrophic decay.  

3.7 Conclusion 

The ν-domain ps-SECARS measurements carried out on single plasmonic nantennas 

illustrate coherent Raman spectroscopy in the few molecule limit. The recorded spectra are 

under-sampled copies of the cw-SERS spectra. This is in contrast with the fs-SRS 

measurements on the same system, which show dispersive lines50.  The contrast is 

remarkable because it does not follow expectations based on ensemble measurements. 

Beside the distinction that the CARS signal cannot interfere with the incident fields, due to 

its color and scattering geometry, an important distinction is the time ordering of 

interactions. In SRS, the incident field drives the nantenna, which in turn excites the 

molecule, and the re-radiation of the molecule is amplified by the nantenna120. Ultrafast 

SECARS on single scattering centers can be understood as a saturated SRS step, followed by 

surface-enhanced, spontaneous anti-Stokes Raman scattering. Since the final step in which 

the signal is formed is the same as in SERS, it is perhaps not surprising that the observed line 

profiles are the same. However, in both SERS and SECARS there is an interplay between the 

molecular response, ERS of the nantenna, and coupled molecule-metal scattering, which 

depends strongly on the selected excitation resonances.  

The contrast between the line profiles observed in the present υ-domain ps-SECARS 

measurements and those implied by the prior t-domain fs-SECARS measurements 

underscores that in the single molecule limit, the two measurements are not Fourier-related. 

The t-domain CARS yields the cross-correlation among the members of the prepared 
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vibrational superposition, while the ν-domain measurements yield the autocorrelation of 

individual vibrational lines. The two are identical in the limit of large ensembles, where the 

tr-CARS signal can be retrieved through a Fourier transform of the Raman spectrum79.  

More generally, explore the parameter space for designing tr-SE-NLO was explored. 

The stimulated steps are easily saturated, as such tr-SECARS and tr-SERS scattering rates are 

determined by the final spontaneous radiation cross section, which in turn is quadratically 

enhanced: 𝜎𝑠
∗ = 𝛽𝑠

2𝜎𝑠. This is to be contrasted with the effective quartic, 𝛽4, enhancement in 

SERS, and the naïve extrapolation that in the four-photon CARS process one may expect 𝛽8 

enhancement. The quadratic enhancement of incident fields 𝐼𝐿 = 𝛽𝑖
2𝐼𝑖 has the primary 

advantage of lowering the demand on incident intensity. In this regard, the encapsulated 

nano-sphere dimer is well suited to interrogate plasmonic chemistry in isolation. Beside the 

fundamental limits in both peak and average intensities that were extracted from a large 

number of measurements on single nantennas, an effective mode-matching criterion exists 

in multicolor experiments. The latter consideration, namely the role of the spatial and 

temporal coherence of plasmons in coherent Raman scattering deserves further exploration.   
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4 Atomically resolved tip-enhanced Raman scattering 

4.1 Introduction 

Tip-enhanced Raman scattering (TERS) may be regarded as the spatially resolved 

analog of the surface enhanced Raman (SER) effect.  TERS effectively combines the chemical 

specificity of vibrational spectroscopy with the principles of scanning probe microscopy, 

enabling ultrahigh resolution imaging with chemical contrast. Recent demonstrations have 

highlighted the utility of scanning tunneling microscopy based TERS (STM TERS), which, 

when executed under ultrahigh vacuum (UHV) and ultralow temperatures, affords ultimate 

control and stability over the tip-sample junction34, 40, 46-47. STM TERS is therefore ideally 

suited to address single molecules (SM) and, more generally, to explore the mechanisms that 

govern optical contrast and resolution in near-field plasmonics.  

While conventionally exercised with bare metal tips, TERS via functionalized tips 

represents a plasmonic construct capable of directly probing interaction potentials and is 

therefore equipped to map surface and molecular charge density distributions and local 

forces in the regime(s) relevant to chemistry47. From a mechanistic standpoint, the existing 

examples distinguish themselves from the nominally field-driven concept of SERS, 

principally due to achieved levels of lateral resolution (> 1 nm). This has sparked progressing 

theoretical interest into the coupling of electrons, photons and plasmons at nanojunctions, 

which are difficult to disentangle over the length scales in question11, 112, 121-122.   

In what follows, TERS measurements carried out with a tip terminated with a single 

metalloporphyrin molecule are presented. TERS maps of an insulating monolayer surface 

composed of copper nitride (Cu2N) were recorded under UHV and cryogenic temperatures 
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(5 K), which ultimately demonstrate atomic imaging via photons. The TERS signals are 

decomposed in terms of their spectroscopic observables (intensities, frequency shifts and 

linewidths), which yield fundamentally different information about the Cu2N surface and the 

mechanism of SM TERS.  

4.2 Methods 

These measurements were carried out in a home-built UHV (base 

pressure 4x10-11 Torr), cryogenic STM equipped with a parabolic mirror for Raman 

collection (solid angle 2.7 sr). The focus of the parabola is precisely aligned to the apex of the 

tip by recording the tip electroluminescence (EL) in imaging mode. The output of a linearly 

polarized, single mode 634 nm diode laser served as the excitation source for TERS 

measurements and is focused at the tip-sample junction (45° illumination angle) using an 

aspheric lens. Scattered photons are collimated by the parabola and set into a 0.3 m 

spectrograph (Princeton, SpectraPro 2300i) equipped with a LN2 cooled CCD. The silver 

TERS tip was prepared as previously described47. The tip was further processed in situ by 

field directed sputter sharpening. The Cu2N surface was prepared by ion sputtering nitrogen 

over a Cu(100) single crystal at room temperature. Cobalt(II) Tetraphenyl porphyrin 

molecules (CoTPP) were later deposited via sublimation, enabling sub-monolayer coverage. 

A single CoTPP molecule was adsorbed to the apex of an atomically terminated Ag tip by 

scanning the freshly dosed surface at 0.1 nA tunneling current and a 45 mV sample bias.  

 



68 
 

4.3 Atomic imaging with a CoTPP reporter  

 

Figure 4.1 Simultaneously recorded (A) STM topography on Cu2N at a 1 nA and 15 mV set 
point via CoTPP terminated tip, (B) TERS intensity integrated over the full range from 400 
to 1600 cm-1), (C-D) frequency shift maps for the 398 and 1560 cm-1 modes, respectively 
 

The tip-side CoTPP vibrations exhibit quantifiable frequency shifts and intensity 

variations when the vacuum gap is decreased to 2 Å, which, overall, map out discrete 

components of the atomic lattice on mode-specific basis. This is shown in Figure 4.1 which 

compares simultaneously acquired STM topography to TERS intensity and frequency shift 

maps of Cu2N. The intensity map (Figure 4.1 B) was generated by integrating over the full 

range (400 to 1600 cm-1) of the CoTPP TERS spectrum. The individual modes map out the 

same spatial features with varying degrees of contrast. Variations in the center frequencies 

of selected modes clearly map out atomic corrugation. Line profiles following the 

depressions in the TERS intensity map are shown below in Figure 4.2. The depressions in 

the TERS intensity and 398 cm-1 frequency shift images are clearly correlated. The same 

features appear as protrusions at 1560 cm-1.  As such, intense regions in the TERS map  
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Figure 4.2  (A) TERS intensity, and (B-C) 398 and 1560 cm-1 frequency shift maps. Spatial line 
profiles of were taken where indicated (blue, red and black lines for A, B and C, respectively). 
(E-F) STM topography acquired at +1 V 0.1 nA (E) and -1 V 0.1 nA (F).  
 

correspond to red shifting of the 398 cm-1 mode and blue shifting of the 1560 cm-1 mode. 

Note, the TERS signals are spatially localized to 1.5 Å, slightly beyond the atomic radius of 

silver (1.72 Å).  

At the outset, the Cu2N registry is not known and must be established. The 

reconstruction of Cu2N on Cu(100) is well known and yields an incommensurate c(2x2) 

lattice123-125. For 1 ML coverage, Cu2N is an insulator with a bandgap in excess of 4 eV. The 

work function of 6 eV is higher than that of bare Cu(100) (5.1 eV) which has been attributed 

substrate-adsorbate charge transfer126-127. Cu and N species may be distinguished by 

recognizing 1) N atoms appear as protrusions at high, negative bias, and 2) the topography 

inverts at high, positive bias124.  In addition, N adsorbs at the hollow site of Cu(100)123, 128-

129. These criteria permit exact identification of Cu and N species in the topography. Positive 

and negative high bias STM images are compared in Figure 4.2. Based on the criteria 
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described above, N is assigned to the protrusion at -1 V and the depression to the 4-fold 

hollow. As anticipated, the contrast inverts at +1V. These assignments are rigorously 

justified below, where the origin of the frequency shifts is explicitly treated.  
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4.4 TERS signal retraction dependence 

 
Figure 4.3. Mode-specific retraction dependent TERS intensities and frequency shifts. (A) 
Retraction curve for the 1560 cm-1 mode at a 0.1 nA 10 mV set point exhibiting exponential 
dependence with a 2 Å decay length (fit: red curve). (B) Evolution of the 1540 and 1560 cm-

1 modes with tip retraction starting from a smaller initial tip-sample separation (set point: 1 
nA -10 mV). (C-E) Intensity (black) and frequency shift (blue) retraction curves for 390, 985 
and 1560 cm-1 modes, respectively, taken at the latter set point (1 nA -10 mV). The TERS 
intensity and frequency shifts saturate for the first ~1 Å for the 390 and 985 cm-1 modes. (F) 
TERS spectrum of the tip adsorbed CoTPP molecule. Note, (A) was recorded at the N site 
while (B-E) were collected at the Cu site.  
 

The TERS signal is laterally confined to dimensions reaching 1.5 Å, enabling atomically 

resolved imaging. The transverse confinement of the TERS signal is explored through tip 
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retraction dependence. In Figure 4.3, The TERS intensity variation with vacuum gap distance 

is presented for selected modes.  

In these measurements, TERS spectra were recorded as a function of tip retraction 

for two different initial tip-sample separations, g0. For the larger g0, established by a 0.1 nA 

10 mV set point, the TERS intensity decays exponentially with retraction and exhibits a decay 

length of 2 Å. This is exemplified by the 1550 cm-1 retraction curve, which is shown in Figure 

4.3 A. When g0 is decreased by changing the set point to 1 nA and -10 mV, the individual 

modes exhibit distinct retraction profiles. This is highlighted in Figure 4.3 B for the 1540 and 

1560 cm-1 modes which blue shift with increasing gap length. While the 1550 cm-1 increases 

in intensity as the tip is engaged, the 1540 cm-1 mode saturates near ~ 0.6 Å and 

subsequently decreases. Intensity and frequency shift retraction profiles taken over an 

extended range are shown in Figure 4.3 C-E for the 380, 985 and 1560 cm-1 modes at the 

same set point. The intensity of the modes at 380 and 985 cm-1 increase exponentially till ~ 

1.5 Å where saturation is evident. The frequencies of these modes roughly track the profiles 

of the intensity dependence, and biexponentially red shift until ~1.5 Å, where the shifts 

plateau and subsequently change sign. In contrast, the intensity of the 1560 cm-1 mode 

monotonically increases and blue shifts as the gap length decreases.  
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4.5 TERS signal bias dependence  

 
Figure 4.4. Sample bias dependent TERS intensities (left column) and center frequencies 
(right column) for 388 cm-1 (A, B), 983 cm-1 (C, D) and 1560 cm-1 (E, F). Linear fits to the 
frequency shift data are shown in red. These data were recorded at the Cu site.  
 

In addition to the variations in the TERS spectra observed when the gap length is tuned, the 

intensities and center frequencies of the CoTPP modes are sensitive to the applied sample 

bias. The results of a bias ramp recorded Cu site are shown in Figure 4.4. In these 

measurements, the applied bias was varied from -1 V to +1 V while the gap length was held 

constant (current set point 1 nA). Notably, the intensity traces for the 388 and 983 cm-1 

modes are asymmetric about the zero-voltage crossing; they plateau in the range from 0 to -
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1 V. At positive bias, the dependences are roughly linear and exhibit opposite slope. That is, 

the intensity of the 388 cm-1 increases in the range from 0 to +1 V while the opposite is 

observed at 983 cm-1. The intensity of the high frequency 1560 cm-1 mode linearly increases 

over the full range. For all three modes, the observed peak shifts are linear with bias (see 

Figure 4.4 B, D, and F). Tabulated Stark coefficients recorded on the N and Cu sites are shown 

in Table 4.1.  

4.6 Origin of atomic resolution 

 The atomically resolved TERS images imply lateral confinement of the excitation 

volume to 1.5 Å, which relays the Cu2N atomic positions into the far-field via the tip-side 

CoTPP molecule. It is interesting to consider the origin of atomic contrast, which was 

achieved with what may be regarded as a blunt probe; the CoTPP macrocycle ring itself is 

4 Å in diameter, while the phenyl to phenyl distance is larger (8 Å). The tip retraction 

dependence curves (Figure 4.5) clearly confirm that the CoTPP is located at the apex as 

opposed to the shaft, which would exhibit gap-independent Raman. The latter may be 

thought of as SERS arising from tip roughness, and is periodically observed in the ambient130.  

 Evidently, the CoTPP normal modes, which are 1) incommensurate with the Cu2N 

lattice, and 2) largely delocalized throughout the molecule, register atomic features that are 

8-fold more localized. This apparent contrast may be explored considering the Raman 

signature of the CoTPP reporter under an excitation field localized somewhere on the 

molecule. For Å-scale Gaussian excitation, the Raman signal may be approximated by the 

polarizability derivative with respect to a normal mode, q, weighted by the constituent 

atomic displacements of the normal modes that lie within the local field, which is assumed 

to be a 3D Gaussian: 
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In (4.6.1), the leading term describes the ρ, σ tensor component of the the polarizability 

derivative with respect to the nth normal mode and 𝛿𝑖 is the displacement amplitude of the 

Nth atom. The Gaussian term represents the overlap between the scalar field centered on the 

tip, rT, and the equilibrium position of a given atom, ri, and the summation is over all atoms 

in the molecule. The denominator, ∆, is the FWHM of the field. Using (4.6.1), and the 

α-derivatives, atomic displacements and atomic positions retrieved through a DFT ROA 

analysis (Gaussian09), Raman spectra for various values of ∆, rT, and α are calculated. Note, 

the ρ, σ tensor elements are selected by the vector components of the incident field and 

scattered fields, respectively. In the implementation, these terms are adjustable parameters 

utilized to obtain the best match with the experiment. The results shown in Figure 4.5 are 

for ρ = (1,1,1), σ = (0,0,1), denoted αzz, and ρ = (1,1,1), σ = (0.1,0,1), denoted αxz. For a complete 

derivation of (4.6.1), see Appendix 4.10.2. 
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Figure 4.5 Experimental (A) and simulated (B-F, see (4.6.1)) TERS spectra for the apex bound 
CoTPP under localized Gaussian excitation (Δ=5 Å) and various conditions: (B) αzz 
component and Co excitation, (C) αxz component and Co excitation, (D) αxz with the excitation 
centered on the Co-N bond, (E) αxz and pyrrole excitation and (F) αxz and phenyl excitation. 
The excitation geometries are depicted on the left panel for each spectrum. Top: atomic 
displacement vectors projected onto the xy-plane for the prominent modes. The theoretical 
frequencies were scaled by 0.96. 
 

For pure zz excitation centered on the cobalt (Δ=5 Å, Figure 4.5 B), the Raman 

spectrum reflects the bright C=C stretching (979 cm-1) and C-H wagging (868 and 1212 cm-1) 

modes of the phenyls, which are twisted out of the plane of the macrocycle as evidenced by 
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the large dihedral (72°). The addition of an in plane contribution to the scattered field (Ez/Ex 

= 10), denoted αxz, enhances the 1212 cm-1 mode, which now tracks the pyrrole C-H’s, and 

generates several new modes: 373 cm-1 (macrocycle breathing), 1349 cm-1 (coupled Co-N, C-

C stretching, pyrrole) and 1560 cm-1 (C-C stretching perpendicular to the Co-N axis, pyrrole), 

which are in fairly good agreement with the peak positions observed in TERS (Figure 4.5 A). 

Slight lateral displacement of the field by 0.6 Å toward a pyrrole (Figure 4.5 D) enhances the 

modes near 1560 cm-1 and captures the relative intensity trend for the most prominent 

modes in the TERS spectrum. Direct excitation of the pyrrole selectively enhances the in-

plane 1560 cm-1 mode which is significantly less intense in the experiment. Similarly, direct 

excitation of the phenyl moiety fails to capture the distal macrocycle breathing mode at 

373 cm-1 and generates intense lines at 3100 cm-1 (C-H stretch) which were not observed 

experimentally.   

In conjunction with slight displacement of the field toward the pyrrole, the αxz 

spectrum (Figure 4.5 D) reproduces essential features of the experimental spectrum, 

suggesting that the molecule is adsorbed to the atomically terminated tip via the Co atom. 

Taken together, the lack of observable lines at 3100 cm-1 in the TERS data, and the 

overestimated intensity of the 1212 cm-1 mode in the simulations suggest the phenyl groups 

do not feature in the excitation localized on the Co atom. The brightness of the 1349 cm-1 

mode in the simulated spectra is similarly indicative; for adsorption at the Co site and a 

modest αx contribution, the 1349 cm-1 mode is expected to dominate over the distal 373 and 

1560 cm-1 modes, which is captured by the simulation (see e.g. Figure 4.5 D and C). In the 

experiment, the opposite trend is observed. This may be taken to suggest that the molecule 

distorts away from planarity upon adsorption on the tip. For a concave distortion, the planar 
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modes would have finite projections in z that follow the derivative of the curvature of the 

molecule. This simultaneously explains the brightness of the 373 and 1560 cm-1 modes in 

the experiment, the overestimated 1349 cm-1 in the simulation, the silence of the phenyls 

and the presence of a bright mode at 1078 cm-1 in the TERS spectrum, which is enhanced due 

to symmetry relaxation (see Figure 4.5). In effect, the Ex component required to reproduce 

the TERS spectrum mimics concavity of the molecule. Moreover, out-of-plane motion of the 

distal vibrations generates significant polarization at the Co atom, which contains an 

unpaired electron in its dz2 valence. This clarifies the origin of atomic resolution registered 

through the normal modes, which effectively translate distal vibrational amplitude into z 

polarization modulation at the Co, which is efficiently tracked by the tip. Explicitly 

considering the bond polarizabilities would have the effect of significantly reducing the 

required width of the field, which, in the simulations was 5 Å. 
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4.7  Electrostatic model  

 
Figure 4.6 Electrostatic model for Cu2N TERS ν-shift imaging. (A) Cross section of the 
constructed lattice indicating the atomic charges and lattice constant (upper). Lower: total 
electric field resulting from the point charge distribution on the surface recorded at a 
constant height of 1.5 Å (inset: Cu2N lattice).  (B) Total field as a function of z-position 
(height) for fixed positions on the surface (blue: Cu, black: 4-fold hollow site, red: N). 
 

The atomically resolved TERS ν-shift maps suggest significant Stark shifting of the 

CoTPP vibrational modes, which is considered here using an electrostatic model. The total 

electric field at the tip apex is considered through a 3D point charge representation of the 

Cu2N monolayer. Literature values are utilized for the structural parameters of the surface 

which exhibits a 3.72 Å lattice constant. The N atoms are known to be vertically displaced 

from Cu by 21 pm126. The Cu2N lattice is ionic, reflecting a significant charge transfer from 

Cu to N upon adsorption. The net charge on each species has been determined to be -1.2e for 
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N and +0.5e for Cu131.  In the current model, the charges are placed at the atomic core 

positions. Using this framework, a Cu2N lattice consisting of 14x14 unit cells was 

constructed.  

The total electric field simulated at a constant height of 1.5 Å from the surface is 

shown in Figure 4.6. Due to the lattice stoichiometry and the significant charge transfer that 

occurs upon Cu2N formation, the net charge on the surface is negative and ranges from -42 

to -9.7 V Å-1.  As a result, the positive electrostatic contribution due to individual Cu atoms is 

suppressed, making them indistinguishable from the 4-fold hollow site. For z-positions 

below ~1 Å, the diverse surface charge distribution becomes apparent in the height 

dependent total field, which is shown in Figure 4.6 B for the Cu (blue), N (red) and the four-

fold hollow site (black). While the N site exhibits purely inverse-square dependence on z-

position, the sign of the field inverts for the Cu and hollow sites, reflecting the vector-charge 

additive contributions of each species.  

 This model provides realistic estimates for the local field in the TERS junction due to 

the charge distribution on the surface. The local field may be mapped onto the CoTPP 

molecular vibrations through the linear Stark interaction: 

 𝜈̅(𝐸𝐿) = 𝜈̅(0) − ∆𝜇𝐸𝐿 . (4.7.1) 

In equation (4.7.1), ν̅(0) is established by the vibrational frequency of a particular mode in 

the limit of an infinite gap (zero field).  Moreover, the bias dependent ν-shifts 

(see Appendix 4.10) quantitively establish the magnitude and sign of the Stark coefficient 

∆𝜇, by taking into account the tip-sample gap distance, g0. For an estimated gap of 1.5 Å, the 

experimental slopes from the bias ramp translate into 0.57 and -0.75 cm-1/V/Å for 388 and  
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Figure 4.7. Experimental and simulated ν-shift maps for the 388 cm-1 (A, D) and 1568 cm-1 
(D, E) modes of CoTPP. Red and blue dots indicated the positions of N and Cu respectively. 
The experimentally derived skew functions are shown in (C) and (F) for 388 and 1568 cm-1, 
respectively.  
 

1568 cm-1 respectively. Note, at a fixed position above the surface, vibrational modes will 

exhibit a distribution in ν-shifts owning to the presence of a distribution of orientations 

relative to the tip axis. The translation from the orientational distribution of the vibrational 

density to ν-shift results in a skewed population. As such, topographical features such as 

spatial charges will appear asymmetrically broadened. In the present, the parameters for the 

spatial distribution function are retrieved from cross sections of the TERS images, which are 

fit to skewed Gaussian distributions. As such, reproduction of the time-averaged vibrational 

frequency involves a 2D spatial convolution: 
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 𝜈̅(𝑥, 𝑦) = 𝜈̅(0) − ∆𝜇 ∬ 𝐸𝐿(𝑥 − 𝑥′, 𝑦 − 𝑦′)𝑓(𝑥′, 𝑦′)𝑑𝑥𝑑𝑦 (4.7.2) 

Here, f(x′, y′) is the skew function represented by the normal distribution multiplied by its 

integral. Using these values, the simulated local field and the extracted skew functions, the 

TERS ν-shift maps may be simulated. This is shown in Figure 4.7 which compares the 

experimental (Figure 4.7  A, D) and simulated (Figure 4.7 B, E) ν-shift images for the 388 and 

1568 cm-1 modes. There are several notable features. First, the local field established through 

the electrostatic potential due to the ions effectively captures the magnitude and sign of the 

frequency shift for each mode. The 388 cm-1 mode exhibits an overall blue shift and an 

additional 3 cm-1 variation that maps out atomic corrugation. On the N site where the local 

field peaks (Figure 4.7 A, red dot), the 388 cm-1 mode red shifts, consistent with the sign on 

the measured Stark coefficient. In the positive contrast images presented, this manifests as 

a dip in the TERS map. Alternatively, the 1568 cm-1 exhibits an overall blue shift, and 5 cm-1 

variation thereof, directly mapping out the N site. Consistent with the local field map 

presented in Figure 4.7, contributions to the TERS signal due to Cu atoms are not apparent. 

Simulations into the effects of constant current v. constant height were performed. The small 

magnitude of the tip oscillation under constant current scanning (~10 pm) was found to be 

insignificant when compared to the total charge. This straightforward model captures the 

general features and concept of TERS ν-shift mapping through the apex bound reporter.   

4.8 TERS intensities 

The ν-shift maps uniquely identify the position of the N sites in the Cu2N lattice. The 

intensity images may be assigned in a similar fashion. Interestingly, the TERS intensity maps 

out the 4-fold hollow site with high fidelity. Similar to the ν-shift measurements, the TERS 
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intensity contrast is generated on and off the N and 4-fold hollow sites. The general intensity 

trend is as follows: 4-FH > Cu > N. The weak TERS activity on N sites suggests that these 

atoms act as spectators in the Raman optical process.  

 In Figure 4.8, the STM topography is compared to the TERS intensity maps for two 

different set points. Line profiles extracted at corresponding points in each image exemplify 

the TERS intensity – tip height correlation.  At 1 nA and +15 mV, the TERS intensity mimics 

the topography (Figure 4.8 A 1-3). When the tip is engaged further by decreasing the bias 

(set point of 1 nA, -20 mV, Figure 4.8 B 1-2), the same is true along the Cu cut. Along the 

N-Cu-N cut, similar, yet phase shifted profiles are observed. Note, the set point evolution 

observed in the topography is not mirrored in the TERS intensity maps, which aside from a 

fractional decrease in count rate appear identical. The linear correspondence between the 

tip height and the intensity is consistent with the retraction dependence curves presented in 

Figure 4.3. That is, the small amplitude height dither observed in the CC topography traces 

over a narrow window in the retraction dependence over which the intensity is essentially 

linear.  
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Figure 4.8 STM topography - TERS intensity correlation. Topography (left) and intensity 
maps (right) are shown in (A) and (B) for 1 nA +15 mV, and 1 nA -20 mV set points, 
respectively. Line profiles are shown and were taken where indicated.   
 

The linear correspondence between the tip height and the TERS intensity preclude the use 

of electromagnetic arguments, that is, modulation of the field due to gap variation, to justify 

the response. If purely electromagnetic in origin, the TERS intensity would vary as g0-4 

(field-driven Raman) and would also be anti-correlated with the tip height. This suggest that 

in the narrow gaps utilized to sustain TERS, photo-current driven Raman is operative. Note, 

the phase-shifted response observed when the bias is tuned to +15 mV is due to evolution of 

the topography. STM tracks the DC tunneling current, which is, in general, a complex function 

of sample bias. Moreover, the seemingly bias independent intensity maps suggest that the 
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DC and AC (Raman) components of the tunneling current are involved in separate terminal 

densities. The 634 nm excitation provides 1.95 eV of energy, which is sufficient to excite 

photo-electrons well out of the Fermi energy range, where the local density of states is 

complex.  In this regard, it is not surprising that the TERS intensity maps closely resemble 

the high bias topography presented in Figure 4.2. The lack of appreciable variation in the 

TERS maps among the various vibrational modes is also consistent with this model; the 

excess photon energy provided by most shifted modes, ~1600 cm-1, is small compared to 

that of the incident light, and evidently narrower than the photo-tunneling resonance 

accessed here.  

 The retraction curves presented in Figure 4.3 are further evidence for photo-current 

driven Raman. The 2 Å decay length(s) observed for the TERS intensities coincides with the 

de Broglie wavelength of a Fermi electron, effectively limiting the efficacy of TERS imaging 

to the range where the junction is (photo)conductive. In this regard, the intensity is well 

suited to behave as a single molecule ammeter, now operating at optical frequencies.  
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4.9 Conclusions 

 The CoTPP terminated tip utilized here ultimately enables atomic resolution in TERS, 

which was demonstrated on a Cu2N monolayer supported by Cu(100).  This arguably 

inefficient plasmonic heterojunction, utilized in conjunction with non-electronically 

resonant Raman, provided sufficient enhancement to carry out a wide range of TERS 

experiments. While the size extent of the molecule itself implies spatial averaging, the 

surface features are laterally resolved with 1.5 Å precision, which was evident in both the 

Stark shift and TERS intensity mapping. The former was shown to map out the static charge 

distribution of the ionic surface with high fidelity, relayed into the far-field through multiple 

normal modes of the CoTPP.  

The TERS spectra were shown to be consistent with reorganization of the molecule 

upon tip adsorption, which was explored by considering the Raman spectrum of a SM 

through localized excitation. These results highlight the origin of atomic resolution as motion 

of the distal vibrational modes along the tip axis translated into polarization of the central 

cobalt atom on the porphyrin. This finding serves as a fundamental design consideration for 

exercising ultrahigh resolution TERS with functionalized tips and provides the essential 

framework for extending these studies into the ambient, where chemistry abounds.  

Interestingly, the intensity maps, which directly track the junction optical 

conductance, are similar to the STM topographs acquired with similar energy electrons. This 

was highlighted by the TERS intensity maps and retraction curves, which require ~ 1-5 Å 

separation between the tip and sample. Overall, the explored (photo)physics of the surface-

molecule interaction clearly demonstrate the essential role of photoelectrons in the TERS 

process. 
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4.10 Appendix 

4.10.1 Stark tuning rates 

 

Table 4.1 Experimental slopes extracted from plots of frequency vs. sample bias recorded at 
N and Cu positions. 
 

4.10.2 Localized Raman scattering 

The rate of non-resonant Raman scattering may be cast in terms of Fermi’s golden 

rule: 

 
1

𝜏
=

2𝜋

ℏ
|⟨𝐸𝑠,𝜌𝜒𝑔,𝑣′| (𝛼0 +

𝜕𝛼
𝜕𝑞𝑛

𝑞𝑛) |𝜒𝑔,𝑣𝐸𝑖,𝜎⟩|
2

𝛿[𝐸𝑖,𝑠 − 𝐸𝑣′,𝑣 − 𝑖𝛾]. (4.10.1) 

The first term leads Rayleigh scattering in the far field and to AC stark shift in the near field, 

given by enhanced local fields: 

 ⟨𝐸𝑠,𝜌𝜒𝑔|𝛼0|𝜒𝑔𝐸𝑖,𝜎⟩𝛿𝑖,𝑠 = 𝐸𝐿,𝑖〈𝛼0〉𝜌𝜎𝐸𝐿,𝑖 + 𝐸𝐿,𝑠〈𝛼0〉𝜌𝜎𝐸𝐿,𝑠. (4.10.2) 

Raman scattering is due to the second term, but now in terms of the real space N atomic 

positions: 

 

N site Cu Site

390  -0.37 ± 0.03  -0.38 ± 0.02

986  0.17 ± 0.12  0.13 ± 0.02

1550  0.40 ± 0.17  0.70 ± 0.10

1569  0.67 ± 0.12  0.50 ± 0.03

dν/dV (cm
-1 

V
-1

)
Mode (cm

-1
)
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𝜕𝛼

𝜕𝑞𝑛
𝑞𝑛 = ∑

𝜕𝛼

𝜕𝑟𝑖;𝑛
𝑟𝑖;𝑛

𝑖=1,𝑁

 

 

(4.10.3) 

For a particular mode n, the matrix element of interest is: 

 ∑ ⟨𝐸𝑠,𝜌𝜒𝑔,𝑣′|
𝜕𝛼
𝜕𝑟𝑖

𝑟𝑖|𝜒𝑔,𝑣𝐸𝑖,𝜎⟩

𝑖=1,𝑁

 (4.10.4) 

Assuming Born-Oppenheimer separation of the vibronic wavefunctions, 

 = ∑ 〈
𝜕𝛼

𝜕𝑟𝑖

〉𝑔,𝜌𝜎 ⟨𝐸𝐿(𝑟)𝜓𝑣′(𝑟)|𝑟𝑖|𝜓𝑣=0(𝑟)𝐸𝐿(𝑟)⟩

𝑖=1,𝑁

 (4.10.5) 

the scalar local field is isolated in the spatial integral. Then using the ladder operator, 

 = ∑ 〈
𝜕𝛼

𝜕𝑟𝑖

〉𝑔,𝜌𝜎 ⟨𝐸𝐿(𝑟)𝜓𝑣′(𝑟)|
𝛿𝑖

√2
(𝑎 + 𝑎+)|𝜓𝑣=0(𝑟)𝐸𝐿(𝑟)⟩

𝑖=1,𝑁

 (4.10.6) 

 

 = ∑ 〈
𝜕𝛼

𝜕𝑟𝑖

〉𝑔,𝜌𝜎 〈
𝛿𝑖

√2
𝑃𝑣=1(𝑟)𝐼𝐿(𝑟)〉

𝑖=1,𝑁

 (4.10.7) 

Where, 

 𝛿𝑛
2 =

ℏ

𝑚𝜔𝑛
, (4.10.8) 

is the amplitude of motion and 

 𝑃𝑣=1(𝑟) = 𝜓1
∗(𝑟)𝜓1(𝑟), (4.10.9) 

is the ν=1 vibrational probability distribution. The signal can be seen in (4.10.7) to be 

determined by the overlap of vibrational distribution and the scalar local field. Assuming a 

Gaussian for the latter:  
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 = ∑ 〈
𝜕𝛼

𝜕𝑟𝑖

〉𝑔,𝜌𝜎 ∫
𝛿𝑖

√2

1

√𝜋𝛿𝑖

(
𝑟 − 𝑟𝑖

𝛿𝑖
2 )

2

𝑒
−(

𝑟−𝑟𝑖
𝛿𝑖

)
2

𝑒−(
𝑟−𝑟𝑇

∆
)

2

𝑖=1,𝑁

𝑑𝑟 (4.10.10) 

Dropping the slowly varying quadratic term under the integral, in effect retaining the ν=0 

vibrational probability density, (4.10.10) reduces to the Gaussian overlap integral: 

 

 = ∑ 〈
𝜕𝛼

𝜕𝑟𝑖

〉𝑔,𝜌𝜎

1

√2𝜋
∫ 𝑒

−(
𝑟−𝑟𝑖

𝛿𝑖
)

2

𝑒−(
𝑟−𝑟𝑇

∆
)

2

𝑖=1,𝑁

𝑑𝑟 (4.10.11) 

 

Under the assumption  δi ≪ ∆,  

 ∑ 〈
𝜕𝛼

𝜕𝑟𝑖

〉𝑔,𝜌𝜎

𝛿𝑖

√2
𝑖=1,𝑁

𝑒−(
𝑟𝑖−𝑟𝑇

∆
)

2

. 

 

(4.10.12) 

Noting that 

 
𝜕𝛼

𝜕𝑞𝑛
= ∑

𝜕𝛼

𝜕𝑟𝑖
𝑖

, 

 

(4.10.13) 

the final form used in the evaluations is reached: 

 |〈
𝜕𝛼

𝜕𝑞𝑛

〉𝑔,𝜌𝜎 ∑
𝛿𝑖

√2
𝑖=1,𝑁

𝑒−(
𝑟𝑖−𝑟𝑇

∆
)

2

|

2

. (4.10.14) 
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5 Femtosecond apparatus for surface enhanced spectroscopy  

5.1 Introduction 

Parametric four-wave mixing (4WM) processes represent one of the more general 

families of ultrafast time-resolved nonlinear optical spectroscopies14, which acquire their 

full capability when executed with three incident pulses in three colors that can be 

independently controlled132. Beyond flexibility, 4WM in three colors achieves ultimate 

sensitivity by allowing background free detection. In this limit, detectivity is determined by 

the noise equivalent count rate of signal photons, which, for spontaneous scattering on a 

single center, is given quite generally by the product 

 𝑐𝑜𝑢𝑛𝑡𝑠 = (𝐼/ℏ𝜔)𝜎𝜂𝑓𝛿𝑡 (5.1.1) 

of incident local intensity, I, scattering cross section, σ, collection efficiency, η, and fill factor, 

ff = fδt, product of pulse width, δt, and laser repetition rate, f. There are fundamental 

limitations on the attainable count rate. To remain in the weak-field limit of perturbative 

parametric mixing processes, the Keldysh criterion97 limits the maximum tolerable local 

field intensity to IL,max ~ 1013 W/cm2 (EL,max~ 1 V/nm). This limit is easily attained in tightly 

focused fs laser pulses (10 nJ, 100 fs pulse, focused to a spot of 1 µm2). σ is a material 

property, therefore under optimized collection conditions, for ultrafast measurements with 

time resolution set by δt, it is necessary to operate at as high a repetition rate as allowed by 

the recovery time of the system under interrogation. For molecular matter, photon anti-

bunching sets the fundamental limit of maximum count rates to ~ 25 MHz133-134. This sets 

the lower limit for f, since in general the scattering probability cannot be saturated. Thus, 

optimal source requirements for a large number of applications is fairly narrowly defined: 
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three independent colors at f ≥100 MHz, δt = 100 fs, and average power of mW. Here, an 

efficient and compact system based on photonic crystal fibers (PCF) that meet these 

requirements is presented and demonstrated through three-color time-resolved coherent 

anti-Stokes Raman scattering (tr-CARS) measurements. 

Various approaches have been previously used for non-resonant, background-free CARS 

spectroscopy and microscopy135-159. These include second harmonic based158 

supercontinuum (SC) based techniques138-150, 160, or reliance on a single broadband pulse151-

157, along with approaches requiring kHz amplifiers158-159. In Ref. 158, a multiplexed three-

color three-pulse tr-CARS scheme was developed to acquire non-resonant background-free 

spectra with high spectral resolution and relatively broad spectral range (~ 900 cm-1). 

However, this approach requires high intensity laser systems, including a kHz amplifier and 

optical parametric amplifier. The more efficient approach to achieve a large Raman 

frequency range (> 2000 cm-1) from an unamplified and high repetition-rate source (> 100 

MHz) is to use SC generated in nonlinear fibers138-150, 160. This has been implemented in 

frequency domain two-color CARS, with degenerate pump and probe excitations driven by 

the narrowband source and Stokes induced by the continuum138. Microscopy with two-pulse 

three-color CARS, in which two different frequency components of the continuum act as 

pump and Stokes and the narrowband pulse acts as probe160, has also been effectively 

implemented to obtain images tagged by vibrational dephasing times139. This approach takes 

advantage of the time-delayed probe to separate the resonant signal from the nonresonant 

background by virtue of the contrast in coherence times of the nonresonant background (< 

10 fs) and vibrational resonances (0.5 ps-10 ps). Approaches based on amplified laser 

systems to pump multiple optical parametric amplifiers to generate multiple fs pulses are 



92 
 

limited in repetition rate, typically to < 10 MHz. In contrast, oscillator pumped fiber-based 

setups have the advantage of higher repetition rate (> 100 MHz) at significantly reduced cost 

and complexity, signal-to-noise ratio improvement by higher data acquisition rates, and peak 

powers reduced by the fill factor to prevent sample damage. Despite these promising 

advantages, reports of t-domain 4WM via SC generation in fibers have been limited to 

impulsive application of the pump and dump (Stokes) pulses. Here, we demonstrate three-

color, three-pulse, tr-CARS based on SC generation in a commercially available PCF and 

subsequent slicing of the spectrum with filters to generate the desired pump, Stokes, and 

probe pulses with independently controllable time-frequency profiles. The demonstration 

suggests that the approach is well suited to address the challenges of single-molecule 

ultrafast coherent spectroscopy54, 64, 161. 

5.2 Experiment 

5.2.1 Methods 

A detailed schematic of the three-color, three-pulse tr-CARS setup is shown Figure 

5.1. A mode-locked Ti:sapph laser (Coherent, Inc., MIRA 900) operating at 798 nm (average 

power = 700 mW, f = 76 MHz, δt = 40 fs) is used to pump a 12 cm long, polarization 

maintaining PCF (NKT Photonics NL-PM-750). The fiber is mounted in a protective module 

(FemtoWHITE 800),and housed in a commercial intensity control/fiber-coupling unit 

(Newport Wavelength Extender (WE) SCG-02). The WE splits the pump beam using a 

polarizing cube (PCBS) into two, and provides variable attenuators consisting of half 

waveplates and Glan-laser polarizers to control the intensities in the two arms. The first arm 

passes through a Faraday isolator (FI) and is used to pump the PCF with 50% coupling 

efficiency. The second arm, which consists of the remaining Ti:sapph output, is utilized as  
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Figure 5.1 Experimental apparatus for three-color three-pulse CARS (λ/2 – half waveplate, 
PCBS – polarizing cube beamsplitter, FI – Faraday isolator, AT1, AT2 – attenuator assemblies 
consisting of half waveplates and Glan-laser polarizers, L1, L2 – aspheric lenses for focusing 
and collimation, PCF – photonic crystal fiber, WE – wavelength extender, DM1, DM2 – 660 
nm and 757 nm long wave pass dichroic beamsplitters, BPF1, BPF2, BPF3, BPF4 – bandpass 
filters centered at 800 nm, 710 nm, 610 nm, and 554 nm respectively, SPF – 390 nm short 
wave pass filter, APD – avalanche photodiode, Spec – spectrograph, PMT – photomultiplier 
tube. Inset shows the SC spectrum on log scale. 
 

either the reference pulse in cross-correlation measurements or as the Stokes pulse in the 

CARS measurements (see below). The spectrally broad output of the PCF (inset of Figure 

5.1). is further split into red and blue arms using a 660 nm long wave pass dichroic mirror 

(Semrock FF660-Di02), followed by bandpass filters in each arm to select the desired colors. 

In the present, 10 nm FWHM bandpass filters centered at 610 nm (Thorlabs FB610-10) and 

710 nm (Thorlabs FB610-10) are used in the blue and red arms, respectively. The sliced 

pulses are then recombined along with the leftover fundamental in a collinear geometry 

using a 757 nm long wave pass dichroic mirror (Semrock FF757-Di01). Separate delay lines 



94 
 

and attenuators are used to introduce relative delay between the pulses and for intensity 

control. 

The collinear CARS measurements are carried out on liquid trans-1,2-bis-(4-pyridyl) 

ethylene (BPE) dissolved in methanol, or in pure styrene, contained in 1 mm quartz cuvettes. 

An achromatic 0.25 NA objective lens is used to focus the three beams to a spot size of 

~ 10 µm. In our tr-CARS configuration, the sliced pulses at 708 nm and 612 nm serve as 

pump (Pu) and probe (Pr), while the leftover fundamental at 798 nm serves as the Stokes 

(St), to generate the anti-Stokes signal ωPu – ωSt + ωPr = ωAS centered at 557 nm. The 

transmitted excitation pulses, along with the CARS signal, are collimated and spectrally 

filtered (Semrock FF01-554/23-25) to isolate the anti-Stokes signal. The signal is collected 

using an avalanche photodiode (APD Excelitas SPCM-AQRH-16-FC), and recorded using a 

dual-channel photon counter (Stanford Research Systems SR400). The pulses are 

characterized through sum-frequency generation (SFG) cross-correlation using a 1 mm BBO 

crystal placed in the sample position. The three-pulse instrument response is characterized 

through third-order cross-correlation frequency-resolved optical gating (XFROG)162by 

replacing the sample with pure carbon disulfide (CS2) and using a spectrograph (Andor iDus 

401/Shamrock 303i) in place of the APD. The pulses are not precompensated for 

group-delay dispersion (GDD) of the objective lens, which is estimated to be 2200 fs2 at 

612  nm (4 cm, fused silica). 

5.2.2 Characterization of the sliced PCF pulses 

SC generation in the NL-PM-750 PCF, and applications therein, are available in prior 

reports163-165. The PCF displays anomalous dispersion with two zero crossings at 750 nm and 

1260 nm. The output characteristics of the highly nonlinear fiber depend on the intensity,  
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Figure 5.2 (a) SC spectra at different pump powers, (b) normalized spectra of the probe (612 
nm), pump (708 nm), and Stokes (798 nm) pulses sliced from the SC spectrum given by the 
green trace in (a). 
 
wavelength, and bandwidth of the pump beam. When directly pumped with the 40 fs (25 nm 

FWHM) Ti:Sapph laser at 0.5 W average power, a fairly flat SC is generated across the 

wavelength range 400-900 nm, as illustrated in the inset of Figure 5.1. Note that the red edge 

of the displayed spectrum is limited by the spectral response of our spectrometer, otherwise 

it stretches out to 1600 nm. Under this pumping condition, the sliced pulses at 708 nm and 

612 nm stretch out to ~ 1 ps. It is in principle possible to compress these output pulses. 

Instead, we generate nearly transform-limited output pulses directly by limiting both 

bandwidth and intensity of the pump laser to counter-balance the interplay of self-phase 

modulation and dispersion. The generation of transform-limited SC components at these low 

intensities is thought to principally arise from soliton fission142, 166. With the bandwidth of 

the pump laser limited to 10 nm using a bandpass filter (Figure 5.1, BPF1), by adjusting the 

pump intensity, near transform-limited 100 fs pulses can be extracted from the PCF. Under 

these conditions, the SC is strongly colored, with spectral structure that tunes as a function 

of pump power142, 166. This is illustrated in Figure 5.2 (a). For the set of spectral slices pre-

specified by the bandpass filters to λ(Δλ)= 612(5) nm, 708(8) nm, and 798(10) nm, the 
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shortest pulses are obtained when the PCF is pumped at 36 mW (total SC output of 18 mW). 

The strongly modulated SC spectrum obtained under this pumping condition is the green 

trace in Figure 5.2 (a), and the spectra of the filtered slices are shown in Figure 5.2 (b). The 

filter functions inscribe the bands in the SC spectrum, to slice out sections of stationary 

phase, albeit with different intensities. The extracted powers at 612 nm and at 708 nm are 

110 µW and 25 µW, respectively. To characterize the sliced pulses, we carry out cross-

correlation and XFROG measurements, which are summarized Figure 5.3 and Figure 5.4.  

Using the filtered 798 nm (94 fs) pulse as reference, the cross-correlations of the 

pump (708 nm) and probe (612 nm) pulses yield widths of FWHM = 150 fs and 153 fs, 

respectively (Figure 5.3). Assuming Gaussian profiles, the cross correlation widths 

δti,j = [δti2 + δtj2]1/2 imply pulse widths of FWHM = 120 fs for both pump and probe slices. This 

is to be compared with their respective bandwidth equivalent transform limit of 92 fs and 

110 fs.  

 

Figure 5.3 Cross-correlations of pump (black dotted) and probe (open orange circles) pulses. 
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Figure 5.4 (a) Measured XFROG trace, (b) retrieved temporal (black solid) and phase profiles 
(open circles), together with a quadratic fit (green solid). 
 

The residual pulse broadening can be entirely accounted by GDD in the objective lens. 

Thus, for a Gaussian pulse traveling a distance z in a dispersive medium: τ/τ0 = 1+(z/LD)2, 

where LD = τ02/β2 is the dispersive length and β2 is the second-order dispersion coefficient167. 

The observed broadening suggests that the pulses are subject to GDD ≡ β2z =

τ0√τ2-τ0
2 ~ 2400 fs2 and ~ 2000 fs2 at 612 nm and 708 nm, which is close to the value of 

GDD= 2200 fs2, and 1800 fs2 that we estimate for the objective lens at the same wavelengths 

(z = 4 cm, fused silica). In effect, the sliced pulses out of the PCF appear to be transform-

limited, with pulse widths limited by the pump laser. 

The third-order XFROG measurement, which is shown in Figure 5.4, captures the 

instrument response function for 4WM measurements and confirms that the residual chirp 

in the pulses is linear (quadratic phase). The measurement carried out in liquid CS2 consists 

of recording the anti-Stokes spectrum as a function of delay of the 610 nm probe pulse, and 

with coincident pump and Stokes pulses that are fixed in time. In effect, this is a spectrally-

resolved tr-CARS measurement in the absence of vibrational resonances; therefore, it 

measures the instantaneous response of the system. The XFROG trace is shown in Figure 5.4 
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(a), and the retrieved temporal intensity (black solid) and phase (open circles) profiles using 

the Femtosoft XFROG software (version 3.2.4), are shown in (b). The temporal phase is 

predominantly quadratic, as shown by the fit (in green). The fit yields GDD= 4300 fs2, in 

excellent agreement with the additive GDD values (2400 fs2 + 2000 fs2) extracted above from 

the cross-correlation measurements. Thus, compressible, near transform-limited 100 fs 

pulses, in three colors, with an average power of ~ 100 µW in the sliced pulses are obtained 

at 76 MHz repetition rate. 

5.3 CARS measurements and discussion 

The time-frequency profiles of the filtered pulses were designed to interrogate 

quantum beats among ubiquitous, aromatic C=C stretching modes of organic molecules, 

which occur near 1600 cm-1. These are the prominent lines seen in the Raman spectra of BPE 

and styrene, which are shown in Figure 5.5 along with the measured tr-CARS time traces. 

Note that both Raman and CARS are determined by the third order polarization, P(3). The first 

measures the imaginary part, Im[P(3)], in the frequency domain, while the latter measures  

|P(3)|2 in the time domain14. As such, for an ensemble measurement with homogeneously 

broadened lines, the Raman spectrum contains all of the information necessary to predict 

the tr-CARS response. With the 708 nm pulse acting as pump and the 798 nm pulse acting as 

Stokes, the polarization that can be prepared is delimited by the Raman window given by the 

spectral convolution: 

 𝑊𝑅(𝜔) =  ∫ 𝐼𝑃𝑢(𝜔′)𝐼𝑆𝑡(𝜔′ − 𝜔)𝑑𝜔′ (5.3.1) 
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The window, which is centered at ωPu – ωSt = 1593 cm-1 and has a FWHM of 224 cm-1, is 

superimposed on the Raman spectra (insets in Figure 5.5). The tr-CARS traces are retrieved 

from the inverse Fourier transform of the window-weighted Raman spectrum: 

 

Figure 5.5 Measured (black) and simulated (red) tr-CARS traces for (a) BPE and (b) styrene. 
The simulations are based on the windowed inverse Fourier transform of the Raman spectra 
(Eq. (3) of text). The Raman spectra and window function (blue) are shown in the insets. 

 

 𝑆𝐴𝑆(𝑡) =  |∫ 𝑊𝑅(𝜔) 𝐼𝑅(𝜔)𝑒𝑖𝜔𝑡𝑑𝜔|
2

. (5.3.2) 

The comparison of the observed tr-CARS signal and its simulation for BPE and styrene are 

presented in Figure 5.5 (a,b). Beside the main beats, which occur with a period of 1 ps and 

1.3 ps in BPE and styrene, respectively, the styrene time profile in Figure 5.5(b) exhibits a 

small-amplitude higher-frequency modulation due to the weaker vibrations that appear in 

the Raman window. Formally, it is the third-order polarization that is detected through the 

anti-Stokes bandpass filter (BPF4 in Figure 5.1), and the convolution with probe pulse can in 

principle diminish the depth of modulation in the time trace117. Simulations of the effect of 

probe convolution show that this is a minor effect, consistent with the instrumental response 

captured by the third order XFROG in Figure 5.4. 
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A principle advantage of the three-color 4WM was advanced as a background-free 

detection method, yet the time trace of the signal in Figure 5.5 (a) clearly rides over a 

background of 104 counts, comparable to the signal. This we have verified to arise from a 

two-photon induced fluorescence in BPE, which coincides with the anti-Stokes window. The 

baseline of 400 counts in the case of styrene Figure 5.5 (b) is due to scattered stray light, 

which sets the noise equivalent count rate in the setup. Otherwise, the dynamic range of the 

signal, S:N~ 100, agrees with the shot noise, N/N1/2, where N~ 104 is the signal photon count 

rate. The effect of source noise, due to pulse-to-pulse fluctuations of the nonlinear SC 

generation in the PCF is not apparent. 

 

5.4 Conclusion 

Based on fundamental considerations, namely Eq. (5.1.1) we have argued that 

ultimate limits in detectivity of ultrafast time-resolved processes in molecular matter is 

reached through three-color fs lasers operating near or above 100 MHz. We have shown that 

this can be accomplished in a compact setup, through the use of a PCF, and we have proven 

the concept by implementing it to carry out tr-CARS measurements. The key finding is that 

nearly transform-limited 100-fs coherent multicolor pulses can be extracted from a single 

PCF by controlling the bandwidth and intensity of the pump pulse. The approach is amenable 

to a variety of adaptations and improvements. The repetition rate is only limited by the pump 

source, and, given the low requirement on pump power, the repetition rate of the system can 

be readily increased to 10 GHz using demonstrated passively mode-locked Ti:sapph 

oscillator technology168. And while we demonstrated the operation with prescribed fixed 

colors and pulse widths, it should be clear that through the use of variable bandpass filters, 
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the entire PCF spectrum (400-1600 nm) is accessible to generate multiple compressible 

pulses of different color. To this end, the combination of the PCF and a pulse shaper169 would 

greatly add to flexibility and compactness. The development we presented is part of a 

program aimed at preparing and manipulating quantum coherences on individual molecules. 
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