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ABSTRACT: The development of accurate tools to characterize
Intramolecular Vibrational Redistribution (IVR) is of major interest in

chemistry. In this context, surface-enhanced vibrational spectroscopies " ,Visi?'e Infrared
Hlumination

stand as well-established techniques to study molecular vibrational
lines and populations with sensitivity that can reach the single-
molecule level. However, to date, this possibility has not been fully
developed to address IVR. Here, we establish a quantum mechanical
framework based on molecular optomechanics that accounts for IVR,  isubstrate
and we adopt it to analyze strategies to optimize IVR characterization

by surface-enhanced vibrational spectroscopy. In particular, we model
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two different pump-and-probe configurations, where the vibrational pumping is provided either by infrared laser illumination or by
Stokes scattering processes in surface-enhanced Raman spectroscopy (SERS). We show for the two pumping configurations the
existence of clear signatures on the anti-Stokes SERS spectra of population transfer between coupled vibrational modes in a
molecule. Our calculations adopt realistic molecular and SERS parameters, suggesting that these signatures of IVR could be
accessible at the single-molecule level within realistic experimental platforms.

KEYWORDS: pump-and-probe vibrational spectroscopy, surface-enhanced Raman scattering, intramolecular vibrational redistribution,

molecular optomechanics

1. INTRODUCTION

A long-sought goal in chemistry is to control chemical
reactions by exciting selectively a few vibrational modes of a
reactant molecule." > However, this concept has proven
challenging to implement due to the rapid redistribution of
locally deposited energy throughout the molecule. In
particular, Intramolecular Vibrational Redistribution (IVR),
which refers to population redistribution within a given
vibrational manifold, is the fastest relaxation stage with a
typical 0.1—10 ps time scale."® As sketched in Figure 1
(bottom inset), IVR is mainly due to the resonant coupling of
different combinations of vibrational modes, where the
coupling originates from anharmonicities of the molecular
potential energy surface.” Interestingly, recent years have seen
the advent of approaches to manipulate molecular potential
energy surfaces, such as strong-coupling between vibrations
and vacuum electromagnetic fields® "' or the formation of
charge transfer states between a molecule and a metal in
plasmonic nanostructures.'””'* These approaches open new
avenues for chemistry and further emphasize the need for a
detailed understanding of IVR to achieve their potential.
However, experimental as well as theoretical identification of
IVR pathways remains a notoriously difficult task in molecules
with more than a handful of atoms. Therefore, the develop-
ment of new IVR characterization tools can be key to achieving
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efficient control of IVR and, ultimately, to the success success
of mode-selective chemistry.

Optical time-resolved pump-and-probe spectroscopy is an
ensemble of well-established techniques to study IVR."> These
techniques enable the study of IVR both in the ground'® and
excited'” electronic states of molecules. In excited electronic
states, the IVR can be studied by pumping with visible or
ultraviolet light and detecting the molecular fluorescence. The
sensitivity of these pump—probe techniques is high, such that
measurements on single molecules have been achieved.'” In
this work, instead, we address the sensitivity of IVR
characterization in the ground state. The common starting
point of the existing pump—probe techniques of IVR in the
ground state consists of pumping a given vibration away from
thermal equilibrium. This is usually achieved using ultrafast
pico- to femtosecond infrared (IR) laser pulses. Vibrational
redistribution then induces a sizable population excess in a
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Figure 1. Sketch of the system under study. Top: Sketch of a single
molecule inside a metallic nanoresonator. As a representative example
of the system considered, a plasmonic nanocavity consisting in an
ultrathin gap (typically ~1 nm) between a metallic tip and a planar
metallic antenna. The plasmonic gap nanocavity sustains modes in the
visible range that can enhance the incident electric field (green
shadowing in the figure). The IR antenna sustains a mode in the
infrared range corresponding to molecular vibrations (~3—50 ym),
which can enhance an IR incident field (dark red shadowing in the
figure). Bottom inset: illustration of an intramolecular vibrational
redistribution pathway inside the molecule, where an excited high
energy vibration (left) relaxes by simultaneously transferring its
energy to two other vibrations to which it is coupled (right).

different vibrational mode that can be probed with light. In
particular, a simple and broadband probing technique was
historically provided by anti-Stokes Raman spectroscopy,'®"
which can reach subpicosecond time resolution.”””" Better
time and spectral resolutions were later achieved using more
complex coherent techniques such as ultrafast two-dimensional
infrared spectroscopy.”””>* However, to date, these techniques
are hindered by a low sensitivity, restricting studies to large
ensembles of molecules.'® Given that large molecular
ensembles are prone to 2prominent intermolecular or
molecule-solvent interactions™ as well as to inhomogeneous
effects, the accuracy of unambiguous IVR characterization is
thus limited.

Optical nanoresonators provide a natural approach to
achieve better sensitivity in vibrational spectroscopy, as they
can generate large electric field enhancements and confinement
that boost light-molecule interaction. This is the basic principle
underpinning surface-enhanced infrared absorption®® and
Raman®’ spectroscopies. In particular, surface-enhanced
Raman spectroscopy (SERS) relying on plasmonic resonances
of metallic nanoresonators is a well-established technique for
molecular detection down to the single-molecule level.”* ' In
the past decade, time-resolved pump-and-probe methods

applied to SERS, such as surface-enhanced coherent anti-
Stokes Raman scattering’ > or surface-enhanced femtosecond
stimulated Raman spectroscopy’”*® have also been able to
approach or even reach the single-molecule limit. However, to
date, the possibility of characterizing IVR using surface-
enhanced vibrational spectroscopy has been little explored,
both experimentally and theoretically. In particular, it still
remains unclear, to the best of our knowledge, whether
characterization of IVR in a single molecule could be accessed
within existing experimental platforms.

In this article, we establish a theoretical framework to model
IVR and its characterization through surface-enhanced vibra-
tional spectroscopy, which is based on a molecular
optomechanical approach that captures the Raman interaction
between nanoresonator photons and molecular vibrations.**~*’
We then use this framework to explore promising experimental
detection configurations and provide evidence that realistic
SERS platforms based on ultrathin gap plasmonic nanocavities
could enable the characterization of individual microscopic
IVR pathways down to the single molecule limit. Specifically,
we consider Fermi resonance cou};lings (one of the most
common and efficient IVR pathway”*’) in a single molecule,
and characterize them using a pump-and-probe scheme where
probing is implemented by anti-Stokes nonresonant SERS. As
sketched in Figure 1, we specifically explore two pumping
configurations: (i) Pumping with visible laser light an
optimized SERS platform, which can result in a large out-of-
equilibrium driving of a vibration induced by successive Stokes
Raman processes (vibrational pumping®'). Under pulsed
excitation, we identify clear signatures of IVR that may be
detected in a single or few molecules. (ii) Pumping with
infrared laser light a cavity that is resonantly coupled to the
vibration; the IR modes of this cavity complement those at
visible energies, enhancing the Raman signal. In contrast to
previous studies of IVR characterization based on pulsed IR
pumping,”>*"** the presence of the infrared cavity enables
reaching large vibrational populations at low incident powers,
showing that signatures of IVR of single molecules could also
be observed under continuous-wave IR pumping. Finally, we
discuss the assumptions made in our work to highlight that our
approach is general and could be implemented within realistic
experimental platforms.

The article is organized as follows. In Section 2, we
introduce the theoretical model to address IVR character-
ization within SERS. In Section 3, we analyze the different
configurations to study the signatures of population transfer by
IVR between two coupled vibrations. Realistic parameters to
model these configurations are introduced in Section 3.1. We
then consider continuous-wave (Section 3.2) and pulsed
(Section 3.3) vibrational pumping induced by Stokes SERS
processes. Pumping with continuous-wave infrared light is
studied in Section 3.4. We finally summarize our results and
discuss the generality of the approach in Section 4.

2. THEORETICAL FRAMEWORK

In this section, we introduce the theoretical framework to
describe the coupling of a visible and an infrared (IR) cavity to
a molecule, the illumination of this system by visible or
infrared light, and the vibrational energy redistribution within
the molecule (see Figure 1). We first describe the framework
of molecular optomechanics adopted to model the Raman
interaction between a cavity illuminated by light and molecular
vibrations that do not couple with each other. We then review
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the origin of IVR and introduce the specific Fermi resonance
pathway that we consider in the theoretical framework.

2.1. Interaction between Light, Cavity Modes, and
Independent Vibrations

2.1.1. Vibrational Hamiltonian. Throughout Section 2.1,
we consider a set of independent vibrations in a single
molecule. Within a quantum mechanical description, the
energy of molecular vibrations can be described with the
Hamiltonian:

ﬂVIB = Z ﬂVIB,i = Z hwii;ii-gi W

where the sum runs over the i vibrations of the molecule with
frequency @, , h stands for Planck’s constant, and b}, b; are
respectively the bosonic operators for creation and annihilation
of vibrational excitations. We next address the coupling of this
system to a cavity illuminated by light.

2.1.2. Visible lllumination: Molecular Optomechanics
Description of SERS with Independent Vibrations. We
first model a standard configuration in SERS, as the one
sketched in Figure 1, where the vibrational modes of the single
molecule interact inelastically with visible light through
nonresonant Raman scattering. This interaction is strength-
ened by the presence of a locally large electromagnetic field
(depicted by the green shadowing in the figure) induced by an
optical nanoresonator, illustrated by a plasmonic gap nano-
cavity formed between a metallic tip and a flat metallic antenna
(note that at visible wavelengths, the flat metallic antenna
behaves similarly to an infinite metallic substrate). To model
this system, we use a recently developed quantum electro-
dynamical approach to SERS, referred to as molecular
optomechanics due to its similarity with the framework of
cavity optomechanics.”*™* In this molecular optomechamcs

approach, the total Hamiltonian is H,,(t) = Hyp + Hys(t)

where

Hys(t) = hooyisaisdvis
+ thVIS(t)(aVIS —iwygt a\flseinSt)

At A ot 2
- z hgws,iaws“ws(bi +b)
i (2)

The first line on the right-hand side in eq 2 describes the
energy of the cavity, which is assumed to support a single-
mode at visible frequency %, and aj;g and Gy;g are the
bosonic operators of creation and annihilation of the cavity
photons. The second line in eq 2 describes the time-dependent
driving of the cavity by visible light with frequency wy;g and
with strength Q4(f) \/E (t) with Iy the illumination
intensity (see eq S2 of the SI). The third line stands for the
optomechanical interaction between the cavity and the
vibrations, where the optomechanical coupling strength gys;
is inversely proportional to the cav1ty mode volume (see eq S3
of the SI). The term o “v15f1v15b accounts for the Stokes
Raman scattering process while the term o uinsawsb accounts
for the anti-Stokes Raman scattering process. Finally, we
emphasize that in this standard molecular optomechanics
approach, the molecular vibrations are considered as
independent.

In molecular optomechanics, the time evolution of the
system described by eq 2 can be calculated with a Lindblad

master equation. In particular, the density matrix of the system
) evolves as’’

(7]

aVIb

~ i ~ =7 =7 K
0P = —1P (1), Hon + Flg(®)] + =5

r(1 + ”ith) Y-n;‘th
+ Z ——D;[pl + —D:p
i 2 bi[p] 2 b [p] (3)

where we introduce the rate kys describing incoherent photon
losses out of the cavity and the Lindblad-Kossakowski terms
Dslp]l = 26ﬁ6T - 6T6ﬁ - ﬁ(’)\T(/)\ The rates y; describe
incoherent nonradiative population exchange between vibra-
tion i and a phonon bath in thermodynamic equilibrium at
temperature T. Hence, the thermal vibrational population is n{
= 1/[exp(fw;/kyT) — 1] with kg the Boltzmann constant. The
rates ¥; account phenomenologically for all of the vibrational
loss channels other than the IVR channels that we explicitly
model in the rest of this work. In Section S1.1 of the SI, we
discuss several usual approximations used to solve eq 3 with a
low computational cost. In particular, under stationary
illumination Q(t) = Qffs, an analytical expression of the
steady-state vibrational population n;" is available:

: )
where I'T o« gy Ivis/ [ (@yis — @; — 0$6)* + (kyis/2)*] is a rate
of vibrational excitation by spontaneous Stokes SERS (see eq
S8 of the SI). Note that the expression given in eq 4 is valid for
moderate pumping intensities when backaction from SERS
remains negligible (Section SI1.1 of the SI). Notably, eq 4
shows that when I /7, > n, Stokes SERS drives the vibration
out of thermal equilibrium. This nonequilibrium regime
COTTesponc onds to the so-called vibrational pumping regime of
SERS,”®"* characterized by a linear scaling of the population
with pumping intensity. Finally, eq 3 can also be solved to
calculate Stokes and anti-Stokes SERS spectra (see Section
S1.1 of the SI). In particular, under continuous-wave pumping,
the emitted intensity spectrally integrated over the anti-Stokes
Raman line of a vibration i can be written as

Iias o (05 + wi)4ri_nicw (3)

where I} & gyis Iyis/ [ (@yis + @; — ©§i6)* + (kyis/2)*] is a rate
of v1brat10nal decay by spontaneous anti-Stokes SERS (see eq
S8 of the SI). This last equation shows that anti-Stokes SERS
signals enable one to get information on the evolution of
vibrational populations ;" as a function of various parameters
such as (slowly varying) time or pumping.

In summary, visible illumination can be used to both
populate a vibrational mode by Stokes SERS and to measure
vibrational populations by anti-Stokes SERS. We will use this
property throughout this work to study IVR.

2.1.3. Infrared lllumination of Independent Molec-
ular Vibrations. We consider next the coupling of a single
molecule to a mid-infrared (hereafter infrared) resonator
illuminated with infrared laser light. The IR illumination
pumps a given vibration i of the same energy as the laser. In
Figure 1, the IR nanoresonator is illustrated by a metallic
antenna (here a disk of a few pm diameter) under the
molecule,” which sustains IR plasmonic resonances that
enhance the coupling between the laser and the vibrations. The
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interaction of the vibration i with the IR resonator is described
by the Hamiltonian:*

FHig (t) = fza)ﬁ{‘vﬁ;{{am
+ ihQ R(t)(aIl{ T — Qe )
N ~ ot
- thRi(aIRbi + aRb; ) (6)

The first line on the right-hand side in eq 6 describes the
energy of the infrared cavity, which is assumed to support a
single mode at frequency DR, and has bosonic creation and
annihilation operators ay and afy. The second line in eq 6
describes the driving of the cavity by the IR light with

JIig (t) with Iy the
time-dependent IR illumination intensity. The third line stands
for the interaction between the electric dipole of the vibration
and the cavity electric field in the rotating wave approximation
with coupling strength g ;.

As in the previous section, the dynamics described by the
Hamiltonian in eq 6 can be calculated in the framework of the
Lindblad master equation (Section S1.2 of the SI). In
particular, under continuous-wave illumination Qp(t) = QfY,
the steady-state vibrational population can be written as

frequency @ and with strength Q (f)

n = 0"+ 1(b)P ™

1

where (b)) gIR,,\/E is the amplitude of the coherent

vibrational population induced by the coherent laser pumping.

Equation 7 shows that when I(b,)> > n, the vibration is
driven out-of-equilibrium by the IR pumping. Similar to
pumping by Stokes SERS, the induced population also scales
linearly with pumping intensity in this situation. However,
here, IR pumping drives the vibration into a coherent state. In
Section 3.4, we use this pumping mechanism in a pump-and-
probe configuration to study signatures of IVR.

2.2. Intramolecular Vibrational Redistribution

2.2.1. Origin of IVR. IVR refers to the ensemble of
exchange processes between vibrational modes by which an
excited molecule relaxes back to thermodynamic equilibrium.
As sketched in the bottom inset of Figure 1, a single
microscopic IVR channel consists in coupling between two
or several vibrations, such that population transfer between
them becomes possible. To understand the origin and the form

of these couplings, we focus on the Hamiltonian H

describing the motion of N independent vibrational degrees
of freedom in the electronic ground state of a molecule:”
H = Zlnvzl ﬁ:/ 2 + V(R), where D, is the (mass—weightefl)
momentum operator of the coordinate indexed by n and V (R)
is the potential energy surface of the molecule, which depends

on the displacement operators R = (Rl, .y RN) of the
coordinates from their equilibrium positions. Note that this

expression of 7:(m01 relies on the Born—Oppenheimer
approximation.” For weak absorption by a molecule with
respect to the bond-dissociation energies, displacements of the
coordinates around equilibrium are small so that a Taylor
expansion of the potential energy surface can be made,” V (R)
= ‘/(0) + z 14 (Z)Ran + Zn,m, n,m anRle Where VSll ),nu
=[0"V/0R,..0R, ](R = 0)/M! and M! represents the factorial

of M. The orthogonal basis in which the matrix V% is diagonal
is called the normal mode basis. Injecting this Taylor

expansion into H_; and expressing it in the normal mode

basis yields’

[S)

N -~

g n 1 2A2 3) An oA

7‘{mol = Z ? Ewn n + Z UV(I th,lq,,qmql + .
n n,m,l

Independent harmonic modes Anharmonic couplings (8)

where g, is the normal mode coordinate of mode n, p, its
momentum, and , its frequency. The UM

oom, Values are

linearly related to the Vﬁ,]lw)ﬂM by the transformation matrices

defining the normal mode basis. The first two terms on the
right-hand side of eq 8 correspond to the harmonic
approximation in which the vibrational modes do not couple
to each other. These terms yield eq 1 when the creation and
annihilation operators for the vibrational modes are
introduced. However, the third term shows that in a realistic
molecule, the harmonic vibrational modes are coupled due to
higher-order terms in the expansion of the potential energy
surface. These anharmonic couplings are at the origin of IVR.

2.2.2. Fermi Resonance Coupling. The origin of Fermi
resonances lies in the third-order anharmonic couplings Uffyzl,l
in which the sum of the frequencies of two vibrations (or the
second harmonic of one vibration) is close to resonance with
the frequency of the third vibration (ie., @, + ®, ~ @;).”*
Due to this resonance condition, Fermi resonances are very
efficient relaxation pathways that yield a dominant contribu-
tion to IVR.*>*” For the sake of simplicity, we focus hereafter
on a specific Fermi resonance involving only two vibrational
modes, labeled by A and B, in which the overtone of vibration
B is resonantly coupled to the first excited state of vibration A,
that is, UB 54 With @, = 2wp. The general case involving 3
vibrational modes w, + ®,, ® ®, is addressed in the SI. The
configuration with 2 vibrations is sketched in Figure 2a.
Further, we will restrict this discussion to the first excited state
of vibration A, noted |1, 0), and the first excited state |0, 1),
and the overtone 10, 2) state of vibration B, as we have checked
numerically that the population of higher-order states is
negligible for the pumping intensities considered in this work.
Next, we expand in eq 8 the normal mode coordinate
operators using the vibrational creation and annihilation

@(bf + b) with qio = Jh/2w; the
zero-point amplitude of vibration i. The resulting molecular
Hamiltonian H,

mol
through a Fermi resonance can be cast into the form

H.oo = Hyp + H with:

operators, that is g; =

describing the coupling between vibrations

— A Aty atn2
Hy = th(bA(bB)2 + bybg) (9)
where hgp = Uy 3 44%(4%)% The rotating wave approximation

has been apphed to obtain eq 9, so that fast rotating terms are
discarded (e.g., bAbB that oscillates at frequency w, + 2wg).
The eftect of the Hamiltonian in eq 9 is represented
schematically in Figure 2a. The left panel corresponds to a
weak coupling of the vibrations, which is defined by
242 8z <7, + ¥ (see next paragraph), and the gray arrows
point at the fact that when one phonon is created on vibration
A, two phonons are destroyed on vibration B, or the opposite.
This exchange is most efficient when the resonance condition
W, & 2wy is satisfied. The right part of Figure 2a shows the
strong coupling regime (2+/2 & >Nt ¥), in which states
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Figure 2. Fermi resonance with w, = 2wy (a): Schematic

representation of the energy levels of two vibrations A and B in
which the first excited state of vibration A is resonantly coupled to the
overtone of a vibration B by a Fermi resonance with coupling strength
gr (gray arrows). The left part of the panel depicts the weak coupling
point of view where modification of the energy levels by the coupling

remains negligible (2\/5 &G St yB> while the right part depicts the
strong coupling point of view where mode hybridization appears
(ZﬁgF >y, + }/B). The blue arrows indicate decay channels,

through nonradiative pathways at rates y,, yz or by anti-Stokes
Raman scattering with optomechanical coupling strengths gys 4, gviss-
(b): Sketch of an anti-Stokes SERS spectrum of two vibrations
strongly coupled by a Fermi resonance (case 2+/2 8 >V T ¥y red

solid line). The blue arrows indicate the possible Raman transitions.
The equations on top indicate that the integrals of the anti-Stokes
SERS intensity over the wy and @, peaks, respectively noted I} and
S, are proportional to the product of the vibrational Raman coupling
strengths square multiplied by vibrational populations. The black
dashed line is the reference SERS spectrum for gz = 0.

11, 0) and 10, 2) hybridize into an upper (U) and a lower (L)
mixed state, IU)=(1,0)+10,2))/vV/2 and
IL) = (11, 0) — 10, 2))/~/2 respectively, which are separated
by a frequency ZﬁgF (in the absence of losses, see also

Section S1.3 of the SI).

Lastly, Figure 2b illustrates how state hybridization impacts
the anti-Stokes Raman spectra in the strong coupling case. In
particular, a schematic anti-Stokes SERS spectrum with
strongly coupled vibrations (gr # 0, red line) is compared to
a spectrum with independent vibrations showing the expected
Raman peaks at frequencies wg and w, = 2wy (g = 0, black
dashed line). First, the peak associated with vibration A for g

= 0 splits into two peaks at frequencies ~2wp + /2. g, and

~2wy — ﬁgF for gg # 0. This is due to the component

|1, 0) of the IU) and IL) hybrid states, that allows for [U) —
0, 0) and IL) — 10, 0) transitions induced by anti-Stokes
Raman scattering processes. These two peaks in the Raman
spectrum near 2wy, are referred to as a Fermi doublet.*® The
doublet is expected to be observable provided that

242 8z > ¥, T ¥y which defines the strong coupling regime.**
Second, at frequencies near @y, the component « 10, 2) of the
|U) and IL) states allows for transitions |lU) — 10, 1) and IL) —
|0, 1) in strong coupling, while 0, 1) — 10, 0) transitions
centered at wg are always possible and lead to the same
contribution for gr = 0 and gg # 0. As a consequence, 3 peaks
with frequency near wg appear in the Raman spectrum in
Figure 2b for g sufficiently large.

Finally, the relation I o n; derived for independent
vibrations in eq S remains valid within the weak coupling
regime. The population of vibration A can be approximated by
the population n;q) of state |1, 0), and the population of
vibration B by the sum g,y + g1y of the populations of state
10, 2) and 10, 1), respectively (note that we focus on the states
population rather than the states occupation probability, so
that 5, = (1, 0Ipl1, 0), ng,, = 2(0, 2Ipl0, 2) and ny;y = (0,
11pl0, 1)). Thus, I} g%/IS,AnII,O) and I§ g%/IS,B(”IO,l) + nIO,Z))x
as also indicated in Figure 2b. We use this scaling in Section 3
to analyze the anti-Stokes SERS spectra.

3. RESULTS

We next use the models established in Section 2 to study
pump-and-probe measurements of IVR. We first introduce the
model parameters used in our study. Then, we focus on a
configuration where the vibrational pumping is induced by
Stokes SERS processes, either under continuous-wave or
pulsed illumination. We finally consider pumping by a cw IR
laser. The main signatures of IVR observable by probing with
spontaneous anti-Stokes SERS are highlighted for all these
different pumping configurations.

3.1. Parameters and Approximations of the Model

To assess the feasibility of experimental demonstrations of the
effects described below, it is important to set the study upon
realistic plasmonic systems, such as the one sketched in Figure
1. In particular, we consider a metallic (typically silver or gold)
tip separated by a ~1 nm gap from a flat gold disk with a
diameter in the micrometer range, as a configuration
achievable in Scanning Probe Microscopy setups. We assume
that a single molecule is placed in the gap. On the one hand, at
visible frequencies, this arrangement sustains plasmonic
resonances consisting of cavity modes characterized by
extreme field confinement localized at the gap. For this reason,
such plasmonic cavities are well-established platforms for
efficient SERS.* Note that the large disk behaves similarly to
an infinite metallic substrate when analyzing the response at
visible frequencies. On the other hand, at infrared (micro-
meter) wavelengths, the disk sustains plasmonic resonances
capable of enhancing the IR electric field at its surface,*" and
thus the coupling of infrared light with the molecule. Finally,
we assume that the single molecule and the tip are placed over
a maximum of the field of one of these infrared cavity modes,
so that the molecule can be addressed by both visible and
infrared light at the same time,””°" as will become relevant in
Section 3.4.

We introduce next realistic values for the parameters
characterizing the system sketched in Figure 1. We consider
that the plasmonic cavity formed between the tip and the
antenna has two modes in the visible range, labeled by 1 and 2,
with respective frequencies Awiys; = 1.96 eV (~633 nm) and
hofs, = 1.58 eV (~785 nm), and equal losses for the two
modes fikyg = 160 meV. These frequencies and line width are
consistent with those obtained in experiments performed on
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plasmonic tips.”»** In addition, for both visible modes we
consider a mode volume ~300 nm® and an electric field
enhancement of ~250, that lie in the range of values that can
be obtained in state-of-the-art plasmonic nanogap cav-
ities.>>>>*7°¢ With these values, the relation between the
cavity illumination intensity and the cavity pumping strength in

eq 2 is AQy[meV] = 1134/ Iy [gW.um™] for the visible
cavity mode 1 and AQy[meV] = 1.26«/IVIS[ﬂW.ﬂm_Z] for

the visible cavity mode 2 (see eq S2 of the SI). We also
consider that an infrared cavity mode due to the metallic disk is
resonantly coupled to vibration A, so that Awfy = Aw, (where
the value of i, is given below). We consider the loss rate
hikg = 12 meV and the electric field enhancement ~200 for
this infrared cavitg mode.”" As a representative value for mid-
infrared cavities,”’ we consider a mode volume of ~10* nm?,
but we note that within our single-mode theory, this quantity
has no influence on the vibrational population I{b;)I* induced
by the IR pumping (see eq 7 and eqs S18 and S19 of the SI).

With these values, we obtain the scaling

hQp[meV] = 1.48\Lp[¢W.um™>] for the pumping of the
infrared mode. We consider next that the molecule in the gap
is a 4-nitrobenzenethiol (NBT) molecule (also called 4-
nitrothiophenol), which is routinely studied in SERS experi-
ments in plasmonic nanogap cavities.”’ *’ We specifically
focus on the main w, =~ 2wg Fermi resonance of this molecule
that involves its carbon—sulfur stretching mode (mode A).
Based on density functional theory (DFT) calculations of a
single molecule attached to 19 atoms of gold (Aul9NBT), we
consider the vibrational frequencies Aiw, = 2hwy = 136 meV
and a Fermi resonance coupling strength 7igz = 1.0 meV (see
discussion in Section S4.2 of the SI). To evaluate the Fermi
resonance coupling strengths, we apply the deperturbed
second-order vibrational theory approach’’ to the potential
energy surface of Aul9NBT. We compute this potential energy
surface within DFT using the exchange-correlation functional
B3LYP-D3(BJ),">"®* and the basis set 6—31G(d,p)®® for the
carbon, hydrogen, oxygen, nitrogen and sulfur atoms. In the
case of the atoms of gold, we use the basis set LANL2DZ.%¢
We perform all of the DFT calculations with the code Gaussian
16 Rev. B. 01.°7 We note that comparable values of gy have
been found in similar molecules.”” We also used DFT to
calculate the Raman tensors and infrared dipoles of the
selected vibrational modes in the Aul9NBT configuration (see
Section S4.1 of the SI for further discussion on the DFT
calculations). By combining the obtained values for vibration A
with the visible and IR cavity parameters (see eqs S3 and S19
of the SI), we get an optomechanical coupling strength of
hgyisa = 0.021 meV for the cavity mode resonant at 633 nm
(mode 1) and of Agysx = 0.017 meV for the cavity mode
resonant at 785 nm (mode 2), and the infrared coupling
strength #igr » = 0.018 meV. For vibration B, we obtain an
optomechanical coupling strength 7gyisp = 0.006 meV for
mode 1 and 7igy;sp = 0.005 meV for mode 2. Additionally, we
consider Ay, = Ay = 1.2 meV, which are decay rates
consistent with the spectral width and the <2 ps relaxation
times measured for several vibrational modes of NBT bound to
gold.>”® Finally, we assume cryogenic or near-cryogenic
temperature operation, at T = 100 K in Sections 3.2 and 3.3,
and at T = 150 K in Section 3.4.°° Indeed, to observe many of
the effects reported in this work operating under ambient
conditions, the use of extremely high-intensity powers would

be required, which could destroy the molecule, the metallic
resonator, or both (see discussion in Section 4).

Last, all the calculations of vibrational spectra and
populations presented below are performed by considering
usual approximations to the full master equation of the system
(linearization of the optomechanical Hamiltonian and
adiabatic elimination of the cavity degrees of freedom; see
Sections S1.1 and S1.2 of the SI). These approximations yield a
simplified master equation for the density matrix reduced to
the vibrational modes. In Figures 3—S5, this simplified master
equation is solved numerically using the Python library
QuTiP*~"" with 3 vibrational number states (i.e., states 10),
[1), 12)) for each vibration A and B. Within this level of theory,
calculations with a higher number of vibrational number states
(typically 10) are accessible and we checked that all the results
shown in the figures are already converged with 3 number
states. When possible, we have compared the results shown in
Figures 3—5 with the results obtained by solving the master
equation numerically without approximation. These compar-
isons are shown and discussed in detail in Section S2 of the SI.
Overall, results from both implementations show very
satisfactory agreement (the main difference is a larger
background in the calculated spectra when no approximation
is made), supporting the validity of the approximations used.
Finally, we emphasize that our model is general, so that it
encompasses both the weak and strong coupling regimes of
molecular vibrations coupled by a Fermi resonance (see further
discussion in Section S1.3 of the SI).

3.2. Continuous-Wave Stokes SERS Pumping

We start by studying the pump-and-probe configuration for
characterization of intramolecular vibrational redistribution
sketched in Figure 3a, in which pumping is provided by a
continuous wave (cw) visible laser inducing Stokes SERS and
probing is provided by the same continuous wave laser
inducing anti-Stokes SERS. To this end, we consider the total

Hamiltonian Hy(t) = Hyp o + Hyg s + He + Hy(t)

where Hyyg; is given in eq 1, Hy is given in eq 9 and Hyg

is given in eq 2. Here, Hy;g accounts for both pumping and
probing with SERS under cw excitation at rate Qyg(t) = Q.
We assume that the visible light is resonant with the cavity
mode 1 resonant at 633 nm, wvyis = Wy, and neglect for
simplicity the cavity mode 2 that is strongly nonresonant (@y;g
> Vs, + 2Ky, see Section 3.1). We further consider
operation at cryogenic temperature T = 100 K.®® The
procedure and approximations used to obtain anti-Stokes
SERS spectra and vibrational populations from the correspond-
ing master equation in the steady-state are detailed in Section
S2.1.1 of the SI, where the accuracy of the selected approach is
compared to a rigorous approach as well as to a simplified
semianalytical model that reduces computational cost and
provides additional insights. Calculated anti-Stokes SERS
spectra are shown by the solid red lines in Figure 3¢, where
two pumping intensities, Iyg are considered. Data calculated
with gg = 0 are shown for reference (black dashed lines). We
analyze below the spectral signatures caused by the Fermi
resonance coupling between the vibrations.

For weak pumping Iy;s = 7.1 X 10* yW.um™, the only effect
of the Fermi resonance is to split the peak corresponding to
vibration A (frequency shifts ~2wy) into a doublet, as
discussed in Section 2.2.2. The doublet splitting is small in
this case due to the moderate coupling strength of the Fermi
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Figure 3. Signatures of IVR under cw Stokes SERS pumping and cw anti-Stokes SERS probing. (a): sketch of the configuration under study, which
consists of a single molecule in a plasmonic gap nanocavity with a mode resonant at 633 nm (mode 1 in Section 3.1), resonantly illuminated by
continuous-wave laser light (wavelength 633 nm, green arrow). The red arrow represents SERS emission by Stokes scattering processes, that also
induces a pumping of the molecular vibrations. The blue arrow stands for the measured anti-Stokes SERS signal. We do not consider here IR
illumination nor the IR cavity mode. (b): Evolution of the population of state |1, 0) (red continuous and dashed lines), state 10, 2) (orange lines)
and state 10, 1) (blue lines) with the intensity of the pumping laser. The Fermi resonance coupling between states |1, 0) and 10, 2) is included (g >
0, solid lines) or neglected (g = 0, dashed line). (c): Anti-Stokes SERS spectra of two molecular vibrations coupled by the Fermi resonance (red

lines) or uncoupled (black dashed lines), for two pumping intensities Iy;g = 7.1 X 10* gW.um™ (Qyys = 300 meV) and Ly = 7.1 X 10° yW.um™

2

(Qy1s = 3000 meV). The dotted vertical gray lines indicate the fundamental frequency of vibrations A and B. The temperature of the molecule is set
to T = 100 K in all panels. The other parameters used in the simulations are introduced in Section 3.1.

resonance (ZﬁgF R 7, *+ ¥). For the same reason, the three

different contributions at frequencies around ~wj that can be
observed in Figure 2b merge into a single maximum in Figure
3c. This behavior illustrates the fact that the presence of a
Fermi resonance can be difficult to identify only based on
spectral fingerprints when g is not sufficiently large, which is
the most common case in realistic conditions. The presence of
other vibrational modes at close frequencies can lead to
accidental “doublet-like” lines that further complicate a spectral
analysis. We also note that current theoretical tools for
calculating the frequencies of vibrational modes have limited
accuracy, which hinders the reliable identification of the origins
of experimental Raman lines. Therefore, more reliable
signatures of vibrational coupling are needed to gain insight
into intramolecular vibrational redistribution. In particular, we
analyze below how the SERS spectrum obtained under large
pumping intensity Iy;g = 7.1 X 10% yW.um™ in Figure 3¢ could
serve to identify IVR.

To prepare the discussion of the emitted spectra under
strong pumping and of the signatures of IVR that they contain,
we analyze first the underlying physics of IVR under Stokes
SERS pumping by focusing on the population of the states
involved in the Fermi resonance. In Figure 3b, we show the
evolution of the state population with pumping intensity Iys.
We first set the Fermi resonance coupling to zero (gz = 0),

corresponding to the dashed lines. In this case, the population
of the states |0, 1) (blue dashed line) and I0, 2) (orange dashed
line) of vibration B is constant at low pumping intensity,
corresponding to the thermal population. The population
starts to increase with pumping for Iy;g > 10° gW.um ™2 The
population of the first excited state of vibration A, that is, |1, 0)
(red dashed line), is also thermal at low intensity but starts to
increase linearly with Iy at a lower threshold which is Iyg 2
10°4 W.um™ In the absence of IVR coupling, the increase in
state population is due to the vibrational pumping mechanism
induced by the optomechanical interaction between the visible
pump, the optical cavity, and the molecule, as discussed in
Section 2.1.1. In particular, eq 4 shows that the population of
the states becomes proportional to gi;sJy;s when pumping
induced by Stokes SERS processes overcomes nonradiative
vibrational decay. The fact that gy;5x > gyisp (Section 3.1)
and the much lower thermal population of vibration A thus
explains that the transition between thermal and nonthermal
population is reached at much lower Iy for state 11, 0) of
vibration A than for states |0, 2) and 10, 1) of vibration B in the
absence of Fermi resonance coupling.

We now introduce the Fermi resonance coupling (gz > 0). In
this case, both states 11, 0) (red continuous line) and 10, 2)
(orange continuous line) start to scale linearly with Iy at Iy
~ 10° yWum™ and the population of state |1, 0) is
moderately reduced (by m~1/2) above this threshold as
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Figure 4. Signatures of IVR under pulsed Stokes SERS pumping and pulsed anti-Stokes SERS probing. (a): Sketch of the configuration under
study, which consists of a single molecule in a plasmonic gap nanocavity that supports two modes at visible wavelengths: one resonant at 633 nm
(green shadowing on the figure, mode 1 in Section 3.1) and another resonant at 785 nm (orange shadowing on the figure, mode 2 in Section 3.1).
The mode at 785 nm is resonantly illuminated with pulsed light (left orange arrow, pulse center at time t = 0) that produces Stokes SERS light (red
arrow) and vibrational pumping of the molecular vibrations. The cavity mode resonant at 633 nm is resonantly illuminated with pulsed light (right
green arrow) arriving at a delayed time, #°" that generates the measured anti-Stokes SERS signal (blue arrow). We do not consider here IR
illumination nor the IR cavity mode. (b): Time dynamics of the frequency-integrated anti-Stokes SERS signals from molecular vibrations A and B
coupled by a Fermi resonance gi > 0, I5™(t) (red line) and 3" (¢) (brown line), respectively. Both curves are normalized to the maximum of
5, (¢): Dynamics of the population of the states |1, 0) (red line), 10, 2) (orange line), and |0, 1) (blue line) without probe pulse (QEPo™* = 0)
and without Fermi resonance coupling (g = 0). The vertical black dotted line indicates the time ~240 fs at which all the states approximately reach
their maximum population. The diagonal black dashed-dotted line serves as a reference and shows an exponential relaxation of vibrational mode A
with rate 7,. The gray shaded area indicates the time interval during which the pump pulse intensity is greater than half its maximum value (fwhm).
(d): Same as in (c) but when the Fermi resonance coupling g > 0 is included. Parameters: in all panels the Gaussian pump pulse duration has a
full-width at half-maximum (of intensity) Az?*™ = 500 fs and a peak intensity ieP™ = 5.7 X 10° yW.um™> (i.e, QUPP™> = 3000 meV). The
Gaussian probe pulse is turned on in (b) with duration Az = 500 fs and peak intensity '™ = 1.3 X 10° gW.um ™2 (ie., QEPo™ = 400
meV), and is turned off (5™ = 0) in (c, d). The temperature of the molecule is set to T = 100 K. The other parameters used in the simulations
are introduced in Section 3.1.

compared to the case gp = 0. These features point at a information contained in the difficult-to-interpret spectral
population transfer effect from state |1, 0) to state 0, 2) driven positions of the Raman peaks. However, the identification of
by the Fermi resonance coupling. In addition, the transition an IVR channel under continuous-wave pumping and probing

from thermal to nonthermal population of state 10, 1) (blue
continuous line) appears at lower pumping than in the case g
= 0, which points to a transfer of population from state 10, 2) to
state 10, 1). We show in Section S2.1.1 of the SI that this latter
transfer occurs due to nonradiative decay (i.e., through the

remains practically challenging. Indeed, in experiments, the
coupled (gz > 0) and the uncoupled (g = 0) configurations
cannot be addressed separately, and thus compared. Further,
the scaling with Lys of the population transferred through the

term o (1 + ni) in eq 3) and that io,1) always remains >y, Fermi resonance coupling shows the same linear dependency
for any value of the parameters considered. In summary, Figure as the increase of population due to direct vibrational pumping,
3 (b) shows that the Fermi resonance coupling enables a large which prevents using the scaling of the anti-Stokes SERS signal
population transfer from vibration A to vibration B. According with pumping intensity to distinguish transfer by IVR from

to eq 5 and given that ny = n,) + 1y, an increase in the
population of vibration B leads to an enhancement of the anti-
Stokes SERS emission from this vibration. Figure 3c indeed
shows that for Iy;g = 7.1 X 10° yW.um™?, the peak at frequency
~ wy (that corresponds to the anti-Stokes Raman scattering by
vibration B) exhibits a large enhancement when gz > 0 (red operation to investigate IVR signatures in time-resolved
line) as compared to gz = O (black dashed line). Hence, the measurements under pulsed illumination.

population transfer induced by IVR can yield a signature on 3.3. Pulsed Stokes SERS Pumping

the anti-Stokes SERS spectra.

direct Stokes SERS pumping. In addition, continuous-wave
illuminations as high as Iyg = 10° gW.um™ or more are
unlikely to be achievable in experiments without destroying the
system. Therefore, in the next section, we go beyond cw

In conclusion, the increase in the strength of anti-Stokes We focus here on the signatures of IVR in time-resolved
peaks induced by vibrational population transfer opens the measurements with pulsed SERS pumping and probing (Figure
possibility of characterizing IVR pathways beyond the 4a). To this end, we now consider the total Hamiltonian
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—~ b —~ —~ —~  —~pump
Hyoe(t, t77°) = Hyga + Hyp + He + Hyys (1)

—~ probe

+ (]-{VIS (t _ tprobe)

where the term ?(SIJ?P(t) accounts for pumping induced by
Stokes SERS processes with a pulse centered at time t = 0 and

—~ probe

H s (t — tP°*) accounts for probing by anti-Stokes SERS
with a pulse centered at a delayed time " (see eq 2 for the

expression of ﬂws and eqs 1 and 9 for the expressions of

;/'\[VIB‘,- and '7/‘\{1:, respectively). Importantly, we consider that the

pump pulse is tuned to the visible cavity mode resonant at 785
. . . qyPump

nm (mode 2 in Section 3.1), i.e. wyis = WYs, in H g (t), and

that the probe pulse is tuned to the cavity mode resonant at

633 nm (mode 1 in Section 3.1), ie. wy = Oy, in
—~ probe .
Hs (¢ — £P*¢) and also remind that o5, > O35, + 2Ky

These choices guarantee that the anti-Stokes SERS signals
generated by the pump and probe pulses do not overlap
spectrally and justify neglecting the driving of the cavity mode
1 by the pump beam and of the cavity mode 2 by the probe
beam. These choices also ensure that the large Stokes
photoluminescence by the metal constituting the plasmonic
cavity’>” induced by the pump pulse does not overlap with
the anti-Stokes SERS signal from the molecular vibrations
induced by the probe pulse. We consider a Gaussian pump

pulse in a‘\lf,‘irsnp(t) that is given by Q@{"P(t) =

Qpumpmaxg=2 1n(2) x [t/AT™] iy APumP = 500 fs (full width at
half-maximum of pulse intensity, fwhm) and Q{7 = 3000
meV (ie., peak intensity I{ir®™>* = 5.7 X 10° gW.um™2). The
probe pulse is also Gaussian and follows QfR(t — £#7°°) =

_ _probe probeq2 —~ probe
Q{’,‘I‘gbe'm“e @)X/ AT gy Hs (¢ — tpmbe) where

AT = 500 fs and QPPo™* is either equal to 0 (no
probing) or to 400 meV (ie., rebemax — 1.3 X 10° yW.um™2).
As in the previous section, we consider operation at
temperature T = 100 K. The method used to obtain transient
anti-Stokes SERS spectra and vibrational populations from the
corresponding master equation is detailed in Section $2.2.1 of
the SI. The resulting dynamics of anti-Stokes SERS signals and
vibrational states populations are shown in Figure 4 and
analyzed below.

We focus first on the transient dynamics of the vibrational
populations under bare pulse pumping illumination (no probe,
Qprebemax — () Figure 4c shows the transient dynamics of
uncoupled vibrations (gr = 0). Initially, vibrational pumping
induced by Stokes SERS processes leads to a peak population
that is reached roughly at the same time ¢ ~ 240 fs for the three
states, as indicated by the black dotted vertical line. Excitation
of state 11, 0) (i.e vibration A) is much stronger than that of
states 10, 2) and 10, 1) (i.e vibration B), which is due to their
different optomechanical coupling strength gyiga > gyisp.
Once the pulse has declined, the states relax back to their
thermal population, due to the nonradiative decay with rates y,
and yp, which results in an approximately exponential
dependence of the population of state A with time (o e
dependence marked by a dashed-dotted black line).

We analyze next in Figure 4d the population transfer from
vibration A to vibration B that occurs when gz > O.
Interestingly, Figure 4d shows coupled oscillations between
the population of the first excited state of vibration A (l1, 0))
and the overtone of vibration B (10, 2)). This periodic

population transfer can be interpreted as Rabi oscillations,
similar to the Rabi oscillations occurring between a two-level
system and a cavity described in cavity quantum electro-
dynamics.”* The period of the oscillations can be estimated by
7p = 1/Qp = 1.47 ps (with Q; = V2 g, the Rabi splitting, see
Figure 2 (a) ), in good agreement with the numerical result
shown in the figure. These Rabi-like oscillations mostly occur
during the relaxation of the states toward their thermodynamic
equilibrium, and they contrast strongly with the exponential
decay observed for uncoupled vibrations in panel (c). Hence,
these oscillations yield a clear signature of the IVR.

Another remarkable feature in Figure 4d is the increase in
population of the first excited state of vibration B (state 10, 1),
blue line). This population increase is significantly larger than
for gz = 0, and the maximum population is retarded with a
certain delay, with a maximum at time t ~ 750 fs against t ~
240 fs in panel (c). This increase and delay are induced by the
Fermi resonance. In particular, the delay occurs because the
population must first be transferred from the first excited state
of vibration A (i.e., state |1, 0)) to the overtone of vibration B

(state 10, 2)) at a rate N\/EgF, and then from 10, 2) to 10, 1) at

rate yg. This sequence of transfers is much slower than the
dynamics directly induced by optomechanical pumping related
to the instantaneous Stokes scattering processes. Hence, a
delay of several hundreds of femtoseconds between the center
of the pump pulse and the maximum population of a vibration
yields another signature of the IVR pathway involving this
vibration.

The changes in the vibrational populations can be
monitored using the spontaneous anti-Stokes SERS signal
generated by a weak probe pulse. To this end, we now consider
a nonzero probe pulse tuned to the cavity mode resonant at
633 nm (mode 1 in Section 3.1) with QPEP™* = 400 meV
(ie., Bom™> = 1.3 X 10° gW.um™>) and pulse width AzP™b =
500 fs. A quantity accessible in experiments is the anti-Stokes
SERS signal from the vibrational line i, that we calculate as
ES(E) o (0, + )" [ ST [QUR(t — £7°0) I (1)de
(see Section S$2.2.1 of the SI), where I'[; is the rate of
vibrational decay by anti-Stokes SERS in the cavity mode 1
(see eq SSS of the SI). Figure 4b shows the corresponding
evolution of I¥™(#™°) for vibration A (red line) and
vibration B (brown line) as a function of the delay "
between the probe and the pump pulse. Interestingly, the first
period of the Rabi oscillations can be identified as a shoulder in
the relaxation dynamics of I>™(#°*) (other periods cannot
be observed because their signal falls below the SERS intensity
produced by the probe pulse). Furthermore, ;"™ (£#7°*) allows
for identifying the long delay between the center of the pump
pulse and the maximum population of the first excited state of
vibration B (l0, 1)). Hence, both signatures, Rabi oscillations
and delay, could be accessible to experiments. Further
discussion of the pumping intensity required to observe
these signatures can be found in Section 4. The influence of
the probe pulse duration is discussed in Section S3.1 of the SI.

In summary, monitoring the transient dynamics of vibra-
tional populations under pulsed Stokes SERS pumping and
pulsed anti-Stokes SERS probing can provide evidence of
signatures of IVR that might be accessible to experiments. The
generality of these results is further highlighted in Section
S2.2.2 of the SI, where we discuss the case figy;sa ~ figyisp.

https://doi.org/10.1021/acsphotonics.6c00030
ACS Photonics XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.6c00030/suppl_file/ph6c00030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.6c00030/suppl_file/ph6c00030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.6c00030/suppl_file/ph6c00030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.6c00030/suppl_file/ph6c00030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.6c00030/suppl_file/ph6c00030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.6c00030/suppl_file/ph6c00030_si_001.pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.6c00030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics pubs.acs.org/journal/apchd5

a) b) Qi (meV)
10! 10
Metallic tip 101
o 1<0,01011,0>12
CW infrared CW visible S 21 <0 01510, 25 2
illumination %‘ ‘\i\‘:} illumination G 102 <0, 01010, 2>
»37 anti-Stokes §. | State [0,1)(vib. B)
DSERS g 10734
ks
Molecule n
Metallic IR antenna 1074
Substrate
L]
10° 10’ 102 103 10*
Pumping /jg (UW.um~2)
C) Frequency shift (cm™")
500 600 700 800 900 1000 1100 1200
-7 : 1
10 —— Ijg=1000 uW.um2
—— Ir=10UW.um™2
1078 — Ig=0 uW.um=2

anti-Stokes SERS spectrum
(arbitrary unit)

10°°
10710
ol vibs ' ' vib. A
60 80 100 120 t 140
Frequency shift (meV) IR laser frequency

Figure S. Signatures of IVR under cw IR pumping and cw anti-Stokes SERS probing. (a): sketch of the configuration under study, which consists of
a single molecule in a plasmonic gap nanocavity that supports a mode resonant at 633 nm (green shadowing on the figure, mode 1 in Section 3.1).
The bottom mirror of the nanocavity is a flat metallic disk that supports a plasmonic resonance in the infrared range (mode at 9.1 ym, that is, iw =
136 meV, IR mode in Section 3.1) responsible for an enhancement of the IR electric field at the position of the molecule (red shadowing on the
figure). The IR mode is resonantly illuminated with continuous-wave IR light (red arrow) that resonantly pumps a single molecular vibration of
frequency Aiw, = 136 meV. The visible cavity mode is resonantly illuminated by continuous-wave visible light (green arrow) that produces a
measured anti-Stokes SERS signal revealing vibrational populations (blue arrow). (b): evolution of the populations of states 11, 0) (red line), 10, 2)
(orange line), and 10, 1) (blue lines) with the intensity of the pumping IR laser. The red dots show the quantity {0, 0I1, 0)I* that is the coherent
population of state |1, 0) (here it is almost equal to the coherent population |(b ) of vibration A). The orange dots show the quantity
2I{0, 0Ip0, 2)I* that is the coherent population of state 10, 2). (c): anti-Stokes SERS spectra of the molecule for several cw IR pumping intensities I
=0 uW.um™> (blue line), Iy = 10 yW.um > (Qpp = 4.7 meV, green line) and Iy = 1000 gW.um™> (Q = 46.8 meV, red line). The dotted vertical
gray lines are guides to the eye and indicate the frequencies of vibrations A and B. In panels (b) and (c), the Fermi resonance coupling is gz = 1.0
meV and the Raman probe intensity is Iyg = 100 gW.um™ (Qyg = 11.3 meV). The temperature of the molecule is set to T = 150 K. The other
parameters used in the simulations are introduced in Section 3.1. In panel (c), the coherent contribution to the spectrum (nearly vertical red lines
at 136 meV) is plotted using a Lorentzian line shape with very small width (0.003 meV) and with an amplitude defined such that the spectral
integral of the Lorentzian is equal to (wy;g + @4)*T2I{0, 0IpI1, 0)I* (see eq 5). The value 0.003 meV has been chosen to mimic the line width of the
excitation laser.

3.4. Continuous-Wave Infrared Pumping main characteristics of these spectra, focusing on the features
that are connected with signatures of IVR.

The reference anti-Stokes spectrum in the absence of IR
pumping is given by the blue line in Figure Sc. This spectrum
shows the same information as that obtained in Figure 3c for
low pumping intensity. As already discussed in Section 3.2, it is
challenging to identify the effect of IVR directly from this
spectrum. We consider next an intermediate pumping intensity

We finally explore an alternative pump-and-probe scheme in
which vibration A is directly pumped by a cw infrared laser and
vibrations A and B are probed by cw anti-Stokes SERS (see
Figure Sa) To this end, we consider the total Hamiltonian

tot(t) = Hypa + 7'{VIBB + 7'{ + 7_{IR,A(t) + ﬁws(t) (see
egs 1,2, 6, and 9) in which wg = ®{f = w, and QR(t) = Qg in

/\IR A(t), and oy = wiis, (the other cavity mode resonant at Iig = 10 yW.um™> (green line). A first striking feature appears,
frequency wiyys, can be neglected in this illumination and which is a sharp and large peak at the frequency of the IR laser
collection scheme) and Qy(t) = Qs = 11.3 meV (Iys = 100 (136 meV). However, this peak is not related to any IVR

process because it is also observed when vibrations are
uncoupled (gz = 0). This peak appears because the IR laser
pumping drives vibration A into a coherent state (by) =
Pa(wr) and the visible laser pumping drives the optical cavity

UW.um™) in Aws(t). We further consider operation at
temperature T = 150 K. The procedure and approximations
used to obtain anti-Stokes SERS spectra and vibrational
populations from the corresponding master equation are

75
presented in Section S2.3.1 of the SI, together with additional into a coherent state (dyis) = ayis(@yrs) \/ vis-~ The
semianalytical insights to obtain the vibrational populations. optomechanical couphng Hamiltonian gy ,AaVISbAaVIS ineq 2
Calculated anti-Stokes SERS spectra are shown in Figure 5S¢ for then turns into gyyg, adtsBa(or)ayis(@yrs), which is formally
several IR laser pumping intensities I;;. We analyze below the the same Hamiltonian as the one considered in the
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configuration driven by a laser (see eq 2). Accordingly, the
term gyis adiis@vis(@yis)Ba(@r) drives the cavity field at the
sum frequency wyis + @ into a coherent state so that the
resulting emission is coherent anti-Stokes SERS emission. This
process corresponds to coherent vibrational sum-frequency
generation,76 and more information about this effect in the
context of molecular optomechanics can be found in refs
45,50,51,77,78.

For large pumping intensities (I;; = 1000 UW.um™2, red
line), in addition to the coherent peak, we observe a large
enhancement of the broad (incoherent) peak at frequency
shifts ~wp compared to the zero-pumping case. Figure Sb
shows that the origin of this incoherent peak is similar to the
peak enhancement observed under cw SERS pumping (Section
3.2): first, the first excited state of vibration A (I1, 0)) gets
coherently populated by the direct IR laser pumping, as shown
by the nearly perfect overlap between the total population (red
line) and the coherent population I{0, 0IpI1, 0)I* (red dots) of
the state in the range Iy = 10°—~10* 4W.um ™2 According to eq
7, the population of state |1, 0) evolves linearly with Iy in this
range, as appreciated in the figure. A fraction of the population
of state |1, 0) is then transferred to state |0, 2) due to the Fermi
resonance coupling, inducing an out-of-equilibrium population
of state 10, 2) that also scales linearly with Iz (orange line and
dots). As already evidenced by the Rabi oscillations found in
Section 3.3, coherence is preserved during this transfer, which
is indicated here by the almost perfect overlap between the
population of state 10, 2) (orange continuous line) and the
coherent population 2I(0, 0Ipl0, 2)I* (orange dots) in the range
Iig = 10°~10* yW.um™. Finally, part of the population of
10, 2) is transferred to 10, 1) by nonradiative decay. We note
that we obtain 1{0, 0Ip10, 1) = 0 (not shown) so that coherence
is lost during this last transfer. Ultimately, the increased
population of state |0, 1) leads to an increase of the anti-Stokes
SERS signal at frequencies ~wjg because of 10, 1) — 10, 0)
vibrational transitions, as shown in Figure Sc. Given the
incoherent population of states 10, 1), the anti-Stokes SERS
emission takes the form of a broad peak instead of a sharp line
as obtained for coherent populations at frequency 2wj. Last,
we note that the anti-Stokes SERS peak at frequencies ~ wjp
also receives a contribution from anti-Stokes Raman scattering
processes involving 10, 2) — 10, 1) vibrational transitions. This
contribution is also incoherent because the Fermi resonance
coupling only acts on the nondiagonal component (0, 0pl0, 2)
of the density matrix but not on the component (0, 1I10, 2)
that is involved in the Raman scattering process, so that it adds
to the broad anti-Stokes SERS peak at frequencies ~wg.

In summary, we have shown that a continuous-wave IR
excitation resonant with the vibrational states composing the
doublet of a Fermi resonance (near ~2wg) can lead to an
excess of population of the low-energy states of the Fermi
resonance (i.e., state 10, 1)) that can be detected in
spontaneous anti-Stokes SERS. The signature of IVR found
in this section is similar to the one obtained with cw Stokes
SERS pumping, but here the possibility to selectively pump the
Fermi doublet facilitates the assignment of the excess of signal
to IVR. We also note that the use of pulsed IR illumination,
not considered here, should also enable the characterization of
the dynamics of the processes, similar to that shown in Section
3.3. In addition, as discussed in Section 4, the range of I
values used in our calculations can be implemented in realistic
experiments. Therefore, the use of cw IR pumping in a dual-
resonant (infrared and optical) resonator appears to be

promising for the characterization of individual IVR pathways
with the identification of the vibrational modes involved.

4. DISCUSSION AND CONCLUSIONS

In this work, we have evidenced signatures of IVR that can be
observed with pump-and-probe vibrational spectroscopy. To
obtain our results, we have resorted to several simplifications
and hypotheses to focus on the main concepts. The paragraphs
below aim to show that our conclusions are general and that
the concepts developed in this work can be implemented
within realistic experimental platforms. A complementary
discussion of other aspects (influence of probe pulse duration,
the selectivity of vibrational mode pumping by Stokes SERS,
the effect of competing signals on SERS measurements, the
influence of collective effects due to the presence of multiple
molecules, IVR of low energy vibrations, and further
considerations on molecular anharmonicities) can be found
in Section S3 of the SL

First, we stress that Fermi resonances yield the dominant
contribution to IVR and more generally to vibrational energy
relaxation. For example, it has been shown recently that
accounting for all the main Fermi resonances of a molecule
enables the recovery of experimentally measured vibrational
lifetimes.”” In this context, we have considered the simplest
case of two vibrations, A and B, with perfect tuning @, = 2ws.
For completeness, the general case of three vibrations A, B, and
C with imperfect tuning w, & @y + @ is studied in Sections
§2.1.2, §2.2.3, and S2.3.2 of the SI, showing that the same
signatures of IVR are recovered. In addition, we note that our
theoretical treatment can be readily extended to account for
higher-order anharmonic couplings, such as Darling-Dennison
resonances,”” that could play an important role in some
specific cases.”

Further, it is worthwhile to discuss the pumping strengths
that we consider and the possibility of detecting the emitted
signals. For pulsed Stokes SERS pumping, we considered in
Section 3.3 pulses with 500 fs duration (fwhm) and peak
intensity I{{RP™ = 5.7 X 10° gW.um™2, which corresponds to
a fluence per pulse of 3 pJ.um™2. Such fluence values have been
used in SERS experiments in ultrathin gap nanocavities
without introducing significant sample degradation.*”*> On
the other hand, a rough estimate of the emitted power (Section
$3.3.A of the SI) indicates that experimental measurements of
the signatures of IVR under pulsed visible probing on single
molecules is challenging and might require additional
optimization (see below), or, alternatively, to perform the
study on a few molecules (~1000), which would still provide a
crucial advantage as compared to the large number of
molecules required to identify IVR in more standard
vibrational spectroscopy techniques.16 Therefore, this pumping
configuration, combined with cryogenic temperature operation
T < 100 K, could enable the observation of signatures of IVR
within realistic experimental platforms. For continuous-wave
IR illumination, Figure Sc¢ shows that vibrational redistribution
effects should be clearly observable for Iz ~ 1000 yW.um™2,
and Figure Sb suggests that these effects could already be seen
for Iy 2 100 yW.um™> Pumping strengths up to Iz & 3000
UW. m™? have recently been reported in ref 60, which is based
on an experimental platform comparable to the one studied in
this work. In addition, an estimate of the anti-Stokes SERS
intensity emitted under cw visible probing with intensity I ;g ~
100 yW.um™ supports the possibility of detecting IVR in a
single molecule under this illumination scheme (see Section
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S3.3.B of the SI). Therefore, this pumping and probing
configuration, combined with temperatures typically between
T ~ 100 K and T ~ 200 K (see also Section S2.3.2 of the SI),
can also allow for observing signatures of IVR within current
experimental platforms down to the single-molecule level.

Finally, we emphasize that the experimental configuration
that we have studied could be optimized in several ways. For
example, pumping induced by Stokes SERS processes should
be more efficient in plasmonic cavities formed between a
surface and an atomic protusion, the so-called picocavities,”"**
which can shrink the effective mode volume and thus increase
the optomechanical coupling strength. The optomechanical
coupling strength may also be improved using atomic antennas
as proposed recently.** Additionally, resonant SERS excitation
of molecular species that feature an electronic transition in the
visible range could provide an alternative and efficient
vibrational pumping mechanism.”® Last, more sophisticated
infrared cavity designs could improve the efficiency of infrared
excitation.”®*¢

In conclusion, we have presented a theoretical framework
based on cavity quantum electrodynamics that addresses the
characterization of intramolecular vibrational redistribution
within surface-enhanced pump-and-probe vibrational spectros-
copy. A key result of our work is the generalization of the
molecular optomechanics description of SERS to include the
effect of anharmonic couplings between the vibrations of a
molecule that gives rise to IVR. In the future, this framework
could be extended to accurately model more sophisticated
pump and probe schemes involving, e.g., pulsed sum-frequency
generation®” or stimulated Raman scattering.” Another
important result of our work is the application of our
framework to two relevant pump-and-probe configurations,
based on infrared and visible pumping, respectively, and on
probing with incoherent anti-Stokes SERS. For both
configurations, we have identified clear signatures that enable
the characterization of individual IVR pathways. Our results
suggest that these signatures could be accessible in a single
molecule under realistic experimental conditions. We thus
believe that this work can foster and guide the development of
a new generation of vibrational spectroscopy experiments able
to shed light on the complex relaxation dynamics of vibrations
in molecules.
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