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3.1 The birth and evolution of stimulated Raman scattering

Over the last few decades, the use of SRS as an analytical technique has grown rapidly and will continue to grow as more
commercial turnkey systems enter the market. According to the Clarivate Analytics Web of Science, there are more than
6000 publications in the field of stimulated Raman scattering (SRS) and more than 70,000 articles citing work in that col-
lection [1]. This is shown graphically in Fig. 3.1. In this section, we discuss the origin of the SRS approach, its coming of
age as a sensitive molecular spectroscopy technique, and its growth into a popular label-free imaging technique.

Discovered shortly after the first demonstration of a working laser, the phenomenon of SRS has closely tracked that of
the laser itself [2]. The pulsed action of some lasers, including Maiman’s first ruby laser, creates extremely intense bursts of
light, and it was quickly realized that these intense fields would enable the generation of various nonlinear phenomena [3].
The first prediction of a nonlinear optical effect had been worked out byMaria G€oppert-Mayer in 1930 [4]. Remarkably, the
demonstration of nonlinear optics occurred a year after the birth of the laser with Franken et al. demonstrating second-
harmonic generation (SHG) and Kaiser demonstrating two-photon excitation [5, 6]. A year after these, in 1962, third-
harmonic generation (THG) requiring even higher electric fields was demonstrated by Terhune [7]. In each of these cases,
observation of a color different than that of the input light revealed the nonlinear process. The discovery of SRSwould be no
different.

The discovery of SRS was serendipitous. To achieve pulsed laser action, known then as a “giant ruby laser pulse,” and
thus the high peak intensity necessary to generate nonlinear effects, many labs turned to the use of Kerr-cell shutters to
modulate the output of their lasers [8–13]. The common material for Kerr shutters of the time was nitrobenzene, a material
with several strong Raman-active modes [14, 15]. In 1962, Woodbury and colleagues at the Hughes Research Laboratories
reported in a brief correspondence anomalous laser lines from their ruby laser and identified that the lines depended on the
operation of their nitrobenzene Kerr shutter [16]. An interpretation of the first Raman laser is shown in Fig. 3.2. An inter-
esting historical note about this discovery was that it was made while conducting research on lasers for the US Air Force,
and was reported in a now unclassified report [17].

These anomalous “satellite” lines of their pulsed reflector laser were correctly identified as a version of Raman scat-
tering in research published later in 1962 [18]. In comparison to literature values, it was determined that the R-line of the
ruby laser was shifted by an amount corresponding to the energy of the symmetric stretching mode of the NO2 group of
nitrobenzene, and subsequent measurements were made with different organic liquids to confirm Raman scattering as the
origin of the effect. The authors made the realization that the amplification of the Raman lines was due to a similar process
to that of the stimulated fluorescence emission that produces laser action. Thus, the name of SRS was stuck to this process.

By 1962, a theory of four-wave mixing to explain nonlinear light-matter interactions was already in place [19], and by
the end of the decade, a semiclassical theory of SRS in terms of four-wave mixing was readily described [20, 21]. Expla-
nations in the classical wave [21, 22] and quantized field regimes [23] were delineated, and it became possible to fully
describe the SRS process in the laser cavity [24].

3.1.1 The birth of SRS: Light conversion and early spectroscopy

The first demonstrations of SRS were inherently spectroscopic in nature. The presence of a sufficient quantity of a Raman-
active material produces additional laser lines at the Stokes and anti-Stokes frequency. In brief, the fundamental (pump)
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laser line, o1 produces lower energy Stokes-shifted radiation through spontaneous Raman scattering, which involves
Raman mode on, producing radiation at o2 ¼ o1 " on. The highly reflective cavity mirrors allow Stokes photons to travel
the cavity and return to the Raman-active medium where they, in turn, stimulate the emission of more Stokes photons. Just
as in stimulated fluorescence, this generates a coherent and highly directional beam at frequency o2. It is important to note
that unlike normal stimulated emission no energy is stored in electronically excited states. Instead the difference in energy
between the pump and Stokes photons is transferred to the Raman-active material in the form of excited vibrational modes
at frequency on. This follows the usual Raman relation: ħon ¼ ħðo1"o2Þ. Analogous to linear Raman scattering, stim-
ulated anti-Stokes scattering is also observed wherein a beam blue shifted from the fundamental is produced, giving rise to
radiation at o3 ¼ o1 + on [25–27].

Early on the use of SRS diverged into two distinct paths. The first path of research focused on the generation of coherent
radiation,mostwidely in the formofRaman shifters. It was realized that SRS could be produced by placing theRaman-active
material outside of the laser cavity, and in this way, external Raman-based shifters were achieved [28]. These first shifters
used transparent crystals such as diamond and calcite, but use of other materials quickly became commonplace [29–31]. Of
particular importance is the use of SRS to red-shift light in silica fibers by excitation of the Si–O modes around 13 THz
(440 cm"1) [32, 33]. SRS in fibers forms the basis of fiber Raman lasers and broadband Raman amplifiers [34, 35].
Both of these technologies have found major use in the fiber-based telecommunications industry [36, 37]. Research into
Raman shifters and Raman lasers has continued several decades since their invention as a popular source of frequency con-
version. The second path of research aimed to use SRS for studying the spectroscopic properties of materials, which are
discussed next.

FIG. 3.2 Modern diagram of the original ruby laser

Raman oscillator arrangement as used by Woodbury

and Ng. (Reproduced from a diagram in
N. Bloembergen, The stimulated Raman effect, Am.
J. Phys. 35 (11) (1967) 989–1023, https://doi.org/10.
1119/1.1973774. Intense Stokes radiation is produced
from the fluid in the sample cell and from the Raman-
active mode of the nitrobenzene in the Kerr shutter.)

FIG. 3.1 The number of publications per year in the topic
of stimulated Raman scattering and the sum of the total cita-

tions to articles mentioning stimulated Raman scattering per

year. The academic product of stimulated Raman scattering
has grown extensively since the discovery of the technique.
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3.1.2 First wave: Picosecond time-resolved spectroscopy

Early on, many experts were skeptical about the utility of SRS as a spectroscopic tool. Bloembergen stated in a review from
1967 that “The spectroscopic information that may be obtained from the stimulated process is very restricted compared to
the results from spontaneous scattering” [24]. Others realized the implication that coherent radiation implies coherent
molecular motion. Early work focused on studying the dephasing dynamics of the Raman-active modes of various materials
[38–40]. These lines of research were enabled by continually progressing research into lasers themselves as pulses into the
picosecond became available [41, 42]. The short temporal pulse widths of these lasers were shorter than the dephasing times
of Raman lines. As such, molecular vibrations could be coherently prepared in a material and the free induction decay of the
excitation could be measured. Throughout the 1970s, SRS research followed the advances in picosecond laser technology.
Many coherent Raman studies focused on the ground-state vibrations of materials in all three major physical states. The
increasingly shorter pulse widths promised to allow SRS to disentangle the broadening mechanisms behind Raman line
widths [43].

3.1.3 Second wave: Ultrafast and impulsive regimes

During the late 1970s and 1980s, SRS had a limited effect on the field of nonlinear optics and ultrafast spectroscopy. In
many cases, it was experimentally easier to use the anti-Stokes signal at 2o1"o2 or the coherent Stokes signal at 2o2"o1.
Coherent anti-Stokes Raman scattering (CARS) and coherent Stokes Raman scattering (CSRS), both third-order nonlinear
techniques like SRS, overshadowed SRS during this time period.

The resurgence of SRS as a technique coincided with the invention of femtosecond laser sources, operating through
various kinds of mode-locking mechanisms, including Kerr-lens mode locking [44–46]. This timeline of use is shown
graphically in Fig. 3.3. Similar to stimulated Brillouin scattering, femtosecond pulses could be used to impulsively excite
phonons in crystals [47, 48]. Due to the broad spectral profile of these pulses, both the o1 and o2 frequencies could be
achieved in a single pulse and drive the phonon at the Raman frequency, on ¼ o1 " o2 [49].

This new technique was given the name of impulsive stimulated Raman scattering (ISRS) as the temporal width of the
pulses is shorter than the period of the vibrational modes under study. The study of crystalline solids was quickly expanded
to include low-energy modes in liquids as well [50]. Low-energy modes, <200 cm"1, are typically hard to probe with
CARS or CSRS because of the difficulty of spectrally filtering weak Raman-shifted contributions so close to the laser lines.
Thus, SRSwas able to fill a gap in the spectroscopist’s repertoire allowing access to intra- and intermolecular vibrations and
orientational modes of liquids as well as lattice dynamics in solids. Using ISRS, it was possible to resolve the evolution and
dephasing of vibrational motion as a function of time [51]. More information about ISRS is found in Chapter 7.

The advent of ISRS led to a resurgence in the use of SRS for spectroscopy. While early experiments were conducted in
optically transparent solids, ISRS was shown quite capable at studying electronically resonant molecules. With ISRS, the
vibrational modes of excited states can be directly probed, thus offering a coherent view of electronic and vibrational coher-
ences. As discussed elsewhere in this work, electronic resonances enhance the Raman response and boost signal yields. This

FIG. 3.3 Timeline of major developments in SRS technology.
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allows for measurements at very low concentration of the chromophores, down to the mM range. This technique has been
used extensively to study the vibrational dynamics of chromophores in solution [52–54].

Throughout the 1990s and into the early 2000s, the increasing versatility and availability of ultrashort Ti:sapphire lasers
allowed for further advances in SRS techniques. In 2003, McCamant demonstrated what they called femtosecond stimu-
lated Raman spectroscopy (FSRS), named for the time resolution of the measurement [55]. The FSRSwas famously used to
elucidate structural dynamics of biologically important molecules such as b-carotene and retinal [56]. Besides ISRS and
FSRS, the family of vibrational spectroscopy methods that rely on a stimulated Raman transition also contains techniques
such as the time-resolved optical Kerr effect (OKE) [57], used for studying low-energy Raman-active modes, and the
Raman-induced Kerr effect (RIKES) [58], used for interrogating high-energy vibrational modes. Some of the principles
of time-resolved SRS spectroscopy will be discussed in Section 3.2.

3.1.4 Third wave: Diffraction-limited microscopy

Maturation of the laser technologies in the late 20th century led to great increases in the sensitivity of SRS measurements.
By combining these with various modulation techniques and lock-in-based detection, SRSmeasurements have been pushed
to the point where the signal is limited only by laser shot noise, as discussed in Chapter 2. This directly translates into
measurements of small volumes and lower concentrations.

Gains in sensitivity enabled the use of higher numerical aperture lenses and, eventually, microscopic imaging [59, 60].
Previous SRS techniques were performed in samples with an interaction distance on the order of several millimeters by
focusing with a long focal length lens. With a high-NA lens, the focal length becomes on the order of a micrometer and the
focal volume that of a femtoliter (fL). CARS was the first demonstration of a coherent Raman scattering process in a fL
volume, performed in 1999 by Zumbusch [61]. CARS turned out to be the proving ground for coherent Raman micros-
copies, and is itself a widely used technique, as underlined by the release of commercial CARS microscopes [62–65].

Converting SRS for the purpose of microscopy proved to be a more difficult task than that of CARS. Unlike a spec-
troscopy experiment where the larger volumes would permit spatial separation of the input beams, high-NA conditions
utilize a collinear excitation. An early implementation of the SRS principle with collinear excitation in an optical micro-
scope came in 2001 in the form of optical Kerr effect spectroscopy. In this implementation of ISRS, low-energy librational
Raman modes of water in cells were excited and probed in a time-resolved fashion [66], as shown in Fig. 3.4. The first
demonstration of SRS as a contrast mechanism for imaging followed several years later, in the form of broadband SRL
and SRG using a white light probe pulse and a modulated, spectrally narrow pump pulse [59]. In the configuration as used
by Freudiger et al., two input beams at frequencies op and os and picosecond pulsewidth are tuned to match a vibrational
mode of interest in the sample [60]. The first application of picosecond SRSmicroscopy to biological systems is reproduced
in Fig. 3.5. However, in all these cases, the SRS signal cannot be spectrally isolated from the input beams. This necessitates
the use of modulation techniques, wherein a modulation applied to one beam is transferred onto the SRS signal imprinted
onto the other beam. One enabling factor for SRS microscopy was selecting a modulation frequency that is high enough
such that the 1/f noise from the laser is minimized, resulting in modulation frequencies of>1 MHz [67]. Using variations on
these techniques, concentrations as low as 100mM have been demonstrated [68, 69].

(A) (B)

FIG. 3.4 Stimulated Raman scattering microspectroscopy with a high numerical aperture objective. (A) Optical Kerr effect signal of a 1 mm diameter

glass bead as it is scanned through focus. Inset shows a Jablonski diagramwith the femtosecond pump (red) and probe (orange) field interactions indicated.
(B) Impulsive optical Kerr effect microspectroscopy of water inside a live cell (black curve). A fit reveals a structural relaxation time of 1.35 ps for cell

water (upper fit line) and a relaxation time of 0.79 ps for water of the growth medium (lower fit line). (Adapted with permission from E.O. Potma, W.P. de
Boeij, D.A. Wiersma, Femtosecond dynamics of intracellular water probed with nonlinear optical Kerr effect microspectroscopy, Biophys. J. 80 (6) (2001)
3019–3024, https://doi.org/10.1016/s0006-3495(01)76267-4.)
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While these advances in sensitivity are already commendable, the resulting molecular concentration limit is still higher
than the intracellular concentration of many small metabolites, with concentrations in the mM range being typical. In
addition, Raman scattering cross sections of the vibrational modes of biomolecular molecules are inherently low (in
the 10"28–10"32 cm2/sr range). Several groups have turned to developing other ways of boosting the SRS signal. Of par-
ticular note is the use of electronic resonance conditions similar to that of resonant ISRS [70]. It is well known that the SRS
signal can be greatly enhanced by tuning the frequency of the incident radiation to be near or at an electronic transition. By
exploiting the electronic resonance, imaging of molecules at sub-mM concentrations has been reported [71–73].

Some of the underlying principles in SRS microscopy and its applications will be further discussed in Section 3.3.

3.1.5 Fourth wave: Nanoscale and single-molecule spectroscopy

Inspired by the successes of nanoscale spectroscopy and single-molecule spectroscopy techniques, the last decade has seen
a growing effort by the SRS community to push the sensitivity of the technique to the nanoscale. At the nanometer level, the
number of molecules is necessarily smaller, and this, in turn, affects the detectability of the signal. The Raman effect alone
is too weak to allow for measurements at this level, and the effect of stimulating the Raman transition, which effectively
increases the detected signal by 105"106 times, remains insufficient to enable the observation of molecules at this scale.
Additional mechanisms are needed to boost the signal, and some of these mechanisms are discussed in Section 3.4.

Among the developments that pushed the SRS technology to the nanoscale, and, by extension, to the single-molecule
limit, is the technique of using surface plasmons to enhance the Raman response. The fields of surface and cavity-enhanced
Raman spectroscopy are well established in their own right [74–76]. Following much the same evolution from Raman to
SRS, surface-enhanced Raman scattering (SERS) has been translated into the surface-enhanced stimulated Raman scat-
tering (SE-SRS) family of techniques. While much of the advances in SE-SRS occurred in the 21st century, it was first
proposed and demonstrated in 1979 at the Bell Labs [77, 78]. These techniques have been used to probe a variety of sci-
entific problems, including the promise of creating “molecular movies” of targets in plasmonic cavities at the ultrashort
timescales [79]. This technique also shows promise in studying plasmonic catalysis, for detection of small drug compounds,
and of plasmonic processes in nanoaggregates. The process can also be utilized in a variation of tip-enhanced Raman spec-
troscopy [80]. However, these advances did not come without challenges. The high peak intensities inherent in surface-
enhanced picosecond and femtosecond spectroscopies have been shown to be on the order of 1 V/nm; a regime where
chemical changes in the molecules of interest may be induced by the applied fields themselves.

3.1.6 Toward SRS nanoscopy

As can be imagined, the Raman imaging community, spurred on by super-resolution techniques in other imaging fields
[81], is pushing the limits of what SRS can do with the ultimate goal of developing a nanoscopy technique with single-
molecule detection capabilities. This is an emerging field, and as such, much of its history is yet to be written. We will
provide a brief overview of major trends here, while more details can be found in Chapter 11, which is dedicated to
super-resolution SRS microscopy.

Early work toward this goal appears in theory by 2014 with a method similar to that of stimulated emission depletion
microscopy (STED) [82]. Under this proposed scheme, an additional third pulse would be utilized in the form of a
doughnut-shaped Stokes beam to saturate the SRS signal at and around the perimeter of the pump beam [83, 84]. In

FIG. 3.5 SRS is shown to be a powerful tool to image
lipid distribution for cell cultures and tissues in the first

biological SRS microscopy report. Here, Omega-3

fatty acid uptake is monitored in A549 human lung
cancer cells. (A) SRL image taken at 2920 cm"1.

(B) SRL image of the same cell taken at 3015 cm"1

which is indicative of unsaturated fatty acids. (Repro-
duced with permission from C.W. Freudiger, W. Min,
B.G. Saar, S. Lu, G.R. Holtom, C. He, J.C. Tsai, J.X.
Kang, X.S. Xie, Label-free biomedical imaging with
high sensitivity by stimulated Raman scattering
microscopy, Science 322 (5909) (2008) 1857–1861,
https://doi.org/10.1126/science.1165758. Copyright
2008 American Association for the Advancement of
Science.)
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2015, work by Silva and colleagues demonstrated that using a STED-like approach can yield subdiffraction-level resolution
[85]. In this technique, the added toroidal pulse depletes vibrational coherences in the molecules of interest by driving
population away from the ground state into the vibrationally excited state, thus reducing the normal SRS signal through
ground-state depletion. This effectively eliminates SRS signal generation in the overlap of the SRS coherence and the
depletion beam through the process of Raman saturation. However, the low repetition rate of their laser makes this approach
impractical for biological imaging. The same strategy was expanded on by Graefe et al., who demonstrated subdiffraction-
limited SRS imaging with a MHz laser, which brings this technique closer to applicability in biological imaging [86].
Though it should be noted that a demonstration on a biological sample was not provided in that work. Another way to
achieve the higher resolution afforded by Raman saturation is to use a special modulation/demodulation scheme that is
sensitive to the nonlinear dependence of the saturation process [87]. In this fashion, no extra doughnut-shaped beam is
needed, thereby significantly simplifying the experiment. This method has been used to visualize biological cells with
subdiffraction-limited resolution. Among other recent efforts to improve the resolution in SRS comes a surprisingly simple
solution: use shorter wavelength pump and Stokes beams and a very high-NA objective lens. Following this recipe, images
of cultured cells were obtained with a lateral resolution of 113 nm [88], as highlighted in Fig. 3.6. A possible downside of
this method is the increased probability of photo-bleaching and possible photo-damaging due to the use of pulsed visible
light beams.

These advances demonstrate the rapid progress being made toward a true label-free vibrational nanoscopy. However,
many challenges remain to demonstrate a technique fully capable of generating such visually stunning images like those
currently available with fluorescence-based super-resolution techniques.

3.2 Probing molecules with SRS spectroscopy

Readers of this book with a primary interest in imaging and microscopy may be unfamiliar with the principles of SRS
spectroscopy, the technology on which the imaging version of the SRS technique is based. In SRS spectroscopy, the
emphasis is on the spectroscopic properties and physical interactions of molecules. Sample volumes in SRS spectroscopy
are often in the 10 mL–1 mL range, much larger than the %fL volumes typical for SRS microscopy. As highlighted in the
earlier sections, the spectroscopy version of SRS dates back to the 1960s, the decade in which the laser was developed.With
the subsequent availability of shorter laser pulses, the SRS techniques were used predominantly to offer a time-domain
version of the spectra collected with spontaneous Raman scattering. The development of the ISRS technique, in particular,
made it possible to follow the evolution of vibrational coherences of solids and liquids on the femto and picosecond time-
scales, prompting numerous research activities. In the following, we will discuss some of the properties of SRS spec-
troscopy, with an emphasis on the time-domain version of the technique.

(A) (B)

(C)

FIG. 3.6 High-resolution SRS imaging using visible pump
and Stokes beams. (A) Energy-level diagram of SRS with

near-infrared excitation beams, shown on the left, and

visible excitation beams on the right. The near-resonant con-
dition provides an additional boost to the signal. (B) Cross

section of the SRS signal from a 60-nm polystyrene bead,

showing a full width half maximum (FWHM) of 113 nm.

(C) High-resolution SRS image of a cell taken with visible
excitation beams. Images were obtained with a NA ¼ 1.49

oil immersion objective lens. (Adapted with permission from
Y. Bi, C. Yang, Y. Chen, Y. Chen, S. Yan, G. Yang, Y. Wu,
G. Zhang, P. Wang, Near-resonance enhanced label-free
stimulated Raman scattering microscopy with spatial reso-
lution near 130 nm, Light Sci. Appl. 7 (2018) 81, https://
doi.org/10.1038/s41377-018-0082-1.)

46 Stimulated Raman scattering microscopy

https://doi.org/10.1038/s41377-018-0082-1
https://doi.org/10.1038/s41377-018-0082-1


3.2.1 SRS spectroscopy in the time domain

The spectra acquired in spontaneous Raman spectroscopy contain a lot of information. Besides the spectral positions and
relative intensities of the Raman lines, the spectra also hold information about the dynamics of the induced Raman polar-
ization. The longer the polarization is able to retain its induced oscillatory motion, the narrower the Raman spectral profile.
Vice versa, shorter-lived Raman polarizations give rise to broader linewidths. The frequency and time domain are related to
one another by a Fourier transformation. However, while the frequency-domain reports on the overall timescales on which
the Raman polarization unfolds, it does not provide a time consecutive picture of the evolution of the vibrational motion. In
the time domain, on the other hand, the vibrational dynamics are resolved directly as function of time, revealing the actual
chronology of the vibrational movements involved. The ability to “see” the motion of chemical bond vibrations is rather
compelling, and it has led to the development of a broad arsenal of time-resolved SRS techniques.

To describe the SRS experiments in the time domain, it is helpful to invoke the quantum mechanical picture of the
material states while the light fields are treated classically [89]. In general, we may write the eigenstates of the molecular
system as nj i. A useful tool in describing evolution of the system as it interacts with the incident fields is found in the so-
called density matrix operator. It is defined as

r̂ðtÞ≡
X

nm

rnmðtÞ nj i mh j (3.1)

The diagonal elements of the density matrix operator, rnn, give the probability that the molecule is in state nj i, whereas the
off-diagonal elements describe the system as it is in a coherent superposition of states nj i and mj i. The operator nj i mh j is
called a coherence when n 6¼m, and rnm(t) gives the time-dependent amplitude of this coherence. When n¼m, the operator
nj i nh j is referred to as the system’s population of state nj i. In this case, the system is not in a superposition of states, but
resides in a well-defined eigenstate. It is the evolution of r̂ðtÞ that we are interested in, as it conveniently describes the light-
induced couplings between the material’s states and the subsequent dynamics that follows.

To follow the evolution of the system, it is convenient to consider the four-level system sketched in Fig. 3.7A. Here, the
ground state is indicated as aj i, the first vibrationally excited state as bj i, and two virtual states as nj i and n

0!! "
. Note that the

virtual states are not eigenstates of the material and thus the system cannot evolve in such states any longer than dictated by
the time uncertainty in the experiment. In the semiclassical description of SRS, the material is subjected to three interactions
with incoming fields. Before any field interactions, the system is in the ground-state population, expressed by the operator
aj i ah j. Each field interaction can change the bra or the ket of the density matrix operator.

In the time-domain SRS experiment, the first two field interactions are with a pump and probe field, indicated by E1 and
E2, respectively, in Fig. 3.7A. These two field interactions can manipulate r̂ in many ways, but here we will focus on a
particular manipulation, or pathway, that forms a dominant contribution to the SRS signal. This pathway is represented in
terms of a double-sided Feynman diagram in Fig. 3.7B, which is read from bottom to top. Starting in population aj i ah j, both
the pump (o1) and the Stokes ("o2) interact on the bra side, producing the coherence aj i bh j. After the preparation step, the
system will evolve in this superposition of two vibrational states (Raman coherence) during time τ as the molecule interacts
with its surroundings. Two important effects can alter the amplitude of the coherence. First, the vibrational lifetime of bj i
limits the time the superposition of states can be maintained, resulting in a decaying coherence with a rate of gbb. Second,
because each molecule is affected by its immediate surroundings differently, the phase evolution of the superposition of
states in one molecule will differ from that of another molecule. This implies that the amplitude of the total Raman
coherence in the sample will decrease as individual components run out of phase. This effect is known as pure dephasing
of the coherence of the molecular ensemble, and characterized by the dephasing rate ĝab. The joint effect of vibrational
lifetime and intermolecular dephasing gives rise to an overall decay rate gab ¼ gbb=2 + ĝab for the Raman coherence. Here,

(A) (B)

FIG. 3.7 (A) Energy level diagramwith four material states, and four field interactions. (B) Double-sided Feynman diagram of one of the contributions to

the SRS signal. Time τ indicates the time delay between the preparation and probing step in the time-resolved SRS process.
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the gbb is divided by 2 because the populated decay rate is defined through the modulus square of the density matrix
amplitude as je"gbbt=2j2 ¼ e"gbbt.

After an evolution period τ, the system is probed by a third field interaction, here with the pump field o1 that interacts
from the left with the ket, as shown in Fig. 3.7B. During this interaction time, the system radiates a photon ato2, upon which
the material is left in the population bj i bh j. The end result is that the system is in a higher-energy state because of the Raman
interaction. The radiation probability of the o2 photon in the probing step is related to the amplitude of the density matrix
operator after three incident field interactions. Computationally, the density matrix can be determined using third-order
perturbation theory, yielding r̂ð3ÞðtÞ, which in turn can be used to calculate the third-order polarization in the material:

Pð3ÞðtÞ¼N tr m̂r̂ð3ÞðtÞ
# $

(3.2)

where N is the number density of molecules, m̂ is the dipole operator, and the tr symbol indicates the trace over the matrix
elements of the operator product between the brackets. This procedure thus gives access to the temporal evolution of P(3)(t),
which is the key quantity measured in time-resolved SRS experiments. In general, the detected SRS signal S in the
(broadband) detection channel (o) can be written as [90]

Sðoi, tÞ¼
nðoiÞc
4p

Re EsðtÞ &E'
i ðtÞ

% &
(3.3)

where i¼ 1, 2 for the pump and Stokes detection channels, respectively, and the signal field is written as Es. Assuming far-
field detection of a plane wave, the signal field is proportional to the nonlinear polarization, that is, Es ∝ iP(3), and the
detected signal can be written as

Sðoi, tÞ∝ " Im Pð3ÞðtÞ &E'
i ðtÞ

% &
(3.4)

In case the dynamics of P(3)(t) are followed as a function of the time delay between the preparation step and the probing
step, then the amplitude of the polarization can be monitored as a function of τ. The measured quantity, P(3)(τ), contains all
the information about the frequencies of the driven vibrational modes as well as the dephasing parameters of all excited
Raman lines. Note that the far-field SRS signal is sensitive to the imaginary part of the material polarization. Physically, the
imaginary part of the material response is related to the exchange of energy between the material and the light fields. From
this notion, it can be understood that the SRS signal is directly proportional to the energy gained by the material or, vice
versa, the energy lost by the (combined) light fields.

3.2.2 Features of time-domain SRS

The characteristics of the time profile of the measured third-order polarization is dependent on the way that the experiment
is conducted. In particular, different features can be observed as the bandwidth of the pump and Stokes pulses are changed.
Typical features of the time-resolved SRS signal are shown in Fig. 3.8. In the column on the left-hand side, the real and
imaginary parts of the Raman polarization are shown in the frequency domain. The gray-shaded area indicates the con-
volved width of the femtosecond pump (o1) and Stokes (o2) pulse pair. In panel (A), a high-frequency Raman mode
at on ¼ 1000 cm"1 is driven by the frequency difference (o1 " o2) of the pump and Stokes pulse pair. The spectral width
of the effective driving frequency o1 " o2 is sufficient to cover the width of the Raman line, but insufficient to cover
multiple lines. When another pump/Stokes pulse pair of similar duration is used to probe the induced polarization as a
function of τ, the profile in panel (B) is observed. The frequency domain and the time domain are related by a Fourier
transformation, and thus the exponential decay of the polarization directly corresponds to the linewidth of the excited mode.

In panel (C), the width of the o1 " o2 driving frequency is broad enough to coherently excite two nearby Raman lines.
Now the induced polarization oscillates at two frequencies, which coherently beat against one another. These quantum
beats are directly visible in the time-resolved SRS trace. The periodicity of the quantum beat is inversely related to the
spectral difference between the two lines, whereas the linewidth of the individual bands is reflected in the overall decay
of the time-dependent profile.

In Fig. 3.8E, the system is not driven by two spectrally separated pump and Stokes pulses, but rather by a single broad-
bandwidth femtosecond pulse. This single pulse is broad enough to provide both the pump and Stokes frequencies for
driving a low-frequency mode, shown here ato1"o2% 100 cm"1. In the spectral domain, the pulse covers all frequencies
from zero to well beyond the mode of 100 cm"1, which in the time domain corresponds to a pulse duration much shorter
than the periodicity of the molecular vibration. The mode is now excited impulsively. Panel (F) depicts the time profile as
the polarization is probed with the probe pulse of similar duration, revealing oscillations that now directly track the motion

48 Stimulated Raman scattering microscopy



of the molecular vibration. Finally, in panel (G), the single preparation pulse coherently excites two low-frequency Raman
modes, resulting in the time profile of panel (H). In the latter case, the time trace exhibits oscillations of the individual
modes as well as quantum beats between the modes.

If the driven vibrational modes are those of the ground-state potential, then the information in the time-resolved SRS
signal is directly related to that of the Raman spectrum. In this case, the time profiles can be obtained by a simple Fourier
transformation of the spontaneous Raman spectrum and no new insights are to be gleaned from the time-resolved SRS
measurements. This is an important realization, as there is, in principle, no reason to perform a much more complicated
ground-state SRS experiment in the time domain when a simple spectral Raman measurement suffices. In many ways,
earlier picosecond and femtosecond time-resolved SRS studies of ground-state vibrations, while technically important
advances, have added very few new fundamental insights into the dynamics of molecules. Nonetheless, time-resolved
impulsive SRS remains as an important approach for detecting low-frequency modes that are difficult to detect in the fre-
quency domain because of their proximity to the Rayleigh line. This higher sensitivity to low-frequency modes has recently
been exploited in microscopy as well, in the form of impulsive SRS microscopy, which is the topic of Chapter 7.

The information content offered through either time- or frequency-resolved Raman experiments is no longer strictly
identical, however, when the molecule is excited first to an electronically excited state, and then allowed to evolve on
the excited-state potential while the SRS process is used to probe vibrational motions. This scenario is relevant to a wide
variety of photochemical processes. A frequency-domain measurement is unable to resolve the time consecutive steps of
the wave packet dynamics, and a time-resolved measurement is the only way to fully appreciate the dynamics on the
excited-state potential. An important form of SRS spectroscopy in the latter category of experiments is called femtosecond
stimulated Raman scattering (FSRS), to which we will turn next.

3.2.3 Femtosecond stimulated Raman scattering (FSRS)

The FSRS approach follows a specific scheme that proved to be very favorable for studying molecular conformational
dynamics after a photoinduced excitation. This situation is relevant to chromophores with electronic resonances in the
visible range of the spectrum that undergo dynamic changes upon photoexcitation. Examples include photoisomerization
reactions, internal conversion dynamics, and excited-state electron and proton transfer processes.

The FSRS technique involves the excitation of the target molecule by a short actinic pump pulse, which prepares a wave
packet on the excited-state potential, shown in Fig. 3.9A. The actinic pulse is typically a short femtosecond pulse, which
plays an important part in defining the temporal resolution of the experiment. The vibrational modes in the excited state are
then probed through an SRS process as the wave packet evolves on the excited-state potential. The SRS process is achieved
through a combination of a spectrally narrow Raman pump pulse and a spectrally broad probe pulse. This is a common

FIG. 3.8 Simulated frequency (A, C, E, F) and time (B, D, F, H)
dependence of the third-order polarizationP(3) as probed under dif-

ferent experimental conditions. (A) Amplitude of the real (blue)
and imaginary (red) part of the nonlinear polarization due to the
presence of a single high-frequency Raman resonance. The Raman

coherence is driven by the pump (o1) and Stokes (o2) fields at

(o1 " o2). Gray region indicates the spectral profile of the

effective driving field (o1 " o2). (B) Amplitude of P(3) as a
function of time delay τ, corresponding to the situation in (A).

(C) Driving two high-frequency Raman resonances with two

broadband laser fields in the spectral domain and in the (D) time

domain. (E) Driving one low-frequency Raman resonance with
one broadband laser field in the spectral domain and in the

(F) time domain. (G) Driving two low-frequency Raman reso-

nances with one broadband laser field in the spectral domain
and in the (H) time domain. (Reprinted with permission from
R.C. Prince, R.R. Frontiera, E.O. Potma, Stimulated Raman scat-
tering: from Bulk to Nano, Chem. Rev. 117 (7) (2017) 5070–5094,
https://doi.org/10.1021/acs.chemrev.6b00545. Copyright 2017
American Chemical Society.)
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scheme for acquiring SRS spectra, as the spectral resolution Dn is determined by the narrow Raman pump pulse, which
imprints narrow SRL and SRG features onto the broadband probe, as well as the resolution of the spectrometer that is used
to collect the spectra. In the time domain, the Raman pump pulse duration is in the picosecond range, while the probe pulse
is in the sub-100 fs range. Time delaying the probe pulse relative to the actinic pulse will allow the collection of SRS spectra
at different time points as determined by the time delay τ of the actinic pulse and the probe pulse, both of which are in the
femtosecond range. The cross correlation between these short pulses sets the time resolution Dt along the τ-axis. The long
picosecond pulse envelope of the Raman pump is virtually flat over the examined time delay and is thought not to limit the
time resolution of the experiment. In this fashion, vibrational spectra with a spectral resolution of Dn% 10 cm"1 have been
recorded with a temporal resolution of Dt % 100 fs as the photo-physical process on the excited-state potential unfolds.

The principle of FSRS was first developed in 1994 [91]. Subsequent improvements showed the utility of the approach
for following the photoisomerization of a dye molecule, the conformational dynamics of b-carotene, and the isomerization
of retinal chromophores [55, 92]. Ever since the early 2000s, the FSRS technique has been applied to numerous other
molecular systems [56, 93]. An example of the power of FSRS is shown in Fig. 3.9B for the case of 11-cis retinal in rho-
dopsin, a study that uncovered the primary structural changes of the chromophore responsible for vision.

As can be seen in Fig. 3.9B, the vibrational features of the FSRS Raman gain spectra display changes on the <100 fs
timescale, suggesting that simultaneous high Dt and Dn can be achieved. This is remarkable, as the time-bandwidth product
DtDn in a typical optical experiment is constrained by the Fourier relationship between the conjugated variables of time and
frequency. For instance, for optical experiments conducted with Gaussian pulses, the time-bandwidth product is found as
DtDn ( 15 ps/cm. In FSRS, time-bandwidth products of 1 ps/cm or lower have been reported [94], raising questions about
violation of the fundamental uncertainty between time and frequency. The argument that the delay time τ and the spectral
resolution on the spectrometer are independently controllable parameters, and thus not Fourier conjugates, seeks to dispel
such concerns.

However, others have pointed out that it is not the system’s evolution along the τ dimension that is of direct relevance to
the time-bandwidth product of the vibrational lines, but rather the time evolution of the system during the generation of the
stimulated Raman gain photons [95]. For these photons to acquire a narrow spectral width of 10 cm"1, the light-matter
interaction must have a duration of%1.5 ps for this spectral content to develop. During this interaction time with the Raman
pump and probe pulses, the wave packet would sample different parts of the excited-state potential. In this scenario,
dynamics can still be observed on shorter timescales, but the vibrational part of the time-dependent polarization needs
a longer time to develop its signatures and, thus, cannot be resolved with the same Dt as the electronic contributions to
the polarization. Despite these concerns, theoretical methods have been developed that promise to retrieve the dynamic
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FIG. 3.9 (A) The FSRS excitation scheme where a fs
actinic pulse prepares a wave packet on the excited state,

which is subsequently examined by SRS spectroscopy as

it evolves on the potential surface. Inset shows the time
domain picture. (B) Application of FSRS to the photoi-

somerization of 11-cis retinal in rhodopsin to the all-

trans bathorhodopsin photoproduct. Time-resolved

FSRS spectra are shown for different delay times τ
between the actinic pulse and the SRS pump pulse. Res-

onance Raman spectra of ground-state rhodopsin (Rho)

and the trapped bathorhodopsin (Batho) product are

included for comparison. (Adapted with permission from
P. Kukura, D.W. McCamant, S. Yoon, D.B. Wandsch-
neider, R.A. Mathies, Structural observation of the
primary isomerization in vision with femtosecond-
stimulated Raman, Science 310 (5750) (2005)
1006–1009, https://doi.org/10.1126/science.1118379.)
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peak frequencies of the relevant Raman modes from the FSRS spectra on a timescale much faster than the time needed to
develop a narrow line [96].

3.3 Probing smaller samples: The transition to microscopy

As alluded to in Section 3.1, the use of SRS as a contrast mechanism for microscopy has been a fruitful area of scientific
research and engineering over the last two decades. Getting to that point, however, required significant work in the realm of
spectroscopy, and several important realizations and considerations about the spatial nature of light propagating in smaller
and smaller interaction volumes.

3.3.1 Shrinking the probing volume

As discussed in Section 3.2, the experimental configuration for SRS changes quite dramatically when moving from a
typical SRS spectroscopy experiment to an SRS measurement in an optical microscope. One of the most striking and
important differences that occur between these configurations is the size and form of the probing volume. In a typical ISRS
experiment, the pump and probe beams are incident on the sample at different angles, forming an overlap region that con-
stitutes the interaction volume. Typically, the interaction length is on the order of 0.1–10 mm. The interaction volume is
orders of magnitude larger than the optical wavelength, and the nonlinear polarization radiates a signal in a well-defined,
phase-matched direction. The issue of phase matching is important in both SRS spectroscopy of bulk samples as well as in
SRS microscopy, albeit in different ways.

Spatial phase matching is an important consideration for all coherent nonlinear optical experiments. In SRS, phase
matching describes the process of matching the spatial phase of the induced polarization P(3) to that of the propagating
signal beam. Each field oi involved in the SRS interaction is described with a spatial phase fj ¼ kj&L, where kj is the
associated wavevector and L is the vector describing the propagation distance inside the interaction volume. The three
incident fields that drive P(3) assign a spatial phase to the induced polarization. In SRL, the nonlinear polarization is driven
by the effective driving field E1ðrÞE'

2ðrÞE2ðrÞ, whereas in SRG the effective driving field is E2ðrÞE'
1ðrÞE1ðrÞ, resulting in

the following spatial phases:

fSRL ¼ ðk1"k2 + k2Þ &L (3.5)

fSRG ¼ ðk2"k1 + k1Þ &L (3.6)

The spatial phase of the nonlinear polarization needs to match that of a propagating beam at the signal frequency, which in
the case of SRS corresponds to the phase of the (forward propagating) probe beams. For SRL, the phase required to generate
a propagating beam ato1 is fo1

¼ k1 &L, and for SRG the required phase is fo2
¼ k2 &L. The phase difference DF between

the induced polarization and the probe field is then given as

DFSRL ¼fSRL"fo1
¼ðk1"k2 + k2"k1Þ &L¼Dk &L (3.7)

DFSRG ¼fSRG"fo2
¼ðk2"k1 + k1"k2Þ &L¼Dk &L (3.8)

In Eqs. (3.7), (3.8), Dk is defined as the wavevector mismatch. In general, if DF > p, the radiation originating from the
induced polarization cannot propagate into the far field. It is serendipitous that for both SRG and SRL experiments Dk¼ 0
and consequently DF ¼ 0. In other words, there is no phase mismatch between the induced polarization and a propagating
signal field. The signal is said to be phase matched in the forward propagation direction of ki. For homogeneous bulk
samples, L is very long compared to an optical wavelength, so Dk ( 0 is a crucial condition. Importantly, in the backward
direction, the wavevector of the propagating signal field is"ki, and it can be seen that Dk 6¼0 for both SRG and SRL. Con-
sequently, even for small L the total phase difference DF easily surpasses p, resulting in a complete phase mismatch and
thus no signal in the backward direction.

3.3.2 Phase matching in coherent Raman microscopy

While the previous section focuses on the wavevector mismatch, Dk, the full equation for the phase difference, DF ¼
Dk &L < p, leaves open the possibility of experimental conditions where the earlier criterion can be satisfied even if
the wavevector mismatch is nonzero. This becomes highly relevant in the case of microscopic probing volumes. In a typical
SRS microscopy setup, the pump and Stokes beams propagate collinearly and are not spatially separated. As stated earlier,

Stimulated Raman scattering: Ensembles to single molecules Chapter 3 51



in the forward direction Dk¼ 0, yet in the backward direction Dk≫ 0 and we might expect an absence of detectable signal
on an epi-direction detector. However, the beams are focused by an objective lens to a very small focal volume. For a high
numerical aperture objective, L % 1 mm, on the order of an optical wavelength. If the focal volume contains very small
objects, then the interaction distance L can be very small such that the condition Dk &L < p is met for backward-radiated
fields [97, 98]. Hence, unlike in SRS spectroscopy of bulk samples, in SRS microscopy situations exist where phase-
matched signal can be detected in the epi-direction as well.

Another difference between regular SRS spectroscopy and SRS microscopy is how the signal is modeled. In SRS spec-
troscopy, the propagating fields are assumed to be plane waves and the signal is commonly described by the one-
dimensional (1D) nonlinear wave equation. This approximation is no longer valid when describing the signal in SRS
microscopy. The wave front passing through the objective lens spans a wide distribution of propagation angles, which
are needed to form a tightly focused interaction volume. This negates the use of the 1Dwave equation as a tool for modeling
signal generation. In addition, a collimated beam with a linear transverse polarization will be transformed by the focusing
lens to produce a focal field with nonnegligible polarization components along both the transverse and longitudinal dimen-
sions [99]. To further complicate the matter, the Gouy phase shift becomes manifest over a distance similar to an optical
wavelength under microscopic focusing. These distinctions from macroscopic SRS have led to the development of a dif-
ferent class of models to describe the generation and propagation of the SRS signal from microscopic volumes. A more
intuitive approach is to model the sample as an ensemble of dipole emitters driven nonlinearly by the excitation fields. The
radiation generated by the dipoles can be collected in the far field, and the magnitude and direction of the signal computed
as a function of particle size, shape, position, and other material properties [90, 98].

3.3.3 Instrumentation for SRS microscopy

Despite the difficulty in modeling, SRS experiments at the microscopic level have proven to be feasible and practical. The
field of SRS microscopy is flourishing especially in its use to image and study biological samples. The traditional appeal of
the technique is its ability to generate label-free, chemically specific samples. Experiments are often conducted with near-
infrared beams, such that sample heating and photodamage is generally not a concern. As amultifaceted tool, it is capable of
imaging tissues, cell cultures in both monolayer and three-dimensional (3D) form, and molecular distribution inside single
cells. In this section, we examine the common instrumentation builds utilized in SRS microscopy (Fig. 3.10).

SRS systems and experiments can be divided into two broad categories based on the laser being used: (1) broadband
techniques, using a femtosecond laser, or (2) narrowband techniques, which typically make use of a picosecond laser. In an
SRS experiment, the two light fields, pumpo1 and Stokeso2, must be supplied in a synchronized manner. This can take the
form of two synchronized lasers, a laser and an optical parametric oscillator (OPO), or a single laser whose output is split
and modified in some way.

The major difference between broadband SRS and narrowband SRS is in how the conditionon¼o1"o2 is fulfilled. In
SRS microscopy, the Raman-active mode, on, is the source of contrast. In narrowband, or frequency-tuned, SRS

Dual beam laser sourceOptical modulator 

Delay stage 

Scanhead 

High-NA objective 

Photodiode 

Dichroic 

FIG. 3.10 A typical SRS setup with two synchro-

nized beams. During the SRS process, the modulation

applied to one beam is transferred to the other. The

signal can then be demodulated with a lock-in
detector.
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experiments, a picosecond light source with a repetition rate near 80 MHz is commonly used. The light source is coupled
with an OPO, which allows one of the two beams to be tuned such thaton can be selected. The other beam may be provided
by a second laser output, through residual OPO-pump light, or from the idler beam of the OPO depending on the specifics of
the setup. After one of the beams is modulated—pump for SRG, Stokes for SRL—the beams are spatially and temporally
overlapped. The overlapped beams are raster scanned through a high-NA objective incident onto the sample. From there,
the output beams are spectrally filtered to remove the originally modulated beam, and the one carrying the SRS signal is
detected. In this setup, the choice of the variable wavelength beam is the determining factor in what Raman mode is probed.
The narrow spectral bandwidth of picosecond pulses gives rise to the ability to be highly selective of which mode is probed.
For hyperspectral imaging, multiple images—each at a different wavelength—are acquired and analyzed. The downside of
this method is that spectrally tuning is generally a slow procedure, so obtaining a relatively wide spectrum of images is time
consuming. In addition, the relatively low peak power of picosecond pulses compared to femtosecond pulses reduces the
overall signal.

For broadband SRS microscopy, the technique can be further separated into two distinct methodologies: shaping tech-
niques and the multiplex techniques [100, 101]. Two different but similar approaches are used to shape pulses for SRS
microscopy, namely pulse shaping and spectral focusing. In both techniques, the output of a femtosecond laser is shaped
to improve the spectral resolution of the experiment. In the pulse shaping technique, a 4-f pulse shaper, consisting of a
grating and a motorized slit or spatial light modulator, is employed to spectrally shape either the Stokes or pump beams,
or both. In one implementation, a pulse shaper picks a color out of a broadband femtosecond pulse. By holding one line at a
constant wavelength, the other can be quickly scanned to allow for rapid spectral imaging. Nonetheless, this method pre-
sents some difficulties, as it adds complexity to the setup and requires high-output power from the laser source as only a
small percentage of the total light in each pulse makes it to the sample. More information on pulse shaping in SRS
microscopy can be found in Chapter 9. In the spectral focusing technique, adequate spectral resolution is created by pos-
itively chirping both the pump and Stokes beam. This creates a quasilinear distribution of frequencies as a function of time.
By scanning the time delay of one beam relative to the other, the difference frequency for driving a specific Raman mode is
selected. This method is easier to implement than pulse shaping; however, the spectral resolution is relatively low,
%20 cm"1 in practical applications.

In multiplex SRS microscopy, a combination of broadband and narrowband pulses is used. The combination of the two
pulses excites multiple Raman modes simultaneously. This idea is similar to what is used in SRS spectroscopy. However,
whereas in spectroscopy applications, a spectrometer is used for resolving the spectral components, such an approach is too
slow for signal collection in microscopy. For this purpose, alternative detection strategies have been developed. In one such
scheme, the pump beam is spectrally dispersed and the various wavelengths are amplitude modulated at distinct fre-
quencies. The beam is recombined and overlapped with a narrowband Stokes beam. After interaction with the sample,
the SRS signal is encoded onto the Stokes with distinct frequency components. The signal is recorded by a single photo-
diode in the time domain. A Fourier transform of each pixel will then give rise to the SRS spectrum [102–104]. Many other
strategies exist for capturing the SRS spectrum. One implementation involves spectrally dispersing the detected beam onto
a photodiode array with either tuned or resonant amplifiers or multichannel lock-in detectors for demodulation of each
spectral component [105–109].

3.3.4 Applications of SRS microscopy

The broad array of instrumentation types as well as abilities conferred by the nature of nonlinear microscopy allow SRS to
be deployed to a wide array of use cases. While we attempt to highlight these cases here, the reader is also referred to
Chapters 27–35 of this book as well as a number of review articles on the subject of SRS microscopy [100, 110–113]. With
an axial resolution of approximately 1 mm, SRS offers excellent optical slicing capabilities for 3D imaging. For certain
cases, the signal generation efficiency is high enough to enable video-rate imaging in biological samples [114]. This cor-
responds to a frame rate of 30 frames per second and a pixel dwell time around 100 ns. Like other microscopy techniques,
multiple SRS images can be combined and overlapped to produce mosaics of tissue samples several centimeters in diameter
[115, 116]. Some examples of the myriad uses of SRS microscopy are shown in Fig. 3.11.

Perhaps the area where SRS microscopy has really stood out is in metabolic imaging through the use of hyperspectral
and multiplex acquisition and analysis. By producing images targeting different Raman modes, chemically informative
maps can be produced and quantitative measurements made. Lipid mapping and lipid-to-protein ratios are a mainstay
of SRS microscopy [117–125]. The 3015 cm"1 band associated with C¼C–H stretching modes in unsaturated fatty acids
and the CH2 stretching mode of lipids at 2845 cm"1 provide excellent sources of contrast. Of particular note, these bands
were used to follow in vivo myelination of tadpoles [126]. They have been used to image various fatty acids in multiple
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types of cancer cells. Protein and nucleic acid distributions can also be distinguished inside cells and within the extracellular
matrix [127, 128].

One of the earliest demonstrations of SRS was performed on human lung cancer cells. This work provided a prelude to
the extensive use of the technique for studies of various kinds of cancers including breast cancer [129, 130], skin cancers
[131], brain tumors [132, 133], and gastrointestinal tumors [134]. The reader is directed to Austin et al. for a more thorough
review of SRS applications in cancer diagnostics [135]. SRS has also proven useful in other areas of biomedicine. It can be
used to characterize vascular structure and atherosclerotic plaques [136–138], as well as monitor a host of other pathologies
[139–147].

In addition to using the intrinsic contrast of native biomolecules, much work has recently gone into using small-
molecule Raman tags such as carbon-deuterium bonds (C–D), alkyne tags (C≡C), the carbon-fluoride bond (–C–F), azides
("N3), nitriles (–C≡N), and isonitriles (–N≡C) [140, 148–157]. These various tags have Raman modes with frequencies
that occur in what is commonly called the cell-silent region of the Raman spectrum between %2000"2700 cm"1. The use
of deuterium labeling has been developed to allow tracing of lipogenesis from glucose, protein metabolism, and other small
precursor molecules [158–162]. It has been shown to have little to no adverse biological effects even to a high percentage of
use [151, 163, 164]. In addition to the use of small functional group tags, other reporter molecules with unique Raman
signatures have been developed for both the Raman microspectroscopy community and SRS imaging [165–169]. The
development of bioorthogonal tags and their use in SRS microscopy is an emerging and promising field in its own right.
It is expounded in Chapters 19–22 of this book.

While all the earlier applications focus on biology or disease, SRS has also found a niche in research on materials,
biofuels, plant research, and pharmaceutical analysis. In the realm of materials science, SRS has been used alongside other
methodologies to study microstructures in two-photon polymerization additive manufacturing [170, 171], as well as crystal
orientation and more basic research [172–174]. Research into plant materials has been demonstrated several times with
algae, lignin, and cellulose for biofuels and other purposes [103, 175–179]. In addition, SRS microscopy has been used
to study the delivery, release and breakdown of drugs [180–186].

FIG. 3.11 Examples of SRS imaging of various
samples in the high-frequency range

(2000"3300 cm"1). (A) Lipid-secreting gland

of Drosera capensis at 2845 cm"1 (red) and
pump-probe signal from the surrounding chloro-

plasts (green). Sample courtesy of Jessica Kelz

(UC Irvine). (B) Lipid droplet distribution in cul-

tured rabbit meibocytes at 2845 cm"1. Sample
courtesy of Dr. James Jester (UC Irvine).

(C) Crystallized d38-cholesterol crystal imaged

at 2140 cm"1. (D) Polymer cubes printed with

two-photon polymerization visualized at
2900 cm"1.
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While the field of SRS microscopy is barely a decade old, it has resulted in a large number of publications and mean-
ingful impacts across a variety of fields. Researchers are actively developing new techniques, new tags, and examining new
systems. As these technologies mature, SRS is sure to serve as an impactful and fruitful tool for new discoveries in the
microscopist’s workbench.

3.4 From ensembles to single molecules

The success of SRS microscopy, where sample volumes are orders of magnitude smaller than in regular SRS spectroscopy,
suggests that further reduction of the sample volume might be possible. This notion has raised the prospect of pushing SRS
microspectroscopy all the way to the single-molecule limit. In this section, we will discuss work that explores the possibility
of single molecules SRS and its tentative applications.

The transition from small microscopic volumes to single molecules is quite a leap. For instance, a tightly focused laser
beam with a high numerical aperture objective reaches effective excitation volumes of %0.1 fL. When this light is focused
in aqueous media, the focus roughly encompasses 3.3) 109 water molecules. The signal from a single water molecule can
thus be expected to be several billion times less than the SRS signal measured in a microscope when the sample is bulk
water—signals that are many order of magnitude below practical detection levels. Clearly, to reach single-molecule
detection levels, regular SRS microscopy techniques come up short. Some form of enhancement is needed to lift the
SRS signal from single molecules to detectable levels. Currently, two mechanisms for signal enhancement are actively
explored: (1) the enhancement of the Raman cross section through electronic resonances in the molecule and
(2) enhancement through confining the electromagnetic modes to nanoscopic volumes, reaching the molecular size.

3.4.1 Enhancing SRS with electronic resonances

As discussed in Section 3.2, the use of an electronic resonance in the molecule to enhance the response is a well-known
strategy to improve the sensitivity and selectivity of the SRS signal. Similar to the resonance Raman effect, stronger SRS
signals can be expected when the frequency of the pump beam is tuned close to an electronic resonance. This mechanism is
sketched in Fig. 3.12A. In addition, the vibrational mode needs to be coupled to the electronic transition in order to max-
imally benefit from the electronic enhancement. Usually, this condition is met for vibrational modes closely associated with
the p-conjugated network of the molecule, such as the C¼C vibrations of bonds that are directly implicated in the electronic
transition. The effective Raman cross section of such vibrational modes can be up to six orders of magnitude higher than for
similar modes that lack the benefit of electronic enhancement. Resonance-enhanced SRS has been extensively used to study
the vibrational dynamics of chromophores in solution, and has recently also been used in SRS microscopy. By choosing or
designing optimal chromophores and tuning the excitation wavelength of the incident beams on or near the electronic res-
onance, effective enhancements of the SRS signal by 106 have been reached [71, 72, 187]. In combination with microscopic
focusing, resonance-enhanced SRS signals of as little as %500 molecules have been detected [73].

Whereas the well-known strategy of resonance-enhanced SRS has reached impressive sensitivities, comfortably
reaching the single-molecule limit with this approach remains a challenge, and it remains to be seen how practical the
method is for SRS measurements of individual molecules. This notion has prompted the development of alternative
methods that leverage the strong response of electronic transition in molecules. Inspired by fluorescence-encoded infrared
absorption spectroscopy, the recent efforts have focused on using the mechanism of SRS-assisted fluorescence as an
effective means to perform vibrational measurements on molecules that exhibit strong fluorescent emission. In this
approach, a vibrational state is first populated in the ground-state potential through the SRS mechanism and subsequently

FIG. 3.12 Different forms of electronic

enhancement of the SRS signal. (A) (Pre)res-

onant SRS. The molecular Raman polarizability

is enhanced by an electronic resonance of the
molecule. (B) Stimulated Raman excited fluores-

cence (SREF). An SRS process in the ground

state is followed by an excitation to the excited

state of a fluorophore, followed by fluorescence
emission. (C) Surface-enhanced SRS. The tran-

sition rate in the molecule is accelerated by the

presence of enhanced local excitation fields, pro-

vided by a plasmonic antenna.
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probed by exciting the molecule to an electronically excited state with an additional light-matter interaction. The fluores-
cence that follows is then a measure of the successful population of the vibrational state [188]. This process is illustrated in
Fig. 3.12B. The beauty of this approach is that it takes maximally advantage of the efficiency of the fluorescence process.
Using molecules that exhibit high fluorescence quantum yields, the fluorescence probing step can reach efficiencies close
to 1, thus completely eliminating the tentative challenges of detecting the loss of a single pump photon in a regular stim-
ulated Raman loss experiment on a single molecule. Hence, whereas stimulated Raman excited fluorescence (SREF)
involves an additional molecular excitation in addition to the ground-state SRS transition, the fluorescence detection
strategy is orders of magnitude more sensitive than the common SRS detection scheme. This optimization of detection
scheme has led to new SRS sensitivities that were hitherto deemed impossible, enabling reproducible measurements of
single molecules with good signal to noise ratios [188, 189]. This method is thus suitable for mapping fluorescent probes
with a spectral resolution defined by the vibrational linewidth of the chosen marker band. On the other hand, the
requirement of specific fluorophores with favorable properties for SREF renders the method unsuitable as a general
approach to increase the SRS detection sensitivity for any given molecule. In this regard, methods that do not rely on
the presence of electronic resonances in the target molecule remain of great interest. The most successful approach in this
category is the use of nanoscale antenna systems that support plasmonic resonances, which we will discuss next.

3.4.2 Enhancing SRS with plasmonic resonances

In 1974, Fleischmann et al. made a very curious observation. They found that the spontaneous Raman signal of pyridine was
much stronger if the target molecule was adhered to a roughened silver electrode [190]. Several years later, members of the
Van Duyne group figured out why: the surface plasmon resonances supported by the nanostructured silver provided local
fields that are strong enough to enhance the Raman response from the molecules in close vicinity to the surface [191].
Subsequent work underlined the favorable properties of localized surface plasmon resonances for surface spectroscopy
[192], and Raman spectroscopy in particular [74]. Structures that support such resonances, typically made of nano-
structured noble metals that display resonances in the visible range of the spectrum, act like efficient antennas in that they
couple propagating radiation to strongly localized evanescent fields [193]. The spatial confinement of such surface-bound
electromagnetic fields can be so effective that “hotspots” of less than a nanometer can be reached. At these scales, far below
the diffraction limit of propagating light, the fields are confined to dimensions that approach the molecular size, allowing
efficient coupling of the field to the charges in the molecule. Vice versa, the radiative properties of the induced polarization
are enhanced by the presence of the plasmonic antenna, allowing the near-field molecular polarization to couple efficiently
to the far field in the form of radiation.

In this picture of electromagnetic enhancement of the signal, the surface-enhanced Raman scattering (SERS) response
can be understood as

SðosÞ∝Nb2ðopÞIpb
2ðosÞss (3.9)

where os is the Stokes frequency, op is the pump frequency, Ip is the pump intensity, N is the number of molecules in the
illuminated volume, and ss is the Raman cross section. The field enhancement factor is denoted as b. Both the excitation
(atop) and radiation (atos) processes are enhanced by a b2 factor by the antenna, giving rise to an effective enhancement of
the Raman signal by b4. Well-designed nanoantenna systems offer b factors of well over 100 times, producing overall
enhancement factors in the range b4 % 108"1012. Such enhancements have been shown to be sufficient to generate spon-
taneous Raman signals from single molecules [194–196]. Given the infamous weakness of the Raman effect, the ability to
perform Raman experiments at the single-molecule level is truly a remarkable achievement, and it underscores the tre-
mendous efficiency of plasmonic antennas to improve the optical interaction between propagating radiation and the
molecule.

The success of SERS suggests that even stronger signals can be expected when surface enhancement is combined with
SRS, shown schematically in Fig. 3.12C. The Raman signal of the simple picture presented in Eq. (3.9) would then be
further amplified by a factor proportional to Is, the intensity of the stimulating Stokes beam. Whereas the surface
enhancement factor of the surface-enhanced SRS signal would still be b4, the effect of the stimulating beam can be expected
to increase the transition rate in the molecule by another factor of 105"106. The motivation for developing surface-
enhanced version of SRS is thus to collect Raman signals from low-concentration samples, down to single molecules,
at much higher signal acquisition rates than what can be achieved with SERS.

As stated earlier, the first indications that the SRS process can be enhanced by surface plasmons were provided in 1979,
only a few years after the SERSmechanism was established [77, 78]. In the same year, it was unambiguously shown that the
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surface plasmon polaritons (SPPs) provided by flat silver films were responsible for the enhancement of coherent
anti-Stokes Raman scattering (CARS) from benzene molecules in close proximity to the film [197]. Despite these encour-
aging early indications, surface-enhanced SRS was not further pursued until much later. In 2011, interest in surface-
enhanced SRS was rekindled by a femtosecond SRS study on molecules adhered to gold dimer antennas [198]. The
resulting spectrum is shown in Fig. 3.13. Besides the encouraging observation that clear vibrational signatures of the mol-
ecules were visible on the spectrally resolved signal, this study also revealed a somewhat unexpected feature, namely the
dispersive nature of the vibrational lines and the presence of a relatively strong pump-probe background. Subsequent
studies confirmed that this observation was no fluke but rather an intrinsic property of surface-enhanced SRS.

The virtually background-free signals and the Lorentzian lineshapes that make SRS spectroscopy in many cases pref-
erable over CARS microscopy seem no longer applicable when the SRS process is mediated by surface plasmons. Several
theoretical works have attempted to explain the observed dispersive lineshapes. What is clear from the analysis is that the
Raman polarization is no longer driven by the propagating field, but by the local surface plasmon field instead. The phase of
the local field can differ markedly from the phase of the incident field. The local field enhancement factors are thus complex
quantities that can alter the phase relation between the driving fields and the radiated polarization in the far field. This
principle largely explains the trends observed in the surface-enhanced SRS signals collected in a microscope [199].

Is the surface enhancement effect sufficient to bring SRS sensitivity into the realm of single molecules? This indeed
appears to be the case. Experiments in the Cheng group have focused on individual hotspots in nanosphere aggregates and
have found convincing evidence that vibrational signatures from single adenine molecules can be detected [200]. Using a
bianalyte method and a special denoising algorithm to improve the SRS images, reproducible spectra that can be assigned to
individual molecules were obtained. Similar to previous measurements, the spectra display dispersive lineshapes on a rather
strong background. It was identified that the photothermal effect was a major contributor to the background, offering hopes
that improvements in experimental design can increase the SRS sensitivity for single molecules even more. More infor-
mation about surface enhancement of the SRS signal is found in Chapter 23.

3.4.3 Advanced techniques: Nonoptical detection

In SRS, the coherent Raman polarization in the sample is probed through the radiation that reaches the far-field detector.
Whereas in surface-enhanced SRS, the near-field interactions are amplified by the action of surface plasmon fields, the
detection principle remains the same: the near-field Raman polarization is detected by the successful radiation of photons

FIG. 3.13 Surface-enhanced SRS was first demonstrated on nanoantennas containing trans-1,2-bis(4-pyridyl)-ethylene molecular reporters.

(Adapted with permission from R.R. Frontiera, A.-I. Henry, N.L. Gruenke, R.P. Van Duyne, Surface-enhanced femtosecond stimulated Raman spec-
troscopy, J. Phys. Chem. Lett. 2 (10) (2011) 1199–1203, https://doi.org/10.1021/jz200498z. Copyright 2011 American Chemical Society.)
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into the far field. However, optical detection is not the only mechanism by which the Raman polarization can be examined.
Several forms of nonoptical detection of SRS have emerged and they turn out to be specifically relevant for measurements
at the nanoscale.

One form of probing the induced Raman polarization is by detecting the force between the oscillating charges in the
molecule and the dipole in an atomically sharp tip that is placed in the immediate vicinity of the molecule. This electro-
magnetic dipole-dipole force is weak, typically less than a pN [201], but it is sufficient to be picked up by amodern scanning
probe microscope. This principle was used to detect the stimulated Raman signal from chromophore molecules on a glass
surface [202]. Using CW pump and Stokes beams, this force detection method, named photoinduced force microscopy, was
able to resolve small clusters of molecules with a spatial resolution well under 10 nm.

Another form of scan probe microscopy uses the electron tunneling current between the sample and the sharp tip as the
contrast parameter. In a very elegant piece of work, the Ho group recorded the changing tunneling current of a molecule
bound to the surface as it flip flops under the influence of a femtosecond pulse pair [203]. The flopping rate, recorded
through the current, is a function of the successful transfer of energy from the light to the molecule, that is, energy that
is needed to complete the flip flop. This energy transfer is only successful if a Raman mode is excited. By time delaying
the pulse pair, the Raman coherence induced by the first pulse is converted to a vibrational population only periodically by
the second pulse. This results in periodic modulation of the flopping rate as a function of the time delay between the pulses.
In essence, this is a time-resolved ISRS experiment detected through the tunneling current, performed on a single molecule!

The earlier examples illustrate that other sensitive techniques can be employed to study molecules on the nanoscale
through the principle of the stimulated Raman effect. It is likely that nonoptical techniques, which do not suffer from
the challenge of detecting a small signal relative to the intensity of the probe beam, will gain importance as efforts increas-
ingly focus on the coherent Raman response of single molecules.
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