
Toward Label-Free Super-Resolution Microscopy
W. Ruchira Silva, Christian T. Graefe, and Renee R. Frontiera*

Department of Chemistry, University of Minnesota Minneapolis, Minnesota 55455, United States

*S Supporting Information

ABSTRACT: We propose and implement a far-field spectroscopic
system for imaging below the diffraction limit without the need for
fluorescence labeling. Our technique combines concepts from
Stimulated Emission Depletion (STED) microscopy and Femto-
second Stimulated Raman Spectroscopy (FSRS). The FSRS process
generates signal through the creation of vibrational coherences, and
here we use a toroidal-shaped decoherence pulse to eliminate
vibrational signal from the edges of the focal spot. The nonlinear
dependence on decoherence pulse power enables subdiffraction
imaging. As in STED, the resolution is in theory infinitely small
given infinite decoherence pulse power. Here, we first exper-
imentally demonstrate that the photophysical principles behind our
super-resolution Raman imaging method are sound. We then prove
that addition of the decoherence pulse significantly improves the
spatial resolution of our microscope, achieving values beyond the diffraction limit. We discuss future directions for this technique,
including methods to reach resolution on the order of ten nanometers.
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Imaging of soft matter on nanometer length scales is of
crucial importance. In fields as diverse as molecular biology,

materials science, and bioengineering, changes in chemical
composition on nano- and meso- length scales play a large role
in understanding structure and function. For example, in
cellular membranes, individual membrane proteins have sizes
well below the diffraction limit and exist in very heterogeneous
environments. In many cases it is unclear how these
environmental heterogeneities affect function. Imaging meth-
ods which provide label-free approaches to obtaining dynamic
information regarding chemical conformation on these length
scales would be valuable in understanding cellular signaling and
transport properties. However, it is challenging to use optical
methods on these length scales due to the optical diffraction
limit.
Super-resolution microscopy has revolutionized imaging by

breaking the traditional far-field diffraction limit. Rather than
the ∼250 nm Abbe limit of resolution for optical microscopy,
fluorescence-based super-resolution imaging now routinely
achieves resolution on length scales less than 10 nm. The
development of techniques such as stimulated emission
depletion (STED),1 photoactivated localization microscopy
(PALM),2 and stochastic optical reconstruction microscopy
(STORM),3 have transformed microscopy by enabling rapid
acquisition of images with breath-taking nanometer resolution.
These extraordinary techniques were recently recognized with
the 2014 Nobel Prize in Chemistry.
Despite the tremendous successes and scientific advances

enabled by these novel techniques, current super-resolution
microscopies require external labeling with photoswitchable

fluorophores. Fluorophore labeling necessitates significant
sample preparation and can be experimentally challenging.
Fluorophores may quench, leading to a sudden loss of signal.
With sizes on molecular or protein length scales, the labels have
the possibility of perturbing the structure or dynamics under
investigation.4 Additionally, it can be challenging to label
multiple components simultaneously, and multicolor super-
resolution imaging methods will likely be limited to tracking at
most dozens of concurrently labeled molecular species. Despite
significant advances in developing photoswitchable fluoro-
phores optimized for super-resolution imaging, other optical
techniques may obviate the need for labeling.
Raman spectroscopy provides a convenient, nondestructive

method for chemical identification without the need for
external labels. The relatively weak Raman scattering processes
may be enhanced significantly through the use of stimulated
and resonance Raman spectroscopies. Microscopies based on
stimulated Raman spectroscopy (SRS) and coherent anti-
Stokes Raman spectroscopy (CARS) have enabled significant
new biological discoveries.5−10 As a vibrationally sensitive
technique, a key advantage of Raman spectroscopy is the ability
to identify a number of unique chemicals or functional groups
within a given sample spot. For example, in a cellular system,
Raman microscopy is easily able to quantify lipid, protein, and
water content in a given focal volume.8 As stimulated Raman
techniques use four-wave mixing to coherently generate a
signal, they are relatively free from background fluorescence.11
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Additionally, the coherent nature of the signal means all Raman
photons can be easily collected, as opposed to spontaneous
Raman spectroscopy.
Far-field diffraction-limited Raman imaging is finding

tremendous applications in biomedical fields, including the
demonstration of video-frame rate imaging.8 Currently, most
Raman microscopies are limited in spatial resolution by the
optical diffraction limit. Surface- and tip-enhanced Raman
spectroscopies can provide subdiffraction resolution but have
difficulty providing quantitative information, and the plasmonic
materials needed may affect reaction dynamics or cause sample
degradation.12,13 A far-field Raman microscope with resolution
well below the diffraction limit would be valuable in the ability
to image structure and dynamics in soft matter samples, such as
cellular membranes or polymeric photovoltaics. Recent far-field
work in this area has included calculations and measurements
determining that the resolution in a CARS microscope can be
improved by 1.5 times through point spread function
engineering.14 Subsequent implementation by Kim et al.
achieved a deconvolved resolution of 130 nm with near-
infrared light.15 These uses of Toraldo-style pupil phase
filtering to reduce the size of the effective point spread
function enhances the resolution to a value more than two
times the diffraction limit, with the ultimate resolution likely
limited by the effects of side lobes in the spatial profile.
Other recent methods to achieve subdiffraction imaging

without using fluorescent labels have utilized switching of
optical absorption or modulation of photothermal effects.
Wang et al. were able to image nonfluorescent species below
the diffraction limit using saturable absorption in conjunction
with concepts from STED, achieving resolution of 225 nm with
near-infrared light.16 Tzang et al. used the effects of
photothermal gradients on Raman lineshapes in order to
improve spatial resolution, enhancing the resolution in one
paper from 650 nm down to 440 nm,17 and in another down to
105 nm.18 These studies prove that concepts from the
fluorescence-based super-resolution imaging techniques can
be applied to other imaging modalities such as absorption or
Raman. For widespread application, desirable features include
label-free chemical specificity, as well as the ability to achieve
resolution on the critical sub-50 nm length scale using visible or
near-infrared light.
Here we propose and implement another method for

subdiffraction Raman imaging. This technique is based on the
photoswitching principle of STED, combined with a stimulated
Raman technique known as femtosecond stimulated Raman
spectroscopy (FSRS).19 We show that the combination of these
techniques results in imaging with resolution below that
allowed by the numerical aperture of the objective used. This
technique has the potential to achieve resolution such as the
<50 nm resolution routinely obtained with STED. We believe
these results represent a new approach toward far-field super-
resolution Raman microscopy, and provide a route toward
label-free optical imaging on the 10 nm length scale.

■ RESULTS AND DISCUSSION
Our subdiffraction Raman imaging technique is based on a
combination of STED imaging and FSRS. STED is a
fluorescence-based super-resolution technique which relies on
spatial light shaping and the nonlinear stimulated emission
response of fluorophores.20 In STED, a Gaussian beam
photoexcites a labeled sample, and a doughnut-shaped beam
stimulates the emission in the outer edges of the photoexcited

region. Thus, fluorescence is emitted only from the center of
doughnut, which can routinely attain spatial resolution less than
50 nm in the x and y directions under appropriate powers and
focusing conditions.21 The key photophysical principle needed
to achieve super-resolution is to ensure that the signal is
“turned off” by the addition of a spatially shaped laser pulse and
that this signal reduction is nonlinear with power.
FSRS is a stimulated Raman technique that provides a

broadband Raman spectrum in as few as two laser pulses (i.e.,
in 2 ms with a kHz laser source).19 The technique uses a
picosecond Raman pump pulse in conjunction with a
femtosecond probe pulse to generate a coherent Raman
signal.22 A FSR spectrum is reported as Raman gain, which is
the ratio of the Raman pump-on spectrum divided by the
Raman pump-off spectrum. In FSRS, vibrational coherences are
generated through interactions with the pump and probe
pulses. These coherences typically persist for 102 to 103

femtoseconds, depending on the vibrational dephasing time
of the mode of interest. At some point during this dephasing
time, there is a third interaction with the pump field, which
leads to the generation of the Raman signal. Thus, FSRS is a
nonlinear four-wave mixing technique utilizing vibrational
coherences to generate stimulated Raman signals. FSRS has
previously been utilized for diffraction-limited imaging.23 We
utilize this concept for subdiffraction Raman by using a third
beam to destroy the vibrational coherence in a spatially defined
area, similar to the stimulated emission beam used in STED.
Figure 1 provides a conceptual illustration of our super-

resolution Raman imaging technique. Two beams with

Gaussian spatial profiles, termed the Raman pump and probe
beams, interact in the sample to create vibrational coherences in
all Raman active modes. With no additional beams, this setup is
similar to that of a diffraction-limited femtosecond stimulated
Raman microscope.23 In subdiffraction Raman, we add an
additional doughnut-shaped pulse, termed the decoherence
pulse, which interacts with the sample and destroys the
vibrational coherence. This decoherence pulse is spatially
shaped by a 2π helical phase plate, generating a beam with one
central node. The coherence destruction prevents femtosecond
stimulated Raman signal generation in the ring region by
driving an alternative four-wave mixing pathway.24 The
vibrational coherence only survives in the center of the
doughnut, and femtosecond stimulated Raman signal is only
generated in this region. Just as in STED, the coherence

Figure 1. Schematic depiction of subdiffraction Raman imaging. Two
pulses, a picosecond pump and femtosecond probe, interact to create
vibrational coherences in the sample. A spatially shaped decoherence
beam destroys the vibrational coherences in the ring region, leaving
coherence and subsequent stimulated Raman signal generation in the
center region.
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destruction must be nonlinear in order to achieve subdiffraction
resolution. This method provides a unique way to “turn off” the
femtosecond stimulated Raman signal by the addition of a laser
pulse. As the principles are similar to STED, the resolution is in
theory infinitely small given an infinite decoherence pulse
power.
Figure 2 shows the experimental depiction of a system

constructed to test the photophysical principles of the
technique. Details are provided in the Methods section.
These proof-of-principle measurements utilize a kHz femto-
second amplifier and CCD detector, although alternative light
and detection sources are discussed below. The amplifier
output is split into the three beams necessary for super-
resolution Raman imaging: the picosecond Raman pump pulse,
the broadband femtosecond probe pulse, and the spatially
shaped decoherence pulse. These beams are focused onto the
sample with an inverted microscope, and signal is collected in
transmission mode with a condenser utilized for collimation.
For the measurements described here, the pump and
decoherence beams are centered at 800 nm, and the probe
beam is a near-infrared continuum extending from 830−1000
nm. The cross correlation between the femtosecond probe and
decoherence beams with the lens geometry was measured to be
140 ± 30 fs, as determined by the optical Kerr effect in a 2 mm
cuvette of cyclohexane.
Our initial experiments demonstrate the feasibility of turning

off the femtosecond stimulated Raman signal through the
addition of a decoherence pulse. In Figure 3A, we show the
photoswitching in cyclohexane, which was taken with Gaussian
spatial profiles for all three beams. Without the decoherence
pulse, the cyclohexane Raman gain is 13.1. Upon addition of
the decoherence pulse, the signal drops to 0.4, a 97% reduction
in Raman signal. It is clear that the decoherence pulse is
interrupting the FSRS signal generation pathway by promoting
another four-wave mixing process which is not detected. In
these measurements, the Raman pump pulse was held constant
at a power of 8.8 W/cm2, which is similar to the 20 W/cm2

reported for Raman imaging measurements on living mice.6,8

The STED technique is able to achieve subdiffraction
imaging due to the nonlinear dependence of fluorescence
quenching. As the spatial profile of the doughnut beam varies
on the length scale of the wavelength of light, nonlinear
dependence is needed. Effectively, this means that even the
weak fields near the center of the doughnut beam have
sufficient intensity to quench the fluorescence. As there is a
node at the center of the doughnut beam, there is no quenching
in this region. For super-resolution Raman to achieve
subdiffraction limits, a similar intensity dependence is required.
In Figure 3B, we show the nonlinear power dependence of the
Raman gain amplitude, as a function of both the average power
and the peak power of the decoherence beam. As the power of

Figure 2. Experimental setup for super-resolution Raman imaging. Subdiffraction Raman microscopy is enabled by the generation of three pulse
trains from a single femtosecond amplifier. The pulses are overlapped at the sample, and subdiffraction Raman signal is detected in a transmission
geometry.

Figure 3. (A) Photoswitching of the cyclohexane Raman gain signal
upon additional of the decoherence pulse, using beams with Gaussian
spatial profiles. Measurements were taken with an 800 nm, 8.8 W/cm2

Raman pump pulse and 800 nm, 22 W/cm2 decoherence pulse. We
see nearly 100% switching, indicating near complete destruction of the
femtosecond stimulated Raman signal. (B) Raman gain signal as a
function of decoherence beam power. The acquisition time per point
was six seconds for panels A and B.
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the decoherence beam is increased, we initially see an
exponential drop in the Raman signal magnitude, up to average
powers on the order of 10 W/cm2. Past this threshold, we see
saturation of the transition, and the Raman signal remains near
zero for all powers measured. An average power of 10 W/cm2

corresponds to a decoherence beam peak power of 62 GJ/cm2.
This power is comparable to the peak powers used in STED,
which are typically in the range of 16 GJ/cm2 to 21 TJ/
cm2.25−27 This nonlinear dependence is ideal for subdiffraction
Raman imaging and enables efficient photoswitching behavior
at length scales better than the diffraction limit.
Other factors, which affect the decoherence efficiency and,

thus, will impact the attainable resolution, are the polarization
of the decoherence beam relative to the stimulated Raman
beams, and the time-delay dependence of the decoherence
beam relative to the Raman pump−probe temporal overlap.
These parameters can be easily controlled to routinely achieve
maximum photoswitching of the FSRS signal. Optimization of
decoherence is necessary for achieving the maximum improve-
ment in spatial resolution.
Figure 4A shows the effect of decoherence beam polarization

on the Raman photoswitching efficiency for the ring breathing

mode of cyclohexane. Here we define photoswitching as the
percent of Raman gain signal lost upon addition of the
decoherence pulse, in which 100% photoswitching would
represent complete loss of signal. In Figure 4, spectra were
taken using all three beams with Gaussian profiles. In these
measurements, it is important to realize that the phase plate
does not affect the polarization of the decoherence beam, as the
polarization is defined by the input beam polarization. We see
that the photoswitching efficiency is maximized when all beams
have the same polarization, indicated at 180° intervals of
decoherence beam polarization. As the polarization is rotated,

the photoswitching efficiency decreases, due to inefficient
destruction of the Raman vibrational coherence.
Varying the time delay of the decoherence pulse dramatically

affects the photoswitching efficiency, as shown in Figure 4B.
When the decoherence beam precedes the creation of the
vibrational coherence, indicated by negative delays, there is no
destruction of the coherence, as expected. Maximum coherence
destruction occurs at or very close to the time point of
maximum overlap. There is some photoswitching at later time
delays, likely due to the interaction of the decoherence pulse
with the long-lived vibrational coherence. The full width at half-
maximum of the primary peak in Figure 4B is 150 ± 10 fs,
which is similar to the cross-correlation value of 140 ± 30 fs
between the decoherence beam and femtosecond Raman probe
beam. This indicates that disruption of the FSRS four-wave
mixing pathway is most effective when all three beams are
interacting with the sample.
Following these proof-of-concept measurements of the

photoswitching characteristics of stimulated Raman spectros-
copy, we demonstrate in Figure 5 that the addition of the
decoherence pulse significantly improves the resolution of our
stimulated Raman imaging system. Figure 5b shows an optical
image of a piece of 40 μm thick CVD diamond used for
imaging. Rather than determining resolution by imaging two

Figure 4. Photophysical optimization of the super-resolution Raman
decoherence process using all three beams with Gaussian spatial
profiles. (A) Polarization dependence of photoswitching in super-
resolution Raman. As expected, maximal photoswitching occurs when
the decoherence beam has polarization parallel to the Raman pump
and probe beams. (B) Dependence of decoherence pulse temporal
overlap on photoswitching. Negative time delays indicate points when
the temporal peak of the decoherence pulse precedes the Raman pump
and probe maxima. Data in both figures were taken with an 800 nm,
8.8 W/cm2 Raman pump pulse, an 800 nm, 22.0 W/cm2 decoherence
pulse, and a six second acquisition time per point.

Figure 5. Raman imaging across a diamond plate edge. (A)
Normalized Raman intensity as a function of position, with
decoherence beam on and off. (B) Optical microscope image of
diamond plate. (C) Spatial resolution improvement, represented as the
fitted value from a sigmoidal curve, as a function of decoherence beam
power. (D) Line scan across diamond plate, showing clear improve-
ment of resolution with the addition of the decoherence beam. Parts A
and D were taken with a 800 nm Raman pump pulse with a power of
13.1 W/cm2, an 800 nm decoherence beam with power of 33 W/cm2,
and a 2 s acquisition time per point. A 20× objective with a numerical
aperture of 0.40 was used for these scans.
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closely spaced objects, imaging over the interface of a single
sharp object can provide an accurate measure of the resolution
of any microscope by using the rate parameter from a sigmoidal
fit.28 This approach avoids any need to deconvolute with the
sample thickness profile, such as with polystyrene beads with
high curvature. To determine the resolution, we fit the Raman
intensity as a function of position to eq 1:

=
+ σ−y

A
e1 x x( )/0 (1)

The fitted value σ is then multiplied by a factor of 3.33 to
define the resolution of the system. This assumes that the
object has a perfectly sharp edge. If this assumption is not
accurate, the extracted value can be considered an upper bound
for resolution in the microscope.
In Figure 5A,D, we show the Raman intensity of the 1332

cm−1 C−C stretching mode of diamond as a function of
position, as the sample is translated through the focal volume.
These spectra were taken with a 20× objective with a numerical
aperture of 0.40. The blue trace in Figure 5d shows the Raman
intensity when the decoherence beam is off. When we assume
that the diamond plate has a perfectly sharp edge, the
resolution of the system is 5.07 ± 0.17 μm. This is above the
diffraction limit, both due to the 40 μm sample thickness as well
as because both Raman pump and probe beams are not
perfectly backfilling the objective, as is common in imaging
experiments.29 When the decoherence beam is turned on and
the same sample is scanned, there is a dramatic improvement in
resolution. The line scan can be fit to give a resolution value of
2.96 ± 0.10 μm, which is close to a factor of 2 in improved
resolution. These spectra were taken with a Raman pump
power of 13.1 W/cm2, similar to the 20 W/cm2 previously used
for CARS and SRS imaging of living mice.6,8 Photodegradation
is possible in some samples at these powers but was not
observed in these experiments.
Just as in STED, in our Raman imaging process we would

expect the resolution to improve as the decoherence beam
power is increased. In Figure 5c, we show the dependence of
the sigmoidal value as a function of power, as we scan across
the same diamond interface. The point corresponding to 33 W/
cm2 is the data shown in Figures 5A,D. Over the range of
powers accessible to our laser and detection system, we see
significant improvement in resolution as the power increases
from 20 to 33 W/cm2. This behavior is similar to that observed
in STED as the stimulated emission power is increased.20

Imaging with several experimental configurations shows
definitive resolution below the Abbe diffraction limit with the
addition of the decoherence beam. Figure S1 shows the scans
representative of resolution limits readily achievable with 10×
and 20× microscope objectives and a 10 μm thick piece of
CVD diamond. These low numerical aperture objectives were
chosen to make best use of the low repetition rate, high peak
power laser utilized in these studies. By decreasing the thickness
of the diamond as compared to that used for imaging results
shown in Figure 5, we are better able to characterize the current
spatial resolution of the technique. In both cases, the resolution
improves by nearly 40% upon addition of the decoherence
beam. For the 20× objective, sigmoidal rate fitting as described
above gives a resolution of 1.53 ± 0.07 μm with the
decoherence beam off, and resolution of 0.93 ± 0.03 μm
with the decoherence beam on. The Abbe diffraction limit
should be 1.37 μm for this system, which is 47% higher than the
resolution value of 0.93 μm reached in this experiment. For the

10× objective, similar analysis shows that the diffraction limit is
6% higher than the value achieved with the decoherence beam
on.
The performance of our Raman imaging system in two

dimensions is shown in Figure 6. We took line scans across the

X and Y axes of a corner of a diamond plate, which is shown in
the optical image shown in Figure 6A. In parts B and C are the
line scans corresponding to the X and Y dimensions,
respectively. The resolution values for these scans with the
decoherence beam off are 1.35 ± 0.06 μm for the X dimension
and 1.24 ± 0.04 μm for the Y dimension. The values with the
decoherence beam off are just slightly below the diffraction
limit for this system, as allowed for a coherent stimulated

Figure 6. Resolution increase in two dimensions with subdiffraction
Raman imaging. (A) The optical image of a corner of a diamond plate
used for image. (B) Resolution improvement with the 800 nm
decoherence pulse on across the X axis. (C) Resolution improvement
with the 800 nm decoherence pulse on across the Y axis. The
acquisition time was 2 s per spectrum, and scans were taken with a
20× objective with a numerical aperture of 0.40. The 800 nm Raman
pump power was 13.1 W/cm2 and the decoherence power was 26.2
W/cm2.
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Raman process. When the decoherence beam is on, the
sigmoidal constants drop to 0.82 ± 0.05 μm for the X
dimension and 0.78 ± 0.03 μm for the Y dimension. Within
error, these values are quite similar, and indicate nearly
symmetric subdiffraction performance of our decoherence
beam. Deviation from symmetric performance could arise
from the nonrectilinear interface of the diamond plate, or from
imperfect overlap of the decoherence beam with the Raman
pump and probe beams.
As stimulated Raman is a coherent nonlinear process, it is not

suitable to use the Abbe diffraction limit to define spatial
resolution.30 Analysis of signal generation in CARS has
demonstrated that the coherent nature of the process can
“scramble the spatial resolution”,31 and determining the
resolution limit requires careful consideration of the signal
buildup and propagation for each sample.32 Previous experi-
ments have shown improvements over the diffraction limit,
reaching resolution as low as 300 nm using high numerical
aperture objectives.33,34 However, most stimulated Raman
microscopes operate well above these limits of resolution.35

The varying spatial profile of the round polystyrene beads
typically used for resolution measurements, when convoluted
with the CARS signal generation process, may also impact the
observed resolution. Thus, we believe our improvement in
imaging resolution through the use of a doughnut-shaped
decoherence beam represents a novel approach to imaging
beyond the diffraction limit. However, in future measurements
designed to improve the spatial resolution of our technique,
issues with polarization effects and electric field distortion with
the use of high numerical objectives will likely be significant.
High numerical objective optics were not used in this work due
to photodegradation issues with the high peak powers of the
kHz laser, but potential issues with field distortion must first be
overcome in order for the technique to achieve widespread use
and applicability. The precedent of high resolution phase-
matched SRS microscopy, as well as the development of high
NA polarization-maintaining objectives, is encouraging in this
regard.
The increase in imaging resolution we observe solely upon

addition of the decoherence laser beam provides solid evidence
that the photophysical principles behind our super-resolution
Raman technique will enable significant resolution improve-
ments in label-free imaging. We have clearly demonstrated that
far-field subdiffraction Raman imaging is feasible with these
methods. The key to this novel technique is the combination of
FSRS with STED. In the region illuminated by the doughnut-
shaped pulse, we promote a four-wave mixing pathway which
does not result in the generation of a Stokes-shifted Raman
signal. Likely, this pathway is a coherent anti-Stokes Raman
spectroscopy pathway, in which the decoherence beam acts as
the third field interaction to promote the generation of an anti-
Stokes signal. This pathway results in a signal with a different
phase vector and different frequency than the desired FSRS
signal and, thus, is not detected. In the central region, there is
no field intensity from the decoherence pulse, and the FSRS
pathway proceeds as usual. Figure S4 shows an increase in
detected photons on the anti-Stokes side of the spectrum,
which is present only when all three beams are incident on the
sample, consistent with this CARS hypothesis.
For this approach to achieve transformative improvements in

label-free imaging resolution, higher spatial resolution is
required. This will require changing our existing proof-of-
concept system to one with different light and detection

instrumentation. We estimate that through the use of a high
repetition rate femtosecond amplifier and high modulation
depth lock-in amplification, we should obtain pixel dwell times
on the order of tens of seconds for samples with reasonable
Raman cross sections. The Supporting Information details
these estimates for specific light and detection sources, based
on our work here and previously reported literature values for
various instrumentation in stimulated Raman imaging.
Our unique approach to subdiffraction imaging has several

potentially valuable advantages over current imaging technol-
ogies. First, the ability to obtain subdiffraction images without
fluorophore labeling is significant. Our method is particularly
attractive as it is theoretically possible to achieve unlimited
spatial resolution, assuming infinite decoherence pulse power.
Second, with Raman microscopy it is possible to identify the
chemical composition of the sample, probing a variety of
species simultaneously. By using femtosecond stimulated
Raman microscopy, as opposed to picosecond stimulated
Raman microscopy, we are able to obtain an entire vibrational
spectrum in a single acquisition. The use of FSRS also provides
for the possibility of monitoring femtosecond time scale
dynamics on a subdiffraction length scale, with the addition of a
femtosecond photoexcitation pulse. Finally, as our technique is
based on scattering and not absorption, it should be less
sensitive to photodegradation. We believe these capabilities will
make subdiffraction Raman a valuable technique in a variety of
fields. Our technique offers unique advantages over other far-
field label-free super-resolution techniques, which include
concepts such as phase-filtered four-wave mixing,15 transient
saturable absorption,16 temperature modulation,17 chemo-
metric algorithms,36 and theoretical proposals for super-
resolution CARS.37−39

■ CONCLUSION

The work presented here conclusively demonstrates that the
photophysical concepts behind the far-field subdiffraction
Raman system proposed here are sound. The addition of a
decoherence pulse interferes with the femtosecond stimulated
Raman pathway, selectively turning off the signal in a spatially
defined region. As the mechanism is similar to STED,
resolution on the nanometer length scale should ultimately
be achievable. Work is ongoing in the technological directions
mentioned above, which will enable super-resolution imaging
without the need for external fluorescent labels. This should
lead to advances in soft matter imaging, including exciting
developments in fields as diverse as health, biology, and
materials science.

■ METHODS

Laser System. The FSR spectrometer has been described
previously.11 The same system was used for super-resolution
imaging, with several modifications. The output of a 4.6 W, 90
fs, 800 nm, 1 kHz Ti:sapphire amplifier (Coherent Libra-F-1K-
HE-110 with VitesseTM oscillator) was split into the three
beams necessary for super-resolution imaging.
The Raman pump pulse is generated by sending 440 mW of

the fundamental laser beam through a grating filter, to create a
picosecond pulse of tunable pulse duration. The grating filter
consists of a 100 mm cylindrical lens (Thorlabs), a 1200 gr/
mm grating blazed at 750 nm (Edmund Optics), and an
adjustable slit. The beam diameter is optimized with a 1:2
telescope, and the power is attenuated at the sample with a
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variable neutral density filter. For imaging experiments, we
found that slightly modulating the time delay with a home-built
vibrating speaker reduced background from cross phase
modulation.
The broadband probe pulse was generated by focusing ∼1.5

mW of the fundamental beam into a 3 mm thick piece of
sapphire (Newlight Photonics), generating a broadband
continuum. The fundamental is partially filtered with a glass
filter (Thorlabs RG830), and the beam is compressed with a
pair of fused silica prisms (Thorlabs AFS-FS).
The decoherence beam was generated using a vortex phase

plate (RPC Photonics, VPP-1a), with a 2π helical phase
designed for a beam at 796.3 nm. The power of this beam was
attenuated at the sample with a waveplate (Newport) and thin
film polarizer (Thorlabs) and with a variable neutral density
filter. The x and y positions and the rotation of the phase plate
were controlled with manual stages. The time delay of the
decoherence beam was controlled with a piezo actuator
(Newport Picomotor Actuator Model 8302).
Experiments probing the fundamental nature of the

decoherence photoswitching process were conducted without
a microscope. In these experiments, the three beams were sent
through a focusing lens (10 cm focal length, 2 in. diameter),
and focused on a 1 or 2 mm cuvette with cyclohexane. The
probe beam was sent through the center of the lens, and pump
and decoherence beams were slightly noncollinear (∼1°) in the
horizontal direction.
Imaging experiments were performed by sending the three

beams through the back aperture of an inverted microscope
(Olympus IX-73) and reflecting them upward to the sample
with a silver mirror. Olympus infinity-corrected objectives (Plan
20X air, 0.4 NA; Plan 10X air, 0.25 NA) were used to focus all
beams to the sample. A condenser (IX2-LWUCD, NA 0.55)
was used to collect and collimate the probe beam and coherent
stimulated Raman signal. The sample was translated with a 3D
piezo scanning stage (MadCity Laboratories NanoLPQ) with
subnanometer resolution.
The probe and signal were filtered (Thorlabs RG1000), sent

into a spectrograph and dispersed by a 600 gr/mm grating
blazed at 750 nm. The signals were focused onto a CCD array
detector (Princeton Instruments 100F). Data collection at a
triggered 1 kHz repetition rate was controlled by a home-
written LabVIEW program. A chopper (Thorlabs MC2000)
was used to alternate shots between Raman-pump-on and
Raman-pump-off, and spectra are presented as Raman gain,
thus, normalizing for relative probe intensity across the spectral
region of interest. A home-built, flip-flop circuit controlled the
triggering for the detector.
Samples. Neat cyclohexane was purchased from Sigma-

Aldrich and used without further purification. The CVD
diamond was purchased from Diamond Materials GMBH and
samples were 10 or 40 μm thick. Defects in the diamond were
minimal, as evidenced by the Raman spectral line width and
lack of birefringence.
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