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ABSTRACT: The diffraction limit binds the spatial resolution of optical
spectroscopy to a finite fraction of the light wavelength. Traditional far-field
pump/probe spectroscopy that detects the excited-state absorption (ESA) is not
an exception. In this work, we present a new spectroscopic route to measure ESA PFOb\
based on the mechanical detection of the photothermal responses with the peak
force infrared (PFIR) microscopy. We probe the vibrational ESA through the
difference of the photothermal effects between temporal overlap and offset of two
frequency-tunable infrared pulses. Two-dimensional PFIR spectra are collected on e,
the carbonyl of a polymer with ESA responses. Also, we spatially map the ESA %
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response of a structured polymer. The spatial resolution of the pump—probe PFIR
microscopy is not bound by the diffraction limit that restraints to a finite fraction of the wavelength. Further, implementation of the
detection paradigm of pump—probe microscopy will provide access to the highly desired two-dimensional infrared nanoscopy.

B INTRODUCTION

Vibrational excited-state absorption (ESA) is the absorption of
a photon from a lower excited vibrational level to a higher
excited vibrational level of a molecule. ESA typically occurs in
sequential photon absorptions: the first photon excites the
molecule from the ground state to the first excited state,
followed by the second photon that connects the first excited
state to the second excited state. Because of the anharmonicity
of the vibrational levels, the photon energy associated with
ESA is less than the fundamental vibrational transition.
Therefore, the spectroscopy of vibrational ESA can probe the
anharmonicity of potential energy surfaces, investigate the
interaction between the vibrational modes, deduce molecular
structures, and reveal excited-state dynamics.'™°

ESA of vibrational levels is usually studied by infrared
pump/probe spectroscopy or two-dimensional infrared spec-
troscopy. However, the spatial resolution of the measurement
is bound by Abbe’s diffraction limit. The photons involved in
the ESA measurement cannot be focused to a spot smaller than
a half of their wavelength, that is, several microns in the mid-
infrared. Although there exists configurations of far-field
pump/probe microscopies in the visible/near-infrared that
achieves the sub-diffraction limit by a factor of two through
spatial tailoring or modulation of the optical field, their
resolutions are still linked to the wavelength of the light.””
Atomic force microscopy (AFM)-based pump—probe micros-
copy has been developed through near-field detection'’™"* or
the detection of photo-induced dipole—dipole force."
However, they have not been applied to study molecular
excited vibrational levels in the mid-infrared.
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In this study, we seek to bypass the diffraction limit in
probing vibrational ESA with a new detection paradigm—
through detection of the difference of the photothermal effect.
We incorporate the frequency-domain pump—probe technique
with the peak force infrared (PFIR) microscopy'* to identify
the additional photothermal effect generated by the photon
absorption of the probe pulse in ESA. The infrared-induced
photothermal expansion is mechanically detected with a sharp
AFM tip. Consequently, the spatial resolution of this method is
well below the optical diffraction limit and not linked to the
wavelength of the light.

While the conventional pump—probe spectroscopy and
microscopy focus either on the attenuation or gain of the probe
pulse with the presence of the pump pulse, our approach
measures the modification of the photothermal effect of the
probe absorption due to the presence of the pump. Without
the presence of the pump pulse, the ESA transition by the
probe will not occur even if the probe frequency is tuned to
match the transition between the first vibrational state e; and
the second vibrational state e,. The lifetimes of the vibrational
excited states are in the order of picoseconds. If the separation
between the pump and probe pulses are much larger than the
vibrational lifetime, that is, on the nanosecond scale, the
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modification of the absorption of the probe by the pump is
negligible. Therefore, the intensity modulation of the pump
pulse in the conventional optical pump—probe spectroscopy
can be substituted by a temporal modulation of the timing of
the pump pulse to cause a difference in the photothermal
signal. In our case, we use two narrowband frequency-tunable
infrared lasers with nanosecond-level durations. At a large
temporal displacement of tens of nanoseconds, the individual
infrared absorptions of the pump and probe pulses are
considered as non-interacting events, and no ESA will occur.

To understand the operational mechanism of the frequency-
domain pump—probe PFIR microscopy to access ESA, let us
first examine the heat generation pathways with narrowband
laser pulses. The potential energy surface (PES) of the
electronic ground state supports a series of vibrational levels.
The three low vibrational states are g, e;, and e, The
frequency of the pump pulse w,, is tuned to match the first
vibrational transition with Aw,, = E(e;) — E(g); the
frequency of the probe pulse w,, is tuned to match the
overtone with 2w, = E(e,) — E(e;). When the pump pulse
illuminates the molecule, the transition between g, and e,
happens, causing a fraction of the population to transit into e;.
For the convenience of bookkeeping, the probability of this
first transition is defined as @. When the probe illuminates
together with the pump, a subset of the population at e,
prepared by the pump is excited to e, by the probe. The
probability of the second transition is defined as f. After
vibrational relaxation lifetime, the populations at e, and at e,
find ways to relax to the ground state g, thereby releasing heat
and increasing the temperature in the process, as described in
Figure 1a.

()

Pump/probe temporal overlap

Figure 1. Heat generation pathways in pump—probe PFIR. (a) When
the pump and probe overlap, the heat generation increases due to the
additional thermal relaxation caused by the e; — e, absorption. (b)
When the pump and probe do not overlap, the heat generation is only
resulted from the g, — e; absorption. Note that due to the
anharmonicity of PES, the energy difference between states e, and g,
is greater than the energy difference between the states e, and e,.

The amount of heat generated from the relaxation of e, is
denoted as Q; = Nfla)Pua(l — f3); and the heat generated from
the relaxation of e, is Q, = Nh(a)Pu + a)Pr)aﬂ. N is the average
number of molecules within the excitation volume. The
combined heat from both states is Q = Q; + Q, = Nfl(wpua +
a)Praﬁ). If the pump and probe pulses have enough temporal
offset outside the vibrational relaxation time, the pump pulse is
still capable of promoting the transition between g, and e,.
However, the probe pulse cannot access the transition between
e, and e,, because the population at e; has already relaxed to
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g0, as Figure 1b describes. The heat generation, in this case, is
only from the relaxation of the population from e, which is Q’
= Nhw,a. The heat difference between the conditions of
pump—probe overlap and temporal offset is then AQ = Q — Q’
= Nhw,af, which is equal to the total absorbed photon
energy in the transition between e, and e,, which is ESA.
Therefore, ESA can be measured by detecting the heat
difference of the pump—probe being overlapped or offset. In
the AFM-based photothermal microscopy, the heat generation
leads to the photothermal effect, which is translated into the
mechanical signal of the AFM cantilever. The AFM detection
of the infrared photothermal expansion has been widely used
as a signal generation mechanism in linear AFM-IR
microscopies, such as photothermal-induced resonance,
photo-induced force microscopy, and the regular PFIR
microscopy. "7

B METHODS

Figure 2a schematically illustrates the experimental construc-
tion of frequency-domain pump—probe PFIR microscopy with
two narrowband infrared light sources. Two separate quantum
cascade lasers (QCL, MIRcat, and MIRcat-QT from Daylight
Solutions) are used to provide frequency-tunable infrared
radiations of 20 to 1000 ns duration. One of the outputs of the
two QCLs is designated as the “pump”, and the other is the
“probe”. The output of the laser pulses from the two QCLs are
combined with a 50:50 infrared beam splitter and are guided
onto the tip-sample region with reflective optics. The
combined laser beams are focused by a parabolic mirror of
2S5 mm effective focal length to reach the gold-coated AFM tip
(RTESP-150, Bruker). The AFM tip acts as an optical antenna
and enhances the infrared field underneath, leading to
enhanced infrared absorptions and photothermal expansions.

A digital delay generator (DDG, DG64S Stanford Research
Systems) is used to trigger the QCLs to generate laser pulses
with adjustable time delays on-demand. The photothermal
detections of the infrared absorption is done with a custom-
built PFIR microscope, described in the literature."* An atomic
force microscope (Multimode 8, Bruker) is operated in the
peak force tapping (PFT) mode. The AFM tip intermittently
touches the sample surface at the PFT frequency of 4 kHz. The
PFT frequency is routed to a lock-in amplifier (MFLi, Zurich
Instruments), acting as a phase-locked loop to generate a
transistor-to-transistor logical (TTL) waveform at the exact
PFT frequency. One replica of the TTL waveform is routed to
the MIRcat QCL as an external trigger to generate a series of
infrared pulses as the probe. Then, the TTL waveform is
reduced to 1 kHz by a circuit of D-flip-flop and is routed to the
DDG as a trigger. Therefore, the DDG is triggered after every
four PFT cycles. At each trigger, the DDG generates a
waveform of four TTL triggers with slight temporal offsets
from the original TTL at PFT frequency (Figure 2b). This
customized TTL waveform from DDG is routed to the
MIRcat-QT QCL as an external trigger to generate infrared
pulses as the pump. Consequently, for every four pump—probe
pulse pairs emitted from the QCLs, the first pulse pair
temporally overlaps. The second, third, and fourth pulse pairs
are temporally offset, for example, by 20, 25, and 30 ns,
respectively. The pump—probe pulse pair with temporal
overlap is capable of exciting ESA; the rest of the three pulse
pairs are utilized as the background photothermal effects
without ESA.
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Figure 2. Experimental setup and the mechanism of pump—probe PFIR microscopy. (a) Experimental setup of the pump—probe PFIR microscopy.
An AFM and two QCL laser sources are included. The cantilever deflection from the quadrant detector is monitored and recorded by a DAQ card.
(b) Time delays between the probe and pump in every four PFT cycles. The first pump—probe pair is overlapped (7, = 0), and the rest of the three
delays are increasing (7, < 7, < 73). (c) PFIR signal S versus the time delay 7 measured on the PMMA-N3 sample when both pump and probe
frequencies are non-absorbing (@pump = Dprobe = 1600 cm™"). The signal drops linearly between 0 and 40 ns. (d) Illustration of the signal processing
procedure of the pump—probe PFIR. Four experimentally collected (wpump = 1711 cm ! and Dprope = 1728 cm™") PFIR signals are plotted against
7o (0), 7, (20 ns), 7, (25 ns), and 75 (30 ns). The last three signals are extrapolated toward 7 = 0, and the difference between the signal measured at
7, and the extrapolated signal, designated as AS, is used as the pump—probe PFIR signal.

The infrared absorption in the sample generates the rapidly decreases as the temporal separation between the two
photothermal expansions, which are mechanically detected pulses is increased.
by the dynamic deflection of the AFM cantilever. A quadrant Such a signal decrease is due to the thermal diffusion of the
photodiode is used to register the vertical deflection of the sample. After the sample is excited by a nanosecond pump
AFM cantilever, and the voltage from the quadrant photodiode pulse, the temperature of the sample suddenly rises and then
is digitalized by a data acquisition (DAQ) card (PXI-5122, decreases over time due to heat diffusion.'®™* If the second
National Instruments). The infrared photothermal expansion laser pulse arrives shortly after the first, the second photo-
of the sample mechanically vibrates the AFM cantilever thermal effect is generated in addition to that of the first one.
through the dynamic contact between the tip and the sample. The maximal photothermal expansion by the two pulses with
Transient cantilever oscillations are acquired by the DAQ card temporal offset is smaller than the direct sum of the two
and then Fourier-transformed into the oscillation amplitude as individually arriving pulses,”’ which is equivalent to the
the PFIR signal. The differences in the photothermal signals condition of temporal overlap but hypothetically without
between the pump—probe in the overlap and offsets are joint spectroscopic processes. On the other hand, the maximal
processed to obtain the pump—probe PFIR signals. cantilever deflection is determined by the maximal amplitude
One challenge in detecting the difference in the photo- of the photothermal expansion within the mechanical response
thermal effects is the thermal relaxation of the sample affecting time of the AFM cantilever. Thus, the measured photothermal
the mechanical detection by the AFM cantilever deflection. In expansion when the pump and probe pulses are temporally
AFM-IR or PFIR microscopy with single-pulse excitation, the offset is smaller than the condition when they temporally
mechanical response of the AFM cantilever is treated to be overlap but hypothetically without joint spectroscopic path-
proportional to the amount of heat generated by the infrared ways. In other words, the true photothermal signal background
absorption from the laser pulse. However, if there are two is the photothermal expansion when the pump and probe
optical pulses with temporal separation comparable to the heat pulses temporally overlap, but the joint spectroscopic pathways
relaxation time, the photothermal mechanical perturbation to are absent.
the AFM cantilever will be affected by the temporal separation. To eliminate such a hypothetical background from the
Figure 2c displays an experimentally collected PFIR signal as a detection of the difference of the photothermal effect due to
function of the temporal offset between two off-resonant joint spectroscopic pathways, we use an empirical treatment to
infrared pump—probe pulses of 20/80 ns duration. A rapid compensate for the heat diffusion. We perform a linear fit of
decreasing trend is observed. At off-resonant infrared the PFIR signals S to the temporal offset 7 between the pump
frequencies, the photothermal signal is not enhanced by a and probe pulses. Then, a linear trend from the three temporal
particular spectroscopic absorption, and no sequential light offset conditions (e.g,, 20, 25, and 30 ns) is extrapolated back
absorption effect such as ESA will occur. In Figure 2¢, only the to 7 = 0 ns to obtain the would-be photothermal background,
timing of the pulses is changed. The total intensities of the two where no additional joint spectroscopic pathways, including
pulses remain the same during the time scan. However, the ESA, were present. The procedure of the extrapolation is
photothermal expansion signal detected by the AFM cantilever illustrated in Figure 2d. The difference between the
8335 https://doi.org/10.1021/acs.jpcc.1c01268
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experimentally measured signal S at 7, and the extrapolation at
7 = 0 is designated as AS and used as the pump—probe PFIR
signal to represent the photothermal signal due to the
combined light—matter interactions from both pump and the
probe pulses. The frequencies of the pump and probe pulses
are scanned in two dimensions to register the pump—probe
PFIR signals to form a two-dimensional PFIR spectrum.

B RESULTS

We tested the frequency-domain pump—probe PFIR spectros-
copy on w-azide-terminated PMMA (PMMA-N3) polymer
films. The FTIR spectra of the PMMA-N3 is provided in
Figure S1. PMMA-N3 is a suitable sample for demonstration
because it has a sharp IR absorption peak at 1728 cm™ and no
other absorptions within the 1650—1800 cm™" region.”
Figure 3a shows the normalized frequency-domain pump—
probe PFIR spectrum of the PMMA-N3 illustrated by a
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Figure 3. Two-color PFIR spectrum of PMMA-N3 and sectional
profile. (a) Two-color PFIR spectrum. White arrows indicate the
locations of ESA, and a dashed white arrow is pointing at the location
of GSD. The pump—probe pulse durations are 20 and 80 ns,
respectively. The four time delays are 7, = 0, 7; = 20 ns, 7, = 25 ns,
and 7; = 30 ns (see Figure 2b). The regular ground-state PFIR
spectrum (green, without pump beam) and a sectional profile of the
pump—probe PFIR spectrum (red) are shown in (b). The sectional
profile is extracted at @, = 1728 cm™" along the red dashed line in

(a).

contour map, with the intensity of AS being represented by the
false color. Besides a strong photothermal effect around 1728/
1728 cm™!, four distinct photothermal ESA responses at
pump/probe frequencies of 1690/1728, 1728/1690, 1710/
1728, and 1728/1710 cm™" (pointed by white arrows) become
visible, and they are symmetrical along the diagonal. The
photothermal responses of 1710 and 1690 cm™" correspond to
the excited-states’ absorption between states e, to e, and e, to
ey, respectively. ESA absorption that corresponds to e, to e; is
due to the vibrational resonance having a finite linewidth.
Therefore, excitation with infrared frequency of 1728 cm™ is
still capable of promoting transitions from e, to e, to serve as
an intermediate step prior to the transition between e, and e;
by infrared frequency 1690 cm™', albeit at low efficiency.
Photothermal ESA responses are symmetrical along the
diagonal in the two-dimensional spectrum because the
pump—probe PFIR measures the overall heat effect, and the
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pump and probe are interchangeable. Our pump—probe PFIR
method reveals two ESA absorptions of the PMMA-N3 at
1710 and 1690 cm™!, which are due to anharmonicities of the
C=O0 vibrations.

The sectional profile of the two-dimensional spectrum at
@pump = 1728 cm ™ is displayed (red curve) in Figure 3b. A dip
is observed at 1728/1728 cm™ (indicated by the dashed
arrow), which can be attributed to the ground-state depletion
(GSD). The regular PFIR spectrum of the same sample is
included as a reference (green curve), which confirms the
strong C=0 vibrational absorption at 1728 cm™". ESA peaks
at 1690 and 1710 cm™, and GSD dip at 1728 cm™ (marked
by vertical dashed lines) are observed in the sectional profile
(red curve).

Depending on the experimental conditions (e.g.,, sample and
laser frequencies), the photothermal backgrounds decay
differently within the time window of nanoseconds. Therefore,
the linear fitting procedure shown in Figure 2¢ may become
too risky. To estimate the robustness of our background
removal procedure, R-square values from the linear fitting are
plotted in Figure S2. The distribution of R-square values along
the two pump/probe axes is fairly random, indicating that the
interpretation of ESA and GSD phenomena is unlikely caused
by systematic error. There are 20% of bad-conditioned linear-
fitted pixels with R-square values less than 0.1, which is caused
by random noises in the measurement that cannot be
overcome by the fitting of limited number of data points.
Further improvements can be done by populating the time
window with more data points by using the DDG with more
outputs. Additionally, if the laser pulse duration is much
shorter than the heat diffusion rate, for example, in
picoseconds, the photothermal background subtraction
procedures would be bypassed, which will reduce the noise
in the signal readout.

Nano-imaging using the pump—probe PFIR microscopy is
achievable by keeping the pump—probe frequencies at ESA
while scanning the AFM tip over the sample surface. In this
case, only the surface component that can absorb at ESA
frequencies can generate detectable signals of AS. Figure 4a
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Figure 4. Pump—probe PFIR imaging of phase-separated domains of
PS:PMMA-N3. (a) Topography of the PS:PMMA-N3 blend films.
The higher domains are PMMA-N3, while the lower domains are PS.
(b) Pump—probe PFIR image at Opymp = 1726 cm™! and Oprobe =
1711 em™; (c) signal profile obtained from the white dashed line in
(b). A spatial resolution of ~40 nm is obtained from the edge of the
signal profile.
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shows the AFM topography of polystyrene (PS):PMMA-N3
blend polymer films, where PS and PMMA-N3 domains are
separated due to the spontaneous phase separation. Figure 4b
shows pump—probe PFIR images at one pair of ESA frequency
of PMMA-N3 with @, = 1726 cm™ and @, = 1711
cm™". In the ESA image, PMMA-N3 domains show higher
signal intensities of AS over PS domains. The ESA image with
1710—1728 cm™" pump—probe frequencies is shown in Figure
S3 and is identical to Figure 4b. The PFIR image of the
difference between 7, and 7; at non-ESA frequencies of the
same sample is shown in Figure S4, where no contrast can be
found, indicating that the ESA imaging is chemically sensitive.
To estimate the spatial resolution, a cross-sectioned signal
profile from the white dashed line in Figure 4b is plotted in
Figure 4c. From the distances within the signal edges, we
estimate the spatial resolution of the pump—probe PFIR to be
~40 nm with our current experimental implementation.

The ESA imaging quality of Figure 4b is inferior to the
regular single-frequency PFIR image through linear absorp-
tions (Figure SS). This is because ESA is a much weaker
phenomenon, which is usually smaller than 1% of the linear
absorption.””** We estimated a small signal-to-noise (S/N)
ratio of 1.3 on the PMMA-N3 domains in Figure 4b. From a
regular single-frequency PFIR image of a similar area, the S/N
ratio is estimated to be 33 (see Figure SS), which is 25 times
higher than the ESA imaging. With a lower S/N ratio, ESA
imaging is informative in dissecting the distribution of
nonlinear absorptions across the sample surface at the
nanoscale, which can aid to differentiate the heterogeneous
samples if their linear absorptions are overlapped.

B DISCUSSION AND CONCLUSIONS

In the photothermal detection mechanism of the frequency-
domain pump—probe PFIR microscopy, the role of the pump
and probe pulses are interchangeable. Therefore, the
experimental 2D pump—probe PFIR spectrum in Figure 3
exhibits a diagonally symmetrical pattern. Also, the terminol-
ogy of “pump—probe” is different from the popular time-
resolved pump—probe spectroscopy, where the temporal
domain information reveals the spectroscopic information.
Here, the pump and probe simply mean that two separate
pulses are used, and one pulse precedes the other. The
spectroscopic information is contained in the pump—probe
PFIR spectrum through scanning the wavelengths of the two
narrowband infrared sources. The background removal
procedure that involves scanning the relative temporal offset
between the pump and probe pulses in the nanosecond scale
(Figure 2c,d) does not contain the temporal information of the
molecular vibrational relaxation because the molecular vibra-
tional relaxation is on the much shorter picosecond time scale.

In the pump—probe scattering-type scanning near-field
optical microscopy (s-SNOM),"”"" modifications of the
polarizability of the tip-sample junction are measured. The
small fraction of the excited-state population leads to only a
slight modification of the effective polarizability of the tip-
sample junction, which often exhibits very weak ESA signals. In
contrast, our pump—probe PFIR microscopy measures the
energy dissipation after infrared absorption, which is directly
related to the photon absorption, like regular infrared
spectroscopy. Therefore, ESA absorption by the carbonyl
group of PMMA-N3 is revealed and used as the imaging
contrast to map out the structured polymer blends with
nanoscale resolution with the frequency-domain pump—probe
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PFIR. A further application of the frequency-domain pump—
probe PFIR microscopy is to study the coupling between
molecular vibrational levels and the nanoscale mid-infrared
antenna, leading to shifts in the ESA.° The small sizes of the
mid-infrared antenna are below the diffraction limit, and the
spatial resolution of our method can bypass the diffraction
limit for in situ spectra collection.-

The application of the frequency-domain pump—probe
PFIR microscopy can extend beyond the measurement of
the vibrational ESA. If the signal-to-noise ratio of the
measurement can be further improved beyond the current
level, the same measurement principle should be applicable to
measure the mode coupling between different vibrational
modes with nanoscale spatial resolution—a route toward the
2D-IR nanoscopy. Further development of the pump/probe
PFIR microscopy may benefit from the utilization of short-
duration femtosecond/picosecond laser sources. The AFM
mechanical detection on the difference of photothermal
expansions with femtosecond duration pulses will provide
access to time-resolved pump/probe nanoscopy. If the pulse
duration is shorter than the relaxation time of the excited
states, scanning the temporal offset between the pump and the
probe within the depopulation time will provide the much-
needed temporal resolution toward the spatial-temporal
imaging. At the same time, the narrow bandwidth of the
picosecond laser is still sufficient for spectral resolution in the
collection of the two-dimensional PFIR spectrum.
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