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Photo-induced force microscopy (PiFM) - principles and
implementations

Abid Anjum Sifat®, Junghoon Jahng” and Eric O. Potma®¢

Photo-induced force microscopy (PiFM) is a scan probe technique that offers images with spectro-
scopic contrast at a spatial resolution in the nanometer range. PiFM utilizes the non-propagating,
enhanced near field at the apex of a sharp tip to locally induce a polarization in the sample, which in
turn produces an additional force acting on the cantilevered tip. This photo-induced force, though
in the pN range or less, can be extracted from the oscillation properties of the cantilever, thus en-
abling the generation of photo-induced force maps. Since its inception in 2010, the PiFM technique
has grown into a useful nano-spectrocopic tool that has expanded its reach in terms of imaging
capabilities and applications. In this review, we present various technical implementations of the
PiFM approach. In addition, we discuss the physical origin of the PiFM signal, highlighting the
contributions from dipole-dipole forces as well as forces that derive from photo-thermal processes.

Key Learning Points

* Photo-induced force microscopy (PiFM) is an imaging tech-
nique based on raster-scanning a sharp tip across the sam-
ple. When the tip is illuminated with light, it experiences
an extra force due to the light-induced interactions between
the sample and probe. This so-called photo-induced force
constitutes the contrast mechanism in PiFM images.

* There are several physical mechanisms that play a part in the
photo-induced force. For tip-sample distances in the (sub)-
nanometer regime, the dominant forces are the electromag-
netic gradient force and the thermally induced expansion
force. Depending on the nature of the experiment and sam-
ple, either of these two forces can dominate the observed
contrast.

* In PiFM imaging applications that involve thin films of or-
ganic materials under mid-infrared radiation, the thermal
expansion force is found to be the dominant force. In PiFM
applications that use visible light and nanoparticles with
electronic resonances, the gradient force is often the dom-
inant force.
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1 Introduction

Driven by the need for spectroscopic sensitivity at the nanoscale,
various forms of scan probe microscopy have been combined with
light illumination strategies, resulting in a set of powerful tech-
niques for generating nano-spectroscopic maps of materials and
molecular samples. Photo-induced force microscopy (PiFM) is
one of these approaches. Although based on principles that were
already well understood, it was no sooner than 2010 when the
first photo-induced force microscope was developed by Wickra-
masinghe and co-workers. ™ This first implementation of the PiFM
principle produced images of clusters of molecular chromophores,
where the force contrast appeared to result from the electronic
transition of the dye molecules. The origin of the detected sig-
nal was attributed to the electromagnetic force between the dipo-
lar charge oscillations in the illuminated tip and the induced po-
larization in the molecule. Since this force can, in principle, be
sensed without physically touching the sample, this form of light-
based scan probe microscopy differs from methods that require
direct contact with the specimen. We will assign the PiFM label
to those force-based, spectroscopic scan probe techniques that can
be operated in non-contact mode.

PiFM is part of the larger family of nano-spectroscopic scan
probe methods. Another important member of this family is aper-
tureless (or scattering) scanning nearfield optical microscopy (a-
SNOM or s-SNOM). Like PiFM, sSNOM is a non-contact nano-
imaging technique that derives contrast from a light-matter in-
teraction in the sample. Unlike PiFM, sSNOM detects the light
scattered from the tip-sample nanojunction in the far-field. Since
the scattered light carries information about the induced polariza-
tion in the sample, sSSNOM images exhibit spectroscopic contrast.
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Detecting such signatures against the general background of scat-
tered laser light can be challenging. PiFM monitors the electro-
magnetic force rather than the scattered light, and, relative to
sSNOM, can be considered a background-free technique.

Since the 2010 demonstration of PiFM, the method has been
expanded from electronic resonances in the visible range to vibra-
tional transitions in the mid-infrared range.2" In addition, PiFM
has also been used to probe nonlinear polarizations in the sam-
ple, resulting in images based on stimulated Raman transitions®
and pump-probe transitions”Z®, Along with the development of
improved detection strategies®1, a great deal of progress has
been made on the theoretical description of the PiFM signal12+1]
putting the PiFM technique on a more solid footing. Whereas
the first applications of PiFM involved inorganic materials**1¢ and
metalsilZ, the technique has since been used to study organic com-
pounds (polymers’® and organic semiconductorsi?), biological
samples (collagen fibres?? and protein structuresl), as well as
samples of geological significance (biominerals)22.

The key component of the photo-induced force microscope is
the oscillating tip-cantilever system that scans over the sample
while it is illuminated. The cantilever oscillation frequencies are
high, typically in the 100 kHz - 5 MHz range, similar to the situ-
ation in dynamic atomic force microscopy (AFM). The PiFM sig-
nal is based on the changes in the cantilever oscillation dynamics
caused by the presence of the light field. To extract the photo-
induced changes from other effects that influence the cantilever
motion, the light field is modulated at a characteristic frequency
fm. In the most common implementation, the PiFM signal is de-
rived from changes seen in the cantilever’s amplitude at fixed f,,
or another combination frequency that depends on f,,. This ap-
proach is referred to as amplitude modulation (AM)-PiFM. In an-
other implementation the signal is extracted from the frequency
modulation (FM) of the cantilever resonance, a method known as
FM-PiFM. /0

Although the PiFM experiment can be conducted in non-
contact mode, in some cases it is carried out in tapping-mode,
which produces stronger signals.123An alternative approach is to
actively control the tip-sample distance by modulating the sample
stage in tapping mode, while the cantilever itself is not actively
driven. The PiFM signal is then obtained by illuminating the tip-
sample junction with a pulsed source that is synchronized to the
periodic modulation of the stage, altering the forces on the tip at
a specific tip-sample distance.224726 This technique is referred to
as peak force (PF)-PiFM, where the laser pulse is typically illumi-
nating the sample moments before tip-sample contact.3!11

Upon light illumination, material properties like the polariz-
abilty (a) at the microscopic scale, or the permittivity (¢) and
refractive index (n) at the macroscopic scale, dictate the sample’s
response. There are several mechanisms that can contribute to
the force felt by the tip as a consequence of the presence of light.
One mechanism is based on the induced charge oscillations in the
tip and their interaction with the sample, and such interactions
are enhanced near an optical resonance of the sample. The mag-
nitude of the detected force changes as the excitation frequency
is scanned over the optical resonance, rendering the PiFM signal
spectroscopically sensitive. However, the spectral dependence of
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the photo-induced force depends on the product of the complex
polarizabilities of the tip and the sample, which in most cases
results in a dispersive lineshape. 1213/ Another mechanism that
leads to detectable forces originates from the absorption of en-
ergy from the light field, part of which increases the temperature
of the sample. The thermal expansion of the material that follows
can affect the PiFM signal in a variety of ways, including through
the thermally modulated Van der Waals force#2Z or the thermally
induced photo-acoustic force.14 The dissipation of optical energy
gives rise to a non-dispersive lineshape of the spectrally-resolved
force. Opto-mechanical damping of the cantilever motions is
a related mechanism that also gives rise to non-dispersive line-
shapes.2) Which effect is dominant depends on the wavelength
range, material properties and the details of the experiment.

In this review, we first highlight the principles of AM-PiFM, fol-
lowed by a discussion on various signal detection strategies and
other system level improvements. We then examine several mod-
els that explain the origin of the photo-induced force under differ-
ent experimental conditions. We conclude with a summary of re-
cent PiFM studies, with an emphasis on how the excitation wave-
length and material properties determine which physical mecha-
nism provides the dominant contribution to the measured PiFM
signal.

2 Principle of PiFM operation

2.1 Layout of the photo-induced force microscope

In its most basic implementation, the PiFM system is a scan probe
microscope based on tapping-mode atomic force microscopy
(AFM).28 Since the demonstration of PiFM in 2010, AM-PiFM
is the most commonly used configuration of the technique, and
the layout of the AM-PiFM microscope is sketched in Figure
The main component of the system is the cantilever beam which
is equipped with a sharp tip. The latter is typically gold-coated
to increase the polarizability of the tip’s apex. The motions of the
cantilever are measured with high precision by illuminating its
backside with a laser beam (feedback laser), which is reflected off
the cantilever’s surface and detected with a quadrant photodiode.
The sample is placed on a glass coverslip and is illuminated from
below in an inverted microscope configuration, although side-on
illumination schemes are also common. The tip is positioned in
close proximity to the sample and externally driven by a dithering
piezoelectric element to force an oscillatory motion of the can-
tilever beam. The driving frequency is chosen to coincide with
the mechanical resonance of the cantilever. In many PiFM mea-
surements, the second mechanical resonance of the cantilever at
frequency f, is chosen for recording the topographic AFM signal,
which implies that the driving frequency is tuned to f,. The PiFM
signal is then derived from the cantilever’s motions at its first me-
chanical resonance at frequency f;. In other PiFM systems the
roles of the f; and f, frequency channels are reversed. For con-
sistency, in the remainder of this review, we will refer to f; as the
PiFM channel and to f, as the topography channel.

The incident light is amplitude modulated at f,,, which can
be accomplished for instance with an acousto-optic modulator
(AOM). The light is subsequently focused at the tip-sample nano-
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junction with a high numerical aperture lens from below or with
an off-axis parabolic mirror from the side. In the presence of
photo-induced forces, the cantilever develops motions that de-
pend on f,, and these motions can be detected by analyzing the
signal of the quadrant photodiode. In a typical configuration, a
lock-in amplifier is used to demodulate the photodiode signal at
pre-selected detection frequencies. To extract the photo-induced
force in the AM-PiFM instrument, the demodulation frequency
is tuned near f;. There are two common detection modes: ho-
modyne and heterodyne. In the homodyne detection mode, also
known as the direct mode, f;, is adjusted to coincide with f, i.e.
fm = f1. In this setting, the modulation of the incident light pro-
duces a force that is directly manifest at the first mechanical reso-
nance of the cantilever. In the heterodyne detection mode, some-
times referred to as the sideband detection mode, the laser mod-
ulation is performed at the difference frequency (f,, = |f1 — f2])
or sum frequency (f,, = |f1 + f2|) of the cantilever resonance fre-
quencies. Once again, the signal is demodulated near mechani-
cal resonance frequency f;, which now registers an optically in-
duced force at a sideband of the second mechanical resonance,
ie. f1 =|f2 = fin|. While the homodyne mode is sensitive to the
photo-induced force itself, the heterodyne detection mode probes
the gradient of the photo-induced force. 2322
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Fig. 1 Simplified schematics of AM-PiFM. AOM denotes the acoustic
optic modulator, f, is the modulation frequency, fr.; is the reference
frequency of the lock-in amplifier that is the same as detection frequency.

2.2 Amplitude modulation and frequency modulation PiFM
In regular AM-AFM, while the cantilever deflection is recorded, a
fixed tip-sample average distance is maintained through a propor-
tional integral (PI) feedback controller that observes the ampli-
tude changes at the driving frequency f,. The feedback produces
an error signal that is used to keep the amplitude constant at a
pre-set value. Additionally, the topographic AFM signal is derived
from the amplitude modulation found at f,. Instead of moni-
toring the amplitude changes, it is also possible to perform the
feedback by registering the changes in the cantilever’s resonance
frequency itself. The resonance frequency is a sensitive probe of
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the interactions between the sample and the cantilevered tip, and
its shift is thus a measure of tip-sample distance. In frequency
modulation (FM) feedback2%31l, the resonance frequency is kept
constant, a mode of operation that is particularly useful under
conditions of ultrahigh vacuum (UHV) when the mechanical res-
onances are very narrow. Some PiFM measurements under UHV
conditions have been performed by using the FM mode for feed-
back.? Regardless of the method of feedback, most PiFM signals
are obtained by detecting amplitude changes in the f; channel.

An example of an AM-PiFM system is depicted in Figure|2| The
system uses the amplitude modulation principle for reading out
the PiFM signal (at f}). To detect the PiFM signal, the photode-
tector signal is demodulated by the lock-in amplifier using ei-
ther f| = f, as the reference signal for homodyne detection or
f1 =|f> £ fm| as the reference for heterodyne detection. The het-
erodyne detection mode is useful for enhancing the sensitivity to
the gradient force by suppressing the contribution of the scatter-
ing force.2?l Because heterodyne detection samples the gradient
of the force, it also reduces the relative contribution from constant
thermal expansion forces. 227132

The FM method can also be used for reading out the PiFM sig-
nal.1® In FM-PiFM, the change in drive frequency f,, Af signal,
rather than the change in amplitude is used for extracting the
heterodyne PiFM signal. In one implementation'l?, the incident
light is modulated at f,, = 2f> + f,.s to get the frequency shift as
Af =Af(0)+Af(frer), Where fr is the reference frequency of the
lock-in, Af(0) is a fixed resonance frequency shift and Af(f.s)
is the shift due to the PiFM response at f,, ;.23 To isolate the
photo-induced force content, the Af signal is demodulated at f,,r
in a lock-in amplifier.1%. Whereas AM-PiFM can operate under
ambient conditions, UHV conditions are required for proper oper-
ation of FM-PiFM. Despite this additional requirement, FM-PiFM
offers improved sensitivity compared to ambient AM-PiFM.
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Fig. 2 Schematics of an AM-PiFM system.
circuit; osc.: oscillator; LIA: lock-in amplifier.

FCC: feedback control

2.3 Modulation strategies

The AOM is a common strategy to modulate the incident light in
AM-PiFM measurements. However, it is also possible to use the
intrinsic repetition rate of a pulsed laser as the source of modu-
lation.” When using heterodyne detection in this configuration,
the laser repetition rate must be tuned to f,, = |f> & f1|, which is
typically in the 100 kHz — 2 MHz range. Depending on the light
source, it may be challenging to reach the required modulation
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frequency, especially in the mid-infrared range where the repeti-
tion rate of quantum cascade lasers cannot be freely tuned into
the > 100 kHz range. In such cases, it is possible to dial down
the modulation frequency by dividing f, & f; by an integer. This
process of light modulation, called harmonic heterodyne detec-
tion#, is shown in Figure a) for the case of AM-PiFM. Another
implementation uses modulation of the polarization orientation
of the incident light pulses, a technique named sequential hetero-
dyne detection schematically depicted in Figure [3(b). Here, the
laser repetition rate is tuned to f, & f; + f,, where f, is the fre-
quency of polarization modulation (f, ~40—200kHz). The polar-
ization modulation can be achieved with a photoelastic modula-
tor (PEM), which switches the polarization periodically between
a parallel alignment with the long axis of the tip and a perpen-
dicular alignment in a side-on illumination configuration. Since
only the parallel alignment of the polarization produces near field
enhancement under the tip, this modulation scheme gives rise to
an effective on/off switching of the near field illumination.

Furthermore, heterodyne detection can also be achieved when
the light is modulated at |f> + fi|/2+ f, and the PiFM signal
is extracted at the f; detection mode.” The harmonic detection
method has also been demonstrated for homodyne detection of
the AM-PiFM signal.24 It is interesting to note that by detecting
the signal at higher harmonics of the modulation frequency, the
effective time resolution of the PiFM measurement can be im-
proved. This feature has been used to probe the dynamics of the
cantilever, after the illumination is suddenly switched off, with
a sub-us temporal resolution. Such measurements are sensitive
to the presence of forces that manifest themselves on the sub-us
timescale, which includes force dynamics due to the relaxation
of the sample’s thermal expansion. It was shown that the second
harmonic of the modulation frequency, where the light is mod-
ulated at f,, = f1/2 and the signal is detected in the f; = 2f,
channel, is sufficient to improve the time resolution to better than
100 ns.>4

2.4 Peak force PiFM

In standard AM-PiFM, the cantilever is driven into one of its me-
chanical resonances to collect the topography signal, and the
presence of the photo-induced force is detected at another me-
chanical resonance of the cantilever. In PF-PIFM1M24 the can-
tilever is not driven into one of its mechanical resonances. In-
stead, the sample stage position is periodically changed such that
the tip-sample distance is actively modulated, a mode of opera-
tion referred to as peak force tapping (PFT) mode.=> Figure a)
shows the photo-detector signal during the PFT cycle. In a typical
PFT cycle, the cantilever deflection amplitude decreases when the
tip is brought in closer proximity to the sample due to the increas-
ing attractive tip-sample interaction force. At a certain distance,
the tip starts to feel the repulsive side of the interaction potential,
and full contact is reached as the sample position is increased
further during the approach part of the PFT cycle. The trend is
repeated in reverse during the retraction phase of the cycle.

When the arrival of the laser illumination pulse in the tip-
sample junction is synchronized with the periodic modulation in
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Fig. 3 lllumination scheme of (a) harmonic heterodyne and (b) sequential
heterodyne detection PiFM. PEM: photo elastic modulator. There is no
external light modulation in (a), the repetition of the pulsed laser itself
provides the necessary modulation.

PFT mode, the time-delay in the synchronization loop allows the
precise timing of the light pulse relative to the tip-sample dis-
tance. Applying the laser pulse at the moment of tip-sample con-
tact, as shown in Figure a), allows a measurement of the ef-
fect of thermally induced expansion forces near the contact reso-
nance. The light-induced changes to the PFT cycle reveal the dy-
namics of thermal expansion and its subsequent relaxation. Since
the magnitude of the thermal component depends on the laser
wavelength and the absorption properties of the sample, scanning
the illumination wavelength allows the recording of the sample’s
absorption spectrum. This recipe has been successfully applied
in the mid-infrared, producing spectra that resemble spectra ob-
tained through Fourier transform infrared (FTIR) spectroscopy.
This detection modality is called peak force infrared microscopy
(PFIR).24 The technique is related to photothermal infrared res-
onance (PTIR) microscopy=2=7Z, but it has the added advantage
of reducing tentative mechanical damage to the sample sustained
during the contact resonance.

In its original implementation, PFIR uses a single laser pulse
per PET cycle of PFIR. Further sensitivity can be attained by in-
troducing multiple pulses per PFT cycle.22 If the time separation
between the pulses in the multi-pulse burst is chosen to coincide
with the oscillation period of the cantilever contact resonance,
then the coherent sum of the light-induced signals in the PFT cy-
cle provides an additional increase of the PFIR signal. Multi-pulse
PFIR has also been combined with total internal reflection (TIR)
illumination€, in which case the stage is fixed and tapping is
achieved by moving the cantilever instead. Excitation with TIR
provides higher field enhancement than in side-on illumination®
and has been used for PFIR studies in the liquid phase.=2/2¢

Finally, the photo-induced response can be probed by timing
the arrival of the laser pulse in the tip-sample non-contact zone,
right before the moment of jump-to-contact.® This scenario is
illustrated in Figure b). This is the PF-PiFM method, which
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has been applied to mid-infrared nanoscopy studies. The PE-
PiFM spectra retrieved from polymer samples were shown to
mimic those recorded with FTIR spectroscopy. Unlike the PFIR
approach, the PE-PiFM technique is, in principle, a non-contact
method and can thus be classified under the general umbrella of
PiFM techniques.
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Fig. 4 Major distinction of peak force tapping mode PFIR and PF-PiFM
from conventional tapping mode PIFM. The trend of PFT cycle and laser
pulse launching time for (a) PFIR microscopy and (b) PF-PiFM system.

3 Physical origin of the photo-induced force

The physics of the illuminated tip-sample junction is complicated,
and it comes as no surprise that the detected forces in PiFM de-
rive from various mechanisms. Originally conceived for probing
the instantaneous electromagnetic force between the tip and the
sample™39 it has become clear that other contributions to the
force play a role as well. Depending on the geometry of the
experiment, wavelength setting and properties of the material,
the instantaneous electromagnetic force may be inferior to other
photo-induced forces. Chiefly among these are forces that are de-
rived from light absorption by the sample or tip, and the thermal
expansion of the sample that follows. BI2041527 1y this Section,
we discuss various contributions to the force that can be manifest
in a PiFM experiment.

3.1 Photo-induced electromagnetic force

When the cantilevered tip is illuminated, charge oscillations in
the tip’s material produce an induced polarization at the optical
driving frequency. In most cases, this polarization can be approx-
imated well as an oscillating dipole in the form p, = oy E, where
oy = of +ioy is the polarizability of the tip and E is the optical
driving field. For simplicity, we will assume that the polariza-
ibility is a scalar quantity. The oscillating dipole experiences a
time-averaged, electromagnetic force that is proportional to the
gradient of the driving field as follows:

"

_% RV A *VE:
(F) =3 ;Re{E, VE}+ = ;Im{El VE;} (1)
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where i = {x,y,z} labels the Cartesian components. The first term
in equation is proportional to the real part of the tip’s po-
larizability, and is a non-dissipative, conservative force 2339 This
term is related to the so-called gradient force. The second term
in equation is a dissipative, non-conservative force, which is
proportional to the imaginary part of o;. This force is related to
the transfer of momentum of the scattered light and is called the
scattering force.3?

The first term in particular is sensitive to the gradient of the
optical field in the vicinity of the tip. A steeper gradient pro-
duces a stronger force. For instance, the force can be expected
to be strong when the tip is placed near the strong local fields
associated with surface plasmon resonances, which show a sig-
nificant spatial dependence on the nanoscale and thus exhibit
non-negligible gradients. Indeed, this mechanism is responsible
for the PiFM contrast observed near interfaces that support sur-
face plasmon polaritons or objects that display localized surface
plasmons.1734 In the same fashion, PiFM is sensitive to the fields
on the surface of materials that support collective modes such as
phonon polaritons. 4142

The details of the local field also change when the tip is brought
into close proximity to the surface of dielectric substrates or ob-
jects, which in turn alters the photo-induced force. The resulting
force can be modeled conveniently with image dipole theory as
illustrated in Figure [5(a). Writing the image dipole as p, with
polarizability o, and assuming that the dominant polarization
direction is along z, the distance-dependence force directed along
the z-axis can be expressed asi23:

3Re{o; o}

E,|? 2
AneyEn® [E] )

(Fg)z =~
where g, is the permittivity of the medium surrounding the tip.
This force, which we will refer to as the gradient force, explicitly
depends on the distance z between the tip and image dipoles, and
scales as z 4. Therefore, the optical gradient force is strongest
when the tip-sample distance is small, whereas it falls off quickly
when the tip is retracted. The negative sign indicates that the
force is attractive. Since the magnitude of the image dipole de-
pends on the permittivity of the substrate material, the magnitude
of the photo-induced force felt by the tip is sensitive to the prop-
erties of the material underneath it.
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Fig. 5 lllustration of (a) the image dipole force above the substrate, and
(b) the dipole-dipole interaction force between tip and sample. z is the
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3.2 Dipole-dipole interaction force

Consider a small object, such as a cluster of molecules, that is
illuminated by a focused light field. At the microscopic level the
induced polarization of the sample is p; = a,E, where o = a) +
ia) is the polarizability of the sample. The real and imaginary
parts of the polarizability are shown in Figure |§| near a single
optical resonance of the sample.

—Re(a)
. —Im(«)
>
Lo
N
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0.8 1 1.2
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o

Fig. 6 Typical spectral behavior of the real and imaginary parts of the
polarizability near an optical resonance (resonant frequency=w,) of a
molecular material.

The presence of p; affects the local field near the induced dipole
of the tip and thus has an effect on the electromagnetic force ex-
erted on the tip.13 Figure b) shows a schematic of the inter-
action between the oscillating dipoles as mediated by the local
electromagnetic field. This interaction is sometimes called the
dipole-dipole force, and the time averaged dipole-dipole gradient
force can be written as:

3Re{oy 0y}

2
4mepent | )

(Fg)z =~
which also displays a z~* dependence. The spectral response is
proportional to Re{o; o} o {a/a; + ooy }. For a typical metal,
& > o' over the visible to infrared spectral range.12 Under these
conditions, the spectral response for the dipole-dipole gradient
force assumes a characteristic dispersive lineshape. The presence
of a dispersive lineshape in the photo-induced force near an op-
tical resonance is thus an indication that the dipole-dipole force
is a prominent contribution to the PiIFM measurement. Calcula-
tions show that the optical gradient force that can be expected
between the tip and a small nanometer-sized structure, such as
a molecular cluster or quantum dot, is on the order of a pN.13
Though small, such forces can still be measured with confidence
in the PiFM microscope.

Note that a spectral resonance is not a prerequisite for observ-
ing contrast in PiFM through the dipole-dipole interaction force.
Since the PiFM signal is governed predominantly by the magni-
tude of o/, any changes in the real part of the material’s po-
larizability across a spatially heterogeneous sample can give rise
to contrast in the PiFM map. For this reason, PiFM imaging can
be used to study samples with a spatially varying refractive index
using excitation light that is off-resonant with optical transitions
in the sample material.3243
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3.3 Photo-thermal expansion force

Photo-thermal expansion forces follow from the sample expan-
sion after light absorption, shown schematically in Figure [7(a).
The thermal expansion AL of the sample is related to the rise in
temperature, AT, at the location of laser illumination. The ex-
pansion can be modeled as AL ~ ayhAT, where h is the sample
thickness and oy is the linear thermal expansion coefficient of
the sample.2Z3744 AT can be obtained by solving heat equation
with the incident light power as the heat source.2%37 Note that
the photo-thermal expansion is a direct function of the sample
thickness whereas the dipole-dipole interaction force is virtually
insensitive to 4.4 For organic materials in the 4 ~ 1 — 100 nm
range the material expansion is typically very small, on the order
of AL ~ 1—100 pm, which is often smaller than the size of an
atom! Nonetheless, such height variations can still be detected

Fig. 7 Sketch of (a) the thermal expansion force in contact mode, and
(b) the thermally modulated van der Waals force contribution in non-
contact PiFM. Modulation of the incident light produces a modulation
in tip-sample distance, AL. This in turn results in modulation of van der
Waals force (black arrow to red arrow) at f;,.

through changes in the force. In general, even in the absence
of light, the tip experiences an interaction force due to its prox-
imity to the sample. This tip-sample interaction force, Fj4(z), is
described well as the sum of conservative and non-conservative
forces given by Fi(z) = F.(z) —I'(z)z, where F. is the conserva-
tive force and I'(z) represents an effective damping coefficient of
a given dissapative process.232% The F, strongly depends on the
tip-sample distance and contains attractive and repulsive contri-
butions. Figure [8shows F as a function of z. In the non-contact
zone, F;, is dominated by attractive forces, such as the van der
Waals (vdW) force, whereas in the contact zone repulsive forces
become the dominant force. At z =0 and shorter distances the tip
is in full contact with the sample and Fj; is exclusively repulsive.
Such forces are described well by the Derjaguin-Muller-Toporov
(DMT) model. Both vdW force and the DMT force depend on
z. Sample expansion causes a change in the tip-sample distance,
and thus produces a difference in the force:

AFs (Z) = Fts(Z - AL) - Fts(Z) @

The effect of the light-induced sample expansion is given by the
dashed red curve in Figure which emphasizes that there is a pe-
riodic force difference due to a periodic modulation of the light,
both in the contact and non-contact zones. In the small oscilla-
tion limit, the tip-sample force can be expanded in a Taylor series
around the average position z., which in the first-order approxi-
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Fig. 8 Effect of the thermal expansion AL on the tip-sample interaction
force F;;. Blue curve shows F;; when the light is off, while red dashed
curve shows F; when the light is on. Red solid curve shows -dF/dz,
which is proportional to the magnitude of the thermal expansion force.

mation takes on the form:

?(z—zc)—k... 5)
<

Fiy =~ Fy (Zc) +
so that the force difference can be generally expressed as:

_9Ry
dz

AFi(z) =~ AL (6)
The magnitude of the force difference is thus related to the spa-
tial derivative of the tip-sample force, shown by the red curve in
Figure In the contact zone, using a DMT model for F;, the
thermal expansion force Fy, can be written as:44

Fp(2) = AFy(z) = 2E*\/R(r, —2) - AL = C(z) - AL 7

where E* is the reduced Young’s modulus of the material, R is the
radius of the tip, r, is the intermolecular distance in the mate-
rial and r, — z is the indentation depth. The repulsive expansion
force depends linearly on AL. Since AL is modulated at f, in a
PiFM experiment, the repulsive force F;;, shows up as PiFM signal
when operated in contact mode. Even for small AL, F};, can be
significant. For instance, for molecular monolayers, a value for
C(z) as high as ~ 40 N/m has been reported, so that the force
measures 130 pN for a sample expansion of only 3.2 pm.44 Since
the photothermal response depends on the absorption of the sam-
ple, the force spectrum follows the dissipative part of the material
response, resulting in a non-dispersive resonance lineshape.

3.4 Thermally modulated van der Waals force

The discussion in the previous section makes it clear that the ther-
mal expansion also gives rise to a modulation of the tip-sample
force in the non-contact zone®?, shown schematically in Figure
[7(b). Assuming that the force in this zone is described well by the
attractive vdW force, the photoinduced thermal expansion force
can be obtained from equation (6] as:

HeR 1
6 23

Fin(2) ~ — ®

where H,y is the effective Hamaker constant between the tip and
the sample. We will refer to this force in the non-contact zone as
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the thermally modulated vdW force.

The thermal expansion of the sample can be split into two parts
and written as ALy (z) = AL/(z) + AL,;. Here AL, is the thermal
expansion due to the total illuminated sample volume, which is
independent of the tip-sample distance. The thermal expansion
due to the heating right underneath the tip is described by AL, (z),
which relies on the field enhancement in the tip-sample junction
and thus depends on the tip-sample distance.“Z Figure E](a) shows
the calculated thermal expansion of a polystyrene(PS) layer while
it is illuminated with 1452 cm~! light that is on-resonance with a
vibrational mode in PS. For AL; the heated volume is calculated
from the beam radius and sample thickness, whereas for AL, (z)
the heated volume is related to the thermal diffusion length /,
of the sample material.27/32 For a laser pulse duration of t,, the
diffusion length is defined as 1, ~ /D1, where D is the thermal
diffusivity of the sample.2Z42 While the direct thermal expansion
AL, is linearly proportional to the sample thickness L up to the
beam radius, the tip-enhanced thermal expansion reaches a near
constant value after a certain sample thickness, which is related
to .27

The direct and tip-enhanced thermal expansion are both mod-
ulated at f,,, and thus can be detected in the homodyne detec-
tion mode. Since the direct thermal expansion is independent
of the tip position, it does not show up in the heterodyne mode.
The tip-enhanced expansion, however, depends strongly on tip-
position and is, therefore, manifested in the heterodyne detection
channel. For this reason, the tip-enhanced expansion can be ex-
clusively detected in a heterodyne PiFM experiment.

Although the tapping mode PiFM can contain contributions
from both the contact mode and the non-contact mode of opera-
tion, such PiFM experiments are typically conducted in the attrac-
tive force region to avoid tip damage. In this case, the experiment
is more sensitive to the thermal modulation of the attractive vdW
force.2Z On the contrary, PTIR measurements=23746l are predom-
inantly sensitive to the thermal modulation of the repulsive DMT
contact force as in equation (7). Because the tip is in contact
with the sample without active oscillation (no tip-sample distance
change), the total thermal expansion is directly manifested at the
light modulation frequency of f;,, which rises monotonically as a
function of sample thickness as shown in Fig. [9)(a).27#7 Figure|[9]
(b) shows PiFM and PTIR measurements on a polystyrene wedge
atop a Si substrate. On vibrational resonance, the heterodyne
PiFM signal tracks AL,, while the PTIR signal shows the gradually
increasing response with sample thickness that is characteristic
for the behavior of L;,.

3.5 Thermally induced photo-acoustic force

The photothermal expansion and subsequent relaxation of the
sample can be accompanied by a longitudinal acoustic wave
that results from the periodic compression and decompression
of the material. Because the acoustic wave travels in the mate-
rial medium at a higher speed than its corresponding propaga-
tion speed in air, a shock wave forms at the sample/air interface,
which subsequently travels through the air medium. Impulsive
thermal expansion can create shock waves that are capable of pro-
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Fig. 9 (a) Calculated thermal expansion for a polystyrene (PS) film of
varying thickness on Si substrate at 1452 cm™!, showing direct thermal
expansion (blue), tip-enhanced thermal expansion (red ) and total ther-
mal expansion (black). (b) Thickness dependence of PiFM and PTIR
signal at the 1494 cm~! vibrational resonance of PS. Squares and dots
represent the measured data and solid line is the theoretically fitted curve.
Reprinted (adapted) with permission from2%. Copyright 2018 American
Chemical Society

viding an upward push to the tip-cantilever system in the sample’s
vicinity.1# Note that the photo-acoustic effect is zero in vacuum.

Fig. 10 Thermally induced photo-acoustic force on the tip in non-contact
PiFM. The red lines depict the air compression upon acoustic shock wave
propagation.

A schematic of this phenomenon is presented in Figure The
acoustic shock wave generates a spatial variation in the air pres-
sure in the tip-sample junction. The energy carried by such an
acoustic wave for a 1 — 10 pm thermal expansion is on the order
of a few femto-Joules, which is comparable to the oscillation en-
ergy of a cantilever that has an oscillation amplitude of tens of
nanometers.¥ In principle, energy exchange between the acous-
tic wave and the cantilever is possible, and it is most significant
over distances shorter than the mean free path of air molecules,
about 70 nm. Since it depends on the thermal expansion of the
sample, the photo-acoustic effect is proportional to sample thick-
ness. Note that the decay of the acoustic wave away from the
surface is generally much slower than the steep power law depen-
dence of the optical gradient force and other tip-sample interac-
tion force like the vdW force. For this reason, the photo-acoustic
force can be present as a background that is nearly constant with
tip-sample distance, on top of which other force contributions
with steeper distance dependencies are manifest.1>

3.6 photo-induced damping of the cantilever

As state above, Fi;(z) is described well as the sum of conservative
and non-conservative force. The vdW force and the DMT force are
the examplar attractive and repulsive conservative forces. Unlike
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conservative forces, non-conservative forces dissipate mechani-
cal energy into other forms of energy, which includes energy ex-
change between the cantilever and the sample. The separation
of the interaction force into conservative and non-conservative
forces is helpful for examining their effects on the cantilever mo-
tions. For instance, changes in the cantilever’s spring constant k

due to tip-sample interactions are related to conservative forces
oF,

as k; =ki— 5%, where i denotes the cantilever mode and F, =
F.+ Fgf. Here, Fgf includes any DC component of the photo-

induced force. On the other hand, changes to the cantilever’s
damping coefficient are mediated by the non-conservative forces
in the form b, = b; +'(z.).2?

As shown in Figure [TIj(a), the change in spring constant
due to the conservative force shifts the resonant frequency of
the cantilever oscillation. Any net attractive interaction force
tends to shift the resonant frequency toward lower frequencies,
while repulsive forces shifts the resonance to higher frequen-
cies 15127129148 Conversely, the damping coefficient does not affect
the resonant frequency, but it rather lowers the quality factor of
the oscillator. This is illustrated in Figure (b), where the rise in
b decreases the oscillation amplitude.l> Non-conservative forces
that can cause changes in b include velocity dependent adhesion
and viscoelastic forces in contact mode, and tip heating®® or the
effects of radiation pressure in non-contact mode. In the case of
photothermal expansion forces, AL can modulate the conserva-
tive and non-conservative tip-sample interaction forces, and can
therefore modulate the spring constant k or the damping coeffi-
cient p.1>

-
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Fig. 11 Cantilever oscillation amplitude near resonance. Free oscillation
response is shown by the black line, while the red line indicates response
in case of an externally applied force. (a) Resonant frequency shift due
to modulation of the spring constant. (b) Amplitude change due to
damping. f; and f, indicate two observation frequencies down-shifted or
up-shifted from the resonance frequency of the free oscillation.

A defining feature of photo-induced damping of cantilever mo-
tions can be observed by monitoring the oscillation amplitude at
two observation frequencies, one up-shifted (f,) from the reso-
nance frequency and another one down-shifted (f;), as shown in
Figure [IT](b). Damping alters the overall amplitude of the reso-
nance curve, which means that the amplitude measured at f,, and
fy4 are the same. This is in contrast with the effect of a chang-
ing spring constant, in which case the amplitude measured at f,
is higher than at f; for an increasing spring constant. Switching
the observation frequency between f, and f; gives rise to a clear
modulation of the signal for changes to k, while no such modula-
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tion is observed for changes mediated via b.

When the conservative forces are not significantly changing in
the experiment, PiFM contrast due to changes in b can become
important. In this case, the PiFM spectrum would follow a dis-
sipative lineshape, similar to the lineshape expected for thermal
expansion forces. In fact, the photo-induced damping principle
has been suggested as an alternative mechanism to thermal ex-
pansion for explaining the observed dissipative spectral profiles
in PiFM measurements performed in the infrared range.1.

4 Photo-induced force microscopy in prac-
tice

The different mechanisms discussed in the previous Sections can
all play a role in the measured PiFM signal. Which effect dom-
inates depends on the properties of the material and the details
of the experiment. Dipole-dipole forces between the illuminated
sample and the tip are generally weak but can be expected to
dominate in case of strongly polarizable objects. Cases in which
the electromagnetic force in PiFM is the dominant contribution
to the signal are found for nano-particles with strong electronic
resonances, such as clusters of dye molecules or metallic particles
with surface plasmon resonances. An example is given in Figure
[T2Ja), which shows the spectral dependence of the PiFM signal
for a cluster of silicon naphthalocyanine molecules. The PiFM
signal follows the real part of the polarizability, which is a strong
indication that the PiFM response is dictated by the instantaneous
electromagnetic force.

The photothermal force F;, is always present, but is expected
to be negligible for very thin samples in non-contact mode. In
the case of molecular samples thinner than ~ 10 nm, the pho-
tothermal signal is typically very weak. For thicker samples, the
thermal expansion grows and can dominate the PiFM signal. This
situation is relevant for PiFM measurements in the mid-IR range,
which are often performed on material layers of thickness 100 nm
or higher. An example is shown in Figure b), which depicts the
PiFM response near the carbonyl (C=0) vibrational resonance for
a layer of polymethyl methacrylate (PMMA), revealing a charac-
teristic dissipative lineshape.

Several experimental observables can help determine whether
the forces in given PiFM experiment are dominated by direct elec-
tromagnetic interactions or by indirect thermal effects. Based on
the discussions above, the following features of the force signal
are relevant:

* Spectral dependence near an optical resonance of the mate-
rial. The electromagnetic force invariably follows a disper-
sive lineshape, whereas thermal effects are characterized by
dissipative lineshapes.

* Tip-sample distance dependence. The optical gradient force
falls off quickly as z~*, while thermal effects like the mod-
ulated vdW force (e z73) or photo-acoustic forces show a
shallower dependence on the tip-sample distance.

* Dependence on sample thickness. Thermal effects grow with
the illuminated sample volume and thus increase with the
sample’s thickness, whereas the optical gradient force is
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Fig. 12 (a) Measured PiFM spectrum (red dots) for a SINC nanocluster
and the extracted real (blue) and imaginary (black) parts of the SiNc
response near the peak absorption at 810 nm. Reprinted (adapted) with
permission from®®. Copyright 2015 American Chemical Society. (b)
PiFM spectrum measured (blue dots) for PMMA compared to the calcu-
lated imaginary part (green curve) of the refractive index of PMMA near
the carbonyl (C=0) resonance of 1735 cm~!. Reprinted (adapted) with
permission fromZ, Copyright 2018 American Chemical Society.

nearly insensitive to the sample’s thickness beyond the first
molecular layers.

In the following, we will discuss various practical situations un-
der which either the electromagnetic force or thermal effects are
dominant in the PiFM experiment.

4.1 Electromagnetic forces in PiFM

Clusters of molecular chromophores with resonances in the vis-
ible frequency range, as well as metal and dielectric nanostruc-
tures like nano-antennas, nano-clusters and quantum dots (QDs)
with strong electronic resonances, are characterized by effective
polarizabilies that are high enough for raising the electromag-
netic force in PiFM above the noise floor. The first PiFM report
focused on clusters of 6-tamra dye molecules, as shown in Fig-
ure When excited near resonance at 543 nm, the PiFM map
showed clusters, whereas no such features were observed when
the laser excitation wavelength was tuned away from resonance.”

.NZV
: oV

Fig. 13 PiFM image of 6-tamra dye molecular clusters on glass mea-
sured (a) on-resonance and (b) off-resonance with the 543 nm electronic
transition. The black arrow in panel (b) points to the same location as
in panel (a). Reprinted with permission from refl ©) AIP Publishing.

The induced polarization of semiconducting nanostructures
with bandgap energies in the visible or near-infrared can also be
strong enough under typical PiFM experimental conditions to pro-
duce a detectable optical gradient force. An example is shown in
Figure [T4((a), where a dumbbell-shaped Zn-Ag-In-S nanostruc-
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ture is subjected to PIFM examination.23 The bandgap energy of
this structure is position dependent and measures 1.97 €V at its
bulbous extremities and 2.92 €V near its much narrower neck.
Figure b) shows the PiFM image taken at 660 nm (1.88 €V),
near-resonant with the ends of the dumbbell structure but off-
resonant with the middle part of the object. As expected, the
signal is strongest at the ends of the nano-object. This measure-
ment was performed in the heterodyne FM-PiFM mode, which of-
fers high sensitivity to the optical gradient force and thus reduces
thermal contributions to the PiFM measurememt.

Fig. 14 PiFM imaging of Zn—Ag—In—S semiconducting nanostructures.
(a) Schematic of the experimental layout. (b) PiFM image of the nano-
object. Image was taken in heterodyne FM-PiFM mode, which offers
exquiste senstivity to the optical gradient force. Reprinted with permis-
sion from ref33 Copyright (©) 2021.

A strong response in the mid-infrared range can also give rise
to detectable electromagetic photo-induced forces. An example is
shown in Figure which depicts results obtained from a study
on 100 nm thick ribbons of InAsSb, a highly doped semiconduct-
ing (HDS) nanostructure that behaves as an epsilon near zero
(ENZ) material near its plasma frequency, a spectral region where
a strong mid-infrared response can be expected.4? The PiFM sig-
nal in the vicinity of this structure can be modeled by calculat-
ing the effective polarizability of the tip in the dipole approxima-
tion, and by taking into account the scattered field from the HDS
nanostructure. Based on the dielectric function of this HDS ma-
terial, low PiFM signals are expected in the ENZ spectral range
near ~ 9 um and a maximum is predicted toward lower energies,
as shown by the gray line in Figure[I5|(a). The experimental data,
shown in blue, follows the dispersive lineshape that is character-
istic of the electromagentic force. PiFM images, taken at 9.02 um
and 10.53 um, are shown in panels (b) and (c), respectively. Un-
like mid-infrared near field studies on thin films with polariton
modes near the ENZ region,2? the measured PiFM signal here
is fully explained in terms of the time-averaged electromagentic
force without a significant contribution from thermal expansion
forces.

A prime example of a strong collective excitation is found in
the localized surface plasmon modes of metallic nano-structures.
Figure b) shows a PiFM map of a 100 nm Ag nano-particle.3%
The contrast is based on the strong fields associated with the plas-
mon mode which have steep gradients and can thus be measured
directly through the optical gradient force. As expected, the PiFM
response is strongest at the particle’s interface in the direction of
the incident polarization, which corresponds to the spatial dis-
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Fig. 15 PiFM imaging of an epsilon near zero (ENZ) material in the
mid-infrared range. (a) Spectral dependence of the PiFM signal Syps in
the mid-infrared range. Vertical bars show the spectral postion at which
the images shown in (b) and (c) are taken, corresponding to 9.02 um and
10.53 um, respectively. Reprinted with permission from ref4% Copyright
© 2018.

tribution of the enhanced local field. Although illumination of
the particle inevitably leads to photothermal heating of the lat-
tice, thermal expansion effects are inferior to the electromagnetic
photo-induced force in this case. Because of the high thermal dif-
fusivity constant of silver, heat produced due to the optical excita-
tion is distributed throughout the lattice on the sub-ns timescale,
much faster than the modulation cycle. Thermal expansion forces
would thus appear at all locations of the tip over the particle’s
surface. Given that the PiFM signal is negligible for most of the
particle’s surface, thermal expansion forces do not contribute to
this measurement in a significant way.

80 nm 430 pv

Topography

43 pv

Fig. 16 PiFM imaging of a localized surface plasmon mode of metallic
nano-particles. (a) Topographic image of a 100 nm diameter silver nano-
particle. (b) PiFM image obtained with a 809 nm laser beam polarized
in the direction of the white arrow. Reprinted with permission from ref34
Copyright (© 2021.

4.2 Thermal effects in PiFM

Thermal effects are expected to be prominent in PiFM measure-
ments when the thermal expansion of the sample under the tip
is significant. It is helpful to establish the lower limit of sample
expansion beyond which the PiFM measurement in non-contact
mode can no longer register changes to the sample. One way to
measure the sensitivity of PiFM to a variable height difference Az
of the sample is illustrated in Figure 15 In this experiment,
the sample consists of template-stripped gold (TSG) atop a lead
zirconium titanate (PZT) crystal that is periodically modulated at
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fm = f2— f1 to mimic the thermally modulated sample expansion.
Because of the modulated sample height, we may expect a modu-
lation of the vdW force experienced by the tip. With the tip driven
at f», the gradient of the modulated tip-sample interaction force
can be observed in the f; channel, similar to the detection scheme
in heterodyne detected PiFM. The measured amplitude change at
f1 is shown in Figure [I7(b) as a function of the vibration ampli-
tude Az of the sample. Operating in non-contact mode, a linear
relation is found with a slope of 1 pm/pm. Extrapolation of the
linear trend to the noise floor yields a sensitivity limit Az ~ 32 pm.

(a) Photodiode (b) 350
Aol L Z, — Sig. atf,
.Ia [
@ 00 Noise at f,

0 250

Mirror
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N pzT

0 100 200 300 400
Az (pm)

Fig. 17 Sensitivity limit for sensing height variations in a PiFM mi-
croscope. (a) Experimental setup. Template-stripped gold attached to a
lead zirconium titanate (PZT) crystal is height-modulated at f,, = f> — fi
to mimic the thermally modulated expansion. (b) Amplitude change as
a function of the sample height variation (blue) and the amplitude noise
floor (red). The extrapolated blue curve intersects the noise floor near
~ 32 pm. Reprinted from ref2® Copyright © 2020.

Sample expansion is a function of the optical power absorbed
and the material properties that define how the absorbed power
is translated into material expansion. These material properties
include the density, specific heat capacity, thermal conductivity
and the thermal expansion coefficient of the sample.3” Since the
optical power absorbed is a sensitive function of the sample’s ab-
sorption coefficient, the thermal diffusivity and the illuminated
sample volume, for a given class of materials the latter three pa-
rameters often play a crucial role in determining the detectability
of thermal effects related to expansion in PiFM experiments.

For instance, several PiFM studies have focused on films of
organic polymers under mid-infrared illumination. Photother-
mal expansion can be expected when the mid-infrared excita-
tion wavelength is tuned into resonance with the molecular vi-
brational modes of the polymer.

Under typical illumination conditions of a few mW of average
power focused onto the sample, the total thermal expansion of a
~ 100 nm layer of polystyrene at its 1492 cm~! resonance is es-
timated as > 50 pm, which is higher than the noise floor.22 The
corresponding photo-induced force, in the form of the thermally
modulated vdW force, is calculated as a few tens of pN. At the
same time, the maximum dipole-dipole electromagnetic force due
to the molecular resonance is estimated to be less than a pN. Con-
sequently, a measurement under these conditions is dominated
by forces related to thermal expansion of the sample, even when
the PiFM experiment is performed in non-contact mode. Since
F,;, grows with the thickness of the sample but the dipole-dipole
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force is virtually immune to sample thickness beyond the first few
molecular layers, thicker layers of the polymer specimen give rise
to an even greater contribution from the thermal expansion ef-
fect.

An example is shown in Figure which displays PiFM mea-
surements on block co-polymers. When tuning to the 1725 cm™!
C=0 stretching vibration of PMMA, shown in panel (b), this
polymer component gives rise to a strong force due to the pho-
tothermal expansion effect. Adjusting the excitation light to
1673 cm™! yields the PiFM image shown panel (c), where the
polyvinylpyrrolidone (PVP) component of the blend produces the
strongest signal. The spectral dependence of the signal follows
the dissipative lineshape of the vibrational resonance, as expected
for photothermal forces.®

Fig. 18 PiFM on block co-polymers obtained via the harmonic hetero-
dyne detection technique (n = 1) with a laser repetition rate of f» — fi.
(a) Topography of the PVP/PMMA block co-polymer blend. (b) PiFM
at 1725cm~! and (c) PiFM at 1673cm™!. The laser repetition rate is fixed
at fo — f1, where f| and f; is the first and second mechanical resonance
of the cantilever oscillation. Reprinted (adapted) with permission from™.
Copyright 2019 American Chemical Society

Another way to examine the origin of the signal is to record
the PiFM signal as a function of the average tip-sample distance.
A PiFM approach curve is displayed in Figure for PMMA on
a Si substrate.1# The red curve shows the response for a bare Si
substrate while the blue and black curves show the signals for a
10 nm and a 60 nm thick PMMA layer atop the Si surface. The
laser light is tuned to 1735 cm™~!, which coincides with the car-
bonyl vibrational resonance of PMMA. No clear distance depen-
dence of the photo-induced force is seen for bare Si, indicating
the absence of either a strong dipole-dipole force or a photother-
mal expansion force under the current excitation condition. The
response from the 10 nm PMMA largely follows the Si curve, un-
derlining that the photothermal expansion for this layer thickness
is too small to be registered. For the 60 nm PMMA layer, a clear
photo-induced force of a few pN is observed. This force shows a
shallow tip-sample distance dependence that can be attributed to
photothermal effects. A possible dipole-dipole force, indicated by
the green line, would only be evident in the short range. In this
case, the expected dipole-dipole force is well below the detection
limit and the signal is dominated by forces that originate from
thermal expansion.

Both the thermally modulated vdW force and the photoacous-
tic force are longer range and show dissipative lineshapes. It is
useful to examine which force is more dominant in a given ex-
perimental scenario. Figure shows the photo-induced force
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Fig. 19 PiFM approach curve on a bare Si substrate (red), 10 nm PMMA
film (blue), 60 nm PMMA film (black), and fit to the 60 nm PMMA curve
(purple) at 1735 cm~!. Expected dipole-dipole gradient force is shown in
green (multiplied by 103. Inset: magnified view in the short tip-sample
distance range. Reprinted (adapted) with permission from24. Copyright
2018 American Chemical Society

spectrum obtained for a ~ 500 nm thick PMMA sample while the
tip is placed ~ 3 um above the PMMA surface. 12 At such large
tip-sample distances, the thermally modulated vdW is negligible,
but the photoacoustic forces can still be prominent. At ambient
air pressure, a clear vibrational signature of PMMA is seen in the
force spectrum, while the force decreases as the air pressure is
lowered; strong evidence of the presence of a photoacoutsic re-
sponse. The shallow tip-sample dependence of the photoacous-
tic implies it may appear as a near constant background against
which other photo-induced forces are measured. In the hetero-
dyne detection mode, however, the photoacoustic contribution is
expected to play a only minor role because its gradient is negligi-
ble on the nanometer scale.
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Fig. 20 Photoacoustic response in PiFM obtained from a 500 nm PMMA
sample upon infrared excitation at 1733cm™! and a tip-sample distance
of ~3um. Reprinted from ref12 Copyright (©) 2020.

4.3 Combination of induced dipole and thermal forces

The induced dipole and the thermal expansion contrast mecha-
nisms can both be relevant in the PiFM measurement. Figure
shows a relevant example of an Au nanowire on a glass substrate
which is partially covered with a tapered PS layer. The sample
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is examined in heterodyne AM-PiFM mode with a tip that is cov-
ered with a ~ 2 nm thick layer of PDMS, shown schematically in
panel 2I)(a). The schematic of the experiment is shown overlaid
with the topography of the sample in Fig. [21](a). Depending on
the location in the image and the excitation wavelength, different
force mechanisms can contribute to the overall PiFM signal.2 We
will briefly discuss several general features, emphasizing domi-
nant mechanisms over weaker force contributions.

First, when the laser is tuned to 1730 cm™~!, none of the mate-
rials displays a spectroscopic resonance. In this regime, the force
in the region near the exposed Au nanowire is dominated by the
electromagnetic force between the tip and the metal wire. Con-
trast between the glass and the nanowire results from the refrac-
tive index differences between the materials, enhanced by the
plasmonic gap mode that is only active over the metal wire. The
Au nanowire is visible in the exposed areas, but it produces no
PiFM signal when buried under the wedged PS material.

The situation is different at 1492 cm™~!, where PS has a strong
vibrational resonance. Now the PS wedged material is clearly ob-
served in panel (b) via the thermally modulated van der Waals
force. The nanowire is visible too. In the exposed area the
strongest contribution to the PiFM signal of the nanowire is again
the electromagnetic force, whereas under the PS material, the
thermal force dominates, benefiting from a moderate enhance-
ment due to the involvement of enhanced fields between the tip
and the buried Au nanowire. This gap mode effect disappears as
the thickness of the PS layer grows.

At 1268 cm~!, shown in Fig. c), there is a strong vibrational
absorption of the PDMS material on the tip. The dominant now
is the thermal expansion of the tip at the PDMS resonance, which
follows the absorptive Lorentzian shape of the PDMS. This effect
is enhanced by the gap mode effect, which produces stronger sig-
nals over the Au nanowire. Since the gap mode enhancement
becomes weaker with the distance between the tip and the Au
nanowire, the signal at 1268 cm~! diminishes as the thickness of
the PS wedge grows.

Panel (d) shows the PiFM image at 1020 cm™'. As can be seen
in the FTIR spectrum displayed in [2(e), at this vibrational en-
ergy both the PDMS and the glass substrate exhibit a resonant
response. There is now a strong PiFM signal in the area devoid
of PS, as the thermal force above the glass is substantial, in addi-
tion to the thermal expansion force introduced by the presence of
the PDMS layer on the tip. The thermal glass response rivals the
electromagnetic force over the nanowire, offering limited contrast
between the glass and the wire in this region.

5 Conclusions

Within a decade after its introduction, the PiFM microscope has
matured into a helpful tool for nanoscopic studies with spectro-
scopic contrast. Several developments have both improved the
sensitivity of the approach and expanded its range of applica-
tions. At the same time, new insights into the origin of the PiFM
signal have contributed to an improved interpretation of the sig-
nal. In particular, a better understanding of thermal effects in
PiFM has made it possible to more carefully analyze the signal
and extract more reliable quantitative information from the mea-
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Fig. 21 PiFM imaging of a PS wedge over a Au nanowire on a glass
substrate. The tip is covered with a layer of PDMS. (a) Schematic of the
experiment overlaid with the topography image. PiFM images taken at
(b) 1492 cm~!, (c) 1268 cm~!, and (d) 1020 cm~!, revealing both elec-
tromagnetic and thermal forces. (e) FTIR spectra of bulk PS, PDMS and
glass in the relevant region of the IR spectrum. Reprinted (adapted) with
permission from32. Copyright 2019 United States National Academy of
Sciences.

surement. These developments are paving the way for an even
broader set of applications in years to come.
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