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Oscillations of charge carriers in plasmonic metal nanoparticles activated by resonant absorption of
light are accompanied by local temperature increase due to nonradiative plasma damping. The control
of this photothermal effect is considered essential for many applications ranging from photochemistry
or nanomedicine to chemical and physical sensing. Here, we present a study on the conversion of vis-
ible light into mechanical energy via photothermal plasmonic and nonplasmonic effects. Atomic force
microscopy cantilevered sensors coated with various materials and excited in vacuum by a wavelength
tunable laser show that light generates a resonant mechanical oscillation. The photoinduced oscillation
amplitude depends on the wavelength of the incident light, allowing for an optimization of energy con-
version based on absorption spectroscopy of the coating material. The effect of nonphotonic forces acting
on the cantilever is probed in the context of photoinduced force microscopy by placing the cantilever
in interaction with a substrate surface at various distances. The findings are relevant for any technique
utilizing an optical actuation of a mechanical system, and for photoinduced force detection methods in

particular.
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I. INTRODUCTION

The photothermal effect relies on the partial conver-
sion of optical energy into heat upon absorption of light
by a medium [1,2]. The transferred energy may gener-
ate sustainable mechanical deformations [3,4], enabling
innovative far-field spectroscopic applications [5—S8]. For
mechanical resonators with well-defined vibrational eigen-
modes [9,10], an intensity-modulated light induces peri-
odic shape deformations [11,12], and accumulations of
energy into oscillations [13—15]. At resonance, a weakly
damped mechanical oscillator can improve several fold
the photothermal excitation efficiency because of the high
oscillation quality factor [16—18]. This efficiency can fur-
thermore be enhanced by using coatings presenting differ-
ent thermoelastic coefficients [16,19-21]. It is also possible
to remove energy from a mechanical resonator through
photothermal effects, allowing for active feedback cool-
ing [22-26], and synchronization [27,28].

Many of these photoinduced phenomena have been
investigated in relation with photothermal deflection spec-
troscopy [6,29,30], a technique mostly developed for
molecular spectroscopy in the infrared spectral range
[31,32], which in some cases makes use of miniature
cantilever sensors [33—36]. The concept of actuation
is there analogous to what is used in some advanced
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atomic force microscopes (AFMs), where cantilever sen-
sors are driven by modulated light [37—40]. This replaces
the piezoelectric actuation, thus limiting the broadening
effects and noise from spurious acoustic vibrations [38,
41]. Such a parametric photothermal excitation of AFM
probes is very promising for scanning probe imaging in
general, since it can greatly enhance the force sensitiv-
ity by also circumventing electrical crosstalks. However,
the mechanical response of coated mechanical resonators,
such as cantilever beams, when driven by optical exci-
tation at various wavelengths across the visible spectral
domain remains unexplored. This is critical for experi-
ments conducted with tunable light sources, as needed
for instance in microscopic photovoltage spectroscopy
[42,43], Kelvin-probe force microscopy under illumina-
tion [44,45], photopiezoresponse and photoelectric force
microcopy [46—48], or photoinduced force microscopy and
spectroscopy [49-52].

Photoinduced force microscopy recently opened excit-
ing opportunities for studying nanometer-scale optical
properties and light-matter interactions with unprece-
dented spatial resolution [49—53]. The central idea in this
technique is the generation of optical forces between the
apex of an atomic force microscope tip and a sample
surface upon absorption of light by the latter [54—56]. Non-
local photoinduced interactions with the microscope force
sensor, i.e., away from the tip apex, have been found to
strongly interfere with the measured signal [49,57], allow-
ing a development of phase-sensitive heterodyne detection
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methods [58,59]. The photothermal effects generated by
light absorption on the tip body and on the cantilever, are
consequently of a particular relevance for photoinduced
force microscopy and spectroscopy, where they deserve
further attention.

Here, we report on the light-induced dynamics of
micromechanical cantilevers coated with materials, which
absorb light in the visible spectral range. Using a tunable-
laser source modulated in intensity at specific frequencies,
it is shown that the oscillation amplitude of the can-
tilever retraces the absorption spectrum of the coating
material, leading in the case of gold nanoparticle coat-
ings to noticeable plasmon-enhanced mechanical excita-
tions. A specific absorption peak (approximately 545 nm),
induced by intraband collective plasmonic excitations of
conduction electrons is revealed. By substituting the Au
nanoparticles (NPs) with a continuous metallic Au film, it
is shown that interband electronic transitions—not being
part of plasma oscillations but occurring in NPs as well
[60,61]—already induce a specific absorption of light in
the visible range. This permits a deeper understanding of
the photoinduced oscillations as a function of wavelength.
Furthermore, it is revealed that, although less pronounced,
the resulting spectra line shape persists when the can-
tilever is subjected to additional nonoptical forces, i.e.,
van der Waals (vdW) and electrostatic. To this end, we
enable controlled near-field interactions with a substrate
surface, which unveil useful details about the effect of non-
photothermal forces during actuation. In addition, results
obtained with a molecular coating consisting in perylene
molecules are also presented, strengthening the dominant
role played by photothermal effects.

II. EXPERIMENTAL DETAILS

Experiments are performed with a modified atomic
force microscope coupled with a supercontinuum laser
source and a monochromator. The setup is sketched in
Fig. 1(a). The intensity of the laser beam is modulated
by a programmable broadband electro-optical modulator.
A photometer allows feedback control of the incident laser
power, which is kept constant (optical fluence approxi-
mately 50 pJ/cm?) when changing the wavelength. The
beam is focused with a lens at the tip-sample junction
within a spot of about 25 um diameter. This value is
approximately 3 times larger than the size of the basal
plane of the pyramidal tip (approximately 8 wm), which
is attached at the free end of the cantilever. The width of
the cantilevers is approximately 30 wm. In such a config-
uration, nonlocal light-cantilever interactions, i.e., on the
body of the vibrating cantilever, are relevant. The AFM is
operating in vacuum at pressures below 10~ mbar in order
to maximize the Q factor of the cantilever.

Cantilevers made of silicon and presenting different
types of coatings are employed. A first type of cantilever
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FIG. 1. (a) Schematic of the setup used for wavelength-
dependent photothermal actuation experiments. The tip-substrate
surface distance is controlled by a z piezo (not shown). (b) AFM
image (3 x 3 um?) of 1 ML of Au NPs acquired on the front
side of a cantilever. Image taken in a zone with cracks, allow-
ing a better visualization of the layer (ML height = 10 £ 2 nm).
(c) AFM image (3 x 3 um?) of the Au film (roughness < 10 nm)
recorded on the front side of a cantilever. (d) Orange line corre-
sponds to the reflectivity of Au film measured on the cantilever
and part of its support. Gray lines are normalized optical extinc-
tion of Au NPs (1 ML) deposited on a glass substrate (light gray),
and dispersed in a toluene solution (dark gray). Spectra obtained
by macroscopic optical spectrometry.

is covered on the back side (detector side) with a continu-
ous Al film, and with one monolayer (ML) of Au NPs on
the front side (excitation side). The diameter of the NPs
is 8 £ 2 nm. The NPs covered both the tip and cantilever
body. After deposition, the cantilever had a spring con-
stant £ = 40 N/m and first resonant mode fo = 305 kHz.
The NPs are deposited by Langmuir-Blodgett technique,
which allows a rather good deposition homogeneity on
the cantilever [Fig. 1(b)]. The Al back coating increases
the sensitivity due to the difference of thermal expansion
between the Si and Al. A second type is coated on the
front and back side with 50 nm of a continuous Au film
[Fig. 1(c)]. After deposition k is 21 N/m and the fundamen-
tal resonant frequency fy = 140 kHz. A third cantilever
type consisted in a molecular film of perylene deposited
on the front side of a cantilever coated with Al on the
back side. The substrate surface is an ITO film grown on
glass. The electrical conductivity of ITO is not playing any
particular role throughout this study. The oscillation ampli-
tude of the cantilever is continuously measured with two
lock-in amplifiers, tuned to the first two flexural resonant
modes.
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III. RESULTS AND DISCUSSION

For an overview of the optical properties of the coated
probes, we first perform standard optical spectroscopy
characterizations using a UV-vis spectrometer. The probes
coated with a Au film are measured by reflectivity, while
illuminating the whole cantilever, the tip, and about one
third of the cantilever holder [orange curve in Fig. 1(d)].
As expected, the Au film spectrum presents a progressive
increase of reflectivity when the wavelength is changed
from near-UV spectral range to about 675 nm. This
increase is the result of a progressive decrease of AX and
AL interband transitions from the occupied sp to unoc-
cupied d bands, which is a known wavevector-dependent
absorption effect in Au [62].

The reflectivity signal probing the Au NPs deposited on
the cantilever is found to be too weak to reliably inform
about light absorption. Hence, using the same Langmuir-
Blodgett procedure as for NP deposition on the cantilever,
we deposit 1 ML of AuNPs on a transparent glass substrate
and perform optical extinction measurements in transmis-
sion [gray curves in Fig. 1(d)]. An extinction spectrum
of NPs dispersed in a solution is also shown in Fig. 1(d)
for comparison. This gives an idea about the impact of
the substrate proximity on the absorption properties of the
NPs [60], which, as seen, slightly red shifts the peak posi-
tion in the spectra. The peak, falling at approximately 520
nm for NPs in solution and at approximately 565 nm after
their deposition on glass, is given by the local plasmon
resonance in NPs, which enhances the absorption of light.

A. Photothermal plasmonic actuation: intraband
transitions

To efficiently detect the photothermal actuation, the
light-intensity modulation frequency (f;,) is chosen close to
the first mechanical eigenmode of the cantilever (f). Such
anear-resonant excitation strongly increases the oscillation
amplitude of the cantilever. The surface force gradients

(b)

along the z axis are able to change the resonance frequency
Jfo of the cantilever. Depending on the sign of the force
(attractive or repulsive), fo can shift towards smaller or
higher frequencies. Note that, with typical cantilevers hav-
ing spring constants below 80 N/m, a dominant repulsive
regime is nevertheless difficult to access by approaching
the tip to a surface. This is firstly because vdW and electro-
static forces are inherently attractive in an AFM configura-
tion, and secondly because the tip will jump to contact well
before short-range repulsive forces are reached [63,64].
This stops the oscillatory behavior of the cantilever, as
discussed below.

Figure 2 shows the photoinduced oscillation amplitude
of a cantilever covered with Au NPs for various wave-
lengths when approaching the tip to the surface down to
contact. The upper violet curve corresponds to the smaller
wavelength used. It is first seen that the cantilever dynam-
ics is characterized by a constant amplitude at large dis-
tances (see the Supplemental Material [65] for even larger
z values), and a progressive decrease of the signal when
approaching the cantilever to the ITO substrate. Such a
decrease is explained by the fact that the modulation fre-
quency f,, is set slightly larger (supraresonance) than f
(fm — fo = Af =5 Hz in the present case).

At small distances, vdW and clectrostatic forces interact
attractively with the tip, displacing fy towards smaller val-
ues. The jump to contact is evidenced by the fact that the
photoinduced oscillation amplitude of the cantilever comes
to zero, since the photothermal effects cannot efficiently
excite the cantilever any more. This occurs in Fig. 2(a)
between 7 and 10 nm above the surface, as also confirmed
by the mean deflection signal of the cantilever (not shown).
This is furthermore confirmed by the oscillation amplitude
of the slightly piezoelectrically excited f; bending mode
(see the Supplemental Material [65]).

By analyzing the photoinduced amplitude in Fig. 2(a)
at fixed tip-surface distances, spectra at different z values
can be obtained. Figure 2(b) displays three spectra at three
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FIG. 2. Photoinduced supraresonance actuation of a cantilever coated on the front side with 1 ML of Au NPs. Back-side coating:
continuous Al film of 45 nm thickness. (a) Photoinduced oscillation amplitude while approaching the tip to the surface at different
excitation wavelengths. (b),(c) Wavelength-dependent photoinduced amplitude signal at few fixed tip-sample distances, i.e., z values,
extracted from (a). The number of data points is equal to the number of the approach-retract curves. Each color indicates a value of z,
as labeled. The other curves in (c¢) are for z = 29,23, 19, 17, 15 nm, respectively.
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large tip-sample distances. These spectra are almost identi-
cal, presenting a very similar variation of the photoinduced
signal with the wavelength. Significantly, in all spectra
there is a peak at about 545 nm induced by the localized
surface plasmon resonance of NPs. Moreover, the peak
appears superimposed to an overall decrease of the signal
with wavelength. This spectral line shape is reminiscent
of the extinction signal observed for NPs in Fig. 1(d). In
addition, the photoinduced spectra features are found to
persist up to the jump to contact when approaching the sur-
face [Fig. 2(c)]. Whether in Fig. 2(c) there are additional
short-range tip-sample photoinduced forces—as used in
photoinduced force microscopy for instance—remains an
open question, as such forces are also expected to depend
on the wavelength.

The photothermal excitation mechanism is therefore
based on the wavelength-dependent optical absorption of
the adsorbed NPs. The resulting local heating and heat
transfer causes a periodic thermal expansion in the can-
tilever body at the modulation frequency f,,. The ther-
mal expansion is not expected to be homogeneous across
the cantilever thickness due to the heat propagation and
dissipation effects. This mechanism can significantly be
enhanced in the presence of bimorph effects induced by
a back-side coating [41,66].

Two conclusions can be drawn at this stage from the
above experiments. Firstly, the photoinduced oscillation
amplitude of the cantilever finely retraces the wavelength-
dependent absorption properties of the NPs, and secondly
the ability to convert light into mechanical energy at the
localized plasmon resonance via photothermal effect holds
for both inter- and intraband photoelectron transitions. The
fact that these transitions are observed in photoinduced
oscillation amplitude and that their relative strengths are
as in macroscopic extinction spectra, speaks in favor of a
similar photothermal efficiency resulting from inter- and
intraband transitions.

B. Photothermal actuation and inferband electronic
transitions in gold

In the case of cantilevers coated with a continuous Au
film, intraband photoelectron transitions are not expected
to play a significant role in visible spectral range. This
constitutes an interesting opportunity to verify the capabil-
ity of interband transitions to actuate alone the cantilever.
Experiments, as described above in the case of Au NPs,
are therefore also performed with cantilevers covered with
continuous Au films. The photoinduced amplitude signals
when bringing the tip to the surface are shown in Fig.3(a).
The resulting z-dependent spectra reveal a different vari-
ation with wavelength as compared to the Au-NPs case.
In particular, the spectra shape is a progressive decrease
of signal with wavelength [Fig. 3(b)]. This strongly recalls
the effect of inferband absorption deduced from reflectivity
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FIG. 3. Photoinduced supraresonance actuation of a probe
coated with a continuous Au film on both the back and front
side. (a) Photoinduced amplitude signal while approaching the
tip to the surface, at different excitation wavelengths (different
curves). Lower and upper curves are 645 and 490 nm. (b),(d)
Wavelength-dependent photoinduced amplitude signal at sev-
eral fixed tip-sample distances, i.e., z values. Curves obtained
by using the data from (a), at several z values, as labeled. Note
the absence of signal upon tip-surface contact in the curve corre-
sponding to 8 nm. (¢) Example of static deflection signal of the
cantilever as a function of z, showing the position of the jump to
contact and of the surface plane.

spectrum in Fig. 1(d) in the respective wavelength inter-
val. The photoinduced signal is again persisting up to the
jump to contact event, which is now explicitly shown as
an example in Fig. 3(c). The spectral signal starts in this
case to decrease at about 15 nm from the surface, as seen
in Fig. 3(d). Indeed, it is observed that despite a significant
overall reduction of the signal the overall shape of spec-
tra is similar up to the jump-to-contact point. Therefore, a
peak induced by plasmonic intraband transitions, which is
specific to NPs, is not observed any more. Nonetheless, it
is interesting to observe that interband transitions also rep-
resent a source of actuation for cantilevers covered with
Au continuous metallic films.

C. Supra- and subresonant photothermal actuation

The focalization of the laser beam produces an inher-
ent illumination of the upper part of the tip and of the
cantilever end. At large tip-surface distances, the influ-
ence of nonoptical surface forces can be neglected. In this
case, the cantilever can be modeled as a harmonic oscil-
lator under the influence of photoinduced effects. As the
tip, which is attached at the free end of the cantilever,
approaches the substrate surface, the cantilever dynamics
is driven by a combination of photoinduced actuation and
local surface forces Fiy(z), which are distance dependent.
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The photoinduced actuation is correlated to the amount
of light absorption via photothermal effects. Note that the
photothermal effects are large in coated cantilevers due to
the bimorph effect [41,66]. This makes negligible the con-
tribution of other photoinduced driving mechanisms, such
as photovoltage [67] or radiation pressure [68] effects. The
resulting equation of motion including the photothermal
(PT) actuation and the surface forces can then be written
as

Mz = —kz —

\/kén_eﬁz- + Fprcos2rfut) + Fin(z), (1)

where meg 1s the effective mass of the oscillator, & is the
spring constant, Q is the quality factor, and Fprcos(27f,,1)
is the time-dependent photothermal excitation. The ther-
mal noise and the eventual static deviations of the mean
position of the cantilever due to inhomogeneous thermal
expansion coefficients are also expected small, and hence
not included in the equation. As the photothermal driv-
ing is found independent of z (at large z values), this
term should not have a strong spatial gradient in our opti-
cal system. In addition, although photothermal effects are
expected to induce small periodic temperature variations,
an overall change of the resonant frequency of the can-
tilever fy, at large tip-surface distances, is not observed in
our case. This is at variance with single-nanoparticle spec-
troscopy cases where illumination powers and Q values
are larger [69,70]. The average temperature variation due
to the absorption of light is therefore small in our case,
without a significant impact on k& and hence on f;. Instead,
when the tip approaches the substrate surface the Fiy(z)
term, which has a z dependence, can induce variations
of fy. This has a significant impact on the photothermal
excitation efficiency.

The decrease of spectra intensity when approaching the
contact can be explained through the dynamics of the f;
mode [71], which is progressively shifted downward by
vdW and electrostatic forces. With an initial f,, set above
fo (supraresonance regime), a downward shift of fy trans-
lates in a less efficient photothermal excitation because
of a gradual out-of-resonance actuation. It is worth notic-
ing that, while photoinduced signal is in mV in Fig. 2,
it is in volts in Fig. 3. This is because, for the experi-
ment shown in Fig. 2, the cantilever is coated with Au
on the back side as well, whereas in that of Fig. 3 the
cantilever has an Al coating on the back side. Such a
structural asymmetry, with materials having different ther-
mal expansion coefficients results in amplifications of the
photothermal-induced amplitudes.

The effect of setting f,, in supra- or subresonance regime
is shown in Fig. 4 for a cantilever covered with Au
NPs. As seen, in both supraresonance (red curves) and
subresonance (green curves) actuation regimes, there is
a strong dependence of photoinduced amplitude with the
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FIG. 4. Dependence of the photoinduced amplitude on the
modulation frequency f,,. Distance dependence of the photoin-
duced amplitude (a) and of the phase (b) with Af* gradually tuned
from +50 to —50 Hz. A cantilever coated with Au NPs is used
(the same as in Fig. 1).

choice of f,, with respect to f, i.e., sign and magnitude of
Af . As the photoinduced amplitude depends on Af and
photothermal effect, it is useful to analyze their relative
impact on the cantilever amplitude.

A downward shift of fy mode induced by attractive sur-
face forces manifests differently in supraresonance and
subresonance actuation regimes. As in the first case Af >
0, the shift leads to an incremental difference between
fo and f,,, progressively pushing the system out of the
resonance. This translates in a continuous drop of the
photoinduced amplitude (red curves in Fig. 4). The exact
variation depends on the initial value of Af". Conversely,
in the subresonance regime (Af < 0), the downward shift
of fy, mode implies that at some point f,, = f;, which results
in a maximum of the photoinduced oscillation ampli-
tude [Fig. 4(a)]. Afterwards, the photoinduced oscillation
amplitude decreases due to the continuously downward
shift of fy mode.

The passage from supra- to subresonance regime when
changing the sign of Af is also found to impact the pho-
toinduced oscillation phase [Fig. 4(b)]. The variation of
the phase shows that in subresonance regime, it is pos-
sible to have a large region with a constant phase when
decreasing the tip-surface distance (upper green curves),
although such a plateaulike signal is followed by a sharp
change of sign and a subsequent erratic dynamics at
smaller distances. This distance interval is very interesting
for detecting surface forces through phase detection. Note,
however, that the phase is sensitive to the gradient of the
force. There is also an inflection point, well distinguish-
able around 20 nm for few green curves. This inflection
marks the fact that the phase sensitivity close to the res-
onance is very sharp. These inflection points observed in
Fig. 4(b) for the green curves are most likely induced by
the vdW interactions, which become stronger close to the
surface than electrostatic interactions, which dominate at
larger distances.
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All these different cantilever dynamics indicate that the
photoinduced signals at a fixed wavelength have the ori-
gin in the photothermal actuation of the cantilever, which
depends on fy mechanical mode shift when the tip experi-
ences additional forces such as generated by a nearby sur-
face. Any local photoinduced interaction between the tip
apex and a sample surface, such as dipole-dipole interac-
tions considered so far in photoinduced force microscopy,
must therefore be rationalized within this picture of an
inherently nonlocal photothermal driving of the probe,
regardless of the detection scheme.

D. Absorption effects with a perylene coating

In order to check for eventual effects introduced by
electromagnetic field enhancements due to Au, we also
carry out experiments with a perylene molecular layer
instead of Au, in which case field enhancements are not
expected. The solid line in Fig. 5 shows a macroscopic
UV-vis extinction spectrum acquired with a perylene film
deposited on a glass substrate. The spectral features (vari-
ous “shoulders”) have their origin in the multiple absorp-
tion peaks known for perylene molecules in dilute solu-
tions. As expected, the aggregation and formation of a
solid-state film as well as the deposition on the substrate
induced a broadening and a red shift of the respective
peaks. More significantly, it is very interesting to see
that the photoinduced amplitude signal traced for various
wavelength (blue data) matches rather well the macro-
scopic extinction spectrum. Although the photothermal
heat-transfer mechanism from the molecular film to the
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FIG. 5. Spectrum (blue data) of a cantilever covered with a

perylene molecular film on the front side, and a continuous Al
film on the back side. Spectrum acquired at a tip-surface dis-
tance of 150 nm. The near UV part of the spectrum (light blue) is
obtained after a slight modification of the optical setup needed to
access the respective wavelength interval. Solid line is a “macro-
scopic” extinction spectrum of a perylene film deposited on a
glass substrate.

cantilever must have differences with respect to the case
of Au coatings, the results of Fig. 5 strongly support the
fact that the photothermal effects are the main source of
excitation of the cantilever dynamics.

IV. CONCLUSION

In conclusion, this study reveals local and nonlocal pho-
tothermal actuation effects in the oscillatory dynamics of
coated micromechanical cantilevers illuminated with light.
The coatings of the cantilevers are found to play a critical
role in the light-induced mechanical dynamics. A light-
induced actuation of cantilevers is found all across the
visible spectral range. The conversion of photon energy
into mechanical work via photothermal effects is neverthe-
less found particularly strong at wavelengths matching the
localized surface plasmon resonances of Au NP coatings.
The variation of the photoinduced oscillation amplitude
while modulating the intensity of the light close to an
eigenmode of the cantilever, is moreover found to retrace
the typical macroscopic absorption spectra of the coatings,
highlighting the fact that the absorbed radiation energy
is transferred into momentum. It is also shown that the
choice of light-modulation frequency plays a considerable
role; the effect is highly relevant when additional nonop-
tical forces are concomitantly applied to the cantilever.
These findings indicate that the photothermal actuation
governs the cantilever dynamics at large tip-sample dis-
tances, but interferes with the mechanical mode shift when
the cantilever is, for instance, engaged below few tens nm
to a substrate surface. This foretells a complex interplay
between nonlocal photothermal effects and detection of
photoinduced forces at surfaces.
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