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ABSTRACT: Visualizing the optical response of individual
molecules is a long-standing goal in catalysis, molecular
nanotechnology, and biotechnology. The molecular response
is dominated not only by the electronic states in their isolated
environment but also by neighboring molecules and the
substrate. Information about the transfer of energy and charge
in real environments is essential for the design of the desired
molecular functions. However, visualizing these factors with
spatial resolution beyond the molecular scale has been challenging. Here, by combining photoinduced force microscopy and
Kelvin probe force microscopy, we have mapped the photoinduced force in a pentacene bilayer with a spatial resolution of 0.6
nm and observed its “multipole excitation”. We identified the excitation as the result of energy and charge transfer between the
molecules and to the Ag substrate. These findings can be achieved only by combining microscopy techniques to
simultaneously visualize the optical response of the molecules and the charge transfer between the neighboring environments.
Our approach and findings provide insights into designing molecular functions by considering the optical response at each
step of layering molecules.
KEYWORDS: optical imaging, single molecule, photoinduced force microscopy, PiFM, NC-AFM, KPFM

Visualizing the optical response of individual molecules
at the molecular scale is a challenging task and a long-
standing goal in catalysis,1 molecular nanotechnology,2

and biotechnology.3 The optical response of molecules is
dominated by not only the electronic states in their isolated
environment but also by the neighboring molecules. When the
intermolecular distance is very small, charge transfer occurs
because of the mixing of wave functions of molecules.4 In
addition, for charge transfer to occur, the molecular orbitals of
the molecule donating the charge and the molecule accepting
the charge must have an appropriate energy relationship.5

Thus, the intermolecular distance, the relationship between the
energies of the molecular orbitals, and the charge transfer
between molecules are very important factors in studying the
details of the optical response of molecules. So far, studies on
the optical response of molecules above the molecular scale
have been reported, including those on the mapping of
vibrations6−8 and the properties of excited states.9,10

Recently, an optical microscopy concept (photoinduced
force microscopy: PiFM) (Figure 1a), which detects the
intensity distribution of near-field light localized on a material
surface as a force, has attracted much attention as a method to
study the local optical response of materials.11−14 The dipole−

dipole interaction between the dipole induced by the tip and
the dipole induced by the sample surface is measured as a
photoinduced force12 (see Supplementary Notes 1 and 2). The
local optical responses of materials can be visualized with high
spatial resolution14 because the photoinduced force is inversely
proportional to the fourth power of the tip−sample distance
(see Supplementary Notes 3 and 4). Various optical responses
have been investigated by PiFM, including nanoscale linear
and nonlinear optical responses,15 the Raman effect,16 and
optical and mechanical molecular damping.17 Since PiFM is
based on atomic force microscopy (AFM), the structure of the
sample surface, including insulator surfaces, can be observed,
and the charge transfer (or change in the contact potential
difference (CPD)) of the sample can be measured by using
Kelvin probe force microscopy (KPFM).18,19 PiFM is an ideal

Received: November 5, 2023
Revised: December 22, 2023
Accepted: December 26, 2023
Published: December 29, 2023

A
rtic

le

www.acsnano.org

© 2023 The Authors. Published by
American Chemical Society

1724
https://doi.org/10.1021/acsnano.3c10924

ACS Nano 2024, 18, 1724−1732

This article is licensed under CC-BY-NC-ND 4.0

D
ow

nl
oa

de
d 

vi
a 

O
SA

K
A

 U
N

IV
 o

n 
Fe

br
ua

ry
 9

, 2
02

4 
at

 0
0:

57
:2

2 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tatsuya+Yamamoto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hidemasa+Yamane"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nobuhiko+Yokoshi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hisaki+Oka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hajime+Ishihara"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yasuhiro+Sugawara"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yasuhiro+Sugawara"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.3c10924&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c10924?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c10924?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c10924?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c10924?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10924/suppl_file/nn3c10924_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c10924/suppl_file/nn3c10924_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c10924?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/18/2?ref=pdf
https://pubs.acs.org/toc/ancac3/18/2?ref=pdf
https://pubs.acs.org/toc/ancac3/18/2?ref=pdf
https://pubs.acs.org/toc/ancac3/18/2?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.3c10924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


experimental platform for studying the optical response of
materials at the nanoscale, which has not been previously
investigated in detail.

Here, we investigate the optical response of a single
pentacene molecule (Figure 1b) using PiFM based on the
heterodyne frequency modulation (heterodyne FM) meth-
od20,21 and KPFM. The optical response inside the single
molecule where charge transfer occurred was successfully
observed with a spatial resolution of 0.6 nm, and the multipole
excitation of the single molecule was visualized. The two-
dimensional (2D) mapping of the photoinduced forces
revealed that the signal is strong at the edges of the molecule
and is almost absent in the center. Theoretical calculations
show that when no charge transfer occurs, the perpendicular
components of the dipole are strongly excited at the center of
the molecule, whereas when charge transfer occurs, the
perpendicular components of the dipole are strongly excited
at the edge of the molecule and cancel out at the center. This

result is a real-space visualization of the optical response of a
single molecule highly affected by charge transfer, which could
not be observed by conventional methods.

RESULTS AND DISCUSSION
Figures 1d, 1e, and 1f show the topographic, CPD, and PiFM
images simultaneously measured for a pentacene thin film on a
Ag (100) substrate. Laser light with a wavelength of 690 nm
was incident from the side of the probe on the pentacene thin
film on the Ag substrate at an angle of 70° to the substrate
normal. The power of the laser light was 7 mW, and the radius
of the laser spot at the tip was 1.4 μm. From the topography in
Figure 1d, we can see that a pentacene bilayer is formed as
islands and that a pentacene monolayer covers the rest of the
surface.22,23 The height difference between the pentacene
bilayer and the pentacene monolayer is 550−600 pm,
indicating that the upper-layer molecules were adsorbed on

Figure 1. Configuration of the PiFM instrument and the PiFM measurement of a pentacene thin film. (a) Schematic diagram of PiFM under
ultrahigh vacuum (UHV) and low temperatures with a side-illumination configuration of the incident light. The dipole−dipole interaction
between the photoinduced dipoles on the tip and the sample is detected as a “photoinduced force”. (b) Atomic structure of the pentacene
molecule. (c) Molecular arrangement of the pentacene bilayer on the Ag (100) surface. The pentacene monolayer is flatly adsorbed on the
Ag surface, while upper-layer molecules of the pentacene bilayer are adsorbed on the lower-layer molecules at an angle of 60−80 degrees
around the c axis (b). (d, e) Topography of the pentacene thin film on Ag (100) and its line profile: A pentacene bilayer is formed as islands,
and a pentacene monolayer covers the rest of the surface. (f, g) CPD image and its line profile; (h, i) PiFM (Δf pif) image and its line profile.
A laser beam with a wavelength of 690 nm is incident from the right side. (d)−(h) were simultaneously obtained at Δf = −110 Hz (tip−
molecule spacing of 0.9 nm).
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the lower-layer molecules at an angle of 60−80 degrees to the
Ag surface (Figure 1c).22,23 From the CPD image in Figure 1f,
we can see that there is a CPD between the pentacene bilayer
and the pentacene monolayer. The CPD of the pentacene
bilayer was approximately 0.4 V smaller than that of the
pentacene monolayer (Figures 1f and 1g). A study previously
showed that when pentacene molecules are adsorbed on a Ag
surface, they donate negative charges to the Ag surface,
resulting in the generation of upward-interface dipoles at the
pentacene/Ag junction.24 The experimental results in Figures
1f and 1g suggest that more electrons are transferred from the
upper-layer molecules to the Ag substrate side than from the
lower-layer molecules, resulting in larger interfacial dipoles. In

the PiFM images in Figures 1h and 1i, high contrast appears
between the pentacene monolayer and the pentacene bilayer:
the photoinduced force of the pentacene bilayer is greater than
that of the pentacene monolayer. In the PiFM image, artifacts
derived from the electrostatic forces (CPD) acting between the
tip and the pentacene film are removed (see Supplementary
Note 8 for the photoinduced force enhancement at the left
edge of the bilayer islands and Supplementary Notes 4, 9, and
10 for the removal of artifacts).

Next, we performed PiFM imaging of a pentacene bilayer
with the tip 0.5 nm closer to the sample than that in Figure 1.
In Figures 2a, 2b, and 2c, we show the topographic, CPD, and
PiFM (Δf pif) images simultaneously measured for the

Figure 2. Photoinduced force mapping with submolecular resolution on a pentacene bilayer. (a) Topographic, (b) CPD, and (c) PiFM
(Δf pif) images of a pentacene bilayer. (d) Enlarged PiFM image with submolecular resolution of the area indicated by the dashed white
square in (c). (e) Line profile along the white line in (d). (a)−(d) were simultaneously obtained at Δf = −160 Hz (tip−molecule spacing of
0.4 nm).

Figure 3. Force curves and 2D photoinduced force mapping with submolecular resolution of a pentacene bilayer. (a) Force curves of the van
der Waals force, (b) z-spectroscopy of CPD, and (c) force curves of photoinduced force measured on the edge and on the middle of a single
pentacene molecule. (d) Calculated curves of photoinduced force at the edge and in the middle of a single pentacene molecule. (e)
Graphical model of 2D mapping of photoinduced force Fpif. (f) 2D mapping result of photoinduced force Fpif. (g) 2D mapping result of
short-range photoinduced force Fmol. (h) Profile of short-range photoinduced force Fmol at the tip−sample distance z = 0.2 nm in (g).
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pentacene bilayer island. The topography in Figure 2a does not
have a very high spatial resolution; therefore, the periodic
arrangement of the upper molecules is difficult to observe. The
CPD image in Figure 2b does not have any signs of the spatial
resolution of a single molecule, meaning that there is no local
CPD effect.24 The PiFM image in Figure 2c has a much higher
spatial resolution, and a periodic array of elongated bright
spots can be observed. The periods of the elongated bright
spots are 1.7 and 0.6 nm, which correspond to the lengths of
the unit cell of the upper molecular array. The reason that the
resolution of PiFM images is higher than that of CPD images is
that the electrostatic force is inversely proportional to the
square of the tip−sample distance (z), resulting in a wide
interaction region,19 while the photoinduced force is inversely

proportional to the fourth power of z, resulting in a narrow
interaction region (see Supplementary Notes 2 and 3). In
PiFM, the interaction region is further narrowed owing to the
localization effect of the picocavity, as explained later. In the
PiFM image in Figure 2c, there are no artifacts because the
electrostatic forces acting between the tip and the pentacene
film are carefully removed and there is no molecular-scale CPD
change between the tip and the pentacene film. Figure 2d
shows an enlarged PiFM (Δf pif) image of the region at the
edge of the bilayer island indicated by the dotted square in
Figure 2c. The elongated bright spots in Figure 2c are clearly
split into two bright spots in Figure 2d. In addition, the bright
spots (Δf pif peaks) are paired inside the island but separate at
the edge of the island (Figure 2e). Therefore, it is reasonable

Figure 4. Quantum chemical calculations of the charge transfer in two pentacene molecules in an electrostatic field. (a) On the left, the
orbitals and their energies in the absence of charge transfer and an electrostatic field; on the right, the energies considering divalent
cationization and an electrostatic field. (b, c) Distribution of the dipole moments in discretized space for the first excitation transitions (1)
and (2) in (a), respectively. (d, e) Schematic structure for (b) and (c), respectively. (f) Schematic picture of the calculation model. (g)
Response electric field intensity maps of the PiFM measurement. (h, i) PiFM images of the pentacene molecules for transitions (1) and (2)
in (a), respectively. (j, k) Line profiles of the photoinduced force along the axis of the molecule in the upper layer for the images shown in
(h) and (i), respectively.
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that the bright spots (peaks of Δf pif) correspond to the ends of
the long axis direction of the pentacene molecules rather than
to the center of the long axis direction of the pentacene
molecules. The arrays of upper molecules in the identified
pentacene bilayer are superimposed in Figure 2d. Thus, we
succeeded in imaging the photoinduced forces acting inside of
a single molecule.

We investigated the dependence of the van der Waals forces
(FvdW), the CPD, and the photoinduced forces (Fpif) on the
tip−molecule distance (z) at the atomic scale. In Figures 3a,
3b, and 3c, we show the FvdW−z, CPD−z, and Fpif−z curves of
a single upper molecule of the pentacene bilayer, respectively. z
= 0 is defined by the nearest tip−molecular distance, and the
tip-molecule spacing at z = 0 is estimated to be 0.4 nm. Here,
the light blue and red lines correspond to measurements at the
edge and center of the molecule, respectively. There are no
significant differences between the edge and center of the
molecule with respect to FvdW and CPD, but a difference is
observed with respect to Fpif. As shown in Figure 3c, the Fpif
values at the edge and the center are almost equal when z is
larger than 0.3 nm, but differences begin to appear when z is
smaller than 0.3 nm. The results in Figure 3c show that Fpif
consists of the long-range photoinduced forces Ffil that reflect
the macroscopic thin film properties of the pentacene bilayer
and the short-range photoinduced forces Fmol that reflect the
atomic-scale molecular properties of the pentacene bilayer (see
Supplementary Notes 2 and 3 for the long-range photoinduced
forces Ffil and the short-range photoinduced forces Fmol,
respectively). In Figure 3c, the dashed line is the fitted long-
range photoinduced force curve Ffil. The fitting was performed
in the region of z > 0.3 nm. The dark blue and dark red lines
correspond to the short-range photoinduced forces Fmol at the
edge and center, respectively. In the region of z < 0.3 nm, the
Fmol at the edge rapidly increases in attraction, while the Fmol at
the center shows almost no attraction. These behaviors are
reproduced by the theoretical simulation shown in Figure 3d,
which is explained later.

Furthermore, we performed the 2D mapping of the
photoinduced force along the long axis of a single upper
molecule (Figure 3e) (Supplementary Note 11). Figures 3f
and 3g show the results of the 2D mapping of the
photoinduced force Fpif and the short-range photoinduced
force Fmol, respectively. Fmol was obtained by subtracting the
contribution of the fitted long-range photoinduced force Ffil
from Fpif. Figure 3f clearly shows that the photoinduced force
Fpif is slightly greater at the edge of the upper-layer molecules
relative to the center, while Figure 3g shows that the short-
range photoinduced force Fmol is larger near the edge of the
upper-layer molecules. The short-range photoinduced force
(attraction) increases near the edges when z is smaller than 0.3
nm but is almost zero at the center, even when z is less than
0.3 nm. This result suggests that light interacts strongly with
the upper-layer molecules near the molecular edges. The
spatial resolution of the short-range photoinduced force Fmol is
approximately 0.6 nm. The magnitude of the short-range
photoinduced force Fmol acting near the edge of a single
molecule is very weak, less than 1 pN (Figure 3h) (see
Supplementary Note 12 for the 2D mapping of the vector field
of photoinduced forces).

We performed theoretical calculations of the PiFM images of
the pentacene bilayer to investigate the cause of the contrast in
the PiFM images (Supplementary Notes 13−17). In Figure 4a,
we show the molecular orbitals and energy scheme obtained

via quantum chemical calculations of the pentacene bilayer. In
the calculation, we effectively incorporated the contribution
from the CPD by applying an electrostatic field to the
molecules to evaluate the charge transfer contribution. We
further considered the effect of charge transfer to the substrate
by assuming that the molecules are divalent cations (see
Supplementary Note 13). In Figure 4a, the energies without
and with consideration of CPD are shown on the left and right,
respectively. In these calculations of electronic states, we
consider the hybridization between the first and second
molecular layers, although it is not strong. On the other hand,
we confirmed that the hybridization with the neighboring
molecules in the first and second layers is negligible and does
not affect the present energy scheme. Therefore, the present
simple model of the pentacene bilayer is sufficient for
calculating PiFM images (Supplementary Note 18). The
orbitals are localized in the upper or lower layer, and their
energies are shown in black and gray. PiFM measurements are
estimated to capture the optical properties of transitions
between levels where electrons are localized in the upper layer,
and transitions involving levels where electrons are localized in
the lower layer can be negligible. Therefore, the respective first
excitation transitions are shown by red arrows in Figures 4a (1)
and (2), and the transition energies are 2.2068 and 1.7469 eV,
respectively. Figures 4b and 4c show the distribution of the
dipole moments for transitions (1) and (2) obtained from the
wave function of the molecules in the discretized space with
the extended discrete dipole approximation (e-DDA) method
(see the Methods section), respectively. This polarization
structure can be schematically understood, as shown in Figures
4d and 4e.

Figure 4g shows the response field map obtained by
incorporating the polarization structure of the molecules into
the e-DDA method by using the calculation model shown in
Figure 4f. Here, we assume a 1 nm protrusion at the tip as the
atomic-level surface structure of the tip surface. The
observation of vibrational excitations of single molecules in
surface-enhanced Raman spectroscopy has shown that a
rigorous evaluation of optical mode volumes is possible with
a resolution of a few angstroms.25 It was shown by Benz et al.
that these modes are due to the surface structures of the atoms
at the tip, which naturally arise and are called picocavities.
Also, molecular vibrations were directly observed by tip-
enhanced Raman spectroscopy (TERS) owing to the localized
field confined in picocavities.26 The use of the TERS system as
a precisely controllable junction in an ultrahigh-vacuum
scanning tunneling microscope is shown to achieve ang-
strom-scale resolution imaging, even at subatomic distances
between the tip atoms and the molecules. Picocavities can
occur in any geometry as long as the internal optical field is
large enough to move a single atom from the surface.27 The
logic of resolution is the same for PiFM in that information on
the localized field at the tip apex is acquired, and the
theoretical analysis demonstrated the molecular resolution of
PiFM owing to the presence of picocavities,28,29 where the
localized plasmon is enhanced in the nanogap between the tip
and the substrate and molecules are strongly excited by the
enhanced resonance light. We showed, in a previous work,28

that the localized plasmon field of the nearest protrusion is
strongly enhanced, even when there are multiple protrusions,
which determine the image and resolution, at the tip. Thus,
neighboring protrusions have little or no ghost-image-like
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effect on the PiFM image; namely, the overall tip shape does
not affect the image.

With the above-mentioned modeling, we obtained a PiFM
image and a line profile of the photoinduced force, as shown in
Figures 4h and 4j for transition (1) and Figures 4i and 4k for
transition (2) in Figure 4a, by scanning the tip on the plane 0.4
nm above the upper-layer molecule. Without considering the
contribution from the CPD, the PiFM image shows a strong
signal at the center of the molecule. In contrast, with
consideration of the contribution from the CPD, the PiFM
image shows a strong signal at the edges of the molecule and a
weak signal at the center. This is in good agreement with the
experimental results in Figure 2d. The polarization of the
induced localized plasmons radially spreads from the tip apex
and can excite the dipole in the horizontal direction.29

Considering the polarization structure of the molecule shown
in Figure 4e, when the tip is at the edge of the molecule, the
molecule can resonate with the plasmon, and the vertical
components of the dipoles strengthen the induced force.28−31

In contrast, when the tip is at the center of the molecule, these
components of the dipoles inside the molecule cancel each
other out, so no signal is observed. For the same situation as in
Figure 4i, we demonstrate the Fpif−z curves at the edge and
center of the pentacene in Figure 3d. For z = 0, the tip−
molecule spacing is defined as 0.4 nm. As in Figure 3c, the light
blue and red lines correspond to force curves at the edge and
center of the molecule, respectively. In the calculations in
Figure 3d, for reasons of model design, the contribution from
the film Ffil is not determined. Instead, the dashed line plots
the force contribution from the substrate as the background
force. As in the experimental results, the magnitude of Fmol
increases monotonically in attraction. The contrast in
sensitivity at the edge and in the center was also reproduced.
The orientation inferred from the obtained images in the
experiments is consistent with that assumed in the simulations
that well reproduce the measured PiFM images.

PiFM acquires images of the polarization structure
corresponding to the resonance state of the molecule. The
appearance of the images is considered to vary significantly for
different excited states.28 Theoretical calculations suggest that
for incident light with an off-resonance frequency structures
reflecting the internal polarizations of the molecule may not be
observable. We theoretically demonstrate PiFM images with
only the background dielectric constant in Supplementary
Note 16. Although it is currently challenging to operate the
existing PiFM system in a cryogenic environment under
different frequency conditions, we are in the process of
developing a system capable of operating at multiple
frequencies for future studies.

As demonstrated above, the agreement between the
calculation based on the present model and the experimental
observations strongly suggests that the model with charge
transfer from the second layer is plausible. The results in the
present study prove that our PiFM system is a powerful tool to
investigate near-field optical responses of single molecules,
even with electronic structures strongly modulated by
interactions with neighboring molecules and substrates.

CONCLUSION
In summary, using photoinduced force microscopy based on
the heterodyne frequency modulation method and Kelvin
probe force microscopy is a powerful method to investigate
near-field optical responses of single molecules, even with

electronic structures strongly modulated by interactions with
neighboring molecules and substrates. The optical response
inside a single pentacene molecule where charge transfer
occurred was successfully observed with a spatial resolution of
0.6 nm, visualizing the multipolar excitation of a single
molecule. The two-dimensional mapping of the photoinduced
forces revealed that the signal is strong at the edges of the
molecule and almost absent in the center. Theoretical
calculations reveal that when charge transfer does not occur,
the perpendicular components of the dipole are strongly
excited at the center of the molecule, whereas when charge
transfer occurs, the perpendicular components of the dipole
are strongly excited at the edge of the molecule and cancel out
at the center. This result is a real-space visualization of the
optical response of a single molecule strongly affected by
charge transfer, which could not be observed using conven-
tional methods. These findings can only be achieved by
combining microscopy techniques that simultaneously visual-
ize the optical response of molecules and charge transfer
between adjacent environments. Our approach and findings
provide insights into designing molecular functions by
considering the optical response at each step of layering
molecules.

METHODS
Experimental Methods. All experiments were performed using a

low-temperature ultrahigh-vacuum scanning probe microscope
(Unisoku, USM 1400). The deflection of the cantilever was measured
by an optical beam deflection method. An 830 nm laser diode and
four segmented photodiodes were used to detect the cantilever
deflection. A high-pass filter was used to avoid the influence of a 690
nm laser light on the deflection signal. The measurement was
conducted at 3 × 10−11 Torr and 78 K.

The frequency modulation method was used to detect the tip−
sample force interaction.32 The oscillation frequency was maintained
at the resonance frequency of the cantilever f 0, and the frequency shift
of the resonance frequency Δf was measured by a phase-locked loop
(PLL). The amplitude of the cantilever oscillation was kept constant
by an amplitude gain controller (AGC). The topographies of the
surface were obtained by using a z-feedback controller (Z-FBC) to
keep Δf constant.

The heating effect by laser irradiation cannot be automatically
excluded, even at low temperatures. The heterodyne FM meth-
od13,20,21 was used to eliminate the apparent force due to the
photothermal effect of light irradiation on the cantilever and tip and
to measure only the photoinduced force between the tip and the
sample surface (see Supplementary Note 5). The amplitude of the
incident laser was modulated at a frequency of 2f 0 + fm1 ( fm1 = 500
Hz), where f 0 is the resonance frequency of the cantilever and fm1 is
set to be within the bandwidth of the PLL. The photoinduced force
acting on the tip at a frequency of 2f 0 + fm1 was downconverted by the
oscillating cantilever with a frequency of f 0; therefore, Δf was
modulated at a frequency of fm1. Δf modulated at a frequency of fm1
was detected by lock-in amplifier 1 (LIA1) as the photoinduced force
coupled with the cantilever oscillation, which was denoted Δf pif. The
wavelength of the laser light was 690 nm, the power of the laser light
was 7 mW, and the incidence angle of the light was 70° from the
normal direction of the substrate.

FM−Kelvin probe force microscopy was used to compensate for
the contact potential difference between the tip and the sample
surface. The electrostatic force was modulated by applying an AC bias
voltage VAC with a frequency of fm2 that was lower than the cantilever
resonance frequency and within the bandwidth of the PLL (VAC = 0.3
V, fm2 = 1100 Hz). The electrostatic force modulated at a frequency of
fm2 was detected by LIA2, and the CPD was obtained by using a
Kelvin feedback controller (Kelvin-FBC) to make the electrostatic
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force modulated at a frequency of fm2 zero (see Supplementary Note 6
for the electric circuit).

As the probe, a gold-coated cantilever with a spring constant of k =
40 N/m and a resonance frequency of f 0 = 300 kHz (Nanosensors:
ATEC-NCAu) was used. The cantilever was oscillated with an
amplitude A = 5 nm, and the frequency shift of the oscillating
cantilever Δf was monitored. Since the heterodyne FM method was
used, the signal from the photoinduced force became small when the
cantilever vibration amplitude A was small, whereas when the
cantilever vibration amplitude A was very large, the force became
difficult to detect, and the signal from the photoinduced force became
small. The cantilever oscillation amplitude with the best signal-to-
noise ratio of the photoinduced force signal was A = 5 nm. The Ag
(100) surface was cleaned by sputtering and annealing. Pentacene
molecules were deposited on the Ag (100) surface, followed by
postannealing of the substrate at 400 K for 5 min. As a result,
pentacene bilayer islands were created on Ag (100) (see
Supplementary Note 7 for the structure of the pentacene bilayer on
Ag (100)). The acquisition time for the simultaneous measurement of
topographic, CPD, and PiFM images was approximately 25 min.

The van der Waals forces (FvdW) and the photoinduced forces (Fpif)
depending on the tip−molecule distance (z) were calculated from the
Δf−z curves33 and Δf pif−z curves,13 respectively, where z = 0 is
defined as the nearest tip−molecule distance.
Theoretical Calculation Methods. We performed theoretical

calculations on the PiFM images of the pentacene bilayer. We used
the e-DDA method28,34 to self-consistently obtain the total response
electric field induced by the polarization of the molecule.29 In this
method, the whole space was divided into small cells of volume V, and
each cell was treated as a dipole. Considering the time-harmonic
electric field, to obtain the response field, we solved the following
equation:35,36

E r E r G r r P rV( , ) ( , ) ( , , ) ( , )i i
j

i j j0= +
(1)

where the coordinate ri represents the position of each divided cell.
E(r,ω) and E0(r,ω) are the total response electric field and incident
electric field with an angular frequency ω, respectively. G(r,r′,ω) is
Green’s function in free space. P(r,ω) is the polarization defined by
the susceptibility of the materials as follows:

P r

r E r

r r E rV( , )

( , ) ( , ),

( , , ) ( , )i

i i

j
i j j

met

mol

l
m
ooooo

n
ooooo

=

(2)

where χmet(r,ω) is the susceptibility of the metal structures relative to
the tip and substrate defined by the Drude-critical points model.37

χmol(r,ω) is the nonlocal susceptibility29 obtained from the wave
function of the molecule under the first-order perturbation
approximation:
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where γmol is the decay rate and dn,n′(r) is the dipole moment with
energy ℏωn,n′ corresponding to the transition from the n-th state to
the n′-th state. The dipole moment was determined by the wave
function of the molecule: dn,n′(r) = ϕn′*(r) erϕn(r). In this study, we
used GAMESS(US)38 to obtain the wave functions ϕn(r) and
energies of the molecule. In this calculation, we evaluated the
photoinduced force acting on the tip. The force can be expressed by
time averaging the Lorentz force as in the following formula:39
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where the summation is performed over the cells that configure the
tip.
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