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In photoinduced force microscopy (PIFM), amplitude modulation techniques, such as direct mode, and
heterodyne amplitude modulation techniques have been used to detect the photoinduced force. These
amplitude modulation techniques are affected by other forces because the resonance frequency shifts and
nonconservative force damp the cantilever motion. Here, we investigate and propose the heterodyne-
frequency-modulation (heterodyne-FM) technique for inhibiting the influence of the other forces and
photothermal force. Heterodyne-FM PIFM enables the acquisition of PIFM images and force spectra

without those artifacts.
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I. INTRODUCTION

Atomic force microscopy (AFM) is applied to perform
nanometer-scale or atomic-scale imaging and spectroscopy
of chemical [1,2], electrostatic [3,4], and magnetic [5-7]
properties on material surfaces by detecting the interactions.
AFM is used also for local optical spectroscopy such as
near-field scanning optical microscopy [8] and tip-enhanced
Raman spectroscopy [9], although these techniques measure
the optical properties of the sample surface using a photo-
detector in the far-field, not tip-sample interaction.

Photoinduced force microscopy is a promising technique
for realizing optical imaging with nanometer-scale spatial
resolution [10]. This technique involves the detection of the
photoinduced force between the metal tip and the sample
generated by focusing light on those structures. Using this
technique, the optical imaging of linear and nonlinear [11]
optical effects, the plasmonic structure [12], and the time-
resolved response [13] have been observed under ambient,
and ultrahigh vacuum (UHV) conditions [14]. Photoinduced
forces are classified into two types, scattering force and
gradient force [15,16]. The scattering force originates from
the momentum variation of photons. Basically, scattered
light is not dependent on the tip-sample distance. Therefore,
the scattering force is not attributed to high-resolution
imaging of a nanometer scale. On the other hand, the gradient
force is generated by the gradient of an electric field around
the metal tip [15]. The electric field is constructed by the
mutual interaction induced by light between the metal tip and
the sample, usually considered as the dipole-dipole inter-
action. The gradient force reflects the optical property of
the sample, which is the real part of polarizability [16].
As a result, the detection of the gradient force realizes high-
resolution optical imaging.
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To measure the gradient force predominantly, sideband
detection, which is also called a heterodyne technique
in other research, is performed instead of the direct mode
[14,17,18]. Hereafter, we term this the heterodyne-
amplitude-modulation (heterodyne-AM) technique in order
to avoid confusion. In the direct mode, the intensity of
the incident laser light is modulated at a resonance
frequency of the cantilever f; (f,), where f; and f, are
the first and second resonance frequencies of the cantilever,
respectively. Because the technique measures not the force
gradient but the force, both scattering and gradient forces
are detected. On the other hand, in the heterodyne-AM
technique, the intensity of the incident laser light is
modulated at a frequency of fi+ f» (fi —f>). The
cantilever is excited at a frequency of f; (f,). As a result,
the mixed signal of the photoinduced force and cantilever
vibration is obtained at f, (f;). Since the technique detects
the force gradient, the forces with larger decay lengths,
such as the scattering force and the photothermal effect
[14,19], can be avoided. Therefore, the heterodyne-AM
technique is useful for measuring the gradient force and
obtaining the optical properties of the sample.

However, in the heterodyne-AM technique, the mixed
frequency, which is the sideband, does not follow f; (f,).
Thus, the photoinduced force signal degrades owing to
other forces between the tip and the sample [18,20].
Particularly in vacuum, the Q factor of the cantilever is
much larger than that in the ambient environment. Hence,
the degradation becomes severe. In addition, it is important
to drive the cantilever at f to prevent the jump to contact
for operating noncontact AFM [1]. In that case, f, is used
for the measurement of the photoinduced force, although
the use of f, is less sensitive than that of f| because of
the large spring constant of f,. However, the measurement
under vacuum condition is important to increase force
sensitivity because of the high Q factor of the cantilever.
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It is realized by the absent of the ambient air or environment
of low temperature. The high force sensitivity enables us to
measure weak optical interactions.

In this paper, we propose a heterodyne frequency
modulation (heterodyne-FM) technique that combines
frequency modulation and heterodyne techniques. This
technique enables us to measure the mixed force from
the modulated frequency shift in frequency modulation
AFM (FM AFM). The mixed force with the frequency
f1+ f, follows the shift of f| by a phase-locked loop
(PLL). In addition, nonconservative forces do not affect the
signal because the cantilever excitation compensates for the
forces. Consequently, it is possible to extract the photo-
induced force without the contribution of the other forces.
Thus, the use of f; to detect the photoinduced force
enhances the force sensitivity compared with that of f,.

II. METHOD

In our proposed heterodyne-FM technique, the intensity
of laser light is modulated at the frequency 2f; + f,,. The
laser light is focused on the metal tip and sample. As a
result of mixing the cantilever vibration with the frequency
f1, the mixed force is generated at f| + f,, and 3f| + f,,
as the gradient of the forces. The signal is detected from the
frequency shift signal (Af) of the cantilever with the
frequency f,,. By the small amplitude approximation of
the cantilever, the distance between the tip apex and the
sample (z) is expressed as

z=2z9+ A cos(2zf 1+ 6,)
+ A, cos2z(2f | + f,.)t + 6,]
+ Ap_cos2a(f1 + fn)t + 0]
+ Apy cos2z(3f 1 + fu)t + Ony - (1)

Here, A, is the amplitude of the cantilever excited at f. A,,
is that induced by the forces as a result of laser irradiation
with a modulation frequency. A,_ and A,,, are those with
mixed frequencies. f,, is the difference in frequency from
2f, for the heterodyne-FM technique.

When the amount of light scattered to the cantilever is
markedly large, the photothermal force due to the thermal
expansion of cantilever materials is induced at the modu-
lation frequency of the laser light, 2f; + f,,. It is possible
that the photothermal force becomes an artifact. One of the
possible artifacts is from the photothermal force modulated
at 2f, + f,, that is coupled with the cantilever vibration at
f1- The consequent mixed signal appears at | + f,, as an
artificial photoinduced force in the heterodyne-FM tech-
nique. Another artifact is the second derivative of forces
coupling with the photothermal vibration and the cantilever
vibration at f| + f,,.

These possible problems can be avoided when we
additionally drive the cantilever also at 2f; + f,, to cancel
the photothermal force [21], as shown in Fig. 1 [22].
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FIG. 1. Heterodyne-FM photoinduced force microscopy block
diagram. The abbreviations FOI, PLL, PID, OSC, DB, SSB, LI,
and PS indicate the fiber optic interferometer, phase-locked loop,
PID controller, oscillation controller, doubler, single-sideband
modulator, lock-in amplifier, and phase shifter, respectively. The
wavelength of the laser light is 660 nm and the laser power is
modulated from 0 to 50 mW. A LI detects the photoinduced force
from the resonance frequency shift of the cantilever Af at f,,.
The topographic image is obtained by FM AFM.

The frequency shift Af of the cantilever is expressed as
follows by solving a point-mass spring equation [21].

fo (dF  dFyy
Af ~—2= 2 t
f %\ + e cos(2zf,,t + 7)

= Af(0) + Af(fin) cos(2nf 1) (2)

The second term in Eq. (2) with the frequency f,, is the
photoinduced force signal in the heterodyne-FM technique.
When the bandwidth of the measurement system is suffi-
ciently broad and the delay is negligible, or the delay is
compensated, the photoinduced force signal appears with the
same phase or the phase delay of 7 from the laser modulation
signal, as shown in Eq. (2). Here, we determine the signal
with the phase as the photoinduced force signal in the
heterodyne-FM technique. In addition, photothermal expan-
sion is delayed by z/2 at a high modulation frequency [23].
Therefore, the thermal expansion can be removed from the
photoinduced force signal, although the photothermal expan-
sion is negligible especially in the noncontact mode.

The equation means that the photoinduced force is
approximately measured by the gradient at z = z,. Thus,
the long-range force such as the scattering force and the
photoinduced force can be avoided [14,18]. In addition, the
heterodyne-FM technique uses f; for the driving cantilever
and PIFM. Therefore, it is effective in preventing the jump
to contact and detecting the photoinduced force sensitively.

III. EXPERIMENTAL SETUP

Figure 1 shows a heterodyne frequency modulation
(heterodyne-FM) photoinduced force microscopy block
diagram. The abbreviations in Fig. 1 namely, FOI, PLL,
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PID, OSC, DB, SSB, LI, and PS indicate the fiber optic
interferometer, phase-locked loop, PID controller, oscilla-
tor, doubler, single-sideband modulator, lock-in amplifier,
and phase shifter, respectively. FOI detects the cantilever
oscillation. From the oscillation with the frequency f, the
following DB and SSB form the signal of 2f; + f,,, where
[ originates from the oscillator of LII. Thus, the laser
power is modulated at 2f; + f,,. As a result of laser
illumination, the photoinduced force is measured from A f
as Af(f,) by the lock-in X signal in LIl. Two LlIs,
following PID, a multiplier, and a phase shifter create
the additional excitation signal to suppress the photo-
thermal vibration. Then, the additional excitation signal
is added to the cantilever excitation signal. These mea-
surements are performed at room temperature under UHV
with a pressure of less than 5.0 x 10~!! Torr. As a sample,
we deposit a gold thin film of 30-nm thickness on a mica
substrate [24,25]. The gold thin film is fabricated by
electron beam evaporation with a heating of the substrate
at 773 K. A gold-coated cantilever whose spring constant is
5N/m, and f, =48(f, =296) kHz is used. The Q
factors Q; (Q,), of the cantilever at f, (f,) are 10537
(8056), respectively, and f,, = 350 Hz. The laser power is
modulated from 0 to 50 mW.

IV. RESULTS AND DISCUSSION

Figure 2 shows the suppression of the photothermal
vibration at 2f; + f,,. Figure 2(a) shows the power spectral
density (PSD) of the cantilever illuminated by a laser
without further suppression. Figure 2(b) shows that with
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FIG. 2. Power spectral density (PSD) of the cantilever with the
photothermal vibration. (a) and (b) are those without and with PID
control to suppress the photothermal vibration, respectively. The
laser modulation frequency is 2f| + f,, = 2 x 48 + 0.35 kHz.

further suppression. Without further suppression, the
PSD of the photothermal vibration at 2f, + f, 1is

4210 fm/v/Hz. On the other hand, with further suppres-

sion, that becomes 81 fm/+/Hz, with the same order as the
noise density of our system. It is possible that the small rest
component is due to the scattering light going through the
fiber, which does not indicate the true cantilever vibration.
With further suppression, it is possible to avoid the artifact
as mentioned. When only the tip can be illuminated and the
amount of scattered light is as small as that when using the
objective lens, further suppression is not necessary. Even
in our experiments, there are no significant differences
observed in the force curves and images with and without
further suppression. This indicates that it is not always
necessary to perform further suppression because the
contribution of the artifact mentioned above is sufficiently
small. Hereafter, we show the results about the heterodyne-
FM technique with the suppression.

Figure 3(a) shows the topography (AFM image) of the
gold thin film on the mica substrate. The PIFM images
obtained by heterodyne-FM, heterodyne-AM, and direct
mode are shown in Figs. 3(b)-3(d), respectively. There are
some depressions in the gold thin film in Fig. 3(a). Such
depressions are formed during the sample preparation.
In Fig. 3(b), the photoinduced force increases on the
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. 129.4 pm

FIG. 3. Scan images. (a) Topographic image, (b) PIFM image
of gold film obtained by heterodyne-FM technique, and (c) PIFM
image obtained by the heterodyne-AM technique. (d) PIFM
image obtained in the direct mode. Scale bars show (a) the height
of the topography, (b) the modulation amplitude of the frequency
shift Af(f,,), and (c) and (d) the amplitudes at f,, (A,). Scan
sizes are 800 x 800 nm?. The amplitude at f, is 25 nm, the
frequency shift is —7.0 Hz, the spring constant of the cantilever is
5.0 N/m, f| =48 kHz, f, =296 kHz, and f,, = 350 Hz. The
Q factors of the cantilever at f; and f, are 10537 and 8056,
respectively. The bandwidth of LI1 and LI2 are 20.9 and 13.1 Hz
for the heterodyne-FM mode. The bandwidth for the PIFM signal
in all modes is same, i.e., 20.9 Hz.
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depressions because of the confined surface fields at the
sharp gold edge. In this scheme, no PIFM signal is
observed in the heterodyne-AM technique, as shown in
Fig. 3(c), since we use f, for PIFM measurement in the
heterodyne-AM technique and in the direct mode.
Although the use of f; is suitable as mentioned in
previous reports, f; is used in noncontact AFM to
prevent the jump to contact. Therefore, the heterodyne-
FM technique is superior because of the sensitiveness of
the system to the difficulty in focusing the light. In the
direct mode [Fig. 3(d)], the PIFM image does not reflect
the structure of the surface. The interference between the
cantilever and the surface appear in the image. These
results indicate that the heterodyne-FM (heterodyne-AM)
technique can also remove the signal of stray light going
through the fiber.

Figures 4 are the force curves as a function of the tip—
sample distance in the respective modulation modes. (a) is
Af detected in FM AFM. (b)—(d) show the photoinduced
force signals in the heterodyne-FM [Af(f,,)], heterodyne-
AM (A,), direct mode (A,), respectively. The nearest
distance of the force curves is determined as 0.0 nm.
When the tip-sample distance decreases, Af gradually
decreases as shown in Fig. 4(a). In contrast, the hetero-
dyne-FM signal is nearly O Hz in the range of 7z =
3.0-10.0 nm and it increases sharply in the range of z <
3.0 nm [Fig. 4(b)]. This increase is because the plasmon
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FIG. 4. Force curves of (a) Af in FM AFM, (b) Af(f,,) in the
heterodyne-FM, (c) A, in the heterodyne-AM, and (d) A, in the
direct mode. The parameters are the same as those in Fig. 3.

coupling between the tip and the sample is sharply enhanced.
Figure 4(c) indicates that the heterodyne-AM technique
gives no signal because of its low sensitivity, and that signal
is independent of the tip-sample distance. In Fig. 4(d),
the direct mode shows many artifacts from stray light going
through the fiber and the photothermal force. As the tip-
sample distance decreases, the artifacts become large
owing to the coupling of the photothermal vibration and
the other forces. Then, the signal intensity decreases because
f» markedly shifts owing to the tip-sample interaction.
Considering this result, the heterodyne-FM technique can
inhibit the change in the PIFM signal intensity owing to the
shift of the resonance frequency of the cantilever and the
artifact originating from the photothermal effect.

Using the heterodyne-FM technique, the minimum
detectable gradient force is estimated at about 419 fN in
our measurement system [21]. When this technique is
performed in a low temperature, the weaker interaction can
become detectable.

V. CONCLUSION

In this article, we investigate and propose the hetero-
dyne-FM technique. This technique enables us to obtain the
photoinduced force without the artifact from the photo-
thermal force and the change in the resonance frequency
of the cantilever, and to realize true optical imaging. This
technique can be used also in the tapping-mode AFM using
a similar scheme without PLL. Additionally, the technique
is applicable to other modulation techniques with thermal
effects such as microwave and x ray. Although we also
perform further PID control for the suppression of the
photothermal vibration, it is not necessary even under a
condition with marked scattering.

The optical responses of sample surface depend on the
light frequency, and surface polaritons include information
not only on geometrical structures of samples but also on
electronic wave functions of excited states and ground
states. Therefore, it is important to further understand
observed images with theoretical analysis for the photo-
induced force microscopy.
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