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In the work presented here, we systematically investigate the ultrafast optical properties of aluminum
(Al) thin films on silicon cantilevers using a microscopic femtosecond optical pump-probe technique to
explore the effect of light irradiation upon cantilevers while considering radiation-pressure and photother-
mal effects. The ultrafast laser pulses used for the study are less than 30 fs in duration and 830 nm in
wavelength, and the photon energy (1.49 eV) of the light pulses is close to the interband transition thresh-
old (ITT) of Al. Therefore, the change in the ITT due to the strain in the cantilever induced by the light
irradiation can be detected through a change in the transient reflectivity, which is dominated by the ther-
malized electron signal. We reveal the position dependence of the transient-reflectivity change and the
thermalized-electronic-signal amplitude for 100-nm-thick Al films on cantilevers of length 160, 200, and
240 µm, and these results are in excellent agreement with two-temperature-model-based curve fits. Fur-
thermore, to understand the effect of light irradiation, we derive equations for the position-dependent
radiation-pressure effect and the photothermal effect, and demonstrate that thermal-expansion-induced
changes in the ITT dominate the position dependence of the signal intensity. Our findings offer avenues
for exploring the effects of strain on ultrafast properties, and applications to ultrafast scanning probe
microscopy.
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I. INTRODUCTION

The irradiation of a material by a pulsed laser is associ-
ated with not only elementary excitations such as carriers
and phonons but also phenomena such as photothermal [1]
and radiation-pressure effects [2], involving mechanical
deformation of the material. The photothermal effect, a
phenomenon where a part of the absorbed light energy is
converted into heat, has been discussed as a laser abla-
tion mechanism [3] and is the reason for the thermal
expansion of the tip in time-resolved scanning tunneling
microscopy (STM) or atomic force microscopy (AFM)
[4,5]. The radiation-pressure effect, proposed by Maxwell
[6], is understood to be caused by light imparting momen-
tum to matter. When a photon is reflected or absorbed by
a material, a change in momentum occurs, resulting in a
pressure [7,8]. Sunlight can produce a radiation-pressure
effect, and its influence on the position control of the space-
craft Hayabusa has been discussed [9,10]. Moreover, ultra-
fast laser-induced radiation pressure has been applied as
an optical-tweezers technique to manipulate nanomaterials
and has been attracting increasing attention recently [11].

On the other hand, AFM is often used to observe
photothermal and radiation-pressure effects. Ma et al.
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separated photothermal and radiation-pressure effects by
examining the resonant frequency of a cantilever [12]. Sev-
eral other studies have been reported [13,14], although
those experiments were mainly based on existing AFM
systems using continuous-wave (cw) lasers. However, the
possibility of observing ultrafast laser-induced photother-
mal and radiation-pressure effects on a cantilever in more
advanced time-resolved STM (or AFM) has rarely been
investigated [15]. Therefore, as a step toward femtosec-
ond time-resolved AFM, we attempt to observe pho-
tothermal and radiation-pressure effects on aluminum (Al)-
coated silicon cantilevers under femtosecond pulsed laser
irradiation.

Optical pump-probe techniques have achieved high tem-
poral resolution using ultrafast pulsed lasers and have
been used as experimental methods for investigating ultra-
fast relaxation dynamics of quasiparticles, such as in the
cases of electron-hole plasmas, coherent phonons, and
coherent spins in various materials such as nonmagnetic
[16,17] and magnetic [18,19] metals, and semiconductors
[20–22]. Optical excitation from equilibrium to nonequi-
librium states is followed by relaxation processes, dur-
ing which electron-electron scattering, electron-phonon
scattering, and phonon-phonon scattering occur [23]. For
simple metals, the very high density of free electrons
causes rapid damping of the electron coherence, thereby
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dominating the incoherent electron-phonon scattering dur-
ing the relaxation processes [24]. Under such condi-
tions, simplified models for describing the thermaliza-
tion dynamics by considering independently thermalized
energy distributions that can be characterized by tempera-
tures in the electron and lattice subsystems can be used to
make predictions that can be compared with experimental
data [25]. Furthermore, a two-temperature model (TTM)
for a coupled system of electrons and a lattice has been
used for modeling the dynamics in a simple metal [26–29].
Recently, more complex models based on the TTM have
been produced by considering temperature gradients [30],
phonon dispersion curves [31], and spin systems [32], and
by introducing a nonequilibrium Green’s function method
[33,34]. However, the TTM has not been applied to explore
radiation-pressure and photothermal effects on a simple
metal.

Al provides a good example of a TTM-based description
of electron thermalization because of the fast lattice equi-
libration caused by the significant phonon anharmonicity,
characterized by a large phonon-phonon linewidth [27].
These characteristics make Al a suitable medium for
femtosecond plasmonic applications of surface-plasmon-
polariton waves [35] and plasmon enhancement at a can-
tilever tip in ultrafast scattering-type scanning nearfield
optical microscopy (s-SNOM) [36]. However, heat accu-
mulation in cantilever tips due to femtosecond pulsed laser
irradiation remains a fundamental problem in ultrafast
scanning-probe-microscopy techniques such as ultrafast
s-SNOM [36], and experimental exploration of the inter-
action between femtosecond pulsed lasers and cantilevers
to solve this problem has been lacking.

In this study, we use a thin Al film on a cantilever as
an example of a metallic system where ultrafast dynam-
ics after pulse excitation can be appropriately repro-
duced using the TTM. Ultrashort laser pulses from a
mode-locked Ti:sapphire oscillator with a center wave-
length of 830 nm (1.49 eV) are used as the excitation
and probe light. The pulse width of the optical exci-
tation is shorter than the electron thermalization time
constant (approximately 200 fs), and under ultrafast exci-
tation, we observe transient coherent signals from the
sample. We observe a remarkable position dependence of
the transient-reflectivity change (�R/R) on an ultrafast
timescale. Moreover, we investigate the effects of light
irradiation in terms of the position-dependent radiation-
pressure and photothermal properties of the Al film on the
cantilever, and find that the strain originates mainly from
the photothermal effect and shows considerable position
dependence of the �R/R signal.

II. EXPERIMENTS

We perform a reflective pump-probe experiment on an
Al film on a cantilever in the field of view of a microscope
using the measurement system shown in Fig. 1(a). The

(a)

(b) (c)

FIG. 1. (a) Simplified scheme of the optical setup for the
microscopic femtosecond optical pump-probe measurements.
Each yellow rectangle represents a beam splitter. Each orange
cylinder represents a focusing component, which is an off-axis
parabolic mirror (OAPM) or a reflective objective lens (ROL).
(b) Enlarged view around the sample (the Al-coated Si can-
tilever) in (a). (c) Enlarged view of the area enclosed by the black
dotted line in (b). L and d represent the length and thickness,
respectively, of the cantilever.

light source used is a mode-locked Ti:sapphire laser with a
central wavelength of 830 nm (photon energy �ω = 1.49
eV), a pulse width τp less than 30 fs, and a repetition rate
frep of 80 MHz. The laser pulse is split into strong pump
and weak probe pulses using a beam splitter, and these
pulses travel along different optical paths. The time delay
between the pump and probe pulses is scanned at a fre-
quency of 19.5 Hz and an amplitude of 15 ps using an
oscillating retroreflector.

All measurements are performed at room temperature,
T0 (approximately 300 K). Notably, an off-axis parabolic
mirror (OAPM) and a reflective objective lens (ROL) are
used as reflective-focusing components instead of trans-
parent lenses to minimize the group-velocity dispersion
effects on the pulsed light, and improve the temporal reso-
lution of the measurements. The pump and probe pulses are
focused using an OAPM (the depression angle is approx-
imately 45◦) and a ROL with focal lengths of 50.8 and
13.3 mm, respectively. The shape of the laser spot can be
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observed in microscope images when the sample is opaque
and has a relatively low reflectivity, such as in the case of a
GaAs wafer. Therefore, we observe the Gaussian shape of
the focal spots of both pulses on GaAs and obtain spatial
overlap to detect a signal from excited carriers using pump-
pulse irradiation of the GaAs surface. The pump power
is controlled at approximately 154 mW, and the shape of
the pump beam is made nearly circular by adjusting the
tilt angle of the kinematic mount of the OAPM. Finally,
an oval spot of pump light with major and minor axes of
21.1 and 14.4 µm, respectively, for the 1/e2 width of the
Gaussian function is demonstrated by microscope images,
and the corresponding optical fluence is approximately
800 µJ/cm2. Similarly, the size of the probe spot is mea-
sured to be 6.6 and 4.2 µm for the major and minor axes,
respectively. The polarizations of the focused pump and
probe light are orthogonal each other to minimize the effect
of the background signal caused by scattered pump light.
Since the direction of the wave vector k of the pump light
reflected from the OAPM is [1̄01̄], [010] can be selected
as the direction of polarization. This polarization condition
can be realized by using [101]-polarized pump light inci-
dent on the OAPM. The energy of the photons in the pulse
is close to the interband transition threshold (ITT) [37–39],
which enables us to observe a large signal in the form of
a reflectivity change (divided by the reflectivity without
optical excitation) �R/R.

Our experimental setup enables us to observe real-time
voltage signals related to ultrafast reflectivity changes
on a digital oscilloscope after an appropriately ampli-
fied and filtered photocurrent signal is detected by a pair
of photodiodes, as shown in Fig. 1(a). The photocur-
rent signal �I equals the value of the current detected
by one photodiode (−), I−, subtracted from the current
detected by the other photodiode (+), I+. All measure-
ments are performed after maximizing the value �I (pro-
portional to �R) by monitoring the voltage signal, and
the normalized reflectivity change �R/R is constructed
by normalization of �I by I+ (proportional to R) to give
�I/I+ (= �R/R).

Three Al-coated Si cantilevers, whose lengths L are
160, 200, and 240 µm, are the samples used [Fig. 1(b)].
The respective dimensions (width w and thickness d) and
mechanical properties (resonant frequency f0 and spring
constant kz) of the cantilevers are listed in Table I. Al is
used as the reflective metal coating to detect the deflection
[40]. As illustrated in Fig. 1(c), the thickness of the Al film
is estimated to be approximately 100 nm using a focused
ion-beam system, whose highest spatial resolution is 5 nm.
These cantilevers are carefully attached to the same sample
holder to maintain horizontal accuracy, which is confirmed
by observing a uniformly focused laser beam in a micro-
scope image. Each cantilever is attached along the [100]
direction, and the sampling position is controlled along the
same direction during the measurements.

TABLE I. Length L, width w, thickness d, resonant frequency
f0, and spring constant kz of the three Al-coated Si cantilevers
used in the experiments.

L (µm) w (µm) d (µm) f0 (kHz) kz (N/m)

160 40 3.7 280 25
200 40 3.5 150 12
240 40 2.3 73 2.2

III. RESULTS AND DISCUSSION

A. Fitting based on two-temperature model

The coupled differential equations using the TTM to
describe the dynamics of the electron (Te) and lattice (Tl)
temperatures in an Al thin metallic film are given by

Ce(Te)
∂Te

∂t
= −G(Te − Tl) + P(t) (1a)

and

Cl
∂Tl

∂t
= G(Te − Tl), (1b)

where P(t) is the absorbed energy density, Ce(Te) is the
heat capacity of the electrons, Cl is the heat capacity of
the lattice, and G is the electron-phonon coupling con-
stant [25,41]. Ce(Te) can be approximated by a simple
linear dependence on Te using Ce = γ Te in the range of
electron temperatures obtained in our experiments (Te <

2000 K) [41]. γ is the Sommerfeld constant, which is
135 J m−3 K−2 in Al [41]. Cl is found to be almost constant,
at 2.30 × 106 J m−3 K−1 around room temperature, using
the Debye temperature (428 K) of Al [41]. In addition, the
value of G is nearly constant (2.45 × 1017 W m−3 K−1) at
T0 [41]. For an expression for P(t), a temporally Gaussian-
shaped pulse is commonly used to obtain

P(t) = (1 − R)Fp

δτp
exp

(
− t2

τ 2
p

)
, (2)

where Fp is the pump fluence, δ is the optical penetra-
tion depth, and τp is the laser pulse width. A value of δ =
9.65 nm at the central wavelength of 830 nm [42] is used
for simulating our experimental conditions. Using Fp =
800 µJ/cm2 and τp = 30 fs to numerically solve Eqs. (1a)
and (1b), we obtain a maximum value of �Te ∼ 1700 K.
For Te < 2000 K, the assumption Ce = γ Te is valid, and
the time scale of thermalization of the electrons and lattice
is comparable to that of the experimental results (approx-
imately 1.0 ps). However, the observed initial coherent
signal cannot be reproduced by Eqs. (1a) and (1b) (data not
shown), suggesting that an additional term related to non-
thermal (NT) electrons needs to be used to reproduce faster
relaxation signals. Sun et al. [25] introduced NT terms, and
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analytical solutions were derived when Ce � Cl and Ce
and G are constants:

N ∝ H(t) exp
(

− t
τNT

)
, (3a)

Ce �Te ∝ �Te ∝ H(t)
[

1 − exp
(

− t
τth

)]
exp

(
− t

τep

)
,

(3b)

where N is the energy density stored in the NT elec-
tron distribution, H(t) is the Heaviside step function, τNT
is the decay time of the NT electron population, and τth
and τep are the rise and decay times, respectively, of the
thermalized electron population [25].

Since Ce (= γ Te) is no longer constant for the large
change in Te from 300 to 2000 K, we introduce a stretch
coefficient αs into Eq. (3b), considering the Te dependence
of Ce [41]. Finally, introducing error functions in the form
of the convolution of H(t) and a Gaussian function with a
width of τp and a background (BG), the fitting function for
our experiments can be expressed as

�R(t)
R

= ANT

2

[
erf
(

t − t0
τp

)
+ 1

]
exp

(
− t − t0

τNT

)

+ Ath

2

[
erf
(

t
τp

)
+ 1

]

×
{

1 − exp
[
−
(

t
τth

)αs]}

exp
[
−
(

t
τep

)αs]
+ O(t3), (4)

where ANT and Ath are the NT and thermalized elec-
tronic signal amplitudes, respectively, and O(t3) is the BG
term, assuming a cubic function. We confirm the valid-
ity of the fitting function by applying it to the measured
�R(t)/R signal from a 100-nm-thick Al film on stable
fused silica, as shown in Fig. 2. The fit result is sat-
isfactory, and we obtain the parameters ANT = (711 ±
3) × 10−6, τp = 38.3 ± 0.1 fs, τNT = 22.8 ± 0.1 fs, Ath =
(195 ± 3) × 10−6, τth = 234 ± 2 fs, τep = 860 ± 8 fs, t0 =
125 fs, and αs = 1.32 ± 0.01. The same fitting is possible
for the Al films on cantilevers shown in the next section.
The photoabsorption originating from the parallel band
structure of Al, as reported in Ref. [39], dominates the
�R/R signal in some recent femtosecond optical pump-
probe experiments [26,30,43]; this is also the case in the
present study, as discussed below.

The effective crystal potential V200 parallel to the (200)
plane in Al resolves the degeneracy of the bands. A verti-
cal electronic transition from the lower (E−) to the higher
(E+) band over the Fermi level occurs for a wave vec-
tor between k(1)

⊥ and k(2)
⊥ , as indicated in the inset of

Fig. 2 [37–39]. The interband-transition threshold EITT is

th

FIG. 2. Transient-reflectivity-change signal �R/R from a 100-
nm-thick Al film on stable fused silica. The thick black line
represents the raw data, and the green dashed line represents a
curve fitted using Eq. (4). The fitting components for the NT elec-
trons [the first term of Eq. (4)], thermalized electrons [the second
term of Eq. (4)], and the background [the third term of Eq. (4)]
are shown by red, blue, and gray dashed lines, respectively, over-
lapping the measured signal (thick black line), in the inset. The
inset also shows a schematic illustration of the energy bands (the
lower band is E− and the higher band is E+) mapped in a plane
onto the (200) face of the Brillouin zone in Al, based on Ref.
[39]. The horizontal black line represents the Fermi level, while
the vertical red arrows indicate interband transitions caused by
photons with an energy �ω > EITT.

approximately equal to 2V200, and the contribution of this
transition to the imaginary part of the dielectric constant
ε2 is given by ε2(�ω, EITT) ∝ (�ω)−1(�ω − EITT)−1/2 for
�ω > EITT [37,39,44]. In the thermalized electron system,
since the density of electronic states in the vicinity of the
Fermi level can be described by a Fermi distribution with
an electron temperature Te, and the �R/R signal is domi-
nated by the contribution of �ε2 due to the change in the
electron temperature �Te, the amplitude of the thermalized
electronic signal Ath is proportional to the change in EITT,
i.e., Ath ∝ �Te ∝ �ε2 ∝ �EITT.

B. Position-dependent time-domain signals

The position-dependent �R/R signals from the 100-nm-
thick Al film on the 240-µm-long cantilever are shown in
Fig. 3(a), together with the probe photocurrent I+ (propor-
tional to R) in Fig. 3(b). The transient-reflectivity-change
signal near the root of the cantilever (�R/R ∼ 5 × 10−4

for x = 20 µm) is at the same level as that for the Al film
on a stable substrate shown in Fig. 2. The �R/R signal
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(a)

(b)

FIG. 3. (a) Position-dependent time-domain �R/R signals
from a 100-nm-thick Al film on a 240-µm-long cantilever. The
sampling position x (μm) is expressed as the distance from
the root of the cantilever. Forty-three signals are aligned, from
x = 20 (front) to x = 230 (back). The smallest (largest) value of
x is determined by the limit of accurate measurement because
of scattering of the pump spot from the root (end) of the can-
tilever. (b) Value of the position-dependent current I+ used for
normalization of �I (proportional to �R).

gradually decreases as the sampling position shifts from
the root to the endpoint of the cantilever [see Fig. 3(a)]. We
perform the same measurements on the 200- and 160-µm-
long cantilevers, and confirm similar tendencies, indicating
that the phenomena observed in Fig. 3 are common. This
means that the dramatic decrease in the �R/R signal can-
not be explained by a change in the static reflectivity R at
different positions, as discussed below.

Each signal is fitted by using Eq. (4), and the results for
the position dependence of the fitting coefficients Ath are
shown in Fig. 4. All parameters are successfully extracted
using the curve fitting. In Fig. 4, we find a clear position
dependence reflected in the thermalized-electronic-signal
amplitude Ath, and the same dependence is observed for all
three cantilevers. This is attributed to the position depen-
dence of �R because the values of I+ (proportional to R)

obtained at different sampling positions are nearly constant
(the fluctuation is less than 10%), as shown in Fig. 3(b).
To compare the rates of decrease of Ath, we fit the data
using a linear function A0 + A1x, where A0 is the con-
stant for x = 0 and A1 is the variation with respect to x.

FIG. 4. Position dependence of the thermalized-electronic-
signal amplitude Ath obtained from 100-nm-thick Al films on
160-, 200-, and 240-µm-long cantilevers, shown by blue cir-
cles, green squares, and red triangles, respectively. The black
lines represent linear-function fits (A0 + A1x) in the range 30 ≤
x ≤ L − 20. The inset presents the imaginary part of the dielec-
tric constant ε2(�ω, EITT) ∝ (�ω)−1(�ω − EITT)−1/2, with �ω =
1.49 eV, as a function of EITT.

Furthermore, we select the fitting range 30 ≤ x ≤ L − 20,
since the experimental errors near the root of the cantilever
largely prevent us obtaining precise values for A0 and A1.
The same fitting is also performed for the other parame-
ters (ANT, τp , τNT, τth, and τep), and the results are shown
in Appendix A. Although t0 and αs do not show a linear
trend, the values (t0, 125–150 fs; αs, 1.4–1.5) are close to
the fit results for the Al film on stable fused silica (data
not shown). It is notable that the electron-thermalization
time constant τth (approximately 200 fs) obtained from the
cantilevers is sufficiently longer than the pulse length τp
(approximately 30 fs) to allow separation of the NT and
thermalized electronic signals.

Next, to clarify the mechanism of the linear position
dependence of the thermalized-electron-signal amplitude
Ath (proportional to �EITT), we investigate the main
position-dependent effects on the cantilever: the radiation-
pressure effect and the photothermal effect [12]. However,
under our experimental conditions, the pump and probe
beams irradiate the same position at a repetition rate of
80 MHz, and the radiation-pressure effect is found to be
negligible for the reasons below. First, the magnitude of
the bending moment and the proportional strain are zero at
the irradiated position; this is discussed in more detail in
Appendix B. In Appendix B, we also obtain an expression
for the vertical deviation due to light pressure, which indi-
cates that the magnitude of the deviation has an irradiation-
position dependence. However, since the strain induced by
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the cantilever occurs after a relatively long time delay, the
response to the radiation pressure is time-averaged and is
found to be only 0.3 nm for the maximum deviation. Sec-
ond, for the pulse duration used (30 fs), the longitudinal
force induced by the radiation pressure is 274 µN, which
results in compression of the material. However, since the
deformation area estimated from the characteristic longi-
tudinal velocity of 6430 m/s [45] is only 0.2 nm, no strain
due to bending of the cantilever occurs within the pulse
duration (30 fs).

On the other hand, considering the effect of thermal
expansion of the crystal lattice caused by a temperature rise
as a photothermal effect, we find that a significant change
in EITT is expected. If the length L of the cantilever is suf-
ficiently large compared with its width w and thickness
d, the lattice temperature Tl can be assumed to be uni-
form over the entire cross section, and the temperature field
Tl(x) at position x can be described by the one-dimensional
thermal diffusion equation [46]. In our experiments, the
temperature rise �Tl(x) can be evaluated by use of the
following equation for bilayer cantilevers [47–50]:

�Tl(x) = (1 − R)P
w(λAldAl + λSidSi)

x, (5)

where dAl = 0.1 µm and dSi (= d − dAl) are the thick-
nesses of the Al and Si, respectively, and λAl and λSi are the
thermal conductivities of Al and Si, respectively [47,48].
At a temperature of 300 K, λAl = 237 W m−1 K−1 [51] and
λSi = 156 W m−1 K−1 [52]. From Eq. (5), the maximum
of �Tl realized in this experiment is found to be approxi-
mately 474 K when the irradiation is done at the free end
(x = L) of the 240-µm cantilever. It is notable that the lin-
ear dependence of Ath(x) on the position x observed in our
experimental results and the relationship between the can-
tilever thickness d and the rate of decrease of Ath(x) with
respect to the position x can also be explained by using
Eq. (5).

We estimate the change in EITT resulting from thermal
expansion due to this temperature rise �Tl. Using a value
for the coefficient of thermal expansion of Al at 300 K of
2.33 × 10−5/K [53], the strain is found to be 1.1 × 10−2.
The relationship between the strain and �EITT for the Al
film can be expressed using the deformation potential [54]
dV200/de as

�EITT(e) = 2 �V200(e) = 2(dV200/de)e. (6)

The value of the deformation potential dV200/de depends
on the axiality of the strain [55]. Since thermal expansion
is isotropic, −3.59 eV is used as the value of dV200/de
[55]. When the above distortion is applied in the equation,
the resulting �EITT is −79 meV. This means that when
the initial EITT is approximately 1.49 eV, it decreases to
approximately 1.41 eV due to the temperature increase,

and the inset of Fig. 4 shows that the value of ε2 can be
reduced by approximately 89% due to �EITT. Therefore,
the large decrease in Ath is explained by the lattice distor-
tion due to thermal expansion (photothermal effect), which
causes a large shift in EITT and a significant decrease in the
absorption due to interband transitions.

IV. SUMMARY

Using a microscopic femtosecond optical pump-probe
technique, we observe the amplitudes of both the nonther-
mal and the thermalized electron signals from Al thin films
on Si cantilevers. We find that the thermalized-electron-
signal amplitude Ath varies linearly with the probe position,
and Ath shows a significant drop at the free end of the can-
tilever. The unique position-dependent properties of the
samples are explained by a change in the interband tran-
sition threshold �EITT caused by the position-dependent
temperature rise and the associated thermal expansion
caused by light absorption. In particular, the validity of
our method is supported by the parallel band structure,
which results in remarkable optical properties in Al, and
the detection of small strains using extremely intense light,
which can be realized only with a light source such as a
femtosecond laser.

Furthermore, our method does not require the use
of mechanical resonance of the cantilever for detecting
radiation-pressure and photothermal effects. We argue that
this study provides powerful measurement methods for
various applications of cantilevers, such as in mechanical
resonators [12,56], calorimetric sensors [47,48], and nano-
lithography [57,58]. Additionally, our findings provide
useful insights into methods for measuring and controlling
the optical properties of thin films [59] by exploiting the
highly sensitive mechanical response of cantilevers. More-
over, further microscopic femtosecond optical pump-probe
experiments on materials and microstructures are expected
to lead to advanced ultrafast scanning probe microscopy
systems.
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APPENDIX A: FITTING RESULTS FOR
TRANSIENT REFLECTIVITY

The fitting parameters Ath, ANT, τp , τNT, τth, and τep are
successfully extracted using Eq. (4). All coefficients used
in the analysis are summarized in Table II. Here, A0 is the
value at the intercept x = 0 (the root of the cantilever), and
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TABLE II. Coefficients (A0, A1) and standard deviations of the
fitting parameters as a function of sampling position x by linear
fitting (A0 + A1x) for the time-domain signal from a cantilever
L μm long.

L (µm) A0 A1

160 (971 ± 6) × 10−6 (−3.03 ± 0.06) × 10−6

ANT 200 (796 ± 6) × 10−6 (−2.44 ± 0.06) × 10−6

240 (779 ± 12) × 10−6 (−2.72 ± 0.09) × 10−6

160 36.4 ± 0.50 (−3.24 ± 0.54) × 10−3

τp (fs) 200 36.1 ± 0.50 (−4.74 ± 0.44) × 10−3

240 37.2 ± 0.53 (−2.17 ± 0.39) × 10−3

160 23.8 ± 0.10 (3.18 ± 1.09) × 10−3

τNT (fs) 200 22.9 ± 0.08 (8.75 ± 0.69) × 10−3

240 21.7 ± 0.17 (15.8 ± 1.22) × 10−3

160 (164 ± 1.3) × 10−6 (−0.358 ± 0.015) × 10−6

Ath 200 (157 ± 1.1) × 10−6 (−0.378 ± 0.010) × 10−6

240 (162 ± 1.3) × 10−6 (−0.492 ± 0.009) × 10−6

160 205 ± 1 (154 ± 15) × 10−3

τth (fs) 200 198 ± 2 (273 ± 14) × 10−3

240 195 ± 1 (316 ± 11) × 10−3

160 768 ± 7 (548 ± 80) × 10−3

τep (fs) 200 792 ± 3 (643 ± 29) × 10−3

240 767 ± 5 (438 ± 39) × 10−3

is comparable to the value obtained from an Al film on a
stable substrate (see Sec. III A). A1 is the slope of the line
associated with the magnitude of the position dependence
of the corresponding parameter. Although we discuss Ath
in the main text, the other parameters ANT, τp , τNT, τth,
and τep also show some position dependence, for which
it is required to perform more experimental and theoretical
analyses in the near future.

APPENDIX B: DERIVATION OF EQUATIONS FOR
RADIATION PRESSURE AND STRAIN FOR A

RECTANGULAR-SECTION CANTILEVER

In this appendix, we present an expression for the force
F due to radiation pressure, the derivation of equations for
the strain, and the deviation of the cantilever. The origin of
the radiation pressure is the momentum of the pulsed pho-
tons, given by p = (Ei/c2)v, where Ei is the energy of the
incident light pulse, and v and c are the photon velocity and
speed (|v| = c), respectively [60,61]. From this equation,
the momentum change in the direction of the z axis when
light is incident on a medium with reflectivity R at an inci-
dence angle θ is �p = (1 + R) cos θ (Ei/c). Since F is �p
divided by τp , and Ei is the time-averaged power P divided
by frep, the above equation can be rewritten as

F = (1 + R) cos θ
P
c

1
τp frep

. (B1)

Equation (B1) can also be derived by using relations in
which the absorptivity A is given by A = 1 − R for a

RP
Pθ

z

x

0

z

r

(a) (b)

a

FIG. 5. (a) Description of the force on a cantilever (blue) due
to radiation pressure caused by pulse irradiation and (b) the con-
sequent bending. The irradiated position is marked in red on the
blue area.

medium with a negligibly small transmittance, and the
radiation pressure is expressed as the sum of an absorbed-
light component (proportional to A) and a reflected-light
component (proportional to 2R), as F = (2R + A)P/c
[12]. Using Eq. (B1), F is calculated as 274 µN, given
our experimental conditions (R = 0.814, θ = 45◦, P =
154 mW, τp = 30 fs, and frep = 80 MHz). This value of
F is used in the main text. On the other hand, since the
cantilever response (f0, 73–280 kHz) is much slower than
the repetition rate of the laser pulses (80 MHz), this force
is time-averaged. The time-averaged force due to radiation
pressure in the case of steady-state cantilever deflection
is only about 0.7 nN, calculated by use of Eq. (B1) for
τp frep = 1 (i.e., corresponding to cw light at 154 mW).

Next, we take the z axis in the thickness direction with
the center of the cantilever as the origin and take the sur-
face side as positive [displayed in Fig. 5(a)]. Here, the
strain e as a function of z is e(z) = z/r, where r is the
curvature of the cantilever [illustrated in Fig. 5(b)]. Based
on a kinetic analysis for a rectangular-section cantilever
[50,62], r is given by

1
r

= M (x)
YI

, (B2)

where M (x) is the bending moment, Y is the Young’s mod-
ulus, and I is the area moment of inertia. When the light
pressure occurs at the position x = a, the bending moment
M (x) is given by

M (x) =
{

F(a − x) for x < a,
0 for x ≥ a.

(B3)

For a rectangular-section cantilever, I is derived as

I = wd3

12
, (B4)

where w and d are the width and thickness, respectively,
of the cantilever. By solving for e(z) using the above
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equations, we obtain the following equation:

e(z) =
⎧⎨
⎩

12F(a − x)
Ywd3 z for x < a,

0 for x ≥ a.
(B5)

Here, x = a represents that the pump and probe beams are
spatially overlapping. Except when x < a, e(z) becomes
zero, which means that there is no observable static strain,
as discussed in previous sections.

Furthermore, expressing the deformation of the can-
tilever using the deviation in the z direction δz(x) as a
function of x, in the case of small curvature r of the
cantilever, the equation

1
r

= ∂2

∂x2 δz(x) (B6)

is valid. Equations (B2) and (B6) allow us to formu-
late a differential equation for x. Under the conditions of
Eq. (B3), the expression for δz(x) can be written as in the
following equation:

δz(x) =

⎧⎪⎪⎨
⎪⎪⎩

2(3a − x)x2

Ywd3 F for x < a,

2(3x − a)a2

Ywd3 F for x ≥ a.
(B7)

For x = a, this equation yields δz(x) = (4a3F)/(Ywd3),
and the deviation is maximum when the cantilever is irra-
diated at the free end (a = L). Here, using the following
equation for the spring constant kz of the cantilever,

kz = Ywd3

4L3 , (B8)

the maximum deviation can be calculated using δz(L) =
F/kz. Therefore, the maximum deviation caused by the
time-averaged radiation pressure in this experiment is 0.3
nm for kz = 2.2 N/m, for the 240-µm-long cantilever,
and we believe that the effect of deformation due to the
time-averaged radiation pressure at any position of the
cantilever is negligibly small.

APPENDIX C: DERIVATION OF EQUATIONS
FOR TEMPERATURE RISE IN A

RECTANGULAR-SECTION CANTILEVER

Since heat conduction in a cantilever depends on its
material and shape, to obtain an accurate temperature dis-
tribution, it is necessary to solve the three-dimensional
diffusion equation by the finite-element method [63,64].
On the other hand, if the length L of the cantilever is suf-
ficiently large compared with its width w and thickness
d, the temperature T can be assumed to be uniform over

the entire cross section, and the temperature distribution
can be described by the one-dimensional thermal diffusion
equation as

ρCl
∂T
∂t

− ∂

∂x

[
λ(T)

∂T
∂x

]
= q(x), (C1)

where ρ is the mass density, λ is the thermal conductivity
at the temperature T, and q is the density of heat sources
or sinks at the position x [46]. In our measurements, the
characteristic time of heat conduction ρClL2/λ is on a
submillisecond scale, which is much longer than the repe-
tition period of the pulsed light (12.5 ns) and much shorter
than the integration time (greater than 100 s). Therefore,
the temperature distribution generated by repeated pulse
irradiation can be regarded as stationary (dT/dt = 0) [46].
Furthermore, we assume that the heat transfer to the ambi-
ent environment is negligibly small compared with the heat
conduction in the cantilever. The surfaces of the cantilever
are assumed to be thermally insulated except at the heated
point a, and then Eq. (C1) is transformed as follows:

∂

∂x

[
λ(T)

∂T
∂x

]
= (1 − R)P

wd
δD(x − a), (C2)

where δD is the Dirac distribution. The distribution of
the temperature rise �Tl(x) = Tl(x) − T0 can be obtained
by integrating Eq. (C2) twice under boundary conditions
assuming isothermally clamped ends [Tl(x = 0) = T0] and
thermally insulated free ends ([dTl/dx]x=L = 0), as

⎧⎨
⎩
∫ T0+�Tl

T0

λ(T′) dT′ = (1 − R)P
wd

x for x ≤ a,

�Tl(x) = �Tl(a) for x > a.
(C3)

If λ(T) is a constant, i.e., λ(T) = λ0, the integral can be
evaluated as

�Tl(x) = (1 − R)P
wλ0d

x (C4)

for x ≤ a [46]. This equation can be extended to an expres-
sion applicable to a bilayer cantilever [47–50] by replacing
λ0 and d with the values for the respective layers, and
an equation adapted to our experimental conditions is
obtained as in Eq. (5). This temperature rise causes sig-
nificant thermal expansion, but does not exceed the melt-
ing point of Al (approximately 933 K). The temperature
dependence of λ leads to the temperature distribution being
nonlinear [46], but our experimental results do not show a
nonlinear trend, because the value to which the tempera-
ture rises (300 + 474 K) is smaller than the melting point
of Al. Other factors involved in modifying the model (e.g.,
boundary-condition issues) are beyond the scope of this
paper.
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