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An infrared femtosecond laser pulse was focused on an anthracene crystal surface to generate a 
stress wave, and its propagation on the crystal was detected by an atomic force microscope (AFM). 
Additionally, femtosecond laser pulses were employed to modify the crystal surface. The wave 
propagation velocity was estimated from the delay time between the pulse irradiation time and the 
first response of cantilever, which depended on the distance between the laser focal point and the 
contact point of cantilever. Utilizing partial least squares discriminant analysis (PLS-da) of the 
waveform of the cantilever response, we found that propagation behavior of the wave was modified 
between unmodified and laser-modified surfaces. These results suggested that the detected wave 
propagation was dominated by the surface acoustic wave (Rayleigh wave). The propagation velocity 
of the surface waves provides the Young's modulus of the crystal, which was estimated to be 655 MPa. 
This is much smaller than that (5 GPa) estimated by the conventional AFM indentation test. These 
respective values are considered to predominantly reflect the in-plane and out-of-plane mechanical 
properties of the anthracene crystal surface. We show a novel method for characterizing in-plane 
mechanical properties of organic crystal surfaces. 
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surface, organic compound 

1. Introduction
The mechanical properties of organic crystals are drasti-

cally modified by nano- and micro-structures that disrupt the 
periodic molecular arrangement in the crystals, such as de-
fects, cracks, and phase transitions [1–7]. In particular, the 
properties of crystal surfaces are strongly influenced by the 
defects and cracks localized on the surfaces. In addition, the 
surface properties are further modulated when the surfaces 
are immersed in solvents or exposed to water moisture. De-
tection and control of such nano- and micro-scale surface 
mechanical properties is an essential requirement for device 
applications [8–11]. 

Atomic force microscopy (AFM) has been widely uti-
lized to determine local mechanical properties of material 
surfaces [12]. The AFM utilizes to estimate the surface elas-
ticity in the out-of-plane direction, but it is difficult to detect 
the properties in the in-plane direction, which strongly re-
flect the properties localized on the crystal surface. For this 
detection of properties in the in-plane direction, we have ap-
plied a femtosecond laser as an impulse generator [13–23]. 
When an intense femtosecond pulse is focused on the crystal 
surface through an objective lens, an impulse is generated at 
the laser focal point, and it propagates on the surface as a 
shock wave and a stress wave [24–28]. 

We have developed a method to prove the vibrational re-
sponse due to the impulse, which is detected by the AFM 
cantilever contacting near the laser focal point [29–32] and 

named this method pulsed laser activated impulse response 
encoder (PLAIRE) [33].  

Previously, we applied the PLAIRE to surface stiffness 
evaluation of zebrafish embryos [34]. The embryo consists 
of an inner yolk and an outer surface cell layer. In the AFM 
indentation test, which is commonly used to measure 
Young's modulus, an average of the properties of the com-
ponents of the embryo is taken. In contrast, in the PLAIRE 
method, femtosecond laser impulses excite vibrations di-
rectly in the surface layer, allowing the surface stiffness to 
be distinguished from the bulk.  

In the present study, we demonstrated the potential of the 
PLAIRE method to measure surface stiffness using anthra-
cene crystal, which is a representative organic crystal. In ad-
dition, the femtosecond laser was used to produce a groove 
on the crystal surface. We expected the groove would mod-
ify the propagation of the surface acoustic wave (Rayleigh 
wave) on the crystal. We evaluated the modification of the 
wave propagation by partial least squares discriminant anal-
ysis (PLS-da) combined with a support vector machine 
(SVM). The result indicated a possibility that the propaga-
tion was visualized by the machine learning process. Based 
on these results, we showed that the PLAIRE method spe-
cifically detected mechanical properties on the in-plane sur-
face of the organic crystal. 
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2. Methods 
2.1 Sample preparation 

As the sample, we prepared anthracene crystals by the 
following process. Anthracene powder (NACALAI 
TESQUE, INC., Lot No. M1T4947) was dissolved into cy-
clohexane (Wako, Lot No. TPH2912) in a covered 30 mL 
glass bottle at a concentration of 20 mM. The solution was 
heated to 60°C in an incubator (Tokyo Rikakikai, LTE-510) 
for 6 h to completely dissolve the anthracene.  

After that, the solution was cooled to 25°C and disturbed 
with a pipette tip to induce crystallization. After 24 h at 15°C 
in the incubator, a few single anthracene crystals were pre-
cipitated at the bottom of the bottle. The upper solution was 
removed using a pipette, and then the uncovered glass bottle 
was returned to the incubator at 15°C until the solvent com-
pletely evaporated. 

2.2 Optical setup for PLAIRE 
The experimental setup for measuring vibrational re-

sponses propagating in anthracene crystal is given in Fig. 1. 
A single laser pulse from a regeneratively amplified Ti:sap-
phire femtosecond laser (Spectra-Physics, Solstice-Ace; 
wavelength, 800 nm; pulse duration, 100 fs; repetition rate, 
32 Hz) was introduced into an inverted microscope (Olym-
pus, IX71) and focused on the upper surface of an anthra-
cene crystal (001-plane) through a 20× objective lens 
(Olympus, UMPlanFl; N.A. 0.46). The single pulse was ex-
tracted using a mechanical shutter with a 33 ms gate time. 
The pulse energy was tuned at 1 µJ/pulse by polarizers and 
neutral density filters.  

The vibrational response induced on the anthracene crys-
tal was detected by an AFM (JPK Instrument, Nanowizard 
4) through an AFM cantilever (MikroMasch, XSC11-A; 
shape, rotated pyramidal; spring constant, 0.2 N/m) that con-
tacted on the upper crystal surface at a certain distance to the 
laser focal point. The temporal movement of the cantilever 
associated with the crystal vibration was recorded by an os-
cilloscope (Tektronix, DPO 4104), which acquired data with 
a temporal resolution of 0.2 ns per point. 

  
Fig. 1 Schematic illustration of the experimental setup. 

The stage for the sample was motorized, and its transla-
tional and axial motions were computer controlled. We ex-
amined the vibration behavior as a function of the distance 
between the cantilever and the laser focal point. The femto-
second laser was also used to form a groove on the crystal 
surface. The laser pulses (pulse energy, 1 µJ/pulse; repetition 
rate, 1 kHz) were scanned on the surface with scanning 
speed of 35 µm/s. 

2.3 Classification of vibrations by machine learning 
To identify the type of vibration, we compared the vibra-

tional response of crystals with different surface conditions. 
One was a crystal whose surface was processed with a 
femtosecond laser (with the groove), and the other was the 
intact crystal (without the groove). We evaluated the vibra-
tional responses by using PLS-da and the SVM[35–37]. 
PLS-da was employed to identify subtle differences by re-
ducing the dimensionality of the dataset. The top ten PLS-da 
components (components 1 to 10) with the highest contribu-
tions were extracted from the vibration data.  

To evaluate the classification performance, we scored 
component combinations in vibration responses before and 
after the laser processing, compared all possible pairs of 
PLS-da components (from 1 to 10), and analyzed them using 
SVM classifiers which is a type of supervised machine 
learning. Specifically, SVM was trained in a two-dimen-
sional feature space defined by a component pair, and the 
classification accuracy was used to identify the pairs provid-
ing the best class separation. 

2.4 AFM Indentation test 
The indentation test used the AFM equipped with a con-

ical type of cantilever (NANOSENSORS, T7L cantilever; 
spring constant, 440 N/m). In the force curve measurements, 
the indentation of the crystal surface due to the contact of the 
AFM cantilever was detected as a function of the force ap-
plied to the cantilever. The force-indentation curve was fit-
ted by an equation based on Hertz contact theory to estimate 
the Young's modulus. 

3. Results and discussion 
3.1 Identification of the waves detectable by the 
PLAIRE method 

Fig. 2(a) shows a microphotograph of the crystal surface 
including the relationship between the cantilever and the la-
ser focus. Fig. 2(b) shows the vibrational response of the 
cantilever at 200 µm between the contact point of the canti-
lever and the laser focal point. A sharp and intense vibration 
appeared immediately after the laser irradiation (< 0.5 µs) in 
the waveform. This vibration is an artifact due to the scatter-
ing of the femtosecond laser beam to the photodiode in the 
AFM. After the fast vibration, we observed a subsequent vi-
bration.  

The time of first propagation wave after the femtosecond 
laser induced scattering in Fig. 2(b) was identified at the 
time when the normalized amplitude first exceeded the noise 
level in the range of 0.0 to 0.2. This reproducibility was 
checked by repeating the measurements at the same position 
and estimating under different conditions, such as when us-
ing different crystals or measuring different locations on the 
same crystal. Fig. 2(c) is the microphotograph of a crystal 
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with a groove with length of 170 µm. The distance from the 
cantilever to the center of the groove was set to be 100 µm 
which was same as the distance from the groove center to 
the laser focal spot. Fig. 2(d) shows the vibrational response 
for the crystal with the groove.  

The arrival time of the first wave was 3.17 µs. In Fig. 
2(b) and 2(d), a time delay of 0.12 µs in the first arrival was 
observed when the crystal surface was modified by the laser 
irradiation, although the distance between the cantilever and 
the laser focus remained constant.  
 

Fig. 2 (a) Microphotograph of the crystal surface and the top of the 
AFM cantilever. The laser focal point is indicated by a red circle. 
(b) The vibrational responses induced by the laser irradiation on the 
crystal surface. The arrow indicates the arrival time of the first 
wave. (c) Microphotograph of crystal surface with a 170 µm long 
groove produced by the femtosecond laser processing. (d) The vi-
brational responses of the crystal surface with the 170 µm groove. 
The arrow indicates the arrival time of the first wave. 
 

This result indicated that the groove prevented the wave 
propagation, suggesting that the waves reflected the crystal-
line surface condition. As the wave propagated through the 
crystal, there are two possibilities: a Rayleigh wave propa-
gating along the crystal surface and a pressure wave propa-
gating within the crystal. To consider these two possibilities, 
we assessed the propagation velocity from the relationship 
between the arrival time of the vibration and the distance be-
tween the laser focal point and the AFM contact point. Based 
on eleven experimental measurements varying the distance 
from 100 to 400 µm for six crystals, the wave propagation 
velocity was determined to be 403 m/s. 

This velocity is significantly slower than the pressure 
wave velocity (~1700 m/s) propagating inside the bulk crys-
tal [38]. It is known that the surface acoustic wave propa-
gates more slowly than the pressure wave [39]. The modifi-
cation of wave propagation by creating the surface groove 
indicates that the PLIARE is sensitive to the crystal surface. 
These results suggest that the primary component of the vi-
brational response detected by the PLIARE is the surface 
acoustic wave that propagates on the crystal. 

3.2 Partial least squares discriminant analysis (PLS-
da) combined with the support vector machine (SVM) 

The vibrational response should contain structural infor-
mation about the crystal surface. On the other hand, the 

waveform is too complex to be understood by simple phys-
ics. Therefore, we applied a data analysis based on machine 
learning. The dataset comprising 54 vibrational responses 
(The 29 red dots and 25 blue dots correspond to the crystal 
with and without the groove, respectively) collected from 
four different crystals were classified by PLS-da. We ex-
tracted the highest contributing components from first to 
tenth by PLS-da analysis and scored based on the amount of 
the analyzed components contained in each wave.  

The combination of the scores between the first and sev-
enth components (components 1 and 7) was found to provide 
the clearest separation of the samples as shown in Fig. 3(a). 
The boundary of the red and blue areas indicates the score 
combination for the crystal with and without the groove that 
was determined by the SVM. When components 1 and 7 
were used as input for the SVM classification, the accuracy 
approached 94%. This result indicated that the vibrational 
response detects the difference in wave propagation on the 
crystal surfaces with and without the groove. 

To identify which features contributed to this high clas-
sification performance, the PLS-da results were further ana-
lyzed in terms of loading values, where larger absolute val-
ues correspond to greater importance for classification. As 
shown in Fig. 3(b), the loading values of components 1 and 
7 reach maximum before 12 µs and decrease at the late stage. 
Since larger absolute value in the loading includes the more 
significant information for classification, major contribution 
of components 1 and 7 are before 12 µs. This result suggests 
that the essential information related to surface modification 
is primarily contained in the early stage of the vibration be-
fore 12 µs. 

This result suggested the potential of the PLS-da analy-
sis for analyzing wave propagation on the crystal surface. 
 

 
Fig. 3 (a) Classification of the vibrational response on the crystal 
surface with and without the groove in 54 experimental runs. The 
PLS-da scores of components 1 and 7 were plotted as horizontal 
and vertical axes. (b) The loading values of component 1 (blue line) 
and component 7 (red line) vs. time. 

3.3. Comparing Young’s modulus estimated by the 
PLAIRE method and the indentation test 

From the above results, we considered that the vibra-
tional response was due to a surface acoustic wave, also 
known as Rayleigh wave. The propagation velocity of the 
Rayleigh wave (VR) is related to Young’s modulus (E) of the 
crystal as follows [40]: 

 

 
, 

( 1 ) 𝑉𝑉𝑅𝑅 = �
0.87𝐸𝐸

2𝜌𝜌(1 + 𝑣𝑣)  
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where ρ is the anthracene density with given values of 1280 
kg/m3 and ν is Poisson’s ratio (0.32 for anthracene crystal) 
[38]. The average of E obtained from the averaged VR (403 
m/s) is 655 MPa. 

Alternatively, the Young’s modulus of the crystals was 
also estimated by a conventional indentation test using AFM. 
In the analysis, we applied the Hertz model to estimate the 
Young’s modulus of the crystals. The relationship between 
the force and the indentation depth of the surface is shown 
in Fig. 4(a). Young’s modulus of the crystal was analyzed by 
fitting the force-indentation curve predicted by Hertz-Sned-
don model based on Hertz contact theory[41,42].  

The maximum indentation depth for the fitting was set 
to be molecular scale (30 nm); however, the fitting accuracy 
was unsatisfactory even for this very small indentation. The 
Young’s modulus was about 5 GPa in 40 experimental meas-
urements (Fig. 4(b)), which was about eight times larger than 
the modulus estimated from the Rayleigh wave by the 
PLAIRE method (655 MPa). In the previous work [38], the 
Young’s modulus of anthracene crystal was estimated by 
single crystal X-ray diffraction with computation, and the 
value has been estimated to be about 10 GPa, which is closer 
to the Young’s modulus by the AFM indentation test rather 
than that estimated by the PLAIRE.  

 
Fig. 4 (a) Representation of the force-indentation curve measured 
by the conventional AFM indentation test. The red line is the Hertz-
Sneddon model fit curve. (b) Distribution of Young’s modulus es-
timated by the PLAIRE (left) and the AFM indentation test (right). 
 

Here, we discuss the origin of this difference of meas-
ured Young’s modulus. We consider this difference in the de-
formation direction relative to the crystal surface. The AFM 
indentation test detects Young’s modulus inside the crystal 
in the out-of-plane direction from the surface to the bulk, as 
shown in Fig. 5(a). In contrast, the present method presum-
ably detects the Rayleigh wave which propagates on the sur-
face layer (Fig. 5(b)), i.e. the estimated Young’s modulus 
strongly reflects the condition of the surface layer in the in-
plane direction. The crystal surface generally exhibits higher 
surface energy and weaker intermolecular bonding than the 
bulk region, which makes it more susceptible to deformation. 

One possible reason for the marked disparity between 
the two Young's moduli is that a less stable molecular ar-
rangement on the crystal surface results in a lower Young's 
modulus[43,44]. The detailed mechanism should be clarified 
through experiments with varying surface conditions and 
analysis based on machine learning. 

 

Fig. 5 Force in the detection of the AFM cantilever. (a) The tip of 
the AFM cantilever pushed onto the crystal surface senses the stiff-
ness from the molecular arrangements in the out-of-plane direction. 
(b) The tip detects Rayleigh wave vibrations propagating on the 
crystal surface. 

4. Conclusions 
We successfully demonstrated potential of the PLAIRE 

method for detecting the mechanical properties of organic 
crystal surfaces. We identified the origin of the vibration de-
tected by the PLAIRE as the Rayleigh wave on the crystal 
surface through evaluations by velocities of waves, crystal 
surface modifications, and machine learning classification. 
Furthermore, the machine learning analysis indicated that 
the detected vibration is very sensitive for the surface condi-
tion.  

Based on these results, we estimated Young's modulus 
on the in-plane crystal surface was 655 MPa, which was ex-
tremely smaller than that (5 GPa) on the out-of-plane crystal 
surface estimated by the conventional AFM indentation test. 
The PLAIRE method provides valuable insights into future 
applications of organic crystals in device design and crystal-
lography. 
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