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The ultrafast thermal and mechanical dynamics of a two-dimensional lattice of metallic nanodisks has been
studied by near-infrared pump-probe diffraction measurements over a temporal range spanning from 100 fs to
several nanoseconds. The experiments demonstrate that in these systems a surface acoustic wave �SAW�, with
a wave vector given by the reciprocal periodicity of the two-dimensional array, can be excited by �120 fs
Ti:sapphire laser pulses. In order to clarify the interaction between the nanodisks and the substrate, numerical
calculations of the elastic eigenmodes and simulations of the thermal dynamics of the system are developed
through finite-element analysis. We unambiguously show that the observed SAW velocity shift originates from
the mechanical interaction between the SAWs and the nanodisks, while the correlated SAW damping is due to
the energy radiation into the substrate.
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I. INTRODUCTION

In recent years, the progress in the fields of transducers
and sources of coherent acoustic excitations in the gigahertz
range triggered extensive studies on the thermomechanical
properties of solid-state mesoscale systems. In particular,
time-resolved reflectivity experiments, performed on grat-
ings of metallic nanometric stripes �two dimensional �2D�
confined� on transparent �SiO2� or semitransparent �Si� sub-
strates, evidenced oscillations in the gigahertz range;1–4 how-
ever, the origin of these oscillations is still a matter of
debate.3,4 The reason resides in the difficulty to model the
strong mechanical coupling5,6 between the nano-objects and
the substrate and to calculate the mechanical eigenfrequen-
cies of the coupled system.

In addition, there is a lack of time-resolved experiments
on the thermomechanical properties of three-dimensional
confined nano-objects, mainly because of the difficulties in
developing an experimental setup with the required resolu-
tion and sensitivity. To the best of our knowledge, the only
experiment reported in the literature concerns time-resolved
reflectivity performed on arrays of gold nanometric disks on
a SiO2 substrate,1 where the observed variations of the re-
flectivity signals were attributed to the normal modes of the
single metallic nano-objects.

In a recent letter,7 focused on the study of the magnetic
dynamics of ordered arrays of magnetic nanodisks on silicon,
we suggested the possibility of triggering a collective acous-
tic excitation of the nanodisk array and silicon coupled sys-
tem. To unambiguously demonstrate that surface acoustic
waves �SAWs� can be excited in ordered arrays of metallic
nanodisks by subpicosecond light pulses, the infrared diffrac-
tion time-resolved experiment reported in Ref. 7 is here fur-

ther extended and improved. In the present work, by measur-
ing the frequencies of the oscillations of the first-order

diffracted light, as a function of the array periodicity D� , we
demonstrate that SAWs, with a wave vector q� defined by

�q� �=2� / �D� �, can be excited by near-infrared ultrashort laser
pulses. The two-dimensional character of the lattice allows
us to explore different points of the two-dimensional Bril-
louin zone. In addition, the comparison between finite-
element analysis and accurate measurements of the SAW ve-
locity shift and damping, as a function of q� , clearly indicates
that the observed SAW velocity shift originates from the
thermomechanical interaction between the SAWs and the
nanodisks, while the correlated SAW damping is due to the
energy radiation into the substrate.

This paper is organized as follows: in Sec. II, the details
of the time-resolved technique are presented. In Sec. III, we
report on the time-resolved diffraction measurements on
samples with periodicities of 2000, 1000, 800, and 600 nm
and the results are compared to the calculations of the me-
chanical eigenmodes. In Sec. IV, we discuss both the numeri-
cal simulations of the complete thermal evolution of the
nanodisks and/or substrate coupled system and the model
developed to account for the measured dynamics of the in-
tensity variation of the diffracted beam. In Sec. V, we address
the mechanism responsible for the SAW velocity shift and
damping.

II. EXPERIMENTAL SETUP

The time-resolved optical setup, sketched in Fig. 1, has
been developed to achieve a high sensitivity in very reduced
perturbing conditions. The light source is a 76 MHz repeti-
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tion rate Ti:sapphire oscillator operating at a central wave-
length of �790 nm and with a pulse time width ��t� of
120 fs. The 2 W laser beam is divided in the pump and probe
beams. Both the pump and probe intensities are controlled by
means of a half-wavelength �� /2� plate and a calcite polar-
izer. The energy of the pump is �10 nJ, while less than 1 nJ
is used for the probe. The pump beam is modulated at
100 kHz through a photoelastic modulator �PEM� placed be-
tween two crossed polarizers �see Fig. 2�. To optimize the
optical signal to noise ratio, the spot sizes of the pump and
probe beams were set at 60 and 40 �m, respectively. Second
harmonic generation by a BBO crystal was used for the tem-
poral and spatial overlap of the pump and probe beams.

The first-order diffracted probe beam, induced by the pe-
riodicity of the system, is focused and detected by a Si pho-
todiode. The noise due to the direct detection of the pump
beam scattered light is reduced through a crossed polarizer
placed in front of the detector. The detected signal is filtered
by a lock-in amplifier referenced to the pump modulation
frequency. The phase of the signal is measured by locking
the internal phase of the lock-in amplifier to the intensity

modulation of the pump beam. In this way, it is possible to
acquire signals in phase and � /2 out of phase with respect to
the pump modulation.

To investigate the relaxation dynamics in the nanosecond
time domain, a long-range translator is used to change the
pump optical path up to 1.2 m, corresponding to a maximum
delay between the pump and probe pulses of �4 ns. Two
spatial points of the pump beam are imaged onto two quad-
rant photodiodes interfaced to a feedback system that drives
two piezonanomotors mounted on optical mirrors. This sys-
tem is used to keep the spatial position of the pump beam
fixed during the experiment and avoid variations of the de-
tected signal due to the pump-probe misalignment.

Permalloy �Py� nanosized cylinders �nanodisks�, arranged
in an ordered square lattice, have been synthesized by
electron-beam lithography and lift-off techniques on a
Si�100� surface. The array periods, the nanodisk thicknesses,
and diameters have been carefully measured by atomic force
microscopy �AFM� and grazing-angle x-ray reflectivity.
Time-resolved optical measurements have been performed
on nanodisk arrays with a nominal thickness of 30 nm and
periods of 600, 800, 1000, and 2000 nm. The diameter of the
disks, as measured by AFM, is half of the array period. A
Peltier device is used to keep the sample back side tempera-
ture constant during the experiment.

III. TIME-RESOLVED REFLECTIVITY MEASUREMENTS

In Fig. 3, the relative variation ��I1D / I1D� of the intensity
of the beam diffracted from the 800 nm period sample is
reported in the subnanosecond time scale. To decouple the
temperature variation in the subnanosecond time scale from
the average heating of the substrate, only the in-phase com-
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FIG. 1. �Color online� A scheme of the time-resolved optical
setup is reported. The variation of the intensity of the first-order
diffracted probe beam is measured through a lock-in amplifier ref-
erenced at 100 kHz.

FIG. 2. �Color online� The detail of the pump beam modulation,
through the PEM between two crossed polarizers, is shown. A
modulation of the intensity of the pump beam at 100 kHz is ob-
tained. On the right, the unit cell of the nanodisk array is
represented.
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FIG. 3. �Color online� Transient reflectivity on Permalloy nano-
disks of 800 nm period and 400 nm diameter at different pump
fluences. In the inset, the dependence of the background level and
of the oscillation amplitude is reported as a function of the pump
intensity.
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ponent of the variation is displayed �see Appendix A�. I1D is
the measured total diffracted intensity. Several sets of mea-
surements were performed by changing the intensity of the
pump excitation. In particular, we varied the average incident
power between 225 mW �energy: 2.9 nJ/pulse� and 640 mW
�energy: 8.4 nJ/pulse�.

After pump excitation at t=0, the signal quickly rises and
starts to oscillate with a frequency of �175 ps. The variation
of the diffracted intensity is of the order of �I1D / I1D
��1–5��10−5 and positive; i.e., an increase of the intensity
is detected after excitation. At negative delays, i.e., when the
probe beam investigates the sample before excitation by the
pump pulse, a positive background is detected. This signal is
attributed to the mean heating of the dot and/or silicon sys-
tem related to the high repetition rate of the laser beam, as
discussed in detail in Sec. IV.

In the inset of Fig. 3, the background level �circles� and
the maximum oscillation amplitude �triangles� are reported
as a function of the incident power. The solid lines are the
linear fit to data. These results indicate that both the back-
ground and the oscillation linearly depend on the excitation
energy and, as a consequence, on the temperature increase of
the metallic array. This demonstrates that the temperature
increase is small enough to prevent nonlinearities caused by
the temperature variation of the relevant optical, thermal, and
mechanical constants of the system.

To investigate the physical origin of the measured oscil-
lation, we extended the experiment to the nanosecond time
scale and measured samples with different periodicities and
the same disk diameter-to-period ratio. From the results re-
ported in Fig. 4, we note that both the oscillation frequency
and damping change as the periods are varied. In particular,
we measured a variation of the oscillation frequencies from
�410 to �135 ps by changing the nominal periodicity from
2000 to 600 nm. In Fig. 5, we display the oscillation fre-
quencies of the measurements, reported in Fig. 4, as a func-
tion of the array periodicity. Assuming that the wavelength of
the displacement is given by the periodicity of the system,
the wave velocity vS is obtained performing a fit of the data
to a power function with the exponent n=−1. The result is
vS=4800±100 m/s. This value is �5% below the reported
SAW velocities on �001� Si surfaces �4921 m/s in the �100�
direction and 5070 m/s in the �110� direction, see Ref. 8�.
Moreover, the small, systematic shift in the measured veloc-
ity with respect to the expected SAW velocity of a pure �001�
Si surface can be explained by the mechanical loading due to
the Permalloy disks, as will be shown below. These facts
demonstrate that the oscillations in the data of Fig. 4 are
caused by SAWs with different q on the Si surface.

To further confirm the attribution of the measured oscilla-
tions to SAWs and disentangle the contribution of the varia-
tion of the period of the array from the variation of the dot
diameter, we measured the oscillation frequency of the dif-
fracted signal for a set of samples with constant periodicity
�D=1 �m� and thickness �h=50 nm� and different radii
�a=160, 200, and 395 nm�. The results, reported in the inset
of Fig. 5, indicate that, basically, the frequency is not deter-
mined by the size of the disks, as far as the periodicity of the
system is kept constant. Only a slight variation of the fre-
quency ��	 /	�6% � is evidenced and attributed to a renor-

malization of the surface wave velocity as a function of the
filling factor.

Interesting insights into the physics of the metallic disk-
substrate coupled system, excited by ultrashort light pulses,
are given by the detailed analysis of the spectral content of
the measured oscillations. In Fig. 6, we report the Fourier
transform of a typical time-resolved diffraction signal. In ad-
dition to the main frequency 	1, attributed to a SAW with
wavelength �1=D, i.e., with a wave vector at the point X of

the two-dimensional Brillouin zone ��q�1�=2� / �D� ��, a weaker
component at 	2��2	1 is evidenced. This is related to the
fact that the periodicity of the pump excitation is different
along different directions in the real space. In particular, the
	2 mode corresponds to a SAW with the wave vector along
the diagonal of the two-dimensional lattice �M point of the

Brillouin zone�, i.e., �q�2�=�2�2� / �D� � �. These results evi-
dence the possibility to exploit the two-dimensional charac-
ter of the metallic disk lattice to excite SAWs with wave
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FIG. 4. �Color online� Long-range transient reflectivity �circles�
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Eq. �12�.
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vectors at different points of the two-dimensional Brillouin
zone.

To fully support the interpretation of the measured oscil-
lations in terms of SAWs excited in the substrate by the
pump pulse, we performed a finite-element analysis of both
the eigenfrequencies of the free nanodisks, i.e., without any
mechanical coupling of the disks with the substrate, and of
the SAW modes, i.e., taking into account the mechanical

interaction between the nanodisks and the substrate �see Fig.
7�. The measured sample dimensions have been used
throughout the simulations. Note that these calculations do
not require any adjustable parameters �the Permalloy stiff-
ness coefficients have been calculated from the Ni and Fe
polycrystalline coefficients given in the Appendix of Ref. 9�.
The calculated SAW eigenfrequencies are reported in Fig. 5
�triangles�. While in the case of the free-nanodisk eigenfre-
quencies, both the values and the behavior as a function of
the disk diameter differed markedly from the experimental
data, the simulation of the SAW reproduces within a few
percent the experimental frequencies. We can therefore un-
ambiguously conclude that the observed oscillations are
caused by SAWs propagating on the Si surface and not by
modes of the metallic disks considered as free.

Summarizing up the results reported in this section, we
can rationalize the physics of the system as follows. The
laser-induced impulsive heating is at the origin of the disk
expansion. The fast expansion of the metallic nanostructures,
mechanically strongly coupled to the substrate, launches the
SAW in the silicon. This mechanism is simulated by per-
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FIG. 7. �Color online� Panel �a� displays the modulus of the
total displacement of the calculated lower three eigenmodes for the
disks without mechanical coupling with the substrate. Panel �b�
displays the displacement pattern of the first SAW mode and a
two-dimensional cross section of the SAW mode at different phases.
In addition, the simulated propagation of the total displacement in
the substrate, when an impulsive force parallel to the surface is
applied to the metallic disk, is reported in panel �c�.

GIANNETTI et al. PHYSICAL REVIEW B 76, 125413 �2007�

125413-4



forming the time-dependent analysis of the total displace-
ment of the system when an impulsive force, parallel to the
surface, is applied to the metallic disks. The results, reported
in Fig. 7, show that, within the first tens of picoseconds, the
excitation is penetrated in the substrate.

On the subnanosecond time scale, the SAW modulates the
disk radius 
a�t�, inducing the measured oscillation of the
diffracted signal �I1D. In the following section, we develop a
model to quantitatively interpret the time dependence of
�I1D.

IV. THERMAL DYNAMICS AND MECHANICAL MODELS

A. Thermal dynamics model

The absorption of a subpicosecond laser pulse induces an
impulsive heating of the system. The larger increase of the
temperature of the metallic nanodisks with respect to the
substrate triggers a spatially modulated stress on the silicon
surface. The mechanical problem under investigation is
therefore entangled with the thermodynamics of the system.
The detailed understanding of the thermomechanical dynam-
ics involved in the experiment relies on the knowledge of the
spatial and temporal temperature profiles.

A numerical simulation of the excitation and heat-
diffusion process shows that three related mechanisms must
be considered. First, the average heating occurs on the mil-
lisecond time scale and it can therefore be experimentally
filtered out. Second, a nanodisk temperature increase of
�10 K is attained on the picosecond time scale and the re-
lated thermal expansion is responsible for launching the
SAW. Third, the disk-substrate heat exchange process is ef-
fective on the nanosecond time scale.

The numerical values of the physical constants used in
this section are reported in Table III. Note that, in the present
calculations, the boundaries of the disks are not allowed to
expand, which limits the results to the thermal problem. A
full thermomechanical analysis, which is out of the scope of
the present paper, requires the inclusion in the simulations of
the thermal expansion term.

Modeling the average heating requires taking the entire
sample volume into account. The equilibrium temperature
distribution and the time scale to attain it are found solving
the thermal problem for a continuous laser �switch-on rise
time �100 fs, average power �0.4 W, and beam spot radius
�27.5 �m� impinging a silicon cylinder of the size of the
substrate used in the actual experiment �5 mm radius
�1 mm height; the dot volume can be neglected, being 2
�10−6 of the total volume�:

CSi�TSi�
�TSi

�t
= Pcon + kSi�

2TSi, �1�

where TSi, CSi, and kSi are the Si lattice temperature, heat
capacity, and diffusion coefficient, respectively. The power
per unit volume absorbed at time t and depth �z� by the Si
sample from the continuous laser beam is Pcon�t ,z ,r�
= Pcon�t�Pcon�z ,r� �see Appendix C for the detailed analytical
expression�.

As for the boundary conditions, the bottom surface of the
Si cylinder is set at the constant temperature of 293.5 K, i.e.,

the temperature of the Peltier cell holding the sample. The
heat flux boundary condition is imposed on all other
surfaces:

n̂Si · kSi � TSi = h�Tair − TSi� , �2�

n̂Si being the unit vector normal to the substrate surface,
Tair=293.5 K the ambient air temperature, and h the Si-air
heat transfer coefficient. The equilibrium temperature distri-
bution is established after �1 ms and is shown in Fig. 8. The
portion of the Si slab exposed to the laser beam has a rather
constant temperature down to a depth of 10 �m, the average
temperature in this volume being �305 K.

The obtained result is useful for two main reasons. First,
the time period of the PEM modulation �T=1/100 kHz
=10 �s� of the probe is at least 100 times smaller than the
time necessary to heat the entire sample volume. As a con-
sequence, we can filter out the signal related to the average
heating by acquiring only the component of the diffracted
signal in phase with the pump modulation �see Appendix A�.
Second, in further determining the picosecond dynamical
evolution of the electron and lattice temperatures of the sys-
tem, we will assume an initial dot and Si temperatures of
305 K.

After excitation by a single pump pulse, the thermal evo-
lution problem spans three time scales. In the first step, the
laser short pulse heats the electron gas of the metallic nano-
disks �subpicosecond time scale�. In the second step, the hot
electron gas thermalizes with the lattice �picosecond time
scale�. In the third step, the disks thermalize with the silicon
substrate �nanosecond time scale�. This three-step sequence
repeats itself upon arrival of a new laser pulse every 13 ns.

Finite-element analysis was performed on the unit cell
reported in Fig. 2. This simplification is justified a posteriori,
the simulations showing that there is no thermal interaction
among adjacent cells; i.e., the temperature asymptotic values
are established well within the cell boundaries. The unit cell
boundary is actually taken as cylindrical, for the sake of
simplicity in writing the equations.

The time evolution of the electron and lattice tempera-
tures in the nanodisks is given by the coupled equation
system:10
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FIG. 8. �Color online� Equilibrium temperature profile of the Si
slab attained 1 ms after the arrival of the first laser pulse. The tem-
perature profile is shown from the surface down to a depth of
100 �m, vertical axis, and within a 100 �m radius from the Si
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Ce�Te�
�Te

�t
= − G�Te − TPy� + Pp + ke�

2Te,

CPy�TPy�
�TPy

�t
= G�Te − TPy� + kPy�

2TPy, �3�

where T, k, and C indicate the temperature, thermal diffusion
coefficient, and heat capacity, respectively, the reference to
the electrons �e� or Permalloy �Py� being indicated by the
subscript. G is the electron-phonon coupling constant and
�=Ce /Te. The profile of the pulsed power per unit volume
absorbed by the sample is Pp�t ,z ,r�= Pp�t�Pp�z ,r�. The ana-
lytical expression for Pp�t ,z ,r� is reported in Appendix C.

As for the boundary conditions, the dot is thermally
coupled to the underlying Si substrate via a thermal bound-
ary resistance. The simulations show that the thermal cou-
pling time scale is �1 ns, whereas the electron-phonon ther-
malization within the dot occurs on the picosecond time
scale. For this reason, we discuss the subpicosecond laser-
electron interaction and the picosecond electron-phonon ther-
modynamics on the basis of Eq. �3� only, assuming the
boundary with Si to be thermally insulated. The dot free
boundaries are coupled to the surrounding atmosphere via
convection; that is, the boundary condition of the kind re-
ported in Eq. �2� applies, after the obvious substitutions for

the dot electron and lattice temperatures, thermal diffusion,
and unit vector defining the dot boundaries.

Simulation results are reported in Fig. 9. The laser pulse is
absorbed by the electrons that reach a maximum temperature
of �350 K in the first few hundreds of femtoseconds. The
electron gas then thermalizes with the Permalloy lattice
�2 ps after laser excitation, the two populations attaining an
asymptotic temperature �313 K. The Permalloy lattice tem-
perature evolution is calculated at different heights within the
dot, the heights being expressed with respect to the Si sur-
face. The maximum lattice temperature spread is �4.5 K
and occurs during the electron-lattice thermalization process;
see the left inset of Fig. 9. This small spread is related to the
finite thermal diffusion of the electrons in Permalloy, smaller
than in common metals.

To test the reliability of the thermodynamic simulations,
we performed time-resolved reflectivity measurements on
Permalloy films of different thicknesses deposited on a sili-
con substrate. In this case, due to the lack of spatial modu-
lation, no SAWs are induced and the electron-phonon relax-
ation dynamics is more easily accessible. The results are
reported in the right inset of Fig. 9 for Permalloy thicknesses
of 25 and 12.5 nm. These data can be well described by Eq.
�3�, assuming an electron-phonon coupling constant G of the
order of 1018 W/ �m3 K�. This value is larger than the values
measured on standard metals, such as gold and silver, but in
agreement with the results previously reported for pure
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heights are expressed in nanometers with respect to the Si surface. In the right inset, the time-resolved reflectivity measurements, performed
on thin film samples, are reported.
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nickel.11 It is important to note that, while the reflectivity
variation at negative delays and at delays larger than 2 ps is
linear with the film thickness, the same signal variation is
detected in the first hundreds of femtoseconds, independent
of the sample thickness. This is due to the fact that the re-
flectivity signal on the femtosecond time scale depends only
on the light penetration depth ��15 nm�, whereas the slow
component in the transient signal, attributed to the lattice
heating, directly depends on the absorbed heat per unit vol-
ume, which is inversely proportional to the sample thickness.

On longer time scales, we are going to consider the me-
tallic nanodisks as a system in thermodynamical equilibrium,
which is slowly thermalizing with the cold substrate acting
as a heat reservoir. In this third step, the coupling between
the isothermal dot and the Si substrate comes into play via
the boundary conditions

n̂Py · kPy � TPy + �TPy − TSi�/R = 0,

− n̂Si · kSi � TSi − �TPy − TSi�/R = 0, �4�

n̂Py and n̂Si being the outward unit vector normal to the dot
and Si boundary, respectively, and R the interface thermal
resistance. The interface thermal resistance is a thermody-
namical parameter accounting for microscopic processes
such as phonon dispersion mismatch between the disk and Si
or the presence of a thin SiO2 layer at the interface. The
value for the interface resistance was taken
�10−8 K m2 W−1, a value compatible with values found in
the literature for similar interfaces.12,13

The outcome, relevant to the present discussion, is that
the thermalization occurs on the nanosecond time scale. The
details of the coupling mechanism, however interesting, will
be discussed elsewhere.

B. Thermal expansion

In the light of the results reported in the previous section,
we can conclude that, after the excitation by the pump pulse,
the temperature of the nanodisks is impulsively increased of
about 8 K with respect to the equilibrium temperature. Con-
sidering that the thermal expansion of the Permalloy disk
induces a displacement of the silicon substrate, we can esti-
mate that, in the first picoseconds, the displacement of the
disk radius coupled to the substrate is 
a /a=� �T, where �
is the thermal expansion coefficient of the Permalloy disk/
silicon coupled system. Assuming ���Si, being �Si=2.6
�10−6 K−1 �Ref. 14� the Si thermal expansion coefficient at
room temperature, and the temperature increase of the me-
tallic nano-object �T �8 K, we obtain 
a /a�2.5�10−5.
Figure 7�b� displays the cross sections of the total displace-
ment patterns of the system and clearly evidences that the
displacement is mainly located in the silicon substrate. This
result justifies a posteriori the assumption ���Si.

C. Oscillation model

In analogy with the displacive excitation of coherent
phonons,15 we consider the equation governing the time de-
pendence of the dot radius as a simple harmonic oscillator

equation, with a varying equilibrium position:


ä�t� = − 	0
2�
a�t� − 
a0�t�� − 2�
ȧ�t� , �5�

where 	0 is the oscillation frequency of the surface wave,

a0�t� is the radial variation of a nonoscillating disk, depend-
ing on the lattice temperature and, as a consequence, on the
delay time from the excitation pulse, and � is the damping
constant of the mode. We assume a direct proportionality
between the equilibrium radial variation and the temperature
increase:


a0�t� = l�
T�t� , �6�

where l is the length parameter and � is the thermal expan-
sion coefficient of the Permalloy disk/silicon coupled system
�see Sec. IV B�. Starting from the simulations of the thermal
problem described in Sec. IV, on the nanosecond time scale,
we can define a unique temperature T�t� of the nanodisks and
assume the following dependence:


T�t� = 
T0e−t/H�t� , �7�

where 
T0=
T�0� is the temperature difference between the
disks and the substrate at zero delay,  is the time constant
regulating the heat exchange between the nanodisks and the
substrate, and H�t� is the step function. Substituting Eq. �7�
into Eq. �5�, we obtain, in the frequency domain,


a�	� =
l�
T0	0

2

�1/ + i	��	0
2 − 	2 + 2i�	�

. �8�

By antitransforming Eq. �8�, we obtain


a�t� =
l�
T0	0

2

	̄
	

−�

+�

e−t/H�t�e−��t−t��

�sin 	̄�t − t��H�t − t��dt�, �9�

and by solving,


a�t� =
l�
T0	0

2

	0
2 + 1/2 − 2�/


e−t/ − e−�t cos 	̄t +
�

	̄
e−�t sin 	̄t� ,

�10�

where t�0, 	̄=�	0
2−�2 is the renormalized frequency, and

�=1/−�.
In Fig. 10, Eq. �10� is displayed in the limit of very short

�=10 ps� and very long �=10 ns� relaxation time con-
stants. In the first case, 1 /�� and � / 	̄�1 and, as a con-
sequence, the time evolution of the oscillating mode is domi-
nated by the sinelike term, in contrast with the experimental
results. For this reason, we can exclude, as the source of the
oscillating waves, a role played by the photoexcited elec-
trons, because the thermalization of the nonequilibrium elec-
tron population acts on the femtosecond time scale. On the
contrary, in the case of very slow relaxation dynamics, the
cosinelike term dominates and a damped oscillation superim-
posed to a step function is expected �see Fig. 10�. The results
reported in Fig. 4 indicate that the SAWs are launched by a
variation of the disk radius which relaxes on a time scale
longer than the oscillation period �100–400 ps� but compa-
rable to the time scale probed by our setup.
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On the basis of the previous considerations, we are now
able to evaluate the intensity variation of the first-order dif-
fracted beam related to the oscillation and relaxation of the
disk radius:

�I1D�t�
I1D

=
1

I1D
� �I1D

�n

n�t� +

�I1D

�T

T�t� +

�I1D

�a

a�t� ,

�11�

where 
n�t� is the equilibrium electron distribution variation
and 
a�t� is given by Eq. �10�. The first term is the fast
response related to the laser-induced nonequilibrium electron
population �see Sec. IV� and can be neglected. The second
term is related to the dependence of the optical constants of
the system on the lattice temperature. The third term takes
into account the variation of the intensity diffracted by both
the Permalloy disk array and the negative-disk array of sili-
con �see Appendix B� due to the oscillation of the disk ra-
dius. By substituting Eqs. �B6� and �7� into Eq. �11�, we
obtain


I1D�t�
I1D

= K
T�0�e−t/H�t� +
2.5

a

a�t� , �12�

being K= �I1D�−1��I1D /�T� a coefficient related to the depen-
dence of the Permalloy reflectivity on the temperature. Con-
sidering the impulsive expansion of the disk radius coupled
to the substrate, i.e., 
a /a�2.5�10−5 �see Sec. IV�, we can

use Eq. �12� to estimate the oscillation induced in the dif-
fracted signal by the SAW excitation. The estimated oscilla-
tion amplitude 
I1D / I1D�6�10−5 is compatible with the os-
cillation detected in the time-resolved measurements.

By fitting the data with the expression given by Eq. �12�,
it is possible to determine two important parameters related
to the mechanical properties of the nano-object array coupled
with the substrate.

�a� ��	0 is the oscillation frequency, mainly related to
the elastic constants of the substrate.

�b� � is the damping of the SAW.
The data reported in Fig. 4 have been fitted with the func-

tion reported in Eq. �12�, and the oscillation frequency and
the damping have been determined with an uncertainty dras-
tically smaller compared to the results previously reported in
the literature on similar systems.1,4,6 In Table I, we summa-
rize the results obtained.

V. SAW VELOCITY SHIFT AND DAMPING

SAWs propagate in a thin layer on the surface of the
substrate, the displacement field vanishing in the substrate
within a depth of the order of the wavelength D. Therefore,
contrary to bulk modes, the presence of an overlay, like the
Permalloy disks, is expected to modify the properties of the
surface wave. The resulting variation of the wave velocity, in
particular, is an aspect of practical interest for SAW device
applications and has been investigated by many authors.9,16,17

We limit the present discussion to a perturbative approach
presented, for example, by Robinson et al.17 In this calcula-
tion, the velocity shift is proportional to the reflection coef-
ficient rs of the SAW by the overlay, i.e., �vSAW /vSAW
=rs�h /D��, where h is the thickness of the disk and �
=�a2 /D2 the filling factor, that is, approximately � /16 for
the samples of Fig. 4. In the case of Permalloy on Si, it leads
to rs=−3.81,18 to be compared to rs=−1.26 for Al on Si and
rs=−13.6 for Au on Si.4 These values show that the density
contrast between the metallic overlay and the Si substrate is
the dominant factor determining the velocity shift �mass-
loading effect�. The velocities of the SAW, corrected for
loading effect of the nanodisks, are presented in Table II and
Fig. 11, together with experimental values. The calculated
velocities, for which, again, no free parameter has been used,
are in reasonable agreement with the measured ones. The
variation of the experimental data at small �h /D�� may be
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1
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∆I
1D

/I 1D
x

10
-5

8006004002000
delay(ps)

τ=10 ns

fit: τ=0.90+0.05 ns

τ=10 ps

FIG. 10. �Color online� In the figure, the fit �solid line� of Eq.
�10� to the time-resolved diffracted intensity variation �circles� of
the 300 nm diameter sample is displayed. The solid lines are the
expected diffracted intensity variations for impulsive �=10 ps� and
step �=10 ns� relaxation dynamics, respectively. The dotted lines
represent the temporal evolution of the equilibrium radius variation
of the metallic disks.

TABLE I. The oscillation periods 2� / 	̄ and the inverse damp-
ing 1/�, obtained from the fit of Eq. �12� to data, are reported. The
periods of the arrays are obtained through two-dimensional FFT of
the AFM images of the samples.

Periods
�nm�

2� / 	̄
�ps�

1/�
�ps�

610±3 134.8±0.1 950±30

810±10 175±0.1 1690±60

1020±50 211.2±0.1 3980±300

2018±30 409.6±0.3 14000±5000
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explained by the spread of the nanodisk thickness in the
samples �see Table II�.

The dependence of the damping coefficient � on the wave
vector q is a crucial parameter to properly address the physi-
cal mechanisms responsible for the attenuation of the SAW.
In particular, a q4 dependence is expected in the case of
energy radiation from the SAW to the bulk,1 whereas ��q2

for dissipative damping caused by thermoelastic effect,
Akhieser effect,9 or viscosity of the electron gas.1

The origin of the energy radiation of SAW is the follow-
ing: for a free, uniform surface, the SAW is an eigenmode of
the system and no radiation is expected. When an overlay
covers the surface, however, a nonzero stress is required at
the substrate-overlay interface to force the overlay to follow
the motion of the substrate surface. This stress, more pre-
cisely its perpendicular component, is allowed to radiate to
the bulk. We follow here a discussion by Lin et al.1 to derive
the damping expected in that case. The perpendicular stress
at the substrate-overlay interface is derived from the equation
of motion, which gives �in the limit of thin overlays�

�zz = �PyhPyuz0	2, �13�

where �Py and hPy are the density and height of the Permalloy
film and uz0 is the maximum displacement in the perpendicu-
lar direction. The corresponding energy radiation can be de-
rived by applying a simple relation for power flow density of

acoustic waves,19 which leads to the following radiation rate
per unit surface A:

�/A �
�Py

2 hPy
2 uz0

2 	4

�Sivl,Si
, �14�

where �Si and vl,Si are the density and longitudinal velocity
of the silicon substrate. To obtain a relation between the
damping and the frequency, we still have to calculate the
displacement amplitude. An estimate for this value can be
obtained by considering that, in our system, the temperature
increase is kept small enough to stay in the linear regime. We
can therefore assume that uz0, as well, depends linearly on
the temperature. Considering the same absorbed intensity,
the temperature variation is inversely proportional to the
mass, i.e., to the thickness of the disks. In this case, one
obtains the simple relation

uz0 � �T � 1/hPy, �15�

where �T is the adiabatic temperature increase of the disks.
Putting together these relations leads to

a2

�
� �4, �16�

where � is the SAW wavelength equal to the array period.
In Fig. 12, the inverse of the experimental damping rates,

normalized to the nanodisk surfaces, is reported as a function
of the periodicity of the SAW for the four different samples.
The data can be satisfactorily fitted to a power function with
an exponent n=4, in very good agreement with the relation
reported in Eq. �16�.

Two conclusions can be drawn from this result. First, the
radiation of the SAW to the bulk modes completely domi-
nates the dissipative attenuation, which may be explained by
the fact that the substrate is made of semiconductor and crys-
talline material. Second, in our thermomechanical system,
the two assumptions used in the calculation of the damping,
i.e., the adiabaticity of the disks at initial times and the linear

TABLE II. Measured vmeas and calculated vcalc SAW velocities.
The calculated velocities have been obtained using the perturbative
approach reported in Ref. 17.

D
�nm�

2a
�nm�

h
�nm�

vmeas

�m/s�
vcalc

�m/s�

610±3 320±10 60±20 4525 4502

810±10 380±20 33±5 4629 4784

1020±50 470±10 21±2 4834 4853

2018±30 990±10 31±1 4930 4865
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(h/D)η x 10-2

measured velocity shift
calculated velocity shift

FIG. 11. �Color online� The measured SAW velocity shift is
reported as a function of the parameter �h /D��. The dotted line is
the velocity shift estimated through the perturbative approach.
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FIG. 12. �Color online� The damping normalized to the nano-
disk surface is reported as a function of the array periodicity. The
damping has been obtained by fitting the data reported in Fig. 4 to
the function given by Eqs. �10� and �12�. The solid line is a power
function with an exponent n=4.
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relation of the displacement vs the temperature, result to be
valid. This is an important result that demonstrates that such
a system is suitable for thermodynamics measurements of
nanoparticles.

VI. PERSPECTIVES AND CONCLUSIONS

The present results strongly encourage in the development
of a more detailed model of the heat exchange process be-
tween the metallic disks and the substrate, in order to inves-
tigate in more detail the physics related to the time constant
 regulating this process �see Sec. IV C�. As discussed in this
work, the mechanics and thermodynamics of the system are
intimately related. The laser-induced impulsive heating of
the metallic nanostructures triggers both the heat exchange
with the substrate and the transfer of mechanical energy
through excitation of the surface acoustic waves. The study
of this physics, as the size of the nanodisks is reduced down
to tens of nanometers and the temperature decreased down to
a few Kelvins, could be of particular relevance in the field of
the nanocalorimetry. In this regime, the thermal population
of the phonons in silicon is quenched and the thermal con-
ductance can exhibit the signature of the quantization of the
modes of the nanostructures.20,21 It is important to underline
that time-resolved experiments have already been performed
on disordered metallic nanoparticles in an amorphous
dielectric.22,23 However, in these systems, the development
of a detailed model of the laser-induced impulsive heating
and the following relaxation process is very difficult as a
consequence of the not well-defined thermodynamic bound-
ary conditions at the nanoparticles and/or dielectric interface.

At the same time, the problem of the elastic coupling of
the SAWs with the array of nanostructures deposited on the
substrate is worthy of investigation. In fact, the interaction of
the SAWs with the periodic modulation of the surface stress
can result in a deformation of the dispersion relation near the
borders of the super-Brillouin zone and in the opening of a
gap in the elastic surface modes. Recently, it has been dem-
onstrated that the forbidden acoustic gaps, typical of the
phononic crystals,24 can be extended to the hypersonic
�gigahertz� range in colloidal crystals formed by self-
assembly of polystyrene nanoparticles25 or by more complex
systems such as glass plates, coated on one side with a peri-
odic monolayer of polymer spheres, immersed in water.26

However, in these systems, the modes can be excited only by
thermal motion and no external control is possible. On the
contrary, two-dimensional arrays of metallic nanostructures,
deposited on a substrate, are the best candidates as hyper-
sonic phononic crystals where the modes can be coherently
excited and controlled by light.

Finally, the study of the optical properties of metallic
nano-objects has received growing attention in the past
years. In particular, when the typical size is reduced to be
smaller than the light wavelength in the visible spectrum, the
nano-objects can be represented as classical dipoles, i.e., op-
tical antennas, interacting with the electromagnetic field. The
resonant collective excitation of the free electron gas is re-
sponsible for unusual and interesting electromagnetic prop-
erties such as subwavelength plasmon resonances,27 super-

continuum generation due to strong field enhancement,28,29

negative permeability,30 and diffraction from ordered sub-
wavelength apertures in metallic surfaces.31,32 A deeper un-
derstanding of the physical processes at this length scale is
the first step toward the development of devices in which the
subwavelength optics is coupled to the nanomechanics and
thermodynamics.

In conclusion, we have developed a time-resolved optical
spectroscopy in order to investigate the elastic and thermo-
dynamical properties of an array of metallic nano-objects
deposited on a silicon substrate. Exploiting the 2D periodic-
ity of the system, we measured, directly in the time domain,
the variation of the diffracted intensity as a function of the
delay from the excitation pulse. By changing the periodicity
of the array, we were able to demonstrate that surface acous-
tic waves are excited in the substrate. The measurements of
the SAW velocity shift and damping as a function of the
dimensions of the system allowed us to discuss the coupling
between the SAW and the nanostructures and the mecha-
nisms responsible for the damping. In addition, numerical
calculations of the eigenmodes of the system and simulations
of the thermalization process, after excitation with the pump
beam, were performed through finite-element analysis. Good
agreement with the measurements is obtained. These results
demonstrate that metallic nanodisk arrays on semitransparent
substrates are a particularly simple model system to study the
mechanics and thermodynamics of nanometric objects
coupled to a substrate.

APPENDIX A: AVERAGE HEATING DECOUPLING

The pump beam is modulated through a photoelastic
modulator �PEM�. When the PEM is used between two
crossed polarizers and the maximum retardation of the light
components along the two axes is set to half-wavelength, the
modulation of the light intensity is given by

I�t� = I0/2�1 − cos�� sin�	Pt��� , �A1�

where I0 is the incident light intensity and 	P=2�f is the
PEM fundamental frequency. The main feature of I�t� is that
the modulation is at twice the PEM frequency, i.e., 100 kHz.

The pump high-frequency modulation is an important as-
pect for the experiment, since the detector 1 / f noise is sig-
nificantly reduced, while the system relaxation dynamics, on
the picosecond time scale, is almost unaffected by the
steady-state thermal condition of the substrate. This behavior
is directly connected to the rate equation governing the tem-
perature relaxation of the system excited at t=0 by the
absorbed power per unit volume P�t�:

C
��T�t�

�t
= P�t� − k�T�t� , �A2�

being �T=T−T0 the temperature difference from the equi-
librium temperature T0, C the heat capacity of the system,
and k the power density dissipated per unit K �neglecting the
temperature dependence of k�. The solution of Eq. �A2� is
given by
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�T�t� =
1

k
	

−�

+�

P�t − t��
e−t�/


H�t��dt� + �T�0�e−t/H�t� ,

�A3�

where =C /k is the time constant of the system, �T�0� is the
temperature difference at t=0, and H�t� is the step function.
In the limit of →0, being  the time constant of the system,
the temperature variation is given by

�T�t� �
P�t�

k
. �A4�

On the contrary, when →� �average heating�, the
temperature variation is

�T�t� �
1

k
	

0

t

P�t��dt� + �T�0�H�t� , �A5�

being H�t� the step function. In this case, �T�t� is propor-
tional to the integral of the absorbed power superimposed to
a constant background. In particular, if the excitation has a
spectral component at a frequency 	, i.e., P�t�= P0 cos 	t,
Eq. �A5� yields to

�T�t� �
P0

k

sin 	t

	
+ �T�0�H�t� . �A6�

Therefore, if the period of the modulation of the absorbed
power is smaller than the time necessary to the system to
dissipate the absorbed energy, the temperature modulation at
the frequency 	 is damped by a factor of 1 /	 and � /2 out of
phase with respect to the excitation.

The time scale of the relaxation dynamics of the excited
system ranges up to the nanosecond, whereas the increase of
the steady-state temperature of the substrate, induced by the
modulated pump intensity P�t�, lies in the millisecond range,
as discussed in Sec. IV. Acquiring the 100 kHz in-phase and
the � /2 out-of-phase components of the probe signal, we
decouple the temperature variation in the time scale of inter-
est from the average heating of the substrate. On the con-
trary, standard modulation of the pump beam at 0.1–1 kHz
�T�1–10 ms� would result in a high in-phase background
in the probe signal, drastically decreasing the signal to noise
ratio �S/N�.

APPENDIX B: DIFFRACTED INTENSITY VARIATION

In this experiment, the signal to noise ratio can be signifi-
cantly improved by measuring the variation of the intensity
of the first-order diffracted beam instead of the reflected
beam. The intensity of the reflected Irefl beam from a single
unit cell of the array is given by the sum of the intensity
reflected from the dot metal surface and of the intensity re-
flected from the complementary silicon surface, i.e.,

Irefl =
RSi�D2 − �a2� + RPy�a2

D2 Iinc, �B1�

where RSi�0.33 and RPy�0.62 are the silicon and Permal-
loy reflectivities at normal incidence, D is the array period, a

is the dot radius, and Iinc is the intensity of the incident beam.
Upon excitation with the pump pulse, the time-dependent
variation of disk radius 
a�t� induces a relative variation of
the reflected signal:


Irefl

Irefl
=

�RPy − RSi�2�a

RSiD
2 + �RPy − RSi��a2
a�t� � 0.28


a

a
, �B2�

considering that, for our samples, D=4a.
Instead, the first-order diffracted electric field is deter-

mined by the form factor �f1� of a flat disk:33

f1 = 	
S

e−ir·Gds = 	
0

a 	
0

2�

re−irG cos �drd� =
2�

G2 yJ1�y� ,

�B3�

being S the dot surface, r the position vector, G the recipro-
cal lattice vector, r the radial coordinate �parallel to the sur-
face�, � the angle between r and G, and y=Ga. The intensity
of the diffracted beam is given by the sum of the intensity
diffracted by the disk array and, following Babinet’s prin-
ciple, of the intensity diffracted by the negative-disk array of
silicon:

I1D =
4�2

G4 �RSiy
2J1�y�2 + RPyy2J1�y�2� . �B4�

With the help of the Bessel function relation

yJ1��y� = yJ0�y� − J1�y� , �B5�

we obtain the relative variation of the diffracted signal:

1

I1D

�I1D

�a

a = 2G

J0�y�
J1�y�

�RSi + RPy�
a � 2.5

a

a
. �B6�

In the diffraction configuration, the S/N ratio is thus in-
creased by a factor of 2.5/0.28�9. Due to the fact that the
relative intensity variation of the diffracted beam is of the
order of 10−5, the increase of a factor of 9 in the S/N ratio is
necessary to obtain reliable measurements.

APPENDIX C: SPACE-TIME PROFILE
OF THE ABSORBED POWER

We report the detailed expressions for the power absorbed
per unit volume, the boundary conditions, and the numerical
values for the parameters used in the simulations for the
thermal problem addressed in Sec. IV. The space-time profile
for the power per unit volume absorbed by the Si sample
from the continous laser used in Eq. �1� is

Pcon�t� = 1 − exp�− t/� ,

Pcon�z,r� = I0,con
�1 − RSi�

�Si
exp�z/�Si�H�r0 − r� , �C1�

where I0,con=1.68�108 W/m−2 is the equivalent average
continuous laser power per unit surface, =100 fs the laser
switch-on rise time, and �Si=6.37�m and RSi=0.332 the
penetration depth and normal incidence reflection coefficient
for Si at a wavelength of 800 nm, respectively, calculated
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using the values of the real �Re�nSi��, and imaginary part
�Im�nSi�� of the refraction index reported in Table III. A hard-
edge laser beam spot size of radius r0=27.5 �m is assumed;
this is formally accounted for by the Heaviside function
H�r−r0�. The z coordinate is zero on the Si surface and be-

comes negative within the Si bulk �see the inset of Fig. 2�.
The space-time profile for the pulsed power per unit

volume absorbed by the sample, used in Eq. �3�, is

Pp�t� =
1

�2�
exp��t − t0�2/2p

2� ,

Pp�z,r� = I0,p
�1 − RSi�

�Si
exp�z/�Si��H�r − a� − H�r − r0��

+ I0,p
�1 − RPy�

�Py
exp��z − zd�/�Py�

�H�a − r��H�z� − H�z − zd�� , �C2�

I0,p=3.83�1013 W/m2 being the laser intensity and p
=120 fs the pulse width. The penetration depth and reflection
coefficient at normal incidence for the Permalloy at a wave-
length of 800 nm are �Py=17 nm and RPy=0.617, respec-
tively, both calculated using the values of Re�nPy� and
Im�nPy� reported in Table III. The first term in Pp�t ,z ,r� ac-
counts for laser absorption by the disk; the second sum ac-
counts for absorption by the uncovered portion of the Si
substrate. Laser absorption by the Si substrate portion cov-
ered by the disks is neglected, being the disk’s thickness a
��Py.
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