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We employ a surface plasmon technique to resolve the dynamics of femtosecond-laser-induced coherent
acoustic phonons in noble metals. Clear acoustic oscillations are observed in our experiments. We further study
the dependence of the initial phase of the oscillations on pump fluence, and we find that the initial phase
decreases linearly with pump fluence. Our model calculations show that hot electrons instantaneously excited
by femtosecond pulses contribute to the generation of coherent acoustic phonons in metals.
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Coherent acoustic phonons in solid materials generated by
impulsive optical excitation have been extensively studied in
the past.1–9 Impulsive stimulated Brillouin scattering1 �ISBS�
and impulsive stimulated thermal scattering2,3 �ISTS� are two
main mechanisms that lead to the generation of coherent
acoustic phonons in solids. Ultrashort pulse lasers have been
demonstrated as a unique tool in generating coherent acous-
tic phonons in thin films and nanoparticles,4,5 where the pres-
sure from hot electrons has been suggested as an important
factor in driving the coherent acoustic phonons in metals.
The change of material reflectance or transmittance due to
acoustic phonons is usually very small, and the detection
often requires a phase-sensitive detection instrument �e.g., a
lock-in amplifier� combined with a high-repetition-rate laser
system �e.g., a femtosecond �fs� oscillator running at tens of
MHz repetition rate� to yield a high signal-to-noise ratio.
Since the signal-to-noise ratio increases with laser repetition
rate for phase-sensitive detection, direct monitoring of reflec-
tance or transmittance is usually not suitable for detecting
acoustic phonons when a low-repetition-rate laser system is
used �e.g., a 1-kHz fs amplifier6�. Techniques such as third-
harmonic detection,6 transient grating measurement,7 x-ray
or electron pulse diffraction,5,8 and angular deflection of
light9 have been used to enhance the sensitivity of acoustic
phonon detection.

The study of surface plasmons �SPs� has shown that SPs
can be used as a powerful spectroscopic tool in detecting
small changes in material dielectric constants.10–13 A surface
plasmon is an energy wave coupled with a collective
electron-density oscillation on a metal-dielectric interface,
decaying evanescently on both sides of the interface.14 SPs
can be readily generated optically using a Kretschmann
configuration.15 Previously, the SP technique has been used
to resolve the dynamics of coherent acoustic phonons in Ag
film.16 However, the role of electron heating in driving co-
herent acoustic phonons could not be studied in that work
due to the longer laser pulses �ps� used.16 In this work, we
employ the surface plasmon technique to detect acoustic
phonons in noble-metal �Au and Cu� films following low-
repetition-rate fs-laser-pulse excitation. We choose the noble
metals because their onset interband transition energy
��2.5 eV for both Au and Cu� is greater than the photon
energy used in our experiment �1.55 eV�. Therefore, our fs
laser pulses excite electrons in a metal through pure ultrafast
heating rather than more complicated interband transitions.

The effects of hot-electron pressure on the generation of co-
herent acoustic phonons are studied in this paper.

The experiment uses an amplified Ti:sapphire fs laser sys-
tem that generates 66-fs pulses about 1 mJ/pulse at a 1-kHz
repetition rate with the central wavelength at 800 nm. The
samples used in our experiment are a 50-nm Au film and a
40-nm Cu film. The metal films are coated on 1-mm-thick
glass substrates �BK7� with e-beam evaporation. As shown
in the inset of Fig. 1, the glass substrate is attached onto a
right-angle prism �BK7� with the metal side exposed to the
air. Refractive index-matching fluid �n=1.51� is placed be-
tween the glass substrate and the prism such that the metal
film can be thought of being directly coated onto the prism.
The prism is used to launch SPs along the air-metal interface
through the Kretschmann configuration,15 where a
p-polarized beam is incident from the back side of the metal
film �glass-metal interface�. The SP-resonance angle for each
sample is first determined by measuring the dependence of
reflectance on the angle of incidence. Figure 1 shows the
results of Au and Cu, and the minimum reflectance corre-
sponds to the SP-resonance angle for each sample. The width
of the resonance angle curve observed in our experiment

FIG. 1. �Color online� The dependence of light reflectance on
the incident angle ��inc� in the vicinity of the SP-resonance angle
��sp� for Au and Cu. The Cu curve is offset for visual clarity. The
stars on the Au curve mark four probe incident angles where pump-
probe data are taken in Fig. 2. The inset shows the probe geometry.
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��1° � is broader than the calculated curve based on a single
wavelength ��0.2° at 800 nm�. We believe this is due to the
fact that our fs pulses have a broad spectral bandwidth.

As shown in the lower inset of Fig. 2, we generate coher-
ent acoustic phonons by heating the front metal surface with
a weakly focused p-polarized pump beam ��0.7 �m in di-
ameter�. Pump-induced optical property changes in the metal
film are probed by the probe beam from the back metal sur-
face. The area of the pump beam on the sample surface is
more than 10 times larger than that of the probe beam. Figure
2 shows the pump-probe reflectance measurements for Au
with pump fluence �4 mJ/cm2 and at four different probe
angles that are either off the SP resonance �marks a and d in
Fig. 1� or near the SP resonance �marks b and c in Fig. 1�.
The reflectance change �R shows a sharp change immedi-
ately following pump excitation due to the initial hot-
electron generation and subsequent electron-phonon thermal-
ization. As shown by curves a and d in the upper inset of Fig.
2�a�, for probe beam incidents at an angle about 1° off the
SP-resonance angle, the initial change of �R decays monoto-
nously to a near-constant value, indicating that electrons and
the lattice reach a thermal equilibrium. However, for the
probe beam incident at or near the SP-resonance angle, a
periodic oscillation is clearly seen in the �R signal, as shown
by curves b and c in Fig. 2�b�. The period T of the signal
oscillation is �29.5 ps. These oscillations are believed due
to a pump-induced coherent acoustic phonon �one-
dimensional �1D� standing strain wave� in the Au film. The
calculated velocity of the acoustic phonons in our Au film is
3.39 km/s using L=50 nm and T=29.5 ps, which agrees
well the sound velocity of 3.24 km/s in bulk gold.17 There-
fore, our experimental results show that the sensitivity of
detecting coherent acoustic phonons is greatly enhanced
when SP is involved in the probe beam that is incident near
the SP resonance angle.

This enhanced sensitivity of the SP probe can be under-
stood by considering the change of reflectance R with respect
to both the real ��r� and imaginary ��i� parts of dielectric
constant, given by

�R =
dR

d�r
��r +

dR

d�i
��i, �1�

where ��r and ��i are due to pump excitation while dR /d�r
and dR /d�i are determined by the probe properties. A certain
pump excitation will induce a fixed amount of ��r and ��i,
and the probe signal strength will then be determined by
dR /d�r and dR /d�i. For a probe beam incident onto a metal
film from the back side, the reflectance is given as follows
for a three-layer �glass/metal/air� system:13
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where � is the incident angle, � is the dielectric constant of a
metal film, and d is the thickness of a metal film. r01 and r12
represent the reflectivity of the glass/metal and metal/air in-
terfaces, respectively. Based on Eq. �2�, the dependence of
dR /d�r and dR /d�i on the incident angle for back surface
probes is calculated and shown in Fig. 3. We can see that the
values of dR /d�r and dR /d�i are dramatically enhanced for
the probe around the SP resonance angle: the values are on
the order of 0.15–0.25 around the SP resonance, but drop
significantly off the SP resonance to the values comparable
to those of a simple metal-air interface predicted by the regu-
lar Fresnel formula �dR /d�r�−2�10−3 and dR /d�i�−3
�10−2�.

We further study the dependence of acoustic phonon os-
cillation on pump fluence. For a probe beam incident at an
angle corresponding to point b in Fig. 1, Fig. 4 shows the
pump-probe data of Au at different pump fluences. As we

FIG. 2. �Color online� Pump-probe reflectance signal of Au for
the probe beam incident at angles both off the SP resonance �curves
a and d in the upper inset� and near the SP resonance �curves b and
c�. The label for each curve corresponds the incident angle �marks
in Fig. 1�, at which the data are taken. The lower inset shows the
pump-probe experiment setup.

FIG. 3. �Color online� Calculated rate of changes of reflectance
on Au with respect to dielectric constant at different incident angles
for back-surface probe �dR /d�r, solid line, and dR /d�i, dashed
line�. The calculations are based on a 50-nm Au film with 800-nm
irradiation.
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can see from the figure, the magnitude of the initial peak and
the following acoustic oscillations increase with pump flu-
ence. The acoustic oscillations at different pump fluence are
fitted with a damping sinusoidal function Ae−t/T0 sin�	t
+
0�, where 	=2� /T is the angular frequency and T the
oscillation period. The amplitude A, the damping constant
T0, the angular frequency 	, and the initial phase 
0 are
determined from data fitting. The damping sinusoidal func-
tions give an excellent fit to our experimental data, as shown
by the solid lines in Fig. 4, except, of course, the very be-
ginning of the curves where hot electrons and the lattice are
in a thermal nonequilibrium distribution. The fitting results
show that the initial phase 
0 is not a constant for different
pump fluence. As we can see from the inset of Fig. 4, the
initial phase of the acoustic oscillations decreases from �44°
to �28° when the incident pump fluence increases from
2.3 mJ/cm2 to 5 mJ/cm2. It can be seen from the inset of
Fig. 4 that 
0 versus pump fluence shows an excellent linear
dependence. Similar pump-probe experiments are also per-
formed on Cu. For a probe beam incident at an angle near the
SP resonance, coherent acoustic oscillations are also clearly
observed on Cu with an oscillation period of T�17.5 ps, as
shown in Fig. 5. The calculated velocity of the acoustic pulse
in Cu film is 4.57 km/s, which also shows good agreement
with the sound velocity in bulk Cu at 4.76 km/s.17 Similar to
Au, the initial phase of the acoustic oscillations in Cu also
depends on pump fluence. The inset of Fig. 5 shows the
extracted 
0 versus pump pulse energy. As we can see, 
0
decreases from 43.0° to 10.4° when the pump fluence in-
creases from �0.92 mJ/cm2 to �2.3 mJ/cm2 and, once
again, 
0 versus pump fluence shows a linear dependence.

The metal samples used in our experiment are thinner
than the electron diffusion depth18 ��100 nm for Au and Cu�
and, thus, electron thermal diffusion should play a significant

role during fs laser heating of thin metal films. Using the
two-temperature model �TTM�,19,20 our calculations taking
into account electron thermal diffusion show that electrons
will thermalize uniformly across the sample depth within
200 fs for a 50-nm Au film. Within this short time scale, the
lattice can be regarded staying as an unperturbed system.
Therefore, the thermalization process of an entire metal film
of �50 nm can be regarded as nearly uniform heating due to
the fast electron thermal diffusion and safely described by
the TTM. Also, since our pump beam dimension
��0.7 �m� is much larger than the film thickness, the gen-
erated coherent acoustic phonons �or strain wave� can be
treated as a 1D longitudinal standing sound wave as a breath-
ing mode normal to the metal surface. For ultrafast pulse
heating of a thin and small solid sample, two mechanisms
can contribute to the generation of coherent acoustic
phonons.4,5,8 One is from the fast thermalized hot electrons
in a metal4,5 or free carriers in a semiconductor,8 which pro-
vides an instantaneous stress. Another contribution is a
slowly developing lattice thermal stress from electron-
phonon coupling.5,8

The dynamics of coherent acoustic phonons in a thin
metal film generated via fs pulse heating can be described by
a damped harmonic oscillator driven by the thermal stress
as4,5

dQ2

dt2 + 2�
dQ

dt
+ 	0

2Q = 
�t� , �3�

where 	0 is the phonon angular frequency and � is a phe-
nomenological damping constant. Thermal stress 
 consists
of both lattice and electron contributions, and its value at a
certain lattice and electron temperature Te and Tl can be ex-
pressed as4,5

FIG. 4. �Color online� Pump-probe data of Au at different pump
fluences. The pump fluence for the data curve is, from top to bot-
tom, 5 mJ/cm2, 4.1 mJ/cm2, 3.2 mJ/cm2, and 2.3 mJ/cm2, respec-
tively. The solid lines are data fitting using Ae−t/T0 sin�	t+
0�. The
inset shows the dependence of the initial phase 
0 on the pump
fluence. Error bars are obtained from the nonlinear least-squares
fitting to the measured data.

FIG. 5. �Color online� Pump-probe data of Cu at different pump
fluences. The pump fluence for the data curve is, from top to bot-
tom, 2.3 mJ/cm2, 1.84 mJ/cm2, 1.38 mJ/cm2, and 0.92 mJ/cm2,
respectively. The inset shows the dependence of the initial phase 
0

on the pump fluence. Error bars are obtained from the nonlinear
least-squares fitting to the measured data.
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 = 
l + 
e = − �l

T0

Tl

CldTl − �e

T0

Te

CedTe, �4�

where Cl and Ce are the lattice and electron heat capacity, �l
and �e are the lattice and electronic Gruneisen parameters, T0
is the initial temperature, and Tl and Te are lattice and elec-
tron temperatures and their values can be obtained from cal-
culations of the TTM. Once the time evolution of Te, Tl, and
the acoustic phonon field �Q� are obtained, we apply these
values to fit our experimental measurements ��R�. It has
been widely used in studying acoustic phonons that the
change of probe beam is proportional to the amplitude of
acoustic vibration.4,5 Therefore, we also approximate �R as
linearly dependent on Te, Tl, and Q,4 and three weighting
parameters for Te, Tl, and Q are used to adjust the calculation
amplitude to match the experimental results. We fit the ex-
perimental data by setting the peak of the calculated curve to
coincide with the peak position of the measured data. Figure
5 shows the fit with measured data at different pump fluence,
where the dashed line is the fit by summing Te, Tl, and the
phonon field Q driven only by lattice thermal stress 
l, and
the solid line is the fit by summing Te, Tl, and the phonon
field Q driven by both 
e and 
l. We can see from the figure
that the initial decrease in reflectance ��9 ps� can be repro-
duced well by our fitting regardless whether electron thermal
stress 
e is considered or not, since this initial reflectance
change is mainly determined by the initial electron-lattice
temperature thermalization. However, for the oscillating re-
flectance signal at the longer time scale ��9 ps� induced by
coherent acoustic phonons, the model including both 
e and

l always gives a better fit to the measured data than that
considering 
l alone at various pump fluences, as shown in
Fig. 6. Similarly, we find that the inclusion of electron ther-
mal stress will also yield a better fit to the Cu data. Our
results support previous studies that hot-electron pressure
plays a role in the dynamics of coherent acoustic phonons
generated by fs pulse excitation.4,5,21 Finally, the initial phase
change of the oscillating signal with pump fluence as ob-
served in our experiment can be reproduced by our model
calculations. In our experiment, the initial phase of the
acoustic oscillation for Au decreases by about 16.3° when
the pump fluence increases from 2.3 mJ/cm2 to 5 mJ/cm2.
In our model calculations for Au, the initial phase of the
acoustic phonon field decreases by about 13.5° with the same
pump fluence change in a linear fashion. Therefore, our
model calculations agree well with our experimental results.
The dependence of the initial phase on the pump fluence can
be understood as follows. At different pump fluences, it takes
different times for electrons and lattice to reach thermal equi-
librium, and this will lead to different temporal evolutions

for the development of electron and lattice thermal stress and
the subsequent acoustic oscillations.

In summary, we employ a surface plasmon technique to
resolve the dynamics of fs-laser-induced coherent acoustic
phonons in noble metals. Clear acoustic oscillations are ob-
served in our experiments. We further study the dependence
of the initial phase of the oscillations on pump fluence, and
we find that the initial phase decreases linearly with the
pump fluence. Our study suggests that it is necessary to con-
sider hot-electron pressure to understand the dynamics of
coherent acoustic phonon generation by fs-pulse excitation.
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