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Abstract

Ultrafast time-resolved reflectivity of a bismuth thin film evaporated on a silicon substrate is measured to investigate coherent phonons in
bismuth. The reflectivity result is analyzed by a linear chirp approximation to obtain the time dependent frequencies of coherent phonons. Not only
the optical modes are detected, which are generated by a combination of impulsive stimulated Raman scattering and displacive excitation of
coherent phonon, acoustic phonon modes are also observed, which are emitted by the A;, optical phonon.

© 2007 Elsevier B.V. All rights reserved.
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Time-resolved reflectivity and transmissivity measurements
are valuable tools to study phonon dynamics in samples
irradiated by ultrafast laser pulses. For example, coherent
optical phonons in semimetals such as bismuth (Bi) and
antimony (Sb) were studied by Cheng et al. through time-
resolved reflectivity measurements [1,2]. Their generation was
attributed to the mechanism called displacive excitation of
coherent phonon (DECP) [3], which predicated that only the
totally symmetric A;, mode can be excited. The ions are
induced to vibrate coherently by an external pump laser as the
lattice equilibrium with electronically excited states is different
from that of the ground states. Such vibrations in Bi have been
directly observed by time-resolved X-ray measurements [4].
Later, it was suggested that DECP is a special case of impulsive
stimulated Raman scattering (ISRS) [5]. More recently, Stevens
et al. found that the stimulated Raman scattering could be
described by two separate tensors, one is the standard Raman
susceptibility and the other accounts for the electrostrictive
force acting on the ions [6]. The generation of coherent phonons
in transparent materials can be described by ISRS as these two
tensors have the same real components. On the other hand,
there could be a DECP mechanism if the imaginary term
dominates in the tensor for the electrostrictive force. This
occurs in opaque materials such as Bi, where a combination of
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ISRS and DECP is possible to generate coherent phonons [6].
Contrary to the regular laser absorption where the laser energy
is initially absorbed by electrons and then coupled to lattice [7],
coherent phonon generation is a direct energy absorption
process, which can result in a nonthermal melting without
heating the lattice to the melting temperature [8].

In this paper, we report observations of both optical and
acoustic coherent phonons in Bi pumped by femtosecond
pulses. A commercial Ti:sapphire ultrafast regenerative
amplified laser is used in our experiments. It operates at a
center wavelength of 800 nm, maximum energy of 1 mJ per
pulse, and a repetition rate of 1 kHz. The measurement of single
shot autocorrelation shows the pulsewidth is 80 fs full width at
half maximum (FWHM). The horizontally polarized output
beam is split into two beams, pump beam (80%) and probe
beam (20%). The pump beam is passed through a mechanical
delay line consisting of a hollow cube retro-reflector mounted
on a linear travel stage. The horizontally polarized pump beam
is focused normally on the sample by a lens with a focal length
f =300 mm. The vertically polarized probe beam is obliquely
focused with an incident angle of about 14° by a lens with a
focal length f = 100 mm. The reflected probe beam is collected
by another 100 mm lens and is measured by a balanced detector
(Newfocus 2307). A reference beam split from the probe beam
is also input into the balanced detector to improve the signal-to-
noise ratio. Appropriate neutral density filters (ND) are used
before the detector to ensure that the detector operates in the
linear regime. Polarizers are also inserted before the balanced
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detector to minimize the noise scatted from the pump beam.
The laser energy is adjusted by using ND filters and half-wave-
plate/polarizer combinations. The pump beam is chopped at
around 100 Hz. The signal from the balanced detector is
measured by a lock-in amplifier. The Bi thin film is thermally
evaporated on a polished silicon substrate. The thickness is
around 100 nm, which is six times thicker than the penetration
depth of the laser beam at 800 nm (the linear absorption
coefficient of Bi at 800 nm is ~6 x 10° cm ™' [12]). The sample
is mounted on a 3D computer controlled stage. A CCD imaging
system with total magnification of 500x is used to ensure the
probe beam is overlapped with the center of the pump beam at
the sample surface. Scanning knife-edge measurements show
the pump and probe beam radius at the sample surface is 530
and 100 pwm, respectively.

Fig. 1 shows the time-resolved measurements of relative
change of reflectivity AR/R with different laser fluences, which
are much lower than the damaged threshold value ~22 mJ/cm?.
A weaker probe beam with a fixed fluence of 16 wJ/cm? is used
to minimize its effect on the excited state generated by the
pump beam. For high laser fluences, the data before time zero
are shifted for clarity. The reflectivity increases instantaneously
during the pump pulse duration, and then drops gradually with
the increase of time delay. The damping oscillatory coherent
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Fig. 1. (a) Time dependence of reflectivity change AR/R at three different pump
fluences 0.26, 0.42, and 0.85 mJ/cm?. The probe fluence is 16 pJ/cm?. Negative
value of time delay means the pump beam is behind the probe beam. Two curves
are vertically translated for clarity in the plot. (b) Fitted curve based in Eq. (1) in
case of F =0.42 mJ/cm?. Inset: the effect of fitting with/without chirp term in
Eq. (1). Open circle: experimental data; solid: fitted curve with chirp term; dash:
fitted curve without chirp term.

phonon signal is superimposed on a slowly decaying back-
ground which is due to the change of electronic susceptibility
by the photoexcited carriers [9,10]. In order to analyze the
reflectivity in detail, we use the following equation to fit the
experimental data:
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The background reflectivity is described by the first term [11],
where A., TR, and 7 are the amplitude, the buildup time, and the
decay time of the photoexcited carriers, respectively. The
second term accounts for coherent phonons [12], where A,
T, Vo, B, and ¢ are the amplitude, the dephasing time, the
coherent phonon frequency, the chirp coefficient, and the initial
phase of coherent phonon, respectively. U, is the unit step
function. 7, is a constant describing the initial time of over-
lapping between the probe and the pump beams. An example of
data fitting by Eq. (1) is shown in Fig. 1(b). It can be seen that
Eq. (1) gives a good description for the reflectivity data for the
entire time duration where the phonon oscillatory signal is
obvious. Itis noted that it is important to include the variation of
the phonon frequency with time (the chirp term ) in the data
analysis. The result of curve fitting does not agree well with the
experimental data if the chirp term is not considered. As shown
in the inset of Fig. 1(b), without including the chirp term, a large
phase difference between the experimental data and the fitted
results appears at later times.

Parameters used in Eq. (1) for fitting the experimental data
show some fundamental processes of phonon generation,
dephasing, and phonon—phonon interaction. Fig. 2 shows the
pump fluence dependence of (a) amplitude of A and A, (b)
buildup time tg, decay time tp, and dephasing time tp, and (c)
coherent phonon frequency v, and chip coefficient g fitted by
Eq. (1). With increasing of laser fluence, the buildup time 7y is
decreased as photoexcited carriers are generated more quickly,
both amplitudes of A. and A, are increased linearly as more
photoexcited carriers are excited. When the photoexcited
carrier density is increased, the crystal lattice will be weakened,
resulting in a softer phonon with a decreased phonon frequency
[9,13]. At the same time, the diffusion of photoexcited carriers
on the surface will be slower because of the reduced ambipolar
diffusion coefficient [14], resulting in a slight increase in decay
time 7 [15]. While the elongated photoexcited carriers should
be beneficial for coherent phonon existence, the decreased
dephasing time tp clearly shows that other factors such as
phonon—phonon interaction, which extinguishes coherent
phonons, will become stronger in the case of higher laser
fluence. This is also consistent with the value of chirped
coefficient B, which shows how fast the soft (low frequency)
phonons recover the normal frequency value.

Fig. 3 shows the Fourier transformed (FT) amplitude spectra
from the experimental data in Fig. 1(a). The high values near
zero are due to the non-oscillatory background signal. Distinct
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Fig. 2. Pump fluence dependence of (a) amplitude of A. and A, (b) buildup
time tg, decay time tg and dephasing time tp and (c) coherent phonon
frequency vo and chip coefficient 8. Error bars are not included as the relative
errors of the fitted coefficients are less than 1%.

peaks of optical phonons are obtained near 2.9 THz. (Note that
due to the difference in mathematic formulation, the phonon
frequencies obtained using FT and using Eq. (1) are slightly
different.) As the laser fluence is increased, the phonon
frequency is red-shifted and asymmetrically broadened to the
lower frequency side. The asymmetrical broadening of the
peaks is due to the initial red-shift of the soft phonon, causing
the frequency broadening to the lower frequency side.

The interesting feature in Fig. 3 is that phonon oscillations at
frequencies other than the A, optical phonon are observed at
high laser fluence. Not only the E, phonon at the frequency of
2.20 THz but also four other frequency peaks appear on the low
frequency side of the phonon spectra. These peaks are almost
equally spaced with Av=0.39 + 0.05 THz. (Note: the fre-
quency resolution in Fig. 3 is 0.05 THz.) The appearance of the
E, phonon together with the A;, phonon shows the coherent
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Fig. 3. Fourier transformed spectra corresponding to Fig. 1(a). Peaks of phonon
are also labeled.

phonon generation in Bi is a combination of ISRS and DECP as
suggested by Stevens et al. [6]. The other four peaks are
identified as acoustic phonons of TA(X) at 0.68 THz, LA(X) at
1.02 THz, LA(A) at 1.42THz, and LA(T) at 1.76 THz,
respectively [16—18]. An optical phonon can emit two acoustic
phonons as proposed by Menéndez and Cardona [19]. Here, it is
possible that two LA(A) phonons with equal energy are emitted
by a single A;, phonon since the frequency of the LA(A)
phonon is half of that of the A, phonon, and one LA(T) phonon
and one LA(X) phonon are emitted by one A, phonon since the
combined energy of LA(T) and LA(X) phonons equals to the
energy of Aj,. The TA(X) phonon could be generated by a more
complex process of three phonon coupling such as
2LA(X) — LA(A). Peaks in low frequency could also be
affected by possible ripples introduced by Fourier Transform.
Further investigations are needed to find the origin of these
phonon modes.

In summary, the coherent phonon in Bi irradiated by
ultrafast pulses is studied through time-resolved reflectivity
measurements. It is found that the coherent phonon A, is
generated by a combined process of ISRS and DECP. Acoustic
phonons are also observed at high laser fluence, which is
attributed to the energy relaxation of the A, phonon.
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