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Dynamics of Coherent Anharmonic Phonons in Bismuth Using High Density Photoexcitation
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We have investigated the dynamical properties of the coherent anharmonic phonons generated in Bi
under high density excitation. The time-resolved reflectivity in the intensely photoexcited Bi film is
modulated by the coherent A, phonon oscillation with a time-dependent oscillation period. As the
pump power density is increased, the line shape of the A;, mode in the Fourier transformed spectra
becomes asymmetric, and the redshift of the phonon frequency is observed. Analysis of the transient
redshift with a wavelet transform reveals that the frequency of the A;, mode depends on the squared
amplitude of the oscillation, which is attributed to an anharmonicity of the lattice potential.
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High density excitation of materials with amplified fem-
tosecond laser pulses has led to unique physical phenom-
ena, such as femtosecond laser ablation and laser-induced
phase transition [1-3]. These phenomena in narrow band-
gap materials are considered to be induced by the photoex-
citation of electrons from bonding into antibonding states
(electronic softening), which will lead to a large lattice dis-
tortion along the lattice potential [3,4]. The photoexcita-
tion of electrons changes the equilibrium positions of the
atoms; the atoms then oscillate around their new equilib-
rium positions, a mechanism known as displacive excita-
tion of coherent phonons [5]. In the past decade, coherent
phonons have been actively studied in a variety of materi-
als from various viewpoints [5-9]. However, only a few
investigations of coherent phonons have been performed
under high density excitation [10—14]. Under high den-
sity excitation with several mJ/cm?, the amplitude of the
coherent lattice displacement could increase up to several
percent of the lattice constant. In this condition, large am-
plitude coherent phonons would play an important role in
structural modification. The purpose of this paper is to
study the characteristic properties of the large amplitude
coherent phonons under the anharmonic lattice potential;
this is based on the classical mechanics [15] which indi-
cates that the frequency of the anharmonic oscillator de-
pends on the amplitude of the oscillation.

The coherent lattice vibrations excited under high in-
tensity conditions in LiTaOs, a ferroelectric crystal that is
transparent to the visible and near-infrared light, have been
studied by Brennan and Nelson [12]. They have observed
overtones of the coherent lattice vibrations up to ninth or-
der. However, a frequency shift of the phonon modes due
to anharmonicity has not been observed. Hunsche et al.
[11] have reported that in photoexcited tellurium the fre-
quency of the coherent A;, mode decreases linearly with
increasing the pump power density. They have suggested
that the origin of the frequency shift is the electronic soft-
ening, whereas the asymmetric line shape results from in-
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homogeneity of the carrier density due to carrier diffusion.
However, there has been no report on the time-resolved
study of the coherent phonons with a transient redshift of
the phonon frequency induced by the anharmonicity of the
lattice potential.

This Letter reports on the dynamical properties of co-
herent anharmonic optical phonons under high density ex-
citation of more than several mJ/cm?. The time-domain
signals in the intensely photoexcited Bi film indicate the
coherent A1, phonon oscillation, exhibiting a frequency
which depends on the time after the irradiation by the pump
pulse. It is found that the frequency is proportional to the
squared amplitude of the coherent oscillation, which is at-
tributed to a contribution from the cubic term of the anhar-
monic potential.

The bismuth films used in this paper were prepared by
vacuum deposition on polished silicon substrates at room
temperature. Their thickness was about 100 nm, and x-ray
diffraction measurements showed that they were polycrys-
talline. A reflection-type pump-probe measurement was
carried out at room temperature. Femtosecond seed pulses
from a Ti:sapphire laser oscillator, operating at a wave-
length of 800 nm with a pulse duration of about 70 fs,
were amplified to a pulse energy of 500 wJ in a 1 kHz
regenerative-amplifier system. After compensation of the
amplifier dispersion, 120 fs pulses in duration were ob-
tained. The pump and probe beams were focused on
samples to a diameter of about 100 um. The pump power
density was reduced with a neutral density filter to below
7.6 mJ/cm? to prevent damaging the sample or causing
laser ablation. The probe pulse energy was also reduced
and fixed at 0.3 mJ/cm?. We estimated from the linear
absorption coefficient of 6 X 10° cm™! at 800 nm [16]
that the photoexcited carrier density at the maximum pump
power fluence of 7.6 mJ/cm? is 3.0 X 10*! cm™> at the
sample surface, which is ~2% of all the valence electrons
in Bi [17]. In order to obtain only oscillatory components
in the signal, the pump beam was modulated at 250 Hz
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using an optical shaker, and the signal was detected by
a lock-in amplifier. The transient isotropic reflectivity
change AR/R was recorded by changing the optical path
length of the probe beam.

Figure 1 shows the transient reflectivity change obtained
for pump power densities from 0.9 to 7.6 mJ/cm?. Large
amplitude coherent phonons are observed in the time
domain. The coherent phonon observed using unamplified
seed pulses with a pump power density of 3.0 uJ/cm?
is also shown at the bottom of Fig. 1 for reference. The
period of the coherent oscillation at the lowest pump
power density of 0.9 mJ/cm? is about 346 fs, which is
slightly longer than that of the Aj, mode observed with
the seed pulses (=340 fs) [5-7]. As the pump power
density is increased, the amplitude of the coherent A,
phonon gradually increases and its decay time decreases.
The maximum amplitude of the coherent A, mode in the
reflectivity AR/Rp was ~0.012 at 7.6 mJ/cm?, which is
3 times larger than that obtained for a Bi single crystal in
Ref. [14]. The amplitude of the coherent lattice displace-
ment estimated from the maximum excited carrier density
of 3.0 X 10> cm™? is ~1.3 X 1072 nm [5]. This large
displacement corresponds to 4.2% of the interatomic
distance of the nearest neighbors at room temperature.
According to the Lindeman melting criterion [18], melting
of solids would occur when the displacement of each atom
exceeds ~10% of the mean atomic radius, e.g., 9.2% for
Bi [19]. The 4.2% displacement obtained in this paper is
below the critical displacement.

Figure 2 shows the Fourier transformed (FT) spectra ob-
tained from the time-domain data for different pump power
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FIG. 1. The transient reflectivity change for Bi at various pump
power densities. The dashed lines correspond to the zero level
on the reflectivity change of each time-domain signal.
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densities. As the pump power density is increased, the
peak frequency of the A;, mode down-shifts and the Aj,
mode is asymmetrically broadened to the lower-frequency
side. The A, mode observed with the seed pulses (bottom
of Fig. 2) shows a symmetric line shape with a peak fre-
quency of 2.92 THz. The peak frequency of the A, mode
linearly decreases from 2.92 to 2.67 THz with increasing
the pump power density, as shown in the inset of Fig. 2.
This power dependence of the frequency is consistent
with the behavior of the frequency shift observed with the
pump fluence less than 8.0 mJ/cm? [11,14]. However, the
magnitude of the frequency shift obtained in our experi-
ment (~9%) is significantly larger than that observed by
DeCamp et al. [14] (~4%). Itis surprising that, in addition
to the A, mode, the E, mode appears at 1.61 THz when
the pump power density is larger than 3.8 mJ/cm?, al-
though the £, mode is not usually detected by the isotropic
reflectivity (AR/R) measurement [5,6]. The observation
of the E, mode on the AR/R measurement is explained
as follows. The A;, mode, which has only diagonal non-
zero elements in the Raman tensor, has been observed by
the AR/R measurement [5,6]. On the other hand, the E,
mode, which has only off-diagonal nonzero elements in
the Raman tensor, can be detected only by anisotropic
reflectivity measurements [7,8]. Thus, the observation of
the optical phonon modes is explained on the basis of
the first-order Raman tensor (9 y)/(9Q) [9]. We consider
that the huge lattice distortion caused by the high density
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FIG. 2. Fourier transformed spectra obtained from time-
domain data in Fig. 1. The dashed line represents the Aj,
frequency of 2.92 THz. Inset: the peak frequency of the A,
mode as a function of the pump power density. The solid line
represents a numerical fitting of the data by a linear function.
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excitation will modify the lattice symmetry [20], which
induces diagonal components in the Raman tensor of the
E, mode; thus, the large lattice displacement will cause
the E, mode to be allowed in the AR/R measurement.
The frequency of the E, mode observed at 7.6 mJ/cm? is
much lower than that obtained using seed pulses (2.16 THz
at 300 K). Moreover, broad sidebands appear beside the
optical phonon modes. These effects would be due to the
strong anharmonic coupling resulting in the hybridiza-
tion of the optical phonon modes with the two-acoustic
phonons [21].

In order to clarify the origin of the frequency shift and
the asymmetric line shape of the A;, mode observed in our
experiment, we first attempted to fit the time-domain trace
obtained at 7.6 mJ/cm? with a linear combination of two
damped harmonic oscillators [5]. As shown in Fig. 3(a),
the experimental trace cannot be fitted well with the har-
monic oscillator, and there is a large deviation in the phase
of the oscillation, which suggests that the mode frequen-
cies are not constant but depend on the time, w(z). Next,
we performed a discrete wavelet transform (DWT) [22]
with a variable time window in order to analyze the time
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FIG. 3. (a) Numerical fitting of the time-domain trace for
7.6 mJ/cm? with damped harmonic oscillators, showing a large
deviation on its phase after 3 ps. (b) DWT spectra obtained for
the time delay of 0.3 ps (solid line) and 3.0 ps (dotted line).
The inset of (b) shows the variation of the frequency of the

Aj, mode as a function of the time delay. The dashed line in
the inset represents the ordinary frequency of 2.92 THz.
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dependence of the phonon frequency [23]. In Fig. 3(b) we
show DWT spectra obtained at 7.6 mJ/cm? for the two
time delays of 0.3 ps (second window) and 3.0 ps (tenth
window) as examples. The peak frequency of the A;, mode
is 2.52 THz in the second window and 2.78 THz in the
tenth window. In the second window, in which the ampli-
tude of the oscillation is quite large, the Aj, mode is asym-
metrically broadened to the lower-frequency side and the
E, mode is broadened to lose its fine structure. The DWT
spectrum in the first window shows essentially the same
shape as in the second window. Note that in the second
window the appearance of the continuum, broad and struc-
tureless signal extending to zero frequency, suggests a
possibility of transient disordering of the crystal as a pre-
cursor of electronic melting and that the line broadening of
the optical phonon modes would be due to the strong an-
harmonic coupling [21]. In the tenth window, only the Ay,
mode with a nearly symmetric line shape is observed, and
the continuum disappears. The transient frequency of the
A1, mode observed in the DWT spectra with various time
windows is plotted as a function of the time delay in the in-
set of Fig. 3(b). The frequency of the A;, mode, which is
initially down-shifted to 2.45 THz, changes toward the or-
dinary frequency of 2.92 THz. We suppose from this result
that coherent lattice vibrations will initially oscillate with
the lower frequency under the anharmonic potential and
finally oscillate with the ordinary frequency. The origin
of the initial instantaneous frequency change is not lattice
heating, because the lattice heating should generally occur
on a picosecond time scale [3,24].

In order to analyze the time-dependent phonon fre-
quency, we consider the nonparabolic potential on the basis
of classical mechanics [15]. The nonparabolic potential is
expressed by U(x) = %mw%xz + %max3, where x is the
atomic displacement, m is the mass of the oscillator, wq
is the normal frequency of the oscillation with the friction,
and « is a coefficient of the third-order anharmonicity of
the potential. The frequency of the anharmonic oscillator
in this potential is represented approximately by [15]

2
Sa >, )

- 12a)(3)

w=w0+y(12 <yE

where a is the amplitude of the oscillation. The value of
v is usually negative because « is a real number and w is
positive. Equation (1) implies that the phonon frequency
shifts to a lower frequency side than the normal frequency
of wo as the amplitude of the oscillation increases. Fig-
ure 4 shows the frequency of the A, mode obtained for the
pump power density of 7.6 and 1.9 mJ/cm? as a function of
the squared amplitude of the coherent oscillation. Here, the
amplitude of the coherent phonon (AR /R ) was converted
into the microscopic amplitude (a) by use of a thermody-
namic description under the quasiequilibrium system [5].
At 1.9 mJ/cm? the A; ¢ frequency decreases linearly with
increasing the squared amplitude. This behavior obeys the
relationship given by Eq. (1), accordingly verifying that
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FIG. 4. The variation of the frequency of the A;, mode for
different pump power densities plotted as a function of the
squared amplitude of the coherent oscillation. The solid lines
indicate the fitting of the data with Eq. (1). The dotted line for
a®? = 20 X 107% is a guide for the eye.

the coherent A, phonon under the high density excitation
has anharmonic character. At the pump power density of
7.6 mJ/cm? the Aj, frequency decreases almost linearly
with the same slope as that at 1.9 mJ/cm? for smaller am-
plitudes than 20 X 107° nm?. For the larger amplitudes,
the Ay, frequency also shows linear decrease but with a
more gradual slope. This suggests a dynamical change
of the anharmonic potential due to the large lattice dis-
tortion by the high density excitation, which could not be
described by the static anharmonic potential [15]. The nor-
mal frequency wq obtained from the fitting at 7.6 mJ/cm?
is lower than that at 1.9 mJ/cm?. The origin of this effect is
probably the electronic softening, which reduces the oscil-
lation frequency even if the amplitude is quite small [13].

In summary, we have observed the coherent anharmonic
phonons in Bi using amplified femtosecond light pulses.
The time-domain signal revealed the coherent A, phonon
with the time-dependent frequency. The analysis based on
the DWT method demonstrated that the A, frequency de-
pended on the squared amplitude of the oscillation, which
is consistent with the behavior of an anharmonic oscilla-
tor with a third-order anharmonicity. Moreover, at higher
pump power densities, the £, mode, in addition to the A,
mode, was observed, which is explained by the modifica-
tion of the lattice symmetry under high density photoex-
citation. The study of large amplitude coherent phonons
will trigger further investigations of precursor phenomena
of laser ablation and laser-induced phase transition, as well
as nonthermal melting.
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