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FIG. 3. Excitation-density dependence of the phonon fre-
quency. Solid circles show the maximum of the Fourier trans-
forms, open symbols the “instantameous” frequencies deter-
mined by fitting different cycles of the oscillating signal.

fast relaxation of the electronic background signal at high
pump intensities.

Taking into account the inhomogeneity of the pump-
created carrier density (see below), the data indicate a lin-
ear decrease of the phonon frequency with carrier density.
The estimation of the photoexcited carrier density achieved
in our experiments shows that several percent of the va-
lence electrons are excited at the highest pump intensities,
so that a considerable weakening of the crystal is expected
[11]. Therefore the observed reduction of the restoring
force for the A; lattice displacement appears as a natural
consequence of the excitation of a large number of elec-
trons from bonding into antibonding states. This effect
may be described as a purely electronic softening of the
crystal lattice.

In a recent report, Cheng et al. have observed a tran-
sient redshift of the phonon frequency in Sb and assigned
this to ionic screening by the photoexcited carriers [10].
However, screening effects can be excluded for the case
of tellurium, since the crystal bonds are predominantly co-
valent rather than ionic. Also, there is no plasmon-phonon
coupling [12] for the A; phonon, since this is not infrared
active. An additional softening due to lattice heating
or emission of nonequlibrium phonons by the photoex-
cited carriers—which is expected to take place on a ps
time scale—appears to be negligible in our experiments,
since the frequency shifts occur “instantaneously” with
the excitation. In addition, seperate experiments showed
that the influence of lattice heating on the coherent
phonon frequency is much smaller than that of the photo-
excitation [14].

In order to understand the shape of the phonon response
and the partial relaxation of the oscillation frequency, the
strong inhomogeneity of the initial carrier density has to
be taken into account. The probe pulse *“sees” signal con-
tributions from different depths below the sample surface,
corresponding to different carrier densities. Increasing the

excitation fluence corresponds to an increasing range of
densities, so that a density-dependent redshift will lead
to an asymmetric broadening of the phonon response, as
observed in Fig. 2, and to an apparent decrease of the
coherent phonon dephasing time. Therefore the distinct
low-frequency tail of the phonon response at the highest
pump intensities suggests a substantial mode softening in
the region of highest carrier density that would be under-
estimated if only the shift of the maximum were taken
into account.

On the other hand, the large density gradient associated
with the short absorption length will lead to a very fast
carrier diffusion at high excitation power and therefore
to a rapid decrease of the carrier density at the surface.
Assuming a monotonous decrease of the frequency with
carrier density provides a consistent explanation for the
temporal shift of the instantaneous oscillation frequency,
which corresponds directly to the rapid decay of the
electronic background signal.

To check the consistency of our interpretation and
to prove the electronic origin of the frequency shifts,
we have performed additional experiments with double-
pulse excitation of the sample: We use a prepump with
variable intensity to create a certain carrier density and
observe the influence of these carriers on the dynamics
of coherent phonons generated by a second pump pulse.
To avoid interference effects of the coherent phonons
[15], we chose a time delay of 6 ps between the pump
pulses, so that the oscillations created by the prepump
have completely vanished when the second pulse hits the
sample.

In Fig. 4 we compare the phonon frequency shift under
single- and double-pulse excitation. The experimental
situation is illustrated in the inset, which shows the
transient reflectivity changes induced by the double-pulse
excitation. In the double-pump experiment, the fluence
of the second pump is kept constant at F = 0.5 mJ/cm?,
while the fluence of the prepump is varied from 0.3 to
1.5 mJ/cm?. For this density range, we did not find a
delay dependence of the frequency. Therefore in Fig. 4
we show a single frequency for each measurement, which
is obtained by fitting the oscillating signal contribution
for positive time delays. In the time interval between
the two excitation pulses there is a significant decrease of
the electronic background signal created by the prepump,
due to carrier diffusion into the sample. To allow a
direct comparison of the two types of experiments, we
show the data as a function of the maximum electronic
background at time delay zero, which is taken as a
direct measure of the effective total carrier density created
by both pumps. The data clearly show an identical
dependence of the oscillation frequency in both types
of experiments. As the phonons created by the second
pump are affected only by varying the carrier density
excited by the prepump, this is an unambiguous proof
for a predominantly electronic origin of the observed
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FIG. 4. Phonon frequency shift under single-pulse and
double-pulse excitation. The electronic background signal at
t = 0 is used as a measure of the effective carrier density.
The inset illustrates the double-pulse experiment.

mode softening. A possible influence of anharmonicity
of the phonon itself [9,16] can be safely excluded, since
the intensity of the second pump, and thus the phonon
amplitude, was kept constant.

Figure 5 shows the values of the coherent phonon de-
phasing time, as determined from fitting the data with a
damped cosine, for single- and double-pulse excitation. In
contrast with the frequency, the dephasing time remains
quite unaffected by changing the intensity of the prepump.
This indicates that there is no significant direct coupling
between the phonon and the free carriers. Therefore the
decrease of the dephasing times observed in the single-
pump experiments can only be assigned to the increasing
inhomogeneity, as already concluded from the shape of the
Fourier spectra. In the double-pulse experiment the delay
between the first and second pump is sufficiently large to
allow a significant reduction of the spatial inhomogene-
ity by carrier diffusion. The slight offset of the dephasing
times in the double-pulse experiment may be attributed to
an increase of the lattice temperature due to the prepulse
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FIG. 5. Density dependence of the coherent phonon dephas-

ing time under single-pulse and double-pulse excitation.
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[14], however, this explanation is not crucial for the inter-
pretation of the main results of this paper.

In conclusion, we present an experimental investigation
of the coherent phonon dynamics in tellurium as a func-
tion of excitation density. All experimental results can
be consistently explained in terms of a monotonous de-
crease of the A;-phonon frequency with increasing carrier
density, i.e., an electronic weakening of the crystal lattice.
For the highest pump powers studied, the photoexcited
carrier densities can be estimated to be several percent
of all valence electrons. At these densities the phonon
response contains low-frequency contributions well be-
low 1 THz, suggesting a substantial destabilization of the
crystal by the optical excitation. Therefore our experi-
ments provide microscopic information that cannot be ob-
tained from experimental methods that are only sensitive
to changes of the crystal structure.
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