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Abstract

Coherent LO phonon oscillations excited by 20-fs ultrashort laser pulses have been observed in isotopic 70Ge/74Ge
superlattices by a pump}probe technique. Fourier}transformed spectra of the time-domain signal were compared with
incoherent LO phonon spectra measured by Raman spectroscopy. The spectra of coherent phonons are quite di!erent
from the Raman spectra with common excitation wavelength. This comparison indicates that the pump}probe
experiment detects the region which is di!erent from where Raman experiment probes. ( 2000 Elsevier Science B.V. All
rights reserved.
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Investigations of coherent phonons have been conduc-
ted in the past using materials such as molecular crystals
[1], semiconductors [2,3] and semiconductor superlatti-
ces (SLs) [4,5]. However, basic properties of coherent
phonons including their generation mechanisms are still
unclear, especially for absorbing materials. In this study,
we report on the observation of con"ned coherent LO
phonons in isotopic 70Ge/74Ge superlattices (ab-
breviated hereafter as isotopic Ge SLs) by a pump}probe
technique using ultrashort laser pulses. This study is
interesting especially in the sense that it allows us to
compare directly the coherent phonons measured here to
incoherent phonons measured by Raman spectroscopy.
Raman investigations of incoherent LO phonons in iso-
topic Ge SLs have been performed recently by Cardona
and co-workers [6,7]. The isotopic SLs present an excel-
lent model to study the vibrational properties of SLs
because the phonons are subject to a periodic isotopic
mass modulation while the electronic system is practic-

ally the same as that of bulk Ge. We will report here
variation of the con"ned LO phonon spectra in 70Ge and
74Ge layers for di!erent layer thicknesses, and propose
the mechanism which determines the coherent phonon
amplitudes.

The present samples (70Ge)
n
/(74Ge)

n
were grown by

molecular beam epitaxy (MBE), having periodic struc-
tures with n ("4, 8, 16, 32) monolayers of 70Ge and
74Ge. The thickness of one monolayer corresponds to
0.141 nm. The high-purity Ge (0 0 1) wafers of the natural
isotopic composition have been used as substrates. 70Ge
bu!er layers of 20 nm thickness were grown prior to the
SL formation. The total thickness of each SLs is 50 nm,
i.e., the total periods of each SLs is di!erent depending on
the thickness n of the each layer.

A re#ection-type pump}probe measurement was per-
formed at room temperature by using a mode-locked
Ti : sapphire laser. The central wavelength of the laser
was about j"800 nm and the pulse duration was about
20 fs. The power of the pump and probe beam was
adjusted to 70 and 10 mW, respectively. The delay time
of the probe beam was adjusted by a variable optical
delay line. The optical path of the pump beam was
modulated by a shaker. The time derivative of the re#ec-
tivity change d(*R/R

0
)/dt was measured in order to
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Fig. 1. Oscillatory component of the time-domain signals of
isotopic (70Ge)

n
/(74Ge)

n
SLs for various SL layer thicknesses at

room temperature.

Fig. 2. (a) Fourier transform spectra of time-domain signals in
Fig. 1. (b) Raman spectra of isotopic Ge SLs excited at 488 nm at
room temperature. The vertical broken lines indicate the fre-
quencies of LO phonon mode in bulk 70Ge and 74Ge.

Fig. 3. The solid and broken lines denote calculations for LO
m

frequencies (m"odd) in 70Ge and 74Ge layers, respectively.
Observed peak frequencies are shown by "lled circles against n,
the number of monolayers in (70Ge)

n
/(74Ge)

n
SLs.

obtain only the oscillatory component. The Raman scat-
tering measurement was carried out at room temperature
and at 10 K in a quasi-back-scattering geometry by using
an Ar-ion laser at 488 and 514.5 nm, and a cw Ti : sap-
phire laser at 800 nm.

Fig. 1 shows time derivatives of the re#ectivity change
d(*R/R

0
)/dt in the isotopic Ge SLs with di!erent peri-

odic structures. The beatings observed indicate that mul-
tiple phonon modes are excited in all four samples. To
analyze the time-domain signals and compare with the
Raman spectra, we have obtained Fourier transform
(FT) spectra of the time-domain signals as depicted in
Fig. 2(a). The vertical broken lines stand for frequencies
of LO phonon modes in bulk 70Ge (9.16 THz) and 74Ge
(8.94 THz) [8,9]. The frequencies for n"32 are in agree-
ment with those for the bulk modes. A peak for bulk
70Ge due to the bu!er layer appears clearly for the n"4
sample. The arrows denote con"ned LO phonon modes
in 70Ge and 74Ge layers, as observed previously by
Raman scattering [6]. As n increases, the intensity of the
con"ned mode in 74Ge layers is enhanced as compared
with that in 70Ge layers, and the con"ned mode in 70Ge
layers shifts to higher frequency. Higher-order con"ned
LO phonons from 70Ge layers as marked by asterisks,
denoted here as LO

m
(70Ge) with m being the order, are

observed in the spectra for n"16 and 32 between 70Ge
and 74Ge con"ned LO phonon modes [6]. Raman
spectra observed for j"488 nm are shown in Fig. 2(b)
for comparison. The Raman spectra are almost the same
as the FT spectra in Fig. 2(a) in the sense that the
frequency and intensity ratio of the con"ned LO modes
are extremely similar to each other.

In order to see the frequency variation of the con"ned
LO phonons in more detail, the peaks in the FT spectra

were decomposed into multiple Lorentzian components,
and the constituent peak frequencies were compared with
a calculation based on a linear chain model [10] using
appropriate frequencies and masses for the Ge isotopes
[8,9]. In Fig. 3, the LO phonon frequencies are plotted
against n by "lled circles. The solid and broken lines
denote calculations for LO

m
(m"odd) in 70Ge and 74Ge

layers, respectively. Although pronounced anticrossings
between di!erent branches of optical modes occur at
around n"12, 20, and 30 [6], this e!ect is not included
in our calculation. The con"ned LO branches with even
m are omitted here because a Raman intensity calcu-
lation based on the linear chain model combined with the
bond polarizability model shows that their contribution
can be well neglected. The calculation shows that at
n"16, for example, the three con"ned mode frequencies
observed agree fairly well with those for LO

1
, LO

3
(for
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Fig. 4. Raman spectra of isotopic Ge SLs at ¹"10 K excited
with (a) 514.5 nm and (b) 800 nm. The broken lines indicate the
frequencies of LO phonon mode in bulk 70Ge and 74Ge. The
dotted line shows for frequencies of LO phonon mode in bulk
Ge substrate.

70Ge, with arrow) and LO
1

(for 74Ge). The calculation
also shows that at n"32 the modes at 9.03 and 9.13 THz
(with arrows) correspond to LO

3
and LO

5
for 70Ge,

respectively.
Spitzer et al. [6] observed Raman spectra of isotopic

Ge SLs, and compared the result with the calculation
based on the planar bond-charge model and the bond
polarizability approach. They have found that the optic
phonon modes in isotopic Ge SLs are con"ned in the two
di!erent constituent layers. Since the Raman intensity
depends on the atomic displacements, the resemblance of
Raman and FT spectra indicates that coherent phonons
are also con"ned in 70Ge or 74Ge layers of the isotopic
SLs, and that the amplitude of the coherent phonon is
governed by the displacement of atoms in a constituent
layer.

The FT spectra with j"800 nm are similar to the
Raman spectra with j"488 nm as described above, al-
though the di!erence in the laser penetration depth d into
Ge is large between j"800 and 488 nm [11]. In order to
clarify the dependence of spectra on d, Raman measure-
ments were performed at 10 K by using two di!erent
excitation wavelengths j"514.5 and 800 nm as shown
in Fig. 4(a) and (b). The con"ned LO phonon modes
appear clearly for j"514.5 nm, while for j"800 nm
the spectra are dominated by the signals from the Ge
substrate (9.13 THz) and the 70Ge bu!er layer
(9.28 THz). This is explained by the di!erence of penetra-
tion depth: They are estimated as d"200 and 17 nm for
j"800 and 514.5 nm, respectively [11]. Thus, the
Raman scattering with j"800 nm probes both the SLs
and the substrate, while that with j"514.5 nm mainly

probes the SLs. Surprisingly, the series of spectra of
coherent phonons taken with j"800 nm (Fig. 2(a)) is
similar to those of Raman spectra taken with a much
shorter wavelength j"514.5 nm (Fig. 4(a)). This means
that the pump}probe experiment with j"800 nm is
sensitive to the region close to the surface only. Since the
generation of the coherent phonons in Ge will require
excitation of high density of carriers, the region where the
coherent phonons are generated is restricted to the outer
surface region. In order to understand why the
pump}probe experiment is sensitive to the region close to
the surface only, it is desirable to compare the coherent
phonons in superlattices with various thicknesses.

In summary, we have observed coherent con"ned
LO phonon oscillations in isotopic Ge SLs by the
pump}probe technique at excitation wavelength of
800 nm. The Fourier-transformed spectra of the oscill-
ations were compared directly with Raman spectra
recorded at various excitation wavelengths. The Fourier-
transformed spectra are found to be very similar to the
Raman data taken with a shallow penetration depth of
laser, i.e., the observed pump}probe signals derives from
the near-surface region only. We clari"ed that the ampli-
tude of the con"ned coherent LO modes is dominated by
the atomic displacement of Ge atoms in the constituent
layers.
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