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Acousticlike vibrations were observed in spontaneous Raman measurements on CdTe0.68Se0.32 quantum dots
embedded in a borosilicate matrix and ascribed to the l=0, l=2, and l=1 modes of a spherical particle.
Pump-probe stimulated Raman measurements on the same sample reveal only the symmetric l=0 mode, the
frequency of which increases as the laser central energy moves to higher energies. Consistent with the strong
dependence of the exciton energy on the particle size, such a behavior is attributed to resonant size-selective
excitation of nanocrystallites whose absorption edge coincides with the central energy of the optical pulses.
This selectivity, relying on the existence of double-resonant terms in the generation process, is not observed in
spontaneous Raman scattering for which the resonances involve a single term.
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I. INTRODUCTION

Semiconductor nanocrystals or quantum dots �QDs� have
been extensively studied in the past several decades due to
the applications they offer as well as the basic research in-
terest of the physics and chemistry communities on low-
dimensional systems. In particular, QDs are beginning to re-
ceive acceptance as molecular labels in biological
applications where they may replace dye molecules.1,2 Semi-
conductor doped glasses have long attracted attention for po-
tential uses in optoelectronics. Since the glass matrix is
transparent in the visible range, the optical properties of
these composite materials are determined by those of the
QDs. Because the emission of phonons is one of the most
important electronic dephasing mechanisms, there has been
much interest in the vibrational properties of QDs. Optical
phonons,3–5 confined acoustic phonons,4,6–9 and surface10,11

and disorder-activated phonons12,13 in semiconductor nano-
crystallites have been extensively investigated with sponta-
neous Raman scattering �RS�. The propagation of subpico-
second laser pulses generally leads to the production of
coherent phonon fields, the amplitude of which is resonantly
enhanced when the laser central energy is tuned near an elec-
tronic resonance.14 The study of coherent phonons in semi-
conductor QDs, driven by ultrafast pulsed lasers, is relatively
a new field. Coherent techniques allow direct time-domain
observation as well as active control of vibrational modes
and, as such, they offer new possibilities for studying ul-
trafast phonon dynamics.

In this paper we report on the impulsive generation of
acoustic phonons in CdTe0.68Se0.32 nanocrystallites. We gen-
erate coherent oscillations by impulsive stimulated Raman
scattering �SRS� using a standard pump-probe setup with
ultrafast laser pulses tuned to the absorption edge of the
QDs. We also report on RS measurements performed on the
same sample and excitation range, and compare these results
with those of the SRS measurements. The first observation of
coherent acoustic phonons in QDs was reported by Krauss
and Wise15 for PbS. These authors noticed an intriguing dis-
crepancy between spontaneous Raman and pump-probe re-
sults in that the Raman spectra reveal an extra mode.

Ikezawa et al.16 reported similar results for PbSe QDs. We
have also found striking differences between Raman and
pump-probe spectra in CdTe0.68Se0.32. In particular, we find
that the frequency of a fully symmetric acoustic mode exhib-
its a strong dependence on the laser energy in the pump
probe, but not in the RS data. The time-domain observations
are ascribed to size selectivity within the distribution of dots,
an effect which, we believe, relies on double-resonant terms
which operate for pump-probe excitation but not for sponta-
neous RS. The observed size selectivity offers interesting
possibilities for partially removing effects due to inhomoge-
neous broadening.

II. EXPERIMENTAL

Our sample is a commercial 3-mm-thick RG780 filter
�Schott Glass Technologies, Inc.� made of semiconductor
nanocrystallites of CdTe0.68Se0.32 embedded in a borosilicate
matrix.3 Bulk CdTe1−xSex crystallizes in the zincblende
structure for x�0.36.17,18 The energy bandgap Eg versus
composition exhibits bowing. At x=0.32, Eg=1.4 eV. The
electronic and hole spatial confinement in the dots produces
a blue-shift of the gap, which can be determined by measur-
ing the sample transmission, shown in Fig. 1�a�. As in our
previous work on optical phonons,14 we use these results to
obtain the first excitonic transition, E1=1.68 eV, and the av-
erage radius of the sample, a=39 Å.

Bulk CdTe1−xSex shows two-mode phonon behavior lead-
ing to two, each, CdSe-like and CdTe-like longitudinal opti-
cal �LO� and transverse optical �TO� phonons. The frequen-
cies of these phonons vary with the alloy composition. For
x=0.32, these are, approximately, 190 cm−1 �LO� and
170 cm−1 �TO� for the CdSe-like, and 160 cm−1 �LO� and
140 cm−1 �TO� for the CdTe-like phonons.17 Additional
modes attributed to clustering or disorder have been reported
in bulk CdTe0.65Se0.35.

18

Time-domain experiments were performed using a mode-
locked Ti:sapphire laser �Tsunami, Spectra Physics�, operat-
ing at the repetition rate of 83 MHz, which emitted femto-
second pulses, tunable between 1.55 and 1.62 eV. This range
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covers the region of the main absorption edge of the sample;
see Fig. 1�a�. The average pump intensity was set at
2 kW/cm2 and the probe intensity was six times lower. The
polarizations of the pump and probe beams were perpendicu-
lar to each other to reduce the scattering of the pump into the
detector. Special care was taken in keeping the pulse width
nearly constant at about 45–50 fs. A detailed description of
the setup for pump-probe measurements can be found in
Ref. 14.

Raman measurements were performed with an XY Dilor
Spectrometer. We excited the sample with a continuous wave
home-made Ti:Sapphire laser, tunable between 1.53 and
1.72 eV, as well as with the 514 nm �2.41 eV� and 488 nm
�2.54 eV� lines of an Ar+ ion laser. To avoid sample heating,
the light was focused with a cylindrical lens.

III. RESULTS AND DISCUSSION

Figure 1�b� shows the normalized differential transmis-
sion �T /T �T is the total probe transmission� as a function of
the probe delay at the laser central energy Ec=1.587 eV. The
raw data show oscillations due to coherent phonons superim-
posed on an exponential background, arising from electronic
excitations. For clarity, this electronic contribution was re-
moved from the total signal. We fit our time domain data to
expressions of the form

�
k

Ak exp�− �kt�sin��kt + �k� �1�

using linear prediction �LP� methods.19 This procedure gives
as output not only the amplitude A, phase �, damping �, and
frequency � of each mode, but also the total number of
oscillators. Figure 1�b� shows an example of such a fit and,
separately, the individual contributions of the various modes.
Four modes can be distinguished; there are two LO modes at
197 and 162 cm−1, one confined longitudinal acoustic �LA�
mode at 24 cm−1 and a mixed TO-LO mode at 40 cm−1. In
this paper we concentrate only on acoustic modes. For a
detailed discussion on optical modes, see Ref. 14.

Figure 2 shows the Raman spectrum recorded at 2.54 eV
in a configuration where the incident and the scattered light
have the same polarization. The laser energy is well above
the main absorption edge. The single acoustic mode seen in

the time-domain measurements appears also in the Raman
spectrum, but there are two additional modes at �9 and
�15 cm−1. We assign the acoustic oscillations in Fig. 1�b�,
of frequency �24 cm−1, and the RS peak at 32 cm−1 �Fig. 2�
to the same confined acoustic phonon. The reason why the
frequencies in both sets of data are different is explained
below.

Following the work of Lamb20 from the late 1800’s, many
authors have calculated the low-frequency spectrum of nano-
crystallites, by approximating them as homogeneous elastic
spheres.6,21,22 In actual experiments, the assignment of
acoustic vibrations is always challenging and often unsup-
ported. Because of this, there is considerable confusion in the
literature as to the proper assignment of these modes. Matrix
properties, the value of the transverse and longitudinal sound
velocity in the nanocrystallites and material inhomogeneities
are some of the factors that determine the acoustic frequen-
cies and complicate the assignments. In a recent work, Saviot
et al.23,24 pointed out these difficulties, giving an extensive
comparison among different theoretical approaches, and
showing phonon shifts and the appearance of new modes due
to the matrix. On the other hand, Raman selection rules for
spherical particles are well established for excitation below

FIG. 1. �a� Transmission of the RG780 Schott
filter near the main absorption edge. �b� Coherent
phonons. The top trace shows the total differen-
tial transmission �T /T with the electronic back-
ground subtracted. The full circles are the experi-
mental points; the line is the LP fit. The lower
panel shows the individual phonon contributions,
which add up to the total signal. From top to
bottom, the frequencies of the modes are 197,
162, 140, and 24 cm−1. The arrow in �a� indicates
the laser central energy at which �b� was
obtained.

FIG. 2. Raman spectrum at room temperature using a 488 nm
�2.54 eV� excitation line from an Ar+ laser in the parallel configu-
ration. The inset shows the low frequency acousticlike modes.
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the gap,25 whereas forbidden acoustic as well as optical
modes are often observed in the absorptive region.26

Acoustic vibrations are grouped into two categories, sphe-
roidal and torsional. The latter involve only shear motions,
which are Raman inactive,7 while the former encompasses
both shear and stretching motions. The modes of a sphere are
characterized by the integer n �which labels the sequence of
eigenmodes in increasing order� and the spherical harmonic
integers l and m ��l�. The l=0 spheroidal mode is purely
radial and fully symmetric. It has been shown that the Raman
intensity for the so-called surface mode �n=0� is about ten
times higher than for the first overtone �n=1�.21 For trans-
parent substances, only the l=0 and l=2 spheroidal modes
are Raman active �however, see Ref. 21�.25

Independent of the boundary conditions, the acoustic pho-
non frequency is always proportional to the inverse radius22

�ln = Sln
v

2Rc
. �2�

Here �ln is given in cm−1, the radius R in cm, and v is the
sound velocity �longitudinal for l=0, transversal for l=2�
expressed in the same units as the speed of light c. Sl,n is a
coefficient that depends on the ratio of the sound velocities,
the choice of the boundary condition, the angular momentum
l and the harmonic number n �note that the frequency does
not depend on m�. As the speed of sound in CdTe1−xSex is
not known, we assume that vL /vT�2.3, as for CdSe and
CdTe.21 The coefficients Sln we used were gained from Ref.
22. For fixed surface boundary conditions, S00=1.43 and
S20=2.07. In the following, we label the acoustic modes ac-
cording to their frequency.

Figure 3 shows the frequency of the coherent acoustic
mode as a function of the laser excitation energy. Based on
the previous discussion, we assign this vibration to the fully
symmetric �00 confined mode. This assignment, and the fact
that the pump-probe traces show only a single acoustic
mode, is consistent with previous reports on acoustic phonon
generation in rocksalt PbTe,27 PbSe,16 and PbS,15 zincblende
InAs �Ref. 28� and wurzite CdSe.28 Notice that, for PbS, the
�20 mode appears in the spontaneous Raman spectra, but not
in the pump-probe traces.15 We further note that the differ-
ential transmission is given by29

�T � ��
	


R	
E	E
���
��

R��e�e�� , �3�

where R	
 is the Raman tensor, E is the pump field, and e is
the probe field. Hence, the standard pump-probe configura-
tion allows the detection of fully-symmetric modes. It is im-
portant to emphasize that the experiments reported so far
were all performed under resonant conditions where the
acoustic phonon signal is enhanced.

Figure 3 clearly shows size-selective excitation behavior
as the laser energy is moved across the absorption edge. The
selectivity manifests itself as a shift of the acoustic phonon
frequency. Higher laser energies resonantly excite smaller
dots inside the distribution and, consequently, higher acous-
tic frequencies are detected. As shown by Eq. �2�, the acous-
tic frequency is strongly dependent on the radius of the par-

ticle. This produces substantial changes in the traces even for
small changes of the laser excitation energy. Previous studies
reported similar size-selective excitation in spontaneous Ra-
man measurements on CdS8 and pump-probe measurements
in PbTe.27

Raman spectra were obtained in the same range of exci-
tation energies we used in the pump-probe measurements,
and also for excitation well above the lowest-lying exciton.
Figure 4 shows the low-frequency region of the Raman spec-
tra. In the off-resonance case we observe a single broad peak,
which we assign to the �20 mode. For nonresonant condi-
tions and cubic lattice QDs, Montagna et al. showed that the
l=2 mode is the only one that is Raman active.21 This is
consistent with our data. The intensity of the higher-
frequency mode at �32 cm−1 increases as the laser energy
moves into the resonant region. This is the �00 mode which
dominates the pump-probe traces. Although it is resonantly
enhanced, as in the time-domain data, the �00 Raman mode
does not exhibit the size-selectivity shown by the time-
domain experiments. Rather, its frequency seems to reflect
the average radius of the QD distribution. The mode at
�9 cm−1 which appears well above the band gap �see Fig. 2�
is assigned to the Raman-forbidden �10 vibration.

Tentatively, we attribute the different time vs frequency
domain behavior of the �00 mode to the fact that double-
resonant terms in the Raman matrix operate for pump-probe
excitation, but not for spontaneous RS. This can be seen as
follows. The most resonant term of the nonlinear polarizabil-
ity associated with �spontaneous� Raman processes is of the
form30

FIG. 3. Pump-probe results. �a� Acoustic frequency as a function
of the laser central energy. The frequency moves upward as the
laser selectively excites dots of smaller radii. Arrows indicate val-
ues corresponding to the four time-domain traces shown in �b�.
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P−�R

Raman �
E

�R − i	R − ��R − i	R −  + �R�
. �4�

Here E is the laser electric field of frequency , R �	R� is
the exciton frequency �lifetime� for a dot of radius R and �R
is the acoustic phonon frequency. Incoming and outgoing
resonances occur, respectively, when the energy of the inci-
dent and scattered photon coincide with the exciton energy
and, for a given dot, it is apparent that the resonance occurs
either in the incoming or outgoing channel but not in both.
Similarly, for impulsive-stimulated RS the expression for the
driving force F contains the resonant term30

F �
EE−�

*

�R − i	R − ��R + i	R −  + �R�
. �5�

Unlike spontaneous RS, however, both denominators in Eq.
�5� can simultaneously vanish to give a double resonance
since the spectrum of the laser pulse contains both incoming
and outgoing frequencies. The reason why CdS �Ref. 8� but
not CdTe0.68Se0.32 QDs exhibit size-selective RS excitation is
not understood at this time.

Summarizing our results, Fig. 5 shows the measured de-
pendence of the acoustic frequencies as a function of Ec.
Using expressions that relate the exciton energy to the QD
radius,31 the graph also shows the expected dependence on
the QD radius, assuming size-selective excitation. The lines
labeled �00 and �20 describe the radius dependence of the
corresponding acoustic frequencies for a homogeneous dis-
tribution of QDs. Stars represent the Raman frequencies ob-
tained with excitation well above the absorption edge. The
measured values agree with the calculated �00, �20, and �10
frequencies for a QD radius equal to the average radius of

the distribution. The �00 frequency determined in pump-
probe measurements varies in the expected manner with the
resonantly selected radius, but the agreement between ex-
periment and theory is rather poor. The �20 Raman mode
appears to follow better the theoretical predictions but, be-
cause the expected shift is rather small, it is difficult to assert
as to whether or not the observed shift is due only to size
selection.

Consistent with the size-selection interpretation, as shown
in Fig. 6, the �00 linewidth obtained in pump-probe in-
creases from 3 cm−1, at 1 /R�0.2, to 8 cm−1 for 1 /R
�0.22. Also shown in Fig. 6 are linewidths obtained from

FIG. 4. Raman spectra at 300 K for various laser excitation
energies. The low-frequency data show three different confined
acoustic phonons. The region delimited by the dotted �dashed� lines
defines the range of the �00 ��20� acoustic mode expected for size-
selective resonant excitation. The symmetric mode �00 at about
33 cm−1 is strongly resonant. The �20 mode is the only one seen in
the non-absorbing regime. The lowest frequency mode at about
9 cm−1 is assigned to the �11 mode and can only be seen for exci-
tation well above the band gap.

FIG. 5. Dependence of the acoustic frequencies on Ec and 1/R
�see text�. Full circles correspond to pump-probe and the other sym-
bols to RS measurements. Lines represent calculated values for a
homogeneous distribution of crystallites. The strong Ec dependence
exhibited by the �00 mode in pump-probe experiments is attributed
to size-selective excitation. RS measurements of the same mode
�triangles� cluster around a value corresponding to the average ra-
dius of the distribution.

FIG. 6. Dependence of the full width half maximum �FWHM�
on 1/R of the �00 mode, for both Raman and pump-probe
measurements.
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RS measurements which, in spite of the large error bars,
seem to be always greater than the pump-probe linewidths.
This fact supports the idea that the signal in pump-probe
experiments originates from a much narrower distribution of
QD sizes.

IV. CONCLUSIONS

Spontaneous RS measurements in CdTe0.68Se0.32 QDs re-
veal three acoustic-related peaks which were ascribed to the
�00, �20 and �10 modes. �00 is the only mode observed in
pump-probe experiments, in a geometry which favors the
detection of symmetric modes. The �00 mode exhibits size
selectivity in pump-probe but not in spontaneous Raman
measurements, even though the �00 cross section is strongly

enhanced at the gap �consistent with the fact that the associ-
ated Raman tensor is strictly zero for cubic lattices, this
mode is not observed below the gap�.21 The Raman signal is
very weak outside the resonant range complicating the as-
signment of the peak frequencies and shifts. The enhance-
ment of the pump-probe signal at the absorption edge is due
in part to the large variation of the absorption in that region
and also because of double-resonant behavior.
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