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We report the first direct measurements of femtosecond electronic dephasing in CdSe nanocrystals us-
ing three-pulse photon echoes and a novel mode-suppression technique. We are able to separate the dy-
namics of the coherently excited LO phonons from the underlying electron-hole dephasing by suppress-
ing the quantum beats. The homogeneous linewidth of these materials at 15 K results from electronic
dephasing in ~85 fs, approximately half of which is due to acoustic phonon modes. Contributions from
acoustic phonons dominate the homogeneous linewidth at room temperature.
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Semiconductor nanocrystals of a size comparable to or
smaller than the bulk exciton exhibit a number of novel
properties resulting from the three-dimensional quantum
confinement. In such systems, the quasicontinuum of
electronic states in the bulk is reduced to a series of
discrete electronic transitions. This change in the density
of states gives rise to large optical nonlinearities and a
blueshift of the excitonic absorption peak. Because of the
strong dependence of the band gap on size [1], even high-
ly monodisperse samples are substantially inhomogene-
ously broadened. In addition, the carrier dynamics of
these materials are strongly influenced by size. This is a
consequence of the confinement of the electron and hole
wave functions and of the influence of surface states and
phonon coupling, all of which are size dependent.

The electronic properties of CdSe nanocrystals have
been studied previously using a variety of techniques.
Resonance Raman measurements have been used to in-
vestigate electron-phonon coupling in these materials, and
have shown significant coupling to the dominant LO
phonon mode at 205 cm ~!' [2-4]. However, as a conse-
quence of the size quantization, this coupling is consider-
ably reduced relative to electron-LO phonon coupling in
bulk CdSe [5]. Photoluminescence excitation experi-
ments have also shown evidence of electron-phonon cou-
pling in the absorption spectra of individual CdSe clusters
[6]. Time-resolved luminescence measurements as well
as spectral hole burning on time scales of nanoseconds
[6,7]1 and hundreds of femtoseconds [6,8,9]1 have been
used to study carrier relaxation dynamics, including sur-
face trapping and dephasing. Pump-probe experiments
have shown clear evidence of spectral hole burning at low
temperatures [7] with hole widths of several hundred
wave numbers. However, such spectral holes include con-
tributions from both electronic dephasing and phonon
broadening. At room temperature these effects have pre-
vented the observation of spectral holes that are narrower
than the inhomogeneous distribution. Thus it is not pos-
sible to directly measure the various contributions to the
homogeneous linewidth using hole-burning techniques.

In this paper we demonstrate the use of photon echo
techniques to investigate the various processes which con-
tribute to electronic dephasing in quantum-confined sys-
tems. Experimental results show a strong modulation of
the optically excited polarization by coherent LO pho-
nons at 205 cm ~!. By using a novel three-pulse photon
echo technique to suppress the effects of these quantum
beats, we are able to clearly distinguish between electron-
ic dephasing due to dynamic processes and linewidth
broadening due to phonon line structure.

The laser system [10] consists of a colliding-pulse
mode-locked (CPM) laser with two multipass dye ampli-
fiers pumped at 400 Hz by a XeF excimer laser. Micro-
joule pulses from the first amplifier (50 fs, 620 nm) are
used to generate a white-light continuum in a jet of
ethylene glycol, and the blue-green (484~507 nm) por-
tion of the continuum is reamplified in the second amp-
lifier. A sequence of gratings and prisms are used to
directly compress the amplified continuum, resulting in
nearly transform-limited pulses of 15 fs duration.

The ~22 A diameter CdSe nanocrystals used in this
study are grown in solution using the inverse micelle
method and are capped with organic selenols [7]. Follow-
ing the growth process, the particles are annealed at
170°C, and the crystallinity and size distribution are
characterized by x-ray powder diffraction, transmission
electron microscopy, and linear optical absorption. The
variation in particle diameter (~10%) results in an inho-
mogeneous half-width of ~1100 cm ~!. The CdSe nano-
crystals are uniformly dispersed in a 300 um free-
standing polymer (PMMA) film. The linear absorption
spectrum at room temperature shows a distinct excitonic
(highest occupied and lowest unoccupied molecular orbit-
al) absorption peak at ~490 nm (optical density ~0.5),
which merges with an absorption continuum at shorter
wavelengths. The ~—23 nm bandwidth of the laser pulse
is centered on the excitonic absorption peak (at room
temperature) to avoid exciting carriers to the continuum
states. In all our experiments the excitation fluence is
~0.1 mJ/ecm? (much less than one photon per nanocrys-
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tal) and the detected echo signals exhibit the expected 7°
dependence on laser intensity. Based on the laser fluence
and sample absorption, we estimate that heating of the
nanocrystals by the optical pulses is negligible on the time
scale of our observations.

Our initial measurements of electronic dephasing in
these materials, using two-pulse photon echoes, exhibit
decay times (rcho) ranging from ~9 fs at 30 K to —~6 fs
at 235 K. The extremely rapid decay and the tempera-
ture dependence suggest that the polarization response
measured by the two-pulse echo is strongly modulated by
the vibrational modes of the system. This results in sig-
nificant deviation from the ideal behavior (techo=T72/4)
for an inhomogeneous two-level system.

The modulation of the polarization is confirmed by
three-pulse photon echo experiments in which we detect
the integrated echo intensity in the phase-matched direc-
tion (—k|+k,+k3) as a function of the delay between
the first and second pulse (z3) or as a function of the de-
lay between the first and third pulse (7(3). Since the ar-
rival of the third pulse determines when the echo is
formed, it is possible to generate the echo at a specific
phase of the quantum beat by adjusting ;3. In particu-
lar, if the third pulse is delayed by exactly one vibrational
period, then the nuclei have returned to their original po-
sitions and the quantum-beat modulation of the echo is
suppressed. In contrast, if the arrival of the third pulse is
out of phase with the vibrational period, then the nuclei
are maximally displaced and the echo decay is strongly
modulated by the quantum beat.

Our results represent the first demonstration of
quantum-beat suppression using femtosecond photon
echoes, though it was initially described as a means for
suppressing modulations due to superhyperfine splitting in
electron-spin-echo experiments [11]. For an inhomogene-
ously broadened system, with a single harmonic mode at
a frequency o, the stimulated echo signal (at absolute
zero) in the — k| +k,+ k3 direction is given by [12,13]

S(tlz,t|3)~exp[—4A2(l —coswt ) (1 —coswt 3)]
xexpl—4112/T,l,

where T, is the electronic dephasing time and A is the
electron-phonon coupling parameter (dimensionless nu-
clear displacement). The modulation of the echo re-
sponse corresponds to the harmonic displacement of the
nuclei, §x ~All —cos(wt)], where 6x =0 refers to the
equilibrium position in the ground state (i.e., prior to ex-
citation). Clearly, the quantum-beat modulation of the
echo is strongest for 713 =nr/w (§x =max) and the modu-
lation is completely suppressed for 73 =2x/w(5x =0).
Figure 1 shows the predicted three-pulse photon echo
response (—k+k,+ k3 direction) in the presence of
quantum beats, as a function of the delay between the
first and second pulse (¢,2) and between the first and
third pulse (z13). This illustrative calculation includes a
dephasing time of 80 fs, as well as the (damped) vibra-
tional dynamics of the 205 cm ! LO phonon mode. The
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FIG. 1. Calculated three-pulse photon echo signal in the
presence of a 200 cm ~' phonon mode as a function of delay be-
tween pulse one and two (7,2) and between pulse one and three
(r13). Solid lines 4, B, and C correspond to t12=50 fs, 13=170
fs, and r13=250 fs. Solid line D corresponds to the two-pulse
echo in which 112=13.

solid line A4 represents the expected echo response for a
fixed delay of the second pulse (7, =50 fs) as a function
of the third pulse delay. The oscillations in 4 result from
the vibrational coherence of the LO phonon mode.

The experimental result corresponding to the predic-
tion of Fig. 1, line A is shown in Fig. 2. In this measure-
ment of the echo signal as a function of ¢35 (with #,,=33
fs), we observe oscillations resulting from the coherent vi-
brational excitation, and the measured period is con-
sistent with the 205 cm ~' LO phonon mode. In addition,
we observe that the phonon oscillations are damped on a
time scale of 1 ps. This damping is likely due to the de-
cay of optic phonons into acoustic phonons, and is in good
agreement with the ~15 cm ~' Raman linewidth mea-
sured by Alivisatos et al. [2]. These data represent the
first time-domain observation of coherent phonons in
semiconductor nanocrystals and provide important infor-
mation about vibrational dynamics in these materials.

diffracted signal
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FIG. 2. Three-pulse photon echo (22 A particles, 15 K) as a

function of 713 with 7;2=33 fs. Dashed line is a theoretical fit
with one phonon mode (=205 cm ™!, A=0.7, T4amp=0.7 ps),
and T,=8S5 fs.
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In order to directly investigate the electronic dephas-
ing, we can use the results of Fig. 2 to determine the op-
timal delay for the third pulse. By positioning the third
pulse at exactly one LO phonon period (¢;3=2n/w) and
scanning the delay of pulse two (z,,) the effects of the vi-
brational dynamics can be effectively suppressed (Fig. 1,
curve B). Conversely, if the third pulse is positioned out
of phase with the LO phonon (¢,3=37/w), then the echo
decay will be strongly modulated by the quantum beat
(Fig. 1, curve C). The corresponding experimental mea-
surements are shown in Fig. 3. With the third pulse in
the 2r position (z;3=163 fs) we measure an echo decay
time of ~20 fs. With the third pulse in the 37 position
(113=245 fs), the echo decay is strongly modulated by
the quantum beat, and we measure a much faster echo
decay (~9 fs). Finally, with the third pulse in the 47 po-
sition (z,3=326 fs), the quantum-beat modulation is
again suppressed and the echo decay becomes longer.
Note that the optical suppression of the vibrational dy-
namics is less effective at successively longer delays of the
third pulse (wt,3=4r,6n,8x,...). This is a result of the
vibrational damping (Fig. 2) which is an additional con-
tribution to the electronic dephasing that can be sup-
pressed only for 13K T gamp.

The dashed lines in Figs. 2 and 3 are calculations based
on a theoretical model which accounts for both the elec-
tronic and vibrational dynamics of the system. The elec-
tronic dynamics are described as a two-level system using
a standard density-matrix formalism to calculate the
third-order polarization response. The vibrational dy-
namics of the LO phonon mode are described by offset
harmonic potentials in the ground and excited states,
where A is the dimensionless displacement. This descrip-
tion is incorporated into the density matrix using a semi-
classical formalism, with a frictional term to account for
the vibrational damping [13]. The calculation includes

slope = 20 fs

In echo signal
|
[N

T T T T T T T T

-10 10 30 50 70 90 110
t,, delay (fs)

FIG. 3. Three-pulse echo (22 A particles, 15 K) as a func-
tion of ¢, with the third pulse in phase (t13=27/w,t13=4n/w),
and out of phase (7113=37n/w), with the quantum beat (163 fs
period). Dashed lines are theoretical fits with one phonon mode
(w=205cm !, A=0.7, Tdamp=0.7 ps), and T>=85 fs.
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one damped vibrational mode (@ =205 cm ™', A=0.7,
T damp=0.7 ps), consistent with Raman measurements
[2], as well as realistic laser pulse parameters and finite
inhomogeneous broadening. We also assume an electron-
ic dephasing time T, of 85 fs and a lifetime (T') scaling
to describe the partial recovery (~150 fs time constant)
of the absorption saturation which we observe in pump-
probe measurements. With these parameters we obtain
remarkably good fits to the data shown in Fig. 2, includ-
ing the period, amplitude, and vibrational damping of the
oscillations. The same parameters also give a good fit to
the results in Fig. 3 including the variation of the echo
decay times for wt3=2m, 3x, and 4x. Note that the
~20 fs echo decay for the 13 =2n/w data in Fig. 3 is ap-
proximately T,/4 (T,=385 fs). The discrepancy is the re-
sult of the vibrational damping which contributes a small
component to the electronic dephasing even at 1,3 =27/w,
and has an increasing effect for longer third pulse delays.

These results provide a good picture of the dynamic
evolution of electron-hole coherence in the CdSe nano-
crystals. We have identified two processes which modu-
late the polarization in very different ways. First, the
measurements of Fig. 3 indicate a polarization dephasing
time (7,) of ~85 fs. Second, significant electronic cou-
pling to the LO phonon mode at 205 cm ~' results in a
periodic modulation of the polarization. This damped
quantum beat is clearly observed in the three-pulse echo
data of Fig. 2. The rapid echo decay observed in the
two-pulse echo measurements (71, =t,3, curve D in Fig.
1) results from the simultaneous effects of both processes.

We can obtain some insight into the nature of the fun-
damental polarization dephasing by suppressing the
quantum-beat modulation, and investigating the tempera-
ture dependence of the echo decay. As shown in Fig. 4,
the decay rate scales roughly linearly with temperature
from ~0.047 fs~' at 15 K to ~0.16 fs~' at 240 K.
This rather strong temperature dependence cannot be ac-
counted for by the increasing LO phonon population.
This fact is illustrated by the dashed line in Fig. 4, which
shows the temperature dependence predicted by the same
model and parameters used in Figs. 2 and 3. The weak
temperature dependence predicted by this model is easily
understood, since the effects of the LO phonon mode have
been largely suppressed by the position of the third pulse.
In addition, since the phonon energy is 25 meV, thermal
population of higher vibrational levels in the ground state
is not significant in this temperature range.

The linear temperature dependence shown in Fig. 4
strongly suggests that this component of the dephasing
rate is the result of coupling to low-frequency acoustic
phonons. Such coupling is significantly enhanced in
nanocrystals relative to bulk CdSe due to the quantum
confinement [5,14]. The numerous compression and ex-
pansion modes of each nanocrystal effectively modulate
the band gap thereby contributing to the polarization de-
phasing. By approximating the quasicontinuum of acous-
tic modes by a single mode (following [71), we can accu-
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FIG. 4. Temperature dependence of the echo decay rate (22
A particles) with ¢;3=2n/w for suppression of the quantum
beat. Dashed line is the temperature dependence predicted us-
ing the fit parameters from Figs. 2 and 3. Solid line is a
theoretical fit using the parameters from Figs. 2 and 3 with one
additional mode (50 cm ™', A=1.35) to approximate the cou-
pling to the continuum of acoustic phonons.

rately predict the temperature dependence of the dephas-
ing (Fig. 4, solid line) using the theoretical model de-
scribed previously. Typical parameters of Aw =50 cm ~!
and A=1.35 have been used although comparable fits are
obtained by using Aw=25 cm ™! with A=3.5, or Aw
=75 cm ~! with A=0.85. The particular values of these
parameters are not significant, because they are an ap-
proximate description of a “heat bath” (i.e., a distribu-
tion of modes and coupling parameters). In addition to
the linear temperature dependence of the echo decay rate,
there is also an offset (~0.024 fs ~!) corresponding to a
temperature-independent component of the dephasing.
Thus the polarization dephasing rate, (4T echo) ~ ", may
be described by (73) 7' =(74coustic) ~ '+ (10) 7!, where
Tacoustic has a linear temperature dependence (for kgT
> hw) and represents the component of the electronic
dephasing resulting from acoustic phonon coupling. 79
represents the temperature independent contribution to
the electronic dephasing which may result from surface
trapping or other defect scattering processes. This com-
ponent (t¢9= 170 fs) is entirely consistent with the time
constant of the partial recovery (change of state) which
we observe in pump-probe measurements. The tempera-
ture dependence of the echo decay suggests that coupling
to acoustic phonons is a major contributor to the electron-
ic dephasing at room temperature. Even at low tempera-
tures, coupling to acoustic phonons accounts for roughly
half of the dephasing rate (79== T,coustic at 15 K). Our
results do not discount the possibility that processes such
as phonon-assisted surface trapping [15] may contribute
to the temperature dependence of the dephasing.

In summary, using three-pulse photon echo techniques,
we have observed in 22 A CdSe nanocrystals a coherent
phonon mode at 205 ¢cm ~' which is damped on a pi-
cosecond time scale. This vibrational mode gives rise to
quantum beats which strongly modulate the electron-hole
polarization and mask the underlying dephasing dynam-
ics. The effects of this quantum beat are suppressed by

appropriate positioning of the third pulse, enabling us to
directly probe the fundamental dephasing processes. Our
results indicate that the polarization dephasing occurs on
a time scale of —85 fs at 15 K, and is roughly linearly
dependent on temperature, with a dephasing time of only
~25 fs at 240 K. The temperature dependence of the
dephasing is consistent with enhanced coupling to a mul-
titude of acoustic modes which is expected to occur in
such quantum-confined systems [5,14]. This interpreta-
tion leads to the conclusion that nearly all of the dephas-
ing (i.e., nearly all of the homogeneous linewidth) in
CdSe nanocrystals at room temperature is the result of
acoustic phonon coupling. Even at low temperatures (15
K), acoustic phonon coupling accounts for roughly half of
the homogeneous linewidth. The remainder of the de-
phasing (—~170 fs) may be due to surface trapping, de-
fect scattering, or other processes. Additional studies on
particles of different sizes and surface passivations should
allow us to determine the nature of this temperature-
independent contribution to the dephasing.
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