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Coherent optical and acoustic phonons are observed in strongly confined CdSe quantum dots using excitonic
state-resolved femtosecond pump/probe experiments. These state-resolved time-domain experiments yield the
size dependent exciton-phonon couplings for both modes as well as the excitonic state dependent couplings.
The size dependences are weak in this regime, but the state dependence is large for the optical phonons via the
Frohlich interaction. The state dependent coupling to optical phonons suggests that the exciton becomes less
polar for higher states. The time-domain data are compared to frequency-domain resonance Raman data. The
differences between the various experimental results are discussed in terms of intrinsic versus extrinsic cou-
pling and quantified in terms of the state dependent exciton-phonon couplings.
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I. INTRODUCTION

Semiconductor quantum dots have been under intense in-
vestigation as a key to understanding the physics of exciton
confinement, as well as for holding promise in optoelectronic
applications.!* One of the longest-standing problems in
quantum dot physics is the effect of quantum confinement on
the strength of exciton-phonon coupling, a topic that has re-
ceived considerable experimental’>?! and theoretical?*-??-28
attention. The strength of exciton-phonon coupling bears rel-
evance to several fundamental issues of nanoscale physics:
exciton relaxation dynamics, homogeneous linewidths, and
electronic structure.

Optical excitation of quantum dot may result in a hot
exciton, in which the electron and/or hole may have excess
electronic energy.>*?*30 An early theory suggests that emis-
sion by phonons should control the rate of carrier relaxation,
thereby yielding a phonon bottleneck for quantized
structures.*2%-31-33 However, later theoretical and experimen-
tal works have suggested the presence of additional relax-
ation channels which would bypass the phonon
bottleneck.*2%30:34-38 The subtleties in the material param-
eters and host media of the quantum dot may result in dif-
ferent relaxation pathways and rates, the differences among
which can be reconciled by a multichannel picture of exciton
relaxation dynamics.>® Nonetheless, the strength of exciton-
phonon coupling is relevant to one of the manifold of path-
ways by which an exciton in a quantum dot may relax.

Exciton-phonon coupling also bears relevance to the
implementation of quantum dots as nonlinear optical
materials.>08-10.2326 For example, the homogeneous line-
width is a key parameter in such materials. The strength of
coupling to phonons in part determines the homogeneous
linewidth. Similarly, coupling to phonons may play a role in
the resonant Stokes shift between absorption and emission in
quantum dots. The earliest theories on the origin of the
Stokes shift suggest that it arises due to surface states and/or
phonon progressions.** The most commonly accepted expla-
nation for the Stokes shift now is that it is due to exciton fine
structure.**! However, more recent experiments have sug-
gested that both fine structure and coupling to acoustic
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phonons play a role in the observed Stokes shift.!”

A final point of impact is on electronic structure theory.
For example, knowledge of the wave functions in a quantum
dot enables one to compute the exciton-phonon coupling
strength. However, such calculations do not necessarily agree
with each other in qualitative structure.>®!?2-28 For ex-
ample, there is large variance in the computed exciton-
phonon coupling strength to optical and acoustic modes. This
variance suggests that the appropriate wave functions do not
necessarily agree with each other. On a more qualitative
level, calculations done under the effective mass k-p
approach®#042-4 do not yield the same states and ordering of
states as those of an atomistic approach.34-48 The ability to
measure the exciton-phonon coupling strength may offer ex-
perimental tests of electronic structure theory.

An understanding of the effect of quantum confinement
on exciton-phonon couplings will advance the fundamental
physics of nanoscale semiconductors as well as provide nec-
essary input to guide materials development for the use of
quantum dots as optical materials. Here, we report on size
dependent and excitonic state—resolved exciton-phonon cou-
pling in strongly confined colloidal CdSe quantum dots.
Femtosecond pump/probe experiments are performed with
sufficient time resolution, frequency resolution, and sensitiv-
ity to observe coherent optical and acoustic phonons in
strongly confined CdSe quantum dots a measure of excitonic
state—resolved coupling of optical phonons via the Frohlich
interaction and acoustic phonons via the deformation poten-
tial. Size dependent experiments were performed with pump-
ing into the band-edge exciton, which was chosen since it
yields the strongest optical and acoustic oscillations. These
experiments suggest that the size dependence of the coupling
is weak. These time-domain experiments were compared to
frequency-domain experiments by analysis of the resonance
Raman data. The resonance Raman data (consistent with
prior works) yield a much larger optical coupling and no
measurable acoustic coupling. The difference between the
state-resolved time-domain experiments and the continuous-
wave (CW) frequency-domain experiment are reconciled
based upon different states being probed in each case.
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II. BACKGROUND
Despite several experimental>?>4° and theoretical
works,?%?2-28 there is presently no consensus as to whether

quantum confinement enhances or suppresses the coupling to
the relevant optical and acoustic modes. In particular, there
are three issues regarding the role of quantum confinement
on exciton-phonon coupling in quantum dots: (1) the func-
tional form of the size dependence of the coupling, (2) the
absolute value of the size dependence of the coupling, and
(3) the excitonic state dependence of the coupling. These
issues were addressed by many experimental approaches, but
the differences in the results remain unresolved.

The optical modes are coupled via the Frohlich interaction
and the acoustic modes via the deformation and piezoelectric
potential in II-VI quantum dots such as CdSe.3-20:22-%7
Theory has predicted either enhancement or suppression of
either for both modes, demonstrating the need for experi-
mental determination of the coupling to both modes. Finally,
there is a theoretical work which addresses the excitonic
state dependence of the coupling strengths,?* but, to the best
of our knowledge, there is no corresponding experimental
work. Since quantum dots are characterized by a resolvable
eigenstate spectrum,>#%4? the state dependent couplings are
as relevant to the underlying physics as the more commonly
discussed size dependence.

The experimental results have been equally divergent.
Many early experiments in quantum dots used CW spectros-
copy such as resonance Raman.!!"1>1623 The Raman experi-
ments in CdSe and other quantum dots suggested extremely
large coupling to optical phonons and generally were not
able to measure any acoustic modes (except in PbS). Other
CW experiments included fluorescence line narrowing**->
and single dot photoluminescence (PL) experiments.>!4%1:52
These experiments also suggested that the optical modes are
strongly coupled and the acoustic modes are negligible. One
of the more striking observations of the single dot PL experi-
ments was that the coupling strength for a single dot varies
by ~20 times during the experiment.”! Finally, very recent
single dot PL experiments did observe the confined acoustic
modes in strongly confined CdSe quantum dots.!”-184°

Prior arguments by Wise,? Krauss and Wise,® and Efros™
suggested that the CW experiments do not measure the in-
trinsic exciton-phonon coupling. They argued that the CW
experiments measure the coupling of a quantum dot with
trapped charges. These trapped charges build up over the
course of the experiment, thereby yielding a more polar
quantum dot. This polarized quantum dot would have stron-
ger coupling to optical modes via the polar Frohlich interac-
tion but would not affect the deformation potential, which is
nonelectromagnetic in nature. To circumvent this problem of
charging, Wise® and Krauss and Wise® argued that the intrin-
sic exciton-phonon coupling should be measured in the fem-
tosecond time domain, prior to the trapping of charges at the
surface.

The femtosecond experiments have not fulfilled this
promise, being equally divergent in their observations. Early
photon echo experiments on CdSe quantum dots observed
optical phonons but not acoustic modes.'? More recent echo
peak shift experiments also observed the optical but not the
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acoustic modes.®? In contrast, echo and pump/probe experi-
ments on PbS quantum dots observed strong coupling to the
acoustic modes and extremely weak coupling to the optical
modes.> Finally, pump/probe experiments on CdSe quan-
tum dots observed coherent acoustic phonons but no optical
phonons.'3!* For the purpose of focusing on one material,
the canonical strongly confined CdSe quantum dot, the fem-
tosecond experiments have observed either coherent optical
or acoustic phonons—but never both. The large variance in
the experimental results suggests that there are experimental
issues that have to be resolved in order for experiment to
provide a clearer test of theory on exciton-phonon interac-
tions in semiconductor quantum dots.

III. EXPERIMENT

Samples of colloidal CdSe quantum dots passivated with
organic ligands, hexadecylamine (HDA) and trioctylphos-
phine oxide (TOPO), were used as received (NN Laborato-
ries). The quantum dots have their band-edge exciton at 619/
590/540 nm with corresponding radii of 2.7/1.9/1.6 nm,
respectively, estimated from published sizing curves.* The
linear absorption measurements were performed on a Varian
Cary 300 UV-visible spectrometer.

The time-resolved measurements were performed using a
regeneratively amplified Ti:sapphire laser system (800 nm,
60-70 fs, 1 kHz, and 2.5 mJ; Coherent) in the transmission
pump-probe geometry. The probe pulse was derived from a
single filament white light continuum generated in a 2 mm
sapphire crystal. The pump pulses were derived from optical
parametric amplifiers (OPAs). The pump and probe pulses
were compressed using a pair of fused-silica prism compres-
sors. The instrumental response function (IRF) was main-
tained at ~70 fs full width at half maximum (FWHM) over
all wavelength combinations. The pump pulses were gener-
ally of ~45 fs FWHM in duration and were transform lim-
ited unless otherwise specified. Experiments were performed
at two pump wavelengths simultaneously, by alternatively
chopping each of the pumps such that the pumps appear in
the sequence of pump 1, no pump, pump 2.30343555 Tran-
sients were collected at 333 Hz, corresponding to pump-
probe experiments at two different pump wavelengths. Pump
normalization was done to nullify the effect of random pump
noise. Spot sizes of pump and probe beams were 300 and
50 um, respectively. Crossing angles of pump and probe
beams at the position of sample were 5°.

The CdSe quantum dots were dispersed in toluene and
circulated through a 1 mm path length quartz flow cell at 295
K. The mean occupancy (N) was obtained by measuring the
bleaching saturation curves using published methods.>??¢
The pump fluence was set to maintain the same exciton oc-
cupancy, (N)=0.5, to avoid saturation effects. Under these
subsingle exciton conditions, the fractional bleach was ~0.3.
The transients probed at the band edge were normalized. The
transients with rising edge probe were scaled to the band-
edge signal for each pump wavelength. The absorbance of
the sample was between 130 and 250 milli-optical density
units (mOD). The AOD/OD was about 0.3 at the band-edge
exciton. The noise levels were ~0.03 mOD. The step size
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FIG. 1. Simultaneous observation of coherent optical and acous-
tic phonons in a CdSe quantum dot (R=2.7 nm). (a) A femtosecond
pump/probe transient. The inset shows the pump bandwidth relative
to the optical-phonon energy. (b) Residual oscillations from the sub-
traction of the data from the fit. (c) The FFT of the residuals and the
fit of the residuals, showing the two coupled modes.

was 10 fs and averaged over 20 sweeps to ensure good
signal-to-noise ratio.

Raman measurements were performed using a Renishaw
inVia spectrometer equipped with a charge-coupled device
detector, a 2400 lines/mm diffraction grating, and a holo-
graphic notch filter. The Raman spectra were excited using
514.5 nm argon laser line (Spectra-Physics) with a typical
laser power of 1.25 mW. The Raman spectrometer was cali-
brated prior to each measurement by exciting a silicon
sample placed under the microscope and performing an au-
tomatici‘ offset correction. The wave-number resolution was
1 cm™.

IV. RESULTS

A. Simultaneous observation of coherent optical and acoustic
phonons in strongly confined CdSe quantum dots

Any effort to quantify exciton-phonon coupling should
preferably detect both the optical and acoustic modes. Figure
1 shows a femtosecond pump/probe transient of CdSe quan-
tum dots in toluene solution. The transient in Fig. 1(a) shows
an IRF limited bleach which recovers on a 10-100 ps time
scale. The pump pulse is resonant with the band-edge
15,-1S5, exciton and has a bandwidth of ~500 cm™' (inset).
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The probe pulse is tuned on the rising edge of the band-edge
exciton, where the derivative of the absorption spectrum is
largest.

Provided that the pump pulse has sufficient coherent
bandwidth (alternatively, time duration), coherent phonons
will be excited. The coherent phonons may then modulate
the level structure, thereby yielding a dynamic spectrum. In
general, vibrational modulations of pump/probe transients
are most prominent where the slope in the absorption spec-
trum is large;>’° hence the probe spectrum was tuned to
such a point. Following standard practice in quantum beat
analysis of pump/probe experiments, the pump/probe tran-
sient was fitted to a model function consisting of a sum of
exponentials convolved with the instrument response
function.®>® In this manner, the nonoscillatory electronic
(more precisely, excitonic) contribution to the pump/probe
signal is subtracted out. The residual difference between the
data and the fits yield the oscillatory contributions to the
transients [Fig. 1(b)].

The Fourier transform of the residual oscillations yields
peaks at 208.4 and 18.4 cm™!, with linewidths of 6.5 and
6.3 cm™!, respectively [Fig. 1(c)]. The peak at 208 cm™!
corresponds to the well known, longitudinal-optical (LO)
phonon 31101 The peak at 18 ¢cm™' corresponds to confined
longitudinal-acoustic (LA) phonons initially observed in the
time-domain experiments>®!314 and recently observed in the
frequency-domain experiments.'”!8

Quantum size effects are known to yield confined acoustic
phonons, with a discrete  spectrum.®'32627  Prior
time-domain®>%!31% and frequency-domain!”-'® works have
observed individual confined acoustic modes in quantum
dots. In particular, the experiments which most cleanly re-
solve the acoustic modes see only one breathing mode.%!8
While there may be other acoustic modes in the experimental
fast Fourier transform (FFT) spectra (particularly at low fre-
quency), we are able to resolve only one clear acoustic mode,
which will be the point of discussion for acoustic phonons.
For both LO and LA modes, the data are well fit by expo-
nential decay of the amplitude of the coherence. The time
constants are ~5 ps. The FFT of the fit well matches the
experimental power spectrum.

Prior time-domain experiments in the canonical strongly
confined CdSe quantum dots have observed either coherent
optical phonons or coherent acoustic phonons but never
both 8-1013.14 Similar experiments in PbS quantum dots have
observed clear acoustic phonons and extremely weak optical
phonons.® The frequency-domain experiments such as reso-
nance Raman, hole burning, or single dot PL generally ob-
serve the LO modes. However, two recent CW experiments
were able to observe confined acoustic modes for the first
time.!7!8 Here, we see clear evidence that both modes are
coupled to this band-edge excitonic state, directly in the time
domain.

B. Coherent phonons with excitonic state selectivity

All prior works which reported on coherent phonons in
strongly confined quantum dots had pump pulses under one
of two resonance conditions: pumping directly into the band-
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edge exciton®®-10 or excitation at 400 nm (3.1 eV).!>!* The
experiments on CdSe quantum dots which observed the LO
modes employed the photon echo approach with band-edge
excitation. However, no acoustic modes were observed in
CdSe quantum dots. In contrast, pump/probe experiments
with 400 nm pump yielded observation of only an acoustic
mode.

Our recent work on state-resolved exciton dynamics
showed that the initial excitonic state can have a strong in-
fluence on the pump/probe signals.’*3*33 In particular, the
bleaching signals in the transient spectroscopy of quantum
dots is well known to arise from state filling.>2%-30:34.33.56.62 Ty
contrast, the induced absorptions (in the visible regime) in
the transient spectra are known to arise from level shiftings
related to biexciton formation.22%-30-3435.56.62-64 Jpon pump-
ing into specific initial excitonic states, the bleaching and
induced absorptions can show marked variations due to the
initial excitons populated by the pump pulse.’®3*35 This
state-resolved approach has yielded state-to-state exciton re-
laxation dynamics and has suggested state-resolved studies
of biexcitons. These prior state-resolved experiments focus
only on the electronic (excitonic) contribution to the pump/
probe signal.

These experiments suggest a similar approach in order to
probe coherent phonons and exciton-phonon coupling with
this initial state specificity. Figure 2 shows the state-resolved
data on coherent phonons in one size of quantum dot. The
pump pulses are tuned to each of the four lowest transitions
[Fig. 2(a)]. Only two of the four data sets are shown for the
sake of clarity. The description of the excitonic states were
taken from prior works.»*04243 The probe pulse was tuned
on the leading edge of the band-edge absorption to maximize
the amplitude of the oscillatory portion of the signals.

The pump/probe data for two initial excitonic states are
shown in Fig. 2(b). The transient with pumping into the
15,-185, state shows an IRF limited bleach followed by
slow recovery.3%3*3 In contrast, the transient with pumping
into the 1P,-1P5, state has an induced absorption which
decays on multiple time scales.3%3435 The differences be-
tween these signals have been previously discussed at length
elsewhere33*35 and will not be discussed in detail here. In
simple terms, the nonoscillatory portions of the signal reflect
the electronic (excitonic) contributions to the transient spec-
tra via state filling and level shifting 229-30.34.35.56.62-64 e
have previously provided a preliminary report on the state
dependence of this electronic portion of the pump/probe
signal®> and will discuss it in detail elsewhere.®> Here, we
focus on the oscillatory portion of the signal, and its depen-
dence on initial excitonic state.

Subtraction of a model function from these transients re-
veals the oscillatory residuals [Fig. 2(c)]. In both cases the
optical and acoustic modes are visible. While the amplitude
of the LA oscillations does not change much, the amplitude
of the LO oscillations drops dramatically for higher-energy
states. In all cases, the time duration of the pump pulse was
nearly the same (40 =5 fs), with similar signal-to-noise ra-
tio. The experiments were done with the same number of
absorbed photons and were furthermore done simultaneously
in order to minimize experimental and sample variance. The
FFT spectra similarly show the state dependence of the two
modes [Fig. 2(d)].
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FIG. 2. (Color online) State-resolved coherent optical and
acoustic phonons in CdSe quantum dots (R=2.7 nm). (a) Linear
absorption spectrum, pump spectra (filled), and probe spectrum
(line). (b) Femtosecond pump/probe transient corresponding to the
pump spectra in (a). (c) Residual oscillations and fits (gray). (d) The
FFTs of the residuals and the fits of the residuals (gray).

The strong excitonic state dependence of the oscillation
amplitude suggests an explanation for the discrepancy be-
tween femtosecond experiments. The experiments with
band-edge excitation show the LO modes, while the experi-
ments with excitation into higher-lying states at 3.1 eV did
not display the LO modes. Our state-resolved results suggest
that this discrepancy may be intrinsic to the quantum dot
itself, rather than to differences in time-domain experiments.
An explanation for the absence of LA modes in the photon
echo experiments with band-edge excitation is not obvious,
however.

C. Size dependence of coupling to the band-edge exciton

This excitonic state-resolved experiment on one size of
quantum dot immediately suggests a choice in initial exci-
tonic state for size dependent investigations. The 1S,-1S5),
band-edge exciton has the strongest amplitude for both LO
and LA modes. As such, it offers the cleanest window into
the size dependence of the coupling to both modes.

Figure 3 shows the size dependence of the coherent
phonons under conditions of band-edge pumping. In all
cases, the probe spectrum was tuned to the identical point in
the linear absorption spectrum—the point of maximum slope
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FIG. 3. (Color online) Size dependence of coherent optical and
acoustic phonons in CdSe quantum dots with band-edge pumping.
(a) Linear absorption spectra and probe spectra. The arrows corre-
spond to the pump position. (b) Femtosecond pump/probe transients
corresponding to the three sizes of quantum dots. (c) Residual os-
cillations. (d) The FFTs of the residuals.

which maximizes the observed oscillation amplitude. Figure
3(b) shows the pump/probe data for three sizes. In all cases,
there is an IRF limited bleach which decays on multiple time
scales. This behavior has been previously discussed by us
and will not be discussed in detail here.3*343 In this spectral
region, the excitonic portion of the signal has contributions
from both state filling (bleaching) and biexciton induced
level shifting (induced absorptions).22-30-3435,36.62-64 The
differences in the envelope of the transients here reflect dif-
ferences in the extent of the level shiftings due to biexciton
interactions. This point was discussed for one size of particle
in our prior work® and will be discussed in detail
elsewhere.®® Broadly, the envelope of the transients corre-
sponds to the electronic (excitonic) contributions to the sig-
nal, whereas the oscillatory portions correspond to the pho-
non contributions.
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Here, we focus only on the oscillations reflecting the pho-
non dynamics. Figure 3(c) shows the residual oscillations
and Fig. 3(d) shows the FFT spectra. The LO-mode ampli-
tude shows some size dependence, whereas the frequency
does not. The LA mode shows both size dependent oscilla-
tion amplitude and oscillation frequency.

The FFT spectra in the region of the LA modes suggest
that there may be more than one mode present. Indeed, cal-
culations have suggested that there should be a spectrum of
confined acoustic-phonon modes.®?¢ In contrast, recent ex-
periments on CdSe quantum dots have observed only one or
two observable acoustic modes.!3!417:18 Here, we see clear
evidence of one acoustic mode and some evidence that a
lower-frequency mode may also exist. The lower-frequency
acoustic mode is very sensitive to fitting and low-frequency
noise, so we will not discuss it further. We focus the remain-
ing discussion of the acoustic modes on the strongest mode
that we consistently see with the same position and ampli-
tude in all experiments.

D. Coherent phonon frequency modulates the dynamic
absorption spectrum

We further investigate the effect of the coherent phonons
on the pump/probe signal by varying the probe wavelength.
The presence of coherent nuclear motion may modulate the
linear absorption spectrum resulting in a dynamic absorption
spectrum. Most commonly, one considers that the vibrational
wave packet (coherent phonon) modulates the level structure
via exciton-phonon coupling.>’86667 In this manner, the os-
cillating level structure would appear as a frequency modu-
lated (FM) dynamic spectrum [Fig. 4(a)]. However, recent
experiments have suggested that nuclear wave packets can
also modulate the transition moment via non-Condon
effects.’*%3%% In this manner, the oscillating transition mo-
ment would appear as an amplitude modulation (AM) of the
dynamic spectrum [Fig. 4(b)]. In both cases, a pump/probe
transient recorded at a single probe wavelength would yield
oscillations. However, transients recorded at two probe
wavelengths would show differences based upon the mecha-
nism behind the modulations.

In the case of amplitude modulation, all probe wave-
lengths would show oscillations in phase. In contrast, fre-
quency modulation would show phase shifts based upon the
probed regions. For example, oscillations probed at the red
and blue edges of a band would be out of phase by 7. The
phase shifts in the oscillations based upon probe wavelengths
can yield assignment of frequency versus amplitude modula-
tion.

Figure 4(c) shows the linear absorption spectrum and the
two probe spectra used to further analyze the oscillations.
The probe spectra are tuned to the rising edge and the peak
of the band-edge exciton. The trailing edge of this band is
not useful since it immediately rises into the next band. Fig-
ure 4(d) shows that the oscillations corresponding to these
probe spectra are out of phase by precisely the amount (7/2)
expected for pure frequency modulation, within the experi-
mental uncertainty. The phase uncertainty is given by the
timing uncertainty of *10 fs, corresponding to /8 in the
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FIG. 4. (Color online) Probe wavelength dependence of oscilla-
tion phase. The oscillations arise primarily from frequency modu-
lation. Illustrations of frequency modulated (a) and amplitude
modulated (b) spectra. (c) Linear absorption spectrum and the probe
spectra. (d) Residual oscillations showing a 7r/2 phase shift for the
optical phonon. The symbols are the data and the lines are the fits.
The gray lines are for guiding the eye. The apparent slope is due to
the acoustic phonon.

phase angle. The probe wavelength dependence of the oscil-
lation phase shows that the coherent phonons modulate the
level structure, resulting primarily in frequency modulation
of the dynamic spectrum.

E. Resonance Raman spectra of CdSe quantum dots

The resonance Raman spectroscopy of quantum dots has
been discussed in detail elsewhere'"'>23 and will be dis-
cussed only briefly here. Resonance Raman spectroscopy can
yield the exciton-phonon coupling strengths based upon a
variety of observables such as the Raman excitation profiles
and relative intensities of the various modes and their over-
tones. Figure 5 shows resonance Raman data of CdSe quan-
tum dots (R=2.7 nm) in toluene with various passivations of
organic ligands or a wide gap semiconductor shell. The data
here are qualitatively consistent with prior works so an ex-
haustive study was not deemed necessary. The objective is to
have data on the same quantum dots as used in the femto-
second experiments in order to quantify the discrepancies
between the methods.

In all cases, one observes both the fundamental and the
overtone of the LO mode. The present experiment cannot
detect the low-frequency LA mode. We see no evidence of
combination modes of LO+LA. The relative integrated areas
of the overtone/fundamental are 0.3-0.4, similar to those in
prior works. The main point is that this ratio is sensitive to
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FIG. 5. (Color online) The resonance Raman spectra of CdSe
quantum dots (R=2.7 nm) with three different surface passivations.
The quantum dots are normally passivated with ligands such as
TOPO and HDA. Pyridine is a known hole acceptor which will
polarize the charge distribution. The ZnS shell best passivates the
quantum dot, thereby minimizing surface trapping away from the
quantized core states.

surface passivation. A ZnS shell is well known to better pas-
sivate the core states, thereby attenuating surface/interface
trapping.?>°%7" In contrast, pyridine is a known hole trap
which should amplify (or at least accelerate) the surface trap-
ping process.?*3¢7% The overtone/fundamental intensity ratio,
which reflects the strength of the coupling, increases as the
surface becomes passivated to induce surface trapping.

V. DISCUSSION
A. Theory of exciton-phonon coupling in quantum dots
1. Optical phonons

The physics of exciton-phonon coupling in semiconductor
nanocrystals has been addressed theoretically by various
researchers.?>>8 We briefly review the salient features of the
coupling mechanism in order to make correspondence to the
experimental data. Schmitt-Rink er al.?> estimated theoreti-
cally the exciton-phonon coupling in an extremely confined
quantum dot where the kinetic energy of the carriers domi-
nate over the phonon energy. In this case the exciton-phonon
coupling constant, which is proportional to the difference in
the Fourier-transformed wave functions between an electron
and a hole, vanishes, thus giving zero or little contribution to
the exciton-phonon coupling. Schmitt-Rink e al.>> assumed
that the hole is localized at the center of a sphere, giving a
delta-function-like density of states, and concluded that the
exciton-phonon coupling is size independent. Their study did
not take into account the crucial aspect of valence-band mix-
ing and the degeneracy of the valence band. Such a treatment
is essential in determining phonon contributions to exciton
relaxation since the exciton-phonon coupling depends sensi-
tively on the choice of wave functions. While the basic phys-
ics of the coupling is well understood, the practical imple-
mentation of these calculations is not straightforward. For
example, the calculated couplings can vary by orders of
magnitude based upon material parameters. More specifi-
cally, a precise determination of wave functions of both elec-
tron and hole is necessary to obtain accurate values of the
coupling strengths.
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A more realistic treatment taking into account valence-
band mixing was performed by Nomura and Kobayashi.?*
They pointed out that the main ingredients for treating the
wave functions are, to begin with, confinement energy and
the phonon energy. When the former is larger than the latter,
the excitonic relaxation through phonons is small and the
system can be treated in first order with the independent-
phonon model. The opposite limit leads to bulk semiconduc-
tor properties. The theory by Nomura and Kobayashi®* treats
the physics of exciton-phonon coupling by taking into ac-
count the valence-band mixing and nonparabolicity in the
strong confinement limit>#%4243 and leads to a more realistic
value of exciton-phonon coupling in semiconductor quantum
dots.

The work of Nomura and Kobayashi** accounts for the
moderate coupling strengths (S~ 0.02—0.04) obtained for
LO phonons in the present study. The confined LO phonons
are considered within the continuum model. This model
gives good approximation for quantum dots with radius suf-
ficiently larger than the lattice constant. The displacement of
ions (u) can be written as,

(V2+K)u=0, (1)

where k is the mode frequency of phonons and u is the dis-
placement. Depending upon the nature of the displacement u,
there can be two solutions pertaining to freestanding wave
and a rigid wave at the boundary. The solution of Eq. (1) is
given as

u,= CnZ]Z, (qlnr) Ylm(e’ d’), (2)
oA L )imm(e b)), (3)
In
J1(qumr) ) im
up=Cy i ( Y, (6,9)), (4)

where C,; is the amplitude of the mode n, [ and j’s are the
spherical Bessel functions. The solutions are given in the
cylindrical coordinates. The Huang-Rhys parameter S\ is
given by

fo J 3L|V>\>\(k)|2
0= 2mi ) TR g

where fiw g is the energy of the LO phonons, k is the wave
vector, f is the Frohlich interaction coupling constant, and
ny\ (k) is the phonon wave function. It is assumed that the
polarization of ions is proportional to their displacement.
This leads to the phonon potential of the form

(5)

C,
O =47U—

nl

(@) Y i (6, ), (6)

where U is determined by the size dependent dielectric con-
stants. The exciton-phonon interaction Hamiltonian is given
by

I:Iex-ph = eJ d3rld3r2{rlli{r/lﬂ[q)(r2 - (I)rl)]’ (7)
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Hex—ph = E L:;/Qv)\,u(qln)(aq + [l; ) (8)
CI/nR In n
Here R is the radius of the nanocrystal. It should be noted
that a finite exciton-phonon coupling is obtained only by
including the effect of valence-band mixing. In the absence
of valence-band mixing, the electron and hole wave func-
tions are identical in the strong confinement limit and hence
vanish, giving no contribution to the coupling.
By using the appropriate wave functions and substituting
into Eq. (3), the exciton-phonon coupling is given by

1 |V>\>\(41n)|
9
2 Clm (ﬁwLo) ©)

One may notice that the Huang-Rhys parameter is propor-
tional to R=3. The LO phonon frequency is weakly size de-
pendent. It was shown by Nomura and Kobayashi** that for
R <7 nm, the Huang-Rhys parameter increases with exciton
confinement due to the coupling of the excitonic state with
higher-frequency phonons.

It is convenient to recognize two regions based on the
interplay between the exciton confinement energy and Cou-
lomb interaction energy. For R<<7 nm, S increases with de-
creasing nanocrystal radius or, in other words, confinement
energy in CdSe. For dots of larger radius, the coupling in-
creases upon increasing the radius due to an increase in the
Coulomb energy. The cross-over region from strong confine-
ment to Coulomb regime is determined by the choice of the
Luttinger parameters, which are in turn determined by the
difference in the electron and hole masses. These theoretical
predictions are verified in our experiments.

The Huang-Rhys parameter calculated by Nomura and
Kobayashi?* is on the order of 0.03-0.08 depending on the
choice of the Luttinger parameters.>* A recent implementa-
tion of their approach yielded $=0.002-0.03 for self-
assembled pyramidal quantum dots.? It should be noted that
the Luttinger parameters are rather sensitive to the splitting
of the hole sub-bands and hence to the particular geometry of
the valence-band curvature. The valence-band splitting and
its geometry depend on the crystal structure. As can be seen
in the study of Nomura and Kobayashi,>* the exciton-phonon
coupling strength depends considerably on the choice of Lut-
tinger parameters and hence on the finer details of the
valence-band curvature, which determines the hole masses
and hence the kinetic energy of the carriers. As mentioned
earlier, the kinetic energy of the carriers is a crucial param-
eter together with the phonon energy.

2. Acoustic phonons

The role of acoustic phonons in excitonic dephasing has
been experimentally observed by various researchers. Spe-
cifically, the linear temperature dependence of excitonic
dephasing rate suggests the importance of exciton—acoustic
phonon interactions. The physics of acoustic phonons in
nanocrystals was addressed by Takagahara.?®?’ In the limit
that the nanocrystal radius is not too small, the acoustic prop-
erties can be described in terms of the elastic vibrations of a
homogeneous sphere.”>%%182627 While we do not discuss the
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theory extensively, we discuss the salient features of the
theory and its relevance to our experimental results.

The vibrations of an elastically isotropic sphere are de-
scribed by

%u:()\+u)grad div u+ uVu, (10)
where u is the lattice displacement vector, p is the mass
density, and A and w are the Lamé constants. As proposed by
Lamb for the first time, the equation has two eigenmodes,
namely, torsional modes and spheroidal modes. For spheroi-
dal modes, the displacement vector is given by

u(r) = pllem(hr) + qllem(kr) . (1 1)

Here, p and g are some coefficients and the eigenfrequency
is related to i and k by pw?=(N+2u)h?*=uk*. L’s and N’s are
the spherical harmonics which determine the nature of the
wave functions.

It should be noted that these spherical harmonics do not
take into account the precise nature of the excitonic states. In
other words, in order to determine precisely the exciton-
acoustic phonon coupling strengths, one needs to have pre-
cise knowledge of excitonic wave functions. Thus, this
simple theory may not account for the experimentally ob-
served coupling strengths since this involves the finer details
such as valence-band structure, nonparabolicity, and shape
asymmetry of the quantum dots. Nevertheless, the elastic
continuum model accounts for the observed size dependent
frequency of acoustic modes. For deformation potential, the
eigenfrequency of the modes scales as 1/R, verified in our
experiments as well. As argued by Takagahara,®?’ for
strongly confined quantum dots (R<<5 nm), the deformation
potential coupling dominates over the piezoelectric coupling.

As shown by Salvador et al., the calculated reorganiza-
tional energy is on the order of eV, which is about 3 orders
of magnitude smaller than the value obtained from our ex-
periments (see Secs. V B and V C). The discrepancy can be
readily explained by the usage of Bloch functions for calcu-
lating the electron-hole wave functions. For example, the
choice of more tightly bound wave functions enhances the
coupling by a few orders of magnitude.® This large variance
in the calculated couplings demonstrates the need to incor-
porate the effects on certain sensitive physical variables such
as valence-band degeneracy, excitonic fine structure, and
phonon confinement energy. Based on our experimental re-
sults and the previous theoretical work by Salvador et al.,?
we suggest the need for a theory that takes into account
exciton wave functions (fine structure) and acoustic-phonon
coupling. Similar points were made in light of recent tem-
perature dependent Stokes shift in these materials.'”

B. State-resolved exciton-phonon couplings

The question of the excitonic state dependence of exciton-
phonon coupling is a point which has received little atten-
tion. Early work by Nomura and Kobayashi** may be the
only theoretical work that considered this point. To the best
of our knowledge, no experiment aimed to measure the ex-
citonic state dependence of the coupling strength. The sim-
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plest reason for measuring state-resolved exciton-phonon
coupling is that a discrete eigenstate spectrum is one of the
key features of semiconductor quantum dots,!~+30:34.35.40.42.43
The vast majority of experiments which address quantum dot
physics generally do so as a function of particle size, since
these are confined semiconductors. Since the confinement
itself induced quantized states, the eigenstate dependence of
the relevant physical parameters also seems to merit investi-
gation.

One reason for examining state-resolved exciton-phonon
couplings is that a rigorous investigation of intraband relax-
ation dynamics should require an understanding of the
eigenstate-specific coupling strengths. For example, exciton
relaxation dynamics broadly follow state-to-state quantum
dynamics with a transition rate which may have contribu-
tions from phonon based pathways.3*3*35 As such, the cou-
pling strength for each state is relevant. Similarly, recent
work by Liptay et al.'® suggested the importance of state-
specific couplings to acoustic phonons in understanding the
temperature dependence of the PL spectra. Finally, one might
expect that the discrepancies between different experiments
may be resolved based upon differences in the initial (or
final) excitonic states.

The data in Figs. 1 and 2 show that the oscillation ampli-
tudes and therefore coupling strengths are sensitive to the
initial excitonic state into which the pump pulse is resonant.
The oscillation amplitudes can be related to the exciton-
phonon coupling strengths by virtue of the assignment of
frequency modulation of the dynamic absorption spectrum.
Since the dynamic spectrum is dominantly frequency modu-
lated (within the phase uncertainty of *r/8), the oscillation
amplitude directly reflects the magnitude of the level shift-
ings [Fig. 4(a)]. The amplitude of the oscillations reflects the
reorganization energy or frequency modulation amplitude via

dOD
Agee = (d—>Aw. (12)

w

OD is the optical density of the linear absorption spectrum
measured at the sample position, A, is the amplitude of the
oscillations in the same units, and Aw is the energy shift, or
alternatively, the reorganization energy (coupling strength in
energy units). The point is that these experiments allow di-
rect estimation of the energy shifts.

The exciton-phonon coupling strengths are noted by the
set of parameters [A,S,\], where A is the dimensionless
displacement of the normal coordinate, S is the dimension-
less Huang-Rhys parameter (A?/2), and \ is the reorganiza-
tion energy (i@yhononS). The phonon modes are treated as
displaced harmonic oscillators with a displacement A and a
resultant coupling strength in energy units, . The excitonic
state-resolved (15,-1S3,,) coupling strengths for the optical
mode are [0.23, 0.026, 0.68 meV]. The couplings for the
acoustic mode are [0.81, 0.33, 0.73 meV]. The state-resolved
exciton-phonon couplings are shown in Fig. 6 for a CdSe
quantum dot of 2.7 nm radius (2.00 eV band-edge exciton).
The uncertainties in the coupling strengths arise from uncer-
tainties in the AM/FM assignment (+25% of the amplitude).
For the sake of simplicity, we assume that oscillation ampli-
tude has contributions both from excited-state and ground-
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FIG. 6. (Color online) The excitonic state-resolved coupling
strengths (S) to optical and acoustic phonons for a CdSe quantum
dot (R=2.7 nm). The eigenstates and coupling strength (S) are dis-
cussed in the text.

state wave packets. In principle, one or the other could
dominate,”’>® a point which will be addressed elsewhere.”!
This assumption will not change the general form of the
results but could change the absolute values by a factor of 2.

These state-resolved measurements show that the oscilla-
tion amplitudes and coupling strengths are nearly equal for
the optical and acoustic modes, under the condition of band-
edge excitation (Figs. 1-5). The oscillation amplitude and
coupling strength for the LO phonons drop steeply as a func-
tion of the eigenstate, whereas the LA amplitude is weakly
dependent on state. This state dependence to the coupling
strength may reconcile the differences between prior experi-
ments. For example, the echo experiments on CdSe quantum
dots were all done under conditions of band-edge
excitation.~1® The echo experiments yielded qualitatively
similar results for LO coupling; however, the LA modes
were not observed. The reason for the absence of LA modes
in the echo experiments will not be discussed here. The
pump/probe experiments which observed the LA modes were
all done under excitation at 3.1 eV,'>!* well into the higher-
lying excitons. Based upon the lowest four eigenstates, exci-
tation at 400 nm may not yield LO modes simply because the
couplings are small. These coupling strengths for the LO
modes are much smaller than reported in the literature using
CW spectroscopies. This result is entirely consistent with the
prior arguments by Wise,> Krauss and Wise,® and Efros®* and
will be further discussed below.

The experimentally determined state dependent couplings
suggest that the Frohlich coupling to optical modes drops
dramatically for higher excitonic states, whereas the defor-
mation potential coupling to acoustic modes moderately de-
creases. The Frohlich coupling involves the interaction of the
polar optical phonons with the polarization of the exciton. As
such, the eigenstate dependence reflects the degree of polar-
ization of the manifold of states. The net polarization of the
exciton reflects a confluence of effects such as confinement
energy, nonspherical shape, differing effective masses,
valence-band couplings, and nonparabolicity.

The excitonic state dependence of St suggests that the
higher-lying states are less polar by virtue of a smaller po-
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energy A.

larization based Frohlich coupling. One might attempt a
simple rationalization of this result in terms of the wave
functions under the envelope approximation. For example,
the higher states should have more nodes, are more diffuse,
tunnel further into the surrounding matrix, etc. However, a
simple rationalization may not be meaningful, considering
the theoretical works greatly diverge even on the net polar-
ization (coupling) of the band-edge exciton. We note that the
early work by Nomura and Kobayashi** suggested similar
state dependent couplings. However, the excitonic states
themselves do not necessarily agree with each other.3-3843-48
The divergence between experimental and theoretical works
demonstrates the need for measurements of the relative as
well as state dependent couplings for both optical and acous-
tic modes.

C. Size dependent exciton-phonon couplings

The size dependence of the exciton-phonon coupling is
considered for excitation into the band-edge exciton. Here
the oscillation amplitudes are strongest and many femtosec-
ond and CW experiments are performed under resonance
with the band-edge exciton. Figure 7 quantifies the size de-
pendence of the LO and LA parameters for these experi-
ments.

The frequency of the LO phonon is weakly, if at all, size
dependent [Fig. 7(a)]. In contrast, the LA mode frequency is
clearly size dependent. This behavior has been previously
considered>®!3141872 and will not be discussed in detail
here. The coupling strengths are weakly size dependent for
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both modes in this size regime [Fig. 7(b)]. While the LA
mode has a larger Huang-Rhys parameter (), the functional
form of its size dependence well follows that of the LO
mode. The coupling can alternatively be recast into energy
units (reorganization energy, \), which follow a slightly dif-
ferent functional form for the LA mode [Fig. 7(c)]. The dif-
ferences between the size dependences of S and N for the LA
mode merely reflect the size dependence of the LA-mode
frequency.

The weak size dependence of the LO coupling strength is
qualitatively consistent with recent photon echo experiments.
These data do not follow the absolute value or size depen-
dence from Raman experiments since the experiments do not
probe the same states (see below). As such one should not
compare the LO coupling using femtosecond and CW spec-
troscopies. There has been no experiment, femtosecond or
CW, which measured the size dependence of the coupling to
the LA mode.

In terms of comparison to theory, the LO modes were
predicted to have either extremely large or vanishingly small
couplings. Similarly the size dependence could follow any
functional form. While the theoretical underpinnings of the
coupling generally agree with each other, the subtleties in
electronic structure can yield dramatic differences in the
computed couplings. For this reason, experimental determi-
nation of the exciton-phonon couplings offers value as a test
of the extent to which the electronic structure of quantum
dots is well understood.

D. Comparison of time-domain and frequency-domain
measurements of coupling strengths

We use the time dependent theory of molecular spectros-
copy of Heller et al.”? (see also Refs. 74-76) to simulate the
resonance Raman and PL experiments within the Franck-
Condon approximation. The methods described below are
commonly used in the analysis of molecular spectra and
were used in early resonance Raman analysis of CdSe quan-
tum dots by Shiang e al.'' In brief, the calculations below
allow one to obtain the phonon progressions in PL experi-
ments and overtone/fundamental ratios in Raman experi-
ments based upon variable parameters such as the exciton-
phonon coupling.

In this formulation the polarizability is written in the time
domain as a half-Fourier transform of the appropriate auto-
correlation function,

(ozf,-(w,Qk))pﬁé f (flie)ye™er=erDigy - (13)
0
where

(i) = ity e 1, i) (14)

In this equation, the initial vibrational state is promoted to
the intermediate excited state, V, at which point it is propa-
gated by the Hamiltonian appropriate for V. The state
evolves in time and relaxes to the final state, f. The states |l>
and |f) are the full Born-Oppenheimer eigenstates of the
ground-state vibronic Hamiltonian. This equation may be
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simplified by invoking the Born-Oppenheimer approxima-
tion and the Condon approximation to produce

(ap(@,00) o = é(#g)lv(#g)wf (sl pi(0))
0

X ei/h(sL—siﬂT)tdt, (15)
while for absorption the intensity goes as

2¢,,0 ®
I(w) = MZ)W&)LJ <¢5|¢[(I)>ei/h(8L_£")t_F/mt‘dt.
6f-cn o

(16)

The PL spectra are computed via complex conjugates in the
absorption autocorrelator. In this notation the Born-
Oppenheimer approximation is expressed as |i)=|I)|¢;) and
[fY=|D|¢p). In these equations I and V refer to the ground
and excited pure electronic states. The ¢’s refer to the vibra-
tional wave packets which are eigenstates of the ground-state
vibronic Hamiltonian. g; is the incident photon energy, ¢; is
the zero-point vibrational energy, and n is the index of re-
fraction. The prefactors such as ( ,ug) ;v refer to the pure elec-
tronic transition moment integrals between states / and V,
evaluated at the equilibrium molecular geometry along some
Cartesian coordinate p.

The autocorrelation function describes the promotion of
the initial vibrational state wave packet onto the excited-state
potential-energy surface (PES). This wave packet evolves in
time due to a displaced, distorted excited-state PES. Its au-
tocorrelation with respect to the chosen final-state wave
packet may be computed. Upon invoking the assumptions of
two identical harmonic potential-energy surfaces, where the
minimum of the excited-state PES is shifted along each nor-
mal coordinate by a value A; (in dimensionless normal co-
ordinates) for the kth mode, Heller er al.”® arrived at the
following equation for the autocorrelator:

(ple) =11 {CXP{— ~ L1 -expliog)] - T}
k

X[1 = exp(=iw) (- 1)”kA"k(2"knk!)_”2} :

(17)

The value of n refers to the quanta excited in each mode k.
The frequencies w; and wy refer to the vibrational mode and
the 0-0 energy, respectively.

This approach allows one to compute the Raman and PL
spectra based upon knowledge of the coupling strengths and
electronic dephasing rates. Using the LO and LA couplings
from these experiments and the room-temperature homoge-
neous linewidth (I'=100 meV) from recent echo peak shift
experiments,&9 we compute the resonance Raman spectrum
based upon these parameters in Fig. 8(a). This value of I' is
larger than that used by Shiang et al.,'' yielding a larger A
~3. The computed spectra show that the LA mode is weak
relative the LO mode, and the overtone of the LO mode is
also weak. Similarly, there are no combinations of LA+LO
observed.
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FIG. 8. Exciton-phonon coupling as probed by resonance Ra-
man spectroscopy. (a) A resonance Raman spectrum simulated from
the coupling parameters obtained from the femtosecond experi-
ments. (b) The experimental spectrum of CdSe quantum dots in
toluene with their native ligands. (c) Raman correlation functions
for the LA and LO modes with a homogeneous linewidth of 5 cm™!
and the equal coupling. The half-Fourier transform of this correla-
tion function gives the Raman intensity. (d) The same correlation
functions with a linewidth of 500 cm™', corresponding to the room-
temperature homogeneous linewidths obtained from photon echo
experiments (Ref. 8). The LA mode has an attenuated correlation
function by the fast electronic dephasing time.

These calculated spectra are quite different from the ex-
perimental Raman spectra [Fig. 8(b)]. These experimental
resonance Raman spectra are entirely consistent with prior
works in terms of the overtone/fundamental ratios.'*"'> The
discrepancy between the time-domain and the frequency-
domain results may be fundamental to the states being
probed in each experiment, further discussed below.

The difference between the LA amplitude and the LO
amplitude in the calculated spectra are easy to understand
within the time dependent picture of Heller et al.”* The Ra-
man amplitude is based upon not only the coupling strength
but also the electronic dephasing time relative to the vibra-
tional period. In particular, the Raman autocorrelator begins
at zero and grows to a maximum and oscillates on the time
scale of a given mode. In this case, the LA mode may have
stronger intrinsic coupling. However, its autocorrelator gets
damped before it develops much amplitude. Figures 8(c) and
8(d) show the Raman correlation functions with and without
damping. Both the LO and LA modes were given the same
coupling to illustrate the effect of dephasing. The Fourier
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FIG. 9. A comparison of the photoluminescence spectra simu-
lated from the intrinsic (time-domain) and extrinsic (frequency-
domain) measures of the exciton-phonon coupling strength. (a) The
simulated absorption spectrum based upon couplings from the fem-
tosecond data. This spectrum corresponds to a purely homoge-
neously broadened spectrum—a single dot at room temperature. (b)
The same as (a) but with 0.8 meV linewidth in order to show the
LA and LO modes. Note that the spectrum is shown on a logarith-
mic scale with a smaller energy scale to illustrate the phonon pro-
gressions. (c) The same as (a), using the couplings from the reso-
nance Raman experiments. (d) The same as (b), using the couplings
from the resonance Raman experiments.

transform of this amplitude reflects the Raman intensity.
Thus the time dependent picture can explain why the LA
modes have smaller Raman amplitude despite their larger
couplings. The small LO overtone and small combination
tones are due to the small couplings.

The photoluminescence spectra can be computed once the
couplings are known. Figure 9 compares the simulated PL
spectra based upon the time-domain (pump/probe) and
frequency-domain (resonance Raman) based couplings. The
PL spectra here correspond to a single particle; i.e., no inho-
mogeneous broadening was included. The spectrum in Fig.
9(b) shows LA sidebands that are similar in amplitude to the
recent single dot PL experiments.'4°

In contrast, the PL spectra computed based upon the Ra-
man obtained couplings show extremely large progressions
[Fig. 9(d)], corresponding to S=4.5. However, this value of §
may be too large by omission of Jahn-Teller contributions to
the scattering cross section.”’ Essentially, the observed Ra-
man intensities may have contributions via vibronic mixing
of other electronic states. This mixing reduces the total adia-
batic coupling required to simulate the experimental data.”’
The Raman based couplings should be viewed as an upper
limit of the CW based coupling.
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Experimental single particle PL spectra can show LO pro-
gressions between those shown in Figs. 9(b) and 9(d).”!
These experimental spectra can show the LO sideband inten-
sity changing during the course of the experiment, with an
extracted coupling strength that fluctuates by ~20 times for
a single dot.?' Here, the couplings range from 0.06 to 1.3,
with a mean value of 0.48. Interestingly, the minimal S
from these PL experiments is within a factor of 2 of our
time-domain measurements. This observation suggests that
these CW experiments measure some fluctuating quantity

that may not represent the intrinsic states of the quantum
dot 21,5152

E. Intrinsic versus extrinsic coupling

The idea of intrinsic and extrinsic exciton-phonon cou-
pling was introduced by Wise® and Krauss and Wise.® Here,
we further explore this idea as the system evolves from the
pump prescribed initial excitonic state to some final surface
trapped state. The subject of exciton relaxation dynamics has
been under intense experimental and theoretical investiga-
tion. Our recent work on state-to-state exciton dynamics has
shown that it is possible to monitor electron and hole transi-
tion rates between specific initial and final states.3%343% This
approach has yielded a measure of the state-resolved transi-
tion rates for the excitonic manifold.

Given the initial excitonic state populated by a pump
pulse and given knowledge of the relevant states and their
transition rates, one can compute the time dependent popu-
lations as the system relaxes down the excitonic manifold
and ultimately undergoes surface trapping. Based upon the
time dependent populations and the state dependent coupling
strengths, one can obtain the population averaged effective
coupling strength [Fig. 10]. The state-resolved LO couplings
are shown in Fig. 10(a) and the time dependent populations
are shown in Fig. 10(b). We denote the effective coupling as

(5()=2 P(1) X S;. (18)

The system starts with weak LO coupling, which subse-
quently increases on multiple subpicosecond time scales as
the hot exciton relaxes to the band-edge exciton. The band-
edge exciton eventually gets surface trapped on the 10-100
ps time scale.?%30:3435.36.78 The manifold of core states are
the intrinsic couplings probed by these femtosecond experi-
ments. In contrast, the CW experiments probe the time inte-
gral of the effective coupling,

Scw=f (8(1))dt. (19)

0

The CW coupling is dominated by the surface trapped state.
The differences between the femtosecond experiments and
the CW experiments are a question of time scale. As such,
the difference between the intrinsic and extrinsic states and
their characteristic parameters is also a question of time
scale.

This proposition that the CW experiments measure a time
averaged effective coupling is consistent with the Raman and
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FIG. 10. (Color online) Illustration of dynamic exciton-phonon
coupling which addresses the different quantities measured in time-
domain and frequency-domain experiments. (a) The coupling to op-
tical phonons as a function of excitonic state. (b) The populations as
a function of time. (c) The population averaged coupling (S(z)) is
time dependent.

single dot PL results. In the case of Raman, one measures the
ensemble averaged time integral of the coupling. This cou-
pling may fluctuate to large values do to charge trapping. The
Raman results in Fig. 5 are consistent with this idea, as the
passivations which facilitate hole trapping (pyridine) result
in larger coupling, whereas the passivations which reduce
carrier trapping (ZnS) have smaller couplings than the dots
with their standard passivation (HDA+TOPO). Similarly,
the fluctuating LO couplings from the single dot PL
experiments?! are consistent with the idea of CW experi-
ments monitoring a time averaged quantity with large contri-
butions from some extrinsic coupling.

As a final point, knowledge of the time evolution of the
effective coupling and the physical mechanism of the LO
coupling suggests some interesting predictions. The Frohlich
coupling is due to the charge distribution of the exciton. The
time evolution of the coupling therefore reflects the time
evolution of the charge distribution. The specific time scales
of excitonic relaxation suggest that time dependent polariza-
tion will be created which should radiate at terahertrz fre-
quencies.

VI. CONCLUSIONS

We report on size and state-resolved exciton-phonon cou-
plings in strongly confined CdSe quantum dots. Femtosec-
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ond pump/probe experiments yielded the first simultaneous
observation of coherent optical and acoustic phonons in this
canonical system for quantum dot studies. Upon excitation
directly into the band-edge exciton, both optical and acoustic
modes produce nearly equal oscillation amplitudes. Upon ex-
citation into higher-lying states, the optical modes dramati-
cally attenuate in amplitude, reflecting the excitonic state de-
pendence of the Frohlich interaction. In contrast, the acoustic
modes are only weakly attenuated. The state dependent ex-
periments suggest an origin for the discrepancies between
time-domain experiments for observing coherent phonons in
quantum dots, as well as indicate the value of keeping the
state constant for size dependent studies. The size depen-
dence of the coupling of the modes to the band-edge exciton
is reported. The size and state dependent couplings are com-
pared to theory and related experiments. These time-domain
experiments yield couplings that are completely at odds with
frequency-domain experiments, which, in this case, are reso-

PHYSICAL REVIEW B 77, 235321 (2008)

nance Raman. The discrepancy is addressed in terms of state-
resolved exciton-phonon couplings. Time-domain experi-
ments measure the intrinsic coupling strengths, whereas CW
experiments measure the time integrated couplings, which
effectively yields the extrinsic coupling strengths. We find
that the distinction between intrinsic (quantized core) states
and extrinsic (trapped) states is a question of time scale.
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