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ABSTRACT: Resonance Raman excitation proﬁles, including absolute Raman
cross sections, have been measured for the optical phonons of organic ligand capped
spherical CdSe nanocrystals with average diameters ranging from 2.6 to 5.2 nm. The
absorption spectra, fundamental excitation proﬁles, overtone to fundamental
intensity ratios, and depolarization ratio dispersion proﬁles are simulated using a
model for the exciton−phonon coupling strengths in the various excitonic
transitions that contribute to the resonance enhancement. The resonance Raman
cross sections increase strongly with nanocrystal size as expected from the increased
transition dipole moments (oscillator strengths) in the larger particles. However, the
exciton−phonon coupling strengths, particularly for the lowest energy excitonic
transition (1Se−1S3/2), are relatively independent of nanocrystal size over this range,
perhaps decreasing slightly with increasing size. This result is consistent with calculations of exciton−phonon coupling using an
atomistic model for the phonon modes and an eﬀective mass approximation-envelope function model for the excitonic states if
the electron and hole eﬀective masses are adjusted to ﬁt the experimental excitonic transition energies.

■

INTRODUCTION
Electron−phonon coupling (EPC) describes how the electronic
energy levels of a solid are perturbed by distortion of the nuclei
along a phonon coordinate. The electron−phonon coupling is
deﬁned as the magnitude of the Huang−Rhys parameter, S =
Δ2/2, where Δ is the displacement between the ground- and
excited-state equilibrium geometries along the phonon
coordinate in units of the zero-point displacement. The
strength of the coupling to phonons of various frequencies
plays an important role in determining many of the
spectroscopic and dynamic properties of molecules and
materials. In the context of semiconductors, thermal or optical
excitation of phonons perturbs the valence and/or conduction
band energy levels and inﬂuences charge mobilities. In addition,
relaxation processes of excited electrons, holes, and electron−
hole pairs are mediated by excitation of phonons. The generic
term EPC may be used to refer to the coupling of phonons to
excess electrons, excess holes, or electron−hole pairs. In the
present work we examine exclusively the coupling of phonons
to electron−hole pairs or excitons, so the abbreviation EPC is
understood to refer to exciton−phonon coupling.
In a bulk semiconductor with a perfect crystal structure, the
valence and conduction band wave functions are, in principle,
delocalized over the whole crystal. However, an optically
created electron−hole pair becomes localized in space because
of the Coulombic attraction between the opposite charges,
creating an exciton. Because the hole generally has a larger
eﬀective mass than the electron, the hole is more localized and
the exciton features considerable charge separation, resulting in
large local electric ﬁelds. These ﬁelds couple strongly to the
optical phonons of the crystal. Indeed, experimentally
© 2015 American Chemical Society

determined EPCs in bulk crystals of polar semiconductors are
often quite large. As the crystal is made smaller than the Bohr
radius of the exciton (the quantum conﬁnement regime), the
electron and hole wave functions develop a larger spatial
overlap and the local electric ﬁelds generated become smaller,
although they do not disappear completely because there is still
charge separation at the unit cell level. At the same time, the
forms of the phonons change between the bulk crystal and a
nanocrystal. It is generally thought that EPC is smaller in
quantum conﬁned nanocrystals than in the bulk because of the
reduced charge separation in the nanocrystal. However, there
remains a great deal of disagreement among both theoretical
and experimental determinations of the size dependence of
EPC in polar semiconductor nanocrystals.
In this work we use resonance Raman excitation proﬁle
analysis to quantitatively assess EPC for the longitudinal optical
(LO) phonon near 208 cm−1 in CdSe nanocrystals as a
function of size. Resonance Raman spectroscopy has been
widely used for studying the coupling of molecular vibrations to
electronic excitations. It has also been applied to semiconductor
nanocrystals, but most of these applications (with a few notable
exceptions) have used simple approximations that may not be
appropriate for nanocrystals having overlapping excitonic
transitions. In a previous study,1 we employed quantitative
simulations of resonance Raman excitation proﬁles of ∼3.2 nm
diameter CdSe nanocrystals and found a strong dependence of
EPC strength on excitonic state. Here, we extend those studies
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Figure 2 shows representative resonance Raman spectra of
each of the four samples obtained with excitation near the

to smaller and larger sizes. Comparison of the Raman
intensities and ﬁtting parameters allows us to evaluate the
eﬀects of these changes on EPC as well as on the homogeneous
and inhomogeneous contributions to the broadening of the
excitonic transitions.

■

EXPERIMENTAL AND COMPUTATIONAL
METHODS
Four sizes of CdSe nanocrystals with the wurtzite crystal
structure were synthesized as described previously.2 The
samples were highly monodisperse as evidenced by the degree
of structure in their absorption spectra and the width of their
emission spectra and had high emission quantum yields prior to
quenching by ligand exchange with hexadecanethiol1 to allow
Raman spectroscopic measurements. Ligand exchange has a
negligible eﬀect on the Raman spectra and cross sections at
higher excitation energies where ﬂuorescence does not interfere
with the Raman spectra of unquenched samples.1 The formulas
of Jasieniak et al.3 were used to determine the nanocrystal size
from the wavelength of the ﬁrst excitonic absorption peak and
to determine the peak extinction coeﬃcients from the
wavelength and bandwidth of the ﬁrst excitonic peak.
Resonance Raman spectroscopy and simulations of the spectra
were carried out largely as described in ref 1. Raman spectra
were obtained using excitation at 457.9−514.5 nm (argon-ion
laser), 532 nm (Nd laser), and 543.5−632.8 nm (He−Ne
lasers). Measurements with the longer wavelength He−Ne
lasers were carried out only for parallel polarization because of
the weakness of the light sources, and the quantity that was
calculated for the two largest NCs was (dσ/dΩ)∥ rather than
(dσ/dΩ)∥+⊥ as for the two smaller samples. Absolute Raman
cross sections were obtained relative to the 667 cm−1 line of
chloroform as an internal standard as discussed previously.1

Figure 2. Resonance Raman spectra excited near the lowest excitonic
absorption maximum. Excitation wavelengths are, from top to bottom,
514.5, 532, 594, and 594 nm. Shaded bars mark chloroform solvent
lines whose intensity relative to that of the CdSe NCs varies with both
Raman cross section and sample concentration. The spectra are
parallel polarization only for the 594 nm excited samples and parallel
plus perpendicular for the other two.

lowest energy absorption maximum. All four spectra show the
fundamental of the longitudinal optical (LO) phonon, which
shifts from about 204 cm−1 in the smallest NCs to about 208
cm−1 in the largest ones, and the ﬁrst overtone of this mode.
The size dependence of the LO phonon frequency is wellknown.4 The LO phonon and its overtone are broader for the
smaller NCs, but otherwise the spectra are very similar. The
intensity ratio of the ﬁrst overtone to the fundamental is often
used as a rough measure of the EPC strength in semiconductor
nanocrystals. While we have stressed that the overtone to
fundamental intensity ratio also depends on other factors
including the homogeneous line width of the resonant excitonic
transition and the degree to which multiple transitions
contribute to the resonance enhancement,5 the relative
constancy of the overtone intensity with NC size under
comparable resonance conditions suggests that the EPC is not
strongly size dependent. The “LO phonon” in a nanocrystal is
actually a superposition of multiple normal modes of similar
character. While the low-frequency shoulder on the LO phonon
is often identiﬁed as a “surface optical” phonon, we have shown
that it is insensitive to the surface chemistry and is not well
described as a surface mode.6 For modeling purposes all of the
intensity in the LO phonon region was treated as a single mode.
Figures 3−6 show the excitation proﬁles for the LO phonon
fundamental diﬀerential Raman cross sections, LO overtone to
fundamental intensity ratios, and (for the two smaller sizes)
depolarization ratios as well as the ﬁts to these data and the
absorption spectra using the parameters given in Table 1 and
the computational methods described in ref 1. The positions of
the four lowest excitonic transitions (1Se−1S3/2, 1Se−2S3/2,
1Se−1S1/2, and 1Pe−1P3/2) were initially set to the values
obtained by Norris and Bawendi through experimental lowtemperature photoluminescence excitation spectroscopy.7
These positions were then adjusted somewhat as needed to
obtain an adequate ﬁt to the absorption spectrum. A ﬁfth
transition at higher energy having zero EPC was also added.1
The four lowest energy excitonic transitions were each split into

■

RESULTS
Figure 1 shows the absorption spectra of the four samples
examined as well as the range of excitation wavelengths

Figure 1. Absorption spectra of the four samples studied. The longest
and shortest excitation wavelengths used are also indicated.

employed. The four samples have absorption maxima
(following ligand exchange with hexadecanethiol) at 510, 546,
604, and 614 nm, corresponding to nanocrystal diameters of
2.56, 3.12, 4.77, and 5.23 nm, respectively. With increasing size,
the absorption features shift to longer wavelengths, and there is
a rapid increase in oscillator strength on a per-NC basis.
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Figure 3. Experimental (black) and calculated (red) absorption cross section, LO fundamental Raman cross section, LO fundamental Raman
depolarization ratio, and LO overtone to fundamental ratio for 2.56 nm CdSe NCs. Calculations use the parameters of Table 1.

Figure 4. Same as Figure 3, for 3.12 nm CdSe NCs.

energy.8 Each excitonic state actually has two diﬀerent xypolarized components (±1L and ±1U) in wurtzite CdSe
nanocrystals, but collapsing the two into a single transition

xy-polarized and z-polarized components having equal
oscillator strengths, line widths, and EPCs, with the xypolarized component initially placed 130 cm−1 lower in
7493
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Figure 5. Same as Figure 3, for 4.77 nm diameter NCs. Raman data are for parallel polarization only.

Figure 6. Same as Figure 3, for 5.23 nm diameter NCs. Raman data are for parallel polarization only.

Table 1. Parameters (Excitonic Energy E, Homogeneous Line Width Γ, Transition Dipole Length M, and LO Phonon Huang−
Rhys Parameter S) for Modeling Absorption Spectra and Raman Intensities
transition (polarization)
1Se−1S3/2 (xy/z)

property
−1

E/cm
Γ/cm−1
M/Å
S
1Se−2S3/2 (xy/z)
E/cm−1
Γ/cm−1
M/Å
S
1Se−1S1/2 (xy/z)
E/cm−1
Γ/cm−1
M/Å
S
1Pe−1P3/2 (xy/z)
E/cm−1
Γ/cm−1
M/Å
S
unassigned (z)
E/cm−1
Γ/cm−1
M/Å
S
inhomogeneous (Gaussian) fwhm/cm−1

2.56 nm

3.12 nm

4.77 nm

5.23 nm

19475/19775
360
1.27
0.24
21035/21335
500
0.68
0.24
22045/22355
500
0.80
0.24
23290/23790
500
0.75
0.24
24900
3000
3.6
0
1060

18220/18450
290
1.40
0.21
19310/19540
400
0.85
0.21
20240/20470
400
0.67
0.21
21272/21622
400
0.95
0.41
22800
3000
3.90
0
895

16460/16595
330
2.08
0.21
17180/17315
400
1.52
0.21
17870/18005
400
1.37
0.21
18700/19100
400
1.70
0.61
20300
2600
7.60
0
655

16210/16345
290
2.26
0.18
16940/17075
290
1.52
0.18
17590/17725
300
1.25
0.18
18350/18650
450
1.90
0.61
19100
2800
6.40
0
648

had little eﬀect on the results of the ﬁts. The splitting between
the xy-polarized and z-polarized ﬁne-structure states was varied

somewhat in order to better ﬁt the Raman depolarization
dispersion curves (vide inf ra), and the positions, line widths,
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coupling is expected to be much more important (see
Supporting Information). In a bulk crystal, the exciton consists
of an electron and hole bound by Coulombic interaction. The
hole is more localized than the electron because of its greater
eﬀective mass. The smaller spatial extent of the hole results in a
signiﬁcant radial electric ﬁeld and hence strong coupling to
optical phonons that have wavelengths comparable to the Bohr
radius of the exciton. In a nanocrystal whose physical size is
smaller than the Bohr radius, there are two considerations that
determine the magnitude of the EPC. First, although the
electron and hole are expected to have more similar spatial
distributions than in the bulk, spill-out of the electron wave
function past the particle surface results in a radial electric ﬁeld
that induces EPC through the Fröhlich mechanism.27 The
extent of spill-out is size dependent, and hence so is this factor
in determining the Huang−Rhys parameter. Second, because Δ
is in units of the dimensionless normal coordinate q, the
magnitude of the Huang−Rhys parameter also depends on the
magnitude of the zero-point displacement of the phonon mode.
The number of unit cells involved in any particular phonon
normal mode tends to increase with particle size. Since the
energies are constant at about 208 cm−1, the magnitudes of the
zero-point displacements tend to decrease with particle size.
These two eﬀects go in opposite directions: the electric ﬁeld
dependence tends to make the EPC increase with decreasing
particle size while the phonon delocalization has the opposite
eﬀect. Below we present quantitative calculations that show that
these eﬀects almost cancel and the calculated EPC is nearly size
independent over the size range studied, in agreement with the
experimental result.
Calculations were carried out using an eﬀective mass
approximation envelope function method,6 with electron−
hole Coulombic interaction included (see Supporting Information and Table S1). It is well-known that with bulk values for
the electron and hole eﬀective masses (m*e = 0.13m0 and m*h =
0.45m0)28 and reasonable values for the potential step at the
edge of the particle (2−4 eV), a simple eﬀective mass model
overpredicts the 1S−1S transition energy and the 1S−1S/1S−
2S energy splitting.29 For our calculations of size-dependent
EPC, we set the potential step at the edge of the particle to 2.5
eV for both electrons and holes and chose the electron and hole
eﬀective masses to correctly reproduce the energies of the ﬁrst
two excitonic transitions as a function of NC size.29 The
eﬀective masses used varied from m*e = 0.095m0 for 1.4 nm
radius NCs to me* = 0.14m0 for 2.6 nm radius NCs. A large but
size-independent hole eﬀective mass of mh* = 2.9m0 was used.
With these parameters, we calculated electron and hole wave
functions and hence the magnitude of the exciton-induced
electric ﬁeld in the particle. Using phonon modes calculated as
described in refs 6 and 30 with the force ﬁeld described in
Supporting Information, a nearly size-independent EPC for the
LO phonons is obtained (see Table S1). This is consistent with
the experimental results of Table 1. The calculated electric ﬁeld
inside the NC is larger for the smaller radius, but this does not
give rise to increased EPC because the phonon normal
coordinate involves smaller Cartesian displacements of the
atoms when the number of atoms is larger. We note that both
the transition energies and EPCs depend on the calculated
extent of electron quantum conﬁnement. If size independent
eﬀective masses are used, signiﬁcantly larger transition energies
(not agreeing with the experimental values) and EPCs are
calculated for the smaller particles. It should be noted that all of
these calculations assume neutral nanocrystals. Preliminary

oscillator strengths, and EPCs of all transitions were varied to
achieve an overall best ﬁt to all of the Raman and absorption
data. The overtone intensities and depolarization ratios carry
considerably larger experimental uncertainties than the
absorption spectra and fundamental Raman cross sections, as
reﬂected in the poorer ﬁts to the more scattered data points.
The ﬁnal parameters are summarized in Table 1.
The Huang−Rhys parameter was assumed to be the same for
the three lowest energy excitonic resonances of a given sample
(1Se−1S3/2, 1Se−2S3/2, and 1Se−1S1/2) but was allowed to be
diﬀerent for the 1Pe−1P3/2 and was set to zero for the
unassigned highest energy transition.1 Simple calculations of
the type described in ref 6 and Supporting Information suggest
that the EPC should be larger for the 1Se−2S3/2 transition than
for the 1Se−1S3/2, but attempting to use a signiﬁcantly larger
Huang−Rhys parameter for the 1Se−2S3/2 transition degraded
the quality of the ﬁts. The best ﬁts to the data were obtained
with the low-energy Huang−Rhys parameter in the range from
0.18 to 0.24 for all four samples, increasing very slightly with
decreasing NC size. In light of the uncertainties in the data and
the ﬁtting process, we are unwilling to conclude that there is
any size dependence of the EPC; it is, in any case, not very
strong over the signiﬁcant size range explored here.

■

DISCUSSION
The magnitude and size dependence of EPC in II−VI
nanocrystals has been addressed both experimentally and
theoretically by many workers without any consensus being
reached. As summarized in ref 9, reported Huang−Rhys
parameters for the LO phonon of similar sized CdSe
nanocrystals span nearly 2 orders of magnitude, and the EPC
strength has been reported to increase,10 decrease,11,12 remain
approximately constant,4,13−15 or change nonmonotonically16−18 with increasing NC size. Only a few papers have
addressed the dependence of EPC on excitonic state.1,15,19
Furthermore, the magnitude of EPC even in the bulk crystal is
not well determined. Alivisatos et al.20 gave values for bulk
CdSe of Δ = 2.93 based on the theoretical expression of
Merlin21 and Δ = 3.6 based on the overtone intensity in the
emission spectrum of Gross et al., 22 but neither the
experimental data nor the overtone intensity analysis is very
clear. Subsequent papers quoted13,23 a Huang−Rhys parameter
of S ∼ 10 based on this work. The photon echo study by
Mittleman et al.18 quoted a bulk value of Δ = 0.63 citing ref 24,
but that paper actually gave only S ≤ 0.2 in the bulk, citing the
exciton absorption spectra of Voigt et al.25 Valerini et al.26 cited
the same Voigt paper25 for an LO phonon−exciton coupling
coeﬃcient of ΓLO ∼ 100 meV (∼800 cm−1), corresponding to a
much larger S value. Nomura and Kobayashi calculated
Huang−Rhys parameters for bulk CdSe varying from S =
0.38 to S = 1.4 for hole eﬀective masses from 0.45 to 1.0.17
Note that while the theoretical estimates are for 1S exciton
states,17,21 many of the experiments involve resonance with illdeﬁned superpositions of transitions.
In a polar crystal such as CdSe there are two principal
sources of EPC: polar coupling and deformation potential
coupling. The polar (Fröhlich) coupling is a long-range
interaction arising from the interaction between the electric
ﬁeld generated by the exciton and the oscillating dipole
moment created by the phonon. The deformation potential
coupling is a more local interaction arising from the changes in
bond order induced by electronic excitation. For optical
phonons, while both mechanisms may contribute, the polar
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in the absorbance (near 20 700 and 20 000 cm−1, respectively,
for the 2.56 and 3.12 nm NCs) and increase at both higher and
lower excitation energies. This pattern is observed not only in
these two samples but also in zincblende NCs of similar sizes
(data not shown) as well as in the much earlier experiments by
Shiang et al. on wurtzite CdSe NCs.31 Those authors
interpreted their data in terms of each major excitonic
transition being either z-polarized or xy-polarized, but this is
inconsistent with what is now known about the ﬁne-structure
splitting of each exciton.8 Our simulations show that because of
the constructive or destructive interferences between the zpolarized and xy-polarized components of the Raman polarizability,1,32 the dependence of the depolarization ratio on
excitation wavelength is a fairly sensitive function of the
assumed splitting between z-polarized and xy-polarized
transitions. While we were able to model the general shapes
of the dispersion curves (Figures 3 and 4), we were not able to
obtain the relatively high depolarization ratios at the lowest
excitation energies, nor were the results improved by assuming
slightly oblate or prolate shapes together with the energies and
oscillator strengths of the ﬁne-structure components for these
shapes.8 The discrepancy may result from large anisotropies
induced by surface charges, which would perturb both the ﬁnestructure states and the envelope functions in ways that are
diﬃcult to model.
The assignments of the four lowest-energy excitonic
transitions in Table 1 are taken from the work of Norris and
Bawendi.7 However, the oscillator strength of the third
transition, assigned as the 1Se−1S1/2, does not follow the
predicted trend. According to calculations7 that include the
mixing between the S-type and D-type envelope functions,33,34
in larger nanocrystals the 1S1/2 hole state has largely D
character and therefore has a small overlap with the 1S electron
state, and the intensity (oscillator strength) of the 1Se−1S1/2
transition is expected to decrease rapidly with increasing size.
The strengths of the weaker transitions are diﬃcult to
determine accurately because of their strong overlap, but we
were not able to ﬁt the data for the larger QDs with a (1Se−
1S1/2):(1Se−1S3/2) intensity ratio smaller than that used for the
3.12 nm particles. Therefore, this assignment remains somewhat questionable.
The region of the 1Pe−1P3/2 excitation also warrants further
discussion. We have placed two transitions in this region: one
with relatively large EPC and an oscillator strength somewhat
lower than that of the 1Se−1S3/2 and another very broad band
with zero EPC and an oscillator strength much higher than that
of the 1Se−1S3/2. As discussed previously,1 this is required to
simultaneously ﬁt the relatively high absorbance, high overtone
intensity, and low fundamental Raman cross section in this
region. The broad band with large oscillator strength must
represent more than one transition, but it is not clear whether
the 1Pe−1P3/2 should be assigned as the high-EPC transition or
as part of the low-EPC band. Within the simple particle in a
sphere approximation for the electron and hole wave functions,
the only strongly allowed excitonic transitions should be those
that involve the same principal quantum number and angular
momentum for the electron and the hole, and because of the
degeneracy of the P states, the 1Pe−1P3/2 should have 3 times
the oscillator strength of the 1Se−1S3/2. (The calculations of
Ekimov et al. indicate equal oscillator strengths for these two
transitions,35 but it is not clear whether the degeneracy of the P
functions was taken into account.) The femtosecond pump−
probe studies of Sagar et al. also show reduced EPC for the

calculations indicate that a localized surface charge increases
EPC by perturbing the electron and hole wave functions and
that the magnitude of the eﬀect depends on NC size. This will
be addressed more fully in work in progress on EPC in core−
shell NCs.
The large number of excitonic transitions within a small
frequency range in these materials necessitates a large number
of parameters in the calculations that model the absorption and
Raman data. The use of existing theoretical and spectroscopic
data to constrain many of these parameters was described in
our previous work.1 However, few of the parameters are
extremely well determined by either theory or experiment, and
there are many somewhat diﬀerent, and still reasonable,
parameter sets that reproduce the data about equally well. In
general, the parameters describing the higher energy transitions
become increasingly ill-deﬁned because of the strong overlap
among transitions. The parameters related to the lowest energy,
1Se−1S3/2 transition are the most accurately determined
because this transition is the most spectrally isolated. The
transition dipole moment and the total (inhomogeneous plus
homogeneous) excitonic width are reasonably well-deﬁned by
the low-energy region of the absorption spectrum, although the
required broadening depends slightly on the assumed
magnitude of the ﬁne-structure splitting. The resonance
Raman cross section for the LO fundamental then depends
on both the fraction of the broadening that is homogeneous
and the magnitude of the EPC (smaller EPC can be
compensated by a smaller homogeneous width), so the
Raman fundamental intensity alone cannot be used to
determine the EPC even for a single excitonic resonance.
The fundamental and overtone intensities together allow both
of these parameters to be determined with reasonable
precision,5 but there is still some uncertainty arising from the
poorly deﬁned ﬁne-structure splitting and the non-negligible
contribution to the Raman intensities from higher lying
transitions that slightly overlap the 1Se−1S3/2.
In wurtzite CdSe, the 1Se−1S3/2 exciton is split into ﬁve
diﬀerent ﬁne-structure energy levels by the asymmetry of the
wurtzite lattice and the electron−hole exchange interaction.
Three of these levels, one z-polarized and two xy-polarized, are
“bright” and the other two are “dark”.8 As in our previous work,
we approximated this situation by treating each excitonic
transition as a pair of transitions, one xy-polarized and one zpolarized, with the xy-transition carrying twice the oscillator
strength of the z-transition and the xy-transition slightly lower
in energy. The xy/z splitting was assumed constant for all S−S
excitons in a given size NC but was assumed to increase slightly
with decreasing NC size as shown in Table 1. A larger splitting
in the nominal 1Pe−1P3/2 transition was used for all samples.
To our knowledge the ﬁne-structure splitting has been neither
measured nor calculated for higher energy excitonic states. It is,
however, clear that the actual NCs are not all perfectly
spherical, and any shape asymmetry will not only aﬀect the ﬁnestructure splittings but also break the degeneracy of the Px, Py,
and Pz electron and hole envelope functions. The larger
splitting required in the simulations may therefore have little or
nothing to do with the ﬁne structure but may simply reﬂect the
loss of degeneracy of the P-type envelope functions. This
analysis assumes that the low-intensity, high-EPC transition is
the 1Pe−1P3/2, but a highly anisotropic transition dipole would
also be expected for a surface state transition.
The experimental depolarization ratio dispersion curves of
Figures 3 and 4 both show a clear minimum near the minimum
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higher-lying transitions (e.g., 1Pe−1P3/2) relative to the 1Se−
1S3/2.19 Both pieces of data suggest that the 1Pe−1P3/2 is part of
the broad transition with near-zero EPC.
Essentially all theoretical treatments of the eﬀect of NC size
on EPC have focused entirely on the size dependence of the
electronic excitations and not on any size dependence of the
form of the phonons. Atomistic simulations of the phonons
using empirical force ﬁelds6,30 indicate that the optical phonons
of nanocrystals are quite diﬀerent from those of the bulk; while
all “LO”-type phonons look about the same at the unit cell
level, they are somewhat localized to diﬀerent regions within
the NC because of the modest degree of surface reconstruction
in the NC. The phonon normal modes in a NC have neither
well-deﬁned wavevectors nor well-deﬁned angular momenta,
and many diﬀerent LO-type phonons, some fairly delocalized
and others localized to fairly small regions of the NC, all
contribute to the EPC. While we report a single value for the
LO phonon Huang−Rhys parameter, it should be recognized
that this actually refers to the sum of the Huang−Rhys
parameters for a number of nearly degenerate phonon modes.
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The magnitude of electron−phonon coupling between the
longitudinal optical phonon and the lowest energy excitonic
transition of wurtzite CdSe quantum dots exhibits only weak
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Raman intensity analysis yields a Huang−Rhys parameter of
0.18−0.24 throughout this size range. The experimental result
agrees with calculations combining an eﬀective mass envelope
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to give the correct excitonic energies.
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