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C
olloidal semiconductor nanocrystals
(NCs) are organically capped nano-
particles with optical properties that

are dramatically different from those of the
bulk semiconductor material. They exhibit
very efficient light emission that can be
tuned in wavelength by varying their size,
composition and shape, making them sui-
table for optoelectronic and photonic
applications.1 The tunability stems from
the quantum mechanical confinement of
charge carriers leading to atomic-like, discrete
energy levels resulting in size-dependent
optical transitions due to electron�hole
(exciton) recombination. In quasi-spherical
wurtzite quantum dots (QDs) the electron�
hole (e�h) exchange interaction and the
intrinsic crystal/shape anisotropy lift the
spin degeneracy of the exciton levels. As a
result the lowest-energy exciton level is
optically passive (the so-called dark state),
just below an exciton state that is optically

active (the bright state). The energy separa-
tion Δbd between the bright and dark ex-
citon states scales with the exchange
interaction as∼1/R3, with R the NC radius.2,3

The sensitivity of the excitonic energy
spectrum to the e�h exchange interaction
gives rise to an extra degree of freedom to
tailor the properties of NCs. The use of
core�shell heteronanostructures (HNCs)
that combine two semiconductor materials
with different bandgap values permits to
modify the e�h overlap.4 Proper design of
the alignment of the conduction and va-
lence bands at the core�shell interface
allows for the separate engineering of the
spatial extensions of the electron and hole
wave functions. In type-I heterostructures
both electrons and holes are confined to the
core (high e�h overlap), whereas in type-II
heterostructures the electrons and holes are
spatially separated (indirect excitons), low-
ering the e�h overlap. Recently also the
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ABSTRACT Light emission of semiconductor nanocrystals is a complex process,

depending on many factors, among which are the quantum mechanical size

confinement of excitons (coupled electron�hole pairs) and the influence of

confined phonon modes and the nanocrystal surface. Despite years of research, the

nature of nanocrystal emission at low temperatures is still under debate. Here we

unravel the different optical recombination pathways of CdSe/CdS dot-in-rod

systems that show an unprecedented number of narrow emission lines upon

resonant laser excitation. By using self-assembled, vertically aligned rods and application of crystallographically oriented high magnetic fields, the origin of

all these peaks is established. We observe a clear signature of an acoustic-phonon assisted transition, separated from the zero-phonon emission and

optical-phonon replica, proving that nanocrystal light emission results from an intricate interplay between bright (optically allowed) and dark (optically

forbidden) exciton states, coupled to both acoustic and optical phonon modes.

KEYWORDS: nanocrystals . excitons . acoustic phonons . optical phonons . core�shell heterostructure .fluorescence line-narrowing .
magnetic fields
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intermediate case (type-I1/2 or quasi-type-II) has been
realized, where one type of carrier is confined to the core,
whereas the other type of carrier is delocalized over the
core�shell. It has been shown that not only the radiative
lifetimes4�11 and the emission energies4�7,9�12 depend
on the e�h overlap, but that also the hot carrier
relaxation,13 the spin relaxation14 and the strength of
the quantum-confined Stark effect15,16 are affected.
Despite the extensive knowledge on the exciton

fine-structure in NCs and the corresponding optical
properties, the precise photoluminescence (PL) recom-
bination pathways are not entirely understood, in
particular in the low-temperature limit. It is well estab-
lished that the PL decay times of type-I CdSe QDs
depend significantly on temperature T, being relatively
short at room temperature (∼10 ns) and much longer
(∼1 μs) at low temperatures.3,17�19 This dependence is
in qualitative agreement with the simple bright-dark
exciton level diagram. At high temperatures PL emis-
sion originates from the higher-lying bright exciton
state (short decay times), but when the thermal energy
(kBT) is smaller than Δbd the decay time increases.17

This typical temperature dependence is absent for
type-II CdSe/CdS HNCs, where the reduced e�h over-
lap leads to a vanishing Δbd.

8 However, in both cases
quantitative agreement is lacking. Fitting the T-dependent
lifetimes of CdSe QDs resulted in Δbd-values that are
significantly smaller than those calculated by the effec-
tive-massmodel2,17 and thosemeasured by fluorescence-
line-narrowing (FLN) experiments.20�22 Quantitative
agreement of the T-dependent QD exciton lifetimes
has been obtained using a model in which the exciton
recombination is governed by optical transitions
mediated by confined acoustic phonons. This model is
supported by experimental results on QDs from differ-
ent materials (CdSe, CdTe, PbSe and InAs).23

A second discrepancy between experiments and the
simple bright-dark exciton model is the finite lifetime
of the dark exciton state. With lowering temperature
the exciton lifetime increases until it reaches a constant
(plateau) value below 4.2 K. The actual value of this
lifetime (∼1 μs) is relatively short for a spin forbidden
transition, as compared for example to triplet phospho-
rescence emission from organic chromophores (∼1 ms).
This apparent brightness has been attributed to phonon-
assisted transitions24 or due to mixing of the dark and
bright exciton states, for instance as a result of unpassi-
vated surface sites25,26 or acoustic phonon excitations.23

Here we report the detailed investigation of CdSe
dots that are embedded in a rod-like CdS shell (dot-
in-rodHNCs). Such nanostructures can be fabricatedwith
highmonodispersity27,28 and a small number of defects,
leading to a high PL quantum efficiency.9,11,15,16,29,30

Considering the type-I band alignment configuration
of the conduction- and valence bands of bulk CdSe and
CdS,31,32 CdSe/CdS dot-in-rods are expected to be in
the quasi-type-II regime, where the hole is confined to

the core,whereas the electronwave function also extends
to the shell (Figure 1(a)).4,8,9,11 We employ FLN spectros-
copy, using resonant excitation to select a subsection
of HNCs out of the inhomogeneously broadened ensem-
ble, whose bright exciton levelmatches the laser energy.
This results in a large number of emission peaks with
very narrow line widths <1meV, approaching those of a
single-dot experiment. Some of these transitions are
demonstrated to originate from resonant Raman scat-
tering processes, evidencing the ultrahigh structural
quality of CdSe/CdS dot-in-rod HNCs. All transitions are
identified by measuring their spectral position as a
function of HNC size and magnetic field strength up to
30 T. In these experiments we used samples inwhich the
rods form well-defined arrays with the long rod axis
(the wurtzite c-axis) parallel to the excitation laser and
the PL emission (Figure 1(c)).33 Since the magnetic
response strongly depends on the relative orientations
of the c-axis and the magnetic field (B), the use of those
self-assembled samples is crucial to fully elucidate the
NC optical properties. We observe an unusual narrow
zero-phonon emission transition, and apart of the reg-
ular optical phonon replicas, we resolve distinct acoustic
phonon assisted emission, which provides direct experi-
mental evidence that acoustic phonon excitations are

Figure 1. (a) Schematic representation of CdSe/CdS dot-in-
rodHNCs. The bulk bandgapandband-offset values of CdSe
and CdSwith a type-I band alignment are indicated, leading
to a quasi-type-II band alignment for dot-in-rod HNCs,
where the hole wave function (blue solid curve) is confined
to the CdSe core and the electron wave function (red solid
curve) extends into the CdS shell. (b) Representative trans-
mission electron microscope image of the CdSe/CdS LR
sample (c) Schematic representation of a vertical rod as-
sembly, where the rod c-axes are oriented parallel to the
direction of the laser excitation (kExc, pωExc = P0 is the
excitation energy), the PL emission (k, pωPL is the energy
of the emitted photoluminescence) and the applied field (B)
(Faradaygeometry). Thedropcasted samples exhibit amore
random orientation of their c-axes with respect to B and k.
(d) PL spectra at 4.2 K of reference CdSe QDs (green curve),
short HNCs (SRs, orange curve) and long HNCs (LRs, red
curve). Inset: PL-decay curves for QDs (green curve) and LRs
(red curve) on a semilog scale.
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involved in the low-temperature radiative recombina-
tion of dark excitons within NCs. The e�h exchange
energy is found to be reduced relative to a CdSe QD
due to the extension of the electronicwave function into
the shell (quasi-type-II), but the overall symmetry of the
exciton is found to be spherical and not rod-like.

RESULTS AND DISCUSSION

Sample Characterization and Optical Properties. Dot-in-
rod HNCs were prepared using the seeded growth
methodology.4 Spherical CdSe cores of fixed radius R =
1.6 nm were embedded in rod-like CdS shells. All
samples were extensively characterized by transmis-
sion electron microscopy (Figure 1(b)) (see Methods
section, Supporting Information Figure S1 and ref 33).
Two different rod lengths were used: short rods (SRs)
with length L = (13.9( 1.3) nm and diameterD= (4.4(
0.4) nm (aspect ratio AR = 3) and long rods (LRs) with
L = (39.8( 1.7) nm and D = (4.3( 0.5) nm (AR = 9). The
CdSe core is preferentially located at one end of the
shell with its wurtzite c-axis parallel to the long rod axis
(Figure 1(a,b)).33 For the optical experiments ensemble
samples were prepared using the procedure described
in ref 34, which results in well-defined self-assembled,
multilayer HNC arrays with their long rod axes parallel to
thenormalof the siliconoxide substrate (Figure1(c)).27,28,33

Also regulardrop-casted sampleswereprepared inwhich
the HNCs are more randomly oriented. For comparison a
set of reference organically capped quasi-spherical CdSe
QDs with R = 1.65 nm, 1.75 nm, 1.85 nm, 2.15 and 2.5 nm
was prepared.

The CdSe/CdS HNCs exhibit PL emission in the
visible range (Figure 1(d)) at a spectral position corre-
sponding to carrier recombination from the CdSe core.
The HNC PL is red-shifted relative to the reference QD
with R =1.65 nm and the shift increases with AR
together with a decreasing full width half-maximum
(fwhm), changing from∼140meV for theQDs to∼70meV
for the LRs. The low-temperature PL decay transients of
both LRs and QDs (inset Figure 1(d)) show a similar
biexponential decay with a fast and a slow component.
The fast (∼10ns) decay is ascribed to a transient emission
from higher-energy exciton states prior to relaxation into
the lowest-energy exciton level. The slow decay time,
typically on the ∼ μs scale, reflects the radiative recom-
bination lifetime of long-lived excitons emitted from the
lowest-energy dark exciton level.

Fluorescence Line-Narrowing. In FLN experiments en-
semble NC samples are resonantly excited at the red-
edge of their lowest-energy absorption feature, which
leads to the selective excitation of only a small fraction
of the NCs whose energy gapmatches the laser energy
(P0). This drastically reduces the inhomogeneous broad-
ening of the optical spectra, resulting in an emission
spectrum that consists of narrow lines and reveals the
fine-structure of the exciton levels. The FLN spectrum of
the reference CdSe QDs (lower panel Figure 2(a), green

curve) shows a typical spectrum, which is usually ex-
plained in terms of the exciton energy scheme pre-
sented in Figure 2(b), where the levels are labeled by
their spin projection F along the wurtzite c-axis. Photo-
excitation occurs in the F = (1L bright exciton level,
followed by relaxation to the F = (2 dark state from
where radiative recombination occurs, leading to a zero-
phonon line (ZPL) just below the excitation energy P0.
The resonant-Stokes shift (P0-ZPL splitting) is given by
the bright-dark splitting (Δbd). The ZPL is accompanied
by phonon-assisted recombination at n = 1, 2 times
∼25�26 meV35 below the ZPL, corresponding to the
longitudinal optical phonon mode of CdSe (nLOCdSe, in
agreement with earlier reports3,22,24).

The FLN spectrum of the CdSe/CdS dot-in-rods
(upper panel Figure 2(a), red curve) is roughly similar
to that of the core-only QDs, but shows an unprece-
dented level of detail in both the ZPL and LO phonon
replica regions. Most strikingly, in the ZPL region we
resolve four narrowpeaks just belowP0, labeled P1, P2, P3
and P4 (Figure 2(c)). P1 and P2 have a resolution-limited
fwhmof∼0.3meV. Themain peak in this region is the P3
line, about 4meVbelow P0with a fwhmof∼0.7meV. P4 is
less intense and broader (fwhm∼1�1.5meV). Also in the

Figure 2. (a) FLN spectra at 4.2 K of LRs (upper panel) at
excitation energy P0 = 2.1382 eV and CdSe QDs with P0 =
2.1778 eV (lower panel), revealing the exciton fine-struc-
ture. The energy scales are relative to the excitation energy
P0. The emission lines of the CdSe QDs originate from zero-
phonon (ZPL) transitions and optical phonon (LO) replicas.
The dot-in-rod HNCs exhibit amultitude of narrow emission
lines, which are discussed in the main text. (b) Energy level
scheme of the exciton fine-structure for wurtzite QDs. The
levels are labeled in terms of the projection of the angular
momentum F onto the c-axis (see text). Solid (dashed) lines
correspond to bright (dark) exciton levels, responsible for
optical transitions (solid green arrows) to the ground state
|gæ. pωLO corresponds to the LO phonon energy. The bright-
dark exciton splitting (Δbd) is the energydifferencebetween
the F = (1L and F = (2 levels. Wavy arrows reflect non-
radiative relaxation processes. (c) Comparison of the P1�4

emission lines within the FLN spectra at 4.2 K of LRs (red
curve, P0 = 2.1382 eV), SRs (orange curve, P0 = 2.1977 eV)
with the ZPL emission of a reference CdSe QD (green curve,
P0 = 2.1778 eV).
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phonon replica region we observe more lines than
normally, resolving the usual CdSe phonon replicas
(1LOCdSe,P3, 2LOCdSe,P3), but also a shoulder at lower energy
of 1LOCdSe,P3 corresponding to the LO phonon mode of
the CdS shell (1LOCdS,P3, 35meV).36 Surprisingly, we detect
some very sharp lines (fwhm∼0.3meV) on top of the 1LO
phonon replica, of which the strongest is 26.4 meV below
P0 (1LOCdSe,P0). All of these peaks are labeled according to
the phononmode (nLO), thematerial (CdSe, CdS) and the
peak fromwhich theyoriginate (P0,P3), as follows from the
peak identification described below, using the behavior of
the peaks as a function of excitation energy andmagnetic
field.

Dependence on Excitation Energy. To unravel the origin
of all peaks in the FLN spectrum we have varied the
excitation energy P0 across the ensemble absorbance
peak. Essentially, with increasing laser energy the size
of the NCs that absorb the laser radiation becomes
smaller, because the confinement energy increases
with decreasing R. Figure 3(a) shows typical FLN spec-
tra of HNC samples for three excitations energies,
where the energy scale is taken relative to P0 to permit
direct comparison.We can distinguish two set of peaks.
Peaks with positions that are (roughly) constant with
varying excitation energy are indicated by the dotted
lines (P1, P2, 1LOCdSe,P0). In contrast, P3, P4, 1LOCdSe,P3

and 1LOCdS,P3 shift considerably with variation of the
excitation energy (dashed lines). These two types of
transitions are also visible in Figure 3(b), which shows
the energy positions versus excitation energy of the
main lines of the SR and LR samples.

Magnetic Field Dependence. A magnetic field has pro-
ven to be a powerful tool to characterize the nature of
the optical transitions of colloidal dots and to identify
the corresponding exciton states.21,22,37 A magnetic
field leads to a Zeeman splitting of the exciton energy
levels, as well as mixing of their wave functions. Both
effects strongly depend on the orientation of the NC
c-axis with respect to the applied B and the observation
direction k (see Figure 1(c)). Figure 4(a) shows the ZPL
region of the 4.2 K FLN spectra of a self-assembled LR
sample as a function of magnetic field B, using σþ
polarized excitation at 2.1382 eV and detecting σ�
polarized photons. The zero-field spectrum consists of
the four lines P1�4. The P1 and P2 lines do not exhibit
any shift with field (dashed brown and green lines). In
contrast, the P3 and P4 transitions (dashed orange and
red lines) exhibit a considerable shift down in energy
with increasing field, which indicates the Zeeman
splitting of the underlying exciton levels. In particular
the P3 line shows an interesting behavior at relative low
fields below 10 T, which has not been observed pre-
viously and which is enlarged in Figure 4(c). At first, its
spectral position is roughly constant, until at approxi-
mately 5 T the emission line splits into two. With
increasing field the lower energy line becomes brighter
at the expense of the higher energy peak, until above

10 T only the lower energy peak remains and gains
intensity while shifting to lower energy with increasing
field. At ∼8 T we observe the appearance of an
additional peak at an energy in between P0 and P3,
labeled by SFP0 and indicated by blue dashed lines in
Figures 4(a,c). This line shows a rapid shift to lower
energy with magnetic field.

An overall similar magnetic field behavior was
found for dropcasted samples of the LRs (Figure 4(b,d)).
However, the relative intensities of the peaks and their
precise shifts with field strength differ, as a result of the
more random orientation of the rods, as compared to the
vertically aligned rods in the self-assembled sample. A
clear difference is seen around∼6 T (see enlarged spectra
in Figure 4(d)), when the spectrum develops two clear
narrow lines, labeledbySFP3 (orangedashed-line) andSFP0
(blue dashed-line). At a field of about 15 T both features
merge into one single peak, dominated by the SFP0
transition, which becomes the most intense peak at high
fields, even brighter than the P3 line. These observations

Figure 3. (a) FLN spectra at 4.2 K for CdSe/CdS LRs at
excitation energies P0 = 2.0872 eV (red curve) and 2.1126 eV
(orange curve) and for SRswith P0 = 2.1977eV (green curve).
The energy scale ΔE is relative to P0. The spectra are
vertically shifted for clarity. Black dashed-lines indicate
transitions that shift with P0. Dotted-lines indicate peaks
that are roughly fixed in energy with varying P0. The black
dashed-line spectrum is a fitting curve of the bottom curve
consisting of Lorentzian-shaped components (black solid
lines). The integrated areas of the individual peaks, shown
as percentages of the total detectedPL intensity are IP3 = 7.6,
IP4 = 9.8, I1LOCdSe,P3

= 18.5 and I1LOCdS,P3
= 20.7. (b) Evolution of the

observed peak energies (relative to P0) as a function of
excitation energy for the main optical transitions of both
LR and SR samples. The dashed-lines are guides to the eye.
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are summarized in Figure 4(e,f), whereweplot the relative
spectral shifts as a function of applied magnetic field.

Spin-Flip Transitions. Application of a magnetic field
leads to the appearance of extra peaks in the FLN
spectrum, SFP0 and SFP3, which shift relatively rapidly to
lower energies with field. The SFP0 peak is observed in
both the self-assembled and the dropcasted samples
and is attributed to a spin-flip (SF) process, originat-
ing from photoexcitation into the upper level of the
Zeeman split F = 1L level and subsequent relaxation
and recombination from its lower F = �1L Zeeman
component (Figure 2(b)).21,22 At zero field this transi-
tion is absent, whereas at high fields, the SFP0 peak
evolves linearly with increasing field (Figure 4(e,f)),
corresponding to a Zeeman splitting of the bright
F = (1L exciton level characterized by a g-factor of
∼(2.5 ( 0.1) for self-assembled and ∼(2.3 ( 0.1) for
dropcasted HNCs. Interestingly, the SFP0 peak does not

extrapolate to a zero shift at B = 0 (Figure 4(e,f)), which
points to a finite energy splitting of the bright exciton
level at zero field, in agreement with previous FLN
experiments on CdSe QDs.21 This zero-field splitting of
the bright exciton state is attributed to a extra ex-
change interaction splitting due to an anisotropy in the
plane perpendicular to the c-axis of the QDs.38,39 In our
case this anisotropic exchange splittingΔxy∼(0.8( 0.3)
meV, well within the range of values previously found
for spherical dots using single-dot spectroscopy and
FLN experiments.21,38

Surprisingly, the FLN spectrum of the drop-casted
sample shows an additional spin-flip transition SFP3 in
intermediate fields of 5�15 T, which has not been
observed before. This line exhibits a linear B-depen-
dencewith a field shift that is faster than that of the SFP0
line and that corresponds to a g-factor of∼ (2.8( 0.1).
Because of this higher g-factor, the SFP3 line merges
with the SFP0 transition around 15 T, after which only
one spin-flip transition remains. Furthermore, the field
dependence of SFP3 directly extrapolates to the origin

at zero-field, indicating a degenerate level at zero field.
Weassign SFP3 to the spin-flip of thedark exciton (F=(2),
after photoexcitation of a F=þ2 exciton and recombina-
tion from a F =�2 exciton (Figure 2(b)). This is consistent
with the absence of a zero-field splitting for this line
because Δxy = 0 for a dark state.38,39 We are able to
observe the spin-flip of the dark exciton because of the
high resolution reached in our FLN experiment. This dark
exciton spin-flip transition is only observed at finite fields
in the drop-casted sample. At low fields the oscillator
strength of the dark exciton levels is too low to absorb
laser light. With increasing field the dark exciton acquires
oscillator strength due to magnetic field induced mixing
betweenbright anddark excitons, which occurs for HNCs
whose c-axis makes an angle (θ) with the direction of the
B-field.2 For the same reason the PL decay time of
spherical dots drastically reduces with field.40,41 In con-
trast, when the c-axis is parallel to the B-field, like in the
case of the self-assembled sample, exciton mixing does
not occur and the dark exciton state remains dark at all
fields, meaning that for this sample the SFP3 transition is
not observed. The differences in the bright exciton
g-factor in both samples support this picture. The mag-
nitude of the Zeeman splitting depends on the angle θ,
being maximal for NCs parallel to the field direction (θ =
0, self-assembled sample) and zero for NCs perpendicular
to B. For random NC orientation, like in the dropcasted
sample, the Zeeman energy is averaged over all possible
orientations, yielding a lower g-factor.

The actual values for the g-factors of the bright
(2.3�2.5) and dark (2.8) excitons are in agreement with
the results of previous magneto-FLN studies21 and
single-dot spectroscopy.38,42 Together with the value
of the anisotropic exchange splitting Δxy (∼0.8 meV)
they define the full field dependence of all lowest
energy exciton levels (Figure 5(c)).

Figure 4. FLN spectra of self-assembled (a) and dropcasted
(b) CdSe/CdS LRs as a function ofmagnetic field at 4.2 K. The
spectra are plotted in 1 T steps and are vertically shifted for
clarity. All spectra were recorded using σþ excitation at
2.1382 eV and σ� detection. The evolution of P1, P2, P3 and
P4 is guidedby thedashedbrown, green, orange and red lines,
respectively. Spin-flip transitions SFP0 (SFP3) are guided by
blue (pink) lines. (c) Enlarged spectra of self-assembled LRs
in the 0�10 T region. (d) Enlarged spectra of dropcasted LRs
in the 6.25�8.75 T region. (e) and (f) show the energy of the
most prominent transitions as a function of magnetic field for
self-assembled and dropcasted rods, respectively.
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Zero-Phonon Line. The main peak (P3) in the FLN
spectrum is attributed to the zero phonon line, result-
ing from recombination of the F = (2 dark state
(Figure 2(b)). It has a narrow line width (fwhm∼0.7 meV)
and its relatively high brightness suggests an intrinsic,
nonzero, oscillator strength for the ground dark exciton.
The energy shift relative to the laser excitation corre-
sponds to the bright-dark splittingΔbd, which varies from
2 to 5 meV with increasing laser excitation energy
(decreasing size) (Figure 3(b)). The fullmagnetic behavior
of the (P3) line (Figure 4(c)) can be readily understood

within this picture. At low fields, when (gμBB < Δxy), all
transitions from the F = (1L to the F = (2 levels might
occur. In this field range the F =(1L levels aremixed and
linearly polarized. With increasing field gμBB > Δxy the
mixing of the bright exciton level disappears and at the
same time the F=þ2 dark exciton level depopulates due
to its Zeeman shift to higher energy, leading to the
redistribution of PL emission intensity from the higher
energy component of P3 to a lower energy component
around 3 T. The higher energy component follows the
energy separation of the F = �1L and F = �2 levels,
whereas the lower energy component above 5 T follows
the difference in energy of the F =þ1L and F =�2 levels.
This is shownby thedashed lines in Figure 5(a) calculated
from the field-dependent exciton levels in Figure 5(c).
This simple model is able to accurately reproduce the B

evolution of the ZPL for the vertically aligned NRs, in the
absence of field-dependent exciton mixing.

Optical Phonon Replicas. The FLN spectra show the
regular, relatively broad, LO-phonon replicas (nLOCdSe,P3)
at energies corresponding to 1 and 2 times the
LO-phonon energy in CdSe, measured relative to the
ZPL line P3.

22,24 As expected, the LO-phonon replica
peaks follow the ZPL line P3, shifting to lower energy
with increasing excitation energy (Figure 3(b)) andwith
increasing magnetic field strength,22 shown in Sup-
porting Information Figure S2. The dot-in-rod systems
exhibit an additional signal around 35 meV below the
ZPL line (1LOCdS,P3), which can be attributed to the
LO-phonon replica of the CdS shell (see Figure 1(a),
Figure 3(a) and Supporting Information Figure S3). This
unambiguously proves that the dark exciton not only
probes the CdSe core, but also the CdS shell, which is
consistent with the electron wave function leaking out
of the CdSe core,8,9,11 giving a quasi-type-II exciton.

Acoustic Phonon-Assisted Transitions. Below the ZPL line
P3 we observe an additional peak P4, which has a larger
line width (fwhm ∼1 meV). The energy separation
between P3 and P4 is ∼1.5 meV and is found to be
constant as a function of magnetic field (Figure 5(a)).
We identify this transition as an acoustic phonon (AP)
replica of the ZPL, arising from the lowest energy
breathing mode of CdSe.23,43,44 This assignment is
supported by the dependence of the P3 � P4 splitting
on excitation energy, which is given by the size de-
pendence of the acoustic phonon mode (see below).
Confined acoustic phononmodes have been observed
before in NCs by low-frequency Raman scattering,45�48

ultrafast pump�probe spectroscopy49�51 and spectral
hole burning52 experiments. However, direct experi-
mental evidence on the role of these low-energy
acoustic excitations in the radiative recombination of
dark excitons is scarce.43,53 The presence of the AP
replica in our FLN emission spectra is, therefore, an
important proof that acoustic phonons are involved in
the radiative recombination of excitons in colloidal
semiconductor nanocrystals. Generation of acoustic

Figure 5. (a) Relative energy shift of the P1�4 lines with
magnetic field. For easy comparison the zero field energy of
each line has been subtracted. P1 and P2 (brown up-trian-
gles and green down-triangles, respectively) do not depend
on B as expected for a Raman scattering transition. P3 and P4
(orange circles and red squares, respectively) exhibit the
same shift, consistent with the assignment of P3 being the
ZPL and P4 its acoustic phonon replica. The dashed lines
are calculated shifts given by the field dependence of the
lowest lying excitons levels. (b) Determination of the effec-
tive exciton size as a function of the peak position of the
nonresonant PL emission of CdSe QDs. The dashed curve is
calculated using the tight-binding method.36,56,57 (c) Field
dependence of the F = (1L and F = (2 levels, determined
from themeasured g-factors and the zero-field splittingΔxy

of F =(1L. Wavy arrows correspond to excitation processes.
PL transitions to the ground state |gæ are indicated by solid
vertical arrows. The transitions are labeled by the prefer-
ential circular polarization (σþ,�). Spin-flip transitions are
labeled by black wavy arrows. (d) Δbd as a function of
effective NC size for spherical NCs (green squares) and
dot-in-rods (orange circles). The solid and dashed lineswere
calculated within the effective-mass-model.2 Inset: size-
dependence of the acoustic phonon energy (P3�P4) deter-
mined from the acoustic phonon replica observed in the
FLN spectra (red squares). The red solid-line is the best fit to
the data assuming a � 1/R dependence. The black dashed
line gives the size-dependence of the lowest-energy acoustic
phonon breathing mode, with l = 2 andm = 0, of an isolated
CdSe sphere obtained according to Lamb's theory.44
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phonons will elastically distort the NCs resulting in an
additional mixing between bright and dark excitons,
explaining the finite oscillator strength of the optically
forbidden lowest exciton level.23,54,55 This has impor-
tant consequences for the temperature dependence of
the PL decay times of semiconductor NCs. In a simple
two-level model this T-dependence is governed by
the energy separation Δ between the two emitting
states at thermal equilibrium (Figure 2(b)). Fitting the
T-dependent lifetimes of CdSe QDs resulted in Δ-values
of about 1 meV, significantly smaller than the bright-
dark splitting (Δbd) in the simple bright-dark exciton
model.17 Instead, the energy of the acoustic phonon
mode found here agrees well with such a small activa-
tion energy, strongly suggesting that acoustic pho-
nons play an important role in the recombination of
NC.23 We note, however, that the description of the full
T-dependence of the PL decay times of ensemble NC
distributions after nonresonant excitation should in-
clude all radiative decay channels. For instance, from
the fitting curve in Figure 3(a), we estimate that the
relative contribution of the ZPL-P3 (i.e., direct dark
exciton recombination) (IZPL = 7.6%) and its first acous-
tic-phonon replica P4 (IP4 = 9.8%) is roughly ∼20% of
the low-T PL intensity. The main contribution (∼40%)
comes from the lowest 1LO phonon replicas, involving
CdSe (I1LOCdSe,P3

= 18.5%) and CdS (I1LOCdS,P3
= 20.7%). The

remaining intensity originates from the nonresonant sig-
nal just below P4 and the higher order LOphonon replicas
(not shown). The nontrivial intensity distribution over the
different radiative decay paths provides the crucial insight
that theoptical emissionofNCs isgivenbyan intricate and
complex interplay between excitons and phonons.

Raman Scattering. The FLN spectrum shows addi-
tional sharp lines in the region of the LO phonon
resonance (e.g., 1LOCdSe,P0) and just below the laser
energy (P1 and P2). All these transitions are character-
ized by (i) a Lorentzian-like line shapewith a resolution-
limited line width; (ii) a weak dependence on the laser
excitation energy (NC size); and (iii) a constant intensity
and energy position as a function of the applied
magnetic field strength. We, therefore, attribute these
lines to resonant Raman scattering: the shift of the
1LOCdSe,P0 line, 26.4 meV below P0, matches the LO
phonon of CdSe. The shifts of P1, P2 (∼1.5�2.5 meV
below P0) match the energies of typical acoustic
phonon modes of CdSe. The shift of P1 equals the
P3 � P4 splitting, suggesting that the same acoustic
phononmode is involved. The detailed behavior of the
Raman scattering peaks as a function of laser excitation
energy, magnetic field strength and temperature will
be described elsewhere. The observation of resolution-
limited Ramanmodes of CdSe, together with the sharp
exciton emission lines, indicates the extremely high
structural quality of our dot-in-rod systems. Apparently,
this system represents an almost ideal single-crystalline
NC with a perfect core�shell interface in which the

influence of surface traps can be neglected, leading to a
high PL quantum efficiency and a narrow size distribu-
tion to give resolution-limited line widths in an ensem-
ble measurement under resonant excitation.

Exciton and Phonon Fine-Structure. The unprecedented
high quality of the FLN spectrum of our dot-in-rod NCs,
exhibitingmanywell-resolved narrowpeaks, eachwith
a characteristic dependence on excitation energy and
magnetic field strength, permits us to fully unravel all
recombination pathways of the photoexcited excitons.
It also allows to us to determine the size-dependence
of important parameters, such as the e�h exchange
interaction, the e�h overlap and the acoustic phonon
energy. To determine the effective size of the exciton
wave function we have measured the PL emission
energies at 4.2 K of a set of reference CdSe QDs
(Figure 5(b)). The PL energy increases with decreasing
size, following the regular behavior of quantum con-
finement in a spherical dot. The dashed line in Figure 5(b)
is calculated using an empirical tight-bindingmodel that
links the PL emission energy to the volume of the
quantum dot and, therefore, to the effective volume of
the excitonwave function.36,56,57We use this relationship
to estimate the effective size of the excitonwave function
in our dot-in-rodHNCs. Herewe assume that the excitons
in the dot-in-rod HNCs still have spherical symmetry,
even though the electron- and hole wave functions are
separated in real space (Figure 1(a)).58 This assumption is
justified by themagnetic field dependence of the exciton
levels (Figure 5(c)), which clearly corresponds to a QD
with spherical symmetry and not to a rod-like system, in
which the lowest energy state would have F = 0.59,60

Furthermore, as compared to other core�shell NC
systems,7 we observe a small red-shift of the PL emission
of the dot-in-rod HNCs, relative to the reference spherical
QDs (Figure 1(d)). We quantitatively describe this red-
shift by a slight increase of the effective volume of
the exciton wave function, due to a small leaking of the
(electronic) wave function into the surrounding rod-like
shell. The fact that we observe a small contribution of the
phonon replica arising from theCdS LOphonon confirms
that the exciton probes the rod-like CdS shell, but its
relatively low intensity is consistent with a rather small
leakage of the electron-wave function into the CdS shell.
Within this spherical approximation, we can link the
photon excitation energy P0 of the FLN experiments
directly to the effective size of the NCs. Figure 5(d) shows
theΔbd energy of SR and LR samples (orange circles) and
the set of reference spherical CdSe QDs (green squares)
as a function of effective size.

The bright-dark splittingΔbd decreases with size for
both systems. At each size Δbd of a dot-in-rod HNC is
smaller than that of the corresponding QD. To explain
this difference we model Δbd within the effective-
mass-approximation (EMA) model of Efros.2 For the
spherical QDs we obtain excellent agreement (solid
black line in Figure 5(d)) without any adjustable
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parameters, using only literature values for CdSe: bulk
exchange splitting pωST = 0.13meV, ratio of e/hmass β
= 0.28, shape eccentricity μshape = 0, anisotropy split-
ting Δcf = 25 meV,2 and exciton Bohr radius aB =
4.9 nm.56 Since the size dependence of Δbd is mainly
determined by the exchange energy (ηcore∼ R�3),3 the
smaller Δbd of dot-in-rods points to a reduced e�h
exchange interaction. The exchange coupling depends
on the spatial overlap of the electron (ψe) and hole (ψh)
wave functions and is directly proportional to the
integral χe�h =

R
|ψe(r)|

2|ψh(r)|
2 dV over the NC volume.

Spatial separation of electrons and holes leads to a
diminished χe�h integral, hence a weaker exchange
interaction. To quantifyΔbd in the dot-in-rod HNCs, we
define its exchange term as ηCS = θe�hηcore and θe�h a
dimensionless parameter between 0 and 1, which
accounts for the e�h spatial separation. This term arises
from normalization of χe�h. We find good agreement
with θe�h = 0.6 as the only free parameter to model
P3-ZPL, as shown in Figure 5(d) by the blue dashed-line.
Recent EMA calculations for CdSe/CdS QDs8 have
shown a linear dependence between the exchange
splitting and the e�h overlap integral. Following this
interpretation we conclude that the lowered value of
θe�h proves a reduced e�h overlap in dot-in-rod HNCs.

The red squares in the inset of Figure 5(d) illustrate
the size-dependence of the energy difference between
the ZPL (P3) and the acoustic phonon replica (P4). This
difference is equal to the energy of a confined acoustic
mode excitation. This size-dependence can be fitted by
pω=2.45/R (red solid-line in the inset of Figure 5(d)). Such
a � 1/R dependence is typical for confined acoustic
phonon modes in spherical nanoparticles,61�63 as well as
for radial breathingmodes in rod-like nanostructures.64�66

In a first approximation, we compare the experi-
mental data with the breathing modes of an isolated

spherical CdSe QD, using Lamb's theory treating the
NC as a vibrating, stress-free, homogeneous elastic
body with spheroidal shape.44,45,55,61,63 The acoustic
oscillations of spherical nanoparticles have two types
of solutions which are classified in torsional and spher-
oidal eigenmodes, whose angular frequencies (ωl,m

s,t )
depend on the angular-momentum l and radial mode
m numbers. The spheroidal frequencies depend on
the ratiobetween longitudinal (cl) and transversal (ct) wave
velocities in the medium. ct/cl = 0.42 (0.44) for CdSe
(CdS) with ct = 1.504� 103 m/s.44,45 Using CdSe values,
we find that the lowest-energy spheroidal mode (SM)
of an isolated CdSe sphere, with l = 2 and m = 0, is in
good agreement with the experimental data. The
vibrational energy of that SM, pω2,0

s = 2.46ctp/R, is
depicted by the black dashed-line in the inset of
Figure 5(d) (see also Supporting Information Figure S4
and Supporting Discussion). For spherical CdSe type-I
QDs, coupling of the dark exciton to the acoustic
phonon mode l = 2 has been proposed both theoreti-
cally and experimentally.23,67

We find good agreement between the experimen-
tally determined energy of the AP mode and the
simple model for confined modes in an isolated sphe-

rical QD. This is very remarkable because acoustically
the dot-in-rodHNCs should behave as rod-like systems,
since the elastic properties of CdSe and CdS are quite
similar. However, calculation of the energies of the
radial and extensional breathing modes of isotropic,
elastic rods, within linear elasticity theory,65,68 leads to
values that are either too large (radial breathing
modes) or too small (extensional breathing modes)
(see Supporting Information Figure S5 and Supporting
Discussion). A recent nonresonant Raman study has
reported the observation of the radial breathing mode
of CdSe nanorods, with a vibrational energy that
depends only on the radius of the rod and not on the
aspect ratio.65 A typical radial breathing mode energy
of ∼2.7 meV has been found for a rod with a 2 nm
radius, which is close to the size of the outer CdS-shell
in our samples. Indeed, this energy is too large to explain
the energy of the AP mode in our CdSe/CdS dot-in-rod
HNCs. However, we cannot exclude that such radial
breathing mode exists in our data within the broad
sideband just below the P4 peak in our FLN spectra
(see Figure 3(a)). A possible explanation for the discre-
pancy is given by the different nature of the two experi-
ments. In our work we determine the acoustic phonon
energy as the difference in energy between the AP
replica and the zero phonon emission(P3-P4) in the FLN
spectrum. In this transition the exciton�phonon inter-
action plays a crucial role, where the spatial extension
of the exciton wave function might set an additional
boundary condition for the excitation of the phonon
oscillation, which is absent in the case of a nonresonant
Raman excitation of a regular rod-like system. In the
CdSe/CdS systems studied here, the exciton wave
function has a different (spherical) symmetry com-
pared to the overall (rod-like) shape of the nanocrystal,
whichmight lead to the excitation of acoustic phonons
derived from the core. Further nonresonant Raman
experiments in dot-in-rod HNCs and additional calcu-
lations of confined phonon modes in such systems
may validate this scenario.

CONCLUSION

In conclusion, we have demonstrated that CdSe/CdS
dot-in-rod HNCs provide a powerful model system
to investigate the fundamental optical properties
of semiconductor nanocrystals. Their shape allows
to fabricate self-assembled arrays with a well-defined
orientation of the NC crystallographic axis relative
to external parameters, such as an applied magnetic
field and the observation direction. The high struc-
tural quality of the CdSe/CdS HNCs is exemplified
by the appearance of resonant Raman peaks and
narrow fluorescence lines in an ensemble experiment
under resonant excitation. The direct observation of
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an acoustic phonon assisted transition, besides the
sharp zero-phonon emission and optical phonon
replicas, highlights the importance of vibrational
modes for the exciton recombination of nano-
crystals. The overall symmetry of the exciton wave

function in the CdSe/CdS dot-in-rods has been
proven to be spherical, although the HNCs display
a quasi-type-II band alignment with a reduced
electron�hole overlap and a smaller exchange
energy.

METHODS
Sample Synthesis and Preparation of Self-Assembled Layers. The

nearly spherical CdSe NCs were synthesized by hot injection
of organometallic precursors into a coordinating solvent mix-
ture, following methods reported by de Mello Donegá et al.69

The CdSe QDs were dispersed in toluene and the solution was
dropcasted on GaAs substrates. CdSe/CdS dot-in-rod HNCs
were prepared using the seeded growth methodology4 follow-
ing an adaptation of the method reported by Carbone et al.28

(see Supporting Information Methods and ref 33). CdSe/CdS
dot-in-rod HNC samples were prepared in two different geo-
metrical configurations with respect to the deposition sub-
strate: (i) randomly oriented where HNC/toluene solutions
were dropcasted on a Si/SiO2 substrate to give a randomly
oriented sample, and (ii) vertically oriented (with the long rod
axes parallel to the normal of the substrate). Here, following the
method described by Zanella et al.,34 ensembles of self-as-
sembled HNCs vertically aligned were prepared by depositing
a highly concentrated HNC/dichlorobenzene solution (∼2 μM
concentration) on a 10� 10 mm2 Si/SiO2 substrate. The solvent
evaporation rate was kept very slow in a solvent saturated
atmosphere to ensure the formation of predominately upstand-
ing HNC assemblies. The preferential orientation of the HNCs in
the assembly was studied by X-ray diffraction.

Optical Measurements. Optical experiments at low tempera-
tures and high magnetic fields were performed on a set of NC
ensemble samples, using three spectroscopic techniques:
photoluminescence (PL), time-resolved PL (TRPL) and fluores-
cence line narrowing (FLN) spectroscopy. The NC samples were
mounted in a titanium sample holder on top of a three-axis
piezo-positioner. The sample stage was placed in a homemade
optical probe, made of carbon and titanium to minimize
possible displacements at high magnetic fields. Laser light
was focused on the sample by a singlet lens (10 mm focal
length). The same lens was used to collect the PL emission and
direct it to the detection setup (Backscattering geometry). The
optical probe was mounted inside a liquid helium bath cryostat
(4.2 K) inserted in a 50 mm bore Florida-Bitter electromagnet
with a maximum field strength of 31 T. All optical experiments
were performed in Faraday geometry (light excitation and
detection parallel to the magnetic field direction).

For TRPL measurements the excitation was provided by a
picosecond pulsed diode-laser operating at 485 nm. The PL
signal was detected by an avalanche photo diode connected
to a single-photon counter (time-correlated single photon
counting). For static, spectrally resolved PL measurements the
same excitation source was used but in continuous wavemode.
The PL light was guided trough a 300 mm long single grating
spectrometer (300 grooves/mm grating) and detected by a
liquid nitrogen cooled charge couple device (CCD). Cut-off
optical filters were used in excitation and detection, for both
PL and TRPL experiments.

For FLN measurements, a very narrow excitation source
(e0.08 nm fwhm) was achieved, using a tunable jet-stream dye
(Rhodamine 6G) laser and a 300 mm single grating spectro-
meter (1200 grooves/mm holographic grating). The output
monochromatic beam was collimated with a lens in the optical
insert described above. The excitation was circularly polarized
with the use of a linear polarizer and a Babinet Soleil compen-
sator. The emitted light was dispersed by a triple-grating Raman
spectrometer (subtractive mode). The resonant-PL emission
was dispersed by a 500 mm stage (1800 grooves/mm holo-
graphic grating) and detected by a liquid nitrogen cooled CCD
camera. The emitted photons are detected in crossed and

copolarization relative to the laser polarization by using a linear
polarizer and a lambda-quarter wave plate.
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