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block to further progress in the study of
non-El Nifio climate variability (23, 24). Our
results demonstrate that surface winds react
to modest subtropical SST variations as small
as a few tenths of a degree. The simulation of
the far-reaching effects of Hawaii can serve
as a test for the next generation of high-
resolution climate models.

The physical processes we have described
here probably give rise to other changes in
the Pacific Ocean and atmosphere. For in-
stance, Hawaii, with its volcanic and human
activities, is a major aerosol source for the
surrounding region. The long convergence
line in the wind wake detected in this study
may influence the transport of aerosols and
trace gases in the PBL and their exchange
with the free atmosphere. Regarding the
ocean, the banded structures in upwelling
velocity may lead to variations in the distri-
butions of plankton and other fishery
resources.
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Linearly Polarized Emission
from Colloidal Semiconductor
Quantum Rods

Jiangtao Hu,2* Liang-shi Li,">* Weidong Yang,'2
Liberato Manna,’? Lin-wang Wang,? A. Paul Alivisatos'-2}

Colloidal quantum rods of cadmium selenide (CdSe) exhibit linearly polarized
emission. Empirical pseudopotential calculations predict that slightly elongated
CdSe nanocrystals have polarized emission along the long axis, unlike spherical
dots, which emit plane-polarized light. Single-molecule luminescence spectros-
copy measurements on CdSe quantum rods with an aspect ratio between 1 and
30 confirm a sharp transition from nonpolarized to purely linearly polarized
emission at an aspect ratio of 2. Linearly polarized luminescent chromophores
are highly desirable in a variety of applications.

Colloidal semiconductor nanocrystals, or quan-
tum dots, are a class of luminescent chro-
mophores, which has emerged from the grow-
ing fields of nanoscience and nanotechnology
(1, 2). The optical emission properties of these
chromophores can be tailored by suitably ad-
justing the height, width, and shape of the po-
tential that confines electrons and holes. In
spherically shaped colloidal dots, the band gap
and oscillator strength can be tuned by variation
of the diameter (3). Colloidal dots can be pro-
duced by comparatively simple solution meth-
ods and are photochemically robust (4, 5).
Compared to self-assembled quantum dots
made by molecular beam epitaxy (6, 7), they
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have more chemical flexibility and have nearly
the same optical and electrical performance (8,
9). Thus, colloidal quantum dots may have a
very wide range of applications, e.g., as light
emitters in biological labeling (10, 11), displays
(12, 13), and lasers (14).

A limiting feature of the spherical colloidal
dots is that their emission is not linearly polar-
ized (15, 16). It has been suggested that colloi-
dal rods may display polarized emission with
significant advantages over spherical dots (/7).
Here, we combine recent advances in synthetic
control of nanocrystal shapes, single-molecule
spectroscopy, and electronic structure theory to
study quantum rods. We studied CdSe nano-
crystals because their synthesis has been well
developed (18, 19), so much so that they have
become a model system for studying quantum
size effects. Theory predicts a level crossing as
a function of aspect ratio in colloidal quantum
rods, such that slightly elongated dots (an as-
pect ratio of 2:1) should emit linearly polarized
light. This prediction is qualitatively verified by
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polarization experiments on light emission
from single colloidal CdSe quantum rods. Thus,
even a very modest change in the dots renders
them far more useful in a wide range of optical
emitter applications. Because the dots need
only to be slightly elongated, the chemical flex-
ibility is not compromised, as might be the case
for very long rods. The success of the theory in
predicting the crossover also suggests that it
will be possible to predict the optical properties
of the more complex shapes of nanocrystals
that can now be produced, such as arrows and
tetrapods (20).

The electronic structure of CdSe quantum
dots has been studied theoretically with effec-
tive mass approximation models (15, 21, 22)
and, more recently, with empirical pseudopo-
tential methods (23). Qualitatively, the lowest
excited electronic state of the bulk CdSe semi-
conductor arises when an electron is excited
from an occupied Se 4p atomic orbital to an
empty Cd 5s orbital. This excitation is distrib-
uted throughout many unit cells of the solid,
and there is a pronounced dependence of the
band gap on the size of the crystals. Because the
p atomic orbitals are degenerate, the interaction
between Se 4p orbitals in the crystal field and
the effect of spin-orbit coupling contribute to
most of the complexity in the electronic struc-
ture of CdSe nanocrystals.

An empirical pseudopotential calculation
(23) was performed to study the evolution of
the electronic structure when CdSe nanocrystals
evolve from a spherical to a rodlike shape. We
started from a spherical dot with a diameter of
3.0 nm and increased the aspect ratio by insert-
ing a cylindrical segment along the ¢ axis. The
pseudopotentials of the Cd and Se atoms were
obtained by fitting the band structure of bulk
CdSe, and “ligand potentials” were added to
surface atoms to remove the surface levels from
the band gap (23). The four lowest unoccupied
and four highest occupied electronic states were
calculated for quantum rods with aspect ratio
ranging from 1:1 to 5:1. As the aspect ratio
increases from unity, a crossover of the two
highest occupied electronic states occurs at an
aspect ratio of 1.25 (Fig. 1). Before this point,
the electronic states with predominantly Se 4p_,
4p, components have higher energy than that of
states that are mainly 4p,. The electronic energy
levels of these states all increase with increasing
size. The 4p, orbital has greater momentum
projected onto the ¢ axis of the crystal com-
pared to 4p, and 4p,, so the energy levels with
a greater 4p, component are more sensitive to
the rod length. These states exchange position
relative to each other at an aspect ratio greater
than 1.25. Calculations for the cases of 2.1- and
3.8-nm-wide rods show similar results, and the
crossing points are 1.25 and 1.36, respectively.

This model thus predicts a sharp transition
from plane-polarized emission to highly linear-
ly polarized emission when the nanocrystals
change from spherical to rodlike, even for an
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aspect ratio of not much greater than unity.
Furthermore, this model also suggests that the
global Stokes shift [the energy difference be-
tween the first ultraviolet-visible (UV-Vis) ab-
sorption peak and the luminescence peak of the
nanocrystals] should at first decrease and then
increase as a function of the aspect ratio (Fig.
2A and text below). These two predictions of
the empirical pseudopotential calculations are
also qualitatively reproduced in eight-band ef-
fective-mass-approximation calculations (24).
In order to test these theoretical predictions,

samples of quantum rods with very tightly con-
trolled diameter and length are needed. Here,
we report an improved procedure that yields a
very narrow distribution of the rod diameter and
length. Generally, CdSe quantum rods are made
by pyrolysis of dimethylcadmium (Cd(CH,),)
and Se/tributyl phosphine (TBP) solution in hot
trioctylphosphine oxide (TOPO) with the pres-
ence of hexylphosphonic acid (HPA) under in-
ert gases (I7, 20). On the basis of a recent
observation (25) that the growth of CdSe quan-
tum rods along the ¢ axis is much slower when
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Fig. 1. The four highest
. occupied electronic states
of 3.0-nm-diameter CdSe
L quantum rods calculated
with an empirical pseudo-
potential method with
. different aspect ratios.
The two highest energy
levels have a crossing at

an aspect ratio of ~1.25.
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(not shown) weighed by oscillator strengths (33), allowing a Gaussian distribution of lengths with a 10%
standard deviation. The first maximum from the red edge is considered to be the first absorption peak.
(B) Experimental results for quantum rods with diameters of 3.9 * 0.2 nm. Rods with different widths

show similar trends.
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a phosphonic acid with a longer hydrocarbon
chain [such as tetradecylphosphonic acid
(TDPA)] is used, we used a mixture of these
two phosphonic acids to adjust the growth rate
along the c axis. In a typical synthesis, a mix-
ture of HPA, TDPA, and TOPO was heated to

Fig. 3. (A through C)
TEM images and (D
through F) UV-Vis ab-
sorption (solid lines)
and  photolumines-
cence (dotted lines)
spectra of three rod
samples.  Quantum
rods with diameters of
~4.2 nm and lengths
of 11 [(A) and (D)], 20
[(B) and (E)], and 40
nm [(C) and (F)].

T T T T T T T
40 80 120 160
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360°C under argon, Cd(CH,),/TBP solution
was added to the mixture dropwise, and then a
quick injection of Se/TBP solution was made to
initiate the crystal growth. Separate addition of
Cd and Se precursors was critical for obtaining
a narrow size distribution (25). After the injec-
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Fig. 4. Luminescence polarization measurements from individual quantum rods at room temper-
ature. (A) Luminescence images of a single rod simultaneously recorded in two perpendicular
polarization directions at detection angles changing from 0° to 180°. The rods have an aspect ratio

of 10:1. (B) The intensity ratior = (1, -/ )J/(I,, + |

) calculated from the luminescence images in

(A) (solid circles) and fitted with sinusoidal function i(solid line) to give a polarization factor of 0.86.
The data from spherical dots (solid triangles) show much smaller polarization factors. (C) Polar-
ization factor versus aspect ratio. Solid circles with error bars (from statistics) are from experi-
ments, open circles are from empirical pseudopotential calculations for 0 K, and squares are from
empirical pseudopotential calculations for room temperature. Each experimental data point was
obtained by measuring more than 40 individual rods. The lines simply connect data points, and the
dotted line is from the fitting based on the dielectric model proposed in (28).

tion, the solution was kept at 300°C for growth,
and aliquots were taken out for optical measure-
ments. The HPA/TDPA molar ratio, ranging
from 3:1to 1:3, very sensitively determines the
diameter and aspect ratio of the rods at the
beginning of the growth and the speed of shape
evolution.

Transmission electron microscopy (TEM)
images of several typical CdSe rod samples are
shown in Fig. 3, along with their absorption and
emission spectra. The samples were taken from
the solution during growth and washed to re-
move excess surfactant, but no size selective
procedure was performed. The size distribution,
as determined by measuring TEM images of
more than 200 particles for each sample, was
~5% in diameter and <10% in length. The
narrow size distribution is crucial for systematic
studies of size and shape dependence of elec-
tronic and optical properties for both ensemble
and single-particle measurements. The UV-Vis
absorption and photoluminescence spectra on
ensemble samples have peak widths compara-
ble to those of spherical quantum dots (Fig. 3, D
through F).

Single-dot luminescence spectroscopy was
used to determine the polarization of their emis-
sion. We used a confocal fluorescence micro-
scope similar to the one described in (26). A
dilute solution of the nanoparticles in chloro-
form was spin cast onto a quartz substrate, and
atomic force microscopy was used to make sure
that individual rods are separated by at least 0.5
pm. We used a circularly polarized Ar™ ion
laser to excite the nanocrystals and a beam-
displacing crystal to split the luminescence light
into two perpendicularly polarized beams. The
two split images are 2 cm apart and can be
simultaneously recorded with a single charge-
coupled device camera. By rotating the beam-
displacing crystal, polarizations along any pair
of angles can be determined (27). Images of
luminescence from a single quantum rod with a
10:1 aspect ratio (Fig. 4A) demonstrate the
change with detection angle of the relative in-
tensity along the two perpendicular polarization
directions. The polarization factor p for this rod
sample is determined to be 86% by fitting the
intensity ratio » = (I, — I ,)/(I, + I,) versus
detection angle with a sinusoidal function (solid
circles in Fig. 4B) (,, intensity parallel to the
optical axis of beam-displacing crystal; / , in-
tensity perpendicular to the optical axis). In
comparison, the polarization factor of spherical
dots is usually <10% (solid triangles in Fig.
4B). We measured samples with an aspect ratio
from 1:1 to 30:1 at room temperature. The
polarization factor changes rapidly from nearly
zero to ~70% (e.g., I,:1, = 5.5:1) when the
aspect ratio increases from 1:1 to 2:1, then
remains almost constant afterward (Fig. 4C). At
low temperature, polarization factors of emis-
sion from spherical quantum dots take random
values between 0 and 1 because of the “dark” ¢
axis and the random orientation of the dots on
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the substrate (/6). However, the statistics for
more than 40 spherical quantum dots in our
measurement at room temperature shows that
the average polarization factor is <10%. Be-
cause we used an objective lens with a large
numerical aperture (e.g., 1.4) that depolarizes
light, the limit for polarization factor that our
experimental setup can obtain is ~80%. Thus,
the emission from quantum rods with an aspect
ratio greater than 2:1 is essentially purely lin-
early polarized, which is consistent with theo-
retical results.

To further test the calculations, we measured
the global Stokes shift of the quantum rods
experimentally. For rods with a fixed width, we
found that the global Stokes shift decreased
slightly from spherical dots to short rods and
then increased with length to more than 100
meV, which is much greater than that of spher-
ical quantum dots with the same diameter (Fig.
2B). This response qualitatively agrees with the
theoretical results. A dielectric model was pre-
viously proposed to explain the anisotropic po-
larization of the emission from porous silicon,
assuming that porous silicon is an aggregate of
Si nanocrystals with different shapes (28). Con-
centration of the field lines in the region of high
dielectric constant may contribute to the polar-
ization of the emission from CdSe quantum rods
as well (Fig. 4C). However, the nonmonotonic
behavior of the Stokes shift versus the aspect
ratio shows that the level crossing is the domi-
nant factor at a small aspect ratio. A larger
Stokes shift means a smaller overlap area be-
tween absorption and emission spectra, which is
desirable in applications such as light-emitting
diodes, where reabsorption reduces the total ef-
ficiency. We ‘also see some discrepancies be-
tween the theory and experiments, however.
The turning point from the experiments does not
coincide with that from the theoretical calcula-
tions, and the experimental Stokes shift values
are always greater than the theoretical ones. This
difference could be due to factors such as the
electric field caused by the dipole moment (29,
30) and the electron-phonon coupling (31, 32),
which are not considered in the calculations.

The emission polarization of CdSe nano-
crystals can be greatly modified by slightly
changing their shapes without much of an in-
crease in the complication of the preparation.
This change greatly improves their potential in
applications. The compression of emission to a
single polarization axis makes these nanocrys-
tals ideal for many orientation-sensitive appli-
cations. As emitters in lasers, CdSe quantum
rods should increase power efficiency and low-
er the pumping threshold. They can also be
used as labels in biological systems to study
conformational change and energy transfer.
Furthermore, the anisotropic geometry of long-
er quantum rods makes it possible to align them
on a flat surface over a large area and therefore
makes it feasible to use them in polarized light—
emitting diodes and flat panel displays.
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Chiral Sign Induction by
Vortices During the Formation
of Mesophases in Stirred
Solutions
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Achiral diprotonated porphyrins, forming homoassociates in aqueous solution,
lead to spontaneous chiral symmetry breaking. The unexpected result is that
the chirality sign of these homoassociates can be selected by vortex motion
during the aggregation process. This result is confirmed by means of circular
dichroism spectra. These experimental findings are rationalized in terms of the
asymmetric influence of macroscopic forces on bifurcation scenarios and by
considering the specific binding characteristics of the porphyrin units to form

the homoassociates.

When thinking about chirality induction in
physicochemical processes, one has to distin-
guish between two completely different sce-
narios. In the first one, typical of an organic
chemistry context and commonly described
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according to the standard reaction coordinate
picture, asymmetric induction arises from a
polarization effect acting on the reaction path
(I). The second situation corresponds to a
spontaneous symmetry breaking scenario, ac-
cording to which an excess of one of the
enantiomers is always obtained, although
with an unpredictable sign. By invoking ge-
neric principles of nonequilibrium phenome-
na, this last behavior is readily interpreted
with the notion of bifurcation of an unstable
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