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Linear dichroism of CdSe nanodots: Large anisotropy of the band-gap absorption induced by
ground-state dipole moments
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We measured the electric field induced linear dichroism for a wide range of sizes of CdSe nanocrystals.
Large ground-state dipole moments were observed, especially for the smallest crystals. In these, we found a
very large anisotropy of the absorption and most of the dipole strength is along the direction of the ground-state
dipole moment. For the anisotropy, we propose a mechanism for intensity borrowing from intraband transi-
tions, induced by the field of the ground-state dipole moment.
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I. INTRODUCTION

Nanocrystals of CdSe can be prepared by wet chemistry
with good yields, well defined shapes, and narrow size
distributions."? The strong confinement of the electron wave
function in these particles makes it possible to tune their
optical properties, with many applications in biology and op-
toelectronics. A large number of theoretical and experimental
studies have addressed the electronic structure of CdSe nano-
crystals, leading to rather detailed models® for their spectros-
copy. However, several experiments strongly challenge the
current models. The most problematic are the observations of
parity violation, as deduced from two-photon excitation
experiments.* Moreover, dielectric spectroscopy’ and tran-
sient electric birefringence measurements® have revealed
large ground-state dipole moments in CdSe nanodots and
rods. The origin of the dipole moments is not entirely clear;
theoretical studies predict a dipole moment for CdSe nano-
crystals due to deviations from the wurtzite structure.” How-
ever, the predicted scaling of the dipole moment with the
volume of the particles was not observed for dots.* Also, for
cubic crystal structures, large dipole moments have been
repor‘[ed,8 which could be due to truncation effects of the
nanocrystals.>! Here, we report on electric field induced
linear dichroism (LD) measurements. Contrary to dielectric
dispersion and birefringence experiments, LD is a resonant
technique, which allows us to obtain both the dipole moment
of the particles and the orientation of the optical transitions
with respect to the dipole moment.

II. EXPERIMENT

For the LD measurements, a cell with vertical electrodes
spaced 3 mm apart and an optical path length of 10 mm was
constructed. Measuring light was horizontally polarized. The
field was generated by a function generator running at 1 kHz
and amplified in a Trek 10B amplifier. The signal was de-
tected (by an Avalanche Photodiode) with a lock-in amplifier
at the second harmonic of the field frequency. The lock-in
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amplifier measures the difference in transmission between
field on and field off, corresponding to the difference be-
tween partially aligned and isotropic transmissions of the
sample. For all samples, a field strength of 11.8 kV/cm was
used. Measurements were performed on commercially avail-
able samples (Evident Technologies) and similar homemade
samples. The samples were diluted in spectroscopic grade
toluene and sonicated before the experiments. In the follow-
ing, we presume the dipole moment of the particles to be
along the c axis of the particles, and we treat the particles as
cylindrically symmetric around the ¢ axis, i.e., the only pa-
rameter for the distribution is the angle between dipole mo-
ment and electric field. Since the rotational diffusion time of
the particles is 3 orders of magnitude shorter than the period
of the field, we presume that the orientational distribution of
the particles is, at all times, well approximated by a Boltz-
mann distribution, as in
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Here, E is the field, u is the dipole moment, and 6 is the
angle between the dipole moment and the field. The LD sig-
nal is defined as
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where Ap and A are the absorption of the sample with the
field on and off, respectively, A;,, is the isotropic absorption
spectrum (measured independently), and y is the angle be-
tween the transition dipole moment and the ¢ axis of the
crystal. If we ignore dielectric effects, for a particle with a
100 D dipole moment in an 11.8 kV/cm field, the LD/A;,
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FIG. 1. (Color online) Electric field linear dichroism (solid red/
gray) and absorption spectra (black) of 2.4 nm diameter CdSe nano-
crystals (from Evident Technologies). The dotted curve is the
LD/Ajp.

value would be 1.2X 1073 for a transition polarized parallel
to the dipole moment.

III. RESULTS

The most common model® for the band edge exciton
states of CdSe nanocrystals predicts a forbidden lowest en-
ergy transition (*+2), with the first allowed transition *+ 1%
about 10 meV higher in energy. The next transition is the
forbidden OF, followed by the allowed =* 1Y and 0Y transi-
tions. Of these transitions, only the 0F and 0Y are polarized
along the ¢ axis of the particle; all other transitions are de-
generate and polarized perpendicular to the axis. The dipole
strength of the transitions is such that it is isotropically dis-
tributed over the x,y,z directions when integrated over the
band gap.

Figure 1 shows a typical LD (Ap—A,) spectrum for one of
the smaller dot sizes, together with the isotropic absorption
spectrum and the LD/A;,, spectrum. The signal is positive
over the band edge region and beyond, which indicates that
the band gap absorption is dominated by the transitions ori-
ented or polarized along the axis of orientation. This is an
obvious deviation from theory, which predicts that the band
gap region has an isotropic oscillator strength, i.e., the inte-
grated LD signal should be zero. Instead, we find that the
absorption along the ¢ axis has a significantly larger dipole
strength than the perpendicular transitions.

In Fig. 2, we model the absorption and LD spectra based
on the theoretical positions and dipole strengths of the three
optically allowed transitions in the band gap region.> Not
surprisingly, the band gap absorption is very easily simulated
with this parameter set (upper panel in Fig. 2). However, the
predicted LD spectrum is very far off from the experimental
spectrum. To get a better correspondence between theory and
experiment, the axial absorption bands (0X and 0Y) need to
have a significantly higher dipole strength than that of the
perpendicular transitions. Moreover, since the LD and
LD/A;,, spectra peak on the red side of the band, the axial
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FIG. 2. (Color online) Simulation of the absorption (upper
panel) and electric field induced LD spectra (lower panel) of Fig. 1.
The relative positions and dipole strength of the three bands used to
describe the OD spectrum were taken from Ref. 3 and shifted in
parallel to fit the low energy side of the band-gap absorption. Rela-
tive positions of the transitions are 0 meV (*1%), 37 meV (1Y),
and 51 meV (0Y), with relative dipole strengths scaling as 0.1: 0.9:
1.0. All of the bands were given a Gaussian width of 27 nm. In the
lower panel, the same bands were used to calculate the LD spec-
trum (solid red/gray curve). The black curve is the experimental LD
spectrum.

transitions need to be redshifted significantly. We estimate
that the axial transitions must be at least three times stronger
than the perpendicular transitions; otherwise, negative con-
tributions would be visible in the red or blue side of the
spectrum, which is clearly not the case. Since the spectra of
this sample lack structure, we have not attempted a free fit of
the data. Without a deconvolution of the bands underlying
the band gap, we cannot arrive at an absolute value for the
LD/A,, value of the individual transitions. This requires an
accurate model that describes the fine structure of the band
gap. Given the obvious discrepancies between experiment
and theory, we cannot directly apply a model. However, for
the small particles, the domination of the axial absorption is
large enough, such that the estimated dipole moment is not
very dependent on the exact increase in dipole strength, and
we can estimate a ground-state dipole moment of 80-110 D
(the higher values are based on a correction for the overlap-
ping bands, with a fourfold enhancement of the 0V transi-
tion). Note that the dipole field not only affects the strengths
of the transitions, but also shifts the levels. As a result, a
heterogeneity in the magnitude of the dipole moment would
lead to a broadening of the band gap transition, possibly with
a comparable magnitude to that of broadening due to the
distribution in size. This could provide an explanation for the
relatively redshifted LD band of the band gap, since the po-
sition within the inhomogeneous band would be correlated
with the dipole moment. Therefore, the contribution of a par-
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FIG. 3. (Color online) Electric field linear dichroism (red, lower
curve) and absorption spectra (blue, upper curve) of 4.7 nm diam-
eter CdSe nanocrystals from Evident Technologies.

ticle to the LD spectrum would be weighted by the square of
its ground-state dipole moment, resulting in a redshifted LD
spectrum. Figure 3 shows a LD spectrum typical of larger
nanocrystals. Note that the magnitude of the LD signal in the
band gap region is more than an order of magnitude smaller
than that in Fig. 1. We observed a negative LD signal on the
red side of the band for particle sizes of =3.7 nm diameter.
The appearance of this feature is in accordance with the the-
oretical model, which predicts a redistribution of the dipole
strength from the =1V to the =17 transitions® when going
from small to large particles. In Fig. 4, we model the results
with the predictions of theory. Again, the result is not very
good for the LD spectrum (middle panel). However, a minor
change in the dipole strength (10%) in combination with a
redshift by 4 nm of the 0V band generates a LD spectrum that
resembles the experimental spectrum (lower panel in Fig. 4).
We did not attempt to find a combination of bands that would
fit both the absorption and LD spectra. As discussed above, if
the ground-state dipole moment is not the same for all par-
ticles, the LD spectrum will be biased toward a redshifted
subpopulation of the particles. Therefore, the bands used to
simulate the isotropic absorption spectrum in the top panel of
Fig. 4 need not be the same ones that work for the descrip-
tion of the LD spectrum in the bottom panel. The main con-
clusion that we want to draw from this simulation is that,
again, the axial dipole strength needs to be slightly enhanced
and redshifted. The strongly overlapping contributions in the
band gap area make it harder to arrive at an estimate of the
degree of orientation of the particles. Fortunately, this sample
does show a strong LD/A;, signal for a higher energy tran-
sition (probably the 1P;,1P, transition), peaking at about
500 nm, which corresponds to a dipole moment of at least 37
D (value obtained if the observed band would be a transition,
purely polarized along the axis of the crystal, without inter-
fering negative contributions). An estimate based on the
simulation of Fig. 4 leads to a value of 48 D for the ground-
state dipole moment. The smaller dipole moment (in com-
parison with the smaller particles) in combination with the
larger diameter of these particles should result in an internal
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FIG. 4. (Color online) Simulation of the absorption and electric
field linear dichroism spectra of 4.7 nm diameter CdSe nanocrys-
tals. The relative positions and dipole strength of the three bands
(dashed green) used to describe the OD spectrum were taken from
Ref. 3 and shifted in parallel to fit the low energy side of the band-
gap absorption. Relative positions of the transitions are 0 meV
(+15), 21 meV (1Y), and 25 meV (0Y), with relative dipole
strengths scaling as 0.65: 0.35: 1. All of the bands were given a
Gaussian width of 27 nm. The full green curve in the lower panel is
the shifted 0V, enhanced by 10%.

field that is about four times smaller than the field in the
small particles. This explains the smaller deviation from
theory, which is observed for the larger particles.

The change in dipole strength of the axial absorption of
the smaller particle is of such a magnitude that it should also
affect the isotropic spectrum. In this respect, it is good to
look at the relative strength of the band gap transitions as
compared to the size-independent continuum absorption at
short wavelengths. As reported in Refs. 11 and 12, the ab-
sorption at 350 nm is more or less representative of the total
amount of CdSe in the sample, independent of particle size.
In Fig. 5, we plotted the isotropic absorption spectra of the
preparations we used in this study, with each spectrum nor-
malized to its absorption at 350 nm. When presented like
this, the relative contribution of the band gap transition in-
creases when going from large to small particles. Actually,
the trend observed in Fig. 5 correlates well with the two LD
spectra shown here. The proposed fourfold increase in the
axial absorption needed to explain the LD spectrum of the
small particle would result in a doubling of its isotropic ab-
sorption, which is actually what is observed in Fig. 5. There-
fore, the change in relative intensity of the band gap transi-
tion as a function of size could be completely due to the
observed increase in the axial absorption. The observed trend
also justifies our choice to model the LD spectra by an in-
crease in the axial absorption, whereas a decrease in the per-

165303-3



VAN MOURIK et al.

1.0 4
>75D (106D)
5 >65D
S 05 >33D
2 >31D
Q
2 / / >37D(48D)
/
0.0

T T T T T
400 500 600
Wavelength (nm)

FIG. 5. (Color online) Absorption spectra, normalized at 350
nm, of the CdSe nanocrystals used in our LD experiments. The
red/dark gray and green/light gray curves correspond to the experi-
ments shown in Figs. 1 and 3. Indicated are the values obtained for
the ground-state dipole moment without and with deconvolution
(between brackets, as described in the text).

pendicular dipole strength would have also explained the LD
results. The estimates of the ground-state dipole moments
given in Fig. 5 correspond to the value deduced from the
maximal value of the LD/A;y, spectrum, without a correction
for compensating negative contributions.

The permanent dipole moment inherent to CdSe nanopar-
ticles, which causes it to orient in an external field, is also the
cause of an internal field that can perturb the excitonic struc-
ture. A 100 D dipole moment, due to an asymmetric charge
distribution within the particle, gives rise to a field of
~3 MV/cm, which can have a significant interaction with
the transition moments of the system. However, the en-
hanced axial dipole strength is not easily explained by the
interaction of an isolated transition dipole moment with the
field. For a two-level system, the effect of an electric field
would be to reduce the dipole strength of the transition.'3
Therefore, the field induced mixing of other transitions also
needs to be taken into account, and a crucial role is played by
the intraband transitions.

In the following, we present a four-level model that ratio-
nalizes the observed behavior. An exciton consists of an elec-
tron in the conduction band, and a hole in the valence band,
subject to the boundary condition that the wave function van-
ishes at the surface of the (spherical) particle. A basis set is
usually chosen as eigenfunctions of the total angular momen-
tum operator, since it commutes with the Hamiltonian of the
system. The electron and hole wave functions thus become
the product of an underlying Bloch function and an envelope
function. The Bloch functions reflect the electronic proper-
ties of the bands, making the electron behave as a spin 1/2
particle and the hole as a spin 3/2 particle. Eigenfunctions
can then be written as |Iff,), where [ is the angular momen-
tum of the envelope function and f and f, are the total angu-
lar momentum and its z projection, respectively. A general
excitonic state can thus be written as the product of an elec-
tron state and a hole state |Iff,)|LFF.). Usually, only the
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FIG. 6. (Color online) Relative dipole strength of the axial tran-
sitions (0Y+0%) as a function of the “internal field.” The inset
shows the possible intraband transitions starting from one of the
states comprising OV. Energies and transition dipole moments (in D)
are all for a particle of 2.5 nm radius. Energies are relative to the
lowest optically excited state. The highest state is also optically
allowed. The states indicated are all eightfold degenerate, and for
the ones that have a transition moment in the z direction, the mag-
nitudes are given.

lowest exciton band /=0, L=0 is considered for the optical
transitions. Initially, none of the states have a permanent di-
pole moment. We assume the internal field to be in the z
direction, which is the same direction as the crystal field.
However, in contrast to the electron—hole interaction and the
crystal field splitting, the electric field breaks the inversion
symmetry, changing the selection rules for transitions to
these states. The lowest excitonic state of relevance that is
optically allowed and has a transition moment in the z direc-
tion is the transition to'*

1
09 =gl=ilozzloz -3)+loz-lozn]. 3

The orthogonal linear combination of the two states on the
right hand side is the optically forbidden |0%) state. From this
state, intraband transitions with a transition dipole moment in
the z direction are possible to a number of states. In prin-
ciple, intraband transitions are possible from S to P envelope
states for both the hole and the electron, which gives a total
number of 128 possible states. A full description of the in-
traband transitions and the effects of an electric field on them
will be given in a separate paper. Here, we confine ourselves
to what appears to be the dominant effect. In Fig. 6, we show
a small subset of states accessible from one of the states of
Eq. (3). From |O%l>|0%—%), an intraband transition is pos-
sible to [032)]12 — 1), and another intraband transition to the,
again, optically allowed state |1%%)|1%—%). We concentrate
on these states since the first two are close lying in energy
and have a large transition dipole moment in the z direction
between them. Energy differences and transition dipole mo-
ments were calculated for CdSe by using the Luttinger pa-
rameter set.!> The electric field acts on the transition mo-
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ments between the states. For the optical transitions, these
are calculated in the usual way.'* For the intraband transi-
tions, we let the dipole operator,

fL=er,—er,, (4)

where r, is the hole position and r, is the electron position,
act between the states. The dependence of the Hamiltonian
on the internal electric field is then given by —fi-E. The
external electric field, which orients the dipoles, can be ne-
glected in these calculations, since it is generally at least an
order of magnitude weaker than the internal field within the
nanodot.

The effect of an electric field on this subsystem can be
obtained by diagonalizing the resulting 4 X4 Hamiltonian,
which comprises the ground state, the optically allowed
states S;,S3, and Pj,P3,, and the intermediate state
S1,2P3)5, for a given electric field strength. Briefly stated, the
main effects are the following: a considerable mixing of the
two low lying states, which make them now both optically
allowed; the states themselves acquire dipole moments; and
the previously optically forbidden O transition now also be-
comes optically allowed. Since the difference in energy be-
tween these states is smaller than the bandwidth, all of the
states contribute to the oscillator strength of the lowest tran-
sition, which can then increase in value. Figure 6 shows how
this model predicts an increase in the axial dipole strength by
about 5% for an internal field of 3 MV/cm, i.e., the right
order of magnitude for the data presented in Figs. 3 and 4.
The four-level model presented here is the minimal model to
predict field induced dipole-strength enhancements. The
model is not really sufficient for a quantitative description of
the stronger effects occurring in the smaller particles. Obvi-
ously, the stronger the field, the more the states and transi-
tions need to be taken into account.

IV. DISCUSSION

Our results show that care has to be taken when extrapo-
lating experimental data obtained on nanocrystals of a cer-
tain size to other sizes. The spectroscopy of the smaller crys-
tals is very different from that of the larger ones. The size
dependence and magnitude of the dipole moments reported
here differ from those deduced from dielectric spectroscopy
experiments.’ We do not know where the discrepancy comes
from, but we note that, contrary to what is the case for the
dielectric spectroscopy experiments,’ the interpretation of
our LD experiment does not require knowledge of the abso-
lute concentration of particles, which eliminates a possible
source of error. Aggregation could lead to larger LD signals
if the aggregate has a larger dipole moment than the indi-
vidual particle. However, sonication and tenfold dilution of
the sample did not have an effect on the spectra of the par-
ticles, making it unlikely that aggregation plays a role. Two
mechanisms have been proposed for the large ground-state
dipole moments in semiconductor nanocrystals. For wurtzite
CdSe, it was suggested that a deviation from the ideal lattice
structure, leading to a slightly polar lattice, could give rise to
a dipole moment that scales with the volume of the particle.’
For zinc blende crystals, this explanation does not work and,
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in order to explain the fact that also zinc blende crystals
exhibit dipole moments, asymmetry in the termination of the
crystals has to play a role.” Because of the large difference in
electronegativity of Cd and Se, the surface atoms carry a
partial charge, which is compensated by the neighboring at-
oms; this could be envisaged as a surface that contains a
finite number of dipoles. An imbalance between the number
of dipoles pointing to a certain direction can then lead to an
overall dipole moment. For PbSe, it was proposed that this
mechanism can have a preferential direction with respect to
the crystal axis and that the dipole moments play a role in the
assembly of nanowires.'® Note that, especially for small
crystals, the attraction between dipoles on opposite sides of
the crystal, pointing to the same direction, can stabilize par-
ticles with a large dipole moment. This could be an explana-
tion for the counterintuitive trend in the magnitude of the
dipole moment that we observe. Both the absence of a scal-
ing of the ground-state dipole moment with the volume, the
particle, and the magnitude of the dipole moments indicate
that the truncation mechanism, as proposed by Shanbhag and
Kotov, could be the relevant one for the small particles. The
alternative model of Nann and Schneider’ predicted a dipole
moment of 1.27 D nm™>. For the smallest particles in our
study, this corresponds to a dipole moment of about 10 D,
which is about an order of magnitude less than what we
observe. However, this small dipole moment resulting from
the polar lattice could play a coordinating role during the
assembly of the particles. Our results seem to indicate that
the ground-state dipole moment is along the hexagonal axis.
Given the stochastic nature of the truncation mechanism, this
would not be very likely without some form of coordination.

For the large particle that we measured, the model of
Nann and Schneider predicted a dipole moment of 70 D,
which is close to what we estimated (48 D) from our experi-
ment. The above mentioned stabilization due to the attraction
of dipole moments on opposite sides of a crystal diminishes
for larger crystals, and obviously even more so for rod-
shaped particles. Therefore, it is reasonable to assume that
for large dots and rods, the dipole moments are caused by the
polarity of the lattice, as suggested by Nann and Schneider.”

For the smaller particles, the magnitude of the local field
of the dipole moment could be large enough to supersede the
crystal field splitting in determining the spectroscopy of the
nanocrystals. Indeed, recent photoluminescence and fluores-
cence line narrowing studies on CdSe nanodots having a
wurtzite or a zinc blende structure show that their spectral
features are identical. To explain this, we suggest that the
ground-state dipole moment takes over the role of the crystal
field in zinc blende crystals.'® Although in this work we only
addressed the effects of the dipole moment on the ground-
state absorption spectrum, we would like to stress the impact
on the charge recombination dynamics in these particles. As
we have demonstrated, the axial absorption bands are mixed
states, which should open up additional relaxation pathways
for the band edge exciton. This could be an explanation for
the fact that the predicted phonon bottleneck!”'® has never
really been demonstrated in a convincing way. Also in PbSe
nanocrystals, where due to strong confinement phonon
bottleneck effects were expected to be prominent, relaxation
processes occur on the same fast time scale as in CdSe
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nanocrystals.'>?® This is not so surprising since for PbSe
nanocrystals large dipole moments have also been reported.'’
The mixing of states in the band gap was already deduced
from two-photon excitation experiments,* but the implica-
tions have largely been ignored. This is perhaps due to the
“bipolar” nature of the dots; i.e., they really show a wide
variety of dynamics: due to the strong mixing of states in the
axial absorption bands, intraband relaxation processes can be
extremely fast.”>2! On the other hand, in low temperature
experiments, an almost atomlike behavior is observed. This
can be understood since the lowest states of the exciton
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manifold (+1% and +2), which are responsible for the low
temperature behavior, are polarized perpendicular to the axis
and, thus, do not interact with the field of the ground-state
dipole moment.
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