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Abstract
Cadmium selenide (CdSe) nanocrystals with wurtzite-like core and surface passivated
by organic molecules have been extensively studied for the past 20 years and are already
used for diverse applications, ranging from light emitting diods, to photovoltaic cells and
biological markers. Recently, however, there were experimental and theoretical evidences
that pointed to the existence of a novel class of CdSe nanocrystals. These are very small,
magic-sized, CdSe nanoparticles with fullerene-like geometry that proved to be extremely
stable. This discovery has paved the way to the development of CdSe “cluster-assembled
materials” – materials made of three dimensional ordered arrays of size-selected nanoparticles. The enormous potential of these new materials lies in the ability to fine-tune their
properties by controlling the size of the constituent nanoparticles, combined with the novel
collective behavior arising from the creation of nanoparticle arrays.
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1

Introduction

Cadmium selenide (CdSe) is a binary compound made of cadmium and selenium, that crystallizes in the hexagonal closed-packed wurtzite structure. Its optical band gap measures 1.85 eV at
low temperature (Dai et al. 2007b). Current research on CdSe has focused mostly on nanoparticles, i.e., small portions cut out from bulk CdSe, with diameters between 1 and 100 nm. The
interest in these nanosized systems can be understood by their special properties, significantly
different from the properties of the parent bulk compound, that open the possibility of novel
technological applications. Furthermore, the very small size of these nanoparticles makes them
particularly suited for miniaturization purposes. In fact, while the miniaturization of conventional silicon-based electronics is approaching fundamental performance limits, researchers are
actively working to find new nanosized materials that are able to overcome these limits.
All nanoparticles exhibit a fundamental property known as “quantum confinement” (Bawendi
et al. 1990), due to the modification of the energy states of electrons confined in a very small
volume. Quantum confinement is dependent on the confinement volume, i.e., on the size of the
nanoparticle. This means that the electronic properties of CdSe nanoparticles can be tailored by
controlling their size. As a consequence, CdSe nanoparticles have size-tunable absorption and
luminescence spectra. This characteristic makes them particularly attractive to be employed in
optical devices, such as in light-emitting diodes that have to cover a large part of the visible
spectrum (Coe et al. 2002, Bowers et al. 2005). Along the same lines, CdSe nanoparticles have
already proved to be excellent components for a variety of applications, such as in optically
pumped lasers (Tessler et al. 2002), photovoltaic cells (Klimov 2003, Greenham et al. 1996),
telecommunications (Harrison et al. 2000), and in biomedicine as chemical markers (Bruchez
et al. 1998, Michalet et al. 2005).
The common requirement that makes possible all these different applications of CdSe nanoparticles is the high proficiency achieved in the control of a remarkably narrow size distribution
(even lower than 5% (Murray et al. 1993)) during the synthesis process. In fact, it is the size
distribution that determines the sharpness of the optical peaks. A further advantage of CdSe
nanocrystals is the degree of efficiency attained in their synthesis, the high quality of the resulting samples, and the fact that the optical gap is in the visible range. In most common
experimental setups, CdSe nanoparticles are formed by kinetically controlled precipitation, and
are terminated with capping organic ligands, like, e.g., the trioctyl phosphine oxide (TOPO)
molecule, which provide stabilization of the otherwise reactive dangling orbitals at the surface (Murray et al. 1993). High quality colloidal CdSe nanoparticles have been routinely synthesized for more than a decade: their sizes range from 1 nm to hundreds of nm and their core
displays the same symmetry as wurtzite.
The electronic states of any nano-object are also sensitive to the overall cluster shape,
and more specifically to the deformations due to surface reconstruction, to the presence of
defects, and to the symmetry properties of the arrangement of atoms in the core (Peng et al.
2000). These geometrical details are of course more critical when the cluster is very small, i.e.,
when the surface/volume ratio is the largest. In particular, defects and dangling bonds are
essentially localized at the surface. Moreover, for practical uses, further requirements, such as
a high chemical stability of the nanostructure and an enhanced photoluminescence intensity,
are of utmost importance. Unfortunately, these characteristics are inhibited by the presence
of defects. As a consequence, often the quantum yields for very small CdSe nanoparticles in
solution turn out to be below 1% (Bruchez et al. 1998, Chan and Nie 1998). The reason is that
these colloidal nanoparticles contain a large number of defects, especially at the surface, where
radiationless recombination of the charge carriers can occur. Therefore, controlling the quality
of the growth of small clusters, and in particular controlling the formation of dangling bonds
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at their surface, is essential for any kind of application.
In this context, the recent synthesis and probable identification of the very small, and highly
stable, (CdSe)33 and (CdSe)34 nanoparticles grown in a solution of toluene (Kasuya et al. 2004,
2005) came as a breakthrough. The experimental absorption spectra of these nanoparticles
at low temperature exhibit sharp peaks, similar to the ones that characterize TOPO-capped
clusters of the same size (Murray et al. 1993). However, the surfactant molecules employed
in the synthesis process are, in this case, removed by laser vaporization. Furthermore, an Xray analysis indicates that the coordination number of Se is between 3 (the coordination of a
fullerene) and 4 (the coordination of the bulk crystal). In view of this, and in absence of direct
structural data, the non-passivated compound nanoparticles were predicted to have a corecage structure, composed by a puckered fullerene-like (CdSe)28 cage accommodating a (CdSe)n
(n=5,6) wurtzite unit inside (see Fig. 1). Further ab initio calculations of structural and optical
properties validated this interpretation (Kasuya et al. 2004, Botti and Marques 2007).
These very small fullerene-like systems, in the size range of 1–2 nm, are particularly interesting, as they have an increased probability to take the form of magic-sized nanocrystals,
leading to ultra-stable single sized ensembles, which are in principle characterized by very sharp
absorption peaks. The concept of magic-size has been well known for several years in the field
of metal clusters, but it is less common for semiconductor nanoparticles.
Furthermore, the recent discovery of CdSe and other fullerene-like semiconducting cluster has renewed the interest for the so-called “cluster-assembled materials”. In fact, clusterassembled materials form one of the most promising frontiers in the design of nano-devices.
They are composed by three dimensional arrays of ultrastable size-selected nanoparticles, organized in a similar way as atoms are organized to form a crystal. Cluster-assembled materials
ideally combine the properties of the single nano-object with novel collective behaviors arising
from the periodic arrangement of the solid. Of course, the interaction between clusters cannot
be too strong, such to destroy the discrete nature of the optical transitions. This means that
the surface of the cluster has to be well saturated, with no dangling bonds. Unfortunately, up
to now most attempts to design cluster-assembled matter have lead to metastable materials,
which can be stabilized only by a dielectric matrix that prevents the individual clusters from
reacting with their neighbors. Only few cluster materials are known at present, the most famous
are made of carbon fullerenes (C60 and C70 ). However, the recently synthesized CdSe fullerenes
are very small clusters (1.5 nm of diameter), extremely stable, and which can be produced in
macroscopic quantities: all these characteristics point to the possibility of using them to produce
new cluster-assembled materials.

2

Synthesis and spectroscopic characterization

Numerous approaches (Katari et al. 1994, Hines and Guyot-Sionnest 1996, Chen et al. 1997,
Peng et al. 1997, Dabbousi et al. 1997, Peng et al. 2000, Mikulec and Bawendi 2000, Peng and
Peng 2001, Talapin et al. 2001, Gaponik et al. 2002a,b, Reiss et al. 2002, Yu et al. 2003b, Zhang
et al. 2003, Yu et al. 2003b,a, Zhong et al. 2004, Dai et al. 2006, Pradhan et al. 2006) have been
developed to synthesize highly crystalline and monodisperse II-VI semiconductor nanocrystals,
following the path opened by Murray et al. (Murray et al. 1993). However, these approaches
are mostly suitable to produce regular-sized nanocrystals (>2 nm), but cannot be commonly
employed to synthesize magic-size small clusters (1–2 nm). In particular, in the magic size
regime, a large percentage of the atoms are at the surface, which makes the control of dangling
bonds much more important.
Very small CdSe nanocrystals have been synthesized by the over-layering method (Soloviev
et al. 2000), the etching preparation starting from larger nanocrystals (Landes et al. 2001), and
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the reverse-micelle approach (Kasuya et al. 2004). Peculiar optical properties were obtained by
magic-size nanoparticles grown by hot injection (Bowers et al. 2005): these ultra-small clusters
exhibit broadband emission (420–710 nm) throughout most of the visible light spectrum, while
not suffering from self-absorption. This property makes them ideal materials to produce whitelight LED’s. In general, it is assumed that these clusters are saturated with ligands, even if
there is direct information about the reconstruction at the surface.
However, ligand-free fullerene-like core-cage particles were for the first time produced by
Kasuya et al. (Kasuya et al. 2004, 2005) only in 2004. Since then, other groups tested new
reproducible and controllable methods to grow in solution magic-sized small CdSe clusters.
The exact control of the size of the nanocrystal and the sharpness of the optical peaks are both
essential for any practical application. Of course, also the stability in time of the clusters is an
important parameter to consider.
Kudera et al. (Kudera et al. 2007) reported a method for controlling the sequential growth
of CdSe clusters in solution that yields only magic-size nanocrystals of progressively larger sizes.
The resulting nano-objects are characterized by sharp optical absorption spectra with peaks at
well defined energies, in agreement with the ones reported by Kasuya et al. (Kasuya et al. 2004).
Also the cluster sizes, estimated by X-ray diffraction analysis, are compatible with the findings of
Kasuya et al. (Kasuya et al. 2004). Further transmission electron microscopy analysis revealed
that all clusters are roughly spherical and that they are not aggregated. The mechanism of
growth is determined by the competition between the attachment and detachment of single
atoms at the surface. Once a cluster has grown to a magic size, its structure is so stable that no
atom can detach from it. Therefore, it can only grow further, but it cannot shrink. This growth
mechanism is compatible with the creation of cage-like structures, even if there is no direct proof
of the fact that fullerene-like clusters are actually produced in this experiment. Unfortunately,
these clusters have rather weak luminescence properties. Kudera et al. (Kudera et al. 2007)
also proved that the optical properties of their clusters could be improved by passivating their
surfaces with a ZnS shell.
Dai et al. (Dai et al. 2007a) reported an injection approach for the synthesis of nanocrystals
with long existence period, using cheap cadmium oleate as the source of cadmium. The resulting
CdSe clusters are saturated by ligands. They exhibit strong and fixed absorption features
and a narrow red-shifted emission. Higher injections/growth temperatures favor a white light
emission, but also transform the magic-size nanocrystals into regular-size ones. This same
approach was also used by them to synthesize CdTe clusters.
On the other hand, Ouyang et al. (Ouyang et al. 2008) used a non-injection one-pot synthetic
approach to achieve colloidal CdSe ensembles consisting of single-sized nanocrystals exhibiting
bright bandgap photoluminescence emission. Their systematic study suggests that the growth
of large CdSe clusters is favored by long ligands at high growth temperature, while the growth
of small CdSe magic-size clusters is favored by short ligands at low growth temperature.
Finally, Kuçar et al. (Kucur et al. 2008) reported an efficient top-down synthesis in an
amine-rich solution of small stable CdSe nanocrystals. They are produced by decomposition
of initial nanocrystals within several days. The most stable clusters were characterized by
spectroscopic methods and the comparison of absorption and photoluminescence spectra with
previous studies suggests a predominant cage-like structure. The analysis of the absorption
peaks revealed a preferred synthesis of (CdSe)33,34 clusters. The emission decay rate of these
clusters is comparable with that of organic dyes.
Despite the important contributions coming from all these recent studies, the preparation
and understanding of highly luminescent, thermodynamically stable, small size CdSe clusters
is still at the beginning. We are optimistic, however, that the next few years will bring new
optimized techniques for the production of these clusters, that will open the way for development
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of the exciting and innovative applications that have already been foreseen.

3

Ab initio calculations

From the theoretical side, it is desirable to obtain from reliable calculations all possible complementary information on the atomic arrangement and surface deformation of CdSe clusters,
in order to understand and complement experimental evidences. In fact, experimental measurements alone are usually not able to provide conclusive results concerning the surface reconstruction and the role of passivating ligands. Moreover, theoretical calculations can give a
deeper insight on how surface reconstructions produce modifications of the electronic states,
and consequently of the optical properties at the basis of all technological applications.
For ligand-terminated small and regular-size CdSe clusters, transmission electron microscopy
data (Murray et al. 1993, Shiang et al. 1995), molecular dynamics simulations or first-principles
techniques without self-consistency (Rabani 2001, Sarkar and Springborg 2003), and self-consistent
ab initio structural relaxations (Puzder et al. 2004, Botti and Marques 2007) agree on predicting an atomic arrangement of the inner Cd and Se atoms analogous to the one in the wurtzite
CdSe crystal. The extent to which the cluster surface retains the crystal geometry is more
controversial as the surface cannot be easily resolved experimentally. Generally, if the surface
is properly passivated, the reconstruction is assumed to be small and limited to the outermost
layer (and eventually the layer just beneath it), which is in agreement with molecular dynamics simulations (Rabani 2001). However, Puzder et al. (Puzder et al. 2004) recently predicted
for clusters with diameters up to 1.5 nm a strong surface reconstruction, remarkably similar in
vacuum and in the presence of passivating ligands.
The core-cage structures proposed by Kasuya et al. (Kasuya et al. 2004) are significantly
different from all bulk-derived arrangements previously studied. These geometries were found
to be particularly stable by first-principles total energy calculations (Kasuya et al. 2004, Botti
and Marques 2007). Furthermore, calculations of optical spectra (Botti and Marques 2007) have
offered a definitive proof for the identification of the observed nanoparticles with the fullerenelike structures, through the comparison between measured (Kasuya et al. 2004) and simulated
spectra. In fact, as the electronic states (and, as a consequence, absorption or emission peaks)
are strongly modified by changes of size and shape, optical spectroscopy can thus be a powerful
tool (especially if it can be combined with other spectroscopic techniques) to probe the atomic
arrangement of synthesized nanoparticles.
In the following of this section we will discuss how the well-known density functional theory (DFT) (Hohenberg and Kohn 1964) has been applied to access information concerning the
structural and electronic properties of CdSe fullerenes. Moreover, we will see how the comparison between theoretical and experimental results provides a deeper insight into the properties
of complex nanostructured materials.
We chose to restrict our discussion to DFT, as it is the most popular and versatile method
available in condensed-matter physics, computational physics, and computational chemistry.
Compared to empirical or semi-empirical approaches, DFT has a total absence of parameters
fitted to experimental data. This characteristic is essential to guarantee predictive power to
any theory. Furthermore, within first principles (i.e. parameter free) approaches, DFT is
relatively light from a computational perspective. In fact, in contrast with traditional methods
in electronic structure theory, in particular Hartree-Fock theory and its descendants, DFT is not
aiming at finding a good approximation for the complicated many-electron wavefunction: the
electronic density becomes the key quantity at the heart of the theory. Whereas the many-body
wavefunction is dependent on 3N variables (without considering spin), three spatial variables
for each of the N electrons, the density is only a function of three variables and is a simpler
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quantity to deal with, both conceptually and practically. For practical purposes, DFT is usually
implemented in the Kohn-Sham scheme (Kohn and Sham 1965), which makes use of a noninteracting system yielding the same density as the original problem. For a review on the basics
of DFT we suggest the reader to look at the rich literature on the subject (Dreizler and Gross
1995, Parr and Yang 1989, Fiolhais et al. 2003).

3.1

Structures of energetically stable CdSe nanoparticles

The atomic positions of CdSe nanoparticles can be routinely obtained by geometry optimization
using any quantum chemistry or solid state physics code. The starting point of any structural
optimization procedure is to consider a series of candidate structures with different geometries
and sizes. Here we consider (CdSe)n aggregates with sizes ranging up to about 1.5 nm. To build
these atomic arrangements it is possible to start from three different kinds of ideal geometries:
(i) bulk fragments cut into the infinite wurtzite crystal, (ii) octahedral fullerene-like cages
made of four and six-membered rings and (iii) the core-cage structures of Ref. (Kasuya et al.
2004), composed of puckered CdSe fullerene-type cages which include (CdSe)n wurtzite units of
adequate size to form a three-dimensional network. Following Ref. (Botti and Marques 2007),
we can assume that the Cd-Se distance before structural relaxation is the distance in the CdSe
wurtzite crystal, calculated within DFT (Soler et al. 2002) in the same approximations used for
the nanoparticles: its value (0.257 nm) compares well with the experimental value (0.263 nm).
In the following we will analyze as an illustration the structural calculations of Ref. (Botti
and Marques 2007), comparing them with the analogous DFT calculations for wurtzite-like
clusters of Ref. (Puzder et al. 2004) and for core-cage clusters of Ref. (Kasuya et al. 2004).
Botti and Marques (Botti and Marques 2007) used an implementation of DFT (Soler et al.
2002) within the local density approximation (LDA) (Perdew and Zunger 1981) for the exchange
and correlation potential and norm-conserving pseudopotentials (Hamann 1989, Troullier and
Martins 1991). Puzder et al. (Puzder et al. 2004) used a similar technique, but with another
implementation of DFT (Gygi, F. 1999). Finally, Kasuya et al. (Kasuya et al. 2004) performed
DFT calculations (Kresse and Furthmuller 1996) using ultrasoft pseudopotentials (Vanderbilt
1990) and the generalized gradient approximation (GGA) (Perdew et al. 1996) for the exchangecorrelation potential.
Atomic arrangements after optimization using DFT are depicted in Fig. 2 (see (Botti and
Marques 2007)). All clusters suffer contraction upon geometry minimization. For example,
(CdSe)33,34 clusters experience a size reduction of about 1–1.5%. The theoretical results are
in agreement with the X-ray analysis of (Kasuya et al. 2004). However, as the relaxation
affects mainly the outermost atoms, the overall effect is more pronounced in smaller structures,
where the average Cd-Se distance decreases up to 4%. This contraction does not conserve the
overall shape, as Cd atoms are pulled inside the cluster and Se atoms are puckered out. As
a consequence, Cd-Cd average distances can be reduced by 30%, while Se-Se distances remain
essentially unvaried. This is clearly visible in Fig. 3, where the relaxed distance of Cd (circles)
and Se (diamonds) atoms from the center of the cluster is plotted for (CdSe)33,34 clusters as a
function of their distance before relaxation. If the atoms remained in their initial position, all
data points would fall on the straight line y = x. The fact that most Cd atoms lie below the line,
while most Se atoms are above it, shows that in our simulation Cd atoms prefer to move inward
and Se atoms outward. That puckering happens independently of the cluster size (Kasuya et al.
2004, Puzder et al. 2004, Botti and Marques 2007).
All wurtzite fragments get significantly distorted upon relaxation and break their original
symmetry. However, the strong modification of bond lengths and angles concerns essentially
the surface layer (Puzder et al. 2004, Botti and Marques 2007). In particular, we can see

7

in Fig. 3(a) that the wurtzite-type (CdSe)33 is already large enough to conserve a bulk-like
crystalline core. In fact, the spread of the points from the straight line is pronounced only
for the external shell of atoms. The calculated overall contraction of the cluster is consistent
with experimental data (Zhang et al. 2002). Also the empty cages [(CdSe)12 , (CdSe)28 , and
(CdSe)48 ] get puckered, but conserve their overall shape. Their binding energies are smaller by
about 0.1 eV per CdSe unit with respect to the binding energies of the corresponding filled cages
[see Fig. 4(a)], showing the importance of preserving the three-dimensional sp3 Cd-Se network.
Models based only on the wurtzite structure of bulk CdSe fail to predict the existence of
stable “magic clusters” with well defined sizes and number of atoms. In contrast, the core-cage
structures proposed by Kasuya et al. can appear only for well defined sizes and number of atoms,
as fullerene cages can be built only for 12, 16, 28, 48, 76, etc. atoms and only some of these
cages can be filled conveniently with wurtzite-coordinated CdSe units. To optimize the corecage structures [(CdSe)12+1=13 ,(CdSe)28+5=33 , and(CdSe)28+6=34 ] Botti and Marques (Botti
and Marques 2007) created different starting arrangements assuming different orientations for
the encapsulated CdSen=1,5,6 units. In the relaxed assemblies the distributions of bond lengths
and angles result very similar despite of the distinct initial configurations. The fact that the
surfaces of core-cage clusters do not show neither strong reconstruction nor deleterious dangling
bonds, in contrast with surfaces of wurtzite-like cluster not cured by passivation, explains
why fullerene-like CdSe clusters are particularly non-reactive and prevent them from merging
together to form larger clusters. This is crucial to have promising building blocks for threedimensional cluster solids.
The right panel of Fig. 4 shows the DFT Kohn-Sham gap between the highest occupied and
lowest unoccupied molecular orbitals (HOMO-LUMO) for a series of clusters of different types:
wurtzite, cages, and filled cages. Both empty and filled cages exhibit much larger HOMOLUMO gaps than their wurtzite counterparts, indicating therefore that there are no dangling
bonds at their surface. In the left panel we show the results from (Kasuya et al. 2004) for the
binding energy of the filled cages. The two most stable structures are clearly (CdSe)33 and
(CdSe)34 . It is curious that the first is significantly more deformed under optimization than
(CdSe)34 , but it turns out to have a very similar binding energy. The filled cage structure made
of 13 units gives as well a relative minimum in the total energy per pair (Botti and Marques
2007). In the case of (CdSe)13 and (CdSe)33 it is possible to compare the total energies of the
different three-dimensional isomers (Botti and Marques 2007): the core-cage nanoparticles have
a slightly higher binding energy per CdSe unit [0.15 eV for (CdSe)13 and 0.05 eV for (CdSe)33 ].
However, we should not forget that the energy differences we are discussing here are all very
tiny, sometimes of the same order of magnitude as the accuracy of the calculations. That fact
confirms how difficult it can be to extract structural information from a single number (the
total energy) and leads to the conclusion that the simple analysis of total energy differences
cannot be considered conclusive to demonstrate the existence of fullerene-like CdSe clusters.

3.2

Optical absorption spectra

From the relaxed geometries it is possible to obtain the optical spectra at zero temperature
using time-dependent density functional theory (TDDFT) (Runge and Gross 1984, Gross and
Kohn 1985). TDDFT is an exact reformulation of time-dependent quantum mechanics, where
the fundamental variable is no longer the many-body wave-function but the time-dependent
density. It can be viewed as an extension of DFT to the time-dependent domain to describe
what happens when a time dependent perturbation is applied. For a review on the subject
of time-dependent density functional theory, we suggest the reader to have a look at the rich
literature on the subject (Marques et al. 2006, Marques and Gross 2004, Botti et al. 2007).
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For the calculation of the photoabsorption cross section Botti and Marques (Botti and
Marques 2007) employed a real-time TDDFT approach (Marques et al. 2003, Castro et al.
2006), based on the explicit propagation of the time-dependent Kohn-Sham equations. In
this approach, one first excites the system from its ground state by applying a delta electric
field E0 δ(t)em . The unit vector em determines the polarization direction of the field, and E0
its magnitude, which must be small if one is interested in linear response. The reaction of
the non-interacting Kohn-Sham system to this sudden perturbation can be readily computed:
+
each ground state Kohn-Sham orbital ϕGS
i (r) is instantaneously phase-shifted: ϕi (r, t = 0 ) =
eiE0 em ·r ϕGS
i (r). The Kohn-Sham equations are then propagated forward in real time, and the
time-dependent density n(r, t) can then be readily computed. The induced dipole moment
variation is an explicit functional of the density:
Z
m
δD (t) = δhR̂i(t) = d3 r [n(r, t) − n(r, t = 0)] r .
(1)
The superindex m reminds that the perturbation has been applied along the m-th cartesian
direction. The components of the dynamical dipole polarizability tensor α(ω) are directly related
to the Fourier transform of the induced dipole moment function:
αmn (ω) =

δDnm (ω)
.
E0

(2)

The spatially averaged absorption cross section is trivially obtained from the imaginary part of
the dynamical polarizability:
4πω
σ(ω) =
ℑ [α(ω)] ,
(3)
c
where α is the spatial average, or trace, of the tensor
1
α(ω) = Tr [α(ω)] .
3

(4)

Here we will discuss the results for the excitation energies and the optical spectra of Botti
and Marques (Botti and Marques 2007), obtained using TDDFT within the adiabatic local
density approximation (ALDA) (Gross and Kohn 1985). These are the only calculations on
CdSe clusters available in literature that go beyond the simple application of Fermi’s golden
rule, i.e. the sum of independent single particle transitions from occupied to empty states (in
this case, Kohn-Sham one-particle states). It is well known that the simpler approach of taking
the differences of eigenvalues between Kohn-Sham orbitals gives peaks at lower frequencies in
disagreement with the experimental spectra (Castro et al. 2002). On the other hand, TDDFT
within the ALDA typically reproduces the low energy peaks of the optical spectra with an
average accuracy usually below 0.2 eV. The accuracy in reproducing transitions of intermediate
energy is known to be somewhat deteriorated, due to the wrong asymptotic behavior of the
LDA exchange-correlation potential. For this reason, we focus the analysis of the spectra on
the lowest energy peaks.
In Fig. 5 we display the photoabsorption spectra of the empty cages of different diameters,
as calculated by Botti and Marques (Botti and Marques 2007). It is clear from the figure
that the absorption threshold is systematically blue-shifted with respect to the bulk optical
gap (≃ 1.8 eV). This blue-shift is due to the well-known quantum confinement effects, so it is
not surprising that the shift increases with decreasing cluster size. Second, we can compare the
absorption threshold with the Kohn-Sham HOMO-LUMO gap shown in the right panel of Fig. 4:
the Kohn-Sham gap is systematically smaller than the TDDFT absorption threshold. This is a
common observation as the Kohn-Sham transition energies are usually at lower frequencies than
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the experimental peaks. We note that the TDDFT optical gaps include both electron-electron
and electron-hole corrections to the Kohn-Sham gap at the level of the adiabatic local density
approximation.
We should keep in mind that the opening of the gap due to confinement can be counterbalanced by a closing of the gap due to surface reconstruction. This leads to a non trivial
dependence of the absorption gap as a function of the cluster size. This effect is already present
at the Kohn-Sham level [see the right panel of Fig. 4(a)] and it persists in TDDFT spectra. In
fact, the calculated absorption curves are strongly dependent not only on the cluster size but
also on the details of its atomic arrangement. This is evident if we compare the optical response
of the different isomers of (CdSe)13 in Fig. 6 and of (CdSe)33 in Fig. 7 (Botti and Marques
2007).
The absorption threshold is lower in wurtzite-type clusters since the HOMO-LUMO gap
is reduced due to the presence of defect states in the gap as a consequence of the strong
surface deformation. For a similar reason, the larger surface deformation of the core-cage
(CdSe)33 aggregate in comparison with the more stable (CdSe)34 structure explains why the
first starts absorbing at lower energies than the second. Finally, we note that the similar curves
of different colors in Fig. 7 correspond to distinct core-cage geometries obtained in various
optimization simulations. We conclude that the dependence of the relevant peak positions
and shapes on the different atomic arrangements is not negligible, but the peak positions and
oscillator strengths are sufficiently defined for the purpose to distinguish different geometries
by comparing photoabsorption spectra.
A comparison between calculated (Botti and Marques 2007) and measured spectra (Kasuya
et al. 2004) is possible for nanoparticles made of 33 and 34 CdSe units (see Fig. 7). The magenta
dots refer to room temperature absorption data for mass-selected nanoparticles prepared in
toluene at 45◦ C (sample I), while the orange crosses correspond to analogous data for the
solution prepared at 80◦ C (sample II). Both samples are characterized by strong absorption
at 3 eV. For sample II the experimental data show the appearance of a broad peak extending
to lower energies. This peak turns out to move to even lower energies when the temperature
and the time in the synthesis process increase. In a simple quantum confinement picture, these
findings suggest that larger particles, possibly reconstructed bulk fragments, are formed when
the temperature increases. Moreover, the sharp peak at about 3 eV, which is always present,
was hypothesized to be the signature of the highly resistant fullerene-like clusters.
The calculated spectra (Botti and Marques 2007) shown in Fig. 7 prove the presence of
fullerene-like core-cage structures. The theoretical optical response of all model core-cage
(CdSe)34 clusters is indeed characterized by a well defined absorption peak at 3 eV. Also the
core-cage (CdSe)33 cluster and the (CdSe)33 reconstructed bulk fragment can contribute to this
peak. However, they cannot be present in sample I, as that would be signaled by the appearance of a broader peak at lower energy, which is absent in the experimental spectrum. On the
other hand, a peak at about 2.5 eV, connected to the peak at 3 eV by a region of increasing
absorption, is present in the spectrum for sample II. Our calculations show that the (CdSe)33
wurtzite fragment is responsible for the peak at 2.5 eV, while the broad absorption region between 2.5 eV and 3 eV can be explained by the presence of (CdSe)33 core-cage structures. This
is in disagreement with the intuition of Ref. (Kasuya et al. 2004) that bulk fragments of about
2.0 nm gave rise to the broad absorption below 3 eV.
In summary, by comparing our theoretical spectra with measurements, Botti and Marques (Botti and Marques 2007) could confirm the existence of the stable core-cage fullerene-like
structures hypothesized in the seminal work of Kasuya et al. (Kasuya et al. 2004).
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4

Conclusions

The use of CdSe fullerene-like nanoparticles for technological applications in the field of clusterassembled materials is a promising challenge for materials science. To this purpose, there is
much work in progress to optimize the production procedures of magic-size small CdSe clusters. Concerning the characterization and the understanding of electronic excitations in these
novel nanostructured materials, the combination of experimental and theoretical spectroscopic
techniques has proved to be essential to extract reliable and conclusive information on their
structural and optical properties.
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Figure 1: Structures of the (CdSe)n corecage nanoparticles calculated to be most stable by
Kasuya et al. (Kasuya et al. 2004), viewed down a threefold symmetry axis. a) (CdSe)13 has
four-membered and 10 six-membered rings on the cage of 12 Se (dark brown) and 13 Cd (white)
ions with a Se (light brown) ion inside. b) (CdSe)34 has a truncated-octahedral morphology
formed by a (CdSe)28 cage (Se, dark brown; Cd, white) with 6 four-membered and 8 × 3 sixmembered rings. A (CdSe)6 cluster (Se, light brown; Cd, green) encapsulated inside this cage
provides additional network and stability. Reprinted by permission from Macmillan Publishers
Ltd: Nature Materials (Kasuya et al. 2004), copyright 2004.
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Figure 2: Examples of relaxed cages, relaxed filled cages and relaxed wurtzite structures of
(CdSe)n with a diameter smaller than 2 nm. Cd atoms are in green and Se atoms are in beige.
From Ref. (Botti and Marques 2007).
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lies on the straight line y = x did not change its position. In panel (a) results of the analysis for
(CdSe)33,34 core-cage clusters, in panel (b) for the (CdSe)33 wurtzite cluster. From Ref. (Botti
and Marques 2007).
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Figure 4: Left panel: Calculated binding energies per CdSe unit as a function of the number
of CdSe units (data from (Kasuya et al. 2004)). The binding energies are calculated per CdSe
molecule of (CdSe)n composed of a cage-like (CdSe)28 with (CdSe)m inside (n = 28 + m,
m = 0, 1, . . . , 7). Right panel: HOMO-LUMO gaps as a function of the number of CdSe units
(from Ref. (Botti and Marques 2007)). The empty (filled) circles refer to cage (core-cage)
clusters, while the diamonds refer to wurtzite-based structures.
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Figure 5: Calculated photoabsorption cross section σ(ω) of the empty cages (CdSe)6 , (CdSe)12 ,
(CdSe)28 and (CdSe)48 from Ref.(Botti and Marques 2007). The spectra were shifted vertically
for visualization purposes.
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Figure 6: Calculated photoabsorption cross section σ(ω) of the isomers of (CdSe)13 from
Ref. (Botti and Marques 2007).
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Figure 7: Photoabsorption cross section σ(ω) of the isomers of (CdSe)33,34 . The experimental
data (Kasuya et al. 2004) in arbitrary units (magenta dots: sample I at 45◦ C and orange
crosses: sample II at 80◦ C) are compared with calculated spectra from Ref. (Botti and Marques
2007). The different solid curves correspond to distinct relaxed geometries obtained starting
from different filled cages.
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