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We have performed time-dependent density functional theory and GW/Bethe-Salpeter calculations of the
optical properties of a series of CdSe clusters ranging in size from 10 to 82 atoms and passivated by fictitious
atoms of half-integer charge. The two methods predict a different character of the optical excitations of the
CdSe clusters. In time-dependent density functional theory, the lowest-energy excitation is mainly due to a
single-level to single-level transition. In GW/Bethe-Salpeter, there is a strong mixture of several different
transitions, which is attributed to excitonic effects. Furthermore, GW/Bethe-Salpeter calculations predict the
presence of dark transitions (optically forbidden) before the first bright transition for all but one of the clusters
studied, whereas time-dependent density functional theory predicts the presence of dark transitions for only the
two largest clusters. In this paper, we plot and analyze the effective valence and empty state charge densities
of these clusters. We determine that the mixing in transitions observed in the GW/Bethe-Salpeter calculations
is mostly due to the Bethe-Salpeter kernel and not from the fact that quasiparticle wave functions are a linear
combination of wave functions obtained from density functional theory. We calculate the radiative decay
lifetime of the excitations, and we explain the selection rules that lead to the presence of dark transitions in two
of the clusters: Cd;;Se,g and Cdj,Ses. Finally, we compare time-dependent density functional theory and
GW/Bethe-Salpeter absorption spectra to that of Mie theory, which has recently been shown to yield surpris-

ingly accurate results for Si clusters.
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I. INTRODUCTION

CdSe clusters are both important and advantageous sys-
tems for theoretical study—important because of their re-
markable size-dependent optical and electronic properties,
with the potential for many technological applications.!=> and
advantageous because it is possible to synthesize and char-
acterize well-passivated samples with narrow size distribu-
tions, as has been shown by several experimental groups®~'?
and which makes comparisons with theory possible.

The challenge, as far as theoretical studies are concerned,
is the relative complexity of these systems and of the theo-
ries needed to describe them. The ground-state properties of
both bare!! and passivated'? CdSe clusters have been studied
using density functional theory (DFT). Optical and electronic
properties, however, are the result of excitations in the sys-
tem, and thus ground-state theories, such as DFT, are no
longer sufficient. This problem has been resolved by extend-
ing DFT to time-dependent phenomena.!3-13

Several clusters have been studied using time-dependent
density functional theory (TDDFT), but the results are
mixed, sometimes being quite accurate (such is the case of
sodium clusters'®) while at other times giving only a quali-
tative picture.'’”'® The problem lies in the exchange-
correlation potential, since a good general approximation has
not been found,' resulting in an inaccurate description of
systems where excitonic effects are important.

GWi/Bethe-Salpeter (GW/BSE)?*?! methods provide an
alternate description of time-dependent phenomena, one that
does include excitonic effects. There are limited studies of
clusters with GW/BSE, mostly of small ones with less than
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35 atoms,!”!%2224 but this method is very accurate for bulk
materials,'®?>23 and the same is expected for finite systems.
TDDFT is simpler to implement and is less computationally
demanding, while GW/BSE is expected to be more accurate,
so it is imporant to compare both methods to understand
where their differences lie and how one can be improved
from insights from the other.

We have previously reported® calculations on the exci-
tonic and optical properties of passivated CdSe clusters with
up to 82 atoms. In particular, we calculated the energy gap
and absorption spectra for a series of clusters (Cd,Ses,
CdgSe 3, CdjpSeq, Cdi7Sens, and Cds,Sesy; their structures
are shown in Fig. 1) using the two theoretical approaches
mentioned above: TDDFT and GW/BSE. We also analyzed
the character of the first-allowed transition in these systems.

In this paper, we expand on this previous study. We ex-
plain the selection rules that lead to the presence of dark
transitions before the first-allowed transition in the time-
dependent local density approximation (TDLDA) calcula-
tions of Cd;;Se,s and Cdj,Sesy. We plot and analyze the
effective valence and empty state charge densities, calculate
the lifetime of excitations, and compare TDLDA and
GW/BSE absorption spectra to that of Mie theory.

II. METHODOLOGY

A. Real-space pseudopotential method within density
functional theory

We calculate ground-state properties, such as the relaxed
structure of the clusters, using the real-space pseudopotential
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FIG. 1. (Color online) Geometry of the clusters studied: Cd,Ses, CdgSe 3, CdipSe 6, Cd 7Seqg, and Cds,Sesy. Cd atoms are large and dark
(yellow online), Se atoms are large and light (light yellow online), and fictitious H atoms are small (gray online).

method within DFT. We describe the electronic problem by a
Kohn-Sham equation of the form

V2
(— ot 2 vh, (e =) +vlp(r)] + vxc[p(r)]) (r)

= (r), (1)

P (r—r,) is a norm-conserving pseudopotential®® that
replaces the all-electron potential of each ion at r,, vy[p(r)]
is the Hartree potential, and v, [p(r)] is the exchange-
correlation potential that is approximated using the LDA. We
use atomic units (A=e=m=1).

Equation (1) is solved self-consistently on a real-space
grid within a spherical boundary (outside of which the wave
functions vanish), using a finite-difference expansion for the
Laplacian operator. The LDA eigenvalues ¢; and eigenfunc-
tions ;(r) are then used as a starting point for the TDDFT
and GW/BSE calculations. A more detailed description of the

where v?

real-space pseudopotential method can be found in Refs.
27-30.

The calculations presented in this paper use Cd and Se
pseudopotentials that include scalar relativistic effects. There
is also a nonlinear core correction in the Cd pseudopotential
that accounts for interactions between the 4d orbital and the
valence orbitals. The initial geometries for the clusters were
obtained from the x-ray data®® and were relaxed while con-
serving tetrahedral symmetry. In order to passivate the clus-
ters, we use fictitious atoms with fractional charges31 that
simulate the effect of organic molecules on the surface of the
experimental clusters. Fictitious atoms of charge 1.5¢ (where
e is the electron’s charge) are attached to Cd atoms on the
surface, while fictitious atoms of charge 0.5¢ are attached to
Se atoms on the surface. The clusters were placed within a
spherical boundary with a radius of at least 6 a.u. from the
outermost passivating atom. The grid spacing used in the
LDA calculations and structure relaxation was 0.3 au. A
larger grid spacing of 0.6 a.u. was used to calculate optical
response as described in the following two subsections.
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FIG. 2. (Color online) Experimental and calculated (LDA,
TDLDA, and GW/BSE) optical gaps. The LDA gap is simply the
difference between Kohn-Sham eigenvalues. The optical gaps show
a strong dependence on cluster size, decreasing with increasing
size. The GW/BSE calculation follows the experimental trend
closely, while the TDLDA calculation deviates from the experimen-
tal curve as cluster size increases.

B. Time-dependent density functional theory

In time-dependent density funcitonal theory within the lo-
cal density approximation, a first-order time-dependent per-
turbation is introduced to calculate the response of the elec-
tronic density to an external potential. This results in an
eigenvalue problem of the form3?-34

QF,=Q’F,, ()
with Q given by
Qijojir= 5;‘,1(5]',150,7}12‘1’%17*‘ Zﬁ\/)\ijuwijng'l;\/)\klrwklr’ (3)

where Ny ,=n;,—n;, is the difference between occupation
numbers and %wy,=€,,—€, is the difference between the
eigenvalues of the single-particle states. The coupling matrix
K describes the linear response of the system. The resulting
TDLDA eigenvectors F,, of Eq. (2) are a linear combination
of single-particle transitions from an occupied state to an
empty state.

C. GW,/Bethe-Salpeter

The GW,/Bethe-Salpeter method is described in detail in
Ref. 17, so we present here only a brief outline. The GW,
approximation is the result of an iterative solution of Hedin’s
equations that includes TDLDA screening, that is, starting
from a self-energy of the form 2(1,2)~ V,.(1)8(1,2)."7 This
is one step further than the GW, approximation where the
starting point is %(1,2)=0. In GW/, the self-energy operator
is then the sum of three contributions: One coming from
exchange, one from correlation, and one from TDLDA
screening. The self-energy corrections are included in the
calculation of quasiparticle energies and eigenfunctions by

diagonalizing the following eigenvalue equation:3-3

(Hipa+2 - Vil = Ei;, 4)

where H;p, is the LDA Hamiltonian.
The self-energy from the GW; approximation and the qua-
siparticle eigenfunctions obtained from Eq. (4) are the start-
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FIG. 3. (Color online) Wave function squared for the HOMO (a)
and LUMO (b) of Cd,Seq [Cd atoms are large (gray online), Se
atoms are small (green online), passivating atoms are not shown for
clarity]. Effective valence charge density (c) and empty state charge
density (d) for the TDLDA transition at 4.77 eV. Effective valence
charge density (e) and empty state charge density (f) for the
GW-BSE transition at 5.97 eV. Both TDLDA and GW/BSE calcu-
lations show little mixing in the transitions of this cluster, which
explains the similarity between the three panels.

ing point for solving the Bethe-Salpeter equation for the
electron-hole correlation function L:

L(1,2;3,4)=G(1,4)G(2,3) + f d(5678)G(1,5)G(6,3)

XK(5,7:6,8)L(8,2:7,4). (5)

K is the kernel operator that describes electron-hole interac-

tions; it is given by
82(1,3)

K(1,2;3,4)=-i6(1,3)62,4)V(1,2) + ————. 6

(12:3.4)= =181, )02AV1.2) + 2225 (0

As in TDLDA, the BSE excitations are the result of a

linear combination of single-particle transitions from an oc-

cupied level to an empty level. In both cases, the mixing of

transitions is due to the (TDLDA or electron-hole) kernel,
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FIG. 4. (Color online) Wave function squared for the HOMO (a)
and LUMO (b) of CdgSe 3 [Cd atoms are large (gray online), Se
atoms are small (green online)]. Wave function squared for the
HOMO-12 (c¢) and LUMO+5 (d) of CdgSe;s. Effective valence
charge density (e) and empty state charge density (f) for the
TDLDA transition at 3.63 eV in CdgSe3. This transition is domi-
nated by the HOMO — LUMO transition. Effective valence charge
density (g) and empty state charge density (h) for the GW-BSE
transition at 4.47 eV in CdgSe;3. This transition is strongly mixed.
The largest contribution, HOMO-12— LUMO+ 5, is responsible for
less than 7% of the first peak seen in the GW/BSE absorption spec-
tra of this cluster.

but in GWf/BSE, there is an additional mixing due to the fact
that the quasiparticle wave functions are not simply the LDA
wave functions but those obtained from Eq. (4).

III. RESULTS

Figure 2 shows the experimental and calculated optical
gaps as a function of cluster size, while Fig. 8 shows the
absorption cross section calculated with TDLDA and
GW/BSE. Both the optical gap and the absorption cross sec-
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FIG. 5. (Color online) Wave function squared for the HOMO (a)
and LUMO (b) of Cd;pSe;¢ [Cd atoms are large (gray online), Se
atoms are small (green online)]. Wave function squared for the
HOMO-11 (¢) and LUMO+1 (d) of Cd(Se¢. Effective valence
charge density (e) and empty state charge density (f) for the
TDLDA transition at 3.28 eV in Cd;ySe;s. The transition is domi-
nated by the HOMO — LUMO transition. Effective valence charge
density (g) and empty state charge density (h) for the GW-BSE
transition at 4.45 eV in Cd;¢Se . This transition is strongly mixed;
the HOMO-11—LUMO+1 transition contributes ~14%.

tion show a strong dependence on cluster size, with the op-
tical gap decreasing quite rapidly with increasing size. The
calculations follow the experimental trend for all but the
smallest cluster, with LDA and TDLDA gaps ~0.5 to
~ 1.5 eV below experiment and BSE gaps less than ~0.6 eV
above experiment. It is interesting to note that the TDLDA

045404-4



AB INITIO METHODS FOR THE OPTICAL...

FIG. 6. (Color online) Wave function squared for the HOMO-3
(a) and LUMO (b) of Cd;;Se,s. Wave function squared for the
HOMO-24 (c) and LUMO (d) of Cd;;Se,g. Effective valence charge
density (e) and empty state charge density (f) for the TDLDA tran-
sition at 2.38 eV in Cd;;Se,s. The HOMO-3 —LUMO transition
dominates in this case. Effective valence charge density (g) and
empty state charge density (h) for the GW-BSE transition at
3.87 eV in Cdj;Seys. This transition is strongly mixed. The
HOMO-24 and HOMO-9 levels are the largest contributors.

calculations deviate from the experimental results as cluster
size increases, a fact that we explore in the subsections that
follow.

A. Effective valence charge and empty state charge density

A useful way of visualizing the mixing of transitions is by

plotting the effective valence charge density A}, for a

PHYSICAL REVIEW B 77, 045404 (2008)

transition at a specific energy Q,.. A? ... is defined as®’

AL renee(®) = 2 gl (1), 7)

with g!=3 |F"‘|>. F*° are either the TDLDA or BSE eigen-
vectors and ¢,(r) are the valence LDA wave functions.
When the cluster absorbs energy and undergoes an optical
transition, an electron-hole pair is formed. The effective va-
lence charge density gives information about the probability
distribution of the hole at each point in space, irrespective of
the location of the electron. If there is little mixing, the op-
tical transition will be dominated by a single-level to single-
level transition, and the effective valence charge density will
basically be proportional to the charge density of the valence
level from which the transition originates. In other words, if
there is little mixing and the transition at energy (2, is domi-
nated by a single-level to single-level transition of the form
a—b (a transition from an occupied level a to an empty
level b), the plot for A} .. should closely resemble that of
|, On the other hand, if the mixing is large, A” . will
not resemble any given |¢,|%, but will have contributions
from many of them.

The effective empty state charge density can be defined in
a similar way,

2’ (8)

AZmpzy state(r) = E g’;|¢c(l‘)

summing now over empty state wave functions (as many as
were included in the TDLDA or GW/BSE -calculations).
Al pty siare gives information about the probability distribu-
tion of the excited electron at each point in space.

The TDLDA calculations of the CdSe clusters show that
there is little mixing between transitions (see Table III). For
this reason, the plots of effective valence (empty state)
charge density for the lowest-energy transition of each clus-
ter closely resembles the plot of the squared valence (empty
state) wave function from which the transition originates
[Figs. 3(a) and 3(c), 3(b) and 3(d), 4(a) and 4(e), 4(b) and
4(f), 5(a) and 5(e), 5(b) and 5(f), 6(a) and 6(e), 6(b) and 6(f),
7(a) and 7(e), 7(b) and 7(f)). For all effective valence and
empty state charge densities, the isosurface plotted is that at
half the maximum value.

On the contrary, GW/BSE calculations for all but the
smallest clusters show that there is strong mixing between
transitions. This accounts for the significant difference in
Figs. 4(c) and 4(g), 4(d) and 4(h), 5(c) and 5(g), 5(d) and
5(h), 6(c) and 6(g), 6(d) and 6(h), 7(c) and 7(g), 7(d) and
7(h). Mixing in GW/BSE comes from two sources: First, in
GW, the quasiparticle wave functions are a linear combina-
tion of LDA wave functions [from the solution of Eq. (4)];
second, in BSE, the electron-hole kernel is stronger and more
nonlocal than the TDLDA kernel. In fact, we have previously
reported® that the mixing in TDLDA is 1 order of magnitude
smaller than that in GW/BSE.

It is interesting to look at the GW and BSE mixings sepa-
rately. In particular, if the quasiparticle wave functions
closely resemble LDA wave functions, then there is little
mixing at this level and then the mixing must be attributed to
the BSE part of the calculation. We looked at the quasiparti-
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FIG. 7. (Color online) Wave function squared for state HOMO-1
(a) and LUMO (b) of Cds,Ses,. Wave function squared for state
HOMO-13 (c) and LUMO+2 (d) of Cds,Ses,. Effective valence
charge density (e) and empty state charge density (f) for the
TDLDA transition at 1.87 eV in Cdj,Sesq. This transition is mostly
HOMO-1—LUMO. Effective valence charge density (g) and
empty state charge density (h) for the GW-BSE transition at
3.65 eV in Cdj,Seso. This transition is strongly mixed, with the
HOMO-13—LUMO+2 transition contributing less than 8§%.

cle highest occupied molecular orbital (HOMO) for each
cluster, as well as at the levels which we had previously
determined to contribute the most to the first energy transi-
tion. The projection of quasiparticle wave functions into
LDA wave functions is greater than 94% (see Table I). The
only exception is the largest cluster, Cds,Ses;, where two
LDA wave functions are mixed with similar weight. The
above indicates that there is only a weak mixing that comes
from GW and the strong mixing comes from BSE since in
the end we find that no single valence level contributes more
than 25% to the first energy transition.

Comparing the TDLDA and GW/BSE effective empty
state charge densities, we find that the lowest-energy transi-
tion in TDLDA goes to states that are highly localized
around the center of the cluster. On the contrary, the

PHYSICAL REVIEW B 77, 045404 (2008)

TABLE I. Quasiparticle wave functions as a linear combination
of LDA wave functions.

Cluster Quasiparticle wave function
Cd,Seg WL 0=0.998 DL o+
CdgSe 3 WL 0=0.974 O+
CdyeSeq Wl 0=0.990 &4 4
Cdy7Seqs o 10=0.996 LA 4
Cds,Sesp WL 110=0.680 ®LDA +0.722 DEDL -

GW/BSE lowest-energy transitions tend to go to states that
are more delocalized; i.e., the charge is spread around the
cluster’s outer atoms. This is in agreement with our previous
result that the first TDLDA transition goes to the lowest un-
occupied molecular orbital (LUMO) or states close to it,
while the first GW/BSE transition goes to higher (and thus
less localized) empty states.

B. Radiative decay lifetimes

Once the TDLDA or GW/BSE transition energies and os-
cillator strengths are known, it is possible to compute radia-
tive decay lifetimes using Fermi’s golden rule:

dW =27 2, (il H,, | N S(E). 9)

where (i| represents the system in the ground state plus a
photon and |f) is the system in the excited state (after absorb-
ing the photon). H,,, is the interaction Hamiltonian due to the
quantized radiation field,38

Hy=eE 7, (10)
hd 2mhw A P e
E= TZ élape™ —ape™™). (11)
T

The transition probability summed over the photon modes
and integrated over all angles is then

4 32
W= Ke- P (12)
which becomes
2 22
w2t (13)
c

upon substituting the oscillator strength f=2w|(é-7)|>. The
radiative decay lifetime is simply the inverse of Eq. (13).

Table II shows the oscillator strengths and radiative decay
lifetimes calculated with both TDLDA and GW/BSE for the
first-allowed transition of each cluster. The lifetimes are all
in the range of tens to hundreds of picoseconds. This is in
contrast to the experimentally observed lifetimes, which are
much longer, of the order of microseconds.

In the BSE calculations, most clusters show a series of
dark transitions (with negligible oscillatory strength) before
the first-allowed transition. In the TDLDA calculations, this
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TABLE II. Oscillator strengths and radiative decay lifetimes calculated with both TDLDA and GW/BSE

for the first-allowed transition of each CdSe cluster.

TDLDA GW/BSE
E lifetime E lifetime
Cluster (eV) f (ps) (eV) f (ps)
Cd,Seq 4.76 0.19 43.4 5.97 0.63 8.4
CdgSe 3 3.63 0.27 52.4 4.47 0.40 234
Cd,oSe s 3.28 0.25 69.4 4.45 0.70 13.4
Cd,;Sess 2.38 0.04 824.0 3.87 0.06 207.8
Cds,Seso 1.87 0.45 118.6 3.65 0.98 14.2

only occurs in the two largest clusters (see Table IIT). Dark
transitions, which are a consequence of strong correlations in
the BSE kernel, are a signature of excitonic effects. They
have been previously observed in small silicon clusters and
in bulk semiconductors.'®??>?3 Dark transitions have been
shown to attenuate spontaneous emission,>® which may ex-
plain the long radiative lifetimes observed experimentally.

C. Selection rules for Cd;Se,s and Cd3;Ses,

The optical properties of clusters can differ considerably
from those of the bulk material. In particular, semiconductor
clusters do not necessarily have the same direct/indirect gap
of bulk due to confinement effects and the fact that the clus-
ters may not retain the bulk geometry.*%#! Experiments*? and
our own LDA calculations show that bulk CdSe in both

TABLE III. Transitions (denoted as occupied state — empty state) that contribute to the first peak in the absorption spectra of Cd,Seq. The
Rep. and % columns are the point group representation (B1, B2, and B3 are the representations of a threefold degenerate level) and the
percentage of contribution of a particular transition, respectively. The TDLDA transition is dominated by a single-level to single-level
transition, while the GW/BSE transition is strongly mixed for most clusters.

TDLDA GW/BSE
Energy Energy

Cluster (eV) Rep. Transition % (eV) Rep. Transition %
Cd,Seg 4.77 B1, B2, B3 HOMO — LUMO 97.2 5.97 B1, B2, B3 HOMO — LUMO 83.9
HOMO-2—LUMO+1 1.0 HOMO-1—LUMO+1 8.2

Other 1.8 Other 7.9

CdgSe 3 3.63 B1, B2, B3 HOMO — LUMO 97.6 4.47 B1, B2, B3 HOMO-12—LUMO+5 6.0
HOMO — LUMO+2 0.4 HOMO-7—LUMO+8 4.8

HOMO-1—LUMO+1 0.3 HOMO-9—LUMO+6 4.6
Other 1.7 Other 84.6
CdoSeyq 3.28 B1, B2, B3 HOMO — LUMO 97.9 4.45 B1, B2, B3 HOMO-11—LUMO+1 14.3
HOMO-1—LUMO+1 0.6 HOMO-1—LUMO+11 10.6
Other 1.5 Other 75.1
Cd;7Sexg 2.38 B1, B2, B3 HOMO-3 —LUMO 99.4 3.87 B1, B2, B3 HOMO-24— LUMO 12.8
HOMO-5—LUMO 0.1 HOMO-9—LUMO+3 8.6

HOMO-2 —LUMO+1 0.1 HOMO-8 —LUMO+3 5.7
Other 0.4 Other 72.9

Cds,Sesq 1.87 B1, B2, B3 HOMO-1—LUMO 98.9 3.65 B1, B2, B3 HOMO-13—LUMO+2 7.6
HOMO — LUMO+1 04 HOMO-5—LUMO+9 4.3

HOMO-12—LUMO+5 4.0
Other 0.7 Other 83.4
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wurtzite and zinc blende configurations is a direct gap semi-
conductor. Cd,Seq, CdgSe,3, and Cd;ySe;¢ also have “direct
gaps,” i.e., the HOMO-LUMO transition in these clusters is
dipole allowed. In all three cases the transition is from a
triple-degenerate HOMO to a single-degenerate LUMO.

Cd;;Se,g has a dipole forbidden HOMO-LUMO transi-
tion. This cluster’s HOMO and LUMO are both single de-
generate and have representation A of point group D,, such
that the direct product (A X A) is also representation A and
thus dipole forbidden. The HOMO-1, HOMO-2, and
HOMO-3 are all triple degenerate with representations B,
B,, and Bj. The direct product of these states and the LUMO
is then B, X A=B,, which makes the transitions dipole al-
lowed. However, the oscillator strengths of the HOMO-1
—LUMO and HOMO-2—LUMO transitions are very
small, so that the first transition seen in the absorption spec-
tra is actually the HOMO-3 — LUMO.

As with the three smaller clusters, Cds,Sesq has a triple-
degenerate HOMO and a single-degenerate LUMO, and a
dipole allowed HOMO —LUMO transition. The oscillator
strength for this transition is negligible, though, due to the
fact that there is a little overlap between the HOMO and
LUMO wave functions (the first closely surrounds surface Se
atoms, while the second is distributed in the space between
them). The HOMO-1—LUMO transition is then the first
transition that contributes to the absorption spectra of this
cluster.

D. Mie theory

Recent calculations?” on the absorption spectra of Si clus-
ters comparing TDLDA and Mie theory show a surprisingly
good agreement. The expression for the absorption cross sec-
tion for a (spherical) cluster in vacuum within Mie theory is
given by

owv &(w)
¢ [e(w)+2]* + &(w)*’

Taps(W) = (14)
where V is the cluster’s volume and €;(w) and €,(w) are the
real and imaginary parts of the dielectric function of the bulk
material, which we calculate using the PARATEC (Ref. 43)
package.

Figure 8 shows the Mie absorption spectra for the CdSe
clusters as compared to the TDLDA and GW/BSE calcula-
tions. There are two clusters with zinc blende structures,
Cd,Seg and CdySe;s. The TDLDA and GW/BSE spectra of
these clusters are compared to Mie spectra obtained from
calculations for bulk CdSe in the zinc blende structure. The
other three clusters, CdgSe;3, Cd;;Se,g, and Cds,Sesy, have
wurtzite structures. The bulk dielectric functions in the par-
allel and perpendicular directions of wurtzite CdSe were av-
eraged to obtain the Mie wurtzite spectra shown in Fig. 8.

Up to about 8 eV, all three spectra (TDLDA, GW/BSE,
and Mie) rise gradually, and there is actually a quite good
agreement between the three theories, especially for the larg-
est clusters. After 8 eV, the Mie spectra rise more rapidly;
the peak is at around 10.5 eV. The TDLDA and GW/BSE
calculations are not converged beyond 10 eV, so a detailed
comparison of peak positions is not possible. However, both
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FIG. 8. (Color online) Absorption spectra calculated with Mie
theory compared to TDLDA and GW/BSE calculations. Two of the
clusters have zinc blende structures; Mie theory calculations for
these clusters are denoted as “Mie zincblende.” The other three
clusters are wurtzite structures; Mie theory calculations for the par-
allel and perpendicular components have been averaged and are
denoted as “Mie wurtzite.”

the TDLDA and GW/BSE spectra seem to peak at higher
energies than the Mie spectra.

IV. CONCLUSIONS

We have analyzed the optical properties of a series of
passivated CdSe clusters using two different theoretical
methods, one that includes (GW/BSE) and one (TDLDA)
that does not include excitonic effects. With the latter, we
find that the lowest-energy excitation is the result of a single-
level to single-level transition and that there are no dark (for-
bidden) transitions before the first bright transition in most
clusters. On the contrary, with the former, we find that it is a
strong mixture of different transitions that gives origin to the
lowest-energy excitation, a signature that excitonic effects
are important. There are also dark transitions before the first
bright transition for all but one of the clusters studied.

We have plotted the effective valence and empty state
charge density for the lowest-energy excitation as a way of
visualizing the mixing between transitions. As there is little
mixing in the TDLDA calculations, the effective valence and
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empty state charge densities are very similar to the charge
density of the LDA valence or empty level from which the
transition comes. This is not the case for the plots of the
GWI/BSE effective valence and empty state charge density.
Here, the strong mixing means that many LDA valence and
empty levels contribute to the transition and thus to the ef-
fective charge density.

In order to differentiate between mixing arising from the
self-energy correction in GW and mixing that comes from
solving the Bethe-Salpeter equation, we have looked at the
projection of quasiparticle orbitals into LDA orbitals. We
find that there is little mixing at the GW level, which sug-
gests that it must be the BSE kernel that is responsible for
the strong mixing observed.

We have calculated radiative decay lifetimes and find that
they are of the order of tens to hundreds of picoseconds.
Observed experimental lifetimes are of the order of micro-
seconds, which may be explained by the presence of dark
transitions in these clusters. We analyzed the selection rules
that lead to dark transitions in the case of Cd;;Se,s and
Cd32S650.

PHYSICAL REVIEW B 77, 045404 (2008)

Finally, we compared Mie absorption spectra to that of
TDLDA and GW/BSE. We find that the initial rise (up to
about 8 eV) in the Mie spectra is comparable to the TDLDA
and GW/BSE calculations. After 8 eV, the Mie spectra rise
more rapidly than—and therefore the Mie peak occurs at
lower energies than—the maximum of either the TDLDA or
GWI/BSE spectra.
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