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Auger rates are calculated for CdSe colloidal quantum dots using atomistic empirical pseudo-
potential wave functions. We predict the dependence of Auger electron cooling on size, on correlation
effects (included via configuration interaction), and on the presence of a spectator exciton. Auger
multiexciton recombination rates are predicted for biexcitons as well as for triexcitons. The results
agree quantitatively with recent measurements and offer new predictions.
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presence of additional (‘‘spectator’’) charges, and predict
the ratios between �3!2

e-h and �2!1
e-h , the relations between

�2!1
e-h and �e and �h, and the role of the dot surface in

Auger multiexciton recombination.
Method of calculation.—Although there is no wave

vector momentum conservation in Auger processes for a
QD, the energy still needs to be conserved. The discrete-
ness of the dot-confined single-particle energy levels
would seem to preclude energy conservation and therefore
efficient Auger transitions [12]. However, other interac-
tions having quasicontinuous spectra (e.g., phonons) can
be involved and thus mitigate the energy conservation
problem. We consider Auger final states with a finite life-
time �h=	 [thus evolving with time as 
f exp��i!t�
	t=2 �h�] to account for these interactions, which may
cause their decay into lower energy states. We derive a
phenomenological formula for the Auger rate (under the
standard time-dependent perturbation theory):
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where jii and jfni are the initial and final Auger electronic
states, Efn and Ei are their eigenenergies, and 
H is the
Coulomb interaction. In Eq. (1), we have used multiple
final states fng (where n includes spin as well), since each
final state might have some contributions to the Auger
rate W � 1=�. For T � 0 we take a Boltzmann average
over the initial states. The single-particle energy levels �i
were computed with the plane-wave empirical pseudo-
potential method (EPM) described in Ref. [13] and solved
within a plane-wave basis, including spin-orbit effects.
The surface of the wurtzite spherical dots is saturated by
ligand potentials [14]. We have used the EPM of Ref. [15],
both with the originalG-space numerical implementation
of the nonlocal potential [15] (EPM-1) and with a real-
space implementation [16] (EPM-2), necessitated by the
adaptation to a massively parallel computational plat-
form. The Auger matrix elements obtained with EPM-1
and EPM-2 differ by less than 5%. We consider two dots,
Cd232Se235 and Cd534Se527, of diameters 29.25 and
38.46 Å, respectively. The initial and final states jii and
jf



effects in QDs have been previously modeled using k � p
[8,12] and tight-binding [21] Hamiltonians. The most
recent calculation of Auger rates in CdSe nanocrystals
[8] predicted, using k � p, an Auger lifetime for the
relaxation from the 1P to the 1S electron level of � �
�2:1 � 0:2� ps, almost constant over the range of radii
from 20 to 40 Å. This value overestimates our results
by a factor of 4–20.

Many-body effects on Auger thermalization.—Figure 3
compares, for Cd232Se235, the results at room temperature
of the single-particle (i.e., single Slater determinant, SP)
approach (solid line), and the CI treatment (dashed line),
for ��hsep ! hnes�, showing that many-body effects play
a minor role in such decay. We find that the overall shape
of the � vs 
E curves and the values of the lifetimes at
resonance are very similar in the two approaches and that
the results obtained at room temperature with multiple
initial states (i.e., all three electron p states and both hole
s states) do not differ significantly from the results at
T � 0 around the calculated 
E.

Auger thermalization in the presence of a spectator
exciton.—Thermalization from ep to es can also occur
when other particles exist as spectators [Fig. 1(b)]. We
find (Fig. 3) that the electron cooling lifetime calculated
with CI at room temperature (dashed line) increases about
1 order of magnitude (for T � 0 the increase is of about
2 orders of magnitude) if a ground-state spectator exciton
is present (long-dashed line) [22]. A possible explanation
is that the correlation effects between the Auger carriers
and the spectators lead to the formation of an Auger
‘‘dark’’ spin state with low Auger rate in the initial state
Slater determinant subspace.
Auger biexciton recombination.—Figure 1(c): If we
denote with �e the Auger lifetime for the process of
exciton � electron ! electron [Fig. 1(e)], and with �h
the process of exciton � hole ! hole [Fig. 1(f)], then we
have
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where the factor of 2 comes from the increased channel
availability in the 2 exciton ! 1 exciton case. To calculate
�e and �h, we use a single Slater determinant to represent
jii and jfni in Eq. (1), and we obtain

1

�e
�

1

�h

X
n

	

��gap � �en � �es�
2 � �



1

�h
�

1

�h

X
n

	

��gap � �hn � �hs�
2 � �	=2�2

� jJ�hs;"; hs;#; hn; es� � J�hs;#; hs;"; hn; es�j
2; (7)

where the subscripts " , # indicate the spin-degenerate
Kramer’


