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ABSTRACT

Vibrationally induced pure-dephasing of electronic states in PbSe quantum dots (QDs) at room temperature is investigated using two independent
theoretical approaches based on the optical response function and semiclassical formalisms. Both approaches predict dephasing times of
around 10 fs and reproduce the recently measured homogeneous linewidths of optical absorption well. Because dephasing slows down with
increasing cluster size, the dephasing times calculated for the small clusters correspond to the lower end of the experimental data. The
dephasing is almost independent of the electronic excitation energy and occurs faster for biexcitons than single excitons. The dephasing time
is roughly proportional to the square root of the mass of the lighter atom (Se), suggesting that dephasing should be faster in PbS and slower
in PbTe relative to PbSe. Core atoms produce stronger dephasing than surface atoms. In the collective description, pure-dephasing occurs
via low-frequency acoustic modes, in support of the elastic QD model of dephasing. Because the electron −phonon coupling in PbSe QDs is
relatively weak compared to other semiconductor nanocrystals, fast vibrationally induced dephasing can be expected in semiconductor QDs
in general.

Semiconducting1 and metallic2 quantum dots (QDs) have
been actively explored for a variety of applications, including
lasers,3 light-emitting diods,4 solar cells,5 field-effect transis-
tors,6 and other nanometer-sized devices. The quasi-zero-
dimensional confinement of electrons within their Bohr radii,
aB, results in quantization of electronic energy levels which
is responsible for new physical phenomena, such as Cou-
lomb7 and spin8 blockade, phonon bottleneck,5,9and efficient
charge carrier multiplication.10,11 In the case of strong
quantum confinement, Coulomb energy is much smaller than
kinetic and can be treated as a first-order perturbation.12,13

Assemblies of QDs are regarded as some of the most
promising building blocks for quantum computing and
information processing.14 Many device proposals rely on
quantum superpositions of electronic states that must be
maintained for long periods of time, but the dephasing of
coherent superpositions undermines such devices15 and
creates new relaxation mechanisms.10,16

Particularly interesting is the recent discovery of multi-
exciton states that are created in semiconductor QDs upon

absorption of only one high-energy photon. Predicted5 several
years prior to discovery,11 the generation of multiple excitons
has generated intense excitement because of its potential for
extraordinary improvement of solar-cell efficiencies. In
traditional solar cells that harvest photons ranging from
infrared to ultraviolet, the energy of the higher frequency
radiation is lost to the lowest energy absorption level.
Creation of multiple excitons from high-frequency photons
avoids the energy loss. Depending on the mechanism
proposed, this process has been given several names,
including impact ionization,5 inverse Auger process,17 carrier-
multiplication,17,18 and multi-exciton generation.10,16 The
mechanisms can be classified according to the position taken
with respect to the vibrationally induced dephasing. The
multi-exciton generation10,16 is described as a dephasing
process. The Auger mechanism17 gives a rate constant that
assumes an incoherent process and requires dephasing to
occur faster than the creation of multiple excitons. Direct
carrier-multiplication18 relies on multi-exciton coupling to
virtual single exciton states and requires that these states exist
in a coherent superposition during the optical pulse.

The current report presents two independent estimates of
the vibrationally induced dephasing times in PbSe QDs, in
which multi-exciton states were first observed.10,11 The two
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independent theoretical methodologies are based on statistical
and semiclassical theories, which are applied to a variety of
electronic excitations, including the high-energy exciton/
biexciton superposition that affects the photovoltaic ef-
ficiency, and the band gap excitation, for which the dephasing
time can be directly compared to the experimentally mea-
sured homogeneous line width of the optical transition.19 The
calculations are performed for ambient temperatures that are
relevant for solar light harvesting.

Earlier theoretical studies of dephasing in QDs focused
on its impact on transport properties,20 quantum information
processing,21 and shapes of low-temperature absorption
lines.22,23The latter have a broad pedestal and a sharp peak.
The peak, known as the zero-point line, disappears with
increasing temperature.24 The studies focused on the zero-
point line and treated the pedestal phenomenologically.22,23

The estimates of the dephasing time described below are
directly related to the homogeneous width19 of this pedestal.

The theory of optical lineshapes is well developed.25

Excluding inhomogeneous broadening associated with a
distribution of optically active species, the intrinsic homo-
geneous line width,Γ, of an optical transition is inversely
proportional to the dephasing time,T2. The latter includes
the excited-state lifetime,T1, and pure dephasing,T2*

Pure dephasing is associated with fluctuations and uncertain-
ties of the energy levels, which occur due to coupling to
environment, such as phonon modes of the dot itself, surface
ligands, solvent, and so forth.26 For sufficiently longT1, Γ
is determined byT2* .

Optical properties and dephasing of molecules in proteins
and solutions are studied in many publications. Optical
lineshapes of molecular chromophores are often characterized
by molecular dynamics simulations that employs atomistic
models for both the molecule and its environment, see for
instance refs 27-30. Dephasing in crystals is primarily
described from the phenomenological stand-point26,31 that
creates a clear understanding of the trends associated with
the crystal size, the strength of the electron-phonon cou-
pling, temperature, and so forth. The experimental measure-
ments of pure-dephasing in semiconductor QDs focused
mostly on CdSe crystals.32,33

The atomistic calculations reported below were performed
with two PbSe clusters, Pb16Se16 and Pb68Se68, presented in
Figure 1. PbSe is a IV-VI semiconductor in the rocksalt
structure. This type of semiconductor carries several advan-
tages for photovoltaic applications, including narrow band
gap and high carrier mobility.34 The initial geometries of
the clusters were generated based on the bulk structure of
PbSe. Then, the clusters were fully relaxed and optimized
at zero temperature. To keep the simulation feasible, surface
ligands were not included, as justified by the fact that surface
effects are small in PbSe QDs relative to other types of
semiconductors.13 Each cluster was brought up to 300 K by
molecular dynamics with repeated velocity rescaling. A

microcanonical trajectory was generated for each cluster
using the Verlet algorithm with the Hellmann-Feynman
forces. The time step was 1 fs for Pb16Se16 and 2 fs for
Pb68Se68, producing 2 and 4 ps trajectories, respectively. The
structures shown in Figure 1 were chosen randomly from
these trajectories, indicating that the clusters preserved the
bulk topology during the simulations. Because the dynamics
involved neither bond breaking nor other major changes in
the QD atomic and electronic structure, the 2- and 4-ps-long
trajectories provided converged results. The convergence was
tested by computing the averages over shorter trajectories.
All qualitative trends were preserved, and the quantitative
differences were around 10% or less.

The simulations were performed with ab initio density
functional theory implemented with the Vienna Ab initio
Simulation Package (VASP).35 The Vanderbilt’s ultrasoft
pseudopoteintals36 available in the VASP database,35 the
PW91 density functional,37 and a plane-wave basis set
with an energy cutoff of 8.6 (11.4) Rydberg for Pb68Se68

(Pb16Se16) were used. The classical treatment of vibrational
motions provided a good approximation at room temperature
because the frequencies of the available vibrational modes
were on the order of or less thankT/p.

The exciton (biexcition) states were represented in the
Kohn-Sham orbital picture by promoting one (two) electron-
(s) from occupied to unoccupied orbitals. The orbitals were
optimized for the ground electronic state. The excitation
energies were estimated from the orbital energies and their
occupation numbers. The forces on each atom in different
electronic configurations were calculated using the appropri-
ate orbital occupations and the Hellmann-Feynman theorem.
This treatment is approximate but simple and computationally
efficient. The single-particle picture combined with the PW91
density functional is not sufficient for description of strong
excitonic effects. However, the nature of the exciton in PbSe
justifies the approximation. PbSe has a large dielectric
constant (ε∞ ) 23) that screens excitonic interactions. The
46 nm Borh radius of the PbSe exciton13 is much larger than
the size of the QDs consiered here, indicating that the
electron kinetic energy responsible for quantum confinement
greatly exceeds the excitonic interaction. The latter becomes
more important in larger dots, in which one can anticipate a
change in cluster-size dependence of the dephasing rate31,32

Γ ) 1
T2

) 1
2T1

+ 1
T2*

(1)

Figure 1. Typical geometry of the Pb16Se16 and Pb68Se68 clusters
at room temperature. Both 32- and 136-atom clusters preserve the
bulk topology.
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or in the difference between the exciton and biexciton
dephasing times.38 The simplicity of the electronic structure
method was essential in order to achieve reliable statistical
averages that required a large number of repeated electronic
structure calculations.

Single exciton states with excitation energies ofEg, 2Eg,
and 3Eg were considered, whereEg is the band gap of the
cluster. The band structure of PbSe QDs is relatively
symmetric between electrons and holes.13 The optical transi-
tions favored by the selection rules are symmetric with
respect to the gap, such thatεHOMO - εhole andεelec - εLUMO

are approximately equal. For theEg excitonεhole ) εHOMO

andεelec) εLUMO. The single exciton states are denoted below
by their energies. In addition, the biexciton state with
excitation energy equal to twice the band gap was investi-
gated. In this state, two electrons were promoted from
HOMO to LUMO.

The times of dephasing between pairs of ground, single,
and biexciton states were estimated using two independent
approaches. The first approach was based on the second-
order cumulant expansion of the optical response func-
tion.23,25 The initial calculation step involved computation
of the autocorrelation function of the energy difference
between the corresponding pair of states. The unnormalized
autocorrelation function was defined by

where the angular brackets denote averaging over a canonical
ensemble of initial conditions. The initial value of the
autocorrelation function gave the average fluctuation of the
energy difference.

Figure 2 presents the autocorrelation function (eq 2) for
theEg/ground and 3Eg/biexciton pairs of states for both the
smaller and the larger PbSe clusters. The amplitude ofC(t)
is notably greater for the 3Eg/biexciton pair, indicating that
the energy difference between these states fluctuates much

more than the energy difference between the band gap
exciton and ground states. The larger cluster allows for a
wider range of vibrational frequencies and, therefore, the
corresponding autocorrelation functions oscillate faster. In
all cases, the correlation decays within several hundred
femtoseconds.

The Fourier transforms of the autocorrelation functions
shown in Figure 3 indicate that dephasing takes place
primarily due to low-frequency acoustic modes, which are
sensitive to the QD size. Vibrations of the larger dot show
a wider range of frequencies; however, each frequency
contributes smaller amplitude. This outcome of the atomistic
simulation supports the phenomenological elastic model of
dephasing in QDs.31

To evaluate the dephasing time, the autocorrelation func-
tions were doubly integrated to obtain

The dephasing function was computed by exponentiation of
g(t)

Alternatively, the dephasing function can be computed
directly

avoiding the cumulant expansion (eqs 2-4). ω in the above
equation was defined according to〈∆E(t)〉T/p. The single-
exponential fits of eqs 4 and 5 gave the dephasing timescales.
In the response function approach, the dephasing rate
increases and the coherence time decreases because of either
rapid decay or large magnitude of the energy gap correlation
function (eq 2). The magnitude of the vibrationally induced
fluctuation in the electronic energy gap appears more
important in the present case.

Figure 2. Autocorrelation function of the band gap (solid line)
and of the energy difference between the triple-gap exciton (3Eg)
and biexciton states (dashed line). Both functions show similar
decay times, on the order of hundreds of femtoseconds. The 3Eg/
biexciton energy difference fluctuates more, as reflected in the larger
amplitude of the autocorrelation function.

C(t) ) 〈∆E(t) ∆E(0)〉T (2)

Figure 3. Spectral density of the autocorrelation functions shown
in Figure 2. The larger dot shows a wider range of frequencies,
which contribute smaller amplitudes individually. The QD size
dependence of the phonon frequency modes indicates that dephasing
occurs via acoustic phonons.

g(t) ) ∫0

t
dτ1∫0

τ1 dτ2 C(τ2) (3)

D(t) ) exp(-g(t)) (4)

D(t) ) exp(iωt)〈exp[- i
p
∫0

t
∆E(τ) dτ]〉T

(5)
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The dephasing functions obtained directly, eq 5, and with
the cumulant expansion, eq 4, are plotted in Figure 4. Even
though the second-order energy gap autocorrelation, eq 2,
shows relatively long memory, suggesting that higher order
correlations may be important, the direct and cumulant
dephasing functions shown in Figure 4 agree very well. The
minor differences seen at longer times indicate that, indeed,
higher order correlations play some role. In a more realistic
but presently unfeasible simulation involving larger dots,
surface ligands and a solvent, the memory should decay
significantly faster because of the additional environment
degrees of freedom, as suggested for instance in ref 33. When
valid, the cumulant expansion approximation provides a more
statistically robust estimate of the dephasing function.

The dephasing times for several pairs of electronic states
obtained within the response function approach are presented
in Table 1. Dephasing is sub-10 fs in all cases. Dephasing
involving biexcitons occurs faster than dephasing involving
single excitons. This should be expected because biexcitons
involve a greater change in the electronic structure of the
QDs. Biexcitons create a more significant perturbation to
the vibrational lattice and, therefore, couple to phonons more

strongly than single excitons.10 The present calculation treats
biexcitons as two nearly uncorrelated excitons. Some degree
of correlation is provided by the fact that the excitons share
the same sea of unexcited electrons, and that the energies,
forces, and other electronic properties depend on the overall
electron density and not just the densities of the excited
electron and hole. Within this simple description, dephasing
involving biexcitons is roughly twice as fast as that of
excitons, as is usually assumed for quantum wells.38 The
dephasing times computed for the smaller and larger QDs
are similar within the simulation error, as explained by the
dilution of the contributions of individual vibrational modes
with size increase, cf. the Fourier transform amplitudes in
Figure 3. The loss of coherence between the band gap exciton
and the ground state (Eg/ground) is in excellent agreement
with the recently measured homogeneous widths of fluores-
cence lines in isolated quantum dots.19 Because the exciton
lifetime is significantly longer than the dephasing time, the
homogeneous line width is determined by pure dephasing.
The reported 100 meV width corresponds to the dephasing
time of pj/100 meV) 6 fs.

The second estimate of the dephasing time is based on
the semiclassical theory27,28 that represents each nuclear
coordinate by a Gaussian, whose width is related to the
thermal de Broglie wavelength. The dephasing time is
estimated by considering the evolution of the Gaussians
correlated with each of the two electronic states in the
coherent superposition. The decoherence function is related
to the time-dependent overlap of the products of vibrational
Gaussians in each electronic state. To lowest order

whereF designates the force experienced by thenth atom
in the first or second electronic state. The thermal de Broglie
width parameter,an, is defined27 by

depending only on atomic mass and temperature. AtT )
300 K, an equals 2153 and 820 a.u. for Pb and Se,
respectively. As before,〈‚‚‚〉T in eq 6 designates canonical
averaging. The semiclassical dephasing times are in good
agreement with the data generated using the response
function approach, Table 1.

The semiclassical approach represents the dephasing rate
by a sum of contributions from individual atoms. Figure 5
shows these contributions as a function of the distance from
the atom to the center of mass (COM) of the QD. The data
were averaged over equivalent atoms. The number of
equivalent atoms is indicated beside each data point. Note
that although the positions of the Pb atoms relative to the
COM were very similar in the smaller and larger QDs, the
Se atoms were significantly displaced during the geometry
relaxation and heating. This effect is particularly pronounced

Figure 4. Dephasing functions for the band gap/ground-state pair
and triple-gap exciton (3Eg)/biexciton pair obtained directly by eq
5 (solid lines) and using the second-order cumulant expansion, eqs
2-4 (dashed lines). The autocorrelations of the corresponding
energy differences are shown in Figure 2. The direct and cumulant
expansion results agree very well. The minor differences seen at
long times are due to memory effects, also seen in the autocorre-
lation functions in Figure 2.

Table 1. Dephasing Time (fs) between Pairs of Electronic
States

cluster state pair response functiona semi-classical

Pb16Se16 Eg/ground 7.1 (8.4) 12.5
2Eg/Eg 6.2 (7.7) 7.4
3Eg/Eg 4.0 (5.0) 8.1
2Eg/biexciton 3.5 (4.2) 5.0
3Eg/biexciton 3.2 (2.3) 5.4

Pb68Se68 Eg/ground 9.3 (8.8) 5.8
2Eg/Eg 9.8 (9.5) 5.0
3Eg/Eg 7.0 (7.5) 5.7
2Eg/biexciton 4.7 (4.8) 2.8
3Eg/biexciton 3.5 (3.7) 3.0

a The numbers with and without parentheses correspond to eqs 4 and 5,
respectively.

τD ) [〈∑n

1

2anp
2

(F1n - F2n)
2〉

T
]-1/2

(6)

an )
6mkBT

p2
(7)
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with the smaller QD, where the core Se atoms moved closer
to the surface and the surface Se atoms moved closer to the
core, cf. Figures 1 and 5. For reference, in the original
structures cut from bulk, the COM-atom distances were
2.56, 4.91, 6.45, 7.69, and 8.76 Å for both Pb and Se atoms.
The largest atomic contributions to dephasing came from
the core atoms. Even though individual core atoms contribute
more strongly to dephasing than individual surface atoms,
the overall contribution from the surface is significant and
agrees with the proposed incoherent mechanism for creation
of multiple excitons in the surface region.17

The Se atoms had a stronger effect on dephasing for two
reasons. First, Se is lighter than Pb, and its de Broglie width
parameteran is bigger than that of Pb by a factor of 2.6.
Second, the difference in the forces experienced by the Se
atoms in different electronic states were larger, approximately
by a factor of 2, as reflected in the larger displacements of
the Se atoms from their corresponding positions in the bulk.
This analysis indicates that dephasing times should increase
in the PbS, PbSe, and PbTe series roughly in proportion to
the square root of the atomic mass of the lighter atom.

The small size of the PbSe nanoclusters considered in the
present study (1.0 nm for Pb16Se16 and 1.4 nm for Pb68Se68)
did not allow us to study the dependence of the dephasing
rate on the cluster size. It is well known both experimen-
tally32,33 and theoretically31 that dephasing slows down in
larger clusters. Although the density of the vibrational modes
that induce dephasing increases with cluster size, the coupling
of electrons to individual phonon modes decreases; compare
the spectral density amplitudes in Figure 3. The net result,
also known with molecules, is that more delocalized elec-
tronic states experience slower phonon-induced dephasing.
The calculated dephasing times provide the lower limit on
the PbSe experimental data.19 The calculated times also agree
well with the extrapolation of the dephasing times measured
in 2 nm and larger CdSe clusters32 and with the large
experimental linewidths in the CdSe cluster-molecules,39

comparable in size with the present PbSe systems, Figure 1.

The electronic origin of the dephasing mechanism is
illustrated in Figure 6, which depicts an electron density
difference between the biexciton and 3Eg states. Relative to
the 3Eg state, the biexciton state density is enhanced at p
orbitals of Pb atoms and is depleted around p orbitals of Se.
This is reasonable because the biexciton state has an extra
electron promoted from the valence band, which is composed
primarily of Se orbitals, to the conduction band, which is
composed of Pb orbitals.40 Going between the 3Eg and
biexciton states, the density shifts from multiple atoms on
the periphery to a few core atoms. The density shift can be
less pronounced in the presence of surface ligands. The force
differences in eq 6 are due to this density change and are
largest in the core, which explains why individual core atoms
give the most significant contributions to dephasing, Figure
5. Particularly large forces are seen with Se atoms in the
core region. The relatively smooth density change creates a
long wavelength atomic displacement, rationalizing why
dephasing occurs primarily due to the low-frequency acoustic
modes, Figure 3.

The ultrafast dephasing has direct implications for the
proposed mechanisms of multiple exciton creation. The fact
that biexcitons dephase faster than single excitons supports
the dephasing mechanism.10,16 However, the time scale of
the dephasing mechanism must be on the order of 10 fs
according to the calculations presented here. On the longer
time scale, the process must be incoherent and is described
properly by rate expressions.17 The short but finite coherence
time can be sufficient for direct photogeneration of multiple
excitons,18 provided that the Coulomb interaction that mixes
the single- and multiexciton states is on the order of tens of
electronvolts or stronger.

In summary, both the optical response function and
semiclassical theories show that at ambient temperatures the
vibrationally induced dephasing of electronic states in PbSe
QDs is extremely rapid, 10 fs or faster, and is weakly
dependent on excitation energy. Multiexciton states dephase
more efficiently than single excitons. The primary contribu-
tion to dephasing comes from the lighter Se atoms situated

Figure 5. Contributions of individual atoms to the dephasing time
as a function of distance from the quantum dot center. The
contributions decrease away from the center. The lighter Se atoms
induce stronger dephasing. The number of equivalent atoms
accompanies each data point.

Figure 6. Electron density difference between the biexciton and
3Eg states. The density is lost by multiple atoms on the periphery
of the dot (blue) and is gained by a few atoms at the core (red).
The largest density change seen in the core region creates the
strongest forces (green arrow), rationalizing why core atoms produce
the strongest dephasing, Figure 5.
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toward the core, indicating that the dephasing times in PbS
and PbTe nanocrystals should be different from the dephasing
time in PbSe, roughly in proportion to the square root of the
mass of the lighter atom. Dephasing occurs mostly via
acoustic phonons, in agreement with the phenomenological
elastic models, which predict that dephasing becomes slower
with increasing cluster size. The calculated dephasing times
are in excellent agreement with the experimentally measured
homogeneous fluorescence linewidths.19 Because PbSe nano-
crystals are characterized by a relatively weak electron-
phonon coupling,13 the phonon-induced electronic dephasing
processes are expected to occur fast in other types of
semiconductor QDs, in which the coupling is typically
stronger.
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