Journal of the Korean Physical Society, Vol. 47, September 2005, pp. S325∼S328

Electronic Energy Relaxation in Nanocrystals Forming Nanoclusters
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There is an interaction between nanocrystals forming clusters, different from isolated nanocrystals. For the study of the interaction between nanocrystals, a nanocluster containing 3080 nanocrystals is constructed with a diffusion limited aggregation method. The cluster vibrational modes are
calculated for the simulated nanocluster with the harmonic approximation and the size of the cluster
is sufficiently large to generate a smooth cluster vibrational modes spectrum at low frequencies. The
nanocrystal mass and the force constant between nanocrystals are necessary to obtain the actual
values of the cluster modes. An internal vibrational mode resonant with a cluster mode is damped
due to the coupling between the internal vibrational modes of nanocrystals and the cluster modes.
The electronic-relaxation process emitting a damping nanocrystal mode exhibits a nonexponential
or an exponential decay rate depending on the ratio of the damping rate, of the internal vibrational
mode to the strength of the electron–phonon coupling. This work suggests the damping of internal
vibrational modes as a possible mechanism responsible for the suppression of the electronic energy
relaxation in Y2 O3 nanocrystals observed in optical measurement.
PACS numbers: 32.50.+d, 63.20.Kr, 63.22.+m
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I. INTRODUCTION
Nanosystems show altered new properties in magnetic
or ferroelectric behaviors, optical transparency, mechanical strength, or thermodynamics, due to the size confinement and surface effect. Size confinement of nanocrystals
modifies the phonon density of states at low frequencies,
which can change the optical or thermal properties of the
given nanocrystals [1,2]. The phonon density of states at
low frequencies in bulk systems is described as a continuous function with an ω 2 dependence by the Debye model.
However, the phonon spectrum for an isolated nanocrystal has been expected to be discrete and to vanish below
a critical energy called the cut-off energy due to the size
confinement effect [3]. The electronic energy relaxation
by one phonon emission would be absent if energy of the
emitted phonon were below the cut-off energy or where
the phonon spectrum is sparse.
Y2 O3 : Eu3+ has been of interest for photonic and
optoelectronic devices [4]. Y2 O3 : Eu3+ nanocrystals
with a mean particle size of 13 nm were investigated experimentally for the electronic energy relaxation of 5 D1
manifolds of Eu3+ ions. The 5 D1 manifolds have energy separations of 3 and 7 cm−1 from the lowest level
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[5–7]. The electronic relaxation of the second level in
the manifolds was slowed down compared with that in
a bulk crystal, not totally turned off [8]. In order to
understand the mechanism by which the electronic energy relaxation was slowed down, the elastic modes were
first calculated for Y2 O3 with a size distribution between
7 and 20 nm with Visscher et al ’s computational technique [9]. The result revealed that a 3 cm−1 phonon in
Y2 O3 nanocrystals with that size distribution lies below
the cutoff frequency [10]. However, optical measurement
revealed that the electronic energy relaxation emitting a
phonon was not turned off in Y2 O3 nanocrystals, even if
the numerical calculation showed the emitted phonon is
below the cut-off frequency in the system.
To understand the results, we look through transmission electron microscope (TEM) images of Y2 O3
nanocrystals used in the experiment. Figure 1 shows
TEM images of nanocrystals forming nanoclusters,
which apparently show different features of nanoclusters. Nanocrystals with a mean size of 13 nm are forming clusters in Figure 1(a). However, Figure 1(b) shows
that the sample contains a great number of particles
sufficiently large to support low-frequency vibrational
modes. The electronic energy relaxation emitting 3 cm−1
phonons would be allowed in the sufficiently large Y2 O3
: Eu3+ nanocrystals. Since nanocrystals contact other
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Fig. 1. TEM images of Y2 O3 : Eu3+ nanocrystals. The
nanocrystalline Y2 O3 : Eu3+ forms three dimensional clusters of nanocrystals. (a) A cluster consists of narrowly sizedistributed nanocrystals. (b) This TEM image reveals that
the system also contains nanocrystals which are large enough
to support 3 cm−1 phonons.

nanocrystals in clusters, the effect of interactions between nanocrystals should be considered when we describe the electronic energy relaxation.
In this work, we study the interaction between
nanocrystals and the effect on electronic energy relaxation. We simulate a nanocluster by using a diffusion limited aggregation (DLA) method and obtain the
cluster vibrational modes of the simulated nanocluster.
Considering the coupling between the internal vibrational modes of a nanocrystal and the cluster vibrational
modes, we study the electronic energy relaxation emitting a single internal vibrational mode damped due to
the interaction. We suggest the damping as a possible
mechanism responsible for the suppression of the electronic energy relaxation in Y2 O3 nanocrystals observed
in the experimental measurement.

II. VIBRATIONAL MODES OF A
NANOCLUSTER
TEM images reveal that the experimentally studied
system consisted of a large number of nanocrystals which
formed clusters. Thus, the effect of interactions between
nanocrystals should be taken into account when describing electronic energy relaxation. In order to investigate
this effect, we first construct a nanocluster containing
3080 nanocrystals by using the DLA method to simulate nanoclusters observed in the TEM images [11, 12].
We use the hexagonal closed-packed crystal structure for
the lattice structure of the cluster, rather than the more
usual cubic structure. The simulated cluster is shown in
the inset of Figure 2 and appears denser than the Y2 O3
: Eu3+ nanoclusters in the TEM images. However, it
should be pointed out that TEM images depict only the
edge of a large nanocluster, where the nanocrystals are
sparse enough to be distinguished. For simplicity, it is
assumed that all nanocrystals have identical mass.
The potential energy between nanocrystals can be expressed as an interatomic potential energy in a bulk crystal. The nanoscaled crystals in a cluster are treated as

Fig. 2. Density of cluster vibrational modes as a function
of frequency. This cluster vibrational spectrum is obtained
for a model cluster of 3080 nanocrystals shown in the inset.
The scale on the
p cluster vibrational frequency is represented
C/M . The cluster in the inset is simulated
with ωo =
by a DLA method; it contains 3080 nanocrystals of identical
mass M .

atoms in a monatomic system. Within the harmonic approximation, the equation of motion for a nanocrystal in
a cluster can be expressed as
M üi (α) = − C

a2i
(ui (α) − ui (α0 )),
|a|2

(1)

where α is the index of particles, i represents the directions, x, y, and z, and ui (α) is the displacement of a
particle α from its equilibrium position in the i direction.
ai is the ith component of a, a vector from the equilibrium position of particle α to the equilibrium position of
particle α0 . The eigenvalues of Eq. (1) are obtained for
the simulated cluster, where only the nearest-neighbor
interactions are included in the calculation, for simplicity. Figure 2 depicts the density of the cluster vibrational
modes as a function of frequency. The scale on the
p cluster
vibrational frequency is represented with ω0 (= C/M ),
where C is the force constant between nanocrystals in a
cluster and M is the mass of a nanocrystal. Therefore,
the estimation of nanocrystal mass and force constant
is necessary in order to calculate the actual value of ω0
[13].
In order to estimate the cluster vibrational frequency
of Y2 O3 nanomaterials used in the experiments, the mass
of a nanocrystal is estimated with the mean size of the
nanocrystals (d = 13 nm) and the mass density of Y2 O3
(ρ = 5.0 g/cm3 ), while the coupling between nanocrystals (C = 2.9 N/m) is assumed to occur through only
a few bonds. With these estimated values, we obtain
1.8 cm−1 for ω0 in Y2 O3 nanocrystals. The cluster vibrational frequencies of Y2 O3 are therefore expected to
be low frequencies below the cut-off frequency of the
nanocrystal.
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of finding an electron in the excited state is obtained as
4e−ζt/2
[ − 4g 2
(3)
(ζ 2 − 16g 2 )
2
2 1/2
ζ
− 2g 2 + (ζ 2 − 16g 2 )1/2 }e(ζ −16g ) t/2
4
2
2 1/2
ζ
− 2g 2 − (ζ 2 − 16g 2 )1/2 } e−(ζ −16g ) t/2 ],
4

P (t) =
ζ2
4
ζ2
+{
4
+{

where ζ is the damping constant of the internal vibrational mode, given as follows [14].
dha† ai
= ighc†α cα0 (a − a† )i − ζha† ai.
dt
Fig. 3. P is the probability of an electron in the excited
state and gt indicates a dimensionless time. The probabilities are shown as a function of a dimensionless time for
(a) ζ = 40g, and (b) ζ = 5g.

III. DAMPING OF NANOCRYSTAL MODES

We consider the electronic energy relaxation in a large
nanocrystal a forming cluster. It is assumed that the
electronic two–level system is resonant with a single internal vibrational mode that is damped due to the interaction with the cluster vibrational modes. The total
Hamiltonian in this approximation becomes

H

=

2
X

α c†α cα + ~ωa† a + gc†α cα0 (a + a† ) (2)

α=1

+

X
k

~Ωk b†k bk +

X

Λk (b†k a + a† bk ),

k

where the first and second terms describe the Hamiltonian of the noninteracting electronic system and the resonant internal vibrational mode where α is the energy
of the noninteracting electronic state, ω is the frequency
of a vibrational mode, and a† and a are the vibrational
mode creation and annihilation operators, respectively.
The third term describes the coupling between the electronic system and the resonant internal mode with coupling constant g. The fourth term describes the energy
of the cluster vibrational modes, where Ωk are the frequencies of the cluster vibrational modes, and b†k and bk
are the corresponding cluster mode creation and annihilation operators, respectively. The last term represents
the interaction between the internal mode and the cluster
mode with coupling constant Λk . The damping constant
of the internal vibrational mode is related to the coupling
constant to the cluster Λk |k=2πω/c .
This problem is simplified with the initial condition
that the electron is in the excited state and that the
nanocrystal is at zero temperature. The probability P

(4)

ζ is related with the coupling constant between the internal mode and the cluster, Λk , and therefore mainly
related with the force constant between nanocrystals.
Since the way to measure the force constant between
nanocrystals in nanoclusters is unknown, we estimate P
for the different values of ζ with the representation of g
instead. When ζ/4g  1, the probability of finding an
electron in the excited state follows an exponential decay
as shown in Figure 3(a). As the damping of the internal vibrational mode decreases, P decays nonexponentially as shown in Figure 3(b). The strength of electron–
phonon coupling compared with the damping rate of the
vibrational mode is an important factor in determining
the electronic relaxation. In order to obtain the real time
scale in Figure 3, the electron–phonon coupling constant
must be known. The relaxation process can present a
nonexponential or an exponential decay rate, depending on the ratio between the electron–phonon coupling
constant and the phonon damping rate of the system.
Therefore, we propose that the suppression of electron–
phonon interaction can occur if the relaxation is involved
with the damped internal phonons.
As seen in Figure 1(b), Y2 O3 nanomaterials used
in the optical measurements contain nanocrystals sufficiently large to support low-frequency vibrational modes
below 3 cm−1 . Therefore, the electronic energy relaxation emitting a 3 cm−1 phonon is allowed in those
nanocrystals. If a 3 cm−1 phonon is resonant with
the cluster vibrational modes, the electronic relaxation
rate will show a decay different from that in an isolated
nanocrystal. The residual relaxation in the experimental results for Y2 O3 : Eu3+ nanocrystals can be the
relaxation process emitting a damping phonon in large
nanocrystals, due to the coupling to the cluster vibrational modes.

IV. CONCLUSIONS
TEM images revealed that the Y2 O3 : Eu3+ nanocrystals used in the optical study form three dimensional
clusters. A nanocluster consisting of 3080 nanocrystals
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was simulated by the DLA method. It was demonstrated that the interactions between nanocrystals introduce cluster vibrational modes which can affect the
electronic relaxation in nanocrystals. The vibrational
spectrum of the cluster was calculated for the simulated
cluster and the size of the cluster was sufficiently large to
generate a smooth cluster vibrational modes spectrum at
low frequencies. The force constant between nanocrystals in clusters and the nanocrystal mass are necessary to
obtain the actual values of the cluster vibrational modes.
The mechanism through which the cluster vibrational
modes affect electronic relaxation in a nanocrystal was
investigated. Considering a nanocrystal sufficiently large
to support the low internal vibrational mode resonant
with the energy separation between two electronic levels, we studied the effect of cluster vibrational modes
on the electronic energy relaxation. The nanocrystal
vibrational modes were damped due to the interaction
with the cluster modes. The electronic relaxation process emitting a damping nanocrystal mode exhibited a
nonexponential or an exponential decay rate, depending
on the ratio of the damping rate of the vibrational mode
to the strength of the electron–phonon coupling.
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