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Electron-phonon Scattering in Metal

Clusters: Size Effects

N. Del Fatti, P. Langot and E Vallée, CPMOH,
CNRS—Université Bordeaux 1, 351 cours de la
Libération, 33405 Talence, Frarce, Email:
frallee@cpmoh.u-bordeaux.fr

Ultrafast interactions of eléctrons between them-
selves and with their environment (lattice, sur-
faces . . . ) are key effects in the fundamental
and technological properties of metailic systems.
Their modification by the confinement in metal
nanoparticles is thus of central-interest for the
understanding of the specific properties of these
materials. Time resolved femtosecond techniques
have been shown to be powerful tools for the in-
vestigation of the electron scattering processes in
metals and have been extensively used in bulk
materials' and recently applied to metal nanopar-
ticles. 2™

However, the impact of confinement on elec-
tron-lattice energy exchanges has been addressed
essentially in the strong excitation regime (i.e., for
a large heating of the electrons). A large influence
of the surrounding matrix has been demon-
strated,” precluding measurement of the intrinsic
electron-phonon scattering in nanoparticles. In
particular, contradictory results on the size effect
have been reported (for a discussion see [4]). We
have investigated the electron-lattice energy ex-
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QThB4 Fig. 1. Measured electron-lattice en-
ergy exchange time T, in silver nanoparticles
embedded in a glass (circles), Al,O; (squares) or
MgF, (diamond} matrix or in solution (triangles)
as a function of their diameter. The inset shows
the time dependence of the measured differential
transmission AT/T on a logarithmic scale in D =
.6 nm and 26 nm Ag nanoparticle samples and in
a Ag Alm (upshifted for clarity).

changes in silver and gold nanoparticles in the
weak excitation regime (induced electron tem-
perature rise AT, smaller than 100 K). The results
were found to be independent of the nanoparticle
environment permitting to analyze the effect of
particle size reduction on the intrinsic electron-
lattice coupling.

Experiments were performed in spherical sil-
ver and gold nanoparticles embedded either in a
glass, AL, O, or MgF, matrix or in solution. Their
average diameter D ranged from 30 to 3 nm. An
athermal electron distribution was first created
by absorption of a 25 fs pulse delivered by a fem-
tosecond Ti:sapphire oscillator. The induced
changes of the sample transmission, AT/T was
probed using a second pulse, with a frequency
well below the interband absorption threshold
{about 4 eV in Agand 2.3 eV in An), to avoid spu-
rious effects due to electron gas thermalization.®
For these probing conditions, the AT/T ampli-
tude is proportional to the electron gas excess en-
ergy and its decay reflects electron energy losses
to the lattice. Because of the high sensitivity of
our appartus, we have been able to perform mea-
surements for weak electron excitation {AT, in
the 10-100 K range).

Measurements performed in silver and gold
naneparticles show an exponential decay of AT/T
(Fig. 1), in agreement with the two-temperature
model in the weak perturbation regime.' The
decay time has been found to be independent of
the energy injected in the electron gas and of the
matrix and sample preparation technique, show-
ing that the electron-lattice energy exchange time
Te.pn Intrinsic to the nanoparticles is determined.
Te.pn 15 almost identical to the one measured in
the bulk materials for large nanoparticles (D 2 10
nm) but strongly decreases for smaller ones (Fig.
1), with similar behavior in gold and silver
nanoparticles. This acceleration of the energy ex-
changes demonstrate confinement induced in-
crease of the intrinsic electron-lattice interac-
tions.

The measured <., size dependence is compa-
rable to the one recently reported for the elec-
tron-electron scattering time and will be dis-
cussed using the same approach, L.e,, introducing
reduction of the electron-ion interactions due
spatial electron distribution change close to the
nanoparticle surface.®
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Influence of Quasi-bound States on the
Carrler Capture Into Quantum Dots

I Magnusdottir, A. Uskov, 5. Bischaff, B.
Tromborg, and J. Mork, COM Education o
Research Center, Technical University of
Denmark, Bidg. 345 w, DK-2800 Kgs. Lynghy,
Denmark, Email: in@com.dtu.bk

R. Ferreira and G. Bastard, Laboratoire de
Physique ENS, 24 rue Lhomond, F-75005 Paris,
France

An important characteristic of quantum dot
(QD) materials is the timescale on which carriers
are captured into the dots and relax to their
ground state. The properties of devices based on
QDs, such as lasers, thus rely on efficient carrier
feeding to the active QD states. These processes
are believed to be mediated by carrier-phonon
and carrier-carrier interaction (Auger pro-
cesses},”? In systems of higher dimensionality,
carrier relaxation via emission of LO (Longitudi-
nal Optical) phonons is dominant. However, due
to the discrete QD density of states, this process is
often considered impossible unless the energy
level separation equals the LO phonon energy, :
leading to a so-called phonon bottleneck.® This
argument is based on the assumption that the
carrier-LO phonon interaction is weak.

It was shown®® that carriers in discrete QD
states couple strongly to phonons and that the in-
tersubband transition cannot be treated with
Fermi's golden rule. Here, we extend the analysis
to the coupling between carriers in quasi-bound
continuum states and discrete QD states. In pre-
vious calculations of carrier capture rates into
QDs,? the incident carrier wavefunctions have
been considered to be plane waves, neglecting the
influence of the QD quasi-bound states. We will
demonstrate that these states couple strongly to
the phonan bath. We consider a spherical dot of
radius &, with a finite confinement poteatial, V),
in the effective mass approximation, where the
states are characterized by the angular momen-
tum quantum numbers (}, m). We focus our at-
tention on QDs with one discrete state ( = 0.V,
and «a are chosen such that a quasi-bound state
(L, = 1) and the discrete state are separated by
iy, = 35 meV. The quasi-bound state is traced
by the probability that the carrier is present
within the QD volume, shown in Fig. 1(a). Fig.
1(b} shows the probability when the carrier-LO
phonon interaction has been taken into account.
In this case, two polaron states, labelled | 1} and
I 2), appear. As an important and surprising re-
sult, we find that |1} corresponds to a discrete
state confined to the QD. These polaron states
would be stable if both the electrons and phonons
were stable. It is known from bulk structures that
the LO phonon iifetime is i/, = 2 ps at room
temperature.® The polaron thus decays due to the
decay of its.phonon part. The relaxation rate of
{13 to the I = @ state can be found by weighting
I, by the phonon part of the total probability.
We calculate the relaxation times to be close to
4 ps. Fig, 2 shows the case for holes, where the res-
onance is broader. Nevertheless, a discrete po-
laron state is found within the dot. In this case, we
also calculate a capture time of the order 4 ps.

It should be noted that in the situation of
more confined QDs with more than one discrete
level and a quasi-bound state situated £, 1, above
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QThB5 Fig. 1. {(a) The probability that an
electron state with I, = 1 in the continuous part of
the energy spectrum is present within the volume
of the QD neglecting the carrier-LQ phonon in-
teraction. A quasi-bound state is situated at E, =
76.58 meV with a FWHM of 0.025 meV. The dis-
crete I = 0 state (not shown) is situated at E =
41.59 meV, fi, below the quasi-bound state.
(b) Taking carrier-LO phonon interaction into
account, two polaron states ( } 1), 2)} appear. One,

1), is discrete and situated within the dot (at E,
=739 meV). |2) is a broader level centered at E
=79.1 meV and the level splitting is 5.2 meV. In
between them, a reminescence of the quasi-
bound state is seen. These results are independent
of the quantum number m,. We use a = 8.55 nm,
the carrier mass m* = 0.067 my, and V; = 76.49
meV.
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QThB5 Fig. 2. As Fig. 1 but for holes. The
quasi-bound state seen in (a) when carrier-LO
phonon interaction is neglected is broad com-
pared to the case for electrons. It is situated at E,
=78.34 meV with a FWHM of 2.1 meV. The dis-
crete | = O state (not shown) is situated at E, =
43.5 meV, fiy,, below the guasi-bound state.
However, the polaron states appearing when the
interaction is taken into account (b} still contain
a discrete level, { 1), confined to the QD, at E =
74.6 meV. The state |2) is centered at E = 78.7
meV, so the level splitting is 4.1 meV. The QD ra-
dius is @ = 3.662 nm, the carrier mass m* = 0.34
my and V, = 76.0 meV.

a discrete state, similar results are expected. In
conglusion, we have shown that QD quasi-bound
states couple strongly to phonons and that the
corresponding polaron states may mediate effi-
cient carrier capture to the QD ground state.
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Dipole-forbidden Energy Transfer between
CuCl Quantum Cubes via Optical Near-fleld
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The coupled quantum-dots system exhibits more
unique properties in contrast with the single
quantum-dot system.' The optical near-field in-
teraction’ is interesting, as it can govern the cou-
pling strength among quantum dots. Recently, an
ultra-fast energy transfer between bacteri-
ochlorophyll molecules via the optical near field
was theoretically shown.? This kind of the energy
transfer is possible for the neighboring quantum
dots system.

The quantized exciton energy levels of (1,1,1)
in a CuCl quantum cube (QC) X (4.6 nm) and
(2,1,1) in a QC Y (6.3 nm) resonate with each
other.* For this type of resonant condition, the
energy transfer time between QC via the optical
near-field is estimated at 40 ps, assuming that the
separation between two QCs is equal to 10 nm,”
This energy transfer time is much shorter than
the exciton lifetime and is longer than the inter-
sub-level transition T,,,. Therefore, most of the
exciton in a 4.6-nm CuCl QC transfer to the
neighboring 6.3-nm QC. Here, we note that this
energy transfer is optically forbidden, but be-
comes allowed with the optical near field.?

Figure 1(b) shows a far-field luminescence
spectrum at 15 K. It represents the luminescence
intensity from large numbers of CuCl QCs, and is
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QThB6 Fig. 1. (a): Schematic drawings of
closely located CuCl quantum cubes X and Y with
the effective side lengths of 4.6 nm and 6.3 nm,
respectively. Their exciton energy levels 1., n,, and
n, represent quantum numbers of an exciton. (a)
and (b): Far-field and near-field luminescence
spectra of CuCl QCs embedded in NaCl matrix at
15K

inhomogeneously broadened owing to the size
distribution of the QCs. Figure 1{c) represents a
near-field luminescence spectrum with many fine
structures. The structures are due to the contri-
bution of the QCs near the apex of the near-field
probe with a 50-nm aperture. The peaks X and Y
correspond to the confined Z,-exciton energy
levels of the QCs with side lengths of 4.6 nm and
6.3 nim, respectively.

Figures 2(a) and (b} show the near-field opti-
cal micrascope images for peaks X and Y in Fig. 1
(c), respectively. These images clearly establish
anti-correlation features in their intensity distri-
butions, as manifested by the dark and bright re-
gions surrounded by broken curves,

Figure 2(c) shows the values of the cross-cor-
relation coefficient C between the spatial distri-
butions of the luminescence intensity from a 6.3-
nm QC and that from a different size QCs. The
large negative vatue of C identified by an arrow
(2,1,1) clearly shows the anti-correlation feature
between Figs. 2(a} and (b). This anti-correlation
feature can be understood by the energy transfer
from X cubes to Y cubes. A 4.6-nm QC-, "acciden-
tally’ located close to a 6.3-nm QC cannot emit
light, but instead transfers the energy to the 6.3-
nm QC. As a result, in the region containing em-
bedded 6.3-nm QCs, the luminescence intensity
from 4.6-nm QCs is low while it from 6.3-nm
QCsis high. As explained in Fig. 1, it is reasonable
to attribute the origin of the interaction to the
near-field energy transter.

For CuCl quanwum cubes in a NaCl matrix,
other possibility of energy transfer, such as carrier
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