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SUMMARY REPORT

Description of the project objectives

The goal of this project was to develop a computational method, base on first-principles and em-
pirical pseudopotentials that is, unlike any other method, able to treat the relevant size range of
semiconductor nanostructures (i.e., between 1000 and 10,000 atoms), on an atomistic footing,
including dynamical effects. The method development shall follow a bottom-up approach, i.e.,
starting from the most accurate description available such as density functional theory. The vibra-
tional and electronic properties obtained this way for small clusters constitute the back-bone of the
method and shall be used to construct a robust and accurate description, based on classical force
fields (for the phonons) and semiempirical pseudopotentials (for the electrons).

From the resulting electronic wave functions and phonon eigenmodes a wide range of new physical
effects will be available, such as electronic relaxation times, spin relaxation times, temperature
effects, Raman spectra, Polaron couplings, photon linewidth, which are key components in fields
such as quantum information/computing, spintronics, lasers, nano-electronic devices, photovoltaic
and even medicine. Besides its relevance for nanotechnology, the development presented here will
have a significant impact for basic science research. Many of the concepts valid in solid-state
physics are challenged at the nanometer scale and many fundamental discoveries can be expected
that cross the boundary of physics to chemistry and biology.

Work performed during the project

In the first year, we derived a classical interatomic potential for the calculation of phonon spectra
in III-V semiconductor nanostructures. In the initial phase, we validated the results for bulk and
small clusters against density functional theory (DFT) calculations. The classical description is
less transferable than the ab initio approach but allows us to span a large range of nanostructure,
up to 100,000 atoms.

In the second year, we developed a formalism for the calculation of the electron-phonon coupling
elements that can be used for electronic and vibrational states calculated from either empirical
potential calculations or from DFT. The formalism has been implemented into a modern computer
code. We validated the results for small clusters against density functional perturbation theory
(DFPT) calculations.

In the third year, we studied the electronic relaxation processes in colloidal semiconductor nan-
oclusters using the electron-phonon coupling matrix elements calculated using the methodology
we developed in the first period of this project. The dynamical processes are described using the
Liouville-von Neumann equation including a phenomenological Lindblad decay term.

In the fourth year, we studied the band gap renormalization in colloidal semiconductor nanoclus-
ters via electron-phonon interactions. We calculated the zero-point motion band gap renormaliza-
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tion and the temperature dependence of the band gap in carbon and silicon nanoclusters using our
own approach and codes based on a frozen-phonon method and ab initio density functional theory
(DFT).

Main results achieved

In the first two years of this project, we derived a set of empirical interatomic potential for III-V
semiconductors and established a methodology for the ab initio calculation of the vibrational prop-
erties of large nanoclusters. Based on these development we could predict the confinement and
surface effects on many vibrational properties, quantitatively. These include, the blue shift of lon-
gitudinal acoustic, transverse optical and longitudinal optical modes with decreasing cluster size,
mixing of transverse-longitudinal vibrational modes, existence of surface acoustic/optical modes
and coherent acoustic phonon modes with size-tunable frequency, thermodynamic properties of
colloidal nanoclusters, revealed in the specific heat.

In the second period of this project, we developed a methodology for the ab initio calculation of the
electron-vibronic coupling in large nanoclusters. We applied the methodology to colloidal semi-
conductor nanoclusters consisting of up to thousand atoms. We coupled our calculated electron-
phonon matrix elements to a mesoscopic approach via the Liouville-von Neumann equation. We
have demonstrated how powerful our approach is in two distinct applications. (i) For the calcula-
tion of the carrier relaxation dynamics, where we have addressed the phonon-bottleneck problem.
We can explain, with the ab initio calculated electron-phonon coupling matrix elements, the ex-
perimental fast carrier relaxation (decaying Rabi oscillation with a period of tens of femtosecond),
even in the detuned regime, where the energy level separation is energetically far from the vibra-
tion energy. This is a consequence of the discrete nature of the electronic and the vibrational states
(which do not form a continuum). (ii) The temperature dependence of the band gap and especially
the effect of zero point motion. We find that zero point motion can lead to a significant renormal-
ization of the band gap, in the range of 0.6 eV. This effect has been calculated within this project
for the first time.

Potential impact and use of the final results

The method we developed offers a new capability to describe nanostructures of arbitrary material
and geometry on an atomistic footing including dynamical processes. This achievement will bare
consequences in different areas of science. For material science applications and technology:
The roadmap to miniaturization of semiconductor chips leads to the nanometer scale in only a few
years from now. Nanostructures are envisioned to be used for photovoltaic applications, lasers,
quantum information/computations and medicine. The second aspect is basic science. Everything
that is known from solid-state physicists has to be rediscovered at the nanometer scale, where
confinement is given in all 3 dimensions. The nano-world is also an interdisciplinary field where
physics, chemistry and biology meet.

The transfer of knowledge is guaranteed by a detailed publication (Phys. Rev. B) of the developed
approach that can be followed by others. Furthermore, the developed computer programs will
be made available to the community of interested scientists. We plan to have all our computer
programs under the GNU Public License (GPL), which allows everybody to not only use the codes
but also modify/improve/expand them, as long as they are again shared with the community.
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