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The
ADEQUATE
project
(Advanced
optoelectronic Devices with Enhanced QUAntum
efficiency at THz frEquencies) is devoted to the
conception and realization of efficient terahertz
optoelectronic emitters. This project wants to expand the field of optoelectronics by introducing
into semiconductor devices some of the concepts of quantum optics, particularly the light-matter
strong coupling. The challenges of this project do not lay in the mere observation of these quantum effects but in their exploitation
for a specific function, in particular an efficient electrical to optical conversion.

Composite excitations of
a cavity-embedded twodimensional electron gas

Theoretical studies at MPQ have been exploring cavity
quantum electrodynamics and quantum fluid properties of
solid-state systems in unconventional regimes. In particular,
we have investigated new properties of a 2D electron gas in a
semiconductor microcavity. In such a system it is possible to
achieve strong coupling between a cavity photon and a resonant
electronic transition between two conduction subbands. Such a strong coupling is responsible for the existence of the socalled intersubband cavity polaritons, half-light half-matter excitations, with a peculiar energy-momentum dispersion.
Through a non-perturbative theory, we have shown that the strong coupling to the cavity modifies not only the response of
the system under optical excitation, but it can also affect the transport properties. An electron injected in the 2D electron gas
is not an eigenstate of the quantum light-matter Hamiltonian. It is replaced by a quasi-electron dressed by the vacuum field.
Our theory predicts that the quantum efficiency and spectral properties of resonant electron tunnelling electroluminescence
are very sensitive to the voltage bias.
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I am very pleased to present the first issue of our international newsletter
which highlights some of our recent scientific achievements published
in international journals. You will discover that behind each result, even
when fundamental, there is the perspective of a new quantum device.
Innovative materials for information storage and spintronics applications are expected from our basic
research on bimetallic magnetic particles and multiferroïc materials. Future molecular electronic devices
will be developed faster thanks to a deep understanding of the quantum transport through a single impurity.
New laser sources and detectors in the terahertz domain are emerging from the fundamental physics of
intersubband cavity polaritons. As you will see, national and international collaborators took part in many
of these achievements.
I wish you a pleasant reading,
Sylvie Rousset
Director

We have also investigated theoretically to which extent intersubband
polaritons can behave as bosons. Our theory predicts the occurrence
of stimulated scattering, as in the case of elementary bosons. In
addition, we have shown that the degree of bosonicity is controlled
by the ratio between the polariton excitation density and the 2D
electron gas density. In particular, we have studied the polariton
scattering process induced by the interaction with optical phonons,
as sketched in the figure. This study paves the way to realisation of
polariton lasers without inversion in the mid and far infrared.

FIGURE : Intersubband cavity polariton excitations are composite bosons,
whose scattering properties can enjoy final-state stimulation. Here an interbranch polariton scattering via optical phonon emission is sketched.

REFERENCE : Quantum theory of electron tunneling into intersubband cavity polariton states, S. De Liberato and C. Ciuti, Phys. Rev.
B 79, 075317 (2009). Stimulated scattering and lasing of intersubband cavity polaritons, S. De Liberato and C. Ciuti, Phys. Rev. Lett.
102, 136403 (2009).
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“Materiaux et Phénomènes Quantiques” (MPQ) is a joint research
laboratory of the Paris Diderot University and the CNRS. It has
been created in 2005 and is now installed in the new campus of
the university. The laboratory is composed of 95 people, including
45 permanent members (scientists, administrative and technical
staff ) and 50 PhDs, postdoctoral fellows and visitors. Research
activities span from the investigation of quantum phenomena
in nanomaterials, down to the atomic scale, to the fabrication
of quantum devices. The laboratory is organized around three
main research themes: nanomaterials and self-organization,
electronic properties of low dimensional systems and quantum
optoelectronics. On-site technological facilities include a clean
room and a last generation High Resolution Transmission Electron
Microscope (HRTEM).
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Magnetic stability
of core-shell nanoparticles

The increase in magnetic storage density implies
the decrease of the magnetic particles size to a
nanometer scale. However the magnetization of
these nanoparticules is no more stable at room
temperature because of thermal fluctuations.
Moreover, to protect them against oxidation, they are generally capped by a metallic layer which can drastically modify
their magnetism. We have studied a model system consisting of self-organized bilayer cobalt nanoparticles grown on a gold
crystalline surface and progressively capped by gold layers. A quantitative comparison between magneto-optical measurements
and molecular dynamics calculations shows that a large strain inside the cobalt particles affects their magnetic stability. These
findings could help to realize nanoparticles with only hundreds of atoms, magnetically stable at room temperature, by strain
engineering.
FIGURE : 3D STM image (60 nm x 60 nm) of self-organized bilayer Co nanoparticles (red) surrounded by Au (blue). Each color refers to a different
atomic layer. The substrate Au(111) is shown in dark blue.

REFERENCE : Dominant Role of the Epitaxial Strain in the Magnetism
of Core-Shell Co/Au Self-Organized Nanodots, Y. Nahas, V. Repain, C.
Chacon, Y. Girard, J. Lagoute, G. Rodary, J. Klein, S. Rousset, H. Bulou
and C. Goyhenex, Phys. Rev. Lett. 103, 067202 (2009).
COLLABORATION : IPCMS, Strasbourg, France
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Theory of far-from-equilibrium
quantum transport through a
Ea
single impurity
Ea (meV)

Investigation of charge transport through
nano-structures connected to metallic leads
0.35 ML Co
300
is a rapidly progressing field, paving the
1.15 ML Co
way to the realization of controlled nanotransistors.
250
The theoretical understanding of such
systems remains a challenge, mostly due to
the inherent and combined difficulties of out200
of-equilibrium physics
together with strong correlations. A crucial question is that of the density matrix: what does replace
the equilibrium Boltzmann measure exp(-H / kBT) for an out-of-equilibrium stationary state?
We have investigated this question in an ideal few-level system (an impurity) coupled to metallic leads that are held at
150
different chemical potentials. Exploiting integrability of impurity systems, we have extracted exact information about the
stationary state density matrix. In the case of the interacting resonant level model, it was derived explicitly. It allowed for the
0
1
2
3
exact computation of the current
flowing through
the impurity.
The striking
negative differential conductance that develops
Au
coverage
(ML)
at large voltage, is due to interactions, and is reminiscent of the quantum nature of transport far from equilibrium.
FIGURE : Current-voltage characteristics of the interacting resonant level model. The inset describes a single level connected to
macroscopic electrodes.

REFERENCE : Twofold Advance in the Theoretical Understanding of Far-From-Equilibrium Properties of Interacting Nanostructures E. Boulat, H. Saleur et P. Schmitteckert.
Phys. Rev. Lett. 101, 140601 (2008)
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Magnetoelectric coupling
in multiferroic materials

Multiferroic materials show both magnetic and ferroelectric
orders. They are appealing for applications as there usually
exists a coupling between the order parameters, called the
magneto-electric coupling, which allows the manipulation
of magnetism with an electric field. We study a wide range
of multiferroic materials by Raman scattering. Because of its ability to probe
both magnetic (magnon) and lattice (phonons) collective excitations, this
technique is uniquely suited to study the interplay between magnetic and
ferroelectric degrees of freedom. We have observed for the first time sharp
low energy modes in multiferroic BiFeO3. Two different magnon modes
are interpreted as the optical fingerprint of the long wavelength cycloidal
magnetic order of BiFeO3. Our experimental data are in remarkable
agreement with recent theory which predicted that these modes could be
observed due to the magneto-electric coupling. This first observation paves
the way to further optical studies of multiferroic materials.

FIGURE : Raman spectra of spin excitations in BiFeO3. The inset shows φ (blue squares) and ψ (red full circles) mode frequencies as a function of the mode index n.

REFERENCE : Possible observation of cycloidal electromagnons in BiFeO3, M. Cazayous, Y. Gallais, A. Sacuto, R. de Sousa, D. Lebeugle, and D. Colson, Phys. Rev. Lett.
101, 037601 (2008). Polar phonons and spin excitation coupling in multiferroic BiFeO3
crystals, P. Rovillain, M. Cazayous, A. Sacuto, R. Lobo, D. Lebeugle, D. Colson, Phys.
Rev. B 79, 180411(R) (2009).
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Bimetallic ordered alloys are promising candidates for
magnetic storage applications. However, the use of
nanoparticules requires a deep understanding of size
effects on the order-disorder phase transition. Developing
advanced transmission electron microscopy (TEM)
methods, we have investigated the size, the morphology and
the atomic structure of individual CoPt nanoparticles as a function of the annealing temperature. For 2.4 - 3 nm particles,
the order-disorder phase transition temperature TCNP is found to be lower than the bulk material transition temperature.
Our observations are in agreement with canonical Monte Carlo simulations. Furthermore, by analyzing three-dimensional
reconstructions of nanoparticles obtained by electron tomography, we have established that TCNP is also sensitive to the
shape of the nanoparticles. This work emphasizes the necessity of taking into account the 3D morphology of nano-objects to
understand and control their structural properties.

Shape and order
in CoPt nanoparticles

FIGURE :
High resolution TEM image of a chemically ordered CoPt nanoparticles.

REFERENCE : Size and shape effects on the order–disorder phase transition in CoPt
nanoparticles, D. Alloyeau, C. Ricolleau, C. Mottet, T. Oikawa, C. Langlois, Y. Le Bouar,
N. Braidy & A. Loiseau, Nature Materials 8, 940 - 946 (2009)
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