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Phonons assist in creating an excitation-dominated state, or population inversion, in a single quan-
tum dot—an effect that could be used to realize single-photon sources.
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In an atomic or molecular ensemble, population in-
version is the condition in which the number of parti-
cles in an excited state exceeds that of a lower energy
state. This out-of-equilibrium situation is an essential
requirement for lasing and many schemes for quantum
state control. Yet inverting a population is more com-
plicated than just exciting from the lower to the higher
state. Indeed, semiclassical physics tells us that a simple
two-level system driven by a continuous wave (cw) laser
cannot achieve steady-state population inversion. Most
strategies rely on a multilevel structure, e.g., three- and
four-level pumping schemes. But researchers have now
developed an alternative way that utilizes crystal lattice
vibrations, or phonons. John Quilter of the University of
Sheffield, UK, and his colleagues have achieved popula-
tion inversion in a two-level quantum dot by exploiting
phonon energy levels that couple to the dot’s electronic
states [I]. Like other recent works [2], the team gener-
ates phonon-assisted scattering with laser pulses, but the
method has the potential to work with cw laser pumping
as well. The result may enable the realization of single-
exciton light sources that can be integrated into a chip,
supplying single photons for applications in quantum in-
formation science.

A two-level system has a ground state and an ex-
cited state. Typically, the ground state is more popu-
lated based on thermodynamic principles. One can try
to pump the system from the ground state to the ex-
cited state using light that is resonant with the energy
difference between the levels. However, this light will
also stimulate the excited system to relax back down to
the ground state, emitting a photon as it does. With
a pulsed laser, one can invert the population by provid-
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ing just enough light to pump the system into the excited
state, but then shutting it off before the stimulated emis-
sion starts. This isn’t possible with a cw light source, in
which the two competing processes are occurring simul-
taneously. The usual way to overcome this is to utilize a
system with multiple levels. In a three-level system, for
example, cw light can be used to pump the system from
the ground state to its highest energy state, from which
it can decay quickly into a long-lasting (metastable) in-
termediate energy state. Under the right conditions, the
intermediate population can be greater than the ground-
state population, and this inversion can be used to oper-
ate a laser (see Fig. [1)).

There exist alternative ways to achieve population in-
version even in a two-level system. In general, these
methods rely on coupling to an auxiliary system that
provides the missing additional levels. For example, re-
searchers have shown that a steady-state inversion could
be achieved for a two-level system through the effects of
quantum optical noise, i.e., by coupling to a quantized
cavity mode that acts as an auxiliary system [3]. A simi-
lar process can occur in semiconductor quantum dots, in
which crystal phonons provide the auxiliary system.

Quantum dots have a well-defined excited state, which
is characterized by the formation of an electron-hole pair
(exciton). The so-called neutral exciton state is sepa-
rated from the ground state by a specific resonance en-
ergy that depends on the size and make-up of the dot. It
should be mentioned that dots have other excited states,
but for generating single or few photons, researchers tar-
get the two-level system comprised of the ground state
and lowest lying exciton state. One of the unique features
of quantum dots is the coupling between excitons and lon-
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FIG. 1: Population inversion from a ground state (g) to an
excited state (e) usually relies on other electronic energy lev-
els. For three levels (shown on left), the system is optically
pumped from ¢ to €/, but then nonradiatively decays to e. In
the two-level quantum dot system (shown on right), the cou-
pling between phonons and excitons allows optical pumping
into the phonon band (shown in blue). A phonon is emitted
and the excited state with a single exciton becomes populated.
(APS/Alan Stonebraker)

gitudinal acoustic phonons (acoustic waves in which lat-
tice atoms vibrate in the direction of wave propagation)
[]. According to several theoretical papers, population
inversion of a single neutral exciton can be achieved by
pumping with a cw optical driving laser, provided the
laser is detuned to the blue of the resonance to exploit
an efficient phonon-emission process [5H7].

Quilter et al. have designed an experiment that follows
one of these recent theoretical proposals [7]. They start
with a single InGaAs/GaAs quantum dot embedded in a
crystal lattice, whose acoustic vibrations interact with its
electronic excitations. As a result, the two-level exciton
system is complemented or “dressed” by coupling to the
phonon levels. The researchers utilized the phonon levels
by optically pumping with laser pulses that are detuned
to the blue of the dot resonance by +0.83 milli-electron-
volts (meV). They measured the exciton population from
the electric current produced by electron-hole pairs and
found that the excited state became more dominant as
the strength of the pulse increased, implying that cw pop-
ulation inversion is possible. The largest exciton popula-
tion measured was 0.67 (i.e., an exciton was created with
a probability of 67% by one laser pulse).

The authors describe the phonon-mediated processes
through path-integral techniques. We have performed
an alternative analysis using a polaron master equa-
tion, which allows one to isolate the competing processes.
In this case, one first transforms the underlying energy
equation to a form that nonpertubatively models a two-
level system coupled to a harmonic oscillator bath. Using
quantum optics techniques [6], [BHIO], one then identifies
well-defined phonon scattering processes, the most im-
portant of which—in terms of population inversion—is
phonon-assisted incoherent excitation [6] [8]. In this case,
a photon excites a level in the exciton-phonon band, and
the absorbed energy eventually produces an exciton and
a phonon. This two-step “exciton creation” process is
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FIG. 2: (a) The rates for exciton creation, ', and exciton
annihilation, I'_, depend on the detuning of the laser relative
to the quantum dot’s resonance energy. The blue bar indi-
cates zero detuning (i.e., on-resonance driving), while the red
bar shows the detuning of +0.83 meV utilized in the paper [I].
(b) The exciton population depends on the pulse strength (in
laser physics convention, the magnitude of the pulse is mul-
tiplied by the duration, thus giving units in terms of radians
or 7). For zero detuning (blue curve), the population cycles
up and down, whereas a detuning of +0.83 meV (red curve),
produces a steady-state population. To demonstrate the ef-
fect of phonons, the exciton population is calculated without
phonon scattering (red-dashed curve, multiplied by 5 to make
it more visible). (APS/S. Hughes, R. Manson)

reminiscent of the way a three-level pumping scheme pop-
ulates a lower lying excited state (see Fig. . The re-
verse “exciton annihilation” process also exists: In so-
called phonon-assisted radiative decay, the quantum dot
absorbs a phonon, causing relaxation of the exciton (elec-
tron and hole recombine) and emission of a photon.

The two competing scattering rates (exciton creation
and annihilation) are plotted in Fig. [2|(a) as a function of
detuning. The temperature in these calculations is 4 K,
which is the temperature in Quilter et al.’s experiment.
The plot shows that a detuning of +0.83 meV, as used in
the experiment, results in a significantly higher exciton
creation rate than annihilation rate. In Fig. (b), we plot
the exciton population as a function of pulse strength,
using pulse widths of around 20 picoseconds. For a blue
detuning, phonon scattering processes produce a popu-
lation inversion that increases with pulse strength (repli-
cating the results from Quilter et al.). By contrast, the
exciton population for zero detuning is nonsteady, cycling
up and down with pulse strength and averaging to 0.5 in
the cw limit. To appreciate the role that phonons play
in producing a population inversion, we repeated our cal-
culations assuming no phonon scattering and found the
exciton population was near zero for a blue detuning (see
Fig. .

The demonstrated phonon-mediated inversions are of
fundamental interest in solid-state quantum optics and
show that the role of phonons will likely be essential to
the development and understanding of future few-photon
quantum dot lasers and quantum bit architectures with
quantum dot systems. In the future, single quantum dots
may be placed on a chip and pumped with an off-resonant
light source in order to provide on demand single photons
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or entangled photon pairs, which could be used for quan-
tum cryptography and other interesting applications in
quantum information processing.

This research is published inPhysical Review Letters,
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