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Strong Coupling Regime in Semiconductor Microcavity

 Polaritons directly accessible by shining light on MC

» Strongly modified dispersion relations
reduced density of states near k,=0

Light < small polariton mass m, = 10-m,

e strong non-linearities = x3 (exciton component)
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High finesse GaAs microcavity

B Linewidth = 90ueV
T=6K

Experimental
Q factor ~ 16000
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Sample:

« High quality 5/2 A microcavity (Q < 16.000, t > 7ps)
4 x 3 GaAs quantum wells, 9 meV Rabi splitting
 Cryogenics: keptat T~ 10 K

Excitation:

* Single mode Ti-Sapphire laser, A = 755 nm (non-res.)

« Shaped by Phase modulation with spatial light
modulator

Detection:

 Real & k-space imaging

* Energy-resolved tomography

* Interferometric phase measurement

Polariton

Condensates
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Blueshift Potential
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Выступающий
Заметки для презентации
The blueshift potential forms wherever the intensity of laser light is high on the sample. Our non-resonant laser spot creates a high density of excitons which repel each other due to the Fermionic character of it’s components. This repulsive interaction leads to an effective blueshift potential, which accelerates the polaritons away from the pump spots, so that we end up with a radially expanding polariton condensate. This condensate is single energy and fully coherent, there is no energy relaxation as it expands.
__________________________________________________________
[Blueshift origin: at high densities exciton-polariton non-linearities become important, the Fermionic character components of a polariton comes into play --> Coulomb interaction, Pauli exclusion principle]


Ballistic Condensate Ejection
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Phase Locked Condensates
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Trapping Transition: PRL 110, 186403 (2013)
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Выступающий
Заметки для презентации
The second concept I want to introduce is phase locking. Imagine we create two separate condensates next to each other. In the experiment the following happens: The first laser spot creates blueshift potential forms a radially expanding condensate. Then we add the second spot to the 30um to the right. When we turn them on at the same time we see… very clear fringes in the wavefunction of the polariton condensate!

So how can we understand this: each condensates can be described by a single wavefunction Psi, whose phase depends on the condensate energy and a relative phase phi. In a real experiment the condensates will always have slightly different energies. If there is any sort of interaction mechanism between the condensates, the system has two choices: achieve a fixed relative phase phi, which leads to beating in time due to the different energies, or the interactions bring the two condensates to the same energy, and hence lock their phases in time. This Phase Locking is indeed what we see in the experiment.

Theoretically this leveling of the condensate energies can be seen from the complex Ginzburg Landau equation in the Josephson limit, from which one can derive the following equation for the energy difference of the two condensates, which we call theta here. This equation for theta is a damped pendulum with the polariton gain alpha in the damping term. This means the harder the system is pumped, the quicker the energies of the condensate assimilate. 

So in summary: Whenever we se nice fringes in the photoluminescence we know the condensates are phase-locked.


Buildup of Coherence and Phase Locking

Time resolved measurement &
interferometry

Pulsed excitation, interference of
one condensate with the other
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N = 2: Cooperative Effect
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Выступающий
Заметки для презентации
This graph shows the condensation threshold in mW versus the distance of the pump spots from the geometrical centre of the pump spot distribution. In the case of two pump spots we observe a continuous decrease of the threshold for reduced pump spot separation. This effect cooperative interactions between the condensates, that polaritons from one condensate contribute to reach the threshold density at the location of the other pump spot. Also, in photoluminescence images, you can see that the fringes become coarser for reduced pump spot separation.


N=2: 2D Quantum Oscillator
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2D Polariton Oscillator: Nature Physics 8, 190-194 (2012) Multi-spot Excitation: N=2
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Condensate theory

« complex Ginzburg-Landau equation (cGL)

polariton potential rleservoir pump decay
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Simulation results

150

Resembles oscillating dark-solitons
How to measure?



 modelocking condensates

nonlinear optics
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Nature Physics 8, 190-194 (2012)



Tuneable oscillator
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N=2: Ultrafast dynamics
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Interference of Dark Bright
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Time resolved phase locking of polariton cond. In prep. Multi-spot Excitation: N=2
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Multiple spot excitation




Vortex lattices

* honeycomb lattice of up to 100 vortices and anti-vortices

Coherence
06



Выступающий
Заметки для презентации
Phase and coherence images are obtained by taking the 1st order diffraction components from the Fourier transformed interference images. 
To generate a reference wave for interferometry that is sensitive only to the relative condensate phases we use condensate emission from 40μm outside the lattice, behind one of the pump spots 


Stretching the lattice

-3 -2 0 1 2 3 -3 -2 0

_1kx (um™? k;: (um‘11) S
 Vortices formed by a linear superposition of 3 waves outflowing from each spot.
« Average distance between neighbouring vortices: A = 4m/(3kV/3)

» Outflow momentum dependent on power: k(r) = K[w, — A(1)]
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SLM Phase Modulation

Diff. Order
Selection

— .

Fourier

|
-ens Laser
Image t

Sample lllumination:
4x Telescope +
50x Microscope Obijective

Real & k-space
Interferometry

Polariton Condensates



Выступающий
Заметки для презентации
1) Here is a sketch of our experiment: The laser illuminates the SLM which then modulates the phase of the laser beam according to a computer-generated phase hologram. In the far-field, obtained with the help of a Fourier lens, we then obtain our desired laser image.
2) In the next step a telescope consisting of a lens and a microscope objective projects a miniature version of the laser image onto the sample. The sample is held in liquid He cryostat at 10K.
3)The polariton photoluminescence is then collected by the objective and sent into a Mach-Zehnder interferometer that allows us to analise small phase differences across the condensate. The imaging setup consist of a Si-CCD camera for recording images of the condensate and an high resolution spectrometer for measuring it’s energy. 
4) A dedicated k-space lens after the microscope objective allows us to also study the k-space which is important for understanding the dynamics.
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Flow Control

e Design optical potential by ‘\ f
non-resonant laser

excitation

e Blueshift gradient <--> main
flow direction

e Very non-linear system:
condensate shapes
Its own potential
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Выступающий
Заметки для презентации
With our non-resonant laser we can design the blueshift potential and therefore control the polariton flow. For example, in the case of 5 pump spots, we can achieve that the combined radial flows form the 5 pump spots are high enough to achieve condensation in the centre. This is an experimental picture of this excitation geometry. The polariton flow will always follow the gradient of the blueshift potential. However, optical design of the condensate is not as straight forwards as it seems, because the system is very non-linear: the condensate contributes to the potential in which it sits, and this potential is directly proportional to the condensate density Psi^2 and the polariton-polariton interaction constant g.


Phase Transition

Phase Locked <--> Trapped
Pumps far apart Pumps Close Together
ME Single Energy

Physics:
Vortex Lattice Q. Oscillator

Condensation:
At pump Centre

Condensation Threshold?

Trapping Transition: PRL 110, 186403 (2013)
Vortex Lattice: Nature Comm. 3, 1243 (2012)
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Выступающий
Заметки для презентации
The characteristics of the phase-locked condensate are the following: From the spectrum we see that the condensate is single energy and extends well beyond the pumping spots. It is therefore fully coherent (50+um) and the blueshift potential created by far-spaced pumps is to weak to confine the condensate. In addition we’ve observed the presence of a vortex lattice, a regular array of quantum vortices positioned at the dark point of the grid, where the wavefunction goes to 0.

When we reduce the pump spot separation to produce a trapped condensate we see a totally different picture. In the spectrum the photoluminescence is clearly restricted to the area within the pump spots and it is again single-energy. The real space picture shows these beautifully symmetric trapped condensates, meaning that we really excites single state of a quantum harmonic oscillator. It is possible to excite multiple trapped states at once. Compared to previous experiments it is remarkable that the condensation occurs in the centre, far away from the pump spots.

To investigate this transition further we’ve studied how the condensation threshold changes for different spacing of the pump spots and for different number of pump spots.


Condensation Threshold

Below Threshold  Above Threshold




N = 4: Opt. Trapped Condensates
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N = 4: Optical Trapping
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Выступающий
Заметки для презентации
Next we have studied what happens in the situation of 4 pump spots arranged in a square. The recorded condensation is shown in azur and is completely different than for 2 spots. For large separations we get the phase-locked condensates, the threshold has a plateau. Then suddenly, at around 15um spot separation from the centre, the threshold drops rapidly by a factor 2+ as we enter the regime of trapped condensates. In this regime the threshold is much lower that for 2 pump spots at the same separation! Finally, for separation smaller than 5um to the centre, the 4 pump spots are so close together that they act as one big pump blob and there is blueshift trap forming anymore. It is interesting to note that as we reduce the trap size, the condensate also forms in lower order trap states.
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Ring Condensates 2\

Change Excitation geometry
Excitation power
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Conclusion

 Phase-Locking: Cooperative Effect
 Phase Transition: Locked --> Trapped

« Direct Optical Flow Control +
Trapping:
SLM + Blueshift

Future: e
Explore new exciting ‘s,;,,,wg
Y

pump geometries!
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Indirect polaritons: Dipolaritons




Indirect polaritons: Dipolaritons

Dipolariton approach:
weakly-coupled double quantum wells

!

direct control of polariton dipole
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dipole-dipole

- reduction of lasing threshold
- electrically-pumped polariton lasers and BECs -

P. Cristofolini et al., Science 336, 704 (2012) G. Christmann APL 98, 081111 (2011)



Dipolaritons

electron levels electron levels
off resonance at resonance
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“Oriented polaritons in strongly-coupled asymmetric double quantum well
microcavities”, Appl. Phys. Lett. 98, 081111 (2011)
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Dipolaritons

strong coupling
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Bias (V)

Photoluminescence (arb.u.)

Observation of dipolaritons
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Dipolaritons at resonance

peak extraction
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Barrier width dependence

Influence of the
tunnelling barrier
thickness (4,7,20nm) on
the bare tunnelling rate J
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Summary

- Low threshold polariton lasing at 25K and RT in GaN

DER
i
v
v

- Electrical and optical manipulation of polariton condensates on a chip

polariton condensate transistor

polariton condensate pendulum

Interactions between condensated in confining potentials

- Dipolaritons: Oriented polaritons
new possibilities for enhancing nonlinear Interactions
threshold reduction, control of parametric scattering
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