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An Introduction to Indirect Excitons

e An indirect exciton is

e
composed of an electron
and hole in separate £ —hl
guantum wells Lz
Characteristics of indirect excitons
elong lifetime ebosons

model system for studies of physics of
ultracold bosons in CM materials

QM1G.7: Yuliya Kuznetsova QM2G.7: Mikas Remeika QTu3D.3: Alex High
Transport of Indirect Excitons in a Electrostatic Lattices for Indirect Spontaneous Coherence of
Potential Energy Gradient Excitons in Coupled Quantum Wells Indirect Excitons in a Trap
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Onset of Quantum Degeneracy

e “Quantum gas”when thermal de Broglie wavelength

comparable to separation between excitons
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e Excitons can cool to
100mK within lifetime 01L ——
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Prior Evidence for Exciton Condensation

Coupled Quantum Wells « enhancement of scattering rate with
enhancement of radiative decay rate with increasing density
decreasing temperature '
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Tunnelling rate

Bilayer Quantum Hall Layers « enhancement of coherence length with
° enhancement oftunneling rate with decreasing temperature
decreasing temperature 3
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Shift-Interferometry with M-Z interferometer
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Shift interferometry directly measures the first order spatial coherence function g1(x)



Exciton Pattern Formation

410 pm

Sources of cold excitons:

External Ring inner ring

\

Externalring LBSring

excitons holes

LBS ring is close to

ring / model radial source of
fragmentation localized bright spots (LBS) cold excitons

L.V. Butov, A.C. Gossard, & D.S. Chemla, Nature 418, 751(2002)



Observation of Spontaneous Coherence

PL Intensity (arb. units)
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e Spontaneous coherence in regions of LBS and external ring
e Phase jumps, forks




Offset Dependence of Ainterf

Ainterf

Ainterf

e Athot LBS center, Ainterfdecays quickly
— classical

« Away from LBS center Ainterf decays slowly
—condensate
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in cold region spontaneous
coherence with coherence
length ¢ = 8 um

Cclassical = 0.3 um at 0.1K

¢ >> Cclassical 2 direct measurement of a condensate



Temperature Dependence of Coherence
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Phase Singularities in Interference Pattern
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P =12mW T, =01K P _=0.7mW T, =0.1K

ex

w03 * Ifvortex, then separation
of forks = offset dx

e Fork separation varies
with density and #offset

= not a simple vortex

.._“___: .::_: .‘ ._

-30 -15 0

X (um)
e Phase singularities appear at low Ring-shaped source — interference pattern with left- and
temperature in a coherent exciton gas right-facing forks with distance between them >> shift
Experiment Simulation
T=5K — Iinterf : : interf




Polarization of emission = Imaging of Spin Distribution

PL Intensity Piin Pcirc
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Real Space Image Circular Polarization
(in-plane spin component) (z-axis spin component)



Linear Polarization = In-Plane Spin Pattern

Image of LBS

e Spin pattern emerges with

Two distinct features: /! N decreasing temperature in
- concert with coherence
e Polarization ring I s = I . 3
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Correlation of Coherence and Spin
A

interf

y (um)

X (um)

* (Close to source, hot = no long-range coherence, polarization ring

* Away from source, cold— exciton condensate, polarization vortex



Long Range Spin Pattern = Imaging of Spin Currents

Experimental Pin Simulated Piin

coherent transport
+

spin precession

/ N\

spin-orbit coupling anisotropy

polarization vortex



Control of spin current by magnetic field
Experimental Pin Simulated Piin +0.3
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Simulated Piin

in current by magnetic field
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Control of spin current by magnetic field
Experimental Piin Simulated Piin +0.3




Control of spin current by magnetic field
3T Experimental Piin Simulated Piin +0.3
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Control of spin current by magnetic field
Simulated Piin +0.3
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Control of spin current by magnetic field
Experimental Piin Simulated Piin +0.3
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Control of spin current by magnetic field

Experimental Pin Simulated Pin +0.3
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Control of spin current by magnetic field

Simulated @
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Conclusions

Observation of spontaneous exciton coherence:

e Extended coherence & >> &cassical *  Spin textures
in polarization vortexand MOES . Phase singularities in interference

A.A. High, J.R. Leonard, A.T. Hammack, M.M. Fogler, L.V. Butov, A.V. Kavokin, K.L. Campman & A.C. Gossard,
Spontaneous coherence in a cold exciton gas, Nature 483, 584-588 (29 March 2012)
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Imaging and control of spin currents in a
coherent exciton gas: SR

* Detection by polarization
resolved imaging
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Spin polarization texture
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Ballistic exciton transport
and spin precession —
vortex of linear polarization

Fork-like dislocations in interference pattern
Ring-shaped source — interference Experiment / Simulation
pattern with left- and right-facing ey i —————
fork-like dislocations
with distance between them >>
shift

*both vortex, point source are
characterized by spreading of particle
velocities over all directions




Condensate Properties

. . First order coherence function g:(6x)
@ Mmeasured g is convolution of

real g1 with the point spread O exp:cold ]
. . 1.0 1.0 with and without
function (PSF) of the optics - O exp:hot - .
0.81 Quantum 0.841\\ optics PSF
. y Classical i deconvolution
@ deconvolution gives more _ 0.67 _ o6
> ] > ]

accurate g 0.4- 044
e momentum distribution n(k) is 0.2 0.27

fourier transform of gy 0.01, ' 0.01,.
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Distribution in k-space, n(k) Classical gas: e narrow gi(r) and broad n(k)
1 O' ® &classical ~AdB ~ 0.5 MM at 0.1 K
N o n(0) <1
0.81

. : g exp:cold

= 0.6° Quantum Quantum gas: e extended g1(r) and narrow n(k)

= ] Classical gas. 91

< ® E >> &classical

® 6k << 6kc|assica|
e n(0) = 5000

— characteristic of a condensate




