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e Indirect excitons in coupled quantum wells

e Screening of QW disorder by dipole-dipole interacting indirect excitons
e Relaxation thermodynamics of indirect excitons

e Heating of indirect excitons by a laser pulse

e Recombination heating or cooling of indirect excitons

e Origin of the inner ring in PL patterns of indirect excitons

e Optical trapping of indirect excitons



Indirect excitons in GaAs/AlGaAs coupled quantum wells

e A unique object for studing the transport and collective

properties of interacting quasi-2D composite bosons:

— a well-defined dipole-dipole repulsive interaction between
indirect excitons (not sensitive to the spin structure) ,

— the absence of quasi-2D excitonic molecules ,
— a long radiative livetime of excitons (1 ~ 10 — 100ns) ,

— effective screening of in-plane QW disorder .



Thermodynamics of quasi-2D bosons

27 [ K2
e The degeneracy temperature: kgl = i ( '111’ ] 29D
g LWly

— g=4and T, = 0.64 K for pop = 10" cm—2.

e [ hermodynamic relationships for quasi-2D) bosons:

J ] 1 — ¢—To/T
po= ksTln(1— e /T | Np = -

eE/kpT  c—T0/T _ 1 °
o Maxwell-Boltzmann statistics:

p = ksTln(Ty/T) and Ng_o = Tp/T < 1.

e DBose-Einstein statistics:

g = —kgTe T and Ng_o, = /7T = 1.
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Mean-field energy and BEC of indirect excitons

e A well-defined dipole-dipole interaction:

1 (@) 2d
— consistent with the plate capacitor formula, up = 47 (e?/53)d .

[S. Ben-Tabou and Boris Laikhtman (PRB, 2001)]

e Bose-Einstein condensation of quasi-2D excitons

Condensation temperature:

4’.?1'?12',02[] 1
2M,gkg In(popS/g)

I. =
_._r - =1
where S 1s the area of a meso-structure .

® Two key-questions:

— Is it possible to build up Ng>> 1 ?
— Is it possible to cool the indirect excitons down T, << 1K ?



e The Einstein relation for degenerate quasi-2D excitons:

D2D)

(2D) _
H ke1p
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where 129 and D% are the mobility and diffusion coefficient,

Ty o< pop /My is the degeneracy temperature.

e Quantum diffusion equation:
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where the diffusion coefficient is given by
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x (T = 905 ) ) ok o1y T 2heTs

—  Fgn 18 the average thermal energy of QW excitons .
[A L Ivanov (EPL, 2002)]
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e Self-thermodiffusion oc VI is absent, ie., D77 = 0.

e Screening of long-range-correlated disorder

L'Trand(r| )f} %
kg + ug p%

opan(r)) = —

Ueff(r|) = -u.gp% +

Jrand (T ) kBT
kT + -u.gp%'

] (I‘| )

kT + wopSy

e Thermionic model: DED’ED = DED’C” exp [—

— |Ul.and(r| )| =0.35-0.50 meV in GaAs/AlGaAs coupled QWs,

— For pg]ﬁ.' > 10 cm ™2 the in-plane momentum, p|, becomes a

cood quantum number even for low-energy particles .
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Relaxation of long-range-correlated disorder by the dipole-dipole interaction
of indirect excitons in GaAs/AlGaAs coupled QWs. (a) The effective, screened
potential Usg(xr) — mp% and (b) local concentrations of indirect excitons pop(x) versus
in-plane coordinate @, The average concentrations are p{;g = 2.6 x 10" em™? (thin solid
line), 2.6 x 10 em™2 (dashed line), and 2.6 x 10 em™2 (dotted line). Temperature T=21,

diffusion coefficient D*P) = 100 em? /s, and radiative lifetime 7, = 20ns. In both figures

the input, unscreened potential Upnq( ) is shown by bold solid lines.
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Temperature dependence of the narrowing effect. The bold solid line shows the
unscreened potential Uppa(x). (a) The effective potential Usg(x) for 7' = 10K (dotted
line), ' = 1K (dashed line)

of indirect excitons pyyy = 1.0x10 em™2, diffusion coefficient DP) = 100cm?/s, and

and 7' = 0.1 K (thin solid line). The average density

n
bk

radiative lifetime 7, = 20ns. (b) The local concentrations of indirect excitons, pop =

pop ().



Quantum synergetics for indirect excitons

¢ Nonlinear quantum diffusion equation :

dpap (2D) 2 (Mx\ Dy ¢ Ty
D
%V (uopep + Uqw)| — fz + A
opt

e Nonlinear LA-phonon-assisted thermalization :
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e Intrinsically nonlinear optical decay :




Energy diagram for indirect QW excitons
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— the bath temperature 7Ty, ;

— the effective temperature 7';

— the degeneracy temperature 7o o< pop ;
— the energy Ey = Qﬂf;.;'e*f;

— the energy E., = (h.f;[.:}grfﬁﬂﬂ;, where kg = (wi/Ep)/cC.



Optical decay of statistically-degenerate indirect excitons

E. kpT
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[A L Ivanov, P B Littlewood, and H Haug (PRB, 1999)]
E. kg ~1K * Well-developed classical statistics:
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e Experiment (points, L V Butov et al., 2001) against theory (solid line).



Relaxation thermodynamics of indirect excitons (high-density limit)

Temperature (K)
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e Classical slowing down:
J.FI'FI-E=|:||[T3| = T.E:ETD;IIED )
T(r) = 1/In(7) for 7 = 1,

(2r3 2 Eat) /(kpTomc) .

T =

e Quantum slowing down.



Generic solutions for phonon-assisted kinetics of indirect excitons
(low-density limit)

(6T=0,N,=N0

ft,,6T,, N,

e Kinetic equation for QW excitons:

a T
ai\'kl

2T

— low densities of QW excitons, pop < 107 em

— low temperatures, T < Tj, so that Nk” = 1.

e A generic solution:

— takes many 7.

= =5 X |M(q,q:) *{[Nig (1 + nE")(1 + Nigq,)
— (1+ :\k| )”Ph“h —fJ|] d( Ek|

Ery—q — hqvs)

= (14 Nig ) (1 +1g") Nigp v

K&(_Ekl — Ek||+q|| + ﬁqu)} )

— depends only upon two control parameters, Tj and Tp o< pop.

— a quasi-equilibrated distribution of high-energy QW excitons

[AV Soroko and A L lvanov (PRB, 2002)]

with T' = T'(t).

—2



Transient relaxation towards the adiabatic stage of evolution
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Adiabatic stage of relaxation

e The thermalization law is given by

6Ty e—Mlt—to) _ o—A1(t—to)
AL — )u:r) t —1o ’

T() = (

— Ap 18 a marginal value of the contunuous eigenvalue spectrum

of the linearized kinetics .

— tg~ Ty and A 3 Ag .
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Occupation dynamics of the ground-state mode
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e Nonexponential kinetics:

N.—o(t) = N1 + x(t — to)]”.



The relaxation and photoluminescence dynamics of indirect excitons

e The relaxation and PL dvnamics:

o 09D .
=~ oop = — At
ﬁtﬂzn - + Alt),
o IT

dt dt P20

e Three contributions to the relaxation thermodynamics

E'TT — Spmnp + Sﬂpt + Sdiﬂ'?

— 8

pump — DReating of indirect excitons by the pump pulse;

— Sypt — recombination heating or cooling ;

—  Sgg — heating of indirect excitons by drift and diffusion .
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The PL jump: origin and modelling

e The relaxation and PL dynamics:

Photoluminescence Signal (a.u.)
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PL dynamics in the presence of H.

0 and g =4 (solid lines) ;

14T, g=1 and M, ~ 7.1 M, (H, =0) (dashed lines)
(Yu. Lozovik and A. Ruvinskii, 1997) .
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e T'wo contradictions in “modelling -

Occupation dynamics of the ground-state mode
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no PL-jump for p3* ~ 10 em~2 (experiment)

against a well-developed PL-jump with dpr ~ 2 (theory) .



Narrowing effect due to the dipole-dipole interaction of indirect excitons

— building up of the narrowing effect with increasing pop ;
— phonon-assisted hopping against a well-defined k| ;

— for pop < 10% cmn—2 the disorder effects are well-developed

(S Baranovskii, E Runge and R Zimmermann) .

Topt (IIS)
A

0.1 1 10
8 : : - : s : Toatn (K)

T;, (K) [L V Butov et al. (2001)]
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Recombination heating or cooling of indirect excitons

(2d) T“

Ekm = TD II(T TD

(2e) Topt
Eopt — Eﬁ-"n—E :

opt

and

e /ipl' is much larger than kply and E. :

17q

Ek:f} = kpl’ (l — ——) ~ kgl and

47

— A net heating effect .
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Temperature (K)
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2d) 3
Eﬂpt — EEH .

e kgl is much smaller than ATy and £, :

2 2
(2d) (2d)y T 5 I
Ekm — opt  — G kB ITEI' .

— A net cooling effect .

[A L Ivanov, JPCM (2004)]



Heating/cooling of indirect excitons due to the optical
evaporation
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Origin of the inner ring in PL patterns of indirect excitons
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[A L Ivanov, L E Smallwood, A T Hammack, S Yang, L V Butov and A C Gossard, EPL (2006)]
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the PL jump.
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Spatial pinning of the PL signal
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Modelling of the inner ring
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Disorder potential:

Uy/2 = 0.45 meV.



Effective temperature and radiative lifetime against radius
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In-plane drift and diffusion velocities

e Drift and diffusion velocities:

piEx = 2.5 » 1018 em—
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Second inner ring in spatially-resolved photoluminescence

[L Smallwood, PhD, 2006]
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PL signal

Inner ring In spatially-resolved photoluminescence from
direct excitons in a single quantum well
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Optically-induced traps for indirect excitons

[A T Hammack, M Griswold, L V Butov, L E Smallwood, A L Ivanov and A C Gossard, PRL (2006)]
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Ultra-cold indirect excitons

[L Smallwood, PhD, 2006]
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Towards BEC of indirect excitons

n-p=1.5 x 10"cm™, N=55400, T.=0.149K
n-p=3.0 x 10"%cm™, N=110800, T_.=0.272K
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Exciton energy (meV)

PL Intensity (a.u.)

Photoluminescence of indirect excitons in an in-plane trap
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[LV Butov, CW Lai, AL Ivanov, A C Gossard, and D Chemla (Nature, 2002)]



Hydrodynamics of statistically-degenerate indirect excitons
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® In-plane diffusion of statistically-degenerate indirect excitons:

a) Quantum diffusion equation and generalized Einstein relationship.
b) Mean-field energy gives rise to effective screening of QW disorder.
c) Large drift velocities, v = 10° cm/s.

Relaxation thermodynamics of indirect excitons:

Heating of indirect excitons by the laser pulse (T can be much large T,).
Recombination heating or cooling of indirect excitons.

Heating due to conversion of the MF energy to the internal one.

It is extremely difficult, but still possible, to get T < 1K and Ng_, > 10.

a
b
C

N S N’

d

Modelling of the inner ring in the PL patterns of indirect excitons:

a) The ring is due to cooling of excitons in their propagation from the laser spot.
b) Diffusion coefficient D, = 10-30 cm?/s and amplitude of disorder U,/2 = 0.5 meV.

Synergetics of indirect excitons:

Three coupled nonlinear equations for p,p, T and I

Trieste, July 10-21, 2006



