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BEC in diluted Bose gases ( N aP << 1, N —density, a — linear size of

Bose-particle, D — system dimensionality) occurs when thermal de Brog lie
wavelength A= (h?/ 21r mk;T)? exceeds the interparticles
separation A.EINSTEIN (1924-25)

BEC is accompanied by

a. macroscopic occupation of the ground state wi th momentum
p=0

b. appearance of the order parameter (coherence, ¢ ) destroyed
by fluctuations

In 3D Bose-system BEC takes place when NA3 = 2.612

The ’-Phenomenon of Liquid Helium and the F.London Nature N3571, 643 (1938)
Bose-Einstein Degeneracy
T,[2.17K T, B.09K Hé,;%ﬁ'{asﬁf;F'aﬁ';‘:ﬁ”i“ir.]?ﬁf“ﬁst‘nﬁ?’.i.’%f“ﬁa&;,""’fﬁ‘.‘“f%
In atomic Bose-gases BEC occursat T < 1pK (1995)

E.Cornell, W.Ketterle and C.E.Wieman , Nobel Prize 2001)



Excitonic scales in semiconductors

R o= Leg? (Hex | M) Ry,
(Ge, GaAs: R = 4 me\)

Ao, = &0 (Molup) 2y
(Ge, GaAs:g® = 10°cm)

ﬂexz 0.1 nl}; |\/Iex = me+ mh

Xexdia ~ 10°P — 1(ﬁlHdia

BEC (Bose-gaseRb, Na, H..) In the case of GaAs/AlGaAs QWs 2D-
in magnetic trapsiTe < 10°K excitons reaches a valug. = 3K

for exciton density per spin

N /g =10 cnt?

(g =20 nm m,, =0.25m, spin
degeneracy = 4)



Exciton condensation in semiconductors

. Moskalenko

Nasx <<]1 Blatt
Casella (1962)

. Keldysh

Nasx >>1 Kopaev
Kozlov (1964-65)

. Kohn
Sherrington (1970)

e Electron-hole droplets Keldysh (1968)
Pokrovsky
Rogachev (1969)
« Orto- and paraexcitons in  C,O B.a la Guillaume
(n=<0) Mysirovicz
Wolfe (1980-93)

e Spin-aligned excitons in  Ge ([M}/kT=0.3)  Kulakovskii
Kukushkin (1981)
Timofeev



Outline

Introduction
Schottky-diodes heterostructures with double and singl QWs

Electrostatic lateral traps for dipolar excitons andcompensation of
extra charges

Bose-Einstein condensation of dipolar excitons inlateral trap
exhibited in bimodal luminescence spectra (observatiom a far zone)

Patterned photoluminescence structure in real spacebave
condensation threshold

Linear polarization of Bose-condensate photoluminescee and
spontaneous symmetry breaking

Long-range coherence of dipolar exciton Bose-condeats:
correlator g)(r) and two-photon correlator g@(t)

Conclusions



Double Quantum

Well
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Lozovik and Yudson (1976),
Shevchenko (1976)
Fukuzawa et al. (1990),
Kash et al. (1992)

Butov et al. (1994-2008),
Snoke et al. (2002-2008))
Rapaport et al. (2003-2008)

Spatial separation of electrons and holes

— gpatially indirect dipolar excitonswith large dipole

momentum in the ground state

— dipole-dipole repulsion
— no multiexciton complexes.
Reduced electron-hole overlap
— increased radiative decay time
— opportunity to accumulatesuch excitonsand to cool
them.

Wide Single Quantum
Well
F

Solov’ev, Kukushkin et al (2006)
Gorbunov, Timofeev (2006)

SQW GaAs/AlGaAs 250A: no thin
interwell barrier layer
— structural perfection is much higher
— the charge of the system under study
can be controlled and the condition of
neutrality can be fulfilled

BEC of 2D excitons can occur

only under spatial restriction !

— a lateral potential trap is
needed.
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Critical charge separation in units of the bulkiest Bohr radiusag plotted vs

mass ratia = m/m, Schindler and Zimmermann (PR B, 2008)

We investigate dipolar exciton systems where biexcitomftion is impossible
(6 = m/m=0.32 d/a=0.53)
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JloByLIKN, CBSAA3A@HHbIE C KpyNMHOMAaCLUTAOHbIMU PnyKTyauusamMmm
Clly4YanHoro noteHumana

The lateral randompatertial fludtustions
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Puc.2, CoesTpsl DJ Me#BAMHOTO 3KCHTOHA (IWHHA
I..) NpH pazmHYHBIX MOMHOCTAX Pe30HAHCHOTD BO3-

OTBEPCTUAMMN MUKPOHHbIX
pa3mepoB Ha NOBEPXHOCTU
obGpa3ua ana orbopa
OOMNHO4YHBLIX JOMEHOB B
crny4amHoMm
pacnpeaeneHum

ANATAaWlIIiAAanAa

fyvamenua npAasMoro 1sHH sxcHToHa, MpHIOHEHHOM
cvemedndd 7 = 0L3B u T = 1.51 K. Indpe cnpaea oT
CMeKTPOB COOTBETCTBYIOT MOIIHOCTH Bo30yIeHHA B
mMEBT. Bpepxy chnpaBa VKazaHO CHeKTpalbHOe pai-
pemenue npubopa. Ha BcTapke npencTaBleHa 3aBH-
CHMOCTH HHTEHCHBHOCTH JHHHH M3 (TourHn) B GyHE-
HH MOMHOCTH ONTHYecKoro Boabysaenua. [MITpuxo-
BaA THHHA — SKCTPANOTATHA THHeHHOH 3aBHCHMOCTH
HMHTEHCHBHOCTH $oHa mog AuHHe

A.B.J1lapnoHos, B.6.Tumodpees, IN.A.Hu u gp. Nnucema B XKOTD 75, 689 (20(

Puc.3. TemnepaTypHad 3aBHCHMOCTE MHTEHCHBHOCTH
AMHHH oTomoMHHecneHIMH M3 npu BoabyaaeHHH
P = 150 MrBT ¥ NpHaoHeHHOM 3MeKTPHYECKOM CMe-
menun 7 = 0.3 B. [udpr cnpaBa cooTBETCTBYIOT
TeMOepaType B KelbBUHax. TOUKHW HA BCTABKe MO~
HAXRIBAIOT TOBEJEHHe MHTEHCHBEHOCTH aTuHuH M3 ot
TeMOepaTyphl, MTPHXOBAA KPHBAA ~ BKCTPaMONANMA
aapucumocTH I+ x (1 — T/T.)



Circular lateral trap for dipolar excitons appears within perimeter of the circle
window in Schottky gate (heterostructures with DQW orSQW).

photoexcitation

DQW GaAs/AlGaAs
(120A/12A/120A)

Doped GaAs/AlGaAs
SQW (300A)




Calculated radial profiles of the potential circular
(potential trap along perimeter of a circle window in
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trap for dipolar excitons
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Fig. 2. A radial profile of the exeiton potential ensrgy ¥ in nonuniform electric feld as & function of the
ratio p/ry at differant values of the parameter z /vy, The pulling force 3 = 30 & for all carves

V.l.Sugakov, A.A.Chernyuk JETP Lett. (2007)

L.A.Maksimov (2006)



CneKTp NMIOMUHECLIEHLIMN BHYTPU OTBEPCTMA 5 UM C NPOCTPaAHCTBEHHLIM
paspeLleHem BAOSb LWenn: oguHovHas GaAs/AlGaAs ksaHToBas ama 250A
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Ring-shaped lateral trap for indirect excitons in Schotky-diod
(along the perimeter of a window in top Schottkyegat

Photoexcitation AU/Cr

The potential profile of the trap can

be described near bottom as:

GaAs/AlGaAs SQW (250A —
aAs S SQW ( ) | V(r)_mllz’

+ with force constanta = 2.2 meVum>.

D Ermalileas SQUY E10Y Barrier height AV =5 meV>>kT.

U, (mev) 5 um 5 F, (kvicm)

0 <Y 0

—1-10

—4-20

<d_,>=115A (F=20 kV/cm)



Far field bimodal evolution of PL spectra 1-20puwW
— and 100 pw

Laser power 1T mkW
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Far field bimodal evolution of PL spectra

K, 104cm-1

Dynamic range, counts/s

Observed 8k = 10*%cm-1<<d,
&k, = h-1W2mk ;T = 6-105cm 1
FWHM 270 peV



PL 3D pseudo images of BEC luminescence from5  um circular trap

0.1 pWt 2.5 PWt

S5 MWt 250 pWit




Temperature behavior of the luminescence

spatial structure from 5 pm window P=20uWt
(in plane pseudo images)

00000

5.15K
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Threshold of BEC of Dipolar Excitons at Different Temperature
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Intensity, a.u.

The Phase Diagram of BEC of Dipolar Excitons

e
7

—12.05

1 T T T T

U T U T U 1 U T U T U T
1,512 1,514 1516 1,518 1,514 1,516 1,518
Energy, eV Energy, eV

It~ (1= T/Ty)



Linear polarization of luminescence at the Bose calensation
of dipolar excitons: spatial distribution

A

<1I0>
<110>

Ell<110> Ell<110>




Linear polarization of luminescence at the Bose calensation
of dipolar excitons: angular dependence

Analyzer angle 9000
O
000

Intensity, (a.u.)




Linear polarization of luminescence at the Bose calensation
of dipolar excitons: spectral measurements

(IR

Indirect exciton .,
|

<110>

~(D)

<110>

>
=
U) — O,2l T T T — |
c 0O 20 40 60 80
_ Q Power W
Strongly polarized narrow € 1 : g ).
- \ Direct exciton

line of indirect exciton ]

(AEgwum = 300 peV) appears He-Ne

with pumping at the blue edge -80uW

of unpolarized background. - — 30uwW

10puW

Direct exciton line remains ! . , : : , ,"‘—"I"/-\—q%%\ﬁlw

unpolarized. 1,514 1,515 1,516 1,517 1,520 1,521
Energy (eV)

Polarization degreey is maximal (~7®%) at the condensation threshold. It
diminishes gradually with stronger pumping due to he heating-induced
condensate depletion.



Anisotropic e-h exchange as a reason of linear polaation

The heavy hole dipolar exciton is fourfold degeneta:

m=38 ,+J,7z =1, 2
H =adp X S z+ ZbJ %X S,
The states with m =t1 and m =£2 are split by :

E.,=158 +3.375h

An asymmetry of the confinement potential leads tthe

anisotropic e-h exchange (#¥b,). The spin states are linear
combinations of the m =t 1 excitons:

ILy> = 1N2 (a|+1> £p|-1>), a/p= 1

The mixing results finally in a linear polarization of dipolar
exciton emission.

The directions of split components
are related to the random potential
fluctuations, i.e. to crystallography.

<110>
(1)

)

- <1IO>

The energy splitting between two
orthogonally polarized components
is extremely small:A,,. < 50peV <<
kgT — polarization should not be
observed in normal situation.
However, at Bose condensation the
lowest split state is preferentially
occupied— Linear polarization
appears.

We suppose that the observed phenomenon is an addital evidence
of Bose-Einstein condensation of dipolar excitons.



R-space

-15
|

K-space

Angle [degree]
0

Fourier-transformations with
evidence demonstrate the
destructive interference.

It means that

1.collective state of dipolar
excitons is spatially coherent,

2.luminescence of condensate
Is directed in a cone with an
opening angle around

Ap=AIDLC 02Fad

3.the whole pattern of
equidistant spots is described
by a common wave function



Patterning of dipolar exciton luminescence both imeal and k-space:

optical Fourier-transform

Real space k-space

¢, degree
5um 0 15

) J.Keeling, L.S.Levitov,
Indirect P.B.Littlewood
- Phys.Rev.Lett. 92,
exciton 176402 (2004)
_ This collective state of
Direct dipolar excitons is spatially
EXxciton coherent.

. The luminescent ring

2 k, 10%cm™ pattern with equidistant

bright spots is described by
a common wave function.

Power dependence 1

e

BEC emission concentrates
close to the normal within
angular cone:
Ap = A/D=0.16= 9°




Interference from two selected spots in the frame
(analogue of Young experiment)

m=0 : :
Edge diffraction Edge diffraction

Interference of two coherent sources

MHcTuTYT @U3MKK Teepaoro Tena PAH
Institute of Solid State Physics RAS




Intensity, counts
I

Distance,um

(EX(r)E(r))

O (e ¢ =
SO EnxEr)
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A Hanbury Brown-Twiss — wuHTepdepomeTp

(UHTepdepomeTp MHTEHCUBHOCTEN)

@ Takon nHTepcepomMeTp NO3BONSAET UIMEPATHL KOPPENATOP BTOPOro
nopsiaka (koppensauuu nap doTtoHoB), g (1) unu g A(r)

<l (r,t) 1(rt+ 1)>
G?(1) =

<l (r,)> <l (r,t)>

S

Koppensiumm mexxay poToHaMMU BO3HUKAIOT TOMNbKO MpU HEKO2ePEHMHOM CMeWUBaHUU Uu Cyneprno3uyuu
KO2epeHMHbIX cocmosiHuil. 03TOMY KOppPensALMOHHas YHKLMS A4St OAHOMOAOBOrO fla3epa B TOYHOCTU paBHa
eAvHULE, NGO TaKoi nasep, Mo CyTU, MPOUCTEKAET U3 eAUHOro KBAaHTOBOIO COCTOSIHMS. B TakoM xe cMbicre
KOppensATop BTOPOro nopsaka AnsA 603e-koHaeHcaTa (KOHAeHcaTa 603e-aTOMOB, 3KCUTOHHOrO 603e-KOHAEeHcaTa 1
T.A.) Talke gonxeH 6biTh paBeH eguumnue,  (Glauber, 1963)

Koppensuuu mexay cooToHamu nposiBnsitoTcA B6nM3un nopora ¢pazoBoro nepexona, rae Hambonee CuUnbHbI
donykTyaumm nonsa 6030HOB (HanpuMep, BONU3M nopora nasepHoun reHepauuu, unu B6nm3mn nopora 6o3e-
KOHAEHCcauum atToMoB-6030HOB UM IKCUTOHHOTO 603e-rasa u np.)



Intensity, counts

Hanbury Brown-Twiss — interferometer for two-photon correlation, g2(t) , measurements

|
) APD Delay |—> TAC Multichannel
ORTEC 425A  [start” analyzer
T L ORTEC 567 ORTEC TRUMP-PCI-8K
Perkin-Elmer
() SPCM-AQR-16 <|1(r,t) Iz(r,t + 1)>
(ol 2 _
< g4(1) =
<l (r,t)> <l (r,t)>
30000 - 1,64 InP Single Quantum Dot
InP - quantum dots T=4.2K
1P, = 2250W
d6 dot 10sec 225pW 1,44
] | =1.03-0.37* -1t1/0.46
20000 ~~ exp( )
. 1,2
@@ - \l H“A'“”’ l ll“l l“““““l]h l‘ ‘l I\MH ‘MH “ I |l NI l
TR T, e
10000 - ]
0,8 ’
1 | \‘ Poisson level 164
1024 channels
. SR . o 0,61 49 ps/channel
680 690 700 710 720 ]
A, nm -10 -5 0 5 10



Two-photon correlator of the luminescence, 4qt), in the regime of BEC

T=045K
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Two-photon correlator, gi(t), on the temperature variation
P =100 nW

— 1,04- g®(t) = 0.998+0.0364*exp(-Itl/0.42)
Psson=100nW _
1,02
Ol I
1,00
0,981
] BpeMsl KOrepeHTHOCTU T < 1 nsec
© 5 o 5
t, ns
1,20 . . . ——
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115:
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140;
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Two-beam interference from pair of spots in the frame
Excitation power behavior. T = 1.7 K.

10pW ] |
. P, yW
8 10]

£
o
20puW i 20
@ 105
o 1 P i
= 7 \ 250|
105puW | Ve \ I~
N 7 | 500
0 20 40 60 80 100
250pW Distance, pixel

350uW Interference is seen in the region where BEC is obsred:
gB(r) =0,2
Only in the region of high excitation, where excitas
500pwW  are destroyed, g(r) — 0.




Conclusion

condensation of laterally trapped Bose gas of intetrag dipolar excitons is
manifested by

1. exciton accumulation at K= 0: appearance of a sharp line of condensed part ekcitons, power
low decrease of line intensity on temperature grovit;

2. a sequence of temporal coherence of excitomdensate : increasing of radiative
decay rate and decreasing of spin relaxation ratef excitons in condensate ;

3. patterned structure of equidistant luminescene spots of exciton
condensate in a ring lateral trap in real and K-spae is the signature of quantum bosonic
state;

4. found collective state is coherent (the largesale spatial coherence is equal to the perimetef a
ring trap), we assume that this state is descré@al by a common wave function;

5. macroscopically coherent Bose-condensate opdlar exciton appearsspontaneouslyn the
reservoir of interacting excitons;

6. observed linear polarization of PL patterned sucture is an exhibition of spontaneous symmetry
breaking

7. spatial long-range coherence appears with ante delay with respect to excitation pulse; time
delay is determined by the effect of thermalizatin of photoexcited e-h system
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Time-resolved interference
(combined excitation: pulsed above-barrier (100@¢H2) + CW in-barrier)

w Interference
- pattern

Hole @5 um

Streak camera frame

Time, ns



Time-resolved interference (2)

Time delay

NN O, 425 1S
3.87 ns
IIIIMIII I 3.09 ns
:::m: 2.71ns
2.32 ns
A 1.93 ns

1.55 ns

1.16 ns
0.77 ns




Time-resolved interference (3):
Fourier-spectra

The interference appears with a
nsec time delay and disappears
before luminescence totally
vanishes
— coherence does not live
permanently — it exists only

when a critical density is
exceeded.

Dipolar
exciton
luminescence




Hanbury Brown Twiss Effect for
Ultracold Quantum Gases

M. Schellekens,’ R. Hoppeler,! A. Perrin,' . Viana Gomes, " M. Schellekens. et al.

D. Boiron,” A. Aspect,” C. |. Westbrook™

trapped cloud

l‘l-f{-’ B -\

/

[ll]
-
.

{ 47cm

position sensitive
MCP detector

Fig. 1. Schematic of the apparatus. The trapped cloud has a cylindrical symmetry with oscillation
frequencies of @ /2r = 47 Hz and o /27 = @ /2z = 1150 Hz. During its free fall toward the
detector, a thermal cloud acquires a spherical SFEPE. A T-pK temperature yields a cloud with an
rms radius of about 3 cm at the detector. Single particle detection of the neutral atoms is possible
because of each atom's 20-eV internal energy that is released at contact with the MCP. Position
sensitivity is obtained through a delay-line anode at the rear side of the MCP,

Fig. Z. (A) Mormalized
correlation functions
along the wvertical (z)
axis for thermal gases
at three different term-
peratures and for a BEC,
For the thermal clouds,
each plot corresponds
to the average of a
large number of clouds
at the same temper-
ature. Error bars cor-
respond to the square
root of the number of
pairs. a.u, arbitrary units.
(B) Mormalized corre-
lation functions in the
Ax — Ay plane for the
three thermal gas runs
The arrows at the bot-
tom show the 45° ro-
tation of our coordinate
systermn with respect to
the axes of the detec-
tor, The inverted ellip-
ticity of the correlation
function relative to the
trapped cloud i visible,

Science 310, 648 (2005);
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Comparison of the Hanbury Brown-Twiss effect for
bosons and fermions

T. Jeltes', J. M. McNamara', W. HDgEWDrSt], W. Vassen', V. Krachmalnicoff’, M. Schellekens®, A. Perrin®,
H. Chang’, D. Boiron®, A. Aspect® & C. |. Westbrook®

Vol 445(25 January 2007|doi:10.1038/ nature0 5513
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Figure 2 | Normalized correlation functions for *He* (bosons) in the upper
plot, and *He* (fermions) in the lower plet. Both functions are measured at
the same cloud temperature (0.5 pK), and with identical trap parameters.
Error bars correspond to the square root of the number of pairs in each bin.
The line is a fit to a gaussian function. The bosons show a bunching effect,
and the fermions show antibunching. The correlation length for “He* is
expected to be 33% larger than that for *He* owing to the smaller mass. We
find 1/e values for the correlation lengths of 0.75 = 0,07 mm and

0.56 = 0.08 mm for fermions and bosons, respectively.
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Puc.2, CoesTpsl DJ Me#BAMHOTO 3KCHTOHA (IWHHA
I..) NpH pazmHYHBIX MOMHOCTAX Pe30HAHCHOTD BO3-

Henpo3pa4yHasa Macka c
OTBEpPCTUAMN MUKPOHHbIX
pa3mepoB (Bnnotb Ao 0.5

M) Ha NOBEPXHOCTHU
obGpasua ana otbéopa

OoTAesNIbHbIX 4OMEHOB B

crny4aHoMm

fyvamenua npAasMoro 1sHH sxcHToHa, MpHIOHEHHOM
cvemedndd 7 = 0L3B u T = 1.51 K. Indpe cnpaea oT
CMeKTPOB COOTBETCTBYIOT MOIIHOCTH Bo30yIeHHA B
mMEBT. Bpepxy chnpaBa VKazaHO CHeKTpalbHOe pai-
pemenue npubopa. Ha BcTapke npencTaBleHa 3aBH-
CHMOCTH HHTEHCHBHOCTH JHHHH M3 (TourHn) B GyHE-
HH MOMHOCTH ONTHYecKoro Boabysaenua. [MITpuxo-
BaA THHHA — SKCTPANOTATHA THHeHHOH 3aBHCHMOCTH
HMHTEHCHBHOCTH $oHa mog AuHHe

A.B.J1lapnoHos, B.6.Tumodees, N.A.Hu u gp. Nncema B XKOTD 75, 689 (20(

Puc.3. TemnepaTypHad 3aBHCHMOCTE MHTEHCHBHOCTH
AMHHH oTomoMHHecneHIMH M3 npu BoabyaaeHHH
P = 150 MrBT ¥ NpHaoHeHHOM 3MeKTPHYECKOM CMe-
menun 7 = 0.3 B. [udpr cnpaBa cooTBETCTBYIOT
TeMOepaType B KelbBUHax. TOUKHW HA BCTABKe MO~
HAXRIBAIOT TOBEJEHHe MHTEHCHBEHOCTH aTuHuH M3 ot
TeMOepaTyphl, MTPHXOBAA KPHBAA ~ BKCTPaMONANMA
aapucumocTH I+ x (1 — T/T.)
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Photon Statistics of Semiconductor Microcavity Lasers

S.M. Ulrich,"* C. Gies,2 8. Ates,! I. Wiersig,? S. Reitzenstein.® C. Hofmann,” A. Loffler,

A. Forchel,® F. Jahnke.? and P. Michler

Unstitut fiir Strahlenphysik, Universitit Stuttgart, Germany
2Institut fiir Theovetische Physik, Universitdt Bremen, Germany
Lehrstuhl fiir Technische Physik, Universitat Wiirzburg, Germany
(Received 2 March 2006 published 25 January 2007)

We present measurements of first- and second-order coherence of quantum-dot micropillar lasers
together with a semiconductor laser theory. Our results show a broad threshold region for the observed
high-8 microcavities. The intensity jump is accompanied by both pronounced photon intensity Auctua-
tions and strong coherence length changes. The investigations clearly visualize a smooth transition from
spontaneous te predominantly stimulated emission which becomes harder to determine for high 8. In our
theory. a microscopic approach is used to incorporate the semiconductor nature of quantum dots. The
results are in agreement with the experimental intensity traces and the photon statistics measurements.
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FIG. 2 (color online). (a) gfz‘{:r] correlation series for the
3 pm fundamental pillar mode under varyving cw excitation,
clearly revealing photon bunching g2'0) = . Inset: Coher-
ence time fit to the 5.0 mW trace under convolution with the
temporal IRF (Ange = 600 ps). (b) Power-dependent autocorre-
lation series of the same micropillar under pulsed excitation,
again reflecting a strong bunching effect at v = (.

3 pm (pulsed)

4 pm (pulsed)

1.8 1.4
3%
L
L 1.24 E
FAdy 1w 3
SRR

1.0

Fomson : o+ |
ual T

Fund. Mode
T=4K T4k

et 10"y - - -

0.01 0.1 1 10
Excitation Power (mW)

T T YT T T

_l e |

001 04 1 10
Excitation Power (mW)

FIG. 3 icolor online). (a).ib) Integrated intensities {bottom) for
the 3 (4 gm) pillars under nonresonant pulsed excitation. Strong
photon bunching §2(0) = 1 is found from corresponding corre-
lation measurements (top) over a broadened regime around the
threshold.
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FIG. 5 (color online). (a).(b) Calculated output curves (bot-
tom) and g'2(0) (top) for various B. (¢).(d) Calculated results vs
experimental data (pulsed) from Fig. 3(a) for the 3 gem pillar. In
(¢}, a convelution (selid ling) with the experimental temporal
resolution 7, is shown. (d) Corresponding 1/0 curves, explicitly
mdicating the effects of pump saturation.



FWHM (M ,) and centre of weight (M,) of the narrow line of condensate under
variation of pumping
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The above condensate excitations and the temperatiof dipolar exciton gas
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Rectangular hole D2 (5 x 10 um)

100 pW 25 pW

Direct exciton PL in the central part of a window
exhibits homogeneous (!) distribution



Triangular hole (C3), side
length 6pum

A

Exciton PL in the central part of a window is homog@neous




Compensation of extra charges in SQW with the use o fin- and above
barrier photoexcitations

Intensity (a.u.)
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Intensity (counts)
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[MpocTpaHCTBEHHOE pacnpedeneHne MOMUHECLIEHLIMU HEMPSIMOIO
(OMNONAPHOro) 3KCUTOHA BHYTPU OTBEPCTUSA F5UM B HENPO3Pa4YHOM
anekTpoe Ha noBepxHocTn AsonHon (DQW) GaAs/AlGaAs 120/12/120A
oaMHouHOM (SQW) GaAs/AlGaAs 250A kBaHTOBON SiMbI




Excitations in BEC are under thermal quasi equilibr ium

100+

Intensity, counts
S
o
CP
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Energy, eV

The temperature of excitations
can be found from high energy
exponential tail of exciton line
I(E) ~ N, ~ exp(-E/KT) , at E>KT

Momentum conservation is
fulfilled due to collisions and
recoil processes

(100 uWht)
Condensation occurs
{Eey under thermal
qguasi equilibrium
(30 pWht)
(10 pWt)
(0.5 uWht)

Bath T = 1.9K



Rectangular hole D2 (5 x 10 um)

100 pW 25 pW

Direct exciton PL in the central part of a window
exhibits homogeneous (!) distribution



Triangular hole (C3), side
length 6pum

A

Exciton PL in the central part of a window is homog@neous




Intensity, counts

Intensity, counts

Luminescence spectra of interwell excitons in DQW
from 5 pm window under excitation power and
temperature variations
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Intensity
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Amplitude
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“Two-spot” interference:

Right spot only

Fourier-transform
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overcoming edge diffraction
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Total diffraction effect

1L

{ Resultant interference signal

Distance



Ring-shaped lateral trap for indirect excitons in Schotky-diod
(along the perimeter of a window in top Schottkyegat

Photoexcitation AU/Cr

The potential profile of the trap can

be described near bottom as:

GaAs/AlGaAs SQW (250A —
aAs S SQW ( ) | V(r)_mllz’

+ with force constanta = 2.2 meVum>.

D Ermalileas SQUY E10Y Barrier height AV =5 meV>>kT.

U, (mev) 5 um 5 F, (kvicm)

0 <Y 0

—1-10

—4-20

<d_,>=115A (F=20 kV/cm)



K-space imaging — Fourier transformation

Fourier
plane
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Confining energy U, (r) of circular electrostatic trap for dipolar excitons

U, (meV) | 5Hm i F(vom
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The potential profile of the trap can
be described near bottom as:
<d_>=115A (F=20 kV/cm) V() = any?,
with force constanta = 2.2 meVjm>.
Barrier height 4V =5 meV>XT.



Compensation of extra charges in SQW with the use o fin- and above
barrier photoexcitations

Intensity (a.u.)
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Luminescence spectra measured under projection of circu
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Luminescence spectra of interwell excitons in SQW
from 5 pum window under excitation power variation

——DL_lon

Sample #81619 (SQW 250A), 5um-hole (B1) —DLI00:
HeNe(633nm) + TiSa(resonance 1SHH) B

DL_I0O:

80007 y=+1.46V, 1=+290nA — B
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Found FWHM of the line &E=180peV is less than kT



Narrowing of exciton distribution in a far zone (K-space)
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Condensed dipolar exciton system

confined in a ring trap with 4 vortexes.
Theoretical calculations of angular profile

of luminescence — I(K), which is proportional
to the moment distribution of excitons (i.e. to
Fourier-transformed density matrix within
Thomas-Fermi approximation).

By Yu.E.Lozovik and A.G.Semenov (2006)



Hanbury Brown and Twiss (HBT), 1956
Nafure, 177, 37 (105648),

Ans 603oHoB amnantyabl <D |S,><D,|S,> u <D;S,><D,|S;> cknanpiBarorest u qaroT pe3ynbTupyromuii

(akTop 2 B KOMOMHHPOBAHHOM BEPOSTHOCTH JCTEKTUPOBAHSI (DOTOHOB MPH YCIOBHUH, YTO ITH JIBE AMILTUTYIBI HMEIOT
onuy u Ty xe (asy (!). 31ech TEPMUH aMILTUTY A MOAPA3yMEBAET AMIUIUTY Ty KBAHTOBOTO COCTOSHUSA |, >.
CyMMUpOBaHHE aMILTUTY] 10 BCeM MapaM Touek (S,S,) B MCTOUHMKE CTUpAeT HHTEP(EPEHIIHIO, €CITH PA3HOCTh PACCTOSHUIH
MEXTy IeTeKTOpaMH U UICTOYHHUKOM HAaYyHET MPEBOCXOANUTH JUIMHY KorepeHTHOCTH. HBT ncnonb3oBanu 3ToT GaxT ams
U3MEepEHHs YIIIOBOTO pa3Mepa 3Be3 (B uactHocTr Cupuyca, 1956r.)

PesynpTupyromas na0THOCTh BEPOSTHOCTH PerucTpanuu GoToHoB aerekTropoM D, B MoMeHT Bpemenu t, u nerexropom D, B
MOMEHT {, paBHa W(t,t) = ww, -C(rt,r,t,) Roy J.Glauber (1963)
C- KOppesAMoHHas QYHKIMS, €€ OTJIMYKME OT €IUHMIIBI BBIPAXKaeT TEHICHITUIO IByX COOBITHI OBITH

KOPPEITUPOBAHHBIMH (T.€. OTIMYATHCS OT ITyaCCOHOBCKOTO PaCTIpEACIICHHsI TPH PETUCTPAINH JBYX COOBITHIA B CITydae
UCITYCKaHUS CTOXaCTHYECKUM HCTOYHUKOM; HAIIPUMED, IPU PErHCTPANU O-4aCTHIl IPU PAIHOAKTUBHOM PACIIa/Ie)

Ecim cocTosiHue mouist onpesensercs oneparopom mwiotoctd noust B opme Il [a,> <a|  (3mecy g —xBantosas
AMILIMTY I [0JIs), TO KOPPENANMOHHas GyHKIMs TOXKIECTBEHHO paBHa equanne, C = 1.

Koppemsiun Mexay ¢poTOHaMU BO3HUKAIOT TOJIEKO HPU HEKO2ePEHMHOM CMEUIUBAHUN UL CYREPROZUUUU KO2eDEHMHbLX
cocmosnuii. I[1o3TOMy KOppensunoHHast GYHKIHS IS OJHOMOJOBOIO Jia3epa B TOUHOCTH PaBHA €IUHUIIE, OO TaKOM

Ja3ep, Mo CyTH, IPOUCTEKAET U3 €MHOI0 KBAHTOBOI'O COCTOSIHUS. B TakoM e CMBICIIe KOPPEIATOpP BTOPOTO MOPSaKa

1Tt 003e-KoH IeHcaTa (KoHAeH caT 003e-aTOMOB, 003€-3KCHTOHOB U T.JI.) TAK)KE JOJDKCH OBITH PaBEH CIUHUIIE.

Koppemsiuu Mexay GpoToHAMU TPOSBIISIOTCS BOJIHM3H mopora Gpa3oBoro rnepexoa, rjae Hanoosee CHiabHbI (DIyKTyaIuu MO
0030HOB (HampuMep, BOJIU3H ITOPOTa JTa3ePHOMN reHepaiyy, Wik BOJIU3U opora 003e-KOHJICHC AN aTOMOB-0030HOB HIIH
3KCUTOHHOro 603e-rasa u 1p.)




