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RING-SHAPED SPATIAL PATTERN OF EXCITON LUMINESCENCEFORMED DUE TO THE HOT CARRIER TRANSPORTIN A LOCALLY PHOTOEXCITED ELECTRON�HOLE BILAYERA. V. Paraskevov a;b*aNational Resear
h Center �Kur
hatov Institute�123182, Mos
ow, RussiabDepartment of Physi
s, Loughborough UniversityLoughborough LE11 3TU, United KingdomRe
eived September 7, 2011A 
onsistent explanation of the formation of a ring-shaped pattern of ex
iton lumines
en
e in GaAs/AlGaAsdouble quantum wells is suggested. The pattern 
onsists of two 
on
entri
 rings around the laser ex
itationspot. It is shown that the lumines
en
e rings appear due to the in-layer transport of hot 
harge 
arriers athigh photoex
itation intensity. Interestingly, one of two 
auses of this transport might involve self-organized
riti
ality (SOC) that would be the �rst 
ase of the SOC observation in semi
ondu
tor physi
s. We test this
ause in a many-body numeri
al model by performing extensive mole
ular dynami
s simulations. The resultsshow good agreement with experiments. Moreover, the simulations have enabled us to identify the parti
ularkineti
 pro
esses underlying the formation of ea
h of these two lumines
en
e rings.1. INTRODUCTIONNon-equilibrium 
olle
tive e�e
ts in the ex
itonand ex
iton�polariton systems in semi
ondu
tor het-erostru
tures are a subje
t of intensive studies [1�26℄. Aparti
ular attention has been fo
used on the beautifulphenomenon dis
overed experimentally in the systemof interwell ex
itons in GaAs/AlGaAs double quantumwells (QWs) [6℄: at su�
iently high ex
itation inten-sity, a lo
al photoex
itation of ele
trons (e) and holes(h) above the ex
iton resonan
e gives rise to a ma
ro-s
opi
 ring-shaped pattern of spatial distribution of theex
iton lumines
en
e. The radius of the pattern 
an bevaried in a wide range by tuning external parameterssu
h as the ex
itation intensity or gate voltage. Re-markably, at sub-Kelvin latti
e temperatures the exter-nal ring of the stationary pattern exhibits a sharp frag-mentation, whi
h 
ould be the signature of a non-equi-librium ma
ros
opi
 quantum e�e
t.Understanding the nature of the ring-shaped pat-tern requires building a many-body model that 
ap-tures lo
al generation of ele
tron�hole pairs and theirspatial dynami
s a

ompanied by the pro
esses of for-*E-mail: avp.workbox�yandex.ru

mation and re
ombination of ex
itons. If the ex
itonlifetime is su�
iently long, the spatial dynami
s of theex
itons should also be 
onsidered.The �rst theoreti
al explanation that met these re-quirements was based on the di�usive transport model(DTM) applied to the lo
ally photogenerated holes andequilibrium ele
trons, whi
h were initially distributeduniformly in the quantum-well plane [13, 14, 16, 17, 24℄.The overlapping region for the hole and ele
tron spatialdistributions apparently gave rise to the ring of ex
itonlumines
en
e.However, this explanation has a lot of evident short-
omings [27℄. For example, if the same number of pho-togenerated ele
trons is added to the model (in prin
i-ple, they must be added to maintain the ele
troneutral-ity), then the ring of ex
iton lumines
en
e 
an disap-pear due to the ex
iton formation term, whi
h is simplyproportional to the produ
t of the ele
tron and holedensities. (If these densities de
rease monotoni
allyfrom the ex
itation spot 
enter, then the lumines
en
eintensity would apparently follow them.) More spe
i�
short
omings 
an be found in Appendix A.In this paper, a novel 
onsistent explanation of thering-shaped pattern formation is given. The main ideais that an essential in-plane ele
tri
 �eld o

urs in the1167
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−Fig. 1. Left: S
hemati
 of a double quantum well (DQW). The DQW stru
ture is bordered by highly-doped GaAs layersthat serve as external ele
trodes forming a plane 
apa
itor. In the experiments [6; 13; 24℄, the widths of the layers betweenthe ele
trodes are (200 nm) (8 nm) (4 nm) (8 nm) (200 nm), respe
tively. Right: (Top) S
hemati
 of the DQW energypro�le along the �growth� axis (z axis) when a voltage is applied between the external ele
trodes (it results in a linear bias ofthe pro�le) and interwell ex
iton formation (arrows show the path of a photoex
ited ele
tron). (Bottom) Interwell ex
itonsas 
o-dire
ted 
lassi
al dipolesex
itation spot region at su�
iently high ex
itationpower. This �eld strongly a�e
ts the spatial dynam-i
s of the photogenerated ele
trons and holes. (We donot 
onsider any equilibrium 
arriers at all.) We showthat there are 
ontributions to the ele
tri
 �eld fromtwo quite di�erent physi
al pro
esses. Essentially, dueto one of these 
ontributions, the ring-shaped patternformation 
ould be understood in the paradigm of self-organized 
riti
ality (SOC) [28℄. To test the 
ontribu-tion, we have performed extensive mole
ular dynami
ssimulations. They have shown that this 
ontributionalone is quite enough for a detailed qualitative expla-nation of the ring-shaped pattern. (However, this pa-per does not 
onsider the transition to the SOC regime.The parameters for the simulations have been 
hosento be in this regime from the very beginning.)This paper is organized as follows. Further in thisse
tion, we introdu
e some essential properties of dou-ble quantum wells and interwell ex
iton formation,some experimental results we fo
us on, and the for-mulation of the problem to be studied. In Se
. 2, wesuggest two qualitative explanations (�s
enarios�) forthe ring-shaped pattern formation and make the 
orre-sponding estimates. Se
tion 3 des
ribes a many-bodydynami
al model and 
onditions of the mole
ular dy-nami
s simulations performed to investigate the se
onds
enario in more detail. Se
tion 4 
ontains the resultsof the simulations. Se
tion 5 is 
on
lusion and dis
us-sion. Finally, Se
. 6 
onsists of three Appendi
es.

The stru
ture of double QWs used in the experi-ments [6, 13, 24℄ is shown in Fig. 1 (left). The ele
-tron band-gap energy Egap of the �barrier� (B) lay-ers is larger than Egap of the �well� (W) layers (Fig. 1(right)), and hen
e GaAs layers form two re
tangularpotential wells with the depthUQW = (Egap (B)�Egap (W )) =2 � 0:4 eV:At a moderate o

upation of the wells (i. e., when thenumber of ele
trons in the GaAs 
ondu
tion band isnot ma
ros
opi
ally large; see the next se
tion for thedetails), a voltage applied to the external ele
trodesprovides a 
onstant tilt of the DQW potential pro�le(Fig. 1 (right)). This �gate� voltage Vg is needed to sep-arate ele
trons and holes in the di�erent wells, fa
ilitat-ing the formation of interwell ex
itons. The 
rossoverbetween the interwell and intrawell ex
iton �ground�states o

urs at Vg � 0:3 V [29℄. (Sin
e Vg > 0:3 Vin the experiments [6, 13, 24℄, the intrawell ex
itonsare not dis
ussed in what follows.) The stationarylaser pumping 
omes along z axis and is used for theformation of a ma
ros
opi
 number of photogeneratedele
tron�hole pairs. In the experiments [6, 13, 24℄, thetypi
al laser power was several hundreds of �W and wasfo
used in a spatial spot of few tens of �m. The pum-ping energy was well above the ex
iton resonan
es, andhen
e an ele
tron was photoex
ited to a high-energylevel of the QW near the 
ontinuum. Due to the ap-plied gate voltage, the ele
tron 
an then tunnel to the1168
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Fig. 2. Experimental 
urves taken from Ref. [6℄: the lu-mines
en
e intensity of interwell ex
itons vs the distan
er from the ex
itation spot 
enter at di�erent ex
itationpowers (the numbers near the 
urves are expressed in�W). The ex
itation spot radius is about 20 �m. Inset:Dependen
e of the external ring radius on the ex
itationpower
orresponding QW. (The e�e
tive mass of an ele
tronin GaAs is seven times smaller than the mass of a heavyhole, so the tunneling is mu
h more probable for ele
-trons than for holes. We note that the energy of heavyholes is lower than the energy of light ones in GaAs.)The tunneling might also be fa
ilitated by the volta-ge-indu
ed triangular pro�le of the barrier. Finally,after a spatiotemporal in-layer relaxation of the 
harge
arriers, the interwell ex
itons are formed; they livesome �nite time and then annihilate, giving rise to thephotolumines
en
e (PL) pattern in the QW (xy) plane.We now turn to the experimental results that weintend to explain (Fig. 2). At a small ex
itation power,the PL spatial pro�le pra
ti
ally follows the ex
itationspot (see the details in [6℄). When the ex
itation powerex
eeds a 
ertain value, a thi
k ring of lumines
en
e ap-pears near the edge of the ex
itation spot. In Ref. [6℄,it was already seen at the ex
itation power 220 �W.Hereafter, we 
all this ring the �internal� ring. Fi-nally, when the ex
itation power ex
eeds another 
riti-
al value (Fig. 2), a thin �external� ring of lumines
en
eappears around the ex
itation spot and the inner ring.Everywhere in this paper, the words �ring-shaped pat-tern� mean these two 
on
entri
 rings.The formation me
hanism of the ring-shaped lumi-nes
en
e pattern is the subje
t of the resear
h des
ribedbelow. In parti
ular, we pose the following questions.(i) Why does the ring-shaped pattern appear only when

the laser ex
itation power ex
eeds some 
riti
al val-ues? (ii) What are the kineti
 pro
esses that under-lie the formation of the internal and external rings?(iii) Why does the external ring radius depend stronglyon the stati
 gate voltage Vg [30℄? (iv) Why does thelumines
en
e of intrawell ex
itons (i. e., purely �two-dimensional� ex
itons) not exhibit the ring-shaped pat-tern [6℄?2. TWO SCENARIOS OF THE RING-SHAPEDLUMINESCENCE PATTERN FORMATIONIn general, we believe that the ring-shaped PL pat-tern appears due to the transport of hot un
oupled ele
-trons and holes from the ex
itation spot at a su�
ientlyhigh ex
itation power. During the spatial spread, the
arriers relax in kineti
 energy, emitting phonons and
an eventually form ex
itons relatively far away fromthe ex
itation spot (�far away� in 
omparison with thespot radius). We suppose that the hot 
harge 
arriersare formed due to (i) in-layer ele
tri
 �elds that o

urat high pumping power in the ex
itation spot regionand (ii) high mobilities of the 
harge 
arriers in GaAs.We suggest two parti
ular me
hanisms of the ele
tri
�eld o

urren
e, they are des
ribed in detail in Se
s. 2.1and 2.2.2.1. First s
enario: hot 
arrier transportindu
ed by the external gate voltageThe �rst s
enario 
on
erns the s
reening of the gatevoltage Vg by photogenerated 
arriers in the ex
itationspot (Fig. 3) at high ex
itation power.The ele
tri
 indu
tion in the bilayer volume at thelaser ex
itation spot isD = E+4�P. Here E = E0ez isthe stati
 uniform ele
tri
 �eld generated by Vg and Pis the polarization of the medium. If n is the density ofele
tron�hole pairs in the ex
itation spot of area S andd is the average distan
e between the pairs in di�erentwells (i. e., d is the dipole length), thenP = � (nS) (ed)Sd ez = � (ne) ez; D = (E0 � 4�ne) ez:In the experiments [29℄, the DQW stru
ture was re-garded as an insulator. This means that the 
onditionE0 � 4�en; (1)must be satis�ed in the ex
itation spot region. In this
ase, the gate voltage results in a linear slope of theDQW potential energy pro�le along the z axis on thevalue ÆU (z) � �eE0z (Fig. 1 (right)).48 ÆÝÒÔ, âûï. 6 1169
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trons

x yz Laser

Fig. 3. S
hemati
 of the ele
tri
 �eld distribution alongthe growth axis (z axis) of the DQW stru
ture in thevi
inity of laser ex
itation spot at high ex
itation power.(It is supposed that the ex
itation spot is far away fromthe DQW edges and external 
onta
ts.) In the spotregion (ovals in the 
enter), the stati
 ele
tri
 �eld in-du
ed by the external gate voltage is 
urved due to thepresen
e of a ma
ros
opi
ally large number of photo-generated 
harge 
arriers. The horizontal proje
tionsof the �eld 
ause in-layer transport (shown by thi
karrows) of the 
arriers from the ex
itation spotHowever, at typi
al values Vg � 1 V and n �� 1010 
m�2 [29℄, we obtain eE0 � eVg=2L �� 104 eV/
m, where L = 200 nm is the width of exter-nal barrier of the DQW stru
ture (Fig. 1 (left)), and4�ne2 � 104 eV/
m. So at the expe
ted densities n �� 1011�1012 
m�2 in the ex
itation spot at high pump-ing power, 
ondition (1) is therefore not satis�ed there.This means that the z-axis 
omponent of the resulting�eld Ez is essentially dependent on z in the ex
itationspot region. More importantly, in this 
ase there ex-ists an in-plane 
omponent Er of the ele
tri
 �eld thatpushes both ele
trons in one layer and holes in anotherlayer away from the ex
itation spot (Fig. 3).2.2. Se
ond s
enario: hot 
arrier transportindu
ed by the repulsive in-layer intera
tionIf the photogenerated ele
trons and holes do notleave the ex
itation spot for any reason, then the higherthe pumping power Pex is, the higher the 
arrier densi-ties in the spot. (Be
ause the ex
itation is o�-resonant,the value of the ex
iton formation time is always largerthan the time of energy relaxation of the 
arriers torea
h the ex
iton transition.) Due to the bilayer geo-metry, there exists a value of ex
itation power at whi
h

the 
arrier densities in the spot rea
h the values whenrepulsive in-layer Coulomb for
es between 
arriers be-
ome stronger than the attra
tive interlayer for
e. Tobe more spe
i�
, we estimate the intera
tion strengthin the ex
itation spot in terms of the dimensionless in-tera
tion parameter rs. At small 
arrier densities, theintera
tion in the spot is the dipole�dipole one ratherthan the Coulomb as in the 
ase of a monolayer. Inparti
ular, for an ele
tron (or hole) monolayer,rs = e2=�r~2=m�r2 = �raB � 1pna2B ; (2)where aB = ~2=me2 is the Bohr radius, n is the 
ar-rier density in the spot, and �r � n�1=2 is the averagedistan
e between 
arriers. (Hereafter, we omit diele
-tri
 
onstant in the formulas unless making numeri
alestimates.) Thus, for a monolayer, an in
rease in thedensity n leads to a de
rease in the intera
tion. How-ever, in the 
ase of an ele
tron�hole (e�h) bilayer at�r > d, where d is the interlayer distan
e, the intera
-tion is dipole�dipole: U = e2d2=�r3 rather than e2=�r.This leads tors = U~2=m�r2 = d2�raB � daBpnd2; (3)where n < n
 . d�2 � 1012 
m�2 at d � 10�6 
m [29℄.It follows that in this 
ase the intera
tion in
reases ina

ord with the densities. At n = n
 (whi
h 
orre-sponds to some 
riti
al ex
itation power (Pex)
) the
hara
ter of the intera
tion 
hanges: the repulsive in-layer intera
tion be
omes dominating and, moreover,one should e�e
tively put n = 0 in estimate (2), i. e.,the repulsive intera
tion be
omes huge. This leads tothe appearan
e of in-layer ele
tri
 �elds eje
ting theele
trons and holes from the ex
itation spot region.Then the e�h densities in the spot grow to the 
riti-
al values again and the eje
tion pro
ess re
urs. Thereis a dire
t 
orresponden
e between this self-organizedeje
tion, whi
h maintains the 
riti
al values of 
arrierdensities in the spot, and the avalan
hes in the 
lassi
sand-pile model of SOC [28, 31℄.Be
ause the mobilities of 
harge 
arriers in GaAsQWs are very high (up to 107 
m2/V�s for ele
tronsat sub-Kelvin temperatures [32�35℄), the initial kineti
energies of some part of the eje
ted parti
les 
an ex-
eed the opti
al phonon emission threshold. Their re-laxation in energy is then so fast that these 
arriersare likely to form ex
itons not far away from the ex
i-tation spot. In turn, the 
arriers with kineti
 energyless than the opti
al phonon energy ~!opt go further.These 
arriers relax relatively slowly by emitting a
ous-ti
 phonons. In GaAs, ~!opt � 37 meV, and hen
e the1170
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ities of the 
arriers 
ontributing to long-distan
etransport are less than vmax � 107 
m/s. (More detailsabout 
arrier energy relaxation due to phonon emission
an be found in Appendix B.)In addition, there is an essential di�eren
e in mo-bilities, and in e�e
tive masses, for ele
trons and heavyholes in GaAs [32�34℄. This 
an lead to some dif-feren
e in in-layer �stream� velo
ities of ele
trons andholes. The di�eren
e, in turn, would result in a sup-pression of the attra
tive interlayer Coulomb for
e (seeAppendix C for the details) until the velo
ities be
omesmall enough due to the a
ousti
 phonon emission. Inthese 
onditions the interlayer ex
iton formation is alsosuppressed in some range of distan
es from the ex
ita-tion spot. (We re
all, for example, that the 
lassi
als
attering 
ross-se
tion for the Coulomb potential, theRutherford 
ross-se
tion, is proportional to V �4, whereV is the initial relative velo
ity at in�nite distan
e.)The suppression leads naturally to the formation of alumines
en
e ring that would de�ne a 
ir
umferen
e ofthe total lumines
en
e pattern.Thus, the internal ring of lumines
en
e (Fig. 2)might appear due to the ele
trons and holes that hademitted opti
al phonon(s) and then qui
kly formed ex-
itons. In turn, the external lumines
en
e ring 
an ap-pear due to the 
arriers that were below the opti
al-phonon emission threshold and therefore needed moretime (and longer distan
es) to relax by emitting a
ous-ti
 phonons.In general, we suggest that at high photoex
itationpower there exists an in-plane ele
tri
 �eld Er that 
on-sists of two 
ontributions, �gate-voltage-indu
ed� and�in-layer intera
tion-indu
ed�. Due to high mobilitiesof 
harge 
arriers in GaAs, even a moderate value ofEr results in high initial velo
ities of the 
arriers di-re
ted outside the ex
itation spot. Large relative ve-lo
ities of the eje
ted ele
trons and holes lead to asuppression of the interlayer Coulomb attra
tion be-tween them. This results in the suppression of the ex-
iton formation in some range of distan
es from theex
itation spot. In turn, the formation dynami
s ofthe ring-shaped lumines
en
e pattern 
an be dividedinto three stages: (i) radial a

eleration of 
arriers inthe ex
itation spot region due to the in-plane 
ompo-nent of the stati
 ele
tri
 �eld that appears at relativelyhigh 
arrier density in the ex
itation spot and due tothe in-layer Coulomb repulsion at high pumping power;(ii) de
eleration of unbound 
arriers due to emission ofopti
al and a
ousti
 phonons and due to the ambipolarele
tri
 �eld (�Coulomb drag�); and (iii) the regime ofstrong interlayer Coulomb 
orrelations: formation andopti
al re
ombination of interlayer ex
itons.

In what follows, we fo
us on the se
ond s
enarioand test it by mole
ular dynami
s (MD) simulations.3. MOLECULAR DYNAMICS SIMULATIONS:NUMERICAL MODELTo des
ribe the spatial dynami
s of N hot ele
tronsand holes, we use the 
lassi
al equations of motionm�e�rie + 
e _rie =Xj 6=i e2(rie � rje)���rie � rje���3 ��Xk e2 �rie � rkh�h�rie � rkh�2 + d2i3=2 ; (4)m�h�rih + 
h _rih =Xj 6=i e2(rih � rjh)���rih � rjh���3 ��Xk e2(rih � rke )�(rih � rke )2 + d2�3=2 ; (5)
ombined with the 
onditions of ex
iton formation andopti
al phonon emission (see below). Here, ve
tors rieand rjh are in-plane positions of ith ele
tron and jthhole (1 � i; j � N),m�e(h) is the ele
tron (hole) e�e
tivemass, e is the ele
tron 
harge, and d is the interlayerdistan
e (see Fig. 4).In addition to the inertia terms, the left-hand sidesof Eqs. (4) and (5) 
ontain phenomenologi
al momen-tum damping terms due to the intera
tion with a
ousti
phonons with 
onstants 
e(h) = e=�e(h), where �e(h) isele
tron (hole) mobility. The dimensionless equationsare given by�rie + _rie =Xj 6=i (rie � rje)���rie � rje���3 ��Xk �rie � rkh�h�rie � rkh�2 + d2i3=2 ; (6)�rih + 
1 _rih =Xj 6=i 
2(rih � rjh)���rih � rjh���3 ��Xk 
2(rih � rke )�(rih � rke )2 + d2�3=2 ; (7)with the 
onstants 
1 = m�e�e=m�h�h and 
2 = m�e=m�h.Hereafter, we normalize time by te = p�m�e�e=e, where� is the diele
tri
 
onstant of the layers, and all dis-tan
es by �e = 3pm�e�2e. To estimate the parameters,we use the well-known experimental values for high-quality undoped GaAs/AlGaAs QWs. In parti
ular,1171 48*
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Fig. 4. Qualitative s
hemati
 of opti
ally ex
ited ele
tron�hole bilayer. Both stationary laser pumping in the 
enter andspatially distributed lumines
en
e are perpendi
ular to the layers. The 
harge separation between the layers postulated inthe numeri
al model is due to the external gate voltage Vgatetaking a typi
al value �e � 107 
m2/V�s [32, 33℄ fortemperatures T . 1 K, m�e � 0:067me, m�h � 0:5me(where me is the bare ele
tron mass), � = 12:8 and�h � 0:1�e [34℄, we obtain te � 10�9 s, �e � 10�4 
m,
1 � 1, and 
2 � 0:1.The opti
al phonon emission was modeled in the fol-lowing way: if the kineti
 energy of a 
arrier ex
eededthe energy of an opti
al phonon, this last energy wassubtra
ted from the �rst and the new dire
tion of the
arrier velo
ity be
ame random.Simulation of laser pumping. Stationary op-ti
al pumping of 
arriers was simulated by generatingthem in random positions inside the ex
itation spot ofradius r0 with some generation rate that was modeledin two di�erent ways. In fa
t, during a MD simulationthe time is 
hanged by dis
rete steps, with the elemen-tary time step �t. A

ording to the �rst way [25, 36℄,the generation rate p was de�ned as the probabilityper �t to 
reate one e�h pair in the ex
itation spot,so that p�t < 1. We name this 
ase the single gen-eration regime (SGR). Alternatively, one 
an 
onsiderthe formation of several e�h pairs during �t. Then the
arrier generation rate (CGR) is de�ned as the numberof e�h pairs generated in the ex
itation spot during thetime step �t. We 
all it the multiple generation regime(MGR). We note that the results of MD simulationsdi�er essentially in the single and multiple regimes. In-deed, it is intuitively 
lear that the SGR is likely to
orrespond to weak pumping, whereas the MGR de-s
ribes high-power ex
itation.The initial velo
ities of 
arriers in the ex
ita-tion spot were also 
hosen randomly in the intervals

j _riej � v0 and j _rihj � �v0, where we took � = 0:5 in allsimulations.During the spatial dynami
s of the 
arriers, the ex-
iton formation o

urred if an ele
tron and a hole were
lose enough to ea
h other, jre � rhj < a, where a(d) isa phenomenologi
al in-layer ex
iton radius, and theirrelative velo
ity was smaller than some 
riti
al value,j _re � _rhj < V
 [25℄ (see also Appendix C). We note thatthe dependen
e of the ex
iton formation rate on the e�hrelative velo
ity is one of the most 
ru
ial ingredientfor the ring-shaped pattern formation: assuming theabsen
e of that dependen
e, one always obtains a spa-tially monotoni
 de
rease of the lumines
en
e outsidethe ex
itation spot [25℄.To simplify the simulations, we did not 
onsider theex
iton dynami
s. This means that as soon as an ele
-tron and a hole had formed an ex
iton, their dynami
swas no longer 
onsidered and the position of the forma-tion event was re
orded as a position of photon emis-sion. Qualitatively, this 
orresponds to zero ex
itonlifetime.We note that sin
e both the internal and externalring radii are temperature independent [6, 29℄, it isnot advisable to in
lude temperature (i. e., to add asto
hasti
 for
e to Eqs. (4) and (5)) into the 
onside-ration. In turn, be
ause the low-temperature fragmen-tation of the external ring [6℄ apparently depends onthe ex
iton dynami
s, we do not expe
t to observe thefragmentation in the simulation results.Finally, due to the inevitable restri
tions in 
om-putational power it was only possible to simulate thedynami
s of N . 104 intera
ting parti
les. For this1172
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, det
. in 
omparison with realisti
 values to fa
ilitate theex
iton formation. However, it was 
learly seen thatthe 
loser the values of those model and real parame-ters were, the better was the 
orresponden
e betweenthe MGR simulation results and the experimental ones.We note that the in-plane motion of the 
arriers wasnot restri
ted by any spatial boundaries.4. MOLECULAR DYNAMICS SIMULATIONS:RESULTSSome preliminary results for the SGR were pub-lished in Ref. [25℄. In parti
ular, quasi-1D simulationsand the 
ru
ial dependen
e of the ring pattern forma-tion on the 
riti
al relative velo
ity V
 in the ex
itonformation 
ondition were dis
ussed there. In what fol-lows, some new essential results are des
ribed.4.1. Single generation regime (SGR)The results of MD simulations of Eqs. (6) and (7)in the SGR for several sets of parameters indi
ate thatthere are two qualitatively di�erent pi
tures. In gen-eral, the in-layer distribution nlum(r) of stationary lu-mines
en
e exhibits a ring-shaped pattern around theex
itation spot. But the pattern always 
ontains onlyone ring. More importantly, the ring 
an originate bytwo qualitatively di�erent ways.A

ording to the �rst way, the in-layer distributionsof ele
trons and holes are separated from ea
h other andthe ring o

urs in the region of their overlap (Fig. 5).The dependen
e of the ring position on the genera-tion rate p (Fig. 6), whi
h mimi
s the ex
itation power,shows that although the lumines
en
e ring intensity in-
reases with p, its position is virtually independent on p(top inset in Fig. 6). This behavior di�ers from that ob-served experimentally (Fig. 2), where the radius of theexternal lumines
en
e ring grows nearly linearly withan in
rease in the photoex
itation intensity and thegrowth of the internal ring radius is also quite noti
e-able. Interestingly, the same behavior, i. e., the inde-penden
e of the ring position on p, was observed in thequasi-1D 
ase [25℄.However, there exists an another way of the ringpattern formation. It was observable at other sets ofparameters, in parti
ular, when maximal initial velo
i-ties of the 
arriers, the 
riti
al relative velo
ity V
, andthe distan
e a were relatively small. We note that theCGR p was taken in the same range of values as previ-ously.A

ording the se
ond way, the in-layer distributionsof ele
trons and holes pra
ti
ally 
oin
ide with ea
h
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trons(ne), holes (nh), and lumines
en
e (nlum(r)) averagedover time interval (200; 830). Inset: dependen
e of thetotal number N of ele
trons and holes on time t. In astationary state, the 
arrier generation rate is balan
edby the lumines
en
e rate and N(t) exhibits saturation.Parameters of the simulation: ex
itation spot radiusr0 = 4, p = 10, velo
ity of the opti
al-phonon emissionthreshold vopt = 50, maximal ele
tron initial velo
ityv0 = 50, 
riti
al relative velo
ity V
 = 10, 
riti
al rel-ative distan
e a = 0:2, �rst and se
ond 
oe�
ients inthe equations of motion for holes 
1 = 1 and 
2 = 0:25,d2 = 0:01, time step �t = 0:0005
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Fig. 7. Stationary in-layer distributions of ele
trons(ne), holes (nh), and lumines
en
e (nlum(r)) averagedover time interval (500,10000). Top inset: dependen
eof the total number N of ele
trons and holes on time texhibits a stationary state. Bottom inset: dependen
eof ele
tron (Ve) and hole (Vh) stream velo
ities vs thedistan
e r from the ex
itation spot 
enter. Parametersof the simulation: r0 = 3, p = 10, vopt = 10, v0 = 1,V
 = 1, a = 0:05, 
1 = 1:1, 
2 = 0:3, d2 = 0:9 (the re-sults are essentially the same at smaller d2), time step�t = 0:005other (Fig. 7). The ring o

urs at the outer side ofthe distributions, where the di�eren
es in the 
arrierdensities and velo
ities are small enough to allow theex
iton formation. The dependen
e of the ring radiuson the CGR p (Fig. 8) has shown that, in 
ontrast tothe previous 
ase (Figs. 5 and 6), the radius in
reaseslinearly with p.Summarizing the simulation results for the SGR, we
on
lude that the �rst way of the ring pattern forma-tion, when ele
tron and hole in-plane distributions areseparated and the ring is formed in their overlap region,does not 
orrespond qualitatively to the experimentalresults [6, 13, 24℄. The se
ond way 
ould mimi
 theexperimental situation when the ex
itation power wassu
h that only the internal lumines
en
e ring was ob-servable. However, the position of the ring in the simu-lations depends on the pumping rate stronger (linearly)than that of the internal ring (
f. Fig. 2 and Fig. 8)in the experiments [6, 13, 24℄. In turn, a nearly lineardependen
e of the ring radius on the ex
itation poweris typi
al for the external lumines
en
e ring (Fig. 2),but then the simulations miss the internal ring.
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Fig. 8. Dependen
e of the stationary in-layer lumines-
en
e distribution nlum(r) on the generation rate p.Top inset: dependen
e of the lumines
en
e ring radiusR on p. Bottom inset: the stationary total numberNstat of ele
trons and holes vs p. Parameters of thesimulations are the same as in Fig. 7This mis�t 
an indi
ate that though the parametersof the simulations in the se
ond 
ase are 
loser to re-alisti
 ones, one needs more realisti
 
arrier generationalgorithm whi
h would enable us to model high ex
ita-tion powers and, at the same time, is independent onthe MD time step �t.4.2. Multiple generation regime (MGR)In the MGR, the simulations result in mu
h better
orresponden
e with experimental plots (Fig. 2) and,simultaneously, some 
orresponden
e with the SGR re-sults (�the se
ond way�) 
an be tra
ed.First, the MGR results show two 
on
entri
 rings inthe in-layer lumines
en
e pattern: the internal ring hassmall radius and high intensity and the external ringhas relatively large radius and is weaker in intensity(Fig. 9). The in-layer distributions of ele
trons andholes are similar to those of the above SGR �se
ondway� (Fig. 7), i. e., the distributions pra
ti
ally 
oin-
ide with ea
h other.Due to the in
rease of the e�e
tive pumping powerin the MGR 
ase, the total number of 
arriers in thestationary state (inset in Fig. 9) is more than one or-der of magnitude larger than that in the SGR 
ase. Wenote that the stationary number of 
arriers in the ex-
itation spot is very 
lose to the produ
t of the instantCGR (�Nspot=�t = 300) and the unit time (= 1). This1174
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en
e (nlum(r)) av-eraged over the time interval (100; 400). Inset on top:dependen
e of the total number N of ele
trons andholes on time t exhibits a stationary regime. Bottom:3D lumines
en
e pattern. Parameters of the simula-tion: r0 = 3, pumping rate (number of parti
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1 = 1:1,
2 = 0:3, d2 = 0:9, and �t = 0:01means that most of the 
arriers es
ape from the spotvery fast. This 
an be understood by estimating the
riti
al number of 
arriers in the spot required for dom-inant in-layer repulsion (see Se
. 2): taking n
 � d�2,we obtain N
 = n
�r20 � � (r0=d)2 � 30, whi
h is mu
hsmaller than the above number of 
arriers formed in thespot during the unit time. (For the estimate, we haveused the parameters in the 
aption to Fig. 9.) The sys-tem of 
harge 
arriers is therefore in the 
riti
al state.
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e of the ele
tron (Ve) and hole (Vh)stream velo
ities on the distan
e r from the ex
itationspot 
enter. The 
arrier velo
ities within the ex
ita-tion spot region essentially ex
eed the maximal initialvelo
ity (= 1). We note that Ve and Vh are the ve-lo
ities of the part of the 
arriers that are below theopti
al phonon emission threshold. Inset: The ele
-tron (fe(V )) and hole (fh(V )) distributions over single-parti
le velo
ities. Parameters of the simulation are thesame as in Fig. 9The me
hanism of the ring pattern formation inthese 
onditions is as follows. The internal ring isformed due to the 
arriers that have emitted opti
alphonons. This 
an be seen in Fig. 10 by the sharp
hanges of 
arrier velo
ities within the ex
itation spot.We note that the velo
ities essentially ex
eed the max-imal initial velo
ities there. (In addition, the opti-
al phonon emissions were seen during the simulationsby 
hanges of instant maximal velo
ities of the 
arri-ers that were up to the threshold velo
ity of opti
alphonon emission.) This means that the in-layer re-pulsive Coulomb intera
tion is dominant in the ex
ita-tion spot. The repulsive for
es a

elerate the 
arriersin su
h a way that the major part of them emits op-ti
al phonons and then qui
kly forms ex
itons. The
arriers with velo
ities beneath the threshold velo
ityof opti
al phonon emission go further emitting a
ous-ti
 phonons and, eventually, form ex
itons relativelyfar away from the ex
itation spot. This des
ription isin ex
ellent agreement with all sets of simulations inthe MGR, and it therefore justi�es the se
ond s
enariosuggested in Se
. 2. Some details of the Coulomb re-pulsion a

ompanied by phonon emission are given inAppendix B.To prove the 
ru
ial role of Coulomb intera
tions,we have performed a simulation where the intera
tions1175
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Fig. 11. In-layer distributions of ele
trons (ne), holes(nh), and lumines
en
e (nlum(r)) averaged over thetime interval (1500; 2700) in the absen
e of any dire
tCoulomb intera
tions. Inset: the dependen
e of the to-tal numberN of ele
trons and holes on time t. It showsthat the dynami
s is still non-stationary. Parameters ofthe simulation are the same as in Fig. 9are swit
hed o�, even though the ex
iton formation
ondition holds. The results are shown in Fig. 11.We see that the saturation of N(t) (i. e., the stationarystate) is absent during the time that essentially ex
eedsprevious simulation times for the MGR. The in-layerdistributions of ele
trons and holes resemble those forthe ��rst way� SGR, i. e., the distributions are spatiallyseparated. However, the ring does not form and the lu-mines
en
e de
reases monotoni
ally from the 
enter.We now dis
uss the dependen
e of the ring-shapedpattern on the pumping power and the 
riti
al relativevelo
ity V
 from the ex
iton formation 
ondition.The dependen
e of in-plane positions of the ringson the pumping rate is shown in Fig. 12. The exter-nal ring radius in
reases nearly linearly, whereas theinternal ring radius in
reases more slowly. This be-haviour exhibits a good agreement with the experimen-tal 
urves (Fig. 2). (Determining the dependen
es morea

urately requires 
olle
ting larger statisti
s that is avery time-
onsuming pro
edure due to the large totalnumbers (� 104) of parti
les in the MGR.)The dependen
e of the ring-shaped lumines
en
epattern on the 
riti
al relative velo
ity V
 shows(Fig. 13) that the smaller V
 is, the larger the exter-nal ring radius (the top inset in Fig. 13) and the ringintensity. At the same time, the stationary numberof 
arriers in
reases to the limiting values of the order
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en
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xFig. 14. Left: Lumines
en
e patterns in the 
ase of two ex
itation spots at two distan
es, 85 (top) and 70 (bottom),between the spot 
enters. Right: The 
orresponding dependen
es of the total numbers N1;2 of 
arriers ex
ited by the spotson time t show that the system arrives at the stationary state. Parameters of the simulations are the same as in Fig. 9ex
ept the 
riti
al relative velo
ity, here V
 = 0:5of 104 (the bottom inset in Fig. 13) for the available
omputational power.Finally, we have performed simulations with twoidenti
al but spatially separated ex
itation spots to
ompare our results (see Fig. 14) with experimentalpi
tures [13; 30℄. In 
an be seen that when the spotsare pla
ed 
lose enough, the external rings open to-wards ea
h other, forming a �gure similar to one of theCassini ovals. This behavior also 
orresponds to the ex-periments, even though the simulations do not in
ludethe ex
iton dynami
s.Summarizing the simulation results for the MGR,we 
on
lude that they show reasonable 
orresponden
ewith the experiments [6; 13; 24; 30℄. Therefore, the the-oreti
al explanations [13; 14; 16�18; 24℄ of the ring pat-tern formation based on the di�usion-indu
ed spatialseparation of in-layer distributions of ele
trons andholes (see Appendix A) must be revised.5. CONCLUSION AND DISCUSSIONIt has been shown that the stationary ring-shapedlumines
en
e pattern forms due to the hot 
arrier trans-port (HCT) 
aused by the in-plane ele
tri
 �elds whi
happear at high enough ex
itation power in the ex
ita-tion spot region. The HCT is essentially non-di�usive.

In parti
ular, the internal lumines
en
e ring appearsdue to the ele
trons and holes emitting opti
al phonons,whereas the external ring forms due to the relaxation ofthe 
arriers that are initially below the opti
al phononemission threshold. To form ex
itons, these 
arriers re-lax emitting a
ousti
 phonons and, in addition, due tothe interlayer Coulomb drag.The ring-shaped pattern formation is parti
ularlyinteresting as a possible bright signature of self-or-ganized 
riti
ality [28, 31℄. Although the �se
onds
enario� naturally involves the SOC regime, theMGR simulations reported have been performed in the
riti
al state. Thus, the transition to the SOC regimeas well as its statisti
al properties (e. g., 1=f -noise) inthis system are still open questions.The author thanks L. P. Paraskevova and L. I. Kon-drashova for the en
ouragement, and Yu. M. Kagan andF. V. Kusmartsev for the helpful dis
ussions.APPENDIX ADi�usive model of 
harge 
arrier transportThe di�usive transport model [13℄ used to explainthe experiments [6℄ was based on two rea
tion-di�usionequations1177



A. V. Paraskevov ÆÝÒÔ, òîì 141, âûï. 6, 2012_ne = Der2ne � wnenh + Je (r) ; (8)_nh = Dhr2nh � wnenh + Jh (r) ; (9)where ne and nh are ele
tron and hole 2D densities andw is ele
tron�hole binding rate to form an ex
iton. Thesour
e term Jh (r) = PexÆ (r) for photoex
ited holes isfo
used in the lo
al ex
itation spot. The density ofphotoex
ited ele
trons is supposed to be negligible in
omparison with the equilibrium ele
tron density n1in the absen
e of laser ex
itation. When n1 is spa-tially disturbed due to the presen
e of holes, there ap-pears the ele
tron 
urrent Je (r) = I�ane (r), whi
h isspread in the quantum-well plane. Here, I and ane arethe 
urrents in and out of the system, respe
tively, su
hthat n1 = I=a. (We note that a here is not the 
riti
alrelative distan
e used in the simulations but an inde-pendent parameter.) Implying the stationary regimeand the symmetry with respe
t to the polar angle, andnegle
ting the ex
iton di�usion [15℄, one obtains theex
iton PL intensity IPL(r) / ne(r)nh(r).The authors of Ref. [13℄ have assumed that a lumi-nes
en
e ring with radius R appears at the overlap ofthe ele
tron and hole densities (see Fig. 15) so thatnh � ne at r < R and nh � ne at r > R withne (r !1) = n1 (Fig. 15). Negle
ting the ex
itonformation term wnenh far from the boundary r = R,we obtainr2nh � d2nhdr2 + 1r dnhdr = �PexDh Æ (r) (10)for holes. Using the boundary 
ondition nh (r = R) = 0results in nh (r � R) = Pex2�Dh ln Rr : (11)A

ordingly, for ele
trons one obtainsr2ne = � (I=De) + (a=De)ne (r)with boundary 
onditions ne (r = R) = 0,ne (r !1) = n1.Denoting � = (ne � n1) =n1 and x = r=�, where� �pDe=a =pDen1=I is a 
hara
teristi
 length, wearrive at d2�dx2 + 1x d�dx �� = 0: (12)The last equation is the modi�ed Bessel equation ofzero order. The solution is�(x) = AK0 (x) ; (13)

Holes Ex
itons Ele
trons0 Distan
e r from the ex
itation spot n1
Density

Fig. 15. The density distributions obtained in Ref. [13℄with the use of the di�usive transport modelwhere A is a 
onstant andK0 (x) is the zero-order mod-i�ed Hankel (or Ma
Donald) fun
tion, su
h thatK0 (x! 0) � ln 1x ; K0 (x!1) = 0:Hen
e, ne (r) =n1 = 1 +AK0 (r=�) : (14)If � � R, as supposed in [13℄, then the ele
tron den-sity ne (r) =n1 � 1 + A ln (�=r) at R < r � �. Usingthe boundary 
ondition ne (r = R) = 0, we �nd the
oe�
ient A. Finally,ne (R < r � �) � n1 �1� ln (�=r)ln (�=R)� : (15)Then it has been assumed that at the boundary bet-ween the ele
tron and hole densities the total 
urrentis zero, i. e.,De �ne�r ����r=R = �Dh �nh�r ����r=R : (16)From Eq. (16) it follows thatDen1ln (�=R) = Pex2� ; (17)and therefore the ring radius 
an be expressed asR = � exp (�2�Den1=Pex) : (18)If we set Dh = 0, then the ring radius R must be equalto zero be
ause, a

ording to the model [13℄, the di�u-sion of holes is the only reason why they move out ofthe ex
itation spot. But Eq. (18) does not depend on1178
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e the ring radius is not zero at Dh = 0,i. e., the ring exists even if all holes are left in the ex-
itation spot. This 
learly unphysi
al result is not a
onsequen
e of the limit 
ase �� R, but rather 
omesfrom wrong initial assumptions. (In Ref. [17℄, the re-sult, Eq. (18), has been generalized but even then Rdoes not depend on Dh.)We note that in the original paper [13℄, the erro-neous formula for R has been given [27℄Rorig = � exp��2�Den1DhPex � : (19)The presen
e of Dh in the exponent denominator
ould be de
eiving be
ause at �rst sight (i. e., with-out the dimensionality 
he
k: [De℄ = [Dh℄ = 
m2=s,[n1℄ = 
m�2, [Pex℄ = s�1) it looks reasonable.In addition, both the DTM [13℄ and its modi�
a-tions [14; 16�18℄ 
ould not explain in prin
iple why theexternal lumines
en
e ring appears only when the ex-
itation power ex
eeds some 
riti
al value.Nevertheless, the drift-di�usion regime 
an be ap-pli
able for slow 
harge 
arriers near the lumines
en
ering at r � R. (As before, we do not 
onsider equilib-rium 
arriers and are only fo
used on photogeneratedones.) In parti
ular, the 
ontinuity equations in thisregime are given by_ne(h) + div ie(h) = ge(h) � �; (20)_nX + div iX = �� nX=�X : (21)Here ne, nh and ie = �ne�eE�Derne, ih = nh�hE�� Dhrnh are 2D densities and parti
le �ux densi-ties of un
oupled ele
trons in the plane z = d=2 andholes in the plane z = �d=2, and �e(h) is the ele
tron(hole) mobility. The parti
le �ux density for ex
itonsis iX � �DXrnX , where nX is the interlayer ex
itondensity. The 
ontribution from the dipole�dipole inter-a
tion between the ex
itons is omitted in iX be
auseit appears as an above-linear 
orre
tion on nX . The
arrier generation rates ge(h) (r; t) are some given fun
-tions. The ex
iton formation rate 
an be written as(inessential 
onstant prefa
tors are dropped hereafter)� (r; t) = Z w (jv1 � v2j)�� fe (r;v1; t) fh (r;v2; t) d2v1d2v2; (22)where fe(h) (r;v; t) is the ele
tron (hole) distributionfun
tion, su
h thatne(h) (r; t) = Z fe(h) (r;v; t) d2v;

and w (v) is the spe
i�
 ex
iton formation rate. Theex
iton lifetime �X is supposed to be density indepen-dent. Finally, the Poisson equation for the ele
tri
 �eldis given by (time dependen
e is dropped; � is the di-ele
tri
 
onstant)div (�E(r; z)) = 4�e[(nh(r) + nX(r)) Æ(z + d=2)�� (ne(r) + nX(r)) Æ(z � d=2)℄: (23)It in
ludes the 
ontribution of the interlayer ex
itondipole �elds and keeps the ele
troneutrality for thefree 
arrier system when the ex
iton formation is sup-pressed (nX(r) = 0).At r � R, one 
an set w (v) � wmax, then � (r) �� wmaxne (r)nh (r) and Eqs. (20), (21), and (23) withge(h) = 0 be
ome a 
losed system.We note that the ambipolar ele
tri
 �eld E mightplay an important role in the formation of a sharp in-tensity pro�le of the external lumines
en
e ring. In thisregard, it is useful to note that the FWHM of the ex-ternal ring intensity is almost independent of the ringradius R at high ex
itation powers (see Fig. 2).APPENDIX BIf e2pn > ~!opt at n > d�2, then the in-layerCoulomb repulsion in the ex
itation spot might be �ex-hausted� at small distan
es: the potential energy of the
arriers transforms into kineti
 energy, whi
h, in turn,is spent on the fast opti
al phonon emission so that the
arriers do not go far from the ex
itation spot.To estimate whether the values of 
arrier densitiesin the ex
itation spot are su�
ient for su
h pro
ess,we 
onsider two ele
trons resting at distan
e r0 fromea
h other at the moment t = 0. We negle
t the en-ergy dissipation due to a
ousti
 phonon emission �rst,to fa
ilitate the e�e
t des
ribed above. Then the equa-tion of motion is m�r = e2=r2;with m = m�e=2 and r = jr1 � r2j. (The diele
tri
 
on-stant � is introdu
ed by substituting e2 ! e2=� in the�nal expression.) The solution is expressed through theinverse fun
tion,t=t0 =px2 � x+ 12 ln�x+px2 � x� ;where x = r=r0 and t0 =pmr30=2e2. At t > (3� 4)t0,with a good pre
ision, the velo
ity is v � v1 = r0=t0,i. e., the ele
trons move nearly uniformly at large times.The 
ondition of opti
al phonon emission is given bymv22 = e2r0 � e2r � ~!opt;1179
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e it follows thatr � r
 = r01� ~!opt= (e2=r0) :Substituting r0 � n�1=2 in the expression for r
 givesn � ��~!opt=e2 + 1=r
�2 :The value n�
 = ��~!opt=e2�2 � 4 � 1013 
m�2 (with� � 12:8 and ~!opt � 37 meV for GaAs) at r
 = 1is the smallest density at whi
h the pro
ess of opti
alphonon emission is dominant. We note that at n > n�
the e�e
t is extremely pronoun
ed, e. g., r
 � 1 �m atn = 1:003n�
 (extra 0.3% to n�
). At n = n�
 , we obtainr0 � 0:1aB for GaAs.To �nd a qualitative dependen
e of the 
arrier �uxvelo
ity on in-plane 
oordinates when the 
arrier ki-neti
 energies are below the opti
al phonon emissionthreshold, we 
onsider the previous model adding thedissipation due to a
ousti
 phonons. Then for two ele
-trons we have (unit ve
tors are dropped)m�e�r1 = e2= jr1 � r2j2 � 
 _r1;m�e�r2 = �e2= jr1 � r2j2 � 
 _r2;where 
 = e=�e is the dissipation 
oe�
ient and �e isthe ele
tron mobility. Substituting R = (r1 + r2) =2and r = r1 � r2, in the 
enter-of-mass frame ( _R = 0),we obtain the equation of motionm�r = e2r2 � 12
 _r:Dissipation of the energy E(r) = mv2 (r) =2 + e2=ris given by dE=dr = �
v (r) =2 (be
ause dE=dt == �
v2=2), whi
h leads to the equationmv (r) dvdr = e2r2 � 12
v (r) :In the dimensionless form (r = r0x; v = v1u), we haveu(x) �dudx + a� = 12x2 ; (24)where a = p
2r30=8me2, x � 1, and u(x = 1) = 0.(To avoid a 
onfusion, we note again that this a hasits own meaning.) Using the relation 
 = e=�e, we 
anrewrite the parameter as a = (1=2) (r0=�e)3=2, where�e = 3pm�e�2e is the 
hara
teristi
 length s
ale. Ta-king �e � 1 �m for GaAs (see the des
ription of thenumeri
al model in the main text) and r0 � n�1=2
 �� d � 10�6 
m, we obtain a � 10�3. Equation (24) 
anbe redu
ed to the Abel equation of the se
ond kind. Its

a = 0:0010:0050:010:020:050:1
a = 0:0010:0020:010:11

1 20 40 60 80 100 x00:2
0:40:6
0:81:0u

u

200 400 600 800 1000 x10�610�410�2100
0:5

Fig. 16. Numeri
al solutions of Eq. (24) withu(x) = v=v1 and x = r=r0 for di�erent values of theparameter a. Top: Linear s
ale. Bottom: Log s
aleexa
t analyti
al solution is unknown. However, a qual-itative behavior of u(x) 
an be found from the asymp-toti
 solutions at x! 1 and x!1 (see also numeri
alsolutions in Fig. 16). It is natural to assume that ve-lo
ity u(x =1) = 0. Hen
e, du=dx 
an be dropped inEq. (24) at x ! 1 that gives u1(x) � (2ax2)�1. Wenow rewrite Eq. (24) asdudx = 12x2u � a:At x ! 1, due to the initial 
ondition u ! 0 andtherefore the last term in the right-hand side 
an bedropped. This gives u1(x) � p1� 1=x at x � 1. Thedependen
e of u(x) on a is as follows: the larger a is,the narrower the width of the peak and the smaller its1180



ÆÝÒÔ, òîì 141, âûï. 6, 2012 Ring-shaped spatial pattern : : :height (see Fig. 16). We note that in the laboratoryframe ve;h = v=2 and re;h = r=2.It is also interesting to note that the MGR sim-ulations indi
ate that the external lumines
en
e ringappears only if the 
arrier stream velo
ities Ve(h)(r) asfun
tions of the distan
e r from the ex
itation spot (seeFig. 10) have a non-monotoni
 dependen
e similar tothat in Fig. 16, i. e., the velo
ities in
rease at smallr, rea
hing the maximal values at some �nite r (oftenwithin the ex
itation spot region), and then de
reaseto zero at large r. APPENDIX CSuppression of ex
iton formation in the bilayerat high e�h relative velo
ityHere, we illustrate how the 
riti
al relative velo
ityV
 appears in prin
iple in the ex
iton formation 
ondi-tion. We 
an distinguish two me
hanisms referred to inwhat follows as �geometri
� and �kineti
� ones, whi
hlead to the existen
e of the 
riti
al e�h relative velo
ityabove whi
h the interlayer ex
iton formation is stronglysuppressed.1. �Geometri
� me
hanism. Due to the bilayergeometry, at su�
iently large relative e�h velo
ity theinterlayer Coulomb attra
tion, whi
h results in an ex
i-ton formation, is suppressed. To show this, we 
onsiderthe Fourier transformUq = Z d2r exp (iq � r)U (r)of the pair intera
tion potentialU (r) = �e2=pr2 + d2between an ele
tron from one layer and a hole fromanother (r is the in-plane relative distan
e). We obtainUq = �2�e2 1Z0 J0 (qr) r drpr2 + d2 = �2�e2q exp (�qd) ; (25)the �s
reened Coulomb potential� in the momentumspa
e. (The e�e
ts of 
harge s
reening studied in therandom phase approximation [37℄ lead to a 
hange inthe preexponential fa
tor, whi
h is not important inthis 
onsideration.) Hen
e, if the ele
tron�hole relativevelo
ity V = ~qm > V
 = ~md;then the intera
tion between the 
arriers de
reases ex-ponentially as V in
reases. This means that we 
an

negle
t the intera
tion as well as the ex
iton formationat V > V
. At d � 10�6 
m [29℄ and the redu
ed e�hmassm � 0:06me in GaAs, we obtain V
 � 3�107 
m/s,whi
h is of the same order of magnitude as the thresh-old velo
ity vmax of opti
al phonon emission in GaAs(vmax=V
 � 1:5).2. �Kineti
� me
hanism. The se
ond me
h-anism is based on the fa
t that to form an ex
iton,the unbound ele
tron�hole pair must emit an a
ousti
phonon. (Here, we suppose that the 
arrier velo
itiesare below the opti
al phonon emission threshold.)To illustrate this, we 
onsider a model system: anin�nite train of ele
trons separated from ea
h other bydistan
e L uniformly moves with velo
ity V along athread and an immovable hole is lo
ated at distan
ed from the thread. The intera
tion potential betweenthe ele
tron train and the hole as a fun
tion of time isgiven by U(t) = � 1Xk=�1 e2�k ;where �k =q(kL+ V t)2 + d2:Although the sum diverges as 1= jkj, the relative valueof the potential ÆU(t) = U(t)�U(0) is 
onvergent. The
omponents of the 
orresponding for
e a
ting on thehole along and perpendi
ular to the thread are givenbyFk(t) = 1Xk=�1e2 (kL+ V t)�3k ; F?(t) = 1Xk=�1e2d�3k :Both the potential and the for
e are periodi
 fun
tionsof time with the period T = L=V .In the 2D 
ase, when there exists relative �ow (withvelo
ity V ) of ele
trons in one layer and holes in an-other, the interlayer intera
tion potential between theele
tron �ow and a given hole os
illates with the fre-quen
y ! � Vpn, where n is the 2D density of ele
-trons in the �ow. If this frequen
y is higher than ��1,where � = min(�e�a
; �h�a
) is the minimal 
arrier�a
ousti
 phonon s
attering time, the ex
iton formationin real spa
e is not possible. We 
an therefore writethe ex
iton formation 
ondition asV < V
 � 1=pn�2: (26)If the 
arrier densities are essentially di�erent, oneshould take n = max(ne; nh) in (26). At n � 1010 
m�2and � � 10�9 s, the 
riti
al relative velo
ity is V
 �� 104 
m/s.1181
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t, one 
an obtain the estimate (26) in a moresimple way. We suppose for de�niteness that lo
allyne > nh. Then an e�h pair with relative velo
ity V
an form an ex
iton ifV � < �re�e � n�1=2e ;that is, the ele
tron or the hole should have time toemit an a
ousti
 phonon before the next ele
tron would
ome to the hole. The 
ondition (26) follows dire
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