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1 Introdution
�Mesosopi eletron systems in quantum dots are known to reveal interest-ing orrelation e�ets, e.g. Wigner rystallization [2℄�Extensions in present work: 1. Single-eletron ontrol of melting/ondutivity [1℄ on�rmed by dynami simulation. 2. Generalization tomesosopi eletron-hole bilayers (vertially oupled quantum dots): rys-tallization of exitons observed, energy spetrum is found.
2 Single-eletron ontrol of irular ur-rent in quantum dots
� Investigation of the response of mesosopi 2D eletron lusters to externalangular exitation.� Control of the angular urrent by addition/removal of a single eletron )appliation to single-eletron devies [1℄.� Idea: use the striking di�erene of orientational melting temperatures ofluster with N = 19; 20, see Fig. 1, to swith between liquid-like (\on-duting") and rystal-like (\insulating") behaviour [2℄.
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Fig. 1 Left: Ground state on�guration of N = 19 and N = 20 lusters. Right: Phase dia-gram of the \rystal" phases for N = 19; 20. The outer (inner) lines are the radial (angular)melting phase boundaries. The lassial melting takes plae at spei� values of the ouplingparameters: �RM20 = 83;�RM19 = 154;�OM19 = 330 and �OM20 = 3:4 � 1011. � = �e2=�haikBT �.
2.1 Model and simulation idea

Hamiltonian of a single quantum dot:
Ĥ = � NXi=1 ~2r2i2mi + NXi=1 mi!20r2i2 + NXi<j e2�jri � rjj

After reahing the ground state on�guration (see above) the system is dis-turbed by: (1) angular external fore, (2) frition. We alulate the responseby solving: me_~vi(t) =Xi;j ~Fij + ~F exti � ~vi(t); i = 1; : : : N
- External fore, ~F exti = onst, ats only on the outer shell.- To prevent rotation of the luster as whole we pinned one partile of theinner shell, it allows to move only radially.- One partile is slowly added/removed to the inner shell.

Result: I) Angular urrent (intershell rotation) ows in N = 20 luster andstops after removal of 20-th partile. Fig. 2: Dependene of theouter shell urrent on time.Averaged urrent is also shown.Blak line is the harge of theinserted partile. Time is inunits of T0 = 2�=!0. Units ofurrent is I0 = e r0T0 , with unitof length r0 = � 2e2�m!20�1=3.
II) We demonstrate prinipial possibility of reation the devie with openand lose states. The inserted partile should be inserted about 30 T0, fritionoeÆient should be hoosen to ensure steady onstant urrent in open state.
3 Mesosopi eletron-hole bilayer sys-tems

d

electron layer

hole layer

Hamiltonian of two vertially oupledeletron-hole QD's:
Ĥ = He +Hh � NeXi=1 NhXj=1 ei ej�pjri � rjj2 + d2;Ĥe(h) = Ne(h)Xi=1

24� ~22mir2 + Ve(h)(ri) + Ne(h)Xi<j ei ej�jri � rjj35.We onsider symmetrial bilayers: me = mh = m.Con�nement potentials are equal: Ve = Vh = 12m!2r2.The state of the system is governed by two ompeting e�ets:� Intra-layer Coulomb repulsion of partiles! \rystallization" in eah layer� Inter-layer attration between eletrons and holes ! formation of inter-well exitons (or dipoles in the lassial limit)
3.1 Classial mesosopi bilayers
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Fig. 4 Intra-layer partile distane, a(d),in the ground state as a funtion of layerseperation d (the unit of length is a). Wehave two limits: (I) d � 1, a(d) is de-termined only by dipole-dipole interation(mean interpartile distane aD),(II) d � 1, intra-layer Coulomb intera-tion dominates (mean distane aC). Notethe di�erent power laws of a(d) in the twolimits.
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Fig. 5 Correlation energy (bindingenergy of exitons is exluded) fordi�erent distanes between layers, d.Figure ompares the exat orrelationenergy with the two limits: system ofdipoles, UD, and independent layers,UC.
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Fig. 6, 7 Exita-tion spetrum of nor-mal modes for threeand eight exitons asa funtion of distaned. The eigenfrequenies,!, are in units of thetrap frequeny dividedby p2. There are al-ways 2N normal modes.Insets display the eigen-vetors and eigenvaluesfor d=a = 1:3 (indesending order) om-puted from the Hesse-Matrix:Hij = �2H=�ri�rj,~r = fx1; y1; : : : xN ; yNgis a vetor of all partileoordinates.
For all systems one always �nds three trivial, universal modes:A) rotation of the whole system, !2 = 0,B) vibration of the enter of mass, !2 = 2 (two-fold degenerate),C) breathing mode, exat result for general interation of the form U � e2a1+p:

!2br = 2m(3 + p) = 8><>: 6; p = 0 Coulomb10; p = 2 dipole14; p = 4 quadrupoleFor exitons !2br=20 (dipole interation, m = me +mh).Result: Analysis of mode spetrum reveals:I) d > 1 : anti-phase rotation of shells in the eletron and hole layers has thelowest energy [mode 11 (Fig. 6) and 31 (Fig. 7)℄) with inreasing tempera-ture/density the two layers beome deoupled and exitons are destroyed.II) d < 1 : lowest exitation energies are related to pairwise oupled motionof eletrons and holes) rystal melting proeeds via transition from exitonrystal to exiton liquid (exitons are preserved).
3.2 Quantum mesosopi bilayers

rs = 73 rs = 34 rs = 22 rs = 13

Exiton liquid Exiton luster Deoupled e/h lusters e/h liquidFig. 5 Pair orrelation funtion for 3 eletrons and 3 holes (position of one eletron is �xed),inter-layer distane d = 10aB, temperature T � 1=7� 10�3 Ha.

Results for temperature and density boundaries for the existene of e-hrystal: T . 1=7� 10�3 Ha, rs & 20.Examples:a) GaAs -based strutures: T . 40mK and � . 8� 108 m�2b)CdTe -based strutures: T . 100mK and � . 9� 109 m�2) ZnSe -based strutures: T . 400mK and � . 3� 109 m�2
3.3 Phase diagramm of e-h bilayers
1.Exiton rystal an exist only for inter-layer distanes d & 5aB andritial density parameter rs & 20.2. Interlayer attration leads to stabilization of rystal phase: e.g., forexiton luster, Ne = Nh = 8, oupling parameter rs hanges fromrs � 56 (for d!1) to rs � 20 (at d = 5aB).3. Highest melting temperature is observed for intermediate d � 25aB.
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4 Summary and Outlook
) Single-eletron ontrol of melting/ondutivity is demonstrated.) Evidene for rystallization of exitons is found (not possible in singlelayers or for d . 5aB).) Two rystal phases exist: exiton and deoupled e/h rystals.) Phase diagram (in T, n, d spae) of mesosopi e-h systems is presented.) (Classial) Exitation spetrum has been found and rystal meltingsenario lari�ed.) Bose ondensation of mesosopi exitons expeted at higher densities.
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