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We consider anass-asymmetric electron and hole bilayer. Electron and hole Coulomb catihs and electron
and hole quantum effects are treated on first principles Hyipgegral Monte Carlo methods. For a fixed layer
separation we vary the mass rafié of holes and electrons betweénand 100 and analyze the structural
changes in the system. While, for the chosen density, ttotretes are in a nearly homogeneous state, the hole
arrangement changes from homogeneous to localized, witbasing\/ which is verified for both, mesoscopic
bilayers in a parabolic trap and for a macroscopic system.
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1 Introduction

Strongly correlated Coulomb systems are of growing intaresany fields, including plasmas and condensed
matter, see e.g. [1] for an overview. In particular, Wignssstal formation is one of the most prominent correla-
tion phenomena observed in ultracold ions [2], dusty plasf@ad], quantum dots, e.g. [5, 6] and other confined
(non-neutral) systems. Recently crystal formation in meoaponent (neutral) quantum plasmas was demon-
strated by simulations [7] confirming early predictions oféhcrystallization in semiconductors by Halperin and
Rice [9], Abrikosov [10] and others. Interstingly, this issentially the same physical phenomenon as crystalliza-
tion of nuclei in White Dwarf stars [11] which should also acin highly compressed hydrogen and helium [7]
and may become feasible in laser and ion beam compressienimgnts in the near future [8].

A different type of two-component system, standing in betihe neutral and non-neutral Coulomb systems,
are bilayers containing spatially separated positive aghtive charges which are most easily to realize in semi-
conductors by means of doping (electron-hole bilayerspsétsystems are of high interest because the strength
of the correlations can be tuned by varying the layer sejpardt The interplay of intra-layer and inter-layer
correlations in classical bilayers has been studied inildetamacroscopic, e.g. [12] and mesoscopic [13, 14]
systems. Quantum bilayers have been treated much less,gseld® 16, 17, 18] and are much poorer under-
stood. In particular, most investigations have considsyatmetric bilayers, where the hole to electron mass ratio
M = my/m. equals one. However, the typical mass ratio in semicondsigdmn the order o/ = 3...10,
and even exotic materials exist whévereachesl0 [19] or even higher values.

For this reason, in this paper we concentrate on the effetttenfnass ratio on crystal formation in quantum
electron-hole bilayers. Varying/ from 1 to 100 at low temperature and high density, we can tune the hole
behavior from delocalized (quantum) to localized (qudassical) while the electrons remain delocalized all the
time. As was recently observed for bulk semiconductorstidles undergo a phase transition to a crystalline
state if the mass ratio exceeds a critical valué\ff. ~ 80. Here, we extend this analysis to bilayers where
M., depends ol and the in-layer particle density. To reduce the complexitthe problem, here we will keep
d fixed. The complicated overlap of correlation and quantuf@cts of both, electrons and holes, is fully taken
care of by performing first-principle path integral simidats. We present results for two types of e-h bilayers: a
mesoscopic system &f = 36 particles in a parabolic trap and for a macroscopic systetheofame density.
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2 Mode and Parameters

The physical realization of the mass asymmetric bilayensitered here can be a system of two coupled quan-
tum wells filled with electrons and holes, respectively. Aldigional in-plane potential can produce the lateral
confinement of the carriers leading to a system of two couglechtum dots. Recently, we have analyzed in de-
tail a possible realization of a parabolic in-plane potnising the idea of the quantum Stark confinement [20].
An inhomogeneous electric field applied perpendicular @@wW plane changes the energy of a particle in the
guantum well because the penetration of a particle insie®dnrier material depends on the strength of the elec-
tric field. For example, in GaAs and ZnSe based QW one canaeh@monic trap frequencies fronGHz to

1 THz for typical electric field strengths af) — 20 kV/cm.

In this paper, we approximate two coupled QWs by a model of ventically separated 2D layers popu-
lated with NV, electrons andV;, holes (we consider the ca$é, = N;, = N/2). The charges interact via the
Coulomb potential. The underlying Hamiltonian is well defirand is of practical importance for semiconductor
heterostructures

N N N, )
] 2 ] €;e; . I3 m*
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where the electrons (e) are confined to the plare 0 and the holes (h) to the plane= d; alsor; andr; are
the in-plane 2D radius vectors describing the particle dmates in each layer. In the following all lengths will
be given in units of the effective Bohr radiug = h%¢/m*e?. For example, for GaAs and ZnSe quantum wells
this results in the length unitsg (GaAs) = 9.98 nm andap(ZnSe = 3.07 nm. Energies and temperatures are
measured in Hartree unittHa(GaAs = 11.47 meV (133.1 K) and 1Ha(ZnSe = 53.93 meV (625.8 K).

For the mesoscopic trapped system the density is contrioyiéde harmonic trap frequency (we usgw? =
mjw3) and is characterized by the coupling paramater (e?/ely)/(hw.) = lo/ap With I3 = I/m’w.. In this
case, the coupling parameter for the holes is related tolégren coupling as\, = A\(mj,/mz)3/4. Also for
Coulomb systems in a parabolic trap one can find the followisefull relations. For two classical particles in
a parabolic trap their separation distamgen the ground state is given by?/erq = m.w?r3 /2. Now we can
define the density parameteér (in analogy to the Brueckner parameter= (r)/ap for macroscopic systems)
as follows: 7, = ro/ap = (2¢?/emw?)/3 Jap = 2/3X\*/3. We will use this formula to obtain approximate
relations between the densities in the mesoscopic and s@@ system by relating < 75 < 7.

2.1 Numerical details

To solve the problem aiV interacting particles described by the Hamiltonian (1) we the path integral Monte
Carlo (PIMC) method. The applied PIMC simulation techniguaes described in detail in Ref. [21]. The effective
interaction potentials used in the expressions for the-téghperature pair density matrices were obtained by
using the matrix squaring technique [22, 23].

One of the main obstacles that limit applicability of the RIvhethod for systems of particles obeying Fermi
statistics is the so callefdermion sign problem. Without additional approximations the direct fermionid/iC
simulations are only limited to problems where the deganeisnot very high. This certainly depends on the
physical situation and is related to the particle densitigriaction strength and temperature. Full inclusion of
the quantum exchange effects for the number of particlesidered here, i.€V.;,) ~ 36 — 64, will not be
possible without neglecting the spin statistics and peatiris in the electron and hole subsystems. However,
direct comparison of the PIMC simulations without spin [24th the results of Ref. [27] which include spin
effects show, that the errors introduced by neglecting five statistics are of the order of few percents and are
completely negligible foi > 10. The here considered electron densitiesri.ez 10 — 20, are sufficiently low
(for the holes the corresponding parameﬁ@? is even larger due to their larger mass) and the dominantteffe
for the interparticle correlations (and in particular foetholes) are driven mainly by the strength of the Coulomb
interaction and not by quantum statistics effects. Alsere¢his no doubt that the spin will have a negligible
effect on the localized states of the holes when they form da#tise. Hence, we expect, that the solid-liquid
transition investigated in this paper will not be sensitiv¢he particle spin. Nevertheless, the question about the
true ground state of the electron liquid (i.e. spin polatize unpolarized), just after the solid-liquid transiti@n i
currently under active discussion [28] and requires furiimeestigation.
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In the simulations presented below we assume that the etescémd holes can reach thermal equilibrium and
are cooled down by using, e.gHe/*He dilution refrigeration to a temperature b7 = 1/3000 Ha. For
ZnSe (GaAs) this corresponds to an absolute valug f208.6(44.37) mK. At these low temperatures thermal
fluctuations are negligible and the system is practicalthanground state.

In the PIMC representation of the density matrix appliedun simulations [21], we have us@d6 (in some
cases 128) beads (high temperature factors). This is suffiod reach convergence for the full energy better
than1% and an even better accuracy for the pair distribution fumsti The use of such a moderate number
of beads was only possible by using pre-computed tablesegbdiir density matrices for all types of Coulomb
interactions, i.e. for the intra-layer and inter-layeeirgction terms in the hamiltonian (1), and for the external
parabolic confinement for both electrons and holes. To retheenormous computational effort for a simulation
of fermions, here we used Boltzmann statistics for bothtedes and holes, and the spin effects are omitted. For
reasons discussed above we expect that this will not infRifrecresults of this paper significantly.

Both layers are treated as pure 2D layers of zero thicknesssi@ering that the thickness of real physical
QWs is of the order of few Bohr radii, this approximation seetm be reasonable for the range of densities
considered here, i.e;; = (r)/ap > 10, and an inter-layer distance df= 20ap. [The case whed and (r)
become comparable to the well width would require esséyntimbre computationally costly 3D simulations and
inclusion of additional terms related to the QW potentialtia hamiltonian (1)]. For quite narrow QWs with a
thickness of abouta g and less, the adiabatic approximation can be successidlywith the 2D hamiltonian (1)
with slightly changed interaction terms (see Ref. [29]).

For the chosen inter-layer distaneke—= 20a, our system represents essentialy a 3D structure, as tlae int
layer and inter-layer correlations are on the same lengthearergy scales. For small ratidgr, < 1 the
system approaches the single layer limit, whereag fog >> 1, it behaves like two uncoupled layers. Also, for
d = 20ap we can completely neglect the inter-layer tunneling, ardife time of electrons and holes can reach
a few microseconds which is much larger than their equilibretime.

The mass ratio of the electrons and holes is varied in theerahig< m} /m} < 100 which covers practically
all semiconductor materials. In our simulations we haventbthat the initial equilibration time needed to bring
the system from an initial randomly chosen configuratiorh® thermodynamic one, depends on the electron-
hole mass ratio and the strength of the external confinerbsaially we skip the first0 000 — 100 000 MC-steps
and only then start to accumulate thermodynamic averages.

2.2 Calculated quantities
2.2.1 Pair and radial distribution functions

The physically relevant quantities to investigate a phasesttion are theadial (n(r)) andpair (g(r)) distribution
functions. Both functions are a good probe of the short ang-i@nge order in the system and yield information
on the importance of correlation effects. In Statisticalddi@nics these quantities are given by the expressions

1 N, N 1 Nav)
9ab(r) = &7 szzw(lrwl—?’)% Ma(v) (1) = o > (8(wil = r0)), (2)
@ i=1 j=1 a i=1

wherea andb are two particle speciesy is the reference point for the radial density (e.g the ceotahe
parabolic potential as used here), and.) denotes the thermodynamic average. In the PIMC approach the
averaging is performed with th¥ —particle density matrix, i.e

(..0)= %//drldrg...dr]v (..) p(r1,re,...,rN; B). 3)

After the high-temperature decomposition this integraludes also additional integrations over the particle
coordinates on the intermediate “time-slices” and, asw@t,g¢be particle images on each time slice also contribute
to the distribution function which significantly improvesetconvergence of the simulations.

2.2.2 Lindemann parameter

One of the criteria to investigate structural phase traorst(e.g., solid-liquid phase transition) was proposed
by Lindemann [30], who used vibration of atoms in the crystaéxplain the melting transition. The average
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amplitude of thermal vibrations increases with tempemtfrthe solid. At some point the amplitude of the
vibrations becomes so large that the atoms start to occupgptice of their nearest neighbors and disturb them,
and the melting process is initiated. According to Lindemahe melting might be expected when the root mean
vibration amplitude,/(5u2) /a2 exceeds a certain threshold valyé?) is the particle fluctuation from a lattice
site,a = 1/y/mn, n is the density). Namely, when the amplitude reaches at lg#stof the nearest neighbor
distance, this quantity exhibits a rapid growth when thegerature becomes close to the melting temperature
of the solid phase. While for 3D systems this criterion carsbecessfully used, in 2D this quantity shows a
logarithmic divergencdn(L/a), with the increase of the system size Instead, to indicate the phase transition
from a liquid to a crystal, in 2D, one should apply the modifig@demann criterion and use the relative distance
fluctuations [31]

R @

ud’ = | 4)

r 2 )
NalNy i=1 j=1 (rij)

wherer;; is the distance between the particteandj. To reduce the effect of particle diffusion through the
cluster (in a finite system) or through the simulation cedk @ macroscopic system), which leads to very slow
convergence with the increase of the system size, in thelegien of (4) we have performed partial averaging
over1 000 MC-steps (one block). After the current block has been ceteplwe proceed to a new one and the
MC averaging was repeated for the n&x00 MC-steps. The difference in the fluctuations measured frimtib
to block can characterize the ordering in the system and e efective for large systems.

2.2.3 Nature of the phase transition in 2D systems

Strictly speaking, in classical macroscopic 2D systenis #t 0 a true crystal state does not exist. The absence of
off-diagonal long range order in the system manifestsfits#¢he existence of two disordered phases characterized
by different asymptotic behaviors of the pair correlationdtiong(r, 7). The system undergoes a transition at a
finite temperatur@ - (Kosterlitz-Thouless transition) when the asymptates’)|» /|, change from

N~ P = x|/E(T)) N~ !
g(T,T) ~ |r—r'|0‘(T) (TZTKT) to g(’l"/]") ~ m

(T < TKT)a (5)

where{(T') is a characteristic correlation length. The important tjoasof the relevance of the standard
Kosterlitz-Thouless theory also for 2fpantum systems has been discussed in Ref. [34] for the two-dimeakio
XY model. A generalization for Coulomb systems is subjecbimoing work [35]. Concerning the interpreta-
tion of the results of the present publication we indeed fimélrupt transition in the decay of the maxima and
minima of¢(r, ') (see the discussion below) which can be approximated bysyraptotes in Eq. (5).

3 Numerical results: Mesoscopic system

In the following we consider a bilayer system populated witihhesoscopic number &f. = N;, = 36 electrons
and holes. The results of our simulations are presentedys Bi3. In our simulations two different densities are
analyzed, given by, = 5 and\ = 10.5 which corresponds to the first maxima of the pair distribufienction
g = 8.7 andg;;,** = 19, respectively. These densities are chosen such that, givitie temperature, hole
crystallization is expected to occur, at least for largeswasosM = my,/m.. If the density is chosen too low,
the Coulomb coupling would to weak for crystallization. @e bther hand, if the density is too high, the crystal
vanishes due to quantum melting. At the chosen densitiesltdrons are always in the quantum liquid-like
state, while the state of the holes can be changed by vafying

At the chosen densities the total cluster radiu®js.s = 70ap (Rx=10.5 = 150ap). That means that the
average densities (in a single layer) are for GaAs; = 9.4 - 10°/cm? andn—10.5 = 2.0 - 10°/cm?, and for
ZnSen -5 = 9.9-10'%/cm? andn—10.5 = 2.2- 10'°/cm?. These values are for the electrons, for the holes the
radius slightly decreases whéff is increased.

Consider first Fig. 1 which gives an overview on the obsenedthlsior for the two densities (first two rows)
when the mass ratio is varied in the range frome 100. The first observation is that, in all cases, the electrons
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Fig. 1 Pathintegral Monte Carlo configuration of holes (blue miand electrons (red dots) in a bilayer system with distance
d = 20ap, temperaturd’ = Ha/3000 and different mass ratios¥/ = 5 (left column), M = 20 (center) andV/ = 100
(right). Each particle is represented By6 dots (path integral) which, for the electrons, are mutupbyetrating. First

two rows: 36 electrons and holes in a harmonic trap with coupling sttemgt= 5 (upper panel) and = 10.5 (second
panel). Shown is a typical snapshot (without statisticaraging). Note the different axis scales in the two pan8sw

3: Simulation snapshots of a macroscopic bilay®t (= N;, = 64 electrons and holes in the simulation cell with periodic
boundary conditions, the borders mark the simulation &sth particle is shown only once). The density matches théron
the confined system of the second row. There are structufedtsdeas the triangular lattice is not uniform.

are distributed almost continuously, whereas the holesrhedocalized whe/ exceeds 20 (5) at = 5 (10.5).
Due to the rotational symmetry of the trap, the holes arenged in concentric shells.

The main difference between the mesoscopic system with @phe in-plane confinement and an infinite
system are well-known finite size effects, see e.g. [36] Wiire related to the rotational symmetry instead of
translational symmetry. Further, even when averaged treemibdulation caused by the shells, the density is not
constant over the entire system, cf. left part of Fig. 2. TWerage density is highest in the center and decreases
towards the cluster surface. Fig. 2 also clearly shows tfeetedf the mass ratio. With increasidd the hole-
hole correlations increase leading to increased holeilatan [5, 6]. This is accompanied by a pronounced
modulation of the radial density(R) and the pair distribution (PDFg,.,, see Fig. 2. The reduction of the zero
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Fig. 2 (Color online) Hole radial distribution (left fig.) and hel®le pair distribution (right) fol = 5 and five mass ratios
(see inset) for a mesoscopic confined bilayer i\th= N;, = 36.

point fluctuation with increase of the particle magsleads to a hole localization and crystal formation. It is
found that the shell radii in the radial density profiléR) in Fig. 2, as well as the peak positions in the hole-
hole pair correlation functiopy;, of the mesoscopic clusteh (= 5) are independent from mass rafié. For

M = 100 we find that the holes are arranged3ishells populated withi6, 12, 7 and a single particle in the
center, see Fig. 1.

Fig. 2 shows, that by changing the mass ratio froto 100 the holes exhibit a transition form a delocalized
guantum state with wave function overlap to a highly ordepedsi classical state, while the electrons stay in a
guantum fluid state and their correlations change onlglittith A/ for the present parameters. We note that the
classical Coulomb coupling parameter (the ratio of meanetation and kinetic energy) fak/ = 100 equals
I = g/rs = 345 andl’ = 158 for A = 5 and\ = 10.5, respectively, which is beyond the critical value for the
macroscopic (one-component plasma) crystallizalign, = 137.

Let us now consider the response of the electrons to the tamaf the hole crystal. While the electron
density is almost structureless, some details can be sethe ielectron-hole PDF, Fig. 3. This function has a
distinct peak at zero (in-plane) distance showing the edastand hole are pairwise vertically aligned for all
values ofM . Also, the next peaks of the e-h PDF are aligned with thosg, pf The small shift in the peaks of
the two functions is due to the normalization. In order to pane the details of the cluster arrangements with
the macroscopic system below, in Fig. 3 we have diviggdandg.;, by the corresponding functions faf = 1
where they are structureless. This allows to largely elatérhe effect of the trap (but slightly shifts the extrema).

4 Numerical results: Macroscopic system

To understand the relevance of our above mesoscopic résuldsger systems containing hundreds or thousands
of particles we performed additional simulations for a neacopic e-h bilayer without confinement potential. We
have considered/. = N}, = 64 electrons and holes in a simulation cell of the siZe. x L,} = {152.37ap X
131.956a 5} with periodic boundary conditions (PBC). This correspotods density parameter = 10 (average
particle distance in units of the electron Bohr radius).sTdensity was chosen to be comparable to the average
density in the finite system (see Sec. 3) for the case of cogiplarameteA = 10.5. The mass ratid/ was
varied betweeri and 100, the temperature was fixed " = 1/3000 Ha. The number of particles and the
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Fig. 3 Hole-hole (upper fig.) and electron-hole (lower fig.) paistdbution functions for thamesoscopic bilayer with
N. = N, = 36 and\ = 10.5 for four values ofM (see inset). The curves are normalized to the corresporiridigfor
the casel/ = 1 to eliminate the influence of the decay of the average deisitlye trapped system, cf. Fig. 2. Note that
electrons and holes are always pairwise aligned verticahg plot includes distances up to two times the radius wtéelses
the increase of the PDF for large distances.

dimensions of the cell, i.€, = /3L, /2, were chosen to best fit the symmetry of a triangular latticeich is
expected to be formed by the holes. We note that finite sisesfare of the order of few percents, a systematic
analysis with larger particle numbers is beyond the scopleispaper.

Let us now consider the results for the macroscopic bilayidree typical snapshots fav/ = 5,20, 100
are shown in the lower row of Fig. 1. As in the mesoscopic sysfer all cases the electrons are completely
delocalized. In contrast, the hole localization incredsas M = 5to M = 100. Also, we confirm that the
density of the mesoscopic system (second row) is well mdtcthe average distance between two holes as well
as their extension (given by the size of the blue dots) is ghkrge to the trapped case.

Consider now the pair distributions. In Fig. 4 (upper fig.) shew the hole-hole PDF for different mass ratios
1 < M < 20. Since the particle number and box size are fixed, the avgragiele density stays constant and
the position of the first peak of the PDF are practically iretegent ofA/. However, the general behavior of the
PDF changes drastically. F&¢ > 4 we observe clear oscillations typical for the solid phaseer&he third and
fourth peaks are well resolved (for> 66ap the scale exceeds half of our simulation box). These otoitlia
become rapidly damped by changiffjto 3 and below, here the PDF show liquid-like features. The thaedk
is now strongly suppressed. This transition can be quattifiecomputing the ratio of the (magnitude of the)
first minimum to the first maximum which i, = 0.48, for M = 4, andvy; = 0.65, for M = 3. Similarly, for
the third peak this ratio becomes = 0.76 and~s; = 0.96, respectively. The ratig; is frequently used as an
empirical criterion for the solid-liquid transition in daical systems; in a one-component 3D system the critical
value is known to be; ~ 1/3. If a universal value exists also in the present two-compb2B quantum system
where the transition is expected to be of the Kosterlitzdlbss type is an interesting question which deserves
further analysis.

Let us now compare the pair distributions with those in themseopic system at the same densky=10.5),
Figs. 4 and 3. Interestingly, we find that the first peakg;gf have approximately the same height, and also
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Fig. 4 Hole-hole (upper fig.) and electron-hole (lower fig.) paistdbution functions for themacroscopic bilayer with
N. = N, = 64 (with periodic boundary conditions) for the mass ratids= 1, 3,4, 5, 10, 20 (the maxima increase with
increasingM). Note the alternating location of maxima and minimaygf andge, -

the peak positions are very close, see upper parts of the gareB. Further we observe that the minimaygf

are significantly deeper in the macroscopic case. This ifa#qd by intershell rotations which occur in the
mesoscopic system [5] and wash out the correlations. Theepteesults are at temperatures above the freezout
of these rotations.

Consider now the relative importance of the inter-layereations for the stability of the hole crystal. To this
end, we have plotted the e-h PDF in Fig. 4 (lower fig.). For ymarmetric case)M = 1, and also folM/ = 3 we
observe similar behavior: the highest probability has thefiguration where the electrons reside (in their own
layer) just below the holes, as was observed in the mesassygiem, lower part of Fig. 3. Obviously, the height
of this peak is small, the modulation depth is aro@fidbecause of the high electron degeneracy (delocalization).
This means that these peaks cannot be associated with biatesl(ndirect excitons) since the electron density is
well above the Mott densityyoty fOr this system where excitons break up because the repuéimvo excitons
exceeds the electron-hole binding. Note that,.; depends on the layer separatibwhich governs the binding
energy and the typical size}; of an indirect exciton which is of the order éf (n\or+ depends also weakly on T
[25] which, however, is of minor importance for the hole ¢afs Hence, for the present parametels; s = 20
andr, = 10, the in-plane exciton size exceeds the separation of twghbering electrons which causes exciton
ionization. On the other hand, reduciddpelow 10, excitons become stable (for temperatures below the excito
binding energy) which is confirmed by our PIMC simulations.

For larger mass ratios\/ > 4, a completely different behavior af; emerges. From our analysis of the
hole-hole correlations we know that the holes are now in adéted state” (or, in the terms of the Kosterlitz-
Thouless theory, in a “less disordered state” with a powerdecay of off-diagonal long-range order). Now,
there is no maximum of.;, at zero distance, and the function exhibits oscillationfie Explanation is that
the electron density is modulated due to the presence ofdheednystal with maxima located in between the
holes. While the amplitude of the oscillations is small,dabl % modulation depth) they are clearly visible
and become systematically more pronounced wheimcreases, see Fig. 4 (lower part). We, therefore, expect
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Fig. 5 (Color online) Left Fig.: Relative distance fluctuationstbé holesu"", (Eq. 4), as a function of the mass rafi6

for a macroscopic (black solid line) and mesoscopic bilaystem for two densities (see inset). Right Fig.: Decay ef th
amplitude of the maxima and minima of the hole correlatidpg,(— 1|) in the macroscopic system, cf. Fig. 4, for the seven
mass ratios — from bottom to top7 = 1, 2, 3,4, 5, 10, 20. Note the change from an exponential (far < 3) to a power law
decay (forM > 4) which signals the Kosterlitz-Thouless transition.

that appearance (disappearance) of these oscillationg @ an additional indicator of a phase transition in the
present asymmetric bilayer system.

Finally, as another quantity sensitive to phase transtiore consider the relative distance fluctuatiofi%
of the holes, Eq. 4, as a function 81, Fig. 5 (left part). This quantity exhibits a rapid drop beemM = 3
and M = 4 which is related to a localization transition. We can tratesfrom the critical mass ratio (which is

expected to be between three and four) to the hole densi&yrmlerrgh), usingrgh) = r§e>mh/me, and the
Brueckner parameter of the electrong,) = 10. As a result, we obtain that the phase transition in the laglerl

occurs at a critical density in the range < rz™ < 40. This result is close to the valué ~ 37 known as the

critical density of solid-liquid transition in the one-cpwnent quantum 2D system’At= 0 [26]. Compared to
this value, in our bilayer system, we observe indicationstalbilization of the “ordered state” of the holes due to
presence of the electron layer.

We note that, at smaller values éf(e.g. d = 5ap andd = 10ag) no hole crystal is found. Instead we
observe formation of indirect excitons which form a solichpé of composite particles. At the same time, the
interparticle interaction changes from Coulomb to dipidte-which reduces the value of the classical coupling
parameter td' = %/l@BT. Similar tendencies have also been seen in simulatioggnafetric classical and
guantum e-h-bilayers [12, 15].

5 Discussion

Analyzing the peak height (amplitude) of thg, in the macroscopic system (Fig. 4) in dependence on the peak
positionr,, we can deduce to the correlation decay law and compare tosthepotes (5). In the disordered
phase of small mass ratidd = 1...3 we find an exponential correlation decayqgf,, see right part of Fig. 5.
From mass ratid/ = 1to M = 3 disordering is lowered and the correlation length incredsem¢ = 6.5 to
& = 13. Increasing the mass ratio above the critical mass ragio)d. > 4, we find a topological transition to the
Kosterlitz-Thouless phase with power law correlation-tfl

We may now obtain a critical mass ratio at which quantum meltif the hole crystal takes place. Using as a
criterion a critical value ofi,. = 0.15 of the relative hole-hole distance fluctuations we obfein (A = 5) ~ 5
and M..(A = 10.5) =~ 2.8, in the mesoscopic system, aid..(rs = 10) ~ 3.1, in the macroscopic system

Copyright line will be provided by the publisher
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(recall that it corresponds td ~ 10.5). Obviously, the absolute numbers are somewhat arbitoatyallow for
an analysis of the dominant trends. M).,. depends on density and weakly on temperature. It decreasas w
the coupling strength increases in agreement with earlier observations for seahltlusters [24]. ii), there is
good agreement between the critical mass ratios of the megizsand the macroscopic system (withivfs).

iii) the critical values are much smaller than the valuelgf. ~ 80 in a 3D bulk system [7] which underlines
the remarkable additional control of physical behavioristing in a bilayer system by a variation of the layer
separationd. It is expected that further reduction dfwill allow to further reduceM,, and to increase the

maximum density of the hole crystal to values beldiltl = 20 [15, 16].
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