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We report on first spectrally and spatially high resolved
measurements of a recently suggested electrostatic con-
finement [Ludwig et al., phys. stat. sol. (b) 243, No. 10,
2363 (2006)] for excitons in a single quantum well.

1 Introduction. Excitonic systems in external trapping
potentials are of paramount interest for several recent re-
search issues since they allow to realize and control strong
correlation and quantum effects. Examples include the the-
oretically predicted Bose Einstein Condensation, e.g. [1]-
[5], or the Wigner crystallization of indirect excitons in
semiconductor heterostructures [6]-[9]. Different types of
traps for excitons have been suggested and implemented
such as natural traps [10], pressure [11], laser [12], mag-
netic field [13], and electrostatic field induced traps [14—
16]. However, these traps typically possess only one free
parameter which defines both, the exciton and trap proper-
ties.

Here we will focus on a recently proposed electrostatic
setup [17], which consists of an adjustable conducting tip
above the single quantum well (QW) sample (see inset
Fig. 1). The considered quantum Stark confinement pro-
vides essentially two degrees of freedom: (i) the height z;;,
of the tip relative to the sample surface, which allows to
vary the lateral confinement strength of the basically har-
monic trap geometry, and (ii) the tip voltage U allowing
for control of the electron-hole separation, i.e. a voltage-
controlled transition from the (spatially) direct to the indi-
rect exciton regime [18]. The field-induced indirect exci-
tons possess a (cross-well) permanent electric dipole mo-

For this strongly correlated many-particle system we
present finite-temperature quantum Monte-Carlo results
and discuss the specific trap parameters at which a phase
transition to a mesoscopic Wigner crystal phase of spa-
tially indirect excitons is expected to be accessable.
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ment, which gives rise to a strong repulsive exciton-exciton
interaction.

2 Experimental setup. Due to the small trap size on
the micrometer scale an advanced optical setup is required
for spatially resolved spectroscopy. Also, the sample must
be cooled down to ensure that the exciton levels are not de-
stroyed by thermal effects. The complexity of the setup is
particularly increased by the fact that the optimal distance
Ztip 1s about only several micrometers, which requires the
tip and its positioner to be located inside the cryostat. It
turned out to be useful to have a static optical setup and
move the cryostat for selecting a position of the sample and
to adjust the focus. A microscope objective with 11 mm
working distance was used together with a set of lenses
to realize an optical setup according to Kohler to mini-
mize optical losses. A cylindric lens corrects the astigma-
tism of the used Raman spectrometer. The field of view is
about 250 um which implies some further effort to locate
the projection of the tip on the sample surface of 4 mm?
size. For optical inspection of the tip and the sample sur-
face, as well as for reflection measurements we used a high
power single chip LED (Seoul P4 cold white) which has an
intensity peak in the blue region. Luminescence measure-
ments were done with a fs-pulsed laser above the band edge
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Figure 1 Schematic setup (L: lens, M: mirror, BS: beam splitter).
The inset shows the exciton trap with two degrees of freedom: tip
to sample distance zt;, and voltage U. The harmonic in-plane
confinement for the neutral excitonic system is generated by the
inhomogeneous electrostatic z-field of a fine tip electrode due to
the quantum-confined Stark effect. The arrows in the QW plane
indicate the lateral (blue) and cross-well (red) field components.

(Egap,dir = 2.822eV). Excitation power was about 15mW
with 300 um spot size.

Due to the fact that we analyze the luminescence light
and the reflected light perpendicular to the sample surface,
the tip reduces ("shadows’) the analyzed light. Thus, in the
present setup the minimum 2, is limited to about 50 pm.
To achieve the required field strengths for the electron-hole
separation on the order of 10°V/m for a finite range of Ztip-
distances the applied voltage needs to be in the range of
several kV. The tip used in the present measurements was
etched from a 100 um tungsten wire and has a tip diameter
of 13 um.

3 Luminescence measurements. Here we present
first luminescence measurements of a 28 nm wide ZnSe
QW at 40K, 2z, = 50um and U = 3kV. We expect the
field strength to be about 10° V/m in the center of the trap
(in the QW plane below the tip). The low intensity makes
it necessary to integrate over 20 lines of the CCD chip to
achieve a reasonable signal to noise ratio.

In Fig. 2 we compare two measurements, one with trap
potential (red curve) and one without (black curve). The lu-
minescence shows in both cases a number of lines, which
we attribute to heavy hole (hh) and light hole (lh) polariton
resonances as indicated in the figure. This is quite similar
to the polariton effects in transmission [20] or reflection
[21] spectroscopy of the same sample. Since the emission
peak mainly results from the increased transmission of the
sample at the resonance, a more closer inspection shows
that the absolute energy positions are shifted about 1.5meV
due to the higher measurement temperature. The splitting
between hh and 1h is slightly larger in Ref. [20], probably
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Figure 2 Spatially resolved luminescence of ZnSe with (red) and
without (black) trap potential (hh: heavy hole, lh: light hole). The
trap center is located at ro = 125um. (17" = 40K)

due to removing the substrate which results in a different
stress tensor and hence influences the hh-lh splitting. Sim-
ilar to Ref. [20], the hh peak actually consists of to the first
polariton resonance near k = 0 at the low energy side and
the second polariton resonance at the high energy side.
Both from our calculations and from the simple excitonic
Stark shift given in [22] we expect the hh state to shift to
lower energies amounting to about —1.5meV at the maxi-
mum field strength. In our experiments we instead observe
a relative intensity change of the hh peak occuring at the
low energy side. This corresponds to a reduced intensity of
the first polariton mode compared to the second polariton
mode. Field ionization of the excitons may be a reason. Ac-
cording to [17] this is expected to occur above 2-10° V/m.
With respect to the present sample (exciton binding energy
is 17meV), we expect field ionization at even lower field
strength. The missing energy shift can be explained by the
different band offsets (conduction band: 2.1 meV; valence
band: 20.6meV [20]) in the used sample. The smaller con-
duction band offset reduces the localization of the electron
in the quantum well compared to the hole. That results in
a much smaller energy change by the quantum confined
Stark effect because the electron wave function can adjust
itself to the hole. Therefore no spatially indirect excitons
are created. Using a sample with equal band offsets solves
that problem whereas a slightly thinner quantum well will
help to overcome the field ionization and even clear the
way for higher field strength. That can be easily achieved
by integrating a back electrode in the sample. Thereby also
the in plane field can be reduced, that currently destabilizes
(or even destroys) the excitons [17,19].

4 Theoretical perspectives. At low temperatures
(well below the exciton binding energy) and small electron-
hole separations d the electrons and holes form stable spa-
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tially indirect excitons [19]. Previous results, where the
Fermi statistics of the exciton constituents was fully taken
into account [5], have shown that in the moderate density
regime the indirect excitons maybe be treated as composite
Bose particles. In particular at a considered in-plane den-
sity regime of 1.5 - 1019/cm?, the electron-hole binding
energy of an individual exciton is much stronger than the
repulsive exciton-exciton interaction (Ugp, > U,,). Intro-
duction of relative and center of mass (COM) coordinates
of the composite excitons allows us for a separation of the
z-problem by averaging over the QW thickness by solv-
ing the single exciton problem for the QW confinement
(presented as a square well) in the presence of the elec-
tric field [19]. Hence, the problem reduces to an effective
2D-Hamiltonian
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for N, composite bosonic excitons with the effective dipole
moment 4(R) = ed(R) in a harmonic lateral (quantum
Stark) confinement potential and a repulsive dipole inter-
action potential as discussed in [17,19]. The COM coor-
dinate R,; describes the in-plane position of the i-th ex-
citon in the external potential. Further, e denotes the el-
ementary charge, ¢ the static permittivity, m}, the effec-
tive exciton mass and wy the in-plane trap frequency. The
problem of N, indirect excitons is solved by Path Integral
Monte Carlo (PIMC) simulations, which allow for a first
principle treatment of the many-particle Coulomb correla-
tion and bosonic exchange effects. Details on the applied
PIMC technique are given in [24].

In the following we will consider the representative
example of a mesoscopic system consisting of 56 spin-
polarized indirect excitons with an effective electron-hole
pair separation of d = 20nm. This carrier separation can be
produced by an electric field of strength £/, = 20kV/cm in
a single ZnSe-based QW of 30nm width [17]. Quantitative
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Figure 3 PIMC results for 56 trapped indirect exci-
tons obeying Bose statistics. Effective spatial electron-
hole z-separation d = 20nm (6.6a ).

Top row: Exciton density plots for three temperatures:
3.35K, 830mK and 210mK (from left to right). Due to
strong inter-exciton correlations highly ordered quan-
tum states are observed; reducing temperature initiates
a two-stage crystallization process: (1) radial ordering
of the excitons on shells, (2) formation of a bosonic
Wigner nano-crystal with a hexagonal lattice structure.
Partial exciton delocalization is a result of quantum
fluctuations and Bose statistics (“cold” melting). The
plots are averaged over 10° PIMC steps (plus 10° steps
for equilibration), number of high temperature factors
M = 362 (PIMC, for details see [24]).

Bottom row: Corresponding diffraction patterns as an
indicator of a phase transition (logarithmically scaled).
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predictions on the excitonic states of the considered exci-
ton cluster for three specific temperatures are presented in
Fig. 3. Our simulations point out that the particles become
highly correlated and can even freeze into spatially peri-
odic structures when the temperature is decreased below
a critical value of T, < 1.2K. Interestingly, a two-stage
Wigner crystallization process is observed:

1.At the temperature 3.35 K, i.e., slightly above the fi-
nite melting interval [27,28], the indirect excitons are
in a Bose fluid state and delocalized within the trap due
to thermal fluctuations as well as quantum fluctuations
and bosonic exchange.

2.When the temperature is decreased to 830 mK the in-
direct excitons become strongly correlated and enter
a partially ordered state. The particles arrange them-
selves on four distinct rings (a single exciton is located
in the trap center). Note that the concentric shell struc-
ture reflects the radial symmetry of the external con-
finement.

3.Further lowering of temperature to 210 mK leads to
a freeze-out of the thermal fluctuations, whereby the
(zero-point) quantum fluctuations prevail. The PIMC
simulations show that the repulsive inter-exciton in-
teraction exceeds the quantum fluctuations and gives
rise to an intrashell localization of the quasi-particles.
A highly ordered quantum state with a hexagonal 2D
Wigner lattice is observed in the center region of the
trap (where the geometrical constraints of the external
confinement are reduced).

The two-stage transition process is a well-known phenom-
enon in 2D confined few-particle systems, e.g. mesoscopic
electron systems [25,26]. This is due to the fact that the
confinement induced radial energy barriers are consider-
ably higher than the intrashell energy barriers separating
the repelling particles. Because of the short range of the
dipole potential, the mesoscopic quantum crystal of indi-
rect excitons appears at higher densities than the electron
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(Coulomb) Wigner crystal, i.e. the crystal is stabilized. Pre-
vious numerical work predicts a transition from the Fermi
liquid state to the electron Wigner crystal phase for around
re ~ 35 (see [25,26] and references therein), whereas in
the present simulations the exciton Bose-nano-crystal is al-
ready found at 7% ~ 25.!

A deeper insight into the structural features of the dif-
ferent exciton phases can be obtained from the diffraction
picture, with the motivation that emergence of a discrete
diffraction diagram indicates a structural phase transition
(in the mesoscopic system) [29]. The diffraction intensity
is obtained from the spatial 2D Fourier transform of the
(time averaged) exciton density distribution p(r)

+oo ) 2
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—00

and is parametrized by the in-plane (transfer) vector h. Let
us now study the diffraction diagram of the exciton cloud
for the characteristic temperatures displayed in Fig. 3. The
diagram for 3.35 K reveals (beside the divergent central
spot due to long-wavelength fluctuations) five weak cir-
cular symmetric side maxima. These are a first signature
of the growing inter-exciton correlations and the onset of
a radial density modulation. Lowering the temperature to
830mK leads to pronounced circular main maxima in the
diffraction intensity at h = 0.04/ap, which corresponds
to an almost equidistant radial density modulation (resp.
intershell spacing) of 25 a . Unlike the main peaks, which
are also found in larger clusters, the number of (n—2=17)
subsidiary maxima and (n —1 = 8) subsidiary minima are
affected by the finite size of the cluster, i.e., the n = 9
density peaks in the center cross section of the shell struc-
ture. However, the most interesting and richest diffraction
pattern is found at 210 mK, where the central region of
the mesoscopic exciton crystal presents a hexagonal lat-
tice symmetry in real space with spacing of 25 a . The 2D
hexagonal lattice (which is known for lowest energy in the
unconfined case) gives rise to six distinct intensity peaks in
the diffraction image with the Brillouin zone appearing as
a hexagon. The existence of a discrete diffraction picture
indicates a phase transition of the mesoscopic exciton gas
into a crystalline state (i.e. a 2D crystal without conven-
tional long-range order).

The finding of the exciton Wigner crystal phase raises
the question about the coherence of this quantum state. In
particular the finite size of the trapped system may allow
for a fully phase coherent state of indirect excitons even in
2D, where the coherence length cannot be infinite. In this
context it should be mentioned, that even in the Wigner

' We define 7¢ (r%) as the first peak of the electron (exciton)
pair distribution function in units of the effective electron Bohr
radius ap = fi*c/mje® = 3.07nm. The used ZnSe parameters
are ¢ = 8.7, electron mass m; = 0.15mo, hh mass m;;;(xy’z) =
(0.37,0.86)mg (with free electron mass ).

Copyright line will be provided by the publisher

crystal phase single density peaks do not necessarily cor-
respond to single particles (excitons). Even in the crystal
state single-particle orbitals can extend over the entire clus-
ter as was shown by orbital resolved calculations [23]. The
question about the quantum coherence properties of the ex-
citon fluid and Wigner crystal state (including superfluid-
ity) remains a fascinating topic for further theoretical and
experimental work.

5 Conclusion. The presented setup should allow for
experimental observation of field-induced localization of
an exciton cloud within a mesoscopic confinement. Fur-
thermore, at temperatures slightly below 1 K the strong
repulsion between the indirect excitons is expected to es-
tablish a crystal-like state of excitonic matter with strong
bosonic many-particle features. The next series of mea-
surements is projected with a sample with roughly equal
band offsets and 20nm quantum well and a back electrode
close to the QW. In combination with the recently installed
dilution cryostat with a base temperature of about 20 mK
the stage is set for exciting measurements on mesoscopic
structures in the millikelvin temperature range and should
allow for the investigation of prominent many-particle ef-
fects including the Wigner crystal phase of spatially indi-
rect excitons.
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