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Abstract—The construction of a helium cryostat with pumping of *He vapors designed for optical measure-
ments with a high spatial resolution in the temperature range 0.45—4.20 K. The cryostat is equipped with four
windows made from fused silica. A studied sample is mounted inside a reservoir filled with liquid He in a
holder minimizing the influence of both vibrations and thermal drifts and can stay in the chamber at
T =0.45 K for >20 h. The cryostat was used to study photoluminescence of GaAs/AlGaAs semiconductor
heterostructures. It was revealed that, in a structure with two tunnel-coupled GaAs quantum wells with a
width of 120 A, the threshold pumping power required for the appearance of a narrow spectral line, which
corresponds to the Bose condensate of spatially indirect dipolar excitons, decreases by a factor of 6, as the
temperature falls from 1.50 to 0.45 K. In a sample with a single wide (250 A) GaAs quantum well, the distri-
bution patterns of the luminescence of dipolar excitons inside a 5-pm circular potential trap were obtained at
T = 0.45 K. The spatial resolution of the distributions is no worse than 1.5 um.

PACS numbers: 07.20.Mc, 71.35.Lk, 78.67.De
DOI: 10.1134/50020441209060256

In the field of optical spectroscopy of condensed
media, there exist a number of interesting problems
that can be solved at 7'< 1 K and a rather high spatial
resolution. One of them is associated with investiga-
tions of the Bose—Einstein condensation (BEC) of
hydrogen-like excitons in semiconductors [1—7]—in
particular, with studies of the phase diagram of a tran-
sition into a Bose-condensed state at 7< 1 K. To solve
such a problem, an optical cryostat with pumping of
3He vapors is necessary, which would made it possible
to perform measurements with a high-aperture optical
system ensuring a spatial resolution at a level of 1 um.
In this paper, the design of an optical cryostat we man-
ufactured is described. This instrument allows cooling
of samples to 7'= 0.45 K and conducting of optical
studies of BEC of spatially indirect dipolar excitons in
GaAs/AlGaAs quantum wells.

DESIGN OF THE CRYOSTAT

The design of the developed optical cryostat is
schematically shown in Fig. 1. In contrast to other
designs, here, the studied sample is placed just inside
the chamber filled with liquid *He and not in a glass
ampoule connected to the *He chamber through a
cold finger [8]. This ensures effective cooling of the
studied sample to 0.45 + 0.05 K during pumping of
helium vapors and maintenance of this temperature
under illumination of the sample with visible light.

The rectangular structure of the cryostat’s tail part (see
the inset in Fig. 1) allows the distance from the surface
of the studied sample to the cryostat’s outer window to
be reduced to <30 mm, thus making it possible to use
an optical system with fast lenses ensuring a spatial
resolution of up to ~1 um. The cryostat has the follow-
ing main characteristics:

Diameter of the column for samples 24 mm
Volume of the vessel for liquid “He 51
Volume of the vessel for liquid nitrogen 41
Number of windows 4
Material of windows KY quartz
Sample—window aperture 33°
Height of windows relative to the low edge of 120 mm
the cryostat

Working distance (sample—outer window) 30 mm
Diameter of the outer window 28 mm
Diameter of the inner window 10 mm
Light depolarization <1%
Volume of the external vessel for *He 271
Minimum temperature of a sample 0.45 K
Time of continuous operation at 0.45 K >20h
Consumption of liquid helium at 4.2 K <0.11/h
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Consumption of helium for cooling the cryostat 1.61

to 4.2 K from the temperature of liquid nitrogen

Length of the tail part 286 mm
Outer dimensions of the tail part 65 x 55 mm
Outer diameter of the cryostat 215 mm
Cryostat height 1285 mm
Cryostat mass 12 kg

To reduce the power of thermal radiation penetrat-
ing into the chamber with *He from warm parts of the
cryostat, the chamber is surrounded by two copper
shields, one of which—outer shield /0—is cooled
with liquid nitrogen and the second—shield 12
directly surrounding the chamber with 3He—is cooled
with liquid “He. To perform optical measurements,
each shield has an optical window being in thermal
contact with it. As a result, four windows, mounted in
the outer shell of the cryostat, nitrogen shield, helium
(“He) shield, and wall of the chamber with liquid *He,
are positioned on the optical axis (Fig. 1). The result-
ing aperture of the cryostat’s optical channel is 33°,
and the distance from the outer window to the sample
in the 3He chamber is <30 mm. The round windows
are manufactured from KY fused quartz, which is
transparent in the UV, visible, and near-IR spectral
regions. The thickness of the shields’ windows is 1.5
mm, and the thicknesses of the window of the *He
chamber and the outer window are 2 and 3 mm,
respectively. The windows of the outer shell, nitrogen
shield, helium shield, and 3He chamber have diame-
ters of 28, 25, 20, and 10 mm, respectively. The outer
and *He chamber’s windows are hermetically glued
into stainless-steel collars with a thickness of <150
pm, which are soldered to the outer shell and the
chamber with liquid He, respectively. A domestic Kri-
osil multicomponent epoxy adhesive used for this pur-
pose ensures tightness of joints at low temperatures
and high reliability under multiple thermocycling
(=1000 cycles). A finely dispersed powder guarantee-
ing the required mechanical and thermal properties of
the adhesive seam is one of the components of this
glue. Thin-wall collars allow minimization of elastic
strains arising during cooling of windows and substan-
tially reduce their polarizing effect. The B®-2 glue is
used to paste windows to the nitrogen and helium
shields. The windows efficiently absorb thermal radia-
tion and withdraw it to the cooled shields. This allows
one to significantly reduce the heat supply to the
chamber with liquid 3He, thereby allowing mainte-
nance of the chamber temperature at a level of
~0.45 K for 20 h after condensation of 25 1 of gaseous
3He (under normal conditions) and pumping of its
vapors.

The temperature in the chamber with 3He was
measured with a ruthenium thermometer. An RuO,
resistor was calibrated in the range 1.5—20.0 K using
both a calibrated germanium resistor and the pressure
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Fig. 1. Schematic diagram of the optical cryostat with
pumping of 3He vapors: (/) electric connector, (2) sample
holder, (3) vacuum joint for pumping of “He vapors,
(4) vacuum joint for pumping of "He vapors, (5) cylinder,
(6) outer shell, (7) vessel for liquid nitrogen, (&) radiation
shield, (9) vessel for liquid 4He, (10) nitrogen shield,
(11) plate—radiators, (/2) helium shield, (/3) outer optical
window, and (/4) chamber for samples. The inset shows
the cross section of the cryostat’s tail.
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of “*He vapors. In the range 0.45—2.00 K, the ther-
mometer was calibrated by the 3He vapor pressure. In
all ranges, the calibration accuracy was no worse than
0.05 K. During operation with external continuous
photoexcitation sources, in particular, with semicon-
ductor lasers with wavelengths of 659 and 782 nm,
when the integral power of the light flux incident on a
sample increased to 100 uW, the temperature of the
3He chamber increased by a value <0.05 K.

To achieve a high spatial resolution, it is necessary
to minimize both mechanical vibrations and relatively
slow drifts of a sample caused by temperature varia-
tions in the upper part of the cryostat. To prevent sam-
ple vibrations, the lower conic part of sample holder 2
was pressed against a conical notch in the bottom of
chamber 74. A bellows element positioned in the
upper part of the sample holder’s rod served as a
spring. The position of the holder inside cylinder 5was
fixed by elastic spacers relative to the walls of the cyl-
inder, which is a line for pumping of *He vapors rigidly
joined to the rectangular *He chamber. This reduced
rod vibrations in the direction perpendicular to the
cryostat axis.

Let us discuss the cryostat design in more detail.
The CRYO105_He3 helium cryostat (according to the
nomenclature of RTI, Cryomagnetic Systems Co.)
with pumping of *He vapors was produced on the basis
of a modified OptCRYO105 helium optical cryostat
[9] and intended for optical investigations in the tem-
perature range 0.45—4.2 K. Thin-wall stainless-steel
cylindrical column 5 has dimensions of 24 x 0.3 mm
and serves as a route for pumping *He vapors. In its
lower part, the cylinder is hermetically joined to rect-
angular chamber 74 for samples, which is manufac-
tured from copper sheets 0.8 mm thick. Shields /0 and
12 are made of the same material. A sample fixed in
the holder is loaded into the chamber through a hole
in the upper part of cylinder 5. Outer shell 6 of the cry-
ostat is manufactured from stainless steel sheets
1.2 mm thick. The vacuum volume of this shell con-
tains vessels 7 and 9 for liquid nitrogen and *He with
volumes of 4 and 5 1, respectively, manufactured from
the same stainless steel sheets (Fig. 1). All vacuum
seams of the outer shell and the inner vessels of the
cryostat were made using argon-arc welding. After
being manufactured, all components were electropol-
ished.

The vessel with “He is protected from thermal radi-
ation by copper shield /0 cooled with liquid nitrogen.
Vapors are pumped from the “He vessel through
demountable vacuum ring joint 4 using an external
mechanical pump (Edwards E2M28 with a capacity of
32 m3/h). As a result of pumping, the temperature of
the “He volume decreases to 1.45 K, which is sufficient
for the condensation of gaseous *He stored in a
receiver at room temperature. Simultaneously, the
temperature of copper shield /2 surrounding the He
chamber also decreases. A temperature of 1.45 K is
maintained constant during the entire experiment,
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and gaseous *He condenses on copper plate—radiators
11 attached to the rod of the sample holder and being
in thermal contact with the walls of the “He vessel.
Liquid *He is collected on the bottom of the rectangu-
lar chamber. After 25 1 of gaseous *He condense and
are cooled to 0.45 K by pumping of its vapors, the lig-
uid level remains above optical window 13, so that the
sample under study is completely immersed in liquid
3He. 3He vapors are pumped with an external cry-
osorption pump through demountable vacuum ring
joint 3 [10]. The *He temperature is maintained near
0.45 K for at least 20 h. A sample is replaced after the
cryostat is completely warmed and the entire >He vol-
ume is pumped into the receiver.

EXPERIMENTAL RESULTS

To illustrate the capabilities of the described cry-
ostat, we present the results of studies of the photolu-
minescence spectra under the conditions of BEC of
indirect (dipolar) excitons in a double quantum well in
a GaAs/AlGaAs n—i—n heterostructure as a function
of laser pumping. These measurements were per-
formed at 7= 0.45 and 1.50 K. In this heterostructure,
the width of each well is 120 A and the wells are sepa-
rated by a barrier consisting of four AlIAs monolayers.
Dipolar excitons appear under the conditions of
above-barrier photoexcitation at an electric voltage
applied perpendicular to the heterostructure layers.
Under such conditions, an electron and a hole in an
exciton are spatially separated in the direction of the
applied field and excitons themselves acquire a static
dipole moment even in the ground state. Because of a
significant decrease in the overlap of the electron and
hole wave functions in the direction of the applied
field, the radiation lifetime of dipolar excitons sub-
stantially increases and they become long-living (on
the nanosecond time scale). The lifetime of a dipolar
exciton exceeds the characteristic relaxation time at
phonons by several orders of magnitude. Therefore,
the collective interaction phenomena in a system of
high-density dipolar excitons occur under quasi-equi-
librium conditions and the gas of such excitons can be
cooled to rather low temperatures determined by the
temperature of the crystal lattice that contains these
excitons.

Owing to strong dipole—dipole repulsion, dipolar
excitons in the studied structures are not combined
into molecules or other more complex structures (e.g.,
charged exciton structures or trions). Therefore, even
at high densities, a gas of dipolar excitons remains
“monoatomic” until excitons are destroyed via ioniza-
tion as a result of a Mott transition. Moreover, at low
temperatures, as the concentration of the gas of dipo-
lar excitons increases, it does not condense into a lig-
uid; i.e., in a dense system of dipolar excitons, a phase
transition of the first order does not occur for funda-
mental reasons. At the same time, excitons and, in
particular, dipolar excitons, are composite bosons
Vol. 52
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because their resulting spin is integer-valued. There-
fore, when critical densities are reached at sufficiently
low temperatures, a BEC phenomenon may be
observed in a system of dipolar excitons. In 2D sys-
tems, the BEC of excitons may occur only under the
conditions of lateral (intraplane) spatial confinement,
i.e., in lateral traps. Large-scale fluctuations of a ran-
dom potential [11, 12] and nonuniform electric [13—
17] or deformation [18] fields may serve as traps for
dipolar excitons. The appearance of BEC is accompa-
nied by macroscopic filling of the lowest state in a trap
(a state with a zero quasi-momentum) with excitons
and the appearance of large-scale coherence in the
system of interacting excitons [19].

In photoluminescence spectra, the transition of
excitons to the condensed state is displayed in the fact
that, when the optical pumping intensifies, a narrow
line arises in a thresholdlike manner. Its intensity near
the threshold increases superlinearly above a back-
ground related to localized states [11, 12, 19, 20]. Fig-
ure 2 shows the corresponding luminescence spectra
measured at 0.45 K and different powers of laser pho-
toexcitation. The inset shows the dependences of the
intensity of the dipolar-exciton line (after deduction
of the background) on the laser-pumping power at
temperatures of 0.45 and 1.54 K. As is seen, the inten-
sity of the narrow line near the threshold increases
superlinearly with an increase in the photoexcitation
power; this could be expected under the conditions of
exciton Bose condensation. A linear dependence of
the line intensity on the pumping power is observed
only far from the threshold. It is of importance that,
when the temperature decreases from 1.50 to 0.45 K,
the threshold of appearance of the narrow line corre-
sponding to the Bose condensate (indicated with an
arrow in Fig. 2) shifts toward lower optical pumping
levels and decreases by a factor of almost 6.

The obtained results demonstrate the possibility of
further studies of the phase diagram of the BEC of
dipolar excitons [12]. The phase diagram must be plot-
ted in the density—temperature coordinates. In this
case, the absolute values of the exciton density will be
determined using the measured luminescence signal
of the exciton condensate, the known geometry of
luminescence radiation collection, and the exciton
lifetime in the condensate measured from the lumi-
nescence kinetics [21]. According to the measurement
results, it should be expected that the critical values of
the temperature and exciton density will be interre-
lated via a power law. The value of the exponent will
make it possible to evaluate the form of the confining
lateral potential and, probably, the very state of imper-
fection of the system of interacting dipolar exciton
under study.

In conclusion, let us consider one more experi-
mental problem associated with studies of BEC of
dipolar excitons, which, in principle, will be presum-
ably solved using the described optical *He cryostat.
These are measurements of a large-scale spatial coher-
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Fig. 2. Series of photoluminescence spectra of indirect
(dipolar) excitons in a GaAs/AlGaAs double quantum well
(the width of both wells is 120 A) depending on the power
of laser (A = 659 nm) pumping (figures near curves) at 7=
0.45 K. The inset shows the dependences of the dipolar-
exciton line intensity on the pumping power (after deduc-
tion of the luminescence background of localized states) at
T = 0.45 and 1.54 K. The line onset threshold (the arrow
in the spectral series) increases with temperature by a fac-
tor of ~6.

ence and the correlation function of luminescence
amplitudes gV (first-order correlator) along the BEC
phase diagram. Earlier, we showed that, under the
condition of Bose condensation, the actual picture of
luminescence observed with a high spatial resolution
from a circular trap, in which dipolar excitons accu-
mulated, is a spatially periodic structure of luminesc-
ing spots [19, 20]. Direct observations of the in situ
optical Fourier transform of such a spatially periodic
luminescence structure demonstrated its high spatial
coherence [19]. However, correlation function of
amplitudes g(V(x, y) itself as a function of spatial coor-
dinates (x, y) in the plane of the quantum well and the
behavior of the amplitude correlator under tempera-
ture variations have not been determined so far. In
principle, this problem can be solved using a two-
beam interferometer, to which images of a spatially
periodic structure of luminescence of dipolar excitons
Vol. 52
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Fig. 3. (a) Spatial distribution of the photoluminescence intensity of dipolar excitons inside a 5-pm-diameter circular potential
trap and (b) its 3D pseudoimage (the intensity is plotted along the vertical coordinate). A single GaAs/AlGaAs quantum well

250 A wide, T=0.45 K, P=200 nW, and A = 659 nm.

from the circular lateral trap are transmitted with a
sufficiently high spatial resolution (~1 pum).

In experiments performed with the described cry-
ostat, we managed to observe in situ spatially periodic
structures of luminescence of a Bose condensate of
dipolar excitons with a quite high spatial resolution (to
~1 pum). This result (Fig. 3) was obtained at 7 =
0.45 K. In experiments, a Schottky GaAs/AlGaAs
photodiode with a single wide (250 A) GaAs quantum
well was used. Electron-lithography methods were
used to form round holes 5 pm in diameter in the
Schottky gate. When an electric voltage was applied to
the Schottky gate, along the perimeter of such a win-
dow, a lateral circular potential well for dipolar spa-
tially indirect excitons arose [19, 20]. Under the con-
ditions of above-barrier photoexcitation, dipolar exci-
tons that were generated in the quantum well
accumulated in the circular trap along its perimeter.
When the critical pumping and temperature condi-
tions corresponding to the BEC of dipolar excitons are
reached, a narrow luminescence line corresponding to
the exciton Bose condensate arose in the lumines-
cence spectrum at a certain threshold. At a sufficiently
large magnification, the spatially periodical structure
of luminescing spots, which also corresponds to the
exciton Bose condensate, can be seen in the pattern of
luminescence emitted from the trap. To observe a spa-
tially resolved pattern of luminescence directly from
the circular trap, we used high-resolution projection
optics combined with a narrow-band interference fil-
ter, which cut the region of the narrow luminescence
line of the exciton Bose condensate in the spectrum.
Pseudoimages of the spatially periodical structure
indicate that the luminescence spots are resolved with
an accuracy no worse than 1.5 um (Fig. 3). Thus, these
images can be transferred with a sufficient resolution
to a two-beam interferometer for further measure-
ments and subsequent analysis of the amplitude corr-
elator as a function of spatial coordinates.
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