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The paper addresses the experimental technique that, when applied to a 2D-electron system in the integer
quantum Hall regime with filling factor v = 2 (the Hall insulating state), allows resonant excitation of
magnetoexcitons, their detection, control of an ensemble of long-lived triplet excitons and investigation of their
radiationless decay related to exciton spin relaxation into the ground state. The technique proposed enables inde-
pendent control of photoexcited electrons and Fermi-holes using photoinduced resonance reflection spectra as
well as estimate with a reasonable degree of accuracy the resulting density of photoinduced electron-hole pairs
bound into magnetoexcitons. The mere existence of triplet excitons was directly established by inelastic light
scattering spectra which were analyzed to determine the value of singlet-triplet exciton splitting. It was found
that the lifetimes of triplet excitons conditioned by electron spin relaxation in highly perfect GaAs/AlGaAs
heterostructures with highly mobile 2D electrons are extremely long exceeding 100 ps at 7< 1 K. The paper pre-
sents a qualitative explanation of the long-spin relaxation lifetimes which are unprecedented for translation-
invariant 2D systems. This enabled us to create sufficiently high concentrations of triplet magnetoexcitons, elec-
trically neutral excitations following Bose—Einstein statistics, in a Fermi electron system and investigate their
collective properties. At sufficiently high densities of triplet magnetoexcitons and low temperatures, 7 < 1 K, the
degenerate magnetofermionic system exhibits condensation of the triplet magnetoexcitons into a qualitatively
new collective state with unusual properties which occurs in the space of generalized moments (magnetic trans-
lation vectors). The occurrence of a condensed phase is accompanied with a significant decrease in the viscosity
of the photoexcited system, which is responsible for electron spin transport at macroscopic distances, as well as
with the effects of threshold enhancement of the system response to the external action of the electromagnetic
field and emergence of a new intensive radiative recombination channel.

PACS: 71.35.Lk Collective effects (Bose effects, phase space filling, and excitonic phase transitions);
73.21.Fg Electron states and collective excitations in multilayers, quantum wells, mesoscopic, and
nanoscale systems: Quantum wells;
78.67.De Optical properties of low-dimensional, mesoscopic, and nanoscale materials and structures:
Quantum wells.

Keywords: two-dimensional cyclotron singlet and triplet magnetoexcitons, Hall insulator, 2D-fermion system,
magnetofermionic condensate.

1. Introduction

The interest to the problem of magnetoexciton excita-
tions in fermion systems dates back to the middle of the
60s of the last century. It is well known that the Coulomb
interaction in metals, except its short-range part, is strongly
screened. In some cases this residual short-range action
turns out to be substantial and should be taken into account
in discussion of exciton effects. An example is the so-
called edge singularities experimentally discovered in dis-
crete x-ray absorption and emission spectra of metals. This
phenomenon results from short-range Coulomb correla-

tions and is revealed in the asymmetric form of K- and L-
lines of x-ray alkali metal spectra. These singularities were
exactly calculated in the works by Nozieres and De
Dominicis [1]. In this connection it is pertinent to note the
Mahan singularity that occurs on the edge of the degener-
ate Fermi spectrum due to Coulomb electron-hole correla-
tions during interband transitions in direct gap semicon-
ductors (see [2,3]). It should be noted, however, that in the
case of exciton creation in 3D metals such states are al-
ways unstable and short-lived, which is illustrated by the
recent experiments using a femtosecond laser for excitation
of extremely short-lived excitons on silver surface [4].
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However, the situation with lifetimes of specific mag-
netoexciton excitations is radically different in a 2D metal
placed in a sufficiently strong transverse magnetic field. The
principle possibility of excitation of the magnetoexciton
states in the integer and fractional quantum Hall regimes
was previously discussed in literature (see, for instance, [5—7])
along with the possibility of existence of long-lived mag-
netoexciton excitations [8—10]. Note also theoretical
work [11] in which it was shown that in a fairly strong
magnetic field the 2D system should behave almost as
a perfect Bose gas.

The aim of the present work is to demonstrate the tech-
nique of excitation of long-lived triplet magnetoexcitons in
a 2D Fermi system placed in a sufficiently strong trans-
verse magnetic field, to show methods of magnetoexciton
detection and control of a magnetoexciton ensemble as
well as to demonstrate unexpected novel collective proper-
ties of the Fermi system arising under the conditions of
excitation of high densities of such magnetoexcitons fol-
lowing Bose—Einstein statistics at sufficiently low tem-
peratures.

Spin-triplet magnetoexcitons are composite bosons, so
their ensemble is expected to reveal the Bose—Einstein
condensation (BEC) phenomenon. It is known, however,
that in two- as well as one-dimensional systems at any ar-
bitrary low but finite temperature the long-range order is
destroyed by thermal fluctuations [12]. Therefore, Bose
condensate can exist only at 7 = 0, which is of no more
than theoretical interest. Indeed, in the 2D-case thermal
fluctuations do not completely destroy the long-range or-
der: spatial correlations may remain. They decay with dis-
tance by the power law rather than exponentially. This
turns out to be sufficient for superfluid phase transitions at
finite temperature (Berezinsky—Kosterlitz—Thouless (BKT)
phase transition [13,14]). In this case the superfluid phase
transition is caused by formation of topological vortex-
antivortex defects. There is now abundant experimental
evidence of BKT phase transition in different quasi-two-
dimensional systems: layered superconductors, liquid heli-
um films, Josephson junction arrays, etc.

Berezinsky—Kosterlitz—Thouless phase transition, also
known in literature as topological phase transition, con-
nects critical transition temperature 7, with condensate
density ny, particle effective mass m* and is described by
the following expression:

2
kg, =10

2 *
mex

where kpis the Boltzmann constant. In our case for triplet
magnetoexcitons the values of translation effective mass and
experimentally achievable exciton density are: my, = 0.25m;,
(my is the free electron mass) and ny < 210" cm % As are-
sult, using the above formula we obtain the following es-
timate for critical BKT temperature: 7, < 1 K. This means
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that for the case in question the collective behavior of the
triplet cyclotron excitons of the above density should be
expected at temperatures near 1 K, which is in accordance
with BKT phase transition.

2. Investigated structures and experimental technique

High quality GaAs/AlGaAs heterostructures were stud-
ied with dark two-dimensional electron mobility in the
range of (5-20)-10° cm®/(V-s). The high quality of the
heterostructures is crucial for probing, manipulation and
investigation of the properties of long-lived triplet magne-
toexcitons. The experiments were performed using hetero-
structures with single GaAs quantum wells of width’s 17
and 35 nm. The electron concentration in the 2D channel
of symmetrically doped quantum wells in the investigated
heterostructures was in the range of 510"°-2.5-10" em ™.
When working with a single sample characterized by its
intrinsic electron concentration, it was possible to measure
only one point on the experimental graph of spin-relax-
ation time as a function of magnetic field.

The structures in question were placed in a liquid *He
cryostat provided with helium vapor pumping. The cryo-
stat, in turn, was placed in a liquid *He cryostat with a su-
perconducting solenoid. The operated cryosystem enabled
to make optical and transport measurements in magnetic
fields up to 14 T at temperatures down to 0.45 K.

The scheme of experiment is shown in Fig. 1(a).
Photoexcitation of spectra and spectral measurements were
performed using multimode optical fibers with a 400 um
quartz core and a numerical aperture of 0.39. One of the
fibers was used to supply laser excitation to the sample,
and the other to collect the emission signal from the sam-
ple and transfer it onto the entrance slit of a grating spec-
trometer with a cooled CCD camera. Two frequency-tuned
lasers were used: one with a laser linewidth of 20 MHz for
resonant photoexcitation of the 2D-electron system, the
other with a linewidth of 5 MHz for spectral measurement
of photoinduced resonance reflection (PRR), photolumi-
nescence (PL) and resonant inelastic light scattering (ILS).
The action of the direct and scattered laser light from the
sample and optical fibers surfaces was eliminated with the
use of crossed linear polarizers.

The decay kinetics of pulsed PRR was measured with
the use of a disc-shaped rotating mechanical chopper with
a radial slit (see Fig. 1(a)). With 11 ms rotation period of
the disc the use of the sharp focusing of the laser spot en-
sured sharpness of the trailing edge of the laser pulse pass-
ing through the slit, about 2 us. The weak probe laser
emission reflected from the sample surface passed through
a bandpass interference filter with a bandwidth of 1.1 nm
to suppress the pumping laser light and then was focused
on the entrance of an avalanche photodiode operating in
the photon counting mode. We used a gatable photon
counting system which allowed reproducing the accumu-
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Fig. 1. (Color online) Schemes of experiments (a) and optical transitions (b).

lated PRR signal as a function of time delay with respect to
the trailing edge of the excitation pulse. The power of the
laser pump exciting electrons on the high Landau levels
with quantum numbers #» > 1 did not exceed 0.3 mW,
which enabled to avoid overheating effects. The power of
the probing laser was less by an order of magnitude.

3. Experimental results and discussion
3.1. Two-dimensional triplet magnetoexcitons

We have recently studied 2D magnetoexcitons under
the conditions of photoexcitation of a Hall insulator with
filling factor v= 2 in a wide symmetrically doped quantum
well in a GaAs/AlGaAs heterostructure (see [15]). The re-
search was made using band-to-band excitation that led to
formation of a hole in the valence band of the system and
an electron on one of the high Landau levels in the conduc-
tion band, which was followed by recombination of the
valence band hole with an electron of the highest filled
magnetic level and rapid relaxation of the photoexcitated
electron onto the lowest unfilled Landau level. As a result,
Fermi-holes (electron vacancies) appeared on the ground
electron cyclotron level (nf = 0) which are bound into
excitons with the photoexcited electrons of the nearest
electron cyclotron level (n; = 1). The optical transition
scheme is presented in Fig. 1(b). Such excitons will be
further called cyclotron magnetoexcitons (ME). Owing to
the spin degrees of freedom of electrons and holes, there
are two types of cyclotron ME: singlet and triplet ME. Sin-
glet excitons have resulting spin S = 0, and, in accordance
with the Kohn theorem [16] and for symmetry reasons,
their excitation energy is exactly equal to cyclotron energy
hw,. The singlet exciton is also called a spinless magne-
toplasmon. The radiative lifetime of the singlet exciton is
determined by dipole-allowed recombination of an electron
of the first cyclotron level (nf = 1) with a Fermi-hole of
the ground electron level (n; = 0) with cyclotron photon

emission. The characteristic times of such radiative recom-
bination are well below a nanosecond [17].

Triplet cyclotron magnetoexcitons have total spin S =1,
and the spin projections along the magnetic field direction
are S, =-1, 0, +1. As contrasted to singlet excitons, also
called “bright”, triplet excitons are “dark” since their
radiative annihilation and direct light excitation are strictly
forbidden within the dipole approximation. Yet, for triplet
excitons there are no limitations owing to symmetry rea-
sons related to the Kohn theorem. Hence, they have bind-
ing energy conditioned by the Coulomb electron-hole in-
teraction. Note that singlet-triplet splitting vanishes at £k = 0
only in the first order of the perturbation theory by the small
parameter of the Coulomb-to-cyclotron energy ratio. In the
second order of the perturbation theory the splitting reaches
fractions of meV in the magnetic fields in question [8,9].
It is this splitting that is responsible for the spin-triplet cy-
clotron ME becoming a lowest-energy excitation in all
even integer quantum Hall states [8,9]. Of great interest is
the problem of triplet ME dispersion in the wave
pseudovector function which was considered in theoretical
works [6,22]. For symmetry reasons the triplet 2D ME
should possess the orbital properties of the p-electron state.
Therefore, the energy minimum of such an electron state
on the dispersion curve should be in the range of the values
of pseudovector k= l;ll, where /;; is magnetic length, i.e.,
it should have a roton character. This is qualitatively
demonstrated in Fig. 2. As at low temperatures triplet
magnetoexcitons accumulate in region k # 0, their decay
cannot proceed radiatively and requires participation of
phonons which can take away an exciton momentum of the
inverse magnetic length scale. Relaxation of the integer
spin triplet exciton occurs as a consequence of spin-orbit
coupling that is not significant in GaAs heterostructures.
Thus, a priori we can confidently state that the lifetimes of
triplet magnetoexcitons and the time-related spin relaxa-
tion should be sufficiently longtime processes.
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Fig. 2. Dispersion curves of two-dimensional singlet and triplet
magnetoexcitons according to paper [22].

We have developed an experimental technique [15] that
enables photoexcitation of an ensemble of translation-
invariant, i.e., free, triplet cyclotron magnetoexcitons, con-
trol of their parameters and investigation of the kinetics of
exciton relaxation into the ground state (measurement of
radiationless magnetoexciton lifetime). To achieve control
of photoexcited electrons and Fermi-holes which finally
couple to form triplet magnetoexcitons, studies were made
of resonant photoreflection (RR) using dipole-allowed op-
tical transitions between the discrete Landau levels of the
valence band and conduction band with 2D electrons in a
quantum well. An a priori assumption can be made that
when testing a Hall insulator with filling factor v =2 there
should be no resonant reflection signal corresponding to
transition from the zeroth Landau level of valence heavy
hole (nﬁ = 0) to the zeroth electron Landau level (n; = 0)
since all the electron states of the ground electron cyclo-
tron level are completely filled. Yet, on switching of the
optical pump exciting electrons towards the upper Landau
levels (n7 > 1, see the transition scheme in Fig. 1(b)) at
sufficiently low temperature, it would be reasonable to
expect formation of triplet excitons with spin projection
S, =—1, since it is these excitons which make up the low-
est excited state in the 2D-electron system in the magnetic
field. Therefore, the process of triplet exciton formation
should manifest itself in reduction of unfilled states (Fer-
mi-holes) of the first electron Landau level and simultaneous
occurrence of unfilled states (Fermi-holes) on the zeroth
electron level. It has been already agreed that such ex-
pected changes in reflection spectra are called PRR. Two
peaks should be observed in PRR spectra: a positive peak
corresponding to optical transition from the zeroth cyclo-
tron level of heavy holes to the upper spin sublevel of the

Low Temperature Physics/Fizika Nizkikh Temperatur, 2017, v. 43, No. 1

zeroth cyclotron level of 2D electrons, (0—0) transition, and
a negative peak corresponding to transition from the first
cyclotron level of valence-band heavy holes to the first
electron cyclotron level, (1-1) transition. Thus, the propos-
ed PRR method is an indirect way of testing triplet (opti-
cally inactive!) excitons using optically allowed transitions
between discrete Landau levels of valence and conduction
bands, i.e., (0-0) and (1-1) transitions.

Now let us turn to the experimental results. Figure 3
presents PL and PRR spectra measured experimentally at
filling factor v = 2 in photoexcitation conditions. First let
us consider the luminescence spectrum (blue curve) that
exhibits a pronounced circularly polarized doublet (6" — &)
corresponding to the electronic (0-0) transitions between
the spin components of the heavy holes in the valence band
and those of the electrons in the conduction band. The val-
ue of doublet splitting closely corresponds to the sum of
spin splitting of the ground cyclotron level of valence
heavy holes and that of the ground cyclotron level of 2D
electrons. In Fig. 3 the PRR is represented by the red
curve. The PRR spectrum shows a positive peak in the
electronic (0—0)-transition region and a negative peak in
the electronic (1-1)-transition region, which is in full
agreement with the expectations expressed above. Such
behavior of the PRR spectra is due to formation of low-
energy triplet magnetoexcitons containing electrons of the
first electron Landau level bound by Coulomb interaction
to the Fermi-holes of the zeroth electron level (see the
transition scheme in Fig. 1(b)). Thus, studies of the influ-
ence of nonequilibrium Fermi-holes on the RR signal ena-
ble to infer the behavior of the whole magnetoexciton en-
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Fig. 3. (Color online) Photoluminescence (PL) and photoinduced
resonant reflection (PRR) spectra measured at filling factor v =2
in a 17 nm quantum well (mobility 5 10° cmz/(V-s), electron con-
centration 2.4-10"" cmﬁz) in 5 T perpendicular magnetic field at
0.45 K. The inset shows an inelastic light scattering (ILS) spectrum
corresponding to scattering on the cyclotron triplet magneto-
exciton mode measured in similar experimental conditions. Be-
low are shown the resonant reflection (RR) spectra with (solid
symbols) and without (empty symbols) extra photoexcitation.
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semble. It should be emphasized that photoexcitation of
magnetoexcitons takes place in a degenerate Fermi elec-
tron system.

Although triplet excitons are not optically active, their
existence can be directly established by ILS spectra (see
the inset in Fig. 3) and use them for indirect determination
of the value of singlet-triplet exciton splitting [9]. Singlet-
triplet exciton splitting is measured as the energy differ-
ence between a singlet exciton and the exciton triplet cen-
ter of weight (the spectral position of spin component
S7 =0) observed in ILS spectra experiments. This split-
ting appeared to be comparatively large, about 1 meV [9],
which may seem surprising because in bulk GaAs crystals
singlet-triplet exciton splitting is very small and comes to
only 20 peV [18,19]. However, first, it should be remem-
bered that the matrix elements of the exchange interband
Coulomb interaction are suppressed compared to intraband
exchange owing to the difference in the Bloch functions of
electrons in different bands. Second, given quantum con-
finement (spatial restrictions), singlet-triplet exciton split-
ting increases significantly due to the increasing exchange
electron-hole interaction. For instance, in fairly narrow
GaAs quantum wells such splitting reaches approximately
150 peV [18]. In the considered case of 2D cyclotron mag-
netoexcitons in the Hall insulator the increase in the sin-
glet-triplet exciton splitting is still more significant reach-
ing 1 meV due to the transverse magnetic field (up to 10 T)
that ensures a strong spatial confinement for the carriers.

We have studied the behavior of radiationless lifetime
of triplet magnetoexcitons which is directly related to
exciton spin relaxation as functions of temperature and
magnetic field in quantum wells of different widths. To
this end, research was made of the kinetics of PRR under
pulsed photoexciation conditions using a mechanical
chopper. The decay kinetics of the PRR measured for two
quantum wells of different widths in the optical (0—0)-tran-
sition region is presented in Fig. 4. It is seen that the kinet-
ics of the PRR signals is exponential and the relaxation
times found from the kinetics are super long reaching tens
of microseconds. We should emphasize that the kinetics of
the PRR signal rise in the (1-1)-transition region occurs
over the exactly same time as for the (0-0) transition,
which points to common relaxation dynamics for the ex-
citon states formed by electrons on the first and by Fermi-
holes on the zeroth Landau levels. This observation is the
additional confirmation concerning cyclotron magnetoex-
citon creation by photoexcitation.

Very informative is the temperature dependence of the
relaxation rate shown in Fig. 5(a). It is seen that the tem-
perature dependence of the relaxation rate is exponential at
temperatures 7 > 1 K with characteristic relaxation time
7; =1 ns and activation energy gap A = 11 K. Such behavior
indicates that this temperature range involves an activation
relaxation channel including electron spin-flip processes
caused by spin-orbit coupling, an increase in exciton ener-
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Fig. 4. (Color online) Typical time dependence of photoinduced
resonant reflection (PRR) decay. The instrument function is
marked in red. The inset presents two kinetic dependences meas-
ured for 35 nm (long decay time) and 17 nm (short decay time)
wide quantum wells with filling factor v= 2 in the 4 T magnetic
field at 0.45 K. The electron concentration in both quantum wells
was 2.0-10" cmﬁz, the mobilities being 1.5-107 cmz/(V-s) and
5.10° sz/(V'S), respectively.

gy by the value of cyclotron energy and subsequent emis-
sion of a photon with cyclotron energy [10]. Under these
conditions the measured activation gap A is nothing but the
Coulomb triplet exciton binding energy that is exactly
equal to the energy of singlet-triplet exciton splitting. This
Coulomb energy independently measured by the ILS spec-
tra approximately coincides with the found activation gap
A. In the low-temperature region, 7 < 1 K, the PRR kinet-
ics is no longer temperature dependent (Fig. 5(a)). Hence,
it is a temperature range of a change of the relaxation
mechanism that is obviously no longer thermally activated.
We believe that in the low-temperature range a radiation-
less decay of triplet cyclotron magnetoexcitons takes place
which is accompanied with relaxation of the resulting spin
and generation of the short-wave acoustic phonons to
which the triplet exciton energy is transferred. Such a re-
laxation mechanism was earlier proposed and analyzed by
S. Dickmann in the paper [10]. In particular, the theory [10]
predicts that in this case relaxation time t, should be
superlinearly dependent on the extent of the electron wave
function in the Z-direction of heterostructure growth. To
verify the prediction we investigated two quantum wells 17
and 35 nm wide with approximately equal concentrations
of 2D electrons. The halfwidths of the envelope electron
wave functions in these quantum wells differed approxi-
mately twofold. Figure 5(b) presents the result of relaxa-
tion time measurements in these quantum wells which is in
good qualitative agreement with the theoretical predictions.
Figure 5(b) also confirms another theoretical conclusion:
the relaxation rate decreases with increasing magnetic field
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Fig. 5. (Color online) (a) Temperature dependence of relaxation time measured in the 35 nm wide quantum well at filling factor 2 in the

4 T magnetic field and fitting curve with an activation behavior and saturation in the low-temperature limit. (b) Summary plot of low-

temperature relaxation time as a function of magnetic field. The small symbols correspond to the data measured in the 17 nm wide quan-

tum well and the large symbols to those measured in the 35 nm quantum well. The inset shows comparison of the electron wave func-

tions in the quantum wells of different width with the phonon wave function which illustrates the significant enhancement of the phonon

emission process in the narrow wells.

since the electron-phonon interaction diminishes substan-
tially for harder acoustic phonons with frequencies close to
cyclotron frequency .. There are good reasons to believe
that generally the experiment exhibits good agreement with
the theoretical models though the theory quantitatively
predicts much longer relaxation times than those experi-
mentally observed. The possible reason for the discrepan-
cies is likely related with the inexact knowledge of the
envelope electron wave functions in the Z-direction of
quantum well growth to which the matrix element of the
electron-phonon interaction is extremely sensitive.

Thus, the direct measurements of the kinetics of PRR at
weak pulsed pumping made it possible to establish that at
low temperatures 7' << Ty (kpTgr is the energy of singlet-
triplet splitting) the lifetimes of triplet excitons which are
closely related to the spin relaxation of the whole electron
system are extremely large reaching hundreds of microsec-
onds.

3.2. Magnetofermion condensate

Long lifetimes (about 100 microseconds) enabled to
create densities of photoexcited long-lived triplet mag-
netoexcitons exceeding 10" cm? (the maximum fraction
of the photocreated excitons was about 10% of the number
of states on one spin Landau sublevel). With such lifetimes
one may expect that the collective phenomena related to
condensation of triplet magnetoexcitons in a magnetic fer-
mion system will proceed in quasiequilibrium conditions.
In our preliminary experiments it was found that, when the
temperature was lowered below 1 K, the PRR signal related
with a sufficiently dense system of triplet magnetoexcitons
increases threshold-wise by an order of magnitude, and
with further temperature lowering the threshold of the in-
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crease is shifted towards the region of lower-power optical
excitations.

The gigantic increase of the optical response is associ-
ated with formation of condensate clusters of long-lived
triplet magnetoexcitons interacting coherently with the ex-
ternal electromagnetic field (superabsorption). The radia-
tive recombination channel of the electrons of the Fermi
level is enhanced simultaneously with the increasing opti-
cal response of the condensed magnetoexciton ensemble.
This suggests occurrence of a collective phase in which not
only magnetoexcitons but also the electrons under the Fermi
level within the coherence length scale are ordered into
clusters which, when interacting with the electromagnetic
field, behave collectively and are responsible for intense
luminescence (superemission) in close analogy with the
Dicke effect [20]. Under high enough photoexcitations and
rather low temperature, 7= 0.5 K, we have observed in the
spectral range corresponding to (0-0) transitions a new
very intense photoluminescence line which strongly domi-
nates over other radiative channels in this spectral region
and appears abruptly under variation of temperature or
excitation power. We have associated the appearance of this
new very intense PL channel with creation of condensed
phase in magnetofermion system with magnetoexcitons.
Hence, the dense magnetoexciton ensemble induces trans-
formation of the nonequilibrium 2D-electron system into
a phase of “superabsorbing” and “superemitting” multipart-
icle clusters. Most of the effects observed are qualitatively
explained from the viewpoint of formation of a spatially
limited coherent state of spin triplet magnetoexcitons,
and the newly formed phase itself is the first example of
a 2D-fermionic system with essentially collective Bose
properties.
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The measurement of the temperature of the threshold-
like increase of photoinduced triplet magnetoexcitons as a
function of optical pump made it possible to plot a phase
diagram separating the region of triplet magnetoexciton
gas and that of strongly correlated magnetic fermion con-
densate, what is in the focus of our nearest interests.

3.3. Effect of “superfluidity” of magnetofermion

condensate

A detailed investigation revealed an unexpectedly
nonmonotonic behavior of relaxation time of triplet
magnetoexcitons occurring with a decrease in temperature
(fixed pump) or an increase in pump power (fixed tempera-
ture). First the relaxation time of magnetoexcitons increas-
es threshold-wise by more than an order of magnitude,
which is due to formation of a condensed phase, but then it
starts decreasing significantly. Such nonmonotonic behav-
ior points to a threshold-like change in the viscosity of the
condensed subsystem of nonequilibrium triplet magneto-
excitons on their diffusion towards the relaxation centers.
This naturally suggested a hypothesis of “superfluid flow”
of triplet magnetoexciton condensate which was experi-
mentally verified with the use of spatial separation of the
regions of photoexcitation and RR detection. The experi-
ments employed a technique with several spatially separat-
ed optical fibers. One of the fibers was used to direct emis-
sion exciting a magnetoexciton ensemble in a ~100 pm-
sized spot on the sample surface. Two other fibers were
placed at @ = 2 mm distance from the first one and used to
measure magnetoexciton Fermi-holes in the discrete elec-
tron spectrum by means of PRR. The PRR signal in the
spatially separated optical fibers was produced only in the
conditions of triplet magnetoexciton condensation (low
temperatures and rather high pump power) in the region of
excitation created by the first fiber. The occurrence of a
PRR signal far away from the first fiber means that the
excited magnetoexcitons spread out over a distance of
2 mm, which cannot be explained within the common clas-
sical diffusion conceptions. The threshold changes in the
diffusion properties agree with the concepts of magneto-
exciton condensation in pseudo-momentum space. Indeed,
triplet magnetoexcitons are p-type excitons, and their dis-
persion contains a roton minimum [6]. When magnetoex-
citons are in an incoherent state, the absolute values of
their dipole momenta are approximately equal (close to the
value corresponding to the roton minimum), yet the spatial
orientation of the dipoles is quite random. At sufficiently
low temperatures and low densities each magnetoexciton
finds its localization site in the fluctuating large-scale cha-
otic potential that is always present even in highly perfect
heterostructures. Triplet magnetoexcitons remain in such
localization sites till full relaxation into the ground state.
When it is considered that all the pseudo-momenta are
proportional to the dipole momenta of magnetoexcitons,
their condensation in the pseudo-momentum space should

be attended with occurrence of a dipole momentum, the
result of summation of the unidirectional momenta of all
the magnetoexcitons in the condensate.

4. Conclusion

In conclusion it should be noted that 2D magnetofermion
condensate in GaAs/AlGaAs semiconductor heterostruc-
tures and the phenomenon of superconductivity in metals
exhibit certain general properties despite apparent essential
differences. The principal general feature is related in both
cases to the presence of a “diluted” boson component in
the degenerate Fermi system. In the case in question the
role of such a subsystem is played by magnetoexcitons,
composite bosons, which are stable quasiparticles owing to
Coulomb electron-hole attraction. In a conventional super-
conductor the boson subsystem is connected with Cooper
pairs in which electrons are bound by the electron-phonon
interaction. Here it is reasonable to draw an analogy with
triplet magnetoexcitons and triplet Cooper pairs in super-
conductors [21]. The difference, however, is that a metal
superconductor is a thermodynamically equilibrium system
while magnetofermion condensate, being photoexcited, is
metastable but, owing to long lifetimes of triplet magneto-
excitons, it can stay long enough time in a quasi-equilib-
rium state. Lastly, it should be noted that in superconduc-
tors electron Cooper pairs perform dissipationless charge
transport, i.e., they are dissipationless flow of charge carri-
ers, whilst in the considered case of magnetofermion con-
densate magnetoexcitons perform dissipationless transport
of an integer electron spin over macroscopic distances.
Further experimental and theoretical studies are required to
finally clarify the issues considered.

This work is intended to mark the jubilee of I.M. Lif-
shits, an outstanding theoretical physicist, who made an in-
valuable fundamental contributions to physics of Fermi
systems in condensed media.
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