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Oscillator strengths of dark charged excitons at low electron filling factors
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By direct absorption spectroscopy and comparison to photolumines¢Bhgewe investigate negatively
charged excitons in dilute two-dimensional electron systems at temperatures dowd@ mK in the regime
of the fractional quantum Hall effect. At very low temperatures, for filling facterl/3, an additional exci-
tation appears in the PL spectrum, between the well-known singlet and triplet excitons. The observation of a
similar excitation by PL was reported very receriy. Yusaet al, Phys. Rev. Lett87, 216402(2001)], and
the excitation was assigned, in spite of the PL intensity similar to that of the neutral exciton, to be due to a dark
triplet exciton. By comparing PL and direct absorption spectra in optically thin samplesHI0 mK, we can
identify the new excitation indeed as a “dark” mode, since we find that the oscillator strength is much smaller
than those of the “bright” modes.
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The fractional quantum Hall effedFQHE), which is a  states. One of these excitons has a total angular momentum
direct manifestation of many-particle interactions in a two-of L =0, and is therefore called tH®ight triplet (X,). The
dimensional electron syste(@DES), has attracted great and second triplet exciton is called thrk triplet (X,5) because
sustaining research interest since its discovdrye past de- it cannot decay radiatively L(=—1). The calculations

ca?e lhas shtown thgt, in addit_iol? tohtr?nlspo_rt ex&%g‘emsshowed that theX;; becomes the ground state at high fields
optical spectroscopies, especially photoluminesce %md the experimentally observed saturation of the binding
spectroscopy, can provide valuable further information abougnergy can be attributed to the bright triplet. In a subsequent

the ground state properties of the systems. In fact, thi k1. Szlufarskaet al. found that i i ¢
method has in recent years been applied to study an intera OrK, 1. SziuTarskaet al. found that inasymmetricqquantum
wells the singlet triplet crossing can occur at considerably

ing 2DES in the regime of the FQHE? where a variety of e sh : JeT
anomalies in both, the energetic positions and the intensitid9Wer fields:* Very recently, the observation of an excitation

of the PL lines, were found. The striking difference in optical " PL experiments, which was interpreted as 2 dark triplet
experiments, compared to electron transport, is the presen&Citon, was reported by two different groui* The sin-
of photo-excited holes. Though it was previously shown thaglet triplet crossing occurred atB=40 T?** and
in symmetric systems in the high magnetic field limit the B=15 T2* However, there seem to be some discrepancies
electron-electron and electron-hole interactions cancel expetween these reports, e.g., in Ref. 23 the dark triplet is
actly due to a hidden symmet?y? for most of the real sys- visible over the whole magnetic field range.
tems this symmetry is violated. In this Rapid Communication we report results which are
In order to systematically understand the interactions beeoncerning the PL experiments consistent with the observa-
tween electrons and photo-excited holes in modulationtion of G. Yusaet al,?*i.e., (i) we observe a charged exciton
doped systems, it seems natural to start with zero density @t very low temperatures, which is not present in the spec-
the 2DES and gradually increase the number of free eledrum atT=2 K, (ii) this exciton occurs for filling factop
trons. In fact, it was found that in dilute 2DES the Coulomb <1/3 only, i.e., related to the FQHE regime, afid, the PL
attraction between electrons and holes leads to formation dftensity of this excitation is of similar strength as that of the
negatively charged excitons, consisting of two electrons andinglet excitonX .
one holet®*?Itis now commonly accepted that at zero mag- At the first sight it is intriguing that aark mode should
netic field the two electrons form a spin singlet statwal  appear in the PL spectrum with almost equal strengths as the
spinS=0). At finite magnetic field, an additional bound state bright modes, since its oscillator strength should by defini-
exists, where the electrons form a spin triplet(1) 231t tion be exactly zero. However, it is well known that the PL
was calculated that at high magnetic fields the triplet excitorintensity and linewidth might not directly reflect the oscilla-
(X;) forms the ground state of the system. Magnetic fieldsor strength of a transition, which is proportional torl/
of 30—40 T were predicted for the singlet triplet crossing forwherery is the lifetime of the excitation. The PL intensity is
symmetricquantum-well systemS~'" For some time, ex- proportional toNy /7y, i.e., it does also depend on the num-
perimental attempts to detect this singlet triplet crossingoer of excitonsNy. Due to relaxation and scattering pro-
failed. Instead, a saturation of th& binding energy was cesses, which can take place prior to the recombination pro-
found at high fields>14181°This puzzle was recently solved cess, the excitons at lower energies may have a larger
by a theoretical work of A. Wojet al?%?* The authors cal- population than the excitons at higher energies. Therefore, in
culated the spectrum of charged excitons by exact diagonaPL, the factorNy may overcome a small oscillator strength
ization of finite size systems. It was foufidthat at high  1/7, and lead to a significant PL signal. Moreover, localiza-
magnetic fieldtwo differenttriplet excitons exist as bound tion processes which may take place at low temperatures, can
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lift the optical selection rules and thus cause radiative recom- T " T " T "
bination processes. The effect of localization on dark states X o B=72T
was recently discussed theoretically by Dzyubenko and
Sivachenkd® A direct determination of the oscillator
strength, however, can only come from an absorption mea-
surement. Therefore, we have prepared optically thin
samples. We were able to integrate external gates to the
thinned samples, which allow us to tune the carrier density
down to the dilute regime. This enabled us to measure the
direct absorption of charged excitons at millikelvin tempera-
tures in a dilution cryostat and compare it to PL. We were
thus able to determine the oscillator strengths of the observecs
excitations. We believe that in our investigation we can
clearly identify this charged exciton as a dark exciton of the
GaAs quantum well for two main reasorts. In the optically
thin samples no GaAs bulk material is left so that we can
definitely rule out any bulk-related effectd.) By comparing
PL and transmission at very low temperatures, we find that
the oscillator strength of the excitation labelég is close to 1 5'28
zero which unambiguously shows that this is a dark mode.

The samples are one-sided modulation-doped GaAs— Energy (meV)
AlGaAs single quantum wells, consisting of a 25-nm-wide FIG. 1. Comparison of lefi-circularl larized PL tra for
Gaks quantum well wih & B6-nm AIGAAS Spacer betweeny 'y &, oriansen o lfcrcuar parzed L speca
the quantum vv_eII and the doped barrier region on one 5|d%(2t1)xlolo cm-2.
and a 100-period AlGaAs/GaAEl0 nm/3 nm per period
superlattice on the other side. On top of the sample, a 10- ,
nm-thick titanium gate was deposited. The sample was gluegPectrum aff =0.1 'f) has been shifted by 0.16 meV so that
upside down on a glass substrate using an UV curing opticdP@ Positions of the” is the same in both spgctra.ﬁfor both
adhesive. Subsequently, the sample was thinned from tHgP€ctra, the density is in the range(2)x< 10" cm 2 We
back side by a selective etching proé&stown to the super- have recorded extensive series of spectra for different gate
lattice to a total thickness of about 1,8m. By applying a voltages in de.pe.ndence on mfilgnetlc field. Throughout the
negative gate voltage, we can tune the density in the rang&hole magnetic field range, thé is not detectable at all at
between about £10° cm 2 and 1X10" cm 2. PL and T=2 K. For T=100 mK, our finding is that theX,y is
absorption measurements were performed via glass fibers present in the spectra for filling factors<1/3, which is
a 3He/*He dilution cryostat at a base temperature Tof consistent with the results reported in Ref. 24. As examples,
=40 mK and magnetic fields up to 16 T. A sensor at thein Fig. 2, series of left-circularly polarized spectra are dis-
sample position indicated that during illumination the tem-played for two different gate voltages, i.e., two different den-
perature directly at the sample is abdut 100 mK, while  sities in the range of #8 cm™2. For the higher electron
the base temperature is sfil=40 mK. Circularly polarized ~ density[Fig. 2@)] one can see that the neutral excithis
light was created directly inside the mixing chamber and left-not visible in the displayed magnetic field range andX@e
and right-circularly polarized spectra were measured bysplits from the bright tripleiX;, for v<<1/3. At significantly
ramping the magnet from positive to negative magnetidower density{Fig. 2(b)], this splitting occurs at lower mag-
fields. For the PL, the sample was excited by a Ti:Sapphireetic field[~2 T in Fig. 2b)], and, at high fields, the neu-
laser at 750 nm. For the absorption measurement, a whiteal excitonX? is visible. Consistent with the behavior pre-
light source was used. dicted in Ref. 20, the binding energy of th&, increases

Figure 1 shows a comparison of left-circularly polarizedwith magnetic field and the PL line approaches e at
PL spectra, which were recorded &t=2 K (upper spec- high field [see Fig. 2b)]. However, we note here that up to
trum) in an optical split-coil magnet, and &t=100 mK  the highest field in our experime(i6 T) we did not observe
(lower spectrumin the dilution cryostat. In this polarization the predicted singlet triplet crossing. We assume that it will
configuration, atT=2 K, the well-known lower Zeeman occur at somewhat higher fields. According to the calcula-
components of the singlet excitdfy and the neutral exciton tions in Ref. 22, the magnetic field value for the crossing
X°, and the bright tripleX,, with parallel spin orientation of should depend critically on the electron hole separation
the electrons are visible. In the spectrumTat 100 mK a  perpendicular to the 2DES sheet. By comparing our experi-
strong line(labeledX;,) appears in between th€, and the mentally observed binding energies of th¥, with
X, - We will argue below that this exciton is indeecark  calculations:®*? we can estimate for our structures
triplet exciton. Due to small sample inhomogeneities, the<0.5 nm.
peaks in different measurement series do not always occur at In the following we demonstrate that the observgg is
exactly the same absolute positions. Therefore, in Fig. 1, thendeed adark mode. Figure 3 depicts absorption spectra in
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) FIG. 3. Absorption spectra dt=0.1 K in dependence on mag-
( AU netic field. For clarity, the spectra are shifted horizontally and ver-
tically. The carrier density is about10'° cm™2. The inset shows
a comparison of PL and absorption&t9 T.

as a clear signature that tbg, is indeed adark mode. Ac-
cording to Ref. 20, the total angular momentum of this mode
is L=—1. Therefore, in an idealized system, without scat-
A tering and localization, it cannot decay radiatively. This
means, its lifetimer should go to infinity and hence the
oscillator strength ¥/ to zero. This is directly reflected in the
absorption spectra in Fig. 3. On the other hand, due to scat-
tering or localization processes prior to recombination, in PL
v=1/3 the selection ruld. =0 can be lifted. We believe that such
v scattering-assisted recombination can be the reason for the
occurrence o4 in the PL spectrum, though it is still puz-
zling why its PL strength is almost equal to those of the

X"\d Xip Xo smaller than the oscillator strengthX§ . This can be taken
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FIG. 2. Left-circularly polarized PL spectra for different mag-
netic fields forT=0.1 K and an electron density ¢&) n~4.8
X 10° cm2, and(b) n~1.4x 10 cm 2.
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dependence on magnetic fieldTat 100 mK for an electron
density ofn~2x10'° cm 2. One can clearly see absorption
due to thebright excitonsXg , Xy,, andX®. Remarkably, in
Fig. 3 the neutral excitoX? has the highest absorption, i.e.,
the largest oscillator strength, which is proportional tﬁx%/ Absorption

As explained in the introduction, this is not directly reflected
in the PL experimentésee Fig. 4, since the intensity of a PL
line does viaNy /1y also depend on the number of excitons
Ny, and on localization effects. From Fig. 4 one can see that
the X4 does not appear in the absorption spectrum, though it g1, 4. comparison of unpolarized PL and direct absorption
exhibits a well developed line in the PL spectrum. From ourspectra atB=9 T and T=0.1 K. The small cusp atE
signal-to-noise ratio we can estimate that ¥jg has an 0s-  =1529.9 meV in the absorption spectrum is due to noise, resulting
cillator strength which is at least one order of magnitudefrom the normalization procedure. This is also evident from Fig. 3.
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intrinsic origin, is also very important for further theoretical  In conclusion, by comparing PL and absorption spectra at
treatments of this excitation. Furthermore, by our speciavery low temperatures, we could identify a dark triplet exci-
sample preparation, which does not leave any GaAs bulkon X4 by showing that, in spite of a relatively high PL
material in the sample, we can exclude impurity-related bulkntensity, its oscillator strength is very small and justifies the
excitons as a possible origin for thg, line. (We note that ~assignment as dark mode. We find that the;y occurs at

for the spectra compared in Fig. 4, the PL was excited by 4illing factors »<<1/3 only and is not visible at=2 K.
Ti:Sapphire laser and the absorption was measured using

white light, which required different aligning procedures. We acknowledge stimulating discussions with Arkadiusz
Therefore, we cannot exclude slight shifts in the absoluté\ojs, Israel Bar-Joseph, and Go Yusa. This work was sup-
positions of the observed lines due to sample inhomogengeorted by the Deutsche Forschungsgemeinschaft via
ities. This means that stokes shifts between absorption arFB 508, project SCHU1171/1, and a Heisenberg grant

PL cannot be seriously extracted from these measuremhentgSCHU1171/2.
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