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Inhibited recombination of charged magnetoexcitons
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Time-resolved photoluminescence measurements show that the decay time for charged excitons in a GaAs
two-dimensional electron gas increases by an order of magnitude at high magnetic fields. Unlike neutral
excitons, the charged exciton center-of-mass is spatially confined in a “magnetically adjustable quantum dot”
by the cyclotron orbit and the quantum well. The inhibited recombination is explained by a reduced phase
coherence volume of the magnetically confined charged excitons.
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Charged excitons or “trions” were first identified in tive recombination of excitons confined in these MCX QD’s.
optical-absorption experiments on electron-doped CdTd=xciton recombination times were determined by measuring
quantum-well (QW) structures through their polarization the PL decay times in low-density GaAsj@&a, _,As elec-
properties in a magnetic fiefdThe negatively charged exci- tron gases in magnetic fields to 18 T, at temperatures 0.5-7
ton (X™) transition in a narrow QW was manifest in the K. At low temperatures, th&™ decay time was found to
spectra as a peak lying several meV below the unchargeicrease by an order of magnitude for increasing perpendicu-
exciton (X°) peak. Although botiX® andX ™ transitions had lar magnetic I|e_ld.. In contrast, t_he recombination was rapid
probably been observed in an earlier photoluminescenctor both theX™ in fields applied in the plane of the QW and

(PL) spectra of GaAs QW's, the high electron density pre_for the uncharged(o. In the latter two cases the exciton is
cluded their identificatioR.In hindsight, it is not surprising not confined to a QD. The linear dependence of exciton de-

that the recently identifiek™ is often the most common cay time with magnetic field is explained by a model in

exciton found in a system with excess electrons, similar toWhlch the transition strength for optical recombination is in-

the X° in a system without excess electrons. AR in the versely [I)roportional to the MCX QD volume or phase coher-
: nce volume.
presence of excess electrons becomes polarized by a ”ear%yExperiments were performed on a symmetrically

i . N ; $nodulation-doped electron gas contained in wide parabolic
properties ofX™ transitions in GaAs QW'’s have been ex- GaAs/Al sGa, As QW's 3 In these QW's the electrons are
plored in several recent experimeritdland theoreticd™*  gistributed uniformly over a thick layer 250 nm wide, with
studies. electron densities of 5 and>710*> cm™2, and mobility of

An interesting facet of the charged exciton that has yet ta 2 and 1. 10° cn?/V sec. The photogenerated holes were
be explored is theconfinemeniproduced by the cyclotron  confined within a layer~25 nm wide at the center of the
motion in a magnetic field. ThX™ complex(two electrons  mych wider electron layer. Thus although the electrons are
plus one holgis singly charged and a magnetic field con- spread over-250 nm, the excitons are confined to a narrow
fines theX™ center-of-mass motion to a cyclotron orbit, un- op plane in the center of the QW. Samples were mounted on
like the neutral exciton X°) which is free to move in a g fiber optic probe inserted into 3He cryostat, which was
magnetic field. This will be referred to as tlmagnetlcally p|aced in the bore of an 18 T Bitter or a 30 T hyb“d
confined charged excitoMCX). A magnetic field applied magnet* Time-resolved PL measurements employed stan-
perpendicular to a two-dimension&D) QW effectively  gard time-correlated single-photon counting electronics and
confines the exciton to a quantum d@D) whose size is 3 multichannel plate. A pulsed diode laser operating at 1.58
adjustable with magnetiC field. The 3D MCX V0|ume, de- eV (200 ps pu|Se |ength at 17 Mb-land a 0.85 m double
fined roughly by the QW width and the area of the cyclotrongpectrometer provided a system response of 300 ps full width
orbit in the plane of QW, is inversely proportional to the gt half maximunt®> Deconvolution of the system response
perpendicular magnetic fielef,  1/B, . Athigh magnetic resulted in a time resolution of 20— 100 ps for PL decay
fields this volume is typically smaller than QD’s currently times.
available via patterned nanostructures. Figure Xa) shows the PL spectra at 0.5 K in magnetic

The purpose of the present study is to examine the radigfields applied perpendicular to the QW layers, and the inset
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. field, for electron densities of 5(squares and 7 (circles
FIG. 1. (a) Photolu.mlnescence _spt_ectraTa%O.fS Kfrom a G_aAs X 10" cm™3. Open circles are foX™ in parallel ) field. The
quantum well for various magnetic fields applied perpendicular to

h I The 250 ide elect | had a density of 7crosses are for th¥° with B, in an undoped sample. The solid,
the V\ée I € nm wide €electron fayer had a densily o straight line shows the nearly linear dependence of decay time on
X 10" cm™3; holes were confined to a 25 nm wide well in the

. _ B, . The inset shows PL decay at O, 10, and 18 T, and system
0 1

center of the electron _Iay_e«ib) Spectral energies of thé™ and X responsdSR, dashed curye

peaks versus magnetic field.

the PL decay curve &=0 yields a decay time df~ 100 ps,

(b) plots the PL peak positions up B=30 T. There are two  which is close to that observed for high-mobility 2D electron
prominent PL peaks, both showing a quadratic spectral shifjas'*~2 For fields applied perpendicular to the QW, the de-
at low fields and a nearly linear shift at high fields, which is cay becomes increasingly longer at higher fieldsBAt18 T
typical of exciton emission. Excitonic character of these PLit reachest=1.2 ns, an order of magnitude longer than at
lines was further supported by the presence of a clear onsét=0. (Note that the field-induced increase in the PL decay
of absorption in the PL excitation spectrum, and also bytime is not due to changes in nonradiative decay channels, as
strong resonant Rayleigh scatterifign each spectrum the indicated by the nearly constant total intensity of the two PL
PL peak at higher energy is assigned to recombination emigeaks in magnetic fieldsFigure 2 plots PL decay times at
sion from theX° neutral exciton and the peak at lower en- T=0.5 K for fields up to B=18 T. The solid circles and solid
ergy is assigned to thE~ charged exciton. Assignment of squares represeit™ data measured for two samples with
the lower energy peak to th¥™ rather than to a trapped electron densities differing by a factor of 1.4. These data are
exciton is in agreement with many other optical studies ofearly identical. They demonstrate that the M@&cay time
electron-doped GaAs QW% The singlet(antiparallel elec- is linearly proportional to the magnetic fielth contrast, for
tron sping and triplet(parallel electron spinsstates are not fields applied parallel to the QW, th¢™ decay time is inde-
resolved in this sample, however, another sample havingendent of magnetic field, shown by the open circles. Fur-
smaller PL linewidths showe& ™ peaks similar to those thermore, the decay time for th’ peak(not shown does
found in a previous study of tripleX~.%> The X~ and X° not show appreciable lifetime increase, areil50 ps for all
peaks here had strong opposite circular polarizations at higfields!’ Rapid decay ofX° is also found in a similar but
fields, consistent with their peak assignments. The energyndoped samplécrosses in Fig. 2
separation between the two peaks is the binding energy of Combining these observations, it is apparent that the in-
the second electrony 1meV at high fields. With increasing hibited recombination found at high fields and low tempera-
temperature the spectral intensity shifts from ¥iepeak to  tures is only observed for th¢~, and only for perpendicular
the X° peak due to thermal ionization of the second electronmagnetic field. The four cases Bf and X~ with magnetic
These spectral features for the two peaks are quite similar tfields perpendicular and parallel to the QW layer are illus-
previous reports oK~ transitions in GaAs QW's-’ trated in Fig. 8a). For theX?, the exciton is confined only to

Results of time-resolved measurementsTat0.5 K are  the 2D layer since it is free to move in the QW plane inde-
shown in Fig. 2. The inset displays the PL intensity of thependent of the magnetic-field direction. On the other hand,
X~ on a log scale as a function of time. B=0 the X~ for the X~ the exciton complex is effectively 1D fd® par-
decay is rapid and closely follows the system responsallel since it is free to move along the field direction, yet is
(dashed curve Deconvolution of the system response from 0D for magnetic fields perpendicular to the QW layer. Thus
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—->B Ml (@ Although this simple model neglects effects of quantum con-
o finement and magnetic field on the internal electron-hole

X/ O R (e-h) wave function of the exciton, the results (8) are in
remarkably good qualitative agreement with the data in Fig.

X/ b /o Q 2, wheret shows large, nearly linear increases at laBje

fields, but it shows only small variation at lower fields.

In reality, however, the exciton internal wave function is
strongly affected by quantum confinement and magnetic
X°+eﬁr— (b) field. Effects of quantum confinement were studied theoreti-

X cally by Takagahar# taking into account the valence-band
mixing and e-h exchange interaction. He showed that the
exciton oscillator strength in a QD is a nearly linear function

\ of the dot volume even in the intermediate confinement re-
gime, primarily due to changing number of unit cells in QD’s
of different sizes. It has been known that the effective Bohr

FIG. 3. (a) Schematic description for the center-of-mass motionradius of an exciton decreases in a strong magnetic ¥eld,
of neutralX® and chargecK™ excitons confined in a 2D plane for known as “magnetic shrinkage.” This would result in a
parallel and perpendicular magnetic fields) Diagram of the two  larger e-h wave-function overlap, and acting alone would
radiative processes fo¢~ recombination: the direct process Xf produce asshorterdecay time. Clearly, this prediction is con-
emission which leaves an electron behind; and the indirect procesgary to the present observation of decay timereasein
in which the excess electron is first freed by ionization before th%agnetic fields. Indeed, the observifl decay time in an
X? recombines. undopedQW shows only small changes at high fieldee

Fig. 2. This demonstratesxperimentallythat even though a
the only configuration giving complete confinement in threemagnetic field modifies the internal wave function substan-
dimensions is the latter case ¥f with B perpendicular, in  tially, it does not lead to a large change in decay time in the
agreement with the observed lifetime increase. present work. It is unclear why the magnetic shrinkage does

Concerning the free-exciton recombination in QW'’s, not cause a large change in tk& decay time. However, for
Feldmannet al*® first pointed out the importance of phase the confinedX ~, the coherence volume effects could domi-
coherence volume for the center-of-mass motion of excitonsate over the internal wave-function effects, similarly to the
The coherence volume has a spatial extent which is usuallyase of quantum confinement f&f.24 The above consider-
much larger than the Bohr-orbit size. As a result, recombi-ations nevertheless explain the qualitatively good agreement
nation radiation from free excitons emanates from a volumeetween the observed behaviors of PL decay time and our
in which the radiating exciton is phase coherent. This phaseodel in spite of neglecting field- and confinement-induced
coherence volume contains many unit cells radiating cohereffects on the internal wave function.
ently, producing a macroscopic polarization. Thus the tran- |nhibited exciton decay could also have a contribution
sition dipole strength and resulting radiative decay rate is arising from field-dependent changes of the mixing in the
linear function of the coherence volunf&?® Feldmann  valence-bandvb) states. In the Luttinger model of Q\b
et al. demonstrated this linear relationship experimentallylevels, most levels contain several wave-function compo-
through the dependence of exciton lifetime on thenents having different angular momentum st&te<.For a
temperature-dependent homogeneous spectral lineWidth.given level, only certain components contribute to allowed
Later, a similar relationship was demonstrated between excoptical transitions, the other components do not contribute.
ton radiative lifetime and QD size for CuCl microcryst&ls. Thus if the magnetic field reduces the ratio of allowed to
Below, we model the present situation of MCX based on thisunallowed components of a hole level, the exciton will be-

N
direct  indirect

coherence volume concept for excitons. come “dark” and have a longer decay tifféCalculations
The characteristic volume for the magnetic confinemenindicate that these changes are small, typically much smaller
of X~ is given by than a factor of 2° These changes inb mixing do not
appear to account for the order of magnitude increase ob-
VMCX:|_7T|%BO<1/|3L , (1)  served in the decay time.

Figure 4 plots the measured PL decay times for B6th
and X° as a function of temperature. =14 T andT
case, andly= (ch/eB,) s the cyclotron radius. Atsmall o503 56 88, S0 T ASE IR TS SR %
fields,V _ is larger than the intrinsic coherence voluiig for increasing temperature, and for=3 K the two decay
at zero field, and the oscillator strength is determined/py  times are nearly identical. Data f8=6 T show similar
rather tharV . Atlarge fieldsV = becomes smallerthan penavior but the effects are smaller. These behaviors can be
Vy, limiting the spatial coherence o™ . The radiative de- explained by considering the thermal ionization Xf .
cay timer, is then given by There are two competing channels &%r decay, namely

whereL is the well width (hole layer width in the present

Vo' ~ const (atsmallB,) X" —hv_+e, )

. )
' Viex * B, (atlargeB,). X~ —=X%+e—hyyte, 4
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1.2 T . gas by thermal excitation, followed by a rapid recombi-
nation. At low temperatures, the direct process is not ther-
101 GaAs/AlGaAs QW mally activated, and mog€~ recombine directly with a long

(=]
o«
T

PL Decay Time (nsec)
=} [=}
i o
>
I

n=7x10"° cm™

B=14T
(circles)

decay time. At elevated temperatures, in contrast, the indirect
decay channel4) also becomes available f&¢~, resulting
in a rapid decrease of thé~ population.

The present work points out that charged excitons in a
QW are confined by a perpendicular magnetic field to QD’s
having a size on the order of the cyclotron radius. These
QD’s are magnetically adjustable and their volume is in-

02y (sBzngS) versely proportional to the magnetic field. The large increase
0 x* , . ‘q l in radiative lifetime of the magnetically confined charged
0 2 4 6 exciton is attributed to a decrease in its coherence volume.

T(K)

Similar changes in radiative lifetimes are expected for other

QW systems in high magnetic fields, and for nanofabricated
QD structures.

Note added in proofRecently, Finkelsteiret al° re-
ported a time-resolved PL study & in GaAs QW's.

FIG. 4. Photoluminescence decay time of ¥ie charged exci-
ton versus temperature for perpendicular magnetic fieldB-e6
and 14 T, for a GaAs quantum well.
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