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Spin-flip excitations in the fractional-quantum-Hall-effect regime studied by polarized
photoluminescence of charged excitons
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We report on a low-temperature magneto-optical study of the spin-singlet charged exditptrgnsitions
in GaAs/AL ,Ga As modulation-doped multiple quantum wells with an optically tuned two-dimensional
electron gag2DEG) density corresponding to a filling factor in the range 8<1. We find strong evidence
for the effect of 2DEG magnetic correlations on tHK¢ spin-resolved transitions. The energy difference
between ther - and o*-polarizedX_ photoluminescencéPL) intensity maxima is found to oscillate with
varying v. The numerical derivative of these oscillations with respeat shows minima at odd denominator
rational fractions and maxima at even denominator fractions, similar to the longitudinal resistivity measured in
the fractional quantum Hall effect. At=1, the observed ™ -polarized low-energy PL tail is interpretédy a
line-shape analysigo be due to a finitdc 2DEG spin-wave emission coupled to the optical recombination of
the X . [S0163-18207)51144-1

Magnetooptical spectroscopy of the two-dimensionalmight be affected by the 2DEG collective states that arise
electron gag2DEG) formed in high-quality semiconductor from electron-electron interactions.
structures is used for studying the properties of the correlated The present study demonstrates that 2DEG magnetic cor-
electronic system and its interaction with the photoexcited€lations indeed have a pronounced effect on Xhespin
hole. In single heterojunction structures, where the 2DEG iStaleS. As one can expect, the observed perturbation
spatially separated from the hole by an internal electric field( ~100#€V) of theX™ transition energy, due to this effect,

the correlated electron states are weakly perturbed by phot(!)S found to be much smaller than the photoexcited hole bind-

L X . _ing ener 7 meV). The observed spectroscopic features
excitation. Then, the electron magnetic correlations whic 9 gy & ) P P

. . . f X~ transitions evidence their coupling to collective spin-
are manlfeszt in magnetotransport as Fhe fractional quantuqﬁp (SP) excitations of the 2DEG in the extreme magnetic
Hall effect- (FQHB), are observed in the electron-hole quantum limit. These are shown to be related to the particu-

bound staténeutral excitomradiativg recombinatio?!‘.SThe lar 2DEG ground state as determined by the filling factor.
electron FQHE states thgt are optically detected in quanturpe study the photoluminescen¢BL) spectra of the spin-
well (QW) structures, having a co-planar arrangement of theinglet (X7) transitions that are split by a magnetic field
holes and the 2DEG, are strongly affected by the holqg<p<7 T) applied perpendicularly to the 2DEG plane and
binding® Recent investigatiods'* of QW’s with a low den- ¢ jow temperatures (1=5T<3K). The PL is resonantly
sity (ne) 2DEG have revealed the existence of charged exexcited just above thel-hhl band gap and is observed
citons (X~)—two electron and on¢heavy hole bound com-  parallel toB. It is decomposed inter~- and o -polarized
plexes. Their appearance was induced either by reduting spectra and monitored by a double spectromgikoton en-
(Refs. 8—10 or by the application of a sufficiently strong, ergy resolution of~10 ueV). The studied structuté®is a
perpendicular magnetic field* (B). In both cases th&X~  300-A-wide GaAs multiple QW with 3600-A-thick
formation results from the electron phase-space depletioAlyGa JAs barriers, symmetrically doped in order to ob-
and is related to the 2DEG localizatidh? In the magneti- tain a high 2DEG mobility ¢4x 10° cn?/Vs) and a low
cally quantized 2DEG, th& ™~ states were showfito form  2DEG density of n0=7.1x10*°cm 2. The very same
at filling factorsy=(hcn./eB)<1 in QW areas occupied by sample exhibitS clear FQHE features in low-temperature
the 2DEG, that result from ionized donor potential fluctua-magnetotransport measurements.is further reducetf by
tions. In modulation doped QW'’s with wide spacers, the sizean additional above-barrier band-gap photoexcitation down
of these fluctuations~ 1000 A) is significantly larger than to =0.8x10'° cm 2. The variable 2DEG density allows us
the characteristic magnetic length[A=(%c/eB)¥?>  to tune the filling factor in the required range@<1 under
~100 A]. This implies that a photocreated electron-holea fixed value ofB, which sets the single-particle magnetic
pair binds one additional electron out of confined electronsnergies.

that may still maintain long-range correlated FQHE states. In  Figure 1 presents the PL spectra of charged and neutral
this case, despite the disorder present, ¥e transitions exciton transitions measured for~ and o* polarizations.
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FIG. 2. Theo™ - (thick line) ando* -polarized(thin line) X PL

FIG. 1. Theo™ - ando ™ -polarized PL spectra of charged{)  spectra observed fofa) »=0.95 and(b) »=0.86, at a fixedB

and neutral X) excitons, that are typical of Qv<1. The inset =2.83 T and for various temperatures. Each spectrum is normalized
shows schematically the optical selection rules for the low¥gst  to its maximum intensity. The measured values of the energy dif-
transitions. ference AE=E,-—E,+, between the spectral maxin@enoted by

arrowsg are indicated.

These spectra are typical of filling factors<@<1. The
present study concerns the lowe§ transitions governed
by the selection rules that are shown schematically in th
inset of Fig. 1: The initiaX, spin-doublet states are split by
the hole Zeeman energyg(uB), since the two electrons
have antiparallel spins in this state. Fef polarization, the
hole recombines with the spin-€lectron so that the spin-
electron is left below the 2DEG Fermi surface. kor po-

weak ones at:, % are not labeled shows almost perfect

ymmetry aroundv=3%. This correspondence between the
ocal extrema oAE/Jdv (observed here ai<2 K) and the
rational v values strongly indicates the effect of 2DEG en-
ergy gaps that are known from numerous FQHE studies
(usually observed af <1 K). Therefore, the results pre-
sented in Fig. 3 might imply that the SF excitation energy
egr Of an ideal FQHE systerfiT=0 and no disordgrhave

larization, the spire electron is left along with a spin-hole discontinuities at rational fractions, similar to other quanti-
spin-] electron vacangy Therefore, the difference between .~ L S 8 q
ties like magnetization or chemical potenttat® In the de-

the two circularly polarized recombination final states is duerivative these discontinuities would yielé extrema with

to a single SF process of the 2DEG, while the energy differ- ength that is proportional to corresponding FQHE gaps.

ence between the initial states is assumed to be unaffected )Zen at a nonzer® andlor in the presence of a disorder, the

the presence of the rest of the 2DEG. Thus, we useXthe . : e
polarized PL transition line shapes in order to study the col-SteIOS Ofose(v) disappear, whilelzse(v)/dw is still expected

lective SE excitations of the 2DEG. to have extrema at rational valuesofnd with a finite depth
The following three figures display various aspects of the
energy difference, AE=E_,-—E_ + (measurable forB
>2.8 T) between the maxima af - and o " -polarizedX
PL spectra. Figure 2 shows the PL spectra for two values of
the filling factor(a) »=0.95 and(b) »=0.86 and at various
temperatures. We find a strongdependence oAE at T
=1.7 K. However, it weakens rapidly as the temperature is
raised to 2.8 K for whichAE appears to be nearly indepen-
dent of v. The value ofAE obtained at the lowest tempera-
tures is interpreted in terms of mdependent SF excitation
energy €sp, hamely, AE(v,B)=es{v,B)+g,(B)uB.
There is a strong nonmonotonoBsdependence of the hole
g factor'® (a result of the valenckehl-lh1 subband mixing — .
Therefore, in order to study adependence of g from the 0.0 0.2 04 0.6 08 1.0
measured\E, it is advantageous to fiB and varyn,. We Filling factor v
do it for B=2.83 T and 1.&:n¢(10' cm %<7.1, and plot FIG. 3. Top:AE(») (open circlesmeasured for a fixed value of
AE as a function ofy in Fig. 3: Its deep oscillations with B—2.83T and varying 1.8n,(10° cm 3 <7.1. The value of
varying v yield in the numerical derivativeJAE/dv; local g uB, with the bare electrog factor g.= —0.44 (GaAs, is indi-
minima at rational fractions with an odd denominator andcated. Bottom: The numerical derivative of the measuk&with
local maxima at those with an even denomina@s indi- respect tor (solid circled. Solid lines connect the experimental
cated by arrows The depth of the indicated minim@ghe  points.
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FIG. 4. Top: AE(») (smoothed and shoownig)y open cirgles i 5 (3 The o - and o -polarized PL spectra of thi_
measured for a fixed value ofe:_6.9>< 101, cm “ and varying  yansitions, measured at=1 and normalized to their maximum
2.83T<B=<6.40T, geuB (With ge=—0.44 is also shown(solid  jnensity (b) [I,-(w)—1,-(w)] extracted fron(a) for various val-
line). Bottom: The numerical derivative of the measurel with ues of the magnetic field. The energy shif is measured with

respect tov (solid circles. respect to the spectrum energy maximgvirtually the same for
_ _ both polarizations (¢) [1,-(w)—1,+(w)] calculated using Eq1)
directly related to corresponding FQHE gaps. for the same values @ as in(b). (d) The SW dispersion relations

In Fig. 4 we show another measuremeni\d(v) carried  calculated following Ref. 21 for the same valuesBoés in(b), (c).
out for a fixed value ofng=6.9x10 cm 2 and various
2.83T=B=<6.40 T. These results confirm the existence ofHere,
oscillations withy, which are superposed on the monotonous

increase oA E with increasingB. As in Fig. 3, the observed 1 k2
extrema ofdAE/dv show a correspondence with rational M (k)= 2 ex;{ - F)
values. However, in contrast to Fig. 3, there are few well- e c
resolved extrema which are not assigrieédnoted by a ques- . . . L .
tion mark in Fig. 4. Their v values deviate from the rational IS the squared optical matnx element representing in this
fractions with the lowest possible denominator by more thar?'mpIeSt phenomenologlcal fqrm the overlap betyveer)(t@e
the experimental error rang@orizontal bark of the 2DEG and the SW wave funt_:tl_onkc introduces a cutoff irk space
density!* Also, in this case, the depth of the observed ex-and 1S 1u_sed as a fitting parameter. The SW dispersion
trema does not obey the odd denominator hierarchical sdelatiort" is
guence. These discrepancies may result from a significant " "
contribution to the observedE(v) of the (B-dependent oAl 1o exd — M) (KM
hole Zeeman energy. zsw(k) ex 4 )% 4 |
In order to understand qualitatively the relation between
egp, introduced by these spectroscopic measurements, antherel, stands for the zeroth-order modified Bessel func-
the ground state of the 2DEG at a fractionalwe consider tion. The electron and the hole Zeeman energies are ne-
first the case ov=1 for which the effect of collective SF glected for the low values d=<2.8 T used here. For a nu-
excitations is known to be enhanc@dy the 2DEG ex- merical evaluation of Eq(1) the & functions are replaced by
change interactions. This is done by analyzing the line shapkorentzians with a half-widtH"=0.2 meV that reflects the
of the Xg polarized PL spectra observed for various valuesobservedos *-polarized transition broadenind\. are the
of B<2.8 T and ofn, corresponding to=1 (Fig. 5. In this  normalization factors.
case of a fully occupied spihdevel, a single SF process in The assignment of the ™ -polarized PL tail to theXg
the final state of ther™-polarized recombination gives rise recombination coupled to an emission of the SW dispersive
to a dispersive spin-wavéSW) collective excitation of the excitation is confirmed by the line-shape dependence on the
2DEG. A clear indication of such a cooperative transitionmagnetic field, which scales both the SW energy &nth-
involving the X, and a finitek SW is the pronounced low- deed, the observed decrease in[thg (w)—I,+(w)] inten-
energyo -polarized PL tail, observed in the vicinity @=1  sity maximum with increasin® [Fig. 5(b)] is found to be in
(Ref. 20 [Fig. 5@)]. In order to resolve this feature, we take agreement with the calculated line shafieig. 5(c)]. This is
the difference between the-(w) andl ,+(w) spectraleach  because, as seen from Ha), |- is inversely proportional
one is unity normalized ab=0), and compare the obtained (in the limit of I'—0) to the SW dispersion slog€ig. 5(d)],
line shapegshown in Fig. %b)] with those calculated by which increases with increasing. The fitted value ofk,
=1x10° cm™! determines the energy shift e —0.3 meV
of the[l ,-(w) — I ;+(w)] maximum,(that is nearly indepen-
lo-(@) =l s+(0)= N—f d*kM (k) &l e sw(k) —fr o] dent ofB) as well as its intensity variation witB. Also, the
calculated line shapes occur to be nearly insensitive of a
—N,8(hw). (1) specific analytic form chosen for the matrix element.
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It is worth noticing that the SF excitation withk=0 car-  according to Laughlin’s theor”. may be considered as car-
ries no information about electron-electron interactions atied by quasiparticles with a fractional charge. Then, for
any v, that is a consequence of quite a genétalrmor's)  fractions v=3,%,%,2, the SF excitations are quasiparticle
theorem. The coupling mechanism of a finkeSW excita- SW excitations corresponding t* =1, while for v=2,32
tion to the final state of th&g recombination might be due they are quasiparticle spin-triplet excitations with=2. In
to the following:(1) Short-range potential scatteridoy QW  terms of these dispersive quasiparticle excitatierg.repre-
interface roughness, for instanc€) magnetic-field-induced  sents the SF excitation energy at singular pointk space,
large k mixing in the process X +spin-hole~=SW  \yheredege/dk=0. Since, to the best of our knowledge, the
+photon. The second mechanism requires that the spin-holsr gispersion in the FQHE regime has not been studied theo-
in the initial state, resulting from a vacancy of the additionalretically, we assume that such points exist as a result of
X, electron, is spatially well separated froXy . In this  mixing?® with Coulomb gap mode¥:?> An experimental in-
case, the magnetooptical transition virtually occurs from thejication for such a mixing has been provid&d® for
bound (Xs) to free (SW) state and is accompanied by  »=%, ¢ by FQHE transport measurements in tilted magnetic
nonconservation. Alternatively, this condition can be formu-fields, where SF excitations were shown to contribute appre-
lated in terms of global minimum at a largeevalue for the  ciably to the measured fractional energy gaps.
magnetic energy dispersion of theectrically neutralinitial
state. The magnetically inducekl mixing is a plausible
mechanism since the fitted value lqf occurs to be close to The work at Technion was done in the Barbara and Nor-
\ "1 for the range of 1.7 ¥B<2.8T. man Seiden Center for Advanced Optoelectronics and was

Extending this line-shape analysis to the FQHE state wittsupported by the U.S.—Israel Binational Science Foundation
an odd denominator fraction, the collective SF excitations{BSF), Jerusalem.
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