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Charged and neutral exciton phase formation in the magnetically quantized
two-dimensional electron gas
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We report on a spectroscopic study of the lowest-energy electron-hole transitions of the two-dimensional
electron gag2DEG), with a density varied by photoexcitation in GaAgfAGa As quantum wells and under
a perpendicularly applied magnetic fidd The transition into the phase consisting of a charged exciton singlet
(X)) ground state and neutral excitoX)( excited state occurs at a filling factor=1. The relative intensities
of the X4 andX transitions measured by photoluminescence excitatidin=a2 K, as a function ofv<1 and
of B, are shown to depend on the relative area occupied by the magnetic-field—localized 2DEG and on the
reduced orbit of the additional electron boundXg . [S0163-18206)08539-6

It is well known that in the presence of a two-dimensionalB dependence of the PL Landau transitions integrated
electron gag2DEG) the exciton ) binding is significantly intensity ratio (at T=2 K) and equating it to
reduced by screening and phase space fiflifigRecent (I,=1/l,=0)=7/2—1, where
spectroscopic investigatiohs in GaAs/ALGa,_,As quan- 0 2
tum wells (QW'’s) have revealed that as the 2DEG density p= Zwﬁcne: 0.41ng[10" cm™?]
(ne) decreases, th@eutra) exciton appearance is preceded eB B[T]

by the formation of a negatively charged excitof (): two [see Fig. 1b)]. Lower values ofn, corresponding to the
electrons and on¢heavy) hole bound complex. Under the x-/x phase aB=0, were determined by measuring thie
application of a perpendicular magnetic fielB)( the dia-  gependence of the PL intensity ratio between Xheand X

magnetic energy shift of the singleX() and triplet X;)  transitions:®[as in Fig. 1c)] and relating it(at T=10 K) to
transitions was observ&d in circularly polarized optical that measured in the PLE spectrum by
spectra.

In the magnetically quantized 2DEG the strength of the Ix; Ix; Ee ep
electron-hole interaction is controlled by the magnetic phase 7 kT P kT

T . . X

space filling factor(v). At high v (low B), the interband PL PLE
transitions are between @ree or localizedl hole and the Here Er=#w#2n/m,=0.36n, [10°° cm 2] meV is the
2DEG Landau levels with a negligible electron-hole Fermi energy Ex<kT) ande,=0.85 meV is theX¢ bind-
interaction® The purpose of this work is to study the nature ing energy measured with respect to thaXofThe values of
of the X™/X phase formation, using high magnetic fields n. obtained by these two procedures are interpolated by the
(low v) in order to restore the electron-hole binding. Wefitting function* (Fig. 1(a), solid line):
study interband photoluminescen@@L) and its excitation N N |2
(PLE) spectra in modulation n-type doped GaAs/ i =A(1——§) exp[—B(—S)+C(—S) ] (1)
Al, ,Ga As multiple QW's (MQW’s) at 2<T=<25 K and 2 Ne Ne Ne

under magnetic field0<B<5 T), applied perpendicularly with A=6.0 mW,B~13.4, andC~10.1. We found that for

to the QW plane(and parallel to the light directionThe giveni, | the PL spectral line shape measured undet the
structure under stud{ has ten 300-A-wide GaAs wells with L2 o .
excitation only is virtually the same as under simultaneous

3500-A-thick AbGaAs barriers. It is symmetrically excitation with bothL; andL,. Sincel, penetrates the en-

S&-doped in the middle of each barrier in order to produce g - . :
. . . F ire MQW structure, this proves that there is a nearly uniform
QW confined 2DEG with a density%=7.1x 10'° cm 2 and (within 5%) depletion of all the 2DEG layers.

high mobility (~4X 1¢° enf/V s). The QW's are resonantly Figure 2 shows the energy dependence of the observed PL
excited with a laser &, <1.53 eV and, =1 mW, modu-  yansitions(solid dot$ on the magnetic field af=2 K and
lated at a frequency of 1 kHz. The 2DEG density is opti- for i_ =20 uW, corresponding ta,=5x 10" cm2. For

cally reducedf*in the range 7.2ne[10°° cm *}=0.8 by ;=2 then=0 andn=1 Landau transitions are observed
aboge—t_)arner bandgap uniform illumination of an are®.5 it fitted slopes(solid lineg corresponding to an electron
mm)“ with another lase(E, ,=1.7 eV) of various intensities  effective massn’ =0.096m,. It is significantly larger than

1.5 mW=i_=0. Then, dependence o, [Fig. 1(&] was  the conduction-band massn{=0.067n,). We found that

determined fom,>10' cm? (and v=2) by measuring the m? increases from 0.068, to 0.12n, asn, decreases from

Ix
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I,'I_" FIG. 2. The PL transition energigsolid dot3 measured as a
Z function of magnetic field at T=2 K and fori_,=20 uW. The
1 values of B corresponding to filling factors=2 and v=1 are
a B=117T Teask /L shown by arrows. The solid lines are fittings to tire 1 andn=0
: . —t " : m— Landau transitions dependence witQ= 0.096n;, . The inset shows
15615 1517 1519 1515 1.519 1.523 the PL spectra measuredBt=4 T for o*-polarized(dashed ling
Energy (eV) ando -polarized(solid line) light. For comparison, also showhy

dashed linesis the B dependence of the PL transition energies
measured foiLzzl.S mW, corresponding to the substantially de-

FIG. 1. (8 The measured 2DEG density, as a function of pleted 2DEG(N.=0.8x 10X° cm2).

above-barrier bandgap laser intensi'Ltyand the fitting curve given
by Eq.(1). Then, values are obtained by th& dependence of the
n=1/n=0 intensity ratio such as shown {b), or by theT depen- line) spectra measured f0[2=400 uW corresponding to
dence of theX s /X intensity ratio fori, =950 uW as shown ir(c). ne=1.6x 10° cm 2 and at differenty<1 (0.7<B<4 T). The
The observed PL spectiéhick solid lines are fitted by multiple  re|ative intensities - andly (indicated by barsof the cor-
Lorentzian functions for each transitiddotted ling. The fitting  e5nonding transitions observed in the PLE spectra are mea-
gi;\:aerismiﬁallngbﬁgesd by thin solid lingirtually identical to the sured by line-shape fittingshown by a thin lingto a mul-
tiple Lorentzian function. We observe that scanning the
7.1 to 3.2¢10%° cm 2. This is consistent with the predicféd monitored energy K) throughout the low-energy PL tail
increase of the electron effective mass at the Fermi surfacd®S not change the ratlg- /1. However, decreasing,
with decreasing density as a result of electron-electron inter'€SUlts in an appreciable PLE transition brpz_adeﬁ?hlg.can
actions. Atv=2 there is a discontinuity in the derivative of P& S€en thalt /1 strongly increases with: it is =0.55 for
the PL energywith respect taB) for then=0 Landau tran- »=0.16[Fig. 3(d)] and it becomes too high for measuring at
sition. This is due to the electron-hole interaction “freeze v=0.94[Fig. 3@)].
out” resulting from the depletion of the=1 Landau level. We explain the transition into th& /X phase by a
It results in the formation of a many electron-bound holemagnetic-field—induced spatial localization of the 2DEG at
complex at Xv<2. However, contrary to previously sug- v<1, when only the lowestn(=0) spin-polarized Landau
gested model&>®this complex is far from being an exciton. level is filled. A large splitting between the lower spin-(ip
As will be shown below, it transforms exactly a1 into  and higher spin-dowr(]) levels is known to be due to
the X5 ground state with the subsequent appearance of thelectron-electron exchange enhanced magnetic interdction.
higher-energy<, andX excited state$’ In order to confirm  Magnetotransport measurements sffbthat aty=1 the en-
the assignment of the transitions that appearsit we show ergy gap is=0.9B[T] meV. Thus, it is sufficiently large to
in the inset of Fig. 2 ther~ polarized(dashed linando”™  assume that th¢ and | levels are resolved in our range of
polarized(solid line) PL spectra measured Bt=4 T. The appliedB and atT=2 K. The X~ PLE transition intensity,
appearance of thX; transition ino~ polarized spectf®  being proportional to the absorption cross section, is sensi-
occurs at a finite magnetic fielit can be clearly identified at tive to the available QW area occupied by the 2DEG, where
B=2.5 T), provided thaty<1. For comparison, we also a photocreateé-h pair can bind an additional electron. The
show in Fig. 2(by dashed lingsthe measured diamagnetic X PLE transition intensity, on the other hand, is proportional
energy shift of theX;, X, and X PL transitions for the to the unoccupied QW area. Assuming a slowly varying,
substantially depleted 2DE®,=0.8x10'°cm 2. We find  weak disorder potential that localizes the independent elec-
that theB dependence of the observed PL transition energietrons in Landau states, the relative area occupied by the
becomes nearly independentrof at v<1. 2DEG is given exactly by the filling factor. Then, the ratio
In Fig. 3 we show the PLEsolid line) and PL(dashed Ix-/lyx is expected to be given by
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FIG. 3. The PLE(thick solid lines and PL(dashed lingsspec- . 'C: 4 (& The X /X (error bary and X /X (open dots PLE
tra measured af=2 K for i, =400 xW with different values of intensity ratios measured Bt=4.7 T as a function of filling factor
2

magnetic fieldB (yielding the filling factorv). E, is the PL moni- v. The model curveshown by a solid lingis given by 2/(1-»).

- . o (b) The X4 /X PLE intensity ratio measured for two values of the
tored energy. The relative PLE intensitieshown by barof the 2DEG density as a function of filling factar. The corresponding

X~ and X transitions are measured by fitting the PLE spectra to . .
: . : " . “model curves fong; andng, are shown by thick solid and dashed
multiple Lorentzian functions. The fitting curves are plotted by thin . . .
solid lines lines, respectively. The solid and dashed arrows»,at0.20 and
' 1,=0.34 correspond t@B,=3.3 T at which the magnetic length
equals the exciton Bohr radius for; andng,, respectively. The
Iy v (fx) two thin lines are given by @(1—v) and v/(1—v).
B

Iy 1-wv| fy 2

wave  function of the  forAf Ty (rr')
wheref,- andfy are the corresponding oscillator strengths_=(I)1s(r)cl)1s(r )+ D (r" )Py (r). Then,
These simple arguments are valid when théependent " -
localization length is much larger than the magnetic length 2f0|\Isz—(0,r)| d-r 2
A=fic/eB, the X~ and theX Bohr radii. This is the case fX;N JolWy(r,r)2d2rd?r’ P
for a long-range disorder potentiathat arises from random s
fluctuations of the donor position in modulation doped QW'’s &)
with large undoped spacers. Such a potential is effective in
our sample as evidenced by the Landau transition width§jere 3= (a+a’)/2. The two-dimensional hydrogenicSi
; 18,21 . . : . .
(I'=0.6 meV) that are almost independent Bf exciton oscillator strength is proportional to
In Fig. 4(a) we plotlxs— /1y (by error barﬁsandlxtf/lx (by
open dotsthat are measured in the PLE spectraBer4.7 T o , 2
as a function ofv. The solid line is a plot of Eq(2) with fx~|®1(0)] =35 (4)
(fx-/fx)g=a7 =2 (see below. We find that it fits well the
experimental values foX ¢, but not those foiX, since the  \ypere o, is the exciton variationa(Bohr radius. All the

triplet state has a much larger spatial extent than the singlergdii that enter Eqg(3) and (4) are calculated numerically as
state. ) a function of B in Ref. 22 by a variational method. The
In order to calculate the ratidy_/fx we assume tWo- regyjts of this calculation show tha=a, and they are
dimensional B hydrogenic orbitalsP,(r) and®;(r') for ~ weakly dependent oB varying in our experimental range.
the first and the second electrons in their relative motion withTheir value can be approximated by the bulk Gaaszero
respect to the center of mass of the charged exciton. Thefield) exciton Bohr radiusiz=140 A (since the QW width is
effective Bohr radii (denoted bya and a’, respectively ~ L=300 A). On the other handy’ being much larger thaa
are B dependent. Th&X ¢ state is described by a symmetric anda, at B=0, shows a strong decrease with increading

(a”?+a’ " %+2a ?
a2a72
1+
a*
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approximately aa.. At magnetic fields larger than the value  Finally, we comment on the essential difference between
By,=3.3 T (as determined by the conditiaaz=X\), the ex-  the nature of the transition into th€ /X phase aB=0 and
ternal(second electron is eventually pushed towards ¢  that under a high magnetic field. In the former case it was
center of mass and all the variational radii become nearlghowr! to occur near the metal-insulator transition of the
equal, i.e.a~a’'~a,. Consequently, according to EQ8)  2DEG, since the extended electron statiesthe form of
and (4) asB—0 the ratiofy_/fx approaches 1, while for pjane wavesresult in the 2DEG occupying the entire QW
B=B, it nearly equals 2. area. In the presence of a strongly quantizing magnetic field,

Fig. 4(b) presentd g /1« measured in the PLE spectra as on the other hand, the extended states in real space are thin
a function ofv for two different values of the 2DEG density: bands” that stretch buto notcover the entire QW plane.
Ne;=1.6X 10'° cm™2 (solid dot$ and ng,=2.7x 10*° cm 2 These leave parts of the QW plane available for exciton ab-
(open dots The corresponding model curvégenoted by a  sorption and therefore, the /X phase can be formed in the
thick solid and a dashed line, respectiyelyere calculated magnetically quantized metallic 2DEG.
using Eqs.(2-4) for various values oB. The values 0B, In summary, we studied spectroscopically the transition of
corresponding ton.; and ng, are indicated by solid and the lowest-energy electron-hole states in the magnetically
dashed arrows a#;=0.20 and»,=0.34, respectively. Note quantized 2DEG into the bound /X phase. We measured
that the experimental points lie between the two thin lineshe X /X PLE intensity ratio as a function of andB and
calculated using Eq(2) with fx;/fle and fxs—/fx=2, showed that the transition occurs @t1 due to the 2DEG
except the sharp cusplike behavior of the measured valugatial localization. We also found, that ti oscillator
nearB=B,. This is simulated by an abrupt slope change ofstrength increases by a factor-sR asB increases from zero
the model curvegshown in the insets for clarity to Bo=3.3 T, when the external electron approachesXe

We emphasize that the 2DEG localizationratl is due ~ center of mass, and its Bohr radius equals the magnetic
to the existence of a gap in the energy spectrum. Extrapolatength.

ing this result to lower temperatur¢§<2 K) one should The work at Technion was done in the Barbara and Nor-
expect a similar divergence of thg_/Ix ratio at energy  man Seiden Center for Advanced Optoelectronics and was
gaps of all fractional filling factors corresponding to incom- supported by the US-Israel Binational Science Foundation
pressible Laughlin statés.0One of the main factors prevent- (BSF), Jerusalem. A.R. acknowledges the support of the E.
ing such a spectroscopic observation at fractionalalues and J. Bishop Research Fund. The authors would like to
might be an effective 2DEG heating by the optical excita-thank A. Auerbach, J. Avron, and U. Sivan for useful discus-
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