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Electron subbands in a double quantum well in a quantizing magnetic field
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We employ magnetocapacitance and far-infrared spectroscopy techniques to study the spectrum of the
double-layer electron system in a parabolic quantum well with a narrow tunnel barrier in the center. For
gate-bias-controlled asymmetric electron density distributions in this soft two-subband system we observe both
individual subband gaps and double-layer gaps at integer filling fact@he bilayer gaps are shown to be
either trivially common for two subbands or caused bywae function reconstructioin growth direction as
induced by intersubband electron transfer atoamal to the interface magnetic field. In the latter case the
observed gaps at=1 and v=2 are described within a simple model for the modified bilayer spectrum.
[S0163-182699)11319-3

[. INTRODUCTION experiment, e.g., the Landau level fan chart peculiarities
observed at relatively high filling factors in an unbalanced
The remarkable properties of a double electron layer in @ilayer system were interpreted in terms of intersubband/
quantizing magnetic field are determined not only by theinterlayer charge transfer without appealing exchange and
relationship between the intralayer and interlayer Coulomizorrelation effects. Moreover, observation has been reported
energies and the symmetric-antisymmetric level splittingof hybrid gaps at filling factors'=1,2 at imbalancé® The
caused by tunnelig’ but also by the ratio of the distance very different behaviors of the gap at=2 at imbalance over
between the subbands’ electron density weight centers to thee gitferent ranges of bilayer electron densities have been
effective Bohr radius detected and associated with a new phase transftign.
broken-symmetry state in the fractional quantum Hall re-
a=d/ag. (1) gime, whose formation is accompanied by intersubband/

) ) ) _interlayer charge transfer, has been observed in a wide quan-
Throughout the paper we will bear in mind that the meaning,;m well1° As was discussed in Ref. 20, the simplest effect

of an individual layer is correct to introduce if the tunneling of electron correlations is to change the partitioning of

Ibs srgall; _?:]herW|s$, |ttogly Ima;kes s(,jensgt to d‘?‘pte.%k t‘?lbOUt. Su%’harge between two subbands/layers. It is interesting that the
ands with compiicated €lectron density distrioutions in asymmetry breaking does not necessarily imply nonzero

double-layer system. So, the interlayer Co_ulomb correlatlonsharge transfer between subbands. At filling facter2, at
were shown to be responsible for the fractional quantum Hal .
alance, the electron correlations are expected to break the

gy — 1_5 _
effect at filling factory=1/2, " the many-body quantum symmetry of the wave functions of electron subbands with-

Hall plateau atv=1%" and the saturation of the phonon- y e ;
induced electron drdguith lowering temperatur& Besides, out causing intersubband charge transfer, which, in particu-

these were argued to destroy symmetric-antisymmetric split&f Points to thel possible existence of a “canted antiferro-
ting in strong magnetic fields. > magnetic” stlaté. N .

It is the ratio a that describes the softness of a bilayer Here, using capacitive and far-infrared spectroscopy
electron system, i.e., the sensitivity of the subband spacing t&'€thods, we investigate the spectrum of two-dimensional
intersubband electron transférHenceforth the symmetric €lectrons in a quantizing magnetic field in a parabolic quan-
double-layer regime where the electron density distributiorfum well that contains a narrow tunnel barrier for the elec-
is two symmetric maxima corresponding to two electron lay-tron systems on either side. Analysis of the behavior of the
ers is referred to as balant.In view of softness, the bal- double-layer gaps at filling factors=1 andv=2 at imbal-
anced double layer, in which the subband electron densitgnce controlled by gate bias establishes the complete recon-
weight centers are coincident, is similar to a conventionaktruction of the zero-fielvave functionsn growth direction,
two-subband electron system with vanishiegsuch as the caused by intersubband electron transfer in a magnetic field.
one in single heterojunctions. Oppositely, the unbalanced proposed model for the magnetic-field-induced reconstruc-
double-layer system with asymmetric electron density distrition of electron subbands largely allows the description of
butions is normally soft, i.e.¢=1, and so its spectrum is the experimental results as well as recent data obtained in
very sensitive to intersubband charge transfer. InRef. 18.
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II. SAMPLES AND EXPERIMENTAL TECHNIQUE 1.0 T T
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The samples are grown by molecular beam epitaxy on a —/O_ESK/
semi-insulating GaAs substrate. The active layers form a 047K
760-A-wide parabolic well. In the center of the well a 03r ﬁome/ 1
3-monolayer-thick AlGa,_,As (x=0.3) sheet is grown [
which serves as a tunnel barrier between both parts on either
side. The symmetrically doped well is capped by 600-A 0.0 1
AlGaAs and 40-A GaAs layers. The samples have two
Ohmic contactgeach of them is connected to both electron
systems in two parts of the wekind two gates on the crystal L L
surface with areas 120120 and 226 120 um?. The pres- |
ence of the gate electrode enables us both to tune the carrier Va Va
density in the well, which is equal to 4210'* cm™?2 with-
out gate bias, and measure the capacitance between the gate
and the well. For capacitance measurements we apply an ac
voltageV,.=2.4 mV at frequenciekin the range 3—600 Hz
between the well and the gate and measure both current com-
ponents as a function of gate bisg, using a home-made 088 KN\
-V converter and a standard lock-in technique. For far- 00F . . .
infrared spectroscopy the sample design is a bit different: a 0.6 -0.4 -0.2 0.0
6-um-period Ag grating coupler on the semitransparent gate V.(V)
is used to couple the normally incident far-infraréelR)
radiation to the intersubband modes. Our measurements are,~'C: 1. Dependence of both current components on gate voltage
. . tf=300 Hz at different temperatures in a magnetic field of 2.5 T.
performed in the temperature interval between 30 mK an he lines for 30 mK and 0.47 K are shifted for claritv. The vertical
2.5 K at magnetic fields of up to 16 T. © ines for S L . Y- :
. ? . solid (dashed lines mark minima of the density of states in the
The imaginary current component in the low-frequencygsecond subbantbf the system conductivity The positions of the
limit reflects the thermodynamic density of states in asybpand thresholds and of the balance point are determined from
double-layer system in a quantizing magnetic field. Thisthe fan diagram in Fig. 2.
limit occurs if the sample dimensidnis small compared to
the current overflowing lengthy= (o / 7fC)Y? whereo, lll. RESULTS
is the dissipative conductivity of the bilayer system & The dependences of both current components on gate
the capacitance per unit area between gate and quantum walbltage in a magnetic field of 2.5 T at different temperatures
The imaginary current component minima are accompaniegére represented in Fig. 1. Al'tlh<Vg<Vt2h one subband is
by peaks in the active current component which are proporfilled with electrons in the back part of the well, with respect
tional at low frequencies tofC)%o,, and can be used for to the gate. At the threshold voltagé, a second subband
measurements ofr,,. In the high-frequency limitL>L,  starts to collect electrons in the front part of the well, as
both components of the current tend to zero. Except for théndicated by a jump of the capacitance. Positions of the sys-
balance point, our samples are similar to a conventionalem conductivity minima are marked in the figure by dashed
three-electrode systerfsee, e.g., Refs. 22 and )23.e., at  vertical lines. The solid lines mark minima of the thermody-
imbalance the thermodynamic density of states is measurgtRmic density of states in the second electron subband. As
in the subband whose electron density maximum is closer téeen from Fig. 1, the capacitance minima related-fpare
the gate. If the conductivity of the other subband does nostrongly temperature dependent, whereas the measured ca-
vanish, the low-frequency limit is reached in the frequencypacitance in between the deep minima depends weakly on
range used. In this case one can expect weakly temperatur@mperature. In the two-subband case the two kinds of
dependent relatively shallow minima in the sample capacifminima coexist and, at close positions, switch with varying
tance that correspond to gaps in the spectrum of the forméemperature because of very different temperature depen-
subband. Alternatively, if the Fermi level lies in a gap of thedences. These determine two Landau level fans in the
bilayer spectrum, at lowest temperatures the high-frequenc{B,V,) plane for the unbalanced double-layer system.
limit is normally realized. This is indicated by deep minima  Figure 2 presents a Landau level fan chart for our sample.
in the imaginary current component that depend strongly ofone-subband fans, i.e., those that correspond to individual
temperature. Hence, one can easily discriminate betweeglectron subbands, are shown by dashed and dash-dotted
one-subband gaps and gaps in the bilayer spectrum. lines, respectively. These are defined by minima of the ther-
In principle, it would also be possible to make standardmodynamic density of states in the second subband at integer
resistive measurements utilizing Corbino samples since thiilling factor v, (here the experimental data points are not
geometry allows one to avoid the interference of the Hallindicated to avoid overcomplicating the figurand of the
electric fields in two electron layers with different densities.conductivity in the first subband at integet. Their line
Our arrangement takes advantage of the Corbino geometslopes are inversely proportional to the capacitance values
and excels a standard technique in the simplicity of classifybefore and after the jump ne\a(gzvtzh (Fig. 1). The double-
ing the different kinds of minima. layer conductivity minima at integer filling factar corre-
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FIG. 2. Landau level fan chart as found from the minima of the fz (sz)

density of states in the second electron subband,at1,2,4,6
(dashed lings of the conductivity in the first subband at, FIG. 4. Frequency dependence of the active current component
=1,2,4,6(dash-dotted lings and of the double-layer conductivity peaks aB=8 T atT=0.62 K.
at v=1,2,3,4,5,6,8,1(solid lineg. The change of fan line slopes
occurs above the thresholdf, as marked by dotted line. Activation energy for gaps at integeris found from the

) ) ] ) . temperature dependence of peaks in the active current com-
sponding to gaps in the bilayer spectrum define the thirdponent. We have checked that at sufficiently low frequencies
two-subband, Landau level fan as shown by solid lines inpe peak amplitude is a parabolic functionfoee Fig. 4. As
Fig. 2. These lines are parallel to the ones of the secongeniioned above, the slopes of the straight lines in the figure
subband fan so that with varying, the bilayer electron gnoyid be inversely proportional i@,,, which justifies the
dgnsﬂy changes essentially in the fro_nt part of _the well. Theprocedure of activation energy determination from the
disruptions of the two-subband fan linesat2 imply the  Arrhenius plot of the peak amplitude.
d!sappearance of common gaps fpr two subbands as will be A typical behavior of the activation energg, with mag-
discussed below. As seen from Fig. 2, the two-subband angetic field at fixed filling facton> 2 is depicted in Fig. 5 for
first-subband fan lines for each= v, intercept one another ihe case oiv=4. The value of,, is a maximum both at the
near the dotted line av,>Vy,. For description of all of  pijayer onsetv2 and at balance. In between these it goes to
thesze.fan lines we will use filling factor since vy at Vg zerg in the interval 2.6—3.4 T except for the close vicinity of
<Vt is also determined by the electron density in the 3 T whereE, is unmeasurably small but likely finite as can
quantum well. A part of the fan chart including the datape reconciled with the nonzero active current component
points for the thermodynamic density of states minima in thearising at a fan crossing poimt=4, v,=1 (cf. Figs. 2, 5.
second subband is displayed in Fig. 3. At low magnetic fieldsrhe disruptions of the two-subband fan lines are the case
the measurements are taken at the lowest temperatures gawwveen Landau level fan crossing@&g. 2) and correspond
obtain more pronounced capacitance minima while at Bigh g the intervals of8 (or Vg) in which the activation energy
the temperatures of abbli K are necessary to suppress theyanishegFig. 5).
bilayer conductivity minima. These limits are indicated by |y contrast, at'=1,2 the activation energy in the bilayer

different symbols in the figure. The small deviations of thegystem never tends to ze(Bigs. 6, 7. For both filling fac-
data from the dashed lines give evidence that the

intersubband/interlayer electron transfer is small and the un- T T T T T
balanced double-layer system is soft.
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FIG. 3. Part of the fan chart in Fig. 2, including the data points  FIG. 5. Experimenta(doty and calculatedsolid line) changes
for density of states minima in the second subband. The reconstruof the activation energy with magnetic field for filling factor=4.
tion of electron subbands is expected in shaded regions. The dashed line is a guide to the eye.
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FIG. 8. FIR absorption spectra at different magnetic fields at

Vg=—0.15 V. Also shown is the schematic energy spectrum with

FIG. 6. Activation energy as a function of magnetic fieldvat
the corresponding transitions in magnetic field.

=1: experiment(squares and calculation(solid line). The dashed
line is a guide to the eye. Also shown is a sketch of the bilayer

spectrum below and above the maximum fiBlg. IV. DISCUSSION

The band structure of our sample in the absence of mag-
tors E, is a maximum neavgzvfh and then it monotoni- netic field is known from far-infrared spectroscopy and mag-
cally decreases with magnetic field up to the balance pointietotransport investigations on samples fabricated from the
We note that thesE, maxima are attained at the interception Same wafef>?° It agrees with the result of self-consistent

points of the two-subband and first-subband fan lines as dddartree calculation of energy levels in a coupled double
scribed abovéFig. 2). quantum well. According to the calculation, the symmetric-

Figure 8 shows FIR absorption spectra in magnetic field@ntisymmetric splitting in the balanced bilayer system, which
atVy=—0.15 V on our sample. Line C is easy to identify as iS the case at zero gate voltage, is equabias=1.3 meV.
the cyclotron resonance owing to the proportioBadepen- ~ With decreasingVy the difference in the second- and first-
dence of its energy with the slope as determined by an efsubband energies should enhance achieving the value of 6.7
fective mass 0.0M, (m, is the free electron massThe MeV at the bilayer onset. The calculated electron density
cyclotron resonance is observed with or without grating couprofiles |4 J* for both subbands at two gate voltages are
pler on the top of the sample. According to Ref. 24, the otheflisplayed in the insets to Fig. 9. Because of tunneling the
three lines reflect the single-electron spectrum in the quarwave functions are not localized in either part of the quan-
tum well, taking account of depolarization shift. All of these tum well. The corresponding electron density distributions in
are seen only in the presence of a grating coupler, which is ithe quantum welp=NZ| | %+ N2|¢,|? (whereN$? are the
agreement with their intersubband origin. Two lileandB  subbands’ electron densitjeare shown in Fig. 9 by dashed
are attributed to electron transitions between the second arlihes.
fourth subband and the first and third subband, For an unbalanced double layer, switching a quantizing
respectively’* The most interesting lin® emerges at a mag- magnetic field results for the simplest case in intersubband/
netic field d 6 T corresponding tav~2 and its energy is interlayer electron transfers to minimize the system energy
nearly independent @ (Fig. 8). This is theD line which we  that is accompanied by a relative shift of Landau level lad-
attribute to a hybrid gap in the double-layer spectrum. ders for two subbands. This shift can be estimated at

A~4me’ngdle. (2)

| | The system softness is characterized by the ratio of the
"""" T: shift A/2 of an individual ladder caused by transfer of all
L electrons in the Landau level to the cyclotron energy, which
A —Fré is consistent with the relatiofil). Given two Landau level
" A ladders that correspond to one-subband fans, the origin of the
third two-subband Landau level fan is explained in the fol-
lowing way. At fixed integerv the Fermi levelEg can be
........ /-' expected either to pin to both quantum levels for two sub-
bands or fall within a common gap of the spectrum. The
h — T < @ latter should occur around the fan (_:rossing p_oints, at whi_ch
B(T) both v, andv, are integer, whereas in the pinning regions in
between the common gap should close. It is easy to obtain
FIG. 7. Comparison of the experimentahuaresand theoreti-  that the ratio of the region dimensions where the common
cal (solid and dotted linesdependences of the activation energy on 9ap is absent and, respectively, present is proportional to
magnetic field forr=2. The dashed line is a guide to the eye. The Hence, in a conventional two-subband system with vanishing

sketch displays the expected bilayer spectrum below and above the the pinning regions should reduce to points and, oppo-
critical field B,. sitely, in a soft two-subband system widtz 1 these should

v=

bilayer onset

g,
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T T T the second subband fan lines and the expected vertical fan
lines for the first subband as shown in the figure. The value
Ap here is given by

Ap=([¢*= [4|*)ns, )

where ng is electron transfer from the second to the first
subband. One can see from E{R). and(4) that in the gen-
eral case the sumA;;+A,,#0. At integer v the
intersubband/interlayer electron transfer gives rise to one of
the following: either both of the quantum levels in question
reach the Fermi level so that the common gap collapses or
the top quantum level becomes empty, keeping a gap. That
is, ng is determined from the condition of the common gap
collapse if the top quantum level remains filled after electron
transfer and is equal to the electron density in the top quan-
tum level otherwise. Obviously, the latter occurs near the fan
crossing points. In the simplest case of equal gaps for two
subbands the common gap reduced dy,— A4

The result of the common gap calculationiat 4 using
the above procedure is shown in Fig. 5. To allow for the
discrepancy between the calculated and measured values of
sample capacitance, th&values for the theoretical depen-

0 denceE,4(B) are multiplied by a factor of 1.1 to fit the
z(A) known electron density. For the sake of simplicity the spin

FIG. 9. Calculated electron density distributions in the quantumSpllttlng s ignored and so there are only two maxima on the

well for two gate voltages at zero magnetic figtthshed linesand ]?X%ec’ta\eldh depﬁnﬂence (I)'f the activation e”efghy (f)\n magngtlc
at filling factor »=1 (solid line. Thez coordinate is counted from 1€/d- Although the qualitative agreement with the experi-

the crystal surface. The electron density profiles for both subbandg1ent is good, t.he expected Valge§ E’;_ are very different
atB=0 are shown in the insets. from the experimental data. This is likely to be due to a

disorder in the double layer that leads to the finite width of

extend up to fan crossing points. The latter statement is ifluantum levels which is neglected in the calculations.
agreement with the data at>2 for our double layer in We note that, if the Fermi level lies in a common gap, the
which « reaches 2.5, see Figs. 2 and 9. However, this crudihtersubband/interlayer charge transfer is given by deviations
approach which deals with zero-magnetic-field subbands iRf the experimental data for the second-subband fan from the
an unbalanced double layer is not good at filling factor straight lines(see, e.g., the region marked by a rectangle in
=1,2, at leastFig. 2). Fig. 3. That these deviations are small excludes the possi-

To obtain more rigorous solution of the problem in mag_bility of all electrons collecting in one part of the quantum
netic field we start from the zerB solution and determine Well (so-called broken-symmetry stat@s

400 800 1200

the first order correctiond;; to the subband energi& and The above calculations are straightforward and analogous
E,, caused by intersubband charge transfer in a magnetf® numerical calculations made in previous publications, e.g.,
field in Ref. 17. Below we will show that, if the orthogonality of
0O; and®; does not holdy, , at imbalance are not eigen-
Ae? (o . . functions of the problem with the perturbatiof3) any
ij = J_w@)ik(X’Y)@jl(X:Y)dXdWi (2)i(z)dz longer. Mixing the states), , is equivalent withintersub-

band but not interlayeelectron transfer at a magnetic field
z z' o and naturally leads to the appearance of new reconstructed
X f_mdz’ J_OCAP(Z")di" hj=12. (3 subbands that are similar to the z&subbands at balance.
As a result, there emerges a hybrid gap that does not collapse
Here®;, is the wave function of the level with Landau quan- at integerv in the shaded region of Fig. 3. We call this gap
tum numberk in the ith subband, which is closest to the hybrid to emphasize its relation to the magnetic-field-
Fermi level, andAp is the variation of the electron density dependent wave function reconstruction in thairection.
distribution when switching the magnetic field. In our simple  Over shaded areas in Fig. 3, the Landau level numbkers
model we will disregard exchange and correlation effects. and | for i#j in Eq. (3) are coincident so that the off-
In the region of common gaps for two subban@®-  diagonal perturbation term&;; #0 and the solution should
shaded area in Fig.)3he quantum level numbeis! for i be searched in the form of linear combination of,. To
# ] are different and so because of the orthogonalitgf  simplify the problem, we will not mix states with antiparallel
and ©;, the off-diagonald;; are equal to zero, leaving the spins, ignoring spin flip processes in tunneling. This is rea-
wave functionsy, , unchanged. This region is confined by sonable once the exchange and correlation effects are ne-
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glected. Then, in the Hartree approximation one has to solvehould correspond to thg factor in bulk GaAs,/g|=0.44.
the determinant equatioffior certainty we consider the case This is true until the hybrid and many-body enhanced spin

of k=1=0) splittings become equal at a higher magnetic figld (Fig.
H 7). If B>B,,, it is energetically more favorable for the sys-
g Ap+Ei—Eq, Ap 0 g  tem to have the spin splitting enhanced so that the spin sub-
€ Ay Ayt E,—ER,) ) Jevels with parallel spins are filled. Hence, the expected gap

_ at v=2 should collapse arounB=B., and then increase
to find the reconstructed subband enerdifs. These states with magnetic field as shown in the figure. Yet, this scenario

are described by the mixed wave functions is not realized in our double layer. This implies that the
" ) 2412 actual many-body enhancegdfactor is smaller than the one
1= AT+ (At Ey—Epp)°] used in the calculation, i.e., the hybrid gap is dominant over

_ _H the entire range of fields up to the balance point. Therefore,
XAy = (At By —Er)¢e] ©) in the other scenario the gap=at 2 should merely be equal
and thus instead of Eq4) we get for Ap the following  to the difference between the hybrid and Zeeman splittings,

expression ab=1: which is in qualitative agreement with the dafgig. 7).
Thus, in our experiment both gaps at 1,2 are of hybrid
Ap=(NI+N2Z)| 2= NE | 2= N2 ]2, (7)  origin as caused by the interplay of the hybrid and spin split-

. tings. Apparently, for oddv>1 near the balance one can
where ' corresponds to the lower-energy st@¢. Equa-  expect gaps of spin origin that are the smallest at lower mag-
tions (3) and(5)—(7) compose a perturbation theory loop for netic fields. We note that the above scenarios completely
self-consistent solution of the problem. We solve it for theaccount for results of activation energy measurements in a
case of spinless electrons at1, although the procedure double-layer system at filling factor=2 of Ref. 18: at low
holds for anyv in the shaded region of Fig. 3. As compared electron densities in a double layer the behavioEgfat »
to a common gap for two subbands, the hybrid gsp =2 found in Ref. 18 is similar to ours, whereas at higher
=E5 —E} <E,—E; never goes to zero since it determineselectron densities, i.e., higher magnetic fields and larger spin
energy spacing between the subbands that is expected géps, E, has been observed to collapse near the balance
minimum to be equal toAgas. So, the magnetic-field- point, as expected from the first scenario.

induced wave function reconstruction in theéirection gen- With respect to the FIR data, we emphasize that, since the
eralizes the case of symmetric electron density distributiongvavelength of FIR excitation is large compared to the dis-
corresponding to formation afg,s. tance between electrons, the FIR absorption spectra should

It is interesting to compare how the zero-magnetic-fieldbe of collective origin. Indeed, the cyclotron resonance line
electron density distribution in the quantum well changes forC, for instance, reflects the coherent behavior of two-
common and hybrid gaps. From Eg) it follows that in the  dimensional electrons during transition, which is consistent
case of a common gap some charge is transferred betweeith Kohn's theorem. On the other hand, it was shown theo-
the front and back parts of the well, i.&p(z) is close to an  retically that the measured splitting in the collective intersub-
antisymmetric function and so the corrections to the subbanfand spectra does reveal the single-particle splififftand
energiesE, ,E, are of opposite sign. In contrast, for a hybrid so for this case the single-electron picture can be used.
gap electrons are displaced nearly symmetrically toward the In the absence of magnetic field, at balance, four intersub-
well center(Fig. 9), resulting in the energy shifts of the same band  transitions E,—E;, E,—E,, E,—Ej;, E,
signEY'>E; andES>E,. —E, were detected in FIR studies on a sample with the

Now in our model we introduce the spin splitting. Since same structuré&* while at imbalance we observe only two
the expected hybrid splittind 4 is comparable to the many- transitionsA andB (Fig. 8). Since at balance all wave func-
body enhanced spin splittinghg, the energy spectrum tions are symmetric in thedirection, the suppression of the
should be determined by their competition. For the simplesbther two transitions is likely to be caused by the different
case ofv=1 the many-body enhanced spin gap as estimatedymmetry of the subband wave functions with odd and even
for the effectiveg factor of 5.2(Ref. 23 is dominant over the numbers at imbalance. In a magnetic field the wave function
range of magnetic fields used except near the bilayer onssymmetry changes because of mixing of the subbdagds
where the hybrid splitting approaches half of the cyclotronand E, to form the reconstructed subbanlff$I and Eg,
energy. That stands to reason; it is the smaller splitting that isvhich is accompanied by the second-subband depopulation
the place at filling factorr=1. Therefore, the theoretical (Fig. 8). As a result, one can expect that with increas)g
dependence is a maximum at a magnetic fiélgd above the near the reconstruction region boundary, gkne intensity
second-subband threshold. This is in reasonable agreemestiould drop and a new lin@ should emerge. From compatri-
with the experimen{see Figs. 6, Ras the actual value of son of Figs. 3, 8 it follows that switching these lines indeed
effective g factor may be smaller because of disorder. happens near the shaded area boundaBrat4.4 T. This as

For filling factor v=2 the situation is far more sophisti- well as the weak magnetic field dependence of the energy of
cated because, first, the actual gap is given by the splittingdine D confirm its hybrid origin. As mentioned above, the
difference and, secondly, tligfactor can be enhanced or not, depolarization shift describing collective effects in the
dependent on filling of the spin sublevels. At least, near thesingle-electron spectrum in the guantum well should be
bilayer onset the hybrid gap exceeds the estimated manyaken into account to extract the subband energies from the
body enhanced spin gap. As long as in this case the spidata obtained with zero wave-vector excitatf8rnThat the
sublevels with antiparallel spins are filled, the spin splittingdepolarization shift is difficult to compute encumbers the
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comparison of thé line energy with the calculated hybrid at integerv. The latter are analyzed to be either common for
splitting; nevertheless, this shift is not expected to dependwo subbands or caused by the wave function reconstruction
strongly on magnetic field. in growth direction at a magnetic field. With the help of a
Although adequate, our approach does not explain satisnodel for the magnetic-field-induced reconstruction of elec-
factorily the presence of data pointsat=1 in the recon- tron subbands, we explain the observed behavior of the
struction regior(Fig. 3). In principle, peculiarities are indeed gouple-layer gaps at=1 andv=2 as well as data of Ref.
expected in the vicinity of one-subband fan lines for odd 13 on collapse of the gap at=2 near the balance point,

and v, since the intersubband electron transfer cannot 0CCYhaking allowance for the competition between the hybrid
there ifE,—E,<Ag. This inequality determines the regions 5.4 spin splittings.

where the subbands should be origifede the white strips
in Fig. 3, including the balance regiprin fact, for our case
the above inequality is never fulfilled, as follows from the
hybrid origin of the gap ar=2 (cf. Figs. 3, 7. This contra-
diction is not resolved within the simple model above and e gratefully acknowledge J.P. Kotthaus, A.V. Chaplik,
demands consideration of exchange and correlation effectsang M. Shayegan for fruitful discussions of the results. This
work was supported in part by the Deutsche Forschungsge-
meinschaft, the AFOSR under Grant No. F49620-94-1-0158,
the Russian Foundation for Basic Research under Grants No.
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