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Missing integral quantum Hall eff'ect in a wide single quantum well
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We report magnetotransport measurements in a weakly coupled double-layer electron system real-
ized in a wide quantum well. This system has the unique property that the distance and the coupling
between the layers can be changed continuously by varying the electron density in the well. We ob-
serve the absence of quantum Hall states at odd filling factors. Our results complement earlier experi-
mental work and are consistent with a recent theoretical model proposed for the magnetic-field-driven
destruction of the quantum Hall effect in double quantum wells.

The two-dimensional electron system (2DES) has pro-
vided the means for the observation of many new physical
phenomena, such as the integral ' and fractional quantum
Hall effects (IQHE and FQHE). Recently, there is much
interest in the fabrication and physics of structures which
contain two or more layers of electrons in close proxim-
ity so that the interlayer Coulomb interactions are
strong. ' Theoretically, the possibility of new collective
states such as the FQHE at even-denominator Landau-
level fillings (v), or Wigner crystallization in such multi-
layer structures has been proposed. There has also
been some experimental work in these systems. The ob-
servation of the IQHE in multilayer systems with sig-
nificant interlayer tunneling has been reported. ' Boe-
binger et al. recently studied the IQHE in strongly cou-
pled, high-quality double quantum wells (DQW) in which
the symmetric to antisymmetric energy gap (AsAs) is ex-
pected to give rise to the IQHE at odd v. They observed a
remarkable effect, namely the absence of certain IQHE
states at low-odd v for sufficiently small AsAs and large in-
terlayer distance (d). The origin of this phenomenon is
not clear yet although recent calculations relate it to the
Coulomb-driven destruction of hsAs in a strong magnetic
field. ' According to these calculations, if the magnetic
field (8) is sufficiently strong, hsAs collapses and the
DQW system makes a transition to a different ground
state with weak interwell, but strong intrawell correla-
tions.

In this Rapid Communication, we report magnetotrans-
port measurements in a novel high-quality double-layer
system realized in a wide, single, GaAs quantum well
(Fig. 1). The idea is that when electrons are introduced in
a wide quantum well, the electrostatic repulsion between
the electrons forces them into a stable configuration in
which two 2DES's are formed at the well's sidewalls. A
major advantage of this system over a conventional DQW
is the minimization of alloy scattering since the barrier
between the two 2DES's is GaAs rather than Al Gal —„-
As. Also, both hsAs and d can be changed by varying the
electron density (n, ) in the well (Figs. 1 and 2). Our study
of this system in a regime ~here the two 2DES's are
weakly coupled reveals the absence of IQHE states at odd
v. Our data can be qualitatively explained by the theories
proposed by MacDonald, Platzman, and Boebinger and
Brey.
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FIG. l. Results of self-consistent calculations of the con-
duction-band edge (solid curves) and the electron distribution
function (dashed curves) are shown for a 1200-A-wide well: (a)
when the well is empty, and (b) and (c) after n, electrons are
transferred into the well. We used hE, 0.9x eV for the
conduction-band offset of GaAs/Al Ga~ — As and m*/mo

0.067 for the effective mass.

Before discussing the experimental results we briefiy
describe the electronic structure of our system. Figure 1

shows the conduction-band edge (E,) of a 1200-A-wide
GaAs well when it is empty [Fig. 1(a)] and after n, elec-
trons are transferred into it [Figs. 1(b)-1(c)]. The elec-
tron distribution function, which is calculated self-
consistently in the Hartree-Fock approximation at zero
magnetic field, i.e., by solving the Poisson and Schro-
dinger equations simultaneously, is also shown in Fig. 1.
Local density functional approximation" is used for the
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FIG. 2. Calculated AsAs and d for a 1200-A-wide weil vs to-
tal density n, .

exchange term. The electron distribution functions in Fig.
1 indicate the presence of two weakly coupled electron
layers in this system. Figure 2 shows our calculated esp, s
and d vs n, for the 1200-A-wide well. We note that in this
structure d,sAs can be varied by 1 order of magnitude by
changing ns from —6 x 10' to —1.7 x 10' ' cm

We studied two wide, single quantum wells with similar
structures but different well widths, 1200 and 800 A. The
structures were grown on undoped (100) GaAs substrates
by molecular-beam epitaxy. They consist of a wide, un-
doped GaAs quantum well, bounded on each side by an
885-A-thick undoped Alo 356ao 65As spacer layer, and five
periods of 1.3x10" cm Si 8'-layers, each separated by
35 A of undoped Alo 356ao 6sAs.

In order to make transport measurements, contacts
were made by alloying In in a Hz ambience at 400 C for
about 10 min. A front-side gate, made by evaporating Al
on the surface with photoresist-protected Ohmic contacts,
and an In back-side gate were used to change and balance
the densities of the two 2DES's. The magnetotransport
coefficients R„„and p„~ were measured in a van der Pauw
geometry in a top-loading Oxford TLM-200 dilution re-
frigerator. The sample was mounted on a pivoted plat-
form so that the angle (8) between the sample plane nor-
mal and the direction of the magnetic field could be varied
in situ. Use of tilted fields is necessary especially for
weakly coupled 2DES's to differentiate the IQHE due to
hs&s from an artifact due to the possible density imbal-
ance of the two 2DES's. '

First, we concentrate on the data for the 1200-A-wide
well. By tuning the gate voltages, we were able to vary n,
in this well in the range 5.6x 10io ~ n, ~ 1.7 x 10'' cm
while keeping the well balanced. Note that at the lowest
n„ there are only 2.8x10' cm electrons in each 2DES.
The mobility measured in this density range varies from
1.2x10 to 3.6x IO cm /Vs, and increases linearly with
increasing n„similar to what is observed in our high qual-
ity 2DES at the GaAs/A1„6ai —„As interfaces. ' We
carefully studied the magnetotransport coe%cients for
n I 7x10" 1 1 x10" 86x10', 67x10', and 56
x10' cm . For each n„we took special care to make
sure that the two 2DES's are balanced by checking the
low-field and high-field magnetotransport data for
diff'erent gate biases and in tilted magnetic fields. Figure
3 shows R» and p„~ as a function of B for n, 1.7x 10"

0
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cm in the high-field range and at low B. The filling fac-
tor v is assigned according to the quantization of the Hall
resistance, p„~ =it/e v=25.8 kQ/v. The filling factor for
each 2DES is half of v. The observation of well-resolved

and —', for each 2DES) indicates the high quality of this
double-layer electron system. Figure 4 shows the magne-
totransport data for n, =6.7 x 10' cm . The FQHE
state at v =

3 is still very clear.
In our system, when the magnetic field is sui%ciently

large so that Ate, »A,„i„)AsAs, where Aro, = heB/m* is
the cyclotron energy and h, ~;„=g p&B is the Zeeinan en-
ergy, we expect hsAs to lead to IQHE at odd v. In the en-
tire density range that we studied, we found no evidence
for any IQHE states at odd v down to our lowest tempera-
ture of 50 mK, even though hsAs is as high as 2 K for
n, =5.6x10' cm (Fig. 2). We attribute our experi-
mental observation to the magnetic-field-driven destruc-
tion of hsAs in this double-layer system similar to what
Boebinger etal. have reported for DQW's. Comparison

ns ——6.7x10
T= 50 mK
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8 (T)
FIG. 4. The R~~ and p~f data for n, 6.7&10' cm in a

1200-A-wide well. There is no evidence for the IQHE states at
odd v.

FIG. 3. The diagonal resistance (R ) and Hall resistivity
(p„) in a perpendicular magnetic field for n, =1.7x10" cm
in a 1200-A-wide well are shown. The inset shows an expansion
of the low-field data. All the IQHE states at odd v are missing.



MISSING INTEGRAL QUANTUM HALL EFFECT IN A WIDE. . . 5949

of our data points with the d/lit vs AsAs/(e /witt) "phase
diagram" proposed by MacDonald, Platzman, and Boe-
binger for the presence or absence of the IQHE at odd v

provides additional evidence for this interpretation'
[lg =(6/eB) 'i is the magnetic length and e is the dielec-
tric constantl. We find that all the experimental data
points lie above the theoretical phase boundary (at least
for the first two Landau levels, i.e., for v= 1, 3, 5, and 7)
and in the "NO QHE" regime. Our results are, therefore,
consistent with this theory.

To examine the possibility of the disorder potential
smearing out AsAs and thus causing the absence of the
IQHE states at odd v, we can scrutinize the low-field

transport data. For example, in the inset to Figs. 3 and 4,
respectively, the states with v=14 and 18 for n, =1.7
X 10'' cm and with v=6 for n, =6.7X 10' cm are
observed at 8—0.5 T. In a single electron picture, when
@co,»h», „-hsAs, these states result from either A»;„or

(or
~ h», „-dsAs ~

) gap. In our experiments (not
shown here), we find that these three states become
stronger in tilted fields, providing an unambiguous evi-
dence that they originate from the Zeeman gap and not

At B =0.5 T, assuming a bare effective g factor of
0.4, h», „=120 mK and is smaller than the calculated
hsAs which ranges from 185 mK to 1.9 K in the experi-
mental density range. There is no reason why disorder
should destroy only the hsAs gap but not d»;„which is
even smaller. Therefore, we conclude that the missing of
IQHE states at odd v is not a result of the sample disor-
der.

We next studied the magnetotransport coefficients of
the 800-A-wide well. The narrower width of this well
leads to a larger AsAs compared to the wider well, inaking
the observation of the IQHE at odd v possible. Figure 5
shows the R„„and p„data for the 800-A-wide well at
n, =1.6X 10"cm . ' A very strong IQHE state at v =3
and a weaker one at v =1 can be seen in Fig. 5(a). Figure
5(b) shows that both v=1 and 3 states are destroyed
when an in-plane magnetic field is applied, evincing that
both states result from hsAs. More specifically, the v =1
state disappears at 8-20 (Bi-2.4 T) and the v=3
state at 8—45' (B~~ —2.2 T). '

For the 800-A-wide well with n, =1.6X10"cm, our
calculated hs~s is about 5.7 K. On the "phase diagram"
of Ref. 9, our observed IQHE at v= 1 and 3 lie near the
theoretical boundary, but still in the "NO QHE" region.
If the finite thickness of the electron layers in the 2DES's
in our system is incorporated in the calculation, it is likely
that the modified boundary will agree better with the ex-
perimental data. We mention here that our observation of
a weak v= 1 state near the phase boundary of Ref. 9 al-
ready points to the semiquantitative agreement between
the calculations and the experimental data.

Finally, we wish to emphasize that in double-layer sys-
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tems in wide quantum wells, it is possible to tune d/lit and
&sAs/(e /@is) by changing the carrier density in the well.
In principle, therefore, one may be able to map out the ex-
perimental phase boundary for the presence or absence of
IQHE at odd v in a single sample. '

In summary, we report the observation of the IQHE
and FQHE states in weakly coupled double-layer electron
systems in wide single quantum wells. We observe the ab-
sence of the IQHE at odd v in a 1200-A-wide well in
which hs~s is sufficiently small. We attribute this absence
to the destruction of hsAs by the applied inagnetic field.
Our experimental data are qualitatively consistent with
the results of recent calculations which were done for
DQW's; however, more theoretical as well as experimen-
tal work is needed to understand the origin of the missing
IQHE state in double-layer systems.
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FIG. 5. The magnetotransport data for n, =1.6x10'' cm
in an 800-A-wide well. The magnetic field is perpendicular to
the sample plane (8=0) for (a), and is 52 off the sample plane
normal for (b). The IQHE states at v= 1 and 3 which are
present at 0=0 are destroyed in the tilted field.
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