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Magnetotransport measurements on electrons confined to a 57-nm-wide, GaAs quantum well reveal
that the correlated electron states at low Landau level fillings (») display a remarkable dependence on the
symmetry of the electron charge distribution. At a density of 1.93 X 10'! cm™2, a developing fractional
quantum Hall state is observed at the even-denominator filling » = 1/4 when the distribution is
symmetric, but it quickly vanishes when the distribution is made asymmetric. At lower densities, as
we make the charge distribution asymmetric, we observe a rapid strengthening of the insulating phases
that surround the » = 1/5 fractional quantum Hall state.
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Low disorder two-dimensional (2D) electron systems
(ESs) at high magnetic fields (B) have provided one of
the richest grounds to study the physics of interacting
charged particles [1]. Much of the work has been done in
2D ESs confined to modulation-doped GaAs/AlGaAs het-
erostructures where the electrons are separated from the
ionized impurities to minimize the scattering and disorder.
Recently, it has been recognized that 2D ESs of the highest
quality can be realized in modulation-doped wide quantum
well (WQW) GaAs samples of width =30 nm [2-5].
These samples have led to the observation of some of the
most spectacular fractional quantum Hall state (FQHS)
phenomena and reentrant insulating phases (IPs) at very
low Landau level (LL) filling factors (») as well as in the
higher LLs (v > 2). Most recently, a new FQHS at the
even-denominator filling v = 1/4 was reported in a 50-
nm-wide GaAs WQW at very high B [6].

Here we present magnetotransport measurements on 2D
ESs confined to a 57-nm-wide GaAs WQW. We employ
back- and front-gate electrodes to control the electron
density n as well as the symmetry of the charge distribu-
tion. Our measurements reveal that this symmetry plays a
crucial role in stabilizing the correlated states of 2D elec-
trons at low v. We find that the recently observed FQHS at
v = 1/4 quickly disappears when the charge distribution is
made asymmetric, suggesting that the origin of this state is
similar to the v = 1/2 FQHS observed in WQWs [7,8]. At
lower n, we observe a very strong FQHS at v = 1/5. As
commonly observed, the 1/5 state is flanked by IPs at
nearby v; these IPs are generally believed to be signatures
of pinned electron Wigner solid states. The IPs in our
WQW, however, have a surprisingly small resistivity,
only about 50 k€ /(1 at a temperature (7)) of 35 mK, and
a weak T dependence when the charge distribution is
symmetric. Remarkably, when we make the charge distri-
bution asymmetric, the resistivity of the IPs increases by
more than a factor of 20 at 35 mK and shows a strong T
dependence, while the resistivity at lower B barely
changes.
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Our structure was grown by molecular beam epitaxy and
consists of a 57-nm-wide GaAs WQW bounded on each
side by an = 130-nm-thick undoped AlGaAs spacer layer.
The WQW is modulation doped symmetrically with Si &
layers. The mobility of our sample is u =2.5X
10 cm?/Vs at n =193 X 10" cm 2. A Ti/Au front
gate evaporated on the surface and a Ga back-side gate
were used to change the density of the 2D ES and control
the symmetry of its charge distribution. The longitudinal
and transverse resistivities p,, and p,,, respectively, were
measured in a van der Pauw square geometry. The data
were taken in a *He/*He dilution refrigerator with a base T
of 35 mK in a 35 T magnet. For electrical measurements
we used the lock-in technique at a frequency of 5.66 Hz
with a sample excitation current of 1-10 nA.

When electrons at very low n are confined to a
modulation-doped WQW, they occupy the lowest electric
subband and have a single-layer-like (but rather thick in the
growth direction) charge distribution. As more electrons
are added to the well while keeping the distribution sym-
metric, their electrostatic repulsion forces them to pile up
near the well’s walls, and the charge distribution appears
increasingly bilayerlike [7-12]. At high n, the electrons
typically occupy the lowest two, symmetric and antisym-
metric, electric subbands which are separated in energy by
Agas. An example of the charge distribution in such a
system is given in Fig. 1(b), where we show the results
of our self-consistent calculations for n = 1.93 X
10" cm™2 electrons symmetrically distributed in our
57-nm-wide WQW. A crucial property of the ES in a
WQW is that both Agag and d (the interlayer separation),
which characterize the coupling between the layers, de-
pend on n: Increasing n makes d larger and Agag smaller
so that the system can essentially be tuned from a (thick)
single-layer-like ES at low n to a bilayer one by increasing
n. This evolution with density plays a decisive role in the
properties of the correlated electron states in this system
[8-11]. Equally important is the symmetry of the charge
distribution in the WQW. For a fixed n, as the distribution
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FIG. 1 (color online).
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(a) Evolution of FQHSs for a 57-nm-wide GaAs quantum well with n = 1.93 X 10'! cm™? as the charge

distribution is made asymmetric. (b),(c) Self consistently calculated electron distributions and potentials for An = 0 and An =
3.3 X 10" cm™2. (d) Experimentally measured (squares) and calculated (curve) subband energy difference (Ay;) vs An.

is made asymmetric, the separation A, between the lowest
two energy levels becomes larger than Ag,g, and the sys-
tem becomes more single-layer-like. Note that when the
total charge distribution is symmetric, A, is equal to Agag.
Figure 1(c) shows the calculated charge distribution for the
case where 7 is the same as in Fig. 1(b), but electrons are
transferred from the right side of the WQW to the left side
so that there is a layer density difference of An = 3.3 X
10" cm™2. As seen in Fig. 1(d), A, increases from 21.3 K
for An =0 to =29 K for An =4 X 10'° cm™2. Again,
the symmetry of the charge distribution has a profound
effect on the correlated states in a WQW [8-11].

Experimentally, we control both n and An in our sample
via front- and back-side gates and by measuring the occu-
pied subband electron densities from the Fourier trans-
forms of the low-field (B = 0.4 T) magnetoresistance
oscillations. These transforms exhibit two peaks whose
frequencies are directly proportional to the subband den-
sities. By carefully monitoring the evolution of these fre-
quencies as a function of n and, at a fixed n, as a function of
the values of the gate biases, we can determine and tune the
symmetry of the charge distribution [8—11]. We show an
example of such tuning in Fig. 1(d), where we plot our
measured values of Ay, vs An [13]. The good agreement
between the calculated and experimental Ay, attests to our
control of the charge distribution in our WQW.

In Fig. 1(a), we show p,, vs B data for different charge
distributions while keeping n constant at 1.93 X
10" ¢cm™2. Each trace is for a different An as indicated
on the left. In Fig. 2, we present p,, traces at different
densities while we keep the charge distribution symmetric.
The observation of numerous FQHSs at many LL fillings,
including ones at very low v such as 1/3,2/7, 3/11, and
1/5, attests to the very high quality of the sample. Of
particular interest here are the p,, minima observed at

the even-denominator fillings » = 1/2 and 1/4. We first
discuss the 1/2 state and then return to v = 1/4.

The » = 1/2 FQHS in our WQW is strongest when the
charge distribution is symmetric at n = 1.93 X 10! ¢cm™?
and becomes weaker if either the charge distribution is
made asymmetric [Fig. 1(a)] or n is lowered (Fig. 2). This
behavior is consistent with previous experimental studies
of the 1/2 FQHS in WQWs [8—11] and can be understood
by examining the competition among three energies:
(1) Agas (or Agyp), (ii) the in-plane Coulomb energy

501 ,
1/4 5 |

v=1/3

1/2 /\/\/

0 1 2

40 | n=1.93 (10" tm?)

30

p (kQ/O)

XX

T T
- - -
¢ N o]
a ~ @

-

20

10

w
N
o

1/v

FIG. 2 (color online). p,, plotted vs inverse filling factor for
different densities. Minima at » = 1/2 and 1/4 get weaker with
lowering the density. The inset shows the calculated charge
distribution at n = 1.93 X 10'' cm™2 (red curve) and n =
1.50 X 10" cm~2 (black curve).
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2/ ely [where Iz = (h/eB)"/? is the magnetic length], and
(iii) the interlayer Coulomb energy e?/ed. To quantify the
behavior, it is useful to construct the ratios a =
Agas/(e%/€lg) and (e?/elp)/(e*/ed) = d/lg. As n in-
creases, a decreases since both Agxg and [ (for a FQHS
at a given v) decrease, and d/ [ increases. When « is large,
the system should exhibit only ‘““one-component” (1C)
FQHSs, i.e., standard, single-layer, odd-denominator
states, constructed from only the symmetric subband. For
small «, the in-plane Coulomb energy becomes suffi-
ciently strong to allow the antisymmetric subband to mix
into the correlated ground state to lower its energy and a
two-component (2C) state ensues. These 2C states, con-
structed out of the now nearly degenerate symmetric and
antisymmetric basis states, have a generalized Laughlin
wave function W}, ,, where the integer exponents m and p
determine the intralayer and interlayer correlations, re-
spectively, and the total filling factor for the W}, , state
is v = 2/(m + p) [14-18]. Detailed studies of the evolu-
tion of the v = 1/2 FQHS in WQWs, as a function of both
n and An, have revealed that this state is stable in a range of
a and d/lp values where the interlayer and intralayer
correlations have comparable strengths [8—11]. In particu-
lar, the fact that it disappears when the charge distribution
is made asymmetric provides very strong support for the
2C origin of this state [19]. There is also theoretical justi-
fication that the » = 1/2 state has a 2C origin and that its
wave function has large overlap with \Iféﬁ [17]. We em-
phasize that the parameters for where we observe the v =
1/2 FQHS in our WQW, namely, @ = 0.102 and d/I; =
5.8, are consistent with the “map” where this state has
been reported to be strong [8—11].

A remarkable feature of the data in Fig. 1(a) is the
presence of a weak yet clearly notable minimum in p,,
atv = 1/4atn = 1.93 X 10'' cm~2. It signals a develop-
ing FQHS at this filling, confirming the recent observation
of this state in a WQW [6]. In Fig. 3, we show our
measured Hall resistivity p,, and its derivative dp,,/dB

T=35mK -
n=1 93x10 cm

i

FIG. 3 (color online). Hall resistivity and its derivative are
plotted as a function of magnetic field.
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vs B. The p,, trace we show is the average of the magni-
tudes of the p,, traces taken for positive and negative
values of B [20] and shows well-quantized plateaus at
many integer and FQHSs, including one at » = 1/2. The
Py trace further supports a developing FQHS at » = 1/4:
There is an inflection point in p,, (see the upper inset in
Fig. 3), leading to a clear minimum in dp,, /dB [21].
Now from the data of Figs. 1 and 2 it is clear that the
v = 1/4 minimum in our WQW disappears as we either
lower n or make the charge distribution asymmetric. In
fact, the strength of the 1/4 minimum correlates with that
of the » = 1/2 FQHS observed in the same traces remark-
ably well. We conclude that, similar to the » = 1/2 FQHS,
the v = 1/4 state also has a 2C origin in our WQW. There
are indeed two candidates for a 2C state at v = 1/4: ‘I’;ég
and \If%él1 [14,16]. We suggest that ‘I’553 is a stronger
candidate since the intralayer correlations in such a state
are similar to a v = 1/5 FQHS, a state which is certainly
stronger than one at » = 1/7 in a single-layer 2D ES [22].
Next, we present another intriguing feature of an ES
confined to a WQW at very small ». In Fig. 2, as n is
lowered, we observe a very strong FQHS at v = 1/5. Note
that, as shown in the inset in Fig. 2, even at a density of
n =150 X 10" cm™2, the charge distribution is quite
bilayerlike, and yet the ES exhibits a very strong v =
1/5 FQHS, which is a hallmark of very high quality
single-layer ESs in GaAs samples [23,24]. Perhaps even
more surprising is the fact that the p,, maxima observed on
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FIG. 4 (color online). (a) Resistivity vs B at n = 1.50 X
10" ¢cm™2 for different An. The upper traces (left scale) are
expansions of the lower traces (right scale). (b),(c) Temperature
dependence of p,, for An =0 and An = 6.3 X 10'° cm 2.
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the flanks of the » = 1/5 minimum in our WQW are only
about 50 k{)/[J at our base T of 35 mK, about a factor of
20 smaller than what is typically seen in standard, single-
layer 2D ESs at comparable T [23,24].

Figure 4 reveals more details of magnetotransport at
very small ». All of the data shown in this figure were
taken at n = 1.50 X 10" cm™2 as An was varied [25]. As
seen in Fig. 4(a), the p,, maxima in our WQW depend very
strongly on the symmetry of the charge distribution. For
example, p,, on the high-B side of » = 1/5 changes from
about 50 k) /I for An = 0to about 1.5 MQ /[ for An =
6.3 X 10" cm™2. Note that, at lower B (v > 1/3), p,, is
rather insensitive to charge imbalance, and, in fact near
v = 1/2, p,, decreases as the charge is made asymmetric.
Figures 4(b) and 4(c) reveal that the 7' dependence of p,,
also depends on charge distribution symmetry. In both
figures, p,, exhibits IPs on the flanks of v = 1/5 mini-
mum, but the 7 dependence is much stronger for the
asymmetric charge distribution. This is particularly notice-
able on the high-B flank. The IPs surrounding the » = 1/5
FQHS in single-layer ESs have generally been interpreted
as signatures of a pinned electron Wigner crystal (WC)
[1,23,24]. The small but finite ubiquitous disorder, result-
ing from the defects in the GaAs/GaAlAs crystal such as
residual impurities and interface roughness, leads to po-
tential fluctuations which in turn pin the WC. Such an in-
terpretation is validated by numerous microwave conduc-
tivity studies [26], which have measured the various reso-
nance modes of the pinned WC. Our results demonstrate
that these IPs are very sensitive to the charge distribution
symmetry in the quantum well. It would be very interesting
to study the microwave resonance modes in WQWs as a
function of this symmetry; such studies are planned.

We emphasize that the results presented here on the IPs
in WQWs are complementary to those reported earlier for
similar WQWs [10]. In Ref. [10], the IPs were observed to
move to higher v as n was raised, eventually surrounding
the FQHSs at » = 1/3 and 1/2. These IPs were interpreted
as signatures of correlated, bilayer WC states. Consistent
with this interpretation, the IPs disappeared and moved to
lower v as n was lowered or the charge distribution was
made symmetric at a constant . In the present case, we are
probing relatively lower densities (larger subband separa-
tion), and we observe the opposite behavior: The IPs
appear at very low v, and they get stronger when we
make the charge distribution asymmetric. It remains to
be seen whether this behavior reflects a competition be-
tween the FQHS and WC ground state energies of an ES in
a WQW with symmetric or asymmetric charge distribu-
tion, or it is related to changes in the disorder potential
when the charge distribution is made asymmetric.
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