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The ground state of two-dimensional electron systems (2DESs) at low Landau level filling factors
(ν≲ 1=6) has long been a topic of interest and controversy in condensed matter. Following the recent
breakthrough in the quality of ultrahigh-mobility GaAs 2DESs, we revisit this problem experimentally and
investigate the impact of reduced disorder. In a GaAs 2DES sample with density n ¼ 6.1 × 1010=cm2 and
mobility μ ¼ 25 × 106 cm2=Vs, we find a deep minimum in the longitudinal magnetoresistance (Rxx) at
ν ¼ 1=7 when T ≃ 104 mK. There is also a clear sign of a developing minimum in Rxx at ν ¼ 2=13. While
insulating phases are still predominant when ν≲ 1=6, these minima strongly suggest the existence of
fractional quantum Hall states at filling factors that comply with the Jain sequence ν ¼ p=ð2mp� 1Þ even
in the very low Landau level filling limit. The magnetic-field-dependent activation energies deduced from
the relation Rxx ∝ eEA=2kT corroborate this view and imply the presence of pinned Wigner solid states when
ν ≠ p=ð2mp� 1Þ. Similar results are seen in another sample with a lower density, further generalizing our
observations.
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High-quality, two-dimensional electron systems (2DESs)
are versatile platforms that are often utilized to study many-
body electron physics. At low enough temperatures, the
kinetic energy of a 2DES is determined by the Fermi energy
of the system, and its relative strength with respect to the
Coulomb energy can be tuned by varying the electron
density. Moreover, the application of a magnetic field
perpendicular to the 2DES further enhances the influence
of electron-electron interaction through Landau quantiza-
tion of the density of states. Several exotic many-body
electron phases have materialized in clean 2DESs using this
framework, such as the odd- and even-denominator frac-
tional quantumHall states (FQHSs) [1,2],Wigner solids [3–
5], and nematic-stripe phases [6,7]; for reviews, see [8–10].
Many of the interaction-driven phenomena that emerge

in experiments are understood fairly well [8–10]. For
example, theory using Laughlin’s wave function [11] or
the composite fermion approach [12] can successfully
explain the majority of FQHSs observed in the lowest
orbital Landau level (LL). However, the ground state of
2DESs at very low LL fillings (ν≲ 1=6) is still a subject of
active discussion (ν ¼ nh=eB, where n is the 2DES
density, h is the Planck constant, e is the fundamental
charge, and B is the magnetic field). While it was initially
suggested theoretically that the transition from the series of
FQHSs to a Wigner solid takes place around ν ∼ 1=10 [11],
later calculations advocated that it occurs at higher values
of ν ∼ 1=6.5 [13–17]. On the contrary, despite a strong
insulating background in the vicinity, hints of a FQHS at

ν ¼ 1=7 have been reported in the form of an inflection
point or a very weak minimum in longitudinal magne-
toresistance (Rxx) measurements of high-quality GaAs
2DESs [18,19].

Recent calculations indicate that, in the limit of very low
disorder, a FQHS should prevail at ν ¼ 1=7 [20]. With the
latest breakthrough in the quality of ultrahigh-mobility
GaAs 2DESs [21], it is an opportune moment to revisit this
problem and evaluate the behavior of 2DESs in the vicinity
of ν ¼ 1=7. Here we study the magnetotransport of dilute,
ultrahigh-quality GaAs 2DESs. All electrical measure-
ments are performed in the van der Pauw geometry on
4 × 4 mm square samples, where eight eutectic InSn
contacts are formed on each of the four centers of flats
and four corners. We find a deep minimum in the Rxx vs B
trace at ν ¼ 1=7 and a weaker but clear sign of a developing
minimum is also observed at ν ¼ 2=13. Insulating phases,
likely deriving from pinned Wigner solid states, still prevail
at ν≲ 1=6, but our data strongly suggest that FQHSs
emerge at filling factors ν ¼ p=ð2mp� 1Þ even in this
very-low-ν limit. The ν-dependent activation energies (EA)
of Rxx taken from the relation Rxx ∝ eEA=2kT also display
local minima at ν ¼ 1=7 and 2=13, further corroborating
this inference. Compared to previous samples with similar
2DES densities, we also obtain a factor of ∼2–3 higher
values for the EA of the insulating phases at ν ≠
p=ð2mp� 1Þ. Given that it has been suggested that
disorder in samples suppresses the EA of Wigner solid
states to lower values [22–24], the significantly larger EA
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values we see are consistent with the fact that our samples
are of much higher quality than before.
Figure 1 shows representative Rxx traces of a sample we

used in this study. As can be seen in Fig. 1(a), which depicts
the low magnetic field data (taken at T ≃ 25 mK), even
though the electron density is only n ¼ 6.1 × 1010=cm2,
high-order FQHSs up to ν ¼ 8=17 and 7=27 can be seen
near ν ¼ 1=2 and 1=4, respectively. The presence of other
delicate FQHSs such as the ν ¼ 4=11 state is also evident.
This is remarkable considering that a sample with ∼60%
higher density was required to observe high-order FQHSs,
such as the ν ¼ 6=23 state in previous generation samples
typically used to study very low ν [19]. This unequivocally
demonstrates that our sample is of much higher quality than
before [21]. The fact that the mobility of our sample is ∼2.5
times higher than the sample of Ref. [19] despite the lower
density corroborates this view.
This enhanced 2DES quality has a significant impact on

Rxxwhen ν≲ 1=6, as shown inFig. 1(b). The deepminimum
at B ≃ 17.7 T immediately catches the eye. At the electron
density of our sample, this field corresponds to ν ¼ 1=7. The
apparent contrast of Rxx with the insulating background in
the vicinity is very suggestive of a FQHS existing at this
filling. Also supporting this argument is the fact that a
weaker but qualitatively similar feature is observed at
ν ¼ 2=13, where the next-order FQHS would be expected
according to the Jain sequence ν ¼ p=ð2mp� 1Þ [9,12].
Herep is a positive integer and 2m ¼ 6 is the number of flux
quanta attached to the electrons to form composite fermions
in this regime. The data we present here greatly strengthen
earlier experimental studies that suggested developing
FQHSs in the ν≲ 1=6 regime [18,19].
It is important to note that the data shown in Fig. 1(b)

were taken at T ≃ 104 mK. Despite the exceptional quality

of the sample, we still find that strong insulating phases
dominate the magnetotransport in the low-ν limit. In this
regime, Rxx values easily exceed several tens of MΩ when
the sample is cooled to the base temperature of our dilution
refrigerator (T ≃ 25 mK), making it difficult to accurately
analyze the 2DES. This tendency is qualitatively similar to
what was reported in the past [18,19]. Still, we were able to
probe the interacting behavior of electrons in the filling
range ν < 1=6 in our sample over a reasonable range of
temperatures (86 ≤ T ≤ 130 mK).
Figure 2, where the Rxx data are shown at several

temperatures, summarizes these results. For the entire
range of magnetic fields shown in Fig. 2, the presence
of an insulating background is apparent and becomes more
prominent as the temperature is decreased. However, the
Rxx vs B profile is not completely monotonic and signatures
of FQHSs emerge at different temperatures. These include
a deep minimum in Rxx at ν ¼ 1=7 (B ≃ 17.7 T) and a less
well-developed feature at ν ¼ 2=13.
The Rxx minimum at ν ¼ 1=7 appears to be most

pronounced when T ≃ 104 mK. At lower temperatures,
the insulating background becomes dominant and engulfs
the ν ¼ 1=7 minimum. At higher temperatures, the back-
ground becomes less insulating but the relative depth of the
minimum also decreases. Phenomenologically, it appears
that an insulating phase and a FQHS coexist at this filling,
and the increase in temperature melts the insulating phase
and destroys the FQHS simultaneously. This makes it
rather difficult to perform standard gap analysis using
the expression Rxx ∝ e−Eg=2kT , where Eg is the energy
gap of the FQHS. We speculate that this type of behavior
may be caused by local density variations over the size of
the sample, which is a 4 × 4 mm2 van der Pauw in our case.
As the 2DES studied here has a low electron density, even a
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FIG. 1. Representative magnetoresistance (Rxx) traces of our ultrahigh-quality 2DES confined to a 64-nm-wide GaAs quantum well.
The 2DES density is n ¼ 6.1 × 1010=cm2 and the mobility is μ ¼ 25 × 106 cm2=V s. (a) Low-field trace measured at T ≃ 25 mK. The
magnetic field positions of several LL fillings are marked. The sample quality is extraordinary, demonstrated by the emergence of high-
order fractional quantum Hall states up to ν ¼ 8=17 near ν ¼ 1=2 and ν ¼ 7=27 near ν ¼ 1=4. (b) High-field trace measured at
T ≃ 104 mK, exhibiting a deep minimum at ν ¼ 1=7 and an inflection at ν ¼ 2=13.
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small amount of density inhomogeneity could significantly
alter the local filling factor at a specific magnetic field,
especially in the very-low-ν limit. For example, with a
fluctuation on the order of Δn ∼ 109=cm2, which is
reasonable in samples such as ours [25], the magnetic
field that corresponds to ν ¼ 1=7 varies by ≃0.3 T when
n ¼ 6.1 × 1010=cm2. Since theory suggests that the range
of ν where FQHSs prevail is very narrow for six-flux
composite fermion-based FQHSs [20], such density inho-
mogeneities could locally perturb the ground state of the
2DES and smear features out near ν ¼ 1=7. This picture
could also explain the insulating, yet FQHS-resembling
feature at ν ¼ 2=13.

The origin of the strong insulating phases observed at
very-low ν warrants some discussion. We estimate that the
residual impurity concentration is on the order of ∼1 ×
1013=cm3 in our sample [21], which implies an average
interimpurity spacing of ∼0.5 μm. This is significantly
larger than the average interelectron spacing of ∼0.04 μm
computed from the 2DES density of n ¼ 6.1 × 1010=cm2.
Given this situation, it seems likely that the low-temper-
ature insulating behavior we see in Figs. 1(b) and 2 derives
from the formation of Wigner solid phases rather than
simple (Anderson) carrier localization.
A useful method to quantitatively analyze such many-

body states is to evaluate their temperature activated
characteristics in magnetotransport. The energy scale EA

obtained from the relation Rxx ∝ eEA=2kT is commonly
associated with the defect formation temperature of the
Wigner solid [4,5,22–24,26–30]. Figure 3 shows the
activation energy of Rxx in our sample at magnetic fields
where ν≲ 1=6. The inset shows the Rxx vs 1=T plots used
to determine the EA values shown in the main figure for
several magnetic fields [31]. It is clear from the data in
Fig. 3 that there are EA minima emerging at ν ¼ 1=7 and
2=13, where FQHSs are suspected to exist from the Rxx vs
B data in Fig. 2.
Local minima in EA have been interpreted as precursors

for developing FQHSs in the past at higher LL fillings such
as ν ¼ 1=5 [4,5,26,28–30]. For example, much like the data
for ν ¼ 1=7 in Fig. 2, early measurements of the ν ¼ 1=5
FQHS only displayed a reasonably deep minimum sur-
rounded by an insulating background in the Rxx at ν ¼ 1=5.
Further analysis of the filling-factor-dependent EA revealed
an inflection point at ν ¼ 1=5, which was taken to be an
indicator of a developing FQHS [26]. Indeed, as sample
quality improved, the Rxx minimum at ν ¼ 1=5 became
more prominent and approached near-zero values.
Concurrently, the EA vs ν plots in this regime unveiled a
domelike structure reminiscent of a reentrant phase tran-
sition on the flanks of ν ¼ 1=5 [4,5,26,28–30]. It is entirely
conceivable that samples with even higher quality and
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density uniformity than our present samples would exhibit
a FQHS with vanishing Rxx (as T → 0) at ν ¼ 1=7.
At magnetic fields other than those corresponding to ν ¼

1=7 and 2=13, the activation energy in Fig. 3 is fairly
constant, typically showing values around EA ≃ 3.0 K. A
qualitatively similar trend has been observed for EA of
insulating phases near ν≲ 1=5 in previous samples with
comparable electron density, but with much lower quality
and mobility [28,29]. The data yielded smaller values of
EA ≃ 1.5 K. Following theoretical models that link the
activation energy with the defect formation energy of a
Wigner solid, the larger EA in our sample is consistent
with the expectation that lower disorder in the 2DES
should yield larger EA values [22–24]. In fact, the EA
values we observe are remarkably close to the defect
formation energies computed for composite fermion-based
crystals. For example, at B ¼ 16.9 T (ν ≃ 0.15), theory
predicts a defect formation energy between 2.5 and 4.2 K,
depending on the number of vortices attached to the defect
[24], while in our experiments we deduce EA ≃ 3.2 K. The
relative invariance of EA we see in our sample over the
range of measured ν also agrees well with these calcu-
lations [24].
The characteristics we measure for many-body electron

phases at ν≲ 1=6 do not appear to be sample or density
specific. As summarized in Fig. 4, in another ultrahigh-
quality GaAs 2DES with a lower density of n ¼ 2.8 ×
1010=cm2 and mobility μ ¼ 15 × 106 cm2=Vs, we see data
that closely resemble those of Figs. 1–3. As seen in the
main part of Fig. 4, there is a deep minimum in the Rxx vs B
trace of this lower-density sample at ν ¼ 1=7 when
T ≃ 72 mK, which is the temperature at which the mini-
mum is most pronounced. Analogous to the higher-density
sample, at lower temperatures all features are devoured by
the insulating background, and at higher temperatures both
the minimum and insulating background weaken in
strength. The top inset of Fig. 4 shows EA vs ν for this
sample near ν ¼ 1=7, while the lower inset presents the
activation data. Consistent with Fig. 3 data, EA is mostly
constant, with minima showing at magnetic fields corre-
sponding to ν ¼ 1=7 and 2=13. One quantitative difference
is that the EA values are generally smaller (EA ≃ 2.0 K) for
the lower-density sample. This is reasonable considering
that the defect formation energy of Wigner solids at ν≲
1=6 is expected to scale inversely with the magnetic length,
lB ¼ ffiffiffiffiffiffiffiffiffiffiffi

ℏ=eB
p

[24]. Furthermore, the lower electron den-
sity implies less screening of impurities, which could also
reduce the defect formation energy [24].
While the features observed in both the Rxx and EA vs B

plots for both samples clearly demonstrate that the
improvement in sample quality allows a better visuali-
zation of the ν ¼ 1=7 and its satellite FQHSs, it is evident
that these states are still in close competition with the
background insulating phase. For the insulating phases
near ν ¼ 1=5, an improvement in the mobility from

μ ¼ 1.7 × 106 to μ ¼ 2.0 × 106 cm2=V s was enough for
2DESs with densities n ≃ 5 × 1010=cm2 to show a quali-
tative difference in the activation energy profiles [26,28].
The lower-mobility sample merely displayed an inflection
point at ν ¼ 1=5 in the EA vs ν plot [26], while for the
higher-mobility sample clear signs of reentrant Wigner
solid phases were observed on the flanks of a ν ¼ 1=5
FQHS (with vanishing Rxx as T → 0) [28].
The data in Fig. 3 are then somewhat surprising given

that our n ¼ 6.1 × 1010=cm2 sample has roughly 3 times
fewer impurities compared to the previous sample used to
study correlated states near ν ¼ 1=7 [19,21]. However, it is
important to remember that the ν ¼ 1=m FQHSs become
more fragile as m increases. For example, the experimen-
tally measured energy gap for the ν ¼ 1=3 FQHS in a high-
quality GaAs 2DES is ≃8 K when it is evaluated at B ≃
15 T [32], but the gap for the ν ¼ 1=5 FQHS in a similar
sample is only ≃1 K even when evaluated at a higher
magnetic field of B ≃ 20 T [4].
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Theoretical studies support these findings, typically
citing gap energies of ≃0.1, 0.03, and 0.007 in units of
e2=4πϵϵ0lB for the ν ¼ 1=3, 1=5, and 1=7 FQHSs,
respectively [20]; here ϵ is the host material’s dielectric
constant. Note that these are gaps expected for “ideal”
2DESs; in realistic samples, the finite thickness of the
electron layer, the mixing between the LLs, and disorder
would lead to smaller gaps [33]. For our high-density
sample in Figs. 1–3, we then expect a maximum theoretical
gap of ≃1.5 K for the ν ¼ 1=7 FQHS. This is comparable
to the value of ≃1 K that has been reported for the
phenomenological disorder parameter Γ, often linked to
LL broadening, in state-of-the-art GaAs 2DESs [33]. It is
therefore possible that even purer samples are necessary to
observe a fully developed ν ¼ 1=7 FQHS. Indeed, theory
argues that, although the ν ¼ 1=7 FQHS should prevail in
the limit of no disorder and perfectly uniform 2DES
density, even a very small perturbation to the system would
cause insulating crystals and incompressible FQH liquids
to coexist [20], as suggested by our data.
In closing, we comment that the study of correlated-

electron phases at high magnetic fields in ultralow-disorder
GaAs samples is especially intriguing because electrons
are condensed into a flatband, namely a LL, where the
Coulomb energy dominates. For several decades, this has
been the platform of choice to investigate many-body
electron physics and the competition between various
exotic phases, such as the FQH liquid and metallic (e.g.,
composite fermion) phases, and broken-symmetry phases,
such as Wigner crystals and stripe phases. Recently, it was
proposed that flatbands can also emerge in moirélike
superlattice structures in multilayer 2D materials [34],
and an explosive growth has occurred in this area of
research. A particular highlight is the observation of
correlated superconducting and insulating phases in
magic-angle twisted bilayer graphene [35,36]. It has been
pointed out that the knowledge acquired in LL systems can
indeed be helpful for understanding the intricate physics of
these newer, moiré-based, flatband 2D systems [37,38].
Our data, taken in the highest-quality (lowest-disorder)
2DESs, provide valuable information and incentive for
future studies in other flatband systems with improved
quality and comparable settings.

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.
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