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Termination of the fractional quantum Hall states (FQHSs) and the emergence of Wigner crystal phases at
very small Landau-level filling factors (ν) have been of continued interest for decades. Recently, in ultra-high-
quality, dilute GaAs two-dimensional electron systems (2DESs), strong evidence was reported for FQHSs at
ν = 1/7, 2/13, and 2/11, which fall in the ν = p/(6p ± 1) Jain series of FQHSs, interpreted as integer (p= 1, 2)
QHSs of six-flux composite fermions (6CFs). These states are surrounded by strongly insulating phases which
are generally believed to be Wigner crystals. Here, we study an ultra-high-quality 2DES confined to an AlAs
quantum well where the 2D electrons have a much larger effective mass (m∗ � 0.45me) and a smaller dielectric
constant (ε � 10ε0) compared to GaAs 2D electrons (m∗ � 0.067me and ε � 13ε0). This combination of m∗ and
ε renders the Landau-level mixing parameter κ , defined as the ratio of the Coulomb and cyclotron energies, � 9
times larger in AlAs 2DESs (κ ∝ m∗/ε). Qualitatively similar to the GaAs 2DESs, we observe an insulating
behavior reentrant around a strong ν = 1/5 FQHS, and extending to ν < 1/5. Additionally, we observe a clear
minimum in magnetoresistance at ν = 2/11, and an inflection point at ν = 1/7 which is very reminiscent of the
first report of an emerging FQHS at ν = 1/7 in GaAs 2DESs. The data provide evidence for developing QHSs
of 6CFs at very small fillings. This is very surprising because κ near ν � 1/6 in our sample is very large (� 4),
and larger κ has the tendency to favor Wigner crystal states over FQHSs at small fillings. Our data should inspire
calculations that accurately incorporate the role of Landau-level mixing in competing many-body phases of 6CFs
at extremely small fillings near ν = 1/6.
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I. INTRODUCTION

The discovery of the fractional quantum Hall state (FQHS)
at Landau-level filling factor ν = 1/3 in a GaAs two-
dimensional electron system (2DES) [1] was a landmark in
the study of phenomena arising from electron-electron inter-
action. This observation was soon explained by Laughlin [2],
who provided a wave function for the FQHS at ν = 1/3, and
predicted similar incompressible states at ν = 1/5, 1/7, . . ..
As the 2D electron mobility in GaAs was improved, a devel-
oping FQHS at ν = 1/5 was indeed identified by an inflection
point in the longitudinal magnetoresistance (Rxx) [3] in an
insulating background, which soon turned into a strong FQHS
with Rxx approaching zero, and a quantized Hall resistance
(Rxy) at low temperatures [4–10]. In the highest quality, low-
density GaAs samples, besides deep minima in Rxx at ν = 1/3
and 1/5, an inflection point was also observed at ν = 1/7 [11].
These discoveries came as a surprise, as it was long believed
that when the kinetic energy of a 2DES is quenched at very
small fillings (ν � 1), the ground state should be a Wigner
crystal (WC) phase [12,13]. Insulating phases observed be-
tween 2/9 < ν < 1/5 and for ν < 1/5 were interpreted as
WCs pinned by disorder [6,14], based on their nonlinear
I-V [7,15], noise characteristics [16], microwave resonance
responses [17,18], and more recently, direct evidence in the
form of bilayer commensurability oscillations [19]. Data
obtained via other experimental techniques support this in-
terpretation [20–22]. With yet more breakthroughs in GaAs
2DES quality, strong minima at ν = 1/7, 2/13, and 2/11
[23–25] were observed in Rxx, suggesting that the FQHSs do

not terminate for ν � 1/6. The appearance of the Rxx FQHS
minima superimposed on the highly insulating background
signals a close competition between the FQHS and WC phases
in the very small ν regime [26].

Another crucial parameter that can modify the electron-
electron interaction and therefore the ground states of 2D
carrier systems is Landau-level mixing (LLM). Denoted by
κ , LLM is defined as the ratio of the Coulomb and cyclotron
energies (κ = e2/4πεlB

h̄eB/m∗ ∝ m∗/ε), where ε is the dielectric con-
stant, m∗ is the effective mass, B is the perpendicular magnetic
field, and lB = √

h̄/eB is the magnetic length. Experimental
evidence [27–35] and theoretical calculations [36–39] for the
influence of κ on the FQHS and WC phases have been re-
ported before. In dilute GaAs 2D hole samples, a reentrant
insulating phase is observed for 2/5 < ν < 1/3 [27–29]; 2D
electrons in ZnO [30] also show a qualitatively similar phe-
nomenon. The larger effective masses of GaAs 2D holes and
ZnO 2D electrons lead to a more severe LLM (larger κ) in
these systems, stabilizing the WC phase for 2/5 < ν < 1/3
and ν < 1/3. 2DESs confined to AlAs quantum wells (QWs)
are yet another platform where remarkable strides in quality
have been made [40] through the Al and Ga source purifi-
cation [41], improved vacuum integrity, and optimization of
modulation doping to induce 2D carriers in AlAs QWs [42].
The improved samples have allowed the observation of new
many-body states at zero magnetic field [43–45] and in the
presence of high magnetic fields [34,40,46,47]. Compared to
GaAs 2DESs, 2D electrons in AlAs have a large effective band
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FIG. 1. Rxx for 2D electrons confined to a 35-nm-wide AlAs QW as a function of perpendicular magnetic field, B. Note the increasing
Rxx scales in panels (a)–(c), revealing the emergence of insulating phases at lower fillings. The Rxx traces have been color coded based on the
temperature at which they were taken, as indicated. (a) The ultra-high quality of our sample is evident from the numerous FQHSs flanking the
ν = 1/2 CF Fermi sea. Rxx minima following the 2CF Jain sequence at ν = p/(2p ± 1) can be seen up to ν = 8/17 and 8/15 on the high-field
and low-field sides of ν = 1/2, respectively. (b) FQHSs around ν = 1/4 following the 4CFs sequence ν = p/(4p ± 1), and an insulating phase
emerging past ν � 1/4 can be seen in Rxx . (c) Developing FQHSs at very small fillings ν = 1/7 and 2/11 which fall in the 6CFs sequence of
ν = p/(6p ± 1) can be observed as an inflection point and minimum in Rxx for p = 1 and 2, respectively. These states compete with the WC
phases, as evident from the highly insulating background in which these FQHSs appear. Note that the LLM parameter, κ , is very large (� 4)
for our sample near ν � 1/6. Each panel displays the Rxx trace at the lowest temperature at which reliable measurements could be made in the
respective region in ν.

mass (m∗ � 0.45me) and small dielectric constant (ε � 10ε0),
leading to much higher κ (κAlAs � 9 × κGaAs). In this report
we focus on the termination of the FQHSs in an ultra-high-
quality AlAs 2DES at very small fillings under the influence
of significant LLM.

II. EXPERIMENTAL DETAILS

Our sample is a 35-nm-wide AlAs QW and has a 2D elec-
tron density of n = 9.6×1010 cm−2. The carriers are induced
in the QW by modulation doping it symmetrically with Si on
its two sides. The mobility of our sample is 0.8×106 cm2/Vs
measured at T = 0.3 K. The 2D electrons in a 35-nm-wide
AlAs QW occupy two degenerate valleys (X and Y) which
have anisotropic effective masses, longitudinal mass ml =
1.0me, and transverse mass mt = 0.20me, making the rele-
vant electron mass in our system m∗ = √

mlmt = 0.45me. The
degeneracy of the X and Y valleys can be lifted by uniaxial
in-plane strain [43–49]. In our sample, we do not apply any
intentional strain, but the residual strain induced because of
mounting the sample on the low-temperature sample holder
likely breaks this symmetry so that only one valley is oc-
cupied, especially at very small ν that are relevant to the
measurements presented here [50,51]. Contacts to the 2DES
are made by alloying eutectic In:Sn to the QW in a reducing
environment. The sample has van der Pauw geometry, and
all measurements are made using standard, low-frequency,
lock-in techniques, in a dilution refrigerator.

III. MAGNETOTRANSPORT MEASUREMENT DATA

Figure 1(a) depicts Rxx as a function of B at
T � 65 mK. The sample’s high quality is immediately evident

from the myriad of features associated with interaction-driven,
many-body states of 2D electrons displayed in the Rxx

trace. Notably, focusing on ν < 1, we observe several
FQHS Rxx minima flanking ν = 1/2. These minima occur
at ν = 2/3, 3/5, . . . , 8/15 on the low-field side and at
1/3, 2/5, . . . , 8/17 on the high-field side of ν = 1/2. As B
is raised, yet another sequence of Rxx minima at ν = 2/7,
3/11, and 4/15 is observed at T � 65 mK [black trace in
Fig. 1(b)]. As the filling factor is lowered below ν = 1/4,
2D electrons in AlAs become increasingly resistive, with Rxx

rising beyond 100 k� at T � 65 mK. This leads to technical
challenges in making reliable resistance measurements: (1)
the highest resistance that we can measure reliably is limited
by the input impedance of the preamplifier, and (2) the Ohmic
contacts to the sample become extremely resistive and do not
allow us to inject current through the sample. As we raise the
temperature, the sample and contacts become less resistive,
allowing us to pass current into the sample and measure
voltages at other contacts reliably. At T � 115 mK, the red
Rxx trace in Fig. 1(b) exhibits clear minima at ν = 1/5 and
2/9, and a shoulder at 3/13.

Sequences of Rxx minima around ν = 1/2 and 1/4
seen in Figs. 1(a) and 1(b) correspond to the FQHSs
and can be understood as the integer quantum Hall states
(IQHSs) of composite fermions (CFs) [52,53], occurring at
ν = p/(mp ± 1), where p = 1, 2, . . . is the integer filling fac-
tor of CFs, and m = 2, 4, . . . is the number of flux quanta
attached to an electron to form the respective CF. The se-
quence of states around ν = 1/2 can be explained as the
IQHSs of two-flux CFs (2CFs), and similarly, the sequence
around ν = 1/4 as IQHSs of four-flux CFs (4CFs). It is
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FIG. 2. (a) Rxx vs B for 1/6 � ν � 1/7 at different temperatures.
Vertical lines denote the expected positions of ν = 1/7, 2/13, and
1/6. The data show a clear inflection point in all four traces very
close to the expected position of ν = 1/7. (b) Maxima in the second
derivative of Rxx are observed at ν = 1/7 and 2/13. (c) Data are
shown after subtracting the background resistance from the Rxx . The
background resistance is determined by filtering the Rxx using a
Savitzky-Golay filter with a 1.2-T window size. Clear minima are
observed at ν = 1/7 and 2/13, and become weaker as the tempera-
ture is raised. The analyses in Figs. 2(b) and 2(c) are indicative of a
developing FQHS at ν = 1/7.

notable that the sequence of Rxx minima for ν � 1/4 is ob-
served riding on an insulating background.

The major surprise in our data appears when we go to
even higher magnetic fields and probe the region around
ν = 1/6, which has not been studied before in a system with
large κ . In Fig. 1(c) we present the Rxx trace at such low
fillings, where we observe a minimum at ν = 2/11 (blue
Rxx trace at 140 mK) and an inflection point at ν = 1/7
(green Rxx trace at 230 mK). The expected positions of
different ν are marked with vertical lines. The inflection
point at ν = 1/7 in Fig. 1(c) is reminiscent of the very
first report of observation of a developing FQHS at ν = 1/7
[11]. With improvements in sample quality, the inflection
point at ν = 1/7 further developed [23], finally culminat-
ing in a deep minimum in Rxx [25]. Reference [25] reports
a sequence of Rxx minima at ν = 1/7, 2/13, and 2/11,
which follows the Jain-sequence FQHSs at ν = p/(6p ± 1);
these are the IQHSs of six-flux composite fermions (6CFs).
However, the LLM (κ) in GaAs for the parameters of
Ref. [25] is <1. Our data provide evidence for the observa-
tion of developing FQHSs of 6CFs in an AlAs QW where
κ � 4.

The evolution of Rxx for ν < 1/6 at different temperatures
is shown in Fig. 2(a), with two noteworthy features. First,
at such low fillings, Rxx is of the order of several tens of
M� at T � 240 mK and, as the temperature is raised, Rxx

decreases rapidly, by about a factor of five at the lowest fill-
ings. This insulating behavior likely signals the formation of
a magnetic-field-induced, pinned WC [5–11,14–25,34]. Sec-
ond, the inflection point in Rxx is reproducible and remains
robust for 240 � T � 265 mK. As mentioned before, previ-
ous observations of inflection points in Rxx at ν = 1/7 [11],

FIG. 3. Evolution of Rxx around ν = 2/11 with temperature. The
Rxx minimum at ν = 2/11 is seen at low temperatures. (Top inset)
Measured EA of the insulating phase for a small region around
ν = 2/11. (Bottom inset) Arrhenius activation plots used to extract
activation energies, EA.

and the development of these inflection points to Rxx minima
riding on insulating phases in better quality samples [23,25],
have been attributed to the close competition between the
FQHS and WC phases.

The developing FQHS at ν = 1/7 is even more evident
from the analyses described in Figs. 2(b) and 2(c). The in-
flection point in Rxx vs B at ν = 1/7 appears as a maximum
in its second derivative (d2Rxx/dB2), which is displayed in
Fig. 2(b) at different temperatures. As discussed earlier in the
manuscript, the main contribution to Rxx is from the insu-
lating phase and appears as a rising resistance background.
This resistance background (denoted as R̃xx) is estimated
by using a Savitzky-Golay filter with a 1.2-T window size
on Rxx vs B and subsequently subtracted from Rxx to give
�Rxx = Rxx − R̃xx. The resulting �Rxx, which presumably
is dominated by the contribution of the developing FQHSs,
is displayed in Fig. 2(c) and clearly shows a minimum at
ν = 1/7. All three signatures of the developing FQHS at
ν = 1/7 become weaker as the temperature is raised, which is
evident from Fig. 2. Similar signatures of a developing FQHS
at ν = 2/13 also appear in Figs. 2(b) and 2(c), indicating
that both d2Rxx/dB2 and �Rxx are sensitive to the presence
of competing FQHSs superimposed on insulating resistance
backgrounds.

Similarly, we study the Rxx minimum at ν = 2/11 for the
temperature range 130 � T � 190 mK in Fig. 3. The Rxx

minimum is seen up to T � 170 mK but becomes weaker at
higher temperatures, as is typical of FQHSs. The insulating
behavior of Rxx is also on display at around ν = 2/11. Using
the temperature dependence of Rxx around ν = 2/11, we have
extracted the activation energy, EA, by fitting Rxx at a given B
to the expression Rxx ∝ eEA/2kT, examples of which are shown
in the lower inset in Fig. 3. EA can provide a measure of
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FIG. 4. (a), (b) Calculated phase diagrams depicting the compe-
tition between the WC and the FQHSs under the influence of LLM
as a function of ν [39]. The WC phase is stable in the yellow regions
of the phase diagrams. The experimental data points are denoted by
circles. Open and solid red circles are used to denote the liquid and
the WC phases, respectively, and half-filled circles denote FQHSs
competing with insulating (WC) phases. For the magnitude of LLM
(κ) present in our sample, the different phases agree reasonably well
with the theoretical results. (c) The region of ν < 1/5 experimentally
exhibits strongly insulating behavior, while features for competing
FQHSs are seen at ν = 1/7 and 2/11. The yellow question mark
highlights that no theoretical calculations akin to Figs. 4(a) and
4(b) exist around such small ν.

the WC’s defect formation energy [55–57]. Values of EA at
small fillings have been measured extensively before in GaAs
2D electrons and have often been used to identify competing
FQHSs in the WC regime [4–6,15,25,58]. In the top inset
of Fig. 3, we show the magnetic field dependence of EA for
our AlAs 2DES. It hovers around a value of � 3 K and
displays a minimum very close to ν = 2/11, supporting the
existence of a competing FQHS at ν = 2/11 [25]. The values
of EA around ν � 2/11 in our sample are comparable to the
EA values in a GaAs 2DES at similar n = 1.1×1011 cm−2,
albeit in a wider, 50-nm QW, and with a mobility which is
30 times higher than that of our sample [58]. However, one
must be careful with a quantitative comparison, because the
value of EA for a WC depends strongly on factors such as
LLM, finite-layer thickness, and disorder, all of which are
expected to lower EA down from its value for the pristine
2D WC. Also, the Fermi contour and effective mass are
anisotropic in our AlAs 2DES while they are isotropic in
GaAs 2DESs.

IV. DISCUSSION

Figure 4 summarizes the significant role of LLM in de-
termining the ground states of 2D electrons at small fillings.
In Ref. [39], Zhao et al. quantitatively calculate and compare
the ground-state energies of the WC and FQHSs for different
values of κ around ν = 1/3 and 1/5. The resulting phase
diagrams presenting the stability of the WC (yellow regions)
and the correlated liquid phase (white regions) are shown
in Figs. 4(a) and 4(b). Our experimental data, shown as red
circles, agree well with the calculated phase diagram. As
displayed in Fig. 4(a), we observe strong FQHSs at ν = 1/3
and 2/5, and a liquid (noninsulating) phase between 2/5 and
1/3 (shown as open red circles), consistent with the theoretical
results. For 1/5 < ν � 2/9, as shown in Fig. 1(b), we observe

an insulating behavior which we attribute to a WC phase
[solid circle in Fig. 4(b)] [34], but at ν = 1/5 we observe a
well-developed FQHS [open circle in Fig. 4(b)]. At ν = 2/9
we observe a deep minimum in Rxx, suggesting a developing
FQHS, but the background is insulating. Therefore we repre-
sent the state at 2/9 by a half-filled circle in Fig. 4(b) to signify
the close competition we observe experimentally between the
FQHS and WC at this filling. Note that, in comparison, a
very strong 2/9 FQHS is observed in very-high-quality GaAs
2DESs at a similar density, consistent with their much smaller
LLM (κ � 0.56 at ν = 2/9) [54].

Experimentally, for ν < 1/5, Rxx exhibits a strongly insu-
lating behavior indicative of pinned WC, while at ν = 1/7 and
2/11 there are developing FQHSs present in close competition
with the WC phase; these are denoted by half-filled circles in
Fig. 4(c). Qualitatively, based on the theoretical calculations
presented in Figs. 4(a) and 4(b) [39], we make the following
observations: (1) The FQHSs at ν = 1/3 and 2/5 are quite
robust and are the ground states even for κ > 18 [39]. In
contrast, the FQHSs at ν = 1/5 and 2/9 make transitions to
WC states for κ > 10 and > 12, respectively. It stands to
reason then that such transitions around ν = 1/6 would occur
at even smaller values of κ . (2) The window in which the
FQHSs are stable is narrower in ν at ν = 1/5 compared to
ν = 1/3. Presumably, this window would be even narrower
for FQHSs around ν = 1/6. Our data for a 2D system with
significant LLM (κν=1/7 � 4.1 and κν=2/11 � 4.6), compared
to κ < 1 in GaAs 2D electrons, evince that FQHSs at 1/7 and
2/11 are still quite competitive with WC phases even at very
large κ . Thus they provide crucial data to test the validity and
accuracy of future calculations, which we hope our data will
stimulate.

V. SUMMARY

While our data reported here highlight the stability of
FQHSs in a 2DES with substantial LLM at very small filling
factors, we remark that LLM has much broader implica-
tions. For example, numerous calculations have illuminated
the importance of LLM in determining the exact ground-
state wave function of the celebrated ν = 5/2 FQHS [59–61].
Also, recent 2D holes in GaAs have shown new exotic even-
denominator FQHSs in the lowest LL [62–66], an observation
that has been explained by pairing of CFs induced by the
severe LLM [67]. Finally, the advent of exotic many-body
physics in new 2D systems such as ZnO [30], transition-metal
dichalcogenides [68], and bilayer graphene [69] has brought
forth yet more platforms with significant LLM. It remains
to be seen what the carriers in these platforms exhibit as
their quality is further improved by lowering the amount of
disorder, so that the regime of very small filling factors could
be reached.
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