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Fractional quantum Hall states (FQHSs) exemplify exotic phases of low-disorder two-dimensional
(2D) electron systems when electron-electron interaction dominates over the thermal and kinetic
energies. Particularly intriguing among the FQHSs are those observed at even-denominator Landau
level filling factors, as their quasi-particles are generally believed to obey non-Abelian statistics and
be of potential use in topological quantum computing. Such states, however, are very rare and fragile,
and are typically observed in the excited Landau level of 2D electron systems with the lowest amount
of disorder. Here we report the observation of a new and unexpected even-denominator FQHS at
filling factor v = 3/4 in a GaAs 2D hole system with an exceptionally high quality (mobility). Our
magneto-transport measurements reveal a strong minimum in the longitudinal resistance at v = 3/4,
accompanied by a developing Hall plateau centered at (h/e?)/(3/4). This even-denominator FQHS
is very unusual as it is observed in the lowest Landau level and in a 2D hole system. While its
origin is unclear, it is likely a non-Abelian state, emerging from the residual interaction between

composite fermions.

Since its discovery in 1982 [1], the fractional quan-
tum Hall effect has been one of the most active topics
in condensed matter physics [2]. It is observed in low-
disorder two-dimensional electron systems (2DESs) at
low temperatures and large, quantizing, perpendicular
magnetic fields, when electrons’ thermal and kinetic en-
ergies are quenched and the Coulomb interaction between
the electrons dominates. The vast majority of fractional
quantum Hall states (FQHSs) are observed in the lowest
Landau level (LL) at odd-denominator LL filling factors,
and can be mostly understood in a standard composite
fermion (CF) model [2-5]. By attaching 2m flux quanta
to each electron, the FQHSs at v = p/(2mp + 1), the so-
called Jain-sequence states, can be mapped to the integer
quantum Hall states at the Lambda level (AL) filling fac-
tor p of the weakly-interacting 2m-flux CFs (*"*CFs).

Thanks to intense experimental efforts over the last few
decades and improvements in sample quality (mobility),
new FQHSs which cannot be explained in the standard
Jain sequence have been reported [2, 6-25]. Among these
are FQHSs observed at certain even-denominator fillings,
e.g. at v = 5/2 [6]. Although its origin is not yet entirely
clear, theory [26-28] strongly suggests that the v = 5/2
FQHS is a spin-polarized, p-wave paired (Pfaffian) state
with non-Abelian statistics, rendering it a prime candi-
date for fault-tolerant, topological quantum computing
[29]. Even-denominator FQHSs have also been reported
at other filling factors, e.g., at v = 1/2 and 1/4 in wide
GaAs quantum wells [8, 10, 14, 16, 17, 19-21, 24, 25].
The origin of these states is also unclear: some exper-
imental and theorical results are consistent with these
being two-component, Halperin-Laughlin, Abelian states
[10, 16, 19, 30], although the latest data and calculations
suggest a one-component, Pfaffian, non-Abelian origin

[17, 25, 31-33].

Here we present the experimental observation of an
even-denominator FQHS in the lowest LL, at filling fac-
tor v = 3/4, in an ultrahigh-quality GaAs 2D hole sys-
tem (2DHS). As highlighted in Fig. 1(a), our magneto-
transport measurements show a strong minimum in
the longitudinal resistance (R;), concomitant with a
developing Hall resistance (R;,) plateau centered at
(h/e?)/(3/4) to within 0.2%. Our finding is unexpected
as there is no analogue of such a FQHS in GaAs 2DESs
(Fig. 1(b)) [34] where the ground state at v = 3/4 is a
4CF Fermi sea, flanked by odd-denominator FQHSs at
nearby fillings (4/5, ..., 5/7) which fit into the Jain se-
quence: v =1—p/(4p £ 1). In our experiments, we find
that the v = 3/4 FQHS is fairly robust when a strong
in-plane magnetic field is applied, but it eventually gets
weaker, with FQHSs at v = 4/5 and 5/7 emerging on
its flanks. We discuss the possible origins of this novel
FQHS based on our experimental data and available the-
ories, and suggest that it is likely a non-Abelian state.
We also observe a qualitatively similar, but somewhat
weaker, FQHS at the even-denominator filling v = 3/8,
with likely same origin as 3/4.

The high-quality 2DHS studied here is confined to a 20-
nm-wide GaAs quantum well grown on a GaAs (001) sub-
strate [35-40]. The 2DHS has a hole density of 1.3 x 10!
ecm~?2 and a low temperature (0.3 K) record-high mobil-
ity of 5.8 x 105 ¢cm?/Vs [36]. We performed our experi-
ments on a 4 mm x4 mm van der Pauw geometry sample.
Ohmic contacts were made by placing In/Zn at the sam-
ple’s four corners and side midpoints, and annealing at
450 °C for 4 minutes. The sample was then cooled down
in two different dilution refrigerators with base temper-
atures of ~ 20 mK. We measured R, and R, using
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FIG. 1. (a) Longitudinal resistance (R, in black and blue) and Hall resistance (R, in red) vs perpendicular magnetic field
B traces for our ultrahigh-mobility 2D hole sample. The height of the blue trace is divided by a factor of 10. The B positions
of several LL fillings are marked. A strong minimum in R, accompanied by a developing Hall plateau is observed at v = 3/4.
A zoomed-in version of the Ry, vs B, near v = 3/4 at 20 mK is shown in the top-left inset. The self-consistently calculated
hole charge distribution (red) and potential (black) of the 2DHS are also shown in a top inset. (b) Re. vs By at T~ 30 mK
near v = 3/4 for an ultrahigh-mobility 2D electron sample with density 1.0 x 10" em ™2 from Ref. [34].

the conventional lock-in amplifier technique, with a low-
frequency (~ 13 Hz) excitation current of ~ 10 nA.

Figure 1(a) shows the full-field traces of R,, and Ry,
vs perpendicular magnetic field B, [41]. The B, po-
sitions of several LL fillings are marked. A deep mini-
mum in R, accompanied by a developing R,, plateau
is observed at v = 3/4. Weaker R,, minima are also ob-
served at other even-denominator fillings v = 3/8, as well
as 5/8 and 5/12. Numerous high-order odd-denominator
FQHSs are also seen near v = 1/2, up to v = 12/25 and
13/25, and near v = 3/2, up to v = 16/11 and 17/11 (not
marked in the figure; see Fig. 4 of [36]). These attest to
the exceptionally high quality of the 2DHS. Note that the
v = 3/4 FQHS is the only FQHS observed between v = 1
and 2/3. This is in sharp contrast to what is observed in
high-quality 2DESs, namely a smooth and shallow R,
minimum with no quantized R,,, and flanked by the
standard (Jain-sequence) odd-denominator FQHSs such
asv=4/5,7/9,... and 5/7,8/11,... (see Fig. 1(b)) [34].
It is also in contrast to previous GaAs 2DHSs where, be-
tween v = 1 and 2/3, only weakly-developed FQHSs were
observed at v = 4/5 and 5/7 [42, 43]. We also studied an-
other 2D hole sample with higher density, showing weak
R, minima at both v = 3/4 and 5/7; see SM [35] for
details.

In Figure 2 we show the temperature (T') dependence
of R, and Ry, between v = 1 and v = 2/3, measured
with a different contact configuration and in a different
cool down. When T is reduced, the R,, minimum be-
comes smaller but its flanks rise steeply, as seen in Fig.
2(a). In Fig. 2(b), we show an Arrhenius plot of R,
at v = 3/4. The activated behavior of R, strongly sug-

gests a FQHS at v = 3/4. An energy gap of ~ 22 mK
is deduced from the linear fit to the data points at in-
termediate temperatures. We note that the temperature
range where R, at v = 3/4 vs 1/T follows a linear fit is
very narrow. On the low-temperature (large 1/7) side,
the data points start to deviate from the linear fit below
~ 30 mK. Several factors could be causing this devia-
tion: () At very low T, the 2DHS temperature might be
slightly higher than T read by the thermometer; (ii) R,
at v = 3/4 could be influenced by the rising background
on its flanks at very low T (Fig. 2(a)); (i) it is also
possible that the deviation is caused by the emergence of
a different scattering mechanism (e.g., hopping) at very
low temperatures [44]. On the high-temperature (small
1/T) side, the temperature dependence of R,, reverses
its trend, and R,, decreases with increasing tempera-
ture above 130 mK. Similar phenomenon was observed
for other FQHSs [23]. While the very narrow T range
in which we observe an activated behavior in Fig. 2(b)
limits the accuracy of the ~ 22 mK energy gap that we
determine for the v = 3/4 FQHS, it is likely that this
value is an underestimate and is influenced by the strong
temperature dependence of R, on the flanks of v = 3/4.
The fact that the v = 3/4 R,, minimum survives at high
temperatures (up to 188 mK) supports this conjecture.

To further support the presence of a FQHS at v = 3/4,
in Fig. 2(c) we show Hall traces taken at different 7.
R, is well quantized at the expected values at v = 1
and 2/3 over the whole temperature range, and shows
a nearly quantized plateau at v = 3/4 at the lowest
temperature (~ 20 mK). The top-left inset of Fig. 2(c)
shows a zoomed-in view of Ry, vs B near v = 3/4 at
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FIG. 2. Temperature dependence of Ry; and Rgy. (a) Rzs vs By traces near v = 3/4, taken at different temperatures, showing
fully-developed (nearly-zero) R,, minima at v = 1 and 2/3, as well as a strong minimum at v = 3/4. (b) Arrhenius plot of Re»
at v = 3/4. An energy gap of ~ 22 mK is obtained from the linear fit to the data points at intermediate temperatures. Inset:
Zoomed-in version of Fig. 2(a) near v = 3/4. (c) Hall (R.y) traces taken at different temperatures. R, is well quantized at
its expected value at v = 1 and 2/3 in the whole temperature range, and shows a developing plateau at v = 3/4 at the lowest
temperatures. Top-left inset: Zoomed-in Ry, vs B, traces near v = 3/4 at T' ~ 20 and 188 mK. Bottom-right inset: Hall
resistance slope dRyy/dB, vs T at v = 3/4, showing its approach to the expected (classical) value at high T (the dash-dotted
line), and to zero as T approaches zero, confirming the Ry, quantization.

T ~ 20 and 188 mK. At ~ 20 mK, a plateau occurs
at exactly the expected field position of v = 3/4 and
is centered at Ry, = (h/e?)/(3/4) to within 0.2%. The
bottom-right inset of Fig. 2(c) shows the Hall resistance
slope dRy,/dB, vs T at v = 3/4. The dash-dotted line
represents the expected, classical, high-temperature Hall
slope based on the 2DHS density. At low temperatures,
dR.,/dB | exhibits a trend towards zero, consistent with
a developing R, plateau.

Next we study the role of an in-plane magnetic field
(Byj) on the v = 3/4 FQHS. Figure 3 shows the tilt angle
(0) dependence of R, vs B between v =1 and v = 2/3
at >~ 20 mK where 6 denotes the angle between total
field (B) and its perpendicular component (B ); see the
top-left inset in Fig. 3. The R, minimum at v = 3/4 re-
mains fairly strong up to 6 ~ 60°. With further increase
in 0, the 3/4 FQHS becomes significantly weaker, while a
FQHS at v = 4/5 starts to appear and get stronger; see
also Fig. 3 top-right inset. A hint of a FQHS at v = 5/7
is also observed at large 6, but does not change much
with increasing #. The simultaneous weakening of the
FQHS at 3/4 and appearance of the 4/5 and 5/7 FQHSs
imply a competition between these states. The origin of
this competition is unclear.

Our observation of a v = 3/4 FQHS is unexpected
as no such state has been previously seen in experi-
ments or predicted by theory. While a plethora of odd-
denominator FQHSs are observed when the Fermi level
lies in the lowest (N = 0) LL, even-denominator FQHSs
in single-layer 2DESs confined to different materials such
as GaAs [6], ZnO [45], and AlAs [46] have been predom-

inantly reported only in the excited (N = 1) LL. In the
N =0 LL, in the CF picture and assuming that particle-
hole symmetry holds, the ground states at v = 3/4 and
1/4 are both expected to be Fermi seas of *CFs. In
experiments on GaAs 2DESs, a *CF Fermi sea has in-
deed been directly observed by geometric resonance near
v = 1/4 [47], and series of standard (Jain-sequence), odd-
denominator FQHSs is seen on the flanks of v = 1/4. A
similar sequence of FQHSs are also observed near v = 3/4
in GaAs 2DESs (see Fig. 1(b)) [12, 34], supporting a
4CF Fermi sea ground state. However, in our 2DHS, a
CF Fermi sea is not favored at v = 3/4 as evinced by the
presence of a FQHS at this filling. The obvious question
is: Why is the 3/4 FQHS observed in our GaAs 2DHS
and in the lowest (N = 0) LL? While we do not have a
definitive answer, we discuss below possible explanations.

An unlikely possibility is that the v = 3/4 FQHS in
our experiments has an origin similar to the FQHSs re-
ported in the N = 0 LL of 2DESs in wide GaAs quantum
wells at v = 1/2 [8, 10, 19, 25] and v = 1/4 [14, 16, 17].
The origin of these states is in fact still unclear and the
possibilities of both a two-component, W¥s3;, Halperin-
Laughlin, Abelian state [10, 16, 19, 30], and a single-
component, Pfaffian, non-Abelian state [17, 25, 31-33]
have been discussed. Regardless of their origin, these
states have only been observed in 2DESs with bilayer-
like charge distributions. They are also very sensitive to
different parameters such as carrier density, quantum well
width and symmetry [10, 19], and magnetic field compo-
nents [48]. In GaAs 2DHSs, v = 1/2 FQHSs are also seen
but, again, only when the charge distribution is bilayer-
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FIG. 3. Tilt angle dependence of R, is shown vs B, at
20 mK. The left inset shows a schematic of the experimental
setup for applying tilted fields; the sample is mounted on a
rotating stage to support in situ tilt. The traces are vertically
shifted for clarity. The vertical lines indicate the B positions
for v = 3/4, 4/5 and 5/7. The right inset shows R.. vs Bj
at v = 3/4 (black circles) and 4/5 (red triangles).

like [20]. Our 20-nm-wide GaAs quantum well clearly
has a single-layer charge distribution (see Fig. 1(a) in-
set), and a density well below where a v = 1/2 FQHS
is expected based on the phase diagram of Ref. [20]. In
GaAs 2DHSs, a v = 1/2 FQHS has also been reported
when the two lowest-energy LLs cross [21]. As seen in
the calculated LL diagram for our sample (see SM [35]),
the crossings between the two lowest-energy LLs are far
away from the position of v = 3/4, rendering the crossing
origin unlikely. Furthermore, the 3/4 FQHS we observe
is quite robust when a strong By is applied (Fig. 3). In
contrast, the FQHS at v = 1/2 in Ref. [21] only appears
in a limited range of tilt angles when the crossing occurs
close to v = 1/2, and disappears very quickly away from
the crossing.

A more likely origin for the emergence of a v = 3/4
FQHS in our 2DHS is the interaction between CFs,
caused by the much larger effective mass of holes (com-
pared to electrons) and the ensuing LL mixing. It is well
known that CFs are more interacting when the LL mix-
ing is significant, and that the interaction can lead to
unusual odd-denominator FQHSs that do not follow the
standard Jain sequence [7, 12, 22, 23, 49-53], as well as
a Bloch-like spontaneous spin polarization of CFs at low
densities [54]. Theory in fact predicts that the CF inter-

action can lead to an even-denominator FQHS at v = 3/8
[55, 56] by mapping this electron filling to the p = 3/2
effective CF Lambda level (AL) filling of parallel-spin
2CFs. The CFs in the half-filled, excited AL capture two
additional vortices to turn into *CFs and condense into
a paired FQHS where a non-Abelian, anti-Pfaffian state
is favored [56]. Note that this p = 3/2 FQHS would be
formed in the excited (N = 1) AL of CFs, and be equiv-
alent to the celebrated FQHS at v = 5/2 which occurs in
the N =1 LL of electrons. Experiments have also shown
hints of a FQHS at v = 3/8 in GaAs 2DESs, although
no conclusive evidence, e.g., a quantized R,,, has been
reported [12, 18, 34, 57-59].

A qualitatively similar scenario can be applied to elec-
trons at v = 3/4 as their filling can be mapped to p = 3/2
of anti-parallel 2CFs. (Anti-parallel/parallel here means
that the magnetic flux quanta attached to electrons to
form 2CFs are opposite to/same as the residual mag-
netic field felt by the 2CFs). We note that the v = 3/4
FQHS is spin-polarized, consistent with our observation
that the v = 3/4 FQHS is quite robust against B). Sim-
ilar physics might also explain R,, minima in our data
at other even-denominator fillings (v = 5/8 and 5/12) as
they can also be interpreted by mapping onto p = 5/2
(anti-parallel and parallel) 2CFs, respectively. It is worth
noting that in Ref. [56], the effect of LL mixing was not
included, and calculations estimated the gap of the 3/8
FQHS to be 5 times smaller than the theoretical gap of
the 5/2 FQHS for a given density. In our 2DHS, however,
we see only a hint (weak minimum in R,.) of FQHS at
v = 5/2, but much stronger R,, minima at v = 3/4 and
3/8. LL mixing may play an important role in stabilizing
the FQHSs at v = 3/4 and 3/8.

The unexpected v = 3/4 FQHS we observe in a
GaAs 2DHS with ultra-high-mobility confirms yet again
that the fabrication and availability of samples with
unprecedentedly-high quality go hand in hand with the
discovery of new interaction phenomena. From this per-
spective, the GaAs 2D holes, with their large effective
mass and unusual LL fan diagram, provide a particularly
fruitful platform for exploring novel physics.

We acknowledge support by the National Science
Foundation (NSF) Grants Nos. DMR 2104771 and ECCS
1906253) for measurements, the U.S. Department of En-
ergy Basic Energy (DOE) Sciences Grant No. DEFGO02-
00-ER45841) for sample characterization, and the NSF
(Grant No. MRSEC DMR 2011750), the Eric and Wendy
Schmidt Transformative Technology Fund, and the Gor-
don and Betty Moore Foundation’s EPiQS Initiative
(Grant No. GBMF9615 to L.N.P.) for sample fabrication.
Our measurements were partly performed at the National
High Magnetic Field Laboratory (NHMFL), which is sup-
ported by the NSF Cooperative Agreement No. DMR
1644779, by the State of Florida, and by the DOE. We
thank L. Jiao and T. Murphy at NHMFL for technical
assistance, and Jainendra K. Jain for illuminating dis-



cussions.

[1] D. C. Tsui, H. L. Stormer, and A. C. Gossard, Two-
Dimensional Magnetotransport in the Extreme Quantum
Limit, Phys. Rev. Lett. 48, 1559 (1982).

[2] Fractional Quantum Hall Effects: New Developments,
edited by B. I. Halperin and J. K. Jain (World Scien-
tific, Singapore, 2020).

[3] J. K. Jain, Composite-fermion approach for the fractional
quantum Hall effect, Phys. Rev. Lett. 63, 199 (1989).

[4] B. I. Halperin, Patrick A. Lee, and Nicholas Read, The-
ory of the half-filled Landau level, Phys. Rev. B 47, 7312
(1993).

[5] J. K. Jain, Composite fermions, (Cambridge University
Press, Cambridge, England, 2007).

[6] R. Willett, J. P. Eisenstein, H. L. Stormer, D. C. Tsui, A.
C. Gossard, and J. H. English, Observation of an even-
denominator quantum number in the fractional quantum
Hall effect, Phys. Rev. Lett. 59, 1776 (1987).

[7] V. J. Goldman, M. Shayegan, Fractional quantum Hall
states at v = 7/11 and 9/13, Surf. Sci. 229, 10 (1990).

[8] Y. W. Suen, L. W. Engel, M. B. Santos, M. Shayegan,
and D. C. Tsui, Observation of a v = 1/2 fractional quan-
tum Hall state in a double-layer electron system, Phys.
Rev. Lett. 68, 1379 (1992).

[9] J. P. Eisenstein, G. S. Boebinger, L. N. Pfeiffer, K. W.
West, and Song He, New fractional quantum Hall state
in double-layer two-dimensional electron systems, Phys.
Rev. Lett. 68, 1383 (1992).

[10] Y. W. Suen, H. C. Manoharan, X. Ying, M. B. Santos,
and M. Shayegan, Origin of the v = 1/2 fractional quan-
tum Hall state in wide single quantum wells, Phys. Rev.
Lett. 72, 3405 (1994).

[11] W. Pan, J.-S. Xia, V. Shvarts, D. E. Adams, H. L.
Stormer, D. C. Tsui, L. N. Pfeiffer, K. W. Baldwin,
and K. W. West, Exact Quantization of the Even-
Denominator Fractional Quantum Hall State at v = 5/2
Landau Level Filling Factor, Phys. Rev. Lett. 83, 3530
(1999).

[12] W. Pan, H. L. Stormer, D. C. Tsui, L. N. Pfeiffer, K. W.
Baldwin, and K. W. West, Fractional Quantum Hall Ef-
fect of Composite Fermions, Phys. Rev. Lett. 90, 016801
(2003).

[13] J. S. Xia, W. Pan, C. L. Vicente, E. D. Adams, N. S.
Sullivan, H. L. Stormer, D. C. Tsui, L. N. Pfeiffer, K.
W. Baldwin, and K. W. West, Electron Correlation in
the Second Landau Level: A Competition Between Many
Nearly Degenerate Quantum Phases, Phys. Rev. Lett.
93, 176809 (2004).

[14] D. R. Luhman, W. Pan, D. C. Tsui, L. N. Pfeiffer, K.
W. Baldwin, and K. W. West, Observation of a Frac-
tional Quantum Hall State at v = 1/4 in a Wide GaAs
Quantum Well, Phys. Rev. Lett. 101, 266804 (2008).

[15] W. Pan, J. S. Xia, H. L. Stormer, D. C. Tsui, C. Vi-
cente, E. D. Adams, N. S. Sullivan, L. N. Pfeiffer, K. W.
Baldwin, and K. W. West, Experimental studies of the
fractional quantum Hall effect in the first excited Landau
level, Phys. Rev. B 77, 075307 (2008).

[16] J. Shabani, T. Gokmen, and M. Shayegan, Correlated
States of Electrons in Wide Quantum Wells at Low Fill-

ings: The Role of Charge Distribution Symmetry, Phys.
Rev. Lett. 103, 046805 (2009).

[17] J. Shabani, T. Gokmen, Y. T. Chiu, and M. Shayegan,
Evidence for Developing Fractional Quantum Hall States
at Even Denominator v = 1/2 and 1/4 Fillings in Asym-
metric Wide Quantum Wells, Phys. Rev. Lett. 103,
256802 (2009).

[18] V. Bellani, F. Dionigi, F. Rossella, M. Amado, E. Diez,
G. Biasiol, and L. Sorba, Optical detection of quantum
Hall effect of composite fermions and evidence of the v =
3/8 state, Phys. Rev. B 81, 155316 (2010).

[19] J. Shabani, Yang Liu, M. Shayegan, L. N. Pfeiffer, K.
W. West, and K. W. Baldwin, Phase diagrams for the
stability of the v = 1/2 fractional quantum Hall effect
in electron systems confined to symmetric, wide GaAs
quantum wells, Phys. Rev. B 88, 245413 (2013).

[20] Yang Liu, A. L. Graninger, S. Hasdemir, M. Shayegan,
L. N. Pfeiffer, K. W. West, K. W. Baldwin, and R. Win-
kler, Fractional Quantum Hall Effect at v = 1/2 in Hole
Systems Confined to GaAs Quantum Wells, Phys. Rev.
Lett. 112, 046804 (2014).

[21] Yang Liu, S. Hasdemir, D. Kamburov, A. L. Graninger,
M. Shayegan, L. N. Pfeiffer, K. W. West, K. W. Baldwin,
and R. Winkler, Even-denominator fractional quantum
Hall effect at a Landau level crossing, Phys. Rev. B 89,
165313 (2014).

[22] W. Pan, K. W. Baldwin, K. W. West, L. N. Pfeiffer, and
D. C. Tsui, Fractional quantum Hall effect at Landau
level filling v = 4/11, Phys. Rev. B 91, 041301(R) (2015).

[23] N. Samkharadze, I. Arnold, L. N. Pfeiffer, K. W. West,
and G. A. Cséthy, Observation of incompressibility at
v = 4/11 and v = 5/13, Phys. Rev. B 91, 081109(R)
(2015).

[24] M. A. Mueed, D. Kamburov, S. Hasdemir, M. Shayegan,
L. N. Pfeiffer, K. W. West, and K. W. Baldwin, Geomet-
ric Resonance of Composite Fermions Near the v = 1/2
Fractional Quantum Hall State, Phys. Rev. Lett. 114,
236406 (2015).

[25] M. A. Mueed, D. Kamburov, L. N. Pfeiffer, K. W. West,
K. W. Baldwin, and M. Shayegan, Geometric Reso-
nance of Composite Fermions near Bilayer Quantum Hall
States, Phys. Rev. Lett. 117, 246801 (2016).

[26] F. D. M. Haldane and E. H. Rezayi, Spin-singlet wave
function for the half-integral quantum Hall effect, Phys.
Rev. Lett. 60, 956 (1988).

[27] G. Moore and N. Read, Nonabelions in the fractional
quantum hall effect, Nucl. Phy. B 360(2-3), 362-396
(1991).

[28] R. H. Morf, Transition from Quantum Hall to Compress-
ible States in the Second Landau Level: New Light on
the v = 5/2 Enigma, Phy. Rev. Lett. 80, 1505 (1998).

[29] Chetan Nayak, Steven H. Simon, Ady Stern, Michael
Freedman, and Sankar Das Sarma, Non-Abelian anyons
and topological quantum computation, Rev. Mod. Phys.
80, 1083 (2008).

[30] Michael R. Peterson, Z. Papi¢, and S. Das Sarma, Frac-
tional quantum Hall effects in bilayers in the presence of
interlayer tunneling and charge imbalance, Phy. Rev. B
82, 235312 (2010).

[31] W. Zhu, Zhao Liu, F. D. M. Haldane, and D. N.
Sheng, Fractional quantum Hall bilayers at half filling:
Tunneling-driven non-Abelian phase, Phy. Rev. B 94,
245147 (2016).

[32] W. N. Faugno, Ajit C. Balram, Maissam Barkeshli,



and J. K. Jain, Prediction of a Non-Abelian Fractional
Quantum Hall State with f~-Wave Pairing of Composite
Fermions in Wide Quantum Wells, Phy. Rev. Lett. 123,
016802 (2019).

[33] Tongzhou Zhao, William N. Faugno, Songyang Pu, Ajit
C. Balram, and J. K. Jain, Origin of the v = 1/2 frac-
tional quantum Hall effect in wide quantum wells, Phy.
Rev. B 103, 155306 (2021).

[34] Yoon Jang Chung, K. A. Villegas Rosales, K. W. Bald-
win, P. T. Madathil, K. W. West, M. Shayegan and L.
N. Pfeiffer, Ultra-high-quality two-dimensional electron
systems, Nat. Mater. 20, 632-637 (2021).

[35] For additional magneto-transport data and discussions,
see Supplementary Material, which includes Refs. [36-40].

[36] Yoon Jang Chung, C. Wang, S. K. Singh, A. Gupta, K.
W. Baldwin, K. W. West, R. Winkler, M. Shayegan, and
L. N. Pfeiffer, Record-quality GaAs two-dimensional hole
systems, Phy. Rev. Mater. 6, 034005 (2022).

[37] H. Zhu, K. Lai, D. C. Tsui, S. P. Bayrakcia, N. P. Ong, M.
Manfra, L. Pfeiffer, K. West, Density and well width de-
pendences of the effective mass of two-dimensional holes
in (100) GaAs quantum wells measured using cyclotron
resonance at microwave frequencies, Solid State Com-
mun. 141, 510 (2007).

[38] R. Winkler, Spin-Orbit Coupling Effects in Two-
Dimensional FElectron and Hole Systems, (Springer,
Berlin, 2003).

[39] V. Melik-Alaverdian and N. E. Bonesteel, Composite
fermions and Landau-level mixing in the fractional quan-
tum Hall effect, Phy. Rev. B 52, R17032(R) (1995).

[40] K. A. Villegas Rosales, P. T. Madathil, Y. J. Chung, L. N.
Pfeiffer, K. W. West, K. W. Baldwin, and M. Shayegan,
Fractional Quantum Hall Effect Energy Gaps: Role of
Electron Layer Thickness, Phy. Rev. Lett. 127, 056801
(2021).

[41] In our sample, R, is isotropic in the sample plane.

[42] M. J. Manfra, L. N. Pfeiffer, K. W. West, R. de Picciotto,
and K. W. Baldwin, High mobility two-dimensional hole
system in GaAs/AlGaAs quantum wells grown on (100)
GaAs substrates, Appl. Phy. Lett. 86, 162106 (2005).

[43] Yang Liu, S. Hasdemir, M. Shayegan, L. N. Pfeiffer, K.
W. West, and K. W. Baldwin, Unusual Landau level pin-
ning and correlated v = 1 quantum Hall effect in hole sys-
tems confined to wide GaAs quantum wells, Phy. Rev. B
92, 195156 (2015).

[44] G. S. Boebinger, H. L. Stormer, D. C. Tsui, A. M.
Chang, J. C. M. Hwang, A. Y. Cho, C. W. Tu, and
G. Weimann, Activation energies and localization in the
fractional quantum Hall effect, Phys. Rev. B 36, 7919
(1987).

[45] J. Falson, D. Maryenko, B. Friess, D. Zhang, Y. Kozuka,
A. Tsukazaki, J. H. Smet, and M. Kawasaki, Even-
denominator fractional quantum Hall physics in ZnO,
Nat. Phys. 11, 347 (2015).

[46] Md. Shafayat Hossain, Meng K. Ma, Y. J. Chung, L. N.
Pfeiffer, K. W. West, K. W. Baldwin, and M. Shayegan,
Unconventional Anisotropic Even-Denominator Frac-
tional Quantum Hall State in a System with Mass

Anisotropy, Phys. Rev. Lett. 121, 256601 (2018).

[47] Md. Shafayat Hossain, Meng K. Ma, M. A. Mueed, D.
Kamburov, L. N. Pfeiffer, K. W. West, K. W. Baldwin, R.
Winkler, and M. Shayegan, Geometric resonance of four-
flux composite fermions, Phy. Rev. B 100, 041112(R)
(2019).

[48] S. Hasdemir, Yang Liu, H. Deng, M. Shayegan, L. N.
Pfeiffer, K. W. West, K. W. Baldwin, and R. Winkler,
v = 1/2 fractional quantum Hall effect in tilted magnetic
fields, Phy. Rev. B 91, 045113 (2015).

[49] C.-C Chang and J. K. Jain, Microscopic Origin of the
Next-Generation Fractional Quantum Hall Effect, Phy.
Rev. Lett. 92, 196806 (2004).

[50] Arkadiusz W¢js, Kyung-Soo Yi, and John J. Quinn,
Fractional quantum Hall states of clustered composite
fermions, Phy. Rev. B 69, 205322 (2004).

[61] Sutirtha Mukherjee, Sudhansu S. Mandal, Ying-Hai
Wu, Arkadiusz Wéjs, and Jainendra K. Jain, Enigmatic
v = 4/11 State: A Prototype for Unconventional Frac-
tional Quantum Hall Effect, Phy. Rev. Lett. 112, 016801
(2014).

[52] Ajit C. Balram, Arkadiusz W¢js, and Jainendra K. Jain,
Abelian parton state for the v = 4/11 fractional quantum
Hall effect, Phy. Rev. B 103, 155103 (2021).

[53] Ajit C. Balram and A. W¢js, Parton wave function for
the fractional quantum Hall effect at v = 6/17, Phy. Rev.
Research 3, 033087 (2021).

[64] Md. S. Hossain, T. Zhao, S. Pu, M. A. Mueed, M. K.
Ma, K. A. V. Rosales, Y. J. Chung, L. N. Pfeiffer, K.
W. West, K. W. Baldwin, J. K. Jain, and M. Shayegan,
Bloch ferromagnetism of composite fermions, Nat. Phys.
17, 48 (2021).

[65] V. W. Scarola, J. K. Jain, and E. H. Rezayi, Possible

Pairing-Induced Even-Denominator Fractional Quantum

Hall Effect in the Lowest Landau Level, Phy. Rev. Lett.

88, 216804 (2002).

Sutirtha Mukherjee, Sudhansu S. Mandal, Arkadiusz

Wéjs, and Jainendra K. Jain, Possible Anti-Pfaffian Pair-

ing of Composite Fermions at v = 3/8, Phy. Rev. Lett.

109, 256801 (2012).

[57] Note that, in our 2DHS, at ¥ = 3/8 we also see a clear
Rz minimum accompanied by a plateau-like feature in
R.,. However, the very large Ry, at nearby fillings (see
Fig. 1(a)) affects Rs, and precludes us from observing
a well-quantized plateau. Large, insulating Rz, between
v = 2/5 and 1/3 has been seen in 2DHSs with lower den-
sities, but is unexpected in our 2DHS with high density
[68, 59]. The fact we see an insulating R, near v = 0.37
suggests that the LL mixing and residual interaction be-
tween CFs in our 2DHS are exceptionally strong.

[58] M. B. Santos, J. Jo, Y. W. Suen, L. W. Engel, and M.
Shayegan, Effect of Landau-level mixing on quantum-
liquid and solid states of two-dimensional hole systems,
Phy. Rev. B 46, 13639 (1992).

[59] Meng K. Ma, K. A. Villegas Rosales, H. Deng, Y. J.
Chung, L. N. Pfeiffer, K. W. West, K. W. Baldwin,
R. Winkler, and M. Shayegan, Thermal and Quantum
Melting Phase Diagrams for a Magnetic-Field-Induced
Wigner Solid, Phy. Rev. Lett. 125, 036601 (2020).

56



