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The even-denominator fractional quantum Hall state at afilling factor
of v=1/2is anintriguing many-body phase in two-dimensional electron

systems, as itappearsin the ground state rather than an excited Landau
level. Itis observed in wide quantum wells where the electrons have a
bilayer charge distribution with finite tunnelling between the layers.
Whether this state takes an Abelian two-component form or anon-Abelian
one-component form has been debated since its experimental discovery.
Here we report the observation of the v=1/2 state that is flanked by
numerous Jain-sequence composite fermion statesatv=p/(2p +1) up to
v=_38/17 and 9/17. As we raise the density, the v=1/2 state is strengthened, its
energy gap increases up to4 K and, at the same time, the 8/17 and 7/13 states
abruptly become stronger than their neighbouring high-order fractions.
Thestatesat v=_8/17 and 7/13 are the theoretically predicted, simplest
daughter states of the one-component Pfaffian v=1/2 state. This means that
our data suggest atopological phase transition of 8/17 and 7/13 states from
the Jain-sequence states to the daughter states of the Pfaffian.

Even-denominator fractional quantum Hall states (FQHSs) at half-filled
Landau levels (LLs) are of paramount interest currently as they are
generally believed to possess quasiparticles that obey non-Abelian
statistics and be of potential use in fault-tolerant, topological quantum
computing’. They are predominantly observed in two-dimensional
electronsystems (2DESs) at a half-filled, excited-state (V=1) LL, where
thenodeinthein-plane wavefunction softens the Coulombinteraction
and allows for a pairing of flux-particle composite fermions' . This is
in contrast to the half-filled N= 0 LL, namely, at an LL filling factor of
v=1/2,where the composite fermions forma compressible Fermisea,
and the FQHSs are observed at odd-denominator fillingsv=p/(2p £ 1)
ontheflanks of v=1/2 (pisaninteger)". However, in 1992, not long after
thefirst observation of the even-denominator FQHSinan N=1LL? an
FQHS atv=1/2wasreported in 2DESs confined to either asingle, wide
GaAs quantumwell (QW)" or to a GaAs double-QW structure'®. The1/2
FQHS in the double-QW structure, where the tunnelling between the

two QWsis negligible, is understood” to be the two-component, Halp-
erin-Laughlin ¥, state'®, whichis Abelian. The origin of the 1/2FQHS in
the wide QWs, onthe other hand, has been a subject of debate. Initially,
itwas argued to be aone-component Pfaffian state'*”°, but the follow-up
experiments?-** and other theories"”**?** suggested a two-component
state, with the components being the layer or sub-band degrees of
freedom. However, most recent experiments and theories favour a
one-component Pfaffian state” >, Evidently, the relatively large layer
thickness of electrons in a wide QW softens the short-range component
ofthe Coulomb interaction and allows for composite fermion pairing.

The dichotomy of the v=1/2 FQHS observed in wide GaAs QWs
is highlighted in Fig. 1. Figure 1a depicts the experimental geometry,
and Fig. 1b shows the charge distribution (red) and potential (black),
calculated by self-consistently solving the Poisson and Schrodinger
equations. The results are for electrons confined to a 72.5-nm-
wide GaAs QW at three electron densities, namely, n=0.40, 1.40 and

Department of Electrical and Computer Engineering, Princeton University, Princeton, NJ, USA.

shayegan@princeton.edu

e-mail: sksingh@princeton.edu;

Nature Physics | Volume 20 | August 2024 | 1247-1252

1247


http://www.nature.com/naturephysics
https://doi.org/10.1038/s41567-024-02517-w
http://orcid.org/0009-0002-1114-5988
http://orcid.org/0009-0004-0059-8345
http://orcid.org/0000-0001-5350-3443
http://orcid.org/0000-0002-5438-1932
http://crossmark.crossref.org/dialog/?doi=10.1038/s41567-024-02517-w&domain=pdf
mailto:sksingh@princeton.edu
mailto:shayegan@princeton.edu

Article

https://doi.org/10.1038/s41567-024-02517-w

n=0.4 n=14 n=20
Agps =22 K Agps =1K Agps=8K
] [
Asps

2™y

C e
Bv:1/2 (T)
10 M 12 13 14 15
%
73 %,
OO I T — -
el
7 A
\
—_ O O @ .
£ \
s QN
2\ 1/2 FQHS
67 - %u;\
AN ~
(o]
65 f \ =
‘ AN ! ! &
d of ‘\e ‘ /‘/ ‘
Q‘es‘é\b/ -
IS
P 1/2 FQHS
. By
o
3 E\SEEEB-
<
10+
...................... \}\su\atmg
5 ‘ ‘ ‘ ‘
1.2 14 16 18

n (x10" cm)

Fig.1|Evolution of two-dimensional electrons in awide QW with varying
densities. a, Sketch of a typical, modulation-doped GaAs QW with back and
front gates that are used to tune the electron density and maintain the charge
distribution symmetric. b, Self-consistent charge distribution (red) and potential
(black) for a2DES confined to a 72.5-nm-wide GaAs QW for different n values, as
indicated. As nisincreased, the 2DES becomes more ‘bilayer like’, with reduced
interlayer tunnelling (4s,s). ¢,d, Phase diagrams showing the region (marked in
yellow) inwhich the 1/2 FQHS is stabilized for different QW widths (w) and 4,5 as
afunction of n. The parameters for which we observe 1/2 FQHSs in our samples
agree well with these phase diagrams. The red open squares mark the points
where we observe a1l/2 FQHS, whereas the blue and green squares indicate where

|
|
1
2

we observe the anomalously strong FQHSs at v=8/17 and 7/13, respectively.

e f, Longitudinal (R,,) (e) and Hall (R,,) (f) resistances versus inverse filling factor
of our sample at T=33 mK for 1.16 < n <1.39, showing the evolution of FQHSs in
N=0LL. Traces are vertically offset for clarity. We normalize the x axes by the
density and show the data as a function of the inverse filling factor 1/v=eB,/nh,
where B, is the perpendicular magnetic field (the tick marks show the values of v).
We observe anomalously strong FQHS at v=_8/17 and 7/13 as nis increased to

1.29 and 1.33, respectively. The green, red, blue and grey guide lines mark the
expected position of R, minimumand R, plateau forv="7/13,1/2,8/17 and 9/19,
respectively. The charge distribution for n =1.16 and 1.39 are shown as the bottom
andtopinsetsinf.

2.00 (units, x10" cm™2), which we use throughout this Article. At the
smallest densities, the electrons occupy the lowest, symmetric elec-
tric sub-band, and have a single-layer-like—although thick—charge
distribution. As nis increased, the interelectron repulsion along the
growth direction leads to a bilayer-like charge distribution'>*-?>?%%2,
Theelectronrepulsion raises the potentialin the QW centre and lowers
the energy separation 4, between the symmetric and antisymmetric
sub-bands, causing the electrons to occupy both sub-bands. Note that
Agas represents tunnelling between the two electron layers. As shown
in Fig. 1b, with increasing density, the charge distribution becomes
increasingly bilayer like and Ag,s decreases.

Now, as demonstrated in refs. 21,22,30,31, the ground state at
v =1/2 exhibits a remarkable evolution as the density is raised, from
a compressible state to an FQHS and then to an insulating phase
(this evolution is depicted in Extended Data Figs. 1a and 2). The
intermediate-density range where the 1/2 FQHS is stable critically
depends on the QW width (w), leading to a w versus density phase

diagram?-*, In Fig. 1c, we present an expanded section of this phase
diagram, showing the FQHS region (yellow) separated from the com-
pressible and insulating regions (white) by dashed and dotted curves,
respectively (the full phase diagram from ref. 22 is also reproduced
in Extended Data Fig. 1b). One can also highlight the stability of 1/2
FQHSin a4, versus density phase diagram (Fig. 1d) (for the full phase
diagrams, seefigures Sand 6 inref. 22; acomprehensive discussion of
these phase diagrams is provided in Supplementary Section 1).

How can these diagrams be explained? Equivalently, what is the
originofthe1/2FQHS observed in wide QWs? Foragivenw, at very low
densities, the charge distribution is single-layer like and a compress-
ible ground state is theoretically expected and observed at v=1/2. At
very large densities, A;, becomes very small and the electron system
essentially breaks into two layers, each with a layer filling factor 1/4.
If there is no interlayer interaction, again there should be no FQHS at
(total filling factor) v=1/2. If the layers are interacting and 4, is suf-
ficiently small, however, the two-component ¥,;, FQHS can become
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the ground state”**?*, But what about the intermediate values of Ag,s?
The experimental data show a very robust 1/2 FQHS even when 4,4
is about 50 K (in a GaAs QW with w =41 nm (ref. 22)). It turns out that
for sufficiently large 4s,s, there is a fierce competitor®, namely, the
one-component Pfaffian FQHS". Is the 1/2 FQHS then a one-component
or atwo-component state? This question has been debated for over
30 years (at very high densities and small 4, thereis also the possibil-
ity of abilayer Wigner crystal state; the insulating phases observed in
experiments favour this possibility®°~?).

The experimental datawe present here shed new light on the origin
of the 1/2 FQHS through the observation of its hierarchical daughter
states. The traces in Fig. 1e,f show the longitudinal and Hall (R, and R,,,
respectively) magnetoresistance traces for the electrons confined to
a72.5-nm-wide GaAs QW at varying densities ranging from n=1.16 to
1.39. The bottom traces, taken at n=1.16, exhibit a strong FQHS, with a
deep R, minimum, and a well-defined and wide R,, plateau, quantized
at2h/e*. The observation of astrong1/2 FQHS in this trace is not surpris-
ingasthe parameters of the sample (nand w) fallin the regime where an
FQHS isindeed expected (Fig. 1c shows the phase diagram). The traces
also show numerous odd-denominator FQHSs atv=p/(2p +1), namely,
atv=1/3,2/5,3/7,4/9... on the high-field side of v=1/2, and at v=2/3,
3/5,4/7,5/9... on the low-field side (Extended Data Fig. 4 shows a trace
over abigger field range, showing FQHSs at v=1/3,2/5,2/3,and at other
odd-denominatorv). These are theJain-sequence FQHSs, typically seen
invery high quality 2DESs withsingle-layer charge distributions, and can
be explained as the integer QHSs of two-flux composite fermions'. In
single-layer 2DESs, the FQHSs become progressively weakerasv=1/2is
approached, and terminate inacompressible, composite fermion Fermi
seaatv=1/2.The FQHS sequence observedinthen=1.16 trace (Fig.1e)is
very similar to what is observed in single-layer systems, with the notable
exception that the ground state at v=1/2 is an incompressible FQHS
rather than a compressible Fermi sea. Such high-order FQHSs flanking
a1/2 FQHS have been previously observed in wide GaAs QWs but only
at much higher densities”. The fact that in Fig. 1e, we see R,, minima at
fractionsup tov=38/17and 9/17 (p = 8 and 9, respectively) at a relatively
low density of n=1.16 attests to the exceptionally high quality of the pre-
sentsample®* (Extended DataFig. 4 and Methods provide more details).

The behaviour of the FQHSs around the v=1/2 state changes as
we increase the density in our sample. As shown in Fig. 1e, the trace
at n=1.27 looks very similar to the n =1.16 trace, except that the 1/2
FQHS is stronger. But at a slightly higher density, that is, n =1.29, the
R,, minimum at v=8/17 suddenly becomes much deeper. In fact, it
becomes deeper than the nearby lower-order minima at v=>5/11and
6/13, and engulfs the neighbouring 7/15 minimum. This behaviour is
in sharp contrast to the high-order FQHSs seen in the lower-density
traces (Fig.1e), wherethe 5/11, 6/13and 7/15R,, minima are deeper than
that at 8/17, as expected for the standard Jain-sequence FQHSs™. As
we further increase n, the 8/17 R, minimum becomes even deeper. At
n=1.32and1.33, forexample, the R, minimum at 8/17 is comparablein
depthtothe minimaatv=4/9 and 3/7. The deep 8/17 R,, minimum for
1.32<n<1.36isaccompanied by a well-developed R,, plateau, quan-
tized at (17/8)(h/e*) (Fig. 1f). It is clear that we are observing a robust
FQHS at v=_8/17, which is anomalously strong considering its neigh-
bouring odd-denominator states. At the highest densities (Fig. le),
the R, traces show very large values at small fillings. The 2DES starts
to exhibitaninsulating phase, which hasbeen documented before and
interpreted as a pinned bilayer Wigner crystal®* 2,

The evolution of FQHSs (Fig. 1e,f) on the high-filling side of v=1/2
isequally impressive asweincrease n. Inthis case, itisthe v=7/13FQHS
that becomes anomalously strong with increasing n and eventually
becomes dominant overits neighbouring FQHSs. It starts to strengthen
as n exceeds 1.32 and at n =1.36 and 1.39, it exhibits a very deep R,
minimum and an R, that is quantized at (13/7)(h/€?).

The anomalous strengthening of the 8/17 and 7/13 FQHSs is par-
ticularly remarkable because these are exactly the simplest hierarchical
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Fig.2|Energy gaps4,of FQHSsin N = OLL. Measured 4, are shown as a function
of (e2/4nelB)/(2p + 1), where e2/4melg is the Coulomb energy, eis the dielectric
constant of GaAs, [gis the magnetic length at the corresponding fillings and
p=v/(1-2v).a,n=1.17.b,n=1.35. Asnisraised from1.17 to 1.35, Jain-sequence
FQHSs get weaker owing to the thicker 2DES except for those at v=7/13 and 8/17,
whichbecome anomalously strong. Concomitantly, the v=1/2 gap increases
from1.48t03.73 K.

daughter states of the v=1/2 Pfaffian state predicted by theory®. Levin
and Halperin constructed aseries of hierarchical daughter states for e/4
excitations of the Pfaffian state and showed that the simplest of these
states occur at v="7/13 and 8/17 (ref. 35). In contrast, the hierarchical
daughter states of the ¥, state occur at v=7/13 and 9/19 (ref. 36),
and the daughter states of the anti-Pfaffian occur at v=6/13 and 9/17
(ref. 35) (for amore complete discussion on the daughter states, Sup-
plementary Section 2 discusses the daughter states of ¥,,; and K=8
strong-pairing states have been derived using Wen’s K-matrix formula-
tion*®; the daughter states of the non-Abelian Pfaffian and anti-Pfaffian
states have been derivedinref. 35 and are also summarized in Supple-
mentary Table 1). Our observation of the anomalously strong v="7/13
and 8/17 FQHSs flanking a very robust FQHS at v=1/2 is consistent
with aPfaffian origin for the 1/2 FQHS (note that according to theory®,
the 8/17 and 7/13 FQHSs are Abelian, even though their parent 1/2 FQHS
isnon-Abelian).

Itisworthnoting thatinbilayer graphene where even-denominator
FQHSs are observedinthe N=1LLs, capacitance and magnetotransport
studies haverecently reported anomalous FQHSs at partial filling fac-
tors v = 7/13 and 8/17 (refs. 7,8,12) on the flanks of even-denominator
FQHSsatv=3/2,7/2,-5/2and -1/2,and at v = 6/13 and 9/17 at around
v=>5/2 (ref. 12). These anomalous FQHSs have been interpreted as
the hierarchical daughter states of the even-denominator Pfaffian
and anti-Pfaffian FQHSs, respectively. In GaAs 2DESs, an anomalous
FQHS at v = 6/13 at around v =5/2 FQHS was also observed at a very
low electron temperature®; however, no anomalous FQHS was
observedat v = 9/17. Acrucial distinctionis thatin our wide GaAs QW
samples, we observe the 1/2 FQHS and its hierarchical daughter
FQHSsat7/13and 8/17 inthe ground (N= 0) LL rather thanin the excited
(N=1) LL. Moreover, in bilayer graphene, no transition is reported at
these fillings.

Next, we more closely focus on the evolution of FQHSs (Fig. 1e,f).
We begin again with the lowest-density (n=1.16) trace. The
Jain-sequence FQHSs observed at v=p/(2p + 1) in this trace have the
same patternasinthe standard, single-layer 2DESs, namely, they mono-
tonically become weaker as pincreases. This trend can be quantitatively
observedinFig.2a, where we plotthe energy gaps4,, determined from
the temperature dependence of the resistance minimum R, « e~2v/2kT
(Extended DataFig. 5). For anideal 2DES (with zero layer thickness, no
LL mixing and no disorder), these gaps are expected to scale as
A,=(C/12p +1|)E. (refs. 14,38), where E. = e?/4melg is the Coulomb
energy, l; = \//eBisthe magneticlength at the corresponding fillings,
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Fig.3 | Topological phase transitionin N = OLL. a-c, Strengths of the
hierarchical FQHSs in the N =0 LL, quantified by the values of their R, minima, R,,
are depicted; the yaxis for R, is the left (black) axis. Alsoincludedinaand cis the
width of the 1/2 FQHS Hall plateau (AB,_,,) as ameasure of its strength; the y axis
for AB,.,,is theright (red, dashed) axis. Data for different FQHSs are colour
coded as depictedinband c.Ina, the data are plotted as a function of density n,
andinbandc, as afunction of the interlayer tunnelling A, measured in units of
the Coulomb energy, namely, & = Agps/(€?/4Tielp), where [z is the magnetic

length at the corresponding fillings. We observe the evidence of phase
transitions from the Jain states to the 1/2 FQHS hierarchical daughter states at
v=8/17and 7/13 ata = 0.075.d, Ad/[; versus a phase diagram showing where we
observe the 1/2 FQHS and the anomalously strong v = 8/17 and 7/13 FQHSs. Here
distheinterlayer distance deduced from the self-consistent calculations at zero
magnetic field, and [ is the magnetic length at v =1/2. The symbols are the same
as thatin the phase diagrams shown in Fig. 1c,d.

C=0.3and v=p/(2p +1). As shown in Fig. 2a, the gaps monotonically
get smaller for higher p until they become immeasurably small. This
trend is similar to what is experimentally observed and theoretically
expected in narrower GaAs QWs where the odd-denominator FQHSs
are described as the Jain-sequence FQHSs* *2. Note that the measured
gapsnearv=1/2extrapolatetoanegative valueatv=1/2. Thisis consist-
ent with previous measurements where the negative interceptisinter-
preted to reflect broadening due to the sample disorder®*., Also
consistent with previous studies are the smaller values of the measured
gapsinFig.2acompared with narrower QWs; the larger effective thick-
ness of the electron layer in the present sample softens the short-range
electron-electroninteraction and leads to smaller FQHS gaps***>. What
is, of course, unusualinFig.2aand the R, tracein Fig. leisthat thereis
an FQHS at v=1/2, even though the high-order FQHSs on its flanks
behave the same way as in a standard, although thick, 2DES.
Asthedensityisraised, the tracesin Fig.leinitially reveal agradual
weakening of all the v=p/(2p + 1) FQHSs. This is best seen in Fig. 3a,
which shows that values of R, minimagradually increase as nis raised,
and canbeexplained toresult fromtheincreaseinthe electron system’s
effective thickness*. As the density is further raised, the v=p/(2p + 1)
FQHSs continue to become weaker as evinced from the increase in their
R, minimavalues (Fig.3a), except, of course,the FQHSs at v=8/17 and
7/13, which suddenly start to strengthen at n=1.29 and 1.33, respec-
tively (the 8/17 FQHS weakens and disappears at the highest n as an
insulating phase engulfs it). If we convert the x axis in Fig. 3a to
o = Agps/(€2/4Tiely), that is, a dimensionless parameter quantifying
theratio ofthetunnelling energy tothein-planeinteraction energy, as
is commonly done in numerous studies?*****3%3133 we find that the
suddenstrengthening of the 8/17 and 7/13 FQHSs indeed occurs essen-
tially at the same value of a = 0.075 (Fig. 3b,c) (in Fig. 3¢, although we
cannot rule out that some rounding may occur at the transition seen
for the 8/17 and 7/13 FQHSs at a = 0.075 if more closely spaced data
points were available, the transition appears to be fairly abrupt; see,
for example, the marked strengthening of the 8/17 R,, minimum in
Fig.leasthe densityis raised by approximately 1.5% from1.27 t0 1.29).
The data shown in Fig. 3b,c reveal a clear, sudden transition at
8/17 and 7/13 from Jain-sequence FQHSs to FQHSs that are predicted
to be the daughter states of the Pfaffian state®. The theory of Levin
and Halperin® also posits that the two sets are topologically dis-
tinct. Our data, therefore, suggest that we are seeing a topological
phasetransitionatv=7/13and 8/17 from Jain-sequence FQHSs to the

hierarchical daughter FQHSs of the Pfaffian 1/2 FQHS in our sample.
This is further reinforced by the measured energy gaps at n=1.35
(Fig.2b), where the 7/13 FQHS energy gap no longer follows the trend
observed for Jain states. Similarly, although the energy gap of 8/17
FQHS wasimmeasurably smallatn =1.17, now it shows an anomalously
strong value, contrary to what is expected of Jain states. The Arrhenius
plotsto extract the energy gaps of FQHSs are presented in Extended
Data Figs.5and 6.

Itisremarkable thatinthe whole density range of our experiments
onthissample, evenasthe 8/17 and 7/13 FQHSs are undergoing a phase
transition, the 1/2 FQHS monotonically becomes stronger as nincreases.
This is evidenced by the steady increase in the R, plateau width (AB,)
with density (Fig. 3a,c). It is possible that the stability of the 8/17 and
7/13 FQHSs as the daughter states of the 1/2 FQHS requires a minimal
strength of the latter. As Fig. 2b illustrates, the 1/2 FQHS at n=1.35is
indeed extremely robust.Ithasalarge energy gap, 4,.,,,=3.73 K; thisis
much larger thanthe transport gaps reported for any even-denominator
FQHS in any semiconducting material platform®'®**, and comparable
with the largest gaps reported in bilayer graphene™'. This is particu-
larly remarkable, considering that the size of our sample (-16 mm?) is
about 10°-107 times larger than the typical bilayer graphene samples;
the muchlargersizeisimportant for potential use of these materials as
platforms for topological quantum computing.

Next, we present the evolution of FQHSs in our sample by tilting
itin the magnetic field and introducing a parallel field component
(B,) (Fig. 4b, inset). Owing to its coupling to the out-of-plane orbital
motion of electrons, B, reduces the interlayer tunnelling, qualitatively
similar to increasing n (refs. 43,44). Figure 4 reveals that when we tilt
the sample at a low density where the strengths of FQHSs follow the
Jain-sequence protocol at 8 = 0, anomalously strong FQHSs appear
at 8/17 and 7/13 at higher 6. The fact that the 8/17 FQHS shows up at a
lower 8 compared with the 7/13 FQHS is qualitatively consistent with the
density-dependence datashowninFig. 1e,f;atagiven 6, the tunnelling
is more suppressed at the field position of the 8/17 FQHS compared
with7/13 because of the larger B,. Itis worth mentioning that although
not highlighted, the tilt datainref. 44 also exhibit clear hints of anoma-
lously strong 8/17 and 7/13 FQHSs (traces at 8= 35°and 37°in Fig.1and
10°and 20°in figure 2a of ref. 44).

The abruptness of the transitions at the v=_8/17 and 7/13 FQHSs
(Fig. 3c) suggests that they are of the first order. We also made measure-
mentsonanarrower (70-nm-wide) GaAsQW (Extended DataFigs.2and 3).
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Fig. 4 |Effect of in-plane magneticfield. a,b, R, (a) and R, (b) show qualitatively
similar behaviour to anincrease in the 2DES density. The traces have been vertically
offset for clarity. The inset in bshows the angle 6.

The results confirm our findings for the wider QW and show similar
phase transitions, although at slightly larger densities, as summarized
in the phase diagrams shown in Figs. 1c,d and 3d. It is indisputable
that the exceptional quality and purity of the samples is crucial for
our observations (Methods). However, the precise parameters (QW
width, density, 454s and so on) contained in these phase diagrams are
also of paramount importance as they provide experimental input
for future studies—both experimental and theoretical—to unravel the
microscopic nature of the Pfaffian daughter states, and their relevant
transitionsat v=_8/17 and 7/13.

Finally, two veryrecent studies have reported capacitance, trans-
portand tunnelling data near the even-denominator FQHSs inbilayer
graphene®*®. They report large energy gaps for the even-denominator
FQHSs, and confirmthe observation of hierarchical daughter states at
partial LL filling factors v = 8/17 and 7/13 inthe N=1LL in bilayer gra-
phene”®2, Also, in figure 5 of ref. 46, dataare shown near the half-filled
N=2LL.Thesedatahaveastriking resemblanceto the dataseeninthe
N=0LLinwide GaAs QW samples at low densities before 8/17and 7/13
become anomalously strong, namely, they exhibit a relatively robust
even-denominator FQHS flanked by numerous odd-denominator
FQHSs at v = p/(2p + 1) whose strengths follow the Jain-sequence
protocol (see, for example, the tracesatn=1.16inFig.1le,fand Extended
Data Figs. 2a and 4). This behaviour for the V=0 LL in wide GaAs QWs
has, of course, been well established and documented in numerous
previous reports®?2, What is unexpected is that it is now seen in the
N=2LL of bilayer graphene.
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Methods

Our samples, grown using molecular-beam epitaxy, exhibit record-high
mobilities of =10 x10° cm? V's* for 2DESs confined to wide GaAs
QWs where two sub-bands are occupied. This record mobility was
achieved by improvementsinthe vacuumintegrity of molecular-beam
epitaxy, extensive Aland Gasource purification and doping the sample
with Siin doping-well structures™.

As discussed in the main text, as well as in other wor
the2DESinawide GaAs QWis a particularly flexible and versatile plat-
form as its important parameters, such as the shape of the charge
distribution and interlayer tunnelling, can be tuned over awide range
(Fig.1b). Asdemonstrated in this study, changes in charge distribution
profoundly affect the correlated states of the wide QW, particularly
the v=1/2 FQHS and its daughter states. It is worth highlighting three
main advantages of electrons confined to a wide QW over those in a
double-QW structure, for example, electrons confined to two GaAs QWs
separated by an Al,Ga,_,As barrier. First, the potential controlling the
tunnelling and the (bilayer) charge distribution in wide QWs is gener-
ated by the electrons themselves and canbe tuned over a considerable
range by changing the electron density. Second, inadouble-QW struc-
ture, theinterfaces between the GaAs QWs and the Al,Ga,_,As barriers
can lead to interface roughness scattering. Third, when interlayer
tunnellingis substantialina double-QW structure, the electron charge
distribution penetrates deep into the Al,Ga,_,As barrier, causing alloy
scattering. Moreover, the purity of the Al,Ga,_,As barrieris not as highas
that of a pure GaAs layer**. Asaresult, the electrons in awide QW suffer
much less from disorder, as indeed confirmed by their exceptionally
high mobilities, and the display of delicate many-body states.

Samples are prepared for magnetotransport experiments by
cleaving a4 mm x 4 mm square piece from a two-inch GaAs wafer
that has the molecular-beam-epitaxy-grown structure. Eutectic In:Sn
is deposited on the sample with a soldering iron and subsequently
annealed at 425 °C for 4 min in a reducing environment of 95%:5%
N,:H, for making reliable ohmic contacts at the sample’s four corners
and side midpoints. The front gate consists of a 10-nm-thick layer of
Ti plus a 30-nm-thick layer of Au, which are deposited under a high
vacuum using an electron-beam evaporator. Indium is melted on the
back surface to serve as the back-gate electrode.

The measurements are performed in the van der Pauw geometry
using standard lock-in techniques. All the measurements at the base
temperature of T= 33 mK were made using a20 nA excitation current; the
energy-gap measurements were made using a 50 nA excitation current.

k15,21,22,29731
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Data availability

The data that support the plots within this paper and other findings of
thisstudy are available from the corresponding authors upon reason-
able request. Source data are provided with this paper.
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Extended Data Fig.1| Evolution of the ground stateatv = 1/2inwide GaAs
QWs. a, Longitudinal resistance (R,,) of 2D electrons confined to a 48-nm-wide
GaAs QW shows the evolution from a compressible composite fermion Fermi
seato anincompressible phase, the 1/2 FQHS, as the 2D electron density is raised
symmetrically. Except for the bottom trace, the traces are offset vertically

for clarity. The 1/2 FQHS becomes stronger as the density is raised within an
intermediate density range as evinced by the R,, minimum at v =1/2 getting

deeper and eventually touching zero. The top trace shows the Hall resistance (R,

forn=3.42 x10" cm™. Also noteworthy is that the numerous odd-denominator
FQHSs at the lowest density n = 2.80 are also present together with the strong
1/2 FQHS at higher densities. The relative strengths of the odd-denominator
FQHSs suggest that these are the usual Jain-sequence states at all densities.
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Theinset shows the self-consistently calculated charge distribution for
2.80 (black) and 3.26 x 10" cm™ (green). b, Experimentally determined phase
diagram depicting the phase boundaries between the composite fermion Fermi
seaand the 1/2 FQHS, and the 1/2 FQHS and insulating phase, by dashed and
dotted lines, respectively. The 1/2 FQHS is stable for an intermediate density
range, and is sandwiched between the compressible composite fermion Fermi
seaat low densities and the incompressible insulating phase at high densities.

) Withintheintermediate density range, as the density is increased away from the
compressible boundary, the 1/2 FQHS gets stronger, but eventually begins to
weaken as the nearby insulating phase begins to engulfit; see Ref. 22 for details.
Figure reproduced with permission fromref. 22, APS.
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Extended DataFig. 2| Evolution of an electron system ina 70-nm-wide
GaAs QW with varying density. a,b, Longitudinal (R,,) and Hall resistance
(R,,) as afunction of 1/vina70-nm-wide GaAs QW. Traces are offset vertically
for clarity. R, for the lowest density n = 1.09 shows a compressible v=1/2
composite fermion Fermi sea, with the characteristic Jain-sequence states up
tov=10/19 and 9/19 onits flanks. Note that the R, minima at v=8/17 and 7/13
are strong, but their strength relative to other, nearby FQHSs is consistent
with what is expected for Jain-sequence states. As the density is increased,
the compressible composite fermion Fermi sea makes a transitioninto an
incompressible FQHS at v=1/2, which gets stronger as the density is further
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raised. The odd-denominator FQHSs flanking the 1/2 FQHS undergo a similar
evolution as displayed in Fig. 1e, where the Jain-sequence states get weaker
because of the increased electron layer thickness, but the 8/17 and 7/13 FQHSs
suddenly transition into anomalously strong FQHSs, distinct from Jain-
sequence states. Quantitatively, owing to the smaller well width, the transitions
of the v=_8/17 and 7/13 FQHSs are both shifted to higher densities compared to
the 72.5-nm-wide sample of Fig. 1. In panel b, self-consistently calculated charge
distributions for a 2DES confined to a 70-nm-wide GaAs QW atn =1.24 and

1.60 x 10" cm™are shown as bottom and top insets, respectively.
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shown as afunction of 1/vat various tilt angles for n =1.24 x 10" cm™. Qualitatively, once again the sample shows a similar evolution of FQHSs at and around v=1/2 as
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ol
EN=
o -
EN=

~lw -
N

~lw -

Nature Physics


http://www.nature.com/naturephysics

Article https://doi.org/10.1038/s41567-024-02517-w

| T | T ‘ T | T T T T T
1.0 .
n=1.16x10"" cm2
w=725nm
T~33mK b
—20
= —1.5 N;
;5 0.5— 4 ;?
r} —1.0
—o5
0.0 _
Lo L L . Ll L . L 0
0 1 2 3 4 5 6 7 8 9 10 11 12 13
B(T)
Extended Data Fig. 4 | Longitudinal (R,,) and Hall resistance (R,,) asafunction  inthetoprightinset) onitssides attest to the ultra high quality of our sample.
of perpendicular magnetic field for ultrahigh quality 2D electronsina Top leftinset shows the self-consistently calculated charge distribution for
72.5-nm-wide GaAs QW. The strong FQHS observed at v =1/2 and flanked by n=1.16 x 10" cm2electrons confined to a 72.5-nm-wide GaAs QW.

numerous high-order Jain-sequence FQHSs up to v =9/19 and 10/19 (as shown
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Extended Data Fig. 5| Arrhenius plots to extract the energy gaps of FQHSs in
the N=0LLforn = 1.17.a-c, Temperature dependence of R,, minima for the
FQHSs on the low-field side of v=1/2, at v=1/2, and on the high-field side of
v=1/2, respectively. Thered lines through the data points are fits to the data
pointsin the activated regimes for different fillings, and their slopes yield the
energy gaps A,, determined from R, « e~2/2%T Notein panelathatthev=7/13

FQHS is weaker than the 6/11 FQHS and has a smaller energy gap. The activated
behavior of R, at the different FQHSs allows us to extract an energy gap, but one
must be careful with the energy gaps of the weakest FQHSs which mostly serve as
ameasure of their strength. Because of the limited available temperature range
and the effect of disorder, the small energy gaps of the higher-order FQHSs have a
large error bar.
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Extended DataFig. 6 | Arrhenius plots to extract the energy gaps of FQHSs in
the N = OLLforn = 1.35.Dataare for the 72.5-nm-wide GaAs QW with
n=1.35x10"cm™. a-c, Temperature dependence of R,, minima for the FQHSs on
thelow-field side of v=1/2,at v=1/2, and on the high-field side of v=1/2,
respectively. The red lines through the data points are fits to the data points in
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the activated regimes for different fillings, and their slopes yield the energy gaps

A,, determined from R, « e~2v/2T Notein panelathat, at this density, the 7/13

FQHS has alarger gap than the 6/11 FQHS. On the high-field side of v=1/2 (panel ¢),
only the v=_8/17 FQHS yields an activation, and the other FQHSs at higher fields
are consumed by the ensuing insulating phase; see Fig. 1e of main text.
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