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The enigmatic even-denominator fractional quantum Hall state at Landau level filling factor ν ¼ 5=2 is
arguably the most promising candidate for harboring Majorana quasiparticles with non-Abelian statistics
and, thus, of potential use for topological quantum computing. The theoretical description of the ν ¼ 5=2
state is generally believed to involve a topological p-wave pairing of fully-spin-polarized composite
fermions through their condensation into a non-Abelian Moore-Read Pfaffian state. There is, however, no
direct and conclusive experimental evidence for the existence of composite fermions near ν ¼ 5=2 or for an
underlying fully-spin-polarized Fermi sea. Here, we report the observation of composite fermions very near
ν ¼ 5=2 through geometric resonance measurements and find that the measured Fermi wave vector
provides direct demonstration of a Fermi sea with full spin polarization. This lends crucial credence to the
model of 5=2 fractional quantum Hall effect as a topological p-wave paired state of composite fermions.

DOI: 10.1103/PhysRevLett.120.256601

Since the discovery of the fractional quantum Hall effect
(FQHE) [1], a low-disorder two-dimensional electron
system (2DES) has been the platform of choice to inves-
tigate the interplay between quantum mechanics and
electron-electron interaction [2]. The FQHE states typically
form at high perpendicular magnetic fields (B) in the lowest
(N ¼ 0) Landau level (LL) when the filling factor (ν)
assumes fractional values with odd denominators [2].
These FQHE states can be elegantly explained in the
composite fermion (CF) theory [2,3] where an electron
merges with an even number of flux quanta to form an
exotic quasiparticle which experiences a zero effective
magnetic field (B� ¼ 0) exactly at the 1=2 filling. The
FQHE is then explained as the integer QHE of CFs.
Moreover, the CFs near ν ¼ 1=2 occupy a Fermi sea
and can execute cyclotron motion at small B�, similar to
their fermion counterparts near B ¼ 0 [4]. With the
application of a periodic potential or density perturbation,
if the CFs can complete a cyclotron orbit without scattering,
then they exhibit a geometric resonance (GR) when their
orbit diameter equals the period of the perturbation. Indeed,
the observation of such a resonance has provided the most
direct and compelling evidence for the presence of CFs near
ν ¼ 1=2 [5–8].
In contrast to the FQHE states in the lowest LL, the

FQHE observed in the first-excited (N ¼ 1) LL at the
even-denominator filling ν ¼ 5=2 has remained enigmatic
since its discovery [9]. The initial explanation [9] for the
5=2 FQHE state was based on a two-component, spin-
unpolarized, Ψ331 wave function [10]. Following this
argument, Haldane and Rezayi [11] constructed a spin-
unpolarized, CF wave function based on the hollow-core
model. On the other hand, Moore and Read [12] presented a

spin-polarized, p-wave-paired, CF ground state, known as
the Moore-Read Pfaffian. Spectacularly, this state should
harbor Majorana quasiparticles obeying non-Abelian sta-
tistics whose interchange takes the system from one of its
many ground states to another, whereas the interchange of
ordinary Abelian quasiparticles only adds a phase to their
wave functions. Numerical investigations [13] support such
a non-Abelian ground state at ν ¼ 5=2. As a consequence,
the 5=2 FQHE has attracted much attention as a promising
platform for topological quantum computation [14].
Despite the enormous interest in the 5=2 state, little

conclusive experimental evidence is available for its origin
[15]. Early surface acoustic wave experiments [15,16]
showed hints of Fermi surface effects at ν ¼ 5=2, but there
has been no compelling evidence for the existence of CFs
near ν ¼ 5=2. Based on the quasiparticle tunneling and
interference studies [15,17,18], it is still unclear whether the
ground state at ν ¼ 5=2 is Abelian or non-Abelian. Themost
important prerequisite for the 5=2 FQHE to be non-Abelian
is that it is single-component (fully spin-polarized).
However, the spin polarization of the 5=2 state has remained
an open question [15] even 30 years after its discovery.
Initial tilted-field measurements [19] indicated the ν ¼ 5=2
FQHE to be spin unpolarized, a conclusion which is also
favored by the photoluminescence [20] and inelastic light
scattering [21] experiments. On the other hand, density-
dependence [22], and later tilt-dependence [23] activation
gapmeasurements suggested possible full spin polarization.
This observation was supported in recent nuclear magnetic
resonance [24,25] and tunneling experiments [26].
Here, we address two fundamental questions regarding

the origin of the 5=2 FQHE state: Are CFs present near
ν ¼ 5=2, and are they fully spin-polarized? Our GR
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measurements, which directly probe the Fermi sea and
wave vector of CFs, provide unambiguous and conclusive
positive answers to these questions. We emphasize that our
technique is simple, and yet most direct and quantitative;
also, it does not rely on any fitting schemes or parameters.
Moreover, our measurements do not involve exposure of
the sample to illumination or radiation, or to in-plane
magnetic fields.
Our experimental platform is a clean 2DES with density

1.46 × 1011 cm−2 confined to a modulation-doped, 30-nm-
wide, GaAs quantum well; see Supplemental Material [27]
for more details of the sample structure. In our GR
measurements, we employ a weak perturbation in the form
of a minute periodic density modulation, the estimated
magnitude of which is ≪ 1% [28]. As illustrated in
Fig. 1(a), this is achieved by fabricating a one-dimensional
array of stripes of negative electron-beam resist on the
surface of the lithographically defined Hall bar [8,28–32].
Thanks to the piezoelectric effect, the strain from this

surface superlattice propagates to the 2DES and leads to a
minute density perturbation.
Weakly interacting CFs subjected to an effective mag-

netic field B� execute cyclotron motion with an orbit
diameter of 2R�

c ¼ 2ℏk�F=eB
�, the size of which is deter-

mined by the Fermi wave vector of the CFs, k�F. For a fully-
spin-polarized CF Fermi sea, k�F ¼ ð4πn�CFÞ1=2 where n�CF is
the CF density, whereas for a spin-unpolarized CF Fermi
sea, k�F ¼ ð2πn�CFÞ1=2. If the CFs have a sufficiently long
mean-free-path so they can complete a cyclotron orbit
without scattering, then a GR occurs when the orbit
diameter matches the period (a) of the perturbation; see
Fig. 1(a) for a schematic illustration. More quantitatively
[7,8,30–32], when 2R�

c=a ¼ iþ 1=4 (i ¼ 1; 2; 3;…), GRs
manifest as minima in magnetoresistance at B�

i ¼ 2ℏk�F=
eaðiþ 1=4Þ. Thus, k�F can be deduced directly from the
positions of B�

i . Observation of such well-defined GR
conclusively proves the presence of the CF Fermi sea and
also provides a direct measure of the CF spin-polarization.
This is well established for CFs near the compressible states
at ν ¼ 1=2 and 3=2 [7,8,30–32]. Here, we apply the GR
technique to the ν ¼ 5=2 FQHE state.
The most important finding of our Letter is highlighted

in Fig. 1(b). This magnetotransport trace for the first-
excited LL exhibits well-developed GR minima (marked
with two black arrows) flanking the deep V-shaped mini-
mum at ν ¼ 5=2. The presence of these GR features
confirms the existence of a well-defined Fermi wave vector,
thus, providing direct evidence for a CF Fermi sea.
From the period of the perturbation, a ¼ 170 nm, and

assuming that the magnetoresistance minima we observe
stem from the primary i ¼ 1 GR, we can determine k�F
according to k�F ¼ B�

i¼1eað1þ 1=4Þ=2ℏ where B�
i¼1 ¼

5ðBi¼1 − Bν¼5=2Þ; Bi¼1 is the magnetic field at which
we observe the resistance minimum. We obtain k�F ¼
6.12 × 105 cm−1 from the right minimum and k�F ¼
5.99 × 105 cm−1 from the left minimum. These values
are in excellent agreement with k�F ¼ ð4πn�CFÞ1=2 ¼
6.06 × 105 cm−1, expected for fully-spin-polarized CFs;
note that the CF density near ν ¼ 5=2 is n�CF ¼ ne=5, where
ne ¼ 1.46 × 1011 cm−2 is the 2DES electron density. On
the other hand, spin-unpolarized CFs are expected to have a
k�F ¼ ð2πn�CFÞ1=2 ¼ 4.27 × 105 cm−1, clearly different
from our observation. Therefore, the data provide direct
and conclusive evidence for CFs near ν ¼ 5=2 and their full
spin-polarization. We have marked in Fig. 1(b) the
expected i ¼ 1 GR positions corresponding to fully-spin-
polarized CFs with red arrows.
It is clear, from Fig. 1(b), that the positions of the GR

features do not coincide with any of the observed or
expected odd-denominator FQHE minima (marked with
blue lines). Furthermore, the FQHE at ν ¼ 5=2 is well
developed as is evident from the strong minimum in ρxx and
the corresponding plateau at ð2=5Þðh=e2Þ in the Hall (ρxy)
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FIG. 1. GR features for CFs near ν ¼ 5=2. (a) Lateral surface
superlattice, inducing a periodic density perturbation in the
2DES. When the cyclotron orbit of the CFs become commensu-
rate with the period of the perturbation, the i ¼ 1 GR occurs (see
text). (b) Magnetoresistance trace for the first-excited LL
revealing the i ¼ 1 CF GR features, resistance minima marked
with black arrows flanking ν ¼ 5=2. These minima do not
coincide with any of the expected FQHE minima which are
labeled by blue markers. Blue horizontal lines mark the expected
quantized values of the Hall plateau for ν ¼ 5=2 and 7=3 in the
ρxy trace. Red arrows indicate the expected positions for the i ¼ 1

GR for fully-spin-polarized CFs near ν ¼ 5=2.
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trace. The coexistence of the FQHE state at ν ¼ 5=2 and
fully-spin-polarized CFs on its sides strongly argues in
favor of a fully spin-polarized ν ¼ 5=2 FQHE state.
In Fig. 2(a), we show the measured magnetoresistance

traces for six different sections of the Hall bar: an
unpatterned (top trace) and five patterned sections with
surface superlattice periods a ranging from 160 to 200 nm
[33]. The i ¼ 1 GR minima, marked by vertical red lines,
are observed only in a narrow range of a. They are strongest
for a ¼ 170 nm. The a ¼ 180 and 190 nm sections exhibit
very weak GR minima whose positions are consistent with
the expected values [Fig. 2(c)], whereas no GR features
appear for a ¼ 160 or ≥ 200 nm (traces for a ≥ 200 nm
are not shown). A simple interpretation of the disappear-
ance of minima for a ≥ 200 nm is that the CFs near
ν ¼ 5=2 are very fragile and have a very short mean free
path, so that they can complete (ballistically) only cyclotron
orbits which are small. The absence of minima for the

shortest period a ¼ 160 nm can be attributed to the ever
decreasing amplitude of the periodic density modulation as
its period becomes small compared to the depth of the
2DES below the surface (235 nm for our sample) [28,29].
We present, in Fig. 2(b), traces which were taken in the

same sample but near filling ν ¼ 1=2. As expected and seen
in the top trace (unpatterned region) of Fig. 2(b), at ν ¼ 1=2
the 2DES is compressible and shows a smooth, broad
minimum. It hosts a sea of CFs with density n�CF ¼ ne and,
as revealed in the lowest trace of Fig. 2(b), exhibits strong
GR minima at i ¼ 1, 2 and 3 for a ¼ 210 nm. The sample
also exhibits clear GR for a ¼ 200 nm, but for smaller
periods, the GR minima become weaker and are essentially
absent for the a ¼ 170 nm trace in Fig. 2(b). The contrast
between the traces near ν ¼ 5=2 and 1=2 for a ¼ 170 nm
in Fig. 2 is remarkable. It suggests that the CFs near ν ¼
5=2 require a very gentle potential modulation, gentler than
the ν ¼ 1=2 CFs, to exhibit GR features.
Two noteworthy differences between the CFs near ν ¼

5=2 and 1=2 are their density and size. Near ν ¼ 1=2, the CF
density is nearly equal to the electron density [31], while
near ν ¼ 5=2 it is only 1=5 of the electron density (see
Supplemental Material [27] for a discussion of CF density).
This much smaller density could lead to a shorter mean free
path for the CFs near 5=2. A recent GR study [32], however,
indicated that it is not the smaller CF density but, rather, the
higher LL index that plays the dominant role. Indeed,
Ref. [32] showed that, in two-subband 2DESs confined
to wide GaAs quantum wells, where ν ¼ 5=2 occurs in
the N ¼ 0 LL (of the antisymmetric subband), the CFs
show clear GRs. In contrast, in similar quality but nar-
rower quantum well samples, where ν ¼ 5=2 was in
the N ¼ 1 LL, no GR features were observed (for
T ≥ 300 mK). We note that, in the N ¼ 1 LL, the quasi-
particles for the FQHE states near ν ¼ 5=2 (e.g., at ν ¼ 7=3)
are theoretically expected to be much larger than their
counterparts in the N ¼ 0 LL near ν ¼ 1=2 (e.g., at
ν ¼ 1=3) [34,35]. If the larger size also applies to the
CFs, it could be another reason for the extreme fragility
of the ν ¼ 5=2CFs andwhy the observation of their GR had
remained elusive until now.
Figure 3 captures the temperature dependence of the GR

minima near ν ¼ 5=2. The minima are best pronounced at
the lowest temperature, slowly become weaker at higher
temperatures, and completely disappear at 300 mK; see
Fig. S4 in the Supplemental Material [27] for larger field
range and comparison with the unpatterned section. Note
that, at 300 mK, the FQHE minimum at ν ¼ 5=2 also
disappears. It is noteworthy, again, that, in the case of the
ν ¼ 1=2 (and ν ¼ 3=2) CFs in the N ¼ 0 LL, their GR
minima are very strong even at 300 mK [8,30–32], further
attesting to their robustness compared to the ν ¼ 5=2 CFs.
It is tempting to interpret theweakening of the GR features

observed in Fig. 3 as a signal that the ν ¼ 5=2 CFs are
gradually becoming spin unpolarized at higher temperatures,
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FIG. 2. Dependence of the GR features of CFs near (a) ν ¼ 5=2
and (b) ν ¼ 1=2 on the period of the surface superlattice.
Magnetoresistance traces are vertically offset for clarity and
the zero-resistance positions are indicated with blue horizontal
marks. The expected positions for GRs are marked with red lines.
(c) Summary of the positions of the observed GR minima
(symbols) and expected values (lines) near ν ¼ 5=2.
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as hinted at in nuclear magnetic resonance experiments [24].
Partially spin-polarized CFs, however, should populate two
Fermi seas with smaller Fermi wave vectors. If so, as reported
for partially spin-polarized CFs near ν ¼ 3=2 [30], wewould
expect the GRminima to become broad and, also, to move to
smaller values ofB� (closer to ν ¼ 5=2). This is in contrast to
the fixed positions of the GRminima in Fig. 3 as temperature
is raised. It is more likely that the weakening we observe at
high temperatures is a reflection of the much smaller Fermi
energy of the CFs near ν ¼ 5=2 compared to the ν ¼ 1=2
CFs. Note that, qualitatively, the Fermi energy for CFs should
scale with the Coulomb energy, e2=lB, where lB ¼ ffiffiffiffiffiffiffiffiffiffiffi

ℏ=eB
p

,
implying a factor of ∼

ffiffiffi

5
p

smaller Fermi energy for the
ν ¼ 5=2 CFs [2].
Our direct measurements of the CF Fermi wave vector

provide compelling evidence for the existence of a fully-
spin-polarized Fermi sea of CFs near ν ¼ 5=2. Insofar as
the non-Abelian state theoretically expected at ν ¼ 5=2
entails a pairing of fully-spin-polarized CFs and their
condensation into a FQHE state, our data offer a significant
milestone since they demonstrate the presence of CFs and
their full spin polarization very near ν ¼ 5=2. Our findings
should foster further efforts to experimentally demonstrate
the non-Abelian nature of the ν ¼ 5=2 quasiparticles and
implement their braiding for fault-tolerant topological
quantum computation.
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