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Abstract
The interplay between the fractional quantum Hall effect and nematicity is intriguing as it links
emerging topological order and spontaneous symmetry breaking. Anisotropic fractional
quantum Hall states (FQHSs) have indeed been reported in GaAs quantum wells but only in
tilted magnetic fields, where the in-plane field explicitly breaks the rotational symmetry. Here
we report the observation of FQHSs with highly anisotropic longitudinal resistances in purely
perpendicular magnetic fields at even-denominator Landau level (LL) fillings ν = 5/2 and 7/2
in ultrahigh-quality GaAs two-dimensional hole systems. The coexistence of FQHSs and
spontaneous symmetry breaking at half fillings signals the emergence of nematic FQHSs which
also likely harbor non-Abelian quasiparticle excitations. By gate tuning the hole density, we
observe a phase transition from an anisotropic, developing FQHS to an isotropic composite
fermion Fermi sea at ν = 7/2. Our calculations suggest that the mixed orbital components in the
partially occupied LL play a key role in the competition and interplay between topological and
nematic orders.
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1. Introduction

Fractional quantum Hall states (FQHSs) are fascinating
examples of interaction phenomena and topological order in
condensed matter physics. Most FQHSs are observed at odd-
denominator Landau level (LL) filling factors, following the
Jain sequence [1–3]. These states occur in the ground-state
(N= 0) LLs where short-range Coulomb interaction domin-
ates, and can be explained as integer quantum Hall states
of weakly interacting composite fermions (CFs). The ground
state at a half-filled N= 0 LL (e.g. at ν = 1/2) is a com-
pressible Fermi sea of CFs; see figure 1(a). In excited (N⩾ 1)
LLs, the nodal structure of the wavefunction softens the short-
range Coulomb interaction, leading to a variety of exotic states
that are not favored in the N= 0 LLs [4–9]. These include
FQHSs at even-denominator filling factors, first observed at
a half-filled N= 1 LL (ν = 5/2) of GaAs two-dimensional
electron systems (2DESs) [4]. At ν = 5/2, the CF Fermi sea
is no longer stable as the CFs undergo a Bardeen–Cooper–
Schrieffer-like pairing instability and condense into a FQHS
(figure 1(b)). The prime candidates for the ν = 5/2 FQHS are
believed to host non-Abelian anyons, and be potentially use-
ful for fault-tolerant topological quantum computation [10–
14]. Even-denominator FQHSs at half fillings of the N= 1
LLs were also reported in other material platforms, including
semiconductor heterostructures [15, 16] and atomically-thin
2D materials [17–21].

In N⩾ 2 LLs, stripe or electronic versions of liquid-
crystal-like phases with spontaneously broken rotational sym-
metry emerge near half fillings [5, 6, 9, 22–27]. These
states exhibit anisotropic in-plane transport coefficients with
no quantized Hall plateau, and were initially predicted by
Hartree–Fock theories to stem from unidirectional charge-
density waves consisting of stripes with alternating integer
ν [22–24, 28]. At finite temperatures, and in the presence
of quantum fluctuations and disorder, the stripe order can
be disrupted, leading to nematic phases (figure 1(c)) [25–
27]. Alternatively, in a more general picture, nematic orders
can also arise from Pomeranchuk instability of Fermi seas
[29, 30].

While the vast majority of FQHSs are isotropic, FQHSs
with significant longitudinal transport anisotropy were
observed in the N= 1 LL of GaAs 2DESs at ν = 7/3 and
5/2 in tilted magnetic fields [31, 32]. Another example of
an anisotropic FQHS was reported in the half-filled N= 1
LL of an AlAs 2DES with large band-mass anisotropy and
an applied uniaxial strain [16]. These experiments suggest
that FQHSs may exhibit nematic order, forming the so-called
nematic FQHSs. These states are very unusual, because unlike
the conventional nematic states which are understood in terms
of Landau’s symmetry-breaking theory and described by tra-
ditional order parameter, nematic FQHSs possess both topo-
logical and nematic order [33]. Nematicity in FQHSs has
indeed attracted significant interest because of its connec-
tion to the geometrical degree of freedom in FQHSs and
the intriguing coexistence of topological order with broken

Figure 1. Ground states at half-filled LLs: (a) CF Fermi sea
(N= 0), (b) paired FQHS (N= 1), and (c) nematic phase (N⩾ 2).

symmetry [34–44]. Nematic FQHSs are theoretically pre-
dicted to exhibit a finite charge gap and a vanishing neut-
ral gap in the long-wavelength limit [36, 37]. Anisotropic
FQHSs reported in the N= 1 LL are likely candidates for
nematic FQHSs [16, 31, 32, 45]; however, their observation
has until now required the application of external symmetry-
breaking fields, such as in-plane magnetic fields or uniaxial
strain, which explicitly break the rotational symmetry. In
a purely perpendicular magnetic field, an unusual phase
transition from a nearly isotropic FQHS to a compressible
nematic phase, induced by hydrostatic pressure, was repor-
ted, indicating the proximity of nematic order to FQHSs [46].
However, experimental evidence for a nematic FQHS with
spontaneously broken rotational symmetry has been lacking
until now.

Here we report the observation of anisotropic FQHSs
at even-denominator fillings ν = 5/2 and 7/2 in ultrahigh-
quality GaAs 2D hole systems (2DHSs). Remarkably, these
states are observed in the absence of an external symmetry-
breaking field, suggesting the spontaneous rotational sym-
metry breaking of candidate non-Abelian FQHSs. The emer-
gence of anisotropic FQHSs at ν = 5/2 and 7/2 are evinced
by pronounced minima superimposed on a highly anisotropic
longitudinal resistance background, accompanied by devel-
oping quantized Hall plateaus. These anisotropic FQHSs
exhibit a unique combination of characteristics of both half-
filled N= 1 LL and N⩾ 2 LLs, revealing the coexistence
of CF paring and nematic order; see figures 1(b) and (c).
We also observe qualitatively similar, albeit weaker, sig-
natures of anisotropic FQHSs at odd-denominator fillings
flanking ν = 5/2. At higher LL fillings (ν > 4), we observe
numerous anisotropic phases without any FQHS fea-
tures, consistent with what one would expect for high
(N⩾ 2) LLs.

2. Methods

We studied ultrahigh-quality 2DHSs confined to GaAs
quantum wells grown on GaAs (001) substrates by molecu-
lar beam epitaxy [47–49]. Our magneto-transport measure-
ments were performed on 4× 4 mm2 van der Pauw geometry
samples, with alloyed In:Zn contacts at the four corners and
side midpoints. We studied seven samples from six different
wafers; see table I in supplemental material (SM) [50] for
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Figure 2. Hall resistance RH (top panels) and longitudinal resistances Rxx and Ryy (bottom panels) for our ultrahigh-quality 2DHS; sample
A. The sample has a quantum well width of 20 nm and a 2D hole density of 2.1× 1011 cm−2. Numerous anisotropic phases are observed
near half fillings. (a) Anisotropic phases, without Hall plateaus, in high LLs near ν = 11/2, 13/2, 15/2, and 17/2. Note that the 2DHS is
isotropic at ν = 9/2. (b) A developing FQHS with large transport anisotropy at even-denominator ν = 7/2. Insets in the lower panel show
the circuit configurations for Rxx and Ryy measurements. (c) Developing FQHSs with large transport anisotropy at even-denominator
ν = 5/2 and at numerous odd-denominator fillings 8/3, 13/5, 12/5, and 7/3.

sample parameters. Sample C was fitted with a Ti/Au front
gate and In back gate, allowing for in-situ tuning of the 2D
hole density. The samples were cooled in two dilution refri-
gerators with base temperatures of about 20 mK and 30 mK.
We measured the longitudinal in-plane resistances (Rxx and
Ryy) along two perpendicular directions and the Hall resistance
(RH) using the low-frequency, lock-in amplifier techniques.

It is worth noting that Hall measurements for anisotropic
phases are challenging because of the non-uniform current
distribution and significant mixing of Rxx signal into the Hall
meausrements [9, 16, 31]. One effective method to minimize
the effect of Rxx mixing is by averaging |Rxy| taken for opposite
polarities of B⊥. Because our magnet only has the capability
of applying large B⊥ in one direction, we used an alternative
method to minimize the effect of Rxx mixing [51]: we meas-
ured Hall resistances with two circuit configurations (rotated
by 90◦) and took their average value as RH.

3. Results

Figure 2 presents Hall and longitudinal resistance data meas-
ured as a function of B⊥. Longitudinal resistances Rxx and Ryy
were measured along the [11̄0] and [110] crystallographic dir-
ections, respectively (see insets in figure 2(b) lower part for cir-
cuit geometries). Panel (a) shows data for ν ⩾ 4. We observe
anisotropic phases at half fillings ν = 11/2, 13/2, 15/2, and
17/2, evinced by broad dips in Rxx and peaks in Ryy. These
anisotropic states resemble the stripe/nematic phases repor-
ted in GaAs 2DESs at high N⩾ 2 LLs [5, 6]. Near ν = 9/2,
the 2DHS exhibits a nearly isotropic behavior. As we detail
in the Discussion later, the isotropic phase at ν = 9/2 is well
explained by our LL analysis. Our data in figure 2(a) are

consistent with previous reports on high-quality GaAs 2DHSs
with similar parameters [52]. We note that, for ν > 4, the Hall
resistance RH remains smooth and linear as a function of B⊥
between the quantized Hall plateaus at integer fillings.

Near ν = 7/2, the 2DHS exhibits strong anisotropy, with
Rxx ≃ 0 and Ryy ≃ 2 kΩ (figure 2(b)). Unlike the anisotropic
phases observed at higher ν, a sharp minimum in Ryy is
observed at ν = 7/2, superimposed on a resistive background.
While RH exhibits a complex behavior because of the non-
uniform current distribution within the highly anisotropic
phase, its value approaches 2h/7e2 to within 2% at ν = 7/2.
These observations suggest a developing, anisotropic FQHS
at ν = 7/2. At B⊥ ≃ 2.64 T (ν ≃ 3.3), RH shows a reentrant
behavior towards the h/3e2 plateau, indicating the emergence
of a developing reentrant integer quantum Hall state. This is
also supported by Rxx and Ryy data where developing min-
ima are seen at the same B⊥ position; these are more clearly
resolved in measurements employing different contact con-
figurations; see SM figure S1 [50]. Such reentrant integer
quantum Hall behavior may signal the Wigner crystallization
of multi-electron bubbles [7, 22, 24].

Data presented in figure 2(c) for 3> ν > 2 reveal our
strongest evidence for anisotropic FQHSs. At ν = 5/2, a sharp
Ryy minimum, accompanied with a developing Hall plateau
centered at RH = 2h/5e2, signals an even-denominator FQHS.
Similar to what we see at ν = 7/2, the 5/2 FQHS also exhibits
anisotropic transport (Rxx << Ryy). Qualitatively similar fea-
tures are seen at odd-denominator fillings ν = 8/3, 13/5, 12/5,
and 7/3, suggesting developing anisotropic FQHSs at these
fillings also. These signatures of anisotropic FQHSs at odd-
and even-denominator fillings are reproducible in multiple
samples from different wafers; see figure 5 and SM figures S4
and S5 for more data [50]. Importantly, the anisotropic FQHSs
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Figure 3. Temperature dependence data; sample A. (a)–(c) Rxx and Ryy vs B⊥ traces taken at different temperatures for: (a) ν ⩾ 4, (b)
4⩾ ν ⩾ 3, and (c) 3⩾ ν ⩾ 2. (d)–(h) Temperature dependence of Rxx and Ryy at half fillings: (d) ν = 13/2, (e) 11/2, (f) 9/2, (g) 7/2, and (h)
5/2. Blue and green triangles show Rxx values on the flanks of ν = 5/2 and 7/2 at the indicated filling factors.

in our 2DHS are observed in the absence of any external
symmetry-breaking field (e.g. an in-plane magnetic field). Our
results therefore provide strong evidence for spontaneously
broken rotational symmetry in these FQHSs, signaling the
emergence of nematic FQHSs.

We observe that the easy axis direction is along [11̄0] for
both the nematic FQHSs at ν = 5/2 and 7/2 as well as for
stripe/nematic phases in higher LLs (e.g. ν = 11/2,13/2, . . .),
suggesting a common rotational symmetry breaking mech-
anism for these states. In GaAs 2DESs, the majority of
stripe/nematic phases in N⩾ 2 LLs exhibit an easy axis along
the [110] direction, although examples of the easy axis along
[11̄0] have been reported under specific conditions [53, 54].
The origin of the internal symmetry breaking field that favors
a certain crystal direction over the other remains an unresolved
question.

Figure 3 captures the temperature dependence of the
observed nematic FQHSs and anisotropic phases. Note the
differing y-axis scales in figures 3(a)–(c). The temperature
dependence of Rxx and Ryy at various half fillings is fur-
ther highlighted in figures 3(d)–(h). At ν = 9/2 (figure 3(f)),
we observe nearly isotropic transport with both Rxx and Ryy

gradually increasing with decreasing T down to T≃ 20 mK.
In contrast to the isotropic behavior near ν = 9/2, at ν =
13/2, 11/2, 7/2, and 5/2, Rxx and Ryy significantly deviate
from each other and exhibit opposite trends at low T, indic-
ating the emerging nematic order (figures 3(d), (e), (g) and
(h)). Furthermore, Ryy minima, superimposed on a rising back-
ground, rapidly develop at ν = 5/2 and 7/2. Linear fits to
Arrhenius plots of the relative depth of these Ryy minima yield
energy gap estimates of approximately 55 mK and 76 mK
for the ν = 5/2 and 7/2 FQHSs, respectively; see SM figure
S2 for details [50]. The simultaneous emergence of FQHS
and nematic order strongly supports our interpretation of these
states as developing nematic FQHSs. We note that the aniso-
tropic transport near ν = 7/2 and 5/2 persists to higher temper-
atures (≃ 150 mK) when the FQHS features disappear, sim-
ilar to what was reported for anisotropic FQHSs in tilted B
[31, 32, 45].

Applying an in-plane magnetic field, B∥, provides further
insight into the nematic order at half fillings. In figures 4(a)
and (b), we show Rxx and Ryy data in perpendicular and tilted
B, measured for sample B at T≃ 30 mK; see figure S6 in SM
for more data at different θ [50]. This sample was mounted on
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Figure 4. Impact of in-plane magnetic field (B∥) on the nematic
FQHSs; sample B, T≃ 30 mK. This sample has a quantum well
width of 20 nm and 2D hole density of 2.1× 1011 cm−2. (a), (b) Rxx
and Ryy vs B⊥ traces measured at (a) zero tilt and (b) tilt angle
θ = 56.6◦. (c), (d) Rxx and Ryy at ν = 5/2 and 7/2 as a function of
B∥, revealing the switching of the hard and easy axes at a critical
in-plane field of BC

∥ ≃ 2.5 T. Inset in (a): a schematic of the
experimental setup. The sample is mounted on a rotating stage to
support in-situ tilt; θ is the angle between B and B⊥. By tilting the
sample, a finite B∥ = B× sinθ is introduced along the [11̄0]
crystallographic direction.

a rotating stage to support in-situ tilt; see figure 4(a) inset.With
the sample tilted,B∥ is applied along [11̄0] (parallel toRxx) dir-
ection. At θ= 0, we observe developing anisotropic FQHSs at
ν = 5/2 and 7/2 with Rxx << Ryy. At θ = 56.6◦, developing
FQHSs survive, but the hard and easy axes of resistive aniso-
tropy are interchanged, resulting in Rxx >> Ryy. We plot Rxx
and Ryy at ν = 5/2 and 7/2 as a function of B∥ (figures 4(c)
and (d)). A critical in-plane field, BC∥ ≃ 2.5 T, is identified
where the 2DHS becomes nearly isotropic at both ν = 5/2
and 7/2. The orientation of the hard axis at large B∥ is aligned
with the direction of the applied B∥, consistent with what was
observed in GaAs 2DESs [32, 55–57]. Such tilt-induced aniso-
tropy is also consistent with Hartree–Fock calculations of the
unidirectional charge density wave orientation energy induced
by a tilted magnetic field [58].

Next, we address the origin of the nematic FQHSs we
observe at ν = 5/2 and 7/2 in our 2DHSs. FQHSs at half
fillings in different 2DESs are predominantly observed in
the N= 1 LLs [4, 15, 16, 18–21]. On the other hand, the
unique property of the 5/2 and 7/2 FQHSs in our 2DHSs is
the spontaneous breaking of rotational symmetry. Such elec-
tronic nematic order is reminiscent of the anisotropic phases
observed in higher N⩾ 2 LLs in GaAs 2DESs [5, 6]. Indeed,
the LLs of GaAs 2DHSs are very different compared to

electrons. Because of the mixing between the heavy-hole and
light-hole states in B⊥ and significant spin–orbit coupling,
hole LLs have amulti-orbital nature [59]. In addition, hole LLs
are highly nonlinear as a function of B⊥ and exhibit numer-
ous crossings that can be tuned to coincidence with the Fermi
energy, EF [45, 60–62]. To shed light on the nature of LLs that
host the nematic FQHSs, we studied the evolution of different
states at half fillings with varying hole densities, and compare
our data with the calculated LL fan diagrams for our sample.

Focusing first on the experimental data, in figure 5(a), we
present Rxx and Ryy data for sample C at different densities. We
tune the hole density from 1.13 to 1.84 (in units of 1011 cm−2,
which we use throughout the remainder of the manuscript)
using front and back gates while keeping the charge distribu-
tion symmetric. Higher hole densities (>1.84) are achieved by
further changing the front gate voltage only, and the charge
distribution becomes slightly asymmetric. Near ν = 5/2, the
2DHS is anisotropic in the density range p= 1.13 to 2.18.
The FQHS features at ν = 5/2 and 7/3 are absent at p= 1.13
likely because of the very low 2DHS density, and gradually
develop with increasing density. No sharp transition is seen for
FQHSs between ν= 3 and 2. Near ν = 7/2, on the other hand,
the 2DHS is isotropic at low densities but becomes highly
anisotropic at high densities. A sharp isotropic-to-anisotropic
transition occurs at p≃ 1.3. Interestingly, an Ryy minimum
at ν = 7/2 appears simultaneously with the onset of aniso-
tropy. We also observe isotropic-to-anisotropic transitions in
higher LLs, e.g. at ν = 11/2. The behavior near ν = 9/2 is
rather different: the 2DHS is anisotropic at low densities but
becomes isotropic at p≃ 2.0. At p= 2.18, the 2DHS becomes
slightly anisotropic near ν = 9/2. The anisotropy at ν = 9/2,
however, is much weaker than that at nearby half fillings,
e.g. at ν = 7/2 and 11/2, where Rxx show deep minima. No
sharp Ryy minimum is observed at half fillings other than
5/2 and 7/2.

4. Discussion

In order to understand the origin of the different ground states
we observe at different fillings, and their evolution with dens-
ity, we present calculated LL fan diagrams for our 2DHS; for
more details of the LL calculations and results, see SM [50].
These LL diagrams (figures 5(b)–(d)), together with the spinor
compositions of the relevant LLs (figures 5(e)–(g)) shed sig-
nificant light on the emergence of the different states in the
2DHS. The calculations are performed for our 2DHS (sample
C) in a purely B⊥ using the multiband envelope function
approximation and the 8× 8 Kane Hamiltonian [59]. We also
use axial approximation so that we can decompose each LL
into the basis of four spinors with sz =±3/2 and ±1/2. The
spinor composition is directly related to the orbital composi-
tion of each LL [45, 59]. In figures 5(b)–(d), we present three
representative LL fan charts, calculated at different densities
p= 0.74, 1.04, and 1.74. The three most relevant LLs (α, β,
and γ) are highlighted. The spinor compositions for these LLs,
shown in figures 5(d)–(f), are calculated for p= 1.74. Our cal-
culations show that, for a given quantum well width, density
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Figure 5. Gate-tuned phase transitions at half fillings; sample C, T≃ 20 mK. This sample has a quantum well width of 20 nm and an
as-grown density of 1.74× 1011 cm−2. (a) Rxx (along [11̄0], dotted) and Ryy (along [110], solid) traces measured at different densities. Each
trace is vertically shifted by 0.1 kΩ for clarity, with its corresponding 2D hole density (p), in units of 1011 cm−2, indicated on the right.
While the longitudinal transport at ν = 5/2 is anisotropic in the density range of 1.13 to 2.18, transitions between isotropic and anisotropic
phases are observed as a function of density at half fillings in higher LLs, e.g., at ν = 7/2, 9/2, and 11/2. (b)–(d) Calculated energy vs B⊥
LL fan diagrams at low (p= 0.74), intermediate (p= 1.04), and high (p= 1.74) densities. Three LLs (α, β, and γ levels) of interest are
highlighted. Other LLs are shown in light grey. Red dash-dotted line traces the Fermi energy EF. Black arrows mark the positions of
ν = 5/2, 7/2, and 9/2. (e)–(g) Spinor compositions of α, β, and γ LLs.

has a negligible effect on these results [50]. They are there-
fore representative for the whole range of densities we studied
for sample C. We also note that, although there are some dis-
crepancies, our LL calculations qualitatively capture the main
features in the E vs B⊥ LL fan charts, e.g. the nonlinearity in
E vs B⊥ and the numerous LL crossings at finite B⊥.

Before we elaborate on the origin of different states at
different fillings, we summarize the nature of the three LLs
which are most relevant to our studies, the α, β, and γ levels,
in the magnetic field range of interest (B⊥ > 1 T) where we
observe the different ground states in sample C for ν < 13/2.
As seen in figure 5(e), α has mainly two dominant spinor
components: N= 1 and N= 3. In contrast, β possesses pre-
dominantly anN= 1 spinor component (figure 5(f)), while γ’s

main components are N= 2 and N= 4. As we discuss below,
the spinor components of α, β, and γ can explain the evolu-
tion of the different states at different fillings in figure 5(a) to
a large degree.

ν = 5/2—in the density range we studied for sample C, EF

at ν = 5/2 (1.9 T < B⊥ < 3.6 T) remains in α (figures (b)–
(d)). The dominating N= 1 component is likely crucial for
hosting the 5/2 FQHS, consistent with the fact that FQHSs
at half fillings are predominantly observed in the N= 1 LLs
[4, 16, 18–21]. The significant N= 3 component (> 20%) at
B⊥ ⩾ 2 T, on the other hand, is very likely the origin of nemati-
city near ν = 5/2. We note thatα and β cross at very low B⊥.
Our calculations indicate that in the density range we meas-
ured for sample C, this crossing is reasonably far away from
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EF, consistent with the absence of transitions between iso-
tropic and anisotropic behaviors near ν = 5/2.

The nature of the nematic FQHS at ν = 5/2 in our 2DHS
is not fully clear. While the 5/2 FQHS in the N= 1 LL is
generally associated with non-Abelian Pfaffian, anti-Pfaffian,
or PH-Pfaffian topological orders [63], the coexistence of
nematic order with these topological orders requires further
investigation. The theoretically proposed stripe FQHS [38]
and pair-density-wave FQHS [41], which can break the rota-
tional symmetry at ν = 5/2, provide potential explanations for
our observations.

The developing nematic FQHSs we observe at odd-
denominator fillings flanking 5/2 also warrant discussion.
They emerge at ν = 8/3, 13/5, 12/5, 7/3. Our LL calculations
indicate that the LL (α) that hosts these states has predom-
inantly N= 1 component. Theories predict that the FQHSs at
ν = 12/5 and 13/5 in the N= 1 LL may support non-Abelian
Fibonacci anyonic excitations, potentially useful for universal
topological quantum computing [64–66]. While a ν = 12/5
FQHS has been observed in the N= 1 LL of GaAs 2DESs,
the ν = 13/5 state has remained elusive [8]. The absence of
the ν = 13/5 FQHS was attributed to the effect of LL mixing
[66]. However, LLmixing is much larger in our 2DHS because
of the larger hole effective mass, and yet our data reveal sig-
natures of developing FQHSs at both ν = 13/5 and 12/5, with
significant transport anisotropy; see figure 2(c). In sample C,
we also observe hints of developing FQHSs at ν = 12/5 and
13/5 at p= 2.18; see SM figure S4 [50].

ν = 7/2 and 9/2—the crossing betweenβ andγ nearEF and
their spinor compositions can qualitatively explain the trans-
itions between isotropic and anisotropic behaviors we observe
in sample C near ν = 7/2 (1.3 T< B⊥ < 2.6 T) and 9/2 (1.0 T
< B⊥ < 2.0 T). Thanks to the N= 2 and N= 4 components,
anisotropic phases can be favored in γ. In contrast, aniso-
tropic phases are not favored in β, because β does not possess
any N⩾ 2 components. At low densities, EF for both ν = 7/2
and 9/2 is on the lower-B⊥ side of the crossing. In this case,
ν = 7/2 is in β while ν = 9/2 is in γ. An isotropic phase near
ν = 7/2 and an anisotropic phase near ν = 9/2 are expected.
With increasing density, the crossing coincides with EF in the
range of 3< ν < 5, starting from the low-ν side. At intermedi-
ate densities when EF at ν = 7/2 has moved to the higher-B⊥
side of the crossing while EF at ν = 9/2 is still at the lower-B⊥
side of the crossing, both ν = 7/2 and 9/2 are in γ, and aniso-
tropic phases are expected near both ν = 7/2 and 9/2. At high
densities, EF at both ν = 7/2 and 9/2 is on the higher-B⊥ side
of the crossing. In this case, ν = 7/2 is in γ while ν = 9/2 is in
β. An anisotropic phase near ν = 7/2 and an isotropic phase
near ν = 9/2 are expected. These are qualitatively consistent
with what we observe in sample C (figure 5(a)).

We also note that the 2DHS (sample C) becomes slightly
anisotropic near ν = 9/2 at p> 2.0. However, an anisotropic
behavior is not expected at high densities when EF is on
the higher-B⊥ side of the crossing between β and γ. The
anisotropy we observe at p> 2.0 in sample C is possibly
associated to a different crossing between β and another LL
that has N⩾ 2 components.

ν = 11/2, 13/2, 15/2,. . .—our calculations indicate that, in
the density range we study for our samples, LLs at ν > 5 have
predominantly N⩾ 2 components. This explains our observa-
tion of anisotropic phases at ν = 11/2, 13/2, 15/2, and 17/2 in
sample A (figure 2(a)) and at p> 2.0 in sample C (figure 5(a)).
At low densities (e.g. p= 1.13), the absence of anisotropic
phases at these fillings is likely because that such phases are
very fragile and may require lower temperatures and disorder
at lower densities.

It is worth noting that the agreement between our data and
our LL calculations is qualitative. There are some discrepan-
cies if we make quantitative comparisons. For example, in our
LL calculations, we predict that EF at ν = 7/2 crosses from
β to γ at p≃ 1.0, and that EF at ν = 9/2 crosses from γ to
β at p≃ 1.3. In our experiment, however, the isotropic-to-
anisotropic transition at ν = 7/2 occurs at p≃ 1.3, and the
anisotropic-to-isotropic transition at ν = 9/2 occurs at p≃
1.9. Similar quantitative discrepancies were also seen in sev-
eral previous studies of crossings between other LLs in GaAs
2DHSs [60–62]. Although the origin of these discrepancies
is unclear, it appears that the calculations always predict the
crossings to occur at lower B⊥ compared to experimental
observations.

While our calculated LLs, including their compositions,
capture some key experimental features, puzzles still remain.
First, our LL calculations cannot explain the observed nematic
FQHS at ν = 7/2. Our calculations indicate that the LL (γ)
that hosts the ν = 7/2 nematic FQHS only hasN⩾ 2 compon-
ents, but does not have any N= 1 component. This is consist-
ent with the absence of FQHSs at odd-denominator fillings that
may be favored in an N= 1 LL. The emergence of a nematic
FQHS at ν = 7/2 in a N= 2-dominant LL suggests a distinct
origin compared to the nematic FQHS at ν = 5/2. Another
puzzling observation relates to the temperature dependence of
the anisotropic phases at ν = 5/2 and 7/2 in tilted B. In the
N⩾ 2 LLs of GaAs 2DESs, the anisotropic phases typically
become more robust in tilted B as compared to in purely B⊥
[57]. Unexpectedly, we find that at θ = 66.2◦, the anisotropic
phases at ν = 5/2 and 7/2 turn isotropic at much lower T (≃75
mK; see figure S7 in SM [50]) compared to what we observe
in purely B⊥ (≳150 mK; see figures 3(g) and (h)).

A phase transition from an isotropic CF Fermi sea to a
highly anisotropic FQHS was reported at ν = 3/2 in GaAs
2DHSs under tilted B [45]. While such an anisotropic FQHS
is likely also associated with a LL possessing multiple spinor
components, there are some key differences: (i) the large in-
plane B in tilted B explicitly breaks the rotational symmetry
and favors anisotropic phases at ν = 3/2, in stark contrast
to the spontaneous rotational symmetry breaking we observe
here at ν = 5/2 and 7/2. (ii) Our observation of nematic
FQHSs at ν = 5/2 and 7/2, as well as the phase transitions
at ν = 7/2 and 9/2 show clear correlation with the calculated
LL spinor components and crossings. However, similar calcu-
lations for LLs and their spinor components in tilted B are not
available because of computational challenges. This hinders a
quantitative LL analysis of the anisotropic FQHS at ν = 3/2
which was only seen in tilted B.
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5. Conclusion

Our observation of nematic FQHSswith spontaneously broken
rotational symmetry at both even- and odd-denominator ν,
as well as the transitions between isotropic and anisotropic
phases, highlight the rich physics in the quantum Hall regime
of ultrahigh-quality GaAs 2DHSs. The effects of heavy-hole
light-hole and spin-orbit couplings render GaAs hole LLs
multi-orbital, making them unique systems that support coex-
isting topological and nematic orders. Furthermore, the tun-
ability of LL components and crossings provide useful plat-
forms for realizing and engineering novel, exotic, interaction
phenomena, and studying phase transitions between distinct
strongly correlated phases.

Our work also highlights the crucial role of sample qual-
ity in the exploration of emergent many-body phenom-
ena. Improvements in atomically-thin 2D materials, such as
graphene-based systems and transition metal dichalcogen-
ides, have also made available new types of material plat-
forms for studies of FQHSs and other many-body phases
[17–21]. These new materials have significantly expanded
the scope of FQHS research by introducing different tuning
knobs and probing techniques, enabling exciting observations
[67, 68]. Among a variety of materials, the modulation-doped
GaAs/AlAs quantum wells yet remain a leading platform for
the discovery of new emergent phenomena and for poten-
tial applications, thanks to their record-high transport mobility
[47–49]. An additional key advantage of the GaAs/AlAs sys-
tem is the large sample size (∼25mm2), about 106 times larger
than devices made of exfoliated 2D flakes.
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